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Abstract

Abstract

A successful pregnancy and the birth of a healthy baby depends to a great extent on the
controlled supply of essential nutrients via the placenta. Inspired by clinical observations
and in close collaborations with clinical obstetricians, we focused on the implementation
of biochemical and cell biological in vitro models to mimick and investigate physiological

relationships between the human placenta and gestational diseases.

This work is structured into two clinically based sections studying solute carrier (SLC)-
mediated materno-fetal transport of amino acids and iron across the placenta. The third
methodologically oriented part describes the attempt to generate placental SLC knockout

cells.

The first clinically oriented part investigated the contribution of amino acid transporters
of the SLC7 family in transplacental transfer of essential amino acids. Na*-independent
placental leucine transport is mainly attributed to the System L-transporters LAT1/SLC7A5
and LAT2/SLC7A8. We determined physiological amino acid gradients of paired maternal
and fetal serum samples by ion exchange chromatography. Subsequently, we assessed
their importance by performing Spearman correlation analysis between materno-fetal
gradients determined in vivo and anthropometric parameters. We found significant
associations between reduced materno-fetal amino acid gradients with maternal
gestational weight gain and maternal blood pressure suggesting a potential role of amino
acid gradients in reduced intrauterine growth or even in hypertensive diseases like
preeclampsia. Functional effects of a physiological gradient versus equimolar leucine
concentrations were tested using in vitro uptake and Transwell®-based transfer assays.
Interestingly, materno-fetal leucine transfer was significantly stimulated against a
counter-directed gradient. These results suggest a currently underestimated effect of
transplacental amino acid gradients on leucine transfer efficiency and underline their
potential impact in pregnancy diseases associated with impaired fetal growth. Moreover,
we investigated the relevance of SLC7 transporter in placental leucine transfer by applying
the LAT1-specific inhibitor JPH203 and the System L-specific inhibitor JX009 synthesized
by our collaborators in the NCCR TransCure network. These studies identified LAT1 as the
major accumulative transporter in the placenta, but other System L-transporters like LAT2

as rate-limiting for leucine efflux to the fetus.
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The second clinical part of this thesis focused on investigating the molecular mechanisms
of materno-fetal iron transport. Clinical studies suggest that pregnancies with elevated
iron levels are more vulnerable to develop gestational diabetes mellitus (GDM), but the
underlying mechanisms are unknown. We found differential regulation of iron
transporters (DMT1/FPN1/ZIP8), receptors (TfR1), sensors (IRP1), regulators (HEPC) and
oxidoreductases (HEPH/Zp) by RT-qPCR and by LC-MS/MS-based protein quantification in
placental tissue from GDM compared to healthy pregnancies. Newly established
hyperglycemic and hyperlipidemic trophoblast cell models, but also obesogenic HFHS diet
in wildtype mice, mimicked to a great extent the expression results found in the clinical
specimens of GDM patients. By expressional and functional assessment of normo-
glycemic, hyperglycemic and hyperglycemic-hyperlipidemic BeWo choriocarcinoma cells,
we found altered cellular morphology, differential expression of iron transporters and
reduced iron uptake confirming the impact of hyperglycemia on iron transport as
observed in GDM patients. Iron depletion by the iron chelator deferoxamine (DFO)
revealed a bidirectional relationship between placental glucose and iron homeostasis.
Pathway analysis and rescue experiments indicated that dysregulated oxidative stress and
autophagy contribute to reduced placental iron transport under hyperglycemic
conditions. These adaptations are likely mediated by ferroptosis and could represent a
protective mechanism preventing oxidative damage for both fetus and placenta caused
by highly oxidative iron levels or hyperglycemia. Thus, in pregnancies with increased risk
for GDM, antioxidant treatment and controlled iron supplementation could help to

protect mother and fetus from impaired iron and glucose homeostasis.

Within the last methodologically oriented part, we aimed to establish an efficient protocol
to generate CRISPR/Cas9-mediated trophoblast knockout cell lines. Trophoblast cells
lacking the function of single nutrient transporters would help to unravel their role in
physiological nutrient transfer or in gestational diseases affecting fetal growth. To date,
we were not able to successfully generate knockout cell lines by CRISPR/Cas9-
mutagenesis. However, the achieved optimization of target site validation, BeWo
transfection and characterization procedures of potential CRISPR/Cas9-mutant
candidates created an advanced toolbox suitable to successfully continue the

CRISPR/Cas9-mediated mutagenesis approach in future placental studies.
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Introduction - The role of the placenta in gestational pathologies

1 Introduction

The placenta is a vital tissue during pregnancy as it is the connecting organ between the
fetus and the ex utero world. Furthermore, it is a fetal organ and temporary enables the
mutual exchange between the embryo and mother. Besides its main function of
physiological materno-fetal exchange of nutrients and waste products, the placentais also
responsible for the prevention of maternal immune rejection as well as for maintaining
pregnancy through the secretion of gestational hormones. The placenta maintains the
balance between nutrition and growth control of the fetus through selective and
regulated supply of macronutrients such as carbohydrates, protein, lipids and critical
micronutrients like minerals and vitamins (Roos, Powell, and Jansson 2009). The placental
nutrient transport does not just play a role in fetal development, but also affects the
newborn’s life by metabolic programming until adulthood (Burton, Fowden, and

Thornburg 2016).

This work was focusing mainly on solute carrier (SLC) -mediated materno-fetal transport
of essential amino acids like leucine and iron as most abundant trace element in the
human body. Both parts of the current project (amino acid and iron transport) are
embedded in and profit from the TransCure scientific network (www.nccr-

transcure.ch/research/), in which we tightly collaborate with chemists, structural

biologists, and physiologists in the field of membrane transporters.

1.1 The role of the placenta in gestational pathologies

The latest report published by the Swiss Federal Statistical Office revealed that, the
prevalence of pregnancies resulting in abnormal fetal growth has been increased by 1.3%
from 5.9% in 1979 to 7.2% in 2017 (Figure 1). Such altered fetal development has a
fundamental impact on lifelong health and wellbeing and may contribute by fetal
programming to later prevalence for cardiovascular disease and diabetes/adiposity
(Harder et al. 2007; Eriksson et al. 2003; Boney et al. 2005; Leon et al. 1998). Appropriate
in utero fetal growth is largely dictated by the availability of nutrients in the maternal
circulation, which is ensured during pregnancy by the capacity of the placenta to transfer

these nutrients into the fetal circulation. In the framework of the current work, we
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focused on gestational diabetes mellitus (GDM). Therefore, the hallmarks and

consequences of this disease will be introduced in detail (see next chapter).
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Figure 1: Prevalence of abnormal weight in life births in Switzerland from 1979 until 2017.
Source: Federal Statistical Office (Bundesamt fir Statistik, BSF) - Statistics of Natural Population
Movement (Statistik der natirlichen Bevolkerungsbewegung, BEVNAT), 2019

1.2 Link between GDM and iron homeostasis

GDM, defined as any degree of glucose intolerance with onset or first recognition during
pregnancy, is one of the most common pregnancy complications and has a prevalence of
4.8% in Switzerland (Orecchio et al. 2014) and 9.2% in the US (DeSisto, Kim, and Sharma
2014), respectively. Within a swiss cohort study (n= 1042), GDM was strongly associated
with short-term complications of fetal development and its early life (Crowther et al.
2005). They observed high birth complication rate, e.g. 6.3% neonatal hypoglycemia, 9.4%
respiratory distress syndrome and 9.4% jaundice that was far above the incidence in the
control group and in the general population. Despite considerable progress in diagnosis
and treatment of GDM, it has still substantial adverse health effects on the mother and
her offspring. The etiology of GDM is multifactorial. Well known modifiable risk factors for
GDM include obesity, high fat diet, high blood pressure, excess weight gain in pregnancy,
endocrine dysfunction and sedentary life style (Lappas et al. 2011). Several clinical studies
ascertain a positive association between increased serum iron levels and increased risk to
develop GDM (Bo et al. 2009; Zein et al. 2015; Rawal et al. 2017; Fu et al. 2016; Afkhami-
Ardekani and Rashidi 2009). Zein et al. found ferritin levels at early pregnancy correlating
positively with glucose levels in oral glucose tolerance tests (0GTTs) (Zein et al. 2015).

More recently, Rawal et al. associated in a longitudinal and prospective study increased
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ferritin levels already in gestational week 10-14 with increased risk to develop GDM
(Rawal et al. 2017). These findings raise potential concerns for the recommendation of
routine iron supplementation among iron-replete pregnant women. However, the
pathophysiological association of GDM and elevated maternal iron plasma levels reported

in clinical studies as well as the underlying mechanism are still unclear.

Association of GDM-mediated hyperglycemia and placenta iron homeostasis

Both the hyperglycemic environment and increased levels of iron may play a role in the
generation of oxidative stress during pregnancy. Oxidative stress occurs when the delicate
balance between generation of reactive oxygen species (ROS) and production of
antioxidant neutralizing species, such as nicotinamide adenine dinucleotide phosphate
(NADPH) and glutathione (GSH), is disturbed. Hyperglycemia raises oxidative stress levels
through different metabolic pathways. For example, glucose is converted under
intracellular hyperglycemic conditions to the polyalcohol sorbitol by utilizing intracellular
NADPH and GSH. Consequently, hyperglycemia induces an overrepresentation of ROS by
antioxidant depletion (Brownlee 2001). On the other side, excessive iron supplementation
might expose women to increased lipid peroxidation and protein carbonylation by
intracellular generation of ROS (Papanikolaou and Pantopoulos 2005; Ziaei et al. 2007).
Notably, whether hyperglycemia could alter placental iron homeostasis in the placenta
and increased antioxidant intake could reduce the complications of GDM in both mother

and fetus has not been explored yet.

1.3 Development and structure of human placenta

The placenta is the first organ to be formed in humans and other mammals (Maltepe and
Fisher 2014). It has a discoidal, flat and round to oval macroscopic appearance. At term,
which represents the time at the end of pregnancy, approx. 40 weeks post fertilization,
the average diameter of a human placenta is 22 cm, reaches a thickness of 2.5 cm and has

a weight of approx. 470 g (Baergen 2005).

The development of the placenta begins following the attachment of the blastocyst to the
uterine endometrium of the uterine wall within 6-7 days after fertilization (Figure 2A). At
the blastocyst stage, the inner cell mass (ICM) and the blastocoel are enveloped by

mononucleated trophoblasts also called trophectoderm cells at this stage (Cha, Dey, and
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Lim 2015). The trophoblasts that get direct contact to the maternal endometrium
immediately start to fuse with the neighboring uterine cells to form the first
multinucleated syncytiotrophoblasts (STB) (Figure 2A). This process continues until day
11 after fertilization (Figure 2B), when a complete syncytium surrounds the fully
implanted blastocyst (Figure 2C) (Sadovsky and Jansson 2015; Turco and Moffett 2019).
At this stage of human embryonic development, the lacunar stage starts with the
formation of fluid-filled spaces (lacunas) within the STB cell mass (Figure 2C). These
lacunas will form the intervillous spaces after further proliferation, branching and filling
with maternal blood. In parallel, the endometrium proliferates to cover the entire
implantation site and the ICM cells differentiate to form the embryonal germ layers such
as the ectoderm, the mesoderm and endoderm that will ultimately form the developing
fetus, but also the extraembryonic layer of cells that will form stromal structures of the

placenta (Figure 2D).
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Figure 2: The early stages of human placental development. The development of the human
placenta starts with the implantation of the blastocyst at pre-lacunar stage at approx. 1 week after
fertilization (A). During the pre-lacunal stage extraembryonic trophoblasts syncytialize and invade
the endometrium of the uterine wall (B). Syncytiotrophoblasts (STB) completely surround the
implanted early embryo, while lacunae, the intervillous space precursors, are formed and uterine



Introduction - Development and structure of human placenta

glands get invaded for histotroph nutrition in the lacunar stage (C). STB grow further into the
decidua basalis (basal plate) toward the maternal vessels and get penetrated by cytotrophoblasts
to form primary villi (D). Modified from Turco and Moffett 2019.

Following implantation, the primary syncytium quickly invades through the surface
epithelium into the underlying endometrium. These invasive extravillous
cytotrophoblasts penetrate the uterine glands and cells around and within the spiral
arteries, forming the endovascular trophoblast and transform the contractile spiral
arteries into noncontractile, constantly dilated arteries (Sadovsky and Jansson 2015). The
invaded uterine glands secrete vital nutrients and become the first nutrient source for the
conceptus during the histotrophic first trimester, before the establishment of maternal
blood flow to the intervillous space of the placenta occurs (Filant and Spencer 2014). To
connect the early placenta to the circulation of the mother, the STBs interfere with
maternal capillaries to form a direct connection between the lacunas and maternal blood
vessels, but they maintain feto-placental hypoxia until the end of the first trimester
(Jauniaux et al. 2000). Once fully functional, the intra-arterial plug lyses and the
intervillous space fills with maternal blood and enables oxygenation and hemotrophic
nutrient transport from the maternal blood to the fetus at around 4 months after
conception (Turco and Moffett 2019). With the connection of the lacunas to the maternal
circulation the lacunar stage ends and placental development progresses to the villous
stage (Figure 2D). First primary villi are formed by cytotrophoblast (CTB) proliferation at
the wall of the lacunas. Cells of the extraembryonic mesoderm move out (purple cells,
Figure 2D) and penetrate the primary villi to form the villous cores (secondary villi).
Proliferating hemangioblastic progenitors of hematopoietic and endothelial cells (EC)
differentiate within the extraembryonic mesoderm to form the early first fetal capillaries
and blood cells (Demir et al. 1989). By the third week of gestation tertiary villi have formed
consisting of an outer monolayer of STB, invaded by an inner layer of CTB cells and
vascularized with fetal capillaries (Huppertz 2008). Tertiary villi containing differentiated
blood vessels will eventually form the placental barrier representing the site of nutrient

exchange until term.
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1.4 The human placental barrier

As soon as a feto-placental circulation is established within the placental villi towards the
end of the first trimester, fetal and maternal blood come into close contact with each
other. The two bloodstreams are always separated by the placental barrier (Baergen
2005). The placental or chorionic villi increase the effective surface area and represent
the functional unit of the placenta, where most transport, metabolic and endocrine
activities are localized (Figure 3A left panel). Virtually all materno-fetal and feto-maternal
exchange takes place across the placental barrier of the chorionic villi (Figure 3A middle
panel with magnification to the right). The chorionic villi are surrounded by STB, a
multinuclear epithelial surface layer that is in direct contact with the maternal blood
(Figure 3A right panel and STB in Figure 3D). Between STB and the basal lamina
(trophoblastic basement membrane) are the villous CTB. CTB are the stem cells of the
syncytium, supporting its growth and regeneration (Figure 3A violet cells). The basal
lamina separates the trophoblast from the villous stroma (Figure 3A orange lamina). The
stroma (intercellular space, pink in Figure 3A) is composed of connective tissue cells, such
as first mesenchymal cells that differentiate to fibroblasts in the last trimester, connective
tissue fibers, tissue macrophages (Hofbauer cells) and fetal vessels (Figure 3D) (Baergen
2005). Interestingly, it is speculated that Hofbauer cells play a role in iron storage and

homeostasis as described in 1.5.2 on p.19ff.

There are two important cell layers in the chorionic villi to coordinate the nutrient
transfer, namely the fetal capillary EC and the STB. The EC form the fetal vessels, which
allow the unrestricted diffusion of the molecules like glucose and amino acids (peptides
<204 Da) through the paracellular channels (Edwards et al. 1993; R. M. Lewis et al. 2013).
In contrast, STB represent the limiting barrier for charged macro- and microelements due
to the syncytium composed of two polarized plasma membranes, the microvillous plasma
membrane (MVM) facing towards the maternal side and the basal membrane (BM)
directed towards the fetal capillary (Figure 3A). However, strikingly little information has
been published on the molecular transport mechanisms and regulations involved in
controlling the crucial interface between mother and fetus. Therefore, this project

investigated the physiology of fetal nutrition, mainly focusing on the STB-mediated
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materno-fetal transfer of fundamental macromolecules (amino acids) and the most

abundant trace element (iron).
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Figure 3: Simplified representation and histological pictures of the human placenta as
connection between the developing fetus and the maternal circulation separated through the
placental barrier. Scheme a developing fetus connected via umbilical cord to the placenta (A, left
panel). Cross section of the placental disk revealing fetal villous structures and the maternal
interface connecting the intervillous space via spiral arteries and maternal veins to the uterine
blood supply. A, right panel, closeup of the placental barrier in a chorionic villous as hemochorial
interface between the fetal capillaries (fetal blood compartment in red) and the maternal
circulation (maternal blood compartment in orange). The human placental barrier involves three
different cell types: endothelial cells (EC) lining the fetal capillaries, single-nucleated
cytotrophoblasts (CTB, violet) and syncytiotrophoblasts (STB, blue) forming a multi-nucleated
monolayer. The STB are in direct contact with maternal blood and mainly responsible for materno-
fetal nutrient and feto-maternal CO, and waste product exchange. B-D, histological pictures of
haematoxylin and eosin (HE) stained placental tissue at term with increasing magnification as
indicated by the dashed boxes (placental tissue from Malia Zaugg, *20.12.2019). B, section
through the chorionic plate at the fetal side with macroscopically visible superficial fetal artery
(vessel cross section with thicker wall) and vein (larger vessel with thinner wall) still containing
erythrocytes (purple cells) to the right of the picture. C, with a 5 x magnification the intervillous
space (IVS) filled with erythrocytes and the hierarchy of chorionic villi becomes visible. There are
large villi with condensed collagen fibers (fibers in magenta) in the stroma histologically called
stem villi (upper right structure in C and D) making about 20-25% of the placental volume at term,
but also small and intermediate villi that are long and slender with numerous capillaries. D, beside
the large stromal villi to the right with completely fibrotic stromal core (magenta), single placental
cells are visible with 20 x magnification. There are small and intermediate villi with multinucleated
STB at the borders and fetal capillaries (nuclei in dark blue), stromal and Hofbauer cells in the
stromal core, but also numerous erythrocytes in the IVS. Green arrows indicate the apical
microvillous membrane (MVM), i.e. maternal blood orientated side; arrowheads depict the basal
membrane (BM) of the STB. As is typical for term placentae, the trophoblastic cover of the stem
villi is partly replaced by fibrinoid. The stromal core is completely fibrotic. Abbreviations: FV, fetal
vein; FA fetal artery; MV, microvilli; IVS, intervillous space; STB, syncytiotrophoblast; VC, villous
core; PMNL, polymorphonuclear leukocytes; H, Hofbauer cell; FC, fetal capillary; SC, stromal core.

1.5 Nutrient transport across the placenta

Human hemochorial placenta represents the structural barrier and prevents the direct
contact between maternal and fetal blood as explained before in 1.4, which highlights the
importance of diffusion, endocytosis/exocytosis and transporter-, channel- or facilitator-
mediated mechanisms for nutrient exchange across the materno-fetal interface (Figure

4).

Passive transport

Nutrients can be transferred across epithelial barriers either between STB cells via
intercellular water-filled pores (paracellular transport) or through cells (transcellular
transport) by diffusion (Figure 4, left panel). Simple diffusion is the adenosine

triphosphate (ATP) -independent passage of molecules across lipid bilayers of the cell
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membranes and the cytoplasm in-between. For small uncharged molecules, the rate of
diffusion is governed by Fick’s Law of diffusion, being proportional to the surface area for
exchange and inversely proportional to the thickness of the placental barrier. Small
hydrophobic molecules cross cell membranes easily, so their transplacental flux depends
principally on the concentration and electrochemical gradient. The main factor
maintaining such a gradient is the rate of blood circulation on both sides of the
membrane, refreshing and depleting the donating and receiving pools respectively
(Burton, Fowden, and Thornburg 2016). Hence, exchange of molecules such as the
respiratory gas Oz and lipophilic drugs are flow-limited, thus changes in maternal or fetal

blood flow have a strong impact on their net flux (Wilkening and Meschia 1992).

Since the STB represent a true syncytium, no intercellular spaces exist in the transporting
epithelium of the human placenta. However, there are evidences for transtrophoblastic
channels (Figure 4, second from left), pores filled with water traversing the
syncytiotrophoblast revealed by electron microscopy and by physiological data obtained
in several species with hemochorial placentae, demonstrating that the transplacental flux
of small inert hydrophilic molecules is proportional to their water diffusion coefficients
(Kertschanska, Kosanke, and Kaufmann 1997). Although STB are able to generate and
maintain significant concentration differences for a large variety of molecules across the
placental barrier, including Ca?* and amino acids, the transfer of large molecules such as
alpha-fetoprotein across perfused placental cotyledons ex vivo are confirming the
existence of transtrophoblastic channels (Brownbill et al. 1995). Occasional membrane
clefts and ruptures resembling intercellular spaces have been reported, but may
represent areas of repair associated with fibrin deposits. However, the primary route of
transport across the placental barrier for nutrients and important ions is in most cases
conveyed by specific solute carrier-mediated transport mechanisms (Sadovsky and

Jansson 2015).

Active transport

The transplacental transfer of most nutrients and ions is dependent on carrier proteins
spanning the cell membranes to facilitate the passage of highly hydrophilic molecules
(Figure 4, middle panel). They are characterized similar to enzymes by features such as

substrate specificity, saturation kinetics, and the ability to be inhibited. When mediated
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membrane transport does not require energy, the transport is termed facilitated
transport, while active transport implies that energy is consumed usually by ATP
hydrolysis. Transport mechanisms are generally classified as direct primary active
transport, indirect secondary active or indirect tertiary active transport. The most
common pathway for regulated nutrient transport in the placental barrier is via
transporter proteins in the STB plasma membranes. Materno-fetal glucose transfer
mediated by facilitative glucose transporters (GLUT1) expressed in the MVM and BM of
the STB is an example of facilitated transport (such as depicted in green Figure 4). Calcium
efflux across the BM, mediated by calcium (Ca?*)-ATPase, is an example of primary active
transport. Sodium (Na*)-dependent transport systems for amino acids, such as System A,
represent a secondary active transport mechanism and hence the tertiary active like
System L transport of large neutral amino acids is maintained by System A dependent
amino acids gradients (see 1.5.1 on p.12). Transplacental transport may also be facilitated
by the expression of substrate binding proteins such as fatty acid-binding proteins in the
STB cytosol (Sadovsky and Jansson 2015). Of note, there is evidence of great clinical
relevance indicating that expression of transporter systems is responsive to nutritional
and hormonal stimuli. This flexibility allows the placenta to adapt functionally by insertion
of transporter proteins into the appropriate membrane (Winterhager and Gellhaus 2017;

Thomas Jansson and Powell 2007).

Transcytosis

Receptor-mediated or passive intracellular vesicle formation occurs by invagination of the
apical or basolateral side plasma membrane of STB. Subsequently, vesicles may be
transported to the opposite side of the cell, where the vesicle content can be released
into the extracellular space following fusion of the vesicles with the plasma membrane
(Figure 4, right panel). In non-mediated endocytosis and transcytosis vesicles are formed
at the plasma membrane incorporating fluid and any dissolved solute. Vesicles from non-
mediated endocytosis are transferred across the syncytium via Brownian movement
(Sadovsky and Jansson 2015). Mediated endocytosis involves the binding of a specific
ligand to a receptor in the plasma membrane, which initiates the clathrin-mediated
invagination of the plasma membrane. Transfer of vesicles formed by mediated

endocytosis across the cytoplasm is guided by intracellular trafficking and specific

10
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cytoskeletal components, respectively (R. Fuchs and Ellinger 2004). Transcytosis plays an
important role in the transfer of immunoglobulin G (IgG), iron (see 1.5.2 on p.19), and
lipoproteins across the placental barrier. Large molecules such as IgG and cholesterol are
transported by transcytosis as third class of mechanisms for transplacental transport
(Figure 4). 1gG binds to the MVM of the STB surface, concentrates in clathrin-coated pits
or is internalized through non-mediated endocytosis, and delivered to early endosomes
(Henning Schneider and Miller 2010). Uptake of maternal proteins by endocytosis has
been described for megalin-mediated albumin endocytosis in the human STB (Lambot et
al. 2006) and is particularly prominent during the histotrophic period in the first trimester
when maternal glycoproteins are secreted by the endometrial glands (Burton et al. 2002).

Maternal pores Transporter proteins Coated pits
circulation |
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barrier
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DIFFUSION TRANSPORTER-MEDIATED EXOCYTOSIS

r N\

Facilitated Exchange Active

transport \tra nsport transpor}t

A Glucose, fatty acids Amino acids 1gG, albumin
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Figure 4: Schematic representation of the general nutrients transport mechanisms in the human
placenta. The three main processes by which materials such as gases, ions, water, sugars, amino
acids, lipids, vitamins and minerals, but also drugs and xenobiotics can cross the placental barrier:
diffusion, transporter-mediated, and endo-/exocytosis. Transcellular non-mediated (dashed
arrow) and transtrophoblastic channel-facilitated diffusion are depicted to the left. Solute carrier-
or transporter-mediated transport often form interactive transport systems, that are composed
of channels or facilitators (green), co-transporter (grey) and gradient-dependent exchanger
(orange), which are ultimately driven by ATPase activity (yellow). Transcytosis is mediated by
clathrin-dependent endocytosis, intracellular trafficking, and exocytosis (right panel). Modified
from (Burton, Fowden, and Thornburg 2016).
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1.5.1 Amino acid transport

Beside representing the fundamental building components required for fetal protein
synthesis, amino acids constitute critical precursors for the biosynthesis of porphyrins,
nitric oxide, neurotransmitters and nucleotides. It is estimated that 32% of the energy
requirement of well-nourished fetal sheep is derived from amino acid oxidation and used
as fetal energy source (Faichney and White 1987). Comparable amino acid oxidation
estimates were published in humans. In two studies healthy pregnant women received
continuous stable isotope infusions of the essential amino acids 3C-leucine, '3C-valine,
15N-phenylalanine and 3*C-methionine 4 h before elective cesarean section. Then the
enrichment and concentration of amino acids and carbon dioxide was measured in cord
blood. Fetal whole-body accretion of leucine carbon was 69% of the umbilical uptake.
Both studies estimated that 33-40% of total leucine carbon uptake is oxidized, although
whole-body protein synthesis was much faster in the fetus than in adults (Van Den Akker

et al. 2011; Chien et al. 1993).

The role of amino acid concentrations in placental transport

Appropriate fetal growth is largely dictated by the availability of amino acids in the
maternal circulation, which is ensured during pregnancy by the capacity of the placenta
to transfer amino acids from the maternal into the fetal circulation (Frederick C. Battaglia
and Meschia 1988; Vaughan et al. 2017). For most amino acids, the concentrations in the
umbilical vein are two- to threefold higher than in the uterine vein, demonstrating that
the transfer of amino acids is an active energy-dependent process against counter-
directed feto-maternal gradients (Philipps et al. 1978; Irene Cetin et al. 1990; Thomas
Jansson 2001; Jane K. Cleal and Lewis 2008). This is also supported by the observation that
placental concentrations of amino acids are, in general, much higher than in the blood on
either side of the placental barrier (Philipps et al. 1978). Already in 1973 Hill et al.
demonstrated in placenta perfusion experiments in guinea pigs that System L-mediated
materno-fetal leucine transfer was two-fold increased after application of feto-maternal
gradients (Hill and Young 1973). However, extrapolation of results from animal
experiments to humans must be done with caution, specifically as the structure and
anatomy of the human placenta is quite unique among mammals (Schmidt et al. 2015).

To our knowledge, no human trophoblast studies have assessed the functional effect of

12
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counter-directed amino acid gradients on transplacental amino acid transfer in vitro.
There are few studies that investigated materno-fetal amino acid transfer under different
physiological and pathological conditions in vivo. This was performed by measuring amino
acid concentration differences between fetal arterial and fetal venous sera obtained from
umbilical cord blood and/or from the uteroplacental unit in the maternal circulation
(Pohlandt 1978; Malinow et al. 1998; McIntosh, Rodeck, and Heath 1984; Irene Cetin et
al. 1988; Karsdorp et al. 1994; Irene Cetin et al. 2005; Bajoria et al. 2001; Cockburn et al.
1971). Such observational correlation studies revealed interesting associations by
comparing paired amino acid concentrations in maternal radial artery and uterine vein
with fetal umbilical vein and artery sides with each other (Holm et al. 2017). However,
potential relationships between amino acid gradients and demographic data such as

maternal constitution or fetal growth have not been reported yet.

Transplacental amino acid transport

Amino acid transporters expressed in human placenta are categorized into accumulative
transporters, exchangers and facilitators (Table 1). Accumulative transporters mediate
cellular uptake, resulting in increased intracellular amino acid concentrations. Amino acid
exchangers exchange one amino acid for another, resulting in altered amino acid
composition without changing total concentration (S. Bréer 2002). The primary driving
force for amino acid uptake across the MVM mediated by accumulative cotransporters is
the extra-intracellular directed Na* gradient exploited by Na*-dependent System A and
taurine transporter families (see Table 1). The difference of the membrane potential is
the driving force mediating uptake of the cationic amino acids (arginine, histidine, and
lysine) by System y*, y*L or b%* families (see first section in Table 1). The System L-amino
acid transporters LAT1, LAT2, LAT3 and LAT4 are exchangers using the outwardly directed
concentration gradients of nonessential amino acids as tertiary active mechanism to drive
the uptake of essential amino acids (e.g. leucine), against its counter-directed
concentration gradient (Figure 5). The energy for the uphill transport of amino acids is
ultimately generated by the Na*K*-ATPase, which extrudes sodium in exchange for
potassium, thereby maintaining a low intracellular Na* concentration and creating a
potential difference across the plasma membrane (Johansson, Jansson, and Powell 2000).

Subsequently, amino acids are transferred across the BM by non-mediated or facilitated

13
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diffusion driven by the intra-extracellular directed concentration gradient (see more
details in the next paragraph). Although the amino acid uptake mechanisms and
interactions across the MVM into the STB are well studied, the mechanisms by which
amino acids are transported out of the STB towards the fetal circulation across the BM
and the ratio to which amino acids are metabolized by the human placenta are not well
elucidated yet (Jane K. Cleal and Lewis 2008; J. K. Cleal et al. 2011). The asymmetric
distribution of amino acid transporters between the STB MVM and BM is critical to
generate a net materno-fetal flux of amino acids. Of note, the human STB expresses at
least 20 different amino acid transporters (Table 1), with each transporter mediating the
uptake of several amino acids, and each amino acid can be transported by multiple
transport systems (Sadovsky and Jansson 2015). Computational modelling of amino acid
transfer demonstrated the importance and interrelation of amino acid gradients by
considering separate maternal and fetal compartments and specific kinetic properties of
accumulative and exchanging amino acid transporter systems (Sengers, Please, and Lewis
2010). Although there is a well-known interdependence between Na* and different amino
acid transport systems depending on co-substrate gradients, no human trophoblast
studies have assessed the functional effect of counter-directed materno-fetal amino acid

gradients on transplacental transfer of essential amino acid so far.
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Table 1: Amino acid transport systems in the human placenta, modified and updated from (Sadovsky and Jansson 2015)

System Activity Protein Gene Transport type* Localization Substrates Ref.
Na*-dependent transporters for neutral amino acids
A MVM > BM SNAT1 SLC38A1 CoT / Na+ MVM (Gly), Ala, Ser, Cys, Gln, Asn, His, (Met), MeAIB [1-3]
SNAT2 SLC38A2 CoT / Na+ MVM Gly, Pro, Ala, Ser, Cys, Gin, Asn, His, Met, MeAIB [4]
SNAT4 SLC38A4 CoT / Na+ MVM, BM Gly, (Pro), Ala, Ser, Cys, Asn, (Met), (MeAIB) [4]
ASC BM MVM? ASCT1 SLC1A4 CoT / Nat*, ExT / AA Ala, Ser, Cys, Thr [1]
ASCT2 SLC1A5 CoT / Na*, ExT / AA Ala, Asn, Ser, Cys, Thr, GIn [3]
BO ? BOAT1 SLC6A19 nd neutral amino acids; Ala, Asn, Cys, GIn, Gly, lle, Leu, Met, [5,6]
Phe, Pro, Ser, Thr, Trp, Tyr, Val
BOAT2 SLC6A15 nd large, neutral amino acids
N MVM? SNAT3 SLC38A5 CoT / Na*, ExT / H* nd Ala, His, GIn, Asn [7]
SNATS SLC39A3 CoT / Na*, ExT / H* nd Asn, Gln, His, Ser [8]
Gly MVM XT2 SLC6A18 nd Gly [9]
B MVM >> BM TauT SLC6A6 MVM, BM Tau, B-ala [10,11]
Na*-independent transporters for neutral amino acids
L MVM, BM LAT1 SLCTAS ExT MVM (GIn), His, Met, Leu, Iso, Val, Phe, Tyr, Trp, BCH, T3, T4, L- [1]
DOPA
LAT2 SLC7A8 ExT MVM (50 kD) Ala, Ser, Cys, Thr, Asn, GIn, His, Met, Leu, Iso, Val, Phe, Tyr, [3]
BM (30 kD) Trp, T3, T4, BCH
BM? LAT3 SLC43A1 FaT BM L-BCAAs, amino alcohols [12,13]
BM? LAT4 SLC43A2 FaT BM Phe, Leu, Iso, met, BCH [14]
BM? TAT1 SLC16A10 FaT BM Phe, Leu, T3, T4 [13]
Transporters for cationic amino acids
vt MVM>BM CAT1 SLC7A1 FaT (non-obligatory ExT) BM Arg, Lys, His [15]
CAT2B SLC7A2 FaT nd Arg, Lys, His [16]
CAT3 SLC7A3 FaT nd Arg, Lys
CAT4 SLC7A4 orT nd Arg, Lys, ornithine
yiL BM>MVM y*LAT1 SLC7A7 EXT / Na*, Arg, Lys, His nd Arg, Lys, His (Na* indep.); GIn, Met, Leu (Na* dep.) [15]
y*LAT2 SLC7A6 EXT / Na*, Arg, Lys, His nd Lys, Arg, Gin, His, met, Leu,a Ala, Cys [16]
b0+ BM? b0+ AT SLC7A9 nd Lys, Arg, Ala, Ser, Cys, Thr, Asn, GIn, His, Met, Iso, Leu, Val,
Phe, Tyr, Trp
Transporters for anionic amino acids
X aG MVM, BM EAAT1 SLC1A3 CoT / Nat, H*, K* nd Glu, Asp, Cys [17]
EAAT2 SLC1A2 CoT / Nat, H*, K* nd Glu, Asp [18]
EAAT3 SLC1A1 CoT / Na*, H*, K* nd Glu, Asp

References: [1] (L. W. Johnson and Smith 1988), [2] (Michelle Desforges et al. 2009), [3] (Hoeltzli and Smith 1989), [4] (Schidth et al. 2013), [5] (Pramod et al.
2013), [6] (Lassance et al. 2015), [7] (Peter I. Karl, Tkaczevski, and Fisher 1989), [8] (Novak and Beveridge 1997), [9] (Dicke et al. 1993), [10] (Miyamoto et al.
1988), [11] (Norberg, Powell, and Jansson 1998), [12] (Kudo and Boyd 2001), [13] (J. K. Cleal et al. 2011), [14] (Jane K. Cleal et al. 2007), [15] (Furesz, Moe, and
Smith 1995), [16] (Ayuk et al. 2000), [17] (Hoeltzli et al. 1990), [18] (Moe and Smith 1989); *Abbreviations for transport type: CcT: Cotransporter; ExT:
Exchanger; FaT: Facilitated transporter; OrT: Orphan transporter.
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System L mediated leucine transport across the placenta

The System L amino acid transporters are a Na*-independent exchanger family that
mediates cellular uptake of essential amino acids, such as leucine, methionine and
tryptophan. Since no accumulative transporters that transport essential amino acids are
expressed in the MVM, System L exchange of nonessential amino acids in the STB cytosol
with extracellular essential amino acids is critical for the uptake of essential amino acids
across the MVM (Sadovsky and Jansson 2015). The Na*-independent System L-
transporters expressed in the human placenta are heterodimeric exchangers consisting of
the light chain L-type amino acid transporter 1 (LAT1 / SLC7A5) or L-type amino acid
transporter 2 (LAT2 / SLC7A8), responsible for amino acid transport, covalently attached
to the heavy chain 4F2 (SLC3A2), important for trafficking of the light chain to the plasma
membrane (Fotiadis, Kanai, and Palacin 2013). Moreover, the SLC43-family members LAT3
(SLC43A1) and LAT4 (SLC43A2), known to be involved in facilitated amino acid diffusion
(Bodoy et al. 2013; J. K. Cleal et al. 2011), are expressed at the BM (Table 1). As depicted
in Figure 5, LAT1 and LAT2 are predominantly localized at the MVM of human term
placenta, LAT2 is also present at the BM and in endothelial cells lining the fetal capillaries
(Gaccioli et al. 2015). Kudo and Boyd have suggested that LAT1 expression at the MVM
mediates System L activity across the placental barrier (Kudo and Boyd 2001), whereas
Lewis et al. have shown LAT2 as the predominant transporter in the MVM (R. M. Lewis et
al. 2007). The efflux transporters LAT3 and LAT4 are expressed in the placenta, and LAT4
has been demonstrated to be functional in isolated perfused human placental cotyledons,
suggesting that the System L facilitators LAT4 and probably also LAT3 may also play a role

in the efflux of certain essential amino acids across the BM (Jane K. Cleal et al. 2007).

In the last decade, increasing evidence suggests a tight link between the reduced activity
of placental System L-transporters and intrauterine growth restriction (IUGR) (Paolini et
al. 2001; Lager and Powell 2012), and their upregulation in placentae of large for
gestational age (LGA) infants (Thomas Jansson et al. 2002). Such altered fetal
development has a fundamental impact on lifelong health and wellbeing, and may
contribute by fetal programming to an increased prevalence for cardiovascular disease
and diabetes/adiposity later in life (Harder et al. 2007; Eriksson et al. 2003; Boney et al.
2005; Leon et al. 1998). Notably, it has been reported that LAT1 or its associated
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glycoprotein 4F2hc is involved in placenta decidualization and fusogenic trophoblast
differentiation (Ohgaki et al. 2017). This could imply that the diminished leucine uptake
found in knock-down cell models (Balthasar et al. 2017) results rather from failure in
trophoblast differentiation than from reduced SLC7 transport activity. Hence, small
molecules which induce only short-term inhibition of transporter activity are a valuable
experimental tool to study placental transfer mechanisms as they will not affect
trophoblast differentiation and associated processes like trophoblast fusion. Therefore,
studying placental amino acid transfer by using specific small molecule inhibitors of amino
acid transporters instead of silencing or knock-out could help to reveal the relevance of
LAT1 or LAT2 in materno-fetal leucine transfer without affecting cell differentiation. Since
LAT1 was found to be selectively expressed and upregulated in various rapidly
proliferative cancer types (Hafliger and Charles 2019; B. C. Fuchs and Bode 2005; Kaira et
al. 2008) and has a putative role in drug delivery across the blood-brain barrier (Peura et
al. 2011), efforts have been made to pharmaceutically target this transporter using
substrate-mimicking or virtual screening approaches (Singh et al. 2019; Augustyn et al.
2016; Geier et al. 2013; Kongpracha et al. 2017; Scalise et al. 2018). The substrate-
mimicking tyrosine analog JPH203 (also known as KYT-0353) was tested in several in vitro
and in vivo cancer cell proliferation experiments and described as potent LAT1-specific
inhibitor (Enomoto et al. 2019; Cormerais et al. 2019; Muto et al. 2019; Hafliger et al.
2018; Yothaisong et al. 2017). To delineate the contribution of LAT1 from LAT2 in
materno-fetal leucine transport, the collaborating chemists within the NCCR TransCure
network synthesized the LAT1-specific inhibitor JPH203, the structurally closely related
inhibitor JG336 and two other small molecule inhibitors (JX009, JX020) with high leucine
uptake inhibition efficiency but lower LAT1-specificity (structures see Figure 22 on p.85).
To our knowledge, no human trophoblast studies have tried to dissect transporter
interplay by application of transporter selective small molecule inhibitors or transporter
targeted Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) /CRISPR-

associated endonuclease (Cas9) mutagenesis for the generation of SLC knockout cell lines.
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Leu transport across the human placenta

Leu gradient

will
Materno-fetal Leucine transfer?

Intervillous space

BM MVM
Figure 5: Asymmetric expression of amino acid transporters allows leucine transfer across the
human placenta against a counter-directed gradient. The uptake of the essential amino acid
leucine (Leu) from the maternal circulation across the microvillous membrane (MVM) into the
syncytiotrophoblast (STB) represents the active step of amino acid transport and is mediated by
accumulative System A transporters (green) in the interplay with amino acid exchangers
(LAT1/SLC7A5 in red, LAT2/SLC7A8 in yellow). System A transporters mediate cellular uptake
across the MVM, resulting in increased intracellular concentrations of non-essential amino acid
like glutamine (GIn). On the other hand, amino acid exchangers like LAT1 and LAT2, both expressed
at the MVM, exchange one branched-chain amino acids (BCAA, like Leu) for another (in this case
Gln), resulting in altered amino acid composition without changing the total intra-extracellular
concentration. The driving forces for the amino acid uptake mediated by accumulative
transporters are the inwardly directed Na* gradient that is ultimately maintained by the Na*/K*-
ATPase (grey). System L exchangers use the extracellularly directed concentration gradient of
nonessential amino acids (NEAA) to drive the uptake of Leu against its materno-fetal
concentration gradient. Finally, Leu is transferred across the BM by facilitators like LAT3-, LAT4-
or potentially TAT1-mediated diffusion driven by the extracellularly directed concentration
gradient on the fetal side. The font size of the amino acid in the 3-letter code represents an
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estimation of their relative concentration in the fetal (left in pink and red), intracellular (middle in
blue) and maternal (right in orange) compartment.

1.5.2 Iron transport

In humans, the iron requirement during pregnancy is significantly higher in comparison to
the nonpregnant state to fulfill fetal and placental iron needs (Figure 6). As pregnancy
progresses, iron requirements for fetal growth rise steadily in proportion to the weight of
the fetus. Although, the requirements of iron are even lower in the first trimester, if
compared to the nongravid state, around 80% of the gestational iron requirements are
accumulating during the third trimester upon term (Thomas H. Bothwell 2000). All iron

homeostasis genes known to be expressed in human placenta are listed in Table 11 on

p.91.

placentag

Menstruation

Lactation

Menstrua!tion
Red blood +
cells

v
W//////;/ Body iron loss /7/////////

Nongravidl First Second Third IPostpartum
|

Trimester Thomas H. Bothwell et al., (2000)

Figure 6: Estimated daily iron requirements during pregnancy in a 55 kg woman from (Thomas
H. Bothwell 2000). Although reduced during the first trimester, iron requirements rise to 4-6 mg
in the second and third trimesters, respectively. Major changes in the red blood cell mass start in
the middle of the second trimester, iron requirements may reach as much as 10 mg/d during the
last 6-8 weeks of pregnancy (T H Bothwell et al. 1979). Irrespective of the exact value, it is apparent
that daily iron requirements cannot be met from dietary absorption alone in the latter part of
pregnancy, even from the most optimal diet. In diets containing large quantities of bioavailable
iron, e.g. diets with generous quantities of meat, poultry, fish and foods containing high amounts
of ascorbic acid, overall iron absorption is usually 3-4 mg/d and, at most, 5 mg/d (T H Bothwell et
al. 1979). The amount of iron absorbed is much lower when the diet contains only small amounts
of bioavailable iron, as is often the case in many developing countries where the staple food is
cereal and the intake of meat and ascorbic acid is limited (Thomas H. Bothwell 2000).
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Iron uptake at the maternal side across the microvillous membrane

Since there is no possibility in human placenta to secrete iron across the MVM into the
maternal circulation, placenta mediated fetal iron homeostasis is controlled exclusively
by regulating iron uptake. Figure 7 depicts the pathways of transplacental iron transport
in humans. Transferrin (Tf) -iron is the major, if not the only maternal iron source for
placental transfer. Tf receptor 1 (TfR1) is a homodimeric transmembrane protein with
high affinity for diferric Tf (2Fe3*-Tf). Expressed in virtually all cells except mature
erythrocytes, TfR1 is found at extraordinarily high levels in STB. This is probably the
reason, why TfR1 was first isolated in placental tissue (Seligman, Schleicher, and Robert
1979). Despite the likely importance of TfR1, the mechanism of iron transport in the
placenta remains poorly characterized, partly because of the lack of in vitro models that
mimic the polar iron physiology of the placental STB (C. Cao and Fleming 2016).
Immunohistochemical studies have localized TfR1 and Tf to the apical membrane of
syncytiotrophoblasts in clathrin-coated endosomes (Booth and Wilson 1981). The
disruption of endosomal acidification after endocytosis by the weak base chloroquine
inhibits placental accumulation (promoting H*-dependent DMT1) and fetal transfer of Tf-
iron, demonstrating the requirement of acidification in Tf-iron utilization in the classic Tf

cycle (Contractor and Eaton 1986).

In endosomes of erythrocytes, ferric iron (Fe3*) is reduced to ferrous iron (Fe?*) by the
ferrireductase six-transmembrane epithelial antigen of the prostate 3 (STEAP3) and is
subsequently transported across the endosomal membrane by divalent metal transporter
1 (DMT1/SLC11A2). Although there is still a lack of experimental proof, STEAP3 and DMT1
play probably essential roles in the placenta (C. Cao and Fleming 2016). Of note, the
alternative ferrireductase candidate STEAP4, a homolog of STEAP3, is also highly

expressed in the human placenta (Ohgami et al. 2006).

Beside DMT1 there are also alternative ferrous iron transporter that mediate endosomal
iron export from the endosome into the cytosol. DMT1 is critical for endosomal iron
release in erythrocytes and in enterocytes (Veuthey and Wessling-Resnick 2014). There
are in vivo studies suggesting DMT1 as not exclusive endosomal iron exporter, as
demonstrated in the two DMT1 mutant animal models microcytic anemia (mk) -mouse

and Belgrade-rat (Tabuchi et al. 2000; Veuthey and Wessling-Resnick 2014; Farcich and
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Morgan 1992). Due to viable but severely anemic birth of Dmt1-null mice, the role of
DMT1 in placental iron transport requires further experimental confirmation (Gunshin et
al. 2005). Other potential endosomal iron transporters with high expression in the human
placenta are Zrt- and Irt-like protein 8 (ZIP8/SLC39A8) and Zrt- and Irt-like protein 14
(ZIP14/SLC39A14), both members of the SLC39 zinc (Zn?*/(HCOs7)2) transporter family that
also transport ferrous iron (Fe?*) (Jenkitkasemwong et al. 2012). ZIP14 has been shown to
mediate plasma membrane uptake of non-Tf-bound iron (Liuzzi et al. 2006) as well as Tf-
iron from endosomes (Zhao et al. 2010). Targeted Zip14 mutants have no abnormal birth
phenotype except lower birth weight (Hojyo et al. 2011), while deletion of Zip8 in mice
leads to complete mortality before birth (Wang et al. 2011). Despite different pH-
dependence, ZIP14 and ZIP8 together with DMT1 probably play redundant roles in

placental endosomal iron export.

Finally, there is discrepancy of ferritin expression in STB. There are reports showing a lack
of expression (Bastin et al. 2006; Maymon et al. 2000), while others demonstrate some
staining for a placental-specific ferritin heavy chain (FHC) homolog (Brown et al. 1979;
Yasemin et al. 2011). This discrepancy may be due to the use of inadequate antibodies
reacting differentially with each ferritin isoform. However, fetal villous stromal cells
consistently show pronounced ferritin staining in all studies cited above (Bastin et al.
2006; Maymon et al. 2000; Brown et al. 1979; Yasemin et al. 2011). This raises the
possibility that the villous stroma may serve as a buffer between the STB and fetal
circulation to ensure adequate, but not excessive, iron supply. Whether synthesis and
degradation of ferritin in the stromal cells respond to fetal iron demand is unknown (C.
Cao and Fleming 2016). The function of the villous macrophages, known as Hofbauer cells
(seein histological picture Figure 3 on p.8), is not well defined but may include the support
of trophoblast differentiation, stromal development, angiogenesis and erythroid cell
maturation (Tang et al. 2011; Van Handel et al. 2010). Interestingly, Hofbauer cells express
most of the major heme and nonheme iron transporters and storage proteins (Bastin et
al. 2006; Georgieff et al. 2000), suggesting a role in iron transport and/or regulation (Van
Handel et al. 2010). Therefore, Hofbauer cells may serve as the temporary iron storage
buffer in the villous stroma, storing iron when maternal supply exceeds fetal demands and

releasing iron when iron supply is low.
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Although, it can be inferred that TFR1, DMT1, STEAP3, ZIP8 and ZIP14 are essential for
iron uptake in the placenta, experiments designed to exactly localize and functionally test

this hypothesis are still lacking.

Iron efflux at the fetal side across the basal membrane

Iron export from the STB to the fetal stroma is mediated by the iron exporter ferroportin
1 (FPN1/SLC40A1). FPN1 is abundantly expressed along the BM of human STB (Bastin et
al. 2006) Mouse embryos with a hypomorphic mutation leading to a reduced expression
of Fpn1 are severely iron deficient at embryonic day 12.5 (E12.5) 12.5 and exhibit defects
in neural tube closure and forebrain patterning (Mao et al. 2010), strongly suggesting a
role of Fpnl in materno-fetal iron transport. Additionally, an iron-responsive elements
(IREs) deletion in the Fpnl untranslated region (UTR) results in dysregulation of Fpn1l in
organogenesis of multiple organs and markedly reduced FPN1 protein expression in the
mouse placenta, causing severe anemia and iron deficiency in embryonic tissue at birth
(Mok et al. 2004). These results strongly suggest that Fpn1 expression and function at the
materno-fetal interface is essential for normal embryonic development. Although all
mouse studies suggest an essential role of Fpnl in placental iron transfer, to our
knowledge, there are no articles investigating iron efflux across the BM of STB towards

the fetal circulation.

Iron must be re-oxidized to the ferric state (Fe3*) before being able to be bound by Tf. The
three multicopper ferroxidases ceruloplasmin (CP), hephaestin (HEPH), and zyklopen
(Zp/HEPHL1) have been detected in placental tissue (see Table 11 on p.91). CP is a soluble
copper-dependent ferroxidase that facilitates iron efflux and was detected by
immunohistochemical staining in STB and fetal capillaries (Guller et al. 2008).
Unexpectedly, Cp-null animals exhibit a normal phenotype at birth, suggesting that Cp is
not essential for placental iron transfer (Harris et al. 1999). HEPH has not been localized
to human placenta, but expression of HEPH mRNA has been detected and quantified in
BeWo cells (Y. Q. Li et al. 2012). In 2010, an international group with scientists from the
US, UK, China and Lebanon identified a placenta-specific ferroxidase in connection with
sex-linked anemia (SLA) -mice harboring a mutation in Heph. Interestingly, they proposed
the name “zyklopen” (Zp) after the mythical one-eyed iron workers called cyclops in Greek

mythology who helped Hephaestus, Hera's parthenogens child and blacksmith of the gods

22



Introduction - Nutrient transport across the placenta

in Olympia (Chen et al. 2010). Zp has approximately 50% protein identity with CP and
HEPH, and contains a transmembrane domain and an extracellular ferroxidase domain
with appropriate topology to interact with FPN1 (Chen et al. 2010). Absent in liver and
intestine, Zp is abundantly expressed in the placenta and has been localized to the
labyrinth, spongiotrophoblasts and yolk sac of mouse placenta (Chen et al. 2010).
Furthermore, the intracellular iron chaperone protein poly(rC)-binding protein 2 (PCBP2)
was suggested to act as a recipient of iron from DMT1 and as a donor of iron to FPN1
based on localization using confocal microscopy and binding studies using pulldown
techniques (Yanatori et al. 2016). Since iron is potentially toxic because it catalyzes the
generation of ROS, the carrying-over of iron by chaperons like PCBP2 could be relevant
for protection of fetal tissue from putative oxidative ferrous iron and for iron release at
the placental barrier across the BM (C. Cao and Fleming 2016). Stunningly, there are
evidences that all 3 ferroxidases and the chaperon PCBP2 are expressed in the human
placenta, but little has been experimentally investigated regarding their functions in the

iron transport mechanism across the placenta.

Non-transferrin-bound iron transport

As indicated before, there is no proof whether Tf-mediated iron uptake is the exclusive
pathway for placental iron acquisition. Therefore, other circulating forms of iron such as
free non-Tf-bound iron and heme iron could be taken up by the placenta as well. Although
global deletion of Tfrl in mice leads to embryonic lethality by day of embryonic
development (E)12.5, some Tfr17- embryos were still able to develop hemoglobin-
containing erythrocytes upon E10.5 (Levy et al. 1999), suggesting that the Tf cycle may
not be essential for erythropoiesis during early development. Furthermore, it is unclear
whether anemia in Tfr17- embryos is due to insufficient placental iron transport or to
defects in erythroid iron uptake or both. Tissue-specific knockout of Tfrl in the placenta

would be needed to answer this question.

Electron microscopy of placental villi from radio-labeled ferritin-injected animals showed
ferritin-containing endosomes (Lamparelli et al. 1989) and ferritin accumulation in the
basement membranes (Thornburg and Faber 1976) suggesting ferritin endocytosis and
transport in the placenta. Li et al. found that scavenger receptor class A member 5

(SCARAS5) conveys serum ferritin binding and then stimulates its endocytosis from the cell
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surface with consequent iron delivery into ureteric bud tips of the kidney (J. Y. Li et al.
2009). However, the molecular mechanism of ferritin endocytosis by STB the relevance of

this process to maternal delivery of iron to the fetus is unknown yet.

Finally, the placenta may be able to utilize heme iron sources, as suggested by its high
expression of heme iron transporters and heme catabolic enzymes (see Table 11 on p.91).
The recent finding that the placenta represents a major hematopoietic organ that
supports hematopoietic stem cell development, was shedding light on placental heme
pathways (Lee et al. 2010). Therefore, several heme iron homeostasis proteins, including
lipoprotein receptor-related protein 1 (LRP1), heme carrier protein 1 (HCP1), heme
oxygenase 1 and 2 (HO1 / HO2), have been localized to the STB and/or stroma. Very
recently scientist found that HO1 overexpression in human placenta-derived
mesenchymal stem cell (hPMSC) decreased apoptosis and enhanced migration properties
by improving the balance of angiogenic factors in vitro (Wu et al. 2020). The improved
placental vascularization by HO1-hPMSC motivates the authors to further studying this as
an alternative treatment for preeclampsia. However, data are lacking on placental
localization of the more recently identified heme transporters such as feline leukemia

virus subgroup C receptor 1 (FLVCR1) and heme-responsive gene 1 (HRG1).

As depicted with numerous ? in Figure 7, experimental prove of placental heme-iron
transfer, the relevance of chaperones, ferritin uptake, endosomal or MVM localization of
several iron transporter and the putative redundancy of ferroxidases is missing.
Furthermore, mechanisms like ferritin capturing, heme transport and expression of
alternative transporter like ZIP8 / ZIP14 might explain relatively mild effect of the TfR1
and DMT1 knockout in mouse (Levy et al. 1999; Gunshin et al. 2005). Pioneer research is

needed to characterize alternative iron transport pathways across the placenta.

Regulation of placental iron transport

The iron regulatory hormone hepcidin (HEPC) is highly expressed by the human liver and
in placental tissue, but also in mouse embryos in the second trimester (Yoon et al. 2006).
HEPC binding results in rapid ubiquitination of FPN1 causing its internalization and
degradation (Qiao et al. 2012). Thus, HEPC negatively regulates cellular iron export via
FPN1 across the BM towards the fetal circulation. Furthermore, HEPC may play a role in

fetal sensing of the placental iron status and hence in signaling fetal demand to the
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mother (C. Cao and Fleming 2016). The anemic, iron-deficient phenotype of transgenic
mouse embryos overexpressing Hepc further supports this notion (Nicolas et al. 2002).
More research is needed to reveal the role of HEPC in regulating placental iron
homeostasis and to identify other fetal factors regulating placental iron transport, such as
those related to growth and pathology. Another protein that is expressed in placenta and
regulates iron metabolism is the hemochromatosis Factor HFE (Parkkila et al., 1997). HFE
is an MHC class I-like glycoprotein that assembles with B2-microglobulin to form a
heterodimeric complex. A mutation in the HFE gene results in the autosomal iron-
overload disease hereditary hemochromatosis (Feder et al., 1996). HFE associates with
TfR (Feder et al., 1998; Gross et al., 1998; Salter-Cid et al., 1999) and DMT1 (Gruper et al.
2005).

Of note, the relative resistance of fetal hemoglobin levels to maternal anemia highlights
the ability of the placenta to respond to altered maternal iron supply. Stable isotope data
in human pregnancies has shown that more iron from maternal diet is transferred to the
fetus when the maternal stores are low (O’Brien et al. 2003). This is probably a
consequence of intestinal and placental iron transporters and TFR1 upregulation (Young
et al. 2010; Gambling et al. 2001). The mechanisms underlying this regulation are not well
characterized and may involve placental iron regulatory protein 1 and 2 (IRP1 / IRP2) and
intracellular iron. In brief, during cellular iron deficiency, IRPs bind to the stem-loop
structure of IREs within the UTR of iron-regulated genes including TfR1, ferritin, FPN1 and
DMT1. The binding of IRPs to of 3’-IREs promotes stabilization of mMRNAs mediating
increased iron uptake mainly via TfR1, whereas binding to 5’-IREs prevents translation of
mRNAs involved in iron storage and export via ferritin and FPN1 (Wilkinson and
Pantopoulos 2014). Both IRP1 and IRP2 activity have been detected in human placentae
(Bradley et al. 2004). IRP regulation of placental FPN1 is less clear (C. Cao and Fleming
2016).
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Figure 7: Schematic representation of the mechanisms and regulation of materno-fetal iron
transfer across the placenta. Iron (Fe) is transferred from the mother to the fetus across the
blood-placenta barrier (right to left). The placenta is in direct contact with the maternal blood
circulation via a monolayer of syncytialized trophoblast cells (blue). After transferrin receptor
(TfR1)-mediated uptake ferric iron (Fe*, red) by clathrin-dependent endocytosis at the maternal
side of the syncytiotrophoblasts (villous membrane, MVM) into endosomes, divalent metal
transporter 1 (DMT1) is supposed to release divalent iron (Fe?*, yellow) from endosomes into the
cytosol. Transferrin (Tf) and TfR1 return to the apical microvillous membrane (MVM) to be used
for further cycles. Cytosolic iron is transferred to the fetal circulation presumably through the iron
exporter ferroportin (FPN1) or stored intracellularly in oxidized form bound to ferritin heavy chain
(FHC). The exact mechanisms as well as the role of other transporters such as the Zrt- and Irt-like
proteins (ZIP) ZIP8 or ZIP14 in transplacental iron transfer are currently still unclear. Although the
lipoprotein receptor-related protein 1 (LRP1), heme carrier protein 1 (HCP1) and feline leukemia
virus subgroup C receptor 1 (FLVCR1) were found to be apically expressed, the relevance of heme
iron transport across the placenta and the possibility of reverse transfer of iron into the maternal
circulation need more investigation. Similar speculative is the function of scavenger receptor class
A member 5 (SCARA5) maybe mediating the binding and endocytosis of serum ferritin.
Furthermore, human poly (rC) binding protein 1 (PCBP1) is an iron chaperone that probably
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protects fetal tissue by delivery of oxidative ferrous iron from DMT1 to FPN1 or ferritin (dotted
gray lines). Regulatory wise, HEPC likely act as sensor of the placental iron status and initiates
FPN1 degradation at placental BM and in enterocytes of the mother (dashed gray lines). The
binding of IRP1 to of 3’-IRE promotes mRNAs expression of TfR1 and DMT1, whereas binding to
5’-IREs prevents mRNA translation of iron storage and export via FHC and FPN1.

Adverse effects of imbalanced iron homeostasis for gestation

Maternal iron stores are generally improved by iron supplementation, but often no
changes are observed in cord ferritin and maternal ferritin levels. Preziosi et al. found in a
small observational studies only a weak relationship with neonatal ferritin levels (Preziosi
et al. 1997). In contrast, a study from the Institute of Food Science, Swiss Federal Institute
of Technology in Zurich, Switzerland including pregnant women (n=381) in the second and
third trimester showed a clear benefit of iron supplementation (Hess et al. 2001). 65% of
women were taking iron supplements and had significantly higher serum ferritin
concentrations compared to those not taking an iron-containing supplement. Of note, the
success of folate supplementation was clearly higher compared to iron supplementation.
Furthermore, a more recent study in China including 3702 mother-newborn pairs,
detected a strong correlation between maternal and neonatal ferritin levels in women
whose plasma ferritin levels fell below a threshold of depletion (13.6 pg/L serum ferritin).
Below this threshold very unit of decrease in maternal serum ferritin was corresponding
to a 2.4-unit drop in cord ferritin (Shao et al. 2012), suggesting a “broken stick”
relationship between maternal and fetal iron parameters. However, most studies are
based on healthy pregnancy, neglecting that conditions with underlying placental
abnormalities, such as intrauterine growth restriction (IUGR) and GDM, may disrupt the
normal regulatory mechanism of the placenta and negatively affect fetal iron transfer (C.
Cao and Fleming 2016). GDM is another common pregnancy complication associated with
decreased infant iron stores at birth (further information in 1.2 on p.2). Unlike expression
of placental TFR1 in IUGR, expression of placental TFR1 in GDM shows a significant

relationship between fetal iron stores and placental IRP1 (Georgieff et al. 1999).

These findings were an incentive for us to mechanistically investigate changes in placental
iron homeostasis as consequence of hyperglycemic stress and to identify involved iron

transport pathways and cellular response mechanisms (see specific aims in 1.6.2 on p.30).
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1.5.3 Glucose transport

Glucose is the main energy source for the growing fetus, but due to the limited
gluconeogenesis ability of the unborn most glucose is provided by the mother (Desoye,
Gauster, and Wadsack 2011). Due to very low permeability of glucose across the placental
barrier formed by the STB, a carrier mediated transport system through transporters is
needed. Glucose is taken up by transporters embedded in the MVM. Glucose transporter
proteins from the GLUT family play a crucial role in the transport mechanism. Previous
studies revealed that 6 isoforms of the GLUT family are expressed on mRNA level during
pregnancy, but the composition, distribution and localization changes throughout
pregnancy (N.P. lllsley 2000). The glucose transporter 1 (GLUT1) is responsible for glucose
transport during pregnancy. It acts sodium independent and is the major isoform
expressed in the placental STB and CTB (Baumann, Deborde, and llisley 2002; Carter
2012). The glucose concentration in the blood of the mother is a key factor in the
maternal-fetal transport mechanism as it determines the net transport across the
placental barrier. GLUT1 has a higher expression level in MVM than in the BM (T. Jansson
et al. 2002). The asymmetric expression leads to higher transport capacity in the MVM
whereas the BM indicates the rate-limiting step in the glucose homeostasis during
pregnancy (Gallo, Barrett, and Dekker Nitert 2017). Therefore, transplacental glucose
transfer represents a typically non-mediated and transporter facilitated mechanism as
depicted green in Figure 4 on p.11. The GLUT1 expression level increases with progressing
pregnancy as the demand for glucose in the fetus increases as well. Previous studies have
shown that the expression of GLUT1 on the basal side is increased in GDM patients
compared to healthy pregnancies (Baumann, Deborde, and lllsley 2002). To our
knowledge, there are no studies yet that investigated the effect of changing iron levels on

GLUT1-mediated glucose transport across the placenta.
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1.6 Hypotheses and specific aims of the thesis

The placenta is a temporary fetal organ serving as the only connection of the developing
fetus to the ex utero world. It maintains the balance between nutrition and growth control
of the fetus through selective and regulated supply of macronutrients such as
carbohydrates, protein, lipids and critical micronutrients like minerals and vitamins for
fetal development. This work focused mainly on the SLC-mediated materno-fetal
transport of essential amino acids like leucine and iron as most abundant trace element
in human body. Therefore, the hypotheses and specific aims of this PhD project are

divided into two parts, namely amino acid transport (A) and iron transport (B).

1.6.1 Amino acid transport

The placental amino acid transport is maintained by a complex interplay between
accumulative transporter, facilitating channels and exchanger systems. The exchanger-
mediated transfer of leucine is mainly maintained by the heteromeric System L
transporters LAT1 and LAT2. However, whether amino acid gradients affect transplacental
amino acid transport and how important the highly expressed leucine transporter LAT1 is

for uptake and transfer across the placental barrier, still needs to be answered.

Hypotheses:

1. Materno-fetal amino acid gradients are crucial for transplacental amino acid transport
and correlate with selected maternal and fetal parameters.

2. Counter-directed amino acid gradients in vivo affect leucine uptake into trophoblasts
and transfer across the placental barrier.

3. Specific inhibition of SLC7 transporters or knockout of single transporter genes can
reveal the relevance of single solute carriers in placental nutrient acquisition.

The specific aims in the amino acid transport part were:

A1) To determine maternal and fetal amino acid concentrations in healthy term
pregnancies.

A2) To perform correlation analysis between materno-fetal amino acid gradients and
parameters characterizing the maternal nutritional condition and fetal growth.

A3) To study the effect of substrate concentrations on System L-mediated leucine uptake
into trophoblasts and leucine transport across the placental barrier in vitro.

Ad4) To characterize the effect of trophoblast differentiation on expression and function of
placental leucine transporters.

A5) To investigate small molecule inhibitors as tool compounds for modulating placental
leucine uptake by acting on SLC7 transporters.

A6) To generate and characterize trophoblast knockout cell lines for nutrient transporters
by CRISPR/Cas9 mutagenesis.
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1.6.2

I[ron transport

In contrast to the materno-fetal amino acid transfer, the transport of non-heme iron

across the placenta is largely underinvestigated. GDM has been associated with elevated

iron concentrations in sera (Bo et al. 2009; Zein et al. 2015; Afkhami-Ardekani and Rashidi

2009; Fu et al. 2016), but a potential impact of GDM on placental iron transport has never

been investigated.

Hypotheses:
1. The expression of placental iron-transporters and iron-regulatory proteins is altered in
GDM.
2. Simulation of hyperglycemic and hyperlipidemic conditions in trophoblasts induces
cellular stress and affects iron uptake.
3. The reduction of cellular stress levels recues placental iron homeostasis.

The specific aims in the iron transport part were:

B1) To characterize expressional changes of iron homeostasis genes in GDM-affected

placental tissues.

B2) To establish and characterize trophoblast models mimicking human GDM and

investigate the effect of hyperglycemic and hyperlipidemic conditions on
transplacental iron transfer.

B3) To identify cellular stress pathways responsible for altered placental iron homeostasis

under hyperglycemic and hyperlipidemic conditions.

B4) To test whether increasing antioxidative potential rescues the hyperglycemic effect on

placental iron homeostasis.

B5) To analyze expression patterns of placental iron homeostasis genes in an obesogenic
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2 Materials and Methods

2.1 Human placental collection and processing

2.1.1 Tissue and paired materno-fetal sera sampling for free amino acids profiling

Placentae from normal healthy pregnancies were collected after elective Caesarean
section at the Division of Gynecology and Obstetrics, Lindenhofgruppe, Bern, Switzerland.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of the Canton of Bern (Basec Nr. 2016-00250).
Anthropometric characteristics of healthy donors of placentae for this study are shown in
Table 7 on p.62. A graphical summary of the sera sampling is depicted in Figure 8.
Maternal venous whole blood samples were prospectively sampled before administration
of the spinal anesthesia from 22 inconspicuous pregnancies approx. 5 min prior to
parturition by caesarean section. The corresponding fetal blood (n=22) was sampled from
placental arteries and veins within 20 min after delivery. Contamination with maternal
blood was impossible. After collection of the whole blood sample in a S-Monovette with
clotting activator (Sarstedt Group, Nimbrecht, DE), the blood was allowed to clot for 15-
30 min at room temperature (RT). The clot was removed by centrifugation with 1000 rcf
for 10 min at 4°C. The supernatants (=sera) were aliquoted and stored at -20°C upon

analysis.

The acquisition of the full amino acid spectra was carried out in serum by ion exchange
chromatography. The concentrations of 20 amino acids were determined in the Centre of
laboratory medicine (ISO 17025 accredited) at the University Hospital of Bern by ion
exchange chromatography with post column derivatization with Ninhydrin on an
automated Biochrom 30+ Series amino acid analyzer (Biochrom, Cambridge, UK).
Norleucin (5.24 mg/100 mL sulfosalicylic acid) was used as internal standard and
calibration was obtained using amino acid standards from Laborservice Onken (Art. Nr.
5.403.151) and Sigma (Art. Nr. A-9906). The inter-assay coefficient of variation of the

analysis was 7%.
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Figure 8: Schematic summary of the standardized collection of mother-fetal paired blood sera
from Caesarean sections in collaboration with the Lindenhof Hospital, Bern, Switzerland. After
unsuspicious pregnancy women, who want to deliver by caesarian section, were informed about
our studies and recruited by our collaborating clinicians at the Lindenhof hospital in Bern.
Maternal venous blood samples were prospectively collected from healthy patients approx. 5 min
prior to parturition by caesarian section. The corresponding fetal blood was sampled from
placental arteries and veins within 20 min after delivery of the placenta. The acquisition of the full
amino acid spectra was carried out in maternal and fetal serum samples by ion exchange
chromatography. There are passing about 45 min from blood collection until the processed serum
samples are stored in -20°C upon analysis.

2.1.2 Patient selection and tissue collection to compare healthy and GDM diseased
placental tissue

For the characterization of GDM-specific alternation in placental iron homeostasis 22

women with elective Caesarean section at the Department of Obstetrics and

Gynaecology, University Hospital Bern, Switzerland were enrolled. Anthropometric

characteristics of healthy and GDM-affected placentae for this study are shown in Table

10 on p. 90. To minimize blood contamination, each piece of tissue was intensively washed
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in Dulbecco's phosphate buffered saline (DPBS). Tissue samples were immediately snap-
frozen in liquid nitrogen and stored at -80°C upon further analysis. GDM was diagnosed in
11 pregnancies according to the criteria of the American Diabetes Association based on
pathologic glucose plasma values following a 75 g oral glucose tolerance test (OGTT)
performed between the 24t-28t% gestational week and normal OGTT values at the 6t
postpartum week (Basevi et al. 2011). The control group (n=11) consisted of pregnancies
without pathologies and terminated at term by elective primary caesarean section upon
patient’s request or due to breech presentation. All GDM-affected women did not show
glucose intolerance before pregnancy. None of the subjects included in the study showed
iron excess or deficiency or any type of hematological abnormalities. This study was
approved by the cantonal ethical committee, Bern, Switzerland, and written informed

consent was obtained from all participants.

2.1.3  Primary trophoblast isolation

Placentae from normal healthy pregnancies were collected after elective Caesarean
section at the Division of Gynecology and Obstetrics, Lindenhofgruppe, Bern, Switzerland.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of the Canton of Bern (Basec Nr. 2016-00250). The
collected tissue was used to isolate primary CTB cells by three consecutive digestions with
trypsin followed by a Percoll® density gradient centrifugation as previous described
(Nikitina et al. 2011; Xiao Huang et al. 2016; Kallol, Moser-Haessig, et al. 2018). Freshly
isolated cells were cultured on Cell-BIND plates in Dulbecco’s modified Eagle’s medium
containing 4.5 g/L glucose (DMEM-highGlucose, Gibco, Paisley, UK) and characterized by
analyzing the expression of cytokeratin-7 and vimentin as previously described (Kallol,
Huang, et al. 2018). Primary trophoblasts were evaluated for leucine uptake at the CTB
(after 12 h of culture) and STB stage (after 48 h of culture) when spontaneous

differentiation and fusion has occurred (Kallol, Moser-Haessig, et al. 2018; Shi et al. 1993).

2.1.4 Placental membrane protein isolation

Placental tissues from healthy pregnancies were used to simultaneously isolate
microvillous membranes (MVM) and basal membranes (BM) by Mg?* precipitation based
on a previously published method (Nicholas P. llisley et al. 1990). In brief, approximately

100 g villous tissue from central and lateral areas of the placenta was washed 3-times with
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NaCl 0.9% to remove blood. All following steps were performed at 4°C or on ice. After the
final wash, the tissue was homogenized in Buffer H (250 mM sucrose, 10 mM Hepes,
adjusted pH to 6.95, supplemented with protease inhibitor cocktail) for 2 min with a
Polytron homogenizer (Kinematica AG). The crude homogenate was centrifuged with
1000 rcf to remove cellular debris. Two differential centrifugation steps at 10’000 rcf for
15 min at 4°C (Optima L-90K ultracentrifuge with TFT70.38 rotor) were performed. The
supernatants of both centrifugations were combined and filtered through 4 layers of
gauze on ice and then centrifuged at 125’000 rcf for 30 min at 4°C (TFT 70.38 rotor). The
pellets containing all cellular membranes were homogenized with a Teflon homogenizer
and diluted with Buffer H, followed by Mg?* precipitation applying a final Mg?*
concentration of 12 mM by adding 240 mM MgCl, and slowly stirring for 20 min. The
centrifugation with 2500 rcf for 10 min separates MVM in the supernatant and all other
membranes in the pellet. To isolate the BM-fraction from the pellet by ultracentrifugation
on a 2 step gradient, it was first washed, then resuspended with Buffer E (0.1% bovine
serum albumin in 1 mM Titriplex® Ill, Merck, Darmstadt, Germany) and homogenized
using a Teflon homogenizer. A two-step sucrose gradient was prepared in a thin-walled
ultra-centrifuge Beckman SW28 tube (Beckman Coulter, Brea, CA, USA) by applying a
bottom layer with 1.192 g/cm? density, a middle layer with 1.162 g/cm? density and on
top the homogenized membrane-fraction. This gradient was centrifuged at 100’000 rcf
for 60 min using a Beckman SW28 swing-out rotor (Beckman Coulter, Brea, CA, USA). The
BM deposit between the bottom and the middle layer was removed. Finally, the BM-
fraction and the MVM pellets were resuspended in buffer E and homogenized with a
Teflon homogenizer. MVM and BM were centrifuged at 125’000 rcf for 30 min for a final
clean-up. The pellets were resuspended in buffer H, snap frozen in liquid nitrogen and
stored at -80°C. Anthropometric characteristics of healthy donors of placentae for this
study are shown in Table 2. The total membrane isolation (TMI) fraction was collected

prior to MVM/BM separation.
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Table 2: Anthropometric characteristics of healthy patients donating placental tissue and their
offspring.

Characteristics Healthy controls
_ Number of individuals 11
;'é Maternal age (years) 33.9 +3.48
§ Parity 1.8 +0.60
Gestational age at partum  393/7 +6/7
g Weight of placenta (g) 569.3  +86.1
S Weight of baby (g) 3367.3 +284.0
2 Sex of baby 34/ 6Q

2.2 Analysis of placental transmembrane proteins

2.2.1 Immunoblotting

Cells were lysed by adding hypotonic lysis buffer (10 mM Tris-HCl, Sigma T5941; 10 mM
NaCl, Sigma 71376; 1.5 mM MgCl,, Millipore 1.05833; 1% Triton X-100, Sigma T8787; 1
bottle/100 mL protease inhibitor cocktail, Sigma P2714; adjusted pH to 7.4). The samples
were vortexed in hypotonic lysis buffer every 5 min during 30 min on ice for thorough lysis
of the cells. Subsequently, the cell lysates were centrifuged with 1000 rcf for 10 min at
4°C to remove cellular debris and stored upon analysis at -80°C. Protein content was
measured using the Pierce™ BCA Protein Assay Kit. 50 pg cell lysates were loaded on 10%
acrylamide gels and separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using the Biorad minigel system. The immobilized bands were
then semi-dry transferred to nitrocellulose membranes (GE Healthcare). Blots were
blocked with 5% non-fat milk in Tris Buffered Saline with 0.1% Tween-20 (TBST). The
primary polyclonal rabbit anti-LAT1 antibody (KE026/TG170215 Transgenic Inc.), Anti-
LAT2/SLC7A8 antibody produced in rabbit (Sigma AV43930), anti-DMT1/SLC11A2
antibody clone 4C6 (Sigma WH0004891M1), anti-FPN1 antibody (Thermo Fisher Scientific
PA5-22993), Anti ZIP8/SLC39A8 (Sigma HPA038833), purified Mouse Anti-BiP/GRP78 (BD
Transduction Lab. 610978), SQSTM1/p62 Antibody (Cell Signaling Technology 5114S),
Anti-LC3-I/1l Antibody (Millipore ABC929), Anti-GLUT-1 (Millipore 07-1401) and in a
second staining round for the reference signal (loading control) the mouse anti-beta-actin
antibody (Sigma A2228) were incubated overnight at 4°C, followed by 4 times washing
with TBST, and incubation with DyLight 680 or 800 fluorescence conjugated secondary

antibodies (Thermo Scientific™). The immunoreactive bands were quantified with the
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OdysseyW Sa Infrared Imaging System (LI-COR) to obtain relative densitometry values

without signal saturation.

The effect of LAT2 glycosylation on SDS-PAGE segregation was tested by Peptide N-
glycosidase F (PNGase F) treatment according to the protocol from Promega V4831. In
brief, 40 ug lysate of knockout candidate clones was incubated with 1% Nonidet P-40 and
50 mM sodium phosphate (pH 7.5, 25°C) and PNGase F at 37°C for 2 h. Samples were then
denatured with SDS-PAGE loading buffer without boiling and further quantified by

immunoblotting and densitometry as explained above.

2.2.2  Membrane protein isolation for MS/MS-based protein quantification

Due to insufficient antibody specificity in the iron transporter project, we started a service
collaboration with the FGCZ at the University of Zurich to develop a liquid chromatography
tandem mass spectrometry (LC-MS/MS) -based quantification method for 12 genes of
interest (Figure 27 on p.94). The workflow, graphically visualized in Figure 9, started with
the tissue collection from placenta donors at the Lindenhof hospital, continued with
sample preparation, tryptic digestion and mass determination by tandem mass
spectrometry. Finally, peptides suitable for MS-analysis were identified selected by
MASCOT-search.

Table 3: Genes of interest chosen for selected reaction monitoring (SRM) method used to

quantitatively asses protein levels by tandem mass spectrometry in collaboration with
Functional Genomics Center in Zurich (FGCZ).

Gene ID Gene name Protein name project assighment
Q01650 SCL7A5 LAT1

Q9UHI5 SLC7A8 LAT2 Amino acid transport project
P08195 SLC3A2 4F2hc

P02786 TFRC TFR1

P49281 SLC11A2 DMT1

QI9NP59 SLC40A1 FPN1 iron transport project
Q9COK1 SLC39A8 ZIP8

Q15043 SLC39AE ZIP14

P04406 GAPDH G3P

P63104 YWHAZ 14337

Q15365 PCBP1 PCBP1 reference genes
095477 ABCA1 ABCA1l

Prior to proteomic analysis TMI from placental tissues was performed to deplete highly

abundant proteins (e.g. albumin). Approx. 50 mg of snap-frozen tissue was homogenized
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in lysis buffer (250 mM Sucrose; 10 mM Hepes; protease inhibitor cocktail, all reagents
from Sigma; pH adjusted to 6.95) with a Polytron® homogenizer (Kinematica AG,
Switzerland) on wet ice. Large cellular debris was removed by a first centrifugation step
at 4°C and with 1000 rcf for 5 min. The supernatants were collected and subjected to two
consecutive centrifugation steps at 10’000 rcf for 15 min at 4°C. The pellets were
discarded, and the two combined supernatants were subjected to a final ultra-
centrifugation step at 125’000 rcf for 30 min at 4°C. The pellets were consecutively
washed with 1 mL ice cold 1M KCl and 1 mL 100 mM Na,COs. The final TMI pellets were
resuspended in 200 uL 50 mM Tris-HCI (pH 8) ice cold buffer using a glass-teflon
homogenizer. The TMI homogenates were aliquoted for protein measurement using
Pierce™ BCA Protein Assay Kit (Thermo Scientific™) and stored at -80°C until proteomic

analysis.
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Figure 9: Schematic representation of the mass spectrometry-based approach to quantify
placental membrane proteins.

2.2.3 Development of a Parallel Reaction Monitoring (PRM) assay

For the development of the quantification assay, preliminary experiments were
performed to optimize the sample preparation and to select the proteotypic peptides of
each target protein. 30 pg protein of TMI samples were subjected to filter-assisted sample
preparation (FASP) and tryptic digested (Wisniewski et al. 2009) with a subsequent
desalting step by C18 solid phase extraction columns (Sep-Pak Fenisterre; Waters Corp.,
Milford, MA, USA). The dried samples were re-solubilized in 15 pL 3% acetonitrile, 0.1%

formic acid and spiked with iRT peptides (Biognosys, Switzerland) for mass spectrometry
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(MS) analysis which was performed on a QExactive mass spectrometer coupled to a nano
EasyLC 1000 (Thermo Fisher Scientific). Solvent composition at the two channels was 0.1%
formic acid for channel A and 0.1% formic acid, 99.9% acetonitrile for channel B. For each
sample 1yl of peptides were loaded on a commercial Acclaim PepMapTM Trap Column
(75 um x 20 mm, Thermo Scientific™) followed by a PepMapTM RSLC C18 Snail Column
(75 umx500 mm, Thermo Scientific™). The peptides were eluted at a flow rate of
300 nL/min by a gradient from 2 to 30% B in 115 min, 47% B in 4 min and 95% B in 4 min.
The mass spectrometer was operated in data-dependent mode (DDA), acquiring a full-
scan MS spectrum (300-1700 m/z) at a resolution of 70’000 at 200 m/z after
accumulation to a target value of 3'000°000, followed by HCD (higher-energy collision
dissociation) fragmentation on the twelve most intense signals per cycle. HCD spectra
were acquired at a resolution of 35’000 using a normalized collision energy of 25 and a
maximum injection time of 120 ms. The automatic gain control (AGC) was set to 50’000
ions. Charge state screening was enabled and singly and unassigned charge states were
rejected. Precursor masses previously selected for MS/MS measurement were excluded
from further selection for 30 s, and the exclusion window was set at 10 ppm. The samples

were acquired using internal lock mass calibration on m/z 371.1010 and 445.1200.

The acquired raw MS data were processed by MaxQuant (version 1.4.2.1) (Cox and Mann
2008), followed by protein identification using the integrated Andromeda search engine.
Spectra were searched against a uniprot Homo Sapiens (taxonomy 9606) reference
proteome (canonical version from 2016-12-09), concatenated to its reversed decoyed
fasta database and common protein contaminants. Carbamidomethylation of cysteine
was set as fixed, while methionine oxidation and N-terminal protein acetylation were set
as variable modifications. MaxQuant Orbitrap default search settings were used. Enzyme

specificity was set to trypsin/P.

The mass spectrometry proteomics data were handled using the local laboratory
information management system (LIMS) (Tirker et al. 2010) and all relevant data have
been deposited to the ProteomeXchange Consortium via the PRIDE
(http://www.ebi.ac.uk/pride) partner repository with the data set identifier 03022:
MaxQuant 1.4.2.1 (WU146123) and 03176 : MaxQuant 1.4.2.1 (WU148929).

38



Materials and Methods - Analysis of placental transmembrane proteins

Based on these experiments, a set of proteotypic peptides was selected for 8 protein
targets and 4 housekeeping proteins excluding, whenever possible, peptides containing
cysteine, methionine, asparagine and glutamine (Table 3). For proteins with no or less
than three proteotypic peptides, additional peptides were selected from the SRM Atlas
(http://www.srmatlas.org) (Table 4). Stable isotope-labeled standard peptides
corresponding to the proteotypic peptides and containing either a C-terminal (13C(6)
15N(4)) arginine or a (13C(6) 15N(2)) lysine residue were chemically synthesized via SPOT
synthesis (JPT Peptide Technologies, Germany) and used in unpurified form for PRM
analysis. In total, the scheduled PRM assay targets 85 peptides (12 proteins, 37 peptides
in Light/Heavy (L/H) form and 11 iRT peptides). The MS/MS spectra of these peptides were
used for the generation of spectral libraries using Mascot (Matrixscience) according to the
parameters previously described for MaxQuant (with, in addition, 13C(6) 15N(4) arginine
and 13C(6) 15N(2) lysine as variable modifications) Finally, both the MaxQuant and the
Mascot search results (dat. files) were imported into the Skyline software (v2.6.0)
(MacLean et al. 2010) and spectral libraries were built using the BiblioSpec algorithm

(Frewen and MacCoss 2007).
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Table 4: List of peptide sequences used to quantify proteins of iron homeostasis and reference
genes by LC-MS/MS. All represented peptides had positive polarity.

Mass CS Start End NCE Comment Protein
[m/z] [z] [min]  [min]

385.72402 2 14.71 16.71 27  M[-131.0404]VLGPEQK (light) DMT1
389.73112 2 14.71 16.71 27  M[-131.0404]VLGPEQK (heavy)

882.40090 2 39.15 41.15 27  ISIPEEEYSC[+57.021464]FSFR (light)

887.40503 2 39.15 41.15 27  ISIPEEEYSC[+57.021464]FSFR (heavy)

415.97925 4 30.72 32.72 27  LGVVTGLHLAEVC[+57.021464]HR (light)

418.48132 4 30.72 32.72 27  LGVVTGLHLAEVC[+57.021464]HR (heavy)

754.90823 4 50.08 52.08 27  TPQIEQAVGIVGAVIMPHNMYLHSALVK (light)

756.91178 4 50.08 52.08 27  TPQIEQAVGIVGAVIMPHNMYLHSALVK (heavy)

629.82495 2 38.48  40.48 27 DWIVVVAGEDR (light) FPN1
634.82909 2 38.48 40.48 27 DWIVVVAGEDR (heavy)

350.22361 2 19.49 21.49 27  TPALAVK (light)

354.23071 2 19.49 21.49 27  TPALAVK (heavy)

496.76162 2 16.59 18.59 27  FAQNTLGNK (light)

500.76872 2 16.59 18.59 27  FAQNTLGNK (heavy)

664.58471 4 4246  44.46 27  FSVIC[+57.021464]PAVLQQLNFHPC[+57.021464]EDRPK (light) ZIP8
666.58826 4 42.46  44.46 27  FSVIC[+57.021464]PAVLQQLNFHPC[+57.021464]EDRPK (heavy)
420.21090 2 14.67 16.67 27  VDSYVEK (light)

42421800 2 14.67 16.67 27  VDSYVEK (heavy)

749.99826 3 19.40 21.40 27 TYGQNGHTHFGNDNFGPQEK (light)

752.66966 3 19.40 21.40 27 TYGQNGHTHFGNDNFGPQEK (heavy)

726.37246 2 30.69 32.69 27  YGEGDSLTLQQLK (light) ZIP14
730.37956 2 30.69 32.69 27  YGEGDSLTLQQLK (heavy)

42191045 3 30.42 32.42 27  ALLNHLDVGVGR (light)

425.24654 3 30.42 32.42 27  ALLNHLDVGVGR (heavy)

835.70816 3 36.71 38.71 27  NLSTC[+57.021464]FSSGDLFTAHNFSEQSR (light)

839.04425 3 36.71 38.71 27  NLSTC[+57.021464]FSSGDLFTAHNFSEQSR (heavy)

873.42830 2 43.36 45.36 27  SAFSNLFGGEPLSYTR (light) TfR1
878.43244 2 4336  45.36 27  SAFSNLFGGEPLSYTR (heavy)

781.35246 2 16.96 18.96 27  LAVDEEENADNNTK (light)

785.35956 2 16.96 18.96 27 LAVDEEENADNNTK (heavy)

717.41614 2 44.83 46.83 27  VSASPLLYTLIEK (light)

721.42324 2 44.83 46.83 27  VSASPLLYTLIEK (heavy)

706.39882 2 31.59 33.59 27  GALQNIIPASTGAAK (light) GAPDH
710.40592 2 31.59 33.59 27 GALQNIIPASTGAAK (heavy)

435.25819 2 23.47 25.47 27  VIPELNGK (light)

439.26528 2 23.47 25.47 27  VIPELNGK (heavy)

882.40483 2 38.68 40.68 27 LISWYDNEFGYSNR (light)

887.40896 2 38.68 40.68 27 LISWYDNEFGYSNR (heavy)

774.86045 2 18.38 20.38 27 SVTEQGAELSNEER (light) YWHAZ
779.86458 2 18.38 20.38 27 SVTEQGAELSNEER (heavy)

1020.99728 2 36.61 38.61 27 GIVDQSQQAYQEAFEISK (light)

1025.00438 2 36.61 38.61 27 GIVDQSQQAYQEAFEISK (heavy)

711.33544 3 51.13 53.13 27  TAFDEAIAELDTLSEESYK (light)

714.00683 3 51.13 53.13 27  TAFDEAIAELDTLSEESYK (heavy)

694.91103 2 40.37 4237 27 |ITLTGPTNAIFK (light) PCBP1
698.91813 2 40.37 4237 27 |ITLTGPTNAIFK (heavy)

507.76998 2 18.95 20.95 27  QGANINEIR (light)

512.77411 2 18.95 20.95 27  QGANINEIR (heavy)

543.78054 2 17.82 19.82 27 IANPVEGSSGR (light)

548.78468 2 17.82 19.82 27 IANPVEGSSGR (heavy)
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2.2.4 Protein quantification of placental membrane proteins by mass spectrometry

Prior to proteomic analysis TMI from placental tissues was performed as described in 2.2.2
and a PRM assay was developed as described in 2.2.3. After assay development, protein
digestion for the 22 TMI samples was further improved by using a commercial iST Kit
(PreOmics, Germany) with an adapted version of the protocol. Briefly, 30 ug of protein
were solubilized in lysis buffer, boiled at 95°C for 10 min and processed with High Intensity
Focused Ultrasound (HIFU) for 30 s setting the ultrasonic amplitude to 85%. Then the
samples were transferred to the cartridge and digested by adding 50 uL of the digestion
solution. After 60 min of incubation at 37°C the digestion was stopped with 100 pL of stop
solution. The solutions in the cartridge were removed by centrifugation at 3800 rcf, while
the peptides were retained by the iST-filter. Finally, the peptides were washed, eluted,
dried and re-solubilized in LC-Load buffer for MS-Analysis. For PRM quantification,
samples were analyzed on a Q Exactive HF mass spectrometer (Thermp Scientific)
equipped with a Digital PicoView source (New Objective) and coupled to a M-Class UPLC
(Waters). Solvent composition at the two channels was 0.1% formic acid for channel A and
0.1% formic acid, 99.9% acetonitrile for channel B. For each sample 1 uL of peptides were
loaded on a commercial MZ Symmetry C18 Trap Column (100 A, 5 um, 180 pm x 20 mm,
Waters) followed by nanoEase MZ €18 HSS T3 Column (100 A, 1.8 um, 75 pm x 250 mm,
Waters). The peptides were eluted at a flow rate of 300 nL/min by a gradient from 5 to
35% B in 50 min and 98% B in 5 min. The Q Exactive HF performed MS1 scans (350-
1250 m/z) followed by 16 MS/MS acquisitions in PRM mode. The full scan event was
collected at a resolution of 15000 (at m/z 200) and an AGC value of 3e® and a maximum
injection time of 15 ms. The PRM scan events used an Orbitrap resolution of 120000,
maximum fill time of 200 ms with an isolation width of 1.4 m/z, an isolation offset of
0.5m/z and an AGC value of 2e®. HCD fragmentation was performed at a normalized
collision energy (NCE) of 27. The whole method included 74 L/H peptide precursors and
11 Biognosys iRT standard peptides. Based on the spiked iRTs, the retention time of the
target peptides was normalized and transformed into iRT values (Escher et al. 2012)
allowing to set the scan windows to 4 min for each peptide in the final PRM method
(Table 4). This ensured the measurement of 6-10 points per LC peak per transition. The
results were calculated as fold changes relative to spiked peptides. GDM (n=11) and

controls (n=11) were normalized to the reference gene glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) (sp|P04406 | G3P_HUMAN). The normalization was executed by

subtracting. the protein value of GAPDH from the value of the target protein.

2.3 Placenta histology

2.3.1 Immunohistochemistry

Tissues from 11 GDM- and 11 control-placentae were embedded in Tissue-Tek® optimum
cutting temperature (0.C.T.) medium, cut at 5 um thickness and mounted on Superfrost
plus slides (Menzel, Germany). The frozen tissue blocks were stored at -80°C upon
sectioning. The tissue sections were fixed in pre-cooled acetone (-20°C) for 10 min and
washed 2 times for 5 min in 10 mM phosphate buffered saline (PBS, pH 7.4). Fixed sections
were incubated in H,0;-Block (Dako S2023) at room temperature for 10 min to block
endogenous peroxidase activity and again washed 2-times in PBS. The primary antibodies
were diluted in PBS with 0.5% bovine serum albumin (DMT1 1:1000; FPN1 1:1000). Diluted
primary antibodies (100 pL per slide) were added to cover the tissue on the slides and
incubated in a humidified chamber (DMT1 for 2 h; FPN1 for 1.5 h) at 4°C. For the
visualization of the antigens on the next day UltraVision LP Detection System (Thermo
Scientific™ TL-015-HAS) was used according to the manufacturer’s instructions. Slides
were washed with PBS and incubated with Antibody Enhancer solution for 20 min. After
an additional washing step with PBS, the horseradish peroxidase (HRP) polymer was
added for 30 min, the slides were washed again, and AEC chromogen was applied for
5 min in the dark. Sections were washed in distilled water, counterstained with Gill's
hematoxylin (Merck, 105174) and mounted with Aquatex® (EMD Millipore 1.08562).
Negative controls were stained without prior incubation with the primary antibody.
Immunohistochemical images were prepared with a DM6000 B microscope (Leica
Microsystems, Germany). The staining intensity of DMT1 and FPN1 expression in all
specimens was semi-quantitatively scored by a blinded expert (PD Dr. med. Meike Kérner,
Pathology Laenggasse, Bern, Switzerland). Staining intensity was rated on a scale of 0-3,
with O=negative, 1=weak, 2=moderate, and 3=strong and statistically assessed by

Pearson's x? test.

2.3.2 Special staining for lipid storage visualization in trophoblasts
Oil red O staining and counter-stained with hematoxylin was performed as described on

http://www.ihcworld.com/ protocols/special stains/oil red o.htm. In brief, after 32
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days of adaptation of previously in low-glucose cultured BeWo cells to the 3
hyperglycemic conditions (see 2.4), cells were seeded on double chamber slides by
avoiding 100% confluency. Then the slides were air dried for 30 min at room temperature
and then fix in ice cold 10% formalin (22.0 mL 7% Formaline in 58.0 mL PBS, pH 7.4) for
5 min, followed by rinsing in 3 changes of distilled water and repeated air drying for
another 30 min. Before the actual staining the cells were equilibrated in absolute
propylene glycol (1,2-Propanediol, Sigma, 398039) for 5 min to avoid carrying water into
Oil Red O. Lipid stores in the cells were stained in pre-warmed 0.5% Oil Red O (Sigma,
102419) in 100% propylene glycol solution for 10 min in 60°C oven differentiated in 85%
propylene glycol in distilled water solution for 5 min, followed by rinsing in 2 changes of
distilled water. In a second step the cells were counter-stained in Gill's hematoxylin for
30 s and washed thoroughly in running tap water for 3 min and finally covered by cover-

glass and Aquatex®. Cells were visualized via inverted light microscopy and photographed.

2.4 BeWo cell culture

As primary cultures of trophoblasts do not proliferate in vitro, the choriocarcinoma-
derived BeWo cell line (clone b30; donated by Dr. Alan L. Schwartz, Washington University
School of Medicine, USA) was used as trophoblast cell model. BeWo cells are
conventionally cultured in Dulbecco’s modified Eagle’s medium containing 25 mM glucose
(DMEM-HG, Gibco, Switzerland) with 10% fetal bovine serum (LabForce, Basel,
Switzerland) and antibiotic-antimycotic (Gibco 15240062) in a humidified incubator under
a 5% pCO, atmosphere at 37°C. To adapt BeWo cells to physiological glucose
concentrations, they were grown in medium containing 5.5 mM glucose (DMEM-low
glucose, Gibco, Switzerland) for 28 passages. These low glucose BeWo cells were used for
all Leucine uptake (see 2.7.1) and Transwell (see 2.7.4) assays, but also to establish cell
models mimicking different grades of diabetic severity in the iron project. Beside the
normoglycemic condition (N; DMEM 5.5 mM glucose) the cells were exposed to a
hyperglycemic (H; DMEM 25 mM glucose) and a hyperglycemic/hyperlipidemic condition
(HL; H + 100 uM palmitic acid). The stock solution of palmitic acid was prepared by
conjugation with bovine serum albumin (BSA). In brief, palmitic acid was dissolved in pre-

heated 0.1 M NaOH and diluted 1:10 in pre-warmed 12% BSA solution to obtain a final
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concentration of 10 mM. N and H media contained same amounts of 0.1 M NaOH and BSA

without lipid (Sinha et al. 2004).

2.4.1 Induction of oxidative stress and rescue by antioxidant treatment

For oxidative stress induction following antioxidant treatment, BeWo cells were seeded
in DMEM 5.5 mM glucose medium with 10% fetal bovine serum (FBS, Seraglob,
Schaffhausen, Switzerland) till they reach approx. 80% confluency, followed by incubation
in serum-free DMEM 5.5 mM glucose medium and different oxidative stress conditions
using 0.8 uM Rotenone (Sigma, R8875) or 1 mM tert-Butyl hydroperoxide (tert-BOOH;
Sigma, 458139). We tested 0.1 uM sodium selenite (NaSe) inducing GSH-dependent
antioxidative pathways in trophoblasts (A. Khera, Vanderlelie, and Perkins 2013) and
50 uM quercetin as well-known dietary antioxidant (Bach et al. 2010). Finally, we aimed
to use the best method for the rescue experiment by antioxidants treatment. See the

results in Figure 36D on p.107.

2.5 CRISPR/Cas9-mutagenesis of single placental nutrient transporter

Sequence specific gene knockout by CRISPR/Cas9-mutagenesis, allows to assess the role
of a single transporter in complex nutrient transport pathway such as materno-fetal
amino acid or iron transport. Trophoblast cells lacking the expression and function of a
single nutrient transporter by specifically and CRISPR/Cas9-mediated knockout, would
reveal its role at the materno-fetal barrier in the placenta. The strategy adapted for
CRISPR/Cas9-mutagenesis of placental nutrient transporter is depicted in Figure 39 on

p.114.

2.5.1 Design of target sites and synthesis of sgRNA

Four nutrient transporter and the trophoblast hormone human choriogonadotropin (hCG)
as reference target (J. Li et al. 2018) were selected to be targeted by CRISPR/Cas9-
mutagenesis: LAT1 (SLC7A5), LAT2 (SLC7A8), DMT1 (SLC11A2), ZIP8 (SLC39A8) and beta
subunit 3 of the human chorionic gonadotropin (hCGB3). The genomic sequence for each
target was downloaded from National Center for Biotechnology Information (NCBI) GENE
database. Potential target sites were independently generated using the online target site

searching and analysis webpages CRISPOR (http://crispor.tefor.net) and CHOPCHOP

(http://chopchop.cbu.uib.no). The integrated bioinformatics tool software (UGENE
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software from NCBI, US, freeware) was used to annotate sequences essential for gene
expression, such as the initial ATG or splice sites of the target gene and the final target
sites inclusive protospacer adjacent motif (PAM) -sequence. This information was used to
plan the double-strand-break location with an effect on gene expression and function as
devastating as possible. Three different target sites per target gene were designed. The
target site is defined by 20 nucleotides each with <5’-20bp-NGG-3’>-structure. Both target
site searching tools CRISPOR and CHOPCHOP generated additionally to the target sites
sequence, primer pairs flanking the proximity of the respective target sites. We further
used the NCBI- Basic Local Alignment Search Tool (BLAST) online tool to analyze the target
sites for off-targets. The PAM sequence (=NGG) on the 3’-end of the target site, which
does not count to the 20 bp of the target site nucleotides, but is essential for Cas9-
mediated cleavage (Jinek et al. 2012). The G or GG at the 5’-end of the target site is
required since these are the last nucleotides of the T7-transcriptase recognition site, but
also the first nucleotides transcribed to ribonucleic acid (RNA) and hence already part of
the guide RNA. We added another G, if there was only one G at the 5’-end of the target
site to get a more efficient transcription (Bassett et al. 2013). The final versions of

designed target sites are listed in Table 5.

Table 5: List of target sequences designed for CRISPR/Cas9-mutagenesis with respective primer
pairs to amplify the flanking target sequence for sequencing.

Name Sequence target site (5’-3’) Forward primer (5’-3’) Reverse primer (5°-3’) fragment
target site length
LAT1 MK1 GATGCTGTCGTCCGAGGCCG  TGACCAACCTGGCCTACTTC GTAGGGGAGGCTTAGAGATGTG 170 bp
LAT1 MK2 GCAGGCTTACCGTGAACACG  GTCTGTCCACAGGCTCTTCTTC ACATTTGAGCTGTCACCCAGT 229 bp
LAT1 MK3 GCTGCCCGTCTACTTCTTCG CTGCCTGTGTTCTTCATCCTG GAGATACTCACAGATGCCCTGG 177 bp
LAT2 142 GGATGTGGGGAACATTGTGC TGTAAGGCTACACGCATGCA AAAGTGAGTGGGGCTACAGC 305 bp
LAT2 184 GGAGCTTCTCTCCAAAAGTC GTTCTGCTTGTGTGCCTTGG GGGGAAATCTCAGGGTGTGG 306 bp
LAT2 1539 GGCATCCAACGCCGTCGCTG  ACATCCAGATGCCCACACAG CCAGAGTGAAGTGGGAGCTG 293 bp
DMT1_92 GGCCTGCTGCACTCTACATT AGGCAGAGAAACGAAGGAGC CATGGTGGAGCTCTGTCCTG 304 bp
DMT1 1312 GGCCCTCACATTTGGATATG TAAGGAGAGCGGGAATGGGA TTTAAACCTGGGAGCCCCTG 387 bp
ZIP8_567 GTGGAGTCAAAATCAATCCG  ACATCATTTGGTTCCTTGCTCT TAGCCAACATCCTTACCTCTGG 244 bp
ZIP8_694 GCTTGGGCCGATCCTCACAT CTCTGTCATCTGTCCAGCAGTC GCAATAAAGCAGAAAAAGAGGC 182 bp
hCGB3 GATCCCGACTCCCGGGGCCCT CCTCAGGTGGTGTGCAACT AGAAGCCTTTATTGTGGGAGGA 290 bp
hCGB3_1 GCCACGGCGTAGGAGACCAC CCTCAGGTGGTGTGCAACT AGAAGCCTTTATTGTGGGAGGA 290 bp

Before continuing with “single guide“-RNA (sgRNA) synthesis the target sites were
validated by amplification of the target site from the BeWo genome by GoTag G2 hot start
polymerase (Promega, M7401), oligo cleaning using “ReliaPrep DNA clean-up and

concentration system” kit (Promega, A2892) and subsequent sequencing using
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Microsynth oligo sequencing service (Microsynth AG, Switzerland:

https://srvweb.microsynth.ch/SingleTubeSequencing). All kits mentioned above were

used according to the protocols provided by manufacturers.

The synthesis of target site-specific sgRNA was done as described before in (Burger et al.
2016). In brief, before we were able to perform the in vitro transcription (IVT) for sgRNA
generation, the double strand deoxyribonucleic acid (DNA) template for each target had
to be prepared. To reduce oligo synthesis costs, we profit from the hybridization ability of
DNA oligos and ordered one 63 bp long target-specific oligo per target site called
CRISPRfwd (green sequence in Figure 10) and only one 80 bp long oligo called sgRNArev
with a 20 bp overlap with all CRISPRfwd ordered shown as red sequence in Figure 10.
Therefore, only a single CRISPRfwd oligo was needed to be ordered per target site, while

the sgRNArev oligo was used for all sgRNA IVT templates.

T7 promoter SQRNA
L

- GAAATTAATACGACTCACTATACESE GTTTT clondc)
TAATACGACTCACTATAGGG 3 - CAAAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAACTTTTTCACCGTGGCTCAGCCACGAAAA - 5
T7 recognition site

CRISPRfwd (one per target) sgRNArev (one for all targets)

Figure 10: Schematic annealing of the target-specific CRISPRfwd and sgRNArev oligonucleotide
as template for sgRNA synthesis. After thermal annealing, the CRISPRfwd and sgRNArev oligos
expose two 3’-ends allowing sequence elongation. Subsequent elongation was performed by
running a standard PCR using the GoTaq® G2 Hot Start polymerase (Promega) to get a linear in
vitro transcription (IVT) template; 4 pL of 10 uM sgRNArev oligo, 4 puL 10 uM CRISPRfwd oligo and
42 uL nuclease free water were mixed with the 2 x master mix followed by standard PCR. The
CRISPRfwd sequence (green) was bearing the T7 promotor sequence (underlined) ending with a
GG. This GG represented the start of the target site designed for target gene binding (blue
background) and the start of the final sgRNA, respectively. The sgRNArev oligonucleotide (red)
includes the whole sgRNA sequence downstream of the target site responsible for Cas9
recognition.

After polymerase chain reaction (PCR) -elongation (Figure 10), the double stranded
template DNA was precipitated in 10% sodium acetate (3 M) and 40% isopropanol with
subsequent ethanol (95%) wash on ice, to remove reagents from elongation reaction. The
target site-specific DNA template was transcribed using the
MAXIscript™ T7 Transcription Kit (Invitrogen AM1312) optimized for sgRNA synthesis. In
brief, the reaction was composed as follows: 8 uL of 10 mM NTPs (Thermo Fischer
18109017), approx. 300 ng of purified template DNA, 2 uL T7 Polymerase, 2 uL 10 x

transcription buffer and nuclease free water to adjust total volume to 20 uL. Transcription
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components were mixed well by pipetting and incubating at 37°C overnight (not in water
bath to avoid condensation on the cap). The synthesized sgRNA were purified first by
protein precipitation with chloroform by adding 80 pL of RNase free water per 20 pL
reaction and chloroform with a 1:2 (v/v) ratio and followed by centrifugation for 5 min at
10’000 rcf at 4°C. The upper organic phase (sgRNA) was transferred into a fresh 1.5 mL
tube, while the lower agqueous phase was discarded. The sgRNA was further washed 3-
times by replacing the supernatant volume with ice-cold 95% ethanol and again
precipitated overnight at -20°C. The sgRNA samples were then centrifuged with 10’000 rcf
for 60 min at 4°C, to carefully discard the supernatant, followed by drying the RNA pellet
for 10 min below a laminar flow bench. The pellet was resuspended in 30 uL RNase free
water and stored at -80°C until transfection. Concentration of the sgRNA was measured
with Nanodrop (Thermo Fischer). For several samples, the quality of the RNA was

measured on a Bioanalyzer (Agilent) chip according to protocol provided by the company.

2.5.2 Transfection methods for sgRNA and Cas9 into trophoblasts

Two different transfection strategies were tested for bringing finally active sgRNA and
Cas9 protein into trophoblasts (Figure 11). The first strategy A includes simultaneous
transfection of previously transcribed sgRNA and Cas9 plasmid, bearing promotor
sequences for instant expression in each transfected trophoblast cell. The second strategy
B was to directly deliver active preassembled sgRNA-Cas9 ribonucleoprotein complexes
(RNPs) into trophoblasts. Both strategies should lead to sequence-specific binding of the
nuclease Cas9 and mutation of the targeted placental nutrient transporter gene. Multiple
methods were tested for sgRNA-Cas9-plasmid and sgRNA-Cas9- ribonucleoprotein (RNP)
transfection, followed by fluorescence-activated cell sorting (FACS) sorting and

characterization of potential emerged new knockout cell candidates.
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Figure 11: Two strategies to generate nutrient transporter knockout trophoblast lines by
CRISPR/Cas9 mutagenesis. Either simultaneous transfection of sgRNA and pCas9_green
fluorescent protein (GFP) plasmid (A) or direct transfection of active sgRNA-Cas9
ribonucleoprotein complexes (RNPs) into trophoblasts (B) were performed to generate target
sites-specific destructive mutations in placental nutrient transporter genes. Strategy A requires
expression of the Cas9-GFP gene on the transfected plasmid and sgRNA-Cas9 protein assembly
through the target cell itself, while in strategy B already reactive and in vitro preassembled RNPs
should convey efficient CRISPR/Cas9 mutagenesis immediately after RNP transfection. A, The
pCas9_GFP plasmid (Addgene ID 41824) includes a chimeric intron (blue), which significantly
increase transgene expression, a Cas9 gene (orange), followed by a SV40 nuclear localization signal
(NLS, bright blue) for cellular transport of Cas9 into the nucleus. Furthermore, the Cas9 gene is
fused to an enhanced green fluorescent protein (Cas9-2A-eGFP) reporter gene sequence for post-
transfectional selection by flow cytometry. The SV40 poly(A) signal after the gene sequences on
the plasmid convey mRNA stability in the targeted cell. The sequences in the red dashed box were

48



Materials and Methods - CRISPR/Cas9-mutagenesis of single placental nutrient transporter

used for bacterial cloning of the pCas9_GFP plasmid. B, highly pure GFP labeled Cas9-NLS protein
(MJ922, orange) was kindly provided by the group of Prof. Dr. Martin Jinek (Department of
Biochemistry, University of Zurich).

For all transfection experiments, BeWo and HEK-293 (human embryonic kidney 293) cells
were seeded one day before starting the transfection experiment into conventional 96-
well plates using DMEM low glucose (Gibco, 21885) for BeWo or EMEM (Gibco, 15240-
062) for HEK-293 respectively, but both with 10% FBS and 1 x antibiotics. They were
incubated overnight at 37°C and 5% pCO,. The transfection of both cell lines was
performed according to the same protocol. The seeding density for BeWo was

42’000 cells/well and 60’000 cells/well for HEK-293.

2.5.2.1 Transfection strategy A: sgRNA-Cas9-plasmid

Three different transfection reagents were tested to simultaneously transfer sgRNA and
pCas9_GFP plasmid (Addgene ID 41824, see Figure 11) into trophoblasts to generate
knockout cell lines by sgRNA delivery and Cas9 expression in the targeted cells. Finally,
the Xfect™ Transfection Reagent from TAKARA was selected for further experiment (see
description of the method below), due to better performance compared to DharamFECT™

Duo from Horizon or XtremeGENE9 DNA transfection reagent from Roche.

Xfect™ Transfection Reagent (TAKARA PT5003-2) was used to transfect BeWo and HEK-
293 cells with Cas9 plasmid and sgRNA in a molar ratio of 1:2. The manufacturer’s protocol
was adapted as follows: Cas9 plasmid and sgRNA were mixed with the transfection
reagent and incubated 15 min at room temperature before adding to the cells. The cells
were incubated together with transfection complex reagent for 18 h, followed by medium
change to complete medium with 10% FBS. Further analysis was done 48 h post

transfection.

2.5.2.2 Transfection strategy B: sgRNA-Cas9-RNP transfection

Transfection Reagents from two companies were used to transfect the BeWo cells with
the Cas9-GFP protein together with the sgRNA as a preassembled RNP complex. The aim
was to attain fast and efficient knockout after transfection of already active sgRNS-
Cas9protein-RNPs as done before in the framework of a Master of Science Project at the

University of Zurich “Maximizing mutagenesis with solubilized CRISPR-Cas9
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ribonucleoprotein complexes” in Danio rerio embryos by microinjection (Burger et al.

2016).

Xfect™ Protein Transfection Reagent (Takara PT5166-2) is a modified peptide with cell-
penetrating activity, whose amino acid composition enables an interaction with a protein
cargo and transport across a cell membrane barrier. The manufacturer’s protocol was
adapted as follows: 350'000 BeWo and 550’000 HEK-293 cells were seeded 18 h before
transfection in a 12-well plate. In step 2b 0.8 - 2 pg of Cas9 protein (2 ug Cas9=10.4 pmol)
were mixed with 10.4 pmol of sgRNA, then Xfect protein buffer was added to bring the

volume to 40 pL. The rest was done according to protocol (www.takarabio.com/assets/-

documents/User%20Manual/PT5166-2 032712.pdf).

jetCRISPR (Polyplus 502-01) was used, similar to Xfect™ Protein before, to transfect BeWo
and HEK-293 cells with the Cas9 protein together with the sgRNA in an RNP complex.
jetCRISPR® is especially designed after a confidential principle to deliver RNP in a
CRISPR/Cas9 experiments. 350’000 BeWo and 550’000 HEK-293 cells/well were seeded
18 h before transfection in a 12 well plate. The manufacturer’s protocol was linearly
scaled to a 12 well plate leading to the following amounts: 1 mL of total volume, 31,3 pL
serum free medium, 30,4 pmol of Cas9 and 30,4 pmol of sgRNA. Add 92 uL of final RNP

solution to 828 uL of cell medium (www.polyplus-transfection.com/wp-content/-

uploads/2017/09/Short-Protocol-jetCRISPR-RNP.pdf).

2.5.3 Sorting of transfected cells with flow cytometry

After transfection, the cells were washed once with DPBS then trypsinized using 0.05%
Trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco 25300). The cells were
resuspended in DPBS with 1% FBS. Then GFP-positive cells were sorted into a 96-well plate
containing 100 uL DMEM low glucose, 10% FBS and 1 x antibiotics using a flow cytometer
(BD FACSAria™ lll sorter) operated by Dr. Stefan Miiller at the FACSLab of the University
of Bern. The transfected cells were sorted according to further analysis as single cells, 100
cells or 200 cells per 96-well. The sorted cells were cultured at 37°C and 5% pCO,. The
medium was carefully exchanged one week after the sorting to avoid the loss of mutant
cells. Apart from that, the medium was exchanged 1-2 times per week. After formation of
tight colonies, the cells were redistributed by trypsinization within the well and

subsequently transferred into a bigger well format up to a T75 flask. Cell mutant

50



Materials and Methods - Biochemical investigation of placental tissue and cell lysates

candidates were frozen in FBS containing 10% dimethyl sulfoxide (DMSO, Merck,
Darmstadt, Germany) and stored in liquid nitrogen. Every mutant candidate line was
tested for loss of target gene expression by immunoblotting and functionally according to
the target gene function by leucine (2.7.1 on p.57) respectively iron uptake assay (2.7.2
on p.57). For direct analysis of the mutation rate after transfection the treated cells (GFP-
positive and GFP-negative) were sorted directly into PCR tubes prefilled with PCR-
mastermix and corresponding primer pair to amplify the target site DNA for sequencing.
The Single-Tube Sequencing service of Microsynth AG in Switzerland was used for
sequencing, while the resulting sequence trace chromatogram was analyzed using the

UGENE software from NCBI, US.

2.5.4 Determination of mutation rate by T7 Endonuclease 1 assay

Purified genomic DNA from CRISPR/Cas9-targeted cells was analyzed with EnGen
Mutation Detection Kit (NEB E3321) also known as T7 endonuclease 1 assay to estimate
the mutation rate by genome editing. This assay is based on the property of the T7
Endonuclease 1 which cleaves non-perfectly matched respectively hybridized DNA.
Leading to a shedding of mutated DNA. The resulting DNA pieces with different sizes of a
PCR product after digestion which are analyzed on an 1% agarose gel. Purification of
genomic DNA was done with the ReliaPrep DNA Clean-Up and Concentration System
(Promega A2892) and directly after stopping the digestion with 0.25 M EDTA (Sigma) the
samples were loaded with BenchTop 100 bp DNA ladder (Promega G8291) on an 1%
agarose gel containing RedSafe (Intron Biotechnology) as substitute for EtBr (ethidium

bromide). The gels were running with 60 mV for 40 min.

2.6 Biochemical investigation of placental tissue and cell lysates

TRI Reagent (Sigma, T9424) was used for the isolation of RNA from various cell lines and
placental tissue, as for example BeWo or primary trophoblasts, but also from fresh or
frozen tissue samples. Therefore, approximately 50-100 mg of placental tissue or up to
1x 107 cells (T75-flask with confluent BeWo) were subjected to RNA isolation as
previously described (X. Huang et al. 2013). This procedure is an improvement of the
single-step method for total RNA isolation reported by (Chomczynski and Sacchi 2006).
TRI Reagent is a mixture of guanidine thiocyanate and phenol in a monophase solution,

effectively dissolves DNA, RNA, and protein on homogenization or lysis of tissue sample.
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After adding chloroform or 1-bromo-3-chloropropane and centrifuging, the mixture
separates into 3 phases: an agueous phase containing the RNA, the interphase containing
DNA, and an organic phase containing proteins. Briefly, approx. 50 mg of frozen or fresh
placental tissue were subjected to homogenization in 1 mL TRl Reagent 2-times for 30 s
on ice with a Polytron® homogenizer (Kinematica AG, Switzerland) followed by
centrifugation at 12000 rcf for 10 min at 4°C (optional step 2 in the Invitrogen protocol).
Phase separation was performed with 200 pL 1-bromo-3-chloropropane followed by
centrifugation at 12000 rcf for 15 min at 4°C. The RNA was precipitated from the water
phase by adding 500 pL isopropanol (100%), incubated for 10 min at room temperature
and centrifuged with 12000 rcf for 10 min at 4°C. After washing the pellet with 1 mL EtOH
(75%) and centrifugation at 7500 rcf for 5 min at 4°C, the RNA pellet was partially air dried
below the laminar flow hood and redissolved in RNase free water, followed by incubation
at 55°C for 10 min. Total RNA concentration was measured by NanoDrop 1000 (Thermo
Scientific). All RNA samples included in the study had an 0D260/280 ratio >1.8. Structural
RNA integrity was measured for all samples in the iron project using a microchip
electrophoresis system on an AGILENT 2100 Bioanalyzer® (Agilent Technologies). Chips
were prepared and loaded according to the manufacturer’s instructions using the Agilent
RNA 6000 Nano Kit (Agilent Technologies). Total RNA degradation was expressed as RNA
Integration Numbers (RIN) (Schroeder et al. 2006).

Cell lysis with hypotonic buffer with protease inhibitor is another quick method to isolate
proteins and protecting them from degradation. In brief, in vitro cultured cells were lysed
by adding hypotonic lysis buffer (10 mM Tris-HCl; 10 mM NaCl; 1.5 mM MgCl,, 1% Triton
X-100; protease inhibitor cocktail, Sigma P2714; pH 7.4). The samples were vortexed in
hypotonic lysis buffer every 5 min during 30 min on ice for thorough lysis of the cells.
Alternatively, hypotonic lysis buffer was directly added to adherent cell and scraped using
Techno Plastic Products AG (TPP) cell scrapers followed by thorough vortexing as
explained before. Subsequently, the cell lysates were centrifuged at 1000 rcf for 10 min
at 4°C to remove cellular debris and stored upon analysis at -20°C. Protein content in any

case was measured using a commercial Pierce™ BCA Protein Assay Kit.
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2.6.1 Quantitative RT-PCR

First-strand cDNA was synthesized from 2 pg of total RNA with Oligo(dT)is primers and

GoScript™ Reverse Transcriptase (Promega, Switzerland) according to the manufacturer's

instructions. The reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

reaction in SYBR® Green reagent was performed in a volume of 10 pL which contained

0.5 uM primers, 2 x GoTag®gPCR Master Mix (Promega, Switzerland) and 1 puL cDNA.

Primer nucleotide sequences are described in Table 6. Amplification reactions were

performed as duplicates in 384-well plates (Applied Biosystem, USA) with the ViiA7 system

(Applied Biosystem, USA). Melting curves were analyzed to exclude the presence of

additional unspecific PCR products.

Table 6: Primer sequences used to quantify amino acid transporter, iron homeostasis and
reference genes by RT-qPCR.

Protein Gene Forward sequence, 5'-3' Reverse sequence, 5'-3' ;'E:]gth
B-actin ACTG1 AACTCCATCATGAAGTGTGACG GATCCACATCTGCTGGAAGG 234
GAPDH GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452
UBI UbC TCGCAGCCGGGATTTG GCATTGTCAAGTGACGATCACA 64
14337 YWHAZ CCGTTACTTGGCTGAGGTTG AGTTAAGGGCCAGACCCAGT 143
LAT1 SLC7A5 CAGGGCATCTTCTCCACGAC TGGGTTCGAGGAGGTGATCTA 137
LAT2 SLC7A8  AGGCCCTCCTCTGTGGCTGG GTGCAGCAGGAGTGGCTGGG 106
4F2hc SLC3A2  AGCTGGAGTTTGTCTCAGGC GGCCAATCTCATCCCCGTAG 127
DMT1# SLC11A2 TGCTATCAATCTTCTGTCT ACTGTAACATACTCATATCCA 177
ZIps* SLC39A8 GACAGTTATGTTGAGAAGG TGACCATTCTGACCATAT 107
CpP#* CcP CACTTACACCGTTCTACA GTATGCTTCCAGTCTTCT 170
HEPH* HEPH GCTGAGATGGTGCCCTGGGAAC AGGAGGGGCCATGGAGCAAGAC 117
Zp# HEPHL1 AAGATTCAGAAGGAGCCCTATACCCAG CGTCGATGTGCGAATGGTACACCC 171
TfR1# TFRC GTAGATGGCGATAACAGT CCAATCATAAATCCAATCAAGA 167
FPN1* SLC40A1 AGATCACAACCGCCAGAGAG CACATCCGATCTCCCCAAGT 111
Zip14# SLC39A14 CTGCTGCTCTACTTCATA CAGACTTGGAGACATAATAATC 118
MFRN1# SLC25A37 AACACTCAGGAGAACGTGGC AAGCAATTTCTCGCTCCCCT 467
FTH* FTH1 TTGAGACACATTACCTGAA AAGAGATATTCCGCCAAG 112
HEPC* HAMP TCCCACAACAGACGGGACAACTTG GCAGATGGGGAAGTGGGTGTCTC 119
IRP1# IREB1 ACAAGCAGGCACCACAGACTATCC GCACCGTACTCTTTGCCAGCCAG 124
IRP2# IREB2 GGTGGATTTTGCTGCTATGAGGGAG CACCTCCAGGATTTGGTGCATTCTG 155
HIF-1a* HIF1A TCCATGTGACCATGAGGAAA CCAAGCAGGTCATAGGTGGT 251
GLUT1# SLC2A1 GAACTCTTCAGCCAGGGTCC ACCACACAGTTGCTCCACAT 114
TRFE* TF AGCCTGCACTTTCCGTAGAC AACCACTTGGGCCAGTGAAA 112
HFE* HFE ATTGGAGAGCAGCAGAACCC TGGTAGGTCCCATCCCCATT 334
TfR2# TFR2 CAATCACAGGACCTCCACCC GTTGTCCAGGCTCACGTACA 322
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Table 6 (continued)

STEAP3"  STEAP3  GAARACCACACTGGCTCCAAC CACAGGGGAAGTAAGCTAGAGTC 207
HCP1* SLC46A1 CGCTCACCACGCAGTATCTG GTGGGAGGTAAGGGTCTCCAC 131
HRG1* SLC48A1 TTCTCAGAGTGCCCTTGCTG GCTGATACAAATGGCCGCTG 327
FLVC1¥  FLVCRI  CTCGCGAAAGGATACCTCCC CTGGATCCACTGARAGGCGT 330
FLVC2# FLVCR2 CCCAACATTGAAGACCGGGA AGCATTCACTTCTTCCCCCG 327
LRP1# LRP1 CAGCAAACGAGGCCTAAGTC CATGGGTTGGTCACTTCGGG 201
SCARAS"  SCARA5  TCTGAGGGGACAAGGCTCTA CTTGCCCGCCGTTTGTGAC 195
HO1* HMOX!  ATGACACCAAGGACCAGAGC GTCGCCACCAGAAAGCTGAG 172
HO2* HMOX2 GGAAACCTCAGAGGGGGTAG TGTGAAGTAAAGTGCCGTGG 317
ATFX ATF5 ACCTTCTTTCTTCAGCCGAGG GAGTTTCCCATAGTCTACGAGC 262
BiP (GRp78) HSPA5  TGTGCAGCAGGACATCAAGT TCCCARATAAGCCTCAGCGG 166
Esjoifasmm) HSPIOBI G CAGTTTGGTGTCGGTTTC GGGTAATTGTCGTTCCCCGT 168
iNOS NOS2  GGAGCCAGCTCTGCATTATC GTGCACTCAGCAGCAAGTTC 251
Nrf2 NR2F1 ATCGTGCTGTTCACGTCAGAC TGGCTCCTCACGTACTCCTC 104

Legend: #, iron homeostasis proteins know to be expressed in human placental tissue.

2.6.2 Colorimetric ferrozine-based assay for iron quantitation

50 mg placental tissue from the same localization as the samples for mRNA and protein
qguantification was lysed in 50 mM NaOH (200 uL for 24 well-plate cultures). 100 mM
NaOH with a ratio of 1:2 was used to reach 50 mM NaOH in samples lysed in hypotonic
buffer with protease inhibitor. Tissue lysates were homogenized for 2 min with a
Polytron® homogenizer in iced water or alternatively for adherent cells were lysed for 2 h
on a shaker in a humidified atmosphere. FeCls standard dilutions with concentrations
from 1.562 — 300 uM were prepared in 10 mM HCI (Sigma 258148) diluent. 50 mM NaOH
(58045 Sigma) solution was added with equal volume to standard dilutions to reach
50 mM NaOH/ 5 mM HCI. Accordingly, 100 mM NaOH solution and 10 mM HCl was added
with 1:2 volume/volume (v/v) ratio to 50 pL tissue or cell lysates to reach the same NaOH
and HCl concentration as in standard dilutions. Aliquots of these lysates were used for
iron quantitation and protein measurement (Pierce™ BCA Protein Assay, Thermo
Scientific™). To the lysates and standard dilutions, respectively, freshly prepared iron
releasing reagent (solution of equal volumes of 1.4M HCl and 4.5% weight/volume (w/v)
KMnOQ4, Sigma 31404 in distilled water) was added 1:1 v/v. Samples were incubated for
2 h at 60°C. After cooling the samples to RT, 30 pL of the iron-detection reagent (6.5 mM
ferrozine; 6.5 mM neocuproine; 2.5 M ammonium acetate; and 1 M ascorbic acid (VWR,
Switzerland); all dissolved in distilled water) was added to 300 pL sample volume. Samples

were further incubated at RT for 30 min. The absorbance was measured in duplicates at
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550 nm using the microplate reader (VMax® Kinetic ELISA Microplate Reader with
Softmax® Pro Software, Molecular Devices LLC, USA). Absorbance of samples was
compared to the absorbance of equally treated FeCls standard multiplied by dilution

factor 2. The iron content was normalized to the protein concentration of the sample.

2.6.3 Determination of oxidative damage and antioxidative potential of trophoblasts

To measure oxidative stress levels in the BeWo cell models (N, H and HL), we determined
products of the lipid peroxidation cycle and protein carbonylation. Furthermore we
assessed the antioxidant potential of BeWo cells by quantifying GSH levels according to

(Rahman, Kode, and Biswas 2007).

2.6.3.1 Lipid peroxidation assay

The products of lipid peroxidation, such as malondialdehyde (MDA), were measured using
a thiobarbituric acid reactive substances (TBARS) assay in cell culture supernatant. MDA
combines with thiobarbituric acid (TBA) in a 1:2 stoichiometry to form a fluorescent
adduct. TBARS are expressed as MDA equivalents and normalized to total cellular protein
concentration (Potter, Neun, and Stern 2011). Cell media were collected after 30 days of
treatment and stored upon analysis at -20°C. For the other oxidative stress assays the cells
were trypsinized, washed in cold PBS and stored at -20°C. 15% w/v trichloroacetic acid
(TCA, Merck, Germany), sample or MDA standard (1,1,3,3 Tetraethoxypropane) and
0.67% w/v TBA (VWR, Switzerland) in 2.5 M HCl were mixed in a 4:5:8 ratio, vortexed and
boiled for 20 min at 95°C. The MDA standard curve was prepared as a 1:2 dilution series
from 2 — 0.007 nmol/mL. After cooling the samples to RT, 2 mL 1-butanol was added and
gently mixed. Spinning the samples for 1 min at 1000 rcf speeded up the phase separation.
For the measurement, the butanol phase (top) was transferred to a black-wall 96-well
plate and measured using Flex Station Il fluorescence microplate reader (Thermo Fisher
Scientific, Switzerland) at an excitation/emission wavelength of 530/550 nm, respectively.

MDA equivalents were calculated by interpolation to the MDA standard curve.

2.6.3.2  Protein carbonylation assay

Carbonyl groups (aldehydes and ketones) are produced on protein side chains when they
are oxidized. The detection of protein carbonyl groups involves their reaction with 2,4-
dinitrophenylhydrazine (DNP), which leads to the formation of a stable 2,4-dinitrophenyl-

hydrazone product, followed by its spectrophotometric quantification (Levine et al. 2009).
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The cell pellets were resuspended with 2.5% w/v TCA and centrifuged at 11’000 rcf for
3 min. 500 pL of 10 mM DNP in 2 M HCI was added to the precipitates and allowed to
stand for 1 h at room temperature, with vortexing every 10-15 min. Thereafter, 20% w/v
TCA was added for precipitation, followed by three washing steps with ethanol-
ethylacetate (1:1) to remove free reagent. The precipitated proteins were dissolved in
600 pL of 6 M guanidine solution. The carbonyl content was calculated from the ODaos nm
measured by Vmax Kinetic Enzyme-linked Immunosorbent Assay (ELISA) Microplate Reader
(VWR) using a molar absorption coefficient of 22’000 M* cm™. Carbonyl contents were

normalized to the protein concentration.

2.6.3.3 Measurement of total glutathione levels

The assay to estimate the antioxidant potential of cultured trophoblasts is based on the
reaction of GSH with 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) forming the chromophore
5-thio-2-nitrobenzoic acid (TNB). The rate of TNB formation was measured at 405 nm
using Vmax Kinetic ELISA Microplate Reader and is proportional to the concentration of
GSH in the sample. The determination of total-GSH concentration detects both forms of
glutathione, the reduced sulfhydryl form (GSH) and the oxidized glutathione disulfide
(GSSG). The assay was performed according to the protocol from Rahman et al. 2007
(Rahman, Kode, and Biswas 2007). The total-GSH concentration was calculated from the

linear standard curve based on a 1:2 dilution series ranging from 125 - 1.96 nmol/mL.

2.7 Placental nutrient uptake and transfer

Trophoblasts are in direct contact with the maternal circulation, act as main transport unit
and are responsible for tightly controlled nutrient acquisition for the vulnerable intra
uterine growth. Therefore, nutrient uptake assays are used to investigate the first and
crucial step in materno-fetal transport of leucine and iron respectively transfer assays to
study transplacental leucine transport in vitro. As first, BeWo cells were seeded at a
density of 100’000 cells/cm?. The isolated primary trophoblasts were seeded at a density
of 1’000°000 cells/cm? on 96-well plates which were coated with 430 L per Transwell
with 4.3 cm? (or 55 uL per 96-well resp. 92 uL per 12-well) of 1:30 diluted Matrigel™
basement membrane matrix (VWR 734-1100) per 96-well. Trophoblasts were cultured
until they reached their assigned differentiation stage and then washed 3-times with

buffer depending on further procedure to leucine or iron uptake. Unstimulated BeWo
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cells (BeWo-CTB) were investigated after overnight culturing. To obtain the
syncytiotrophoblast (BeWo-STB) stage, BeWo cells were cultured overnight followed by
stimulation with 100uM forskolin (Sigma F3917) for 48 h as described in (Azar et al. 2018).

2.7.1 Leucine uptake

The recently published leucine uptake method (Héfliger et al. 2018) was adapted to test
the effect of different substrate concentrations on leucine uptake kinetics. In brief,
cultured BeWo cells were cultured in complete growth medium (DMEM-lowGlucose,
Gibco, Paisley, UK) containing 10% FBS and 1 x antibiotic-antimycotic and washed 3-times
after culturing according to their assigned differentiation stage with pre-warmed Na*-free
Hank’s buffer (125 mM choline chloride, 25 mM HEPES, 4.8 mM KCl, 1.2 mM MgSOa,
1.2 mM KH2PQOg4, 1.3 mM CaCl,, 5.6 mM glucose, adjusted pH to 7.4). After equilibration
by incubation in Hank’s buffer at 37°C for 7 min in a humidified incubator under 5% pCO>
atmosphere, the cells were incubated for 3 min with pre-warmed Hank’s buffer containing
L-Leu substrate including 1 pCi/mL respective 20 nM radioactive L-[3,4,5-3H(N)]-leucine
(PerkinElmer, Waltham, MA, USA). leucine uptake was stopped by three washing steps
with ice-cold Na*-free Hank’s buffer to remove the substrate. Cells were lysed by intense
shaking for 1.5 h in MicroScint™-20 (PerkinElmer, Waltham, MA, USA). Finally, leucine
uptake was quantified by a TopCount® NXT™ Scintillation and Luminescence Counter

(PerkinElmer, Waltham, MA, USA).

2.7.2 lIron uptake

The different BeWo cell lines N, H and HL (see 2.4) were seeded 2 h before starting the
experiment into 96-well plates (Corning® 96 Wellplate Flat Clear Bottom White
Polystyrene TC-Treated, #3610) at a density of 60’000 cells/well and incubated with the
respective medium. The preparation of Tf, the experimental procedure and calculation of
iron-uptake was adapted from (Gambling et al. 2001). In brief, to prepare >°FeCls
(PerkinElmer, Germany)-labelled the uptake solution, human apo-Tf was dissolved in
balanced salt solution (BSS; 136 mM NaCl, 5 mM KCl, 1 mM CaClz, 1 mM MgCl, and 18 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4) and added to 7.5%
w/v NaHCOs. The previously mixed hot and cold iron was added for Tf binding at 37°C for
2 h. The concentrated iron-transferrin (Fe-Tf) solution with the concentration of

45 nmol/mL Tf, 90 nmol/mL >>FeCls and 243 pumol/mL NaHCOs was diluted in BSS buffer
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to final iron concentration of 179.8 pmol/mL. Binding of Fe3* to Tf was confirmed by
measuring Ea70nm /E280 nm absorption ratio (data not shown). The cells were washed 3 x
with BSS and incubated 30 min at 37°C for equilibration before 100 uL of the diluted
uptake solution was added. Iron uptake was stopped at defined time points (1.5 min —
2 h) by washing 3 x with BSS. 10% of uptake solution volume was measured separately to
obtain dosage control (DC) values. For cell lysis and >°Fe detection 100 pL scintillation
solution MicroScint-20 was added and the wells were shaken for 1.5 h at RT. The uptake
data was acquired by TopCount Microplate Scintillation and Luminescence Counter
(PerkinElmer, Germany). Counts per minute (cpm) were determined for each timepoint

and then transformed into iron-uptake in % of total dose using the following equation:

. count/well(cpm) of samples—count/well(cpm) of background
Iron uptake in % = X 100
mean of dosa control (DC) x 10

To monitor the time-dependent adaptation processes on a functional level, iron-uptake

time courses in BeWo cells were performed for 30 d under N, H and HL conditions.

2.7.3 Glucose uptake

Glucose uptake was measured using 2-Deoxy-D-glucose (2-DG; Sigma D8375) to study the
effect of iron depletion on placental glucose uptake. 2-DG is a glucose analog that inhibits
glycolysis via its actions on hexokinase, the rate limiting step of glycolysis. It is
phosphorylated by hexokinase to 2-DG-P which cannot be further metabolized by
phosphoglucose isomerases. This leads to the accumulation of 2-DG-P in the cell and is
therefore the substrate of choice to study glucose uptake into trophoblasts as previously
shown in competitive uptake assays using different glucose analogs (Larry W. Johnson and
Smith 1985). In brief, 60’000 cells per well were seeded on a white-walled 96-well plates.
BeWo cells were treated 18 h after seeding with FBS free medium with deferoxamine
(DFO) (0, 15 and 30 uM) for 48 h in 7 replicates. BeWo cells were washed once with 100 pL
KRH buffer (Krebs-Ringer-HEPES buffer; 50 mM HEPES, 137 mM NaCl, 4.7 mM KCl,
1.85 mM CaCl, 1.3 mM MgsOs; adjusted to a pH 7.4 with 0.5 M NaOH). Radiolabeled 2-
[1,2-3H (N)]-DG (3H-2-DG; 1 mCi, Perkin Elmer NET328001MC) was used for uptake
quantification. 50 uL KRH buffer containing 2-DG and 3H-2-DG was added to each well
(6.5 mM 2-DG and 0.5 uCi/well 3H-2-DG). Uptake was measured at different time points

with a range from 0-120 min. Uptake was stopped by washing three times with ice cold
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KRH buffer. For glucose uptake quantification 100 pL/well scintillation MicroScint™-20
cocktail was added. In one row of the assay plate 55 pL lysis buffer for each time point
was added to measure protein concentration using Pierce™ BCA Protein Assay Kit. Plate
was mixed for 1.5 h on shaker (Edmund Bihler, type KS10) at 250 rpm and measured on
TopCount NXT scintillation and luminescence counter. Uptake was normalized to protein

concentration.

2.7.4 Leucine transfer across placental barrier using Transwell technique

Trophoblast monolayers with verified tightness were selected after 7 days of culturing on
Transwell® membranes and randomly assigned to leucine transfer time courses and
inhibition experiments. The inserts with cultured BeWo cells and an insert without cells
(non-cell control) were placed in 12-well plates and washed 3-times with pre-warmed Na*-
free Hank’s buffer. Prior to starting the time course, the cells were equilibrated in Hank’s
buffer for 30 min at 37°C. Leucine transfer from the upper (maternal) towards the lower
(fetal) compartment was started by simultaneously replacing the buffer in both
compartments. The buffer in the lower chamber was replaced with Na*-free Hank’s
containing 300 uM glutamine and 167 uM unlabeled L-leucine to obtain a physiological
counter-directed leucine gradient. Consecutively the buffer in the upper compartment
was replaced with Hank’s containing 30 uM leucine (labeled with 3.7 nM L-[3,4,5-3H(N)]-
leucine), 300 uM glutamine and either vehicle DMSO or a constant 10 uM-dose of JPH203,
JG336, JX020 or JX009, respectively. Inhibitors were applied in the upper compartment
which is comparable to previous in vivo experiments (Wempe et al. 2012). At defined time
points between 5 min and 6 h, 50 puL samples were taken from the maternal and fetal
compartment. At the end of the experiment, all membranes were washed twice with
DPBS and sampled to determine intracellular leucine levels. The medium and membrane
samples including non-cell controls were collected in 3 mL of scintillation cocktail (Zinsser
Analytic, Frankfurt, Germany). Radioactivity was quantified using Tri-carb 2100TR Liquid

Scintillation Counter (PerkinElmer, Waltham, US).

2.8 Leucine transport inhibition by small molecules
JPH203, JG336, JX020 and JX009 were synthesized by our collaborators within the NCCR
TransCure project (group of Prof. Karl-Heinz Altmann, ETH Zurich) following the routes

described in the European Patent Application EP 2-959-918-A1, 2014. Compounds were
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obtained as hydrochlorides, dissolved in DMSO and applied in the concentration range
from 0.001-31.6 uM. JPH203 has been characterized as highly LAT1-specific; JX009 is
described as LAT1 and LAT2-specific inhibitor (Endo et al. 2008). JG336 is a derivate of
JPH203 with an additional methoxy group at the peripheral phenyl moiety residue, but
unknown efficiency and specificity. JX009 is a meta-tyrosine in which the hydroxyl group
at the phenol residue has been extended with a bulky side chain, while the amino acid of
the other meta-tyrosine derivate called JX020 was fixed with a second ring. Meta-tyrosine
would probably be a substrate itself, but the side chains in JX009 and JX020 prevents

System L transport. Compound structures are depicted in Figure 22 on p.85.

2.9 Statistics

Data are expressed as mean + standard deviation (SD) for or median with interquartile
range. Transcript and protein levels were usually presented as fold-change or relative
abundance and plotted as boxplots with Tukey whiskers (1.5-times interquartile range
(IQR)) depicting mean (+), median (-). Of note, the chosen statistical test is mentioned in
each Figure legend. In general, data sets were first tested, whether they came from
Gaussian distribution by Shapiro-Wilk normality test. Hence, parametric statistical
analysis was applied only if the values were following a normal distribution. Statistics
comparing maternal-vein, fetal-artery and fetal-vein amino acid profiles were performed
using paired two-way Analysis of variance (ANOVA) with Tukey’s correction. Spearman
correlation was performed to test associations between physiological amino acid levels
and anthropometric values. Differences between various uptake and transfer conditions
and the difference in MS/MS-determined protein quantities between GDM and control
were tested by Sidak's multiple comparisons test. For the detection of intracellular leucine
retention in leucine transfer experiments by System L inhibition were statistically tested
using a parametric one-way ANOVA analysis. Paired student T-tests were performed to
detect differences in mRNA levels between CTBs and STBs or unstimulated BeWo-CTB or
stimulated BeWo-STB. Expression changes of iron homeostasis genes in placental tissue,
the analysis of sex dimorphism of iron homeostasis genes and in asymmetric System L
transporter expression in MVM / BM membrane protein fractions were compared by
using nonparametric Mann-Whitney test. Anthropometric and clinical data were

compared between GDM and controls by unpaired two-tailed Student's t-test. For
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immunohistochemistry the non-parametric chi-square (x?)-test was used to compare
semi-quantitative protein expression between control and GDM placentae. A p-value
<0.05 was considered as statistically significant and shown as asterisk in figures next to
the data points, *p<0.05, **p<0.01, ** p<0.001, ****p<0.0001. For collection and
arrangement of numeric data we used Excel from Microsoft Office, while statistical

comparisons were performed using GraphPad Prism (GraphPad).

3 Results

The following results part is divided into two sections investigating first the specific aims
A1-A5 (1.6.1 on p.29) regarding the effect of counter-directed amino acid gradients on
transplacental leucine transport, the expression of the System L transporter LAT1 and
LAT2 in differentiating trophoblasts, the role of these singe transporter in placental
leucine transport using small molecule inhibitors. In the second part of the results, the
specific aims B1-B6 (1.6.2 on p.30) are elucidated concerning the relation between GDM-
mediated hyperglycemia and disturbed placental iron homeostasis. Herein expressional
comparisons of iron homeostasis genes in placental tissues from GDM patients and
healthy control were analyzed to identify affected iron transport pathways under GDM-
mediated hyperglycemia. Moreover, newly developed hyperglycemic in vitro models were
applied to reveal functional disturbances and underlying cellular mechanisms and an

obesogenic diet during mouse pregnancy was tested as alternative in vivo model system.

3.1 Amino acid transport

3.1.1 Relevance of physiological amino acid concentrations on gestation and fetal growth
3.1.1.1 Determination of maternal and fetal amino acid spectra

Maternal vein (MV) serum and the corresponding fetal vein (FV)/ fetal artery (FA) serum
samples were prospectively collected from 22 clinically unsuspicious patients by Caesarian

section at term (Table 7).

The concentrations of the 20 standard proteinogenic amino acids are shown in Figure 12
and Table 8. Brackets represent expected physiological ranges of amino acid

concentrations in adults (>15 years) and newborns (0-1 month), respectively, based on
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internally measured standard values at the University Hospital Bern. Particularly essential

amino acids like Thr, Val, Trp and Lys and some conditionally essential amino acids such

as Gly and Tyr were significantly higher concentrated in both fetal FA and FV

compartments compared to MV. There was no difference between maternal and fetal

concentrations for Cys and Asn. Ser and GIn showed significant greater concentrations in

FA compared to MV. For Cys all quantitative measurements (4 uM in FV and 5 uM in MV)

were clearly below the expected range of 25-80 uM for FV and 20-85 uM for MV. Due to

the discrepancy to published data (Irene Cetin et al. 1988; Hayashi et al. 1978; Velazquez

et al. 1976), Cys concentrations and gradients were excluded in the follow-up correlation

analysis .There was no significant difference between female and male babies.

Table 7: Anthropometric characteristics of healthy patients and their offspring.

Characteristics Control
Number (n) 22
Delivery mode cesarean sections
Maternal age (years) 34.36+3.74
Preconceptional weight (kg) 67.52+11.47
Weight at partum (kg) 82.05+14.30

. Height (cm) 163.95+ 7.50

[}

% Preconceptional BMI (kg/mz) 25.04+£4.76

2 BMI at partum (kg/mz) 30.53+5.06
Weight gain (kg) 15.86+ 5.83
Gravidity 2.55 +1.34
Parity 1.82 +0.85
Gestational age at partum 383/4 £1
Systolic blood pressure 117.36 £9.33
Diastolic blood pressure 69.91 +10.05
Placental weight (g) 644.18 +112.80

g Gender 9¢ /13 Q

-g Weight (g) 3410.23 +456.95

2 Percentile’ (%) 47.45 +28.56

Data are presented as mean + standard deviation (SD). Abbreviations: BMI, body mass index. *

Percentile were

calculated by using child growth

standards published by WHO

(www.who.int/childgrowth/standards/weight for age); March 2020).
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Figure 12: Full proteinogenic amino acid profile of maternal-fetal matched blood samples. The
concentrations of the 20 standard proteinogenic amino acids (AA) were measured in prospectively
collected blood sera from clinically unsuspicious woman and the placenta of their newborns
(n=22) within 20 min after elective Caesarian section. The AA concentrations were measured by
ion exchange chromatography in three different compartments, namely in blood sera from
maternal vein (grey), in fetal artery (red) and fetal vein (blue). Data are depicted as Boxplots with
Tukey whiskers. The various AA are classified according to their chemical structure and properties
(see colored backgrounds). Brackets represent expected physiological ranges of AA
concentrations of adults (>15 years) and newborns (0-1 month), respectively. The maternal-fetal
matched blood samples were compared using paired two-way ANOVA with Tukey’s correction; *
p<0.05, ** p<0.01, *** p<0.001. AA concentrations in sera from healthy mother-baby pairs at birth
were significantly different by comparing maternal vein versus fetal artery for Gly, Ser, Thr, Val,
Tyr, Trp, GIn, Asp, Glu and Lys. An overview on all results is presented in Table 8.
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Table 8: Paired materno-fetal amino acid concentrations and materno-fetal gradients.

Amino acid /

Fetal arterial Fetal venous Maternal venous FA-MV FV-MV EV-FA
classification (FA) [uMm] (FV) [uMm] (MV) [uM] Gradients [uM] Gradients [uM] Difference [uM]
mean = SD mean = SD mean = SD mean = SD mean = SD mean = SD
Small Gly" 324 + 67 290 + 68 195 + 38 129 + 73 *** 95 + 64 *** .34 + 56 ***
Ala 429 + 88 425 +77 421 + 65 8 +87 5+ 86 4452
Nucleophilic  Ser 141 £ 26 124 £ 35 118 £18 23 +26 * 6 +32 -17 £ 32
Thr 260 + 41 252 +39 194 +35 66 +27 *** 58 +30 *** 8 +23
Cys' 545 4+4 546 0+3 143 142
Hydrophobic Val 216 + 38 212 +33 170 +39 46 +30 *** 42 434 *** 422
Leu 116 + 21 113 +19 94 +13 22 +21 18 + 20 4 +17
lle 60 +13 59 + 10 46 + 8 14 +11 1310 1+8
Met 28 45 27 +4 21+4 7+5 645 143
Pro" 189 + 45 184 + 42 173 +52 16 + 25 11 +33 5 +19
Aromatic  Phe 79 £ 12 76 + 10 64 +11 15 +13 1212 31+9
Tyr' 77 £ 15 75 + 13 50 +21 27 425 * 25 +24 * 247
Trp 70 + 10 71 +8 39+7 31 411 ** 32410 ** 1+8
Amide Asn 55 +13 54 +11 55 + 10 0+13 2411 1411
Gin" 391 + 145 376 + 144 362 + 62 29 +171 ** 14 + 167 16 £55
Acidic Asp 98 + 81 74 +51 41 +13 57 482 *** 33 +56 ** 24 +75 *
Glu 279 + 116 218 +99 111 +34 168 + 115 **+ 107 + 104 *** 61 + 100 ***
Basic His' 122 +45 120 + 46 104 +39 18 + 16 15 + 16 2411
Lys’ 320 + 48 311 + 48 152 + 23 168 + 35 *** 159 +38 *** -9 +29
Arg" 79 +23 72 + 14 74 +17 5 +24 2419 7 +14

Legend: Statistical comparison between different blood compartments, e.g. FA versus MV, FV versus MV and FV versus FA were performed in 22 healthy
controls using 2 way ANOVA and multiple comparison with Tukey testing; a=0.05, * p<0.05, ** p<0.01, *** p<0.001. Amino acids are abbreviated according
to 3-letter amino acid code. Fetal arterial (FA); Fetal venous (FV); Maternal venous (MV); |, essential amino acids; (!), Conditionally essential amino acids.
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3.1.1.2 Individual and amino acid-specific differences in materno-fetal gradients

The difference between FA and MV was selected as AA-gradient relevant for materno-
fetal transfer. We found significant FA-MV differences for the small AA Gly, the
nucleophilic AA Ser and Thr, the hydrophobic AA Val, and the aromatic AA Tyr and Trp.
Similar differences were also found when comparing the FA-MV against FV-MV gradients.
Of note, large differences were found for essential AA. The non-essential AA Ser, Asp and
GIn additionally showed highly negative veno-arterial (FV-FA) differences (Table 8), i.e.
they disappear in placental capillaries and are secreted into the placenta towards
maternal circulation, respectively (Holm et al. 2017). Although there were negative means
of FV-FA differences for all AA except Trp (Table 8), 7 out of 22 individuals showed
predominantly positive FV-FA differences (Figure 13). Thus, the placentae included in our
studies can be classified into either accumulative (positive FV-FA difference; 45.5%) or
secretive (negative FV-FA difference; 54.5%) tissues. Of note, only four placentae (18%)

exposed a mixture of accumulation and secretion mode, which could be a transient state.
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Figure 13: Individual differences in fetal net amino acid accumulation and secretion. The means
of veno-arterial (FV-FA) differences of 20 amino acids (AA) are represented in a stacked bar
diagram. The analyzed individuals are depicted on the x axis in ascending order. 12 out of 22
individuals showed a negative, while 7 out of 22 individuals showed a clear positive sum of veno-
arterial differences. Of note, only four placentae (18%) exposed a mixture of accumulation and
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secretion (=). In general, the 22 individuals can be classified based on their veno-arterial
differences in either accumulative placentae, performing fetal AA uptake or in secretory
placentae, performing fetal AA efflux. Since there were more secretory placentae present in this
study, the total FV-FA difference as listed in Table 8 is negative.

3.1.1.3 Amino acid concentrations and materno-fetal gradients correlate with selected
anthropometric data
Next, the concentrations of all 20 amino acids, their materno-fetal gradients and fetal
veno-arterial differences were correlated to the corresponding anthropometric data
listed in Table 7. The summary of all significant Spearman’s correlations is shown in Table
9, negative correlations are marked with (J/). In general, 79% of all Spearman’s
correlations between the different sera compartments and clinical parameters concerning
maternal constitution, fetal growth or maternal blood pressure were positively
associated. Interestingly, 36 out of 85 (42%) significant positive Spearman’s correlations
were associated with amino acid concentrations in the MV, which is affected by the diet
and fasting time of the mother. In contrast, all negative correlations were associated to
fetal amino acid concentrations. 69% of all and 56% of MV correlations, respectively, were
associations between LAT1 substrates and anthropometric parameters. Based on the
latter results, we focused in this study specially on LAT1 substrates as highlighted in Table

9.
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Table 9: Spearman correlations between amino acid concentrations, materno-fetal gradients and corresponding anthropometric data

Gly(!) Ala | Ser Pro" Asn |GIn"”| Asp | Glu - Lys! Arg(!)
Age FV |FA
preconception MV FA MV FvV FA |MV-FV|MV-FV MV MV
‘Weight MV MV MV
MV-FV|
Weight at MV MV MV MV MV FA MV MV MV MV MV
partum MV MV-FV
'Weight gain FA FV FV
FV MV-FA|
IMV-FV MV-FV]|
Height IFV MV-FA MV-FA|
MV-FA MV-FV]
] MV-FV
s BMI mother at MV MV | MV FA MV FA MV | MV
EO artum FV MV MV-FV|
]p MV
preconception
BMI FA FV FA FA MV MV
MV MV FvV MV
MV
Gravidity MV
BP Syst mother | |FA | |FA | |FA |MV-FA IFA | |FA IFV |FA |FA LFV |FA
IFV MV-FV MV-FA| |FV IFV IFV MV-FV|
MV-FV MV-FA MV-FA|
BP Diast MV-FA MV-FA MV-FA MV-FA FV-FA |FV MV-FA
mother MV-FV] MV-FV
Gestational age IMV- | [IMV-
|FV-FA FV FA
'Weight placenta| MV-FV | MV-FV | MV FV-FA MV-FV| MV
5 MV-FV]
)
2 'Weight
offspring FV |FA
Gender
offspring MV

Legend: Statistical significant correlations between different blood compartments, e.g. FA versus MV, FV versus MV and FV versus FA were
performed in 22 healthy controls by Spearman correlations; a=0.05; !, essential amino acids; (!), conditionally essential amino acids; Green, LAT1
substrates; orange, Glutamine (GIn) as LAT1 co-substrate; {,, negative correlations.
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3.1.1.4 Associations between amino acid concentrations in maternal and fetal compartments

with clinical data
The correlations between clinical data with amino acid concentrations in maternal and
fetal sera, but also with materno-fetal gradients are listed in Table 9. There were positive
correlations between preconceptional weights and the MV concentrations for Ala, Val,
Leu, lle, Pro, Asp and Glu (Table 9), but also FA concentrations for Val and Pro respectively
FV concentration of lle. All MV concentrations correlating with preconceptional weights
were also correlating with maternal weight at partum but also to Met, Phe, Tyr, GIn and
His (Table 9). Figure 14 shows Spearman correlation with maternal weights and body mass
index (BMI) as scatter plot for Leu, that seems to persist throughout pregnancy. The group
of hydrophobic amino acids and LAT substrates Val, Leu and lle were showing similar
correlation patterns. For maternal weight gain as parameter combining the weight before
pregnancy and at term only fetal amino acid concentrations such as for Gly Ala and Trp
were correlating significantly (Table 9). Analogous to the relation between
preconceptional weights and the weights at partum, there were comparable correlations

between amino acid concentrations and preconceptional BMI and BMI at term (Figure 14).
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Figure 14: Linear relation between leucine concentrations and maternal anthropometric data.
The relation between measured leucine (Leu) concentrations in maternal venous sera (MV) and
(A) maternal preconceptional weights, (B) maternal weights at partum (C) preconceptional body
mass index (BMI) and (D) BMI at partum was analyzed by Spearman correlation for 22 healthy
controls (n=22). Data are presented as scatter plots with the anthropometric parameters on the
x-axis and AA concentrations in the maternal vein (MV) on the y-axis. Preconceptional weights,
maternal weights at partum and BMI were mainly correlating with MV concentrations of AA which
are LAT1 substrates. The results of all significant correlations are listed in Table 9. Statistical values
describing the linear relationship between two parameters are denoted to the right of the scatter
plots: rs, Spearman correlation coefficient; Cl, confidence interval; p, two-tailed p value.

3.1.1.5 Correlations of the amino acid gradients and veno-arterial differences with clinical data

Amino acid gradients across the materno-fetal barrier were calculated as difference

between MV and FV or FA. Positive correlations were detected between materno-fetal
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amino acid gradients and maternal weights of Pro, Phe and Tyr before conception and Tyr
at partum as well (Table 9). Furthermore, amino acid gradients of lle, His were correlating
with maternal heights, while putting weights and height into relation Glu MV-FV was
correlating with BMI at partum. Negative correlations were found between amino acid
gradients and clinical data of Gly MV-FV with maternal weight gain, but also of Gln and
Asp with gestational age (Table 9). The MV-FV gradients of the three aromatic amino acids
Phe, Tyr and Trp were correlating with the different maternal weight parameters like
preconceptional weight, weight at partum and weight gain (see Figure 4 for Tyr and Trp).
For the veno-arterial (FV-FA) difference only few positive correlations with
anthropometric data were detected, namely between maternal diastolic blood pressure
and Trp (see, 3.1.1.7) respectively between placental weight and Cys, whereas FV-FA

difference for Cys were negatively related to gestational age (Table 9).

3.1.1.6  Placental weight correlates with MV-FV gradients of non-essential amino acids

MV-FV gradients of the non-essential small amino acids Gly and Ala, but also the two
acidic amino acids Asp and Glu, as well as MV levels of Ser and Glu were positively
associated with placental weight (Table 9). However, Fetal gender and birth weight were
largely independent of the amino acid concentrations. As exceptions there were
correlations for weights of offspring with Gly concentration in FV and the negative relation

with Tyr in FA, whereas only Asn in MV was correlating with fetal sex (Table 9).

3.1.1.7 Association between maternal blood pressure and fetal amino acid concentrations

The concentrations of Gly, Ala, Ser, Val, Leu, Met, Phe, Asn, Asp and Lys in fetal vein and
artery were significantly decreasing with increasing systolic blood pressures values (Table
9). The decreasing fetal amino acid levels relative to the elevation in systolic blood
pressure resulted in a positive correlation with materno-fetal gradients and systolic blood
pressure. MV-FV gradients for Gly, Thr, Asp, Glu and Arg and MV-FA gradients for Ala, Thr,
Val, Phe, Asn, and Arg were positively correlating with diastolic and systolic blood pressure

(Table 9).
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Figure 15: Representative correlations between tyrosine and tryptophan gradients across
materno-fetal barrier and anthropometric data. Amino acid (AA) gradients across the materno-
fetal barrier were calculated as difference between concentrations in maternal vein (MV) and fetal
artery (FA) or fetal vein (FV) for 22 mother-fetus paired serum samples (n=22). Since AA levels are
generally higher in the fetal as compared to the maternal circulation, AA gradients are negative
values and therefore represent counter-directed materno-fetal gradients. Significant Spearman
correlations were found between (A) tyrosine (Tyr) gradients and maternal preconceptional
weights, (B) Tyr gradients and maternal weights at partum, (C) Trp gradients and maternal weight
gain (defined as maternal weight at partum minus preconceptional weight) and (D) Alanine (Ala)
gradients and placental weight. Results are presented as scatter plots with anthropometric data
on the x-axis and AA gradients on the y-axis. Additional significant correlations for other significant
correlations (Table 9). Statistical parameters describing the linear relationship are denoted below

the scatter plots: rs, Spearman correlation coefficient; Cl, confidence interval; p, two-tailed p
value.
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3.1.2 Effects of counter-directed gradients on placental leucine transfer

3.1.2.1 Increased extracellular leucine levels facilitate leucine uptake into trophoblast cells

Two different extracellular leucine concentrations were applied to test the effect of amino
acid gradients on leucine uptake efficiency into the choriocarcinoma cell line BeWo and
the colon carcinoma cell line HT-29. A leucine concentration in the upper clinical range
(167 uM) was selected and compared to a lower concentration of 30 uM leucine. 30 uM
leucine corresponds to approx. 1/3 of the mean leucine -MV concentration. As shown in
Figure 7A, increased extracellular leucine levels facilitated uptake of leucine into
undifferentiated BeWo-CTB from 15.9 to 47.3 nmol/mg protein (mean difference and
standard error =31.4 £ 3.5 nmol/mg protein), and into differentiated BeWo-STB from 30.7
to 103.4 nmol/mg protein (mean difference and standard error = 72.8 + 8.5 nmol/mg
protein). In comparison, the uptake into HT-29 cells increased from 32.7 to 66.2 nmol/mg
protein (mean difference and standard error = 33.5 + 5.0 nmol/mg protein). Therefore,
for trophoblasts a 2-times higher basic leucine uptake rate was found in BeWo-STB
compared to BeWo-CTB. A comparable leucine uptake capacity was observed in BeWo-
STB and HT-29 cells under low substrate conditions, but a clearly enhanced uptake
capacity of trophoblasts was detected under high extracellular leucine concentrations
(Figure 16A). The LAT1-specific inhibitor JPH203 was applied to assure that leucine uptake
in Na*-free conditions was mediated by LAT1. LAT1-specific inhibition in a dose-response
experiment resulted in a dramatic reduction of leucine uptake into both BeWo-CTB with
85% and into BeWo-STB 76% reduction with half maximal effective concentration (ECsg)
values in the nanomolar range (Figure 16B), suggesting an only minor involvement of
other System L transporters like LAT2 at exceeding leucine concentrations. These results
indicate a primarily LAT1-mediated leucine uptake process in trophoblasts with high

dependency on extracellular substrate availability.
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Figure 16: Amino acid concentration influences LAT1-mediated leucine uptake in the BeWo cell
model. (A) The effect of extracellular leucine (Leu) concentrations on the Leu uptake capacity into
BeWo trophoblasts was assessed and compared to the frequently used colon cancer cell model
HT-29 cell. Leu uptake assays were performed with Leu concentrations of 167 uM, reflecting an
upper clinical range, and a lower concentration of 30 uM. Moreover, the uptake capacity between
syncytiotrophoblasts (STB) and cytotrophoblasts (CTB) was compared by stimulating
undifferentiated BeWo cells (BeWo-CTB) with 100 uM forskolin for 48 h (BeWo-STB). For all cell
types Leu uptake was measured within 3 min and normalized to the total protein concentration.
BeWo-CTB are depicted in blue, BeWo STB in red and HT-29 in grey (A-B). Differences were tested
by Sidak's multiple comparisons test; * p<0.05, ** p<0.01, *** p<0.001. Of note, the stimulation
of Leu uptake through increased extracellular Leu concentration was more then 2-times higher in
BeWo-STB, as compared to the other undifferentiated cell types. The results of 3 individual
experiments with 4 replicates each are presented as mean (+), median (-) and Tukey whiskers (1.5-
times IQR). (B) To verify the presence of LAT1/SLC7A5-mediated Leu uptake and its susceptibility
to different substrate concentrations, a dose-response experiment with the LAT1-specific inhibitor
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JPH203 was performed. Leu uptake under high Leu concentration (167 UM Leu) are depicted as
solid lines and lower (30 uM Leu) as dashed lines (B). BeWo-STB with high Leu levels showed
significantly higher Leu uptake rates, but also a much higher susceptibility to inhibition by JPH203
compared to BeWo-CTB. Interestingly, even high doses of JPH203 did not inhibit Leu uptake in
BeWo-STB at 167 uM Leu as markedly as in BeWo-CTB. Differences were tested by Sidak's multiple
comparisons test; * p<0.05, ** p<0.01, *** p<0.001. Error bars represent standard deviation (SD)
of a representative experiment with 4 replicates each.

3.1.2.2 Counter-directed leucine gradient promotes leucine transfer across the materno-fetal
barrier
The materno-fetal leucine transfer was measured by applying either equimolar leucine
concentrations (30 M each) in the upper (maternal) and lower (fetal) compartment (Leu
materno-fetal gradient = 0 uM) or by applying a counter-directed gradient with 30 uM
leucine in the maternal and 167 uM leucine in the fetal compartment (counter-directed
leucine materno-fetal gradient = 137 uM). Figure 17B shows the experimental setup and
the concentration changes of radio-labeled leucine measured in the upper (Maternal
venous (Mv)) compartment and in the receiving lower (Fetal arterial (Fa)) compartment
from a representative Transwell® experiment over 6 h. The application of a counter-
directed leucine gradient of 137 uM significantly stimulated the materno-fetal transfer of
leucine by 47.2% in average within the last three time points (4 — 6 h). Moreover, leucine
transfer was significantly reduced by applying 10 uM of LAT-specific inhibitor JPH203
(Figure 17A, dashed line), indicating that mainly LAT1-mediated leucine transfer across
the materno-fetal barrier occurs. Within three successively and independently performed
Transwell® experiments (n=3), there were significant differences detected from 120 min
transfer time onwards (Figure 17C). The intracellular leucine content measured at the end
of the experiment (Figure 17D) was not significantly different between equimolar leucine
concentrations and counter-directed leucine gradient. Intracellular leucine retainment

would be a sign for leucine efflux limitations forwards the lower fetal compartment.
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Figure 17: Counter-directed leucine gradient increases amino acid transfer across the placental
barrier. (A) Materno-fetal leucine (Leu) transfer across a tight trophoblast monolayer was studied
using the Transwell® system. BeWo cells were cultured on a semi-permeable membrane and
differentiated by stimulation with 100 uM forskolin 24 h after seeding. Leu transfer was measured
by simultaneous sampling and measurement of diminishing radiolabeled Leu (L-[3,4,5-3H(N)]-
leucine) in the upper maternal vein (Mv) compartment and appearing radiolabeled Leu in the
lower compartment representing the fetal artery (Fa) over 360 min (A). Two different conditions
were compared: materno-fetal Leu transfer in the condition with 30 uM Leu both in the Mv and
the Fa compartment (no gradient, blue) or against a counter-directed Leu gradient with 30 uM
Leu in Mv and 167 uM Leu in the Fa compartment (orange). In all conditions there was 300 uM
Gln as exchange partner in both compartments. The schematic representation of the experimental
setup is shown in panel B. Leu transfer across the placental barrier was increased against a
counter-directed 137 uM Leu-gradient. A, shows results of a representative dataset from 3
independent experiments. The combination of the 3 independent Transwell® experiments (n=3)
are shown in panel C. Measured accumulation of intracellular Leu at the end of the experiment is
presented in panel D. Differences were tested by 2 way ANOVA with Tukey's multiple comparisons
test; * p<0.05, ** p<0.01, *** p<0.001.
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3.1.3 Trophoblast differentiation affects placental amino acid uptake

3.1.3.1 LATI, LAT2 and 4F2hc are asymmetrically expressed in the human placenta
Before MVM- and BM-fractions were used for protein localization studies, the enrichment
of MVM and BM samples was approved by determining alkaline phosphatase activity and

FPN1 expression for each isolation as shown in Figure 18.
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Figure 18: Characterization of MVM/BM enrichment by determining alkaline phosphatase
activity as MVM-marker and FPN1 as BM-marker expression. Alkaline phosphatase is a marker
enzyme for the syncytiotrophoblast (STB) apical membrane/microvillous membrane (MVM)
(Nicholas P. llIsley et al. 1990), while Ferroportin 1 (FPN1) as iron exporter is expressed in the basal
membrane (BM) (Bastin et al. 2006). Alkaline phosphatase activity in MVM and BM samples from
membrane isolations were compared to their corresponding homogenate fraction before
MVM/BM enrichment using a parametric paired t-test. Alkaline phosphatase activity relative to
homogenate as depicted in A was 7.0-times higher in MVM (9.6-times enrichment) compared to
BM (1.6-times enrichment). B left panel shows p-nitrophenyl phosphate (pNPP) hydrolysis
(colorless) to p-nitro-phenol (yellow, A.ps=405nm) by alkaline phosphatase activity of a
representative experiment during 2 min. FPN1 expression was analyzed by immunoblotting (C).
BM-marker FPN1 was increased in BM compared to MVM fractions. A-C, Characterization of
MVM/BM enrichment was performed for 6 out of 11 isolations (n=6).

Histological investigation of healthy placental tissue demonstrated strong expression of
LAT1 at the apical membrane of STB (arrows in Figure 19A), if compared to almost no
signal at the basal membrane of STB (arrowheads in Figure 19A). Very similar asymmetric

LAT1 expression was found by comparing the strong signal in the MVM versus BM fraction,
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both compared to total membrane homogenate from 11 MVM/BM isolation experiments
(Figure 19B). The investigation of the asymmetric expression was expanded from LAT1 to
LAT2 and 4F2hc by immunoblot analysis in paired MVM/BM isolated fractions from term
control placentae. LAT1 was predominantly expressed at the MVM as reflected in a mean
MVM to BM ratio of 6.9 (range 3.5 — 14.9; Figure 19B). Western blot analysis of MVM and
BM pairs revealed a significantly higher expression of LAT1 in MVM compared to BM
(p=0.0015; Figure 19C). The results of these two independent experimental approaches
suggest almost exclusive LAT1 expression at the apical membrane which is in direct
contact with maternal blood. In contrast, LAT2 was found to be expressed in both MVM
and BM (Figure 19C), with an apparent predominance of the two LAT2 variants (30 and
50 kDa) in BM as reported before(Rosario et al. 2013). Expression of 4F2hc, the heavy
chain partner protein of LAT1 and LAT2, was higher in MVM as compared to BM (Figure
19C).
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Figure 19: Asymmetric expression of the Na*-independent leucine transporters LAT1 and LAT2
at the placental barrier. A, Representative picture showing apical LAT1 localization in
immunohistochemistry performed on human term placenta. Arrows indicate the apical MVM, i.e.
maternal blood orientated side; arrowheads depict the BM of the STB. There was no signal in
negative control. B, Left panel, representative immunoblot from a total of 11 human term
placentae. B, Right panel, LAT1 was highly expressed in MVM, but negligible in BM protein
fractions. The data are shown as boxplots with Tukey whiskers (Mann-Whitney test, a=0.05;
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p<0.0001). Densitometric analysis was corrected for actin signal. C, The expression of LAT1
(SLC7A5), LAT2 (SLC7A8) and 4F2hc (SLC3A2) was analyzed in total membrane isolation (TMI),
microvillous membrane (MVM) and basal membrane (BM) fractions in two independent
experiments (n=2) by immunoblotting. In the left panels, images of a representative immunoblot
are shown with corresponding densitometric quantification on the right. In the right panels the
densitometric analyses and consecutive statistics for both experiments are shown. LAT1 was
almost exclusively expressed in MVM, while LAT2 was found in both MVM and BM. 4F2hc, the
heavy chain partner protein of LAT1 and LAT2, was higher expressed in MVM as compared to BM.
Beta-actin was used as reference gene.

3.1.3.2 Trophoblast differentiation induces upregulation of LAT1 and 4F2hc expression

To study the role of LAT1 at the placental barrier on the cellular level, LAT1 expression
during trophoblast differentiation was analyzed in both primary human trophoblast cells
and in the BeWo cell line model on mRNA and protein level. Forskolin-stimulated
differentiation in BeWo cells resulted in a significant upregulation of LAT1 and 4F2hc, but
no significant changes for LAT2 were observed (Figure 20A). Spontaneously occurring
trophoblast differentiation in primary trophoblasts tended to increase LAT1 and 4F2hc
MRNA levels, but due to the high variation between the individual placental cell isolations
this effect did not reach statistical significance (Figure 20B). Interestingly, protein analysis
by immunoblotting revealed a clear difference in the protein expression pattern between
LAT1 and LAT2 depending on the differentiation state: while LAT2 was predominantly
found in undifferentiated primary CTB and BeWo-CTB, LAT1 protein levels were clearly
increased in differentiated primary STB and BeWo-STB (Figure 20C). Furthermore,
increased 4F2hc expression was detected after differentiation in both primary and BeWo
cells. 4F2hc protein expression was identified in the form of multiple bands ranging from
70-120 kDa under reducing conditions. The shattered expression pattern of 4F2hc was
found previously and is presumably due to dimerization with itself, with LAT1 or LAT2
(Okamoto et al. 2002; Ohgaki et al. 2017; Costa et al. 2013). BeWo cells exhibited higher
expression levels, but comparable expression changes during differentiation as primary

trophoblasts.
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Figure 20: Expression patterns of the placental System L-transporters in primary trophoblasts
and BeWo cells depend on their differentiation stage. Comparison of the choriocarcinoma
derived BeWo cell line (A) and primary trophoblasts (B) was performed with respect to LAT1
(SLC7A5), LAT2 (SLV7A8) and 4F2hc (SLC3A2, CD98) mRNA levels at the undifferentiated
cytotrophoblast (CTB) and differentiated syncytiotrophoblast (STB) stage. A, LAT1 and LAT2
transcript levels of primary trophoblasts were not significantly increased in STB as compared to
the CTB counterpart (paired T-test), while 4F2hc was upregulated after cell differentiation.
Primary trophoblasts were harvested from 5 individual trophoblast isolations (n=5). They were
lysed for mRNA isolation and quantitative RT-gPCR after 12 h at the CTB stage and after 72 h of
culturing at the STB stage. B, LAT1 was upregulated, while LAT2 and 4F2hc expression in BeWo-
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STB cells were not significantly increased relative to their BeWo-CTB control (paired T-test of 3
independent experiments). BeWo-CTB were sampled after 24 h of culturing and BeWo-STB were
analyzed after stimulation with 100uM forskolin for 48 h. A/B, Expression results were normalized
to the mean of the reference genes YWHAZ, GAPDH and B-actin. Transcript data are presented as
fold-change (22%%) and plotted as Tukey whiskers (1.5-times IQR) with mean (+), median (-),
a=0.05, * p<0.05. C, Representative immunoblot (left panel) and densitometric analysis of both
cell types revealed increased LAT1 protein expression after cell differentiation (CTB<STB).
Generally higher LAT1 protein expression levels were found in the BeWo cell line compared to
primary cells (BeWo-CTB/STB>pCTB/STB). The expression of the two LAT2 variants (50 kD; 30 kD)
were decreased after trophoblast differentiation in both cell types (primary trophoblasts and
BeWo cells). 4F2hc was increased in both primary trophoblasts and BeWo-STB as compared to the
corresponding CTB-stage. Densitometric analysis in the right panel was corrected for actin signal.

3.1.3.3 leucine uptake increases with trophoblast differentiation

We further investigated whether the expression changes caused by trophoblast
differentiation resulted also in an increased leucine uptake efficiency in both primary
(n=3; Figure 21A) and BeWo cells (n=3; Figure 21B). Indeed, both spontaneously
differentiated primary trophoblasts (pCTB-Vmax=1.05 nmol/mg protein versus pSTB-
Vmax=2.34 nmol/mg protein=2.2-fold) and forskolin-stimulated BeWo cells (BeWo-CTB-
Vmax=4.96 nmol/mg protein versus BeWo-STB-Vmax=13.41 nmol/mg protein=2.7-fold)
reached more than 2-times higher maximal uptake levels after 6 min compared to the
undifferentiated stage. By comparing maximal leucine uptake levels between BeWo and
primary cells, a 4.7-fold greater uptake capacity for the BeWo-CTB and 5.7-fold difference
for the BeWo-STB stage was observed. However, the half-maximal leucine uptake time,
calculated as Kd from the time course curve fit, for primary cells (pCTB-Kd=1.45 nmol/min;
pSTB-hillslope=1.36 nmol/min) and BeWo cells (BeWo-CTB-Kd=1.19 nmol/min; BeWo-
STB-Kd=1.42 nmol/min) was similar between the differentiation stages. Thus, in
accordance to expressional changes, also on functional level leucine uptake capacity was
higher in BeWo cells compared to primary trophoblasts, but the kinetic changes due to

cell differentiation were similar in both cell models (Figure 21).
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Figure 21: Similar leucine uptake kinetics were detected for primary trophoblast and BeWo cells.
A, In the BeWo cell model significantly increased Na*-independent leucine maximal uptake
capacity (Vmax) was found in 3 independent experiments (n=3). Leucine uptake increased from
4.96 nmol/mg protein in BeWo-CTBs to 13.41 nmol/mg protein in BeWo-STBs (2 way-ANOVA,
0=0.05; p=0.018). Leucine uptake for BeWo-CTB was performed after 24 h of culturing and for
BeWo-STB after stimulation with 100 uM forskolin for 48 h. B, Primary trophoblasts isolated from
3 individual control placentae (n=3) significantly increased their Vma. over 6 min from
1.046 nmol/mg protein in pCTB to 2.345 nmol/mg protein in pSTB stage (2 way-ANOVA, a=0.05;
p<0.0001). The maximal leucine uptake capacity (Vmax) and half-maximal uptake time (Kd) was
calculated using a saturation model curve fitting (y = Vmax*X/(Kd + x). The final concentration of
leucine in all experiments was 167 nmol/mL including 1 pCi/mL 3[H]-L-leucine for detection. Error
bars represent standard deviation (SD) of 3 individual experiments with 6 replicates each.

3.1.4 Small molecule inhibitors reveal relevance of LAT1- and LAT2-mediated amino acid
transport

3.1.4.1 leucine uptake is modulated by System L-specific small molecule inhibitors

Based on the high leucine uptake capacity and the high expression levels of functional
LAT1, the BeWo cell model was selected to test different LAT1 or LAT1/LAT2-specific small
molecular inhibitors in dose-response experiments. Two new alternative compounds,
JG336 and JX009 (Figure 22B,C), were investigated and compared in two separate
experiments to the already established potent LAT1-specific inhibitor JPH203 (Figure
22A). In BeWo-CTB all three inhibitors reached a maximal inhibition of less than
0.8 nmol/mg protein at a concentration of 10 uM (corresponding to the bottom value of
a four-parameter nonlinear fit with variable slope; kinetic parameters are listed in the
panels on the right). The leucine analog 2-amino-2-norbornane-carboxylic acid (BCH)
completely inhibited leucine uptake at a concentration of approx. 1 mM regardless of the
differentiation stage (Figure 22E). This observation further verifies the relevance of SLC7-
mediated leucine uptake in trophoblasts. Although there was profound leucine uptake

inhibition in BeWo-CTB, 10 uM of JPH203 and JG336 showed a residual uptake of 3.8
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(56.3% inhibition) and 3.2 nmol/mg protein (62.4% inhibition), respectively. JX009 and
JX020 (10 uM) blocked leucine uptake regardless of the trophoblast differentiation stage.
In BeWo-STB leucine uptake was inhibited by 87% suggesting inhibition of most Na*-
independent SLC7-transporters by JX009 and JX020. While the dose-response
experiments with the less specific inhibitors JX009 and JX020 revealed an ECso of
3.9 uM/0.62 uM for BeWo-CTB and 2.3 uM/2.5 uM for BeWo-STB, which is comparable
with JPH203 (ECs50=3.1 uM for BeWo-CTB and 2.6 uM for BeWo-STB), JG336 was identified
as the most efficient inhibitor (EC50=0.8 uM for BeWo-CTB and 2.0 uM for BeWo-STB) in
both differentiation stages of BeWo cells. Compared to the dose response curve of BCH,
JX009 and JX020 showed both comparable efficiency but >180-times higher potency
(Figure 22C/D). The new inhibitors JG336 and JX009 as well as JPH203 reached maximal
inhibition (first concentration without significant difference to the bottom value) at a
concentration of 10 uM, JG336 required 1 uM for maximal inhibition in BeWo-CTB. Of
note, comparable inhibition patterns were also found in the colorectal adenocarcinoma
cell line HT-29 (Figure 23). Lower substrate concentrations (30 uM instead of 167 uM
leucine) lead to lower ECsp values (Figure 23 to the right of each curve). The LAT1
overexpressing HT-29 cell line with an uptake dose of 30 uM leucine was previously used
as model in structure—activity relationship studies in the NCCR TransCure network. In
summary, the dose-response analysis of the three inhibitors suggested that JG336 inhibits
LAT1-specific placental leucine transport with similar LAT1-specificity as JPH203, but
exhibits an almost 4-times higher efficiency. JX009 represents a potent inhibitor of all
active System L-transporters in trophoblasts; JX020 mediated 6-times higher efficiency in

BeWo-CTB.
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Figure 22: Inhibition of leucine uptake in BeWo cells using small molecule inhibitors with
different specificities. Dose-response experiments in BeWo-cytotrophoblasts (BeWo-CTB) and
forskolin-stimulated BeWo- syncytiotrophoblasts (BeWo-STB) for the established LAT1-specific
inhibitor JPH203 (A) and for the alternative compound JG336 which carries an additional methoxy-
group as marked in the dashed red box (B). The results showed that both compounds conveyed a
significant inhibition (JPH203=56%, JG336=62%), but suggest also that approximately 40 % of Na*-
independent leucine uptake is LAT1 independent. C, Application of JX009 and JX020, inhibitors of
both LAT1 and LAT2, resulted in almost complete leucine uptake inhibition in BeWo-STB; JX020
exhibited a higher efficiency in BeWo-CTB. Compared to the dose response performance of the
leucine analog 2-amino-2-norbornane-carboxylic acid (BCH, E), JX009 shows comparable
efficiency but >180-times higher potency. BCH is a widely accepted inhibitor blocking all System L
transport. BCH completely blocked leucine uptake in BeWo-CTB with an ECsp of 709 uM and
BeWo-STB with an ECso of 442 uM (D). A-D, The new inhibitors JG336, JX020 and JX009 as well as
JPH203 reached maximal inhibition (first concentration without significant difference to the
bottom value) at a concentration of 10 uM, JG336 required 1 uM for maximal inhibition in BeWo-
CTB. BCH reached maximal inhibition with 1 mM in both differentiation stages. A-E All uptake
assays were performed in two individual experimental setups (n=2) for 3 min, under the same
conditions in Na*-free Hanks buffer with 167.2 uM leucine (1 puCi/mL 3H-L-leucine). The chemical
structures of the small molecule compounds are depicted to the left of each dose-respond curve.
Dose-response kinetics were calculated using the nonlinear four-parameter model
[Y=Bottom+(Top-Bottom)/ (1+10”((LogECso-X)*HillSlope))] and ordinary fit with GraphPad Prism
software. Best-fit values of the including ECso values are shown to the right of the dose-response
curve. Error bars represent standard deviation (SD) of 2 experiments with 6 replicates each.

3.1.4.2 Transfer of leucine across the placental barrier is reduced by inhibitors of System L-
transporters
The small molecule inhibitors JPH203, JG336, JX009 and JX020 were also used to assess
the relevance of LAT1 and LAT2 in leucine transport across the placental barrier using the
Transwell® system (Figure 24). Leucine transfer experiments were performed in the
presence or absence of the individual inhibitors with a fixed concentration of 10 uM
applied at the upper compartment. This concentration was chosen as it showed in dose-
response experiments maximal inhibition for all three compounds (see Figure 22). Figure
24B shows the experimental setup and the applied leucine concentrations in the upper
compartment (corresponding to the maternal side of the placental barrier) and the lower
chamber (corresponding to the fetal side) of the Transwell® system. Gradually diminishing
radioactive signal 3[H]-leucine on the maternal side and increasing radioactivity on the
fetal side was considered to represent leucine transfer across the trophoblast monolayer.
Treatment with JPH203, JG336, JX009 and JX020 at the apical (maternal) side caused
significant reduction of leucine transfer by 58%, 60%, 55% and48, respectively. All
inhibitors significantly decreased leucine transfer from the apical towards the basal

compartment from 60 min onwards. Measurement of intracellular 3[H]-leucine content in
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Figure 23: Leucine uptake inhibition and substrate-dependence of ECso values in HT-29 cells
using SLC7- inhibitors. Dose-response experiments for leucine uptake inhibition in the colorectal
adenocarcinoma cell line HT-29 were performed in Na*-free Hanks buffer with 167 uM leucine and
1 uCi/mL 3H-L-leucine (left panels A, B and C) and in Na*-free Hanks buffer with 30 uM leucine and
1 uCi/mL 3H-L-leucine (right panels A, B and C). HT-29 cells and a substrate concentration of 30uM
L-leucine were used to compare ECsp values in structure—activity relationship studies as performed
in the NCCR TransCure network. Dose-response experiments demonstrated complete leucine
uptake inhibition with JPH203 (A left panel, ECso 2.17 uM) and the three novel SLC7-targeting
inhibitors JG336 (B left panel, ECso 0.73 uM), JX009 (C left panel, ECso 3.76 uM) and JX020 (D left
panel, ECso 1.55 uM) under physiological 167 uM leucine concentrations. JG336 was the most
efficient inhibitor being 2.6-times more efficient than the LAT1-specific inhibitor JPH203. All tested
inhibitors show markedly lower ECso values at the lower substrate concentration of 30 uM, i.e. for
JPH203 (A right panel) ECs0=0.15 uM, JG336 (B right panel), ECs0=0.21 uM and JX009 (C right
panel), EC50=0.60 uM. The leucine uptake experiments were performed during 3 min in Na*-free
Hanks buffer with 167 uM leucine (1 puCi/mL 3H-L-leucine) and are shown as representative
experiments of two independent experiments (n=2). Dose-response kinetics were calculated using
same statistical tools as explained in Figure 22. ECso values are shown to the right of the dose-
response curve. Error bars represent standard deviation (SD) of 2 experiments with 6 replicates
each.

the trophoblast cell layer at the end of the transfer experiment (6 h) indicated significantly
decreased intracellular leucine concentrations of 24% for JPH203, 41% for JG336 and 35%
for JX020, respectively (Figure 24C). In contrast, JX009 had no effect on the intracellular
3[H]-leucine concentration within the tested time course. The higher retention of leucine
in JX009 treated cells suggests inhibition of leucine secretion likely towards the lower fetal

compartment.
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Figure 24: Relevance of LAT1- and System L-inhibition in leucine transfer across the placental
barrier in vitro. A, Leucine (Leu) transfer across a tight BeWo monolayer was measured from the
apical (i.e. upper compartment) towards the basal side (i.e. lower compartment) during 6 h using
the Transwell® system. Leu transfer was significantly reduced by the System L inhibitor JX009
(orange) and JX020 (blue), and the LAT1-specific inhibitors JPH203 (red) and JG336 (green)
compared to the DMSO-control (black) already after 1 h. Equal concentrations (10 uM) of each
inhibitor and DMSO as vehicle control were applied in three experiments (n=3) with two replicates
per condition. B, The experimental setup represented as schematic illustration. All Leu transfer
assays were performed against a counter-directed gradient of 137 uM (30=>167 uM) Leu, in the
presence of 300 uM glutamine (GIn) in both compartments. The Leu in the upper compartment
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was spiked with 1 pCi/mL 3H-L-leucine for transfer quantification. C, The intracellular leucine
content was measured after washing the cell layers with DPBS at the end of the experiment (after
6 h). A significant reduction of intracellular Leu contents was detected for JPH203 (p=0.017),
JG336 (p=0.0001) and JX020 (p=0.0003), but not for the System L-inhibitor JX009 (p=0.215). The
detected intracellular leucine retention caused through LAT1 and LAT2 inhibition by JX009
suggests a System L-dependent Leu efflux across the BM as rate limiting step. Statistical analyses
were performed in three individual experiments (n=3) using a parametric one-way ANOVA analysis
(2=0.05).

3.2 lron transport

3.2.1 Influence of GDM on transplacental iron transport

3.2.1.1 GDM affects clinical parameters of newborns and iron homeostasis genes

To investigate the impact of GDM on placental iron homeostasis, we collected placental
tissue from 11 diagnosed GDM and 11 healthy pregnancies according to the criteria of the
ADA (American Diabetes Association 2007). As shown in Table 10 the mothers with GDM
exhibited under comparable demographic characteristics significantly increased BMI
before pregnancy and increased hemoglobin values at the day of delivery. Increased
hemoglobin levels were detected in maternal sera, but no changes in the fetal iron status
was documented. Upon exclusion of unequal gender distribution, the corresponding
offspring of GDM pregnancies are born LGA as demonstrated by increased weight and

body length of the newborns (Table 10).

The RT-gPCR screening of 24 placental iron homeostasis genes (# marked primer pairs in
Table 6) in the two cohorts revealed significant downregulation of the iron-transporters
DMT1 and FPN1, upregulation of the ferroxidases HEPH and Zp, and of the iron-entry
regulator HEPC in GDM (Table 11; Figure 25).
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Table 10: Anthropometric and clinical characteristics of gestational diabetes mellitus (GDM) and

control patients including their offspring

Characteristics control GDM p value
Number of individuals 11 11
Delivery mode Cesarean section Cesarean section
Age (years) 30.91 +5.43 31.91 +7.66 0.7276
BMI (pre-conceptional) 23.14 +3.92 29.53 +5.16 0.0038 **
Parity 236 10.67 2.09 10.83 0.4080
Gestational age at partum 39.00 +0.60 39.06 +1.29 0.8814

& Glucose (mmol/l) 492 +0.74 5.25 +1.51 0.5190

% Treatment - 8 insulin/3 diabetes diet

= Creatinine (umol/l) 46.82 +7.90 51.09 *10.67 0.2985
RBC (T/1) 3.86 *0.35 410 +0.34 0.1201
Hemoglobin (g/I) 115.27 £6.96 124.82 +10.90 0.0237 *
MCV (fl) 88.64 +5.61 88.36 +3.96 0.8965
MCH (pg) 30.00 +2.14 30.55 +2.07 0.5505
MCHC (g/l) 337.82 £3.76 344.18 +9.45 0.0512
Hematocrit (%) 0.34 +0.02 0.36 +0.03 0.0640

.. Weight (g) 3182 1242 3787 1419 0.0005 ***

‘2 Length (cm) 484 1.8 50.6 2.0 0.0095 **
Sex of baby 54,69 54,69

Data are represented as mean + standard deviation (SD). Differences between GDM and the
control group were analyzed by two-way Student’s T-test; a=0.05, * p<0.05, ** p<0.01, ***
p<0.001. Abbreviations: BMI, body mass index; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCV, mean corpuscular volume; PCV, packed cell volume;
RBC, Red Blood Cells.
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Table 11: Expression analysis of iron homeostasis genes in placentae from GDM patients and

controls
Accession No. Protein Name p value
Iron endocytosis
P02787 Tf Serotransferrin 0.6047
P02786 TfR1 Transferrin receptor protein 1 0.9725
Q07954 LRP1 Lipoprotein receptor-related protein 1 0.3494
Q6ZMJ2 SCARAS5  Scavenger receptor class A member 5 0.6539
Iron transmembrane transporters
P49281 DMT1 Divalent metal transporter 1 0.0139 * {
Q9COK1 Zip8 Zrt- and Irt-like protein 8 0.7564
Q15043 Zipl4 Zrt- and Irt-like protein 14 0.1545
Q9NP59 FPN1 Ferroportin-1 0.0032 ** |,
Q9NYZ2 MFRN1  Mitoferrin-1 0.8633
Q9Y5Y0 FLVCR1  Feline leuk. virus subg. C receptor 1 0.5516
Q9UPI3 FLVCR2  Feline leuk. virus subg. C receptor 2 0.8238
QI96NTS5 HCP1 Heme carrier protein 1 0.2230
Q6P1K1 HRG1 Heme transporter HRG1 0.1971
Fe-storage
P02794 FHC Ferritin heavy chain 0.2816
Oxidoreductases
P00450 cp Ceruloplasmin 0.3144
Q9BQS7 HEPH Hephaestin 0.0242 * 1
Q6MZMO Zp Zyklopen 0.0201 * 1
P09601 HO1 Heme oxygenase 1 0.6539
P30519 HO2 Heme oxygenase 2 0.1517
Q658P3 STEAP3  Metalloreductase STEAP3 0.4679
Regulators
P81172 HEPC Hepcidin 0.0242 * 1
Q30201 HFE Hereditary hemochromatosis protein 0.2512
Iron sensing, MRNA binding
P21399 IRP1 Iron regulatory protein 1 0.0251 * {
P48200 IRP2 Iron regulatory protein 2 0.5116

Quantitative RT-PCR analysis of placental tissues from GDM (n=11) and control (n=11) patients
was performed in two independent experiments and normalized to the mean of the reference
genes 14-3-3 protein zeta/delta (YWHAZ), GAPDH and ubiquitin (UBC). The results of the
comparison between GDM and controls are represented by target-specific p-values and arrows
displaying up- (1) or downregulation ({,) in GDM. Statistical significance was determined using
two-tailed Mann-Whitney test; a=0.05, * p<0.05, ** p<0.01, *** p<0.001. Genes were selected
upon proven placental expression in literature or according to data from protein atlas
(www.proteinatlas.org).
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Figure 25: Expression changes iron homeostasis genes in placental tissue affected by gestational
diabetes mellitus (GDM) on mRNA level. Transcript levels of Divalent metal transporter 1 (DMT1),
Zrt- and Irt-like protein 8 (ZIP8), Ferroportin-1 (FPN1) and Transferrin receptor protein 1 (TfR1)
were analyzed in placental tissues of GDM patients (orange) and term controls (blue). Expression
results were determined in two independent experiments and normalized to the mean of the
reference genes Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
zeta polypeptide (YWHAZ), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ubiquitin
(UBC). Comparative transcript data are presented as mRNA abundance (ACt = Ctreference gene — Cttarget
gene) from placental tissues from GDM (n=11) and control (n=11) patients using the mean of the 3
reference genes YWHAZ, GAPDH and UBQ). Statistical significance was determined as described
in Table 10 using two-tailed Mann-Whitney test, a=0.05, * p<0.05, ** p<0.01, *** p<0.001. Data
are presented as mean (x), median (-) and Tukey whiskers (1.5 times the IQR).

We analyzed the difference between male and female placentae for all 24 iron
homeostasis genes. Since the data did not pass the normality tests, the nonparametric
multiple T-test was used for statistical evaluation. There were no significant gender
differences between male and female placentae within all 22 placentae (10@* and 129)
that would explain the detected difference between control and GDM for any of the 24
genes (Figure 26A). There were no significant gender differences for any of the 24
analyzed iron homeostasis genes using a nonparametric Mann-Whitney test. Of note,
there were significant differences in the male-female comparison within the control

cohort for Zp on mRNA and TfR1 on protein levels (Figure 26B/C).
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Figure 26: Analysis of sex dimorphism of iron homeostasis genes expression in placentae from
gestational diabetes mellitus (GDM) patients and controls. List of p values from 10 male and 12
female placentae on mRNA (A, middle column) and protein data comparison (A, right column) by
nonparametric Mann-Whitney test, a=0.05. Differential analysis of sex dimorphism separated in
control and GDM for the ferroxidase zyklopen (Zp, HEPHL1) on mRNA (B) and for Transferrin
receptor (TfR1) on protein level (C). A-C mRNA levels from male and female placentae of each
gene was statistically compared using nonparametric Mann-Whitney test. # names of measured
placental iron homeostasis genes.

For the quantification on protein level the target genes TfR1 as sensitive indicator of
changes in placental iron homeostasis and the three iron transporters DMT1, ZIP8 and
FPN1 were selected. Since it was not possible to quantify the three iron-transporters by

LC-MS/MS analysis in placental tissue lysates, we reduced the sample complexity by
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isolating membrane proteins (TMI assay) for all 22 placentae. In collaboration with the
FGCZ, we developed a method for LC-MS/MS-based protein quantification in TMI samples
(see 2.2.2 on p.36 until 2.2.4 on p. 41ff). Figure 27 shows the results of all selected proteins
(as defined in Table 3 on p.36) as raw values and after normalization with GAPDH allowing

the comparison between GDM and control TMI samples.
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Figure 27: Placental membrane protein quantification in total membrane isolation (TMI)
samples by mass spectrometry provided by the specialists from the Functional Genomics Center
Zurich (FGCZ). The relative protein levels of 11 control and 11 GDM samples were normalized to
GAPDH (G3P, dark gold color). Statistical significance determined by parametric t-test using the
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Holm-Sidak method, a=0.05. Panel A is showing the protein level in a line plot for all individual
samples in the x-axis and the relative protein levels as logarithmic 2-fold change in the y-axis. Panel
B depicts the results of the comparison between the GDM versus control group as volcano plot.
Here the mean logarithmic 2-fold changes are presented in x-axis and the p-values in y-axis. The
red line indicates a=0.05 (-log10(a)= 1.3010). Therefore, all values above the red line were
significantly different in GDM relative to the control group. In summary, ZIP8 (S39A8), 4F2hc (4F2),
ABCAI1, TfR1 (TFR1) and LAT2 were significantly (above red line) downregulated (negative log2
fold change) in GDM total membrane samples.

The MS/MS-based PRM quantification and the comparison of protein level in GDM and
healthy control revealed a GDM-specific downregulation of the iron transporter ZIP8 and
holo-Tf binding receptor TfR1, while the downregulation of DMT1 and FPN1 on mRNA

level could not be confirmed in the proteomic approach (Figure 28).
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Figure 28 Expression changes of selected iron homeostasis genes in placental tissue from
gestational diabetes mellitus (GDM) patients and controls on protein level. Altered expression
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of iron homeostasis genes critical for transplacental iron transport, which were regulated in GDM
either on mRNA Table 11 or protein level. Results of LC-MS/MS-based protein quantification in
total membrane isolations of placental tissues from the same patient cohort and for the same
targets as presented in Figure 25. Protein levels were calculated as fold changes relative to spiked
peptides and subsequently relative to the reference gene GAPDH. A, protein data of 11 control
and 11 GDM samples are comparatively presented as protein abundance fold changes relative to
spiked peptides of target gene and normalized to GAPDH (abundance = reference gene — target
gene). B, for easier comparison between GDM and control the same data are presented as delta-
delta FC values (AAFC = fold changes (FC) relative to spiked peptides of target gene — FC relative
to spiked peptides of GAPDH) and normalized to the mean of controls. Statistical significance was
determined by two-tailed Student’s T-test, a=0.05.

3.2.1.2 GDM-specific changes in placental DMT1 localization

To follow up the discrepancy of significantly decreased DMTI mRNA levels, but
unchanged protein levels, blind semi-quantitative immunohistochemical analysis for
DMT1 and FPN1 was performed in 22 placental tissues (Figure 29). Placental tissue
samples from central localization (close to umbilical cord attachment) were stained for
DMT1 and FPN1 and semi-quantitatively analyzed by an experienced external collaborator
in a blinded trial (Figure 29C). The intense STB-specific staining mediated by the anti-FPN1
antibody was restricted to basal/basolateral structures and did not show any differences
between GDM and control (x? (2) =3.21, p=0.201, a<0.05). In contrary, the apically
accentuated expression pattern of DMTL1 in control was significantly shifted towards the

cytoplasm of the STB in GDM (x? (2) =7.62, p=0.022, a<0.05).

3.2.1.3 Unchanged iron levels in placental tissue from GDM pregnancies

Based on the results showing GDM-specific downregulation and changes of expression
patterns of iron transporters and the iron receptor TfR1, we measured and compared iron
contents between GDM and control placentae. Although decreased iron levels were
expected, the total iron contents measured by colorimetric ferrozine-based assay were

similar between control and GDM placentae (Figure 30).
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Figure 29: Effect of gestational diabetes mellitus (GDM) on the expression pattern of Divalent
metal transporter 1 (DMT1, SLC11A2) and Ferroportin (FPN1, SLC40A1) in human term placenta
detected by immunohistochemistry. A, In control tissues DMT1 was expressed exclusively in
syncytiotrophoblasts (STB) and apically accentuated (A1), while GDM-tissue showed
predominantly intracellular DMT1 expression (A2). FPN1 antibody-mediated staining was
restricted to basal/basolateral structures of STB in both control (B1) and GDM tissues (B2).
Negative controls are shown in the right panels (A3/B3). Arrows indicate the apical, i.e. maternal
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blood-oriented side, arrowheads depict the basal membrane of the syncytiotrophoblasts. All
images are displayed at 40 x magnification as indicated by the scale bar in B3. Abbreviations: IVS,
intervillous space; STB, syncytiotrophoblast; VC, villous core. C, Results of the semi-quantitatively
analysis of 22 placental tissues in a blinded trial performed by PD Dr. med. Meike Kérner, an
experienced external collaborator, and statistically assessed using Pearson's x? test, a<0.05.
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Figure 30: Placental iron content is not affected in gestational diabetes mellitus (GDM). Total
iron contents in 22 placental tissue were measured by colorimetric ferrozine-based assay and
normalized to the total protein concentration (A) and additionally to the placental weight (B). Iron
content did not differ between control and GDM placentae. (A/B) Iron contents were compared
using an unpaired T test, o = 0.05, and are presented as mean (+), median (-) and Tukey whiskers
(1.5-times interquartile range).

3.2.2 Establishment of an in vitro trophoblast cell model to study hyperglycemic iron
homeostasis
After adaption of conventionally cultured BeWo cells to physiological glucose
concentration in the culture media for 28 passages as explained in 2.4, we investigated
the effects of hyperglycemic and hyperlipidemic conditions mimicking the environment
of trophoblasts during GDM with different grades of severity (as shown in Figure 31)
during more than 30 days. Beside visualization of morphological changes, also the
adaption of iron homeostasis gene expression was analyzed and compared to GDM-

specific expression patterns.

3.2.2.1 BeWo cells alter cell morphology under hyperglycemic conditions
From the first week of culturing onwards the BeWo cells under hyperglycemic (H) and
hyperglycemic/hyperlipidemic conditions (HL) divided faster than under normoglycemic

control conditions (N). During 30 days of culturing the cells adapted their morphology to
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the increased availability of glucose in H by increasing nuclei and vacuoles size respectively

glucose and fatty acids in HL additionally extensive intracellular lipid store (Figure 31).

A Normoglycemic (N)

healthy
control

pre-diabetic

severely diabetic

Figure 31: Cell biological visualization of time-dependent adaption of normoglycemic BeWo
trophoblast cells to hyperglycemic and hyperglycemic/hyperlipidemic conditions.
Representative images of Oil red O stained BeWo cells cultured on glass slides for 48 h after
30 days of culture in normoglycemic (N; Dulbecco's Modified Eagle's Medium (DMEM)- 5.5 mM
glucose)(A), hyperlipidemic (H; DMEM- 25 mM glucose)(B), and hyperglycemic combined with
hyperlipidemic (HL; DMEM-25 mM glucose + 100 uM palmitic acid) (C) conditions. Cells were
counterstained with hematoxylin. The BeWo-derived cell models H (orange) and HL (grey) showed
altered cell morphology, including increased nuclei and vacuole size. In HL extensive intracellular
lipid stores (red staining) were detected. N represents the healthy control condition, H mimicks
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pre-diabetic and HL severe diabetic condition with increasing severity as depicted to the right of
the pictures according to the expected condition in GDM placentae. A-C, the pictures are captured
as represents for each cell model.

3.2.2.2 Hyperglycemic adaptions in BeWo cell models reflect clinical observations in GDM

The effect of GDM on iron homeostasis in the clinical specimens was characterized inter
alia by downregulation of the key iron-transporters DMT1, FPN1 and ZIP8 and the iron-
uptake mediating TfR1 on either mRNA or protein level (3.2.1 on p. 89-96, Figure 25 and
Figure 28). When monitoring the expression levels of the genes regulated in GDM during
40 days of hyperglycemic/hyperlipidemic challenge in the BeWo cell models, there was an
initial upregulation of DMT1 and ZIP8 after 3 days of stimulation and a stable
downregulation of FPN1 and TfR1 after 20 days relative to normoglycemic conditions
(Figure 32 A1). In the HL condition DMT1 was downregulated after 28 days of stimulation
(Figure 32 B1). Moreover, the upregulation of the ferroxidase Zp in H and HL during the
entire stimulation time (Figure 32 A2/B2) also mimicked the clinical results found in GDM
placentae (3.2.1 on p. 89-96), and strongly underlines the suitability of the applied cell
models. Interestingly, the constant downregulation of GLUT1 in H and HL confirmed the

increased availability of glucose in H and HL (Figure 32 A2/B2).

3.2.3 BeWo trophoblasts reduce iron uptake under hyperglycemic and hyperglycemic-
hyperlipidemic conditions

Based on the high comparability between the developed hyperglycemic BeWo cell models

(H and HL) and the GDM-specific changes of placental iron homeostasis gene expression

found in the clinical setup, we extended our studies to the functional level. We performed

Tf-mediated >°Fe3* uptake assays to investigate the effect of hyperglycemia on placental

iron transport function using the established BeWo cell models.
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Figure 32: Expressional adaption of iron homeostasis genes during 40 days of hyperglycemic and
hyperglycemic-hyperlipidemic stimulation on BeWo trophoblasts. Time-dependent adaption of
MRNA levels of the iron transporters DMT1 (solid line), ZIP8 (dashed line), FPN1 (dotted line) and
TfR1 (dash-dotted line) under hyperglycemic H (A1) and hyperglycemic-hyperlipidemic HL
conditions (B1), but also of the iron transporter ZIP14 (dash-dotted line), the ferroxidase HEPHL
(solid line), iron sensor IRP1 (dashed line) and of the glucose transporter GLUT1 (dotted line) under
hyperglycemic H (A2) and hyperglycemic-hyperlipidemic HL conditions (B2). Error bars represent
standard deviation (SD) of triplicate measurements (n=3). Transcript data are presented as 2744
values (AACt = Ct value of target gene — Ct value of the mean of YWHAZ, GAPDH and UBQ) and
normalized to the mean of controls. Statistical significance was determined relative to
normoglycemic conditions using two-tailed Mann-Whitney test, a=0.05, * p<0.05, ** p<0.01, ***
p<0.001.

Already after several days of stimulation the Tf-dependent Fe3*-uptake was significantly
reduced in H and HL cell models independent of the cell differentiation stage (BeWo-CTB
in Figure 33A / BeWo-STB in Figure 33B). Considering the total monitoring period of iron
uptake, there was a consistent reduction of >40% in iron uptake in both H and HL (Figure
33C). While an initial increase of iron uptake was detected after 1 day of stimulation in H,
the iron uptake was significantly reduced in H and HL already after 5 days of stimulation
(Figure 33C). All iron uptake assays were performed in unstimulated BeWo and in BeWo
cells stimulated for 48 h with 100 uM Forskolin. There was no significant difference
between Forskolin stimulated, differentiated BeWo cells and unstimulated cells (Figure

33A/B).
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Figure 33: Assessment of functional changes in iron homeostasis by measuring transferrin-
dependent radioactive **Fe**-uptake during adaption of BeWo trophoblasts to hyperglycemic
and hyperglycemic-hyperlipidemic conditions. Normoglycemic BeWo cells (N, blue) were
cultured under hyperglycemic (H, orange) and hyperglycemic-hyperlipidemic (HL, grey) conditions
for 34 days. In parallel, functional changes in iron-transport were serially assessed by measuring
transferrin (Tf)-dependent Fe**-uptake in N, H and HL cell models. A/B, Representative iron uptake
results of three independent experiments (n=3) after 5 days of adaption to hyperglycemic
conditions. Alteration of iron-uptake was assessed in cytotrophoblast-stage (BeWo-CTB, 24 h after
seeding) in A and in syncytiotrophoblast-stage (BeWo-STB, CTB with additional stimulation with
100 uM forskolin for 48 h) in B. Iron uptake values are displayed as percentage of the applied total
dose. Concentration of Tf-Fe®* total dose in all experiments was 16.14 pmol/100 plL (161.4 nM).
Reduction of iron uptake measured at 20 min (dotted square in panel A and B) was monitored
over 34 days normalized to N (N=100%) in panel C. Error bars represent SD of 7 replicates.
Statistical significance was determined using two-way ANOVA with Sidak’s multiple comparison
post hoc analysis, a=0.05. The experiments were performed three times (n=3) with BeWo cells
originating from the same normoglycemic BeWo line at different passage numbers.
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3.2.4 Hyperglycemic conditions affect cellular death and oxidative stress pathways in
trophoblasts
To characterize the cellular mechanisms underlying the alteration of placental iron
homeostasis under diabetic conditions, we sampled BeWo cells during 30 days of H and
HL challenge and assessed the protein expression of stress response markers by
immunoblotting. From day 3 onwards the expression of the autophagy markers p62 and
LC3-1l were downregulated (Figure 34A). No differences in protein expression of the
endoplasmic reticulum (ER) stress marker BiP (Figure 34B) were detected when
comparing Hand HLto N at the respective time points after starting the stimulation. Thus,
trophoblasts under hyperglycemic conditions showed reduced autophagy, but no effect

on the ER-stress pathway.
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Figure 34: Trophoblasts under hyperglycemic conditions reduce autophagy but express no

significant changes in the ER stress pathway. The expression of the autophagy markers p62
(62 kDa) and LC3-Il (14 kDa) (A) and ER stress marker BiP (75 kDa) (B) during 28 days of adaption
to hyperglycemic (H) and hyperglycemic combined with hyperlipidemic conditions (HL) b
immunoblotting (left panels). p62 and LC3-Il expression visualized by immunoblotting at day 0, 3,
14 and 28 was quantified by fluorescence detection analysis and presented relative to the
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normoglycemic condition (N, blue bar) (right panels). Results of one representative experiment
from three independent experimental setups are shown.

Beside autophagy and ER-stress we quantified cellular damage caused by oxidative stress
by measuring the production of MDA equivalents and carbonyl formation. After 30 days
of adaption to hyperglycemic conditions, there was still significantly increased lipid

peroxidation detectable in the supernatant of BeWo under H (Figure 35A).

No change in protein carbonylation after 30 days of adaption to H and HL, respectively,

was found (Figure 35B).

We furthermore determined oxidative stress damage in association with hyperglycemia
and altered placental iron homeostasis by analyzing the antioxidative potential (total-
GSH) in BeWo cell lysates cultured for 30 d in N, H and HL. The total-GSH levels were
significantly reduced under HL (Figure 35C) reflecting increased GSH consumption for

counteracting accelerated oxidative stress.

Taken together, increased oxidative stress seems to play a predominant role in BeWo

trophoblasts adapting to hyperglycemic and hyperlipidemic conditions.

3.2.5 Antioxidant treatment - Rescue experiment

To investigate whether oxidative stress is indeed the main mediator of the disturbed iron
homeostasis in the placenta, we determined the effect of an experimentally induced
oxidative stress challenge on trophoblast cells. Additionally, we studied whether the
effect of hyperglycemic conditions on iron homeostasis gene expression reproduced by
just increasing the oxidative stress levels independent of glucose and fatty acid

availability, could be rescued by increasing the antioxidative potential.

Therefore, we tested different chemicals such as Rotenone and tert-Butyl hydroperoxide.
Rotenone is a mitochondrial toxin and a potent, reversible, and competitive inhibitor of
complex | (NADH-CoQ reductase) of the respiratory chain leading to cellular ROS
production. Oxidative stress induced by tert-BOOH was chosen because it was shown that
tert-BOOH interferes with the placental transport of glucose in in vitro studies with BeWo
cells (Araujo et al. 2013). Induced oxidative stress by tert-BOOH treatment led to clearly
increased levels of MDA equivalents indicating increased lipid peroxidation, while the

applied dose of rotenone just marginally induced lipid peroxidation compared to
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untreated control (Figure 35D). Therefore, we choose tert-BOOH instead of Rotenone for
oxidative stress induction. For antioxidative rescue, we tested additionally to NaSe, the
flavonoid and dietary antioxidant quercetin (Bach et al. 2010) in our studies. Quercetin
had a more pronounced rescue effect than NaSe (see Figure 35D). However, as quercetin
has potential iron chelating properties (Morel et al. 1993) that would affect the
interpretation of our results, we continued with NaSe instead of quercetin. In summary,
the combination of the antioxidants NaSe with tert-BOOH as oxidative stress inducer

showed suitable low dose rescue properties without iron chelation.

Thus, we treated BeWo cells under normoglycemic conditions with the oxidant tert-BOOH
for 24 h and compared the effects with the phenotypes found in GDM tissues. In
agreement with the results found in GDM placentae (Figure 25), the induction of oxidative
stress significantly reduced the mRNA abundance of the iron transporters DMT1 and FPN1
(Figure 35D). The mRNA levels of ZIP8 and TfR1 were elevated whereas a profound
decrease of GLUTI mRNA was detected (Figure 35D).
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Figure 35: Trophoblasts under hyperglycemic conditions show increased oxidative stress
damage and reduced antioxidative potential, while induced oxidative stress induce iron
homeostasis gene alterations comparable to gestational diabetes mellitus (GDM). Increased
oxidative stress in H and HL was detected in three independent experiments after 30 days of
adaption time (n=3). A, Increased lipid peroxidation determined as the formation of
malondialdehyde (MDA) equivalents in cell supernatants was found in H (orange) and HL (grey)
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conditions. B, Protein carbonylation was measured by staining of cell lysates with 2,4-
Dinitrophenylhydrazine (DNP). C, Decreased antioxidative potential was assessed by measuring
total glutathione (GSH) levels. Statistical significance was determined using two-way ANOVA with
Dunnett’s multiple comparison test, a = 0.05, * p < 0.05, ** p < 0.01. D, Validation of effective
agents to induce and reduce oxidative stress for the subsequent rescue experiments. BeWo cells
were cultured in DMEM low glucose with 10% FBS, seeded in 6-well plates (350’000 cells/well
resp. 36’500 cells/cm?) overnight and treated with the antioxidants 0.1 pM NaSe or 50 pM
Quercentin for 24 h at 37°C without FBS, followed by oxidative stress challenge by either 0.8 uM
Rotenone or 1000 uM tert-BOOH for 4 h at 37°C. Oxidative stress was measured by lipid
peroxidation assay and represented as bar diagram with mean and SD. Treatment conditions are
represented in the matrix below the x-axis. The combination of the antioxidants NaSe with tert-
BOOH as oxidative stress inducer showed low dose rescue properties without potential iron
chelation. For statistical analysis parametric 2-way ANOVA test, a=0.05 was used; **p< 0.01,
***p<0.001. E, mRNA abundances of the Divalent metal transporter 1 (DMT1), Zrt- and Irt-like
protein 8 (ZIP8), Ferroportin-1 (FPN1), Transferrin receptor protein 1 (TfR1) and Glucose
transporter 1 (GLUT1) were determined in untreated normoglycemic BeWo cells (N, blue) and in
normoglycemic BeWo cells treated with tert-Butyl hydroperoxide (tert-BOOH; 100 uM; blue
striped bars). Cycle threshold (Ct) values were determined by gRT-PCR and normalized to the
mean of the reference genes Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ), Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and ubiquitin (UBC). Statistical significance was determined using two-way ANOVA with
Sidak's multiple comparison post hoc analysis, a = 0.05, ****p < 0.0001.

3.2.6 Rescue of placental iron homeostasis by antioxidant supplementation

To further investigate the association between oxidative stress, hyperglycemia and
placental iron homeostasis, we performed rescue experiments assuming that the negative
effects of hyperglycemia on the regulation of placental iron homeostasis genes in BeWo
cell models can be counteracted by supplementation with an antioxidant. Thus N, H and
HL BeWo cells were treated with Se and challenged the with additional oxidative stress by
adding tert-BOOH for 24 h as for Figure 35D. The exposure to tert-BOOH aggravated the
hyperglycemic/hyperlipidemic effects in the BeWo models and reduced the inter replicate
variability in all performed assays. Focusing on the iron transporter DMT1, FPN1 and ZIPS8,
we observed significant downregulation of FPN1 under both hyperglycemic conditions
and decreased Z/P8 under H. TfR1 was relative to N upregulated under H, but
downregulated under HL. This typical pattern of gene regulation confirmed the results
shown for GDM placentae in Figure 25, but also in the BeWo model treated with
tert-BOOH in Figure 35D. Se supplementation reversed the hyperglycemic/hyperlipidemic
effect at mRNA level almost completely (Figure 36A). Furthermore, Se supplementation

reduced lipid peroxidation under HL (Figure 36B) and eliminated protein carbonylation
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under both hyperglycemic conditions (Figure 36C). Importantly, Se supplementation

increased the antioxidant potential and consequently rescued the hyperglycemic effect

on gene expression by reducing oxidative damage in hyperglycemic trophoblasts.
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Figure 36: Effect of induced oxidative stress on mRNA abundances of iron homeostasis genes in
trophoblasts and rescue of the hyperglycemic effects by selenium treatment. A, Oxidative stress
was induced by tert-Butyl hydroperoxide (tert-BOOH; 100 uM) treatment in the three BeWo cell
models (N, blue; H, orange; HL, grey) for 24 h (striped bars). In tert-BOOH treated cells
supplementation with 400 nM sodium selenite (NaSe, +Se) significantly reduced the
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hyperglycemic effect on iron homeostasis gene regulation. mRNA expression results were and
normalized to the mean of the reference genes Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide (YWHAZ), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ubiquitin (UBC). Data are expressed as fold difference in relation to
control cells for each condition, which were not treated with tert-BOOH. Samples treated with
NaSe are displayed as striped bars in yellow boxes. Supplementation of 400 nM NaSe in the
medium rescued the altered gene expression under hyperglycemic (H; orange) and
hyperglycemic- and hyperlipidemic (HL; grey), conditions. B/C, In the three BeWo cell models (N,
H, HL) oxidative stress was induced by tert-Butyl hydroperoxide (tert-BOOH; 100 uM) treatment
for 24 h (striped bars). Supplementation with 400 nM sodium selenite significantly reduced the
formation of malondialdehyde (MDA) equivalents (B) and protein carbonylation 2,4-
Dinitrophenylhydrazine (DNP) staining (C). Both parameters serve as indicators for oxidative
stress. Statistical significance was determined in (A-C) using two-way ANOVA with Sidak’s multiple
comparison post hoc analysis, a = 0.05. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Results are shown as mean + SD of triplicate measurements (n=3). In all panels black asterisks
display significant differences between Se-treated and untreated cells, while red asterisks indicate
significant differences between conditions H or HL compared to N.

3.2.7 Effect of iron deficiency and iron overload on placental glucose transport

During the studies outlined above the effect of hyperglycemic conditions on placental iron
homeostasis was investigated and we found that increased oxidative stress is one factor
contributing to changes in iron homeostasis gene regulation and function. In collaboration
with Thuvaraga Kalakaran, who performed her master project in the Albrecht laboratory,
we further investigated, whether iron deficiency and iron overload could affect placental
glucose homeostasis. This approach complements the previous results and helps to shed

light on the association between placental glucose and iron homeostasis.

Initially, expressional changes of the glucose uniporter GLUT1 as consequence of iron
deficiency and overload was studied. Therefore, normoglycemic BeWo cells were cultured
under iron deficiency by treating the cells with the iron chelator DFO and under iron
overload by supplementation with holo-transferrin (Tf-2Fe3*) during 24 h, 48 h and 72 h
(Figure 37A). While GLUT1 mRNA levels were unaffected in the iron overload condition,
there were 2.3-times increased GLUTI transcript levels detected already after 24 h of
stimulation with 30 uM DFO, followed by steady reduction of GLUT1 to 1.5-fold
overexpression. The GLUT1 overexpression in the iron deficient condition was confirmed
also on protein level (Figure 37C). In contrary to the reduction of GLUT1 overexpression
from 24 h to 48 h after stimulation on mRNA level, GLUT1 protein expression was even

more pronounced after two days of DFO treatment.
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Based on these results, we further investigated the effect of different DFO concentrations
on GLUT1 mRNA levels in a range of 3.75 — 30 uM DFO in normoglycemic BeWo cells for
48 h (Figure 37B). Interestingly, within this experiment significant GLUT1 upregulation
was observed at 15 uM DFO only. To reveal, whether DFO-mediated changes of GLUT1
expression have a relevant effect for placental glucose uptake, we established a glucose
uptake assay suitable to study GLUT1 function in BeWo cells. Hence, glucose uptake was
measured using 2-DG that cannot undergo hexokinase-mediated glycolysis by
trophoblasts (Figure 37D). Although there was rather high variation among the replicates
in the glucose uptake assay, normoglycemic BeWo conveyed a significant glucose uptake
increase after 80 min of 15 uM DFO treatment, while glucose uptake was reduced after
100 min of 30 uM DFO treatment. Within the glucose uptake time course of 1 h 40 min
glucose levels increased within the first 45 min almost linearly independent of the
treatment. BeWo cells reached a maximal glucose uptake level of approx. 2.5 mM/well
with 15 uM DFO treatment. Due to time restrictions the glucose uptake experiments

following DFO treatment were done only once.
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Figure 37: Iron deficiency leads to a temporal upregulation of the glucose transporter GLUT1 on
mRNA and protein level, but partially reduced 2-Deoxy-D-glucose (2-DG) uptake function. A,
Glucose transporter type 1 (GLUT1/SLC2A1) mRNA expression levels in normoglycemic BeWo cells
were increased under iron deficiency induced by 30 uM deferoxamine (DFO) treatment (dark
green) and unchanged with iron overload by 12.5 uM iron (Fe)-saturated holo-transferrin (Tf-Fe)
supplementation (pink) during 72 h. B, GLUT1 mRNA levels were determined after iron depletion
with a DFO concentration range of 3.75-30 uM. GLUT1 expression om mRNA level was
significantly increased after application of 15 uM DFO for 48 h. GLUTI mRNA levels were tested
using a paired one-way ANOVA with Tukey’s multiple comparisons test, a=0.05, *p<0.05. mRNA
levels are represented as mean + standard deviation (SD) of two independent experiments (n=2)
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and were normalized to the mean of the reference genes Tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta polypeptide (YWHAZ), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ubiquitin (UBC). Data are expressed as fold difference in relation to
untreated control. C, GLUT1 protein levels were analyzed once (n=1) by immunoblotting after
30 uM DFP treatment or 12.5 uM Tf-Fe supplementation at 24 h and 48 h of stimulation. GLUT1
protein levels were increased after DFO treatment at both time points. D, Glucose uptake
performance was measured using a total dose of 325 mM 2-Deoxy-D-glucose (2-DG) spiked with
0.5 uCi/well 3H 2-DG during 100 min at 37°C. Glucose uptake was increased after 15 uM DFO
treatment for 80 min, but reduced after 30 uM DFO treatment for 100 min. 2-DG uptake
differences were determined in one experiment (n=1) and tested by 2 way ANOVA with Tukey's
multiple comparisons test, a=0.05, *p<0.05.

3.2.8 Obesogenic diet in mice provoke similar effects in placental iron homeostasis as
human GDM
In mice, a obesogenic high fat high sugar (HFHS) diet from the start of pregnancy
compromised maternal glucose tolerance and insulin sensitivity in association with
dysregulated lipid metabolism, thereby mimicking typical GDM symptoms (Sferruzzi-Perri
et al. 2013; Musial et al. 2017). In collaboration with the Centre for Trophoblast Research,
University of Cambridge, UK, we examined whether this mouse model of GDM shows
similar changes in placental iron homeostasis as shown in human GDM before (3.2.1). At
approx. 10 weeks of age, female C57Bl/6 mice without additional genetic modifications
were time-mated to males and subsequently fed either standard (n=6) or HFHS (n=6) diet.
Dams were sacrificed for tissue collection at day of pregnancy 16 or 19 (d16 or d19) and
changes in the expression of iron homeostasis genes were determined in placental tissue

by RT-gPCR (Figure 38).

At d16, when maximal placental size and maternal glucose intolerance is reached in
mouse gestation, placental expression of the iron transporter, Dmt1 was significantly
upregulated in HFHS dams (Figure 38A). Such initial upregulation of DMT1 was also found
after exposing human trophoblasts to hyperglycemic conditions in vitro (Figure 32A1). At
d19, when fetal growth is maximal in mice, placental expression of the iron receptor, TfR1
and iron transporters, Dmt1 and Zip14 were downregulated and the iron uptake regulator,
Hepc and ferroxidase, Heph upregulated in HFHS dams (Figure 38B). Together, changes in
placental iron homeostasis genes observed in HFHS mice nicely reflected the alterations

observed in human GDM placentae (Figure 38C).
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Figure 38: Expressional changes in mice with high fat and high sugar (HFHS) diet during
pregnancy reflect regulation patterns found in human GDM placentae. RT-gPCR analyses
revealed differential regulation of iron transporters Divalent metal transporter 1
(DMT1/SLC11A2), Ferroportin-1 (FPN1/SLC40A1), Zrt- and Irt-like protein 8 (ZIP8/SLC39A8), the
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iron receptor Transferrin receptor protein 1 (TfR1/TFRC), the iron sensor Iron regulatory protein
1 (IRP1/ACO1), the iron homeostasis regulator Hepcidin (HEPC/HAMP) and the iron
oxidoreductase Hephaestin (HEPH) and Zyklopen (Zp/HEPHL1) in mouse (A/B, blue background)
and human (C, no background) placentae. A, mice were set on HFHS (n=6) or control (n=6) diet
from day1 in pregnancy (d1) onwards. mRNA was isolated and quantified from mouse placentae
atd16 (A) and d19 (B) and compared to human placentae affected by gestational diabetes mellitus
(GDM, n=11) at term in panel C. A, There was upregulation of the iron transporter Dmt1 in mice
at d16 only, while significant downregulation of the iron transporters Dmtl and Zip14 was
detected at d19. Furthermore, there was significant upregulation of the ferroxidase Heph and the
iron uptake regulator hepcidin (Hepc). The human data is the same as shown in Figure 25. Taken
together, expressional changes in HFHS mice (A/B) reflect the GDM-mediated regulation of
placental iron homeostasis genes in human placentae (C). mRNA levels were statistically
compared using nonparametric Mann-Whitney test, a=0.5, *p<0.05, **p<0.01.

3.3 Establishment of knockout cell lines generated by CRISPR/Cas9 mutagenesis.

In the framework of two parallel MSc projects co-supervised by the PhD candidate, we
were targeting transporter genes crucial for leucine and iron transfer across the placenta.
Martyna Kazimierczak was targeting the System L transporters LAT1(SLC7A5) and LAT2
(SLC7A8), while Daniela Ramp was targeting DMT1 (SLC11A2) and ZIP8 (SLC39A8).
Following the protocol explained in Figure 39, we first designed CRISPR/Cas9 target sites
and validated them by sequencing the variant in the BeWo genome, optimized
CRISPR/Cas9 transfection of either sgRNA+Cas9-GFP plasmid (Xfect) or sgRNA-Cas9-GFP
RNP (jetCRISPR) into the trophoblast cell line BeWo using FACS for analysis of transfection
rates, but also to collect GFP positive cells to grow knockout cell lines from single cells.
The resulting CRISPR/Cas9-mutant candidates were characterized on expressional level
using qPCR and immunoblotting and on functional level performing leucine and Tf-Fe
uptake assays. Finally, we analyzed the target site for insertion or deletion (indel)
mutation introduced by site-specific double strand break by sequencing. Although there
were expressional and functional changes detected for several mutation candidates, final
sequencing revealed unchanged target gene sequences for all of them. Despite the final
negative outcome, the following chapter summarizes the procedures and results of our

efforts to generate BeWo knockout cells for nutrient transporters.
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Figure 39: Workflow diagram of reporter gene (Cas9-GFP) assisted sorting of transfected mutant
candidates and subsequent identification of knockout candidate clones. A, 24-48 h after
transfection of BeWo trophoblasts with Cas9-GFP plasmid or protein, the transfected cells were
GFP-positive, visually identified and distributed into 96-well plates by FACS-assisted cell sorting
(B). The surviving cells become knockout candidates and founders of potentially novel knockout
BeWo cell lines, respectively. Knockout candidate clones were expressionally characterized by
immunoblot staining (C) and functionally assessed by leucine or iron uptake assays. Finally, the
knockout candidates showing loss of the targeted protein expression and a loss of function were
sequenced by Sanger sequencing to determine the mutation leading to gene loss. D, Systematic
characterization of emerging mutant variants will be done using CrispRVariant (Lindsay et al. 2016)
and TIDE tool (Brinkman et al. 2014).

3.3.1 Validation of genomic variants of the target sites in BeWo

The target sites were carefully designed and determined in the intention to create
devastating double-strand-breaks on the one hand, but no off-target effects on the other
hand (Table 5 on p.45). To double check whether the sequences in BeWo genome were
corresponding to the determined target site, we sequenced the region in proximity of the
target site. Hence, single nucleotide polymorphism (SNP) were detected in the target
sequence of ZIP8 as shown in Figure 40. After successful validation of all target sites and
exclusion of any SNP disturbing sgRNA-mediated sequence recognition in the BeWo target

gene variants, we continued with sgRNA synthesis.
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Figure 40: Detection of a single nucleotide polymorphism (SNP) by target site sequencing.
Sequencing data as fluorescent peak trace chromatogram of the ZIP8 target site “ZIP8 567 _b”,
which was finally excluded. Sequence is represented on the reverse strand right (5’) to left (3’)
with the target site on blue and the PAM (NGG) on orange background. N at position 11 in 5’-3’
orientation indicates a G32A-mutation as indicated by two simultaneous upcoming peaks of A
(Adenine, green) and G (Guanine, black). Such a SNP prevent gsRNA binding and therefore would
lead to a reduction of knockout efficiency.

3.3.2 Optimization of CRISPR/Cas9 transfection and cell sorting

In a first step the transfection efficiency of BeWo cells with Cas9-GFP plasmid was tested

and optimized before using 3 different transfection reagents: DharmafectDuo (Horizon),
XtremeGENE 9 (Sigma) and Xfect plasmid (Takara Bio). Transfection efficiency and cell
toxicity of these reagents were the main criteria for selecting the best reagent. HEK-293
which are known to be easy-to-transfect (Thomas and Smart 2005) were chosen as
reference cells. The transfection of BeWo and HEK-293 cells with the Cas9-GFP labeled
plasmid by using the DharmaFECT™ Duo transfection reagent (Horizon) was not
successful. No GFP signal was detected in both cell lines after various experiments with
varying amounts of the DharmaFECT reagent and plasmid as suggested in the
manufacturer’s protocol. At none of the different time points (24, 48 and 72 h post
transfection) GFP was detectable by fluorescent microscopy. In contrast, by using the
Xtreme Gene 9 (Roche) reagent the transfection procedure was more successful. The
highest efficiency was obtained with 4:1 ratio of transfection reagent (in pL) to plasmid
DNA (in pg), using 7.5 and 10 pL of the transfection complex and detected 48 and 72 h
post transfection. As shown in Figure 41A-B, Xfect plasmid (TAKARA) transfection reagent

led to the best transfection efficiencies and lowest toxicity, respectively (optimal
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conditions see Table 12). Therefore, the Xfect plasmid (TAKARA) reagent was further used
to transfect HEK-293 and BeWo cells with sgRNA targeting DMT1, ZIP8 and hCG genes and
the Cas9-GFP plasmid reaching approx. 30% transfection efficiency in BeWo, 70% in HEK-
293 cells (Figure 41A-C).

Table 12 Optimized Xfect plasmid transfection conditions

Step Condition
Preparation of target cells 40°000 cells/well overnight in complete growth
medium

Preparation of transfection reagent  3.75 pug plasmid DNA with Xfect plasmid
Reaction Buffer to a final volume of 10 uL Add
1.5 pL Xfect Polymer to the diluted plasmid DNA
Nanoparticle complexes to formation Incubate for 10 min at room temperature
Transfection Incubate the plate at 37°Cfor 8 h
Determination of transfection rate Check for GFP expression after 48 h

Next, the above optimized Cas9 plasmid-based transfection method was compared to the
direct transfection of sgRNA-Cas9 protein RNP complexes using the jetCRISPR reagent
from Polyplus. For this optimization experiment sgRNA targeting the hCG gene was
additionally used, as knockout of this gene is expected to be less problematic for cell
survival compared to targeting putative essential nutrient transporter genes (Malhotra,
Suman, and Gupta 2015). The transfection efficiency was measured for BeWo and HEK-
293 by performing flow cytometry analysis 48 h after transfection (Figure 41D).
Comparing the transfection efficiency between Cas9plasmid and the Cas9protein method
(Figure 41D, left to right), Xfect sgRNA + Cas9plasmid - transfection reached in BeWo
13.8% and 62.9% higher efficiency rates in the easier-to-transfect HEK-293 cells.
Therefore, the consecutive transfection experiments targeting the nutrient transporters
LAT1, LAT2, DMT1 and ZIP8 were performed in BeWo using the optimized Xfect plasmid
method, that usually reached an efficiency of approx. 50% in later experiments (data not

shown).
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Figure 41: Optimization of transfection conditions for BeWo using Xfect plasmid (Takara Bio)
versus jetCRISPR (Polyplus). A, Representative images of cells 48 h post transfection using the
optimized sgRNA + Cas9-GFP plasmid transfection protocol in a 96-well plate scale. Transfection
efficiency in BeWo cells was approx. 30% applied at different cell densities (A-B) and 70% in the
easier-to-transfect HEK-293 cells (C). The transfection experiment was performed in DMEM low
glucose (BeWo) resp. DMEM (HEK-293) + 10% FBS + 1 x antibiotics in duplicates. Images were
acquired by phase contrast and fluorescence cell imaging using InCellis cell imager (Bertin, USA)
with a 20 x magnification. D, Comparison of the two transfection reagents Xfect plasmid (D, panels
on the left) for transferring sgRNA together with Cas9-plasmid and jetCRISPR protein (D, panels
on the right) for transferring sgRNA-Cas9-GFP ribonucleoprotein (RNP) complexes into BeWo cells
(D, upper panels) and HEK-293 cells (D, lower panels) by flow cytometry analysis. For these
experiments sgRNA targeting the hCG gene was used. The transfection efficiency of Xfect plasmid
compared to the Cas9protein method was 13.8% higher if applied on BeWo and 62.9% higher on
HEK-293 cells. FACS data was analyzed using FlowJo® data analysis software and is presented as
scatter plots with of the fluorescence emission intensity (Aem=488 nm) as area under the peak on
the x-axis and side scatter (SSC) on the y-axis.
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3.3.3 Cell recovery and expressional effects of CRISPR/Cas9 mutagenesis

Following the optimization of sgRNA and Cas9 transfection, the newly established method
was applied to target the nutrient transporters LAT1, LAT2, DMT1 and ZIP8 in BeWo cells.
We intended to grow knockout candidate cell lines from a single founder cell as presented
in Figure 42A, but most of the single sorted cells died within few days post transfection.
Therefore, FACS was used to isolate successfully transfected, GFP-positive cells in 1, 100

or 200 cells/well format.

We further investigated the effect of ZIP8-knockout candidates in BeWo cells on the
endogenous expression pattern of iron homeostasis genes such as the transporter DMT1,
ZIP8 itself, ZIP14 and FPN1, but also the iron receptor TfR1, the iron sensor IRP1, the
ferroxidase Zp and iron regulator HEPC. Figure 42B shows an overview on the expressional
changes in the single-sorted C1 and 100/200-sorted D1, D2, D3, E1, E2, E3 and E4 ZIPS-
knockout candidates after putative ZIP8-mutagenesis. The expression of iron homeostasis
genes was normalized to the no-sgRNA, but Cas9 plasmid transfected control cell line 11
p8 (name I1; passage 8). Compared to |11 p8, the fold change of the non-transfected cell
lines BeWo p28 and BeWo p29 were with +0.2 and -0.6 very low. Also 5 passages later
only marginal changes in mRNA levels were observed as shown for |1 p13 as passage
control. In general, all ZIP8-targeted BeWo cell lines showed a similar iron homeostasis
gene expression pattern. The mRNA levels of Zp/HEPHL1 showed the strongest
upregulation, followed by ZIP8 > ZIP14 > IRP1 > TfR1 > DMT1, while the iron exporter FPN1
and regulator HEPC were downregulated (Figure 42B). Interestingly ZIP8 itself, which was
targeted and expected to be knocked out, was in most of the samples even higher

expressed than in controls.
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Figure 42: A single cell as founder of a new knockout cell line and expressional changes due to
CRISPR/Cas9 mutagenesis. After growing a single cell for 14 days after Xfect plasmid transfection
targeting DMT1 and FACS-sorting, the cell has divided several times in a 96 well plate and formed
a cell colony in culture (A, left panel). The cell knockout candidate clones in the founder colony
were trypsinized and seeded again in a96-well plate to avoid spatial overgrowth and to expand
the cell number (A, middle panel). 7 days later, the scattered cells adapted and became a slowly
growing cell line (A, right panel). Magnification in left panel 50 x, in the middle and right panel
20 x. B, Composition of expressional changes of iron homeostasis genes on mRNA level after
CRISPR/Cas9-mediated ZIP8-mutagenesis. BeWo cells were targeted using ZIP8_567 sgRNA (Table
5) and transfected using the optimized Xfect plasmid method (3.3.2). mRNA levels of candidate
knockout cell lines were normalized to the no-sgRNA, Cas9plasmid transfected control cell line 11
p8. The transfected cells were sorted as single cells and 100 or 200 cells/well (_100 resp. _200)
and lysed for expression analysis in different passages (p6-8 passages after transfection / p28-29
passages of original cell lines). L1, C1, D1, D2 and D3 were sorted 48 h post transfection and
samples E1, E2, E3 and E4 were sorted 72 h post transfection. Expression levels were analyzed
using the mean of reference genes YWHAZ and UBC. All mRNA levels are shown as the mean of
duplicates from one experiment (n=1) and represented as fold change (222%).
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In a next step, we analyzed the most promising knockout cell line candidates by
immunoblotting. MVM and BM samples from membrane protein fractioning were loaded
to confirm the transporter-specific expression ratio between apical MVM and basal BM
expression. The exclusively MVM expression of LAT1 in Figure 43A and the MVM/BM
expression of LAT2 Figure 43B, validate the immunoblot experiment. The untreated BeWo
p27 in Figure 43A showed a very weak LAT1 band at 40 kDa. All clones transfected with
anti-LAT1 sgRNA and Cas9 plasmid showed an increase in LAT1 expression by factor 3 or
more compared to untreated BeWo p27 lysate (Figure 43A). The BeWo knockout
candidate clones B1, B2 and B3 transfected with Xfect plasmid and anti-LAT2 sgRNA
showed an increase in total LAT2 expression (50 kDa + 30 kDa band in Figure 43B) by a
factor of 4-5, whereas for the clones B4, B5 and B8 there was only a slight increase of 10-
20% compared to the BeWo p27 control. In the B1, B2 and B3 clones, the upper 50 kDa
band was 2.5-times more prominent compared to the lower 30 kDa signal. The total LAT2
expression in deglycosylated BeWo wildtype cells p27 compared to untreated cells was
slightly decreased but the intensity of the 30 kDa band did not get stronger after
deglycosylation. For DMT1 quantification the bands between 150 and 75 kDa were
selected according to (Tabuchi et al. 2000; Foot et al. 2016). All samples show increased
DMT1 protein levels compared to the BeWo control (Figure 43C). In the immunoblots
characterizing ZIP8-targeted knockout candidate clones sharp 65 kDa bands were
quantified. Compared to the BeWo p25 control all samples have lower ZIP8 protein

expression except sample C1 (Figure 43D).

Against our expectations, increased levels of target protein expression were detected for
7 LAT1-knockout candidates (Figure 43A), 6 LAT2-knockout candidates (Figure 43B) and 7
DMT1-knockout candidates (Figure 43C). Only CRISPR/Cas9-mediated ZIP8-mutagenesis
resulted in decreased expression levels of the targeted ZIP8 gene relative to the
untransfected BeWo p25 control (Figure 43D). None of the candidates showed a complete
loss of target gene expression on the immunoblots. As demonstrated in Figure 42B on
mMRNA level of iron homeostasis genes, the transfection itself led to various expressional

changes.
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Figure 43: Target gene expression after CRISPR/Cas9 mutagenesis quantified by
immunoblotting. The most promising knockout candidates where analyzed on protein level for
target gene loss through site directed mutagenesis after Xfect plasmid assisted CRISPR/Cas9
transfection followed by the establishment of stable cell lines. The target gene expression was
increased for all putative knockout candidates for LAT1 expression in LAT1 mutants #18-24 (A),
LAT2 in LAT2 mutants #B1-8 and also DMT1 expression in DMT1 mutants #A6-12. In contrast, there
was reduction of ZIP8 expression between 56% in clone D4 in passage (p) 9 to 86% in clone E3 p7.
30 pg protein of total cell lysates of 7 LAT1-targeted (LAT1 MK1 sgRNA) BeWo cell lines (#18-24)
were plotted on nitrocellulose membrane after SDS-Page and stained with the primary antibody
rabbit anti-LAT1 (1:1000) overnight at 4°C and with secondary anti-rabbit (1:20'000) for 2 hours
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at room temperature. Detection of B-actin as loading control was performed using primary mouse
anti-B-actin (1:5000) and secondary anti-mouse (1:20°000) for 2 hours at room temperature each.
B, Immunoblot analysis of 6 LAT2-targeted (LAT2 142 sgRNA) BeWo cell lines (#B1-B8) according
to the description for panel A, but using primary rabbit anti-LAT2 (1:1000). For LAT2 an upper
50 kDa and a lower 30 kDa band was quantified. C, Immunoblot analysis using 60ug total cell lysate
from 7 DMT1-targeted BeWo cell lines (#A6-A12) with passage numbers between 7 and 9 using
primary mouse anti-DMT1 (1:500) otherwise according to the description for panel A. D,
Immunoblot analysis according to the description for panel C, but using rabbit anti-ZIP8 (1:1000).
TMI: total membrane protein isolation sample; BM: basal membrane fraction; MVM: microvillous
membrane fraction; BeWo p23-27 are non-transfected control samples with passage number (p);
deg: deglycosylated sample after PNGase F treatment. All immunoblot experiments were
repeated 2-times.

3.3.4 Effects of CRISPR/Cas9 mutagenesis on functional nutrient uptake

Despite of remaining expression of the targeted genes on protein level, we tested a
selection of knockout candidate cell lines to investigate the CRISPR/Cas9 mutagenesis
mediated effect on placental Leu and iron uptake. Furthermore, we established a strategy
to characterize the knockout candidates by applying small molecule inhibitors bearing

different specificities.

Amino acid uptake

In the case of targeting System L mediated leucine uptake, the LAT1-specific inhibitor
JPH203 and the unspecific System L (mainly LAT1+LAT2) inhibitor JX009 was used. In LAT1
knockout trophoblasts JPH203 inhibition was expected to have no effect on leucine
uptake, while other transporter such as LAT2 would compensate for the essential
acquisition of leucine. Therefore, only JX009 but not JPH203 could mediate leucine uptake
inhibition in LAT1-targeted BeWo cells. On the other hand, JPH203 inhibition on LAT2
knockout trophoblasts was expected to completely block leucine uptake, while inhibition
trough JX009 would block leucine uptake similar as JPH203. Based on this expectations,
the two LAT2-targeted BeWo cell lines B3 and B5 were investigated by leucine uptake
assay in combination with JPH203 and JX009 inhibition (Figure 44A-C). The leucine uptake
of untransfected control BeWo p27 cells was reduced by 10 uM JPH203 by about 50-60%,
while leucine uptake inhibition by 10 uM JX009 reduced with approx. 85% almost
completely. According to these expected JPH203 and JX009 inhibition pattern as
characterized before in 3.1.4.1, the leucine uptake performance of B3 and B5 was
experimentally assessed. There was 1.8-times increased leucine uptake efficiency of

untreated B3 compared to control cells (Figure 44A/B). This increased leucine uptake was
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unexpected but may be the result of adapted expression pattern of System L transporter
in these CRISPR/Cas9-targeted cells. However, the expected similarity of JPH203 and
JX009 inhibition in putative LAT2-knockout trophoblasts was observed for the B5, but not

for the B3 clone.

Iron uptake

Through inhibition of Tf-mediated iron uptake by ferristatin Il (also Chlorazol Black or
NSC30611), which lead to the degradation of the TfR1, we expected to measure complete
block of Tf-mediated and TfR1-dependent iron uptake. Hence, we expected to observe for
the ZIP8-targeted candidate clones a reduction in Tf-Fe uptake during the iron uptake time
course, e.g. a curve which is located between the untreated and ferristatin Il treated cells.
The iron uptake inhibition using ferristatin Il in the Tf-dependent uptake setup has been
measured with control BeWo p27 cells, C1 and D2 candidates (Figure 44D-F). Ferristatin Il
treatment led, as expected, to an almost complete inhibition of the iron uptake in all assay
independent of testing transfected or control BeWo cells. Unfortunately, none of the
tested ZIP8-knockout candidates conveyed a reduction of Tf-Fe uptake within the

observed 2 h time course.
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Figure 44: Functional characterization of CRISPR/Cas9-targeted BeWo cell lines by comparing
leucine and iron uptake time courses of candidate knockout clones. In panel A, the inhibition of
leucine (Leu) uptake of untransfected control BeWo passage number (p)27 cells by the LAT1-
specific small molecule compound JPH203 led to a Leu uptake reduction after 3 min (dashed box)
of 48% (A, orange). Additionally, the System L (mainly LAT1+LAT2) inhibitor JX009 blocked 76%
Leu uptake within 3 min compared to control BeWo cells (A, grey). The Leu uptake kinetics of the
two promising LAT2-knockout candidates B3 (B) and B5 (C) were compared to the “wildtype”
respectively untargeted control BeWo cell line in A. B3 showed a 1.8-times increased Leu uptake
efficiency within 3 min (B, dashed box) compared to control BeWo cells in A, while untreated B5
clones exhibited uptake levels similar to the control in A (C). Leu uptake of both B3 (B) and B5 (C)
were reduced by JPH203 of 65% and 66% and by JX009 of 83% and 51%, respectively. There was
clearly less difference between JX009 and JPH203 inhibition (difference between orange and grey
curve) compared to control in A. B&C, A selection of LAT2_ 142 sgRNA and Cas9 plasmid
transfected and FACS sorted cell lines, namely B2 and B5. The inhibitors JPH203 and JX009 were
applied with a concentration of 10 uM during the 8 min of Leu uptake. Statistical significance
between conditions was determined using the Holm-Sidak method, a=0.05, * p<0.05. In panel D,
The inhibition of Transferrin-dependent iron uptake of untransfected control BeWo p27 cells by
50 uM ferristatin-1l (NSC30611) inducing Transferrin receptor 1 (TfR1) degradation led to an iron
uptake reduction of 82% within 60 min (D, orange). The two selected ZIP8-targeted (ZIP8_567)
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knockout cell lines C1 (E, single sorted) and D2 (F, 100 sorted cells) showed without inhibition very
similar iron uptake kinetics as the untransfected control BeWo p27 cell line. Furthermore,
ferristatin-1l inhibition conveyed for C1 85% (E) and for D2 a reduction of iron uptake of 80% within
60 min (F). There was no difference detectable between the two putative ZIP8-knockout candidate
cell lines and the untransfected control BeWo p27. Ferristatin-Il treatment was applied 4 h before
and during the 120 min time course of the iron uptake assay. Statistical significance between
conditions was determined using the Holm-Sidak method, a=0.05, * p<0.05. In general, all uptake
results were normalized to the protein concentration. Data are expressed as mean of 3 replicates
for each time point.

3.3.5 Unsuccessful CRISPR/Cas9-mutagenesis in BeWo cells revealed by sequencing

CRISPR/Cas9 mutagenesis is depending on cellular double-strand-break repair. Since
CRISPR/Cas9-mediated mutations result often in in-frame indel mutation with remaining
function or partially function (Burger et al. 2016), we performed target site sequencing of
mutant candidates to the end of the workflow. The four most promising knockout
candidates were further analyzed by target site sequencing. The LAT2-targeted clones B3
and B5 were selected due to reduced difference comparing LAT1-specific inhibition by
JPH203 and System L inhibition by JX009. ZIP8-targeted clones C1 and D2 were sent for
sequencing due to characteristic regulation patterns in iron homeostasis gene expression
on mRNA level (3.3.3) and promising changes on functional level (3.3.4). The sequences
of all target sites perfectly matched the wildtype sequence (Figure 45) independent of
which gene was targeted (B3/B5 compared to C1/D2) or whether the cells were single- or

multi-sorted after transfection (C1 compared to D2).
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Figure 45: Sequence trace chromatogram analysis of the four most promising knockout
candidates revealing unsuccessful CRISPR/Cas9-mutagenesis. None of the sequenced target sites
of the LAT2-targeted knockout candidates B3 (A) and B5 (B), nor the sequenced target sites of
ZIP8-targeted candidates C1 (C) and D2 (D) showed any sign of an insertion or deletion (indel)
mutation. There were no indels detected close to the planned and Cas9-mediated double strand
break (red dashed line) nor up- or downstream of the sequenced target site region. In parallel to
the sequence trace chromatogram the previously designed target sites (green) and the
corresponding PAM-sites (red) are annotated. In theory most indel mutations were expected close
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to the site of Cas9-mediated double strand break 3 nucleotides upstream of the PAM sequence
marked with a yellow triangle.

Nevertheless, to compare the mutagenesis efficiency between the two transfection
methods based either on Cas9-plasmid (Xfect) or Cas9-protein (jetCRISPR) transfection
and between different target sites, the CRISPR/Cas9-mutagenesis protocol used for BeWo
targeting was applied on the easy-to-transfect HEK-293 cells. Unfortunately, no DNA
shedding by T7-Endonuclease 1 and therefore no DNA mutagenesis was detected for any
condition and target site analyzed (Figure 46). Of note, there was no difference in DNA

shedding even when targeting a gene like hCG without expression in HEK-293.

Another straightforward method to quantitatively assess genome editing using
chromatogram sequencing trace data is based on the tracking of indels by decomposition
(TIDE) algorithm (Brinkman et al. 2014). Therefore, we uploaded sequence trace data of
two standard capillary sequencing reactions in the ab1-format as provided by Microsynth

to the https://tide.nki.nl/ online platform. The TIDE software quantifies the editing

efficacy and identifies the predominant types of insertions and deletions (indels) in the
DNA of a targeted clone pool. Figure 46B shows a representative example of the TIDE
results from the ZIP8 mutant candidate D2. The D2 was a clone pool that started originally
with 100 sorted cells after transfection. In contrast to enzyme-based Cas9-editing
detection method above, TIDE could detect a very low mutagenesis efficiency of 5.4%,

which was below the detection limit of the T7-Endonuclease 1 assay.

In summary, we designed target sites, established methods and strategies to analyze
CRISPR/Cas9-mutant candidates on expressional and functional level. However, within
the framework of this thesis we were finally not able to generate BeWo knockout cell lines

for our nutrient transporter genes of interest.
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Figure 46: Undetectable Cas9-nuclease activity in transfected HEK-293 cells by T7-Endonuclease
1 assay, and low mutation efficiency detected by Tracking of insertion or deletion (indel) by
Decomposition (TIDE) analysis. Easy-to-transfect HEK-293 cell were treated with different
transfection reagents together with either target site-specific sgRNA and Cas9-GFP plasmid or with
sgRNA-Cas9-GFP protein ribonucleotide complexes. A, After transfection, the genomic DNA of
unsorted cells was isolated, the target site amplified in a conventional PCR, digested by T7-
Endonuclease 1 and finally analyzed on a 1% agarose gel T7 Endonuclease 1 cleaves non-perfectly
hybridized DNA. This would lead to a shedding of DNA, if there are different sequence variants
after CRISPR/Cas9-mutagenesis. Different conditions were tested for efficient CRISPR/Cas9-
mutagenesis. The two transfection protocols sgRNA+Cas9-GFPplasmid (Xfect) and sgRNA-Cas9-
GFP RNP (jetCRISPR) were directly compared targeting different genes, such as LAT1, LAT2, DMT]1,
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ZIP8, but also hCG as silenced or unexpressed gene in HEK-293 cells. However, there was no DNA
shedding detected independent of the transfection method or target gene (A). Expected amplicon
sizes are given below the target gel labels: LAT1 MK1, 170 bp; LAT2 142, 305 bp; DMT1_1312,
387 bp; ZIP8 567, 244 bp; hCGB3, 290 bp. B-C, Tracking of indels s by Decomposition (TIDE)
analysis of ZIP8-targeted and Xfect plasmid transfected BeWo cells. The sequence trace
chromatogram data were uploaded on https://tide.deskgen.com. The program detects indel
mutations based on the Sanger sequencing information and analyzes not only the highest peak,
but also the noisy peaks behind. It is possible to detect mutations within a mixture of differently
mutated cells compared to the wildtype control. The indel spectrum shows 88.5% consistency
with the control and deletions of 2, 4, 9 or 10 nucleotides (B)The lower panel aberrant sequence
signal panel does not show any frame shifts at the expected cutting site 3 nucleotides upstream
of the PAM sequence, which would lead to a chromatogram data decomposition by various
insertions or deletions (C) There was decomposition detected, due to poor sequencing data
quality after 220 bp.
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4 Discussion

This chapter includes the structured discussion of all key findings and results emerging
from the experimental part of the PhD project. The previously defined specific aims (see
1.6.1 on p.29 and 1.6.2 on p.30) are discussed in corresponding sequence in the two
sections amino acid and iron transport. Beside these two clinically oriented parts, there is
an additional methodological part discussing the current state of CRISPR/Cas9-mediated
trophoblast mutagenesis in our research group. The hypotheses are discussed in the

conclusion part.

4.1 Amino acid transport

Since studies in the 1970s have shown that concentrations of most proteogenic amino
acids are higher in the fetal compared to the maternal circulation, there is the central
dogma that most amino acids are actively transported across the placenta against a
counter-directed gradient (Philipps et al. 1978). We hypothesized that counter-directed
materno-fetal amino acid gradients have an impact on the function of amino acid
transporters such as LAT1 and thereby affect transplacental amino acid supply. Thus, the
maintenance of amino acid gradients between the maternal and fetal circulation is

essential for a normal pregnancy and for adequate fetal growth.

As only old and incomplete data on amino acid concentrations are found in literature, we
first aimed to determine maternal and fetal concentrations of the 20 proteogenic amino
acids in sera of healthy term pregnancies (aim Al). Subsequently, we performed
correlation analyses between materno-fetal amino acid gradients as concentration
differences of fetal and maternal compartments and parameters characterizing the
maternal nutritional condition and fetal growth (A2). To test the resulting associations
from a clinical and observational point of view with functional assays, we studied the
effect of substrate concentrations on System L-mediated leucine uptake into trophoblasts
and. Continuing, we determined the direct effect of a materno-fetal gradient on amino
acid leucine transport across the placental barrier in vitro with BeWo cells using the

Transwell® system (A3).

In a second step, we investigated the influence of extracellular amino acid concentrations

on the functional level by assessing exchanger-mediated Leu uptake in conventional cell
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culture of HT-29 and BeWo cells at two differentiation stages, to characterize the effect

of trophoblast differentiation on placental leucine transport (A4).

In the third more transporter-oriented section of the amino acid part, we focused on the
dissection of the single transporter by specific inhibition to elucidate the role of LAT1 and
LAT2 in Na*-independent leucine transport across the placenta using small molecule

inhibitors as tool compounds (A5).

Each part of these three main sections of the amino acid project is separately discussed

below (4.1.1-4.1.3).

4.1.1 Materno-fetal amino acid gradients are crucial for transplacental amino acid

transport and correlate with selected maternal and fetal parameters

Variation of maternal and fetal amino acid concentrations

In agreement with literature (Pohlandt 1978; Malinow et al. 1998; McIntosh, Rodeck, and
Heath 1984; Irene Cetin et al. 1988; Karsdorp et al. 1994; Irene Cetin et al. 2005; Bajoria
et al. 2001; Cockburn et al. 1971) we detected higher amino acid concentrations in the
fetal as compared to the maternal circulation. Within our cohort we found in materno-
fetal paired analysis significant differences in the amino acid concentration especially for
essential or conditionally essential amino acids such as Thr, Val, Trp, Lys, Gly and Tyr
(Table 8 on p.64). Although there are 15 different amino acid transport systems
characterized in the human placenta and several amino acids are transported by different
systems (Thomas Jansson 2001), half of the amino acids showing significant differences
are preferentially substrates for system L transporters, particularly LAT1 (see
concentrations of selected LAT1 substrates schematically depicted in Figure 47C on

p.144).

The placenta is a metabolically active organ and interorgan exchange with fetal liver for
non-essential amino acids like Gly to Ser and GIn to Glu was demonstrated in temporal
amino acid interconversion characterization of sheep pregnancy using stable isotope
methods (Marconi et al. 1989; Vaughn et al. 1995). Therefore, the comparison between
maternal and fetal amino acid concentrations allows conclusions on materno-fetal
transfer, but without including amino acid metabolism this can be misleading (I. Cetin

2001). It has been shown that the nutritional stage of the mother affects the use of amino
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acids as fuels by the placenta during pregnancy (Lemons, Reyman, and Schreiner 1984).
Due to standardization of sampling and selection of patients that delivered exclusively by
cesarean section, we did not expect significant effects of fasting in this study. For Cys
unexpectedly low concentrations were detected (Figure 12 on p.63, Table 8 on p.64), and
the reason for this phenomenon is unclear. Increased preanalytical degradation of amino
acids or analytical problems with amino acid detection can be largely excluded, due to
stable measurements of other amino acids, measurement repetitions and validity of
internal controls. On the other side, there could be metabolic reasons for low Cys levels
in late pregnancy. Sulfur-containing amino acids can be interconverted by transsulfuration
(Met—->Cys) or transmethylation (Cys—>Met). Due to the absence of transsulfuration
activity in the fetal liver and high transmethylation activity for growth and cell
proliferation, Cys consumption increases and becomes essential for the fetus in the 3™
trimester (Gaull, Sturman, and R&ihd 1972; Sturman, Gaull, and Raiha 1970). Cys is also
required for the synthesis of various proteins and glutathione. Therefore, high amounts
of Cys are consumed and must be transported across the placenta particularly in the 3
trimester, when fetal growth, amino acid metabolism and oxidative stress reach a
maximum (Myatt and Cui 2004; Casasco et al. 1997). However, due to the discrepancies
of our measured Cys concentrations with previously published data, Cys was excluded

from the subsequent correlation studies.

Fetal veno-arterial differences reveal different phases of placental amino acid homeostasis
There is a high heterogeneity in the literature regarding the predominance of positive or
negative veno-arterial differences in the fetal blood. Few studies showed positive FV-FA
differences for most amino acids in healthy pregnancies (Irene Cetin et al. 1988), others
larger or smaller proportions of negative FV-FA differences (Hayashi et al. 1978; Prenton
and Young 1969; Velazquez et al. 1976; Steingrimsdéttir, Ronquist, and Ulmsten 1993;
Irene Cetin et al. 2005; Tsuchiya et al. 2009). Cetin et al. found positive FV-FA amino acid
concentration differences for most essential amino acids in normal fetuses, but less in
intrauterine growth restriction (IUGR) (Irene Cetin et al. 1988). Furthermore, negative FV-
FA differences were also interpreted as sign for fetal maturation by comparing amino acid
concentrations in term and preterm (Hayashi et al. 1978). Due to the paired analysis

mode, veno-arterial (FV-FA) differences of the 22 patients in our study cohort (Table 7 on
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p.62) were individually analyzed. Although the means of FV-FA differences for all amino
acids were negative, 45% of analyzed cases showed a clearly positive FV-FA difference for
most amino acids (Figure 13 on p.65). Therefore, the negative mean FV-FA differences as
listed in Table 8 (p.64) is based on a highly heterogenic group of placentae being either in
accumulative (positive FV-FA difference) or secretory (negative FV-FA difference) mode.
18 out of 22 placentae (82%) showed either accumulation or secretion of most amino
acids into placenta towards the maternal circulation, while the remaining four placentae
were showing a mixture of both modes (see =-marked placentae in Figure 13 on p.65).
Since fetal growth is dependent on amino acid supply throughout the pregnancy, the
placenta likely alternates throughout pregnancy between amino acid accumulation and
secretion modes. Total amino acid concentrations in cattle are following a circadian
rhythm depending on growth hormone levels and food intake (Ndibualoniji et al. 1995). A
circadian effect on amino acid concentrations has also been found in human young males
where the concentrations of 16 amino acids varied throughout the day (Wurtman et al.
1968). Another study reported that the circadian changes of amino acid concentrations in
pregnant women were smaller than in non-pregnant women. Herein the authors
observed changes of plasma glucose, free fatty acids and insulin levels suggesting a daily
switching rhythm between anabolic and catabolic stages in pregnancy by (Phelps,
Metzger, and Freinkel 1981). In summary, the different phases of placental amino acid
homeostasis in individual pregnancies suggest a temporary switch between accumulation
and secretion phases in placental amino acid transfer, which should be confirmed by in
vivo determination of FV-FA differences. This could be achieved by using in utero
cordocentesis allowing a relatively unstressed sampling unaffected by parturition and at

different gestational ages (Irene Cetin et al. 1990; MclIntosh, Rodeck, and Heath 1984).

Association between maternal/fetal amino acid concentrations and anthropometric data
To estimate the relevance of amino acid concentrations in different maternal and fetal
compartments, and to investigate the importance of materno-fetal gradients, Spearman
correlations with fetal and maternal anthropometric values were performed within our
healthy study cohort. The results of our analyses complement data from a previous study
that performed correlation analysis between amino acid concentrations among different

maternal and fetal compartments (Holm et al. 2017).
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Maternal amino acid concentrations correlate with maternal weight and BMI

Exchanger-mediated amino acid transport, including the transfer of large neutral amino
acid by system L transporters, depends on the availability of their exchange partner (Jane
K. Cleal et al. 2007). The transfer of essential amino acids can be affected, if amino acid
concentration gradients across the placental barrier are changed (Hill and Young 1973).
To investigate the potential impact of maternal, fetal and placental parameters, amino
acid concentrations were tested for correlations with all available anthropometric values
(Table 7 on p.62). Remarkably, maternal (MV) and fetal (FA and FV) concentrations of
essential amino acids such as the LAT1- substrates Val, Leu, lle, Met, Phe, Tyr and His were
positively correlated with maternal weights and BMI both before pregnancy and at
partum (Figure 14 on p.69 and Table 9 on p.67). On the other side, the fetal amino acid
levels of Val, lle and Pro seem to be more dependent on the mother’s preconceptional
weight rather than on the maternal weight at the end of pregnancy. Similarly, fetal amino
acid concentrations of Val, Leu lle, and Pro were correlated more often with
preconceptional BMI than with BMI at partum. It has been shown that preconceptional
body weight has a lasting impact on gestational weight gain, fetal growth and contribute
to develop obesity postpartum (Gunderson and Abrams 2000). Obese women are
predisposed to get babies that are large for gestational age, even when they show the
same gestational weight gain as non-obese women (Niswander et al. 1969; Melzer and
Schutz 2010). Therefore, high amino acid levels before pregnancy tend to stay high
throughout gestation and influence fetal amino acid levels at term. These results are in
line with observations during temporal maternal infusions with increasing amino acid
concentrations. These infusions resulted in a temporal fast increase of maternal amino
acid concentrations and enhanced umbilical amino acid uptake in humans (Ronzoni et al.
1999) and sheep (Jozwik et al. 1999), but increased MV concentrations were ineffective
after prolonged amino acid infusion in pregnant sheep (Jozwik et al. 1999). This inhibitory
effect on fetal amino acid uptake were observed to a greater extent if large neutral amino
acid were infused (Jézwik et al. 2004). On the other hand, placental amino acid supply is
highly vulnerable to maternal undernutrition. This was for instance detected as a
consequence of the Dutch famine in the second world war, when newborns were growth
restricted and showed an increased incidence of obesity and metabolic and cardiovascular

disease in adulthood (Roseboom et al. 2011).
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Amino acid gradients are associated with maternal and placental weight

Materno-fetal amino acid gradients of lle, Pro, Phe, Tyr, and His correlated with
anthropometric data characterizing the weight and the nutritional stage of subjects,
respectively (Table 9 on p.67). Of note, since amino acid levels are generally higher in the
fetal as compared to the maternal circulation, those amino acid gradients are negative
values and represent counter-directed materno-fetal gradients. The positive correlation
between counter-directed materno-fetal gradients and anthropometric data indicates
that increasing maternal amino acid levels lead to less-negative, smaller materno-fetal
gradients. In other words, the heavier the mothers were before pregnancy or the more
weight they gained, the smaller (more positive) the counter-directed gradients across the
placental barrier were. Interestingly, the gradient of Gly was negatively correlated with
gestational weight gain. Although there is a high Gly demand for fetal growth and
consequently the Gly concentration in the fetal circulation is high, there is compared to
Leu very low materno-fetal transport of Gly (Irene Cetin et al. 1995), probably due to Ser-
Gly transformation through hydroxymethyltransferase activity in the fetus (Rohan M.
Lewis et al. 2005). The association between Gly gradients and weight gain values suggest
an increased materno-fetal Gly transport or fetal Ser-Gly transformation, if the weight
gain is high. Excess or lack of gestational weight gain was related to various pregnancy
complications and cardiovascular diseases and obesity in the offspring (Gaillard 2015;
Mamun, Mannan, and Doi 2014). Although a recent multi-cohort meta-analysis associated
gestational weight gain with an increased risk for preeclampsia, gestational diabetes,
preterm birth and other disorders, weight gain remains a multifactorial parameter
depending on maternal fat accumulation, fluid expansion, and the growth of fetus,
placenta and uterus (Voerman et al. 2019). Of note, both gestational weight gain and
maternal weight represent a modifiable risk factors that are considered in prenatal
counseling. Therefore, reducing the risk by diet adjustment and gestational counseling
could help to prevent adverse outcome including gestational diabetes (Hedderson,

Gunderson, and Ferrara 2010; Abrams and Laros 1986).

Additionally, we found a relationship between placental weight and counter-directed
amino acid gradients of the non-essential amino acids Gly, Ala, Asp and Glu (Figure 12 on

p.63, Table 8 on p.64). While Gly and Ala are transported by different transport systems
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such as system A, GLY or ASC, and are converted or metabolized by the placenta (F. C.
Battaglia and Regnault 2001; Thomas Jansson 2001), the anionic amino acids Glu and Asp
are synthesized by fetal tissue and have no net transfer across the perfused human
placenta (H. Schneider et al. 1979; Moores et al. 1994). In a correlation study on small for
gestational age babies, system A transporter activity was compared to a variety of
anthropometric parameters. It was found that system A activity positively correlated with
fetal proportions like skin-fold thicknesses and placental weight (Harrington et al. 1999).
Therefore, the combination of system A transporter activity and smaller Gly and Ala
gradients could represent a placental adaption to produce and supply more substrate

towards the fetus (Harrington et al. 1999).

Fetal amino acid concentrations and materno-fetal gradients affect maternal blood
pressure

Fetal concentrations of essential large neutral AA such as Met, Val, Leu and Phe, but also
non-essential AA like Gly, Ala, Ser, Asn, Asp and Lys were negatively correlated with
maternal blood pressure (Table 9 on p.67). Furthermore, materno-fetal gradients were
positively associated with maternal blood pressure. Interestingly, smaller materno-fetal
gradients as a result of lower fetal and higher maternal AA concentrations were associated
with preeclampsia before (Cockburn et al. 1971; Evans et al. 2003). Offspring from
hypertensive or preeclamptic pregnancy are often born with low birth weight, even more
pronounced the earlier they were born (Xiong et al. 2002). Beside placental insufficiency
to transfer nutrients into the fetal circulation through impaired placentation and reduced
placental perfusion (Rana and Karumanchi 2017), it could be speculated that the failure
to establish appropriate materno-fetal AA gradient contributes to diminished nutrient

supply and hence reduced intrauterine growth.

4.1.1.1 Counter-directed amino acid gradients in vivo affect leucine uptake into trophoblasts and

transfer across the placental barrier

Extracellular amino acid levels affect leucine uptake into differentiated trophoblasts
In the placenta there are accumulative transporters, exchangers and facilitators forming
a complex placental amino acid transport system, which is dependent of intracellular

versus extracellular, maternal versus fetal, and fetal versus maternal substrate gradients.
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The complex network of these transport systems enables an efficient materno-fetal
transfer of essential amino acids against a counter-directed gradient (Jane K. Cleal and
Lewis 2008; Thomas Jansson 2001). Extensive computational modeling suggests beside
active transport also facilitated transport across the BM, which is highly dependent of
amino acid gradients across the BM (Panitchob et al. 2015; Widdows et al. 2015; Rohan
M Lewis, Cleal, and Sengers 2020). However, if and how counter-directed amino acid
gradients affect the LAT1-dominated exchanger-mediated materno-fetal transfer of an
essential amino acids like Leu, has not been investigated yet. In a first step, we examined
whether the Leu uptake capacity in BeWo cells is sensitive to increased extracellular Leu
levels. As expected, extracellular Leu levels in the upper clinical range (167 uM) increased
Na*-independent uptake of Leu into the trophoblasts and into colon carcinoma cells (HT-
29). The choriocarcinoma cell line BeWo (clone b30) which differentiates upon cyclic
adenosine monophosphate (cAMP) stimulation and further develops a polarized
trophoblast monolayer (Orendi et al. 2010), has been validated with ex vivo placenta
perfusion (Poulsen et al. 2009; H. Li et al. 2013) and selected to explore transport

mechanisms in vitro before (Heaton et al. 2008).

Next, we investigated, whether the differentiation stage of trophoblasts affects the
uptake capacity for Leu. Indeed, differentiated BeWo-STB showed two times higher Leu
uptake than undifferentiated BeWo-CTB or HT-29 cells (Figure 16A on p.73). Since all
uptake assays were performed within 3 min, the increase of Leu uptake cannot be
explained by expressional changes of Leu transporters. Furthermore, the inhibition
experiment with the LAT1-specific inhibitor JPH203 (Endou et al. 2008) demonstrated that
Leu uptake in trophoblasts is predominantly LAT1-dependent (Figure 16B on p.73). Meier
et al. showed a 1:1 exchange stoichiometry of heteromeric LAT1 and LAT2 transporter and
substrate selectivity allowing the exchange of one extracellular large neutral amino acid
against a non-essential intracellular amino acid using the Xenopus expression system
(Meier et al. 2002). The underlying mechanisms of trophoblasts to further increase Leu
uptake upon differentiation without changing the concentrations of exchange partners
are not clear yet. In human pregnancies, maternal-fetal transfer rates have been

investigated in vivo by stable isotope infusions into the maternal circulation followed by

137



Discussion - Amino acid transport

fetal blood sampling. The materno-fetal transfer rate of nonessential amino acids like Gly

was significantly lower than for essential amino acids like Leu (Irene Cetin et al. 1995).

Effect of counter-directed amino acid gradients on materno-fetal leucine transfer

To test whether different extracellular amino acid concentrations have an effect on Leu
transfer across the materno-fetal barrier, we conducted Leu transport experiments using
the Transwell® system. Hereby we compared Leu transfer under equimolar Leu
concentrations in the maternal and in the fetal compartment against a counter-directed
Leu gradient (Figure 17 on p.75). To our knowledge this is the first time, that the effect of
a physiological counter-directed amino acid gradient was functionally assessed in vitro.
Although the applied gradient created a strong fetal to maternal directed transport
pressure, we observed higher materno-fetal transfer rates in presence of the counter-
directed Leu gradient as compared equimolar Leu concentrations (Figure 47B on p.144).
Additionally, the significant reduction of Leu transfer by the LAT1-specific inhibitor JPH203
(Endou et al. 2008) underlines the importance of LAT1 in materno-fetal transport of Leu,
but likely also affects placental transport of other LAT1 substrates like Ile, Phe, Met, Tyr,
His, Trp, Val, Cys and Thr (Napolitano et al. 2017). At the end of the experiment no
intracellular Leu retainment was detected, independent if the intracellular Leu content
was calculated or measured, suggesting Leu uptake rather than efflux towards the fetal
compartment as limiting step (Figure 17D on p.75). Intracellular Leu retainment would
indicate fetal efflux as transfer limiting step, as shown in Leu uptake studies using
LAT1/LAT2 small molecule inhibitors (Zaugg et al. in press). The asymmetry of the
transplacental amino acid flux is favored by rapid uptake from the maternal circulation
and transfer towards the fetus. It has been shown that amino acid transfer towards the
fetal side is more rapid than in the reverse direction (H. Schneider et al. 1987). The
importance of effective placental amino acid transport systems rather than maternal
amino acid concentrations as crucial factor for fetal growth is supported by findings of
Bajora and coworkers (Bajoria et al. 2001). They observed that in monochorionic twins
from which one was growth retarded, the concentrations of Val, Leu, lle, Phe, and Arg
were only reduced in the growth restricted twin, but normal in the co-twin not suffering
from IUGR (Bajoria et al. 2001). Furthermore, counter-directed amino acid gradients

might play a crucial role after their establishment at the beginning of the second trimester
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of human pregnancy and before starting the phase of biggest fetal growth (Jauniaux,
Gulbis, and Gerloo 1999). Based on these results we suggest the incorporation of
transplacental amino acid gradients relevant for fetal development in computational
modeling based on placental perfusion studies (R. M. Lewis et al. 2013; Widdows et al.

2015).

4.1.2 Trophoblast differentiation affects placental amino acid uptake

Induced trophoblast differentiation leads to expressional reorganization of System L
transport

The current understanding of transplacental leucine transport is based on the interplay
between accumulative transporters such as members of the System A-family and
exchangers such as System L-family members (Jane K. Cleal and Lewis 2008). System A-
family transporters like SNAT1, 2, and 4 are expressed at the MVM and accumulate small
neutral amino acids against a concentration gradient in the STB in a Na*-dependent
manner(Thomas Jansson 2001). The amino acids accumulated by System A-transporters
can be used as substrates to exchange for essential large neutral amino acids such as
leucine by the System L-exchangers LAT1 and LAT2 across the MVM into the STB. The
principles of amino acid uptake at the MVM are largely characterized, but the contribution

of single transporters in amino acid transfer across the BM to the fetus is less clear.

Therefore, we investigated the expression and localization of LAT1 in the human placenta
by immunohistochemistry of term placental tissue and by immunoblotting of MVM- and
BM-enriched membrane preparations. We found an exclusive apical expression of LAT1

at the MVM confirming previous reports (Gaccioli et al. 2015; Kudo and Boyd 2001).

BeWo cells represent a suitable model comparable to primary trophoblasts

So far most mechanistic studies are based on LAT1-overexpressing cell models like human
colon cancer-derived HT-29 (Oda et al. 2010), mammary gland derived MCF-7 cells
(Huttunen et al. 2016), Pichia pastoris(Costa et al. 2013) or reconstituted 4F2hc-LAT1
proteoliposomes (Napolitano et al. 2015). Acquiring further detailed knowledge on the
complex mechanisms regulating materno-fetal amino acid transport at the placenta level
could be beneficial to clarify the relevance of LAT1 and LAT2 in gestational diseases such

as IUGR and LGA (Lager and Powell 2012). To choose an appropriate physiological
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placental cell model, we compared the BeWo cell line with isolated primary human
trophoblasts at different stages of differentiation by analyzing LAT1/LAT2 mRNA and
protein expression and leucine uptake. Spontaneous differentiation in primary
trophoblasts and forskolin-mediated differentiation in BeWo cells provoked expressional
changes of LAT1, LAT2 and 4F2hc on mRNA and protein level (Figure 20 on p.80). Our
results demonstrated that the syncytialization process induced changes in the LAT1:LAT2
ratio as well as in 4F2hc expression in both trophoblast models (Figure 20 on p.80) and
resulted in an increased leucine uptake under Na*-free conditions (Figure 21 on p.82).
These findings imply that differentiation induces a specialization process both in primary
trophoblasts and BeWo cells, which results in an increased uptake, transport or transfer
capacity as previously shown for the alanine-serine-cysteine-transporters and for alpha-
aminoisobutyric acid transport (Furesz, Smith, and Moe 1993; P. |. Karl, Alpy, and Fisher
1992). This concept is in line with recent findings that differentiation processes such as
syncytium formation resulted in an upregulation of MVM associated membrane proteins

(Ohgaki et al. 2017).

Based on the validation of expression in the two trophoblast cell models (Figure 20 on
p.80) and comparable uptake behavior (Figure 21 on p.82), the BeWo cell line was chosen

to test the effect of different SLC7-specific inhibitors.

4.1.3 Specificinhibition of SLC7 transporters reveal the relevance of single solute carriers

in placental nutrient acquisition

The response to LAT1- and System L-specific inhibition reveals the relevance of single
transporter in transplacental leucine uptake and transfer

The low molecular weight inhibitors JPH203, JG336, JX009 and JX020 were assessed for
their capacity to reduce leucine uptake into trophoblasts (Figure 22 on p.85) and leucine
transfer across the placental barrier (Figure 24 on p.88). Due to the varying SLC7-
specificity, different inhibition patterns were expected. JPH203 was previously reported
as potent, LAT1-specific inhibitor (Oda et al. 2010; Enomoto et al. 2019; Cormerais et al.
2019; Muto et al. 2019; Héfliger et al. 2018; Yothaisong et al. 2017). JX009 has been
described in the patent literature (Endo et al. 2008) to inhibit LAT1-mediated transport

with similar efficacy as JPH203, albeit with significantly lower specificity, i.e. it is also a

140



Discussion - Amino acid transport

potent LAT2 inhibitor. Beside the meta-tyrosine JX009 with a bulky side chain at the
hydroxy group of the phenol, we additionally tested JX020 representing a bicyclic
constrained meta-tyrosine (chemical structure is shown in Figure 22 on p.85). Within the
NCCR TransCure network in collaboration with the group of Prof. Karl-Heinz Altmann, we
found phenyl or benzyl side chains on the tyrosine or meta-tyrosine as the minimum to
generate an inhibitor that cannot be transported by LAT1. Due to the bicyclic structure of
JX020, the flexibility is limited and the conformation is predetermined. Therefore, JX020
was more efficient inhibitor than JX009. Of note, similar bicyclic nitrogen mustards have
already been described as system L inhibitors (Vistica 1983; Haines et al. 1987). As no
other LAT2 inhibitors have been described in the literature, JX009 was considered the best
available tool for the assessment of LAT2-related transport of leucine. JG336 was
prepared based on a limited structure/activity relationship (SAR) study on JPH203 that
investigated the effects of electron-donating (such as the methoxy group in JG336, see
dashed red box in Figure 22B on p.85), electron-withdrawing and bulky substituents on
the phenyl moiety at the 2-position of the benzoxazole ring on transport inhibition. The
additional methoxy group in JG336 resulted in 3.8-times lower ECsp values in BeWo-CTB
(Figure 22B on p.85) indicating that the inhibition efficiency of JPH203 was indeed

increased by this modification.

Leucine uptake

Our results demonstrated that all four compounds are highly efficient LAT1 inhibitors, but
JX009 and JX020 conveyed additionally LAT2 inhibition. Based on the complete leucine
uptake inhibition of BeWo cells at the CTB stage, leucine uptake in undifferentiated
trophoblasts seems to be completely dependent of LAT1 activity (Figure 22 on p.85). Since
the LAT1:LAT2 ratio in BeWo-CTB compared to BeWo-STB is lower as shown in the
expression studies (Figure 20 on p.80), JPH203 reduced leucine uptake in BeWo-STB by
only 60%. This partial inhibition by JPH203 indicates that in BeWo-STB leucine uptake is
mediated by alternative Na*-independent leucine transporters such as LAT2, LAT3 or
LAT4. JX009 and JX020 reduced leucine uptake near 100% regardless of the trophoblast
differentiation stage with a low ECsp in the range of JPH203, suggesting that both JX009
and JX020 blocked most (if not all) Na*-independent leucine uptake transporters. Thus,

JX009 and JX020 are the first characterized System L-specific leucine uptake inhibitors in
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the low puM-range (ECso<4 pM; Figure 22 on p.85) for use in placental cell models. To date,
the most widely used SLC7-specific inhibitor is the non-metabolizable leucine analog BCH
which has been also tested in this study (Figure 23 on p.87) and other investigations
(Otsuki et al. 2017; Kaji et al. 2010). In comparison to JX009 and JX020 this inhibitor is
>100-times less effective and blocks System L-dependent amino acid transport with
709 uM in BeWo-CTB and 442 puM in BeWo-STB in the high uM-range (Figure 23 on p.87).
Nevertheless, further investigations of these small molecule compounds are needed to
study viability, effects on amino acid metabolism and potential interactions with other

transmembrane proteins such as System A-transporters.

Leucine transfer

To assess the functional importance of SLC7-transporters in leucine transfer across the
placental barrier, the effect of the LAT1-specific inhibitors JPH203 and JG336 as well as
the System L-inhibitor JX009 and JX020 were tested in the Transwell® system with
polarized BeWo cells grown in a tight monolayer (Figure 24 on p.88). Treatment with
JPH203 during 6 h reduced leucine transfer across the placental barrier by 58%. Assuming
100% LAT1 inhibition after treatment with 10 uM JPH203 (approximately 5-times the ECso
of JPH203), these results suggest that more than half of the leucine transfer across the
differentiated trophoblast monolayer was LAT1-dependent. The 3.8-times more efficient
inhibitor JG336 (60% reduction), and the less specific System L-inhibitor JX009 (55%
reduction) and JX020 (48% reduction) showed similar inhibition capacities as JPH203.
These results demonstrate a predominantly LAT1-dependent leucine transfer across the
polarized trophoblast layer which mimicks the physiological materno-fetal barrier (Xiao
Huang et al. 2016). In these transfer studies we also measured the intracellular leucine
content at the end of the experiment. In this context, the intracellular accumulation of
leucine suggests that the efflux activity at the BM, i.e. the transport towards the fetus,
represents the rate limiting process in materno-fetal transfer. In contrast, a reduced
intracellular leucine content predicts leucine transport across the MVM into the
trophoblast monolayer as the rate-limiting step (J. K. Cleal et al. 2011). In our experiments
only the two LAT1-specific inhibitors JPH203 and JG336 caused a reduction of the
intracellular leucine content (Figure 24C on p.88), indicating that LAT1-mediated leucine

transfer occurs at the apical MVM. In contrast, the unchanged intracellular leucine
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content after JX009 treatment suggests System L-transporter dependent leucine efflux
across the BM. This is in agreement with the hypothesis that LAT1 is the major leucine
transporter at the MVM, while other placental Na*-independent System L-transporters
such as LAT2, LAT3 or LAT4 mediate leucine efflux across the BM (see in introduction
Figure 5 on p.18 ) as has been previously proposed (J. K. Cleal et al. 2011; Thomas Jansson
2001; Kudo and Boyd 1990; Bodoy et al. 2005). Since the three tested inhibitors were
applied at the maternal compartment, there is a certain membrane and cell layer
permeability required to allow interactions with the transporters located at the BM.
Permeability across the trophoblast barrier has not been investigated, but has been
shown in Caco-2 cells for JPH203 (Wempe et al. 2012). Recently Lewis et al. demonstrated
in @ mathematical modelling approach of placental amino acid efflux based on placental
perfusion data, that LAT2 allows the transport of a substrate across the BM without
transport of another molecule in the other direction as normally expected from a classical

exchanger (Rohan M Lewis, Cleal, and Sengers 2020).
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Figure 47: Schematic representation of leucine transport across the placental barrier induced
through a counter-directed gradient and maintained by asymmetric LAT1/LAT2 expression. A,
The placental barrier formed mainly by syncytiotrophoblast (STB) and located at the fetal border
in direct contact with the maternal circulation. Since the fetal leucine (Leu) concentration is higher
than in the maternal blood, the placenta needs to overcome a counter-directed Leu gradient by
energy demanding active transport mechanism (panel A right). B, The comparison of Na*-
independent Leu transfer across the placental barrier in vitro using the Transwell® technique
demonstrated for the first time an increased materno-fetal Leu transfer when a counter-directed
Leu gradient is applied. C, The Na*-independent uptake of the essential amino acid Leu from the
maternal circulation (orange) across the microvillous membrane (MVM) into the STB (blue)
represents the active step of placental Leu transport and is mediated by previously established
intracellular co-substrate (e.g. glutamine, GIn) in the interplay with the amino acid exchangers
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(LAT1/SLC7A5 in red, LAT2/SLC7A8 in yellow). LAT1 and LAT2, both expressed at the MVM,
exchange one branched-chain amino acid amino acid (BCAA, like Leu) for another (in this case
Gln), resulting in altered amino acid composition without changing the total intra-extracellular
concentration. As indicated by the number of transporters (2 LAT1 versus 1 LAT2) LAT1 has been
shown to be the major Leu uptake transporter at the maternal facing MVM. Under Na*-free
conditions there is no possibility for the STB to build up a Na*-gradient driving System A amino
acid uptake, hence only Na*-independent System L transport is active. Furthermore, Leu is
transferred across the BM by facilitators like LAT3-, LAT4-mediated diffusion driven by the
extracellularly directed concentration gradient on the fetal side. The relevance of LAT1 compared
to the other System L transporter was revealed by SLC7-specific inhibition studies (JPH203 and
JG336 as LAT1-, and JX009 and JX020 as System L-specific small molecule inhibitors). This study
demonstrated that the temporal application of transporter-specific inhibitors allows studying
transporter interrelations in trophoblast models by avoiding an impact on cell fusion. The font size
of the amino acid in the 3-letter code represent an estimation of their relative concentration in
the fetal (left in pink and red), intracellular (middle in blue) and maternal (right in orange)
compartment. Intracellular amino acid concentrations were taken from (Philipps et al. 1978).

4.2 Iron transport

In the second part of this PhD project, we compared two clinically well-characterized
cohorts with balanced distribution of maternal and gestational age at partum. As
expected, the GDM-specific clinical parameters showed not only increased
periconceptional BMI, but also the clear LGA symptomatology of the GDM newborns
(Table 10 on p.90) verifying the suitability of our GDM cohort. Interestingly, also elevated
maternal serum hemoglobin concentrations were detected which previously have been
associated with increased risk for GDM (Afkhami-Ardekani and Rashidi 2009). However,
the involved pathways linking iron homeostasis during pregnancy to disturbances in
glucose handling and metabolism, as well as the role of the placenta in regulating
materno-fetal iron transfer are largely unknown. To shed light on the involved pathways,
we investigated the effects of hyperglycemic and hyperlipidemic conditions at distinct
pathways controlling placental iron homeostasis in vitro using the BeWo cell model: at the

level of uptake, transport, sensing and regulation of iron.

To investigate the relation between gestational hyperglycemia like in GDM and altered
placental iron homeostasis, we successively discuss the five postulated specific aims (B1-
5 on p.30). To challenge the hypothesis that the expression of placental iron-transporters
and iron-regulatory proteins is altered in GDM, we characterized expressional changes of
iron homeostasis genes in GDM-affected placental tissues (B1) and established and
characterized trophoblast models mimicking human GDM conditions and investigated the

effect of hyperglycemic and hyperlipidemic conditions on transplacental iron transfer
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(B2). Furthermore, we used these hyperglycemic and hyperlipidemic models to identify
cellular stress pathways responsible for altered placental iron homeostasis under
hyperglycemic and hyperlipidemic conditions (B3) and to test whether increasing
antioxidative potential rescues the hyperglycemic effect on placental iron homeostasis
(B4). Finally, we discuss the suitability of an obesogenic mouse model developing GDM-

like symptoms based on the altered expression of placental iron homeostasis genes (B5).

These five main sections of the iron transport project are separately discussed below

(4.2.1-4.2.5).

4.2.1 Gestational diabetes alters placental iron homeostasis gene expression

To investigate if there is a functional relationship between GDM and disturbances in
materno-fetal iron transport or placental iron homeostasis, we studied the expression of
24 genes, known to be involved in iron homeostasis, in control and GDM placentae. These
included beside iron transporters and oxidoreductases also iron regulators and sensors.
As no pathway for fetal iron excretion has been identified (Sangkhae and Nemeth 2018),
nonheme iron transport across the placenta to the fetus was defined to be unidirectional.
Consequently, fetal iron homeostasis depends exclusively on placental iron absorption
and transport. Contrary to its vital importance in fetal development, the mechanism of

materno-fetal iron transport is only incompletely understood (C. Cao and Fleming 2016).

In addition to DMT1, GDM placentae showed decreased mRNA levels of FPN1, and
decreased protein levels for ZIP8 and TfR1. Despite downregulation of all these iron
transport genes including FPN1, the only known transporter regulating iron export to the
fetus, the total iron contents in GDM placental tissues were not increased in our cohort
(Figure 30 on p.98). In contrast to our study, recently published Fe concentrations in a
bigger cohort of GDM and control pregnancies (n=38 each) showed reduced iron levels in
GDM placental tissue (11%) and umbilical cord blood (12%), but not in maternal whole
blood (Roverso et al. 2019). These findings suggest that reduced iron concentrations in
the placenta and fetal serum could result from downregulated placental iron uptake
under hyperglycemia. Therefore, a reduction of placental iron uptake could be a
physiological mechanism to protect the placenta and the fetus from excessive, harmful
iron concentrations. In this context also the observed upregulation of the ferroxidases

HEPH and Zp in GDM placentae could play an important role as protective mechanism of
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the placenta. Beside facilitating the export of ferric iron by FPN1, they oxidize the
potential toxic ferrous iron and thereby reduce the oxidative levels at the placental
barrier. In addition, these ferroxidases have a crucial role in oxidizing exported ferrous
iron to ferric iron to enable loading onto fetal Tf, although some redundancy seems to

exist (Fugua et al. 2018).

Placental iron homeostasis depends on regulatory processes originating both from the
mother, the fetus together with the placenta. Maternal, placental and fetal HEPC
determine the rate of placental iron release to the fetal circulation through binding and
degradation of placental FPN1 (Koenig et al. 2014). While HEPC is downregulated during
normal pregnancy to ensure sufficient iron availability, we found increased placental HEPC
levels in GDM. This indicates a placental mechanism to reduce systemic iron levels in the
fetus by decreasing iron release towards the fetal circulation at the basolateral side of the
STB by FPN1 degradation (Figure 48A). HEPC production is predominantly regulated at the
transcriptional level, HEPC mRNA and protein levels show high correlation (Koenig et al.
2014). Therefore, the increased placental mRNA levels of HEPC found in GDM are in line

with the concomitant downregulation of FPN1.

Beside the iron availability regulated by HEPC, the transfer of iron across the placental
barrier depends mainly on the iron acquisition by activity of TfR1- and endosomal iron
transport proteins like DMT1. Both, TfR1 and DMT1 are post-transcriptionally regulated
by the iron-regulatory proteins IRP1 and IRP2. The IRPs bind at the stabilizing 3’-UTRs of
TfR1 and DMT1 mRNA to the iron-responsive element (IRE) and further induce their
translation (Wilkinson and Pantopoulos 2014). Thus, downregulation of /RP1 could be
responsible for the decreased TfR1 protein levels detected in GDM as compared to
healthy controls, despite similar mRNA levels. Hence TfR1, DMT1, ZIP8 and FPN1 were
significantly downregulated in GDM placentae though mRNA and protein expression did
not always correlate. For example, DMT1 was downregulated on transcriptional but not
on protein level (Figure 28 on p.95). However, we observed a change in the intracellular
localization of DMTL1. This could be caused by altered subcellular trafficking, depending
on the expression ratio between the two major splicing variants of DMT1 (+/-IRE) in
trophoblasts (Lam-Yuk-Tseung and Gros 2006; Chong et al. 2005), or altered

ubiquitination (Foot et al. 2016). These cellular processes can result in reduced DMT1
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transport activity without affecting the protein level. In brief, subcellular trafficking in
trophoblasts may depend on the expression ratio between the two major isoforms DMT1-
IRE and DMTI1+IRE. DMT1-IRE undergoes clathrin-mediated endocytosis and is sorted to
recycling endosomes, which allows Tf to release the two ferric iron molecules through
acidification and creates the proton gradient required for DMT1-mediated iron transport
(Lam-Yuk-Tseung and Gros 2006). As alternative to isoform-dependent trafficking, Foot et
al. demonstrated a regulative interaction of NEDD4 family-interacting proteins (Ndfips)
with both isoforms of DMT1 by acting as adaptors to recruit the ubiquitin ligase WWP2.
Hence, ubiquitination of DMT1 and subsequent trafficking to the lysosome for
degradation reduce the amount of DMT1 protein available to be transported to the cell

membrane, reducing DMT1 activity and iron uptake (Foot et al. 2016).

As schematically summarized in Figure 48A (in yellow) GDM alters iron homeostasis in
placental tissue through specific regulation of iron homeostasis genes involved in uptake
(TfR1), transport (DMT1, ZIP8, FPN1), oxidation (zyklopen, Zp) and regulation (IRP1; HEPC)
on mRNA and/or protein level. The major changes on expressional level comprise reduced
DMT1, FPN1, ZIP8, and TfR1 abundance, and alterations in DMT1 localization. In analogy,
trophoblasts under hyperglycemic conditions decrease iron acquisition by reducing TfR1
expression at the MVM, decrease transfer from the endosome into the cytoplasm through
reduced expression of ZIP8 and mis-localization of DMT1 and diminish secretion of iron

towards the fetal side through downregulation of FPN1.

4.2.2 The hyperglycemic and hyperlipidemic BeWo models allow to study functional
effects by mimicking GDM-like expression patterns
To investigate the GDM-mediated effect on placental iron uptake on a functional level and
to identify the underlying cellular mechanisms, we generated BeWo cell-derived
hyperglycemic cell models. The BeWo cell line was chosen as primary trophoblasts freshly
isolated from donated placentae do not proliferate and loose viability after a few days in
culture (Xiao Huang et al. 2016). By examining BeWo cells cultured under N
(normoglycemic), H (hyperglycemic) and HL (hyperglycemic and hyperlipidemic)
conditions for 30 days, we were able to monitor and characterize the iron homeostasis-
related expressional and functional adaptions occurring in trophoblasts over time.

Hyperlipidemia was achieved by adding palmitic acid to the cell culture medium as free
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palmitic acid has been associated with induced insulin resistance in different cell models
(Sinha et al. 2004) and in GDM patients (Stirm et al. 2018). During the adaption process to
hyperglycemic/hyperlipidemic culture conditions, the BeWo cells changed their
morphology, due to increased energy availability, and showed extensive lipids storage as
indicated by Oil red O staining. Interestingly, the hyperglycemic stimulation in BeWo cells
resulted in very similar changes in the expression pattern of placental iron homeostasis
genes as found before in GDM placentae. This strongly underlined that the established
BeWo models are suitable for the identification of cellular pathways underlying the effect
of hyperglycemia on placental iron homeostasis. Furthermore, we found that these
trophoblasts cultured under H and HL reduced their Tf-mediated iron uptake already after
5 days of stimulation by more than 40% relative to N. The observed dramatic reduction of
placental iron-uptake explains the inconspicuous iron-stores in placental tissue in
combination with increased maternal hemoglobin levels. This is a clear indication for
placental protection of fetal tissues from excessive iron-storage. Concomitantly, the
observed alterations in placental iron-handling could promote increased iron-

concentrations found in maternal serum (Roverso et al. 2019).

4.2.3 Autophagy and oxidative stress induce ferroptosis under hyperglycemic conditions

and represent a potential target for treatment of altered iron homeostasis in GDM
To identify the cellular pathways mainly mediating the effects of GDM on placental iron
homeostasis we focused on mechanisms that have been implicated in both GDM and
cellular iron imbalance: ER-stress (Yung et al. 2016; Vecchi et al. 2009), autophagy
(Avagliano et al. 2017; Dixon et al. 2012) and oxidative stress (Peuchant et al. 2004).
Despite reports of increased ER-stress in GDM patients, we did not find marked changes
in placental BiP-expression by immunoblotting. However, we detected reduced p62
protein and decreased LC3-Il protein in H and HL compared to N. LC3-Il is the lipidated,
membrane-bound form of the widely used autophagic marker LC3 (Kabeya et al. 2000).
Likewise, the downregulation of the p62 protein, also known as sequestosome or
SQSTM1, indicates reduced autophagy, indicates reduced autophagy (@vervatn et al.
2010). Further extensive analyses revealed increased oxidative damage and reduced
antioxidative capacity in both hyperglycemic cell models. Both GSH depletion and

accumulation of oxygen activated lipids as shown in Figure 35A/C on p.105 are two of the
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main characteristics of the distinct regulated cell death process called ferroptosis. The
non-apoptotic cell death pathway ferroptosis is induced by disruption of GSH synthesis,
depends on high intracellular iron levels and accumulation of lipid peroxides (J. Y. Cao and
Dixon 2016). Although our results have limited depths in the analysis of the cellular
pathways like ER-stress and autophagy, they strongly suggest oxidative stress-mediated
ferroptosis as a hallmark of the disturbed placental iron homeostasis which should be
further investigated. So far hyperglycemia is not characterized as known promotor of
ferroptosis, however our results including reduced GSH levels, disturbed transcellular iron
transport and increased lipid peroxidation indicate ferroptosis as mediator between

hyperglycemia and altered placental iron homeostasis.

To further confirm the concept that oxidative stress is a key pathway stimulated by
hyperglycemia and a trigger for the placental regulation of iron-homeostasis, we
performed rescue experiments by treating the cells with the antioxidant NaSe. Se-
supplementation has been shown to protect trophoblasts from both endogenously and
exogenously applied oxidative stress (A. Khera, Vanderlelie, and Perkins 2013; Alisha
Khera et al. 2017). Reduced selenoenzyme activity during pregnancy results in oxidative
stress within tissues was associated with premature birth, miscarriage, preeclampsia, and
intrauterine growth retardation (Zachara 2018). NaSe supplementation has been shown
to protect trophoblast cells from both endogenously and exogenously applied oxidative
stress (A. Khera, Vanderlelie, and Perkins 2013) as selenium is essential for the expression
and activity of the endogenous antioxidant systems dependent on the selenoenzymes
glutathione peroxidases (GSH-Pxs), thioredoxin reductases (TrxRs), and selenoprotein P
(SePP) (Alisha Khera et al. 2017; Zachara 2018). There are 3 different Se-dependent
glutathione peroxidases present in humans, and these are known to add two electrons to
reduce peroxides by forming selenole (Se-OH) and the antioxidant properties of these
selenoenzymes allow them to eliminate peroxides as potential substrates for the Fenton
reaction. Selenium-dependent glutathione peroxidase acts in association with GSH, which
exists in high concentrations in cells and catalyzes the conversion of hydrogen peroxide
or organic peroxide to water or alcohol while simultaneously oxidizing GSH (Kurutas
2016). Selenium supplementation strengthens the endogenous antioxidant potential of

trophoblasts without disturbing the essential balance between oxidants and antioxidants
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in living cells. Indeed, increasing the antioxidant potential in our experiments almost
completely reverted the hyperglycemic effect on iron homeostasis genes. Additionally, Se
supplementation protected BeWo cells under H and HL by reducing lipid peroxidation and

eliminating protein carbonylation.

These results suggest that antioxidant supplementation is beneficial for pregnant women
with increased risk of GDM, e.g. due to obesity, high fat diet, or excessive weight gain in
pregnancy by protecting the placenta and the fetus against oxidative stress caused by
hyperglycemia, high iron status or both. Furthermore, these findings support potential
concerns regarding the recommendation of routine iron supplementation among iron-

replete pregnant women (Rawal et al. 2017).

Figure 48B summarizes the findings associating GDM with altered placental iron

homeostasis.

4.2.4 lron deprivation affects glucose homeostasis in trophoblasts

José Manuel Fernandez-Real and colleges suggested a bidirectional relationship between
iron metabolism and type 2 diabetes, i.e. iron affects glucose metabolism and glucose
metabolism affects iron metabolic pathways (Fernandez-Real, Lopez-Bermejo, and Ricart
2002). As described before, oxidative stress seems to be a key factor in the effect of
hyperglycemia and hyperlipidemia on placental iron homeostasis. However, there are
contradictory publications about the relation between iron supplementation or maternal
iron status and the increased the risk to develop GDM. While Afkhami-Ardekani et al.
demonstrated in 34 women with diagnosed GDM and 34 non-GDM women an association
between increased maternal iron status and GDM (Afkhami-Ardekani and Rashidi 2009),
Chan et al. compared 565 women receiving 60 mg iron supplementation and 599 placebo
controls and found that iron supplementation from early pregnancy onwards does not
increase the risk of GDM (Chan et al. 2009). To our knowledge, there is no literature
investigating whether different iron levels could have a direct effect on placental glucose
uptake capability. Therefore, we challenged normoglycemic BeWo cells by inducing iron
deficiency and iron overload and analyzed GLUT1 expression over time. GLUT1 expression
and activity at the placental barrier and glucose concentration in the maternal blood are
mainly responsible for the glucose transport during pregnancy (Baumann, Deborde, and

lllsley 2002). Against our expectations iron deficiency, but not iron overload induced
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GLUT1 expression and glucose uptake (Figure 37 on p.110). Interestingly, in this
experiment GLUT1 upregulation and stimulation of glucose uptake was pronounced
especially after 15 uM DFO treatment. However, it is difficult to explain this phenomenon.
Estimating an iron concentration in the iron deprivation experiment of approx. 3.3 uM
(0.3 uM Ferric Nitrate Fe(NOs)s + 3.0 uM Fe3* from 10% FBS a 30 uM Fe3* = 3.3 uM Fe3* in
DMEM-lowG + 10% FBS) a DFO concentration of 15 uM is supposed to chelate 5-times
more iron than theoretically available. Previously, GLUT1 expression at the BM has been
shown to be rate-limiting in the materno-fetal transfer of glucose (Vardhana and llIsley
2002), hence alterations in GLUT1 expression at the BM would have significant
consequences for fetal glucose supply. Whether the DFO-mediated increase in GLUT1
protein levels was affecting GLUT1 expression on BM or rather on MVM has not been
investigated yet. Although GLUT1 expression at the BM was found elevated in GDM
before, corresponding with a functional increase in glucose transfer (Gaither, Quraishi,
and lllsley 1999), a better understanding and more experimental evidences are needed to
estimate the presence and magnitude of a relationship between increased GLUT1
expression under iron deprivation and GDM. Of note, whether oxidative stress or other
ferroptosis-related mechanisms are sufficient to affect placental glucose homeostasis via
GLUT1 expression need further experimental approaches (as indicated in Figure 48B on
p.154). However, at the present stage we were able to demonstrate that DFO-mediated
iron deprivation does not only result in increased GLUT1 expression on mRNA and protein
level, but also in enhanced glucose uptake into BeWo trophoblasts. These findings confirm
a bidirectional relationship between iron levels and placental glucose homeostasis via
oxidative stress as previously suggested (Fernandez-Real, Lopez-Bermejo, and Ricart

2002).

The schematic model in Figure 48B summarizes the effects of GDM and hyperglycemic
conditions on placental iron homeostasis and materno-fetal iron transfer. Our data
indicate that impaired autophagy and increased oxidative stress under hyperglycemic and
hyperglycemic combined with hyperlipidemic conditions alter the expression and partly
also the localization of transporters and thereby affect placental iron transfer. The
observed adaptations could be part of a protective mechanism preventing oxidative

damage for both the fetus and the placenta caused by hyperglycemia, highly oxidative
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iron and excessive iron levels. Treatment with antioxidants such as selenium helps to
balance placental oxidative stress levels by increasing GSH levels or DFO to reduce
putative harmful iron levels and could thereby counteract impaired iron homeostasis
found in GDM patients. These results indicate fundamental changes in the organization of

transplacental iron transport under hyperglycemic conditions.
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Figure 48: Schematic representation of the mechanisms and regulation of materno-fetal iron
transfer across the placenta and dysregulation under hyperglycemic conditions. A, Iron (Fe) is
transferred from the mother to the fetus across the blood-placenta barrier (right to left). The
placenta is in direct contact with the maternal blood circulation via a monolayer of syncytialized
trophoblast cells (blue). After transferrin receptor (TfR1)-mediated iron uptake by clathrin-
dependent endocytosis at the maternal side of the syncytiotrophoblasts (villous membrane on the
right side) into endosomes, divalent metal transporter 1 (DMT1) is supposed to release iron from
endosomes into the cytosol. Cytosolic iron is transferred to the fetal circulation through the iron
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exporter ferroportin (FPN1). The exact mechanisms as well as the role of other transporters such
as the Zrt- and Irt-like proteins (ZIP) ZIP8 or ZIP14 in transplacental iron transfer are currently still
unclear. (A, yellow) Gestational diabetes mellitus (GDM) alters iron homeostasis in placental tissue
through specific regulation of iron homeostasis genes involved in uptake (TfR1), transport (DMT1,
ZIP8, FPN1), oxidation (zyklopen, Zp) and regulation (iron regulatory protein 1, IRP1; Hepcidin,
HEPC) on mRNA (highlighted dark red arrows) and/or protein level (highlighted blue arrows). The
major changes on expressional level comprise reduced DMT1, FPN1, ZIP8, and TfR1 abundance,
and alterations in DMT1 localization. The current study identified increased reactive oxygen
species (ROS) and reduced autophagy as factors involved in altering iron homeostasis under
hyperglycemic conditions. B, Schematic model summarizing the effects of GDM and
hyperglycemic conditions on placental iron homeostasis and materno-fetal iron transfer. Our data
indicate that impaired autophagy and increased oxidative stress under hyperglycemic and
hyperglycemic combined with hyperlipidemic conditions alter the expression and partly also the
localization of transporters and thereby affect placental iron transfer. Treatment with antioxidants
such as selenium increasing glutathione levels or deferoxamine (DFO) reducing putative harmful
iron levels could thereby counteract impaired iron homeostasis found in GDM patients.

4.2.5 Mice under HFHS diet represent a suitable GDM model to study iron homeostasis
Although the clinical parameters of our GDM cohort showed most of the typical
characteristics described in literature (Rawal et al. 2017; Stirm et al. 2018), there are
marked differences and variations concerning the time of diagnosis, optimal treatment
and care during pregnancy and postpartum, making human GDM cohorts from clinical
screenings highly heterogeneous (Nielsen et al. 2014). This was also found in our GDM
cohort (Table 10 on p.90). For example, we included in our the GDM group patients who
were either treated with insulin (n=8) or received recommendations for a diabetes diet
(n=3). Under these circumstances it is difficult to define the grade of placental exposure
to hyperglycemia (Nielsen et al. 2014). Therefore, we aimed to find a suitable mouse
model in which we could further explore the association between GDM and altered
placental iron homeostasis. Indeed, it was reported in literature that wildtype mice
receiving a western diet or HFHS diet from the first day in pregnancy onwards showed
compromised maternal glucose tolerance and insulin sensitivity in association with
dysregulated lipid metabolism, thereby mimicking typical GDM symptoms (Sferruzzi-Perri
et al. 2013; Musial et al. 2017).

In collaboration with the University of Cambridge we made first steps in investigating this
mouse model for the expression of iron related genes. Interestingly, analogous to human
GDM, placentae from HFHS fed mice showed highly comparable expression patterns of

iron homeostasis genes (Figure 38 on p.112). Similar to human GDM, the placentae from
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HFHS mice also seem to protect the fetus and themselves from excessive oxidative iron
levels. Therefore, mice under HFHS diet could serve as suitable model to further
investigate the molecular and physiological relationships between GDM and altered
placental iron homeostasis and to study the therapeutic effects of antioxidants. The
access to a mouse model mimicking human GDM would further allow to assess the impact
of disturbed iron and glucose homeostasis on embryonic development. Furthermore, the
high similarity between the expression pattern of iron homeostasis genes in human GDM
and HFHS mice confirm and strengthen the observations discussed and characterized

before, despite of the prevalent heterogeneity in the human GDM cohort.

4.3 Strategy for generation of SLC knockout trophoblast cell lines

Similar to other sequence specific genome editing tools such as TALENs (transcription
activator-like effector nucleases) or ZFNs (Zinc-finger nucleases), CRISPR/Cas9 is also able
to produce double strand breaks on a specific locus, but it has higher mutation
efficiencies, is rather easy to use and can be used for multiplex genome editing (Ran et al.
2013). For example, it takes 3-4 days from the idea to target a certain gene until having
the target site-specific sgRNA in hand (Bassett et al. 2013). This contrasts with the much
more laborious re-engineering or selection of meganuclease, Zinc finger nuclease (ZFN) or
Transcription activator-like effector nucleases (TALEN) proteins for each new genome
target, which requires weeks or up to months (Robb 2019). This makes CRISPR/Cas9
mutagenesis a powerful tool for all kind of applications based on gene sequence
manipulation including multiplex targeting and knock-in genome editing. CRISPR/Cas9 has
been shown to be an efficient tool in genome engineering of primary cells, using
adenoviral CRISPR/Cas9 vector human lung fibroblasts and human bronchial epithelial
cells (Voets et al. 2017). Furthermore, human T-cells were efficiently targeted by
electroporation-mediated transfection of RNP (Schumann et al. 2015). Recently, the
progress for targeted gene therapy was published to engineer patient derived induced
pluripotent stem cells with CRISPR/Cas9 (Dannenmann et al. 2020). However,
CRISPR/Cas9 mutagenesis as technical tool has been rarely used in the field of placental
nutrient transport research. It was reported that it is feasible to generate knockout BeWo
cell lines using the CRISPR/Cas9 technology (Msheik et al. 2019; Koviacs et al. 2019). Kovacs

et al. were able to knock out the gene of interest by electroporation of RNP complexes
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into BeWo cells. Also embryonic stem cells were successfully knocked out for the ETS
domain-containing transcription factor (ERF) gene, coding for a transcription factor
involved in the differentiation of trophoblasts (Si et al. 2019). Forbes et al. compared the
transfection efficiency of BeWo to primary trophoblasts transfected with different
cationic lipid-based reagents and electroporation method (Forbes et al. 2009). They found
that transfection efficiency in BeWo cells (40-70 %) is generally lower or similar to those

of primary cells (40-95%).

Within this study, we aimed to generate stable knockout BeWo cell lines to study the
relevance of single nutrient transporters in the complex placental amino acid and iron

transfer across the human placenta.

Targeting single gene sequence by CRISPR/Cas9-mutagenesis allows the assessment of
the role of a specific transporter in complex nutrient transport pathways such as materno-
fetal amino acid or iron transport. Trophoblast cells lacking the function of single nutrient
transporter by CRISPR/Cas9-mediated knockout, could help to reveal their role at the
materno-fetal barrier in the human placenta. Novel findings in this context are important
to unravel the causes and consequences associated with impaired transfer of nutrients in

specific pregnancy diseases.

There are only few published articles about CRISPR/Cas9-mutagenesis in placental
research. Recently, knockout BeWo cell lines were generated using the CRISPR/Cas9
technology for transcriptomic profiling to identify new target genes relevant for
trophoblast fusion using BeWo and JEG-3 cells (Msheik et al. 2020). There were two major
strategies to introduce sgRNA and functional Cas9 for mutagenesis via double-strand-
break by non-homologous end joining (NHEJ). We tested the transfection of Cas9-plasmid
and sgRNA (target-specific ribonucleic acid generated by IVT or transfection of
preassembled complexes of sgRNA and Cas9, also called RNP. As mentioned above,
Kovécs and colleges were able to knock out the gene of interest by electroporation of the

RNP complex into the cells (Kovacs et al. 2019).

157



Discussion - Strategy for generation of SLC knockout trophoblast cell lines

4.3.1 Design of potential CRISPR/Cas9 target sites, sgRNA synthesis and optimization of
BeWo transfection
The design of the CRISPR/Cas9 target sites and corresponding primer pair for target site
amplification and sequencing was performed with bioinformatic tools as previously
described (Bassett et al. 2013; Gagnon et al. 2014; Burger et al. 2016). Target sites at the
beginning of the gene and at positions essential for transcription are preferred because if
an indel mutation happens, the frame shift would affect the whole gene and transcription
would be blocked, respectively. We considered to choose one target site presumably
inducing destructive effects in all isoforms of all target gene variants. In case of DMT1
targeting, there are four human isoforms of DMT1 to be considered having all the same
metal-ion transport efficiencies (Mackenzie et al. 2007). Candidate target sites were
tested for uniqueness in the online BLAST tool from NCBI to avoid off-target effects.
Additionally, we sequenced selected target sites of all target genes to make sure that the
target site has 100% identity with the endogenous gene sequence in the BeWo cell batch

that we use.

To generate knockout BeWo cell lines by CRISPR/Cas9 mutagenesis for LAT1, LAT2, DMT1
and ZIP8, two approaches based on either Cas9 plasmid or Cas9 protein delivery and 2-3
different transfection reagents per approach were tested. The transfection methods were
optimized for Cas9 plasmid together with target-specific sgRNA using Xfect transfection
reagent (TAKARA). For transfection of pre-assembled Cas9 protein sgRNA (RNP) the
jetCRISPR (Polyplus) reagent reached the highest transfection rate and GFP-signal

induction in BeWo cells, respectively.

Finally, the transfection of the Cas9 plasmid by Xfect transfection was optimized up to an
efficiency of approx. 49% in BeWo cells. This result was almost comparable to the
efficiency in the easy to transfect cell line HEK-293 with approx. 76% efficiency. The
plasmid is with the size of 9271 bp quite big and might have a negative impact on the
transfection efficiency. A comparable efficiency of 50% using Lipofectamin 2000 for siRNA
transfection in BeWo has been reported (Forbes et al. 2009) and also the non-liposomal
reagent FUGENEG led to successful transfection in BeWo (Kudo et al. 2003). Of note, the
Xfect transfection reagent has been designed to transfect plasmids only. In our approach

we used it to transfect the plasmid together with the single-stranded sgRNA. There is no
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protocol for this kind of application and no literature for successful CRISPR/Cas9
transfection with this reagent. Therefore, it is possible that the sgRNA has not been
transfected or the 2:1 molar ratio of sgRNA : plasmid as described in other similar

protocols was not appropriate.

However, the Cas9-sgRNA RNP approach was promising due to maximal mutagenesis
efficiency of up to 100% by targeting GFP in ubiquitously GFP expressing zebrafish embryo
(Burger et al. 2016). Also Kim et al. 2014 and Liang et al. 2015 showed that the delivery of
RNP complexes have the advantage of fewer off-targets and higher editing rate. The
transfection protocol using Xfect Protein was not designed for this kind of transfection,
but it was adapted to the jetCRISPR protocol, which was optimized for RNP transfection.
After unsuccessful transfection and sorting procedures additional assays with the Xfect
Protein reagent, were omitted and instead the jetCRISPR reagent was further used for
knockout generation. The sorting procedure turned out to be difficult because of the weak
GFP signal after Cas9 protein transfection. It was not clear, if the Cas9-GFP was already
degraded 48 h post transfection when FACS analyses were performed or whether the GFP
signal on the Cas9 protein was not strong enough. Another reason for low transfection
efficiencies could be the labeling of the Cas9 protein with GFP. This increases the cargo

size of the RNP and therefore affect the delivery efficiency (Schubert et al. 2017).

Overall, the generation of LAT1, LAT2, DMT1 and ZIP8 transporter knockout in BeWo cell
lines was despite different approaches not successful as demonstrated by the final target
site sequencing analysis (see Figure 45 on p.126 and in Figure 46 on p.128). The reason
for this could not be conclusively clarified. As the design of the target sites was performed
as previously described in the literature and with the help of widely used online tools,
sequence errors in the target site can be largely excluded. The chosen transfection
reagents Xfect and Xfect Protein were originally not designed for combined Cas9 and
sgRNA applications. Although GFP signal was detected after application of our optimized
protocols (Figure 41 on p.117), it was not clear whether also the sgRNA as well as the Cas9
plasmid and the Cas9 protein, respectively, was delivered into the cell. Furthermore, it
has been demonstrated that CRISPR/Cas9 applications could be blocked for the access of

repair enzymes by a persistent binding of the Cas9 protein to the DNA at the cutting site,
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which occurred in 15% of CRISPR/Cas9 transfections before (Clarke et al. 2019). Hence, if

the double strand break cannot be repaired, no mutations occur.

The sgRNA was produce by T7-MAXIscript® IVT according to previously optimized and
published protocol (Burger et al. 2016). The bioanalyzer analysis revealed that there was
no RNA shedding and further gave an estimation of the RNA concentration. There were
two bands at 100 and 200 bp detected in the bioanalyzer analysis representing both
sgRNA. It is a common phenomenon that the T7 polymerase can accept the former
template and extend this RNA if the 3’end is not folded into a stable secondary structure
(Triana-Alonso et al. 1995). Since the RNA concentration is calculated subsequentially to
the bioanalyzer according to 28s/18s ribosomal RNA analysis, which was not present in
the sgRNA after IVT, these concentration estimations were not reliable. Therefore,
concentrations determined by Nanodrop were considered for further calculations for

transfection.

4.3.2 Characterization of CRISPR/Cas9 mutant cell candidates

Immunoblotting of the obtained cell lines lysates with antibodies against LAT1, LAT2, ZIP8
and DMT1 protein after transfection and FACS sorting procedure was successful, but
revealed, despite of CRISPR/Cas9 targeting, target gene expression. Most of the candidate
clones generated from the transfection with Xfect plasmid and sgRNA showed even higher
expression compared to untransfected BeWo cells. The mRNA upregulation of the
transporter ZIP14 and the slightly increased levels of DMT1 mRNA could be the result of
compensation, while the overexpression of HEPHL1 could be interpreted as cellular
protection mechanism against an excess of toxic ferrous iron. Furthermore, the
downregulation of FPNI mRNA could be to keep iron levels in the cells by reduction of
iron export. The down regulation of the iron regulator HEPC would lead increased iron
acquisition in vivo via increasing FPN1 expression in maternal enterocytes. These
expressional changes seemed to follow a certain pattern, that could suggest a molecular
reorganization on transcriptional level to maintain iron homeostasis duet to a putative
transporter loss. However, there were few clones showing a downregulation on protein
level of approximately 50% (e.g. LAT2) compared to the no-sgRNA transfected control.
However, eight out of eleven quantified DMT1 knockout candidates showed increased

protein levels compared to BeWo control cells as well (see Figure 43 on p.121). ZIP8
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knockout candidates were more promising in immunoblot analysis because most of them
showed downregulation. Because 100 or 200 cells were sorted in one well, a knockdown
phenotype was regarded due as possible. In this case, it is possible that not all alleles of

every cell were mutated.

For future investigations, independent whether expressional of functional measurements
are performed, a specific control undergoing the whole transfection and sorting
procedure without being transfected with sgRNA should be included in every BeWo cell
targeting series and in all follow-up analyses. However, we have measured so far only
untransfected BeWo control cells and not an appropriate no-sgRNA control. The sorting
procedure to single, 100 or 200 cells/well might be an additional stress factor for the cells
and may disrupt the gene expression pattern directly after sorting (Richardson, Lannigan,
and Macara 2015). However, in our experiment the protein lysates were taken several
weeks after sorting, adaption and sufficient proliferation. Another factor is the
transfection procedure which apparently resulted in increased protein expression of the

cells.

While the functional characterization of CRISPR/Cas9-mediated DMT1, ZIP8 and LAT1
knockout candidates resulted in an iron and leucine uptake capacity comparable to the
untransfected control cells, the LAT2 targeted clone B5 showed reduced leucine uptake
during 8 min (Figure 44 on p.124). Furthermore, the leucine uptake time course of clone
B5 was reduced independent of JPH203-mediated LAT1 or JX009-mediated System L
transport inhibition. Such characteristic inhibition patterns would be typical for successful
LAT1 loss of function mutation, but clone B5 was LAT2-targeted and anyway not mutated
as demonstrated later by target site sequencing (Figure 45 on p.126). Desforges and
Westwood showed that upon transfection with lipid-based reagents ligand-independent
activation of insulin/IGF-1 receptor can be triggered (M Desforges and Westwood 2011).
This leads to a stimulation of System A and ASC transporters like SNAT1/SLC38A1 or
ASCT2/SLC1A5. Both transporters are relevant for Na*-dependent glutamine uptake
enabling glutaminolysis within the cells, which is an important energy source for
proliferation of cancer cells like BeWo (A. Bréer, Rahimi, and Bréer 2016). This effect could

additionally influence leucine uptake behavior of targeted cells.
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Sanger sequencing combined with TIDE analyses finally revealed that no genetic
modification in the CRISPR/Cas9 targeted cell lines compared to BeWo control cells has
occurred. Considering this result, we assume that the decreased protein levels detected
in the immunoblot analyses and the altered leucine and iron uptake of the CRISPR/Cas9
targeted cells were side effects of the transfection and FACS sorting procedures. For these
two analyses we have measured so far only untransfected BeWo control cells and not an

appropriate no-sgRNA control which underwent the entire mutagenesis procedure.

We finally also considered the possibility, that CRISPR/Cas9-targeting of the nutrient
transporters LAT1, LAT2, DMT1 and ZIP8 resulted in severe impairments and cellular
lethality. If this hypothesis would be correct, we might have successfully targeted the
respective transporters, but the cells died upon knockout. To test these concerns, we
additionally targeted hCG with the same experimental approach. hCG is exclusively
expressed by trophoblasts, but not in HEK-293 cells. Thus CRISPR/Cas9 mutagenesis in
HEK-293 cells are expected to introduce indel mutations without causing a major
phenotype or being lethal. Furthermore, hCG has already been successfully silenced in
BeWo cells before and caused a phenotype at the STB-stage during and after
differentiation (Malhotra, Suman, and Gupta 2015). For further analysis, the Cas9 plasmid
and Cas9-RNP transfection and sorting procedure was performed according to our
optimized protocol, followed by target site amplification of targeted and untargeted no-
sgRNA control cells. Finally, the T7 endonuclease | assay demonstrated that also with this
approach there were no mutations introduced neither with the Cas9 plasmid nor with the
RNP transfection method. This finding strongly suggests a problem with the sgRNA
availability in the cell leading to an unsuccessful transduction of CRISPR/Cas9

mutagenesis.

In summary, based on our obtained results, further optimization procedures are needed
for the CRSPR/Cas9 approach. For our future CRISPR/Cas9 experiments with sgRNA we
will also test specialized commercially available kits for their efficiency in CRSPR/Cas9

modulated knockout of nutrient transporters.
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5 Conclusion

5.1 Amino acid transport

Accumulative transporters, exchangers and facilitators form complex placental amino acid
transport systems, which are dependent of intra-extracellular and materno-fetal
substrate gradients enabling an efficient materno-fetal transfer of essential amino acid

such as leucine against a counter-directed gradient.

Based on prospectively analyzed amino acid concentrations in the serum of mothers and
their newborns, we found associations with clinical and anthropometric values. First,
there were significant relations between maternal amino acid concentrations of LAT1-
specific substrates and maternal weights both before pregnancy and at term. These
findings allow conclusions regarding the dependence of the maternal nutritional stage
and the formation of transplacental gradients throughout gestation. Secondly, we could
show for the first time that there is a relation between materno-fetal gradients of various
LAT1 substrates and clinically relevant parameters such as maternal weight, gestational
weight gain, BMI, blood pressure, but also placental growth. These statistical correlations
confirm the hypothesis: “Materno-fetal amino acid gradients are crucial for transplacental
amino acid transport and correlate with selected maternal and fetal parameters.”
Moreover, these observations suggest that factors such as the maternal nutrition
influence the formation of materno-fetal amino acid gradients and thereby might have an
impact on reduced intrauterine growth in hypertensive gestational diseases like

preeclampsia.

Beside these observational studies, we could also demonstrate in functional in vitro
studies that leucine transfer across the materno-fetal barrier is increased against a
counter-directed gradient. These results confirmed the second hypothesis: “Counter-
directed amino acid gradients in vivo affect leucine uptake into trophoblasts and transfer
across the placental barrier.” These findings also revealed a so far underestimated
relevance of transplacental amino acid gradients in human pregnancy which could affect

pregnancy outcome and may play a role in fetal development.

In a more cell biology-oriented approach, we confirmed that high and asymmetric

expression of SLC7-family members makes the placental leucine uptake sensitive to LAT1-
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and LAT2-inhibition. Based on this, we compared the choriocarcinoma cell line BeWo to
primary trophoblasts and demonstrated that BeWo could serve as useful model system
to test putative LAT1 inhibitors and characterize their effects at an active amino acid
transporting and physiologically relevant cell barrier. Furthermore, we could show that
the application of compounds like the LAT1-specific small molecule inhibitor JPH203 or
the less specific System L transport inhibitor JX009, allows for distinguishing the
contribution of single leucine transporters across the placental barrier. The combined
application of the LAT1-specific inhibitor JPH203 and the System L-inhibitor JX009 in
Transwell® studies identified LAT1 as major leucine transporter having an essential role in
the materno-fetal supply of essential amino acids at the MVM and demonstrated the
usefulness of applying small-compound inhibitors bearing different specificities. The
identification of new lead structures or the further advancement of existing inhibitors
targeting System L-facilitators such as LAT3 and LAT4 could be valuable tools for assessing
the relevance of single transporters in materno-fetal amino acid transfer. From a
pharmacological point of view, a better understanding of the SLC7 transporter-mediated
supply of amino acids and its impact on pregnancy diseases including IUGR and GDM could
be a first step towards the optimization of fetal growth and its effect on fetal programming
in future. Due to the successful application of SLC7-specific small molecule inhibitors, we
could partially confirm the third and last hypothesis in the amino acid transport part:
“Specific inhibition of SLC7 transporters or knockout of single transporter genes can reveal
the relevance of single solute carriers in placental nutrient acquisition.” Of note, the short-
term treatment with small molecule inhibitors exhibiting different specificities also
reduces the risk of impacting trophoblast fusion and differentiation as for example with

long-term gene silencing or constitutive knockout.

5.2 lron transport

The findings outlined in this thesis explain clinical observations associating GDM with
dysregulated placental iron homeostasis on a cellular and mechanistic level. Our study
was based on a well-characterized clinical cohort, and combines clinical observations,
analysis of clinical samples with complementary investigations using in vitro cell models.
The newly established hyperglycemic cell models showed expressional changes which

closely resembled the alterations observed in GDM tissues allowing novel mechanistic
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insights. Due to the study design, we were not able to analyze additional iron-related

blood parameters such as ferritin levels, Tf saturation or blood status of the newborns.

We found in GDM significant differences in the expression, trafficking and function of
proteins involved in the uptake, transport, sensing, and regulation of iron, which clearly
confirmed the first hypothesis of the iron transport part: “The expression of placental
iron-transporters and iron-regulatory proteins is altered in GDM.” Newly established
trophoblast cell models exposed to hyperglycemic culture conditions, but also obesogenic
HFHS diet in wildtype mice, mimicked to a great extent the expression patterns found in
the clinical specimens of GDM patients at term. This strengthens the validity of our results
and demonstrates the significance of our findings. Cellular adaption to GDM-like
conditions reduced placental iron uptake by mechanisms involving alterations in
autophagy and oxidative stress pathways. These adaptations could be part of a protective
mechanism preventing oxidative damage for both the fetus and the placenta caused by
hyperglycemia and highly oxidative iron. Hence, a putative and clinically relevant relation
between hyperglycemia and altered iron transport in trophoblast was functionally
characterized, confirming the second iron transport hypothesis; “Simulation of
hyperglycemic and hyperlipidemic conditions in trophoblasts induces cellular stress and
affects iron uptake.” The almost complete reversion of hyperglycemic effects on placental
iron homeostasis gene expression in trophoblasts after antioxidant treatment suggests
beneficial effects of antioxidant supplementation in pregnant women with increased risk
to develop GDM. Taken together these results confirm the last hypothesis: “The reduction
of cellular stress levels recues placental iron homeostasis.” Such antioxidant treatment
could and should be further investigated using the HFHS mouse model spontaneously

developing GDM-like changes in iron homeostasis gene expression patterns.

The herein identified adaptive processes of the placenta in GDM are presumably part of a
protective mechanism preventing oxidative damage for both the fetus and the placenta
caused by hyperglycemia and highly oxidative iron. On the other side, these findings also
raise potential concerns regarding the recommendation of routine iron-supplementation
among iron-replete pregnant women. Importantly, our results suggest that antioxidant

supplementation could be beneficial for pregnant women with increased risk to develop
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GDM by protecting the placenta and fetus against oxidative stress caused by

hyperglycemia, high iron status or both.

5.3 CRISPR/Cas9-mutagenesis of placental SLC transporter

Within this smaller and more methodologically oriented part of the PhD thesis, we aimed
to target single genes relevant for leucine and iron transport across the placenta by
CRISPR/Cas9-mutagenesis. Trophoblast cells lacking the function of single nutrient
transporter by specifically and CRISPR/Cas9-mediated knockout, would reveal their role
at the materno-fetal barrier in the placenta. The generation of such SLC-knockout
trophoblast cell lines could have helped to unravel the causes and consequences
associated with impaired transfer of nutrients in specific pregnancy diseases. Probably
due to failed introduction of functionally active sgRNA into BeWo cells, we were
unfortunately not yet able to generate knockout cell lines. However, extensive
optimization of target site validation, the establishment of transfection and
characterization procedures of potential CRISPR/Cas9-mutant candidates on expressional
and functional level set the stage for successful future studies in this context. In fact, we
have created an advanced toolbox for a successful continuation of nutrient transporter
characterization by CRISPR/Cas9-mediated mutagenesis in human trophoblasts. This may
help to delineate the role of single placental nutrient transporters in a cell biological

context.
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6 Perspectives

The work presented in this thesis has shed light on specific molecular mechanisms related
to transplacental transfer of amino acids and iron, but it has also raised several questions
which should be addressed in future investigations. In the first part of this thesis, amino
acid concentrations in fetal and maternal blood from uncomplicated pregnancies were
measured and investigated by correlation analysis. To complement the amino acid
concentrations measurement, LC-MS/MS-based quantification of cysteine and its
metabolic products in serum should be intensified to provide additional information
about the unexpectedly low cysteine concentrations in all analyzed samples. Moreover,
LC-MS/MS-based amino acid quantification would further allow the assessment of the full
amino acid spectra in the fetal and maternal compartments of a Transwell® experiment
without depending on radio-labeled amino acid derivates as detectable substrate after
placental transfer. With this analytical advancement the monitoring of amino acid fluxes
and their metabolism would be feasible. In this system the clinically relevant System L-
mediated transport across the placenta could be investigated under physiological or even
pathophysiological conditions. Additionally, it could be tested whether an in vitro
placental barrier is able to create amino acid gradients which has never been

demonstrated before.

In our amino acid studies we identified two states into which healthy human term
placentae could be categorized, namely either an accumulative (positive FV-FA difference)
or a secretory (negative FV-FA difference) mode suggesting a temporary switch between
accumulation and secretion phases in placental amino acid transfer. This should be
confirmed by in vivo determination of FV-FA differences during pregnancy which could be
achieved by using in utero cordocentesis at different gestational stages (Irene Cetin et al.
1990; Mclntosh, Rodeck, and Heath 1984). Within the correlation studies, we found,
beside associations between materno-fetal gradients and maternal pregnancy weights,
also strong positive correlations with maternal systolic blood pressure at term. Based on
this finding, it would be interesting to compare materno-fetal amino acid gradients
between preeclampsia patients and a healthy control group within a prospective study.

This would allow to assess at an early stage of pregnancy, whether materno-fetal amino
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acid gradients are altered in pregnancies that subsequently develop hypertension and

become preeclamptic later in pregnancy (Sibai 2012).

In the last chapter of the amino acid part, we demonstrated the benefit of applying small
molecule inhibitors bearing different nutrient transporter specificities. Of note, there are
currently new inhibitor lead compounds, and, interestingly, also new SLC7 transport

activators in the pipeline of the SLC7 project of NCCR TransCure (https://www.nccr-

transcure.ch/research/projects/slc7-family-amino-acid-transporters/). These compounds

are currently being studied by other investigators in the context of cancer therapy
strategies. These newly developed compounds could be valuable tools for the
transporter-specific investigation of placental amino acid transfer as shown for inhibitors
within this project. Moreover, potent and safe activators of System L transporters should
be investigated in the context of placental biology since such compounds could be

interesting future drug candidates for the treatment of reduced fetal growth in IUGR.

In the second part of this PhD thesis, we investigated the relation between GDM and
dysregulated placental iron homeostasis by analyzing human placentae. Due to the
retrospective study design, we were not able to measure additional iron-related blood
parameters such as ferritin levels, Tf saturation or blood status of the newborns. These
parameters, however, would give valuable important additional information and could
support the current findings of altered placental iron homeostasis suggested in this study.
In this context, it would be beneficial to organize a prospective clinical study in
collaboration with the collaborating hospitals in Bern. Herein glucose tolerance tests and
the collection of maternal / fetal blood for the determination of systemic iron status
should be performed. These parameters should be combined with the expressional and
functional assessment of the corresponding placentae and isolated primary trophoblasts
cells as well as iron transport studies in villous explants and placental dual-perfusion. The
combination of all these ex vivo methods, that are already established in the Albrecht
laboratory, could shed more light on the molecular pathways disturbed in GDM.
Moreover, these in vitro and ex vivo model systems would allow to investigate iron
transporter expressional changes and/or functional transport time courses in
combination with the application of exogenous stress such as oxidative stress, hypoxia,

hyperglycemia or hyperlipidemia. Additionally, the effects of iron depletion by DFO

168



Perspectives - CRISPR/Cas9-mutagenesis of placental SLC transporter

treatment or increased antioxidative potential by NaSe supplementation could be further
elaborated. Another approach which should be followed-up is to design experiments with
mice developing GDM during pregnancy. The further establishment of diets, such as HFHS
to induce GDM in wildtype mice or to test antioxidative treatments in these mice would
allow to characterize effects on fetal growth and could provide deeper insights into the
relationship between placental glucose and iron homeostasis. Within future studies to
investigate the association between placental glucose and iron homeostasis, there should
be a special focus on the ferroptosis pathway. To date hyperglycemia is not characterized
as known promotor of ferroptosis, but our results strongly suggest disturbed
transplacental iron transport, GSH depletion and increased lipid peroxidation as mediator

between hyperglycemia and altered placental iron homeostasis.

There are also open questions concerning the placental iron transfer on a cellular level.
As emphasized in the introduction section of this thesis, a systematic approach to localize
all proteins potentially involved in placental iron uptake and transfer across the placental
barrier including alternative heme- and non-heme-iron transporter, receptors,
chaperones, storage proteins, reductases and oxidases, would inspire the whole field of
placental nutrient transport research. Isolation of different plasma and endosomal
membranes for expressional studies, confocal microscopy on placental tissue and
trophoblasts in the Transwell® system, preferentially with experts for correlative light and
electron microscopy such as Prof. Wanda Kukulski, who recently joined our institute,

would be a promising strategy of to achieve these goals.

Different technical approaches or the refinement and optimization of the current
methodology is also needed for the generation of knockout cell lines for nutrient
transporters by CRISPR/Cas9 mutagenesis. Although we adapted and optimized the
strategy and corresponding protocols to generate SLC transporter-specific trophoblast
knockout cell lines by CRISPR/Cas9 mutagenesis, we were not able to produce stable
BeWo cells bearing loss-of-function mutations. Our results in this context suggest a
problem with the transfection and/or the activity of the in vitro synthesized sgRNA. To
overcome this problem, we need to guarantee the introduction of functional sgRNA into
the cell. As a first approach, we recommend to further optimize the transfection by using

plasmids expressing both guide RNA and Cas9-GFP. Alternatively, commercially available
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kits should be carefully selected and tested for successful CRISPR/Cas9 mutagenesis of

nutrient transporters.

In parallel to the CRISPR/Cas9 approach in this PhD project, the Albrecht laboratory
started to establish placenta specific knockout mouse models targeting DMT1 and ZIP8
with support from Prof. Willy Hofstetter, University of Bern, and Prof. Mitchell D. Knutson,
University of Florida. To generate placenta specific DMT17" and Zip8’- mice, we utilize
mice expressing cre recombinase under the control of the mouse glial cells missing
homolog 1 promoter (Tg(Gcmil-cre)1Chrn/J), which specifically expresses the Cre
recombinase in syncytiotrophoblast layer Il cells of the labyrinth in mouse placenta (V.
Nadeau et al. 2009; Valérie Nadeau and Charron 2014). Geml-cre mice (Zip8*;
Gecm1Cre'®*) will be crossed with Zip8flox/flox (zjpgflox/flox.Gem1Cre*/*) to finally generate
female mice that produce Zip8flox/flox:Crete’* embryos under time controlled mating. Using
this approach, we lose Dmt1 or Zip8 expression only in trophoblasts, that are responsible
for nutrient transfer in mice. Importantly, this time-controlled mating approach allows the
investigation of mouse embryos at defined developmental stages. The fetuses will be
thoroughly characterized for changes in glucose and iron homeostasis. This will
complement our data generated in humans and will eventually provide new insights into

the role of the placenta in materno-fetal iron transfer.
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Abstract

Clinical studies suggest that pregnant women with elevated iron levels are more
vulnerable to develop gestational diabetes mellitus (GDM), but the causes and
underlying mechanisms are unknown. We hypothesized that hyperglycemia in-
duces cellular stress responses leading to dysregulated placental iron homeostasis.
Hence, we compared the expression of genes/proteins involved in iron homeosta-
sis in placentae from GDM and healthy pregnancies (n = 11 each). RT-qPCR and
LC-MS/MS analyses revealed differential regulation of iron transporters/receptors
(DMTI1/FPN1/ZIPSITfRI), iron sensors (IRP1), iron regulators (HEPC), and iron
oxidoreductases (HEPH/Zp). To identify the underlying mechanisms, we adapted
BeWo trophoblast cells to normoglycemic (N), hyperglycemic (H), and hyperglyce-
mic-hyperlipidemic (HL) conditions and assessed Fe’*-uptake, expression patterns,
and cellular pathways involving oxidative stress (OS), ER-stress, and autophagy.
H and HL induced alterations in cellular morphology, differential iron transporter
expression, and reduced Fe**-uptake confirming the impact of hyperglycemia on
iron transport observed in GDM patients. Pathway analysis and rescue experiments
indicated that dysregulated OS and disturbed autophagy processes contribute to the
reduced placental iron transport under hyperglycemic conditions. These adapta-
tions could represent a protective mechanism preventing the oxidative damage for
both fetus and placenta caused by highly oxidative iron. In pregnancies with risk for

Abbreviations: AGC, automatic gain control; BeWo, choriocarcinoma cell line (subclone b30); BiP, binding-immunoglobulin protein; BSA, bovine serum
albumin; BSS, balanced salt solution; cpm, counts per minute; DC, dose control; DMEM, Dulbecco's modified Eagle's medium; DMT], divalent metal
transporter 1 (SLC11A2); ER, endoplasmic reticulum: Fe, ferrum (iron); FPN1, ferroportin-1 (SLC40A1): GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GDM, gestational diabetes mellitus; GRP78, 78 kDa glucose-regulated protein; GSH, glutathione; H, hyperglycemic condition; HEPC,
hepcidin; HEPH, hephaestin: HL, hyperglycemic-hyperlipidemic condition; HRP, horseradish peroxidase; IRP1, iron regulatory protein 1; LC3-II,
phosphatidylethanolamine conjugated microtubule-associated protein 1A/1B-light chain 3; MDA, malondialdehyde; MS, mass spectrometry; MS/MS, liquid
chromatography—tandem MS: N, Normoglycemic condition; NaSe, sodium selenite; NCE, normalized collision energy; OD, optical density; oGTT, oral
glucose tolerance test; OS, oxidative stress; PBS, phosphate-buffered saline; PRM, parallel reaction monitoring: p62, ubiquitin-binding protein p62/
Sequestosome-1; ROS, reactive oxygen species; rpm, revolutions per minute; RT, room temperature; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; SD, standard deviation; SRM, selected reaction monitoring; TBARS, thiobarbituric acid reactive substances; TBST, Tris-
buffered saline with Tween20; tert-BOOH, tert-Butylhydroperoxide: Tf, transferrin; TfR1, transferrin receptor protein 1: TMI. total membrane isolation;
UBQ, ubiquitin C; YWHAZ, 14-3-3 protein zeta/delta; ZIP8, Zrt- and Irt-like protein 8 (SLC39A8): Zp, zyklopen (Hephaestin-like protein 1).
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1 | INTRODUCTION

Gestational diabetes mellitus (GDM), defined as any degree
of glucose intolerance with onset or first recognition during
pregnancy, is among the most common pregnancy compli-
cations and has in western countries a prevalence of ap-
proximately 5% and 9% in the United States,” respectively.
The etiology of GDM is multifactorial. Well-known mod-
ifiable risk factors for GDM include obesity, high-fat diet,
high blood pressure, excess weight gain in pregnancy, and
endocrine dysfunction.’ Several clinical studies ascertain a
positive association between GDM and elevated serum iron
levels. Thus it has been reported that glucose levels in oral
glucose tolerance tests (0GTTs) correlate positively with
the ferritin levels at early pregnancy.* Moreover, Rawal
et al found in a longitudinal prospective study a relation-
ship between GDM and increased ferritin levels already in
gestational week 10-14.° These results suggest that GDM-
mediated hyperglycemic conditions can affect the placental
iron homeostasis, but the pathophysiological association of
GDM and elevated maternal iron-plasma levels as well as
the underlying mechanism are still unclear. Moreover, these
findings raise potential concerns for the recommendation of
routine iron supplementation among iron-replete pregnant
women.

Both the hyperglycemic environment and increased iron
levels may play a role in the generation of oxidative stress
(OS) during pregnancy. OS occurs when the delicate bal-
ance between the generation of reactive oxygen species
(ROS) and production of antioxidant neutralizing spe-
cies, such as NADPH and glutathione (GSH), is disturbed.
Hyperglycemia increases the OS levels through different
metabolic pathways: it induces an overrepresentation of ROS
by antioxidant depletion° while concomitantly excessive iron
supplementation can expose women to increased lipid perox-
idation and protein carbonylation by intracellular generation
of ROS.”® Notably, whether hyperglycemia could alter iron
homeostasis in the placenta has not been explored yet. To
unravel the underlying mechanism associating GDM with
disturbed placental iron homeostasis, we studied whether
GDM-mediated hyperglycemia (1) affects the expression of
placental iron transporters and iron regulatory proteins, (2)
influences transplacental iron transport function in vitro and
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(3) causes disturbances in OS or autophagy pathways affect-
ing iron homeostasis in placental cells. Moreover, this study
discusses the putative involvement of ferroptosis, an alterna-
tive regulated form of cell death, which is characterized by
disturbed GSH synthesis and imbalanced cellular iron ho-
meostasis that leads to the generation and accumulation of
lipid peroxides.’

By establishing novel hyperglycemic trophoblast cell
models which overall mimicked the pathological changes
found in clinical GDM specimens, we demonstrated that
OS is majorly involved in the disturbed placental iron
homeostasis. Application of the antioxidant sodium sel-
enite (NaSe) rescued the cellular phenotypes suggesting
beneficial effects of antioxidant treatment in patients with
GDM.

2 | MATERIALS AND METHODS
All chemicals and reagents were purchased from Sigma-
Aldrich distributor in Switzerland unless otherwise stated.

2.1 | Patient selection and tissue collection

In this study 22 women with elective Caesarean section at
the Department of Obstetrics and Gynecology, University
Hospital Bern, Switzerland were enrolled. Placental tis-
sues were collected as previously described.' GDM was
diagnosed in 11 pregnancies according to the criteria of
the American Diabetes Association.'" The control group
(n = 11) consisted of term pregnancies without pathologies.
This study was approved by the cantonal ethical committee
(KEK_178/03), Bern, Switzerland, and written informed
consent was obtained from all participants.

2.2 | RNA isolation, reverse
transcription, and quantitative RT-PCR

RNA isolation, first-strand cDNA synthesis, and qPCR anal-
ysis was performed as previously described.'®'? Primer nu-
cleotide sequences are listed in Table 1.
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TABLE 1 Primer sequences used to quantify iron homeostasis and reference genes by RT-gPCR

Gene Forward sequence, 5'-3' Reverse sequence, 5'-3' fragment length [bp]
P-actin AACTCCATCATGAAGTGTGACG GATCCACATCTGCTGGAAGG 234
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452
UBC TCGCAGCCGGGATTTG GCATTGTCAAGTGACGATCACA 64
YWHAZ CCGTTACTTGGCTGAGGTTG AGTTAAGGGCCAGACCCAGT 143
DMTI TGCTATCAATCTTCTGTCT ACTGTAACATACTCATATCCA 177
ZIPS GACAGTTATGTTGAGAAGG TGACCATTCTGACCATAT 107
CP CACTTACACCGTTCTACA GTATGCTTCCAGTCTTCT 170
HEPH GCTGAGATGGTGCCCTGGGAAC AGGAGGGGCCATGGAGCAAGAC 117
HEPHLI AAGATTCAGAAGGAGCCCTATACCCAG CGTCGATGTGCGAATGGTACACCC 171
TfR1 GTAGATGGCGATAACAGT CCAATCATAAATCCAATCAAGA 167
FPNI1 AGATCACAACCGCCAGAGAG CACATCCGATCTCCCCAAGT 111
Zipl4 CTGCTGCTCTACTTCATA CAGACTTGGAGACATAATAATC 118
Mitoferrin AACACTCAGGAGAACGTGGC AAGCAATTTCTCGCTCCCCT 467
FTH TTGAGACACATTACCTGAA AAGAGATATTCCGCCAAG )
HAMP TCCCACAACAGACGGGACAACTTG GCAGATGGGGAAGTGGGTGTCTC 119
IREBI1 ACAAGCAGGCACCACAGACTATCC GCACCGTACTCTTTGCCAGCCAG 124
IREB2 GGTGGATTTTGCTGCTATGAGGGAG CACCTCCAGGATTTGGTGCATTCTG 155
HIF-la TCCATGTGACCATGAGGAAA CCAAGCAGGTCATAGGTGGT 251
SLC2A1 GAACTCTTCAGCCAGGGTCC ACCACACAGTTGCTCCACAT 114
If AGCCTGCACTTTCCGTAGAC AACCACTTGGGCCAGTGAAA 112
Hfe ATTGGAGAGCAGCAGAACCC TGGTAGGTCCCATCCCCATT 334
TfR2 CAATCACAGGACCTCCACCC GTTGTCCAGGCTCACGTACA 322
Steap3 GAAAACCACACTGGCTCCAAC CACAGGGGAAGTAAGCTAGAGTC 207
HCPI AACTAAGCACACCCCTCTGC AGGCTATTCACACAGGCCAC 244
HCP1 CGCTCACCACGCAGTATCTG GTGGGAGGTAAGGGTCTCCAC 131
HRG1 TTCTCAGAGTGCCCTTGCTG GCTGATACAAATGGCCGCTG 327
FLVCRI CTCGCGAAAGGATACCTCCC CTGGATCCACTGAAAGGCGT 330
FLVCR2 CCCAACATTGAAGACCGGGA AGCATTCACTTCTTCCCCCG 327
LRP1 CAGCAAACGAGGCCTAAGTC CATGGGTTGGTCACTTCGGG 201
SCARAS TCTGAGGGGACAAGGCTCTA CTTGCCCGCCGTTTGTGAC 195
HMOX1 ATGACACCAAGGACCAGAGC GTCGCCACCAGAAAGCTGAG 172
HMOX2 GGAAACCTCAGAGGGGGTAG TGTGAAGTAAAGTGCCGTGG 317

Note: Gene names and accession numbers are listed in Table 3.

2.3 | Protein quantification of placental
membrane proteins by mass spectrometry
(MS)

2.3.1 | Total membrane isolation

Prior to proteomic analysis total membrane isolation (TMI)
was performed for the depletion of high abundant proteins
(eg, albumin, I1gG). Approx. 50 mg of placental tissue from
snap-frozen samples was thawed in 1.3 mL lysis buffer
(250 mM Sucrose; 10 mM Hepes; protease inhibitor cock-
tail; adjusted pH to 6.95) and homogenized with a Polytron

homogenizer (Kinematica AG, Switzerland) in iced water.
Large cellular debris was removed by a first centrifugation
step at 1000 g (5 minutes, 4°C). The supernatants were sub-
jected to two differential ultracentrifugation steps at 10 000 g
(15 minutes, 4°C). After the Ist centrifugation the superna-
tants were collected, the pellets were resuspended in lysis
buffer, homogenized for 2 minutes, and subjected to the 2nd
centrifugation (same as before). The remaining pellet was
discarded. Membrane proteins were obtained after a final
ultracentrifugation step of the two combined supernatants at
125 000 g (30 minutes, 4°C). For quantitative LC-MS/MS
analysis the pellets were washed with 1 M KCl1 and 100 mM
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Na,COj;. The final TMI pellets were resuspended in 200 uL
50 mM Tris-HCI buffer (pH 8) using a glass-teflon homog-
enizer. The TMI homogenates were aliquoted and stored at
—80°C until proteomics analysis. Protein concentrations of
the TMIs were measured using Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, USA).

2.3.2 | Development of Parallel Reaction
Monitoring (PRM) assay

For the development of the quantification assay for a tar-
get set of proteins, a preliminary set of experiments was
performed to optimize the sample preparation and to se-
lect the proteotypic peptides of each target protein. About
30 pg protein of TMI samples were subjected to filter-
assisted sample preparation and tryptic digestion'? with a
subsequent desalting step by CI8 solid phase extraction
columns (Sep-Pak Fenisterre; Waters Corporation, USA).
The dried samples were re-solubilized in 3% acetonitrile,
0.1% formic acid, and spiked with iRT peptides (Biognosys,
Switzerland) for MS analysis which was performed on a
QExactive mass spectrometer coupled to a nano EasyLC
1000 (Thermo Fisher Scientific). Solvent composition at the
two channels was 0.1% formic acid for channel A and 0.1%
formic acid, 99.9% acetonitrile for channel B. For each sam-
ple 1 pL of peptides were loaded on a commercial Acclaim
PepMap Trap Column (75 pm X 20 mm, Thermo Fisher
Scientific) followed by a PepMap RSLC C18 Snail Column
(75 pm x 500 mm, Thermo Fisher Scientific). The peptides
were eluted at a flow rate of 300 nL/min by a gradient from
2% to 30% B in 115 minutes, 47% B in 4 minutes, and 95%
B in 4 minutes. The mass spectrometer was operated in
data-dependent mode, acquiring a full-scan MS spectrum
(300-1700 m/z) at a resolution of 70 000 at 200 m/z after
accumulation to a target value of 3 000 000, followed by
higher energy collision dissociation fragmentation on the 12
most intense signals per cycle. These spectra were acquired
at a resolution of 35 000 using a normalized collision en-
ergy of 25 and a maximum injection time of 120 ms The
automatic gain control was set to 50 000 ions. Charge state
screening was enabled and singly and unassigned charge
states were rejected. Precursor masses previously selected
for MS/MS measurement were excluded from further se-
lection for 30 seconds, and the exclusion window was set
at 10 ppm. The samples were acquired using internal lock
mass calibration on m/z 371.1010 and 445.1200.

The acquired raw MS data were processed by MaxQuant
(version 1.4.2.1),"* followed by protein identification using the
integrated Andromeda search engine. Spectra were searched
against a uniprot Homo Sapiens (taxonomy 9606) reference
proteome (canonical version from 2016-12-09), concatenated
to its reversed decoyed fasta database and common protein
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contaminants. Carbamidomethylation of cysteine was set as
fixed, while methionine oxidation and N-terminal protein
acetylation were set as variable modifications. MaxQuant
Orbitrap default search settings were used. Enzyme specific-
ity was set to trypsin/P. The MS proteomics data were handled
using the local laboratory information management system.'

2.3.3 | Optimization of sample
preparation protocol

Protein digestion for the 22 TMI samples was further im-
proved using a commercial iST Kit (PreOmics, Germany)
with an adapted version of the protocol. Briefly, 30 ug of
protein were solubilized in lysis buffer, boiled at 95°C for
10 minutes, and processed with High Intensity Focused
Ultrasound for 30 seconds setting the ultrasonic amplitude to
85%. Then the samples were transferred to the cartridge and
digested by adding 50 pL of the digestion solution (provided
in the kit). After 60 minutes of incubation at 37°C the di-
gestion was stopped with 100 L of stop solution (provided
in the kit). The solutions in the cartridge were removed by
centrifugation at 3800 g, while the peptides were retained
by the iST-filter. Finally, the peptides were washed, eluted,
dried, and re-solubilized in LC-Load buffer for MS analysis.

2.3.4 | Settings for label free and MS/MS-
based protein quantification

Solvent composition at the two channels was 0.1% formic
acid for channel A and 0.1% formic acid, 99.9% acetoni-
trile for channel B. For each sample 1 pL of peptides were
loaded on a commercial MZ Symmetry C18 Trap Column
(100 /D\, 5 um, 180 pm X 20 mm, Waters, Switzerland) fol-
lowed by nanoEase MZ C18 HSS T3 Column (100 A,
1.8 um, 75 um x 250 mm, Waters, Switzerland). The pep-
tides were eluted at a flow rate of 300 nL/min by a gradient
from 5% to 35% B in 50 minutes and 98% B in 5 minutes.
The Q Exactive HF performed MS scans (350-1250m/z) fol-
lowed by 16 MS/MS acquisitions in PRM mode. The full
scan event was collected at a resolution of 15 000 (at m/z
200) and an automatic gain control (AGC) value of 3e6 and
a maximum injection time of 15 ms. The PRM scan events
used an Orbitrap resolution of 120 000, maximum fill time
of 200 ms with an isolation width of 1.4m/z, an isolation
offset of 0.5 m/z and an AGC value of 2e5. Higher-energy
collisional dissociation fragmentation was performed at a
normalized collision energy (NCE) of 27. The whole method
included 74 L/H peptide precursors and 11 Biognosys iRT
standard peptides. Based on the spiked iRTs, the reten-
tion time of the target peptides was normalized and trans-
formed into iRT values'® allowing to set the scan windows to
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4 minutes for each peptide in the final PRM method (Table
S1). This ensured the measurement of 6-10 points per LC
peak per transition.

2.3.5 | LC-MS/MS assay

Based on preceding development of the PRM assay as out-
lined above, a set of proteotypic peptides was selected for
nine protein targets and three housekeeping proteins. For
proteins with no or less than three proteotypic peptides, ad-
ditional peptides were selected from the selected reaction
monitoring Atlas (www.srmatlas.org) as listed in Table SI.
Stable isotope-labeled standard peptides corresponding to
the proteotypic peptides and containing either a C-terminal
(13C(6) 15N(4)) arginine or a (13C(6) 15N(2)) lysine residue
were chemically synthesized via SPOT synthesis (JPT Peptide
Technologies, Germany) and used in unpurified form for
PRM analysis. In total, the scheduled PRM assay targeted 85
peptides (12 proteins, 37 peptides in Light/Heavy (L/H) form
and 11 iRT peptides). The MS/MS spectra of these peptides
were used for the generation of spectral libraries using Mascot
(Matrixscience) according to the parameters previously de-
scribed for MaxQuant. Finally, both the MaxQuant and the
Mascot search results were imported into the Skyline software
v3.7"7 and spectral libraries were built using the BiblioSpec al-
gorithm.18 Based on the spiked iRTs, the retention time of the
target peptides was normalized and transformed into iRT val-
ues'® allowing to set the scan windows to 4 minutes for each
peptide in the final PRM method (Table S1). This ensured the
measurement of 6-10 points per LC peak per transition.

A summary and graphical overview of the MS/MS-based
protein quantification approach from tissue collection, pla-
cental membrane protein preparation to membrane pro-
tein quantification as performed in this study is shown in
Figure S3.

24 | Semi-quantitative analysis of placental
iron transporters by immunohistochemistry

Tissues from GDM and control placentae were embedded in
Neg50-Frozen Section Medium (Histocom AG, Switzerland),
cut at 5 pm thickness and mounted on Superfrost plus slides
(Menzel, Germany). The frozen tissue blocks were stored
at —80°C upon sectioning. The tissue sections were fixed in
precooled acetone (—20°C) for 10 minutes and washed twice
for 5 minutes in 10 mM phosphate buffered saline (PBS, pH
7.4). Fixed sections were incubated in H,O,-Block (Dako) at
room temperature (RT) for 10 minutes to block endogenous
peroxidase activity and again washed twice in PBS. The same
placental tissues as used for RT-PCR and proteomic analysis
were stained on cryosections with antibodies against DMT1
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(anti-SLCI1A2 antibody clone 4C6 WHO0004891M1) and
FPN1 (anti-Ferroportin antibody PA5-22993, Thermo Fisher
Scientific). The primary antibodies were diluted in PBS with
0.5% bovine serum albumin (BSA) (DMTI, 1:1000; FPN1,
1:1000). Diluted primary antibodies (100 pL per slide) were
added to cover the tissue on the slides and incubated in a humid-
ified chamber (DMTT for 2 hours; FPNI1 for 1.5 hours) at 4°C.
For the visualization of the antigens on the next day UltraVision
LP Detection System (Thermo Fisher Scientific) was used ac-
cording to the manufacturer's instructions. Slides were washed
with PBS and incubated with Antibody Enhancer solution for
20 minutes. After an additional washing step with PBS, the
HRP polymer was added for 30 minutes, the slides were washed
again, and AEC chromogen was applied for 5 minutes in the
dark. Sections were washed in distilled water, counterstained
with hematoxylin and mounted with Aquatex (EMD Millipore
1.08562). Negative controls were stained without prior incu-
bation with the primary antibody. Immunohistochemical im-
ages were prepared with a DM6000 B microscope (Leica
Microsystems, Germany). The staining intensity of DMT1 and
FPNI expression in all specimens was semi-quantitatively
scored by a blinded external expert for pathological histology.
Staining intensity was rated on a scale of 0-3, with 0 = nega-
tive, 1 = weak, 2 = moderate, and 3 = strong.

2.5 | Colorimetric ferrozine-based assay for
iron quantification

Total iron content in placental tissues was determined using
a colorimetric ferrozine-based assay.'”  Approximately
50 mg placental tissue, taken from the same localization as
for mRNA and protein quantification, were lysed in 0.9%
cold NaCl and homogenized with a Polytron homogenizer
in iced water. FeCl; standard dilutions with concentrations
ranging from 1.562 to 300 uM were prepared in 10 mM HCl
diluent. NaOH solution was added with equal volume to the
samples to reach the same NaOH and HCI concentration as
in standard dilutions. Aliquots of these lysates were used
for iron quantification and protein measurements (Pierce
BCA Protein Assay, Thermo Fisher Scientific). Freshly pre-
pared iron releasing reagent (solution of equal volumes of
1.4 M HCI and 4.5% weight/volume (w/v) KMnQy,, in dis-
tilled water) was added 1:1 v/v. Samples were incubated
for 2 hours at 60°C. After cooling the samples to RT, iron
detection reagent (6.5 mM ferrozine; 6.5 mM neocuproine;
2.5 M ammonium acetate; 1 M ascorbic acid; all dissolved in
distilled water) was added in a 1:10 ratio v/v. Samples were
further incubated at RT for 30 minutes. The absorbance was
measured in duplicates at 550 nm using the microplate reader
(VMax Kinetic ELISA Microplate Reader with Softmax Pro
Software, Molecular Devices LLC, USA). Absorbance of
samples was compared to the absorbance of equally treated
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FeCl; standards. The iron content was normalized to the pro-
tein concentration of the sample.

2.6 | BeWo-based cell models for
hyperglycemia

The choriocarcinoma-derived BeWo cell line (clone b30)
was used as trophoblast cell model. BeWo cells were adapted
under normoxic (approx. 21% pO,) conditions and 5% pCO,
atmosphere to physiological glucose concentrations by grow-
ing them for approximately 30 passages in medium contain-
ing 5.5 mM glucose (DMEM-low glucose, Gibco). Beside
the normoglycemic condition (N; DMEM 5.5 mM glucose)
two hyperglycemic BeWo batches were created by expos-
ing the cells either to a hyperglycemic (H; DMEM 25 mM
glucose) or hyperglycemic/hyperlipidemic condition (HL;
H + 100 pM palmitic acid). The palmitic acid was prepared
by conjugation BSA adapted from Sinha et al.>° In brief,
palmitic acid was dissolved in pre-heated 0.1 M NaOH and
diluted 1:10 in pre-warmed 12% w/v BSA solution to obtain
a final concentration of 10 mM. N and H media contained
same amounts of 0.1 M NaOH and BSA without lipid.

2.7 | Transferrin-mediated iron
uptake assay

The different BeWo cell lines N, H, and HL were seeded
24 hours before starting the experiment into 96-well plates at
a density of 60 000 cells/well and incubated with the respec-
tive medium. The preparation of iron-binding transferrin (Tf),
the experimental procedure and calculation of the iron up-
take assay were adapted from.?! In brief, to prepare *FeCl,
(PerkinElmer, Germany)-labelled uptake solution, human
apo-Tf was dissolved in balanced salt solution (BSS; 136 mM
NaCl, 5 mM KCI, 1 mM CaCl,, I mM MgCl,, and 18 mM
HEPES, pH 7.4) and added to 7.5% w/v NaHCOs;. After brief
mixing, the previously mixed hot and cold iron was added for
Tf binding at 37°C for 2 hours. The concentrated Fe-Tf solu-
tion with the concentration of 45 nmol/mL Tf, 90 nmol/mL
3FeCl,, and 243 pmol/mL NaHCO; was diluted in BSS buffer
to final iron concentration of 179.8 pmol/mL. Binding of Fe**
to Tf was confirmed by measuring E,70,./Eogonm absorption
ratio (data not shown). The cells were washed 3x with BSS
and incubated 30 minutes at 37°C for equilibration before
100 pL of the diluted uptake solution was added. Iron uptake
was stopped at defined time points (1.5 minutes-2 hours) by
washing 3x with BSS. 10% of uptake solution volume was
measured separately to obtain dosage control (DC) values.
For cell lysis and 5Fe detection 100 uL scintillation solu-
tion (MicroScint-20, PerkinElmer) was added and the wells
were shaken for 1.5 hours at RT. Radioactivity was acquired
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by TopCount Microplate Scintillation and Luminescence
Counter (PerkinElmer, Germany). Counts per minute (cpm)
were determined for each timepoint and then transformed into
iron uptake in % of total dose using the following equation:

count/well (cpm) of S — count/well (cpm) of BG s

mean of DCx 10 I

Iron uptake (%)=

where S = Sample; BG = background; DC = dosage control.
To monitor the time-dependent adaptation processes on a

functional level, iron uptake time courses in BeWo cells were

performed for 30 days under N, H, and HL conditions.

2.8 | Assessment of autophagy and ER
stress by immunoblotting

Protein expression changes of biomarkers for endoplasmic
reticulum (ER) stress (BiP/GRP78) and autophagy path-
ways (p62, LC3-II) were determined by immunoblotting.
BeWo cells were lysed by adding hypotonic lysis buffer
(10 mM Tris-HCI; 10 mM NaCl; 1.5 mM MgCl,, 1% Triton
X-100; protease inhibitor cocktail; pH 7.4). The samples
were vortexed in hypotonic lysis buffer every 5 minutes
during 30 minutes on ice for thorough lysis of the cells.
Subsequently, the cell lysates were centrifuged at 1000 g
for 10 minutes at 4°C to remove cellular debris and stored
upon analysis at —20°C. Protein content was measured using
a commercial Pierce BCA Protein Assay Kit. 20 pg cell
lysates were loaded on 10% acrylamide gels and separated
by SDS-PAGE. The immobilized bands were then semi-dry
transferred to nitrocellulose membranes (GE Healthcare).
Blots were blocked with 5% w/v nonfat milk in Tris Buffered
Saline with 0.1% Tween-20 (TBST). The following primary
antibodies were used: Purified Mouse Anti-BiP/GRP78 (BD
Transduction Lab. 610978), SQSTM1/p62 Antibody (Cell
Signaling Technology 5114S), Anti-LC3-I/II Antibody
(Millipore ABC929), and for the reference signal (load-
ing control) mouse anti-f-actin antibody (Sigma A2228).
Primary antibody incubations were performed at 4°C by
shaking overnight, followed by four times washing with
TBST, and incubation with DyLight 680 or 800 fluorescence
conjugated secondary antibodies (Thermo Fisher Scientific).
The specific bands for BiP/GRP78, p62 and LC3-II were
densitometrically analyzed (OdysseyW Sa Infrared Imaging
System; LI-COR) and related to p-actin as loading control.

29 | Oxidative damage and antioxidative
potential of trophoblasts

To measure OS levels in the BeWo cell models (N, H, and
HL), we determined products of the lipid peroxidation cycle
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and protein carbonylation. Furthermore we assessed the an-
tioxidant potential of BeWo cells by quantifying GSH levels
according to.”

29.1 | Measurement of lipid peroxidation
products (TBARS)

The products of lipid peroxidation, such as malondialde-
hyde (MDA), were measured using a thiobarbituric acid
reactive substances (TBARS) assay in cell culture media.
MDA combines with thiobarbituric acid (TBA) in a 1:2
stoichiometry to form a fluorescent adduct. TBARS are
expressed as MDA equivalents and normalized to total
cellular protein concentration.”® Cell media were col-
lected after 30 days of treatment and stored upon analysis
at —20°C. For the other OS assays the cells were trypsi-
nized, washed in cold PBS, and stored at —20°C. 15% w/v
trichloroacetic acid (TCA, Merck, Germany), sample or
MDA standard (1,1,3,3 Tetraethoxypropane) and 0.67%
w/v TBA (VWR, Switzerland) in 2.5 M HCI were mixed in
a 4:5:8 ratio, vortexed,and boiled for 20 minutes at 95°C.
The MDA standard curve was prepared as a 1:2 dilution
series from 2 to 0.007 nmol/mL. After cooling the sam-
ples to RT, 2 mL 1-butanol was added and gently mixed.
Spinning the samples for 1 minute at 1000 g speeded up
the phase separation. For the measurement the butanol
phase (top) was transferred to a black-wall 96-well plate
and measured using Flex Station II fluorescence micro-
plate reader (Thermo Fisher Scientific) at an excitation/
emission wavelength of 530/550 nm, respectively. MDA
equivalents were calculated by interpolation to the MDA
standard curve.

2.9.2 | Measurement of protein
carbonylation

Carbonyl groups (aldehydes and ketones) are produced on
protein side chains when they are oxidized. The detection of
protein carbonyl groups involves their reaction with 2,4-di-
nitrophenylhydrazine (DNP), which leads to the formation
of a stable 2,4-dinitrophenylhydrazone product, followed by
its spectrophotometric quantification.** The cell pellets were
resuspended with 2.5% w/v TCA and centrifuged at 11 000 g
for 3 minutes. 500 uL of 10 mM DNP in 2 M HCI was added
to the precipitates, and allowed to stand for 1 hour at RT, with
vortexing every 10-15 minutes. Thereafter, 20% w/v TCA
was added for precipitation, followed by three washing steps
with ethanol-ethylacetate (1:1) to remove free reagent. The
precipitated proteins were dissolved in 600 pL of 6 M guani-
dine solution. The carbonyl content was calculated from
the ODgs,,,, measured by V.. Kinetic ELISA Microplate
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Reader (VWR) using a molar absorption coefficient of
22000 M~" em™". Carbonyl contents were normalized to the
protein concentration.

2.9.3 | Measurement of total
glutathione levels

The assay to estimate the antioxidant potential of cultured
trophoblasts is based on the reaction of GSH with 5,5'-dithio-
bis-2-nitrobenzoic acid (DTNB) forming the chromophore
5-thio-2-nitrobenzoic acid (TNB). The rate of TNB forma-
tion was measured at 405 nm using V. Kinetic ELISA
Microplate Reader and is proportional to the concentration
of GSH in the sample. The determination of total-GSH con-
centration detects both forms of GSH, the reduced sulfhydryl
form (GSH) and the oxidized glutathione disulfide (GSSG).
The assay was performed according to the protocol from
Rahman et al 2007.%* The total-GSH concentration was cal-
culated from the linear standard curve based on a 1:2 dilution
series ranging from 125-1.96 nmol/mL. GSH contents were
normalized to the protein concentration.

2.10 | Selenium supplementation of
trophoblasts

To assess whether an increased antioxidative potential could
protect the trophoblast cells from endogenous and exogenous
OS, the N, H, and HL cell models were treated for 42 days
under standard culture conditions with the antioxidant NaSe
(400 nM). To enhance the stress-mediated cellular response,
the six cell models (N; H; HL; N+Se; H+Se; HL+Se) were
subjected to additional treatment with 100 pM tert-Butyl-
hydroperoxide (tert-BOOH) for 24 hours. To investigate
whether increased antioxidative activity can rescue the effect
of hyperglycemia/hyperlipidemia on placental iron homeo-
stasis, mRNA levels, oxidative damage, and antioxidative
potential were assessed as described above.

2.11 | Statistical analysis

Anthropometric and clinical data were compared between
GDM and controls by Student's 7 test and placental protein
levels by multiple 7 test. Mann-Whitney test was performed
to detect differences in placental mRNA levels of all genes
involved in iron homeostasis between GDM patients and
controls. For statistical analysis of mRNA levels determined
in the in vitro experiments, the two-way ANOVA test with
Sidak's multiple comparison post hoc analysis was applied.
For immunohistochemistry the nonparametric chi-square (3°)
test was used to compare semi-quantitative protein expression
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between control and GDM placentae. A P value < .05 was
considered as statistically significant. Statistical comparisons
were performed using GraphPad Prism (GraphPad).

3 | RESULTS
3.1 | GDM affects clinical parameters of
newborns and iron homeostasis genes

As shown in Table 2 mothers with GDM exhibited sig-
nificantly increased pre-conceptional BMI and increased
hemoglobin concentrations. The corresponding newborns
of GDM pregnancies were born large for gestational age as
demonstrated by increased weight and body length (Table 2).
Increased hemoglobin levels were detected in maternal sera,
but no changes in the fetal iron status was documented. The
RT-qPCR screening of 24 iron homeostasis genes (Table 1) in
GDM and control placentae revealed significant downregula-
tion of the iron transporters DMT1 and FPN1, upregulation of
the ferroxidases HEPH and Zp, and of the iron entry regulator
HEPC in GDM (Table 3; Figure 1A). For further quantifica-
tion on protein level, TfR1, as sensitive indicator of changes
in iron homeostasis, and the iron transporters DMT1, ZIPS,
and FPN1 were selected. Since it was not possible to quantify

the three iron-transporters by LC-MS/MS analysis in placen-
tal tissue lysates, TMI from all placentae was performed. The
subsequent MS-based quantification and the comparison of
protein levels between GDM and healthy control revealed a
GDM-specific downregulation of the iron transporter ZIP8
and the holo-Tf binding receptor TfR1 (Figure 1B). There
were no significant gender differences for any of the 24 meas-
ured iron homeostasis genes as analyzed by nonparametric
Mann-Whitney test.

3.2 | GDM-specific changes in placental
DMT1 localization

To investigate potential GDM-mediated effects on the cel-
lular distribution of the iron transporters, semi-quantitative
immunohistochemical analysis for DMT1 and FPNI was
performed in placental tissues. STB-specific staining of
FPN1 was restricted to basal/basolateral structures (data
not shown) and did not differ between GDM and controls
(;(2 (2) =3.21, P = .201, a < 0.05). In contrast, the apically
accentuated expression pattern of DMTI in controls was
significantly shifted towards the cytoplasm of the syn-
cytiotrophoblasts (> (2) = 7.62, P = .022, a < 0.05) in
GDM (Figure 1C).

TABLE 2  Anthropometric and clinical

Cliaracterbstics Control COM Evalne characteristics of gestational diabetes
Number of individuals 11 11 mellitus (GDM) patients and controls
Delivery mode Cesarean section Cesarean section including their offspring

Maternal age (years) 3091 +£5.43 31.91 +7.66 7276

BMI (pre-conceptional) 23.14 +3.92 29.53 + 5.16 .0038**

Parity 2.36 + 0.67 2.09 +0.83 4080

Gestational age at partum 39.00 + 0.60 39.06 + 1.29 .8814

Glucose (mmol/l) 4.92 +0.74 5.25 # 1.51 5190

Treatment none 8 insulin/3 diabetes diet

Creatinine (umol/L) 46.82 +7.90 51.09 + 10.67 2985

RBC (T/1) 3.86 + 0.35 4.10 £ 0.34 1201

Hemoglobin (g/L) 115.27 £ 6.96 124.82 + 10.90 0237*

MCV (fl) 88.64 + 5.61 88.36 + 3.96 .8965

MCH (pg) 30.00 +2.14 30.55 +2.07 5505

MCHC (g/L) 337.82 £ 3.76 344.18 £9.45 0512

Hematocrit (%) 0.34 + 0.02 0.36 + 0.03 0640

Weight of baby (g) 3182 + 242 3787 + 419 L0005

Length (¢cm) 484+ 1.8 50.6 £2.0 .0095%*

Sex of baby 53,62 53,69

Note: Data are represented as mean + standard deviation (SD). Differences between GDM and the control

group were analyzed by two-way Student's 7 test; @ = 0.05, *P < .05, **P < .01, ***P < .001.

Abbreviations: BMI, body mass index;: MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular

hemoglobin concentration; MCV, mean corpuscular volume; PCV, packed cell volume:; RBC, red blood cells.
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TABLE 3  Expression analysis of iron homeostasis genes in
placentae from GDM patients and controls

Unique gene  Gene
identifier name Protein name P value
Iron endocytosis
P02787 i Serotransferrin .6047
P02786 TfR1 Transferrin receptor protein 1 .9725
Q07954 LRPI Lipoprotein receptor-related ~ .3494
protein 1
Q6ZMI2 SCARAS5  Scavenger receptor class A .6539
member 5
Iron transporters
P49281 DMTI Divalent metal transporter 1 .0139%* |
QICOK1 ZIP8 Zrt- and Irt-like protein 8 7564
Q15043 ZIP14 Zrt- and Irt-like protein 14 1545
QI9NP59 FPNI Ferroportin-1 .0032%% |
QINYZ2 MFRNI  Mitoferrin-1 .8633
Q9Y5Y0 FLVCRI Feline leuk. virus subg. C .5516
receptor 1
QI9UPI3 FLVCR2 Feline leuk. virus subg. C .8238
receptor 2
Q96NTS HCPI Heme carrier protein 1 .2230
QO6PIK1 HRGI Heme transporter HRG1 1971
Iron storage
P02794 FHC Ferritin heavy chain 2816
Oxidoreductases
P00450 CP Ceruloplasmin 3144
Q9BQS7 HEPH  Hephaestin .0242% ¢t
Q6MZMO Zp Zyklopen .0201% 1
P09601 HOI Heme oxygenase 1 .6539
P30519 HO2 Heme oxygenase 2 1517
Q658P3 STEAP3 Metalloreductase STEAP3 4679
Regulators
P81172 HEPC  Hepcidin .0242* 1
Q30201 HFE Hereditary hemochromatosis  .2512
protein
Iron sensing, mRNA binding
P21399 IRP1 Iron regulatory protein 1 0251* |
P48200 IRP2 Iron regulatory protein 2 5116

Note: Quantitative RT-PCR analysis of placental tissues from gestational
diabetes mellitus (GDM) patients (n = 11) and controls (n = 10) was
performed in two independent experiments and normalized to the mean of

the reference genes 14-3-3 protein zeta/delta (YWHAZ), Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and ubiquitin (UBC). The results of the
comparison between GDM and controls are represented by target-specific

P values and arrows displaying up- (1) or downregulation (|) in GDM.
Statistical significance was determined using two-tailed Mann-Whitney test;
a=0.05,*P < .05, **P < .01, ***P < .001. Genes were selected upon proven
placental expression in literature or according to data from protein atlas (www.
proteinatlas.org).
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3.3 | Unchanged iron content in placental
tissue from GDM pregnancies

Based on our findings showing GDM-specific regulation of
iron transporters and TfR1, we compared the iron contents
between GDM and control placentae. The total iron contents
measured by colorimetric ferrozine-based assay were similar
between control and GDM placentae (Figure 1D).

34 | BeWo cells alter cell morphology under
hyperglycemic conditions

During 30 days of culturing the cells adapted their morphol-
ogy to the enhanced availability of glucose in H and HL by
increasing nuclei and vacuoles size. The increased provision
of fatty acids in HL additionally resulted in extensive intra-
cellular lipid stores (Figure 2A).

3.5 | Hyperglycemic adaptions in BeWo cell
models reflect clinical observations in GDM

The effect of GDM on iron homeostasis in the clinical speci-
mens was characterized by downregulation of the key iron
transporters DMT1, FPNI, and ZIPS§ and the iron uptake me-
diating TfR1 on either mRNA or protein level (Figure 1A/B).
When monitoring the expression levels of the same genes
during 30 days of hyperglycemic/hyperlipidemic challenge
in the BeWo cell models, there was an initial upregulation
of DMTI and ZIP8 after 3 days of stimulation and a stable
downregulation of FPNI and TfR1 after 20 days relative to
normoglycemic conditions (Figure 2B, upper left panel). In
the HL condition DMT] was downregulated from 28 days
of stimulation (Figure 2B, upper right panel). Moreover, the
upregulation of the ferroxidase Zp in H and HL during the
entire stimulation time (Figure S1) also mimicked the clini-
cal results found in GDM placentae, and strongly underlines
the suitability of the applied cell models. Interestingly, the
constant downregulation of GLUTI confirmed the increased
availability of glucose in H and HL (Figure S1).

3.6 | Hyperglycemia reduces iron uptake in
trophoblasts

We then extended our studies to the functional level and per-
formed Tf->Fe**-mediated uptake assays. Considering the
total monitoring period of iron uptake, there was a consist-
ent reduction of >40% in iron uptake during 2 hours in both
H and HL (Figure 2C, left panel). While an initial increase
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FIGURE 1 Expression changes of selected iron homeostasis genes in placental tissue from GDM patients and controls on transcript and
protein level. Normalized expression of iron homeostasis genes critical for transplacental iron transport, which were regulated in GDM either

on mRNA (A) or protein (B) level. A, Transcript levels of divalent metal transporter 1 (DMT1), Zrt- and Irt-like protein 8 (Z/P8), Ferroportin-1
(FPN1,) and Transferrin receptor protein 1 (7fR/) were analyzed in placental tissues of GDM patients (orange) and term controls (blue). Expression
results were determined in two independent experiments and normalized to the mean of the reference genes 14-3-3 protein zeta/delta (YWHAZ),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and ubiquitin (UBC). Transcript data are presented as 2”22 values (AACt = Ct value of
target gene—Ct value of the mean of YWHAZ, GAPDH and UBQ) and normalized to the mean of controls. Statistical significance was determined
as described in Table 3 using two-tailed Mann-Whitney test, a = 0.05, *P < .05, **P < .01, ***P < .001. B, Results of LC-MS/MS-based protein
quantification in total membrane isolations of placental tissues from the same patient cohort and for the same targets as presented in A. Protein
levels were calculated as fold changes relative to spiked peptides and subsequently normalized to the reference gene GAPDH. Protein data are
presented as delta-delta FC values (AAFC = fold changes (FC) relative to spiked peptides of target gene—FC relative to spiked peptides of
GAPDH) and normalized to the mean of controls. Statistical significance was determined by two-tailed Student's 7 test, @ = 0.05. C, Expression
pattern of DMT] in human term placenta detected by immunohistochemistry. DMT] was expressed exclusively in syncytiotrophoblasts. DMT1 in
control tissue was apically accentuated (C, left panel), while GDM tissue showed predominantly intracellular DMT] expression (C, right panel).
The negative control is shown as insert in the right panel. Arrows indicate the apical, maternal blood-oriented side, arrowheads depict the fetal-
oriented basal membrane of the syncytiotrophoblasts. All images are displayed at 40x magnification. Abbreviations: IVS, intervillous space;

STB, syncytiotrophoblast; VC, villous core. D, Total iron contents in placental tissue were measured by a colorimetric ferrozine-based assay and
normalized to the total protein concentration. Iron content did not differ between control and GDM placentae. A, B, D, Data are presented as mean
(x), median (-), and Tukey whiskers (1.5-times interquartile range), a = 0.05, *P < .05, ##*P < .01
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FIGURE 2  Assessment of time-dependent adaption of trophoblasts to hyperglycemic and hyperglycemic-hyperlipidemic conditions.

A, Representative images of Oil red O stained BeWo cells cultured on glass slides for 48 hours after 30 days of culture in normoglycemic (N
Dulbecco's Modified Eagle's Medium (DMEM)-5.5 mM glucose), hyperlipidemic (H; DMEM-25 mM glucose), and hyperglycemic combined with
hyperlipidemic (HL; DMEM-25 mM glucose + 100 uM palmitic acid) conditions. Cells were counterstained with hematoxylin. The BeWo-derived
cell models H (orange) and HL (gray) showed altered cell morphology, including increased nuclei and vacuole size. In HL extensive intracellular
lipid stores were detected. B, Time-dependent adaption of mRNA levels of the iron transporters DMT] (solid line), ZIP8 (dashed line), FPN1
(dotted line) and TfRI (dash-dotted line) under H (left panel) and HL (right panel) conditions. Error bars represent standard deviation (SD) of
triplicate measurements. mRNA expression was calculated as described in Figure 1A. The figure shows representative results of two independent
experiments (n = 2). C, Assessment of functional changes in iron homeostasis by measuring radioactive transferrin SFe- uptake in the N (blue),

H (orange), and HL (gray) cell models. Left panel: Representative iron uptake results of three independent experiments (n = 3) after 5 days of
adaption to hyperglycemic conditions (left panel). Iron uptake values are displayed as percentage of the applied total dose. Concentration of Tf-
Fe** total dose in all experiments was 16.14 pmol/100 uL (161.4 nM). Right panel: Reduction of iron uptake measured at 20 minutes (dotted square
in panel C and D) over 30 days normalized to N (N = 100%). Error bars represent SD of seven replicates. The experiments were performed three
times with BeWo cells originating from the same normoglycemic BeWo line at different passage numbers
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was detected after 1 day of stimulation in H, iron uptake was
significantly reduced in H and HL already after 5 days of
stimulation (Figure 2C, right panel).

3.7 | Hyperglycemia induces cellular
stress responses and impairs placental iron
homeostasis

To characterize the cellular mechanisms underlying the al-
teration of placental iron homeostasis under diabetic condi-
tions, we sampled BeWo cells during 30 days of H and HL
challenge and assessed the protein expression of stress re-
sponse markers by immunoblotting. From day 3 onwards the
expression of the autophagy markers p62 and LC3-II were

downregulated (Figure 3A). No differences in BiP protein
expression (Figure S2) were detected at the respective time
points. Thus, trophoblasts under hyperglycemic conditions
showed reduced autophagy, but no effect on the ER stress
pathway.

In addition, we quantified the cellular damage caused
by OS by measuring the production of MDA equivalents
and carbonyl formation. After 30 days of adaption to hyper-
glycemic conditions, there was still significantly increased
lipid peroxidation detectable in the supernatant of BeWo
cells grown in H (Figure 3B, left panel). For HL a marked
variation between the experiments prevented clear conclu-
sions. There was no change in protein carbonylation after
30 days of adaption to H and HL, respectively (Figure 3B,
middle panel).
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FIGURE 3 Trophoblasts under hyperglycemic conditions reduce autophagy and increase oxidative stress pathways. A, Reduction of

the autophagy marker p62 (62 kDa) and LC3-II (14 kDa) during 28 days of adaption to hyperglycemic (H) and hyperglycemic combined with
hyperlipidemic conditions (HL) as shown by immunoblotting (left panel). p62 and LC3-1I expression visualized by immunoblotting at day 0, 3,
14, and 28 was quantified by fluorescence detection analysis and presented relative to the normoglycemic condition (N, blue bar) (right panels).
Samples were obtained from the same experiment as shown in Figure 2. Results of one representative experiment from three independent

experimental setups are shown. B, Increased oxidative stress in H and HL was detected in three independent experiments after 30 days of adaption
time (n = 3). The three different assays for measurement of oxidative stress are explained in the section Materials and Methods. Left panel:
Increased lipid peroxidation determined as the formation of malondialdehyde (MDA) equivalents in cell supernatants was found in H (orange) and
HL (gray) conditions. Middle panel: Protein carbonylation was measured by staining of cell lysates with 2,4-Dinitrophenylhydrazine (DNP). Right
panel: Decreased antioxidative potential was assessed by measuring total glutathione (GSH) levels. Statistical significance was determined using
two-way ANOVA with Dunnett's multiple comparison test, a = 0.05, *P < .05, **P < .01
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We furthermore determined OS associated with hypergly-
cemia and altered iron-homeostasis by analyzing the antioxi-
dative potential (total-GSH) in BeWo cell lysates cultured for
30 days in N, H, and HL. Total GSH levels were significantly
reduced under HL (Figure 3B, right panel) reflecting in-
creased GSH consumption for counteracting accelerated OS.

3.8 | Rescue of placental iron homeostasis
by antioxidant supplementation

To investigate whether OS is indeed the main mediator of
the disturbed iron homeostasis in the placenta, we determined
the effect of an experimentally induced OS challenge on

EEASEBJOURNALJ_13

trophoblast cells. Thus we treated BeWo cells under normo-
glycemic conditions with the oxidant tert-BOOH for 24 hours
and compared the effects with the phenotypes found in GDM
tissues. In agreement with the results found in GDM placen-
tae (Figure 1A), the induction of OS significantly reduced the
mRNA abundance of the iron transporters DMT1 and FPN]
(Figure 4A). The mRNA levels of ZIP§ and TfR1 were el-
evated, whereas a profound decrease of GLUTI mRNA was
detected (Figure 4A).

We further studied the effects of OS in trophoblasts under
hyperglycemic conditions and performed rescue experiments
by applying an antioxidant. Thus N, H and HL BeWo cells
were treated with the antioxidant NaSe and additionally
challenged with OS by adding tert-BOOH for 24 hours. The
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FIGURE 4 Effect of induced oxidative stress on mRNA abundances of iron homeostasis genes in trophoblast cells and rescue by selenium
treatment. A, The mRNA abundances of the divalent metal transporter 1 (DMT1), Zrt- and Irt-like protein 8 (ZIP8), Ferroportin-1 (FPNI),
Transferrin receptor protein 1 (7fR1), and Glucose transporter 1 (GLUT!) were determined in untreated normoglycemic BeWo cells (N, blue)
and in normoglycemic BeWo cells treated with tert-Butylhydroperoxide (tert-BOOH; 100 uM:; blue striped). Cycle threshold (Ct) values were

determined by RT-qPCR and normalized to the arithmetic mean of same reference genes as described in Figure 1A to obtain ACt values. Data are
presented as mean + SD of three independent experiments (n = 3). B, In the three BeWo cell models (N, H, HL) oxidative stress was induced by
tert-BOOH (100 uM) treatment for 24 hours (striped bars). In tert-BOOH treated cells supplementation with 400 nM sodium selenite (NaSe, +
Se) significantly reduced the hyperglycemic effect on iron homeostasis gene regulation. mRNA expression results were normalized to the same
reference genes and calculated as described in Figure 1A. Data are expressed as fold difference in relation to control cells which were not treated
with tert-BOOH. Samples treated with NaSe are displayed in yellow boxes. Supplementation of 400 nM NaSe in the medium rescued the altered
gene expression under hyperglycemic (H: orange) and hyperglycemic- and hyperlipidemic (HL; gray), conditions. Statistical analysis for the

data sets presented in A and B was performed using two-way ANOVA with Sidak's multiple comparison post hoc analysis, a = 0.05. *P < .05,
P < 01, ##¥%P < 001, #***P < 0001
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exposure to tert-BOOH aggravated the hyperglycemic/hyper-
lipidemic effects in the BeWo models. Significant downreg-
ulation of FPNI under both hyperglycemic conditions and
decreased ZIP8 under H was observed (Figure 4B). Relative
to N, 7fRI1 was upregulated under H, but downregulated
under HL. This typical pattern of gene regulation confirmed
the results shown in Figure 2. Se supplementation reversed
the hyperglycemic/hyperlipidemic effect at mRNA level al-
most completely (Figure 4B).

Importantly, Se supplementation also reduced lipid
peroxidation under HL (Figure 5A) and eliminated pro-
tein carbonylation under both hyperglycemic conditions
(Figure 5B).
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FIGURE 5 Rescue of hyperglycemic effects during induced
oxidative stress in trophoblast cells by selenium treatment. In the
three BeWo cell models (N, H, HL) oxidative stress was induced by
tert-Butylhydroperoxide (tert-BOOH: 100 uM) treatment for 24 hours
(striped bars). Supplementation with 400 nM sodium selenite (NaSe,
+ Se) significantly reduced the formation of malondialdehyde (MDA)
equivalents (A) and protein carbonylation 2,4-Dinitrophenylhydrazine
(DNP) staining (B). Both parameters serve as indicators for oxidative
stress. The experimental setup was as described in Figure 3B. Results
are shown as mean + SD of triplicate measurements. Statistical
significance was determined using two-way ANOVA with Sidak's
multiple comparison post hoc analysis, a = 0.05. In all panels black
asterisks display significant differences between Se-treated and
untreated cells, while red asterisks indicate significant differences
between conditions H or HL compared to N
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4 | DISCUSSION

In this study we compared two clinically well-characterized
cohorts of GDM patients and controls with balanced distribu-
tion of fetal sex, maternal, and gestational age with respect
to placental iron homeostasis. Recently elevated maternal
serum hemoglobin concentrations, as found in our GDM co-
hort, have been associated with increased risk for GDM.*>*
" However, the involved pathways linking iron homeostasis
during pregnancy to disturbances in glucose handling and
metabolism, as well as the role of the placenta in regulating
materno-fetal iron transfer are largely unknown. To clarify
these aspects, we investigated the effects of hyperglycemic
conditions at distinct pathways controlling placental iron
homeostasis: at the level of uptake, transport, sensing, and
regulation of iron.

Analyzing the expression of 24 genes involved in iron up-
take, regulation, transport and sensing in control and GDM
placentae revealed that all these pathways were affected. A
key player in the regulation of iron concentrations is HEPC,
which originates from the mother, the fetus, and the placenta.
HEPC determines the rate of placental iron release to the
fetal circulation through degradation of placental FPN1.%
While HEPC is normally downregulated during healthy preg-
nancy to ensure sufficient iron availability,”* we detected
increased placental HEPC levels in GDM. This indicates a
placental mechanism to reduce materno-fetal iron transfer by
decreasing iron release towards the fetal circulation via FPN1
(see below). HEPC production is predominantly regulated at
the transcriptional level, thus mRNA and protein levels show
high correlation.”®

Moreover, at the level of iron uptake and transport
marked GDM-mediated alterations were found. Hence
TfR1, DMTI, ZIP8, and FPNI were significantly down-
regulated in GDM placentae, though mRNA and protein
expression did not always correlate. The latter is probably
due to posttranscriptional regulation by IRP1.** Indeed, the
detected upregulation of /RPI could be responsible for the
decreased TfR1 protein levels found in GDM despite simi-
lar mRNA levels. DMT1 was downregulated on transcrip-
tional but not on protein level, but we observed a change
in the intracellular localization of DMT]1. This could be
caused by altered subcellular trafficking, depending on the
expression ratio between the two major isoforms of DMT1
in trophoblasts,*'** or altered ubiquitination.*® These cel-
lular processes can result in reduced DMT]1 transport ac-
tivity without affecting the protein level. To exclude that
the sex of the fetus could affect the mRNA expression data,
we analyzed potential differences between male and female
placentae for all 24 iron homeostasis genes. There were no
significant gender-based differences between male and fe-
male tissues that could explain the detected differences be-
tween control and GDM placentae for any of the 24 genes.
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Coherent with our studies, these findings suggest that
reduced iron concentrations in the placenta and fetal serum
could result from downregulated placental iron uptake under
hyperglycemia. The observed reduction of placental iron
uptake and transport processes could be a physiological
mechanism to protect the placenta and fetus from excessive,
harmful iron acquisition. Also the observed upregulation of
the ferroxidases HEPH and Zp in GDM placentae could be
interpreted in this context: Beside facilitating the export of
Fe** by FPNI, they oxidize the potentially toxic Fe** and
thereby reduce the oxidative levels at the placental barrier.”*

Next, we aimed to identify the underlying mechanisms
leading to placental adaptations in iron handling at high glu-
cose concentrations. Therefore, we established trophoblast
cell lines which were exposed to either hyperglycemic (H) or
hyperglycemic/hyperlipidemic (HL) culture conditions. The
latter was achieved by adding palmitic acid to the cell culture
medium. Free palmitic acid has been associated with induced
insulin resistance in different cell models*® and in GDM pa-
tients.”® In the H and HL models, BeWo cells changed their
morphology and showed extensive intracellular lipid storage
under HL. Interestingly, HL stimulation in BeWo cells re-
sulted in similar expressional changes of iron homeostasis
genes as found in GDM placentae underlining that the estab-
lished cell models are suitable for the identification of under-
lying cellular pathways.

Furthermore, trophoblasts cultured under H and HL re-
duced their iron uptake already after 5 days of stimulation
by more than 40% relative to N. The observed dramatic re-
duction of placental iron uptake explains the inconspicuous
iron stores in placental tissue in combination with increased
maternal hemoglobin levels. This is a clear indication for
placental protection of fetal tissues from excessive iron stor-
age. Concomitantly, the observed alterations in placental iron
handling could promote the increased iron concentrations
found in maternal serum.

Despite the downregulation of FPNI, the only known
transporter regulating iron export to the fetus, the total iron
contents in GDM placentae were not increased in our cohort.
In contrast to our study, recently published iron concentrations
in a bigger cohort of GDM and control pregnancies showed
reduced iron levels in GDM placental tissue and umbilical
cord blood, but not in maternal whole blood.** In agreement
with our studies, these findings suggest that reduced iron
concentrations in the placenta and fetal serum could result
from downregulated placental iron uptake under hyperglyce-
mia. Therefore, a reduction of placental iron uptake could be
a physiological mechanism to protect the placenta and fetus
from excessive, harmful iron concentrations.

To identify the cellular pathways mainly mediating the ef-
fects of GDM on placental iron homeostasis we focused on
mechanisms that have been implicated in both GDM and cel-
lular iron imbalance: ER-stress,””® autophagy’* and 0S.*

FASEB,oup—2

Despite reports of increased ER-stress in GDM patients,”” we
did not find marked changes in placental BiP-expression by
immunoblotting. Due to the negative result for BiP, which is
normally strongly regulated when ER stress occurs,*' we omit-
ted analyses of further ER stress markers. Of note, based on the
limited data set, our results on ER stress have to be carefully in-
terpreted and consequently a potential involvement of ER stress
in the investigated phenomena cannot be fully excluded. In the
context of our autophagy studies, we detected reduced p62 pro-
tein and decreased LC3-11 protein in H and HL compared to N.
LC3-11 is the lipidated, membrane-bound form of the widely
used autophagic marker LC3.** Likewise, the downregulation
of the p62 protein indicates reduced autophagy.*’ Further ex-
tensive analyses of OS damage products and antioxidant con-
sumption revealed increased oxidative damage and reduced
antioxidative capacity in both hyperglycemic cell models.

Both GSH depletion and accumulation of oxygen activated
lipids as shown in Figure 3B are two of the main characteris-
tics of ferroptosis, an iron-mediated cell death process. This
non-apoptotic cell death pathway is induced by disruption of
GSH synthesis, depends on high intracellular iron levels and
accumulation of lipid peroxides.** Although hyperglycemia
has not been reported as promotor of ferroptosis so far, our
results on reduced GSH levels, disturbed transcellular iron
transport and increased lipid peroxidation strongly suggest
the involvement of this pathway. Indeed, the relevance and
underlying mechanisms of ferroptosis in GDM should be
subject of future detailed investigations.

To further confirm the concept that OS is a key path-
way stimulated by hyperglycemia and a trigger for the pla-
cental regulation of iron homeostasis, we challenged our
cell models with the prooxidant tert-BOOH and performed
rescue experiments by treating the cells with the antioxi-
dant NaSe. Challenging normoglycemic trophoblasts with
tert-BOOH resulted in decreased DMT/ and FPNI mRNA
levels (Figure 4A) similarly as previously shown in the pla-
cental tissues from GDM patients (Figure 1A). The upregu-
lation of ZIP8§ mRNA was not observed in GDM placentae
(Figure 4A), but was a characteristic early response when
BeWo cells were cultured under hyperglycemic (H and HL)
conditions (Figure 2B). These results further support the link
between high glucose levels, OS and altered iron homeosta-
sis. In a next step we studied the effects of induced OS in
trophoblasts under hyperglycemic conditions and performed
rescue experiments by applying NaSe as antioxidant. The
exposure to tert-BOOH aggravated the hyperglycemic/hy-
perlipidemic effects in the BeWo models. Interestingly, the
observed pattern of gene regulation after tert-BOOH treat-
ment (Figure 4A) largely confirmed the results obtained after
long-term exposure to hyperglycemic conditions (Figure 2).
Finally, as expected, Se supplementation reversed the hyper-
glycemic/hyperlipidemic effect at mRNA level almost com-
pletely (Figure 4B).
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FIGURE 6 Schematic representation of the mechanisms and regulation of materno-fetal iron transfer across the placenta and dysregulation
under hyperglycemic conditions. A, Tron (Fe) is transferred from the mother to the fetus across the blood-placenta barrier (right to left). The
placenta is in direct contact with the maternal blood circulation via a monolayer of syncytialized trophoblast cells (blue). After transferrin receptor
(TfR1)-mediated iron uptake by clathrin-dependent endocytosis at the maternal side of the syncytiotrophoblasts (villous membrane on right side)
into endosomes, divalent metal transporter 1 (DMT1) is supposed to release divalent iron from endosomes into the cytosol. Cytosolic iron is
transferred to the fetal circulation through the iron exporter ferroportin (FPN1). The exact mechanisms as well as the role of other transporters
such as the Zrt- and Irt-like proteins (ZIP) ZIP8 or ZIP14 in transplacental iron transfer are currently still unclear. (A, yellow) Gestational diabetes
mellitus (GDM) alters iron homeostasis in placental tissue through specific regulation of iron homeostasis genes involved in uptake (7fR/),
transport (DMT1, ZIP8, FPN1), oxidation (zyklopen, Zp) and regulation (iron regulatory protein 1, /RP/; Hepcidin, HEPC) on mRNA (highlighted
dark red arrows) and/or protein level (highlighted blue arrows). The major changes on expressional level comprise reduced DMT/, FPN1, ZIPS,
and TfR1 abundance, and alterations in DMT1 localization. In analogy, trophoblasts under hyperglycemic conditions decrease iron acquisition by
reducing TfR/ expression at the apical membrane, decrease transfer from the endosome into the cytoplasm through reduced expression of ZIP§
and mis-localization of DMT1 and diminish secretion of iron towards the fetal side through downregulation of FPN/. The current study identified
increased reactive oxygen species (ROS) and reduced autophagy as factors involved in altering iron homeostasis under hyperglycemic conditions.
B. Schematic model summarizing the effects of GDM and hyperglycemic conditions on placental iron homeostasis and materno-fetal iron transfer:
Our data indicate that impaired autophagy and increased oxidative stress under hyperglycemic and hyperglycemic combined with hyperlipidemic
conditions alter the expression and partly also the localization of transporters and thereby affect placental iron transfer. The observed adaptations
could be part of a protective mechanism preventing oxidative damage for both the fetus and the placenta caused by hyperglycemia and highly
oxidative iron. Treatment with antioxidants such as selenium helps to balance placental oxidative stress levels by increasing glutathione levels and
could thereby counteract impaired iron homeostasis found in GDM patients. These results indicate fundamental changes in the organization of
transplacental iron transport under hyperglycemic conditions
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NaSe as antioxidant was chosen as Se supplementation
has been previously shown to protect trophoblast cells from
08S.%34¢ Se is essential for the expression and activity of en-
dogenous antioxidant systems such as the selenoenzymes
glutathione peroxidases (GSH-Pxs), thioredoxin reductases
(TrxRs), and selenoprotein P (SePP).“’ Interestingly, reduced
selenoenzyme activity during pregnancy was shown to re-
sult in OS within tissues and was previously associated with
premature birth, miscarriage, preeclampsia, and intrauterine
growth retardation.*’ Se-dependent GSH-Pxs act in associa-
tion with GSH, which exists in high concentrations in cells
and catalyzes the conversion of hydrogen peroxide or organic
peroxide to water or alcohol while simultaneously oxidizing
GSH.*® Thus, Se supplementation strengthens the endoge-
nous antioxidant potential of trophoblasts without disturbing
the delicate balance between oxidants and antioxidants in liv-
ing cells. Of note, the choice of Se as antioxidant treatment
was also based on our finding that total GSH levels were
reduced in hyperglycemic BeWo cells (Figure 3B). Indeed,
in our experiments the application of NaSe and the concom-
itant increase of the antioxidant potential almost completely
reverted the hyperglycemic effect on iron homeostasis genes.
In addition, Se supplementation protected BeWo cells under
H and HL by reducing the lipid peroxidation (Figure SA) and
eliminating the protein carbonylation (Figure 5B).

Our findings explain clinical observations associating
GDM with dysregulated iron homeostasis on a cellular and
mechanistic level. The herein identified adaptive processes
of the placenta in GDM are presumably part of a protective
mechanism preventing oxidative damage for both the fetus
and placenta caused by hyperglycemia and highly oxidative
iron. These findings raise potential concerns regarding the
recommendation of routine iron supplementation among
iron-replete pregnant women.” Furthermore, our results sug-
gest that antioxidant supplementation could be beneficial for
pregnant women with increased risk of GDM by protecting
the placenta and fetus against OS caused by hyperglycemia,
high iron status, or both.

The study is based on a well-characterized clinical cohort,
and combines clinical observations, analysis of clinical sam-
ples with complementary investigations using in vitro cell
models. Due to the study design, we were not able to analyze
additional iron-related blood parameters such as ferritin lev-
els, transferrin saturation, or blood status of the newborns.
The newly established hyperglycemic cell models, however,
showed expressional changes which closely resembled the
alterations observed in GDM tissues allowing novel mech-
anistic insights.

As graphically summarized in Figure 6, we found in GDM
significant differences in the expression, trafficking and
function of proteins involved in the uptake, transport, sens-
ing, and regulation of iron. The major changes on the expres-
sional level comprise reduced DMT1, FPNI, ZIPS, and TfR1

FASEB,oux——~

abundance (Figure 6A), and alterations in DMT] localization.
Hence, trophoblasts under hyperglycemic conditions decrease
iron acquisition by reducing the 7fR/ expression at the apical
membrane, decrease transfer from the endosome into the cy-
toplasm through the reduced expression of Z/P§ and mis-lo-
calization of DMT1, and diminish secretion of iron towards
the fetal side through downregulation of FPNI (Figure 6A).
The newly established trophoblast cell models exposed to hy-
perglycemic culture conditions mimicked to a great extent the
expression results found in the clinical specimens of GDM
patients. Thus, the cellular adaption to GDM-like conditions
reduced placental iron uptake by mechanisms involving alter-
ations in autophagy and OS pathways (Figure 6A,B). These
results indicate fundamental changes in the organization of
transplacental iron transport under hyperglycemic conditions.
The observed adaptations could be part of a protective mech-
anism preventing oxidative damage for both the fetus and
placenta caused by hyperglycemia and highly oxidative iron.
The almost complete reversion of hyperglycemic effects in
trophoblasts after antioxidant treatment (Figure 6B) suggests
beneficial effects of antioxidant supplementation in pregnant
women with increased risk to develop GDM.
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1 | INTRODUCTION

Adequate amino acid (AA) supply is vital especially for highly prolif-
erative tissues like the placenta. Other tissues which are critical for

| Karl-Heinz Altmann?3

| Christiane Albrecht®?

Abstract

The placenta supplies the foetus with critical nutrients such as essential amino acids
(AA, eg leucine) for development and growth. It also represents a cellular barrier
which is formed by a polarized, differentiated syncytiotrophoblast (STB) monolayer.
Active Na*-independent leucine transport across the placenta is mainly attributed
to the System L transporters LAT1/SLC7A5 and LAT2/SLC7A8. This study ex-
plored the influence of trophoblast differentiation on the activity of LAT1/LAT2
and the relevance of LAT1/LAT2 in leucine uptake and transfer in trophoblasts by
applying specific small molecule inhibitors (JPH203/JG336/JX009). L-leucine up-
take (total dose = 167 pmol/L) was sensitive to LAT1-specific inhibition by JPH203
(EC5q = 2.55 pmol/L). The inhibition efficiency of JPH203 was increased by an
additional methoxy group in the JPH203-derivate JG336 (EC;, = 1.99 pmol/L).
Interestingly, JX009 showed efficient System L inhibition (EC,, = 2.35 pmol/L) and
was the most potent inhibitor of leucine uptake in trophoblasts. The application of
JPH203 and JX009 in Transwell®-based leucine transfer revealed LAT1 as the major
accumulative transporter at the apical membrane, but other System L transporters
such as LAT2 as rate-limiting for leucine efflux across the basal membrane. Therefore,
differential specificity of the applied inhibitors allowed for estimation of the contri-
bution of LAT1 and LAT2 in materno-foetal AA transfer and their potential impact in
pregnancy diseases associated with impaired foetal growth.

KEYWORDS
BeWo, LAT1 (SLC7A5), LAT2 (SLC7A8), leucine uptake, monolayer, placenta, transplacental
amino acid transport, Transwell, trophoblast, trophoblast differentiation

nutrient absorption and transport, such as the intestine and liver,
mainly use the efficient sodium (Na*)-dependent uptake maintained
by System A transporters,1 such as the SNAT family‘2 The hetero-
meric SLC7 AA transporters, a subgroup of the System L-exchanger
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family, are driven by System A-dependent AA gradients. Both AA
transporter families are highly expressed in polarized epithelial tis-
sues such as blood-brain and placental barriers.>* There are two
important cell layers in the placental villi coordinating the nutrient
transfer across the placental barrier, namely syncytiotrophoblasts
(STB) and foetal capillary endothelial cells. Endothelial cells lining
the foetal vessels allow relatively unrestricted paracellular diffusion
of small molecules like glucose and AA through endothelial junc-
tions.” In contrast, STB represent the limiting barrier for AA due to
the formation of an epithelial syncytium composed of two polarized
monolayers, the microvillous plasma membrane (MVM) facing the
maternal blood supply and the basal membrane (BM) directed to-
wards the foetal capillary (Figure 1A).

The Na*-independent System L transporters expressed in the
human placenta are heterodimeric exchangers consisting of the
light chain L-type AA transporter LAT1 (SLC7A5) or LAT2 (SLC7A8)
covalently attached to the heavy chain 4F2hc (SLC3A2). Moreover,
the SLC43 family members LAT3 (SLC43A1) and LAT4 (SLC43A2),
known to be involved in facilitated AA diffusion,®’ are expressed
at the BM (Figure 1A). Both LAT1 and LAT2 are predominantly lo-
calized to the MVM of human term placenta, LAT2 as well as LAT3
and LAT4 are also present at the BM and in endothelial cells lining
the foetal capillaries.7'B In the last decade, increasing evidence sug-
gests a tight link between the reduced activity of placental System
L transporters and intrauterine growth restriction (IUGR),‘?'10 and
their up-regulation in placentae of large for gestational age (LGA)
infants.!! Such altered foetal development has a fundamental impact
on lifelong health and wellbeing, and may contribute by foetal pro-
gramming to an increased prevalence for cardiovascular disease and
diabetes/adiposity later in life 1215 Notably, it has been reported that
LAT1 or its associated glycoprotein 4F2hc is involved in placenta de-
cidualization and fusogenic trophoblast differentiation.*® This could
imply that the diminished leucine uptake found in knock-down cell
models? results rather from failure in trophoblast differentiation
than from reduced SLC7 transport activity. Hence, small molecules
which induce only short-term inhibition of transporter activity are a
valuable experimental tool to study placental transfer mechanisms
as they will not affect trophoblast differentiation and associated
processes like trophoblast fusion. Therefore, studying placental AA
transfer by using specific small molecule inhibitors of AA transport-
ers instead of silencing or knock-out could help to reveal the rele-
vance of LAT1 or LAT2 in materno-foetal leucine transfer without
affecting cell differentiation.

Since LAT1 was found to be selectively expressed and up-regu-

lated in various rapidly proliferative cancer types'®2°

and has a pu-
tative role in drug delivery across the blood-brain barrier,?! efforts
have been made to pharmaceutically target this transporter using
substrate-mimicking or virtual screening approaches.?>? The sub-
strate-mimicking tyrosine analog JPH203 (also known as KYT-0353)
was tested in several in vitro and in vivo cancer cell proliferation
experiments and described as potent LAT1-specific inhibitor.2”-3!
To delineate the contribution of LAT1 from LAT2 in materno-foe-

tal leucine transport, we synthesized the LAT1-specific inhibitor

JPH203, the structurally closely related inhibitor (JG336), as well as
a third small molecule inhibitor (JX009) with comparable leucine up-
take inhibition efficiency but lower LAT1-specificity (structures see
Figure 4).

In this study, we assessed the contribution of LAT1-mediated
Na*-independent leucine uptake into trophoblasts and investigated
the transfer of this essential AA across the placental barrier by tran-
sient inhibition. To achieve these goals, we (a) tested primary human
trophoblast and BeWo (clone b30) cell models for LAT1, LAT2 and
4F2hc expression and leucine uptake capacity under Na*-free con-
ditions, (b) investigated whether the differentiation status of primary
trophoblasts and BeWo cells has an impact on leucine uptake and
(c) assessed the contribution of LAT1 for the uptake and transfer of

leucine by application of small molecule inhibitors.

2 | MATERIALS AND METHODS

All chemicals and reagents were purchased from Sigma-Aldrich in
Switzerland unless otherwise stated.

2.1 | Isolation of primary human trophoblast cells

Placentae from normal healthy pregnancies were collected after
elective Caesarean section at the Division of Gynecology and
Obstetrics, Lindenhofgruppe, Bern, Switzerland. Details on the
study subjects are found in Table 1. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of the Canton of Bern (Basec
Nr2016-00250). The collected tissue was used to isolate primary
cytotrophoblasts as previously described.?? Isolated cells were cul-
tured on Cell-BIND plates in Dulbecco's modified Eagle's medium
containing 4.5 g/L glucose (DMEM-highGlucose; Gibco, Paisley,
UK) and characterized by analysing the expression of cytokeratin-7
and vimentin as previously described.®® Primary trophoblasts were
evaluated for leucine uptake at the cytotrophoblast (CTB) and syn-
cytiotrophoblast (STB) stage (ie after 12 and 48 hours of culture,
respectively) when spontaneous differentiation and fusion has
occurred.

2.2 | BeWo cell culture

BeWo cells (clone b30) were cultured in DMEM containing 1.0 g/L
glucose (DMEM-lowGlucose; Gibco). BeWo cells require stimula-
tion by forskolin to induce STB formation.®* Unstimulated BeWo
cells representing the CTB stage were studied after 24 hours of cul-
ture; differentiated, syncytialized BeWo cells were analysed after
stimulation with 100 pmol/L forskolin for 48 hours when markers
for syncytialization are significantly increased.®? For leucine trans-
fer experiments, BeWo cells were seeded at a density of 100 000
cells/cm? onto permeable membranes (0.4 pm pore size) mounted in
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FIGURE 1 Schematic representation of Na*-independent leucine transfer across the placental barrier with asymmetric LAT1 expression.
Scheme of the placental villous structures as interface between the foetal capillaries and the maternal circulation (A, upper left panel)

and the human placental barrier (A, upper right panel) involving three different cell types: endothelial cells lining the foetal capillaries

(EC), varying intercellular space (pink), single-nucleated cytotrophoblasts (CTB) and syncytiotrophoblasts (STB) forming a multi-nucleated
monolayer, which is in direct contact with maternal blood and mainly responsible for materno-foetal nutrient transport. In (A) lower panel,
Na*-independent System L exchanger and System L-like facilitators known to be expressed in the human placenta are shown. They are
present either at the apical microvillous membrane (MVM) or at the basal membrane (BM) of STB. LAT1 (SLC7A5), expressed at the MVM,
and LAT2 (SLC7A8), present at both the MVM and BM, are SLC7 family members and colocalize with their heavy chain partner 4F2hc
(SLC3A2, CD98). LAT3 (SLC43A1) and LAT4 (SLC43A2) were described as System L-like facilitators and are most likely expressed at the BM.
Increased intracellular leucine concentrations stimulate mTORC1-mediated cell proliferation and survival, and repress the ATF4-mediated
amino acid balance sensing system, which reduces global translation and increases biosynthesis. (B) Representative picture showing apical
LAT1 localization in immunohistochemistry of human term placenta. Arrows indicate the apical MVM, that is, maternal blood orientated
side; arrowheads depict the BM of the STB. There was no signal in negative control. (C) upper panel, representative immunoblot of 6 purified
membrane protein samples isolated from term placental tissues. (C) lower panel, LAT1 was highly expressed in MVM, but negligible in BM
protein fractions isolated from a total of 11 human term placentae. The data is normalized to the respective tissue homogenate before
membrane separation and shown as boxplots with Tukey whiskers (Mann-Whitney test, « = 0.05; ***P < 0.0001)

12-well format from the Transwell® system (Corning Inc., Corning,
NY, USA). Cells were cultured in DMEM-lowGlucose at 37°C with
5% CO, atmosphere for 7-14 days.

2.3 | Placental membrane protein isolation

Placental tissues from healthy pregnancies were used to simultane-
ously isolate microvillous membranes (MVM) and basal membranes
(BM) by Mg2+ precipitation based on a published method® and de-
scribed in the Supporting Information. Expression levels in MVM and
BM were normalized to the total membrane isolation (TMI) fraction
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collected prior to Mg?* precipitation for MVM/BM separation. Further
details regarding the enrichment and characterization of the MVM/BM
fractions are found in Supporting Information and Figure S1.

2.4 | LAT1 localization by
immunohistochemistry and immunoblotting

LAT1 protein was localized in two experimental approaches. LAT1
expression in MVM and BM fractions was determined by immu-
noblotting using rabbit polyclonal anti-LAT1 antibody (Anti-human
LAT1, KE026/TG170215 Transgenic Inc., Kobe, Japan; 1:1000).
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TABLE 1 Anthropometric characteristics of healthy patients
donating placental tissue and their offspring

Healthy

Characteristics controls
Mother Number of individuals 14

Maternal age (y) 33.9 +3.48

Parity 1.8 + 0.60

Gestational age at partum 393/7 +6/7
Newborn Weight of placenta (g) 569.3 + 86.1

Weight of baby (g) 3367.3 + 284.0

Sex of baby 33/62

For the reference signal (loading control) a mouse anti-beta-actin
antibody (A2228, Sigma Aldrich, Buchs SG, Switzerland) was used.
Details regarding the immunoblotting procedures are described
in Supporting Information. Densitometrical analysis of immunob-
lots was performed using the LI-COR OdysseyW Imaging System.
LAT1 expression in placental tissue was visualized by immunohis-
tochemistry using the same LAT1-specific antibody (10 pg/mL). The
preparation of cryosections and the staining procedure including
visualization are described in Supporting Information.

2.5 | Expression changes of LAT1, LAT2 and 4F2hc
during trophoblast differentiation

To compare changes in expression of LAT1, LAT2 and 4F2hc dur-
ing cell differentiation, MRNA and protein levels were determined
by RT-gPCR and immunoblotting, respectively. RNA isolation, first-
strand cDNA synthesis and RT-qPCR analysis were performed as
previously described.®® Expression results were normalized to the
mean of the reference genes YWHAZ, GAPDH and B-actin. Primer
nucleotide sequences are listed in Table S1. For protein quantifi-
cation 40 pg cell lysates were loaded on 10% acrylamide gels and
separated by SDS-PAGE. The immobilized bands were semi-dry
transferred to nitrocellulose membranes (GE Healthcare, Glattbrugg,
Switzerland). Blots were blocked with 5% w/v non-fat milk in Tris
Buffered Saline with 0.1% Tween-20 (TBST). Proteins were de-
tected by antibodies against LAT1 (see above), LAT2 (Anti-SLC7AS8,
AV43930, Sigma-Aldrich) and 4F2hc (CD98 (E-5), sc-376815, Santa
Cruz, Biotechnology Inc., Heidelberg, Germany). Protein content

was measured using a commercial Pierce™ BCA Protein Assay Kit.

2.6 | Leucine uptake assay

The leucine uptake protocol was based on a recently published
method®® and adapted to physiological leucine concentrations. In
brief, BeWo cells were seeded at a density of 60 000 cells/well into
white-walled 96-well plates (Corning). The isolated primary tropho-
blasts were seeded atadensity of 100000 cells/well on 96-well plates

which were coated with Matrigel (BD, New Jersey, USA) according

to the suppliers' instructions. Primary trophoblasts and BeWo cells
were cultured until they reached their assigned differentiation
stage and then washed 3-times with pre-warmed Na*-free Hank's
buffer (125 mmol/L choline chloride, 25 mmol/L HEPES, 4.8 mmol/L
KCI, 1.2 mmol/L MgSO,, 1.2 mmol/L KH,PO,, 1.3 mmol/L CaCl,,
5.6 mmol/L glucose, adjusted pH to 7.4). After equilibration in the
same buffer (37°C, 7 minutes), cells were incubated for 3 minutes
with pre-warmed Na*-free Hank's buffer containing 167 pmol/L
L-leucine and 20 nmol/L radioactive L-[3,4,5-3H(N)]-Ieucine
(PerkinElmer, Waltham, MA, USA). Leucine uptake was stopped by
three washing steps with ice-cold Na*-free Hank's buffer. The use
of Na*-free buffer prevents leucine uptake by other Na*-dependent
transporters such as System A-family members. Cells were lysed by
intense shaking for 1.5 hours in MicroScint™-20 scintillation liquid
(PerkinElmer). 3[H]-leucine was quantified using TopCount® NXT™
Scintillation and Luminescence Counter (PerkinElmer).

2.7 | Specific inhibition of LAT1/2 mediated
placental leucine uptake

JPH203, JG336 and JX009 were synthesized following the routes
described in the European Patent Application EP 2-959-918-A1,
2014. Compounds were obtained as hydrochlorides, dissolved in di-
methyl sulfoxide (DMSO, Merck, Darmstadt, Germany) and applied
in the concentration range from 0.001 to 31.6 pmol/L. JPH203 has
been characterized as highly LAT1-specific; JXO09 is described as
LAT1 and LAT2-specific inhibitor.®” JG336 is a derivate of JPH203
with an additional methoxy group at the peripheral phenyl moi-
ety residue. Compound structures are depicted in Figure 4. The
*H-NNMR and *C-NMR spectra data of the compounds were in
agreement with the expected structures and are included in the
Supporting Information.

2.8 | Leucine transfer across a polarized
trophoblast monolayer

Before starting the transfer experiment, the formation of a tight troph-
oblast monolayer in BeWo cells was monitored by measuring tran-
sepithelial electrical resistance (TEER, [Q*cm?]) and passive diffusion
as reported previously.38 TEER and cellular capacitance (C_, [uF/cmz])
were measured every 30 minutes and analysed using the cellZscope
system (nanoAnalytics, Miinster, Germany) according to the manu-
facturer's instructions. The apparent permeability coefficient (Papp,
[cm/s]) was calculated by measuring the rates of passive transfer of
the paracellular pathway marker Lucifer yellow (LY) as previously de-
scribed.®” BeWo monolayers with verified tightness were selected
after 7 days of culturing on Transwell® membranes and randomly as-
signed to leucine transfer time courses and inhibition experiments.
The inserts with cultured BeWo cells and an insert without cells (no
cell control) were placed in 12-well plates and washed 3-times with
pre-warmed Na*-free Hank's buffer. Prior to starting the time course,
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the cells were equilibrated in Hank's buffer for 30 minutes at 37°C.
Leucine transfer from the upper (maternal) towards the lower (foetal)
compartment was started by simultaneously replacing the buffer in
both compartments. The buffer in the lower chamber was replaced
with Na*-free Hank's containing 300 pmol/L glutamine and 167 pmol/L
unlabelled L-leucine to obtain a physiological counter-directed leu-
cine gradient. Consecutively the buffer in the upper compartment
was replaced with Hank's containing 30 pumol/L leucine (labelled with
3.7 nmol/L L-[3,4,5-3H(N)]-leucine), 300 pmol/L glutamine and either
vehicle (DMSO) or a constant 10 umol/L-dose of JPH203, JG336 or
JX009, respectively. Inhibitors were applied in the upper compartment
which is comparable to previous in vivo experiments.40 At defined time
points between 5 minutes and 6 hours, 50 uL samples were taken from
the maternal and foetal compartment. At the end of the experiment,
all membranes were washed twice with DPBS and sampled to deter-
mine intracellular leucine levels. The medium and membrane samples
including no cell controls were collected in 3 mL of scintillation cocktail
(Zinsser Analytic, Frankfurt, Germany). Radioactivity was quantified
using Tri-carb 2100TR Liquid Scintillation Counter (PerkinElmer).

2.9 | Statistical analysis

Anthropometric and clinical data are expressed as mean + standard
deviation (SD) for normal distribution or median with interquartile
range for not normal distribution. Student t tests were performed
to detect differences in mRNA levels between CTBs and STBs.
MVM and BM membrane protein fractions were compared by using
Mann-Whitney test. A P-value <0.05 was considered as statistically
significant. Statistical comparisons were performed using GraphPad

Prism software, La Jolla, USA.

3 | RESULTS

3.1 | LAT1, LAT2 and 4F2hc are asymmetrically
expressed in the human placenta

Histological investigation of healthy placental tissue demonstrated
strong expression of LAT1 at the apical membrane of STB (arrows
in Figure 1B) which was confirmed by the strong signal found in the
MVM fraction (Figure 1C). The asymmetric expression of LAT1 in syn-
cytialized trophoblasts was further confirmed by immunoblot analysis
in paired MVM/BM isolated from term control placentae. LAT1 was
predominantly expressed at the MVM as reflected in a mean MVM to
BM ratio of 6.9 (range 3.5-14.9; Figure 1C). Western blot analysis of 12
MVM and BM pairs revealed a significantly higher expression of LAT1
in MVM compared to BM (P = 0.0015; Figure 1C). The results of these
two independent experimental approaches suggest almost exclusive
LAT1 expression at the apical membrane which is in direct contact with
maternal blood. In contrast, LAT2 was found to be expressed in both
MVM and BM (Figure S2), with an apparent predominance of the two
LAT2 variants (30 and 50 kDa) in BM as reported before.? Expression
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of 4F2hc, the heavy chain partner protein of LAT1 and LAT2, was
higher in MVM as compared to BM (Figure S2).

3.2 | Trophoblast differentiation induces up-
regulation of LAT1 and 4F2hc expression

To study the role of LAT1 at the placental barrier on the cellular level,
LAT1 expression during trophoblast differentiation was analysed
in both primary human trophoblast cells and in the BeWo cell line
model on mRNA and protein level. Forskolin-stimulated differentia-
tion in BeWo cells resulted in a significant up-regulation of LAT1 and
4F2hc, but no significant changes for LAT2 were observed (Figure 2A).
Spontaneously occurring trophoblast differentiation in primary troph-
oblasts tended to increase LAT1 and 4F2hc mRNA levels, but due to
the high variation between the individual placental cell isolations this
effect did not reach statistical significance (Figure 2B). Interestingly,
protein analysis by immunoblotting revealed a clear difference in the
protein expression pattern between LAT1 and LAT2 depending on
the differentiation state: while both 50 kDa and 30 kDa LAT2 vari-
ants were predominantly found in undifferentiated primary CTB and
BeWo-CTB, LAT1 protein levels were clearly increased in differenti-
ated primary STB and BeWo-STB (Figure 2C). Furthermore, increased
4F2hc expression was detected after differentiation in both primary
and BeWo cells. 4F2hc protein expression was identified in the form
of multiple bands ranging from 70 to 120 kDa under reducing condi-
tions. The expression pattern of 4F2hc was found previously and is
presumably due to formation of 4F2hc/4F2hc homodimers, 4F2hc/
LAT2 heterodimers and 4F2hc monomers.*44142 BeWo cells exhibited
higher expression levels, but comparable expression changes during

differentiation as primary trophoblasts.

3.3 | Leucine uptake increases with trophoblast
differentiation

We further investigated whether the expression changes caused by
trophoblast differentiation resulted also in an increased leucine uptake
efficiency in both primary (n = 3; Figure 3A) and BeWo cells (n = 3;
Figure 3B). Indeed, both spontaneously differentiated primary tropho-
blasts (pCTB-V, . = 1.05 nmol/mg protein vs pSTB-V, . = 2.34 nmol/
mg protein = 2.2-fold) and forskolin-stimulated BeWo cells (BeWo-
CTB-V,, .« = 4.96 nmol/mg protein vs BeWo-STB-V, . = 13.41 nmol/
mg protein = 2.7-fold) reached more than 2-times higher maximal up-
take levels after 6 minutes compared to the undifferentiated stage.
By comparing maximal leucine uptake levels between BeWo and pri-
mary cells, a 4.7-fold greater uptake capacity for the BeWo-CTB and
5.7-fold difference for the BeWo-STB stage was observed. However,
the half-maximal leucine uptake time, calculated as K, from the time
course curve fit, for primary cells (p)CTB-Kd = 1.45 nmol/min; pSTB-
hillslope = 1.36 nmol/min) and BeWo cells (BeWo-CTB-Kd =1.19 nmol/
min; BeWo-STB-Kd = 1.42 nmol/min) was similar between the differ-

entiation stages. Thus, in accordance to expressional changes, also
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FIGURE 2 Expression patterns of the placental System L transporters in primary trophoblasts and BeWo cells depend on their
differentiation stage. Comparison of the choriocarcinoma derived BeWo cell line (A) and primary trophoblasts (B) with respect to LAT1
(SLC7A5), LAT2 (SLV7A8) and 4F2hc (SLC3A2, CD98) mRNA levels at the undifferentiated cytotrophoblast (CTB) and differentiated
syncytiotrophoblast (STB) stage. (A) LAT1 and 4F2hc were up-regulated, while LAT2 expression in BeWo-STB cells was not significantly
increased relative to their BeWo-CTB counterpart (paired t test of 3 independent experiments). BeWo-CTB were sampled after 24 h of
culturing and BeWo-STB were analysed after stimulation with 100 pmol/L forskolin for 48 h. (B) LAT1, LAT2 and 4F2hc transcript levels

of primary trophoblasts were not significantly increased in STB as compared to the CTB counterpart (paired t test). Primary trophoblasts
were harvested from 5 individual trophoblast isolations (n = 5). They were lysed for mRNA isolation and quantitative RT-qPCR after 12 h at
the CTB stage and after 72 h of culturing at the STB stage. (A)/(B) Expression results were normalized to the mean of the reference genes
YWHAZ, GAPDH and B-actin. Transcript data are presented as fold-change (2724%Y)_ Data are shown as mean (+), median (-) and Tukey
whiskers (1.5-times IQR), a = 0.05, *P < 0.05. (C) Representative immunoblot (left panel) and densitometric analysis of both cell types
revealed increased LAT1 protein expression after cell differentiation (CTB < STB). Generally higher LAT1 protein expression levels were
found in the BeWo cell line compared to primary cells (BeWo-CTB/STB > pCTB/STB). The expression of the two LAT2 variants (50 kD;

30 kD) decreased after trophoblast differentiation in both cell types (primary trophoblasts and BeWo cells). 4F2hc was increased in both
primary trophoblasts and BeWo-STB as compared to the corresponding CTB stage. Densitometric analysis in the right panel was corrected

for the p-actin signal

on functional level leucine uptake capacity was higher in BeWo cells
compared to primary trophoblasts, but the kinetic changes due to cell

differentiation were similar in both cell models (Figure 3).

3.4 | Leucine uptake is modulated by System
L-specific small molecule inhibitors

Based on the high leucine uptake capacity and the high expression
levels of functional LAT1, the BeWo cell model was selected to test
different LAT1 or LAT1/LAT2-specific small molecular inhibitors
in dose-response experiments. Two new alternative compounds,
JX009 and JG336 (Figure 4B,C), were investigated and compared in

two separate experiments to the already established potent LAT1-
specific inhibitor JPH203 (Figure 4A). In BeWo-CTB all three inhibi-
tors reached a maximal inhibition of less than 0.8 nmol/mg protein
at a concentration of 10 pmol/L (corresponding to the bottom value
of a four-parameter nonlinear fit with variable slope; kinetic param-
eters are listed in the panels on the right). The leucine analog 2-amino-
2-norbornane-carboxylic acid (BCH) maximally inhibited leucine
uptake at a concentration of approx. 1 mmol/L regardless of the dif-
ferentiation stage (Figure 4D). This observation further verifies the
relevance of SLC7-mediated leucine uptake in BeWo cells. Although
there was profound leucine uptake inhibition in BeWo-CTB, 10 umol/L
of JPH203 and JG336 showed a residual uptake of 3.8 (56.3% inhibi-
tion) and 3.2 nmol/mg protein (62.4% inhibition), respectively. JX009

225



Appendix - Publications resulting from this thesis

ZAUGG 3 7
WiLEY-L
A BeWo cell model B Primary trophoblast cell model
147 Bewo-CcTB 2.51 pCTB
12d  BeWo-STB pSTB
g E‘ g E 2.0
g8 " 52
53 8 2 5 1.5
TN 22,
c = S = 1.07
5 0 5 2
o £ 44 o £
-5 = £ 0.5 -
2-
0 L] T T ) T 1 0-0 L] T T 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
time [min] time [min]

FIGURE 3 Similar leucine uptake kinetics in primary and BeWo trophoblast cells. A, In the BeWo cell model, Na*-independent maximal

uptake capacity (V

max

) for leucine was significantly increased in 3 independent experiments (n = 3). Leucine uptake increased from

4.96 nmol/mg protein in BeWo-CTBs to 13.41 nmol/mg protein in BeWo-STBs (2 way-ANOVA, a = 0.05; P = 0.018). Leucine uptake for
BeWo-CTB was performed after 24 h of culturing and for BeWo-STB after stimulation with 100 pmol/L forskolin for 48 h. B, Primary

trophoblasts isolated from 3 individual control placentae (n = 3) significantly increased their V.

nax OVer 6 min from 1.046 nmol/mg protein in

pCTB to 2.345 nmol/mg protein in the pSTB stage (2 way-ANOVA, a = 0.05; P < 0.0001). The maximal leucine uptake capacity (V__ ) and

half-maximal uptake time (K,) was calculated using a saturation model curve fitting (y = V,

max:

max X/(Ky + X). The final concentration of leucine

in all experiments was 167 nmol/mL including 1 uCi/mL 3[H]-L-leucine for detection. Error bars represent standard deviation (SD) of 3

individual experiments with 6 replicates each

(10 pmol/L) blocked leucine uptake regardless of the trophoblast dif-
ferentiation stage. In BeWo-STB leucine uptake was inhibited by 87%
suggesting inhibition of most Na*-independent SLC7 transporters.
While the dose-response experiments with the less specific inhibitor
JX009 revealed an ECy;, of 3.9 umol/L for BeWo-CTB and 2.3 umol/L
for BeWo-STB, which is comparable with JPH203 (EC,, = 3.1 umol/L
for BeWo-CTB and 2.6 pmol/L for BeWo-STB), JG336 was identified
as the most efficient inhibitor (EC,, = 0.8 umol/L for BeWo-CTB and
2.0 umol/L for BeWo-STB) in both differentiation stages of BeWo cells.
Compared to the dose-response curve of BCH, JX009 shows com-
parable efficiency but >180-times higher potency (Figure 4C,D). The
new inhibitors JG336 and JX009 as well as JPH203 reached maximal
inhibition (first concentration without significant difference to the bot-
tom value) at a concentration of 10 umol/L, JG336 required 1 umol/L
for maximal inhibition in BeWo-CTB. Of note, comparable inhibition
patterns were also found in the colorectal adenocarcinoma cell line
HT-29 where lower substrate concentrations (30 umol/L instead of
167 pumol/L leucine) lead to lower ECy, values (Figure S3). In sum-
mary, the dose-response analysis of the three inhibitors suggested
that JG336 inhibits LAT1-specific placental leucine transport similar
as JPH203, but exhibits an almost 4-times higher efficiency. JX009,
represents an inhibitor of System L transporters which in trophoblast
is 180-times more potent than BCH.

3.5 | Transfer of leucine across the placental barrier
is reduced by inhibitors of System L transporters

The small molecule inhibitors JPH203, JG336 and JX009 were also
used to assess the relevance of LAT1 and LAT2 in leucine transport
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across the placental barrier using the Transwell® system (Figure 5).
Leucine transfer experiments were performed in the presence or
absence of the individual inhibitors with a fixed concentration of
10 umol/L applied at the upper compartment. This concentration
was chosen as it showed in dose-response experiments maximal in-
hibition for all three compounds (see above). Figure 5B shows the ex-
perimental setup and the applied leucine concentrations in the upper
compartment (corresponding to the maternal side of the placental
barrier) and the lower chamber (corresponding to the foetal side)
of the Transwell® system. Gradually diminishing radioactive signal
3[H]-leucine on the maternal side and increasing radioactivity on the
foetal side was considered to represent leucine transfer across the
BeWo monolayer. Treatment with JPH203, JG336 and JX009 at the
apical (maternal) side caused significant reduction of leucine trans-
fer by 58%, 60% and 55%, respectively. All inhibitors significantly
decreased leucine transfer from the apical towards the basal com-
partment from 60 minutes onwards. Measurement of intracellular
3[H]—Ieucine content in the BeWo monolayer at the end of the trans-
fer experiment (6 hours) indicated significantly decreased intracel-
lular leucine concentrations of 24% for JPH203 and 41% for JG336,
respectively (Figure 5C). In contrast, JX009 had no effect on the in-
tracellular 3[H]-leucine concentration within the tested time course.
The higher retention of leucine in JX009 treated cells suggests inhi-
bition of leucine secretion towards the lower foetal compartment.

4 | DISCUSSION

The placenta plays a crucial role in the distribution of essential
nutrients from the mother to the growing foetus. In this context,
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Bottom 0.622 3.212 nmol/mg protein
Top 2.673  8.534 nmol/mg protein
EC;, 0.799 1992 uM

BeWo-CTB BeWo-STB

Bottom 0.774 1.093 nmol/mg protein
Top 4.066  8.426 nmol/mg protein
ECso 3.857 2346 uM

BeWo-CTB BeWo-STB
Bottom 0 0 nmol/mg protein
Top 5.305 9.770 nmol/mg protein
EC, 709.2 4415 Y

Inhibition of leucine uptake in BeWo cells using small molecule inhibitors with different specificities. Dose-response

experiments in BeWo-cytotrophoblasts (BeWo-CTB) and forskolin-stimulated BeWo-syncytiotrophoblasts (BeWo-STB) for the established
LAT1-specific inhibitor JPH203 (A) and for the alternative compound JG336 which carries an additional methoxy group as marked in the
dashed red box (B). The results showed that both compounds conveyed a significant inhibition (JPH203 = 56%, JG336 = 62%), but also
suggest that approximately 40% of Na*-independent leucine uptake is LAT1 independent. (C) Application of JX009, an inhibitor of both
LAT1 and LAT2, resulted in maximal leucine uptake inhibition in BeWo-CTB and BeWo-STB. Compared to the dose-response curve of

the leucine analog 2-amino-2-norbornane-carboxylic acid (BCH, D), JX009 shows comparable efficiency but >180-times higher potency.
BCH is a widely accepted inhibitor blocking all System L mediated transport. BCH completely blocked leucine uptake in BeWo-CTB with

an EC,, of 709 umol/L and BeWo-STB with an EC;, of 442 umol/L (D). (A-C) The new inhibitors JG336 and JX009 as well as JPH203
reached maximal inhibition (first concentration without significant difference to the bottom value) at a concentration of 10 umol/L, JG336
required 1 pmol/L for maximal inhibition in BeWo-CTB. BCH reached maximal inhibition at 1 mmol/L in both differentiation stages.

A-D, All uptake assays were performed in two individual experimental setups (n = 2) for 3 min, under the same conditions in Na*-free Hanks
buffer with 167.2 umol/L leucine (1 uCi/mL 3H-L-leucine). Dose-response kinetics were calculated using the nonlinear four-parameter model
[Y = Bottom + (Top - Bottom)/(1 + 10”((LogEC50-X)*HillSlope))] and ordinary fit with GraphPad Prism software. Best-fit values of the
including EC, values are shown to the right of the dose-response curves. Error bars represent standard deviation (SD) of 2 experiments with

6 replicates

fine-tuned regulatory mechanisms are needed to control the ma-
terno-foetal transfer of essential AA to support the rapidly de-
veloping foetus during pregnancy.43 The current understanding
of transplacental AA transport is based on the interplay between

accumulative transporters such as members of the System A family
and exchangers such as System L family members.* System A fam-
ily transporters like SNAT1, 2 and 4 are expressed at the MVM and
accumulate small neutral AA against a concentration gradient in the
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STB in a Na*-dependent manner.*® The AA accumulated by System
A transporters can be used as substrates to exchange for essential
large neutral AA such as leucine by the System L exchangers LAT1
and LAT2 across the MVM into the STB. The principles of AA up-
take at the MVM are largely characterized, but the contribution of
single transporters in AA transfer across the BM to the foetus is
less clear.

In a first step, we investigated the expression and localiza-
tion of LAT1 in the human placenta by immunohistochemistry of
term placental tissue and by immunoblotting of MVM- and BM-
enriched membrane preparations. We found an exclusive apical
expression of LAT1 at the MVM confirming previous reports.&45

So far most mechanistic studies are based on LAT1-
overexpressing cell models like human colon cancer-derived
HT-29,4¢ mammary gland derived MCF-7 cells,”” Pichia pastoris42
orreconstituted 4F2hc-LAT1 proteoliposomes.48 Acquiring further
detailed knowledge on the complex mechanisms regulating mater-
no-foetal AA transport at the placenta level could be beneficial
to clarify the relevance of LAT1 and LAT2 in gestational diseases
such as IUGR and LGA.X° To choose an appropriate physiological
placental cell model, we compared the BeWo cell line with isolated
primary human trophoblasts at different stages of differentiation
by analysing LAT1/LAT2 mRNA and protein expression and leu-
cine uptake. Spontaneous differentiation in primary trophoblasts
and forskolin-mediated differentiation in BeWo cells provoked
expressional changes of LAT1, LAT2 and 4F2hc on mRNA and
protein level (Figure 2). Our results demonstrated that the syncy-
tialization process induced changes in the LAT1:LAT2 ratio as well
as in 4F2hc expression in both trophoblast models (Figure 2) and
resulted in an increased leucine uptake under Na*-free conditions
(Figure 3). These findings imply that differentiation induces a spe-
cialization process both in primary trophoblasts and BeWo cells,
which results in an increased uptake, transport or transfer capac-
ity as previously shown for the alanine-serine-cysteine transport-
ers and for alpha-aminoisobutyric acid transport.‘w'50 This concept
is in line with recent findings that differentiation processes such
as syncytium formation resulted in an up-regulation of MVM asso-
ciated membrane proteins.16

Based on the validation of expression in the two trophoblast
cell models (Figure 2) and comparable uptake behaviour (Figure 3),
the BeWo cell line was chosen to test the effect of different
SLC7-specific inhibitors. However, to our knowledge LAT1 and LAT2
localization in MVM or BM of BeWo cells after forskolin-induced dif-
ferentiation has not been reported yet. Thus localization differences
between primary trophoblasts and BeWo cells cannot be completely
excluded and therefore the Transwell® data using polarized BeWo
cells should be interpreted with caution.

The low molecular weight inhibitors JPH203, JG336 and JX009
were assessed for their capacity to reduce leucine uptake into
BeWo cells (Figure 4) and leucine transfer across the placental bar-
rier (Figure 5). Due to the varying SLC7 specificity, different inhibi-
tion patterns were expected. JPH203 was previously reported as
potent, LAT1-specific inhibitor.2’-3%4¢ JX009 had been described
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in the patent literature®” to inhibit LAT1-mediated transport with
similar efficacy as JPH203, albeit with significantly lower specific-
ity, thatis, itis also a potent LAT2 inhibitor. As no other LAT2 inhib-
itors have been described in the literature, JX009 was considered
the best available tool for the assessment of LAT2-related trans-
port of leucine. JG336 was prepared based on a limited structure
activity relationships (SAR) study on JPH203 that investigated the
effects of electron-donating (such as the methoxy group in JG336,
see dashed red box in Figure 4B), electron-withdrawing and bulky
substituents on the phenyl moiety at the 2-position of the benzox-
azole ring on transport inhibition. The additional methoxy group
in JG336 resulted in 3.8-times lower EC;, values in BeWo-CTB
(Figure 4B) indicating that the inhibition efficiency of JPH203 was
indeed increased by this modification. Further results of this SAR
study on JPH203 will be published separately.

Our results demonstrated that all three compounds are highly
efficient LAT1 inhibitors, but only JX009 conveyed additionally
LAT2 inhibition. Based on the complete leucine uptake inhibition of
BeWo cells at the CTB stage, leucine uptake in undifferentiated tro-
phoblasts seems to be highly dependent of LAT1 activity (Figure 4).
Although we demonstrated in the expression studies (Figure 2)
that the LAT1:LAT2 ratio in BeWo-STB is higher compared to
BeWo-CTB, JPH203 reduced leucine uptake in BeWo-STB by only
60%. This partial inhibition by JPH203 indicates that in BeWo-STB
leucine uptake is mediated by alternative Na*-independent System
L or System L-like facilitators such as LAT2, LAT3 or LAT4. JX009
reduced leucine uptake by 87% regardless of the trophoblast differ-
entiation stage with a low EC; in the range of JPH203, suggesting
that JX009 blocked most (if not all) Na*-independent leucine uptake
transporters. Thus, JXO009 is the first characterized System L-specific
leucine uptake inhibitor in the low puM-range (EC;, < 4 pmol/L;
Figure 4) for use in placental cell models. To date, the most widely
used SLC7-specific inhibitor is the non-metabolizable leucine analog
BCH which has been also tested in this study (Figure 4D) and other
investigations.51'52 In comparison to JX009 this inhibitor is >100-
times less effective and blocks System L-dependent AA transport
with 709 umol/L in BeWo-CTB and 442 umol/L in BeWo-STB in the
high uM-range (Figure 4D). Nevertheless, further investigations of
these small molecule compounds are needed to study viability, ef-
fects on AA metabolism and potential interactions with other trans-
membrane proteins such as System A transporters.

To assess the functional importance of SLC7 transporters in
leucine transfer across the placental barrier, the effect of the LAT1-
specific inhibitors JPH203 and JG336 as well as the System L inhibi-
tor JX009 was tested in the Transwell® system with polarized BeWo
cells grown in a tight monolayer (Figure 5). Treatment with JPH203
during 6 hours reduced leucine transfer across the placental barrier by
58%. Assuming 100% LAT1 inhibition after treatment with 10 pmol/L
JPH203 (approximately 5-times the EC,, of JPH203), these results
suggest that more than half of the leucine transfer across the dif-
ferentiated BeWo monolayer was LAT1-dependent. The 3.8-times
more efficient inhibitor JG336 (60% reduction), and the less specific
System L inhibitor JX009 (55% reduction) showed similar inhibition
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FIGURE 5 Relevance of LAT1 and System L inhibition in leucine transfer across the placental barrier in vitro. A, Leucine transfer across
a tight BeWo monolayer was measured from the apical (ie upper compartment) towards the basal (ie lower compartment) side during 6 h
using the Transwell® system. Leucine transfer was significantly reduced by the System L inhibitor JX009 (orange) and the LAT1-specific
inhibitors JPH203 (red) and JG336 (green) compared to the DMSO-control (black) already after 1 h. Equal concentrations (10 umol/L) of
each inhibitor and DMSO as vehicle control were applied in three experiments with two replicates per condition. B, lllustration of the
experimental setup. All leucine transfer assays were performed against a counter-directed gradient of 137 pmol/L (30 — 167 umol/L)
leucine, in the presence of 300 umol/L glutamine (GIn) in both compartments. The leucine in the upper compartment was spiked with

1 uCi/mL 3H-L-leucine for transfer quantification. C, The intracellular leucine content was measured after washing the cell layers with
DPBS at the end of the experiment (after 6 h). A significant reduction of intracellular leucine contents was detected for the LAT1-specific
inhibitors JPH203 (P = 0.020) and JG336 (P = 0.0001), but not for the System L inhibitor JX009- (P = 0.215). The detected intracellular
leucine retention caused through LAT1 and LAT2 inhibition by JX009 suggests a System L-dependent leucine efflux across the BM as rate-
limiting step. Statistical analyses were performed using a parametric one-way ANOVA analysis (a = 0.05)

capacities as JPH203. These results demonstrated a predominantly
LAT1-dependent leucine transfer across the polarized BeWo mono-
layer which mimicks the physiological materno-foetal barrier.® In
these transfer studies, we also measured the intracellular leucine
content at the end of the experiment. In this context, the intracellular
accumulation of leucine suggests that the efflux activity at the BM;
that is, the transport towards the foetus, represents the rate-limiting
process in materno-foetal transfer. In contrast, a reduced intracellu-
lar leucine content predicts leucine transport across the MVM into
the BeWo monolayer as the rate-limiting step.7 In our experiments
only the two LAT1-specific inhibitors JPH203 and JG336 caused a
reduction of the intracellular leucine content (Figure 5C), indicating
that LAT1-mediated leucine transfer occurs at the apical MVM. In
contrast, the unchanged intracellular leucine content after JX009
treatment suggests System L transporter-dependent leucine efflux
across the BM. This is in agreement with the hypothesis that LAT1
is the major leucine transporter at the MVM, while other placental

Na*-independent System L or System L-like facilitated AA transport-
ers such as LAT2, LAT3 or LAT4 mediate leucine efflux across the
BM (Figure 1) as previously proposed.7'43'53'54 LAT1 and LAT2 local-
ization in BeWo cell before and after differentiation has not been
demonstrated yet; hence the interpretation of our results is based
on the assumption that System L-transporter expression in differen-
tiated BeWo is similar to primary trophoblasts and placental tissue.
Since the three tested inhibitors were applied at the maternal com-
partment, there is a certain membrane and cell layer permeability
required to allow interactions with the transporters located at the
BM. Permeability across the trophoblast barrier has not been inves-
tigated, but has been shown in Caco-2 cells for JPH203.° Recently
Lewis et al demonstrated in a mathematical modelling approach of
placental AA efflux based on placental perfusion data, that LAT2 al-
lows the transport of a substrate across the BM without transport of
another molecule in the other direction as normally expected from a
classical exchanger.55
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The selective expression and overexpression in various cancer
types with poor survival expectancyzo'ﬁé'60 made LAT1 an inter-
esting pharmaceutical target.27 This study demonstrates that the
choriocarcinoma cell line BeWo could serve as useful model sys-
tem to test putative LAT1 inhibitors and characterize their effect at
an active AA transporting and physiologically relevant cell barrier.
It was shown that high and asymmetric expression of SLC7 family
members makes the placental leucine uptake sensitive to LAT1- and
LAT2 inhibition.2** Furthermore, the application of compounds
like the LAT1-specific inhibitor JPH203 or the less specific SLC7-
transporter inhibitor JX009, allows for distinguishing the contribu-
tion of single leucine transporters across the placental barrier. The
short-term treatment with small molecule inhibitors also reduces
the risk of affecting trophoblast fusion and differentiation which
could occur after long-term gene silencing or constitutive knock-
out.* If further efforts are made to identify new lead structures or
to further develop existing inhibitors targeting System L-like trans-
porters such as the AA facilitators LAT3 and LAT4, these new com-
pounds could be valuable tools for assessing the relevance of single
transporter in materno-foetal AA transfer.

In summary, the combined application of the LAT1-specific in-
hibitor JPH203 and the System L inhibitor JX009 in Transwell®
studies helped to identify LAT1 as major leucine transporter play-
ing an important role in the materno-foetal supply of essential AA
at the MVM. In this context, the present study demonstrates the
usefulness of applying small-compound inhibitors bearing different
specificities. A better understanding of the SLC7 transporter-medi-
ated supply of AA and its impact on mTORC1-mediated placental
function in pregnancy diseases including IUGR and gestational dia-
betes mellitus could be a first step towards the optimization of foetal

growth and its effect on foetal programming in the future.®*
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Abstract

The developing fetus is highly vulnerable to imbalances in the supply of essential amino acids
(AA). Transplacental AA transfer depends on complex interactions between accumulative
transporters, exchangers and facilitators, which maintain both intra-extracellular and materno-
fetal substrate gradients. We determined physiological AA gradients between maternal and fetal
blood and assessed their importance by studying maternal-fetal leucine transfer in human
trophoblasts. Maternal-venous and corresponding fetal-arterial/fetal-venous sera were collected
from 22 healthy patients at partum. The acquisition of the full AA spectra in serum was
performed by ion exchange chromatography. Physiological materno-fetal AA levels were
evaluated using paired two-way ANOVA with Tukey’s correction. AA concentrations and
gradients were tested for associations with anthropometric data by Spearman correlation
analysis. Functional effects of a physiological leucine gradient versus equimolar concentrations
were tested in BeWo cells using *[H]-L-leucine in conventional and Transwell®-based uptake
and transfer experiments. The LAT1/SLC7AS-specific inhibitor JPH203 was used to evaluate
LAT]1-transporter-mediated leucine transport. Maternal AA concentrations correlated with
preconceptional and maternal weights at partum. Interestingly, low materno-fetal AA gradients
were associated with maternal weight, BMI and gestational weight gain. Leucine uptake was
promoted by increased extracellular substrate concentrations. Materno-fetal leucine transfer
was significantly increased against a 137uM leucine gradient demonstrating that transplacental
leucine transport is stimulated by a counter-directed gradient. Moreover, leucine transfer was
inhibited by 10uM JPH203 confirming that Leu transport across the placental barrier is LAT1-
dependent. This study demonstrates a currently underestimated effect of transplacental AA
gradients on efficient leucine transfer which could severely affect fetal development.

Keywords
Amino acid gradients, materno-fetal amino acid concentrations, gestational weight gain,
preconceptional weight, Transwell, LAT1

Highlights
e Selected maternal amino acid concentrations are associated with maternal weight.
e Selected materno-fetal amino acid gradients correlate with gestational weight gain.
e Fetal veno-arterial differences reveal varying states of amino acid homeostasis.
e Materno-fetal leucine transfer is induced against a counter-directed gradient.
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Graphical abstract
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Abnormal fetal growth and Leucine transport
metabolic disorders across the human placental barrier

1 Introduction

Appropriate in utero fetal growth is largely dictated by the availability of amino acids (AA) in
the maternal circulation, which is ensured during pregnancy by the capacity of the placenta to
transfer AA from the maternal into the fetal circulation [1,2]. Since all proteogenic AA are
higher concentrated in the fetal circulation [3,4], they have to be actively transferred from the
maternal to the fetal blood against counter-directed feto-maternal gradients. Already in 1973
Hill et al. demonstrated in placenta perfusion experiments in guinea pigs that materno-fetal
leucine (Leu) transfer was two-times increased after application of feto-maternal gradients [5].
However, extrapolation of results from animal experiments to humans must be done with
caution, specifically as the structure and anatomy of the human placenta is quite unique among
mammals [6]. There are few studies that investigated materno-fetal AA transfer under different
physiological and pathological conditions in vivo. This was performed by measuring AA
concentration differences between fetal arterial and fetal venous sera obtained from umbilical
cord blood and/or from the uteroplacental unit in the maternal circulation [7-14]. Such
observational correlation studies revealed interesting associations by comparing paired AA
concentrations in maternal radial artery and uterine vein with fetal umbilical vein and artery
sides with each other [15]. However, potential relationships between AA gradients and
demographic data such as maternal constitution or fetal growth have not been reported yet.
Computational modelling of AA transfer demonstrated the importance and interrelation of AA
gradients by considering separate maternal and fetal compartments and specific kinetic
properties of accumulative and exchanging AA transporter systems [16]. However, to our
knowledge, no human trophoblast studies have assessed the functional effect of counter-
directed AA gradients on transplacental AA transfer in vifro. To validate system L transporter
dependent Leu uptake and particularly to determine the role of LAT1 in this context, the LAT1-
specific inhibitor JPH203 was previously synthesized and applied [17,18]. This compound as
well as other small molecule inhibitors targeting SLC7 transporters proved also useful in the
context of placental physiology. Hence, using these inhibitors we recently determined the
fraction of Leu that is taken up by human trophoblasts under Na™-free conditions [19].

In this study we hypothesized that the maternal body condition is associated with the formation
of materno-fetal AA gradients and that this affects the placental uptake and transplacental
transfer of AA. To investigate these hypotheses, we aimed 1) to determine the concentrations of
all proteogenic AA in maternal vein, fetal artery and fetal vein samples in healthy human
pregnancies, 1ii) to investigate correlations between the obtained corresponding AA
concentrations, their gradients and anthropometric data and iii) to determine the effect of
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extracellular substrate concentrations and physiological AA gradients on Leu uptake and
materno-fetal Leu transfer in different trophoblast cell models. These studies allow to assess
the variation and relevance of transplacental AA gradients for a normal pregnancy outcome.
Moreover, the obtained in vitro results enable conclusions on the functional relevance of
materno-fetal AA gradients for transplacental AA transfer which has a major impact on fetal
growth.

2 Materials and Methods
All chemicals and reagents were purchased from Sigma-Aldrich in Switzerland unless
otherwise stated.

2.1 Serum collection of mother-baby pairs at birth

Placentae from normal healthy pregnancies (n=22) were collected after elective Caesarean
section at the Division of Gynecology and Obstetrics, Lindenhofgruppe, Bern, Switzerland. The
study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of the Canton of Bern (Basec Nr. 2016-00250).
Anthropometric characteristics of healthy patients donating placenta are shown in Table 1.
Maternal venous (MV) and corresponding fetal venous (FV) and fetal arterial (FA) serum
samples were prospectively sampled before administration of the spinal anesthesia approx.
Smin prior to parturition by caesarean section. The corresponding fetal blood was sampled from
placental arteries and veins within 20min after delivery. Contamination with maternal blood
was impossible. After collection of the whole blood sample in a S-Monovette with clotting
activator (Sarstedt Group, Niimbrecht, DE), the blood was allowed to clot for 15-30min at room
temperature (RT). The clot was removed by centrifugation with 1000rcf for 10min at 4°C. The
supernatants (=sera) were aliquoted and stored at -20°C upon analysis.

2.2 Profiling of free amino acids in mother-baby paired sera

The acquisition of the full amino acid spectra was carried out in serum by ion exchange
chromatography. The concentrations of 20 AA were determined in the Centre of Laboratory
Medicine (ISO 17025 accredited) at the University Hospital of Bern by ion exchange
chromatography with post column derivatization with Ninhydrin on an automated Biochrom
30+ Series amino acid analyser (Biochrom, Cambridge, UK). Norleucin (5.24mg/100mL
sulfosalicylic acid) was used as internal standard and calibration was obtained using amino acid
standards from Laborservice Onken (Art. Nr. 5.403.151) and Sigma (Art. Nr. A-9906). The
inter-assay coefficient of variation of the analysis was 7%.

2.3 Leucine uptake assay

BeWo cells were cultured in complete growth medium (DMEM-lowGlucose, Gibco, Paisley,
UK) containing 10% fetal bovine serum (Seraglob, Schafthausen, Switzerland) and 1x
antibiotic-antimycotic (Gibco, Grand Island, NY, USA). Cells were seeded at a density of
60000 cells/well into white-walled 96-well plate flat clear bottom (Corning® #3610) to obtain
a confluent cell culture overnight. Unstimulated BeWo cells (BeWo-CTB) were investigated
after overnight culturing. To obtain the syncytiotrophoblast (BeWo-STB) stage, BeWo cells
were cultured overnight followed by stimulation with 100uM forskolin for 48h as described in
[20].

The recently published Leu uptake method [18] was adapted to test the effect of different
substrate concentrations on Leu uptake kinetics. In brief, cultured BeWo cells were washed 3-
times after culturing according to their assigned differentiation stage with pre-warmed Na'-free
Hank’s buffer (125mM choline chloride, 25mM HEPES, 4.8mM KCl, 1.2mM MgSO4, 1.2mM
KH>POq4, 1.3mM CaCly, 5.6mM glucose, adjusted pH to 7.4). After equilibration by incubation
in the same buffer at 37°C for 7min in a humidified incubator under 5% CO, atmosphere, the
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cells were incubated for 3min with pre-warmed Na'-free Hank’s buffer containing different L-
Leu concentrations ranging from 0.7-350puM including 1uCi/mL radioactive L-[3,4,5-*H(N)]-
leucine (PerkinElmer, Waltham, MA, USA). Leu uptake was stopped by three washing steps
with ice-cold Na'-free Hank’s buffer to remove the substrate. Cells were lysed by intense
shaking for 1.5h in MicroScint™-20 (PerkinElmer, Waltham, MA, USA). Finally, Leu uptake
was quantified by a TopCount®™ NXT™ Scintillation and Luminescence Counter (PerkinElmer,
Waltham, MA, USA).

2.4 Cellular leucine uptake

To verify the cellular Leu uptake in the assay described in 2.3 and to identify the involved AA
transporter(s), the LAT1-specific inhibitor JPH203 was applied in a concentration range of
0.0316-31.6 uM. JPH203 was synthesized according to a previously published protocol [17]
and dissolved in dimethyl sulfoxide (DMSO, Merck). The analytical data for JPH203 were
recently published [18].

2.5 Leucine transfer across trophoblasts

2.5.1 Seeding and experiment preparation

For Leu transfer experiments BeWo cells were seeded at a density of 100’000 cells/cm? onto
permeable membranes with 0.4pm pore size kept in 12-well inserts from the Transwell® system
(Corning Inc., Corning, NY, USA). Cells were cultured in DMEM-lowGlucose at 37°C with
5% CO; atmosphere for 7 to 14 days.

2.5.2 Monitoring trophoblast cell layer formation

Before starting the transfer experiment the gradually increasing tightness of the trophoblast cell
layer and the corresponding reduction of permeability was monitored by measuring
transepithelial electrical resistance (TEER) and passive diffusion, respectively, as reported
before [21]. TEER and the cellular capacitance (C.1) were measured and analyzed using the
cellZscope system (nanoAnalytics, Miinster, Germany) according to manufacturer’s
instructions. The apparent permeability coefficient (Papp) was calculated by measuring the
rates of passive transfer of the paracellular pathway marker Lucifer yellow (LY) as previously
described [22].

2.5.3 Materno-fetal leucine transfer assay

Trophoblast cell layers with verified tightness were selected after 7 days of culturing on
Transwell® membranes and randomly assigned for Leu transfer time courses and substrate
gradient experiments. The cultured inserts and an insert without cells (non-cell control) were
placed in 12-well plates and 3-times washed with pre-warmed Na™-free Hank’s buffer. The cells
were equilibrated in Hank’s buffer for 30min at 37°C before use. Leu transfer from the upper
(maternal) toward the lower (fetal) compartment was started by simultaneously replacing the
buffer in both compartments. The buffer in the lower chamber was replaced with Na*-free
Hank’s containing either 30 or 167uM unlabeled L-Leu and 300uM glutamine. Then the buffer
in the maternal compartment was replaced with Hank’s containing 30uM Leu including
1uCi/mL 3H-labeled Leu and 300uM glutamine. Time points from Smin to 6h hours were
selected for sampling 50uL medium from the donating (maternal) and receiving (fetal)
compartment. At the end of the transfer experiment, all membranes were washed twice with
DPBS and sampled as well. The medium and membrane samples including negative controls
(non-cell controls) were collected in 3mL of scintillation cocktail (Zinsser Analytic, Frankfurt,
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Germany) and radioactivity was quantified using a Tri-carb 2100TR Liquid Scintillation
Counter (PerkinElmer, Waltham, US).

2.6 Statistical Analysis

Anthropometric data were statistically characterized by mean and standard deviation (SD).
Statistical analyses comparing maternal-vein, fetal-artery and fetal-vein AA profiles were
performed using paired two-way ANOVA with Tukey’s correction. Spearman correlation was
performed to test associations between physiological AA levels and anthropometric values
(Table 1). Differences between various uptake and transfer conditions were tested by Sidak's
multiple comparisons test. A difference with a probability value p<0.05 was considered as
statistically significant.

3 Results

3.1 Determination of maternal and fetal amino acid spectra

Transplacental AA gradients were determined for all proteogenic AA and defined as difference
between AA concentrations in mother-baby paired serum samples. MV serum and the
corresponding FV and FA serum samples were prospectively collected from 22 clinically
unsuspicious patients by Caesarian section at term (Table 1). There was no significant
difference between female and male babies. The concentrations of the 20 standard
proteinogenic AA are shown in Figure 1 and Table 2. Brackets represent expected physiological
ranges of AA concentrations in adults (>15 years) and newborns (0-1 month), respectively,
based on internally measured standard values at the University Hospital Bern. Particularly
essential AA like Thr, Val, Trp and Lys and some conditionally essential AA such as Gly and
Tyr were significantly higher concentrated in both fetal FA and FV compartments compared to
MV. There was no difference between maternal and-fetal concentrations for Cys and Asn. Ser
and Gln showed significant greater concentrations in FA compared to MV. For Cys all
quantitative measurements (4uM in FV and 5pM in MV) were clearly below the expected range
of 25-80uM for FV and 20-85uM for MV. Due to the discrepancy with published data
[10,23,24], Cys concentrations and Cys-related gradients were excluded from the following
correlation analysis.

3.2 Individual and amino acid-specific differences in materno-fetal gradients

The difference between FA and MV was defined as AA gradient relevant for materno-fetal
transfer. We found significant FA-MV differences for the small AA Gly, the nucleophilic AA
Ser and Thr, the hydrophobic AA Val, and the aromatic AA Tyr and Trp. Similar differences
were also found when comparing the FA-MV against FV-MV gradients. Of note, large
differences were found for essential AA. The non-essential AA Ser, Asp and Gln additionally
showed highly negative veno-arterial (FV-FA) differences (Table 2), i.e. they disappear from
the fetal circulation and are transported across the placenta into the maternal blood [15].
Although there were negative means of FV-FA differences for all AA except Trp (Table 2), 10
out of 22 individuals showed predominantly positive FV-FA differences (Figure 2). Thus, the
placentae included in our studies can be classified into either accumulative (positive FV-FA
difference; 45.5%) or secretive (negative FV-FA difference; 54.5%) tissues.

3.3 Amino acid concentrations and materno-fetal gradients correlate with
anthropometric data

Within our cohort of healthy placenta donors we performed correlation analysis between AA

concentrations/ AA gradients and anthropometric parameters characterizing the body condition

of either the mother or the newborn (Table 1). The summary of all significant Spearman

correlations is shown in Table 3, negative correlations are marked with (]). In summary, 95%

of all significant Spearman correlations between the sera from different compartments and
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clinical parameters concerning maternal body condition or fetal growth were positively
associated. Interestingly, 34 out of 62 (55%) significant positive Spearman correlations were
associated with AA concentrations in the MV, which generally are affected by the diet and
fasting time of the mother. In contrast, all negative correlations were associated with fetal AA
concentrations. 56% of all and 59% of MV correlations, respectively, were associations
between LATI substrates and anthropometric parameters. Based on the latter results, we
focused in this study specially on LAT1 substrates (highlighted green in Table 3).

3.3.1 Associations between serum amino acid concentrations and maternal weight

The correlations between clinical data with AA concentrations in maternal and fetal sera, but
also with materno-fetal gradients are listed in Table 3. There were positive correlations between
preconceptional weights and the MV concentrations of Ala, Val, Leu, Ile, Pro, Asp and Glu
(Table 3). Moreover, preconceptional weights correlated with FA concentrations for Val and
Pro, and with FV concentrations of Ile. All MV concentrations correlating with preconceptional
weights correlated also with maternal weight at partum. In addition, Met, Phe, Tyr, Gln and His
were associated with maternal weight at partum (Table 3). Figure 3 shows Spearman
correlations with maternal weights and BMI as scatter plot for Leu, which seem to persist
throughout pregnancy. The group of hydrophobic AA and LAT1 substrates Val, Leu and Ile
showed very similar correlation patterns as Leu. Maternal weight gain, which combines the
parameters preconceptional weight and weight at partum, showed significant correlations
exclusively with fetal concentrations of Gly Ala and Trp (Table 3). The similar trend between
preconceptional weights and weights af partum was also found between preconceptional BMI
and BMI at partum.

3.3.2 Associations of AA gradients with maternal and placental weight

AA gradients across the materno-fetal barrier were calculated as difference between MV and
FV or FA. Positive correlations were detected between materno-fetal AA gradients and
maternal weights for Pro, Phe and Tyr before conception and Tyr af partum (Table 3).
Furthermore, Glu MV-FV correlated with BMI at partum. A negative correlation was found
between the MV-FV gradient for Gly and maternal weight gain (Table 3). The MV-FV
gradients of the three essential aromatic AA Phe, Tyr and Trp were correlated with different
maternal weight parameters like preconceptional weight, weight at parfum and weight gain (see
Figure 4A,B,C for Tyr and Trp).

MV-FV gradients of the non-essential small AA Gly and Ala, but also of the two acidic AA
Asp and Glu were positively associated with placental weight (Figure 4D, Table 3).
Interestingly, fetal birth weight was largely independent of the AA concentrations and gradients
with few exceptions (Table 3).

3.4 Increased extracellular leucine levels facilitate leucine uptake into trophoblast cells
The effect of different extracellular AA concentrations on system L mediated uptake was
characterized using Na'-free Leu uptake assay on the BeWo trophoblast model. Two different
extracellular Leu concentrations were applied to test the effect of AA gradients on Leu uptake
efficiency into the choriocarcinoma cell line BeWo and the colon carcinoma cell line HT-29. A
Leu concentration in the upper clinical range (167uM) was selected and compared to a lower
concentration of 30uM Leu. 30uM Leu corresponds to approx. 1/3 of the mean Leu-MV
concentration. As shown in Figure 5A, increased extracellular Leu levels facilitated uptake of
Leu into undifferentiated BeWo-CTB from 15.9 to 47.3nmol/mg protein (mean difference and
standard error = 31.4 £+ 3.5nmol/mg protein), and into differentiated BeWo-STB from 30.7 to
103.4nmol/mg protein (mean difference and standard error = 72.8 £+ 8.5nmol/mg protein). In
comparison, the uptake into HT-29 cells increased from 32.7 to 66.2nmol/mg protein (mean
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difference and standard error = 33.5 + 5.0nmol/mg protein). Therefore, for trophoblasts a 2-
times higher basic Leu uptake rate was found in BeWo-STB compared to BeWo-CTB. While
comparable Leu uptake capacity was observed in BeWo-STB and HT-29 cells under low
substrate conditions, a clearly enhanced uptake capacity of trophoblasts was detected under
high extracellular Leu concentrations (Figure SA). The LAT1-specific inhibitor JPH203 was
applied to assure that Leu uptake in Na'-free conditions was mediated by LAT1. LAT1-specific
inhibition in a dose-response experiment resulted in a dramatic reduction of Leu uptake into
both BeWo-CTB with 85% and into BeWo-STB 76% reduction with ICso values in the
nanomolar range (Figure 5B), suggesting an only minor involvement of other system L
transporters like LAT2 at exceeding Leu concentrations. These results indicate a primarily
LATI-mediated Leu uptake process in trophoblasts with high dependency on extracellular
substrate availability.

3.5 Counter-directed gradient promotes leucine transfer across the materno-fetal
barrier

The functional effect of physiological counter-directed AA gradients was tested on an in vitro
Transwell system mimicking the placental cellular barrier. Herein we compared materno-fetal
Leu transfer in a setup of equimolar Leu concentrations on both sides with physiological
materno-fetal AA gradients derived from the analyses of mother-baby paired serum samples.
Thus, the materno-fetal Leu transfer was measured by applying either 30uM Leu in the upper
(maternal) and lower (fetal) compartment (materno-fetal Leu gradient = OuM) or by applying a
counter-directed gradient with 30uM Leu in the maternal and 167uM Leu in the fetal
compartment (materno-fetal Leu gradient = 137uM). Figure 6A shows the experimental setup
and the concentration changes of radio-labeled Leu measured in the upper (Maternal venous
(Mv)) compartment and in the receiving lower (Fetal arterial (Fa)) compartment from a
representative Transwell® experiment over 6 h. The application of a counter-directed Leu
gradient of 137uM significantly stimulated the materno-fetal transfer of Leu by on average
47.2% within the last three time points (4 — 6h). Moreover, Leu transfer was significantly
reduced by adding the LAT-specific inhibitor JPH203 (10uM; Figure 6A, dashed lines),
indicating that mainly LAT-mediated Leu transfer across the materno-fetal barrier occurs.
Within three successively and independently performed Transwell® experiments (n=3), there
were significant differences detected from 120min transfer time onwards (Suppl. Figure 1). To
investigate whether Leu uptake at the apical side or efflux at the basal side is the limiting step
in Leu transfer, we calculated (Figure 6B) and measured (Figure 6C) the intracellular retainment
of Leu within the barrier-forming trophoblasts. Figure 6B shows the calculated intracellular
Leu content (difference between the applied total dose and the sum of the two Leu
concentrations measured in the Mv and Fa compartment), while Figure 6C depicts the results
from the intracellular Leu content measured at the end of the experiment. Independent of the
type of analysis, no significant difference in intracellular Leu retainment was found between
equimolar Leu concentrations and a counter-directed Leu gradient suggesting that Leu uptake
rather than efflux towards the fetal compartment is the limiting step in Leu transfer.

4 Discussion

Since studies in the 1970s have shown that concentrations of most proteogenic AA are higher
in the fetal compared to the maternal circulation, there is the central dogma that most AA are
actively transported across the placenta against a counter-directed gradient [3]. We
hypothesized that counter-directed materno-fetal AA gradients have an impact on the function
of AA transporters such as LATI and thereby affect transplacental AA supply. Thus, the
maintenance of AA gradients between the maternal and fetal circulation is essential for a normal
course of pregnancy and for adequate fetal growth. To test this hypothesis, we measured the
concentrations of the 20 proteogenic AA in sera from maternal vein, fetal artery and fetal vein
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at partum and analyzed the correlation between AA concentrations and calculated materno-
fetal gradients with anthropometric data in healthy pregnancies. Moreover, we investigated the
influence of extracellular AA concentrations on the functional level by assessing exchanger-
mediated Leu uptake in conventional cell culture of HT-29 and BeWo cells at two
differentiation stages. Finally, we determined the direct effect of a materno-fetal gradient on
functional AA transfer in BeWo cells using the Transwell® system.

4.1 Variation of maternal and fetal AA concentrations

In agreement with literature [7-14] we detected higher AA concentrations in the fetal as
compared to the maternal circulation. Within our cohort we found in materno-fetal paired
analysis significant differences in the AA concentration especially for essential or conditionally
essential AA such as Thr, Val, Trp, Lys, Gly and Tyr (Table.2). Although there are 15 different
AA transport systems characterized in the human placenta and several AA are transported by
different systems [25], half of the AA showing significant differences are preferentially
substrates for system L transporters, particularly LAT]I.

The placenta is a metabolically active organ and interorgan exchange with fetal liver for non-
essential AA like Gly to Ser and Gln to Glu was demonstrated in temporal AA interconversion
characterization of sheep pregnancy using stable isotope methods [26,27]. Therefore, the
comparison between maternal and fetal AA concentrations allows conclusions on materno-fetal
transfer, but without including AA metabolism this can be misleading [28]. It has been shown
that the nutritional stage of the mother affects the use of AA as fuels by the placenta during
pregnancy [29]. Due to standardization of sampling and selection of patients that delivered
exclusively by cesarean section, we do not expect significant effects of fasting in this study. For
Cys unexpectedly low concentrations were detected (Figure 1, Table 2), and the reason for this
phenomenon is unclear. Increased preanalytical degradation of AA or analytical problems with
AA detection can be largely excluded, due to stable measurements of other AA, measurement
repetitions and validity of internal controls. On the other side, there could be metabolic reasons
for low Cys levels in late pregnancy. Sulfur-containing AA can be interconverted by
transsulfuration (Met—Cys) or transmethylation (Cys—Met). Due to the absence of
transsulfuration activity in the fetal liver and high transmethylation activity for growth and cell
proliferation, Cys consumption increases and becomes essential for the fetus in the 3™ trimester
[30,31]. Cys is also required for the synthesis of various proteins and glutathione. Therefore,
high amounts of Cys are consumed and must be transported across the placenta particularly in
the 3™ trimester, when fetal growth, AA metabolism and oxidative stress reach a maximum
[32,33]. However, due to the discrepancies of our measured Cys concentrations with previously
published data, Cys was excluded from the subsequent correlation studies.

4.2 Fetal veno-arterial differences reveal different phases of placental amino acid
homeostasis
There is a high heterogeneity in the literature regarding the predominance of positive or
negative veno-arterial differences in the fetal blood. Few studies showed positive FV-FA
differences for most AA in healthy pregnancies [10], others larger or smaller proportions of
negative FV-FA differences [12,23,24,34-36]. Cetin et al. found positive FV-FA AA
concentration differences for most essential AA in normal fetuses, but less in intrauterine
growth restriction (IUGR) [10]. Furthermore, negative FV-FA differences were also interpreted
as sign for fetal maturation by comparing AA concentrations in term and preterm [23]. Due to
the paired analysis mode, veno-arterial (FV-FA) differences of the 22 patients in this study
cohort (Table 1) were individually analyzed. Although the means of FV-FA differences for all
AA were negative, 45% of analyzed cases showed a clearly positive FV-FA difference for most
AA (Figure 2). Therefore, the negative mean FV-FA differences as listed in Table 2 is based
on a highly heterogenic group of placentae being either in accumulative (positive FV-FA
difference) or secretory (negative FV-FA difference) mode. 16 out of 22 placentae (73%)

9

241



Appendix - Publications resulting from this thesis

242

Materno-fetal amino acid transfer across gradient

showed either accumulation or secretion of most AA into placenta towards the maternal
circulation. Since fetal growth is dependent on AA supply throughout the pregnancy, the
placenta likely alternates throughout pregnancy between AA accumulation and secretion
modes. Total AA concentrations in cattle are following a circadian rhythm depending on growth
hormone levels and food intake [37]. A circadian effect on AA concentrations has also been
found in human young males where the concentrations of 16 AA varied throughout the day
[38]. Another study reported that the circadian changes of AA concentrations in pregnant
women were smaller than in non-pregnant women. Herein the authors observed changes of
plasma glucose, free fatty acids and insulin levels suggesting a daily switching rhythm between
anabolic and catabolic stages in pregnancy by [39]. In summary, the different phases of
placental AA homeostasis in individual pregnancies suggest a temporary switch between
accumulation and secretion phases in placental AA transfer, which should be confirmed by in
vivo determination of FV-FA differences. This could be achieved by using in utero
cordocentesis allowing a relatively unstressed sampling unaffected by parturition and at
different gestational ages [4,9].

4.3 Association between maternal/fetal amino acid concentrations and anthropometric
data

To estimate the relevance of AA concentrations in different maternal and fetal compartments,

and to investigate the importance of materno-fetal gradients, Spearman correlations with fetal

and maternal anthropometric values were performed within our healthy study cohort. The

results of our analyses complement data from a previous study that performed correlation

analysis between AA concentrations among different maternal and fetal compartments [15].

4.3.1 Maternal amino acid concentrations correlate with maternal weight and BMI

Exchanger-mediated AA transport, including the transfer of large neutral AA by system L
transporters, depends on the availability of their exchange partner [40]. The transfer of essential
AA can be affected, if AA concentration gradients across the placental barrier are changed [5].
To investigate the potential impact of maternal, fetal and placental parameters, AA
concentrations were tested for correlations with all available anthropometric values (Table 1).
Remarkably, maternal (MV) and fetal (FA and FV) concentrations of essential AA such as the
LATI- substrates Val, Leu, Ile, Met, Phe, Tyr and His were positively correlated with maternal
weights and BMI both before pregnancy and at partum (Figure 3 and Table 3). On the other
side, the fetal AA levels of Val, Ile and Pro seem to be more dependent on the mother’s
preconceptional weight rather than on the maternal weight at the end of pregnancy. Similarly,
fetal AA concentrations of Val, Leu Ile, and Pro were correlated more often with
preconceptional BMI than with BMI at partum. It has been shown that preconceptional body
weight has a lasting impact on gestational weight gain, fetal growth and contribute to develop
obesity postpartum [41]. Obese women are predisposed to get babies that are large for
gestational age, even when they show the same gestational weight gain as non-obese women
[42,43]. Therefore, high AA levels before pregnancy tend to stay high throughout gestation and
influence fetal AA levels at term. These results are in line with observations during temporal
maternal infusions with increasing AA concentrations. These infusions resulted in a temporal
fast increase of maternal AA concentrations and enhanced umbilical AA uptake in humans [44]
and sheep [45], but increased MV concentrations were ineffective after prolonged AA infusion
in pregnant sheep [45]. This inhibitory effect on fetal AA uptake were observed to a greater
extent if large neutral AA were infused [46]. On the other hand, placental AA supply is highly
vulnerable to maternal undernutrition. This was for instance detected as a consequence of the
Dutch famine in the second world war, when newborns were growth restricted and showed an
increased incidence of obesity and metabolic and cardiovascular disease in adulthood [47].
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4.3.2 Amino acid gradients are associated with maternal and placental weight

Materno-fetal AA gradients of Ile, Pro, Phe, Tyr, and His correlated with anthropometric data
characterizing the weight and the nutritional stage of subjects, respectively. Of note, since AA
levels are generally higher in the fetal as compared to the maternal circulation, those AA
gradients are negative values and represent counter-directed materno-fetal gradients. The
positive correlation between counter-directed materno-fetal gradients and anthropometric data
indicates that increasing maternal AA levels lead to less-negative, smaller materno-fetal
gradients. In other words, the heavier the mothers were before pregnancy or the more weight
they gained, the smaller (more positive) the counter-directed gradients across the placental
barrier were. Interestingly, the gradient of Gly was negatively correlated with gestational weight
gain. Although there is a high Gly demand for fetal growth and consequently the Gly
concentration in the fetal circulation is high, there is compared to Leu very low materno-fetal
transport of Gly [48], probably due to Ser-Gly transformation through
hydroxymethyltransferase activity in the fetus [49]. The association between Gly gradients and
weight gain values suggest an increased materno-fetal Gly transport or fetal Ser-Gly
transformation, if the weight gain is high. Excess or lack of gestational weight gain was related
to various pregnancy complications and cardiovascular diseases and obesity in the offspring
[50,51]. Although a recent multi-cohort meta-analysis associated gestational weight gain with
the increased risk for preeclampsia, gestational diabetes, preterm birth and others, weight gain
remains a multifactorial parameter depending on maternal fat accumulation, fluid expansion,
and the growth of fetus, placenta and uterus [52]. Of note, both gestational weight gain and
maternal weight represent a modifiable risk factor that is considered in prenatal counseling and
could help to prevent adverse outcome including gestational diabetes [53,54].

Additionally, a relationship was found between placental weight and counter-directed AA
gradients of the non-essential AA Gly, Ala, Asp and Glu (Figure 4D, Table 3). While Gly and
Ala are transported by different transport systems such as system A, GLY or ASC, and are
converted or metabolized by the placenta [25,55], the anionic AA Glu and Asp are synthesized
by fetal tissue and have no net transfer across the perfused human placenta [56,57]. In a
correlation study on small for gestational age babies, system A transporter activity was
compared to a variety of anthropometric parameters. It was found that system A activity
positively correlated with fetal proportions like skin-fold thicknesses and placental weight [58].
Therefore, the combination of system A transporter activity and smaller Gly and Ala gradients
could represent a placental adaption to produce and supply more substrate towards the fetus
[58].

4.4 Extracellular amino acid levels affect leucine uptake into differentiated trophoblasts
In the placenta there are accumulative transporters, exchangers and facilitators forming a
complex placental amino acid transport system, which is dependent of intracellular versus
extracellular, maternal versus fetal, and fetal versus maternal substrate gradients. The complex
network of these transport systems enables an efficient materno-fetal transfer of essential AA
against a counter-directed gradient [25,59]. Extensive computational modeling suggests beside
active transport also facilitated transport across the BM, which is highly dependent of AA
gradients across the BM [60-62]. However, if and how counter-directed AA gradients affect
the LAT1-dominated exchanger-mediated materno-fetal transfer of an essential AA like Leu,
has not been investigated yet. In a first step, we examined whether the Leu uptake capacity in
BeWo cells is sensitive to increased extracellular Leu levels. As expected, extracellular Leu
levels in the upper clinical range (167uM) increased Na'-independent uptake of Leu into the
trophoblasts and into colon carcinoma cells (HT-29). The choriocarcinoma cell line BeWo
(clone b30) which differentiates upon cyclic adenosine monophosphate (cAMP) stimulation

11

243



Appendix - Publications resulting from this thesis

244

Materno-fetal amino acid transfer across gradient

and further develops a polarized trophoblast monolayer [63], has been validated with ex vivo
placenta perfusion [64,65] and selected to explore transport mechanisms in vitro before [66].

Next, we investigated, whether the differentiation stage of trophoblasts affects the uptake
capacity for Leu. Indeed, differentiated BeWo-STB showed two times higher Leu uptake than
undifferentiated BeWo-CTB or HT-29 cells (Figure 5A). Since all uptake assays were
performed within 3 min, the increase of Leu uptake cannot be explained by expressional
changes of Leu transporters. Furthermore, the inhibition experiment with the LAT 1-specific
inhibitor JPH203 [17] demonstrated that Leu uptake in trophoblasts is predominantly LAT1-
dependent. Meier et al. showed a 1:1 exchange stoichiometry of heteromeric LAT1 and LAT2
transporter and substrate selectivity allowing the exchange of one extracellular large neutral
AA against a non-essential intracellular AA using the Xenopus expression system [67]. The
underlying mechanisms of trophoblasts to further increase Leu uptake upon differentiation
without changing the concentrations of exchange partners are not clear yet. In human
pregnancies, maternal-fetal transfer rates have been investigated in vivo by stable isotope
infusions into the maternal circulation followed by fetal blood sampling. The materno-fetal
transfer rate of nonessential AA like Gly was significantly lower than for essential amino acids
like Leu [48].

4.5 Effect of counter-directed amino acid gradients on materno-fetal leucine transfer
To test whether different extracellular AA concentrations have an effect on Leu transfer across
the materno-fetal barrier, we conducted Leu transport experiments using the Transwell® system.
Hereby we compared Leu transfer under equimolar Leu concentrations in the maternal and in
the fetal compartment against a counter-directed Leu gradient (Figure 6). To our knowledge
this is the first time, that the effect of a physiological counter-directed AA gradient was
functionally assessed in vitro. Although the applied gradient created a strong fetal to maternal
directed transport pressure, we observed higher materno-fetal transfer rates in presence of the
counter-directed Leu gradient as compared equimolar Leu concentrations. Additionally, the
significant reduction of Leu transfer by the LAT1-specific inhibitor JPH203 [17] underlines the
importance of LAT1 in materno-fetal transport of Leu, but likely also affects placental transport
of other LAT]1 substrates like Ile, Phe, Met, Tyr, His, Trp, Val, Cys and Thr [68]. At the end of
the experiment no intracellular Leu retainment was detected, independent if the intracellular
Leu content was calculated or measured, suggesting Leu uptake rather than efflux towards the
fetal compartment as limiting step (Figure 6B/C). Intracellular Leu retainment would indicate
fetal efflux as transfer limiting step, as shown in Leu uptake studies using LAT1/LAT2 small
molecule inhibitors (Zaugg et al. unpublished). The asymmetry of the transplacental AA flux
is favored by rapid uptake from the maternal circulation and transfer towards the fetus. It has
been shown that AA transfer towards the fetal side is more rapid than in the reverse direction
[69]. The importance of effective placental AA transport systems rather than maternal AA
concentrations as crucial factor for fetal growth is supported by findings of Bajora and
coworkers [13]. They observed that in monochorionic twins from which one was growth
retarded, the concentrations of Val, Leu, Ile, Phe, and Arg were only reduced in the growth
restricted twin, but normal in the co-twin not suffering from TUGR [13]. Furthermore, counter-
directed AA gradients might play a crucial role after their establishment at the beginning of the
second trimester of human pregnancy and before starting the phase of biggest fetal growth [70].
Based on these results we suggest the incorporation of transplacental AA gradients relevant for
fetal development in computational modeling based on placental perfusion studies [61,71].

4.6 Conclusion

Accumulative transporters, exchangers and facilitators form a complex placental AA transport
system, which is dependent of intra-extracellular and materno-fetal substrate gradients enabling
an efficient materno-fetal transfer of essential AA against a counter-directed gradient [25].
Particularly maternal AA concentrations of LAT1-specific substrates were correlating with
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maternal weights and BMI both before pregnancy and at term, suggesting that the
preconceptional nutritional stage affects maternal AA levels and the formation of transplacental
gradients throughout gestation. We could show the first time that there is a relation between
materno-fetal gradients of various LAT1 substrates and important clinical parameters such as
preconceptional and at partum weight or gestational weight gain. Furthermore, the obtained
results suggest an association between placental growth and the presence or maintenance of
counter-directed AA gradients. Finally, the relevance of appropriate AA gradients was
demonstrated in Leu transfer experiments across the materno-fetal barrier in the Transwell®
system, which showed increased Leu transfer against a counter-directed gradient. This study
demonstrates a so far underestimated impact of transplacental AA gradients in human
pregnancy which could affect pregnancy outcome and may play a role in fetal development.
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Tables

Table 1: Anthropometric characteristics of healthy patients and their offspring.

Materno-fetal amino acid transfer across gradient

Characteristics Control
Number (n) 22
Delivery mode cesarean sections
Maternal age (years) 34.36+3.74
Preconceptional weight (kg) 67.52+11.47
Weight at partum (kg) 82.05+ 14.30

5 Height (cm) . 163.95+ 7.50

g Preconceptional BMI (kg/m") 25.04+4.76

= BMI at parium (kg/mz) 30.53+5.06
Weight gain (kg) 15.86+ 5.83
Gravidity 2.55 +1.34
Parity 1.82 £0.85
Gestational age at partum 383/4 1
Systolic blood pressure 117.36 £9.33
Diastolic blood pressure 69.91 +10.05
Placental weight (g) 644.18 + 112.80

= 2

5 Gender 98/13¢Q

-g Weight (g) 3410.23 +456.95

S Percentile’ (%) 47.45 +28.56

Data are presented as mean + standard deviation (SD). Abbreviations: BMI, body mass index.
* Percentile were calculated by using child growth standards published by WHO
(www.who.int/childgrowth/standards/weight for_age/; March 2020).
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Figure Legends

Figure 1: Full proteinogenic amino acid profile of maternal-fetal matched blood samples.
The concentrations of the 20 standard proteinogenic amino acids (AA) were measured in
prospectively collected blood sera from clinically unsuspicious woman (n=22) and the
corresponding placentae within 20min after elective Caesarian section. The AA concentrations
were measured by ion exchange chromatography in blood sera from maternal vein (grey), fetal
artery (red) and fetal vein (blue). Data are depicted as boxplots with Tukey whiskers. The
various AA are classified according to their chemical structure and properties (see colored
backgrounds). Brackets represent expected physiological ranges of AA concentrations of adults
(>15years) and newborns (0-1month), respectively. The maternal-fetal matched blood samples
were compared using paired two-way ANOVA with Tukey’s correction; * p<0.05, ** p<0.01,
*¥*% p<0.001. AA concentrations in sera from healthy mother-baby pairs at birth were
significantly different by comparing maternal vein vs. fetal artery for Gly, Ser, Thr, Val, Tyr,
Trp, Gln, Asp, Glu and Lys. An overview on all results is presented in Table 2.

Figure 2: Individual differences in fetal net amino acid accumulation and secretion.

The means of veno-arterial (FV-FA) differences of 20 amino acids (AA) are presented in a
stacked bar diagram. The analyzed individuals are depicted on the x axis in ascending order.
12/22 individuals showed a negative, while 10/22 individuals exhibited a positive sum of veno-
arterial differences. In general, the 22 individuals can be classified based on their veno-arterial
differences in either accumulative placentae, performing fetal AA uptake, or in secretory
placentae, performing fetal AA efflux. Since in our cohort there were more secretory placentae
present at the time of delivery, the total FV-FA difference as listed in Table 2 is negative.

Figure 3: Correlation between leucine concentrations and maternal anthropometric data.
The relation between measured leucine (Leu) concentrations in maternal venous sera (MV) and
(A) maternal preconceptional weights, (B) maternal weights at partum (C) preconceptional
body mass index (BMI) and (D) BMI at partum was analyzed by Spearman correlation for 22
healthy controls (n=22). Data are presented as scatter plots with the anthropometric parameters
on the x-axis and AA concentrations in the maternal vein (MV) on the y-axis. Preconceptional
weights, maternal weights at parfum and BMI were mainly correlating with MV concentrations
of AA which are LAT1 substrates. The results of all significant correlations are listed in Table
3. Statistical values describing the linear relationship between two parameters are denoted to
the right of the scatter plots: rs, Spearman correlation coefficient; Cl, confidence interval; p,
two-tailed p value.

Figure 4: Correlations between selected amino acid gradients and anthropometric data.

Amino acid (AA) gradients across the materno-fetal barrier were calculated as difference
between concentrations in maternal vein (MV) and fetal artery (FA) or fetal vein (FV) for 22
mother-fetus paired serum samples (n=22). Since AA levels are generally higher in the fetal as
compared to the maternal circulation, AA gradients are negative values and therefore represent
counter-directed materno-fetal gradients. Significant Spearman correlations were found
between (A) tyrosine (Tyr) gradients and maternal preconceptional weights, (B) Tyr gradients
and maternal weights at partum, (C) Trp gradients and maternal weight gain (defined as
maternal weight at partum minus preconceptional weight) and (D) Alanine (Ala) gradients and
placental weight. Results are presented as scatter plots with anthropometric data on the x-axis
and AA gradients on the y-axis. Additional significant correlations for AA gradients are
presented in Table 3. Statistical parameters describing the linear relationship are denoted below
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the scatter plots: ry , Spearman correlation coefficient; CI, confidence interval; p, two-tailed p
value.

Figure 5: LAT1-mediated leucine uptake in trophoblasts is influenced by extracellular
amino acid concentrations.

(A) The effect of extracellular Leucine (Leu) concentrations on the Leu uptake capacity into
BeWo trophoblasts was assessed and compared to the frequently used colon cancer cell model
HT-29. Leu uptake assays were performed with Leu concentrations of 167uM, reflecting an
upper clinical range, and a lower concentration of 30uM. The uptake capacity between
syncytiotrophoblasts (STB) and cytotrophoblasts (CTB) was compared by stimulating
undifferentiated BeWo cells (BeWo-CTB) with 100uM forskolin for 48h (BeWo-STB). For all
cell types Leu uptake was measured at 3min and normalized to the total protein concentration.
BeWo-CTB are depicted in blue, BeWo STB in red and HT-29 in grey. Of note, the stimulation
of Leu uptake through increased extracellular Leu concentrations was more then 2-times higher
in BeWo-STB, as compared to the other undifferentiated cell types. (B) To verify the presence
of LATI1/SLC7AS5-mediated Leu uptake and its susceptibility to different substrate
concentrations, a dose-response experiment with the LATI-specific inhibitor JPH203 was
performed. Leu uptake under high Leu concentration (167pM Leu) are depicted as solid lines
and lower (30uM Leu) as dashed lines. BeWo-STB with high Leu levels showed significantly
higher Leu uptake rates, but also a much higher susceptibility to inhibition by JPH203 compared
to BeWo-CTB. (A-B) Differences were tested by Sidak's multiple comparisons test; * p<0.05,
** p<0.01, *** p<0.001.

Figure 6: Counter-directed leucine gradient increases amino acid transfer across the
placental barrier.

(A) Materno-fetal Leu transfer across a tight trophoblast monolayer was studied using the
Transwell® system. BeWo cells were cultured on a semi-permeable membrane and
differentiated by stimulation with 100uM forskolin 24h after seeding. Leu transfer was
measured over 360min by simultancous sampling and measurement of the diminishing
radiolabeled Leu (L-[3,4,5-*H(N)]-leucine) in the upper, maternal vein (Mv)-corresponding
compartment and the appearance of radiolabeled Leu in the lower, fetal artery (Fa)-
corresponding compartment. Two different conditions were compared: materno-fetal Leu
transfer with 30uM Leu both in the Mv and the Fa compartment (no gradient, blue) or against
a counter-directed Leu gradient with 30uM Leu in Mv and 167uM Leu in the Fa compartment
(orange). In all conditions there was 300uM Gln as exchange partner in both compartments.
The schematic representation of the experimental setup is shown in the insert of panel A. Leu
transfer across the placental barrier was increased against a counter-directed 137uM Leu-
gradient. Data show the results of one representative dataset from a total of 3 independent
experiments. The combination of the 3 independent Transwell® experiments is shown in Suppl.
Figure 1. (B) Calculated accumulation of intracellular Leu (total dose of labeled Leu minus sum
of Mv and Fa) during the experiment. (C) Measured accumulation of intracellular Leu at the
end of the experiment. No significant differences in the intracellular Leu contents were found
between application of equimolar Leu concentrations or of a counter-directed Leu gradient
(B,C) Differences were tested by 2way ANOVA with Tukey's multiple comparisons test; *
p<0.05, ** p<0.01, *** p<0.001.
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Suppl. Figure 1: Combination of Transwell experiments showing increased Leu transfer
against a Leu gradient.

Materno-fetal Leu transfer across an in vifro placental barrier was performed using the
Transwell® system. The results represent data from 3 independent Transwell experiments (n=3).
BeWo cells were cultured on a semi-permeable membrane and differentiated by stimulation
with 100uM forskolin 24h after seeding. Leu transfer was measured by simultaneous sampling
and measurement of diminishing radiolabeled Leu (L-[3,4,5-*H(N)]-leucine) in the upper
maternal vein (Mv) compartment and appearing radiolabeled Leu in the lower compartment
representing the fetal artery (Fa) over 360min. As shown in Figure 6, two different conditions
were compared: materno-fetal Leu transfer in the condition with 30uM Leu both in the Mv and
the Fa compartment (no gradient, blue) or against a counter-directed Leu gradient with 30uM
Leu in Mv and 167pM Leu in the Fa compartment (orange). In all conditions there was 300pM
Gln as exchange partner in both compartments. Differences were tested by 2way ANOVA with
Tukey's multiple comparisons test; * p<0.05, ** p<0.01, *** p<0.001.

29

261



Appendix - Publications resulting from this thesis

9.1.4 Published in ELife (6 May 2020)

eLife

*For correspondence:
m.sawicka@bioc.uzh.ch (MS);
dutzler@bioc.uzh.ch (RD)

TThese authors contributed
equally to this work

Competing interests: The
authors declare that no
competing interests exist.

Funding: See page 23

Received: 07 February 2020
Accepted: 05 May 2020
Published: 06 May 2020

Reviewing editor: Kenton J
Swartz, National Institute of
Neurological Disorders and

Stroke, National Institutes of
Health, United States

() Copyright Drozdzyk et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

Drozdzyk et al. eLife 2020;9:e55853. DOI: https://doi.org/10.7554/eLife.55853

262

RESEARCH ARTICLE

3| ®

Cryo-EM structures and functional
properties of CALHM channels of the
human placenta

Katarzyna Drozdzyk't, Marta Sawicka't*, Maria-Isabel Bahamonde-Santos’,
Zaugg Jonas?, Dawid Deneka’, Christiane Albrecht?, Raimund Dutzler'*

"Department of Biochemistry, University of Zurich, Zurich, Switzerland; ?Institute of
Biochemistry and Molecular Medicine, University of Bern, Bern, Switzerland

Abstract The transport of substances across the placenta is essential for the development of
the fetus. Here, we were interested in the role of channels of the calcium homeostasis modulator
(CALHM) family in the human placenta. By transcript analysis, we found the paralogs CALHM2, 4,
and 6 to be highly expressed in this organ and upregulated during trophoblast differentiation.
Based on electrophysiology, we observed that activation of these paralogs differs from the
voltage- and calcium-gated channel CALHM1. Cryo-EM structures of CALHM4 display decameric
and undecameric assemblies with large cylindrical pore, while in CALHM6 a conformational change
has converted the pore shape into a conus that narrows at the intracellular side, thus describing
distinct functional states of the channel. The pore geometry alters the distribution of lipids, which
occupy the cylindrical pore of CALHM4 in a bilayer-like arrangement whereas they have
redistributed in the conical pore of CALHM6 with potential functional consequences.

Introduction

The placenta, a complex organ that develops during pregnancy, serves as a hub for the exchange of
nutrients and waste products between the mother and the fetus. The flow of substances across the
placenta is controlled by two distinct cell-layers, namely fetal capillary endothelial cells and syncytio-
trophoblasts (STB). While endothelial cells lining the fetal vessels allow to a certain extent diffusion
of (small) molecules through paracellular pathways (Edwards et al., 1993; Lewis et al., 2013), the
STB layer constitutes a tight diffusion barrier. STB are polarized multinucleated cells presenting their
apical side towards the maternal blood and their basal side towards the fetal capillaries. Hence, the
targeted expression of receptors, channels or transport proteins of the STB determines the direc-
tionality of transport across the placenta, which is essential for the adequate development of the
fetus (Lager and Powell, 2012). Among the transport proteins in the placenta, the role of the cal-
cium homeostasis modulator (CALHM) family is currently unknown. In humans, the CALHM family
encompasses six paralogs, some of which function as non-selective channels that are permeable to
large substances such as ATP (Ma et al., 2016). CALHM1, the currently best characterized paralog,
forms ion channels that are activated by depolarization and a decrease in the extracellular Ca?*-con-
centration (Ma et al., 2012; Taruno et al, 2013b) with mutations being associated with an
increased risk for late-onset Alzheimer’s disease (Dreses-Werringloer et al., 2008). Although func-
tional on its own (Ma et al., 2012), in a physiological context CALHM1 probably forms heteromers
with the subunit CALHM3 (Ma et al., 2018b). These heteromeric channels play an important role as
secondary receptors for sweet, bitter and umami taste reception in type Il taste bud cells by catalyz-
ing the non-vesicular release of ATP (Ma et al., 2018b; Taruno et al., 2013a; Taruno et al., 2013b).
A second paralog with an assigned physiological role is CALHM2, which is ubiquitously expressed
and was proposed to mediate ATP release in astrocytes (Ma et al.,, 2018a). The role of other
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paralogs has thus far remained elusive. Insight into the structural properties of the family was
recently provided from studies on CALHM1 and 2 by cryo-electron microscopy (Choi et al., 2019;
Demura et al., 2020; Syrjanen et al., 2020). CALHM2 was found to assemble into undecameric
channels, which in certain cases dimerize via contacts on the extracellular side in an assembly that
resembles gap-junctions. Based on this architecture, a potential role of CALHM2 as intercellular
channels was proposed. Although predicted to be related to connexins and volume-regulated anion
channels (VRACs) of the LRRC8 family (Siebert et al., 2013), the four membrane-spanning helices of
the CALHM subunit exhibit a distinct arrangement, which refutes a common structural ancestry
between these protein families (Choi et al., 2019). In contrast to CALHM2 channels, the structure of
CALHM1 shows a smaller octameric organization (Demura et al., 2020; Syrjanen et al., 2020), thus
suggesting that the functional properties of activation and conduction might not be conserved
within the family.

In the present study we were investigating the structural and functional properties of CALHM
channels in the context of the placenta. We identified the three paralogs, CALHM2, 4 and 6, to be
highly expressed in this organ. A systematic comparative functional characterization by electrophysi-
ology did not reveal pronounced activity of either of these paralogs under conditions where
CALHM1 channels are open, thus suggesting that the former might be regulated by different and
currently unknown mechanisms. The structural characterization of the three paralogs reveals insight
into their organization and into potential gating transitions which, although related to previously
described properties of CALHM2, show distinct features with respect to subunit organization, con-
formational changes and the distribution of lipids residing inside the wide pore of CALHM channels.

Results

Expression of CALHM channels in the human placenta

To investigate the role of CALHM channels in the placenta, we have characterized the expression of
family members in healthy human placental tissues obtained from term pregnancies. Quantification
of transcripts by reverse transcription (RT) PCR revealed high levels of CALHM2, 4, and 6, but com-
parably low expression of other paralogs (Figure 1A). We also analyzed the expression patterns of
CALHM paralogs in primary trophoblast cells isolated from healthy term placentae and examined
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Figure 1. Expression analysis of CALHM genes in the human placenta. mRNA abundances of different CALMH paralogs in (A), human placental tissues
(n = 10) and (B), human trophoblasts isolated from healthy term placentae (n = 5) was assessed by quantitative RT PCR and normalized to the reference
gene YWHAZ. The relative amounts of the different CALHM genes are shown as AC, values (AC, = C, value of YWHAZ - C, value of CALHM gene).
Comparative transcript data are presented as mRNA abundance (ACt = Ctieferance gene — Cliraget gene) between undifferentiated cytotrophoblasts (C) and
differentiated syncytiotrophoblast (S) cells. Data analysis and statistical evaluations were performed using paired 2-way ANOVA with Sidak’s multiple
comparisons test; *p<0.05; **p<0.01; ***p<0.001.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Comparative mRNA expression data for other physiologically relevant transporters/receptors in the human placenta.

Drozdzyk et al. eLife 2020;9:€55853. DOI: https://doi.org/10.7554/eLife.55853
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changes during the differentiation process of trophoblast precursor cells into mature STB. We found
marked upregulation of CALHM2, 4 and 6 during differentiation, which was most pronounced for
CALHM4 (Figure 1B) and which might indicate a differentiation-dependent role of these proteins in
the human placenta. In all cases, the concentrations of the respective CALHM mRNAs are high in
comparison to other transport proteins (Figure 1—figure supplement 1) suggesting their involve-
ment in important placenta-related membrane transport processes.

Functional characterization of CALHM paralogs

Due to the abundance of CALHM2, 4, and 6 in the placenta, we have focused our subsequent inves-
tigations on these three paralogs. Apart from CALHM2, which was described to form ATP-conduct-
ing channels in astrocytes (Ma et al., 2018a), they have so far not been characterized. For a
functional comparison of channels composed of the three placental subunits with the well-studied
protein CALHM1, we have expressed the homomeric proteins in X. laevis oocytes and recorded cur-
rents by two-electrode voltage-clamp electrophysiology. This method has previously allowed a
detailed characterization of CALHM1, which is activated by depolarization and the removal of Ca?*
from the extracellular side (Ma et al., 2012). To detect proteins in the plasma membrane, we have
used a surface-biotinylation approach and found all placental paralogs to be expressed and targeted
at high levels to the surface of oocytes at the time of the measurement (i.e. 40-60 hr after injection
of mRNA) (Figure 2A). Assuming that CALHM proteins form channels of large conductance, we thus
can directly compare the average magnitude of recorded currents between populations of oocytes
expressing the respective constructs and relate their activation properties in response to voltage
change and the depletion of extracellular Ca?* to the well-characterized CALHM1. In our studies, we
were able to reproduce the functional hallmarks of CALHM1, which are manifested in the absence of
currents at negative voltage and slowly activating currents at positive voltage at millimolar concen-
trations of extracellular Ca®* and a strong increase of currents upon Ca®* removal in the entire volt-
age range (Figure 2, Figure 2—figure supplement 1A and B). In contrast to CALHM1, the current
response of homomeric CALHM2, 4, and 6 channels was generally small and within the range of
endogenous currents of X. laevis oocytes not expressing any of the proteins (Figure 2A, Figure 2—
figure supplement 1C-F). These currents neither showed pronounced voltage-dependence nor
were they altered by Ca®*-removal in a statistically significant manner (Figure 2B-D). We thus con-
clude that the CALHM channels expressed in the placenta are not regulated in a similar manner as
CALHM1-subunit containing channels and that their activation instead proceeds by distinct, currently
unknown mechanisms.

Biochemical characterization and structure determination of CALHM2,
4, and 6

For a biochemical and structural characterization of placental CALHM channels, we have expressed
constructs coding for human CALHM2, 4 and 6 in HEK293 cells. In contrast to the poor yields
obtained for human CALHM1, all three placental paralogs expressed high levels of protein. The elu-
tion properties of fusions to green fluorescent protein (GFP) extracted in the detergent glycol-dio-
sgenin (GDN) and analyzed by fluorescent size-exclusion chromatography (FSEC) (Kawate and
Gouaux, 2006) indicate assemblies of high molecular weight (Figure 3—figure supplement 1A).
We next proceeded with a scale-up of homomeric CALHM2, 4 and 6 channels in HEK293 cells and
purified each protein in the detergent GDN. Consistent with FSEC studies, all purified constructs
eluted as large oligomers during gel-filtration chromatography, although at different volumes. The
highest elution volume was observed for CALHMé, a similar but slightly lower volume for CALHM2
and the smallest volume for CALHM4, thus hinting towards distinct oligomeric organizations of the
three proteins with CALHM4 forming larger complexes than CALHMé (Figure 3—figure supple-
ment 1B). The peak fractions were concentrated, vitrified on cryo-EM grids and used for data collec-
tion by cryo-electron microscopy (Figure 3—figure supplements 2-6, Tables 1-2). As expected
from the size-exclusion profiles, all paralogs form large and heterogenic multimeric assemblies con-
taining between 10 and 12 subunits. Whereas in the CALHM6 sample a vast majority of these oligo-
meric channels do not interact (Figure 3B, Figure 3—figure supplement 4), we have found almost
complete dimerization for CALHM4 (Figure 3A, Figure 3—figure supplements 2-3) and a signifi-
cant fraction of particles to dimerize in case of CALHM2 (Figure 3C, Figure 3—figure supplement

Drozdzyk et al. eLife 2020;9:e55853. DOI: https://doi.org/10.7554/eLife.55853 30f27
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Figure 2. Functional characterization of CALHM channels expressed in X. laevis oocytes. (A) Western blot of
proteins located in the plasma membrane of X. laevis oocytes heterologously expressing the indicated CALHM
channels. Protein was isolated after surface-biotinylation by binding to avidin-resin. The proteins are detected with
specific antibodies recognizing the respective CALHM paralog. Left, CALHM2, center CALHM4, right CALHMb.
The blot demonstrates the targeting of all three paralogs to the plasma membrane. Bands corresponding to the
respective CALHM paralogs are indicated by asterisk. (B) Electrophysiological characterization of X. laevis oocytes
heterologously expressing the paralogs CALHM1, CALHM2, CALHM4 and CALHM®6 in comparison to control
oocytes (neg.) recorded at extracellular solutions either containing 3 mM Ca”* (3) or 0.5 mM EDTA and 0.5 mM
EGTA (Ca’'-free, 0). Data show currents of individual oocytes (circle) recorded by two-electrode voltage-clamp
(TEVC) at 60 (light blue) and —60 mV (light red). In each case, currents were tabulated at the end of a 5 s voltage
step. Averages are shown as bars in red (—60 mV) and blue (60 mV), respectively. Dashed lines indicate mean
current levels of control oocytes (neg.) recorded in Ca?'-free extracellular solutions at 60 and —60 mV. Currents
measured for all investigated channels, except CALHM1, are not significantly different from control oocytes (as
judged by a Student t-test). (C), Rectification of steady-state currents of cocytes displayed in (B) expressed as
lsomv/!-s0my calculated for individual oocytes at 3 mM Ca?* (3) and in Ca?*-free solutions (0) and averaged. The
large value of CALHM1 reflects the activation of the protein at positive voltage in presence of Ca?'. (D) Ca?'-
dependence of activation. Change of steady-state currents of oocytes displayed in (B) after Ca”*-removal
expressed as l,ocaz./Icaz. calculated from individual oocytes at —60 mV (n) and 60 mV (p) and averaged. The large
value of CALHM1 at —60 mV reflects the strong activation of currents at negative voltages upon Ca®*-depletion.
C, D, The difference between the corresponding values of the CALHM paralogs 2, 4, and 6 and neg. are
statistically insignificant (as judged by a Student t-test). B-D, Data show averages of 27 (neg.), 21 (CALHM1), 26
(CALHM?2), 19 (CALHM4) and 21 (CALHMé) oocytes respectively. Errors are standard deviations.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Electrophysiology traces.
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Table 1. Cryo-EM data collection, refinement and validation statistics of CALHM4.

Data collection and processing

Dataset 1
CALHM4_Ca?*

10-mer 11-mer

Dataset 2
CALHM4_Ca®* free

10-mer 11-mer

Structural Biology and Molecular Biophysics

Microscope FEI Tecnai G Polara FEI Tecnai G? Polara

Camera Gatan K2 Summit + GIF Gatan K2 Summit + GIF
Magnification 37,313 37,313

Voltage (kV) 300 300

Electron exposure (e-/A’) 40 32

Defocus range (um) -0.8 to -3.0 0.8 to -3.0

Pixel size (A) 134 1.34

Initial particle images (no.) 422,281 576,841

Final particle images (no.) 35,229 70,4581 27,094 54,1881* 21,264 25,703 51,4061*
Reconstruction strategy2” Std Loc Std Loc Std Std Loc
Symmetry imposed D10 C10 D11 c1 D10 D11 cin
Global map resolution (A) 4.24 4.07 4.02 3.92 4.07 3.82 3.69
FSC threshold 0.143

Map resolution range (A) 4.0-5.1 3.8-5.0 3.8-5.0 3.8-5.0 3.8-5.0 3.6-4.4 3543
Map sharpening B factor (A?) -200 -200 -185 -177 -169 -145 -126
EMDB identifier 10920 10920** 10921 10921** 10917 10919 10919**
Refinement N/A N/A N/A
Model resolution (A) 4.2 4.0 4.0 37

FSC threshold 0.5

Model composition

Non-hydrogen atoms 41,620 45,782 41,620 45,782

Protein residues 5,340 5,874 5,340 5,874

B factors (A2

Protein 62 61 34 51

R.m.s. deviations

Bond lengths (A) 0.005 0.005 0.003 0.005

Bond angles () 0.694 0.672 0.550 0.754

Validation

MolProbity score 1.53 1:57 1.48 73

Clash score 10.19 6.50 7.59 9.79

Poor rotamers (%) 0 0 0 0

Ramachandran plot

Favored (%) 98.10 96.66 97.72 96.65

Allowed (%) 1.90 3.34 2.28 3.35

Disallowed (%) 0 0 0 0

PDB identifier 6YTO 6YTQ 6YTK 6YTL

*Subparticles from localized reconstruction.

'Std — standard reconstruction; Loc — localized reconstruction.

*Higher-resolution map from localized reconstruction submitted as an additional map under the same entry as the main map.

6). Unlike to previous reports of CALHM2 structures, where interactions between channels were
mediated by extracellular loops (Choi et al., 2019; Syrjanen et al., 2020), the pairing in the
CALHM4 sample proceeds via contacts at the intracellular side (Figure 3A). We also observed two
distinct protein conformations in our data with CALHM4 and CALHMé channels forming cylindrical
and conical pores, respectively (Figure 3D). Although 2D class averages of CALHM2 appear of high
quality, 3D classification of this dataset did not yield high-resolution structures. We believe that the
strong preferential orientation of CALHM2 particles resulting in a predominance of views along the

Drozdzyk et al. eLife 2020;9:e55853. DOI: https://doi.org/10.7554/eLife.55853 5 of 27
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Table 2. Cryo-EM data collection, refinement and validation statistics of CALHMé and CALHM2.
Dataset 3 Dataset 4
CALHM6_Ca®* CALHM2_Ca**
10-mer 11-mer

Data collection and processing

Microscope FEI Tecnai G’ Polara FEI Tecnai G Polara

Camera Gatan K2 Summit + GIF Gatan K2 Summit + GIF

Magpnification 37,313 37,313

Voltage (kV) 300 300

Electron exposure (e-/A?) 40 55

Defocus range (um) -0.8 to -3.0 -0.8 to -3.0

Pixel size (A) 1.34 1.34

Initial particle images (no.) 216,859 417,612

Final particle images (no.) 98,104 63,310 N/A

Reconstruction strategy1* Std Std Std

Symmetry imposed C10 cn C1

Global map resolution A 4.39 6.23 N/A

FSC threshold 0.143

Map resolution range (A) 4.3-51 5.0-7.0 N/A

Map sharpening B factor (A%) -259 -435 N/A

EMDB identifier 10924 10925 N/A

Refinement N/A

Model resolution (A) 44 6.6

FSC threshold 0.5

Model composition

Non-hydrogen atoms 19,560 21,516

Protein residues 2,520 2,772

B factors (A?)

Protein 85 86

R.m.s. deviations

Bond lengths (A) 0.004 0.004

Bond angles () 0.773 0.822

Validation

MolProbity score 214 2.15

Clash score 16.18 17.75

Poor rotamers (%) 0 0

Ramachandran plot

Favored (%) 93.55 93.95

Allowed (%) 6.05 5.65

Disallowed (%) 0.40 0.40

PDB identifier 6YTV 6YTX

*Std — standard reconstruction; Loc — localized reconstruction.

pore axis combined with sample heterogeneity has limited our data processing workflow to 2D clas-

sification (Figure 3—figure supplement 6). In general, we found an oligomeric distribution of

CALHM2 channels that corresponds to previously determined structure with a majority of channels

being organized as undecamers and a smaller population showing dodecameric assemblies

(Figure 3C, Figure 3—figure supplement 6). Due to the higher quality of the CALHM4 and 6 sam-

ples, we continued to use structures derived from these proteins for a detailed characterization of

both pore conformations.
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A B C
CALHM4 CALHM6 CALHM2
11-mer 10-mer 10-mer

cylindrical pore conical pore
CALHM4 CALHM6

Figure 3. Cryo-EM analysis. (A) Cryo-EM density of undecameric (11-mer) and decameric (10-mer) pairs of CALHM4 channels at 3.8 and 4.1 A
respectively. Data were recorded from a Ca”'-free sample. Subunits are colored in lilac and green, respectively. (B) Cryo-EM density of decameric
CALHMB6 channels at 4.4 A. Subunits are colored in red and light-blue, respectively. A, B, Views are from within the membrane with membrane
indicated as grey rectangle (top) and from the outside (bottom). (C) Selected 2D classes of the CALHM2 data showing interacting channel pairs and
single channels viewed from within the membrane (top) and views of undecameric and dodecameric channels with subunits numbered (bottom). (D)
Slices through the CALHM4 (left) and the CALHM® (right) channels illustrating the distinct features of the cylindrical and conical pore conformations.
View of CALHMé at lower contour (right) shows extended density for the mobile TM1. Maps are low-pass filtered at 6 A. Colored features refer to
density corresponding to TM1 and NH.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Biochemical characterization.
Figure supplement 2. Cryo-EM reconstruction of CALHM4 in presence of Ca”".
Figure 3 continued on next page
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Figure 3 continued

Figure supplement 3. Cryo-EM reconstruction of CALHM4 in absence of Ca?*.
Figure supplement 4. Cryo-EM reconstruction of CALHM6 in presence of Ca”*.
Figure supplement 5. Cryo-EM density of CALHM4 and CALHMb.

Figure supplement 6. Cryo-EM reconstruction of CALHM2 in presence of Ca®*.

Cylindrical pore conformation of the CALHM4 structure

For the determination of the CALHM4 structure, we have recorded cryo-EM data in the presence
and absence of Ca®* and observed similar structural properties in both samples, which are not
affected by divalent cations (Figure 3—figure supplements 2 and 3). In each case, we found a het-
erogeneous, about equal distribution of particles with two distinct oligomeric states. The smaller
particles are composed of decameric and the larger of undecameric assemblies, both of which we
refer to as CALHM4 channels (Figure 4). Due to the slightly higher quality of the Ca®*-free sample,
we continued to use this data for our further analysis unless specifically indicated. The cryo-EM den-
sity of the decamers extends to a resolution of 4.1 A and undecamers to 3.7 A, which in both cases
permitted the unambiguous interpretation by an atomic model (Figure 3—figure supplements 2,
3 and 5A, Video 1, Table 1). In each structure, the subunits are arranged around a central axis of
symmetry that defines the ion-conduction path. As described before, both assemblies contain pairs
of CALHM4 channels of the same size related by two-fold symmetry that interact via their cyto-
plasmic parts (Figure 4—figure supplement 1A-C). The CALHM4 channels form approximately 90
A high cylindrical proteins that span the lipid bilayer with regions at their respective periphery

Figure 4. CALHM4 structure. Ribbon representation of (A), decameric and (B), undecameric CALHM4 channels.
Top views are from within the membrane with membrane boundaries indicated, bottom views are from the
extracellular side. The approximate dimensions are indicated. Subunits are colored in lilac and green.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Features of the CALHM4 structure.

Drozdzyk et al. eLife 2020;9:e55853. DOI: https://doi.org/10.7554/eLife.55853 8 of 27
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Video 1. Cryo-EM density map of a single subunit of

CALHM4 obtained in absence of Ca?*. Shown

is the

cryo-EM map of the protein in detergent with the

atomic model superimposed.

https://elifesciences.org/articles/55853#video1

Structural Biology and Molecular Biophysics

extending into the aqueous environment on
either side of the membrane (Figure 4). In the
plane of the membrane, the dimensions of deca-
meric and undecameric CALHM4 channels
amount to 110 A and 120 A respectively (Fig-
ure 4, Figure 4—figure supplement 1D-E). Irre-
spective of their distinct oligomerization, the
individual subunits in both assemblies show
equivalent conformations, which resemble the
recently described structures of CALHM1 and 2
(Choi et al., 2019, Demura et al., 2020,
Syrjanen et al., 2020) and thus define an organi-
zation that is likely general for the CALHM family
(Figure 5A, Figure 5—figure supplement 1).
Although the members of this family were pre-
dicted to share their architecture with connexins
and related innexin and LRRC8 channels
(Siebert et al., 2013), this turns out not to be
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Figure 5. CALHM4 subunit and oligomeric arrangement. (A) Ribbon representation of the CALHM4 subunit. Secondary structure elements are labeled
and transmembrane a-helices are shown in unique colors. View of the transmembrane o-helices of (B), the CALHM4 decamer and (C), the volume
regulated anion channel LRRC8A from the extracellular side. B-C, color code is as in A, transmembrane segments of one subunit are numbered. The
general shape of a single subunit is indicated (B, trapezoid, C, oval). (D) Surface representation of the CALHM4 decamer. The view is from the outside.
(E), Slice through the CALHM4 pore viewed from within the membrane. D, E, TM1 and the N-terminal o-helix NH are colored in red.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Sequence and topology.
Figure supplement 2. Features of the CALHM4 structure.
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the case. Whereas subunits in all families contain four transmembrane helices, which run perpendicu-
lar to the membrane, the mutual arrangement of these o-helices differs between CALHM channels
and their connexin-like counterparts. When viewed from the extracellular side, the transmembrane
helices in connexin, innexin and VRAC channels (Deneka et al., 2018; Kasuya et al., 2018,
Kefauver et al., 2018; Maeda et al., 2009; Oshima et al., 2016) are arranged in a clockwise man-
ner, whereas the arrangement in CALHM channels is anticlockwise (Figure 5B,C). Moreover, in con-
nexins and related channels, the four helices form a tightly interacting left-handed bundle with a
common core, resulting in a structure with an oval cross-section (Figure 5C). Conversely, the helices
of the CALHM subunit are organized as two layers conferring an overall trapezoid cross-section
(Figure 5B). Finally, whereas connexins and LRRC8 channels form hexamers, and innexins form
octamers, an oligomeric arrangement that has also been observed for CALHM1, the larger CALHM4
channels contain either 10 or 11 subunits (Figure 4A,B). The outer layer of the CALHM subunit is
composed of the interacting a-helices TM2-4, which are arranged in one row sharing mutual interac-
tions only with their respective neighbor. The inner layer consists of TM1, which on its entire length
exclusively interacts with TM3, the central helix of the outer layer (Figure 5A,B). When assembled
into oligomers, the helices of the outer layer form a ring, which defines the boundaries of the chan-
nel (Figure 5B). In this outer ring, the peripheral helices TM2 and 4 are involved in extended interac-
tions with neighboring subunits resulting in a tightly packed interface. Apart from a small
fenestration between TM3 and 4 in the center of each subunit, this structural unit shields the interior
of the pore from the surrounding membrane (Figure 5—figure supplement 2A). In contrast, the
respective TM1 helices forming the inner layer are distant from each other and thus not involved in
mutual inter-subunit interactions (Figure 5D,E). In the region preceding TM1, the residues of the
N-terminus form a helix (NH) that is oriented perpendicular to the first transmembrane segment par-
allel to the plane of the lipid bilayer (Figure 4, Figure 5D, Figure 3—figure supplement 5A and
Figure 5—figure supplement 2B). Among the family members of known structures, the conforma-
tions of NH and TM1 are best defined in CALHM4 (Figure 3—figure supplement 5A), whereas
weaker density of these fragments in the equivalent state of CALHM1 and 2 points towards a higher
mobility of this region in latter proteins (Choi et al., 2019; Syrjanen et al., 2020). On the extracellu-
lar side, a short loop bridges o-helices TM1 and 2 and an extended region containing two short a-
helices (E1H and E2H), connects TM3 with the long TM4, which extends beyond the membrane
plane (Figure 5A). Both segments of the extracellular domain are stabilized by two conserved disul-
fide bridges (Figure 5—figure supplement 2C). On the intracellular side, TM2 precedes a short
helix (CLH) that projects away from the pore axis with TM3 being bent in the same direction (Fig-
ure 5—figure supplement 2D). Both o-helices are connected by a 12-residue long loop that is prob-
ably mobile and thus not defined in the density. Downstream of TM4, we find an extended
intracellular region. The first halve of this region consists of a long o-helix (CTH), which is tilted by
70" towards the membrane plane. By mutual interaction with neighboring subunits, the CTH-helices
form a 30 A-high intracellular ring that extends from the membrane into the cytoplasm (Figures 4
and 5A, Figure 4—figure supplement 1C). Distal to CTH, a weakly defined 62-residue long
extended loop, which contains interspersed secondary structure elements, folds back towards the
intracellular ring and extends to the juxtaposed CALHM4 channel (Figure 4—figure supplement
1B,C). In this way the C-terminal loops mediate the bulk of the interaction relating CALHM4 channel
pairs in an arrangement whose relevance in a cellular context is still ambiguous.

Pore architecture

Decameric and undecameric CALHM4 channels contain wide pores, which are cylindrical throughout
except for a constriction at the intracellular membrane boundary. The diameter at both entrances of
the pore measures about 52 A and 60 A for decameric and undecameric assemblies respectively,
thus defining the properties of an unusually large channel, which could be permeable to molecular
substrates (Figure 6A, Figure 4—figure supplement 1D,E). Even at the constriction located at the
intracellular membrane leaflet where the respective N-terminal helices NH project towards the pore
axis, the decameric channels are about 20 A and undecameric channels 30 A wide (Figure 6A). In
both cases the pore would thus be sufficiently large to accommodate an ATP molecule, consistent
with the notion of CALHM proteins forming ATP-permeable channels (Figure 4—figure supplement
1D, E). Remarkably, this large pore size is in sharp contrast to our functional characterization by elec-
trophysiology where we did not observe appreciable currents for CALHM4 (Figure 2A, Figure 2—
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Figure 6. CALHM4 pore properties and lipid interactions. (A), Pore radius of the CALHM4 decamer (red) and undecamer (blue) as calculated in HOLE
(Smart et al., 1996). (B) Two phosphatidylcholine molecules modeled into residual cryo-EM density (blue mesh) in a cavity at the interface between
neighboring o-helices TM1. Secondary structure elements are indicated. (C) Chemical properties of residues lining the pore of the CALHM4 channel.
Shown is a slice through the pore viewed from within the membrane. The protein is displayed as molecular surface. Hydrophobic residues are colored
in yellow, polar residues in green, acidic residues in red and basic residues in blue. (D) Slice through the pore region of the CALHM4 undecamer
viewed from within the membrane. Shown is non-averaged density in a single copy of the undecameric CALHM4 channel pair at low contour to
highlight the location of increased density within the pore corresponding to a bilayer of either phospholipids or detergents. A plot of the density along
the pore axis showing two maxima that are separated by the expected distance between the headgroup regions of a lipid bilayer is shown right. B, D,
Displayed cryo-EM density refers to data from the undecameric channel in presence of Ca”".

The online version of this article includes the following figure supplement(s) for figure é:

Figure supplement 1. Lipid interactions in the pore of CALHMA4.
Figure supplement 2. LC-MS analysis of co-purified lipids.

figure supplement 1E), which suggests that either the absence of activating or presence of inhibit-
ing components might impede ion conduction.

Within the membrane, the pore diameter of CALHM4 is confined by the ring of non-interacting
TM1 helices, which is placed inside an outer ring of the channel formed by helices TM2-4
(Figure 5B,D). This arrangement creates clefts between neighboring helices of the inner ring which
are delimited by helices TM2 and 4 at the respective subunit interfaces (Figure 5B,E). In our sample,
this cleft appears to be filled with lipids as indicated by the residual density observed in the cryo-EM
maps (Figure 6B, Figure 6—figure supplement 1A,B). Due to the prevalence of aliphatic residues
lining the pore at the assumed location of the membrane core, the pore is highly hydrophobic,
whereas the regions extending into the aqueous environment contain polar and charged residues
(Figure 6C). Similarly, the side of the helical N-terminus, which faces the membrane at its intracellu-
lar boundary, is hydrophobic (Figure 5—figure supplement 2B). In light of its large cross-section
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and high hydrophobicity, it is conceivable that the interior of the pore would accommodate lipids,
which potentially could form bilayers that would restrict ion permeation as recently suggested for
CALHM2 based on molecular dynamics simulations (Syrjanen et al., 2020). In our data, we find
strong evidence for a layered distribution of density inside the pore within the presumed membrane
region in non-symmetrized maps and after application of symmetry. This density is observed with
similar properties in decameric and undecameric proteins in both datasets of CALHM4 obtained in
either absence or presence of Ca®* (Figure 6D, Figure 6—figure supplement 1C). Its distribution
displays features that quantitatively match the corresponding properties of lipid membranes
obtained from a comparison to cryo-EM density of liposomes and computer simulations (Figure 6—
figure supplement 1D,E) and could thus either reflect the presence of lipids or detergent molecules
arranging in a bilayer-like structure facilitated by the confined pore geometry. We thus analyzed the
composition of small molecules that are co-purified with CALHM4 by mass spectrometry and were
able to detect phospholipids that are commonly found in the membranes of HEK cells (Figure 6—
figure supplement 2). Collectively, our data are compatible with the presence of a lipid bilayer
located within the pore region of CALHM4 channels, which could interfere with the diffusion of
charged substances. Thus, despite of its large pore diameter, it is at this point unclear whether the
CALHM4 structure defines a conductive conformation of CALHM channel or alternatively a confor-
mation that harbors a membrane-like assembly residing inside the pore that would impede ion
conduction.

Conical pore conformation of the CALHM6 structure

As in case of CALHM4, data of CALHMé shows a heterogeneous distribution of decameric and
undecameric channels, but in this case with a prevalence of the former amounting to 60% of the clas-
sified particles (Figure 3—figure supplement 4). Both assemblies of CALHMé6 contain subunits with
equivalent conformations, which are better defined in the smaller oligomers (Figure 3B, Figure 3—
figure supplement 4). We have thus chosen the decameric CALHM6 structure for a description of
the conical pore of a CALHM channel (Figures 3D and 7A-C). Unlike CALHM4, the lower resolution
of the CALHM6 density of 4.4 A, precludes a detailed interpretation of the structure for all parts of
the protein. Still, the high homology between the two paralogs and density attributable to large
side chains constrains the placement of helices and conserved loop regions and thus allows the cred-
ible analysis of major conformational differences (Figure 3—figure supplement 5B, Video 2,
Table 2). Unlike CALHM4, there is no dimerization of CALHMé channels and the C-terminal region
following the cytoplasmic helix CTH instead appears to engage in intramolecular interactions with
the outside of the cytoplasmic rim for most of its length (Figure 7A). This observation further sup-
ports the notion that the dimerization of CALHM4 might be a consequence of interactions formed
between solubilized proteins where the mobile C-terminus could equally well engage in intra- and
intermolecular interactions, of which the latter would be multiplied in the highly symmetric arrange-
ment. Although the general organization of the CALHMé channel closely resembles CALHM4, it
shows a distinctly different state of the pore (Figure 3D). Upon comparison of decameric channels
of both paralogs, in CALHMé we find a slight expansion of the protein parallel to the membrane
and an accompanying moderate contraction in perpendicular direction (Figure 7—figure supple-
ment 1A, Video 3). In a superposition of the subunits, similar conformations are observed for a-heli-
ces TM2 and 4 and the C-terminal helix CTH and larger differences in the interacting helices TM1
and 3 (Figure 7D, Figure 7—figure supplement 1B,C). These differences are most pronounced for
TM1, which in CALHM6 has detached from TM3 and moved by 60° towards the pore axis around a
hinge located upstream of a conserved phenylalanine at the end of TM1 (Figure 7B-E). In both
structures, the conformation of the proximal loop connecting TM1 and 2 is stabilized by two con-
served cysteines, which are involved in disulfide bridges with the region connecting TM3 and TM4
(Figure 7F-G, Figure 5—figure supplement 2C, Video 4). As a consequence of the disruption of its
interaction with TM1, the intracellular halve of TM3 tilts away from the pore axis by 30° around a
pivot located close to a conserved proline residue (P115 in CALHM4), which probably destabilizes
the helix (Figure 7—figure supplement 1B,D). The transition from a conformation observed in
CALHM4 to a conformation defined by CALHMé is accompanied by the dissociation of interactions
between TM1 and 3, which are mediated by conserved residues involving a cluster of hydrophobic
interactions at the extracellular side and additional interactions on the entire length of both a-helices
(Figure 7F-G, Figure 7—figure supplement 1C,D, Video 4). The iris-like movement of TM1 in the
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Figure 7. CALHMé structure. (A) Ribbon representation of the decameric CALHM® structure viewed from within the membrane. Subunits are colored in
red and light blue. The C-terminus following CTH is colored in green. Inset (below) shows a close-up of this region with cryo-EM density superimposed.
(B) View of the CALHM structure from the extracellular side. (C) Slice through the pore of the CALHM6 structure. B, C, TM1, which has moved towards
the pore axis is labeled. A, C, the membrane boundary is indicated. (D) Superposition of single subunits of the CALHM4 and CALHMé structures
illustrating conformational changes. Coloring is as in Figure 5A with CALHM4 shown in brighter shades of the same color. Secondary structure
elements are labeled and the hinge for the movement of TM1 is indicated by an asterisk. (E) Sequence alignment of the end of TM1 and the following
loop of CALHM paralogs. Selected conserved residues are colored in green and red. Numbering corresponds to residues indicated in panels F and G.
Asterisk marks the hinge region displayed in D. Close-up of the extracellular region involved in conformational changes in (F), the cylindrical

Figure 7 continued on next page
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Figure 7 continued

conformation displayed in CALHM4 and (G), the conical conformation displayed in CALHMé. Residues contributing to a cluster of aromatic residues on
TM1-3 and a conserved disulfide bridge are shown as sticks. Selected positions highlighted in E are labeled. F, G, Coloring is as in Figure 5A. (H) Slice
through the pore region of the CALHMé6 decamer viewed from within the membrane. Shown is non-averaged density at low contour to highlight the
location of diffuse density within the pore. A plot of the density along the pore axis of CALHM6 is shown in red, the corresponding density in CALHM4
is shown as a dashed blue line for comparison. The two maxima in the CALHMé density are shifted towards the intracellular side. The density
corresponding to the headgroups of the outer leaflet of the bilayer in CALHM4 is absent. Density at the location of the headgroup region at the inner
leaflet of the bilayer and further towards the intracellular side could correspond to either lipids or to the poorly ordered N-terminus.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Features of the CALHMb structure.

oligomeric channel in its transition between conformations probably requires concerted rearrange-
ments to avoid steric clashes in the crowded environment of the pore. When viewed from the out-
side this transition thus resembles the closing of an aperture and it converts a cylindrical pore to a
funnel which narrows towards the intracellular side while creating a large cavity between TM1 and
TM3 that becomes accessible from the cytoplasm (Figure 7C, Video 3). In the cryo-EM density, TM1
is less well defined compared to the rest of the protein reflecting its increased flexibility in the
observed structure (Figure 3—figure supplement 5B). Since the conformation of NH, which has
moved towards the pore axis, is not defined in the density, the size of the CALHMé channel at its
constriction remains ambiguous. It could range from an occluded pore if NH helices make contacts
in the center of the channel (modeled as clogged conformation) to a pore with similar diameter as
found at the CALHM4 constriction. The latter could be obtained in case the mutual relationship
between TM1 and NH remains unchanged compared to the CALHM4 structure (defined as kinked
conformation) or if NH straightens in continuation of TM1 (in an extended conformation) (Figure 7—
figure supplement 1E). In any case, the large conformational changes would affect the location of
lipids within the pore, which in case of an internal bilayer would have to rearrange in response to the
severely altered pore geometry. Such rearrangement is reflected in the changed distribution of the
residual electron density inside the pore (Figure 7H). Whereas, compared to CALHM4, we find den-
sity at the location of the intracellular layer of lipids and further towards the cytoplasm, part of which
might be attributable to the mobile N-terminal a-helix NH, the outer layer of density corresponding
to the putative extracellular leaflet of a bilayer has disappeared. A comparable distribution of pore
density is found in the structure of CALHM2 in complex with ruthenium red, which resides in a similar
conical pore conformation (Choi et al., 2019). Thus, despite the pronounced conformational differ-
ences to CALHM4 and the fact that the CALHM6 structure appears to contain features of a closed
pore, a definitive functional assignment remains also in this case ambiguous.

Discussion
In the presented study, we have addressed the
structural and functional properties of CALHM
channels in the human placenta. To identify rele-
vant CALHM paralogs in this organ, we have
quantified their expression in samples of the
whole placenta and in isolated trophoblast cells
and found CALHM2, 4 and 6 to be abundant on
a transcript level (Figure 1). Their high expres-
sion compared to other membrane proteins (Fig-
ure 1—figure supplement 1) suggests an
important functional relevance of these mem-
brane channels in mediating transport processes
during the development of the fetus, although
their detailed role still awaits to be explored. Video 2. Cryo-EM density map of a single subunit of
The structural characterization of the three CALHMé. Shown is the cryo-EM map of the protein in
placental paralogs by cryo-electron microscopy detergent with the atomic model superimposed.
has provided insight into fundamental features https:/elifesciences.org/articles/55853#video?
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Video 3. Morph between the cylindrical pore Video 4. Morph of the extracellular region of a single
conformation of CALHM4 and the conical pore CALHM subunit involved in conformational changes
conformation displayed in the ‘extended’ model of between the cylindrical conformation displayed in
CALHMG. In the latter the N-terminal a-helix NH is CALHM4 and the conical conformation displayed in
modeled in continuation of TM1 resulting in a CALHM®. Residues contributing to a cluster of
constricting pore diameter similar to CALHM4. aromatic residues on TM1-2 and a conserved disulfide
https://elifesciences.org/articles/55853#video3 bridge are shown as sticks. Coloring is as in Figure 5A.
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of the family which largely conform with proper-

ties that have recently been described for

CALHM1 and 2 (Choi et al., 2019, Demura et al., 2020; Syrjanen et al., 2020) but which also show
substantial differences. Similar to previous studies, our structures have defined the architecture of
the CALHM subunit which, although containing the same number of membrane-spanning helices as
VRACs and gap-junctions forming connexins, innexins and pannexins, is distinct from these proteins
(Figure 5B,C). The CALHM subunits thus constitute unique modular building blocks that assemble
with different stoichiometries into large membrane channels. In contrast to previously described
CALHM structures, where the oligomeric state of individual channels was described as uniform, our
data show heterogeneous populations with CALHM4 and CALHMé assembling as decameric and
undecameric channels with similar abundance and CALHM2 as predominantly undecameric proteins
with a smaller population of dodecamers (Figure 3, Figure 3—figure supplements 2-4 and 6). The
diverse oligomerization of different paralogs is generally consistent with the assemblies observed for
the previously described CALHM1 and CALHM2 structures, which were reported to form octamers
and undecamers, respectively (Choi et al., 2019, Demura et al., 2020; Syrjanen et al., 2020), and it
underlines the ability of CALHM proteins to constitute membrane channels of different sizes.
Although the physiological role of these different oligomeric states is currently unclear, the observed
heterogeneity might reflect the low energetic penalty for the incorporation of additional subunits
into large oligomeric channels of the CALHM family. In this respect, the smaller size of CALHM1
channels could be responsible for its functional properties, which are manifested in electrophysiolog-
ical recordings. Whereas CALHM1 in our hands showed the previously described functional hall-
marks of a channel that is activated by depolarization and removal of extracellular calcium, we have
not observed pronounced activity of CALHM2, 4 and 6 under the same conditions, despite their effi-
cient targeting to the plasma membrane (Figure 2, Figure 2—figure supplement 1). The low cur-
rent response contrasts with the larger oligomeric organization of these proteins, which should lead
to channels of even higher conductance than observed for CALHM1, and thus likely reflects their low
open probability. Together our findings suggest that CALHM2, 4, and 6 are regulated by distinct,
still unknown mechanisms. In that respect it remains puzzling how the large pores observed for the
investigated structures (with diameters of CALHM4 decamers exceeding 40 A within the membrane
and 20 A at the respective constriction, Figure 6A) can be regulated to prevent leakage of substan-
ces under resting conditions, which would be deleterious to the cell. Despite the unknown activating
stimuli, our study has provided insight into gating transitions of CALHM channels by showing two
conformations with either a cylindrical pore of uniform large dimeter within the membrane that is
constricted at the intracellular side as in case of CALHM4 and a conical pore that continuously

Drozdzyk et al. eLife 2020;9:e55853. DOI: https://doi.org/10.7554/eLife.55853 15 of 27

276



Appendix - Publications resulting from this thesis

ELlfe Research article

Structural Biology and Molecular Biophysics

narrows from its extracellular entry towards the cytoplasm as in case of CALHM6 (Figures 4 and
7). The main difference in the pore geometry results from a large rearrangement of the pore-lining
a-helix TM1 which is accompanied by a smaller change in TM3 (Figure 7D). Whereas in the cylindri-
cal pore conformation of CALHM4, TM1 tightly interacts with TM3, which is a part of a densely
packed outer rim of the pore consisting of TM2-4, the helix has dissociated from its interaction site
and instead moved towards the symmetry axis to alter the pore geometry in the conical conforma-
tion of CALHMé. Similar conformational properties have previously been described for CALHM2
channels, although with a different orientation of TM1 in the conical pore conformation (Choi et al.,
2019; Figure 8—figure supplement 1A-C). In this previous study, the cylindrical conformation was
assigned to an open state and the conical conformation to a closed state of the pore, a proposal
that is further supported by a structure of the bound blocker rubidium red which appears to stabilize
the conical conformation (Choi et al., 2019; Figure 8). While, at first glance, the relationship
between observed pore conformations and their corresponding functional states appears evident,
there are still puzzling questions which prevent a definitive assignment at this stage. For example in
light of the large diameter of the CALHM4 pore, the poor conductance properties in functional
recordings remain mysterious. In that respect, the presence of lipids within the pore of large CALHM
channels is noteworthy as it offers a potential alternative mechanism for regulation. In our structure
of CALHM4, we find bound lipids inside the pore to stabilize the gap between non-interacting TM1
helices from different subunits (Figure 6B). Additionally, the bimodal diffuse residual cryo-EM den-
sity within the hydrophobic interior of CALHM4, which either originates form detergents or co-puri-
fied lipids that assemble as bilayers in the constrained environment of the pore are remarkable
(Figure 6D). This distribution of density has changed markedly in the conical structure of CALHMé6
(Figure 7H) and hints at a potential role of lipids in shaping the activation and permeation properties

‘protein gate’ ‘lipid gate’

Y

\/

\/

i
b

closed

-

Figure 8. Hypothetical gating mechanisms. Schematic illustration of hypothetical gating mechanisms of large
CALHM channels. Left, ‘protein gate’. The gate impeding ion conduction of large CALHM channels (i.e. CALHM2,
4, 6) in the closed state is formed by the N-terminus of the protein, which closes the pore as observed in the
modeled ‘clogged’ conformation of CALHM (top). In this case the conical conformation of CALHMé6 would
display a closed pore and the cylindrical conformation (bottom) an open pore. Right, ‘lipid gate’. The gate
impeding ion conduction of large CALHM channels in the closed state is formed by lipids assembling as a bilayer
within the protein, which impedes ion conduction. Since bilayer formation is facilitated in the cylindrical
conformation of CALHMA4, this structure represents a closed pore (top) whereas the structure of the bilayer would
be disturbed in the conical conformation of CALHMé (bottom). Since both the ‘kinked’ and ‘extended’ pore
conformations of CALHMé show a large opening, these conformations could represent open pores.

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. Comparison of pore conformations.
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of large CALHM channels, which is currently still not understood (Figure 8). We thus could envision
two alternative scenarios which might underly regulation in large CALHM channels where the gate in
the closed state could either be formed by part of the protein or by lipids (Figure 8, Figure 8—fig-
ure supplement 1D). Both models are at this stage hypothetical and it is still unclear how lipids in
the pore would rearrange during activation. Another remarkable feature of large CALHM channels
concerns their tendency to form pairwise assemblies upon extraction from the membranes
(Figure 3A,C, Figure 3—figure supplements 2, 3 and 6). This property has previously been
observed for undecameric CALHM2 channels, which were described to dimerize on the extracellular
side thus forming structures that resemble gap-junctions, and in the present study, where dimeriza-
tion was found to some degree in all samples. In our data, the described behavior is most pro-
nounced in case of CALHM4 where dimerization proceeds on the intracellular side mediated by
interactions with the partly mobile C-terminus. Although intriguing, it is currently unclear whether
any of the observed pairwise interactions is of relevance in a physiological context.

Thus, although our data have provided a large step forward towards the comprehension of
CALHM channels, it has also opened many questions. An important area of future investigations
relates to the characterization of the localization of CALHM channels in different placental cell types
and the identification of their subcellular distribution. Knowledge of their localization would provide
a first glimpse into potential roles of these large channels for transport processes in this organ and
should provide answers on the potential relevance of intra- and extracellular interactions of channel
pairs. Another question concerns the ability of the three paralogs to heteromerize and the potential
relevance of such heteromeric channels in a physiological environment. Finally, it will be important
to study the activation mechanism of the described channels and whether they are embedded in
larger interaction networks, which shape their activation properties. These topics will be addressed
in future studies for which our current data provide an important foundation.

Materials and methods

Placenta collection

Human placental tissues were collected from the Division of Obstetrics and Gynecology, Lindenhof-
gruppe Bern, Switzerland, under approval by the ethical commission of the Canton of Bern (approval
No. Basec 2016-00250). Written informed consent was obtained from all participants. Placentas
were collected from uncomplicated pregnancies following elective cesarean section beyond 37
weeks of gestation without prior labor upon patients request or due to breech presentation. All
experiments were carried out in accordance with the relevant guidelines and regulations.

Expression analysis in placental tissue

RNA isolation, reverse transcription and quantitative RT-PCR

Approximately 50 mg of frozen placental tissue was subjected to RNA isolation as previously
described (Huang et al., 2018; Huang et al., 2013). All RNA samples included in the study had an
0OD260/280 ratio >1.8. First-strand cDNA was synthesized from 2 ug of total RNA with oligo (dT)1s
primers and GoScript Reverse Transcriptase (Promega, Switzerland) according to the manufacturer’s
instructions. The qPCR reaction in SYBR Green reagent (10 pl) contained 0.5 uM primers, 2 x
GoTaqqPCR Master Mix (Promega, Switzerland) and 1 pl ¢cDNA. Primer nucleotide sequences and
PCR efficiencies are shown in Figure 1—figure supplement 1C and D. Amplification reactions were
performed in duplicates in 384-well plates with the ViiA7 system (Applied Biosystems, USA). To eval-
uate mRNA quantities, data were obtained as C, values (describing the cycle number at which loga-
rithmic plots cross calculated threshold lines). C; values were used to determine AC; values (AC, = C,
value of the reference gene minus the C; value of the target gene). The applied reference gene was
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide
(YWHAZ). Comparative transcript data between undifferentiated (CTB) and differentiated (STB) cells
were calculated as 2**“* values (AAC, = C, value of CALHM gene - C; value of YWHAZ) and are pre-
sented as x-fold difference. Data analysis and statistical evaluations were performed using paired 2-
way ANOVA with Sidak’s multiple comparisons test with GraphPad Prism software.
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Primary trophoblast isolation and characterization

Villous trophoblast cells were isolated from healthy human term placentas by enzymatic digestion
and gravitational separation as previously described (Nikitina et al., 2011; Huang et al., 2013) with
minor modifications. Briefly, villi-rich tissues were digested three times with 0.25% trypsin (Sigma,
USA) and 300 IU/ml Deoxyribonuclease | (Sigma, USA), and then subjected to Percoll (Sigma, USA)
density gradient centrifugation to isolate villous cytotrophoblast cells. In order to assure the purity
of the cells, flow cytometry analysis was performed by using the trophoblast-specific epithelial cell
marker cytokeratin 7 (Maldonado-Estrada et al., 2004) (anti-cytokeratin 7, Dako, Switzerland).
Vimentin (anti-vimentin, Sigma, USA), which is only expressed in potentially contaminating cells (e.g.
mesenchymal cells, fibroblasts, smooth muscle cells, stromal cells) served as a negative marker
(Soares and Hunt, 2006).

Primary trophoblast cell culture

Isolated human trophoblast cells were cultured in Dulbecco’s modified Eagle’s medium containing
4.5 g/l glucose (DMEM-HG, Gibco, UK) supplemented with 10% fetal bovine serum (FBS, Seraglob,
Switzerland) and Antibiotic-Antimycotic (Gibco, USA) in a humidified incubator under a 5% CO,
atmosphere at 37°C. Cells were seeded at a density of 0.2 10° cells/cm? in costar CellBIND six well
plates (Corning, USA) and harvested after 24 hr (cytotrophoblast stage) or 48 hr (STB stage). The
syncytialization process was confirmed by visualization under the microscope.

Expression cell lines

Adherent HEK293T cells used for protein expression and screening experiments were cultured in
DMEM medium supplemented with 10% FBS and penicillin/streptomycin in a humidified incubator
under a 5% CO, atmosphere at 37°C. Suspension-adapted HEK293S GnTI" cells used for protein
expression and purification were grown in HyClone TransFx-H media, supplemented with 2% fetal
bovine serum (FBS), 4 mM L-glutamine, 1.5% Poloxamer 188 and penicillin/streptomycin in
a humidified incubator under 5% CO, atmosphere at 37°C. Both cell lines were tested negative for
mycoplasma contamination.

For construct generation, cDNAs of human CALHM proteins, with Sapl restriction sites removed,
were obtained from GenScript. For expression in X. laevis oocytes, cDNAs of CALHM1, CALHM2,
CALHM4 and CALHMé were cloned into a pTLNX vector. For expression in mammalian cells, cDNAs
of all human CALHM homologs were cloned into a pcDNA 3.1 vector which was modified to be
compatible with FX cloning technology (Geertsma and Dutzler, 2011) and to encode a C-terminal
3C protease cleavage site followed by Venus-Myc-SBP tag.

Homolog screening

For overexpression studies of CALHM paralogs, adherent HEK293T cells were seeded on 10 cm
dishes and grown to a density of 7 10° cells/well. Subsequently, cells were transiently transfected
with mixtures of respective CALHM cDNA constructs and polyethylenimine with an average molecu-
lar weight of 25 kDa (PEI 25K, branched). As a preparative step, 12 pg of DNA and 48 ng of PEI
were separately incubated in 0.5 ml of DMEM medium. After 5 min, both solutions were mixed, incu-
bated for 15 min and added to respective cell cultures. 36 hr post transfection cells were washed
with PBS, harvested by centrifugation at 400 g for 5 min, flash-frozen in liquid nitrogen and stored at
—20°C. For protein extraction, cells were thawed on ice, lysed with lysis buffer (25 mM HEPES, 150
mM NaCl, 0.5 mM CaCl,, 2 mM MgCl,, 2% GDN, protease inhibitors, RNase, DNase, pH 7.6) for 1
hr and clarified by centrifugation at 16,000 g for 10 min. The obtained supernatants were filtered
through 0.22 pm centrifugal filters and injected onto a Superose 6 5/150 column equilibrated with
elution buffer (10 mM HEPES, 150 mM NaCl, 50 uM GDN pH 7.6) and eluted in the same buffer.
Proteins were identified by recording of the fluorescence of the attached Venus YFP.

Protein expression and purification

Suspension HEK293S GnTI cells were grown in Bioreactor 600 vessels (TPP) and seeded to a density
of 0.6 10° cells/ml a day prior to transfection. For protein expression, cells were transiently trans-
fected with mixtures of CALHM cDNA constructs and PEI MAX 40K. For 300 ml of cell culture, 0.5
mg of DNA and 1.2 mg of PEI MAX were suspended in 20 ml volume of DMEM medium. After 5
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min the DNA solutions were mixed with the PEI MAX solutions, incubated for 15 min and supple-
mented with 4 mM valproic acid. Transfection mixtures were subsequently added to cell cultures
and expression proceeded for 36 hr. Afterwards, cells were harvested by centrifugation at 500 g for
15 min, washed with PBS and stored at —20°C for further use. All following purification steps were
carried out at 4°C. For protein extraction, cells were suspended in lysis buffer (25 mM HEPES, 150
mM NaCl, 1% Lauryl Maltose Neopentyl Glycol (LMNG), 0.5 mM CaCl,, 2 mM MgCl,, protease
inhibitors, RNase, DNase, pH 7.6) and incubated for 1 hr under constant stirring. For CALHM4 purifi-
cation in Ca®*-free conditions, Ca®* was replaced by 5 mM EGTA after extraction. To clarify the
extracts, lysates were centrifugated at 16,000 g for 15 min. Supernatants filtered through a 0.5 um
filter were applied to the StrepTactin Superflow affinity resin and incubated with the slurry for 2.5 hr
under gentle agitation. Unbound proteins were removed and bound proteins were eluted with elu-
tion buffer (10 mM HEPES, 150 mM NaCl, 50 uM GDN, 2 mM CaCl, and 10 mM d-Desthiobiotin, pH
7.6). For purification in Ca®*-free conditions, Ca®* was replaced by 2 mM EGTA. For cleavage of
fusion tags, eluates were incubated for 30 min with 3C protease. Subsequently, samples were con-
centrated, filtered through 0.22 um filters and subjected to size exclusion chromatography on a
Superose 6 10/300 GL column equilibrated with SEC buffer (10 mM HEPES, 150 mM NaCl, 50 uM
GDN, 2 mM CaCl,/2 mM EGTA, pH 7.6). Peak fractions were pooled and concentrated with 100
kDa MWCO centrifugal filters.

LC-MS analysis of co-purified lipids

For the analysis of lipids co-purified with CALHM4, the protein was prepared in the presence of
Ca?" in the same manner as described for structure determination. For lipid extraction, chloroform
was added in a 1:1 ratio (v/v) to 200 ul of a CALHM4 sample with a protein concentration of 3.75
mg ml™ or to 200 ul of SEC buffer as a control (blank). The samples were briefly vortexed and incu-
bated for 5 min at ambient temperature until phases have separated. The lower organic phase was
collected and used for liquid chromatography and mass spectrometry (LC-MS) analysis. Prior to anal-
ysis, 25 pl of chloroform extract was mixed with 475 ul of a 50% aqueous methanol solution. The sus-
pension was vortexed and centrifuged at 20°C for 10 min at 16,000 g. 100 pl of the supernatant
were transferred to a glass vial with narrowed bottom (Total Recovery Vials, Waters) and subjected
to LC-MS. Lipids were separated on a nanoAcquity UPLC (Waters) equipped with a HSS T3 capillary
column (150 pm x 30 mm, 1.8 pm particle size, Waters), applying a gradient of 5 mM ammonium
acetate in water/acetonitrile 95:5 (A) and 5 mM ammonium acetate in isopropanol/acetonitrile 90:10
(B) from 5% B to 100% B over 10 min. The following 5 min conditions were kept at 100% B, followed
by 5 min re-equilibration to 5% B. The injection volume was 1 pl. The flow rate was constant at 2.5
wl/min. The UPLC was coupled to a QExactive mass spectrometer (Thermo) by a nano-ESI source.
MS data were acquired using positive polarization and data-dependent acquisition (DDA). Full scan
MS spectra were acquired in profile mode from 80 to 1,200 m/z with an automatic gain control tar-
get of 1 10, an Orbitrap resolution of 70,000, and a maximum injection time of 200 ms. The five
most intense charged (z = +1 or +2) precursor ions from each full scan were selected for collision
induced dissociation fragmentation. Precursor was accumulated with an isolation window of 0.4 Da,
an automatic gain control value of 5 10%, a resolution of 17,500, a maximum injection time of 50 ms
and fragmented with a normalized collision energy of 20 and 30 (arbitrary unit). Generated fragment
ions were scanned in the linear trap. Minimal signal intensity for MS2 selection was set to 500. Lipid
datasets were evaluated with Progenesis Ql software (Nonlinear Dynamics), which aligns the ion
intensity maps based on a reference data set, followed by a peak picking on an aggregated ion
intensity map. Detected ions were identified based on accurate mass, detected adduct patterns and
isotope patterns by comparing with entries in the LipidMaps Data Base (LM). A mass accuracy toler-
ance of 5 mDa was set for the searches. Fragmentation patterns were considered for the identifica-
tions of metabolites. Matches were ranked based on mass error (observed mass — exact mass),
isotope similarity (observed versus theoretical) and relative differences between sample and blank.

Cryo-EM sample preparation and data collection

For structure determination of human CALHM2, 4 and 6 in the presence of Ca?* and of human
CALHM4 in the absence of Ca®* by cryo-EM, 2.5 ul samples of GDN-purified proteins at a concen-
tration of 1.5-3 mg ml™" were applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3 or
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RO.6/1 Au 200 mesh). Excess liquid was removed in a controlled environment (4°C and 100% relative
humidity) by blotting grids for 4-6 s. Grids were subsequently flash frozen in a liquid propane-ethane
mix using a Vitrobot Mark IV (Thermo Fisher Scientific). All samples were imaged in a 300 kV Tecnai
G? Polara (FEI) with a 100 um objective aperture. All data were collected using a post-column quan-
tum energy filter (Gatan) with a 20 eV slit and a K2 Summit direct detector (Gatan) operating in
counting mode. Dose-fractionated micrographs were recorded in an automated manner using Seri-
alEM (Mastronarde, 2005) with a defocus range of -0.8 to —3.0 um. All datasets were recorded at a
nominal magnification of 37,313 corresponding to a pixel size of 1.34 A/pixel with a total exposure
time of 12 s (30 individual frames) and a dose of approximately 1.3 e /A%/frame. The total electron
dose on the specimen level for all datasets was approximately between 32 e /AZ and 55 e /A2,

Cryo-EM image processing

Micrographs from all four datasets were pre-processed in the same manner. Briefly, all individual
frames were used for correction of the beam-induced movement using a dose-weighting scheme in
RELION's own implementation of the MotionCor2 algorithm available in version 3.0 (Zivanov et al.,
2018). The CTF parameters were estimated on summed movie frames using CTFFIND4.1
(Rohou and Grigorieff, 2015). Low-quality micrographs showing a significant drift, ice contamina-
tion or poor CTF estimates were discarded resulting in datasets of 1,125 images of CALHM4 in the
presence of Ca?* (dataset 1), 717 images of Ca?*-free CALHM4 (dataset 2), 1,059 images of
CALHM6 (dataset 3) and 2,065 images of CALHM2 (dataset 4), which were subjected to further data
processing in RELION (Scheres, 2012). Particles of CALHM4 and CALHMé were initially picked using
the Laplacian-of-Gaussian method and subjected to 2D classification. 2D class averages showing
protein features were subsequently used as templates for more accurate auto-picking as well as
input for generating an initial 3D model. From dataset one, 422,281 particles were extracted with a
box size of 234 pixels, down-scaled three times and subjected to 2D classification. Having discarded
false positives and particles of poor quality, the dataset was reduced to 201,782 particles. Two
rounds of non-symmetrized 3D classification using the 60 A low-pass filtered initial 3D model as a
reference allowed to isolate two populations of homogenous particles representing dihedrally-
related decameric and undecameric assemblies. These two subsets were refined separately with
either D10 or D11 symmetry imposed followed by unbinning to an original pixel size and iterative
rounds of 3D refinement, per-particle CTF correction and Bayesian polishing (Zivanov et al., 2018;
Zivanov et al., 2019). Extra 3D classification without angular alignment showed increased flexibility
within the dimerization interface of interacting intracellular regions in the decameric assembly while
no such flexibility was observed for the undecameric population. In order to improve the resolution
of the reconstructions, localized reconstruction was performed. For this purpose, the signal corre-
sponding to the detergent belt and to one dihedrally-related monomer was subtracted from each
particle followed by auto-refinement of merged in silico modified particles in the presence of a soft
mask around the protein density with either C10 or C11 symmetry imposed. The final map of the
decameric and undecameric assembly was improved to 4.07 A and 3.92 A, respectively. The maps
were sharpened using isotropic b-factors of 200 AZ and -177 A?, respectively. Datasets of Ca®'-
free CALHM4 and Ca?*-CALHM6 were processed in a similar manner. Briefly, from dataset two,
576,841 particles were extracted and cleaned by 2D classification. The pool, reduced to 97,978 par-
ticles, was subjected to non-symmetrized 3D classification that also yielded two populations of dihe-
drally-related decameric and undecameric assemblies. The final map of the decameric assembly at
4.07 A and of the undecameric assembly at 3.69 A was sharpened using isotropic b-factors of 169
A? and 126 A?, respectively. From dataset three, 216,859 particles were extracted with a box size
of 200 pixels and reduced to 201,761 particles after 2D classification. Non-symmetrized 3D classifica-
tion also revealed decameric and undecameric populations, although no dihedrally-symmetrized
dimers, as in case of CALHM4 in the presence and absence of Ca®", were observed. The final auto-
refined map of the decameric assembly at 4.39 A and of the undecameric assembly at 6.23 A was
sharpened using isotropic b-factors of ~259 A? and 435 A2, respectively. In all cases, resolution was
estimated in the presence of a soft solvent mask and based on the gold standard Fourier Shell Cor-
relation (FSC) 0.143 criterion (Chen et al., 2013; Rosenthal and Henderson, 2003; Scheres, 2012,
Scheres and Chen, 2012). High-resolution noise substitution was applied to correct FSC curves for
the effect of soft masking in real space (Chen et al., 2013). The local resolution was estimated using
RELION (Zivanov et al., 2018).
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Visual inspection of micrographs in dataset 4 (CALHM2) during pre-processing hinted at preferen-
tial orientation of particles. 2D class averages generated from the particles picked with the Lapla-
cian-of-Gaussian method showed primarily views from the extracellular side with a small percentage
of side or tilted views, similar to those found in CALHM4 datasets (dihedrally-related dimers) and
the CALHMé6 dataset (monomers). In order to recover projections at orientations other than from
the extracellular side, representative 2D class averages of CALHM4 and 6 were combined and used
as 2D templates for auto-picking. The pool of 417,612 particles was subjected to two rounds of 2D
classification, after which the dataset was reduced to 71,555 particles. 2D class averages showed
that the majority of the remaining particles comprised a view from the extracellular side with only a
small fraction representing other orientations. As a consequence of this preferential orientation, pro-
jections from other angles were underpopulated and did not show high-resolution features. In other
to separate monomeric and dimeric populations, non-symmetrized 3D classification was performed
using low-pass filtered reconstructions of CALHM4 and CALHMé6. However, both monomeric and
dimeric 3D reconstructions of CALHM2 suffered from missing views and therefore were not able to
converge to a reliable model during 3D auto-refinement. Additional 2D classification on particles
classified either as CALHM2 monomers or dimers showed significant amount of remaining heteroge-
neity in form of undecameric and dodecameric assemblies, which together with the preferential ori-
entation impeded obtaining a high-resolution reconstruction from this dataset.

Model building and refinement

The models of CALHM4 and CALHMé6 were built in Coot (Emsley and Cowtan, 2004). CALHM4
was built de novo into the cryo-EM density of the dimer of undecameric channels at 3.82 A. The
slightly better resolved cryo-EM density of the unpaired undecameric channel at 3.69 A obtained by
localized reconstruction and a map blurred in Coot with a b-factor of 50 aided map interpretation.
CALHM6 was built using the CALHM4 structure as a reference with the aid of modified cryo-EM
maps of CALHM6 which were either low-pass filtered to 6 A, blurred in Coot with a b-factor of 200
or sharpened in Coot with a b-factor of —50. The cryo-EM density of CALHM4 was of sufficiently
high resolution to unambiguously assign residues 4-83 and 94-280. The cryo-EM density of CALHM6
allowed us to assign residues 20-82 and 94-282. The atomic models were improved iteratively by
cycles of real-space refinement in PHENIX (Adams et al., 2002) with secondary structure and 22-fold
(for CALHM4) and 10-fold (for CALHMé6) NCS constraints applied followed by manual corrections in
Coot. Validation of the models was performed in PHENIX. Surfaces were calculated with MSMS
(Sanner et al., 1996). Figures and videos containing molecular structures and densities were pre-
pared with DINO (http://www.dino3d.org), PyMOL (DeLano, 2002), Chimera (Pettersen et al.,
2004) and ChimeraX (Goddard et al., 2018).

Analysis of the density inside the pore

For analysis of the density inside the pore, non-symmetrized final 3D reconstructions of CALHM4
and CALHMé6 were opened as a stack in Fiji (Schindelin et al., 2012), where the mean density of the
area inside the pore was quantified along the slices of each 3D reconstruction. The size of the mea-
sured area was chosen based on the 3D mask generated from the atomic models of CALHM4 and 6.
In both cases, the area of 6 x 6 pixels centered around the pore axis was located outside the 3D
mask ensuring that the procedure did not include density of CALHM4 or 6.

The ‘experimental’ reference profile was generated based on the electron density map of the
MPEG-1 protein bound to a lipidic vesicle (EMD-20622) (Pang et al., 2019). The electron density
corresponding to the protein was selected and subtracted in Chimera using the structure of MPEG-1
(PDBID 6U2W). Due to the membrane deformation, the central region of the bilayer was excluded
from the measurement. The ‘simulation’ reference profile was generated using the atomistic model
of a membrane obtained from the MemProtMD database (PDBID 2N5S) (Mineev et al., 2015;
Newport et al., 2019). All atoms corresponding to protein, ions and water molecules were removed
from the model and the remaining lipids were used to generate an electron density map with 1.34 A
pixel spacing at 6 A resolution using Chimera (Pettersen et al., 2004). Electron density profiles
were generated by measuring a mean pixel intensity of selected regions on map slices along the Z-
axis using the Fiji software (Schindelin et al., 2012).
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Two-electrode voltage-clamp recording

For preparation of cRNA coding for CALHM paralogs, CALHM-pTLNX DNA constructs were linear-
ized with the FastDigest Mlul restriction enzyme (ThermoFisher) purified, transcribed in vitro with
the mMessage mMachine kit (Ambion) and purified with the RNeasy kit (Qiagen). The obtained
cRNAs were either used immediately or aliquoted and stored at -20°C. Defolliculated X. laevis
oocytes obtained from Ecocyte Bioscience, were injected with mixtures containing either 1 ng of
CALHM1 cRNA or 5 ng of CALHM 2, 4 and 6 cRNA and 10 ng of X. laevis connexin-38 antisense oli-
gonucleotide (Cx38 ASO) to inhibit endogenous Cx38 currents (Bahima et al., 2006). Oocytes used
as negative control (neg.) were injected with 10 ng of Cx38 ASO only. For protein expression,
oocytes were kept in ND69 solution (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 2.5 mM
Na-pyruvate, 5 mM HEPES and 50 pg/ml gentamicin, pH 7.5) at 16°C. Two-electrode voltage-clamp
(TEVC) measurements were performed 48-60 hr after RNA injections at 20°C. TEVC data were
recorded on an OC-725B amplifier (Warner Instrument Corp.) Data recorded at 5 kHz and filtered at
1 kHz were and digitized using a Digidata interface board (1322A or 1440A, Axon Instruments) and
analyzed with pCLAMP 10.3 software (Molecular Devices, Sunnyvale, CA). Microelectrodes with a
resistance of 1-4 MQ were filled with 3 M KCIl. A VC-8 valve controller (Warner Instruments) was
used for perfusion of different Ca®* concentrations. Prior to recording, oocytes were additionally
injected with a 50 nl of a mixture containing 20 mM BAPTA and 10 mM Ca®* solution to minimize
activation of Ca?*-activated CI" currents. High Ca?* bath solutions contained,100 mM Na*, 5.4 mM
K*, 95 mM CI', 1 mM Mg?*, 3 mM Ca?* and 10 mM HEPES, pH 7.2. Divalent cation-free solutions
contained 0.5 mM EGTA and 0.5 mM EDTA instead of divalent cations. Intermediate Ca®* concen-
trations were prepared from both stocks by mixing solution according to the volume calculated with
WEBMAXC calculator.

Cell surface biotinylation

Surface biotinylation of proteins expressed in X. laevis oocytes was performed using the Pierce Cell
Surface Protein Isolation kit. Oocytes (20-50), injected with CALHM cRNAs and incubated for 40-60
hr, were washed three times with ND96 solution, transferred to a white 6-well plate (NUNC) and bio-
tinylated by 30 min incubation in 4 ml ND96 solution supplemented with 0.5 mg mI~" EZ-link sulfo-
NHS-SS biotin. After incubation, the biotinylation reaction was stopped by addition of quenching
solution and oocytes were washed several times with ND96 solution to remove residual reagents.
For protein extraction, oocytes were incubated in lysis buffer (25 mM HEPES, 150 mM NaCl, 0.5 mM
CaCly, 1% LMNG, 2 mM MgCl,, protease inhibitors, RNase, DNase, pH 7.6) for 1 hr at 4°C and cen-
trifuged at 10,000 g for 15 min. The supernatants were collected and incubated with NeutrAvidin
agarose slurry for 1 hr at room temperature under constant mixing. After this step, agarose beads
binding the biotinylated proteins were washed with wash solution (10 mM HEPES, 150 mM NaCl,
0.0058% GDN, 2 mM CaCl,, protease inhibitors, RNase, DNase). Subsequently, the unbound mate-
rial was discarded and biotinylated proteins were incubated with SDS-Page sample buffer containing
50 mM DTT for 1 hr at RT. Eluted protein fraction was obtained by centrifugation at 1,000 g for 2
min at RT. Membrane protein samples were stored at —20°C. For western blot analysis, samples
were loaded on a 4-20% SDS-polyacrylamide gel. After electrophoretic separation, the proteins
were transferred to a polyvinylidene fluoride membrane by a semi-dry blotting procedure. The mem-
branes were first blocked at room temperature for 2 hr with 5% non-fat milk in TBS-T buffer (50 mM
Tris, 150 mM NaCl, 0.075% Tween20, pH 7.5) and then incubated with respective anti-CALHM pri-
mary antibodies overnight at 4°C. To remove unbound primary antibodies, the membranes were
washed with TBS-T buffer and subsequently blotted with goat anti-rabbit-HRP conjugated secondary
antibody for 2 hr at 4°C. The membranes were washed again with TBS-T buffer and chemilumines-
cent signals were developed with the Amersham ECL Prime Western Blotting Detection kit.

Statistics and reproducibility

Paired 2-way ANOVA with Sidak’s multiple comparisons test was applied to detect differences in
placental mMRNA levels of CALHM isoforms between undifferentiated cytotrophoblast and differenti-
ated syncytiotrophoblast cells. A p-value<0.05 was considered as statistically significant. Statistical
comparisons were performed using GraphPad Prism (GraphPad). Electrophysiology data were
repeated multiple times with different batches of cRNA and X. laevis oocytes with very similar
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results. Conclusions of experiments were not changed upon inclusion of further data. In all cases,
leaky oocytes were discarded. For Ca?* concentration-response analysis using TEVC methods, statis-
tical significance was determined by analysis of variance and by Student’s t test. A p-value<0.05 was
considered statistically significant. The number of independent experimental repetitions is repre-
sented by n.

Accession codes

The cryo-EM density maps of CALHM4 in absence of Ca?* and CALHM4 and CALHM6 in presence
of Ca®* have been deposited in the Electron Microscopy Data Bank under following ID codes: EMD-
10917, EMD-10919, EMD-10920, EMD-10921, EMD-10924 and EMD-10925. The coordinates of the
corresponding atomic models of CALHM4 and CALHM6 have been deposited in the Protein Data
Bank under ID codes 6YTK, 6YTL, 6YTO, 6YTQ, 6YTV and 6YTX.
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Placental miR-340 mediates vulnerability to activity
based anorexia in mice
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Anorexia nervosa (AN) is a devastating eating disorder characterized by self-starvation that
mainly affects women. Its etiology is unknown, which impedes successful treatment options
leading to a limited chance of full recovery. Here, we show that gestation is a vulnerable
window that can influence the predisposition to AN. By screening placental microRNA
expression of naive and prenatally stressed (PNS) fetuses and assessing vulnerability to
activity-based anorexia (ABA), we identify miR-340 as a sexually dimorphic regulator
involved in prenatal programming of ABA. PNS caused gene-body hypermethylation of pla-
cental miR-340, which is associated with reduced miR-340 expression and increased protein
levels of several target transcripts, GR, Cry2 and H3F3b. MiR-340 is linked to the expression
of several nutrient transporters both in mice and human placentas. Using placenta-specific
lentiviral transgenes and embryo transfer, we demonstrate the key role miR-340 plays in the
mechanism involved in early life programming of ABA.
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dramatically decrease quality of life and have life-

threatening consequences. They are ten times more com-
mon in women than in men and represent one of the most
common psychiatric disorders, affecting up to 4.5% of women at
some point in their lives!. Anorexia nervosa (AN), the most
severe ED, accounts for the highest mortality rate of all mental
illnesses (about 10%)2. Despite being so immensely destructive to
health and affecting such a significant number of young women,
the understanding of AN remains poor due to its multi-factorial
and complex origins. As a consequence, treatment is sparse,
unspecific and unlikely to lead to full recovery?.

Due to the significantly greater prevalence of AN in women,
most of the clinical literature and preclinical models have aimed
at providing a rationale for specific factors precipitating AN
disproportionately in females at the time of puberty*. Suscept-
ibility to EDs is often associated with early life stress or trauma™®.
However, it is important to make a distinction between the dif-
ferent types of “early life trauma” and how they may affect sub-
sequent predisposition to disease. Trauma during childhood may
serve as a trigger for an existing predisposition, while gestational
or even pre-gestational trauma may be more involved in pro-
gramming the predisposition or protecting from it, depending on
the severity, timing, and extent of the insult’. As such, increased
risk of bulimia nervosa and mixed eating disorders was reported
among girls who were exposed to either prenatal stress (PNS) or
early postnatal life stress. In contrast, this was not true for AN®,
Yet, early postnatal and childhood trauma are both frequently
referred to as “early life”, but they are in fact taking place at
different developmental windows, exerting potentially very dif-
ferent effects on the susceptibility for the different eating dis-
orders in the offspring.

In any case, stress alone does not necessarily prompt EDs but
rather a combination of an innate predisposition pooled with the
additive effect of early life trauma is more likely to lead to dis-

E ating disorders (ED) are destructive mental disorders that

ease™”. This concept coincides with the developmental origin of

health and disease hypothesis, and has received compelling epi-
demiological support from animal studies. Early life stress, par-
ticularly in the form of intrauterine maternal emotional stress or
nutrition-related (high fat diet/deprivation), may ultimately pre-
dispose male and female offspring to different diseases'®~'%. The
fetal perception of the intrauterine environment is mediated by
the placenta, a feto-maternal organ that connects the developing
fetus to the uterine wall to allow nutrient uptake, waste elim-
ination, and gas exchange via the mother’s blood supply.
Although the placenta has long been considered a “sexless” organ,
in fact given its predominantly fetal origin, it carries the same
genetic information as the fetus and is therefore differentially
sensitive to environmental stimuli'® and fetal hormones'#. The
placenta of one sex may also possess a greater ability to respond
and buffer against selective environmental insults'®, as is the case
for the sex-specific placental contribution to nutritional pro-
gramming in the offspring'®. It is broadly recognized that com-
promised placental function can have both short- and long-
lasting consequences for the developing fetus, e.g., with maternal
hypoxia, pre-eclampsia, or placental insufficiency!’, which are
closely related to a specific stage of development and fetal sex.
Finally, distinct sex-dependent structural and functional placental
factors have been repeatedly reported in normal pregnancies
(reviewed in ref. '). This further suggests that the physiological
and molecular basis for the sex-specific developmental trajectory
toward susceptibility to disease may originate in utero, through
placental disparities between the sexes despite exposure to a
similar maternal environment.

Recently, microRNAs (miRs) have received major attention in
the context of placenta-associated abnormalities'. Specific
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placental miRs were found to be associated with several preg-
nancy disorders and therefore are strong candidates for the
mediation of gestational programming'®. In the present study, we
explored this possibility by comparing placental differences in
miR expression between opposite sex siblings of undisturbed and
PNS pregnancies in parallel to adolescent susceptibility to
activity-based anorexia (ABA). The ABA model successfully
mimics the choice of exercise above eating, relying on limited
food intake while allowing unlimited access to running wheels
(RW)20, While first modeled in rats, the ABA model has also been
widely examined in mice?! with varying criteria®%. It is char-
acterized by dramatic weight loss as a consequence of decreased
food intake?!, h}yperactivity and circadian disruption in the
running patternz*.

To test our hypothesis that susceptibility to AN may originate
in utero, we examined placental miR expression in control and
PNS mice and exposed a parallel cohort to the ABA protocol
during adolescence. We demonstrate that susceptibility to ABA is
associated with endogenous levels of placental miR-340 and
overexpression dramatically increased the susceptibility to ABA.
We propose that programming of ABA vulnerability originates in
utero, and renders specifically female offspring vulnerable to
metabolic challenges during adolescence.

Results

ABA affects mainly adolescent females and is abolished by
PNS. To examine the vulnerability of female mice to ABA, we
exposed them to a modified version of the ABA protocol?* when
they reached adolescence. We allowed the animals to habituate to
voluntary wheel running for 1 week with free access to food,
followed by 5 days of free access to wheels combined with gradual
food restriction (FR) in the form of 3-4 h of food access a day,
during the dark cycle (Fig. 1a). An undisturbed control group
with no wheels and free access to food as well as a further FR
group with no access to wheels was added to control for the
impact of FR on body weight (BW). The results revealed similar
BW in all control female groups with free access to food. FR alone
did not induce perdurable weight loss despite the reduction in
food consumption, suggesting that the number of calories con-
sumed was enough to maintain their BW if the necessary
adjustments were made (such as reduction in general activity). In
contrast, when exposed to the ABA protocol (FR+ RW), the
animals split into two sub-groups, denominated either “Resistant”
(Res) or “Anorexic” (ABA). Overall, 40% of the control females
developed ABA and 60% were resistant (Fig. 1b). Classification of
the animals into each category was performed retrospectively by
cluster analysis, based on the following parameters during the FR
phase of the protocol: (1) BW loss; (2) Food intake in kcal; (3)
Food intake recovery (% from the first FR day); (4) Circadian
disruption (running distance in km during the light phase); (5)
Total distance ran with FR (total activity) and (6) Time until
collapse (in days). ABA females displayed dramatic weight loss
compared to all other groups (Fig. 1c). Weight loss resulted from
a gradual reduction in voluntary food intake (Fig. 1d). The FR
group and Res females adapted and increased their kcal intake
during the FR period, but ABA females did not (Fig. 1d). While
Res females showed an intact circadian running pattern (Fig. le),
ABA females showed disrupted running with high activity levels
during the light phase (Fig. 1f) and running up to 12 km/day
during the FR phase (Fig. 1g). In the long term (about 6 weeks
after the end of the intervention), all females exposed to food
restriction during adolescence weighed more than undisturbed
controls, but did not differ according to predisposition to ABA
(Fig. 1h). In order to better characterize each female mouse in this
experiment, we assigned them an “ABA score” composed by the
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sum of the Z scores of the ABA parameters. Accordingly, ABA
females (as revealed by the previous cluster analysis) scored sig-
nificantly higher on this new scale than Res females (Fig. 1i).
Finally, we examined gene expression in the hypothalamus,
focusing on genes that have been specifically linked to anorexia in
women and in various animal models as potential candidates.
Hypothalamic dysregulation in anorexia has been reported for the
melanocortin, the neurotrophic and the serotonin systems and
the HPA axis. We chose representative genes of these systems that
repeatedly emerged as potential mediators of the anorexic phe-
notype: Agouti-related peptide (AgRP)?>, Melanocortin receptor
4 (Mc4R)%S, Serotonin receptor (Htr)1a?’, Bdnf2, Arginine
vasopressin (Avp)29 and Hypocretin/Orexin (Hert)*®. We found
that, as expected, AgRP, Htrla, Avp and Hcrt were dysregulated in
recovered ABA animals (Fig. 1j).

In order to test the potential mechanistic link between early life
stress and later predisposition to ABA, we performed PNS on a
further set of females starting 1 day after the detection of the
copulation plug and until GD.16.5, that induced the expected
stress-related responses in the mother and the fetuses (Supple-
mentary Fig. 1A). The resulting offspring, including males, were
then exposed to the ABA protocol upon reaching adolescence
(Fig. 1k). We next calculated the Z scores for each ABA
parameter according to their strength of prediction as determined
by a two-step cluster analysis in the original female group (Fig. 11,
raw data in Supplementary Fig. 2). We found that 30-day-old
adolescent males and PNS offspring of both sexes scored similarly
to Res females in intake recovery (Fig. 1m), days until collapse
(Fig. 1n), BW change (Fig. lo), circadian disruption (Fig. 1p),
food intake (Fig. 1q), and total activity with FR (Fig. 1r). Thus, all
males and PNS females were largely resistant to ABA, scoring
similarly to Res control females in the ABA score (Fig. 1s). When
examining basal metabolic parameters in this group, the PNS
females appear to be programmed to become overweight, rather
than underweight, and this may be at least one of the reasons
underlying their resistance to ABA (Supplementary Fig. 1B).

PNS placentas show downregulation of miR-340 by gene-body
DNA methylation. To elucidate the early origins of vulnerability/
resistance to ABA, we next focused on gestational aspects and
placental adaptations in control vs. PNS male and female off-
spring. BW gain in dams subjected to stress when pregnant (PNS
dams) was significantly lower than in controls, despite similar
food intake (Fig. 2a, b) and they also showed increased corti-
costerone levels (Fig. 2c). PNS did not affect fetal weight, but did
reduce placental weight in female offspring only, suggesting an
increase in placental efficiency in this group (Fig. 2d—f).
Accordingly, placental 11Phsd,, the enzyme that converts active
corticosterone into inactive cortisone, was decreased and fetal
corticosterone levels were increased exclusively in female PNS
fetuses (Fig. 2g, h). This suggests that females were exposed to
higher levels of endocrine stress signals compared to their male
siblings, an effect reported previously>!.

To gain better insight into the mechanisms that mediate the
differences between controls and PNS, we next compared the
placental miRs expression profile using miR arrays. We identified
several miRs differentially expressed in PNS placentas with miR-
340 being most severely affected by the manipulation (Fig. 2i and
Supplementary data 1). We then validated the array findings by
qPCR and detected a clear sexually dimorphic expression pattern,
since miR-340 was expressed in very low levels in control and
PNS male placentas (Fig. 2j). Importantly, expression of miR-340,
as shown by in situ hybridization, appears to be restricted to the
junctional zone of the placenta in particular on the labyrinth side,
a major site of feto-maternal exchange and hormone production
respectively (Fig. 2k).
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To elucidate the regulating mechanism of miR-340 by PNS, we
performed a bioinformatic analysis on the RnfI30 gene, which
hosts miR-340 in its second intron. Like miR-340, Rnf130 was
downregulated by PNS (Supplementary Fig. 3A). Intronic miRs
are frequently found in a sense orientation and thus are
frequently transcribed together with their host gene’?. The
analysis revealed that Rnf130 has a CpG island about 800 bp long
around its promoter region and the first exon (Fig. 2I).
Furthermore, miR-340 was previously suggested to be regulated
by DNA methylation in different types of cancer®. To examine
this possibility, we used the DNA methyltransferase inhibitor 5-
aza in an in vitro assay and showed that increasing concentrations
of the inhibitor led to increasingly higher levels of miR-340,
implying DNA methylation in its regulation (Fig. 2m). We next
examined the methylation levels in the CpG Island of the Rnf130
promoter and on the miR-340 sequence through bisulfite
conversion and pyrosequencing in control and PNS female
placentas. While DNA methylation at promoters is widely
accepted to be associated with transcriptional repression, recent
studies suggested that gene body methylation also plays a critical
role in gene regulation®’. Interestingly, the CpG Island in the
Rnf130 promoter region displayed very low levels of methylation,
both in female control and PNS placentas (Supplementary
Fig. 3B). In contrast, the two CpGs located on the sequence of
miR-340 revealed high methylation in both groups, with CpG,
significantly more methylated in PNS than in control female
placentas (Fig. 2n), which also show global hypermethylation
compared both to control females and males (Fig. 20). Taken
together, these findings suggest that placental miR-340 is a
sexually dimorphic miRNA robustly affected by PNS and
regulated through gene body DNA methylation.

MiR-340 targets Nr3c1/GR, Cry2, and H3f3b in the placenta.
In order to explore the mechanism through which placental miR-
340 exerts its effects on ABA predisposition, we next performed
bioinformatic predictions on potential targets focusing on genes
involved in placental functioning and structure. The conservation
of the miR-340 seed matches on the 3'UTR of these targets are
shown in Supplementary Fig. 4. Based on those predictions, we
performed a Tagman custom gene expression array comparing
placentas of control and PNS females. Among the potential tar-
gets, Sirt7, Nr3cl (which encodes the GR), Hdac9, Histone 3
mammalian isoform, family 3b (H3f3b) and Ythdf3 were upre-
gulated in placentas of PNS females (Supplementary Table 1). We
expanded the analysis using RT-PCR, adding additional samples
and performing correlations between the expression of miR-340
and the putative targets (Fig. 3a—f). GR (Fig. 3b), Hdac9 (Fig. 3¢),
Cry2 (Fig. 3d), and H3f3b (Fig. 3e) showed a significant inverse
correlation with the expression of miR-340 in these samples,
while Sirt7 (Fig. 3a) and Ythdf3 did not (Fig. 3f). When examining
the PNS group alone, the strongest correlations were evident for
GR/GR, Cry2/CRY2, and H3f3b/H3F3b (Supplementary Fig. 5a),
which also showed increased placental protein levels (Fig. 3g—i).
In contrast, Hdac9/HDAC9 did not show a similar effect (Sup-
plementary Fig. 5b). To explore the link between the miR-340 and
the relevant targets further, we next infected BeWo placental cells
with a lentivirus designed to knockdown (KD) miR-340 and thus
mimic the effects of PNS. As expected, the KD virus significantly
reduced the expression of miR-340 in the cells (Fig. 3j). In
addition, while mRNA levels did not change significantly in any
of the putative targets (Fig. 3k), we found an increase in protein
levels of GR, CRY2, and H3F3b (Fig. 31), but again not in HDAC9
(Supplementary Fig. 5B).

Given the variability within the control female group in
vulnerability to ABA, we next focused on this group in an
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additional experiment where we analyzed the relative expression
of miR-340 in 28 female samples from an additional six control
pregnant females. Nine out of the 28 placentas (32%) showed
miR-340 levels 25% above the average (Fig. 3m), which resembles
the number of ABA-prone females in our first group (40%).
Remarkably, the levels of miR-340 were affected by the sex of the
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adjacent fetus. Females located between two males showed the
lowest levels of miR-340 (Fig. 3n), suggesting prenatal androgen
exposure may be linked to miR-340 expression levels and the
subsequent resistance to ABA. Furthermore, we found an inverse
correlation with the expression of miR-340 for GR, Cry2, and
H3f3b in this group (Fig. 30—q). Finally, we examined the
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expression of the AN candidate genes in the hypothalamus of the
fetuses according to placental miR-340 levels. We found that
AgRP and Hcrt were highly expressed in control fetuses with high
levels of miR-340 compared to fetuses with low levels of miR-340.
In contrast, Htrla and Bdnf were decreased (Fig. 3r).

MiR-340 inversely correlates with placental amino acid trans-
porters. To gain insight into the potential effects of miR-340
levels on placental function and the uterinal environment that the
fetuses were exposed to, we performed RNAseq in placentas with
high and low endogenous miR-340 levels (Fig. 3m). Sleuth gene
expression analysis revealed 881 upregulated and 779 down-
regulated genes in the high miR-340 group. Of these, we chose to
focus on the solute carrier (SLC) group of membrane transport
proteins, as well as on cholesterol transporters and the insulin-
like growth factor (IGF) family given their crucial involvement in
placental structure and function®. The two groups’ profiles
appear remarkably different in their capacity to allocate nutrients,
as reflected by the different global expression in selected nutrient
transporters (Fig. 4a). In particular, the levels of miR-340 inver-
sely correlate with the expression of the amino acid transporters
Slc7a5¢, Slc7all, and Slc38al; the main lactate transporter Slcl6a3
and Igf2 and Igf2bp1 in mice (Fig. 4b). The Igf2 and the Igf family
are heavily involved in nutrient transport and can further regulate
thickness of the interhemel membrane connecting the maternal

and fetal circulation®. Therefore, we examined the thickness of

the junction in the two groups and found a thicker junctional area
in the high miR-340 group, which was in accordance with
reduced Igf2 levels®® (Fig. 4c). When we explored the potential
link between miR-340 levels and these transporters and growth
factor, we found a potential pathway through the targets Nr3cl,
Cry2, and H3f3b (Fig. 4d, based on STRING database https:/
string-db.org®”). These findings suggest that the particular loca-

tion of miR-340 in the junction may be linked to the regulation of

nutrient transport to the fetuses, both by reducing fetal access to
nutrients and amino acids and potentially through structural
changes via Igf2. To examine the translational potential of our
findings, we collected central, medial, and lateral human placental
samples from healthy, full-term male and female pregnancies (see
Supplementary Table 3 for the mothers’ demographics and
clinical characteristics). Analysis of the expression of miR-340
showed similar levels among boys and in the medial and lateral
areas, but girls presented dramatically higher levels in the central

area, which is closest to the umbilical cord (Fig. 4e). Similarly to
mice, human female placentas showed a higher variability in the
expression of miR-340 and when correlated with the expression
of the relevant transporters identified in mice, we found an
inverse correlation between miR-340 and SLC7A5, SLC7AII,
SLC38A1, SLCI16A3, IGF2, and IGF2BP1 (Fig. 4f, further trans-
porters examined are presented in Supplementary Table 3). Thus,
the results suggest that miR-340 may be involved in mediating the
fetal acquisition of selective nutrients, thus affecting develop-
mental programming of the offspring, both in humans and in
mice.

MiR-340 overexpression increases susceptibility to ABA. With
the aim of exploring whether high levels of placental miR-340 are
directly related to increased vulnerability to ABA, we next gen-
erated placenta-specific transgenes®®3?. Blastocysts were then
infected with lentiviruses designed to overexpress (OE) miR-340
or with a control virus (CV) and were then transferred into
pseudo-pregnant females for further development (Fig. 5a). As
expected, infection of the blastocysts’ trophoblast cells with len-
tiviruses led to placenta-specific infection (Fig. 5b) predominantly
in the junctional area of the placenta (Supplementary Fig. 6).
Validation of miR-340 expression in placentas infected with the
miR-340 OE virus confirmed a threefold increase in miR-340
levels in both sexes. A similar increase was found in infected
BeWo cells (Fig. 5¢). Examination of fetal hypothalamic expres-
sion of AN candidate genes revealed a similar profile to wild-type
females with high endogenous expression of placental miR-340,
including upregulation of AgRP and downregulation of Htrla
(Fig. 5¢ and Fig. 3r).

We next explored the mRNA expression and protein levels of
the targets both in the transgene placentas and in infected BeWo
cells respectively. As expected, miR-340 OE generally inversely
correlated with mRNA and protein of the targets in placental
samples (Fig. 5d, f, h) and in BeWo cells (Fig. 5e, g, i). In a
separate set of pregnancies, the transferred embryos were allowed
to reach term. They remained untouched until 30 days old, when
they underwent the ABA protocol (Fig. 6a). To determine
susceptibility to ABA, we next calculated the Z scores of the ABA
parameters according to the prediction strength of the original
experiment (Fig. 1k). All raw data are presented in Supplemen-
tary Fig. 7. Accordingly, we found that the pattern of food intake
recovery during FR was inefficient in miR-340 OE animals

Fig. 1 Adolescent females show high susceptibility to activity-based anorexia (ABA), which is absent in males and is abolished by prenatal stress (PNS) in
females. a ABA protocol experimental design. b Hierarchical cluster analysis split the females into ABA-prone and resistant to ABA. ¢, d The ABA protocol
induced a dramatic decrease in body weight (BW) (repeated measures ANOVA F(27,60) = 4.17, p = 0.000 for time x treatment interaction) and food
intake (F(3354) = 3.71, p= 0.000 for time x treatment interaction) in ABA females compared to all other groups (N = 6 for undisturbed, N= 6 for FR, N=8
for ABA and N =12 for resistant). e, f Running pattern was normal in resistant females (e) and disrupted in the ABA group, which displayed high activity in
the light phase (f). g Total running distance was significantly increased during food restriction (FR) in the ABA group (Fini14y = 7.33, p = 0.017). h Long-
term BW differed between the groups (repeated measures ANOVA Finyai5100) = 6.67, p < 0.0001). All FR females weighed significantly more than
undisturbed females. *p < 0.05 ABA vs. Resistant, #p < 0.05 ABA vs. FR and (black club) p <0.05 ABA vs. undisturbed based on Tukey's multiple
comparisons test. Data are presented as mean and s.e.m. i ABA animals scored significantly higher in the global ABA score compared to resistant females
(Student's t test tgy =10.49, p < 0.0001), which is composed of the sum of the Z scores of the six ABA parameters. Data presented in min. to max with
median. j Hypothalamic gene expression of AN candidate genes differed between resistant and ABA females (MANOVA F¢ sy = 24.60, p=0.001). k To
test the sex specificity and the contribution of PNS to ABA predisposition, we tested PNS offspring of both sexes together with control males on the ABA
protocol using one-way ANOVA for each parameter with Tukey's multiple comparisons test. I ABA individual parameters for the males and PNS animals
were calculated in Z scores according to each parameter’s strength of prediction. m—r Control males and PNS males and females scored similarly low in
food intake recovery (F4 49y = 7.26, p< 0.0001) (m), days until collapse (F4 49y = 82.89, p<0.001) (n), BW change (F(4 49y = 9.81, p < 0.0001) (o),
circadian disruption (light phase activity)(F(4,49) =13.06, p < 0.0001) (p), food intake (F(4,49) = 7.06, p < 0.0001) (q) and total activity (F(s,40y=8.34, p<
0.001) (r) compared to resistant control (C-Res) females. s While control females split into resistant and ABA-prone subgroups, PNS females and all
males were largely resistant to ABA (F(449y = 32.30, p < 0.0001). RW running wheel, CTRL control. Data presented as min. to max with median
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Fig. 2 Prenatal stress (PNS) downregulates placental miR-340 through gene body DNA methylation. a, b PNS affected the pregnant dams’ body weight
(BW) (repeated measures ANOVA F 6y = 21.56, p < 0.0001) without affecting food intake (N =5-6). ¢ PNS increased maternal corticosterone (CORT)
(taoy =3.88, p=0.003). d—f Fetus weight was similar in control and PNS offspring (d), but placental weight was reduced by PNS only in females (two-
way ANOVA Finaisy = 4.54, p = 0.047) (e), resulting in increased placental efficiency (Kruskal—Wallis H = 11.82, p = 0.008, specific groups comparisons
based on Mann—Whitney) (f). g—h Placental 71phsd, was overall higher in males (two-way ANOVA F; 4¢) = 188.59, p = 0.000) but was reduced by PNS
only in females (interaction effect F; 46y = 5.85, p=0.020, N =11-12, from 5,6 different dams) (g) resulting in high fetal CORT in PNS females (F.ex(1,24)
=528, p=0.032, N=12) (h). i The placental miRNA array performed on females revealed downregulation of miR-340 by PNS. j MiR-340 validation
showed reduced levels in PNS females and males of both prenatal conditions (two-way ANOVA Fyeyr.41y = 41.00, p < 0.0001) and (Fyrenatal (1,41 = 6.51, p
=0.015). k MiR-340 is expressed in the junctional zone of the placenta. | Schematic representation of the Rnf130 gene and CpG areas analyzed. m 5-aza
treatment of N42 cells at increasing concentrations upregulated miR-340 levels (one-way ANOVA F(3 5y =18.79, p < 0.0001, with Bonferroni post-hoc
tests). n CpGs on the miR-340 sequence were highly methylated and CpG, was significantly more methylated in PNS female placentas (Mann-Whitney U
=3.50, Z= —2.35, p=0.015). Data are presented in min. to max. o Global DNA methylation differed dramatically among the groups (Kruskal—Wallis H =
18.31, p=0.000). Females showed higher global methylation than males, an effect increased even further by PNS (N = 6, from 5 to 6 different dams).
Significance between groups and sexes based on Tukey's multiple comparison tests and Mann—Whitney post-hocs when relevant. GD gestation day, CTRL
Control. Data are presented in mean and s.e.m. Scale bar: Tmm

(Fig. 6b). MiR-340 OE transgenes collapsed more frequently
toward the end of the food restriction period (Fig. 6¢), displayed
higher BW change (Fig. 6d) and showed circadian disruption as
reflected by the distance run (km) in the light phase (Fig. 6e)
compared to transgene controls. While food intake during FR was

percentages of animals being prone to ABA as a result of miR-
340 OE (Fig. 6j).

Taken together, we propose that placental miR-340, through
the regulation of genes known to be involved in placental
structure and function, such as GR, Cry2 and H3f3b and

not significantly affected (Fig. 6f), miR-340 OE induced
hyperactivity in both males and females (Fig. 6g). Taken together,
these parameters exposed the significantly higher susceptibility to
ABA in miR-340 OE transgenes of both sexes, as reflected by the
higher ABA score compared both to wild type (WT) and CV
controls (Fig. 6h). Finally, hypothalamic assessment of AN
candidate genes in these groups revealed long-lasting down-
regulation of AgRP and upregulation of Htrla, resembling the
expression patterns found in the original control ABA group
(Fig. 6i and Fig. 1j) and further confirming the central role played
by the hypothalamic melanocortin and serotonin systems in
anorexia. Altogether, these findings translated into higher

6 NATURE COMMUNICATIONS | (2018)9:1596
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downstream nutrient transporters, can change the fetal environ-
ment and hypothalamus to induce later life susceptibility or
resistance to ABA (Fig. 7).

Discussion

In the current set of studies, we have identified, for the first time,
a potential mechanism of ABA gestational programming. It
appears that early life variables that affect placental gene
expression may play a crucial role in this predisposition. These
findings are supported by the genetic epidemiology of AN, which
indicates strong evidence for familial contribution but does not

| DOI: 10.1038/541467-018-03836-2 | www.nature.com/naturecommunications
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Fig. 3 MiR-340 exerts its effects through targeting of GR, Cry2, and H3f3b. a—f Validation of potential miR-340 target in prenatal stress (PNS) vs. control
female placentas showed that Sirt7 and Ythdf3 were not significantly correlated with miR-340 (a, f). b—e In contrast, GR, Hdac9, Cry2, and H3f3b expression
was significantly higher in PNS and inversely correlated with miR-340. g—i Placental GR, CRY2, and H3F3b protein levels were increased by PNS (N = 4). j
Lentiviral KD of miR-340 in BeWo choriocarcinoma cells reduced the expression of miR-340 (F, 7y = 5.654, p = 0.050, N = 4). k MiR-340 KD did not
significantly affect mRNA levels of the target genes. | At the protein level, miR-340 KD increased GR (t¢sy = 3.687, p = 0.010) and CRY2 (t(sy = 3.156, p =
0.0197), and tended to increase H3F3b. m Within the control group, miR-340 expression shows great endogenous variability (N = 28, from six dams). n
Female fetuses surrounded by two males in the uterus show lower levels of placental miR-340 compared to females surrounded by females or mixed sexes
(one-way ANOVA F; 53y = 9.31, p=0.0013). Data are presented in mean and s.e.m. and Tukey's multiple comparison tests. o—q The “high” and “low”
subgroups included samples above 1.3 and below 0.70 relative to the groups’ average respectively. The expression of GR, Cry2, and H3f3b inversely
correlated with the endogenous levels of miR-340. Data are presented as mean and s.e.m. r Fetal hypothalamic gene expression of AN candidate genes
differed between the “high” and “low" subgroups (F 5y =13.1, p=0.006). Data are presented in mean and s.e.m. (N =6)
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Fig. 4 MiR-340 is associated with differential expression of nutrient transporters both in mouse and human female placenta. a Heat-map comparing
placental nutrient transporters between female mice endogenously expressing high or low levels of miR-340. b The expression of Sic7aS5, Slc7all, Slc38al,
Slc16a3, Igf2, and Igf2bp1 is inversely correlated with miR-340 in mice. ¢ Eosin-hematoxylin staining of the mouse placenta show a thicker junctional zone in

the high miR-340 group (tey =

3.07, p=0.022). d STRING pathway analysis linking the miR-340 targets Nr3cl, Cry2, and H3f3b with selected nutrient

transporters (https://string-db.org). e Expression of miR-340 in the human placenta in central, medial, and lateral areas. Girls present higher levels in the
central area compared to boys (two-way ANOVA F 104y = 14.78, p < 0.0001). Data are presented as mean and s.e.m. f The expression of SLC7AS, SLC7ATI,
SLC38AT1, SLC16A3, IGF2, and IGF2BP1 are inversely correlated with miR-340 expression in the central area of human samples. Scale bar: Tmm

always provide convincing evidence of heredltabnllty according to
population-based homozygous twin studies*®*!. When it comes
to gestational programming, the placenta plays a central part in
shaping the fetal environment?. Placentas exhibit pronounced
sexual dimorphism in response to variation in the maternal
milieu both in humans*? and mice**4, which appears to be the
case for miR-340 in the junctional zone of the mouse placenta.
This zone contains zygote-derived cytotroghoblasts which have
direct access to the maternal blood flow*>. Two types of cyto-
trophoblasts exist in this zone at GD175 in mice, spongio-
trophoblasts and trophoblast glycogen cells, both of which
synthesize protein hormones such as IGF,, a key growth and
nutrient supply gene®. The human and mouse placentas share a
similar function, but are structurally quite different. The corre-
sponding region to the murine junctional zone in humans is the
basal plate, which differently from mice presents multi-layered
cytotrophoblastic columns with a morphological gradient of cells.
Despite this difference, in both species this region does not
contain any fetal blood, but is traversed by maternal blood
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channels lined by zygote-derived trophoblast cells, through which
maternal blood flows into and out of the fetal placenta/
labyrinth®>.

The placental responses to stress include adaptations at mul-
tiple epigenetic levels, which affect molecular processes on a
global scale. Abnormal DNA methylation is one of these pro-
cesses?’, that in turn shapes placental morphology with far-
reaching implications including impairments in placental devel-
opment and nutrient supply. Maternal stress during pregnancy
broadly influences the placenta, inducing the very well docu-
mented and varied negative effects in the offspring such as
anxiety, depression, cognition, memory*®*’, and metabolism*°.
When PNS is limited to the last week of gestation, unlike our
protocol susceptibility to ABA appears to increase in a subset of
rats’0. A similar finding was recently reported for binge eating
disorder usmig a different stress model but the same window of
intervention®'. Thus, ABA resistance resulting from chronic PNS
may represent a beneficial side effect of an otherwise negative
overall outcome.
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Fig. 5 MiR-340 overexpression (OE) decreases GR, CRY2, and H3F3b protein in the placenta and in BeWo cells. a Experimental design for generation of
placenta-specific transgenes. b Representative pictures out of about 20 transfers of placenta-specific infection. ¢ Placental miR-340 was highly expressed
in the female transgenes of both groups compared to males (two-way ANOVA Fqe 23y = 47.39, p<0.0001) and was increased by the miR-340 OE
lentivirus in both sexes (Fyeatment(1,23y = 28.78, p<0.0001, N = 6). Infection of BeWo cells with the miR-340 OE lentivirus led to increase in miR-340
expression levels (Unpaired ttest ty =1.77, p=0.019). Fetal hypothalamic gene expression of anorexia candidate genes differed between the CV and
miR-340 OE groups (MANOVA F 5y = 7.08, p = 0.024), with high expression of AgRPand low expression of Htrla. d In miR-340 OE transgenes, placental
GR mRNA inversely correlated with miR-340 (N = 6) and placental protein tended to be reduced (t) = 2.414, p = 0.052, N = 4). e In BeWo cells, Nr3cl/
GR mRNA x miR-340 correlation showed a similar pattern to the placenta and miR-340 OE decreased GR protein levels (te) = 3.09, p=0.011, N=4). f
Placental Cry2 mRNA inversely correlated with miR-340 (N =12) and showed decreased protein levels after miR-340 OE (Unpaired ttest t(gy = 2.451, p=
0.049, N = 4). g In BeWo cells, miR-340 OE significantly decreased CRY2 protein levels (t) = 3.381, p = 0.0148). h-i MiR-340 OE did not affect H3f3b
mRNA expression but decreased H3F3b protein levels in the placenta (ty = 2.452, p = 0.0451, N = 4) (h) and in BeWo cells (ty = 4.25, p = 0.0054, N
=4) (i). Data presented as mean and s.e.m. CV control virus. Scale bar: 1mm

Overexpression of GR, as seen in our placental PNS samples, the food intake pattern of female offspring®>. Moreover, dis-

induced multiple neuroendocrine changes that have been shown
to result in a blunted response to rcstramt stress and to endotoxic
shock in a different animal model®%. Accordingly, high maternal
cortisol in utero and/or inhibition of 11BHSD, are associated with
programmed outcomes in childhood including higher blood
pressure, behavioral disorders, and altered brain structure>>
Given the remarkable resistance of males to ABA, a potential
mechanism of ABA prevention in females by PNS may be related
to its well-known masculinizing effects. PNS increases anogenital
distance, which is a sexually dimor ?hlc biomarker of prenatal
androgen exposure in many species™. We noticed that females
were undistinguishable from males in the PNS group at birth due
to larger than usual anogenital distance. This effect resembles
prenatal testosterone exposure, which was shown to masculinize

OMMUNICA (S| (2018)9:1596

organized eating in girls may be improved by prenatal androgen
exposure, as shown in a twin study in which female pairs had
sngmﬁcantly higher disordered-eating scores than girls with male
twins®®. This “prenatal androgen exposure hypothesns has been
more frequently linked to autism spectrum disorders®’, but could
also be involved in determining the level of predlsposmon to ABA
in females. This is particularly likely given the well-documented
effects of uterine position on the fetuses: females developing
between two males are more likely to show masculinized beha-
vioral, anatomical physiological traits due to the transfer of tes-
tosterone from the adjacent fetuses®®. This could be a potential
source of the great variability adolescent WT females show in
their response to ABA. Thus, females surrounded by other female
fetuses may be more vulnerable to ABA as suggested by human
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Fig. 6 Placental miR-340 overexpression (OE) robustly increases the susceptibility to activity-based anorexia (ABA) in both sexes. a Transgene animals of
both sexes were exposed to the ABA protocol. b—g MiR-340 OE transgenes of both sexes scored higher than controls in food intake recovery (one-way
ANOVA Fs 68y =4.49, p=0.0014) (b), days until collapse (F(ses) = 5.36, p=0.0003) (c), body weight (BW) change (Fses)=3.99, p=0.003) (d),
circadian disruption (light phase activity) (F(s ¢g) = 5.01, p= 0.0006) (e) and total activity (Fs ¢gy = 6.81, p < 0.0001) (g) during the food restriction part of
the protocol. In contrast, food intake during food restriction did not significantly differ between the groups (f). h Altogether, placental miR-340 OE robustly
increased the susceptibility to ABA in both sexes compared to both WT controls and CV animals (F(s esy = 6.83, p < 0.0001). Data presented as min to
max with median. Differences between the groups are based on Tukey's multiple comparisons test. *p < 0.05. i Hypothalamic gene expression of anorexia
candidate genes differed between CV and miR-340 OE females (MANOVA F 5y = 53.83, p < 0.000), with low expression of AgRP and high expression of
Htrla. Data are presented in mean and s.e.m. (N = 6). j MiR-340 OE increased the susceptibility to ABA in both sexes. CV control virus

twin studies®®>®. While the sex-specific physiological mechanism  modulation of the glucose® and amino transporters. It is there-
through which placental miR-340 methylation and expression is  fore a crucial factor for sustaining fetal life and securing its
determined under both stressful and normal conditions remains  normal development®® affecting the newborns’ neurobehavior®.
unclear, hormonal alterations in utero may represent a potential ~GR interacts with Cry2, a key component of the circadian core
candidate as suggested by Rnfl130 regulation by LH/hCG in oscillator complex that regulates the circadian clock and has been
Leydig cells in rats®. Finally, the fact that ABA and AN are detected both in the labyrinth and the junctional zone in rats®”.
typically triggered during adolescence may further suggest that The clock genes are widely involved in the regulation of placental
the prenatal hormonal effects on female offspring may form a  function, suggesting that normal circadian variations may be
platform for a later triggering or protective effect of gonadal involved in a healthy placental phenotype®’. Finally, H3f3b, one
steroids on this phenotype. of the replication-independent variants of the Histone 3 mam-
The modulation of the targets identified here, and potentially ~malian isoform, is enriched in coding regions and at specific
dozens of further targets by miR-340, likely affect nutrient chromatin landmarks in mouse somatic and embryonic cells®.
transporters and growth factors, which may have in turn a pivotal ~ While its role in placental structure and functioning is largely
influence on fetal development and programming. The ability of a  unknown, it is suggested to affect chromatin architecture chan-
single miR molecule to affect the functional levels of multiple ging the regulation of epigenetic mechanisms during develop-
proteins/pathways supports therefore their possible involvement —ment®. Given their function, it is not surprising that the miR-340
in complex disorders, such as EDs, which are suggested to be targets may affect the transfer of nutrients to the fetus by reg-
polygenic b{ nature and influenced by gene x environment ulating selective transporters. In particular, less transfer of amino
interactions®!. Similarly to miRs, transcription factors like GR?  acids to the fetus, as reflected by lower expression of three key
are highly involved in the regulation of gene expression. GR is  transporters, and Igf2, which can affect the thickness of the
widely expressed both in the labyrinth and the junctional zone of ~ junction hindering the transfer of nutrients’’.
the murine placenta®. It is involved in the expression and Overall, we have identified a placental mechanism through
alteration of a great number of placental genes including the which miR-340 mediates vulnerability to ABA, likely through
regulation of trans-placental glucose transfer, through influencing placental function. MiR-340 presents clear sexual
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Fig. 7 Summary scheme comparing placental miR-340 expression and the adult outcome in the different experiments. Female offspring born from control
dams present high levels of placental miR-340, while the male levels are endogenously low. MiR-340 targets Nr3c1/GR, Cry2, and H3f3b programming
susceptibility to activity-based anorexia (ABA) specifically in females (left panel). Prenatal stress downregulated miR-340 through gene-body DNA
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placental miR-340 through lentiviral infection of blastocysts reduced GR/CRY2/H3F3b protein levels, and robustly increased ABA susceptibility in both
sexes (right panel). CV control virus, GR glucocorticoid receptor, OE overexpression

dimorphism and is downregulated by PNS inducing a “protec-
tive” effect against ABA. Placenta-specific OE of miR-340 in
transgene mice exposed its role in the regulation of placental
functioning through GR/Cry2//H3f3b and its involvement in
gestational programming of ABA, potentially influencing fetal
brain development. Our findings directly link, for the first time,
the variability in the expression of a placental miR with fetal
programming and later vulnerability to AN and provide impor-
tant insights into the ontogeny of this poorly understood ED.

Methods

Animal care. ICR/CD1 mice (Harlan Sprague Dawley Inc., Indianapolis, IN) were
maintained in a pathogen-free temperature-controlled (22 + 1 °C) mouse facility on
a reverse 12 h light—dark cycle at the Weizmann Institute of Science, according to
institutional guidelines. Food (Teklad Global, Harlan Sprague Dawley Inc.,
Indianapolis, IN) and water were given ad libitum (apart from during FR). All
experimental protocols were approved by the Institutional Animal Care and Use
Committee of the Weizmann Institute of Science.

Breeding. Female ICR mice were mated at 11—-13 weeks of age. Two or three
females were housed with one male (minimum age 12 weeks) at the beginning of
the dark period and were examined for the presence of a vaginal copulation plug at
the end of the dark period. Presence of a copulation plug denoted day 0.5 of
gestation. After breeding, the females were individually housed.

Experimental groups. Females with plugs were randomly assigned to the control
or PNS treatment. From day 18.5 of gestation, females were checked twice a day for
the presence of a litter (0900—1000 hours, 1700—1800 hours). Newborn litters
found by 1800 hours were designated as born on that day—postpartum day 0 (PPD
0). On PPD 1, pups were counted and litters were culled to ten pups (with sex

CATIONS | (2018)9:1596

distribution kept as equal as possible in each litter). Litters with less than seven
pups were excluded.

PNS protocol. From gestation day (GD) 1.5 until GD16.5, pregnant females were
exposed to a chronic variable mild stress protocol, including two short manip-
ulations during the dark phase and a further overnight (ON) manipulation during
the light phase. The chosen stressors did not induce pain and did not directly
influence maternal food intake or weight gain and were repeated on a weekly basis.
The short stressors included multiple cage changes, cage tilt, white noise, water in
cage or no bedding for two periods of 2 h, immobilization in a tube or elevated
platform for 30 min and swim stress in warm water for 15 min. Overnight
manipulations included illumination, saturated bedding (with water), novel object
(marbles), and overcrowding.

Activity-based anorexia model. On PPD 21—22, pups were weaned and offspring
were group housed until PPD 30, where they were randomly designated to one of
two experimental groups (using a randomized complete block design to avoid
potential litter effects): (1) Control group (free food access, no RW); (2) Food-
restricted group (FR group): Free food the first week, FR the second week, no RW;
(3) RW group (free food access in the first week, FR in the second week, free RW).
On PND 30, which is considered the onset of adolescence in mice as determined by
the time of the first estrous’’, ICR mice in the ABA groups were placed in an RW
system in order to record running pattern (diameter 115 mm, TSE-Systems, Bad
Homburg, Germany). The protocol lasted for 11 days during which food intake
and BW were measured daily. The first week was defined as a “training period”,
during which food and water were given ad libitum. On the first day of the second
week food access was limited to 4 h, and on the following days the food access was
limited to 3 h. Animals were defined as anorexic in retrospect by cluster analysis
according to the following criteria, which was based on previous studies®! 2 and
our preliminary findings: (1) Percentage weight loss; (2) Food intake during FR; (3)
Food intake recovery (%) during the FR period; (4) Circadian disruption (km ran
during the light phase); (5) Days until collapse (faint and become hypothermic)
and (6) Total running distance (km) when FR. Animals that developed ABA were
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removed from the RW cage once they collapsed and were subsequently given food
ad libitum and monitored until fully recovered. The predictive strength of the six
ABA parameters was determined by two-step cluster analysis and was used to
calculate the Z scores.

Production of lentiviral vectors. MiR-340 was PCR amplified from mouse
genomic DNA, using the following oligonucleotide primers, both carrying
restriction sites for Agel :5'-TCI'TCAAGAGGGAGCCTCAG-3" and 3'-
AACAGGCATGATCTGTGGTG-5". The purified PCR product (~175 bp) was
digested using Agel enzyme and ligated to pCSC-SP-PW-IRES-GFP plasmid. MiR-
340 sequence was confirmed by DNA sequencing. High titer lentiviruses expressing
miR-340 and green fluorescent protein (GFP) were produced by transient trans-
fection in HEK293'T' cells. Infectious particles were harvested at 48 and 72 h post-
transfection, filtered through 0.45 um-pore cellulose acetate filters (Sigma-Aldrich),
concentrated by ultracentrifugation, re-dissolved in sterile HBSS, aliquoted and
stored at —80 °C. Vector concentrations were analyzed using eGFP fluorescence in
HEK293T cells infected with serial dilutions of the recombinant lentivirus”'72.

Generation of placenta-specific lentiviral system. Three-week-old female mice
were hyper-ovulated with gonadotropins (PMSG) (Sigma-Aldrich) followed 48 h
later by hCG (5 TU each) and were then mated with males. Two days after the
detection of a copulation plug, oviducts were dissected (Embryonic day (ED) 2.5)
and flushed with M2 medium (M7167, Sigma-Aldrich, St. Louis, MO), using a
syringe with 30-gauge blunt hypodermic needle. Embryos at their morula stage
(ED2.5) were collected and rinsed through several drops of M2 medium. The zona
pellucida was then removed by rinsing with Tyrode’s solution (M8410, Sigma-
Aldrich, St. Louis, MO). Denuded embryos were re-washed with M2 medium and
placed in 50 pl drops of M16 medium (M7292, Sigma-Aldrich, St. Louis, MO) on a
35-mm tissue culture plate. They were then incubated for 2 nights at 37 °C and 5%
CO, for further development. Embryos at their blastocyst stage (ED4.5) were then
incubated in 30 ul drops of M16 + 3 ul concentrated lentivirus for 6 h. Using a
stripper micropipette (Cat# MD-MXL3-SRT-CGR; Zotal Ltd, Tel Aviv, Israel),
infected blastocysts were then transferred into fresh drops of M2 medium and then
into ED2.5 pseudo-pregnant females’ uterus for further development®®3. This
technique is highly specific to the transduction of the junction, therefore making
vesicular transfer highly unlikely.

. 1

tion of p ‘The pseudo-pregnant females were
produced by manng with sterilized males. Vasectomies were performed on 2-
month-old males by making an incision across the lower abdomen, at the midline
of the scrotal sac, under Ketamine:Xylazine (1:1 20% in saline) anesthesia. Then, a
section of the vas deferens (0.5 c¢m) was bilaterally removed. Males were allowed
2 weeks to recover and were mated with females to confirm sterilization before the
beginning of the protocol.

Embryo tissue collection. On GD17.5, pregnant females were anesthetized with
an overdose of Ketamine-Xylazine (1:1, 20% in saline) and through cesarean sec-
tion both the embryos and placentas were excised. Embryos were weighed and
decapitated, the brain was extracted and the hypothalamus was removed, imme-
diately frozen on dry ice and stored at —80 °C. Trunk blood was collected in
EDTA-coated tubes (MiniCollect, Greiner bio-one, Austria). Placentas were also
weighed and immediately stored at —80 °C. A portion of the embryos’ tail was
removed for later DNA extraction and sex genotyping. For analyses comparing
between groups, only one fetus per litter (per sex) was used. These were chosen
from the central uterinal location, with one male and one female as adjacent
fetuses. Males chosen had one male and one female as adjacent fetuses. When the
focus was intra-litter variability, the fetuses located at the extremes of the uterus
were excluded.

Adult tissue collection. Adult animals were killed at the age of 3 months, 4 weeks
after the end of the ABA protocol and when fully recovered. After decapitation, the
hypothalamus was dissected and immediately frozen. Trunk blood was collected,
immediately centrifuged and plasma samples were and stored at —80 °C.

Genotyping. Sex of the embryo was determined by Sry genotyping (forward 5'-
TCATGAGACTGCCAACCACAG-3" and reverse 5'-CATGACCACCACCAC-
CACCAA-3)73. Amplification product was detected by 2% gel electrophoresis.

Offspring physiol Pregnant and lactating dams underwent
weekly follow-up of body weight and food intake. For pre-weaning weights, total
litter weights were averaged (males and females apart). Post-weaning, pups were
weighed individually and food intake was monitored weekly.

Plasma cortic t. Corticosterone levels were analyzed using
radioimmunoassay (MP Biomedicals, Solon, Ohio, USA).
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Mouse RNA extraction and real-time PCR. For placental tissue, purification of
total RNA containing miRNAs and DNA was done using Tri Reagent (MRC Inc,,
Cincinnati, OH) according to the manufacturer’s recommendations. gDNA was
removed using Turbo DNAse digestion in solution, followed by heat deactivation
(#AM2238, Thermo Fisher Scientific). Hypothalamic RNA was extracted using the
miRNeasy Mini Kit (#217004, Qiagen) in conjunction with on column digestion of
gDNA using Turbo DNAse (see above). RNA preparations were reverse tran-
scribed to generate cDNA using miScriptll Reverse transcription kit for miRNAs/
mRNA (QIAGEN, #218160, Hllden, Germany). Quantitative mRNA/miRNA
expression were done using a SYBRGreen PCR kit (QIAGEN, Hilden, Germany)
and miScript SYBR (#204057 QIAGEN, Germany) respectively, according to the
manufacturer’s guidelines and a SlepOnePlus Real time PCR system (Applied
Biosystems, Waltham, MA), using specific primers. U6 snRNA was used as internal
control for the miRs and Tbp was used as internal control for mRNA in placental
samples.

MicroRNA Agilent array. MiRNA array of the placenta was performed using
Agilent’s microarray (SurePrint G3 Unrestricted GE 8*60k, G4872A; Agilent
Technologies, Santa Clara, CA). The bioinformatic analysis was performed using
the Limma (Liniar Models for MicroArray Data) package which is part of the
Bioconductor software (http://bioconductor.org). We corrected the background
with the Normexp method, used the Loess method for the within arrays normal-
ization and the Aquantile for between arrays normalization. A linear model was
applied in order to find the differentially expressed genes (a simple Bayesian
model). Gene ontology analysis was performed using WebGestalt 58. (http://
bioinfo.vanderbilt.edu/webgestalt/) (Supplementary Data 1).

Tagqman array. Placental gene expression of potential miR-340 targets was ana-
lyzed by a Tagman fast small RNAs assay (Applied Biosystems, Waltham, MA)
(Supplementary Table 1).

Mouse and human RT-PCR primers. See Supplementary Tables 4 and 5.

5-aza functionality assay of methylation. N42 immortalized hypothalamic cells
were plated into 35 mm plates and treated for four days with different con-
centrations (0, 0.5, 2, 10 uM) of 5-Aza-2'-Deoxycytidine (Sigma-Aldrich, St. Louis,
MO). Every day in the evening, medium was replaced with fresh growth medium
containing fresh 5-Aza. Cells were then lysed and RNA was extracted using the
miRNcasy mini kit (QIAGEN, Hilden, Germany). RNA was reverse transcribed to
cDNA using miScript Reverse transcription kit (QIAGEN, Hilden, Germany).

Global DNA methylation. Global methylation of the placenta was done using the
MethylFlash Methylated DNA Quantification ELISA kit (Epigentek Group Inc.,
Farmingdale, NY) according to the manufacturer’s instructions.

DNA methylation of Rnf130 promoter and miR-340 sequences. Mcthylation
analysis by pyrosequencing of bisulfite-treated genomic DNA was performed by
Varionostic GmbH (http://www.varionostic.de/). Genomic DNA was bisulfite
converted using the EZ DNA Methylation Gold Kit (Zymo Rescarch, Irvine, CA).
Amplicons were generated from bisulfite DNA covering 134 CGs in the CpG island
located in the promoter region of the Rnfl130 gene and the sequence coding for
miR-340 on intron 2 (Fig. 2 and Supplementary Fig. 3). Sequencing was performed
on the Q24 System with PyroMark Q24 analysis software in CpG (QIAGEN,
Hilden, Germany). Data were analyzed using SPSS Statistics, Version 17 (SPSS Inc.,
Chicago, IL) as indicated.

Western blot. Placental protein was purified in RIPA buffer, centrifuged for 10
min at 4 °C, separated in a 10% polyacrylamide gel by electrophoresis and trans-
ferred onto nitrocellulose membranes. The transfer was performed at 100 v, 350
mAmp for 1 h. After washes with PBST (PBS + 20% Tween20), membrane was
blocked with 10% skimmed milk in PBST for 1 h. The primary antibodies anti-
H3F3B (1:10,000, #GTX115549 GeneT'ex, Irvine, CA), anti-NR3C1 (GR) (1:200,
(M-20) sc-1004; Santa Cruz Biotechnology), anti-CRY2 (abcam 1:500 ab38872),
anti HDAC9 (1:500, B-1, sc-398003, Santa Cruz Biotechnology) and anti-Actin
(1:1000, sc-1616; Santa Cruz Biotechnology) were added to PBST and placed on
constant shaking at 4 °C overnight. After several washes with PBST, the secondary
antibodies (Cell Signaling T'echnology, Beverly, MA) were added for 1 h incubation
at RT. Finally, the membranes were visualized using ECL (Thermo Fisher Scientific,
Waltham, MA) and film (Fujifilm, Tokyo, Japan). For tests and membranes, see
Supplementary Fig. 8.

Gross placental structure analysis. The thickness of the placental section
occupied by the junctional zone (Jz) was determined on an M205C stereo
microscope (Leica, Wetzlar, Germany) and the Leica Application Suite X software
(LAS X) following eosin—hematoxylin staining by averaging three measurements
in the central arca (N = 4).
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Libraries and RNAseq. Libraries were prepared with the Illumina TruSeq Stran-
ded Total RNA Library Preparation kit with Ribo Zero Gold (Illumina, #RS-122-
2301) according to the instructions, using 1000 ng total mouse placenta RNA as
starting material. Libraries were quantified on a Qubit fluorometer and by qPCR
with a KAPA Library Quantification Kit for Illumina libraries (# KK4828). Size
distribution was checked using the Agilent High Sensitivity DNA Assay (#¥5067-
4626) on an Agilent Bioanalyzer. Samples were denatured using 1 N NaOH, diluted
to a concentration of 3 nM with EXAMP mastermix and loaded onto a HiSeq 4000
machine (Illumina, San Diego, CA; #SY-401-4001) with 1% PhiX control (Illumina,
#FC-110-3001) spiked in. HiSeq 3000/4000 flow cells and HiSeq 3000/4000 SBS
sequencing chemistry were used for paired-end sequencing with a read length of
100 bp for each direction. Sequencing was performed at the Helmholtz Center
(Munich, Germany).

RNAseq analysis. The quality of sequencing reads was verified using FastQC
0.11.5 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Adapters were
trimmed using cutadapt v.1.9.17% in paired-end mode. For quantification of gene
expression, kallisto 0.43.17° was employed using the mouse Ensembl annotation
v79 (downloaded from http://bio.math.berkeley.edu/kallisto/transcriptomes/). The
100 bootstaps sleuth 0.28.17° was used for the analysis of differentially expressed
genes in gene aggregation mode, requiring g-values of <0.05 for both Wald and
likelihood ratio tests, with a beta value cut-off 0.25. For KEGG pathway analysis,
GAGE 2.24.077 was used with log2 transformed, filtered and normalized TPM
values extracted from sleuth. An FDR of 0.1 was applied as cut-off for significance.

BeWo cell culture. BeWo choriocarcinoma immortalized cells were plated into 35
mm plates with F12 medium with 2 mM 1-glutamine, fetal bovine serum (10%) and
penicillin streptomycin solution (10,000 units/ml Penicillin GSodium Salt, 10 mg/
ml Streptomycin Sulfate) (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C
in a 5% CO, humidified incubator. BeWo cells were treated for 48 h with lentiviral
vectors to overexpress or knockdown miR-340. Cells were then lysed and RNA was
extracted using the miRNeasy mini kit (QIAGEN, Hilden, Germany) or were lysed
using RIPA buffer for protein extraction.

Body composition. Body composition was assessed using Echo-MRI-100™ (Echo
Medical Systems, Houston, TX, USA).

Metabolic assessment. Indirect calorimetry, food and water intake were mea-
sured using the LabMaster system (TSE-Systems, Bad Homburg, Germany). The
LabMaster instrument consists of a combination of sensitive feeding and drinking
sensors for automated online measurement. The calorimetry system is an open-
circuit system that determines O, consumption, CO, production, and respiratory
exchange ratio. Data were collected for five consecutive days after 24 h of adap-
tation for the apparatus.

Maternal behavior. On days 6/7 and 17/18 postpartum, patterns of undisturbed
nocturnal maternal behavior were observed during 160 min sessions. Each mother
was observed every 15 min, for 1-3s. This allowed the identification of the
ongoing maternal behavior at the observation time. Various maternal and non-
maternal behaviors were recorded in every observation. The score was “1” if the
behavior occurred and “0” if it did not occur. Maternal behavior measures were
based on existing literature’® and included both self-(grooming, eating) and pup-
directed behaviors (nursing, licking/grooming) and activity measures.

Human pl, tal tissue Placental tissues were collected after obtaining
informed consent from pregnant women at the Division of Gynecology and
Obstetrics of the Lindenhofgruppe, Bern, Switzerland. The studies were approved
by the cantonal ethic commission of the canton of Bern (KEK), # 2016-00250.
Term placentas (38—40 weeks) were collected from uncomplicated pregnancies
after elective cesarcan section without prior labor symptoms upon patients’ request
or due to breech presentation (n = 35) (Supplementary Table 2). Placental tissues
were collected from the villous tree within 1 h of delivery. To minimize blood
contamination, each piece of tissue was intensively washed in Dulbecco’s
phosphate-buffered saline. Tissue samples were then immediately snap-frozen in
liquid nitrogen and stored at —80 °C until RNA isolation. As placenta is a het-
erogeneous tissue, and physiological differences in gene expression may occur
depending on the sampling site, we standardized the sampling protocol and rou-
tinely collected tissue samples from three different locations within the placenta:
central (C), paracentral/medial (M) and peripheral/lateral (L) parts. Total RNA was
isolated similarly to the mouse samples, using cold Trizol reagent (Invitrogen Life
Technologies, Carlsbad, CA) and approximately 50 mg of frozen placental speci-
mens on wet ice””.

Statistical approach. Data were expressed as mean + standard error of the mean
(SEM). For the Z scores data were presented in min. to max. Statistical analyses

were performed using Statistical Package for the Social Sciences (SPSS) software,
Version 20.0 (SPSS Inc., Chicago, IL) and GraphPad Prism 6 (GraphPad Software,
Inc., La Jolla, CA). Tests included repeated measures ANOVA, ftests or one-way
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ANOVA when relevant. Differences between the groups were assessed using
Tukey’s multiple comparisons post hocs. When appropriate, non-parametric tests
such as Mann-Whitney and Kruskal - Wallis were used. Linear regression and r
values were determined in GraphPad Prism 6 (GraphPad Software, Inc., La Jolla,
CA).

Data availability. The Agilent miR microarray data have been deposited with
GEO-NCBI under the accession number GSE110597 and the Illumina RNA-seq
data have been deposited in the Sequence Read Archive (SRA), using the NCBI
portal, under the BioProject accession number PRINA434509 and SRA accession
number SRP133035.
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L-Tryptophan is an essential amino acid and a precursor of several physiologically
active metabolites. In the placenta, the serotonin and kynurenine metabolic pathways
of tryptophan metabolism have been identified, giving rise to various molecules of
neuroactive or immunoprotective properties, such as serotonin, melatonin, kynurenine,
kynurenic acid, or quinolinic acid. Current literature suggests that optimal levels
of these molecules in the fetoplacental unit are crucial for proper placenta
functions, fetal development and programming. Placenta is a unique endocrine
organ that, being equipped with a battery of biotransformation enzymes and
transporters, precisely orchestrates homeostasis of tryptophan metabolic pathways.
However, because pregnancy is a dynamic process and placental/fetal needs are
continuously changing throughout gestation, placenta must adapt to these changes
and ensure proper communication in the feto-placental unit. Therefore, in this study
we investigated alterations of placental tryptophan metabolic pathways throughout
gestation. Quantitative polymerase chain reaction (PCR) analysis of 21 selected genes
was carried out in first trimester (n = 13) and term (n = 32) placentas. Heatmap
analysis with hierarchical clustering revealed differential gene expression of serotonin
and kynurenine pathways across gestation. Subsequently, digital droplet PCR, Western
blot, and functional analyses of the rate-limiting enzymes suggest preferential serotonin
synthesis early in pregnancy with a switch to kynurenine production toward term.
Correspondingly, increased function and/or protein expression of serotonin degrading
enzyme and transporters at term indicates efficient placental uptake and metabolic
degradation of serotonin. Lastly, gene expression analysis in choriocarcinoma-derived
cell lines (BeWo, BeWo b30, JEG-3) revealed dissimilar expression patterns and
divergent effect of syncytialization compared to primary trophoblast cells isolated from
human term placentas; these findings show that the commonly used in vitro placental
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models are not suitable to study placental handling of tryptophan. Altogether, our
data provide the first comprehensive evidence of changes in placental homeostasis of
tryptophan and its metabolites as a function of gestational age, which is critical for
proper placental function and fetal development.

Keywords: fetal programming, trophoblast, tryptophan metabolism, placenta-brain axis, kynurenine pathway,

serotonin pathway

INTRODUCTION

Placenta is a multifunctional organ providing the fetus
with optimal conditions for its growth, development, and
programming (Staud and Karahoda, 2018). As a continuously
maturing organ, it undergoes structural (Kingdom et al., 2000),
epigenetic, and transcriptomic (Uuskula et al, 2012; Cox
et al,, 2015) changes to adapt to its own as well as maternal
and fetal demands. Correspondingly, a wide number of
biological processes and molecular and metabolic pathways are
differentially affected during gestation (Mikheev et al., 2008;
Sitras et al., 2012).

Tryptophan (TRP) is an important amino acid necessary for
protein synthesis as well as a precursor of several biologically
active metabolites. During pregnancy, TRP and its metabolites
are of crucial importance for placentation, fetal development,
and immune regulation (Sedlmayr et al., 2014; Laurent et al.,
2017). In the placenta, two main TRP metabolic pathways
have been identified: the serotonin (5-HT) (Bonnin et al.,
2011) and kynurenine (KYN) pathways (Sedlmayr et al., 2002;
Goeden et al,, 2017). The rate-limiting enzyme of the 5-HT
pathway, tryptophan hydroxylase (TPH), gives rise to 5-HT,
an important trophic factor early in gestation (Bonnin et al.,
2011). Within the placenta a fraction of 5-HT is additionally
metabolized to melatonin (Lanoix et al., 2008), which is involved
in circadian rhythmicity, fetal growth, and placental function
regulation (Iwasaki et al., 2005; Nagai et al., 2008; Seron-
Ferre et al,, 2012). Several studies have shown that maternal
5-HT also contributes to fetal 5-HT levels (Cote et al., 2007;
Gleason et al, 2010; Muller et al, 2017). While early in
pregnancy the fetus is dependent on placental/maternal 5-HT,
from midgestation it synthesizes its own 5-HT from maternally
derived TRP (Arevalo et al., 1991; Sano et al., 2016) suggesting
that placental/maternal 5-HT is no longer needed. Indeed,
in our latest study (Karahoda et al., 2020) we observed that
at term, rat and human placenta does not provide 5-HT to
the fetus; in contrast, it takes up fetal 5-HT across the basal
membrane of the syncytiotrophoblast (STB) for subsequent
degradation by monoamine oxidase-A (MAO-A). Together these
findings indicate that placental handling of 5-HT changes
throughout gestation.

The KYN pathway generally accounts for most of the TRP
degrading activity via the rate-limiting enzymes, indoleamine
2,3-dioxygenase-1/2 (IDO1/2), and tryptophan 2,3-dioxygenase
(TDO) (Sedlmayr et al., 2014). In the placenta, this pathway
plays a crucial role in preventing fetal rejection by the maternal
immune system (Munn et al, 1998). Extensive studies have
been carried out to evaluate IDO1 expression/localization in

the placenta, indicating that IDO1 expression/function increases
during gestation (Sedlmayr et al, 2002; Ligam et al., 2005;
Blaschitz et al., 2011; Murthi et al., 2017; Wakx et al., 2018),
yet the exact localization in the placenta remains contradictory
(Sedlmayr et al., 2014). Contrary to other studies (Sedlmayr
et al, 2002; Honig et al, 2004; Kudo et al, 2004), it has
been recently observed that IDO1 is not expressed in villous
or extravillous trophoblast and the increasing IDO activity
at term is exclusively due to expression in endothelial cells
(playing a role in immunosuppression and placental tone
relaxation) (Blaschitz et al., 2011). KYN is further metabolized
to kynurenic acid (KYNA) and quinolinic acid (QUIN), which
have neuroprotective and neurotoxic properties, respectively
(Foster et al., 1984; Schwarcz et al., 2012). However, the
importance of placental KYNA and QUIN remains to be fully
elucidated. Recent studies in mouse term placenta report minimal
placental contribution to fetal KYNA levels (Goeden et al., 2017;
Notarangelo et al., 2019). Importantly, little is known about
the effects of gestational age on expression and function of the
enzymes down the KYN metabolic pathway, particularly those
responsible for production of KYNA and QUIN.

Recently, the importance of gut microbiome metabolism
of TRP for gut-brain axis has been described (Kaur et al,
2019; Gao et al, 2020). Similarly, placental metabolism of
TRP might form a crucial component of the placenta-brain
axis (Rosenfeld, 2020a,b). Considering the large spectrum of
TRP metabolites and their roles in pregnancy, it is important
to elucidate and understand the shifts in enzyme/transporter
expression/activity occurring during gestation. Knowledge on
the interplay between enzymes and transporters could provide a
better understanding on the significance of a specific pathway at
a certain point in pregnancy. Thus, in our study we investigated
how advancing gestation affects expression and function of
selected enzymes/transporters involved in placental homeostasis
of TRP and its metabolites. In addition, we analyzed the effect
of cell/trophoblast differentiation on gene expression patterns in
isolated primary trophoblast cells and placenta-derived cell lines
(BeWo, BeWo b30 clone, JEG-3) to assess their suitability for
designated studies.

MATERIALS AND METHODS

Chemicals and Reagents

Serotonin hydrochloride, L-Tryptophan, and phenelzine (MAO
inhibitor) were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Forskolin (proliferation-activating agent) was
obtained from Scintila, s.r.o. (Jihlava, CZ). Bicinchoninic acid
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assay (BCA assay) reagents were purchased from Thermo Fisher
Scientific (Waltham, MA, United States). All other chemicals
were of analytical grade.

Human Placenta Sample Collection
First-trimester placentas (n = 13) were obtained after elective
interruption of healthy pregnancy between 8 and 11 weeks of
gestation. Term placentas (n = 32 for mRNA/protein/functional
analysis and n = 5 for primary trophoblast isolation) were
obtained from uncomplicated pregnancies at 38 to 40 weeks of
gestation immediately after delivery. Samples were collected at
the University Hospital in Hradec Kralove, Czech Republic or
at the Division of Gynecology and Obstetrics, Lindenhofgruppe,
Bern, Switzerland. All experiments were performed in
accordance with the Declaration of Helsinki and human placenta
samples were obtained upon women’s written informed consent
and with the approval of the University Hospital Research Ethics
Committee (201006 S15P) and Ethics Committee of the Canton
of Bern (Basec No. 2016-00250).

Choriocarcinoma-Derived Cell Cultures

The human choriocarcinoma-derived BeWo and JEG-3 cell
lines were obtained from the European Cell Culture Collection
(ECACCG; Salisbury, Wiltshire, United Kingdom). BeWo cells
were cultured in Ham F-12 medium supplemented with 10% fetal
bovine serum (FBS), whereas JEG-3 cells were cultured in MEM
medium supplemented with 10% FBS.

The human choriocarcinoma-derived BeWo b30 cell line
(known to form integral monolayers) was obtained from Dr. A.
Schwartz (Washington University, St. Louis, United States). Cells
were cultured in Dulbecco modified eagle medium (high glucose)
supplemented with 10% FBS.

All cell lines were cultivated without antibiotics at 37°C/5%
CO,. For differentiation induction, BeWo b30 cell line
was treated with 100 pM forskolin for 72 h with daily
change of medium.

Isolation and Characterization of Primary
Trophoblast Cells

Villous cytotrophoblast cells (CTBs) were isolated from term
placental tissue by enzymatic digestion and Percoll gradient
separation, as previously described, with minor modifications
(Kallol et al., 2018). In brief, approximately 50 g of villous
tissue was washed in 0.9% NaCl (Sigma-Aldrich) four times
for 5 min. Thereafter, the tissue was minced and digested
three times with 0.25% trypsin (Sigma-Aldrich) and 300
IU/mL deoxyribonuclease I (Sigma-Aldrich) at 37°C (20 min
each). The cell suspension was filtered and overlaid on FBS
(Seraglob, Switzerland). After centrifugation at 1,000 x g for
15 min at 10°C, the cell pellet was collected in Dulbecco
modified eagle medium (high glucose) basic medium (without
FBS) and filtered through 100-wm strainer (BD Biosciences,
San Jose, CA, United States). Next, cells were overlaid on a
discontinuous Percoll® (Sigma-Aldrich) density gradient. After
centrifugation, CTBs were located at the layer corresponding
to 1.046-1.065 g/mL (35-50%) density (Petroff et al., 2006).

The isolated CTBs were cultured at a density of 1 x 10°
cells/em? in 6-well CellBIND® plates (Corning, New York,
NY, United States) in Dulbecco modified eagle medium (high
glucose) supplemented with 10% FBS and 1% antibiotic-
antimitotic (Thermo Fisher Scientific). Cells were cultured for
12 h (CTB stage) or 72 h (STB stage).

Flow Cytometry Analysis of Primary

Trophoblast Cell Purity

The purity of the isolated trophoblast (PHT) cells was evaluated
by staining with specific cell markers followed by flow cytometry
analysis as previously described with minor modifications (Kallol
et al,, 2018). Cells were grown on CellBIND® plates, detached
by Accutase® (Sigma-Aldrich), and fixed in 4% formaldehyde
(Thermo Fisher Scientific) for 10 min on ice. After washing
with Dulbecco phosphate-buffered saline (DPBS; Sigma-Aldrich)
cells were centrifuged at 200 g for 10 min at 4°C and then
permeabilized with 0.5% Tween-20 (wt/vol) (Sigma-Aldrich)
in DPBS for 15 min at room temperature. For evaluation
of cell purity, dual staining of CTB and STB with directly
labeled antibodies (Novus Biologicals, CO, United States)
prepared in staining buffer (5% FBS, 0.1% Tween-20 (wt/vol)
in DPBS), was performed. Antibody cocktails comprised (1)
anti-cytokeratin 7 (CK-7; AF 488®) plus anti-vimentin (Vim;
AF 647%); (2) anti-E-cadherin (E-cad; AF 488®) plus anti-
von Willebrand Factor (vWF; AF 647%). Cells were incubated
with the respective antibody cocktail for 45 min on ice,
followed by two times washing in DPBS (1 min each). After
centrifugation at 200 g for 10 min at 4°C, pelleted cells were
suspended in DPBS and acquired by flow cytometry (BD FACS
LSRIL; BD Biosciences). Data acquisition and analysis for each
staining were based on at least 10,000 events and performed
by using BD FACSDiva™ (BD Biosciences) and FlowJo®
software version 10 (FlowJo LLC, Ashland, OR, United States).
Because CTB and STB are epithelial cells, staining for CK-
7 and E-cad served as positive cell markers (Maldonado-
Estrada et al., 2004; Li and Schust, 2015). Anti-vim, known
to predominantly stain mesenchymal cells, fibroblast, and
stromal cells and anti-vWF staining endothelial cells (Zanetta
et al, 2000; Maldonado-Estrada et al., 2004; Li and Schust,
2015) served to quantify potential cellular contaminations by
other cell types.

RNA Isolation, Reverse Transcription,
and Quantitative Polymerase Chain

Reaction Analysis

RNA isolation was performed using Tri Reagent (Molecular
Research Centre, Cincinnati, OH, United States) or Trizol
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s instructions. RNA concentration was calculated
by measuring absorbance (A) at 260 nm and purity by the
A260/280 and A260/230 ratios measured on NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific). RNA integrity
was confirmed by electrophoresis on a 1.5% agarose gel. 1 g of
total RNA was reversely transcribed to cDNA in a total volume of
20 pL using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
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CA, United States) on a Bio-Rad T100™ Thermal Cycler;
for primary trophoblast cells using oligo(dT)15 primers and
GoScript™ Reverse Transcriptase System (Promega, Madison,
WI, United States) according to the manufacturer’s instructions.

cDNA (125 ng/pL) was amplified in QuantStudio™ 6
(Thermo Fisher Scientific) using the TagMan® Universal Master
Mix II without UNG (Thermo Fisher Scientific) and predesigned
TagMan® Real Time Expression polymerase chain reaction
(PCR) assays (listed in Supplementary Table 1, Additional File
1). PCR analysis was run in 5 L volume, in 384-well plate format.
Each sample was amplified in triplicate, following the thermal
conditions according to the manufacturer’s instructions.

Prior to quantitative analysis, we evaluated several reference
genes for their stable expression during gestation/upon
differentiation. Target gene expression in choriocarcinoma-
derived cell cultures and primary trophoblast cells was
normalized against the predesigned reference gene tyrosine
3-monooxygenase/tryptophan  5-monooxygenase activation
protein zeta (YWHAZ; Thermo Fisher Scientific) using
the 242€ method, whereby ACt = Ctyf - Ctiarget and
AACt = ACtdiﬂerentiated - ACtuncliﬂ'erentiated' On the other hand)
gene expression of target genes in human placenta samples was
normalized against the predesigned reference gene TATA-box
binding protein (TBP; Thermo Fisher Scientific) using the ACt
method, whereby ACt = Ct,f — Ctiarger. These values were used to
generate a gene expression heat map, through the freely available
web server Heatmapper' (Babicki et al., 2016). Hierarchical
clustering (Average linkage, Euclidean distance) was applied to
group samples with similar expression levels. The scatter plot
was constructed in GraphPad Prism 8.3.1 software (GraphPad
Software, Inc., San Diego, CA, United States) using the average
22C values for first-trimester and term placentas.

Droplet Digital PCR Assay

Absolute quantification of SLC6A4, SLC22A3, MAO-A, TPHI,
TPH2, IDOI1, and IDO2 in human first-trimester and term
placentas was performed using duplex droplet digital PCR
(ddPCR) analysis, as described previously (Karahoda et al,
2020). Briefly, the duplex reaction mixture consisted of 10 pL
of ddPCR™ Supermix for Probes (Bio-Rad), 1 pL of each of
the predesigned probe assays (target — FAM and reference —
HEX) (listed in Supplementary Table 1, Additional File 1),
and 0.5 pL of cDNA (50 ng/pL), in a total volume of 20 L.
Droplets were generated using QX200 Droplet Generator and
subsequently amplified to end-point using T100™ Thermal
Cycler following the thermal conditions recommended by the
manufacturer. Droplet counting was performed in QX200™
Droplet Reader and the concentration of the target gene was
calculated using the QuantaSoft™ Software. For final data
evaluation, only wells in which the number of droplets obtained
was higher than 13,000 were used. Expression levels are reported
in number of transcripts/ng of transcribed RNA. The QX200™
Droplet Digital™ PCR System, T100™ Thermal Cycler, and all
consumables and reagents were obtained from Bio-Rad (unless
otherwise stated).

'http://www.heatmapper.ca/

Preparation of Human Placenta

Homogenates

Human first-trimester and term placentas were washed with 0.9%
NaCl at 4°C. After weighing and cleaning, the decidua and the
chorionic plate were removed, and the placentas were cut in
small pieces and homogenized at 4°C in a buffer containing
50 mM Tris-HEPES (pH 7.2), 5 mM EGTA, 5 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, and 250 mM sucrose. The
homogenates were filtered through gauze and centrifuged at
15,000 g for 10 min. The supernatant was collected and stored
in the freezer at —80°C until use. Protein concentration was
determined using the BCA protein assay kit.

Western Blot Analysis

Aliquots of placenta homogenates (30 g total protein) were
mixed with loading buffer under reducing conditions (Laemmli,
1970), heated at 96°C for 5 min, and separated by SDS-PAGE
on polyacrylamide gels (10% for SLC6A4, SLC22A3, and MAO-
A; 15% for IDO and TPH). Electrophoresis was performed at
150 V and proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (SERVA, Heidelberg, DE). The membranes
were blocked in 20 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1%
Tween 20 (TBS-T) containing 5% non-fat milk for 1 h at room
temperature and washed with TBS-T buffer. Incubation with
primary antibodies against SLC6A4, SLC22A3, MAO-A, IDO,
and TPH (listed in Supplementary Table 2, Additional File 1)
was performed overnight at 4°C. After washing with TBS-T
buffer, the membranes were incubated with a specific secondary
antibody (listed in Supplementary Table 2, Additional File 1)
for 1 h at room temperature. Membranes were developed using
Chemiluminescence HRP Substrate Kit (SERVA Light Vega).
Band intensity was visualized and quantified by densitometric
analysis using ChemiDoc MP, Imaging system™ (Bio-Rad). To
ensure equal loading of proteins, membranes were probed for
B-actin and specific secondary antibody (listed in Supplementary
Table 2, Additional File 1).

5-HT Metabolism by MAO-A in Human

Placenta Homogenates

MAO-A activity was determined by the method of Carrasco
etal. (2000). Briefly, 180 L placenta homogenate (1.5-2 mg/mL)
was pre-incubated with or without MAO-A inhibitor, phenelzine
(100 wM) for 5 min at 37°C, and then the reaction was
initiated by incubation with 20 wL of 5-HT (0.5 mM) for an
indicated time period. The reaction was stopped by adding
40 L of HCIO4 (3.4 M) and placed on ice for 5 min. Samples
were centrifuged at 5,000 g for 10 min, and the supernatant
was used for 5-HT determination by high-performance liquid
chromatography (HPLC).

IDO Enzymatic Activity

IDO activity was determined by the method of Takikawa et al.
(1988). The incubation media (50 mM potassium phosphate
buffer pH 6.5, 20 mM ascorbate, 0.01 mM methylene blue,
100 units/mL catalase) was pre-incubated for 5 min at 37°C,
with or without 0.4 mM TRP. The reaction was initiated by
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adding the placenta homogenate and terminated after 30 min
with 200 pL of trichloroacetic acid 30%. Samples were further
incubated for an additional 30 min at 50°C to assure complete
hydrolysis of N-formyl KYN to KYN. The reaction mixture was
then centrifuged for 20 min at 3,000 g, 20°C and supernatant was
collected for HPLC measurement of KYN. The IDO enzymatic
activity was calculated as the difference between the amount of
KYN produced in the media with and without TRP. The results
are expressed as nmol KYN/g protein per min.

TPH Enzymatic Activity

TPH enzymatic activity was determined by the method by
Goeden et al. (2016). Human placenta homogenates were
supplemented with 1 mM dithiothreitol as a reducing agent
ensuring complete enzymatic activity (Fitzpatrick, 1999). The
enzymatic reaction was carried out at 37°C, pH 7.5, with
~1.5 to 2 mg protein/mL. The incubation media contained
(final concentrations): 50 mM Tris buffer, 1 mM EGTA, 100
units/mL catalase, 0. mM ammonium iron (II) sulfate, 0.1
mM tetrahydrobiopterin (BH4, a cofactor required for TPH
activity), either in the absence or in the presence of 0.25 mM
TRP. Briefly, placenta homogenate was incubated with the
incubation media for 30 min at 37°C. Reaction was terminated
by adding 200 pL of HCIO4 with 100 wM EDTA. Samples
were incubated on ice for 15 min for complete protein
denaturation and then centrifuged for 15 min at 21,000 g.
Supernatants were collected for determination by HPLC of 5-
hydroxytryptophan (5-OH-TRP), a metabolic intermediate in
5-HT synthesis. The results were calculated as the difference
between the amount of 5-OH-TRP liberated in samples with
and without TRP and are expressed as nmol 5-OH-TRP/pg
protein per min.

HPLC Analysis of TRP Metabolites in

Placental Homogenates
The HPLC analyses were performed using Shimadzu LC20
Performance HPLC chromatograph (Shimadzu, Kyoto,
Japan) equipped with UV and fluorescence detector. For
simultaneous chromatographic separation of all tested
compounds, Phenomenex Kinetex 5 pm EVO C18 100 A
150 x 3 mm with a guard column was used. An isocratic elution,
at a flow rate of 0.5 mL/min, was performed with mobile phase
consisting of 0.1 M acetic acid, pH 4.5 (adjusted with NaOH),
and methanol 97 4 3. All analytes were eluted within 8.5 min.
Excitation and emission wavelengths of fluorescence detector
were set for individual compounds: 275/333 nm for 5-OH-TRP
from 0 to 3.1 min and 280/334 nm for 5-HT and TRP from
3.1 min. KYN was detected by UV detection with wavelength set
to 369 nm. Additionally, in cases of TRP concentrations higher
than the range of fluorescence detection, UV detection was used
with wavelength set to 300 nm.

Statistical Analysis

Quantitative PCR (qPCR) results were assessed using Mann-
Whitney tests. ddPCR analyses, protein expression, and
functional studies were evaluated using unpaired f-test. All

statistical analyses were implemented in GraphPad Prism
8.3.1 software (GraphPad Software, Inc.). Asterisks in the
figures indicate significance levels: *p < 0.05, **p < 0.01, and
#*%p < 0.001.

RESULTS

Clinical Characteristics

Characteristics of the first-trimester and term pregnancies are
listed in Table 1. No statistical differences were found in the
mean maternal age and maternal BMI before pregnancy between
the two groups. In the term group (n = 32) only healthy, non-
medicated and non-smoking mothers were included. On the
other hand, 5 of 13 women from the first trimester samples
were smokers (frequency: three women < 10 cigarettes/day; two
women > 10 cigarettes/day). Placenta samples from these women
were included in the PCR analysis only if no association between
smoking and gene expression was found. These samples have
been marked with an asterisks (*) in the heatmap representing
gene expression data (Figure 1).

Relative Gene Expression Analysis of
TRP Metabolic Pathways in Human
First-Trimester and Term Placenta

Human placenta fully expresses the enzymatic machinery for
TRP metabolism to 5-HT and KYN pathways. A heatmap
with hierarchical clustering revealed sample distribution into
three main clusters, whereby the first-trimester placentas were
clustered predominantly into one cluster, whereas term placenta
samples were distributed into the remaining two clusters
(Figure 1); the pattern of distribution indicated differential
expression of the pathways across gestation. Subsequently,
individual analysis of genes in first-trimester and term placentas
showed several enzymes/transporters to be significantly up- or
down-regulated at term.

TABLE 1 | Clinical characteristics of first-trimester and term pregnancies involved
in the study.

Parameter First trimester (n = 13) Term (n = 37)
Maternal age (years) 27.91 +8.04 32.24 +5.07
Gestational age (weeks) 9.62 +£1.19 39.57 +1.03
Smoking (Y:N) 5:8 0:37
Maternal BMI before pregnancy 24.48 + 3.31 24.67 + 4.59
(kg m=2)

Maternal BMI at delivery (kg NA 29.28 + 4.30
m=2)

Labor (NSVD:CS) NA 21:16
Birth weight (kg) NA 3.30 £ 0.44
Birth height (cm) NA 49.94 +1.93
Fetal sex (M:F) NA 20:17

Parameters are expressed as mean + SD. CS, cesarean section; F, female;
M, male; NA, not applicable; N, no; NSVD, normal spontaneous vaginal delivery;
Y, yes.
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Of the 5-HT pathway, gene expression of the main enzymes
(PTS, SPR) responsible for BH4 production, a co-factor
necessary for TPH function, were found to be significantly
decreased at term, compared with first-trimester placenta.
On the other hand, the rate-limiting enzymes of the KYN
pathway, IDOI1/2, were negligibly expressed in the first-
trimester placenta, whereas we observed significant expression
at term. Interestingly, the subsequent enzymes of the KYN
pathway (specifically KMO, KYNU, HAAO, KYATI, QPRT)
were found to be expressed in lower amounts at term,
compared with first-trimester placenta. Lastly, of the transport
proteins tested, SLC3A2, SLC6A4, and SLC7A8 revealed higher
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expression in the first-trimester placenta. Scatter plots of
the logio-expression in first-trimester and term placenta were
used to display the data and visualize the gene expression
differences (Figure 2).

ddPCR Quantification of TPH1, TPH2,
MAO-A, IDO1, IDO2, SLC6A4, and
SLC22A3 Transcripts

ddPCR analysis was conducted in 13 first-trimester and 25
term placentas for absolute quantification of transcripts of
the rate-limiting enzymes and main transporters of 5-HT
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FIGURE 2 | Scatter plot of the TRP pathway enzymes/transporters showing
significant changes in gene expression during gestation. Logg of each
gene-specific 24t in the first-trimester placenta is plotted against those of
term placenta. The central diagonal line shows unchanged gene expression,
whereas the dotted lines depict the upper and lower limit of the threshold fold
regulation, which was set to 2. Data were further evaluated using
non-parametric Mann-Whitney test on ACt values, and those that exceed the
threshold fold regulation and were statistically significant (o < 0.05) are named
and shown in color: red — up-regulation, green — down-regulation.

and KYN pathways in the human placenta. We observed
statistically significant down-regulation of TPHI (Figure 3A),
MAO-A (Figure 3B), and SLC6A4 (Figure 4A) at term,
whereas IDOI (Figure 3C) and IDO2 (Supplementary
Figure 1B, Additional File 1) gene expression was up-
regulated. SLC22A3 (Figure 4B) and TPH2 (Supplementary
Figure 1A, Additional File 1) expression remained unchanged
during gestation.

While human placenta expresses both isoforms (1 and
2) of TPH and IDO (Sedlmayr et al., 2014; Laurent et al,
2017; Ranzil et al., 2019), we found that TPHI and IDOI
are predominant throughout gestation. Specifically, IDOI
(Figure 3C) levels in the first-trimester and term placenta
exceeded those of IDO2 (Supplementary Figure 1B, Additional
File 1) by 30- and 11-fold, respectively. On the other hand,
TPHI (Figure 3A) showed three to six times higher expression
compared to TPH2 (Supplementary Figure 1A, Additional File
1), during gestation.

Moreover, we observed that MAO-A transcripts outnumbered
those of TPHI transcripts by more than 1,000-fold in the first
trimester and almost 700-fold at term (Figures 3A,B). On the
other hand, while TPHI expression remained unchanged during
pregnancy, we observed a 20-fold increase in IDOI transcripts at
term (Figure 3C), suggesting a shift/preferential TRP metabolism
toward the KYN pathway at term.

Protein Analysis
To investigate the expression at protein level, western blot
analysis using specific antibodies for TPH, MAO, IDO,

SLC6A4, and SLC22A3 was performed in homogenates from
first-trimester (n = 3) and term (n = 3) human placenta
samples. We observed no difference in MAO-A and TPHI1
protein expression during gestation (Figures 3D,E). On
the other hand, IDO1 protein band (45 kDa) was clearly
detected in term placenta homogenates, whereas it was not
visible in first trimester samples (Figure 3F), indicating that
IDOL1 protein is not expressed at early stages of pregnancy.
As for the transport proteins, both SLC6A4 (Figure 4C)
and SLC22A3 (Figure 4D) showed a significantly increased
protein expression in term placentas compared with the
first trimester ones.

Functional Analysis

TPH Activity

TPH activity was evaluated in first-trimester and term placenta
homogenates, using TRP as a substrate and measuring the
production of 5-OH TRP. As shown in Figure 3G, TPH activity
ranged between 2 and 3 nmol 5-OH TRP/|Lg protein per min, and
it was not affected by gestational age.

MAO Activity

MAO enzymatic activity was determined in first-trimester and
term placenta homogenates by measuring the amount of 5-
HT metabolized in the placental homogenate after 60 min
of incubation with 5-HT. As shown in Figure 3H, after
60 min of incubation, 45% of 5-HT was metabolized by
first-trimester placenta and nearly 75% by term placenta.
Metabolism of 5-HT was completely inhibited by addition
of phenelzine (100 pM) (Karahoda et al., 2020), indicating
that 5-HT was metabolized specifically by MAO. These data
suggest that placental metabolism of 5-HT increases towards the
end of pregnancy.

IDO Activity

IDO activity in first-trimester and term placentas was evaluated
using TRP as a substrate. IDO activity showed a significant
increase during human pregnancy, with levels as low as 29 nmol
KYN/jg protein per min (£17.3) in the first-trimester placenta to
7-fold higher activity at term (193 = 32.3 nmol KYN/jLg protein
per min) (Figure 3I).

Gene Expression of TRP Metabolic

Pathways in Placental-Derived Cells
Choriocarcinoma-derived cell lines (BeWo, BeWob30, JEG-3)
and PHT cells isolated from human term placentas, were
analyzed for expression of the main enzymes/transporters
of the TRP pathway. Out of 21 genes tested, only 10
were found to be co-expressed in all cell types, with the
PHT and BeWo b30 cells showing the highest similarity
in gene expression (Figure 5A). Nonetheless, none of
the choriocarcinoma-derived cell lines expressed the rate-
limiting enzyme of the KYN pathway, IDOI or the 5-HT
uptake transporter (OCT3/SLC22A3), making the PHT
cells the only suitable in vitro model for studies of the
respective pathways.
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FIGURE 3 | Gene/protein expression and functional analyses of the rate-limiting enzymes of 5-HT and KYN pathways. Expression and function of tryptophan
hydroxylase-1 (TPH1/TPH1), monoamine oxidase-A (MAO-A/MAO-A), and indoleamine 2,3-dioxygenase-1 (IDO7/IDO1) between the first-trimester and term human
placenta was analyzed by digital droplet PCR (A-C), Western blot (D-F), and enzymatic activity (G-l) analyses. Protein expression was normalized to p-actin as a
loading control; representative immunoblots for target proteins and p-actin are shown. For ddPCR analysis n = 13 (first trimester) and n = 25 (term placentas); for
protein/functional analysis n = 3 for each. Data are presented as mean + SD and statistical significance was evaluated using unpaired t-test; *o < 0.05, **p < 0.01,
***p < 0.001.

Effect of Differentiation on Gene
Expression Profile in BeWo Cells and

Human Primary Trophoblast Cells

Since the PHT and BeWo b30 cells shared the highest homology
in genes expressed at mRNA level, we further studied the
effect of differentiation in these cells. While CTB spontaneously
syncytialized within 48-72 h, BeWo cell differentiation was
induced with forskolin over a 72-h period. Only two of the
tested genes (SLC6A4 and SPR), revealed similar gene expression
changes, specifically up-regulation, in BeWo and PHT cells
upon differentiation. However, altogether, we observed that
the differentiation process in BeWo cells affects the gene
expression of TRP pathway enzymes/transporters in a more
profound manner than in PHT cells (Figures 5B,C). Specifically,
in PTH cells IDOI and KYNU were found to be down-
regulated, whereas MAO-A and QPRT up-regulated (Figure 5B).

Conversely, in BeWo cells we observed up-regulation for the
following genes: TPH2, KYNU, KMO, TDO2, SLC3A2, SLC7A5,
and SLC7A8 (Figure 5C).

DISCUSSION

In our recent study (Karahoda et al., 2020) we demonstrated
that the term placenta no longer provides 5-HT to the fetus.
In contrast, it extracts it from the fetal circulation via OCT3-
mediated process for subsequent degradation by MAO-A. We
thus hypothesized that fetoplacental homeostasis of TRP and
5-HT changes throughout gestation. In this follow up study,
we investigated the gene expression of 16 enzymes and 5
transporters involved in the metabolism and transport of TRP
and its metabolites in human placenta (first trimester and term)
and placental-derived cells. Moreover, using a combination of
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FIGURE 4 | Gene and protein expression of the main transporters of 5-HT pathway. Comparison of gene and protein expression of 5-HT transporter
(SLC6A4/SERT) and organic cation transporter 3 (SLC22A3/0CT3) between the first-trimester and term human placenta was analyzed by digital droplet PCR (A,B)
and Western blot (C,D). Protein expression was normalized to B-actin as a loading control; representative immunoblots for target proteins and p-actin are shown. For
ddPCR analysis n = 13 (first trimester) and n = 25 (term placentas); for protein analysis n = 3 for each. Data are presented as mean + SD and statistical significance
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gene/protein expression and functional analyses, we further
report that the key enzymes and transporters involved in
placental homeostasis of TRP, 5-HT, and KYN exhibit changes
throughout gestation, likely as a result of adaptation to meet
different placental/fetal needs with time.

Placental expression of several enzymes involved in TRP
metabolism has been investigated before (Ligam et al., 2005;
Lanoix et al., 2008; Bonnin et al., 2011; Laurent et al., 2017) and
related to pathological conditions such as fetal growth restriction
and preeclampsia (Carrasco et al, 2000; Murthi et al., 2017;
Ranzil et al., 2019). Nevertheless, comprehensive characterization
of the metabolic pathways in human placenta and physiological
changes that may occur during gestation are poorly understood.
As TRP is an essential amino acid, the placenta and fetus are
dependent on maternal intake and placental transport from
the maternal to fetal circulation. Therefore, apart from the

metabolizing enzymes, it is also important to study the expression
and function of placenta membrane transporters responsible for
fetoplacental handling of TRP and its metabolites.

TRP is a substrate of L-type amino acid transporter-1
(LAT1/SLC7A5) on the maternal-facing membrane and L-type
amino acid transporter-2 (LAT2/SLC7A8) on both maternal- and
fetal-facing membranes; LAT1/2 functional activity is dependent
on heterodimerization with the 4F2 heavy chain (SLC3A2)
(Gaccioli et al., 2015). We observed that placental expression of
SLC3A2 and SLC7A8 is down-regulated at term, which contrasts
with a recent examination of publicly available gene expression
array data, reporting no change at any stage of pregnancy for
these transporters (Simner et al., 2017). However, it should be
noted that the small sample size (1 = 4 per gestational age)
compared with our cohort (n = 13 for first-trimester and n = 32
for term placenta) could account for the different outcomes.
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FIGURE 5 | Gene expression of TRP pathway-related enzymes and transporters in placental-derived cells. Placental-derived cells were obtained from three different
passages of BeWo, BeWo b30, and JEG cells and five isolations of primary human trophoblast cells (PHT). (A) Venn diagram of the overlap in gene expression
among four cell lines. PHT and BeWo b30 cells share the highest gene homology, with the PHT cells additionally expressing four important genes, including the
rate-limiting enzyme, IDO7, and the polyspecific organic transporter, SLC22A3. Subsequently, effect of differentiation in these two cell lines was tested, revealing
dissimilarity between spontaneous syncytialization (B) and forskolin-induced differentiation (C). Data are visualized as volcano plots of fold changed expression in the
differentiated cells, compared to the undifferentiated counterpart. Color indicates statistically significant changes: red — up-regulation, green — down-regulation.
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TRP metabolism to 5-HT is mediated by TPH, whose
activity depends on tetrahydrobiopterin (BH4) as a cofactor
(Mckinney et al., 2005). Two mechanisms of BH4 synthesis
in the human placenta have been suggested, de novo
synthesis and/or salvage pathway (Iwanaga et al., 2004). We
observed that the expression of 6-pyruvoyltetrahydropterin
synthase (PTS), involved in de novo synthesis, and of
sepiapterin reductase (SPR), involved in both pathways,

decreased significantly at term, which corresponds nicely
with previous reports on decreased SPR activity with
increasing gestational age (Iwanaga et al, 2004). With the
importance of BH4 as a cofactor for endothelial nitric oxide
synthase (necessary for nitric oxide production), we speculate
that decreasing SPR expression and activity at term may
decrease the availability of BH4 for TPH activity, thus 5-HT
synthesis at term.
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Interestingly, we demonstrate that the first-trimester placentas ~ with IDO gaining a partial/transient role in midgestation. We
show preferential expression of downstream enzymes of the speculate that in the first trimester, KYN synthesis via TDO
KYN pathway, specifically KMO, KYNU, HAAO, and QPRT serves mainly as a precursor of 3-HK, 3-HAA, QUIN, and
[involved in generation of 3-hydroxy-L-KYN (3-HK), 3-hydroxy ~KYNA. QUIN is important for NAD" synthesis, necessary for
anthranilic acid (3-HAA), and QUIN] and KYATI (involved in numerous redox reactions and DNA repair. Similarly, 3-HK
generation of KYNA). This was unexpected because the rate- and 3-HAA are important metabolites with antioxidant and
limiting enzyme IDO1 is, in contrast, only modestly expressed immunosuppressive properties. Lastly, KYNA, apart from its
in the first-trimester placenta. While in 1998, Munn et al. immunosuppressive function, plays a role in neuroprotection,
(1998) suggested IDO1-based suppression of immune reactions  probably through its action on the NDMA receptor (Foster et al.,
to mediate fetomaternal tolerance, in a follow-up study, they 1984). In accordance with our qPCR data, recent studies in
reported that pregnancy success rate is not affected in the IDO-  mouse placenta showed limited placental KYNA synthesis at term
deficient mouse model (Baban et al., 2004). The authors proposed  (Goeden et al., 2017; Notarangelo et al., 2019). Thus, we believe
involvement of alternative processes, such as TDO, which may  that the impact of these metabolites may be of higher importance
compensate for IDO activity when low or absent. In our study, in the first trimester when the pro-inflammatory environment
we observed that TDO expression, although at relatively low is less pronounced (Hannan et al., 2014; Holtan et al.,, 2015).
levels, remains stable throughout gestation. Our results thus On the other hand, the significant increase in IDOI1 at term
support a concept proposed by Badawy (2015) in which TRP  could account for high KYN production involved in the immune
degradation in early-to-mid pregnancy is catalyzed by TDO, related activities. Indeed, this concept was previously discussed
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FIGURE 6 | Proposed gestational age-dependent changes in placental TRP metabolic pathways. The schematic illustration is based on gene expression studies
and, in the case of rate-limiting enzymes/key transporters, also on protein, and/or functional activity. The first-trimester placenta preferentially utilizes TRP for
generation of 5-HT involved in fetal development and synthesis of KYN metabolites implicated with neuroprotection, antioxidative and redox effects, and DNA repair.
On the other hand, the term placenta synthesizes significant amounts of KYN important for immune regulation activities. Collectively, our findings strongly indicate
gestational age-related changes in placental handling of TRP and its main metabolites, 5-HT and KYN. This may reflect the changes in placental and fetal demands
for metabolites of either pathway to ensure proper embryonic and fetal development throughout pregnancy.
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by Badawy who suggests preferential TRP utilization for protein,
5-HT and NAD™ synthesis in early pregnancy (Badawy, 2015).

Therefore, we investigated the expression profiles and
metabolic activity of the rate-limiting enzymes of the 5-HT
and KYN pathways, TPH and IDO, respectively, early in
pregnancy and at term. Our results indicate that during the first
trimester, placenta may preferentially metabolize TRP to 5-HT, an
important trophic factor for fetal development. Indeed, Bonnin
et al. (2011) showed that placental 5-HT synthesis occurs as
early as E10.5 in mice and week 11 in humans. It is during this
period when the fetus is not capable of synthesizing 5-HT, yet
serotonergic neurons and receptors have been identified (Bonnin
and Levitt, 2011). As the immature fetal blood-brain barrier is
not fully functional (Daneman et al., 2010), it has been well-
established that the placenta serves as the main source of fetal
5-HT in early gestation (Bonnin and Levitt, 2011; Bonnin et al.,
2011). However, later in gestation, the fetus gains the capability
of 5-HT synthesis (Arevalo et al, 1991; Sano et al, 2016).
With increased IDO expression/activity at term, also reported
before (Blaschitz et al., 2011; Murthi et al., 2017; Wakx et al.,
2018), it seems plausible that at later stages of gestation, TRP is
preferentially utilized for KYN production.

In our previous study (Karahoda et al., 2020) we described
the importance of membrane transporters (SERT/OCT3) and
metabolizing enzyme (MAO-A) for placental 5-HT homeostasis
at term. Here we reveal that, at protein levels, both transporters
and the metabolizing enzyme are up-regulated at term. Increased
OCT3 protein expression in human term placenta was also
described by Lee et al. (2013). These findings suggest that
towards term, placental capacity to take up 5-HT from both
maternal and fetal circulations increases. The parallel increase
in MAO-A expression and activity toward term strengthens
our hypothesis that an orchestration between SERT, OCT3, and
MAO-A activity serves as a 5-HT detoxification mechanism,
protecting the term placenta and the fetus from high 5-HT
circulating levels.

In vitro cell-based approaches (e.g., BeWo, BeWo b30, and
JEG-3) are often applied as alternative methods to investigate
placental physiology. However, these cells are derived from first
trimester choriocarcinoma and, correspondingly, we show that
gene expression of TRP metabolic pathways differs largely from
that of primary trophoblast cells isolated from human term
placenta. Specifically, BeWo and JEG-3 cells lack expression of
crucial proteins, IDOI1 and SLC22A3; lack of IDOI in BeWo
cells was also reported before (Entrican et al., 2002). In contrast,
isolated PHT cells show expression pattern similar to that
of term placenta. Another advantage of isolated PHT cells is
their spontaneous fusion in culture to form the syncytium
(Huang et al, 2016) while in BeWo cells, syncytialization
must be provoked by modulators of cAMP metabolism such
as forskolin (Jiraskova et al., 2018) which, in the present
study, resulted in a non-physiological up-regulation of several
genes (see Figures 5B,C). Taken together, these results indicate
that placenta-derived carcinoma cells, BeWo, BeWo b30, and
JEG-3, are not optimal in vitro models for TRP-related
placental research; instead, use of primary human trophoblast
cells is recommended.

Inconsistency exists in the current literature on IDO1
localization in the placenta and its expression in trophoblast
cells (Sedlmayr et al., 2014). In the present study, we observed
higher expression of IDOI in isolated CTB when compared to
STB stage. While several studies report IDO1 in STB (Sedlmayr
et al, 2002; Honig et al., 2004; Kudo et al., 2004) and CTB
(Dong et al.,, 2008; Cvitic et al.,, 2013), recent papers (Ligam
et al., 2005; Blaschitz et al., 2011) propose exclusive localization
in vascular endothelium arguing that previous findings of
IDOL1 in trophoblast are a result of contaminating endothelial
cells in isolated PHT cells (Sedlmayr et al, 2014). However,
in our preparations, contamination with endothelial cells is
routinely less than 1%, reflecting solely IDOI expression in CTBs.
Moreover, for a long time it was believed that as pregnancy
proceeds, the CTB layer gradually disappears (Benirschke et al.,
2016); however, latest research reveals increasing number of
CTBs at term (Mori et al., 2007) and designates them as the most
metabolically active cells in human term placenta (Kolahi et al.,
2017). Thus, for certain enzymes such as IDO1, CTB layer may
be more active in metabolism than STB, and functional studies in
isolated CTB cells should not be neglected.

In conclusion, here we report that placental homeostasis
of TRP is subject to strictly regulated developmental changes
during pregnancy (Figure 6). Considering the manifold role
of TRP metabolites in placenta function, fetal development,
and programming, tight regulation is necessary to maintain
its homeostasis in the fetoplacental unit and ensure optimal
communication on the placenta-brain axis. Subsequently, any
internal or external insults, such as polymorphisms, epigenetics,
pharmaceuticals or diseases, may compromise this harmonized
interplay of enzymes and transporters, and result in suboptimal
in utero conditions, and subsequently poor pregnancy outcomes.
Importantly, timing of these insults is critical for fetal
development (Barker et al, 2010); thus, knowledge of TRP
catabolic pathways in the placenta during pregnancy aids in
understanding the biological roots of fetal programming.
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