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Background: The placenta controls exchanges between the mother and the fetus and therefore fetal development
and growth. The maternal environment can lead to disturbance of placental functions, with consequences on the
health of the offspring. Since the rabbit placenta is very close to that of humans, rabbit models can provide
biomedical data to study human placental function. Yet, to limit the use of animal experiments and to investigate
the mechanistic aspects of placental function, we developed a new cell culture model in which rabbit trophoblast
cells are differentiated from rabbit trophoblast stem cells.
Methods: Rabbit trophoblast stems cells were derived from blastocysts and differentiated onto a collagen gel and
in the presence of a flow of culture medium to mimic maternal blood flow. Transcriptome analysis was per-
formed on the stem and differentiated cells.
Results: Our culture model allows the differentiation of trophoblast stem cells. In particular, the fluid shear stress
enhances microvilli formation on the differentiated cell surface, lipid droplets formation and fusion of cyto-
trophoblasts into syncytiotrophoblasts. In addition, the transcriptome analysis confirms the early trophoblast
identity of the derived stem cells and reveals upregulation of signaling pathways involved in trophoblast dif-
ferentiation.
Conclusion: Thereby, the culture model allows mimicking the in vivo conditions in which maternal blood flow
exerts a shear stress on trophoblast cells that influences their phenotype.

General significance: Our culture model can be used to study the differentiation of trophoblast stem cells into
cytotrophoblasts and syncytiotrophoblasts, as well as the trophoblast function in physiological and pathological
conditions.

1. Introduction

purify and only grow for a few days, or choriocarcinoma cell lines, ie.,
cancerous cells further away from primary cells [4-13]. Among ex-

The placenta controls exchanges between the mother and the fetus
and therefore fetal development and growth. Furthermore, it is known
that a deleterious maternal environment can lead to disturbance of
placental functions, with consequences on the offspring health up to
adulthood [1,2]. This is part of the concept of the “Developmental
Origins of Health and Disease’ (DOHaD). To decipher the molecular and
cellular basis of perturbations of placental function, there is a need for
in vitro models of trans-placental transfer. The part of the placenta
mediating feto-maternal interactions originates from trophoblast cells,
that are composed of cytotrophoblasts and syncytiotrophoblasts [3].
Up to now, most of the culture models developed to study the placental
barrier use human primary cytotrophoblasts, which are laborious to

perimental animals, the rabbit has a placental structure closer to that of
human placenta than other species regarding the chorion [14]. In the
first half of gestation, a continuous internal layer of cytotrophoblasts
and an outer layer of syncytiotrophoblast surround the chorionic villi of
the human placenta [15]. At term, cytotrophoblasts remain present in
patches but the syncytiotrophoblast remains intact. Thus, the human
placenta is mostly considered as hemomonochorial although it is ac-
tually hemodichorial for more than half of the pregnancy [16]. The
rabbit placenta is not villous as the human placenta but labyrinthine,
and the trophoblast is composed of a syncytium and one layer of cy-
totrophoblasts. It is thus hemodichorial throughout pregnancy. The
mouse placenta is also labyrinthine, but hemotrichorial since the
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trophoblast is composed of a layer of cytotrophoblasts in contact with
maternal blood, covering two layers of syncytiotrophoblast [17,18],
which makes it structurally less pertinent than the rabbit as a model for
human placenta. Here, we developed a new cell culture model in which
rabbit trophoblast stem cells are differentiated into cytotrophoblasts
and syncytiotrophoblasts in order to work with cells close to primary
cells. A flow of medium exerting a shear stress over the culture was
shown to promote trophoblast cell differentiation and function, fa-
voring the formation of microvilli on the cell surface in BeWo human
choriocarcinoma cells [6,11] and production of placental growth
factor in primary human placental cells [19]. Microvilli formation in-
duced by fluid shear stress (FSS) was reported to result from a me-
chanosensitive activation of the vanilloid family type-6 (TRPV6)
channels, leading to Ca®>" influx and consecutively to Akt and Ezrin
phosphorylation [11,20,21]. Regarding the production of placental
growth factor induced by FSS, it results from an increase in Ca®*,
leading to enhancement of PGE2 production that could stimulate a
cAMP-PKA signaling pathway [19]. Based on these data, we decided to
derive trophoblast stem cells from rabbit blastocysts and to differentiate
them using a culture system with FSS. We characterized cells developed
using this system and analyzed their transcriptome along the differ-
entiation process. Such an in vitro model system will be highly relevant
to investigate the mechanisms of trophoblast differentiation and its
perturbations, as well as the functional defects of differentiated tro-
phoblasts induced by certain environmental disturbances.

2. Materials and methods
2.1. Ethical statement

All experiments were performed in accordance with the
International Guiding Principles for Biomedical Research involving
animals as promulgated by the Society for the Study of Reproduction
and in accordance with the European Convention on Animal
Experimentation. The animal experimental design was carried out
under the approval of national ethic committee (APAFIS #2180-
2015112615371038v2) and under the approval of the local ethic
committee (Comethea n°45, registered under n° 12/107 and n°15/59).

2.2. BeWo cell culture

BeWo cells (passage 9) were kindly provided by Dr. T. Fournier
(Faculté de pharmacie de Paris, France) and grown in RPMI1640 con-
taining glutamax (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Gibco) at 37 °C in a humidified incubator with 5% CO,. BeWo
cells were seeded at a density of 1,9.10° cells / cm? onto a collagen type
I (Corning) gel prepared as described previously [22]. The collagen
matrix was jellified on the bottom of 35 mm diameter culture dishes
(75 uL / cm?). Once the cells had adhered to the collagen gel, a flow of
culture medium of 0.5 mL/min was applied for 96 h in closed circuit
into the dish using a peristaltic pump (Ismatec REGLO). This flow rate
resulted in a shear stress in the range of physiological values estimated
for the human placenta, between 0.001 and 1 dyn.cm ™2 according to
blood flow heterogeneity in the placenta and to various authors
[11,23,24] (see estimation of FSS values in supplementary Material).
For cells grown in static conditions (without medium flow), two-thirds
of the culture medium were renewed every day so that cells did not lack
nutrients while remaining in contact with the factors they secreted.

2.3. Preparation of mouse embryonic fibroblasts (MEFs) conditioned
medium

Mitomycine C-inactivated MEFs were seeded at a density of 3.2.10*
cells / cm?, in 0.18 mL / cm? of basic medium (RPMI1640 containing
glutamax (Gibco),1 mM sodium pyruvate (Gibco), 20% FBS (Hyclone)).
The culture medium was then collected and renewed every three days
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during nine days. The collected conditioned medium was centrifuged to
remove floating cells and stored at —80°C in aliquots of equivalent
volume. When the conditioned medium was used, an aliquot of each of
the three collections was thawed and the three aliquots were pooled.

2.4. Derivation of rabbit trophoblast stem cells (rTSCs)

Rabbit trophoblast stem cells were derived from blastocysts ob-
tained from New Zealand White female rabbits (20-22 weeks old)
which were super-ovulated prior to mating. Blastocysts were collected
from uteri perfused with PBS (Gibco) at 96 h post-coitum (hpc). The
mucin coat and the zona pellucida of the rabbit blastocysts were me-
chanically removed after brief exposure (2 min) to 5mg/mL pronase
(Sigma). Four to five blastocysts were pooled in one well of a 4-well cell
culture plate (Nunc) and incubated at 38,5 °C in a humidified incubator
with 5% CO, and in 500 pL of the following rTSCM medium: 30% of
basic medium, 70% of conditioned medium, 100 uM B-mercaptoethanol
(Gibco), 25ng/mL FGF1 (Merck), 25ng/mL FGF2 (Merck), 5ng/mL
TGFB1 (Merck) and 1,5 pg/mL heparin (Sigma). The outgrowths were
dissociated after five days using TrypLE Select (Gibco) and replated
under the same conditions. Then, cells were passaged every two days
using TryPLE Select. rTSCs were considered to be stably established
when morphology was homogenous, after 10 passages.

2.5. Differentiation of rTSCs

rTSCs were seeded in basic medium at a density of 1.6.10* cells /
cm? onto a collagen type I (Corning) gel prepared as described pre-
viously [22]. The collagen matrix was gelified in 12-well plates or on
the porous membrane of transwells (NuncTM polycarbonate cell culture
inserts, 0.4 um pore size) in 6-well plates (400 pL per well or transwell).
Cells were grown in the basic culture medium at 38,5 °C in a humidified
incubator with 5% CO,. After 4days of culture, a flow of culture
medium was applied in closed circuit into the well (or into the upper
compartment of the transwell) using a peristaltic pump (Ismatec
REGLO) and for 48 h. To determine the flow rate to apply on rTSCs,
various flow rates were tested (0.1, 0.2 and 0.5 mL/min). For cells
grown in static conditions (without medium flow), two-thirds of the
culture medium were renewed every day so that cells did not lack
nutrients while remaining in contact with the factors they secreted. In
order to assess the impact of growing cells onto a collagen matrix and
with a flow of culture medium, rTSCs were also grown in conditions
lacking a collagen gel and without a flow of culture medium. For that,
they were first grown for 3 days until confluence and then seeded at a
1/10 dilution and grown for 4 additional days.

2.6. Calcium imaging

rTSCs were grown in a 96-well culture plate (black microtiter plate,
Greiner Bio-one) at a density 1.6.10* cells / cm? and onto a collagen I
gel (40uL / well). After 4days of culture in the basic medium, in-
tracellular calcium was measured with or without FSS. For that, cells
were loaded with 2.5uM of Fluo-4 acetoxymethyl ester (Molecular
Probes) as described in [25]. Calcium imaging was performed using an
inverted epifluorescence microscope (CK40 Olympus) equipped with a
digital camera (ORCA-ER, Hamamatsu Photonics). Ca%™ responses
were observed at 460-490 nm excitation and = 515 nm emission wa-
velengths. Data acquisition was performed using the HCimage software
(Hamamatsu) during three minutes, without medium flow, or with a
flow rate of 0.15mL/min corresponding to an estimated FSS value
between the estimated FSS values for flow rates of 0.2 or 0.5 mL/min in
a 12-well plate. The medium flow was applied with an engineered
perfused top as in [26]. The Ca®>* signal was measured as the relative
change in fluorescence intensity AF/F = (Fmax-F0)/F0, where Fmax is
the maximum fluorescence intensity and FO is the fluorescence intensity
before the intracellular calcium rise. Three independent experiments
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were performed with four replicates for each conditions. AF/F was
calculated in 200 cells for each condition (with or without flow).

2.7. Cell component staining

Before staining various cell components, cells were fixed with 4%
paraformaldehyde in PBS (for 20 min at 20 °C), permeabilized with
0.5% Triton X-100 in PBS (for 15 min at 20 °C), and a saturation was
performed using 2% BSA in PBS (for 30 min at 20 °C). Cells were wa-
shed three times with PBS after each step.

To delineate cell shape, actin was stained using 4 U/mL Rhodamine
Phalloidin (Invitrogen) in PBS. Cells were incubated for 30 min at 37 °C
with Rhodamine Phalloidin, then washed five times with PBS.

To observe lipid droplets, they were stained using 3 pg/mL Bodipy
493/503 (Molecular Probes) in PBS. Cells were incubated for 15 min at
20 °C with Bodipy 493/503, then washed five times with PBS.

To detect cell nuclei, 2 ug/mL DAPI (Invitrogen) was added to the
Citifluor (Biovalley) antifading solution used for confocal microscopy
observations.

Once the various cell markings were performed, the collagen gel
carrying the cells was placed between a slide and a coverslip in Citifluor
and cells were observed by confocal microscopy under a Zeiss LSM 700
confocal microscope at a 40 X magnification (MIMA2 platform, INRA).

3. hCG-f immunodetection in BeWo cells

Cells were first fixed with 4% paraformaldehyde in PBS (for 20 min
at 20 °C) and permeabilized with 0.5% Triton X-100 in PBS (for 15 min
at 20 °C). Saturation was then performed using 2% BSA in PBS (for 1 h
at 20 °C). hCG-P production in BeWo cells was assessed using a primary
hCG-p antibody (Clinisciences AP13036b) diluted 1/250 in PBS con-
taining 2% BSA (overnight at 4 °C) and a secondary fluorescent anti-
body (FITC anti-rabbit antibody, Jackson ImmunoResearch) diluted 1/
200 in PBS containing 2% BSA (for 1 h at 20 °C).

3.1. Assessment of microvilli formation

To quantify microvilli formation on the cell surface, the area oc-
cupied by the microvilli was measured in orthogonal sectional views
(n = 20) of various microscopic fields using the Image J software. These
measurements were semi-quantitative due to approximations of the
microvilli area.

3.2. Lipid droplets quantification

To quantify lipid droplet formation, their number and size were
measured in various microscopic fields (n = 15) of two independent
experiments using the imageJ software.

3.3. Assessment of cell fusion

Syncytiotrophoblasts resulting from the fusion of cytotrophoblasts
were observed by confocal microscopy (Zeiss LSM-T-PMT confocal
microscope, 40 X magnification) and identified as multinucleated cells
according to the actin and nuclei staining. For BeWo cells, since cell
fusion was not very extensive (essentially between two cells), it was
assessed by counting the multi-nucleated cells in various microscopic
fields (n = 7, results were normalized taking into account total cell
number in each field) of two independent experiments. For rabbit tro-
phoblast cells, since cell fusion was more extensive, possibly resulting
from the fusion of more than two cells, it was assessed by measuring the
mean surface of syncytiotrophoblasts in various microscopic fields
(n = 15) of two independent experiments. Measurements were per-
formed using the ImageJ software.
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3.4. Assessment of cell layer permeability

Rabbit trophoblast cells were differentiated on a collagen matrix
onto the porous membrane of a transwell as described above, with or
without FSS (flow rate of 0.2 mL/min). To measure cell layer perme-
ability, 0.1 mg/mL FITC-Dextran (PM 3000, Invitrogen) was added in
the upper compartment of the transwell and measured in the culture
media at different times using a multimode microplate reader (TriStar,
Berthold Technologies). Results are shown as the amount (%) of FITC-
Dextran transferred from the upper to the lower compartment of the
transwell over time for 3h. Two biological replicates each with two
technical replicates were performed.

3.5. RNA isolation

Total RNAs from rabbit trophoblast cells were prepared using the
RNeasy Kit (Qiagen). For cells grown onto a collagen gel, extraction of
the cells from the collagen gel was performed before performing RNA
isolation, as described previously [27]. Briefly, cells were washed
twice with cold PBS and the collagen gel in cold PBS was transferred
into a 1.5 mL tube. The collagen gel was fragmented by gently pipetting
and the suspension was centrifuged at 7500 rpm for 1 min at 4 °C. The
PBS and the collagen phase were removed to keep the cell pellet.

To isolate RNAs from the trophectoderm of blastocysts (96 hpc), the
trophectoderm was separated from the inner cell mass (ICM) by im-
munosurgery. For this purpose, after chemical and mechanical re-
moving of the mucin coat and zona pellucida, blastocysts were first
incubated in TCM199 supplemented with 10% FBS until they recovered
a normal morphological aspect, then in an anti-rabbit whole goat serum
(Sigma R-5131) at 37 °C for 60 to 90 min and exposed (5 min) to guinea
pig complement serum (Sigma S-1639). The ICM was then mechanically
dissociated from the trophectoderm. Samples were pooled by 10 and
dry frozen. Total RNAs from batches of trophectoderms (20 tro-
phectoderms from 96 hpc blastocysts, 3 replicates) were extracted using
the PicoPure RNA extraction kit (Arcturus).

In all cases, DNAse I (Qiagen) treatment at 25 °C for 15 min was
performed prior to RNA elution. RNAs were checked for quality and
quantified using an Agilent 2100 Bioanalyzer and a RNA 6000 pico kit
(Agilent Technologies). RNA Integrity Numbers (RIN) were between 9.5
and 10.

3.6. RNA sequencing

Three nanograms of total RNA were used for amplification using the
SMART-Seq V4 ultra low input RNA kit (Clonetech) according to the
manufacturer's recommendations (10 PCR cycles were performed).
cDNA quality was assessed on an Agilent Bioanalyzer 2100, using an
Agilent High Sensitivity DNA Kit. Libraries were prepared from 0.15 ng
cDNA using the Nextera XT Illumina library preparation kit. Libraries
were pooled in equimolar proportions and sequenced (Paired-end
50-34 pb) on an [llumina NextSeq500 instrument, using a NextSeq 500
High Output 75 cycles kit. Demultiplexing was performed (bcl2fastq2
V2.2.18.12) and adapters were trimmed with Cutadaptl.15, so that
only reads longer than 10 bp were kept.

3.7. Transcriptomic analyses

Reads were mapped to the rabbit genome (Oryctolagus cuniculus 2.0)
using the splice junction mapper TopHat (version 2.0.14) associated
with the short-read aligner Bowtie2 (version 2.1.0). Finally,
featureCounts (version 1.4.5) was used to establish gene count table.
Hierarchical clustering was computed using hclust R package,
Euclidean distance metric and Ward linkage. Principal Component
analysis was made using FactoMineR [28]. Data normalization and
single-gene level analysis of the differential expression were performed
using the DESeq2 [29]. Differences were considered significant for



G. Sangz, et al.

adjusted P values (Benjamini-Hochberg) < 0.05, and absolute fold
change =2. Log2 transformed read counts (Rlog) (after normalization
by library size) were obtained with DEseq2 package and used for
heatmaps and expression dot plots.

Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways enrichment analysis was performed using
DAVID [30].

RNA-seq data are deposited in NCBI SRA with the accession number
PRJNA529333.

3.8. Statistical analyses

To compare different cell culture conditions, a Kruskal-Wallis test
was first performed and then all pairs of groups were compared using a
Mann Whitney test. Results were considered significant for P values
=<0.05.

4. Results and discussion
4.1. Derivation of rabbit trophoblast stem cells (rTSCs)

In the present study, rTSCs were derived from rabbit blastocysts that
were collected 96 h post-coitum. Blastocysts were explanted in vitro and
cultured in the presence of serum, MEF conditioned medium and TGFf1
as for mouse TSCs [31,32], as well as several FGF family members
(FGF4 alone or a combination of FGF1 and FGF2). We found that the
combination of FGF1, FGF2 and TGFP1 enabled derivation and main-
tenance of rTSCs as previously reported [33]. In addition, we only
succeeded in deriving rTSCs when pooling several blastocysts in a single
well. In these conditions, the blastocyst inner cell masses degenerated
within a few days while the trophectoderm-derived cells proliferated
(Fig. 1A, B). Once established, rTSCs were maintained up to twenty
passages without apparent morphological changes (Fig. 1C). Two in-
dependent lines (rTS_A and rTS_B) were derived and used throughout
this study. Furthermore, a third line (rTS_C) was sub-cultured from
rTS_B culture and then expanded independently.

4.2. Differentiation of rTSCs under fluid shear stress

We first used BeWo cells to check that our culture conditions

A

blastocysts 96 hpc, 5 days
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enabled us to reproduce previously published results, especially that
growing cells under a fluid shear stress promotes the formation of mi-
crovilli on the cell surface. As expected and shown in supplementary
Figs. 1A and 2A, we observed more microvilli on the surface of BeWo
cells grown under FSS. We also noticed that the medium flow promoted
the fusion between cells and production of hCG-f3 by the fused cells
(supplementary Fig. 1B, C and D). The production of hCG- during
human trophoblast differentiation and by the syncytiotrophoblast has
already been described [34] and was shown to be under the control of
the nuclear receptor PPARy [35,36]. Hence, cell fusion together with
hCG-p production indicates that our cell culture system using FSS is
able to promote trophoblast cell differentiation into syncytiotropho-
blast like cells. Moreover, according to our knowledge, albeit the cell
fusion and hCG-f production that we observed in BeWo cells were not
very extensive, this is the first time that they are reported as induced by
fluid mechanical forces.

We then used this culture system to differentiate rTSCs. Cells were
cultured on collagen without growth factors nor conditioned medium.
FSS was applied when the cell layer was nearly confluent. We again
observed more microvilli on the cell surface in the presence of flow
(Fig. 2A and supplementary Fig. 2B). Furthermore, as for BeWo cells,
we observed increased cell fusion under FSS (Fig. 2B and C) and this
was more pronounced for the flow rates 0.2 mL/min and 0.5 mL/min.
Yet, in the case of rabbit trophoblast cells, the fusion occurred between
more than two cells, while in the case of BeWo cells it was mainly a
fusion of only two cells (compare Fig. 2B and supplementary Fig. 1D).
We thus stipulate that trophoblast cells differentiated from tissue stem
cells achieve a more differentiated state, notably under FSS, than
cancer-derived cells. To further assess the formation of a syncytium and
the disappearance of intercellular spaces, we used FITC-Dextran
transfer as a measure of cell layer permeability. We demonstrated that
the increased cell fusion to form syncytiotrophoblasts was accompanied
by a reduction of FITC-Dextran transfer and thus of cell layer perme-
ability (Fig. 2D). Moreover, the flow increased the accumulation and
size of lipid droplets inside the cells, with a stronger effect for the flow
rates 0.2 mL/min and 0.5 mL/min (Fig. 2B and E). Such accumulation
of lipid droplets during differentiation of cytotrophoblasts and fusion of
cytotrophoblasts to form syncytiotrophoblasts have already been re-
ported in human trophoblast cells and controlled by the nuclear re-
ceptor PPARy [36,37].

Passage 2A0

Fig. 1. Derivation of rabbit trophoblast stem cells. A) Blastocysts collected 96 h post-coitum and grown in rTSCM for 5 days. B) Heterogenous cell population at

passage 1. C) rTSCs at passage 20 showing a homogeneous morphology.
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Fig. 2. Fluid shear stress effects on rabbit trophoblast cells: enhancement of microvilli formation on the cell surface, cell fusion and accumulation of lipid droplets. A)
Orthogonal sectional views after Z-stack acquisition by confocal microscopy of rabbit trophoblast cells grown onto a collagen I gel with or without fluid shear stress
(FSS). Actin appears in red (Rhodamine phalloidin), nuclei in blue (DAPI) and lipid droplets in green (Bodipy 493/503). Microvilli appear as small bristles on the cell
surface (in red). B) 2D images of rabbit trophoblast cells grown onto a collagen I gel with or without FSS and observed by confocal microscopy. Actin appears in red
(Rhodamine phalloidin), nuclei in blue (DAPI) and lipid droplets in green (Bodipy 493/503). Fused cells are multi-nucleated cells (several nuclei surrounded by a
single continuous actin marking). C) Assessment of rabbit trophoblast cell fusion per microscopic field as syncytiotrophoblast (multi-nucleated cells) area. D)
Assessment of cell layer permeability to FITC-Dextran. Results are shown as the cumulative amount (%) of FITC-Dextran transferred from the upper to the lower
compartment of a transwell at different time points. Cells were grown onto a collagen I gel which covered the porous membrane of the transwell, with or without FSS.
E) Quantification of lipid droplet accumulation inside the cells per microscopic field. Lipid droplets were detected using Bodipy 493/503 (see panel B) and their

number and size determined.

Given these results, flow rates ranging from 0.2 to 0.5 mL/min were
able to enhance the differentiation of rabbit cytotrophoblasts while a
flow rate of 0.1 mL/min was less efficient. To our knowledge, there is
no available data on FSS in the rabbit placenta. Yet, the flow rate of
0.5mL/min corresponds to a physiological shear stress in the human
placenta [23] and 0.2mL/min is near the lowest reported value.
Hence, we speculate that FSS exerted by flow rates between 0.2 and
0.5mL/min correspond to a physiological shear stress in the rabbit
placenta, similar to that in the human placenta.

So far, in the case of BeWo cells, cell fusion was only observed after
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treatment with forskolin or cAMP [6,9,38]. Since FSS induces cAMP
production by trophoblast cells through Ca®* increase and consecutive
stimulation of PGE2 production [19,39], its ability to promote tro-
phoblast cell fusion could be expected. Moreover, in the placenta, PGE2
was reported to be transformed into 15-keto-PGE2 [40], which is itself
a ligand of PPARy [41]. PPARYy is a known regulator of trophoblast cell
differentiation, and in particular of syncytiotrophoblast formation and
lipid accumulation [37,42]. In addition, cAMP stimulates PPARy ac-
tivity [35] and PPARy upregulates the transcriptional activity of
GCMa, and consequently the expression of syncytin-1, which mediates
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the expression of syncytin, which mediates the fusion of cytotrophoblasts into syncytiotrophoblasts. B) Calcium imaging performed on trophoblast cells differentiated
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0.15 mL/min. The Ca®* signal was measured as the relative change in fluorescence intensity (AF/F) for 200 cells in both conditions. Results are shown as a Tukey box

plot.

cell fusion [43-46]. Taken together, these data led us to propose a
signaling network (Fig. 3A) originating from FSS stimulation and reg-
ulating the various trophoblast features, such as microvilli formation,
cell fusion to form syncytiotrophoblasts, hormone production and lipid
accumulation, that we have observed in our study. We also performed
calcium imaging experiments using differentiated trophoblast cells on
collagen matrix to show that the mechanical forces exerted by a flow of
culture medium were able to induce an increase in intracellular calcium
that could lead to the signaling pathways suggested in Fig. 3A. The
results of Fig. 3B show that the FSS indeed induced an increase in in-
tracellular calcium, with a mean fluorescence variation close to 50% in
the differentiated trophoblast cells under FSS, as reported by other
authors [11,19].

In the placenta, maternal blood flow exerting mechanical forces on
trophoblast cells could induce such signaling network triggered by
mechanotransduction. The syncytiotrophoblast layer is a major site of
materno-fetal exchanges in the hemochorial placenta (such as rabbit or
human placenta) and also possesses an essential endocrine function to
sustain gestation [47]. Microvilli formation is essential to increase the
exchange surface of trophoblast cells in contact with maternal blood,
favoring transplacental transfers to the fetus. Lipid droplet accumula-
tion in trophoblasts allows the placenta to transfer lipids to the fetus
[48], with a major role in fetal growth [49]. In preeclamptic women,
the disturbance of blood flow may be expected to affect the differ-
entiation and function of the placenta through changes in the me-
chanical forces exerted on trophoblast cells [23], which could lead to
fetal growth restriction. In this context, our culture model could pro-
vide a useful tool to investigate some features and impacts of pre-
eclampsia, in particular regarding the structure and function of the
placental syncytium, known to be altered in preeclampsia [50], al-
though preeclampsia does not occur spontaneously in rabbits.
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4.3. Transcriptome analyses of rTSCs and their differentiated progenies

To get further insights into the identity of the rTSCs and the changes
during their differentiation into syncytiotrophoblasts, we analyzed the
transcriptomes of rTSCs, their tissue of origin (trophectoderm at 96
hpc) and of the trophoblast cells differentiated in various conditions
(simple differentiation procedure without collagen nor flow, and on
collagen I gel with and without FSS).

Clustering of all samples revealed that rTSCs were well separated
from the tissue of origin, the trophectoderm, but also from the differ-
entiated progeny (Fig. 4A). The tight grouping of the different rTSCs
samples indicates that they had a stable transcriptome in the three
expanded cell lines (in Fig. 4, rTS_A are independent from rTS_B and
rTS_C. rTS_ B and rTS_C are from the same derivation but expanded
independently) and along passages (in Fig. 4, rTS_Al, rTS_A2 and
rTS_A3 correspond to passages 11,17 and 20, respectively). The early
trophectoderm appeared distant from the rTSCs, as already observed for
the early epiblast and derived pluripotent stem cells [51]. Interest-
ingly, on the first PCA axis (41% of variance explained), the different
trophoblast cells seem to form a differentiation trajectory from stem
cells to the most differentiated ones grown on collagen (Fig. 4B). To get
further insight into the nature of the different cells with regard to the
trophectoderm, we compared the expression of a set of marker genes
involved in lineage identity and trophoblast development in mouse and
human, ie., the embryonic markers POU5F1, NANOG and SOX2
[52,53]; the mouse trophoblast markers CDX2 [54], ESRRB [55], and
TFAP2C [56]; and the human early trophoblast markers GATAZ,
GATA3, DAB2, TEAD3, KRT8 [57]. In addition, RLN3 (relaxin), PPARG
and ORY1 (the rabbit syncytin) were added to the list for their role in
trophoblast differentiation [45,58-61]. At last, FURIN was included as
being involved in trophoblast stem cell (TSC) maintenance in mouse
[62] and expressed in bovine trophoblast [63]. Clustering of the
samples based on the expression of these selected genes grouped to-
gether rTSCs and the early trophoblast, confirming the trophoblastic
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Fig. 4. Transcriptome analysis of trophoblast cells. A) Hierarchical clustering of the expression profiles of early trophectoderm of 96 h (Tro_96_R1, Tro_96_R2 and
Tro_96_R3), rTSCs (rTS_A1, rTS_A2, rTS_A3, rTS_B and rTS_C) and the differentiated derivatives (rTA_DC, rTB_DC and rTC_DC for cells differentiated onto a collagen I
gel; rTA_DF, rTB_DF and rTC_DF for cells differentiated onto a collagen I gel and with FSS; rTA1_D, rTA2_ D and rTA3_D for cells differentiated without collagen nor
FSS). B) Projection of samples according to their principal component analysis along the two first axes. C) Heatmap and hierarchical clustering based on the
expression values (Rlog) of selected lineage and trophoblast differentiation markers. KRT8 was analyzed separately due to its very high expression level in all samples
compared to other genes. Clustering was performed based on Pearson correlation and Ward linkage method. D) Dot plots showing the expression (Rlog) levels of
some other selected genes. Relevant significant results (P values <0.05) were indicated. rTSCs (TS) were differentiated onto a collagen I gel with (FlowColl) or
without (DiffColl) fluid shear stress (FSS), or without collagen gel nor FSS (Diff).

identity of the derived cells, and, as expected, the very low expression
of the pluripotent markers SOX2 and NANOG (Fig. 4C). The embryonic
marker POU5F1 was present in both rTSCs and early trophoblast, but
was progressively lost during further differentiation, as previously ob-
served in vivo [53,64]. Interestingly, the trophectoderm and the de-
rived rTSCs displayed high expression of both mouse and human
markers such as TFAP2C, ESRRB, GATA2, KRT8 and DAB2. On the other
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hand, GATA3, TEAD3 and CDX2 were present in vivo but down-regu-
lated during culture. Such a decline in the in vitro compared to in vivo
expression was previously reported at least for CDX2 in human TSCs
[65,66] . ESSRB was the only marker to be strongly down-regulated in
all differentiated cells. This is in line with its role in the mouse in the
maintenance of a stem cell pool in vivo [67] and in vitro [55]. Con-
versely, the expression of two genes, PPARG and FURIN, was increased
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in the differentiated cells. As mentioned before and in agreement,
PPARG is known to play a role in trophoblast cell differentiation. Re-
garding FURIN, it is known to activate syncytin by cleaving the syncytin
preprotein [59]. Hence, although syncytin (ORY1) expression did not
change much during rTSCs differentiation, it may be more active in
differentiated cells. Moreover, we noted that other proteins than syn-
cytin involved in cell fusion tended to be more expressed in differ-
entiated cells, such as CX43 (GJA1) and ADAM12 (Fig. 4D). Inversely
and as expected when cell fusion occurs, cadherin CDH3 expression
tended to be reduced in differentiated cells grown with FSS (Fig. 4D).
RLN3 (relaxin) expression, known to be increased in rabbit syncytio-
trophoblasts during gestation [68], was found modest at the tran-
scriptional level in the various rabbit trophoblast cells, but slightly in-
creased in cells differentiated on collagen (with and without FSS)
compared to rTSCs. Moreover, the expression of the relaxin receptor 3,
RXFP3, tended to be increased in all the differentiated cells compared to
rTSCs (Fig. 4D).

Altogether, this focus on a set of marker genes demonstrated the
trophoblastic origin of the derived cells and their ability to differentiate
towards syncytiotrophoblasts.

4.4. Pathways involved in the differentiation of rTSCs

To further explore the changes in gene expression during in vitro
differentiation of rTSCs, we determined the differentially expressed
genes (DEG) between the different groups of cells. Overall, the differ-
entiation process engaged a considerable number of genes (3106 up-
regulated; 3073 down-regulated) between rTSCs and the various dif-
ferentiated cells, with only partial overlap between conditions
(Fig. 5A). In addition, the number of DEG specifically induced or down-
regulated by collagen was about four times higher than simple differ-
entiation on plastic (Fig. 5A). GO and KEGG term enrichment analysis
was then performed for DEG during rTSC differentiation on collagen
(DiffColl and FlowColl).

Downregulated DEG during differentiation of the rTSCs showed
enriched terms related to cell division, DNA repair and protein synth-
esis, in agreement with the loss of stemness and the reduced pro-
liferation of differentiated cells (Fig. 5B).

Terms upregulated in differentiated cells grown onto a collagen I gel
compared to rTSCs were consistent with the differentiation process and
trophoblast cell functions (Fig. 5B). Among these pathways, the PPAR
signaling pathway was described to play a major role in trophoblast cell
differentiation and functions and we suggest that it is involved in the
observed FSS effects (Fig. 3A). In particular, the PTGES gene, that en-
codes PGE synthase, was upregulated in differentiated cells, and even
more in cells grown onto a collagen matrix (Fig. 4D). This could lead to
increased levels of PGE2 and thus of 15-keto-PGE2, which is a ligand of
PPARy. Also, the likely increase in the level of PGE2 could promote
PPARy activity through activation of adenylate cyclase. To further
analyze this pathway, we compiled expression of its different compo-
nents in rTSCs and their derivatives (Fig. 5D). PPARG, but also PPARA
and PPARD were more expressed in the differentiated cells (Figs. 4C
and 5D), as well as several genes of the PPAR signaling pathway in-
volved in lipid transport, storage or metabolism (CD36, PLIN2, FABP,
several FATP and CYP genes). Interestingly, several genes of the PPAR
signaling pathway were more expressed with FSS, such as PLIN2,
CYP1B1, ASCL5 and ANGPTL4 (Fig. 5D), involved in lipid metabolism,
transport and storage, consistent with the increased lipid droplet ac-
cumulation induced by FSS. In particular, CYP1B1 was reported to be
regulated by the cAMP/PKA pathway [69,70] and its increased ex-
pression under FSS suggests that the cAMP/PKA signaling pathway is
indeed induced by FSS in our culture model as proposed in Fig. 3A. In
addition, the mechanosensitive TRPV6 channel was more expressed in
the differentiated cells grown on collagen (with and without FSS) than
in rTSCs (Fig. 5E). We thus assume that the mechanical forces exerted
by the medium flow on differentiated cells activate this channel,
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leading to an increase in intracellular Ca®* as shown in Fig. 3B, and to
subsequent activation of the cAMP/PKA pathway, as well as to en-
hanced microvilli formation (as proposed in Fig. 3A). Moreover, while
only a few genes were significantly upregulated upon FSS (Fig. 5A),
gene ontology analysis revealed enrichment in steroid biosynthesis
(Fig. 5C). This is an indication that the syncytiotrophoblasts formed
under FSS are indeed functional, as it has been shown that these cells
produce steroid hormones in Humans [36] . Likewise, we noticed that
the ABC transporters were upregulated during differentiation (Fig. 5B),
in agreement with the exchange function of the syncytiotrophoblasts.
At last, we noted enrichment in pathways regulating actin cytoskeleton
and sphingolipid metabolism, which may also account for the increased
formation of microvilli during differentiation.

When gene ontology enrichment was performed on DEG between
differentiated cells grown with or without collagen, the pathways that
were mainly upregulated in the presence of a collagen gel concerned
cell interactions with extracellular matrix (supplementary Fig. 3).

In conclusion, the functional analysis of DEG between rTSCs and
their derivatives revealed signaling pathways involved in trophoblast
cell differentiation and functions, especially on a collagen matrix,
showing that collagen I promotes the differentiation of the rabbit tro-
phoblast cells. In addition, at the transcriptional level, the FSS promotes
the expression of some genes involved in the PPAR signaling pathway
and in steroidogenesis.

5. Conclusion

In the present study, we derived rabbit TSCs from blastocysts and
differentiated them into cells which express both phenotypic char-
acteristics and marker genes of trophoblast cells. Especially, we suc-
ceeded in promoting cell differentiation by growing rTSCs on a collagen
matrix and in the presence of a flow of culture medium that mimics the
maternal blood flow. As already reported, we showed that the FSS ex-
erted by the flow of culture medium promotes microvilli formation on
the trophoblast cell surface, but, to our knowledge, we revealed for the
first time that FSS also favors lipid droplet accumulation, and above all,
trophoblast cell fusion to form the syncytiotrophoblast. Furthermore, at
the transcriptional level, FSS promotes the expression of genes encoding
steroidogenic enzymes, that may promote the steroid hormone pro-
duction by the syncytiotrophoblast, as well as genes of the PPAR sig-
naling pathway involved in trophoblast cell differentiation. Altogether,
we believe that our cell culture model allows mimicking the in vivo
conditions and could be used to study the differentiation of trophoblast
stem cells into cytotrophoblasts and syncytiotrophoblasts, as well as the
trophoblast function in physiological and pathological conditions.
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