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Modeling preeclampsia using
human induced pluripotent stem
cells

Mariko Horii'?, Robert Morey?3, Tony Bui'2, Ojeni Touma®?, Katharine K. Nelson':2,
Hee-Young Cho%2“, Hannah Rishik¥?, Louise C. Laurent*> & Mana M. Parast®2*

Preeclampsia (PE) is a pregnancy-specific hypertensive disorder, affecting up to 10% of pregnancies
worldwide. The primary etiology is considered to be abnormal development and function of placental
cells called trophoblasts. We previously developed a two-step protocol for differentiation of human
pluripotent stem cells, first into cytotrophoblast (CTB) progenitor-like cells, and then into both
syncytiotrophoblast (STB)- and extravillous trophoblast (EVT)-like cells, and showed that it can model
both normal and abnormal trophoblast differentiation. We have now applied this protocol to induced
pluripotent stem cells (iPSC) derived from placentas of pregnancies with or without PE. While there
were no differences in CTB induction or EVT formation, PE-iPSC-derived trophoblast showed a defect
in syncytialization, as well as a blunted response to hypoxia. RNAseq analysis showed defects in STB
formation and response to hypoxia; however, DNA methylation changes were minimal, corresponding
only to changes in response to hypoxia. Overall, PE-iPSC recapitulated multiple defects associated
with placental dysfunction, including a lack of response to decreased oxygen tension. This emphasizes
the importance of the maternal microenvironment in normal placentation, and highlights potential
pathways that can be targeted for diagnosis or therapy, while absence of marked DNA methylation
changes suggests that other regulatory mechanisms mediate these alterations.

Preeclampsia (PE), defined as new-onset hypertension associated with end-organ dysfunction (including throm-
bocytopenia, renal insufficiency, impaired liver function, pulmonary edema, or cerebral or visual disturbances)
after 20 weeks’ gestation, is one of the most serious pregnancy complications, which can affect both mother and
baby'~. The incidence of PE has risen in the US, likely related to an increased prevalence of predisposing disor-
ders, such as diabetes and obesity*~. Specifically, early-onset (prior to 34 weeks gestation) PE with severe features
is a major cause of maternal and fetal morbidity, including fetal growth restriction, and leads to adverse perinatal
outcomes such as preterm delivery”. The pathophysiology of PE is still not completely clear, though abnormal
differentiation and function of placental epithelial cells, called trophoblast, is thought to be a major component.

There are three main trophoblast cell types in the placenta; (1) cytotrophoblast (CTB), a self-renewing multi-
potent trophoblast progenitor cell; (2) syncytiotrophoblast (STB), which arise by cell-cell fusion of CTB in
chorionic villi, and mediate nutrient/gas exchange and synthesize key pregnancy hormones; and (3) extravillous
trophoblast (EVT), which arise from CTB that differentiate while migrating along the trophoblast cell column
and invade the uterine wall, thereby anchoring the placenta to the uterus, while also remodeling maternal spiral
arteries to establish the blood supply to the feto-placental unit®’. The bulk of this uterine invasion and maternal
vascular remodeling takes place prior to 10 weeks gestational age, while the placenta is developing under relative
hypoxia®. In vitro culture of CTB under low oxygen has been shown to inhibit STB formation/function’, and
enhance EVT differentiation through a hypoxia-inducible factor (HIF)-dependent mechanism'.

PE, particularly early-onset PE with severe features, is associated with specific findings on placental patho-
logic examination. These include a placental disc that is small (< 10th percentile for gestational age) and shows
accelerated maturation (e.g. increased syncytial knots), central areas of infarction, perivillous fibrin deposition,
and marginal/retroplacental hemorrhage (a sign of placental abruption)!'. These lesions are secondary to under-
lying maternal vascular disease, which often manifests on placental exam as decidual vasculopathy. Decidual
vasculopathy is characterized by lack of spiral arterioles remodeling by EV'T, with vessels retaining their muscular
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Cell line Maternal age Clinical Birth weight | Placental
Sample type | number at delivery Ethnicity | Deliver mode | GA week (day) | Fetal sex | diagnosis percentile weight for GA | MVM | FVM
Non-PE 1938P 20 White NSVD 26! M PTL 54 N No No
Non-PE 1947P 30 Hispanic | CS 34° F pPROM 27 N No No
Non-PE 1754P 37 White CS 392 M Normal 51 N No No
PE 1932P 26 White CS 32¢ F Severe PE/FGR | 7 S Yes Yes
PE 1933P 33 Hispanic | CS 33! M Severe PE 27 S Yes No
PE 1981P 35 White NSVD 332 F Severe PE/FGR | 2 S Yes No

Table 1. List of umbilical cord-derived MSCs used to generate iPSCs for this study, including patient
demographic, clinical and placental pathology data. NSVD normal spontaneous vaginal delivery, CS cesarean
section, GA gestational age, M male, F female, PTL preterm labor, pPROM preterm premature rupture of
membranes, PE preeclampsia, FGR fetal growth restriction, N normal and S small for placental weight for GA,
MVM maternal vascular malperfusion, FVM fetal vascular malperfusion.

wall and showing chronic inflammation and fibrinoid necrosis''. This constellation of findings is referred to
as maternal vascular malperfusion (MVM) and has been associated with PE and/or fetal growth restriction,
particularly in severe cases'?. These histopathologic changes are accompanied by documented abnormalities in
CTB, STB, and EVT"3, as well as molecular evidence of oxidative stress as a result of abnormal maternal vascular
remodeling'*~!. The unique nature of these histologic and molecular findings accompanying the clinical disorder
in humans has limited the utility of animal models of PE. Furthermore, to date, investigation of the underlying
molecular mechanisms of this disease has been hampered by the lack of human trophoblast cells that accurately
represent the early stages of placental development'”.

Human pluripotent stem cells (hPSCs) were first reported to have trophoblast differentiation potential in
2002, when hCG-secreting multinucleated trophoblasts were identified in cultures containing feeder conditioned
media (FCM) supplemented with bone morphogenetic protein-4 (BMP4)'8. Since then, multiple groups, includ-
ing ours, have used this model for the study of human trophoblast differentiation, using both embryonic stem
cells (hESCs) and induced pluripotent stem cells (iPSC), and have identified signaling pathways and transcrip-
tion factors that mediate this process’*~*>. Specifically, our group has identified that this differentiation can be
modeled using a two-step protocol, by which pluripotent cells are first differentiated into p63*/CDX2* CTB-
like cells, and subsequently, into a mixture of terminally-differentiated hCG-secreting multinucleated STB-like
cells and invasive HLA-G* EVT-like cells?”*2. We have shown that this protocol not only recapitulates normal
trophoblast differentiation (including hypoxia-induced HIF-directed EVT differentiation), but can also be used
to model placental disease (including the defect in STB differentiation seen in Trisomy 21-affected placentas).
Most recently, we have applied knowledge about WNT-mediated mesoderm induction downstream of BMP4
signaling®! to further improve this protocol, adding the WNT inhibitor IWP2 to BMP4 in the first step, in order
to restrict differentiation to the trophoblast lineage®®.

Recently, Sheridan et al.*” used a similar protocol (using a combination of BMP4, A83-01, a TGF inhibitor,
and PD173074, an FGF receptor inhibitor, or “BAP”) to explore the trophoblast phenotype of iPSCs from patients
with early-onset PE with severe features and identified abnormalities in oxygen response mechanisms. However,
they did not evaluate for defects in lineage-specific differentiation (into CTB, STB, or EVT) at the cellular level,
and also limited their molecular evaluation to the transcriptome®. In this study, we used our updated two-step
differentiation protocol to first explore the cellular phenotype seen in PE-iPSC derived trophoblast, and then
expanded our analysis to evaluate changes in both gene expression and DNA methylation in order to identify
the molecular mechanisms underlying this disease phenotype.

Results

Establishment of iPSC from umbilical cord-derived mesenchymal stem cells. Mesenchymal
stem cells were derived from umbilical cord tissue (UC-MSC), as previously described®®*, from placentas of
patients with and without early-onset (<34 weeks gestation) preeclampsia (PE) with severe features, as defined
by ACOG criteria’. To further select for cases with the most severe underlying trophoblast pathology, only cases
that showed placental pathologic findings of maternal vascular malperfusion (MVM)* were selected, including
small placental disc (< 10th percentile for gestational age), and at least 2 of the following 5 lesions in the placental
disc (hypermature, increase fibrin deposition, infarct, hematoma, decidual vasculopathy)'?. Non-PE (control)
cases were selected based on absence of clinical evidence of maternal hypertensive disease or fetal growth restric-
tion, as well as absence of any features of MVM or other placental disc lesions. Table 1 shows demographic,
clinical, and placental pathologic data from all cases.

Following reprogramming, 5 iPSC clones from each patient were taken through ten passages, and verified to
be negative for Sendai virus integration by PCR; of these, at least 3 clones from each patient were confirmed to
be pluripotent, based on the Pluritest assay*' (Supplementary Figure 1A), and to lack karyotypic abnormalities
(Supplementary Figure 1B). We also profiled all iPSC lines (3 clones per patient line) using RNA sequencing
(RNAseq), and confirmed that the undifferentiated iPSC clones from the same source pregnancy were as vari-
able as those from different patients. The iPSC clones from the same patient did not cluster together using PCA
(Supplementary Fig. 1C); also, correlation coefficients were similar between inter- and intra-patient iPSC clones
(Supplementary Table 1). Therefore, it was deemed that factors other than genetic similarity were driving the
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Figure 1. Differentiation of PE- and control-iPSC into CTB-like cells. (A) Upper panel: Representative flow
cytometric analysis of CTB marker, EGFR, as compared to isotype control, following differentiation of iPSC
into CTB-like cells (after 4 days of BMP4 + IWP2 treatment). Lower panel: Bar chart displaying average percent
EGER positive cells from both PE- and control-iPSC at day 4 of differentiation, + standard deviation (n=9

for each condition). (B) Box plot displaying qPCR of CTB markers p63 and CDX2 at day 4 of differentiation,
normalized to L19, and expressed as fold change over undifferentiated control-iPSC (day 0) (n=9 for each
condition).

differences between clones; thus, we treated each iPSC clone as a distinct cell line, with a total of nine PE and
nine non-PE (control) iPSC lines, which we used for the following studies.

CTB induction of PE and control iPSC. All 18 iPSC lines were subjected to our optimized two-step
trophoblast differentiation protocol *. Following culture in BMP4 and IWP2 (factors used to induce CTB), cells
displayed changes in morphology starting on day 1. By day 4, all cells had flattened to produce a uniform epi-
thelial morphology. Cells were assessed for surface expression of EGFR, a CTB marker, by flow cytometry, and
over 80% of both PE and control iPSC-derived cells expressed EGFR (Fig. 1A). In addition, quantitative RT-PCR
(qPCR) showed similar transcript levels for CDX2 and p63, markers of early gestation CTB, between PE and
control iPSC-derived cells (Fig. 1B). Based on the above, we concluded that CTB induction is not compromised
in PE, compared to control, iPSCs.

Terminal trophoblast differentiation of PE and control iPSC.  We next subjected all 18 iPSC-derived
CTB to the second step of differentiation, by treating the cells with FCM + BMP4 for an additional 4 days
(day+4), under either 21% oxygen, which is known to promote differentiation into STB, or 2% oxygen, which
promotes differentiation into EVT?2%,

Differentiation into STB (under 21% oxygen) was quantified based on morphology (using fusion index cal-
culation), secretory function (hCG ELISA), and marker expression (by qPCR). We found that PE-iPSC-derived
trophoblast had a reduced fusion index (21.6% in PE vs. 31.8% in control; p <0.01) (Fig. 2A); this was not due
to the differences in total number of nuclei (Supplementary Figure 2A), nor in the total number of cells (Sup-
plementary Fig. 2B) between control and PE iPSC-derived STB. Rather, it appears that PE-iPSC lines have fewer
cells/nuclei that fuse into STB (Supplementary Figure 2C-E). While we defined STB, as we have in the past™, as
cells containing at least 3 nuclei, to further evaluate size of STB patches between PE- and control-iPSC-derived
trophoblast, we also compared STB with 3-10 nuclei, 11-30 nuclei, or 31 or more nuclei (Supplementary Fig. 2F).
Compared to control, PE-iPSCs show more non-fused cells (cells with 1-2 nuclei) in the overall area, with a
higher number of fused cells with 11-30 nuclei or 31 or higher nuclei; however, these differences were not statisti-
cally significant. In addition, the corresponding median cell numbers were also not significantly different. There-
fore, overall, the main difference was in the fusion efficiency, which was lower in PE-iPSC-derived trophoblast,
as best reflected by the fusion index. PE-iPSC-derived trophoblast did not show a significant reduction in hCG
secretion, and, by qPCR, only PSG4 was significantly down-regulated in PE-STB (183-fold; p=0.02 (Fig. 2A),
without alteration of other STB-associated genes (GCM1, ERVW-1, and CGB) (data not shown).

We next evaluated EVT differentiation and function (under 2% oxygen), again using a combination of flow
cytometry (for the EVT surface marker HLA-G), Matrigel invasion assay, secretory function (MMP2 ELISA),
and marker expression (by qPCR). We found no significant differences in HLA-G by flow cytometry, nor in
invasion or MMP2 secretion, between the PE and control iPSC-derived trophoblast (Fig. 2B); also, by qPCR,
there were no differences in expression of HLA-G (data not shown). These data suggest that under our STB and
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Figure 2. Differentiation of iPSCs into either STB-like cells (performed under 21% oxygen) (A) or into EVT-
like cells (performed under 2% oxygen) (B). STB formation and function (A) was assessed by calculation of
fusion index, hCG secretion (normalized to DNA content), and PSG4 expression level (by gPCR, normalized to
L19, and shown as fold change compared to control-iPSC in the same differentiation state). EVT formation and
function (B) was assessed by expression of surface HLA-G as measured by flow cytometry, invasive capacity as
assessed by Matrigel invasion assay, and MMP2 secretion (normalized to DNA content). *Indicates statistical
significance by Mann-Whitney U, with p values as stated (n=9 for each condition).

EVT differentiation conditions, only STB formation and maturation, but not STB secretory function, nor EVT
formation or function, were affected in PE-iPSC.

Abnormal responses to changes in oxygen tension. We next assessed the responses of iPSC-derived
trophoblast to differing oxygen tensions, comparing both hCG secretion and Matrigel invasion of PE and con-
trol lines at the conclusion of step 2 of differentiation (day+4), conducted under either 21% or 2% oxygen. As
expected, compared to the phenotype under 21% oxygen, control iPSC-derived trophoblast showed a 3.8-fold
increase in number of invasive HLA-G* cells (p<0.01, Fig. 3A), as well as an 8.2-fold reduction in hCG secre-
tion (p=0.01, Fig. 3B) under 2% oxygen. However, PE-iPSC-derived trophoblast had blunted responses to this
difference in oxygen tension, lacking significant differences in invasion or hCG secretion between the different
oxygen tensions (Fig. 3A,B). These data indicate that, while EVT formation and STB secretory function are not
categorically abnormal in PE, the formation and/or function of these cells in response to changes in the micro-
environment are what underly the pathophysiology of this pregnancy disorder.

Global gene expression in PE and control iPSC-derived trophoblast. To further probe the etiol-
ogy for these phenotypic differences between PE and control iPSC-derived trophoblast, we evaluated global
gene expression of all iPSC lines at day 0 (undifferentiated), day 4 (CTB-state), day +4 under 21% oxygen (STB-
state), and day +4 under 2% oxygen (EVT-state) by RNAseq. Principle component analysis (PCA) showed that
the greatest amount of difference between these samples was temporal (PC1: 31%) (Fig. 4A, left), followed by
variation between the STB- and EVT- differentiation states (PC2: 13%), and variation between day 4 and other
time points (PC3: 11%). Separation between disease phenotype accounted for only 2% of the overall variance in
gene expression (PC6). We next performed differential expression analysis within each differentiation timepoint,
and noted that the number of differentially expressed genes (DEG) was highest between PE and control iPSC-
derived STB (Fig. 4A, right, Supplementary Table 4), correlating with the noted differences in STB differentiation
phenotype seen at day +4 under 21% oxygen (see Fig. 2).

To further investigate gene expression differences in terminally differentiated trophoblast derived from our
iPSC lines, we performed PCA with control and PE iPSC lines at day + 4 of differentiation, under both 21% and
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Figure 3. Response of iPSC-derived trophoblast to changes in oxygen tension. (A) Invasive capacity was
assessed by Matrigel invasion assay and (B) hCG secretion was measured by hCG ELISA and normalized to its
DNA content. Only control iPSC-derived trophoblast (but not PE iPSC-derived trophoblast) show a statistically
significant response to a lowering of oxygen tension. *Indicates statistical significance by Wilcoxon Signed Rank
Test, with p values as stated (n=9 for each condition).

2% oxygen. We found that the greatest variance among these samples was due to control-iPSC at day+4 in 21%
oxygen, followed by variance between samples at different oxygen tensions (Fig. 4B). Specifically, there was
greater difference between control and PE-iPSC at 21% oxygen (STB-like cells, light blue vs. light orange circles
in Fig. 4B), compared to control and PE-iPSC at 2% oxygen (EVT-like cells, dark blue vs. dark orange circles in
Fig. 4B), recapitulating the number of DEGs between control and PE in these two different conditions (Fig. 4A,
right, Supplementary Table 4).

We next performed Gene Set Enrichment Analysis (GSEA) focusing on differences between PE- and con-
trol-iPSC at day + 4 of differentiation in order to evaluate differences between control- and PE-iPSC-STB or
iPSC-EVT. Using MSigDB Hallmark gene sets*’, a total of 28 gene sets were significantly enriched (adjusted p
value <0.05) in the comparison between the PE and control STB-like cells (at day +4 in 21% oxygen) (“STB gene
sets,” Supplementary Table 2), while only 12 gene sets were significantly enriched (adjusted p value <0.05) in the
comparison between the PE and control EVT-like cells (at day +4 in 2% oxygen) (“EVT gene sets,” Supplemen-
tary Table 3). Of the 28 STB gene sets, 4 were uniquely enriched in PE-iPSC-STB (orange font, Fig. 4C), and
13 were uniquely enriched in control-iPSC-STB (blue font, Fig. 4C). Conversely, of the 12 EVT gene sets, none
were uniquely enriched in PE-iPSC-EVT, and only one, “interferon gamma response,” was uniquely enriched in
control-iPSC-EVT (blue highlight, Fig. 4C); the latter gene set contained only one statistically significant leading
edge gene (see Supplementary Table 3).

Since control iPSC had a stronger STB phenotype (see Fig. 2 above), we focused first on the 13 gene sets
uniquely enriched in these cells (blue font, Fig. 4C). Several of the gene sets are involved in cellular metabolism
(including adipogenesis, cholesterol homeostasis, heme metabolism, and protein secretion), and several others
in cellular stress response (apoptosis, UV response, and reactive oxygen species). Of the leading edge genes
within these gene sets (see Supplementary Table 2), several stand out based on their known functions. ADM
(adrenomedullin), whose expression/secretion is known to be reduced in STB from PE placentae®, was enriched
2.4-fold in control- over PE-iPSC derived STB. GPX3 and GPX4, members of the glutathione peroxidase family
known to play crucial roles in defense against oxidative stress'®*4**, showed 3.6-fold and 1.5-fold higher expres-
sion, respectively, in STB derived from control-iPSC vs. PE-iPSC. Activating Transcription Factor 3 (ATF3),
associated with both apoptosis and UV response gene sets, was enriched threefold in control-iPSC-derived
STB. ATF3 is also involved in protection against cellular stress responses, including oxidative stress and DNA
damage?®*’. Reticulon-3 (RTN3), which was enriched 1.6-fold in STB derived from control-iPSC, is involved in
clearance of protein aggregates and ER stress and is a known negative regulator of amyloid-beta production®.
These data suggest similarities between primary PE-associated and PE-iPSC-derived STB, and suggest that STB
derived from PE-iPSC may be more susceptible to environmental stressors.

Within the 4 gene sets significantly enriched in PE-iPSC-STB, we noted epithelial-mesenchymal transition
(EMT) (Fig. 4C); this gene set included several prominent leading edge genes, including decorin (DCN), and
periostin (POSTN), which were enriched sixfold, and 3.8-fold respectively, in PE-iPSC-STB. DCN a member of
the small leucine-rich proteoglycan family of proteins*, and POSTN an extracellular matrix protein®’; expression
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Figure 4. Analysis of RNAseq data with respect to differentiation state. Data from iPSC at day 0 (iPSC), and
iPSC-derived trophoblast at day 4 (cytotrophoblast/CTB-like), day +4 at 2% oxygen (extravillous trophoblast/
EVT-like) and day +4 at 21% oxygen (syncytiotrophoblast/STB-like). (A) PCA plot (left) showing iPSC at
different timepoints of trophoblast differentiation, and table (right) showing the number of differentially
expressed genes (DEGs) between control- and PE-iPSC at each of these time points. (B) PCA plot displaying
only the day+4 timepoints, with dashed line indicating greater difference in gene expression between control-
and PE-iPSC differentiated into STB-like cells (under 21% oxygen) and solid line showing closer clustering of
control- and PE-iPSC differentiated into EVT-like cells (under 2% oxygen). (C) Gene Set Enrichment Analysis
(GSEA) of iPSC-derived trophoblasts at day + 4. Heatmap displays normalized enrichment score (NES), with
orange color showing gene-sets enriched in PE, and blue color showing gene-sets enriched in control. Green
bars (left) indicate those gene-sets with p value <0.05 in either 2% (EVT-like state) or 21% (STB-like state)
oxygen tension. Gene-sets written in orange and blue font are uniquely enriched in PE- or control-iPSC-derived
trophoblast, respectively, under 21% oxygen (STB-like state). Only one pathway (highlighted in blue) was
uniquely enriched in control-iPSC-derived trophoblast under 2% oxygen (EVT-like state).

of these genes is increased, either in placental tissues or serum from patients with preeclampsia*>*’. The other
three gene sets enriched in PE-iPSC-STB were all involved in cell division, and included mitotic spindle, G2M
checkpoint, and E2F target gene sets.

Finally, we evaluated our RNAseq data in the context of the phenotypic difference in response to hypoxia
seen in our iPSC model (see Fig. 3). PCA of control- and PE-iPSC at day + 4 showed more distinct clustering by
oxygen tension in the control-iPSC (Fig. 5A, left), than in PE-iPSC (Fig. 5A, right). In order to identify genes
responsible for this phenotype, we performed differential expression analysis between control-iPSC-derived
CTB differentiated in 21% vs. 2% oxygen, and PE-iPSC-derived CTB differentiated in this way. There were 3,024
DEGs between the control-iPSC differentiated under these two oxygen tensions, compared to only 1,983 DEGs
from PE-iPSC (Fig. 5B, Supplementary Table 5). After removing the overlapping genes, we identified 1,802 and
761 DEGs specific to oxygen response of control- and PE-iPSC-derived trophoblast, respectively (Fig. 5B, Sup-
plementary Table 5). Within those DEGs unique to control-iPSC, we found PPFIA4 (also known as Liprin-a4),
ceruloplasmin (CP), and stanniocalcin-1 (STC1), which were increased 13.6-fold, 77-fold, and fivefold, respec-
tively, under 2% oxygen, only in control iPSC-derived trophoblast (Supplementary Figure 4). Both liprin-a4 and
STC1 have been shown to promote invasion of cancer cells®*~>*, while secretion of ceruloplasmin in the placenta
is known to be induced by hypoxia®. Another interesting gene in this group was ARNT (aryl hydrocarbon recep-
tor nuclear translocator; also called “HIF1B”), which showed a statistically-significant (adjusted p value < 0.05),
albeit modest (1.3-fold), increase only in control-iPSC (Supplementary Figure 4). In combination with one of
several “HIF1a” subunits, ARNT forms the transcriptionally active hypoxia-inducible complex, which regulates
the primary response of cells to a decrease in oxygen tension®.

There is growing evidence that long non-coding RNAs (IncRNAs), a class of non-protein coding RNA mole-
cules with a length of over 200 nucleotides, are involved in regulation of gene expression in response to hypoxia, at
the genomic, transcriptional, and post-transcriptional levels®®. To ascertain if phenotypic differences in response
to hypoxia could be partly attributed to differences in IncRNAs, we also performed differential gene expression
on all Gencode (v.35) long noncoding RNAs extracted from our rRNA depleted RNAseq data. We performed
this subset analysis to better detect differentially expressed IncRNAs, which are often expressed at a lower level
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Figure 5. Analysis of RNAseq data with respect to response to oxygen tension. (A) PCA plot displaying either
control-iPSC-derived trophoblast (left), or PE-iPSC-derived trophoblast (right). Trophoblast derived from
control-iPSC separate much more clearly based on oxygen tension, compared to those derived from PE-iPSC.
(B) Venn diagram displaying the number of DEGs between different oxygen tensions (2% vs. 21%) within the
same disease condition (control and PE). Boxed numbers indicate DEGs unique to either iPSC group, with
gene symbols indicating a handful of these unique genes in trophoblast derived from control-iPSC. (C) PCA
plot displaying only long non-coding RNAs (IncRNAs) in either control-iPSC-derived trophoblast (left), or
PE-iPSC-derived trophoblast (right). Based on analysis of this RNA subset, trophoblast derived from control-
iPSC again separate much more clearly based on oxygen tension, compared to those derived from PE-iPSC. (D)
Venn diagram displaying the number of differentially expressed IncRNAs between different oxygen tensions (2%
vs. 21%) within the same disease condition (control and PE). Boxed numbers indicate number of differentially
expressed IncRNAs unique to either iPSC group, with gene symbols indicating unique IncRNAs in either group.

compared to protein-coding RNAs”. Similar to the PCA analysis of all genes at day + 4, the IncRNA subset PCA
showed more distinct clustering by oxygen tension in the control-iPSC (Fig. 5C, left) than in PE-iPSC (Fig. 5C,
right). Moreover, differential expression analysis showed that there was a substantially higher number of dif-
ferentially expressed IncRNAs (adjusted p value <0.05) between control iPSC-derived CTB differentiated in 21%
vs 2% oxygen, compared to PE iPSC-derived CTB differentiated in the same manner (Fig. 5D, Supplementary
Table 6). After removing the overlapping IncRNAs, there were only 24 uniquely differentially expressed IncRNAs
in the PE-iPSC-derived trophoblast, but over 350 IncRNAs in the control-iPSC-derived trophoblast (Fig. 5D,
Supplementary Table 6). The latter included miR-210HG (miR-210 host gene, Supplementary Figure 4); this is a
precursor form of miR-210, which is known as a downstream effector of HIF action®® and previously shown to be
dysregulated in PE*. Conversely, among the IncRNAs uniquely downregulated in PE-iPSC-derived trophoblast
under 2% oxygen was MEG3 (Supplementary Figure 4). MEG3 promotes HIF-1a protein translation®, and is
down-regulated in placentas from PE pregnancies®!.

All together, these data confirm that control-iPSC-derived trophoblast show significantly greater gene expres-
sion changes in response to hypoxia, and that these changes in gene expression are consistent with the cellu-
lar effects on invasive and secretory phenotypes uniquely noted in the control-iPSC-derived trophoblast, and
blunted/lacking in the PE-iPSC-derived trophoblast.

Assessment of the epigenome in MSCs and iPSCs from PE and non-PE control placentas.  Pre-
vious reports indicate that iPSCs retain both cell-of-origin-specific®>* and donor-specific epigenetic marks®*>.
To determine whether our MSC-derived iPSCs retain such epigenetic marks, we first compared their global
DNA methylation to source MSCs, human dermal fibroblasts (HDF), and matched HDF-derived iPSCs using
EPIC/450 k DNA methylation arrays. Principle component analysis (PCA) showed that each cell type clustered
tightly based on their DNA methylation patterns, with the greatest differences seen between primary cells and
iPSCs (PC1, 30%), followed by differences between MSCs and HDFs (PC2, 26%) (Fig. 6A). We further compared
the number of differentially methylated probes (DMPs) in these iPSCs to the embryonic stem cell line, WA09/
H9. We noted that MSC- and HDF-derived iPSCs have more probes in common with their respective cells-of-
origin, primary MSCs and HDFs, respectively (Fig. 6B). These data suggest that, based on DNA methylation
data, MSC-iPSCs retain some cell-of-origin epigenetic memory.

We next asked whether PE-specific DMPs were retained from the parental MSCs, through reprogramming
to iPSC and differentiation to trophoblast. DMP analysis showed very few probes were differentially methylated
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Figure 6. DNA methylation analysis, comparing iPSCs to their cells-of-origin. (A) PCA plot displaying
methylation data from our 6 mesenchymal stem cells (MSC) and 18 MSC-derived iPSC (3 iPSC clones per
MSC), and previously-obtained methylation data from human dermal fibroblasts (HDF) and HDF-derived
iPSCs. (B) Table displaying the number of differentially expressed probes (DMP) shared with H9/WA09 human
embryonic stem cell line, using Venn diagrams. Overlapping probes of each combination were compared, with
each cell type having a higher number of overlapping DMPs when compared to iPSC of the same cell-of-origin.
DMPs were determined using a AB-value of 0.3 or above; cross reacting and sex chromosome probes were
excluded from this analysis.

(FDR <0.05) when comparing the PE- and control-iPSC derived trophoblast at each time point (Fig. 7A). Among
the 850 K probes, there were only three to five probes each that remained significantly differentially methylated in
PE through differentiation, when compared to control iPSC. Overall, there were more hypermethylated regions
in PE-iPSC at each step of differentiation. However, when we evaluated these DMPs, we were unable to find a link
between the noted phenotypes in PE-iPSC-derived trophoblast and this small number of DMPs (data not shown).

We next evaluated the global DNA methylation profile (median p-value) of our PE- and control-iPSC-derived
trophoblast at day + 4 (at both oxygen tensions), for genomic regions around genes, in order to correlate changes
in methylation to changes in gene expression. We first evaluated all probes (Fig. 7B), then focused on probes
associated with 452 DEGs in PE- vs. control-iPSC-derived STB (day + 4 under 21% oxygen) (see Fig. 4A, right;
Supplementary Figure 6A), and subsequently on probes associated with 1802 DEGs unique to control-iPSC-
derived trophoblast’s response to hypoxia (see Fig. 5B; Supplementary Figure 6B). We noted that DNA methyla-
tion profiles of differentiated iPSCs were very similar (Fig. 7B, Supplementary Figure 6A-B), which was consistent
with our earlier DMP analysis, which required DMPs to have a AB-value greater than 0.3, resulting in very few
probes to identified as differentially methylated (see Fig. 7A).

To enable detection of small changes in methylation, we trichotomized the B-value into three categories; un-
methylated, semi-methylated, and full-methylated; transforming the p-value into 0, 1, 2, respectively®. Using
these trichotomized data, we identified a larger number of DMPs, with the number of probes that consistently
remained in the DMPs through reprogramming and differentiation ranging from ~ 560-3000 (568 and 564
hypomethylated DMPs maintained through differentiation at day +4 in 21% and 2% oxygen, respectively; and
2927 and 2614 hypermethylated DMPs maintained through differentiation at day +4 in 21% and 2% oxygen,
respectively). In order to evaluate the association between these DMPs and the differentiation defect associated
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Figure 7. DNA methylation analysis with respect to iPSC phenotype. (A) Table displaying the number of DMPs
between PE and control MSC, undifferentiated iPSC, and iPSC at day +4 of differentiation (at either 2% or 21%
oxygen) (n=6 for each comparison). DMPs were determined using a Ap-value of 0.3 or above; cross reacting
and sex chromosome probes were excluded from this analysis. (B) Average -value plot showing PE and control
at day + 4 differentiation, with genomic regions around coding genes. (C) Venn diagram showing the number

of DMPs (based on trichotomized data), hyper- or hypo- methylated in either control- or PE-iPSC-derived
trophoblast, with summary of GREAT output and top 10 GO terms from DMPs uniquely hypomethylated in
control-iPSC derived trophoblast under 2% oxygen, displayed in the right panel.

with PE-iPSC, we performed functional analysis using the Genomic Regions Enrichment of Annotations Tool
(GREAT)® with data from both control- and PE-iPSC at day +4 of differentiation under 21% oxygen; however,
we did not identify any functional terms that explained the STB defect noted in the PE-iPSC.

We next evaluated the trichotomized probe data with respect to response to hypoxia, focusing on probes that
were uniquely differentially methylated in either control- or PE-iPSC-derived trophoblast under 2% oxygen.
Surprisingly, we noted a significantly higher number of DMPs in hypoxia in PE-iPSC-derived trophoblast (7668
probes uniquely hypermethylated and 5531 probes uniquely hypomethylated) compared to control-iPSC-derived
trophoblast (4309 probes uniquely hypermethylated and 2680 probes uniquely hypomethylated) (Fig. 7C); this is
in contrast to a smaller number of DEGs noted in hypoxia in PE-iPSC-derived trophoblast (761 unique DEGs)
compared to control-iPSC-derived trophoblast (1802 unique DEGs) (see Fig. 5B). We performed functional
analysis on each unique probe set using GREAT (Fig. 7C, Supplementary Figure 7), and found that probes
uniquely hypomethylated in control-iPSC-derived trophoblast under hypoxia were enriched for “locomotion”
(GO: 040011), “cell motility” (GO:048870), and “cell migration” (GO: 0016477) in the top 10 GO terms (Fig. 7C,
Supplementary Figure 88). This was consistent with the phenotype in these cells, showing enhanced Matrigel
invasion under 2% oxygen compared to invasion under 21% oxygen (see Fig. 3A). Among the genes identified
through functional enrichment analysis of these DMPs, we identified genes associated with EVT differentiation
and cell invasion that were uniquely enriched in control-iPSC-derived trophoblast under hypoxia. These included
TWIST1 (also known as twist family bHLH transcription factor 1), and BAMBI (BMP and activin membrane
bound inhibitor). TWIST1, which is a negative regulator of trophoblast cell invasion®"°, was uniquely down-
regulated 2.9-fold in control-iPSC-derived trophoblast under hypoxia. BAMBI, which mediates BMP2-induced
activation of WNT/B-catenin pathway and trophoblast invasion in human primary EVT and immortalized
human EVT cell lines”", was uniquely upregulated 3.1-fold in control-iPSC-derived trophoblast under hypoxia.

Overall, our DNA methylation analysis pointed to the presence of cell-of-origin memory, but no PE-specific
marks that are retained through reprogramming into iPSC and differentiation into trophoblast, and very little
genome-wide correlation with gene expression. Nevertheless, functional enrichment analysis did show some
association between DMPs and DEGs with respect to the differential response of iPSCs to hypoxia, with enrich-
ment for cell invasion-associated probes in control-iPSC-derived trophoblast under 2% oxygen.

Discussion

Thus far, it has not been possible to model cellular defects in preeclampsia (PE), as the disease potential of early
gestation CTB is unknown and the differentiation potential of CTB from third trimester tissue is limited’. In this
study, using iPSCs reprogrammed from MSCs derived from control and PE umbilical cords, and our step-wise
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method of trophoblast differentiation of these cells*, we were able to show equivalent CTB induction, but
blunted STB formation and maturation, as well as abnormal formation/function of STB and EVT in response to
hypoxia, only in PE-iPSC. Both of these cellular defects have been associated with PE: specifically, spontaneous
syncytialization was found to be threefold lower in CTB isolated from PE placentae* and the blunted invasive
capacity in response to hypoxia is consistent with previous literature suggesting a failure of placental development
early in gestation, when oxygen tension is low'*. In fact, Sheridan et al.*”, who used a different protocol (“BAP”
protocol) for trophoblast differentiation of iPSC, also noted blunted differences in invasive capacity in their PE-
associated iPSC in response to changes in oxygen tension. Though these studies cannot be directly compared, due
to differences in the culture conditions used for derivation, maintenance, and trophoblast differentiation of iPSC
lines, the finding that two different cohorts of PE-iPSC-derived trophoblast show abnormal responses to changes
in oxygen tension suggests that iPSCs can be used to recapitulate and model this complex pregnancy disorder.

In addition to the cellular phenotype, RNAseq analysis of PE-iPSC-derived trophoblast revealed similarities to
differentially expressed genes (DEGs) in PE placentae. In particular, we identified multiple genes associated with
protection against oxidative stress (GPX3 and GPX4)'%44*>, DNA damage (ATF3)**’, and ER stress (RTN3)*,
whose expression was similarly decreased in PE-iPSC-derived STB as well as in PE placentae. Since we did not
identify a baseline increase in apoptosis of PE-iPSC-derived STB (data not shown), the above data suggest that
this PE-associated phenotype may be secondary to the uteroplacental microenvironment, as has been previ-
ously suggested'>”>. This indicates that in future studies, we can study not only the effect of specific stressors on
these iPSC-derived STB, but also investigate strategies to protect the cells against such stress-induced apoptosis.

There were also several genes whose differential expression and function correlate with the lack of response
of PE-iPSC-derived EVT to low oxygen tension, including liprin- a4 and STC1. Both of these genes promote
invasion of cancer cells, and both were uniquely upregulated in hypoxia only in control-iPSC-derived EVT.
Response to hypoxia is mediated primarily by hypoxia-inducible factor (HIF), which is comprised of an alpha and
beta subunit®, of which the latter (HIF1p or ARNT) showed a modest (1.3-fold) increase only in control-iPSC-
derived EVT. We have previously shown that the formation of this complex is required for differentiation of both
primary and iPSC-derived CTB into EVT!®*; nevertheless, based on both our data and those from Sheridan
etal.”’, it appears that this subtle difference in ARNT expression under hypoxia is not associated with a defect in
EVT differentiation of PE-iPSC. Rather, it is the underlying function of these cells (invasion) which is blunted
under conditions (hypoxia) in which early placentation occurs®. In addition to changes in expression of mRNAs
(as noted for liprin- a4 and STC1 above), at least part of this phenotype may be due to changes in non-coding
RNAs, including MEG3 and miR-210, which regulate HIF translation and downstream signaling, respectively®®.
Therefore, future studies can also take advantage of the PE-iPSC model system to study mechanisms of post-
transcriptional regulation of EVT invasion under different oxygen tensions.

While changes in expression of many genes in PE-iPSC-derived trophoblast, including PSG4, were consistent
with the PE placental phenotype’, we did not see changes in genes widely known to be involved in syncytiali-
zation (such as GCM1 and SYNCYTING): it is possible that the defect in syncytialization in these particular
placentas are attributable to other, as yet unknown, genes involved in this process. In addition, we also did not
see expression differences in genes coding for PE-associated circulating anti-angiogenic biomarkers (such as
SFLT1 or sENG)”>7°. The latter, however, tend to be highly variable within this patient population’’, as also noted
by Sheridan et al.?’.

Compared to the only other iPSC-based study of PE¥, our study went one step further, evaluating not just
gene expression, but also DNA methylation changes across reprogramming and differentiation. This was done,
partly because multiple studies have associated early-onset severe PE with specific patterns of DNA methylation
in the placenta’”?, and partly because of reports indicating preservation of some cell type-specific epigenetic
marks following reprogramming®®. In fact, DNA methylation analysis did suggest that our iPSCs more closely
resembled their cell-of-origin (umbilical cord-derived MSCs), rather than dermal fibroblasts. However, there
were very few PE-specific methylation marks which were preserved through reprogramming and differentiation,
and none that explained the STB formation/maturation defect.

With regard to the oxygen response phenotype, we did identify several enriched GO terms, cell motility,
locomotion, and migration, among probes uniquely hypomethylated in control-iPSC-derived trophoblast, cor-
responding to their unique phenotype of enhanced invasion under hypoxia. However, overall, there was mini-
mal correlation between gene expression and DNA methylation, a finding that perhaps is not surprising, given
similar prior reports in human placental tissues®. Nevertheless, these data suggest that at least part of the “PE”
phenotype resides in a molecular defect in somatic cells which manifest only during differentiation. This has
been previously suggested for other iPSC-based disease models, including Parkinson’s disease®!. Future studies
should focus on assessment of chromatin state, in addition to the methylome and transcriptome, and preferably
evaluate these changes, not just in iPSC, their cell-of-origin, and their trophoblast derivatives, but also in the
trophoblast derived from the same placentae as the iPSCs.

It should be noted that, while our study documented this oxygen response phenotype only in iPSC-derived
trophoblast, Sheridan et al.’” also noted such a defect in their MSCs. In fact, their PE-associated MSCs could
only be cultured under low oxygen (4-5%)*, while ours did not show any difference in growth in either low
(2%) or high (21%) oxygen, allowing us to culture and reprogram these cells into iPSC under 21% oxygen. To
the extent that this phenotype is similar to the defect in invasive capacity of PE-iPSC-derived trophoblast under
low oxygen, it is possible that Sheridan’s MSCs retained this phenotype following reprogramming, while ours
acquired this phenotype only following trophoblast differentiation of these cells.

Our study had several limitations, however. First, compared to the study by Sheridan et al.*’, we chose to focus
on iPSCs from a smaller number of patients (3 PE and 3 non-PE), instead further defining the disease based on
presence of both severe PE-specific clinical signs and symptoms and placental pathological lesions. This precluded
the comparison of male and female lines; however, Sheridan et al.” failed to identify any differences in their
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PE-iPSC phenotype based on fetal sex. In addition, we noted significant variability among both inter-patient
and intra-patient iPSC clones, even in the undifferentiated state, which was perhaps not surprising, given prior
studies documenting contributions of both genetic and non-genetic (i.e. chromatin) factors to clone-to-clone
variability®>-%°. While this justified treating these iPSC lines independently, it also suggests that analysis of iPSC
lines from additional patients is warranted in future studies. Finally, while our two-step model allowed for a more
detailed analysis of trophoblast differentiation stage-specific phenotype, given the lack of lineage-specific dif-
ferentiation in the second step, much of our analysis (including RNAseq and DNA methylation) was confounded
due to the presence of a mixed culture of STB- and EVT-like cells*. In particular, as previously described®®, EVT
differentiation in these conditions was often suboptimal, accounting for at most 20-25% of the mixed culture,
even under 2% oxygen. It was therefore not surprising to find only a PE-specific STB phenotype (and a greater
number of PE-specific DEGs for this lineage), and not a PE-specific EVT phenotype. Our small patient cohort,
driven by our strict selection criteria based on clinical and pathological presentation, did in fact show a decreased
tendency toward EVT differentiation in PE-iPSCs; it is possible that with additional iPSC lines, we would have
seen a statistically significant difference. In future studies, we will not only include additional iPSC lines from
more patients, we also plan to take advantage of the newly-developed culture conditions for derivation and
lineage-specific differentiation of human trophoblast stem cells (WTSC)®. We plan to adapt our iPSC-derived CTB
to hTSC media, then perform STB- and EVT-specific differentiation for a more careful and detailed phenotypic
and molecular study, particularly focusing on identification of PE-associated EVT-specific defects.

In conclusion, we have confirmed the utility of iPSC-based models for study of PE, and identified several
cell-based phenotypic features which can be studied using this model, along with associated changes in gene
expression and DNA methylation. While additional work is needed to optimize this system, this study further
paves the way for modeling complex placenta-based disorders of pregnancy, allowing for study of underlying
mechanisms of disease pathogenesis, but also offering a system for safe and rapid screening of therapeutics for
reversing disease phenotype.

Materials and Methods

Generation of mesenchymal stem cells from umbilical cords. Human umbilical cord (UC) was
collected aseptically under a protocol approved by the Human Research Protections Program Committee of
the UCSD Institutional Review Board. (IRB number: 181917X). All patients gave informed consent for collec-
tion and use of these tissues, and all experiments were performed within guidelines and regulations set forth
by the IRB. Mesenchymal stem cell (MSC) isolation was performed using a protocol modified from previous
publications®***. In brief,~2 cm UC was washed with 2% Penicillin/streptomycin (Gemini) and 0.2% gen-
tamicin (ThermoFisher) containing phosphate-buffered saline/PBS. UCs were minced into 1-2mm? fragments
using scissors and forceps, then placed at regular intervals throughout 100 mm tissue culture dishes. Once the
edges of the fragments are dried and adhered (30 min to an hour) , basal media (Gibco’s alpha MEM with nucle-
otide, containing 10% FBS) was added in the dishes. Cultures were maintained with medium replacements every
3 days in a humidified atmosphere with 5% CO, at 37 °C. After approximately 3 weeks, fibroblast-like adherent
cells migrated out from the tissue fragments. The adherent cells and tissue fragments were detached using Try-
PLE Express (ThermoFisher), and were filtered (100 pm mesh filter; Fisherbrand) to remove tissue fragments.
The cells were reseeded in T-175 flasks for further expansion in growth medium (Gibcos alpha MEM with
nucleotide, containing 10% FBS and 3 ng/ml recombinant basic fibroblast growth factor (b-FGF). All cells were
positive for the mesenchymal cell marker CD73, and negative for endothelial (CD31) and leukocyte (CD45)
markers, by flow cytometry. Cells were frozen down at passage 1, following negative mycoplasma testing.

Generation of iPSClines. MSCs (passage 3-4) were used for reprogramming in order to maximize repro-
gramming efficiency. MSCs were karyotyped both before and after reprogramming, to confirm normal chro-
mosome number and confirm fetal sex. Reprogramming was done using CytoTune -iPSC 2.0 Sendai Repro-
gramming Kit (ThermoFisher) following the manufacturer’s protocol. In brief, reprogramming vectors were
transduced into MSCs. Post-transduction day 5-7, MSCs were replated onto irraditated mouse embryonic
feeder (MEF)-coated dishes with WiCell media (DMEM/F12 containing 20% Knockout serum replacement, 1X
Glutamax, and 1X Nonessential amino acid, 0.1 mM 2-mercaptoethanol and 12 ng/ml b-FGF). P0 iPSC colo-
nies appeared around 2 weeks post-transduction, and were subsequently picked for subcultures and passaged
up to 10 times to dilute Sendai virus out from the culture. All the cells used in this study passed quality control
assays, including confirmation of pluripotency (based on Pluritest, ThermoFisher) (Supplementary Figure 1A),
normal karyotype (Karyostat, ThermoFisher) (Supplementary Figure 1B), and absence of residual expression of
exogenous reprogramming factors. Cells were routinely tested for mycoplasma, and confirmed negative for all
established lines.

Human pluripotent stem cell culture and differentiation.. Trophoblast differentiation of the human
pluripotent stem cells was performed under a protocol approved by the UCSD Institutional Review Board and
Embryonic Stem Cell Research Oversight Committee (ESCRO Protocol number: 171648). All experiments were
performed within the guidelines and regulations set by the ESCRO. Prior to differentiation, iPSCs were con-
verted to feeder-free conditions in StemFlex (ThermoFisher) on Geltrex (ThermoFisher) coated plates (coated
using 1:200 diluted Geltrex). Differentiation was performed using the two-step trophoblast differentiation estab-
lished in our lab (detailed in Horii et al. 2019). iPSC cell passages 5-10 post-StemFlex adaptation were used for
all experiments. XVIVO hypoxia workstation (Biospherix) was used for cell culture under 2% oxygen. Media
was changed every day.

Scientific Reports |

(2021) 11:5877 | https://doi.org/10.1038/s41598-021-85230-5 nature portfolio



www.nature.com/scientificreports/

Fusion assay. Cells grown on geltrex coated coverslips in the second step were fixed with ice cold 4% para-
formaldehyde in PBS at room temperature for 10 min. Cells were then permeabilized with 0.3% Triton X-100 for
10 min and incubated with rabbit anti-ZO-1 antibody (Abcam, ab59720) as a primary antibody, and visualized
by Alexa Fluor 595-conjugated goat anti-rabbit secondary antibody (ThermoFisher); nuclei were counterstained
with DAPI (ThermoFisher) for 5 min. Cells and nuclei were counted in five random areas of the slide, and fusion
index was calculated per the following formula: Fusion index = (number of STB nuclei - number of STB)/total
number of nuclei (as previously described in Horii et al. 2016). To decrease bias, the researcher counting cells/
nuclei was blinded to the study number and disease state of iPSC.

Cellinvasion assay. Transwell membranes (8.0 um pore inserts in 24-well plate, Corning), coated with 5%
Matrigel in DMEM/12, were used to perform the invasion assay. iPSC-derived CTB-like cells (over 80% EGFR*
by flow cytometry) were dissociated using TrypLE Express (ThermoFisher). 5x 10* cells were resuspended in
200 pl FCM with 10 ng/mL BMP4 and plated in the upper chamber of the insert, then placed in the 24 well
plate containing 500 ul FCM with 10 ng/mL BMP4; media in the bottom of the chamber was changed every day.
After 4 days, cells in the upper surface of the membrane were removed by a cotton swab. Cells at the bottom
of the membrane were fixed with 4% PFA, and stained with mouse anti-HLA-G antibody (ab52455, Abcam),
followed by Alexa Fluor 595-conjugated goat anti-mouse secondary antibody, and counterstained with DAPI
(ThermoFisher). Quantification of invaded cells was done by manual counting of HLA-G" cells.

Flow cytometric analysis. Flow cytometry was conducted using live cells. Cells were collected and incu-
bated at room temperature for one hour in FC buffer (0.5% BSA and 1% FBS in PBS) with an APC conjugated
mouse anti-human EGFR antibody (clone AY13, BioLegend) and PE-conjugated mouse anti-HLA-G antibody
(MEM-G/9, ExBio). APC-conjugated mouse IgG (cloneMOPC-21, BioLegend) and PE-conjugated mouse IgG
(cloneMOPC-21, BioLegend) were used as isotype IgG controls. Cells were washed 3 times with FC buffer and
analysis was carried out using a BD FACS-Canto Flow Cytometer.

hCG hormone secretion assays. Cell culture supernatants were collected and stored at -80 °C until use.
Levels of total hCG were quantified using the hCG ELISA Kit (HC251F, Calbiotech Inc.). The results were nor-
malized to total DNA content, extracted by DNeasy (Qiagen), and quantified by Qubit dsDNA BR assay kit
(ThermoFisher).

RNA isolation, cDNA preparation, quantitative real-time PCR, and RNA sequencing. Total
RNA was isolated using mirVana RNA Isolation Kit (Ambion). RNA concentration was measured using Qubit
RNA BR assay kit (ThermoFisher). RNA integrity was checked using RNA 6000 Nano chip read by a 2100 bio-
analyzer (Agilent). All samples had a RIN above 8.0.

cDNA was prepared from total RNA using the Primescipt RT-Kit (Takara bio). Quantitative real-time PCR
(qPCR) was performed using TB GREEN (Takara bio) on a Quant-it Studio 5 thermocycler (ThermoFisher).
The primer sequences used are TP63 (ANp63 isoform; F 5'-CTG GAA AAC AAT GCC CAG A-3', R5-AGA
GAG CAT CGA AGG TGG AG-3"), CDX2 (F 5-TTC ACT ACA GTC GCT ACA TCA CC-3',R5-TTG ATT
TTC CTCTCC TTT GCT C-3"), PSG4 (F 5-CCA GGG TAA AGC GACCCA TT-3',R5-AGA ATA TTG TGC
CCG TGG GT-3'), HLA-G (F 5’- ACT GAG TGG CAA GTC CCT TT -3/, R 5'- TGG GGA AGG AAT GCA
GTT CAG-3'),L19 (F 5 -AAA ACA AGC GGA TTC TCA TGG A- 3',R 5 -TGC GTG CTT CCT TGG TCT
TAG- 3'). Relative expression of each transcript was calculated using AAC; method, normalized to L19 rRNA.

RNAseq libraries were prepared using the TruSeq Stranded Total RNA Sample preparation kit with Ribo-
Zero Gold (Illumina) at the IGM Genomics Center, University of California, San Diego, La Jolla, CA. Libraries
were pooled and sequenced on NovaSeq 6000 S1Flow Cell (Illumina) to an average depth of 28 million uniquely
mapped reads. Quality control was performed using FastQC (v. 0.11.8) and multiQC (v. 1.6), and one replicate
(1938 iPS 1, day4) was eliminated from analysis (Supplementary Figure 3A,B). Reads were mapped to GRCh38.
p10 (GENCODE release 26) using STAR (v. 2.7.3a)¥” and annotated using featureCounts (subread v.1.6.3, GEN-
CODE release 26 primary assembly annotation)®. The STAR parameters used were: —runMode alignReads—
outSAMmode Full—outSAMattributes Standard—genomeLoad LoadAndKeep—clip3pAdapterSeq AGATCG
GAAGAGC—clip3pAdapterMMp 1. The featureCounts parameters were: -s 2 -p -t exon -T 13 -g gene_id®.
Ensembl genes without at least three samples with 10 or more reads were removed from analysis. Normalization
and differential expression analysis were performed using the R (v. 3.6.3) package DEseq2 (v. 1.28.1)*°. BiomaRt
(v. 2.42.1) was used to convert Ensembl gene ID’s to HUGO gene names, and gene set enrichment analysis was
done using the R(v. 3.6.3) package FGSEA (v. 1.14.0). Data visualization was done in R (v. 4.0.2) using the pack-
age gplots (v3.0.4) and Qlucore Omics Explorer (v3.6) (Qlucore).

DNA isolation and DNA methylation analysis.. DNA was isolated using the DNeasy kit (Qiagen) and
quantified using the Qubit dsDNA BR assay kit (ThermoFisher). 500 ng of DNA underwent bisulfite conversion,
hybridization to the Infinium Human Methylation EPIC beadchip (Illumina) and run on an iScan (Illumina) by
the IGM Genomics Center, University of California, San Diego, La Jolla, CA. Using the built-in quality control
probes, all the samples passed quality control in GenomeStudio (Illumina). Preprocessing and normalization
steps were done by using the R (v3.6.2) package Minfi (v1.34.0)°". Raw data (idat files) were combined, then nor-
malized by noob normalization. M values were used to create PCA plots using the Qlucore Omics Explorer (v3.6)
and differentially methylated probes (DMP) were detected using the dmpFinder function in Minfi (v1.34.0).
Cross reacting probes® and sex chromosomes were removed from the list of DMPs. Beta values were trichoto-
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mized (unmethylated, semi-methylated, and full-methylated) using a probability approach (Bayesian Gaussian
Mixture model) using CpGtools (v. 1.0.2)%. Trichotomized probes were used for differential methylation analy-
sis where stated. Beta values and the beta_profile_region.py script were used to create average methylation line
plots using hg38.RefSeq.union.bed®. Functional significance of cis-regulatory regions was performed in GREAT
using a 100 kb maximum extension®”. Average methylation plots were created with CpGtools (v. 1.0.2) using the
average of shown group’s median value of three samples, and the genomic region stated. Previously published
samples (HDE, HDF-iPSC and H9/WA09) from Illumina’s 450 K platform® were used in the data analysis.
Platform-to-platform differences between the 450 k and Epic arrays were not found (Supplementary Figure 5A),
nor was any difference found between PE and control MSC derived cells (Supplementary Figure 5B).

Statistical analysis. Bar chart data display mean+standard deviation of triplicates as stated. Box plots
show median with the center line, mean as the cross mark, with the box indicating the upper and lower quartile,
the whiskers indicating maximum and minimum values, and outlier/single data point being marked as circles.
Statistical analysis was done using Mann-Whiney U test for independent samples, and Wilcoxon Signed Rank
Test for dependent samples; * displays statistically significant values (as indicated in the figures). Differential
expression analysis was performed using DEseq2 and an adjusted p value <0.05 was considered differentially
expressed. Differential methylation analysis was performed using Minfi, with probes with adjusted p value <0.05
and AB-value > 0.3 considered to be differentially methylated. A delta greater than 1 was considered differentially
methylated using trichotomized data.

Data availability
RNAseq and DNA methylation data have been deposited to the Gene Expression Omnibus database under the
accession number GSE159480.

Received: 18 November 2020; Accepted: 26 February 2021
Published online: 15 March 2021

References

1. American College of Obstetricians and Gynecologists’ Committee on Practice Bulletins—Obstetrics. Gestational Hypertension
and Preeclampsia: ACOG Practice Bulletin, Number 222. Obstet Gynecol. 135(6):e237-e260. (2020) doi:https://doi.org/10.1097/
A0OG.0000000000003891

2. Steegers, E. A., von Dadelszen, P,, Duvekot, J. ]. & Pijnenborg, R. Pre-eclampsia. Lancet 376(9741), 631-644. https://doi.org/10.1016/
S0140-6736(10)60279-6 (2010).

3. Barker, D. J. The origins of the developmental origins theory. J. Intern. Med. 261(5), 412-417. https://doi.org/10.111
1/j.1365-2796.2007.01809.x (2007).

4. O'Brien, T. E,, Ray, J. G. & Chan, W. S. Maternal body mass index and the risk of preeclampsia: a systematic overview. Epidemiology
14(3), 368-374. https://doi.org/10.1097/00001648-200305000-00020 (2003 ).

5. Roberts, . M., Redman, C. W. G. & Global Pregnancy Collaboration. Global Pregnancy Collaboration symposium: prepregnancy
and very early pregnancy antecedents of adverse pregnancy outcomes: overview and recommendations. Placenta 60, 103-109.
https://doi.org/10.1016/j.placenta.2017.07.012 (2017).

6. Red-Horse, K. et al. Trophoblast differentiation during embryo implantation and formation of the maternal-fetal interface. J. Clin.
Invest. 114(6), 744-754. https://doi.org/10.1172/JCI22991 (2004).

7. Huppertz, B., Burton, G., Cross, J. C. & Kingdom, J. C. Placental morphology: from molecule to mother—a dedication to Peter
Kaufmann—a review. Placenta. 27(Suppl A), S3-S8. https://doi.org/10.1016/j.placenta.2006.01.007 (2006).

8. Jauniaux, E. et al. Onset of maternal arterial blood flow and placental oxidative stress. A possible factor in human early pregnancy
failure. Am. J. Pathol. 157(6), 2111-22. https://doi.org/10.1016/S0002-9440(10)64849-3 (2000).

9. Alsat, E. et al. Hypoxia impairs cell fusion and differentiation process in human cytotrophoblast, in vitro. J. Cell Physiol. 168(2),
346-353. https://doi.org/10.1002/(SICI)1097-4652(199608)168:2%3c346::AID-JCP13%3€3.0.CO;2-1 (1996).

10. Wakeland, A. K. et al. Hypoxia directs human extravillous trophoblast differentiation in a hypoxia-inducible factor-dependent
manner. Am. J. Pathol. 187(4), 767-780. https://doi.org/10.1016/j.ajpath.2016.11.018 (2017).

11. Khong, T. Y. et al. Sampling and definitions of placental lesions: Amsterdam placental workshop group consensus statement. Arch.
Pathol. Lab. Med. 140(7), 698-713. https://doi.org/10.5858/arpa.2015-0225-CC (2016).

12. Ernst, L. M. Maternal vascular malperfusion of the placental bed. APMIS 126(7), 551-560. https://doi.org/10.1111/apm.12833
(2018).

13. Farah, O., Nguyen, C., Tekkatte, C. & Parast, M. M. Trophoblast lineage-specific differentiation and associated alterations in
preeclampsia and fetal growth restriction. Placenta https://doi.org/10.1016/j.placenta.2020.02.007 (2020).

14. Burton, G. J., Woods, A. W,, Jauniaux, E. & Kingdom, J. C. Rheological and physiological consequences of conversion of the
maternal spiral arteries for uteroplacental blood flow during human pregnancy. Placenta 30(6), 473-482. https://doi.org/10.1016/j.
placenta.2009.02.009 (2009).

15. Burton, G. J., Yung, H. W,, Cindrova-Davies, T. & Charnock-Jones, D. S. Placental endoplasmic reticulum stress and oxidative
stress in the pathophysiology of unexplained intrauterine growth restriction and early onset preeclampsia. Placenta 30(Suppl A),
$43-548. https://doi.org/10.1016/j.placenta.2008.11.003 (2009).

16. Haram, K., Mortensen, J. H., Myking, O., Magann, E. F. & Morrison, J. C. The role of oxidative stress, adhesion molecules and
antioxidants in preeclampsia. Curr. Hypertens. Rev. 15(2), 105-112. https://doi.org/10.2174/1573402115666190119163942 (2019).

17. Horii, M., Touma, O., Bui, T. & Parast, M. M. Modeling human trophoblast, the placental epithelium at the maternal fetal interface.
Reproduction 160(1), R1-R11. https://doi.org/10.1530/REP-19-0428 (2020).

18. Xu, R. H. et al. BMP4 initiates human embryonic stem cell differentiation to trophoblast. Nat. Biotechnol. 20(12), 1261-1264. https
://doi.org/10.1038/nbt761 (2002).

19. Das, P. et al. Effects of fgf2 and oxygen in the bmp4-driven differentiation of trophoblast from human embryonic stem cells. Stem
Cell Res. 1(1), 61-74. https://doi.org/10.1016/j.scr.2007.09.004 (2007).

20. Wu, Z. et al. Combinatorial signals of activin/nodal and bone morphogenic protein regulate the early lineage segregation of human
embryonic stem cells. J. Biol. Chem. 283(36), 24991-25002. https://doi.org/10.1074/jbc.M803893200 (2008).

21. Zhang, P. et al. Short-term BMP-4 treatment initiates mesoderm induction in human embryonic stem cells. Blood 111(4), 1933—
1941. https://doi.org/10.1182/blood-2007-02-074120 (2008).

Scientific Reports |

(2021) 11:5877 | https://doi.org/10.1038/s41598-021-85230-5 nature portfolio


https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1016/S0140-6736(10)60279-6
https://doi.org/10.1016/S0140-6736(10)60279-6
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1097/00001648-200305000-00020
https://doi.org/10.1016/j.placenta.2017.07.012
https://doi.org/10.1172/JCI22991
https://doi.org/10.1016/j.placenta.2006.01.007
https://doi.org/10.1016/S0002-9440(10)64849-3
https://doi.org/10.1002/(SICI)1097-4652(199608)168:2%3c346::AID-JCP13%3e3.0.CO;2-1
https://doi.org/10.1016/j.ajpath.2016.11.018
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.1111/apm.12833
https://doi.org/10.1016/j.placenta.2020.02.007
https://doi.org/10.1016/j.placenta.2009.02.009
https://doi.org/10.1016/j.placenta.2009.02.009
https://doi.org/10.1016/j.placenta.2008.11.003
https://doi.org/10.2174/1573402115666190119163942
https://doi.org/10.1530/REP-19-0428
https://doi.org/10.1038/nbt761
https://doi.org/10.1038/nbt761
https://doi.org/10.1016/j.scr.2007.09.004
https://doi.org/10.1074/jbc.M803893200
https://doi.org/10.1182/blood-2007-02-074120

www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yu, P, Pan, G, Yu, J. & Thomson, J. A. FGF2 sustains NANOG and switches the outcome of BMP4-induced human embryonic
stem cell differentiation. Cell Stem Cell 8(3), 326-334. https://doi.org/10.1016/j.stem.2011.01.001 (2011).

Erb, T. M. et al. Paracrine and epigenetic control of trophectoderm differentiation from human embryonic stem cells: the role of
bone morphogenic protein 4 and histone deacetylases. Stem Cells Dev. 20(9), 1601-1614. https://doi.org/10.1089/scd.2010.0281
(2011).

Aghajanova, L. et al. Comparative transcriptome analysis of human trophectoderm and embryonic stem cell-derived trophoblasts
reveal key participants in early implantation. Biol. Reprod. 86(1), 1-21. https://doi.org/10.1095/biolreprod.111.092775 (2012).
Sudheer, S., Bhushan, R., Fauler, B., Lehrach, H. & Adjaye, J. FGF inhibition directs BMP4-mediated differentiation of human
embryonic stem cells to syncytiotrophoblast. Stem Cells Dev. 21(16), 2987-3000. https://doi.org/10.1089/s¢d.2012.0099 (2012).
Amita, M. et al. Complete and unidirectional conversion of human embryonic stem cells to trophoblast by BMP4. Proc. Natl. Acad.
Sci. USA 110(13), E1212-E1221. https://doi.org/10.1073/pnas.1303094110 (2013).

Li, Y. et al. BMP4-directed trophoblast differentiation of human embryonic stem cells is mediated through a ANp63+ cytotropho-
blast stem cell state. Development 140(19), 3965-3976. https://doi.org/10.1242/dev.092155 (2013).

Telugu, B. P. et al. Comparison of extravillous trophoblast cells derived from human embryonic stem cells and from first trimester
human placentas. Placenta 34(7), 536-543. https://doi.org/10.1016/j.placenta.2013.03.016 (2013).

Warmflash, A., Sorre, B., Etoc, F, Siggia, E. D. & Brivanlou, A. H. A method to recapitulate early embryonic spatial patterning in
human embryonic stem cells. Nat. Methods 11(8), 847-854. https://doi.org/10.1038/nmeth.3016 (2014).

Yang, Y. et al. Heightened potency of human pluripotent stem cell lines created by transient BMP4 exposure. Proc. Natl. Acad. Sci
USA 112(18), E2337-E2346. https://doi.org/10.1073/pnas.1504778112 (2015).

Kurek, D. et al. Endogenous WNT signals mediate BMP-induced and spontaneous differentiation of epiblast stem cells and human
embryonic stem cells. Stem Cell Rep. 4(1), 114-128. https://doi.org/10.1016/j.stemcr.2014.11.007 (2015).

Horii, M. et al. Human pluripotent stem cells as a model of trophoblast differentiation in both normal development and disease.
Proc. Natl. Acad. Sci. USA 113(27), E3882-E3891. https://doi.org/10.1073/pnas.1604747113 (2016).

Yabe, S. et al. Comparison of syncytiotrophoblast generated from human embryonic stem cells and from term placentas. Proc.
Natl. Acad. Sci. USA 113(19), E2598-E2607. https://doi.org/10.1073/pnas.1601630113 (2016).

Krendl, C. et al. GATA2/3-TFAP2A/C transcription factor network couples human pluripotent stem cell differentiation to tro-
phectoderm with repression of pluripotency. Proc. Natl. Acad. Sci. USA 114(45), E9579-E9588. https://doi.org/10.1073/pnas.17083
41114 (2017).

Soncin, E et al. Comparative analysis of mouse and human placentae across gestation reveals species-specific regulators of placental
development. Development https://doi.org/10.1242/dev.156273 (2018).

Horii, M., Bui, T., Touma, O., Cho, H. Y. & Parast, M. M. An improved two-step protocol for trophoblast differentiation of human
pluripotent stem cells. Curr. Protoc. Stem Cell Biol. 50(1), 96. https://doi.org/10.1002/cpsc.96 (2019).

Sheridan, M. A. et al. Early onset preeclampsia in a model for human placental trophoblast. Proc. Natl. Acad. Sci. USA 116(10),
4336-4345. https://doi.org/10.1073/pnas.1816150116 (2019).

Ishige, I. et al. Comparison of mesenchymal stem cells derived from arterial, venous, and Wharton’s jelly explants of human
umbilical cord. Int. . Hematol. 90(2), 261-269. https://doi.org/10.1007/s12185-009-0377-3 (2009).

Yang, P. et al. Abnormal oxidative stress responses in fibroblasts from preeclampsia infants. PLoS ONE 9(7), e103110. https://doi.
org/10.1371/journal.pone.0103110 (2014).

Redline, R. W. et al. Maternal vascular underperfusion: nosology and reproducibility of placental reaction patterns. Pediatr. Dev.
Pathol. 7(3), 237-249. https://doi.org/10.1007/s10024-003-8083-2 (2004).

Miller, E. J. et al. A bioinformatic assay for pluripotency in human cells. Nat. Methods 8(4), 315-317. https://doi.org/10.1038/
nmeth.1580 (2011).

Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 1(6), 417-425. https://doi.
0rg/10.1016/j.cels.2015.12.004 (2015).

Li, H. et al. Adrenomedullin is decreased in preeclampsia because of failed response to epidermal growth factor and impaired
syncytialization. Hypertension 42(5), 895-900. https://doi.org/10.1161/01.HYP.0000095613.41961.6E (2003).

Mistry, H. D. et al. Differential expression and distribution of placental glutathione peroxidases 1, 3 and 4 in normal and preec-
lamptic pregnancy. Placenta 31(5), 401-408. https://doi.org/10.1016/j.placenta.2010.02.011 (2010).

Jin, X. et al. Proteomics analysis of human placenta reveals glutathione metabolism dysfunction as the underlying pathogenesis for
preeclampsia. Biochim. Biophys. Acta Proteins Proteom. 1865(9), 1207-1214. https://doi.org/10.1016/j.bbapap.2017.07.003 (2017).
Chen, B. P, Wolfgang, C. D. & Hai, T. Analysis of ATF3, a transcription factor induced by physiological stresses and modulated
by gadd153/Chop10. Mol. Cell Biol. 16(3), 1157-1168. https://doi.org/10.1128/mcb.16.3.1157 (1996).

Fan, F. et al. ATF3 induction following DNA damage is regulated by distinct signaling pathways and over-expression of ATF3
protein suppresses cells growth. Oncogene 21(49), 7488-7496. https://doi.org/10.1038/sj.onc.1205896 (2002).

Cunningham, C. N. et al. Cells deploy a two-pronged strategy to rectify misfolded proinsulin aggregates. Mol. Cell 75(3), 442-456.
e4. https://doi.org/10.1016/j.molcel.2019.05.011 (2019).

Daglar, K., Kirbas, A., Timur, H., Ozturk, I. Z. & Danisman, N. Placental levels of total oxidative and anti-oxidative status,
ADAMTS-12 and decorin in early- and late-onset severe preeclampsia. J. Matern. Fetal Neonatal. Med. 29(24), 4059-4064. https
://doi.org/10.3109/14767058.2016.1154942 (2016).

Sasaki, H. et al. Novel chemiluminescence assay for serum periostin levels in women with preeclampsia and in normotensive
pregnant women. Am. J. Obstet. Gynecol. 186(1), 103-108. https://doi.org/10.1067/mob.2002.118157 (2002).

Yamasaki, A. et al. Liprin-a4 as a possible new therapeutic target for pancreatic cancer. Anticancer Res. 37(12), 6649-6654. https
://doi.org/10.21873/anticanres.12122 (2017).

Wang, Y. et al. Stanniocalcin-1 promotes cell proliferation, chemoresistance and metastasis in hypoxic gastric cancer cells via Bcl-2.
Oncol. Rep. 41(3), 1998-2008. https://doi.org/10.3892/0r.2019.6980 (2019).

Chan, K. K. et al. Secretory Stanniocalcin 1 promotes metastasis of hepatocellular carcinoma through activation of JNK signaling
pathway. Cancer Lett. 403, 330-338. https://doi.org/10.1016/j.canlet.2017.06.034 (2017).

Guller, S. et al. Placental expression of ceruloplasmin in pregnancies complicated by severe preeclampsia. Lab Invest. 88(10),
1057-1067. https://doi.org/10.1038/labinvest.2008.74 (2008).

Patel, J., Landers, K., Mortimer, R. H. & Richard, K. Regulation of hypoxia inducible factors (HIF) in hypoxia and normoxia during
placental development. Placenta 31(11), 951-957. https://doi.org/10.1016/j.placenta.2010.08.008 (2010).

Shih, J. W. & Kung, H. J. Long non-coding RNA and tumor hypoxia: new players ushered toward an old arena. J. Biomed. Sci. 24(1),
53. https://doi.org/10.1186/s12929-017-0358-4 (2017).

Cabili, M. N. et al. Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific sub-
classes. Genes Dev. 25(18), 1915-1927. https://doi.org/10.1101/gad.17446611 (2011).

Ivan, M. & Huang, X. miR-210: fine-tuning the hypoxic response. Adv. Exp. Med. Biol. 772, 205-227. https://doi.org/10.1007/978-
1-4614-5915-6_10 (2014).

Lee, D. C. et al. miR-210 targets iron-sulfur cluster scaffold homologue in human trophoblast cell lines: siderosis of interstitial
trophoblasts as a novel pathology of preterm preeclampsia and small-for-gestational-age pregnancies. Am. J. Pathol. 179(2),
590-602. https://doi.org/10.1016/j.ajpath.2011.04.035 (2011).

Scientific Reports |

(2021) 11:5877 | https://doi.org/10.1038/s41598-021-85230-5 nature portfolio


https://doi.org/10.1016/j.stem.2011.01.001
https://doi.org/10.1089/scd.2010.0281
https://doi.org/10.1095/biolreprod.111.092775
https://doi.org/10.1089/scd.2012.0099
https://doi.org/10.1073/pnas.1303094110
https://doi.org/10.1242/dev.092155
https://doi.org/10.1016/j.placenta.2013.03.016
https://doi.org/10.1038/nmeth.3016
https://doi.org/10.1073/pnas.1504778112
https://doi.org/10.1016/j.stemcr.2014.11.007
https://doi.org/10.1073/pnas.1604747113
https://doi.org/10.1073/pnas.1601630113
https://doi.org/10.1073/pnas.1708341114
https://doi.org/10.1073/pnas.1708341114
https://doi.org/10.1242/dev.156273
https://doi.org/10.1002/cpsc.96
https://doi.org/10.1073/pnas.1816150116
https://doi.org/10.1007/s12185-009-0377-3
https://doi.org/10.1371/journal.pone.0103110
https://doi.org/10.1371/journal.pone.0103110
https://doi.org/10.1007/s10024-003-8083-2
https://doi.org/10.1038/nmeth.1580
https://doi.org/10.1038/nmeth.1580
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1161/01.HYP.0000095613.41961.6E
https://doi.org/10.1016/j.placenta.2010.02.011
https://doi.org/10.1016/j.bbapap.2017.07.003
https://doi.org/10.1128/mcb.16.3.1157
https://doi.org/10.1038/sj.onc.1205896
https://doi.org/10.1016/j.molcel.2019.05.011
https://doi.org/10.3109/14767058.2016.1154942
https://doi.org/10.3109/14767058.2016.1154942
https://doi.org/10.1067/mob.2002.118157
https://doi.org/10.21873/anticanres.12122
https://doi.org/10.21873/anticanres.12122
https://doi.org/10.3892/or.2019.6980
https://doi.org/10.1016/j.canlet.2017.06.034
https://doi.org/10.1038/labinvest.2008.74
https://doi.org/10.1016/j.placenta.2010.08.008
https://doi.org/10.1186/s12929-017-0358-4
https://doi.org/10.1101/gad.17446611
https://doi.org/10.1007/978-1-4614-5915-6_10
https://doi.org/10.1007/978-1-4614-5915-6_10
https://doi.org/10.1016/j.ajpath.2011.04.035

www.nature.com/scientificreports/

60.

Zhou, C. et al. LncRNA MEG3 downregulation mediated by DNMT3b contributes to nickel malignant transformation of human
bronchial epithelial cells via modulating PHLPP1 transcription and HIF-1a translation. Oncogene 36(27), 3878-3889. https://doi.
org/10.1038/0nc.2017.14 (2017).

61. Zhang, Y. et al. Down-regulated long non-coding RNA MEG3 and its effect on promoting apoptosis and suppressing migration
of trophoblast cells. J. Cell Biochem. 116(4), 542-550. https://doi.org/10.1002/jcb.25004 (2015).

62. Kim, K. et al. Donor cell type can influence the epigenome and differentiation potential of human induced pluripotent stem cells.
Nat. Biotechnol. 29(12), 1117-1119. https://doi.org/10.1038/nbt.2052 (2011).

63. Noguchi, H., Miyagi-Shiohira, C. & Nakashima, Y. Induced tissue-specific stem cells and epigenetic memory in induced pluripotent
stem cells. Int. J. Mol. Sci. https://doi.org/10.3390/ijms19040930 (2018).

64. Polo, ]. M. et al. Cell type of origin influences the molecular and functional properties of mouse induced pluripotent stem cells.
Nat. Biotechnol. 28(8), 848-855. https://doi.org/10.1038/nbt.1667 (2010).

65. Kyttila, A. et al. Genetic variability overrides the impact of parental cell type and determines iPSC differentiation potential. Stem
Cell Rep. 6(2), 200-212. https://doi.org/10.1016/j.stemcr.2015.12.009 (2016).

66. Wei, T. et al. CpGtools: a python package for DNA methylation analysis. Bioinformatics https://doi.org/10.1093/bioinformatics/
btz916 (2019).

67. McLean, C. Y. et al. GREAT improves functional interpretation of cis-regulatory regions. Nat. Biotechnol. 28(5), 495-501. https://
doi.org/10.1038/nbt.1630 (2010).

68. Ng, Y. H,, Zhu, H. & Leung, P. C. Twist regulates cadherin-mediated differentiation and fusion of human trophoblastic cells. J.
Clin. Endocrinol. Metab. 96(12), 3881-90. https://doi.org/10.1210/jc.2010-2714 (2011).

69. Ng, Y. H., Zhu, H. & Leung, P. C. Twist modulates human trophoblastic cell invasion via regulation of N-cadherin. Endocrinology
153(2), 925-936. https://doi.org/10.1210/en.2011-1488 (2012).

70. Lu, X. et al. Twist] is involved in trophoblast syncytialization by regulating GCM1. Placenta 39, 45-54. https://doi.org/10.1016/j.
placenta.2016.01.008 (2016).

71. Zhao, H.]. et al. Bone morphogenetic protein 2 induces the activation of WNT/p-catenin signaling and human trophoblast inva-
sion through up-regulating BAMBI. Cell Signal. 67, 109489. https://doi.org/10.1016/j.cellsig.2019.109489 (2020).

72. McMaster, M. T. et al. Human placental HLA-G expression is restricted to differentiated cytotrophoblasts. J. Immunol. 154(8),
3771-3778 (1995).

73. Zhou, Y. et al. Reversal of gene dysregulation in cultured cytotrophoblasts reveals possible causes of preeclampsia. J. Clin. Invest.
123(7), 2862-2872. https://doi.org/10.1172/JCI66966 (2013).

74. Chang, C. L., Chang, C.Y,, Lee, D. X. & Cheng, P. ]. Characterization of human pregnancy specific glycoprotein (PSG) gene copy
number variations in pre-eclampsia patients. Adv. Exp. Med. Biol. 924, 63-65. https://doi.org/10.1007/978-3-319-42044-8_12
(2016).

75. Levine, R. J. et al. Circulating angiogenic factors and the risk of preeclampsia. N. Engl. J. Med. 350(7), 672-683. https://doi.
0rg/10.1056/NEJMo0a031884 (2004).

76. Levine, R.]. et al. Soluble endoglin and other circulating antiangiogenic factors in preeclampsia. N. Engl. . Med. 355(10), 992-1005.
https://doi.org/10.1056/NEJMo0a055352 (2006).

77. Kleinrouweler, C. E. et al. Accuracy of circulating placental growth factor, vascular endothelial growth factor, soluble fms-like
tyrosine kinase 1 and soluble endoglin in the prediction of pre-eclampsia: a systematic review and meta-analysis. BJOG 119(7),
778-787. https://doi.org/10.1111/j.1471-0528.2012.03311.x (2012).

78. Blair, J. D. et al. Widespread DNA hypomethylation at gene enhancer regions in placentas associated with early-onset pre-eclampsia.
Mol. Hum. Reprod. 19(10), 697-708. https://doi.org/10.1093/molehr/gat044 (2013).

79. Xuan, J. et al. Comprehensive analysis of DNA methylation and gene expression of placental tissue in preeclampsia patients.
Hypertens. Pregnancy 35(1), 129-138. https://doi.org/10.3109/10641955.2015.1117099 (2016).

80. Leavey, K., Wilson, S. L., Bainbridge, S. A., Robinson, W. P. & Cox, B. J. Epigenetic regulation of placental gene expression in
transcriptional subtypes of preeclampsia. Clin. Epigenet. 10, 28. https://doi.org/10.1186/s13148-018-0463-6 (2018).

81. Fernandez-Santiago, R. et al. Aberrant epigenome in iPSC-derived dopaminergic neurons from Parkinson’s disease patients. EMBO
Mol. Med. 7(12), 1529-1546. https://doi.org/10.15252/emmm.201505439 (2015).

82. Kilpinen, H. et al. Common genetic variation drives molecular heterogeneity in human iPSCs. Nature 546(7658), 370-375. https
://doi.org/10.1038/nature22403 (2017).

83. Carcamo-Orive, L. et al. Analysis of transcriptional variability in a large human iPSC library reveals genetic and non-genetic
determinants of heterogeneity. Cell Stem Cell 20(4), 518-532.€9. https://doi.org/10.1016/j.stem.2016.11.005 (2017).

84. Bedel, A. et al. Variable behavior of iPSCs derived from CML patients for response to TKI and hematopoietic differentiation. PLoS
ONE 8(8), €71596. https://doi.org/10.1371/journal.pone.0071596 (2013).

85. Li, C. et al. Genetic heterogeneity of induced pluripotent stem cells: results from 24 clones derived from a single C57BL/6 mouse.
PLoS ONE 10(3), €0120585. https://doi.org/10.1371/journal.pone.0120585 (2015).

86. Okae, H. et al. Derivation of human trophoblast stem cells. Cell Stem Cell 22(1), 50-63.¢6. https://doi.org/10.1016/j.stem.2017.11.004
(2018).

87. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29(1), 15-21. https://doi.org/10.1093/bioinformatics/
bts635 (2013).

88. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 30(7), 923-930. https://doi.org/10.1093/bioinformatics/btt656 (2014).

89. Towns, J. et al. XSEDE: accelerating scientific discovery. Comput. Sci. Eng. 16(5), 62-74. https://doi.org/10.1109/MCSE.2014.80
(2014).

90. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15(12), 550. https://doi.org/10.1186/s13059-014-0550-8 (2014).

91. Aryee, M. ]. et al. Minfi: a flexible and comprehensive Bioconductor package for the analysis of Infinium DNA methylation micro-
arrays. Bioinformatics 30(10), 1363-1369. https://doi.org/10.1093/bioinformatics/btu049 (2014).

92. Pidsley, R. et al. Critical evaluation of the Illumina MethylationEPIC BeadChip microarray for whole-genome DNA methylation
profiling. Genome Biol. 17(1), 208. https://doi.org/10.1186/s13059-016-1066-1 (2016).

93. Nazor, K. L. et al. Recurrent variations in DNA methylation in human pluripotent stem cells and their differentiated derivatives.
Cell Stem Cell 10(5), 620-634. https://doi.org/10.1016/j.stem.2012.02.013 (2012).

Acknowledgements

This work was supported by funds from a California Institute for Regenerative Medicine (CIRM) Physician
Scientist Award (RN3- 06396) and National Institutes of Health (NIH)/National Institute of Child Health and
Human Development (NICHD; ROIHD- 089537) to MMP. MH was supported through the CIRM Research
and Training grant (TG2-01154 to the University of California San Diego) and NIH/NICHD (K99 HD091452).
RM was supported by a grant from the National Institutes of Health, USA (NIH grant T32GM8806). OT was
supported by the Bridges to Stem Cell Research Internship Program Grant from the CIRM (EDUC2-08376).

Scientific Reports|  (2021) 11:5877 | https://doi.org/10.1038/s41598-021-85230-5 nature portfolio


https://doi.org/10.1038/onc.2017.14
https://doi.org/10.1038/onc.2017.14
https://doi.org/10.1002/jcb.25004
https://doi.org/10.1038/nbt.2052
https://doi.org/10.3390/ijms19040930
https://doi.org/10.1038/nbt.1667
https://doi.org/10.1016/j.stemcr.2015.12.009
https://doi.org/10.1093/bioinformatics/btz916
https://doi.org/10.1093/bioinformatics/btz916
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1210/jc.2010-2714
https://doi.org/10.1210/en.2011-1488
https://doi.org/10.1016/j.placenta.2016.01.008
https://doi.org/10.1016/j.placenta.2016.01.008
https://doi.org/10.1016/j.cellsig.2019.109489
https://doi.org/10.1172/JCI66966
https://doi.org/10.1007/978-3-319-42044-8_12
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1056/NEJMoa055352
https://doi.org/10.1111/j.1471-0528.2012.03311.x
https://doi.org/10.1093/molehr/gat044
https://doi.org/10.3109/10641955.2015.1117099
https://doi.org/10.1186/s13148-018-0463-6
https://doi.org/10.15252/emmm.201505439
https://doi.org/10.1038/nature22403
https://doi.org/10.1038/nature22403
https://doi.org/10.1016/j.stem.2016.11.005
https://doi.org/10.1371/journal.pone.0071596
https://doi.org/10.1371/journal.pone.0120585
https://doi.org/10.1016/j.stem.2017.11.004
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1109/MCSE.2014.80
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btu049
https://doi.org/10.1186/s13059-016-1066-1
https://doi.org/10.1016/j.stem.2012.02.013

www.nature.com/scientificreports/

HYC was supported by the funding from School of Medicine, CHA University, South Korea. This publication
includes data generated at the UC San Diego IGM Genomics Center utilizing an Illumina NovaSeq 6000 that
was purchased with funding from a National Institutes of Health SIG grant (#5S10 0D026929), and used the
Extreme Science and Engineering Discovery Environment (XSEDE) Comet for computational analysis, which
is supported by National Science Foundation grant number ACI-1548562 (allocation ID: TG-MCB140074).

Author contributions

M.H. and M.M.P. designed the research; M.H., T.B., and O.T. performed sample collection; M.H., T.B., O.T,,
H.Y.C., H.R., and M.M.P. performed cell data analysis; M.H., R.M., L.C.L. and M.M.P. performed bioinformatic
data analysis; KKN recruited patients; M.H., R.M., T.B. and M.M.P. wrote the manuscript text. All the authors
review the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-85230-5.

Correspondence and requests for materials should be addressed to M.M.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5877 | https://doi.org/10.1038/s41598-021-85230-5 nature portfolio


https://doi.org/10.1038/s41598-021-85230-5
https://doi.org/10.1038/s41598-021-85230-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modeling preeclampsia using human induced pluripotent stem cells
	Results
	Establishment of iPSC from umbilical cord-derived mesenchymal stem cells. 
	CTB induction of PE and control iPSC. 
	Terminal trophoblast differentiation of PE and control iPSC. 
	Abnormal responses to changes in oxygen tension. 
	Global gene expression in PE and control iPSC-derived trophoblast. 
	Assessment of the epigenome in MSCs and iPSCs from PE and non-PE control placentas. 

	Discussion
	Materials and Methods
	Generation of mesenchymal stem cells from umbilical cords. 
	Generation of iPSC lines. 
	Human pluripotent stem cell culture and differentiation.. 
	Fusion assay. 
	Cell invasion assay. 
	Flow cytometric analysis. 
	hCG hormone secretion assays. 
	RNA isolation, cDNA preparation, quantitative real-time PCR, and RNA sequencing. 
	DNA isolation and DNA methylation analysis.. 
	Statistical analysis. 

	References
	Acknowledgements




