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Healthy progression of human pregnancy relies on cytotrophoblast (CTB) progenitor
self-renewal and its differentiation toward multinucleated syncytiotrophoblasts (STBs)
and invasive extravillous trophoblasts (EVTs). However, the underlying molecular mech-
anisms that fine-tune CTB self-renewal or direct its differentiation toward STBs or
EVTs during human placentatlon are poorly defined. Here, we show that Hlppo signal-
ing cofactor WW domain containing transcription regulator 1 (WWTRI) is a master
regulator of trophoblast fate choice during human placentation. Using human tropho-
blast stem cells (human TSCs), primary CTBs, and human placental explants, we dem-
onstrate that WWTRI1 promotes self-renewal in human CTBs and is essential for their
differentiation to EVTs. In contrast, WWTRI prevents induction of the STB fate in
undifferentiated CTBs. Our single-cell RNA sequencing analyses in first-trimester
human placenta, along with mechanistic analyses in human TSCs revealed that
WWTRI fine-tunes trophoblast fate by directly regulating WNT signaling components.
Importantly, our analyses of placentae from pathological pregnancies show that extreme
preterm births (gestational time <28 wk) are often associated with loss of WWTRI1
expression in CTBs. In summary, our findings establish the critical importance of
WWTRI at the crossroads of human trophoblast progenitor self-renewal versus differen-
tiation. It plays positive instructive roles in promoting CTB self-renewal and EVT differ-
entiation and safeguards undifferentiated CTBs from attaining the STB fate.
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Establishment of human pregnancy is associated with formation of an invasive primitive
syncytium from cytotrophoblast (CTB) progenitors at the blastocyst implantation site
(1-3). Subsequently, proliferation and differentiation of CTB progenitors result in for-
mation of the functional villous placenta containing two types of matured villi: (i) float-
ing villi, which float in the maternal blood and contain the syncytiotrophoblast (STB)
population that establishes the maternal-fetal nutrient and gas exchange interface and
secretes human chorionic gonadotropin (hCG) to maintain the corpus luteum (4, 5) and
(ii) anchoring villi, which anchor to maternal tissue and contain the invasive extravillous
trophoblast (EVT) population (Fig. 14). In anchoring villi, CTB progenitors adapt a dis-
tinct differentiation pathway. At the base of the anchoring villi, CTB progenitors prolif-
erate to form a CTB cell column. Eventually, cells at the distal ends of the CTB column
differentiate to adapt a migratory phenotype, thereby establishing the invasive EVT line-
age, which orchestrates the uterine environment, expresses nonclassical human leukocyte
antigen (HLA)-G, and promotes immune tolerance to the fetus to secure progression of
pregnancy (5-7). A subset of EVTs invades and remodels the uterine vasculature to
establish enhanced maternal blood supply at the uterine—placental interface to fulfill the
nutrient requirement of the growing fetus (8). Thus, self-renewal of CTB progenitors
and their differentiation to STBs and EVTs in floating versus anchoring villi are the
essential events for progression of human pregnancy. Failures in these processes are
implicated in early pregnancy loss or pregnancy-associated diseases such as preeclampsia
(PE), intrauterine growth restriction (IUGR), and preterm birth (9-14).

Although CTBs establish the stem/progenitor compartment of a developing placenta,
recent studies revealed that distinct populations of CTBs exist within a first-trimester pla-
centa. Ex vivo developmental analyses of peri-implantation human embryos and global
gene expression analyses, including single-cell RNA sequencing (scRNA-seq), revealed
that during early stages of human placentation, along with undifferentiated CTBs, popu-
lations of mitotically active CTBs arise that are poised for either STB or EVT differentia-
tion (15-17). In floating villi of the early first-trimester placenta (4 to 8 wk), expression
of CDX2 and ELF5 marks the undifferentiated stem-state CTBs (18, 19), which are not
committed to the differentiation pathway, whereas mitotically active but differentiating
CTBs can be identified by the expression of genes that are linked to the interferon
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Human pregnancy relies on the
formation of the transient organ
placenta, and trophoblast cells are
the major building blocks of the
placenta. A defect in trophoblast
progenitor self-renewal or its
differentiation is associated with
either pregnancy loss or
pathological pregnancies, yet the
underlying molecular mechanisms
that regulate trophoblast
differentiation are poorly
understood. In this study, we
discovered that WW domain
containing transcription regulator
1 (WWTR1), a transcription
cofactor and a component of the
conserved Hippo signaling
pathway, optimizes trophoblast
progenitor self-renewal and is
essential for its differentiation into
the invasive extravillous
trophoblast cell lineage. Our
findings establish WWTR1 as a
critical regulator for success in
human placentation and
progression of a healthy
pregnancy.
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tation site. (A) Immunostained images show
WWTR1 protein expression in a first-trimester
(week 8) human placental villous. WWTR1
expression was detected in CTBs within float-
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WWTR1 protein expression was undetectable
in STBs (red arrows) and in stromal cells (black
arrows) within floating villi. (B) Immunostained
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normal term human placenta. WWTR1 is pre-
dominantly expressed in CTBs (green arrows).
However, STBs (red arrows) do not express
WWTRT1. Black arrows indicate a few endothe-
lial cells in which WWTR1 expression was also
detected. (C) t-SNE plots of the single-cell clus-
ters of first-trimester human placental sam-
ples. [Two first-trimester placentae (one 6 wk
and another 7 wk) were used for scRNA-seq
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response, such as interferon gamma receptor 2 (IFNGR2), and
cell cycle regulators such as CDK1 and CCNB2 (15, 16). In
addition, a population of mitotically inactive CTBs, which are
committed to STB differentiation, can be identified by the
expression of retroviral protein ERVFRD1 (16). Unlike in float-
ing villi, CDX2 expression is suppressed in column CTBs within
anchoring villi, and ELF5 messenger RNA (mRNA) is expressed
only in column CTBs near the base of the cell column (proximal
column). Thus, it was proposed that ELF5 transcriptional activ-
ity regulates the trophoblast stem-state compartment of a devel-
oping human placenta (18). The undifferentiated column CTB
subpopulation expresses integrin A2 (ITGA2) and NOTCHI
(20, 21). The transition of column CTBs to EVTs is associated
with loss of ITGA2 expression and induction of specific genes,
such as /TGA1, MMP2, and human leukocyte antigen-G (HLA-G)
(22-24). Thus, CTB self-renewal and differentiation during
human placentation is a highly dynamic process and relies on
molecular mechanisms that fine-tune the gene expression pro-
grams in different CTB progenitor subpopulations.

Molecular mechanisms that regulate trophoblast develop-
ment during early human placentation were poorly understood
due to ethical restrictions and lack of appropriate model sys-
tems. However, successful derivation of human trophoblast
stem cells (TSCs) from CTBs of first-trimester human placen-
tae (25) and success in CTB-organoid culture (26, 27) have
provided excellent models to identify regulatory pathways that
are involved in CTB self-renewal and their differentiation to
STBs and EVTs. Using human TSCs and CTB organoids, we

identified conserved Hippo signaling components, transcription
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circle), which are mitotically arrested. In con-
trast, WWTR1 expression induced in mitotically
active but differentiating CTBs and in cells
of clusters 9,10, 18, and a part of clusters 2
(blue circles), which represent developing EVTs.
(E) Western blots show induction of WWTR1
protein expression in human TSCs upon differ-
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entiation to EVTs. Black arrows, CTB clusters;
Blue arrows, non-trophoblast cells; Green
circles, stem state CTBs; Blue circles, differenti-
ating CTBs.

TSC EVT

factor TEAD4, and cofactor YAPI as important regulators to
maintain the self-renewal ability of CTBs in a developing
human placenta (11, 28). We showed that TEAD4 and YAP1
are selectively expressed in undifferentiated CTBs and loss
of either TEAD4 or YAP1 in CTBs impairs their self-renewal
ability (11, 28).

Another transcriptional coactivator downstream of the Hippo
signaling pathway is WW domain containing transcription
regulator 1 (WWTRI). Similar to YAP1, WWTRI also
interacts with TEAD transcription factors to mediate overlap-
ping gene expression programs in multiple cellular contexts.
However, WWTRI1 and YAP1 can also establish distinct tran-
scriptional programs via interaction with specific transcriptional
partners (29). Studies focusing on trophoblast lineage develop-
ment in mouse and marsupials indicated that YAP1 and
WWTRI might have redundant or mutually distinct roles dur-
ing trophoblast development. Studies with YAP1 and WWTRI1
mutant mouse models revealed a redundant role in trophoblast
lineage development. Although early trophoblast development
was not impaired in either Wawsrl ™"~ or Yapl™~ embryos,
the Yapl/Wwtrl double knockout embryos failed to form blas-
tocysts due to defective development of the trophectoderm line-
age (30). In contrast to mouse, trophoblast cells of a developing
marsupial embryo show distinct expression patterns of YAP1
and WWTRI1. In marsupials, WWTRI expression is strongly
maintained within the nuclei of developing trophoblast lineage,
whereas YAP1 expression is suppressed. Thus, it was predicted
that WWTRI, but not YAP1, has a more important role in tro-
phoblast maintenance in a developing marsupial embryo (31).
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Together, these studies indicated that WWTRI, either in con-
junction with YAP1 or in an independent fashion, contributes
to trophoblast lineage development during mammalian placen-
tation. However, the importance of WWTRI in human tro-
phoblast development is yet to be defined.

Here, using human TSCs, primary CTBs, and placental
explants, we focused our attention on the functional impor-
tance of WWTRI in human trophoblast development, espe-
cially in the context of CTB self-renewal, and its differentiation
to STBs and EVTs. In addition, we examined possible correla-
tion of defective WWTRI1 function in pathological pregnan-
cies. We discovered that similar to YAP1, WWTRI is required
to maintain self-renewal of CTB progenitors. In addition,
WWTRI is important to prevent STB differentiation and to
induce the EVT differentiation program in CTBs. We also
found that pregnancies associated with extreme preterm birth
as well as preterm birth along with IUGR/PE are often associ-
ated with loss of WWTRI in CTBs. Collectively, our findings
implicate WWTR1 as an important orchestrator of trophoblast
development during human placentation.

Results

During Human Placentation, WWTR1 Is Expressed in CTB
Progenitors and the Expression Is Induced during EVT
Development. To define the importance of WWTRI in
human trophoblast development, we tested WWTR1 protein
expressions in first-trimester human placentae (6 to 8 wk of
gestation). As mentioned earlier, floating villi in a first-trimester
human placenta contain two different layers of trophoblast
cells: (i) a layer of CTB progenitors and (ii) the postmitotic
STB layer, overlaying the CTBs. In contrast, the anchoring villi
contain the CTB column, and cells at the distal end of the
CTB columns develop to the invasive EVTs. We found that
WWTRI1 was predominantly expressed in CTBs within float-
ing villi (Fig. 14, green arrows). We also noticed WWTRI
expression in emerging EVTs within anchoring villi (Fig. 14,
blue arrows). However, WWTRI expression was suppressed in
differentiated STBs (Fig. 14, red arrows) and in stromal cells
(Fig. 14, black arrows) within floating villi. We also tested
WWTRI expression in term human placentae. Similar to first-
trimester floating villi, WWTR1 was expressed only in CTBs
(Fig. 1B, green arrows) within a normal term human placenta
and was repressed in STBs (Fig. 1B, red arrows). Coimmunos-
taining analyses with TEAD4, which is selectively expressed in
CTBs of a term placenta, further confirmed WWTR1 expression
in CTBs and its absence in STBs (S Appendix, Fig. S14). How-
ever, we also noticed WWTRI expression in a few endothelial
cells within normal term placenta (Fig. 1B, black arrows).
scRNA-seq analyses with first-trimester human placentae
revealed that a developing human placenta contains distinct
CTB subpopulations that can be identified via expression of spe-
cific genes (16). We hypothesized that WWTRI1 and YAP1 and
another TEAD-interacting cofactor VGLLI1, which is highly
expressed in proliferative CTBs and is implicated in TEAD4-
mediated gene expression programming during human tropho-
blast lineage development (19), might have distinct functions in
different CTB subpopulations of a developing human placenta.
Therefore, we compared expression of WW7RI, YAPI, and
VGLLI in different CTB subpopulations. To that end, we ana-
lyzed scRNA-seq data that we generated with first-trimester
human placentae. Based on gene expression patterns, entire
single-cell populations of 6- to 8-wk human placentae were dis-
tributed into 22 cell clusters (S7 Appendix, Fig. S1B). Expressions

PNAS 2022 Vol. 119 No.36 2204069119

of human cytokeratin 7 (KR77) and human leukocyte antigen-A
(HLA-A) distinguished the trophoblast cell clusters from nontro-
phoblast cells (87 Appendix, Fig. S1C). As GATA3 and TFAP2C
are expressed in all mononuclear trophoblast cells of a first-
trimester human placenta (32), we tested and confirmed expres-
sions of GATA3 and TFAP2C mRNA in all single-cell clusters
comprising trophoblast cells (S Appendix, Fig. S1D).

To identify distinct CTB subpopulations in single-cell clus-
ters, we compared expressions of ELF5 CCNB2, ITGA2,
ERVFRDI, and HLA-G (Fig. 10). ELF5, which is expressed in
the CTB subpopulation that maintains an undifferentiated
stem state, was detected mainly in cells of clusters 1 and 12
(Fig. 1 C, Upper Lef)) and within a few cells of cluster 4.
A recent study showed that the stem-state CTBs also express
Basal Cell Adhesion Molecule (BCAM) (17), and analyses of
single-cell clusters showed that BCAM is predominantly
expressed in ELF5-expressing cells of clusters 1, 12 and 4 (S
Appendix, Fig. S1E). Thus, we concluded that the ELF5/ BCAM-
expressing cells within clusters 1, 12 and 4 comprise the
undifferentiated stem-state CTB subpopulation. Expression of
CCNB2, which marks all mitotically active CTBs of a first-
trimester placenta, was detected in all ELF5-expressing cells of
clusters 1, 12 and 4. CCNB2 expression was also detected in a
majority of cells within clusters 3 to 6 and 14 and in a few cells
of cluster 2 (Fig. 1 C, Upper Middle), indicating that these cell
clusters contain mitotically active but differentiating CTBs.
Interestingly, mRNA expression of /7GA2, which marks the
CTB progenitors at the proximal column of an anchoring vil-
lous, was not detected in ELF5-expressing CTBs within clusters
1 and 12. Rather, /TGA2-expressing cells were scattered within
cells of clusters 2, 3, 4, 5, 6, and 14 (Fig. 1 C, Upper Righy).
We also noticed a similar expression pattern of NOTCHI (S
Appendix, Fig. S1E). Thus, we concluded that the I7GA2-
expressing cells of clusters 2, 3, 4, 5, 6, and 14 represent the
proximal column CTB progenitors within anchoring villi.

ERVFRDI, an endogenous retroviral encoded cell-fusion
gene, was shown to be expressed in mitotically inactive CTBs
within a first-trimester human placenta (16). We detected
ERVFRDI mRNA expression only within single cells of cluster
11 (Fig. 1 C, Lower Lefi), indicating that cells in cluster 11 rep-
resent the mitotically inactive CTBs that are committed to
STB differentiation. High-level expression of HLA-G, which is
induced in developing EVTSs, was detected within cells of clus-
ters 9, 18, and 10 and a few cells of cluster 2 (Fig. 1 C, Lower
Middle). Interestingly, the high-level HLA-G-expressing cells of
clusters 9, 18, 10, and 2 did not express ITGA2. Thus, we con-
cluded that these cells were committed to EVT differentiation.

Next, we tested expressions of Hippo signaling cofactors in
single-cell clusters, representing different CTB subpopulations
of a first-trimester human placenta. We found that VGLLI was
highly expressed in almost all single trophoblast cells within a
first-trimester placenta (Fig. 1C). However, WWT7RI and YAPI
showed contrasting expression patterns in ELF5-expressing
stem-state CTBs versus CCNB2-expressing differentiating CTB
progenitors (Fig. 1D). WWTRI and YAPI were expressed in
both stem-state and differentiating CTBs of clusters 1, 12 and 4,
although YAPI expression was higher in stem-state CTBs. In
contrast, WWTRI expression was induced in differentiating
CTBs of cell clusters 2, 3, 4, 5, 6, and 14 (Fig. 1D). Cell clusters
2, 3, 5, 6, and 14 also contained /7GA2-expressing column
CTB progenitors. We validated WWTRI expression in nearly all
ITGA2-expressing CTBs, whereas YAPI expression was detected
in a small fraction of /TGA2-expressing cells (S Appendix, Fig.
S2 A and B). Interestingly, a contrasting expression pattern of
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YAPI and WWTRI was also observed in mitotically inactive
CTBs versus emerging EVTs. YAP1 expression was maintained
in ERVFRDI-expressing, mitotically inactive CTBs of cluster 11
and was reduced in HLA-G-expressing cells of clusters 9, 18, 10,
and 2 (Fig. 1D). In contrast, WW7RI was highly expressed in
HILA-G-expressing emerging EVTs and was repressed in mitoti-
cally arrested CTBs (Fig. 1D).

Next, we tested WWTRI expression in human TSCs that
were derived from first-trimester CTBs. Reverse transcription
followed by quantitative PCR (RT-qPCR) showed that
WWTRI mRNA was expressed in undifferentiated human
TSCs, and the expression was induced during EVT differentia-
tion (S/ Appendix, Fig. S3A4). Western blot analyses confirmed
induction of WWTRI protein expression during EVT differen-
tiation in human TSCs (Fig. 1E). Immunofluorescence (IF)
analyses showed that WWTRI1 was localized within nuclei in
both undifferentiated TSCs and in TSC-derived EVTs (S7
Appendix, Fig. S3B). Collectively, our expression analyses indi-
cated that during human placentation WWTR1 might have
important functional roles in CTB progenitors and might pro-
mote their differentiation to EVTs.

WWTR1 Regulates Self-Renewal of Human Trophoblast
Progenitors. W\WTR1 is expressed in mitotically active CTBs
within a first-trimester placenta, and expression is maintained

in CTB-derived human TSCs. Therefore, we performed loss-
of-function analyses to test the importance of WWTRI
in human trophoblast progenitor self-renewal. We depleted
WWTR1 in human TSCs (WWZ7RI-KD human TSC) by
RNA interference (RNAI) using lentiviral-mediated transduc-
tion of small hairpin RNAs (shRNAs) (Fig. 2 A and B). In a
culture condition that promotes human TSC proliferation at
stem state, WW7TRI-KD human TSC showed loss of stem-state
colony morphology and strong reduction in cell proliferation
ability, which was confirmed via Bromodeoxyuridine (BrdU)
incorporation assay (Fig. 2 C-E and SI Appendix, Fig. S4A).
We also tested self-renewal of WW7RI-KD human TSC by
assessing its ability to form self-renewing three-dimensional tro-
phoblast organoids (TSC organoids). Unlike the control human
TSCs, WWTRI-KD human TSCs showed severe impairment
in organoid formation (Fig. 2F). Control human TSCs formed
large organoids with prolonged culture (8 to 10 d) and could
be dissociated and reorganized to form secondary organoids,
indicating the self-renewing ability. In contrast, WWTRI-KD
human TSCs formed much smaller organoids, which were not
maintained upon passaging (SI Appendix, Fig. S4B).

Next, we tested the impact of WWTRI1 depletion on the self-
renewal ability of primary CTBs that were isolated from first-
trimester (6 to 10 wk) human placentae. We depleted WWTRI1
expression in primary CTBs via small interfering RNA (siRNA)
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Fig. 2. Loss-of WWTR1 impairs self-renewal
in human TSCs and primary CTBs. (A) WWTR1
and YAPT mRNA expressions were tested in
human TSCs without (control) and with
WWTR1 depletion by shRNA (WWTR17-KD). Plot
shows that strong reduction of WWTR7-mRNA
expression in WWTRT-KD human TSCs did not
significantly alter YAPT mRNA expression
(error bars, mean + SE; n = 3 independent
experiments, **, P < 0.005). (B) Western blot
analyses showing depletion of WWTR1 protein
expression in WWTR7-KD human TSCs over
three passages. (C) Equal number of control
and WWTR1-KD human TSCs were plated and
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cultured in stem-state culture condition. Micro-
graphs confirm reduced cell proliferation in
WWTR1-KD human TSCs. (D) Images show BrdU
incorporation in control and WWTR1-depleted
human TSCs when cultured in stem-state culture
condition over 72 h. (E) Plot shows growth kinet-
ics of human TSCs without and with WWTR1

depletion (error bars, mean + SE; n = 3 indepen-
dent experiments, **, P < 0.005). (F) Micrographs
show inefficient organoid formation by WWTRT-
KD human TSCs. (G and H) RT-gPCR (error bars,
mean + SE; n = 3 independent experiments,
* P < 0.005) and Western blot analysis, respec-
tively, showing RNAi-mediated depletion of
WWTR1 expression in primary CTBs isolated from
human first-trimester placentae. (/) Micrographs
show inefficient organoid formation by WWTR1-
depleted (WWTR1-KD) primary CTBs. (Three
individual experiments were performed, and
representative images are shown.)
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molecules (Fig. 2 G and H) and tested the ability to form self-
renewing three-dimensional CTB-organoids. We found that sim-
ilar to human TSCs, WWTRI1 depletion in primary CTBs
strongly inhibited organoid formation efficiency (Fig. 21). Thus,
loss-of-function studies in human TSCs and primary CTBs
strongly indicated that WWTRI plays an important role in
maintaining the self-renewal ability within mitotically active
CTB progenitors of developing human placenta.

WWTR1 Directly Regulates TP63 Expression in Human
Trophoblast Progenitors. To understand how WWTRI regu-
lates trophoblast progenitor self-renewal, we performed global
gene expression (RNA sequencing [RNA-seq]) analyses in
WWTRI-KD human TSCs. Depletion of WWTRI1 in human
TSCs significantly altered expression of 960 genes (216 down-
regulated and 744 up-regulated; Dataset S1 and S/ Appendix,
Fig. S5A4). RNA-seq analyses revealed that mRNA expression of
TP63, which is implicated in the maintenance of CTB stem
state (33), was strongly down-regulated in WW7RI-KD TSCs
(Fig. 3A and SI Appendix, Fig. S5B). We confirmed TP63
down-regulation in WWTRI-KD TSCs via RT-qPCR and IF
analyses (Fig. 3 Band (). Furthermore, using quantitative chro-
matin immunoprecipitation (ChIP-PCR) we detected WWTRI1
occupancy at a conserved TEAD motif at the 7763 locus in
undifferentiated TSCs (Fig. 3 D and E). These results indicate
that WWTRI1-mediated induction of 7763 expression might be
one of the molecular mechanisms that maintains self-renewal in
stem-state CTBs within a developing human placenta.

Discovery of a WWTR1-WNT Regulatory Axis in Human Tro-
phoblast Progenitors. Unbiased gene set enrichment analysis
(GSEA) of RNA-seq data showed that loss of WWTRI in
human TSCs down-regulated transcription of various genes in
the Wingless/Integrate (WNT) signaling pathway (Fig. 44). A
detailed look at the expression of WINT genes showed that six
WNT genes, WNT3, WNT4, WNT5B, WNT/A, WNTS8B,
and WNT94, are repressed in WWTRI-KD TSCs (Fig. 4B).
The WNT signaling pathway has been implicated as a key regu-
lator in maintaining CTBs at a progenitor state (26). Gene
expression analyses in first-trimester CTBs showed that many
of the WNT genes, including WNT3 and WNT7A, were
expressed in undifferentiated CTBs (25), and activation of
WNT signaling was key to successful derivation of human TSCs
(25) and self-renewing CTB organoids (26, 27). Therefore, we
looked at expressions of WNT genes in CTB progenitors of a

first-trimester human placenta at single-cell resolution.

scRNA-seq analyses showed that among six WNT genes,
namely WNT3, WNT4, WNT5B, WNT/A, WNT8B, and
WNTO9A, that are regulated by WWTRI in human TSCs,
WNT7A was most abundantly and widely expressed in mitoti-
cally active CTBs (Fig. 40). WNT3 and WNT4 were also
expressed in undifferentiated stem-state CTBs. However, com-
pared to WNT7A, WNT3- and WNT4-expressing CTBs were
less abundant in a first-trimester placenta (Fig. 4C). WNT5B
mRNA was not expressed in undifferentiated CTBs; rather,
WNT5B mRNA expression was detected in a small number of
differentiating, mitotically active CTBs (Fig. 4C), and WNT78B
and WINT9A were not expressed in primary CTBs (S Appendix,
Fig. S6A).

As scRNA-seq analyses identified WNT7A as the most abun-
dantly expressed WNT gene in first-trimester CTBs, we tested
WNT7A protein expression in human first-trimester placenta.
We found that WNT7A was highly expressed in CTBs within
floating villi, and expression was reduced but maintained in
STBs (Fig. 4 D, Lefi). In anchoring villi, WNT7A was also
expressed at the base of the CTB column and in the emerging
EVTs at the distal cell column (Fig. 4 D, Righ?).

Our expression analyses showed that among WWTRI-
regulated WNT genes in human TSCs, WNT3, WNT4, and
WNT7A were expressed in primary CTBs and may contribute to
the CTB self-renewal process. Therefore, we validated down-
regulation of WNT3, WNT4, and WNT7A mRNA expression in
WWTRI-KD TSCs via RT-qPCR (Fig. 4E). We also validated
loss of WNT7A protein expression in WWTRI1-KD TSCs (Fig.
4F). Furthermore, using ChIP-PCR we found that WN77A4 (Fig.
4 G and H) as well as WNT3 and WNT4 are direct WWTRI1
target genes in human TSCs (S/ Appendix, Fig. S6B).

The WNT signaling pathway is pivotal for maintenance of
self-renewal in CTB progenitors [reviewed in (34)]. Along
with  WNT molecules, other components of the WNT-
signaling pathway, including Frizzled 5,6, beta catenin, and
several T cell factor (TCF) family members, are highly
expressed in CTBs and CTB-derived human TSCs (25, 34).
Thus, our experiments showing direct regulation of WNT7A,
WNT3, and WNT4 in human TSCs indicate a WWTRI1-WNT
regulatory axis that could orchestrate gene expression programs in
human CTB progenitors.

WWTR1 Prevents Induction of STB Fate and Promotes EVT
Differentiation in Human Trophoblast Progenitors. Global
gene expression analyses in WW7RI-KD human TSCs revealed
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strong up-regulation of many STB-specific genes, such as chorionic
gonadotropin A (CGA), chorionic gonadotropin B isoforms
(CGBs), and pregnancy-specific p-1-glycoproteins (PSGs), in a
culture condition that maintains human TSC stem state (Fig.
3A and Dataset S1). We confirmed induction of STB-specific
gene transcripts in WW7RI-KD human TSCs via RT-qPCR
(Fig. 54). We also found that siRNA-mediated depletion of
WWTRLI in primary CTBs of first-trimester human placentae
strongly induced CGB protein expression and secretion (Fig. 5
Band O). Furthermore, at human TSC stem-state culture con-
dition, extended culture of WWT7RI-KD human TSCs often
resulted in spontaneous cell fusion and formation of multi-
nucleated syncytium (Fig. 5D). The nuclei of these multi-
nucleated syncytium expressed high levels of CGB, confirming
induction of STB-differentiation fate in WW7RI-KD human
TSCs in a culture condition that should maintain the TSC
stem state. Taken together, our studies strongly indicated that
during human placentation, WWTRI1 function in CTB pro-
genitors prevents induction of the STB differentiation program
by suppressing expression of STB-specific genes.

The global gene expression analyses also revealed that mRNA
expressions of matrix metalloproteinase 2 (MMP2), Placenta Asso-
ciated 8 (PLACS), and SMAD Family Member 3 (SMAD3),
which are implicated in EVT development (35-37), were
down-regulated in WW7RI-KD human TSCs (Dataset S1).
MMP2 and other MMPs have been implicated in EVT devel-
opment and invasion (35, 38). Thus, we tested mRNA expres-
sions of MMP family members along with PLAC8 and SMAD3
in WWTRI-KD TSCs using RT-qPCR. We found that along
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with PLAC8 and SMAD3, mRNA expressions of four MMP
genes, MMP2, MMPI11, MMPI14, and MMPI5, were signifi-
cantly down-regulated in WW7RI-KD human TSCs (Fig. 64).
We also confirmed loss of MMP2 and SMAD?3 protein expres-
sions in WWTRI-KD human TSCs (Fig. 6B). Our single-cell
gene expression analyses in first-trimester human placenta showed
that all of these genes were either highly expressed (MMP2,
MMPI14, and PLACS) or highly induced (MMPI11, MMPI5,
and SMAD3) in developing EVTs (cell clusters 9, 18, 10, and 2;
Fig. 6C and SI Appendix Fig. S7A4), in which HLA-G expression
was also induced (shown in Fig. 1C). Therefore, we next tested
the importance of WWTR1 in EVT development.

We performed three different experiments to test the impor-
tance of WWTRI in EVT development. First, we tested EVT
differentiation efficiency of WW7RI-KD human TSCs and
found that loss of WWTRI in human TSC strongly inhibited
the efficiency of EVT differentiation (Fig. 6 D, Leff). Next, we
studied first-trimester CTB-derived organoids, which has been
successfully utilized to test EVT development from primary
CTBs (26, 27). EVT development was readily noticed when
control CTB-organoids were cultured on Matrigel. However,
RNAi-mediated silencing of WWTRI expression nearly abro-
gated EVT emergence from CTB-organoid (Fig. 6 D, Righi).
Finally, we tested EVT emergence from human first-trimester
placental explants after depleting WWTRI1 expression via
RNAIi (81 Appendix, Fig. S7 B and C). Similar to our findings
with human TSCs and primary CTBs, EVT emergence from
first-trimester placental explants was strongly inhibited upon

depletion of WWTRI expression (Fig. 6F and SI Appendix,
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Fig. 5. WWTR1 prevents STB differentiation in human TSCs and primary
CTBs. (A) RT-gPCR analyses confirming induction of mRNA expressions of
STB-specific genes CGA, CGB, ERVFRD1, and PSG4 in WWTR1-KD human
TSCs (mean =+ SE; n = 4, *, P < 0.005). (B) RT-qPCR analyses confirming
CGB mRNA expressions in CTBs isolated from first-trimester human pla-
centae upon siRNA-mediated depletion of WWTRT (mean + SE; n = 3,
*, P <0.01). (C) Western blot analyses confirming induction of CGB pro-
tein expression in WWTR1-depleted CTBs. (D) Fluorescence images show
propensity of STB differentiation in WWTR7-KD human TSCs when cultured
in stem-state culture conditions for three passages. WWTR1-KD human TSCs
show enhanced propensity of cell fusion with multinucleated cells and loss
of E-Cadherin expression (white arrows). The nuclei of fused cells also show
a higher level of CGB protein expression. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

Fig. S7D). Collectively, our studies in human TSCs, primary
CTBs, and placental explants identified WWTRI as an impor-
tant regulator of EVT development.

Extreme Preterm Birth Is Associated with Loss of WWTR1
Expression in CTBs. Defective trophoblast development has
been implicated as a major cause of pregnancy-associated dis-
eases, including preterm birth, IUGR, and PE. It has been
shown that extreme preterm birth is often associated with pre-
mature differentiation of villous CTBs (39). Pregnancies associ-
ated with severe PE or severe IUGR often demonstrate depletion
of proliferating CTBs (40), and severe PE is also associated with

PNAS 2022 Vol. 119 No.36 2204069119

increased syncytial knot formation as well (41). This indicates
that these pregnancies are associated with an imbalance in either
CTB self-renewal or the differentiation process. After discovering
WWTRI as an important regulator to maintain self-renewal
capacity in CTBs, we tested whether WW7RI mRNA expression
was altered in placentae from pregnancies associated with pre-
term birth, IUGR, and PE (Fig. 7 A and B).

First, we tested WWTRI expression in placentae associated
with preterm birth without reported complicatdons of IUGR and
PE and compared it with its expression in normal term preg-
nancy placentae. We analyzed 37 placentae from preterm preg-
nancies without IUGR and PE, 12 of which were associated with
extreme preterm birth (babies born at or prior to 28 wk of gesta-
tion). Notably, we found that WWTR1 mRNA expression levels
were significantly reduced in placentae from pregnancies associ-
ated with extreme preterm birth (Fig. 74). As WWTRI is pre-
dominantly expressed in CTBs within a term placenta, we tested
WWTRI protein expressions in placental sections associated with
extreme preterm birth and found that the number of WWTRI-
expressing CTBs was drastically reduced within these placentae
(Fig. 70). Additionally, we analyzed 10 preterm placentae from
babies born between 30 and 34 wk of gestation and 15 placentae
from babies born between 34 and 36 wk of gestation. These pre-
term pregnancies were not associated with IUGR or PE. We
observed variable levels of WWTRI-expressing CTBs in the pla-
centae from the preterm pregnancies between 30 and 34 wk of
gestation (SI Appendix, Fig. S8). However, we did not notice any
significant change in WWTR1 mRNA expression or the number
of WWTRI-expressing CTBs in placentae from preterm births
after 34 wk of pregnancy (Fig. 74 and SI Appendix, Fig. S8).

As TUGR and PE are also often associated with preterm birth,
we tested WWTRI mRNA expression in placentae from preterm
pregnancies with IUGR or PE or both (IUGR/PE), where gesta-
tion was less than 34 wk. We analyzed 44 IUGR placentae, 11
PE placentae, and 31 IUGR/PE placentae with average gestation
of 33 wk, 32 wk, and 30 wk, respectively. qRT-PCR analyses
with whole placental extracts showed no significant induction of
WWTRI mRNA expressions in pregnancies associated with either
IUGR or PE (Fig. 7B). In contrast, RT-PCR analyses with whole
placental extracts from pregnancies associated with both TUGR
and PE showed significant induction of WW7RI mRNA expres-
sion (Fig. 7B). However, when we tested WWTRI protein
expressions via immunostaining, there was no noticeable presence
of WWTRI-expressing CTBs in preterm birth placentae associ-
ated with IUGR/PE (Fig. 7 Cand D and SI Appendix, Fig. S9).
We also noticed a significant reduction in WWTR1-expressing
CTBs in placentae from preterm pregnancies with IUGR or with
PE (Fig. 7D and SI Appendix, Fig. S8). Rather, we observed an
increased number of WWTRI1-expressing cells within the stroma
of these placentae (red arrows, Fig. 7C). Incidentally, while pla-
centae associated with ITUGR/PE from pregnancies of more than
36 wk contained WWTRI-expressing CTBs comparable to the
amount in normal term pregnancies (S/ Appendix, Fig. S10),
these placentae also showed extensive presence of WWTRI-
expressing nontrophoblast cells within the stroma (57 Appendix;
Fig. S$10). These results suggest that the increased WWTRI
mRNA expression that we observed with whole placental tissues
from IUGR/PE were not due to increased WWTRI expression
in CTBs or STBs. Rather, preterm birth with ITUGR/PE was
often associated with loss of WWTRI-expressing CTB popula-
tion in placental villi. Collectively, our findings imply that
impaired WWTR1 function in CTB progenitors could be a
trophoblast-associated molecular cause contributing to pathologi-
cal pregnancies, including extreme preterm birth.
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Discussion

Our findings in this study establish the Hippo signaling cofac-
tor WWTR1 as an essential regulator in the orchestration of
the gene expression program and the balance of self-renewal
versus differentiation in CTB progenitors. Our experimental
findings indicate a bimodal function of WWTRI1 in human
trophoblast progenitors. In floating villi, it promotes CTB self-
renewal and suppresses premature instigation of the STB differ-
entiation fate, whereas in anchoring villi, WWTR1’s function
in CTB progenitors is important in instigating EVT differentia-
tion. We also discovered that pregnancies associated with extreme
preterm birth as well as IUGR/PE are often characterized with
loss of WWTRI expression in CTBs. Collectively, our findings
implicate defective WWTRI expression/function in CTBs as one
of the molecular causes of adverse pregnancies.

The observation that WWTR1 promotes CTB self-renewal,
along with our earlier reports showing essential roles of TEAD4
and YAP1 in maintenance of CTB self-renewal (11, 28),
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WWTR1-KD

500 um

MMP11, and SMAD3 and have much less mRNA
expression of MMP15. Exp., mRNA expression.
(D) Representative phase contrast images show
inefficient EVT development from WWTR7-KD
human TSCs (Left) and first-trimester CTB-
organoids (Right). In a culture condition that
promotes EVT differentiation, control TSCs
and CTB-organoids readily developed EVTs
with characteristic elongated spindle-shaped
cell protrusions (shown in red arrows). How-
ever, EVT development was strongly impaired
from WWTR1-KD human TSCs and WWTR1-KD
CTB organoids. (E) IF images show impairment
of EVT emergence from human first-trimester
placental explants upon WWTR1 depletion.
Invasive EVTs were readily developed
(highlighted with white ellipse) when first-
trimester placental explants were cultured on
Matrigel in a culture condition that promotes
EVT differentiation. EVT emergence was strongly
inhibited from placental explants, in which
WWTR1 expression was depleted.

establishes the critical importance of the Hippo signaling path-
way in human trophoblast development. These findings also
indicate a functional redundancy of WWTRI1 and YAP! in
CTB progenitors. However, our single-cell resolution gene
expression analyses indicated that YAP1 and WWTRI are dif-
ferentially expressed in distinct CTB subpopulations. A high
level of YAP1 expression was confined within the ELF5-
expressing undifferentiated/stem-state CTB progenitors. Inter-
estingly, expression of TEAD4 was also predominantly detected
within the ELF5-expressing CTB subpopulations (11). In con-
trast, WWTR1 expression was induced in the CTB subpopula-
tion, which is mitotically active but poised for differentiation.
Thus, we propose that a TEAD4/YAP1 transcriptional complex
is important in maintaining a ground level of stemness within
undifferentiated CTB progenitors, whereas WWTRI1 can interact
with other TEAD family members to maintain the self-renewal
ability in CTB progenitors, which are priming for differentiation,
including the column CTBs of anchoring villi. Future studies
involving identification of global targets in CTBs along with
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Fig. 7. WWTR1 expression is impaired in CTBs in pathological pregnancies. (A) RT-qgPCR analyses of WWTRT mRNA expression from mRNAs isolated from
whole placental tissues from pregnancies with gestational age >38 wk (Term control), preterm-birth (>34 wk), or extreme preterm birth (<28 wk). [Error
bars, mean + SE, * Indicates significant change (P < 0.01) in WWTRT mRNA expression in placentae from extreme preterm birth]. (B) RT-gPCR analyses of
WWTRT mRNA expression from mRNAs isolated from whole placentae that were collected from pregnancies with preterm birth along with IUGR, PE, or both
IUGR and PE (IUGR/PE). [* Indicates significant change (P < 0.01) in WWTR7 mRNA expression in placentae with preterm birth along with IUGR/PE]. (C) Repre-
sentative immunostained images show lack of WWTR1-expressing CTBs (black arrows) in placentae from pregnancies that were associated with extreme
preterm birth or preterm birth in association with IUGR/PE. Red arrows indicate WWTR1-expressing nontrophoblast cells. (D) WWTR1-expressing CTBs were
quantitated from 10 different placental sections from normal term pregnancy or from preterm pregnancies with IUGR, PE, or IUGR/PE. The plot shows signif-
icant (*, P < 0.01) reduction in WWTR1-expressing CTBs in pathological pregnancies.

spatial single-cell genomics of the developing human placenta
will be instrumental in gaining insights into transcriptional
programs that are established by YAP1 and WWTRI in dis-
tinct CTB subpopulations.

The WNT signaling pathway has also been implicated in the
CTB self-renewal process (26), as well as the differentiation to
EVTs (42). Gene expression analyses reported by earlier studies
(25, 34) showed that along with various WINT molecules, sev-
eral other components of the WNT signaling pathway are
highly expressed in trophoblast cells of a developing placenta.
The WNT receptors FZD5 and FZD6 are highly expressed in
CTBs and EVTs, and P-catenin is abundantly expressed in all
three trophoblast cell types of a developing human placenta
(25, 34). The WNT processing enzyme PORCN is also
expressed, albeit at a low level, in CTBs and EVTs, and its

PNAS 2022 Vol. 119 No.36 2204069119

expression is induced in STBs. Furthermore, repressors of the
WNT signaling pathway, including GSK3p, TCF7, and
TCF7L2, are highly expressed in CTBs and EVTs of a develop-
ing human placenta (25, 34). These findings indicate a major
role of the WNT signaling pathway in the dynamics of human
trophoblast development. However, the roles of individual
WNT molecules in maintaining CTB self-renewal versus differ-
entiation are not well understood.

Our findings in this study indicate a prominent role of
WNT7A in human trophoblast development. We discovered
WNT7A as the most abundantly expressed WNT molecule in
CTBs of a first-trimester placenta, and its expression pattern is
similar to that of WWTRI in subpopulations of mitotically
active CTBs and is a direct target of WWTRI in CTB-derived
human TSCs. WNT7A is highly expressed in CTBs within
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floating villi and at the base of the CTB column in anchoring
villi. WNT7A expression is also detected in emerging EVTSs at
the distal columns of anchoring villi along with WNT7B, indi-
cating that the WWTRI-WNT7A signaling axis could be
important for the CTB self-renewal process within the floating
villi and EVT development in anchoring villi. WWTR1 also
directly regulates expressions of WNT3 and WNT4 in human
TSCs. Interestingly, our scRNA-seq analyses showed that in a
first-trimester human placenta, WNT3 and WNT4 expressions,
albeit at low level, are confined to stem-state CTBs, which also
express high levels of YAP1 and TEAD4. Thus, crosstalk
among distinct WNT molecules and Hippo signaling compo-
nents might regulate gene expressions in different CTB subpo-
pulations within a developing human placenta.

We found that WWTRI is essential for EVT differentiation
in human TSCs and emergence of EVT cells from first-
trimester placental explants. Interestingly, WWTR1 function in
EVT development appears to be distinct from that of YAPI,
which is suppressed in EVTs. We have shown that during EVT
differentiation of human TSCs, WWTRI is required for opti-
mal expression of MMP2, MMP11, MMP14, and MMP15.
MMP2 has been shown to regulate EVT invasion (35, 38).
Expressions of MMP11, MMP14, and MMP15 were earlier
detected in human trophoblast cells, including EVTs within
maternal decidua (38, 43). An earlier study showed that
PLACS is selectively induced during EVT development and
induces the formation of filopodia in migratory trophoblast
cells (36). SMAD3 has also been implicated in EVT develop-
ment. It was shown that depletion of SMAD3 but not SMAD2
suppressed EVT emergence from first-trimester human placen-
tal explants (37), indicating a specific role of SMAD3 during
EVT development.

Interestingly, our scRNA-seq analyses with first-trimester
human placentae showed that all of these MMPs, as well as
PLAC8 and SMAD3, are induced in developing EVTs. Thus,
our findings indicate that WWTRI might mediate multi-
pronged roles during EVT development by regulating expres-
sions of MMPs, PLAC8, and SMAD3. Given the dynamic
nature of EVT development and the essential role of EVTs in
human placentation, it is important to institute future studies
to better understand the role of WWTR1 in EVT development
and function.

The loss of WWTRI expression in CTBs from pregnancies
with extreme preterm birth and IUGR/PE indicates a direct
correlation of WWTRI1 with adverse pregnancies. We also
showed that loss of WWTRI in human TSCs and primary
CTBs promotes a premature differentiation to STB lineage.
Inductions of STB-specific gene expression were also noticed
when TEAD4 and YAP1 were depleted in human TSCs and
CTBs, respectively. Intriguingly, elevated maternal serum levels
of hCG and Inhibin-A, measured at 15 to 20 wk of gestation,
increase the subsequent risk of IUGR/PE and extreme preterm
birth (39). Since both hCG and Inhibin-A are produced by
STBs and extreme preterm births are often associated with loss
of proliferating CTBs (39), it was proposed that elevated levels
of hCG and/or Inhibin-A may result from premature differen-
tiation of the CTBs to adopt STB fate (35). Thus, our findings
from this study and prior studies with TEAD4 and YAP1
(11, 28) support the hypothesis that during human placental
development, loss of Hippo signaling components such as
WWTRI1, YAP1, and TEAD4 may result in premature acceler-
ated differentiation of CTBs to STBs, which subsequently con-
tributes to adverse pregnancies, such as extreme preterm birth

and ITUGR/PE.
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Experimental Procedures

Human Placental Sample Analysis. De-identified and discarded first-trimester
placental tissues and term placental samples from normal and pathological preg-
nancies were obtained from Mount Sinai Hospital, Toronto, ON, Canada, or col-
lected at the University of Kansas Medical Center. The Institutional Review Board
(IRB) at Mount Sinai Hospital and the University of Kansas IRB approved all col-
lections and studies. Fresh firsttrimester placental tissues were embedded in
optimal cutting temperature compound and cryo-sectioned or used for scRNA-
seq analyses. To test EVT development, first-trimester placental explants were cul-
tured on Matrigel for 6 to 8 d in medium that promoted EVT differentiation in
human TSCs (see below).

scRNA-Seq Analysis. sSCRNA-seq analysis with first-trimester placenta was per-
formed, and details were reported earlier (11). Briefly, single-cell suspensions
from two first-trimester placentae were generated, and transcriptomic profiles
were obtained using the 10x Genomics Chromium Single Cell Gene Expression
Solution (https://www.10xgenomics.com). The primary analysis of the scRNA-
seq data was performed using the 10x Genomics Cell Ranger pipeline (version
3.1.0). This pipeline performs sample de-multiplexing, barcode processing, and
single-cell 3’ gene counting. The quality of the sequenced data was assessed
using FastQC software. Sequenced reads were mapped to the human reference
genome (GRCh38) using STAR software. Individual samples were aggregated
using the “cellranger aggr” tool in Cell Ranger to produce a single-feature bar-
code matrix containing all the sample data. Cell Ranger software was used to
perform t-distributed stochastic neighbor embedding (t-SNE) projections of cells
and k-means clustering. The 10x Genomics Loupe Cell Browser software was
used to find significant genes, cell types, and substructure within the single-cell
data. The raw data for scRNA-seq analyses have been submitted to the Gene
Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds), with
accession No. GSE145036.

Human TSC Culture. Human TSC lines, derived from first-trimester CTBs, were
described earlier (11, 25). To maintain stem-state culture, human TSCs were cul-
tured on a Collagen IV-coated (5 pg/ml) plate in Dulbecco's modified Eagle's
medium (DMEM)/F12 medium supplemented with 0.1 mM 2-mercaptoethanol,
0.2% fetal bovine serum (FBS), 0.5% penicillin-streptomycin, 0.3% bovine serum
albumin (BSA), 1% ITS-X supplement, 1.5 pg/mL L-ascorbic acid, 50 ng/mL
epidermal growth factor, 2 pM CHIR99021, 0.5 pM A83-01, 1 pM SB431542,
0.8 mM Valproic acid, and 5 pM Y27632. For EVT differentiation, TSCs were
resuspended in 2% Matrigel (Corning, NY) and media containing DMEM/F12
supplemented with 0.3% BSA, 1% ITS-X, 0.5% penicillin-streptomycin, 100 pM
B-Mercaptoethanol, 2.5 pM Y27632, 7.5 pM A83-01, 100 ng/mL hNRG1, and
4% Knockout serum (KSR). EVT differentiation medium without hNRG1 was
replaced on day 3. On day 6, the medium, lacking hNRG1 and KSR, was again
replaced and finally analyzed on day 8.

RNAi in Human TSCs. Lentiviral shRNAs were used to knock down WWTR1
(target sequence: GCGATGAATCAGCCTCTGAAT) in human TSCs. A scramble
shRNA (Addgene-1864; CCTAAGGTTAAGTCGCCCTCGC) was used as control.
Lentiviral particles were generated by transfecting plasmids into HEK-293T cells.
Virus-containing supernatant was collected, and virus particles were concen-
trated by Lenti-X concentrator (Clontech Laboratories) according to the manufac-
turer's protocol. Human TSCs were transduced using viral particles at 60 to 70%
confluency. Transduced cells were selected in the presence of puromycin (1.5 to
2 pg/ml). Selected cells were tested for knockdown efficiency and used for fur-
ther experimental analyses.

CTB Isolation from First-Trimester Placenta. CTBs were isolated from 8th-
to 10th-week first-trimester pooled placentae (n = 8) as described (28). Briefly,
placentae were kept overnight in DMEM HAM's F12 (Gibco; 31331-28)/
0.05 mg/mL gentamicin (Gibco; 15710-049), and 0.5 pg/mL fungizone (Gibco;
15290026). Next-day placental villi were scraped in 1x Hank's Balanced Salt
Solution (HBSS; Sigma-Aldrich; H4641), collected by centrifugation, and incu-
bated for two consecutive digestions with 1x HBSS containing 0.125% trypsin
(Gibco; 15090-046) and 0.125 mg/mL DNase | (Sigma-Aldrich; DN25) at
37 °C in the incubator. Cells were purified by Percoll (Cytiva; 17089101) gra-
dient centrifugation. Contaminating erythrocytes were lysed by incubation
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with erythrocyte lysis buffer (155 mM NH,4CI, 10 mM KHCO3, and 0.1 mM eth-
ylenediaminetetraacetic acid (EDTA), pH 7.3) for 5 min at room temperature (RT).
The cell suspension was seeded onto cell culture dishes for 45 min to allow con-
taminating stromal cells to adhere to the plastic. Trophoblasts were collected
from the supernatants by centrifugation. HLAG* EVTs were depleted from the cell
suspension by immune-purification using HLA-G Phycoerythrin-labeled antibodies
(Exbio; Clone MEM-G/9, 1P-292-C100), PE MACS beads (Miltenyi Biotec;
130-048-801), and MACS MS columns (Miltenyi Biotec; 130-042-201). Purified
Trophoblasts were seeded in DMEM-Ham's F12 (Gibco; 31331-28)/10% FBS
(Sigma-Aldrich; S0615-500ML), 0.05 mg/mL gentamicin (Gibco; 15710-049),
and 0.5 pg/mL fungizone (Gibco; 15290026) onto fibronectin-coated cell culture
dishes (2 pg/cmz; Merck; FC010). For siRNA-mediated gene silencing, 1 h later a
proportion of the cell culture medium was replaced by siRNA/RNAIMax contain-
ing media prepared as described (44) by using nontargeting (D-001810-10-20)
or TAZ (L-016083-00-0005) ON-TARGETplus SMARTpools and Lipofectamine RNAi-
max (Invitrogen; 13778-075).

IF and Immunohistochemistry (IHC). [F was performed with human TSCs for
expression analyses of distinct proteins as described in the respective figures. In
addition, IF was performed with normal term human placental sections to test
coexpression of WWTRT and TEAD4 in CTBs. Cells and placental sections were
fixed using 4% paraformaldehyde in 1X phosphate buffer saline (PBS) (Sigma-
Aldrich; D8537), permeabilized using 0.25% Triton X-100 (Sigma-Aldrich; x100)
in 1X PBS and blocked for 1 h using blocking buffer (10% FBS and 0.1%
TritonX100 in PBS). Sections were incubated with primary antibodies against
WWTR1 and TEAD4 (1:100, overnight at 4 °C), washed with 0.1% Triton X-100
in PBS. After incubation with conjugated secondary antibodies (1:400, 1 h, RT),
sections were washed and mounted using anti-fade mounting medium
(Thermo Fisher Scientific) containing DAPI. For all IF experiments, four or more
individual experiments were performed, and representative images are shown
in the figures.

IHC was performed using human placenta paraffinized sections. The slides
were deparaffinized by Histo-clear (National Diagnostics; HS-200), followed by
rehydration with 100%, 90%, 80%, and 70% ethanol. Antigen retrieval was
done using a decloaking chamber at 80 °C for 15 min. The endogenous peroxi-
dase was inactivated by treating with 3% H,0, (Sigma-Aldrich; 216763) followed
by wash with 1X PBS. Nonspecific immunoglobulin binding was blocked with
10% goat serum (Thermo Fisher Scientific; 50062Z) for 10 min at RT followed by
1-h incubation with 1:100 dilution of anti-WWTR1 antibody or immunoglobulin
G at RT. The slides were washed three times with 1X PBS and incubated with
biotin conjugated secondary antibody (1:200 dilution) for 30 min at RT. The
slides were washed with 1X PBS followed by treatment with streptavidin-
conjugated horseradish peroxidase (Vector Laboratories; SA-5704) for 10 min at
RT. Reactivity was detected using DAB+ Substrate Chromogen System (Dako;
TA-125-QHDX). The slides were counterstained with Mayer's hematoxylin
(Sigma-Aldrich; MH516). The slides were then dehydrated by sequential
treatment using 70%, 80%, 90%, and 100% ethanol and xylene. The sections
were dried, mounted with Toluene, and imaged using a Nikon TE2000 micro-
scope. At least five different placentae for each experimental condition were
analyzed by IHC for WWTR1 expression. Representative images are included
in the figures. Antibodies that were used for the study are mentioned in
Sl Appendix.

Placental Explants Culture. Firsttrimester placental explants were sub-
merged in DMEM/F12 (Gibco) media and divided into smaller pieces under a
dissection microscope under sterile conditions. Pieces containing branching
villous-like structures were washed in PBS supplemented with 10% FBS and
then subjected to lentiviral treatment. The explants were divided into two
groups; one group was incubated with scrambled lentiviral particles, while the
other group was incubated with lentiviral particles carrying shRNA for WWIR1
gene knockdown. Both groups were incubated with the respective lentiviral
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particles for 6 h at 37 °C in a humidified chamber in a 5% C0,/95% air gas mix-
ture. After 6 h, the explant pieces were rinsed and encapsulated in gel for further
culture. For the encapsulation, growth factor reduced Matrigel (Coming) was
mixed 1:1 with DMEM/F12 on ice to make a Matrigel suspension; 200 pL of
the Matrigel suspension was added to each well of a 24-well plate, and explants
were placed centrally and covered with another 200 pL of Matrigel suspension.
The plate was then incubated at 37 °C in a humidified chamber in 5% CO, for
the gel suspension to solidify, thereby encapsulating the explant. Finally,
300 pL EVT medium was added to each well and allowed to culture. EVT
medium was changed on days 3 and 5 as mentioned earlier.

RNA-Seq Analysis. RNA-seq analysis was performed according to published
protocol (45, 46). Total RNA from the control human TSCs as well as WWTRT-KD
human TSCs were isolated using RNeasy Mini Kit (Qiagen; 74104) per the man-
ufacturer's protocol with on-column deoxyribonuclease digestion. RNA concentra-
tions were quantified using a NanoDrop Spectrophotometer at a wavelength of
260 nm. Integrity of the total RNA samples was evaluated using an Agilent Tech-
nologies 2100 Bioanalyzer). The total RNA fraction was processed by oligo dT
bead capture of mRNA, fragmentation, and reverse transcription into cDNA. After
ligation with the appropriate Unique Dual Index (UDI) adaptors, the ¢DNA library
was prepared using the Universal Plus mRNA-seq +UDI library preparation kit
(NuGEN; 0508-08, 0508-32).

statistical Significance. Statistical significance was determined for quantita-
tive RT-PCR analyses for mRNA expression and for cell proliferation analyses. We
performed at least n = 3 experimental replicates for all of these experiments.
For statistical significance of generated data, statistical comparisons between two
means were determined with Student's ¢ test, and significantly altered values
(P <0.07) are highlighted in the figures by an asterisk. RNA-seq data were gen-
erated with n = 4 experimental replicates per group. The statistical significance
of altered gene expression (absolute fold change >2.0 and false discovery rate
(FDR) g-value <0.05) was initially confirmed with right-tailed Fisher's exact test.
For WWTRT mRNA expression analyses in pathological placentae, one-way
ANOVA was used to determine statistically significant differences in mean
WWTR1 expression in a specific pathological condition, such as extreme preterm
birth, with term control placentae.

Data, Materials, and Software Availability. The raw data for RNA-seq anal-
yses are available at the Gene Expression Omnibus (GEO) database (https:/
www.ncbi.nlm.nih.gov/gds) with Accession No. GSE188738 (47). The raw data
for single-cell RNA-seq in the first-trimester human placenta are also available in
the GEO database (Accession No. GSE145036 (48)). Additional details of experi-
mental procedures are mentioned in S/ Appendix.
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