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ABSTRACT

Endogenous retroviruses (ERVs) have been pro-
posed as a driving force for the evolution of the mam-
malian placenta, however, the contribution of ERVs to
placental development and the underlying regulatory
mechanism remain largely elusive. A key process of
placental development is the formation of multinucle-
ated syncytiotrophoblasts (STBs) in direct contact
with maternal blood, through which constitutes the
maternal-fetal interface critical for nutrient allocation,
hormone production and immunological modulation
during pregnancy. We delineate that ERVs profoundly
rewire the transcriptional program of trophoblast
syncytialization. Here, we first determined the dy-
namic landscape of bivalent ERV-derived enhancers
with dual occupancy of H3K27ac and H3K9me3 in
human trophoblast stem cells (hTSCs). We further
demonstrated that enhancers overlapping several
ERV families tend to exhibit increased H3K27ac and
reduced H3K9me3 occupancy in STBs relative to
hTSCs. Particularly, bivalent enhancers derived from
the Simiiformes-specific MER50 transposons were
linked to a cluster of genes important for STB forma-
tion. Importantly, deletions of MER50 elements adja-
cent to several STB genes, including MFSD2A and
TNFAIP2, significantly attenuated their expression
concomitant to compromised syncytium formation.
Together, we propose that ERV-derived enhancers,

MER50 specifically, fine-tune the transcriptional net-
works accounting for human trophoblast syncytial-
ization, which sheds light on a novel ERV-mediated
regulatory mechanism underlying placental develop-
ment.

INTRODUCTION

The placenta is a critical organ that simultaneously main-
tains successful pregnancy and supports fetal development
by providing substantial resources of oxygen and nutri-
ents, facilitating hormone production and immunological
functions (1). The chorionic villus is the basic architectural
and functional unit of the human placenta, which is pri-
marily comprised of the interior layer of mononuclear cy-
totrophoblast (CTB) and the outermost layer of multinu-
cleated syncytiotrophoblast (STB) that directly immersed
in maternal blood. Proliferative CTBs give rise to STBs
through cell-cell fusion, termed syncytialization, which en-
ables proper placental functions and fetal development,
whereas aberrant placental syncytium formation is associ-
ated with pregnancy complications, including preeclamp-
sia, recurrent pregnancy loss, and fetal growth restriction
(2–4). Although accumulating evidence has shown that hor-
mones, cytokines and transcription factors are indispens-
able for the process of trophoblast cell fusion (5,6), the un-
derlying genetic and epigenetic mechanisms and concomi-
tant regulatory network governing trophoblast syncytial-
ization remain elusive.

Endogenous retroviruses (ERVs), which belong to trans-
posable elements (TEs), have been proposed as a driving
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force for the evolution of the mammalian placenta (7–10).
One of the most striking examples is the co-option of Syn-
cytin genes in the placenta. Syncytins are derived from
endogenous retroviral elements, which code envelope pro-
teins in ancient retrovirus to aid virion–cell membrane fu-
sion and evolve to serve as bona fide fusogenic proteins to
promote cell-cell fusion in trophoblasts (11). For example,
Syncytin-1 in humans binds to specific receptors to facilitate
the formation of pseudopod on the plasma membrane and
the change of phospholipid composition of the membrane,
thereby promoting the fusion between two neighboring tro-
phoblast cells (12). Remarkably, Syna and Synb knockout
mice exhibit the defective formation of the ST-I and ST-II
layer respectively (13), which highlights the importance of
Syncytins for preserving the structural and functional in-
tegrity of the placental barrier by modulating trophoblast
syncytialization. Moreover, the emergence of Syncytins in
different mammalian species seems to affect the placental
morphology, invasiveness of the trophoblast, and cellular
composition of placentas, thus accounting for the evolu-
tionary diversification of the placentas (14).

Aside from co-option for direct cellular functions, such
as cell-cell fusion and immune modulation, ERVs provide
cell- and context-specific transcriptional modulatory ma-
chineries, such as promoters and enhancers, splicing and
termination sites, and regulatory non-coding RNAs (15).
By virtue of their repetitive and interspersed nature, the
existence of ERVs profoundly drives genome reconstruc-
tion and shapes host gene regulatory networks during mam-
malian evolution (16,17). Notably, ERVs are susceptible to
substantial epigenetic modulation, attracting various epi-
genetic modifiers such as H3K27ac and H3K4me3, which
therefore affects the expression of neighboring genes (18).
Cumulative evidence documents the cis-regulatory activ-
ity of ERVs in early embryogenesis (19,20), differentiated
cells and tissues (21), and germline formation (22), among
which recent progress spotlights the physiological signifi-
cance of ERVs in extraembryonic tissues. For example, an
anthropoid primate-specific ERV-derived enhancer THE1B
controls the placental expression of CRH and alters gesta-
tion length and birth timing (23). Sun et al. recently per-
formed an epigenomic survey to identify a group of puta-
tive lineage-specific placental enhancers derived from ERVs
(24), yet their contributions to cell-specific transcriptional
regulation in the placenta are under-appreciated. In addi-
tion, how ERV elements rewire the transcriptional networks
critical for trophoblast cell lineage development remains un-
determined.

In the present study, we profile epigenomic and tran-
scriptomic features of the human trophoblast stem cell
(hTSC) and hTSC-derived STB to investigate the poten-
tial regulatory roles of ERVs in the process of trophoblast
syncytialization. We reveal the prevalence of ERVs prefer-
ably enriched for H3K27ac/H3K9me3 bivalent enhancers
in hTSCs, which transitions to an active state upon STB dif-
ferentiation. Remarkably, MER50 ERVs serve as functional
enhancers driving the expression of adjacent STB genes. We
demonstrate that the downregulation of certain STB genes
by CRISPR deletion of selected MER50 elements could
hinder syncytium formation. Moreover, our study identi-
fies novel regulators of trophoblast syncytialization, such

as TNFAIP2 and RAI14, whose expression and function
are substantially influenced by the MER50 enhancers. Our
study indicates ERV enhancers fine-tune the transcriptional
program accounting for trophoblast fusion apart from the
well-established function of coding fusogenic genes.

MATERIALS AND METHODS

hTSC and organoid culture

Human trophoblast stem cells from the first-trimester pla-
centa were isolated and cultured as described previously
(25). Briefly, the first-trimester placenta villi were digested
using 0.25% trypsin and 10 U/ml DNase I for 0.5 h and
15 min, respectively. The isolated cells were filtered and re-
suspended in the hTSC medium. The Ethics Committees of
Xiamen University approved the study protocol for the col-
lection of human placenta tissues. Written consent was ob-
tained from all sample donators. For the organoid derived
from hTSCs, about 5 × 103 cells were embedded into 30
�l per drop Matrigel (Corning, Cat#356231) and carefully
placed upside down at 37◦C for 20 min to solidify, followed
by continuous culture in the trophoblast organoid medium
(TOM) (26). Additional details of the hTSC and placental
organoid culture are provided in Supplementary methods.

Generation of CRISPR knock-out cell lines

To generate the �MER50-M and �MER50-T cells, two
sgRNA sequences for each sequence were designed to cre-
ate a specific deletion encompassing the MER50 sequence
upstream of MFSD2A and TNFAIP2, respectively. sgR-
NAs were introduced into hTSCs by the lentivirus system
[lentiCRISPR v2 (Addgene, #52961), psPAX2 (Addgene,
#12260), pMD2.G (Addgene, #12259)]. PCR and Sanger
sequencing was utilized to validate the efficiency of the cor-
responding genomic deletion in the individual colonies de-
rived from single cell expansion. Sequences for the sgR-
NAs and genotyping primers are shown in Supplementary
Table S1, S2.

Transcriptome sequencing and analysis

Total RNA was isolated from three biological replicates us-
ing TRIzol (Invitrogen, Cat#350508), and RNA integrity
and concentration were assessed by the Qubit dsDNA HS
Assay (Invitrogen). RNA-Seq libraries were sequenced as
100 bp paired-end reads with the MGISEQ-2000 platform.
Raw reads were trimmed with Trim Galore v0.6.4, and then
aligned to the reference genome (GRCh38) using STAR
v2.7.3 (27). After obtaining gene-level read counts using the
featureCount function from subread v2.0.0 (28), differen-
tially expressed genes were identified using DESeq2 v1.30.1
(29) with settings: FDR < 0.05 and |log2Foldchange|>1.

ChIP-seq

The information on ChIP-Seq data sets as listed in Sup-
plementary Table S3. For this study, ChIP-Seq was per-
formed according to the previous protocol (30). In brief,
cell samples (hTSC, STB24h and STB48h) were fixed with
1% formaldehyde solution for 10 min at room temperature,
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then 0.125 M glycine was applied for 10 min to stop fixation.
Samples were then sequentially incubated in lysis buffer
1 (50 mM HEPES pH 7.5, 1 mM EDTA, 140 mM NaCl,
0.5% NP-40, 10% glycerol, 0.25% Triton X-100) and lysis
buffer 2 (10 mM Tris–HCl pH 8.0, 1 mM EDTA, 0.5 mM
EGTA, 200 mM NaCl) on a rotator at 4◦C for 10 min. Chro-
matin fragmentation was performed using Bioruptor Soni-
cator (Diagenode) in lysis buffer 3 (10 mM Tris–HCl pH 8.0,
1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 0.1% sodium
deoxycholate, 0.5% N-lauroylsarcosine). Fragmented chro-
matin was centrifuged to remove debris, and 5% of the
volume was used as an input control. The rest was in-
cubated with the anti-H3K27ac (Abcam, Cat#ab4729) or
anti-H3K4me3 (Abcam, Cat#ab8580) antibody on a rota-
tor at 4◦C overnight and subjected to 20 �l protein A mag-
netic beads (Invitrogen, Cat#10001D). After washing and
elution, the protein-DNA complex was reversed by heat-
ing at 65◦C overnight. DNA was purified, and Illumina
libraries were constructed using the KAPA DNA Hyper-
Prep Kit (Roche, Cat#08963835001) following the manu-
facturer’s instruction and sequenced on an Illumina No-
vaSeq 6000.

Raw reads were trimmed with Trim Galore v0.6.4, and
then aligned to the reference genome (GRCh38) using
Bowtie v2.3.5 (31) with default settings. Reads aligned to
multiple genomic loci were discarded using samtools v1.13
(32) with the parameter -q 2. PCR duplicates were removed
using the rmdup function of samtools v1.13 (32). After con-
firming the data reproducibility, reads from biological repli-
cates were pooled together for further analysis. Peak call-
ing was performed with MACS v2.2.6 (33) with default set-
tings, with H3K9me3 and H3K27me3 called as broad peaks
while others as narrow peaks. The called peaks were further
cleaned by removing those overlapping ENCODE Blacklist
V2 regions (34).

Reference genome and annotation

Reference genome and gene annotation for human
(GRCh38) were downloaded from the ENSEMBL
database (release 102) (35). Transposable element anno-
tations were downloaded from the RepeatMasker website
(http://www.repeatmasker.org/).

Regulatory element annotation

Putative regulatory elements, including promoters and en-
hancers, were annotated based on genome-wide distribu-
tion of histone modifications and distance to TSSs. In brief,
we first determined the peaks for H3K27ac, H3K4me3 and
H3K9me3 based on corresponding ChIP-Seq data. Accord-
ing to the rationale that H3K4me3 specifically marks ac-
tive promoters and H3K27ac marks both active promot-
ers and enhancers, we then annotated promoters are de-
fined as H3K4me3 occupied regions, and enhancers as
H3K27ac peaks that are >500 bp from TSSs. Annotated
promoters and enhancers that overlap H3K9me3 peaks
were further annotated as of ‘bivalent’ state. To compare
between regulatory elements shared or specific for hTSC
and STB, annotated enhancers were further clarified as dis-
tinct groups based on H3K27ac and H3K9me3 marks in

hTSC and STB, including: (i) hTSC-specific, for those with
H3K27ac only in hTSC; (ii) shared (hTSC-bivalent), for
those with H3K27ac in both hTSC and STB, yet also have
H3K9me3 in hTSC; (iii) shared (hTSC-active), for those
with H3K27ac in both hTSC and STB, and no H3K9me3
in hTSC; (iv) STB-specific, for those with H3K27ac in STB
only.

TE enrichment analysis

To determine the overrepresentation of ERV families within
distinct groups of regulatory elements, we used the fisher
function from BEDtools v2.29.2 (36) for Fisher’s exact test
analysis. To control for Family-Wise Error Rate, the calcu-
lated P-values were further adjusted with Bonferroni ap-
proach.

Dual-luciferase reporter assay

To construct the promoter reporter vector, the MER50 con-
sensus sequence (from Dfam database; https://www.dfam.
org/home) was synthesized by Tsingke Biotechnology Co.,
Ltd and cloned into pGL4.10 (Promega, Cat#E6651). The
reporter constructs with no promoter served as a con-
trol. Enhancer reporter vectors were generated by insert-
ing the MER50 consensus sequence and downstream mini
promoter (miniP: AGAGGGTATATAATGGAAGCTC-
GACTTCCAG) into the pGL4.10 plasmid. The reporter
vector with sole miniP was used as baseline control.
HEK293T cells or hTSCs were seeded in 24-well plates one
day prior to transfection. Firefly and Renilla (used for nor-
malization) luciferase were co-transfected into cells using
Lipofectamine 3000.

Western blot analysis, RNA extraction, reverse-transcription
quantitative PCR (RT-qPCR), immunostaining, siRNA
transfection, MTS assay and ELISA

Western blot, RNA extraction, RT-qPCR, Immunostain-
ing, siRNA transfection, MTS assay and ELISA were per-
formed using standard procedures. Additional details are
available in Supplementary methods and Supplementary
Table S4.

Statistical analysis and visualization

All statistical analyses on the transcriptome and epigenome
data were performed with R statistical programming lan-
guage (37). Heatmaps for ChIP-Seq data were generated us-
ing DeepTools v3.5.1 (38). RNA-Seq and ChIP-Seq tracks
were visualized using IGV v2.11.1 (39). For other analy-
ses, statistical calculations were performed with unpaired
Student’s t test, Mann-Whitney test, and one- or two-way
ANOVA using GraphPad Prism 8. Data was documented
as the mean ± SEM, based on at least three independent ex-
periments.

RESULTS

ERVs frequently overlap enhancers that transit from bivalent
to active state during human STB differentiation

Accumulating evidence demonstrates that ERVs could serve
as prominent regulatory elements in diverse developmental
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events (17). We previously elucidated that dozens of ERV
families are overrepresented in human placental enhancers
(24). To further delineate the functions of ERVs during hu-
man trophoblast lineage specification, we established an
in vitro model for hTSC culture and differentiation (Fig-
ure 1A) using a protocol modified from the previous study
(25). We successfully generated proliferative hTSCs from
the first-trimester placenta CTBs and subsequently differ-
entiated hTSCs in vitro. Cellular morphology under bright
field microscopy and the expression of canonical markers
for different trophoblast subtypes (i.e. ITGA6 and TEAD4
for hTSC, CGB for STB, HLA-G for EVT) confirmed that
the hTSC we established possesses the potency to differ-
entiate into both STB and EVT lineages (Supplementary
Figure S1A–D). Immunofluorescent imaging further veri-
fied the morphology of differentiated trophoblast subtypes
and the expression of marker genes (hCG for STB and
HLA-G for EVT) (Figure 1B, Supplementary Figure S1D).
Moreover, hTSCs cultured in three-dimensional (3D) Ma-
trigel droplets underwent self-organization and formed a
spheroid-shaped organoid, where the outer layer sustained
mononucleated CTB and the interior committed to sponta-
neous STB differentiation (Supplementary Figure S1E, F).
We utilized the hTSC model to study the transcriptomic and
epigenomic dynamics during STB differentiation, focusing
on the function of ERVs regarding gene regulatory activity
and trophoblast cell fusion.

To identify the ERV components with regulatory poten-
tials governing trophoblast differentiation, we assessed the
chromatin signature of cis-elements in the process of syn-
cytialization. We first annotated the cis-elements for hTSC
and STB using public epigenomic data (25) based on two
active histone marks H3K27ac and H3K4me3 (Supplemen-
tary Table S3). We further leveraged published H3K9me3
data and verified its good quality (Supplementary Figure
S2). Notably, a higher percentage of overall enhancers in
hTSC relative to STB (16.8% versus 3.4%, P < 2.2e–16)
were of bivalency featuring both H3K27ac and the repres-
sive mark H3K9me3 (Supplementary Figure S3A–C). The
similar bivalent state on ERVs has also been previously ob-
served in mouse embryonic stem cells (ESCs) (40). A com-
parison of the shared enhancers in both cell types further
confirmed the prevalence of bivalent enhancers in hTSC
(Figure 1C). Therefore, we further classified the shared cis-
elements as hTSC-bivalent and hTSC-active groups (Fig-
ure 1D), with the hTSC-bivalent group switching from bi-
valent to active state during STB differentiation. This is
consistent with the overall reduced H3K9me3 level in STBs
(Supplementary Figure S3D). Together with those specific
for hTSC and STB, four groups of enhancers were de-
fined for further comparison. Overall, ERVs were overrep-
resented in the enhancers for both hTSC and STB (Figure
1E and Supplementary Figure S3E), particularly the shared
enhancers with the bivalent state in hTSC (Figure 1E, F).
In contrast, ERVs were rarely enriched in promoter regions
(Supplementary Figure S4A, B), which suggests that ERVs
cis-regulatory elements might be coopted primarily as en-
hancers in trophoblasts. This histone modification feature
in hTSCs fits nicely with the previous findings that rare en-
richment of TEs within promoters marked by H3K4me3
in rodent placentas (41). Importantly, while multiple ERV

families (e.g. MER21, MER41, MER39, MER50) previ-
ously reported as placental-enhancer-enriched (24) were
identified as significant hits in our analysis, the top en-
riched ERV families differed substantially among different
groups of enhancers (Supplementary Figure S4C). Analy-
sis of the newly generated epigenomic dataset using our in
vitro model (Supplementary Table S3) gave rise to highly
consistent data (Figure 1G, H, Supplementary Figure S3F
and S5). Together, these results suggest that distinct families
of ERVs are preferably enriched in different groups of en-
hancers, with the most significant enrichment for enhancers
that transit from bivalent to active state during STB differ-
entiation.

MER50 transposons constitute putative enhancers for the ad-
jacent STB genes

Poised cis-elements with bivalent histone modifications pro-
foundly shape the transcriptional landscape of developmen-
tal processes by maintaining low expression of cell fate spec-
ification genes, while simultaneously keeping them predis-
posed for rapid activation in response to lineage specifica-
tion signals (42). After unveiling the epigenetic character-
istics of ERVs within different groups of hTSC/STB en-
hancers, we further examined if certain ERV families are
more likely located near genes important for STB differenti-
ation. We first identified the genes up-regulated in STB rela-
tive to hTSC using both previously published (25) and new
transcriptomic data, which compiled a list of 2455 genes
more abundant in STB (Figure 2A). We next profiled the
occurrence of ERVs close to these STB genes and identified
several ERV families that were significantly enriched (Fig-
ure 2B), including MER41A, MER50 and LTR8B, which
were also highly enriched within STB enhancers (Supple-
mentary Figures S4 and S5). We further demonstrated
that STB enhancers overlapping several ERV families (e.g.
MER41A, MER50 and LTR8B) tend to have increased
H3K27ac and decreased H3K9me3 occupancy in STB rela-
tive to hTSC (Figure 2C), which is consistent with the afore-
mentioned bivalent to active transition of ERV-derived en-
hancers. Apart from the top MER41A family which has
previously been linked to the evolution of human placenta
and innate immunity (24,43), the second-ranked MER50
family was of particular interest, since Syncytin-2––a pla-
cental gene crucial for STB fusion––seems to be co-opted
from one env gene originating from the internal region
(MER50-int) of the same ERV family (Supplementary Fig-
ure S6A). MER50 and MER50-int transposons are both re-
stricted to the Simiiformes lineage, with the latter frequently
flanked by the LTR sequence of MER50. Apart from cod-
ing the important fusogenic protein Syncytin-2, this coinci-
dence raises the question of whether MER50 transposons
also facilitate the evolution of regulatory elements modu-
lating STB differentiation.

To test this hypothesis, we compared the gene expression
pattern regarding their distance to MER50, which reveals
that genes with MER50 elements resident within 50 kb from
their corresponding TSSs displayed higher expression lev-
els in STB relative to hTSC (Figure 2D). We also examined
the association of MER50 with annotated enhancers using
both public and our datasets (Figure 2E, F, and Supplemen-
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Figure 1. ERV-derived enhancers bear the features of H3K9me3/H3K27ac bivalent histone modifications in human trophoblasts. (A) Schematic repre-
sentation of hTSC derivation and differentiation. hTSC derived from the first-trimester placental villi were maintained in hTSC medium or subject to 2D
(STB, EVT) and 3D (organoid) differentiation. (B) Representative immunostaining of ECAD (green), hCG (red) and DAPI (blue) in hTSC and STB at the
indicated timepoints of syncytialization in 2D culture. Scale bar, 50 �m. (C) The relative abundance of annotated enhancers with bivalent marks (H3K27ac
and H3K9me3) in hTSC relative to STB. P-value is calculated by using Fisher’s exact test. (D) Averaged ChIP intensity plots showing the alteration of
H3K27ac and H3K9me3 marks at different groups of annotated enhancers in hTSC and STB. The numbers for the four groups (i.e. hTSC-Specific, Shared
(hTSC-Active), Shared (hTSC-Bivalent) and STB-Specific) of enhancers are 48467, 24292, 4881 and 19411, respectively. (E) Boxplots for the enrichment
of different ERV families in grouped enhancers for hTSC and STB based on the publicly available epigenomic data. (F) Scatter plots for the enrichment of
ERV families in different groups of enhancers. The x- and y-axis represent the expected and observed frequency of different ERV families in enhancers. The
color gradient indicates the -log10(p-value) adjusted with Bonferroni correction. (G, H) Counterpart data to E and F based on newly generated epigenomic
data for hTSC and STB at the indicated differentiation timepoint.
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Figure 2. Putative bivalent MER50 enhancers are associated with STB gene expression. (A) Venn diagram illustrates 2455 overlapped genes up-regulated
in STBs (defined as STB genes) relative to hTSCs based on RNA-Seq data from Okae et al. (2018) and the current study. (B) The bubble diagram shows
the ranking of ERV subtypes close to STB genes (ERVs resident within 10 kb centered on the gene body) by the order of STB gene numbers associated
with a given ERV. The x-axis represents the numbers for ERV-adjacent genes, and the size of the circle represents the number of ERV-adjacent STB
genes. (C) Alteration of H3K27ac and H3K9me3 occupancy between hTSC and STB for the STB enhancers overlapping the top 5 ERV families enriched
surrounding STB-specific genes. The averaged curves show the normalized ChIP intensity surrounding ERV elements that overlap STB enhancers. (D)
Expression changes of MER50-associated genes in hTSC and STB. Different groups of genes are defined based on the distance of their TSSs to the nearest
MER50 elements. (E, F) Enrichment of MER50 within different groups of enhancers annotated for hTSC and STB, using public data (E) and new data
(F), respectively. The color gradient indicates the −log10(P-value) adjusted with Bonferroni correction. (G) Heatmaps showing the intensity of various
histone modifications flanking different groups of MER50-associated enhancers.
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tary Figure S6B), which consistently suggests that MER50
is preferably enriched within the enhancers that switch from
bivalent/silent to the active state during STB differentiation
[i.e. the two groups including Shared (hTSC-bivalent) and
STB-specific]. Inspection of the epigenetically-annotated
enhancers specific for different human tissues using EN-
CODE data (Supplementary Table S3) suggests that the en-
richment of MER50 is most evident in the placenta (Sup-
plementary Figure S6C), highlighting the cell- or tissue-
specific function of MER50 in the placenta. Further vi-
sualization of various histone modifications revealed that
the shared MER50-associated enhancers (particularly the
subset with both H3K27ac and H3K9me3 bivalent modi-
fication in hTSC, which makes up around 25% (68 out of
270) of all MER50-derived enhancers) showed increased
H3K27ac levels in STB, in parallel with the accumulative
STB-specific enhancers (Figure 2G). Even though MER50
also overlap some hTSC-specific enhancers and promoters,
their association tends to be random since no significant en-
richment was detected (Figure 2E, F, and Supplementary
Figure S6D–F). Together, integrative analysis of the tran-
scriptomic and epigenomic data suggests that MER50 ele-
ments reside frequently surrounding STB genes and within
STB enhancers, indicating that they may be endowed with
gene-regulatory activity important for STB differentiation.

MER50 functions to drive the expression of the adjacent STB
genes

During the process of biological evolution, ERVs dispersed
in genomes with long terminal repeats (LTR) which were
once used as viral promoters, acquire novel physiological
functions due to their intrinsic regulatory activity as pro-
moters or enhancers to modulate the nearby host gene ex-
pression (15). Therefore, we hypothesized that MER50 may
serve as enhancers or promoters and drive the synergetic
expression of a panel of proximal STB genes in human
trophoblasts, which further promotes syncytialization. To
this end, we inserted the MER50 consensus sequence up-
stream of the luciferase reporter gene with or without mini
promoter, which could respectively evaluate the enhancer
and promoter potentials based on the luciferase signals as
a readout (Figure 3A). We first introduced the enhancer or
promoter reporter system into 293T cells and measured the
activity of MER50 as a cis-element. Our results demon-
strated that the MER50 could significantly induce down-
stream luciferase gene expression compared with the con-
trols. In addition, we observed a more robust gene regula-
tory efficiency of MER50 in human trophoblasts, especially
in STBs, which indicates that MER50 enhancers are more
active in the setting of trophoblast differentiation (Figure
3B, C). These findings are consistent with the above obser-
vations that MER50 was a top-ranking putative ERV ele-
ment adjacent to STB genes and enriched for the unique
H3K27ac/H3K9me3 bivalent histone modification, which
together implicates that the MER50 cis-element is likely to
be involved in STB formation by modulating the expression
of STB genes.

To pinpoint MER50-modulated genes critical for tro-
phoblast syncytialization, we profiled the MER50 adjacent
STB genes by overlapping 452 adjacent genes of MER50

(≤20 kb of TSSs) with genes upregulated specifically in
hTSC-derived STBs. We predicted 40 members of MER50
target genes (Figure 3D), among which a subset of genes
has established functions in trophoblast fusion, such as
ERVFRD-1 (44), MFSD2A (45), SPHK1 (46), PSGs (47),
IFITMs (48) and ERVV-2 (49,50). Furthermore, RNA-Seq
data revealed that the expression of MER50 adjacent STB
genes was gradually increased as the trophoblast fusion pro-
ceed (Figure 3E). Consistently, the representative track view
illustrated that active H3K27ac or H3K4me3 histone mod-
ification at the MER50 loci correlated with the activation of
syncytialization-related genes in human trophoblasts (Fig-
ure 3F, G). Taken together, these data corroborate a regula-
tory link between enhancer-like MER50 ERV and the genes
involved in STB formation, which needs further experi-
mental validation to address the corresponding functional
significance.

Functional validation of the definitive MER50 enhancer
upstream of the MFSD2A gene in syncytiotrophoblast
formation

To assess if the MER50 elements with enhancer-like epige-
nomic characteristics are indeed functional enhancers, we
focused on the MER50 element adjacent to the MFSD2A
gene. The syncytiotrophoblast is formed through cytotro-
phoblast fusion, which is facilitated by fusogenic protein
Syncytins. Key fusogens expressed in the human placenta,
ERVW-1 and ERVFRD-1 (the coding gene for Syncytin-1
and Syncytin-2) (51,52), work in concert with the cognate
receptors, SLC1A5 and MFSD2A respectively, to promote
cell-cell fusion in vitro. Although MFSD2A has been pro-
posed to potentiate trophoblast cell fusion, the molecular
mechanisms responsible for the transcriptional regulation
of MFSD2A in the dynamic process of syncytialization re-
main unclear. Given that the MER50-MFSD2A element
displayed active enhancer features (Figure 3F) and corre-
lated with a robust gene upregulation (Supplementary Fig-
ure S7A), we reasoned that the MER50 enhancer confers
the transcriptional activation of MFSD2A.

To investigate the transcriptional modulation function of
the MER50 enhancer, we employed the CRISPR-Cas9 sys-
tem to delete the MER50 region located 12kb upstream
of MFSD2A in hTSCs (Figure 4A). The successful dele-
tion of MER50 (termed as �MER50-M, �M-M for short)
was verified by both genomic PCR and Sanger sequencing
(Supplementary Figure S7B and C). Single-cell colonies ho-
mozygous for �MER50-M were generated for further in-
vestigation. Notably, cells carrying MER50 excision failed
to express MFSD2A, in contrast to wildtype (WT) cells in
which MFSD2A transcription was robustly up-regulated in
response to cell fusion signal (Figure 4B). We next sought
to test whether the deletion of MER50-MFSD2A is suffi-
cient to restrict syncytiotrophoblast formation. Consistent
with the previous observation that knockdown of intrin-
sic MFSD2A expression in BeWo choriocarcinoma cells
hinders trophoblast fusion (45), we found the efficiency of
syncytialization in �MER50-M cells was extremely low, as
shown by immunostainings for ECAD, hCG, and SDC1 in
both 2D and 3D cultures. (Figure 4C, F and Supplemen-
tary Figure S7D). In addition, we compared the dynamic
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Figure 3. MER50 cis-regulatory elements drive the expression of the adjacent STB genes. (A) Schematic of the enhancer and promoter reporter system
evaluating the transcriptional regulation activity of the MER50 conserved sequence. miniP, minimal promoter; FLUC, Firefly Luciferase. (B, C) Dual-
luciferase reporter assays in HEK293T, hTSC, and STB. Cells were transfected with the indicated enhancer (B) or promoter (C) reporter vectors, and the
LTR activity was calculated based on relative fold changes in FLUC activity (FLUC/RLUC). Results represent the mean ± SEM of 3–5 independent
experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001, by Mann–Whitney test and one- or two-way ANOVA. (D) Venn diagram depicting the inter-
section between the coding genes adjacent to MER50 (MER50 resident within 20 kb centered on the gene body) and the STB genes defined in Figure
2A. (E) Heatmap representation of dynamic gene expression (Z-score-transformed FPKM) of 40 genes overlapped in (D) in the process of trophoblast
syncytialization. (F, G) Genome browser representation for RNA-Seq, H3K27ac, H3K4me3 (data from this study) and H3K9me3 (data from Okae et al.)
ChIP-Seq on the MFSD2A and TACC2 gene in hTSCs and STBs from continuous differentiation timepoints. MER50 ERV loci are highlighted in the box.
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Figure 4. Identification of the MER50 function in regulating MFSD2A expression and STB formation. (A) Schematic diagram illustrating CRISPR
knockout strategy of the MER50 sequence close to MFSD2A. (B) qPCR analysis of MFSD2A expression in the WT and �MER50-M cells under indi-
cated differentiation status. Results represent the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, Multiple unpaired t tests. (C)
Representative immunostaining of ECAD (green), SDC1 (red) and DAPI (blue) in hTSC and STB derived from the WT/�MER50-M hTSC at 24, 48, 72
h. Scale bar, 50 �m. (D) RT-qPCR analysis of STB markers (ERVW-1, ERVFRD-1, CDH1 and CGB) in the WT/�MER50-M hTSC and STB at 24, 48,
72 and 96 h. Error bars represent mean ± SEM. *P < 0.05, **P < 0.01, Multiple unpaired t tests. At least three biological replicates were examined. (E)
ELISA detection of hCG concentration in the supernatant from WTs and �MER50-M STBs. *P < 0.05, ***P < 0.001; Multiple unpaired t tests. n = 4
for each group. (F) The organoids derived from the WT/�MER50-M hTSCs (day 7) were stained for ECAD (green), SDC1 (red) and DAPI (blue). Scale
bar, 20 �m.

expression of genes critical for STB formation by qPCR.
ERVW-1 (encode Syncytin-1) was significantly repressed at
all timepoints of STB differentiation in �MER50-M cells
(Figure 4D), while ERVFRD-1 (encode Syncytin-2) expres-
sion showed more significant downregulation at 24h, which
supports the function of Syncytin-2 as a prerequisite reg-
ulator for ensuring maintenance of post-mitotic syncytia

(14,53). Furthermore, defective hCG expression and secre-
tion, a hallmark of functional STBs, was repeatedly ob-
served in �MER50-M cells at 48, 72 and 96 h differenti-
ation timepoints (Figure 4E). Collectively, our findings re-
vealed the MER50-enhancer is indispensable for driving the
upregulation of MFSD2A expression, which promotes the
conversion of cell fate from hTSC to STB.
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Inspection on MER50-associated genes uncovered novel reg-
ulators of human STB differentiation

Besides some well-known STB-related genes, our data also
identified several genes with proximal MER50 enhancers,
whose impacts on trophoblast syncytialization were unap-
preciated. To test whether these genes act as new regulators
of trophoblast fusion and their activation is fine-tuned by
the corresponding MER50 enhancer, we studied the con-
tribution of two candidate genes, TNFAIP2 and RAI14, re-
garding STB formation. TNFAIP2, a tumor necrosis factor-
� (TNF�)-induced gene, was implicated to involve in a
variety of physiological processes during cell fate repro-
gramming and organ development (54–57). To investigate
whether it is required for trophoblast differentiation, we
therefore used the CRISPR-Cas9 system to generate ge-
nomic deletion of the TNFAIP2 gene in hTSC (TNFAIP2-
KO), which was assured by Western blot and Sanger se-
quencing (Supplementary Figure S8A, B). The TNFAIP2-
KO cells grown in the hTSC culture medium displayed
indistinguishable stemness from the WT cells, as shown
by the immunostaining of TP63 (an hTSC marker) and
MTS growth assay (Figure 5A and Supplementary Figure
S8C). However, the TNFAIP2-KO cell failed to form hCG-
positive STB cells under the cell culture condition of differ-
entiation, in contrast to the control WT cells showing sig-
nificant downregulation of E-cadherin (ECAD) and TP63,
as well as increased hCG concomitant to trophoblast syn-
cytialization (Figure 5A, B). Consistently, Western blot and
RT-qPCR of several hTSC and STB markers further sup-
ported our finding that knocking out of TNFAIP2 from
hTSC significantly decelerated, to a large extent, inhibited
syncytiotrophoblast formation (Figure 5C, D), which was
further supported by the hCG ELISA data (Figure 5E). In
line with the data from 2D cultures, we demonstrated that
genomic excision of TNFAIP2 in the placenta organoid,
a spontaneous STB differentiation model, resulted in di-
minished induction of SDC1-positive STB cells interior of
the organoid (Supplementary Figure S8D). In addition, we
also performed siRNA targeting TNFAIP2 to further val-
idate our data and found downregulation of endogenous
TNFAIP2 transcripts is sufficient to block trophoblast syn-
cytialization (Supplementary Figure S8E-G). However, in
comparison to MFSD2A and TNFAIP2, hypomorphic mu-
tation of another MER50-associated STB gene, RAI14,
seemed to accelerate the kinetics of the STB differentiation
process, as shown by immunostainings and Western blot of
the above-mentioned STB markers (Supplementary Figure
S10). Taken together, MER50 target genes may constitute a
complex gene regulatory network for syncytium formation.

To evaluate the function of the MER50 element lying
close to the newly defined STB gene in terms of tran-
scriptional regulation, we focused on the MER50 element
which is located 4.5kb upstream of the TNFAIP2. Notably,
the potential MER50 enhancer region adjacent to TN-
FAIP2 exhibited classic bivalent histone marks of H3K27ac
and H3K9me3 modifications, which underwent significant
epigenetic changes characterized by increased H3K27ac
and decreased H3K9me3 histone modification upon syn-
cytialization (Supplementary Figure S9A). To address the
functional significance of the TNFAIP2-MER50 enhancer,

we designed two sgRNAs to excise the MER50 sequence
nearby TNFAIP2, named �MER50-TNFAIP2 (�MER50-
T or �M-T for short) (Figure 5F, Supplementary Figure
S9B, C). Using the single-cell colony expansion with effi-
cient deletion of MER50 (Supplementary Figure S9C), we
delineated the function of MER50 regulating TNFAIP2 ex-
pression (Figure 5G, H). RT-qPCR results showed that, to
some extent, MER50 deletion indeed led to decreased ex-
pression of the nearby TNFAIP2 at the transcriptional level
(Figure 5G). Unexpectedly, the ratio of STB in both 2D and
3D cultures was not dramatically altered in the �MER50-
T cells shown by immunostainings of STB makers (Sup-
plementary Figure S9D, E), which may be due to the pos-
sibility that the baseline level of TNFAIP2 is sufficient to
maintain a sufficient level of trophoblast fusion. However,
the hCG secretion kinetics was significantly slowed down in
�MER50-T cells, which implies that the TNFAIP2-MER50
enhancer could promote the extent of functional STB for-
mation instead of changing the overall morphology and
marker expression of fused trophoblast cell (Figure 5H).
Taken together, we discovered TNFAIP2 as a novel player
in modulating trophoblast cell fusion, whose expression
and function were profoundly influenced by the adjacent
MER50-derived enhancer element.

DISCUSSION

In the current study, we reveal a distinct chromatin signa-
ture of H3K27ac/H3K9me3 bivalency in ERV-derived en-
hancers, which displays a transition from bivalent to active
state during STB differentiation. We identify MER50 ERV
enhancers indispensable for the transcriptional activation
of the adjacent STB genes, whereby regulate trophoblast
fusion. Importantly, functional evaluation of MER50 en-
hancers regarding syncytialization and corresponding gene
expression pattern emphasizes the coordinated gene regula-
tory networks extensively driven by the MER50 enhancers
in the process of trophoblast syncytialization (Supplemen-
tary Figure S11).

The epigenome directs cell fate decisions and modulates
differentiation into specialized cell types in both the embry-
onic and extra embryonic cell lineages (58–60). We iden-
tify the unique epigenetic features of bivalent enhancers in
hTSCs that are associated with trophoblast lineage speci-
fication. Bivalent histone modifications leverage epigenetic
regulations of both gene activation and repression at the
cis-element region, which keeps genes silent but poised for
rapid activation when the repressive mark is wiped out (42).
Recent studies have revealed that dynamic changes in the
bivalent domains play a vital regulatory role in the dif-
ferentiation of divergent stem cells (61,62). For instance,
H3K4me3/ H3K27me3 bivalent promoters in ESCs con-
fer the maintained pluripotency by simultaneously silenc-
ing cell fate specification genes while keeping them with the
potential of rapid activation upon differentiation triggers
(63,64). A previous study suggested that bivalent modifi-
cation often occurs in transposon-exclusion zones due to
global repressive epigenetic modifications of transposons
that might interfere with the function of the bivalent do-
mains and thus be eliminated by the selection in ESC (63).
However, our research observed that this correlation is quite
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Figure 5. The expression of TNFAIP2 governed by the MER50 enhancer sustains syncytialization extent. (A) Representative immunostaining of ECAD
(green) and TP63 (red) shows the stemness of the WT/TNFAIP2 KO hTSCs and STBs. Scale bar, 50 �m. (B) Immunostaining for ECAD (green) and
hCG (red) in the WT/TNFAIP2 KO STB at the indicated timepoints of syncytialization. Nuclei were stained with DAPI. Scale bar, 50 �m. (C) Western
blots of ECAD, TEAD4, Syncytin-1 and �-hCG in the WT and TNFAIP2 KO cells. �-Actin as loading control. (D) mRNA levels of CDH1, CGB, SDC1
and ERVW-1 in the WT/TNFAIP2 KO STB at 24, 48, 72, 96 h. Results represent the mean ± SEM of at least three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, multiple unpaired t tests. (E) ELISA detection of hCG secretion from WT and TNFAIP2 KO STBs at the indicated timepoints.
*P < 0.05, **P < 0.01, ***P < 0.001, multiple unpaired t tests. n = 4. (F) Schematic diagram showing CRISPR deletion of the MER50 enhancer element
close to TNFAIP2 targeted by the two flanking sgRNAs. The WT control in (E) and (H) refers to the same control cell line. (G) mRNA levels of TNFAIP2
in the WT/�MER50-T hTSC and STB at the 24, 48, 72, 96 h timpoints of syncytialization. *P < 0.05, t-test. Results represent the mean ± SEM of at
least three independent experiments. (H) ELISA detection of hCG in culture medium from the WT and �MER50-T STBs at the indicated timepoints.
*P < 0.05, Multiple unpaired t tests. n = 4.
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different in hTSC, in which ERVs display hotspots of bi-
valent histone modifications. We illustrated that ERVs are
overrepresented in the enhancers for both hTSC and STB,
particularly the shared enhancers with bivalency in hTSC,
which is coincident with the previous observation that ERVs
occupy about 80% of mouse TSC enhancers (41). Of note,
although certain promoters are occupied by H3K4me3 and
H3K9me3 in the same chromatin region in mouse TSCs
(65), our study found rare enrichment of ERV in bivalent
promoter regions in human trophoblasts, which might be
due to the species-specific epigenetic discrepancy between
mouse and human TSCs. Taken together, our study, along
with others, characterizes the link between epigenome bi-
valency within ERV elements and differentiation plasticity.
Moreover, the signature of bivalent histone modifications
in hTSC suggests that the assessment of the sole monova-
lent mark may not reflect the true chromatin state and tran-
scriptional activity especially in lineage-commitment cells,
highlighting the importance of comprehensive epigenome
surveys with diverse histone marks.

Intriguingly, we identified H3K9me3 as the repressive hi-
stone mark in the bivalent enhancers instead of the canon-
ical H3K27me3 modification present in bivalent domains
in ESCs. Recent studies have shown that PRC2-mediated
H3K27me3 restricts human trophoblast induction from
naı̈ve ESCs (66,67), in line with the global low level of
H3K27me3 detected in mouse extraembryonic stem cells
(65), which suggests that H3K9me3 may serve as the pri-
mary repressive histone modification both in human and
mouse TSCs. As a hallmark of heterochromatin modifi-
cation, the importance of H3K9me3 for the early stages
of trophoblast development is gaining increasing atten-
tion, since H3K9me3-marked heterochromatin domains set
a barrier for cell fate reprogramming in TSCs (68,69).
H3K9me3-mediated heterochromatin might be more signif-
icant in TSCs than in other cell types to silence lineage-
incompatible genes and repetitive elements to maintain
placental development and function (70), considering the
overall hypomethylation signature of the TSC genome is
less likely to dominate gene repression. In our study, we
found the H3K9me3 modification of ERVs in TSCs is
critical not simply to prevent retrotransposition, but also
to establish the poised ERV enhancers harboring bivalent
H3K9me3/H3K27ac occupancy in TSC while remarkably
resolved H3K9me3 during differentiation towards STBs. Of
note, the biological significance regarding the replacement
of H3K27me3 with H3K9me3 in trophoblast lineages re-
mains unclear. Moreover, although lineage-specific DNA
methylation and SETDB1 recruitment has been proposed
as key factors controlling the transition from H3K27me3
to H3K9me3 in the cell fate specification process (71), the
specific H3K9me3 modifiers in trophoblast stem cell and
the corresponding contribution to trophoblast differentia-
tion require further investigation.

The transcriptome dynamics concomitant to trophoblast
syncytialization raises an intriguing question of how the
transcriptional programs are fine-tuned to shape a coordi-
nated gene expression pattern accounting for cell fusion.
Recent studies have focused on the co-option of ERV-
derived regulatory elements for functional adaptations in
the placenta (41,72). One of the transposon element fam-
ilies, MEdium Reiteration frequency interspersed repeats

(MERs) are a cluster of DNA transposons and ERVs,
which were recently linked to the evolution of mammalian
pregnancy. For instance, the previous study suggests that
MER41A/B elements associated with lineage-specific hu-
man placental enhancers create dozens of serum response
factor binding motifs (24). In addition, the MER20 regu-
lates progesterone- and cAMP-dependent gene expression
through direct binding of pregnancy-related factors, con-
tributing to a novel gene regulatory network dedicated to
establishing pregnancy in mammals (73). The MER50 re-
peat was identified in the 1990s as a new ERV member
in the human genome, which derived from the genome of
an ancestor of the Simiiformes and was classified into the
ERV1 family (74). Sun et al. verified that MER50 is over-
represented in lineage-specific human placental enhancers
(24), however, the functional significance of MER50 was
unknown. Rigorous functional validations are required to
address the importance of ERV enhancers, since the obser-
vation that within hundreds of TE with enhancer-like epige-
netic signatures only a small proportion can actually display
definitive enhancer activity in mouse TSCs (72). Our cur-
rent study shows solid evidence to prove the definitive func-
tion of MER50 in trophoblast differentiation and the cor-
responding gene regulation. To our knowledge, we identi-
fied the first STB formation-related ERV enhancer, that pro-
foundly modulates the transcriptional program underlying
syncytium establishment. Given that MER50 is a primate-
specific young ERV with recent integrations in the Simi-
iformes, it will be interesting to define whether the differ-
ence in the interspecies divergence of gene expression be-
tween primate and rodent placentae is associated with the
emergence of this ERV element.

Syncytialization is an important cellular process for pla-
cental development, while the underlying genetic and epi-
genetic regulation mechanisms are still poorly understood
(4,75). Our data demonstrate that a panel of MER50-
related genes, including ERVFRD-1, MFSD2A, TNFAIP2
and RAI14, play crucial roles in modulating the syncy-
tialization of hTSC. TNFAIP2 was previously shown as
a canonical inflammatory cytokine TNF-induced gene,
whereas recent studies reported the Tnfaip2-dependent in-
duction of lipid biosynthesis essential for mESC differen-
tiation (55) and the regulatory effect of TNFAIP2 on tu-
morigenesis (76). Our in vitro experiments clarified that TN-
FAIP2 expression driven by the MER50 enhancer is essen-
tial for STB formation, whereas how the TNFAIP2 expres-
sion directs syncytialization and what are the TNFAIP2-
MER50 enhancer-related transcriptional factors remain to
be investigated. Notably, the contribution of MER50 en-
hancers to trophoblast cell fusion is bidirectional. For ex-
ample, mutation of the MER50 target gene RAI14 accel-
erates the process of trophoblast fusion, which is in line
with the inhibitory effect of other MER50 enhancer-related
STB genes, IFITM2/3, on trophoblast syncytialization in
response to interferon signals (48). Whereas most previ-
ous studies showcased a particular ERV regulating a single
gene, our results highlight the possibility that certain ERVs,
MER50 for example, may exert a more extensive influence
on the regulatory networks of cell fate specification by or-
chestrating a full panel of genes that function in concert.

In summary, the dynamics of the epigenetic landscape of
STB differentiation reveals an extensive rewiring of bivalent
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ERV enhancer that reinforces syncytialization progression.
Our study identifies the first ERV enhancer with bivalent hi-
stone modification, MER50, facilitating the transcriptional
regulation of adjacent STB genes, among which new syncy-
tialization regulators were determined. Together, our study
highlights that ERV-derived enhancers, MER50 specifically,
fine-tune the transcriptional program accounting for hu-
man trophoblast syncytialization, which sheds light on a
novel epigenetic mechanism of placental development.
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