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Endogenous retroviruses (ERVs) are repetitive sequences in the genome, belonging to the retrotransposon family. During the
course of life, ERVs are associated with multiple aspects of chromatin and transcriptional regulation in development and
pathological conditions. In mammalian embryos, ERVs are extensively activated in early embryo development, but with a highly
restricted spatial-temporal pattern; and they are drastically silenced during differentiation with exceptions in extraembryonic
tissue and germlines. The dynamic activation pattern of ERVs raises questions about how ERVs are regulated in the life cycle
and whether they are functionally important to cell fate decision during early embryo and somatic cell development. Therefore,
in this review, we focus on the pieces of evidence demonstrating regulations and functions of ERVs during stem cell
differentiation, which suggests that ERV activation is not a passive result of cell fate transition but the active epigenetic and
transcriptional regulation during mammalian development and stem cell differentiation.

1. Introduction

ERVs belong to a Class family of retrotransposon elements in
the genome. Together with DNA transposons, they are
known as transposable elements (TEs), which are derived
from DNA fragments able to transpose within the genome.
Due to their capacities to hop around and copy themselves
in the genome, TEs are considered one of the main driving
forces in reconstructing the genome during mammalian evo-
lution. To date, TEs have mostly lost the ability to transpose
[1, 2], considering that the transposition events might lead to
genome instability. ERVs and other family members of TEs
used to be considered as “junk DNA,” but with the techno-
logical advancement in genome-wide expression and epige-
netic profiling, we started to appreciate more on their
functional contribution to development and diseases. We
now understand that the complexity of the mammalian
genome is not achieved through a significant increase of the

protein-coding sequences, but by the vast expansion of regu-
latory capacities imparted by the non-coding sequences. TEs
occupy nearly half of the non-coding genome and thus are
thought to play critical roles in shaping the complexity of
mammalian gene regulatory network.

Comparing to other repeat element families, such as
short interspersed nuclear elements (SINEs) and long inter-
spersed nuclear elements (LINEs), ERVs bear more sequence
complexities and thus may play more specific regulatory
functions in the genome [1, 3]. Although ERVs are the smal-
lest class of retrotransposon family, they exhibit significant
enrichment and are over-represented in cell type-specific
active regulatory sequences [4]. ERVs are thought to be gen-
erated as by-products of retroviral infection and integration
events in the ancestral mammalian genome. During the evo-
lution, they were endogenized and inherited through germ-
line transmission [5]. Most ERVs are tamed now in the
host genome through mutations of their transposition
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machinery or through coevolution of host regulatory factors
that repress ERV activation [5]. A full-length ERV consists of
two long-terminal repeats (LTRs) flanking at both 5′ and 3′
sides, and the open reading frame (GAG, POL, and ENV) in
the center. It should be emphasized that LTRs are the regula-
tory elements of ERVs [6]. The LTR regions of ERVs possess
binding sites for a broad scope of transcription factors to
interact with the host gene regulatory machinery and achieve
precise control of ERV activity [7]. Meanwhile, exaptation of
the LTRs’ cis-regulatory functions (enhancer and promoter)
also leads to innovations of the transcription network in the
host genome. ERVs also exclusively possess the primer bind-
ing site (PBS) which can recruit complementary tRNA to
prime for viral reverse transcription. PBS sequences are also
found to be the binding sites for ERV silencing factors from
the host [7]. Based on the similarity to tRNA sequence in
the PBS region, ERVs can be further classified into several
families, ERVH, ERVW, ERVK, ERVL, etc. Out of the 8%
genomic constitution of ERVs in human genome, 90% exist
as solitary ERVs with only the LTR sequences present and
the viral protein-coding ERV-int regions shed off [3].

The expression level of ERVs is dynamically regulated in
early embryogenesis, differentiated tissues, and germ cells
[8]. Interestingly, the expression of different ERV sub-
families exhibited high temporal specificity during early
human embryo development [8], suggesting ERVs as strin-
gent markers for specific embryonic stages (Figure 1).
Besides, many shreds of evidence also demonstrated that
abnormal ERV expression may lead to different types of dis-
eases [9–13]. ERVs can affect genome-wide transcription
through multiple layers of regulation as discussed below.

Thus, their activities should be tightly controlled in the mam-
malian genome to coordinate with proper development and
cell fate decision process. The precise control of ERVs in
the host genome is largely through transcriptional and epige-
netic regulation. DNA methylation is considered a common
regulatory mechanism to repress ERV expression. Many
ERVs in human are heavily methylated and silenced in differ-
entiated tissues but show loss of methylation and aberrant
expression in cancer [14]. Apart from DNA methylation,
the Krüppel-associated box domain-containing zinc finger
protein (KRAB-ZFP) is known to regulate chromatin config-
uration surrounding ERV elements [15]. ERV elements are
bound by zinc finger domains of the KRAB-ZFPs, and the
KRAB domain can recruit tripartite motif-containing 28
(TRIM28), resulting in the trimethylation of histone H3
lysine9 (H3K9me3) and ERV silencing in embryonic stem
cells [16]. Histone deacetylation is also involved in ERV reg-
ulation. It has been found that histone deacetylase inhibitor
(HDACi) treatment led to ERV9 activation which prevented
testicular cancer progression, but this did not lead to upreg-
ulation of other ERV sub-families, implying that histone dea-
cetylation may regulate human ERV silencing in a sub-
family-specific manner [15, 17]. In general, it can be envis-
aged that a combination of different kinds of epigenetic mod-
ifications is orchestrated to tightly control the ERV activity.

Over the last 10 years, increasing pieces of evidence are
showing that LTRs may play under-recognized regulatory
roles in mammalian development and diseases [9–13]. In
the following sessions, we will discuss in detail about the cur-
rent knowledge on the functions of ERV in chromatin and
transcription regulation, how these functions are achieved,
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and how they contribute to cell fate decision during mamma-
lian embryonic development and stem cell differentiation.

2. The Functions of ERV in Gene Regulation

If chromatin regulation is a symphony, then ERV has several
instruments to play. ERV recruits transcription factors,
works as alternative promoters, encodes long non-coding
RNAs (lncRNAs), and produces protein products to mediate
cellular function. These abilities could be stemmed from
intrinsic functions of ERV or could be coopted during the
coevolution with the host genome. Nevertheless, the func-
tions of ERV have become an integral part of the regulatory
machinery in the genome and indispensable for the normal
development and homeostasis of mammals.

2.1. The Recruitment of Transcription Factors. In-silico map-
ping revealed that many ERVs are enriched with transcrip-
tion factor-binding sites, suggesting ERVs may act as cis-
regulatory elements for transcription [4]. Putative epigenetic
markers for promoter and enhancer, such as H3K4me3 and
H3K27ac, are frequently seen on the LTR regions [11]. Acti-
vated ERVs are largely associated with cell type-specific open
chromatin configuration. For example, in human pluripotent
stem cell, HERVH sub-family is enriched with binding sites
for pluripotency transcription factors such as OCT4 and
KLF4, as well as active histone modifications like H3K4me3
and H3K27ac, adopting open chromatin conformation [11,
18]. In addition, DUX4, as well as its mouse homologous
DUX, can bind to the ERVL sub-family in human and
mouse, respectively. This leads to epigenetic activation of
genes downstream of the ERVL elements, which are essential
for initiating zygote genome activation (ZGA) in early
human and mouse embryos [19]. Human DUX4 is kept
silenced in differentiated tissues, as aberrant activation of
DUX4 in muscle tissue upregulates HERVL, leading to
unscheduled transcription activation of early embryonic
genes which eventually resulted in facioscapulohumeral mus-
cular dystrophy [10]. These shreds of evidence together sug-
gested that ERVs can recruit transcription factors to actively
influence the epigenetic landscape in the nearby region, thus
contributing to cell type-specific gene regulation.

Moreover, ERVs can also modulate signaling pathways
to coordinate cell fate change. It has been found that
ERVs shaped the evolution of the transcription network
underlying the interferon response [20]. For instance,
one of the ERV sub-families, MER41, is enriched with
interferon-induced STAT1-binding sites [20]. STAT1-
bound MER41 regions were enriched with H3K27ac upon
interferon stimulation. The knockout of MER41 impaired
the expression of interferon-induced genes such as AIM2
which senses cytosolic foreign DNA and activates inflam-
matory responses [20]. This suggests that ERV can sense
the interferon signaling pathway and feedback to regulate
innate immunity.

2.2. Alternative Promoters and Alternative Splicing. The LTR
elements in ERVs possess the intrinsic promoter activity to
drive ERVs expression. LTRs can also function as alternative

promoters to drive host ORF expression. It has been esti-
mated that up to 75% of human genes take advantage of
alternative promoters to achieve tissue-specific regulation
[21]. The employment of ERVs as alternative promoters
not only results in stage- or tissue-specific gene expression
patterns but also generates different isoforms of proteins [3,
21, 22]. Besides, ERVs are found over-represented in regions
close to protein-coding sequences, suggesting that they are
closely related to transcription initiation in the genome
[23]. For instance, MT2 of the mouse ERVL sub-family is
highly activated in mouse 2C embryo and functions as an
alternative promoter to upregulate MERVL nearby genes,
generating chimeric transcripts with junctions to MERVL
elements [24]. An example to demonstrate is that Zfp352
has two promoters (P1 and P2) that are active in mouse early
embryo and somatic cells, respectively [25–27]. Interestingly,
the active promoter of Zfp352 in early embryos overlaps with
MT2B1 repeats, indicating the ERV promoter may be critical
for the early activation of Zfp352 [25–27]. A recent large-
scale transcriptomic analysis discovered that 23% of all
protein-coding genes expressed in various cancer types pos-
sess at least two promoters that cause a significant tumor
type-specific change in isoform expression [28]. For example,
JAZF1 prefers the 3′ full-length promoter (prmtr.40310) in
KIRP cancer, whereas in KIRC cancer, a truncated promoter
(prmtr.40312) is favored [28].

The presence of alternative promoters not only leads to
context-dependent gene activation but also creates alterna-
tive splicing variants of the transcripts [21]. Alternative splic-
ing can occur in the retroviral RNA itself, which has been
correlated to cancer initiation[9]. For example, the open
reading frame of HERVK provides a source for alternative
splicing, and the spliced variants of HERVK can be detected
in various cancers, some of which are cancer type-specific
[29]. The differentially expressed retroviral RNA isoforms
raise questions of how these isoforms are generated, and
what functional differences exist between these isoforms.
Apart from retroviral isoforms, ERVs are also involved in
generating alternatively spliced isoforms in coding genes.
For instance, the upstream MER4A can be utilized as an
alternative promoter for GTSO1, which led to the generation
of 15 isoforms of GTSO1 that may function differently under
different disease contexts [30].

2.3. ERV-Derived Long Non-coding RNA. More importantly,
many ERVs can encode for lncRNA. The functions of these
lncRNAs can be involved in various processes like recruiting
transcription factors, cooperating with epigenetic regulators
or modifiers, or interacting with miRNAs [31–33].

A few studies demonstrated that the ERV-derived
lncRNAs can participate in signaling transduction by regu-
lating protein recruitment and protein degradation [34–37].
One of the ERV sub-family members, ALVE1, transcribes
into lnc-ALVE1-AS1 to activate the TLR3 signaling pathway
in the cytoplasm and induce antiviral innate immunity [35].
In addition, transcriptome analysis revealed that a human
ERV-derived lncRNA, termed TROJAN, binds to
metastasis-repressing factors and promotes their degradation
through ubiquitin-associated signaling pathway [36], thus
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promoting breast cancer progression. On the converse, anti-
sense oligonucleotide repressing TROJAN slows down the
breast cancer progression extraordinarily in vivo, suggesting
that TROJAN promotes cancer invasion and can serve as a
potential therapeutic target [36].

2.4. ERV-Derived Proteins. In addition to RNAs, the proteins
translated from ERVs can also perform specific functions
under certain contexts. These proteins are derived from the
open reading frame of ERV, including GAG, POL, and
ENV. The functions of these viral proteins are diversified
[38–40]. For instance, the ENV protein from HERVK can
upregulate the p-ERK1/2 and RAS signaling pathways in
human pancreatic cancer, and knockdown of ENV sup-
pressed the activity of the ERK signaling pathway [40]. More-
over, ENV proteins from HERVW and HERVFRD aid in
trophectoderm cell fusion and facilitate mammalian embryo
implantation into the uterus [41, 42], and the GAG protein
produced by HERVK promotes prostate cancer progression
by inducing androgen hormone release [38].

3. ERV in Stem Cell Differentiation

Embryonic development is initiated after fertilization,
followed by zygote cleavage. In the early embryo cleavage
stages, the zygotic genome is activated, accompanied by global
remodeling and rewiring of the transcription network. Before
the first cell fate segregation in late morula and blastocyst, cells
in embryos retain the capacity to give rise to the complete
embryo proper and are thus considered totipotent. In blasto-
cyst, cells are committed to the outer layer trophectoderm
and inner cell mass which gives rise to the pluripotent epiblast
and differentiates into three germ layers and somatic tissues.
Numerous genetic and epigenetic programs governing the
embryo developmental processes have been revealed, but
mostly focusing on the regulation of the coding genome.
Non-coding elements such as ERVs are poorly understood
in this context but are increasingly gaining attention. ERVs
are extensively activated in early embryo development, with
a highly restricted spatial-temporal pattern, and are drastically
silenced during differentiation with exceptions of extraembry-
onic tissue and germlines (Figure 1). Here, we will focus on the
functions and regulation of ERVs in a few key developmental
stages and context to discuss the emergent roles of ERVs in
chromatin regulation and stem cell differentiation.

3.1. ERV in Totipotency Regulation. During both mouse and
human embryo development, ERVL subfamily is activated
around ZGA but gradually silenced thereafter. It seems that
ERVL is predominantly associated with the totipotent state.
In mouse, transcripts from MERVL loci occupy 2% of the
total mRNA in 2C embryo [24]. More than 307 genes were
found to form chimeric transcripts with partial MERVL
sequence [24]. These chimeric transcripts are mostly associ-
ated with metabolism and transcription regulation involved
in mouse ZGA. For instance, in mouse 2C embryo, MT2-
SPIN chimeric transcript excludes 3 exons at the N-
terminus compared to the native isoform [43], resulting in
the native and chimeric isoforms of SPIN that bear different

phosphorylation sites by MAPK [43] and thus may mediate
different signaling functions. MT2, together with partial
MERVL-int sequence, is also a robust fluorescence reporter
for 2C embryo as well as 2C-like cells in mouse embryonic
stem cells (mESCs) [24]. MT2 also exhibits regulatory func-
tions in activating distal 2C-specific genes. MT2 drives
Zscan4 cluster gene expression in mouse 2C embryo, and
the upregulation of Zscan4 can further activate MT2, result-
ing in DNA demethylation and open chromatin configura-
tion to further activate 2C-specific genes nearby MT2 loci
[44]. Interestingly, ectopic activation of MERVL by CRISPR
activation system also resulted in the upregulation of 2C
genes [45], implying that MERVL can act as a cis-
regulatory element to control totipotent gene expression.

Similarly, in human, HERVL expression is also enriched
in 8C stage corresponding to the time of human embryo
ZGA [8]. MERVL and HERVL can be bound by mouse
DUX and human DUX4, respectively, but cross-species bind-
ing is minimum, suggesting independent but converged evo-
lution in mouse and human [19, 46]. Over-expression of Dux
in mESCs can activate MERVL and downstream 2C genes.
Similarly, human DUX4 over-expression results in HERVL
activation and simultaneously upregulation of human 8C-
specific genes [19, 46].

Upon exiting from 2C stage, MERVL is rapidly silenced
and its expression falls back to baseline in mouse 8C embryos.
The silencing of MERVL is mediated by ZFP809. ZFP809 is a
mouse-specific zinc finger protein, containing the KRAB
domain at the N-terminus and seven zinc finger domains at
the C-terminus [47]. The zinc finger domains allow ZFP809
to bind to the PBS sequence ofMERVL, and the KRAB domain
recruits TRIM28, together with NURD (histone deacetylase)
and SETDB1 (histone methyltransferase), which led to con-
densed chromatin configuration and repression of MERVL
activity [7, 47, 48]. Interestingly, it is noted that Zfp809 pro-
duces two isoforms: a full-length protein and a truncated pro-
tein that lacks 50 residues at C-terminus. The full-length
protein is selectively stable in ESCs but degraded in other cell
types. Whereas the short isoform is constitutively expressed
in both ESCs and differentiated cells, but the underlying impact
and functional differences between the two differentially
expressed isoforms remain unknown [47]. Nevertheless, a crit-
ical question that remained to be validated is whether the failure
to silence MERVL will lead to the delay in the development of
mouse early embryos, trapping the cells in totipotency.

3.2. ERV in Pluripotency Regulation. Upon exiting from toti-
potent state, cells take on the first cell fate decision to become
extraembryonic trophectoderm or pluripotent epiblast.
ERVL is rapidly silenced along with the exit from totipo-
tency, while other sub-families of ERVs are upregulated [8,
11, 45]. HERVH sub-family is one of the most predominant
ERVs in pluripotent stem cells. The internal sequence (ERV-
int) is degenerated in a slower manner compared to other
ERVs, suggesting the potential function of HERVH-int
sequence in the pluripotent state [5, 6]. It is not known
whether the silencing of HERVL is a prerequisite for the acti-
vation of HERVH during human embryo development. But
it is possible that if HERVL is not silenced, the totipotency
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transcription network will remain active, and cells might be
trapped in the totipotent state. Similarly, forced activation
of HERVL in pluripotent stem cells may also induce totipo-
tent gene expression and shut downHERVH expression [45].

HERVH copies are highly enriched with the putative
binding sites for pluripotent factors including KLF4,
NANOG, and OCT4 [11]. In hESCs, HERVH is also
enriched with H3K4me3 and H3K27ac [11], implying that
they are potentially active promoters or enhancers for plurip-
otent gene regulation. Ectopic expression of HERVH sub-
families by CRISPR activation system can result in an exten-
sive upregulation of genes up to 200 kb nearby of HERVH
sequences [49]. Besides, a total of 128 and 145 chimeric tran-
scripts of HERVH are detected in hiPSCs and hESCs respec-
tively, suggesting HERVH can function as alternative
promoters to activate pluripotency-related genes [11]. In
contrast, native promoters of these genes are rarely active
in pluripotent stem cells [11]. Although there could be
potential functional distinctions between chimeric tran-
scripts from ERV promoters and original transcripts from
native promoters, the ERV-mediated activation of these
genes in early embryonic development offers additional
opportunity to rewire gene expression and innovate on
the transcription regulation.

In addition, the lncRNAs derived from HERVH also play
critical roles in pluripotency regulation. They may function as
scaffold units to recruit chromatin modifiers and direct them
towards specific locations [50, 51]. In detail, the HERVH
lncRNAs mainly localize to the nucleus, and they can recruit
chromatin modifiers such as P300 to the genomic loci of LTRs
to regulate transcription of pluripotency genes nearby [52].
HERVH knockdown leads to fibroblast-like cell morphology
[52] and downregulates more than 1000 genes observed,
including a 50% reduction in NANOG and OCT4 expression,
resulting in the partial loss of pluripotency and upregulation of
differentiation markers [11]. In line with its role in hESCs,
HERVH exhibited similar functions during somatic cell repro-
gramming [52]. HERVH expression is substantially upregu-
lated upon ectopic expression of reprogramming factors,
while depletion of HERVH during reprogramming leads to a
reduction of iPSC colony-forming efficiency [52]. These
shreds of evidence together indicate that HERVH is indispens-
able for both pluripotency establishment and maintenance.

Despite the importance of HERVH, pieces of evidence
have been controversial about whether HERVH is required
for naïve or primed pluripotency [11, 36, 52, 53]. Based on
the LTR regions, HERVH can be further divided into several
sub-families, such as LTR7Y, LTR7B, and LTR7. Some of the
LTRs, like LTR7, are predominantly expressed in primed
pluripotency [8], while LTR7Y may be more specific to naïve
pluripotency [8]. Thus, naïve and primed pluripotency might
employ different sub-families of HERVH controlled by the
respective LTRs, but how this specificity is achieved requires
further investigation.

3.3. ERV in Extraembryonic Tissue Differentiation. Research
work has shed more light on the roles of ERVs in trophecto-
derm differentiation since the 1990s [54]. The roles of ERVs
in extraembryonic tissue differentiation are mediated by reg-

ulating trophectoderm-specific transcription and by encod-
ing for fusion proteins during the syncytia formation.

Many ERVs have a robust expression in placenta develop-
ment [55]. Among all, HERVW, HERVFRD, and HERV3 are
the top three active sub-families that encode for a high level of
ENV gene [56, 57]. The SYNCITIN 1 translated from the ENV
gene of HERVW lacks an immunosuppressive domain com-
pared to full-length ENV protein. It is specifically upregulated
in syncytiotrophoblast during implantation [41, 42]. The
hydrophobic domain in SYNCITIN 1 enables its fusion with
plasma membrane and potentially aids in uterus invasion
[58]. Ectopic expression of HERVW ENV gene can induce cell
fusion, which is reversed by neutralizing antibodies against
SYNCITIN 1 [59]. In contrast, the lack of SYNCITIN 1 in pri-
mary trophoblast cells reduces the ability to form syncytia
[60]. Similar to SYNCITIN 1, the SYNCITIN 2 produced by
HERVFRD also promotes cell fusion upon ectopic expression
in several cell lines [61]. Interestingly, ENV protein derived
from HERV3 is expressed not only in syncytiotrophoblast
but also in a wide range of tissues, particularly those producing
hormones [62, 63]. More importantly, 1% of the Caucasian
population bears a premature stop codon near the N-termi-
nus, resulting in a non-functional short isoform of the protein.
However, this does not lead to observable physiological defects
in these individuals [54, 55]. Different ENV proteins from dif-
ferent ERV sub-families might play redundant roles. Apart
from the proteins, ERVs also function as cis-regulatory ele-
ments in extraembryonic differentiation. In the mouse pla-
centa, one of the ERV sub-families, RLTR13D5, is highly
enriched with H3K27ac and H3K4me1, suggesting its poten-
tial role as an enhancer [64]. Moreover, RLTR13D5 can be
functionally bound by CDX2, EOMES, and ELF5 to regulate
the transcription in trophoblast stem cells and contribute to
placenta development [64].

3.4. ERV in Somatic Tissue Differentiation. Despite the high
activity of ERV and other TE families in early embryos, they
are thought to be largely deactivated during the differentia-
tion process. The silencing mechanism involves coevolution
between the host transcription regulatory machinery and
ERVs to tame ERV expression and limit their transposition.
Improper silencing of ERVs is associated with loss of tissue
homeostasis and pathological conditions. For example, the
ENV protein derived from HERVW is highly expressed in
type-1 diabetes and inhibited the secretion of insulin [65].
Transcripts and proteins of HERVK are also detected in
amyotrophic lateral sclerosis brain tissue, which may con-
tribute to the inhibition of neurite growth [66]. In human
muscle cells, aberrantly expressed DUX4 binds to and
induces HERVL expression, which serves as alternative pro-
moters to alter the transcription network in facioscapulo-
humeral muscular dystrophy [10]. Moreover, HERV-
derived lncRNA TROJAN promotes ubiquitin-associated
degradation of metastasis-repressing factors and accelerates
breast cancer progression [36].

In addition to the conventional view that ERV activation
in differentiated tissue led to pathological conditions, more
and more tissue-specific ERVs were identified, and they are
thought to contribute to the cell type-specific differentiation
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or tissue-specific functions [67]. For instance, during mouse
gastrulation, different ERV sub-families were activated in
various cell fates: erythroid has high RLTR10F activity, while
mesoderm favors ERVB4 [67]. However, the exact function
of these ERVs in the respective lineage remains elusive. Sim-
ilarly, during the differentiation of human pluripotent stem
cells (hPSCs) to cardiomyocytes in vitro, distinct sets of ERVs
are selectively activated in different cell populations. For
example, LTR32, MER57A-int, and MER45A are specifically
expressed in definitive cardiomyocytes while MLT1H1,
HERVIP10B-int, and LTR5A are selectively active in non-
contractile cells [67]. It is noted that many ERV transcription
regulators in ESCs, such as KLF-family members, are also
expressed in tissue-specific cell types; thus, they may regulate
ERV in the respective context.

Taken together, these pieces of evidence demonstrate two
fundamental aspects of ERV in differentiation: (1) Various
ERVs are now associated with tissue differentiation and spe-
cific cell lineage. (2) Aberrant ERV expression in differenti-
ated tissues may be toxic while targeting these ERVs could
provide potential therapeutic means to slow down disease
progression.

3.5. ERV in Germline Formation. Although ERV activity may
be largely silenced during differentiation, it is highly expressed
and activated during germline formation. The first observa-
tion of ERV expression in germline cells can be dated back
to 1983 when virus-like “intracisternal A particle (IAP)” was
detected in mouse oocytes [68]. Up to now, more than 800
types of LTRs are detected in mouse oocyte, and they are
involved in diverse functions, which aid in oocyte transcrip-
tion regulation and facilitate oogenesis [69]. For instance,
DICER protein is present in both mouse somatic cells and
oocytes [70]. However, instead of being transcribed from
native promoters, oocyte-specific DICER expression is driven
by the LTR of MTC and produces an isoform lacking the N-
terminal DExD helicase domain compared to full-length
somatic DICER produced by its native promoter. And the
deletion of LTR regions of MTC impaired oocyte-specific
DICER, resulting in female sterility [70]. Many of the activated
ERVs in the oocyte are passed down to the zygote as maternal
factors, which are thought to be involved in ZGA [71], but
their exact functions remain to be dissected in the future.

On the contrary, the progenitors of mouse germline cells,
namely primordial germ cells (PGCs), show repressed ERV
activity. ERV sequences are enriched with H3K9me3 and
H3K27me3 that induce a repressive chromatin configuration
[72]. In detail, SETDB1 as a methyltransferase protects PGCs
from ERV activity. SETDB1 knockout PGCs show upregu-
lated ERV activity, low survival rate, and postnatal hypogo-
nadism [72]. Although this is in contrast to the general
knowledge that ERVs are upregulated in germ cells, it is possi-
ble that different families of ERVs are involved in various
stages of germ cell formation.

4. Conclusion and Outlook

ERVs are previously thought to coordinate with the host
genome during mammalian evolution, and now they are con-

sidered as integral parts to form species and cell type-specific
gene regulatory networks. The research of ERVs in stem cell
fate decision and differentiation has just been unraveled, and
many questions remained to be answered. Given the
observed stage-specific expression pattern of ERV
(Figure 1), what will be the specific function of each ERV
sub-family in different developmental stages? How do differ-
ent cell types achieve specific activation of ERV sub-families?
What is the consequence of unscheduled activation or silenc-
ing of ERVs during early embryogenesis? Are ERVs exhibit-
ing cell type-specific expression beyond blastocyst stages?
Will ERV represent novel targets for diseases? Future studies
will shed light on these questions and open up the fascinating
but less charted road of ERVs.
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The RNA-binding protein Lin28 regulates neurogliogenesis in mammals, independently of the let-7 microRNA. However, the
detailed regulatory mechanism remains obscured. Here, we established Lin28a or Lin28b overexpression mouse embryonic
stem cells (ESCs) and found that these cells expressed similar levels of the core pluripotent factors, such as Oct4 and
Sox2, and increased Yap1 but decreased lineage-specific markers compared to the control ESCs. Further differentiation of
these ESCs to neuronal and glial lineage cells revealed that Lin28a/b overexpression did not affect the expression of
neuronal marker βIII-tubulin, but dramatically inhibited the glial lineage markers, such as Gfap and Mbp. Interestingly,
overexpression of Yap1 in mouse ESCs phenocopied Lin28a/b overexpression ESCs by showing defect in glial cell
differentiation. Inhibition of Yap1/Tead-mediated transcription with verteporfin partially rescued the differentiation defect
of Lin28a/b overexpression ESCs. Mechanistically, we demonstrated that Lin28 can directly bind to Yap1 mRNA, and the
induction of Yap1 by Lin28a in mESCs is independent of Let7. Taken together, our results unravel a novel Lin28-Yap1
regulatory axis during mESC to glial lineage cell differentiation, which may shed light on glial cell generation in vitro.

1. Introduction

The RNA-binding proteins Lin28a and Lin28b are homologs
originally identified as developmental timing regulators in C.
elegans [1, 2]. They are subsequently found to function in a
wide spectrum of biological processes, developments, and
diseases in mammals, including embryonic stem cell self-
renewal, somatic cell reprogramming, metabolism, organis-
mal growth, and tumorigenesis [3–7]. Lin28a/b inhibits the
maturation of let-7 family members, the important players
in multiple diseases and cancers via their cold-shock domain
(CSD), and a pair of CCHC-type zinc finger motifs [8–10]. In
addition, Lin28 directly binds active promoters and recruits
Tet1 to regulate its target gene expression, demonstrating

its dual binding affinity to DNA and RNA in diverse biolog-
ical processes [11].

Lin28 is widely expressed in a number of tissues from
embryo to adult, particularly in the nervous system [6, 12].
In vivo study showed that Lin28a knockout leads to reduced
neural progenitor cell proliferation and a small brain in
mouse, whereas knockout of both Lin28a alleles and one
Lin28b allele displays similar but more severe phenotypes
than the control, demonstrating the redundant and critical
roles of Lin28a/b in the nervous system development [13].
In addition, in vitro study revealed that constitutive expres-
sion of Lin28a/b results in the promotion of neurogenesis
but the block of gliogenesis, independently of the let-7 micro-
RNA [14, 15]. However, what are the downstream targets of
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Lin28 and how do they mediate Lin28 functions during neu-
rogliogenesis remain largely unknown.

Pluripotent stem cells (PSCs), such as induced pluripo-
tent stem cells (iPSCs) and embryonic stem cells (ESCs),
can propagate in vitro and differentiate into all adult cells.
They therefore provide useful materials to study cell differen-
tiation and hold great promise for disease remodeling, drug
discovery, and regenerative medicine [16–20]. To explore
the regulatory mechanism of Lin28 during neurogliogenesis,
we constitutively overexpressed Lin28a and Lin28b, respec-
tively, in mouse ESCs and then directly differentiated them
to neurons and glias in vitro. Overexpression of Lin28 strik-
ingly inhibited the expression of glial lineage markers, like
Gfap and Mbp, but did not affect the expression of neuronal
marker βIII-tubulin. Interestingly, constitutive overexpres-
sion of Yap1 in mESCs showed a similar effect to Lin28a/b
OE ESCs during in vitro neurogliogenesis, while inhibition
of Yap1/Tead-mediated transcriptional output partially
rescued these phenotypes. Furthermore, RNA immunopre-
cipitation and qPCR assays demonstrated Lin28 can directly
bind to Yap1mRNA, and the induction of Yap1 by Lin28a in
mESCs is independent of Let7. Our study reveals a novel
Lin28-Yap1 regulatory axis in mESC to glial lineage cell dif-
ferentiation in vitro.

2. Materials and Methods

2.1. ESC Culture and Differentiation. The mouse embryonic
stem cell line used in this study was isolated from wild type
C57/BL6 mouse as previously described [21, 22]. Typically,
E3.5 embryos at the blastocyst stage were flushed out from
the uterus and cultured on mitomycin-C treated mouse
embryonic fibroblasts in a 96-well plate with N2B27
medium with 2i (0.4μM PD0325901 and 3μM CHIR99021)
and LIF (1000U/ml). The ICM (inner cell mass) outgrowths
were treated with 0.05% Trypsin and passaged on a 24-well
plate until stable ESC lines were obtained. The ESCs were
maintained on feeders under the normal ES medium
(DMEM supplemented with 15% FBS, 0.1mM nonessential
amino acids, 0.1mM 2-mercaptoethanol, 2mM Glutamine,
100U/ml penicillin/streptomycin, and 1000U/ml LIF). To
obtain feeder-free ESCs, the ESCs were grown on a 0.1%
gelatin-coated dish in 2i + LIF medium. For cell differentia-
tion to neuronal and glial lineage cells, we integrated the dif-
ferentiation protocols previously described [23, 24]. First,
the mouse ESCs were trypsinized to single cells and then
replaced at 1 × 104 cells per well of an ultralow adhesion
96-well plate to quickly aggregate and form uniformly sized
embryoid bodies in KSR medium (high glucose DMEM sup-
plemented with 15% knockout serum replacement, 0.1mM
nonessential amino acids, 0.1mM 2-mercaptoethanol,
2mM Glutamine, 100U/ml penicillin/streptomycin, and
10μM SB431542). After 5 days of suspension culture, the
embryoid bodies were subjected to adhesion culture in N2
medium (DMEM/F12 supplemented with N2) for 10 days
using a 6-well plate coated with 25ng/ml human fibronectin.

2.2. DNA Constructs and Lentivirus Production and Infection.
The lentiviral expression constructs pUbi-MCS-3xFlag

(GV358), subcloned with mouse Lin28a/b or mouse Yap1,
were purchased from the GeneChem company https://www
.genechem.com.cn/. For lentiviral production and infection,
lentiviral plasmid (1.2μg), including the overexpressing plas-
mids or shRNA plasmid (pLKO.1-Puro), together with
0.8μg of packaging plasmids pSPAX2 (Addgene #12260)
and 0.5μg of envelope expressing plasmid (Addgene #12259)
were transiently cotransfected into the 293T cells using the
Lipofectamine 2000 reagent according to the manufacturer’s
instructions; 48 hours after transfection, the lentivirus super-
natant was collected and filtered with 0.45μm membrane
filters (Millipore). mESCs were infected in the presence of
5μg/mL polybrene and selected with 1μg/mL puromycin for
72 hours, the oligo sequences of mouse Lin28a shRNA were
listed in Supplementary Table 1.

2.3. Reverse Transcription and Quantitative Real-Time PCR.
Reverse transcription and QRT-PCR assays were conducted
following the previously described [22]. Total RNAs of
mESCs were extracted using TRIzol reagent (TaKaRa) fol-
lowing the manufacturer’s instructions. 1μg of total RNA
was used as templates to perform reverse transcription with
the PrimeScript RT reagent Kit (TaKaRa) according to the
instructions. Real-time PCR analysis was performed using
the Bio-Rad machine with the SYBR Premix Ex Taq
(TaKaRa). The generated threshold cycle (CT) value for each
transcript was normalized against the CT value of an internal
control, like β-Actin, and subsequently normalized against
the CT value of corresponding transcripts of the control sam-
ple. The oligo sequences of RT primers were listed in Supple-
mentary Table 1.

2.4. Western Blot Analysis. mESCs or ESC-derived cells on
day 5, day 10, and day15 were lysed using the protein lysis
buffer (50mM Tris-HCl, pH7.5, 100mM NaCl, 1% tritone
X-100, 0.1mM EDTA, 0.5mM MgCl2, inhibitors of prote-
ases and phosphatases). Then, we followed the methods
previously described [22]. In brief, protein samples were sep-
arated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to PVDF membranes (Millipore). The membranes
were blocked with 5% nonfat dry milk (BD Company) in
TBST+0.1% Tween-20 and incubated with primary antibody
in TBST+0.1% Tween-20 overnight at 4°C. The primary/se-
condary antibodies and dilutions used were listed in Supple-
mentary Table 2.

2.5. Immunofluorescence Stain. Immunofluorescence stain of
ESC differentiated cells was performed as previously describe
[21, 25]. Briefly, cells were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) at room temperature (RT)
for 30 minutes, followed by blocking with 1% BSA in PBS
for 1 hour and then primary antibody overnight at 4 degrees.
The primary antibodies and dilutions used were listed in
Supplementary Table 2. After washing with PBS for 3 times
on the second day, the samples were incubated with the
appropriate secondary antibodies, conjugated with Alexa
Fluor 594 (Molecular Probes) in PBS for 1 hour at room
temperature. Cells were then counterstained with 4,6-
diamidino-2-phenylindole dilactate (DAKO) for 15min at
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RT following the method as described [22]. Images were
captured using a Carl Zeiss confocal microscope (LSM 800).

2.6. RNA Immunoprecipitation (RIP) Assay. The EZ-Magna
RIP™ RNA Binding Protein Immunoprecipitation Kit
(No.17-701; Millipore) was used to perform the RIP assay.
In brief, around 2 × 107 control and Lin28a-flag overex-
pressed mESCs were lysed respectively, with RIP lysis buffer
provided in the kit. Anti-Flag M2 magnetic beads (No.8223;
Sigma) were incubated with lysates, and the Lin28a-flag-
RNA complexes were precipitated. The complexes were
washed and treated with proteinase K. RNA was extracted
using the phenol/chloroform method, and the retrieved
RNA was subjected to quantitative real-time RT-PCR with
gene-specific primers listed in Supplementary Table 1.

2.7. Data Analysis. Statistical significance was determined by
the unpaired Student’s t-test. The P value is indicated by
asterisks in the Figures (P < 0:05 [∗] and P < 0:01 [∗∗]). Dif-
ferences of P < 0:05 and lower were considered statistically
significant.

3. Results

3.1. Lin28a/b Induced Yap1 but Inhibited Lineage-Specific
Gene Expression in mESCs. To investigate the underlying
regulatory mechanisms of Lin28 during mESC to neuronal
and glial differentiation, Lin28a and 28b stably expressed
mESC lines were established respectively, by infecting ESCs
with corresponding lentiviruses. Both Lin28a and 28b over-
expression (Lin28a/b-Flag OE) cells maintained typical
dome-shaped colony morphology and expressed a high
level of mESC surface protein alkaline phosphatase like
the control ESCs (Figure 1(a)). Consistently, the overall
protein level of ESC core pluripotent factors, such as
Oct4, Sox2, and Nanog, was not significantly altered upon
Lin28a/b overexpression (Figure 1(b)). However, the
expression of lineage-specific genes, including Cdx2, Nestin,
T, and Gata6, was dramatically decreased in Lin28a/b OE
mESCs (Figure 1(c)). Previous network-based analyses sug-
gested that Lin28a may be a regulatory factor of the Hippo
signaling pathway [26]. Hence, we further examined the
expression of key Hippo pathway kinases, such as Mst
and Lats, and phosphorylated Yap1 (S127 and 397), which
marks Yap1 for cytoplasm localization and degradation
through western blot [27]. All these proteins did not show
obvious changes upon overexpression of Lin28a/b, but the
total protein level of Yap1 and its downstream target Ctgf
was dramatically upregulated, suggesting that Lin28a/b pro-
mote functional Yap1 protein via other means instead of the
canonical Hippo pathway (Figure 1(d)). Further examination
of Yap1 mRNA by qRT-PCR assay revealed that Lin28a/b
OE did not affect Yap1 expression at the transcriptional level
in mESCs (Figure 1(e)). Additionally, two shRNAs targeting
two different regions of the mouse Lin28a gene were con-
structed, and both of them could efficiently reduce Lin28a at
both mRNA and protein levels. Consistent with Lin28a/b OE
mESCs, knockdown of Lin28a significantly reduced the pro-
tein level of Yap1 and its downstream target Ctgf, but did

not affect Yap1 transcript level (Figure S1b-c). However, the
decrease of Lin28a restricted the pluripotent maker
expression and quickly induced mESC differentiation, and
the qRT-PCR result showed the expression of lineage-
specific genes was dramatically upregulated in Lin28a stably
knockdown mESCs (Figure S1b-c). Taken together, these
results demonstrated that Lin28a/b is necessary for
maintaining the self-renewal and pluripotency of mES cells,
and Lin28 specifically affects Yap1 protein abundance.

3.2. Lin28a/b Inhibited the Differentiation of mESCs to Glial
Lineage Cells. Accumulating studies have showed that Lin28
regulates ESC proliferation and neurogenesis in vitro, but
the underlying mechanism is not clear [14, 15]. Here, we uti-
lized previously described protocols to directly differentiate
mouse ESCs to neurons and glias in vitro [23, 24]. As shown
in Figures 2(a) and 2(b), mESCs were trypsinized to single
cells and cultured in an ultralow attachment 96-well plate
to quickly aggregate and grow uniformly sized embryoid
bodies (EBs) in KSR medium. After 5 days of suspension cul-
ture, the EBs were subjected to adhesion culture in N2
medium for another 10 days. 5 days of suspension culture
in serum-free medium greatly induced cell growth and neural
stem cell differentiation. We observed that the neural stem
cell markers, including Sox1, Sox2, and Nestin, were dramat-
ically increased, while the pluripotent marker Oct4 was
decreased (Figures 2(c) and 2(e)). More interestingly, the
protein level of Lin28a/b and Yap1 was upregulated com-
pared to undifferentiated cells (day 0 mESCs), indicating
their potential roles in neural lineage induction. Further
adherent culture in N2 medium greatly facilitated the neuro-
nal and glial lineage cell differentiation (Figure 2(b)). West-
ern blot and immunofluorescence analyses showed the
expression of neuron-specific class III-tubulin (Tubb3), glial
fibrillary acidic protein (GFAP), and myelin basic protein
(Mbp) was markedly increased after 5 days of adherent
culture (Figures 2(d) and 2(e)). Besides, different neuronal
subtypes including glutamatergic, GABAergic, dopaminer-
gic, and cholinergic neurons were characterized based on
the expression of vesicular glutamate transporter 2 (Vglut2),
Gad1, Th, and Chat on day 15 of culture (Figure 2(d)). Taken
together, these results manifest the establishment of the
mouse ESC to glia cell and functional neuron differentiation
system.

To assess the role of Lin28a/b in neural lineage differen-
tiation, we conducted neuronal and glial lineage cell differen-
tiation assays as above with Lin28a/b OE ESCs. The
expression of Yap1 and neural progenitor markers, Sox1,
Sox2, and Nestin was markedly upregulated in Lin28a/b OE
cells compared to the control cells at day 5 of differentiation
(Figure 3(a)). At day 10 of differentiation, the expression of
neuronmarker Tubb3 was comparable between control ESCs
and Lin28a/b OE ESCs, but the expression of glial cell
markers Gfap and Mbp was dramatically lower in Lin28a/b
ESCs than the control ESCs (Figure 3(b)). Further extension
of the differentiation time to day 15 could not reinstall the
expression of Gfap in Lin28a/b cells, while different neuron
markers Th, Chat, vGlut2, and Gad1 were expressed in both
the control cells and Lin28a/b OE cells (Figure 3(c)).
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Figure 1: Continued.
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Immunofluorescence analyses also confirmed the expression
of the neuronal markers Tubb3 and Th, but not the glial cell
marker Gfap and Mbp in Lin28a/b OE ESCs, indicating a
repressive role of Lin28a/b in ESC to glial cell differentiation
(Figure 3(d)). More interestingly, Yap1 was always higher in
Lin28a/b OE cells than the control cells throughout the
in vitro differentiation procedure, suggesting a positive corre-
lation between Lin28a/b and Yap1 (Figures 3(a)–3(c)).

3.3. Yap1 Overexpression mESCs Phenocopied the Glial Cell
Lineage Differentiation Defect of Lin28a/b OE ESCs. To clar-
ify whether upregulation of Yap1 in Lin28a/b OE cells was
linked to the inhibition of glial lineage cells during the mouse
ESC differentiation, we generated Yap1 overexpression
(Yap1-Flag OE) mouse ESCs using lentivirus. These cells also
maintained typical dome-shaped colony morphology and
expressed a high level of mESC surface protein alkaline phos-
phatase similar to Lin28a/b OE cells (Figure 4(a)). In addi-
tion, Yap1 overexpression did not affect the expression of
core pluripotency factors, but dramatically promoted its
downstream target Ctgf (Figure 4(b)). Differentiation of
Yap1 OE ESCs as above revealed that upregulation of Yap1

indeed promoted the expressions of neural stem cell markers,
such as Sox1, Sox2, and Nestin, which is similar to Lin28a/b
OE ESCs (Figure 4(c)). Likewise, Yap1 OE ESCs behaved like
Lin28a/b OE cells in expressing a low level of glial lineage cell
makers Gfap and Mbp, but comparable level of neuronal lin-
eage marker Tubb3 and other functional neuronal markers
like Th, Chat, vGlut2, and Gad1 as compared to the control
cells upon induced differentiation (Figures 4(d)–4(g)), indi-
cating that Yap1 may be a Lin28a/b effector in controlling
of mouse ESC differentiation to neuronal and glial lineage
cells.

3.4. Inhibition of Yap1-Tead Interaction Using Verteporfin
Partially Rescued the Defect of Lin28a/b OE mESC
Differentiation to Glial Cell Lineage. Yap1 has been demon-
strated to act as a coactivator, and its transcriptional output
is mainly dependent on the binding to Tead family transcrip-
tion factors [28, 29]. To find out whether the upregulation of
Yap1-mediated transcriptional output is responsible for the
glial lineage differentiation defect of Lin28a/b OE mESC,
we introduced the Yap1-Tead interaction inhibitor vertepor-
fin to the in vitro differentiation assay of Lin28a OE mESCs.
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Figure 1: Constitutive expression of Lin28a/b in mouse ESC induced Yap1 expression and reduced lineage-specific gene expression. (a)
Phase-contrast microscopy and AP staining of Ctrl and Lin28a/b constitutively expressed (Lin28a/b OE) mouse ESCs grown under 2i
+ LIF medium. Scale bar, 200 μm. (b) Western blot analyses of total proteins from Ctrl and Lin28a/b OE mouse ESCs using the indicated
antibodies. Oct4, Sox2, and Nanog are pluripotent stem cell markers. (c) Quantitative real-time PCR to examine the mRNA level of
lineage-specific gene expression in Ctrl and Lin28a/b OE mouse ESCs, trophectoderm gene Cdx2, ectoderm gene Nestin, mesoderm gene
T, and endoderm gene Gata6. Actin was analyzed as an internal control. The data are shown as the mean ± S:D (n = 3). Statistically
significant differences were indicated (∗, P < 0:05 and ∗∗, P < 0:01). (d) Western blot analyses of total proteins from Ctrl and Lin28a/b OE
mouse ESCs using the indicated antibodies. (e) Quantitative real-time PCR to examine the mRNA level of Yap1 and its downstream target
gene Ctgf expression in Ctrl and Lin28a/b OE mouse ESCs. The data are shown as the mean ± S:D (n = 3).
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We first treated Lin28a OE ESCs with different concentra-
tions of verteporfin for 24 hours. We found that increasing
the inhibitor concentration dramatically reduced Yap1 and
Ctgf protein levels, and the expression of Lin28 and core
pluripotency factors Oct4 and Sox2 was reduced too
(Figure 5(a)). Since 0.5μM verteporfin noticeably reduced
Yap1 function, we next treated the adherent cells differenti-
ated from Lin28a OE mESCs on day 5 at this concentration

and then analyzed the expression of neuronal and glial line-
age markers by immunoblotting and immunofluorescence
assays on day 10 and 15, respectively (Figure 5(b)). We found
that inhibition of Yap1-Tead interaction with verteporfin
partially rescued the expression of glial lineage markers, such
as Gfap and Mbp, but did not affect the expression of Tubb3
and the functional neuronal markers, like Th and Chat in
Lin28a OE mESC-differentiated cells (Figures 5(c)–5(e)),
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Figure 2: Establishment of the in vitro differentiation protocol from mouse ESCs to neuronal and glial lineage cells. (a) A schematic drawing
of the direct differentiation assay from mouse ESCs to neuronal and glial lineage cells. ESCs were cultured under feeder-free condition
with 2i + LIF medium for 1 day and then disassociated to single cells and quickly aggregated in differentiation medium for one day.
After 5 days of suspension culture in KSR medium, the aggregates were subjected to adhesion culture for another 10 or 15 days in N2
medium. (b) Phase-contrast microscopy of mouse ESC differentiated cells on days 1, 5, 10, and 15. Scale bar, 200 μm. (c) Western blot
analyses of total proteins from mESC differentiated cells on day 0 and 5 using the indicated antibodies. Mouse ESC pluripotent
markers: Oct4 and Sox2, neural stem cell markers: Sox1, Nestin, and Sox2. (d) Western blot analyses of total proteins from mouse
ESC differentiated cells on days 5, 10, and 15 using the indicated antibodies. Neuronal marker: β-tubulin III, glial markers: Gfap and
Mbp, neuronal subtype markers: Th, vGlut2, Gad1, and Chat. (e) Immunofluorescence staining of the neural stem cell marker Nestin
on day 5, neuronal marker β-tubulin III and glial markers Gfap and Mbp on day 10. Cell nuclear was stained with DAPI. Scale bar,
200μm.
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indicating that the glial lineage differentiation defect of
Lin28a/b OE mESCs was to some extent caused by increased
Yap1/Tead-mediated transcriptional output.

3.5. Induction of Yap1 by Lin28a/b in Mouse ESCs Was
Independent of Let7. Lin28 is well known to be a suppressor
of let-7 miRNA biogenesis and let-7b plays a critical role
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Figure 3: Constitutive overexpression of Lin28a/b inhibited the differentiation of mouse ESCs to glial lineage cells. (a) Western blot analyses
of total proteins from Ctrl and Lin28a/b OE mouse ESC differentiated cells on day 5 using the indicated neural stem cell markers: Sox1,
Nestin, and Sox2. (b) Western blot analyses of total proteins from Ctrl and Lin28a/b OE mouse ESC differentiated cells on day 10 using
the indicated neuronal marker: β-tubulin III, glial markers: Gfap and Mbp. (c) Western blot analyses of total proteins from Ctrl and
Lin28a/b OE mouse ESC differentiated cells on day 15 using the indicated neuronal subtype markers: Th, vGlut2, Gad1, and Chat. (d)
Immunofluorescence staining of the Ctrl and Lin28a/b OE mouse ESC differentiated cells on day 15 using the neuronal marker β-tubulin
III and glial markers Gfap and Mbp, and neuronal subtype markers Th. Cell nuclear was stained with DAPI. Scale bar, 200μm.
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in neural stem cell differentiation [30, 31]. Therefore, we
investigated whether Lin28 regulates Yap1 via let-7 miRNA
members in mouse ESCs. As Lin28 inhibitor LI71 and
Lin28-let-7a antagonist 1 can inhibit Lin28a and let-7 inter-
action and miRNA processing in ESCs effectively [32, 33],
we then treated Lin28a OE mESCs with different concentra-
tion of LI71 and Lin28-let-7a antagonist 1 for 24 hours,
respectively, for protein analyses. It turned out that increas-
ing the inhibitor concentration did not alter the expression
of Yap1 in mouse ESCs (Figures 6(a) and 6(b)), indicating

that induction of Yap1 by Lin28a/b overexpression in
mouse ESCs was independent of the Let7 pathway. Then,
we want to address whether Lin28 can directly bind Yap1
mRNA to regulate its translation, we performed RNA
immunoprecipitation using anti-Flag antibody in Lin28a-
Flag overexpressed mESCs. Tubulin mRNA was used as a
control for nonspecific RNA binding, and H2a and Cyclin
B mRNAs were used as positive controls. We found both
of Yap1 and Taz mRNAs exhibited dramatic enrichments
in the Lin28a-Flag overexpressed mESCs; these data
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Figure 4: Yap1 overexpression in mESCs phenocopied the glial cell lineage defect differentiated from Lin28a/b OE cells. (a) Phase-contrast
microscopy and AP staining of Ctrl and Yap1 constitutively expressed (Yap1 OE) mouse ESCs grown under 2i + LIF medium. Scale bar,
200μm. (b) Western blot analyses of total proteins from Ctrl and Yap1 OE mouse ESCs using the indicated antibodies. Oct4, Sox2, and
Nanog are pluripotent stem cell markers. (c) Western blot analyses of total proteins from Ctrl and Yap1 OE mouse ESC differentiated
cells on day 5 using the indicated neural stem cell markers: Sox1, Nestin, and Sox2. (d) Western blot analyses of total proteins from Ctrl
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stained with DAPI. Scale bar, 200 μm.
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demonstrated that Lin28 can directly bind to Yap1 mRNA
(Figure S2). Collectively, we reported a novel Lin28a/b-
Yap1 regulatory axis in mouse ESC to glial lineage cell
differentiation (Figure 6(c)). Lin28a/b may directly bind to
Yap1 mRNA to regulate its translation, and the induction
of Yap1 by Lin28a in mESCs is independent of canonical
Hippo pathway and let-7 family members.

4. Discussion

Previous in vitro and in vivo studies have demonstrated that
Lin28a/b plays essential roles during central nervous devel-
opment, and its functions are independent of the let-7 micro-
RNA [13–15]. However, the downstream targets underlying
Lin28 function in neurogliogenesis are not well understood.
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Figure 5: Inhibition of Yap1-Tead interaction using verteporfin partially rescued the glial cell lineage differentiation defect of Lin28a/b OE
mouse ESCs. (a) Western blot analyses of total proteins from Ctrl mouse ESCs treated with different concentrations of Yap1-Tead interaction
inhibitor (verteporfin) using the indicated antibodies. (b) A schematic drawing of the differentiation assay from neural stem cells (day 5) to
neuronal and glial lineage cells (day 15) combining with verteporfin. (c) Western blot analyses of total proteins from Ctrl and Lin28a OE
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Here, our studies have identified Yap1 as a crucial down-
stream effector of Lin28 and demonstrated that Yap1/Tead-
mediated transcriptional output is partially responsible for
Lin28a/b overexpression induced glial cell differentiation
defect from mouse ESCs.

Yap1, a key transcriptional cofactor that is negatively reg-
ulated by the Hippo pathway, is essential for the development
and size control of multiple organs [34, 35]. In addition,
more diverse functions of the Hippo pathway have been rec-
ognized, including cell proliferation, differentiation, and
migration [12, 36]. Overexpression of Yap1 in mouse ESCs
inhibits ESC differentiation and is sufficient to maintain stem
cell characteristics. Activation of Yap1 in mouse fibroblasts
enhances reprogramming efficiencies of mouse iPSCs. All
these evidences, including what we observed in this study
and previously described, are consistent with the phenotypes
of overexpressing Lin28a/b in mouse ESCs [37–40]. Yap1 is
dramatically increased during ESC to neural stem cell differ-
entiation, and Yap1 overexpression promotes the expression
of neural progenitor cell markers, including Sox1 and Nestin,
indicating its critical role in neural stem cell commitment
from ESCs. However, in the late differentiation stage, from
day 5-15, Yap1 is gradually decreased. This is consistent with
the previous identification of Yap1 as a repressor during neu-
rogliogenesis [38, 41]. The Sox2-Lin28 pathway has been
demonstrated to govern the neural progenitor cell prolifera-
tion and neurogenesis but repressed the gliogenesis in vitro
[15, 30]. In our in vitro differentiation assays, we observed
that the Yap1 expression profile is extremely similar to
Sox2 and Lin28, and constitutive overexpression of Yap1 in
mouse ESCs restricts the cell differentiation to glial cell line-
age, and further inhibition of the Yap1/Tead-mediated tran-

scriptional output partially rescued the differentiation defect
of Lin28a/b OE ESCs to glial cell lineage, confirming the crit-
ical role of Yap1 during ES to glial cell differentiation.

As the downstream effector of the Hippo pathway, Yap1
is regulated by a highly conserved kinase cascade Mst and
Lats [34]. Previous network-based expression analyses have
revealed that Lin28 is a possible regulatory nuclear factor of
the Hippo pathway in stem cells [26]. Overexpression of
Lin28a/b in mouse ESCs does not affect the expression of
Yap1 upstream kinases, such as Mst and Lats, and Yap1
phosphorylation levels on the key functional sites, including
S127, 397, and Y357, indicating the regulation of Yap1 by
Lin28a/b are independent of the canonical Hippo pathway.
In our study, inhibition of the Lin28 and Let-7 interaction
in mouse ESCs does not alter the Yap1 protein level, suggest-
ing that the induction of Yap1 by Lin28a/b is independent of
the Let7 pathway, and some novel mechanisms may be
adopted by Lin28 to regulate Yap1 during mESC to glial lin-
eage cell differentiation. Previous studies have shown that
Lin28 could either function as a DNA-based regulator or
directly affect target mRNA translation and splicing; ChIP-
seq data has demonstrated that Lin28a could directly recruit
Tet1 and bind to the 5-UTR of Yap1 in mouse ES cells [11].
However, in our study, we observed that Yap1 mRNA was
not changed, while the Yap1 protein level and its down-
stream target Ctgf were dramatically induced in the mESC
stage and throughout neural lineage differentiation with
Lin28-overexpressed cells, suggesting that Lin28a/b may par-
ticipate in the posttranscriptional regulation of Yap1 expres-
sion. In mouse and human ES cells, several studies have
shown that Lin28 regulated the expression of cell cycle-
related and pluripotency-associated genes, such as Cyclin B

𝛽-Actin

Yap1

Lin28a

LI71: 0

1.0 1.13 1.02 0.87 1.08 1.11 1.11 1.4

1.0 0.9 0.92 1.05 1.19 1.16 1.09 1.01

0.5 1 5 10 25 50 100 (𝜇M)

(a)

𝛽-Actin

Lin28a

Yap1

10 0.5 1 5 10 25 50

1.0 1.07 0.85 0.77 0.87 0.71 0.88 0.85

1.0 0.86 0.85 0.88 0.87 0.99 0.95 0.88

100 (𝜇M)
Lin28-let-7a
antagonist

(b)

Lin28a/b

Yap1

mESC Glial cell lineage

(c)
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analyses of total proteins from Lin28a OE mouse ESCs treated with different concentrations of Lin28-let7a antagonist using the indicated
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and Oct4 by directly binding to these target mRNAs and
enhancing their translation [42–44]. Indeed, our RNA-IP
and qPCR assays also validated that Lin28a can directly bind
to Yap1mRNA, which is similar to the regulation ofH2a and
Cyclin B by Lin28a in mouse ESCs. Collectively, our study
supports the hypothesis that Lin28a/b directly binds to
Yap1 mRNA and participates in its translation regulation,
and further elucidating the regulatory mechanism of Yap1
by Lin28 would be necessary in the future.
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Pluripotency and self-renewal of embryonic stem cells (ESCs) are marked by core transcription regulators such as Oct4, Sox2, and
Nanog. Another important marker of pluripotency is the long noncoding RNA (lncRNA). Here, we ind that a novel long noncoding
RNA (lncRNA) Lx8-SINE B2 is a marker of pluripotency. LncRNA Lx8-SINE B2 is enriched in ESCs and downregulated during
ESC differentiation. By rapid amplification of cDNA ends, we identified the full-length sequence of lncRNA Lx8-SINE B2. We
further showed that transposable elements at upstream of lncRNA Lx8-SINE B2 could drive the expression of lncRNA Lx8-SINE
B2. Furthermore, ESC-specific expression of lncRNA Lx8-SINE B2 was driven by Oct4 and Sox2. In summary, we identified a
novel marker lncRNA of ESCs, which is driven by core pluripotency regulators.

1. Introduction

Most of the mammalian genome is composed of noncoding
sequences. Among them, transposable elements (TEs) con-
tribute to ~40% of the genome [1]. The majority of TEs are
silenced, however, a small percentage of TEs are expressed
during development and in diseases [2]. They play multiple
roles in these processes, including function as enhancers,
promoters, and long noncoding RNAs (lncRNAs) [3–6]. In
vertebrates, 70% lncRNAs are composed of TEs [7]. TEs also
confer tissue-specific expression on lncRNAs through the
recruitment of transcription factors [3, 4, 6]. TE-derived
lncRNAs actively participate in development. TE-derived
lncRNA ROR functions as a sponge to miRNA and also
works with hnRNPA1 to promote c-Myc expression during
reprogramming [8–10]. Endogenous retrovirus HERVH-
derived lncRNAs maintain pluripotency of human embry-
onic stem cells [3, 11–13]. Asymmetrical expression of
ERV1 and ERVK-derived lncRNA LincGET in two- to
four-cell mouse embryos biases cell fate toward inner cell
mass [14]. These findings all suggest an important role of
TE-derived lncRNA in development. Most of these findings
are based on human cell lines. We are still lack of under-
standing of TE-derived lncRNAs in mouse embryonic stem
cells (ESCs). In this study, we investigated the expression

and regulation of one representative lncRNA Lx8-SINE B2
in ESCs.

2. Methods

2.1. Cell Culture. Mouse ESCs (E14) were cultured on plates
coated with 0.2% gelatin (G1890, Sigma) in medium with
15% fetal bovine serum (FBS, SH30070.03, Hyclone),
2mML-glutamine (Gibco), 1% penicillin-streptomycin
(P1400, Solarbio), 0.1mM nonessential amino acids (Gibco),
0.1mM β-mercaptoethanol (M3148–250, Sigma), and
10ng/ml leukemia inhibitory factor (LIF; Z03077, Gen-
Script). Mouse embryonic fibroblasts (MEFs) and 3 -T3 cells
were maintained on plates (703001, NEST Biotechnology) in
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone)
supplemented with 10% FBS, 2mML-glutamine, and 1%
penicillin-streptomycin. Cells were cultured at 37°C in CO2
incubator.

2i culturemedium contain 50%DMEM/F12 (BasalMedia),
50% Neurobasal media (Gibco), 1% N2 supplement, 1% B27
(Gibco), 0.1mM nonessential amino acids (Gibco), 2mML-
glutamine(Gibco), 1% penicillin-streptomycin (P1400, Solar-
bio), 0.1mM β-mercaptoethanol (M3148–250, Sigma), 1μM
MEK inhibitor PD0325901 (T6189, TargetMol), and 3μM
GSK3 inhibitor CHIR99021 (2520691, BioGems). 10ng/ml
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leukemia inhibitory factor (LIF; Z03077, GenScript) was added
for 2i/LIF condition.

2.2. RNA Extraction, Reverse Transcription, and Quantitative
PCR (qPCR). Total RNA was extracted with RNAiso Reagent
(B9109, Takara) as described [15] and treated with DNase I
to remove genomic DNA in DEPC water (B501005, Sangon
Biotech). The cDNA synthesis was carried out in RNase-
free tubes (401001, NEST Biotechnology) with the Transcrip-
tor First Strand cDNA Synthesis Kit (4897030001, Roche),
according to the manufacturer’s instructions. Quantitative
PCR (qPCR) reactions were performed using the Hieff qPCR
SYBR Green Master Mix (H97410, Yeasen) in a QuantStudio
6 Real-Time PCR System (Life Technologies). Primer
sequences for qPCR analysis are listed in Table 1.

2.3. Depletion of Gene Expression with shRNAs. For gene
knockdown, short hairpin RNAs (shRNAs) for luciferase
(control) or target genes were designed by an online tool
(http://sirna.wi.mit.edu/) and synthesized by GENEWIZ cor-
poration. The shRNA plasmids were constructed using the
pSuper-puro system and purified with a kit (1211-01, Bio-
miga). mESCs were transfected with DNA using Polyjet
(SL100688, SignaGen), according to the manufacturer’s pro-
tocol. Transfected ESCs were selected with 1μg/ml puromy-
cin from 24h after transfection. After four days of puromycin
selection, transfected cells were harvested. The sequences of
shRNAs are listed in Table 2.

2.4. 5′ and 3′ Rapid Amplification of cDNA Ends (RACE)
Analysis. For 3′ RACE, first-strand cDNA synthesis is initi-
ated at the poly(A) tail of total RNA using the anneal oli-
go(dT)-containing RT Adapter Primer (AP) to mRNA.
Gene-specific primer pF1 was designed based on the known
sequence. 3′ fragment was amplified by primer pF1 and
general primer gR1, the RACE PCR products were separated
on a 1.5% agarose gel.

For 5′ RACE, the first-strand cDNA was synthesized
from total RNA using a gene-specific primer (RT GSP1),
which was designed according to the 3′ known sequence. A
homopolymer tail was subsequently added to the 3′-end of
the cDNA using terminal deoxynucleotidyl transferase kit
(2230A, Takara), according to the manufacturer’s instruc-

tion. First-round PCR was performed based on poly(C) tail
designed dG adaptor primer to synthesize double-stranded
cDNA. Then, general primer gP1 and gene-specific primer
pR2 were used for second-round PCR to amplify the cDNA
5′ end sequence. The RACE PCR products were separated
on a 1.5% agarose gel and cloned into pEASY-T1 (TransGen
Biotech) for Sanger sequencing. The gene-specific RACE
primers used for mapping each end were from Sangon
Biotech and were listed in Table 3.

2.5. Dual-Luciferase Reporter Gene Assay. Mouse ESCs were
seeded at a density of 8 × 104 cells per well in a 24-well plate.
Luciferase assay was performed as previously described [16].
The total amount of 200ng of the various promoters of
lncRNA Lx8-SINE B2 or pGL4.23 empty vector was trans-
fected into each well of E14 ESC on a 24-well plate together
with 10ng of pCMV-Renilla. The medium was changed
12 h after transfection. After transfection of 36h, cells were
collected and lysed in 1x passive lysis buffer. The luciferase
activity was determined by Dual-Luciferase Reporter Assay

Table 1: Primer sequences for qPCR analysis.

Gene Forward Reverse

lncRNA Lx8-SINE B2 GCTGTTATGACTTGTTTCCTGGT CTCTTCCTTGCAGGCTTAGAAC

Oct4 GTGGAAAGCAACTCAGAGG GGTTCCACCTTCTCCAACT

Sox2 GCGGAGTGGAAACTTTTGTCC CGGGAAGCGTGTACTTATCCTT

Nanog TTGCTTACAAGGGTCTGCTACT ACTGGTAGAAGAATCAGGGCT

Esrrb GCACCTGGGCTCTAGTTGC TACAGTCCTCGTAGCTCTTGC

Prdm14 CTCTTGATGCTTTTCGGATGACT GTGACAATTTGTACCAGGGCA

Lysmd3 ACGGTTTCCCTCCCAGGAAT CATCAAGTCTATCTCTCGATGCG

Adgrv1 CAGCCCTGAATCACTCTTCGT CCCATCCAGGTCCGAGTCTA

LINE1 GGACCAGAAAAGAAATTCCTCCCG CTCTTCTGGCTTTCATAGTCTCTGG

SINE B2 GAGTAAGAGCACCCGACTGC AGAAGAGGGAGTCAGATCTCGT

Table 2: Targeting sequences of shRNAs.

Gene shRNA target sequence

Oct4 shRNA GTGGAAAGCAACTCAGAGG

Sox2 shRNA GCGGAGTGGAAACTTTTGTCC

Nanog shRNA TTGCTTACAAGGGTCTGCTACT

Table 3: RACE primers.

RACE primer name Sequence

RT-adaptor primer
GCGAGCACAGAATTAATACGACTC

ACTATAGG(T)18VN

gR1 GCGAGCACAGAATTAATACGAC

pF1 ATACCTTCCTAAAACTAATGTGGACT

RT GSP1 TGAAGAACTTTTAGCACAGCAGC

dG-adaptor primer
GACTCGAGTCGACATCGAGGGGGG

GGGGGGGGGGG

gP1 GACTCGAGTCGACATCG

pR2 CAACTGTTCTAAACGCTTCTTAG
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Figure 1: Mapping the full-length sequence of lncRNA Lx8-SINE B2. (a) Schematic of the 3′-rapid amplification of cDNA ends (RACE) (left)
and 3′ RACE result for lncRNA Lx8-SINE B2 (right). (b) Schematic of the 5′ RACE and its result for lncRNA Lx8-SINE B2. (c) DNA
sequencing of RACE using a universal primer in pEASY-T1 vector. (d) Validation of lncRNA Lx8-SINE B2 transcript size by PCR from
cDNA. M, DNA marker.
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System (#E1910, Promega) according to the manufacturer’s
instructions.

2.6. Statistical Analysis. Data were analyzed with Student’s t
-test (two-tailed). Significant differences were defined as ns
for nonsignificant, ∗∗p < 0:01, and ∗∗∗p < 0:001.

3. Results

3.1. Mapping the Full-Length Sequence of lncRNA Lx8-SINE
B2. Through mining the previous publication [17], it was
shown that lincRNA-1282 was expressed in ESCs and its
depletion leads to downregulation of c-Myc [17], which is
an important reprogramming factor. Therefore, we set out
to perform RACE to identify the full-length of lincRNA-

1282 [17], which is a partial sequence of lncRNA Lx8-SINE
B2. To identify the full length of Lx8-SINE B2, we performed
3′ RACE and 5′ RACE with primers as designed
(Figures 1(a) and 1(b)). Our amplicons for both 5′ and 3′
RACE were visible as a single DNA band without multiple
or unspecific bands (Figures 1(a) and 1(b)). Next, we
sequenced the amplicons and identified the sequences of
lncRNA Lx8-SINE B2 (Figure 1(c)). With the 5′ and 3′ ends
of lncRNA Lx8-SINE B2 found, we designed primers to
amplify the full length of lncRNA Lx8-SINE B2 and subcloned
the lncRNA into TA cloning vector (Figure 1(d)). The lncRNA
Lx8-SINE B2 was revealed to be a 734bp lncRNA.

3.2. Expression Pattern of lncRNA Lx8-SINE B2.We searched
the sequences of lncRNA Lx8-SINE B2 against the mouse
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Figure 2: Genomic location and expression of lncRNA Lx8-SINE B2. (a) Schematic of the mouse lncRNA Lx8-SINE B2 locus on chromosome
13. lncRNA Lx8-SINE B2 is between Adgrv1 and Lysmd3. There are three exons and some retrotransposon fragments of LINE or SINE in
lncRNA Lx8-SINE B2. RT–qPCR primers were indicated below. (b) The expression level of lncRNA Lx8-SINE B2, Oct4 Sox2, and Esrrb in
mESCs in the presence or absence of LIF for 2-4 days, as measured by RT–qPCR and normalized to Gapdh levels. Biological-triplicate
data (n = 3 dishes) are presented as mean ± s:e:m. (c) qPCR analysis of the expression level of lncRNA Lx8-SINE B2 in mouse ESCs and
MEF cells. ∗∗∗p < 0:001 according to two-sided Student’s t-test (d) Expression analysis of lncRNA Lx8-SINE B2 in ESCs cultured under
serum/LIF, 2i/LIF or 2i condition. Biological-triplicate data (n = 3 extracts) are presented as mean ± s:e:m.
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genome (mm10) and discovered that lncRNA Lx8-SINE B2
contained 3 exons, which are located between Adgrv1 and
Lysmd3 gene (Figure 2(a)). Exon 1 of lncRNA Lx8-SINE B2
overlapped with LINE1 family Lx8 and its third exon over-
lapped with SINE B2 (Figure 2(a)); therefore, we named this
lncRNA as Lx8-SINE B2. We designed primers on the nonre-
peat region of exon 2 and 3 to detect the expression of
lncRNA Lx8-SINE B2. Interestingly, it is noticed that lncRNA
Lx8-SINE B2was downregulated during ESC differentiation,
similar to the pluripotency gene Oct4, Sox2, and Esrrb,
according to qPCR results (Figure 2(b)). We also found that
lncRNA Lx8-SINE B2 was also expressed in ESCs instead of
differentiated cells such as MEF (Figure 2(c)). Furthermore,
we demonstrated that the expression of lncRNA Lx8-SINE
B2was not affected by the alternation of ESC culture condi-
tion. Its expression was slightly upregulated in the presence
of 2i/LIF or 2i condition in contrast to the serum/LIF culture
condition (Figure 2(d)). These suggest lncRNA Lx8-SINE B2
as a marker of ESC.

3.3. Promoter Structure of lncRNA Lx8-SINE B2. After that,
we examined how the specific expression of lncRNA Lx8-
SINE B2 was achieved. The upstream 1kb promoter region
of lncRNA Lx8-SINE B2 contains ORR1D2 and SINE B1
(Figure 3(a)). To study how Lx8-SINE B2 is regulated in
ESCs, we cloned -623 bp to +327 bp of lncRNA Lx8-SINE
B2 gene into luciferase reporter (Figures 3(a) and 3(b)). We
also created various truncation versions of this region to
identify the core promoter of Lx8-SINE B2 (Figure 3(b)).
The region corresponding to ERV, origin-region repeat 1

type D2 (ORR1D2, -157 bp to +3 bp) carried the strongest
promoter activity in contrast to those of other truncations
(Figure 3(c)). The promoter activity of ORR1D2 was specific
to ESCs but inactivated in 3T3 fibroblasts (Figure 3(d)).
These results support that lncRNA Lx8-SINE B2 is driven
by ERV ORR1D2, implicating that TEs not only contribute
to the exons of lncRNAs but also the promoter of lncRNAs.

3.4. Transcriptional Regulation of lncRNA Lx8-SINE B2 by
Oct4 and Sox2. To identify which transcription factor
activates lncRNA Lx8-SINE B2, we depleted three core
pluripotency transcription factors (Oct4, Sox2, and Nanog)
(Figures 4(a)–4(c)). Depletion of Oct4 or Sox2, but not
Nanog, strongly suppressed lncRNA Lx8-SINE B2 expression
(Figures 4(a)–4(c)). We also examined the expression of
lncRNA Lx8-SINE B2 after the depletion of Oct4, Sox2, and
Nanog (Figures 4(a)–4(c)). However, depletion of either
Sox2 or Oct4, but not Nanog, affected the promoter activity
of ORR1D2 (Figures 4(d)–4(f)). Sox2 depletion imposed
stronger inhibition on ORR1D2 than Oct4 and Nanog
(Figures 4(d)–4(f)). Furthermore, we examined the binding
of Oct4, Sox2, and Nanog on the promoter of lncRNA Lx8-
SINE B2. Consistent with results from luciferase assay, only
Oct4 and Sox2 bound to the promoter according to our anal-
ysis of published ChIP-seq data (Figure 4(g)). These results
suggest that Sox2 and Oct4 directly bind to ORR1D2 to
activate Lx8-SINE B2 in ESCs (Figure 4(g)).

To exclude the possibility that Oct4 and Sox2 activate
neighboring genes of lncRNA Lx8-SINE B2 together with it,
we examined the expression of Lysmd3 and Adgrv1 during
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Figure 3: Dissection of lncRNA Lx8-SINE B2 promoter region. (a) Schematic of the positions of TEs on according to mouse mm10 genome
the promoter region of lncRNA Lx8-SINE B2. (b) Schematic of various length fragments of lncRNA Lx8-SINE B2 promoter constructs. (c)
Activities of various length fragments of lncRNA Lx8-SINE B2 promoter constructs were determined by luciferase reporter gene assays in
E14 ESCs. Biological-triplicate data (n = 3 dishes) are presented as mean ± s:e:m. (d) Luciferase assay analysis of core promoter activity of
lncRNA Lx8-SINE B2 in ESCs and 3T3 cells. Biological-triplicate data (n =3 extracts) are presented as mean± s.e.m.
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Figure 4: Continued.
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ESC differentiation. Different from lncRNA Lx8-SINE B2,
both Lysmd3 and Adgrv1 were unaffected by LIF withdrawal
(Figure 5(a)). Furthermore, the expression of Lysmd3 and
Adgrv1 were activated by depletion of Oct4 or Sox2, suggest-
ing they are regulated differently from Lx8-SINE B2
(Figures 5(b) and 5(c)). Moreover, the expression of LINE1
and SINE B2 were not affected by Oct4 or Sox2 depletion
(Figure 5(d)), confirming the specificity of Oct4 and Sox2
in activating the expression of lncRNA Lx8-SINE B2.

4. Discussion

In summary, we identified a novel pluripotency marker
lncRNA Lx8-SINE B2, whose expression is driven by the
binding of Oct4 and Sox2 on ORR1D2. Oct4 and Sox2 are
the core pluripotency regulators in ESCs [18, 19]. Oct4 and

Sox2 can drive the expression of lncRNAs in cancer cells
and ESCs [20–22]. The binding profiles of OCT4 are different
in human and mouse ESCs [23], which can be explained by
its binding differences on species-specific TEs [23]. Here,
we found that Oct4 and Sox2 targeted mouse TE ORR1D2
to drive ESC-specific lncRNA expression (Figure 4), further
supporting the important role of TEs in driving the expres-
sion of species-specific lncRNAs. There are many pluripo-
tency markers; however, we provide Lx8-SINE B2 as an
additional novel marker of pluripotency. It lies at the down-
stream of key pluripotency genes Oct4 and Sox2 (Figure 4). It
composes of TEs and is distinct from traditional markers of
pluripotency. In comparison to other ESC markers, Lx8-
SINE B2 is unique as an ORR1D2-driven pluripotency
marker, which demonstrates that transposable elements can
function as cell type-specific lncRNA and promoter, similarly
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to protein-coding genes. Finally, its depletion is associated
with the downregulation of Myc in ESCs [17]; therefore,
Lx8-SINE B2 expression also reflects Myc expression status
of ESCs. Myc represses primitive endoderm differentiation
[24]. Myc also maintains ESC pluripotency and self-renewal
[25]. Therefore, we speculate that the depletion of lncRNA
Lx8-SINE B2 may cause a phenotype similar to that of Myc
downregulation.

Our study demonstrates that different types of TEs com-
bine to form lncRNA and drive lncRNA expression

(Figures 2 and 3), implicating TEs as important components
of lncRNA. TEs in lncRNAs work as an important RNA
domain [26, 27]. TEs within lncRNAs regulate the tissue-
specific expression of lncRNAs [4, 28]. In human, lncRNAs
containing HERVH are specifically expressed in human
ESCs [3, 4, 7]. TEs within lncRNAs also contribute to their
functions. For example, SINE B2 in antisense lncRNA of
Uchl1 interacts with Uchl1 mRNA and promotes the transla-
tion of Uchl1 through enhancing the association of mRNA
with polysome [29]. These studies demonstrate that TEs are
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Figure 5: Expression of neighboring genes of Lx8-SINE B2. (a) qPCR analysis of neighboring genes (Adgrv1 and Lysmd3) of lncRNA Lx8-
SINE B2 in ESCs cultured with or without LIF; (b, c) RT-qPCR analysis of lncRNA Lx8-SINE B2, Adgrv1, Lysmd3 and pluripotent genes
(Oct4 and Sox2) expression after depletion of Oct4 (b) or Sox2 (c) in E14 ESCs. The data are represented as mean ± s:e:m: from three
biological replicates. (d) Expression of LINE1 and SINE B2 after depletion of Oct4 or Sox2.
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critical to the expression and function of lncRNAs. Given
that lncRNA Lx8-SINE B2 is composed of TE Lx8 and SINE
B2, it will be interesting to investigate whether ORR1D2 drive
the expression of other lncRNAs and the function of Lx8 and
SINE B2 within lncRNAs in the future study.

5. Conclusion

In conclusion, we mapped the full-length sequence of
lncRNA Lx8-SINE B2 and found it as an ESC-specific
lncRNA. We also found that it was driven by ORR1D2 which
was bound by Sox2 and Oct4 to drive its transcription. These
findings support TEs as important compositions and pro-
moter of lncRNA.
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Somatic cell nuclear transfer (SCNT) enables terminally differentiated somatic cells to gain totipotency. Many species are
successfully cloned up to date, including nonhuman primate. With this technology, not only the protection of endangered
animals but also human therapeutics is going to be a reality. However, the low efficiency of the SCNT-mediated reprogramming
and the defects of extraembryonic tissues as well as abnormalities of cloned individuals limit the application of reproductive
cloning on animals. Also, due to the scarcity of human oocytes, low efficiency of blastocyst development and embryonic stem
cell line derivation from nuclear transfer embryo (ntESCs), it is far away from the application of this technology on human
therapeutics to date. In recent years, multiple epigenetic barriers are reported, which gives us clues to improve reprogramming
efficiency. Here, we reviewed the reprogramming process and reprogramming defects of several important epigenetic marks and
highlighted epigenetic barriers that may lead to the aberrant reprogramming. Finally, we give our insights into improving the
efficiency and quality of SCNT-mediated reprogramming.

1. Introduction

Somatic cell nuclear transfer (SCNT), first demonstrated by
Gurdon in 1962 [1], is a technology to form reconstructed
embryos by injecting donor nucleus into enucleated oocytes
and generate cloned animals. The success of SCNT makes
the transition from terminally differentiated cells to totipo-
tent cells a reality [2]. It has been about two decades that
the first cloned mammal, “Dolly,” the sheep, was born [3].
Since then, investigations on SCNT and cloned animals
boomed, and different species were successfully cloned by
various donor cell types [4–6]. In 2018, the first nonhuman
primate species has been cloned by using fetal fibroblasts as
donor cells [7]. Besides animal cloning, SCNT technology is
widely used to acquire nuclear transfer embryonic stem cells
(ntESCs), which is called therapeutic cloning [8–10]. The
derivation of human ntESCs, which was first achieved at

2013 [11] and further improved in the following years [12–
14], implies SCNT technology holds great application pros-
pects in human therapeutics.

Although successful, low efficiency (Table 1) as well as
defects in extraembryonic tissues and cloned individuals in
many species impedes the application of SCNT technology,
which has been fully reviewed [4, 15, 16]. SCNT embryos
are often arrested at the early stages of preimplantation
development. For the most used animal model, mouse,
SCNT embryos are usually arrested at 2-cell and 4-cell stages
[17, 18]. Even if the embryos develop to blastocyst stage,
postimplantation defects and abnormal placentas, like
enlarged placenta, were still observed [19]. Only about 1-
2% of reconstructed embryos enable to develop to term [4,
20]. For other species, the highest cloning efficiency was
demonstrated in bovine, which is about 5-20%, still much
lower than that of IVF (about 40-60%) [20]. Even after born,
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abnormalities may still exist, for example, large offspring syn-
drome, failure of the immune system, and respiratory disor-
ders [19, 20]. Although abnormal phenotypes exist, cloned
animals are mostly fertile and the offspring show normal
phenotypes [21–23]. Therefore, the abnormalities are largely
caused by epigenetic reprogramming defects rather than
genetic mutations. Indeed, it has been reported that aberrant
reprogramming and epigenetic memories inherited from
donor cells are barriers that impede reprogramming [17,
18, 24–27]. Therefore, understanding of epigenetic repro-
gramming process is essential for prompting the improve-
ment of SCNT technology.

Up to date, great efforts have been made to improve clon-
ing efficiency. However, due to the limitation of methodology
and the scarcity of the required materials, especially 1-cell
and 2-cell stage embryos, the progress went slowly. While
with the development and improvement of low input high
throughput sequencing technology, higher resolution of
genome-wide epigenetic modification landscapes in SCNT
embryos were detected, and our understanding of epigenetic
reprogramming becomes clearer [18, 24, 26, 28, 29].

In this review, we will summarize our current knowledge
on epigenetic reprogramming, mainly on DNA methylation,
histone modifications, histone variants, X chromosome inac-
tivation (XCI), chromatin accessibility, and 3D chromatin
structures during SCNT embryo development and recent
progress on elevating cloning efficiency and quality. Focusing
on how to overcome reprogramming barriers to facilitate
SCNT reprogramming and further improve reproductive as
well as therapeutic cloning.

2. DNA Methylation

DNA methylation (5-methylcytosine, 5mC) is an epigenetic
mark that occurs at cytosine residues in the CpG dinucleo-
tide, generally regarded as associated with transcriptional
silencing [30]. About 60-80% of the CpG sites in the mam-
malian genome are modified by 5mC [31]. DNMT3A and
DNMT3B are two methyltransferases essential for de novo
DNA methylation, and DNMT1 is responsible for its main-
tenance during embryogenesis [32–34]. DNA demethylation
is triggered by ten-eleven translocation (TET) protein-
mediated oxidation from 5mC to 5-hydroxymethylcytosine
(5hmC) followed by thymine DNA glycosylase- (TDG-)
mediated base excision repair [35–37]. In mouse, both
maternal and paternal alleles undergo demethylation
through active and/or passive manner after fertilization
and finally reached the lowest level at the blastocyst stage
[38, 39]. It has been reported that knockout of Dnmt3a
and Dnmt3b leads to mouse infertility [32, 40], and deletion
of Tet3 causes an increased frequency of developmental fail-
ure in embryos [41], suggesting that optimized DNA meth-
ylation pattern is essential for normal development. Thus, a
DNA methylation pattern that resembled that of fertilized
embryos may be a permissive state for SCNT embryo
development.

2.1. DNA Methylation Is Globally Reprogrammed during
SCNT Embryo Development. Given that somatic donor cells

usually possess high DNA methylation levels [31], SCNT
embryos must undergo global demethylation to reprogram
the DNAmethylation pattern of somatic cells to that of fertil-
ized embryos. After activation, oocyte-stored TET3 immedi-
ately incorporated into pseudopronucleus (PPN) of the
reconstructed embryo to catalyze conversion from 5mC to
5hmC, which implies active demethylation during SCNT
embryo development [42], bearing resemblance with normal
embryo development [42, 43]. Whole-genome bisulfite
sequencing (WGBS) of mouse SCNT blastocysts revealed a
very low DNA methylation level (15.6%) similar to that of
IVF blastocysts (19.1%) [25]. Considering the high methyla-
tion level of the donor mouse embryonic fibroblast (MEF)
cells (78%) used in the study, the result indicates successful
global reprogramming of DNA methylation state. But this
demethylation has not completed when the mouse SCNT
embryos developed to the late 1 cell stage [28]. Our lab ana-
lyzed DNA methylation levels of SCNT embryos by using an
embryo biopsy system along with single-cell reduced repre-
sentation bisulfite sequencing (RRBS), and the results
showed that at 2- and 4-cell stage, the SCNT samples
possessed generally higher methylation level than the corre-
sponding fertilized embryos [18], suggesting global demeth-
ylation in SCNT embryos may require several rounds of
replication delusion.

2.2. Aberrant DNA Methylation Reprogramming in SCNT
Embryos. Although successful global demethylation in blas-
tocyst, aberrant DNA methylation patterns can be detected
in SCNT embryos, even after implantation [5, 44, 45]. In
mouse 4-cell stage SCNT embryos, especially arrested sam-
ples, the averaged methylation levels on gene body regions
were significantly increased, resembling the trend of donor
cells [18]. Similarly, cloned, but not fertilized, bovine morula
possesses highly methylated nuclei in all blastomeres that
resembled those of the fibroblast donor cells [44].

RRBS on 1 cell stage mouse SCNT embryos uncovered
more than 20 genes, along with long interspersed elements
(LINEs) and long terminal repeats (LTRs) defined as
demethylation-resistant regions [28]. Nevertheless, by using
ultralow-input WGBS, Gao et al. found that the persistently
methylated differentially methylated regions (pDMRs) were
moderately similar in arrest and normally developed NT
embryos and were more frequently inherited from cleaved
embryos to blastocyst stage, which reflects their functional
irrelevance in the arrest of SCNT reprogramming [24]. Fur-
thermore, they identified wide-spread regions that were aber-
rantly remethylated in SCNT embryos compared to the IVF
counterparts, called remethylated differentially methylated
regions (rDMRs), which are twice in arrested samples as
many as in normally developed NT embryos (Figure 1).
These rDMRs lead to misexpression of genes and retrotran-
sposons important for zygotic genome activation (ZGA).
Reduction of inappropriate DNA methylation rescued the
developmental arrest at cleavage stages and facilitated pro-
ceeding to blastocyst development, increasing the blastocyst
rate to 48.2% (compared to control of 39.5%) [24]. In conclu-
sion, excessive DNA remethylation is a potent barrier that
limits the full-term development of SCNT embryos, but the
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Figure 1: Epigenetic reprogramming of DNA methylation and histone modifications during mouse SCNT embryo development. DNA
methylation: somatic donor cells usually possess high DNA methylation levels. After activation, the reconstructed embryos undergo global
DNA demethylation although this demethylation has not been completed at the late 1 cell stage of SCNT embryos and requires several
rounds of replication delusion. However, there is an aberrant remethylation in arrested 4 cell stage SCNT embryos and reduction of the
inappropriate DNA methylation rescued the developmental arrest. H3K9me3: during SCNT embryo development, some zygotic genome
activation (ZGA) genes and reprogramming resistant regions (RRRs) harbor donor cell-inherited H3K9me3 mark, which may be the
cause of reprogramming failure. Removal of donor-inherited H3K9me3 either by ectopic expressing Kdm4b/d (H3K9me3-specific
demethylases) or knockdown of Suv39h1/2 (H3K9 methyltransferases) can help the embryo overcoming the reprogramming defects.
H3K27me3: loss of H3K27me3-mediated imprinting leads to defects of extraembryonic tissues of SCNT embryos, such as large placenta
phenotype. Although overexpression of H3K27me3-specific demethylase KDM6A elevated blastocyst developmental rate but not full-term
development, both knock out of H3K27me3-imprinted genes and knockdown KDM6B can help SCNT embryos undergo successful
reprogramming. H3K4me3: donor-inherited H3K4me3 is defined as an epigenetic barrier of SCNT reprogramming. H3K4me3
demethylation by Kdm5b overexpression is an important step to overcome reprogramming failure. H3K9ac: during SCNT development,
aberrant H3K9ac regions impair ZGA. TSA treatment and Dux overexpression can correct the aberrant H3K9ac signal and help the
embryos achieve successful reprogramming.
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role of somatic-inherited DNA methylation still needs fur-
ther proven, after all, an optimized DNAmethylation pattern
that resembled that of fertilized embryos is essential for
SCNT reprogramming.

3. Histone Modifications

In eukaryotic cells, the basic functional unit of chromatin is
the nucleosome, containing ~147 bp genomic DNA wrapped
around a core histone octamer. Covalent histone modifica-
tions, such as acetylation, methylation, ubiquitination, and
phosphorylation, are major epigenetic marks that regulate
transcription [46–48]. Successful reprogramming of SCNT
embryos should include reprogramming of histone modifica-
tion patterns from somatic donor cells to those of normal
embryos. Here, we will discuss the roles of several major his-
tone modifications, including trimethylation at the 9th lysine
residue of histone H3 (H3K9me3), trimethylation at the 27th

lysine residue of histone H3 (H3K27me3), trimethylation at
the 4th lysine residue of histone H3 (H3K4me3), and histone
acetylation on SCNT reprogramming.

3.1. Aberrant H3K9me3 Reprogramming Impairs
Preimplantation Development. H3K9me3 has been shown
to play important roles in heterochromatin formation and
repression of gene expression in various types of cells, includ-
ing preimplantation embryos [7, 49]. In 2014, Matoba and
colleagues identified 222 reprogramming resistant regions
(RRRs) that failed to be activated in SCNT 2-cell embryos
compared to IVF 2-cell embryos. Interestingly, these RRRs
are enriched for H3K9me3 in somatic cells [17]. Removal
of this epigenetic mark either through ectopic expression of
Kdm4d (an H3K9me3-specific demethylase) in oocytes or
knockdown of Suv39h1 and Suv39h2 (two H3K9 methyl-
transferases) in donor MEF cells not only attenuated the
ZGA defect but also improved the reprogramming efficiency
of SCNT embryos [17]. Further investigations by Liu et al.
identified 7248 genes resisted donor-liked H3K9me3 signal
at promoters in 2-cell stage SCNT embryos. Removal of the
H3K9me3 mark inherited from donor cells by injecting
Kdm4b helped the SCNT embryos go over 2-cell arrest and
finally significantly elevated the potential of ntESC deriva-
tion, blastocyst rate, and even birth rate [18] (Figure 1). In
bovine, KDM4D and KDM4E function as regulators that
help SCNT embryos to break through H3K9me3 barriers
[50]. Moreover, the expression of H3K9me3 demethylase
Kdm4d/4a could reduce H3K9me3 level and significantly
improve the efficiency of human SCNT blastocyst and ntESC
cell line formation [13]. And the use of Kdm4d combined
with histone deacetylase inhibitor (HDACi) trichostatin A
(TSA) treatment successfully generated cloned cynomolgus
(Macaca fascicularis) monkeys by using adult cumulus cells
as donor cells [7], although the positive effect of TSA treat-
ment might be functionally linked to H3K9me3 removal in
mouse due to unchanged development potential by TSA
treatment with Kdm4d-mRNA-injected mouse SCNT
embryos [17]. The results above imply a conserved barrier
of H3K9me3 inherited from donor cells during SCNT
reprogramming in mammalian species.

Although the use of Kdm4d in SCNT results in an
implantation rate comparable with that of IVF, only less than
15% of the implanted SCNT embryos develop to term, and
abnormal large placentae are still observed in Kdm4d-
injected SCNT embryos [17]. Additionally, Kdm4A addition
was not able to enhance the in vivo long-term development
capacity of porcine SCNT embryo [51], indicating
H3K9me3 may mainly impede preimplantation develop-
ment of SCNT embryos and other barriers may affect post-
implantation development.

3.2. H3K27me3 Reprogramming Defects Are Obstacles in Pre-
and Postimplantation SCNT Embryos. H3K27me3 is an
epigenetic regulator widely known as a transcription repres-
sor [52, 53]. During mouse preimplantation development,
H3K27me3 is rapidly lost at both maternal and paternal
alleles followed by dynamic especially when lineage specifica-
tion of inner cell mass (ICM) and trophectoderm (TE) [54,
55]. Lots of studies have elucidated the critical role of
H3K27me3 during both pre- and postimplantation embryo
development [54, 56–59].

Aberrant H3K27me3 reprogramming may be a barrier of
SCNT embryo development in various species [25, 60, 61].
Okae et al. identified three DNA methylation-independent
imprinted genes Gab1, Sfmbt2, and Slc38a4 showed loss of
imprinting in all cloned mouse embryos [62], which might
be involved in placentomegaly of cloned mouse when consid-
ering their important roles in placental development [63, 64].
Further studies found 76 genes with paternal allele-specific
DNase I hypersensitive sites (DHSs) that are devoid of
DNA methylation but harbor maternal allele-specific
H3K27me3 [65]. Interestingly, all the three genes above are
included in the 76 genes, which rise the suspect that the
defect of H3K27me3 mediated imprinting may cause the
abnormality of SCNT placentae. Indeed, many groups
proved that loss of H3K27me3-imprinting in SCNT embryos
disrupts mouse postimplantation development, and this
defect can be detected earliest in blastocyst stage embryos
up to now [25, 66, 67]. However, whether this defect exists
more earlier in SCNT embryos requires further exploration
[68]. A recent study found that the majority of H3K27me3-
mediated imprinting regions are located to solo ERVK LTR
repeats, which act as imprinted transcription initiation sites
for noncoding RNAs and chimeric mRNA in extraembryonic
tissues [69]. It is possible that the defects of H3K27me3 repro-
gramming are relevant to aberrant expression of transposable
elementduring SCNTembryodevelopment.Although restore
the normal paternal expression of H3K27me3-imprinting
genes (Sfmbt2, Gab1, and Slc38a4) in SCNT placentae by
maternal knockout unchanged the enlarged placentae state
[66], both correcting the expression of clustered miRNAs
within the Sfmbt2 gene and quadruple monoallelic deletion
of Sfmbt2, Jade1, Gab1, and Smoc1 ameliorates the placental
phenotype, especially Sfmbt2 [66, 67].

Apart from the impact of loss of H3K27me3-imprinting
on SCNT postimplantation, another group demonstrated
H3K27me3 as an obstacle of SCNT preimplantation develop-
ment. Overexpression of the H3K27me3-specific demethy-
lase KDM6A significantly increased the SCNT blastocyst
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formation rate but did not improve the rate of full-term
development, implies lack of KDM6A may be not the reason
for loss of H3K27me3-dependent imprinting, at least in
mouse. Contrastingly, knockdown of KDM6B not only facil-
itated ZGA and improved the blastocyst formation rate but
also increased birth rate and ntESC establishment efficiency
[68] (Figure 1). Collectively, both deposition on specific
regions (like H3K27me3-imprinting genes) and appropriate
removal of H3K27me3 are important for successful SCNT
reprogramming although underlaid mechanisms are still
unknown.

3.3. Somatic Inherited H3K4me3 Is a Potent Barrier of
SCNT-Mediated Reprogramming. H3K4me3 is usually asso-
ciated with transcriptional activation. Many groups have
depicted the pattern of H3K4me3 during preimplantation
in mouse [54, 70, 71]. Both appropriate removal of nonca-
nonical H3K4me3 by Kdm5b in oocyte and establishment
of canonical and broad H3K4me3 in preimplantation
embryos are essential for normal mouse development [54,
70]. Unlike the well-described H3K4me3 pattern in normal
mouse preimplantation embryos, studies about the whole
H3K4me3 pattern during SCNT reprogramming have not
been reported until now.

In 2016, we found that Kdm5b failed to be activated in 4-
cell-arrest SCNT embryos. Injection of si-Kdm5b in MII
oocytes largely reduced the rate of high-quality blastocyst
development, and overexpression of Kdm5b helped the
SCNT embryos to pass 4-cell arrest and significantly
increased blastocyst formation rate and quality. What is
more, the gene expression levels of NT 4-cell embryos were
largely rescued by the overexpression ofKdm5b [18]. Consid-
ering the role of Kdm5b as H3K4me3 demethylase and the
function of H3K4me3 on transcription initiation, it is possi-
ble that H3K4me3 mark with donor-specific signature may
be a barrier of SCNT reprogramming (Figure 1). This point
has been proved in Xenopus, human, and bovine SCNT
embryos that donor-inherited H3K4me3 acts as an epige-
netic barrier impacts SCNT reprogramming [72, 73].
H3K4me3 demethylation by Kdm5b overexpression not only
attenuated ON-memory genes (genes highly expressed in
donor cells and SCNT embryos but not IVF embryos) but
also improved cloning efficiency. The results indicate that
removal of the donor-specific H3K4me3 mark may effi-
ciently reprogram the SCNT embryos but much more further
investigations about roles of H3K4me3 during SCNT-
mediated reprogramming need to be performed.

3.4. Aberrant Histone Acetylation Impairs the SCNT
Efficiency. Histone acetylation usually occurs on the lysine
residues of core histones and marks both promoters and
enhancers. Acetylation has the potential to loosen nucleo-
some configuration and increase chromatin accessibility
for transcription factors [74]. During ZGA, the persistent
accessible enhancers are marked by H3K27ac and charac-
terized by distal H3K4me3 deposition in human early
embryos, while the poised enhancers are likely to be acti-
vated in later development by remarked H3K27ac in a
tissue-specific manner [75]. In early zebrafish embryos,

widespread H3K27ac deposition is found to be required
for gene activation [76]. This indicates that histone acety-
lation reprogramming is another critical step for early
embryo development.

When somatic cell nuclei are injected into the enucle-
ated MII oocytes, the acetylated lysine residues are quickly
deacetylated and then reacetylated after activation. The
reestablishment of histone acetylation is essential for
zygotic gene activation in cloned embryos [77]. However,
several acetylation marks on histones, such as H4K8ac
and H4K12ac, are persisted in the genome during SCNT,
which may be responsible for the low cloning efficiency.
On the other hand, histone deacetylase inhibitors (HDACi),
which can improve histone acetylation and the success rate
of cloning significantly, have been widely used during
SCNT [78]. Recently, our group generated the genome-
wide H3K9ac map during SCNT development and found
the aberrant acetylated regions impair the zygotic gene acti-
vation. TSA treatment and Dux overexpression can correct
the aberrant H3K9ac signal [79] (Figure 1). These suggest
the reestablishment of histone acetylation is also a neces-
sary part of epigenetic reprogramming. It should be noted
that HDACi treatment can also improve nascent mRNA
production [80] and gene expression [81] during SCNT
embryo development, so the mechanism of HDACi treat-
ment improves cloning efficiency still deserve further
investigation.

4. Histone Variants

Aside from the canonical histones, histone variants endow
chromatin critical functions, and their roles in oocyte-
mediated reprogramming have been reviewed elsewhere
[82–85]. The mammalian sperm genome is packaged into
highly condensed chromatin consisting primarily of prot-
amine but 5-15% residual histones. After fertilization, the
paternal genome undergoes dramatic chromatin remodeling,
and maternally stored histones, such as H3.3 (coded by
H3f3a and H3f3b), are incorporated into the sperm nucleus
as early as 1 h after fertilization [85]. And the incorporation
is essential for the activation of the paternal genome and pre-
implantation development during embryogenesis [86].

Although the somatic cell genome is packaged by his-
tones rather than protamine, global chromatin remodeling
was still observed [85, 87]. After activation, donor cell-
derived histone H3 variants H3.1, H3.2, and H3.3, as well
as H2A, H2A.Z, and microH2A, were rapidly eliminated
from the chromatin [87, 88]. All the three oocyte-stored
H3 variants, H2A.X, and oocyte-specific H1 variant,
H1FOO, were incorporated into the donor genome within
minutes of nuclear transfer [87, 89, 90]. Knockdown of
histone variant H3.3 in mouse oocytes results in compro-
mised reprogramming and downregulation of key pluripo-
tent genes, and this compromised reprogramming was
rescued by injecting exogenous H3.3 mRNA, but not
H3.2 mRNA into oocytes [85], revealing a critical role of
optimized chromatin variants incorporation in normal
SCNT reprogramming.
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5. X Chromosome Inactivation (XCI)

XCI is a remarkable event during normal embryogenesis
[62, 91]. X chromosome is inactivated during spermato-
genesis. During mouse embryogenesis, the paternal X
chromosome is reactivated at the 2-cell stage. After that,
the paternal X chromosome will be silenced again through
an imprinted manner and persisted in extraembryonic lin-
eages. In contrast, the paternal X chromosome is reacti-
vated in the epiblast in the late blastocyst, then, the X
chromosome from maternal or paternal genomes is ran-
domly inactivated during embryo development [92–94].
The precise regulation of dynamic activity of the X chro-
mosome is crucial for the epigenetic reprogramming dur-
ing early embryo development [95].

XCI ensures a similar dosage of X-linked genes between
male and female cells. However, this event in SCNT embryos
is largely abnormal among species [27, 51]. In mouse SCNT
embryos, X-linked genes were largely downregulated, which
is caused by ectopic expression of Xist from the active X
chromosome regardless of sex, leading to abnormal inacti-
vation of both X chromosomes [27]. Similarly, Xist is also
known to be aberrantly expressed in bovine and pig SCNT
embryos and proven to be associated with prenatal death
[96, 97], suggesting excessive Xist expression may be a barrier
of SCNT-mediated reprogramming. Deletion of XIST on the
active X chromosome rescued global gene expression and
resulted in about an 8- to 9-fold increase in cloning efficiency
[27]. Concordantly, prior injection of Xist-siRNA into recon-
structed oocytes normalized global gene expression of mouse
SCNT embryos at the morula stage and further improved
cloning efficiency 10-folds higher than control [98]. More-
over, correction of the abnormal XCI has a synergistic effect
with TSA but ectopic activation of Xist is reprogramming
barrier independent of H3K9me3 inherited from donor
cells [25, 98]. Differently in pig, abnormal XCI seems linked
with H3K9me3 for that increased quality of XIST-deficient
SCNT embryos was associated with the global H3K9me3
reduction and vice versa; Kdm4a addition also induced
XIST derepression in the active X chromosome [51]. This
discrepancy may be a result of different XCI processes
among different species, and the underlaid mechanisms
require further understanding.

6. Chromatin Accessibility

Chromatin accessibility is a good indicator of transcriptional
regulatory elements and can serve as a predictor of gene tran-
scription activity. In recent years, with the development and
improvement of low-input DNase I hypersensitive sequenc-
ing (liDNase-seq) and assay for transposase-accessible chro-
matin using sequencing (ATAC-seq), accessible chromatin
sites of mouse and human preimplantation embryos enabled
to be profiled [29, 65, 99, 100]. By using liDNase-seq, Lu et al.
uncovered that DNase I-hypersensitive site (DHS) landscape
is progressively established with a drastic increase at the 8-
cell stage of mouse preimplantation embryos [29]. The global
chromatin de- and recondensation is likely promoted by cis-
regulating of LINE-1 transcriptional activity [101]. Tran-

scription factors Nfya and Oct4 were responsible for DHS
formation at 2- and 8-cell stage embryos, respectively [29].

Full-pattern of chromatin accessibility during mouse
and human SCNT embryo development has not been elu-
cidated, but a recent research profiled DHSs in donor cells
and late-1-cell stage mouse SCNT embryos. They found
SCNT-mediated reprogramming of chromatin accessibility
is largely completed by 12 h after activation because DHSs
of the donor cells are drastically changed to recapitulate
that of the IVF zygotes within 12h. Surprisingly, this
change is DNA replication-independent, which is con-
served in Xenopus SCNT embryos [102], and the switch
from donor-specific TF network to that of zygotic may
be the critical factor responsible for the DHS profile repro-
gramming [103].

Despite global reprogramming, some regions are resis-
tant to reprogram [103]. Failure to close accessible somatic
promoters or to open distal regulatory regions required for
differentiation program may be the major reprogramming
barriers. It is interesting that these regions are enriched for
H3K9me3, a robust reprogramming barrier discussed above,
in both donor cells and 2-cell SCNT embryos [103]. Consid-
ering the change of the TF network which accompanies with
this reprogramming, failure of specific somatic cell TFs to
dissociate from chromatin can also be a barrier in SCNT
reprogramming. ATAC-seq on Xenopus SCNT embryos
revealed great loss of chromatin accessible sites before first
cleavage compared to that of donor cells, which is concor-
dant with the pattern in mouse. The researchers found genes
that are silenced but have preexisting open transcription start
sites (TSSs) in donor cells are prone to be activated after
SCNT, while genes resistant to reprogramming are associated
with closed chromatin configurations [102]. It is possible that
preexisted open accessibility of donor-specific genes and
closed accessibility of zygotic-essential genes inherited from
donor cells may be barriers during SCNT reprogramming,
but it needs further proven.

7. Higher-Order Chromatin Structure

Chromatin in the nucleus of eukaryotic cells is packaged
in a hierarchical structure, which is associated with many
biological processes [104, 105]. The role of the 3D genome
organization during mammalian embryogenesis has been
investigated benefit from the advance of the low-input
Hi-C (genome-wide chromosome conformation capture)
technology in recent years [106–108], which reveals the
removal and reestablishment of chromatin higher-order
structure are essential for both mouse [106, 107] and
human [108] embryogenesis.

A recent study of our group profiles the spatiotemporal
dynamic of 3D chromatin structure in SCNT early embryos
and reveals 3D chromatin structure can be rapidly reorga-
nized to an embryo-like state after nuclear transfer.
However, the aberrant TADs and compartment A/B orga-
nization can be observed and remain throughout preim-
plantation SCNT embryo development. Overexpression of
KDM4B, a H3K9me3 demethylase, can partially improve
the abnormal 3D chromatin structures [26] (Figure 2). This
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Figure 2: The higher-order chromatin organization in mouse SCNT embryos. Somatic donor cells exhibit interphase-state chromatin
characterized by mature compartments and topologically associating domains (TADs). Before activated, the transferred nucleus first
enters a mitotic-like state (premature chromatin condensation) followed by exhibiting mitotic and secondary meiotic metaphase-like
chromatin states lacking compartments and TADs 1 hour postinjection (1-hpi) and 1-hour postactivation (1-hpa), respectively. TADs are
stronger in SCNT 1-cell stage embryos and then become weaker at the 2-cell stage and gradually consolidating. Super enhancer-promoter
(SE-P) loops that exist in fertilized 2-cell embryos are absent in SCNT 2-cell embryos, which is correlated with aberrant H3K9me3 and
TAD persistence. Compartments A/B are markedly weak in 1-cell SCNT embryos and become increasingly strengthened afterward. By the
8-cell stage, somatic chromatin architecture is largely reset to embryonic patterns until the blastocyst stage. Predepleting cohesin in donor
cells increases SCNT reprogramming efficiency.
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indicates a correlation between the organization of 3D
chromatin structure and histone modifications during epi-
genetic reprogramming.

8. Removal of Multiple Barriers Is a Promising
Approach to Improve SCNT Reprogramming

It has been over two decades that the first mammalian species
has been successfully cloned, but low efficiency was still
observed until recently. Numerous efforts have been made
to increase reprogramming efficiency by removing epigenetic
barriers. Matoba et al. found H3K9me3 inherited from donor
cells act as a barrier that impede mouse SCNT-mediated pre-
implantation development. Removal of H3K9me3 in donor
cells by injecting Kdm4d mRNA into reconstructed embryos
5 hours postactivation (hpa) significantly increased the blas-
tocyst rate up to 81.2% (% blastocyst of cleaved embryos)
regardless of donor cell types and elevated birth rate from
only 1% up to 8.7%. Besides, the rate of ntESC line derivation
was increased from 10.1% to 50% after Kdm4d injection.
Moreover, to prevent the establishment of H3K9me3 in
donor cells, they knock down Suv39h1/2 (H3K9me3 transfer-
ases) in donor cells prior SCNT and improved blastocyst rate
from 6.7% to 49.9% [17]. Accordantly, our lab found another
H3K9me3 demethylase, Kdm4b, efficiently removed the
H3K9me3 barrier to increase blastocyst rate from about
30% to over 80%. Simultaneously, we found H3K4me3 may
be a candidate epigenetic barrier that impedes SCNT-
mediated reprogramming. Injection of Kdm5b mRNA into
enucleated oocyte significantly improves mouse blastocyst
rate from about 30% to over 50%. It is worth noting that
coinjection of Kdm4b and Kdm5b successfully elevated blas-
tocyst rate over 95% and led to over 11% of cloned embryos
developing to live animals, moreover, 60% ntESC derivation
efficiency based on the total number of MII oocytes rise the
possibility that removing multibarriers may be a more effi-
cient way to improve cloning efficiency [18].

We found excessive remethylation is a potent epigenetic
barrier in another study. Optimized DNA methylation level
by injecting siRNAs of Dnmt3a and Dnmt3b into enucleated
oocytes, 48.2% blastocysts were generated from cleaved
embryos (39.5% blastocyst rate of control group). Further-
more, of enucleated oocytes that subjected to Kdm4b+5b
mRNA and siDnmt3a+3b co-injection, 92.3% cleaved
embryos developed to blastocyst stage [24]. Another study
of Matoba et al. demonstrated that using a combination of
Xist knockout donor cells and overexpression of Kdm4b,
more than 20% birth rate of mouse SCNT embryos were
achieved [25], which is coincided with the idea that removing
multiple epigenetic barriers is a more efficient method for
SCNT reprogramming.

9. Concluding Remarks

SCNT provides the only way to reprogram somatic cells into
totipotent embryos and generate viable animals [9, 109, 110].
After injected into enucleated oocytes, the donor nucleus
quickly undergoes nuclear membrane breakdown followed
by premature chromosome condensation (PCC), which is

triggered by the M-phase-prompting factors (MPFs) stored
at ooplasm [111]. After activation, the nuclear membrane is
reformed to envelop PPN and incorporates amounts of
maternal factors [112]. Then, the reconstructed embryos
undergo SCNT-mediated embryogenesis. However, only
few of reconstructed embryos can develop to the blastocyst
stage, let alone develop to term. ZGA failure and disrupted
transcriptome were detected in SCNT embryos very often,
and this is largely affected by aberrant epigenetic reprogram-
ming [4].

In this review, we concluded our understanding on epige-
netic barriers of SCNT-mediated reprogramming and
methods to overcome these epigenetic berries. Given that
removal of multiple barriers that impede SCNT-mediated
reprogramming gives a blastocyst rate over 95% of cleaved
embryos and ntESC derivation efficiency of 60% based on
the total number of MII oocytes [18], and over 20% birth rate
of mouse [25], we demonstrate removing multiple barriers
may be a more efficient approach to achieve complete repro-
gramming compared to single barrier removal. However, low
birth rate compared with IVF counterpart and large placen-
tae were still observed. Therefore, further studies need to
focus on exploring more about reprogramming barriers and
emphasizing on removing multiple barriers to achieve nearly
complete SCNT reprogramming.
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The regulation of mammalian stem cell fate during differentiation is complex and can be delineated across many levels. At the
chromatin level, the replacement of histone variants by chromatin-modifying proteins, enrichment of specific active and
repressive histone modifications, long-range gene interactions, and topological changes all play crucial roles in the
determination of cell fate. These processes control regulatory elements of critical transcriptional factors, thereby establishing the
networks unique to different cell fates and initiate waves of distinctive transcription events. Due to the technical challenges
posed by previous methods, it was difficult to decipher the mechanism of cell fate determination at early embryogenesis through
chromatin regulation. Recently, single-cell approaches have revolutionised the field of developmental biology, allowing
unprecedented insights into chromatin structure and interactions in early lineage segregation events during differentiation.
Here, we review the recent technological advancements and how they have furthered our understanding of chromatin regulation
during early differentiation events.

1. Introduction

During natural development, embryonic stem cells progres-
sively lose their pluripotency and upregulate cell fate specifi-
cation markers, thereby producing hundreds of different cell
types. The ability of a single cell to differentiate and give rise
to the whole organism has fascinated biologists for decades.
Epigenetic regulation, including histone modifications, his-

tone variant substitutions, maternal factors, DNA methyla-
tion, and imprinting, plays a crucial role in the specification
and determination of cell fate. Epigenetic factors can change
chromosome conformation and the weak interacting forces
[1], leading to differential gene expression across cell types.
Molecular biology techniques such as fluorescence micros-
copy and RNA interference have only answered particular
aspects of the underlying mechanisms. However, more
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delicate approaches are required to solve increasingly sophis-
ticated questions in the field. The discoveries of a totipotent
subpopulation within mouse embryonic stem cell (mESCs)
culture [2], expanded potential stem cells (EPSC) [3, 4],
and induced pluripotent stem cells with higher potency [5]
have reignited the interest in developing media that are capa-
ble of maintaining cells with increased differentiation poten-
tial. Studies suggest that such potential is linked to the
bivalent chromatin [6, 7] and depletion of inhibitory markers
that stabilise the cell fate [8]. The mESCs and primed human
ESC (hESCs) are capable of differentiating into the tropho-
blast lineage upon manipulation [9, 10]. However, it remains
unknown whether the transdifferentiation into the tropho-
blast lineage happens after the transition to the totipotent
state [11] or induced directly from the alternate pluripotent
state [12]. Recent developments in single-cell technology
have allowed us to look deeper into cellular networks involv-
ing chromatin state and epigenetic regulators in early
embryogenesis [13–15]. These proof of concept studies have
showcased the potential of single-cell technology in meeting
the needs of the field.

2. Single-Cell and Low-Input Techniques

Cellular heterogeneity primes cells towards different lineages
and is difficult to study in the context of the embryogenesis.
Traditional methods employing the expression of fluorescent
proteins and observational studies by perturbing critical fac-
tors that are known to be involved in the formation of
embryos are both time consuming and inefficient. Addition-
ally, certain cell types with smaller population sizes are easily
masked in the bulk analysis. Ever since the advent of single-
cell technology in 2009 [16], which permitted the analysis
of the mouse embryonic transcriptome, the field has quickly
adapted this concept to questions highly relevant to epige-
netic regulation. However, these methods remain technically
challenging, especially during the process of amplifying sig-
nals from each cell while suppressing unspecific noises. Epi-
genetic studies often involve a bulk analysis of materials
pooled together using millions of cells to derive the most
accurate map, which is not practical in studies involving early
embryos. To this end, various groups have employed differ-
ent methods, such as multiple rounds of bar coding and spe-
cialised beads to improve capturing and accuracy of
amplification of the epigenome [14, 17, 18] (Figure 1).

Chromatin accessibility reflects, to some degree, the
expression status of genes by controlling the exposure of
genomic regions to transcription factors (TFs) and other
DNA-binding elements. There are currently four approaches
to analyse chromatin accessibility in a single cell. Three of
them quantify enrichment of DNA fragments after enzy-
matic DNA cleavage of accessible regions. The assay for
transposase-accessible chromatin using sequencing (ATAC-
seq) employs the hyperactive transposase Tn5 which simul-
taneously cleaves and inserts itself to the accessible regions
and ligates sequencing indexes containing adaptors to these
regions in each cell (Figure 1). The resultant DNA fragments
are amplified via polymerase chain reaction (PCR), and short
fragments are selected to remove partially digested fragments

that are longer in length [19–21]. A second approach
employs the so-called DNase I hypersensitive site sequencing
(DNase-seq), whereby DNase-sensitive chromatin is cleaved
and further processed with either type II restriction enzyme
digestion or size selection to obtain fragments with appropri-
ate sizes for sequencing [22, 23]. A third approach is labelled
micrococcal nuclease sequencing (MNase-seq), whereby the
DNA nuclease digests naked DNA and leaves DNA that
binds to the nucleosomes intact, which allows profiling of
the inaccessible chromatin in the cell [24]. Lastly, a fourth
approach is the “nucleosome occupancy and methylome
sequencing” (NOMe-seq), in which a GpC methyltransferase
is used to mark accessible regions with GpC methylation
(Figure 1). This is followed by bisulfite sequencing of non-
methylated cytosine to obtain information on regions that
are not protected by the nucleosomes [25, 26]. Recent
advancements in single-cell chromatin accessibility assays
involve combinations of multiple readouts to maximize infor-
mation extracted from the same cell [27–29]. Each method
comes with its own bias in enrichment or loss of signals. In
addition, these approaches are costly, hence demanding care-
ful consideration before embarking on the experiment.

Chromatin-immunoprecipitation-sequencing (ChIP-
seq) is a commonly used technique to examine the interac-
tions between protein and genomic DNA. Incorporating
advancements of single-cell technologies, droplet-based
single-cell ChIP-seq (DROP-ChIP/scChIP-seq) has since
undergone rapid development and has been applied in many
studies for understanding the heterogeneity within such cell
populations comprehensively [18, 30] (Figure 1). Further-
more, multiple techniques such as the microfluidic-oscilla-
tory-washing-based ChIP-seq (MOWChIP-seq), ultra-low-
input native ChIP-seq (ULI-NChIP), and micro-ChIP
(μChIP) have since been developed to overcome challenges
that arise from low-input cell numbers and the scarcity of
some tissue samples, allowing for high throughput evaluations
of cell chromatin status [31–34] (Figure 1). A unique method
that fuses an antibody to Tn5, termed CUT&RUN [35] or
CUT&Tag [36] (Figure 1), has also opened new avenues in
profiling the effects of chromatin remodelling complexes
coupled with histone modifications, RNA polymerase II, and
TFs in single cells [17].

Chromosome conformation capture or Hi-C is a method
that enables the analysis of chromatin interactions (Figure 1).
In Hi-C, interacting DNA fragments are ligated and
sequenced to detect genome-wide long-range DNA interac-
tions, which provides information on spatial arrangement
and proximity of genes and their enhancers. Chromatins
are partitioned into self-interacting active and silent topolog-
ical associated domains (TADs), suggesting a relationship
between gene activities and genome folding [37]. However,
resolution remains a major issue for single-cell Hi-C over
low-input Hi-C [38, 39].

3. Roles of Histone Variants on Chromatin
Remodelling during Differentiation

Extensive rewiring in chromatin regulation, including his-
tone modifications, expression and binding of TFs, and
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genomic interactions, happens during differentiation. Here,
we evaluate the roles of epigenetic factors in chromosome
remodelling during differentiation, as well as the differ-

ences in the core regulatory network in the transition of
human and mouse ESCs to trophoblast stem cells (TSCs)
(Figure 2).
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Chromatin structure is based on the coiling and position-
ing of the nucleosome, which is made up of two identical sub-
units consisting of four histone proteins, H2A, H2B, H3, and
H4, while the H1 histone binds to linker DNA. After fusion
of the two germ cells into a single zygote, the histone compo-
sition undergoes rapid changes to be replaced by newly syn-
thesized canonical histones. It has been implicated that
expression of zygotic genes is independent of higher order
chromatin structure [40, 41]. Cell fate then appears to be
marked as early as the 4-cell stage by the core pluripotent
markers [42–44]. During the course of embryogenesis, the
chromatin progressively loses its open state, gaining a more
condensed conformation.

The roles of noncanonical histones have been widely
implicated in stem cell differentiation. In hESCs, depletion
of histone 3 variant centromere protein A (CENP-A) has
no effect on the self-renewal of stem cells but causes cell cycle
arrest at the G1 during differentiation. It also impacts the
repair mechanism of the stem cell, leading to apoptosis.
Whereas in fibroblasts, depletion of CENP-A leads to
increased apoptosis and reduced self-renewal capacity [45].
It remains unknown how centromeres are regulated by
CENP-B, CENP-C, and CENP-T during the differentiation
and self-maintenance of stem cells.

Investigations into histone variant H3.3 have uncovered
its crucial role in differentiation, cell fate transition, and the

maintenance of heterochromatin integrity at the centro-
meres, telomeres, and pericentromeric sites [46]. In particu-
lar, the H3.3 lysine 4 residue is associated with enhancers
and promoters of active genes, facilitating nucleosome depo-
sition, histone replacement, and binding of chromatin remo-
delers at those sites [47].

On the other hand, the histone 2 variant H2A.Z is essen-
tial in marking genes to be downregulated during differenti-
ation by interacting with polycomb repressive complex 2
(PRC2) to deposit repressive H3K27me3 marks [48]. It is
enriched at active enhancers and promoters, affecting the
accessibility of the transcription start site to the transcription
factors [49, 50]; H2A.Z also interacts with lysine acetylation
marks on H3 and CHD4 to remodel chromosomes during
stem cell maintenance and differentiation [51, 52].

Each species has its own unique H1 variants serving
different functions [53]. There are limited studies in this
area, and it is currently thought that H1 controls chroma-
tin compaction by regulating H2AK119ub1 during mESC
differentiation [54].

4. Histone Modifications

There have been extensive studies on post-translational mod-
ifications of Histone 3, which have shown that the pattern of
histone modifications is expressed in a lineage-specific
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manner in the ESC and TSC state. Bivalent marks, namely the
active marker H3K4me3 and repressive marker H3K27me3,
are unique characteristics in ESCs [6]. These marks poise
genes that are expressed when ESCs are committed to lineage
specification, and their roles have been studied for a long time.
Recent evidence suggests their crucial role in remodelling
chromosome accessibility and chromatin looping [55]. How-
ever, their specific functions remain largely unknown [56].

Genome-wide analysis performed by Rugg-Gunn et al.
suggests that H3K27me3 and H3K9ac levels are higher in
the inner cell mass as compared to the trophoblast lineage,
although there is no direct evidence to support the causative
relationship between the two [57]. Additionally, either triva-
lent histone marks such as H3K9me3, H3K4me2/3, and
H3K27me3 or bivalent histone marks can be adopted in
silencing embryonic genes in cells developing into the tro-
phoblast lineage [58] (Figure 2). CDX2 and EOMES are cru-
cial TFs in the establishment of the TSC cell fate and are
enriched with active histone marks such as H3K9ac and
H3K4me3 while having lower levels of repressive histone
marks [57]. In another study, inducing CDX2 expression
resulted in decreases in the expression of pluripotent genes
OCT4 and NANOG, increases in trophoblast lineage genes,
and the differentiation of TSCs in the mouse embryo [59].

Moreover, it has been reported that histone methyltrans-
ferase SUV39H1 mediated trimethylation on H3K9 is attrib-
uted to the suppression of embryonic genes in TSCs [60];
H3K9me3 also interacts with heterochromatin protein 1 to
condense and silence different gene sets during differentia-
tion in hESC and mESC [61, 62], highlighting the indispens-
able role of histone modifications in the regulation of lineage-
specific genes.

Enrichment of H4K20me3 during differentiation leads
to formation of pericentric heterochromatin by acting with
SMYD5, and it has been shown that reduced transcription
of endogenous long interspersed nuclear elements (LINEs)
and long terminal repeats (LTRs) is key in maintaining
pluripotency [63].

5. Comparison in the Development of Human
and Mouse Trophoblast-Related Lineage

In the mouse embryo, specification starts at the 4-cell stage
[43], whereas current evidence implies that such specification
occurs in the early blastocyst stage in human embryos [64,
65]. In the mouse embryo, implantation is initiated by the
mural trophectoderm (TE) followed by the polar TE. In the
human embryo, implantation is initiated by the polar TE.
The TE layer in human and mouse embryo subsequently
matures to give rise to the syncytiotrophoblast (ST) and the
extravillous cytotrophoblast (EVT) via cell fusion and endor-
eduplication, respectively. The mouse TE subsequently forms
three distinct layers of trophoblast derivatives, separating
maternal and fetal blood, whereas in human trophoblast ana-
logs, a different structure is formed with only one layer sepa-
rating maternal and fetal blood [66]. While there are studies
aiming at establishing three-dimensional [67] and two-
dimensional trophoblast cultures [68] that each are able to
differentiate into both the ST and EVT lineages, there is a

lack of studies looking into the role of chromatin remodelling
and epigenetic regulation in such models.

The similarities and differences in human and mouse
TSCs are well manifested through the aforementioned aspect
of physiology. While most of the discussion is focused on the
signalling pathway that contributes to the successful differen-
tiation from ESCs to TSCs, the underlying conservativeness
in the regulation of chromatin and binding of specific tran-
scription factors is still crucial for the transcriptional network
that drives the specification of TSCs.

6. Expression of Transcription Factors and
Their Binding to Genomic DNA Regions

Transcription factors are known to be bound to specific genes
to regulate gene expression directly or indirectly by recruiting
other transcription factors (or repressors), or histone modi-
fiers to activate or silence genes. ZFP281 was identified as a
conserved factor critical to the maintenance of human and
mouse TSCs. By interacting with MLL and COMPASS sub-
units and binding to the promoters of target genes, ZFP281
helps to establish the specific transcriptome necessary for dif-
ferentiation and specification of mouse TSCs. Moreover, it
has been demonstrated that ZFP281 facilitates the induction
of trophoblast stem-like cells from mouse embryonic stem
cells upon overexpression. In humans, ZFP281 helps to stabi-
lise the transcriptome in undifferentiated TSCs [69].

Mouse TSC determination involves genes such as
TEAD4, CDX2, SOX2, ESRRB, TFAP2, ETS2, ELF5, GATA3,
and YAP1 (Figure 2), although it is not known how all these
genes interact in this context [10]. On the other hand, a
group has recently identified the generation of human
induced TSCs through stepwise or direct reprogramming of
human dermal fibroblast. TE-associated transcription fac-
tors, TFAP2C and GATA2, are significantly upregulated dur-
ing reprogramming to naïve state, and supporting their
reprogramming to iTSCs [15].

CDX2 is expressed as early as the 8-cell stage and plays a
critical role during the differentiation of cells into the TE and
subsequent regulation of TE functions. However, it is not
essential for the initiation of TE lineage segregation as
CDX2 knock out embryos retained the ability to form blasto-
coel cavities, implying that other key genes regulated this
process. One such gene could be TEAD4, where knockout
cells failed to differentiate into the TE, and TEAD4 knockout
embryos were unable to develop into blastocysts [70–72].
While expression of OCT4 and CDX2 is critical in the human
TE, OCT4 is depleted in the differentiating mouse TE [73].
Contrastingly, in human embryos, CDX2 is only expressed
after blastocyst formation [74].

ELF5 has been described as one of the core genes that reg-
ulate the self-renewal and differentiation of TSCs. It interacts
with EOMES to recruit TFAP2C to TSC-specific genes,
thereby inducing their expression in mouse TSCs [75]. More-
over, Elf5was found to be methylated and repressed in mESCs
but hypomethylated and activated in mTSCs. It promotes the
expression of a network of TFs, including CDX2 and EOMES,
that drives the efficient differentiation of ESCs to trophoblast-
related lineages [65]. The GATA2/3-TFAP2A/C network was
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enriched in regions of inactive placental and pluripotent genes
in hESCs after treatment with BMP4, which induces
trophoblast-specific genes and suppresses pluripotency during
the initial stage of trophoblast differentiation [76].

Super-enhancers (SEs) are also one of the elements that
model the transcriptional network. By mapping these SEs
in mTSCs, more than 150 TFs, excluding master TFs such
as CDX2, GATA2, and TEAD4, were identified as potential
contributors to the TE lineage. This approach opens up a
new aspect to further elucidate the mechanisms and regula-
tors of mTSC lineage specification [77]. Additionally, it has
been proposed that ESRRB could directly regulate the core
genes of the TSC self-renewal regulatory network such as
CDX2, EOMES, and SOX2 [78]. Members of the ERV family
RLTR13D5 could also act as enhancers; they are bound by
H3K4me1 and H3K27ac, therefore providing binding sites
for CDX2, EOMES, and ELF5 [79].

7. X-Linked Genes

Studies revolving around long noncoding RNA (lncRNA)
have shed some light in their roles in regulation of the stem
cell pluripotency and lineage segregation. lncRNA recruits
chromatin modifiers such as mixed-lineage leukemia 1
(MLL1) and PRC2 to modulate chromatin structure and gene
expression [80, 81]. The study of X-linked genes patterning
and X chromosome inactivation by lncRNA X-inactive-
specific transcript (XIST) has provided some clues to early
developmental events. During lineage segregation in the
female mouse embryo, paternal X chromosome is first inacti-
vated, contributing to the TE lineage, followed by reactiva-
tion in the inner cell mass (ICM) and finally random X
chromosome inactivation. Whereas in the human female
embryo, random X chromosome inactivation first occurs in
cells contributing to the TE, followed by a second wave of
random X chromosome inactivation in ICM [82]. The inac-
tivation is initiated by expression of XIST and accompanied
by the recruitment of multiple chromatin modifiers to sup-
press the expression of extra X-linked genes [83]. In contrast
to two distinct lineage segregation events in the mouse blas-
tocyst, evidence suggests that the TE, epiblast, and primitive
endoderm might arise simultaneously during a single event
in human blastocysts [84, 85] (Figure 2).

8. Transposable Elements Function in TSC
and ESC

Transposable elements account for at least 40% of the
human or mouse genomes [86, 87]. Previously regarded as
“junk DNA”, it was recently discovered that transposable
elements adopt functional roles akin to enhancers, pro-
moters, or insulators, which are essential to gene regulation
[88]. Therefore, it is important to explore their regulatory
roles in TSCs and ESCs.

Transposable elements have contributed greatly to the
gene regulatory network in different lineages or cell types
[90]. To explore the overall pattern of different epigenetic
modifications that accompany transposable elements, we
analysed ATAC-seq data [91], histone modification data

including H3K27ac, H3K4me1, H3K4me3, H3K27me3, and
H3K9me3 [92], H3K36me3 and H4K20me1 [93], H2BK5ac
[94], datasets regarding transcription factors such as P300
[77], SOX2 [92], ELF5, EOMES, and CDX2 [92], TET1 [95],
CTCF, SP1, and TBP [93], and LSD1 [96] in mouse TSCs.
TE family enrichment analysis were done on these data using
the same method suggested by the Cao’s team [89]. Result
(Figure 3(a)) shows that the endogenous retrovirus-like ele-
ments (ERVs) such as the ERVK and ERV1 families are sig-
nificantly enriched in the open regions of mTSCs and bound
by critical TSC-related TFs. Furthermore, transposable ele-
ments such as B2, Alu, and MIR (Mammalian-wide inter-
spersed repeats) are bound by active histone marks such as
H3K4me1 and H3K27ac, implying possible functions as
enhancers. Promoters are conserved across species, whereas
enhancers are found to be specific to different organisms or
cell types. As enhancers are known to regulate tissue- or cell
type-specific gene expression, we overlapped the TE sites
with enhancers defined by P300 and H3K27ac. The TE-
derived enhancers such as ERVK and ERV1 were signifi-
cantly bound by transcription factors SOX2, LSD1, EOMES,
and ELF5. Given the functions of the factors discussed in ear-
lier sections, the analysis suggests that these repeats could act
as enhancers to regulate gene expression in TSCs. RLTR13D5
containing ERVK-derived enhancers echoes the significance
of ERV in the mTSCs by acting as enhancers and binding
sites for TSC-specifying TFs [79, 97].

Understanding the conservation of chromatin accessibil-
ity across hTSCs and mTSCs might provide novel insights
into their differences. To this end, we analysed ATAC-seq
datasets from naïve hESCs, primed hESCs, blastocyst-
derived TSCs, and naïve hESCs [98, 99]. The TE families
enrichment analysis shows that ERVK and ERV1 were signif-
icantly enriched in hESCs and hTSCs (Figure 3(b)), suggest-
ing that ERVK might play conserved and functional roles in
TSCs in both species. There are also both unique open
ERVKs and shared open ERVKs in ESC and TSC. From the
motif analysis, ERVKs with open chromatin state in hTSCs
are enriched for TSC-related transcription factor motifs such
as TEAD4 and GATA3, suggesting that these ERVKs might
have been adopted during evolution to cooperate with TSC-
specific transcription factors to regulate transcriptional net-
works essential for TSC.

Apart from expression of TFs and chromatin accessibil-
ities, recent Hi-C data has revealed the divergence in the
repressive and active chromatin interaction between mouse
ESCs and TSCs lineages. TSCs genes, which are repressed
in ESCs, interact with H3K27me3 associated regions in ESCs
through the PRC. Furthermore, enhancer-gene interactions
involving key TSC transcription factors are particularly
enriched to maintain the expression of TSC-genes [100].
Another recent report correlates the chromatin modifier
known as the ChAHP complex (CHD4, ADNP, and HP1)
with proper cell differentiation. This complex competes
with CTCF binding sites and modulates the formation of
TADs in proximal regions, specifically at conserved SINE
B2-transposable elements [101]. The role of the ChAHP
subunits CHD4 and HP1 in stem cell maintenance and dif-
ferentiation has been previously reported [51, 61].
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To identify the target genes regulated by transposable ele-
ments, Hi-C or promoter capture techniques could be used to
check the putative targets of these TE-derived enhancers.
CRISPR interference methods could be used to disrupt the

transposable elements followed by validation using RNA-
seq or qPCR analysis to check the expression of the putative
target genes. As demonstrated by Todd et al. [97], only small
subsets of transposable elements are crucial in regulating the
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Figure 3: Transposable elements are marked by epigenetic signatures. (a) Dot-plot of the enrichment of transposable elements families in 8
chromatin marks and 11 bound factors in mouse TSCs. The size of the circle represents corrected enrichment P values. The colour indicates
the enrichment score which was computed with a combination of the binomial test and hypergeometric test [89]. (b) Dot-plot of the
enrichment of transposable elements families in open chromatin regions defined by ATAC-seq peaks in human eight-stage blastocysts,
naïve ESCs, primed ESCs, blastocyst-derived TSCs, H9-derived TSCs, and AN1 iPSC-derived TSCs. The size of the circle represents
corrected enrichment P values. The colour indicates the enrichment score which was computed with a combination of the binomial test
and hypergeometric test [89].
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TSC and ESC gene expression. Therefore, it is important to
pinpoint those that have been adopted as functional gene reg-
ulatory elements during evolution critical in each cell type.

9. Future Perspective

There are numerous pluripotent states reported in human
and mouse ESCs, with the most common ones being the
naïve and primed state. There are a multitude of studies that
attempted to differentiate primed hESC from TSC with vary-
ing scales of success [10]. It was reported that during differ-
entiation of human ESCs towards TSCs, FGF2 should be
removed completely from the media, and BMP4 and
TGFβ/activin/nodal inhibitors should be added as supple-
ments. The size of the initial colonies also affects the outcome
of the differentiation process. Meanwhile, 2C-like cells [2]
and EPSCs [4] are the only two reported sources of mouse
stem cells that are capable of differentiating into TSC
in vitro, making it worthwhile to dissect the mechanism
underlying the derivation of TSCs in the respective state.

It has been established that hESCs exist in the primed
pluripotent state with one active X chromosome and one
inactive X chromosome. This resembles a closer gene expres-
sion and signaling profile to primed mouse epiblast stem cells
(mEpiSCs) than mouse ESCs, which is considered an earlier
stage of naïve pluripotent state with two active X chromo-
somes [102, 103]. In humans, naïve pluripotent stem cells
express TFs and display open chromatin structure associated
with cells from trophoblast-related lineages, which were con-
versely reported to be able to give rise to self-renewing TSCs,
a feat which is unachievable with primed hESCs that are
exposed to the same differentiation assays [98, 104]. Similar
phenomena were observed in the mouse, when overexpres-
sion of CDX2 in the naïve mESCs drove the cells towards a
TSC-like cell fate, but not mEpiSCs [105].

Early studies characterizing hESC-derived trophoblast-
like cells focused on human chorionic gonadotropin produc-
tion and cellular invasion capacity. While some studies claim
that mouse or human TSCs derived in vitro closely resemble
their in vivo counterparts, others have provided contradic-
tory results [12, 98]. This might be due to differences in the
parameters used by each group during cell type characteriza-
tion and culturing, as studies have shown that differences in
starting colony and chemical providers could drastically alter
the results [10]. It will be interesting to apply novel single-cell
technologies to improve the characterization and under-
standing of cellular heterogeneity and help to reconstruct a
clearer picture of cellular processes, including chromatin
remodelling events during changes in the cell fate.

10. Conclusion

In the last three decades, a considerable amount of effort has
been invested to our understanding and capturing cells in
different pluripotency states ranging from TSCs, expended
potential, 2C-like, naïve, prime, Rosette [106], Founder
[107], and many more. Researchers have employed a wide
range of methods to delineate their differences and analogues
in vivo and across different animal species. While single-cell

RNA-seq datasets have provided insights into the tran-
scriptome of different cell types and revealed details on rare
populations and the trajectory of cells during differentiation,
this information is often limited and does not provide suffi-
cient data to derive the factors and mechanisms controlling
the specification and determination of each cell type.

Although pluripotency circuitry has been well studied,
novel stem cell populations and pluripotent stages are consis-
tently being reported. The ability of cells to form blastocyst-
like structures [108] to investigate cell fate changes ex vivo
has recently gained vast interest. Transposable elements, pre-
viously disregarded as an unimportant part of the genome,
proved to be essential in controlling totipotency in the
mouse, while showing differentially binding to pluripotent
and TSC-specifying genes. There is still a broad gap in
knowledge regarding the epigenome within each cell in early
embryogenesis, priming them to different fates under the
same condition.
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The facilitates chromatin transcription (FACT) complex is a histone H2A/H2B chaperone, which represses endogenous
retroviruses (ERVs) and transcription of ERV-chimeric transcripts. It binds to both transcription start site and gene body
region. Here, we investigated the downstream targets of FACT complex to identify the potential regulators of MERVL, which is
a key 2-cell marker gene. H3K36me2 profile was positively correlated with that of FACT component Ssrp1. Among H3K36me2
deposition enzymes, Nsd2 was downregulated after the loss of Ssrp1. Furthermore, we demonstrated that Nsd2 repressed the
expression of ERVs without affecting the expression of pluripotency genes. The expression of MERVL and 2-cell genes was
partially rescued by Nsd2 overexpression. The enrichment of H3K36me2 decreased on MERVL-chimeric gene in ESCs without
Ssrp1. Our study discovers that Nsd2 is a repressor of MERVL, and FACT partially represses MERVL expression by regulating
the expression of Nsd2 and its downstream H3K36me2.

1. Introduction

Endogenous retroviruses are important components of the
mammalian genome [1]. They are usually silenced by host
cells to maintain genome stability. However, studies also
show that ERVs are functional during development and in
mouse embryonic stem cells (ESCs) [2–7]. For example,
MERVL marks the 2-cell (2C) embryos and a minority of
2C-like cells within the ESC population [8, 9]. MERVL can
be silenced by various epigenetic regulators, such as histone
H3 variants, H3K9 methyltransferases, and histone chaper-
ones [10–15]. Recently, we found that H2A/H2B histone
chaperone FACT (facilitates chromatin transcription) com-
plex participated in the repression of MERVL and MERVL-
derived cryptic transcripts in ESCs [16]. FACT functions par-
tially through Usp7 to remove H2Bub on MERVL and
MERVL-fused genes [16]. However, the impact of Usp7
depletion on MERVL induction is weaker than the loss of
FACT complex itself [16]. This implies that there are other
ways present for FACT complex to repress the expression
of MERVL and its chimeric transcripts. Therefore, in this

study, we aim to identify indirect pathways downstream of
FACT complex in repressing the expression of MERVL.

We and others previously found that Ssrp1 binding was
enriched around transcription start sites and on gene body
region [16, 17]. Gene body region can be marked by
H3K36me3 and H3K36me2 [18, 19]. An important H3K36
methyltransferase family is Nsd family. Here, we examine
the role of Nsd family members at the downstream of FACT
complex in repressing the ERV expression.

2. Methods

2.1. Cell Culture. E14 mouse embryonic stem cells (ESCs)
were cultured on plates coated with sterile 0.1-0.2% gelatin
(G1890, Sigma) in medium containing Dulbecco’s modified
Eagle’s medium (Hyclone), 15% fetal bovine serum (Hyclone),
10ng/ml leukaemia inhibitory factor (LIF) (Z03077, Gen-
Script), 1% penicillin/streptomycin (P1400, Solarbio), 2mM
L-glutamine (Gibco), 0.1mM nonessential amino acids
(Gibco), and 0.1mM β-mercaptoethanol (Sigma). ESCs were
passaged every two days for maintenance.
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2.2. Analysis of ChIP-seq Data. For ChIP-seq data analysis,
all reads were first processed with Cutadapt to trim adap-
tor sequences and low-quality reads and subsequently
mapped to the mouse mm10 genome assembly using Bow-
tie2. The correlation coefficient between Ssrp1, H3K4me3,
H3K36me2, and H3K36me3 was determined by plotCorre-
lation from Deeptools. The ChIP-seq signal enrichment
file was obtained by bamCompare from Deeptools, and
the ChIP signal line plot was also generated by Deeptools.
Gene structure information was inferred from Genco-
de.vM21 annotation file.

2.3. Reverse Transcription and qPCR. Total RNA was isolated
from cells by RNAiso Reagent (B9109, Takara) in DEPC
water (B501005, Sangon Biotech) following by DNase I treat-
ment in RNase-free tubes (401001, NEST Biotechnology).
Reverse transcription was performed with 1μg purified
RNA using Transcriptor First Strand cDNA Synthesis Kit
(4897030001, Roche) as described previously [20]. qPCR
analysis was carried out using SYBR Green qPCR Master
Mix (H97410, Yeasen) and a qPCR detection system
(CFX384 Real-Time System, Bio-Rad) according to standard
protocols. Primers are synthesized by Sangon Biotech and
included in Table 1.

2.4. shRNA-Mediated Gene Depletion. The shRNAs targeting
Nsd2 were designed by an online tool (http://sirna.wi.mit
.edu/) [21]. The targeting sequences of shRNAs are CCTG
GTGCTCATGATACTAAA for shRNA1 and GAGCTG

ACTTTCAACTATAA for shRNA2. The shRNAs were
synthesized by GENEWIZ corporation and cloned into
pSuper-puro. 1μg plasmid was transfected into mouse ESCs
with Polyjet (SignaGen). The cells were further cultured for
three days under puromycin selection (1μg/ml) and
harvested for RNA extraction.

2.5. Chromatin Immunoprecipitation (ChIP) Coupled qPCR.
ChIP-qPCR was performed as described before [16]. Briefly,
ESCs were harvested and crosslinked with 1% formalde-
hyde, and cell fixation was ceased with the addition of gly-
cine. The cells were primarily lysed, and chromatin
extracts were collected and sonicated for obtaining soluble
chromatin fragments. The chromatin samples were incu-
bated with specific antibody and immunoprecipitated on
protein G magnetic beads (GenScript, the USA). The
immunoprecipitated DNA was next eluted, decrosslinked,
and analyzed by qPCR. For immunoprecipitation, the anti-
body used was anti-H3K36me2 (ab9049, Abcam).

2.6. Establishment of ESC Cell Lines Overexpressing Nsd2.
Mouse Nsd2 coding region was cloned into pCAG-3HA vec-
tor with hygromycin resistance and purified with a kit (1211-
01, Biomiga). Ssrp1-/- ESCs were transfected with 1μg plas-
mid expressing Nsd2 via Polyjet reagent (SL100688, Signa-
Gen) following the manufacturer’s recommended protocol.
The ESCs were continuously selected with 800μg/ml hygro-
mycin B for 14 days. After selective cell culture, ESCs were
collected for downstream experiments.

Table 1: Primers for qPCR analysis.

Gene Forward Reverse

Nsd1 TCCGGTGAATTTAGATGCCTCC CGGTAACTGCATAGTACACCCAT

Nsd2 GGTGATCCTGGCACAGACAA GAGCAGAGCCTGTGGACTTT

Nsd3 CCGAGGTTGTGCCAAAGAAG ACGGAGCTGTCACTGAATCTG

MERVL AAGAGCCAAGACCTGCTGAG TCCTCGTTTCTGCAACTGGT

LINE1 GGACCAGAAAAGAAATTCCTCCCG CTCTTCTGGCTTTCATAGTCTCTGG

SINEB1 GTGGCGCACGCCTTTAATC GACAGGGTTTCTCTGTGTAG

Oct4 GTGGAAAGCAACTCAGAGG GGTTCCACCTTCTCCAACT

Sox2 GCGGAGTGGAAACTTTTGTCC CGGGAAGCGTGTACTTATCCTT

Nanog TTGCTTACAAGGGTCTGCTACT ACTGGTAGAAGAATCAGGGCT

Zscan4 GAGATTCATGGAGAGTCTGACTGATGAGTG GCTGTTGTTTCAAAAGCTTGATGACTTC

Dux CCCAGCGACTCAAACTCCTTC GGACTTCGTCCAGCAGTTGAT

ChIP
Control

GATTAGCAGCTCCACAGGA TGGACAATGTGGCCTGTTTA

Zfp809
ChIP

AAGCTGGCTGACTGTAGTGG GTGAGCCTTCCAATTCCGGA

Foxa2 CCCTACGCCAACATGAACTCG GTTCTGCCGGTAGAAAGGGA

Sox17 GATGCGGGATACGCCAGTG CCACCACCTCGCCTTTCAC

Gata4 CCCTACCCAGCCTACATGG ACATATCGAGATTGGGGTGTCT

Nkx2.5 GACAAAGCCGAGACGGATGG CTGTCGCTTGCACTTGTAGC

Msx1 TGCTGCTATGACTTCTTTGCC GCTTCCTGTGATCGGCCAT

Pax6 TACCAGTGTCTACCAGCCAAT TGCACGAGTATGAGGAGGTCT

Foxd3 GAGTTCATCAGCAACCGTTTTC CGAAGCTCTGCATCATCAGC

Gata3 CTCGGCCATTCGTACATGGAA GGATACCTCTGCACCGTAGC
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3. Results

3.1. FACT Complex Binding Is Correlated with H3K36
Methylation. Previously, we found that FACT complex inter-
acted with both promoter and gene body regions, which are
marked by H3K36me2/3. Interestingly, the genomic distribu-
tion profile of H3K36me2 and H3K36me3 was positively cor-
related with that of Ssrp1 (Figure 1(a)), in contrast with the
lower correlation strength of Ssrp1 with H3K4me3
(Figure 1(a)). Moreover, it was noteworthy that H3K36me3
enrichment on the gene body continuously increased from
transcription start site (TSS) to transcription end site (TES)
whereas the H3K36me2 was preferentially associated with

TSS region and gradually decayed from TSS to TES
(Figure 1(b)). The distribution profile of H3K36me2 was
more similar to that of FACT complex than H3K36me3
(Figures 1(a) and 1(b)). Therefore, we further examined
the expression of Nsd family genes (Nsd1, Nsd2, and
Nsd3), which are known to mediate H3K36 methylation.
Nsd1 was expressed highest in ESCs while the expression
of Nsd2 and Nsd3 was lower (Figure 1(c)). The expression
of Nsd1 and Nsd3 remained unchanged or slightly upregu-
lated in ESCs without FACT complex (Figure 1(d)). How-
ever, the Nsd2 expression was downregulated in Ssrp1-/-

ESCs (Figure 1(d)), implying Nsd2 as a potential down-
stream target gene of FACT complex.
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Figure 1: Nsd2-mediated H3K36me2 is correlated with Ssrp1 binding. (a) Genomic distribution profile of H3K36me2, H3K36me3,
H3K4me3, and Ssrp1. Color scale represents the strength of Pearson’s correlation. (b) ChIP-seq signal density enrichment of Ssrp1,
H3K4me3, H3K36me2, and H3K36me3 (Y-axis) on gene body from TSS to TES (X-axis). H3K36me3 enrichment increased from TSS to
TES. (c) Relative mRNA expression of Nsd1, Nsd2, and Nsd3 in ESCs according to qPCR. (d) qPCR analysis of Nsd1, Nsd2, and Nsd3
expression levels in WT ESC and Ssrp1-/- ESC; data are shown as mean ± s:e:m:; n = 3 biologically independent repeats. ns: nonsignificant;
∗p < 0:05; ∗∗p < 0:01.
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3.2. Nsd2 Represses MERVL in ESCs. In agreement with the
close resemblance of Ssrp1 binding profile and H3K36me2,
the main chromatin-regulatory activity of Nsd2 is mediating
the dimethylation of histone H3 at lysine 36 (H3K36me2)
[19]. Hence, we depleted Nsd2 in ESCs with two independent
shRNAs to examine whether Nsd2 can regulate the expres-
sion of ERVs (Figure 2(a)). The depletion of Nsd2 did not
affect the cell morphology of ESCs (Figure 2(b)). Also, the
expression of pluripotency genes (Oct4, Sox2, Nanog) was
not disturbed by two Nsd2 shRNAs at the same time
(Figure 2(c)). The suppression of Nsd2 by two independent
shRNAs did not disrupt the expression of differentiation
markers for endoderm (Foxa2 and Sox17), mesoderm (Gata4
and Nkx2.5), ectoderm (Msx1 and Pax6), and trophectoderm
(Foxd3 and Gata3) at the same time (Figures 2(d)–2(g)), sug-
gesting that ESCs remain undifferentiated without Nsd2.
Intriguingly, the expression of MERVL was activated to ~2
folds byNsd2 depletion (Figure 2(h)), but other retrotranspo-
sons (LINE1 or SINE B1) were less activated or downregu-
lated, confirming that Nsd2 acts downstream of FACT
complex to repress the ERV expression. These results suggest
that Nsd2 represses the expression of MERVL without affect-
ing ESC pluripotency.

3.3. Nsd2 Overexpression Rescues MERVL Expression in Ssrp1-
/- ESCs. Since Nsd2 represses theMERVL expression andNsd2
is downregulated in Ssrp1-/- ESCs, we next asked whether res-
toration of the Nsd2 expression in Ssrp1-/- ESCs could rescue
the expression of MERVL. Hence, we established an Ssrp1-/-

ESC line with Nsd2 overexpressed. Our qPCR results showed
that Nsd2 was successfully overexpressed in Ssrp1-/- ESCs
(Figure 3(a)). Moreover, overexpression of Nsd2 could par-
tially reduce the expression of MERVL in Ssrp1-/- ESCs
(Figure 3(b)). Furthermore, the expression of 2-cell marker

genes (Zscan4 and Dux) was partially restored (Figure 3(c)).
These results suggest that Nsd2 is an important downstream
target gene of Ssrp1 in repressing ERVs and 2-cell genes.

3.4. Nsd2-Mediated H3K36me2 Is Reduced on MERVL-Fused
Genes in Ssrp1-/- ESCs. We further investigated whether the
target of Nsd2, H3K36me2, was affected at MERVL-fusion
genes in ESCs without FACT by ChIP-qPCR. Our ChIP-
qPCR results revealed that H3K36me2 was enriched on
MERVL-fused gene such as Zfp809 (Figure 4(a)) but not on
the control region (Figure 4(b)). However, this enrichment
was decreased on MERVL-fusion genes in ESC without the
Ssrp1 expression (Figures 4(a) and 4(b)). Together, these sug-
gest that the decreased enrichment of H3K36me2 on
MERVL-fused genes may explain the activation of MERVL-
fused genes after Nsd2 downregulation in Ssrp1-/- ESCs.

4. Discussion

In summary, we discovered that Nsd2 was a repressor of
MERVL and MERVL-fused 2C genes, and the downregula-
tion of Nsd2 worked as a secondary regulatory route to acti-
vate MERVL after the loss of Ssrp1. It is interesting to see
that only Nsd2 (Figure 1(d)), but neither Nsd1 nor Nsd3, is
downregulated by the disruption of FACT function, given
that all three Nsd genes participate in H3K36 methylation.
Nsd2 is an important H3K36me2 methyltransferase [19,
22]. Loss of Nsd2 mimics H3.3K36M mutation, but not
Nsd1 or Setd2mimics the effects of H3.3K36M on adipogen-
esis [23], implicating a unique role of Nsd2 among Nsd
members in gene expression regulation. H3K6me2 was asso-
ciated with both activation and repression of the gene expres-
sion [24]. It was recently reported that Nsd1/Nsd2-mediated
intergenic H3K36me2 recruited Dnmt3a for DNA methyla-
tion [25, 26]. In yeast cells, H3K36me1/2/3 was also shown
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Figure 2: Depletion of Nsd2 in ESCs. (a) qPCR analysis of the relative expression levels of Nsd2 after Nsd2 depletion in ESCs with
normalization to Gapdh. Data were plotted as mean ± s:e:m:, n = 3 biological repeats. (b) Cell morphology of Nsd2 depletion in ESCs.
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to repress cryptic transcription [27]. Moreover, H3K36me2
can recruit the Rpd3s histone deacetylase to repress spurious
transcription [28]. These are consistent with our finding that

H3K36me2 decreased on MERVL-fused genes after the loss
of Ssrp1 (Figures 4(a) and 4(b)), implying a potential repres-
sion role of H3K36me2.
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Nsd2 is not only involved in gene transcription regulation.
It participates in regulating genome stability and methylates
non-histone proteins as well. Nsd2-mediated H3K36me2 pro-
motes nonhomologous end-joining at unprotected telomeres
and thereby enhances genomic instability caused by telomere
dysfunction [29]. Human NSD2-mediated PTENmethylation
regulates cell responses to DNA damage [30]. It is recently dis-
covered that DNA damage is induced by the depletion of
MERVL activator Zscan4 [3, 31]. Responses of ATR and
CHK1 to replication stresses activate Zscan4 and MERVL
[20], implying that DNA damage-induced replication stress
and Zscan4 reciprocally regulate each other. It will be interest-
ing to investigate whether Nsd2 is involved DNA damage
repair and its relationship with Zscan4 in the future.

5. Conclusion

In conclusion, we found that Nsd2, as a downstream gene of
FACT, repressed MERVL, without influencing ESC pluripo-
tency. The decreased Nsd2 in Ssrp1-/- ESCs was accompanied
by reduced H3K36me2 on MERVL-fused genes while over-
expression of Nsd2 partially rescued the expression of
MERVL. These findings establish Nsd2 as an important
repressor of MERVL in ESCs and during the loss of FACT
function.
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Embryonic stem cells (ESCs) can self-renew indefinitely and maintain their pluripotency status. The pluripotency gene regulatory
network is critical in controlling these properties and particularly chromatin remodeling complexes. In this review, we summarize
the research progresses of the functional and mechanistic studies of BAF complex in mouse ESCs and early embryonic
development. A discussion of the mechanistic bases underlying the distinct phenotypes upon the deletion of different BAF
subunits in ESCs and embryos will be highlighted.

1. Introduction

Embryonic stem cells (ESCs) are derived from the inner cell
mass of blastocysts in early embryos [1–3]. With the remark-
able abilities to indefinitely self-renew and differentiate to all
types of cells in the body, ESCs become an ideal model to
study cell fate determination and lineage differentiation,
therefore having broad applications in the fields of regenera-
tive medicine and translational medicine.

Since their isolation, the mechanism underlying the
self-renewal and pluripotency of ESCs has been the focus
of intensive research in the field of stem cell biology [4].
Numerous studies demonstrate that the identity of ESCs
is controlled by a core transcriptional regulatory network
composed of signaling pathways such as the LIF/STAT3
pathway [4–6], pluripotent transcription factors such as
OCT4, SOX2, NANOG, and KLF4 [7–9], protein com-
plexes [10–12], microRNAs [13], and chromatin remodeling
complexes [12].

2. Chromatin Remodeling Complexes

Specific transcriptomes expressed in different types of mam-
malian cells are controlled partly by their unique chromatin
states. The regulation of chromatin states selectively causes
gene expression or silencing via controlling the access of
transcriptional factors to gene regulatory elements. This var-
iation of transcriptional activity according to the chromatin
structural changes is called chromatin remodeling [14].
There are two main types of chromatin remodeling: one is
covalent histone modification, which includes acetylation,
methylation, phosphorylation, and ubiquitination; the other
is ATP-dependent physical modification, which is achieved
mainly through ATP-dependent protein complexes [14].

The ATP-dependent protein complexes with ATPase
activity, termed chromatin remodeling complex, use the
energy generated by hydrolysis of ATP to make the four
changes in the nucleosomes structure and thereby regulate
gene expression (Figure 1) [15].

Hindawi
Stem Cells International
Volume 2021, Article ID 6668866, 7 pages
https://doi.org/10.1155/2021/6668866

https://orcid.org/0000-0002-4413-3169
https://orcid.org/0000-0002-5028-3112
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6668866


According to the difference in structure and composition
of ATPase, chromatin remodeling complexes are divided
into four categories: switching (SWI)/sucrose nonfermenting
(SNF) [16, 17], INO80 [18], ISWI (imitation SWI) [19], and
CHD (chromodomain helicase DNA binding) [20].

3. Structure and Function of SWI/SNF

The SWI/SNF complex is first discovered in yeast [16] and
later in Drosophila [21] and mammals [22, 23]. The mam-
malian SWI/SNF complex, also named BAF (BRG1/BRM-
associated factor) complex, is a multi-subunit protein com-
plex of about 2MDa, which is composed of 12-15 subunits
encoded by 29 genes [24]. According to the different compo-
sition of subunits, BAF complexes are divided into canonical
BAF (cBAF), PBAF, and noncanonical (ncBAF) [25]. The
structural characteristics of the three types of SWI/SNF com-
plexes are shown in Figure 2. Recent studies reveal the assem-
bly process of these three types of BAF complexes (Figure 2)
[25, 26] In different developmental stages and different tis-
sues, the composition of the BAF complex also changes to
regulate distinct gene expression, thereby performing differ-
ent functions [27].

4. The Role of BAF Complex in mESCs

esBAF, a specific BAF complex in ESCs, consists of 9-11 sub-
units, which includes the ATPase subunit BRG1 not BRM,
BAF250a instead of BAF200, BAF60a/b instead of BAF60c,
and BAF155 dimer instead of BAF155 and BAF170
(Figure 3) [28]. Numerous studies reveal the functional
importance of the BAF complex in ESCs and embryonic
development [28–30]. Here, we summarize the roles of vari-

ous subunits of the esBAF complex in ESCs (Table 1) and
embryonic development (Table 2).

4.1. BRG1. As the core catalytic subunit of the esBAF com-
plex, BRG1 alone can reshape nucleosomes in vitro, but the
efficiency is very low. The smallest complex of four subunits,
BAF155, BAF170, Baf47, and BRG1, can exert catalytic activ-
ity efficiently [44].

BRG1 participates in chromatin remodeling to maintain
ESC self-renewal and pluripotency [28, 31]. The absence of
Brg1 results in the impairment of ESC self-renewal and plur-
ipotency [28, 31, 32]. Deletion of Brg1 leads to the decreased
expression of Oct4 and Sox2 and increased expression of
lineage-specific genes, indicating its function in ESC differ-
entiation [28, 31]. The BRG1 null embryos die at the blasto-
cyst stage. ES cells cannot be isolated from Brg1-deficient
embryos [40, 45].

BRG1 directly binds the promoter regions of Oct4, Sox2,
and Nanog genes, indicating its regulatory roles on the
expression of core pluripotency genes. Consistently, BRG1
interacts directly with NANOG, OCT4, and SOX2 and binds
with many of their common target genes [30, 46].

In addition, BRG1 also regulates the expression of ESC-
related genes by participating in LIF/STAT3 signaling path-
ways [47]. Leukemia Inhibitory Factor (LIF) is required to
maintain the pluripotency of mESCs and naïve human ESCs
[5, 6, 48]. In mESCs, the binding of BRG1 and STAT3 colo-
calize extensively on the genome [30, 47]. The binding of
STAT3 to genes associated with pluripotency depends on
the presence of the catalytic subunit BRG1 in the esBAF com-
plex, which loosens the chromatin structure at the target gene
of STAT3 and thus responds to the LIF signal [47]. BRG1 can
enhance the LIF-STAT3 signaling pathway by antagonizing
the PcG complex [47]. On the other hand, BRG1 and the

ATPase

ATP ADP

Transcription

Sliding of nucleosomes on DNA

Dissociation of DNA and nucleosomes

Removal of histone octamers from chromatin

Exchange between histone variants and classical
histones

Figure 1: Schematic of the chromatin remodeling complex functional mode. Chromatin remodeling complex, which has ATPase activity,
could change the structure of nucleosomes with the energy generated by hydrolyzing ATP, to regulate the accessibility of chromatin and
further affect gene expression.
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PRC complex bind together to four Hox loci, thereby inhibit-
ing the differentiation of ESCs [47].

Recently, YY1 was reported to interact with BRG1 to pro-
mote proliferation and pluripotency of mouse ESCs. The
knockdown of Yy1 gene downregulates Nanog and upregu-
lates differentiation marker genes Pax3 and Cdx2 [49].

The interaction between BRG1 and TOP2 is required for
the initial stage of accessibility induction. Top2 can make the
chromatin more accessible for chromatin remodelers as well
as transcription factors [50], suggesting that TOP2 may work
together with the BAF complex to remodel chromatin and
optimize BAF-mediated recruitment of transcriptional factors.

4.2. BAF47. BAF47 (also known as SMARCB1/SNF5/INI1) is
involved in the differentiation of stem cells. The knockdown

of BAF47 enhances cell pluripotency and prevents differenti-
ation [33]. Overexpressing BAF47 promotes ESC differentia-
tion. BAF47 can fine-tune the level of OCT4 and affect the
nucleosome occupation at the regulatory region of OCT4 tar-
get genes, thus breaking the balance between pluripotency
and differentiation and determining the fate of cells [33]. In
contrast, a recent report indicates the upregulated Cdx2
expression in Baf47 KO ESCs [34]. Therefore, further study
to clarify the function of Baf47 in ESCs is needed.

The BAF47 null blastocysts do not hatch and cannot
implant into the uterus for further development [41, 42],
which may cause death of Baf47 null embryos during
implantation [41, 42].

4.3. BAF155 and BAF170. BAF155 (also known as SRG3)
shares 61.7% amino acid homology with BAF170, but they
have different functions [28]. The esBAF complex contains
a homodimer of two BAF155 without BAF170 [28]. The dele-
tion of BAF155 resulted in the defects of ESC self-renewal
and pluripotency [28]. As expected, overexpression of
BAF170 cannot restore the defects of Brg155 KO ESCs [28].
Similarly, knockdown of Baf155 expression also resulted in
inhibited ESC proliferation, decreased expression of the plu-
ripotent gene Oct4, and increased apoptosis [28]. Consis-
tently, deletion of BAF155 fails to form inner cell mass [51].

In contrast to mESCs, esBAF in hESCs contains heterodi-
mers composed of BAF155 and BAF170. The contents of
BAF155 and BAF170 in the BAF complex seem to determine
the fate of the cell [52].
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The deletion of BAF155 prevented mouse embryos from
developing properly and died during implantation [29].
Depletion of BAF155 leads to increased expression of Nanog
in the ICM and its ectopic expression in TE. However, the
overexpression of BAF155 leads to the development arrested
at the E3.5 to E4.5 transition and upregulation of Cdx2 and
Sox17 at E4.5 embryos [29].

4.4. BAF53a. BAF53a (also known as ACTL6a or ARP4) is
expressed in a variety of stem/progenitor cells, including neu-
ral progenitor cells, hematopoietic stem cells, epidermal pro-
genitor cells, and ES cells [37, 38, 53]. The knockdown of
BAF53a in ESCs reduces the expression of pluripotent genes
such as Oct4 and Nanog and induces ESC differentiation
towards the original endoderm [37]. It is interesting that
another report indicates that knockout of Baf53a increases
the expression of Oct4 and Nanog. Deletion of Baf53a
repressed cell proliferation and induced apoptosis [54].

4.5. BAF45. BAF45 has two PHD domains, which can recruit
the BAF complex to specific histone modification sites [55].
BAF45 includes four subunits: BAF45a, BAF45b, BAF45c,
and BAF45d [30]. Only BAF45a and BAF45d are contained
in esBAF [30]. BAF45a plays an important role in the main-
tenance of hematopoietic stem cells [56], but its role in
mESCs is not clear. BAF45d, also known as Dpf2, is widely
expressed in a variety of cells [30]. Deletion of Dpf2 in
mESCs leads to the differentiation defects, which cannot be
restored by BAF45a and BAF45c [30]. Further study demon-
strates that Dpf2 regulates ESC differentiation by regulating
Tbx3 expression [30].

4.6. BAF250a. BAF250a (ARID1A) is a unique subunit of
esBAF, which belongs to the trithorax group (TrxG) family
[57, 58]. BAF250a is abundantly expressed in early mouse
embryos and ESCs [35, 36]. Deletion of BAF250a inhibits
ESC self-renewal and upregulates the expression of the prim-
itive endoderm marker genes in ESCs [35, 36]. The lack of
BAF250a prevents ESCs from developing into mesoderm-
derived cardiomyocytes, adipocytes, and skeletal muscle
cells, but can differentiate into ectoderm-derived nerve cells
[35, 43].

BAF250a is necessary for the development of early
embryos. The loss of BAF250a caused the development of
early embryos (E6.5) of mice to stagnate, and the lack of
mesoderm prevented further development of gastrulation
embryos [35].

4.7. ncBAF in ESCs. Gatchalian and colleagues found the
existence of ncBAF in mESCs that puts BRD9 as the core
[39]. Compared with esBAF, ncBAF lacks BAF47, BAF57,
and ARID1A subunits. The knockdown of BRD9, the core
subunit of the ncBAF complex, inhibited the proliferation
of ESCs [39]. Although both esBAF and ncBAF are involved
in ESC self-renewal and pluripotency maintenance, ChIP-seq
analysis showed that esBAF and ncBAF complexes target dis-
tinct sites in the genome and cobound with different plurip-
otent transcription factors (TFs) [30, 39, 45]. esBAF tends to
bind to active enhancers rich in h3k4me1 modification [30],
while ncBAF is more likely to bind to promoter regions rich
in h3k4me3 [39]. Different from esBAF, ncBAF tends to
cobind with KLF4 and CTCF, indicating its distinct mecha-
nisms from cBAF in ESCs [39].

Table 1: The role of BAF subunits in mESCs.

Subunit Phenotypes References

BRG1
Knockdown or knockout of Brg1 resulted in ESC differentiation and downregulation of self-renewal

and pluripotency genes such as Oct4 and Sox2.
[28, 31, 32]

BAF47
Knockdown of Baf47 blocks differentiation; overexpression of Baf47 enhances differentiation; knockdown

of Baf57 upregulates Cdx2 expression.
[33, 34]

BAF155
Depletion of BAF155 resulted in decreased proliferation, decreased Oct4 expression, and increased

apoptosis of ESCs.
[28]

BAF250a
The self-renewal ability of mESCs decreases after knocking out BAF250a, and the differentiation of

ES cells into the mesoderm and endoderm is inhibited.
[35, 36]

BAF45d Knockout of BAF45d perturbs ESC self-renewal and impairs its differentiation to three lineages. [30]

BAF53a
Knockdown of Baf53a reduces the expression of pluripotent genes in ESCs. Baf53a protects mESCs from

differentiating into primitive endoderm; knockout of Baf53a represses cell proliferation and induces cell apoptosis.
[37, 38]

BRD9 Preserving the naive pluripotency of ESCs [39]

Table 2: The role of BAF subunits in early mouse embryonic development.

Subunit Phenotypes References

BRG1
Brg1 null embryos die during implantation, and mice heterozygous for Brg1 are prone to cause tumor

formation and anencephaly.
[32, 40]

BAF47 Baf47 null mice die during embryo implantation. Baf47 heterozygous mice are prone to cause anencephaly. [41, 42]

BAF155 Baf155 knockout embryos are lethal during implantation. [29, 34]

BAF250a Baf250a knockout embryos die on E6.5. Baf250a regulates heart development. [35, 43]
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In summary, different components of the BAF complex
function differentially in ESC maintenance and differentia-
tion. Deletion of core subunits such as Brg1, Baf155, or
Baf250a reduced the expression of Oct4, Sox2, and Nanog,
the key pluripotency genes of ES cells [28, 31]. On the con-
trary, Baf47 negatively regulated Oct4 expression in ESCs
[33]. Deletion of Baf250a promoted the expression of endo-
derm marker genes Gata4 and Gata6 [35], while deletion of
Baf45d decreased Tbx3 expression and impaired mesoendo-
derm differentiation [30]. During embryonic development,
knockout of Brg1, Baf155, or Baf250a led to embryo death
during peri-implantation [40–42, 51]. Deletion of Baf250a
resulted in embryo death in later embryonic development
stage [35].

Consistently, BAF complexes also play important roles in
the reprogramming of somatic cells to induced pluripotent
stem cells (iPSCs). Depletion of Brg1 leads to the failures in
reprogramming [59, 60]. Overexpression of Brg1 and
Baf155 increases the reprogramming efficiency of MEFs to
iPSCs [61], whereas downregulation of Brm and Baf170
improves reprogramming efficiency [62]. Therefore, similar
to the distinct roles of different BAF subunits for the mainte-
nance and differentiation of ES cells, different BAF compo-
nents also play different roles in the reprogramming.

5. Conclusion

BAF complexes are functionally important for the self-
renewal and development of ESCs and mouse embryonic
development. Deletion of different subunits in ESCs and
embryos results in distinct phenotypes in ESC maintenance
and differentiation and embryonic development, while the
underlying mechanisms are far from clear. Schick et al.’s
work reveals that the loss of a single subunit of the BAF com-
plex did not destroy the entire complex, but will change the
composition of the BAF complex [24]. Consistently, a recent
study shows that deletion of Dpf2 only affects about 8% of
BRG1 binding sites on the genome [30]. Therefore, it is
attractive to propose that distinct BAF subunit controls the
integrity of a part of the BAF complex on the genome, and
therefore, its deletion only affects the binding of a part of
the BAF complex, which directly changes the expression of
distinct pluripotency TFs in both ESCs and differentiating
cells with other TFs and chromatin modifiers. It is intriguing
to extend the proposed mechanism further to other chroma-
tin remodeling complexes. To confirm the proposal, future
works are required to study the deletion of specific subunits
on the binding of BRG1 and some other core factors of
BAF and other chromatin remodeling complexes.
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