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SUMMARY

Multiple chromatin modifiers associated with H3K9me3 play important roles in the transition from embryonic stem cells to 2-cell (2C)-
like cells. However, it remains elusive how H3K9me3 is remodeled and its association with totipotency. Here, we integrated transcriptome
and H3K9me3 profiles to conduct a detailed comparison of 2C embryos and 2C-like cells. Globally, H3K9me3 is highly preserved and
H3K9me3 dynamics within the gene locus is not associated with gene expression change during 2C-like transition. Promoter-deposited
H3K9me3 plays non-repressive roles in the activation of genes during 2C-like transition. In contrast, transposable elements, residing in
the nearby regions of up-regulated genes, undergo extensive elimination of H3K9me3 and are tended to be induced in 2C-like transitions.
Furthermore, a large fraction of trophoblast stem cell-specific enhancers undergo loss of H3K9me3 exclusively in MERVL*/Zscan4" cells.
Our study therefore reveals the unique H3K9me3 profiles of 2C-like cells, facilitating the further exploration of totipotency.

INTRODUCTION

Histone 3 lysine 9 trimethylation (H3K9me3) is crucial for
cell fate control (Becker et al., 2016; Nicetto and Zaret,
2019). H3K9me3 participates in the formation of hetero-
chromatin to prevent the inappropriate expression of
cell-type incompatible genes and repeats (Becker et al.,
2016; Burton et al., 2020; Hawkins et al., 2010; Martens
et al.,, 2005; Nakayam et al., 2001; Rea et al., 2000; Zhu
et al., 2013). Following fertilization, H3K9me3 undergoes
extensive reprogramming (Burton et al., 2020; Li, 2002; Ni-
cetto and Zaret, 2019; Wang et al., 2018). Disruption in the
reprogramming of H3K9me3-dependent heterochromatin
is detrimental to early embryogenesis (Burton et al., 2020;
Wang et al., 2018). Meanwhile, different classes of H3K9
methyltransferases control distinct genomic regions
and display highly embryonic-stage-specific expression
patterns, indicating orchestrated and complex regulation
of H3K9me3 in early embryos (Burton et al., 2020; Wang
et al., 2018). H3K9me3 is a key barrier of the reprogram-
ming process toward totipotency (Chung et al., 2015; Liu
etal., 2016; Matoba et al., 2014). In addition to the natural
reprogramming process through fertilization, totipotency
can also be acquired through somatic cell nuclear transfer
(SCNT). The low efficiency of SCNT is closely linked
with the failure to remove H3K9me3 of the repetitive ele-

ments in the reprogramming-resistant regions (Matoba
et al.,, 2014).

Recently, it has been reported that a rare group of ESCs
are capable of transiently entering a state resembling
2-cell (2C) stage embryos (Macfarlan et al., 2012; Zalzman
et al., 2010). In addition to showing 2C-like transcriptome
feature, the striking hallmark of these so-called 2C-like cells
is their expanded developmental potential to form both
embryonic and extraembryonic tissues (Macfarlan et al.,
2012). The scarcity of early embryos strongly hinders
the study of the underlying principle of totipotency,
whereas the identification of 2C-like cells provides a
unique in vitro model for understanding the molecular ba-
sis of totipotency. By using 2C-like cells, the essential regu-
lators and their functions in the establishment of totipo-
tency have been identified (Chen and Zhang, 2019; De
laco et al., 2017, 2019; Eckersley-Maslin et al., 2019; Guo
et al., 2019; Hendrickson et al., 2017; Percharde et al.,
2018; Tian et al., 2019; Whiddon et al., 2017; Yan et al.,
2019; Zhang et al., 2019).

MERVL™/Zscan4* cells (termed Zscan4™ cells hereafter)
and MERVL"/Zscan4* cells are the main subpopulations
during 2C-like transition, sharing similar transcriptome
features (Eckersley-Maslin et al., 2016). MERVL*/Zscan4*
cells arise primarily from Zscan4* cells (Rodriguez-Terrones
etal., 2018). However, MERVL"/Zscan4* cells are capable of

L) Stem Cell Reports | Vol. 18 | 449—462 | February 14,2023 | © 2022 The Author(s). 449
£ This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ISSCR

OPEN ACCESS


mailto:lerongrong@tongji.edu.cn
mailto:gaoshaorong@tongji.edu.cn
mailto:yanpingzhang@tongji.edu.cn
https://doi.org/10.1016/j.stemcr.2022.12.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.12.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

;0‘
(&

A DAPI H3K9me3 pZscan4c-EGFP  MERVL-tdTomato Merge (o]
3
4 58
vl c
E g 0.03
? e
% & goo02
s S S
2 ® g
N T £
s S 0.01
[
5% § -05,, 0.00
w $ w 2 A
- \I\,*'Lsr‘a“ 158" esC
B_ Sstsd:l 4 —— ESC
[ . .S. - — &
% 20 _I_:l £ 40 ﬂ_#{‘ D cDS Zscan4+
2= 15 1 -% an T 1 —— MERVL+Zscan4+
= 8
% & 10 % Ezo
§ 5 g 101
Z 0 z .
s g5, SUEAT = 8 Kdmab
3 I, H B n.s.
% o MS_I_ % 8 T ns. promoter intergenic
= ey
g~ 51 g £ 4
I S
L g 2
0 z 0
Sux39h2 Kdm4c
r n.s. ** .
g 15 1 = 40 : n intron
5 e £ & —
=107 2=
s E T 8 § 20 i
2= 54 % =) E Feature
£ g 10 Feature Distribution
z 53 0 i i Promoter (<=1kb)
° Uhrf1 b Kdméd 2t | 5o o2
n.s. 5 ‘5’ UTR
k] T - [l 1st Exon
jool = LT oo e | =5 %
g S K 1st Intron
e [ o | | B
s < Downstream (<=300)
>
2 0 < 00 35 t (%) M Distal Intergenic
Ax x » ercentage
Ga“,Ls 2 esc _\,'LSGB“A 18 gGa“A e%o
wett >
—— ESC
Zscan4+ G H
—— MERVL+Zscan4+ .
LINE
s c 1500
£ 560/
@ £ @
E ® £1000
& &40 5
~ ©° c
- :3 ml
€ ¥
3 M
Z I g 0
SINE LTR e e O NS x
&£ & <& e & & &
»ooow "
&~ 3
< Q&
N ¥

(legend on next page)

450 Stem Cell Reports | Vol. 18 | 449462 | February 14, 2023



contributing to embryonic and extraembryonic tissues,
while Zscan4* cells show lower competency than both
ESCs and MERVL*/Zscan4* cells (Amano et al., 2013; Mac-
farlan et al., 2012; Zhang et al., 2021). Multiple chromatin
modifiers associated with H3K9me3 have been implicated
in the mediation of the 2C-like transition (Maksakova
et al.,, 2013; Wu et al.,, 2020). However, the role of
H3K9me3 in the pluripotency-to-totipotency transition re-
mains largely unknown.

To further explore the epigenetic signatures underlying
totipotency and the different competency between
MERVL*/Zscan4* cells and Zscan4* cells, we mapped the
genome-wide profiles of H3K9me3 in these cells and con-
ducted detailed comparisons among 2C embryos,
MERVL*/Zscan4* cells, Zscan4* cells, and ESCs. We find
that removal of H3K9me3 is accompanied with the tran-
scriptional burst in a large fraction of transposable ele-
ments (TEs) in MERVL*/Zscan4* cells, whereas H3K9me3
is highly preserved or newly acquired in the TE regions
with mild transcriptional activation in Zscan4™ cells.
Furthermore, we also find that a large fraction of tropho-
blast stem cell-specific enhancers undergo loss of
H3K9me3 exclusively in MERVL'/Zscan4® cells during
2C-like transitions.

RESULTS

Genome-wide profiling of H3K9me3 in 2C-like ESCs

ESC lines containing MERVL-tdTomato and pZscan4c-
EGFP fluorescent reporters were constructed and validated
as we previously described (Zhang et al., 2021). We first
analyzed the distribution of H3K9me3 by immunofluores-
cence (Figure 1A). Consistent with a previous study
(Akiyama et al., 2015), there were larger and fewer DAPI-
dense domains in Zscan4®™ cells (Figure 1A). Besides,
Zscan4™ cells exhibited co-localization of H3K9me3 clus-

ters and DAPI-rich regions akin to the pattern in ESCs (Fig-
ure 1A). In contrast, MERVL*/Zscan4* cells showed small
and faint H3K9me3 spots in nuclei and significantly
reduced H3K9me3 deposition in DAPI-rich regions
compared with ESCs and Zscan4™ cells (Figure 1A). This
observation was consistent with prior findings that
MERVL*/Zscan4* cells display molecular features of chro-
matin decondensation and activation of pericentromeric
heterochromatin (Ishiuchi et al., 2015).

Next, we sorted Zscan4* cells and MERVL*/Zscan4™ cells
by fluorescence-activated cell sorting and performed chro-
matin immunoprecipitation sequencing (ChIP-seq) to
generate the genome-wide H3K9me3 profiles. The two rep-
licates of H3K9me3 for each cell type had Pearson’s correla-
tion coefficients >0.9, indicating the high reproducibility
of the H3K9me3 data (Figure S1A). Principal-component
analysis based on H3K9me3 signals revealed that Zscan4*
cells were similar to ESCs, while MERVL*/Zscan4* cells ex-
hibited an intermediate state between ESCs and 2-cell em-
bryos along the PC1 axis (constituting 99% of the varia-
tion) (Figure S1B). Notably, MERVL"/Zscan4* cells were
much closer to ESCs than to 2C embryos on the PC1 axis.
Next, we performed peak calling analysis using model-
based analysis for ChIP-seq (MACS2) to identify
H3K9me3-enriched domains in ESCs, Zscan4* cells, and
MERVL*/Zscan4* cells (Figure S1C). MERVL"/Zscan4" cells,
Zscan4* cells, and ESCs shared similar H3K9me3 peak
length density patterns (Figure S1D). In addition,
MERVL*/Zscan4* cells exhibited decreased H3K9me3
signal for peaks compared with that of ESCs and Zscan4*
cells (Figure S1E). Next, we investigated the dynamics of
H3K9me3 domains during 2C-like transition. Extensive
loss and gain of H3K9me3 domains were observed during
2C-like transition, especially in the transition from Zscan4*
cells to MERVL"/Zscan4™ cells (Figures S1F-S1K). Accompa-
nied with the major change (Figures S1F-S1K), MERVL*
[Zscan4* cells exhibited significantly decreased expression

Figure 1. Genome-wide profiling of H3K9me3 in MERVL"/Zscan4" cells and Zscan4" cells

(A) Immunostaining analysis with a H3K9me3 antibody. Zscan4 expression was visualized with EGFP (green), and MERVL expression was
visualized with tdTomato (red). Cell nuclei were visualized with DAPI. Scale bar, 20 pm. Two independent experiments were performed.
(B) Mean RNA expression level (FPKM, fragments per kilobase of transcript per million) of H3K9me3 writers and erasers determined by RNA-
seq data (Eckersley-Maslin et al., 2016). n=3; mean + SD; n.s., not significant, *p <0.05, **p<0.01, ****p <0.0001; unpaired Student’s t
test.

(C) Bar plot showing the fraction of genomic regions covered by H3K9me3 peaks in the indicated cells. The value of the whole fraction (the
whole genome) is equal to “1.”

(D) Radar chart showing the enrichment score (log ratio of observed/random) of H3K9me3 peaks in promoters, the coding sequence (CDS),
intergenic and intron regions. The enrichment score >0 indicates that H3K9me3 domain is enriched in the indicated regions.

(E) The genome-wide distribution of H3K9me3 peaks in 2-cell embryos, and the indicated cells.

(F) Radar chart showing the enrichment score (log ratio of observed/random) of H3K9me3 peaks in TEs. The enrichment score >0 indicates
that H3K9me3 domain is enriched in the indicated regions.

(G) Bar plot showing the number of H3K9me3-marked LTR regions in the indicated cells.

(H) Bar plot showing the number of H3K9me3-marked promoter regions in 2-cell embryos, ICM, and the indicated cells.

See also Figure S1.
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Figure 2. H3K9me3 dynamics at gene loci during 2C-like transitions

(A) Bar plot showing the number of genes with gain, loss, or maintenance of H3K9me3 marks in promoters during 2C-like transition.
(B and C) Boxplot showing the mean RNA expression level (FPKM) of genes loss ICM-specific-H3K9me3 mark during the transition from ESCs
to MERVL*/Zscan4™ cells (B) or from ESCs to Zscan4™ cells (C) determined by RNA-seq data (Eckersley-Maslin et al., 2016). n = 3 biological
replicates.

(D) Boxplot for the mean RNA expression level (FPKM) of genes showing loss, gain or maintenance of promoter H3K9me3 during the
transition from ESCs to MERVL*/Zscan4™ cells. n = 3 biological replicates.

(legend continued on next page)
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levels of H3K9 methyltransferases Suv39h2 and H3K9me3
eraser Kdm4c compared with ESCs (Figure 1B). In addition,
expression levels of Setdbl remained constant in both
Zscan4™ cells and MERVL"/Zscan4* cells compared with
ESCs (Figure 1B). Although Setdb1 is responsible for the in-
hibition of 2C-like transition (Wu et al., 2020), the above
data suggest that depletion of Setdbl may not be required
in the spontaneous 2C-state entry.

Next, we examined the genome-wide distribution of the
H3K9me3. As illustrated in Figure 1C, the fraction of the
genome covered by H3K9me3 peaks was reduced in
Zscan4* cells and MERVL*/Zscan4* cells compared with
that in ESCs. In addition, MERVL"/Zscan4* cells displayed
slightly higher fraction of the genome covered by
H3K9me3 peaks than that in Zscan4™ cells (Figure 1C).
This result seems inconsistent with the immunofluores-
cent staining in Figure 1A. One possible explanation is
that uniquely assigned reads were used in this genomic
analysis (Figure 1C) and the status of low mappability
repeat regions, typically enriched for H3K9me3, may be
underrepresented in this result. In addition, H3K9me3
peak signal in MERVL"/Zscan4™ cells was lower than
Zscan4* cells and ESCs (Figure S1E). We then assigned
H3K9me3 peaks to genome features. All three cell types
and 2C embryos shared similar H3K9me3 distribution pat-
terns with preferential enrichment in the intergenic re-
gions (Figures 1D and 1E). Globally, H3K9me3 was not en-
riched in the promoter regions in all three cell types
(Figure 1D). In addition, H3K9me3 domains were highly
enriched in LTRs in Zscan4* cellsand MERVL"/Zscan4™ cells
(Figure 1F). The number of LTRs marked by H3K9me3 was
decreased in Zscan4* cells and MERVL'/Zscan4* cells
compared with ESCs (Figure 1G). A similar trend was also
observed in the promoter regions (Figure 1H).

H3K9me3 dynamics at gene loci during 2C-like
transition

Next, we investigated the regulatory role of H3K9me3 in
gene expression during 2C-like transition. The PCA plot of
promoter H3K9me3 signals showed that ESCs and Zscan4*
cells were clustered together (Figure S2A). Similar to Fig-
ure S1B, MERVL*/Zscan4" cells were much closer to ESCs

and Zscan4* cells than 2C embryos along the PC1 axis
(constituting 95% of the variation) (Figure S2A). Among
the 1,598 genes decorated with H3K9me3 peaks at the pro-
moter regions in ESCs, 657 and 571 genes showed loss of
promoter H3K9me3 in MERVL"/Zscan4™ cells and Zscan4*
cells, respectively (Figure 2A). The newly formed
H3K9me3-marked promoters were rare in MERVL*/Zscan4*
cells and Zscan4* cells (Figures 2A and S2B). Only a small
fraction of genes (47 genes in MERVL*/Zscan4™ cells and
35 genes in Zscan4™ cells compared with ESCs; 170 genes
during the transition from Zscan4* cells to MERVL*/Zscan4*
cells) newly acquired promoter H3K9me3 during 2C-like
transition (Figure 2A). Of note, Zscan4* cells and MERVL*
/Zscan4* cells possessed far more H3K9me3 marked pro-
moters than early embryos (Figure 1H). Next, we investi-
gated whether the dynamics of promoter H3K9me3 during
2C-like transition could reflect the feature of preimplanta-
tion development. By using the genome-wide map of
H3K9me3 in preimplantation embryos (Wang et al,
2018), we identified 381 genes displaying ICM-specific
H3K9me3 in promoter regions compared with 2-cell em-
bryos (Figure S2C). Among the genes that lost promoter
H3K9me3 during 2C-like transition, only a small fraction
carried ICM-specific-H3K9me3 marks (36 genes in MERVL*
[Zscan4™ cells and 49 genes in Zscan4* cells) (Figure S2D),
suggesting that reprogramming of promoter H3K9me3 dur-
ing 2C-like transition does not recapitulate embryonic
development in reverse. Although showing enhanced
expression in 2C embryos during preimplantation develop-
ment (Figure S2E), genes lost ICM-specific-H3K9me3 marks
during 2C-like transition were failed to be up-regulated in
MERVL*/Zscan4* cells and Zscan4* cells (Figures 2B and
2C), indicating a lack of other regulatory controllers.

Next, we investigated the correlation between H3K9me3
dynamics and gene expression change during 2C-like tran-
sition. Globally, neither gain nor loss of H3K9me3 at pro-
moter regions was associated with transcriptional change
in MERVL*/Zscan4* cells compared with ESCs (Figure 2D).
Generally, genes activated during 2C-like transition dis-
played low fold enrichment of H3K9me3 at promoter re-
gions in all three cell types (Figure S2F). In addition, a small
subset of up-regulated genes retained high levels of

(E) Integrative genomics viewer of H3K9me3 signals at the Cyp2r1 (top) and Dux (bottom) range in the indicated cells.

(F-H) Mean RNA expression level of genes showing decreased (F), increased (G), or maintained (H) intronic H3K9me3 signals in MERVL*
/Zscan4” cells compared with ESCs determined by RNA-seq (Eckersley-Maslin et al., 2016). n = 3 biological replicates.

(I) Heatmap showing the dynamics of H3K9me3 domains in the nearby regions ( + 20 kb around TSS) of up-regulated genes during 2C-like
transition. Each row represents the Z score of H3K9me3 signal subtract input.

(J) Integrative genomics viewer of H3K9me3 signals at the Zfp352 region in the indicated cells. The center of the boxplots in Figure 2
represents the median value and the lower and upper lines represent the 25% and 75% quantiles, respectively. Statistical analysis of
Figure 2, p value, Wilcoxon rank-sum test, n.s. represents not significant, * represents p <0.05, ** represents p <0.01, and *** represents

p < 0.001.
See also Figure S2.
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H3K9me3 during 2C-like transition, suggesting that pro-
moter H3K9me3 is not the major controller to silence 2C-
like transcriptome in ESCs. For instance, the up-regulated
gene Cyp2r] remained high H3K9me3 enrichment at the
promoter region in Zscan4" cells (Figures 2E and S2G), indi-
cating a non-repressive role of promoter H3K9me3 during
2C-like transition. Interestingly, the expression pattern of
Cyp2rl was associated with totipotency in early preim-
plantation development (Figure S2H). Another representa-
tive example was Dux (Figures 2E and S2I), an essential
driver governing 2C-like transition (De laco et al., 2017;
Hendrickson et al., 2017; Whiddon et al., 2017).

We observed that a large portion of H3K9me3 peaks were
located in introns in all three cell types (Figure 1E).
Although H3K9me3 was not enriched in the intronic re-
gions in general (Figure 1D), strong H3K9me3 enrichment
in the intronic regions of 2C-specific genes was found in all
three cell types (Figure S2J). Intronic heterochromatin
plays vital roles in transcriptional controls (Espinas et al.,
2020; Karimi et al., 2011; Peaston et al., 2004). We found
that 345 genes exhibited reduced H3K9me3 levels at in-
tronic regions in MERVL*/Zscan4* cells, among which,
102 genes showed 2C-specific expression pattern in preim-
plantation development while failed to be up-regulated in
2C-like cells (Table S1, Figure S2K). In addition, neither
decreased nor increased intronic H3K9me3 levels were
associated with gene expression change during 2C-like
transition (Figures 2F-2H and S2L-S2N). To summarize,
the above evidence suggests that H3K9me3 dynamics
within the gene locus is not globally associated with gene
expression change in 2C-like cells.

H3K9me3 dynamics in the vicinity of up-regulated
genes during 2C-like transition

H3K9me3 is capable of mediating gene repression via mod-
ulation of the activity of promoters or enhancers (Vahedi
et al., 2015). Since few genes are regulated by promoter-
deposited H3K9me3, we next analyzed dynamics of
H3K9me3 domains in the vicinity (+ 20 kb around TSS)
of up-regulated genes during 2C-like transition (Figure 2I).
The dynamics of H3K9me3 domains displayed different
patterns (Figure 2I). We focused on the cluster 1 and cluster
2, which included 237 domains marked by high levels of
H3K9me3 in ESCs (Figure 2I). A significant portion of these
domains maintained high H3K9me3 levels during the tran-
sition from ESCs to Zscan4* cells (Figure 2I). By contrast,
H3K9me3 levels were severely reduced in most of these do-
mains in MERVL*/Zscan4* cells. In addition, the corre-
sponding genes in the vicinity displayed 2C-specific
expression pattern during early embryogenesis (Table S2).
Interestingly, concomitant with the reduced H3K9me3
levels in the nearby regions, the corresponding genes dis-
played gradually up-regulated expression levels during
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2C-like transition (Figure S20). It has been previously re-
ported that ERVs can act as regulatory elements to stimu-
late the transcription of the nearby genes (Fueyo et al.,
2022; Macfarlan et al., 2012; Rowe et al., 2013). Next, we
focused on ERVs and identified 2,073 ERV elements
residing in these regions (Table S2). A representative case
was ETnERV2-int/ERVK, located ~7 kb downstream of
the 2C-specific gene Zfp352 (Figure 2J), which remained a
high H3K9me3 level in Zscan4™ cells while displaying
severely reduced H3K9me3 level in MERVL*/Zscan4" cells,
accompanied with gradually enhanced expression levels in
2C-like transition (Figures 2] and S2P). In summary, these
results suggest that diminished H3K9me3 in the vicinity
of up-regulated genes may act as enhancers to further pro-
mote the 2C-like transcriptome.

TEs transcription burst occurs predominantly in
MERVL"/Zscan4" cells

Although sharing similar gene expression pattern, we and
others have reported that MERVL expression is signifi-
cantly different between MERVL'/Zscan4* cells and
Zscan4™ cells (Eckersley-Maslin et al., 2016; Zhang et al.,
2021). To expand this observation to other TEs, we gener-
ated comprehensive profiles of repeat transcriptome in all
three cell types. MERVL*/Zscan4* cells displayed a more
extensive change in repeats transcription than Zscan4*
cells (Figure 3A, Table S3). Among 785 repeat subfamilies,
210 differentially expressed TE subfamilies were identified
in MERVL"/Zscan4* cells while only 42 differentially ex-
pressed TE subfamilies were found in Zscan4® cells
(Table S3). Down-regulated TEs were rare in 2C-like transi-
tion (four subfamilies in MERVL*/Zscan4™ cells and one
subfamily in Zscan4™ cells) (Table S3). Nearly all the highly
up-regulated TEs belonged to ERVs (Table S3). Interestingly,
TEs located in reprogramming-resistant regions (RRR) en-
riched of ERVs, previously identified as barriers for SCNT
(Matoba et al., 2014), were also significantly up-regulated
during 2C-like transition (Figure 3B).

Next, we mainly focused on ERVs that display highly
stage-specific expression pattern in preimplantation em-
bryos (Fadloun et al., 2013; Zhang et al., 2019). First, we
analyzed the expression of the four major ERV families
(ERV1, ERVK, ERVL, and MalR). Overall, the global tran-
scription of ERVs displayed graded expression pattern,
ranging from modest (in Zscan4™ cells) to intense increase
(in MERVL*/Zscan4* cells) (Figure S3A). ERVL was the
most highly up-regulated ERV family in 2C-like cells and
2C embryos (Figures S3A and S3B). Expression levels of
ERV families varied between 2C-like cells and 2C embryos
(Figures S3A and S3B). For example, MalR, the second high-
ly expressed ERV family in 2C embryos (Figure S3B), ex-
hibited a moderate expression level similar to the ERV1
and ERVK family in 2C-like cells (Figure S3A).
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Next, we conducted detailed analysis within each ERV
family. In the ERVL family, MERVL and MT2 were the
most highly up-regulated elements in both 2C-like cells
and 2C embryos (Figure S3C, Table S3), consistent with pre-
vious reports (Macfarlan et al., 2012). We also observed that
other ERV elements (ORR1A3-int/MaLR, ORR1AO-int/
MaLR, ORR1A1/MaLR, RLTR19/ERVK), which were highly
expressed in 2-cell and 4-cell embryos, were significantly
reactivated in MERVL*/Zscan4"* cells (Figures 3C and 3D;
Table S3). Similarly, these repeats displayed mild magni-
tude of activation or remained unchanged in Zscan4" cells
(Figures 3C and 3D; Table S3). In contrast, we also observed
that ERVs (such as MMETn-int/ERVK), highly expressed in
ESCs, were significantly down-regulated in 2C-like cells,
similar to the pattern in early embryos (Figures 3C and
3D; Table S3).

Collectively, these results suggest that burst of LTR tran-
scription associated with totipotency in early embryos pre-
dominantly occurs in MERVL*/Zscan4* cells other than in
Zscan4™* cells.

Low H3K9me3 enrichment is associated with TE
transcriptional burst in MERVL*/Zscan4" cells
H3K9me3 is the major mechanism for the transcriptional
silencing of TEs in ESCs (Bulut-Karslioglu et al., 2014; Mat-
suietal., 2010; Rowe et al., 2010). H3K9me3 was highly en-
riched in LTRs and LINEs in ESCs (Figure 1F). Clustering
analysis of H3K9me3 occupancy on these regions indicated
that MERVL"*/Zscan4* cells and Zscan4* cells displayed a
pattern intermediate to those of ESCs and 2C embryos
along the PC1 axis (describes the greatest variance in the

datasets) (Figure S3D). Compared with the distance to 2C
embryos, MERVL"/Zscan4™ cells and Zscan4* cells were
much closer to ESCs along the PC1 axis (Figure S3D). In
general, LTRs with highest H3K9me3 enrichment (IAP/
ERVK and MMERVK10C-int/ERVK) in ESCs belonged to
the ERVK family and displayed gradually decreased
H3K9me3 levels during 2C-like transition (Figures S3E-
S3G). ERVL and MalR, which highly contribute to the
ERV transcriptome in the oocytes (Franke et al.,
2017; Peaston et al., 2004; Waterston et al., 2002), dis-
played low H3K9me3 enrichment in all three cell types
(Figures S3E and S3G).

Next, we investigated H3K9me3 dynamics of individual
TE elements. Six clusters of TEs were identified (Figure 3E).
Generally, TEs maintained high or further acquired
H3K9me3 deposition in the transition from ESCs to
Zscan4™ cells (Figure 3E). One representative example was
RLTR8/ERVK, highly expressed in 2-cell stage embryos,
showing extensively increased H3K9me3 enrichment in
Zscan4™ cells (Figures 3E and S3H; Table S3). Surprisingly,
we observed a modest increased expression level of TEs in
Zscan4* cells (Figures 3E and S3I). Thus, H3K9me3 seems
to play a non-repressive role in TE regulation for Zscan4*
cells (Figure S3I). However, due to the highly repetitive na-
ture of TEs, one alternative possibility is that the average
H3K9me3 level may not reflect the status of the transcrip-
tional active elements inside a given family.

Either increase or decrease in H3K9me3 level at TE regions
was observed in MERVL'/Zscan4® cells compared with
ESCs (Figure 3E). A large portion of TEs displayed decreased
H3K9me3 enrichment or maintained low levels in MERVL*

Figure 3. Expression change and H3K9me3 dynamics in TEs during 2C-like transitions

(A) Volcano plots showing differentially expressed TEs between MERVL"/Zscan4™ cells and ESCs (left panel) or Zscan4* cells and ESCs (right
panel). Red dots represent upregulated TEs and blue dots represent downregulated TEs (TE families with RPKM change greater than 2-fold
or less than 0.5-fold). See methods in supplemental experimental procedures for details. n = 3 biological replicates.

(B) Boxplot showing the average expression levels of TEs (RPKM) located in the RRR regions as defined in (Matoba et al., 2014) determined
by RNA-seq (Eckersley-Maslin et al., 2016). n = 3 biological replicates.

(C) Bar plots showing the average expression levels (RPKM) of indicated ERVs in the indicated cells determined by RNA-seq (Eckersley-
Maslin et al., 2016). n = 3 biological replicates.

(D) Bar plots showing the average expression levels of indicated ERVs in preimplantation development determined by RNA-seq (Deng et al.,
2014). n = 4 biological replicates.

(E) Heatmaps showing H3K9me3 signals (left) and expression levels (right) of TEs in the indicated cells. Left panel, each row represents the
Zscore of H3K9me3 signal subtract input. Right panel, each row represents the Zscore of expression level (RPKM). The heatmap in the right
panel was generated using the same order of H3K9me3 clusters.

(F) Integrative genomic viewer of H3K9me3 signals at the indicated loci in the indicated cells.

(G) Boxplot showing the average expression levels (RPKM) of TEs included in Figure S3L during early embryo development determined by
RNA-seq (Deng et al., 2014). n = 4 biological replicates.

(H) Bar plot showing the average expression levels of elements belonging to the ERVK subfamilies in the nearby regions of up-regulated
genes (included in Figure S3L) or across the whole genome in the indicated cells. n = 3 biological replicates. The center of the boxplots in
Figure 3 represents the median value and the lower and upper lines represent the 25% and 75% quantiles, respectively. Statistical analysis
of Figure 3, p value, Wilcoxon rank-sum test, n.s. represents not significant, * represents p < 0.05, ** represents p < 0.01, and ***
represents p < 0.001.

See also Figure S3.
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Figure 4. Lineage-specific H3K9me3 is removed in MERVL*/Zscan4™ cells

(A) Boxplot showing the H3K9me3 signals (RPKM) at promoters marked with ESC-specific H3K9me3 in the indicated cells. n = 2 biological
replicates.

(B) Heatmap generated from the cluster analysis of H3K9me3 dynamics in ESC-specific H3K9me3-marked promoters in the indicated cells.
Each row represents the Z score of H3K9me3 signal subtract input.

(C) Integrative Genomics viewer of H3K9me3 signals around Gpa33 and Gm6578 in the indicated cells.

(D) Boxplot showing the H3K9me3 signals of TSC-specific enhancers in the indicated cells. n = 2 biological replicates.

(E) Integrative Genomics viewer of H3K9me3 signals in the regions of TSC-specific enhancer in the indicated cells.

(F) Boxplot showing the H3K9me3 signals in the region of TSC-specific super-enhancers in the indicated cells. N = 2 biological replicates.
(G) Integrative Genomics viewer of H3K9me3 signals in the region of TSC-specific super enhancer in the indicated cells.

(H) Radar chart showing the enrichment score (log ratio of observed/random) of H3K9me3 peaks in TEs.

(legend continued on next page)
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/Zscan4* cells, correlated with the transcriptional burst (clus-
ter 1-3, Figure 3E, Table S3). Although 2C-specific retrotrans-
poson MERVL displayed increased H3K9me3 signals in
MERVL*/Zscan4" cells compared with ESCs (Figure 3E, clus-
ter 5), MERVL displayed extremely low fold enrichment of
H3K9me3 in all three cell types (Figures S3] and S3K), in
line with previous findings (Chen et al., 2021; Cossec
et al., 2018; Maksakova et al., 2013).

Cluster 1 represented repeats with gradually reduced
H3K9me3 level during 2C-like transition (Figure 3E). Seven
out of 23 elements in cluster 1 belonged to the ERVK family
(Figure 3E, Table S3), in line with the previous findings that
H3K9me3 is the major suppressor of ERVK transposons
(Karimi et al., 2011). TEs associated with totipotent cells
in early embryogenesis were also found in cluster 1 (Fig-
ure 3E, Table S3). A representative example was LINE1 ele-
ments (LIMD_ Gf) with critical role in open chromatin sta-
tus at the beginning of development (Figures 3E and 3F)
(Jachowicz et al., 2017). In addition, RLTR10C/ERVK, espe-
cially expressed in 4-cell embryos (Table S3), was also
included in cluster 1 (Figures 3E and 3F).

Since a group of up-regulated genes showed reduced
H3K9me3 enrichment in the nearby regions during
2C-like transitions (Figure 2I, cluster 1 and cluster 2), we
next investigated the behavior of TEs within these regions.
We focused on TEs displaying extensive H3K9me3 loss in
these regions (Figure S3L). In contrast to the general trend
of H3K9me3 maintenance or acquisition, TEs belonging
to this subtype showed mild H3K9me3 reduction in Zscan4*
cells compared with ESCs (Figure S3L). Furthermore,
TEs of this subtype showed markedly increased expression
in MERVL*/Zscan4" cells compared with ESCs, resembling
the pattern of their in vivo counterparts (Figures S3M
and 3G). We chose ERVK as a representative example.
Compared with the whole subfamilies, individual
elements defined in Figure S3L showed more dramatic reac-
tivation, ranging from a modest increase in Zscan4®
cells to a robust increase in MERVL"/Zscan4" cells (Fig-
ure 3H). MMETn—int/ERVK was an interesting example.
MMETn—int elements in the vicinity of up-regulated genes
showed enhanced expression during 2C-like transition (Fig-
ure 3H). In contrast, the average expression of the whole
MMETn—int family displayed an opposite pattern (Fig-
ure 3H). Collectively, these results indicate that TEs, residing
in the regions undergoing H3K9me3 loss near the up-regu-
lated genes, display a strong tendency of reactivation during
2C-like transition.

Lineage-specific H3K9me3 is removed in MERVL*
/Zscan4” cells

MERVL"/Zscan4* cells are superior to Zscan4" cells with the
potential to contribute to both embryonic and extraembry-
onic lineages (Zhang et al., 2021). H3K9me3 plays vital role
in restricting the conversion of ESCs toward trophoblast
stem cells (TSCs) (Lohmann et al., 2010; Yuan et al.,,
2009). Next, we aimed to study whether H3K9me3 barrier
associated with cell fate segregation is erased during 2C-
like transition.

The total number of H3K9me3 peaks was markedly
reduced in TSCs compared with ESCs (Figure S4A). Next,
we analyzed regions decorated with ESC-specific
H3K9me3 peaks during 2C-like transition. First, we
focused on H3K9me3 occupancy at promoter regions.
We identified 933 genes carrying ESC-specific H3K9me3
and 120 genes carrying TSC-specific H3K9me3. We
defined these genes as ESC-specific H3K9me3 genes or
TSC-specific H3K9me3 genes, respectively. Globally, TSC-
specific H3K9me3 genes maintained low H3K9me3 level
in all three cell types (Figure S4B). Next, we focused on
ESC-specific H3K9me3 genes. In general, ESC-specific
H3K9me3 genes displayed progressively decreased
H3K9me3 levels, ranging from a moderate reduced level
in Zscan4® cells to massive loss in MERVL*/Zscan4™ cells
(Figure 4A). We then investigated dynamics of ESC-spe-
cific H3K9me3 genes (Figure 4B). Most of these genes
showed decreased H3K9me3 signals in MERVL*/Zscan4*
cells while retained at relatively high H3K9me3 level in
Zscan4™ cells (Figure 4B), as exemplified by Gpa33 and
Gm6578 (Figure 4C). In addition, genes displaying loss
of ESC-specific H3K9me3 were not induced in Zscan4*
cells and MERVL"/Zscan4* cells (Figure S4C), suggesting
that TSC-specific transcriptional network is not activated
during 2C-like transition.

A prior study has highlighted the importance of en-
hancers in the segregation of TSCs and ESCs and identified
29,568 TSC-specific enhancers based on p300 occupancy
(Lee et al., 2019). Generally, MERVL"/Zscan4" cells dis-
played significantly reduced H3K9me3 levels in TSC-spe-
cific enhancers while Zscan4* cells still possessed high
levels similar to ESCs (Figure 4D). A total of 1,642 TSC-spe-
cific enhancers showed dynamic features of H3K9me3 dur-
ing 2C-like transition (Figure S4D, Table S4); 1,053 TSC-
specific enhancers remained high H3K9me3 levels or
even acquired H3K9me3 in Zscan4™ cells (cluster 3, cluster
5, and cluster 6 in Figure S4D, Table S4). In MERVL*

(I) Integrative Genomics viewer of H3K9me3 signals in the region of TSC-specific LTR enhancer in the indicated cells. The center of the
boxplots in Figure 4 represents the median value and the lower and upper lines represent the 25% and 75% quantiles, respectively.
Statistical analysis of Figure 4, p value, Wilcoxon rank-sum test, n.s. represents not significant, * represents p < 0.05, ** represents

p <0.01, and *** represents p < 0.001.
See also Figure S4.
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[Zscan4* cells, 1,148 TSC-specific enhancers remained low
or showed decreased H3K9me3 levels (Figures 4E and S4D;
Table S4). Super-enhancers (SEs) regulate key genes linked
with cell identity (Hnisz et al., 2013; Vahedi et al., 2015).
Globally, TSC-specific SEs showed markedly decreased
H3K9me3 levels in MERVL*/Zscan4* cells, while TSC-spe-
cific SEs in Zscan4® cells remained highly enriched
H3K9me3 similar to ESCs (Figures 4F and 4G). A total of
196 TSC-specific SEs showed dynamic features of
H3K9me3 during 2C-like transition, among which a large
fraction (82%, 160 of 196) displayed decreased level in
MERVL*/Zscan4* cells compared with ESCs (Figures S4E
and 4G; Table S4). The opposite pattern was observed in
Zscan4™ cells (Figures S4E and 4G; Table S4). Targeted genes
of TSC-specific SEs with decreased H3K9me3 level were not
activated during 2C-like transition (Figure S4F), supporting
the notion that TSC-specific transcriptional network is
silenced in 2C-like cells.

LTRs are capable of functioning as enhancers to main-
tain cell-type-specific transcriptional program and segre-
gate embryonic and trophoblast lineages (Chuong et al.,
2013; Lee et al., 2019; Todd et al., 2019). Interestingly,
LTRs decorated with ESC-specific H3K9me3 showed sub-
stantially reduced H3K9me3 signals in MERVL*/Zscan4*
cells (Figure S4G). Furthermore, LTRs were highly en-
riched in TSC-specific enhancers (Figure 4H). Next, we re-
analyzed a previously published dataset to select LTRs
overlapped with TSC-specific enhancers (Lee et al., 2019)
and termed these regions as “TSC-specific LTR enhancer.”
We examined H3K9me3 dynamics of TSC-specific LTR en-
hancers during 2C-like transition. Compared with ESCs,
304 TSC-specific LTR enhancers exhibited significantly
decreased H3K9me3 levels in MERVL*/Zscan4® cells
(Table S4). In contrast, H3K9me3 levels of TSC-specific
LTR enhancers remained constant in Zscan4®™ cells
(Table S4). Representative example was RLTR13DS ele-
ments (Table S4), critical LTR enhancers of TSC identity
(Chuong et al., 2013). Next, we investigated the contribu-
tion of specific LTR subfamilies to the identified TSC-spe-
cific LTR enhancers. Interestingly, LTRIS2/ERV1 was
significantly overrepresented in the TSC-specific LTR en-
hancers undergoing H3K9me3 loss in MERVL"/Zscan4*
cells (Figure 4I, Table S4). This observation suggests a po-
tential role of LTRIS2 element in the expanded potential
of 2C-like cells.

DISCUSSION

In the current study, we find that removal of H3K9me3 in TEs
and TSC-specific enhancers predominantly occurred in
MERVL/Zscan4* cells while H3K9me3 remains constant in
Zscan4* cells.

Unlike the global loss of DNA methylation in 2C-like
cells (Eckersley-Maslin et al., 2016), H3K9me3 pattern is
highly retained and only a small fraction of the genome
undergoes H3K9me3 reprogramming during 2C-like tran-
sition. H3K9me3 signature of 2C-like cells and ESCs are
generally quite different from their vivo counterparts (2C
embryos and ICM). Thus, 2C-like transition does not reca-
pitulate embryonic development in reverse. During 2C-like
transition, loss of promoter-deposited H3K9me3 is not the
major driver for transcriptional activation. Genes activated
in this process show low fold enrichment of H3K9me3 at
promoters in the three cell types analyzed. With regard to
TEs, maintenance or gain of high H3K9me3 was observed
in Zscan4" cells compared with ESCs, accompanied with a
modest increased expression level. DNA methylation and
H3K9 methylation are major controllers for silencing TEs
in ESCs (Karimi et al., 2011). H3K9me3 may be a compen-
sate mechanism for the extensive loss of DNA methylation
to restrict the activation of TEs in Zscan4™ cells. Although a
large portion of activated TEs display decreased H3K9me3
enrichment in MERVL"/Zscan4* cells, we still observed de
novo H3K9me3 accumulation at some TE families. One
possible explanation is that H3K9me3 may not confer tran-
scriptional repression in these regions. Alternatively, it is
also possible that transcriptionally active elements inside
these subfamilies may undergo removal of H3K9me3.

TEs may be closely linked with higher competency of
MERVL*/Zscan4* cells. Indeed, we have previously demon-
strated that MERVL activation is capable of conferring
expanded potential in ESCs (Yang et al., 2020). MERVL is
able to serve as alternative promoters or enhancers to drive
the expression of genes restricted to totipotent cells (Mac-
farlan et al., 2012; Zhang et al., 2019). In addition to
MERVL, other TEs, especially expressed in totipotent cells
during early development, are also induced in MERVL*
[Zscan4* cells, which may be critical to shape the transcrip-
tion network during 2C-like transition.

It has been shown that the current strategy of the ESC to
TSC conversion is incomplete (Cambuli et al., 2014). A sub-
set of TSC-specific enhancers decorated with H3K9me3 in
ESCs undergoes elimination of H3K9me3 during 2C-like
transition. Interestingly, LTRIS2/ERV1, highly enriched in
TSC-specific LTR enhancers, displays loss of H3K9me3 in
2C-like cells. Thus, further investigation of LTRIS2/ERV1
as potential ERV-based enhancers in the specification of
extraembryonic cell lineage will deepen our understanding
of the first cell lineage separation.

In summary, our study provides a detailed comparison of
H3K9me3 profiles among 2-cell embryos, 2C-like cells, and
ESCs. The exploration of epigenetic factors to further repro-
gram the epigenome of 2C-like cells in the future may
help us to understand the molecular mechanisms of
totipotency.
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EXPERIMENTAL PROCEDURES

Resource availability
Corresponding author
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact,
Shaorong Gao (gaoshaorong@tongji.edu.cn).
Materials availability
All plasmids or mouse lines generated in this study are available
from the lead contact with a completed Materials Transfer Agree-
ment/without restriction.

Mice

The specific pathogen-free grade mice (SPF) grade mice were
housed in the animal facility at Tongji University, Shanghai,
China. All the mice had free access to food and water. All experi-
ments were performed in accordance with the University of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Biological Research Ethics Committee of Tongji
University.
Data and code availability
The accession number in GEO for the RNA-seq and ChIP-seq data
reported in this paper is GEO: GSE199042. The accession number
for the published H3K9me3 ChIP-seq data of early embryos is
GEO: GSE97778 (Wang et al., 2018). The accession number for
the published RNA-seq data of 2C-like cells is GEO: GSE75751 (Eck-
ersley-Maslin et al., 2016). The accession number for the published
RNA-seq data of early embryos is GEO: GSE45719 (Deng et al.,
2014).

Peak enrichment analysis

Enrichment of H3K9me3 peaks in repeat elements was calculated
as observed versus random counts. The observed counts were
calculated as the probability of H3K9me3 peaks overlapping with
related genomic regions using the “intersectBed” function of bed-
tools with parameter -f 0.5. The random peaks were generated us-
ing the “shuffleBed” function. The random counts were calculated
the same as the observed counts.

Clustering analysis
The K-means clustering of H3K9me3 levels was conducted using
ComplexHeatmap (Gu et al., 2016).

Statistical analysis

R (version 3.6.1) was used for statistics analysis. Pearson’s correla-
tion coefficient was calculated using the cor.test function with
default parameters to evaluate reproducibility of replicates. Wil-
coxon rank-sum test was used for RNA expression comparisons us-
ing the wilcox.test function in R. *p < 0.05, **p < 0.01, and
***p < 0.001.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.12.006.
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