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ABSTRACT

Endogenous retroviruses (ERVs) were usually si-
lenced by various histone modifications on histone
H3 variants and respective histone chaperones in
embryonic stem cells (ESCs). However, it is still un-
known whether chaperones of other histones could
repress ERVs. Here, we show that H2A/H2B his-
tone chaperone FACT plays a critical role in si-
lencing ERVs and ERV-derived cryptic promoters
in ESCs. Loss of FACT component Ssrp1 activated
MERVL whereas the re-introduction of Ssrp1 res-
cued the phenotype. Additionally, Ssrp1 interacted
with MERVL and suppressed cryptic transcription
of MERVL-fused genes. Remarkably, Ssrp1 inter-
acted with and recruited H2B deubiquitinase Usp7
to Ssrp1 target genes. Suppression of Usp7 caused
similar phenotypes as loss of Ssrp1. Furthermore,
Usp7 acted by deubiquitinating H2Bub and thereby
repressed the expression of MERVL-fused genes.
Taken together, our study uncovers a unique mech-
anism by which FACT complex silences ERVs and
ERV-derived cryptic promoters in ESCs.

INTRODUCTION

Transposable elements (TEs) contribute to >40% of the
mammalian genome (1). Approximately 20% of TEs in the
mouse and human genome are endogenous retroviruses
(ERVs) (1,2). During preimplantation development, ERVs
are actively expressed across different stages (3–5). ERV III
family members MERVL and MTA are highly expressed in
totipotent mouse embryos and are gradually repressed since
four-cell stage (3,4). In comparison, ERV II family members
are activated from 8-cell stage until blastocyst (3). These
ERVs are silenced timely before proceeding to the next de-
velopmental stage (6). They are usually silenced by vari-

ous epigenetic routes such as heterochromatin associated
histone marks (H3K9me3, H3K9me2 and DNA methyla-
tion) (7–9) and epigenetic modifiers in embryonic stem cells
(ESCs) (10–16). These histone modifications occurred on
specific histone variants deposited by histone chaperones
(17,18). Histone variant H3.3 and corresponding chaper-
one ATRX/DAXX are essential to the maintenance of
H3K9me3, which is critical to the silencing of Class I/II
ERVs (19–23). Histone chaperone CAF-1 mediates the de-
position of histone variant H3.1/H3.2 and can strengthen
ERV repression via H3K9me3 and H4K20me3 by recruit-
ing NuRD complex and Setdb1 (24–26). While most of
these studies have been focusing on the role of histone H3
and corresponding chaperones in repressing ERVs, the con-
tributions of other histones and corresponding chaperones
to ERV regulation are less well understood.

Another important histone chaperone is FACT (facil-
itates chromatin transcription) complex, which is a well-
characterized histone chaperone of H2A/H2B (27). It is
associated with actively transcribed genes and promotes
the displacement of H2A/H2B from chromatin to facili-
tate RNA polymerase II-mediated transcription (28). How-
ever, disruption of FACT expression only leads to modest
changes in gene expression (29). Instead, recent evidence
shows that FACT is important to preserve the chromatin
structure (30). Hence, it is possible for FACT to act as a re-
pressor of transcription. It was reported that FACT could
inhibit the expression of cryptic transcripts, antisense tran-
scripts, and subtelomeric genes (31–36). Moreover, a rich
source of cryptic promoters originates from TEs including
ERVs (8,37–38). Therefore, we proposed a hypothesis that
FACT complex might suppress ERVs and ERV-driven cryp-
tic transcription in ESCs.

MATERIALS AND METHODS

Cell culture

Mouse E14 and J1 ESCs were cultured on plates coated with
0.2% gelatin (G1890, Sigma) in Dulbecco’s modified Eagle’s
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medium (DMEM, Hyclone) supplemented with 15% fetal
bovine serum (FBS, SH30070.03, Hyclone), 2 mM Glu-
tamine (Gibco), 1% penicillin-streptomycin(P1400, Solar-
bio), 100 nM non-essential amino acids (Gibco), 0.1 mM
�-mercaptoethanol (M3148–250, Sigma) and 10 ng/ml LIF
(Z03077, GenScript) at 37◦C under 5% CO2. HEK 293T
cells were cultured as previously described (3).

shRNA knockdown and inhibitor treatment

For gene knockdown, short hairpin RNAs (shRNAs) for
Luciferase (control) or target genes were designed with
the siRNA Selection Program (39). The shRNAs were
cloned into a pSuper-puro plasmid. Targeting sequences of
shRNAs were listed in Supplementary Table S1. ESCs were
transfected with plasmids using Polyjet (SL100688, Sig-
naGen), according to the manufacturer’s protocol. Trans-
fected ESCs were selected with 1 �g/ml puromycin from
24 h after transfection until harvested. For Usp7 inhibitor
treatment, ESCs were treated with 10 �M P22077 (T2424,
TargetMol) for 24 h.

Generation of Ssrp1 knockout cell lines

The CRISPR/Cas9 system (Addgene #48138) was used fol-
lowing published protocols (40). Briefly, single guide RNAs
(sgRNAs) targeting two distinct regions of the mouse Ssrp1
gene were designed according to published protocols (40).
ESCs were transfected with 2 �g Ssrp1 gRNA using Polyjet
transfection reagent (SL100688, SignaGene). GFP+ ESCs
were sorted by flow cytometry and cultured for 6–8 days.
Genomic DNA from the individual colony was obtained
and validated by polymerase chain reaction (PCR) and mu-
tation sites were sequenced by primers listed in Supplemen-
tary Table S1.

RNA extraction, reverse transcription and quantitative PCR
(qPCR)

Total RNA was extracted from cells using RNAiso Plus
(B9109, TAKARA BIO INC), and treated with DNase I
for genomic DNA removal. cDNA synthesis was performed
using a Transcriptor First Strand cDNA Synthesis Kit
(4897030001, Roche), according to the manufacturer’s in-
structions. Quantitative PCR (qPCR) was performed using
Hieff qPCR SYBR Green Master Mix (H97410, Yeasen)
and a QuantStudio 6 Real-Time PCR System (Life Tech-
nologies). Primer sequences for qPCR analysis are listed in
Supplementary Table S1.

Establishment of overexpression ESC line

The full-length and truncations of Ssrp1 were cloned by
PCR and inserted into the pCAG-3HA vector. Ssrp1-
�HMG mutant contained amino acid (a.a.) 1–480 of Ssrp1.
Ssrp1 �SSrecog contained a.a. 285–708 of Ssrp1. Ssrp1
�Rtt106 contained a.a. 1–284 and a.a. 481–708 of Ssrp1.
The plasmids for transfection were purified by kit (PD1211,
Biomiga). Ssrp1−/− ESCs were transfected with respective
overexpression plasmids with Polyjet (SL100688, Signa-
Gen), and ESCs were selected under 800 �g/ml hygromycin
B for two weeks to obtain a stable cell line.

Western blot analysis

Cells were lysed in RIPA lysis buffer (R0010, Solarbio)
with protease inhibitor PMSF (P0100, Solarbio), and pro-
tein concentration was measured using bicinchoninic acid
(BCA) Protein Assay Kit (PC0020, Solarbio). The samples
were loaded to an sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel and transferred to
polyvinylidene fluoride (PVDF) membrane (Millipore),
which was blocked in 5% milk and probed with primary
antibodies, and subsequent HRP–linked secondary anti-
bodies (Santa Cruz). HRP activity was detected by Lu-
minol HRP Substrate (WBKLS0100, Millipore). Primary
antibodies used are anti-Flag (F1804, Sigma), anti-HA
(sc7392, Santa Cruz), anti-Gapdh (KM9002, Sungene),
anti-H3 (17168–1-AP, Proteintech), anti-Ssrp1 (sc-74536,
Santa Cruz) and anti-Supt16 (#12191, Cell Signaling Tech-
nology). Secondary antibodies used are goat anti-rabbit
IgG-HRP (sc-2004, Santa Cruz) and anti-mouse IgG-HRP
(sc-516102, Santa Cruz).

RNA-seq and data analysis

Total RNA was extracted from wild-type (WT) ESCs and
Ssrp1−/− ESCs in RNAiso Plus (B9109, TAKARA BIO
INC) and DNA was removed with DNase I (Thermo Sci-
entific). Total RNA (4 �g) was used for RNA-seq library
preparation. Each library was prepared and sequenced to
obtain at least 6 Gb data by GENEWIZ Inc. China. For
strand-specific RNA-seq, 1 �g total RNA with RIN value
above nine was used for rRNA depletion with mouse Ribo-
Zero rRNA Removal Kit (Illumina) and subsequent li-
brary preparation. Cutadapt was used to remove adapter
sequences and low-quality 3′ end sequences. Hisat2 (41) was
used to map reads to mouse mm10 genome assembly and
genes were annotated according to the Ensembl database
(42). The parameter ‘–rna-strandness RF’ was used for
mapping strand-specific RNA-seq reads. The number of
reads mapped to genes was determined with featureCounts,
and the parameter ‘-s 2’ was added for counting strand-
specific RNA-seq reads. The number of reads mapped to TE
repNames and loci was generated by squire. Genes and TEs
with mean count number <5 were filtered out. DESeq2 (43)
was used to analyzed differentially expressed genes, TE rep-
Names and TE locus according to negative binomial gen-
eralized linear models. Genes, TE repNames and TE loci
with expression fold change > 1.5 and adjusted P-value
< 0.05 were considered to be with significant expression
change. R package RDAVID Web Service (44) was used for
gene ontology (GO) and KEGG analysis. Gene set enrich-
ment analysis (GSEA) was done by gseapy. For analysis of
MERVL-fusion transcripts, stringtie (45) was used to as-
semble RNA-Seq reads into potential transcripts. If the ex-
ons of assembled transcripts overlapped with MERVL, they
were considered MERVL-fusion transcripts.

Chromatin immunoprecipitation

ChIP was performed essentially as described previously (3).
Briefly, ESCs were cross-linked by 1% formaldehyde for 10
min at room temperature and quenched by 200 mM glycine
for 5 min. Soluble chromatin was obtained after cell lysis
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and sonication. Then samples were pre-cleared and incu-
bated with 3–5 �g antibody loaded protein G MagBeads
(L00274, GenScript) at 4◦C overnight. Subsequently, the
immunoprecipitated DNA was decrosslinked, purified and
analyzed by qPCR. ChIP-qPCR was done with anti-Ssrp1
antibody (ab137034, Abcam), anti-USP7 antibody (A300–
033A, Bethyl) or anti-H2Bub antibody (#5546, Cell Signal-
ing Technology).

ChIP-seq and data analysis

ChIP using anti-Ssrp1 (ab137034, Abcam) or anti-USP7
(A300–033A, Bethyl) was performed as described above.
ChIP DNA (2 ng) was used for the ChIP-seq library which
was prepared by Novogene Corporation. Each library was
sequenced by Novogene Corporation, resulting in pair-
ended 150 bp reads with ChIP input as control. The adapter
sequences and low-quality 3′ ends of reads were removed
with Cutadapt and mapped to the mouse mm10 genome as-
sembly using Bowtie2 (46). The ChIP-seq correlation coef-
ficient was determined by Deeptools (47). Due to the close
correlation between Ssrp1 ChIP duplicate, we merged the
two Ssrp1 duplicates for downstream analysis. Enrichment
of ChIP-seq signal was also generated by Deeptools. Ssrp1
binding peaks were predicted by Macs2 (48). MERVL-int
center information was inferred from RepeatMasker anno-
tation file from UCSC genome browser (49).

Immunostaining and flow cytometry analysis

Flow cytometry analysis after immunostaining was done
according to a published protocol (3). In brief, the ESCs
were harvested and fixed in pre-cooled 70% ethanol. Cells
were stained with the MERVL-gag antibody after perme-
abilization and blocking. The secondary antibody used was
Alexa Fluor 594 goat anti-rabbit IgG. Cells were analyzed
by flow cytometry (BD LSRFortessa).

Protein co-immunoprecipitation (co-IP) and mass spectrom-
etry

E14 ESCs expressing 3HA-Ssrp1 and control E14 ESCs
expressing pCAG-3HA were used were washed with pre-
cooled PBS and lysed in 1 ml pre-cooled lysis buffer (20
mM Tris [pH = 7.5], 150 mM NaCl, 0.5% Triton X-100,
20 mM KCl, 1% Glycine, 1.5 mM MgCl2 and protease in-
hibitor cocktail). The cell lysate was pre-cleared and im-
munoprecipitated with anti-HA magnetic beads (b26202,
Bimake). Beads were washed three times with lysis buffer
and twice with wash buffer (50 mM Tris [pH = 8.0], 300 mM
NaCl, 1% Triton X-100, 1 mM ethylenediaminetetraacetic
acid (EDTA)). Proteins were eluted in elution buffer (50
mM Tris [pH = 7.5], 1% SDS, 10 mM EDTA), and loaded to
10% SDS-PAGE for silver-staining and mass spectrometry.
For mass spectrometry, proteins were digested, labeled and
loaded to EASY-nLC 1200 UHPLC system coupled with a
Q Exactive HF-X mass spectrometer (Thermo Scientific).
The resulting spectra from each fraction were searched by
Proteome Discoverer 2.2 (PD 2.2, Thermo Scientific). E14
ESCs expressing Flag-Usp7 and control pLCH72 -Flag was
used for Usp7/Ssrp1 co-IP with anti-Flag magnetic beads

(b26102, Bimake). For co-IP of Ssrp1 mutants and Usp7,
293T cells were co-transfected with Usp7-Flag/pCAG-
3HA, Usp7-Flag/3HA-Ssrp1 �Rtt106, Usp7-Flag/3HA-
Ssrp1-�SSrecog or Usp7-Flag/3HA-Ssrp1-HMG. For co-
IP of Supt16 and Usp7, Usp7 was immunoprecipitated with
Usp7 antibody (A300–033A, Bethyl) whereas normal rab-
bit IgG (sc-2027, Santa Cruz Biotechnology) was used as
control. Ssrp1−/− ESC overexpressing Supt16-Flag or con-
trol vector were used for Supt16/Usp7 co-IP with anti-Flag
magnetic beads (b26102,Bimake). Proteins were loaded to
10% or 12% SDS-PAGE together with 1.25% input for west-
ern blot. For analysis of mass spectrometry results, unique
peptides were used for the determination of protein enrich-
ment in corresponding samples. Cpm in E14 ESCs was used
as the expression level of the corresponding genes. Proteins
in GO:0005856 (cytoskeleton) were removed from the pro-
tein list before analysis.

Luciferase assay

WT and Ssrp1−/− ESCs were transfected with pGL4.23 vec-
tor containing MERVL or empty vector. A total of 200 ng
of the reporter construct was transfected into each well of
E14 ESC in a 24-well plate together with 10 ng of pCMV-
Renilla. After transfection, the cells were cultured for 38
h. The medium was changed 1 day after transfection. Lu-
ciferase and Renilla activity was determined by the Dual-
Luciferase Reporter Assay System (#E1910, Promega) ac-
cording to the manufacturer’s instructions.

Statistical analysis

qPCR results were analyzed by the Student’s t-test and over-
lapping enrichment significance was calculated by Fisher’s
exact test. Significant differences were defined as *P < 0.05,
**P < 0.01 or *** P < 0.001. For the determination of dif-
ferentially expressed genes and TEs, the Wald test was used.
For GSEA, the Kolmogorov-Smirnov statistic was used.

RESULTS

FACT complex modulates ERVs in ESCs

FACT complex consists of Ssrp1 and Supt16. To test our hy-
pothesis that FACT represses ERVs, we depleted Ssrp1 and
Supt16 separately with two shRNAs for each gene in E14
ESCs (Figure 1A and B). The depletion of either Ssrp1 or
Supt16 induced the activation of MERVL and RLTR1B ex-
pression while the expression of IAPEz, LINE1 and SINE
B1 was not affected (Figure 1A and B), suggesting that both
components of FACT complex are critical to ERV repres-
sion. To further prove the function of the FACT complex,
we designed gRNAs targeting exon 3 of Ssrp1 gene (Supple-
mentary Figure S1A). We established two Ssrp1 knockout
ESC lines with 37 or 160 bp deletion in exon 3, which in-
duced frameshift mutations and premature termination of
Ssrp1 protein at 35 or 43 amino acids (a.a.) during trans-
lation (Figure 1C; Supplementary Figure S1B and C). In
these two knockout cell lines, Ssrp1 was not detected by
qPCR with primers targeting deleted regions (Figure 1D).
Our Ssrp1−/− ESCs completely lost Ssrp1 protein (Figure
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1E and F) without demonstrating changes in the expres-
sion of pluripotency genes (Oct4, Sox2 and Nanog) (Fig-
ure 1G) and cell morphology (Supplementary Figure S1D).
Knockout of Ssrp1 similarly induced upregulation of ERVs
including RLTR1B and MERVL (Figure 1H), in support
of the results from depletion of Supt16 or Ssrp1 in ESCs.
Also, loss of Ssrp1 protein coincided with the reduction of
Supt16 protein level in ESCs (Figure 1I), which was pre-
viously observed in other cell types upon Ssrp1 depletion
(50). Likewise, the depletion of Supt16 destabilized Ssrp1
protein (Figure 1J). Hence, the knockout of Ssrp1 alone im-
paired the function of the FACT complex. To exclude the
possibility that the upregulation of MERVL is a cell type-
specific phenotype after Ssrp1 loss, we depleted Ssrp1 and
Supt16 in another ESC line (J1). In agreement with results
in E14 ESCs, depletion of either Ssrp1 or Supt16 in J1 ESCs
caused the upregulation of MERVL (Supplementary Figure
S1E and F). Together, these results demonstrate that FACT
complex members are critical to the proper repression of
ERVs such as MERVL in ESCs.

Overexpression of Ssrp1 rescues MERVL expression

Since the Ssrp1 knockout led to the reduction of both
Ssrp1 and Supt16 proteins, we next examined which sub-
unit of FACT complex was important to the regulation of
MERVL. We overexpressed Ssrp1 or Supt16 independently
in Ssrp1−/− ESCs (Figure 2A and B). Overexpression of
Ssrp1 alone almost completely restored MERVL expression
(Figure 2C). In contrast, Supt16 overexpression only mod-
estly rescued the phenotype of Ssrp1 knockout (Figure 2D).
This could be because that Ssrp1 is essential to the stability
of Supt16 protein, but Ssrp1 had been deleted and could not
be rescued by Supt16 overexpression. Therefore, both com-
ponents of the FACT complex are central to the suppression
of MERVL in ESCs.

To test which domain of Ssrp1 is important for its func-
tion, we generated Ssrp1 mutants with individual domain
deleted (Figure 2E). We overexpressed these Ssrp1 mutants
in Ssrp1−/− ESCs to rescue the expression of MERVL (Sup-
plementary Figure S2A and B). We found that Ssrp1 mutant
protein without the HMG domain completely abolished the
function of Ssrp1 in repressing MERVL (Figure 2F). Ssrp1
is able to bind to DNA (51) and the HMG domain of Ssrp1
is known to function as a DNA binding domain (52). Thus,
the interaction of Ssrp1 with DNA should be necessary for
Ssrp1 to repress MERVL. The deletion of either the SS-
recog domain or Rtt106 domain of Ssrp1 protein partially
impaired the rescue efficiency of MERVL (Figure 2G and
H), suggesting the participation of these domains in ERV
repression. In sum, these results indicate that the integrities
of Ssrp1 protein and FACT complex are required for FACT
to repress MERVL.

Genome-wide suppression of genes and ERVs by FACT com-
plex

To further investigate whether Ssrp1 represses other genes
or TEs in ESCs, we analyzed the transcriptome of Ssrp1−/−
ESCs by RNA-seq. Surprisingly, more genes were upreg-
ulated (895 genes) than downregulated (213 genes) after

the loss of Ssrp1 (Figure 3A and Supplementary Table
S2), although Ssrp1 is traditionally associated with actively
transcribed genes (53). Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis of Ssrp1 target genes identi-
fied downregulation of various cellular metabolic pathways
related to the biosynthesis of amino acids, antibiotics and
glycolysis whereas upregulated KEGG terms were enriched
of pathways related to cell cycle, p53 signaling, viral infec-
tion and ubiquitination (Figure 3B and C). GO analysis re-
vealed biological processes similar to KEGG analysis, in-
cluding cell cycle and protein ubiquitination for upregulated
genes and glycolytic process for downregulated genes (Sup-
plementary Figure S3A and B). These data prove the FACT
complex as a regulator of cellular metabolism, cell cycle and
protein ubiquitination in ESCs.

Interestingly, loss of Ssrp1 induced the upregulation of
other TEs in ESCs (Figure 3D). Among the upregulated
TEs, MERVL (MT2-Mm and MERVL-int) loci were the
most strongly activated (Figure 3D and E; Supplementary
Table S3). The number of activated MERVL loci was the
highest among all upregulated TEs as well (Figure 3E), sub-
stantiating that the expression upregulation of MERVL is
a genome-wide phenomenon rather than the consequence
of activation of a particular MERVL locus. In contrast,
downregulated TEs did not show a genome-wide expres-
sion reduction of different loci (Figure 3F). To inspect how
Ssrp1 regulates the expression of genes and TEs, we per-
formed Ssrp1 ChIP-seq. We found that promoter regions
and gene body (exons and introns) accommodated most
Ssrp1 binding sites (17.2% for promoter, 18.9% for exons
and 32.1% for introns) (Figure 3G and Supplementary Fig-
ure S3C). Importantly, Ssrp1 binding was well enriched on
MERVL (Figure 3H). This was confirmed by our ChIP-
qPCR results (Figure 3I). Ssrp1 interacted with MERVL
but not other TEs we examined (Figure 3H and I), suggest-
ing that Ssrp1 directly represses MERVL expression. Alto-
gether, these analyses show that Ssrp1 is able to repress the
genes and TEs in ESCs.

Ssrp1 represses MERVL and MERVL-driven fusion tran-
scripts

Since MERVL is highly expressed in 2-cell (2C) embryos
(4) and activated after Ssrp1 knockout (Figure 3D and E),
we asked whether 2C embryo genes were activated at the
same time. Indeed, 2C genes were enriched in upregulated
transcriptome after Ssrp1 knockout (Figure 4A). This is
consistent with the fact that loss of Ssrp1 similarly led to
an increased percentage of MERVL+ 2-cell like population
(Figure 4B). Next, we asked how the 2C genes were acti-
vated. It was found that ERVs fused with mRNAs to be-
come chimeric transcripts (4,54–56). MERVL (MT2 Mm)
was also able to act as a promoter (Supplementary Fig-
ure S4A) and drove fused transcripts in 2C embryos and
2C-like cells (4). Notably, after the loss of Ssrp1, a signif-
icant number of upregulated transcripts overlapped with
TEs (Fisher’s exact test, P = 2.87e-7) (Figure 4C), but
no overlap was found for downregulated transcripts (data
not shown), implying a number of transcripts gained TE-
fused exons. The majority (59.3%) of TE-derived upregu-
lated transcripts are fused with MERVL (MT2-Mm and
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Figure 2. Restoration of MERVL expression by the introduction of Ssrp1 or Supt16. (A and B) Immunoblot analysis of the expression of Ssrp1 (A) or
Supt16 (B) after overexpression of Ssrp1 or Supt16 in Ssrp1−/− ESCs. Gapdh was included as a loading control. OE, overexpression. Ctrl, control vector.
(C) qPCR analysis of MERVL expression in Ssrp1−/− ESC after overexpression of Ssrp1. Biological triplicate data (n = 3 dishes) are presented as mean
± s.e.m. Significant differences were determined by Student’s t-test and defined as ***P < 0.001. (D) qPCR analysis of MERVL expression in Ssrp1−/−
ESC after overexpression of Supt16. Ctrl, control vector overexpression. Biological triplicate data (n = 3 dishes) are presented as mean ± s.e.m. Significant
differences were determined by Student’s t-test and defined as ***P < 0.001. ns, non-significant. (E) A schematic summary of Ssrp1 mutants used for
functional rescue. The length of each mutant form is indicated at the right in amino acids (AA). �, deletion. (F–H) qPCR analysis of MERVL expression
after overexpression of Ssrp1 �HMG (F), Ssrp1 �Rtt106 (G), or Ssrp1�SSrecog (H) in Ssrp1−/− ESCs. qPCR results are normalized to Gapdh. Biological
triplicate data (n = 3 dishes) are presented as mean ± s.e.m. Ctrl, control vector overexpression. Significant differences were determined by Student’s t-test
and defined as **P < 0.01 or *** P < 0.001.
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Figure 3. FACT complex genome-wide regulates TE transcription. (A) The volcano plot of gene expression in Ssrp1−/− ESCs versus WT ESCs. Sig-
nificantly upregulated genes were labeled in red and significantly downregulated genes were labeled in blue. Horizontal red dash line marked adjusted
P-value (Wald test) 0.05 and vertical lines marked expression fold change 1.5. (B and C) KEGG analysis of pathways related to downregulated genes (B)
and upregulated genes (C) after Ssrp1 knockout in ESCs. The analysis was done in DAVID. Color gradient indicated significance in −log10 (P-value)
and dot size indicated the number of genes in the corresponding pathway. (D) A scatter diagram shows a transcriptome analysis of TE expression after
Ssrp1 knockout. The result from Squire was used to plot the diagram. Colored dots indicate TE with significant expression change (P < 0.05, Wald test).
Triangles represent TEs with log2 (fold change) > 4. (E and F) The top 10 TEs with the highest number of loci upregulated (E) or downregulated (F) after
Ssrp1 loss. The subfamily type of each TE was labeled in brackets. (G) Locations of Ssrp1 peaks relative to the nearest transcription units (Promoter, 2 kb
around transcriptional start sites; 5’ proximal, 2–10 kb upstream of the gene; 5’ distal, 10–100 kb upstream of the gene; 3’ proximal, 0–10 kb downstream
of the gene; 3’ distal, 10–100 kb downstream of the gene; Gene desert, >100 kb away from the nearest gene). (H) Ssrp1 binding profile around the center
of MERVL locus. The ChIP-seq signal was calculated as the log2 ratio of the normalized number of reads relative to the input. (I) ChIP-qPCR analysis
of Ssrp1 binding on different retrotransposons. ChIP-qPCR data were normalized to input and Gapdh. Biological triplicate data (n = 3 extracts) are
presented as mean ± s.e.m.
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Figure 4. FACT represses MERVL-driven fusion transcripts. (A) GSEA analysis of upregulated genes after Ssrp1 knockout for the enrichment of 2C genes.
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data (n = 3 dishes) are presented as mean ± s.e.m. (C) The overlap between genes whose TSS are overlapped with upregulated TEs and upregulated genes
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Ssrp1 or ctrl vector. Biological triplicate data (n = 3 extracts) are presented as mean ± s.e.m. Significant differences were determined by Student’s t-test
and defined as *** P < 0.001.
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MERVL-int) (Supplementary Figure S4B). It is notewor-
thy that most MERVL-fused transcripts (210 out of 249)
were activated after the loss of Ssrp1 (Figure 4D). This is
exemplified by 2C gene Zfp809, which was bound by Ssrp1
and upregulated after Ssrp1 knockout (Figure 4E). We fur-
ther validated the activation of MERVL-fused transcripts
(Zfp809 and Rbm25) by qPCR after the loss of Ssrp1 (Fig-
ure 4F and G; Supplementary Figure S4C). These tran-
scripts were again repressed after the re-acquisition of Ssrp1
expression in Ssrp1−/− ESCs (Figure 4F and G). Overall,
these results suggest that Ssrp1 represses MERVL-fused
transcripts.

To study whether FACT complex also represses cryptic
transcripts without MERVL fusion, we overlapped genes
with alternative transcription start site (TSS) and upregu-
lated genes. We found that 728 out of 895 upregulated genes
were transcribed from alternative TSS after the loss of Ssrp1
(Supplementary Table S4). Cryptic transcripts were more
strongly activated than wildtype transcripts from these
genes (Supplementary Figure S4D), implying cryptic tran-
scription contributed to the upregulation of these genes. In-
triguingly, transcriptional activation of cryptic transcripts
fused with TEs was stronger than other cryptic transcripts
(Supplementary Figure S4E). Additionally, the activation
level of the first exons of genes with alternative TSS was
lower than that of other upregulated genes (Supplementary
Figure S4F). The median of expression fold change for first
exons of genes with alternative TSS was 1.09, which is lower
than 1.5-fold upregulation cutoff for upregulated genes and
close to no expression change (fold change = 1). In addi-
tion, the expression fold changes of first exons were lower
than those of the corresponding full-length genes (Supple-
mentary Figure S4G). These data suggest that Ssrp1 also
represses the cryptic transcription besides those driven by
MERVL and those cryptic transcription events tend to be
initiated beyond the first exons.

Besides cryptic transcription, disruption of FACT func-
tion activates antisense transcription in yeasts (31,34).
Hence, we asked whether antisense transcription was ac-
tivated in Ssrp1−/− ESCs. Our strand-specific RNA-seq
showed that 78 antisense transcripts were upregulated while
65 of them were downregulated (Supplementary Figure
S4H). Among the upregulated antisense transcripts, 64 of
them fused with TEs, of which 15 contained MERVL and 8
contained RLTR1B (Supplementary Figure S4I). These re-
sults suggest that mouse FACT also represses the expression
of antisense transcripts, especially those fused with TEs.

Ssrp1 acts through Usp7 to repress MERVL-fused tran-
scripts

We hypothesized that FACT complex repressed MERVL
by working with epigenetic regulators. To investigate how
Ssrp1 exerts its repression role through epigenetic regula-
tion, we performed Ssrp1 co-immunoprecipitation follow-
ing by mass spectrometry analysis. As expected, the top
protein that interacted with Ssrp1 was Supt16, approv-
ing the results of our proteomic analysis (Figure 5A; and
Supplementary Table S5). Of note, Ssrp1 strongly inter-
acted with Usp7 (Figure 5A), which is known as an H2B
deubiquitinase (57–61). In addition, Ssrp1 binding pro-

file was positively correlated with that of Usp7, but not
other known repressors of MERVL (Chaf1a, Lsd1, Hp1g,
Sumo2, H3K9me3 and H3K9me2) (Figure 5B). Our co-
immunoprecipitation results confirmed the direct interac-
tion between Ssrp1 and Usp7 in both ESCs and 293T cells
(Figure 5C and D; Supplementary Figure S5A and B). This
interaction was mediated by both the SSrecog domain and
Rtt106 domain, but not HMG-box domain of Ssrp1 (Sup-
plementary Figure S5C–E). Importantly, depletion of Usp7
by shRNA treatment or inhibition of Usp7 deubiquitinase
activity resulted in the upregulation of MERVL (Figure 5E
and F; Supplementary Figure S5F–H and Table S6). What
is more, Usp7 depletion activated 2-cell genes (Supplemen-
tary Figure S5I and Table S7). More importantly, RNA-seq
analysis after Usp7 depletion revealed a similar change of
KEGG pathways in comparison to Ssrp1 knockout (Fig-
ure 3B and C; Supplementary Figure S5J and K). Upregu-
lated genes in Ssrp1−/− ESCs were enriched in upregulated
transcriptome after Usp7 depletion (Figure 5G). Further-
more, we found enrichment of Usp7 binding on Ssrp1 peaks
(Figure 5H), and this enrichment was decreased after Ssrp1
loss (Figure 5H). This was similarly observed on MERVL.
Less Usp7 became associated with MERVL after Ssrp1 loss
(Figure 5I and J). Supt16 also interacted with Usp7 (Sup-
plementary Figure S5L and M), however, overexpression of
Supt16 alone could not rescue the recruitment of Usp7 to
MERVL after the loss of Ssrp1 (Figure 5K), suggesting that
an intact FACT complex is required for Usp7 to interact
with MERVL. Altogether, these results support the mecha-
nism that FACT represses MERVL by recruiting Usp7.

Usp7 represses MERVL-fused transcripts through control-
ling H2Bub deposition

Since Usp7 was recruited to MERVL by Ssrp1, we ex-
amined the role of Usp7 in regulating the production of
MERVL-fused transcripts. We found that the depletion of
Usp7 resulted in the upregulation of MERVL-fused tran-
scripts (Figure 6A). Usp7 is known to de-ubiquitinate hi-
stone H2B (57–61). Thus, we speculated that the reduced
association of Usp7 with MERVL after Ssrp1 loss might
lead to the gain of H2Bub. The inhibition of Usp7 activity
caused an increment of H2Bub level in ESCs (Supplemen-
tary Figure S6A). The loss of Ssrp1 influenced the interac-
tion of Usp7 with MERVL (Figure 5I). This was accom-
panied by the enhanced enrichment of H2Bub on MERVL-
fused genes and MERVL consensus in Ssrp1−/− ESCs (Fig-
ure 6B). Similar to Ssrp1 depletion, loss of Usp7 (60) led to
increased H2Bub association with MERVL and MERVL-
fused genes (Supplementary Figure S6B and C). In support
of our finding, depletion of H2B ubiquitinase Rnf20 with
two independent shRNAs partially rescued MERVL ex-
pression and decreased fusion transcript expression (Figure
6C and D). Thus, we conclude that the dissociation of Usp7
activates MERVL-fused transcripts by allowing H2Bub de-
position.

DISCUSSION

In summary, we propose a model that Ssrp1 recruits Usp7 to
remove H2Bub and represses transcription from MERVL
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Figure 5. Ssrp1 recruits Usp7 to repress MERVL expression. (A) Mass spectrometry analysis of Ssrp1-associated proteins after Ssrp1 co-IP. Y-axis indicates
the transcriptional level of corresponding proteins and the X-axis indicates the binding strength of proteins to Ssrp1. (B) Correlation heatmap of Ssrp1
duplicate binding profile and Usp7 binding profile together with known histone marks/regulators of ERVs. Pearson’s correlation coefficient was used to
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analysis of Ssrp1-HA/Usp7 co-immunoprecipitation in ESCs overexpressing control empty vector or HA-tagged Ssrp1. IP was done with anti-HA magnetic
beads. 1.25% input was loaded as control. (D) Western blot analysis of Usp7-Flag/Ssrp1 co-immunoprecipitation in ESCs overexpressing control empty
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(E) RT-qPCR analysis of the expression of Usp7 and MERVL after Usp7 depletion in ESCs. Data are shown as mean ± s.e.m. (n = 3). (F) Scatter plot
of TE expression after Usp7 depletion. Squire results were used to plot the diagram. Colored dots indicate TEs with significant expression change (P <

0.05, Wald test). Triangles represent TEs with log2 (fold change) > 4. (G) GSEA analysis of enrichment of genes repressed by Ssrp1 in the upregulated
transcriptome of ESCs with Usp7 depleted. Red, upregulated genes; blue, downregulated genes. NES: normalized enrichment scores; FDR: false discovery
rate. The Kolmogorov–Smirnov statistic was used for calculation of P-value. (H) Enrichment heatmap of Ssrp1 binding in WT ESCs, Usp7 binding in
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Supt16. Biological triplicate data (n = 3 dishes) are presented as mean ± s.e.m. Ctrl: control vector; OE: overexpression.
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activate the expression of MERVL and MERVL-driven cryptic transcription. Box with dotted lines, the genes with depleted expression.
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and MERVL-fused genes, whereas, in the absence of Ssrp1,
Usp7 dissociates from chromatin, thereby MERVL and
MERVL-fused genes, including 2-cell genes, are activated
(Figure 6E). Ssrp1 is usually associated with genes under
active transcription, however, whether Ssrp1 activates gene
expression directly has been questioned (62). Previous evi-
dence hint that Ssrp1 is involved in transcription repression
of certain genes (31–36). Our results supported the FACT
complex as both a transcription repressor and an activator
(Figure 3A). We showed that Ssrp1 interacted with Usp7,
which is known to be associated with heterochromatin and
mediate gene silencing (57). Usp7 deubiquitinates and stabi-
lizes heterochromatin-associated proteins, including Uhrf1
and Dnmt1 (63–66). Usp7 also deubiquitinates telomeric
shelterin component TPP1 and prolongs its stability (67).
FACT complex could repress the expression of antisense
transcripts and subtelomeric genes as well (31). Recently,
FACT was found to be loaded to heterochromatin (68). The
recruitment of Usp7 to MERVL supported an additional
repression role of Ssrp1 (Figure 5I) besides its gene activa-
tion role. However, Ssrp1 may not repress MERVL through
a canonical mechanism. It was noted that the binding pro-
files of Ssrp1 and Usp7 were positively correlated and they
formed a distinct cluster different from known heterochro-
matin associated regulators (H3K9me2 and H3K9me3) of
MERVL (Figure 5B), implying that Ssrp1 and Usp7 may
modulate non-heterochromatic MERVL loci. Therefore, we
discover a previously unrecognized ERV repression mecha-
nism mediated by the FACT complex and Usp7.

Previously, it was documented that FACT repressed cryp-
tic transcription (35–36,69) and corresponding mechanisms
were well-studied in yeast cells. Yeast FACT is associated
with coding regions of active genes (35,70–73), where they
maintain proper chromatin structure. Disrupting FACT
function causes nucleosome loss and mislocalization of the
histone variants such as CENP-A, H2A.X and H2A.Z (74–
76). Localization of histones and associated active histone
marks are also affected by the disruption of FACT function
(30). These lead to global activation of antisense transcrip-
tion and de-repression of cryptic transcription in yeast (34–
36,69). In comparison to the observations in yeast, loss of
FACT complex did induce cryptic transcription in mouse
ESCs (Supplementary Figure S4D–G). However, the acti-
vation of cryptic transcription was restricted to a subset of
genes rather than a global effect in mouse ESCs (Figure 3A
and Supplementary Figure S4D–G). Unlike in yeast (34),
we did not observe genome-wide de-repression of antisense
transcription either after the loss of Ssrp1 in mouse ESCs
(Supplementary Figure S4H). Furthermore, disruption of
FACT complex caused ∼50% of yeast genes to show ex-
pression change (73), but Ssrp1 deletion only caused a mi-
nority of genes (1108 genes) to change expression in mouse
ESCs (Figure 3A), suggesting a restricted role of FACT dur-
ing transcription regulation in ESCs. The modest gene ex-
pression changes caused by FACT depletion are also ob-
served in other mammalian cell types (29,77). In contrast
to the global activation of antisense transcripts in yeasts
with FACT mutation (31,34), loss of FACT in mouse ESCs
only upregulated a small number of antisense transcripts,
of which most fused with TEs (Supplementary Figure S4H
and I). These discrepancies in FACT functions between

yeast and mammalian cells are probably due to species dif-
ferences in genome structure and transcription regulation.
In the future, it will be interesting to investigate whether
changes in histone variants and histone marks contributed
to the differences after FACT loss in mammalian and yeast
cells.

In addition to the roles of FACT described in yeast, we
showed that FACT repressed cryptic transcription through
Usp7 by regulating H2Bub in mouse ESCs. Consistently,
it was recently found that FACT mutant yeast demon-
strated an increased level of H2Bub (78). The depletion of
Ubp10, yeast counterpart of H2Bub deubiquitinase Usp7,
activates cryptic transcription reporter in yeast strains with
weak FACT mutation (spt16–11) (78). Moreover, the se-
vere FACT mutation alone leads to massive cryptic tran-
scription (35–36,69), which is further enhanced in combi-
nation with Spt6 mutation (69). Similar to yeast FACT, loss
of FACT complex alone activated cryptic transcription in
ESCs (Figure 3A and Supplementary Figure S4D–G). In
certain chromatin context, FACT and histone H2B ubiq-
uitination work together to facilitate RNA polymerase II-
mediated transcription and genome stability (79). However,
it is recently discovered that that Ubp10 depends on FACT
to efficiently cleave H2Bub from nucleosomes whereas the
coupling of Ubp10 and FACT links cycles of H2B ubiquiti-
nation and deubiquitination in yeast (78). Therefore, Usp7
that is recruited by FACT complex (Figure 5H–J) proba-
bly plays a similar role to Ubp10 during ubiquitination and
deubiquitination cycles in mammalian cells. The observa-
tion that disruption of FACT and Ubp10 function caused a
global increase of H2Bub level (78) is in agreement with the
genome-scale disruption of transcription after disturbing
FACT function in yeast (34–36,69,73). In contrast, only a
small percentage of genes were influenced after depletion of
Ssrp1 or Usp7 in mouse ESCs (Figure 3A), although the re-
cruitment of Usp7 was reduced on both MERVL and other
Ssrp1 binding regions (Figure 5H-J). This means that the
presence of other factors interacting with FACT complex or
Usp7 may restrict the transcription regulatory role of FACT
and Usp7 to certain chromatin contexts. Thus, it is worth to
investigate which factor(s) are responsible for the loci spe-
cific control of mammalian FACT and Usp7 activity in the
future study.

It is noteworthy that the depletion of Usp7 activated
MERVL to a lesser extent in comparison to Ssrp1 knock-
out (Figure 1H and 5F). Hence, FACT may repress MERVL
and MERVL-fused genes through other mechanisms be-
sides the recruitment of Usp7. Other FACT-associated pro-
teins (Figure 5A and Supplementary Table S5) may sub-
sequently contribute to the repression of MERVL and
MERVL-fused genes. Another possible reason is that other
pathways repressing cryptic transcription initiation may be
regulated by the FACT complex itself. The activation of
MERVL-fused genes meant these genes need to switch from
canonical promoters to MERVL-derived cryptic promoters
(Figure 4E). FACT interacts with RNA polymerase II (Fig-
ure 5A and Supplementary Table S5) and maintains RNA
polymerase II pausing at the proximal promoter region (80),
which prevents downstream cryptic transcription initiation
(81). Besides MERVL, other TEs are capable to work as
cryptic promoters to drive expression of oncogenes in hu-
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man cancers (37), implying a potential role of FACT and
other repressors of cryptic transcription in tumorigenesis.

It is intriguing to see that FACT sets a barrier to the ac-
quisition of totipotent cell fate by ESCs (Figure 4A). This is
consistent with the notion that the FACT complex represses
cell fate reprogramming (82), although the FACT complex
is not essential to pluripotency maintenance (Figure 1G)
(33,83). Here, we show that the FACT impedes 2-cell like
fate conversion through suppressing cryptic promoters de-
rived from TEs. Given that TE-derived promoters drive a
considerable number of cell type-specific transcription dur-
ing development and in various tissues (4,84), it is plausible
for us to extrapolate that FACT may support cell fate fixa-
tion by repressing the activation of TE-derived promoters.

In conclusion, our study demonstrates that FACT com-
plex recruits Usp7 to repress MERVL and MERVL-fused
2C genes in ESCs by impeding the ubiquitination of H2Bub.
Our insights into the repressive role of FACT will inform the
regulation of TE-derived cryptic promoters during mam-
malian development and in diseases.
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