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ABSTRACT

Human endogenous retroviruses, also called LTR el-
ements, can be bound by transcription factors and
marked by different histone modifications in differ-
ent biological contexts. Recently, individual LTR or
certain subclasses of LTRs such as LTR7/HERVH
and LTR5 Hs/HERVK families have been identi-
fied as cis-regulatory elements. However, there are
still many LTR elements with unknown functions.
Here, we dissected the landscape of histone mod-
ifications and regulatory map of LTRs by integrat-
ing 98 ChIP-seq data in human embryonic stem
cells (ESCs), and annotated the active LTRs enrich-
ing enhancer/promoter-related histone marks. No-
tably, we found that MER57E3 functionally acted
as proximal regulatory element to activate respec-
tive ZNF gene. Additionally, HERVK transcript could
mainly function in nucleus to activate the adjacent
genes. Since LTR5_ Hs/LTR5 was bound by many
early embryo-specific transcription factors, we fur-
ther investigated the expression dynamics in differ-
ent pluripotent states. LTR5_Hs/LTR5/HERVK exhib-
ited higher expression level in naive ESCs and ex-
tended pluripotent stem cells (EPSCs). Functionally,
the LTR5_Hs/LTR5 with high activity could serve as
a distal enhancer to regulate the host genes. Ulti-
mately, our study not only provides a comprehen-
sive regulatory map of LTRs in human ESCs, but
also explores the regulatory models of MER57E3 and
LTR5_Hs/LTRS5 in host genome.

INTRODUCTION

LTRs contribute to ~8% of the human genome and are de-
rived from retrovirus infected of the germline. As dominant
of transposable elements, the amplification of LTRs is con-
sidered to be harmful to genome stability (1), therefore, in
most situation, LTRs are silenced by various repressive epi-
genetic mechanisms, such as DNA methylation, H3K9me3,
PRC1/2 complex and piwi/piRNA pathway (2-6). LTRs
are involved in many pathological processes, such as neu-
rodegenerative diseases (7-9), cancer progression (10,11)
and inflammatory bowel disease (12). In addition, LTRs are
also involved in normal biological processes, illustrated by
the recent report that species-specific LTRs shape its spe-
cific early embryonic development process and are essential
for embryonic development (13). A few studies have shown
that LTRs can enrich certain active histone modifications
and transcription factors, and act as cis-regulatory elements
to regulate host gene expression, such as serving as species-
specific transcriptional insulators or providing transcrip-
tion factor binding sites (14-16). During species evolution,
all transposable elements accumulate mutations and grad-
ually lose their transcription factor binding site motifs and
thus reduce the ability of regulating host genes (17,18). In
other words, the younger the evolutionary age is, the trans-
poson would be closer to its full length and the less muta-
tions are accumulated, and with a stronger the regulatory
ability of transposable elements would be.

It seems unavoidable that LTRs can be reactivated along
with the process of epigenetic remodeling, especially in the
early embryo and pluripotent stem cells (19-21). For ex-
ample, HERVL and MERVL elements activate a subset of
cleavage stage genes through DUX4/mDux in early embryo
development (22,23). In mouse ESCs, MERVL can mark
a rare transient cell population with high levels of 2-cell-
specific transcripts (24), and is broadly used as a reporter
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of 2-cell-like pluripotent cells (25,26). In human pluripo-
tent stem cells, most studies focus on younger LTRs such as
LTR7/HERVH and LTR5_Hs/HERVK. LTR7/HERVH
transcript is located in nucleus and could function as an
IncRNA to determine human ESC identity (27), or es-
tablish pluripotency-specific topologically associating do-
main (TAD) boundary in ESCs and ultimately is crit-
ical in maintaining the pluripotency of stem cells (28).
LTRS5_Hs/HERVK is firstly found to be reactivated and
contribute to the innate immunity in human early embryos
and pluripotent cells (20). Recently, Pontis and colleagues
reported that LTRS5_Hs/HERVK could activate blastocyst-
specific genes in human naive pluripotent stem cells and
found that the activated ZNFs may feedback regulate the
retrotransposon activity (29). Despite these advances, a sys-
tematic understanding of the regulatory landscape of LTRs
in early embryos or human pluripotent stem cells is still con-
fused and there are still many functional LTRs to be dis-
sected.

In this study, we are aiming to identify new potential
functional LTRs in human pluripotent stem cells. We first
drew a systematic histone modification landscape of LTRs
in human ESCs based on ENCODE dataset (30). We found
some LTRs exhibited similar histone modification charac-
teristics to promoter or enhancer. Of note, MERS7E3 is
mainly located in downstream of the ZNF genes transcrip-
tion start site (TSS); LTRS_Hs/LTRS5/HERVK belongs to
the youngest LTRs and still retains the characteristics of
provirus and can generate HERVK transcripts. To further
identify the potential role of LTRs, we undertook an in-
ducible CRISPRi system in human ESCs to suppress the
activity of LTRs of interest. We also explored the upstream
regulation of these LTRs subclasses through motif analysis
and verified it by luciferase reporter assay. Importantly, the
activity of LTR5_Hs/LTRS was correlated with pluripotent
states, so we further dissected the role of LTR5_Hs/LTRS
in conventional human ESCs and newly derived feeder-free
extended pluripotent stem cells (fFEPSCs).

MATERIALS AND METHODS
Cell cultures and conversion of ffEPSC

Primed human ESC lines HUES8 and H9 were plated and
expanded with mTeSR 1 medium (Stemcell Technologies, #
1000023391) in Matrigel-coated 6-well plates (MATRIGEL
MATRIX HESC-QUALIFIED, BD Bioscience, # 354277).
Culture medium was refreshed daily, and the cells were pas-
saged with accutase (Stemcell Technologies, # A1110501)
every 4-5 days. The maintenance and conversion of ffEP-
SCs from ESCs were previously described (31). HEK293T
cells were cultured with DMEM containing 10% FBS and
1% penicillin-streptomycin.

ChIP-seq and ChIP-exo data analysis

ChIP-seq and ChIP-exo data for histone modifi-
cations, transcription factors, chromatin modifiers
were downloaded from ENCODE Project database
(https://www.encodeproject.org/). Raw data was filtered by
trim_galore (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) to generate the clean data with the

parameter:-q 30, and the reads were aligned to the human
genome (hg38) using bowtie2 (32) with the parameters: -p
64 —very-sensitive —end-to-end —no-unal. Reads mapped
to the mitochondrial genome were removed using sam-
tools (33), and only the best alignments were kept while
multimapped reads were randomly retained once. PCR
duplicates were removed using Picard MarkDuplicates
(http://broadinstitute.github.io/picard/). The bam align-
ment files of the same histone modification transcription
factors and chromatin modifiers were merged by samtools
merge function. The merge bam files were transformed into
normalized RPKM (reads per kilobase per million mapped
reads) bigwig files and Pearson correlation was calculated
using deepTools (34).

The annotations of LTR elements were obtained from
UCSC Genome Browser RepeatMasker. We filtered out an-
notations < 300 bp, and then size-matched annotations
corresponding to each LTR elements were generated by
bedtools random functions. For LTR elements enrichment
analysis, we calculated the total counts of each family ele-
ment in the annotations of LTR elements and random an-
notations, and calculated their log;(fold-change) ratio. The
coverage signals in LTR elements were generated by deep-
tools. For individual LTR elements visual track views are
based on uniquely mapped reads.

ChIP-exo data of ZNF730 was downloaded from
GSE78099 (35) and the binding peaks of ZNF730 were
called by MACS2 (36) with the threshold: ¢ < 0.0001 and
fold-change > 4.

Transcriptome sequencing and analysis

Total RNA was isolated using HiPure total RNA mini kit
(Magen, # R4111-03), and RNA sequencing was performed
by illumina novaseq 6000 PE150.

For RNA-seq analysis, the reads were aligned to the
human genome (hg38) using hisat2 (37) with the default
parameters. For LTR elements, only the best alignments
were kept while multimapped reads were randomly retained
once. Bedtools (38) was used for the counting of individual
LTR sites and only uniquely mapped reads were kept for
individual LTR. For the count of other genes, we used fea-
tureCounts (39) to generate raw counts, and the TPM (tran-
script per million) of protein-coding genes and the CPM
(counts per million) of LTR elements were calculated. Dif-
ferential gene expression analysis was performed using DE-
Seq2. Genes with TPM < 1 in all samples were filtered out,
and the remaining genes with absllog,(fold-change)l > 1, P-
adjust < 0.05 were defined as differentially expressed genes.

Motif enrichment

We used the random bed file of LTRS5_Hs/LTRS and
MERS7E3 to generate the background sequence of the cor-
responding position, and then used the findMotifs tool in
HOMER (40) to calculate the enrichment level of motif.

Principal component analysis

Principal component analysis was performed using prcomp
function in the R stats package. Covariance matrix was ex-
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tracted to detect the contribution of histone modifications
to LTR elements.

Generation of inducible CRISPRi system

The Genl (pAAVS1-NDi-CRISPRAi, a gift from Bruce Con-
klin, Addgene plasmid # 73497) and pX459 (pSpCas9(BB)-
2A-Puro, a gift from Feng Zhang, Addgene plasmid #
48139) containing sgRNA targeting AAVSI locus were elec-
troporated into HUESS cells using Nucleofector (Lonza)
and cells were selected with 1 pg/ul G418. After 14 days of
selection, clonal lines were generated by dilution in 96-well
plates, and further selected based on doxycycline induction
of mCherry expression.

For the repression of MER57E3 activity, sgRNA was de-
signed by CRISPOR (http://crispor.tefor.net/), and cloned
to the LentiGuide-Puro vector (a gift from Feng Zhang,
Addgene plasmid # 52963). As for LTR5_Hs/LTRS, 6 sgR-
NAs were selected from previous reports, and sgRNA pool
was cloned to the LentiGuide-Puro plasmid backbone. All
sgRNA sequences were provided in Supplementary Table
S5. The above plasmids were co-transfected into HEK293T
cells together with psPAX2 (a gift from Didier Trono, Ad-
dgene plasmid # 12260), pMD2.G (a gift from Didier
Trono, Addgene plasmid # 12259) to generate lentivirus.
Concentrated lentiviral particles were added to the culture
medium of KRAB-dCas9 HUESS line. After 4 days of se-
lection with 2 ug/ml puromycin, stable cell line was estab-
lished.

Generation of CRISPR knock out cell line

The two sgRNAs targeting ZNF730-MERS7E3 were
cloned into pX459. The plasmids were electroporated into
HUESS cells using Nucleofector (Lonza). Clonal lines were
generated by dilution in 96-well plates. Genotype identifi-
cation primer and sgRNA sequences are shown in Supple-
mentary files.

Generation of overexpression cell line

The coding sequence of TEF was cloned into PB-CAG-
BGHpA vector (a gift from Xiaohua Shen, Addgene plas-
mid # 92161). The plasmid was electroporated into HUESS8
cells using Nucleofector (Lonza). Clonal lines were selected
with 250 ug/ml Hygromycin B.

Dual-luciferase reporter assays

MERS57E3 sequence and mini promoter were cloned into
pGL4.17 vector while GFP-coding sequence served as
a control, and then the TEF coding sequence was cloned
into pPCMYV vector. 1 x 10° HEK293T cells were seeded into
each well of a tissue culture-treated 24-well plate. Firefly and
Renilla (Control background) luciferase and TEF were co-
transfected into HEK293T cells through LIPO-plus (Sage,
# Q03004). The luciferase luminescence was measured af-
ter 48 hours. The ratio of Firefly/Renella (Nluc/Fluc) was
calculated and normalized to the negative control.
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Nuclear and cytoplasmic extract

Approximately 1 x 107 cells were collected and incubated
on ice for 30 minutes in CE buffer (10 mM HEPES, 60
mM KCI, 1 mM EDTA, 0.075% NP40, ] mM DTT and
1 mM PMSF, adjusted to pH 7.6). After centrifuge for 15
minutes at 4°C, the precipitate and supernatant were sepa-
rated as the nucleus and cytoplasm respectively, to prepare
for RNA extraction.

The RT-qPCR data is converted into cytoplasmic-nuclear
relative concentration index (CN-RCI), using the following
formula:

RCI = log, ( Cytoplasmic expression 2" (—cq) )

Nuclear expression 2" (—cq)

RT-qPCR

Total RNA was reversely transcribed into cDNA using
cDNA Synthesis SuperMix (Bimake, # B24408). qPCR re-
actions were performed with the SYBR Green gPCR Mas-
ter Mix (Biomake, # B21203) on the CFX384 Touch Real-
Time PCR Detection System (All primers used in gPCR are
shown in Supplementary Table S5).

Western blot

RIPA buffer (10 mM Tris-HCI, pH 8.0, 150 mM NacCl,
1% NP-40, 0.1% sodium deoxycholate) with protease in-
hibitors was used to lyse cells. Protein lysates were loaded
on SDS-PAGE gels. After transfer to nitrocellulose mem-
branes, membranes were blocked with TBST (TBS with
0.1% Tween-20) and 5% milk and then incubated with an-
tibodies overnight (all antibodies used in western blot are
shown in Supplementary Table S5). Signals were detected
using HRP-conjugated secondary antibodies and Western
Lightning Plus-ECL.

Immunofluorescence microscopy

Cells were grown on Matrigel-coated plate and fixed us-
ing 4% PFA for 30 minutes at room temperature followed
by blocking and permeablizing with 10% donkey serum,
0.3% Triton-X 100 in PBS (antibody buffer) supplemented
with 10% serum for species-matched secondary antibody.
Primary antibodies (1:200) were resuspended in antibody
buffer and incubated at 4°C overnight. After wash, sec-
ondary antibodies (1:200) were added in the dark (All anti-
bodies used in Immunofluorescence are shown in Supple-
mentary Table S5). Finally, the cells were incubated with
DAPI for 10 minutes and then imaged on fluorescence mi-
croscope (Olympus).

RESULTS

More than 10% LTR elements are marked with active histone
modifications in human ESCs

In order to profile the landscape of histone modifications
and transcription factors enrichment on LTR elements in
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human ESCs, we downloaded and reanalyzed the ChIP-seq
data of H1 cell line from ENCODE Project (30). For the
different dataset about the same modifications or transcrip-
tion factors, we merged the clean data after reads-mapping
and removal of PCR duplicates. Given that the sequence
of LTRs is conservative, and most of the obtained ChIP-
seq data are from single-end sequencing with length gener-
ally less than 100 bp, we applied the high score alignment
and randomly assigned to an LTR element in order to get a
more realistic enrichment, while the uniquely mapped reads
were used for the visualization of ChIP-seq signal of LTRs
(41). Then, we generated a random size-matched genome
region for each LTR, and calculated the enrichment score
using log,(ratio) (the total counts of each family element
over the genomic size of respective random region) to char-
acterize the enrichment of histone modifications on LTRs
(41). We also calculated the Pearson correlation coefficients
of different ChIP-seq samples on all LTR elements, and the
regulation/modifications with similar annotation were in-
deed clustered together, such as the maintenance of TAD
boundaries (CTCF and RAD21), the maintenance of het-
erochromatin (CBX5 and H3K9me3), enhancer/promoter
characters (H3K4mel/2, H3K27ac and POLR2A) and
others (Supplementary Figure SIA), suggesting the relia-
bility of this analysis. Importantly, we found that more than
one quarter of LTR families (163/584) exhibited at least one
enriched modification in human ESCs. Since H3K9me3 is
the mark of heterochromatin and is considered as the most
common silencing mechanism of transposon elements (3,4),
in our analysis we indeed found nearly one tenth of LTR
families (54/584) were significantly enriched by H3K9me3
signal, comparable with the result in mouse ESCs (41).
Actually, the LTR elements like MER9a2 occupied by
H3K9me3 were hardly enriched by other histone modifica-
tions (Figure 1A and D) and with pool enrichment of DNa-
sel (Figure 1E), representing a subset of silent LTRs. In ad-
dition, almost no LTR elements were significantly enriched
by H3K27me3, H3K36me3, H4K20mel and H3K79mel/2
(Figure 1A).

In order to explore the role of LTR elements in hu-
man ESCs, we performed principal component anal-
ysis, showing these LTRs distributed discretely (Fig-
ure 1B). We focused on the histone modifications with
strongest contributions to PC1 and PC2, respectively. PC1
was composed of enhancer-related modifications such as
H3K4mel /2 and H3K27ac while PC2 contained promoter-
related H3K4me2/3 and H3K27ac (Figure 1C). These re-
sults suggest those active LTR elements may act as cis-
regulator in human ESCs. This comprehensive landscape
revealed the regulatory potential of LTRs in human ESCs.
We noticed that MERS7E3, LTR5_Hs/LTR5/HERVK,
LTR7/HERVH were highly enriched in active histone
modifications in human ESCs. Among them, MERS57E3
was significantly distinguished by promoter-related mod-
ifications, while LTR5_Hs/LTRS and LTR7 were marked
with enhancer-related modifications (Figure 1B, D and E).
Since LTR7 has been extensively studied in previous re-
ports (27-28,42-44), hence we next focused on the char-
acterization of MERS7E3 and LTRS5_Hs/LTRS in this
study.

MERST7ES3 is bound and regulated by transcription factor
PAR bZIP family

As an ancient LTR, MERS57E3 was previously identified as
active in acute myeloid leukemia (45). In addition, recent
reports found MER57E3 were significantly activated in hu-
man pachytene spermatocytes and they suggested the evo-
lutionary or regulatory links between ZNF and MERS57E3
because of their location association, but its function is yet
largely unknown (46,47). To gain insights into the func-
tional mode of MERS7E3, we first looked into the ge-
nomic location and found MERS7E3 is usually located
non-randomly at about 1 kb downstream of the TSS of cer-
tain coding genes. Given that this location might cause the
spread of histone modification signal from the TSS, par-
ticularly H3K4me3 (48), we defined the active and silent
loci of MERS7E3 by chromatin accessibility (Supplemen-
tary Figure S2A), and counted the length and Smith-
Waterman alignment score (swScores, to describe the level
of conservation with the MERS57E3 sequence in Dfam
database) (49,50) of MERS7E3. Interestingly, we noticed
that MERS7E3 closer to full length and with higher swS-
cores exhibited higher chromatin accessibility (Figure 2A).
In addition, we found that MERS57E3 in the promoter re-
gion is with higher integrity and fewer mutations (Figure
2B) compared to the other MER57E3, indicating an active
role because the integrity is one of the key conditions for
functional repetitive elements (51). One example was shown
for TSS-related MERS57E3 and TSS-unrelated MERS7E3
respectively (Figure 2C). We found that most of MERS7E3
elements are associated with gene regulation function and
most interestingly, the majority are related to genes encod-
ing ZNF protein family (Figure 2D). Certain ZNF proteins
have been reported that can recruit TRIM28 to establish
heterochromatin at its binding site (52), or interact with
some transcriptional activators to regulate target genes (53—
56). Therefore, MERS57E3 might be involved in regulating
the expression of ZNF genes to regulate host gene expres-
sion.

We further investigated the upstream regulation of
MERS57E3 elements by transcription factor binding motif
analysis. The most significantly enriched motif is the PAR
bZIP family, including HLF, TEF and DBP (Figure 2E).
Previous studies have shown that both HLF and TEF can
recognize the extremely similar motif in the hematopoietic
cells of leukemia and play an important role in the prolifer-
ation of hematolymphoid progenitors (57,58). In addition,
another study performed the ChIP-seq experiment of HLF,
TEF, DBP in HepG2 cells (30), therefore we downloaded
the raw data and reanalyzed the binding on MERS57ES3 ele-
ments. As expected, HLF and TEF had a significant bind-
ing peak on MERS57E3, and the peak summit was directly
located in MERS7E3 (Supplementary Figure S2B), illus-
trated by visualized location of two MERS7E3 sites (Sup-
plementary Figure S2C). From RNA-seq dataset, we found
TEF exhibited the highest expression level in human ESCs
(Figure 2F). To further demonstrate the regulation of TEF
over MERS57E3 elements, we cloned the sequences of two
individual MERS7E3 sites into a luciferase report vector,
and co-transfected with TEF coding sequence as well. The
results showed that MERS57E3 sequence could strongly ac-
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Figure 1. Identification of LTRs with regulatory potential in human ESCs. (A) Heatmap of the log(observed /random) enrichment for DNasel and histone
modifications in at least one modified LTRs (log(observed/random)=>1). (B) Principal component analysis of enrichment of histone modifications and
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GO terms for genes adjacent to MER57E3. Right: pie chart showing the proportion of ZNF genes adjacent to MER57E3. (E) Motif enrichment analysis
of MERS7E3 for putative TF-binding sites. (F) PAR bZIP genes TPM expression in human ESC line H9 and HUESS. (G) Dual-luciferase reporter
assays. Relative fold changes in luciferase activity were shown. Error bars represent mean + s.e.m. ****P < 0.0001; unpaired Student’s z-test. At least three

biological replicates were examined.



tivate the luciferase signal upon TEF overexpression (Fig-
ure 2G). More importantly, the mutated MERS57E3 version
with the bZIP family motif deletion exhibited much lower
transcription activity even with TEF co-transfection (Fig-
ure 2G), supporting the view that the MERS57E3 element
functioned through the TEF protein. Furthermore, these
data together illustrate that MERS57E3 has the potential to
act as a proximal regulatory element and then regulate host
gene expression.

ZNF genes adjacent to MERS7E3 exhibit a comprehensive
effect on the regulation of LTR elements and host genes

We annotated 84 MERS57E3 elements over 300bp in length
in the human genome, of which 47 were located near the
promoter region. Among them, 36 MERS57E3 elements are
annotated in the first intron region of the ZNF genes (Fig-
ure 2C and D). These MERS7E3-related ZNF genes ex-
hibited a high expression level in the ESC line HUESS,
and were broadly expressed from 8-cell stage of the early
embryo and maintained high expression in the pluripotent
stage (Figure 3A).

We collected the publicly available ChIP-exo data of the
above-mentioned 12 ZNF genes (35). We found 11 of these
ZNF proteins have a strong enrichment signal on differ-
ent classes of LTR elements (Supplementary Figure S3A,
Supplementary Table S4). Of note, we annotated the 1405
bound peaks of ZNF730 which exhibited the highest ex-
pression level in human ESCs (Figure 3B), and found that
10% of the peaks bound in the promoter region (Supple-
mentary Figure S3B). Taken together, these data indicated
that these MER57E3-associated ZNF genes might regulate
host gene transcription level and other LTR elements as
well.

MERS7E3 elements mediate the transcription of ZNF genes
by proximal regulatory function

Next, to validate whether these MER57E3 elements indeed
mediate the transcription of adjacent ZNF genes in hu-
man pluripotent stem cells, we constructed a CRISPRi sys-
tem in ESC line HUESS (Figure 3C) (59). We confirmed
the success of transfection by doxycycline-induced expres-
sion of mCherry (Supplementary Figure S4A) and dCas9
protein (Supplementary Figure S4B). We first designed
two uniquely matched sgRNAs targeting the MERS5S7E3-
ZNF730 locus (892bp and 934bp downstream from the
TSS of ZNF730, respectively) (Figure 3D). After 7 days
of treatment with doxycycline, both sgRNAs resulted in
a 55-75% reduction in mRNA level of ZNF730 detected
by RT-qPCR (Figure 3D). To further verify the uni-
versal role of MERS5S7E3 as a proximal regulatory ele-
ment, we selected another MER 57E3-associated ZNF gene,
ZNF678, for CRISPRi experiment (Figure 3D). We de-
signed two sgRNA sequences (588bp and 613bp down-
stream from the TSS of ZNF678, respectively) and both
sgRNAs of ZNF678-MERS7E3 achieved a 75-80% reduc-
tion in mRNA level of ZNF678 (Figure 3D).

In order to explore the broad effect of the MERS7E3-
ZNF targets, we performed the RNA-seq of sgMERS7E3-
ZNF730. We calculated the expression of 515 ZNF genes,
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and found only ZNF730 was down-regulated, suggesting
the specificity of individual MER 57E3-mediated regulation
(Supplementary Figure S4D). Meanwhile, according to the
genome-wide differential expression analysis, we identified
11 down-regulated genes, of which 5 having the binding site
at the TSS of ZNF730 according to the previous dataset
(Supplementary Figure S4E and F).

Previous reporter assay indicated TEF was responsible
to MER57E3-mediated regulation of respective ZNF genes.
To further verify that the transcription factor TEF can di-
rectly activate MER57E3-related genes, we over-expressed
TEF in human ESCs (Figure 3E), and then we examined
the expression of several MERS57E3-related genes. Com-
pared with EmptyVector control, TEF-overexpression sig-
nificantly upregulated the expression of these MERS57E3-
related genes (Figure 3F). Since the CRISPRIi by targeting
MERS7E3 element might also cause the spreading of re-
pression to the TSS, we further knocked out the ZNF730-
MERS57E3 element. Using the generated homozygote and
heterozygote clones with the loss of ZNF730-MERS7E3
(Supplementary Figure S4C), we next examined the mRNA
level of ZNF730 and found ZNF730 was significantly
downregulated after knocking out MERS7E3 (Figure 3G).
Using the ZNF730-MERS57E3 knockout ESC line, we again
performed TEF overexpression experiment (Figure 3H).
The upregulation of ZNF730 observed in wild-type ESCs
upon overexpressing TEF was not detected any more in the
ZNF730-MERS7E3 knockout ESC line (Figure 31). Taken
together, our results suggest that the transcription factor
TEF interacts with MERS7E3 and regulates the adjacent
gene expression.

LTR5_Hs/LTRS5 /HERVK is epigenetically regulated and
exhibits moderate cis-regulatory ability in human ESCs

The LTRS5_Hs/LTRS element is the youngest family of LTR
elements in human and could produce HERVK provirus
transcripts and proteins (60). In previous reports (20,61),
HERVK has been indicated associated with the pluripo-
tency. Thenussein et al. reported that the HERVK-related
LTRS5 and LTRS5_Hs, recognized as a marker of naive
pluripotency, were more active in naive pluripotent stem
cells and drove the expression of genes in early embryos
(62), herein we surveyed the enrichment of pluripotency-
related transcription factors on LTR5_Hs/LTRS based on
the available ChIP-seq data. We observed significant en-
richment of OCT4, SOX2, KLF4, MYC, NANOG and
EP300 in LTR5_Hs/LTRS loci (Figure 4A). In conven-
tional human ESCs, LTR5_Hs/LTRS5 was mainly enriched
with H3K27ac and H3K4mel /2, without H3K4me3 (Fig-
ure 1A). We separately detected the solo LTRS5_Hs/LTRS
or proviral LTR5_Hs/LTRS (HERVK) and found no differ-
ence in terms of H3K27ac signal enrichment (Figure 4B),
which is consistent with previous reports that the expres-
sion of HERVK in human ESCs is at a moderate level (20).
HERVK transcripts can be transferred to the cytoplasm
and translated into proteins that can make up virus-like par-
ticles (20), so we separated the nuclear and cytoplasmic frac-
tions and compared the transcript abundance by qRT-PCR
experiments in three pluripotent stem cell lines. Intriguingly,
we found that the HERVK transcripts were mainly located
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Figure 3. MERS7E3 regulates ZNF gene expression in human ESCs. (A) Heatmap of hierarchical clustering (Euclidean distance) using Z-score of scaled
TPM of MER57E3-related ZNF gene expression in early embryonic development. (B) Bar plot showing the TPM expression of MER57E3-related ZNF
genes in HUESS cell line. (C) Diagram of CRISPRI cell line construction. (D) Top: Schematic diagram of the positional relationship between cCREs
(candidate cis-Regulatory Elements), MERS57E3 and CRISPRi experiment sgRNA. Bottom: RT-qPCR analysis of ZNF730 and ZNF678 expression in
HUESS cells induced with dCas9-KRAB (CRISPRi). Error bars represent mean & s.e.m. **P < 0.01, ***P < 0.001, ****P < 0.0001; unpaired Student’s
t-test. At least three biological replicates were examined. (E) Immunostaining for the TEF overexpression experiment in HUESS cell line. Scale bars = 100
pm. (F) RT-qPCR analysis of MER57E3-related genes. Error bars represent mean +s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student #-test.
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TEF overexpression cell lines. Error bars represent mean &+ s.e.m. **P < 0.01; unpaired Student’s z-test. At least three biological replicates were examined.

in the nucleus (Figure 4C), implying that the HERVK tran- adapted this system in the KRAB-dCas9 HUESS cell line
script might play a role in regulating chromatin accessibility (Figure 4D). After 7 days of treatment with doxycycline,
in human pluripotent stem cells. the transcription level of HERVK decreased by about

In order to verify the cis-regulatory ability of 70%, and the RNA expression of the pluripotency marker
LTR5_Hs/LTRS in primed ESCs, we used a previ- OCT4, NANOG and SOX2 did not change (Figure 4E).
ously reported strategy to simultaneously incorporate The immunofluorescence staining also displayed the unal-
6 consecutive sgRNAs in CRISPRi system (63,64). We tered protein levels of OCT4 and NANOG (Figure 4F).
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This indicates that LTR5_Hs/LTRS5 does not affect the
expression of pluripotent markers in human ESCs. We next
wondered whether LTRS5_Hs/LTRS has a cis-regulatory ef-
fect on human ESCs. We performed RNA-seq of CRISPRi
with sgLTR5_Hs/LTRS and control ESCs, and observed
that most of the HERVK related to LTRS_Hs/LTRS were
suppressed (Figure 4G), indicating the successful inter-
ference of LTR5_Hs/LTRS. For individual locus, the two
with the highest expression of HERVK were visualized as
example (Figure 4H). However, we only found fewer than
10 differentially expressed genes; among them, PRODH
has been identified in a previous report (65), and MMP24
and SEMA4A were adjacent to LTR5_Hs (Figure 4I),
with significant enrichment of enhancer-associated histone
modifications (Supplementary Figure S5A). These results
indicated that LTR5_Hs/LTRS5 has limited regulatory
ability in human ESCs.

In addition, by ChIP-seq analysis we found that acti-
vating epigenetic factors (ASH2L, TAF1) and inhibitory
epigenetic factors (E2F6, MAX, HDAC?2) co-localized
on LTR5_Hs/LTRS in human ESCs (Supplementary Fig-
ure S6A). Albeit E2F6 and MAX are directly related to
PRC complex (66), we did not observe either obvious sig-
nals of H3K27me3 and H2AK119ub in LTR5_Hs/LTRS5
(Supplementary Figure S6B and C), or other PRC1/2
members binding to LTRS_Hs/LTRS (Supplementary
Figure S6D).

LTR5_Hs/LTR5/HERVK is more active in the early stages
of pluripotency

We performed motif enrichment analysis on
LTR5_Hs/LTRS and identified a series of pluripotency
factors, including MYC, SOX2 and KLF5 (Figure 5A),
consistent with the ChIP data that most of these transcrip-
tional factors indeed bind to LTRS5_Hs/LTRS loci (Figure
4A). LTR5_Hs/LTRS is expressed from the 8-cell stage of
human embryos and continues to the inner cell mass in
blastocyst stage (Figure 5B), and this process is correlated
with the up-regulation of pluripotent factors (Figure 5C).
Since conventional human ESCs are considered as epiblast
stage (late blastocyst) (31,67), and LTR5_Hs/LTR5-bound
transcription factors and the HERVK transcript exhibited
the higher expression levels in early 8-cell or morula stage,
we wondered whether the activity of LTRS5_Hs/LTRS
elements are higher in pluripotent cell with early embry-
onic characteristics, such as naive ESCs and extended
pluripotent stem cells (EPSCs) (68). We detected the
activity of LTR5_Hs/LTR5/HERVK in naive ESCs and
EPSCs, truly higher than conventional human ESCs
(Figure 5D, Supplementary Table S7). Consistently, we
also observed that LTRS5_Hs/LTRS5-bound transcription
factors are significantly up-regulated in both EPSCs and
naive ESCs, such as KLF4, KLF5 and TFAP2C (Figure
SE, Supplementary Table S8).

To evaluate whether LTRS_Hs/LTRS activity is associ-
ated with early pluripotency, we calculated the log,(fold-
change) of differential expressed genes in naive ESC and
EPSC relative to primed ESC, then we found that genes
closer to LTRS5_Hs/LTRS were more significantly up-
regulated (Figure 5F, Supplementary Tables S8 and S9),

together indicating that LTR5_Hs/LTRS can act as a cis-
regulatory element and correlate with pluripotency.

LTR5_Hs/LTRS5/HERVK regulates the gene network of
EPSCs through long-range effects

LTRS5_Hs/LTRS5 elements exhibit higher activity in EP-
SCs, so we focused on the regulation in feeder-free EPSCs
(ffFEPSCs) previously established in our laboratory (31). We
first validated the expression pattern by RT-qPCR showing
HERVK is much higher in ffEPSCs than the parental ESCs
(Figure 6A). Next, we established a conventional ESC line
H9 (H9-ESCs) with a LTR5_Hs/LTRS5-EGFP reporter us-
ing the LTR5_Hs/LTRS5 conservative sequence. By convert-
ing H9-ESCs into ffEPSCs (H9-ffEPSCs), we found that the
fluorescence intensity of EGFP in ffESPCs is much brighter
than ESCs (Figure 6B), confirming that LTRS_Hs/LTRS
activity is correlated with different pluripotency states.

To address the role of LTRS5_Hs/LTRS5 in the ex-
tended pluripotent stage, we converted the ESCs with
inducible targeting of LTRS5_Hs/LTRS5 (Figure 6C) to
the extended pluripotent state. After 7 days of doxy-
cycline treatment, mCherry arose, representing the un-
silenced vector. The morphology of ffEPSCs with re-
pressive LTR5_Hs/LTRS5/HERVK was comparable with
the control (Figure 6C), indicating that the activity of
LTRS5_Hs/LTRS5/HERVK was not necessary for the con-
version or maintenance of ffEPSCs. The LTR5_Hs/LTR5
still played a role in regulating the target genes in ffEP-
SCs (Figure 6D), so we further performed the RNA-seq of
LTR5_Hs/LTR5-targeted ffEPSCs to check the global reg-
ulation. Interestingly, we identified 80 down-regulated genes
and 14 up-regulated genes (Figure 6E and G, Supplemen-
tary Table S6), much more than in primed ESCs. We cal-
culated the distance between transcription start site of the
down-regulated genes and LTRS_Hs/LTRS, and the result
showed that most of the down-regulated genes are located
in the range of 25kb around LTRS5_Hs/LTRS (Figure 6F).

The protein interaction network analysis based on
these LTRS5_Hs/LTR5-related genes highlighted GSTA3/4
and GSTP1 (Supplementary Figure S7A), two important
genes related to oxidative metabolism process. Given that
LTR5_Hs elements contain the binding site of SOX2, a key
transcription factor function in pluripotent and neural cells,
and HERVK is reported with high expression in neurons of
amyotrophic lateral sclerosis (ALS) patients (69), we were
wondering whether LTRS5_Hs/LTRS would be activated in
the nerves besides of ffEPSCs. We analyzed the H3K27ac
levels in different fetal tissues, and we indeed found a spe-
cific enrichment of H3K27ac at LTR5_Hs/LTRS elements
only in brain and retina pigmented epithelium (Supple-
mentary Figure S7B). Consistent with this notion, many
neural-related genes were reactivated in ffEPSCs (Supple-
mentary Figure S7C), possibly due to the higher activity of
LTRS5_Hs/LTRS.

DISCUSSION

LTR elements with regulatory capabilities have attracted
more and more attentions in developmental biology and
cancer studies (45,70-71). Typically, many LTRs are more
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Figure 5. Expression dynamics of LTR5_Hs/LTRS5/HERVK in early embryos and different pluripotent stem cells. (A) Motif enrichment analysis of
LTRS5_Hs/LTRS for putative TF-binding sites. (B) Expression level (counts per million) dynamics of HERVK in early embryos based on smart-seq2
dataset. (C) Heatmap of hierarchical clustering (Euclidean distance) using Z-score of scaled TPM of regulatory factors of HERVK. (D) The expression
level (CPM) of LTR5_Hs/LTR5/HERVK is normalized using the same batch RNA-seq data of primed human ESC, and the expression of HERVK in
xenofree-EPSC (XF-EPSC) is normalized to feeder-EPSC. (E) Left: the expression levels of all protein coding genes in ffEPSC and naive ESC relative to
primed human ESC. Right: the expression levels of all LTRs in ffEPSC and naive ESC relative to primed human ESC. (F) Box plots of log,(fold-change)
relative to primed human ESC in differentially expressed genes between naive ESC and ffEPSC. Error bars represent mean + s.e.m. *P < 0.05, ¥**P < 0.01,

**EEP < 0.0001; unpaired Student’s z-test.

active in ESCs than somatic cells (72,73), offering a good
system to explore the functions of LTRs. However, only cer-
tain individual LTRs have been studied in human ESCs.
Here, we systematically annotated the epigenetic modifica-
tion map of LTRs in human pluripotent stem cells based
on the comprehensive histone modifications and transcrip-
tion factor ChIP-seq data of the H1 cell line (Supplemen-
tary Table S2 and S3). We defined the active LTRs in the

pluripotent state, and found that MERS57E3 (promoter-
related LTR) could act as a proximal regulatory element
together with promoter and regulated ZNF gene expres-
sion to regulate host genes (Figure 3 and Supplementary
Figure S4D-F), while LTR5_Hs/LTRS (enhancer-related
LTR) could act as enhancer in conventional human ESCs
and ffEPSCs (Figure 41, Figure 6E and F). Our results fur-
ther illustrated the diversity of the pathways in which LTRs
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regulate host genes (Figure 6H). In our study, MERS57E3, as
an ancient LTR, has undergone a long-term natural selec-
tion and accumulate mutations, and has lost the ability of
autonomously amplification. Herein, we found the ZNF-
MERS57E3 has higher integrity compared with intergenic-
MERS7E3. Moreover, our data demonstrated the potential
of MERS7E3 to regulate ZNF genes (Figure 6H), which
have been reported to directly bind other transposon ele-
ments, providing a new beneficial mechanism for the host
genome stability.

MERS7E3 is mostly located in the promoter region of
the ZNF genes. Previous reports showed that there was a
feedback loop between LTRs and ZNF genes (74,75), a re-
flection of LTRs adaption to the host. Herein, we found the
chromatin accessibility near the full-length MERS57E3 was
much higher than which of the truncated MERS57E3, and
the more accumulated mutations it has, the lower the chro-
matin accessibility of MERS7E3 is. Those data represent
MERS57E3 might be co-evolved with the host ZNF genes. In
addition, we proved that TEF of the bZIP gene family could
directly bind to MERS57E3 and regulate transcription ac-
tivity evidenced by luciferase assay in HEK293T and over-
expression assay in human ESCs. Many ZNFs related to
MERS7E3 are activated in human ESCs (Figure 3A), and
these ZNFs can bind at least one LTR. There might be a
possibility that MERS7E3 controls the expression of adja-
cent ZNF proteins to regulate the expression of host genes
and the activity of other LTRs. Our inducible CRISPRi
data (Figure 3E and I) clearly showed that MERS57E3 can
act as a proximal regulatory element to control the expres-
sion of ZNF genes. Then we found ZNF730, a ZNF gene
related to MERS7E3 can directly bind to TSS to regulate
host gene expression. Our study provides an insight to un-
derstand how activation of transposon elements could con-
tribute to certain related disorders by regulating the ZNF
genes.

As the young LTRs, LTR5_Hs/LTRS5 seems to regu-
late host gene expression directly. Our data indicate that
most of the HERVK transcripts are located in the nu-
cleus, and combined with histone modification, YY1 and
POLII enrichment (Supplementary Table S2 and S3), in-
dicating a possibility that HERVK may act as eRNA
(76). Interestingly, a couple of previous studies reported
that the viral protein encoded by HERVK could be de-
tected in pluripotent cells (61,77), suggesting a potential
diverse role of HERVK. Through motif enrichment analy-
sis, we found that LTRS5_Hs/LTRS enriched transcription
factors, such as KLF4/5 and TFAP2C, highly related to
early embryo status, so we further surveyed the early em-
bryo cells and found that LTRS_Hs/LTRS is more active
in naive ESCs and ffEPSCs (Figure 5D). By converting
LTR5_Hs/LTR5 CRISPRi ESCs into ffEPSCs, we found
that LTRS_Hs/LTRS becomes more active with more pow-
erful cis-regulation ability. Very interestingly, we observed
the reactivation of certain neural-related genes upon higher
activity of LTRS_Hs/LTRS. This implies that the human-
specific LTR5_Hs/LTRS5 fine-tunes the host gene expression
during early embryogenesis and might affect the human-
specific brain development process as well.

Overall, here we characterize a functional class of LTRs
(i.e. MERS7E3 elements), which is located in downstream
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of the TSS and regulates the adjacent ZNF gene ex-
pression to affect host gene expression. Furthermore,
LTRS5_Hs/LTRS, as young LTRs, could regulate gene ex-
pression through long-range effects and play a different role
in pluripotent stem cells with different pluripotency states.
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