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ABSTRACT

Transposable elements, including endogenous retro-
viruses (ERVs), constitute a large fraction of the
mammalian genome. They are transcriptionally si-
lenced during early development to protect genome
integrity and aberrant transcription. However, the
mechanisms that control their repression are not
fully understood. To systematically study ERV re-
pression, we carried out an RNAIi screen in mouse
embryonic stem cells (ESCs) and identified a list
of novel regulators. Among them, Rifl displays
the strongest effect. Rifl depletion by RNAi or
gene deletion led to increased transcription and
increased chromatin accessibility at ERV regions
and their neighboring genes. This transcriptional de-
repression becomes more severe when DNA methy-
lation is lost. On the mechanistic level, Rif1 directly
occupies ERVs and is required for repressive his-
tone mark H3K9me3 and H3K27me3 assembly and
DNA methylation. It interacts with histone methyl-
transferases and facilitates their recruitment to ERV
regions. Importantly, Rif1 represses ERVs in human
ESCs as well, and the evolutionally-conserved HEAT-
like domain is essential for its function. Finally, Rif1
acts as a barrier during somatic cell reprogramming,
and its depletion significantly enhances reprogram-
ming efficiency. Together, our study uncovered many
previously uncharacterized repressors of ERVs, and
defined an essential role of Rif1 in the epigenetic de-
fense against ERV activation.

INTRODUCTION

Transposable elements (TEs) comprise ~50% of the mam-
malian genome. The vast majority of TEs are retro-
transposons, which are mobile elements that spread by a
copy-and-paste mechanism through reverse transcription
and subsequent genome integration (1-4). Based on the
structure, retrotransposons are divided into long termi-
nal repeat- (LTR) and non-LTR elements. LTR retrotrans-
posons closely resemble infectious retroviruses, and thereby
are also called endogenous retroviruses (ERVs). They com-
promise ~8% of the mouse genome, and can be subdivided
into three families (ERV1, ERV2 and ERV3) according to
the retroviruses they are derived from (5). ERVs can in-
crease evolutionary complexity of their host via retrotrans-
position. In addition, they can serve as promoters or en-
hancers to modulate cellular gene activity during develop-
ment (1,3,6,7). However, aberrant ERV transposition and
activation often leads to genome instability and erroneous
gene expression. Therefore, host mechanisms have evolved
to restrict or limit ERV activities, especially in embryonic
cells where ERV activation can have long term or even trans-
generational effects (1-4). Interestingly, those mechanisms
that control ERV activation also impinge on host gene ex-
pression (8-10). Thus, ERV regulation plays an integral role
in shaping the gene expression program during develop-
ment.

Repression of ERV transcription is the first step in con-
trolling their activity, and it can be achieved by the repres-
sive chromatin marks including DNA and histone methy-
lations. DNA methylation at CpG dinucleotides, catalyzed
by DNA methyltransferases (DNMTs), represses ERVs in
somatic and germ cells (11,12). However, it has limited
roles in embryonic stem cells (ESCs), as DNMT dele-
tions only resulted in minimal ERV de-repression (13).
On the other hand, histone methylations are the primary
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mechanism for ERV silencing in ESCs (9,14). Both H3K9
dimethylation (H3K9me?2) and trimethylation (H3K9me3),
deposited by the EHMT1 and EHMT?2 or the SETDBI1 and
SUV39H1/2 histone methyltransferases (HMTs), repress
ERVs and other non-LTR retrotransposons (13,14). Specif-
ically, EHMTI1 and EHMT?2 directly occupy and regulate
ERV3 (15). SETDBI represses ERV1 and ERV2 (13,14).
SUV39H-dependent H3K9me3 marks and silences LINEs
and intact ERVs (16). In addition to H3K9 methylations,
H3K27 trimethylation (H3K27me3), deposited and main-
tained by the polycomb repressive complexes (PRCs), also
plays a role in wild-type ESCs and becomes more important
when DNA methylation is absent (9,17). Finally, other his-
tone modifying enzymes, such as the histone demethylase
KDMIA and the histone deacetylase HDACI, have also
been implicated in ERV silencing (18,19).

The establishment and maintenance of these repressive
chromatin marks are mediated by DNA- or chromatin-
associated factors. The best studied example is the univer-
sal co-repressor TRIM28. It is recruited by the Kruppel as-
sociated box containing zinc-finger (KRAB-ZnF) proteins
to various retrotransposons, and promotes the deposition
of repressive marks by recruiting DNMTs and HMTs (20—
22). It can also be recruited to ERVs by the zinc-finger
transcription factor YY1 (23). Besides TRIM28, the chro-
matin remodeling factor CHDS was found to repress ERV3
by regulating H3K27me3 and histone variants H3.1/H3.2
(24). The histone chaperones CHAF1A/1B was identified
in a RNAI screen to regulate different classes of ERVs via
the interaction with histone modifying enzymes KDMI1A,
HDAC?2 and SETDBI (25).

To systematically dissect the role of epigenetic factors
in ERV silencing, we carried out a RNAI screening in a
MERVL (murine endogenous retrovirus with leucine tRNA
primer)-LTR-driven tdTomato reporter mouse ESC line.
We identified a list of novel ERV regulators, among which
Rifl shows the strongest impact. Rifl was originally dis-
covered as a factor involved in telomere length homeosta-
sis in yeast (26). Later studies showed that Rifl is also in-
volved in DNA damage response (27-33), DNA replication
timing (34-36), and epigenetic gene regulation (37). Fur-
thermore, Rifl is required for ESC maintenance (38,39),
and its deletion leads to early embryonic lethality in the
C57BL/6J strain (40). Here, we show that Rifl depletion
results in transcriptional de-repression of ERV and ERV-
neighboring genes, and this de-repression becomes more
obvious in DNA methylation deficient ESCs. Rifl inter-
acts with HMTs and facilitates their recruitment to ERVs,
thereby promoting the establishment of repressive chro-
matin marks. We further show that Rif1 serves as a barrier
during somatic cell reprogramming, and its transient deple-
tion enhances induced pluripotent stem cell (iPSC) gener-
ation. Collectively, our study uncovers a list of novel ERV
regulators and reveals an essential role of Rifl in the tran-
scriptional repression of ERVs.

MATERIALS AND METHODS
ESC culture and targeting

E14 and J1 ESCs were obtained from the American Type
Culture Collection. Dnmt-TKO and Rosa26-CreERT2

ESCs were kindly provided by Dr Masaki Okano and Dr
Shaun Cowley. For experiments, ESCs were routinely cul-
tured on gelatin-coated plates in Dulbecco’s modified Ea-
gle’s medium supplemented with 15% ESC-qualified fe-
tal bovine serum, 10 mM 2-mercaptoethanol, 1 mM non-
essential amino acids and 1000 U/ml of LIF (Millipore).
For cell line maintenance, ESCs were cultured in the serum-
free ESGRO medium (Millipore). ESC differentiation and
transfections were carried out similarly as previously de-
scribed (41).

For gene targeting, pX330 and homologous recombina-
tion (HR) donor plasmids were co-transfected into E14
(for HA-tag knock-in) or Rosa26 CreERT?2 (for conditional
deletion) ESCs. Transfected cells were seeded at colonal
density, and individual colonies were picked and screened
by polymerase chain reaction (PCR). Correctly targeted
clones were amplified and re-screened to confirm genotype.

Plasmid construction, lentivirus preparation and shRNA
screen

Primers and oligos used in this study were listed in Sup-
plementary Table S4. For pLKO.1 shRNAs, complemen-
tary single-stranded oligos (Supplementary Table S1) were
annealed and cloned as suggested by the RNAi consor-
tium. Full length human Rifl CDS is kindly provided by
Dr Dongyi Xu. The Rifl full length and truncation frag-
ments were PCR amplified and cloned into the pCAG-
IRES-Blastcidin vector. Rifl shRNA was derived from
pGIPZ (GE Dharmacon, Clone ID V3LMM _484629) and
sub-cloned into the pHAGE vector (42). For CRISPR-
medicated genome editing, guide RNAs were cloned into
the pX330 vector as instructed. For HA-tag knock-in, the
guide RNA was designed to target the exon-1 region. For
conditional deletion, the guide RNAs were designed to tar-
get introns between exon-4/5 and exon-6/7. HR donor se-
quences were amplified by PCR and cloned into pCRBlunt
II-TOPO (Life Technologies). All plasmids were confirmed
by sequencing.

Lentivirus was prepared as described previously by trans-
fecting 293T cells. Virus was harvested 48 h after transfec-
tion. For the sShRNA screen, 2C::tdTomato reporter ESCs
were transduced with shRNA lentivirus, selected for viral
infection with 2 pg/ml puromycin and then analyzed for td-
Tomato fluorescence by FACS 4 days after virus infection.
The shRNA against the firefly luciferase was used as non-
target control. The Rifl1-B shRNA was used for RNA-seq,
chromatin immunoprecipitation (ChIP)-seq and ATAC-seq
in the study.

Antibodies

Antibodies used in this study include: HA (C29F4,
CST 3724), RIF1 (Santa Cruz SC-65191), EZH2 (CST
5246), SETDBI (Santa Cruz sc-66884), H3K9me3 (Abcam
ab8898), H3K4me3 (Active motif 39159), H3K27me3 (Ac-
tive motif 39155), H3K9ac (Millipore 07-352), H3K27ac
(Active motif 31933), Suv39H1 (CST 8729), EHMT?2 (CST
3300).



Immunoprecipitation (IP)

E14 HA-Rif1 ESCs or 293T cells co-transfected with plas-
mids encoding HA-tagged Rifl and histone modifying en-
zymes (V5-tagged Setdbl, EZH2 or Suv39hl, or flag-tagged
EHMT?2) were used for immunoprecipitation (IP). Cells
were harvested and lysed with lysis buffer (150 mM NacCl,
50 mM Tris, 1%NP40, pH 8.0, 10 mM NaF, 1 mM Na3VO4,
Roche ethylenediaminetetraacetic acid (EDTA)-free pro-
tease inhibitor, phenylmethylsulfonyl fluoride (PMSF)). IP
was carried out using anti-HA (3F10, Roche 11815016001)
Affinity Matrix, V5 antibody-coupled Dynabeads (Life
Technologies) or Flag antibody-coupled magnetic beads
(Sigma) overnight at 4°C. After IP, beads were washed with
lysis buffer and bound proteins were eluted with LDS load-
ing buffer (Life Technologies). All experiments were per-
formed three or more times, and representative results were
shown in the figures.

Subcellular fractionation

Chromatin isolation method was adapted from Mendez
and Stillman (43). Briefly, harvested cells were washed with
phosphate-buffered saline (PBS) and re-suspended in cy-
tosolic buffer (10 mM HEPES [pH 7.4], 10 mM KCl, 1.5
mM MgCl2, 0.34 M sucrose, 10% glycerol, | mM Dithio-
threitol (DTT)) supplemented with protease inhibitors at a
concentration of 20-40 million cells/ml, and incubated on
ice for 5 min. A total of 1% Triton-X 100 in Equal vol-
ume of cytosolic buffer was added to a final concentration
of 0.1%, and the cells were mixed by gently pipetting and
further incubated for 10 min on ice. A total of 10% of this
total volume was taken to preserve a whole-cell extract frac-
tion. Nuclei was pelleted by centrifugation at 1300 x g for
5 min at 4°C, and supernatant containing the cytoplasmic
fraction was collected. Nuclei were washed once in cytosolic
buffer, then lysed 10 min on ice in 1 x volume chromatin ex-
traction buffer 3 mM EDTA, 0.2 mM EGTA, | mM DTT)
supplemented with protease inhibitors. Insoluble chromatin
was pelleted by centrifugation at 1700 x g for 5 min at 4°C,
and supernatant containing the nucleoplasm fraction was
collected. The chromatin pellet was washed once with chro-
matin extraction buffer. All fractions were boiled in LDS
loading buffer. All experiments were performed three or
more times, and representative results were shown in the fig-
ures.

Western blot and immunofluorescence staining

Cells were lysed with lysis buffer (150 mM NaCl, 50 mM
Tris, 1%NP40, pH 8.0, 10 mM NaF, 1 mM Na3VO4,
PMSF, Roche EDTA-free protease inhibitor). Cell lysate
was loaded into a NuPAGE® Bis-Tris gels (4-12%) or
NuPAGE® Tris-Acetate gels (3-8%, for >250 KD large
proteins) and transferred onto a PVDF or NC mem-
brane. The membrane was blocked with 5% non-fat milk
at room temperature for 1 h, followed by incubation with
primary antibodies at 4°C overnight. The blot was sub-
sequently incubated with either horse-radish peroxidase
(HRP)-conjugated anti-mouse IgG, HRP-conjugated anti-
rabbit IgG or HRP-conjugated anti-goat IgG (1: 10 000).
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Signal was detected using G:Box range of system (Synop-
tics Ltd).

Cells were fixed using 4% paraformaldehyde at room tem-
perature for 15 min, followed by 0.5% Triton X-100 per-
meabilization for 10 min and 0.5% bovine serum albumin
blocking for 30 min. They were then incubated with primary
antibodies at 37°C for 2 h or 4°C overnight, followed by sec-
ondary antibodies (Life Technologies). Nuclei were coun-
terstained with DAPI (Sigma), and images were taken on
the X-Cite 120Q microscope (Excelitas Technologies Corp).
All experiments were performed three or more times, and
representative results were shown in the figures.

RNA isolation, reverse transcription, PCR and RNA-seq

Total RNA were isolated from cells using the GeneJet RNA
purification kit (Thermo Scientific), and 0.5 pg total RNA
were reverse transcribed to generate cDNA using the iS-
criptTM cDNA Synthesis Kit (Bio-Rad) according to man-
ufacturer’s instructions. qPCRs were performed using the
SsoFastTM EvaGreen Supermix (Bio-Rad) on the Bio-Rad
CFX-384 or CFX-96 Real-Time PCR System. Actin was
used for normalization. Primers used in the study were
listed in Supplementary Table S4. All experiments were per-
formed three or more times, and representative results were
shown in the figures. For RNA-seq, libraries were prepared
from two biological replicates using the TruSeq RNA Sam-
ple Prep Kit and sequenced on the NextSeq (Illumina).

Chromatin immunoprecipitation (ChIP) assay and high-
throughput sequencing

ChIP was performed as described previously (44). Briefly,
70-80% confluency of ESCs were crosslinked with a final
concentration of 1% formaldehyde for 10 min at room tem-
perature, formaldehyde was quenched by the addition of
200 mM glycine and cells were rinsed twice with ice-cold
PBS. Cells were transferred to 15 ml conical tubes and col-
lected by centrifugation. Cells were lysed with lysis buffer
A (50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 0.25% Triton X-100, 10% Glycerol and
protease inhibitor cocktail (Roche)), incubated at 4°C for 10
min and collected by spinning at 1300 x g for 5 min at 4°C.
Cells were then resuspended in lysis buffer B (10 mM Tris—
CI (pH 8), 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA
and protease inhibitor cocktail), incubated at room temper-
ature for 10 min. Nuclei were pelleted by spinning at 1300
x g for 5 min at 4°C. The pellet was suspended with lysis
buffer B (10 mM Tris—CI (pH 8), 100 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-
lauroylsarcosine and protease inhibitor cocktail) and incu-
bated for 15 min on ice. Chromatin shearing was conducted
with cells on ice, using a microtip attached to Misonix 3000
sonicator. Sonicate 8-12 cycles of 30 s ON and 90 s OFF
around 30-watt power-output. A final concentration of 1%
Triton X-100 was added and gently mixed by pipetting.
The chromatin solution was clarified by spinning at 20 000
g at 4°C for 30 min. Chromatin immunoprecipitation was
performed with 3 pg Dynabeads protein G (Life technol-
ogy) conjugated preliminary antibodies antibody overnight
at 4°C. The immunoprecipitated material was washed five
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times with wash buffer (10 mM Tris—CI (pH 8), 1 mM
EDTA, 0.5% NP40, 0.5M LiCl, 0.5% Na-Deoxycholate)
and once with TE buffer (PH8.0), then, eluted by heating for
30 min at 65°C with elution buffer (50 mM Tris—Cl (pH 7.5),
10 mM EDTA, 1% sodium dodecyl sulphate). To reverse
the crosslinks, samples were incubated at 65°C overnight,
then the eluted was digested with a final concentration of
0.5 pg/ml RNasesA at 37°C, followed with a final concen-
trated of 0.5 pg/ml Proteinase at 55°C for 2 h. The immuno-
precipitated DNA were then extracted with phenol chloro-
form isoamyl alcohol followed by chloroform, ethanol pre-
cipitated in the presence of glycogen and re-suspended in
TE buffer. The resulting DNA was analyzed by gPCR and
data were presented as the percentage of input using indi-
cated primers (Supplementary Table S4). All experiments
were performed three or more times, and representative re-
sults were shown in the figures. For ChIP-seq, 1 ng precip-
itated DNA or input was used to generate DNA library by
use of Nextera XT DNA sample preparation Kit (illumina)
according to the manufacturer’s instruction. The resulting
libraries were used for sequencing by Next-Seq (Illumina).
Two biological replicates were performed here, and com-
bined reads were used for further analysis.

Assay for transposase accessible chromatin with high-
throughput sequencing (ATAC-seq)

ATAC-seq was performed as described (45). Briefly, the
harvested cell pellet was resuspended in cold lysis buffer
(10 mM Tris—CI (pH 7.4), 10 mM NaCl, 3 Mm MgCl,
0.1%(V/V) Igepal CA-630) and placed on ice for 5 min.
Then crude nuclei were pelleted by centrifuge for 5 min at
500 x g, 4°C. Nuclei pellet were resuspended in transposi-
tion mix (Illumia cat# FC-121-1030), then DNA were puri-
fied using a Qiagen MinElute PCR purification kit. ATAC-
seq library was generated by PCR amplification and se-
quenced on the NextSeq (Illumina). Two biological repli-
cates were performed here, and combined reads were used
for further analysis.

Analysis of DNA methylation

DNA methylation by HPLC and bisulfite sequencing
was performed as described (46). Briefly, ESCs were re-
suspended with lysis buffer (10 mM Tris—Cl (pH 7.5), 10
mM EDTA, 10 mM NacCl, 0.5% sarcosyl, 1 mg/ml Pro-
teinase K) and incubated at 60°C overnight. Genomic DNA
was extracted by phenol/chloroform and ethanol precip-
itated. The samples were re-suspended in TE buffer with
a final concentration of 0.1 mg/ml RNaseA and 2U/ml
RNaseH1, followed by 65°C incubation for 10 min and
37°C for 2 h. The RNA-free genomic DNAs were purified
by phenol/chloroform extraction followed by ethanol pre-
cipitation. A total of 10 wg genomic DNA was digested
with digestion solution (20 mM NaAc (pH 5.3), 1| mM
ZnS0O4,10U /ul nuclease P1 (Sigma)) at 37°C overnight and
10U CIP(NEB) for additional 2 h at 37°C. Twenty micro-
liters of hydrolyzate were analyzed using a HPLC system
(Agilent Technologies, 1200 Series), equipped with an Ag-
ilent Eclipse XDB-C18 column (5 mm, 4.6 250 mm, Agi-
lent Technologies Inc.). Three biological replicates were per-
formed.

For DNA dot blot, genomic DNA was denatured by
heating at 95°C, immediately cooled on ice and loaded on
Amersham Hybond-N+ membrane. After UV crosslink-
ing, the membrane was blocked by 5% non-fat milk for
1 h at room temperature, then incubated with SmC or
ShmC antibody for 1 h at room temperature. The blot was
subsequently incubated with either horse-radish peroxidase
(HRP)-conjugated anti-mouse IgG or HRP-conjugated
anti-rabbit IgG (1:10 000). Signal was detected using G:Box
range of system (Synoptics Ltd). Three biological replicates
were performed, and a representative result was shown in
the figures.

Bisulfite conversion was performed using EZ DNA
Methylation-Gold™ Kit (ZYMO research) according to the
manufacturer’s protocol. Bisulfite-treated DNA was used to
amplify the targeted region, amplified regions were cloned
into pPGEM®-T Easy Vector (Promega) and sequenced.
The primers are listed in Supplementary Table S4.

For methylated DNA immunoprecipitation, genomic
DNA was extracted with the DNeasy Blood &Tissue Kit
(QIAGEN). One microgram of extracted DNA was son-
icated using covaris s220 to a mean fragment size of 150
bp, and then used for methylated DNA immunoprecipita-
tion using SmC antibody (Active motif). Immunoprecipi-
tated DNA was purified using MinElute PCR Purification
Kit (QIAGEN), after which the sample was used for gPCR.
The experiment was performed three or more times, and a
representative result was shown in the figures.

Somatic cell reprogramming

Mouse embryonic fibroblasts (MEFs) were plated in 12-well
plate at 200 k/well, and transduced with the non-targeting
or Rifl shRNA viruses the next day. Two days after trans-
duction, cells were re-plated in 12-well plate at 80 k/well,
and were transduced with the pHAGE-STEMCCA viruses
(47) encoding the Yamanaka factors the next day (day-1).
Cells were re-plated in gelatin-coated 12-well plates at 80
k/well at day-2. On day-3, culture medium was switched
from MEF medium to ESC medium, and medium was
changed every day until day-12. For transient Rifl silenc-
ing, doxycycline was added to the medium on day-6 to day-
8 and removed afterward. All experiments were performed
three or more times, and representative results were shown
in the figures.

Bioinformatics analysis

For all sequencing runs, reads were removed if they had a
mean Phred quality score of <20. Adapter sequence was
trimmed using cutadapt v1.11. RNA-seq reads were aligned
using TopHat2 v2.0.4 with the following parameters: ‘~b2-
sensitive —no-coverage-search -g 10’. ChIP-seq, MeDIP-seq
and ATAC-seq reads were aligned using Bowtie v0.12.8
with the following parameters: ‘-v 2 -M 1 —best —strata’. The
‘-M 1’ parameter ensured that multi-mapped reads were not
removed, but instead aligned to one of the positions cho-
sen at random. For RNA-seq, FPKM values were obtained
using Cufflinks v2.0.2 with a RefSeq gene model down-
loaded from the UCSC browser. For ATAC-seq, open chro-
matin coverage was generated using the first nine bases of



the aligned reads. For ChIP-seq, peaks were called using
SICER with a window size of 200 and a gap size 600. Re-
peats were defined using RepeatMasker and download from
their website: ‘http://www.repeatmasker.org’.

Gene Set Enrichment Analysis (GSEA) was used to de-
termine whether the Rif KD upregulated genes were en-
riched for genes that are specifically expressed at the 2-
cell stage or during ZGA. To define the 2-cell stage genes,
raw RNA-seq reads were downloaded for samples at var-
ious stages of mouse embryo development (from 1 cell to
morula) from GEO (accession GSE44183) (48). Adapter
was trimmed using cutadapt vl.11, and the reads were
aligned using TopHat2 v2.0.4. FPKM values were gener-
ated using Cufflinks v2.0.2, and they were normalized us-
ing quantile normalization. For each gene, a 2C score was
calculated from the normalized FPKM values as: mean(2C
samples)-[mean(non-2C samples)+2*sd(non-2C samples)].
Genes were defined as 2C-specific if the 2C score was >0.
Genes were removed if more than one of the 2C samples
had an FPKM of less than 1. Gene set of ZGA genes was
obtained from (49).

We used the following published datasets for anal-
ysis: Setdbl (GSEI18371, (10)); Suv39hl/2 (GSE57092,
(16)); Trim28 (GSE41903, (50)); G9a (GSE46536, (51));
H3K27me3 (GSE28254, (52)); Chafla/1b and Setdbl
(GSE70863, (25)).

RESULTS

shRNA screen identified Rif1 as a negative regulator of ERV
silencing in ESCs

To systematically study ERV silencing, we carried out an
RNAIi screen in ESCs. We generated an MERVL-LTR-
driven 2C::tdTomato reporter ESC line based on the pub-
lished strategy (49), in which the expression of ERV3 can
be determined by the reporter activity (Supplementary Fig-
ure S1A). We verified that the tdTomato-positive cells show
elevated MERVL expression by RT-qPCRs (Supplemen-
tary Figure S1B). Using the reporter cells, we screened se-
lected epigenetic regulators and examined the impact of
their silencing on ERV3 expression (Figure 1A). From the
screen, we identified a number of factors that when de-
pleted resulted in reporter activation, including those that
have been previously shown to repress ERV such as Chafla,
Chaflb, Chd5, Ehmt2, Kdmla and Yyl (Figure 1B and
C; Supplementary Table S1) (18,23-25). Interestingly, si-
lencing Trim28 only mildly affected the reporter activity,
while silencing Setdb1 had no significant effect (Supplemen-
tary Table S1). Because the 2C::tdTomato reporter was de-
signed to represent ERV3 expression, this result is consis-
tent with their known function in ERV repression (13,20),
and is also consistent with the notion that different epige-
netic factors may be responsible for the control of different
ERV subclasses (13,15,16,25). Among the identified factors,
Rifl showed the strongest phenotype (Figure 1B and C;
Supplementary Figure S1C), and we decided to further in-
vestigate its role in ERV silencing. To confirm the RNAI re-
sult, we generated a Rifl conditional knockout (¢cKO) ESC
line using CRISPR-mediated genome editing (Supplemen-
tary Figure S1D and E). Similar as Rifl KD, Rifl deletion
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resulted in the activation of the 2C::tdTomato reporter (Fig-
ure 1D). Together, our screen identified Rif1 as a crucial fac-
tor for ERV silencing.

To determine the consequence of Rifl depletion, we
performed RNA-seq after Rifl KD. We found a total of
591 upregulated genes and 377 downregulated genes (fold
change > 2, FDR < 0.05) (Figure 2A and Supplementary
Table S2), suggesting that Rif1 largely functions as a repres-
sor. There was no obvious changes in most of the pluripo-
tency genes (Supplementary Figure S2A), suggesting that
Rif1 KD did not affect ESC differentiation. Importantly, we
noticed that the upregulated genes are highly enriched for
two cell (2C) stage and zygotic genome activation (ZGA)
genes (Figure 2B and Supplementary Figure S2B). It has
been reported that ERVs can act as alternative promoters
or enhancers to activate neighboring genes during early de-
velopment. Consistent with that notion, we found that the
Rifl KD-induced 2C- and ZGA-specific genes are located
in close vicinity to ERVs (Figure 2C). Further, Rif1 KD of-
ten resulted in co-activation of ERVs and their nearby genes
(Figure 2D). Finally, we examined the effect of Rif1 deple-
tion on ERVs. We found that Rifl KD or deletion indeed
led to significant de-repression of ERVs (Figure 2D and E;
Supplementary Figure S2C), with a more pronounced effect
on ERV3 that is largely driven by MERVL elements (Figure
2F and G).

Previous studies have revealed several negative regulators
of ERVs, including Setdbl, Suv39h1/2, Ehmt2, Chafla/b
and Trim28 (14-16,18,20). Unsupervised hierarchical clus-
tering analysis showed that Rif1 KD shared significant sim-
ilarity with Chafla/1b KD in TE expression (Figure 2G
and Supplementary Figure S2D), suggesting that they may
regulate TEs via similar mechanisms. In comparison, while
Ehmt2 has also been shown to regulate ERV3 and 2C-
specific genes (15), it does not cluster tightly with Rifl.
In line with the clustering analysis, there are large over-
laps in de-pressed ERVs between Rifl KD and Chafla/1b
KD (Supplementary Figure S2E). Moreover, Chafla KD
in Rifl deficient cells did not induce additional ERV ac-
tivation based on the 2C::tdTomato reporter assay (Sup-
plementary Figure S2F). Collectively, our data clearly indi-
cated that Rifl is required for the repression of ERVs, espe-
cially ERVI and ERV3, in mouse ESCs. Finally, Dux was re-
cently shown to activate MERVL and 2C-genes (53-55). We
found that Rifl KD resulted in an increase in Dux expres-
sion. To test whether Dux expression may account for the
de-repression of ERVs after Rifl deletion, we silenced Dux
by RNAI in Rifl ¢cKO 2C::tdTomato-reporter ESCs (Sup-
plementary Figure S2G). Dux KD only partially rescued
the reporter activation caused by Rifl depletion (Supple-
mentary Figure S2H), suggesting that Rifl-mediated ERV
de-repression may act through both Dux-dependent and in-
dependent mechanisms.

Rif1 facilitates the assembly of repressive histone marks and
DNA methylation at ERVs

To test whether Rif1 may directly regulate ERVs, we tagged
endogenous Rifl with the HA-tag using CRISPR /Cas9-
mediated genome editing (Supplementary Figure S3A), fol-
lowing a strategy that has been previously shown to pre-
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serve Rifl function (34). We confirmed the functionality
of the inserted HA-tag by western blot and immunofluo-
rescence staining (Supplementary Figure S3B and C). We
then examined Rifl genomic occupancy by chromatin im-
munoprecipitation followed by high-throughput sequenc-
ing (ChIP-seq) using an HA-antibody in this ESC line. We
found that Rifl occupies ERV1, ERV2 and ERV3s (Fig-
ure 3A and B; Supplementary Figure S3D, E and Table
S3), suggesting that it may directly repress their expression.
To validate this result, we carried out ChIP-qPCRs at se-
lected ERV loci in Rif1 cKO ESCs treated with or without 4-

hydroxytamoxifen (4OHT). We found that Rif1 occupancy
was only detected in untreated but not treated cells in which
Rif1 was deleted (Supplementary Figure S3F). In addition,
we re-analyzed the Rifl ChIP-seq data from a recent study
(56), and confirmed Rifl occupancy at ERVs (Supplemen-
tary Figure S3E).

Next, we examined histone H3 lysine 9 tri-methylation
(H3K9me3) and histone H3 lysine 27 tri-methylation
(H3K27me3) occupancy at RIF1-bound ERVs, as they play
important roles in ERV repression. We found that differ-
ent RIF1-bound ERV sub-families show different enrich-



Nucleic Acids Research, 2017, Vol. 45, No. 22 12729

A B
- 2C genes ZGA genes
b (]
=14 ] ®UP(501) = o8 ES= 0.62
e ®Down (377) Q NES=3.05
E 12 no4 P=0
-
w 10 - . .-'f.’ 593 FDR=0
e Sk 2oz
2 6 4 -“ % 0.1
~ /\::- = o
a 41 A c
X 5 w
= 0 4 '.:
[ 7 il
20 2 4 6 8 1012 14 16 Gene ranked by expressmn of Gene ranked by expression of
Control (log2 FPKM) Rif1 KD vs Control Rif1 KD vs Control
C w D E
10 Chr7: 11,745,000 — 11,765,000 ERV
T p <0.001 0-500 < 0.001
> i ! T p<0.001 Control __ 60— AL -
Z s ! : : — s
w : l I 0-500 ¥ 50—
- ; | : Rif1 KD &
o 6— i ! i e
[ 1 ! ! i Zscan4d-+—a—< MERVL-int g g 40—
[} H | | : - N
< : : : : 0=
£ - ' : Chr7: 12,044,190 — 12,115,000 © g3
8 5 0-20 £ |
c Control L u w = 20 :
T 2] o W R oM L . % i
o 0-20 -
o g ! ! Rif1 KD| I ‘ J n 2 10
0—} . - - - - ;éénﬁf ...v._-uv -l o — =
Non-2C Non-2C 2C/ZGA 2C/ZGA RLTR6-int Control Rif1 KD
(Al (Up) (Al (Up)
F G ;
£ 2
N ™ =
« Wy >SS > 3ou
3 zzE s 2
=ERV1 =ERV2 =ERV3 == D &
2.5 . Chaf1a KD

Chaflb KD

N

Rif1 KD
Trim28 KO

Percent of ERVs (%)
-~ b

’ Ehmt2 KO

e
o

Suv39h1/2 dKO
Setdb1 KD

o

O © © © © © ©
Qs\& &\,ﬁ s g +&§~ y NG g <
& & & o & 8

Figure 2. Rifl depletion results in de-repression of ERVs and neighboring genes. (A) Scatter plot showing differentially expressed genes after Rif1 depletion
(fold-change > 2 and FDR < 0.05). ESCs were transduced with luciferase (Control) or Rifl shRNA (Rifl KD) lentivirus, and cells were collected 96 h after
transduction for analysis. (B) Gene set enrichment analysis (GSEA) showing that upregulated genes after Rifl depletion are highly enriched for those that
are specifically expressed at the 2-cell stage (2C genes) and during zygotic activation (ZGA genes). (C) Box plot showing the distance to the closest ERVs.
2C and ZGA genes were defined as described in the ‘Materials and Methods’ section. Non-2C and 2C/ZGA genes that were upregulated after Rifl KD
were compared to those that were not upregulated. P-value was calculated by Mann—Whitney Wilcoxon test. (D) Genome browser tracks showing elevated
transcription of ERVs (MERVL-int and RLTR6-int) and neighboring genes (Zscan4d and Zscan4f) after Rifl KD. Y-axis: normalized expression values
of transcripts. (E) Box plot showing increased expression of ERVs after Rif1 KD. P-value was calculated by Mann—Whitney Wilcoxon test. (F) Column
chart showing the regulation of ERV subfamilies upon depletion of the indicated factors. Percentage upregulated ERV in each subfamily was calculated as
(number of upregulated ERV loci)/(number of total ERV loci). (G) Heat map showing the expression changes of repetitive elements upon the depletion of
the indicated factors.



12730 Nucleic Acids Research, 2017, Vol. 45, No. 22

A

O

Rif1 Bound ERVs

12 - Rif1 Bound ERV1 Rif1 Bound ERV2 Rif1 Bound ERV3
z " = ERvt T 4, 4 1.2 4 H3K9me3
T _ 1 = ERV3 T _ 35 - 3.5 - 14 H3K27me3
£E J @‘ £T 3 3
e} (=] 0.8 1 M o D 0.8 4
2 241 N 20 251 2.5
-5::'0.6”1 s T 24 2 0.6 4
= Y e
3 041 3d 9] 1 04 §
285 02 25 ] '
5O S © 0.5 0.5 - 0.2 1
© ©
o 0 T T ] [11] 0 T T » 0 T T 0 T T "
X o o X £ o [=] 4 £ o o k4 -8 (=] (=] 4
w ERV © 0 ERV O ERV Y w ERV Y
chr7:11,744,615-11,764,889 = Rif1 Bound ERV1 Rif1 Bound ERV2 Rif1 Bound ERV3
Rif1 |°‘3 S 04, 0.4 1 0.2 4 H3K9me3
il bbbl w2 g " H3K27me3
Control [°-3 3 g 0
PO TP PR RV PTTY TN [ S -04 0.4 o5
o 0.
=0
Control [0 500 S 081 0.8
Al e o P
mRNA o «9 45 12 04
meco WL ek SE :
O F 16 1.6 1 0.8
Control [0-6 L [T ) ) 08
kil di bbb ] - T T " - T T v -0. T T ]
H3K9me3| T £ x X X o o x x o o x
RiftKD | L A a 5 ERV p v [ i v ERV g
0-5
Control
H3K27me3 b_.g.u..m.m_l.uJAML.
RifTKD| ~
f PRIV SPTIRPR ...Mmmm E F
Control |°~ % = 042 - Rif1 Bound ERVs 5 p <0.05
H3K4me3| o-25° T Tt 5 _ﬁf}?'.'(‘i;'.
Rif1 KD AMAAMMA.. w 0.1 =" 47
Control [0-17 £ =
Ll [N IRVPRY " S 0.08 - X 31
H3K27ac| 0-17 £ ;
Rift KO |yl s, £ 0.06 E2;
0-2 ]
Control c 0.04 4 1 4
ATAC-seq| 03 e g
Rif1 KD O 0.02 T T J 0 -
Zscandd W MERVL-int N4 o o X =
LTR ] ERV 6 Control Rif1 KD
G H
2Kb b a b a .
T m— — — — MERVL-int LTR
H<d<—
n ©®000000| [CO00eoq
Zscandd MERVL-int Ceee0e0| [©OOCeOd
CeeeOed| [6o0ceod
5mC 0000000 (0050000
sdveid B3,
== Control e00C000 [Ceeccd
E Rif1 KD Ceceee le}sy Jot L fo|
104 eee0000 [COCCe0®
- ’-I-i locceece 0000 o
=
2 5l Control Rif1 KD
; 1.0 67.1% 32.4%
0.5+
0.04
RN b,@ b}O \;'b \;O \vg
O PP
S S & &
&P F ¢
1? 159 AR\
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ment for H3K9me3 and H3K27me3 (Figure 3C). To test
whether Rifl may regulate ERVs through these repressive
histone marks, we first examined the global level of his-
tone modifications in WT and Rifl KD ESCs. Based on
immunofluorescence and western blot, we found that Rifl
KD resulted in reduced H3K9me3 and H3K27me3 and in-
creased H3K9ac and H3K27ac signals in the nucleus (Sup-
plementary Figure S4A). Next, we performed histone mark
ChIP-seq. While H3K27me3 occupancy was only modestly
decreased, H3K9me3 occupancy at Rifl-occupied ERV1
and ERV3, but not ERV2, was significantly reduced after
Rifl KD (Figure 3B and D; Supplementary Figure S4B),
consistent with the expression changes at these ERV sub-
families. Finally, Rifl depletion increases the accessibil-
ity of newly packaged chromatin and chromatin-loop size
(34,36). To test whether Rifl also regulates chromatin at
ERVs, we examined chromatin accessibility by assay for
transposase-accessible chromatin with high throughput se-
quencing (ATAC-seq) (57), and found that Rif1 KD signif-
icantly increased genome accessibility around RIF1-bound
ERV loci (Figure 3B and E). Together, our data suggested
that Rif1 is required for the repression of ERVs, especially
ERV1 and ERV3, likely by facilitating the assembly or main-
tenance of repressive histone marks. Further, although Rifl
shows similar occupancy at all three ERV subfamilies, Rifl
depletion selectively reduces H3K9me3 at ERV1 and ERV3,
resulting in their de-repression. Our findings are consis-
tent with previous reports that different H3K9 methylation-
based mechanisms are utilized to silence different retro-
transposon families (13-16,20,25).

In addition to histone modifications, DNA methylation
also plays an important role in protecting repetitive ele-
ments from aberrant transcription, and rapid loss of DNA
demethylation in ESCs can result in de-repression of retro-
transposons (17). We found that Rifl KD led to a reduc-
tion in global (Figure 3F) DNA methylation with a con-
comitant increase in global 5-hydroxymethylcytosine level
(Supplementary Figure S4C). More importantly, based on
MeDIP-qPCR and bisulfite sequencing, DNA methylation
at the ERV MERVL is significantly reduced in Rifl KD
ESCs (Figure 3G and H). In comparison, Rifl KD did not
impact methylation at the IAP elements in the ERV2 sub-
family (Figure 3G). Thus, in addition to repressive histone
marks, Rifl also promotes DNA methylation at ERVs, es-
pecially at ERV3s.

Rif1 plays a critical role in ERV repression in the absence of
DNA methylation

H3K27me3 was recently shown to repress ERV during
rapid DNA methylation loss (17). Because Rifl regulates
H3K27me3 occupancy at ERVs, we hypothesized that Rif1
may be critically required for ERV silencing in the absence
of DNA methylation. We tested the impact of Rifl de-
pletion in WT and DNA methyltransferase triple knock-
out (Dnmt-TKO) ESCs. Dnmt-TKO alone had little impact
on the examined ERVs, consistent with the literature (13).
However, Rifl depletion resulted in a more robust increase
in ERVI (GLN, MLV, RLTR6) and ERV2 (MMERVK10C,
MusD) expression in Dnmt-TKO cells (Figure 4A). Next,
we tested whether Rifl-mediated H3K27me3 is responsi-
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ble for ERV silencing in the absence of DNA methyla-
tion. As previously reported (17,58), we observed an in-
crease in global H3K27me3 level (Figure 4B), as well as spe-
cific H3K27me3 occupancy at ERVs in Dnmt TKO ESCs
(Figure 4C and D). In addition, ERVs are activated when
Eed, a core component of the PRC2 complex that deposits
H3K27me3, was silenced (Figure 4E). Finally, Rifl deple-
tion resulted in reduced global H3K27me3 level (Figure 4B)
and H3K27me3 enrichment at Rifl-regulated ERVs signif-
icantly (Figure 4F). Taken together, these data suggested
that Rifl-mediated H3K27me3 deposition plays a critical
role in ERV repression in the absence of DNA methylation.

Rifl interacts with repressive HMTs and facilitates their re-
cruitment

To understand how Rif1 facilitates the assembly of repres-
sive histone marks at ERVs, we first examined whether Rif1
may regulate the expression of related HMTs. We found
that Rifl deletion did not lead to significant decreases in
their expression, except for Ehmt2 (Supplementary Figure
S5A and B). We next tested whether Rifl may regulate
the recruitment of the HMTs to ERVs. Using the Rifl-
HA knock-in ESCs, we found endogenous Rifl interacts
with both H3K9- and H3K27-methyltransferase SETDBI,
EHMT?2, SUV39H1 and EZH?2 (Figure 5A). In addition,
we transfected 293Ts with plasmids expressing tagged Rifl
and Setdbl, Ezh2, Ehmt2 or Suv39hl proteins, and de-
tected interactions between Rifl protein and these HMTs
by co-immunoprecipitations (Supplementary Figure S5C
and D). These results are largely in agreement with a recent
report (37).

Analysis of published ChIP-seq data showed that
SETDB1 and SUV39HI1/2 are enriched at RIF1-bound
ERV1 and ERV2, while SETDBI, SUV39H1/2 and
EHMT?2 are only modestly enriched at ERV3 (Supple-
mentary Figure S5E). This is consistent with the lower
H3K9me3 level at ERV3 (Figure 3C), and suggest that
ERV3 repression is particularly sensitive to H3K9me3 reg-
ulation. To test the impact of Rifl depletion on HMT
occupancy, we carried out ChIP-qPCR for SETDBI,
EHMT?2, Suv39H1 and EZH2 in Control versus Rifl KD
or Rifl KO ESCs. As previously reported (15,59), we
found that SETDBI was enriched at MLV (ERV1) and
IAPEz, MMERVK10C, MusD (ERV2); EHMT2 was en-
riched at all of the tested ERVs; Suv39H1 was enriched
at RTRL6 (ERVI1), and IAPEz, MMERVKI10C, MusD
(ERV2); and EZH2 was enriched at MLV, RLTR6 (ERV1),
MMERVKI10C (ERV2) and MERVL (ERV3) in control
ESCs (Figure 5B and C). Importantly, we found that
Rifl KD or KO resulted in reduced SETDB1, EHMT2,
Suv39H1 and EZH2 binding at many of the tested ERVs
(Figure 5B and C). In particular, both EHMT2 and
Suv39H1 occupancy at MERVL was significantly decreased
(Figure 5C). This result is consistent with the decreased
level of H3K9me3 and H3K27me3 at these ERVs upon Rif1
KD. Furthermore, it provides a plausible explanation for
the regulation of ERV3 by Rifl, as EHMT2 and Suv39H1-
dependent H3K9 methylation are critical for ERV3 repres-
sion (15,16). Collectively, our data strongly suggested that
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Rifl facilitates the recruitment of repressive histone modi-
fying enzymes to repress ERV expression.

Rifl contains two functional domains: the HEAT-like
(Huntingtin, Elongation factor 3, A subunit of protein
phosphatase 2A and Torl) repeats and the C-terminal do-
main (CTD) (Figure 5SD). To identify the functional do-
main(s) in Rifl, we carried out structure-function analysis.
We expressed full-length Rif1 or various domain constructs
(Figure 5D) in Rifl ¢cKO 2C::tdTomato ESCs. We verified
that all the constructs were properly expressed and the re-
sulting protein products maintain proper nuclear localiza-
tion and chromatin association (Figure SD; Supplementary
Figure SS5F and G). Remarkably, exogenous expression of
both full length Rif1 and Rif1 with a-CTD domain deletion
(aa 1-2216) largely rescued the Rif1 KO phenotype based on
the reporter activity (Figure SE). The expression of ERVs
and their nearby genes were also rescued (Figure 5F). In
contrast, exogenous expression of Rifl without the HEAT-
like repeat domain (aa 1300-2446, 1300-2216 or 2000-2446)
had little effect (Figure SE and F). The HEAT-like repeat
domain is required for the interactions between Rifl and
SETDB1, EHMT2, Suv39HI1 or EZH2 (Figure 5G), and
the truncation mutant (aa 1-2216) occupies similar genomic
regions as full-length Rifl (Supplementary Figure S5H).
Therefore, these results supported our model that Rifl re-
presses ERVs by promoting the recruitment of repressive
HMTs. Notably though, the ChIP-seq signal from the trun-
cation mutant is reduced compared to that of the wild-type
Rifl (Supplementary Figure SSH), suggesting that the C-
terminal domain may still influence Rifl binding to the
genome to some extent.

Importantly, the structure function analysis was carried
out using the human Rif1 gene. Further, the HEAT-like re-
peat domain is highly conserved across species (60). Conse-
quently, we asked whether that Rifl’s function in ERV re-
pression is also conserved in human cells. Indeed, we found
that Rifl silencing resulted in ERV transcriptional activa-
tion in human ESCs (Supplementary Figure S5I and J).
Thus, Rifl represses ERV in different species, as well as in
different types of pluripotent stem cells.

Rif1 serves as a barrier during somatic cell reprogramming

Previous reports suggested that the dynamic regulation of
ERYV expression may contribute to the reprogramming pro-
cess (61,62). In line with that, ERV regulators were found
to influence induced pluripotent stem cell (iPSC) genera-
tion (63-65). We first confirmed that ERVs such as MERVL
and TAP, are gradually upregulated during the course of
reprogramming (Figure 6A). To test whether Rifl regu-
lates reprogramming, we selected an shRNA that modestly
reduced Rifl expression in MEFs without changing the
growth rate (Supplementary Figure S6A and B). We found
that limited Rif1 silencing resulted in a small but signifi-
cant enhancement in reprogramming efficiency, as demon-
strated by the increased number of alkaline phosphatase-
positive colonies and increased percentage of Oct4-GFP-
positive cells (Figure 6B and C). Consistently, endogenous
pluripotency markers Oct4, Sox2 and Nanog were more
abundantly expressed in the cell population that was trans-
duced Rifl shRNA (Figure 6D). The effect of Rifl silenc-

ing was even more obvious when only three factors (Oct4,
K1f4 and Sox2) were used for reprogramming (Supplemen-
tary Figure S6C and D). Interestingly, Rif1 KD did not sig-
nificantly increase the population of SSEA-1-positive cells
at day 6 (Supplementary Figure S6E), suggesting that Rifl
likely acts at a later stage of reprogramming. To test that, we
used a doxycycline-inducible shRNA expression system for
stage-specific Rifl silencing (Supplementary Figure S6F).
We added doxycycline between day 6 and 8 of reprogram-
ming, and then measured the population of Oct4-GFP cells
at day 12. Markedly, transient Rif1 silencing from day 6 to 8
dramatically enhanced reprogramming efficiency, as shown
by the increased percentage of Oct4-GFP positive cells (Fig-
ure 6E). Therefore, these results indicated that Rifl, and
possibly Rifl-mediated ERV regulation, is a novel barrier
during somatic cell reprogramming.

DISCUSSION

Retrotransposons increase evolutionary complexity of their
host. However, they also present fatal threats if not prop-
erly controlled. Correspondingly, transcriptional activation
of retrotransposons is tightly restricted through multiple re-
pressive epigenetic mechanisms. In this study, we screened
a list of known epigenetic regulators and identified many
novel factors involved in ERV silencing. Among those, we
showed that Rif1 represses ERVs, likely via the recruitment
of HMTs to establish repressive chromatin marks. Further,
Rifl-mediated ERV silencing also serves as a roadblock
during somatic cell reprogramming.

Rifl is a multifunctional gene. Its product was first iden-
tified as a telomere-binding protein in yeast that negatively
regulates telomere length (26). Recent studies showed that
it also plays important roles in DNA damage response
and DNA replication timing (18,27,31,35,36,56). However,
Rifl has long been implicated in heterochromatin regula-
tion in both yeast and mammalian cells (37,66-68), sug-
gesting that it may have other conserved functions. In-
deed, the Rifl homologue from drosophila does not fully
complement yeast or mammalian Rifl function in DNA
damage response (69). More intriguingly, drosophila telom-
eres are maintained by retrotransposons (70). As a re-
sult, drosophila does not have telomerase and many other
telomere-associated proteins. However, drosophila Rif1 is
phylogenetically very close to that of vertebrates (60). Com-
bined with our findings, we propose that Rif1 likely adopted
a critical function in retroviral silencing via the establish-
ment of repressive chromatin marks during evolution, and
its function in modulating the activity of repetitive ele-
ments may be conserved across higher species. In support
of this notion, we showed that the broadly conserved HEAT
repeat-domain in Rif1 is required for ERV silencing (Figure
5SE-G), and Rif1 represses ERV in both mouse and human
ESCs (Supplementary Figure S51 and J).

A handful of factors have been shown to repress ERVs in
ESCs, albeit to different extent on different ERV subfami-
lies. For example, the universal transcriptional co-repressor
Trim28 mediates the silencing of all classes of ERYV, al-
though it its repression on ERV3 may be a consequence of
indirect effects (15). The H3K9 methyltransferase Setdbl
regulates ERV1 and ERV2 (13,14), but Suv39h1/Suv39h2
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Figure 6. Rifl acts as a barrier in somatic cell reprogramming. (A) RT-qPCRs showing ERV expression during reprogramming. Relative expression values
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on day-12. Left: representative FACS result; Right: statistics of % Oct4-GFP-positive cells (plotted as mean + standard error). P-value was calculated by
Student’s #-test.



12736 Nucleic Acids Research, 2017, Vol. 45, No. 22

predominantly affects intact ERVs and LINE elements (16).
The histone demethylase Kdmla and the polycomb com-
plexes repress ERV3 (9,18). We identified Rifl using the
2C::tdTomato-reporter assay. Consistently, we found that
Rif1 depletion led to significant upregulation of ERV3 (Fig-
ure 2F and G), as the reporter was designed to faithfully re-
capitulate ERV3 expression. In comparison, silencing of the
other known retrotransposon repressors mentioned above
showed much reduced impact in the same assay, suggest-
ing that Rifl is a master regulator of this ERV subfamily.
Interestingly, Rif1 was shown to interact with the histone
chaperone Chafla (25), and our results further suggested
that Rifl and Chafla/1b may co-regulate ERV3 via shared
mechanisms or pathways.

Mechanistically, we found that Rifl occupies ERVs,
interacts with multiple HMTs and promotes the estab-
lishment of multiple repressive chromatin marks, includ-
ing H3K9me3, H3K27me3 and DNA methylation. H3K9
methylation is the main controller of retrotransposon ac-
tivity in ESCs. DNA methylation also plays an important
role, and H3K27me3 is required when DNA methylation
is lost (17). Our findings indicated that Rifl can ensure
proper ERV silencing in different contexts, and uncovered
novel mechanisms by which Rif1 can function as an epige-
netic repressor (37). In addition, Rifl not only facilitates
H3K9me3 and H3K27me3 occupancy at ERVs, it has also
been identified to interact with the histone marks (71), ei-
ther directly or indirectly via Chafla. Therefore, Rifl can
potentially form a positive feedback with repressive histone
modifications to engage ERV repression. Consistent with
this notion, Rifl silencing showed the strongest effect in
ERYV de-repression in our RNAI screen, even more so than
the silencing of individual repressive HMTs alone (Supple-
mentary Table S1). Besides repressive histone marks, RIF1
was recently found to interact with histone variants H3.1
and H3.2 (72). H3.1/3.2 deposition by Chafla/1b is asso-
ciated with repressive histone marks at retrotransposons in
pre-implantation embryos (73). These findings can poten-
tially explain the similarities between Rifl and Chafla/1b
KD, and suggest another possible mechanism in which Rif1
represses ERVs by promoting Chafla/1b-mediated histone
variant deposition. Together, we propose that Rifl may act
as a hub and integrate multiple repressive histone modifying
enzymes and repression mechanisms to silence ERVs.

ERVs provide a rich reservoir of regulatory elements in
the genome. In addition, ERV-containing sequences are
metastable due to its epigenetic regulation and can promote
variable expression of surrounding genes, resulting in phe-
notypic mosaicism and diversity. Indeed, ESCs display tran-
scriptional heterogeneity of pluripotency-associated genes
and ERVs, and their developmental capacity fluctuates with
ERV activity (49,74). We found that Rifl is required for
the repression of both ERVs and many ERV-neighboring
genes. In particular, its depletion resulted in a significant el-
evation of Zscan4. Zscan4 is transiently expressed in a sub-
population of ESCs, but is required for the long-term main-
tenance of the bulk population (74). Its expression marks a
distinct epigenetic state, and promotes the rejuvenation of
ESC potency (75,76). Thus, it is possible that Rif1 and Rifl-
mediated epigenetic regulation plays an important role in
regulating the maintenance and developmental potential of

ESCs. Intriguingly, Zscan4 silencing can partially rescue the
growth defect caused by Rifl knockdown (37), possibly be-
cause they can both regulate telomere and genomic stability
(28,74). However, it is unclear whether Zscan4 also plays a
role in Rifl-dependent ERV repression.

Finally, it has been shown that retrotransposons are de-
repressed during somatic cell reprogramming. Moreover,
transcription triggered by specific retrotransposons medi-
ates and may even be an essential step toward iPSC genera-
tion (61,62). In agreement with that, we found that transient
depletion of Rifl significantly enhances reprogramming.
Our result supports previous reports that repressive chro-
matin marks, such as H3K9 and DNA methylation (77,78),
are barriers of somatic cell reprogramming. It is also con-
sistent with the finding that depletion of other retrotranspo-
son repressors such as Trim28, Setdbl and Chafla/1b can
promote iPSCs derivation (63,65).
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