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ABSTRACT 

Dot1l is a histone methyltransferase without a SET
domain and is responsible for H3K79 methylation,
which marks active transcription. In contradiction,
Dot1l also participates in silencing gene expression.
The target regions and mechanism of Dot1l in re-
pressing transcription remain enigmatic. Here, we
show that Dot1l represses endogenous retr o viruses
in embryonic stem cells (ESCs). Specifically, the ab-
sence of Dot1l led to the activation of MERVL, which
is a marker of 2-cell-like cells. In addition, Dot1l dele-
tion activated the 2-cell-like state and predisposed
ESCs to differentiate into trophectoderm lineage.
Transcriptome anal ysis re vealed activation of 2-cell
genes and meiotic genes by Dot1l deletion. Mecha-
nistically, Dot1l interacted with and co-localized with
Npm1 on MERVL, and depletion of Npm1 similarly
augmented MERVL expression. The catalytic activity
and AT-hook domain of Dot1l are important to sup-
press MERVL. Notably, Dot1l-Npm1 restricts MERVL
b y regulating pr otein level and deposition of histone
H1. Furthermore, Dot1l is critical for Npm1 to effi-
ciently interact with histone H1 and inhibit ubiqui-
tination of H1 whereas Npm1 is essential for Dot1l
to interact with MERVL. Altogether, we discover that
Dot1l represses MERVL through chaperoning H1 by
collaborating with Npm1. Importantly, our findings
shed light on the non-canonical transcriptional re-
pressive role of Dot1l in ESCs. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Embryonic stem cells (ESCs) are pluripotent cells deri v ed
from inner cell mass, which can dif ferentia te into all adult
cell types except extraembryonic tissues. A subset of ESCs
was discovered to gain the ability to contribute to both in-
ner cell mass and extraembryonic tissues. These cells ex-
hibit an expression profile similar to that of 2-cell embryos
and are marked by the presence of endogenous retrovirus
MERVL, hence, they are named 2-cell-like cells (2CLCs)
( 1 ). Activation of MERVL alone in ESCs is sufficient to
trigger the emergence of 2CLCs, suggesting a critical role
of MERVL in the formation of 2CLCs ( 2 ). Howe v er, the
detailed mechanism of MERVL activation still needs fur-
ther study. One route to control MERVL is through epige-
netic r egulation. Pr eviousl y, m ultiple epigenetic regulators
have been characterized as r epr essors of MERVL in ESCs.
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to 480 of Dot1l. Dot1l- Rootletin mutant contained a.a. 
ne important class of epigenetic regulators of MERVL is 
3K9 histone lysine methyltr ansfer ases with set domains. 
9a, GLP, Setdb1 and Suv39h1 all contribute to the re- 

triction of MERVL ( 3–5 ). Howe v er, whether other histone 
ethyltr ansfer ases are involved in the modulation of retro- 

ransposons is still unclear. 
Among the histone lysine methyltr ansfer ases, one unique 

istone tr ansfer ase is the disruptor of telomeric silencing 1- 
ike (Dot1l) protein. Dot1l is the only histone lysine methyl- 
r ansfer ase without a SET domain ( 6 ). It is also the only
nzyme mediating the methylation of H3K79 ( 7 , 8 ), which 

s known as a marker of acti v e euchromatin and expressed 

enes ( 9–11 ). Dot1l participates in the transcription elon- 
ation process by associating with RNA pol II and elon- 
ation factors ( 12 , 13 ). Paradoxically, Dot1l is essential for 
eter ochr oma tin forma tion. Dot1l is specifically involved in 

he maintenance of telomere heter ochr omatin and gene si- 
encing in yeast ( 14 ). In ESCs, Dot1l mutation results in 

he reduction of constituti v e heter ochr omatin marked by 

3K9me2 and H4K20me3 at centromeres and telomeres 
 7 ). Dot1l is absent in 2-cell embryo but the ov ere xpression
f Dot1l or its mutant without methyltr ansfer ase activity is 
till able to organize chromocenter-like structures in mouse 
-cell embryos ( 15 ). It is still unknown whether Dot1l is 
nvolved in the silencing of other genomic regions such as 
etrotransposons and how Dot1l performed its repressi v e 
ole in ESCs. 

Here, we show that Dot1l acti v ely contributes to the 
ilencing of retrotransposons. Loss of Dot1l activated 

ERVL, meiosis-related genes, and 2CLC state in ESCs. 
o better understand the mechanistic basis of these obser- 
a tions, we demonstra ted tha t Dot1l interacted with histone 
haper one Npm1 thr ough its AT-hook domain. We further 
iscovered that Npm1 and Dot1l co-localized on MERVL, 
nd contributed to the restriction of MERVL in ESCs by 

haperoning the histone H1 and its variants. Taken together, 
hese findings expand our knowledge regarding the r epr es- 
i v e action of Dot1l in transcription and the restriction of 
he MERVL-marked 2CLC state. 

ATERIALS AND METHODS 

ell culture and inhibitor treatment 

ouse E3 ESCs wer e cultur ed on the feeder layer. E14 

nd J1 ESCs wer e cultur ed using 10 ng / ml recombi-
ant LIF (Z03077, GenScript) on 0.2% gela tin-coa ted 

lates (353043, FALCON), in Dulbecco’s modified Eagle’s 
edium (DMEM, SH30243.01m, Hyclone) supplemented 

ith 15% fetal bovine serum (FBS, SH30070.03, Hyclone), 
 mM L -glutamine (G0200, Solarbio),1% nonessential 
mino acids (N1250, Solarbio), 1% Penicillin–Streptomycin 

P1400, Solarbio), and 0.1 mM �-mecaptoethanol (M3148- 
50, Sigma) in a humidified incuba tor a t 37 

◦C in 5% (v / v)
O 2 . HEK 293T cells wer e cultur ed in DMEM (12100– 

46, Gibco) supplemented with 10% FBS (04-001-1A, Bio- 
ogical Industries), 1% L -glutamine (G0200, Solarbio), 1% 

enicillin–Streptomycin (P1400, Solarbio) on 6-well plates 
703001, NEST Biotechnology). For inhibitor treatment, 
SCs were treated with 1 �M Dot1l inhibitor EPZ5676 

T3099, TargetMol) or 0.1 �M NAE inhibitor MLN4924 
S81085, MedMol) during cell passage and treated contin- 
ously for 48 h. 

hRNA knockdown 

or gene knockdown, the designed shRNAs were cloned 

nto pSuper-puro vector and sequenced. During ESC pas- 
age, 1 �g shRNA plasmid was transfected with Polyjet 
SL100688, SignaGen), according to the manufacturer’s 
rotocol. The transfected ESCs were selected with 1 �g / ml 
uromycin for 3 days and harvested. shRNAs sequences are 
vailable in Supplementary Table S1. 

SC differentiation 

SCs were dif ferentia ted to TSCs as previously reported 

 16 ). Briefly, after 24 h of ESCs passage, the medium was 
hanged to TSCs dif ferentia tion medium, which contains: 
oswell Park Memorial Institute (RPMI) 1640 medium 

01–100-1A CS , Biological Industries) supplemented with 

0% FBS (SH30070.03, Hyclone), 1 mM Sodium Pyruvate 
SP0100, Solarbio), 2 mM L -glutamine (G0200, Solarbio), 
% Penicillin–Streptomycin (P1400, Solarbio), 0.1 mM �- 
ecaptoethanol (M3148-250, Sigma), 25 ng / ml human re- 

ombinant FGF4 (Z02984, GenScript) and 1 �g / ml hep- 
rin (S12004, Yuanye Biotechnology). The cells were har- 
ested after inducing dif ferentia tion for 3 days. 

eneration of Dot1l- knockout cell lines 

ot1l -knockout ( Dot1l −/ −) ESCs were generated using 

RISPR / Cas9 technology. Two specific sgRNAs target- 
ng Dot1l genes were designed according to the published 

rotocols. The sgRNAs were cloned into the pX459 vec- 
or. Transfection was carried out using Polyjet transfection 

eagent (SL100688, SignaGen). The transfected cells were 
elected with 2 �g / ml puromycin for 24h and then trans- 
erred to a 10 cm plate. One week later, the single-cell- 
eri v ed clones were selected and the knockout was con- 
rmed by Sanger sequencing of regions flanking deleted 

N A. SgRN As sequences are listed in Supplementary 

able S1. 

stablishment of o ver expr ession ESC line 

or the generation of Dot1l ov ere xpression cell line, the full- 
ength sequence of Dot1l was constructed into the pCAG- 
HA vector. E14 ESCs and Dot1l −/ − ESCs were trans- 
ected with Dot1l-HA vector or empty vector were selected 

n 800 �g / ml hygromycin B for ∼14 days. For the gener- 
tion of truncated Dot1l mutant-ov ere xpression cell line, 
he truncated sequence of Dot1l was cloned into the over 
 ector flag v ector respecti v el y. Dot1l- � C-terminal m utant
ontained amino acid (a.a.) 1 to 660 of Dot1l. Dot1l-C- 
erminal contained a.a. 661 to 1540 of Dot1l. Dot1l-DOT1 

 AT-hook contained a.a. 1 to 480 of Dot1l. Dot1l-DOT1 

 Rootletin contained a.a. 1 to 320 and a.a. 481 to 660 

f Dot1l. Dot1l-AT-hook & Rootletin contained a.a. 321 

o 660 of Dot1l. Dot1l-DOT1 mutant contained a.a. 1 to 

20 of Dot1l. Dot1l- AT-hook mutant contained a.a. 321 
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481 to 660 of Dot1l. Dot1l −/ − ESCs were transfected with
constructed vector or empty vector and were selected in 1
�g / ml puromycin for ∼10 days. 

RNA purification and RT-qPCR 

Total RNA from 1 to 2 million ESCs was harvested and
extracted using RNAiso Plus (TaKaRa Bio) immediately
after experiments and treated with 1 U DNase I (Thermo
Fisher Scientific) at 37 

◦C for 30 min in the presence of 40
U RNase inhibitor according to the manufacturer’s pro-
tocols. The concentration and purity of total RNA was
determined by NanoDrop 2000 (Thermo Scientific). 1 �g
of DNase-treated RNA was used for re v erse transcription
with the Transcriptor First Strand cDNA Synthesis Kit
(4897030001, Roche) and 2.5 �M Oligo-dT primers in a
10 �l reaction containing 5 U re v erse transcriptase. The re-
verse transcription condition was: 25 

◦C for 10 min, 50 

◦C
for 60 min, 85 

◦C for 5 min and hold a t 4 

◦C . 10-fold diluted
cDNA was used for qPCR analysis with 1 �M forward or
re v erse primer using Hieff qPCR SYBR Green Master Mix
(11202ES08, Yeasen). Real-time qPCR was performed on
a CFX384 Touch Real-Time PCR Detection Systems (Bio-
Rad). Experiments were conducted for three independent
samples harvested at different times with each data point
run in duplicate. PCR cycling conditions were: 95 

◦C for 10
min, 40 cycles of 95 

◦C for 15 s, 60 

◦C for 15 s and 72 

◦C for
30 s. A melting curve of amplified DNA was subsequently
acquired to assess the specificity of the primers. The com-
parati v e cy cle threshold (Ct) method (2 

−�� Ct ) was used to
quantify gene expression changes relati v e to Ct value in the
control samples after normalization to the Ct of Gapdh .
Primers with minimal off-target for genes were designed
with Primer-Blast ( 17 ) to target exons of genes and amplify
amplicon between 100 and 200 bp. For repeat sequences,
primers were designed against the consensus sequence of
r epeats. Primers wer e synthesiz ed by Az enta Life Sciences
and sequences for qPCR analysis are listed in Supplemen-
tary Table S1. 

Western blot analysis 

Mouse ESCs were lysed in RIPA lysis buffer (R0010, Solar-
bio) supplemented with protease inhibitors PMSF (P0100,
Solarbio) for 30 min on ice. Protein samples were separated
by 8–15% SDS-PAGE gel and then transferred to PVDF
membranes (Millipore). After blocking with 5% nonfat
milk in PBS buffer containing 0.1% Tween-20 (PBST) for
2 h at room temper ature, tr ansferred membr anes were in-
cubated overnight at 4 

◦C with different primary antibod-
ies. After incubation with HRP-conjugated secondary anti-
bodies, bands were visualized using a Chemiluminescence
Imaging System (Tanon). Antibodies were used accord-
ing to manufacturer’s specifications. Primary antibodies are
available in Supplementary Table S2. Secondary antibodies
used are goat anti-rabbit IgG-HRP (sc-2004, Santa Cruz)
and anti-mouse IgG-HRP (sc-516102, Santa Cruz). 

Immunostaining and flow cytometry analysis 

Immunostaining was performed as previously described
( 18 ). Briefly, cells were fixed with pre-cooled 80% ethanol
and permeabilized with 0.5% Triton X-100 for 15 min on ice.
Blocked cells were incubated with primary antibody against
MERVL-gag (A-2801, EpiGentek) for 2 h on ice. The cells
were then washed three times with PBST and incubated
with secondary antibody Alexa Fluor 594-conjugated goat
anti-rabbit IgG (ZF-0516, ZSGB-BIO) for 1.5 h on ice. The
immunostained cells were analyzed by flow cytometry (BD
LSRFortessa). 

Protein co-immunoprecipitation (co-IP) 

ESCs ov ere xpressed Dot1l-HA or pCAG-3HA from 10-
cm plate were washed with PBS twice and lysed with 1
ml of co-IP lysis buffer (20 mM Tris–HCl [pH 7.5], 20
mM KCl, 150 mM NaCl, 1.5 mM MgCl 2 , 1% Glycine,
0.5% TritonX-100), containing protease inhibitors cock-
tail (B14001, Bimake). Cell extracts were centrifuged at
13 000 rpm for 15 min to remove insoluble debris. Pre-
cleared cell lysates were incubated overnight with anti-HA
magnetic beads (B26202, Bimake) at 4 

◦C. Beads were then
washed three times with lysis buffer and twice with wash
buffer. For co-IP in HEK293T cells, the truncated Dot1l
domain-flag and Npm1-HA plasmids were co-transfected
into HEK293T cells via Polyjet on 6-well plates. Two days
after transfection, anti-Flag magnetic beads (B26102, Bi-
make) were used for immunoprecipitation. The rest of the
experimental operation is the same as in ESCs. Bound pro-
teins were eluted by SDS-PAGE loading buffer. Proteins
wer e r esolved on SDS-PAGE gel and analyzed by western
blot. 

Chromatin immunoprecipitation (ChIP) 

ChIP was performed as previously described ( 18 ). Briefly,
cells were cross-linked with 1% formaldehyde and termi-
nated by adding glycine to a final concentration of 0.2
M. Cells were then lysed with ChIP lysis buffer and chro-
matin was fragmented by sonication using the Ultrasonic
Cell Crusher. Next, the pr etr ea ted chroma tin was incu-
bated with 3 �g anti-Dot1l (D4O2T, Cell Signaling Tech-
nology), anti-Npm1 (sc-271737, Santa Cruz), anti-Histone
H1.0 (A3298, ABclonal), anti-Histone H1.2 (A0646, AB-
clonal) antibodies loaded protein G MagBeads (L00274,
GenScript) overnight at 4 

◦C. After washing, elution and
DN A purification, imm unoprecipitated DN A were ana-
lyzed by qPCR. 

Sequential chromatin immunoprecipitation (ChIP-reChIP) 

For ChIP-reChIP experiments, chromatins isolated from
E14 ESCs ov ere xpressing Dot1l-HA were subjected to two
rounds of ChIP. In the first ChIP, chromatin was equally
divided for immunoprecipitation with control anti-Flag
magnetic beads (B26102, Bimake) or anti-HA magnetic
beads (B26202, Bimake). Immunoprecipitated chromatin
was eluted with 80 �l elution buffer and diluted 10 times
with ChIP dilution buffer, and a second ChIP was car-
ried out with 3 �g of control IgG or anti-Npm1(sc-271737,
Santa Cruz) antibodies. Purified DNA was analyzed by
qPCR using primers for the indicated regions. All ampli-
fications were performed in triplicate. 
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NA-seq and data analysis 

otal RNA was extracted from wild-type (WT) ESCs and 

ot1l −/ − ESCs with RNAiso Plus (TaKaRa Bio) and 

reated with DNase I (Thermo Fisher Scientific). At least 
 �g of total RNA was pr epar ed for unstranded polyA- 
nriched RNA-seq libraries construction and sequencing. 
ach library was paired-end sequenced (150bp per end) 

o obtain 6 Gb data on Illumina Nova-seq by Azenta 

ife Sciences (Genewiz Incorporation). Cutadapt was used 

o remove adapter sequences of RNA-seq data and low- 
uality reads. Hisat2 was used to map RNA-seq reads to 

he mm10 mouse genome ( 19 ). Genes were annotated ac- 
ording to GENCODE database ( 20 ). Transposable ele- 
ents (TEs) were annotated from UCSC Genome Browser 

RepeatMasker). The number of reads mapped to genes 
as determined with featureCounts ( 21 ). The number of 

eads mapped to TEs and loci was determined with TEtran- 
cripts and TElocal, respecti v ely ( 22 ). Differential e xpres- 
ion analysis and principal component analysis (PCA) was 
onducted by DESeq2 ( 23 ). Differ entially expr essed genes 
r repeats were selected with fold change > 1.5 and ad- 

usted P -value < 0.05. The gene ontolo gy (GO) anal ysis and 

EGG pathway analysis were carried out with R package 
lusterProfiler ( 24 ). The Reactome pathway analysis was 
arried out with R package ReactomePA ( 25 ). Gene set en- 
ichment analysis (GSEA) was done by the Python module 
seap y. Hierar chical clustering analysis was performed for 
he different expressed genes using the Pheatmap package 
n R language. For analysis of MERVL-fusion transcripts, 
tringTie ( 26 ) was used to assemble RNA-seq reads into 

otential transcripts with default parameters. The visual- 
zation of RNA-seq tracks was performed using integrati v e 
enome visualizer (IGV) ( 27 ). 

hIP-seq and data analysis 

or ChIP-seq, 2 ng of ChIP DNA was r equir ed for library 

repar ation. ChIP-seq libr aries were constructed with the 
Tseq kits according to the manufacturer’s instructions. 
he libraries were sequenced on an Illumina Hiseq X Ten 

latform by Novogene Corporation (Tianjin, China) and 

50 bp paired-end reads were generated. For ChIP-seq data 

nalysis, and low-quality reads were filtered and the adapter 
equences wer e r emoved with Cutadapt. Bowtie2 ( 28 ) was 
sed to align reads to the mouse mm10 genome with param- 
ters ‘–v ery-sensiti v e -k 5 –no-mixed –no-discor dant’, and 

hen optimized the multi-read allocation by using CSEM 

 29 ). ChIP-seq signal heatmap and binding profile plot 
ere generated by Deeptools ( 30 ). Macs2 ( 31 ) was used 

o call Dot1l binding peaks with parameters ‘–keep-dup 

uto -p 0.001 –broad –broad-cutoff 0.001’. Homer ( 32 ) and 

hIPseeker ( 33 ) were used to annotate the peaks. 

tatistical analysis 

T-qPCR and ChIP-qPCR r esults wer e analyzed by the 
tudent’s t -test. GraphPad Prism was used for the statis- 
ical analysis of data. P < 0.05 was considered statisti- 
ally significant; these significant differ ences wer e defined 

s * P < 0.05, ** P < 0.01 or *** P < 0.001. Differentially
xpressed genes and TEs were determined by Wald test; 
enjamini-Hochberg procedure / false discovery rate (FDR) 
as used to adjust the P -value. 

ESULTS 

ot1l restricts endogenous retrovirus MERVL in ESCs 

o study the function of Dot1l in regulating retrotranspo- 
on MERVL, we first knocked down Dot1l with two inde- 
endent shRN As. Both shRN As efficientl y depleted Dot1l 
xpression to 20–30% (Figure 1 A). Dot1l decrement trig- 
er ed the expr ession of MERVL (Figur e 1 B) without af- 
ecting the expression of pluripotency genes Oct4 , Sox2 and 

anog (Supplementary Figure S1A). To confirm the role 
f Dot1l, we established a Dot1l -knockout ESC line using 

as9 and gRNAs targeting exon 1 and exon 5 of Dot1l 
Figure 1 C; Supplementary Figure S1B). We verified the 
xcision of first 5 exons of Dot1l with PCR (Supplemen- 
ary Figure S1C and D). Our results from qPCR and 

estern b lot v erified the loss of Dot1l protein (Figure 1 D 

nd E; Supplementary Figure S1E). Dot1l deletion did not 
isrupt ESC morphology nor the expression of pluripo- 
ency genes at both mRNA and protein le v els (Supplemen- 
ary Figure S1F-H). Since Dot1l is the only enzyme re- 
ponsible for H3K79 methylation, we observed the loss of 
3K79me1 / 2 / 3 after the deletion of Dot1l in ESCs (Figure 
 F). In agreement with Dot1l depletion, Dot1l −/ − ESCs ac- 
ivated MERVL, along with other retrotransposons (Figure 
 G). Together, these results suggest that Dot1l is essential to 

 epr ess r etrotransposon MERVL. 

ot1l r epr esses 2CLC state in ESCs 

i v en that Dot1l r epr esses 2CLC marker MERVL, we 
sked whether Dot1l was diminished during the transition 

etween ESCs and 2CLCs. Analysis of published RNA- 
eq data ( 34 , 35 ) re v ealed decreased Dot1l during 2CLC in-
uction and upregulated Dot1l upon exit from 2CLC state 
Figure 2 A and B). We next examined the expression of 

ERVL encoded gag protein. We found that MERVL- 
ag was activated in Dot1l −/ − ESCs (Figure 2 C; Supple- 
entary Figure S2A). The MERVL-gag 

+ 2CLC popula- 
ion also increased in Dot1l −/ − ESCs (Figure 2 D). In ad- 
ition, Dot1l −/ − ESCs exhibited stronger activation of tro- 
hectodermal genes ( Cdx2 , Eomes , Plet1 , and Ascl2 ) than 

ild-type ESCs upon dir ected differ entiation of ESCs to 

rophoblast stem cells (TSCs) (Figure 2 E; Supplementary 

igur e S2B). Furthermor e, Dot1l −/ − ESCs augmented the 
xpression of 2CLC genes (Figure 2 F), confirming the ac- 
uisition of the 2CLC state in Dot1l −/ − ESCs. We fur- 
her re-introduced Dot1l in Dot1l −/ − ESCs and observed 

he restoration of Dot1l expression at both protein and 

NA le v els (Figure 2 G and H), which was accompanied 

y the decrement of MERVL expression but not pluripo- 
ency genes (Figure 2 I; Supplementary Figure S2C). These 
vidences support that Dot1l restricts 2CLC state in ESCs. 

ot1l regulates transcriptome change in ESCs 

e xt, we e xamined the transcriptome of ESCs after the 
oss of Dot1l . The expression of 1044 genes increased while 
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Figure 1. Dot1l deficiency activates retrotransposons. ( A ) qPCR analysis of the expression of Dot1l in ESCs treated with control (Ctrl) shRNA or Dot1l 
shRNAs. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ( B ) qPCR analysis of the expression of MERVL after the depletion of Dot1l 
in ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( C ) Schematic of mutation sites in Dot1l −/ − ESCs. Black dashes: deleted 
bases; red bases: sgRNA target sequences; blue bases: protospacer adjacent motif (PAM) sequences. ( D ) qPCR analysis of the expression of Dot1l in WT 

ESCs and Dot1l −/ − ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( E ) Western blot analysis of Dot1l protein in WT ESCs 
and Dot1l −/ − ESCs. �-Actin was used as a loading control. ( F ) Western blot analysis of H3K79me1 / 2 / 3 le v el in WT ESCs and Dot1l −/ − ESCs. H3 was 
used as a loading control. ( G ) qPCR analysis of the expression of retrotransposons in WT ESCs and Dot1l −/ − ESCs. Data are presented as mean ± s.e.m. 
( n = 3 independent experiments). ns: non-significant, * P < 0.05, *** P < 0.001 in Student’s t -test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

only 244 genes wer e downr egulated in Dot1l −/ − ESCs (Fig-
ure 3 A). For TEs, MERVL / MT2, IAPEy-int, MamGyp-
int, RLTR45-int and LTR31 were upregulated in Dot1l −/ −
ESCs (Figure 3 B; Supplementary Figure S3A). In contrast,
only RLTRETN were downregulated after the loss of Dot1l
(Figure 3 B). The number of activated loci was the high-
est for MERVL / MT2 among all TEs with increased ex-
pr ession (Figur e 3 C). Consistent with qPCR data, 2-cell
genes were enriched among upregulated genes in Dot1l −/ −
ESCs (Figure 3 D). In addition, we observed activation of
MERVL / MT2-fusion genes in Dot1l −/ − ESCs (Figure 3 E;
Supplementary Figure S3B). Principal component analy-
sis (PCA) re v ealed that gene e xpression of Dot1l −/ − ESCs
is more closely correlated with that of 2CLCs than pre-
viously identified chemical-induced totipotent cells ( 36 , 37 )
(Supplementary Figure S3C). We subsequently examined
the classes of genes affected by gene ontology (GO) anal-
ysis. Interestingly, meiosis and reproduction-related genes
were boosted (Figure 3 F; Supplementary Figure S3D)
wher eas genes r elated to de v elopmental processes were
downr egulated (Figur e 3 G). KEGG and Reactome enrich-
ment analysis re v ealed upregulation of metabolism and cell
junction-related genes as well as downregulation of sig-
nalling pathways regulating pluripotency and FGF sig-
nalling in Dot1l −/ − ESCs (Supplementary Figure S3E–
H). Together, these results show that Dot1l suppresses 2-
cell gene expression and MERVL at the transcriptome
le v el. 

Dot1l collaborates with Npm1 to suppress MERVL 

Dot1l was often associated with the activation of gene ex-
pression, howe v er, we found that Dot1l r epr essed r etro-
transposons such as MERVL in ESCs. To investigate how
Dot1l suppresses MERVL, we examined the potential in-
teractors of Dot1l. It was previously reported that Mllt10
(AF10), Mllt6 (AF17) and Mllt3 (AF9) formed a complex
with Dot1l ( 38 ). We expect that to allow the expression of
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Figure 2. Loss of Dot1l transformed ESCs to 2CLCs. ( A ) The expression of Dot1l in the entry to 2CLC state. D0 2C 

− refers to MERVL-negati v e population 
before Dux induction, D1 2C 

− and D1 2C 

+ r epr esent MERVL-negati v e and MERVL-positi v e populations after 1 day Dux induction respecti v ely. ( B ) The 
expression of Dot1l during the exit from 2CLC state. D1 2C 

+ r epr esents 2C-like cells after 1 day of Dux induction. D4 2C 

− r epr esents D1 2C 

+ cells 
cultured for 3 days to exit the 2C-like sta te. 2C 

−, MERVL-nega ti v e cells; 2C 

+ , MERVL-positi v e 2CLCs. ( C ) Western b lot analysis of MERVL-gag le v el 
in WT ESCs and Dot1l −/ − ESCs. �-Actin was used as a loading control. ( D ) Flow cytometry analysis of the MERVL-gag + population in WT ESCs and 
Dot1l −/ − ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( E ) qPCR analysis of the expression of TSC genes in WT ESCs and 
Dot1l −/ − ESCs dif ferentia ted into TSCs respecti v ely. qPCR data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ( F ) qPCR analysis of the 
expression of 2-cell embryo genes in WT ESCs and Dot1l −/ − ESCs. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent e xperiments). ( G ) Immunob lot 
analysis of the expression of Dot1l after ov ere xpression of HA-Dot1l in WT ESCs and Dot1l −/ − ESCs. �-Actin was included as a loading control. Ctrl 
OE: control vector over expr ession. ( H, I ) qPCR analysis of the expression of Dot1l (H) and MERVL (I) after ov ere xpression of Dot1l in Dot1l −/ − ESCs. 
Ctrl OE: control vector over expr ession. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, * P < 0.05, ** P < 0.01, 
*** P < 0.001 in Student’s t -test. 
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ERVL, the co-factors of Dot1l should be lowly expressed 

t 2-cell stage compared to other stages of pre-implantation 

e v elopment, since Dot1l is absent at 2-cell stage ( 15 , 36 ).
owe v er, we did not observe a specific downregulation of 
llt10 , Mllt6 and Mllt3 at 2-cell stage (Supplementary Fig- 

re S4A). Depletion of these interactors of Dot1l did not 
ctivate MERVL (Figure 4 A and B). Surprisingly, knock- 
own of Npm1 , another major interacting protein of Dot1l 
 39 ), acti vated the e xpression of MERVL, while its e xpres-
ion was also maintained at low le v el in 2-cell embryos 
Figure 4 C–E). This can be validated in another ESC line 
J1) (Supplementary Figure S4B and C). In addition, Npm1 

eficiency elevated the expression of 2CLC genes (Figure 
 F). Thus, we further examined the chromatin localiza- 
ion of Dot1l and Npm1 by chromatin immunoprecipita- 
ion (ChIP). Our ChIP-qPCR results found that both Dot1l 
nd Npm1 were bound to MERVL (Figure 4 G and H). 
hIP-seq re v ealed that most Dot1l and Npm1 were bound 

o intergenic and intronic regions (Supplementary Figure 
4D and E). Dot1l and Npm1 displayed similar enrichment 
atterns on MERVL (Figure 4 I and J). In addition, Dot1l 
nd Npm1 have a similar binding pattern on genes (Supple- 
entary Figure S4F). Both Dot1l and Npm1 were also en- 

iched on other upregulated TEs (IAPEy-int and RLTR45- 
nt) and downregulated RLTRETN (Supplementary Figure 
4G–I). Moreover, the Npm1 binding is enriched on Dot1l 
hIP-seq peaks, indicating their co-localization on chro- 
atin (Figure 4 K). Furthermore, sequential ChIP–qPCR 

ChIP-reCHIP) experiments elucidated the co-localization 

f Npm1 and Dot1l on MERVL (Figure 4 L). These results 
emonstra te tha t Dot1l interacts with Npm1 to co-r epr ess 
ERVL. 
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Figure 3. Transcriptome regulated by Dot1l in ESCs. ( A ) The volcano plot of gene expression in Dot1l −/ − ESCs versus WT ESCs. Red, up-regulated genes; 
b lue, down-regulated genes; b lack, other genes. Genes with expression change ≥1.5-fold and adjusted P < 0.05 are shown. ( B ) The volcano plot shows 
transcriptome analysis of TEs expression after Dot1l knockout. Red, upregulated TEs; blue, downregulated TEs; black, other TEs; adjusted P < 0.05, 
Wald test. ( C ) The TEs with the highest number of loci upregulated in Dot1l −/ − ESCs. ( D ) Gene set enrichment analysis (GSEA) of 2-cell genes in the 
transcriptome of Dot1l −/ − ESCs. Red, up-regulated genes; blue, down-regulated genes; NES , normalized enrichment scores; FDR , false discovery rate. 
The Kolmogoro v–Smirno v statistic was used for the calculation of the P -value. ( E ) The volcano plot of all expressed genes in WT ESCs and Dot1l −/ −
ESCs. Genes fused with MERVL are labelled in red. ( F, G ) Gene ontolo gy (GO) anal ysis of upregulated genes (F) and downregulated genes (G) after Dot1l 
knockout. The analysis was done with clusterProfiler. 
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Figure 4. Dot1l interacts with Npm1 to r epr ess MERVL. ( A ) qPCR analysis of the expression of Mllt10 , Mllt6 and Mllt3 after transfected with control 
(Ctrl) shRNA and shRNAs against Mllt10 , Mllt6 and Mllt3 . Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( B ) qPCR analysis 
of the expression of MERVL after transfected with control (Ctrl) shRNA and shRNAs against Mllt10 , Mllt6 and Mllt3 . qPCR data are presented as 
mean ± s.e.m. ( n = 3 independent experiments). ( C ) The expression level of Npm1 during earl y embryo genesis according to published RNA-seq data ( 71 ). 
( D ) qPCR analysis of the expression of Npm1 in E14 ESCs treated with control (Ctrl) shRNA or Npm1 shRNAs. qPCR data are presented as mean ± s.e.m. 
( n = 3 independent experiments). ( E ) qPCR analysis of the expression of MERVL after the depletion of Npm1 in E14 ESCs. qPCR data are presented 
as mean ± s.e.m. ( n = 3 independent experiments). ( F ) qPCR analysis of the expression of 2-cell embryo genes in E14 ESCs treated with control (Ctrl) 
shRNA or Npm1 shRNAs. qPCR data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ( G, H ) ChIP-qPCR analysis of Dot1l (G) and 
Npm1 (H) binding on MERVL. ChIP-qPCR data were normalized to input and that of the control region. Data are presented as mean ± s.e.m. (n = 3 
independent experiments). ( I, J ) Visualization the Dot1l (I) and Npm1 (J) ChIP-seq peaks mapped to MERVL consensus sequence in IGV. ( K ) Enrichment 
heatmap of Npm1 around the binding regions of Dot1l. The ChIP-seq signal was calculated as the log 2 ratio of normalized r eads r elati v e to the input. ( L ) 
A ChIP-reChIP assa y was perf ormed to detect the co-occupancy of HA-Dot1l and Npm1 on MERVL. ChIP DN A was anal yzed by qPCR using primers 
of MERVL. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, * P < 0.05, ** P < 0.01, *** P < 0.001 in Student’s 
t -test. 
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The methyltr ansfer ase activity and A T -hook domain are vital
to the transcriptional repression by Dot1l 

To further study which domain(s) of Dot1l is responsible for
Dot1l to r epr ess transcription, we ov ere xpressed Dot1l mu-
tants with each domain deleted and individual domains of
Dot1l to rescue Dot1l knockout (Figure 5 A; Supplementary
Figure S5A–E). The removal of the C-terminal domain of
Dot1l did not disrupt its ability to r epr ess MERVL (Figur e
5 A and B). None of the individual domains of Dot1l exhib-
ited r epr ession activity against MERVL (Figur e 5 A and B).
Ov ere xpression of Dot1l with the deletion of rootletin do-
main and C-terminal domain at the same time, leaving only
DOT1 and AT-hook domain, can efficiently rescue MERVL
in Dot1l −/ − ESCs, suggesting that rootletin domain and
C-terminal domain are unnecessary whereas DOT1 plus
AT-hook domain is sufficient for the transcriptional r epr es-
sion by Dot1l (Figure 5 A and B). In contrast, the absence
of either DOT1 or AT-hook domain sabotaged the abil-
ity of Dot1l to r epr ess MERVL. These findings prove that
the DOT1 domain and AT-hook domain together are re-
quired to repress MERVL (Figure 5A and B). Gi v en that
the DOT1 domain carries the methyltr ansfer ase activity of
Dot1l, we asked whether the catalytic role of Dot1l was nec-
essary for Dot1l to r epr ess MERVL. Interestingl y, m uta-
tions of the Dot1l catalytic site disabled Dot1l to r epr ess
MERVL (Figure 5 C and D; Supplementary Figure S5F)
without disturbing the expression of pluripotency genes
(Supplementary Figure S5G). The importance of Dot1l
methyltr ansfer ase activity was ascertained by the treatment
of different ESC lines with Dot1l inhibitors (Figure 5 E–
G). Impeding Dot1l acti vity ele vated MERVL e xpression
in thr ee differ ent ESC lines (E14, J1 and E3), mimicking
the effect of Dot1l deletion (Figure 5 E–G). We further ex-
amined which domain was necessary for Dot1l to interact
with Npm1. Npm1 interacted with the full-length Dot1l and
mutants with the deletion of DOT1 domain, rootletin do-
main, or C-terminal domain (Figure 5 H and I). Howe v er,
the removal of the AT-hook domain completely abolished
the interaction between Dot1l and Npm1 (Figure 5 H and I).
These results evidence that Dot1l activity and AT-hook do-
main, which interacts with Npm1, are imperati v e to the re-
pression role of Dot1l. 

Dot1l and Npm1 restrict MERVL through histone H1 

Npm1 is a multifunctional protein with chaperone activ-
ity towards histone H1 ( 40 , 41 ). It can assist in the depo-
sition of histone H1 to DNA ( 41 ). Besides regulating hi-
stone deposition, histone chaperones play critical parts in
the regulation of histone stability and recycling ( 42 ). Hence,
we examined whether Npm1 knockdown affected histone
H1 expression. Neither reduced Npm1 nor the absence of
Dot1l influenced mRNA expression of histone H1.0 and its
variant H1.2 (Figure 6 A and B). Interestingly, Npm1 de-
pletion reduced the protein le v el of H1.0 and H1.2 (Figure
6 C). Additionally, previous disco veries pro ve that Dot1l in-
teracts with histone H1 family proteins ( 39 ). Ther efor e, we
asked whether Dot1l r epr essed MERVL by working with
Npm1 to influence histone H1 protein expression and de-
position. Both Npm1 depletion and Dot1l loss reduced the
protein le v el of histone H1 and its variant H1.2 (Figure
6 C and D). Furthermore, the deletion of Dot1l resulted in
the reduction of histone H1.0 and H1.2 enrichments on
MERVL (Figure 6 E and F). Histone H1 and H1.2 were
recently shown to be crucial r epr essors of 2-cell genes and
2CLC state ( 43 ). Our analysis of published RNA-seq data
( 43 ) after the loss of histone H1 variants (H1.2, H1.3 and
H1.4) confirmed that histone H1 variants were also criti-
cal to the r epr ession of r etrotransposons such as MERVL
(Figure 6 G and H; Supplementary Figure S6A). Chromatin
on MERVL region became more open upon the loss of his-
tone H1 variants (Supplementary Figure S6B). Ther efor e,
it is possible for Dot1l to regulate MERVL through his-
tone H1. We also attempted to identify whether it is pos-
sible for Dot1l to regulate MERVL expression indirectly
through known r epr essors. We first examined the RNA-seq
expression of 100 reported MERVL repressors after Dot1l
deletion ( 44–52 ) (Supplementary Figure S6C). We further
used qPCR to validate genes which were downregulated
for > 1.5-fold, and Hdac4 / 5. We found that only Hdac4 and
Hdac5 were slightly downregulated after Dot1l loss (Sup-
plementary Figure S6C and D). Hdac4 and Hdac5 wer e r e-
cently found to cooperati v ely r epr ess MERVL and 2CLC
state ( 52 ). Hence, their simultaneous downregulation im-
plies that Dot1l is also able to partially r epr ess MERVL
indirectly. 

Dot1l acts through Npm1 to regulate histone H1 

We next assessed how histone H1 protein was affected by
Dot1l deletion, using H1.2 as an example. We initially fo-
cused on whether the catalytic activity of Dot1l is neces-
sary for H1.2 loading and stability. We found that a cat-
alytic domain-inactivated Dot1l was unable to rescue H1.2
protein le v el (Figure 7 A) or its depositions on MERVL
(Figure 7 B; Supplementary Figure S7A), which indicated
a crucial role of Dot1l ca talytic activity. The ca talytic inac-
tivation of Dot1l neither affected the binding of itself nor
Npm1 to MERVL (Figure 7 C and D; Supplementary Fig-
ure S7B and C). Howe v er, we observ ed that the interaction
between H1.2 and Npm1 was affected by Dot1l deletion,
e v en after taking into consideration the reduction of H1.2 in
Dot1l −/ − ESCs (Figure 7 E). Since Npm1 is a histone chap-
erone that can mediate the recruitment of histone H1 to
chromatin ( 41 ), the reduced interaction between Npm1 and
H1.2 would result in decreased loading of H1.2 to MERVL.
In addition, simultaneous depletion of Dot1l and Npm1 did
not further augment MERVL than Dot1l or Npm1 deple-
tion alone, strongly indica ting tha t Npm1 and Dot1l act in
the same pathway to r epr ess MERVL (Figur e 7 F; Supple-
mentary Figure S7D). Furthermore, Npm1 depletion dis-
rupted the interaction between Dot1l and MERVL (Figure
7 G), suggesting that Npm1 is r equir ed for Dot1l recruit-
ment to MERVL. These r esults r e v eal that Dot1l and Npm1
function together to r epr ess MERVL transcription. 

Dot1l regulates histone H1 stability via ubiquitination 

As histone H1 stability can be regulated by histone ubiq-
uitination, we examined the ubiquitination of H1.2 after
Dot1l loss. We discovered that the ubiquitinated H1.2 le v el
increased in Dot1l −/ − ESCs (Figure 8 A). Polyubiquitinated
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Figure 5. Distinct roles of individual Dot1l domains. ( A ) A schematic summary of Dot1l mutants used for functional rescue. � , deletion. ( B ) qPCR analysis 
of MERVL expression after the rescue with the ov ere xpression of Dot1l mutants in Dot1l −/ − ESCs. qPCR results were normalized to Gapdh and compared 
with the ov ere xpressed control v ector in Dot1l −/ − ESCs to anal yze w hether the differ ences ar e sta tistically significant. Da ta ar e pr esented as mean ± s.e.m. 
( n = 3 independent experiments). ( C ) Sequences of WT (top) and CI (bottom) Dot1l alleles at exon 5. Mutated bases and amino acid r esidues ar e in 
red. WT: wild-type; CI: catalytic inacti v e; AA: amino acid. ( D ) qPCR analysis of MERVL expr ession after r escue of Dot1l � C-terminal (CI) mutant in 
Dot1l −/ − ESCs. Ctrl OE: control vector over expr ession; CI: ca talytic inactive. qPCR da ta are presented as mean ± s.e.m. ( n = 3 independent experiments). 
( E–G ) qPCR analysis of the expression of MERVL in E14 ESCs (E), J1 ESCs (F) and E3 ESCs (G) treated with Dot1l inhibitor (EPZ5676). DMSO 

tr eated samples wer e included as a control. qPCR data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, *** P < 0.001 
in Student’s t -test. ( H ) Western blot analysis of HA-Dot1l / Npm1 co-immunoprecipitation in ESCs ov ere xpressing control empty vector (Ctrl OE) or HA- 
tagged Dot1l (HA-Dot1l OE). IP was done with anti-HA magnetic beads. IP, immunopr ecipitation. OE, over expr ession. ( I ) Co-IP experiments to detect 
the interactions of Fla g-ta gged Dot1l mutants with HA-tagged Npm1 in HEK293T cells respecti v ely, IP was done with anti-Flag magnetic beads. The 
resulting co-IP samples were subjected to western blot. 
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Figure 6. Dot1l and Npm1 regulate histone H1 protein le v el and its loading onto chromatin. ( A ) qPCR analysis of the expression of H1.0 and H1.2 in E14 
ESCs treated with control (Ctrl) shRNA or Npm1 shRNAs. qPCR data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( B ) qPCR analysis 
of the expression of H1.0 and H1.2 in WT ESCs and Dot1l −/ − ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( C ) Western 
blot analysis of H1.0, H1.2 and Npm1 protein in WT ESCs treated with control (Ctrl) shRNA or Npm1 shRNAs. �-Actin was used as a loading control. 
( D ) Western blot analysis of H1.0, H1.2 and Dot1l protein in WT ESCs and Dot1l −/ − ESCs. �-Actin was used as a loading control. ( E , F ) ChIP-qPCR 

analysis of H1.0 (E) and H1.2 (F) binding on different retrotransposons. ChIP-qPCR data were normalized to input and that of the control region. Data 
ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, ** P < 0.01, *** P < 0.001 in Student’s t -test. ( G ) The volcano plot 
shows transcriptome analysis of TEs expression after H1 TKO (triple-knockout of H1.2 , H1.3 and H1.4 ). The result from DEseq2 was used to plot the 
diagram. Differ ent color ed dots r epr esent differ ent r etroelement families. Color ed dots indicate TEs with significant expr ession change (adjusted P < 0.05, 
Wald test). ( H ) The RNA-seq reads mapped to MERVL in WT ESCs and ESC with H1 TKO (triple knockout of H1.2 , H1,3 and H1.4 ) were visualized 
using IGV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

proteins can be degraded by the proteasome. NEDD8-
activating enzyme (NAE) controls the activity of the cullin
RING subtype of ubiquitin ligases upstream of the protea-
some ( 53 ). Thus, we explored whether NAE participated
in this process. Notably, inhibiting NAE with MLN4924
impeded H1.2 ubiquitination and partially stabilized the
protein le v el of H1.2 (Figur e 8 B and C), ther eby r estor-
ing the expression of MERVL in Dot1l −/ − ESCs (Figure
8 D). This suggests a critical role of Dot1l in regulating
MERVL expression via H1.2 ubiquitination. Subsequently,
we screened H1.2 ubiquitination sites, which may affect
chroma tin conforma tion ( 54 , 55 ) and found tha t only over-
expressing H1.2 carrying K64R mutation partially rescued
MERVL (Figure 8 E; Supplementary Figure S8A–E). We
further confirmed that H1.2 ubiquitination decreased after
ov ere xpressing H1.2K64R (Figure 8 F). These results sug-
gest that Dot1l regulates H1.2 stability and the subsequent
expression of MERVL through ubiquitination. 

DISCUSSION 

In summary, we propose a model that Dot1l acts through
Npm1 to control the expression and deposition of histone
H1 variants to r epr ess MERVL and 2CLC state (Figure
8 G). The relati v ely stab le H3K79 methylation deposited
by Dot1l is usually associated with transcription activation
( 10 ). Here, we illustra te tha t Dot1l participa tes in the r epr es-
sion of genes and retrotransposons (Figure 3 A and B). A
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Figure 7. Dot1l regulates interaction between Npm1 and histone H1. ( A ) Western blot analysis of H1.2 protein after rescue with catalytic-acti v e or inacti v e 
(CI) Dot1l mutants in Dot1l −/ − ESCs (left) and quantification (right). �-Actin was used as a loading control. The ratio of H1.2 / �-actin protein from 

Dot1l −/ − samples was normalized to that from WT ESCs + Ctrl OE sample, which is set as 1. Data are presented as mean ± s.e.m. (n = 3 independent 
experiments). Ctrl OE: control vector over expr ession; CI: catalytic inactive; � , deletion. ( B ) ChIP-qPCR analysis of H1.2 binding on MERVL. ChIP- 
qPCR data were normalized to input and that of the control region. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ( C ) ChIP- 
qPCR analysis of Dot1l and Dot1l (CI)-Flag binding on MERVL. ChIP-qPCR data were normalized to input and that of the control region. Data are 
presented as mean ± s.e.m. ( n = 3 independent experiments). ( D ) ChIP-qPCR analysis of Npm1 binding on MERVL. ChIP-qPCR data were normalized 
to input and that of the control region. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( E ) Western blot analysis of Npm1 / H1.2 
co-immunoprecipitation in WT ESCs or Dot1l −/ − ESCs (left) and quantification (right). IP, immunoprecipitation. IP was done with anti-Npm1 antibody. 
1.25% input was loaded as a control. The ratio of IP protein / input protein from Dot1l −/ − sample was normalized to that from WT ESC sample, which 
is set as 1. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( F ) qPCR analysis of the expression of MERVL after the depletion of 
Dot1l and Npm1 individually or simultaneously in ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant. ( G ) 
ChIP-qPCR analysis of Dot1l binding on MERVL upon the Npm1 depletion. ChIP-qPCR data were normalized to input and that of the control region. 
Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, *** P < 0.001 in Student’s t -test. 
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Figure 8. Histone H1.2 was degraded by ubiquitination in Dot1l −/ − ESCs. ( A ) Western blot analysis of ubiquitination after immunoprecipitation with H1.2 
antibody in WT ESCs or Dot1l −/ − ESCs (left) and quantification (right). IP, immunoprecipitation. IP was done with anti-H1.2 antibody. 1.25% input was 
loaded as a control. H1.2 input protein amount of Dot1l −/ − ESCs is adjusted to ma tch tha t in WT ESCs and IP protein loading was adjusted proportionally 
according to the input. The ratio of IP protein / input protein from Dot1l −/ − sample was normalized to that from WT ESC sample, which is set as 1. Data 
ar e pr esented as mean ± s.e.m. ( n = 3 independent e xperiments). ( B ) Western b lot analysis of H1.2 le v els in Dot1l −/ − ESCs treated with the inhibitor of 
NAE (MLN4924) (left) and quantifica tion (right). DMSO trea ted sample was included as a control. �-Actin was used as a loading control. The ratio of 
H1.2 / �-actin pr otein fr om Dot1l −/ − samples was normalized to that from WT ESC + DMSO sample, which is set as 1. Data ar e pr esented as mean ± s.e.m. 
( n = 3 independent experiments). ( C ) Western blot analysis of ubiquitination after immunoprecipitation with H1.2 antibody in Dot1l −/ − ESCs treated 
with the inhibitor of NAE (MLN4924) (left) and quantification (right). IP was done with anti-H1.2 antibody. 1.25% input was loaded as a control. H1.2 
input protein amount of Dot1l −/ −ESCs and treated with NAE inhibitor (MLN4924) are adjusted to match that in WT ESCs. The ratio of IP / input protein 
from Dot1l −/ − samples was normalized to that from WT ESC + DMSO sample, which is set as 1. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent 
experiments). ( D ) qPCR analysis of the expression of MERVL in Dot1l −/ − ESCs treated with NAE inhibitor (MLN4924). DMSO treated sample was 
included as a control. Data ar e pr esented as mean ± s.e.m. ( n = 3 independent experiments). ns: non-significant, *** P < 0.001 in Student’s t -test. ( E ) 
qPCR analysis of the expression of MERVL after ov ere xpression of H1.2K64R in Dot1l −/ − ESCs. Data are presented as mean ± s.e.m. ( n = 3 independent 
experiments). *** P < 0.001 in Student’s t -test. Ctrl OE: control v ector ov ere xpression; K, Lysine; R, Arginine. ( F ) Western blot analysis of ubiquitination 
after immunoprecipitation with H1.2 antibody after ov ere xpression of H1.2K64R in Dot1l −/ − ESCs (left) and quantification (right). IP was done with 
anti-H1.2 antibody. 1.25% input was loaded as a control. H1.2 input protein amount of Dot1l −/ − ESCs and H1.2K64R OE are adjusted to match that 
in WT ESCs and IP protein loading was adjusted proportionally according to the input. The ratio of IP protein / input protein from Dot1l −/ − sample was 
normalized to that from WT ESC sample, which is set as 1. Data are presented as mean ± s.e.m. ( n = 3 independent experiments). ( G ) Schematic of Dot1l 
r epr essing MERVL in ESCs. Histone H1 is loaded to chromatin by Dot1l and Npm1 to maintain the r epr ession of MERVL. Conversely, in the absence of 
Dot1l, histone H1 dissociates from chromatin and its protein le v el decreases, resulting in de-repression of MERVL transcription. 
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ost recent study also supports the transcription r epr es- 
i v e role of Dot1l in the maintenance of heter ochr omatin 

t pericentromere ( 56 ). The distinct role of Dot1l in tran- 
cription regulation could be affected by the complex within 

hich Dot1l performs its functions. Dot1l normally acts 
n a complex consisting of Mllt10 (AF10), Mllt6 (AF17), 
nd Mllt3 (AF9) or Mllt1 (ENL) ( 57–59 ). Dot1l interacts 
ith AF9 through thr ee r egions ranging from 628–900 a.a. 

 60 ) and interacts with RNA pol II through 618–627 a.a. 
 61 ). Howe v er, the introduction of truncated Dot1l con- 
aining only N-terminal 480 a.a. almost completely rescued 

ERVL activation caused by Dot1l knockout (Figure 5 A 

nd B). These data suggest that the interaction between 

ot1l with AF9 / ENL or RNA pol II is not r equir ed for the
 epr ession by Dot1l. This is supported by the unaffected ex- 
ression of MERVL after the depletion of AF9 (Figure 5 A 

nd B). Published proteome analysis uncovers that Dot1l 
s also present in a complex containing Npm1 ( 39 ), which 

oes not interact with AF9 / ENL. In terms of the regulation 

f retrotransposons, we observed the activation of MERVL 

pon both depletion of Dot1l or Npm1 (Figure 1 B, G; Fig- 
re 4 D and E), but not Mllt10 ( AF10 ), Mllt6 ( AF17 ), or
llt3 ( AF9 ) (Figure 4 A and B). These findings argue that
ot1l noncanonically works as a transcription r epr essor in 

he complex with Npm1, instead of AF10, AF17, and AF9. 
nother possible route to modulate the specificity of Dot1l 

s the recruitment of the Dot1l-Npm1 complex to specific 
enomic loci. While Dot1l serves as a transcription activa- 
or, it can be recruited to various genomic loci by transcrip- 
ion factors. For instance, Dot1l can be recruited by Zc3h10 

o activate thermogenic gene expression ( 62 ). Hence, it is 
lausible that a specific transcription factor is involved in 

he targeting of Dot1l-Npm1 to MERVL. It will be intrigu- 
ng to characterize the recruiters of Dot1l-Npm1 in the 
uture. 

Npm1 was previously discovered as an H1 histone chap- 
rone ( 40 , 41 ). It can interact with histone H1 variants and
acilitate the deposition of H1 onto DNA ( 40 , 41 ). Dot1l 
s able to interact with histone H1 as well ( 39 ). The AT-
ook domain, which is responsible for Dot1l to interact 
ith Npm1, is critical to silencing MERVL expression (Fig- 
re 5 A and B). Dot1l itself can also act as histone chaperone 
o mediate the exchange of histone in yeast ( 63 ). These ev-
dences further substantiate that Npm1 and Dot1l act to- 
ether to chaperone histone H1. It is noted that methyl- 
r ansfer ase activity of Dot1l is indispensable to restricting 

ERVL (Figure 5 D–G), meaning that in ESCs, Dot1l re- 
r esses MERVL differ ently from the 2-cell embryo in where 
ot1l with the inacti v e catalytic domain is still able to orga- 

ize heter ochr oma tin ( 15 ). These findings imply tha t Dot1l
otentially mediates the methylation of proteins within the 
ot1l-Npm1 complex to exert its repressi v e action. Cur- 

ently, Dot1l is best known for its ability to catalyze the 
ethylation of histone H3 at the lysine 79 position ( 6 ). 
owe v er, H3K79 methylation is often associated with ac- 

i vated gene e xpression ( 9–11 ). Thus, we cannot e xclude the
ossibility that Dot1l within the Dot1l-Npm1 complex may 

ethylate other proteins to r epr ess MERVL, providing that 
ot1l has the potential to methylate non-histone substrates 

uch as androgen receptor ( 64 ). It warrants further investi- 
ation on the novel methylation substrates of Dot1l. 
Dot1l is usually linked with the transcriptional elonga- 
ion e v ent mar ked by H3K79 methylation ( 12 ). Howe v er,
ur results and previous findings show that Dot1l dele- 
ion only causes change in a subset of genes ( 12 ) (Figure 
 A), although its loss causes genome-wide disappearance 
f H3K79 methylation ( 7 , 12 ) (Figure 1 F). In terms of the
egulation of repeat sequence, we also found the binding 

f Dot1l and Npm1 to downr egulated r epeats and r epeats 
ithout expression change (Supplementary Figure S4I). 
hese observations suggest the presence of other uniden- 

ified factors that contribute to the regulation of gene ex- 
ression by Dot1l besides the binding of Npm1 and Dot1l. 
ne possible factor is the local epigenetic environment of 

 epeats. For example, the pr esence of ubiquitinated H2B is 
 ble to sta bilize Dot1l binding to the nucleosomes ( 65 ). The
ombination of epigenetic contexts may regulate the expres- 
ion of specific retrotransposons ( 45 ). Among d ysregula ted 

epeats bound by Dot1l, only MERVL / MT2, IAPEy and 

LTR45-int were among the most strongly activated re- 
eats by triple-knockout of H1 variants (Figure 6 G), sug- 
esting that histone H1 contributes to the r epr ession role of 
ot1l-Npm1. Hence, Dot1l and Npm1 may only be able to 

 epr ess r epeats in specific epigenetic contexts. The presence 
f histone H1, such as the case for MERVL (Figure 6 E and 

), is probably one of the pr er equisites. It will be interesting 

o characterize other co-factors that facilitate the regulation 

f gene expression by Dot1l and Npm1. 
Previous studies have reported that both Dot1l and 

pm1 play a part in leukemogenesis. Recruitment of Dot1l 
y MLL-AF9 / AF4 induced transcriptional activation and 

ransform hematopoietic progenitors ( 66 , 67 ). Cytoplasmic 
islocation of the mutant NPM1 protein aberrantly ac- 
ivates HOX and FLT3 and resulted in acute myeloid 

eukaemia whereas Dot1l activity contributes to the activa- 
ion of these genes ( 68 ). Howe v er, the relationship between 

pm1 and Dot1l in leukaemia is unclear. Based on our 
iscovery that Dot1l and Npm1 interact and r epr ess r etro- 
ransposons in ESCs, it is likely that the loss of r epr ession by
he Npm1-Dot1l complex after the cytoplasmic mislocal- 
zation of Npm1 may contribute to the activation of Npm1- 
arget genes in leukaemia cells. In addition, Npm1 deple- 
ion leads to pr ematur e ageing of hematopoietic stem cells 
hereas Dot1l can regulate senescence-associated secretory 

henotype in aged cells ( 69 , 70 ). Ther efor e, it would be in-
riguing to explore whether transcription-r epr essi v e role of 
ot1l and Npm1 is involved in ageing. 
In conclusion, our study demonstrates that Dot1l and 

pm1 cooperate to r epr ess MERVL and totipotency via 

haperoning histone H1 and variants. Our insights into the 
 epr essi v e function of Dot1l and Npm1 will inform our 
nderstanding of transcriptional regulation during mam- 
alian de v elopment and in diseases. 
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igh-throughput sequencing data for RNA-seq and ChIP- 
eq generated from this study have been deposited in Gene 
xpression Omnibus (GEO) under GSE201849. Published 

NA-seq data and ATAC-seq in ESCs with a triple knock- 
ut of histone H1 variants are available in GEO under ac- 
ession GSE153041 ( 43 ). RNA-seq for entry into and exit 
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from 2CLC state are from GSE121451 ( 35 ) and GSE133232
( 34 ). RNA-seq of 2CLCs is from GSE33920 ( 1 ). Single cell
RNA-seq data from early embryos are from GSE53386 ( 71 )
and GSE138760 ( 72 ). RNA-seq data of TLSCs are from
GSE185030 ( 36 ) and that of TBLCs are from GSE168728
( 37 ). Primordial germ cell expression is from GSE141181
( 73 ). 
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