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ABSTRACT

Pluripotency and cell fates can be modulated through
the regulation of super-enhancers; however, the un-
derlying mechanisms are unclear. Here, we showed
a novel mechanism in which Ash2l directly binds
to super-enhancers of several stemness genes to
regulate pluripotency and self-renewal in pluripotent
stem cells. Ash2l recruits Oct4/Sox2/Nanog (OSN) to
form Ash2l/OSN complex at the super-enhancers of
Jarid2, Nanog, Sox2 and Oct4, and further drives en-
hancer activation, upregulation of stemness genes,
and maintains the pluripotent circuitry. Ash2l knock-
down abrogates the OSN recruitment to all super-
enhancers and further hinders the enhancer activa-
tion. In addition, CRISPRi/dCas9-mediated blocking
of Ash2l-binding motifs at these super-enhancers
also prevents OSN recruitment and enhancer acti-
vation, validating that Ash2l directly binds to super-
enhancers and initiates the pluripotency network.
Transfection of Ash2l with W118A mutation to dis-
rupt Ash2l–Oct4 interaction fails to rescue Ash2l-
driven enhancer activation and pluripotent gene up-
regulation in Ash2l-depleted pluripotent stem cells.

Together, our data demonstrated Ash2l formed an
enhancer-bound Ash2l/OSN complex that can drive
enhancer activation, govern pluripotency network
and stemness circuitry.

INTRODUCTION

Cellular reprogramming and maintenance of pluripotency
require a complicated and interactive regulatory network
of transcription factors, including Oct4, Sox2, Nanog and
Esrrb (1–5). By participating in various regulatory interac-
tions, these transcription factors increase the expression of
themselves as well as other pluripotency-related genes, and
suppress the expression of genes that contribute to differen-
tiation (6). However, the interactions and regulatory circuit
among these transcription factor networks are poorly un-
derstood. A super-enhancer in the mammalian genome is
a region of multiple putative enhancers bound by substan-
tial number of mediators to drive transcription and control
cell identity (7). In pluripotent stem cells such as embryonic
stem cells (ESCs), super-enhancers are enriched for Oct4,
Sox2 and Nanog (OSN), which form the OSN complex (8).
Super-enhancers, normally away and upstream from pro-
moters, form an enhancer–promoter loop structure and re-
cruit p300/CBP and Chd7 to catalyze H3K27 acetylation,
and Mediator (Med1) to facilitate Pol II activity through the
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OSN complex (8–10). A previous report showed that epi-
genetic modifications at super-enhancers by Tex10 regulate
super-enhancer activity, leading to enhanced pluripotency
and reprogramming (10). The activity of Oct4 enhancer
was also implicated in the regulation of pluripotent sta-
tus (11). Moreover, the chromatin remodeling of Oct4 gene
has been demonstrated to be a crucial step for a success-
ful reprogramming (12). However, the transcription factor
network orchestrating super-enhancer activity in cell repro-
gramming and pluripotency maintenance remains mostly
uncertain.

Pluripotent stem cells exhibit a relatively open chro-
matin structure and unique epigenetic features. Methyla-
tion of histone H3K4 correlates with open chromatin struc-
ture and active transcription. A highly conserved mixed
lineage leukemia (MLL) protein complex harbors methyl-
transferase activity, which depends on its core compo-
nents (Wdr5, Ash2l, Rbbp5 and Dpy30, termed WARD),
and is responsible for catalyzing the mono-, di- and tri-
methylation of H3K4 (13). Among the members of WARD,
biochemical studies suggested that Wdr5 is the central com-
ponent of the MLL complex and that Ash2l is required for
H3K4 trimethylation (14,15). Wdr5 interacts with Oct4 and
shares gene regulatory functions with Oct4 (16), and is es-
sential for the reprogramming of somatic cells as well as
ESC self-renewal (16). Genome-wide mapping showed that
Wdr5 along with Oct4 and Rbbp5 localizes to the proximal
region around promoters to regulate pluripotency (16). In
addition, Ash2l plays important roles in regulating pluripo-
tency and maintaining open chromatin structure (17). With-
out the involvement of Ash2l, Wdr5 and other MLL com-
ponents still form a complex that have distinct structures
and functions from the complex containing Ash2l, suggest-
ing a unique role of Ash2l (18). However, the detailed mech-
anisms and signaling networks of the Ash2l-mediated reg-
ulation of pluripotency remain unclear.

The proximal and distal enhancers of Oct4 coordinately
regulate Oct4 expression during embryonic and germ cell
development, highlighting the significance of the Oct4 en-
hancer in stemness regulation (11). Although Wdr5 was re-
ported to interact with Oct4 and binds to the Oct4 pro-
moter to regulate pluripotency (16), the involvement of
MLL members in the regulation of super-enhancer activity
in stem cells is not known. In this report, we demonstrated
that Ash2l has a unique binding profile with a high propen-
sity to be enriched on the distal, non-promoter DNA ele-
ments in pluripotent stem cells. Remarkably, Ash2l tends
to co-localize with OSN at the distal regions of Jarid2,
Oct4, Nanog and Sox2 in ESCs. These regions are en-
riched with super-enhancer features such as the acetylation
of H3K27 (H3K27ac), the enrichment of Med1, Chd7 and
p300. Ash2l recruits OSN to super-enhancers to form the
Ash2l/OSN complex that subsequently promotes the ex-
pression of pluripotency-related genes and cellular repro-
gramming. Blocking Ash2l binding to super enhancers us-
ing CRISPRi/dCas9 system abrogates OSN recruitment to
the super-enhancers and hinders the enhancer activation of
several pluripotency-related genes. In the Ash2l/OSN com-
plex, Ash2l interacts with Oct4 through its W118 residue.
The W118A point mutation of Ash2l specifically disrupts
Ash2l–Oct4 interaction, and subsequently led to the reduc-

tion of OSN recruitment to super-enhancers and the acti-
vation of these super-enhancers. Moreover, based on single
cell NGS analysis, W118 mutated Ash2l could not rescue
the expression of OSN in Ash2l-depleted ESC cells. Taken
together, our findings unravel a Wdr5-independent regula-
tory role of Ash2l in modulating pluripotency through re-
cruiting OSN to super-enhancers, shedding lights on stem
cell epigenetics and reprogramming circuitry.

MATERIALS AND METHODS

Cell culture

Mouse embryonic fibroblasts (MEFs) were isolated from
13.5 d.p.c. embryos and maintained in DMEM containing
10% FBS and penicillin/streptomycin. Mouse ESC lines
ESD3 and reprogrammed iPSCs were routinely cultured
and expanded on mitotically inactivated MEFs (5 × 104

cells/cm2) in 10-cm culture plate (BD) in the presence of
0.3% leukemia inhibitory factor in an iPSC medium, con-
sisting of DMEM (Sigma Aldrich) supplemented with 15%
FBS (Invitrogen), 100 mM MEM, nonessential amino acids
(Sigma Aldrich), 0.55 mM 2-mercaptoethanol (Gibco) and
antibiotics (Invitrogen). iPSCs and mouse pluripotent ter-
atocarcinoma stem cell line SCC-PSA1 (purchased from
Bioresource Collection and Research Center) were main-
tained on MEF feeders in serum-containing media at 5%
CO2 and 37◦C. A viral-packaging cell line Plat-E cell was
used to produce retroviruses and maintained in DMEM
containing 10% FBS and penicillin/streptomycin. All cell
cultures were maintained at 37◦C with 5% CO2.

Cell reprogramming

Mouse iPSCs were generated from MEFs derived from
13.5-day-old embryos of C57/B6 mice as described
previously (19). The day before transduction, Plat-E
cells were seeded onto 100-mm dishes. One day later,
either pMXs-based retroviral vectors (pMXs-Oct4,
Sox2, Klf4 and c-Myc), pBABE-based retroviral vectors
(pBABE-Ash2l) or pLKO-based lentivirus vectors (pLKO-
shCtrl, and shAsh2l) were introduced into Plat-E cells using
Transfection Reagent TransIT-LT1® (Mirus). Twenty-four
hours after the transfection, the medium was replaced with
fresh culture medium. MEFs were seeded 24 h before the
viral infection. After 24 h, virus-containing supernatant
from the Plat-E culture was filtered through a 0.45 mm
cellulose acetate filter (Pall) and then supplemented with 8
�g/ml polybrene (Sigma Aldrich). Target MEFs were incu-
bated with the supernatant and centrifuged at 2250 rpm for
1 h. After the viral infection, the supernatant was replaced
with fresh culture medium. Six days after the infection, the
infected MEFs were transferred onto mitomycin C-treated
MEF feeders in the presence of 0.3% leukemia inhibitory
factor in ESC medium. pMXs-Oct4, pMXs-Sox2, pMXs-
Klf4, pMXs-c-Myc and pBABE-control vectors were
purchased from Addgene. pBABE-Ash2l were constructed
in our lab. shCtrl, shAsh2l were obtained from National
RNAi Core Facility Platform (Academia Sinica).
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Expression and construction of shRNA and site-directed mu-
tagenesis

shRNA vector (pLKO.1) was purchased from Academic
Sinica RNAi core. shRNA that targets mouse Ash2l was de-
signed to specifically suppress endogenous Ash2l; therefore,
the shRNA-targeting sequence was designed by referring to
the 5′UTR sequence. Forward and reverse shRNA oligonu-
cleotides were synthesized and subjected to pLKO.1 empty
vector. shRNA control (TRCN0000072243) and shRNA
against Wdr5 (TRCN0000301680) were purchased from
Academic Sinica RNAi Core. The generation and infec-
tion of lentivirus were conducted according to the instruc-
tion of Addgene (http://www.addgene.org/). Sub-confluent
ESCs were infected with lentivirus in the presence of 8
�g/ml polybrene (Sigma Aldrich). Infected ESCs were sub-
sequently selected with puromycin (2 �g/ml). Quantita-
tive RT-PCR and western blot were used to validate the
knockdown efficiency by shRNAs. For Oct4 ChIP-qPCR
in Oct4 knockdown ESCs and the Ash2l rescue experi-
ments, shRNA-resistant plasmids were used to exogenously
overexpress myc-tagged Oct4 and Flag-tagged Ash2lWT or
Ash2lW118A. The information of vectors is listed in Supple-
mentary Table S1. The information of targeting sequences
can be found Supplementary Table S2.

Ash2l mutation variants were created using the
QuickChange site-directed mutagenesis kit (Agilent),
according to manufacturer’s instructions. With the two-
step overlap extension PCR method on p3 × Flag Ash2l
plasmid, the 5′ and 3′ portions of wild-type Ash2l were
amplified in separate reactions using external primers with
internal mutagenic primers. The list of oligonucleotide
primers used in this study was shown in the Supplementary
Table S9.

RNA extraction and real-time quantitative PCR analysis

Total RNA was isolated from the pluripotent cells using the
RNeasy kit (Qiagen, Valencia, CA). About 1 �g of total
RNA was subjected to first-strand complementary DNA
synthesis by using the SuperScript® III Reverse Transcrip-
tase Kit (Invitrogen) as directed by the manufacturer. PCRs
were performed using the SYBR Green method in an ABI
7900 sequence detection system (Applied Biosystems) ac-
cording to the manufacturer’s guidelines. Primers (listed in
Supplementary Table S2) were designed using Primer Ex-
press 2.0 software (Applied Biosystems, Foster City, CA).
All primer specificity was computer-tested (BLAST, Na-
tional Center for Biotechnology Information, Bethesda,
MD) by homology search with the human genome and later
confirmed by dissociation curve analysis. The expression
level of each gene was normalized to the endogenous ex-
pression level of Gapdh and experimental control through
��Ct methods. The information of primers is listed in Sup-
plementary Table S3.

Alkaline phosphatase staining

For detecting the alkaline phosphatase (AP) activity, repro-
grammed MEFs, iPSCs or ESCs were fixed with 80% alco-
hol and then stained with the Vector Blue Alkaline Phos-

phatase Substrate Kit III (Vector Laboratories), according
to the manufacturer’s instructions.

Immunofluorescence staining

Immunofluorescence (IF) staining was performed as pre-
viously described (19). Briefly, cells were fixed with 4%
paraformaldehyde, permeabilized in 1% Triton X-100 and
blocked with 5% FBS. Cells were stained with primary an-
tibodies, and then incubated with Alexa Fluor 568 conju-
gated anti-rabbit (1:300, Invitrogen) or FITC conjugated
anti-rabbit (1:300, Invitrogen), and cell nuclei were coun-
terstained with DAPI (Invitrogen). Cells were then washed
with PBS and photographed under a fluorescence micro-
scope (Olympus). Details of antibodies can be found in Sup-
plementary Table S4.

Western blot and immunoprecipitation

Western blot was performed as previously described (19).
Western blot was performed using the primary antibodies
described in the key resource table. Secondary antibodies
used in this study were listed as following: bovine anti-rabbit
IgG-HRP (catalog no. 7077S; Cell signaling) and chicken
anti-mouse IgG-HRP (catalog no. 7076S; Cell signaling).
Immunoblots were visualized by the chemiluminescence de-
tection system.

For immunoprecipitation, cells were generally disrupted
with lysis buffer (20 mM Tris-Cl buffer [pH 7.6], 1 mM
EDTA, 120 mM NaCl, 10 mM �-glycerophosphate, 1 mM
NaF, 1 mM Na3VO4 and 0.5% Triton X-100) supplemented
with protease inhibitors (250 �M PMSF, 5 �g/ml pepstatin
A, 10 �g/ml leupeptin and 5 �g/ml aprotinin). For sam-
ples from gel filtration, we used Centricon (Millipore) to
concentrate and desalt the fraction of elute. Cleared sam-
ple solution was obtained by centrifugation at 12 000 rpm
for 30 min at 4◦C, and 0.5–1.5 mg of the sample was used for
immunoprecipitations. For identify interacting complex of
Ash2l protein, sample was added into primary antibody for
2 h at 4◦C followed by 2 h of further incubation with protein
A/G-Sepharose beads. After washing three times with the
lysis buffer, immunoprecipitated proteins were eluted from
the beads by boiling for 5 min in SDS-PAGE sample buffer
and analyzed by immunoblotting. Details of antibodies can
be found in Supplementary Table S4.

Teratoma

All animal procedures were performed in accordance with
the Taipei Veterans General Hospital Animal Committee
and the principles of Laboratory Animal Care. Teratoma
assay was performed as described previously (19). Briefly,
1 × 106 cells were injected into the dorsal flanks of nude
mice (The Jackson Laboratory). Six weeks after the trans-
plantation, teratomas were excised and fixed in forma-
lin overnight, embedded in paraffin, sectioned and further
stained with hematoxylin and eosin.

Chimera mouse production by blastocyst injection

The introduction of mouse OSKA-iPSCs (derived from
C57BL/6J strain, black coat color) into mouse blastocysts

http://www.addgene.org/
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derived from the C57BL/6J-Tyrc2J strain (albino) was per-
formed as previously described with some modifications
(20). The production of adult chimeras was confirmed by
coat color. This study was assisted by Transgenic Mouse
Model Core Facility, Academia Sinica, Taiwan.

ESC nuclear extraction and gel filtration

ESC nuclear extracts were obtained according to the man-
ufacturer’s instructions (Thermo Fisher Scientific). Briefly,
ESC nuclear extracts were lysed with lysis buffer and ap-
plied onto S400 column (HiPrep 16/60 Sephycryl). Size-
exclusion chromatography in S400 column was performed
using ÄKTA prime system according to the manufacturer’s
instruction (GE) as described previously with minor mod-
ifications (16). The S400 column was calibrated using the
protein standards purchased from GE Healthcare (cat#28-
4038-41 LMW and cat#28-4038-42 HMW), and the size
of the protein standards was marked above each fraction.
Overall, seven fractions of ESC nuclear extracts were ob-
tained. The fractionated samples were collected and as-
signed for immunoprecipitation and western blot to exam-
ine the protein content and interaction among interested
proteins.

Molecular docking

For identify the potential interacting residues mediating
AO-interaction, we collected the protein structure of Ash2l
(3RSN), Oct4 (3L1P), Sox2 (1GT0) and Nanog (2VI6) as
receptor/ligand complex. We individually subjected Oct4,
Sox2 or Nanog with Ash2l protein into ZDOCK 3.0.2 (http:
//zdock.umassmed.edu/). The docking results were plotted
by using PyMOL 2.3 software (https://pymol.org/2/).

In vitro pull-down assay

Full-length Oct4, Sox2, Nanog, p300 (Taz) and Rbbp5
were cloned into the pGex-5 × 1 plasmids (Addgene), and
Ash2l variants (full-length, N-terminus and C-terminus)
were cloned into the p3 × Flag plasmids (Sigma Aldrich).
The plasmids were transformed into BL21 Escherichia coli.
The GST-tagged Oct4, Sox2, Nanog, p300 (Taz) and Rbbp5
recombinant proteins were expressed and purified with Glu-
tathione (GSH)-sepharose beads (Amersham Biosciences,
Piscataway, NJ). Flag-tagged recombinant Ash2l variants
were expressed and purified with anti-Flag beads (A2220,
Sigma-Aldrich). Purified GST-tagged recombinant proteins
and purified Flag-tagged recombinant Ash2l variants were
then incubated together for 2 h at 4◦C ambient tempera-
ture. First, we used fixed amount of purified GST-tagged re-
combinant proteins to pull down the interacted Ash2l vari-
ants. The pull-down protein mixture was assigned for an-
alyzing the protein amount of Flag-tagged Ash2l variants
using western blot. Second, we fixed the amount of recombi-
nant Ash2l variants to pull down the interacted GST-tagged
proteins. Five hundred �g/ml of 3 × Flag peptide (F4799,
Sigma-Aldrich) was used to elute the 3 × Flag-tagged Ash2l
variants and their interacting GST-tagged proteins. The
eluted protein mixture was subjected to SDS-PAGE anal-
ysis, and the gel was stained by Coomassie blue.

Flag-peptide immunoprecipitation

Flag-tagged Ash2l-mutant variants encoding plasmid were
transfected into the ESCs and subjected to immunopre-
cipitation experiments. The ESCs were transfected with 3
�g plasmid by using TransIT-LT1 reagent (Mirus) and dis-
rupted with immunoprecipitation lysis buffer. The lysate
was incubated with anti-Flag antibody-conjugated beads
(A2220, Sigma-Aldrich) for 2 h at 4◦C. Beads were then
washed three times by IP buffer and eluted by boiling in 20
�l SDS-containing protein loading buffer. Twenty micro-
liters of eluted samples were individually assigned for west-
ern blot with 5% input. Flag-tagged bead without peptide
conjugation was used as a negative control.

ChIP-Seq analysis

ChIP-seq datasets, if not generated by us, were downloaded
from either the GEO or ENCODE portal. We processed
and analyzed all the datasets from scratch if the raw FASTQ
files were available. For some datasets, of which only the
alignment results (in SAM or BED format) were available,
we used the Liftover tool to convert the coordinates to
mm10 genome assembly. The raw reads were aligned to
mm9 genome using Bowtie, allowing at most one mismatch
and only one alignment was randomly picked for multi
mappers. The peaks were called using MACS 1.4 along
with corresponding input background. Different shiftsize
parameters were used according to the type of antibodies
(shiftsize = 100, for transcription factors; and shiftsize =
150, for histone marks; other parameters were set as de-
fault). The peaks from replicates were first called with a re-
laxed P-value cutoff (0.001) and then pooled together; only
those peaks that overlapped with peaks called from at least
one other replicate were kept. The aggregation plots and
heat maps were generated similarly as described (21).

We used FIMO (22) to infer the binding sites in each
peak of Oct4. These Oct4-binding sites that had other peaks
of different transcription factors or histone modifications
called from ChIP-seq data in the vicinity were deemed
co-binding. Each binding site was assigned to the nearest
protein-coding gene according to the distance from the mid-
point of the binding site to the transcription start site. The
binding site-gene pairs were categorized into four groups
by the distance in between: near (<1 kb), Distal I (be-
tween 1 and 2 kb), Distal II (between 2 and 200 kb), and
others (>200 kb). The GO term enrichment analysis was
performed using Panther web service (23). Details of data
source can be found in Supplementary Table S5.

RNA-Seq and microarray

Total RNA was prepared as described (19). Strand-specific
libraries were generated from 500 ng total RNA using the
TruSeq Stranded Total RNA Library Prep Kit (Illumina).
cDNA libraries were pair-end sequenced (50 bp) on an Illu-
mina HiSeq 2000. Reads were aligned to the mouse genome
(NCBI37/mm9) with TopHat v1.3.3 and allowed one align-
ment with up to two mismatches per read. mRNA RPKM
values were calculated using Seqmonk’s mRNA quantita-
tion pipeline. We selected the genes with the following crite-
ria: the minimum RPKM higher than 10 units, fold change

http://zdock.umassmed.edu/
https://pymol.org/2/
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>1.5-fold or <0.85-fold from knockdown control sample,
and the expression was significantly different from knock-
down control sample (P < 0.01).

For the measurement of enhancer RNA (eRNA) pro-
duction, we used the nascent RNA sequencing analysis
to assess eRNA production as previously described by
Core and Hah, with brief modifications (24,25). Generally,
the application scope of nascent RNA sequencing anal-
ysis ranged from enhancer identification to a thorough
enhancer-centered analysis. Nascent RNA sequencing anal-
ysis includes a novel algorithm to prioritize enhancers by in-
tegrating RNA-seq data with the binding profiles of regula-
tors to narrow down interesting enhancers for further exper-
iments. The algorithm can simultaneously undergo the gene
analysis of known genes and the enhancer-related analysis,
including detecting, quantification and annotation of en-
hancers.

For microarray analysis, we selected the genes with the
following criteria: the minimum log2 intensity higher than
4, fold change >1.5-fold or <0.75-fold from knockdown
control sample, and the expression was significantly differ-
ent from knockdown control sample (P < 0.01). Details of
data source can be found in Supplementary Table S5.

Gene ontology and GSEA

The AO-affected gene was obtained from the overlap analy-
sis among AO-binding genes from ChIP-seq analysis, down-
regulated gene in microarray analysis and downregulated
gene in RNA-SEQ analysis. The analysis was performed us-
ing the Orange software (https://orange.biolab.si). The gene
meets the following criteria: with AO-binding motif, signif-
icant fold (1.5-fold up-regulation/0.85 downregulation) in
microarray and significant fold (1.5-fold up-regulation/0.85
downregulation) in RNA sequencing. These genes were
subjected to gene ontology by using DAVID software (http:
//david.abcc.ncifcrf.gov). For GSEA analysis, we used these
overlapped genes with log2 intensity as dataset and sub-
jected to GSEA analysis (http://www.broadinstitute.org/
gsea/).

Chromatin immunoprecipitation (ChIP) and Re-ChIP qPCR

Sub-confluent cells were re-suspended in PBS at the den-
sity of 1 × 107 cell/ml and crosslinked at room tempera-
ture with 1% formaldehyde for 8 min, and then quenched
by incubating in 125 mM glycine. ChIP-qPCR experiments
were performed according to the manufacturer’s instruction
(Diagenode). Chromatin was sonicated using a Bioruptor
(Diagenode) according to the manufacturer’s protocol and
examined with electrophoresis assay. Sonicated chromatin
was diluted to a final volume of 1000 �l in ChIP lysis buffer
supplemented with protease inhibitors before pre-clearing
with 30 �l protein A Dynabeads (Thermo Fisher Scientific)
for 2 h at 4◦C. Chromatin samples were incubated with anti-
body overnight at 4◦C. Immunocomplexes were captured by
incubating with 30 �l protein A Dynabeads for 4 h at 4◦C.
Sample was washed three times with ChIP lysis buffer, and
eluted in elution buffer (50 mM Tris, pH 8, 10 mM EDTA,
1% SDS) at 65◦C for 15 min. For Re-ChIP-qPCR assay,
the samples after de-crosslink were subjected to qPCR as-

say and remains were diluted with ChIP lysis buffer. Di-
luted remains were subjected to second round immuno-
precipitation against the second protein. The DNA sample
was incubated overnight at 65◦C to reverse crosslinks, di-
luted 2-fold in 50 mM Tris, pH 8, plus 10 mM EDTA, and
then sequentially digested with RNase A for 2 h at 37◦C
and proteinase K at 55◦C. DNA sample was extracted with
phenol/chloroform/isoamyl alcohol and ethanol precipi-
tated. Then, DNA enrichment was quantified by real-time
PCR (ABI 7900) using SYBR Green Master Mix (Thermo
Fisher Scientific). The antibodies and primers used in ChIP-
qPCR assays are listed in Supplementary Tables S4 and
S6. Occupancy was quantified using qPCR and normal-
ized to input DNA. ChIP-Seq libraries were prepared using
the Kapa LTP Library Preparation Kit (Kapa Biosystems).
Reads were aligned to the mouse genome (NCBI37/mm9)
with Bowtie2. HOMER was used for motif discovery in se-
quences ± 100 bp from the ChIP-seq peaks.

CRISPRi/dCas9-mediated interference of Ash2l binding in
mouse ESCs

The plasmids were obtained from Academia Sinica. For
transient transfection experiments, HEK293 cell line was
transfected with sgRNA- and dCas9-encoding plasmid us-
ing TransIT-LT1® transfection reagent (Mirus) according
to the manufacturer’s protocol. Briefly, HEK293T cells were
transfected with 1 �g expression plasmid (pX334-D10A,
Addgene) that can stably drive the expression of the first
sgRNA and dCas9. Meanwhile, another dish of HEK293
cells was simultaneously transfected with the expression
plasmid (pX334-D10A, Addgene) to drive the expression
of the second sgRNA. The supernatant obtained from
both transfected cultures were well mixed and subjected
to the infection of ESCs. These infected ESCs were subse-
quently selected by the culture medium containing 1 �g/ml
puromycin. Two weeks after puromycin selection, infected
ESCs were cultivated onto inactivated MEFs for 2 weeks.
Infected ESCs with sgRNAs guiding to the Ash2l-binding
motifs at Jarid2 or Nanog super-enhancers gradually re-
gained the stemness signature. ESCs infected with sgRNAs
guiding to Oct4 super-enhancer did not regain ESC-like
morphology. Quantitative RT-PCR, alkaline phosphatase
staining, ChIP-qPCR and western blot were used for the
validation of the expression of dCas9 and successful inter-
ference of indicated genes. The information of sgRNA de-
sign is listed in Supplementary Table S7.

Luciferase activity assay

The enhancer regions of Jarid2 (chr13: 44817842-
44817933), Nanog (chr6: 122652519-122652659) and
Oct4 (chr17: 35496810-35497666) were cloned by PCR
amplification of genomic DNA from C57BL/6 mice,
and then inserted into the BamHI/SalI of the pGL4.19
vector with minimal promoter (Promega) to generate the
plasmid parental constructs for luciferase activity assay.
Deletion of Jarid2 and Nanog enhancer fragments was
conducted by PCR amplification. HEK293T cells were
grown in 12-well tissue culture plate to 70% confluence
and then co-transfected with either empty vector or 0.2

https://orange.biolab.si
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http://www.broadinstitute.org/gsea/
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�g p3 × Flag-Ash2l or pMyc-Oct4, in the presence of 0.2
�g luciferase plasmids and 10 ng SV40 Renilla luciferase
plasmids (Promega). TransIT-LT1 transfection kit was
used for transfection of ESCs or HEK293T cells, and
the Luciferase activity was detected using the Dual-Glo
Luciferase Assay luciferase kit (Promega) according to
the manufacturer’s instructions. Firefly luciferase activity
was normalized to Renilla luciferase activity, and data are
represented as the mean and standard deviation of three
independent experiments, each performed in triplicate.

DNA affinity pull-down assay (DAPA)

The biotinylated DNA fragments were incubated with
streptavidin beads (S-1638; Sigma, St Louis, MO, USA) at
4◦C overnight and washed three times with DAPA buffer
(137 mM NaCl, 2.7 mM KCl, 7.7 mM NaH2PO4, 1.5 mM
KH2PO4, 0.1% NP-40, 1 mM EDTA, 10% glycerol, 1 mM
dithiothreitol). Subsequently, the DNA-conjugated beads
were incubated with 2 mg of cell lysates and 10 �g of Poly
dI-dC (Sigma; P4929) at 4oC overnight. Following the in-
cubation, 30 �l of streptavidin-agarose beads (Millipore)
was added to the reaction and incubated at 4◦C for 1 h.
The beads were then collected by centrifugation and washed
four times with DAPA buffer containing 0.5% NP-40. The
pulled down complexes were then resolved by 15% SDS–
PAGE and analyzed by immunoblotting. The DNA probe
sequences are listed in Supplementary Table S8.

Single cell RNA-seq

ScRNA-seq libraries of shCtrl, shAsh2l, shAsh2l+WT and
shAsh2l+W118A were generated using the 10X Genomics
Chromium Controller Instrument (10X Genomics) and
Chromium™ Single Cell 30 Reagent Kits v2 according
to manufacturer’s instructions. RNA of every single cell
was reverse transcribed and index using the C1000 Touch
Thermal cycler with 96-Deep Well Reaction Module. One
thousand cells were loaded on a Chromium controller
Single-Cell Instrument to first generate single-cell Gel Bead-
In-Emulsions (GEMs). After the GEMS were breaking,
cDNA of every single cell was barcoded, purified and ampli-
fied. After ligated with adaptors, the cDNA was converted
into 3′ RNA-Seq libraries by using PCR amplification. The
libraries were then sequenced using Illumina Sequencing.

Statistical analysis

Data are presented as mean ± SD and analyzed using Mi-
crosoft Excel and Prism (GraphPad). Student’s t-test was
used for single variable comparison between two groups.
One-way ANOVA followed by post hoc Tukey test was used
for multiple comparisons versus the control group. The cri-
terion for significance was set as P < 0.01.

RESULTS

Ash2l is crucial for reprogramming and pluripotency mainte-
nance

Master transcription factors such as Oct4, Sox2 and Nanog
(OSN) orchestrate the epigenetic landscape to regulate

pluripotency and cellular reprogramming (8). The expres-
sion of these master pluripotency factors is also tightly con-
trolled by epigenetic regulation during differentiation and
reprogramming. To elucidate the involvement of Ash2l in
the regulation of the pluripotent state and reprogramming,
we first analyzed the protein expression of Ash2l, Wdr5 and
OSN stemness factors in pluripotent stem cells. OSN, Ash2l
and Wdr5 were all highly expressed in pluripotent stem
cells including ESCs, induced pluripotent stem cells (iP-
SCs) and teratocarcinoma stem cells (PSA-1), but not in
mouse embryonic fibroblasts (MEFs) (Figure 1A). Differ-
entiation stimuli, including retinoic acid (RA) treatment,
LIF withdrawal and induction of embryoid body forma-
tion, led to a decline of Oct4 and Ash2l mRNA expres-
sion levels in iPSCs (Supplementary Figure S1A). During
the Oct4/Sox2/Klf4/c-Myc (OSKM)-induced reprogram-
ming process, Ash2l and stemness factors including Oct4,
Sox2 and Nanog were all upregulated both at their protein
and mRNA levels in a time-dependent manner (Figure 1B
and C).

To examine the role of Ash2l in reprogramming, we first
knocked down Ash2l expression in MEFs using a shRNA
against its transcript and then subjected these MEFs to
OSKM-mediated reprogramming (Figure 1D). At day 12
after the reprogramming, the Ash2l-knockdown MEFs
formed smaller colonies and exhibited lower alkaline phos-
phatase (AP) activity, compared with scrambled shRNA-
infected control cells (Figure 1D, lower panel). At day 24
post-reprogramming, depletion of Ash2l significantly re-
duced the efficiency of iPSC generation in OSKM-infected
MEFs (Figure 1E). Meanwhile, Ash2l knockdown tended
to reduce the colony numbers of OSKM-reprogrammed iP-
SCs at all given size (Figure 1F). These effects induced by
Ash2l knockdown on these reprogrammed MEFs suggested
that Ash2l serves a role in the regulation of pluripotency. We
further tested the effect of Ash2l knockdown in ESCs, an-
other cell type that carries all pluripotent cell signatures. In
ESCs, inhibition of Ash2l suppressed the mRNA expression
levels of Oct4, Sox2 and Nanog (Figure 1G). Immunofluo-
rescence also revealed that ESCs infected with shAsh2l be-
came flat, lost their ESC morphology and largely reduced
the numbers of Oct4-positive cells (Figure 1H). The num-
bers of Rex1-positive cells were also decreased (Supplemen-
tary Figure S1B). Meanwhile, Ash2l knockdown simultane-
ously increased the levels of several differentiation-related
genes that are closely associated with tridermal differen-
tiation (Figure 1I; ectoderm: Cdx2, Fgf5, Nestin, Pax6;
mesoderm endoderm: T, Msx1, Sox17; endoderm: Gata6,
Afp, HNF4�). Furthermore, in MEFs, Ash2l overexpres-
sion showed no obvious effect on MEF growth, while Ash2l
knockdown led to an ∼20% decrease in MEF growth (Sup-
plementary Figure S1C), accompanied with a mild G1-
phase cell cycle arrest (Supplementary Figure S1D). These
data indicated that Ash2l serves a regulatory role in pluripo-
tency.

To validate the role of Ash2l in regulating pluripotency,
we further manipulated Ash2l levels by overexpression in
MEFs, and examined the effect of Ash2l overexpression
on the expression of Oct4 and Nanog, and the efficiency
of iPSC generation. Western blot analysis at day 12 post-
reprogramming showed that, overexpression of Ash2l alone
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Figure 1. Ash2l expression is essential for iPSC generation. (A) Western blot shows the protein expression of Ash2l, Oct4, Sox2, Nanog and Wdr5 in
mouse fibroblasts (MEFs), mouse embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and embryonal carcinoma cell line PSA1. �-
Tubulin was used as loading control. (B) Time-course western blot shows the changes in the protein content of Ash2l, Oct4, Sox2, Wdr5 and Klf4 during
the reprogramming process of MEFs. The reprogramming was induced by infecting conventional reprogramming factors Oct4, Sox2, Klf4 and c-Myc
(OSKM) in MEFs. Non-infected MEFs and ESCs were used as negative and positive controls, respectively. �-Tubulin was used as loading control. (C)
A time-course qPCR shows the changes in the mRNA expression of Ash2l, Oct4, Sox2, Nanog, Nr5a2 and Wdr5 during reprogramming. (D) Alkaline
phosphatase (AP) staining shows the reprogramming colony size of control or Ash2l knockdown MEFs at day 12 post-reprogramming. Control (shCtrl)
and Ash2l knockdown (shAsh2l) MEFs were subjected to the reprogramming process using OSKM factors. Twelve days after reprogramming, the efficiency
of Ash2l knockdown was confirmed by western blot (upper), and MEFs were then subjected to AP staining (lower). (E) Reprogramming efficiency of MEFs
with or without Ash2l knockdown. MEFs were reprogrammed by OSKM with or without Ash2l knockdown. Reprogrammed MEFs were stained with AP
24 days after reprogramming (left), and the numbers of AP-positive colonies (right) in each plate were calculated. (F) Measurements of the colony numbers
of OSKM-reprogrammed MEFs with or without Ash2l knockdown at all given colony size at day 24 post-reprogramming. Data are presented as mean ±
SD; *P < 0.01. (G) qPCR analysis of pluripotency genes (Oct4, Sox2 and Nanog) in ESCs with or without Ash2l knockdown. (H) Immunofluorescence
staining showing the Oct4 protein expression in ESCs with or without Ash2l-knockdown. DAPI was used for staining the nucleus; scale bar = 100 �m. (I)
qPCR analysis of development-related genes (ectoderm: Cdx2, Fgf5, Nestin, Pax6; mesoderm endoderm: T, Msx1, Sox17; endoderm: Gata6, Afp, HNF4�)
in ESCs with or without Ash2l knockdown. (J) Western blot shows the expression of endogenous Ash2l, Oct4 and Nanog protein in OSK-reprogrammed
MEFs with or without Ash2l overexpression. �-Tubulin was used as loading control. (K) Reprogramming efficiency of MEFs infected with OSKM (left)
or OSK (right), with or without Ash2l overexpression. Reprogrammed MEFs were subjected to AP staining 24 days after infection, and the numbers of
AP-positive colonies in each plate were calculated. Data are presented as mean ± SD; *P < 0.01. (L) Ex vivo biopsies and histological analysis reveal the
teratoma formation in the grafts of OSK- and Ash2l-reprogrammed iPSCs in the dorsal flanks of nude mice. Sections of the teratoma tissues were subjected
to hematoxylin and eosin staining for the examination of the formation of three germ layers. Ectoderm: neuronal epithelium; Mesoderm: cartilage and
keratinocytes; Endoderm: columnar epithelium. (M) Competence of OSK/Ash2l-reprogrammed iPSCs to generate chimeric mice is confirmed by coat
color. Western blot in panels (A), (B), (D) and (J) are representatives of three separate experiments using independent cell preparations. The quantification
of alkaline phosphatase staining shown in panels (E) and (K) are the mean ± SD of six independent experiments. Data are normalized to Gapdh and are
presented as mean ± SD; *P < 0.01; see also Supplementary Figure S1.
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was not sufficient to increase the Oct4 and Nanog pro-
tein amount (Figure 1J). However, in MEFs Ash2l co-
infected with Oct4/Sox2/Klf4 was able to enhance the pro-
tein expression of Oct4 and Nanog (Figure 1J). At day
24 post-reprogramming, Ash2l overexpression significantly
increased the efficiency of iPSC generation in OSKM-
infected MEFs (Figure 1K, left). Moreover, even without
c-Myc, Ash2l overexpression still enhanced the efficiency
of iPSC generation from Oct4/Sox2/Klf4-infected MEFs,
compared with MEFs infected with only Oct4/Sox2/Klf4
(Figure 1K, right). To test pluripotency in vivo, iPSCs
reprogrammed by transfection of Oct4/Sox2/Klf4 plus
Ash2l (OSKA-iPSCs) were implanted into the subcuta-
neous space of immunocompromised mice. Six weeks after
transplantation, ex vivo biopsies and hematoxylin and eosin
staining revealed the teratoma formation in the neuronal
epithelium (ectoderm), cartilage and keratinocytes (meso-
derm) and smooth muscle (endoderm; Figure 1L). More-
over, we injected the iPSCs induced by Oct4/Sox2/Klf4 plus
Ash2l into blastocytes and then transferred these blasto-
cytes to the uteri of pseudopregnant recipient mice. The coat
color of the resultant mice indicated that OSKP-iPSCs were
competent to produce chimeric mice (Figure 1M). Collec-
tively, these findings highlighted the crucial role of Ash2l in
regulating the pluripotency and the establishment of stem
cell identity in pluripotent stem cells.

Ash2l forms a complex with OSN in the absence of Wdr5

To further understand the role of Ash2l in stemness regu-
lation, we used gel filtration analysis (Figure 2A) followed
by western blot to investigate the profiles of molecular com-
plexes in the nuclei of ESCs (Figure 2B). We separated the
ESC nuclear extracts into seven fractions based on the fil-
tration order. OSN was abundant in fractions 1–3 (OSN-
enriched fractions), whereas Wdr5, Rbbp5 and Dpy30
(WRD) were enriched in fractions 3–4 (WRD-enriched
fractions) (Figure 2B). Subsequently, we assessed these
OSN-enriched (fraction 1), OSN/WRD-enriched (fraction
3) and WRD-enriched fractions (fraction 4) in an immuno-
precipitation assay. In fraction 1 (an OSN-enriched frac-
tion), we found an interaction between Ash2l and OSN
(Figure 2A and Supplementary Figure S2A). Note that
the expression of Wdr5 was extremely low or barely unde-
tectable in fraction 1 (Supplementary Figure S2A). In line
with previous report (14,15), an interaction between Ash2l
and WRD was observed in fraction 4 (Supplementary Fig-
ure S2A). To elucidate whether Wdr5 affects Ash2l–OSN
interaction, we repeated the gel filtration and fractionation
experiments in the nuclear extracts of ESCs with or with-
out Wdr5 knockdown to examine the molecular complexes
profiles (Figure 2C). We compared the interaction between
Ash2l and other interacted proteins in the OSN/WRD-
enriched fraction (fraction 3) from ESCs infected with shC-
trl or shWdr5 (Figure 2C). Wdr5 knockdown efficiency was
confirmed by western blot (Supplementary Figure S2B).
And in the absence of Wdr3, Ash2l still interacted with OSN
(Figure 2C), indicating the OSN/Ash2l complex occurred
independently of Wdr5.

To identify the domain(s) of Ash2l responsible for this
protein interaction, we constructed expression plasmids

for Flag-tagged truncated Ash2l (Ash2l-N-terminus: 1–172,
the PHD domain; and Ash2l-C-terminus: 387–623, the
SPRY domain) and full-length Ash2l (Ash2l-full length:
1–623; Figure 2D) for various experiments. First, we
overexpressed truncated and full-length Ash2l proteins in
HEK293T cells, and subjected the nuclear extracts to im-
munoprecipitation (Figure 2E). Rbbp5 associated with full-
length Ash2l and Ash2l-C, which is consistent with previous
findings (26). Remarkably, Oct4, Sox2 and Nanog associ-
ated with full-length Ash2l and Ash2l-N terminus, but not
Ash2l-C terminus (Figure 2E). To further assess the direct
protein–protein interaction, Ash2l-N, Ash2l-C and full-
length Ash2l recombinant proteins were purified from bac-
teria (Figure 2G) and independently incubated with various
recombinant proteins, including Oct4, Sox2 and Nanog,
and the p300 (Taz domain) protein. As shown in the in vitro
pull-down assays with further analysis using western blot or
Coomassie staining (Figure 2F and G), Ash2l directly in-
teracted with the master stemness factors, Oct4, Sox2 and
Nanog through its N terminus (1–172) (Figure 2F and G).
We then used the ZDOCK software to simulate the molecu-
lar docking between Ash2l and Oct4 and further predicted
that several residues at the N terminus of Ash2l, including
K117, W118, E180, K190, N217 and K220, may be cru-
cial for the recognition and interaction with Oct4 (Figure
2H). To determine which residue(s) of Ash2l was impor-
tant for its interaction with Oct4, we used immunoprecipita-
tion to assess the binding abilities of different Flag-tagged
Ash2l mutants (K117A, W118A, E180A, K190A, N217A
and K220A) to Myc-tagged Oct4. We found that among all
Ash2l mutations, W118A point mutation significantly re-
duced by 79.2% of Ash2l interaction with Oct4 (Figure 2I),
indicating that the W118 residue of Ash2l was crucial for
the Ash2l/Oct4 interaction. We further examined whether
W118 residue of Ash2l is also crucial for Ash2l/Sox2 and
Ash2l/Nanog interaction. Molecular docking simulation
indicated that W118 residue was not predicted as candidate
binding sites of Sox2 and Nanog (Supplementary Figure
S2C). In vitro pull-down assay further confirmed that W118
mutation only interfered with Ash2l binding with Oct4 but
not with Sox2, Nanog, Rbbp5 and Wdr5 (updated Figure
2J). The purity of all recombinant proteins used in these in
vitro pull-down assays was shown in Supplementary Figure
S2D. Together, these findings demonstrated that besides the
well-known Wdr5-Ash2l-Rbbp5-Dpy30 (WARD) complex,
Ash2l physically interacts with Oct4, Sox2 and Nanog to
form a novel Wdr5-independent Ash2l-Oct4-Sox2-Nanog
(Ash2l/OSN) complex, in which the W118 residue of Ash2l
is critical for the Ash2l–Oct4 interaction.

Co-localization of Ash2l, Oct4, Sox2 and Nanog to distal cis-
elements in a Wdr5-independent manner

Oct4 is the most pivotal transcription factor for the initia-
tion of reprogramming and is crucial for the maintenance of
pluripotency/self-renewal (27). Enhancers function as crit-
ical regulatory elements that integrate genomic information
for cell fate transition (28). Oct4 can bind to enhancer ele-
ments and regulate distal genes (8–10). Following the iden-
tification of Ash2l/OSN complex, we investigated whether
Ash2l could cooperate with Oct4 to regulate the distal el-
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Figure 2. Ash2l forms complexes with Oct4, Sox2 and Nanog in the absence of Wdr5. (A) The ESC nuclear extracts were separated into seven fractions
by gel filtration assay based on the molecular weight of filtrated nuclear extracts. Based on the filtration order of the fraction, these fractions were defined
as fractions 1–7. Migration of molecular markers is indicated above the panels. (B) Western blot shows the protein expression pattern among the seven
fractions of ESC nuclear extracts. Note that Oct4, Sox2 and Nanog are enriched in fractions 1–3 and Wdr5, Rbbp5 and Dpy30 are enriched in fractions
2–4. Oct4, Sox2, Nanog, Wdr5, Rbbp5 and Dpy30 are all enriched in fraction 3. (C) Immunoprecipitation of fraction 1 shows the interaction of Ash2l
with Oct4, Sox2 and Nanog (left). In the fraction 3 filtrated from the ESC nuclear extracts, immunoprecipitation shows that Ash2l still interacts with Oct4,
Sox2 and Nanog in the ESC extracts with or without Wdr5 knockdown (right). To examine whether Wdr5 is involved in the interaction of Ash2l and other
assayed proteins, the nuclear extracts from ESCs with or without Wdr5 knockdown were subjected to gel filtration and fractionation experiments. The
fraction 3 from ESCs with or without Wdr5 knockdown was subjected to immunoprecipitation assay. Ash2l were immunoprecipitated, and the amount
of co-precipitated proteins were analyzed by western blot. (D) Scheme depicting the design of different constructs of Flag-tagged Ash2l with truncation
(Ash2l-N terminus: 1–172, the PHD domain; Ash2l-C terminus: 387–623, the SPRY domain) or full-length Ash2l (Ash2l-Full length: 1–623). (E) Im-
munoprecipitation assay indicates that N terminus of Ash2l interacts with Oct4, Sox2 and Nanog. ESCs were transfected with full-length or truncated
Flag-tagged Ash2l and subjected to the immunoprecipitation assay. Truncated or full-length Flag-tagged Ash2l were immunoprecipitated, and the protein
amount of co-precipitated Oct4, Sox2, and Nanog were analyzed by Western blot. Rbbp5 was used as the control protein that recognizes the C terminus
of Ash2l. (F) GST Pull-down assay indicates the direct interaction among Ash2l and various recombinant GST-fusion proteins. Recombinant GST-fusion
proteins of Oct4, Sox2, Nanog and p300 (Taz) were subjected to a GST pull-down assay and individually incubated with Flag-tagged Ash2l full-length
and truncated forms of Ash2l. Western blot of the immunoprecipitants confirmed the direct binding of Oct4, Sox2 and Nanog to the full-length and N
terminus of Ash2l. (G) In vitro pull-down assay with full-length or truncated Ash2l for evaluating the functional domain(s) of Ash2l for the interaction
between Ash2l and other proteins. Recombinant GST-fusion proteins of Oct4, Sox2, Nanog and Rbbp5 were subjected to a Flag pull-down assay and
individually incubated with Flag-tagged Ash2l-Full length, Ash2l-N terminus and Ash2l-C terminus. The co-precipitated complexes were separated on
SDS-PAGE and stained with Coomassie blue. (H) Simulation of the molecular docking of Oct4 and Ash2l using the ZDOCK software. Several residues
at the N terminus of Ash2l, including K117, W118, E180A, K190A, N217A and K220A, were predicted as the crucial position for the Ash2l-Oct4 inter-
action. (I) Validating the crucial residue of Ash2l for Ash2l–Oct4 interaction in ESCs using immunoprecipitation. ESCs were transfected with full-length
or truncated Flag-tagged Ash2l and the cell lysates were purified. Flag-tagged Ash2l with distinct mutated residues (K117A, W118A, E180A, K190A,
N217A and K220A) were immunoprecipitated with Myc-tagged Oct4. W118A point mutation of Ash2l significantly reduced 79.2% of Ash2l interaction
with Oct4. (J) In vitro pull-down assay with wild-type or W118A-mutated Ash2l for evaluating the interaction of Ash2l variants with indicated GST-tagged
proteins. Recombinant GST-fusion proteins of Oct4, Sox2, Nanog, Rbbp5 and Wdr5 were subjected to a Flag pull-down assay and individually incubated
with Flag-tagged wild-type Ash2l or Ash2l W118A mutant. The co-precipitated complexes were separated on SDS-PAGE and stained with Coomassie
blue.

ements of core pluripotent factors. We analyzed bioinfor-
matics data on public domains to seek a potential inter-
active relationship between Ash2l and Oct4. We collected
genome-wide chromatin immunoprecipitation (ChIP) bind-
ing profiles of OSN, Ash2l and other members of the
WARD complex (Wdr5, Rbbp5 and Dpy30) from previ-
ous reports (16,17) and from the ENCODE consortium

to generate the sorted heat map binding profile of OSN,
Ash2l and other members of the WARD complex (Wdr5,
Rbbp5 and Dpy30), H3K27ac, H3K4me1 and H3K4me3
at different genomic regulatory elements (Figure 3A). Us-
ing Oct4-Ash2l co-binding sites as the reference, we found
that Oct4, Ash2l, Sox2 and Nanog were highly enriched at
distal elements while Wdr5, Rbbp5, and Dpy30 were less
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Figure 3. Ash2l, Oct4, Sox2 and Nanog colocalized to distal cis-elements in a Wdr5-independent manner. (A) Heat map analysis shows the genome-
wide chromatin immunoprecipitation-sequencing (ChIP-seq) binding profiles of Oct4, Sox2, Nanog, Ash2l, Wdr5, Rbbp5, Dpy30, p300, H3K27ac,
H3K4me1 and H3K4me3 from existing ChIP-seq data of the ENCODE consortium and previously reported studies. Near, 0 to 2 k bp; Distal I, 2 to
10k bp; Distal II, 10 to 100 k bp; other, >100 k bp. (B) Cumulative probability of the distance to the closest TSS reveals that the binding loci for Oct4,
Ash2l and OA predominantly localize farther from the TSS, while the binding loci for Wdr5-related peaks (i.e. W, OW, AW and OAW) were relatively
closer to the TSS. OA: Oct4-Ash2l; OW: Oct4-Wdr5; AW: Ash2l-Wdr5; OAW: Oct4-Ash2l-Wdr5. (C) A similarity matrix calculated based on the ChIP-seq
data shows that the binding patterns for Ash2l and OA are similar, while the patterns of Wdr5, OAW and OW were similar. (D) A stacked bar plot shows
that the binding loci for Oct4, Ash2l and OA are predominantly localized to distal elements (i.e. Distal I and Distal II), while Wdr5-related binding loci
(i.e. Wdr5, OW, OAW and AW) are generally localized to Near elements. (E) Venn diagrams show the corresponding numbers of binding loci for Ash2l,
Oct4 and Wdr5 (upper) and the numbers of binding loci for the Ash2l-Oct4 overlap, Sox2 and Nanog (lower). (F) Aggregation profiles around all Oct4-
Ash2l co-binding loci show the comparison of binding patterns among stemness-related factors (first panel from left); WARD components (second panel
from left); enhancer-binding proteins (second panel from right); and histone marks (first panel from right). (G) Box plots of Ash2l, Oct4, Sox2, Nanog,
Wdr5, Med1 and H3K27ac ChIP-seq density at Distal II elements in ESCs with or without Ash2l knockdown.

enriched on Oct4-Ash2l co-binding gene loci (Figure 3A).
We further organized elements bound by Oct4-Ash2l (OA),
Oct4-Wdr5 (OW), Ash2l-Wdr5 (AW) and Oct4-Ash2l-Wdr5
(OAW; see Supplementary Excel file) and generated the cu-
mulative probability of the distance to the closest TSS (Fig-
ure 3B), the similarity matrix (Figure 3C), the stacked bar
plot (Figure 3D) and the Venn diagram (Figure 3E). The
cumulative probability of the distance to the closest TSS re-
vealed that elements bound by OA predominantly localized
far from the TSS, while the W, OW, AW and OAW bound
elements were relatively close to the TSS (Figure 3B). Simi-
larity matrix showed that the binding patterns of A and OA
categories were similar while the patterns of W-bound ele-
ments (W, OAW and OW) were also relatively comparable
but distinct from those of A and OA categories (Figure 3C).
The stacked bar plot showed that Oct4, Ash2l and OA bind-
ing predominantly occurred at distal elements (i.e. Distal I
and Distal II) rather than the TSS; while Wdr5-bound ele-
ments (i.e. W, OW, OAW and AW) were generally localized
at Near elements near the TSSs (Figure 3D and Supplemen-
tary Figure S3). The corresponding numbers of binding/co-

binding loci for the given genes are shown in a Venn diagram
(Figure 3E). Among the total 2121 of OA co-binding loci,
862 gene loci were Ash2l/OSN co-binding loci (Figure 3E).
A Venn pie chart further showed that the binding of Oct4
or Ash2l predominantly localized at Distal II elements, and
that their most comment binding pattern at Distal II ele-
ments was OA co-binding (Supplementary Figure S3, left
and middle); by contrast, Wdr5 mainly localized at Near el-
ements (Supplementary Figure S3, right). Taken together,
these results showed that loci bound by Ash2l without the
involvement of Wdr5 (i.e. OA and A) had high tendency to
be located at distal regions, while Wdr5-bound loci (OW,
AW and OAW) were TSS-adjacent.

We further analyzed the binding proteins on the Oct4-
Ash2l (OA) co-binding gene loci with a focus on master
pluripotent genes, WARD components, enhancer-binding
proteins and histone marks (Figure 3F). The aggrega-
tion profiles showed that, at Distal II elements, the OA
co-binding gene loci were enriched for Oct4, Sox2 and
Nanog (Figure 3F, first panel from left), as well as several
well-known enhancer-binding proteins, including Med1,
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p300 and Chd7 (Figure 3F, second panel from right). For
the components of WARD complex, only Ash2l but not
Wdr5, Rbbp5 and Dpy30 was enriched in Distal II elements
(Figure 3F, second panel from left). Notably, a prominently
strong H3K27ac mark and moderate H3K4me1 were de-
tected at the Distal II elements, whereas H3K4me3 marks
were not detected (Figure 3F, first panel from right), indicat-
ing an active and poised chromatin environment around the
OA-co-binding gene loci at distal elements. Next, we per-
formed ChIP-seq analysis to evaluate the binding of Oct4,
Sox2, Nanog, Wdr5, Med1 and H3K27ac in both control
and Ash2l knockdown ESCs. At Distal II elements, Ash2l
knockdown reduced the enrichment of Oct4, Sox2, Nanog,
Med1 and H3K27ac, whereas the enrichment of Wdr5
was not affected (Figure 3G). The colocalization of Ash2l,
Oct4, Sox2 and Nanog at Distal II elements was Wdr5-
independent, distinct from the WARD complex prone to be
near the TSS.

Ash2l/OSN complex locates on the super-enhancers to regu-
late enhancer activation

Super-enhancer activity was reported to control pluripo-
tency and reprogramming, as well as to regulate genes crit-
ical for cell identity (10,29). Given that our genome-wide
analysis showed the colocalization of Ash2l and OSN at
Distal II elements, we hypothesized that Ash2l might co-
operate with the master transcription factors at Distal II
elements to regulate genes involving in pluripotency and
cell fate determination. To verify this hypothesis, we first
overlapped ChIP-seq data of Ash2l-binding genes with mi-
croarray data and RNA-seq data from Ash2l knockdown
cells to identify the downstream genes that were bound
by Ash2l at Distal II elements with expression affected by
Ash2l (Figure 4A). Overall, the expression of a total of
805 super-enhancer-driven genes was affected by Ash2l de-
pletion (Figure 4A and B). Among these 805 genes, we
found 698 Ash2l-targeting gene loci down-regulated upon
Ash2l knockdown at Distal II elements (Figure 4A). We
then categorized these 698 gene loci into binding targets of
Ash2l-Oct4 (AO), Ash2l-Wdr5 (AW) and Ash2l-Oct4-Wdr5
(AOW) and found 608 AO-targeted gene loci at Distal II el-
ements (Figure 4C; See also Supplementary Table S5 and
Supplemental Excel file). Among the total 608 AO-targeted
gene loci, 266 gene loci were co-bound by Ash2l/OSN at
Distal II elements (Figure 4D). We also performed the same
analysis and categorized the ChIP-seq data of Near ele-
ments into Ash2l-Oct4 (AO), Ash2l-Wdr5 (AW) and Ash2l-
Oct4-Wdr5 (AOW) (Supplementary Figure S4A). The num-
ber of overlapping peaks is shown in Supplementary Figure
S4A (left). Among the total 117 AO-targeted gene loci at
Near elements, 14 gene loci were co-bound by Ash2l/OSN
(Supplementary Figure S4B).

The Gene Ontology analysis revealed that these 608 AO-
binding gene loci were responsible for genes important for
regulation of transcription, multicellular organism devel-
opment and cell differentiation etc. while AW- and AOW-
binding loci carried relatively poor biological relevance
(Figure 4E). By gene set enrichment analysis (GSEA), we
also observed that the genes enriched for AO binding at
Distal II elements and downregulated by shAsh2l are pri-

marily those genes that are upregulated in ESCs and the
downstream genes targeted by Oct4, Sox2 and Nanog (Fig-
ure 4F). We performed ChIP followed by quantitative PCR
(ChIP-qPCR) to evaluate the binding ability of Ash2l and
the enrichment of H3K27ac, the histone mark that identi-
fies active enhancer, at these Ash2l-regulated genes. We ob-
served that the enhancers of Jarid2 and Nanog genes had
strong enrichment for Ash2l and H3K27ac, while Oct4 and
Sox2 genes were moderately bound by Ash2l and enriched
for H3K27ac (Supplementary Figure S4C). Using ChIP-
qPCR, we next showed that Ash2l, Oct4, Sox2 and Nanog
were individually bound to the enhancers of Oct4, Jarid2,
Nanog and Sox2 (Supplementary Figure S4D).

Subsequently, we used ChIP-seq and RNA-seq to exam-
ine whether these four Ash2l-bound enhancers (i.e. Jarid2,
Oct4, Sox2 and Nanog enhancers) carry enhancer-specific
characteristics. First, we added the genome browser tracks
to show the ChIP-seq results of Med1, H3K27ac, Oct4,
Sox2, Nanog, Ash2l and Wdr5 from the existing ChIP-
seq database (Figure 4G, upper). In the ChIP-seq results,
Ash2l, Oct4, Sox2 and Nanog, but not Wdr5, did bind to
aforementioned enhancer regions that are enriched for en-
hancer marks H3K27ac and co-activator Med1 (Figure 4G,
upper). RNA-seq also detected that the regions produc-
ing enhancer RNA (eRNA) colocalized with these Ash2l-
bound enhancers (Figure 4G, lower). Notably, as exam-
ined by qPCR and ChIP-qPCR, Ash2l knockdown reduced
eRNA production, RNA polymerase II and H3K27ac hi-
stone mark enrichment, indicating that Ash2l drove the
activation of these enhancers (Figure 4H and I). Super-
enhancers are transcriptional regulatory regions distant
from TSS, known to be enriched for OSN and to recruit var-
ious enhancer-binding proteins to catalyze H3K27 acetyla-
tion (8–10). Based on the enhancer features of these Ash2l-
bound regions and the binding of Oct4, Sox2 and Nanog at
distal elements distant from the TSS (>10k), our findings
indicated that these Ash2l-bound regions on Oct4, Jarid2,
Nanog and Sox2 genes are super-enhancers. To validate the
existence of Ash2l/OSN complex at the super-enhancers of
Jarid2, Oct4, Sox2 and Nanog, we further used Re-ChIP as-
say to examine the co-binding of Ash2l and Oct4, Sox2 and
Nanog at these sites. Ash2l did form the aforementioned
Ash2l/OSN complex at these super-enhancers (Figure 4J).
Furthermore, we analyzed the effects of Ash2l knockdown
on the expression of stemness-associated genes in ESCs and
showed that Ash2l depletion led to the decrease in mRNA
and protein levels of Jarid2, Oct4, Sox2 and Nanog (Sup-
plementary Figure S4E and K). Ash2l knockdown did not
affect p300 mRNA expression (Supplementary Figure S4E)
and the protein amount of p300, Med1 and H3K27ac (Fig-
ure 4K). These data revealed an Ash2l-mediated regulation
on the protein expression levels of Jarid2, Oct4, Sox2 and
Nanog. Ash2l bound to the super-enhancers at the distal
elements of stemness-associated genes to regulate genes ex-
pression through enhancer activation.

Disruption of Ash2l-binding motifs at super-enhancers abro-
gated OSN enrichment and enhancer activation

Considering the crucial role of Ash2l in pluripotency main-
tenance and the enrichment of Ash2l at the super-enhancers
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Figure 4. Ash2l/Oct4/Sox2/Nanog complex locates on the super-enhancers to regulate enhancer activation. (A) A Venn diagram shows the corresponding
numbers of Ash2l-bound genes at Distal II elements (4817 genes, obtained from ChIP-seq data), genes that were affected by Ash2l knockdown (9393 genes,
obtained from microarray data; 7597 genes, obtained from RNA-seq data). Ash2l-bound genes at Distal II elements were detected by ChIP-seq, and the
genes that were affected by Ash2l knockdown were analyzed by microarray and RNA-seq. A total of 805 genes in the intersection were identified as
Ash2l-affected genes at Distal II element, including 107 upregulated genes and 698 downregulated genes. (B) A box plot showing the 805 super-enhancer-
driven genes that are affected by Ash2l knockdown at Distal II elements. (C) Categorization of the 698 genes that bound by Ash2l at Distal II elements
and down-regulated upon Ash2l knockdown into the binding targets of Ash2l-Oct4 (AO; 608 genes), Ash2l-Wdr5 (AW; 64 genes) and Ash2l-Oct4-Wdr5
(AOW; 46 genes). (D) A Venn diagram shows the numbers of binding loci for the Ash2l-Oct4 overlap, Sox2, Nanog at Distal II elements. (E) Gene Ontology
analysis shows the downregulated genes in Ash2l knockdown ESCs and co-bound by Ash2l and Oct4 (AO), Ash2l and Wdr5 (AW), or Ash2l, Oct4 and
Wdr5 (AOW) at Distal II elements. (F) Gene set enrichment analysis of the 608 AO co-bound genes at Distal II elements and down-regulated upon Ash2l
knockdown. These genes include upregulated genes in ESCs (the first on the left) and downstream genes targeted by Oct4, Sox2 and Nanog, respectively
(the second/third/fourth on the left). (G) Genome browser tracks showing the ChIP-seq results of Med1, H3K27ac, Oct4, Sox2, Nanog, Ash2l and Wdr5
at Jarid2, Oct4, Sox2 and Nanog enhancers from the existing ChIP-seq database (Upper) RNA-seq results showing the production of enhancer RNA
(eRNA) at Ash2l-bound super-enhancers (lower). (H) qPCR of the eRNA production levels at super-enhancers of Oct4, Jarid2 and Nanog in ESCs with
or without Ash2l-knockdown. The eRNA expression at each super-enhancer in Ash2l-knockdown ESCs was shown as relative levels to that in ESCs with
shCtrl. (I) ChIP-qPCR shows the enrichment of RNA polymerase II and H3K27ac at the super-enhancers of Oct4, Jarid2 and Nanog in ESCs with or
without Ash2l knockdown. Data were normalized with IgG control and shown as relative enrichment to that in ESCs with shCtrl. (J) Re-ChIP-qPCR
analysis revealed the binding relationship of Ash2l, Oct4, Sox2 and Nanog at Jarid2, Oct4, Sox2 and Nanog super-enhancer in ESCs with or without Ash2l
knockdown. The first ChIP-qPCR with anti-Ash2l antibody revealed the direct binding of Ash2l at the super-enhancer of Oct4. The second ChIP-qPCR
with indicated antibodies showed that Ash2l, Oct4, Sox2 and Nanog virtually co-bound to the gene loci at the super-enhancer of Jarid2, Oct4, Sox2 and
Nanog. Data were shown as relative fold change to the IgG control. (K) Western blot reveals that Ash2l knockdown suppressed the protein levels of Oct4,
Sox2 and Nanog, but not p300, Med1 and H3K27ac in ESCs with shAsh2l. Data are presented as mean ± SD; *P < 0.01.
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of Jarid2, Nanog and Oct4, we sought to further exam-
ine the effects of Ash2l binding on OSN recruitment to
super-enhancers and on the regulation of pluripotency
genes. Ash2l-binding motifs were deleted to interrupt Ash2l
binding to Jarid2 and Nanog enhancers. First, we used
HEK293T cells and introduced reporter plasmids contain-
ing either wild-type Jarid2 or Nanog enhancer, or the same
enhancers with deleted Ash2l-binding motifs (Supplemen-
tary Figure S5A and S5B). HEK293T cells per se did not
express endogenous Oct4 and provided an excellent plat-
form for the investigation of the interaction between Ash2l
and Oct4. These cells were subsequently subjected to ChIP-
qPCR experiments and luciferase reporter assays (Supple-
mentary Figure S5C–F). For the ChIP-qPCR experiments,
we found that overexpression of Flag-tagged Ash2l-WT
enhanced the binding of Myc-tagged Oct4 to both Jarid2
and Nanog enhancers (Supplementary Figure S5C and E,
upper). Overexpression of Flag-tagged Ash2l with W118
point mutation (Flag-tagged Ash2l-W118A) abrogated the
Ash2l-mediated enhancement effect on Myc-tagged Oct4
binding (Supplementary Figure S5C and S5E, upper). In
addition, deletion of the Ash2l-binding sites on Jarid2 and
Nanog super-enhancers also abolished this Ash2l-mediated
enhancement effect on Myc-tagged Oct4 binding (Supple-
mentary Figure S5C and S5E, lower). For the reporter assay
conducted in the same cells, we observed that either Flag-
tagged Ash2l or Myc-tagged Oct4 alone were capable of di-
rect activation of Jarid2 and Nanog expression (Supplemen-
tary Figure S5D and S5F, upper). Co-expression of Flag-
tagged Ash2l and Myc-tagged Oct4 led to a synergistic ef-
fect on the enhancer activity of Jarid2 (Supplementary Fig-
ure S5D, upper) and Nanog (Supplementary Figure S5F,
upper), while deletion of Ash2l-binding site and overex-
pression of Flag-tagged Ash2l-W118A abrogated this syn-
ergistic effect (Supplementary Figure S5D, upper and lower;
Supplementary Figure S6F, upper and lower). These find-
ings indicated that the Ash2l-binding motifs are required
for the enhanced Oct4 recruitment at Jarid2 and Nanog
super-enhancers, and for the activation of Jarid2 and Nanog
enhancers. The Ash2l–Oct4 interaction via Ash2l W118
residue is critical for mediating this Ash2l effect.

To further validate the effects of Ash2l binding to Jarid2
and Nanog super-enhancers in pluripotent stem cells, we
applied CRISPRi/dCas9 genomic editing technology to
block the accessibility of Ash2l-binding sites on Jarid2,
Nanog and Oct4 super-enhancers in ESCs. We designed
three sets of sequence-specific short guide RNAs (sgR-
NAs) for each gene to recognize the Ash2l-binding mo-
tifs at Jarid2, Nanog or Oct4 enhancer (Supplementary
Figure S5G) through either monoallelic silencing (labeled
as sgRNAAB) or biallelic silencing (labeled as sgRNAAC,
sgRNADE, sgRNADF, sgRNAGH and sgRNAGI) (Fig-
ure 5A). Stably infected clones were selected by antibi-
otics. After the transfection and selection, infected ESCs
were cultivated onto inactivated MEFs for 2 weeks. In-
fected ESCs with sgRNAs guiding to the Ash2l-binding
motifs at Jarid2 or Nanog super-enhancers gradually re-
gained the self-renewal/stemness signature (Supplemen-
tary Figure S5H) and ESC-specific morphology (Supple-
mentary Figure S5I). However, ESCs infected with sgR-
NAs guiding to Oct4 super-enhancer did not regain the

stemness/self-renewal properties (Supplementary Figure
S5H–I). CRISPRi/dCas9 system can drive the expression
of dCas9 protein and directs it to the designed regions.
Therefore, the appearance of dCas9 protein and decreased
Ash2l binding at all given regions in the genome was ex-
amined to confirm a successful CRISPRi/dCas9-mediated
blocking at indicated sites in the genome. ChIP-qPCR re-
sults showed that the three distinct sets of sgRNAs specif-
ically increased dCas9 protein and interfered with Ash2l
binding at the R1, R4 and R7 regions of Jarid2, Nanog
and Oct4 super-enhancers, respectively (Figure 5B). These
sgRNAs also simultaneously blocked the binding of Ash2l
to these motifs, and hindered the recruitment of Oct4,
Sox2 and Nanog to the enhancer regions (R1, R4 and R7),
but not the promoter regions (R2, R5 and R8) and Ash2l
non-binding regions (R3, R6 and R9) (Figure 5B). A de-
crease of H3K27ac histone mark at enhancer regions (R1,
R4 and R7), but not promoter regions (R2, R5 and R8) and
Ash2l non-binding regions (R3, R6 and R9), was also ob-
served upon CRISPR/dCas9-mediated blocking on Jarid2,
Nanog and Oct4 super-enhancers (Figure 5B).

Among the distinct sets of designed sgRNAs,
CRISPR/dCas9-mediated blocking by sgRNAAB,
sgRNADF and sgRNAGI led to the maximal inhibition on
Ash2l binding to Jarid2, Nanog and Oct4 super-enhancers
(Figure 5B). Therefore, sgRNAAB, sgRNADF and sgRNAGI
were used in the residual experiments for CRISPR/dCas9-
mediated blocking of the Ash2l binding. qPCR indicated
that CRISPRi/dCas9-mediated blocking with sgRNAAB,
sgRNADF and sgRNAGI led to the expected inhibition
of Jarid2, Nanog and Oct4 expression (Figure 5C). This
blocking of Ash2l-binding motifs at Jarid2, Nanog and
Oct4 super-enhancers also abrogated Jarid2, Nanog and
Oct4 protein without affecting Ash2l levels (Figure 5D).
Similar results of western blot were also obtained by
blocking the binding motifs with sgRNAAC, sgRNADE and
sgRNAGH (Figure 5D).

As shown by qPCR, Jarid2, Nanog and Oct4 transcripts
were upregulated by overexpression of Flag-Ash2l in ESCs
(Figure 5E). The CRISPRi/dCas9-mediated blocking of
the Ash2l-binding motif at each enhancer abrogated this
upregulation of Jarid2, Nanog and Oct4 transcripts (Figure
5E). Furthermore, the effects of CRISPRi/dCas9-mediated
blocking on Ash2l-binding motifs were also tested in a lu-
ciferase reporter assay of the Jarid2, Nanog or Oct4 super-
enhancers. Overexpression of Flag-tagged Ash2l synergisti-
cally enhanced the Myc-tagged Oct4-induced enhancer ac-
tivity in Jarid2, Nanog or Oct4 enhancer (Figure 5F), and
this enhancement can be abolished by the CRISPRi/dCas9-
mediated blocking on corresponding Ash2l-binding motifs
at Jarid2, Nanog or Oct4 super-enhancer, respectively (Fig-
ure 5F). Taken together, these data indicated that Ash2l-
binding motifs are essential for Ash2l binding to super-
enhancers, for the subsequent recruitment of OSN, and for
the activation of corresponding enhancer.

Ash2l enhances OSN recruitment to the Oct4 super-enhancer
in ESCs

In addition to Jarid2 and Nanog enhancer, we also ob-
served a moderate enrichment of Ash2l and OSN at Oct4
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Figure 5. Ash2l binding motif is crucial for the recruitment of OSN to Jarid2, Oct4 and Nanog super-enhancers. (A) Schematic illustration of the design
of sequence-specific sgRNA for blocking of Jarid2, Nanog or Oct4 super-enhancers using monoallelic silencing (labeled as sgRNAAB) or biallelic silencing
(labeled as sgRNAAC, sgRNADE, sgRNADF, sgRNAGH and sgRNAGI). The dCas9 nuclease is targeted to super-enhancer of Jarid2, Nanog or Oct4 by
either set of sgRNA. Three amplicons for each enhancer (Jarid2: R1: enhancer; R2: promoter, R3: desert; Nanog: R4: enhancer; R5: promoter, R6: desert;
Oct4: R7: enhancer; R8: promoter, R9: desert) were designed to evaluate protein enrichment in ChIP-qPCR assay. (B) ChIP-qPCR analysis showing the
enrichment of indicated protein at Jarid2, Nanog and Oct4 super-enhancers in ESCs with CRISPRi/dCas9-mediated interference of Ash2l binding. ChIP-
qPCR analysis with indicated antibodies was conducted in CRISPRi/dCas9-modified ESCs, and the enrichment of each protein at R1–3 regions, R4–6
regions or R7-R9 regions was evaluated with specific primers. Data showed that CRISPRi/dCas9-mediated interference of Ash2l binding at Jarid2 enhancer
(upper), Nanog enhancer (middle) and Oct4 enhancer (lower), specifically increased dCas9 binding and decreased the binding of Ash2l, Oct4, Sox2, Nanog
and H3K27ac, to R1, R4 and R7, but not R2, R3, R5, R6, R8 and R9. (C) qPCR results showing the effect of CRISPRi/dCas9-mediated interference
of Ash2l binding on mRNA expression of Jarid2, Nanog and Oct4. (D) Western blot showing the effect of CRISPRi/dCas9-mediated interference of
Ash2l binding on the protein content of Jarid2, Nanog and Oct4. (E) qPCR shows CRISPRi/dCas9-mediated interference of Ash2l binding at indicated
enhancers abrogate the upregulation of Jarid2, Nanog, Oct4 transcripts induced by Ash2l overexpression. (F) Reporter assay shows that Flag-Ash2l and
Myc-Oct4 induce a synergistic effect on enhancer activity in Jarid2, Nanog and Oct4 super-enhancers. The Ash2l-mediated enhancement of Jarid2, Nanog
and Oct4 enhancer activation can be abrogated by specific sgRNA for indicated enhancer. Data are presented as mean ± SD; *, P < 0.01.

super-enhancer. Oct4 has been extensively accepted to
be the master pluripotent factor whereas the regulation
of Oct4 remained not fully understood. In addition to
the CRISPRi/dCas9-mediated interference experiments at
Oct4 super-enhancer (Figure 5), we conducted further ex-
periments to validate whether Ash2l could also recruit OSN
and form Ash2l/OSN complex at Oct4 super-enhancer to
increase Oct4 enhancer activity. We evaluated and com-
pared the OSN recruitment to Oct4 super-enhancer in ESCs
with or without Ash2l knockdown. As Ash2l is also an up-
stream regulator of Oct4, Sox2 and Nanog (Figure 4K),
exogenously expressed Myc-tagged Oct4, HA-tagged Sox2
and Flag-tagged Nanog were employed to carry out the
experiments without the confounding by down-regulation
of endogenous OSN. Ash2l depletion had no effect on the
protein levels of exogenous Myc-tagged Oct4, HA-tagged

Sox2 and Flag-tagged Nanog (Figure 6A) but reduced their
binding ability to Oct4 super-enhancer (Figure 6B). The
similar effect of Ash2l depletion on OSN recruitment was
observed at Jarid2 and Nanog super-enhancers (Supple-
mentary Figure S6A and B). Moreover, Ash2l depletion re-
duced the recruitment of p300 and Med1 to these super-
enhancers (Supplementary Figure S6C) without affecting
the p300 and Med1 protein amounts (Figure 4K). Remark-
ably, transfection of recombinant wild-type Ash2l (Flag-
Ash2lWT), but not recombinant Ash2l with W118A mu-
tation (Flag-Ash2lW118), rescued the decreased OSN re-
cruitment in Ash2l depleted cells (Supplementary Figure
S6D and E). These findings supported that Ash2l recruited
OSN to Oct4, Jarid2 and Nanog super-enhancers, and that
Ash2l–Oct4 interaction is crucial for OSN recruitment at
super-enhancers.
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Figure 6. Ash2l recruits OSN to Oct4 super-enhancer to modulate Oct4 expression. (A) Western blot shows the restoration of endogenous Oct4, Sox2 and
Nanog protein by exogenous introduction of Myc-tagged Oct4, HA-tagged Sox2 and Flag-tagged Nanog in ESCs with Ash2l knockdown. To examine
the effect of Ash2l knockdown on OSN recruitment without affecting cellular protein content of Oct4, Sox2 and Nanog, Myc-tagged Oct4, HA-tagged
Sox2 and Flag-tagged Nanog were exogenously introduced into ESCs with or without Ash2l knockdown. (B) ChIP-qPCR shows that the binding affinity
of exogenously introduced Oct4 (left), Sox2 (middle) and Nanog (right) to the Oct4 enhancer in ESCs with or without Ash2l knockdown. Data were
normalized with IgG control and shown as relative levels to that in shCtrl-transfected ESCs. (C) ChIP-qPCR reveals that Ash2l knockdown decreases
Oct4 enrichment to Oct4 enhancer. Gene knockdown in ESCs was conducted with indicated lentivirus-based shRNA, followed by ChIP-qPCR analysis
with specific antibodies. ChIP-qPCR shows that knockdown of Ash2l hampered Oct4 binding to the enhancer. Data were normalized with IgG control
and presented as relative fold changes to the enrichment at enhancer in control ESCs. Data are presented as mean ± SD; *P < 0.01. (D) ChIP-RT-PCR
analysis validates the regulatory effect of Ash2l on Oct4 binding ability to Oct4 enhancer. Flag-tagged Ash2l variants (Flag-Ash2lWT and Flag-Ash2lW118A)
and Myc-tagged Oct4 were expressed in HEK293T cells. The amount of each transfected plasmid was indicated at the top. The nuclear extracts from the
transfected HEK293T cells were purified and subjected to a ChIP-qPCR assay with indicated antibodies. The co-precipitated sequence of Oct4 enhancer
and promoter were analyzed. Flag-Ash2lWT alone directly bound to Oct4 enhancer and promoter (lanes 1 and 6). Increasing amount of Flag-Ash2lWT

enhanced Myc-Oct4 binding to Oct4 enhancer (lanes 4 and 5) but not to Oct4 promoter (lanes 9 and 10). Mutation of W118 position of Ash2l (Flag-
Ash2lW118A) abrogated the Ash2l effect on Oct4 binding to enhancer (lanes 18–20). The pre-immune serum served as a negative control. (E) The design of
DNA probes for Ash2l-binding site of Oct4 super-enhancer [-15k] and random sequence. (F) Validating the binding relationship between Ash2l and Oct4
at Oct4 super-enhancer by a DNA Affinity pull-down (DAPA) assay. The oligonucleotide probe containing Oct4 super-enhancer sequence was incubated
with recombinant Ash2l and Oct4 proteins in vitro. The probe was precipitated and the co-precipitated Flag-Ash2l and Myc-Oct4 proteins were analyzed
by western blot. Flag-Ash2lWT directly bound to Oct4 probe and enhanced the binding of recombinant Oct4 to Oct4 probe, whereas Flag-Ash2lW118A

failed to exert the same effect. (G) A reporter plasmid containing the Oct4 enhancer sequence was transfected into HEK293T cells along with Oct4 and
full-length (Ash2l-Full length), truncated (Ash2l-N terminus or Ash2l-C terminus) or mutated (Ash2lW118A) Ash2l expression plasmids. The luciferase
activity representing Oct4 enhancer activity was assayed and shown as relative fold change to that of the empty vector-transfected cells. The Ash2l-Full
length and Ash2l-N terminus enhanced Oct4 enhancer activity while Ash2l-C terminus and Ash2lW118A failed to increase Oct4 enhancer activity. (H)
Illustrative scheme for the Ash2l-mediated Oct4 recruitment to Oct4 super-enhancer. The Ash2l-mediated Oct4 recruitment could be abrogated by Ash2l
knockdown or the point mutation of W118A at Ash2l-N terminus. Data are presented as mean ± SD; *P < 0.01.
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We next attempted to elucidate in detail how Ash2l regu-
lated Oct4 expression in ESCs through the cis-regulatory
elements. We found that Ash2l knockdown only reduced
Oct4 recruitment to its own enhancer but not promoter
and Desert (Figure 6C). To confirm the importance of
Ash2l on Oct4 binding to its own super-enhancer, we trans-
fected a plasmid containing the Oct4 enhancer sequence
into HEK293T cells and assessed the binding capacity of
Flag-tagged Ash2l and Myc-tagged Oct4 to this sequence.
ChIP-reverse transcription-PCR (ChIP-RT-PCR) experi-
ments showed that Ash2l enhanced the binding of Myc-
tagged Oct4 to its own enhancer (Figure 6D, comparing
lane 5 with lane 3), but not at the Oct4 promoter (Figure 6D,
comparing lane 10 with lane 8). We further validated that re-
combinant Ash2l with W118A mutation (Flag-Ash2lW118)
failed to recruit Oct4 to enhancer (Figure 6D, compar-
ing lane 20 with lane 18). Similar results were obtained in
ESCs (Supplementary Figure S6F). We further performed
an in vitro DNA-affinity pull-down assay (DAPA) by in-
cubating an oligonucleotide probe containing the Oct4 en-
hancer sequence with Ash2l and Oct4 recombinant pro-
teins (Figure 6E). Without recombinant Oct4 protein, re-
combinant Ash2l per se directly bound the Oct4 probe
(Figure 6F, lane 1). Increasing the amount of recombi-
nant Ash2l protein enhanced the binding of recombinant
Oct4 protein to Oct4 probe in a dose-dependent manner
(Figure 6F, lanes 4 and 5). Flag-Ash2lW118 also bound the
Oct4 probe (Figure 6F, lane 6), but failed to recruit re-
combinant Oct4 protein to Oct4 probe (Figure 6F, lane 10
compared with lane 8). Moreover, we sought to demon-
strate whether Ash2l-recruited Oct4 indeed has the func-
tion to stimulate Oct4 enhancer activity. A reporter plas-
mid containing the Oct4 enhancer was transfected into
HEK293T cells with Oct4 and full-length Ash2l, truncated
Ash2l (Ash2l-N terminus or Ash2l-C terminus) or Flag-
Ash2lW118 expression vectors; the luciferase activity repre-
senting the activity of Oct4 enhancer was then quantified.
We observed that full-length Ash2l or Ash2l-N terminus
indeed enhanced Oct4-stimulated luciferase activity, while
Ash2l-C terminus or Ash2l with W118A mutation had no
effect on Oct4-stimulated luciferase activity (Figure 6G).
These observations were consistent with the capability of
each Ash2l variant to recruit Oct4 as we previously showed
(Figure 2E, F and I). Furthermore, Re-ChIP assay revealed
that W118 mutation of Ash2l specifically interfered with
Ash2l binding to Oct4 at Oct4 enhancer but did not af-
fect its binding to Wdr5 at Oct4 promoter (Supplementary
Figure S6G). Collectively, our findings demonstrated that
Ash2l acts as an upstream regulator of Oct4 expression in
a pluripotent state, predominantly by enhancing OSN re-
cruitment to the Oct4 super-enhancer via its N-terminus.
Upon Ash2l knockdown or disruption of Ash2l–Oct4 in-
teraction by W118 point mutation, Oct4 is neither recruited
nor bound to its own super-enhancer, and therefore the
Oct4 super-enhancer was not activated (Figure 6H).

Ash2l–Oct4 interaction via W118 residue is crucial for the
Ash2l-mediated pluripotent network

Based on the data of molecular docking simulation and
point mutation studies, we identified that W118 is the cru-

cial residue responsible for the Ash2l–Oct4 interaction and
the Ash2l-mediated enhancement of Oct4 binding at the
super-enhancers for stimulating the activity of enhancers
of Oct4, Jarid2 and Nanog genes (Figure 6D–G; Supple-
mentary Figure S5C–F and S6D–G). These results sug-
gested that Ash2l-recruited enhancer-bound Oct4 is cru-
cial for Ash2l-mediated stemness circuitry and pluripo-
tency maintenance. To illustrate the role of Ash2l–Oct4 in-
teraction in pluripotency, we next investigated the func-
tional consequences of disrupting Ash2l–Oct4 interaction
in the whole picture of Ash2l-mediated pluripotency net-
work. Single cell RNA-seq is a powerful tool for the mea-
surement of gene expression at individual cell level and the
study of cellular heterogeneity. To elucidate the transcrip-
tional networks among Jarid2, Nanog and stemness fac-
tors, ESCs with Ash2l knockdown and concomitant over-
expression of Flag-Ash2lWT or Flag-Ash2lW118A were sub-
jected to single cell-seq analysis (scRNA-seq; Figure 7A).
We analyzed transcriptomes from 3000 ESCs with vari-
ous treatments, and t-distributed stochastic neighbor em-
bedding (t-SNE) was used to reduce dimension for clus-
tering and visualization. Ash2l knockdown decreased the
transcripts of Oct4, Sox2, Nanog and Jarid2 (Figure 7B
and C). Comparing with scRNA-seq profiles in ESCs with
Ash2l knockdown, we observed that only Flag-Ash2lWT but
not Flag-Ash2lW118A could rescue the expression of Ash2l,
Oct4, Sox2, Jarid2 and Nanog transcripts (Figure 7B and
C). These data indicated that Ash2l–Oct4 interaction is cru-
cial for the upregulation of Oct4, Sox2, Jarid2 and Nanog
in pluripotent state. To further validate the functions of
Ash2l–Oct4 interaction in pluripotency, Flag-Ash2lWT or
Flag-Ash2lW118A was overexpressed in MEFs and these cells
were then subjected to OSK-mediated reprogramming (Fig-
ure 7D). At day 24 post-reprogramming, overexpression
of Flag-Ash2lWT, but not Flag-Ash2lW118A, enhanced the
reprogramming efficiency, compared with MEFs infected
with Oct4/Sox2/Klf4 only (Figure 7D). Collectively, these
data demonstrated that Ash2l–Oct4 interaction through
Ash2l W118 residue governs the recruitment of Oct4 to
the super-enhancers of downstream target genes, the subse-
quent activation of downstream genes and pluripotent net-
work.

DISCUSSION

Super-enhancers are the genomic region that contains mul-
tiple putative enhancers to drive gene expression and con-
trol cell identity, as well as regulate stem cell-specific phe-
notypes in pluripotent cells. Pluripotent transcription fac-
tors are reported to functionally pre-mark and activate the
cell-type-restricted enhancers (28). A dynamic interplay of
enhancer elements plays crucial roles in the maintenance
of pluripotent state via regulating the expression of stem-
ness factors such as Klf4 (30). It has been shown that
super-enhancers are enriched for Oct4, Sox2 and Nanog
(OSN), which can subsequently form an OSN complex.
However, the mechanisms for the enrichment of OSN on
the super-enhancers and the role of this complex were
not fully understood. In the present study, we demon-
strated that Ash2l recruited OSN to the super-enhancers
and formed an Ash2l/OSN complex to regulate pluripo-
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Figure 7. Ash2l–Oct4 interaction via W118 residue governs the overall Ash2l-mediated pluripotent network. (A) Illustrative scheme shows the procedure of
scRNA-seq. (B) After analyzing transcriptomes from ESCs with Ash2l knockdown and simultaneous overexpression of Flag-Ash2lWT or Flag-Ash2lW118A.
t-distributed stochastic neighbor embedding (t-SNE) was used to reduce dimension for clustering and visualization. The transcriptome of indicated genes
was shown. (C) Quantification of the gene transcripts (Ash2l, Oct4, Sox2, Nanog and Jarid2) from ESCs with various Ash2l knockdown and simultaneous
overexpression of Flag-Ash2lWT or Flag-Ash2lW118A. (D) Examining the effect of point-mutation of Ash2l W118 residue on the reprogramming efficiency
in MEFs. MEFs were reprogrammed with Oct4, Sox2, and Klf4 plus Flag-Ash2lWT or Flag-Ash2lW118A. The reprogrammed colonies were stained with
alkaline phosphatase, and the numbers of alkaline phosphatase-positive colonies were counted. Data are presented as mean ± SD; *P < 0.01. (E) Schematic
presentation of the working model of Ash2l-dependent regulation of super-enhancer activity to modulate the expression of stemness-related genes and
pluripotent state. Ash2l binds to its binding motifs at the super-enhancers of downstream genes, such as Oct4, Jarid2 and Nanog, and recruits a serial of
stemness factors and enhancer-binding proteins to these super-enhancers. This complex creates an open chromatin structure by modifying histone marks,
leading to enhanced transcription of the target genes. This enhanced gene expression further contributes to facilitate cell pluripotency and reprogramming.

tency. This Ash2l/OSN complex at super-enhancers is
distinct from the well-known Wdr5/Ash2l/Rbbp5/Dpy30
(WARD) complex, which localizes near the TSS. The phys-
ical interaction between Ash2l and Oct4 in this complex
predominantly depends on the W118 residue at N-terminus
of Ash2l. After forming the Ash2l/OSN complex, several
downstream stemness-associated genes were activated, in-
cluding Jarid2, Nanog and Oct4. Ash2l knockdown, dis-
ruption of Ash2l-binding motifs and the CRISPRi/dCas9-
mediated blocking of the binding motifs showed the cru-
cial role of Ash2l in forming the complex and in regulating
downstream pluripotency gene expression. Together, our
data demonstrate that Ash2l forms a novel complex with
master pluripotent transcription factors OSN to regulate
Oct4-associated stemness circuitry and control the pluripo-
tency network (Figure 7E). The protein members of WARD
complex have been reported to physically and functionally
interact with key stemness-related transcription factors to
promote cellular pluripotency (14). Apart from the well-
defined interaction between Wdr5 and Oct4 (16), Ash2l has

been shown to interact with Sox2 and Klf4, evidenced by
protein co-immunoprecipitation in 293T cells (31). In the
human osteosarcoma U2OS cell line, Ash2l could form a
complex with Myc to mediate gene transcription efficiency
through their promoters (32). These reports regarding the
interaction between WARD complex and stemness factors
mostly focused on their regulatory role at gene promot-
ers. Ash2l as a member of WARD complex has been pre-
viously demonstrated to maintain chromatin opening and
pluripotency via its binding to promoter and the induction
of H3K4 tri-methylation (15,17). In the WARD complex,
Ash2l mediates and enhances the H3K4 trimethylation ac-
tivity, while Wdr5 maintains the integrity of WARD (15). In
this study, we found that Ash2l recruited OSN and formed a
stable complex at super-enhancers without the involvement
of Wdr5. This discrepancy revealed that the functional roles
of Ash2l in the WARD complex and Ash2l/OSN complex
were diverse. Further experiments are required to identify
the differences in the binding specificity of Ash2l in the two
Ash2l-associated complexes in different gene loci.



10132 Nucleic Acids Research, 2019, Vol. 47, No. 19

Among all stemness factors, Oct4 is known to be the most
pivotal factor. However, the mechanisms by which regu-
lates Oct4 expression is still not fully understood. We ob-
served that Ash2l directly binds to and recruits OSN to
Oct4 super-enhancer in order to stimulate Oct4 expression
(Figure 7), indicating that Ash2l is the direct upstream ac-
tivator of Oct4. Oct4 protein amount was largely dimin-
ished in Ash2l-knockdown ESCs (Figures 1H and 4K) also
supporting this point. In addition, we found that the in-
teraction between Ash2l and Oct4 plays a crucial role in
Ash2l-mediated Oct4 activation. The Ash2l/Oct4 interac-
tion was first demonstrated in ESCs (6). In the present
study, molecular docking simulation and point mutation
study revealed that the W118 residue of Ash2l is essential
for the Ash2l/Oct4 interaction (Figure 2H–J; Supplemen-
tary Figure S2C and D), as it is responsible for ∼79.2%
Ash2l/Oct4 binding (Figure 2I). Through the protein inter-
action of Ash2l with Oct4, the binding of Ash2l to super-
enhancers recruit and enhance Oct4 binding to the same re-
gion, leading to augmented enhancer activation (Figures 5F
and 6G). The ChIP-seq data and the aggregation profiles re-
vealed this region co-bound by OA at the Distal II elements
were enriched for OSN, H3K27 acetylation, and several
enhancer-binding proteins (Med1, p300 and Chd7 etc.; Fig-
ure 3). This Ash2l binding allows these enhancer-binding
proteins to localize to the same region and catalyze his-
tone H3K27 acetylation to create an open chromatin struc-
ture and activate transcription. Mutation of Ash2l W118
residue largely hampered the Ash2l–Oct4 interaction, and
hindered the Oct4 recruitment to super-enhancers for ac-
tivating the stemness genes and maintaining pluripotency.
These findings indicated that Ash2l drives stemness cir-
cuitry and pluripotency maintenance predominantly via its
physical interaction with Oct4. Interestingly, Ash2l pro-
tein was detected in all given fractions of ESC nuclear ex-
tracts (Figure 2B), implying the existence of other unknown
Ash2l-associated complexes that remain to be explored. In
conclusion, we unraveled an Ash2l/OSN-driven circuitry
that enhances the expression of core pluripotent genes and
promotes cellular reprogramming through epigenetically
activating the super-enhancer activity of downstream stem-
ness genes. In addition to Oct4, Sox2 and Nanog are also
partner proteins in the Ash2l/OSN complex. Whether the
Ash2l–Sox2 and/or Ash2l–Nanog interaction are equally
crucial for the pluripotency regulation remains not clear.
Future works will be needed to elucidate the roles of Ash2l–
Sox2 and Ash2l–Nanog interaction in the Ash2l-mediated
pluripotent network.
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