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ABSTRACT

Histone variants have been implicated in regulating
chromatin dynamics and genome functions. Previ-
ously, we have shown that histone variant H3.3 ac-
tively marks enhancers and cooperates with H2A.Z
at promoters to prime the genes into a poised state in
mouse embryonic stem cells (mESCs). However, how
these two important histone variants collaboratively
function in this process still remains elusive. In this
study, we found that depletion of different compo-
nents of HIRA complex, a specific chaperone of H3.3,
results in significant decreases of H2A.Z enrichment
at genome scale. In addition, CUT&Tag data revealed
a genomic colocalization between HIRA complex and
SRCAP complex. In vivo and in vitro biochemical
assays verified that HIRA complex could interact
with SRCAP complex through the Hira subunit. Fur-
thermore, our chromatin accessibility and transcrip-
tion analyses demonstrated that HIRA complex con-
tributed to preset a defined chromatin feature around
TSS region for poising gene transcription. In sum-
mary, our results unveiled that while regulating the
H3.3 incorporation in the regulatory regions, HIRA

complex also collaborates with SRCAP to deposit
H2A.Z onto the promoters, which cooperatively de-
termines the transcriptional potential of the poised
genes in mESCs.

INTRODUCTION

In eukaryotic cells, genomic DNA is hierarchically orga-
nized into chromatin with multi-level structures from the
nucleosome to higher order structures (1). The basic struc-
tural and functional unit of chromatin is the nucleosome
(2). Nucleosome comprises 147 bp of DNA fragment wrap-
ping around a histone octamer, consisting of a H3/H4
heterotetramer and two histone H2A/H2B heterodimers,
about 1.7 superhelical turns in a left-handed manner (3). In
addition to canonical histones, a number of histone vari-
ants have been identified to provide chromatin with di-
verse characteristics in different species (4). Different hi-
stone chaperones have been found to specifically deposit
and replace canonical histones with their variants into dis-
tinct genomic regions for fulfilling various biological func-
tions (5–7). These dynamic histone variant substitutions
could modulate the structure and dynamics of the nucleo-
some and chromatin fibers, and subsequently set up distinct
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chromatin states to cater for various of cellular processes
throughout the cell cycle (8).

Over the past two decades, many studies have empha-
sized the biological functions of different histone variants
in chromatin dynamics and transcriptional regulation. Un-
like canonical histones, histone variants, such as H3.3 and
H2A.Z, are expressed continuously throughout the cell cy-
cle and assembled into chromatin in a DNA replication-
independent manner (9). This difference empowers histone
variants with particularly biological functions in DNA-
related cellular processes. For instance, both H3.3 and
H2A.Z have been shown to play a crucial role in the regula-
tion of chromatin dynamics and gene transcription in mam-
malian cells (10–14).

H3.3 differs from H3.1 with only four or five amino acid
residues but exhibits unique functions in many cellular pro-
cesses (15). While H3.3 has been identified mainly as an ac-
tive marker in gene transcription, it was also shown to reg-
ulate heterochromatin formation in some vague manners
(15–17). Histone regulator A (HIRA) complex and death
domain-associated protein/�-thalassemia/mental retarda-
tion syndrome X-linked (DAXX/ATRX) complex are two
major chaperones that specifically recognize and deposit
H3.3 into distinct genomic regions (15,18,19). HIRA com-
plex mainly loads H3.3 to regulatory elements in euchro-
matin (15), whereas DAXX/ATRX complex deposits H3.3
to retrotransposons in heterochromatin (17,20,21). HIRA
complex, which is highly conserved among species, is com-
posed of three core subunits: Hira, ubinuclein 1 (Ubn1),
and calcineurin-binding protein 1 (Cabin1), collaborating
with anti-silencing function 1A/B (Asf1a/b) (22–25). Our
recent study confirmed that Ubn2, a paralog and alterna-
tive of Ubn1 in HIRA complex, could also deposit H3.3
on regulatory elements in mESCs (26). However, the differ-
ence of biological functions between Ubn1 and Ubn2 is not
yet clear (26,27). It’s also verified that H3.3 became disori-
ented in Hira-, Ubn1- or Ubn2-deleted mESCs (26). Accom-
panied with HIRA complex, H3.3 plays important roles in
many embryonic development stages including gametogen-
esis, fertilization, early embryonic development, and tissue
formation (19).

H2A.Z is another one of the most widespread histone
variants and closely related to genome integrity, transcrip-
tional regulation and DNA replication origin selection and
activation (28–32). It has about 60% sequence similarity
with canonical histone H2A and displays extensive func-
tionality. It has been widely recognized that the occupancy
and dynamic change of H2A.Z at transcribed regions and
DNA damage sites are mainly mediated by two adeno-
sine triphosphate (ATP)-dependent chromatin remodelers,
Snf2-related CREBBP activator protein (SRCAP) complex
and INO80 complex in mammalian cells (33–35). SRCAP
complex is a member of INO80 remodeler subfamily and
involved in a variety of epigenetic events including chro-
matin remodeling and transcription regulation (36,37). SR-
CAP complex binds the nucleosome via YL1 subunit and
unwraps the outer ring of DNA to replace H2A with H2A.Z
(38). INO80 complex does not only evict H2A.Z from the
nucleosome (34,39,40), but also slides the nucleosome on
DNA to involve in the DNA repair, DNA replication and
transcription (41–44).

H2A.Z exhibits both repressive and active functions in
gene activation (10,11,28,29,45,46). Many biophysical and
biochemical assays have indicated that H2A.Z can enhance
the stability of the nucleosome and facilitate compaction
of high-order chromatin structure (16,30). In addition, our
previous in vitro transcription assay demonstrated that the
incorporation of H2A.Z could inhibit transcriptional ac-
tivity at the chromatin level (16). These data agree well
with the repressive role of H2A.Z in gene transcription.
Apparently, contradictory and complicated roles of H2A.Z
might be generated by the collaboration with other his-
tone variants or regulators. Previous studies have found
that H2A.Z co-localized with H3.3 at the regulatory re-
gions of highly transcribed genes, especially active promot-
ers (13,16). The nucleosome arrays containing both these
two variants impaired the compaction of higher-ordered
chromatin structure and regulated the transcriptional ac-
tivity at chromatin template in vitro (16). Surprisingly, us-
ing an all-trans retinoic acid (tRA)-induced transcription
model system, we demonstrated that H2A.Z performed
comprehensive functions in transcriptional regulation in
mESCs (31). H3.3 actively marks enhancers and collab-
orates with H2A.Z at promoters to prime genes into a
poised state for the quick induction of gene expression.
Therefore, we hypothesize that an unknown crosstalk be-
tween HIRA-H3.3 and SRCAP-H2A.Z pathways might
exist in vivo for maintaining gene transcriptional poten-
tials in mESCs. To test this hypothesis, we initially inves-
tigated the dynamic oscillation of H2A.Z deposition af-
ter the deletion/knocking-down of components of HIRA
complex at genome scale using chromatin immunoprecip-
itation sequencing (ChIP-seq) with exogenous chromatin
from drosophila as spike-in control. Interestingly, our re-
sults showed that depletion of HIRA complex significantly
impaired H2A.Z deposition on genome wide in H3.3-
dependent or H3.3-independent manner. We found a ge-
nomic colocalization of HIRA complex and SRCAP com-
plex through CUT&Tag assay with also spike-in control as
described (47–49). Our biochemical interaction assays also
demonstrated that HIRA complex interacts with SRCAP
complex through the Hira subunit. In contrast, knockdown
of H2A.Z or SRCAP did not obviously affect the H3.3 in-
corporation, supporting the upstream function of HIRA
complex in this regulatory process. In addition, through
partial chromatin digestion using our GST (glutathione
S-transferase) tagged micrococcal nuclease followed by
deep sequencing (GST-MNase-seq) and ATAC-seq assays
(50,51), we showed that H2A.Z incorporation mediated
by HIRA complex coupling with SRACP pathway con-
tributed to the maintenance of high-order chromatin com-
paction at gene promoters. Furthermore, functional enrich-
ment analysis found that the genes that could not be acti-
vated under tRA induction in HIRA complex deleted cell
lines were significantly enriched in transcriptional regula-
tion during neuronal development, which was largely sup-
ported by the phenotypic and molecular verifications. As
expected, activation of these genes and the induction of
neural progenitor cells (NPC) from mESC both failed due
to the depletion of HIRA. Together, in this study, we pro-
vided a molecular mechanism of the crosstalk between the
HIRA-H3.3 and SRCAP-H2A.Z pathways, which is impor-
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tant to maintain the poised states of developmental genes
in mESCs.

MATERIALS AND METHODS

This study was approved by the Animal Ethics Commit-
tee of Institute of Biophysics, Chinese Academy of Sci-
ences, Beijing, China. The study did not involve experiments
on live participants, embryos and tissues. No ethic permits
were therefore needed for this report, which complied with
all the relevant regulations.

Cell culture and maintenance

Mouse embryonic stem cell, R1 cell line (ATCC® SCRC-
1011™) was obtained from American Type Culture Col-
lection (ATCC). This cell line was only used for biochem-
ical, cellular and genomic analyses. R1 cells were cul-
tured in the medium with 80% DMEM, 15% FBS, 1% L-
glutamine, 1% nucleosides, 1% nonessential amino acids,
1% 2-mercaptoethanol, 1% Pen/Strep, and 1000 U/ml
leukemia inhibitory factor (LIF) in standard incubator with
5% CO2 at 37◦C.For immunofluorescence staining of neural
progenitor cells, the mESCs were plated onto 0.1% gelatin-
coated plates at a density of 2–4 × 104/cm2 in N2-B27
medium. N2-B27 medium is a 1:1 mixture of DMEM/F12
(Gibco, 11320–033) supplemented with N2 (Gibco, 17502-
048) and Neurobasal medium (Gibco, 21103–049) supple-
mented with B27 (Gibco, 17504-044), 25 �g/ml insulin, and
50 �g/ml BSA. The medium was renewed every day during
7 days of culture.

Genome editing of mESCs

The knockout and mutant cell lines were generated by
CRIPSR-Cas9 design tool as described previously (26).
In R1 WT and these defective cell lines, the sequence of
6 × HA was added into the N terminus of Srcap gene
by CRIPSR-Cas9 design tool. The donor plasmid con-
taining the homologous arms for recombination was con-
structed as described (52). The homologous arm contain-
ing the PAM sequence of SpCas9 target site was mutated
to disrupt the PAM sequence. The donor plasmid and the
pX260-Cas9 plasmid were co-transfected into mESCs us-
ing Lipofectamine 3000 (Invitrogen, L3000015) according
to the manufacturer’s instructions. Next, cells were seeded
into 10-cm dish at low density, and 12 h later 200 �g/ml
hygromycin (InvivoGen) was added to select clones for 1–2
weeks. Clones were then picked out and screened by PCR
and agarose gel electrophoresis, then validated by western
blot and Sanger sequencing. DNA sequences of the targets
used for genome editing were provided in Supplementary
Table S1.

siRNA/shRNA knockdown

For knocking down specific genes, cells were grown in 6
cm dish and were then transfected with 20 pmol targeting
siRNAs (siUbn1, siH2A.Z and siNT) three times per 24 h.
These siRNAs were ordered from Gene Pharma (CHN).

After 72 h transfection, total RNA or whole cell extract was
prepared for RT-qPCR, RNA-seq and western blot analy-
ses. The pSUPER-shSrcap was ordered from Gene Pharma
(CHN). The retroviruses were generated in HEK293T cells.
Per 10 mL viral supernatant was enriched into 1 ml concen-
trate. In ChIP-seq and immunofluorescence assays, mESCs
were infected with the enriched retrovirus (1 ml/10 cm
culture plate) for knocking down Srcap. The sequences
of siRNA and shRNAs were provided in Supplementary
Table S1.

ChIP-seq and ChIP-qPCR

For ChIP analyses, as decribed previously (26), R1 WT,
Hira-KO, Ubn2-KO/Ubn1-KD, Ubn1/2-DM and H3.3-KO
mESCs were crosslinked with 1% formaldehyde in DMEM
medium for 10 min at room temperature (RT), then ter-
minated with 125mM glycine for 5min at RT. Crosslinked
cells were lysed in Buffer I (50 mM HEPES pH 7.5, 140
mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40,
0.25% Triton X-100, 1 × Protease inhibitor cocktail (Roche,
4693132001) for 10 min at 4◦C, then incubated in Buffer II
(10 mM Tris–HCl pH 7.5, 200 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 1 × Protease inhibitor cocktail) for 10 min at
RT. Then the nuclei were re-suspended in Buffer III (10 mM
Tris–HCl pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 0.5% N-
lauroyl-sarcosine, 1 × Protease inhibitor cocktail) and were
sonicated using a Bioruptor (Diagenode, UCD-200). Fol-
lowing crosslink reversal, the main fragment size should be
about 200–500 bp checked by agarose electrophoresis. The
same procedures were performed for preparing of spike-in
control sample, drosophila S2 chromatin. In immunopre-
cipitation procedure, 10 �l Dyna protein A beads (Invitro-
gen, 10002D) slurry and 10 �l Dyna protein G beads (In-
vitrogen, 10004D) slurry were mixed and then washed three
times by RIPA-150 buffer (50 mM Tris–HCl pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 × Pro-
tease inhibitor cocktail). Sonicated chromatin containing
5% S2 chromatin as spike-in control, 3 �g antibody of inter-
est and 0.5 �g spike-in antibody were incubated with beads
in RIPA-150 buffer at 4◦C for overnight. The mixture was
respectively washed twice with RIPA-150, RIPA-500 and
RIPA-LiCl at 4◦C for 10 min. ChIP DNA fragments were
eluted in Elution buffer (10 mM Tris–HCl, 5 mM EDTA,
300 mM NaCl, 0.5% SDS) and extracted using a stan-
dard phenol-chloroform extraction procedure. For ChIP se-
quencing, libraries were prepared according to NEBNext
Ultra II DNA Library Prep Kit for Illumina (E7645L) and
were sequenced using a HiSeq2000 system at Berry Ge-
nomics. The 200–750 bp length of DNA library was col-
lected by running a 1.2% agarose gel. For high-throughput
sequencing, purified DNA libraries were performed qual-
ity test before sequencing. All ChIP-seq data were pro-
vided from two independent replicates. ChIP-qPCR was
performed with SYBR dye (Roche) on an Applied Biosys-
tems StepOnePlus system. Antibodies used for ChIP were
as follows: H2A.Z antibody (Abcam, ab4174), SRCAP anti-
body (Kerafast ESL103) and spike-in antibody (Active Mo-
tif, 61686). The primers used for ChIP-qPCR analysis were
provided in Supplementary Table S3.
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CUT&Tag

As described previously (47,48), R1 cells and were harvested
and centrifuged for 3 min at 300 × g at RT. Cells were
washed twice with 1 mL Wash-150 buffer (20 mM HEPES
pH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 1 × Pro-
tease inhibitor cocktail, 0.1% BSA) by gentle pipetting and
counted. Drosophila S2 cells were used as spike-in control
and were treated with the same process of R1 cells. Con-
canavalin A coated magnetic beads (BioMagPlus, BP531)
were washed once with Wash-150 buffer and Binding buffer
(20 mM HEPES pH 7.9, 10 mM KCl, 1 mM MnCl2, 1 mM
CaCl2) and were then resuspended in original volume of
Binding Buffer. 50 000 R1 cells, 5000 S2 cells and 10 �l pre-
pared beads were added per sample and incubated at RT
for 10 min and collected by the magnet stand. The cells-
beads mixture, 2 �l antibody of interest and 0.5 �l spike-
in antibody were resuspended in 100 �l Antibody Buffer
(mix 8 �l 0.5 M EDTA with 2 ml Dig-wash-150 buffer
(0.05% digitonin in Wash-150 buffer) and were rotated at
RT for 2 h. The mixture was collected by magnet stand and
gently washed three times with Dig-wash-150 buffer at RT
for 5 min and was then incubated in Dig-wash-300 buffer
(0.01% digitonin; 20 mM HEPES pH 7.5; 300 mM NaCl;
0.5 mM Spermidine; 1 × Protease inhibitor cocktail; 0.1%
BSA) containing 0.4 �M Protein-A coupled Tn5 (PAT).
The recombinant PAT was prepared as described (47). The
mixture was incubated at RT for 1 h and washed with 500
�l Dig-300-wash buffer three times for 5 min. The PAT was
activated in 200 �l Reaction Buffer (5 mM MgCl2 in Dig-
wash-300 buffer). The reaction was gently mixed and incu-
bated at 25◦C for 1 hr. To stop the reaction, 40 �l 6 × Stop-
ping buffer (120 mM EDTA, 0.3% SDS, 0.2 mg/ml pro-
teinase K) was added followed by incubation at RT for 15
min and then at 55 ◦C for 1 h. The fragmented DNA in
mixture was extracted using a standard phenol-chloroform
extraction procedure. To amplify libraries, 2 �l DNA was
mixed with 21 �l ddH2O, 25 �l of NEBNext HiFi 2 × PCR
Master mix (NEB, E7649), 1 �l each of uniquely barcoded
i5 and i7 primer as described in NEBNext Multiplex Oli-
gos for Illumina (Dual Index Primers Set 1). The ampli-
fied reaction was performed with the following cycling con-
ditions: 72◦C for 5 min; 98◦C for 30 s; 15 cycles of 98◦C
for 10 s and 65◦C for 30 s; final extension at 72◦C for 1
min and hold at 12◦C. The 200–750 bp length of DNA li-
brary was collected by running a 1.2% agarose gel. For high-
throughput sequencing, purified DNA libraries were per-
formed quality test before sequencing. All CUT&Tag data
were provided from two independent replicates. Antibodies
used for CUT&Tag were as follows: SRCAP antibody (Ker-
afast, ESL103), HIRA antibody (Millipore, WC119) and
spike-in antibody (Active Motif, 61686).

RT-qPCR and RNA-seq

RNA was extracted using a standard chloroform ex-
traction procedure. For RT-qPCR, mRNA was reverse-
transcribed to cDNA using a Perfect Real-Time kit
(TaKaRa, RR047A). QPCR was performed by SYBR
(Roche, 04707516001) using Applied Biosystems StepOne
Plus system. For RNA-seq, libraries were prepared accord-
ing to the Illumina TruSeq protocol and sequenced using

a HiSeq2000 system at Berry Genomics. The primers used
for RT-qPCR analysis were provided in Supplementary Ta-
ble S2.

Co-immunoprecipitation

As described previously (53), R1 cells were cultured to 80%–
90% coverage per 15 cm plate. Five plates (about 8–9 × 108

cells) were washed with PBS and collected into 10 mL Buffer
1 (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.1% Non-
idet P-40, 2.5 mM EDTA, 1 × protease inhibitors cock-
tails) with 10 min incubation on ice. Then cells were cen-
trifuged (300 g, 4◦C, 4 min) to collect nucleus pellet. The
nuclei were resuspended in 3mL of Buffer 2 (50 mM Tris–
HCl pH 7.5, 300 mM NaCl, 0.5% Nonidet P-40, 2.5 mM
MgCl2, 1 × protease inhibitors cocktails) containing 3 �l
Benzonase (Sigma, E8263) following by incubation on ice
for 30 min. Supernatant was collected by centrifugation (10
min, 13 000 g, 4◦C) and diluted with 3 mL of Buffer 3
(50 mM Tris pH 7.5, 100 mM NaCl, 0.5% NP40, 15 mM
EDTA, 1 × protease inhibitors cocktails). This lysate was
used for immunoprecipitation, severally for input and tar-
get proteins. 1 ml input was incubated with 10 �g specific
antibody and 100 �l precleared Protein A or Protein G
agarose beads (Thermo Scientific, 20333 and 20398) at 4◦C
overnight. After incubation, the beads were washed three
times with Buffer 3 and boiled 10 min in loading buffer. The
samples were analyzed by western blot.

Flag-Hira was overexpressed in Ubn2-KO/Ubn1-KD
cells. Flag-Ubn1 and Flag-Ubn2 were separately overex-
pressed in Hira-KO cells. Each plasmid was transfected into
cells and maintained 48–72 h. Then the cells were collected
and performed with procedure of Co-IP and analysis of
western blot as described above. Antibodies and beads used
for immunoprecipitation and western blot were as follows:
H2A.Z antibody (1:5,000, Active Motif, 39113); Ubn1 anti-
body (1:3,000, Abcam, ab84953); H2B antibody (1:10,000,
Abcam, ab1790); Hira antibody (1:500, Millipore, WC119);
HA antibody (1:2,000, CWBIO, CW01245); Ubn1 anti-
body (1:3,000, Santacruz, SC-515340); Ubn1 antibody (in-
house antibody); Ubn2 antibody (1:3,000, in-house anti-
body); Ino80 antibody (1:2,000, Proteintech, 18810-1-AP);
Daxx antibody (1:3,000, Santa cruz, sc-7152); mouse IgG
antibody (Santa cruz, sc-2025); Srcap antibody (1:750, Ker-
afast, ESL103); Flag-M2 (1:3,000, Sigma, F3165); anti-
HA agarose beads (Sigma, 104M4753V); Flag antibody
(1:5,000, rabbit, huaxingbio, HX1819); GAPDH antibody
(1:10,000, Abclonal, AC033). The in-house Ubn1 and Ubn2
antibodies were used for immunoprecipitation.

Protein purification and GST pull-down assay

Human GST fusion proteins were cloned in pGEX-6p-
1 vector. Human Asf1a 1–157 truncation was cloned in
pRSF-Duet vector. These proteins were expressed in BL21-
DE3 cells at 16◦C for 16 h. After standard GST- or His-
tagged affinity purifications, proteins were dialyzed into
Binding Buffer (20 mM HEPES, pH 8.0, 300 mM NaCl,
2 mM DTT). About the purification of SRCAP complex,
the ORFs of human SRCAP, DMAP1, YL1, RUVBL1,
RUVBL2, ACTL6A, ARP6, ACTIN, GAS41 and ZN-
HIT1 were subcloned into six modified pMlink vectors. The
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six plasmids were co-transfected into Expi293 cells using
polyethylenimine. Cells were harvested after culturing at
37◦C for 3 days, and lysed in lysis buffer (50 mM HEPES
pH 8.0, 300 mM NaCl, 0.2% CHAPS, 2 mM MgCl2, 0.5
mM EDTA,1 �g/ml aprotinin, 1 �g/ml pepstatin, 1 �g/ml
leupeptin, 1 mM PMSF, and 2 mM DTT) at 4◦C for 30 min.
The lysate was clarified by centrifugation at 16,000 rpm for
30 min and the supernatant was incubated with IgG resin
for 4 h. Then the resin was washed with the buffer contain-
ing 20 mM HEPES pH 8.0, 300 mM NaCl, 2 mM MgCl2,
0.5 mM EDTA and 2 mM DTT. The proteins were digested
at 4◦C overnight and eluted using wash buffer and further
loaded onto a Mono Q 5/50 GL column (GE Healthcare)
to achieve highly pure SRCAP complex. The peak fractions
were collected and concentrated to ∼3 mg/ml for in vitro as-
says.

For GST pull-down assays, GST fusion proteins were
immobilized on Glutathione Sepharose 4 Fast Flow (GE
Healthcare) resin, then an equal molar ratio of SRCAP
complex was mixed and incubated with the HIRA-bound
resins in Binding Buffer with 0.1% NP-40 at 4◦C for 8 hr.
An equal molar ratio of His-Asf1a 1–157 would be added
in HIRA-bound resins for 2 h before mixing of SRCAP
complex. The resins were washed five times with 1 ml Bind-
ing Buffer. The resins with bound proteins were boiled
in 2×SDS Loading Buffer and separated on 6–15% SDS-
PAGE gel for western blotting analyses.

Rescue assays for ChIP-seq and ChIP-qPCR of H2A.Z and
SRCAP

Full-length Hira and its truncation mutants were exoge-
nously expressed in Hira-KO cell line. After 48 h trans-
fection with pCAG-Flag of target proteins or empty vec-
tor, cells underwent the resistance selection for a week.
We check the protein level of exogenously overexpressed
proteins by western blot before performing ChIP-seq and
ChIP-qPCR assays. We performed anti-H2A.Z ChIP-seq
with spike-in control in two parallel samples. ChIP-qPCR
of H2A.Z, SRCAP and Flag antibodies were respec-
tively performed three times. Antibodies used for ChIP
were as follows: H2A.Z antibody (Abcam, ab4174), SR-
CAP antibody (Kerafast ESL103), anti-Flag M2 agarose
beads (Sigma A2220) and spike-in antibody (Active Motif,
61686).

GST-MNase digestion sequencing and ATAC sequencing

The detail steps of this procedure were performed as de-
scribed previously (51). In briefly, cells were counted and
collected under the native conditions. We used GST-tagged
MNase which has been shown to digest mononucleosomes
with a better hierarchy of spatial discrimination and a more
measurable enzymatic reaction rate than the commercial
MNase. The native chromatin was digested by a tested time
course (2, 4, 8, 16 and 32 min). The mononucleosomes from
shorter time digestions, including 2- and 4-min time point,
were mixed and prepared for high-throughput sequencing
to evaluate the chromatin accessibilities aroundtranscrip-
tional start sites. GST-tagged MNase enzyme was con-
structed, expressed and purified according to the method

in previous study (50). The fully digested products could
be collected and performed with procedure of mononucleo-
some immunoprecipitation and mass spectrometry analysis.
ATAC-seq was performed on 1×105 mESCs per reaction,
according to the standard procedures (54). All MNase-seq
and ATAC-seq data were provided from two independent
replicates.

Immunofluorescence

For immunofluorescence analysis of neural progenitor cell
markers, mESCs were grown on glass coverslips coated by
gelatin in N2-B27 medium. To prepare samples, cells were
washed with PBS and then fixed with 4% paraformalde-
hyde for 15 min, washed three times with PBS, and perme-
abilized with 0.5% Triton X-100 in PBS for 15 min at RT.
Cells were incubated with 3% BSA in PBS containing 0.1%
Triton X-100 for 1 h at RT and then incubated with pri-
mary antibodies overnight at 4◦C. After three washes with
PBS containing 0.1% Triton X-100, the cells were incubated
with fluorophore conjugated secondary antibodies for 1 hr
at RT and stained with DAPI for 15 min. Fluorescent im-
ages were collected on an Olympus FV1200 microscope.
Antibodies used for Immunofluorescence were as follows:
Nanog (1:200, BETHYL, A300-397A); Tuj1 (1:200, Biole-
gend, 801201).

Sequencing data analysis

Quality of all ChIP-seq/ATAC/Cut&Tag with spike-in
and GST-MNase-seq paired-end reads sequenced using
Illumina platforms were summarized using FastQC (http:
//www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Adaptor oligos reads with nucleotide quality of ‘Q30’
were trimmed using Cutadapt (v1.13) (parameters: -a
AGATCGGAAGAGC -A AGATCGGAAGAGC -m
50 -n 2) (55). While clean tags of ChIP-seq/Cut&Tag
with spike-in were mapped to both fly (dm6) and mouse
(GRCm38) genomic assemblies using bowtie2 (version
2.2.5) with ‘–no-mixed –no-discordant’ (56), paired mates
mapping to both organisms were removed. Clean tags
of GST-MNase-seq were mapped to mouse (GRCm38)
genomic assemblies using bowtie2 (version 2.2.5) with
‘–no-mixed –no-discordant’ (56). Only one alignment of
each multi-mapped read pair was randomly retained.

To detect H2A.Z and H3.3 peaks in R1, biological repli-
cates were merged and peaks were called using MACS (ver-
sion 2.1.1, –keep-dup 1 -g mm P-value ≤ 1e–5 for H2A.Z
and -p 1e-3 –llocal 100 000 –slocal 5000 for H3.3) against ge-
nomic input data (57). After that, peaks in blacklist, down-
loaded from the ENCODE project (58), were removed. The
rest H2A.Z peaks were used for all later analysis and an-
notated against gene structures retrieved from GENCODE
(vM10) using anotatePeaks.pl from Homer suite (v4.8) with
default parameters (59). H3.3 ChIP-seq data of HIRA sub-
unit deleted cells were downloaded and analyzed as de-
scribed before (60).

For GST-MNase-seq data, PCR duplicates were marked
and removed using MarkDuplicates from Picard (http:
//broadinstitute.github.io/picard/). all alignments retained
were pileupped alongside with genome assembly for differ-

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard/


196 Nucleic Acids Research, 2022, Vol. 50, No. 1

ent samples in bedgraph format (61) and then normalized
using TPM algorithm.

For CUT&Tag data, all mapped read pairs were re-
tained, and peaks were called using MACS (version 2.1.1,
–keep-dup all -g mm, P-value ≤ 5e–5 for SRCAP and P-
value ≤ 5e–4 HIRA) and filtered as described for H2A.Z
and H3.3. Meanwhile, raw counts alongside with genome
assembly for different samples were pileupped in bedgraph
format (61).

To perform ChIP, CUT&Tag and ATAC signal enrich-
ment comparisons between different cell lines, the spike-in
based normalization method was applied. Library sizes of
all retained fragments from spike-in data in each sample
were processed and used as size factors.

ei = ai

avg (A)

A, the vector of library sizes of spike-in data of all samples.
ai, the spike-in library size of sample i. ei, normalization fac-
tor for sample i.

Raw fragment counts in peak regions were computed us-
ing BEDTools (version 2.17.0) (61) and normalized using
the above size factors, as the same with spike-in ChIP-seq,
ATAC and CUT&Tag genomic profiles.

ni, j = mi, j

ei

mi,j, raw counts for the peak/genomic bin j in sample i. ni,j,
normalized density for the peak/genomic bin j in sample i.

RNA-seq data was first cleaned as described as described
above. Then, clean data was mapped to mouse (GRCm38)
genomic assemblies using HISAT2 (v2.1.0) with default pa-
rameters (62). FeatureCount of Subread package (v1.6.3)
(63) were applied to yield the count matrix of genes using de-
fault parameters, against which normalized expression val-
ues and statistical significances were computed using DE-
Seq2 (v1.24.0) with default parameters (64). For transcrip-
tome analysis of tRA induction, the following algorithm
was adopted to monitor the time-course transcriptional ac-
tivation: log2 ((normi,j,k+ 1)/(norm0h,j,k+ 1)), normi,j,k, the
normalized expression value of gene j at the time point i
in the sample k. Genes with log2(fold change) ≥ 1 were de-
fined as tRA inducible genes. Gene ontology (GO) enrich-
ment analysis of genes were performed at The Gene Ontol-
ogy project (http://geneontology.org/) using Fisher’s exact
test (FDR ≤ 0.05).

Data statistics and visualization

Wilcoxon signed-rank test was applied for H2A.Z en-
richment and chromatin accessibility differential statisti-
cal analysis. All statistical and visualization analyses were
achieved using R (https://www.r-project.org/). Heatmap of
fragment densities around centers of various enriched re-
gions were summarized using DeepTools (65) and visual-
ized in R. Genome-wide tracks of all high-throughput data
were visualized in the IGV (integrative genomics viewer)
browser (66).

RESULTS

HIRA complex determines the distribution of H2A.Z on
genome-wide

To investigate the functional link between histone variants
H3.3 and H2A.Z in genomic events, we respectively con-
structed Hira knockout (Hira-KO), Ubn2 knockout/Ubn1
knockdown (Ubn2-KO/Ubn1-KD), Ubn1&2 FID/AAA
double mutations (Ubn1/2-DM) and H3.3a&b knockout
(H3,3-KO) cell lines from mESC R1 cells using CRISPR-
Cas9 editor and RNA interference (Figure 1A and B). As
shown in our previous study, Hira depletion resulted in de-
creased protein level of Ubn1/2 and vice versa (26). For this
reason, we constructed Ubn1/2 double mutations (Ubn1/2
DM) in which the H3.3-binding sites Phe/Ile/Asp in Hpc2
related domain of both Ubn1 and Ubn2 were blocked (Fig-
ure 1A) (26,67). These mutations only impaired H3.3 de-
position but not alter the integrity of HIRA complex. We
performed anti-H2A.Z ChIP-seq using drosophila S2 chro-
matin and H2A.V antibody as spike-in control to standard-
ize relative quantification. The spike-in antibody specifi-
cally recognized unique C-terminal of H2A.V and exhib-
ited a negligible background in mammalian cells (Supple-
mentary Figure S1A) (68,69). 46,830 H2A.Z peaks were
identified in R1 wild type cells. Interestingly, our ChIP-seq
analyses showed that both Hira-KO and Ubn2-KO/Ubn1-
KD resulted in a significant reduction of H2A.Z enrich-
ment at genome scale, while Ubn1/2-DM and H3.3-KO ex-
hibited a modest effect (Figure 1C). To verify these results,
we performed anti-H2A.Z ChIP coupling with quantita-
tive PCR (ChIP-qPCR) at promoter of Nrg2 gene. In line
with ChIP-seq analysis, a significant reduction of H2A.Z
was triggered by HIRA complex deletion (Supplementary
Figure S1B and C). Principal component analysis (PCA)
was performed against all H2A.Z peaks to assess the over-
all impacts of HIRA complex and H3.3 variant on H2A.Z
deposition. The PC1 factor explains 80% of the observed
variation triggered by HIRA complex (Supplementary Fig-
ure S1D). Since the spike-in normalization method used, we
selected reduced peaks with a decrease of 1.5-fold change in
above defective cell lines and then respectively found 17 754,
15 487, 7501 and 9729 reduced peaks in Hira-KO, Ubn2-
KO/Ubn1-KD, Ubn1/2-DM and H3.3-KO cell lines (Fig-
ure 1D). Apparently, 9,711 H2A.Z peaks were co-regulated
by both Hira and Ubn1/2, which was consistent with the
previous findings that Hira and Ubn1 showed strong co-
localization at genome-wide (53). Relatively less H2A.Z re-
duced peaks were caused by Ubn1/2-DM and H3.3-KO,
and the majority of H2A.Z reduced peaks in H3.3-KO cell
(8144 of 9729) and Ubn1/2-DM cell (5426 of 7501) were
highly overlapped with those in HIRA complex function-
ally defective cells (Figure 1D).

To further investigate the difference of regulatory roles
of HIRA complex and H3.3 variant in H2A.Z deposition,
we merged the reduced H2A.Z peaks in either Hira-KO or
Ubn2-KO/Ubn1-KD cell lines and defined them as HIRA
complex regulated (HR) peaks (23 530 peaks) (Figure 1D
and E). The reduced peaks (7501 peaks) in Ubn1/2-DM cell
line was due to the functional loss of HIRA complex in reg-
ulating H3.3 deposition, 5426 of them were overlapped with

http://geneontology.org/
https://www.r-project.org/
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Figure 1. Defect of HIRA complex results in H2A.Z decrease on genome wide. (A) Schematic diagram of genome editing in defective cell lines. Hira-,
Ubn2- and H3.3-knockout cell lines and Ubn1/2 double mutants were generated using CRISPR-Cas9 system. For subsequent experiments, 6 × HA tag
was added to the N-terminus of Srcap in R1 wild type and above defective cell lines. (B) Western blot respectively shows the proteins levels of Hira (a),
Ubn1&Ubn2 (b), and H3.3 (c) in the defective cell lines. (C) Meta-analysis (left) and heatmap (right) show H2A.Z reads density around summit (upper) and
TSS (below) in R1 WT, Hira-KO, Ubn2-KO/Ubn1-KD, Ubn1/2-DM and H3.3-KO cells within a ±3 kb window. (D) Venn diagram shows the overlap of
H2A.Z down-regulated peaks between the above defective cell lines. (E) The reduced H2A.Z peaks in either Hira-KO or Ubn2-KO/Ubn1-KD cell lines are
defined as HIRA complex regulated (HR) peaks (23 530 peaks). The 5426 HR peaks overlapping with Ubn1/2-DM cell line is defined as HIRA-regulated
and H3.3-dependent (HIRA-H3.3D). The other 18 104 HR peaks are HIRA-regulated and H3.3-independent (HIRA-H3.3ID).
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HR peaks and therefore defined as HIRA-regulated and
H3.3-dependent (HIRA-H3.3D) peaks. These peaks were
under the regulation of both HIRA complex and H3.3 vari-
ant. The rest 18,104 HR peaks regulated by HIRA com-
plex in a H3.3-independent manner was defined as HIRA-
regulated and H3.3-independent (HIRA-H3.3ID) peaks
(Figure 1D and E). These analyses indicated that HIRA
complex facilitated the deposition of H2A.Z in either H3.3-
dependent or H3.3-independent manner. Furthermore, Cis-
element annotation analysis indicated the functional dis-
tinction of those H2A.Z mediated by these two distinct
pathways. The HIRA-H3.3ID peaks (18,104 peaks) dis-
played a significantly high percentage (56.4%) with their lo-
cations in intergenic region (Supplementary Figure S1E and
F). Notably, the HIRA-H3.3D peaks (5,426 peaks) were
mainly distributed in core promoters and coding regions
(Supplementary Figure S1E), indicating that HIRA com-
plex may regulate gene transcription through coordinating
the depositions of histone variants H3.3 and H2A.Z at pro-
moters. Beyond that, we also investigated whether H2A.Z
has any similar effect on H3.3 deposition. Because of the
lethal effect after H2A.Z knockout (70), we performed in-
stantaneous RNA-interference of H2A.Z and stable knock-
down of SRCAP with retrovirus system (Supplementary
Figure S1G and H). Interestingly, siH2A.Z or shSrcap ex-
hibited little influence on H3.3 deposition at the genome
scale, including active and poised enhancers (Supplemen-
tary Figure S1I). Taken together, above results illustrated
the dual functions of HIRA complex in histone variant de-
position. As a chaperone of H3.3, HIRA complex does not
only specifically deposited H3.3 at the regulatory regions
(such as enhancers), but also facilitated the recruitment of
H2A.Z at the regulatory regions (such as promoters).

HIRA complex facilitates the recruitment of H2A.Z through
collaborating with SRCAP complex

As described above, depletion of HIRA complex could re-
sult in a marked reduction of H2A.Z enrichment at genome
scale, which hints that there might exist some function-
ally biochemical link between these chaperones and his-
tone variants themselves. It has been known that the ex-
change of H2A.Z into nucleosomes is mainly mediated
by SRCAP complex (33,35). To verify that, we performed
anti-H2A.Z ChIP-seq in shRNA-retrovirus mediated Srcap
knockdown cells (shSrcap). As expected, depletion of Srcap
almost caused a genome wide H2A.Z collapse (Figure 1C).
Then, we wanted to detect whether HIRA colocalized with
SRCAP at H2A.Z binding sites. We performed anti-Hira
and anti-Srcap ChIP-seq but failed to obtain high qual-
ity sequencing data even using knock-in tagging instead.
To solve this puzzle, we respectively performed anti-Srcap
and anti-Hira CUT&Tag with spike-in control under na-
tive condition. Under this condition, the spike-in antibody
produced negligible background in R1 cells (Supplemen-
tary Figure S2A). Compared with H3.3-KO, depletion of
HIRA complex resulted in a significant reduction of Sr-
cap on genome, especially at TSS regions (Figure 2A and
Supplementary Figure S2B), These patterns are interest-
ingly in line with H2A.Z ChIP-seq analysis. Anti-H2A.Z

and anti-Srcap ChIP-qPCR at the representative loci also
verified these observations (Figure 2B and C). Then, we
compared the genomic coordinates of the 22,841 Hira peaks
with 16,301 Srcap peaks, finding that nearly 50% of Srcap
peaks were colocalized with Hira peaks (Figure 2D). No-
tably, at least 66% of those colocalized binding sites were
also overlapped H2A.Z peaks (Figure 2D). Interestingly,
86% of these overlapped H2A.Z peaks were located in tran-
scription related regions, especially promoters (Supplemen-
tary Figure S2C). The protein level of H2A.Z, Srcap and
Ino80 in nuclear extract had no obvious alteration in above
defective cells compared with R1 wild type cells (Supple-
mentary Figure S2D). These results further suggested that
HIRA complex and SRCAP complex could somehow co-
operatively deposit H2A.Z at genome scale.

To investigate the relationship between HIRA/H3.3 and
SRCAP/H2A.Z pathways, we tested the designated inter-
actions among the chaperones of two histone variants by
endogenous co-immunoprecipitation in R1 HA-tagged Sr-
cap (HA-Srcap) cells. The results showed that subunits of
HIRA complex, including Hira, Ubn1 and Ubn2, could
co-precipitate with HA-Srcap, but not with Ino80 (Figure
2E and Supplementary Figure S2E). In addition, there was
no obvious interaction between Srcap and Daxx in these
co-immunoprecipitation assays (Figure 2E and Supplemen-
tary Figure S2E). Moreover, this interaction was not af-
fected by the defect of H3.3 in Ubn1/2-DM cells and H3.3-
KO cells (Supplementary Figure S2F and G). Since delet-
ing one subunit of HIRA complex would reduce protein
levels of others (26). To find out which subunit of HIRA
complex was essential for this interaction, one subunit
was exogenously overexpressed in other subunit defective
cells and then co-immunoprecipitated with HA-Srcap. As
shown in Supplementary Figure S2H, Hira subunit could
co-immunoprecipitate with Srcap in Ubn2-KO/Ubn1-KD
cells, but Ubn1 or Ubn2 could not co-immunoprecipitate
with Srcap in Hira-KO cells. As shown in Figure 2F, Hira
subunit was composed of several functional domains, in-
cluding WD repeats domain, B domain and C-terminal do-
main (24). N-terminal half including WD repeats domain
and B domain was known as the mainly functional domain
of HIRA complex. We therefore investigated whether N-
terminal half of Hira subunit play a role in the collabora-
tion with SRCAP complex. For this, we purified GST-fusion
full-length and truncation mutants of human Hira subunit
from E. coli (Supplementary Figure S2I) and performed in
vitro GST pull-down assays incubating with the purified hu-
man SRCAP complex. As shown in the Figure 2F, the full-
length Hira obviously interacted with the SRCAP complex
(as shown by the Srcap subunit and YL-1 subunit). In con-
trast, the truncation mutants of 1–420 amino acids (aa) and
1–481 aa could not interact with the SRCAP complex (Fig-
ure 2F). This result indicated that N-terminal half of Hira
containing WD repeats domain and B domain was not suffi-
cient for this interaction. Indeed, the defect of WD binding
proteins Ubn1 and Ubn2, had no impact on the interac-
tion (Supplementary Figure S2H). Here, we also wondered
whether Asf1a, a B domain specific binding protein (24,25),
was involved in regulating the interaction between the Hira
subunit and SRCAP complex. To this end, we purified



Nucleic Acids Research, 2022, Vol. 50, No. 1 199

Figure 2. HIRA collaborates with SRCAP to deposit H2A.Z on genome. (A) Meta-analysis (left) and heatmap (right) show Srcap reads density around
summit (upper) and TSS (below) within a ±3 kb window. (B) Representative loci on Slc25a42 gene show the enrichment of H2A.Z and Srcap. (C) ChIP-
qPCR validation of H2A.Z and Srcap enrichment at promoter of Slc35a42 gene. Error bars represent data from three independent experiments. (D) Venn
diagram shows the overlap between H2A.Z, Hira and Srcap peaks. (E) Western blot shows the interaction among endogenous HA-Srcap, Hira and Ubn1
from nuclear lysates. Ino80, Daxx, H2A.Z and H3.3 are also detected. (F) Top panel showed schematic presentation of full length and truncation mutants
of Hira subunit. Bottom panel showed the biochemical interactions between Hira truncations and SRCAP complex are analyzed by GST pull-down
coupled with western blot analyses. (G) Heatmaps (upper) show H2A.Z reads density around H2A.Z peak summits (upper) in R1 WT, Hira-KO and Hira-
truncation mutant expressing cells within a ±3 kb window. Representative loci (bottom) show the enrichment of H2A.Z. (H) ChIP-qPCR of H2A.Z, Srcap
and Flag at representative genes Nrg2 and Spata4 in the rescued overexpressed cell lines. Error bars represent data from three independent experiments.
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Figure 3. HIRA-mediated H2A.Z recruitment is crucial for the local chromatin state of TSS and tRA inducible gene transcription. (A) Heatmap (below)
and statistical graph (upper) of normalized mononucleosome density on TSSs within a ±0.5 kb window. Each unsaturated MNase signaling contains 2 min
and 4 min digested production. The distributions of mononucleosomes are classified into three groups based on H2A.Z content, that is, HIRA-regulated
and H3.3-independent (HIRA-H3.3ID) H2A.Z, HIRA-regulated and H3.3-dependent (HIRA-H3.3D) H2A.Z, and no H2A.Z binding (NO H2A.Z) in
each cell line. (B) Boxplot shows the normalized H2A.Z density around TSS of tRA inducible gene (iTSS) and other TSS (TSS) in R1 WT cells. These
two subsets are further classified into HIRA-H3.3ID H2A.Z, HIRA-H3.3D H2A.Z and NO H2A.Z. P, P-value by two-tailed Wilcoxon rank test. (C)
Statistical graph of normalized gene expression in R1 WT cells. The inducible genes are classified into HIRA-H3.3ID iTSS, HIRA-H3.3D iTSS and NO
H2A.Z iTSS. P, P-value by two-tailed Wilcoxon rank test. (D) The K-means clustering analysis of time course expression profiles across samples of tRA
inducible genes with HIRA-H3.3ID and HIRA-H3.3D H2A.Z in their promoters.

His-tag human Asf1a 1–157 aa (Supplementary Figure
S2I), a functional truncation mutant could efficiently bind
to the Hira B domain (25). We performed the GST pull-
down assay by mixing GST tagged Hira truncation mu-
tants, SRCAP complex and His-Asf1a 1–157 aa. Asf1a
could bind with full-length Hira or 1–481 truncation mu-
tant, whereas no obvious effect was observed on their in-
teractions with SRCAP complex (Figure 2F). This result
indicated that the binding of Asf1a to B domain is dis-
pensable for the interaction of Hira subunit with SRCAP
complex.

To further identify the functional domain of Hira sub-
unit, we performed rescue experiments by exogenously over-
expressing the Flag-tagged full-length Hira and its different
truncation mutants (Flag-tagged 1–420 truncation, 1–476
truncation, and �B truncation mutants) in the R1 Hira-KO
cell line. Then, we carried out anti-H2A.Z ChIP-seq with
spike-in control in R1 WT, Hira-KO and the above cells
(Figure 2G). Comparing with R1 WT, both the rescue of

full-length Hira and the �B truncation mutant could effi-
ciently restore the depositions of H2A.Z and SRCAP on
genome wide, but the 1–420 truncation and 1–476 trunca-
tion mutants could not (Figure 2G). In line with our ChIP-
seq analysis results, anti-H2A.Z and anti-SRCAP ChIP-
qPCR analyses on the representative genic regions also dis-
played the similar rescue effects (Figure 2H). Moreover,
anti-Flag ChIP-qPCR assays showed that the full-length
Hira and B deletion (�B) truncation mutant could be ef-
ficiently recruited to the targeted genes, however, the 1–420
truncation and 1–476 truncation mutants could not (Fig-
ure 2H). Taken together, our results suggested that the N-
terminal half is dispensable for the direct interaction be-
tween the Hira subunit and the SRCAP complex, and the
C-terminal region of Hira subunit might be important for
collaborating with SRCAP to accurately deposit H2A.Z to
target sites. However, the precise SRCAP binding sites or re-
gions of the Hira subunit still need to be further investigated
in the future.
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Figure 4. The poised chromatin state is essential for NPC differentiation. (A) The Gene Ontology analysis of genes in cluster C1-C4. Real-time quantitative
PCR (B) and immunofluorescent staining (C) of Nanog, Pou5f1, Tubb3 and Nes in 0, 4, 7-day NPCs which derived from R1 WT, Hira-KO, H3.3b-
KO/H3.3a-KD and shSrcap cells respectively. *P-value < 0.033, P-value < 0.001, unpaired t test. Nanog and Tuj1 represent proteins encoded by Nanog
and Tubb3. Standard deviation (SD) was calculated from three replicates.

HIRA complex presets transcriptional potential through es-
tablishing poised chromatin state

Our previous in vitro studies have demonstrated that his-
tone variants H3.3 and H2A.Z play critical roles in regulat-
ing high-order chromatin structure, that is, H2A.Z can fa-
cilitate chromatin compaction, whereas H3.3 impairs chro-
matin compaction (16). On the other hand, H2A.Z has been
known as a functional partner of H3.3 and co-localize with
H3.3 at transcribed regulatory regions (13,71). These re-
sults suggest that H3.3 and H2A.Z may function together
with their chaperones to epigenetically regulate chromatin
dynamics during transcriptional activation. To further in-
vestigate the crosstalk between HIRA-H3.3 pathway and
H2A.Z deposition in chromatin structure, we performed
time course digestion of reduced MNase (TC-rMNase) as-
say to analyze local chromatin accessibility (Supplemen-
tary Figure S3A and S3B) (51). As described in our pre-
vious study, TC-rMNase was an effective means to mea-
sure the local chromatin compaction using time-course di-

gestion with mild enzyme activity of recombinant GST-
MNase (51). Here we simplified that method to collect
mononucleosomes only digested with 2 and 4 minutes, of
which a theoretically and preferentially high ratio derives
from active and bivalent regions. Then, DNA fragments
were purified for high-throughput sequencing (Supplemen-
tary Figure S3C). With these analyses, we monitored the
local chromatin structures around TSSs. It showed a sig-
nificant increase of mononucleosome signal flanking TSS
in siH2A.Z cells, which supports the role of H2A.Z in nu-
cleosome stabilization and chromatin compaction (Figure
3A). Similar patterns were observed in both Hira-KO cells
and Ubn2-KO/Ubn1-KD cells. Ubn1/2-DM and H3.3-KO
exhibited a comparatively weaker effect but a visible en-
hanced signal at upstream of TSSs (Figure 3A). Interest-
ingly, a more remarkable variation of mononucleosome sig-
nal was found at HIRA-H3.3D than HIRA-H3.3ID asso-
ciated TSSs (Figure 3A). Moreover, the parallel analysis of
ATAC-seq also displayed a similar pattern of chromatin
accessibilities to that of GST-MNase-seq, particularly at
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Figure 5. A model for the HIRA-faciliated the poised chromatin state during gene activation. When gene prepares to be activated, histone variants H3.3
and H2A.Z occupy the transcribed regions such as promoter and enhancer to set up a poised chromatin state (31). HIRA complex, as a chaperone of
H3.3, also facilitates H2A.Z deposition through collaborating with SRCAP complex in this process. This molecular mechanism plays an important role in
stabilizing the poised chromatin state at promoters to preset gene transcriptional potential during mESC differentiation.

HIRA-H3.3D and HIRA-H3.3ID associated TSSs (Sup-
plementary Figure S3E). These observations suggested that
HIRA complex functions together with SRCAP complex
to coordinate the depositions of H3.3 and H2A.Z at reg-
ulatory regions (enhancers and promoters), which presets
the poised chromatin states around TSS and facilitate gene
transcriptional activation.

Due to the importance of pluripotency of ESC, we pre-
liminarily followed 70 genes from the pathway of ‘stem cell
population maintenance’ (GO: 0019827) with interest, in-
vestigating how depletions of HIRA and H3.3 variant im-
pacted H2A.Z depositions and transcription status of them.
As shown in Supplementary Figure S4A and S4B, H2A.Z
deposition was indeed corrupted after Hira/Ubn knock
out, while gene transcriptions still remain rarely changed.
These results indicated that the depletion of HIRA com-
plex does not affect the pluripotency of mESC at the tran-
scriptional level. To gain insight into the biological func-
tion of HIRA mediated H2A.Z deposition and chromatin
state at TSSs in transcriptional regulation, we performed

messenger RNA sequencing (RNA-seq) analysis to mon-
itor transcriptome dynamics during the tRA time course
treatment, which could induce gene transcriptional activa-
tion (16). Initially, we defined those TSSs with their gene
expressions up-regulated with at least 2-fold change after
tRA induction as inducible TSSs (iTSSs). Totally, we found
8,708 iTSS-related genes in R1 wild type cells. Then, we as-
sessed the dynamics of both histone variants around those
iTSSs. Notably, both HIRA-H3.3D and HIRA-H3.3ID as-
sociated iTSSs contain more H2A.Z and H3.3 than aver-
age, especially HIRA-H3.3D associated iTSSs (Figure 3B
and Supplementary Figure S3D). These results suggested
that the role of HIRA complex in regulating H2A.Z depo-
sition might be functionally associated, but not necessary,
with its activity in H3.3 incorporation. Previously, we found
that H3.3 collaborates with H2A.Z at promoters to prime
genes into a poised state for the quick induction of gene ex-
pression (16,31). Indeed, HIRA-H3.3D H2A.Z associated
genes were activated more efficiently than others after tRA
treatment (Figure 3C).
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Next, we explored functions of the above-mentioned
HIRA-facilitated H2A.Z deposition in gene transcription.
We initially extracted 1,417 genes with HIRA-H3.3ID or
HIRA-H3.3D H2A.Z peaks at their promoters from all
tRA inducible genes in R1 wild type cells. Interestingly, a
K-means clustering analysis shows that transcriptional ac-
tivation of 63% (893 genes, cluster C1-C4) of the selected
genes were impeded to different extent since the functional
corruption of HIRA complex (Figure 3D). To verify the
transcriptional activation related to above mentioned mech-
anism, we performed anti-H2A.Z and anti-Srcap ChIP-
qPCR at promoters of HIRA-H3.3D representative in-
ducible genes. The transcriptional activity was positively
correlated with the enrichment of H3.3 and H2A.Z (Sup-
plementary Figure S4C). To sum up, HIRA complex collab-
orates with SRCAP complex to deposit H2A.Z at the pro-
moter, modulating chromatin stability around TSS to poise
genes for quick response to tRA induction.

The poised chromatin state contributes to mESCs differenti-
ation

To investigate the biological functions of those genes tran-
scriptionally poised by HIRA-facilitated H3.3 and H2A.Z
deposition, we performed gene ontology analysis of the
genes in clusters C1-C4 (Figure 3D). Interestingly, these
genes are mainly enriched in transcriptional regulation and
tissue development especially nervous system development
process (Fisher’s exact test, FDR ≤ 0.05) (Figure 4A).

We further performed in vitro neuronal differentiation
and detected the expression levels of pluripotent genes
(Nanog and Pou5f1) and differentiation genes (Tubb3 and
Nes). As shown by real-time quantitative PCR and im-
munofluorescent staining during 7 days of differentiation,
depletion of Hira or H3.3 resulted in the constantly high
expression level of Nanog and Pou5f1, and the inefficient
expression of Tubb3 and Nes (Figure 4B and C), which was
consistent with our previous findings (26). As RNA interfer-
ence was inefficient in long process of NPC differentiation,
we used shSrcap instead of siH2A.Z to consistently reduce
the expression of H2A.Z in next experiments. Srcap deple-
tion had an evident impact on the expression of Nes, but
a limited impact on Tubb3 gene. The occupancy of H3.3
and H2A.Z on Tubb3 suggested that the gene transcrip-
tion was likely controlled by both H3.3 and H2A.Z (Sup-
plementary Figure S4D). Both pluripotent genes Nanog
and Pou5f1 were insensitive to Srcap depletion (Figure 4B
and C). This phenotype suggested that HIRA and H3.3
plays critical roles in neural differentiation as previously de-
scribed (26), which might not only depend on H2A.Z. Based
on the above findings, we demonstrated that HIRA com-
plex facilitates H3.3 and H2A.Z depositions for stabilizing
the poised chromatin state at promoters, which presets the
gene transcriptional potential for quick response to tRA in-
duction during mESC neuronal differentiation.

DISCUSSION AND CONCLUSION

Transcriptional process is finely regulated by precise mech-
anism under a highly dynamic chromatin environment (72).
Histone variants H3.3 and H2A.Z are enriched at the regu-

latory regions of transcribed genes and show a bimodal dis-
tribution around TSSs reflecting H3.3/H2A.Z-containing
nucleosomes either side of the TSS (31,73). These hybrid nu-
cleosomes containing double-variants mark promoters and
characterize local chromatin state. In our previous study,
we have illustrated the functional interaction between hi-
stone variants H3.3 and H2A.Z to prime gene transcrip-
tion via regulating chromatin dynamics at regulatory re-
gions such as enhancers and promoters. Our previous ge-
nomic analyses show that the enrichment of H3.3 on en-
hancers is relatively higher than those at promoters (31). A
previous study has also shown that H3.3 co-localizes with
HIRA complex at the poised enhancers, the regions en-
riched of H3K4me1 but lack of H3K27ac and p300 (53).
In addition, another recent study has indicated that H2A.Z
can co-localize with H3.3 and dynamically incorporate into
enhancers during transcriptional activation (74). Most re-
cently, Zhu and colleagues found that mutation of lysine
27 in histone variant H3.3 results in a dramatic decrease
of H3K27ac at enhancers, indicating that enhancers are
mainly occupied by H3.3 instead of canonical H3.1/H3.2
(75). In this study, among the reduced H2A.Z peaks in Hira-
KO cells, a large number were closely associated with in-
tergenic regions. This analysis implied that HIRA complex
might affect gene transcription via recruiting double vari-
ants (H3.3 and H2A.Z) to adjacent or same nucleosomes
flanking TSSs. Together, these studies suggest that the in-
corporation of H3.3 by HIRA might prime the chromatin
state of enhancers into a ‘poised’ state via preventing chro-
matin compaction as proposed previously (9).

In addition, we and others have shown that H2A.Z are
preferentially deposited at the promoter regions to poise
genes via facilitating chromatin compaction and stabilizing
the nucleosome structure (16). In this study, we further pro-
vide a molecular mechanism by which how HIRA complex,
a H3.3 specific chaperone, not only is responsible for H3.3
deposition at enhancers, but also facilitates deposition of
H2A.Z at promoters through collaborating with SRCAP.
In this way, HIRA complex coordinates these two impor-
tant variants H3.3 and H2A.Z at enhancers and promoters
to preset a featured chromatin state for priming and main-
taining gene transcriptional potential for quick response to
stimuli (Figure 5).

Next, a key question is focused that how the histone
variant H3.3 at enhancers communicates with the variant
H2A.Z at the promoter regions at least several kilobases
away to prime the genes as a poised state. In line with
this question, H3.3 and H2A.Z have been found to co-
localize with CTCF (CCCTC-binding factor)-binding sites
along the genome and might be important for the bind-
ings of CTCF and cohesin to mediate higher-ordered chro-
matin organization (76,77). Particularly, we and others have
shown that H2A.Z could regulate the deposition of unwrap-
ping nucleosomes and CTCF binding at promoters (60). In
addition, HIRA complex was found to interact with CTCF
and BRG1 (53). These studies suggest that HIRA-mediated
histone variants H3.3 and H2A.Z deposition may medi-
ate chromatin looping between enhancers and promoters as
proposed previously (31). Therefore, it is great of interest to
study in the future, how HIRA/H3.3 and SRCAP/H2A.Z
pathway work together to preset a featured 3D chromatin
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organization between enhancers and promoters for priming
genes into a poised state by 3D genomics techniques, such
as Hi-ChIP and HiC or micro-C.
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