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ABSTRACT

Histone H3.3 is an H3 variant which differs from
the canonical H3.1/2 at four residues, including a
serine residue at position 31 which is evolutionar-
ily conserved. The H3.3 S31 residue is phosphory-
lated (H3.3 S31Ph) at heterochromatin regions in-
cluding telomeres and pericentric repeats. However,
the role of H3.3 S31Ph in these regions remains
unknown. In this study, we find that H3.3 S31Ph
regulates heterochromatin accessibility at telomeres
during replication through regulation of H3K9/K36
histone demethylase KDM4B. In mouse embryonic
stem (ES) cells, substitution of S31 with an ala-
nine residue (H3.3 A31 —phosphorylation null mutant)
results in increased KDM4B activity that removes
H3K9me3 from telomeres. In contrast, substitution
with a glutamic acid (H3.3 E31, mimics S31 phos-
phorylation) inhibits KDM4B, leading to increased
H3K9me3 and DNA damage at telomeres. H3.3 E31
expression also increases damage at other hete-
rochromatin regions including the pericentric het-
erochromatin and Y chromosome-specific satellite
DNA repeats. We propose that H3.3 S31Ph regulation
of KDM4B is required to control heterochromatin ac-
cessibility of repetitive DNA and preserve chromatin
integrity.

INTRODUCTION

The eukaryotic genome is packaged into an ordered struc-
ture called chromatin, comprised of repeating units ~147
bp of DNA wrapped around an octamer of four histones
H2A, H2B, H3 and H4. The hydrophilic N-terminal his-
tone tails extend from the nucleosome core and these tails
are subjected to a diverse array of post-translational mod-
ifications (PTMs), which alter chromatin structure and dy-
namics. These PTMs are maintained through cell divisions,
creating an epigenetic cellular memory which preserves gene
expression patterns and cellular identity. In humans, the
canonical histones, such as H3.1/H3.2, are synthesised only
during S-phase and incorporated into chromatin in a DNA
replication-dependent manner by the CAF1 histone chaper-
one complex (1-4). This coupling of DNA replication with
histone assembly allows for preservation of chromatin states
through cell divisions.

Unlike canonical histones, the histone variants are ex-
pressed and incorporated independent of DNA replica-
tion. Histone variants are used to replace canonical his-
tones which are displaced outside of S-phase, such as during
DNA repair and transcription. The highly conserved his-
tone H3.3 is one such variant and H3.3 is important for
maintaining epigenetic memory at both transcribed genes
and repetitive heterochromatin. At transcribed genes, H3.3
is deposited by the HIR A (histone cell cycle regulator) chap-
erone complex, and this is important for maintaining tran-
scriptional memory of active genes (5-7). In addition, H3.3
is also located at heterochromatin including telomeric DNA
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repeats, imprinted genes, retrotransposons and pericentric
heterochromatin. At these sites, the H3.3 K9 residue is
trimethylated (H3.3K9me3) which is required for the main-
tenance of the heterochromatic state (8-15).

H3.3 differs from canonical H3.1/2 at three residues (87—
90) in the globular domain (AAIG in H3.3 versus SAVM
in H3.1/2), and at residue 31 in the tail (S31 in H3.3 ver-
sus A31 in H3.1/2). The AAIG motif in the globular do-
main is important for interactions with H3.3-specific chap-
erone complexes and regulated deposition of H3.3 into
chromatin. H3.3 deposition in euchromatin is dependent
on HIRA while incorporation of H3.3 at telomeric DNA
repeats, retrotransposons, pericentric heterochromatin and
imprinted genes requires the DAXX (Fas death domain-
associated protein) and ATRX (alpha-thalassemia/mental
retardation, X-linked) histone chaperone complex (8-15).
At these sites, H3.3 deposition is required for maintaining
heterochromatin marks including H3K9me3, H4K20me3
and HPla (also known as chromobox 5, CBXS5) (7,9,14—
17). In mouse ES cells, H3.3 is targeted for K9 trimethy-
lation to establish a heterochromatic state enriched in
H3.3K9me3 at the telomere (14,16), and this ATRX/H3.3
mediated chromatin assembly occurs within the PML
(promyelocytic leukaemia) bodies (8,18-21). Despite be-
ing maintained as in a heterochromatic state, we have re-
cently shown that an H3K9/K36 demethylase, KDM4B (ly-
sine (K)-specific demethylase 4B), binds to and removes
H3K9me3 (H3.3K9me3) at telomeres to increase chromatin
accessibility and facilitate replication (22). Loss of KDM4B
results in replication stress and DNA damage at telomeric
heterochromatin. In addition to telomeres, H3.3 deposition
by ATRX is also for silencing of endogenous retroviral el-
ements (ERVs) including the intracisternal A-type particles
(IAPs) and imprinted genes in mouse ES cells (15-17,23).

Several studies in flies, worms and plants have demon-
strated a role for H3.3 in controlling gene expression, DNA
repair, cell differentiation and embryonic development (24—
31). In mouse, knockout of H3.3-encoding genes leads to in-
fertility and embryo lethality (32-36), providing support for
the importance of H3.3 in development and survival. In hu-
man, amino acid substitutions in H3.3 have been reported
in several types of cancer, such as lysine to methionine at
position 27 (H3.3-K27M) (37,38), glycine to arginine or va-
line at position 34 (H3.3-G34R/V), and mutations affect-
ing their chaperones, such as DAXX/ATRX (37-42). These
studies provide further evidence for the importance of H3.3
and its chaperones in chromatin-regulating pathways in ver-
tebrates.

The serine 31 (S31) residue in H3.3 is conserved from
yeast to mammals and can be phosphorylated (S31Ph).
Phosphorylation of H3.3 S31 is driven by a network of mi-
totic kinases, including Checkpoint Kinase 1 (CHEK1) and
Aurora Kinase B (43,44). In somatic cells, H3.3 S31Ph is
enriched at pericentric satellite DNA repeats of metaphase
chromosomes (45), while in pluripotent mouse embryonic
stem (ES) cells, H3.3 S31Ph localises predominantly to
telomeres (12). Upon differentiation of mouse ES cells,
H3.3 S31Ph decreases at telomeres and increases at peri-
centric heterochromatin. H3.3 S31Ph is required for gas-
trulation in Xenopus, suggesting a role for this residue in
controlling differentiation and cell fates (46). Recent studies

Nucleic Acids Research, 2022, Vol. 50, No. 8 4501

have also highlighted the role of H3.3 S31Ph in driving gene
transcription by promoting p300-dependent acetylation of
H3.3 (47) and inhibiting recruitment of transcriptional co-
repressor ZMYNDI11 (48). However, the role of H3.3 S31
at transcriptionally silent DNA repeat regions remains un-
known. To address this, we have used H3.3 S31 mutant
mouse ES models—H3.3 A31 (phospho-null) and H3.3 E31
(phospho-mimetic) mutants, to provide insight into the role
of H3.3 S31Ph in chromatin homeostasis. Our results show
that H3.3 S31Ph regulation of KDM4B histone demethy-
lase is required for controlling heterochromatin accessibil-
ity and maintaining chromatin integrity at transcription-
ally silent repetitive DNA regions including the telomeres,
pericentric heterochromatin and Y chromosome satellite re-
peats.

MATERIALS AND METHODS
Cell culture

Mouse ES cells and derived cell lines including ATRX
knockout, H3.3 S31, A3l and E31 cells were cul-
tured in Dulbecco’s modified Eagle’s medium supple-
mented with 12% heat-inactivated foetal calf serum,
10? units/ml leukaemia inhibitory factor (Merck), 0.1
mM B-mercaptoethanol, non-essential amino acids, L-
glutamine and penicillin/streptomycin. Cells were main-
tained in 37°C incubator under 5% CO,.

Generation of H3.3 mutant clones

The H3.3 WT S31 and mutant (H3.3 A31 and H3.3
E31) cDNA fragments were commercially synthesised (In-
tegrated DNA technologies). These fragments were cloned
into pHL-EF1a-SphcCas9-iP-A (Addgene) at Ncol and
EcoR1 sites. H3.3 S31, A31 and E31 expression constructs
were linearised with Fspl restriction enzyme prior to trans-
fection into H3.3cKO (H3/3d//" H3f3b/'7) ES cells carry-
ing all four conditional (f, for floxed) alleles of H3.3 genes.
Single colonies expressing either H3.3 S31, A31 and E31
were selected by adding 2p.g/ml of puromycin into cell cul-
ture media. The pCAGGS-Cre vector (Addgene) was trans-
fected into H3.3cKO (H3f3a"/ H3f3b//) ES cells expressing
H3.3 S31, A31 and E31. Single colonies were cultured for
an additional 4 weeks and successful deletion of endoge-
nous H3f3a and H3f3b genes was assessed by Southern blot
analyses. To validate the knockout of H3f3a genes, a 218
bp DNA probe that targets intron 3 was used and the frag-
ment was amplified using H3f3a primers. The knockout of
H3f3b genes was determined using a 377 bp DNA probe
that targets the last exon and the fragment was amplified
using H3f3b primers.

qPCR for expression analysis

RNA was extracted using Promega SV Total RNA Iso-
lation Kit. cDNA was then synthesized using the High-
Capacity cDNA Reverse Transcription Kit according to
manufacturer’s instructions (ThermoFisher Scientific). 20
ng of cDNA was combined with 0.5 wM of primers and
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FastStart DNA Master SYBR Green (Roche) in a 10 w1 re-
action and the expression levels of target genes were quanti-
tated using the LightCycler® (Roche). As an internal con-
trol, primers specific for GAPDH were used in real-time
polymerase chain reaction (PCR) analysis. The comparative
cycle threshold (CT) method was used for data analyses and
relative fold difference was expressed as 2~ 22€T_ Primers for
GAPDH, KDM4B, TERRA and H3.3 transcripts are shown
in Supplementary Table S1.

Immunofluorescence analyses and fluorescence in situ hy-
bridization (FISH)

Cells were treated with 100 ng/ml Colcemid (Gibco) for 1
h at 37°C to enrich for mitotic cells. Cells were harvested
and resuspended in a hypotonic solution of 0.075 M KCl be-
fore being cytospun onto glass slides. Cells were rinsed with
KCM buffer (120 mM KCl, 20 mM NacCl, 10 mM Tris-HCI
at pH 7.2, 0.5 mM ethylenediaminetetraacetic acid (EDTA)
0.1% [vol/vol] Triton X-100 and protease inhibitor), fol-
lowed by incubations in a KCM extraction buffer contain-
ing 0.5% Triton X-100, and a KCM blocking buffer con-
taining 1% BSA (wt/vol). They were then incubated with
the relevant primary and secondary antibodies for 1 h at
37°C. After each round of antibody incubation, slides were
washed thrice in KCM buffer. Slides were then fixed in
KCM with 4% formaldehyde and mounted in mounting
medium (Vectashield). Images were collected using a fluo-
rescence microscope linked to a CCD camera system.

For FISH analyses following immunofluorescence analy-
ses, slides were dehydrated in a 80%, 95% and 100% ethanol
series and air-dried. FISH was performed by hybridiza-
tion overnight at 37°C with either telomeric TTAGGG
(PNA Bio), Y chromosome satellite repeat (i.e. Yq mega-
satellite repeat) (49) and mouse major satellite (44,50) DNA
probes in 10 mM NaHPOy, pH 7.4, 10 mM NacCl, 20 mM
Tris, pH 7.5 and 50% formamide. Slides were washed in
2x SSC at room temperature followed by two rounds of
washes at 50°C in 0.5x SSC and one round at 50°C in
0.1x SSC. Slides were then mounted in mounting medium
(Vectashield). The 1.8kb Yq mega-satellite repeat DNA
probe (49) was amplified using PCR primers Yq satellite
Yr_fand Yr_r, and cloned into pPGEMT-Easy (Promega).

Immunofluorescence and FISH images were collected us-
ing a fluorescence microscope linked to a CCD camera sys-
tem and signal intensities were processed using the Zen soft-
ware 2011 according to the manufacturer’s instruction (Carl
Zeiss Microscopy).

qPCR analysis of telomere length

Genomic DNA was prepared from mouse ES cell lines
for real time quantitative PCR analysis of telomere length
(51,52) using the LightCycler and analysed with LightCy-
cler@®) 480 Software. The average telomere length was mea-
sured by quantifying telomeric DNA relative to a single
copy gene. 36B4 was used as the single copy reference gene.
2 ng of genomic DNA, 300 nM primers, and DNA SYBR
Green PCR Master mix (Roche) were used for the qPCR
reactions. For telomere DNA amplification, the PCR cy-
cling parameters used were 95°C for 10 min, 30 cycles of

95°C for 15 s and a 56°C anneal-extension step for 1 min.
For 36B4 DNA amplification, the PCR cycling parameters
used were 95°C for 10 min, 35 cycles of 95°C for 15 s, 52°C
annealing for 20 s and 72°C extension, for 30 s. A standard
curve was set up for each primer set using wildtype genomic
DNA template over a range of 0.8—100 ng. Relative telom-
ere length was represented by the value of telomere divided
by the value of the 36 B4 gene.

Immunoprecipitation

H3.3 S31, A31 and E31 expressing ES cells were trans-
fected with FLAG-tagged KDM4B (53,54) using Lipofec-
tamine 2000 transfection Reagent (Thermo Scientific). Af-
ter 24 h, transfected cells were lysed in cold high salt RIPA
buffer (50 mM Tris—HCI pH 7.5, | mM EDTA, 250 mM
NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.05% SDS
and protease inhibitors) and sonicated before centrifuga-
tion. The supernatant was collected and adjusted with low-
salt RIPA buffer (50 mM Tris—=HCI pH 7.5, | mM EDTA,
90 mM NacCl, 1% NP40, 0.5% sodium deoxycholate, 0.05%
SDS and protease inhibitors). The lysate was assessed for
protein concentration using the Pierce™ BCA Protein As-
say Kit. Equal amount of protein lysates were subjected to
immunoprecipitation using anti- FLAG-antibody (Sigma
Aldrich, F1804) overnight. The immunoprecipitated pro-
teins were captured using protein G conjugated magnetic
beads. The beads were washed with RIPA buffer (50 mM
Tris-HCI pH 7.5, 1 mM EDTA, 150 mM NaCl, 1%
NP40, 0.5% sodium deoxycholate, 0.05% SDS and pro-
tease inhibitors). Immunoprecipitated proteins were eluted
by boiling for 5 min in 2x SDS PAGE sample buffer con-
taining B-mercaptoethanol. The eluates were subjected to
SDS/PAGE gel electrophoresis and immunoblotting with
H3.3 and FLAG antibodies, respectively. To assess the bind-
ing between H3.3 and KDM4B, relative intensities of in-
put, immunoprecipitated H3.3 (H3.3 Ip) and Flag-KDM4B
(KDM4B Ip) were quantified using Image Lab Software
(Biorad Laboratories) and ratios of H3.3 Ip/KDM4B Ip
calculated. The changes in H3.3/KDM4B binding affin-
ity in A31 and E31 mutant cell lines were calculated by
normalising their H3.3 Ip/KDM4B Ip ratios to the H3.3
Ip/KDM4B Ip ratio of WT H3.3 S31 cells.

Histone demethylase assay

250ng of H3.3 K36me3, H3.3 S31PhK36me3, H3.3
A31K36me3 or H3.3 E31K36me3 peptides (China pep-
tides) were incubated with 50 nM KDM4B recombinant
protein (Active Motif) in reaction buffer (50ul) contain-
ing 50 mM HEPES pH 7.5, 0.02% Triton X-100, 100 pM
20G, 100 wM ascorbate, 50 uM (NHy),Fe(SO4),-6(H,0),
I mM TCEP for 2 h at room temperature. Samples were
co-spotted onto an MTP anchorChip 800/384 TF MALDI
target plate with Matrix solution of 10 mg/ml a-cyano-4-
hydroxycinnamic acid (Laser BioLabs, Sophia-Antipolis,
France) in 50% acetonitrile 0.1% TFA. Samples were anal-
ysed on a Bruker Daltonics (Bremen, Germany) ULTRA-
FLEX MALDI TOF/TOF in reflector mode with an m/z
range of 1200 to 3500 Da, using Smartbeam parameter set
4, and detector gain 2.5x for 1000 shots. The data was pro-
cessed using Flexanalysis (Bruker, Version 3.4, build 50).



The spectra were externally calibrated against a 4700 pep-
tide mix standard including angiotensin (1296 m/z), Glu-
Fibrinopeptide B (1570m/z), ACTH (2093 m/z), ACTH
(2465 m/z) and ACTH (3657 m/z), which were spotted on
adjacent calibration wells.

Chromatin immunoprecipitation (ChIP)

Cells were crosslinked with either 2 mM ethylene glycol
bis (succinimidyl succinate) (EGS, Pierce) for 45 min fol-
lowed by a 1% formaldehyde for 20 min or 1% formalde-
hyde for 10 min before quenching with 250 mM glycine.
Chromatin was released by sequential lysis with cells lysis
buffer (10 mM Tris pH 8, 10 mM NaCl and 0.2% NP40)
and nuclear lysis buffer (50 mM Tris pH 8, 10 mM EDTA
and 1% SDS). Chromatin was sheared to ~300 bp with 20
rounds of sonication (30s on and 30s off) on a Biorup-
tor (Diagenode) and a portion was kept as input. Chro-
matin was incubated overnight at 4 °C with 5 ug antibod-
ies against either H3K9me3 (Abcam, ab8898), H3K36me3
(Abcam, ab9050), H3 (Abcam, ab1791), ATRX (Santa
Cruz, SC15408), KDM4B (Abcam, ab191434) or H3.3
S31Ph (Active Motif) before immunoprecipitation with
Protein A agarose beads (Sigma-Aldrich, 05015979001) and
sequentially washing with low salt (20 mM Tris pH 8, 2 mM
EDTA, 50mM NaCl, 1% Triton X-100, 0.1% SDS), high
salt (20 mM Tris pH 8, 2 mM EDTA, 500 mM NaCl, 1%
Triton X-100, 0.01% SDS), LiCl buffers (10 mM Tris pH 8,
1 mM EDTA, 0.25 M LiCl, 1% NP40, 1% sodium deoxy-
cholate) and TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 8). Chromatin was eluted with elution buffer (1% SDS,
100 mM NaHCO3), incubated with Proteinase K and de-
crosslinked overnight at 65°C before phenol chloroform ex-
traction and ethanol precipitation. Purified ChIP DNA was
used as a template for gPCR with appropriate primers.

ChIP sequencing

H3.3 S31Ph ChIP sequencing was performed on mitotic
mouse ES cell population. Cells were synchronised at
G2/M by treatment with 9 pM of RO-3306 (Sigma-
Aldrich) for 12 hours and released into culture medium con-
taining 50ng/ml nocodazole following three 1x PBS washes.
Mitotic synchronised cells were harvested 11 hours after
the release, fixed with formaldehyde, and subjected to ChIP
with an antibody against H3.3 S31Ph (Active Motif) us-
ing the ChIP protocol described above. For ChIP sequenc-
ing, DNA sample concentrations were determined by Qubit
(ThermoFisher Scientific) and 20 ng of DNA was used as
starting material. ChIP libraries were prepared with Nugen
Ovation Ultralow System V2 (Nugen protocol M01379v1,
2014) with 10 cycles of amplification. Libraries quality was
assessed by Qubit, Bioanalyzer (Agilent) and qPCR, and
a single equimolar pool was made based on size adjusted
gPCR quantitation. Following denaturation, 12 pM of li-
brary pools were used for cBot hybridisation and cluster
generation (Illumina Protocol 15006165 v02 Feb 2016), and
samples were sequenced on an Illumina HiSeq 1500 rapid
mode (50 bp SR sequencing, Illumina Protocol 15035788
Rev D, April 2014). Fastq files of H3.3 S31Ph ChIP-seq and
matched input samples were aligned to a repeat database
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with Repeat Enrichment Estimator v1.0 (55). In brief, a re-
peat assembly file was generated using the Repbase database
and reads were aligned to this library and counted. Further
details are available in reference (55). The H3.3 S31Ph ChIP
sequencing dataset is available on the Gene Expression Om-
nibus (GEO) database.

siRNA depletion experiments and real-time PCR analyses

Four sets of siRNA oligonucleotides specific for mouse
KDM4B (siKdm4b) were commercially synthesised
(GenePharma). 40 nM of each siRNA oligonucleotides
set was transfected into cells with Lipofectamine 2000
according to the manufacturer’s instructions (Thermo-
sciences). As controls, medium GC-content scramble
siRNA oligonucleotides (siControl) (GenePharma) were
included in the experiments. The lipid-siRNA complex,
prepared at a Lipofectamine:siRNA ratio of 2:1, was
added into mammalian cells containing cell culture media
lacking penicillin and streptomycin. The cells were har-
vested and examined after 48h of transfection. qPCR was
used to measure KDM4B expression levels after siRNA
transfection.

Supplementary Information contains information on
primer sequences (Supplementary Table S1), antibodies
(Supplementary Table S2), peptide sequences (Supplemen-
tary Table S3) and siRNA sequences (Supplementary Table
S4).

RESULTS

Generation of H3.3 S31, A31 and E31 expressing mouse ES
cell lines

In mouse ES cells, H3.3 S31Ph is enriched at telomeres
on mitotic chromosomes and increases at pericentric het-
erochromatin upon the induction of differentiation, sug-
gesting a role for H3.3 S31Ph in regulating heterochro-
matin silencing (12). In line with this, ChIP-seq analy-
sis of mitotic mouse ES cells showed that H3.3 S31Ph is
present at the telomere and also at other DNA repeats
including the IAP/ERV retrotransposons (15,23) (Figure
1A). These findings further support the link between H3.3
S31Ph and heterochromatin silencing. To investigate the
role of H3.3 S31Ph at DNA repeats, we employed a two-
step strategy to obtain mouse ES cells expressing only ei-
ther the wild-type (WT) H3.3 S31, mutant H3.3 A31 (ser-
ine to alanine) or mutant H3.3 E31 (serine to glutamic
acid) protein. The A31 substitution mimics H3.1/2 and
is non-phosphorylable, (phospho-null) while the glutamic
acid E31 substitution is a structural mimic of a phospho-
rylated serine. In mouse, histone H3.3 is encoded by two
unlinked genes, H3f3a and H3f3b. We previously estab-
lished a Cre/loxP conditional allelic replacement system
targeted to H3f3a and H3f3b in mice (24,33). We bred a
129S1/SvIimJ mouse strain which was homozygous for all
four conditional (f, for floxed) alleles, i.e. H3f3d//, H3f3b///,
and derived XY euploid embryonic stem (ES) cells (here-
after termed H3.3 cKO) (33). The H3.3 S31, H3.3 A31 and
H3.3 E31 expression cassettes were stably transfected into
H3.3cKO cells. The H3f3a and H3f3b genes were ablated
upon exposure to Cre recombinase and replaced with YFP
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Figure 1. Substitution of H3.3 S31 with A31 affects ATRX binding and heterochromatin formation at telomeres in mouse ES cells. (A) DNA repeats which
are enriched for H3.3 S31Ph relative to input. Bars represent ChIP-sequencing reads of H3.3 S31Ph in mitotic cells normalised to total read count, with reads
from input sequencing as a control. Repeats with minimum 100 mapped reads and two-fold over enriched over input are shown. (B) Immunofluorescence
analysis on H3.3 S31 conditional (H3/3///H3f371/), $31 (wildtype), A31 (phospho-null) and E31 (phospho-mimetic) mouse ES cell lines with an antibody
against H3.3 S31Ph (green), followed by FISH analysis using a DNA probe against telomeric TTAGGG repeats (red). H3.3 S31Ph is enriched at telomeres
(arrows) in H3f3 //H3f3 /I and H3.3 S31 cells but not in H3.3 A31 and E31 cells. Scale bar represents 4 um. (C) H3.3 S31, A31 and E31 transcript
levels were determined by quantitative RT-PCR analyses using specific primers against H3.3 S31, A31 and E31 cDNA, where the last 2 nucleotides of
the 5’ forward primers recognise the first 2 nucleotides of H3.3 S31, A31 and E31 codons, respectively. The same 3’ reverse primer was used. The relative
expression levels of H3.3 S31, A31 and E31 are normalised to GAPDH expression levels (mean £+ SEM, n = 3). (D) Immunostaining of ATRX (green),
followed by Tel-FISH (Telomere-fluorescence in situ hybridisation) analysis with a DNA probe against telomeric TTAGGG repeats (red). Clear localisation
of ATRX at telomeres (shown by arrows) was detected in wildtype (WT), H3.3 S31 and E31 mouse ES cell lines, but the co-localised foci were significantly
reduced in H3.3 A31 cells. Scale bar represents 4 um. (E) ChIP-qPCR analyses (mean + SEM, n = 3) showing relative enrichment levels of ATRX/Input,
H3.3/Input, H3K9me3/Input and total H3/Input at telomeres. P-values calculated using Student’s #-test (** P < 0.05; * P < 0.1; ns, non-significant;).
In H3.3 E31 cells, both ATRX (P = 0.0695) and H3K9me3 (P = 0.013) levels are increased at telomeres, but H3.3 A31 cells showed decreases in ATRX
(P =0.097) and H3K9me3 (P = 0.121) levels.



and CFP reporter genes (Supplementary Figure S1A, B).
Southern blot analysis on WT ES cells, H3.3cKO (H3f3a/"
H3/3b/7), H3.3 S31, A31 and E31 clones yielded frag-
ment sizes which were consistent with successful deletion
of H3.3 alleles (Supplementary Figure S1A, C). Cells with
H3f3a”/~ H3f3b™/* and H3f3a*/* H3f3b/~ H3.3 genotypes
were included as controls. Western blot analysis with an an-
tibody against YFP/CFP proteins confirmed the removal of
endogenous H3.3 (Supplementary Figure S1D). Expression
of H3.3 S31, A31 and E31 was verified by H3.3 S31Ph stain-
ing and qPCR analyses (Figure 1 B, C and Supplementary
Figure S1E). The S31A or S31E substitution did not result
in a global change in H3.3 protein levels or chromatin states
as shown by western blot analyses of mutant H3.3 A31 and
H3.3 E31 cells (Supplementary Figure S1IF-L). The anti-
H3.3 antibody used here has been previously been validated
using H3.3 knockout mouse ES cell lines (14) (Supplemen-
tary Figure SIM).

H3.3 S31Ph regulates ATRX binding and heterochromatin
formation at the telomere

We and others have reported that ATRX deposits H3.3 to
form a heterochromatin structure enriched with H3K9me3
and HPl« at the telomere in mouse ES cells (7,9,12,13),
and this ATRX-mediated heterochromatin assembly oc-
curs within the PML bodies (8). H3.3 S31 is phosphory-
lated during mitosis in mammalian cells (12,45). This PTM
is enriched at heterochromatic DNA repeats including the
telomere in pluripotent mouse ES cells (12) and pericentric
heterochromatin of metaphase chromosomes (45) (Figure
1B). We sought to determine if H3.3 S31 and its phospho-
rylated form is required for H3.3 deposition by ATRX at
telomeres. Immunofluorescence analysis showed a reduced
association of ATRX with telomeres in H3.3 A31 phospho-
null cells (Figure 1D). In line with this, ChIP-qPCR anal-
ysis also showed a reduced ATRX binding at the telom-
ere in H3.3 A31 cells but ATRX level at the telomere was
increased in H3.3 E31 phospho-mimetic cells (Figure 1E).
Considering that ATRX regulates heterochromatin forma-
tion, we also assessed the level of H3K9me3 at telomeres
(Figure 1E). H3.3 E31 cells showed an increase in H3K9me3
level at the telomere, while H3.3 A31 cells showed a de-
creasing trend (Figure 1E). In addition, we noted an in-
crease in H3 level at the telomere in H3.3 E31 cells, indi-
cating increased nucleosome occupancy (Figure 1E). These
findings indicate that ATRX/H3K9me3 maintenance at the
telomere was upregulated in H3.3 E31 cells. Considering
that ATRX mediated heterochromatin assembly at telom-
eres occurs within the PML bodies (8,18-20), we also as-
sessed the impact of H3.3 S31 substitution on the localisa-
tion of telomeres to PML bodies. Strikingly, telomeres lo-
calisation with PML bodies increased in H3.3 E31 cells, but
reduced in H3.3 A31 cells compared to H3.3. S31 cells (Fig-
ure 2A, B). In addition, H3.3 A31 cells displayed smaller
PML body foci, comparable to those in ATRX knockout
cells (Figure 2A). Based on these findings, we propose that
H3.3 S31 and its phosphorylated form play a role in pre-
serving telomeric ATRX/H3K9me3 heterochromatin for-
mation within the PML bodies.
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H3.3 S31Ph inhibits KDM4B binding and function

As the H3.3 S31 substitutions affect ATRX binding,
H3K9me3 heterochromatin and association with PML
bodies, we speculated that this residue might interfere with
a H3K9me3 demethylase. We recently showed that the dual
histone H3K9/K36 demethylase KDM4B binds the telom-
eres and regulates chromatin accessibility by antagonising
H3K9me3/HPla levels (22). While ATRX forms a hete-
rochromatin structure (14-16), KDM4B (56,57) removes
methyl groups from H3K9me3 at telomeres during repli-
cation (22). The removal of H3K9me3 relieves heterochro-
matin to facilitate accessibility to DNA polymerase during
replication. We also showed that H3K9me3/HP1a contain-
ing heterochromatin is required for the association of telom-
eres with PML bodies, and overexpression of KDM4B dis-
rupts PML body formation. We investigated if the S31
substitutions would affect the association and activity of
KDM4B at the telomere. We immunoprecipitated KDM4B
in H3.3 S31, A31 and E31 cells expressing FLAG-tagged
KDM4B (53,54), and immuno-blotted for H3.3 binding.
We found that FLAG-KDM4B pulled down higher levels
of H3.3 A31 compared to WT H3.3 S31, while the oppo-
site was true for H3.3 E31 (Figure 2C). This demonstrates
that the S31A substitution increases binding preference for
KDM4B while H3.3 E31 inhibits KDM4B association. In
line with this, we also found increased association between
KDM4B with telomeres in H3.3 A31 cells by ChIP-qPCR
(Figure 2D). These findings indicate that the A31 substitu-
tion leads to a greater binding of the KDM4B demethylase
that removes H3K9me3 at telomeres.

Given that KDM4B binds preferentially to the phospho-
null H3.3 A31, we investigated if H3.3 S31Ph may inhibit
activity of KDM4B. To investigate this, we performed in
vitro demethylation assays with recombinant KDM4B and
the WT S31, A31 and E31 K36me3 peptides, and anal-
ysed the results by mass spectrometry (Figure 2E). KDM4B
demethylated K36me3 in the WT H3.3 S31 and A31 pep-
tides with equal efficiency. In contrast, both the H3.3 S31Ph
and H3.3 E31 peptides substantially inhibited the demethy-
lation of K36me3 by KDM4B (Figure 2E). These results
support a model where H3.3 S31Ph and H3.3 E31 phospho-
mimic inhibit the demethylase activity of KDM4B. We
have recently shown that KDM4B binds to and removes
H3K9me3 at telomeres to increase chromatin accessibil-
ity and facilitate replication (22). Since KDM4B is a dual
H3K9/K36 demethylase, an increased interaction between
KDM4B and H3.3 A31 phospho-null mutant (Figure 2C)
would remove H3K9me3 at telomeres in H3.3 A31 cells
(Figure 1E). Conversely, the increased levels of H3K9me3
and ATRX at telomeres in H3.3 E31 mutants could be in-
duced by the inhibition of KDM4B by H3.3 E31 phospho-
mimic (Figure 1D, E). If the loss of H3K9me3 at telom-
eres in H3.3 A31 is driven by increased interactions with
KDM4B, then depletion of KDM4B should rescue hete-
rochromatin in these cells. To investigate this, we performed
RNAIi knockdown of KDM4B in H3.3 A31 cells (Supple-
mentary Figure S2A). Compared to WT H3.3 S31 cells sub-
jected to scramble siRNA control knockdown, depletion
of KDM4B led to an increase in the level of H3K9me3
at telomeres in H3.3 A31 cells, but not in H3.3 E31 cells
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(** P < 0.05; * P < 0.1; ns, non-significant).



(Figure 3A, B). The depletion of KDM4B also increased
association of telomeres with HPla (Supplementary Fig-
ure S2B) and PML bodies (Figure 3C, D), indicating a re-
stored formation of a heterochromatic structure at telom-
eres. These data are consistent with a role for H3.3S31Ph
in ATR X-mediated heterochromatin modification at telom-
eres, through regulation of KDM4B binding and activity.

H3.3 S31Ph regulates chromatin integrity at heterochro-
matin in the genome

We have previously shown that KDM4B controls accessi-
bility at telomeric heterochromatin during replication and
that loss of KDM4B leads to increased H3K9me3, replica-
tion stress and DNA damage at telomeres (22). As KDM4B
function is regulated by phosphorylation of H3.3 S31, we
investigated if the H3.3 E31 substitution, which inhibited
KDM4B activity, also led to increased damage and loss
of telomere integrity. Indeed, we found that H3.3 E31 ex-
pression led to a substantial increase in yH2AX level at
telomeres (Figure 4A-B), liken to the increase in damage at
the telomere in Kdm4b knockout mouse ES cells (22). The
H3.3 A31 mutant which promotes KDM4B activity, also
showed an increase in telomeric DNA damage as assessed
by yH2AX staining, but to a lesser extent (Figure 4A-B).
These findings were verified by ChIP-qPCR of yH2AX in
WT and H3.3 mutant lines (Figure 4C). We also investi-
gated if the changes in telomeric chromatin state (Figure
1E) and integrity (Figure 4A-C) affect the maintenance of
telomere length and transcript level in H3.3 A31 and E31
cells (Supplementary Figure S3A, B). A decrease in telom-
ere length was detected in H3.3 E31 cells, however, no signif-
icant change was found in H3.3 A31 cells (Supplementary
Figure S3A, B). As for telomeric transcription, both H3.3
A31 and E31 cells showed a reduction in TERRA transcrip-
tion (Supplementary Figure S3B).

In addition to telomeres, we also observed a high level
of yH2AX on what appears to be the Y chromosome in
H3.3 E31 cells (Figure 4A, arrowhead). The Y chromosome
is highly repetitive in sequence and contains large regions
of H3K9me3 heterochromatin especially on its q arm (e.g.
Yq mega-satellite DNA repeat) (49). It is therefore possible
that the H3.3 E31 phospho-mimic mutation can interfere
with KDM4B and induce damage at other heterochromatin
regions in the genome, including the Yq mega-satellite re-
peats. To investigate this, we first determined if H3.3 S31Ph
was present on Yq mega-satellite repeats by immunofluo-
rescence analysis in WT ES cells. We stained WT cells with
an antibody against H3.3 S31Ph, followed by FISH using a
Yq mega-satellite DNA repeat probe (49) and detected clear
H3.3 S31Ph staining across the long arm of the Y chromo-
some (Figure 5A, B). We then investigated if E31 phospho-
mimic mutant increased DNA damage on the Y chromo-
some. Immunofluorescence analysis was performed with an
antibody against yH2AX, followed by FISH using the Yq
mega-satellite repeat DNA probe (49). The H3.3 E31 cells
showed substantially increased DNA damage signals on the
Y chromosome relative to the WT and H3.3 A31 cells (Fig-
ure 5C, D). These findings support the idea that H3.3 S31Ph
also regulates chromatin accessibility at other heterochro-
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matin regions in the genome including Y chromosome satel-
lite repeats, in addition to the telomeres.

We have previously shown that H3.3 S31Ph is enriched
at pericentric heterochromatin of metaphase chromosomes
in mouse ES cells that have been subjected to cellular dif-
ferentiation (12). It is possible that H3.3 S31Ph is also im-
portant for regulating H3K9me3 heterochromatin accessi-
bility to prevent DNA damage at these repeats. To inves-
tigate this, we assessed the effect of the H3.3 E31 substi-
tution on pericentric heterochromatin in mouse ES cells
subjected to cellular differentiation by the withdrawal of
leukemia inhibitory factor and the addition of retinoic acid
to the culture media (12,45). As expected, H3.3 S31 WT ES
cells showed increased H3.3 S31Ph signal at pericentric het-
erochromatin 3 days after the induction of differentiation
(Figure 6A), indicating that this modification is important
at pericentric heterochromatin in differentiated cells. In line
with this, we detected an increase in DNA damage, as as-
sessed by y H2A X intensities at pericentric heterochromatin
in H3.3 E31 cells, but not in H3.3 A31 cells (Figure 6B,
C). These findings support the idea that H3.3 S31Ph also
regulates chromatin accessibility at pericentric heterochro-
matin. Collectively, these results suggest that H3.3 S31Ph is
required for DNA integrity at repetitive regions including
the telomeres, pericentric heterochromatin and Y chromo-
some satellite DNA repeats.

DISCUSSION

Histone H3.3 is a key player in diverse processes including
gene regulation, cell differentiation and embryonic devel-
opment. The presence of H3.3 at actively transcribed genes
is essential for preserving transcriptional memory (5). At
transcriptionally silent regions, H3.3 is deposited by the
ATRX/DAXX complex and this is required for maintain-
ing heterochromatin (14-16). The phosphorylatable serine
31 residue distinguishes H3.3 from the H3.1/2 canonical hi-
stones. The S31(Ph) residue is highly conserved in eukary-
otes, suggesting that this residue is an important epigenetic
regulator of chromatin organisation. Recent studies have
linked H3.3 S31Ph to active transcription (47,48,58), how-
ever, the role of H3.3 S31 at transcriptionally silenced repet-
itive DNA regions remains unknown. Here we provide ev-
idence for an unrecognized role of H3.3 S31Ph as a phos-
phorylation switch that regulates the function of KDM4B
demethylase at telomeres. The unphosphorylated form of
H3.3 S31 binds KDM4B and allows H3K9me3 demethy-
lation, while phosphorylated H3.3 S31 inhibits KDM4B
activity and preserves H3K9me3 at telomeric heterochro-
matin. Accordingly, H3.3 A31 phospho-null cells show in-
creased KDM4B binding at telomeres, resulting in reduc-
tions of H3K9me3, ATRX and HP1a and reduced associa-
tion of telomeres with PML bodies. Additionally, depletion
of KDM4B in H3.3 A31 cells restores ATRX, H3K9me3
and HPla levels at telomeres, and enhanced telomere lo-
calization at PML bodies. These observations agree with
our recent finding that H3K9me3/HPla containing het-
erochromatin is required for the association of telomeres
with PML bodies, and that overexpression of KDM4B dis-
rupts PML body formation (22). PML bodies are phase-
separated liquid compartments which form through mul-
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Figure 3. KDM4B depletion restores ATRX binding, heterochromatin formation and PML localisation at telomeres in H3.3 A31 mouse ES cells. (A)
Immunostaining of ATRX (green), followed by Tel-FISH analysis with a DNA probe against telomeric TTAGGG repeats (red) in H3.3 S31, A31 and E31
mouse ES cell lines. Compared to control siRNA (siControl), Kdm4b siRNA (siKdm4b) mediated knockdown led to restored ATRX binding at telomeres
(shown by arrows). Scale bars: 4 pm. (B) ChIP-qPCR analyses showing relative levels of H3.3, H3K9me3 and H3 at telomeres (mean + SEM, n = 3) in
H3.3S31 and A31 mouse ES cell lines subjected to control siRNA (siControl) and Kdm4b siRNA (siKdm4b) knockdown, compared to WT H3.3 S31 cells.
(C) Immunostaining of TERF1 (green; marker for telomere) and PML (red) showing increased co-localisation of PML and TERF1 (shown by arrows)
in H3.3 A31 cells, following the knockdown of KDM4B expression. Scale bars: 4 pm. (D) Percentages (mean + SEM, n = 4, 24 nuclei were analysed in
each experiment) of co-lcalized PML/TERF]1 foci in H3.3 S31 and A31 mouse ES cell lines with and without knockdown of KDM4B (siKdm4b). B, D
P-values calculated using Student’s 7-test (** P < 0.05; * P < 0.1; ns, non-significant).
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Figure 4. Increase in yH2AX level at telomeres in H3.3 E31 mouse ES cells. (A) Immunostaining of TERF1 (red; marker for telomere) and y H2AX (green)
showing increased yH2AX at telomeres (indicated by arrows) in both interphase and mitotic H3.3 E31 cells. Y chromosomes are indicated by arrowheads.
Scale bars: 4 um. (B) Percentages (mean + SEM, n = 3, 16 nuclei were analysed in each experiment) of co-localized TERF1/yH2AX foci (TIF) are shown,
and increased TIFs are found in H3.3 E31 and Kdm4b~/~ cells. (C) ChIP-qPCR analyses (mean + SEM, n = 3) of yH2AX at telomeres and Foxp3 (a
control gene) in H3.3 S31, A31 and E31 mouse ES cell lines. (B, C) P-values calculated using Student’s ¢-test (** P < 0.05; * P < 0.1; ns, non-significant).

tivalent interactions between proteins and nucleic acids.
HPla is a strong driver of phase separation (59,60) and
it binds the H3K9me3 residue which is demethylated by
KDM4B (61). In H3.3 A31 cells, the missing phosphory-
lation switch could account for an uncontrolled demethy-
lation by KDM4B, resulting in the loss of H3K9me3 and
inability to nucleate PML bodies at telomeres.

H3.3 S31Ph has recently been proposed to act either
by attracting or repulsing protein factors (46). Specifically,
H3.3 S31Ph has been shown to regulate binding of histone

acetyltransferase P300 and repressor ZMYNDI11 (a factor
that recognises H3K36me3 and involved in intron reten-
tion that recognises H3K36me3) (47,48,58). Here we pro-
vide evidence that H3.3 S31Ph acts as a phosphorylation
switch that regulates the recruitment of KDM4B demethy-
lase to telomeres. Black et al. demonstrated that a related
H3K9me3 demethylase, KDM4A, controls chromatin ac-
cessibility of a late-replicating heterochromatic satellite re-
gion by antagonising H3K9me3/HPla (56,62), and over-
expression of KDM4A advances S-phase entry (62). Our
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and metaphase H3.3 S31, A31 and E31 mouse ES cell lines (C). Increased yH2AX was also detected on Y chromosome in H3.3 E31 cells (arrows). Scale
bars: 4 um. The relative intensities (mean == SEM, n = 3, 16 nuclei were analysed in each experiment) of yH2AX signals on Y chromosomes is shown in
(D). P-values calculated using Student’s T-test (** P < 0.05).
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Figure 6. Increase in yH2AX level at pericentric heterochromatin in differentiated H3.3 E31 mouse ES cells. (A) Immunostaining of H3.3 S31Ph (green),
followed by FISH analysis with a DNA probe against mouse major satellite (red). H3.3 S31Ph is enriched at the pericentric heterochromatin (arrows) in
differentiated mouse ES cells. Scale bars: 4 pm. (B) Immunostaining of yH2AX (red; marker for damage), followed by FISH analysis with a DNA probe
against mouse major satellite (green). Increased y H2AX was also detected on pericentric heterochromatin in H3.3 E31 cells (arrows). Scale bars: 4 pm. (C)
Percentages (mean + SEM, n = 3, 16 nucleic were analysed in each experiment) of co-localized pericentric heterochromatin (major satellite)/yH2AX foci
(TIF) are shown, and increased percentage of y H2AX-enriched foci are found in H3.3 E31 cells. P-values calculated using Student’s #-test (** P < 0.05).

findings support the idea that KDM4B regulates hete-
rochromatin accessibility at telomeres during replication
(22). Although telomeres are enriched in heterochromatin,
KDM4B binds telomeres in S-phase to promote accessibil-
ity during replication. Depletion of KDM4B results in in-
creased H3K9me3 and HP1« at telomeres, and this in turn
leads to increased replication stress and damage at telom-
eres (22). Consistent with this idea, the damage at telomere
in H3.3 E31 cells may be caused by the inability of KDM4B
to bind and demethylate H3K9me3 during replication. As a

consequence, the high level of H3K9me3 could act as a bar-
rier to DNA polymerase during replication, thereby induc-
ing damage at the telomere and compromising the ability
to maintain telomere length. Consistent with this idea, the
gain in H3K9me3 heterochromatin at the telomere could
account for the reduction in TERRA in H3.3 E31 cells.
However, a lower level of telomeric transcript/ TERRA was
also found in H3.3 A31 cells, although these cells showed
loss of H3K9me3 heterochromatin. This could be driven by
the formation of a secondary DNA structure that blocks
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Figure 7. H3.3 S31Ph acts as a phosphorylation switch which regulates
KDM4B binding and heterochromatin accessibility at the telomeres. (A)
ATRX and KDM4B act to maintain telomeric heterochromatin integrity.
ATRX complexes with DAXX to deposit H3.3 at telomeres to form
H3K9me3 heterochromatin, enabling binding of HPla via its interaction
with H3K9me3 . Despite being enriched with H3K9me3, telomeres are
also enriched with KDM4B that demethylates H3K9me3. We propose that
ATRX and KDM4B act to maintain the level of H3K9me3 at the telom-
ere, and this is achieved via H3.3 S31Ph switch (B) During replication,
the absence of H3.3 phosphorylation in S phase allows KDM4B to bind
and demethylate H3K9me3 to promote heterochromatin accessibility at
telomeres. (C) After replication and as cells progress into M phase, H3.3
S31 is phosphorylated, preventing removal of H3K9me3 by KDM4B and
thereby maintaining a heterochromatic state from mitosis until the next
G1/S phase. Figure made in BioRender.com.

TERRA transcription. Supporting this, the presence of
ATRX at telomeres has been shown to play a central role
in suppressing deleterious DNA secondary structures in-
cluding r-loops that form at transcribed telomeric repeats,
(63). Further investigation is required to unravel the impact
of H3.3 S31 and its phosphorylated form in suppressing r-
loops and regulating telomeric transcription.

H3.3 E31 cells also showed increased damage at other
H3.3 S31Ph heterochromatin regions in addition to the
telomeres, including Y chromosome satellite repeats and
pericentric heterochromatin. Although KDM4B has not
been reported to control chromatin accessibility at these
regions, overexpression of KDM4A H3K9me3 demethy-
lase has been found to antagonize HPla recruitment to
pericentric heterochromatin (56). Based on our findings,
we propose that H3.3 S31Ph acts as a phosphorylation
switch which regulates H3K9me3 heterochromatin mainte-
nance and accessibility at repetitive DNA regions includ-
ing the telomeres, pericentric heterochromatin and Y chro-
mosome satellite repeat (Figure 7). It has been well es-
tablished that ATRX/DAXX mediated H3.3 deposition
promotes H3K9me3 heterochromatin formation, however,
KDM4B counteracts this by removing H3K9me3. H3.3 S31

and its phosphorylation play key roles in regulating the
balance between H3K9me3 heterochromatin maintenance
and KDM4B function at repetitive DNA regions. At these
sites, the absence of H3.3 phosphorylation in S phase al-
lows the recruitment of KDM4B to reduce H3K9me3 and
to facilitate replication at heterochromatin. Following the
completion of replication, S31 is phosphorylated, prevent-
ing removal of H3K9me3 by KDM4B and thereby main-
taining a heterochromatic state from mitosis until the next
G1/S phase. Our results yield mechanistic insights into how
ATRX, H3.3 S31Ph and KDM4B act together to preserve
heterochromatin. Notably, H3.3 S31Ph signal is substan-
tially increased across the chromosome arms in ATRX-
mutated cancers that utilise the ALT (Alternative Length-
ening of telomeres) telomere maintenance pathway (43).
Further work is essential to determine if H3.3 S31Ph reg-
ulates KDM4B activity and heterochromatin maintenance
in these cancers. Altogether, we show that H3.3 S31Ph acts
as a switch that regulates protein binding, providing insight
into the function of H3.3 in regulating genome integrity.
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