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ABSTRACT

Linker histone H1 has a key role in maintaining higher
order chromatin structure and genome stability, but
how H1 functions in these processes is elusive. Here,
we report that acetylation of lysine 85 (K85) within
the H1 globular domain is a critical post-translational
modification that regulates chromatin organization.
H1K85 is dynamically acetylated by the acetyltrans-
ferase PCAF in response to DNA damage, and this
effect is counterbalanced by the histone deacety-
lase HDAC1. Notably, an acetylation-mimic mutation
of H1K85 (H1K85Q) alters H1 binding to the nucleo-
some and leads to condensed chromatin as a result
of increased H1 binding to core histones. In addi-
tion, H1K85 acetylation promotes heterochromatin
protein 1 (HP1) recruitment to facilitate chromatin
compaction. Consequently, H1K85 mutation leads to
genomic instability and decreased cell survival upon
DNA damage. Together, our data suggest a novel
model whereby H1K85 acetylation regulates chro-
matin structure and preserves chromosome integrity
upon DNA damage.

INTRODUCTION

Chromatin structure and genome integrity is preserved
through highly organized cellular machineries, including
linker histone H1. In mammalian cells, H1 consists of a
family of >10 isoforms that redundantly regulate chromatin
organization (1,2). Triple knockout of three of these H1 iso-
forms in murine cells causes ~50% total H1 loss and gen-
eral chromatin structural aberrations, but only affects the
expression of a limited number of genes (3). In Drosophila,
HI1 prevents genome instability whereas deletion of HI1
increases R-loop accumulation and sister-chromatid ex-
change (4). H1 is also essential for in vitro reconstitution of
30-nm chromatin fibers, which is critical to forming higher
order chromatin structure (5). These data indicate that H1
has a key role in maintaining higher order chromatin struc-
ture.

Mammalian H1 has a tripartite structure consisting of a
short N-terminal domain, a highly conserved globular do-
main and a long unstructured C-terminal domain (6). The
mechanisms as to how H1 binds chromatin are still evolv-
ing, but it is now generally accepted that both the globular
and C-terminal domains contribute to binding H1 to the
nucleosome and maintaining chromatin condensation and
higher order 30-nm chromatin structure (1). The HI globu-
lar domain is critical for its dynamic binding to the nucleo-
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some dyad and linker DNA (7-12). Deletion or disruption
of specific residues within the globular domain can alter the
binding affinity or binding mode of H1 to chromatin (9,12—
16). For example, mutating arginine 54 (R54) to an alanine
or lysine impairs H1 binding to nucleosomes and results in
global chromatin decompaction (16). In murine cells, mu-
tating several lysine residues to alanine, including lysine 85,
leads to decreased H1 binding affinity to chromatin (9). At
last, mutating Drosophila H1 lysine 95, which is homolo-
gous to human lysine 85 (referred to as HIKS85 hereafter),
strongly reduces H1 binding to nucleosomes in vitro (12).
These reports support that the HI globular domain, espe-
cially HIKS85, is important in regulating H1 dynamics and
chromatin structure. The underlying mechanisms and bio-
logical relevance of this regulation in vivo need further in-
vestigation.

Histone post-translational modifications (PTMs) are cru-
cial for regulating chromatin structure and genome stabil-
ity as dysregulated histone PTMs can cause cellular dis-
orders including cancer (17,18). Although the functional
link between core histone modifications and genome sta-
bility is well established, modifications of linker histone
are also critical to preserve genome integrity (19). For ex-
ample, deacetylation of HIK26 by SIRTI results in en-
riched H1 on chromatin and formation of facultative het-
erochromatin (20). H1 facilitates the recruitment of hete-
rochromatin protein 1 (HP1) to promote heterochromatin
formation, but H1 phosphorylation disrupts this interac-
tion and leads to disassembly of higher order chromatin
structure (21-23). Furthermore, peptidylarginine deiminase
4 (PADI4)-mediated citrullination (the conversion of argi-
nine to citrulline) within the H1 globular domain during
cellular reprogramming leads to chromatin decondensation
(16). These studies underlie the importance of H1 PTMs
in regulating genome condensation and stability, but how
H1 modifications (especially to its globular domain) regu-
late chromatin structure is unclear.

As well as its role in packaging and preserving genetic
information, chromatin structure is extensively reorganized
and remodeled during the DNA damage response (DDR)
and DNA repair (24,25). Acetylation of histone H4, which
destabilizes higher order chromatin structure and allows
DNA repair factors to access damaged chromatin, is es-
sential in the DDR and DNA repair (26,27). Mechanis-
tically, histone acetylation modulates chromatin structure
by altering histone-DNA electrostatic charges and recruit-
ing remodeling factors and complexes (28,29). This ‘access—
repair-restore’ model further illustrates how histone mod-
ifications and chromatin remodeling machineries regulate
chromatin accessibility and organization to promote DNA
repair (30). Dynamic acetylation of core histones, which
is balanced by histone deacetylases (HDACSs) and acetyl-
transferases (HATS), is crucial for chromatin remodeling
and maintaining genome integrity (31). How H1 acetyla-
tion is dynamically regulated in response to DNA damage
and whether it is involved in the modulation of chromatin
structure is largely unknown.

In this study, we engineered and expressed different
H1K85 mutations to investigate whether acetylation is im-
portant for H1 to regulate chromatin structure. We found
that a K85 acetylation-mimic mutation (H1K85Q) leads
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to increased H1 nucleosome binding and condensed chro-
matin structure by upregulating the interaction between
H1 and core histones. HIK85 acetylation (referred to as
H1KS85ac hereafter) is dynamically regulated in response to
DNA damage, which is balanced by the HAT p300/CBP-
associated factor (PCAF) and HDACI1. Most importantly,
H1K85ac facilitates the recruitment of heterochromatin
protein 1 (HP1). This study thus reveals a novel mechanism
by which acetylation of a single H1 site within the glob-
ular domain modulates DNA damage-induced chromatin
dynamics.

MATERIALS AND METHODS
Cell culture, antibodies and reagents

HCT116, HeLa, HEK293T, A549, H1299, Calu3 and
MDA-MB-231 cells were cultured in McCoy’s SA medium
or DMEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin in a 37°C incubator
with a 5% CO, and humidified atmosphere. The antibodies
used in this study include: anti-H1 and anti-pan-H3-ac from
Active Motif; anti-H1.4, anti-B-actin and anti-Biotin from
Santa Cruz; anti-H1K85ac and anti-H1K63ac from PTM
Biolabs; anti-H3K 14ac, anti-H3K9ac, anti-H4K 16ac, anti-
histone H3, anti-histone H4 from Abcam; anti-PCAF, anti-
phospho-H2AX (S139), anti-H2A, anti-HP1«, anti-SMC1,
anti-SUV39H1, anti-pan-acetyl-lysine, anti-HDACI, anti-
HDAC2, anti-HDAC3 and anti-HDACS from Cell Sig-
naling; anti-HPIB and anti-HPly from GeneTex; anti-
FLAG from Sigma; anti-GST from APPLYGEN; anti-GFP
from MBL. Adriamycin, etoposide, camptothecin (CPT),
isopropy-B-D-thiogalactoside (IPTG), trichostatin A and
nicotinamide were purchased from Sigma; anacardic acid
was purchased from Selleck.

Plasmid and RNAi

H1.2 and H1.4 cDNAs were cloned into p3 x FLAG-CM V-
10, EGFP-C2, pET28b and pGEX-4T3. p300, hMOF,
TIP60, HDACI1, HDAC3 and HDACS8 cDNAs were cloned
into p3 x FLAG-CMV-10. FLAG-PCAF, GST-PCAF and
GST-PCAF-HAT2 (amino acids 352-658) were gifts from
Dr Ye Zhang (Chinese Academy of Medical Sciences).
FLAG-HDAC?2 was a gift from Dr. Jiadong Wang (Peking
University Health Science Center). All mutations were gen-
erated using a site-directed mutagenesis kit (Vazyme). The
following siRNAs were used to silence target genes by tran-
sient transfection with Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions:

° HDA,CI: 5-UGGCCAUCCUGGAACUGCUAAAG
° g%:/CZ 5-GAAGAUCCAGACAAGAGAAUUUC
° EADg(:B 5-CGGGAUGGCAUUGAUGACCAGAG
° %;];5/(58 5-GACGGAAAUUUGAGCGUAUUCUC
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Establishment of stable cell lines

shRNA knockdown. Stable HDACI knockdown cells were
generated using Lipofectamine 2000 tranfection of shRNA
constructs with the HDACT1 siRNA sequences cloned into
a pGPH1/Hygro vector (GenePharma).

CRISPR-Cas9 gene editing. Knockout cells were gener-
ated via Lipofectamine 2000 transfection of sgRNAs cloned
into a pCRISPR-LvSGO03 vector (GeneCopoeia). The pro-
tocol followed was as previously described (32).

SDS-PAGE and immunoblotting

Protein  quantification, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting procedures were performed as previously
described (33). Equal amounts of proteins were sized
fractionated on a 6-15% SDS-PAGE gel.

Histone acid extraction

Histone was extracted as previously described (34). Briefly,
cell pellets were lysed in hypotonic buffer, re-suspended in
0.4 N sulfuric acid and precipitated by trichloroacetic acid.
The histone pellet was washed with acetone and dissolved
in ddH,O.

Co-1P

Cell pellets were lysed in lysis buffer (20 mM Tris-HCI pH
8.0, 137 mM NacCl, 10% glycerol, 2 mM ethylenediaminete-
traacetic acid (EDTA), 1% protease inhibitor cocktail, 1%
NP-40) for 30 min on ice. The supernatant was collected
after centrifugation and incubated with the indicated anti-
bodies at 4°C rotating overnight. Protein G or A Sepharose
slurry (GE healthcare) was added and incubated with the
samples for 3 h at 4°C. The beads were washed and boiled
in 2 x protein sample buffer at 100°C for 5 min before SDS-
PAGE and immunoblotting.

Real-time RT-PCR assay

Total RNA was extracted in TRIzol (Invitrogen) and pre-
cipitated in ethanol. cDNA was then synthesized using a
HiScript cDNA Synthesis Kit (Vazyme). The relative ex-
pression of Sat-2 and GAPDH were measured by real-
time polymerase chain reaction (PCR) with the follow-
ing primers: Sat-2, 5-CATCGAATGGAAATGAAAG
GAGTC-3 (sense) and 5-ACCATTGGATGATTGCA
GTCAA-3' (antisense); GAPDH, 5-CAGCAAGAGCA
CAAGAGGAA-3 (sense), 5-CCCCTCTTCAAGGGG
TCTAC-3' (antisense).

FISH

Cells were synchronized into metaphase by treatment with
colchicine (0.5 wM) for 2.5 h. Chromosomes were spread
following incubation with a centromere-specific PNA probe
(Panagene) and then observed with a fluorescent micro-
scope.

ChIP and ChIP-seq

ChIP assay was performed as previously described (34).
Briefly, cells were cross-linked with 1% formaldehyde and
lysed in lysis buffer (1% SDS, 5 mM EDTA, 50 mM
Tris-HCI pH 8.0, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 1% protease inhibitor cocktail) for 10 min on ice.
The lysates were sonicated on ice and then centrifuged for
10 min at 12 000 rpm at 4°C. The supernatant was collected
and precleared in dilution buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris-HCI pH 8.0) with pro-
tein G or A Sepharose and salmon DNA (Thermo Fisher)
for 2 h at 4°C. The precleared samples were immunopre-
cipitated with indicated antibodies at 4°C overnight. Pro-
tein G or A Sepharose and salmon sperm DNA were added
and incubated for 3 h at 4°C with rotation. The beads were
washed, eluted and heated at 65°C overnight to reverse the
cross-links. DNA was purified using a PCR Cleaning Kit
(Macherey-Nagel) and real-time PCR was performed using
the following primers: 5-TCTTCTTCAAGGACGACGG
CAACT-3 (sense) and 5'-TTGTAGTTGTACTCCAGCT
TGTGC-3 (antisense); genomic control: 5-CCTGAGC
AAAGACCCCAA-3 (sense) and 5'-TTACTTGTACAGC
TCG-3' (antisense). For ChIP-seq, the lysates were soni-
cated to generate DNA fragments of 200-500 bp. Purified
DNA was analyzed by deep sequencing (BGI).

SILAC labeling and quantitative MS

The experiment was performed as previously described (35).
Briefly, HeLa cells were grown in medium with the light or
heavy isotope of U-C6 ('?C6 or '*C6) separately for more
than six generations. The experimental group was treated
with adriamycin (1 wM) for 12 h. The cells were then lysed
and mixed for quantitative mass spectrometry (MS) analy-
sis (PTM Biolabs).

In vitro acetylation assay

PCAF and other acetyltransferases were purified and in-
cubated with substrates in acetylation buffer (50 mM
Tris-HCI, pH 8.0, 50 mM NaCl, 4 mM MgCl,, 0.1 mM
EDTA, 1 mM dithiothreitol (DTT), and 10% glycerol) with
or without acetyl-CoA (5 mM) for 1 h at 30°C. The reac-
tions were stopped by adding 5 x protein sample buffer
and the samples were boiled at 100°C for 5 min before SDS-
PAGE and immunoblotting.

In vitro deacetylation assay

HDACs were purified and incubated with histones ex-
tracted from TSA-treated cells in deacetylation buffer (10
mM Tris-HCI pH 8.0, 10 mM NaCl, 10% glycerol) for 1 h
at 30°C. The reactions were stopped by adding 5 x protein
sample buffer and the samples were boiled at 100°C for 5
min before SDS-PAGE and immunoblotting.

Laser micro-irradiation

Cells were grown on a glass-bottomed dish and irradiated
with a 365 nm pulsed nitrogen UV laser (16 Hz pulse,
41% laser output) generated using a Micropoint System



(Andor). The cells were either fixed immediately in 4%
paraformaldehyde or cultured at 37°C for the indicated
times.

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde and then per-
meabilized with Triton X-100. After blocking with 0.8%
bovine serum albumin (BSA) and incubating with the in-
dicated primary antibodies at 4°C rotating overnight, the
samples were washed with 0.8% BSA and incubated with
secondary antibodies (conjugated to FITC/TRITC) for 2 h
at room temperature in the dark. After washing and embed-
ding in DAPI, the samples were observed under an Olympus
FV1000-1X81 confocal microscope.

FRAP

Live-cell microscopy was performed at 37°C with 5% CO,
under a Leica SPS inverted confocal microscope (488 nm ar-
gon laser line, 63 x objective). Images of the selected regions
of interest (ROI: 2 x 2 mm) were captured and quantified
(2 s intervals for 180 s) following the bleach. The fluores-
cence signals measured in the ROI were normalized to the
pre-bleach signals.

MNase sensitivity assay

Cell pellets were lysed in buffer A (10 mM HEPES pH 7.9,
10 mM KCl, 1.5 mM MgCl,, 0.34 M Sucrose, 10% Glycerol,
ImM DTT, 0.1% Triton X-100) for 8§ min on ice. The nuclei
were pelleted and digested with 10 U/ml MNase (Takara)
in digestion buffer (10 mM Tris-HCI pH 7.5, 1 mM NacCl,
3 mM MgCl,, 1 mM CaCl,) for 3 min at 37°C. Genomic
DNA was purified using a DNA purification kit (QIAGEN)
and separated by 1.2% agarose gel electrophoresis. DNA
bands were stained with ethidium bromide and visualized
under a Gel Doc XR+ system (Bio-Rad).

Sedimentation experiments

Sedimentation experiments were performed as previously
described (5). Briefly, HIS-tagged WT HI1.4, H1.4K85Q
or HI1.4K85R were separately added to the reconstituted
nucleosome arrays. Sedimentation experiments were per-
formed using a Beckman Coulter ProteomeLab XL-I us-
ing a 4-hole An-60Ti rotor. The data were analyzed and
the sedimentation coefficients were calculated. The average
sedimentation coefficients were determined at the boundary
midpoint.

Colony formation assay

Cells were cultured in 6-well plates for 24 h and then treated
with or without etoposide (10 wM) for 2 h. The cells were
then washed five times with PBS and re-cultured in fresh
medium for 2 weeks. Cells were stained with crystal vio-
let and the number of colonies consisting of >50 cells were
counted.
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Statistics

Data were analyzed by Student’s #-test. A P < 0.05 was con-
sidered statistically significant (NS, P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001). At least three independent ex-
periments were performed in all cases.

RESULTS

H1K85Q acetylation-mimic mutation promotes chromatin
condensation

Although HI lysine 85 (H1K85) may regulate chromatin
condensation, how it is involved in this process remains
largely unknown. Sequence alignment of different linker hi-
stone H1 isoforms and across different species showed that
the globular domain (and K85) is highly conserved (Supple-
mentary Figure S1A and B), suggesting that this site may
have important, evolutionarily conserved functions. To in-
vestigate how H1KS5 is involved in chromatin organiza-
tion and H1 dynamics, we mutated H1K85 to prevent its
possible modification by replacing lysine with an arginine
(K85R), or to mimic acetylation by replacing lysine with
glutamine (K85Q).

First, we performed an analytical ultracentrifugation as-
say on nucleosome arrays reconstituted with K85Q, K85R
or wild-type (WT) H1 proteins, which directly reflects the
condensation of 30-nm chromatin fiber in vitro. Surpris-
ingly, we found that the sedimentation coefficient of the nu-
cleosome arrays containing WT or K85R were similar but
considerably smaller (by ~3S) than the HIK85Q nucleo-
some array (Figure 1A and B). The ultracentrifugation ex-
periments were repeated with an increased ratio of HI to nu-
cleosome, which produced similar results (Figure 1C), sug-
gesting that HIKS85Q increases the level of condensed 30-
nm chromatin structure formation in vitro.

To determine the role of the HIK85Q mutation in main-
taining higher order chromatin structure in vivo, we stably
transfected an empty vector, WT, K85Q or K85R H1.4 ex-
pression constructs into H1.4 knockout (KO) HeLa cells
(Figure 1D). Expression of WT or mutant H1.4 plasmids
in HeLa cells showed that they could be efficiently in-
corporated onto chromatin (Supplementary Figure S1C).
Here, we found that K85Q cells were more resistant to mi-
crococcal nuclease (MNase) digestion than WT or K85R
cells (Figure 1E and F), indicative of a more condensed
chromatin structure in K85Q cells. To verify whether the
H1K85Q mutation leads to abnormal genome stability and
integrity, we measured the transcript levels of centromeric
satellite repeats Sat-2, which is a marker of heterochro-
matin structure. Consistent with previous results (36), over-
expression of WT H1.4 led to decreased Sat-2 expres-
sion (Figure 1G) that was comparable with K85Q cells.
Conversely, the K85R mutation did not repress Saz-2 ex-
pression (Figure 1G), suggesting that K85Q and WT H1
compact chromatin, but HIK85R may loosen chromatin.
Fluorescence in situ hybridization (FISH) using human-
specific pan-centromere peptide nucleic acid probes con-
firmed the structural chromosomal changes. Here, vector-
only or K85R cells displayed more severe centromere de-
fects than WT and K85Q cells (Figure 1H). Together, these
data unexpectedly reveal that an acetylation-mimic muta-
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tion of HIKS85 (H1K85Q) compacts higher order chro-
matin structure both in vitro and in vivo.

H1K85Q acetylation-mimic mutation alters H1 dynamics
and promotes H1 binding to core histones

We next dissected how the H1K85Q mutation alters chro-
matin structure. As H1 regulates chromatin structure
through its dynamic binding to chromatin, we proposed
that the H1K85 mutation may alter the H1 binding dy-
namics. To verify this hypothesis, we used fluorescence re-
covery after photobleaching (FRAP) to measure the dy-
namic binding of H1 to chromatin. GFP-tagged WT, K85Q
or K85R HI.4 expression constructs were transfected into
H1.4 KO cells; these mutations had no detectable influ-

ence on the expression or subcellular localization of H1.4
(Supplementary Figure S1D). Surprisingly, WT H1.4 and
H1.4K85R exhibited similar recovery kinetics whereas the
recovery speed of H1.4K85Q was significantly slower than
either H1.4K85R or WT H1.4 (Figure 2A). Similar results
were obtained by FRAP for GFP-tagged H1.2 and its cor-
responding mutants (Figure 2B).

To confirm these results, we performed a salt extraction
assay using high concentration sodium chloride to measure
the binding dynamics of WT and H1 mutants. Here, pro-
teins with higher chromatin binding affinity tend to be less
readily extracted into the soluble fraction. Consequently,
FLAG-tagged H1.4K85Q was extracted ~2-fold less than
FLAG-tagged WT, K85R and other mutant expression
constructs (Figure 2C), which further suggests that K85Q
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increases H1 binding affinity to chromatin. These data indi-
cate that the acetylation-mimic mutant H1K85Q decreases
H1 mobility and increases H1 affinity to chromatin in vivo.

Histone acetylation decreases DNA-histone interac-
tions. As such, we hypothesized that HIK85Q may pro-
mote H1 binding to chromatin by facilitating H1 interaction
with core histones. To prove this hypothesis, we performed
a co-IP (co-immunoprecipitation) assay to detect the inter-
action between H1 and core histones. The interaction be-
tween H1.4 and core histones H3 and H2A markedly in-
creased when the nucleosomal DNA was digested by nu-
clease (Figure 2D); these data indicate that the associa-
tion between H1 and core histones increases when H1 de-

taches from DNA. To further confirm that H1 directly in-
teracts with core histones instead of nucleosomal DNA,
we performed an in vitro pull-down assay using H1 mu-
tants and recombinant core histones. While H1 interacted
with core histones, H1.4K85Q exhibited stronger binding
than either WT H1.4 or H1.4K85R (Figure 2E and Sup-
plementary Figure S1E). At last, we performed a peptide
pull-down assay using biotin-tagged unmodified or acety-
lated HI1KS85 peptides and found that acetylated H1K85
peptide bound more strongly to H3 and H2A than unmod-
ified peptide (Figure 2F). Together, these data suggest that
the acetylation-mimic mutant H1K85Q regulates H1 dy-
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namic binding to chromatin by promoting the interaction
between H1 and core histones.

H1K8S5 acetylation is dynamically regulated in response to
DNA damage

To explore the biological functions of the HIK85Q mu-
tation in vivo, we postulated that HIK85 may be reg-
ulated by acetylation in human cells. To test this hy-
pothesis, we generated H1KS85ac or H1K63ac (histone
HI lysine 63 acetylation)-specific antibodies for compar-
ison, as H1K63 has minimal effects on HI1 dynamics
and chromatin structure (12). Slot blot and peptide com-
petition assay demonstrated that these antibodies were
specific (Supplementary Figure S2A and B). Similarly,
H1K85ac or H1K63ac antibodies could not recognize
K85 or K63 mutants, respectively (Supplementary Figure
S2C and D), further confirming the specificity of these
two antibodies. In addition, we verified that different H1
variants were acetylated at K85 site (Supplementary Fig-
ure S2E), suggesting that H1K85ac is a ubiquitous, but
not variant-specific acetylation mark. By immunoblotting,
we detected H1K85ac in various human cancer cell lines
and mouse tissues (Figure 3A and Supplementary Fig-
ure S2F). We then investigated whether H1KS85ac was in-
volved in chromatin-based processes, such as transcription.
Chromatin immunoprecipitation-sequencing (ChIP-seq) of
HCT116 cells showed that H1K85ac largely bound inter-
genic regions (53%) and gene bodies (39%), whereas only
7% H1K85ac bound regions 2 kb upstream of the transcrip-
tion start sites (Supplementary Figure S2G). As the pro-
portion of HIK85ac bound to potential promoter regions
was not significantly different to that of the random peaks
(~6%), these data suggest that H1K85ac may not be mainly
involved in general transcriptional regulation. By compari-
son, ~40% H1K34ac is enriched at promoters, and thus is
proposed to be an active transcriptional regulator (37).

To investigate whether H1K85ac is involved in the cellu-
lar response to DNA damage, we treated cells with ionizing
radiation (IR). Intriguingly, H1K85ac, but not H1K63ac,
immediately reduced after IR exposure and they reached
the lowest levels 1 h post IR (Figure 3B and Supplemen-
tary Figure S3A). HIKS85ac gradually restored to nor-
mal levels after 1 h post IR, which may indicate comple-
tion of DNA repair (Figure 3B and Supplementary Fig-
ure S3A). HeLa cells were also treated with etoposide (a
topoisomerase II inhibitor and DNA damage inducer) and
then released to drug-free medium for different time in-
tervals. Here, HIK85ac exhibited the same patterns of dy-
namic change as observed with IR (Figure 3C). In addi-
tion, persistent exposure to etoposide resulted in reduced
HI1KS85ac levels in a time-dependent and dose-dependent
manner (Figure 3D and Supplementary Figure S3B). DNA
damage induced by other genotoxic reagents, CPT and adri-
amycin (Adr), also led to decreased H1K85ac levels (Fig-
ure 3E and F). At last, stable isotope labeling with amino
acids in cell culture (SILAC) followed by quantitative MS
of HeLa cells treated with adriamycin (Supplementary Fig-
ure S3C) showed that H1K85ac was markedly reduced after
adriamycin treatment, whereas acetylation of many other
H1 lysine residues remained virtually unchanged (Figure

3G). More importantly, MS did not detect other types of
modifications at H1K85 site, suggesting that H1K85ac is
specific (Supplementary Figure S3D).

To further confirm the reduced H1K85ac levels on chro-
matin, we used a U20S DR-GFP (direct repeat green flu-
orescent protein) cell line and the endonuclease I-Secl to
induce a targeted, single DNA damage site. ChIP analy-
sis around the I-Secl site showed that H1K85ac enrich-
ment decreased upon induction of DNA damage by I-Secl,
whereas the levels of total HI and core histones remained
largely unaltered (Figure 3H). We also exposed HelLa cells
to laser micro-irradiation and analyzed H1K85ac by im-
munofluorescence. Here, HIK85ac immediately decreased
in the DNA damage path 5 min after micro-irradiation and
recovered 2 h later (Figure 3I). In addition, we explored
whether H1K85ac could be directly involved in regulating
DDR and repair. We showed that overexpression of FLAG-
tagged WT H1.4 or its K85 mutants did not markedly influ-
ence DNA damage-induced Ataxia-telangiectasia mutated
(ATM) activation or loading of early DDR factors, such
as ATM or the KU complex (Supplementary Figure S3E
and F). Interestingly, overexpressing WT H1.4 did not af-
fect cellular activities of homologous recombination (HR)
and non-homologous end joining (NHEJ)-mediated DNA
repair, whereas overexpression of H1.4 K85 mutants led to
decreased HR and NHEJ efficiencies (Supplementary Fig-
ure S3G and H). Altogether, these data show that HIK85ac
is dynamically regulated in response to DNA damage and
that persistent DNA damage reduces H1K85ac. This effect
may be associated with chromatin relaxation and DNA re-
pair after DNA damage.

PCAF acetylates H1K85 acetylation in vivo and in vitro

Next, we sought to identify the HATSs responsible for
H1K85ac. We transfected several typical HATS, includ-
ing p300, MOF, PCAF and TIP60, into HCT116 cells
and found that HIKS85ac was specifically up-regulated
in the presence of over-expressed PCAF, a GNAT fam-
ily member (Figure 4A and Supplementary Figure S4A).
Overexpression of another GNAT family member, GCNS5,
showed little effects in H1KS85ac levels (Supplementary
Figure S4B). To confirm PCAF-dependent regulation of
HI1KS85ac, we separately transfected WT and enzyme ac-
tivity dead (E5S70A/D610A, ED) PCAF into HCT116 cells
and found that WT PCAF increased H1K85ac whereas ED
PCAF had no effect (Figure 4B). Anacardic acid, a spe-
cific PCAF inhibitor, markedly downregulated H1K85ac
compared to control, thus further supporting that PCAF is
a specific H1K85 acetyltransferase (Supplementary Figure
S4C).

We next generated PCAF KO HCTI116 cells using
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 technology (Supplementary Figure S4D).
Here, HIKS85ac levels were significantly reduced in these
KO cells (Figure 4C). We then reintroduced a FLAG-tagged
PCAF plasmid into the PCAF KO cells and found by im-
munofluorescent assay that HIK85ac signal intensity in-
creased upon re-introduction of PCAF (Figure 4D). A co-
IP assay using endogenous antibodies or ectopically ex-
pressed FLAG-tagged PCAF confirmed an interaction be-
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tween PCAF and histone H1 in vivo (Figure 4E and Sup-
plementary Figure S4E). Moreover, we found that PCAF is
gradually recruited to chromatin in response to DNA dam-
age (Supplementary Figure S4F), indicating that recovery
of H1K85ac is dependent on PCAF.

We then established an in vitro acetylation assay to
verify whether PCAF is truly responsible for H1K85ac.
Here, both recombinant or immunoprecipitated full-length
PCAF could catalyze HIK85ac in the presence of acetyl-
coenzyme A (Figure 4F and Supplementary Figure S4G).
The catalytic core of PCAF that contains a specific HAT2
domain (amino acids 352-658) was sufficient to acetylate
H1K85ac in vitro (Figure 4G). Other HATS, including p300
and TIP60 exhibited low activity toward HIK85ac (Supple-

mentary Figure S4H and I). At last, FRAP demonstrated
that H1 bound less tightly to chromatin in PCAF KO cells
than in WT cells (Figure 4H and Supplementary Figure
S4J). Taken together, these results suggest that PCAF is the
predominant HAT to acetylate HIKSS.

HDACT deacetylates H1K85 acetylation in vivo and in vitro

To explore how H1K85ac is reduced in the early response to
DNA damage, we aimed to identify the responsible HIK85
deacetylase. Cellular exposure to Trichostatin A (a broad
class I and IT HDAC inhibitor) but not nicotinamide (a class
III HDAC inhibitor) dramatically induced H1K85ac, indi-
cating that HIK85ac might be regulated by class I or II but



not class III HDAC:s (Sirtuins) (Figure 5A). To further sup-
port this hypothesis, we individually knocked down the nu-
cleic class I HDAC:s, including HDAC1, HDAC2, HDAC3
and HDACS, using siRNA in HCT116 cells. Knockdown
of HDACI, but not HDAC?2, 3 or 8, resulted in a signifi-
cant increase in H1K85ac levels compared to control (Fig-
ure 5B). Meanwhile, over-expression of HDACI led to de-
creased H1K85ac levels, whereas over-expression of other
class I HDACs had minimal effects (Figure 5C).

We then generated an enzyme activity dead (H141A,
ED) HDACI construct, to further identify the relation-
ship between HDAC1 and H1K85ac. Over-expression of
WT HDACI reduced HIKS85ac levels compared to ED
HDACI, which had a minimal effect (Figure 5D). In addi-
tion, an in vitro deacetylation assay to verify the direct role
of HDACI in deacetylating H1K85ac showed that HDACI
potently deacetylated H1K85ac in vitro (Figure SE). Other
class I HDAC S, although displayed strong activity toward
histone H3, were unable to deacetylate H1K85ac in vitro
(Supplementary Figure SSA-C).

At last, HIK85ac reduction in response to DNA dam-
age was abrogated in HDACI stable knockdown HCT116
(shHDACT1) cells (Figure SF and Supplementary Figure
S5D), suggesting that HDACT helps regulate HIK85ac re-
duction in response to DNA damage. These results were
confirmed by FRAP, whereby the mobility of GFP-tagged
H1 decreased in shHDAC1 compared to control cells (Fig-
ure 5G). Together, these data suggest that HDAC]1 deacety-
lates H1K85ac in vivo and in vitro.

H1KS85 acetylation promotes the recruitment of heterochro-
matin protein 1 (HP1)

To better understand how H1K85ac promotes chromatin
condensation in vivo, we studied whether H1K85ac influ-
ences the recruitment of other chromatin regulators. Pep-
tide pull-down of biotin-labeled acetylated H1 K85 peptides
followed by MS identified HP1 as a specific interacting pro-
tein with acetylated H1K85 (Supplementary Figure S6A).
Consistently, MS also identified core histones to specifi-
cally interact with acetylated H1K85 peptides (Supplemen-
tary Figure S6A), and acetylated H1 K85 interacted with all
HP1 isoforms, including HPla, HP1B and HPly in vitro
(Figure 6A). Next, we confirmed these findings by co-IP
assays in cancer cells using H1K85ac-specific and HPla
antibodies (Figure 6B and C). Other chromatin condens-
ing factors, such as SUV39H1 and SMCI1 (structural main-
tenance of chromosomes protein 1), did not interact with
H1K85ac (Supplementary Figure S6B). These results sug-
gest that H1K85ac may specifically assist HP1 recruitment
to chromatin.

To test whether HI1K85ac functions through HP1 to
regulate chromatin structure, we performed a co-IP with
WT, K85Q or K85R H1.4 expression constructs to assess
the interaction between H1 and HPI1. Here, the interac-
tion between HP1 and K85Q H1 was stronger than the
interactions between HP1 and WT or K85R H1 (Figure
6D). In addition, chromatin fractionation demonstrated
that H1 over-expression promoted HP1 enrichment onto
chromatin: K85Q H1 was more effective at promoting HP1
than WT HI, whereas K85R H1 repressed HP1 recruitment
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(Figure 6E). The chromatin levels of SUV39H1 and SMC1
were unaffected by over-expression of H1 or its mutants
(Supplementary Figure S6C). Together, these results sug-
gest that H1K85ac recruits HP1 and H1K85ac dynamics
are associated with the dynamic mobilization of HP1 upon
DNA damage.

H1KS8S5 acetylation regulates genome stability and cell sur-
vival in response to DNA damage

To further explore the biological relevance of H1K85ac and
its dynamics in response to DNA damage in cancer cells, we
investigated whether HIK85ac participates in the regula-
tion of dynamic chromatin condensation upon DNA dam-
age. To verify this hypothesis, we performed an MNase sen-
sitivity assay and found that DNA damage-induced chro-
matin decondensation was markedly repressed in H1.4 KO
cells reintroduced with K85Q HI1, compared to more re-
laxed chromatin upon DNA damage in cells reintroduced
with K85R H1 (Figure 7A and B). In addition, we per-
formed real-time PCR assays to evaluate the Sat-2 expres-
sion levels upon DNA damage. Here, Saz-2 levels in H1.4
WT and K85Q cells were significantly decreased upon re-
ceipt of DNA damaging stimuli (Figure 7C), indicating that
the relaxing of heterochromatin after DNA damage was
impeded in K85Q HI reintroduced cells. Together, these
data indicate that H1K85ac leads to chromatin condensa-
tion, and decreasing H1K85ac results in chromatin decom-
paction in response to DNA damage.

Failure to create an open chromatin environment (i.e. per-
sistently condensed chromatin) or restore a condensed si-
lencing chromatin state (i.e. persistently relaxed chromatin)
after DNA repair results in genome instability and cell
death (38). Interestingly, we found that survival of H1.4 KO
cells exposed to DNA damage stress was impaired but rein-
troduction of WT H1.4 could rescue this defect (Figure 7D
and E). This finding indicates the critical functions of H1.4
in regulating genome stability. However, stable transfection
of either H1.4K85R or H1.4K85Q failed to restore defec-
tive survival in H1.4 KO cells upon DNA damage (Figure
7D and E), suggesting that both reduction and restoration
of H1K85ac is crucial in regulating DNA damage-induced
alteration of chromatin structure. As both the K85R and
K85Q mutation block the dynamic changes of H1K85ac,
these results demonstrate that HIK85ac is a key regulator
of genome stability during the DDR and repair.

DISCUSSION

In this study, we demonstrate that the acetylation of HIK85
is a critical regulator of chromatin structure. HIK85ac is
balanced by PCAF and HDACI, which mediate chromatin
dynamics in response to DNA damage. Therefore, we pro-
pose a model whereby H1KS85ac facilitates H1 binding
to core histones and HPI recruitment to promote chro-
matin condensation, whereas DNA damage-induced dy-
namic changes of H1K85ac permits chromatin relaxation
and restoration to ensure genome stability (Figure 7F).
The H1 globular domain is a pivotal determinant of H1
binding to chromatin. Although the C-terminal domain
was previously considered a primary factor, it has been ac-
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Figure 5. HDACI deacetylates HIK85 in vivo and in vitro. (A) HCT116 cells were treated with etoposide (40 wM) for 2 h, TSA (1 wM) for 12 h or NAM (5
mM) for 12 h. Histone was extracted and analyzed by immunoblotting. (B) HCT116 cells were transfected with the indicated siRNAs and whole cell extracts
were analyzed by immunoblotting. (C and D) HCT116 cells were transfected with the indicated plasmids and histone was analyzed by immunoblotting.
(E) FLAG-HDACI was purified from HEK293T cells and subjected to in vitro deacetylation assay using free histones as substrates. The reaction was
analyzed by immunoblotting. (F) Stable HDAC1 knockdown (shHDACI, 2#) or control cells (shCtr) were treated with etoposide and whole cell extracts
were analyzed by immunoblotting. (G) Stable HDAC1 knockdown (shHDACT, 2#) or control cells (shCtr) were transfected with GFP-H1.4 and analyzed

by FRAP. All data represent the means £ SD.

cepted that the globular domain and C terminus cooper-
ate together to regulate H1 binding to chromatin (1). Mu-
tation of a single site within the globular domain of H1 can
markedly affect its binding affinity to chromatin. In this
study, both in vitro and in vivo assays demonstrated that
a K85Q mutation decreased H1 mobility and condensed
chromatin to a higher degree than a K85R mutation or WT
H1. Mutating two other lysine residues within the globu-
lar domain, K63 or K97, had a minimal effect on H1 bind-
ing, indicating the specificity of K85 perhaps due to its dis-
tinct structural localization or dynamic modification status.
However, some in vivo experiments also showed that K85Q
mutation condensed chromatin as much as WT H1, whereas
the K85R mutation caused chromatin loosening. This effect
may be explained by the differential abundance of endoge-
nous HI1K85ac under different circumstances and the dis-
tinct localization of H1K85ac in specific genomic loci, such
as the centromeric regions.

Histone modifications are key regulators of chromatin
structure. For example, histone H3 lysine 9 trimethylation
(H3K9me3) by SUV39HI recruits a repressive complex
containing HP1 and marks the formation of heterochro-
matin (39-41). Histone H4 lysine 16 acetylation (H4K 16ac)
inhibits the formation of higher order chromatin structure
in vitro (27). In this study, we identified H1K85ac as a crit-
ical factor in regulating genome stability and chromatin
structure. Differing from the traditional view that acetyla-
tion neutralizes the positive charge of histones and leads
to decreased histone-DNA binding and chromatin relax-
ation (28,42), we found that H1K85ac condenses higher or-
der chromatin structure. As H1 is not located within the oc-
tamer and exhibits complex binding modes to the nucleo-
some, we proposed that HIK85ac may increase H1 binding
to chromatin or other regulatory factors, hence resulting in
chromatin compaction. We proved this hypothesis by show-
ing that the K85Q mutation and acetylated HIKS85 pep-
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Figure 6. H1K85 acetylation promotes the recruitment of heterochromatin protein 1 (HP1). (A) Chromatin-bound proteins of HCT116 cells were extracted
and incubated with biotin-tagged unmodified K85, acetylated K85 peptide or beads alone and analyzed by in vitro peptide pull-down assay. (B and C)
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HeLa cells. Chromatin-bound proteins were extracted and analyzed by immunoblotting.

tides promoted the interaction between H1, core histones
and HP1. These results are further supported by the notion
that nucleosome stability is not only regulated by histone—
DNA interactions, but also by histone—histone and histone—
chaperone interactions (17). For instance, H3K 56 acetyla-
tion increases the binding affinity of the histone chaperone
complex chromatin assembly factor 1 (Cafl), which pro-
motes histone deposition and nucleosome assembly (43).
Although H1 interacts with SUV39H1 and promotes its re-
cruitment in Drosophila (44), our assays did not find that
H1K85ac was involved in SUV39H1 recruitment. Interest-
ingly, previous studies have shown that Hl-mediated HP1
recruitment is influenced by a modification to the HI N
terminus, such as lysine 26 (K26) methylation or serine 27
(S27) phosphorylation (22). Here, we provide the first evi-
dence that HP1 enrichment onto chromatin is also regulated
by modification of the H1 globular domain, suggesting that
both the H1 N terminus and globular domain contribute to
HPI recruitment.

In this study, we also report that H1K85ac exhibits dif-
ferential dynamic patterns when exposed to IR or other
DNA damaging reagents. A plausible explanation for this
effect is that IR-mediated damage allows the cells to re-
cover and repair once the exposure is complete, whereas

chemical reagents can cause persistent DNA damage. We
demonstrated this point by showing equivalent dynamics of
H1K85ac between IR treatment and withdrawal of etopo-
side. In addition, these H1K85ac dynamics are consistent
with DNA damage-induced chromatin mobilization. The
classic ‘access-repair-restore’ model implies that chromatin
is actively decondensed upon DNA damage to facilitate the
recruitment of DNA repair factors, after which the chro-
matin is restored (30,45). Dynamic histone modifications,
such as H4K16ac and H3K9me3, are key factors control-
ling chromatin structure in the DDR and repair (46). We
are the first to show that dynamic H1 acetylation is an addi-
tional, critical regulator of this process. Moreover, we show
that HIK85ac condenses chromatin, whereas K85Q and
K85R mutations abrogate H1K85ac dynamics. Therefore,
both the K85R mutation (which could not stabilize chro-
matin organization as WT H1) and the K85Q mutation
(which failed to relax chromatin fibers) can lead to impaired
cell survival in response to DNA damage. Our results are
further supported by the theory that failure to establish an
accessible chromatin environment or to restore chromatin
compaction leads to defective chromatin functions, such as
transcription (47,48).
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and permit the restoration of chromatin structure.

H1 isoforms share significant sequence homology, espe-
cially within the conserved globular domain (49). Therefore,
it is difficult to delete or mutate a specific H1 site in human
cells, unlike in Drosophila or yeast that expresses a single H1
variant. In addition, the structural model of H1 binding to
the nucleosome is different in Drosophila, chicken or yeast
compared to human cells (5,12,13,50). Moreover, H1.4 and
H1.5, which are almost identical H1 variants, are proposed
to bind to the nucleosomes in distinct manners (5,51,52).
These reports suggest that Hl-nucleosome binding patterns
are complicated in human cells. We showed that HIKS85 is

highly conserved and H1K85ac is present in almost all H1
variants. Mutation of K85 also affected the chromatin bind-
ing of different H1 variants. Furthermore, we did not detect
other types of modification at HIKS85, strengthening the
specificity of H1K85ac. Therefore, it is reasonable to pro-
pose that H1K85ac is a conserved H1 modification but not
variant-specific. To characterize the biological functions of
H1K85ac, we used H1.4 for deletion and mutation analy-
sis, which is one of the most abundant H1 variants in can-
cer cells and has the strongest chromatin-condensing effects
(53). The fact that H1.4 binds off the nucleosome dyad and



does not interact with linker DNA in any specific manner
supports our model that HIK85ac promotes H1 interaction
with core histones (5).

HDACT1 and PCAF regulate the acetylation status of core
histones and various non-histone proteins, but their associ-
ation with H1 has not been previously reported. We found
that HIKS85ac is specifically regulated by HDACI and
PCAF in vivo and in vitro. Although HDAC1 and HDAC2
shared significant sequence homology, our results showed
that only HDACI is responsible for HIK85 deacetylation.
This specificity may be explained by their different struc-
tural organization, binding partners or genomic localiza-
tion. For example, HDAC1 and HDAC?2 exhibit distinct
genomic distribution patterns (54). HDAC1 and HDAC2
also show unique functions in stem cell differentiation or
memory formation (55,56). In addition, HDACI is instantly
recruited to chromatin upon DNA damage (57), consis-
tent with our observation that HIK85 undergoes rapid
deacetylation in response to DNA damage. We also showed
that GCNS, a family member of PCAF, could not acety-
late HIK85ac, which may be due to their diverse complex
formation with different subunits (58,59). Interestingly, we
found that PCAF is gradually recruited to chromatin dur-
ing DNA damage repair, which is supported by a recent re-
port that PCAF is recruited to UV-induced DNA damage
sites (60). These data suggest that HDAC1 and PCAF are
responsible for DNA damage-induced H1K85ac dynamics.

This study presents a novel model by which acetylation
of lysine 85 within the globular domain of H1 promotes the
condensation of higher order chromatin structure, which
acts to preserve genome stability and cell survival. Histone
modifications and histone regulators are promising targets
to treat human cancers (61,62). Although dedicated studies
are still warranted for further demonstration, our findings
may provide the first mechanistic insight to target H1 acety-
lation as a cancer therapy.
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