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Abstract

Tat interacting protein 60 (TIP60) is a histone acetyltransferase involved in chromatin remodeling and the DNA damage
response. However, the role of TIP60 in maintaining genome stability is poorly understood. Here, we show that TIP60 can
directly interact with suppressor of variegation 3—9 homologue 1 (SUV39H1), a methyltransferase that is responsible for
histone H3 tri-methylation on Lys9 (H3K9me3). When we knocked down TIP60 or treated cells with hydrogen peroxide,
a typical reactive oxygen species (ROS) generator that induces genome instability, SUV39H1 dissociated from chromatin
but its acetylation levels remained unchanged. Consequently, H3K9me3 levels in the heterochromatin decreased, leading to
a significant increase in the expression of satellite 2 (Sat2) and a-satellite (a-Sat), indicators of heterochromatin relaxation.
Micrococcal nuclease sensitivity and colony formation assays further demonstrated that TIP60 knockdown or hydrogen
peroxide treatment resulted in a relaxing of the heterochromatin and genome instability. Exogenous TIP60 could rescue the
assembly of SUV39H1 on chromatin and ensure genome stability in response to hydrogen peroxide. This study is the first
to describe a role for TIP60 in maintaining heterochromatin structure and genome stability by recruiting SUV39H1 to the
chromatin upon oxidative stress, presenting TIP60 as a promising target to sensitize cancer cells to ROS-promoting therapies.
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Introduction

Histone acetylation is one of the most important modifica-
tions in eukaryote: it affects the DNA binding capability,
stability, and enzyme activities of proteins (Cao et al. 2016;
Kim et al. 2019; Strahl and Allis, 2000). The histone acetyl-
transferase TIP60 belongs to the conserved histone acetyl-
transferase MYST (Moz, Ybf2/Sas3, Sas2, TIP60) family
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(Kamine et al. 1996). Recombinant TIP60 can directly acety-
late H2A (Lys5), H3 (Lys14) and H4 (Lys5, 8, 12, 16), but
not H2B in vitro (Yamamoto and Horikoshi 1997); however,
TIP60 must form a complex with many other proteins such
as TIP60-associated protein (TAP) 54a and f to acetylate the
nucleosome in vivo (Ikura et al. 2000). TIP60 also interacts
with various non-histone substrates, including aurora-B,
p53 and ataxia telangiectasia mutated (ATM), to catalyze
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their acetylation (Ghobashi and Kamel 2018; Li et al. 2020;
Mo et al. 2016; Sun et al. 2005; Tang et al. 2006). Unsur-
prisingly, TIP60 is closely associated with gene expression,
DNA damage repair and tumor development (Kim et al.
2019), and its function is likely dependent on its enzymatic
activity.

TIP60 might differentially affect cell fate in differ-
ent contexts, such as oncogenesis and DNA damage. For
example, in response to severe genotoxic stress, TIP60 can
cooperate with multiple proteins, including p53 (Liu et al.
2019; Tang et al. 2006; Yang et al. 2020), programmed cell
death 5 (PDCDS5) (Li et al. 2016), or axin (Li et al. 2009),
to induce apoptosis. In response to reparable DNA damage,
TIP60 activates proteins including H4 (Tang et al. 2013),
ATM (Ghobashi and Kamel 2018; Sun et al. 2005) and the
ribonucleotide reductase catalytic subunit M1 (RRM1)
(Niida et al. 2010) to arrest the cell cycle, recruit the DNA
damage repair complex and facilitate cell survival. In this
way, TIP60 has a dynamic role in protecting DNA from
damage and maintaining genome stability during the DNA
damage response (DDR). The underlying mechanisms by
which TIP60 maintains genome stability, however, are not
fully understood.

A key to the mechanisms of TIP60 function in genome
stability might lie in its cooperation with suppressor of
variegation 3-9 homolog 1 (SUV39H1I), an H3K9 histone-
lysine methyltransferase (Fritsch et al. 2010; Kaniskan et al.
2015; Vaquero et al. 2007). SUV39H1 is a heterochromatin-
enriched enzyme that also transiently accumulates around
centromeres during mitosis (Chiba et al. 2015): it has vari-
ous well-documented functions, but importantly is criti-
cal for maintaining heterochromatin and genome stability
(Jehanno et al. 2017; Shirai et al. 2017; Wang et al. 2013).
Understanding how SUV39H1 is recruited to chromatin
is critical for understanding of heterochromatin structure
maintenance and genome stability. One study showed that
treating cells with hydrogen peroxide, a reactive oxygen
species (ROS) generator, can suppress Spl transcription
factor (SP1)-dependent SUV39HI1 recruitment to the Cyc-
lin BI promoter and perturb chromatin structure regulation
(Chuang et al. 2011). ROS thus seems to regulate SUV39H1
recruitment and chromatin remodeling. Whether hydrogen
peroxide (i.e. ROS) also regulates SUV39H1 recruitment
to heterochromatin and subsequent genome stability is
unknown.

In terms of the relationship between TIP60 and
SUV39H1, cells lacking SUV39H1 are defective in TIP60
and ATM activation, which results in reduced DNA dou-
ble-strand break (DSB) repair and enhanced radiosensitiv-
ity (Ayrapetov et al. 2014). Additionally, depleting TIP60
promotes heterochromatin dysfunction in SUV39H-deficient
cells (Grezy et al. 2016), indicating that both SUV39H1
and TIP60 are crucial for maintaining heterochromatin
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functions. Moreover, a complex containing kinesin II asso-
ciated protein (KAP-1), heterochromatin protein 1 (HP1),
and SUV39H1 rapidly loads onto chromatin upon detecting
DSBs and helps TIP60 to acetylate ATM and histone H4,
providing a mechanism of cooperation between SUV39H1
and TIP60 in the DDR (Ayrapetov et al. 2014). Finally, the
UFM1 specific ligase 1 (UFL1), which is recruited by the
MRN complex, facilitates the recruitment of the SUV39H1
complex and TIP60 to DSBs (Qin et al. 2019). Despite these
advances, a direct interaction between TIP60 and SUV39H1
has not yet been shown.

In this study, we aimed to dig deeper into a more
close relationship between TIP60 and SUV39H1 in DDR
response. To do so, we started by identifying if these two
protein could directly interact with each other. Subse-
quently, we explored how this interaction may respond to
different genotoxic stimulations and found that ROS could
specifically induce a decreased TIP60-SUV39H1 interac-
tion. Hence, we continued to investigate the alterations in
SUV39H1 recruitment to chromatin, H3K9me3 levels in
chromatin, heterochromatin structures and genome stability
in response to oxidative stress. Altogether, we reveal a novel
interaction between TIP60 and SUV39H1 that regulates
SUV39HI1 chromatin assembly. This assembly is necessary
to maintain heterochromatin structure and genome stability
in response to oxidative stress.

Materials and methods
Cell lines and cell culture

HEK293T, H1299, HeLa and HepG2 cells were obtained
from the American Type Culture Collection (ATCC, Manas-
sas, VA). Wild-type TIP60 stably transfected and knocked
down HepG2 cells were a gift from Professor Lin Shengcai
(Xiamen University, China). All cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Invitrogen) and peni-
cillin—streptomycin (50 units/ml). The cells were cultured in
a humidified incubator at 37 °C with 5% CO, and passaged
by trypsinization every 3 days.

Antibodies and reagents

The following antibodies and reagents were used in this
study: Hydrogen peroxide (Sigma-Aldrich), anti-SUV39H1
(Cell Signaling Technology, #8729), anti-TTP60 (Santa Cruz,
sc-5725), anti-Myc (MBL, M047-3), anti-HA (Santa Cruz,
sc-805), anti-G9a (Sigma-Aldrich, G6919), anti-His (MBL
PMO032), anti-GST (Sigma-Aldrich, G1160), anti-H3K9 tri-
methylation (Abcam ab8898), anti- Acetyl Histone H4K12
(Epigentek A-4029), anti-H3 (Bethyl A300-823A), anti-Flag
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(Sigma-Aldrich, F1804), Goat anti-mouse IgG horseradish
peroxidase (HRP) (Santa Cruz), and goat anti-rabbit IgG
HRP (Santa Cruz).

Plasmid construction and small interfering RNA

The human TIP60 full-length coding region was amplified
by PCR from human TIP60 cDNA in the human brain library
(Clontech) and was introduced to a pCMVS5 vector with an
HA and a Flag tag. The FLAG-TIP60 HAT-deficient mutant
expression vector was a gift from Professor Lin Shengcai
(Xiamen University, China). Full-length SUV39H1 cDNA
was obtained from our own lab. TIP60-chromo, TIP60-
Zn, TIP60-HAT, chromo-SUV39H1, Mid-SUV39H1 and
SET-SUV39HI1 fragments were amplified from TIP60 or
SUV39HI full-length sequences, and these PCR products
were introduced into the pGEX4T-3 vector and then veri-
fied by Sanger sequencing. Site-mutated SUV39H1, zinc
finger-deleted TIP60 and RNA interfering resistant TIP60
expressing plasmids were produced using a MutExpress 11
kit (Vazyme) following the manufacturer’s protocol. Small
interfering RNA sequences were designed as follows: Non-
silencing siRNA: sense: 5'-UUCUCCGAACGUGUCACG
U-3'; TIP60 #1 siRNA: sense: 5'-ACGGAAGGUGGAGGU
GGUU-3'; TIP60 #2 siRNA: sense: 5'-GUACGGCCGUAG
UCUCAAG -3’

Plasmids and siRNAs were transfected using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

GST pull-down assay

GST alone or TIP60/SUV39H1-GST fusion proteins (full-
length or fragments) were induced by IPTG for 4 h at 28 °C
in E. coli and purified using glutathione—Sepharose 4B beads
(GE Healthcare). An equal amount of each individual fusion
protein was incubated with His—SUV39H1 (from E. coli) in
TEN buffer (10 mM Tris-HCI, pH8.0, 1 mM EDTA, 100 mM
NaCl) for 4 h at 4 °C. After washing in TEN buffer, the
precipitated components were analyzed by western blotting.

RNA preparation and quantitative real-time PCR

Total RNA was extracted using TRIzol solution (Invit-
rogen) according to the manufacturer’s specifications.
Genomic DNA was removed from 5 pg of total RNA by
incubating the samples with 10 U RNase-free DNase I (New
England Biolabs) and 2 U RNase inhibitor (New England
Biolabs) in DEPC-treated water. The reaction mixture was
incubated for 1 h at 37 °C and then for 10 min at 60 °C.
RNA concentrations were determined by spectrophotomet-
ric analysis. All RNA isolates had an A260:A280 between
1.8 and 2.0, indicating that the isolated RNA was suitable

for subsequent analyses. cDNAs were prepared from the
isolated RNAs using an ImProm-II reverse transcription
system (Promega). RT-PCR was performed in a Step One
cycler (Applied Biosystems, Foster City, CA, USA) using
an SYBR green premix (Applied Biosystems), according
to the manufacturer’s instructions. The following primers
were used for RT-PCR: SUV39H1 sense: 5-ATCCGCGAA
CAGGAATATTACC-3; SUV39H1 antisense: 5S-GAGGAT
ACGCACACACTTGAGATT-3; Sat2 sense: 5-CATCGA
ATGGAAATGAAAGGAGTC-3; Sat2 antisense: 5-ACC
ATTGGATGATTGCAGTCAA-3; a-Sat sense: 5-CTGCAC
TACCTGAAGAGGAC-3; a-Sat antisense: 5S-GATGGTTCA
ACACTCTTACA-3;

GAPDH sense: 5-GAAGGTGAAGGTCGGAGTC-3;
GAPDH antisense: 5-GAAGATGGTGATGGGATTTC-3.

GAPDH was used for normalization. The relative mRNA
expression was calculated by the 2 — (AACt) method.

Immunoprecipitation and western blotting

H1299 and HepG2 cells were seeded in 60-mm plates at
an initial density of 2 x 10° cells and allowed to grow for
12 h. The cells were transfected with the respective plas-
mids, further incubated for 24 h, and lyzed in buffer [1%
Triton X-100, 150 mM NaCl, 50 mM Tris—HCI, pH 7.5,
0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, and
1 mM PMSF]. The cell suspensions were incubated on ice
for 20 min and centrifuged at 14,000g at 4 °C for 20 min.
For immunoprecipitation assays, the supernatants were pre-
cleared with 20 pl protein A/G-agarose beads (50% slurry)
and then incubated at 4 °C overnight with 40 pl fresh protein
A/G beads and the appropriate antibodies. A normal IgG
antibody was used as a negative control in each experiment.
The beads were washed three times in PBS, resuspended in
SDS loading buffer, and boiled for 10 min. The protein sam-
ples were electrophoresed on a 10% SDS—polyacrylamide
gel and transferred to a nitrocellulose membrane (Whatman,
PROTRAN). The membrane was blocked with 5% skimmed
milk diluted in TBS-T (20 mM Tris—HCI, pH 7.6, 137 mM
NaCl, and 0.1% Tween 20), then incubated with the indi-
cated primary antibody at 4 °C overnight and ultimately the
indicated secondary antibody at room temperature for 1 h.
The membranes were exposed and visualized by the ECL
method (Millipore).

Isolation of histone proteins

Histone proteins were isolated as previously described (Lu
et al. 2019). Cells (2-5 x 107) were homogenized in 1 ml
nuclear preparation buffer (10 mM Tris—HCI, pH 7.6;
150 mM NaCl; 1.5 mM MgCl,; 0.65% Nonidet P-40; and
1 mM PMSF) in the presence of protein phosphatase inhibi-
tors (10 mM NaF, 1 mM sodium orthovanadate, and 25 mM
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B-glycerophosphate). The nuclei were recovered by centrifu-
gation at 1500g for 10 min. All centrifugations were carried
out at 4 °C. The nuclei were resuspended in 0.3 ml resuspen-
sion buffer (10 mM Tris—HCI, pH 7.6; 3 mM MgCl,; 10 mM
NaCl; 1 mM PMSF; and protein phosphatase inhibitors).
The nuclei were extracted with 0.4 nM H,SO, to isolate total
histones. The samples were precipitated with trichloroacetic
acid (TCA) and then resuspended in double-distilled H,O.

ChIP assay

Cells were fixed with 1%formaldehyde for 10 min at room
temperature and lyzed in ChIP lysis buffer (50 mM Tris-HCI,
pH 8.0, 5 mM EDTA, 1% SDS) for 10 min at 4 °C. After
sonication (5 s each time for nine times, separated by 10 s’
intervals), the lysate was centrifuged, and the supernatant
was collected and pre-cleared in a dilution buffer (20 mM
Tris-HCI, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton
X-100) with 45 pl protein G or A Sepharose and 2 pl salmon
sperm DNA for 2 h at 4 °C. The pre-cleared samples were
divided equally and incubated with the indicated antibody
overnight at 4 °C. Then, protein G or A Sepharose was added
to each sample and incubated for 2 h at 4 °C. The beads
were washed with TSE I (20 mM Tris-HCI, pH 8.0, 2 mM
EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), TSE
II (20 mM Tris-HCI, pH 8.0, 2 mM EDTA, 500 mM NacCl,
0.1% SDS, 1% Triton X-100), buffer III (10 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 0.25 M LiCl, 1% deoxycholate, 1%
Nonidet P-40), and tris—-EDTA buffer (TE) sequentially. The
samples were heated at 65 °C for at least 6 h to reverse the
cross-links. The DNA was purified using a PCR Cleaning
Kit (Macherey—Nagel). Real-time PCR was performed to
detect the relative occupancy with the same Sat2 and a-Sat
primers described above.

Micrococcal nuclease (MNase) sensitivity assay

MNase sensitivity assay was carried out as previously
described (Li et al. 2018). Briefly, cells were washed with
cold PBS and lyzed with a nuclei extraction (NE) buffer
(10 mM Tris—HCI pH 8.0, 0.1 mM EDTA, 2 mM MgCl,,
2 mM CaCl,, | mM DTT, 0.2% (v/v) NP-40) on ice. The
resultant nuclei were washed twice with NE buffer, sus-
pended in NE buffer and digested at 25 °C for 5 min with
1 U/ml MNase. The reaction was stopped upon addition
of a stop buffer (50 mM Tris—HCI pH 8.0, 25 mM EDTA,
1% (w/v) SDS). The DNA was purified by incubating the
samples with 200 pg/ml proteinase K for 1 h at 55 °C, fol-
lowed by phenol—chloroform extraction and ethanol precipi-
tation. The DNA was resuspended in TE buffer and sepa-
rated by agarose gel electrophoresis and visualized using
ethidium bromide. Each line of the ethidium bromide gels
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was scanned, and profiles representing band intensity were
obtained using ImagelJ software (https://rsbweb.nih.gov/ij/).

Soft agar colony formation assay

Transfected HepG2 cells were counted using a hemocy-
tometer. Then, 5% 10° cells in 1 ml growth medium con-
taining 0.35% Noble agar (Difco) and G418 (800 pg/ml)
were overlaid on 1.5 ml 0.5% base agar medium in a 60-mm
culture dish. The cells were incubated at 37 °C in a humidi-
fied atmosphere of 95% air and 5% CO,, and the number of
colonies was counted 2 weeks later, after 0.005% crystal
violet staining.

Statistical analyses

Analysis of variances between two different experimental
groups was conducted with Tukey’s post hoc compari-
son test using SPSS (Version K12). All experiments were
repeated at least three times. A p <0.05 was considered sta-
tistically significant.

Results
TIP60 interacts with SUV39H1 in vivo and in vitro

Given the close association reported between SUV39H1
and TIP60, we first investigated the nature of the interac-
tion between these two proteins. To do so, we performed
a co-immunoprecipitation (Co-IP) assay in HEK293T and
HeLa cells, in which we over-expressed both TIP60 and
SUV39H1. An interaction between exogenous TIP60 and
SUV39H1 was readily detected (Fig. 1a). We also confirmed
an endogenous interaction between SUV39 and TIP60 by
Co-IP assay. While we observed an obvious interaction
between TIP60 and SUV39HI in the chromatin fraction
(Fig. 1b), TIP60 did not interact with another H3K9 meth-
yltransferase G9A, which is mainly that is responsible for
H3K9 mono- and di-methylation in euchromatin (Fig. 1b).

Importantly, a GST pull-down assay confirmed a
direct in vitro interaction between His-TIP60 and GST-
SUV39H1, which we had purified from E. coli (Fig. 1c).
Next we assessed the interactions between the full-length
(FL) or fragments of GST-SUV39H1 (1-412 aa; chro-
modomain containing fragment, 1-81 aa; middle region
fragment, 82-248 aa; and SET domain-containing frag-
ment, 249-412 aa) and HA-TIP60, which was puri-
fied from the HEK293T cell line. Here, we found that
HA-TIP60 interacted with the chromo domain-containing
and middle region fragment of GST-SUV39H]1, but not
with the SET domain (Fig. 1d, e). Similarly, we purified
FL or GST-TIP60 fragments (1-513 aa; Chromo domain
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Fig.1 TIP60 interacts with SUV39HI1 in vivo and in vitro. a Cell
lysates of HEK293T cells over-expressing HA-Flag-TIP60 and Flag-
SUV39H1 were subjected to immunoprecipitation (IP) with anti-
HA (upper panel) or anti-myc antibodies (lower panel), followed by
immunoblotting (IB) with anti-Flag or anti-HA antibodies. b chro-
matin fraction lysates of H1299 cells were subjected to IP with an
anti-TIP60 antibody (N-17), followed by IB with an anti-SUV39H1
and an anti-G9a antibody. ¢ GST-SUV39H1 and His-TIP60 were
purified from E. coli respectively. After mixture, incubation and pre-
cipitation with glutathione-Sepharose beads, proteins were subject to
IB with an anti-His antibody. The GST-fused proteins were stained
with Coomassie blue. d, e Full-length SUV39H1 and various trun-
cation mutants were purified from E.Coli. Whole-cell lysates derived

fragment, 1-68 aa; zinc finger region fragment, 69365 aa;
and HAT domain-containing fragment, 366513 aa.) and
myc-SUV39H1 for GST pulldown assays. Here, only the
zinc finger region fragments of TIP60 bound to SUV39H1

E|
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from HEK293T cells expressing HA-TIP60 were incubated with
glutathione-Sepharose beads containing GST, GST-SUV39H1-WT,
-Middle region, or —SET domain, respectively. After being washed,
the precipitated proteins were subjected to IB with anti-HA antibody.
The GST-fused proteins were stained with Coomassie blue. f, g Full-
length TIP60 and various truncation mutants were purified from E.
coli. Whole-cell lysates derived from HEK293T cells expressing myc-
TIP60 were incubated with glutathione-Sepharose beads contain-
ing GST, GST-TIP60-WT, -zinc finger, -chromo domain, or —-HAT
domain, respectively. After being washed, precipitated proteins were
subjected to immunoblot analysis with anti-HA antibody. The GST-
fused proteins were stained with Coomassie brilliant blue (CBB)

(Fig. 1f, g). Taken together, these data suggest that TIP60
directly interacts with SUV39HI1 in vitro and in vivo.
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Hydrogen peroxide treatment decreases
the interaction between TIP60 and SUV39H1

To investigate whether SUV39H1 is acetylated by TIP60, we
next transfected wild-type or mutant (catalytic defect) Flag-
TIP60 plasmids into H1299 cells. Then, we monitored the
acetylation levels of immunoprecipitated SUV39HI using
an anti-pan lysine acetylation antibody. Neither wild-type
nor mutant TIP60 over-expression increased SUV39H1
acetylation levels in vivo (Fig. 2a). Consistently, knock-
down of TIP60 did not decrease SUV39H1 acetylation
levels (Fig. 2b). In addition, SUV39H]1 protein levels were
unchanged when TIP60 was overexpressed or knocked down
in the H1299 cell line (Fig. 2c).

Next, we monitored the in vivo interactions between
TIP60 and SUV39H1 in the chromatin fraction in response
to different DNA damaging agents. The interaction between
SUV39H1 and TIP60 and SUV39H1 protein levels in chro-
matin were both decreased upon treatment with hydrogen
peroxide but not in the presence of other treatments, such
as adriamycin, hydroxyurea (HU) or UV light (Fig. 2d). In
addition, in the presence of a proteasome inhibitor, MG132,
and a lysosome inhibitor, chloroquine (CHQ), we were still
able to observe a dose-dependent decrease in the interac-
tion between SUV39H1 and TIP60 and a loss of SUV39H1
protein levels in chromatin induced by hydrogen peroxide
(Fig. 2e).

We also detected the common post-translational modi-
fications (PTMs) of both TIP60 and SUV39H]1, including
phosphorylation, acetylation and methylation. We found
that TIP60 phosphorylation and acetylation levels remained
unchanged by hydrogen peroxide treatment, while TIP60
methylation was barely detected (Fig. 2f). For SUV39H1,
its phosphorylation levels were remarkably decreased by
hydrogen peroxide treatment in a dose-dependent manner,
whereas its acetylation levels were only slightly increased
and methylation levels were unchanged (Fig. 2f).

Altogether, these results suggest that the
TIP60-SUV39HI interaction does not affect the acetylation
status or protein expression levels of SUV39HI1 at chroma-
tin. However, the affinity of this interaction is decreased in
response to a ROS-inducing treatment, such as hydrogen
peroxide, probably due to SUV39H1 dephosphorylation that
results in decreased SUV39H1 recruitment to chromatin.

SUV39H1 de-phosphorylation at T146 suppresses its
interaction with TIP60

We next determine whether SUV39H1 phosphorylation is
prerequisite for TIP60-SUV39H1 interaction. An online
phosphositeplus database (Hornbeck et al. 2015) predicted
four potential phosphorylation sites of SUV39H]1, i.e.,
Ser70, Thr146, Tyr279 and Ser391, which were tested in
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the following experiments (Fig. 3a). Plasmids of SUV39H1
with single-site mutation at each of these four sites (Ser-
ine/Threonine/Tyrosine mutated to Alanine which mimics
a de-phosphorylated status at each of these sites, i.e. S7TOA,
T146A, Y279A and S391A), were constructed and sepa-
rately introduced in H1299 cells. In the meantime, wild-type
SUV39HI1 plasmids were also introduced as control. As
shown in Fig. 3b and c, the TIP60-SUV39H1 interaction
was remarkably decreased for SUV39H1 (T146A) compared
with wild-type SUV39H]1, whereas the interactions detected
for other mutant SUV39H1 proteins were not different from
that for wild-type SUV39H1. Consistently, within chroma-
tin fraction, less TIP60 proteins interacted with SUV39H1
(T146A) mutant proteins, while more TIP60 proteins inter-
acted with SUV39H1 (T146D), a phosphorylated-mim-
icry mutant, compared with wild-type SUV39H1 proteins
(Fig. 3d). In addition, the affinity between TIP60 and mutant
SUV39HI1 (T146D) proteins remained strong after hydro-
gen peroxide treatment, whereas the interaction between
TIP60 and wild-type SUV39H1 was obviously decreased,
each compared with its corresponding non-treated control
(Fig. 3e). Moreover, the recruitment of mutant SUV39H1
(T146D) to chromatin remained mostly unchanged, while
the wild-type SUV39H1 recruitment to chromatin was
decreased by treatment of hydrogen peroxide (Fig. 3f).
These data suggested that de-phosphorylation of SUV39H]1
at T146 is responsible for the decreased TIP60-SUV39H]1
interaction and thus less SUV39H1 recruitment to chromatin
after hydrogen peroxide-treatment.

TIP60 recruits SUV39H1 to chromatin

Based on the above observations, we hypothesized that the
localization of SUV39H1 to chromatin might be regulated
by TIP60. To prove our hypothesis, we knocked down TIP60
in HCT1299 cells to detect any alterations in SUV39H1
levels in the chromatin fraction. Indeed, we found that
SUV39H1 levels in the chromatin fraction were remarkably
decreased when TIP60 was depleted (Fig. 4a). To confirm
this result, we transfected SUV39H]1 plasmids into H1299
cells with or without TIP60 knockdown. Here, both the
endogenous and exogenous SUV39H1 protein levels in the
chromatin fraction were remarkably decreased when TIP60
was depleted (Fig. 4b). In addition, a wild-type TIP60 or a
Zinc Finger domain deleted (AZNF) mutant TIP60 that loses
the ability to interact with SUV39H1, was re-introduced in
TIP60 knockdown cells to rescue the expression levels of
TIP60, and then the SUV39H1 recruitment to chromatin was
detected (Fig. 4c). As expected, the decreased SUV39H]1
recruitment to chromatin in TIP60 knockdown cells was not
rescued by AZNF TIP60 re-expressing cells, but was recov-
ered in wild-type re-expressing cells (Fig. 4c).
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Fig.2 Decrease of the interaction between TIP60 and SUV39HI1
in response to ROS. a The H1299 cells were transfected with wild-
type or mutant TIP60 for 48 h. The chromatin fraction was immu-
noprecipitated (IP) with anti-SUV39H1 antibody, then the acetylation
levels of SUV39H1 were detected by immunoblotting (IB) with an
anti-lysine acetylation antibody. The lower panel showed the levels of
over-expressed TIP60 detected by IB. b H1299 cells were pretreated
with IP60 siRNA for 72 h. The chromatin fraction was IP with anti-
SUV39H1 antibody, then the acetylation levels of SUV39H1 were
detected by IB with an anti-lysine acetylation antibody. ¢ In H1299
cells over-expressing TIP60 or those pretreated with the TIP60
siRNA for 72 h, the total protein was extracted and IB was performed
with the indicated antibodies. d H1299 cells were treated with 1 pM

Chromatin

Chromatin

adriamycin, 1 mM Hydroxyurea (HU) or 1 mM hydrogen peroxide
for 6 h, or subject to UV radiation at a dosage of 10 J/m2 The chro-
matin fraction lysates were subjected to IP with anti-TIP60 antibody
(N-17), followed by IB with an anti-SUV39H1 antibody. e H1299
cells were pre-treated with MG132 (1 pM) and CHQ (50 pM), and
then treated with hydrogen peroxide at different concentrations for
6 h. The chromatin fraction lysates were subjected to IP with an
anti-TIP60 antibody (N-17), followed by IB with an anti-SUV39H1
antibody. f TIP60 (left) and SUV39HI1 (right) in the chromatin frac-
tion were IP and tested for post-translational modifications with or
without treatments of hydrogen peroxide at 0.5 mM or 1 mM. WCL,
whole-cell lysate; CTR, control; Ns, non-silencing siRNA
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Fig.3 SUV39H1 de-phosphorylation at T146 suppresses TIP60-
SUV39H]1 interaction in response to hydrogen peroxide. a diagram
showing four potential sites of SUV39H1 phosphorylation, i.e. S70,
T146, Y297, S391, that were documented in phosphositePlus website
(https://www.phosphosite.org’/homeAction.action). b De-phosphoryl-
ated-mimicry mutant SUV39HI1 plasmids with site mutations (S/T/Y
mutated to A) at each of these four sites and wild-type SUV39H1
were separately introduced in H1299 cells. TIP60-SUV39H1 was
co-immunoprecipitated by a TIP60 antibody from whole-cell lysates,
and SUV39H1 was detected by Western Blotting using a myc-tag
antibody. The expression levels of SUV39H1 proteins in whole-cell
lysate was also detected. ¢ Chromatin factions of the same above
groups of cells were extracted. The introduced SUV39H1 proteins
were immunoprecipitated by a myc-tag antibody. The TIP60 levels
that were co-immunoprecipitated by the standardized same amount of

Next, we investigated whether SUV39H1 levels in chro-
matin were decreased by hydrogen peroxide treatment. As
expected, the abundance of SUV39H1 in chromatin was
reduced by hydrogen peroxide treatment in a dose-depend-
ent manner (Fig. 4d); however, the total protein levels of
SUV39HI1 remained unchanged (Fig. 4d). Moreover, when
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Chromatin

SUV39H1 proteins of each group were detected by Western blotting.
d Wild-type, T146A mutant and T146D mutant SUV39H1, a phos-
phorylated-mimicry mutation proteins, were separately introduced in
H1299 cells. Chromatin fracture was extracted, and the TIP60 levels
that were co-immunoprecipitated by the standardized same amount
of SUV39HI1 proteins of each group were detected by Western blot-
ting. e Cells expressing wild-type, T146D mutant SUV39H1 were
treated or not treated by hydrogen peroxide at concentrations of
500 pM, 1000 pM, chromatin factions were extracted. Similarly, the
TIP60 levels that were co-immunoprecipitated by the standardized
same amount of SUV39HI1 proteins of each group were detected by
Western blotting. f exogenous SUV39H1 and TIP60 protein levels in
chromatin were detected by Western blotting in cells that overexpress
wild-type, T146D mutant SUV39H1 and were treated or not treated
by hydrogen peroxide at concentrations of 500 pM, 1000 pM

we over-expressed wild-type or a catalytic inactive TIP60
mutant in H1299 cells, and then treated the cells with
1 mM hydrogen peroxide for 6 h, we found that the hydro-
gen peroxide-mediate decrease in SUV39H]1 in chromatin
levels were reversed (Fig. 4e).


https://www.phosphosite.org/homeAction.action

Genome Instability & Disease (2020) 1:339-355 347
a d
Ns TIP60-siRNA S o
H202 Q \QQ '],Q 9)QQ Q,QQ \QQ uM
. [ SUV39H1
[ TIP60 Chromatin
H3
Chromatin S
H20: Q '\QQ ‘19Q bQQ CbQQ ,\QQ uM
b
SUV39H1
WCL | E—
TIP60 siRNA — — + + —
% < exogeneous SUV39H1
g < endogeneous SUV39H1
<
e
myc (SUV39H1 O
3 & >
S | S s &S
R & S
H20:2 - + - + - +
C
TIP60 siRNA — + — +
Wild-Type TIP60-HA —  — 4+  — 3
AZNF TIP60-HA — — — + sl
Chromatin
-

Chromatin

Fig.4 TIP60 is required for the recruitment of SUV39H1 to chro-
matin. a H1299 cells were treated with non-specific or TIP60 siRNA
for 72 h. Then SUV39HI and TIP60 protein levels in the chromatin
fractions were checked by immunoblotting (IB). H3 served as a load-
ing control. b H1299 cells were treated with non-specific or TIP60
siRNA for 36 h. Then vector or SUV39H1 were transfected for 36 h.
The cells were harvested and the chromatin fractions were tested
for SUV39H1 and TIP60 protein levels by IB. H3 served as a load-
ing control. ¢ TIP60 was knocked down by RNA interfering for 72 h
in H1299 cells. An RNA interfering-resistant wild-type TIP60 or a
ZNF-domain-deleted mutant TIP60, which loses its interaction with
SUV39H1, was introduced into cells by transfection 24 h after TIP60

RNAI, and continue to incubate for 48 h. Chromatin fracture was
obtained and SUV39H1 recruitment to heterochromatin is detected
by Western Blot. d H1299 cells were treated with hydrogen peroxide
at different concentrations for 6 h. Then, SUV39H1 or TIP60 protein
levels in the chromatin fraction and total protein lysates were tested
by IB, using H3 or actin as loading controls for chromatin or total
cell lysates, respectively. e H1299 cells were transfected with wild-
type TIP60 and mutant-TIP60 or vector for 42 h and then treated with
1 mM hydrogen peroxide for 6 h. SUV39H1 and TIP60 protein levels
in the chromatin fractions were tested by IB. H3 served as a loading
control. Ns, non-silencing siRNA; WCL, whole-cell lysate
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These results suggest that hydrogen peroxide or TIP60
knockdown induces the detachment of SUV39H1 from chro-
matin due to an alleviation of the TIP60-SUV39HI1 interac-
tion. This detachment is not dependent on TIP60 enzymatic
activity.

TIP60 regulates the H3K9me3 levels
through SUV39H1

Because SUV39H1 is mainly responsible for catalyzing
histone H3K9me3 levels in vivo, we investigated whether
TIP60 modulates H3K9me3 levels through SUV39H1. To
do so, we over-expressed SUV39HI1 in TIP60 knockdown
or untreated H1299 cells. We found that TIP60 knockdown
resulted in decreased H3K9me3 levels in both SUV39H1
over-expressed and untreated cells (Fig. 5a). Consistently,
HepG?2 cells with stable TIP60 knockdown also exhib-
ited lower H3K9me3 levels compared with TIP60 intact
cells (Fig. 5b). Accordingly, the H3K9 mono-methylation
(H3K9mel) and di-methylation levels (H3K9me2) increased
when TIP60 was knocked down, as a result of decreased
formation of H3K9me3 (Fig. 5a and b). In addition, re-
expressing wild-type TIP60 rescued the H3K9me3 levels,
whereas re-expressing AZNF mutant TIP60 that is unable
to recruit SUV39HI cannot restore the H3K9me3 levels
(Fig. 5¢), which is consistent with the levels of SUV39H1
recruitment shown in Fig. 4c under the same experimental
conditions.

In addition, we found that hydrogen peroxide could
induce a dose-dependent decrease in H3K9me3 levels
(Fig. 5d). Next, we over-expressed wild-type TIP60 or
mutant TIP60 in H1299 cells and then treated the cells with
1 mM hydrogen peroxide for 6 h. Here, we found that TIP60
over-expression increased the H3K9me3 levels that were
decreased by hydrogen peroxide treatments (Fig. 5e). The
H3K9me3 levels were consistent with the TIP60-dependent
recruitment of SUV39HI1 to chromatin (Fig. 4e), which is
also independent of the enzyme activity of TIP60 (Fig. Se).
In summary, TIP60 seems to promote H3K9me3 by recruit-
ing SUV39H1 to chromatin.

TIP60 has a key role in maintaining heterochromatin
stability

Based on the role of TIP60 in modulating SUV39H1 and
H3K9me3, we next investigated the impact of TIP60 on
heterochromatin structure. The expressions of centromeric
satellite repeats, satellite 2 (Sat2) and a-satellite (a-Sat), are
all well recognized as markers of heterochromatin relaxa-
tion and thus were evaluated in following experiments; these
genes are transcribed when the heterochromatin region is
relaxed (Wang et al. 2013). A qPCR analysis showed that
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Sat2 and a-Sat mRINA expression were both increased when
TIP60 was knocked down (Fig. 6a). Accordingly, quantita-
tive ChIP (qChIP) assay showed that H3K9me3 levels were
down-regulated in both Sat2 and a-Sat loci when TIP60 was
knocked down (Fig. 6b).

We also found that hydrogen peroxide treatment resulted
in an increase in Sat2 and a-Sat expression (Fig. 6¢). Accord-
ingly, the H3K9me3 levels were down-regulated in both
Sat2 and a-Sat loci in response to hydrogen peroxide treat-
ment (Fig. 6d). To further investigate the role TIP60 plays
during this ROS response, we over-expressed wild-type or
mutant TIP60 in H1299 cells and subsequently treated them
with hydrogen peroxide. We found that both wild-type and
mutant TIP60 could decrease Sat2 and a-Sat expression that
had been increased by ROS treatment (Fig. 6e). Moreover,
TIP60 restored SUV39H1 and H3K9me3 levels that had
been decreased in the Sat2 and a-Sat loci by ROS treatment
(Fig. 6f-h). These findings support that TIP60 helps to main-
tain heterochromatin structure in an H3K9me3-dependent
manner. Notably, the alterations of H3K9me3 levels were
consistent with those of chromatin recruitment of SUV39H1
(Fig. 5) under the same experimental conditions, suggesting
that TIP60-induced H3K9me3 is dependent of SUV39H1
recruitment to chromatin.

TIP60 maintains genome stability and preserves cell
survival in response to ROS

The relaxation of heterochromatin may result in genome
instability (Wang et al. 2013). Therefore, we investigated
if TIP60 helps to maintain genome stability. We evaluated
genome instability by performing a quantitative micrococcal
nuclease (MNase) sensitivity assay in TIP60-overexpressing
or TIP60 knockdown H1299 cells as well as their corre-
sponding control cells, with or without hydrogen peroxide
treatment. We found that hydrogen peroxide could mark-
edly induce genome instability, which was reversed upon the
over-expression of wild-type or mutant TIP60 (Fig. 7a, b).
We obtained similar results when knocking down TIP60 in
H1299 cells (Fig. 7a, b). In addition, we further confirmed
that overexpression of wild-type SUV39H1 can reverse the
hydrogen peroxide-induced genome instability (Fig. 7c, d).
Moreover, overexpression of T146D mutant SUV39HI1 that
preserves its recruitment to chromatin led to a more remark-
able effect in reversing the genome instability induced by
hydrogen peroxide compared with overexpression of wild-
type SUV39H1 (Fig. 7c, d).

We next examined if TIP60 influences the colony-
forming abilities of hydrogen peroxide-pretreated or
non-treated HepG2 cells. We found that hydrogen per-
oxide could decrease the colony numbers from 121 to 54
per 5000 cells in average. However, over-expression of
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Fig.5 TIP60 is involved in regulating the H3k9me3 levels through
SUV39H1. a H1299 cells were treated with non-specific or TIP60
siRNA for 36 h, and then transfected with vector or SUV39H1 for
36 h. Histones were extracted and detected by IB for H3K9 methyla-
tion levels. b Histones from TIP60 stably knocked down HepG2 cells
and control cells were extracted and detected by Western blotting for
H3K9 methylation levels. H3 served as a loading control and H4K12
acetylation as a positive control. ¢ Chromatin fractions were sepa-
rately extracted from control and TIP60 knockdown H1299 cells with
or without re-expression of wild-type TIP60 or ZNF-domain-deleted
mutant TIP60. Then H3K9me3 levels were detected accordingly

TIP60 resulted in an increase in colony formation abil-
ity in hydrogen peroxide-pretreated cells (Fig. 7e, f).
These results demonstrate that TIP60 has a key role in

in the non-treated, TIP60 knockdown, wildtype-TIP60-rescued and
ZNF-domain-deleted mutant TIP60-rescued TIP60 knockdown cells
by Western Blotting. d H1299 cells were treated with hydrogen per-
oxide at different concentrations for 6 h. Histones were extracted and
H3K9me3 levels were detected by IB. H3 served as a loading con-
trol. e H1299 cells were transfected with wild-type or mutant TIP60
or vector only for 42 h and then treated with 1 mM hydrogen peroxide
for 6 h. Histones were extracted and H3K9me3 levels were detected
by IB. H3 served as a loading control. WCL, whole-cell lysate; Ns,
non-silencing siRNA

preserving genome stability in response to ROS treat-
ments, resulting in increased cell survival against ROS
(Fig. 8).
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Fig.6 TIP60 participates in maintaining of the heterochroma-
tin structure. a H1299 cells were treated with non-specific RNA or
TIP60 siRNA for 72 h. Then mRNAs were extracted and Sat2 or
a-Sat expression levels were detected by qPCR. GAPDH gene expres-
sion was determined for normalization. b H1299 cells were treated
with non-specific RNA or TIP60 siRNA for 72 h. Then a ChIP
assay using an H3K9me3 antibody was performed and the levels
of precipitated Sat2 or a-Sat DNA fragments were tested by qPCR.
¢ H1299 cells were treated with 1 mM H,O, for 6 h. Then mRNA
was extracted and tested for mRNA levels of Sat2 or a-Sat by qPCR.
GAPDH gene expression was determined for normalization. d H1299
cells were treated with 1 mM H,0, for 6 h. Then a ChIP assay using
an H3K9me3 antibody was performed and the levels of precipi-
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tated Sat2 or a-Sat DNA fragments were tested by qPCR. e H1299
cells were transfected with wild-type or mutant TIP60 or vector for
42 h, and then treated with 1 mM hydrogen peroxide for 6 h. mRNA
expression levels of Sat2 or a-Sat evaluated by qPCR. GAPDH gene
expression was used for normalization. f, g, h H1299 cells were trans-
fected with wild-type or mutant TIP60 or vector for 42 h and then
treated with 1 mM hydrogen peroxide for 6 h. Levels of TIP60 (f),
SUV39H1 (g) and H3K9me3 (h) antibody-precipitated Sat2 or
a-Sat DNA fragments were tested by gPCR. The data represent the
means+SD (n=3). The data represent the means+SD (n=3). *
P<0.05; **P<0.01; ***P<0.001 (ANOVA with Tukey’s post hoc
test)
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Fig.7 TIP60 is critical for genome stability maintenance and resist-
ance to ROS cytotoxicity. a left panel, H1299 cells were transfected
with wild-type or mutant TIP60 or vector only for 42 h and then
treated with 1 mM hydrogen peroxide for 6 h. A micrococcal nucle-
ase (MNase) sensitivity assay was performed. Indicated cells were
digested with MNase for 2 min at 37 °C, and the genome DNA was
subsequently extracted and separated on a 1.2% agarose gel. Right
panel, the same experiments were performed with H1299 cells that
were interfered with non-specific or TIP60 siRNA for 72 h. b The
intensity of each lane in a was consecutively quantified using Quan-
tity One software (Bio-Rad). N1-N5 indicate the number of nucle-
osomes in each oligonucleosome. ¢ H1299 cells were transfected
with wild-type SUV39H1 or T146D mutant SUV39H1 for 48 h and
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then treated with 1 mM hydrogen peroxide for 12 h. Indicated cells
were digested with MNase for 2 min at 37 °C, and the genome DNA
was subsequently extracted and separated on a 1.8% agarose gel. d
The intensity of each lane in ¢ was consecutively quantified using
Quantity One software (Bio-Rad). e, f TIP60 stably over-expressing
and control cells were treated with 1 mM H,0,. Then, 5x 10° cells
in 1 ml growth medium containing 0.35% Noble agar (Difco) and
G418 (800 pg/ml) were overlaid on 1.5 ml 0.5% base agar medium
in a 60-mm culture dish. The cells were incubated at 37 °C in a moist
atmosphere of 95% air and 5% CO2; 2 weeks later, the colonies were
enumerated after 0.005% crystal violet staining (f). The data repre-
sent the means+SD (n=3). * P<0.05; **P<0.01; (ANOVA with
Tukey’s post hoc test). Ns, non-silencing siRNA
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Fig.8 A proposed model for the role of TIP60 in regulating
SUV39H1 protein and genome stability. TIP60 directly binds to
SUV39H1 in vivo. This interplay recruits SUV39H1 to chromatin to
catalyze H3K9me3, maintain compact heterochromatin structure and
preserve genome stability. Oxidative stress compromises the TIP60—
SUV39H1 interaction and promotes heterochromatin relaxation and
genome instability

Discussion

Prior to our study, the detailed mechanisms underlying
how TIP60 regulates heterochromatin and genome stabil-
ity had not been fully explored. Here, we identified a direct
TIP60-SUV39HI1 interaction that permits TIP60 to recruit
SUV39HI1 to chromatin, independent of its enzyme activ-
ity. Hydrogen peroxide treatment inducing ROS interrupts
this interaction and thus compromises SUV39HI1 recruit-
ment to chromatin. As a consequence, the heterochromatin
H3K9me3 levels decrease, and the heterochromatin structure
relaxes, resulting in genome instability and inhibited cell
proliferation in response to oxidative stress (Fig. 8).

We identified that the TIP60 binding partner SUV39H1
frequently undergoes post-translational modifications. These
PTMs are closely associated with the protein functions of
SUV39HI1. For example, SUV39H1 is acetylated within the
SET domain, which alleviates its in vivo activity (Vaquero
et al. 2007). Additionally, MDM2-dependent SUV39H1
ubiquitination mediates its degradation, resulting in genome
instability (Mungamuri et al. 2016; Wienken et al. 2017).
Moreover, our own previous work identified SUV39H1
methylations catalyzed by SET7/9 promotes genome insta-
bility and ultimately cell death as a result of DNA damage
(Wang et al. 2013). Despite these important prior advances,
our study is the first to identify a direct TIP60—SUV39H1
interaction that neither catalyzes SUV39H1 acetylation
nor affects its stabilization, but rather mediates SUV39H1
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recruitment to chromatin. This effect is likely because the
TIP60 HAT domain is not involved in the TIP60—-SUV39H1
interaction.

ROS can have a wide influence on the PTMs of vari-
ous proteins. For example, ROS can induce S6K-mediated
PTEN phosphorylation, which increases its interaction with
USP7, causing a decrease in PTEN mono-ubiquitination
(Wu et al. 2014). In addition, ROS induces the demethyla-
tion of transcriptional factor Spl and thereby increases the
Sp1-SUV39H1 interaction and SUV39H1 recruitment to the
promoter region of Cyclin B1, resulting in transcriptional
silencing of Cyclin B1 (Chuang et al. 2011). We previously
showed that ROS treatment-induced UNG?2 deacetylation,
resulting in its decreased interaction with UHRF1 (Bao
et al. 2020). Here in this study, we not only discovered that
SUV39H1 was de-phosphorylated in response to ROS treat-
ment but also demonstrated, for the first time, that SUV39H
phosphorylation at site T146 promotes the TIP60-SUV39H1
interaction and SUV39H]1 recruitment to heterochromatin.
Interestingly, the previous study reported that hydrogen
peroxide may up-regulate Sirtl that in turn deacetylate
SUV39HI1 at K266 (Vaquero et al. 2007) and stabilize the
protein, although the acetylation levels of SUV39H1 were
not directly investigated in their study (Bosch-Presegue
et al. 2011). However, in our study, SUV39H1 acetylation
levels in the chromatin were somehow increased at chroma-
tin fraction in response to ROS treatment. In addition, our
results suggest that the ROS-decreased SUV39H1 levels at
chromatin were resulted from less SUV39HI recruitment
to chromatin rather than SUV39H1 degradation. Moreo-
ver, we observed that the overall SUV39H]1 protein levels
remained unchanged after ROS treatment, suggesting that
the increased acetylation of SUV39HI1 at chromatin that
found in our study probably may not be associated with Sirt1
activity. Furthermore, these evidences might also suggest
that SUV39H]1 protein may react differently depending on
different cell lines or tissues upon ROS stress. The functions
and mechanisms of SUV39H1 acetylation as well as other
modifications in response to ROS remain to be explored.

Both TIP60 and SUV39H]1 are closely implicated in DDR
pathways (Ikura et al. 2000; Wang et al. 2013). As such,
the TIP60-SUV39H1 interaction might function in DNA
repair processes. ROS induce various types of DNA dam-
age, including base oxidization, nucleotide damage, inter-
strand DNA cross-links and single-strand breakage (Hong
and Greenberg, 2005; Pietrzak et al. 2018). As a result,
multiple DDR pathways—including base excision repair
(BER), nucleotide excision repair (NER), mismatch repair
(MMR) and ICL repair signaling—are profoundly activated
in response to oxidative stress (Bao et al. 2020; Pietrzak
et al. 2018; Shafirovich and Geacintov, 2017). This para-
digm differs from the DDR pathways such as ATR—Chk1
signaling that specifically responds to replication stress, or
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homologous recombination (HR) and non-homologous end
joining (NHEIJ) that respond to DSBs. ROS can also directly
modify lipids/proteins by oxidization, and impact multiple
biological pathways including metabolism, inflammation
and autophagy (Forrester et al. 2018). Therefore, the cel-
lular response to ROS is especially complicated when com-
pared with other genotoxic reagents. This situation might
explain why decreased SUV39H1 recruitment to chroma-
tin by TIP60 is induced only by hydrogen peroxide but not
UV (inducing pyrimidine dimer), HU (inducing replication
stress) or adriamycin (inducing DSB).

SUV39HI1 recruitment to chromatin is essential for main-
taining H3K9me3, a hallmark of mammalian heterochro-
matin (Hyun et al. 2017) and the docking site for hetero-
chromatin protein lo and p (HP1o and HP1p). HP1o/HP1§
can interact with SUV39H1 and thereby recruit SUV39H1
to heterochromatin to maintain H3K9me3 levels (Grezy
et al. 2016; Hyun et al. 2017). Upon activation of the DNA
damage response, however, TIP60 is recruited by the MRN
complex to H3K9me3 sites instead of HP1p. This event con-
stitutes an essential step to activate TIP60 acetyltransferase
activity necessary for DNA repair signaling. Heterochroma-
tin-localized TIP60 is thus specifically important for DNA
damage repair (Sun et al. 2009). We further propose that
TIP60 mediates SUV39H1 recruitment to heterochromatin
to maintain genome stability, representing a novel function
of TIP60 during the DDR. In addition, because H3K9me3
is a dynamic docking site for TIP60 during the DDR (Sun
et al. 2009), our data suggest that TIP60 will recruit more
SUV39HI1 to the heterochromatin as a positive feedback
mechanism to ensure heterochromatin structure and preserve
genome resilience against DNA damage (Wang et al. 2018).

The relationship between chromatin structure and genome
stability is complex. For example, DNA damage increases
H3K9 acetylation and accordingly decreases H3K9 methyla-
tion at damage sites due to mutual exclusivity between these
two modifications (Hou et al. 2020; Nicolas et al. 2003). As
a result, the chromatin structure is relaxed to facilitate the
recruitment of DNA repair proteins and to ultimately ensure
genome stability. Heterochromatin also relaxes to promote
DNA repair protein recruitment and genome stability (Nair
et al. 2017; Vargaweisz 2001). However, heterochromatic
DNA is highly compacted by proteins such as HP1o/f in
heterochromatin, which protect the DNA from damage
(Luijsterburg et al. 2009). Therefore, the relaxation of the
heterochromatin will result in increased genome instabil-
ity and subsequently cell death (Wang et al. 2013). Now
we demonstrate the existence of a similar paradox between
ROS-modulated chromatin structure and genome stability.
Previous studies already noticed that ROS treatments can
result in chromatin relaxation, which facilitates the transcrip-
tion of DNA repair proteins and ultimately ensures genome
stability and cell survival against ROS (Wang et al. 2020b;

Whongsiri et al. 2019). Our findings, however, have dem-
onstrated a novel pathway by which hydrogen peroxide can
interrupt the TIP60—SUV39H1 interaction, thus relaxing the
heterochromatin and compromising genome instability. The
overall result is an increase in cell death.

Because heterochromatin-dependent genome stabil-
ity is vital for cell survival against oxidative stress (Choi
et al. 2018), our mechanism highlights TIP60 as a specific
therapeutic target to sensitize cancer cells to ROS-mediated
heterochromatin relaxation, genome instability and cyto-
toxicity. Combined treatments involving ROS and DNA-
damaging agents indeed have synergistic anti-cancer effects
and thus hold promise as clinical cancer treatments (Cottini
et al. 2015). Therefore, our data strengthen the biological
foundation for the utility of these combined treatments of
ROS-generating agents and DNA-damaging agents (such
as TIP60 and SUV39H1 inhibitors) during cancer treat-
ment. However, mice models are still needed to assess the
therapeutic effects of TIP60-silencing or disrupted TIP60-
SUV39HI interaction. In addition, typical ROS-generating
agents, such as hydrogen peroxide used in our study, cannot
be directly used in clinical treatment. Fortunately, there are
clinical chemicals that also promote ROS generation, such
as piperlongumine (Huang et al. 2016), cisplatin and pacli-
taxel (Wang et al. 2020a), and thus could be candidates of
substitute for hydrogen peroxide. Still, a screening of these
ROS-generating therapeutic agents is needed to determine
which drugs are best suitable for combined use with DNA
damaging agents.

In summary, we have identified a novel function of TIP60
to recruit SUV39H1 to heterochromatin, to maintain het-
erochromatin structure, preserve genome stability and thus
facilitate cell survival in response to oxidative stress, which
inspires therapeutic strategy to inhibit TIP60 and exacerbate
ROS-induced cancer cytotoxicity. Questions now remain as
to whether potential inhibitor could be developed to selec-
tively decrease the protein levels of TIP60 or to disrupt
TIP60-SUV39H1 interaction, as our results indicated that
the genome stability maintained by TIP60 is independent
of its enzyme activity. As such, further work that investi-
gates how the transcript or protein levels of TIP60 can be
specifically targeted and inhibited is now warranted. Once
we understand a detailed mechanism controlling the tran-
scriptional inactivation or protein degradation of TIP60, we
might be well positioned to design novel anticancer thera-
pies based on targeting TIP60-dependent heterochromatin
structure/genome stability and sensitizing cancer genome
to ROS-generating agents.
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