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ABSTRACT

SIRT6 deacetylase activity improves stress resis-
tance via gene silencing and genome maintenance.
Here, we reveal a deacetylase-independent function
of SIRT6, which promotes anti-apoptotic gene ex-
pression via the transcription factor GATA4. SIRT6 re-
cruits TIP60 acetyltransferase to acetylate GATA4 at
K328/330, thus enhancing its chromatin binding ca-
pacity. In turn, GATA4 inhibits the deacetylase activ-
ity of SIRT6, thus ensuring the local chromatin acces-
sibility via TIP60-promoted H3K9 acetylation. Signif-
icantly, the treatment of doxorubicin (DOX), an anti-
cancer chemotherapeutic, impairs the SIRT6–TIP60–
GATA4 trimeric complex, blocking GATA4 acetylation
and causing cardiomyocyte apoptosis. While GATA4
hyperacetylation-mimic retains the protective effect
against DOX, the hypoacetylation-mimic loses such
ability. Thus, the data reveal a novel SIRT6–TIP60–
GATA4 axis, which promotes the anti-apoptotic path-
way to prevent DOX toxicity. Targeting the trimeric
complex constitutes a new strategy to improve the
safety of DOX chemotherapy in clinical application.

INTRODUCTION

Anthracyclines, including doxorubicin (DOX), are widely
used as efficacious chemotherapeutics, but cause se-
vere dose-dependent cardiotoxicity (1,2). Anthracycline-

induced heart failure is largely due to myocyte apoptosis
(3). GATA4, a member of the GATA transcription factor
family with the ability to bind the consensus DNA mo-
tif ‘GATA’, plays critical roles in myocardial differentia-
tion and function (4–6). GATA4 activates the transcrip-
tion of anti-apoptotic gene Bcl-2 and Bcl-xL etc., which
protect against myocyte death induced by DOX (3,7–9).
Upon the DOX treatment, GATA4 is rapidly downregu-
lated at both both transcript and protein levels (3,10–12).
Intriguingly, GATA4 overexpression causes cardiac hyper-
trophy (13). These findings suggest that GATA4 might un-
dergo additional layers of fine-tuned regulation, which mer-
its further examination before applying GATA4 restoration
as a clinical strategy to prevent DOX-induced cardiotoxic-
ity (3,7,14).

SIRT6 belongs to the highly conserved family of NAD+-
dependent sirtuins, which deacetylate histones and non-
histone substrates to modulate chromatin stability and
restrict transcription (15–17). Through these functions,
SIRT6 maintains organismal health and protects against
aging and various diseases, including cancers and metabolic
disorders (18–21). SIRT6 is implicated in protecting against
cardiac hypertrophy and heart failure by deacetylating
H3K9 to repress IGF-Akt (22,23) and NF-�� signal-
ing (24,25). Cardiac Sirt6 is sensitive to stress stimuli,
i.e. angiotensin II, isoproterenol and ischemia/reperfusion-
induced reactive oxygen species (ROS) and DOX (23,26–
28). Exercise during pregnancy protects neonatal cardiomy-
ocytes against DOX toxicity, accompanied by the increased
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expression of SIRT6 (29). Despite these advances, how
SIRT6 protects cardiomyocytes against DOX are unclear.

Here, we demonstrated a novel, deacetylase-independent
mechanism by which SIRT6 protects against DOX-induced
cardiomyocyte death. Our data suggest that targeting the
non-catalytic function of SIRT6 may enhance the safety of
DOX chemotherapy.

MATERIALS AND METHODS

Cell culture and treatments

HEK293 (CRL-1573) and H9C2 (GNR-5) cells were pur-
chased from ATCC. Wild-type (WT) and Sirt6−/− mouse
embryonic fibroblasts (MEFs) were obtained as previ-
ously described (30). SIRT6 knockout (KO) HEK293 cell
lines were generated using the CRISPR/Cas9 system, as
described previously (21). Primary neonatal mouse car-
diomyocytes were prepared with a standard procedure (31).
Briefly, hearts from 1- to 3-day-old C57BL/6 mice were
isolated and incubated with digestion medium. After cen-
trifuging and plating, the viable cardiomyocytes formed a
monolayer with synchronized beating within two days of
culture. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies, USA) supple-
mented with 15% fetal bovine serum, 100 U/ml penicillin
and streptomycin at 37◦C in 5% CO2 and atmospheric oxy-
gen. The cells were treated with DOX at the indicated doses
for specific analyses.

Mice and DOX administration

Sirt6f/f mice were crossed with Myh6-cre/Esr1 mice to gen-
erate Sirt6f/f;Myh6-cre mice. To generate cardiac-specific
Sirt6 KO mice, 4-hydroxytamoxifen was injected intraperi-
toneally (i.p.) daily in Sirt6f/f;Myh6-cre mice for three con-
secutive days. After 1 month, the heart tissues were har-
vested and analyzed by PCR-based genotyping and quan-
titative PCR (qPCR). All mice were housed and handled in
the Laboratory Animal Research Center of Shenzhen Uni-
versity. All experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use
Committee (IACUC).

Plasmids and RNA interference

Human FLAG-GATA4 and FLAG-TIP60 constructs were
purchased from Vigene Biosciences (China). Human
FLAG-SIRT1, 2, 6 and 7 constructs were purchased from
Addgene (USA). FLAG-GATA4 and FLAG-SIRT6 with
amino acid substitutions were generated by PCR-based mu-
tagenesis using a KOD-PLUS kit (Toboyo, Japan). The
truncated SIRT6 and GATA4 plasmids were constructed
by PCR-based deletion based on the HA-SIRT6 and HA-
GATA4 templates. The primers used for mutagenesis are
listed in Supplemental Table S1.

For RNA interference, the cells were transfected
with small interfering RNAs (siRNAs) for 48 h using
Lipofectamine® 3000 (Invitrogen, USA), according to the
manufacturer’s instructions. Scrambled siRNAs were used
as a negative control. All siRNAs were purchased from
Gene Pharma (China), and their specific sequences are
included in Supplemental Table S1.

Cell transfection and colony formation assay

To establish stably transfected H9C2 cell lines, the
pcDNA3.1, GATA4, GATA4 2KR (K328/330R) and
GATA4 2KQ (K328/330Q) plasmids were digested with
PvuI nuclease for 30 min to linearize, and then individually
transfected into H9C2 cells with Lipofectamine®3000. The
medium was replaced after 24 h and supplemented with 2
mg/ml G418 for selection. After 10 days, stably transfected
cells were obtained, and their expression was confirmed by
western blotting.

For the colony-formation assay, the cells were seeded
in six-well plates in triplicate and cultured under normal
growth conditions in the presence or absence of DOX at the
indicated doses. After culturing for a further 10–14 days, the
cell colonies were stained with 0.5% crystal violet solution.
The number of colonies in each well was quantitated and
the surviving fraction was calculated.

Chromatin-bound fraction assay

The cells were carefully detached from the culture vessel in
1 ml cold PBS buffer and then pelleted by centrifugation
at 3000 × g for 1 min. The cell pellets were resuspended
with 500 �l Buffer A (10 mM HEPES, 10 mM KCl, 1.5 mM
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.1% Tri-
ton X-100, 10 mM Na3VO4 and protease inhibitor cock-
tail) and incubated on ice for 10 min. The cell lysates were
then centrifuged at 1300 × g for 5 min and supernatant
containing the cytosolic proteins was collected. The pellet
was washed once with Buffer A, and then lysed in 250 �l
Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 10
mM Na3VO4 and protease inhibitor cocktail). Following
incubation and centrifugation (1700 × g, 5 min), the pel-
let (chromatin-bound fraction) was obtained and denatured
with 1× SDS loading buffer.

Protein extraction, western blotting and antibodies

The mouse tissues were homogenized in 1 ml ice-cold tis-
sue lysis buffer (25 mM Tris–HCl, pH 7.5, 10 mM Na3VO4,
100 mM NaF, 50 mM Na4P2O7, 5 mM EGTA, 5 mM
EDTA, 0.5% SDS, 1% NP-40 and protease inhibitor cock-
tail). Following sonication, the lysates were centrifuged
at 16 000 × g for 10 min and then carefully collected.
The protein concentrations were determined using a Bicin-
choninic Acid kit (BCA; Thermo). Western blotting was
performed following a standard protocol. Anti-acetyl ly-
sine (CST, Ac-K-100, #6952), anti-poly/mono ADP ri-
bose (CST, #83732) and anti-Tip60 (CST, #12058) an-
tibodies were purchased from Cell Signaling Technology
(USA). Anti-GATA4 (ab84593), anti-SIRT6 (ab62739) and
anti-H3 (ab1791) antibodies were purchased from Abcam
(UK). Anti-P300 (sc48343) and anti-GST (sc138) antibod-
ies were purchased from Santa Cruz Biotechnology (USA).
Anti-H3K9ac (ABE18) was obtained from EMD Millipore
(USA) and anti-FLAG M2 was purchased from Sigma-
Aldrich (USA).

Co-immunoprecipitation (Co-IP) and pull-down assays

The co-immunoprecipitation assay was performed as previ-
ously described (32). Briefly, the cells were washed with cold
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PBS and harvested. The cell pellets were then resuspended
with 500 �l IP lysis buffer (20 mM Tris–HCl PH 8.0, 250
mM NaCl, 5 M sodium pyrophosphate, 1 mM sodium fluo-
ride, 10% glycerol, 2 mM EDTA, 10 mM Na3VO4, protease
inhibitor cocktail and 1 mM nicotinamide). Following son-
ication and centrifugation, the supernatant was collected
and incubated with anti-HA or anti-FLAG M2 agarose
(Sigma, USA) overnight at 4◦C on a rotating platform. The
beads were then washed three times with 1 ml cold lysis
buffer. To denature, 1× SDS loading buffer was added to
the samples and boiled at 98◦C for 6 min. The samples, in-
cluding the input (5%), were then analyzed by western blot-
ting.

For the in vitro pull-down assay, GST or GST-SIRT6
(1 �g)-conjugated GSH beads were suspended in NETN
buffer (20 mM Tris–HCl pH 8, 100 mM NaCl, 1 mM
EDTA, 0.5% NP40 and phosphatase and protease inhibitor
cocktail). The purified His-GATA4 proteins (0.2 �g) were
then added and incubated overnight at 4◦C, followed by
three washes with NETN buffer. The boiled eluates were
then separated and detected by Coomassie staining and
western blotting.

Luciferase reporter assay

HEK293 cells were transfected with a pGL3-Bcl-2-
promoter reporter, together with the expression plasmids
and a control pCMX�gal plasmid. The luciferase activ-
ity was measured using a luciferase reporter assay kit
(Promega, #E1501), according to the manufacturer’s in-
structions. The luciferase values were normalized according
to �-gal activity.

RNA preparation and real-time qPCR analysis

Total RNAs were extracted from cells or mouse tissues us-
ing Trizol® reagent RNAiso Plus (Takara, Japan) following
the phenol-chloroform extraction method. A cDNA library
was constructed from the purified RNAs using Prime Script
RT Master Mix (Takara, Japan) and the following thermal
cycling conditions: 37◦C for 40 min; 85◦C for 5 s. Gene ex-
pression was analyzed using a CFX Connected™ Real-time
PCR Detection System (Bio-Rad, USA) with SYBR Ex Taq
Premixes (Takara, Japan). Each experiment was performed
at least three times. The values were standardized to 18s
rRNA. The primers for qPCR are listed in Supplemental
Table S1.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as previously described (21).
Briefly, the cells were cross-linked and lysed with lysis buffer
(50 mM Tris–HCl pH 8.0, 2 mM EDTA, 15 mM NaCl,
1% SDS, 0.5% deoxycholate, protease inhibitor cocktail and
1 mM PMSF). Following sonication and centrifugation,
the supernatant was collected and precleared with protein
A/G Sepharose. The precleared samples were incubated
overnight with the indicated antibodies: anti-H3K9ac, anti-
SIRT6, anti-GATA4 antibody (2 �g/sample) and appro-
priate control IgGs. The bound DNA fragments were pre-
cipitated by supplementing with 50% suspension of protein

A/G Sepharose. Following washing sequentially with a se-
ries of buffers, the beads were heated to 65◦C to reverse the
cross-links. The DNA fragments were purified and analyzed
by qPCR. The primers used in this study are listed in Sup-
plemental Table S1.

TUNEL staining assay

DOX-induced cardiomyocyte apoptosis was evaluated us-
ing a Dead End™ Fluorometric TUNEL System (Promega,
G3250), according to the manufacturer’s instructions.
Briefly, the cells were fixed and incubated with a reaction
mixture containing terminal reoxynucleotidyl transferase
and Fluorescein-12-dUTP at 37◦C for 1 h. DAPI was used
to counterstain the nuclei. Five fields-of-view were ran-
domly selected, and images were captured under the mi-
croscope to calculate the TUNEL-positive staining rate for
each slice.

Fluorescence-activated cell sorting (FACS) assay

The H9C2 cells were treated with 1 �M DOX for 12 h and
then stained with FITC-Annexin V (Beyotime, C1062L)
and 7-AAD (BD Pharmingen) for live/dead cell discrimi-
nation. Flow cytometry analyses were performed using an
LSR-II flow cytometer and analyzed with FlowJo x7.5.

In vitro SIRT6 deacetylation assay

SIRT6 deacetylation assay was performed with the SIRT6
Activity Assay Kit (Fluorometric) (ab 156068, Abcam,
UK) following the manufacturer’s instructions. Briefly, bac-
terially purified GST-SIRT6 or GST-SIRT6 H133Y was
pre-incubated with purified His-GATA4, G4-13 peptide
(RKRKPKNLNKSKT) or G4-24 peptide (ACGLYMKL-
HGVPRPLAMRKEGIQT) (GL Biochem LTD, Shang-
hai, China), in the reaction buffer at 4◦C for 30 min.
Once the fluorophore-conjugated synthetic Ac-peptide was
added, the plate was moved to measure the fluorescence
intensity.

Statistical analyses

All values are expressed as the mean ± s.e.m. Statistical
differences among groups were determined using Student’s
t-test or two-way ANOVA using GraphPad Prism soft-
ware. Survival curve data were analyzed using a log-rank
(Mantel–Cox) test.

RESULTS

Sirt6 enhances anti-apoptotic gene expression against DOX
via Gata4

To determine how Sirt6 protects cell survival against DOX,
we assessed the RNA-seq data sets from two independent
Sirt6 null cell lines: mouse embryonic stem cells (mESCs)
(33) and mouse embryonic fibroblast cells (MEFs) (21). As
shown, Sirt6 depletion activates apoptotic pathway, with
dramatic decrease of anti-apoptotic gene expression, like
Bcl-2 and Bcl-xL (Supplemental Figure S1A, B). GATA4
transcription factor is pivotal for postnatal cardiomyocyte
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survival against DOX by direct targeting the promoter re-
gions of anti-apoptotic genes (3,7–9). Indeed, mRNA lev-
els of Gata4, Bcl-2 and Bcl-xL were all rapidly downreg-
ulated in H9C2 cells and primary mouse cardiomyocytes
upon DOX treatment (Figure 1A and Supplemental Figure
S1C). To further understand the causal link between Sirt6
and the Gata4/Bcl-2 pathway, we generated cardiac-specific
Sirt6 knockout in adult mice using the tamoxifen-inducible
�-myosin heavy chain (Myh6) Cre line, i.e. Sirt6f/f;Myh6-
Cre, which spontaneously develop heart failure (23). qPCR
analysis showed that Sirt6 depletion in mouse hearts signif-
icantly reduced Bcl-2 and Bcl-xL levels, with little effect on
GATA4 mRNA or protein expression (Figure 1B and Sup-
plemental Figure S1D). Sirt6 knockdown by siRNAs fur-
ther exacerbated the DOX-induced reduction of Bcl-2 and
Bcl-xL mRNA expression in H9C2 cells (Figure 1C and
Supplemental Figure S1E). By contrast, Sirt6 overexpres-
sion enhanced Bcl-2 and Bcl-xL expression levels and pro-
tected against the decline induced by DOX in mice (Figure
1D and Supplemental Figure S1F).

We then asked whether Sirt6 regulates anti-apoptotic
pathway via Gata4. To this end, we first compared the
down-regulated genes in Sirt6 null mESCs and the genes
that are bound by Gata4 obtained from chromatin im-
munoprecipitation and sequencing (ChIP-seq) in mESCs-
derived mesoderm (34). Intriguingly, almost 50% of down-
regulated genes caused by Sirt6 deficiency harbor Gata4
binding sites and gene ontology analysis revealed signifi-
cant enrichment of pathways regulating apoptosis (Supple-
mental Figure S1G, H and Supplemental Table S2). We thus
speculate that Sirt6 and Gata4 might cooperate in regulat-
ing anti-apoptotic gene expression. As described, GATA4
regulates cardiac Bcl-2 transcription by binding to the prox-
imal −266 GATA motif (P1) rather than the distal −1025
GATA motif (P2) (8). Interestingly, ChIP analysis demon-
strated that SIRT6 was also highly enriched at the P1 site
(Figure 1E, F). We then determined the luciferase activity
under transcriptional control of Bcl-2 promoter containing
the P1 motif. We found that ectopically expressed SIRT6
significantly elevated the Bcl-2 promoter (P1) -driven lu-
ciferase activity (Figure 1G). Moreover, SIRT6 overexpres-
sion enhanced the GATA4 occupancy at the P1 site (Figure
1H and Supplemental Figure S1I), but SIRT6 KD compro-
mised it (Figure 1I and Supplemental Figure S1J). Together,
these data suggest that SIRT6 enhances GATA4 chromatin
binding to promote anti-apoptotic gene expression.

GATA4 physically associates with SIRT6

As shown above, SIRT6 and GATA4 are both enriched at
the P1 promoter region and coordinate the transcription of
Bcl-2, suggesting that these two proteins may directly inter-
act. Indeed, we detected FLAG-GATA4 in anti-HA-SIRT6
immunoprecipitates in HEK293 cells expressing FLAG-
GATA4 together with or without HA-SIRT6 (Figure 2A).
Reciprocally, HA-SIRT6 was present in the purified pool of
FLAG-GATA4 from HEK293 cells expressing HA-SIRT6
together with or without FLAG-GATA4 (Figure 2B). To
confirm such interaction under physiological condition,
we did endogenous co-immunoprecipitation (CoIP) and
immunofluorescence microscopy in H9C2 cardiomyocytes.

Again, SIRT6 was detected in the anti-GATA4 immunopre-
cipitates and co-stained with GATA in the nucleus (Figure
2C, D). Next, we performed in vitro pull-down assay using
purified E. coli-expressing His-GATA4 and GST-SIRT6.
As shown, the result suggested a direct interaction between
GATA4 and SIRT6 (Figure 2E). GATA4 possesses two zinc
finger (Zn-finger) domains; the C-terminal Zn-finger is es-
sential for DNA and cofactor binding (35,36) (Figure 2F).
Domain mapping showed that SIRT6 specifically bound
GATA4 at C-terminal Zn-finger region (a.a. 251–350) (Fig-
ure 2G).

SIRT6 facilitates GATA4 acetylation independently of its
deacetylase activity

We next sought to figure out how SIRT6 entrains GATA4-
targeted gene expression. Of note, post-translational modi-
fications, particularly phosphorylation and acetylation, are
critical to GATA4 DNA-binding capacity and activation
(37–39). To examine whether SIRT6 modulates the acetyla-
tion level of GATA4, we IPed FLAG-GATA4 in HEK293
cells co-overexpressing GATA4 and SIRT6 and examined
its acetylation level using pan anti-acetyl lysine antibod-
ies. Rather surprisingly, the acetylation level of GATA4 was
markedly increased in the presence of ectopic SIRT6 (Fig-
ure 3A). Low level of GATA4 acetylation was detected in
the Sirt6-depleted cells (Supplemental Figure S2A). In ad-
dition to deacetylase activity, SIRT6 also possesses mono-
ADP-ribosylase (MAR) activity and could auto-MAR it-
self (40). However, no GATA4 MAR were observed, indi-
cating that GATA4 is less likely a MAR target of SIRT6
(Supplemental Figure S2B).

We next examined whether the increase of GATA4 acety-
lation requires deacetylase activity of SIRT6. Nicotinamide
(NAM) binds to a conserved pocket adjacent to that of
NAD+ to block deacetylase and mono-ADP-ribosylase ac-
tivities of SIRT6 (41–43). We observed that NAM abro-
gated sirtuin-mediated H3K9 deacetylation but was unable
to inhibit the increased level of GATA4 acetylation induced
by SIRT6 overexpression (Figure 3B). Further, the catalyt-
ically inactive SIRT6 mutants, D63Y and D116N (26), re-
mained capable of binding to and enhancing GATA4 acety-
lation (Figure 3C). More importantly, the overexpression of
SIRT6 WT, D63Y and D116N restored Bcl-2 and Bcl-xL
expression in Sirt6-deficient MEFs (Figure 3D and Supple-
mental Figure S2C), and significantly inhibited apoptosis
in H9C2 cells exposed to DOX (Figure 3E, F). These data
thus implicate that SIRT6 promotes GATA4 acetylation
and thus transcription activity independent of its deacety-
lase activity.

TIP60 is required for SIRT6-induced GATA4 acetylation

The data that SIRT6 interacts with GATA4 and enhances
its acetylation level suggests that additional factors, most
likely histone acetyltransferase (HAT), are involved. To de-
termine which HAT is responsible for enhanced GATA4
acetylation, we examined the effects of SIRT6-regulated
GATA4 acetylation upon exposure to a series of HAT in-
hibitors, including Cpth2 to inhibit Gcn5 (44), Mg149 to
inhibit TIP60 (45) and C646 to inhibit p300 (46,47). In-
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Figure 1. SIRT6 antagonizes DOX-induced apoptotic pathway in cardiomyocytes via GATA4. (A) Quantitative PCR (qPCR) showing the mRNA levels
of Bcl-2, Bcl-xL, Gata4 and Sirt6 in primary mouse cardiomyocytes after the treatment of DOX (1 �M) for 6 h. ***P < 0.001. (B) qPCR results showing
the mRNA levels of Bcl-2, Bcl-xL, Sirt6 and Gata4 in heart tissues isolated from Sirt6f/f and Sirt6f/f;Myh6-Cre mice treated with tamoxifen. *P < 0.05,
**P < 0.01, ***P < 0.001, ‘ns’ indicates no significance. (C) H9C2 cells with si-NC (negative control) or si-Sirt6 small interfering (si)RNAs were exposed
to DOX (1 �M, 6 h). The mRNA levels of Bcl-2, Bcl-xL and Gata4 were determined by quantitative PCR. ***P < 0.001, ‘ns’ indicates no significance. (D)
qPCR results showing the mRNA levels of Bcl-2, Bcl-xL and Sirt6 in wild-type (WT) and Sirt6 transgenic (Sirt6-TG) mice after intraperitoneal injection of
DOX (n = 5/group). *P < 0.05, **P < 0.01, ***P < 0.001, ‘ns’ indicates no significance. (E) Schematic illustration of the GATA consensus motif on Bcl-2
promoter region. P1 and P2 indicate –266 GATA motif and –1025 GATA motif respectively. TSS represents the transcription start site of the Bcl-2 gene.
(F) ChIP was performed using anti-SIRT6 antibodies and IgG. Enrichment of SIRT6 on the Bcl-2 promoter region was analyzed by qPCR with primers
targeting the P1 and P2 motifs. **P < 0.01. (G) HEK293 cells were transfected with indicated plasmids, and the luciferase activities were measured and
normalized to �-gal activities. **P < 0.01. The western blots indicate the expression levels of FLAG-GATA4 and FLAG-SIRT6. (H) ChIP was performed
to test GATA4 enrichment on the Bcl-2 promoter using anti-GATA4 antibody in HEK293 cells with or without FLAG-SIRT6 overexpression. *P < 0.05.
(I) ChIP was performed to test GATA4 enrichment on the Bcl-2 promoter using anti-GATA4 antibody in HEK293 cells with si-NC or si-SIRT6. *P <

0.05.

terestingly, while H3K56ac levels were further reduced by
the treatment of all HAT inhibitors, only Mg149 treat-
ment significantly inhibited the increased acetylation of
GATA4 induced by SIRT6 (Figure 4A). Specific Tip60 dele-
tion in mouse hearts shortens lifespan in mice, accompanied
with increased myocyte density and apoptosis (48). Deple-
tion of Tip60–p400 HAT complex severely affected Gata4-

regulated primitive endoderm differentiation in ESCs (49).
However, whether GATA4 is a direct target of TIP60 re-
mains unknown. We found that TIP60 overexpression in-
creased GATA4 acetylation level, and that this effect was
eliminated upon application of Mg149 (Supplemental Fig-
ure S3A, B). TIP60 KD by siRNA also markedly de-
creased GATA4 acetylation levels (Supplemental Figure
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Figure 2. SIRT6 physically interacts with GATA4. (A) Co-immunoprecipitation using anti-HA agarose was performed in HEK293 cells transfected with
indicated constructs. The level of FLAG-GATA4 was detected by western blotting in purified pool of HA-SIRT6. (B) Co-immunoprecipitation using
anti-FLAG agarose was performed in HEK293 cells transfected with indicated constructs. The level of HA-SIRT6 was detected by western blotting in
purified pool of FLAG-GATA4. (C, D) Endogenous interaction of GATA4 and SIRT6 in H9C2 cells was evaluated by co-immunoprecipitation (Co-IP)
and immunostaining with anti-GATA4 and anti-SIRT6 antibodies. Scale bar, 50 �m. (E) GST pull-down assay was performed to test the in vitro binding
of purified His-GATA4 and GST-fused SIRT6 from E. coli. Coomassie blue staining indicates the loading levels of GST and GST-SIRT6. (F) Diagram of
full-length (F-L) and fragmented human GATA4 with one or two zinc finger DNA-binding domains. (G) Domain-based truncations of HA-GATA4 were
co-expressed with FLAG-SIRT6 in HEK293 cells. HA-GATA4 protein was precipitated and FLAG-SIRT6 was analyzed by western blotting.

S3C). These results indicate that TIP60 is a novel acetyl-
transferase of GATA4.

To confirm the role of TIP60 in SIRT6-enhanced GATA4
acetylation, we examined the acetylation level of GATA4
in TIP60 KD cells with SIRT6 overexpression. We found
that the SIRT6-enhanced acetylation of GATA4 was signif-
icantly abolished in TIP60 KD cells (Supplemental Figure
S3D). In the other way around, overexpression of TIP60 in
SIRT6-depleted cells was unable to fully acetylate GATA4
(Figure 4B). Importantly, endogenous Sirt6 and Tip60 were
present in the anti-Gata4 immunoprecipitates from primary
mouse cardiomyocytes (Figure 4C), implying that these
proteins form a trimeric complex. Moreover, low level of
GATA4 acetylation in SIRT6 KO cells was associated with
an undetectable interaction between TIP60 and GATA4
(Figure 4D). These data suggest that SIRT6 acts as a scaf-
fold to facilitate TIP60-mediated GATA4 acetylation.

TIP60 acetylates GATA4 at K328/330

The C-terminal Zn-finger of GATA4 is often acetylated
(36), which is, as shown above, the binding site for SIRT6.

Deletion of the C-terminal Zn-finger domain eliminated
both acetylation and chromatin association of GATA4, as
determined by anti-AcK and anti-histone H3 immunoblot-
ting in the anti GATA4 immunoprecipitates and the chro-
matin fractionation assay (Figure 4E and Supplemental
Figure S3E). There are six evolutionally conserved lysine
(K) residues within this region (Figure 4F). It has been re-
ported that p300 acetylates GATA4 on K313/320/322/324
and thus enhances the DNA-binding activity, resulting in
stress-induced cardiac hypertrophy (36,50). However, by K-
to-R mutation, we noticed that K313/320/322/324 were
less likely acetylated by TIP60. Instead, the K328/330R mu-
tant (2KR) almost totally abolished the increased GATA4
acetylation induced by either ectopic SIRT6 or TIP60 (Fig-
ure 4G and Supplemental Figure S3F). Together, these
data suggest that TIP60 mediates GATA4 acetylation at
K328/330.

Auto-acetylation activates TIP60, which is negatively reg-
ulated by SIRT1 (51). We thus examined whether SIRT6
modulates the acetylation status of TIP60. As shown,
SIRT6 overexpression had marginal effect on the acety-
lation level of TIP60 (Figure 4H). Further Co-IP analy-
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Figure 3. SIRT6 enhances GATA4 acetylation and protects against DOX-induced myocyte apoptosis independently of its deacylase activity. (A) Western
blotting showing the acetylation level of GATA4 immunoprecipitated from HEK293 cells overexpressing of FLAG-SIRT6 and HA-GATA4. Acetylation
level was determined with anti-acetyl lysine (AcK) antibodies. Lower, fold change of the acetylation level of GATA4 relative to HA-GATA4 only control,
determined by ImageJ. n = 6. ***P < 0.001. (B) HEK293 cells co-expressing FLAG-SIRT6 and HA-GATA4 were treated with 10 �M nicotinamide
(NAM) for 4 h. The acetylation level of GATA4 was examined using anti-AcK antibodies following immunoprecipitation. Lower, fold change of the
acetylation level of GATA4 relative to HA-GATA4 only control, determined by ImageJ. n = 3. ***P < 0.001. ‘ns’ indicates no significance. (C) HA-
GATA4 co-expressed with different forms of FLAG-SIRT6 (WT, D63Y, D116N and H133Y mutant) separately in HEK293 cells was immunoprecipitated
with anti-HA beads. The blots of FLAG-SIRT6 in IPs indicate the association of GATA4 and SIRT6. Lower, fold change of the acetylation level of GATA4
relative to HA-GATA4 only control, determined by ImageJ. n = 3. **P < 0.01. *P < 0.05. ‘ns’ indicates no significance. (D) Real-time PCR analysis of
mRNA levels of Bcl-2 in WT and Sirt6−/− MEFs re-expressing FLAG-SIRT6, or enzyme-dead mutations. **P < 0.01; ***P < 0.001. 18srRNA was used
as a reference gene. (E, F) Representative flow plots and quantification showing the percentages of apoptotic H9C2 cells overexpressing the indicated genes
with the treatment of DOX (1 �M, 12 h) following fluorescence-activated cell sorting assay. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. SIRT6 recruits TIP60 for GATA4 acetylation at Lysine 328/330. (A) Immunoblots of anti-HA immunoprecipitates showing the acetylation level
of HA-GATA4 in HEK293 cells overexpressing ectopic HA-GATA4 treated with indicated histone acetyltransferase (HAT) inhibitors, i.e. Cpth2 (20 �M),
Mg149 (20 �M) and C646 (10 �M), for 6 h. Lower, fold change of the acetylation level of HA-GATA4 relative to HA-GATA4 only control, determined by
ImageJ. n = 3. ***P < 0.001. ‘ns’ indicates no significance. (B) Immunoblots of anti-HA immunoprecipitates showing the acetylation level of HA-GATA4
in HEK293 cells overexpressing ectopic HA-GATA4 together with FLAG-TIP60 or empty vector HA-GATA4 proteins were purified from si-NC- or si-
SIRT6-treated HEK293 cells co-expressing HA-GATA4. The acetylation status of GATA4 was determined by western blotting with anti-AcK antibodies.
Right, fold change of the acetylation level of HA-GATA4 relative to HA-GATA4 only control, determined by ImageJ. n = 4. ***P < 0.001. (C) Western
blotting showing the levels of endogenous Tip60 and Sirt6 in anti-Gata4 IPs from primary mouse cardiomyocytes. IgG serves as an antibody control. (D)
FLAG-TIP60 was co-expressed with or without HA-GATA4 in wild-type (WT) or SIRT6 knockout (KO) HEK293 cells. Co-IP analysis of HA-GATA4
was performed and the levels of FLAG-TIP60 and GATA4 acetylation were assessed. Right, fold change of FLAG-TIP60 protein bound to HA-GATA4
relative to WT HEK293 cell control, determined by ImageJ. n = 4. **P < 0.01. (E) Truncated HA-GATA4 constructs were co-transfected with or without
FLAG-SIRT6. Western blotting was performed with the indicated antibodies. Lower, fold change of HA-GATA4 acetylation level relative to HA-GATA4
(F-L) only control, determined by ImageJ. n = 3. ***P < 0.001. ‘ns’ indicates no significance. (F) Protein sequence alignment of C-terminal Zn-finger
domain of human GATA4 and its orthologues in mouse, rat and Xenopus. All K residues within this region targeted for acetylation were highlighted. (G)
The constructs of WT and site-mutated (K328/330R) HA-GATA4 were co-expressing with FLAG-TIP60 in HEK293 cells. The GATA4 acetylation levels
were determined. Right, fold change of HA-GATA4 acetylation level relative to HA-GATA4 WT only control, determined by ImageJ. n = 4. ***P < 0.001.
‘ns’ indicates no significance. (H) Western blotting showing the levels of HA-SIRT6 protein and TIP60 acetylation in HEK293 cells co-transfected with
FLAG-TIP60 and HA-SIRT6 or empty vector. Right, fold change of FLAG-TIP60 acetylation level relative to FLAG-TIP60 only control, determined by
ImageJ. n = 3, ‘ns’ indicates no significance.
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sis showed that both WT and enzyme-dead SIRT6 bound
to TIP60 (Supplemental Figure S3G). We also examined
the MAR levels of TIP60 when SIRT6 was overexpressed,
but hardly observed TIP60 MAR, suggesting that TIP60 is
less likely MARed (Supplemental Figure S3H). The data
support a deacetylase-independent and structural role of
SIRT6 in GATA4 acetylation.

GATA4 acetylation at K328/330 is critical for DOX resis-
tance

Restoring GATA4 transcriptional activity has been highly
recognized as a promising approach to prevent DOX-
induced heart failure (7,12). We next investigated the car-
dioprotective role of TIP60-mediated GATA4 acetylation.
We co-expressed HA-GATA4 and FLAG-SIRT6, and then
treated the cells with DOX. Significantly, the DOX treat-
ment disrupted the interaction of GATA4 and SIRT6, and
simultaneously reduced the levels of GATA4 acetylation
in a dose-dependent manner (Figure 5A). In primary car-
diomyocyte, DOX treatment dramatically reduced the Bcl-
2 expression, which was largely rescued by overexpression
of GATA4 WT and K328/330Q (2KQ), but not 2KR (Fig-
ure 5B). Consequently, overexpression of GATA4 WT or
2KQ was able to alleviate DOX-induced myocyte apopto-
sis as determined by TUNEL assay, but 2KR mutant failed
(Figure 5C). We further generated H9C2 cell lines stably
overexpressing GATA4 WT, 2KR mutant or 2KQ mutant
(Supplemental Figure S4A). While the ectopic GATA4 WT
and 2KQ mutant significantly attenuated the decline of Bcl-
2 and Bcl-xL levels in H9C2 cells exposed to DOX, the
2KR mutant had little effect (Figure 5D and Supplemen-
tal Figure S4B). Consistently, ChIP data showed that the
2KR, but not the 2KQ mutant, compromised the DNA-
binding capacity of GATA4, either in presence or absence of
DOX (Figure 5E). GATA4 overexpression alleviates DOX-
induced cardiomyocyte apoptosis and resultant myocardial
atrophy; however, this benefit was abrogated by the 2KR
mutation (Figure 5F, G and Supplemental Figure S4C, D).
Further colony formation assay demonstrated that GATA4
2KQ mutant promoted myocyte survival to a similar extent
as WT in response to DOX, whereas the 2KR mutant failed
to do so (Figure 5H). These data support the notion that
TIP60-mediated acetylation is critical for the cardioprotec-
tive role of GATA4.

The SIRT6–TIP60–GATA4 axis epigenetically ensures gene
expression

SIRT6 and TIP60 are the main HDAC and HAT for H3K9
and/or H3K56 acetylation, which dictates open chromatin
structure to facilitate transcription (52,53). We therefore
asked whether/how the SIRT6–TIP60–GATA4 axis inte-
grate chromatin remodeling to gene transcription. Again,
using the promoter of Bcl2 as an example, the ChIP data
showed that TIP60 was highly enriched on the P1 re-
gion, which was significantly dampened when SIRT6 was
knocked down (Figure 6A). Consistently, overexpression
of TIP60 significantly enhanced the level of H3K9ac at
P1 (Figure 6B), which was diminished by SIRT6 deple-
tion (Figure 6C). Interestingly, despite the global levels of

H3K9ac and H3K56ac were remarkably decreased upon
ectopically expressed SIRT6 (Supplemental Figure S5A),
ChIP assay showed that the enrichment of H3K9ac and
H3K56ac at the P1 motif was unchanged (Figure 6C). Like-
wise, SIRT6 knockdown (KD) unaffected the enrichment
of H3K9ac at the P1 motif (Supplemental Figure S5B). By
contrast, GATA4 KD significantly downregulated the level
of H3K9ac at the promoter locus without affecting SIRT6
and TIP60 enrichment (Figure 6D–F).

We noticed that the enzyme-dead mutant H133Y com-
pletely abolished the interaction between SIRT6 and
GATA4 (Figure 6G), and the ability against DOX-induced
cardiomyocyte apoptosis (Supplemental Figure S5C). We
therefore reasoned that the association of GATA4 might
suppress deacetylase activity of SIRT6 on the target pro-
moter. To gain more experimental evidences, we performed
in vitro deacetylation assay and found that purified His-
tagged GATA4 significantly blocked deacetylase activity
of recombinant SIRT6 (Figure 6H). Considering that the
SIRT6/TIP60 complex mediates GATA4 acetylation on
K328/330 and the C-terminal Zn-finger of GATA4 is es-
sential for SIRT6 binding, we synthesized two peptides
in this region (a.a. 295–331.) of GATA4: ACGLYMKL-
HGVPRPLAMRKEGIQT (a.a. 295–318) termed G4-24
and RKRKPKNLNKSKT (a.a. 319–331) termed G4-13.
The in vitro deacetylation assay showed that the G4-13, but
not G4-24, dramatically inhibited the deacetylase activity
of SIRT6 (14 �M for 50% inhibition) (Figure 6I and Sup-
plemental Figure S5D).

Considering that H133 site is also required for the
nucleosome-association of SIRT6 (54) and together with
our findings, we proposed that SIRT6 occupies the pro-
moter region via a general nucleosome-binding property;
SIRT6 recruits TIP60, globally or at specific gene promoter,
to balance dynamic acetylation of histones; when GATA4
is recruited and blocks SIRT6 deacetylase activity, TIP60
acetylates GATA4 to enhance its transcription activity, and
to acetylate histones, e.g. H3K9ac, thus ensuring an open
chromatin structure for transcription (Figure 7).

DISCUSSION

The clinical use of DOX against malignancies is limited
due to severe adverse effect––cardiotoxicity. Multiple mech-
anisms are involved in the DOX-induced heart failure,
including oxidative stress, DNA damage and apoptosis
(55,56). In response to DOX, GATA4 is downregulated
and fails to promote cardiomyocyte survival (3,7). Here,
we revealed that dynamic GATA4 acetylation, which is
independent of p300 (36,50), is required for its transac-
tivation against DOX-induced cardiotoxicity. SIRT6 acts
as a scaffold to recruit TIP60, which acetylates GATA4
to enhance transcriptional activity. SIRT6/TIP60-regulated
GATA4 acetylation might be considered as potential targets
to prevent DOX cardiotoxicity.

The regional epigenetic regulation is a fundamental
mechanism that modulates gene transcription. SIRT6 is
well-recognized as a transcriptional repressor, which cat-
alyzes histone deacetylation using NAD+ as a coenzyme
or substrate (57,58). The D63Y and D116N mutations dis-
rupt the affinity of SIRT6 for NAD+ (59), thus eliminat-
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Figure 5. Hypoacetylation of GATA4 diminishes cardio-protection against DOX. (A) Western blotting analysis of the levels of FLAG-SIRT6 protein and
HA-GATA4 acetylation in the precipitated pool of HA-GATA4 with DOX treatment at 0, 1, 2 �M for 6 h (left). Percent level of acetylated GATA4
relative to vehicle/no FLAG-SIRT6 control (middle) and percent FLAG-SIRT6 bound to HA-GATA4 relative to vehicle control (right). Quantification
was performed by ImageJ. n = 3. *P < 0.05. **P < 0.01. (B) qPCR analysis of Bcl-2 mRNA levels in primary mouse neonatal cardiomyocytes ectopically
expressing GATA4 WT, K328/330R (2KR) and K328/330Q (2KQ) upon exposure to DOX (1 �M, 6 h). ***P < 0.001, ‘ns’ represents no significance.
(C) Percent TUNEL positively stained primary cardiomyocytes after treatment with DOX (1 �M) for 24 h. **P < 0.01, ***P < 0.001, ‘ns’ indicates no
significance. (D) H9C2 cells stably expressing GATA4 WT, K328/330R (2KR) and K328/330Q (2KQ) were exposed to DOX (1 �M, 6 h). The mRNA
transcripts of Bcl-2 were evaluated by qPCR. **P < 0.01, ‘ns’ represents no significance. 18srRNA was used as a reference gene. (E) ChIP analysis was
performed in the stably transfected H9C2 cells by using anti-GATA4 antibody in the presence/absence of DOX. GATA4 enrichment on the Bcl-2 promoter
region was measured by qPCR. ***P < 0.001, **P < 0.01, ‘ns’ represents no significance. (F, G) Stably transfected H9C2 cells were exposed to DOX (1
�M) for 24 h and stained with TUNEL or TRITC-phalloidin. Images of the stained cells were captured. The quantification of the number of positively
TUNEL stained H9C2 cells (F). Cell area was measured and quantified (G). Scale bar, 20 �m. ***P < 0.001, ‘ns’ represents no significance. (H) Cell colony
formation showing the survival fraction of H9C2 cells after the indicated doses of DOX for 1 h. The plates (n = 3/group) were stained with crystal violet
and the colony numbers were counted. **P < 0.01, ***P < 0.001, ‘ns’ represents no significance.
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Figure 6. The SIRT6–TIP60–GATA4 axis facilitates chromatin accessibility. (A, B) ChIP assay was performed using anti-TIP60 or anti-H3K9ac antibody
in WT and SIRT6 KO HEK293 cells with or without overexpression of FLAG-TIP60. The enrichment of TIP60 and H3K9ac on Bcl-2 promoter was
analyzed by qPCR. **P < 0.01, ***P < 0.001. (C) ChIP analysis was performed using anti-H3K9ac and H3K56ac antibodies in HEK293 cells with or
without FLAG-SIRT6 overexpression, showing enrichment of H3K9ac and H3K56ac on the P1 motif of the Bcl-2 promoter region. ‘ns’ indicates no
significance. (D–F) ChIP analysis was performed to test the enrichment of H3K9ac, SIRT6 and TIP60 on the Bcl-2 promoter region by using anti-H3K9ac
and antibodies in HEK293 cells with si-NC or si-GATA4. *P < 0.05. ‘ns’ indicates no significance. (G) Co-IP using anti-FLAG agarose was performed in
HEK293 cells expressing HA-GATA4 alone, or with wild-type FLAG-SIRT6 or the FLAG-SIRT6 H133Y mutant. HA-GATA4 levels were analyzed in
FLAG-SIRT6 precipitates by western blotting. (H) Deacetylation activity of recombinant SIRT6 after pre-incubation with or without purified His-GATA4
in an in vitro assay. ***P < 0.001. (I) Deacetylation activity of recombinant SIRT6 WT and SIRT6 H133Y after pre-incubation with indicated doses of
G4-13 peptides (0, 0.2, 2, 20, 200 �M) in an in vitro assay. ***P < 0.001. ‘ns’ indicates no significance.

ing SIRT6 deacetylase activity. NAM binds to a conserved
pocket adjacent to that of NAD+ to inhibit SIRT6 deacety-
lase (43). Here, we found that neither NAM, D63Y nor
D116N disrupts the SIRT6–GATA4 interaction or inhibit
the increase of GATA4 acetylation. Interestingly, the level
of H3K9ac remains unaffected at promoter locus upon
SIRT6 overexpression. These findings raise a question: how
SIRT6 deacetylase activity is silenced at local chromatin?
We noticed that SIRT6 H133Y loses the ability to inter-
act with GATA4. GATA4 and synthesized peptide inhibit
SIRT6 deacetylase activity in vivo and in vitro. Support-
ing our findings, SIRT6 regulates the mTOR signaling by
repressing the transcriptional activity of Sp1, independent
of its deacetylase activity (60). SIRT1 enhances glucocorti-
coid receptor transcription independently of its deacetylase

activity (61). We propose a model of the SIRT6–TIP60–
GATA4 axis, which couples the epigenetic activation and
transcription (Figure 7). However, it is unclear how SIRT6
and TIP60 cooperate to maintain the balance of histone
acetylation in the absence of GATA4. A future study inves-
tigating this model in the context of other HDACs, HATs
and transcription factors is also warranted.

Structural studies of mouse GATA3 C-finger suggest a
dimerizing property of the GATA in the DNA binding
mechanisms (62). Compared to the cells expressing empty
vector, cardiomyocytes expressing GATA 2KR mutant ex-
hibit little difference in Bcl-2 expression and TUNEL-
staining upon DOX treatment, suggesting that the 2KR
loses chromatin binding capacity without interfering the
function of endogenous GATA4. This finding suggests that
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Figure 7. A schematic model: a SIRT6–TIP60–GATA4 axis couples gene
transcription and epigenetic activation. SIRT6 initially occupies the pro-
moter region via a nucleosome-binding property and recruits TIP60 to bal-
ance dynamic acetylation of local histones. When GATA4 comes by recog-
nizing the GATA sequence and simultaneously interacts and blocks SIRT6
deacetylase activity, TIP60 acetylates GATA4 to enhance its transcription
activity. The inhibition of SIRT6 disrupts local histone acetylation balance,
thus ensuring an open chromatin structure for transcription.

either dimerization of GATA4 is not required for the tran-
scription activity, which is different from GATA3, or the
2KR mutation loses the capacity of dimerization with an-
other 2KR or with WT GATA4. These hypotheses require
more evidences to support in future study.

TIP60 belongs to the MYST family of acetyltransferases.
Heart-specific depletion of Tip60 increases myocyte den-
sity and apoptosis and shortens lifespan in mice (48); how-
ever, the underlying mechanism remains to be fully eluci-
dated. Here, we identify TIP60 as a novel acetyltransferase
for GATA4 acetylation on K328/330 and protects against
stress-induced heart failure. The data provide an explana-
tion by which TIP60 maintains heart homeostasis and a
potential target for the prevention of chemotherapy side ef-
fects.

In summary, we identify a novel Sirt6–Tip60–Gata4 axis
that regulates anti-apoptotic pathway and thus prevent
DOX cardiotoxicity. Targeting this axis might constitute a
new approach to improve the safety and efficacy of DOX
chemotherapy. The data highlight a cooperative and fine-
tuned action of HAT, HDAC and transcription factor in
the regulation of gene transcription.
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