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Abstract. Liver cancer is the leading cause of cancer‑related 
mortality worldwide and its incidence is increasing. 
Considerable effort has been made in recent decades to 
improve the diagnosis and treatment of liver cancer. Advanced 
liver cancer often exhibits a poor response to chemotherapy 
and poor prognosis due to acquired chemoresistance and tumor 
recurrence. Understanding the precise molecular mechanisms 
that are responsible for chemotherapeutic drug‑induced cell 
death could potentially identify novel therapeutic targets 
and improve liver cancer treatment. In the present study, it 
was demonstrated that in response to doxorubicin, the most 
frequently used chemical compound for liver cancer treatment, 
histone deacetylase sirtuin 6 (SIRT6) is specifically downreg-
ulated. This enables forkhead box O3 (FOXO3) upregulation, 
translocation into the nucleus and increased expression of 
its target genes p27 and Bim, which further induce apop-
tosis. Overexpression of SIRT6, but not enzyme‑inactivated 
mutants, prevents FOXO3 translocation into the nucleus 
and doxorubicin‑induced cell death. SIRT6 interacts with 
FOXO3 and this interaction increases FOXO3 ubiquitination 
and decreases its stability. Finally, it was identified that the 
effect of SIRT6 in preventing doxorubicin‑induced cell death 
requires FOXO3. Overexpression of SIRT6 could not prevent 
doxorubicin‑induced cell death in FOXO3‑knockdown cells. 
Therefore, it was concluded that SIRT6 plays a central role in 
determining doxorubicin‑induced cell death via modulation 

of FOXO3 activity. Therapeutic targeting of SIRT6 and/or 
FOXO3 may offer novel strategies for treatment of liver cancer.

Introduction

Liver cancer remains an important global public health issue 
accounting for 9.1% of all cancer‑related deaths worldwide (1) 
due to its aggressive nature and extremely poor survival 
rate (2). Primary liver cancer is rare during childhood, repre-
senting 1% of all pediatric neoplasms (3,4). More than 80% of 
all liver cancer in infant and children can be identified as hepa-
toblastoma, which occurs at an annual incidence of 0.05‑0.15 
patients per 100,000 individuals (3,5). The vast majority of 
primary liver cancer in adults is hepatocellular carcinoma 
(HCC), accounting for more than 85% of all primary liver 
cancer cases (6). Although considerable effort has been made 
in recent decades to improve the diagnosis and treatment of 
HCC, it remains the second leading cause of cancer‑associated 
mortality worldwide (7). One of the most promising develop-
ments in liver cancer treatment has been targeted delivery 
of cytotoxic chemotherapy agents directly into tumors. 
Selective injection of embolizing agents, in combination with 
doxorubicin, into the arteries feeding tumors, or transarterial 
chemoembolization (TACE), has been demonstrated to provide 
a survival benefit in patients with unresectable liver cancer 
and has now become the standard treatment for patients with 
intermediate stage HCC (8). Unfortunately, advanced liver 
cancer often has a poor response to TACE and prognosis due 
to acquired chemoresistance and tumor recurrence. Therefore, 
understanding the precise molecular mechanisms underlying 
liver cancer chemoresistance could potentially identify novel 
therapeutic targets and improve the treatment of liver cancer.

Sirtuin (SIRT) proteins are a family of evolutionarily 
conserved NAD+‑dependent deacetylases. In mammals, seven 
SIRT proteins have been identified, which share NAD+ binding 
and catalytic domains, but target different substrates  (9). 
SIRT proteins modulate numerous biological processes, 
including metabolism (10,11), cell survival (12‑14), differen-
tiation (15), DNA repair (16) and cancer development (17). 
These effects are primarily achieved by deacetylating lysine 
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residues on histones, transcription factors or coactivators. At 
present, sterol regulatory element‑binding protein‑1c  (18), 
forkhead box O3 (FOXO3) (19), p53 (20) and p65 (21) are 
well‑established SIRT targets. SIRT1 deacetylates p53 and 
restrains DNA damage‑induced p53 acetylation, thereby 
suppressing cell cycle arrest and apoptosis (22). In addition, 
previous reports indicate that multiple SIRT family members 
control FOXO3‑dependent apoptosis through deacetylation 
of FOXO3 (13,14,19,23). Previous studies have also demon-
strated that SIRT1 and SIRT7 proteins are involved in cancer 
transformation and clinical outcome through both genetic and 
epigenetic alterations (15,24).

SIRT6, one of the SIRT proteins, plays critical roles in 
controlling metabolism, genomic stability, inflammation, 
aging and cancer progression (25‑28). SIRT6‑deficient animals 
present with early lethality due to profound abnormalities, 
including hypoglycemia and premature aging (27). Conditional 
disruption of SIRT6 in hepatocytes leads to increased 
glycolysis, triglyceride synthesis, reduced beta oxidation and 
ultimately, fatty liver formation (26). SIRT6 is reported to be 
a tumor suppressor through both deacetylation‑dependent and 
‑independent activity in multiple types of cancer, including 
pancreatic, breast, colorectal and lung cancer (29‑31). However, 
the role and mechanistic function of SIRT6 in liver cancer 
remain largely unexplored. Marquardt et al (17) reported that 
SIRT6 mRNA is downregulated in HCC, but others observed 
that SIRT6 protein levels in HCC cell lines and HCC patient 
tissues are upregulated (32). A recent study demonstrated that 
SIRT6 was upregulated in patients with HCC and it serves as 
an anti‑apoptotic factor by suppressing Bax (33), suggesting 
that SIRT6 may play a role in chemotherapy‑induced cell 
death.

The aim of the present study was to investigate the role of 
SIRT6 in doxorubicin‑induced cell death in liver cancer cell 
lines. It was identified that in response to doxorubicin, SIRT6 
was significantly downregulated. Restorative expression of 
SIRT6, but not enzyme‑inactivated SIRT6 mutant, abolished 
doxorubicin‑induced cell death. It was also revealed that 
transcriptional factor FOXO3 serves as a target of SIRT6 in 
this event. In response to doxorubicin treatment, FOXO3 was 
rapidly activated and translocated into the nucleus, binding to 
its target genes Bim and p27, which further induced cell death. 
Overexpression of SIRT6 blocked nuclear translocation of 
FOXO3 and apoptosis. In the absence of FOXO3, overexpres-
sion of SIRT6 no longer prevented doxorubicin‑induced cell 
death. The present findings present a novel mechanism that 
controls FOXO3 activation and revealed that SIRT6 is a pivotal 
regulatory factor in determining liver cancer chemosensitivity. 
Therapeutic strategies that inhibit SIRT6 or activate FOXO3 
may offer novel options for the treatment of liver cancer.

Materials and methods

Cell culture, plasmids and transfection. HepG2, Huh7 and 
HeLa cells were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) and routinely 
preserved in Dulbecco's modified Eagle's medium (DMEM; 
Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Invitrogen; 
Thermo Fisher Scientific, Inc.), 50  U/ml penicillin and 

50 mg/ml streptomycin. Transfection of cells was performed 
in serum‑free medium (Opti‑MEM, Invitrogen; Thermo Fisher 
Scientific, Inc.) using X‑tremeGENE™ HP DNA Transfection 
reagent (Roche Diagnostics, Indianapolis, IN, USA) according 
to the manufacturer's protocol. pECE‑HA‑FOXO3, SIRT6 Flag 
and pCDNA3.1 SIRT6_H133Y plasmids were respectively 
provided by M. Greenberg, Eric Verdin and Katrin Chua via 
Addgene, Inc. (Cambridge, MA, USA). Short hairpin (sh)RNA 
targeting FOXO3 (MISSION shRNA plasmid DNA FOXO3; 
TRCN0000010335, TRCN0000235487) was purchased from 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany).

Antibodies and chemicals. Anti‑human influenza hemag-
glutinin (HA) antibody (cat.  no.  ab9110) and anti‑SIRT4 
(cat. no. ab124521) were purchased from Abcam (Cambridge, 
MA, USA). Anti‑FOXO3 (cat. no. 75D8), anti‑acetylated‑lysine 
(cat.  no.  9441), anti‑SIRT1 (cat.  no.  D1D7), anti‑SIRT6 
(cat. no. D8D12), anti‑ubiquitin (cat. no. P4D1), anti‑cleaved 
caspase-3 (cat. no. 9661), anti‑Bim (cat. no. C34C5), anti‑p27 
(cat. no. D69C12), anti‑p‑FOXO3 S253 (cat. no. 9466) and 
anti‑poly (ADP ribose) polymerase (PARP; cat. no. 9542) were 
purchased from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). Anti‑GAPDH (FL‑335) was purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). Anti‑Flag (M2) anti-
body, cycloheximide (CHX) and doxorubicin hydrochloride 
were purchased from Sigma‑Aldrich (Merck KGaA).

Immunofluorescence. For indirect immunofluorescence, cells 
grown on coverslips were fixed with 4% paraformaldehyde at 
room temperature for 5 min and 0.2% Triton X‑100 was used 
for cell permeation. The coverslips were inverted and 40 µl 
droplets of blocking buffer (4% goat serum) was incubated at 
room temperature for 45 min to prevent non‑specific binding. 
Subsequently, cells were incubated with rabbit anti‑HA (dilu-
tion 1:100) or rabbit anti‑SIRT6 (dilution 1:100) and mouse 
anti‑Flag (dilution  1:1,000) for 1 h at room temperature. 
Coverslips were washed with phosphate‑buffered saline 
(PBS), followed by incubation for 1 h at room temperature in 
the dark with Alexa Fluor 488‑conjugated goat anti‑rabbit IgG 
(dilution 1:5,000; cat. no. A27.34; Molecular Probes; Thermo 
Fisher Scientific, Inc.). Additionally, DAPI was added for 
5 min at room temperature to stain nuclear DNA. Images were 
acquired using a Nikon Eclipse Ti microscope (Nikon Corp., 
Tokyo, Japan).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated cells using the TRIzol 
reagent (Thermo Fisher Scientific, Inc.) followed by cDNA 
generation with an RNA reverse transcription kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Subsequently, a 
CFX96 real‑time system (Bio‑Rad Laboratories, Hercules, 
CA, USA) was used to perform qPCR. Reaction volumes of 
25 µl were used, containing 12.5 µl SYBR Green PCR Master 
Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), 
10.5 µl 1 µmol/l primer stock and 2 µl cDNA (1:10 diluted). 
Primer sequences are presented in Table I.

Western blot analysis. Total cell lysates prepared from cells 
were used for detection. Briefly, cells were washed twice with 
ice cold PBS and then cell lysis were made by using RIPA buffer 
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(50 mM Tris, pH 7.5, 150 mM sodium chloride, 1% NP‑40, 
0.2% SDS, 0.5% sodium deoxycholate, 0.1 mM EDTA and 
1% protease and phosphatase inhibitors) (Sigma‑Aldrich; 
Merck KGaA). After centrifugation at 16,000 x g for 15 min, 
supernatants were collected. Cell lysates (25 µg) were separated 
by 10% SDS‑PAGE and transferred to polyvinylidene difluo-
ride membranes (Immobilon‑P membranes; EMD Millipore, 
Billerica, MA, USA). Membranes were blocked with blocking 
buffer (5% skim milk, 0.1% Tween‑20 in PBS) for 1 h at room 
temperature. Following incubation with primary antibodies 
(1:1,000) overnight at 4˚C, membranes were then incubated 
with horseradish peroxidase‑conjugated secondary antibodies 
(cat. nos. 31460 and 31430). Thermo Fisher Scientific, Inc.). 
Signals were detected using the ECL Plus Western Blotting 
Detection system (GE Healthcare, Chicago, IL, USA) with 
the ODYSSEY Fc, Dual‑Mode Imaging system (LI‑COR 
Biosciences, Lincoln, NE, USA).

Chromatin immunoprecipitation (ChIP) assay. ChIP assays 
were performed as previously described (34). Cells were fixed, 
washed and harvested followed by shearing of genomic DNA 
using sonication. Sonicated DNA (20 µl) was purified and used 
as input DNA control. Sheared DNA was cleared and chro-
matin‑bound DNAs were immunoprecipitated using FOXO3a 
and 50 µl anti‑HA magnetic beads (Dynabeads M‑280 Sheep 
anti‑rabbit IgG; Invitrogen; Thermo Fisher Scientific, Inc.). 
The eluted DNA from the beads was precipitated and analyzed 
by PCR using multiple primer sets, as listed in Table I.

Immunoprecipitat ion. HeLa cel ls were seeded at 
4x106 cells/10‑cm plate and transiently transfected with 4 µg 
Flag‑SIRT6. At 1 day after transfection, cells were lysed with 
RIPA buffer as described above. Cell extracts (400 µg) were 
subjected to immunoprecipitation with 50 µl anti‑Flag M2 
magnetic beads (Sigma‑Aldrich; Merck KGaA) in each experi-
ment. Western blotting was used to analyze immune complexes.

Caspase-3/-7 activity and TUNEL assay. Caspase-3/-7 activity 
was measured using the Caspase‑Glo  3/7 Assay System 
(Promega Corp., Madison, WI, USA), according to the manu-
facturer's protocol. For TUNEL assays, at room temperature, 
cells were fixed with 4% paraformaldehyde for 10 min and 
then rinsed with PBS. TUNEL staining was performed using 
the DeadEND Fluorometric TUNEL system (Promega Corp.) 
according to the manufacturer's protocol. Five or more 
randomly selected fields were examined for quantification of 
TUNEL staining.

Statistical analysis. Three biological replicates and two 
technical repetitions were performed for each assay unless 
indicated otherwise. Representative results are presented. 
Differences between two groups were calculated using a 
two‑tailed unpaired Student's t‑test. Statistical significance 
among multiple groups was calculated using one‑way ANOVA 
followed by Turkey's test. Variance between groups met the 
assumptions or the appropriate test. Unless otherwise stated, a 
P‑value of <0.05 was considered statistically significant.

Results

Downregulation of SIRT6 following doxorubicin treatment of 
liver cancer cells. In order to examine the effects of doxorubicin 
treatment on SIRT family member proteins, HepG2 cells were 
treated with 1 µM doxorubicin, and then mRNA and protein 
expression was measured at various time‑points. Doxorubicin 
treatment resulted in significant increases in SIRT1 and SIRT4 
mRNA expression and downregulation of SIRT6 mRNA level 
by 36 h (Fig. 1A). Western blot analysis indicated that there 
was no change in SIRT1 protein level following treatment and 
SIRT level was increased from 12 h post‑treatment. Consistent 
with the mRNA results, SIRT6 protein was also significantly 
reduced 12 h after treatment and this effect lasted at least 
36 h (Fig. 1B). Similarly, it was also observed that doxorubicin 
induced a significant decrease in SIRT6 protein expression 
in Huh7 cells (Fig. 1B). Immunofluorescence was performed 
to evaluate the cellular localization of SIRT6 in untreated 
and treated cells. The results indicated that SIRT6 protein 
localized to both the cytosol and nucleus in untreated cells. 
Consistent with the western blotting results, it was identified 
that doxorubicin decreased global SIRT6 intensity from 24 h 
post‑treatment (Fig. 1C). These data indicated that doxoru-
bicin treatment downregulates SIRT6 mRNA and protein 
levels in liver cancer cells. The inconsistencies between 
SIRT1 mRNA and protein levels also suggested that there 
may be post‑transcriptional regulation following doxorubicin 
treatment.

To determine whether downregulation of SIRT6 is 
required for doxorubicin to cause liver cancer cell apoptosis, 
HepG2 cells were first treated with different concentrations of 
doxorubicin. A dose‑dependent activation of caspase‑3/-7 was 
observed after 36 h of doxorubicin treatment (Fig. 2A). Western 
blot analysis was performed to evaluate apoptotic signals by 
measuring PARP and caspase‑3 cleavage, and it was identi-
fied found that 1 µM doxorubicin caused a significant increase 
in cleaved PARP and caspase‑3  (Fig.  2B). Therefore, this 
concentration was used for subsequent experiments (Fig. 2B). 
A TUNEL assay indicated that 1 µM doxorubicin induced 

Table I. Primer sequences used for reverse transcription‑quan-
titative polymerase chain reaction and ChIP assays.

Primer	 Sequence (5'‑3')

SIRT1 forward	 TAGCCTTGTCAGATAAGGAAGGA
SIRT1 reverse	 ACAGCTTCACAGTCAACTTTGT
SIRT4 forward	 GCTTTGCGTTGACTTTCAGGT
SIRT4 reverse	 CCAATGGAGGCTTTCGAGCA
SIRT6 forward	 CCCACGGAGTCTGGACCAT
SIRT6 reverse	 CTCTGCCAGTTTGTCCCTG
GAPDH forward	 GAAGGTGAAGGTCGGAGTC
GAPDH reverse	 GAAGATGGTGATGGGATTTC
p27 ChIP forward	 TGCGCGCTCCTAGAGCTC
p27 ChIP reverse	 TTTCTCCCGGGTCTGCAC
Bim ChIP forward	 AGGCTAGGGTACACTTCG
Bim ChIP reverse	 AGGCTCGGACAGGTAAAG

ChIP, chromatin immunoprecipitation; SIRT, sirtuin.
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a significant increase in TUNEL‑positive cells from 24 h 
post‑treatment (Fig. 2C). Then, Flag‑tagged SIRT6 and inac-
tive SIRT6 H133Y mutant were overexpressed in Huh7 cells 
followed by treatment with 1 µM doxorubicin. In the absence 
of doxorubicin, overexpression of SIRT6 and H133Y mutant 
exerted no effects on PARP cleavage and caspase‑3 activation. 
However, in the presence of doxorubicin, SIRT6 overexpres-
sion almost completely abolished doxorubicin‑induced PARP 
and caspase‑3 cleavage (Fig. 2D). A TUNEL assay indicated 
that restorative expression of SIRT6, but not inactive SIRT6, 
blocked doxorubicin‑induced cell death (Fig. 2E). These data 
indicated that SIRT6 plays a critical role in determining cell 
fate in response to doxorubicin but this effect requires SIRT6 
deacetylase enzyme activity.

Doxorubicin actives FOXO3, which triggers pro‑apoptotic 
target gene expression. To determine the potential SIRT6 

target that is responsible for regulating doxorubicin‑induced 
apoptosis, multiple proteins that are known to induce apoptosis, 
including p53 (35), FOXO3 (36), FOXO1 (37) and Bax (33), 
were evaluated. It was identified that in response to doxorubicin 
treatment, there were no changes in FOXO1 and p53 protein 
expression. Bax expression was increased at 36 h (Fig. 3A). 
FOXO3 protein was significantly elevated following doxo-
rubicin treatment  (Fig. 3A). Immunofluorescence staining 
indicated that in both Huh7 and HepG2 cells, FOXO3 local-
ized to both the cytosol and nucleus in untreated cells. In 
response to doxorubicin, FOXO3 intensity was increased 
and at 24 h post‑treatment, it was primarily localized in the 
nucleus  (Fig.  3B). In order to investigate whether nuclear 
FOXO3 was functionally responsible for apoptosis, a ChIP 
assay was performed to assess the promoter binding of 
FOXO3 to its target genes, which are responsible for cell 
cycle arrest and apoptosis, following doxorubicin treatment. 

Figure 1. Doxorubicin (DOX) treatment specifically decreases SIRT6. (A) HepG2 cells were treated with 1 µM DOX for 36 h. Cells were harvested at various 
times as indicated. SIRT1, SIRT4 and SIRT6 mRNA levels were evaluated by reverse transcription‑quantitative polymerase chain reaction. (B) HepG2 and 
Huh7 cells were treated with 1 µM DOX for various times as indicated. Protein levels of SIRT1, SIRT4 and SIRT6 were evaluated by western blot analysis. 
GAPDH was used as a loading control. (C) Immunofluorescence staining of HepG2 cells that were either untreated (Control) or treated with DOX for various 
times as indicated by using SIRT6 antibody (green) and DAPI staining (blue). Data are presented as the mean ± standard error of the mean of three independent 
experiments with technical duplicates. *P<0.05, **P<0.01 vs. control; one‑way ANOVA. SIRT, sirtuin.
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As indicated in Fig. 3C, at 24 h of doxorubicin treatment, 
FOXO3 binding to its target genes p27 and Bim was signifi-
cantly increased. Consistent with this, RT‑qPCR and western 
blotting results indicated that both mRNA and protein levels 
of p27 and Bim were significantly increased following treat-
ment (Fig. 3D and E). In summary, these data demonstrated 
that doxorubicin treatment induces FOXO3 activation, which 
triggers expression of its target genes and results in cell cycle 
arrest and apoptosis.

SIRT6 interacts with FOXO3 and destabilizes FOXO3 by 
promoting ubiquitination. The aforementioned data indicated 
that SIRT6 is downregulated and FOXO3 is upregulated 
in response to doxorubicin. Therefore, it was assessed 
whether SIRT6 regulates FOXO3 protein stability. SIRT6 
was overexpressed in HeLa cells and immunoprecipitation 
was performed to examine whether SIRT6 interacts with 
FOXO3. It was identified that these two proteins exhibit a 
direct interaction (Fig. 4A). Previous studies have suggested 
that multiple SIRT family members are able to deacetylate 
FOXO3 (12,14,38). Thus, it was investigated whether SIRT6 

deacetylates FOXO3. Flag‑SIRT6 and SIRT6 H133Y were 
expressed in HeLa cells and FOXO3 proteins were immuno-
precipitated. The acetylation level of FOXO3 was examined 
using a pan‑acetyl Lysine antibody. It was identified that over-
expression of SIRT6, but not the inactive form SIRT6 H133Y, 
significantly decreased the acetyl‑FOXO3 level (Fig. 4B). It 
was also observed that SIRT6 significantly increased FOXO3 
ubiquitination and the p‑S253 FOXO3 level, which is critical 
for FOXO3 degradation (39) (Fig. 4B). These data demonstrated 
that SIRT6 interacts with FOXO3 and promotes its ubiquitina-
tion and degradation. Furthermore, it was investigated whether 
SIRT6 regulates FOXO3 protein stability in vitro. SIRT6 or 
SIRT6 H133Y was overexpressed in cells, and then the protein 
level of FOXO3 was evaluated by western blotting. SIRT6 
overexpression itself was sufficient to increase p‑FOXO3 S253 
and reduce FOXO3 protein level, but this effect also required 
enzyme activity (Fig. 4C). The underlying mechanism of this 
may be that SIRT6 significantly decreases the FOXO3 protein 
half‑life  (Fig.  4D). In summary, these data indicated that 
SIRT6 interacts with FOXO3 and regulates FOXO3 protein 
stability by promoting its deacetylation and ubiquitination.

Figure 2. Doxorubicin (DOX)‑induced SIRT6 downregulation is required for apoptosis. (A) HepG2 cells were treated with varies dose of DOX and caspase‑3/-7 
activity was examined at 36 h after treatment. (B and C) HepG2 cells were treated with 1 µM DOX for 36 h. (B) Protein levels of cleaved PARP (C‑PARP) 
and cleaved caspase‑3 (C‑CASP3) were evaluated by western blot analysis. GAPDH was used as a loading control. (C) Cell death was evaluated by TUNEL 
assay. (D) Huh7 cells were transfected with Flag‑tagged SIRT6 or SIRT6 H133Y for 24 h and treated with DOX (1 µM) for 36 h. Protein expression of SIRT6, 
FOXO3, cleaved PARP and caspase‑3 was evaluated by western blot analysis. (E) HepG2 cells were transfected with Flag‑tagged SIRT6 or SIRT6 H133Y for 
24 h and treated with DOX (1 µM) for 36 h. Cell death was evaluated by TUNEL assay. Data are presented as the mean ± standard error of the mean of three 
independent experiments with technical duplicates. **P<0.01, ***P<0.001 vs. control; one‑ way ANOVA. PARP, poly(ADP ribose) polymerase; SIRT, sirtuin; 
FOXO3, forkhead box O3.
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SIRT6 regulates doxorubicin‑induced apoptosis through 
FOXO3. To examine whether FOXO3 is required for doxo-
rubicin‑induced apoptosis; two different lentiviral shFOXO3 
transfections were used to knock down FOXO3 protein, and 
then cells were treated with doxorubicin. Western blotting 
results indicated that shFOXO3 transfection generated >90% 
knockdown efficiency and loss of FOXO3 did not have any 
effects on SIRT6 expression  (Fig.  5A). A TUNEL assay 
indicated that absence of FOXO3 significantly abolished 
doxorubicin‑induced apoptosis (Fig. 5B). In order to evaluate 
whether SIRT6 regulates doxorubicin‑induced apoptosis 
through FOXO3, it was first examined whether SIRT6 blocks 
nuclear accumulation of FOXO3 in response to doxorubicin. 
Cells were transfected with HA‑FOXO3 or co‑transfected with 
Flag‑SIRT6. Following treatment with doxorubicin, cellular 
localization of FOXO3 was examined by immunofluores-
cence. As indicated in Fig. 2B, 24 h of doxorubicin treatment 
significantly induced nuclear localization of FOXO3 (Fig. 5C) 
which could be blocked by SIRT6 (Fig. 5D). Finally, we evalu-
ated whether the blocking of doxorubicin‑induced apoptosis 
by overexpression of SIRT6 was via FOXO3. SIRT6 and inac-
tive SIRT6 H133Y were overexpressed in FOXO3‑deficient 
cells followed by treatment with doxorubicin. SIRT6 and 
SIRT6 H133Y failed to block doxorubicin‑induced apoptosis, 

as indicated by similar levels of cleaved PARP and cleaved 
caspase‑3 (Fig. 5E) and TUNEL‑positive cells (Fig. 5F) as 
compared with control cells. In summary, these data indicated 
that in response to doxorubicin treatment, SIRT6 is a critical 
factor that regulates FOXO3 nuclear localization, which is 
essential for inducing liver cancer cell death.

Discussion

In the present study, it was demonstrated that histone deacet-
ylase SIRT6 is a key factor controlling doxorubicin‑induced 
liver cancer cell death by modulating transcriptional factor 
FOXO3. In the absence of doxorubicin treatment, SIRT6 
and FOXO3 interact with each other, and this interac-
tion promotes FOXO3 deacetylation, ubiquitination and 
degradation. Following doxorubicin treatment, SIRT6 is 
downregulated, which in turn activates FOXO3 transloca-
tion into the nucleus and binding to its target genes p27 and 
Bim to cause cell death. Overexpression of SIRT6 abolishes 
FOXO3 activation and cell death following doxorubicin 
treatment. Finally, it was demonstrated that SIRT6 regulates 
doxorubicin‑induced cell death through FOXO3; in the 
absence of FOXO3, SIRT6 overexpression is not able to 
prevent cell death.

Figure 3. Doxorubicin (DOX) increases FOXO3 activation. HepG2 cells were treated with 1 µM DOX for 36 h, then cells were harvested at various 
times as indicated. (A) Protein levels of FOXO3, FOXO1, p53 and Bax were evaluated by western blot analysis. GAPDH was used as a loading control. 
(B) Immunofluorescence staining of HepG2 and Huh7 cells that were either untreated (Control) or treated with DOX for various times as indicated by using 
FOXO3 antibody (green) and DAPI staining (blue). Scale bar, 50 µm. (C‑E) HepG2 cells were either untreated (Control) or treated with DOX for 24 h. 
(C) Promoter binding of FOXO3 was evaluated by chromatin immunoprecipitation assay. Data are presented as the mean ± standard error of the mean of 
three independent experiments with technical duplicates. *P<0.05, **P<0.01 vs. control, two‑tailed unpaired Student's t‑test. (D) p27 and Bim mRNA levels 
were evaluated by reverse transcription‑quantitative polymerase chain reaction. (E) Protein levels were evaluated by western blot analysis. Graphs show 
mean ± SEM of three independent experiments with technical duplicates. Data are presented as the mean ± standard error of the mean of three independent 
experiments with technical duplicates. *P<0.05, **P<0.01 vs. control; one‑way ANOVA. FOXO3, forkhead box O3; FOXO1, forkhead box O1.
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SIRT proteins are regulated dynamically by different 
stimuli. SIRT6 has long been recognized as an environmental 
nutrition sensor; in cases of nutrition restriction, SIRT6 is 
rapidly upregulated in a p53‑dependent manner (40). Following 
LPS treatment, SIRTs are observed to be downregulated (23). 
While SIRT1 primarily increases degradation processes via 
post‑translational mechanisms, SIRT7 decreases both tran-
scription and protein stability (23). SIRT1 contains several 
post‑translational modification sites that regulate protein 
stability and enzyme activity  (41). In this study we have 
demonstrated that doxorubicin treatment results in a signifi-
cant decrease in SIRT6 protein levels, which is critical for cell 
death. However, the mechanisms underlying SIRT6 downreg-
ulation require further investigation. It has been indicated that 
covalent modification of SIRT1 by oxidants/aldehydes results 
in a decrease in its enzymatic activity an increase in its degra-
dation (42). There are multiple serine phosphorylation sites on 
SIRT1 (Ser27, Ser47, Ser659 and Ser661), which are regulated 
by diverse protein kinases (43‑45). It has been demonstrated 
that JNK1 phosphorylation of SIRT1 at the aforementioned 
sites leads to proteasome‑mediated degradation (46,47). JNK 

has also been identified to phosphorylate SIRT6, but it is 
unclear whether this causes SIRT6 degradation (48). Notably, 
doxorubicin treatment induces JNK activation in multiple 
cancer types (48,49).

FOXO3 is one of the most well‑studied transcription 
factors and its activity is tightly regulated by post‑transcrip-
tional modification, including phosphorylation, ubiquitination, 
arginine methylation and acetylation  (50). It is well docu-
mented that Akt‑dependent phosphorylation is the major 
pathway that controls FOXO3 activity by promoting nuclear 
exclusion and degradation (51). Multiple SIRT proteins have 
been reported to deacetylate FOXO3 and regulate its tran-
scriptional activity, including SIRT1, SIRT2, SIRT3, SIRT6 
and SIRT7 (13,14,19,23,51). In the present study, it was demon-
strated that FOXO3 is also an SIRT6 target in liver cancer 
cells. SIRT6 interacts with FOXO3; overexpression of SIRT6, 
but not the enzyme‑inactivated mutant, reduces FOXO3 
protein half‑life and redundancy, suggesting that SIRT6 
regulates FOXO3 through deacetylation. Consistent with this, 
it was also identified that SIRT6 is able to reduce the acetyla-
tion level of FOXO3. The mechanism by which the FOXO3 

Figure 4. SIRT6 destabilizes FOXO3 by promoting FOXO3 ubiquitination. (A) Interaction between SIRT6 and FOXO3. HeLa cells were transfected with 
Flag‑tagged SIRT6 for 24 h. Flag‑SIRT6 or FOXO3 were immunoprecipitated and the input and immune complexes were assessed for the presence of FOXO3 
or SIRT6 by western blot analysis. (B) FOXO3 was immunoprecipitated from cell lysis as in (A)  Acetylated, phosphorylated and ubiquitinated FOXO3 and 
total amount of FOXO3 were assessed by western blot analysis. (C) HepG2 cells were transfected with Flag‑SIRT6 or SIRT6 H133Y for 24 h. Protein level of 
total FOXO3 and p‑FOXO3 S253 were evaluated by western blot analysis. (D) HepG2 cells were transfected with Flag‑SIRT6 for 24 h and cells were treated 
with CHX (100 µM) for various times as indicated. Protein levels of FOXO3 and SIRT6 were evaluated by western blot analysis. FOXO3, forkhead box O3; 
SIRT, sirtuin; CHX, cycloheximide.
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acetylation state controls FOXO3 stability is not clear, but it is 
reported that acetylation promotes the binding of FOXO3 to 
JNK1 (23). Thus, it is speculated that this may also increase 
FOXO3 binding to Akt, which triggers its phosphorylation 
and degradation. Notably, it was observed that SIRT6 over-
expression increases p‑FOXO3 S253 levels, which are critical 
for FOXO3 stability. A recent study also indicated that p38 
phosphorylates FOXO3 and promotes its nuclear translocation 
in response to doxorubicin; it is not clear whether SIRT6 could 
block p38‑induced FOXO3 phosphorylation.

The ability of SIRT6 and FOXO3 to regulate doxo-
rubicin‑dependent cell death raises the possibility that 
manipulation of this system may have therapeutic implica-
tions. Manipulating SIRT has long been demonstrated to 
have beneficial effects in various diseases. Resveratrol, a 
well‑established SIRT activator, is recognized as an anti‑apop-
tosis and anti‑inf lammatory compound that possesses 
beneficial effects in various diseases, including rheumatoid 
arthritis and type I diabetes (52,53). SIRT inhibitor has been 
demonstrated to induce cancer cell apoptosis by increasing 

Figure 5. SIRT6 directs doxorubicin (DOX)‑induced cell death through FOXO3. (A) HepG2 cells were transduced with shRNA specific for FOXO3 (shFOXO3) 
or non‑targeting shRNA (shCON) for 72 h. FOXO3 and SIRT6 protein levels were evaluated by western blot analysis. (B) Cells in A were treated with DOX 
for 36 h and cell death was evaluated by TUNEL assay. (C and D) HA‑FOXO3 and/or Flag‑SIRT6 were transfected into HepG2 cells followed by treatment 
with DOX for 24 h. Immunofluorescence staining for FOXO3 and SIRT6 was performed using FOXO3 (green) and Flag (red) antibodies. Scale bar, 20 µm. 
(E and F) Cells in A were transfected with Flag‑SIRT6 or SIRT6 H133Y for 24 h and treated with DOX for 36 h. (E) Protein levels were evaluated by western 
blot analysis. (F) Cell death was evaluated by TUNEL assay. Data are presented as the mean ± standard error of the mean of three independent experiments. 
*P<0.05 vs. shCON; one‑way ANOVA.
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p53 acetylation (53,54) and Myc degradation (55). The current 
data suggest that downregulation of SIRT6 is essential for 
doxorubicin‑induced cancer cell death. Therefore, it is specu-
lated that high expression of SIRT6 or failure to downregulate 
SIRT6 following doxorubicin treatment may contribute to 
TACE resistance. SIRT6 expression levels in human HCC 
tissues remain unclear due to conflicting reports, suggesting 
that SIRT6 is highly disease stage or population dependent, 
but it would also be interesting to investigate whether tumors 
with higher SIRT6 expression are also TACE resistant.

The present study demonstrated that downregulation of 
SIRT6 is required for doxorubicin‑induced liver cancer cell 
death since it promotes FOXO3 nuclear localization and acti-
vation, leading to cell death. The current data also identified 
that SIRT6 controls FOXO3 by deacetylation, which is a novel 
mechanism. Furthermore, acetylation affects kinase binding 
to FOXO3 and whether there are apoptotic effects of FOXO3 
that are independent of SIRT6 downregulation. To gain further 
understanding, these mechanisms should be investigated in a 
future study. Nonetheless, the current findings regarding the 
interaction between SIRT6 and FOXO3 elucidate a novel 
molecular mechanism by which SIRT proteins regulate cell 
function and point to SIRT6 as a potentially important target 
for liver cancer treatment.
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