Journal of Cancer 2019, Vol. 10

3871

Ivyspring

Journal of Cancer

International Publisher

2019; 10(16): 3871-3882. doi: 10.7150/jca.31266

Research Paper

SIRT5 Promotes Hepatocellular Carcinoma Progression
by Regulating Mitochondrial Apoptosis
Rixin Zhang1*, Chengye Wang1*, Yu Tian1,2, Yifan Yao1, Jiakai Mao1, Haibo Wang1, Zhenghan Li1, Yakun
Xu1, Mingliang Ye3, Liming Wang1
1.
2.
3.

Division of Hepatobiliary and Pancreatic Surgery, Department of Surgery, The Second Hospital of Dalian Medical University, NO.467, Zhongshan Road,
Dalian, Liaoning 116023, China.
Department of Vascular Surgery, The Second Hospital of Dalian Medical University, NO.467, Zhongshan Road, Dalian, Liaoning 116023, China.
CAS Key Lab of Separation Sciences for Analytical Chemistry, National Chromatographic Research and Analysis Center, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, NO.457, Zhongshan Road, Dalian, Liaoning 116023, China.

*These authors have contributed equally to this work.
 Corresponding author: Liming Wang, Email: wangbcc259@163.com; Tel #: +86-17709870007
© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions.

Received: 2018.11.06; Accepted: 2019.05.12; Published: 2019.06.10

Abstract
SIRT5 belongs to a family of NAD+-dependent lysine deacetylases called sirtuins. Although
accumulating evidence indicates SIRT5 upregulation in cancers, including liver cancer, the detailed
roles and mechanisms remain to be revealed. Hepatocellular carcinoma (HCC) is the second leading
cause of cancer-related deaths among men worldwide, and finding effective targets for HCC
treatment and prevention is urgently needed. In the present study, we confirmed that mitochondrial
sirtuins, particularly SIRT5, are more highly expressed in HCC cell lines than in normal liver cell
lines. Moreover, SIRT5 knockdown suppresses HCC cell proliferation and SIRT5 overexpression
promotes HCC cell proliferation. Furthermore, we verified that SIRT5 knockdown increases HCC
cell apoptosis via the mitochondrial pathway. By co-IP and western blotting, we illustrated that
SIRT5 deacetylates cytochrome c thus regulating HCC cell apoptosis. Taken together, our findings
suggest that SIRT5 may function as a prognostic factor and drug target for HCC treatment.
Key words: SIRT5, HCC, Cytochrome c, Acetylation

Introduction
Sirtuins (SIRTs) are a family of nicotinamide
adenine dinucleotide (NAD+)-dependent lysine
deacetylases. SIRTs are characterized by a highly
conserved SIRT catalytic core domain [1]. SITRs are
mammalian orthologues of the silent information
regulator (SIR) 2 protein which was the first reported
sirtuin gene from Saccharomyces cerevisiae [2, 3]. Seven
SIRTs (SIRT1-7) exist in humans, and these SIRTs
have different locations. SIRT1, SIRT6 and SIRT7 are
present primarily in the nucleus. SIRT2 exists in the
cytoplasm, while SIRT3, SIRT4 and SIRT5 are
localized in mitochondria [4]. SIRTs participate in
diverse cellular processes, such as cell fate, DNA
stress repair, ageing and metabolism [5, 6] and play
important roles in various diseases, such as
neurodegenerative diseases [7, 8], cardiovascular

diseases [9] and type Ⅱ diabetes [10]. SIRT5, a member
of the SIRT family, is localized mainly in the
mitochondria. SIRT5 has diverse catalytic activities of
desuccinylation, deglutarylation and demalonylation,
as well as roles in mitochondrial metabolism [11].
Currently, the most important roles of SIRT5 has been
reported in the urea cycle in mitochondria. SIRT5 can
deacetylate and stimulate carbamoyl phosphate
synthetase (CPS1), leading to ammonia detoxification
[12]. SIRT5 could regulate fatty acid metabolism
through
desuccinylase
hydroxyl-coenzyme
A
dehydrogenase (HADH) which is an essential enzyme
in fatty acid metabolism [13]. In mitochondrial
oxidative phosphorylation, SIRT5 suppresses the
biochemical activity of the important TCA cycle
enzyme succinate dehydrogenase (SDH) and reduces
http://www.jcancer.org
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the mitochondrial respiration driven by SDH [13].
Hala et al. reported that SIRT5 deletion enhanced
mitochondrial DRP1 accumulation, leading to
mitochondrial fragmentation and degradation during
autophagy [14]. Excess mitochondrial reactive oxygen
species (ROS) increase cellular oxidative stress, and
SIRT5 could enhance cellular antioxidant defense by
deglutarylating glucose-6-phosphate dehydrogenase
(G6PD) and desuccinylating isocitrate dehydrogenase
2 (IDH2) [15]. SIRT5 could also eliminate ROS
through desuccinylating and activating Cu/Zn
superoxide dismutase 1 (SOD1) [16]. Furthermore,
SIRT5 was also reported to be a regulator of
mitochondrial energy metabolism, and SIRT5
overexpression increased ATP synthesis and oxygen
consumption in HCC cell line HepG2 [17].
Researches on the relation between SIRT and
cancers have been continuous since SIRTs were
identified [18, 19]. However, correlations between
SIRT5 and cancers have rarely been reported. The
roles of SIRT5 in cancers were studied and revealed
only recently. Existing evidence suggests that SIRT5
functions as an oncogene. In non-small cell lung
cancer (NSCLC) SIRT5 could promote cell growth and
enhance drug resistance [20]. Based on TCGA data,
Gong et al revealed that SIRT5 was highly expressed
in squamous cell carcinoma and that high SIRT5
expression was associated with poor overall survival
in NSCLC patients [21]. In colorectal cancer (CRC),
SIRT5 also promotes colorectal carcinogenesis by
enhancing glutaminolysis in a deglutarylationdependent manner [22]. Moreover, SIRT5 could
promote CRC cell respiration, proliferation and
tumour
growth
by
deacetylating
lactate
dehydrogenase B (LDHB), a glycolytic enzyme that
catalysis the conversion of lactate and NAD+ to
pyruvate [23]. In triple-negative breast cancer
(TNBC), SIRT5 is upregulated markedly and high
SIRT5 expression has been associated with poor
clinical prognosis [24]. SIRT5 could also control
ammonia production by regulating glutaminase and
glutamine metabolism, resulting in ammonia-induced
autophagy and mitophagy in breast carcinoma and
mouse myoblastoma cells [25]. SIRT5 has been
reported to increase SHMT2 activity and enhance
serine catabolism, leading to tumor cell proliferation
[26]. In HEK293T cells, SIRT5 could bind to and
desuccinylate pyruvate kinase M2 (PKM2), thus
stimulating in cell proliferation and tumor growth
[27]. On the other hand, SIRT5 has also reported to
suppress the tumor progression. In gastric cancer,
SIRT5 inhibits gastric cancer cell proliferation by
suppressing aerobic glycolysis [28]. Furthermore,
SIRT5 could facilitate S100A10 degradation, thus
inhibiting the role of S100A10 in promoting gastric
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cancer invasion and migration [29]. Consequently,
additional studies should be performed to explore the
positive or negative roles of SIRT5 in more cancers.
Primary liver cancer is the fifth most prevalent
malignant tumor and the second leading cause of
cancer-related deaths among men worldwide,
particularly in less developing countries, primary
liver cancer accounts for approximately 50% of the
total number of cases and deaths occurring in China
alone [30]. According to Chinese statistical data, liver
cancer was estimated as the first killer and most
common cancer of men younger than 60 years old in
2015 [31]. Although the incidence of liver cancer has
decreased gradually, the estimated deaths from liver
cancer still ranked fifth among all cancers in males in
the United States [32]. Hepatocellular carcinoma
(HCC) is the most common and accounts for 85-90%
of total primary liver cancer cases [33]. Surgical
resection remains the most common therapeutic
strategy for resectable HCC patients; however, many
advanced HCC patients are not suitable for surgery
[34] and the recurrence rate after surgical resection for
HCC remains approximately 50-70% [35]. Liver
transplantation, embolization, ablation, radiation
therapy and chemotherapy have provided partial
curative interventions. However, only approximately
30% of HCC patients meet the criteria for all the above
therapies [36]; furthermore, despite so many
therapies, the HCC five-year survival rate is as low as
17% [37]. Therefore, identifying new treatment targets
or developing novel strategies for HCC management
is urgently needed.
The role of SIRT5 in cancers has not been
identified completely. Before 2013, few studies
reported the effects of SIRT5 in HCC. Recently, an
increasing number of studies have gradually revealed
the role of SIRT5 in HCC. In fact, high-levels of gene
amplification and expression have been reported for
SIRT5 in liver cancer [38]. SIRT5 expression is
upregulated in HCC tissues and cell lines, and its
overexpression is positively correlated with tumor
size, lymph node metastasis and TNM stage. SIRT5
upregulation also indicates poor clinical prognosis in
HCC patients. SIRT5 directly targets and activates E2F
transcription factor 1 (E2F1) thus promoting HCC cell
proliferation and invasion [39]. However, the
mechanisms of SIRT5 regulation in HCC need to be
studied further to achieve complete understanding.
In the present study, we selected two HCC cell
lines (Bel-7402, Huh7) to confirm the effects of SIRT5
in HCC. We found that SIRT5 could facilitate HCC
progression by inhibiting HCC cell apoptosis.
Furthermore, we revealed that SIRT5 could
deacetylate cytochrome c (cyt c) and regulate cyt c
distribution in the cytoplasm and mitochondria to
http://www.jcancer.org
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suppress mitochondrial apoptosis. Our results
suggest that SIRT5 is a potential marker and drug
target for HCC diagnosis and treatment.

Materials and Methods
Reagents and antibodies
A Cell Cycle Detection Kit, Annexin V-APC/
propidium iodide (PI) Apoptosis Detection Kit, JC-1
Apoptosis Detection Kit, and BCA Protein
Quantitation Assay Kit were purchased from KeyGen
Biotech Co., Ltd. (Nanjing, China). A Cell Counting
Kit-8 assay was obtained from Bimake (Houston, TX,
USA).
The following primary antibodies were used for
western blot analysis: cleaved-caspase3 (cl-cas3),
cleaved-PARP (cl-PARP), Bax, Bcl-2, cyt c, Cox IV, pan
acetylation, β-actin (Proteintech, IL, USA), SIRT5
(Abcam, MA, USA). Antibodies against cyt c for the
Co-IP assay were purchased from Cell Signaling
Technology
(Danvers,
MA,
USA).
Peroxidase-conjugated polyclonal goat anti-rabbit and
polyclonal goat anti-mouse IgG antibodies were
obtained from Thermo-Pierce (IL, USA).

Cell culture
The human normal liver cell LO2 and
hepatocellular carcinoma cell lines SK-Hep-1, 97-L,
97-H, Huh7, Bel-7402, Bel-7402/Fu were obtained
from the tumor cell bank of the Chinese Academy of
Medical Science. Cells were cultured in RPMI-1640
medium (Gibco, USA) containing 10% fetal bovine
serum (FBS) (Gibco, USA), 100units/ml penicillin and
100 μg/ml streptomycin (Invitrogen, USA) in an
incubator with 5% CO2 at 37℃.

Transfection
Cells (2 x 105) were seeded in 6-well plates,
cultured for 24 hours and then transfected with 100
pmol siRNA using Lipofectamine 2000 (Invitrogen,
USA) in serum-free medium according to the
manufacturer’s protocol. After 4-6 hours, the medium
was replaced with complete culture medium. After 2
days, the transfected cells were harvested for protein
extraction or used for other experiments. All siRNAs
were obtained from GenePharma (Shanghai, China).
The 3 SIRT5 siRNA sequences were as follows: human
SIRT5 siRNA#1, 5’-GCCAAGUUCAAGUAUGGCA
TT-3’; siRNA#2, 5’-GCUGGUGUUAGUGCAGAAAT
T-3’; siRNA#3, 5’-GCAUCCCAGUUGAGAAACU-3’.
The SIRT5 overexpressing lentivirus and the control
lentivirus were purchased from GenePharma
(Shanghai, China). 106 lentiviruses were added to each
single well with gentle mixing and puromycin was
used to select the SIRT5 overexpressing cell line.
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Cell viability assay
Cell viability was determined by CCK-8 assay
according to the manufacturer’s instructions.
Approximately 5000 cells/well were seeded into
96-well plates. After 24 hours, the cells were
transfected with siRNA. The cells were cultured for
another 24, 48 and 72 hours; medium was exchanged
for 100 µl of RPMI-1640 and 10 µl of CCK-8 reagent.
Then cells were incubated at 37℃ for 2 hours. Finally,
light absorbance was measured at 450 nm using a
microplate reader.

Colony formation assay
Cells were seeded in triplicate into a 6-well
culture dish at 2000 cells/well. Cells were transfected
with siRNA after seeding for 24 hours. Then, cells
were cultured for 2 weeks, washed three times with
PBS, fixed in methanol for 15 minutes and stained
with a crystal violet solution for 15 minutes. Visible
colonies were counted according to the cell numbers
in each colony.

Cell apoptosis analysis
An Annexin V-APC/PI Apoptosis Detection Kit
was used to quantify the percentage of apoptotic cells.
After seeding in 6-well plates for 24 hours, cells were
transfected with the siRNAs. After another 48 hours
cells were harvested and stained with 5 µl of Annexin
V-APC and 5 µl of PI in 500 µl of an apoptosis reaction
solution in the dark at room temperature for 30
minutes. The stained cells were analysed using a BD
FACSCantoTMII flow cytometer.

Cell cycle analysis
Cells were seeded in 6-well plates for 24 hours
and then transfected with the siRNAs and cultured
for 48 hours. The cells were harvested and
resuspended in 2 ml of ice-cold 70% ethanol at 4℃
overnight. The fixed cells were washed with PBS and
incubated with 100 µl of RNase A for 30 minutes at
37℃, stained with 400 µl of PI and placed in the dark
at temperature for 30 minutes. The stained cells were
analysed using a BD FACSCantoTM II flow cytometer.

Mitochondrial membrane potential detection
Mitochondrial membrane potential change were
detected with JC-1 apoptosis detection kit. Harvested
cells were washed with PBS twice and resuspended in
500 µl of incubation buffer containing 1 µl of JC-1. The
cells were incubated with 5% CO2 at 37℃ for 20
minutes, washed twice and resuspended in
incubation buffer. The stained cells were then
analysed by a BD FACSCantoTM II flow cytometer.

http://www.jcancer.org
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Mitochondria isolation
A Mitochondria Isolation Kit (KeyGen Biotech,
Shanghai, China) was used to isolate mitochondria
according to the manufacturer’s instructions. A total
of 5×107 cells were harvested and washed with PBS at
4℃. The cells were resuspended in 0.8 ml of
pre-cooling lysis buffer and ground 40 times. The cell
lysates were washed with 0.2 ml of medium and
centrifuged at 1200×g and 4℃ for 5 minutes. The
supernatants were further centrifuged at 7000×g and
4℃ for 10 minutes. The precipitates were suspended
with 0.3 ml of suspension buffer and centrifuged at
9500×g and 4℃ for 10 minutes. The precipitates were
mitochondria.

Cellular and mitochondrial protein extraction
Harvested cells or mitochondria were lysed with
RIPA lysis buffer (KeyGen Biotech, Shanghai, China)
containing 1 mmol/l phosphatase inhibitor cocktail
(KeyGen Biotech, Shanghai, China) and 1 mmol/l
phenylmethylsulphonyl fluoride (KeyGen Biotech,
Shanghai, China). The mixture was centrifuged for 10
minutes at 12000 x g, and the supernatant containing
the proteins was saved.

Western blot analysis
Protein concentrations were determined using a
BCA Protein Assay Kit and diluted with RIPA and
loading buffer (KeyGen Biotech, Shanghai, China).
Equal amounts of protein samples (30 µg) were
separated by 8% or 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto PVDF membranes (Bio-Rad, USA).
The membranes were blocked with 5% skim milk for 2
hours at room temperature and incubated with
primary antibodies (1:1000) and secondary antibodies
(1:5000). Finally, the bands were detected by
chemiluminescence.

Co-immunoprecipitation (co-IP) assay
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according to the manufacturer’s protocol. Cell lysates
were combined with 10 µg of antibody and incubated
for 1 hour with rotation overnight at 4℃. A 25 µl
protein A/G magnetic beads slurry was added to the
cell lysates and mixed with rotation at 4℃ for 30
minutes. The cell lysates were placed into a magnetic
stand to collect the beads against the side of the tube,
and the precipitates were saved. The beads were
washed twice. Next, 100 µl of low-pH elution buffer
was added and mixed for 15 minutes. The beads were
separated magnetically and the supernatants were
saved for next analysis.

Statistical analysis
SPSS 17.0 software was used for statistical
analysis (IBM, USA). All experiments were repeated 3
times. The values are presented as the means ±
standard deviation. Statistical analyses were
performed using Student's t-test, and one-way
ANOVA was used to analyse variance. A p-value <
0.05 represented statistical significance.

Results
SIRT5 is overexpressed in HCC cell lines
Previous work has demonstrated the role of
SIRT5 in cancers including HCC. SIRT5 is
overexpressed in HCC tissues and cells, and higher
SIRT5 expression is associated lower overall survival
in HCC patients [39]. We detected SIRT5 expression in
a normal liver cell line (LO2) and different HCC cell
lines (SK-Hep1, 97-L, 97-H, Huh7,Bel-7402, and
Bel-7402/Fu which is resistant to 5-fluorouracil), and
confirmed that SIRT5 is indeed upregulated in HCC
cell lines compared to SIRT5 expression in the normal
liver cells (Figure 1). In this study, we selected the
Huh7 and Bel-7402 (Bel) cell lines in which SIRT5 was
modestly higher than that in the LO2 normal liver cell
line, to investigate SIRT5 roles and related
mechanisms in HCC.

The co-immunoprecipitated assay used Pierce
Protein A/G Magnetic Beads (Rockford, IL, USA)

Figure 1. SIRT5 is overexpressed in most HCC cell lines. SIRT5 expression in different HCC cell lines and normal liver cell line was measured by western blotting. **P
< 0.01.

http://www.jcancer.org
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Figure 2. SIRT5 knockdown suppresses HCC cell proliferation. A and B. Bel cells were transfected with siRNAs, the expression of SIRT5 was detected by western
blotting. C and D. After transfection with control siRNA, siRNA#1 and siRNA#2, relative Bel and Huh7 cell viability was evaluated using a CCK-8 kit at 0 h, 24 h, 48 h, 72 h. E,
F and G. After the Bel and Huh7 cells were transfected with control siRNA, siRNA#1 and siRNA#2, the cells were cultured for 2 weeks, and the colony numbers were counted.
**P < 0.01.

SIRT5 promotes the proliferation of HCC cells
Despite SIRT5 overexpression in HCC cells and
tissues, SIRT5 specific roles in HCC still need to be
determined completely. To investigate the effects of
SIRT5 on HCC, we measured cell proliferation in
HCC cells with different levels of SIRT5 expression.
We introduced 3 different SIRT5-siRNAs (si#1-3) and
a control-siRNA (siCon) into Bel cell lines for 48
hours. We measured SIRT5 expression by western
blotting and selected si#1 and si#2 siRNAs, which
possessed better interfering efficiency, to silence
SIRT5 (Figure 2A, B). Using a CCK-8 cell viability

assay, we found SIRT5 knockdown by si#1 and si#2
markedly decreased the cell proliferation rate (Figure
2C, D). We also conducted cell colony formation
assays to determine whether SIRT5 knockdown
inhibited proliferation. The number of colonies
formed was 732.0 ± 31.7 for Bel-si#1 cells, 748.7 ± 27.8
for Bel-si#2 cells, 675.3 ± 24.8 for Huh7-si#1 cells and
644.3 ± 26.8 for Huh7-si#2 cells, while the number was
984.3 ± 42.4 and 990.7 ± 62.8 for Bel-siCon and
Huh7-siCon cells respectively (Figure 2E-G). The
results showed SIRT5 knockdown weakened HCC
cell viability and proliferation ability.
http://www.jcancer.org
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Figure 3. Overexpression of SIRT5 promotes HCC cell proliferation. A, B and C. Bel and Huh7 cells were transfected with vector and SIRT5 lentivirus plasmids, the
expression of SIRT5 was detected by western blot. D and E. After transfecttion with vector and SIRT5 lentivirus plasmids, relative Bel and Huh7 cell viability was measured using
a CCK-8 kit at different time points. E, F and G. After Bel and Huh7 cells were transfected with vector and SIRT5 lentivirus plasmids, and the cells were cultured for 2 weeks,
and the colony numbers were counted. **P < 0.01.

Furthermore, we established SIRT5 stable
expression Bel (Bel-SIRT5) and Huh7 (Huh7-SIRT5)
cells to verify that SIRT5 facilitated HCC cell
proliferation. Western blotting showed SIRT5 was
overexpressed in Bel-SIRT5 and Huh7-SIRT5 cells
compared to that in Bel-vector and Huh7-vector cells
respectively (Figure 3A-C). CCK-8 assays showed that
the cell viability was significantly higher in SIRT5
stable expressed cells than in vector cells (Figure 3D,
E). Cell colony formation assays also revealed a
similar phenomenon, the number of colonies formed
was 1267.0 ± 43.8 for Bel-SIRT5 cells, 1106.2 ± 61.1 for
Huh7-SIRT5 cells, while the number was 770.0 ± 26.3
and 729.7 ± 23.6 for Bel-vector and Huh7-vector cells
respectively (Figure 3F-H). Our results illustrated that
SIRT5 could indeed promote HCC cells proliferation
leading to HCC progression.

SIRT5 plays an important role in HCC cells
apoptosis
Because cells with different SIRT5 expression
levels showed different proliferation rates, we further
investigated whether SIRT5 affected cell apoptosis.
We used Annexin V-APC/Propidium iodide (PI)
staining-based fluorescence activated cell sorting

(FACS) analysis to evaluate cell apoptosis. We
observed the percentage of apoptotic cells was
dramatically increased after SIRT5 knockdown. The
percentages of apoptotic cells were 5.5 ± 0.5%, 13.2 ±
0.8% and 12.5 ± 0.7% in Bel-siCon, Bel-si#1, Bel-si#2
respectively (Figure 4A, B). Similar results were
observed in Huh7 cells, the apoptotic cells
percentages were 10.4 ± 0.6%, 23.0 ± 2.4% and 24.4 ±
4.9% in Huh7-siCon, Huh7-si#1, Huh7-si#2 in turn
(Figure 4C, D). We subsequently compared the
apoptosis-related proteins expression in cells with
different SIRT5 expression levels. The pro-apoptotic
proteins cl-cas3, cl-PARP, and Bax were upregulated,
while the apoptosis suppressor Bcl-2 was
downregulated (Figure 4E-G). These results revealed
that SIRT5 could inhibit apoptosis in HCC cells.
Cell cycle dysregulation is a hallmark of cancers,
we next determined the percentages of cell cycle
distribution percentages by PI staining-based FACS
analysis to explore whether SIRT5 could regulate the
cell cycle. However, we did not observe differences
between siCon and SIRT5 knockdown HCC cells
(Supplementary material). The flow cytometry data
indicated SIRT5 had no impact on HCC cell cycle.
http://www.jcancer.org
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Figure 4. SIRT5 knockdown increases HCC cell apoptosis. A-D. After transfection with control siRNA, siRNA#1 and siRNA#2 in Bel and Huh7 cells, the apoptotic cells
were stained with Annexin V-PI and detected by flow cytometry. E, F and G. The protein levels of cl-cas3, cl-PARP, Bax, Bcl-2 and SIRT5 were detected by western blotting. *P
< 0.05, **P < 0.01.

SIRT5 regulates apoptosis through the
mitochondrial pathway
Mitochondrial apoptosis is an important cell
apoptosis pathway. As SIRT5 is located in
mitochondria, we hypothesized that SIRT5
suppressed the mitochondrial pathway, thus
inhibiting on apoptosis in HCC cells. In mitochondrial
apoptosis, mitochondrial membrane permeability
changes, lead to mitochondrial membrane potential
disruption, this is a hallmark of mitochondrial
apoptosis [40, 41]. To determine whether
mitochondrial apoptosis is the underlying mechanism
through which SIRT5 inhibits HCC cell apoptosis, we
examined alterations in mitochondrial membrane
potential with JC-1 dye, which is highly sensitive at
detecting
mitochondrial
membrane
potential
alterations. Using flow cytometric analysis, we found
that SIRT5 knockdown prominently decreased the
mitochondrial membrane potential (Figure 5A-D).
Cyt c released from mitochondria to cytoplasm is
another marker of mitochondrial apoptosis; this

change is caused by increases in the mitochondrial
outer membrane permeability [42]. To investigate the
effect of SIRT5 on cyt c release, we extracted
mitochondrial and cytoplasmic proteins and
evaluated the cyt c distribution in cytoplasm and
mitochondria. Western blotting results showed that
SIRT5 knockdown significantly decreased cyt c
distribution in mitochondria and increased cyt c
distribution in cytoplasm (Figure 5E-J). These data
demonstrated that SIRT5 regulated mitochondrial
apoptosis, thus suppressing apoptosis in HCC cells.

SIRT5 deacetylates cyt c to induce
mitochondrial apoptosis
The SIRT family possesses potent deacetylase
activity and can regulate cancer progression by
deacetylating certain proteins. Previous studies
showed SIRT1/SIRT5 play a vital role in modulating
cancer cell survival by regulating promyelocytic
leukemia protein deacetylation [43]. As a member of
the SIRT family, SIRT5 is co-located with cyt c.
Therefore, we hypothesized SIRT5 could regulate cyt
http://www.jcancer.org
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c distribution by deacetylating cyt c. We used an
anti-cyt c antibody to immunoprecipitate SIRT5 and
found the association of SIRT5 and cyt c decreased
considerably in SIRT5 knockdown cells (Figure 6A, B),
while in SIRT5 stable expressed cells, the association
of SIRT5 and cyt c was increased markedly (Figure
6C, D). These results indicated SIRT5 can combine
with cyt c. We further detected cyt c acetylation levels
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by immunoprecipitation and western blotting. The
results showed cyt c acetylation was higher in SIRT5
knockdown cells than that in siCon cells (Figure 7A,
B), while cyt c acetylation was decreased significantly
in SIRT5 overexpressing cells (Figure 7C, D). These
data indicated SIRT5 could interact with cyt c and
SIRT5-mediated cyt c deacetylation decreased cyt c
release from mitochondria.

Figure 5. SIRT5 knockdown induces mitochondrial apoptosis in HCC cells. A-D. After control siRNA, siRNA#1 and siRNA#2 transfection, JC-1 dye was used to stain
Bel and Huh7 cells, and alterations in mitochondrial membrane potential were detected by flow cytometric analysis. E-J. Cyt c in cytoplasm and mitochondria of Bel and Huh7
cells was evaluated by western blot. *P < 0.05, **P < 0.01.

http://www.jcancer.org
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Figure 6. SIRT5 interacts with cytochrome c. A and B. Silencing SIRT5 decreases the interaction between SIRT5 and cyt c in Bel and Huh7 cells. C and D. Overexpression
of SIRT5 increases the interaction of SIRT5 and cyt c. *P < 0.05, **P < 0.01.

Discussion
Humans have made great efforts to conquer
hepatocellular cancer, but liver cancer incidence and
mortality have long remained high. Although more
therapeutic strategies, such as surgical resection, liver
transplantation, embolization, ablation, radiation
therapy and chemotherapy have been utilized in the
clinical treatment of liver cancer, the surgical
recurrence and five-year survival rates remain
unsatisfactory [34, 35, 37]. Thus, the development of
new biomarkers or therapeutic targets for improving
liver cancer diagnosis and outcomes is critical.
Exploration studies for new markers or targets have

focused on DNA, RNA, and proteins [44-46]. SIRTs
play important roles in the progression of a wide
variety of diseases, including cancers [46, 47]. As
SIRTs are an NAD+-dependent lysine deacetylase
family, they participate in cancer progression by
regulating metabolism [48, 49]. As a member of SIRT
family member, SIRT5 could also participate in cancer
progression.
SIRT5
has
anti-apoptotic
and
anti-oxidative functions in neuroblastoma cells [50].
Similar functions were verified in other cancers
including HCC [20, 22, 39]. However, the specific
roles and mechanisms of SIRT5 in HCC have not been
described in detail. In the present study, we
confirmed SIRT5 was overexpressed in HCC cell lines
http://www.jcancer.org
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which were consistent with previous studies, in which
SIRT5 was overexpressed in liver and NSCLC and it
could be an indicator of patient prognosis [20, 39].
We further explored the effects of SIRT5 on HCC
cells. First, we showed that SIRT5 overexpression
promoted HCC cell (Huh7 and Bel) proliferation,
while SIRT5 knockdown could suppress HCC cell
proliferation greatly. We also demonstrated that
SIRT5 knockdown significantly inhibited HCC cell
apoptosis. Additionally, we did not find positive or
negative effects of SIRT5 on cell cycle. Although
previous work has revealed several molecular
pathways (Nrf2 and E2F1) involved in the positive
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effects of SIRT5 in cancers, the underlying
mechanisms remain unknown.
Apoptosis is a crucial feature of a variety of liver
diseases, especially liver cancer. In liver cancer, cell
apoptosis inhibition is often the cytological basis of
liver tumor occurrence. Therefore, improvements in
liver cancer diagnosis and treatment could be made
from identifying liver cancer cell apoptosis
mechanisms and promoting liver cancer cell
apoptosis. SIRT3 is a tumor suppressor in HCC and
could regulate mitochondrial apoptosis [51]. Thus, the
anti-apoptotic role of SIRT5 may be one of the
important underlying pathways; clarifying the

Figure 7. SIRT5 regulates the acetylation of cytochrome c. A and B. Silencing SIRT5 decreases the acetylation of cyt c in Bel and Huh7 cells. C and D. SIRT5
Overexpression increases cyt c acetylation. *P < 0.05, **P < 0.01.

http://www.jcancer.org
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mechanisms of apoptosis may help to illustrate the
effects of SIRT5 in HCC. However, the anti-apoptotic
mechanisms of SIRT5 have not been revealed. Similar
to SIRT5 and SIRT3 localization, we confirmed that
SIRT5 could inhibit HCC cell apoptosis by controlling
mitochondrial apoptosis. In mitochondrial apoptosis,
pro-apoptotic factors activate signaling and the
pro-apoptotic
protein
Bax
translocates
to
mitochondrial
membranes
thus
changing
mitochondrial membrane permeabilization. Then, the
mitochondrial membrane is disrupted, and
pro-apoptotic factors (such as cyt c and apoptosis
protease-activating factor 1) in mitochondria are
released into cytoplasm. In cytosol, cyt c combines
with apoptosis protease-activating factor 1 (Apaf-1)
and caspase-9 to constitute a large complex called the
apoptosome. Subsequently, downstream caspases
such as caspase-3 are activated by apoptosome
leading to cell apoptosis [42]. Our present study
showed that SIRT5 silencing induced mitochondrial
membrane potential disruption, cyt c release from
mitochondria to cytoplasm, and cl-cas3 upregulation,
which indicated SIRT5 knockdown facilitated HCC
cell mitochondrial apoptosis. We illustrated SIRT5
could suppress HCC cell mitochondrial apoptosis by
decreasing cyt c release from mitochondria.
The most important role of SIRT5 is to induce the
deacetylation of CPS1, which is the rate-limiting
enzyme for urea synthesis in urea cycle. In normal
liver cells, SIRT5 acts as a deacetylase to mediate
ammonia detoxification by regulating urea cycle [12].
Acetylation is a reversible post-translational protein
modification that plays vital roles in cancer
carcinogenesis and development. Previous studies
have reported that SIRT5 is able to co-localize with cyt
c in the IMS and SIRT5 might regulate acetylation of
cyt c [52, 53]. In our study, we further explored the
role of SIRT5 in cyt c acetylation. Silencing SIRT5
increased acetylation of cyt c, while overexpressing
SIRT5 decreased acetylation of cyt c. We
demonstrated the important effect of acetylation on
cyt c distribution in cells, and SIRT5 deacetylation of
cyt c reduced cyt c release to cytoplasm, thus
decreasing mitochondrial apoptosis in HCC cells.
In addition, we reported SIRT5 has positive roles
in HCC cell proliferation, which indicated SIRT5
promoted liver tumorigenesis and liver cancer
progression by mechanisms other than suppressing
on HCC cell mitochondrial apoptosis. Furthermore,
SIRT5 also has the activities of desuccinylation,
deglytarylation and demalonylation, and many
reports have indicated SIRT5 had same or stronger
activity as a desuccinylase compared to that as a
deacetylase in physiology and pathology [16, 54].
These results indicate that SIRT5 may function as a
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desuccinylase to facilitate liver carcinogenesis and
liver cancer development, and encourage us to
explore more effects and mechanisms of SIRT5 in
HCC.
In summary, our findings identified the positive
role of SIRT5 in HCC cell proliferation and apoptosis
inhibition. This study illustrates a novel mechanism
by which SIRT5 could suppress HCC cell
mitochondrial apoptosis through deacetylation of cyt
c. Overall, this work supports that SIRT5 could be a
potential marker and target in clinical HCC diagnosis
and therapy.
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