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Metabolism
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Abstract

Hepatocellular carcinoma (HCC) is one of the most common neoplasms, and metastasis is the most important feature
for HCC-related deaths. Mounting evidence implies the dynamic regulatory role of SIRT2, a histone deacetylase, in
cancer cells. Unfortunately, the role of SIRT2 and the antitumor activity of its inhibition are not known in HCC. The
present study aims to evaluate the biological function of SIRT2 in HCC and identify the target of SIRT2 as well as
evaluate its therapeutic efficacy. We found that SIRT2 was upregulated in HCC tissues compared to adjacent normal
tissues, and this was correlated with reduced patient survival. Although CCK8 and colony-formation assays showed
that SIRT2 inhibiton marginally promotes proliferation in HCC cell lines, SIRT2 knockdown decreased the invasion of
HCC cells. We demonstrated that downregulation of SIRT2 could inhibit its downstream target phosphoenolpyruvate
carboxykinase 1 and glutaminase, which is related to mitochondrial metabolism and the E-Cadherin pathway. These
results demonstrate, for the first time that downregulation of SIRT2 decreases migration as well as invasion in human
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HCC cells, indicating that inhibiting SIRT2 may be an effective therapeutic strategy for treating HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
neoplasms and the third most frequent cause of cancer death
worldwide [1]. Globally, there are approximately 750,000 new cases
of HCC reported per year. Incidence rate continues to approximate
the death rate, indicating that most patients who develop HCC die as
a result of it [2]. HCC is highly aggressive and likely to metastasize.
HCC cells migrate through the extracellular matrix and vascular wall
into vascular circulation and can promote the formation of new blood
vessels as well. The treatment of patients with HCC is particularly
challenging. Not only is resistance to conventional anticancer drugs
becoming increasingly commonplace, but there too remains an
urgent need for the identification of relevant biomarkers. Unfortu-
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nately, oncogenic pathways identified by genetic studies have proven
difficult to target therapeutically. New therapies targeting HCC are
needed [1].

Posttranslational modifications in metabolism regulation have
received close attention due to their ability to respond to changes in
cellular metabolic status as well as regulation by upstream signaling
pathways. Acetylation has emerged as one such key posttranslational
modification and is identified in metabolic enzymes in cellular
regulation [3]. Deacetylases are designated as belonging to four classes
(I-1V), depending on their amino acid sequence structure. Sirtuins
(also known as SIRTs) are NAD+-dependent class III histone
deacetylases (HDAC:s). Seven SIRT homologues have been identified
as SIRT1 to 7 in mammals [4]. Among the sirtuin family members,
which have been conserved in evolution from bacteria to mammalian
species, SIRT?2 catalyzes a wide range of biological processes including
gene expression, development, and metabolism. Its enzymatic
reaction removes the acetyl group from lysine residues and is
accompanied with hydrolysis of NAD to generate nicotinamide,
lysine, and O-acetyl-ADP-ribose. Nicotinamide can inhibit this
enzymatic reaction [4]. SIRT2 is primarily a cytoplasmic protein, and
both tubulin and phosphoenolpyruvate carboxykinase 1 (PEPCK1)
are known substrates of this deacetylase [3,4]. Mounting evidence
implies a dual role for SIRT2 in tumorigenesis: the expression of
SIRT?2 is significantly reduced in gliomas and melanomas, while high
SIRT2 level in breast cancer is associated with increased time to
recurrence [5—7]. Studies have shown that the SIRT2 inhibitor has
antitumor, anti-inflammatory, and antidiabetic properties [8-10].
How SIRT?2 impacts metabolism and molecular mechanisms in HCC
cells has not yet been reported.

Phosphoenolpyruvate carboxykinase (PEPCK) is the rate-limiting
enzyme of gluconeogenesis and catalyzes the conversion of
oxaloacetate into phosphoenolpyruvate. PEPCK is found in two
forms: cytosolic (PEPCK1) and mitochondrial (PEPCK2) [11-14].
Due to the important role of PEPCKI, its regulation has been
extensively studied. Both yeast PEPCK1 and human PEPCK1 have
been found to have acetylation, with their catalytic activity inactivated
following this acetylation [3,15]. Acetylation of Lys70, Lys71, and
Lys594 of human PEPCKI leads to decreased protein stability,
reduced protein levels, and decreased gluconeogenesis without
affecting mRNA levels [3]. PEPCKI is an important marker in the
evaluation of type II diabetes and can promote cancer cell
proliferation by increasing glucose and glutamine utilization toward
anabolic metabolism [16]. For glutamine metabolism, glutaminase
(GLS) is the key enzyme in the conversion of glutamine to glutamate
and is expressed in many tissue cells and cancer cells [17]. However,
lictle is known about the role of PEPCKI and GLS in HCC
tumorigenesis.

In the present study, we discovered that SIRT?2 plays a critical role
in promoting HCC metastasis and invasion by directing neoplasm
metabolism. SIRT2-mediated deacetylation in protein posttransla-
tional modification stabilizes the protein level of PEPCK1 and
GLS, promoting glucose utilization and inhibiting the signal of

E-Cadherin.

Materials and Methods

Ethics, Consent, and Permissions
All experiments utilizing patients and cells were approved by the
Ethics Committee of Medical Research of Fudan University.
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Differentially Expressed Genes (DEGs) of Paired HCC from
The Cancer Genome Atlas (TCGA) Data

The HCC RNA-Seq data were downloaded from the TCGA
database using The GDC Data Portal (https://gdc-portal.nci.nih.gov/).
The number of mRNA expression values was 60,483. The mRNA
expression data included a total of 100 samples consisting of 50 normal
sample and 50 paired-HCC samples. The sequencing data were all
publicly available, and no ethical issues were involved. The edgeR
package in Bioconductor was used to screen the DEGs in HCC and
normal liver tissue samples. The edgeR package is based on the negative
binomial distribution, which can correct the overdispersion problem in
RNA-seq data by using a Poisson model and a Bayes procedure. The
data with expression values of zero were removed. The genes were
deemed to be DEGs if |FoldChange| >2, respectively, both with Pvalue
<.01 and false discovery rate (FDR) <0.05.

Functional Annotation

The Database for Annotation Visualization and Integrated
Discovery online tool (https://david.nciferf.gov/) was used to conduct
the functional and pathway enrichment analyses in our study. We
performed Gene Ontology (GO) and KEGG pathway enrichment
analyses to detect the potential biological functions and pathways of
the high- and low-expression genes in HCC.

Immunohistochemistry

Tumor specimens were fixed in 4% formalin and embedded in
paraffin. Sections were treated with immunoperoxidase using the
DAB kit (Zsbio) and then scored. The tissue microarray slides were
obtained from Guge BIOTECH (Wuhan, China). Staining intensity
was graded as follows: absent staining = 0, weak = 1, moderate = 2,
and strong = 3. The percentage of staining was graded as follows: 0
(no positive cells), 1 (<25% positive cells), 2 (25%-50% positive
cells), 3 (50%-75% positive cells), and 4 (>75% positive cells). The
score for each tissue was calculated by multiplication, and the range of
this calculation was therefore 0 to 12 [18].

Cell Culture and Reagents

Human liver cell lines (HepG2, Huh-7, Hep3B, 7721, and
Chang's) were donated by the Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China) and the Zhao lab of Fudan
University (Shanghai, China). Cells were maintained in Dulbecco's
modified Eagle's medium (Invitrogen, Carlsbad, CA) containing 10%
fetal bovine serum (Invitrogen), penicillin (Invitrogen) (100 U/ml),
and streptomycin (Invitrogen) (100 U/ml). Full-length PEPCKT (wild
type, 3K/R and 3K/Q) and S/R72 (wild type and H187Y) plasmids
were also donated from the Zhao lab of Fudan University (Shanghai,
China). Antibodies against Flag (Sigma, St. Louis., MO), PEPCK1
(Santa Cruz), SIRT2 (Sigma), a-tubulin (CST, Danvers, MA),
acetylated a-tubulin (Abcam, Cambridge, UK), and B-actin (Sigma)
were all purchased, and the polyclonal antibody against acetyl-lysine was
a donation from the Zhao lab. Selisistat (Selleck, Houston, TX),
MG132 (Sigma), salermide (Sigma), and CHX (Sigma) were all
purchased. Control and siSIRT?2 adenovirus were purchased (Vector
Biolabs, Malvern, PA).

Western Blot

Standard procedures were followed for Western blot, except for the
detection of acetylation, which used 50 mM Tris (pH 7.5) with 10%
(v/v) Tween 20 and 1% peptone (AMRESCO, Solon, OH) as a
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blocking buffer. Primary and secondary antibodies were diluted in
50 mM Tris (pH 7.5) with 0.1% peptone. Signals were probed using
the chemiluminescence ECL plus reagent (Thermo, Grand Island, NY)
and detected using a Typhoon FLA9500 scanner (GE, Fairfield, CT).

Apoptosis Assay

Cell apoptosis was measured by flow cytometry using the
AnnexinV-FITC/PI Apoptosis Detection Kit (BD, Franklin Lakes,
NJ) following the manufacturer's instructions.

Deacetylation Assay

Cells were lysed in NP-40 buffer containing 50 mM Tris-HCl
(Sigma), 150 mM NaCl (Sangon), 0.5% Nonidet P-40 (Sigma),
1 pg/ml aprotinin (Sigma), 1 pg/ml leupeptin (Sigma), 1 pg/ml
pepstatin (Sigma), 1 mM NazVOy (Sigma), and 1 mM PMSF
(Sigma), pH = 7.5. For immunoprecipitation, 500 pl of cell lysate
was incubated with Flag-beads (Sigma) for 12 hours at 4°C with
rotation, and the beads were washed three times with lysis buffer
before proteins were dissolved in loading buffer. The SIRT?2 assay was
done using bacterial expression and purification (Biovision, Milpitas,
CA). Deacetylation assays were carried out in the presence of 5 nug
enzyme and 0.3 pg peptide in 30-ul reaction buffer [30 mM HEPES
(Sigma), 0.6 mM MgCl, (Sangon), 1 mM DTT (Sigma), 1 mM
NAD" (Sigma), and 10 mM PMSF (Sigma)]. The deacetylation
reaction was incubated for 3 to 5 hours at 37°C before the mixture
was desalted by passing it through a C18 ZipTip (Millipore). The
desalted samples were analyzed using a MALDI-TOF/TOF mass
spectrometer (Applied Biosystems, Grand Island, NY). The acetylat-
ed peptide used in the assay was GILRRLK"°K*°YDNCWL
(Glssale, Shanghai, China).

Cell Viability Assay

Cells viability was determined using the CCK-8 colorimetric assay in
96-well plates (2 x 10 cells/well) (Dojindo, Minato-ku, Tokyo, Japan).
The absorbance at 450 nm was recorded using a microplate reader.

HCC Metastasis Model

Nude mice were purchased from the Department of Laboratory
Animal Science, Nanjing Drum Tower Hospital. HepG2 cells
(5 x 10°) in FBS-free RPMI-1640 were injected into the tail vein of
mice. Mice were treated with salermide at a dose of 20 mg/kg
bodyweight in 200 pl volume via intraperitoneal injection twice a
week for 6 weeks. The Animal Welfare Committee of Nanjing Drum
Tower Hospital approved all procedures involving animals.

Statistics

Data was expressed as mean + standard error of the mean (SE).
The data were analyzed through one-way ANOVAs followed by post
hoc Duncan tests (SPSS 17.0). P < .05 was considered significant.

Results

Metabolic Abnormalities and Metastasis of Liver Cancer
Tumors can change their metabolic status through differential
gene expression, thereby promoting their malignant biological behavior
[19]. Consequently, we analyzed the DEGs in liver HCC from TCGA
data. The HCC RNA-Seq data were downloaded from the TCGA
database using The GDC Data Portal (https://gdc-portal.nci.nih.gov/).
There were a total of 60,483 mRNA expression values. The mRNA
expression data further included 100 samples consisting of 50 normal
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samples and 50 paired-HCC samples. We identified the differentially
expressed genes (Figure 1A4), and we performed GO and KEGG
pathway enrichment analyses to detect the potential biological
functions and pathways of the high- and low-expression genes in
HCC (Figure 1, B and C); the two most relevant include metabolic
and metastatic pathways in HCC. PEPCKI1 and GLS serve as
important targets of energy and building blocks for many tumor cells.
They promote the biological characteristics of cancer cells by
increasing glucose and glutamine utilization for anabolic metabolism
[16,20]. Next, we queried the TCGA database, which contains
clinically annotated genomic data from 286 HCC samples [21,22],
and found that both PEPCK1 and GLS reduced patient survival
(P> .05, log-rank test) (Figure 1, D and E). These results suggest
that metabolic abnormalities and metastasis are important features of
liver cancer—moreover, these results underscore complex and
unclear regulatory mechanisms.

SIRT2 Expression in HCC

Acetylation has emerged as one such key posttranslational
modification and is identified in metabolic enzymes in cellular
regulation [3]. As the role of SIRT2 in HCC has not yet been
elucidated, we queried tissue microarrays which contain clinically
annotated data from 52 HCC samples and found that SIRT2 was
significantly increased in tumor tissues as compared to adjacent tissues
(Figure 2, A, B, and C). We queried the TCGA database, which
contains clinically annotated genomic data from 286 HCC samples
[21,22], and found that a high SIRT2 level in HCC reduced patient
survival (P = .0127, log-rank test) (Figure 2D). We further assessed
the expression of SIRT1 and SIRT2 in HCC cell lines (changes,
7721, Hep3B, Huh7, and HepG2) and found that it was SIRT2, and
not SIRT1, that was significantly expressed in these HCC cell lines
(Figure 2E). These results suggest that SIRT2 expression was
increased in HCC and was associated with reduced patient survival.

The Effect of SIRT2 in HCC Cells

Studies have shown that the levels of SIRT?2 expression and activity
play a critical role in cell epigenetic alterations associated with cancer
malignant biological behaviors [4]. Since most of the protein targets
promote tumor proliferation, we evaluated the relationship between cell
proliferation and SIRT?2 expression in two human HCC cell lines
(HepG2 and Hep3B). The effectiveness of the SIRT2 knockdown and
overexpression was validated through Western blotting, and the protein
levels of SIRT2 did not affect HCC cell proliferation (Figure 3, A and
B). Previous research indicates that the SIRT?2 inhibitor salermide has
an antitumor effect [8,9]. Three different cell lines including 7721,
HepG2, and Hep3B were treated with different concentrations of
salermide. After inhibiting STIRT?2, cell growth was marginally affected
(Figure 3C). Consistent with CCK8 assays, HCC cells displayed marginal
difference in phenotypes after salermide treatment (Figure 3D). Similarly,
after inhibition of SIRT?2 by salermide, no significant difference in the
amount of apoptotic cells was observed (Figure 3E). Collectively, these

results reveal that SIRT?2 did not affect the proliferation and apoptosis of
HCC cells.

SIRT2 Induced HCC Cell Migration

We next performed a wound-healing assay to observe the effect of
inhibiting SIRT2 on cell migration—an important event in
metastasis. The wound-healing assay was performed after treatment
of HepG2 and Hep3B with salermide. A significant inhibitory effect
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Figure 1. Metabolic abnormalities and metastasis are important features of liver cancer. (A) Heat map of DEGs in liver HCC and paired
normal liver samples. Heat map was drawn using the gplots package in Bioconductor. DEGs with fold change >2 were shown in red;
DEGs with fold change <—2 were in blue (P < .01 and FDR < 0.05). (B) GO annotation pathways of high-expression genes in HCC. (C) GO
annotation pathways of low-expression genes in HCC. (D) Kaplan-Meier curves for HCC patients' overall survival in patients with high and
low GLS expression (n = 286, P = .0127). (E) Kaplan-Meier curves for HCC patients' overall survival in patients with high and low PEPCK1
expression (n = 286, P = .0127). GO annotation pathways were generated using the ggplot2 package in R language. The size of the dots
represents the number of genes. Dot color represents the P value. Red: high degree of enrichment, green: low degree of enrichment.

on cell migration was observed when SIRT?2 was inhibited (Figure 44).  was increased, and the molecular targets of apoptosis did not change
To further explore the mechanism of SIRT2 induced cell migration, we  after SIRT2 was inhibited (Figure 4, B and C). Interestingly,
investigated the effects of SIRT2 on their downstream targets (including ~ E-cadherin expression was increased when SIRT2 was inhibited,
Ac-tubulin) after inhibition of STIRT2 by either salermide treatment or  suggesting that SIRT2 induced the migration of HCC cells via the
siSIRT?2 [4]. Western blotting demonstrated that acetylated a-tubulin ~ E-cadherin pathway (Figure 4, B and C).
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Figure 2. SIRT2 expression was increased in HCC. (A) SIRT2 protein levels in tumor and adjacent normal tissues from 52 HCC patients
were detected and (B) quantified. The magnification is X200. Scale bars, 100 um. (C) After scoring, the different proportions of tumor and
adjacent normal tissues were shown. (D) Kaplan-Meier curves for HCC patients' overall survival in patients with high SIRT2 expression and
low SIRT2 expression (n = 286, P = .0127). (E) The expression of SIRT1 and SIRT2 in HCC cell lines (changes, 7721, Hep3B, Huh7, and
HepG2) was determined by Western blot. Data represent the mean = SEM, n > 3. *P < .05; **P < .01. A score of “—", no staining or
membrane staining in less than 10% of the tumor cells; a score of “+", a faint and partial membrane staining in greater than 10% of the
tumor cells; scores of “++" and “+++", a weak to moderate and a strong complete membrane staining in greater than 10% of the tumor

cells, respectively.

SIRT2 Promote Mitochondrial Metabolism

Sirtuins sense cellular energy requirements and availability, as well as
direct metabolic pathways to ensure that energy production matches
consumption. Accordingly, we aimed to identify SIRT2 downstream
targets (PEPCK1, GLS1, PKM2, and LDH) involved in mitochondrial
metabolism. We transfected Flag-SIRT2 into HCC cells and found
that endogenous PEPCK1 and GLS1 were increased significantly
(Figure 5A). Synergistically, we found that mitochondrial activity was
significantly decreased after SIRT2 inhibition using mitochondrial
activity staining with JC-1 (Figure 5B). This suggests that SIRT2 is a key
target in promoting mitochondrial metabolism, as well as in the invasion
of HCC cells. Wild-type SIRT?2 overexpression reduced the acetylation
of PEPCKI and increased PEPCK]1 protein levels. Conversely, SIRT2

inhibition by salermide decreased PEPCKI by increasing the acetylation
of PEPCKI1 (Figure 5, C and D). It is worth noting that the protein
marker of migration, E-cadherin, had a positive correlation with
PEPCKI1 (Figure 5, C and D). Consistent with these results, active
PEPCKI1 ubiquitinylation was detected, and the SIRT?2 inhibitor
significantly increased PEPCKI1 ubiquitination (Figure 5E) after
Flag-tagged PEPCK1 and HA-tagged ubiquitin were coexpressed in
HCC cells. However, the role of SIRT2 inhibitor as a promoter of
PEPCKI ubiquitination was not observed after lysines (K) on three
acetylation sites of PEPCK1 mutated to glutamine (Q) (Figure 5F).
Overall, these results suggest that SIRT2 supported the migration of
HCC by stabilizing downstream metabolic targets and promoting
mitochondrial metabolism.
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Figure 3. SIRT2 did not affect proliferation and apoptosis in HCC cells. (A) HepG2 and Hep3B cell proliferation was analyzed via CCK8
assay following siRNA transfection. (B) HepG2 and Hep3B cell proliferation was analyzed via CCK8 assay following transfection with
SIRT2 overexpression vector. (C) 7721, HepG2, and Hep3B cells were treated with different concentrations of salermide and quantified via
CCK-8 assay. (D) 7721, HepG2, and Hep3B cells were treated with salermide, and the morphological changes were observed. Scale bars,
200 um. (E) 7721, HepG2, and Hep3B cells were treated with salermide; apoptotic cells were measured by flow cytometry (left) and
quantified (right). Data represent the mean = SEM, n > 3. *P < .05, **P < .01.

Inhibitory Effect of SIRT2 in HCC Migration

As a NAD"-dependent class III deacetylase, SIRT2 deacetylates
and stabilizes PEPCK1 [4]. We therefore investigated whether SIRT?2
is primarily responsible for decreasing protein levels of PEPCK1 with
salermide. Since Lys70, Lys71, and Lys594 were identified as key
acetylated sites of human PEPCKI1 and these are deacetylated by
SIRT2 [3,4], we synthesized a peptide containing these three
acetylated sites of PEPCK1 and incubated it with purified SIRT2
protein. We then assessed the peptides by mass spectrometry (Figure 64).
We found that SIRT?2 overexpression reduced specific acetylation while
salermide reversed this effect. As such, HepG2 and Hep3B cells were

transiently transfected with Flag-SIRT2 or a control vector. The
levels of PEPCKI1 expression in both cells were significantly lower
when cells were treated with salermide (Figure 6, B and C). Due to
the high level of homology between the SIRT'1 and SIRT2, salermide
possibly had a weak inhibitory effect on SIRTI. In order to
demonstrate that SIRT2 is the target of HCC, we employed the
SIRT 1-specific inhibitor selisistat to treat HCC cells and found that
selisistat had a marginal effect on PEPCK1 and its downstream target
E-cadherin (Figure 6C). Altogether, these data demonstrated that
SIRT?2 was a key molecule in the metastasis of HCC, and SIRT2
inhibition attenuated the migration of HCC.
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Figure 4. SIRT2 induced HCC cell migration by E-cadherin. (A) HepG2 and Hep3B cells were treated with salermide; cell migration was
photographed (left) and quantified (right). (B) HepG2 and Hep3B cells were treated with salermide; the downstream targets of SIRT2
(including Ac-tubulin, tubulin, c-caspase3 and E-cadherin) were visualized by Western blot. (C) SIRT2 was knocked down in HepG2 and Hep3B
cells; the downstream targets of SIRT2 were visualized by Western blot. Scale bars, 500 um.

Effects of SIRT2 on Tumor Metastasis

We employed the tail vein metastases model by injecting HCC
cells to evaluate the 77 vivo antimetastasis effects of SIRT?2 inhibition,
and found that salermide administration significantly inhibited the
formation of metastatic tumors (Figure 7, A and B). The body
weights of treated mice were used as indicators of health [23].
Salermide treatment did not affect mouse body weight, suggesting
that the mice did not experience evident toxicity in vivo (Figure 7C).
Consistent with 7z vitro results, SIRT2 inhibition blocked the related
downstream metabolic targets (Figure 7, D and E). Altogether, these data
demonstrate that SIRT? is a key molecule in the metastasis of HCC, and
SIRT?2 inhibition can attenuate the tumor metastases of HCC i vivo.

Discussion

HCC is one of the most common malignant cancers worldwide and
the third most frequent cause of cancer-related mortality as a result of
its highly aggressive nature and propensity for metastasis [24].
Chemical antimetastasis strategies have been widely developed in the
past several decades. Nonetheless, new chemical anti-HCC drugs
remain few and far between such that developing new strategies for
treating HCC in the clinic, as well as identifying new tumor markers,
remains an urgent necessity. Growing evidence suggests that
acetylation is a conservative protein modification and that regulation
of metabolic enzymes may affect cellular regulation. This provides a
new strategy to develop anti-HCC drugs by regulating protein
acetylation [3,25]. In this study, we uncovered that downregulation
of SIRT2 inhibits the invasion of hepatocellular carcinoma by
inhibiting glycolysis.

Class IIT HDAC:, also known as sirtuins, are NAD+-dependent
protein deacetylases [4]. Seven sirtuin homologues have been
identified in mammals as SIRT1 to 7. Cytosolic functions of
SIRT2 include the regulation of microtubule acetylation, control of
myelination in the central and peripheral nervous system, and
gluconeogenesis. Both tubulin [26] and PEPCK [3] are known
substrates of this deacetylase. Though studies have demonstrated that
SIRT?2 inhibitors may have antitumor and anti-inflammatory effects
[8-10], the impact of SIRT2 on metabolism and possible molecular
mechanisms in HCC cells have not yet been reported. Our results
demonstrate that SIRT?2 significantly promotes HCC cell migration
and invasion, suggesting that SIRT2 may have an oncogenic role in
HCC. This is consistent with previous studies, which suggested that
SIRT2 is a key promoter of cell invasion in pancreatic cancer [27-29].
However, SIRT2 has also been reported as a tumor suppressor gene in
a knockout mouse model and other cancer tissues [6,21,22,30].
SIRT1 has likewise been noted to have tumor promoter and
suppressor actions in a context-dependent manner. Therefore, it is
possible that SIRT2 may promote tumor progression under certain
circumstances, such as in human pancreatic cancer and HCC, as well
as suppress tumor progression in other circumstances. Notably, we
found that SIRT2 marginally promoted cell proliferation. This may
be due to the various downstream targets of SIRT2. As in pancreatic
cancer, LDH-A is the downstream target of SIRT2, and high levels of
SIRT2 were able to block LDH-A degradation by reducing its
acetylation. LDH-A overexpression in pancreatic cells led to
proliferation [27,31]. However, we found no difference between
LDH-A levels in SIRT2-overexpressed HCC cells, indicating that
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Figure 5. SIRT2 affects the migration of HCC cells by promoting mitochondrial metabolism. (A) SIRT2 overexpression vector was
transfected into HepG2 and Hep3B cells, and the protein levels of E-cadherin, PEPCK1, GLS1, PKM2, and LDH were investigated by
Western blot. (B) HepG2 cells were treated with salermide and stained with JC-1 and DAPI; the morphological changes were observed.
Scale bars, 50 um. (C) HepG2 cells were transfected with flag tagged SIRT2 plasmid, as well as treated with 20 uM salerminde for
24 hours. Cells were harvested and visualized by Western blotting. (D) HepG2 cells were transfected with flag tagged SIRT2 plasmid, as
well as treated with 20 uM salerminde or selisistat for 24 hours. Cells were harvested and immunoprecipitated with an anti-PEPCK1
antibody, then visualized by Western blotting. (E) Flag-tagged PEPCK1 and HA-tagged ubiquitin were coexpressed in HepG2 cells and
then treated with indicated salermide for 24 hours with or without 10 uM MG132 for 4 hours. Ubiquitination levels of affinity purified
Flag-PEPCK1 proteins were detected and visualized by Western blotting. (F) Different phenotypic Flag-tagged PEPCK1 and HA-tagged
ubiquitin were coexpressed in HepG2 cells and then treated with indicated salermide for 24 hours with 10 uM MG132 for 4 hours.
Ubiquitination levels of affinity purified Flag-PEPCK1 proteins were detected and visualized by Western blotting.

different substrates of SIRT2 contributed to different malignant
biological behaviors of the tumor.

PEPCKI1 plays an important role in metabolism, and its regulation
has been extensively studied. Both yeast and human PEPCKI
demonstrate acetylation, and catalytic activity is inactivated following
this acetylation [3,15,28,29]. Acetylation of Lys70, Lys71, and

Lys594 of human PEPCKI1 leads to decreased protein stability,
reduced protein levels, and decreased gluconeogenesis without
affecting mRNA levels [3]. PEPCK1 can promote glucose and
glutamine utilization for anabolic metabolism [16]. Glutamine
metabolism is also emerging as one aspect of dysregulated metabolism
of tumors. GLS is the key enzyme in the conversion of glutamine to
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Figure 6. Inhibitory effect of SIRT2 reduces HCC migration. (A) Purified SIRT2 protein was incubated with acetylated peptides with or
without salermide, and the rate of deacetylation was determined using mass spectrometry. (B) HepG2 and Hep3B cells were transiently
transfected with Flag-SIRT2 and then treated with or without indicated salermide for 4 hours. Cells were harvested and visualized by
Western blot. (C) HepG2 and Hep3B cells were treated with selisistat, and cells were harvested as well as visualized by Western blot.

glutamate and is expressed in many tissue cells and cancer cells [17].
However, little is known about the role of PEPCK1 and GLS in HCC
tumorigenesis. Consistent with previous studies, our data demon-
strate that PEPCK1 and GLS stability is controlled via the balance
between acetylation and deacetylation in response to SIRT2.

It is reported that some HDACs share 82% of their identity with
each other [32]. Due to the high level of homology among HDACs,
the inhibitory effects of the drug on other HDAC:s (especially SIRT1)
besides SIRT2 could not be ignored. SIRT1, one of the most widely
reported members of the SIRT family, is known to regulate cell
proliferation, apoptosis, and migration [33,34]. Inhibition of SIRT1
causes hyperacetylation of p53, Ku70, and FOXO3a, as well as
phosphorylation of MAPK, leading to significant cytotoxic effects on
breast and colon cancer cells [35,36]. However, our cell viability test
demonstrated that salermide was well tolerated in the absence of other
noxious stimuli. This may be due to fewer malignant cells and the

absence of stress stimuli (eg, cell starvation, salermide overdose, and
chemotherapeutic agents) in our study. Therefore, selective SIRT2
knockdown is critical in order to determine whether SIRT2 is an
anticancer target. Salermide, a new SIRT2 inhibitor, can be
considered as an isotype-selective drug-like inhibitor with optimized
potency and physicochemical properties compared with selisistat and
other SIRT?2 inhibitors. We evaluated this SIRT?2 inhibitory effect by
employing mass spectrometry. At the molecular level, downregulation
of SIRT2 not only partially reversed cell migration and invasion but
also reversed the PEPCKI1 and GLS protein levels and the
downstream E-cadherin pathway. This suggests that SIRT2 blocking
inhibited HCC cell migration and invasion.

Previous studies have shown that mitochondrial metabolism [37]
and E-cadherin may be critical in cancer cell invasion and metastasis
[38]. The fueled TCA cycle leads to enhanced mitochondrial

metabolism and is associated with tumor metastasis [37]. We found
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Figure 7. Effects of SIRT2 inhibition on tumor metastasis. (A) Systemic delivery of SirReal2 suppresses HCC cell liver metastasis in nude
mice. Levers were photographed after all animals were sacrificed. Xenograft samples were stained with hematoxylin and eosin. Scale
bars, 200 um. (B) The number of liver metastases. (C) The body weights of tumor-burdened mice. (D-E) The immunohistochemistry
staining of liver metastasis in nude mice. Xenograft samples were stained as indicated. Scale bars, 100 um. Data represent the mean = SEM,

n =5 *P<.05 **P <.01.

that SIRT2-related PEPCK1 and GLS degradation negatively
correlates with the E-cadherin pathway in HCC, suggesting that
this pathway is important in SIRT2-mediated HCC.

In the present study, we provide insight into the regulation of
SIRT2 on HCC cellular migration and invasion. Based on our results,
PEPCKI1 and GLS are the downstream targets of SIRT2, and the
inhibition of SIRT2 activity plays an important role in HCC cell
migration as well as invasion. Thus, SIRT2 may be a novel molecular
target for HCC therapy and may shed light on the underlying HCC

treatment mechanism of salermide.
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