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Hepatocellular carcinoma (HCC) is a common malignant tu-
mor. LukS-PV is the S component of Panton-Valetine leukoci-
din (PVL), which is secreted by Staphylococcus aureus. This
study investigated the effects of LukS-PV on the proliferation,
apoptosis, and cell-cycle progression of HCC cells and the
mechanisms of its activity. The HCC cells were treated with
different LukS-PV concentrations in vitro. Cell Counting
Kit-8 and 5-Ethynyl-2’-deoxyuridine (EdU) assays were used
to study cell proliferation. Flow cytometry was used to measure
apoptosis and cell-cycle progression. Quantitative reverse tran-
scriptase PCR and western blot assays were used to determine
mRNA and protein expression levels. Xenograft experiments
were performed to determine the in vivo antitumor effect of
LukS-PV. Immunostaining was performed to analyze Ki-67
and HDAC2 (histone deacetylase 2) expression. Our results
showed that LukS-PV inhibited cell proliferation and induced
apoptosis in a concentration-dependent manner in HCC cell
lines. LukS-PV also can induce cell-cycle arrest. Moreover, we
discovered that LukS-PV attenuated HDAC2 expression and
upregulated PTEN; phosphorylated AKT was also reduced.
Further studies demonstrated that LukS-PV treatment signifi-
cantly reduced tumor growth in nude mice and suppressed
Ki-67 and HDAC2 levels. Our data revealed a vital role of
LukS-PV in suppressing HCC progression by downregulating
HDAC2 and upregulating PTEN.

INTRODUCTION
Liver cancer is the sixth most common tumor worldwide and has
extremely high morbidity and mortality.1 The current treatment for
hepatocellular carcinoma (HCC) is surgical resection, but the postop-
erative 5-year survival rate following surgery is only 10%,2 high-
lighting the need for new treatment options.

The specificity and cytotoxicity of bacterial toxins for target cells have
become a hotspot for the development of new antitumor drugs, and
some bacterial toxins have been clinically used, such as botulinum
neurotoxin type A, which is produced by strains of Clostridium bot-
ulinum and exhibits anticancer activity in prostate and breast cancer.3
Molecula
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Diphtheria toxin from Corynebacterium diphtheriae exhibits anti-
cancer activity in various preclinical models, including adrenocortical
carcinoma, glioblastoma, cutaneous T cell lymphoma, breast carci-
noma, and cervical adenocarcinoma.4,5 Exotoxin A secreted by Pseu-
domonas aeruginosa has anticancer activity in pancreatic cancer, mel-
anoma, head and neck squamous carcinoma, Burkitt’s lymphoma,
and leukemia.6–8 Listeriolysin produced by strains of Listeria monocy-
togenes exhibits anticancer activity in breast carcinoma and leuke-
mia.9–11 LukS-PV (S component of Panton-Valetine leukocidin
[PVL]) is a leukocidal cytotoxin secreted by Staphylococcus aureus,
and our previous studies showed that it can inhibit leukemia cell pro-
liferation and induce apoptosis.12 In vivo studies have shown that
LukS-PV has no obvious side effects.13 Further research found that
LukS-PV exerted antitumor effects through the C5a receptor
(C5aR).14

C5aR is a receptor for complement C5a, and recently it was found to
be highly expressed in a variety of tumors.15–19 Hu et al.16 found that
C5aR was highly expressed in liver cancer, but negligibly expressed in
adjacent tissues. Following our discovery that LukS-PV exerted anti-
tumor effects through C5aR,14 we hypothesized that it might also
have antitumor effects in HCC cells that highly express C5aR.

Histone acetylation is dynamically regulated by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs). HATs result in
relaxation of chromatin structure and transcriptional activation of
genes, while HDACs lead to chromatin condensation and are
involved in transcriptional silencing.20 Recent studies have suggested
a correlation between histone acetylation or deacetylation and the
development and progression of tumors.21,22 HDACs are
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Figure 1. LukS-PV Inhibited the Proliferation of HCC

Cells that Express C5aR

(A) qRT-PCR was applied to detect endogenous mRNA

levels of C5aR in L02 and HCC cells. (B) Western blot

was applied to detect endogenous protein levels of

C5aR in L02 and HCC cells. (C) The rate of inhibiting

proliferation was calculated in HCC cells treated with

different concentrations of LukS-PV for 24 h. (D) EdU

assays were conducted to detect the impact of LukS-PV

on proliferation in HepG2 cells. (E) EdU positive cells

were calculated in HepG2 cells. (F) EdU assays were

conducted to detect the impact of LukS-PV on prolifer-

ation in Hep3B cells. (G) EdU positive cells were calcu-

lated in Hep3B cells. (H) EdU assays were conducted to

detect the impact of LukS-PV on proliferation in Bel-

7402 cells. (I) EdU positive cells were calculated in Bel-

7402 cells. Scale bars, 20 mm.
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overexpressed in different tumors types, and HDAC expression levels
are closely related to prognosis.23–25 Inhibition of HDACs can induce
cell growth arrest and apoptosis in a variety of malignant cells,
including breast cancer cells,26 prostate cancer cells,27 HCC cells,28

pancreatic cancer cells,29 lymphoma cells,30 and lung cancer cells.31

Thus, HDACs are considered therapeutic targets for various tumors.

In this study, we investigated the effects of LukS-PV on the prolifer-
ation and apoptosis of HCC cells and further explored its molecular
mechanism of action.

RESULTS
LukS-PV Inhibited the Proliferation of HCC Cells that Express

C5aR

Our previous study showed that LukS-PV induces apoptosis in
acute myeloid leukemia cells mediated by C5aR.14 It has been re-
548 Molecular Therapy: Oncolytics Vol. 17 June 2020
ported that C5aR is overexpressed in HCC
and plays an important role in HCC progres-
sion.16 To investigate whether LukS-PV also
inhibits the progression of HCC, we first
examined C5aR expression in HCC cell lines
and the normal hepatocyte cell line L02.
Quantitative reverse transcriptase PCR (qRT-
PCR) and western blot results showed that
C5aR expression was significantly increased
in HCC cells (Figures 1A and 1B). Next, we
treated cells with different concentrations of
LukS-PV for 24 h. The results showed that
LukS-PV inhibited the proliferation of HCC
cells in a concentration-dependent manner
(Figure 1C). Furthermore, the inhibition rate
was positively correlated with C5aR expres-
sion. Additionally, the EdU assay was used
to further evaluate the effect of LukS-PV on
the proliferation of HCC cells. As shown in
Figures 1D–1I, the number of EdU-positive
cells in the LukS-PV group was decreased compared with the con-
trol group. Therefore, we confirmed that LukS-PV inhibited the
proliferation of HCC cells.

LukS-PV Induced Apoptosis in HCC Cells that Express C5aR

To study the effect on apoptosis, we treated HCC cells
with different concentrations of LukS-PV for 24 h. The results
showed that LukS-PV induced apoptosis in five HCC cell
lines in a concentration-dependent manner (Figure 2A). Likewise,
the rate of apoptosis was correlated with C5aR expression.
To further investigate the molecular mechanism, we
examined mitochondrial apoptosis-associated proteins in HCC
cells. The results showed that LukS-PV increased Bax
expression and decreased Bcl-2 expression, suggesting LukS-PV
induced apoptosis through the mitochondrial pathway (Figures
2B–2D).



Figure 2. LukS-PV Induced Apoptosis in HCC Cells that Express C5aR

(A) Cell apoptosis in HCC cells treated with different concentrations of LukS-PV was examined by flow cytometry. (B) The protein expression levels of Bax and Bcl-2 were

detected in HepG2 cells treated with different concentrations of LukS-PV. (C) The protein expression levels of Bax and Bcl-2 were detected in Hep3B cells treated with

different concentrations of LukS-PV. (D) The protein expression levels of Bax and Bcl-2 were detected in Bel-7402 cells treated with different concentrations of LukS-PV.
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LukS-PV Induced Cell-Cycle Arrest in HCC Cells

To study the effect of LukS-PV on the cell-cycle progression of
liver cancer cells, we treated cells with different concentrations
of LukS-PV for 24 h. Flow cytometry results showed that LukS-
PV induced cell-cycle arrest at the G0/G1 phase in HCC cells (Fig-
ures 3A–3F). To further investigate the mechanism, we used qRT-
PCR to detect mRNA expression of p21, cycinA2, and cycinD1.
The results showed that LukS-PV increased p21 expression and
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decreased the expression of cycinA2 and cycinD1 (Figures 3G–3I).
Furthermore, we measured protein levels of Cyclin D1 and p21. As
presented in Figures 3J–3L, LukS-PV increased p21 protein levels
and Cyclin D1 levels. Taken together, these results indicated that
LukS-PV induced cell-cycle arrest in HCC cells.

LukS-PV Downregulated HDAC2 in HCC Cells

To understand the potential mechanism through which LukS-PV ex-
erted antitumor effects in HCC, we employed RNA sequencing and
quantitative proteomics sequencing to uncover the transcriptional
and proteomic alterations in HepG2 cells after PBS or LukS-PV treat-
ment. Intriguingly, we found that HDAC2 was downregulated in the
LukS-PV treatment group (Figures 4A and 4B). Furthermore, we veri-
fied thatHDAC2was downregulated by LukS-PVusing qRT-PCR and
western blot in HCC cells (Figures 4C–4E). Collectively, these data re-
vealed that LukS-PV decreased HDAC2 expression in HCC cells.

LukS-PV Inhibited the Proliferation of HCC Cells by

Downregulating HDAC2 Expression

To further determine whether LukS-PV inhibited the proliferation of
HCC cells through HDAC2, we first examined HDAC2 expression in
HCC cell lines and the normal hepatocyte cell line L02. qRT-PCR and
western blot results showed that HDAC2 expression was significantly
increased in HCC cells (Figures 5A and 5B). Meanwhile, we also found
that the expression of HDAC2 in HepG2 cells was higher and the
expression of HDAC2 in Bel-7402 was lower (Figures 5A and 5B).
Therefore, HepG2 cells were selected to knock down the expression
of HDAC2, and Bel-7402 cells were selected to perform overexpression
and rescue experiment. To explore the functional role of HDAC2, we
knocked down HDAC2 in HepG2 cells. Small interfering RNA
(siRNA)-mediated knockdown of HDAC2 resulted in a dramatic
decrease in the proliferation of HepG2 cells (Figure 5C). In contrast,
ectopic expression of HDAC2 led to a marked increase in the prolifer-
ation of Bel-7402 cells (Figure 5D), and ectopic expression of HDAC2
significantly attenuated the inhibitory effects of LukS-PV on the prolif-
eration of Bel-7402 cells compared with that of the LukS-PV treatment
group (Figure5D).The similar effectwas reproducedbyEdUassay (Fig-
ures 5E–5H). These results indicated that LukS-PV inhibited the prolif-
eration of HCC cells by downregulating HDAC2 expression.

LukS-PV Induced Cell Apoptosis and Cell-Cycle Arrest in HCC

Cells by Downregulating HDAC2 Expression

To study the role of HDAC2 on cell apoptosis and cell-cycle arrest in
HCC cells, we used flow cytometry to detect apoptotic cells and
Figure 3. LukS-PV Induced Cell-Cycle Arrest in HCC Cells

(A) Cell-cycle distribution in HepG2 cells with different concentrations of LukS-PV was

concentrations of LukS-PV was examined by flow cytometry. (C) Cell-cycle distribution

cytometry. (D) Percentagess of different cell cycles were calculated in HepG2 cells. (E) P

of different cell cycles were calculated in Bel-7402 cells. (G) The mRNA expression le

concentrations of LukS-PV. (H) The mRNA expression levels of p21, Cyclin A2, and Cyc

mRNA expression levels of p21, Cyclin A2, and Cyclin D1 were detected in Bel-7402 ce

and Cyclin D1 were detected in HepG2 cells with different concentrations of LukS-PV. (

with different concentrations of LukS-PV. (L) The protein expression levels of p21 and C
analyze cell-cycle distribution. As illustrated in Figures 6A and 6B,
HepG2 cells transfected with HDAC2 siRNA for 48 h had increased
the apoptosis rate and G0/G1 populations. Ectopic expression of
HDAC2 in Bel-7402 cells was shown to raise the rate of apoptosis cells
and accelerate cell-cycle progression (Figures 6C and 6D). In addi-
tion, the effects of LukS-PV on cell apoptosis and cell-cycle arrest
could be markedly reversed by ectopically expressed HDAC2 (Figures
6C and 6D). In accordance, HDAC2 knockdown was able to increase
protein levels of Bax and p21, and decrease protein levels of Bcl-2 and
Cyclin D1 (Figure 6E). Overexpressing HDAC2 elevated the protein
expression of Bax and p21 but reduced the protein expression of Bcl-2
and Cyclin D1 (Figure 6F). Similarly, the effect of LukS-PV on
apoptosis-related proteins and cycle-related proteins can be reversed
by HDAC2 overexpression (Figure 6F). These results indicated that
LukS-PV induced cell apoptosis and cell-cycle arrest in HCC cells
by downregulating HDAC2 expression.

LukS-PV Increased PTEN Expression and Decreased AKT

Phosphorylation via HDAC2

To explore the molecular mechanism through which downregulating
HDAC2 inhibited HCC progression, we performed RNA sequencing.
The results indicated that LukS-PV led to the upregulation of 1,678
genes and the downregulation of 1,008 genes compared with the
PBS group (Figure 7A). After running the differentially expressed
genes through the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Set Enrichment Analysis (GSEA) pathway anal-
ysis, the phosphatidylinositol 3-kinase (PI3K)/AKT signaling
pathway attracted our attention (Figures 7B and 7C). Furthermore,
we found that PTEN was upregulated after LukS-PV treatment in
the RNA sequencing data (Figure 7A). Therefore, we hypothesized
that LukS-PV might increase PTEN expression and decrease AKT
phosphorylation via HDAC2. qRT-PCR and western blot analyses re-
vealed that compared with the control group, the LukS-PV group had
significantly increased PTEN mRNA and protein levels in HCC cells
(Figures 7D–7G). It was also demonstrated that LukS-PV did not
affect total AKT protein levels; however, AKT phosphorylation
decreased compared with the control group after LukS-PV treatment
for 24 h (Figures 7E–7G). Furthermore, we investigated the role of
HDAC2 in the PTEN/AKT pathway. As shown in Figures 7H and
7J, PTEN expression in the HDAC2-silenced group was increased
compared with the negative control group. Levels of phosphorylated
AKT (p-AKT) were also markedly decreased in the HDAC2-silenced
group compared with the negative control. By overexpressing
HDAC2 gene in Bel-7402 cells, the mRNA and protein expression
examined by flow cytometry. (B) Cell-cycle distribution in Hep3B cells with different

in Bel-7402 cells with different concentrations of LukS-PV was examined by flow

ercentagess of different cell cycles were calculated in Hep3B cells. (F) Percentagess

vels of p21, Cyclin A2, and Cyclin D1 were detected in HepG2 cells with different

lin D1 were detected in Hep3B cells with different concentrations of LukS-PV. (I) The

lls with different concentrations of LukS-PV. (J) The protein expression levels of p21

K) The protein expression levels of p21 and Cyclin D1 were detected in Hep3B cells

yclin D1 were detected in Bel-7402 cells with different concentrations of LukS-PV.
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Figure 4. LukS-PV Downregulated HDAC2 in HCC Cells

(A) RNA sequencing was performed to identify the change of HDAC2 expression level in HepG2 cells treated with LukS-PV or PBS. (B) Quantitative proteomics sequencing

was performed to identify the change of HDAC2 expression level in HepG2 cells treated with LukS-PV or PBS. (C) The mRNA and protein expression levels of HDAC2 were

detected in HepG2 cells treated with different concentrations of LukS-PV. (D) The mRNA and protein expression levels of HDAC2 were detected in Hep3B cells treated with

different concentrations of LukS-PV. (E) ThemRNA and protein expression levels of HDAC2were detected in Bel-7402 cells treated with different concentrations of LukS-PV.
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of PTEN were decreased, and the protein expression of p-AKT was
increased (Figures 7I and 7K). The effect of LukS-PV on PTEN and
p-AkT can be reversed by HDAC2 overexpression (Figures 7I and
7K). Overall, these data suggest that LukS-PV increases PTEN expres-
sion and decreases AKT phosphorylation via HDAC2. However, it is
not clear how HDAC2 regulates PTEN. We identified the putative
552 Molecular Therapy: Oncolytics Vol. 17 June 2020
miR-3691-5p binding sites in the PTEN 30 UTR by using TargetScan
database (http://www.targetscan.org/vert_72/) (Figure 7L). Also, Du
et al.32 demonstrated that PTEN is a direct target of miR-3691-5p
in HCC. Based on this, we wondered whether LukS-PV could down-
regulate miR-3691-5p by downregulating HDAC2. As shown in Fig-
ure 7M, we proved that LukS-PV could downregulate the expression

http://www.targetscan.org/vert_72/


(legend on next page)
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of miR-3691-5p in HCC cells. HDAC2 silence with siRNAs decreased
the expression of miR-3691-5p (Figure 7N). Accordingly, we
increased HDAC2 expression in Bel-7402 cells, and results revealed
that HDAC2 overexpression increased the expression of miR-3691-
5p (Figure 7O). The rescue experiment results showed that overex-
pression of HDAC2 could abrogate the inhibitory effect of LukS-
PV in Bel-7402 cells (Figure 7O).

LukS-PV Inhibited Liver Cancer Progression In Vivo

Given that LukS-PV inhibited the growth of HCC cells in vitro, we
next performed animal experiments to investigate whether LukS-
PV inhibited liver cancer progression in vivo. Using a xenograft
mouse model, we found that LukS-PV inhibited tumor growth in
nude mice (Figures 8A–8D). Hematoxylin and eosin (H&E) staining
showed large necrotic areas in tumor tissues after LukS-PV treatment
(Figure 8E). Additionally, immunohistochemistry (IHC) showed that
LukS-PV reduced Ki-67 and HDAC2 expression compared with the
control group (Figures 8F and 8G). Taken together, these findings
suggested that LukS-PV had antitumor activity in vivo. To further
confirm the role of HDAC2 in liver cancer, we used ULACAN33 to
analyze HDAC2 expression in liver cancer in cases from The Cancer
Genome Atlas (TCGA) database. These data showed a dramatic in-
crease in HDAC2 expression in tumor samples compared with
normal tissues. Furthermore, HDAC2 was closely associated with
the clinicopathological stage of liver cancer (Figures 8H and 8I).
Finally, patients with high HDAC2 expression had reduced overall
survival compared with the lowHDAC2 expression group (Figure 8J).
These results showed that HDAC2 could be a prognostic marker for
liver cancer.

DISCUSSION
Liver cancer is a common tumor of the digestive tract, and its inci-
dence rate is increasing annually.34 Currently, the recognized patho-
genesis of liver cancer is transformation due to inflammation, such as
hepatitis B infection. It has been reported that approximately 75% of
liver cancer patients have hepatitis B infection.35 Thus, inflammation
plays an important role in liver cancer development. The complement
system is an important component of the inflammatory response.
C5aR is a receptor for complement C5a. Recently, it was found that
C5aR is highly expressed in many tumors, and that high C5aR expres-
sion is related to tumor size, invasion, and metastasis.15–19 Our previ-
ous study found that LukS-PV had anti-leukemia effects that were
mediated by C5aR.14 In this study, we found that LukS-PV inhibited
proliferation and induced apoptosis of HCC cells with high C5aR
expression.
Figure 5. LukS-PV Inhibited the Proliferation of HCC Cells by Downregulating

(A) qRT-PCRwas applied to detect endogenousmRNA levels of HDAC2 in L02 and HCC

L02 and HCC cells. (C) HepG2 cells were infected with negative control (NC), siHDAC2

counting cell numbers at the indicated time points. (D) Bel-7402 cells were treated with P

eight hours later, the cell growth curves were measured by counting cell numbers at

siHDAC-2. Forty-eight hours later, cells were subjected to EdU assay. (F) EdU positive ce

HDAC2 plasmid, LukS-PV, or both LukS-PV and HDAC2 plasmid. Forty-eight hours lat

7402 cells. Scale bars, 20 mm.
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Bacterial toxins that can target and kill cancer cells have been used in
clinical research.5 In previous studies, we found that LukS-PV can
inhibit leukemia cell proliferation and induce cell-cycle arrest and
apoptosis.13 Here, we confirmed that LukS-PV could also inhibit
the proliferation of HCC cells by cell viability and EdU assays.
Intriguingly, the cell viability assay showed that the inhibition rate
was positively correlated with C5aR expression. Furthermore, the ef-
fect of LukS-PV on apoptosis in HCC cells was studied, and the
apoptosis rate was related to C5aR expression. This result underscores
the significance of C5aR expression in LukS-PV treatment. Regarding
the mechanism of apoptosis in leukemia cells, it was found by gene
chip detection that LukS-PV induced apoptosis in leukemia cells pri-
marily through the mitochondrial pathway. In this study, we also
found that mitochondrial apoptosis pathway-associated proteins
were significantly increased after treatment, indicating that LukS-
PV induced apoptosis in HCC cells through the mitochondrial
pathway. Moreover, LukS-PV was proved to block cell-cycle progres-
sion in HCC cells at the G0/G1 phase. To clarify the underlying
mechanism, we detected several cell-cycle regulatory proteins. This
analysis showed that LukS-PV increased the levels of p21, while
simultaneously decreasing the levels of Cyclin D1. Overall, we
demonstrated that LukS-PV inhibited HCC progression by inhibiting
proliferation and inducing apoptosis and cell-cycle arrest.

Acetylation has been confirmed to play a vital role in the onset and
progression of tumors. Therefore, we searched for relevant targets
involved in acetylation regulation by performing RNA sequencing
and quantitative proteomics sequencing. Indeed, HDAC2 attracted
our attention, because it was downregulated in the LukS-PV treat-
ment group both in RNA sequencing and in quantitative proteomics
sequencing. HDACs are often abnormally overexpressed in a variety
of tumors. HDAC overexpression disrupts normal cell-cycle pro-
gression and differentiation, and HDAC2 is one of the most
frequently overexpressed HDACs in tumors.36,37 Monitoring
HDAC2 expression during treatment can serve as a marker of
HDAC inhibitor efficacy, and HDAC2 expression levels represent
independent clinical prognostic markers.38,39 Thus, qRT-PCR and
western blot were used to verify the decreased expression of
HDAC2.

Given that HDAC2 plays a pivotal role in tumors, we hypothesized
that LukS-PV may inhibit HCC progression by downregulating
HDAC2. Therefore, we examined the effects of HDAC2 knockdown
or overexpression on the proliferation, apoptosis, and cell-cycle pro-
gression of HCC cells using HDAC2-specific siRNA or HDAC2
HDAC2 Expression

cells. (B)Western blot was applied to detect endogenous protein levels of HDAC2 in

-1, or siHDAC-2. Forty-eight hours later, the cell growth curves were measured by

BS, Vector, HDAC2 plasmid, LukS-PV, or both LukS-PV andHDAC2 plasmid. Forty-

the indicated time points. (E) HepG2 cells were infected with NC, siHDAC2-1, or

lls were calculated in HepG2 cells. (G) Bel-7402 cells were treated with PBS, Vector,

er, cells were subjected to EdU assay. (H) EdU positive cells were calculated in Bel-



Figure 6. LukS-PV Induced Cell Apoptosis and Cell-Cycle Arrest in HCC Cells by Downregulating HDAC2 Expression

(A) HepG2 cells were infected with NC, siHDAC2-1, or siHDAC-2. Forty-eight hours later, cells were subjected to cell apoptosis and cell-cycle arrest assay. (B)

Apoptosis cells and percentage of G0/G1 phase cells were calculated in HepG2 cells. (C) Bel-7402 cells were treated with PBS, Vector, HDAC2 plasmid, LukS-PV, or

both LukS-PV and HDAC2 plasmid. Forty-eight hours later, cells were subjected to cell apoptosis and cell-cycle arrest assay. (D) Apoptosis cells and percentage of

G0/G1 phase cells were calculated in Bel-7402 cells. (E) HepG2 cells were infected with NC, siHDAC2-1, or siHDAC-2. Forty-eight hours later, the protein expression

(legend continued on next page)
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plasmid. We verified that silencing HDAC2 significantly decreased
proliferation, induced apoptosis, and blocked cell-cycle progression.
Accordingly, ectopic expression of HDAC2 in Bel-7402 cells was
shown to promote cell proliferation, raise the rate of apoptosis
cells, and accelerate cell-cycle progression. Results of rescue experi-
ment revealed that overexpression of HDAC2 could abrogate the
inhibitory effect of LukS-PV on HCC cells. Lee et al.40 found that
HDAC2 knockdown arrested the cell cycle in the G0/G1 phase,
which was similar to our data. In this study, we found that HDAC2
expression was downregulated by LukS-PV, and that LukS-PV caused
cell-cycle arrest in the G0/G1 phase, indicating that LukS-PV may
affect cell-cycle progression by limiting HDAC2 expression. Thus,
we conclude that LukS-PV downregulates HDAC2 expression to
inhibit HCC progression.

To uncover the underlying mechanism of how LukS-PV inhibited
HCC progression via HDAC2, we performed the enrichment analysis
on RNA sequencing data. According to KEGG and GSEA pathway
analysis, the PI3K/AKT pathway was altered in treated cells. The
PI3K/AKT pathway is a primary intracellular signaling cascade that
is closely related to cell growth, proliferation, and survival. Numerous
studies have indicated that the PI3K/AKT pathway is overactivated
in many malignancies, where it promotes cell growth, proliferation,
and angiogenesis. HDACs can not only affect the acetylation of his-
tones, but also the acetylation of other proteins. PTEN expression
was found to be upregulated in RNA sequencing data. PTEN is a tu-
mor suppressor gene that can inhibit cell proliferation and induce
apoptosis.41 Studies have shown that downregulation of HDAC2
can increase the expression of the tumor suppressor PTEN.42 Pan
et al.43 found that trichostatin A inhibited the expression of HDAC
and upregulated the expression of PTEN. The mechanism for this
activity may be that TSA upregulated PTEN through an important
transcription factor Egr-1 and enhancing acetylation of the PTEN
promoter, leading to the upregulation of PTEN. Importantly, Bian
et al.44 reported that AKT was a downstream target of PTEN, and
that AKT phosphorylation was suppressed by PTEN. Therefore, we
hypothesized that LukS-PV may downregulate HDAC2, which in-
hibited HCC progression through the PTEN/AKT pathway. In this
study, we first found that LukS-PV upregulated PTEN expression
and decreased p-AKT levels. Knockdown, overexpression, and rescue
experiment were used to prove that LukS-PV increased PTEN expres-
sion and decreased AKT phosphorylation via HDAC2. However, it
has not yet been clarified how HDAC2 regulates PTEN. miRNAs
are known to play a critical and functional role in a broad range of
key molecular processes via sophisticated regulation of distinct
targets, orchestrating a molecular intracellular balance of gene
expression. Conte et al.45 identified a cluster of common upregulated
and downregulated miRNAs in both SAHA-treated and HDAC2
downregulated cells in AML. Du et al.32 demonstrated that PTEN is
levels of HDAC2, Bax, Bcl-2, Cyclin D1, and p21 were detected. (F) Bel-7402 cells

HDAC2 plasmid. Forty-eight hours later, the protein expression levels of HDAC2, B
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a direct target of miR-3691-5p in HCC, and miR-3691-5p expression
was elevated in both HCC tissues and cell lines, which was signifi-
cantly correlated with poor prognosis and clinicopathological fea-
tures. So we wondered whether LukS-PV could downregulate miR-
3691-5p by downregulating HDAC2. Subsequently, qRT-PCR was
used to verify that LukS-PV could downregulate the expression of
miR-3691-5p in HCC cells. Results of knockdown, overexpression,
and rescue experiment implied that LukS-PV could downregulate
the expression of miR-3691-5p via HDAC2 in HCC cells. Overall,
LukS-PV decreased the expression of miR-3691-5p by downregulat-
ing HDAC2. Furthermore, the reduced miR-3691-5p bound to the
30 UTR of PTEN, and the expression of PTEN was downregulated.

Finally, we investigated whether LukS-PV could inhibit the progres-
sion of liver cancer in vivo. As expected, the rate of tumor growth
in the LukS-PV group was significantly decreased. Meanwhile, IHC
results confirmed decreased HDAC2 and Ki-67 expression. This
indicated that HDAC2 was a crucial target of LukS-PV. In fact,
HDAC2 is overexpressed and serves as a considerable risk factor
in liver cancer according to analysis of TCGA data. Together,
these findings suggested that LukS-PV may repress liver cancer pro-
gression in vivo by downregulating HDAC2, which plays a significant
role in HCC onset and progression.

In conclusion, this study demonstrated that LukS-PV increased
PTEN expression and decreased AKT phosphorylation via HDAC2,
thereby inhibiting the proliferation of HCC cells and inducing
apoptosis and cell-cycle arrest (Figure 8K).
MATERIALS AND METHODS
Production and Purification of Recombinant LukS-PV

The LukS-PV sequence was amplified from PVL-positive Staphylo-
coccus aureus isolates by PCR. Purification of recombinant LukS-
PV was performed with the His-Bind Purification Kit (Millipore,
USA) according to the manufacturer’s instructions.
Cell Culture

The human HCC cell lines HepG2, Bel-7402, Hep3B, Huh7, and
SMMC-7721, and the normal liver cell line L02 were purchased
from Shanghai Cell Bank of Chinese Academy of Sciences. Bel-
7402, SMMC-7721, and L02 cells were cultured in RPMI-1640
(GIBCO, USA) supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 mg/mL streptomycin. HepG2,
Hep3B, and Huh7 cells were cultured in DMEM (GIBCO, USA) sup-
plemented with 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin. Cells were maintained in a humidified
incubator with 5% CO2.
were treated with PBS, Vector, HDAC2 plasmid, LukS-PV, or both LukS-PV and

ax, Bcl-2, Cyclin D1, and p21 were detected.



Figure 7. LukS-PV Increased PTEN Expression and Decreased AKT Phosphorylation via HDAC2

(A) The volcano map shows the difference gene in HepG2 cells treated with PBS or LukS-PV by RNA sequencing. AKT and PTEN are labeled in the map. (B) KEGG pathway

enrichment analysis revealed the signaling pathways potentially involved in LukS-PV functions. (C) GSEA pathway enrichment analysis revealed the signaling pathways

potentially involved in LukS-PV functions. (D) ThemRNA expression levels of PTENwere detected in HCC cells with LukS-PV. (E) The protein expression levels of PTEN, AKT,

and p-AKT were detected in HepG2 cells with different concentrations of LukS-PV. (F) The protein expression levels of PTEN, AKT, and p-AKT were detected in Hep3B cells

with different concentrations of LukS-PV. (G) The protein expression levels of PTEN, AKT, and p-AKT were detected in Bel-7402 cells with different concentrations of LukS-

PV. (H) HepG2 cells were infected with NC, siHDAC2-1, or siHDAC-2. Forty-eight hours later, the mRNA levels of PTEN were detected. (I) Bel-7402 cells were treated with

PBS, Vector, HDAC2 plasmid, LukS-PV, or both LukS-PV and HDAC2 plasmid. Forty-eight hours later, the mRNA levels of PTEN were detected. (J) HepG2 cells were

infected with NC, siHDAC2-1, or siHDAC-2. Forty-eight hours later, the protein expression levels of HDAC2, PTEN, AKT, and p-AKT were detected. (K) Bel-7402 cells were

treated with PBS, Vector, HDAC2 plasmid, LukS-PV, or both LukS-PV and HDAC2 plasmid. Forty-eight hours later, the protein expression levels of HDAC2, PTEN, AKT, and

p-AKTwere detected. (L) miR-3691-5p and its putative binding sequence in the 30 UTR of PTEN by using TargetScan database. (M) ThemiR-3691-5p expression levels were

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy: Oncolytics Vol. 17 June 2020 557

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
Cell Proliferation Assay

Cells were seeded in 96-well plates (5,000 cells/well) and treated
with different concentrations of LukS-PV, plasmid, or siRNA at
37�C for 24 h. Then 10 mL of Cell Counting Kit-8 reagent (BIOMIKY,
China) was added to each well, and the plates were incubated at 37�C
for 2 h. Finally, the absorbance of each well was measured at 450 nm
using a microplate reader.

EdU Assay

The proliferation capacity of HCC cells after transfection with siRNA,
plasmid, or treatment with LukS-PV was detected using an EdU kit
(keyGEN, China). EdU was labeled with kFluor488, which appears
as green fluorescence. Cells were seeded at 5,000 cells/well in 96-
well plates and incubated with LukS-PV or siRNA for 24 h. Then
50 nM EdU working solution was added and incubated for 2.5 h.
Hoechst 33342 was used to counterstain nuclei for 30 min in the
dark. Finally, EdU-positive cells were observed and counted under
a fluorescence microscope.

Cell-Cycle Analysis

HCC cells treated with LukS-PV or transfected with siRNA or
plasmid were harvested for cell-cycle analysis using the Cell Cycle
Assay Kit (keyGEN, China). The cells were stained with propidium
iodide and treated with RNase A for 30 min in the dark. Finally,
the cells were subjected to flow cytometry using a BD FACSCalibur.
The percentages of cells in different cell-cycle phases were calculated
using ModFit 5.0.

Apoptosis Assay

HCC cells treated with LukS-PV or transfected with siRNA or
plasmid were harvested and analyzed for apoptosis using the
Apoptosis Assay Kit (keyGEN, China). Cells were treated with fluo-
rescein isothiocyanate (FITC)-Annexin V and propidium iodide in
the dark at room temperature. Finally, the cells were analyzed on a
BD FACSCalibur.

Quantitative Reverse Transcriptase PCR

Cells were subjected to RNA extraction using TRIzol reagent (Invitro-
gen, USA). qRT-PCR was performed with a Roche LightCycler 480
using SYBRGreenMaster Mix (Takara, China) according to theman-
ufacturer’s instructions. The relative mRNA expression levels of
investigated genes were normalized to GAPDH using the 2�DDCt

method. All experiments were performed in triplicate. The primer
pairs of qRT-PCR were as follows: GAPDH (50-GGA GCG AGA
TCC CTC CAA AAT-30 and 50-GGC TGT TGT CAT ACT TCT
CAT GG-30), HDAC2 (50-ATG GCG TAC AGT CAA GGA GG-30

and 50-TGC GGA TTC TAT GAG GCT TCA-30), PTEN (50-TTT
GAA GAC CAT AAC CCA CCAC-30 and 50-ATT ACA CCA GTT
detected in HCC cells with LukS-PV. (N) HepG2 cells were infected with NC, siHDAC2

detected. (O) Bel-7402 cells were treated with PBS, Vector, HDAC2 plasmid, LukS-PV

expression levels were detected.
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CGT CCC TTT C-30), Cyclin A2 (50-GGA TGG TAG TTT TGA
GTC ACC AC-30 and 50-CAC GAG GAT AGC TCT CAT ACT
GT-30), Cyclin D1 (50-GCT GCG AAG TGG AAA CCA TC-30 and
50-CCT CCT TCT GCA CAC ATT TGA A-30), and p21 (50-TGT
CCG TCA GAA CCC ATG C-30 and 50-AAA GTC GAA GTT
CCA TCG CTC-30). The primers of U6 and miR-3691-5p were pur-
chased from Genecopoeia.
Western Blot Assay

Proteins were separated on 10% SDS-PAGE gels and transferred to
nitrocellulose membranes. Membranes were blocked with 5%
bovine serum albumin and incubated with the indicated primary
antibodies. Corresponding horseradish peroxidase-conjugated sec-
ondary antibodies were used following primary antibody incuba-
tion. The primary antibodies used were as follows: anti-HDAC2
(Proteintech, China), anti-Bax (Cell Signaling Technology, USA),
anti-Bcl-2 (Cell Signaling Technology, USA), anti-CyclinD1 (Cell
Signaling Technology, USA), anti-p21 (Cell Signaling Technology,
USA), anti-Pan-acetylation (PTM Biolabs China), anti-C5aR (Ab-
cam, USA), anti-PTEN (Proteintech, China), anti-AKT (Cell
Signaling Technology, USA), anti-p-AKT (Cell Signaling Technol-
ogy, USA), anti-GAPDH (Abclonal, China), and anti-b-actin (Ab-
clonal, China).
Transfection

HDAC2 plasmid, siRNA-HDAC2, and corresponding negative con-
trol vector were purchased from GenePharma. HCC cells were trans-
fected with siRNA or plasmid at a final concentration of 50 nmol/L
using Lipofectamine 2000 (Invitrogen, USA). Transfection efficiency
was assessed by qRT-PCR and western blot. The primer sequence of
transfection was as follows: negative control (sense: 50-UUC UCC
GAA GGU GUC ACG UTT-30; antisense: 50-ACG UGA CAC
GUU CGG AGA ATT-30), HDAC2-1 (sense: 50-GCA AAU ACU
AUG CUG UCA ATT-30; antisense: 50-UUG ACA GCA UAG
UAU UUG CTT-30), and HDAC2-2 (sense: 50-CCA GAA CAC
UCC AGA AUA UTT-30; antisense: 50-AUA UUC UGG AGU
GUU CUG GTT-30).
RNA Sequencing

Total RNA of HepG2 cells treated with LukS-PV or PBS was iso-
lated using the RNeasy mini kit (QIAGEN, Germany). Paired-end-
libraries were synthesized by using the TruSeq� RNA Sample Prep-
aration Kit(Illumina, USA) following TruSeq� RNA Sample
Preparation Guide. Briefly, The poly-A containing mRNA molecules
were purified using poly-T oligo-attachedmagnetic beads. Library
construction and sequencing were performed at Shanghai Sinomics
Corporation.
-1, or siHDAC-2. Forty-eight hours later, the miR-3691-5p expression levels were

, or both LukS-PV and HDAC2 plasmid. Forty-eight hours later, the miR-3691-5p



Figure 8. LukS-PV Inhibited Liver Cancer Progression In Vivo

(A) The size of tumors separated from nude mice treated with PBS or LukS-PV. (B) The growth curve of tumor volumes treated with PBS or LukS-PV. (C) Tumor volume was

measured and calculated. (D) Tumor weight was measured and calculated. (E) Representative pictures of H&E staining for tumor models. (F) Representative pictures of IHC

staining of Ki-67 for tumor models. (G) Representative pictures of IHC staining of HDAC2 for tumormodels. (H) TCGA database analyzed the correlation between HDAC2 and

the occurrence of liver cancer. (I) TCGA database analyzed the correlation between HDAC2 and the clinicopathological stages of liver cancer. (J) TCGA database analyzed

the correlation between HDAC2 and the prognosis of liver cancer. (K) Schematic diagram of LukS-PV inhibited HCC cell progression in this research.

www.moleculartherapy.org
Quantitative Proteomics Sequencing

HepG2 cells treated with LukS-PV or PBS were sonicated three times
on ice using a high-intensity ultrasonic processor (Scientz, China) in
lysis buffer. The supernatant was collected, and protein concentration
was determined with a BCA kit according to the manufacturer’s
instructions. The protein solution was digested with 5 mM dithio-
threitol for 30 min at 56�C and alkylated with 11 mM iodoacetamide
for 15 min at room temperature in darkness. The sample was diluted
by adding 100 mM tetraethyl ammonium bromide (TEAB) to urea
concentration less than 2M. Finally, trypsin was added for digestion
overnight. After trypsin digestion, peptide was reconstituted in
0.5 M TEAB and processed according to the manufacturer’s protocol
for TMT kit/iTRAQ kit. The tryptic peptides were fractionated into
fractions by high pH reverse-phase high performance liquid chroma-
tography (HPLC) using Agilent 300Extend C18 column. The peptides
were subjected to nano spray ionization (NSI) source followed by
Molecular Therapy: Oncolytics Vol. 17 June 2020 559
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tandem mass spectrometry (MS/MS) in Q Exactive Plus (Thermo,
USA) coupled online to the ultra performance liquid chromatography
(UPLC). The resulting MS/MS data were processed using Maxquant
search engine (v.1.5.2.8).

Xenograft Tumor Models in Nude Mice

BALB/c nude mice (4 weeks old) were purchased fromAnhui Provin-
cial Animal Center. For xenografts, 200 mL HepG2 cell suspension
with approximately 5 � 106 cells was subcutaneously injected.
Treatments were performed by intraperitoneal injection of LukS-PV
or PBS 24 h later for 2 weeks. Tumor size was recorded every 4 days.
Then 24 days after tumor inoculation, all experimental mice were
sacrificed. Animal experiments were authorized by the ethics com-
mittee of University of Science and Technology of China [grant no.
2019-N(A)-144].

H&E Staining and IHC

Tumor tissue from mice was fixed with formalin; then
H&E staining was performed following the manufacturer’s
instructions. IHC was performed using anti-Ki-67 (Proteintech,
China) and anti-HDAC2 (Proteintech, China) antibodies.

Statistical Analysis

Data from two groups were analyzed using the unpaired Student’s t
test, and data from multiple groups were analyzed by ANOVA.
*p < 0.05, **p < 0.01, or ***p < 0.001 was considered statistically
significant.
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