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Abstract 

Background: Hepatocellular carcinoma (HCC) is a clinically common malignant tumor worldwide. LukS-PV is the S 
component of Panton-Valentine leukocidin secreted by Staphylococcus aureus, which has shown anti-cancer activity. 
Based on previous findings, this study investigated the effects of LukS-PV on HCC migration and the potential molecu-
lar mechanisms involving acetylation pathways.

Methods: After treating HCC cells with different concentrations of LukS-PV, we used scratch assays to determine the 
mobility of the cancer cells. Western blots were used to determine the expression levels of migration-related proteins. 
Quantitative proteomic sequencing was used to evaluate proteomic changes in target proteins. Immunoprecipitation 
and liquid chromatography coupled with tandem mass spectrometry analyses were used to validate the binding of 
related target proteins.

Results: LukS-PV inhibited HCC cell migration in a concentration-dependent manner. In addition, LukS-PV attenu-
ated the expression of histone deacetylase (HDAC)6, which is highly expressed in HCC cells. Further studies showed 
that LukS-PV increased the acetylation level of α-tubulin by down-regulating HDAC6, which resulted in the inhibition 
of HCC cell migration.

Conclusion: Taken together, our data revealed a vital role of LukS-PV in suppressing HCC cell migration by down-
regulating HDAC6 and increasing the acetylation level of α-tubulin.
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Background
Hepatocellular carcinoma (HCC) is the sixth most com-
mon and the fourth most deadly cancer worldwide [1]. 
The high mortality rate of HCC is closely related to its 
ability to undergo metastasis [2]. Currently, the main 
treatments for HCC include surgical resection, radiother-
apy, and chemotherapy [3]; however, the high postop-
erative recurrence and low 5-year survival rates remain 
problematic [4]. Therefore, it is necessary to understand 

the underlying mechanisms that regulate metastasis of 
HCC. Furthermore, finding new molecular targets with 
therapeutic potential is critical for HCC prevention and 
improving treatment.

Bacterial toxins have specificity and cytotoxicity 
against different cancer cells and have become a new 
focus for the development of novel antitumor drugs. For 
example, EGFuPA-toxin is a bispecific ligand-targeted 
toxin consisting of deimmunized Pseudomonas exotoxin 
A that exhibits anticancer activity against sarcoma and 
canine hemangiosarcoma [5]. Cytolethal distending toxin 
is a secreted tripartite genotoxin produced by many path-
ogenic gram-negative bacteria and exhibits anticancer 
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activity against lung cancer [6]. Cytotoxic necrotizing 
factor 1 produced by pathogenic Escherichia coli strains 
is cytotoxic against gliomas [7] and has been shown to 
promote inflammation, stimulate host immunity, and 
function as a potent immunoadjuvant [8]. Panton-Val-
entine Leukocidin (PVL) is a perforating toxin secreted 
by Staphylococcus aureus, which was first discovered by 
Panton and Valentine and proved to be associated with 
skin and soft tissue infection in 1932 [9]. PVL contained 
two components, LukS-PV and LukF-PV [10]. LukS-PV, 
as the initial factor of the interaction between PVL and 
target cells, identifies and binds to the C5aR of the target 
cell membrane, then binds to LukF-PV to form a dimer. 
The dimer is further assembled to form an octamer com-
plex pore structure, which is inserted into the cellular 
membrane to form a transmembrane pore perpendicu-
lar to the membrane plane that induces cell apoptosis 
[11, 12]. In  vitro and in  vivo experiments have shown 
that LukS-PV alone did not induce cell perforation, but 
inhibited the proliferation of human acute myeloid leu-
kemia cells [13, 14]. Furthermore, LukS-PV inhibited 
HCC progression by downregulating histone deacetylase 
(HDAC)2 expression [15].

Histone acetylation and deacetylation are regulated by 
histone acetyltransferases (HATs) and HDACs, respec-
tively, and these modifications play critical roles in gene 
expression and transcription [16]. The role of abnormally 
high HDAC expression in promoting tumorigenesis and 
cancer development has been widely recognized [17, 18]. 
HDAC6, a member of the HDAC Class II family, is highly 
expressed in breast [19], lung [20], bladder cancers [21], 
and HCC [22]. Several studies have shown that HDAC6 
can participate in the process of carcinogenesis through 
various pathways, including oncogenic cellular transfor-
mation and cancer cell migration and invasion [23–25]. 
Thus, HDAC6 is considered to be a therapeutic target for 
some tumors.

Our previous study demonstrated that LukS-PV inhib-
ited HCC cell migration by interfering with PI3K-AKT 
signaling [26]. However, it remains unknown whether 
LukS-PV can inhibit HCC cell migration through acetyla-
tion pathways. In this study, we demonstrated that LukS-
PV inhibited HCC cell migration by down-regulating 
HDAC6 and increasing the acetylation level of α-tubulin. 
These data suggest that LukS-PV plays an important role 
in inhibiting HCC migration and may have potential as a 
therapeutic drug.

Methods
Cell culture
The human HCC cell lines HepG2, Bel-7402, Hep3B, 
Huh-7, normal human liver cell line LO2, and human 
embryonic kidney cell (HEK293T) were purchased from 

Shanghai Cell Bank (Chinese Academy of Sciences, 
Shanghai, China). Bel-7402 and LO2 cells were cultured 
in RPMI-1640 medium (GIBCO, USA) supplemented 
with 10% fetal bovine serum, 100 U/mL penicillin, and 
100 mg/mL streptomycin. HEK293T, HepG2, Hep3B, and 
Huh-7 cells were cultured in DMEM medium (GIBCO, 
USA) containing 10% fetal bovine serum, 100 U/mL pen-
icillin, and 100  mg/mL streptomycin. Cells were grown 
as adherent monolayers in 25  cm2 culture flasks and cul-
tured at 37 °C with 5% CO2 in a humidified incubator.

Production and purification of recombinant LukS‑PV
The LukS-PV sequence was amplified from PVL-posi-
tive Staphylococcus aureus isolates by polymerase chain 
reaction (PCR) using the following primers: LukS-FW, 
5ʹ-acgcGGA TCC GAA TCT AAA GCT GAT AAC AAT ATT 
GAG AAT ATTG-3ʹ; LukS-RV, 5ʹ-accgCTC GAG TCA ATT 
ATG TCC TTT CAC TTT AAT TTC ATG AG-3ʹ. Recom-
binant LukS-PV was generated as described previously 
[27]. Purification of recombinant LukS-PV was per-
formed with the His-Bind® Purification Kit (Millipore, 
USA) in accordance with the manufacturer’s instructions.

Western blot assay
Cells were lysed in RIPA lysis buffer containing pro-
teinase inhibitors at 4  °C for 20 to 30  min. Protein was 
quantified using a BCA Kit (Beyotime, China). Protein 
samples were boiled in 5 × loading buffer, and equal 
amounts of proteins were separated on 10% SDS-PAGE 
gels and transferred to nitrocellulose membranes. The 
membranes were blocked with 5% skim milk for 1.5  h 
and incubated with a primary antibody overnight at 4 °C, 
the blots were cut prior to hybridization with respec-
tive antibodies. The primary antibodies used were as 
follows: anti-HDAC6, anti-α-tubulin and anti-Acetyl-α-
tubulin (Cell Signaling Technology, USA); anti-matrix 
metallopeptidase MMP2, anti-MMP9, and anti-GAPDH 
(Abclonal, China). The corresponding horseradish perox-
idase-conjugated secondary antibodies were used follow-
ing primary antibody incubation.

Transfection
HDAC6 siRNA and the corresponding negative control 
were purchased from General Biotechnology (Anhui, 
China). HCC cells were transfected with siRNA at a final 
concentration of 50  nmol/L using Lipofectamine 2000 
(Invitrogen, USA). Transfection efficiency was assessed 
by western blot. The siRNA sequences for transfection 
were as follows: negative control, sense: 5ʹ-UUC UCC 
GAA  GGU GUC ACG UTT-3ʹ; antisense: 5ʹ-ACG UGA 
CAC GUU CGG AGA ATT-3ʹ); and HDAC6, sense: 
5ʹ-GCA AAU ACU AUG CUG UCA ATT-3ʹ; antisense: 
5ʹ-UUG ACA GCA UAG UAU UUG CTT-3ʹ.
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Lentiviral transduction
To establish stable cell lines overexpressing HDAC6, 
HDAC6 cDNA with a Flag-tag at the C-terminus was 
cloned into the pCDH-CMV-MCS-EF1-Puro vector. The 
recombinant vector was used to package pseudoviral par-
ticles in HEK293T cells by co-transfection with the two 
packaging plasmids psPAX2 and pMD2.G. The particles 
were harvested after 24 h and were used to infect Hep3B 
and Huh-7 cells. Stable pools of infected cells were 
selected with 2.5 μg/mL puromycin. After 96 h, the stable 
expression of HDAC6 was verified by western blot. The 
established Hep3B and Huh-7 cells were maintained in a 
growth medium containing 1 μg/mL puromycin.

Cell scratch assay
The cells were inoculated into six-well plates at a density 
of 90% and cultured overnight in an incubator. A scratch 
perpendicular to the cell layer was created using a 10 μL 
pipette tip. Subsequently, the cells were rinsed twice with 
PBS to remove loose cells, and fresh serum-free medium 
was added to continue the culture. Images were captured 
at 0 h and 48 h after the scratch assay with an inverted 
microscope to assess migration distance at the scratch 
region. The percentage of relative migration = (gap width 
at 0  h—gap width at 48  h)/(gap width at 0  h) × 100%. 
Three duplicated wells were set in each well and the 
experiment was repeated three times.

Quantitative proteomics sequencing
HepG2 cells were treated with 0.5  μmol/L LukS-PV or 
equivalent amount of PBS (control) for 24  h, then cells 
were sonicated three times in lysis buffer on ice using 
a high-intensity ultrasonic processor (Scientz, China). 
After collecting the supernatant, the protein concen-
trations were determined with a BCA kit as described 
above. The proteins were reduced with 5 mM dithiothrei-
tol and alkylated with 11  mM iodoacetamide. The urea 
in the lysis buffer was diluted to less than 2 M by adding 
100 mM tetraethyl ammonium bromide (TEAB). Finally, 
trypsin was added for overnight protein digestion.

After trypsin digestion, the peptides were reconstituted 
in 0.5  M TEAB and labeled using the TMT kit/iTRAQ 
kit in accordance with the manufacturer’s protocol. The 
polypeptides were isolated and purified using an Agi-
lent 300Extend C18 column by high pH, reverse-phase 
high performance liquid chromatography. The peptides 
were added to a nanoelectrospray ionization source fol-
lowed by tandem mass spectrometry (MS/MS) using 
a Q Exactive Plus mass spectrometer (Thermo Fisher 
Scientific, USA) coupled to an ultraperformance liquid 

chromatography system. The resulting MS/MS data were 
processed using the MaxQuant proteomics software 
package and search engine (V.1.5.2.8).

Immunopurification and mass spectrometry
The Huh-7 and Hep3B cell lines with stable expression of 
HDAC6 were lysed in RIPA lysis buffer and centrifuged at 
10,000 g for 10 min at 4 °C. IgG and the anti-HDAC6 pri-
mary antibody were added to the lysates. After overnight 
incubation at 4 °C, 30 μL protein A/G agarose beads were 
added to the lysates and incubated at 4  °C for 3  h. The 
beads were washed 3 times with lysis buffer followed by 
boiling at 100  °C for 10  min in 2 × SDS loading buffer. 
Proteins in the supernatant were analyzed by western 
blot. Additionally, the proteins in the supernatant from 
the Huh-7 cell line expressing HDAC6 were separated by 
SDS-PAGE, and the gel was stained with Coomassie bril-
liant blue. Whole lane after staining the gel was removed 
and sent to General Biotechnology (Anhui, China) for 
mass spectrometry analysis.

Site‑directed mutation of the α‑Tubulin locus
Total RNA was extracted from Huh-7 cells and α-tubulin 
mRNA was amplified by RT-PCR. The recovered DNA 
was digested with the appropriate enzymes and cloned 
into the eukaryotic expression vector pcDNA3-1(-). 
Using this wild-type α-tubulin expression plasmid as the 
template, lysine 40 residue in the α-tubulin N-terminal 
domain was mutated to glutamine residue as acetylation-
mimicking mutant (K40Q) using the QuickMutation 
Plus Site-Directed Mutagenesis Kit (Beyotime, China). 
Additionally, lysine 40 residue in α-tubulin was mutated 
to arginine residue to generate an acetylation-resistant 
mutant  (K40R). After confirmational sequencing, these 
mutant plasmids were used in subsequent experiments.

Statistical analysis
All performances were at least triple. Data were presented as 
mean ± SD. The statistical analyses were performed using the 
statistical software package GraphPad Prism 8 (Graphpad Soft-
ware, USA). The unpaired Student’s t-test was used to analyze 
the differences between two groups, and differences between 
multiple groups were analyzed by ANOVA. *p < 0.05, **p < 0.01, 
or ***p < 0.001 was considered statistically significant.

Results
LukS‑PV inhibited the migration of HCC cells
To verify that LukS-PV inhibited the migration of HCC 
cells, we treated Huh-7 and Bel-7402 cells with differ-
ent concentrations of LukS-PV for 48  h, and scratch 



Page 4 of 13Xu et al. BMC Cancer          (2022) 22:630 

assays were used to detect the migration rates of these 
cells. Compared with migration in the control group, 
the migration capacity of Huh-7 and Bel-7402 cells was 
reduced after 48  h treatment with LukS-PV. Moreo-
ver, the reduction in migration was positively correlated 
with the concentration of LukS-PV (Fig.  1A-B). To fur-
ther investigate the molecular mechanism, we examined 
migration-associated proteins in the HCC cells. As pre-
sented in Fig.  1C and D, LukS-PV treatment decreased 
matrix metallopeptidase (MMP) 2, MMP9, N-cadherin 

expression, and increased the expression of E-cadherin. 
Taken together, these results indicated that LukS-PV 
inhibited the migration of HCC cells.

LukS‑PV downregulated the high expression of HDAC6 
in HCC cells
To understand the potential mechanism by which 
LukS-PV inhibited HCC cell migration, we used quan-
titative proteomics sequencing to determine proteomic 
changes in HepG2 cells after PBS or LukS-PV treatment 

Fig. 1 LukS-PV inhibited the migration of HCC cells. A-B The mobility of HCC cells treated with different concentrations of LukS-PV was examined 
by scratch assays, and the percentage of relative migration was calculated for Huh-7 and Bel-7402 cells. C-D The protein expression levels of MMP2, 
MMP9, N-cadherin and E-cadherin were detected by western blot in HCC cells after treatment with different concentrations of LukS-PV. Relative 
band intensities (compared to GAPDH) were measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001 compared with the control cells
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(Supplementary Table S1). Interestingly, we found that 
the deacetylase HDAC6 was down-regulated in the LukS-
PV treatment group compared with the PBS control 
group (Fig. 2A). To further investigate the role of HDAC6 
in HCC, we evaluated the expression levels in the nor-
mal liver cell line LO2 and liver cancer cell lines Huh-7, 
Hep3B, Bel-7402, and HepG2 and demonstrated that 
HDAC6 was indeed highly expressed in HCC cells. 
The expression of HDAC6 in Bel-7402 and HepG2 
cells was relatively high in comparison with the expres-
sion of HDAC6 in Huh-7 and Hep3B cells (Fig. 2B). In 
addition, we verified that LukS-PV down-regulated 
HDAC6 in the HCC cell lines Huh-7 and HepG2 by 
western blot (Fig. 2C-D). Together, these data revealed 
that LukS-PV treatment reduced HDAC6 expression 
in HCC cells.

LukS‑PV inhibited HCC cell migration by downregulating 
HDAC6
To clarify the role of HDAC6 in HCC cell migration, we 
knocked down HDAC6 expression in HepG2 and Bel-
7402 cells, which were the cell lines with relatively high 
HDAC6 expression. SiRNA-mediated knockdown of 
HDAC6 resulted in a significant reduction in the migra-
tion of HepG2 and Bel-7402 cells (Fig. 3A-B). The expres-
sion of HDAC6, MMP2 and MMP9 were significantly 
down-regulated in Bel-7402 and HepG2 cells compared 
with the control cells (Fig.  3C-D). Huh-7 and Hep3B 
cells were selected to perform overexpression and res-
cue experiments, and scratch experiments showed 
that HDAC6 overexpression significantly increased the 
migration ability of these cells (Fig.  4A-D). In addition, 
the ectopic expression of HDAC6 significantly decreased 

Fig. 2 LukS-PV downregulated the high expression of HDAC6 in HCC cells. A Quantitative proteomics sequencing was used to detect changes 
in HDAC6 expression levels in HepG2 cells treated with LukS-PV or PBS. B The protein expression of HDAC6 was detected by Western blot in LO2, 
Hep3B, Huh-7, Bel-7402, and HepG2 cells. Relative band intensities (compared to GAPDH) were measured using Image J. C-D The expression levels 
of HDAC6 protein were determined in Huh-7 and HepG2 cells after treatment with different concentrations of LukS-PV. Relative band intensities 
(compared to GAPDH) were measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001 compared with the control cells
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the inhibitory effect of LukS-PV on Huh-7 and Hep3B 
cell migration compared with LukS-PV-treated vector-
only control cells (Fig.  4A-D). These results suggested 
that LukS-PV inhibited HCC cell migration by down-reg-
ulating HDAC6.

LukS‑PV inhibits HCC cell migration by increasing 
α‑Tubulin acetylation through HDAC6 downregulation
To further investigate the molecular mechanisms by 
which HDAC6 regulated HCC migration, immunopre-
cipitation and liquid chromatography-MS/MS analyses 
were used to examine potential HDAC6-interacting pro-
teins in Huh-7 cells stably expressing HDAC6 (Supple-
mentary Table S2). As shown in Fig. 5A, we demonstrated 
that α-tubulin is associated with HDAC6, and it may act 
as a downstream target of HDAC6 to affect the migration 
of HCC cells. Next, we validated the relationship between 

α-tubulin and HDAC6 by immunoprecipitation (Fig. 5B), 
and found that HDAC6 negatively regulated the acetyla-
tion level of α-tubulin (Fig. 5C-D). Therefore, we hypoth-
esized that LukS-PV might inhibit HCC cell migration by 
down-regulating HDAC6 and subsequently increasing 
the acetylation level of α-tubulin. To verify this hypoth-
esis, western blot analyses were performed and revealed 
that the LukS-PV treatment group had a significant 
increase in acetylated α-tubulin when compared with the 
control group (Fig. 5E-F). In addition, the lysine 40 (K40) 
residue of α-tubulin was identified as the major acetyla-
tion site [28]. Furthermore, Li et al. showed that overex-
pression of tubulin K40Q to mimic acetylated α-tubulin 
could reduce the migratory and morphological defects 
caused by MEC-17 deficiency in cortical projection neu-
rons [29]. Therefore, on the basis of the above studies, 
we selected the highly conserved K40 locus to construct 

Fig. 3 Knockdown HDAC6 inhibited HCC cells migration. A-B The mobility of Bel-7402 and HepG2 cells were examined by scratch assays after 
knocking down HDAC6 with siRNA, and the percentage of relative migration was calculated. C-D The protein expression levels of HDAC6, MMP2 
and MMP9 were determined in Bel-7402 and HepG2 cells after knocking down HDAC6. Relative band intensities (compared to GAPDH) were 
measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001 compared with the control cells

Fig. 4 LukS-PV inhibited HCC cells migration by downregulating HDAC6. A-B Huh-7 and Hep3B cells were infected with EV (empty vector) or 
the vector overexpressing HDAC6 (HDAC6 OE) and treated with LukS-PV. The mobility of these cells was examined by scratch assays, and the 
percentage of relative migration was calculated. C-D The protein expression levels of HDAC6, MMP2 and MMP9 were detected by western blot. 
Relative band intensities (compared to GAPDH) were measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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K40Q acetylation-mimicking mutant and K40R acetyla-
tion-resistant mutant to further study whether the acet-
ylation level of K40 affects the migration of HCC cells. 
Subsequently, scratch assays and western blots were used 
to determine migration rates, migration-related proteins, 
and acetylation levels of α-tubulin in HCC cells. Rescue 
experiments showed that the K40Q α-tubulin mutation 
enhanced the inhibitory effect of LukS-PV on the migra-
tion of HCC cells, while the K40R mutation reversed 
the inhibitory effect of LukS-PV on migration (Fig.  6A-
D). Furthermore, the K40Q mutation reduced HDAC6-
mediated enhancement of HCC cell migration, while the 
K40R mutation increased HDAC6-mediated migration in 
these cells (Fig. 7A-D). Interestingly, the acetylation level 
of α-tubulin were increased when cells were treated with 
K40Q. On the one hand, it may be that the acetylated 
antibody can still recognize K40Q with a similar struc-
ture to some extent. On the other hand, there may be 
other signaling pathways involved in regulating the acety-
lation level of α-tubulin, which needs to be paid attention 
to in future experiments.

In summary, these results demonstrated that LukS-PV 
inhibited the migration of HCC cells by down-regulating 
HDAC6, which resulted in an increased level of acety-
lated α-tubulin.

Discussion
Hepatocellular carcinoma (HCC) is one of the most com-
mon solid malignancies and a leading cause of cancer-
related death worldwide [30]. The survival of patients 
with HCC remains poor despite recent advances in the 
diagnosis and treatment over the past decades [1]. In 
recent years, bacterial toxins have attracted significant 
interest as potential tumor therapeutics [5]. In previ-
ous studies, we found that the bacterial toxin LukS-PV 
inhibited the proliferation of leukemia and HCC cells 
and induced cell cycle arrest and apoptosis [14, 15]. In 
this study, we demonstrated that LukS-PV inhibited the 
migration of HCC cells by regulating acetylation. To 
investigate the role of LukS-PV in HCC migration, HCC 
cell lines Huh-7 and Bel-7402 were treated with different 
concentrations of LukS-PV. Compared with migration in 
the control group, LukS-PV inhibited HCC cell migration 
in a concentration-dependent manner.

Acetylation has been shown to play an important role 
in the genesis and progression of tumors. Therefore, we 
searched for relevant targets that regulated acetylation 
using quantitative proteomic sequencing. HDAC6 caught 
our attention because it was significantly down-regulated 
in the LukS-PV treated group of cells. HDACs are often 
abnormally overexpressed in various tumors. Inhibition 
of HDAC can reestablish intracellular acetylation-deacet-
ylation homeostasis and reverse the initiation and devel-
opment of tumors [31]. Given that histone modification 
modulates chromatin structure and gene expression, it is 
not surprising that abnormal alterations in histone acety-
lation are associated with cancer development [31, 32]. 
In addition, it has been reported that HDAC6 can regu-
late the acetylation of α-tubulin and, thus, participate in 
tumor development [33].

α-Tubulin is an important component of microtu-
bules. Reversible acetylation of α-tubulin can modulate 
the stability and dynamic activity of microtubules and 
subsequently regulate microtubule-mediated processes, 
such as cell shape maintenance, mitosis, migration, intra-
cellular trafficking, and determination of cell fate, i.e., 
survival or apoptosis [34, 35]. It has been reported that 
the level of α-tubulin acetylation is crucial for determin-
ing the adhesive and migratory ability of cancer cells 
[36]. For example, in lung cancer cells, an increase in 
α-tubulin acetylation increases cell adhesion and inhib-
its cell migration, invasion, and tumor metastasis [37]. 
In this study, we first verified the binding of HDAC6 to 
α-tubulin and demonstrated that HDAC6 negatively 
regulated the acetylation level of α-tubulin. In addition, 
we demonstrated that LukS-PV increased the acetylation 
level of α-tubulin in a concentration-dependent manner. 
Further experiments demonstrated that LukS-PV inhib-
ited HCC cell migration by downregulating HDAC6 and 
increasing the acetylation level of α-tubulin.

There are some limitations in this study. First, we dem-
onstrated that HDAC6 affected the migration of HCC 
cells by regulating the acetylation level of α-tubulin. 
However, further studies will be required to discover 
other migration-related target proteins that are down-
stream targets of HDAC6 based on the immunopurifi-
cation and mass spectrometry results. Second, we used 
cell lines to demonstrate that LukS-PV can inhibit HCC 

(See figure on next page.)
Fig. 5 LukS-PV increasing α-tubulin acetylation through HDAC6 downregulation. A A whole-cell extract from Huh-7 cells stably expressing 
HDAC6 was subjected to affinity purification with protein A/G beads. The purified protein complex was resolved by SDS–polyacrylamide gel 
electrophoresis followed by staining with Coomassie brilliant blue. The bands were retrieved and analyzed by mass spectrometry. The peptide 
(AVCMLSNTTAIAEAWAR) showing in this panel is the α-tubulin sequence detected by mass spectrometry. B The whole-cell lysate and sample from 
the co-immunoprecipitation with anti-HDAC6 antibody in HCC cells were verified by western blot. C‑D The indicated proteins were verified by 
western blot after transfection of HCC cells with the HDAC6 plasmid. Relative band intensities (compared to GAPDH) were measured using Image 
J. E–F The expression levels of α-tubulin and its acetylated form were determined in HCC cells after treatment with different concentrations of 
LukS-PV. Relative band intensities (compared to GAPDH) were measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001
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Fig. 5 (See legend on previous page.)
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Fig. 6 LukS-PV inhibited HCC cells migration by increasing α-tubulin acetylation. A‑B After Huh-7 and Hep3B cells were transfected with the 
α-tubulin K40Q and K40R mutant plasmids, they were treated with PBS or LukS-PV, and the mobility of cells was examined by scratch assays. The 
percentage of relative migration was calculated. C‑D The protein expression levels of Ac-α-tubulin, α-tubulin, MMP2 and MMP9 were detected by 
western blot. Relative band intensities (compared to GAPDH) were measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001 
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Fig. 7 LukS-PV inhibited HCC cells migration by increasing α-tubulin acetylation through HDAC6 downregulation. A–B Huh-7 and Hep3B cells 
containing EV (empty vector) or overexpressing HDAC6 (HDAC6 OE) were transfected with either the α-tubulinK40Q or K40R mutant plasmids and 
treated with LukS-PV. The mobility of cells was examined by scratch assays. The percentage of relative migration was calculated. C‑D The protein 
expression levels of Ac-α-tubulin, α-tubulin, MMP2 and MMP9 were detected by western blot. Relative band intensities (compared to GAPDH) were 
measured using Image J. * P < 0.05, ** P < 0.01, or *** P < 0.001 
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cell migration in vitro. In future experiments, other mod-
els, such as nude mice xenografted with patient-derived 
tumors, will be important to verify whether LukS-PV can 
inhibit HCC cell migration in vivo.

Conclusion
In conclusion, this study demonstrated that LukS-PV 
increased the acetylation level of α-tubulin via HDAC6, 
thereby inhibiting the migration of HCC cells, indicating 
that LukS-PV may have potential as a promising candi-
date for the treatment of HCC.
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spectrometry; NSI: Nano spray ionization; PCR: Polymerase chain reaction; PVL: 
Panton-Valetine leucocidin; RT-PCR: Reverse transcription-polymerase Chain 
reaction; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electropho-
resis; TEAB: Tetraethyl ammonium bromide; UPLC: Ultraperformance liquid 
chromatography.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 022- 09680-4.

Additional file 1: Supplementary Table S1. Proteomic changes in 
HepG2 cells after PBS or LukS-PV treatment were determined with quanti-
tative proteomics sequencing.

Additional file 2: Supplementary Table S2. Identifed proteins associ-
ated with HDAC6 were analyzed by mass spectrometry.

Additional file 3.  

Acknowledgements
We thank Susan Zunino, PhD, from Liwen Bianji (Edanz) (www. liwen bianji. cn/), 
for editing the English text of a draft of this manuscript.

Authors’ contributions
In this research, XXX was responsible for experiments, data curation, and 
writing original draft. PSD and GW were involved in investigation and analysis 
of the data. LS and XLM were prepared review and supervision, and funding 
acquisition. All authors have read and approved the final manuscript.

Funding
This work was supported by the National Science Foundation of China 
(81972001, 81802066), and the Fundamental Research Funds for the Central 
Universities (WK9110000007, WK9110000107).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article (and its supplementary information files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 December 2021   Accepted: 18 May 2022

References
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

 2. Huang R, Yan G, Sun H, Zhang J, Song D, Kong R, Yan P, Hu P, Xie A, 
Wang S, et al. Identification of prognostic and metastasis-related 
alternative splicing signatures in hepatocellular carcinoma. Biosci 
Rep. 2020;40(7):1-14.

 3. Gunasekaran G, Bekki Y, Lourdusamy V, Schwartz M. Surgical Treatments 
of Hepatobiliary Cancers. Hepatology. 2021;73(Suppl 1):128–36.

 4. Pezzuto F, Buonaguro L, Buonaguro FM, Tornesello ML. The Role of Cir-
culating Free DNA and MicroRNA in Non-Invasive Diagnosis of HBV- and 
HCV-Related Hepatocellular Carcinoma. Int J Mol Sci. 2018;19(4):1007.

 5. Schappa JT, Frantz AM, Gorden BH, Dickerson EB, Vallera DA, Modiano JF. 
Hemangiosarcoma and its cancer stem cell subpopulation are effectively 
killed by a toxin targeted through epidermal growth factor and urokinase 
receptors. Int J Cancer. 2013;133(8):1936–44.

 6. Yaghoobi H, Bandehpour M, Kazemi B. Apoptotic Effects of the B Subunit 
of Bacterial Cytolethal Distending Toxin on the A549 Lung Cancer Cell 
Line. Asian Pac J Cancer Prev. 2016;17(S3):299–304.

 7. Vannini E, Olimpico F, Middei S, Ammassari-Teule M, de Graaf EL, 
McDonnell L, Schmidt G, Fabbri A, Fiorentini C, Baroncelli L, et al. 
Electrophysiology of glioma: a Rho GTPase-activating protein reduces 
tumor growth and spares neuron structure and function. Neuro Oncol. 
2016;18(12):1634–43.

 8. Gall-Mas L, Fabbri A, Namini MRJ, Givskov M, Fiorentini C, Krejsgaard T. 
The Bacterial Toxin CNF1 Induces Activation and Maturation of Human 
Monocyte-Derived Dendritic Cells. Int J Mol Sci. 2018;19(5):1408.

 9. Panton PN, Valentine F. Staphylococcal Toxin. Lancet. 
1932;219(5662):506–8.

 10. Diep BA, Gill SR, Chang RF, Phan TH, Chen JH, Davidson MG, Lin F, Lin J, 
Carleton HA, Mongodin EF, et al. Complete genome sequence of USA300, 
an epidemic clone of community-acquired meticillin-resistant Staphylo-
coccus aureus. Lancet. 2006;367(9512):731–9.

 11. Jayasinghe L, Bayley H. The leukocidin pore: evidence for an octamer with 
four LukF subunits and four LukS subunits alternating around a central 
axis. Protein Sci. 2005;14(10):2550–61.

 12. Spaan AN, Henry T, Rooijen W, Perret M, van Strijp Jos AG. The staphylo-
coccal toxin Panton-Valentine Leukocidin targets human C5a receptors. 
Cell Host Microbe. 2013;13(5):584–94.

 13. Shan W, Bu S, Zhang C, Zhang S, Ding B, Chang W, Dai Y, Shen J, Ma X. 
LukS-PV, a component of Panton-Valentine leukocidin, exerts potent 
activity against acute myeloid leukemia in vitro and in vivo. Int J Biochem 
Cell Biol. 2015;61:20–8.

 14. Sun XX, Zhang SS, Dai CY, Peng J, Pan Q, Xu LF, Ma XL. LukS-PV-Regulated 
MicroRNA-125a-3p Promotes THP-1 Macrophages Differentiation and 
Apoptosis by Down-Regulating NF1 and Bcl-2. Cell Physiol Biochem. 
2017;44(3):1093–105.

 15. Wang Z, Yu W, Qiang Y, Xu L, Ma F, Ding P, Shi L, Chang W, Mei Y, Ma X. 
LukS-PV Inhibits Hepatocellular Carcinoma Progression by Downregulat-
ing HDAC2 Expression. Mol Ther Oncolytics. 2020;17:547–61.

 16. Manzotti G, Ciarrocchi A, Sancisi V. Inhibition of BET Proteins and Histone 
Deacetylase (HDACs): Crossing Roads in Cancer Therapy. Cancers 
(Basel). 2019;11(3):304.

 17. McClure JJ, Li X, Chou CJ. Advances and Challenges of HDAC Inhibitors in 
Cancer Therapeutics. Adv Cancer Res. 2018;138:183–211.

 18. West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer 
treatment. J Clin Invest. 2014;124(1):30–9.

 19. Park Y, Lee KS, Park SY, Kim JH, Kang EY, Kim SW, Eom KY, Kim JS, Kim 
IA. Potential Prognostic Value of Histone Deacetylase 6 and Acetylated 
Heat-Shock Protein 90 in Early-Stage Breast Cancer. J Breast Cancer. 
2015;18(3):249–55.

https://doi.org/10.1186/s12885-022-09680-4
https://doi.org/10.1186/s12885-022-09680-4
http://www.liwenbianji.cn/


Page 13 of 13Xu et al. BMC Cancer          (2022) 22:630  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 20. Pai JT, Hsu CY, Hsieh YS, Tsai TY, Hua KT, Weng MS. Suppressing migration 
and invasion of H1299 lung cancer cells by honokiol through disrupting 
expression of an HDAC6-mediated matrix metalloproteinase 9. Food Sci 
Nutr. 2020;8(3):1534–45.

 21. Zhang X, Yuan Z, Zhang Y, Yong S, Salas-Burgos A, Koomen J, Olashaw 
N, Parsons JT, Yang XJ, Dent SR, et al. HDAC6 modulates cell motility by 
altering the acetylation level of cortactin. Mol Cell. 2007;27(2):197–213.

 22. Ding G, Liu HD, Huang Q, Liang HX, Ding ZH, Liao ZJ, Huang G. HDAC6 
promotes hepatocellular carcinoma progression by inhibiting P53 tran-
scriptional activity. FEBS Lett. 2013;587(7):880–6.

 23. Lafarga V, Aymerich I, Tapia O, Mayor F Jr, Penela P. A novel GRK2/
HDAC6 interaction modulates cell spreading and motility. EMBO J. 
2012;31(4):856–69.

 24. Lee YS, Lim KH, Guo X, Kawaguchi Y, Gao Y, Barrientos T, Orden-
tlich P, Wang XF, Counter CM, Yao TP. The cytoplasmic deacetylase 
HDAC6 is required for efficient oncogenic tumorigenesis. Cancer Res. 
2008;68(18):7561–9.

 25. Wickstrom SA, Masoumi KC, Khochbin S, Fassler R, Massoumi R. CYLD 
negatively regulates cell-cycle progression by inactivating HDAC6 and 
increasing the levels of acetylated tubulin. EMBO J. 2010;29(1):131–44.

 26. Ma F, Wang Z, Qiang Y, Xu L, Ding P, Wang Y, Ma X. LukS-PV Inhibits Hepa-
tocellular Carcinoma Cells Migration via the TNNC1/PI3K/AKT Axis. Onco 
Targets Ther. 2020;13:10221–30.

 27. Ma X, Chang W, Zhang C, Zhou X, Yu F. Staphylococcal Panton-Valentine 
leukocidin induces pro-inflammatory cytokine production and nuclear 
factor-kappa B activation in neutrophils. PLoS ONE. 2012;7(4):e34970.

 28. LeDizet M, Piperno G. Identification of an acetylation site of Chla-
mydomonas alpha-tubulin. Proc Natl Acad Sci U S A. 1987;84(16):5720–4.

 29. Li L, Wei D, Wang Q, Pan J, Liu R, Zhang X, Bao L. MEC-17 deficiency leads 
to reduced alpha-tubulin acetylation and impaired migration of cortical 
neurons. J Neurosci. 2012;32(37):12673–83.

 30. Chen Z, Xie H, Hu M, Huang T, Hu Y, Sang N, Zhao Y. Recent pro-
gress in treatment of hepatocellular carcinoma. Am J Cancer Res. 
2020;10(9):2993–3036.

 31. Li Y, Seto E. HDACs and HDAC Inhibitors in Cancer Development and 
Therapy. Cold Spring Harb Perspect Med. 2016;6(10):634.

 32. Li Z, Zhu WG. Targeting histone deacetylases for cancer therapy: 
from molecular mechanisms to clinical implications. Int J Biol Sci. 
2014;10(7):757–70.

 33. Zhang Y, Li N, Caron C, Matthias G, Hess D, Khochbin S, Matthias P. 
HDAC-6 interacts with and deacetylates tubulin and microtubules in vivo. 
EMBO J. 2003;22(5):1168–79.

 34. Liu P, Zupa E, Neuner A, Böhler A, Loerke J, Flemming D, Ruppert T, 
Rudack T, Peter C, Spahn C, et al. Insights into the assembly and activation 
of the microtubule nucleator γ-TuRC. Nature. 2020;578(7795):467–71.

 35. Wang Q, Liu X. The dual functions of alpha-tubulin acetylation in cellular 
apoptosis and autophage induced by tanespimycin in lung cancer cells. 
Cancer Cell Int. 2020;20:369.

 36. Li L, Yang XJ. Tubulin acetylation: responsible enzymes, biological func-
tions and human diseases. Cell Mol Life Sci. 2015;72(22):4237–55.

 37. Lee CC, Cheng YC, Chang CY, Lin CM, Chang JY. Alpha-tubulin acetyl-
transferase/MEC-17 regulates cancer cell migration and invasion through 
epithelial-mesenchymal transition suppression and cell polarity disrup-
tion. Sci Rep. 2018;8(1):17477.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	LukS-PV inhibits hepatocellular carcinoma cells migration by downregulating HDAC6 expression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture
	Production and purification of recombinant LukS-PV
	Western blot assay
	Transfection
	Lentiviral transduction
	Cell scratch assay
	Quantitative proteomics sequencing
	Immunopurification and mass spectrometry
	Site-directed mutation of the α-Tubulin locus
	Statistical analysis

	Results
	LukS-PV inhibited the migration of HCC cells
	LukS-PV downregulated the high expression of HDAC6 in HCC cells
	LukS-PV inhibited HCC cell migration by downregulating HDAC6
	LukS-PV inhibits HCC cell migration by increasing α-Tubulin acetylation through HDAC6 downregulation

	Discussion
	Conclusion
	Acknowledgements
	References


