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Quantitative proteomic analysis reveals that Luks-PV
exerts antitumor activity by regulating the key proteins and
metabolic pathways in HepG2 cells

Chang-Cheng Zhao, Wen-Wei Yu, Ying-Jie Qi, Liang-Fei Xu,

Zi-Ran Wang, Ya-Wen Qiang, Fan Ma and Xiao-Ling Ma

Hepatocellular carcinoma (HCC) is a complicated and
poor prognosis cancer, necessitating the development

of a potential treatment strategy. In this study, we

initially revealed that LukS-PV belonged to leukocidin
family performs an anti-HCC action. Then, we used

liquid chromatography-mass spectrometry (LC/MS) to
compare protein expression profiles of the LukS-PV-
treated human HCC cell lines HepG2 and the control
cells. GO annotations and Kyoto Encyclopedia of Genes
and Genomes pathway analysis were carried out of
differential expression followed by protein—protein
interactome, to explore the underlying cancer suppressor
mechanisms of LukS-PV for human HCC. A total of 88
upregulated proteins and 46 downregulated proteins
were identified. The top 10 proteins identified by the MCC
method are FN1, APP, TIMP1, nucleobindin-1, GOLM1,
APLP2, CYR61, CD63, ENG, and CD9. Our observation on
protein expression indicated that LukS-PV produces a

Introduction

Hepatocellular carcinoma (HCC) is the most common
form of liver cancer. As the second leading cause of global
cancer mortalityy, HCC endangers over 780000 new
patients per year [1]. Although many treatment meth-
ods are available for HCC, including surgical resection,
liver translation, radioembolization, radiation therapy,
and molecularly targeted therapies [2], five-year survival
rate of HCC patients remains dismal. Therefore, further
efforts to develop new treatment strategy of patients with
HCC are needed.

LukS-PV is one of the two components of Panton—
Valentine leucocidin (PVL), which is a pore-forming
leukocidin secreted by Staphylococcus aureus. 1t has
increasingly been recognized to have a potential role
for treating acute myeloid leukemia (AML). For exam-
ple, our previous work demonstrated that LukS-PV
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potently promoted differentiation and induced apop-
tosis in THP-1 cells [3,4]. Additionally, we found that
LukS-PV could induce differentiation of human AML
cells, including AML cell lines and primary AML blasts
[5,6]. Accordingly, we speculated that LukS-PV plays a
role in HCC progression, which has been validated our
unpublished observations.

Proteomics is a powerful technology that can help identify
therapeutic targets and potential biomarkers in different
diseases. In this study, we utilized this high throughput
technology to identify differentially expressed proteins
(DEPs) in LukS-PV-treated HepG?2 cells relative to the
untreated control. These data were then analyzed using
bioinformatics and multiple pathways and a number of
molecular functions were implicated to play a role in
anticancer effect. Overall, this research provides a novel
understanding of the mechanisms of anticancer in HCC.

Experimental procedures

Cell culture

Human HCC cell lines HepG2 was purchased from
the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China) and cultured in
RPMI 1640 medium (Gibco, California, USA) supple-
mented with 10% fetal bovine serum (Gibco), 100 U/ml
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penicillin and 100 pg/ml streptomycin (Invitrogen, USA)
at 37°C in a humidified incubator air with 5% COZ.

Recombinant LukS-PV production and purification
pET28a (Roche Diagnostics Corp, Basel, Switzerland)
was used to produce recombinant hexa-His-tagged
LukS-PV. The sequence was amplified from PVL-
positive S. aureus isolates. PCR products were digested
with Xhol and BamHI (Promega, Madison, Wisconsin,
USA) and ligated into the pET28a vector. Recombinant
LukS-PV purification was described previously by Sun
et al. [3].

Cell proliferation, apoptosis, and invasion assays
Cell proliferation assays, apoptosis, and invasion assays
were performed as described previously [3,7].

Western blot assay

Western blotting was performed and analyzed as
described previously [8]. The following antibodies were
used: P-actin (Abcam), E-cadherin, vimentin, SNAIL
(Cell Signaling Technology), N-cadherin, MMP-9, and
MMP-2 (Proteintech).

Protein digestion and TMT labeling

Samples were subjected to the filter-assisted sample
preparation (FASP) protocol [9]. Processed samples were
subsequently transferred to a fresh tube and subjected to
tryptic digestion overnight at 37°C. The resulting pep-
tides were dried completely in a vacuum concentrator and
stored at —80°C. Tandem Mass Tag (TM'T) labeling was
performed following the manufacturer’s protocol in the
TM'Tsixplex Isobaric Label Reagent Set. Briefly, tryptic
peptides was reconstituted in 100 pl of 50mM TEABC
buffer and mixed with the TMT reagent reconstituted
in 41l anhydrous acetonitrile and incubated at 25°C
for 1hour. All labeled peptides were mixed, completely
dried in a vacuum concentrator and stored at -80°C.

Quantitative analysis using liquid chromatography-
mass spectrometry

The TMT-labeled peptides were resuspended in 0.1%
formic acid and analyzed on an AB Sciex Triple TOF
5600 mass spectrometer (AB SCIEX; Concord, ON,
Canada) with a NanoAcquity UPLC (Waters, Milford,
Massachusetts, USA) system as previously described [10].
The generated data were analyzed using ProteinPilot ver-
sion 4.5 software. The dataset was searched using the fol-
lowing parameters: cysteine carbamidomethylation and
TM'T labeling as fixed modifications, methionine oxida-
tion as a variable modification and digestion by trypsin
with at least two missed cleavages. The identified pro-
teins with at least two peptide matches and a confidence
threshold >99% were further analyzed. Proteins were
determined to be differentially expressed if 21.50 or
<0.667 of fold change was noted and if a P value <0.05
was obtained.

Real-time RT-PCR analysis

The proteomic data were validated utilizing SYBR Green-
based real-time quantitative PCR (qPCR) performed on
Roche Cobas z 480 analyzer. Five hundred nanogram of
total RNA from each sample was used to synthesize first-
strand cDNA using a PrimeScript IT 1st strand cDNA
synthesis kit (‘Takara) in accordance with the manufac-
turer’s recommendations. Primers used in this article are
shown in Supplementary Table 1, Supplemental digital
content 1, Aup.//links.lww.com/ACD/A321. The compara-
tive Ct (2722 method was used to quantify expression
of genes, and fold change was used to present data. 3-ac-
tin was used as a reference gene.

Bioinformatics analysis

GO annotations and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of altered proteins
were analyzed with OmicsBean (http://www.omicsbean.

cn/) [11].

Protein-protein interactome network construction and
module analysis

The Search Tool for the Retrieval of Interacting Genes
(STRING) database (http://string.embl.de/) was evalu-
ated the interactive relationships among DEPs. A com-
bined score >0.4 was set as the cutoff criterion. Then, we
used Cytoscape Version 3.7.1 to visualize the biomolecu-
lar interaction networks of the DEPs. Molecular Complex
Detection (MCODE) plugin was used to screen modules
from the PPI network with degree cutoff 2, haircut on,
node score cutoff 0.2, k-score 2, maximum depth 100, and
nodes more than 8. The functional and pathway enrich-
ment analysis was performed through DAVID in the
modules.

Results

Apoptosis, proliferation, invasion and metastasis
effects of LukS-PV on HepG2 cells

First, we set out to investigate whether LukS-PV influ-
ences on the biological behavior changes of HCC. We
observed that LukS-PV promoted apoptosis (Fig. 1a)
and inhibited proliferation (Fig. 1b) in the treated
HepG2 cells i vitro as compared with its counterpart. In
addition, the capacity of invasiveness effect was signifi-
cantly impaired concerning LukS-PV (Fig. 1c). Because
Epithelial-Mesenchymal Transition (EMT) has long
been considered as a crucial step for metastasis initiation
[12], several biomarkers of the EM'T phenotype were
detected using western blotting. We found that LukS-PV
suppressed EMT in HCC cells, manifesting as down-
regulation of N-cadherin, MMP-2, MMP-9, Snail, and
Vimentin expression, and upregulation of E-cadherin
expression (Fig. 1d). These findings suggested that
LukS-PV exerts antitumor activity in HepG2 cells, and
it has therapeutic promise to inhibit HCC progression.

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/ACD/A321
http://www.omicsbean.cn/
http://www.omicsbean.cn/
http://string.embl.de/

Proteome changes by LukS-PV treatment in HepG2 cells Zhao et al.

225

Fig. 1
a 0 pM 0.5 pM 0.75 pM 1.0 pM
Th
i 3.63% | o £.86% 13.8% | 0 {oanx 6.04%
’0‘1 |0.'1
o 2
;*
m"} == = " 57
1.88% o m‘f" 5.11% 4.33%
- — B‘z‘ T - Lo | i | v a -
10" w0 o 10° 10° 10° 10° o' w 0 10 10 10 10
* Annexin V
(b) (d) :
Control LukS-PV
- . - N-cadherin
£ 1009 - 0.5 M nl e
g s * 0.75 M
EF |~ ropm S =\
S = god
EE
-2 MNMP-9
5} w - ==
§ 5 Snail
= 20+
=

- - Vimentin

p-actin
— —

LukS-PV promotes the apoptosis and suppresses tumor proliferation, invasion and metastasis in HepG2 cells. (a) HepG2 cells were exposed to
different concentrations (0, 0.5, 0.75, 1.0 uM) of LukS-PV for 24 hours. Apoptosis was quantified by fluorescence-activated cell sorting (FACS)
analysis stained with Annexin-FITC and PI-PE. (b) MTT assay was performed to determine the proliferation of HepG2 cells with 0.5, 0.75, 1.0uM
concentration of LukS-PV treatment, respectively. (c) Inhibitory effects of LukS-PV on the invasion of HepG2 cells. HepG2 cells were treated with
1.0 uM LukS-PV for 24 hours, and invasiveness of control cells and cells treated with 1.0 uM LukS-PV was observed using Transwell assay. (d)
Western blot analysis of EMT markers in HepG2 cells with LukS-PV (1.0 uM). f-actin was used as an equal loading control.

Table 1 The top 10 upregulated differentially expressed proteins in LukS-PV-treated HepG2 cells

Protein accession Protein description Luks/Ctr ratio Luks/Citr P value Protein name
P13196 5-aminolevulinate synthase, nonspecific, mitochondrial 6.908 0.00020359 ALAS1
Q13772 Nuclear receptor coactivator 4 4503 0.00064111 NCOA4
Q06481 Amyloid-like protein 2 4.44 1E-32 APLP2
Q9BXS4 Transmembrane protein 59 4.357 0.00061755 TMEM59
P05067 Amyloid-beta A4 protein 4.259 1.62437E-12 APP
Q86VP1 Tax1-binding protein 1 4.043 1.59406E-12 TAX1BP1
QoY287 Integral membrane protein 2B 3.965 0.002558 ITM2B
Q96QD8 Sodium-coupled neutral amino acid transporter 2 3.407 0.00042052 SLC38A2
QINzV1 Cysteine-rich motor neuron 1 protein 3.302 0.00055943 CRIM1
Q13641 Trophoblast glycoprotein 3.123 1.80342E-05 TPBG

Identification of differentially expressed proteins in
LukS-PV-treated HepG2 cells

To understand the cancer suppressor mechanism of
LukS-PV, then we performed a comparative study on the
protein profiles labeled with TMT between LukS-PV-
treated HepG2 cells and the untreatment cells by means
of mass spectrometry. For global protcome analysis, 6150

proteins were identified and 5445 proteins were quan-
tified in HepG2 cells. Filtered with threshold value of
expression fold change (fold change >1.50 or <0.667) and
P value <0.05, among which 134 DEPs were picked up,
with 88 proteins upregulated and 46 downregulated. Of
the dysregualted proteins, the most upregulated protein
was ALLAS1, with a fold change of more than 6.9, and the
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Table 2 The top 10 downregulated differentially expressed proteins in LukS-PV-treated HepG2 cells

Protein accession Protein description Luks/Ctr Ratio Luks/Ctr P value Protein name
Q15004 PCNA-associated factor 0.305 8.4086E-07 PCLAF
P07305 Histone H1.0 0.361 1.4705E-07 H1FO
Q9BRK5 45 kDa calcium-binding protein 0.457 0.022718 SDF4
Q02818 Nucleobindin-1 0.462 7.1989E-07 NUCBH1
P16401 Histone H1.5 0.486 0.000022617 HIST1H1B
Q9BZD4 Kinetochore protein Nuf2 2 0.494 0.0004782 NUF2
P16402 Histone H1.3 0.498 0.0110831 HIST1IH1D
Q6PIG6 BRCA1-associated ATM activator 1 0.516 0.00068191 BRAT1
Q9BZL1 Ubiquitin-like protein 5 0.52 0.00170196 UBLS5
Q9H173 Nucleotide exchange factor SIL1 0.5628 0.00167586 SIL1
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Validation of proteomic results using real-time RT-PCR. Six differentially expressed proteins were validated by gPCR. The expression of six pro-
teins (TIMP1, GPR107, HDAC4, HDAC7, NUCB1, and TNNC1) selected from proteomics result between Luks-PV stimulated and unstimulated

HepG2 cell was performed using real-time RT-PCR method.

most downregulated was PCLAF, with a fold change of
less than 0.5. The top 10 upregulated and downregulated
DEPs were listed in Tables 1 and 2, respectively, provid-
ing a wide source of target proteins for further study in
LukS-PV regulation. These data are essential to better
understand the exact regulation of LukS-PV and also
provides ideas for HCC clinical treat.

Validation of proteomic analysis by real-time RT-PCR
"To validate the results measured by TM'I-based quanti-
tative proteomics analysis, a subset of six genes [TIMP1,
GPR107, HDAC4, HDAC?7, nucleobindin-1 (NUCB1),
and troponin C1 (TNNC1)] was selected and analyzed
by real-time RT-PCR combined with our future research
interests. The results showed that the metallopro-
teinase inhibitor 1 (TIMP1), and a G-protein-coupled
receptor (GPR107) was upregulated in the Luks-PV-
treated HepG2 cell relative to the control; whereas, his-
tone deacetylase 4, 7 (HDAC4, HDAC7), NUCBI, and
'TNNC1 were downregulated (Fig. 2). The data sup-
ported a strong consistency between the qPCR result
and proteomic data.

Functional categorization of Luks-PV-regulated
proteins

In order to identify the possible functions of these DEPs,
thus we conducted the GO analysis to generate classi-
fication clusters. The results indicated that these pro-
teins were mostly related to metabolisms and immune
responses. As revealed in Fig. 3, the ‘binding’ (79 upreg-
ulated, 41 downregulated) and ‘catalytic activity’ (34
upregulated, 15 downregulated) were regarded as the
most significant GO categories. Furthermore, the poten-
tial targets of LLukS-PV were notably associated with
transporter activity, signal transducer activity, molecu-
lar function regulator, structural molecule activity, and
molecular transducer activity, whether the upregulated
or downregulated DEPs. Additionally, several down-
regulated DEPs were found to only have electron car-
rier activity (1), protein tag (1), or nucleic acid binding
transcription factor activity (1), while antioxidant activity
(2) or transcription factor activity protein binding (2) was
only possessed by several upregulated DEPs. In general,
signal transduction and metabolic pathways related to
LukS-PV may play important roles in favoring malignant
phenotype reversion of HepG?2 cells.
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Fig. 5
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Predicting protein-protein interactome networks and
module analysis

Finally, protein—protein interaction networks were con-
structed using the online software STRING in combina-
tion with Cytoscape. The networks indicated a distinct
set of interactions (Fig. 4). The top 10 proteins ranked by
the MCC method were identified by CytoHubba plugin,
including FN1, APP, TIMP1, NUCB1, GOLM1, APLP2,
CYR61, CD63, ENG, and CD9, with most of them being
upregulated, except for NUCBI1. Additionally, mod-
ules of proteins in PPI networks were identified by the
MCODE plugin in Cytoscape, following which, the top
two notable modules were chosen for bioinformatics
analysis. Functional enrichment analysis indicated that
the module proteins were enriched in central carbon
metabolism in cancer, galactose metabolism, and fructose
and mannose metabolism (Fig. 5).

Discussion

In this study, we first demonstrated that L.ukS-PV could
not only induce the apoptosis but also inhibit the pro-
liferation, invasion, and metastasis in HCC cell line
HepG2 cells. Our findings primarily revealed previously

unrecognized effect of LLukS-PV, and provided a poten-
tial agent for treating human HCC. We then analyzed the
proteomes of the control and LukS-PV-treated HepG2
cells using LC-MS/MS. A total of 134 DEPs, including
88 upregulated and 46 downregulated were identified to
be differentially expressed. The sensitivity of the DEP is
evaluated based on the fold changes of protein as LukS-PV
varies the effect on different proteins. Among the top 10
upregulated and 10 downregulated DEPs, we confirmed
several protein level changes previously identified in
human HCC, including PCLAF [13], NUF2 [14], and
TAX1BP1 [15]. In particular, we identified novel candi-
date proteins such as ALLAS1, NCOA4, 'TM2B, SL.LC38A2,
NUCBI1, APLP2, APP, CRIM1, SDF4, TMEM59, TPBG,
BRAT1, UBLS5, SILL1, and three different histone H1 var-
iants (H1FO0, HIST1H1B, and HIST1H1D), with no rel-
evant research reports, or of unknown function in HCC.
Thus, it will be exciting to explore how gains or losses of
their expression impact HCC progression.

Many studies have indicated that HCC is a metabolic
disease. Our study from GO analysis and KEGG analysis
found that central carbon metabolism in cancer was one of
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the mostly affected pathways in KEGG analysis. Alterations
in cancer central carbon metabolism including acrobic gly-
colysis, elevated glutaminolysis, dysregulated tricarboxylic
acid cycle and pentose phosphate pathway, and facilitate
cancer development by maintaining viability and build-
ing new biomass. Accumulating evidence suggests that a
variety of oncogenes or tumor suppressors contribute to
orchestrate the tightly controlled regulation of cancer met-
abolic adaptations, broadening the biological mechanisms
of cancer metabolic reprogramming. Glutaminase (GLS),
which converts glutamine to glutamate, plays a key role
in cancer cell metabolism, growth, and proliferation. Yu e7
al. [16] found that high expression of GLLS1 in HCC cor-
related with survival time of HCC patients. We found that
GLS1 was upregulated in the response to LLukS-PV treat-
ment. Besides metabolism, these DEPs also participated
in immunoregulation activities including biological reg-
ulation, response to stimulus, signaling, immune system
process, and biological adhesion. These immune regula-
tory pathways were widely researched and demonstrated
to be associated with HCC. Therefore, it is reasonable to
propose that the aberrantly expressed proteins adjusted
the progression of HCC, through affecting their correlated
metabolic or immunological proteins.

This study also attempts to determine the downstream
effector proteins that may interact with LukS-PV by PPI
network. We predicted the top 10 most likely proteins,
that is, proteins FN1, APP, TIMP1, NUCB1, GOLM1,
APLP2, CYR61, CD63, ENG, and CD9. Among which,
significant correlations of CYR61 [17], TIMP-1 [18], FN1
[19], ENG [8,20], and GOLM1 [21] with HCC were pre-
viously demonstrated through lipid metabolism, trans-
portation, metastasis, proliferation, and angiogenesis,
etc. Furthermore, proteins HK2, GLS, NFAT'S5, SLC1AS,
SLC2A1, SLLC5A3, and SLLC6A6 were predicted to be
associated specifically with AKR1B1. Further pathway
analysis indicated that the protein was mostly related to
galactose metabolism, and fructose and mannose metab-
olism. It has been reported that AKR1B1 overexpression
in some types of HCCs might play a crucial role in the
development of HCC [10,22]. However, another study
indicated that AKR1B1 gene was significantly hyper-
methylated and downregulated in the HCC tumors com-
pared with the nontumor liver tissues [11]. We found that
AKRI1B1 was elevated 1.698-fold in HepG2 cells after
LukS-PV treatment. We presumed that protein AKR1B1
regulates the expression of certain proteins such as
nuclear thyroid hormone receptor [22], and eventually
affect the procedures of metabolism process to control
the tumorigenesis.

Although no obvious correlation was found between
LukS-PV treatment and HIF-1 signaling pathway, they
appear to be related. For example, it was reported that
activation expression of HIF-1 alpha retards tumor growth
of renal cell carcinoma [23], implying that LukS-PV may
play a tumor-suppressing role in the development and

progress of HCC. However, paradoxically enough, pre-
vious studies indicated the oncogenic effects of HIF-1
signaling [24,25]. We hypothesized that the dual effects
of HIF-1 signaling would allow optimal response to
hypoxia by different types of cells. In short, therapeutic
approaches to targeting of the HIF-1 signaling will need
to take account of the particular setting.

NUCBI, also known as Calnuc, is a noteworthy protein.
It is a multifunctional protein widely expressed in tissues
and cells. In the Golgi, NUCBI plays an important role
in modulating Ca2+ homeostasis and is a negative reg-
ulator of the unfolded protein response through inhibi-
tion of site-1 protease-mediated cleavage of ATF6 [26].
Overexpression of NUCB1 might be associated with the
activation or proliferation of the tumor cells. For example,
Wang ez al. [27] has demonstrated that in 50 gastric ade-
nocarcinomas with lymph node metastasis, 56% of cases
showed a positive reaction to Calnuc, which was much
higher compared with that in 50 gastric adenocarcinomas
without lymph node metastasis (10%). Another study
indicates that aberrant Calnuc expression might contrib-
ute to the malignant transformation of colon cancer [28].
In the present study, we found that NUCB1 showed sig-
nificantly lower expression HepG?2 cells under LukS-PV
treatment. It is speculated that L.ukS-PV might exert
blocking and inhibiting HCCs effect through downregu-
lating NUCBI1 expression. However, no study has inves-
tigated the possible relationship of NUCB1 to HCC
currently. For a better understanding of the correlation,
more extensive study is needed.

In conclusion, we ascertained preliminarily that LukS-PV
exerts antitumor effect in HCC hepatocarcinoma cells
and identified a panel of dysregulated proteins for the
HepG?2 cell subjected to Luks-PV. Through data mining
using GO analysis, which systematically presented the
molecular functions and signaling pathways associated
with the control of HCC. Further research is required
to focus on the clinical application of these proteins and
pathways for diagnosing, treating, and monitoring the
prognosis of HCC.
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