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Abstract Sorafenib is a multi-target oral anticancer drug
used as first-line treatment for patients with advanced
human hepatocellular carcinoma (HCC). But the exact
mechanism of sorafenib involved in HCC treatment is not
clear yet. In this study, a comparative proteomic approach
was performed to identify novel sorafenib-related proteins
in HCC. Proteomes of HepG2 cells treated with sorafenib
and the control (without sorafenib) were obtained by two-
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dimensional differential gel electrophoresis. Comprehen-
sive analysis of proteins was focused on total protein spots
to filtrate the different protein spots between the two
groups. The differentially expressed proteins were identi-
fied by peptide mass fingerprinting with high-performance
liquid chromatography—tandem mass spectrometry. Then,
Western blot and immunohistochemistry were used to
verify the expression of some candidate proteins. Results
indicated that 19 protein spots were differentially expres-
sed with significant changes, including 6 up-regulated
proteins and 13 down-regulated proteins. It was confirmed
by Western blot that expressions of Annexin Al and
cyclophilin A were down-regulated in sorafenib-treated
HCC cell lines. Immunohistochemical study revealed their
oncogenic role in HCC tissues. These observations might
be novel findings leading to bring new insights into the
exact mechanism of sorafenib and identify possible thera-
peutic targets.

Keywords Human hepatocellular carcinoma -
Proteome - Sorafenib

Introduction

Human hepatocellular carcinoma (HCC) is the fifth major
cause of cancer death worldwide, of which 50% were
reported in China, and surgical resection is one of the only
curative therapies [1, 2]. However, it has limitations for
patients with dissemination in early stage. Moreover, the
effects of chemotherapy are very limited and the objective
response rate of single-drug treatment is only about 10%.
The advent of targeted agents, inhibiting pivotal molecules
involved in the regulation of signal transduction pathways
central to tumorigenesis and progression, has provided new
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options for the treatment of patients with advanced HCC
[3]. Sorafenib, one of the molecular targeted drugs, is a
multi-target oral anticancer drug used as a first-line treat-
ment for patients with advanced HCC [4]. Studies dem-
onstrated a significantly longer overall survival (OS) time
and median time to progression for patients in the sorafenib
arm and showed evidence of the potential for combining
sorafenib with other anticancer agents. But the exact
mechanism of sorafenib involved in HCC treatment is not
yet clear.

The development of theory and technology in proteome
has provided new ideas and research fields for cancer
research. Proteome can be used not only for elucidating the
mechanism of carcinogenesis, but also for seeking the
biomarkers diagnosis and therapy of cancer [5]. High-
throughput proteome profiling and bioinformatics tools
allow for examining global changes in protein expression of
HCC in response to sorafenib. Identification of differen-
tially expressed proteins may lead to a better understanding
of the molecular events involved in sorafenib anti-tumor
mechanism, identify possible novel therapeutic targets, and
bring new insights into HCC carcinogenesis.

In the present study, we detected the effect of sorafenib
on human hepatocellular carcinoma HepG2 cell lines and
performed comprehensive proteome analysis of HepG2
cells treated with sorafenib and the control (without
sorafenib treatment), and 19 different expressed pro-
teins were identified. Expression of Annexin Al and
cyclophilin A was also verified by both Western blot and
immunohistochemistry.

Materials and methods
Cell lines and cell culture

The human hepatocellular carcinoma cell line HepG2,
Hep3B, and Bel-7402 were purchased from the American
Tissue Culture Collection. The cell line was grown in
RPMI-1640 culture media (Hyclone, USA), supplemented
with 10% (v/v) fetal bovine serum (Hyclone, USA), 100
U/ml of penicillin (Sigma, USA), and 0.1 mg/mL of
streptomycin (Sigma, USA). All cells were grown in
identical culture conditions in a 37°C, 5% CO, incubator;
culture media was changed thrice weekly.

Cell cytotoxicity assay

The tetrazolium salt MTT (3-[4,5,-dimethylthiazol-2]-2,5-
diphenyltetrazolium bromide, Sigma, USA), as previously
described, was used to test the capacity of growth inhibi-
tion of sorafenib in HepG2 cells [6]. Sorafenib-containing
culture medium at various concentrations was added into
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96-well cell culture plates and incubated for 24 h or 48 h.
After reaction with MTT solution dissolved in phosphate-
buffered saline (PBS, 1 mg/mL) for 4 h, dimethylsulfoxide
(DMSO) was added to solubilize the reduced tetrazolium
salts. Measurement of the absorbance at 570 nm in a
microtitre plate reader was performed. The experiments
were repeated in triplicate.

Analysis of apoptosis

Cells were cultured for 24 h in the presence of sorafenib
according the result from the cell cytotoxicity assay.
Apoptosis in the HepG2 cell line was quantified by staining
with annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI). The samples were analyzed using
flow cytometry (FACSCalibur, BD Biosciences, San Jose,
CA).

Cell cycle analysis

Cells were cultured for 24 h in the presence of sorafenib
according the result from cell cytotoxicity assay. After
harvesting by trypsinization and washing with PBS, cells
were fixed in ice-cold 70% ethanol, washed, and resus-
pended in 1 mL PBS, treated with 10 pL RNase, and
stained with 150 pL propidium iodide (PI) for 30 min at
room temperature. The stained cells were analyzed by flow
cytometry (FACSCalibur, BD Biosciences, San Jose, CA),
and DNA content was quantified using Coulter System
software (Beckman Coulter, Inc., Fullerton, CA).

Protein sample preparation

Proteins were extracted from intact cell pellets
(6 x 10° cells) treated with sorafenib at 20 pmol/L for
24 h, using a buffer consisting of 7 M urea, 2 M thiourea,
4% CHAPS, 2% NP-40, 2% pharmalyte, 5 mM PMSF, 1%
Triton X-100, 100 mM DTT, and 0.5 Mm EDTA and
centrifuged for 1 h at 4 000 rpm. The supernatant was
precipitated with acetone and dried. Protein concentrations
were determined using the Bradford assay. All samples
were stored at —80°C prior to electrophoresis.

Two-dimensional gel electrophoresis (2-DE)

First, dimension isoelectric focusing (IEF) was performed
at 20°C for 30,000 VhT using IPGphor™ Isoelectric
Focusing Unit (Amersham Pharmacia Biotech AB, Uppsala,
Sweden). The second dimension gel electrophoresis was
performed using 12.5% gradient SDS polyacrylamide gels
with buffer running solutions containing 1.5 M Tris and
10% SDS. Gels were stained with 0.2% (w/v) silver nitrate
[7]. ScanMaker8700 (Amersham Pharmacia Biotech AB,
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Uppsala, Sweden) was used for scanning of gels, and
Image analysis software (Image Master 2D Platinum
Software 5.0, Geneva Bioinformatics, Geneva, Switzer-
land) was used to construct average gels from three
independent experiments and a comparison between those
average gels was performed. Protein spots that showed
more than a twofold difference in the normalized spot
volume between sorafenib-treated cells and the control (or
which were “undetectable” in one of the cell lines) were
chosen for further analysis.

High-performance liquid chromatography—tandem
mass spectrometry (HPLC-MS)

After digestion of interested differently expressed spots, a
HPLC system (Surveyor, ThermoFinnigan, San Jose, CA)
was applied. Peptides were eluted by using a gradient from
buffer A (0.1% formic acid) to buffer B (90% vol/vol
acetonitrile, 0.1% formic acid). The HPLC column eluent
was eluted directly into the electrospray ionization source of
a LCQ-Deca ion trap mass spectrometer (ThermoFinnigan,
San Jose, CA). Automated peak recognition, dynamic
exclusion, and daughter ion scanning of the top two most
intense ions were performed using the Xcalibur software
[8]. Spectra were scanned over the range 400-2,000 mass
units.

Database searching and data interpretation

MS/MS data were analyzed using SEQUEST, a computer
program that allows the correlation of experimental data
with theoretical spectra generated from known protein
sequences [9]. All matched peptides were confirmed by
visual examination of the spectra, and all spectra were
searched against the latest version of the public non-
redundant protein database of the NCBI or SWISS-PROT.

Western blot analysis

In order to validate the obtained data, the expression of two
selected proteins was determined by Western blot analysis
in three HCC cell lines. In brief, 20 pg of total protein
extracts from sorafenib-treated HCC cells lines were sep-
arated on 12% polyacrylamide gel and the proteins were
then transferred electrophoretically onto polyvinylidene
difluoride membranes. After blocking for 1 h with blocking
buffer (1 x PBS, 0.5% Tween-20 with 5% nonfat dry milk),
the membranes were incubated overnight, at 4°C, with
antibodies against Annexin Al (rabbit polyclonal IgG,
1:500; AbCam Biotechnology, Abcam China, Hong Kong)
or cyclophilin A (mouse monoclonal IgG, 1:200; AbCam
Biotechnology). The primary antibodies were detected by

use of horseradish peroxidase (HRP)-conjugated secondary
antibodies (goat anti-rabbit or mouse IgG; Santa Cruz
Biotechnology). Visualization of the immunoreactive pro-
teins was accomplished by the use of ECL Plus reagents
(Amersham Biosciences) and exposed to X-ray film.
f-actin was used as a loading control.

Immunohistochemical analysis

Since patients with sorafenib treatment always gave up
surgery, it was very difficult to collect the samples of tumor
tissues. We therefore detected the expression of Annexin
Al and cyclophilin A in HCC tissues compared to normal
hepatic tissues (native liver tissue adjacent to hepatic
hemangioma) by immunohistochemistry (IHC). A total of
40 samples, including 20 HCC tissues and 20 native liver
tissues adjacent to hepatic hemangioma, were obtained
from the First Affiliated Hospital of Xi’an Jiaotong Uni-
versity. The study protocol was approved by the ethics
committee and the human research review committee of
Xi’an Jiaotong University, and written informed consent
was obtained from all subjects. Tissue specimens were
fixed in neutral-buffered formalin (10% v/v formalin in
water; pH 7.4) and embedded in paraffin wax. Serial sec-
tions of 4-um thickness were cut and mounted on charged
glass slides. Conditions for Annexin Al and cyclophilin A
were optimized and evaluated by two independent pathol-
ogists. The rabbit polyclonal antibody against Annexin Al
and cyclophilin A was used at dilutions of 1:1,000 or
1:500, respectively. The streptavidin-peroxidase technique
(Golden Bridge International: SP-9000) was used as
described [10]. An irrelevant rabbit antiserum served as a
negative control. Sections were counterstained with
Mayer’s hematoxylin. The staining results were evaluated
as described previously [11]. For the purpose of statistical
analysis, the median of this series (30% of malignant cells
showing a stronger intensity than normal hepatic cells) was
used as a cutoff value to distinguish tumors with a low
(<30) or high (=30%) level of Annexin Al or cyclophilin
A expression.

Statistical analysis

The student’s ¢ test was used to compare the behavioral
responses and Western blot results. > analysis was done to
evaluate the significance of differences for immunohisto-
chemical analysis between the two groups. A Fisher’s exact
text was used to analyze the relationship between expres-
sion levels of Annexin Al and cyclophilin A and various
clinicopathologic characteristics. The difference was con-
sidered statistically significant if the P value was less than
0.05.
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Results
Growth inhibition of HepG2 cells by sorafenib

The HepG2 cell lines were cultured in the presence of
various concentrations of sorafenib for 24 and 48 h, and the
cell viabilities were measured by the MTT assay. As shown
in Fig. 1a, the viabilities of HepG2 were inhibited by
sorafenib in dose- and time-dependent manners. The ICs,
value of 24 h was 15.35 pmol/L.

Apoptosis induced by sorafenib

To further quantify the cell death, annexin V/PI analysis
was performed. Sorafenib induced annexin V single-posi-
tive and annexin V/PI double-positive cells in a dose-
dependent manner (Fig. 1b).

Cell cycle arrest by sorafenib

Since cell survival was inhibited by sorafenib in HepG2
cells, we examined the cell cycles of sorafenib-treated
cells. As shown in Fig. lc, sorafenib treatment resulted in
dose-dependent increase in cells at the S-phase and
decreases at the G1 phase as described before [12].

2-DE and the analysis of gel images

To isolate proteins efficiently, the 2-DE was performed
with a 12.5% separation gel in the second dimension. The
resulting images were analyzed using PDQUEST software.
A typical 2-DE proteome spot pattern of treated and control
tissue is shown in Fig. 2a. Under the same experimental
conditions, six gels, three for control and three for
sorafenib-treated were analyzed. Using gel matching and
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analysis, the proteomic profile of treated HCC cells and
controls were shown to be very similar. In the 2-DE maps
of the sorafenib-treated cells and the control, 19 protein
spots were found to be differentially expressed with
changes in the stain density of twofold or more, including 6
up-regulated proteins and 13 down-regulated proteins
(P < 0.05). Two representative different spots were mag-
nified and are shown in Fig. 2b and c.

HPLC-MS analysis and protein identification

Nineteen differentially expressed spots were identified by
HPLC-MS analysis. All identified different proteins are
shown in Table 1. An example (No. 1 as shown in Table 1)
of the tandem mass spectrum of one of the nineteen pep-
tides found, along with the SEQUEST output data for that
spectrum, was shown in Fig. 3. The identified proteins
were next categorized into possible functions according to
the classification systems [13]. Detected proteins were
mainly involved in energy metabolism, protein synthesis,
and signal transduction (Fig. 4).

Confirmation of down-regulated expression of Annexin
Al and cyclophilin A by Western blot analysis

Western blot analysis of protein extracts from sorafenib-
treated HCC cells lines was used to confirm different
expression of Annexin Al and cyclophilin A, as shown in
Fig. 5. In all sorafenib-treated cases, Annexin Al expres-
sion was lower with the treatment dose of sorafenib.
Expression of cyclophilin A was also much lower than the
control.
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Confirmation of up-regulated expression of Annexin Al
and cyclophilin A by IHC

Expression of Annexin Al and cyclophilin A in 20 tumor
and non-tumor tissues was also confirmed by IHC. Positive
staining of Annexin Al and cyclophilin A located in the
cytoplasm was detected by IHC, showing that they were
expressed mildly in normal tissues but strongly in cancer
tissues (Fig. 6). For all 20 HCC samples, Annexin
Al-positive staining was observed in 80% of tumor tissues
(16/20) compared with only 35% of non-tumor tissues
(7/20), while positive staining of cyclophilin A was
observed in 75% of tumor tissues (15/20) compared with
only 30% of non-tumor tissues (6/20). Differences between
intensity of staining of Annexin Al and cyclophilin A in
tumor and non-tumor tissues were significant (P < 0.05).
High expression levels of both proteins were significantly
associated with tumor grade (Table 2).

Discussion

This study identifies 19 proteins differentially expressed in
sorafenib-treated human hepatocellular carcinoma HepG2
cell lines compared with control cells (Table 1). We have
performed the first proteomic study of human hepatocel-
lular carcinoma HepG2 cell lines treated with sorafenib to
determine the possible common mechanisms. Although
several of these proteins have been previously implicated
in various types of cancers, they have never been linked
with sorafenib, thus providing an interesting insight into
the mechanisms of sorafenib in HCC.
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Table 1 Identification of proteins differentially expressed in HepG2 cells

Number® NCBInrID Name Score® MW Change (folds)
1 gil4507521 Rab27a 80.3 24,868 Up/10.7
2 gil13786847 L-lactate dehydrogenase B chain 506 36,638 Down/3.1
3 £il4502101 Annexin Al 974 38,714 Down/3.5
4 gil229674 Fructose bisphosphate aldolase A 932 39,420 Down/4.3
5 gil4502049 Aldo—keto reductase family 1, member B1 50.17 35,853 Down/2.6
7 gil20149594 Heat shock protein 90 kDa alpha (cytosolic), class B member 1 698 16,448 Up/12

13 gil6679439 Peptidylprolyl isomerase A (cyclophilin A) 188 18,181.8 Down/3.1
14 gil5031635 Cofilin-1 350 18,502 Down/2.0
15 gil4505591 Peroxiredoxin-1 190 22,110 Down/2.6
19 £il4506479 Ribonucleotide reductase M1 polypeptide 210 90,070 Down/5.0
20 gil13786849 L-lactate dehydrogenase A chain 310 36,689 Down/3.2
21 gil11935049 Keratin 1 110 66,066.7 Down/2.1
22 gil4505753 Phosphoglycerate mutase 1 100 28,804 Up/3.3
26 gil4506181 Proteasome subunit alpha type-2 60.2 25,899 Down/3.7
30 2il48146045 Voltage-dependent anion-selective channel protein 2 170 31,567 Up/2.0
33 gil7669492 Glyceraldehyde-3-phosphate dehydrogenase 930 36,053 Down/3.6
34 gil5453539 Multifunctional protein ADE2 300 47,079 Up/5.3
38 gil4507521 Transketolase 830 67,878 Up/2.0
39 gil33286418 Pyruvate kinase 3 isoform 1 1,640 57,936.9 Down/2.0

? Protein spot numbers are highlighted in Fig. 2

® MASCOT score is parameter that correlates with the quality of the
indicative of successful, valid identifications

search result on the MASCOT and SWISS-PROT. High scores are
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Fig. 3 An example tandem mass spectrum (MS/MS) of a peptide
identified from sorafenib-treated HepG2 cells. The area highlighted in
Fig. 2a was analyzed by HPLC-MS. This spectrum represents one
example (No. 1 as shown in Table 1) of a peptide identified by
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HPLC-MS and SEQUEST database searching of the resulting spectra
as being from HepG2 cells (see also Table 1). The SEQUEST output
data for this spectrum is also indicated
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Unkown In our study, some identified down-regulated proteins
Cell 11% Energy metabolism  function as potential tumor-associated proteins. Elevated
gowib/division 36% expression of Cofilin-1 and Prx1 has been observed in sev-

b3 eral human cancers [14-17]. And, there are more reports for
Annexin Al and cyclophilin A. It was found that Annexin A1l

Cell structure . .
1% was up-expressed in HCC, pancreatic cancer, and breast

cancer and played an important role in the malignant trans-
Signal transduction Protein symtbesis formatiog process eithér.through modulation. of cytosolic

16% 15% phospholipase A2 activity or EGFR function [18-21].
Recent studies that used analytic methods such as MALDI-
TOF, protein profiling, and bioinformatics demonstrated that
many cancers including small cell lung cancer, pancreatic

Fig. 4 Comparison of protein identification results. Detected
proteins were mainly involved in energy metabolism, protein
synthesis, and signal transduction

Sorafenb (wmol/L)
0 10 20 0 10 20 0 10 20
Cyclophilin A
N — Annexin Al
I oy —— B-acti:l
HepG2 Hep3B Bel-7402

Fig. 5 Western blot analysis of Annexin Al and cyclophilin A in carcinoma cell lines HepG2, Hep3B, and Bel-7402. Cells were treated
sorafenib-treated human hepatocellular carcinoma cell lines. Western with different dose of sorafenib, and f-actin was used as a loading
blot analysis revealed markedly down-regulated Annexin Al and control

cyclophilin A expression in sorafenib-treated human hepatocellular

Fig. 6 Immunohistochemical
study of Annexin Al and
cyclophilin A in HCC. Typical
immunohistological features
with high levels of Annexin A
(up) and cyclophilin A (down)
expression in HCC (a, ¢) and
normal tissues (b, d). Annexin
Al and cyclophilin A were
expressed more strongly in
cancer than that in normal
tissues. The slides were viewed
by microscopy (magnification
400)
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Table 2 Clinicopathologic variables and the expression status of Annexin Al and cyclophilin A

Variables Total Annexin Al P Cyclophilin A P
Low High Low High

Age 0.591 1.000
<50 11 3 3
>50 9 1 2

Gender 1.000 0.249
Male 4 1
Female 16 3 13 3 13

Tumor grade 0.003 0.027
Well 6 4 2 4 2
Moderate 10 0 10 1 9
Poor 4 0 4 0 4

TNM stage 0.285 0.617
I-11 9 3 6 3 6
I-1v 11 1 10 2 9

Tumor size 1.000 0.266
<5.0 cm 5 1 4 5
>5.0 cm 15 3 12 5 10

AFP 1.000 0.613
<400 pg/L 6 1 5 4
>400 pg/L 14 3 11 3 11

cancer, breast cancer, colorectal cancer, squamous cell car-
cinoma, and melanoma show over-expression of cyclophilin
A [22-27]. Although there are several articles about the
oncogenic role of Annexin Al and cyclophilin A, few reports
revealed the expression and function of these two proteins in
HCC. The limited results showed Annexin A1 might play a
critical role in the process of HCC metastasis and combi-
nation of cisplatin with cyclophilin A inhibitors increased
apoptotic cell death in HCC cells [28, 29]. So, we chose
Annexin Al and cyclophilin A for further experiments. Our
results demonstrated that over-expression of Annexin Al
and cyclophilin A in HCC compared to normal hepatic tis-
sues, and sorafenib down-expressed Annexin Al and cy-
clophilin A in HCC cell lines in a dose-dependent manner.
High expression levels of both proteins were significantly
associated with tumor grade, showing an oncogenic role in
HCC. These results suggest that sorafenib may inhibit the
growth of HepG2 cells partly by down-regulating the
expression of certain tumor-associated proteins, especially
Annexin Al and cyclophilin A.

We also found some proteins related to chemoresis-
tance. Ribonucleotide reductase M1 (RRM1) is a key
enzyme involved in DNA synthesis, catalyzing the bio-
synthesis of deoxyribonucleotides from the corresponding
ribonucleotides. Studies indicated that higher levels of
RRMI1 were associated with chemoresistance to gemcita-
bine-based therapies [30-34]. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) is a multifunctional protein that
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acts at the intersection of energy metabolism and stress
response in tumor cells. Phadke et al. [35] recently reported
that GAPDH depletion induced cell cycle arrest without
inducing apoptosis and defined GAPDH as an important
determinant of cellular sensitivity to antimetabolite che-
motherapy. Our result showed that RRM1 and GAPDH
were down-regulated in sorafenib-treated HepG2 cells,
laying the foundation for the combination of sorafenib with
other anticancer drugs. For up-regulated proteins, Rab27a
is a protein function in the exocytic transport of lysosome-
related organelles. Mutations of the Rab27a gene were
discovered to cause pigmentary dilution and immunodefi-
ciency in human Griscelli syndrome [36]. We hypothesize
that Rab27a may be involved in the dermatologic adverse
events, and more research is need to verify the accurate
role of Rab27a in sorafenib treatment.

We can also see that 8 of the 19 proteins found altered
upon sorafenib treatment are enzymes of the monosac-
charide metabolism, most of which are involved in gly-
colysis. The relationship between glycolysis and cancer has
been fully reviewed [37]. Meanwhile, recent report
revealed that inhibition of lactic dehydrogenase was a way
to increase the anti-proliferative effect of sorafenib, which
is consistent with our experiment that sorafenib can down-
regulate expression of two types of L-lactate dehydrogenase
[38]. We can conclude that sorafenib had an effect on the
glycolysis, but whether it was the reason or result of its
anticancer ability needs further study.
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In conclusion, our in vitro study identified a group of
proteins that are differentially expressed between sorafe-
nib-treated HepG2 cell lines and the control. There were
further questions that arose which require more in-depth
study. Firstly, are the protein expression changes identified
central to the mechanism of adverse events, such as rash
and desquamation? Further research on clinical patients
with toxic side effects will provide further information.
Secondly, are any of the elements of this proteomic profile
predictive of clinical responses to sorafenib in patients with
HCC? On-going research to correlate in vivo protein
expression changes and clinical response will address this
issue. Third, are the proteins detected possible novel ther-
apeutic targets? Functional assays that relate differential
expression of these novel proteins to the generation of cell
cytotoxicity or drug resistant will improve our under-
standing of the roles of these proteins in HCC.
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