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ABSTRACT

Hepatocellular carcinoma (HCC) caused by hepatitis B virus (HBV) infection is
one of the most life-threatening human cancers in China. However, the pathogenesis
of HCC development is still unclear. Here, we systemically analyzed liver tissues from
different stages of HCC patients through 8-plex Isobaric Tags for Relative and Absolute
Quantitation (iTRAQ) approach. A total of 4,620 proteins were identified and 3,781
proteins were quantified. When T1, T2 and T3 tumor tissues were compared with T1
non-tumor cells, 330, 365 and 387 differentially expressed proteins were identified
respectively. IPA (Ingenuity Pathway Analysis) analysis revealed that these differentially
expressed proteins were involved in endothelial cancer, cell spreading, cell adhesion
and cell movement of tumor cell lines pathway and so on. Further study showed that the
filamin C (FLNC) protein was significantly overexpressed with the development of HCC,
which might play an important role in HCC invasion and metastasis. These results were
also confirmed with western blot (WB). The mRNA levels were significantly increased
in 50 pairs of tumor and adjacent non-tumor tissues from TCGA database. The higher
expression of FLNC in HCC might be a common phenomenon, thereby shedding new light
on molecular mechanism and biomarker for the diagnosis purpose of HCC development.

Published: September 09, 2016

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth-most
frequently diagnosed cancer in men, also the second-
leading cause of cancer mortality worldwide [1]. It’s also
one of the most life threating diseases. Countries in the
Asia-Pacific region and China tend to have the highest
prevalence of hepatitis B infection worldwide which is
often due to chronic hepatitis B virus (HBV) infection [2].

To date, potentially curative treatments for HCC
include hepatectomy, transplantation, or local ablative
therapy [3]. While these treatments are promising, the
clinical practice has shown that the patients treated for
early HCC lesions can have high survival rates and low
chances of recurrence and metastasis. Currently Alpha-
fetoprotein (AFP) is one of the biomarkers used widely for
early diagnosis of HCC. However, the lack of specificity
and sensitivity of AFP as a diagnostic marker limits the
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universality of its application [4, 5]. In addition, the
recurrence after resection and personalized treatment of
HCC are still very challenging in clinical practice. Deep
understanding of the mechanism behind the onset and
development of HCC induced by HBV will help to solve
these problems [6].

Protein is the executor for nearly all biological
processes. In 2000, proteomics was introduced into the
study of the molecular mechanisms of HCC [7]. Zhang et al.
conducted the silver-stained 2D gel-based comparative
proteomics to analyze the highly differentiated proteome
of hepatitis B virus (HBV)-infected tumor and adjacent
non-tumor tissues [8]. Among these differentially
expressed proteins, Hsp27 was up-regulated in well-
differentiated HBV-infected HCC and the high expression
of Hsp27 may indicate high differentiation of HCC.
However, the low throughput of this technology makes it
difficult to present a panoramic view of status and trend
of proteome profiles behind HCC onset and development.
The number of tumor lesions is one of the important
references for HCC staging since it highly relates to the
degree of malignancy of the disease. In general, multiple
tumor lesions are corresponding to late stage of tumor-
node-metastasis (TNM) and poor prognosis. Xing et al.
compared the overall proteome profiles between the
primary HCC with single and multiple lesions using
iTRAQ-based quantitative proteomics approach [9].
The results revealed that the dysregulated proteins in
multiple lesions group (MC group) were concentrated in
Ubiquitin C (UBC) and NF«B signaling pathway but the
dysregulated proteins in single lesion group (SC group)
were more concentrated in ERK and NFkB signaling
pathway. These findings indicate that different molecular
mechanisms may be involved in the tumorigenesis and
development of HCC.

In this study, we conducted a high coverage
quantitative proteomics study on the tissues of three
distinct stages of tumor-node-metastasis (TNM) using
the iTRAQ-based quantitative proteomics approach. In
total, 4,620 proteins were identified. The quantitative
results indicated the protein heterogeneity and the number
of differentially expressed protein increased with the
development of HCC. The further analysis showed that
132 proteins were up-regulated and 198 were down-
regulated in T1 tumor tissue, 172 proteins up-regulated
and 193 down-regulated in T2 tumor tissue, 185 proteins
up-regulated and 202 down-regulated in T3 tumor tissues
compared to T1 non-tumor tissues. These differentially
expressed proteins were involved in metabolism of
exogenous substrate pathway, metabolism of vitamin
pathway, cell death pathway, hepatic steatosis, endothelial
cancer, proliferation of tumor cell pathway, oxidative
stress, cell spreading, cell adhesion and tumor metastasis
pathway. Subsequent analysis showed that the filamin
C (FLNC) protein was significantly up-regulated in the
tumor tissue compared with the adjacent non-tumor

tissues and the expression level increased gradually with
the tumor development. The result has been validated
by western blot analysis. This was also confirmed with
the RNA-Seq data from 50 independent HCC tumor and
adjacent non-tumor tissues in TCGA database.

RESULTS

To decipher the molecular mechanism underlying
high malignance potential hepatocellular carcinoma, we
designed a quantitative proteomics strategy to compare
liver tumor tissue and pericarcinomatous tissue using the
8-labeled iTRAQ method. The experimental procedure
was illustrated in Figure 1A. Sixteen paired samples
including both tumor and adjacent non-tumor tissues were
classified into three phases including TINOMO, T2ZNOMO
and T3NOMO according to the tumor-node-metastasis
(TNM) classification of malignant tumors provided by
the International Union Against Cancer (UICC). Table
1 shows the clinical indicators of each patient. After
preparing total cell lysate (TCL) from individual sample,
equal amount of protein from 5 to 6 patient livers of the
same phase was pooled to reduce the individual variation
[10]. The pooled samples were named as T1INOMO-
Cancerous (T1-C), TINOMO-Noncancerous (T1-N),
T2NOMO-Cancerous (T2-C), T2NOMO- Noncancerous
(T2-N), T3NOMO-Cancerous (T3-C), and T3NOMO-
Noncancerous (T3-N), respectively (Figure 1A).

Quantitative proteomics analysis with a
series of stepwise higher malignance potential
hepatocellular carcinoma samples

As shown in Figure 1B, the six samples representing
different stages of HCC showed similar staining intensity
and pattern of bands, which indicated the high quality of
the protein samples (Figure 1B). The samples were labeled
with 113, 115, 117, 118, 119, and 121, respectively as
indicated in Figure 1A. To determine the true biological
relevance, both T1-C (red color) and T1-N (blue color)
were split into two identical portions during in-gel
digestion, followed by iTRAQ labeling with 114 and
116 respectively as technical replicates (Figure 1A). To
facilitate the hydrophobic protein solubility, 8 M urea was
used for protein extraction. Because high concentration
of denaturant may inhibit trypsin activity and interfere
with iTRAQ reagents, a short gel electrophoresis prior to
digestion was introduced. After in-gel trypsin digestion
and iTRAQ labeling, the labeled peptides were mixed and
separated into 36 fractions by off-line high pH reverse
phase (RP) chromatography (Figure 1A). Each fraction
was analyzed by LC-MS for protein identification and
quantification. The LC-MS analysis was repeated twice.
Figure S1 showed the similar pattern and intensity
between these repeats, which indicates LC-MS analysis
was highly reproducible in our study.
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In the iTRAQ experiment, 839,305 spectrums were
acquired. Totally, we identified 33,503 peptides with MS
identification success rate of 16.53% and 4,620 protein
groups (Supplementary Table S1) with FDR on both of the
peptides and proteins lower than 1%. GO analysis showed
that the identified proteins were distributed in different cell
components including the cytosol, envelope, subcellular
organelle and extracellular space, suggesting the success
of our extraction method. (Supplementary Table S2).

Screening for the differentially expressed
proteins

In 4,620 identified proteins, 3,781 proteins were
successfully quantified, in which 3,475 proteins were
quantified with more than one peptide. A summary of
the quantitative proteins was presented in Supplementary
Table S1. To determine the measurement error, the same
tumor and non-tumor tissues from T1 phase were analyzed
twice as technical replicates, which were labeled as 113
and 115 for tumor T1 tissues and 114 and 116 for non-
tumor T1 tissues, respectively. The results showed high
correlation between the paired technical replicates. The
R-square of the regression between 113 and 115 was
0.9784 and the slope was 1.0161 (Figure 2A-2B). The
R-square of the regression between 114 and 116 was
0.9937 and the slope was 1.0644. Both log, ratios of 113
vs 115 and 114 vs 116 follow Gaussian distribution with
N (0.025, 0.036) and N (0, 0.0441) respectively. These
results implied a high reproducibility and a well-controlled
experimental process during our proteomics study.

The log, ratios of the quantified proteins in tumor
tissue T2 vs T1, T3 vs T2 and T3 vs T1 were calculated
and fitted to Gaussian distributions. The standard
deviations (SDs) of the 3 distributions were 0.39, 0.42 and
0.51, respectively, which showed a trend of increasing

with tumor development (Figure 3A-3B). The log, ratios
of the quantified proteins in tumor tissue T1, T2 and T3 vs
T1 non-tumor tissue were fitted to Gaussian distributions.
The SDs of the distribution were 0.51, 0.65 and 0.68
respectively, which increased as well. The rising trend of
SDs in these tissues indicates the proteome heterogeneity
increases with tumor development.

By setting two fold changes as threshold for
significant up- or down-regulation of proteins, we
identified 132 up-regulated and 198 down-regulated
proteins in T1 tumor tissue, 172 up-regulated and 193
down-regulated proteins in T2 tumor tissue, 185 up-
regulated and 202 down-regulated proteins in T3 tumor
tissues compared to T1 non-tumor tissues respectively
(Table 2). There were 120 common proteins among these
three samples (Figure S2A). The detailed information
of differentially expressed proteins was shown in
Supplementary Table S3-S5, and its expression were
clustered in heat map based on K-means algorithm
(Figure 4 and Supplementary Table S6).

The relevance of differentially expressed proteins
with the stepwise increased malignance of HCC

To explore the biological function of the
differentially expressed proteins, the IPA analysis was
performed. The up-regulated proteins in Tl tumor
compared to T1 non-tumor tissues were involved in the
endothelial cancer, mass liver, hepatomegaly, oxidative
stress, tumor and cell proliferation; the down-regulated
proteins were related to immune response (Figure S2B).
The up-regulated proteins in T2 tumor compared to T1 non-
tumor tissues were involved in immune cells recruitment,
and RNA virus infection. The down-regulated proteins
were involved in external toxicity metabolism, lipid
metabolism, and small molecule metabolism (Figure S2C).
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Figure 1: The workflow of quantitative proteomics study for a series of different stage HCC samples. (A) The workflow
of the quantitative proteomics analysis using 8- plex iTRAQ. T1-C and T1-N were used as technical replicates. (B) Separation of HCC

protein by 10% SDS-PAGE gel.
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Table 1: Clinical characteristics of hepatocellular carcinoma patients

Symbol Number Sex Age Tumor Size (cm) TNM

1 Male 49 3 TINOMO
2 Male 44 4 TINOMO
3 Male 70 3.5 TINOMO
4 Male 48 35 TINOMO
5 Male 49 3.5 TINOMO
6 Male 60 6 TINOMO
7 Male 28 1.5 T2NOMO
8 Male 55 5 T2NOMO
9 Male 42 35 T2NOMO
10 Male 49 T2NOMO
11 Male 66 T2NOMO
12 Male 38 20 T3NOMO
13 Male 54 T3NOMO
14 Male 43 T3NOMO
15 Male 41 9.5 T3NOMO
16 Male 46 12 T3NOMO
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Figure 2: High correlation between the two technical replicates. (A) The scatterplot of technical replicates labeled with 113 and
115 for TC-1. The Pearson correlation coefficient is 0.9784. (B) The scatterplot of technical replicates labeled with 114 and 116 for T1-N.
The Pearson correlation coefficient is 0.9983. (C) The Gaussian fitting curve of log, ratio of the intensities of 115/113. The red and blue
curves represent the experimental and Gaussian fitting curve, respectively. (D) The Gaussian fitting curve of log, ratio of the intensities of
116/114. The red and blue curves represent the experimental and Gaussian fitting curve, respectively.
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The up-regulated proteins in T3 tumor compared to T1
non-tumor tissues were involved in cells movement,
and the down-regulated proteins were involved in
carbohydrates metabolism, external toxicity metabolism,
lipid metabolism, small molecule metabolism, cell death,
lipid metabolism, and energy metabolism (Figure S2D).

The profiles of differential protein expressions
in T1, T2 and T3 tumor vs T1 non-tumor tissue using
IPA analysis were compared. The results showed that
exogenous substrate pathway, metabolism of vitamin
pathway, cell death pathway significantly down-regulated
in T1, T2 and T3 tumor cells compared with T1 non-tumor
tissue. However, the cancer related pathways such as
hepatic steatosis, endothelial cancer, proliferation of tumor
cell pathway, oxidative stress, cell spreading, cell adhesion
and tumor metastasis pathway were up-regulated in T1, T2
and T3 tumor tissues compared with T1 non-tumor tissue.
Especially tumor cell metastasis pathway was the largest
increase in the T3 tumor tissue (Figure 5A). We have
studied series of proteins involved in this pathway. One
of the proteins, FLNC, has been reported to be relevant to
cancer (Figure 5B).

FLNC is a member of the filamin protein family
and exists as dimer in muscle-specific cells. Functioning
as a large actin-cross-linking protein, it is involved in
cell contraction and spreading [11]. There were several
studies try to reveal the relevance of FLNC with cancer.
Jie Qiao et al. found that FLNC is down-regulated in
gastric cancer cell lines compared with normal gastric
cells [12]. Masayo Adachi-Hayama’s study showed that
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FLNC expression was up-regulated in the glioma tissue
compared with normal brain tissues and its expression
level was positively correlated with the tumor histological
grade [13]. However, the FLNC expression level in HCC
and its roles in tumor cell invasion and metastasis are
unclear.

Validation of FLNC’ expression pattern and
function

The FLNC expression in the tissue samples was
validated using western blot. To investigate the FLNC
protein level in each individual, 6 T1 tumor, 6 T1 non-
tumor, 5 T2 tumor and 5 T3 tumor tissues were chosen
for western blot study. The intensity of GAPDH was
similar in all of these tested samples, indicating the
similar amount of sample has been loaded onto the gel
(Figure 6A). However, the average FLNC expression in
T1 non-tumor, T1, T2 and T3 tumor tissues increased over
50% (Figure 6B). The results suggest that the expression
level of FLNC protein may exhibit a positive correlation
with the invasion and metastasis of HCC. Filamin C
gene was ectopically expressed in Hepa3B cells and
cell migration ability was analyzed in a Transwell plate.
Ectopic expression of FLNC significantly enhanced the
migration ability of Hepa3B cells (Figure 6C).In order to
understand if this conclusion has broader implications,
we chose the RNA-Seq of fifty pairs of tumor and
adjacent non-tumor tissues from TCGA database to
investigate the FLNC mRNA expression using GAPDH
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Figure 3: The heterogeneity of proteome samples increase with tumor development. (A) The Gaussian fitting curves of the
log, intensity ratios of T2-C/T1-C, T3-C/T2-C, and T3-C/T1-C. (B) The SD (standard deviation) of log, intensity ratios for the tissues of
T2-C/T1-C, T3-C/T2-C, and T3-C/T1-C. (C) The Gaussian fitting curves of log, intensity ratios for the tissues of T1-C/T1-N, T2-C/T1-N,
and T3-C/T1-N. (D) The SD of log, intensity ratios for the tissues of T1-C/T1-N, T2-C/T1-N, and T3-C/T1-N.
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Table 2: List of differentially expressed proteins between different groups

Sample Differentially Expressed Proteins Up-Regulated Proteins Down-Regulated Proteins
T1-C/T1-N 330 132 198
T2-C/T1-N 365 172 193
T3-C/T1-N 387 185 202

as internal control. The results revealed that FLNC DISCUSSION

mRNA expression in tumor tissues was significantly
higher than that in adjacent non-tumor tissues (Figure
6D).To further explore the dynamic expression of
tumor invasion and metastasis related proteins, we
reanalyzed the KEGG pathway of differential proteins in
T3 tumor tissue vs T1 non-tumor tissue group. Results
showed that these proteins were significantly enriched
in antigen processing and presentation, ECM-receptor
interaction, and focal adhesion pathway. ECM-receptor
interaction and focal adhesion pathways were closely
related to tumor invasion and metastasis, in which three
proteins of ITGA2, COL1A1 and COL11A1 were also
behaved up-regulation trend in cancer, except FLNC.
We compared the RNA-seq datasets of 50 liver cancer
patients obtained from TCGA database. Likewise, we
found that the expression levels of ITGA2, COL1A1 and
COLI1A1 in tumor tissues were obviously higher than
non-tumor tissues (Figure S3B-S3D), which illustrates
that tumor invasion and metastasis related pathways were
up-regulated in tumor compared with non-tumor tissues,
especially for FLNC.These results further demonstrated
that the up-regulation of FLNC is a common phenomenon
in HCC and FLNC might have the potential to be used as
a biomarker for HCC diagnosis.

T1-C/T1-N

T2-C/T1-N

In this study, the iTRAQ-based quantitative
proteomics approach was used to study the tumor
tissues and the adjacent non-tumor tissues at different
developmental stages of HCC. In total, 4,620 proteins were
identified and 3,781 proteins were quantified, in which
there were 3,475 proteins with more than two peptides.
IPA software was used to conduct the bioinformatics
analysis of the differentially expressed proteins in T1, T2
and T3 tumor tissues compared with T1 non-tumor tissue.
The results revealed that the proteins involved in the
pathways related to metabolism of exogenous substrate,
metabolism of vitamin and cell apoptosis were down-
regulated in T1, T2 and T3 tumor tissues compared to
T1 non-tumor tissues. However, the proteins involved in
the cancer related pathways including hepatic steatosis,
endothelial cancer, proliferation of tumor cell, oxidative
stress, cell spreading, and cell adhesion were up-regulated
in all three tumor tissues compared to T1 non-tumor
tissues. It’s noteworthy that the tumor metastasis pathway
showed the largest increase of protein expression in T3
tumor tissue. After analyzing the proteins involved in this
pathway, it was found that FLNC protein might be the
target molecule for HCC invasion and metastasis.

T3-C/T1-N

<— COL1A1
<4— COL11A1
<4 FLNC

<+ ITGA2
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Figure 4: K-means cluster of differentially expressed proteins (detailed information were shown in Table S6).
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The challenges in HCC include late diagnosis, high
risk of recurrence and metastasis and poor prognosis.
Therefore, early prevention, diagnosis, intervention
and treatment have significant impacts on the tumor
development, treatment effectiveness, and prognosis
and survival time [14]. All these highlight the need
to identify valuable biomarkers for the diagnosis and
treatment of HCC. Alpha-fetoprotein (AFP) is one of
the most important biomarkers, which have been used
widely for early diagnosis of HCC. AFP combined with
imaging diagnosis has become the most powerful tools
for HCC diagnosis and detection. However, 30—40% of
HCC patients showed AFP-negative which might be due

to HCC heterogeneity. Thus, the lack of specificity and
sensitivity of AFP as a diagnostic marker create the urgency
to develop new biomarkers for HCC early diagnosis. The
present study revealed the possibility to use FLNC as
potential biomarkers during the development of HCC.
FLNC, as a member of the filamin protein family,
exists as dimer in muscle-specific cells. Functioning as
a large actin-cross-linking protein, it is involved in cell
contraction and spreading. Two other proteins, filamin
A (FLNA) and filamin B (FLNB), are also parts of the
filamin family. They interact with actin as cytoskeleton
regulator and are involved in many cellular processes
including cancer cell invasion and metastasis. The
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Figure 5: The result of IPA analysis revealed that FLNC might play important role in the tumor development. (A) The
comparative analysis of diseases and function on T1-C/T1-N, T2-C/T1-N and T3-C/T1-N through IPA. (B) Schematic diagram of the genes
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Figure 6: Validation of FLNC’s expression pattern and function in cell migration. (A) The western blot for FLNC protein
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filamin proteins are also known to serve as scaffolds for
many binding partners including channels, receptors,
intracellular signaling molecules, and even transcription
factors [15]. It has been found that the C terminal of
FLNA can serve as docking sites for intracellular signaling
molecules such as RalA, Rac, Rho and CDC42 as well
as many transmembrane proteins such as sarcoglycan
(SGCD), presenilin (PSEN), caveolin-1(CAV1), integrin
B1(ITGB1) and so on [16]. They integrate both cellular
architectural and signaling functions and are essential for
cancer development which includes cancer cell migration
and DNA damage [17].

Previous studies have shown that filamin family
is closely related to multiple type of tumorigenesis and
carcinoma development [11]. Interestingly, the role of
FLNC, another member in the filament protein family, is
not clear in tumor cell invasion and metastasis. Jie Qiao
et al. found that FLNC was down-regulated in gastric
cancer cell lines compared with normal gastric cells [12].
Atsushi Kaneda’s study suggested that the methylation
of CpG island in the 5’ terminal of FLNC may play an
important role in the downregulation of FLNC in the
cancer cell [18]. Takeshi Nakajima et al. further indicated
the increase of FLNC methylation level may be due to
Helicobacter pylori (HP) infection [19]. Masayo Adachi-
Hayama’s study showed that FLNC expression was up-
regulated in the glioma tissue compared with normal brain
tissues and its expression level was positively correlated
with the tumor histological grade [13]. Anti-FLNC
antibody was also detected in the serum of glioma patients,
but its levels were inversely correlated with the tissue
expression. FLNC can only be detected around the nucleus
in normal glial cells, whereas it spreads into the entire
cytoplasm in tumor cells. These indicate the subcellular
localization of FLNC might play an important role for its
function although it does not enter into the nucleus as the
other members in filament protein family does.

Invasion and metastasis of tumor cells is a complex
process including the dissociation of the cell from the
primary tumor, degradation of extracellular matrix,
migration, intravasation, movement and survival in the
blood circulatory system, extravasation and proliferation
at the new location. Functioning as actin-cross-linking
protein, FLNC serves as a cytoskeleton protein to
play a key role in providing mechanical strength and
supporting cell morphology changes which can facilitate
the metastasis of tumor cells. Besides FLNC, ITGA2,
COL1A1 and COL11Al1 were tumor invasion and
metastasis-related proteins. TCGA tumor and non-tumor
tissue comparative analysis (50 samples) showed that
these three proteins behaved higher expression in tumor
tissue. COL1A1 and COL11A1 are collagens, COL1A1
belongs to type I and COL11A1 belong to type XI.
Collagens is one kind of extracellular matrix, which
acts as the frame structure playing a supportive role and
protecting the integrity of tissues and organs [20]. Most

members of collagens are closely associated with the
genesis and the development of several malignancies, so
COL1A1 behaves high expression in prostate, esophageal,
brain tumor, pancreatic many malignant tumors [21-23].
In addition, type I collagen might have a tight relation
to liver fibrosis [24]. There has been a relatively large
current controversy on the COL11A1 expression in the
development of tumors [25-27]. In our datasets, results
showed that CLL11A1 were significantly up-regulated
in T3 tumor tissues, while it didn’t behave the similar
high up-regulation in TCGA RNA-seq data of tumor and
non-tumor samples. Therefore, the expression of
CLLI11A1 in the tumor development might be affected
by clinical case, disease causation and patterns, and so
on. ITGA2 is a membrane of the integrin-binding family,
which is also a significant adhesion molecule in tumor
cell invasion [28]. The expression of integrin-binding
and collagen proteins finish invasion and metastasis
after ECM invasion of tumor. In cell, the expression of
FLNC might be controlled by the upstream regulatory
protein. FLNC might promote the invasion and metastasis
of tumor cells by regulating the expression of integrin-
binding and collagen proteins. The impact of FLNC
on invasion and metastasis remains unclear and needs
further investigation. As a scaffold protein, FLNC needs
to interact with other proteins to achieve its function.
Therefore, the understanding of FLNC binding proteins
and signaling pathways will be crucial to elucidate the
function of FLNC.

MATERIALS AND METHODS

Clinical samples

Liver tissues provided by Zhongshan Hospital
(Shanghai, China) were obtained from 16 male patients
who underwent a curative hepatectomy. All participants
gave written informed consent for their participation.
Tumor staging was determined according to the tumor-
node-metastasis (TNM) classification of the International
Union Against Cancer (UICC) by senior pathologists.
Among these samples, 6 tissues were classified as
TINOMO, 5 tissues as T2NOMO, and 5 tissues as T3NOMO.
Paired tissues were obtained from each patient, one from
the adjacent non-tumor region (normal) and the other
from the tumor region of the resected liver. Tissues were
washed with PBS three times and immediately frozen
in liquid nitrogen and stored at —80°C until use. The
clinicopathological features of 16 HCC patients were
shown in Table 1. Informed consent was obtained from
all of the patients.

Protein extraction for proteomic study

In each stage, we pooled liver tissues (50 mg) from
5 or 6 patients together, which were served as one sample
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for comparison. The liver tissue homogenates were lysed
with the same lysis buffer containing 8 M Urea, 5 mM
IAA, 50 mM NH,HCO, and protein inhibitor cocktail
followed by sonication (2s on, 4s off, 10min; 26.6 kHz,
30 W) and centrifugation (13,300 rpm, 10 min). The
supernatants were collected and the protein concentration
in the TCL was determined by both of Bradford assay and
short SDS-PAGE stained with Coomassie Blue G-250.

Protein gel-assisted digestion

The equal amount of lysates from each of pooled
tissue samples (100 pg) were used. Before loading,
the proteins were reduced with 10 mM DTT at 45°C
for 30 min and alkylated with 20 mM iodoacetamide
(IAA) in the dark at room temperature for 30 min.
The proteins were run on a short 10% SDS-PAGE gel
for approximately 0.8 cm. The gel was stained with
Coomassie Blue G-250 and cut into approximately
1 mm® cubes followed by distaining with 50% ACN
in 25 mM NHHCO, and dehydrating with 100%
ACN. In-gel digestion was performed using 10 ng/puL
trypsin (Promega, Madion, WI) at 37°C overnight. After
digestion, the peptides were extracted from the gel using
sequential extraction with 100 puL of 5% (v/v) formic acid
(FA) in 50% ACN once and 100 pL of ACN three times.

iTRAQ labeling

The peptides were labeled with 8-plex iTRAQ
Multiplex Kit according to the manufacturer’s instructions
(AB Sciex, Foster City, CA, USA). Briefly, the peptides
were dissolved in 100 mM TEAB pH 8.5 solution
before the labeling reagent was added. After a 2 hours’
incubation, the reaction was quenched by adding an equal
volume of water. Differentially labeled peptides were
mixed and dried with a speed-vac.

2D LC-MS/MS

The first dimension high pH RP separation was
performed as described previously [29]. Briefly, the solvent
gradient was set as follows: 3% Buffer B, Smin; 3—-5%
B, 5 min; 5-18% B, 35min; 18-34% B, 22 min; 34-95%
B, 11 min; 95-3% B, 2 min. The labeled tryptic peptides
were separated at an eluent flow rate of 0.7 mL/min,
and then the chromatogram was monitored at 214 nm. The
column oven was set at 45°C. The eluent was collected
every 1.5 min. In total, 53 fractions were collected and
combined into 36 fractions. Finally, each fraction was
lyophilized and reconstituted in 15 pL of 0.1% (v/v) FA,
1% (v/v) ACN in water for subsequent analysis.

The second dimension low pH RP chromatography
was coupled with tandem mass spectrometry (LC-MS/
MS) on an LTQ Qrbitrap Velos Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped

with a nanoAcquity Ultra Performance LC (UPLC) system
(Waters Corporation, Milford, MA, USA) with an in-house
packed capillary column (75 pm i.d. x15 cm) with 3 um
C,, reverse-phase fused-silica (Michrom Bioresources,
Inc., Auburn, CA). The samples were loaded onto the
column by an autosampler and eluted with a 100 min
gradient covering 0-35% of Buffer B (Buffer A: 0.1%
formic acid (FA) and 2% acetonitrile (ACN) in water;
Buffer B: 0.1% FA in ACN) as described previously. The
eluted peptides were ionized under high voltage (2.0 kV)
and detected by the Orbitrap Velos mass spectrometer
in a survey scan (400-1,800 m/z; 1 x 10° automatic
gain control (AGC) target; 150 ms maximum ion time,
resolution 30,000 at m/z 400) followed by 10 data
dependent scans fragmented via Higher Energy Collision
Induced Dissociation (HCD) (2 m/z isolation width, 40%
collision energy, 30,000 AGC target, 150 ms maximum
ion time, dynamic range of 35 seconds).

Data processing and database searching

All the raw data were processed using the MaxQuant
software suite (version 1.5.1.2, Martinsried, Germany)
against the Uniprot human reference protein database
(version July, 2014). The target-decoy based strategy was
used to control the peptide and protein false discovery
rate (FDR). The search parameters were the following.
Up to two missed cleavages were allowed for protease
digestion and peptides with seven to twenty amino acids
were retained. Precursor ion peaks were searched with
an initial mass tolerance of 20 ppm and fragmented ion
peaks were searched with an initial mass tolerance of
0.1 Da. Fixed modifications of Carbamidomethylation
(C), iTRAQ 8-plex (K) and iTRAQ 8-plex (N-term)
were specified. Oxidation of methionine was included as
variable modification. The FDR was set to 0.01 for both of
peptide and protein identifications.

Bioinformatics analysis and TCGA analysis

Gene Ontology (GO) annotation and pathway
analysis were performed using DAVID [30]. Ingenuity
Pathway Analysis software (demo version 14400082,
Ingenuity Systems, http://www.ingenuity.com) was used
to assign the interaction network of the dysregulated
proteins.

The mRNA expression data of FLNC was obtained
from the Cancer Genome Atlas (TCGA) portal (http: //
cancergenome. nih. gov/, last accessed on 04062015). We
collect expression data of 50 HCC and adjacent normal
tissues.

Western blot analysis

Approximately 75 pg of protein lysate was separated
on SDS-PAGE gels and transferred onto nitrocellulose
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membranes (Bio-Rad, Hercules, CA, USA). After
blocking, the membranes were incubated with primary
antibody and detected using a Tanon 5200 Multi imager
(Tanon, Shanghai, China). Rabbit polyclonal Filamin C
antibody was purchased from Sigma-Aldrich Inc
(St. Louis, MO, USA), and GAPDH antibody was bought
from Kangwei Century Co. LTD (Beijing, China). Protein
up-regulation or down-regulation was determined by
comparing the relative band density between the tumor
and the paired normal tissues from the same patient
(Scionlmage software, Scion Corporation, http: //scion-
image.software. informer.com/).

Migration assay

The plasmid pcDNA3.1-FLNC was a gift from
Professor Feng Liu [12]. For the transwell migration assay,
after two days of transfection with pcDNA3.1-FLNC and
empty vector, Hepa3B cells were resuspended in serum-
free medium and seeded into the insert well of a 24-well
plate (8-mm pores, BD biosciences, Beijing, China) for
24 h. The culture medium containing 10% fetal bovine
serum was used as a chemoattractant and placed in the
bottom chamber. Cells were fixed in paraformaldehyde
(4%) and stained in crystal violet (0.5% in 20%
methanol). Remaining cells in the upper chamber (non-
migratory cells) were washed with a cotton swab and the
membrane was removed. Adherent cells to the bottom of
the membrane (migratory cells) were counted under an
Olympus microscope (Olympus USA).

Statistical analysis

Statistical analysis was performed using Prism
software (v5.01, GraphPad software Inc.) and SPSS V17.0
(IBM Corporation, Armonk, NY). A Student’s #-test was
used to analyze the data for the quantitative Western blot
assays, and the Wilcoxon Rank-Sum test was used to
analyze the data for the TCGA database. P values less than
0.05 were considered significant.

ACKNOWLEDGMENTS AND FUNDING

The plasmid pcDNA3.1-FLNC is gift from Prof. Feng
Liu. This study was supported by the Chinese National Basic
Research Programs (2013CB911201, 2015CB910700 and
2011CB910600), the National Natural Science Foundation
of China (31470809, 31400697, 31400698, & 31170780),
National High-Tech Research and Development Program
of China (2014AA020900, and 2014AA020607), the
International Collaboration Program (2014DFB30020),
the Natural Science Foundation of Beijing (5152008
& 5144027), Beijing Training Project for The Leading
Talents in S&T, National Mega Projects for Key Infectious
Diseases (20162X10003003 and 2013zx10003002), Key

Projects in the National Science & Technology Pillar
Program (2012BAF14B00), the State Key Lab Project
(SKLPYB201404) and the Unilever 21th Century Cytotoxic
Collaborating Project (MA-2014-02409).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D.
Global cancer statistics. CA Cancer J Clin. 2011; 61:69-90.

2. Steel JL, Nadeau K, Olek M, Carr BI. Preliminary results
of an individually tailored psychosocial intervention for
patients with advanced hepatobiliary carcinoma. Journal of
psychosocial oncology. 2007; 25:19-42.

3. Maluccio M, Covey A. Recent progress in understanding,
diagnosing, and treating hepatocellular carcinoma. CA
Cancer J Clin. 2012; 62:394-399.

4. Maringhini A, Cottone M, Sciarrino E, Marceno MP, La
Seta F, Fusco G, Rinaldi F, Pagliaro L. Ultrasonography and
alpha-fetoprotein in diagnosis of hepatocellular carcinoma in
cirrhosis. Digestive diseases and sciences. 1988; 33:47-51.

5. Paul SB, Gulati MS, Sreenivas V, Madan K, Gupta AK,
Mukhopadhyay S, Acharya SK. Evaluating patients with
cirrhosis for hepatocellular carcinoma: value of clinical
symptomatology, imaging and alpha-fetoprotein. Oncology.
2007; 72:117-123.

6. Nomura F, Ishijima M, Kuwa K, Tanaka N, Nakai T,
Ohnishi K. Serum des-gamma-carboxy prothrombin levels
determined by a new generation of sensitive immunoassays
in patients with small-sized hepatocellular carcinoma. The
American journal of gastroenterology. 1999; 94:650—-654.

7. Seow TK, Ong SE, Liang RC, Ren EC, Chan L, Ou K,
Chung MC. Two-dimensional electrophoresis map of
the human hepatocellular carcinoma cell line, HCC-M,
and identification of the separated proteins by mass
spectrometry. Electrophoresis. 2000; 21:1787-1813.

8. Zhang D, Lim SG, Koay ES. Proteomic identification of
down-regulation of oncoprotein DJ-1 and proteasome
activator subunit 1 in hepatitis B virus-infected well-
differentiated hepatocellular carcinoma. International
journal of oncology. 2007; 31:577-584.

9. Xing X, Huang Y, Wang S, Chi M, Zeng Y, Chen L, Li L,
Zeng J, Lin M, Han X, Liu X, Liu J. Comparative analysis
of primary hepatocellular carcinoma with single and
multiple lesions by iTRAQ-based quantitative proteomics.
Journal of proteomics. 2015; 128:262-271.

10. Ping L, Zhang H, Zhai L, Dammer EB, Duong DM,
Li N, Yan Z, Wu J, Xu P. Quantitative proteomics reveals
significant changes in cell shape and an energy shift after
IPTG induction via an optimized SILAC approach for

www.impactjournals.com/oncotarget

Oncotarget



11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

Escherichia coli. Journal of proteome research. 2013;
12:5978-5988.

Savoy RM, Ghosh PM. The dual role of filamin A in
cancer: can’t live with (too much of) it, can’t live without
it. Endocrine-related cancer. 2013; 20:R341-356.

Qiao J, Cui SJ, Xu LL, Chen SJ, Yao J, Jiang YH, Peng G,
Fang CY, Yang PY, Liu F. Filamin C, a dysregulated protein
in cancer revealed by label-free quantitative proteomic
analyses of human gastric cancer cells. Oncotarget. 2015;
6:1171-1189. doi: 10.18632/oncotarget.2645.
Adachi-Hayama M, Adachi A, Shinozaki N, Matsutani T,
Hiwasa T, Takiguchi M, Saeki N, Iwadate Y. Circulating
anti-filamin C autoantibody as a potential serum biomarker
for low-grade gliomas. BMC cancer. 2014; 14:452.
Kianmanesh R, Regimbeau JM, Belghiti J. Selective
approach to major hepatic resection for hepatocellular
carcinoma in chronic liver disease. Surgical oncology
clinics of North America. 2003; 12:51-63.

Nakamura F, Stossel TP, Hartwig JH. The filamins:
organizers of cell structure and function. Cell adhesion &
migration. 2011; 5:160-169.

Vadlamudi RK, Li F, Adam L, Nguyen D, Ohta
Stossel TP, Kumar R. Filamin is essential in actin

Y,
cytoskeletal assembly mediated by p21-activated kinase 1.
Nature cell biology. 2002; 4:681-690.

Kolahi KS, Mofrad MR. Molecular mechanics of filamin’s
rod domain. Biophysical journal. 2008; 94:1075-1083.
Ushijima T, Watanabe N, Shimizu K, Miyamoto K,
Sugimura T, Kaneda A. Decreased fidelity in replicating
CpG methylation patterns in cancer cells. Cancer research.
2005; 65:11-17.

. Nakajima T, Enomoto S, Yamashita S, Ando T, Nakanishi Y,

Nakazawa K, Oda I, Gotoda T, Ushijima T. Persistence of
a component of DNA methylation in gastric mucosae after
Helicobacter pylori eradication. Journal of gastroenterology.
2010; 45:37-44.

Dalgleish R. The Human Collagen Mutation Database 1998.
Nucleic Acids Res. 1998; 26:253-255.

Liang Y, Dichn M, Bollen AW, Isracl MA, Gupta N.
Type I collagen is overexpressed in medulloblastoma as a
component of tumor microenvironment. Journal of neuro-

22.

23.

24.

25.

26.

27.

28.

29.

30.

oncology. 2008; 86:133—141.

Turashvili G, Bouchal J, Baumforth K, Wei W,
Dziechciarkova M, Ehrmann J, Klein J, Fridman E,
Skarda J, Srovnal J, Hajduch M, Murray P, Kolar Z. Novel
markers for differentiation of lobular and ductal invasive
breast carcinomas by laser microdissection and microarray
analysis. BMC cancer. 2007; 7:55.

Kiefer J, Alexander A, Farach-Carson MC. Type I collagen-
mediated changes in gene expression and function of
prostate cancer cells. Cancer treatment and research. 2004;
118:101-124.

Koilan S, Hamilton D, Baburyan N, Padala MK, Weber KT,
Guntaka RV. Prevention of liver fibrosis by triple helix-
forming oligodeoxyribonucleotides targeted to the promoter
region of type I collagen gene. Oligonucleotides. 2010;
20:231-237.

Wang KK, Liu N, Radulovich N, Wigle DA, Johnston MR,
Shepherd FA, Minden MD, Tsao MS. Novel candidate
tumor marker genes for lung adenocarcinoma. Oncogene.
2002; 21:7598-7604.

Feng Y, Sun B, Li X, Zhang L, Niu Y, Xiao C, Ning L,
Fang Z, Wang Y, Cheng J, Zhang W, Hao X. Differentially
expressed genes between primary cancer and paired lymph
node metastases predict clinical outcome of node-positive
breast cancer patients. Breast cancer research and treatment.
2007; 103:319-329.

Feng Y, Li X, Sun B, Wang Y, Zhang L, Pan X, Chen X,
Wang X, Wang J, Hao X. Evidence for a transcriptional
signature of breast cancer. Breast cancer research and
treatment. 2010; 122:65-75.

Ruoslahti E, Obrink B. Common principles in cell adhesion.
Experimental cell research. 1996; 227:1-11.

Ding C, Jiang J, Wei J, Liu W, Zhang W, Liu M, Fu T, Lu T,
Song L, Ying W, Chang C, Zhang Y, Ma J, et al. A fast
workflow for identification and quantification of proteomes.
Molecular & cellular proteomics. 2013; 12:2370-2380.
Huang da W, Sherman BT, Lempicki RA. Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nature protocols. 2009; 4:44-57.

www.impactjournals.com/oncotarget

68252

Oncotarget



