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A B S T R A C T

In our previous study, we identified 1241 loci with somatic copy number alterations in hu-

man hepatocellular carcinoma (HCC) using Affymetrix SNP 6.0 arrays, and a putative can-

cer gene SERPINA5 was uncovered in a novel chromosomal region with recurrent copy

number loss at 14q31.1e32.13. The SERPINA5 was reported to be deregulated in renal,

breast, prostate and ovarian cancers. However, the roles of SERPINA5 in cancer remain

greatly elusive. In this study, we found that the DNA dosage and expression level of the

SERPINA5 gene were significantly decreased in HCC by quantitative real-time PCR. Notably,

the expression levels of SERPINA5 negatively correlated with malignant progression of

HCC. The SERPINA5 gene was further observed to reduce in vitro and in vivo metastatic po-

tential of HCC cells. Moreover, secreted SERPINA5 protein also could inhibit the metastatic

ability of HCC cells. Finally, we discovered that one of the mechanisms explaining SER-

PINA5 inhibition of HCC metastasis is through direct interaction with fibronectin and

disruption of the fibronectineintegrin signaling pathway. These findings highlight an

important role of SERPINA5 in the regulation of migratory and metastatic potentials of

HCC and suggest a potential application of SERPINA5 in cancer treatment.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
of Oncogenes and Related Genes, Shanghai Cancer Institute, Renji Hospital, Shanghai Jiao
Ln. 2200, Xie Tu Road, Shanghai 200032, China. Tel./fax: þ86 21 64436539.

hemistry and Molecular Biology, Shanghai Medical College, Fudan University, 138 Yi Xue
þ86 21 54237697.
. Wu), xhhe@shsci.org (X. He).

s work.
ation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
3

mailto:xz_wu@shmu.edu.cn
mailto:xhhe@shsci.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2013.12.003&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 3 6 6e3 7 7 367
1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of

liver cancer and the third leading cause of cancer deathworld-

wide (Yang and Roberts, 2010). The identification and charac-

terization of geneswithin amplified and deleted chromosomal

loci can provide new insights into the pathogenesis of cancer

and also lead to new approaches for diagnosis and therapy

(Speleman et al., 2008). To identify novel cancer-related genes,

we previously identified 1241 loci with somatic copy number

alterations (CNA) in human HCC using Affymetrix genome-

wide SNP 6.0 arrays (Jia et al., 2011). Importantly, a number

of new CNAs were also found, including a novel recurrent re-

gion of copy number loss at 14q31.1e32.13 with a frequency of

8.6% (5/58) in HCC (Jia et al., 2011).

Copy number loss of 14q has been reported in several other

cancers, including renal cell carcinoma (Alimov et al., 2004),

adenocarcinoma of the gastroesophageal junction (GEJ)

(Fortenberry et al., 2010; van Dekken et al., 1999), head and

neck squamous cell carcinoma (HNSCC) (Pehlivan et al., 2008),

colorectaladenocarcinoma(Thorstensenetal., 2001),andgastric

cancer (Buffart et al., 2012).Moreover, loss of 14qwas also corre-

latedwith an early ageof onset, advanced stage, high grade, and

poor disease outcome (Alimov et al., 2004; Buffart et al., 2012;

Fortenberry et al., 2010; Pehlivan et al., 2008; Thorstensen et al.,

2001). The focal region has been isolated to 14q31.1e32.13 in

adenocarcinomaof theGEJ and renal cell carcinoma, suggesting

that this region encodes a putative tumor suppressor gene

involved in disease progression (Alimov et al., 2004;

Fortenberry et al., 2010; van Dekken et al., 1999). Therefore, the

identification of the genes at locus 14q31.1e32.13 responsible

for copy number loss is imperative to understand themolecular

mechanisms of cancer initiation and progression inmany solid

tumors, including HCC. To identify the potential driver genes

located in this region, we previously focused on differentially

expressedgenes at this locuswith integrated copynumber anal-

ysis and expression profiling, from which one candidate gene,

SERPINA5, was derived (Jia et al., 2011).

SERPINA5 (also called Protein C Inhibitor, PCI ) belongs to

the serine protease inhibitor superfamily which is a multi-

functional protein, including preventing metastasis and

anti-angiogenesis in tumor cells (Sil et al., 2011). SERPINA5

was first isolated from human plasma. Human plasma SER-

PINA5 is mainly synthesized in the liver (Francis and

Thomas, 1984), but it is also produced in kidneys and repro-

ductive organs, including testes, seminal vesicles and ovaries

(Laurell et al., 1992). Recently, SERPINA5 expression has been

shown to be decreased in renal, breast, prostate and ovarian

cancers (Asanuma et al., 2007; Bijsmans et al., 2011; Cao

et al., 2003; Wakita et al., 2004). However, the expression sta-

tus, biological function and molecular mechanisms of SER-

PINA5 in HCC are largely unknown.

In this study, we demonstrated that SERPINA5 is patholog-

ically downregulated in HCC specimens. Ectopic expression of

SERPINA5 could inhibit the metastatic abilities of HCC cell

lines in vitro and in vivo. Moreover, we found that one of the

mechanisms by which SERPINA5 contributes to these
malignant feature was explored to through disrupting the

fibronectineintegrin signaling pathway. Together, our find-

ings not only advance the molecular understanding of tumor

metastasis, but also provide a novel therapeutic target for

the treatment of metastatic HCC.
2. Materials and methods

2.1. Cell lines and cell culture

Seven liver cancer cell lines were used in this study: HUH-7,

HepG2, SMMC-7721, Hep3B, MHCC-97H, HCCLM3 and SNU-

449. The SMMC-7721 cells were cultured at 37 �C with a 5%

CO2 atmosphere in DMEM supplemented with 10% newborn

calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin.

The other six cancer cell lines and HEK-293T cells were

cultured in DMEM supplementedwith 10% fetal bovine serum,

100 U/ml penicillin, and 100 mg/ml streptomycin. The cells

were regularly examined to ensure that they were free of my-

coplasma contamination.

2.2. Antibodies, plasmids and other reagents

Specific antibodies against integrin b1, FAK, phospho-FAK

(Y397), Src and phospho-Src (Y416) were purchased from

CST (Danvers, MA, USA). Specific antibody against integrin

b1 (Y788/789) were purchased from Invitrogen (Grand Island,

NY, USA). The antibody against b-actin was purchased from

Sigma (St. Louis, MO, USA). The SERPINA5 antibody used for

Western blot was purchased from Abcam (Hong Kong, China),

and the antibody for Co-immunoprecipitation was purchased

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The

SERPINA5 construct was previously described (Jia et al.,

2011). Lentiviral shRNA vectors targeting SERPINA5 and

scrambled control shRNA vectors were purchased from

Open Biosystems (Thermo scientific). siRNAs targeting integ-

rin b1 and negative control siRNA were ordered from SMART-

pool (Thermo scientific). The shRNA targeting fibronectin was

constructed as previously reported (Jia et al., 2010). Human

plasma-derived fibronectin was purchased from Millipore

(Billerica, MA, USA). DMEM without serum or phenol red was

purchased from Invitrogen (Grand Island, NY, USA). Recombi-

nant human SERPINA5 was ordered from R&D (Minneapolis,

MN). Chaperone competent cell BL21 were purchased from

Takara (Dalian, China).

2.3. Lentiviral vector construction, packaging and
infection

The experiments were performed as previously described (Jia

et al., 2011). The entire coding sequence of the target cDNAs

was amplified and cloned into the pWPXL vector, which was

obtained from Addgene. Lentivirus production and transduc-

tion were performed according to instructions supplied by

Addgene (http://www.addgene.org).

http://www.addgene.org
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 3 6 6e3 7 7368
2.4. HCC specimens and clinical data

HCC primary tumors and the adjacent non-tumor liver tissues

(3 cm from the tumor) were obtained from the surgical spec-

imen archives of the Qidong Liver Cancer Institute, Jiangsu

Province, China. Participants that these samples were ob-

tained fromprovided their written informed consent to partic-

ipate in the study, and the Ethical Review Committee of the

WHO Collaborating Center for Research in Human Production

authorized by the Shanghai Municipal Government approved

this study as well as the consent procedure.

Genomic DNAwas extracted from 125 HCC primary tumors

and adjacent non-tumor tissues. Total RNA was extracted

from 130 HCC primary tumors and adjacent non-tumor tis-

sues. Forty-six HCC specimens with genomic DNA and total

RNA were used to analyze the correlation between DNA

dosage and mRNA expression of the SERPINA5 gene. Among

the 130 paired HCC specimens with cDNA, fifty-eight HCC

specimens with detailed clinical information were used to

analyze the correlation betweenmRNA expression of the SER-

PINA5 gene and the clinical features of HCC. Additionally, we

mainly employed the Edmondson and Steiner grading system

(EGS) to determine the histopathological grade of HCC, and

two categories were considered (low grade, EGS IeII; high

grade, EGS IIIeIV).

2.5. Quantitative real-time PCR

Genomic DNA dosage and mRNA expression levels were

quantified using a 7900 Real-Time PCR System with SDS 2.3

software (Applied Biosystems) according to the manufac-

turer’s instructions. In brief, total genomic DNA and mRNA

were extracted from tumor tissues. First-strand cDNA synthe-

sis and amplification were performed using Reverse Tran-

scription Reagents (Takara) according to the manufacturer’s

instructions. cDNA templates were mixed with SYBR Green

premix with Rox (Takara) to perform quantitative PCR reac-

tions. A repetitive element (Line-1) and b-actin were used as

endogenous controls for the DNA and mRNA levels, respec-

tively. Details of the primers sequences are provided in the

Table S1.

2.6. Cell proliferation assays

Cells were seeded at a density of 2000 cells per well and incu-

bated with complete medium or conditioned medium

collected from stable cell lines and supplemented with 10%

fetal bovine serum in 96-well plates. Culturing medium was

removed and aliquots (10 ml) from the Cell-Counting Kit

(CCK-8, Dojindo, Kumamoto, Japan) and 90 ml complete me-

dium were added to the wells and incubated for 2 h. After in-

cubation, the absorbancewasmeasured at 450 nm to calculate

the number of viable cells in each well. Each measurement

was performed in triplicate, and the experiments were

repeated twice.

2.7. Trans-well migration assays

Cellmigrationassayswereperformedusing6.5-mmtrans-well

chambers (8 mm pore size, BD) as described previously with
some modifications (Jia et al., 2010). Cells were seeded into

trans-well chambers at a density of 40,000 cells per well, and

serum (10% FBS in DMEM) was used as the chemoattractant

in lower chamber. The wells were washed with D-PBS after

16e24 h. The cells that migrated to the basal side of the mem-

branewere fixedand stainedwith crystal violet, visualized and

photographed with a CKX41 microscope (Olympus, Japan) at

200� magnification. Images of three random fields from three

replicate wells were obtained, and the cells that migrated

were counted. Chambers for migration on purified fibronectin

assay were coated with 10 mg/ml fibronectin overnight at 4 �C
and blocked with 2% BSA at 37 �C for 2 h. 1 � 105 cells in

200 ml serum-free DMEMwere seeded to upper chamber. After

4h, cells in theupper sidewere removedandcells in theunder-

side were fixed, stained and counted as described above.

2.8. Secreted protein preparation

Cells were incubated in a 6-cm dish overnight at the same

density. When the confluent reached 60e70%, cells were

washed three times with D-PBS to get rid of dead cells, serum

and phenol red. Cells were washedwith DMEMwithout serum

or phenol red (conditioned medium, CM) once, and then 3 mL

of CM was added to the plate. After 24e48 h incubation, CM

was collected, centrifuged and filtered with a 0.22 mm sterile

filter (Millipore). Then conditioned medium containing

secreted protein can be used to treat cells for following up

experiments.

2.9. Secreted SERPINA5, human plasma-derived
fibronectin and purified recombinant SERPINA5 treatments

One day before treatment, cells were incubated in 6-cm

dishes. When the confluent was 50%e60%, cells were washed

with D-PBS three times, andwith DMEMonce to get rid of dead

cells and serum. Three milliliter of conditioned medium

collected from SERPINA5-overexpressing or knockdown cells

was added. 100 mg/ml fibronectin was supplied in designated

experiments and D-PBS was used as negative control. After

24e36 h incubation in designated culturing conditions, cells

were digested and subjected to transwell assays. For recombi-

nant SERPINA5 treatment, cells were seeded and washed as

described above, and then treated with 3 mL serum-free

DMEM containing different concentrations (0.02 mg/ml,

0.1 mg/ml and 1 mg/ml) recombinant SERPINA5. D-PBS was

used as negative control. Cells were harvested for trans-well

migration assays after 24 h.

2.10. Secreted protein concentration

To concentrate proteins, Amicon� Ultra-15 Centrifugal Filter

Units (10 kDa) and Ultra-4 Centrifugal Filter Units (10 kDa)

(Millipore) were used. The collected conditioned medium was

added to the upper chamber of the centrifugal filter units.

The units were centrifuged using a horizontal rotor at

4000 rpm or angled rotor at 12,000 rcf for 15e30 min until the

volume of liquid in upper chamber reached about 200 ml for

Ultra-15 and50 ml forUltra-4. The residue in theupper chamber

was measured for protein content using the Bradford assay.

Same amount of protein was applied for western blot and

http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
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immunoprecipitation. Concentrated CM was tested for a-

tubulin by immunoblotting to ensure cellular protein was not

present.
2.11. Membrane and peripheral protein extraction

The membrane and peripheral protein extraction experi-

ments were performed by using the ProteoExtract� trans-

membrane protein extraction kit (Novagen) according to the

manufacturer’s instructions. Both integral membrane and pe-

ripheral associated proteins were extracted from HCCLM3-

SERPINA5 cells. Protein content was measured by Bradford

assay, and same amount of protein was applied for Co-IP.
2.12. Co-immunoprecipitation (Co-IP)

Co-IP experiments were performed with the Pierce� Co-

immunoprecipitation (Co-IP) Kit (Thermo Scientific) according

to the manufacturer’s instructions. Whole cell lysate, condi-

tioned medium and membrane and associated proteins were

collected fromthespecifiedcellsandsubjected toco-IPanalysis.
2.13. Western blot analysis

For western blot analysis, the protein concentration was

determined by the Bradford assay. Cell lysates, secreted pro-

teins and immunoprecipitated proteins were separated by

SDS-PAGE and transferred to polyvinylidene difluoride mem-

branes. The membranes were blocked with 5% non-fat milk

in TBST and incubated with specific primary antibodies.

Detection was performed using SuperSignal West Pico chemi-

luminescent substrate (Thermo Scientific) followed by expo-

sure to X-ray film. According to the abundance of target

proteins in different HCC cells, we shortened or extended

the exposure time to get clearly presented bands on X-ray

film. Therefore, the density of bands represents a relatively

low or high level of target proteins.
2.14. Animal experiments and histological analysis

Animal experiments were performed as previously described

(Jia et al., 2010). Five- to six-week-old, male, congenitally

immune-deficient nude mice were maintained under specific

pathogen-free (SPF) conditions. The mice were manipulated

and housed according to protocols approved by the Shanghai

Medical Experimental Animal Care Commission. For experi-

mental metastasis assays, HCCLM3-SERPINA5 and HCCLM3-

Vector cells (2 � 106 per mouse) were injected into the tail

veins of nudemice. Sixweeks later, themicewere euthanized,

and the organs, including the lung and liver, were removed

and processed for standard histological study. For histological

analysis, the primary tumors and mouse organs were har-

vested at necropsy and fixed in 10% formalin. The fixed sam-

ples were then embedded in paraffin, and three non-

sequential serial sections were obtained from each animal.

The sections were stained with hematoxylin and eosin (H&E)

and analyzed for the presence of metastases.
2.15. GST pull down and in vitro binding assay

Chaperone competent cell BL21 was used to expression GST-

SERPINA5 fusion protein. 1 mM IPTGwas added to induce pro-

tein expression in 30 �C for 5 h. The cell lysis and binding steps

were performed according to instructions of MagneGST� Pull-

Down System (Promega). 100 ng human purified fibronectin

(Millipore) was incubated with MagneGST� Particles carrying

GST-SERPINA5 fusion protein or GST in room temperature for

1 h. MagneGST� Particles were washed with binding buffer

and eluted with 1� SDS loading buffer. An aliquot of

MagneGST� Particles carrying GST-SERPINA5 fusion protein

or GST and human purified fibronectin were boiled in 1�
SDS loading buffer as input. All samples were analyzed by

Western blotting.

2.16. Statistics

The statistical analysis and graphical depiction of data were

performed using GraphPad Prism 5.0. The results are pre-

sented as mean � s.e.m and were evaluated with Student’s

t-test (two-tailed; P < 0.05 was considered significant), unless

otherwise specified (paired t-test, Pearson’s correlation). Addi-

tionally, certain statistical calculations were performed using

SPSS (Statistical Package for the Social Sciences), version 19.0

forWindows. The chi-square (c2) test was used to evaluate the

association between SERPINA5 expression and the clinico-

pathological parameters of the HCC specimens. P < 0.05 was

considered significant.
3. Results

3.1. Downregulation of SERPINA5 in HCC specimens

To determine the role of SERPINA5 in the initiation and pro-

gression of HCC, the DNA dosage and expression level of

this gene were examined in HCC tumor and paired adjacent

non-tumor tissues, respectively. By quantitative real-time

PCR (q-PCR), we showed that both of the gene dosage and

expression levels of SERPINA5 are significantly reduced in

HCC specimens, compared with those of adjacent non-

tumor tissues (Figure 1A and B). Furthermore, the positive cor-

relation between the DNA dosage and expression levels of

SERPINA5 was also confirmed (Figure 1C). Consistent with

aberrant expression of SERPINA5 reported in various tumors,

Oncomine expression analysis revealed lower SERPINA5

expression in HCC tissues than in normal liver tissues in

two independent cohorts of HCC specimens (Figure S1). Addi-

tionally, the decreased protein level of SERPINA5 in HCC tis-

sues was also confirmed by immunoblotting (Figure 1D).

Therefore, these data suggest that the decreased SERPINA5

expressionwas a frequent event in humanHCC tissues, which

may have functional roles in HCC progression.

3.2. Loss of SERPINA5 expression is associated with
malignant progression of HCC

Based on the relative expression levels of the SERPINA5 gene

in 58 paired HCC primary tumors and adjacent non-tumor

http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003


Figure 1 e Downregulation of SERPINA5 gene in HCC. (A) Determination of DNA dosages of the SERPINA5 gene by quantitative real-time

PCR (q-PCR) in an independent cohort of 125 paired HCCs and adjacent non-tumor tissues (NT) with genomic DNA (paired Student’s t-test).

(B) Determination of expression levels of the SERPINA5 gene by q-PCR in an independent cohort of 130 paired HCCs and adjacent non-tumor

tissues (NT) with complementary DNA (cDNA) (paired Student’s t-test). (C) Correlation analysis of DNA dosage and mRNA expression for the

SERPINA5 gene in 46 HCC primary tissues with both genomic DNA and cDNA. The correlation was analyzed with a two-tailed Pearson

Correlation Test. (D) The SERPINA5 protein levels decreased in the HCC primary tumors as opposed to the adjacent non-tumor tissues. The

detection of the relative protein levels of SERPINA5 in six pairs of HCC primary tumors and adjacent non-tumor tissues by immunoblotting

(HCC, Primary tumor; NT, non-tumor tissue).
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tissues derived from q-PCR experiments, we analyzed the

clinical significance of SERPINA5 expression in HCC. By

comparing the relative SERPINA5 expression levels between

the primary tumor and paired adjacent non-tumor tissue,

we found that the SERPINA5 expression was predominantly

downregulated in HCC specimens with a frequency of 64%

(Figure 2A). Importantly, correlation analysis showed that

the downregulation of SERPINA5 negatively correlates with

the tumor grade and intrahepatic metastasis of HCC speci-

mens, with lower expression of SERPINA5 in HCC specimens

with high grade and intrahepatic metastasis (Figure 2BeC).

Furthermore, the relative expression levels of SERPINA5 in

seven HCC cell lines were examined by q-PCR and immuno-

blotting. Specifically, the expression levels of SERPINA5 were

relatively high in Hep3B, HepG2 and HUH-7 cells, which

have no or low metastatic potential (Cui et al., 2006; Genda

et al., 1999; Lee et al., 2006), whereas the expression level of

SERPINA5 was relatively low in SNU-449, HCCLM3, and

MHCC-97H cells (Figure 2D and Figure S2), which have high

metastatic potential (Fuchs et al., 2008; Lee et al., 2006; Li

et al., 2004). These results imply that the loss of SERPINA5

might be associated with the malignant progression of HCC,

providing clues to explore its biological function in HCC

progression.

3.3. Targeted knockdown of SERPINA5 promotes HCC
cell migration

To investigate the potential functions of SERPINA5 in HCC, we

stably knocked down the expression of this gene using
lentiviral infection in HCC cell lines. The knockdown effi-

ciencies in Hep3B and HUH-7 were validated by q-PCR and

immunoblotting (Figure 3AeB). Subsequently, the effect of

SERPINA5 knockdown on proliferation was determined by

CCK-8 assays. We observed that disruption of SERPINA5 gene

expression had no significant effect on the proliferation of

HCC cells (Figure S3B). However, we found that knockdown

of SERPINA5 expression could promote the migratory ability

of HCC cells in trans-well assays (Figure 3C). Briefly, these re-

sults suggest that SERPINA5 may play an important role in

HCC cell migration.

3.4. Ectopic expression of SERPINA5 inhibits the
migration and metastatic potential of HCC cells

The SERPINA5 gene was further overexpressed by lentiviral

infection in MHCC-97H, SNU-449 and HCCLM3 cells and

confirmed by immunoblotting (Figure 4A). Subsequently, we

determined the effect of SERPINA5 overexpression on HCC

cell proliferation, which showed that exogenous overexpres-

sion of SERPINA5, has no significant effect on HCC cell prolif-

eration (Figure S3A), which was consistent with the above

results. Furthermore, we examined the effect of SERPINA5

overexpression on the migratory and invasive abilities of

HCC cells using trans-well migration assays, and found that

ectopic expression of SERPINA5 significantly inhibit the

in vitro migration and invasion of HCC cells (Figure 4BeC). To

further investigate whether SERPINA5 overexpression can

inhibit tumor metastasis in vivo, by using of mouse models,

HCCLM3-SERPINA5 and HCCLM3-VECTOR cells were injected

http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003


Figure 2 e Loss of SERPINA5 expression correlates with malignant features of HCC. (A) The expression level of SERPINA5 gene in 58 paired

HCC and matched non-tumor tissues were determined by q-PCR. The data are expressed as the log2 fold change (DCt [HCC/Non.]). Significant

downregulation of SERPINA5 in paired HCC/non-tumor samples was defined as a log2 fold change <1 (i.e., two-fold). The pie chart shows the

proportions of HCC samples showing upregulation (red), downregulation (blue), and no change (green). (B) Downregulation of SERPINA5 in

primary HCCs in high grade (grade IIIeIV) compared with those in low grade (grade IeII) according to the results of q-PCR. (C)

Downregulation of SERPINA5 in primary HCCs with intrahepatic metastasis compared with those without intrahepatic metastasis according to

the results of q-PCR. Statistical analysis of the difference between groups was performed with an unpaired Student’s t-test. (D) Relative protein

levels of SERPINA5 in seven HCC cell lines analyzed by immunoblotting.
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into nude mice via tail vein and the lung metastasis was

analyzed after 6 weeks. The incidence of lung metastasis

was significantly inhibited in the SERPINA5 group of mouse

models (Figure 4D). Moreover, hematoxylin and eosin (H&E)

staining of lungs showed that the number of micrometastases

was significantly lower in the SERPINA5 group than those in

the VECTOR group (Figure 4E). These results indicate that

ectopic expression of the SERPINA5 gene can inhibit the met-

astatic potentials of HCC cells.

3.5. Secreted SERPINA5 protein inhibits the migratory
ability of HCC cells

SERPINA5 was originally identified in human plasma as an

APC inhibitor (Suzuki et al., 1983), and its concentration in

plasma is w100 nM (Geiger, 2007). To investigate whether

HCC cells secrete SERPINA5, the levels of secreted SERPINA5

in conditioned medium were examined in the seven HCC

cell lines. Secreted SERPINA5 levels were relatively high in

three HCC cell lines (HepG2, Hep3B and HUH-7) with lowmet-

astatic potential compared to the HCC cell lines with high

metastatic potential (Figure 5A). Subsequently, three HCC

cell lines (SNU-449, HCCLM3 and MHCC-97H) that secrete
low SERPINA5 were stably transfected to express full-length

SERPINA5. Conditioned medium (CM) from these SERPINA5-

overexpressing cells were collected, and SERPINA5 was

detected by immunoblotting. The results showed that SER-

PINA5 protein can be detected in the conditioned medium of

SERPINA5-expressing cells (Figure 5B).

To further determinewhether secreted SERPINA5 produces

an inhibitory effect on HCC cell migration, we collected condi-

tioned media from the SERPINA5-overexpressing cells and

SERPINA5-knockdown cells, respectively (Figure 5B and C).

The conditioned media collected from three SERPINA5-over-

expressing cell lines (SNU-449-SERPINA5, HCCLM3-SERPINA5

and MHCC-97H-SERPINA5) were used to treat SNU-449,

HCCLM3 and MHCC-97H cells, respectively. The conditioned

medium from SERPINA5-knockdown cells (HUH-7-

shSERPINA5) was used to treat SNU-449 and SMMC-7721 cells.

We performed CCK-8 assays and trans-well migration assays

to determine the effect of secreted SERPINA5 on the prolifera-

tion and migration of HCC cells. We found that the secreted

SERPINA5 has no significant effect on the proliferation of

HCC cells (Figure S3CeD). However, the secreted SERPINA5

significantly inhibited the migratory potential of HCC cells

(Figure 5D and E), which was consistent with the above

http://dx.doi.org/10.1016/j.molonc.2013.12.003
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Figure 3 e Targeted downregulation of SERPINA5 promotes HCC cell migration. (A) Detection of shRNA-mediated knockdown of SERPINA5

gene in HUH-7 and Hep3B cells by RT-PCR. (B) Detection of shRNA-mediated knockdown of SERPINA5 in HUH-7 and Hep3B cells by

immunoblotting. (C) Representative results of the trans-well migration assay after SERPINA5 knockdown in HUH-7 and Hep3B cells. Statistical

analysis of the difference between groups was performed with an unpaired Student’s t-test. The results are shown as mean ± s.e.m, *, P < 0.05; **,

P < 0.01; ***, P < 0.001.
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results. Additionally, we also employed purified recombinant

human SERPINA5 to treat HCC cells, and found that the re-

combinant protein can reduce the migration of HCC cells

(Figure 5F). Together, these findings suggest that the secreted

SERPINA5 protein has an inhibitory effect on HCC cell

migration.
3.6. SERPINA5 inhibits HCC cell migration by
interacting with fibronectin

During cancer progression, the extracellular matrix (ECM) of

the tissue in which the tumor grows is extensively remodeled

(Kaspar et al., 2006). It has been shown that SERPINA5 can bind

to glycosaminoglycans, such as heparin and certain phospho-

lipids, which modulate SERPINA5 inhibitory activity

(Huntington and Li, 2009; Shirk et al., 1994). To explore poten-

tial SERPINA5 interaction partners leading to inhibition of HCC

cell migration and tumor metastasis, we used LC-MS/MS to

analyze immunoprecipitated HCCLM3-SERPINA5 membrane

and peripheral proteins with SERPINA5 antibody and identi-

fied an ECM component, fibronectin (Figure 6A and Table

S2). Fibronectin (FN) is a high molecular weight adhesive

glycoprotein that plays a prominent role in mediating ECM

function because it is present in high abundance and interacts

with cellular components (Kaspar et al., 2006).

To further verify the binding of SERPINA5 to fibronectin,

co-immunoprecipitation was performed using HepG2 whole

cell lysate and conditioned medium with antibodies against

either SERPINA5 or fibronectin, respectively. We identified
an interaction between SERPINA5 and fibronectin in whole

cell lysate (Figure 6B) but not in conditioned medium, which

may be caused by the domain modification caused by glyco-

sylation (Figure S4). In addition, we demonstrated that puri-

fied SERPINA5 protein can bind to fibronectin in vitro by GST

pull-down assays (Figure 6C). Together, these results suggest

that SERPINA5 can directly bind to fibronectin and might

participate in the fibronectin signaling pathway.
3.7. SERPINA5 inhibits HCC cell migration partially by
disrupting the fibronectin/integrin b1 signaling pathway

We subsequently determined the effect of exogenously

applied human plasma-derived fibronectin on the migration

of HCC cells after treatment with conditioned medium. Treat-

ment of exogenous fibronectin reversed the inhibitory effect

of SERPINA5 on the migration of SNU-449 and HCCLM3 cells

(Figure 7A). Furthermore, we found that the secreted SER-

PINA5 inhibits the migratory potential of HCC cells on cham-

bers coated with fibronectin (Figure 7B). In addition, we

determined that stable knockdown of the SERPINA5 gene

enhanced the migration of HUH-7 cells, whereas shRNA-

mediated knockdown of the fibronectin gene significantly

attenuated the migration of HUH-7-shSERPINA5 cells

(Figure 7C). Our findings suggest that SERPINA5 binds to the

glycoprotein fibronectin, which in turn modulates SERPINA5

inhibition of migration.

In human tumors, fibronectin expression is positively asso-

ciated with tumor metastatic potential. Fibronectin binds to

http://dx.doi.org/10.1016/j.molonc.2013.12.003
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Figure 4 e Overexpression of SERPINA5 inhibits HCC cell migration and metastasis. (A) The detection of lentiviral-mediated overexpression of

SERPINA5 in MHCC-97H, SNU-449 and HCCLM3 cells by immunoblotting. (B) Representative result of the trans-well migration assays for the

effects of SERPINA5 on the in vitromigratory ability of MHCC-97H, SNU-449 and HCCLM3 cells (unpaired Student’s t-test, mean ± s.e.m). (C)

Representative result of the trans-well invasion assays for the effects of SERPINA5 on the in vitro invasive ability of MHCC-97H, SNU-449 and

HCCLM3 cells (unpaired Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***, P < 0.001). (D and E) The effects of SERPINA5 on the

in vivo metastatic ability of HCCLM3 cells in xenograft models of nude mice (n [ 6) determined by examination of mouse lungs for microscopic

nodules. The incidence of lung metastasis in the two groups of mouse model (D), and representative results of the histological examination of

mouse lungs for metastatic nodules from two groups, HCCLM3-VECTOR and HCCLM3-SERPINA5 (E) were presented. Statistical analysis of

the difference between groups was performed by a chi-square (c2) test and an unpaired Students’ t-test, *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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membrane-spanning integrin receptors such as integrin b1

and plays an important role in cell signaling, defining cellular

shape, and regulating cell mobility (Sengupta et al., 2010). We

first demonstrated that stable knockdown of the SERPINA5

gene enhanced the migration of HUH-7 cells, whereas

siRNA-mediated knockdown of the integrin b1 gene signifi-

cantly attenuated the migration of HUH-7-shSERPINA5 cells

(Figure 7D). Furthermore, we analyzed the downstream

signaling targets of integrin b1 and demonstrated reduced

phosphorylation of integrin b1 (Y788/789), FAK (Y397) and

Src kinase (Y416) upon overexpression of SERPINA5 in SNU-

449 and MHCC-97H cells, whereas targeted knockdown of

the SERPINA5 gene leads to increased phosphorylation of

these proteins in HUH-7 cells (Figure 7E). Briefly, these findings

indicate that onemechanismbywhich SERPINA5 inhibits HCC

cell migration is through disruption of the fibronec-

tineintegrin b1 signaling pathway.
4. Discussion

An effective way to identify driver genes with causal roles in

carcinogenesis is the detection of genomic regions that un-

dergo frequent alterations in cancers. To identify recurrent re-

gions of CNAs in hepatocellular carcinoma (HCC), we recently
performed a genome-wide copy number analysis of 58 HCC

primary tumors and paired non-tumor tissues using the Affy-

metrix SNP 6.0 array, from which a total of 1241 regions of so-

matic CNAs were derived (Jia et al., 2011). Importantly, a

number of new regions with somatic CNAs have also been un-

covered in HCC, including a recurrent region of copy number

loss at 14q31.1e32.13 occurring at a frequency of 8.6% (5/58).

By using integrated analysis of copy number alteration and

gene expression profiling, a putative tumor suppressor genes

(SERPINA5) was uncovered in the recurrent region of copy

number loss, 14q31.1e32.13, in HCC.

SERPINA5 is a member of the superfamily of serine protease

inhibitors (Suzuki andHayashi, 2007). SERPINA5 functions asan

inhibitor of several plasmaproteases involved inblood coagula-

tionand isapotent inhibitorofuPA (Stief et al., 1987).Givenboth

theroleofuPA intumorcellmetastasisand its inhibitionbySER-

PINA5, thephysiological relevanceofSERPINA5intumormetas-

tasis is apparent (Jackson et al., 1997). This relevance was

substantiated by a report on prostate cancer in which loss of

SERPINA5 expression was found in high-grade tumors (Cao

et al., 2003). Moreover, overexpression of SERPINA5 results in

decreased invasion, metastatic potential and angiogenesis in

breast cancer, and elevated levels of SERPINA5 protein have

been reported to be associated with increased survival in pri-

mary breast carcinomas (Asanuma et al., 2007; Castello et al.,

http://dx.doi.org/10.1016/j.molonc.2013.12.003
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Figure 5 e Secreted SERPINA5 inhibits the migration of HCC cells. (A) Detection of the secreted SERPINA5 protein levels in seven HCC cell

lines by immunoblotting. (B) Detection of the secreted SERPINA5 protein levels in MHCC-97H, SNU-449 and HCCLM3 cells overexpressing

ectopic SERPINA5 gene by immunoblotting. (C) Detection of the secreted SERPINA5 protein levels in HUH-7 and Hep3B cells expressing

shRNA targeting the SERPINA5 gene using immunoblotting. (D) Representative result of the trans-well migration assays examining the effect of

conditioned medium from SERPINA5-overexpressing cells on the in vitro migration of SNU-449, HCCLM3 and MHCC-97H cells (unpaired

Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***, P < 0.001). (E) Representative result of the trans-well migration assays examining

the effect of conditioned medium from HUH-7-shSERPINA5 cells on the in vitro migration of SNU-449 and SMMC-7721 cells (unpaired

Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P< 0.01; ***, P < 0.001). (F) The recombinant human SERPINA5 reduces the migratory abilities

of SNU-449 and HCCLM3 cells in trans-well migration assays (unpaired Student’s t-test, mean ± s.e.m, *, P< 0.05; **, P< 0.01; ***, P< 0.001).

M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 3 6 6e3 7 7374
2007).Additionally, theexpressionofSERPINA5hasbeenshown

to be decreased in renal, prostate and ovarian cancers (Alimov

et al., 2004; Bijsmans et al., 2011; Cao et al., 2003). However, the

expression status and functional roles of the SERPINA5 gene in

HCC are largely unknown. In this study, we followed up on our

previous study in which the SERPINA5 gene was identified in a

genomic region of copy number loss at 14q31.1e32.13, and

found the decreased level of SERPINA5 in HCC tissues. Impor-

tantly, the downregulation of SERPINA5 negatively correlated

with the malignant progression of HCC specimens. Moreover,

SERPINA5wasobservedto inhibit the invitroand invivometasta-

tic potential of HCC cells.

To further explore theunderlyingmechanismbywhich SER-

PINA5 inhibits cell migration and tumor metastasis, we found

that SERPINA5 can bind to fibronectin, a high-molecularweight

extracellularmatrix glycoprotein that can be secreted by tumor

cells (Pankov and Yamada, 2002). Fibronectin, a ligand for the

integrin b1 receptor, binds to membrane-spanning integrin re-

ceptors and plays an important role in cell signaling, defining

cellular shape, mobility, and regulating cell proliferation and

cell survival (Sengupta et al., 2010). Moreover, fibronectin plays

an important role in cell signaling pertinent to tumor
progression and is important for the proliferation of different

types of cancers, including HCC (Han et al., 2006; Ohnishi

et al., 1998; Sherbet et al., 1982). In this study, we found that

shRNA-mediated knockdown of fibronectin expression attenu-

ated the increased migration of HCC cells caused by targeted

knockdown of SERPINA5. Moreover, the migratory potential of

HCC cells on chambers coatedwith fibronectinwas suppressed

by secreted SERPINA5. The binding of integrins to their ligands

triggers downstream signal transduction cascades. The fibro-

nectin receptor (a5b1-integrin) primarily binds to fibronectin,

leading to cell anchoring, and subsequently activates the non-

receptor tyrosine kinases FAKandSrc,whichplay an important

role in tumorigenesis by promoting the proliferation and inva-

sion of cancer cells (Caswell et al., 2007; Mitra and Schlaepfer,

2006). In this study, we found that overexpression of SERPINA5

decreases the phosphorylation levels of FAK and Src kinase,

whereas inhibition of integrin b1 expression inhibits increased

migration of HCC cells caused by targeted knockdown of

SERPINA5.

It has been reported that fibronectineintegrin b1 is an

important regulator of MMP-2 and MMP-9 activity (Milner

et al., 2007; Sil et al., 2011). Therefore, we employed gelatin

http://dx.doi.org/10.1016/j.molonc.2013.12.003
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Figure 6 e The direct interaction of SERPINA5 with fibronectin. (A) Schematic model of the identification of SERPINA5-binding proteins using

LC-MS/MS to analyze immunoprecipitated proteins, by use of antibody against the SERPINA5 in membrane and peripheral proteins of

HCCLM3-SERPINA5, and separated by SDS-PAGE. (B) Co-immunoprecipitation (IP) analysis of SERPINA5 and fibronectin association in

human HepG2 cells expressing endogenous SERPINA5. The proteins isolated by immunoprecipitation with an antibody against SERPINA5 were

employed to detect the fibronectin protein, whereas the proteins isolated by immunoprecipitation with an antibody against fibronectin were

subjected to detect the SERPINA5 protein using immunoblotting. (C) Purified SERPINA5 protein binds to fibronectin in vitro by GST pull-

down assays. The protein binding to MagneGST� Particles was analyzed by immunoblotting (upper). An aliquot of MagneGST� Particles

(lower) and fibronectin (middle) were used as input.

Figure 7 e SERPINA5 inhibits HCC cell migration by disrupting the fibronectin/integrin b1 signaling pathway. (A) Treatment of SERPINA5

significantly inhibits the migration of SNU-449 and HCCLM3 cells, which can be restored by exogenous fibronectin (100 mg/ml) addition

(unpaired Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***, P < 0.001). (B) The secreted SERPINA5 inhibits the migratory potential

of SNU-449 and HCCLM3 cells on chambers coated with fibronectin (unpaired Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***,

P < 0.001). (C) Knockdown of SERPINA5 promotes the migration of HUH-7 cells, whereas targeted downregulation of fibronectin significantly

attenuates cell migration induced by loss of SERPINA5 (unpaired Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***, P < 0.001). (D)

Knockdown of SERPINA5 promotes the migration of HUH-7 cells, whereas the targeted downregulation of integrin b1 (ITGB1) significantly

attenuates cell migration induced by loss of SERPINA5 (unpaired Student’s t-test, mean ± s.e.m, *, P < 0.05; **, P < 0.01; ***, P < 0.001). (E)

Ectopic expression of SERPINA5 leads to decreased phosphorylation levels of multiple pro-metastatic proteins. The overexpression of SERPINA5

in SNU-449 and MHCC-97H cells decreases the phosphorylation of integrin b1 (Y788/789), FAK (Y397) and Src (Y416). Knockdown of

SERPINA5 in HUH-7 cells increases the phosphorylation of integrin b1 (Y788/789), FAK (Y397) and Src (Y416) proteins.

M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 3 6 6e3 7 7 375

http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003
http://dx.doi.org/10.1016/j.molonc.2013.12.003


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 3 6 6e3 7 7376
zymography assay to determine whether the binding of SER-

PINA5 to fibronectineintegrin modulates the activity of MMP-

2 and MMP-9. However, we found that overexpression of SER-

PINA5 has no significant effect on the activity of MMPs in HCC

cells (Figure S5). This finding implies that alternative down-

stream effectors rather than the activation of MMP-2 and

MMP-9 are involved in the fibronectineintegrin b1 pathway,

which deserves further research in next study. In addition,

the proteolytic activity of SERPINA5 on the migratory ability

of HCC cells was further determined by constructing two SER-

PINA5mutants (R354A and T341R) without proteolytic activity

(Rehault et al., 2005). The results showed that both of the two

mutants inhibit the migratory ability of HCC cells (Figure S6).

Overall, this studydemonstrated thatSERPINA5might regulate

tumor migration and metastasis independent of protease

inhibitory activity by interacting with fibronectin and disrupt-

ing fibronectineintegrin signaling in HCC. This evidence sug-

gests that SERPINA5may function as a fibronectin antagonist.

In conclusion, we have, for the first time, demonstrated

that SERPINA5 is a novel metastasis suppressor gene in HCC.

Molecular studies revealed that the metastasis-suppressing

function of SERPINA5 in HCC might be associated with its

role in decreasing cell migration by directly interacting with

fibronectin and disrupting the fibronectineintegrin signaling

pathway. Our findings suggest that SERPINA5 is a target gene

within the 14q31.1e32.13 deletion region that plays a pivotal

role in HCC metastasis.
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