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Abstract
In human hepatocellular carcinoma (HCC), the high expression of urokinase-type plasminogen activator (uPA) is an
unfavorable prognostic factor and a therapeutic target. To identify the downstream effects of uPA silencing by
RNA interference, we studied proteome modifications of uPA-inhibited SKHep1C3 cells, an HCC-derived cell line.
The study with two-dimensional difference gel electrophoresis and matrix-assisted laser desorption/ionization–
time of flight–mass spectrometry showed Lim and SH3 protein 1 (LASP-1), cytokeratin 1 (CK-1), cytokeratin 10
(CK-10), and heterogeneous nuclear ribonucleoprotein H1 down-modulation after uPA inhibition. LASP-1, CK-1,
and CK-10 are involved in cytoskeleton dynamics as heterogeneous nuclear ribonucleoprotein H1 takes part in
the mRNA processing and stability. We first confirmed the proteomic data by Western blot and immunoflores-
cence and then explored the link between uPA and LASP-1. The ectopic expression of uPA and LASP-1 supported
the proteomic results and showed that uPA up-regulation increased LASP-1 expression and that both were impli-
cated in SKHep1C3 motility. siRNA LASP-1 inhibition showed that LASP-1 was involved in actin microfilaments
organization of SKHep1C3 cells. The disruption of the actin microfilaments after LASP-1 depletion increased
uPA secretion and SKHep1C3 motility. Our results would suggest the hypothesis that uPA and LASP-1 expression
may be coordinated in HCC-derived cells. In summary, the proteomic identification of a set of uPA downstream
proteins provides new insight into the function of uPA in HCC cells.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most frequent liver
malignancies often with unfavorable prognosis. Its onset is related
to hepatitis B and C virus infections, cirrhosis, alcoholism, and ex-
posure to aflatoxin [1]. Until now, the best treatment is surgery, but
survival is still poor owing to the high incidence of recurrences or
intrahepatic metastasis [2]. New therapies also based on new thera-
peutic targets are urgently needed [3]. The disregulated genes in-
volved in HCC include the urokinase-type plasminogen activator
(uPA) and its GPI-anchored receptor (uPAR) [4]. uPA is a serine pro-
tease secreted by numerous cell types and is responsible for plasmino-
gen conversion into plasmin. Proteolytic activity of uPA activates or
releases several growth factors, vascular fibrinolisis, and extracellular ma-
trix degradation. Independent of its proteolytic activity, the uPA-uPAR
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system governs several biologic processes including cellular adhesion,
differentiation, proliferation, migration, and invasion under physio-
logical (embryogenesis, tissue remodeling, and repair) and pathologic
conditions (i.e., cancer). Because uPAR lacks a cytosolic domain, to ini-
tiate intracellular signaling, it needs transmembrane coreceptors such as
vitronectin/integrins and caveolin [5–9].

The overexpression of uPA (and its receptor) is an unfavorable prog-
nostic factor for various types of tumors and is a target for innovative
anticancer therapies [10,11]. Intratumoral injections of a plasmid vector
expressing shRNA for uPA and uPAR have been able to regress pre-
established subcutaneous human meningioma tumors in mice [12].
An in vivo assay system of experimental metastasis in athymic mice
model using HCT116 colon cancer cells transfected with antisense
uPAR mRNA-expressing plasmids inhibited pulmonary metastasis
[13]. The selective diaryl phosphonate inhibitors for uPA have dis-
played in vivo antimetastatic properties in a BN-472 rat mammary car-
cinoma model [14]. In the case of HCC, we previously found the
essential role of uPA in the cellular processes of migration, invasion,
and proliferation by an RNA interference (RNAi) down-modulation
gene approach based on the stable expression of shRNA against uPA
in the HCC-derived SKHep1C3 cell line [15]. Furthermore, uPA in-
hibition led to the limited growth of HCC xenografts induced in nude
mice by transfected cells [16]. Recently, RNAi has become a powerful
tool in studies of gene function and in therapeutic applications to treat
disease, including cancer [17–20]. Among the different strategies that
have been used to investigate the downstream effects after gene si-
lencing, approaches such as proteome profiling or cDNA microarray
could offer an overall view inside the proteome or the transcriptome
[21,22]. For the first time, we investigated the effects of uPA silencing
in SKHep1C3 cells using proteomic analysis. Among the proteins that
were differentially expressed after uPA silencing, we focused on the
actin-binding protein, Lim and SH3 protein 1 (LASP-1), and its inter-
play with uPA expression.

LASP-1 is an actin-binding and zyxin-binding scaffolding protein,
which has been reported to be localized within multiple sites of actin
assembly (i.e., focal contacts, focal adhesion, lamellipodia, pseudo-
podia). Although the biologic role of this protein has not been clarified,
evidence has shown the essential role of LASP-1 in actin cytoskeleton
organization at the leading edges of migrating cells [23–25].

Here we found that LASP-1 could be a mediator of uPA in
SKHep1C3 cell migration likely by taking part in the cytoskeletal
changes that occur during such processes. Describing and identifying
uPA downstream proteins could help to better understand the role of
uPA in HCC and find a more successful experimental schedule of
target gene therapy in vitro and/or in experimental animal models.

Materials and Methods

Reagents
Sodium orthovanadate, [(3-cholamidopropyl)-dimethylammonio]-

1-propane sulfonate (CHAPS), bromophenol blue, Bradford reagent,
and colloidal Coomassie were supplied from Biorad (Milan, Italy);
urea, Tris, SDS, and glycerol from Sigma Fluka-Aldrich, Chemical
Co. (Milan, Italy); thiourea, lysine, and phenylmethylsulfonyl fluoride
from Sigma Fluka-Aldrich. CyDyes DIGE Fluors, IPG buffer, pH 3 to
10NL, ImmobilineDryStrip gel, 3 to10NL,dithiothreitol (DTT), iodo-
acetamide, and 2D Clean-Up Kit were purchased from Amersham Bio-
sciences (Milan, Italy). Trypsin, Taq polymerase, and the ECL kit were
supplied from Promega (Milan, Italy); siRNAwere fromAmbion (Milan,
Italy). Earle’s minimum essential medium (MEM), fetal bovine serum
(FBS), Lipofectamine 2000, Novex Nu-PAGE Bis-Tris gels, TRIzol, de-
oxyribonucleotide triphosphates, random hexamers, the plasmid pEF6/
V5-His TOPO vector, and chemically competent Escherichia coli were all
purchased from Invitrogen (Milan, Italy). Primers were purchased from
Sigma Genosys (Milan, Italy). Rabbit polyclonal anti-uPA and plasmino-
gen were from Technoclone (Wien, Austria); mouse monoclonal anti-
GAPDH and rabbit polyclonal anti–LASP-1 were from Chemicon
(Milan, Italy) International; rabbit polyclonal anti-heterogeneous nu-
clear ribonucleoprotein H1 (HNRPH1) was from Bethyl Laboratories
(Montgomery, TX); mouse monoclonal anti–CK-1 and anti–CK-10 were
from AbCam (Cambridge, UK); antimouse IgG, antirabbit IgG HRP,
and fluorescein isothiocyanate–labeled phalloidin were supplied by Sigma-
Aldrich, Chemical Co. Finally, LY294002 was from Calbiochem (Milan,
Italy), and transwells were purchased from Corning (Turin, Italy).

Protein Extraction
A total of 1 × 107 cells were used for each protein sample: cells were

washed three to four times with cold PBS containing 0.1 mM sodium
orthovanadate and were collected by scraping into a further 1 ml of
cold PBS before centrifuging (2000g for 5 minutes at 4°C). The
supernatant was discarded, and the cell pellet was solubilized in two-
dimensional difference gel electrophoresis (2D-DIGE) sample buffer:
7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, buffered to
pH 8.5, supplemented with 1 mM sodium orthovanadate and 2 mM
phenylmethylsulfonyl fluoride. After incubating for 10 minutes at
room temperature, the pellet was intermittently sonicated on ice until
the cells were lysed. After centrifuging the cell lysate for 10 minutes at
12,000g to remove any cells debris, the protein concentration in the
supernatant was determined using a Bradford reagent.

To eliminate all salts and nonprotein contaminants, the cell lysate
samples were precipitated with a 2D Clean-Up Kit. The air-dried pro-
tein pellets were solubilized in a 2D-DIGE sample buffer.

2D-DIGE Experiments
Cell lysate proteins were labeled with the CyDyes DIGE Fluors

developed for 2D-DIGE technology (GE Healthcare, Milan, Italy), ac-
cording to the manufacturer’s instructions. Briefly, 50 μg of SKHep1C3
and 50 μg of siRNA uPA SKHep1C3 lysates were minimally labeled
by incubating with 400 pmol of Cy5 for 30 minutes on ice, in the
dark. The reactions were then quenched by incubating with 1 μl of
10 mM lysine for 10 minutes on ice, in the dark. Labeling was per-
formed from two biologic replicates.

In parallel, to obtain a pooled reference sample, 100 μg of two bio-
logic replicates of pS and pS shRNA uPA lysates were mixed, and the
resulting 400 μg of proteins were labeled with 3200 pmol of Cy3. Next,
we made eight gels in four 2D-DIGE experiments using 50 μg of each
Cy5-labeled sample in combination with 50 μg of the Cy3-labeled ref-
erence sample, adjusting the volume to 350 μl with 2D rehydration
buffer: 8 M urea, 4% CHAPS, 0.2% DTT, 0.8% IPG buffer, pH 3
to 10 NL, and 0.002% bromophenol blue. First dimension isoelectric
focusing was carried out on an IPGphor system (GE Healthcare). The
sample was then loaded onto an 18-cm Immobiline DryStrip gel (pH 3
to 10, NL) by passive rehydration for a minimum of 12 hours. After
rehydration, the DryStrip gel was transferred to Ettan IPGphore and
isoelectric focused by applying 30 V h for 6 hours, 200 V h for 3 hours,
1000 V h for 2 hours in gradient, 3500 V h for 2 hours in gradient,
3500 V h for 2 hours, 8000 V h for 3 hours in gradient, and 8000 V h
until a total of 70,000 V h was achieved. After isoelectric focusing, the
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IPG strip was allowed to settle in the SDS equilibration buffer (6 M
urea, 30% glycerol, 2% SDS, 0.05 M Tris-HCl, pH 8.8, 0.002% bro-
mophenol blue) containing 2% DTT in a first incubation for 15 min-
utes at room temperature and, subsequently, 3% iodoacetamide for
15 minutes at room temperature in the dark. After equilibration, each
strip was applied to the top of 10% isocratic SDS-PAGE handmade gel
between low-fluorescence glass plates and was run at 40 mA per gel at
15°C on the SE600 Ruby (GE Healthcare) separation unit, until the
blue dye front reached the bottom of the gel. A total of eight gels were
run for four 2D-DIGE experiments. After the protein separation, each
gel was scanned at two different wavelengths using a Typhoon 8600
variable mode imager (GE Healthcare) in the fluorescence mode. The
Cy3 images were scanned with a 532-nm laser, using a 580-nm emis-
sion filter; and Cy5 images were scanned with a 633-nm laser, using a
670-nm emission filter. The laser power was chosen so that there was
no saturated signal. All gels were scanned at a resolution of 100 μm
(pixel size). Gel images were processed with DeCyder software 2D
V6.5 (GE Healthcare), which allowed quantification, gel matching,
and statistical analysis. The normalized spot ratio was calculated by di-
viding the volume of the Cy5 spot by that of the corresponding Cy3
spot on each gel.
We used the Student’s t test for the statistical analyses. Only spots

with at least 1.5-fold change in volume with P < .05 after normali-
zation were considered differential, and only proteins found modu-
lated in all four 2D-DIGE experiments were considered significant.
Protein Identification
Proteins were identified after excision of spots from a colloidal

Coomassie-stained gel using matrix-assisted laser desorption/ionization–
time of flight–mass spectrometry (MALDI-TOF MS) as previously
described [26].
Cell Cultures
SKHep1Clone3 (SKHep1C3) [27], selected from undifferenti-

ated human HCC-derived cells [SKHep1 (No. HTB-52; American
Type Culture Collection, Manassas, VA)], SKHep1C3.69.2 cells, ob-
tained from SKHep1C3 cells by double selection in nude mice [16]
and SKHep1C3-transfected cells, were maintained in Earle’s MEM
(Invitrogen) supplemented with 10% FBS, 100 IU/ml penicillin, and
100 μg/ml streptomycin (Sigma-Aldrich) at 37°C in a 5% CO2 incu-
bator. AB2 human dermal fibroblasts were also cultured under the same
conditions [28]. Differentiated human HCC-derived cells [HepG2
(No. HB-8065; American Type Culture Collection) and HuH-6] and
Ha22T/VGH undifferentiated HCC-derived cells [29] were main-
tained in RPMI 1640 supplemented with 10% of FBS at 37°C in a
5% CO2 incubator. HuH-6 and Ha22T/VGH cells were kindly pro-
vided by Prof. Natale D’Alessandro (University of Palermo, Italy).
Overexpression of uPA and LASP-1
cDNA fragments encoding the uPA coding sequence (CDS; National

Center for Biotechnology Information (NCBI) Accession Number:
NM_002658) and the LASP-1 CDS (NCBI Accession Number:
NM_006148) were isolated by polymerase chain reaction (PCR)
using respectively the uPA cl FOR sense (5′-GACCTCGCCACCA-
TGAGAG-3′) and uPA cl REV antisense (5′-CCCTGGGGAC-
CCTCAGAG-3′) primers and the LASP-1 cl FOR sense (GGA-
ACCATGAACCCCAACTGC-3′) and LASP-1 cl REV antisense
(5′-GGCGCTCCGGGTTCAGAT-3′) primers. The cDNA frag-
ments encoding uPA CDS (1320 bp) and LASP-1 CDS (804 bp)
were directly ligated into the pEF6/V5-His TOPO vector (Invitrogen).
The orientation and sequence of the insert were confirmed by auto-
mated sequencing.
Stable and Transient Transfection of SKHep1C3 Cells
For stable transfections, SKHep1C3 cells were seeded in the com-

plete medium at 80% of confluence in a six-well Costar plate (8 ×
104 cells per well). Twenty-four hours after seeding, the cells were
transfected in serum-free Earle’s MEM using 4 μg of each plasmid
(pEF6, pEF6 uPA, and pEF6 LASP-1) and Lipofectamine 2000 as
a transfection agent. The selection started 48 hours after transfection
by adding 6 μg/ml blasticidine (Invitrogen). The selection medium
was changed every 4 days until all nonresistant cells died (SKHep1C3
pEF6: cell was transfected with empty vectors; SKHep1C3 pEF6 uPA:
cells were transfected with uPA-expressing construct; SKHep1C3 pEF6
LASP-1: cells were transfected with LASP-1–expressing constructs).

For transient transfections, SKHep1C3 cells were seeded in the
complete medium at 80% confluence in a 24-well Costar plate (8 ×
104 cells per well). Twenty-four hours after seeding, the cells were
transfected in serum-free Earle’s MEM at 50 and 100 nM of siRNA
LASP-1 or at 100 nM of the scramble sequence (scr LASP-1) using
Lipofectamine 2000 (Invitrogen) transfection reagent according to
the manufacturer’s instruction. Transfection mixtures were replaced,
24 hours after transfection, with Earle’s MEM supplemented with
10% FBS. The conditioned media (CM) and the cell extracts (CE)
were prepared for analysis 48 and 72 hours after transfection as pre-
viously described [30].
Reverse Transcription–PCR Analysis and Genomic PCR
The DNA and total RNA were extracted with Trizol reagent

(Invitrogen) according to the manufacturer’s instruction and were quan-
tified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE).

The DNAwas used to verify the integration of the plasmid sequence
into cell genomes using the insert-specific forward primers uPA cl
FOR or LASP-1 cl FOR and the plasmid-specific reverse primer V5
(5′ GCGTAGAATCGAGACCGAG 3′). The total RNA of transfected
and nontransfected cells (1 μg) was reverse-transcribed using random
hexamers (Invitrogen). Reverse transcription (RT)–PCR was performed
using glyceraldehyde-3-phosphate–specific primers (NCBI Accession
Number: NM_002046), namely, GAPDH FOR, 5′ GTCAGTGGT-
GGACCTGACCT 3′, and GAPDH REV, 5′ TGAGGAGGGGAGA-
TTCAGTG 3′, to verify the integrity of RNA and adequate cDNA
synthesis. The expression levels of the constructs were monitored using
the plasmid-specific primers T7 (forward, 5′ TAATACGACTATA-
GGG 3′) and V5 (reverse). Endogenous uPA expression was detected
using uPA1- and uPA2-specific primers, and the endogenous LASP-1
mRNA expression was examined using the following primers: LASP-1 a
(forward), 5′ GAAGAAGCCCTACTGCAACG 3′; and LASP-1 b
(reverse), 5′ GTGTCTGCCACTACGCTGAA 3′.
Western Blot Analysis, Zymography, and Immunoprecipitation
The CM and CEs were collected from nontransfected and trans-

fected cells cultures as previously described [30]. Constant amounts
of proteins were loaded—under nonreducing conditions—onto Novex
NuPAGE (4%-12%) Bis-Tris gels (Invitrogen) or in 8% SDS poly-
acrylamide gels, which was blotted onto a nitrocellulose membrane.
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For total proteins from CM (not containing fetal calf serum; loaded at
9.72 μg per lane), nitrocellulose membranes were immunore-
acted using the primary rabbit antihuman uPA antibodies (1:1000
in 1% bovine serum albumin, BSA; Technoclone) and the secondary
HRP-conjugated antirabbit IgG (1:5000 in 0.3% BSA) antibodies or
overlaid onto casein agar containing 2 μg/ml human plasminogen
(Technoclone) to evaluate uPA activity [30]. For total proteins from
the CE (69.9 μg per lane), the immunoreactions were performed
using rabbit antihuman LASP-1 (1:500 in 0.3% BSA), antihuman
HNRPH1 (1:30,000 in 1% BSA) antibodies, and HRP-conjugated
antirabbit IgG (1:5000 in 0.3% BSA) antibodies or mouse monoclonal
antibodies antihuman GAPDH (1:300 in 1% BSA), CK-1 (1:500 in
0.3% BSA), CK-10 (1:500 in 0.3% BSA), and HRP-conjugated anti-
mouse IgG [1:5000 in 0.3% BSA; anti-GAPDH and anti–LASP-1
(Millipore, Billerica, MA); anti-HNRPH1 (Bethyl Laboratories); anti–
CK-1 and anti–CK-10 (AbCam); anti–mouse/rabbit IgG (Sigma)].

The immunoreaction results were detected using the ECL substrate
kit (Celbio, Milan, Italy). The bands were scanned and analyzed by
a digital system (Gel-Pro Analyzer 3.1; MediaCybernetics, Bethesda,
MD), and the integrated optical density values were expressed in pixels.
The expression percentages were normalized with respect to GAPDH.

For immunoprecipitation (IP), cells were lysed in ice-cold lysis buffer
containing 50 mM HEPES (pH 7), 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1.5 mMMgCl2, 1 mM EGTA, 10 mM Na4P2O7,
100 mM NaF, and 1 mM sodium orthovanadate in the presence
of protease inhibitors for 20 minutes with gentle rocking at 4°C.
Lysates were pooled and were cleared by centrifuging (13,000 rpm for
10 minutes); their protein concentration was found using BCA reagent
(Pierce, Rockford, IL). The samples were incubated for 45 minutes
by gentle rocking at 4°C with Protein A–Sepharose 4B (100 μl of a
42% solution). Extracts were immunoprecipitated by incubating for
3 hours with gentle rocking at 4°C with antibodies plus Protein A–
Sepharose 4B (50 μl of a 42% solution). The immunoprecipitates
were washed five times with 1 ml of buffer containing 20 mM
HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100,
supplemented with a mixture of protease inhibitors, boiled in SDS
loading buffer (125 mM Tris-HCl pH 6.8, 5% SDS), and the eluted
proteins were resolved by SDS-PAGE and immunoblotted with anti–
LASP-1 and anti-HNRPH1.

Immunofluorescence
For the immunofluorescence (IF) detection of LASP-1, HNRPH1,

and uPA, transfected and nontransfected cells were seeded and cul-
tured (75,000 cells/22 × 22-mm glass coverslips in 3 cm Φ Petri
dishes) in growth medium until 90% confluence. The cultures were
then fixed in cold methanol × 20 minutes at 4°C. After one wash in
PBS (1 × 3 minutes) and one treatment with 0.3% BSA in PBS (1 ×
3 minutes), the cells were immunoreacted with the first antibodies,
polyclonal anti–LASP-1, anti-HNRPH1, and anti-uPA antibodies
(1:100 in 0.3% BSA; 1:300 in 1% BSA; 1:100 in 1% BSA, respec-
tively) for 30 minutes at room temperature and washed 3 × 5 minutes
in PBS.

The cells were then immunoreacted with the secondary fluorescein-
conjugated antirabbit IgG (1:100 in 0.3% BSA) for 30 minutes at
room temperature. The coverslips were mounted on glass slides in
mounting medium and photographed with a Leitz fluorescence micro-
scope (original magnification, ×63; Hicksville, NY). The density levels
of 100 pS and 100 pS siRNA uPA cells were carried out on the cells
after anti–LASP-1 and HNRPH1 staining. Ten randomly chosen fields
were analyzed for each cell type. All corresponding images were ana-
lyzed by a specific program (MCID), which evaluates the integrated
optical density level of each immunofluorescent cell.

Actin Microfilaments Detection
For actin microfilaments analysis, cells were seeded on 14 × 14-mm

glass coverslips, and after 24 hours, the cells were transiently trans-
fected with siRNA LASP-1 as described previously. Seventy-two hours
after transfection, they were fixed in 3% paraformaldehyde in PBS for
5 minutes followed by permeabilization with 0.5% Triton X-100 in
PBS for 5 minutes. After three washes with PBS, the specimens were
incubated with fluoresceine-conjugated phalloidin (Sigma) for 30 min-
utes. The actin staining of actin was observed under a fluorescence
microscope (original magnification, ×63; Zeiss, Milan, Italy).

Cell Migration Assays
For the motility assays, cells (1 × 105 cells per well) were loaded on

transwell 8.0-μm polycarbonate membrane inserts in triplicate wells
using a 24-well transwell chamber (Costar, Bodenheim, Germany).
Cells were seeded in the upper chamber in 100-μl serum-free Earle’s
MEM; 0.6 ml of AB fibroblasts CM was loaded into the bottom
chamber as chemoattractant. The plates were incubated at 37°C in a
5% CO2 incubator. After 24 hours, the cells that migrated in the lower
chamber were trypsinized and counted using a Burker’s chamber.

Treatment of SKHep1C3 Cells with LY294002, a Specific
Inhibitor of Phosphoinositide-3 Kinase Complex

SKHep1C3 cells were seeded in 24-well Costar plates (80,000 cells
per well) in complete medium containing 10% FBS in triplicate wells.
After 24 hours, the medium was removed, and after three washings
with PBS, the medium without fetal calf serum was added. After
24 hours, 20 μM LY294002 was added for 30 minutes then the me-
dium was changed with a fresh medium containing 10% FBS. At 4, 8,
and 24 hours, CE and CM were collected as described [30]. Cell ex-
tracts were submitted to Western blot (WB) detection of LASP-1; CM
were submitted to zymographic detection of uPA.

Statistical Analysis
Each experiment was carried out at least twice (the histograms

show mean values, the bars indicate SD). The statistical significance
of the results was determined using Student’s t test. Data were con-
sidered significant with P ≤ .05.
Results

Proteomics Identification of Differentially Expressed Proteins
in uPA Down-modulated SKHep1C3 Cells

Two-dimensional difference gel electrophoresis was used to analyze
the effects on protein expression of the uPA inhibition by RNAi in
SKHep1C3 tumor cell line (pS cells, SKHep1C3 transfected with
the empty vector; pS shRNA uPA, SKHep1C3 cells transfected with
plasmids expressing shRNA against uPA [15]). Details of the 2D-
DIGE experimental design are reported fully in the Materials and
Methods section.

Imaging analysis performed by DeCyder software demonstrated that
among 3995 total spots, there were 2281 matched protein spots and
4 were significantly downregulated in pS shRNA uPA-transfected cells.
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