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Metastasis occurrence in the course of hepatocellular
carcinoma (HCC) severely affects prognosis and sur-
vival. We have shown that HCC invasive cells express
�3�1-integrin whereas noninvasive cells do not. Here
we show that transforming growth factor (TGF)-�1
stimulates �3-integrin expression at a transcriptional
level in noninvasive HCC cells, causing transforma-
tion into a motile and invasive phenotype. Such ac-
tivities are inhibited by neutralizing anti-�3- but not
anti-�6-integrin monoclonal antibodies. HCC invasive
cells secrete abundant levels of active TGF-�1 in com-
parison with noninvasive cells, but in the latter, ad-
dition of active matrix metalloproteinases-2 increases
the concentration of active TGF-�1. In this way, the
cells express �3-integrin at a transcriptional level and
acquire motility on Ln-5. By contrast, an anti-TGF-�1-
neutralizing antibody reduces �3-integrin expression
and the invasive ability of HCC invading cells. In HCC
patients, TGF-�1 serum concentrations and �3-inte-
grin expression are strongly correlated. The integrin,
absent in normal and peritumoral liver parenchyma,
is abundantly expressed in HCC primary and meta-
static tissue. In particular, patients with metastasis
show higher levels of TGF-�1 serum concentrations
and stronger expression of TGF-�1 and �3-integrin in
HCC tissues. In conclusion, TGF-�1 may play an im-
portant role in HCC invasiveness by stimulating �3-
integrin expression, and could therefore be an im-
portant target for new therapies. (Am J Pathol 2002,
161:183–193)

Hepatocellular carcinoma (HCC) is the most frequent
epithelial malignancy of the liver.1 Although great im-
provements have been made in the diagnosis and ther-
apy of HCC, survival is still poor even for those patients
with better clinical and pathological features.2,3 This is

mainly because of recurrence of the HCC after surgery,
or to the presence of disseminated micronodules that
rapidly grow and grossly invade the remaining liver pa-
renchyma, affecting prognosis, survival, and life expec-
tation.2,4

HCC cells interact with several different extracellular
matrix (ECM) components to migrate and invade sur-
rounding tissues. Such interactions are ensured by inte-
grins, a class of heterodimeric transmembrane receptors
composed of one � and one � chain.5,6 Integrins are
polarized at cellular surfaces, and are involved in a num-
ber of cell functions such as adhesion, migration, inva-
sion, proliferation, and survival.7,8 In several physiologi-
cal and pathological conditions, such as embryogenesis,
development, wound healing, psoriasis, lichen planus,
and skin and oral cancer, a rearrangement or de novo
expression of integrins has been reported.9–12 Recently,
we have shown that �3�1-integrin is essential for HCC
cell migration on laminin-5 (Ln-5) and invasion through
three-dimensional ECM structures.13 Ln-5 is an �3�3�2
component of the Ln family, that has been shown to be
implicated in cancer metastasis.14–17

The mechanisms whereby �3�1-integrins modulate
cancer cell migration and invasion are not entirely known,
but we and other groups have shown that this integrin is
implicated in the production and/or activation of matrix
metalloproteinase (MMP)-9 and MMP-2.13,18 These two
enzymes are members of the MMP family, provided with
proteolytic activity, secreted as proenzymes, and acti-
vated at the cellular surface by a membrane-type 1 MMP
(MT1-MMP), implicated in cancer invasion and metasta-
sis.19,20 Regulation of this proteolytic activity is important
to allow HCC cells to penetrate through the surrounding
tissues enriched by ECM components as a consequence
of the underlying cirrhosis:21 breakdown of such tissue
boundaries is crucial for HCC penetration through peri-
tumoral tissues and spread.22 �3�1-integrin expression
has been shown to have a role during embryogenesis,
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when it is abundantly expressed by fetal hepatocytes,
whereas it is absent in normal adult hepatocytes, proba-
bly as a result of tissue differentiation or a different spe-
cific microenvironment.23–25 However, the mechanisms
that modulate integrin expression on hepatocytes during
tissue morphogenesis and neoplastic degeneration are
still unclear.

Transforming growth factor (TGF)-�1 is a potent cyto-
kine involved in a number of different functions such as
epithelial mesenchymal transition, tissue morphogenesis,
angiogenesis, and hence tumor progression, invasion,
and metastasis.26,27 In liver tissues, TGF-�1 has a profi-
brotic activity, stimulating ECM production, and is in-
volved in the pathogenesis of liver cirrhosis.28 In other
tissues, it stimulates integrin expression in different types
of both normal and cancer cells, although no studies
have reported stimulation of integrin �3�1.24

The goal of this study was to investigate how TGF-�1
modulates the invasiveness of HCC cells in vitro and in
vivo, focusing particularly on integrin expression.

Materials and Methods

Cell Cultures

The human HCC cell lines Chang, Hep3B, Alexander,
HepG2, and SK-Hep1, and the murine fibroblast cell line
NIH3T3, were obtained from the American Type Culture
Collection (Rockville, MD). Other HCC cell lines: ie, HLE
and HLF, were obtained from the Japanese Cancer Re-
sources Bank. HepG2.2.15, a HepG2-transfected with
the hepatitis B virus, was kindly provided by A. McLacha-
lan (The Scripps Research Institute, La Jolla, CA). Chang,
Hep3B, SK-Hep1, and NIH3T3, cells were maintained in
Dulbecco’s modified Eagle’s medium (Life Technologies,
Inc., Grand Island, NY) supplemented with 10% (v/v) fetal
calf serum (Mascia Brunelli, Italy), 2 mmol/L L-glutamine,
penicillin (20 U/ml), and streptomycin (20 �g/ml) (Life
Technologies, Inc.). HLE, HLF, HepG2, HepG2.2.15,
and Alexander, were cultured in RPMI (Life Technolo-
gies, Inc.), supplemented with 10% (v/v) fetal calf se-
rum, L-glutamine, penicillin, and streptomycin. All cells
were maintained at 37°C in a humidified incubator
containing 5% CO2.

Reagents

TGF-�1 was purchased from Sigma (St. Louis, MO);
monoclonal antibodies BE12 and AA3 (against human
�4) were kindly provided by V. Quaranta (The Scripps
Research Institute, La Jolla, CA);29 MIG1, TR1, and CM6
(against rat Ln-5) were prepared as described.30 Gi9,
monoclonal antibody (to human �2), was purchased from
Immunotech (Marseille, France); F2, F4, and F1 (to hu-
man �3) were kindly provided by L. Zardi (IST, Genoa,
Italy).31 MAR6 and MAR4 (to human �6 and �1, respec-
tively)32 were a gift from S. Menard (INT, Milan, Italy).32,33

Function-blocking antibodies against human �3- and �1-

integrin (P1B5, and P4C10, respectively) were pur-
chased from Life Technologies, Inc. (Gaithersburg, MD);
antibody against �6 (GoH3) was purchased from Phar-
mingen (San Diego, CA). The neutralizing antibody
against TGF-�1 was purchased from R&D Systems (Min-
neapolis, MN). The BB-94 MMP inhibitor was kindly pro-
vided by British Biotech Technology, Ltd., and diluted in
dimethyl sulfoxide, following the manufacturer’s instruc-
tions. Rat Ln-5 was purified as previously described.34

Fluorescein isothiocyanate-labeled goat anti-mouse sec-
ondary antibody was purchased from Zymed (San Fran-
cisco, CA). A reduced growth factor (GFR) Matrigel ma-
trix was purchased from Becton Dickinson (Bedford,
MA). The conditioned serum-free medium of NIH/3T3
cells was collected after 24 hours as previously de-
scribed.13 Human recombinant MMP-235 was kindly sup-
plied by W. G. Stetler-Stevenson (National Institutes of
Health, Bethesda, MD).35

Fluorescence-Activated Cell Sorting (FACS)
Analysis

Cells were cultured at low density in serum-free condi-
tions in the presence or absence of TGF-�1 (3 ng/ml). In
some experiments HCC noninvading cells were cultured
in the presence or absence of active MMP-2 (1 �g/ml) for
48 hours, whereas HCC invading cells were cultured for
7 days in serum-free conditions in the presence of anti-
TGF-�1-neutralizing antibody (50 �g/ml). Cells were then
trypsinized and gently washed with ice-cold Tris-buffered
saline (pH 7.4) containing 2% fetal calf serum, and cen-
trifuged at low speed (400 � g). The cells were incubated
with monoclonal antibodies against �2 (P1E6), �3 (F1,
F2, F4, and P1B5), �6 (MAR6), �1 (MAR4), and �4 (AA3,
BE12) integrins diluted in Tris-buffered saline (10 �g/ml)
for 30 minutes on ice, washed, and centrifuged. Finally,
they were incubated with a fluorescein isothiocyanate-
labeled goat anti-mouse secondary antibody diluted in
Tris-buffered saline (1:30) for 30 minutes on ice, and
analyzed on a Beckman Coulter (Fullerton, CA) FACScan
flow cytometer. As a negative control, cells were incu-
bated with an antibody directed against human thyro-
globulin (T�) or against �IIb�3 (CP3) followed by a sec-
ondary antibody.

Semiquantitative Reverse Transcriptase-
Polymerase Chain Reaction Analyses

Total RNA was extracted from 2 � 106 HCC cells using
the RNeasy minikit (Qiagen, Valencia, CA) and 2 �g of
total RNA were reversed-transcribed using the RETRO-
script kit (Ambion, Austin TX), following the manufactur-
er’s instructions.

cDNA were diluted and one-twentieth of each sample
was used for subsequent polymerase chain reaction anal-
ysis using Taq polymerase (DyNAzyme II; Finnzymes, Fin-
land), and processed in a MWG-biotech thermocycler. Am-
plification was performed in sequential cycles including a

184 Giannelli et al
AJP July 2002, Vol. 161, No. 1



45-second denaturation step at 94°C, followed by a 45-
second annealing step at 60°C and 1-minute extension step
at 72°C. The specific number of cycles (27 for GAPDH and
29 for �3-integrin, respectively), was determined after pre-
liminary linear range-finding experiments to avoid the satu-
ration phase (data not shown). The reaction was also per-
formed in the absence of cDNA and in the presence of
untreated RNA as template to test any possible contamina-
tion. After amplification, samples were separated on a 1.5%
ethidium bromide-stained agarose gel, photographed, and
quantified using an appropriate software image analysis
program (Image Master 1D Prime; Pharmacia Biotech, UK).
The relative intensity of the GAPDH bands was used to
quantify the relative efficiency of the reverse transcriptase-
polymerase chain reaction amplification. The oligonucleo-
tides used as primer for amplification were purchased from
Genset (Genset SA, Paris). Sequences were generated with
DNAclub software in such a way that 5� and 3� primers
would span different exons on the basis of the GenBank
sequences (no. 7669491 for GAPDH and no. 6006010 for
�3-integrin, respectively), and tested for specificity using
the BLAST program available at the National Center for
Biotechnology Information website. Sequences were as fol-
lows: for GAPDH: 5�-TCA CCA TCT TCT AGG AGC GAG
A-3�, and 5�-CTT CTG GGT GGC AGT GAT G-3� with a
product of 337 pb; and for �3-integrin: 5�-AAG CCA AGT
CTG AGA CTG TG-3� and 5�-GTA GTA TTG GTC CCG AGT
CT-3� with a product of 656 pb.

Transwell Haptotactic Migration Assay

Migration assays were performed as previously de-
scribed.36 Briefly, transwell filters (8.0-�m pore size;
Corning, NY) were coated on the bottom side with Ln-5 (1
�g/ml) or with blotto (5% nonfat dry milk in PBST) used as
negative controls. After trypsinization, cells were plated
(6 � 104) in the upper part of the chamber, under serum-
free conditions. In some experiments MIG1 and TR1 (30
�g/ml) monoclonal antibodies against Ln-5 were added
to the migration medium. In other experiments, cells mi-
grated in the presence of the MMP inhibitor BB-94 (3
�g/ml) or in the presence of functional monoclonal anti-
bodies directed against �3 (P1B5), �6 (GoH3), and �1
(P4C10) 10 �g/ml. Exogenous human recombinant
MMP-2 was activated and added to the medium in the
migration assay of the noninvasive HCC cells (concen-
trations ranging from 1 to 0.1 nmol/L). In other experi-
ments MMP-2-treated noninvasive cells were abundantly
washed before being used for migration assays. Filters
were incubated for 16 hours at 37°C in a humidified
incubator containing 5% CO2, fixed and stained with
0.5% crystal violet in methanol. Nonmigratory cells were
removed with a cotton tip, and migratory cells were
counted under a light microscope, with �400 magnifica-
tion. Each experiment was run in duplicate, and four
microscopic fields from each of the two filters were
counted in every case. Results were expressed as the
mean number of cells counted in each field � SD.

Chemoinvasion Through a Reconstituted
Basement Membrane

The BM Matrigel preparation, extracted from the En-
gelbreth-Holm-Swarm mouse tumor, polymerizes at room
temperature into a reconstituted three-dimensional struc-
ture. Eight-�m pore size (Nucleopore, CA) polycarbonate
filters were coated with reconstituted BM GFR Matrigel (8
�g/cm2) according to the manufacturer’s instructions.37

Briefly, the homogeneity of the coating was checked by
protein staining. Filters were then reconstituted with se-
rum-free medium, and placed in Boyden chambers.
Cells, at concentrations of 3 � 105 resuspended in se-
rum-free medium, were plated in the upper part of the
chamber. In the lower compartment, NIH/3T3-condi-
tioned serum-free medium was used as chemoattractant,
and a nonconditioned serum-free medium was used as
negative control. The Boyden chambers were incubated
for 6 hours at 37C° in a humidified incubator with 5%
CO2. The filters were then fixed and stained, and nonin-
vasive cells were removed with a cotton tip, as described
above. The total number of invasive cells was quantified
by the image analysis software previously reported.13 For
each condition, three filters were run in each experiment.
Results show the mean number of counted cells � SD.

Detection of TGF-�1 by Enzyme-Linked
Immunosorbent Assay

The invasive and noninvasive HCC cells were cultured in
serum-free conditions, and conditioned media were col-
lected after 72 hours of incubation. Protein concentra-
tions were measured by the bicinchoninic acid method
(Pierce Chemical Co., Rockford, IL). Samples were nor-
malized for protein concentration, and active TGF-�1
levels were determined according to the manufacture’s
instruction (R&D Systems). In addition, the TGF-�1 con-
centration was measured in the serum of 40 patients with
HCC (28 metastatic and 12 nonmetastatic), and in 20
patients with liver cirrhosis as control. The clinical fea-
tures of these patients have already been reported pre-
viously22 and are not therefore repeated here.

Immunohistochemistry

This study was performed in accordance with the Helsinki
Declaration and informed written consent was obtained
from all patients. Tissue specimens were obtained from
surgery and/or needle biopsy from the same HCC pa-
tients in whom we evaluated the TGF-�1 serum concen-
trations. Part of each specimen was included in 3.7%
formaldehyde and processed for routine histology and
the other part was immediately snap-frozen in liquid ni-
trogen. The tissues were included in Optimal Cutting
Temperature 4583 (OCT) embedding compound (Miles
Laboratories, Inc., Naperville, IL) and 5-�m-thick sec-
tions were serially cut with a microtome (Microtom, HM
505E; Carl Zeiss Oberkochen, Germany), collected on
appropriate glass slides (Sigma Chemical Company) and
processed for indirect alkaline phosphatase. As a control
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we used five liver tissues obtained from healthy patients
who underwent surgical operations for accidental trauma.

Briefly, sections were fixed in a cold chloroform/ace-
tone mixture for 10 minutes, air-dried, and incubated with
different monoclonal antibodies directed against �3-inte-
grin. All of the primary antibodies were diluted in RPMI
medium with 10% added fetal calf serum, and after gen-
tle washing, sections were then incubated with a proper
secondary antibody (DAKO, Glostrup, Denmark) for 30
minutes in a humidified chamber. Sections were washed
and incubated with alkaline phosphatase anti-alkaline
phosphatase complexes. Staining was developed with
red fuchsin chromogen, and abundantly washed for 20
minutes. Finally, sections were mounted with glycerol and
examined with a Nikon Eclipse photomicroscope (Nikon,
Corp., Tokyo, Japan).

Immunohistochemistry staining was quantified by
counting the number of positive cells per microscopic
field. Ten randomly chosen microscopic fields were eval-
uated for each tissue specimen, and the mean and SD
were calculated.

Statistical Analysis

Student’s t-test was used to determine the 99% confi-
dence intervals for the TGF-�1 serum levels and for quan-
tification of the �3-integrin expression levels in HCC pa-
tients with and without metastasis. The correlation
between these two factors was investigated with the
Pearson correlation coefficient.

Results

All of the experiments in vitro were performed at least
three times on all of the HCC cell lines: the invasive (HLE,
HLF, Chang, SK-Hep1) and the noninvasive (HepG2,
HepG2.2.15, Hep3B, Alexander) in accordance with our
previous study. In vivo, we investigated the correlation
between TGF-�1 serum concentrations and �3-integrin
expression on the primary nodule, metastatic, and peri-
tumoral tissues of all of the 40 patients with HCC.

TGF-�1 Stimulates Integrin Expression

Exogenous TGF-�1 was added to the HCC cells in se-
rum-free conditions, and integrin expression was evalu-
ated by FACS analysis after 48 hours. As previously
reported,13 the integrin subunit �3 was virtually absent in
HepG2 cells, whereas it became strongly expressed after
48 hours of stimulation with TGF-�1 in serum-free condi-
tions (Figure 1). Overlapping results were reproduced by
using four different anti-�3 (F1, F2, F4, P1B5) monoclonal
antibodies. Furthermore, we also investigated other inte-
grin subunits such as �2, �6, �1, and �4, and we ob-
served that after TGF-�1 stimulation they were slightly
increased (Figure 1); consistent, similar results were ob-
served in all of the other noninvasive HCC cells (Figure
1). Instead, the addition of TGF-�1 to the invasive cells

did not substantially affect the expression levels of any
integrin subunits (Figure 1).

In conclusion, TGF-�1 stimulates �3 expression on the
noninvasive but not on the invasive HCC cell lines that are
already �3-positive.

TGF-�1-Stimulated HepG2 Cells Acquire
Migration on Ln-5

HepG2 cells, as well as the other noninvasive HCC cells,
are not constitutively migratory on Ln-5, as previously
reported.13 However, as shown in Figure 2, after TGF-�1
stimulation they become motile on Ln-5, and this ability is
further enhanced in the presence of endogenously
added MMP-2, whereas HepG2 unstimulated cells still
remain immobile even in the presence of MMP-2. Migra-
tion in the presence of MMP-2 was dose-dependent at
the same concentration range needed to stimulate other
cell line migration on Ln-5. In all of the migration experi-
ments blotto-coated filters were used as a negative con-
trol.

To test the hypothesis that HepG2 cells acquire migra-
tion after TGF-�1 stimulation because of the acquisition of
�3 expression, functional blocking anti-integrin antibod-
ies were added during migration assays in the presence

Figure 1. TGF-�1 stimulates integrin expression in noninvasive but not in
invasive cells. TGF-�1 increases the expression of integrins and in particular
of �3 by HepG2 noninvasive cells (open bars), but not in the SK-Hep1
invasive cells (filled bars). The percentage of increased expression is rela-
tive to untreated cells.

Figure 2. TGF-�1 HepG2-treated cells acquire migration on Ln-5. Treated
HepG2 cells (open bars) migrate on Ln-5 but untreated cells (filled bars)
do not. This migration is further stimulated in a dose-dependent manner by
exogenously added MMP-2, whereas untreated cells remain nonmigratory.
Blotto is used as a negative control.

186 Giannelli et al
AJP July 2002, Vol. 161, No. 1



of the MMP-2 concentration we had previously found to
maximally increase migration. As reported in Figure 3,
antibodies directed against �3 (P1B5) and �1 (P4C10)
blocked migration on Ln-5, whereas in the presence of
antibodies directed against �6 (GoH3), stimulated
HepG2 cells migrated in the same way as the control.

Furthermore, we investigated the role of MMP-2 on the
TGF-�1-stimulated HepG2 cells using an MMP inhibitor,
BB-94, and a monoclonal antibody directed against Ln-5,
MIG-1, that as we have previously reported, specifically
inhibits migration on MMP-cleaved Ln-5.36 As shown in
Figure 4, migration of HepG2-stimulated cells in the pres-
ence of MMP-2 was blocked by MIG-1 monoclonal anti-
body, whereas TR1 antibody, a nonfunctional monoclonal
antibody directed against Ln-5, did not affect motility.
Addition of BB-94 into the migration medium caused
inhibition of the migratory activity of HepG2-stimulated
cells.

In conclusion, TGF-�1-stimulated HepG2 cells acquire
a motile phenotype on Ln-5 because of the �3 expression

on the cellular surface; this migration is enhanced in the
presence of MMP-2.

TGF-�1-Stimulated HepG2 Cells Invade
Through a Reconstituted BM in the Presence of
MMP-2

TGF-�1-treated and untreated HepG2 cells did not show
any invasive ability except in the presence of exogenous
MMP-2, that stimulates invasion through BM preparations
in a dose-dependent manner in TGF-�1-stimulated
HepG2 but not in unstimulated cells, as shown in Figure
5. This suggests that TGF-�1 stimulation is required, but
is not sufficient to cause HepG2 invasion through a three-
dimensional structure like the BM.

Invasive But Not Noninvasive HCC Cells
Secrete Active TGF-�1

After having been stimulated with TGF-�1, HepG2 cells
acquired a motile phenotype similar to that of invasive

Figure 6. Active TGF-�1 levels in conditioned medium of HCC cells. Active
TGF-�1 concentrations were higher in the conditioned medium of invasive
than noninvasive cells (272 � 80 versus 72 � 13 pg/mg proteins; P � 0.001)
measured by an enzyme-linked immunosorbent assay.

Figure 3. TGF-�1 HepG2-treated cell migration on Ln-5 is �3-dependent.
The �3-integrin expressed by TGF-�1 HepG2-treated cells (open bars) is
functionally active because cell migration on Ln-5 in the presence of MMP-2
is blocked by neutralizing antibodies against �3 but not against �6-integrin
(untreated cells shown by filled bars).

Figure 4. TGF-�1 HepG2-treated cells migrate on MMP-cleaved Ln-5.
HepG2-stimulated cells (open bars) migrate efficiently only on cleaved Ln-5
because the acquired migration is inhibited by the MMP inhibitor, BB94, and
a monoclonal antibody that specifically blocks migration only on cleaved
Ln-5. TR1 is used as the antibody control (untreated cells shown by filled
bars).

Figure 5. TGF-�1 HepG2-treated cells require MMP-2 to invade through a
reconstituted BM. In the presence of MMP-2, HepG2-stimulated cells (open
bars) invade through a reconstituted BM in a dose-dependent manner,
whereas untreated cells remain noninvasive even in the presence of MMP-2
(filled bar).
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HCC cell lines on Ln-5, as did all of the other noninvasive
cells. Therefore, we explored the possibility that the high
levels of �3-integrin expression on the invasive cellular
surface might be caused by endogenous production of
active TGF-�1. To this end, we collected the serum-free

conditioned media from all of the invasive and noninva-
sive cell lines, and measured the concentration of active
TGF-�1 by an enzyme-linked immunosorbent assay test.
As shown in Figure 6, the invasive cell lines secrete much
higher levels of active TGF-�1 (272 � 80 pg/mg proteins)
compared with the noninvasive cells (72 � 13 pg/mg
proteins), and this difference was statistically significant
(P � 0.01), whereas the total TGF-�1 levels were similar
between invasive and noninvasive cells (6271.2 � 2211.4
versus 4526.6 � 1418.9; P � 0.1). This suggests that the

Figure 7. MMP-2 activates endogenous TGF-�1 and stimulates �3-integrin
expression and migratory activity on HepG2-noninvading cells. The active
TGF-�1 concentration is increased in the conditioned media of HepG2-
noninvading cells cultured in the presence of MMP-2 (A). Each bar repre-
sents the mean of three different experiments. HepG2-�3-integrin expression
is increased after incubation with TGF-�1 or with active MMP-2, as evaluated
by FACS analysis (B). �3-integrin RNA is expressed in Sk-Hep1 invasive cells
but not in HepG2-noninvading cells. After incubation with TGF-�1 or with
active MMP-2 HepG2 cells express �3-integrin RNA (C). HepG2 migration on
Ln-5 occurs only in MMP-2- and TGF-�1-cultured cells (D).

Figure 8. Anti-TGF-�1-neutralizing antibody reduces �3-integrin expression
on SK-Hep1 invasive cells and inhibits invasion through a reconstituted BM.
The SK-Hep1 expression of �3-integrin and the invasion ability through a
reconstituted BM is reduced by the anti-TGF-�1-neutralizing antibody but not
by control antibody (A and B, respectively).

Figure 9. TGF-�1 serum concentrations in patients with liver cirrhosis and
HCC. TGF-�1 serum concentrations were higher in patients with HCC than
with liver cirrhosis (P � 0.001); and further increased in patients with
metastasis (Mtx) compared with those without Mtx (P � 0.02).
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autogenous production of active TGF-�1 might be re-
sponsible for �3-integrin expression and for the acquired
motile phenotype of the noninvasive cells.

To test this hypothesis, noninvasive HepG2 cells were
cultured in serum-free medium for 48 hours in the pres-
ence of active MMP-2, that has recently been shown to
activate latent TGF-�1.38 In accordance with this, the
amount of active TGF-�1 in the conditioned medium of
MMP-2-cultured HepG2 cells was significantly higher
than in controls (47.7 � 2.5 versus 108.3 � 18.9 pg/mg

protein; P � 0.002) as the mean of three distinct experi-
ments (Figure 7A).

As shown in Figure 7B, �3-integrin expression was
strongly increased after MMP-2 incubation, reaching
comparable levels to those observed after TGF-�1 stim-
ulation, as evaluated by FACS analysis. Furthermore, we
examined RNA messengers of the noninvasive HepG2
cells cultured in the presence of MMP-2, TGF-�1, or
control medium, using the SK-Hep1 invading cells as cell
culture control. TGF-�1 as well as MMP-2 stimulate

Figure 10. �3-integrin expression in tumoral, peritumoral, and metastatic HCC tissue. �3-integrin is localized in the parenchyma of metastatic (28 patients) and
nonmetastatic (12 patients) HCC primary nodules (white arrows) with a similar distribution pattern, but is more strongly expressed in the metastatic tissue. In
the peritumoral tissue of HCC patients with and without metastasis, �3-integrin is expressed by the blood vessel endothelial cells present in the stroma (white
arrows) but is completely absent in the parenchyma (black arrows). In the metastatic nodule, �3-integrin is distributed as in the primary nodule. In the
metastatic tissue, �3-integrin is expressed to the same extent as in the HCC primary nodule. �3-integrin expression level is higher in patients with metastasis than
in those without (P � 0.001). Scale bar, 5 �m.
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HepG2 �3 expression at a transcriptional level, whereas
the SK-Hep1 cells already expressed the RNA in basal
conditions (Figure 7C). Finally, MMP-2 but not control
cultured HepG2 cells showed strong migratory activity on
Ln-5 (Figure 7D).

These results suggest that MMP-2 activates the latent
TGF-�1 secreted by the noninvasive HCC cells and this
stimulates, at the transcriptional level, �3-integrin expres-
sion that then modulates cell migration.

Anti-TGF-�1-Neutralizing Antibody Inhibits �3-
integrin Expression and Cell Invasion Through a
Reconstituted BM

SK-Hep1-invading cells were cultured for 7 days in the
presence of an anti-TGF-�1-neutralizing antibody or of a
control immunoglobulin. As evaluated by FACS analysis,
�3-integrin expression was reduced by the presence of
anti-TGF-�1-neutralizing antibody (Figure 8A). The inva-
sive ability of anti-TGF-�1-neutralizing antibody SK-
Hep1-treated and untreated cells was measured by che-
moinvasion through Matrigel. As shown in Figure 8B, the
number of invading SK-Hep1-treated cells was signifi-
cantly lower than that of untreated cells (235.0 � 12.9
versus 368.7 � 50.2, P � 0.001).

TGF-�1 Serum Concentrations and �3-integrin
Expression Levels in HCC Patients with and
without Metastasis

TGF-�1 concentration was evaluated in the serum of 40
HCC patients with and without metastasis and of 20
patients affected by liver cirrhosis as a control group. In
agreement with other studies,39 patients with HCC
showed higher levels of TGF-�1 compared to patients
with liver cirrhosis (20.6 � 8.3 versus 12.9 � 3.4 ng/ml;
P � 0.001) (Figure 9). Furthermore, a statistically signifi-
cant difference (P � 0.02) was observed between pa-
tients with (22.9 � 8.6 ng/ml) and without metastasis
(16.6 � 5.6). This suggests the involvement of TGF-�1 in
HCC invasion and metastasis.

In the same patients we investigated the expression of
�3-integrin in the HCC tumoral, peritumoral, and meta-
static tissues by immunohistochemistry, part of the tis-
sues being examined by regular histology to confirm the
presence of metastasis (data not shown). Sections were
processed under the same experimental conditions, to
avoid staining heterogeneity, and four different monoclo-
nal antibodies (F1, F2, F4, P1B5) directed against �3-
integrin were used. Results obtained with the different
antibodies were similar in all of the staining experiments
(shown in Figure 10). �3-integrin is absent in the normal
and peritumoral liver parenchyma, whereas it is ex-
pressed in the blood vessels present in the portal
spaces. On the contrary, it becomes evident in the HCC
tissues, and even more strongly expressed in the paren-
chyma of HCC patients with metastasis. The distribution
pattern of �3-integrin was similar, although with different
intensity, in metastatic and nonmetastatic patients, the

integrin being mainly localized at the cellular surface of
HCC cells, and in some cases also intracellularly (Figure
10). Furthermore, the metastatic nodules showed an �3-
integrin staining distribution and intensity comparable to
that of the corresponding HCC primary lesions. The met-
astatic nodule was defined by histology (not shown).

To quantify the levels of �3-integrin expression, we
counted the number of positive cells in 10 randomly
chosen microscopic fields and the mean � SD reported
in Figure 10. As shown, the number of positive cells was
higher in HCC patients with metastasis (60.5 � 6.2) than
without metastasis (39.7 � 10.9), the difference being
statistically significant (P � 0.001). These data suggest
involvement of �3-integrin in HCC invasiveness and in
metastasis formation.

Furthermore, in HCC patients a strong correlation was
found between TGF-�1 concentrations and �3-integrin
levels (r � 0,57, P � 0.001) as shown in Figure 11. In
particular, patients with metastatic HCC showed higher
concentrations of TGF-�1 and �3-integrin levels com-
pared with those without metastasis (r � 0.44, P � 0.05,
versus r � 0.72, P � 0.01). This suggests that the expres-
sion of �3-integrin in HCC tissue might be caused by
TGF-�1.

TGF-�1 Expression in HCC Patients with and
without Metastasis

TGF-�1 expression was evaluated by immunohistochem-
istry using a polyclonal antibody against human TGF-�1
in the tumoral, peritumoral, and metastatic tissues of the
40 HCC patients. As shown in Figure 12, TGF-�1 staining
was more intense and diffuse in the tumoral tissues of
HCC patients with than without metastasis, whereas no
substantial differences were observed in the peritumoral
tissues of both patient groups. TGF-�1 staining was
mainly distributed around the parenchymal cells in the
extracellular space. To quantify the TGF-�1 staining we

Figure 11. TGF-�1 serum concentrations and �3-integrin expression levels
in patients with HCC. In patients with HCC, TGF-�1 serum concentrations
and �3-integrin expression levels are strongly correlated (r � 0.57, P �
0.001). Patients with metastatic HCC (filled circle) have higher TGF-�1
serum concentrations and �3-integrin expression than patients with non-
metastatic HCC (open circle).
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counted the number of positive cells in 10 randomly
chosen microscopic field and report the mean � SD in
Figure 12. As shown in Figure 12, the number of positive
cells is higher in HCC patients with (51.6 � 11.3) than
without (38.1 � 9.2) metastasis (P � 0.005).

Discussion
TGF-�1 is a multifunctional growth factor involved in tu-
mor progression and increased in the course of
HCC.27,39,40 We have previously provided evidence that
�3�1-integrin expression has a crucial role for HCC in-

vasiveness.13 This study suggests that in vitro and in vivo
TGF-�1 promotes HCC cell invasion via �3�1-integrin
expression. We base this conclusion on the following
observations: 1) TGF-�1 specifically stimulates �3-inte-
grin expression at the transcriptional level in noninvasive
HCC cell lines so that the stimulated cells acquire a
migratory and invasive phenotype; 2) anti-�3 but not
anti-�6-integrin-blocking antibodies inhibit this acquired
motile activity; 3) HCC invasive cells lines, intensely �3-
integrin-positive, secrete abundant amounts of active
TGF-�1, whereas noninvasive cells secrete very low lev-
els of active TGF-�1; 4) MMP-2 activates latent TGF-�1 in

Figure 12. TGF-�1 expression in tumoral, peritumoral, and metastatic HCC tissue. TGF-�1 is distributed in the parenchymal tissues of tumoral, peritumoral, and
metastatic HCC patients. In HCC metastatic patients the staining is more evident, and the number of positive cells is significantly higher (P � 0.005) than in
nonmetastatic patients. Scale bar, 5 �m.
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noninvasive HCC cultured cells stimulating �3-integrin
expression at the transcriptional level and migratory ac-
tivity on Ln-5; 5) in HCC invasive cells, anti-TGF-�1-
neutralizing antibody reduces �3-integrin expression and
cell invasiveness through a reconstituted BM; 6) in vivo,
�3-integrin is expressed only in the HCC but not in the
peritumoral and normal liver tissue, moreover, the inten-
sity of the staining strongly correlates with TGF-�1 serum
levels, with the tissue expression of TGF-�1 and with the
occurrence of metastasis.

It has also been reported by other authors, that
HepG2, as well as the other noninvasive HCC cell lines,
do not express integrin �3�1, and it has also been dem-
onstrated that TGF-�1 stimulates the expression of sev-
eral integrin chains on noninvasive HCC cells.24,41 In this
study, we confirm these data, but in addition we show
that after TGF-�1 stimulation, integrin �3�1 is the integrin
most strongly expressed. Furthermore, in these cells the
finding that �3-integrin is absent although TGF-�1 is se-
creted is explained by the fact that the noninvasive HCC
cells lack TGF-�1 activation. Recently, MMP-2 has been
shown to activate TGF-�138 but in our system the nonin-
vasive cells do not secrete MMP-2.13 Instead, addition of
active MMP-2 to HepG2 noninvasive cells activates
TGF-�1 and stimulates �3-integrin expression and motil-
ity on Ln-5. This mechanism could be very important
because even HCC cells not secreting MMP-2 could
potentially become invasive because it has been re-
ported that cells surrounding HCC lesions express MMP-
2.22 Also, in invasive HCC cells TGF-�1 is crucial be-
cause neutralizing antibodies directed against it reduce
�3-integrin expression and invasive activity. Furthermore,
this de novo-expressed �3�1-integrin is functionally ac-
tive because neutralizing anti-�3- but not anti-�6-integrin
antibodies inhibit the cells’ acquired migration on Ln-5.

We have shown that HCC migration on Ln-5, and in-
vasion through BM requires not only the presence of
�3�1-integrin, but also the proteolysis of ECM compo-
nents.13 In our experiments, HCC noninvasive cells do
not secrete gelatinases, as previously reported,13 even
after TGF-�1 treatment (data not shown), but the HCC-
treated cells migrate on Ln-5, this motility being further
increased by the presence of exogenously added
MMP-2. This seems to be in apparent contrast with other
studies reporting increased proteolytic activity in keratin-
ocytes,42 mesangial,43 and pancreatic cells44 but consis-
tent with others showing decreased MMP activity after
TGF-�1 stimulation.45 In particular, in the liver TGF-�1
has a potent fibrogenetic effect stimulating ECM deposi-
tion, and suppressing proteolytic enzymes favoring the
development of cirrhosis.28 The migration of TGF-�1-
treated cells on Ln-5 in the absence of MMP-2 likely
occurs because of MT1-MMP, whose expression we
have demonstrated at the cellular surface of all of the
noninvasive HCC cells.13 Motility on Ln-5 could be pro-
moted by MT1-MMP, that has been shown to cleave the
�2 chain of Ln-5 as MMP-2 does,34 although the in-
creased migration induced by addition of MMP-2 could
be caused by a synergistic effect on the proteolytic re-
modeling of Ln-5. The role of proteolytic activity in our
experimental model is proved by the fact that migration is

inhibited by the MMP inhibitor BB-94 and a specific an-
tibody, MIG1, that we have previously found blocks mi-
gration on cleaved Ln-5. Moreover, MMP-2 is needed to
allow HCC invasion through a reconstituted BM, because
MT1-MMP proteolytic activity is not sufficient by itself.13

All these data suggest that TGF-�1 is responsible for a
more aggressive and invasive phenotype of several ma-
lignancies including HCC,46–48 as confirmed by the fact
that invasive HCC cells secrete abundant levels of active
TGF-�1 whereas noninvasive cells do not. This finding is
in agreement with other studies in which an autocrine
stimulatory effect on HCC cells has been shown to be
involved in malignant tumor progression.40 In vivo,
TGF-�1 involvement has been widely documented in the
progression of several malignancies, and it has recently
been proposed as a marker for prostate cancer.49 In
Western countries HCC develops in cirrhotic liver, and
TGF-�1 levels are reported to be correlated with progres-
sion of the liver damage, as also with the occurrence of
HCC.28,39,40 As already reported in the literature,38 we
found higher TGF-�1 concentrations in patients with HCC
than in those with liver cirrhosis, and a further increase in
patients with a more aggressive and metastatic cancer
phenotype. In addition, TGF-�1 serum concentrations
strongly correlate with �3-integrin and TGF-�1 expres-
sion levels present in the HCC tissue and in the meta-
static sites but not in the peritumoral parenchyma. There-
fore, the fact that patients with metastatic HCC show
higher TGF-�1 serum concentrations and �3-integrin ex-
pression levels, together with the in vitro data, suggest the
idea that in HCC patients TGF-�1 triggers invasiveness
by stimulating the expression of �3-integrin.

In conclusion, we propose a scenario in which TGF-�1
produced and activated by either cancer or surrounding
cells stimulates �3-integrin expression at a transcriptional
level, and this regulates the migratory and invasive ability
of HCC cells. The de novo expression of �3-integrin in the
HCC tissue, and in particular in the metastatic nodules,
suggests that this integrin could be a marker of HCC
development and metastasis. Because TGF-�1 is impor-
tant for tumor invasion and metastasis it might be possi-
ble to block metastasis occurrence by blocking �3-inte-
grin expression in HCC. This suggests new therapeutic
strategies for blocking or preventing HCC spread.
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