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Liver cirrhosis is the main risk factor for the development of
hepatocellular carcinoma (HCC). Activated hepatic stellate cells
(HSC) are the effector cells of hepatic fibrosis and also infiltrate the
HCC stroma where they might play a critical role in HCC progression.
Here we aimed to analyze the effects of activated HSC on the
proliferation and growth of HCC cell lines in vitro and in vivo.
Conditioned media (CM) collected from HSC significantly induced
proliferation and migration of HCC cells cultured in monolayers. In
a 3-dimensional spheroid coculture system, HSC promoted HCC growth
and diminished the extent of central necrosis. In accordance, in vivo
simultaneous implantation of HSC and HCC cells into nude mice
promoted tumor growth and invasiveness, and inhibited necrosis
formation. As potential mechanism of the tumorigenic effects of
HSC we identified activation of NFkappaB and extracellular-regulated
kinase (ERK) in HCC cells, two signaling cascades that play a crucial
role in HCC progression. In summary, our data indicate that stromal
HSC promotes HCC progression and suggest the HSC–HCC interaction
as an interesting tumor differentiation-independent target for therapy
of this highly aggressive cancer. (Cancer Sci 2009; 100: 646–653)

P rimary hepatocellular carcinoma (HCC) is one of the most
fatal cancers in humans with rising incidence in many

regions around the world.(1) The majority of HCC patients have
a background of chronic liver disease, and the presence of liver
cirrhosis is the main risk factor for the development of HCC.(2,3)

The activation of hepatic stellate cells (HSC) is recognized as
a central event in the development of hepatic fibrosis and lastly,
cirrhosis. Upon hepatic injury, HSC transform to an activated,
myofibroblast-like phenotype that is responsible for the exces-
sive hepatic matrix deposition in chronically damaged livers.(4,5)

Moreover, in HCC the stroma is infiltrated by activated HSC/
myofibroblasts. They are located around tumor sinusoids, fibrous
septa and capsule, if the latter is present.(6–8)

The interaction between tumor cells and their microenvironment
has been recognized to fundamentally affect cancer development
by triggering cell proliferation and survival as well as the capa-
bility to invade the surrounding tissue for subsequent spreading
and colonization. In the majority of tumors, the aberrant
networks of growth factors, cytokines and chemokines including
their cognate receptors, are critically involved in cancer progres-
sion. Paracrine and autocrine mechanisms are responsible for
the communication between cancer and surrounding neighboring
cells, collectively known as tumor-stroma.(9,10)

Yet, the molecular framework of this crosstalk in the specific
tissue context and its consequences on carcinogenesis are largely
unknown and rather, are based on observations from individual
cell types. Especially, the role of activated HSC/myofibroblasts
in HCC development and progression is largely unknown.

In this study we tackled this issue by applying three different
models. First, we studied the influence of conditioned medium
(CM) collected from in vitro activated human HSC on different
human HCC cell lines cultured in monolayers. Next, we used a

three-dimensional coculture system to study the effect of
activated HSC on HCC cells. Finally, we applied simultaneous
xenografting of HCC cells and activated HSC. In summary, we
provide evidence that paracrine feedback mechanisms regulated
by activated HSC strongly affect the malignant progression of
HCC cells in vitro and in vivo, and that induction of extracellular-
regulated kinase (ERK) and NFkappaB activation may be
responsible for these effects.

Materials and Methods

Cells and cell culture. The HCC cell lines HepG2 (ATCC
HB-8065), PLC (ATCC CRL-8024), and Hep3B (ATCC HB-8064)
were used. Cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with penicillin (400 U/mL),
streptomycin (50 μg/mL), L-glutamine (300 μg/mL) and 10%
fetal calf serum (FCS; Sigma, Deisenhofen, Germany) and
passaged at a 1:5 ratio every 3 days. Spheroid cell culture was
performed as described previously.(11)

Human liver tissue for cell isolation was obtained according
to the guidelines of the charitable state-controlled foundation
Human Tissue & Cell Research (HTCR) with the patient’s
informed consent. Isolation and culture of hepatic stellate cells
(HSC) were performed as described previously.(12,13) In vitro
activation of HSC was achieved by cell culture on uncoated
tissue culture dishes for 20 days as described previously.(13)

To clearly characterize these cells as activated HSC we
analyzed neurotrophin-3 (NT-3) mRNA expression since it
has been shown previously that HSC express NT-3 while NT-3
expression cannot be detected in other subpopulations of myofi-
broblasts (MF), as interface MF, septal MF or portal MF.(14,15)

Reverse transcription – polymerase chain reaction (RT-PCR)
analysis applying primers specific for NT-3 (NT3-forw: 5′-GTC
ATC GGC CAT CGA CAT TCG; NT3-rev: 5′-GTT CTC TGA
AGT CAG TGC TCG) revealed an equal and strong band in
cDNA isolated from activated HSC isolated from three different
human donors (Supporting Information Fig. S1A). Furthermore,
immunohistochemical analysis applying anti-alpha-smooth
muscle actin (alpha-sma) antibodies showed the typical mor-
phology of activated HSC and confirmed the purity of the cell
culture (Supporting Information Fig. S1B).

Collection of conditioned medium (CM) from activated HSC.
One day after seeding into T75 flasks (2 × 106 cells), activated
HSC were washed twice with serum-free DMEM, and then
incubated for 24 h with serum-free DMEM (15 mL/T75).

For collection of CM from nonactivated HSC, freshly isolated
cells were seeded into T25 flasks (0.7 × 106 cells). At the next
day, cells were washed with serum-free DMEM, and incubated
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for another 24 h with complete medium (supplemented with
10% FCS). At day 2 after isolation, cells were washed again
twice with serum-free DMEM, and then incubated for 24 h with
serum-free DMEM (5 mL/T25).

Serum-free DMEM incubated for 24 h in cell culture flasks
without cells served as the control.

For individual experiments, CMs were preincubated with
antihuman hepatocyte growth factor (HGF), antihuman tumor
growth factor (TGF)-beta, or isotope-control antibodies (100 μg/
mL; all from R & D Systems, Wiesbaden, Germany).

Tumor cell inoculation and measurement of tumor growth in Naval
Medical Research Institute (NMRI) (nu/nu) mice. A model of inocula-
tion of tumor cells into NMRI (nu/nu) mice to monitor tumor
growth in vivo was performed as described previously.(16) Briefly,
HCC cells and activated HSC were harvested after incubation
with phosphate buffered saline (PBS) containing 0.05% trypsin
and 0.04% ethylenediaminetetraacetic acid (EDTA) (Sigma).
Cells were washed twice with serum-free DMEM (Gibco, Karlsruhe,
Germany) at room temperature and resuspended in DMEM at a
concentration of 1 × 107 cells/mL. For each experimental
setting a group of 10 NMRI (nu/nu) mice with a mean body weight
of 32 g was formed. Mice were injected subcutaneously with
a cell suspension of 0.1 mL containing either: (i) 5 × 105 HCC
cells; (ii) 5 × 105 activated HSC; or (iii) a mixture of 5 × 105

HCC cells and 5 × 105 activated HSC. Tumor growth kinetics were
recorded on a regular basis by measurement of tumor diameters
at the inoculation site (region of the thoracic mammary fat pad)
with an electronic caliper. Tumor areas were calculated as the
product of two perpendicular diameters, one measured across the
greatest width of the tumor. For ethical reasons the mice were
killed at day 16 after the first tumors underwent ulceration, and
the tumors were taken out and stored for subsequent analysis.

Expression analysis. Isolation of total cellular RNA from cultured
cells was performed as described previously.(13,16) Quantitative
real time-PCR was performed with specific primers for
interleukin (IL)-8 applying LightCycler technology (Roche,
Mannheim, Germany) as described.(17)

Protein analysis. Protein extraction and Western blotting were
performed as described previously(16) applying the following
primary antibodies: monoclonal anti-ERK antibody, or antiphospho-
ERK-antibody (both from Calbiochem, Darmstadt, Germany).

Immunohistochemical staining of paraformaldehyde (PFA)
fixed cells or 5 μm sections of tumor-tissue, respectively, was
performed using a mouse monoclonal anti-alpha-sma antibody
(M0634, 1:50 dilution; DAKO, Glostrup, Denmark), and an
indirect immunoperoxidase protocol according to the LSAB2-kit
(Dako, Hamburg, Germany) as described.(18) Further, PFA-fixed
tissue sections were stained against CD31 (PECAM-1) (Dako
Cytomation, Hamburg, Germany) on a Dako Autostainer (Dako
Cytomation).

The HGF level in conditioned medium of activated HSC was
analyzed using an enzyme-linked immunosorbent assay (ELISA)
from R & D Systems (Minneapolis, MN, USA) according to the
manufacturer’s instructions.

Sirius red staining. PFA-fixed tissue was embedded in paraffin
and 10 μm sections were mounted on glass slides. Sections were
deparaffinized and the slides were incubated for 30 min in a
solution of saturated picric acid containing 0.1% sirius red and
0.1% fast green.

Quantification of activated nuclear NFkappaB concentration.
NFkappB was quantified in nuclear extracts with the ELISA-based
kit TransAm from Active Motif (Rixensart, Belgium) according
to the manufacturer’s instructions as described.(17)

Proliferation assay. HCC cells were seeded into 96-well plates
(4000 cells/well) in DMEM supplemented with 10% FCS. One
day later seeding cells were washed twice with serum-free
DMEM, and subsequently, cells were cultured in CM from
activated HSC or control medium. Cell proliferation was measured

using the XTT assay (Roche, Mannheim, Germany) according
to the manufacturer’s instructions.(16) Experiments were carried
out in triplicate and were repeated three times with consistent
results.

In defined functional assays HCC cells were preincubated
with inhibitors of iNOS (aminoguanidin; 500 μM), NFkappaB
(MG132; 2 μM) or ERK-signaling (SUO 5402; 15 μM; all from
Calbiochem) for 30 min prior to stimulation with CM or control
medium.

Migration assays. Migration of HCC cells was assessed applying
two different assays.

Boyden chambers containing polycarbonate filters with
8 μm pore size (Costar, Bodenheim, Germany) were used, as
described previously.(16) Briefly, filters were coated with gelatine
(5 mg/L) to improve cell attachment. The lower compartment
was filled with DMEM supplemented with CM from activated
HSC or control medium. HCC cells were harvested, resuspended
in DMEM without FCS at a density of 2 × 105 cells/mL and
placed in the upper compartment. After incubation at 37°C for
4 h, the filters were collected and cells adhering to the lower
surface fixed, stained and counted. Experiments were carried out
in triplicate and were repeated three times with consistent
results.

Further, migration was assessed applying time-lapse scratch
assays (‘wound-healing-assay’). Here, HCC cells were seeded
in high density into 6-well plates. After adherence, cells were
washed with serum-free DMEM and either in CM from
activated HSC or control medium. Subsequently, the cell layer
was scratched by a pipette tip in a definite array, and the migration
into this array was documented and measured after 24 and 48 h.
Each analysis was performed in triplicate and repeated twice
with consistent results.

Statistical analysis. Results are expressed as mean ± standard
error (range) or percent. Comparison between groups was
made using the Student’s unpaired t-test. A P-value < 0.05 was
considered statistically significant. All calculations were
performed by using the GraphPad Prism Software (GraphPad
Software, Inc., San Diego, CA, US).

Results

Effect of conditioned medium collected from activated HSC on HCC
cells in vitro. To study the interaction between activated HSC
and HCC cells, we first incubated three different HCC cell lines
with conditioned medium (CM) collected from activated HSC.
Analysis of cell proliferation revealed that CM from activated
HSC significantly enhanced the mitogenic activity of all three
HCC cell lines (PLC, HepG2 and Hep3B) analyzed (Fig. 1A).

Previous studies have shown that activated HSC/myofibrob-
lasts constitute the HCC stroma.(6) Still, it is interesting to note
that CM from early cultures of nonactivated HSC exhibited
no effects on HCC proliferation (Supporting Information
Fig. S2). This finding prompted us further to focus our analysis
on the effect of activated HSC and CM from activated HSC,
respectively, on HCC cells.

Here, we next analyzed the migratory activity of CM-
stimulated HCC cells in comparison to control cells. Boyden
chamber assays demonstrated that CM from activated HSC
significantly stimulated the migratory potential of HCC cells
(Fig. 1B). These data were confirmed by time-lapse scratch
assays that revealed significantly faster wound closure in HCC
cells treated with CM from HSC (Fig. 1C,D).

Effect of activated HSC and HCC cells in a three dimensional in
vitro coculture system. Next, we applied the spheroid system to
analyze the effect of activated HSC on HCC cells. Seeding of HCC
cells or activated HSC alone resulted in spheroid formation after
2–3 days. Seeding of the same number of both cell types
together lead to formation of mixed spheroids after the same
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time period. However, subsequently these mixed spheroids
revealed significantly faster growth. Figure 2(A) depicts the
spheroid volumes after 10 days. The dashed bar indicates the
sum (5.1 ± 0.2 mm3 × 10–3) of the mean volumes of the pure
HSC (0.3 ± 0.1 mm3 × 10–3) and Hep3B (4.7 ± 0.2 mm3 × 10–3)
spheroids, being significantly smaller than the mean volume
of the mixed spheroids formed by both activated HSC and
HCC cells (7.2 ± 0.3 mm3 × 10–3; P = 0.0002).

Interestingly, despite their larger size, mixed spheroids
revealed smaller areas of central necrosis in histological analysis
(Fig. 2B).

Effect of activated HSC on HCC cells in vivo. Next, we sought to
investigate the effect of HSC on HCC cells in vivo in a xenograft
model. HCC cells were implanted either alone or together with
activated HSC into nude mice (500 000 cells/mouse). Implantation
of pure activated HSC (500 000) did not result in tumor
formation within an observation period of 3 months. Also, after
implantation of PLC cells and Hep3B cells alone no tumor
formation was observed in our experimental setting. However,
if activated HSC were injected simultaneously with PLC or
Hep3B cells, both HCC cell lines formed tumors in all mice
(n = 10/group).

HepG2 cells were capable of forming tumors also in the
absence of activated HSC. However, if injected together with
HSC these cells exhibited a more rapid tumor growth (Fig. 3A
and 83.1 ± 19.8 mm3 vs. 28.7 ± 10.6 mm3 16 days after injection).

Similarly as observed in the in vitro spheroid system, mixed
tumors of HepG2 and activated HSC exhibited smaller central
necrosis than tumors formed by HepG2 cells alone (data not
shown). To analyze whether in vivo this phenomenon is also
caused by increased angiogenesis we performed immunohisto-
chemical analysis applying anti-CD31 antibodies. It is noteworthy
that mixed tumors of HepG2 and activated HSC revealed more
intense CD31 staining, indicating advanced angiogenesis as
compared to tumors formed by HepG2 cells alone (Fig. 3B).

Furthermore, histopathological analysis revealed that tumors
that developed after simultaneous injection of HepG2 cells and
activated HSC show diffuse growth, while tumors formed by
pure HepG2 cells showed a more nodular growth pattern.
Representative pictures are shown in Fig. 3(C).

Immunohistochemical analysis of alpha-sma, an established
marker of activated HSC, revealed no staining signal in the
stroma of tumors formed by HepG2 cells alone (Fig. 3D, panel I).
However and interestingly, also in the stroma of mixed tumors

Fig. 1. Effect of conditioned medium collected
from activated hepatic stellate cells (HSC) on
hepatocellular carcinoma (HCC) cells in vitro. HCC
cell lines (HepG2, Hep3B and PLC) were stimulated
with conditioned medium (CM) collected from in
vitro activated HSC. (A) Proliferation was analyzed
applying XTT-assays. Migratory potential analyzed
in (B) Boyden chamber and (C) monolayer scratch
assays. (D) Representative pictures of the areas
between scratch fronts after 2 days (I: Hep3B; II:
Hep3B plus CM). (*P < 0.05 compared to control).
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of HepG2 and activated HSC, only sparsely alpha-sma positive
cells could be detected (Fig. 3D, panel II). In vitro HepG2 cells
grow significantly faster than HSC (doubling time approxi-
mately 2–3 days vs. 8–10 days; data not shown), and it appears
that 16 days after implantation of equal numbers of HSC and
HepG2 cells into nude mice the faster growing HCC cells com-
pete with HSC in the tumor stroma of nude mice. Still, sirius-
red fast green staining which specifically detects extracellular
matrix (ECM) proteins revealed significantly more ECM depo-
sition in mixed tumors of HepG2 and activated HSC than in
tumors formed by HepG2 cells alone (Fig. 3C).

In summary and in line with the in vitro results, data obtained
in nude mice indicate that activated HSC promote tumorigenicity
of HCC cells. In human HCC where HSC significantly represent the
tumor stroma, these effects may be even more pronounced than in
the nude mouse model where tumor-promoting effects of HSC may
diminish with time due to numerical vanishing from the stroma.

Effect of activated HSC on activation of ERK and NFkappaB in HCC
cells. To get insight into the molecular mechanisms causing the
tumorigenic effect of activated HSC on HCC cells, we analyzed
ERK and NFkappaB activation, two major signaling pathways
known to play an important role in hepatocancerogenesis.

Western blot analysis revealed that stimulation with CM from
activated HSC induced a strong phosphorylation of p42/p44
Mitogen-activated protein kinase (MAPK) in all three HCC
cell lines (Fig. 4A).

Next, we analyzed the concentration of activated NFkappaB
in nuclear extracts in HCC cells stimulated with CM from
activated HSC and controls using an ELISA-based technique.
Here, a significantly higher NFkappaB activity was observed in
CM-stimulated HCC cells (Fig. 4B).

The pro-inflammatory chemokine IL-8 is known to be regulated
by NFkappaB and ERK, and to be expressed by HCC cells.(19,20)

Stimulation of HCC cells with CM from activated HSC
enhanced IL-8 expression as demonstrated by quantitative
RT-PCR analysis (Fig. 4C).

This finding further indicated that CM from activated HSC
exerts its pro-tumorigenic effect via activation of NFkappaB
and ERK. To further confirm this hypothesis HCC cells were
incubated with specific inhibitors of NFkappaB (MG132) and
ERK (SU5402) signaling prior to incubation with CM from
HSC, and subsequently, functional assays were performed. Both
inhibitors significantly impaired the growth-promoting effect
of CM from activated HSC (Fig. 4D). Further, SU5402 signifi-
cantly inhibited the migration-promoting effect of CM from
activated HSC while the migratory potential of HCC cells was
not affected by MG132 (Fig. 4E).

A recent study indicated that inducible nitric oxide synthase
(iNOS) crosstalk with NFkappaB and Ha-RAS/ERK cascades
influences HCC progression.(21) This prompted us to study
whether suppression of iNOS signaling in HCC cells affects the
pro-tumorigenic effect of CM from activated HSC. Interestingly,
preincubation of HCC cells with aminoguanidine, an inhibitor
of iNOS signaling, inhibited the migration-inducing (Fig. 4E)
but not the growth-promoting (data not shown) effect of CM
from activated HSC.

Effect of activated HSC on tumorigenicity of HCC cells in vitro is in
part mediated by HGF. Next, we wanted to identify the humoral
factors in the CM of activated HSC responsible for the tumorigenic
effect observed upon stimulation of HCC cells. Here, we focused
on HGF, a factor known to act protumorigenically during
hepatocancerogenesis.(22) Moreover, it has been shown that all
three cell lines used in the present study (HepG2, PLC and
Hep3B) express c-met, the receptor for HGF(23) and that NFkappaB
and ERK activation are known downstream regulators of HGF/
c-met signaling in HCC.(22,24) Applying ELISA technology we
found high HGF levels in the CM of activated HSC (≈ 20 ng/mL). It
is noteworthy that preincubation of CM from activated HSC with
anti-HGF antibodies markedly reduced the growth-promoting
effect on Hep3B cells (Fig. 5A). Similarly, the migration-
promoting effect of CM from activated HSC was significantly
impaired by preincubation with anti-HGF antibodies (Fig. 5B).

Fig. 2. Effect of activated hepatic stellate cells
(HSC) on hepatocellular carcinoma (HCC) cells in a
three dimensional in vitro coculture system. (A)
Volume of spheroids formed by in vitro activated
HSC, Hep3B cells, and a 1:1 mixture of activated
HSC and Hep3B cells after 10 days. The dashed
bar indicates the virtual sum of the mean
volumes of pure HSC and Hep3B spheroids.
(*P < 0.05). (B) Histochemical staining (hematoxylin
and eosin) of spheroids formed by pure Hep3B
cells or a 1:1 mixture of activated HSC and Hep3B
cells after 10 days. The diameter of central necrosis
(white arrow) and the outer diameter of the
spheroid (black arrow), respectively, are indicated.
(I: HCC; II: HCC plus HSC).
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In contrast, preincubation of CM from activated HSC with
anti-TGF-beta antibodies neither impaired the growth nor the
migration-promoting effect on any of the three HCC cell lines
analyzed (data not shown).

Discussion

In this study we aimed to analyze the effects of activated HSC
on the tumorigenicity of HCC cells in vitro and in vivo. Our
experiments show that activated human HSC induce prolifera-
tion and migration in three different human HCC cell lines in
vitro. Furthermore, activated HSC promote growth and
invasiveness of human HCC cells in nude mice. Together these
data indicate that activated HSC enhance tumorigenicity of
HCC.

As potential molecular mechanisms mediating the tumorigenic
effect of HSC on HCC cells we identified increased activity of
NFkappaB and ERK in HCC cells induced by conditioned
medium (CM) collected from activated HSC.

Aberrant activation of the MAP kinase/ERK pathway is
involved in the progression of human HCC. Increased ERK
activation is known to induce proliferation of HCC cells and to
protect HCC cells from apoptosis.(25) Furthermore, increased
ERK activity has been shown to affect the migratory activity
and invasiveness of HCC cells, suggesting that this molecular
pathway may be critical in intrahepatic metastasis of HCC.(26)

Activation of the transcription factor NFkappaB is one of the
early key events involved in neoplastic progression of the liver,
and plays a crucial role in bridging the action of growth factors
and inflammation to hepatic oncogenesis.(27,28) Constitutive as
well as induced activation of NFkappaB has been shown to
induce survival of HCC cells in vitro and in vivo, and cell culture
studies have established NFkappaB’s critical role in cancer
progression.(28,29)

Interestingly, a recent study indicates that the crosstalk
between iNOS and NF-kappaB and ERK cascades promotes
HCC progression(21) and here, we found that suppression of
iNOS signaling inhibited the migration-inducing, but not the

Fig. 3. Effect of activated hepatic stellate cells (HSC) on hepatocellular carcinoma (HCC) cells in vivo. (A) Growth kinetic of tumors formed in nude
mice after implantation of pure HepG2 cells or HepG2 cells together with activated HSC. (*P < 0.05). (B–E) (Immuno-)histochemical staining pictures
of tumors formed in nude mice after implantation of pure HepG2 cells (I) or HepG2 cells together with activated HSC (II) (day 16): (B) CD31 (C)
hematoxylin and eosin (D) alpha-smooth muscle actin, and (E) sirius-red fast green staining. (100×; representative staining results are depicted).
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growth-promoting effect of CM from activated HSC. These
findings further underscore that pleiotropic signaling pathways
are dysregulated in HCC, and that the resultant functional
effects are modulated by multiple crosstalks between these
different signaling pathways.

Thus, nitric oxide as well as NFkappaB and ERK activity
promote transcription of IL-8, a chemokine that is constitutively
expressed in HCC cells.(30,31) Here, we found that activated HSC
stimulate IL-8 expression in HCC cells. Previous studies have
shown that IL-8 may be directly or indirectly involved in the
progression of HCC.(30,32) Thus, IL-8 may contribute to cancer
progression through potential mitogenic, angiogenic or moto-
genic functions. In the present study, mixed tumors of activated
HSC and HCC cells revealed smaller areas of central necrosis
than tumors formed by pure HCC cells in a xenograft model. As
potential explanation we found enhanced CD31 staining in
mixed tumors, indicating improved angiogenesis and blood
supply, respectively. However, central necrosis of spheroids
formed by activated HSC and HCC cells was smaller compared

to pure HCC cell spheroids. In this 3-dimensional cell culture
system, supply of oxygen and nutrients is independent of angio-
genesis and purely limited by diffusion. Further, a recent study
by Kubo et al. showed that IL-8 in human HCC correlates with
cancer cell invasion but not with tumor angiogenesis.(30) In
summary, these findings indicate that in addition to induction of
angiogenesis, activated HSC promote HCC growth by enhance-
ment of the misbalance between proliferation and cell death that
represents a protumorigenic principle in hepatocarcinogenesis.

We applied different models to study the interaction between
activated HSC and HCC cells. In the first experimental setting
enhanced NFkappaB and ERK activity as well as induced
proliferation, migration, and expression of IL-8 were observed
in HCC cells stimulated with conditioned medium collected from
activated HSC. These findings indicated that soluble factors
released by activated HSC are responsible for the tumorigenic
effects observed. Several different growth factors, matrix metal-
loproteinases (MMPs), chemokines and cytokines are potential
candidates.

Fig. 4. Effect of activated hepatic stellate cells (HSC) on activation of extracellular-regulated kinase (ERK) and NFkappaB in hepatocellular carcinoma
(HCC) cells. HCC cells were stimulated with conditioned medium (CM) collected from in vitro activated HSC. Non-stimulated cells served as control.
(A) Western blot analysis using an antibody against phosphorylated ERK, p44 and p42, designed ERK1 and ERK2. Analysis of activated nuclear
NFkappaB (B) and (C) interleukin (IL)-8 mRNA expression. (*P < 0.05 compared to control). (D–F) Prior to stimulation with CM Hep3B cells were
incubated with MG132 (2 μM), SU 5402 (15 μM), or aminoguanidin (AG; 500 μM) for 30 min. Subsequently, proliferation was analyzed applying
XTT-assays (D), and the migratory potential was analyzed in Boyden chamber assays (E, F). (*P < 0.05).
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In search for the relevant factor or factors, respectively, we
initially focused on HGF since it is known to act protumorigen-
ically during hepatocancerogenesis(20) and previous studies have
shown that HGF secreted by activated HSC promotes invasive-
ness of HCC cell lines in vitro.(33) We found that HSC secrete
relevant HGF levels, and applying inhibitory anti-HGF antibodies

we demonstrated that the growth and migration-promoting
effect of CM from activated HSC was in part mediated by HGF.

In contrast, anti-TGF-beta antibodies did not affect the protu-
morigenic effect of CM from activated HSC. This finding is in
line with a previous report by Neaud et al. who used HepG2
cells for their study(34) but is in contrast to a study by Mikula
et al. who demonstrated that HSC augment HCC progression
via TGF-beta.(34) However, the authors of the latter study used
immortalized murine hepatic cell lines while we and Neaud
et al. applied human HCC cell lines and primary human HSC,
respectively. Thus, species differences or divergent experimental
settings may account for the discrepant results regarding the
effect of TGF-beta.

Still it has to be noted that several further growth factors
are known to be expressed by activated HSC and to affect
hepatocancerogenesis as fibroblast growth factor (FGF) 1 and 2,
platelet-derived-growth-factor (PDGF) or insulin-like growth
factor (IGF).(4) It appears more than likely that (a combination
of) several of these as well as so far not-identified factors
secreted by activated HSC caused the tumorigenic effects on
HCC cells observed in the present as well as other previous
studies. Further, it can be speculated that these factors affect
different pathophysiological mechanisms, and that the same
factor may exhibit diverse effects in different HCC cell lines or
HCC patients, respectively.

Subsequent analysis of the interaction between activated HSC
and HCC cells in a 3-dimensional cell coculture system and in
an in vivo model, further confirmed the tumorigenic effect of
activated HSC on HCC. In these models, besides soluble factors
released by activated HSC, further mechanisms may have
caused the cancerogenic effects observed. For example, previous
studies have shown that HSC affect progression of hepatic
tumors or metastasis by ECM remodeling or expression of
chemotactic factors.(35,36) These and related studies in other
tumors even show that tumor cells further induce the expression
of tumorigenic factors by activated HSC, indicating a mutual
interaction of both cancer cells and stromal (myo)fibroblasts in
promoting carcinogenesis.

In summary, the present study further supports the impact of
stromal activated HSC/myofibroblasts on HCC progression in
vitro and in vivo. This interaction may be an interesting tumor
cell differentiation-independent target for therapy. Furthermore,
quantification of activated HSC/myofibroblasts in HCC may
serve as a prognostic marker.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. (A) Neurotrophin-3 (NT-3) mRNA expression of activated hepatic stellate cells (HSC) isolated from three different human donors.

(B) alpha-sma immunohistochemical staining of activated HSC (100×).

Fig. S2. Effect of conditioned medium collected from quiescent and activated hepatic stellate cells (HSC) on proliferation of hepatocellular
carcinoma (HCC) cells in vitro.

Hep3B cells were stimulated with conditioned medium (CM) collected from HSC 2 days after isolation (quiescent HSC; Q-HSC) and in vitro activated
HSC (A-HSC). Proliferation of HCC cells was analyzed applying XTT-assays. (*P < 0.05).

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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