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Acquisition of Invasive Phenotype in Gallbladder Cancer Cells via Mutual

Interaction of Stromal Fibroblasts and Cancer Cells as Mediated
by Hepatocyte Growth Factor
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Growth and metility of carcinoma cells are regulated through their interactions with host stromal
cells, i, e., tumor-stromal interactions. Hepatocyte growth factor (HGF), a ligand for c-Met tyrosine
kinase, is a stromal-derived regulator of growth, motility, and morphogenesis. HGF stimulated
proliferation and motility of GB-d1 gallbladder carcinoma cells from a patient with gallbladder
cancer, HGF induced in vitro invasion of GB-d1 cells into a collagen gel matrix, and this potent,
invasive effect was not seen with epidermal growth factor, transforming growth factor-81, basic
fibroblast growth factor, or platelet-derived growth factor. Although GB-d1 did not produce HGF, the
cells did produce a factor which enhances HGF production in human skin fibroblasts, and this factor
proved to be interleukin-15 (IL-15). When GB-d1 cells were co-cultured with fibroblasts such that a
collagen gel matrix was layered between the GB-d1 cells and fibroblasts, GB-d1 cells invaded the gel,
but invasion of the cells in the co-culture system was inhibited by antibodies against HGF and
partially inhibited by antibodies against IL-153. Thus, GB-d1 cell-derived IL-18 stimulates HGF
production in siromal fibroblasts and HGF up-regulated in the fibroblasts induces invasion of GB-d1
cells. The looped interaction of carcinoma cells and stromal fibroblasts mediated by HGF and a
HGF-inducer such as TIL-158 may be one mechanism which weuld explain the acquisition of malignant

phenotype through tumor-stromal interactions.
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Interactions between epithelium and mesenchyme me-
diate crucial aspects of normal development, affecting
tissue induction, organogenesis, cell movement, and mor-
phogenesis of specific multicellular structures." Epithe-
lial-mesenchymal (or -stromal in adult stages) inter-
actions are also considered to be important in regenera-
tion, morphogenesis and functional differentiation of ep-
ithelial tissues.™ A similar conceptnal framework is
likely to be applicable to specific interactions between
carcinoma cells (tumor cells originating from epithelial
cells) and host stromal cells. In vivo growth of carcinoma
cells could be markedly accelerated by a broad spectrum
of fibroblasts®” and in vitro invasion of oral squamous
cell carcinoma cells was induced by co-cultivation with
stromal fibroblasts.® These findings led to the notion that
growth, invasion and metastatic potentials of tumor cells
are influenced as a result of interaction with normal
stromal fibroblasts, and the molecular mechanisms un-
derlying these tumor-stromal interactions have received
much attention.

Hepatocyte growth factor (HGF), originally charac-
terized as a potent mitogen for mature hepatocytes, is a
mesenchymal- (or stromal-) derived multipotent growth
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factor which predominantly targets a wide variety of
epithelial, carcinoma, and endothelial cells.>*'> In addi-
tion to mitogenic activity, HGF elicits a unigue morpho-
genic activity, inducing branching tubulogenesis in sev-
eral lines of epithelial cells.'"'* HGF is also an angio-
genic factor in vitro and in vivo,"* ' Scatter factor, orig-
inally identified as fibroblast-derived motility factor for
epithelial cells,'® proved to be the same molecule as
HGF,"”?" and this finding implied a potent motogenic
potential (enhancement of cell motility) for a wide vari-
ety of cells, including carcinoma cells, Based on these
mitogenic, motogenic and morphogenic activities and the
preferential respective expression of HGF and its recep-
tor in mesenchymal (or stromal) and epithelial tis-
sues,>* HGF is considered to be a mediator in epithe-
lial-mesenchymal interactions during both organogenesis
and organ regeneration.

HGF is a heterodimeric molecule composed of a four
kringle-containing ¢-chain and serine protease-like S-
chain.® " This growth factor has structural homology
with a five kringle-containing serine protease, plasmino-
gen, but has no proteolytic activity due to replacement of
amino acids essential for protease catalytic activity.?
HGF binds to the c-met protooncogene product of het-
erodimeric tyrosine kinase, composed of a 50 kDa a-



chain and a 145 kDa $8-chain.?**¢ The c-Met/HGF re-
ceptor is structurally distinct from other receptor-type
tyrosine kinases, and the related receptor tyrosine
kinases, Ron and Sea are members of the Met/HGF
receptor family.””*®

On the basis of the current notion that HGF is an
important mediator in epithelial-mesenchymal interac-
tions, affecting cell growth, morphogenesis, and cell
motility, we asked whether HGF and regulatory factors
for the expression of HGF might play roles in tumor-
stromal interactions. We now report that HGF induces
mitogenesis and invasion of gallbladder carcinoma cells,
as a fibroblast-derived humoral factor, while carcinoma
cells secrete an inducer of HGF production in fibroblasts.
Looped interaction between carcinoma cells and fibro-
blasts mediated by HGF and its inducer may possibly be
involved in acquisition of malignant phenotypes in gall-
bladder carcinoma cells, through tumor-stromal interac-
tions.

MATERIALS AND METHODS

Cell culture The human gallbladder carcinoma cell line,
GB-d1 was initially established from poorly differentiated
adenocarcinoma of the gallbladder, as described else-
where.?? GB-dl cells were routinely cultured in
William’s medium E (WE) supplemented with 100 ug/
ml kanamycin and 10% fetal calf serum (FCS). GB-d1
cells can also be cultivated in Dulbecco’s modified
Eagle’s (DME) medium supplemented with kanamycin
and FCS, the growth rate being similar to that when WE
medium is used.

Normal human skin fibroblasts were initially allowed
to proliferate outward from dermal tissue obtained
during plastic surgery and the cells were collected and
cultured in DME medium supplemented with 109 FCS.
Growth factors and antibodies Human recombinant
HGF was purified from the culture medium of Chinese
hamster ovary cells transfected with expression plasmid
for human HGF cDNA.*** HGF used in this study was
of the 5-amino-acids-deleted type and its purity exceeded
98%, as determined by SDS-polyacrylamide gel electro-
phoresis and protein staining. Human recombinant epi-
dermal growth factor (EGF) was a kind gift from Earth
Pharmaceutical Company (Akoh). Human transforming
growth factor81 (TGF-51) was purified from human
platelets, as described elsewhere.””’ Human recombinant
platelet-derived growth factor (PDGF) and bovine
recombinant basic fibroblast growth factor (bFGF) were
obtained from Toyobo Co. (Osaka), and human recom-
binant interleukin-le (IL-1a) and interleukin-18 (IL-18)
were obtained from Genzyme Co. (Boston). Polyclonal
antibodies against IL-18 and IL-lg, and monoclonal
anti-human EGF receptor antibody were obtained from
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Genzyme Co. (Boston). Polyclonal anti-PDGF antibody
was obtained from R & D Systems (Minneapolis) and
monoclonal anti-bFGF was a kind gift from Dr. K.
Nishikawa (Kanazawa Medical College).

Polyclonal antibody against human HGF was pre-

pared from the serum of a rabbit immunized with human
recombinant HGF. 1gG was purified by using protein
A-Sepharose (Pharmacia, Uppsala) and anti-human
HGF IgG (1 #g/ml) completely neutralized the biologi-
cal activities of 1 ng/ml human HGF,
In vitro invasion assay Seven volumes of type 1 collagen
solution (CELLGEN, Type I-AC, Koken Co., Tokyo)
were mixed with two volumes of X5 concentration of
WE medium and one volume of FCS, under ice-cooling.
The preparation was added to the inner cup of a Trans-
well chamber (Costar, Cambridge, MA) and gelled at
37°C in a humidified incubator. GB-d1 cells were plated
on collagen gel at a density of 10° cells/cm® and cultured
for 15 h. The upper and lower media were changed to
fresh medium supplemented with 5% FCS and growth
factors were added to the lower medium, so that growth
factors could penetrate the collagen gel and reach the
cells. The upper and lower media were changed every
three days and the cells were cultured for 12 days.

For the co-cultivation of GB-d1 cells and fibroblasts,
human dermal fibroblasts were initially plated in the
inner cup of a Trans-well chamber with attached collagen
film (Costar) at a density of 35X 10* cells/cm® and cul-
tured for 24 h. The medium was aspirated, then collagen
solution was overlayed and gelled as described above.
GB-d1 cells were suspended in DME medium containing
59 FCS and plated on collagen gel at a density of 10°
cells/ecm®. The medium was changed every three days
and the cells were cultured in DME medium supple-
mented with 5% FCS for 12 days. When the cells were
cultured in the presence of antibodies, preimmune IgG,
anti-human HGF IgG, or anti-I1L-13 1gG was added at
the final concentration of 10 zg/ml
Measurement of HGF production in fibroblasts Human
dermal fibroblasts were seeded on a 48-well plate
(Costar) at a density of 5 X 10* cells/cm? and cultured for
24 h. The medium was replaced with DME medium
supplemented with 19 FCS, and test samples were added
to each well. Following a 24-h culture, the concentration
of HGF in the medium was measured using enzyme-
immunoassay, as described elsewhere.?

RESULTS

Induction of in vitro invasion by HGF Gallbladder
cancer is highly lethal due to the rapid invasion and
metastatic progression of the cancer cells, GB-d1 gall-
bladder carcinoma cell line was established using cells
from a patient with gallbladder cancer. We have previ-
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Fig. 1.

Induction of the invasion of GB-d1 gallbladder carci-
noma cells into collagen gel matrix in the presence of HGF.
GB-d1 ceils were plated on collagen gels at a density of 10°
cells/em?® and the cells were cultured for 12 days in the pres-
ence or absence of HGF. The medium was changed every 3
days. Cells were fixed, sectioned, and stained with hematoxy-
lin,

ously shown that HGF stimulates the growth of GB-dl
cells, induces disruption of cell-cell junctions and stimu-
lates the motility of cells, which results in scattering of
the cells.” Thus, HGF has mitogenic and motogenic
activities for GB-d1 cells,

The motogenic activity of HGF meant that HGF
might affect the invasiveness of GB-d1 cells and we tested
this possibility using an in vitro invasion model (Fig. 1).
GB-d1 cells were cultured on top of a collagen gel
matrix, arranged so that HGF penetrated the underlying
collagen gel and reached the cells. Even though GB-d1
cell line was originally established from lymph node
metastases of a gallbladder carcinoma and the GB-dl
cells invaded surrounding tissues when intradermally im-
planted into athymic mice (not shown), the cells did not
invade the collagen gel matrix. However, GB-d1 cells
invaded the collagen gels when cultured in the presence
of 10 ng/ml HGF. Collagen gels were locally degraded
along with invading cells, indicating that HGF may
induce (and/or activate) proteases respomsible for en-
zymatic degradation of collagen gels.

Since several growth factors are known to influence
cell motility in other types of cells, we next examined
whether the invasiveness of GB-d1 cells was affected by
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other typical growth factors, using the same culture
methed (Fig. 2). Although HGF strongly induced inva-
sion of the cells, such a marked effect was not seen with
the other growth factors used. EGF induced slight inva-
sion, but its potency was far less than that of HGF, and
TGF-31, PDGF and bFGF did not induce invasion of
cells. These results indicate that HGF is a potent in-
vasion-promoting factor for GB-dl cells and that this
invasiveness is fairly specific to HGF, at least among the
growth factors we used here.
Enhancement 6f HGF production by GB-d1 cell-derived
factor During the course of the present study, we found
that HGF production in normal human dermal fibro-
blasts was strongly stimulated by a soluble factor derived
from GB-dl gallbladder carcinoma cells, The condi-
tioned medium of GB-d1 cells was added to cultures of
normal skin fibroblasts and the HGF concentration in the
culture medium was determined after 24-h culture (Fig.
3). Addition of the GB-d1 cell-derived conditioned me-
dium dose-dependently stimulated HGF production by
normal fibroblasts, thereby indicating that GB-d1 cells
secrete soluble factor(s) which stimulate HGF produc-
tion. We previously noted that IL-1 is a potent inducer of
gene expression of HGF in dermal fibroblasts,* and, as
expected, IL-lo strongly enhanced HGF production.
The potential of the GB-d1 cell-derived factor to stimu-
late HGF production was similar to that of IL-1a.
Among various growth factors and cytokines, IL.-1a,
IL-18, EGF, transforming growth factor-a (TGF-a),
bFGF, and PDGF stimulated HGF production in the
human skin fibroblasts used in the present study (not
shown). We then asked whether the GB-d1 cell-derived
soluble inducer(s) for HGF is a growth factor or a
cytokine, using specific antibodies for the ligand or recep-
tor. Among the antibodies tested, the stimulatory activity
for HGF production in the conditioned medium was
almost completely abrogated by anti-IL-15 antibody, but
other antibodies against IL-1a;, bFGF, PDGF and EGF
receptor had no significant effect on the stimulatory
activity in the conditioned medium of GB-d1 cells (Fig.
4). Thus, the soluble inducer derived from GB-d1 cells
was concluded to be IL-15.
Mutual interaction and GB-d1 cell invasion Based on
our results, we designed an in vitro model for tumor-
stromal interactions, as shown in Fig. 5. Dermal fibro-
blasts were cultured on collagen membrane, collagen gels
were ovetlayed, and GB-d1 cells were cultured on top of
the gel. In this model, direct cell-cell interactions were
prevented, as the collagen gel was approximately 1 mm
thick. When the cells were cultured for 12 days under this
condition, GB-dl cells invaded the collagen gel even in
the absence of additional factors, except for preimmune
IgG (Fig. 6). Notably, the invasion of GB-d1 cells was
almost completely inhibited by anti-HGF antibody, while
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PDGF '
Fig. 2. Effect of growth factors on invasion of GB-dl galibladder carcinoma cells cultured on collagen gels. GB-d1 celis were
plated on collagen gels at a density of 10° cells/cm?® and the cells were cultured for 12 days in the presence or absence of various
growth factors. The medium was changed every 3 days. Growth factors were added at 10 ng/ml. Cells were fixed, sectioned,
and stained with hematoxylin.
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it was significantly inhibited by anti-IL-18 antibody. Al-
though the stimulatory effect of conditioned medium
from GB-dl1 cells on HGF production in fibroblasts was
almost completely abrogated by anti-IL-13 antibody
(Fig. 4), the invasion of GB-d1 cells was inhibited by
anti-IL-13 antibody to 509 of thai in the control culture.
Possibly the up-regulation of HGF production in fibro-
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Fig. 3. Dose-dependent stimulation of HGF production in

human skin fibroblasts by addition of conditioned medium
from GB-dl gallbladder carcinoma cells. Conditioned me-
dium obtained after 48-h culture of GB-d! cells at confluency
was added to cultures of human skin fibroblasts and the cells
were cultured for 24 h. HGF concentration in the medium of
skin fibroblasts was measured by ELISA. IL-la (5 ng/ml)
was added as an authentic inducer for HGF production.®
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blasts by GB-dl-derived conditioned medium might be
delayed in the co-culture system, since there is a signifi-
cant lag period until GB-dl-derived IL-18 at effective
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Fig. 4. Effects of various antibodies on HGF-inducing activ-
ity in the conditioned medium of GB-dl gallbladder carci-
noma cells. Conditioned medium from GB-dl cells was pre-
incubated with antjibody against IL-15 (e), 1l-la (O),
bFGF (4), PDGF (2), or EGF receptor (M) for 30 min
at 37°C and added to cultures of human skin fibroblasts at
10% (v/v). The fibroblasts were cultured for 24 h and the
HGF concentration in the medium was measured by ELISA.
The stimulatory effects of IL-1a, IL-18, bFGF, and EGF at 1
ng/ml on HGF production in skin fibroblasts were almost
completely suppressed by the respective antibodies at 1 g/
ml, and the stimulatory effect of PDGF at 1 ng/ml was
almost completely suppressed by 3 ug/ml anti-PDGF anti-
body (not shown).

Fig. 5, Co-culture method of GB-d1 gall-
bladder carcinoma cells and human skin
fibroblasts. Human skin fibraoblasts were
plated onto the inner cup of a Trans-well
chamber with attached collagen film
{Corning) at a density of 5% 10* cells/
cm® and cultured for 24 h. The collagen
solution was overlayed and GB-dl cells
were plated on the collagen gel at a densi-
ty of 10° cells/cm® The right-hand photo-
graph shows a transverse section of this
co-culture system.

/ Collagen gel

/ Fibroblasts
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concentrations affects co-cultured fibroblasts. The con-
centration of HGF in the upper medium of the inner cup
was 2.9 ng/ml in the presence of preimmune IgG, and
<0.1 ng/ml and 1.1 ng/ml in the presence of anti-HGF
and anti-IL-18 antibodies, respectively. Thus, the inva-
sion of GB-d1 cells in the co-culture system seems to be
consistent with the concentration of HGF in the me-
dium. These results indicate that the fibroblast-derived
invasion factor for GB-d1 cells is HGF, and HGF pro-
duction in fibroblasts is up-regulated by IL-15 derived
from the cancer cells.

DISCUSSION

Growth, invasion and metastatic potential of tumor
cells are greatly influenced by tumor-stromal interac-
tions, and the molecular and cellular mechanisms of
these interactions are extremely complex. The stimula-
tion of growth and invasion of carcinoma cells through
interactions with stromal cells has been noted in vive as
well as in vitro. Co-cultivation of carcinoma cells on
collagen gels in which fibroblasts are embedded induces
invasion of tumor cells,” and coinoculation of carcinoma
cells with fibroblasts into athymic mice results in an
augmented proliferative and invasive potential of tumor
cells.*™ These results can be interpreted as indicating
that interactions between carcinoma cells and stromal
fibroblasts are important in regulating growth and inva-
sion of tumor cells. We recently identified a fibroblast-
derived invasion factor functioning in oral squamous cell
carcinoma cells as HGF,* and an earlier report claimed
that HGF induces invasion of epithelial cells into colla-

Fig. 6. Induction of GB-dl cell invasion into
collagen gels in the co-culture system with
human skin fibroblasts and inhibition by anti-
bodies against HGF and IL-13. (A) Trans-
verse sections of co-cultured GB-dl cells in
collagen gels. (B) The number of GB-d1 cells
invading the gels in the co-culture system,
GB-d1 gallbladder carcinoma cells were co-cul-
tured with human skin fibroblasts as described
in Fig. 5. These cells were cultured for 12
days in the presence of preimmune Ig(, anti-
human HGF IgG, or anti-human IL-18 IgG
(10 pg/ml each). The medium was changed
every three days and the cultures were fixed,
sectioned, and stained with hematoxylin. Pho-
tographs in A show typical fields in transverse
sections. The number of cells invading the col-
lagen gels was determined using 5 randomly
selected sections, under each condition. The
data represent the mean (E£8D) of triplicate
measurements.

Co-culture

gen gels.™ In the present study, we obtained evidence
that HGF is the predominant fibroblast-derived factor
which induces mitogenesis, motogenesis, and invasion of
GB-d1 gallbladder carcinoma cells. Moreover, the carci-
noma cells secrete an inducer of HGF production in
fibroblasts. This inducer was identified as IL-153.
Motogenesis (or migration) of cells and degradation
of the extracellular matrix are key components for tumor
invasion. Several studies suggested possible mechanisms
for the motogenic action of HGF. HGF induces tyrosine
phosphorylation of focal adhesion kinase (p125F4%),3 by
which cell spreading, focal adhesion formation and cell-
matrix interactions are regulated. Activation of small
GTP-binding proteins is essential for HGF-induced cell
movement and cytoskeletal rearrangement.’®3” HGF-
induced tyrosine phosphorylation of 5-catenin may regu-
late cadherin-dependent cell-cell interactions,*®* On the
other hand, up-regulation of urokinase-type plasminogen
activator and collagenase seems to be involved in degra-
dation of components of the extracellular matrix.***D
The establishment of an autocrine loop of growth
factors and their receptors is known frequently to result
in tumorigenic transformation of cells, and gene transfer
experiments indicated that autonomous activation of
Met/HGF receptor results in tumorigenic transforma-
tion,*** Such an autocrine activation of Met/HGF re-
ceptor is involved in malignant transformation in certain
tumor cells,** but most species of carcinoma cells do
not secrete HGF (our unpublished result). Nevertheless,
all our studies indicate that, irrespective of the autocrine
activation of Met/HGFT receptor, a paracrine interaction
of HGF and Met/HGF receptor is important for the
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malignant behavior of carcinoma cells. The overexpres-
sion or amplification of c-Met/HGF receptor gene was
noted*™*® and HGF regulates growth and motility in
various types of carcinoma cells, presumably in a para-
crine manner,®"

A key finding in our study is that GB-d1 gallbladder
cancer cells secrete an inducing factor for HGF produc-
tion in stromal fibroblasts. This finding led to the notion
that a looped interaction of tumor cells and stromal
fibroblasts may exist, in which a tumor-derived factor
regulates stromal HGF production while stromal-derived
HGF regulates growth and invasion of tumor cells.
Importantly, we recently found that various types of
carcinoma cells secrete HGF-inducers and these HGT-
inducers include at least IL-15, IL-1@, bFGF, and PDGF
{our unpublished results). Other workers have also noted
the presence and characterization of tumor-derived fac-
tors which stimulate HGF production.®>*® In this con-
text, it is worth noting that HGF level in tissue extracts
of breast tumor is a strong predictor of recurrence and
survival in human breast cancer.® Since breast carci-
noma cells do not express HGF,” the finding suggests
that stromal-derived HGF may affect malignant pheno-
types of breast carcinoma cells in a paracrine manner.

HGEF is currently considered to be a crucial mediator
in epithelial-mesenchymal (or -stromal) interactions,
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