Cancer Chemother Pharmacol (1996) 38 (Suppl): S42-S47 O Springer-Verlag 1996

REVIEW

Kunio Matsumoto - Kazuhiko Date
Hidenori Ohmichi - Toshikazu Nakamura

Hepatocyte growth factor in lung morphogenesis and tumor invasion:
role as a mediator in epithelium-mesenchyme and tumor-stroma
interactions

Abstract Hepatocyte growth factor (HGF), a ligand foHGF. This indicates that in vitro invasion of GB-d1 cells
Met tyrosine kinase, is a mesenchyme- or stroma-derivddpends on stromal fibroblasts and that the fibroblast-
multipotent factor that regulates the growth, motility, anderived invasion factor is HGF. Since HGF stimulated in
morphogenesis of various types of cells. During lungtro migration and invasion of various carcinoma cells and
development, Met/HGF receptor mRNA was localized iseveral carcinoma cells produced inducing factors for HGF
lung epithelial cells, whereas HGF mRNA was localized iproduction in stromal fibroblasts, the looped interaction of
lung mesenchymal cells in rat embryos. Antisense HGfarcinoma cells and stromal fibroblasts mediated by HGF
oligonucleotides specifically inhibited epithelial branchingnd HGF inducers may be a mechanism responsible for
morphogenesis in cultured lung rudiment isolated fromcquisition of the malignant phenotype through tumor-
day-13 rat embryos, whereas recombinant HGF stimulatetioma interactions.

branching morphogenesis. Thus, HGF seems to be at least

one of the mesenchyme-derived factors that suppdétey words Epithelium-mesenchyme interactionsiepa-
branching morphogenesis during lung development. Twcyte growth factor Met - Tumor invasion- Tumor-

gether with the finding that HGF plays important roles istroma interactions

organogenesis and morphogenesis of organs such as the

liver and kidney, HGF seems to be a mediator in epithe-

lium-mesenchyme interactions during organogenesis:

Extending the conceptual framework of epithelium-mesemtroduction

chyme (or epithelium-stroma) interactions, we next exam-

ined the possible involvement of HGF in tumor-stromilepatocyte growth factor (HGF) was initially identified as
interactions, because the growth and motility of carcinomapotent mitogen for mature hepatocytes in primary culture
cells are regulated through their interactions with hoft7]. By 1987, HGF had been purified [18], and it was
stromal cells. HGF induced in vitro migration and invasiomolecularly cloned in 1989 [19]. HGF is a heterodimeric
of GB-d1 gallbladder carcinoma cells into basement memmolecule consisting of a 4-kringle-containingchain and a
brane components and collagen-gel matrix; however, s@erine protease-lik@-chain [18, 19]. HGF binds to the
eral other growth factors did not induce marked migratiagtmet protooncogene product, which is a heterodimeric
and invasion of the carcinoma cells. GB-d1 cells do nojrosine kinase composed of a 50-kRechain and a
produce HGF, but they produce an inducing factor for HGE45-kDaf-chain [3, 20].

production in fibroblasts; the inducing molecule was iden- In addition to its initial role as a potent hepatotrophic
tified as interleukin B. Cocultivation of GB-d1 cells with factor responsible for vigorous regeneration of the liver,
stromal fibroblasts embedded in a collagen-gel matrb{GF has multipotent characteristics [9, 12, 36]. Character-
induced invasion of GB-d1 cells into the collagen gel$zation and molecular cloning of cDNAs for scatter factor
but invasion was inhibited by a specific antibody againfs, 21, 33] and tumor cytotoxic factor [28] revealed that
these molecules are identical to HGF. Scatter factor was
Work presented at the 11th Bristol-Myers Squibb Nagoya Internatiorfiginally identified as a fibroblast-derived factor with the
Cancer Treatment Symposium “Cytokines and New Anticancer Agerdbility to scatter tightly growing epithelial cell colonies [6].
on the Horizon of Oncology”, 24~25 November 1995, Nagoya, Jap&| hsequently, a fibroblast-derived epithelial morphogen
K. Matsumoto- K. Date - H. Ohmichi- T. Nakamura ) that induces branching 'gubulogenesis was identjfied as
Division of Biochemistry, Biomedical Research Center, HG.F [16]. HGF has_ trOphIC roles for the regeneration and
Osaka University Medical School, Suita, Osaka 565, Japan maintenance of various tissues and organs [9, 12]. Recent
Fax: +81-6-879-3789 extensive studies on HGF expression and functional anal-
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ysis of HGF during embryogenesis have revealed a distinct . Branching
role of HGF as a mediator in morphogenic epithelium- .morphogenesis
mesenchyme interactions [1, 10, 16, 30, 31].

Interactions between epithelium and mesenchyme me- HGF
diate crucial aspects of normal development, affecting
tissue induction, organogenesis, and morphogenesis of
specific multicellular structures [7, 25]. The development
and morphogenesis of various organs and tissues, including
the kidney, lung, liver, pancreas, limb, tooth, and hair
follicle, among others, depend on epithelium-mesenchyme
interactions, and such interactions (or epithelium-stroma
interactions in adults) are also believed to be important in
regeneration, morphogenesis, and functional differentiation
of epithelial tissues. Importantly, an extended interpretation
of the conceptual framework of epithelium-mesenchyme
(or epithelium-stroma) interactions is likely to be applied to

the specific interactions between carcinoma cells (t”m%. 1 Possible function of HGF as a mesenchyme-derived factor that

cells originating from epithelial cells) and host stroma}gyces branching morphogenesis during lung organogenesis
cells. In vivo growth of carcinoma cells is markedly

accelerated by a broad spectrum of fibroblasts [4, 22], ) ) . )
and in vitro invasion of oral squamous-cell carcinoma For analysis of the biological function of HGF, lung
cells is induced by cocultivation with stromal fibroblast§udiments were isolated from day-13 rat embryos and
[13]. These findings have led to the notion that the growtfultured in the presence of sense or antisense HGF oligo-
invasion, and metastatic potential of tumor cells are infllucleotide to inhibit the expression of HGF in lung mes-
enced by their interaction with normal stromal fibroblast@nchyme. In the presence of sense HGF oligonucleotide,
thus, molecular mechanisms underlying these tumor-strotA9 epithelia underwent extensive branching morphogen-
interactions are of current interest in tumor biology. ~ ©SiS within 48 h. However, branching morphogenesis in
In this paper we show that HGF is a mesenchyméultured lung rudiments was inhibited by antisense HGF
derived factor that supports epithelial branching morph@ligonucleotide. Consistent with this finding, when lung
genesis during lung development and that the |00pgdp|ments were cultured_ in the presence of recombmant
interaction of carcinoma cells and stromal fibroblastdGF. €xogenous HGF stimulated extensive branching mor-
mediated by HGF and HGF inducers is a mechanism phogenesis of lung epithelium. On the basis of these results,

tumor-stroma interactions that confers an invasive phen®e conclude that HGF is at least one of the mesenchyme-
type on carcinoma cells. derived factors that induce branching tubulogenesis during

lung organogenesis (Fig. 1).

The involvement of HGF in organogenesis and morpho-
HGF as a mediator in morphogenic epithelium-mesenchyme 9€nesis of the kidney and mammary gland has been noted
interactions [1, 31], and targeted disruption of the HGF gene in mice

results in impaired development of the placenta and liver

During lung development, lung buds, the origin of the Iun%z;' 32]. The essential role of HGF in liver development
sprout from the foregut endodermal tissue on embryori@S recently been demonstrated using in vivo loss-of-func-
day 10 in rats, and the primitive bronchial epithelia underd®" Mutation in Xenopusembryos. Overexpression of
branching tubulogenesis during embryonic days 13- 18utant tyrosine kinase-minus (Filet) c-Met/HGF recep-
Subsequently, epithelial cells at the bronchial tips diffefor in Xenopusembryos resulted in liver defects, in im-
entiate to form alveolar structures. Classic experimerfgired development of the pronephros and gut, and in
using in vitro organ-culture systems have shown that tHgPaired skeletal morphogenesis in the tail regions (Ma-
isolated lung bud epithelium does not undergo branchifg}moto et al., unpublished results). These results indicate
morphogenesis, but when lung bud epithelium is culturddat HGF and the c-Met/HGF receptor are highly conserved
with lung-bud mesenchymal cells, it does. This indicatégolecules that are active in the development of internal
that a mesenchyme-derived factor is responsible for [uR§gans such as the liver in species ranging from amphibians
epithelium morphogenesis, but such a mesenchyme-derifggmammals, functioning as mediators in morphogenic
factor has not yet been identified. epithelium-mesenchyme interactions.

To determine the involvement of HGF in lung organo-
genesis, we first analyzed the in situ localization of HGF ard
Met/HGF receptor mRNA in the developing lungs of day-1BGF in tumor invasion and tumor-stroma interactions
rat embryos. Met/HGF receptor mRNA is specifically ex-
pressed in lung epithelia, whereas HGF mRNA is localizedn the basis of the notion that HGF is a mesenchyme- or
to mesenchymal cells. Thus, HGF is produced in lurgiroma-derived multipotent factor that regulates organogen-
mesenchyme, but it targets developing lung epithelium. esis and organ regeneration, we hypothesized that it might
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tumor cells
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Fig. 2 A—C Induction of in vitro invasion of GB-d1 gallbladder - 2
carcinoma cells through Matrigel basement-membrane comporfents :
Schematic representation of the in vitro invasion assay meto@.
Appearance of cells that have invaded through the gel to the lower side
of a membrane with §m pores inB the absence o€ presence of Fig 3 A B Induction of in vitro invasion of GB-d1 gallbladder
HGF at 30 ng/ml. GB-d1 cells were plated on Matrigel basemendzycinoma cells into a collagen-gel matrix. GB-d1 cells were plated on
membrane components at a density of ¢élis/cn? and then cultured the collagen-gel matrix (2.1 mg/ml type | collagen) at a density of
for 24 h. The medium was replaced with William's E mediumy g celis/cn? and then cultured for 24 h. The medium was replaced
supplemented with 5% fetal calf serum, HGF was added, and @ william's E medium supplemented with 5% fetal calf serum and
cells were cultured for a further 24 h the cells were cultured in the absence oB presence of HGF at 10 ng/
ml for 12 days. Cells were fixed, sectioned, and stained with hematox-
ylin
have an important function in tumor-stroma interactions. In
an initial study, we utilized the GB-d1 gallbladder-carcino-
ma cell line, established from a patient with gallbladder
cancer, because gallbladder cancer is a digestive tractWe next designed an in vitro invasion model to analyze
cancer showing rapid invasive and metastatic progressiomasion of cancer cells into stromal tissue. GB-d1 cells
of cancer cells [29] and, thus, has a high mortality rate. were cultured on the top of a 1-mm-thick collagen-gel

The motogenic activity of HGF implied that HGF mightmatrix, with HGF being allowed to penetrate the gel and
affect the invasiveness of GB-d1 cells, and we tested thi&ach the cells from below. Although the GB-d1 cell line
possibility using an in vitro invasion model (Fig. 2A).was originally established from a lymph node metastasis of
GB-d1 gallbladder carcinoma cells were cultured on Marallbladder carcinoma and invades surrounding tissues
trigel basement-membrane components, and growth factefsen intradermally implanted into athymic mice, the cells
were added into the outer cup such that they reached thid not invade the collagen-gel matrix in the absence of
cells via the lower basement-membrane componef&F (Fig. 3). In contrast, GB-d1 cells invaded collagen
(Fig. 2A). In this system, when the invasive potential afels when cultured in the presence of HGF at 10 ng/ml.
cells is up-regulated, the cells migrate through the bag@ellagen gels were locally degraded by invading cells,
ment-membrane components and th@m8-pores of the indicating that HGF may induce (and/or activate) proteases
filter membrane to the lower side of the membrane. responsible for enzymatic degradation of collagen gels.

In the absence of growth factors, GB-d1 cells did not Since several growth factors are known to influence cell
migrate through the membrane (Fig. 2B). However, thaotility, we next investigated whether the invasiveness of
numbers of migrating cells were increased by the additi@B-d1 cells was affected by other typical growth factors in
of HGF (Fig. 2B). HGF dose-dependently stimulated mthe same culture system. Although HGF induced significant
gration of cells; maximal stimulation was seen with HGF ahvasion by carcinoma cells, such a marked effect was not
10-30 ng/ml. Epidermal growth factor (EGF) and basgeen with other growth factors. EGF had only a minimal
fibroblast growth factor (bFGF) stimulated low-level miinducing effect on invasiveness, and its potency was less
gration of GB-d1 cells, but platelet-derived growth factathan that of HGF; TGR1, PDGF, and bFGF did not induce
(PDGF) and transforming growth factft (TGF{31) had invasion. These results indicate that HGF is a potent
no effect. invasion-inducing factor for GB-d1 cells and that the
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Table 1 HGF inducers produced by various human carcinoma cell
linest (ND Not determined)

>
w

3 it T T T
< 1008 — Cell line  Origin HGF- HGF inducer
£ £ inducing
£ g
E % ”s B activity
5 2 Lu99A Small-cell lung carcinoma  +++ IL-1
g g SBC-3 Small-cell lung carcinoma  +++ bFGF, PDGF
3 g % 7 EBC-1 Small-cell lung carcinoma ~ + ND
- T Ab49 Lung adenocarcinoma +++ IL-1, bFGF
g E 251 _ A431 Epidermoid carcinoma +++ IL-1
g ME180 Uterus cervical carcinoma  ++ IL-1, bFGF
KB Oral squamous-cell ++ ND
ol I carcinoma
&° 12525 50 o1 10 10 SAS Tongue squamous-cell +++ IL-1
= CM (% v/v) IL-1R antagonist carcinoma
(ngim) MKN-28  Stomach adenocarcinoma +++ lor1
Fig. 4 A, B HGF-inducing activity of conditioned medium from GB-?S&?T:L glri]gtljallgggr(]:qagcmoma ++++ Nb[[):GF
d1 gallbladder carcinoma cells and its inhibition by an IL-1 receptgf s Melanoma o+ IL-1
antagonist. A Dose-dependent stimulation of HGF production igc. Testicular germ-cell tumor ~ ++ bFGF. PDGE
normal human skin fibroblasts by the addition of GB-d1 cell-condigg_q1 Gallbladder carcinoma et ILBL '

tioned medium CM). HGF production by fibroblasts over a 24-h
culture period was measured by enzyme-linked immunosorbent assayConditioned media from various carcinoma cell lines were added to
B Inhibition of HGF-inducing activity in GB-d1 cell CM by an IL-1 normal human skin-fioroblast cultures, and HGF produced by the
receptor (L-1R) antagonist. Human skin fibroblasts in CM werefibroblasts during a 24-h culture period was measured using an
cultured for 24 h in the absence or presence of human recombinantzyme-linked immunosorbent assay as described elsewhere 14
IL-1R antagonist

induction of invasiveness is fairly specific to HGF, at leagely inhibited by anti-HGF antibody. These results indicate
among the growth factors tested. that GB-d1 cell invasion depends on cocultured stromal
Although GB-d1 gallbladder carcinoma cells do ndibroblasts and that the fibroblast-derived invasion factor
produce HGF, we found that HGF production in normdbr GB-d1 cells is HGF.
human dermal fibroblasts was markedly stimulated by a To extend our hypothesis that tumor-stroma interactions
soluble factor derived from GB-d1 gallbladder carcinomanay be mediated by stroma-derived HGF and carcinoma
cells. The conditioned medium of GB-d1 cells was added ¢ell-derived inducers for HGF expression, we analyzed the
cultures of normal skin fibroblasts, and the HGF concentrefGF-inducing activity in conditioned media from various
tion in the culture medium was determined after 24 h efrcinoma cells. Of 40—50 carcinoma cell types derived
culture (Fig. 4A). Addition of the GB-dl cell-derivedfrom various tissues, 14 produced inducing factors for HGF
conditioned medium resulted in dose-dependent stimulatiproduction in skin fibroblasts (Table 1). Using specific
of HGF production by normal fibroblasts, indicating thaantibodies and antagonistic molecules, the HGF inducers
GB-d1 cells secrete a soluble factor(s) that stimulates H@Erived from these carcinoma cells were identified as IL-1
production. (IL-1a or IL-1B), bFGF, and PDGF. Since HGF stimulates
Of the various growth factors and cytokines identifieczell migration and these cells do not produce HGF (not
interleukin X (IL-1a), IL-13 [14], EGF, transforming shown), HGF inducers derived from these carcinoma cell
growth factore, acidic fibroblast growth factor (aFGF),types may up-regulate HGF production in stromal cells.
bFGF, HST-1/FGF-4, and PDGF stimulated HGF produd+us, HGF seems to function as a stroma-derived invasion
tion in the human skin fibroblasts used in the present stuthctor for these cells.
(data not shown). Therefore, we tested whether GB-d1 cell-
derived soluble inducer(s) for HGF is a known growth
factor or cytokine using specific antibodies for the ligand o
receptor. Among the antibodies tested, the stimulatoDyscussion
activity of the conditioned medium for HGF production
was almost completely abrogated by an IL-1 recept@he growth, invasion, and metastatic potential of tumor
antagonist (Fig. 4B), and further analysis using specifezlls are influenced by interactions between tumor cells and
antibodies indicated that the soluble inducer derived frohost stromal tissues. Molecular and cellular mechanisms for
GB-d1 cells was IL-8. tumor-stroma interactions involve highly complicated pro-
On the basis of the above-mentioned results, we deesses, but stimulation of the growth and invasion of
signed an in vitro model for tumor-stroma interactiongarcinoma cells through interactions with stromal cells
Fibroblasts obtained from gallbladder stromal tissue wehas been noted in vivo and in vitro. Cocultivation of
cultured in collagen gels and GB-d1 cells were cultured @arcinoma cells on fibroblast-embedded collagen gels in-
the gel. When the cells were cultured for 10 days undéduces invasion of tumor cells [13], and coinoculation of
these conditions, GB-d1 cells invaded the collagen gedrcinoma cells and fibroblasts into athymic mice results in
(Fig. 5). Notably, GB-d1 cell invasion was almost compleaugmented proliferation and increased invasive potential of
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the tumor cells [13, 22]. These results indicate the particuléig. 5 A, B Inhibition of in vitro invasion of GB-d1 gallbladder
mportance of nteractions between carcinoma cells afETONS P SOeUIel D Ty TR, ST o
stromal fibroblasts in regulaﬁmg t'h'e growt.h and invasion ﬁgsug we?e cultured in a collagen-gel matrix‘(b@llgslcnii) and GB-
tumor cells. We recently identified a fibroblast-derive@s cells were plated on the gel. The cells were cultured for 10 days in
invasion factor for oral squamous-cell carcinoma cells & presence of preimmune IgG oB anti-HGF IgG
HGF [15]. The present study provides evidence that HGF is
the predominant fibroblast-derived factor inducing the
migration and invasion of GB-d1 gallbladder carcinomig noteworthy that GB-d1 gallbladder cancer cells secrete
cells. Moreover, it establishes that the carcinoma cel® inducing factor for HGF production in stromal fibro-
secrete an inducer of HGF production in fibroblasts arflasts. This finding has led to the hypothesis that a looped
identifies the carcinoma-derived HGF-inducer as f.-In  interaction between tumor cells and stromal fibroblasts may
a previous study we have shown that HGF acts as a mitoggfist, in which a tumor-derived factor regulates stromal
for GB-d1 gallbladder carcinoma cells [29]. HGF production while stroma-derived HGF regulates the
The establishment of the autocrine loop of growtgrowth and invasion of tumor cells (Fig. 6). Importantly, we
factors and their receptors is known frequently to result &iso found that various types of carcinoma cells secrete
tumorigenic transformation of cells, and gene-transfer elGF inducers, including IL}, IL-1a, bFGF, and PDGF.
periments indicate that autonomous activation of the Médther groups have also noted the presence of tumor-derived
HGF receptor results in tumorigenic transformation [2, 1inducing molecules for HGF [24, 27]. In this context, it is
23]. Such autocrine activation of Met/HGF receptors majoteworthy that HGF levels in breast-tumor tissue extracts
be involved in malignant transformation in certain tumoare a strong predictor of recurrence and survival in human
cells [8]; however, most carcinoma cells do not secrelseast cancer [35]. Since breast carcinoma cells do not
HGF (Matsumoto et al., unpublished results). Neverthelesxpress HGF [34], this finding suggests that stroma-derived
apart from the autocrine activation of Met/HGF receptorslGF may affect malignant phenotypes of breast carcinoma
our present investigation and previous studies indicate tig&ils in a paracrine manner.
a paracrine interaction of HGF and Met/HGF receptor is HGF is currently considered to be crucial as a mediator
important for the malignant behavior of carcinoma cells. 0 epithelium-mesenchyme (or epithelium-stroma) interac-
tions affecting cell growth and movement as well as the
morphogenesis of specific tissue architecture during em-
bryogenesis and organ regeneration. Our present study
implies that epithelium-stroma interactions may function
in tumor-stroma interactions that affect the growth and
invasion of tumor cells via signals from surrounding stro-
mal cells. Looped interaction between tumor cells and
stromal cells mediated by HGF and its inducers may be
involved in the acquisition of malignant phenotypes in
various carcinoma cells. ldentification and characterization
| of known and unknown HGF inducers may lead to the
elucidation of further molecular mechanisms for tumor-

e stroma interactions; as based on our current results, the

: generation of antagonistic molecules may be a unique

Carcinoma cells) - e sromaicells ) therapeutic tool to prevent tumor invasion and metastasis.
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