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Summary 

The process of cancer metastasis consists of a series of steps resulting in the spread of malignant cells beyond 
the site of origin and formation of metastases in distant organs. The outcome of this nonrandom process 
depends, in part, on the interaction of unique tumor cells with a compatible organ microenvironment. The 
molecular basis of the intrinsic capacity of distinct malignant cells to colonize specific organs and the degree to 
which host factors influence this process is under intense investigation. Biological analyses of human colon 
carcinoma tumors obtained from surgical specimens and implanted orthotopically into athymic nude mice 
revealed that these tumors are heterogeneous for metastatic properties. Moreover, recent evidence using this 
model suggest that whereas nonmetastatic and highly metastatic cells can grow at local sites, growth in the 
secondary liver-specific site was associated only with highly metastatic HCC cells. These cells also respond to 
mitogenic signals produced by damaged normal tissues, suggesting that physiological signals can be utilized by 
neoplastic cells. Molecular characterization of highly metastatic HCC cells selected in the nude mouse model 
as well as in situ mRNA hybridization of archival HCC surgical specimens for specific growth factor receptors 
correlated with the malignant cell's ability to respond to organ-specific growth factors. This article will focus 
on biological and molecular evidence supporting the hypothesis that organ-derived, paracrine growth factors 
regulate the site-specific growth of receptive malignant cells that possess the appropriate receptors. 

Introduction 

To produce clinically relevant distant metastases, 
the metastatic cell must exhibit a complex pheno- 
type favorable to the survival of subpopulations of 
metastatic cells preexisting in the primary tumor 
[1-4]. Initiation of metastasis begins with the inva- 
sion of the surrounding normal stroma either by sin- 
gle tumor cells with increased motility or by groups 
of cells from the primary tumor. Once the invading 
cells penetrate the vascular or lymphatic channels, 
they may grow there, or a single cell or clumps of 
cells may detach and be transported within the cir- 

culatory system. As an embolus, it must survive the 
host's immune and nonimmune defenses and the 
turbulence of the circulation, arrest in the capillary 
bed of compatible organs, extravasate into the or- 
gan parenchyma, proliferate, and establish a micro- 
metastasis. Growth of these small tumor lesions re- 
quires the development of a vascular supply and 
continuous evasion of host defense cells. Failure to 
complete one or more steps of the process elimi- 
nates the cells (Fig. 1). Examples include failure to 
arrest in the capillary bed or failure to grow pro- 
gressively in a distant organ's parenchyma possibly 
due to host factor transcriptional or translational 
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Fig. 1. Serial steps in the pathogenesis of tumor cell metastasis. Tumor cells must complete every step in the process to produce clinically 
relevant metastases. These steps include the progressive growth and vascularization of the primary neoplasm, tumor cell invasion of the 
surrounding tissue and detachment from the primary tumor, embolizafion and survival in the circulation, arrest and extravasation in the 
target tissue, evasion of host defenses, and finally proliferation at the secondary site of implantation [1-8]. Failure to complete even one 
step eliminates the cell. Examples are 1) metastasis-competent cell, 2) deficiency in invasion or extravasation step, 3) deficiency in 
progressive growth ability at the metastatic site due to, 4) putative alterations in the transcriptional or translational activation or deactiv- 
ation of multiple growth factor receptor, growth factor, or unknown genes [X, Y, & Z]. Epidermal growth factor receptor (EGF-R), c-met 
(hepatocyte growth factor receptor), transforming growth factor alpha (TGF-ct). (Modified from Fidler and Radinsky [5].) 

gene regulation of tumor cell growth factor recep- 
tors (GF-Rs), growth factors (GFs), or uncharac- 
terized gene products [2, 5, 6] (Fig. 1). 

There is now wide acceptance that many malig- 
nant tumors contain heterogeneous subpopula- 
tions of cells [1-8]. This heterogeneity is exhibited 
in a wide range of genetic, biochemical, immuno- 
logical, and biological characteristics such as 
growth rate, antigenic and immunogenic status, cell 
surface receptors and products, enzymes, karyo- 
types, cell morphologies, invasiveness, and meta- 
static potential. Molecular marker analyses have 
shown a gradual overgrowth or 'clonal dominance' 
of particular primary tumors by subpopulations of 
cells that are the forerunners of metastases [8]. This 
clonal evolution and progression to malignancy is 
influenced by both the generation of tumor cell var- 

iants and host selection pressures such as those ob- 
served in experimental studies where implantation 
of heterogeneous human neoplasms into the ana- 
tomically correct (orthotopic) organ influences the 
selection of subpopulations and their metastatic ca- 
pacity [2, 9, 10]. An increased understanding of the 
mechanisms mediating the development of biologic 
heterogeneity in primary cancers and in the process 
of metastasis is a primary goal of cancer research. 
From it more effective therapies for metastasis can 
be developed. 

In humans and in experimental systems, numer- 
ous examples exist in which particular malignant tu- 
mors metastasize to specific organs [3, 4, 11]. As 
early as 1889, Paget, having studied the autopsy re- 
cords of breast cancer patients, proposed that the 
growth of metastases is due to the specific interac- 



tion of particular tumor cells (the 'seed') with par- 
ticular organ environments (the 'soil') [12]. This hy- 
pothesis, supported both experimentally [3] and 
clinically [13], may explain metastatic colonization 
patterns that cannot be due solely to mechanical 
lodgement and anatomical considerations [14]. In a 
review of secondary site preferences of malignant 
neoplasms, Sugarbaker concluded that common re- 
gional metastatic involvements could be attributed 
to anatomical or mechanical considerations such as 
efferent venous circulation or lymphatic drainage 
to regional lymph nodes, but that distant organ col- 
onization by metastatic cells from numerous types 
of cancers established their own patterns of site spe- 
cifically that depend less on anatomic and mechani- 
cal mechanisms [15]. The microenvironment of 
each organ can influence the implantation, inva- 
sion, survival, and growth of particular tumor cells 
[2, 10]. The individual importance of each step of 
the metastatic process can vary among different tu- 
mor systems, with the outcome of metastasis influ- 
enced by both the intrinsic properties of the tumor 
cell and the influence of host-specific factors. 
Therefore, the successful metastatic cell must be 
viewed as a cell receptive to its environment [2]. 

The mechanistic basis of a metastatic cell's ability 
to proliferate in the parenchyma of some organs 
and develop organ-specific metastases remains 
largely unknown. Signals from paracrine or auto- 
crine pathways, alone or in combination, could reg- 
ulate tumor cell proliferation with the eventual out- 
come dependent on the net balance of stimulatory 
and inhibitory factors. This article will focus on bi- 
ological and molecular mechanisms involved in the 
interaction between specific tumor cells and a com- 
patible organ environment in terms of growth fac- 
tors and their receptors participating in paracrine 
and autocrine signal transduction pathways. I de- 
scribe recent experimental evidence obtained from 
metastatic models of human colon carcinoma 
(HCC) and from analysis of archival HCC surgical 
specimens supporting the hypothesis that site-spe- 
cific metastasis involves the proliferation of tumor 
cells differentially expressing GF receptors and that 
local paracrine GFs or organ-repair factors may 
regulate the growth of receptive metastatic cells. 
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Environmental influences on the organ-specific 
metastasis of HCC 

Two criteria must be met in the design of an appro- 
priate model for human cancer metastasis. It must 
use metastatic cells (the 'seed'), and these cells must 
grow in a relevant organ environment (the 'soil') 
[2]. Early studies from Fidler's laboratory of four 
HCC's derived from surgical specimens, three from 
hepatic metastases and one from a lymph node me- 
tastasis, showed that subcutaneous inoculaton in 
nude mice resulted in local tumor growth, but in 
only one of more than 200 mice was distant metasta- 
sis observed [16, 17]. Other investigators have re- 
ported similar findings following the implantation 
of different human tumor types into the subcutis of 
nude mice [18]. Furthermore, two other human tu- 
mor model systems, an HCC and a renal carcinoma, 
both derived from surgical specimens, were found 
to contain heterogeneous populations of cells with 
different metastatic properties. This demonstration 
of heterogeneity required that the cells be implant- 
ed into the anatomically correct sites in athymic 
nude mice (orthotopic implantation) [for reviews 
see 2,17,19]. For example, HCC cells implanted into 
the spleen or cecum of nude mice produced exclu- 
sively liver and lymph node metastases, whereas 
implantation of these same tumor cells at ectopic 
sites (e.g. subcutaneous or intramuscular) resulted 
in slow growth of primary tumors and only rarely in 
formation of metastases [16, 17, 19-22]. Thus, if a 
human tumor is biologically heterogeneous, some 
of its cells may possess a growth advantage, depend- 
ing on whether it is transplanted to the skin, the ce- 
cum, the liver, or the kidney of nude mice. Molecul- 
ar genetic tagging experiments support this state- 
ment [8,10]. Tumors of human renal carcinoma cells 
grown in the orthotopic site (kidney) were all pop- 
ulated by the same dominant clones, and each dis- 
tant metastasis retained this clonality; in contrast, 
renal cell tumors growing subcutaneously showed a 
random pattern of clonal dominance [10]. The im- 
portance of orthotopic implantation of human neo- 
plasms is also supported by results in other human 
tumor model systems [for review see 2,17] including 
melanoma (into the skin) [23], mammary carcino- 
ma (into the mammary fatpad) [24], prostatic carci- 
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noma (into the prostate) [25], and lung cancer (into 
the bronchi) [26]. These studies demonstrate how 
important anatomical compatibility of tumor cells 
with the organ environment is to the design of a cor- 
rect in vivo model for human spontaneous metasta- 
sis. These results imply that environmental factors 
can have a strong influence in selecting specific clo- 
nal subpopulations in a growing tumor and indicate 
that local organ factors produce selection pressures 
on tumors which results in the outgrowth of differ- 
ent clones with varied growth potential [2, 8,10, 27, 
281. 

Isolation of metastatic cell subpopulations from 
primary HCC 

To distinguish the malignant potential of different 
stage HCC's, Fidler and colleagues studied their 
growth in the liver parenchyma, the most common 
site of HCC metastasis [29]. A reproducible bioas- 
say of hepatic metastasis was developed whereby 
tumor cells from HCC surgical specimens were in- 
noculated into the spleens of nude mice [16,17, 20- 
22, 30]. From this site, tumor cells gain access to the 
bloodstream and then reach the liver where they 
proliferate into tumor colonies. The growth of HCC 
in the liver directly correlated with the metastatic 
potential of the cells, i.e., cells from surgical speci- 
mens of primary HCC classified as either modified 
Dukes' stage D or liver metastases produced signif- 
icantly more colonies in the liver of nude mice than 
cells from a Dukes' stage B tumor [17, 21, 22]. These 
results are consistent with the hypothesis that 
Dukes' stage B tumors are an earlier manifestation 
of HCC than Dukes' stage D tumors [2]. If valid, 
Dukes' stage B tumors should contain few meta- 
static cells, whereas Dukes' stage D tumors should 
contain large numbers of metastatic cells capable of 
growth in the liver. The biological characterization 
of these HCC surgical specimens support this prem- 
ise. Radioactive distribution analyses of both 
Dukes' stage B and D HCC cells demonstrated that 
shortly after intrasplenic injection the tumor cells 
reached the liver [20, 30]. Therefore, the production 
of HCC tumors in the livers of nude mice was deter- 
mined by the ability of the HCC to proliferate in the 

liver parenchyma rather than by the ability of the 
cells to reach the liver [17, 20]. 

To select and isolate metastatic subpopulations 
of HCC cells with increasing growth potential in the 
liver parenchyma from heterogeneous primary 
HCC's, cells were derived from a surgical specimen 
of a Dukes' stage B2 primary HCC. These HCC 
cells were established in culture or injected into the 
subcutis, cecum, and spleen of nude mice [21]. Pro- 
gressively growing tumors were then isolated and 
established in culture. Implantation of these four 
culture adapted cell lines into the cecum or spleen 
of nude mice produced few metastatic foci in the 
liver. HCC cells from these few liver metastases 
were expanded into culture and reinjected into the 
spleen of nude mice to provide a source for further 
cycles of selection. Importantly, with each succes- 
sive in vivo selection cycle, the metastatic ability of 
the isolated and propagated cells increased. Four 
cycles of intrasplenic selection yielded cell lines 
with a very high metastatic efficiency in nude mice 
[21]. In analogous studies of a Dukes' stage D pri- 
mary HCC, highly metastatic cell lines were isolat- 
ed, but successive selection cycles for growth in the 
liver only slightly increased their metastatic proper- 
ties [17, 21, 22]. These results demonstrate that high- 
ly metastatic cells can be selected from HCC and 
that orthotopic implantation of HCC cells in nude 
mice is a valid model for determining metastatic po- 
tential [for reviews see 2, 17, 19]. 

Considerations of genetic and phenotypic 
instability in metastatic cells 

Metastatic tumors appear to be dynamic assem- 
blages of unstable malignant cells [6]. Nicolson re- 
cently postulated that the acquisition of the meta- 
static phenotype may depend on the inherent phe- 
notypic instabilities of the tumor cells and less on 
the selection of rare metastatic cells composing the 
primary neoplasm [6]. Tumor cell instability could 
be due, in part, to regulation by the host environ- 
ment of quantitative transcriptional or translational 
changes in gene expression resulting in transient al- 
terations in the amounts of specific protein prod- 
ucts [5]. Individual cells may therefore acquire a re- 
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Fig. 2. Tyrosine kinase receptor-mediated signal transduction. The receptor diagrammed is representative of growth factor receptors with 
tyrosine protein kinase activity, e.g., the EGF and c-met receptors. Each receptor contains a glycosylated extracellular ligand-binding 
domain, a single hydrophobic transmembrane region, and a cytoplasmic tyrosine kinase catalytic domain [37, 38, 69, 72]. Following 
growth factor ligand binding and receptor oligomerization [69], this class of receptor autophosphorylates itself and phosphorylates and 
subsequently activates phospholipase C (PLC), which leads to the generation of phosphotidylinositol (PI) metabolites. Metabolites, such 
as inositol 1,4,5-trisphosphate (IP3), cause the release of Ca 2~ from intracellular compartments and the generation of diacylglycerol, a 
natural activator of Ca 2+- and phospholipid-dependent protein kinase (PKC). Interaction between the ligand and receptor also stimulates 
the phosphorylation of multiple effector substrates on serine and threonine residues. PKC also phosphorylates these substrates. Phos- 
phorylation of these effector substrates, together with alterations in the ionic content of the cell, provide the signal for the specific cellular 
responses such as proliferation, specialized cellular functions (e.g. motility), or differentiation. (Modified from Radinsky [11].) 

versible acquisit ion of  the metasta t ic  pheno type  

and once  metastasis  has occurred  the biochemical  

proper t ies  that  define the cell as metastat ic  are lost 

[6]. In  contrast ,  mal ignant  cell proper t ies  required 

for  growth  prol i fera t ion at the secondary  organ-  
specific site (see Fig. 1) m ay  be re ta ined in o rder  for 
survival and p roduc t ion  of  overt ,  clinically relevant  

metastases.  Nowell  hypothes ized  that  cellular ac- 
quisition of  successive irreversible genetic  changes  

could result  in a selective g rowth  advantage  [9], 

leading to the clonal expansion of  more  aggressive 

clones in the neop lasm which ma y  ult imately me-  

tastasize [8-10, 27]. Direct  exper imenta l  evidence 
for  clonal t umor  cell expansion of  a rare cell carry- 

ing a specific change  in a critical gene during t umor  
progress ion was demons t r a t ed  by muta t ion  of  the 
p53 gene which resul ted in a selective growth  ad- 
vantage  critical in the progress ion f rom low-grade 

to h igh-grade  h u m a n  brain tumors  [31]. Thus,  bo th  

irreversible genetic al terat ions and putat ive tran- 
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sient phenotypic properties associated with the 
metastatic phenotype can be feasibly studied in rare 
highly malignant cells sequentially selected from 
human neoplasms in nude mice, but rigorous com- 
parative analyses of these cells (preferably multiple 
distinct clones [32, 33]) growing in culture versus at 
ectopic and orthotopic sites in nude mice must be 
accomplished. These data can then be compared 
with the original fresh surgical specimen (if avail- 
able) or archival paraffin-embedded samples from 
the same patient using sensitive molecular analyses 
(see below). Only with stringent comparisons, can a 
clear association of the genetic and phenotypic 
properties intrinsic to the metastatic cell and the pu- 
tative role of environmental regulation (in vitro cul- 
ture, orthotopic and ectopic sites in nude mice, or 
the original human site) become clear. 

Organ-derived paracrine growth factors and their 
receptors 

A modern interpretation of Paget's 'seed and soil' 
hypothesis for site-specific tumor growth must in- 
clude interactions between receptive metastatic 
cells and the target organ in terms of responses to 
local GFs. A GF is a substance that stimulates cell 
proliferation and depending on the specific target 
cell often also promotes differentitation. A large 
number of growth promoting as well as growth in- 
hibitory factors, have been identified and are 
known to mediate the growth of normal and neo- 
plastic cells [11, 37]. In general, these are low mole- 
cular weight polypeptides with specific high-affinity 
and saturable cell surface receptors with endoge- 
nous protein tyrosine kinase activity (Fig. 2). The 
ubiquitous presence of GFs in a wide variety of tis- 
sues suggests that each organ may have its own 
growth-modulating substances. During develop- 
ment and tissue differentiation, organ-derived GFs 
act locally, either as paracrine- or autocrine-regu- 
latory chemical messengers [37]. They continue to 
act as needed during adult life for tissue renewal 
and wound repair. 

The role of particular peptide GFs produced by 
normal cells on the growth of organ-specific tumor 
cells is unclear [37]. The normal cell cycle proceeds 

through an orderly sequence of steps with many dif- 
ferent control points, at each of which specific fac- 
tors must be present for the cell to complete divi- 
sion. Evidence supporting an association between 
organ-derived GFs and receptive metastatic cells 
has been obtained, in part, from experiments on the 
effects of organ-conditioned medium on the growth 
of particular neoplastic cells. The presence of stim- 
ulatory or inhibitory factors in a particular tissue 
correlated with the site-specific pattern of metasta- 
sis [2-4, 6,11]. Purification of new factors to homo- 
geneity should lead to more definitive analysis and 
their putative roles in the growth regulation of or- 
gan-specific metastases. Metastatic cells may there- 
fore proliferate in secondary organs which produce 
compatible GFs; that is, GFs similar to those in- 
volved in the cellular regulation of the normal tissue 
from which the primary tumor originated. For ex- 
ample, HCC tumors utilize and respond to specific 
GFs which regulate normal colonic epithelium. 
Some of these identical factors also regulate tissue 
renewal and repair in the liver (see below). Hence, 
do these same factors participate in the regulation 
of HCC growth at the metastatic liver-specific site? 

Colonic epithelium is a rapidly proliferating or- 
gan that completely renews itself on a weekly basis 
[34]. Two recent reports have detected expression 
of transforming growth factor alpha (TGF-c 0 in 
normal colon [35, 36]. TGF-a is a secreted polypep- 
tide that binds to the epidermal growth factor re- 
ceptor (EGF-R) to produce a mitogenic stimulus 
[37, 38] (Fig. 2). In colonic epithelium autocrine 
growth stimulation by TGF-a can occur independ- 
ently of malignant transformation. Markowitz and 
colleagues demonstrated that TGF-a and EGF-R 
are coexpressed in both normal and in adenoma- 
tous human colonic epithelium [36]. These results 
are consistent with experimental studies demon- 
strating that in vivo intravenous epidermal growth 
factor (EGF) is a potent mitogen for rat colonic epi- 
thelium [39]. TGF-o~ is therefore likely an impor- 
tant colonic mitogen which in vivo acts to stimulate 
proliferation of the colonic epithelium. Numerous 
studies have implicated TGF-a as an autocrine 
growth factor in solid tumors and in HCC [37, 40- 
42]. However, TGF-o~ autocrine stimulation of 
EGF-R in immortalized colonic epithelial cells is 



not transforming and induces neither growth in soft 
agar nor tumorigenicity in nude mice [36]. Similarly, 
TGF-a is an autocrine growth factor in nontrans- 
formed cultured normal breast epithelium [43]. The 
authors of these studies suggest that normal versus 
malignant epithelia differ not in the existence of an 
autocrine loop, but in the cellular responses to such 
stimulation [36, 43]. Precedent exists for such al- 
tered responses to GFs and cytokines, whereby 
growth inhibitory polypeptides switch to growth 
stimulators in cells from advanced-stages of tumor 
progression (i.e., metastatically competent cells) [8, 
28]. 

Hepatocyte growth factor (HGF) is another mi- 
togen that may regulate turnover of colonic epithe- 
lium. Although HGF is the most potent in vitro mi- 
togen for hepatocytes yet described, it is not only a 
liver-specific GF [44, 45]. This molecule has been 
shown to be a GF with broad specificity, stimulating 
a number of cells of epithelial origin [44, 45]. HGF 
mRNA was found in a variety of human organs and 
HGF protein has been located histochemically in 
all squamous epithelia, lining glandular epithelia, 
and throughout the gastrointestinal tract mucosa 
[44-46]. HGF was shown to be produced by stromal 
fibroblasts from organs including adult skin, lung, 
prostate, and the gastrointestinal tract [44, 45, 47, 
48]. This form of HGF may represent a paracrine 
mediator of cellular proliferation including colonic 
and liver epithelium [44, 45, 48]. No mitogenic ef- 
fect was observed for fibroblasts [44, 45, 48]. HGF is 
also identical to scatter factor, a factor named for its 
'scattering' or induction of cell dissociation in tight- 
ly packed mammary epithelial cells and in its ability 
to increase cell mobility of a variety of epithelial 
cells including some cancer cells [44, 45, 49, 50]. 
HGF-scatter factor has also been described to be a 
potent chemotactic factor and has been associated 
with progression of carcinoma cells to the invasive 
phenotype [44, 51]. Collectively, these properties 
confer to HGF/scatter factor a potential critical role 
in tumor growth and metastasis. 
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Wound- and liver-specific repair factors and 
metastasis 

A mechanism for site-specific tumor growth in- 
volves the interaction between receptive metastatic 
cells and the organ environment, possibly modulat- 
ed by local growth factors. Host factors (autocrine 
or paracrine) that control the processes of organ re- 
pair and regeneration are known to be organ-spe- 
cific. As early as 1914, Jones and Rous observed that 
trauma enhanced the ability of a tissue to support 
the growth of cancer cells [52]. Several reports have 
since described the wound site as a preferred loca- 
tion for malignant cell proliferation in a variety of 
tissues and in a number of species [53-57]. For ex- 
ample, when MC28 sarcoma cells were injected in- 
tra-arterially into rats, tumors grew preferentially 
in the parts of tissue that were traumatized (i.e., co- 
lon and muscle) compared to control untrauma- 
tized areas of the same tissues [56, 58]. Further- 
more, a number of investigators have reported that 
tumor cells inoculated intraportally showed a dra- 
matic increase in tumor growth and incidence in 
mechanically traumatized or partially hepatecto- 
mized rat liver as compared to sham-operated con- 
trols [59-61]. Also, data from our laboratory indi- 
cate that liver regeneration in the nude mouse, but 
not nephrectomy or control surgery, stimulates the 
growth of HCC cells implanted subcutaneously [2]. 
Consistent with these observations is the appear- 
ance of factors in the peripheral blood that stimu- 
late DNA synthesis in grafted hepatic parenchyma 
concomitant with the synthesis of liver DNA in situ 

[62]. These findings suggest that metastatic cells 
that either originate from or have affinities for 
growth in a particular organ can respond to physio- 
logical signals produced when homeostasis is dis- 
turbed, presumably by response mechanisms simi- 
lar to those of normal cells. 

Following partial hepatectomy, the liver under- 
goes rapid cell division, i.e., hyperplasia. This pro- 
cess of liver regeneration involves quantitative 
changes in hepatocyte gene expression [62, 63]. Re- 
cently, for example, TGF-o~ was described as a phys- 
iological regulator of liver regeneration by means 
of an autocrine mechanism [64, 65]. TGF-~ produc- 
tion by hepatocytes may also have a paracrine role, 
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stimulating the proliferation of adjacent nonparen- 
chymal cells through the EGF-R [62]. HGF is an- 
other candidate mitogen involved in liver homeo- 
stasis. This hepatic trophic factor has been demon- 
strated to be synthesized and secreted from liver 
nonparenchymal cells (Ito, endothelial and Kupffer 
cells), subsequent to liver damage, a rapid increase 
is observed [44, 45, 66]. This increase is paralleled 
by the down-regulation of its receptor, the c-met 
proto-oncogene, in hepatocytes [44, 67, 68]. The c- 
met receptor belongs to the tyrosine kinase family 
of receptors, e.g., the EGF-R [69]. These observa- 
tions are consistent with the paracrine action of 
HGF in the growth regulation of liver (and colonic) 
epithelium [44]. Furthermore, TGF-[3 may be a 
component of the paracrine regulatory loop, con- 
trolling hepatocyte replication at the late stages of 
liver regeneration [65]. Therefore, when normal tis- 
sues such as the liver are damaged (possibly by in- 
vading tumor cells [4]), growth factors are released 
to stimulate normal organ tissue repair, and these 
known factors may also stimulate the proliferation 
of receptive malignant tumor cells, i.e., those that 
possess the appropriate receptors. 

A model for the paracrine growth regulation of 
HCC liver-specific metastases 

A model for the paracrine growth regulation of 
HCC liver metastases is shown in Fig. 3. The expan- 
sion of the HCC cell into a metastatic colony may 
require tumor cell autocrine GFs or the ability to 
respond to external host cell-derived stimuli such as 
organ growth and differentiation factors, hormon- 
es, cell to cell contact, and interaction between cells 
and extracellular matrix proteins [70, 71]. By defini- 
tion, HCC cells receptive to candidate stimulatory 
ligands such as TGF-~ and HGF must express the 
corresponding receptors (EGF-R and c-met, re- 
spectively). Altered or overexpression of EGF-R 
has been reported for a variety of human carcino- 
mas including HCC [72-74]. The exact role of 
EGF-R is unclear, but the more malignant the tu- 
mor the more cell surface EGF-Rs (see below) [73]. 
The role of c-met, the receptor for HGF is less clear. 
Transfection of c-met into fibroblasts conferred the 

competence to respond to HGF only with the acti- 
vation of the mitogenic and invasive phenotypes 
[75]. No change in growth rate was observed [75]. 
Cells expressing endogenous c-met receptors such 
as endothelial cells, keratinocytes, and melanocytes 
respond to HGF by proliferation and scattering, 
whereas hepatocytes only proliferate [44, 45, 75]. 
HGF also acts as a negative growth regulator in 
some carcinoma cells [76]. The mechanism for the 
different responses to HGF is unclear. Possibilities 
include multiple receptor isoforms with structural 
differences, proteolytic processing of a protein pre- 
cursor, or that the c-met receptor is linked to dis- 
tinct signaling pathways dependent on the cell type 
or the growth and metabolic conditions of the cells 
[44, 45]. Nevertheless, we do not have sufficient da- 
ta to establish roles for HGF and c-met in tumor 
progression and, specifically, in the formation and 
proliferation of HCC metastases. It is also very like- 
ly that the proliferation of implanted metastatic 
HCC cells requires the concerted action of several 
other GFs. Furthermore, tumor cells can release 
factors that the host cells (Kupffer and endothelial 
cells, hepatocytes or fibroblasts) respond to, result- 
ing in a reciprocal relationship between the HCC 
metastatic cells and the liver microenvironment 
(Fig. 3) [6, 77-79]. Hence, as depicted in this model, 
normal homeostatic processes and those that follow 
damage to an organ facilitate the proliferation of 
normal and, in some cases, tumor cells possessing 
the appropriate receptors. 

Receptors on HCC cells correlating with liver- 
specific growth ability 

The model presented in Fig. 3 for the paracrine 
growth regulation of metastatic HCC cells in the liv- 
er is the end result of a complex series of steps (Fig. 
1). The final step is represented by the ability of the 
implanted cells to proliferate as a colony and to re- 
spond to GFs through the appropriate cell surface 
GF-Rs. We, therefore, assessed the genes encoding 
for GF-Rs of low- and high-metastatic HCC varia- 
nts. Analyses of HCC cells from surgical specimens 
that differed in malignant potential (Dukes' stage 
B, D, or liver metastases) and adapted to in vitro 
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Fig. 3. A model for the paracrine regulation of HCC tumor ceil growth at liver-specific metastases. A modern view of Paget's 'seed and 
soil' hypothesis [12] includes the paracrine regulation of tumor cell growth at organ-specific sites. Paracrine regulation of tumor cells can 
involve stimulation or inhibition by growth factors in the extracellular environment. Candidate stimulatory ligands include TGF-~, which 
is produced by hepatocytes in response to trauma. Recent data indicate that this physiological regulator of liver regeneration works 
through an autocrine loop in hepatocytes and through a paracrine mechanism in adjacent nonparenchymal cells through the epidermal 
growth factor receptor (EGF-R). Another candidate mitogen, hepatocyte growth factor (HGF), is synthesized and secreted from liver 
endothelial, Kupffer, and Ito cells, which is consistent with its paracrine action in the growth regulation of liver as well as colonic epi- 
thelium [44, 45, 66]. Furthermore after liver damage, a rapid increase in HGF production is observed in the Ito and Kupffer cells in parallel 
to the down-regulation of its receptor, c-met, in hepatocytes [44, 45, 66]. Hence, homeostatic processes such as inflammation and repair 
that follow damage to an organ facilitate the proliferation of normal, and, in some cases, tumor cells possessing the appropriate receptors. 
Tumor cells can also release factors that can affect the host cells resulting in a reciprocal relationship between the tumor cells and host 
cells in the tumor microenvironment [6, 77-79]. Growth factors (GFs), growth factor receptor (GF-R). 

g rowth  showed no amplif icat ion or  r ea r r angemen t  

in the genes coding for  the tyrosine kinase receptors  

E G F - R  and c-erb B2. Similar results were  observed  

for  genes encoding  specific GFs  or  proteins  in- 
volved in intracellular  signal t ransduct ion path-  

ways. In  contrast ,  no r the rn  blot  analyses demon-  

strated that  highly metasta t ic  H C C  variants (ei ther 

D u k e s '  stage D or  variant  cells selected in nude  

mice f rom a D u k e s '  stage B2 tumor )  expressed sig- 

nificantly m o r e  E G F - R  m R N A  transcripts than 
poor ly  metas ta t ic  H C C  cell types (Radinsky  et al., 
manuscr ip t  in prepara t ion) .  Scatchard  analyses of  

the type and n u m b e r  of  E G F - R s  on these cell types 

conf i rmed these results. The  in vi tro growth  re- 

sponse of  cells with high or  low metasta t ic  potent ia l  

to  p icogram levels of  TGF-(z demons t r a t ed  the 

funct ional  significance of  increased E G F - R  num-  

bers on specific cell types. E G F - R  specific prote in-  

tyrosine kinase activity was also elevated in the 

highly metasta t ic  H C C  cells c o m p a r e d  with the low 

metastat ic  cell types. Fluorescent-ac t ivated  cell- 

sort ing for high E G F - R  expressing H C C  cell types 

and E G F - R  transfect ion exper iments  conf i rmed 

the corre la t ion be tween  growth  ability in the liver 

env i ronment  and expression of  funct ional  E G F - R s  
(Radinsky  et al., manuscr ip t  in preparat ion) .  
E G F - R  levels also corre la ted with advanced  stage 

disease in a n u m b e r  of  h u m a n  malignancies,  includ- 
ing non-smal l  cell lung, bladder,  and gastric cancers 

[72-74, 80], as well as with metasta t ic  potent ia l  and, 
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hence, poor prognosis in breast cancer [81]. The re- 
sults demonstrate the physiological significance of 
inappropriate expression of the EGF-R tyrosine ki- 
nase in normal and abnormal cellular growth con- 
trol. 

Related to, but distinct from the EGF-R is the 
c-met proto-oncogene. The protein encoded by c- 
met is the receptor for HGF [67, 68]. Numerous 
studies indicate a role for HGF and c-met in the 
growth and turnover of epithelial tissues and in the 
progression of carcinoma cells to the invasive phe- 
notype [44, 45, 51]. Preliminary studies from our 
laboratory indicate high levels of c-met expression 
in in vitro adapted HCC cell types of either Dukes' 
stage B2, D, or liver metastases (Radinsky et al., 
manuscript in preparation). Expression analyses of 
mRNA isolated directly from HCC tumor speci- 
mens versus normal colon or liver tissue suggest in- 
creased c-met transcripts in the tumor tissues (Ellis, 
Radinsky, and Fidler, manuscript in preparation). 
The significance (if any) of increased expression of 
c-met in HCC organ-specific metastasis and its abil- 
ity to bind the HGF ligand and elicit a response (mi- 
togenic and/or motility) is currently under investi- 
gation. Further studies of EGF-R, c-met, and other 
tyrosine kinase receptors and their intracellular 
pathways may have application in the study of cellu- 
lar proliferation, possibly in terms of modifying a 
tumor cell's response to specific factors during me- 
tastasis. 

In situ mRNA hybridization for EGF-R transcripts 
in archival HCC surgical specimens 

We recently reported the development of a rapid 
colorimetric in situ mRNA hybridization (ISH) 
technique using hyperbiotinylated oligonucleotide 
probes for analysis of EGF-R transcripts in forma- 
lin-fixed paraffin-embedded HCC surgical speci- 
mens [82] or multidrug resistance gene 1 (mdrl) 
transcripts in cultured mouse colon carcinoma cells 
and frozen tissue sections [83]. This 5 hour proce- 
dure is a modification of the ISH procedure devel- 
oped by Brigati and co-workers for DNA [84], using 
specific oligonucleotides labeled with six biotin 
molecules at the 3' end and an avidin-alkaline phos- 

phatase detection system [85]. This ISH technique, 
in conjunction with immunohistochemistry, can 
produce valuable information on determining the 
exact source of mRNA and a protein such as 
EGF-R in a given tumor specimen. Unlike North- 
ern analyses, ISH can determine intratumoral het- 
erogeneity in gene expression and identify partic- 
ular cells that contain a specific mRNA transcript in 
formalin-fixed paraffin-embedded archival tissues. 
Since normal colonic epithelium and hepatocytes 
express EGF-R mRNA transcripts (see above), 
ISH analyses can determine whether the EGF-R 
originates in the HCC cells or normal cells or both. 
This ISH technique should allow analyses of the 
host tissue (hepatocytes, Kupffer, fibroblast, and 
endothelial cells, see Fig. 3) surrounding the meta- 
static lesion for possible upregulation and en- 
hanced expression of candidate GF transcripts. Da- 
ta obtained from the highly metastatic cells sequen- 
tially selected from HCC neoplasms in nude mice 
can be rigorously compared using ISH to the origi- 
nal archival paraffin-embedded sample from the 
same patient as well as to a panel of HCC primary 
and metastatic specimens. Thus, analyses of this 
kind may determine a clear association of the genet- 
ic and phenotypic characteristics intrinsic to the 
metastatic HCC cell and the putative role of the liv- 
er 'soil' in its growth regulation. 

Based on our findings that HCC cells isolated 
from metastases (Dukes' stage D) expressed signif- 
icantly increased EGF-R transcripts and functional 
protein receptors as compared to HCC cells with 
low metastatic potential (Dukes' stage A or B), we 
analyzed by ISH archival HCC primary and meta- 
static surgical specimens for cell specific EGF-R 
mRNA expression. We first determined whether 
paraformaldehyde fixation of cultured A431 epi- 
dermoid carcinoma cells [86] or formalin fixation 
and paraffin-embedding of tissues interfered with 
ISH for mRNA. A hyperbiotinylated oligonucleo- 
tide d(T)30 complementary to all polyadenylated 
mRNA transcripts was used to confirm the integrity 
of the mRNA (i.e. lack of degradation) in all sam- 
ples (Fig. 4A and D). A431 cells growing in culture 
and in solid tumors showed intense alkaline phos- 
phatase reactivity in the cytoplasm consistent with 
the cellular distribution of polyadenylated mRNA 



l g  w . ~  

355 

A 
0 ~ 30 pm 

B 
b 

C 

Fig. 4. In situ mRNA hybridization for EGF-R transcripts in human A431 epidermoid carcinoma cells. Cells were grown in vitro [A-C] or 
as tumors in nude mice [D-F]. mRNA integrity was verified using a hyperbiotinylated oligonucleotide d(T)30 probe which showed strong 
cytoplasmic staining in both fixed cultured cells and formalin-fixed paraffin-embedded sections of solid tumor tissue (black arrows, A and 
D, respectively). A 24-base hyperbiotinylated antisense EGF-R oligonucleotide probe produced intense cytoplasmic staining (B and E, 
black arrows); in contrast to a control hyperbiotinylated EGF-R sense oligonucleotide probe, which showed no cytoplasmic reaction (C 
and E open arrows). Avidin-alkaline phosphatase detection techniques were used [85]. All samples were counterstained with hematoxy- 
lin. (Adapted from Radinsky et al. [82].) 
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Fig. 5. In  situ mRNA hybridization for EGF-R transcripts in formalin-fixed paraffin-embedded surgical specimens of primary and meta- 
static HCC. Hybridization with a hyperbiotinylated oligonucleotide d(T)30 probe confirmed the mRNA integrity in each sample (not 
shown). Hybridization with the antisense EGF-R oligonucleotide probe revealed positive cytoplasmic staining of primary HCC (black 
arrow, A) and HCC metastases in the liver and lymph node (black arrows, C and E, respectively). Normal hepatoctyes demonstrated 
weak cytoplasmic reactivity (C), whereas normal lymphoid tissue demonstrated no reaction (E). EGF-R control sense probes showed no 
cytoplasmic reactivity with endogenous transcripts (open arrows, B, D, and F). All sections were counterstained with hematoxylin. A, B, 
primary HCC; C, D, HCC liver metastasis; E, F, HCC lymph node metastasis. (Adapted from Radinsky et al. [82].) 



in the cytoplasm (black arrows, Fig. 4A and D, re- 
spectively). Proper fixation is thus mandatory for 
ISH results and control staining with oligonucleo- 
tide d(T)30 is necessary to interpret negative results 
[82]. Most cell types display average EGF-R num- 
bers from 20,000 to 200,000 [74]; whereas, A431 
cells express approximately 2 X 106 EGF-Rs per cell 
[86]. The hyperbiotinylated antisense EGF-R oli- 
gonucleotide probe (complementary to EGF-R 
mRNA) produced dark cytoplasmic staining (Fig. 
4B and E). Control ISH analyses using the corre- 
sponding hyperbiotinylated sense EGF-R probe 
showed minimal cytoplasmic staining (open arrows, 
Fig. 4C and F). Northern blot analyses and immu- 
nohistochemical analyses for EGF-R confirmed 
these results and provided evidence for the specific- 
ity and sensitivity of this ISH technique to detect 
EGF-R transcripts. 

We next analyzed by ISH EGF-R transcripts in 
formalin-fixed paraffin-embedded primary HCC 
and liver and lymph node metastases (Fig. 5). Anal- 
ysis of a primary Dukes' C2 HCC with the hyper- 
biotinylated oligonucleotide d(T)30 confirmed that 
the mRNA was intact in this sample (not shown). 
ISH with the antisense EGF-R probe produced dis- 
tinct cytochemical staining in the cytoplasm of the 
HCC cells (black arrow, Fig. 5A). Neither a control 
EGF-R sense probe (open arrow, Fig. 5B) nor a re- 
agent control hybridization (not shown) produced 
staining. Immunohistochemical analysis of this par- 
affin-embedded primary HCC with a mouse mono- 
clonal anti-EGF-R antibody and alkaline phospha- 
tase detection showed positively stained tumor cells 
thus confirming the ISH results in this sample. We 
also performed ISH on paraffin-sections of HCC 
liver and lymph node metastases from two different 
patients (Fig. 5C-F). Metastatic HCC in the liver 
and lymph node demonstrated cytochemical reac- 
tion with the hyperbiotinylated antisense EGF-R 
probe (black arrows, Fig. 5C and E, respectively). 
Hepatocytes, which are also known to express 
EGF-R [64, 65] reacted with this probe albeit at a 
lower level (Fig. 5C). Hybridization with the con- 
trol sense EGF-R probe showed no reaction (open 
arrows, Fig. 5D and F). Northern blot analyses of 
these same samples correlated directly with the ISH 
data (not shown). These results indicate that retro- 
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spective analyses are feasible using archival human 
surgical specimens. Further work is required to as- 
sess how quantitative this ISH technique is. A pro- 
cedure to quantify histochemically detected alka- 
line phosphatase activity is currently being ex- 
plored [87]. This method should allow the detection 
of other mRNA species involved in HCC metastasis 
utilizing archival specimens. The expression of GFs 
produced by the host environment (i.e., surround- 
ing the HCC metastases) could also be analyzed us- 
ing ISH in combination with bacterial lacZ-tagging 
of the metastatic cells [88, 89] to facilitate studies 
during the early formulative stages of metastatic 
cell growth in the secondary organ-specific environ- 
ment. 

C o n c l u s i o n s  

The Paget 'seed and soil' hypothesis proposed that 
the successful production of metastasis depends in 
part on the interaction of favored tumor cells with a 
compatible milieu provided by a particular organ 
environment. Studies with HCC support this hy- 
pothesis and show that the production of site-spe- 
cific metastasis is dependent on the proliferation of 
tumor cells differentially expressing GF-Rs and 
that tissue-specific paracrine GFs or organ-repair 
factors may stimulate the growth of receptive meta- 
static cells. It is clear from the experiments present- 
ed here that organ microenvironments can influen- 
ce the implantation, invasion, survival, and growth 
of receptive tumor cells. Thus, the successful meta- 
static cell, which exhibits a complex phenotype, 
must be viewed as a cell receptive to its environ- 
ment [2]. 
- Anatomical compatability of tumor cells with 

the organ environment is critical to the design of 
a correct in vivo model for human spontaneous 
metastatis [2, 17, 19]. 

- Local organ factors may produce selection pres- 
sures on tumors which result in the outgrowth of 
specific clonal subpopulations in a growing tu- 
mor [2, 8, 10, 27, 28[. 

- The production of HCC tumors in the livers of 
nude mice is determined by the ability of HCC 
cells to proliferate in the liver parenchyma rather 
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than by the ability of cells to reach the liver [2,17, 

201. 
HCC cells isolated from metastases or Dukes' 
stage D tumors expressed significantly increased 
EGF-R transcripts and functional protein recep- 
tors as compared to HCC cells with low meta- 
static potential to Dukes' stage A and B tumors 
(Radinsky et al., manuscript in preparation). 
Data obtained from highly metastastic HCC 
cells in a nude mouse model can be rigorously 
compared using ISH techniques with the origi- 
nal archival surgical specimen as well as to a pan- 
el of HCC samples in order to determine a clear 
association of the intrinsic properties of the 
metastatic HCC cell and the role of the liver en- 
vironment in its growth regulation [82, 83]. 

K e y  u n a n s w e r e d  q u e s t i o n s  

- Apart from known markers in HCC tumor pro- 
gression, what other markers are associated with 
different stages of HCC progression and metas- 
tasis? 

- What is the role of host factors on the selection 
of different high metastastic HCC clones from 
HCC grown at orthotopic versus ectopic sites? 

- Are EGF-R a.nd c-met directly involved in the 
growth regulation of HCC at the primary and/or 
liver-specific sites? 

- EGF-R and c-met knock-out experiments using 
antisense, antibody, or drug technologies may 
determine the direct involvement of these recep- 
tors in the growth regulation of HCC liver me- 
tastases. 

- What is the role of HGF in early versus late stage 
HCC cells? 

- Do host cells adjacent to the metastatic lesion 
upregulate their GF production? ISH experi- 
ments may uncover this phenomenon. 

A c k n o w l e d g e m e n t s  

I would like to thank Dr. Isaiah J. Fidler for support, 
advice, and insightful discussions; Dr. Corazon Bu- 
cana for all collaborations; Rachel Tsan and Ricar- 

do Sanchez for technical assistance; Kenneth Dun- 
ner, Jr. for photographic assistance; Drs. R. Singh 
and K. Berry for critical reading of the manuscript; 
and Ms. Patherine Greenwood for expert help in 
the preparation of the manuscript. Supported in 
part by American Cancer Society Grant PF-3446 
(RR), Cancer Center Support Core Grant CA 
16672, and Grant R35 CA-42107 from the National 
Cancer Institute, National Institute of Health (IJF). 

R e f e r e n c e s  

1. Fidler I J, Kripke ML: Metastasis results from pre-existing 
variant cells within a malignant tumor. Science 197: 893-895, 

1977 
2. Fidler I J: Special Lecture: critical factors in the biology of 

human cancer metastasis: twenty-eight G.H.A. Clowes Me- 
morial Lecture. Cancer Res 50: 6130-6138, 1990 

3. Hart IR: 'Seed and Soil' revisited: mechanisms of site specif- 
ic metastasis. Cancer Metastasis Rev 1: 5-17, 1982 

4. Nicolson GL: Cancer Metastasis: tumor cell and host organ 
properties important in metastasis to specific secondary 
sites. Biochim Biophys Acta 948:175-224,1988 

5. Fidler IJ, Radinsky R: Editorial: genetic control of cancer 
metastasis. J Natl Cancer Inst 82: 166-168, 1990 

6. Nicolson GL: Cancer progression and growth: relationship 
of paracrine and autocrine growth mechanisms to organ 
preference of metastasis. Expt Cell Res 204: 171-180, 1993 

7. Fidler I J, Balch CM: The biology of cancer metastasis and 
implications for therapy. Curr Probl Surg 24: 137-209,1987 

8. Kerbel RS: Growth dominance of metastatic cancer cell: cel- 
lular and molecular aspects. Adv Cancer Res 55: 87-132, 

1990 
9. Nowell PC: The clonal evolution of tumor cell populations. 

Science 194: 23-28, 1976 
10. Staroselsky AN, Radinsky R, Fidler IJ, Pathak S, Cherna- 

jovsky Y, Frost P: The use of molecular genetic markers to 
demonstrate the effect of organ environment on clonal 
dominance in human renal cell carcinoma grown in nude 
mice. Int J Cancer 51: 130-138, 1992 

11. Radinsky R: Growth factors and their receptors in metasta- 
sis. Semin Cancer Biol 2: 169-177, 1991 

12. Paget S: The distribution of secondary growths in cancer of 
the breast. Lancet 1: 571-573, 1889 

13. Tarin D, Price JE, Kettlewell MGW, Souter RG, Vass ACR, 
Crossley B: Mechanisms of human tumor metastasis studied 
in patients with peritoneovenous shunts. Cancer Res 44: 
3584-3592, 1984 

14. Ewing J: Neoplastic diseases. WB Saunders, Philadelphia, 

1928 
15. Sugarbaker EV: Patterns of metastasis in human malignan- 

cies. Cancer Biol Rev 2: 235-278,1981 



16. Giavazzi R, Campbell DE, Jessup JM, Cleary K, Fidler I J: 
Metastatic behavior of tumor cells isolated from primary 
and metastatic human colorectal carcinomas implanted into 
different sites of nude mice. Cancer Res 46:1928-1933,1986 

17. Fidler I J: Orthotopic implantation of human colon carcino- 
mas into nude mice provides a valuable model for the biol- 
ogy and therapy of metastasis. Cancer Metastasis Rev 10: 
229-243, 1991 

18. Liotta LA: Tumor invasion and metastasis - role of the ex- 
tracellular matrix: Rhoads Memorial Award Lecture. Can- 
cer Res 46: 1-7, 1986 

19. Jessup JM, Gallick GE: The biology of colorectal carcino- 
ma. Curr Probl Cancer 16: 263-328, 1992 

20. Giavazzi R, Jessup JM, Campbell DE, Walker SM, Fidler I J: 
Experimental nude mouse model of human colorectal can- 
cer liver metastasis. J Natl Cancer Inst 77: 1303-1308, 1986 

21. Morikawa K, Walker SM, Jessup JM, Fidler I J: In vivo selec- 
tion of highly metastatic cells from surgical specimens of dif- 
ferent colon carcinomas implanted into nude mice. Cancer 
Res 48: 1943-1948,1988 

22. Morikawa K, Walker SM, Nakajima M, Pathak S, Jessup JM, 
Fidler I J: Influence of organ environment on the growth, se- 
lection, and metastasis of human colon carcinoma cells in 
nude mice. Cancer Res 48: 6863-6871, 1988 

23. Cornil T, Man MS, Fernandez B, Kerbel RS: Enhanced tu- 
morigenicity, melanogenesis and metastasis of a human ma- 
lignant melanoma observed after subdermal implantation in 
nude mice. J Natl Cancer Inst 81: 938-944, 1989 

24. Shafie SM, Liotta LA: Formation of metastasis by human 
breast carcinoma cells (MCF-7) in nude mice. Cancer Lett 
11: 81-87, 1980 

25. Stephenson RA, Dinney CPN, Gohji K, Ordonez NG, Kil- 
Iion J J, Fidler IJ: Metastatic model for human prostate can- 
cer using orthotopic implantation in nude mice. J Natl Can- 
cer Inst 84: 951-957, 1992 

26. McLemore TL, Liu MC, Blacker PC, Gregg M, Alley MC, 
Abbott  B J, Shoemaker RH, Bohlman ME, Litterst CC, 
Hubbard WC, Brennan RH, McMahon JB, Fine DL, Eg- 
gleston JC, Mayo JG, Boyd MR: Novel intrapulmonary 
model for orthotopic propagation of human lung cancers in 
athymic nude mice. Cancer Res 47: 5132-5140, 1987 

27. Radinsky R, Culp LA: Clonal dominance of select subsets of 
viral Kirsten ras+-transformed 3T3 cells during tumor pro- 
gression. Int J Cancer 48: 148-159, 1991 

28. Kerbel RS: Commentary: expression of multi-cytokine re- 
sistance and multi-growth factor independence in advanced 
stage metastatic cancer: malignant melanoma as a paradi- 
gm. Am J Pathol 141: 519-524, 1992 

29. August DA, Ottow RT, Sugarbaker EV: Clinical perspec- 
tives of human colorectal cancer metastasis. Cancer Metas- 
tasis Rev 3: 303-325, 1984 

30. Price JE, Daniels LM, Campbell DE, Giavazzi R: Organ dis- 
tribution of experimental metastases of a human colorectal 
carcinoma injected in nude mice. Clin Expt Metastasis 7: 55- 
68, 1989 

31. Sidransky D, Mikkelsen T, Schwechheimer K, Rosenblum 

359 

ML, Cavanee W, Vogelstein B: Clonal expansion of p53 mu- 
tant cells is associated with brain tumor progression. Nature 
(London) 355: 846-847, 1992 

32. Radinsky R, Kraemer PM, Proffitt MR, Culp LA: Clonal 
diversity of the Kirsten-ras oncogene during tumor progres- 
sion in athymic nude mice: mechanisms of amplification and 
rearrangement. Cancer Res 48: 4941-4953, 1988 

33. Radinsky R, Weisberg HZ, Staroselsky AN, Fidler IJ: Ex- 
pression level of the nm23 gene in clonal populations of 
metastatic murine and human neoplasms. Cancer Res (Adv 
in Brief) 52: 5808-5814, 1992 

34. Friedman E: A primary culture system of human colon car- 
cinoma cells and its use in evaluating differentiation ther- 
apy. In: Augenlicht L (ed) Cell and Molecular Biology of 
Colon Cancer. CRC Press, Boca Raton, 1989, pp 69-85 

35. Malden L, Novak U, Burgess A: Expression of transforming 
growth factor alpha messenger RNA in the normal and ne- 
oplastic gastro-intestinal tract. Int J Cancer 43: 380-384, 
1989 

36. Markowitz SD, Molkentin K, Gerbic C, Jackson J, Stellato 
T, Willson JKV: Growth stimulation by coexpression of 
transforming growth-factor-c~ and epidermal growth factor- 
receptor in normal and adenomatous human colon epitheli- 
um. J Ctin Invest 86: 356-362,1990 

37. Deuel TF: Polypeptide growth factors: roles in normal and 
abnormal cell growth. Annu Rev Cell Biot 3: 443-492, 1987 

38. Burgess AW: Epidermal growth factor and transforming 
growth factor a. Br Med Bull 45: 401-424, 1989 

39. Goodlad R, Wilson T, Lenton W, Gregory H, McCullagh K, 
Wright N: Intravenous but not intragastric urogastrone- 
EGF is trophic to the intestine of parenterally fed rats. Gut 
28: 573-582, 1987 

40. Bradley S, Garfinkle G, Walker E, Salem R, Chen L, Steele 
G: Increased expression of the epidermal growth factor re- 
ceptor on human colon carcinoma cells. Arch Surg 12I: 
1242-1247, 1986 

41. Coffey R, Goustin A, Soderquiat A, Shipley G, Wolfshohl J, 
Carpenter G, Moses H: Transforming growth factor c~ and ~3 
expression in human colon cancer lines: implication for an 
autocrine model. Cancer Res 47: 4590-4594, 1987 

42. Watkins L, Brattain M, Levin A: Modulation of a high mole- 
cular weight form of transforming growth factor-a in human 
colon carcinoma cell lines. Cancer Lett 40: 59-70, 1988 

43. Bates S, Valverius E, Ennis B, Bronzert D, Sheridan J, 
Stampfer M, Mendelsohn J, Lippman M, Dickson R: Ex- 
pression of the transforming growth factor-e~/epidermal 
growth factor receptor pathway in normal human breast ep- 
ithelial cells. Endocrinology 126: 596-607,1990 

44. Gherardi E, Stoker M: Hepatocyte growth factor-scatter 
factor: mitogen, motogen, and met. Cancer Cells 3: 227-232, 
1991 

45. LaBrecque DR: Editorial: hepatocyte growth factor - how 
do I know thee? Let me count the ways. Gastroenterology 
103: 1686-1691, 1992 

46. Wolf HK, Zarnegar R, Michalopoulous GK: Localization of 



360 

hepatocyte growth factor in human and rat tissues: an immu- 
nohistochemical study. Hepatology 14: 488-494, 1991 

47. Rubin JS, Osada H, Finch PW, Taylor WG, Rudikoff F, Aa- 
ronson SA: Purification and characterization of a newly 
identified growth factor specific for epithelial cells. Proc 
Natl Acad Sci USA 86: 802-806,1989 

48. Rubin JS, Chan AM-L, Bottaro DP, Burgess WH, Taylor 
WG, Cech AC, Hirschfield DW, Wong J, Miki T, Finch PW, 
Aaronson SA: A broad-spectrum human lung fibroblast-de- 
rived mitogen is a variant of hepatocyte growth factor. Proc 
Natl Acad Sci USA 88: 415-419, 1991 

49. Stocker M, Perryman M: An epithelial scatter factor re- 
leased by embryo fibroblasts. J Cell Sci 77: 209-223, 1985 

50. Weidner KM, Arakaki N, Hartman G, Vandekerckhove J, 
Weingart S, Rieder H, Fonatsch C, Tsubovchi H, Hishida T, 
D aikuhara Y, Birchmeier W: Evidence for the identity of hu- 
man scatter factor and human hepatocyte growth factor. 
Proc Natl Acad Sci USA 88: 7001-7005, 1991 

51. Weidner KM, Behrens J, Vandekerckhove J, Birchmeier W: 
Scatter factor: molecular characteristics and effect on the in- 
vasiveness of epithelial cells. J Cell Bio1111: 2097-2108,1990 

52. Jones FS, Rous P: On the cause of the localization of second- 
ary tumours at point of injury. J Exp Med 20: 404-412, 1914 

53. Agostino DE, Clifton EE: Trauma as a cause of location of 
blood borne metastases. Ann Surg 161: 97-102, 1965 

54. Alexander JW, Altemeier WA: Susceptibility of injured tis- 
sues to hematogenous metastases: an experimental study. 
Ann Surg 159: 933-944, 1964 

55. Murphy R Alexander R Kirklam N, Fleming J, Taylor L: Pat- 
tern of spread of bloodborne tumour. Br J Surg 73: 829-834, 
1986 

56. Orr FW, Adamson IYR, Young L: Promotion of pulmonary 
metastases in mice by bleomycin-induced endothelial injury. 
Cancer Res 46: 891-897, 1986 

57. Robinson KR Hoppe E: The development of bloodborne 
metastases: effect of local trauma and ischaemia. Arch Surg 
85: 720-724,1962 

58. Skipper D, Jeffrey MJ, Cooper AJ, Alexander R Taylor I: 
Enhanced growth of tumour cells in healing colonic anasto- 
moses and laparotomy wounds. Int J Colorectal Disease 4: 
172-177, 1989 

59. Fisher ER, Fisher B: Experimental study of factors influen- 
cing development of hepatic metastases from circulating tu- 
mour cells. ACTA Cyto 9: 146-158, 1965 

60. Loizidou MC, Lawrance RJ, Holt S, Carty NJ, Cooper AJ, 
Alexander R Taylor I: Facilitation by partial hepatectomy of 
tumor growth within the rat liver following intraportal in- 
jection of syngeneic tumor cells. Clin Exp Met 9: 335-349, 
1991 

61. van Dale R Galand P: Effect of partial hepatectomy on ex- 
perimental liver invasion by intraportally injected colon car- 
cinoma cells in rats. Invasion Met 8: 217-227, 1988 

62. Michalopoulous GK: Liver regeneration: molecular mecha- 
nisms of growth control. FASEB J 4:176-187,1990 

63. Fausto N, Mead J, Braun L, Thompson NL, Panzica M, 
Goyette M, Bell GI, Shank PR: Proto-oncogene expression 

and growth factors during liver regeneration. In: Becker FF, 
Slaga TF (eds) Critical Molecular Determinants of Carcino- 
genesis. University of Texas Press, Austin, 1987, pp 69-86 

64. Mead JE, Fausto N: Transforming growth factor ~x may be a 
physiological regulator of liver regeneration by means of an 
autocrine mechanism. Proc Natl Acad Sci USA 86: 1558- 
1562, 1989 

65. Gruppos 0 PA, Mead JE, Fausto N: Transforming growth 
factor receptors in liver regeneration following partial hepa- 
tectomy in the rat. Cancer Res 50: 1464-1469, 1990 

66. Noji S, Tashiro K, Koyama E, Nohno T, Ohyama K, Tani- 
guchi S, Nakamura T: Expression of hepatocyte growth fac- 
tor gene in endothelial and Kupffer cells of damaged rat liv- 
ers, as revealed by in situ hybridization. Biochem Biophys 
Res Commun 173: 42-47, 1990 

67. Bottaro DP, Robin JS, Falletto DL, Chan AML, Kmiecik 
TE, Vande Woude GF, Aaronson SA: Identification of the 
hepatocyte growth factor receptor as the c-met proto-onco- 
gene product. Science 251: 802-804,1991 

68. Naldini L, Vigna E, Narshimhan RE Gaudino G, Zarnegar 
R, Michalopoulous GK, Comoglio PM: Hepatocyte growth 
factor (HGF) stimulates the tyrosine kinase activity of the 
receptor encoded by the proto-oncogene c-met. Oncogene 
6: 501-504, 1991 

69. Ullrich A, Schlessinger J: Signal transduction by receptors 
with tyrosine kinase activity. Cell 61: 203-212, 1990 

70. Radinsky R, Flickinger KS, Kosir MA, Zardi L, Culp LA: 
Adhesion of Kirsten-ras + tumor-progressing and Kirsten- 
ras- revertant 3t3 cells on fibronectin proteolytic fragments. 
Cancer Res 50: 4388-4400, 1990 

71. Culp LA, Radinsky R, Lin W-C: Extracellular matrix inter- 
actions with tumor progressing cells: tumor versus cell type- 
specific mechanisms. In: Pretlow TG, Pretlow TP (eds) Bio- 
chemical and Molecular Aspects of Selected Cancers. Aca- 
demic Press, Inc., Orlando, FL, Vol. 1,1991, pp 99-149 

72. Bradley S J, Garfinkle G, Walker E, Salem R, Chen LB, 
Steele G: Increased expression of the epidermal growth re- 
ceptor on human colon carcinoma cells. Arch Surg 121: 
1242-1247, 1986 

73. Herlyn M, Kath R, Williams N, Valyi-Nagy I, Rodeck U: 
Growth regulatory factors for normal, premalignant, and 
malignant human cells in vitro. Adv Cancer Res 54: 213-234, 
1990 

74. Yarden Y, Ullrich A: Growth factor receptor tyrosine kinas- 
es. Annu Rev Biochem 57: 443-478, 1988 

75. Giordano S, Zhen Z, Medico E, Gaudino G, Galimi F, Co- 
moglio PM: Transfer of motogenic and invasive response to 
scatter factor/hepatocyte growth factor by transfection of 
human MET protooncogene. Proc Natl Acad Sci USA 90: 
649-653, 1993 

76. Shiota G, Rhoads DB, Wang TC, Nakamura T, Schmidt EV: 
Hepatocyte growth factor inhibits growth of hepatocellular 
carcinoma cells. Proc Natl Acad Sci USA 89: 373-377, 1992 

77. Hamada J, Cavanaugh PG, Lotan O, Nicolson GL: Separa- 
ble growth and migration factors for large-cell lymphoma 
ceils secreted by microvascular endothelial cells derived 



from target organs for metastasis. Br J Cancer 66: 349-354, 
1992 

78. Okumura Y, Hamada J-I, Cavanaugh PG, Nicolson GL: 
Preferential growth stimulation of metastatic rat mammary 
adenocarcinoma cells by organ-derived syngeneic fibro- 
blasts in vitro. Invasion Met 12: 275-283, 1993 

79. Chung LWK: Fibroblasts are critical determinants in pros- 
tatic cancer growth and dissemination. Cancer Met Rev 10: 
263-274, 1991 

80. Yasui W, Sumiyoshi H, Hata J, Kameda T, Ochiai A, Ito H, 
Tahara E: Expression of epidermal growth factor receptor in 
human gastric and colonic carcinomas. Cancer Res 48: 137- 
141, 1988 

81. Sainsbury JRC, Needham GK, Farndon JR, Malcom AJ, 
Harris AL: Epidermal-growth-factor receptor status as a 
predictor of early recurrence and death from breast cancer. 
Lancet 1: 1398-1402, 1987 

82. Radinsky R, Bucana CD, Ellis LM, Sanchez R, Cleary KR, 
Brigati D J, Fidler IJ: A rapid colorimetric in situ messenger 
RNA hybridization technique for analysis of epidermal 
growth factor receptor in paraffin-embedded surgical speci- 
mens of human colon carcinomas. Cancer Res (Adv in 
Brief) 53: 937-943, 1993 

83. Bucana CD, Radinsky R, Dong Z, Sanchez R, Brigati D J, 
Fidler I J: A rapid colorimetric in situ mRNA hybridization 
technique using hyperbiotinylated oligonucleotide probes 
for analysis of mdrl in mouse colon carcinoma cells. J His- 
tochem Cytochem 41: 499-506, 1993 

84. Park CS, Manahan LJ, Brigati D: Automated molecular pa- 
thology: one hour in situ DNA hybridization. J Histochem 
14: 219-229, 1991 

361 

85. Iezzoni JC, Kang J-H, Montone KT, Reed JA, Brigati DJ: 
Colorimetric detection of herpes simplex virus by DNA in 
situ sandwich hybridization: a rapid, formamide-free, ran- 
dom oligomer-enhanced method. Nucleic Acids Res 20: 
1149-1150,1992 

86. Ullrich A, Coussens L, Hayflick JS, Dull TJ, Gray A, Tam 
AW, Lee J, Yarden Y, Liberman TA, Schlessinger J, Down- 
ward J, Mayes ELV, Whittle N, Waterfield MD, Seeburg PH: 
Human epidermal growth factor receptor cDNA sequence 
and aberrant expression of the amplified gene in A431 epi- 
dermoid carcinoma cells. Nature (London) 309: 418-428, 
1984 

87. Finkelstein Y, Wolff M, Biegon A: Brain acetylcholineste- 
rase after acute parathion poisoning: a comparative quanti- 
tative histochemical analysis post-mortem. Annu Neuro124: 
252-257,1988 

88. Lin W-C, Pretlow TP, Pretlow TG, Culp LA: High resolu- 
tion analyses of two different classes of tumor cells in situ 
tagged with alternative histochemical marker genes. Am J 
Patho1141: 1331-1342, 1992 

89. Lin W-C, Culp LA: Altered establishment clearance mecha- 
nisms during experimental micrometastasis with live and/or 
disabled bacterial laz-tagged tumor cells. Invasion Met 12: 
197-209, 1992 

Address for  offprints: 
R. Radinsky, 
The University of Texas, M.D. Anderson Cancer Center, 
Department of Cell Biology, Box 173, 
1515 Holcombe Boulevard, 
Houston, TX 77030, USA 


