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Abstract. The process of metastasis is highly selective and favors the
survival and growth of a few subpopulations of cells that preexist within
a heterogeneous primary neoplasm. To produce metastases, tumor cells
must succeed in invasion, embolization, survival in the circulation, arrest
in a distant capillary bed, and extravasation into and multiplication in
organ parenchyma. The outcome of this process depends on the interac-
tion of metastatic cells with multiple host factors. To assess metastatic
potential accurately, it is necessary to orthotopically implant human
tumor cells recovered from surgical specimens into nude mice. This
orthotopic implantation of tumor cells is invariably associated with
trauma to the specific organ of implantation, which is followed by the
processes of inflammation and repair, Tissue-specific growth factors may
be responsible for stimulation of tumor cells that possess specific surface
receptors. Understanding the factors that regulate cancer metastasis
should allow for the design of rational therapy.

Careinoma of the colon is the third most common cancer in the
United States [1]. Despite significant improvements in early
diagnosis, surgical techniques, and adjuvant chemotherapy, at
least one-third of patients operated on “for cure” die of recurrent
local disease and metastases that are resistant to conventional
therapies [2-7}. For this reason, once the colon cancer is diag-
nosed, the urgent question facing the surgeon is whether the
cancer is localized or has already spread to the regional lymph
nodes and distant organs [8]. The major obstacle to the effective
treatment of colon carcinoma metastasis is the biologic heteroge-
neity of neoplasms. By the time of initial diagnosis, a malignant
tumor contains multiple cell populations with different properties:
growth rate, karyotype, cell surface properties, antigenicity, im-
munogenicity, marker enzymes, sensitivity to various cytokines
and cytotoxic drugs, and the ability to invade and produce
metastases [4, 5, 7, 9-15]. Another challenge to therapy is the
finding that different organ environments can modify a metastatic
tumor cell’s response to systemic therapy [7]. Understanding the
mechanisms responsible for the development of biologic hetero-
geneity of colon cancer and the processes by which tumor cells can
invade local stroma and spread to grow in distant organs is
therefore a primary goal of cancer research. In this article, we
review some recent data on the biology of human colon cancer
metastasis and host factors that influence this process.

Correspondence to: 1.J. Fidler, D.V.M,, Ph.D.

Pathogenesis of Colon Cancer Metastasis

The process of cancer metastasis consists of a series of sequential,
interrelated steps, shown in Figure 1. The outcome of metastasis
depends on the continuous interactions between the tumor cells
and various host factors. To produce a clinically relevant lesion,
metastatic cells must complete all the steps of the process [3, 11,
13-17]. After the initial transformation of cells in the intestinal
mucosa and initial growth of these cells, vascularization must
occur if a tumor mass is to exceed 2 mm in diameter [18]. The
synthesis and secretion of several angiogenic factors by tumor and
host cells therefore play a key role in establishing a capillary
network from the surrounding host tissues [19, 20]. Local invasion
of the host stroma occurs next [21-24]. Because thin-walled
lymphatic channels and venules offer little resistance to penetra-
tion by tumor cells they provide the tumor cell with easy entry into
the circulation. Detachment and embolization of small tumor cell
aggregates occur next, and most of these circulating tumor emboli
are rapidly destroyed. Tumor cells that survive the circulation
must then arrest in the capillary beds of organs where extravasa-
tion into the organ parenchyma occurs, probably by the same
mechanisms that influence intravasation. Proliferation within the
organ parenchyma completes the metastatic process. Again, the
lesion must develop a vascular network and evade the host
immune system [25, 26].

Mechanisms of Tumor Cell Invasion

After initial growth in the mucosa, the tumor protrudes into the
lumen of the gut. Subsequent growth is mainly in the transverse
axis, leading to circumferential tumors [27-29]. A tumor that
traverses the muscularis mucosa and infiltrates the submucosa is
termed invasive. As the tumor penetrates the bowel wall, it can
invade neighboring structures; adjacent organ involvement occurs
in 10% of patients [30-32]. An additional pattern of local spread
is perineural invasion, or spread along the perineural spaces,
which may reach as far as 10 cm from the primary tumor [33].
Several independent mechanisms can be involved in tumor cell
invasion of host tissues. First, mechanical pressure produced by a
rapidly proliferating neoplasm may force cords of tumor cells
along tissue planes of least resistance [21]. Second, increased cell
motility can contribute to tumor cell invasion. Third, invasive
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tumor cells may secrete enzymes capable of degrading basement
membranes, which constitute a barrier between epithelial cells
and the stroma. Epithelial cells and stromal cells produce a
complex mixture of laminin, collagens, proteoglycans, and other
molecules, which contains ligands for adhesion receptors and is
permeable to molecules but not to cells [22, 34-38].

Colon cancer cells also produce and secrete basement mem-
brane components such as laminin [39]. Well differentiated hu-
man colon carcinomas produce abundant amounts of laminin,
whereas poorly differentiated colon carcinomas produce discon-
tinuous basement membranes that are low in laminin [40]. A
decrease in laminin content has also been demonstrated in
basement membranes of dysplastic adenomatous polyps, but
discontinuity of basement membranes was noted only in colon
carcinomas [41-43]. The co-cultivation of human colon cancer
cells with fibroblasts decreases the amount of collagen, laminin,
and proteoglycans present in the interface between tumor cells
and stromal cells [44].

Proteoglycans are another major constituent of the extracellu-
lar matrix. They include chondroitin sulfate, heparan sulfate,
hyaluronate, and heparin. The function of the proteoglycans is not
clear. The speculation is that these molecules serve as a reservoir
for growth factors, such as transforming growth factor 8 (TGF-p)
[45]. As enzymes degrade the extracellular matrix, TGF-8 is
released in an active form [46]. Thus proteoglycans may have an
important role in regulating the growth and differentiation of
tumor cells.

To invade the basement membrane, a tumor cell must first
attach to the extracellular matrix by a receptor-ligand interaction.

Fig. 1. Pathogenesis of cancer
metastasis. The process of cancer
metastasis consists of sequential,
interlinked, and selective steps.
The outcome of each step is
influenced by the interaction of
metastatic cells with homeostatic
mechanisms. If a cell fails to
complete any of the steps, it is
eliminated; hence the formation
of clinically relevant metastases
represents the survival and growth
of unique subpopulations of cells
that preexist in primary
neoplasms.

Transport

One group of such cell surface receptors are the integrins. Some
members of the integrin family specifically bind cells to laminin,
collagen, or fibronectin [47, 48]. Indeed, many integrins are
expressed on the surface of human colon carcinoma cells [48-50],
with each binding to different components of the extracellular
matrix. A gradual decrease of integrin expression is associated
with tumor progression, suggesting that the more aggressive
cancers lose integrins to facilitate detachment from a primary
neoplasm [49].

Another group of proteins that bind to extracellular matrix
components are the lectins. These proteins bind sugars or liposac-
charides with high specificity. Normal intestinal epithelial cells
contain two highly conserved lectins of 31.0 and 14.5 kDa [51, 52].
The expression of the 31 kDa lectin is increased in carcinomas,
absent in adenomas, and weak in normal epithelium. Its intramu-
ral content is significantly associated with carcinoembryonic anti-
gen (CEA) [53]. CD44, a receptor responsible for lymphocyte
homing [54, 55], binds to extracellular matrix components and to
CEA [55, 56]. It is expressed as a 90 kDa protein in lymphocytes
and as a 150 to 180 kDa protein in epithelial cells [57]. The
production of CD44 gene transcript is markedly increased in
human colon cancer cells compared to that in normal adjacent
mucosa [57]. CD44 may regulate migration through the extracel-
lular matrix. An abnormal pattern of activity of the CD44 gene has
been reported in malignant colon carcinomas but not in normal
tissues [58].

Subsequent to binding, tumor cells must degrade connective
tissue extracellular matrix and basement membrane components
[59]. Metastatic tumor cells produce various proteases and gluco-
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sidases capable of degrading extracellular matrix components.
The production of enzymes such as type IV collagenase (gelati-
nase, matrix metalloproteinase) and heparinase in metastatic
tumor cells correlates with the invasive capacity of human colon
cancer cells. Type IV collagenolytic metalloproteinases with ap-
parent molecular masses of 98, 92, 80, 68, and 64 kDa have been
detected in highly metastatic cells. Poorly metastatic cells, on the
other hand, appear to secrete low amounts of only the 92 kDa
metalloproteinase [60].

Under experimental conditions, collagenase activity can be
stimulated by purified mucin products, which are associated with
a poor prognosis [61]. Human colon cancer cells also secrete a
plasminogen activator, urokinase, which activates the serine pro-
tease plasmin from plasminogen. Plasmin induces basement mem-
brane (laminin) degradation and invasion. It further degrades the
basement membrane by activation of collagenase type IV, which
in turn depletes the membrane of both laminin and collagen type
IV [22, 62]. Furthermore, plasmin acts as a chemoattractant for
tumor cells [63].

Carcinoembryonic Antigen

Carcinoembryonic antigen is a member of the immunoglobulin
supergene family, which participates in intercellular recognition
and attachment [64]. CEA is the most commonly used marker for
detecting human colon cancer [64]. However, because CEA is
elevated in the serum of 6% to 12% of hepatocellular carcinoma
(HCC) patients, as well as in some patients with benign disease, it
is not useful for screening for colon cancer [64]. CEA can be used
as a prognostic marker because in most cases an elevated preop-
erative serum CEA level is associated with a poor prognosis.
Other factors, however, such as venous drainage of the tumor
(portal versus systemic) or the degree of differentiation might
decrease the sensitivity of CEA serum levels as a prognostic
marker [64]. For patient follow-up, CEA is a useful tool because
CEA serum levels usually increase before the appearance of
clinical metastases. Second-look surgery based on elevation of
CEA alone has been associated with the successful resection of
local recurrences and a S-year disease-free survival rate of 31%
[65]. The recent introduction of radioimmuno-guided surgery
using monoclonal antibodies has increased the postresection
5-year survival rate to 45% [66].

Cells expressing CEA have been shown to aggregate under in
vitro conditions [67], which suggests that CEA may promote the
adhesion of tumor cells to each other or to host cells. Tumor cells
in aggregates have an increased capacity to arrest in a capillary
bed and hence have increased potential for metastasis. Kupffer
cells in the liver and alveolar macrophages in the lung are known
to bind CEA through specialized receptors {68]. Systemic admin-
istration of CEA to nude mice was shown to increase the number
of experimental liver metastases by increasing the arrest of tumor
cells in the liver [69].

Lymphatic Metastasis

The lymphatic flow in the normal colon is through the lymphatic
channels along the major arteries, with three echelons of lymph
nodes: pericolic, intermediate, and principal lymph nodes [70]. In
the neoplasms located between two major vascular pedicles, the
lymphatics may drain to the left or the right or in both directions.
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If the central lymph nodes are replaced by actively growing tumor
cells, the lymphatic flow can become retrograde along the mar-
ginal arcades both proximally and distally [71].

Tumor cells can enter the lymphatic or vascular circulations,
and numerous connections allow the disseminating tumor cells to
pass rapidly from one system to another [5, 71]. During lymphatic
invasion, tumor cells are passively transported in the lymph to be
trapped in the first draining lymph node, or they may bypass the
regional lymph nodes to form distant nodal metastases, the “skip
metastases” [4, 5, 72]. Whether regional lymph nodes can retain
tumor cells and serve as a temporary barrier for cell dissemination
has been a controversial issue. This question has significant
clinical implications regarding the extent of surgical resection and
lymph node dissection needed for colon cancer treatment. An-
swering this question experimentally is not simple because in
experimental models normal lymph nodes are usually subjected to
a sudden challenge with a large number of tumor cells, a situation
that may not be analogous to small numbers of cancer cells
reaching the lymph nodes continuously [73].

Hematogenous Metastasis

The most common site of hematogenous metastases is the liver,
followed by the lung. In 40% of autopsies, the liver is the only site
involved. Involvement of other sites in the absence of metastases
in the liver or lung is rare [74]. During hematogenous metastasis,
the malignant cell must survive transport in the circulation,
adhere to small blood vessels or capillaries, and invade the vessel
wall; but the mere presence of tumor cells in the circulation does
not constitute a metastasis because most circulating cells die
rapidly [72, 75, 76]. Using radiolabeled mouse B16 melanoma
cells, we found that by 24 hours after entry into the circulation
fewer than 1% of the cells were still viable and fewer than 0.1% of
these tumor cells eventually produced metastases [75]. Therefore
the greater the number of cells released by a primary tumor, the
greater is the probability that some cells will survive to form
metastases, as most cells are obviously destroyed in the blood-
stream. The development of necrosis and hemorrhage in large
tumors facilitates tumor cell entry into the circulation [72]. The
rapid death of most circulating tumor cells is probably due to
simple mechanical factors, such as blood turbulence or host
defense mechanisms that include immune cells and nonimmune
cells (e.g., endothelial cells) and the production of nitric oxide [75,
76]. Tumor cell survival can be increased if tumor cells aggregate
with each other [14, 77, 78] or with host cells such as platelets [79]
or lymphocytes [80]. Once metastatic cells reach the microcircu-
lation, they interact with cells of the vascular endothelium. These
interactions include nonspecific mechanical lodgment of tumor
cell emboli and formation of adhesions to the endothelial cells.
These properties of tumor cells in part determine their organ
distribution [14, 81, 82].

The formation of fibrin clots at sites of tumor cell arrest in the
microcirculation can damage blood vessels [83]. The increased
coagulability often observed in the blood of patients with cancer
may be related to the high levels of thromboplastin found in
certain tumors, the production of high levels of procoagulant A
activity {84], or the presence of phosphatidylserine in the outer
leaflet of tumor cell membranes [3]. Arrested tumor cells probably
extravasate by mechanisms similar to those responsible for local
invasion. Growth of malignant cells at particular secondary sites
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also involves the cells’ responses to tissue or organ factors. Tumor
cells can recognize tissue-specific motility factors, which direct
their movement and invasion properties. After invasion, the cells
respond to organ-specific factors that influence their further
growth [14, 82, 85].

Metastasis by Direct Extension

Intraluminal spread occurs by the release of viable cells from the
mucosal surface of the primary tumor and their distal implanta-
tion, usually at the site of a raw surface, such as a fistula, ulcer, or
hemorrhoid [86-88]. Serosal cell shedding accounts for intraper-
itoneal seeding and carcinomatosis seen even in the absence of
lymphatic or hematogenous spread. Other forms of implantation
are related to surgical manipulations. The incidence of suture line
recurrence is about 10%. About half of these cases are believed to
be the result of either cell shedding or inadequate excision during
surgery [8, 89]. Tumors can also develop in an abdominal scar [90]
or at the mucocutaneous margin of a colostomy [91].

Metastatic Heterogeneity

Three general approaches have been used to isolate cells with
different metastatic capacities. With the first, metastatic cells are
selected in vivo: Tumor cells are implanted into syngeneic mice,
and metastatic lesions are harvested; these cells are then ex-
panded in culture or injected immediately into mice. The cycle is
repeated several times, and the behavior of the recovered-isolated
cells is compared with the cells in the parent tumor. With the
second approach, cells are selected in vitro for the enhanced
expression or lack thereof, a property believed to be important in
one step of the metastatic process. The third approach involves
cloning of primary tumors and then testing the metastatic poten-
tial of the clones in syngeneic mice. This procedure was used in
the first experimental proof of metastatic heterogeneity in neo-
plasms provided by Fidler and Kripke, who showed that different
tumor cell clones, each derived from individual cells isolated from
the heterogeneous wild-type B16 melanoma, varied in their ability
to form lung metastases following intravenous injection into mice
[92]. Subsequent experiments with different cell lines produced
similar results and demonstrated significant variability in size and
pigmentation of metastases growing in different organs [93]. The
biologic heterogeneity of metastases is not resiricted to rodent
tumors [94, 95].

Many human neoplasms, including colon catcinoma, have a
clonal origin [94, 95]; nevertheless, by the time of diagnosis, the
neoplasms have become heterogeneous and consist of multiple
subpopulations of cells with different metastatic potential [85, 93,
96]. Data from our laboratory and many others clearly demon-
strate that the process of metastasis for rodent and human
neoplasms is also selective and favors the survival of unique
metastatic cells that preexist within the parental neoplasm [92].

More than 100 years ago Stephen Paget studied the pattern of
metastatic spread in breast cancer patients [97]. He concluded
that the process was not due to chance. Paget proposed that
certain tumor cells (the “sced”) had a specific affinity for the
milieu of certain organs (the “soil”); metastasis resulted only
when the right seed interacted with the right soil. By this model,
certain tumors produce metastases to specific organs independent
of anatomic considerations. In 1928 Ewing challenged Paget’s
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“seed and soil” theory and hypothesized that metastatic dissemi-
nation occurred by purely mechanical factors that are a result of
the anatomic structure of the vascular system [98]. Sugarbaker, by
comparison, concluded that regional metastases could be attrib-
uted to anatomic or mechanical factors, but that distant organ
colonization was a result of specific tumor-host interactions [99].
Organ distribution and “fate” studies of radiolabeled cancer cells
injected into the circulation of syngeneic mice demonstrated that
tumor cells can reach the vascular bed of many organs, but
metastasis formation occurs in only a few. Therefore the initial
arrival of viable tumor cells to a particular organ does not always
predict that the cells will proliferate to produce metastases [76].

Experimental support for the “seed and soil” hypothesis was
derived from studies on the preferential metastasis of the B16
melanoma to specific organs. In these studies B16 melanoma cells
injected intravenously into syngeneic mice produced metastases in
the lungs and ovarian tissues but not in kidneys even when
implanted intramuscularly [100]. The introduction of peritone-
ovenous shunts for palliation of malignant ascites provided similar
data in humans. The autopsy findings in 15 of these patients
substantiated the clinical observations that the shunts did not
increase the incidence of visceral organ metastasis. In fact, despite
continuous entry of billions of tumor cells into the circulation,
metastases in the lung (the first capillary bed encountered) were
rare [101].

Models for Human Colon Cancer Metastases

Appropriate animal models are mandatory for advancing our
understanding of the biology of colon cancer metastasis. We have
developed a model of regional lymph node metastases by injecting
tumor cells into the apical lymphoid follicle of the cecum in mice
[73]. Dye distribution studies have shown rapid distribution of the
injected material in the lymphatic channels, and the procedure
has yielded a high incidence of mesenteric lymphatic metastases
[73].

To develop a reproducible model of hepatic metastasis, we
implanted tumor cells into the spleens of nude mice [102]. Splenic
injections are easier to perform than portal or mesenteric vein
injections; access to the portal bloodstream is gained from the
spleen, and tumor cells can then reach the liver to proliferate into
experimental liver metastases [103]. Merely implanting tumor
cells in the spleen did not guarantee liver metastasis. Metastatic
human renal cell carcinoma, for example, injected into the spleen
produces only spleen tumors, but these cells produce extensive
lung metastases when they are injected into the kidney [104]. Also,
orthotopic implantation of human colon cancer cells in nude mice
produces liver metastases, depending on the nature of the tumor
cells [105]. In our study we were able to distinguish between
human colon cancer cells with low or high malignant potential.
Specifically, intrasplenically injected cells isolated from liver me-
tastases in colon cancer patients produced rapidly growing liver
lesions, and the mice became moribund within 30 days, whereas
cells from Dukes’ stage B2 primary tumors produced only a few
visible tumor foci by 90 days [106].

We next undertook a series of orthotopic implantation experi-
ments to select and isolate cells with increased liver-metastasizing
potential from heterogeneous primary human colon cancers. Cells
derived from a surgical specimen of a primary human colon
cancer, classified as Dukes’ stage B2, were immediately estab-
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lished in culture or were injected directly into the subcutis, spleen
(for liver metastasis), or cecal wall of nude mice. Progressively
growing tumors were excised, enzymatically dissociated, and then
established in culture. Subsequent implantation into the cecal wall
or spleen of nude mice produced only a few hepatic metastases.
Human colon cancer cells from these rare liver metastases were
recovered, expanded in culture, and then injected into the spleens
of nude mice, thereby allowing additional cycles of selection. With
each successive in vivo selection cycle, the metastatic ability of the
isolated-propagated cells increased. After four cycles of selection,
we obtained cell lines with high liver-colonizing efficiency in nude
mice [61, 106].

Counsequence of Tissue Damage Repair on Cancer Growth
and Metastasis

The outcome of metastasis is influenced by host factors probably
related to homeostatic processes, such as organ repair or regen-
eration, that are known to be organ-specific. For example, after a
partial hepatectomy the liver undergoes rapid cell division termed
regeneration. In a hepatectomized mouse, however, no such cell
division can be found in the kidneys. Similarly, the mouse kidney
compensates for unilateral nephrectomy by hypertrophy and
hyperplasia, but there is no change in liver growth [107].

We have recently completed transplantation experiments on
human colon cancers and human renal cell carcinomas in nude
mice that have been subjected to either hepatectomy, nephrec-
tomy, or abdominal surgery (used as a trauma control) {107;
Gutman et al., submitted}. The results were interesting. Human
colon cancer cells implanted subcutaneously demonstrated accel-
erated growth in partially hepatectomized mice but not in ne-
phrectomized mice. Human renal cell carcinoma cells established
as micrometastases in the lungs of nude mice underwent signifi-
cant growth acceleration subsequent to unilateral nephrectomy
but not hepatectomy. These results indicate that metastatic cells
can respond to physiologic signals produced when homeostasis is
disturbed. Tumor cells that either originate from or have an
affinity for growth in this particular organ can also respond to
these signals.

One possible mechanism to explain the accelerated growth of
human colon cancer in hepatectomized mice is the production of
organ-specific growth factors. Evidence supporting organ-specific
growth factors for 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 stimulatory
or inhibitory tissue factors correlates with the site-specific pattern
of metastasis [108]. Liver regencration that follows major hepa-
tectomy involves quantitative changes in hepatocyte gene expres-
sion [109, 110]. Recently, transforming growth factor « (TGF-o)
mRNA was shown to increase approximately twofold in rat
hepatocytes during the first 8 to 24 hours after partial hepatec-
tomy, coinciding with an increase in epidermal growth factor
receptor (EGF-R) mRNA and down-regulation of these receptor
proteins, as well as a loss of EGF-R protein kinase activity [111,
112]. These results suggest that TGF-« is a physiologic regulator
of liver regeneration by means of an autocrine mechanism [112].
Moreover, TGF-a production by hepatocytes might also have a
paracrine role, stimulating proliferation of adjacent nonparenchy-
mal cells or tumor cells [113].

Hepatocyte growth factor (HGF), another liver mitogen, is
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synthesized and secreted from nonparenchymal liver cells (endo-
thelial and Kupffer cells). Subsequent to liver damage, a rapid
increase is observed in HGF mRNA in Kupffer cells [114],
paralleling the down-regulation of its receptor, the c-met proto-
oncogene, in hepatocytes. Similar to EGF-R, the receptor for
HGF (c-met) belongs to the tyrosine kinase family of receptors
[115]. HGF is a potent mitogen for hepatocytes, melanocytes, and
prostate cells; and it enhances the invasive capacity of carcinomas
[116]. Levels of TGF-B mRNAs increase in normal nonparenchy-
mal liver cells coinciding with hepatocyte DNA replication and
mitosis, and TGF-B inhibits EGF-stimulated DNA synthesis,
implying that it may be a component of a paracrine regulatory
loop controlling hepatocyte replication at the late stages of liver
regeneration [117]. Therefore when the liver is damaged, growth
factors are likely to be released and stimulate the proliferation of
receptive malignant tumor cells (i.e., those cells that possess the
appropriate receptors).

The most widely investigated growth factor receptor in human
colon cancer is EGF-R. We assessed the gemes encoding for
growth factor receptors of low- and high-metastatic human colon
cancer variants [118]. Analyses of human colon cancer cells from
nonselected surgical specimens that differed in malignant poten-
tial showed no amplification or rearrangements in the genes
encoding EGF-R. In contrast, highly metastatic human colon
cancer variants (either Dukes’ stage D or variant cells selected in
nude mice from a Dukes’ stage B2 tumor) expressed significantly
increased EGF-R mRNA transcripts when compared with low-
metastatic human colon cancer cell types [118]. The in vitro
growth stimulation of cells with high- or low-metastatic potential
to TGF-o demonstrated the functional significance of increased
EGF-R numbers on specific cell types. Overexpression or altered
expression of EGF-R was reported for a variety of human
carcinomas including breast, liver, pancreas, melanoma, glioblas-
toma, and metastatic human colon cancer [118-120]. In general,
overexpression of EGF-Rs is associated with increased malig-
nancy [120].

Related to, but distinct from, the EGF-R is the c-met proto-
oncogene, whose encoded protein is the receptor for HGF [121].
In human tissues the highest levels of c-met mMRNA expression are
found in the liver, kidney, stomach, and thyroid. Studies with
anti-c-met antibodies have revealed that receptor protein levels
are high in hepatocytes and in gastric and intestinal epithelium
(including colon and rectum), indicating a role for HGF and c-mert
in the growth and turnover of epithelial tissues [122]. Preliminary
studies from our laboratory indicate high levels of c-met expres-
sion in colon cancer cell lines that have been adapted to grow in
culture from either Dukes’ stage B2 or D, or from liver metastases
[118]. Analyses of mRNA isolated directly from human colon
cancer specimens and normal colon mucosa also suggest in-
creased c-met transcripts in the tumor tissues [118].

Effects of the Organ Environment on Human Colon Cancer
Sensitivity to Cytotoxic Drugs

Clinical observations have shown that subsequent to systemic
chemotherapy metastases in one organ may regress whereas those
in others progress; and recent experimental data support these
observations. For example, a murine fibrosarcoma growing sub-
cutaneously in syngeneic mice is more sensitive to doxorubicin
(DXR) than the same tumor growing as a lung metastasis [123].
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DXR is a cytotoxic agent affected by the multidrug resistance
(MDR) phenotype. We also found differences in the sensitivity to
DXR of murine and human colon cancer tumors growing in the
subcutis, spleen, liver, and lung. The sensitivity of the cells to
DXR was highest in the subcutaneous environment, intermediate
in the spleen and cecum, and lowest at metastatic sites, such as the
liver and lungs. Different patterns of organ-specific chemosensi-
tivity were found for 5-fluorouracil (5-FU) (a compound unaf-
fected by MDR). Tumor cells growing in the lung were most
sensitive to systemic administration of 5-FU; those growing in the
subcutis, spleen, and cecum demonstrated intermediate sensitiv-
ity; those in the liver were resistant. Organ site-associated differ-
ences in drug sensitivity to either DXR or 5-FU were not
associated with drug distribution patterns in the tumor [123, 124].

Multiple factors in the environment can influence tumor cell
response to therapy, for example, the nutritional status of cells,
the presence of organ-specific growth factors and other signal-
transducing agents, the degree of oxygenation [125], the pH [126],
the extent of the vascular network and its functionality [127], local
immunity, extracellular matrix components, and drug metabolism
and encapsulation [128]. Current studies are under way to deter-
mine if any of these mechanisms influence the sensitivity of colon
cancer cells to chemotherapy.

Conclusions

Human colon cancer is heterogeneous for a variety of biologic
properties that affect invasion and metastasis. The presence of
subpopulations of cells with high metastatic capacity has impor-
tant implications for the diagnosis and therapy of human colon
cancer. Current staging systems (¢.g., Dukes’ TNM) are based on
the anatomic site of the tumor and are not capable of recognizing
the few highly metastatic cells that may have already metastasized
at the time of diagnosis. Identification of these populations of cells
requires a better understanding of the biology of human colon
cancer metastasis, which explains the importance of developing
relevant animal models. Our data indicate that the appropriate in
vivo model for studying the biology and therapy of human colon
cancer is based on the orthotopic implantation of tumor cells into
nude mice, supplemented by methods of intralymphatic and
intrasplenic injections to form metastases and by in vivo isolation
techniques of various tumor cell populations. The growth and
spread of human colon cancers depend on the interaction of
specific tumor cells with homeostatic mechanisms. Cells populat-
ing metastases respond to organ-specific growth factors, which can
also modify the response of the tumor cell to therapy.

Suggesting that human colon cancer metastasis is a selective
process is an optimistic view of cancer biology. The belief that
certain rules govern the spread of neoplastic disease implies that
the elucidation and understanding of these rules will lead to better
therapy.

Résumé

Les métastases relévent d’un phénomeéne hautement sélectif
responsable de la survie et de la croissance d’'une quantité réduite
de sous-populations cellulaires préexistantes a intérieur de la
tumeur primitive. Pour pouvoir métastaser, les cellules tumorales
doivent franchir la premiére barriére tissulaire, emboliser et
survivre dans la circulation, s’arréter dans un lit capillaire a
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distance, s’extravaser et se multiplier dans le parenchyme de
I'organe cible métastas€. Le résultat de ce processus dépend de
Pinteraction des cellules métastatiques avec des facteurs multiples
dépendant de I'h6te. Pour évaluer le potentiel métastatique, il
faut implanter des cellules humaines tumorales chez la sourie
nude orthotopiquement. Cette implantation orthotopique est
associée invariablement avec le traumatisme de [organe
spécifique, suivie d’inflammation et ensuite de réparation. Les
facteurs de croissance spécifiques pourraient étre responsables de
la stimulation des cellules tumorales qui lisent des récepteurs
spécifques de surface. La compréhension des facteurs qui régis-
sent le phénoméne de métastases devraient aider & établir une
meilleure thérapeutique.

Resumen

El proceso del desarrollo de metastasis neopldasicas es altamente
selectivo y favorece la supervivencia y el crecimiento de las pocas
subpoblaciones de las células preexistentes dentro de un neo-
plasma primario heterogéneo. Para producir metastasis, las célu-
las tumorales deben lograr con éxito la invasién, embolizacion,
supervivencia en la circulacién permanencia en una red capilar
distante y extra-vasacion para multiplicarse en el parénquima de
un ¢rgano. El resultado final de este proceso depende de la
interaccién de las células metastiticas con miltiples factores
presentes en el huésped. Para determinar con precision el poten-
cial metastdtico es necesario implantar ortot6picamente células
tumorales humanas recuperadas de especimenes quirfirgicos en
ratones atimicos. Esta implantacién ortotépica de células tumo-
rales invariablemente se ve asociada con trauma al Grgano
especifico de implantacién trauma que es seguido por el proceso
de inflamacién y reparacién. Los factores de crecimiento tisular
pueden ser responsables del estimulo de las células tumorales que
posean los correspondientes receptores especificos de superficie.
La mejor comprensién de los factores que regulan las metéstasis
cancerosas habra de permitir el disefio de terapias racionales.

Acknowledgment

This work was supported in part by Cancer Center Support Core
grant CA 16672 and grant R35 CA42107 from the National
Cancer Institute, National Institutes of Health.

References

L. Boring, C.C., Squires, T.S., Tong, T.: Cancer statistics, 1992. CA
Cancer J. Clin. 42:19, 1992

2. Moertel, C.G., Fleming, T.R., Macdonald, 1.S., et al.: Levamisole
and fluorouracil for adjuvant therapy of resected colon carcinoma. N.
Engl. J. Med. 322:352, 1990

3. Fidler, 1.J.: Macrophages and metastasis—a biological approach to
cancer therapy: presidential address. Cancer Res. 45:4714, 1985

4. Willis, R.A.: The Spread of Tumor in the Human Body. London,
Butterworth, 1972

5. Fidler, LT, Balch, CM.: The biology of cancer metastasis and
implications for therapy. Curr. Probl. Surg. 24:137, 1987

6. Sugarbaker, E.V.: Cancer metastasis: a product of tumor-host inter-
actions. Curr. Probl. Cancer 3:1, 1979

7. Poste, G: Pathogenesis of metastatic disease: implications for current
therapy and for the development of new therapeutic strategies.
Cancer Treat. Rep. 70:183, 1986

8. August, D.A., Ottow, R.T., Sugarbaker, P.H.: Clinical perspective on
human colorectal cancer metastasis. Cancer Metastasis Rev. 3:303,
1984



232

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

. Albino, AP, Lloyd, K.O., Houghton, A.N., Oettgen, H.F., Old, L.J.:
Heterogeneity in surface antigen and glycoprotein expression of cell
lines derived from different melanoma metastases of the same
patient. J. Exp. Med. 154:1764, 1981

Fidler, LJ., Hart, L.R.: Biological diversity in metastatic neoplasms:
origins and implications. Science 217:998, 1982

Heppner, G.H.: Tumor heterogeneity. Cancer Res. 44:2259, 1984
Miller, F.R.: Intratumor immunologic heterogeneity. Cancer Metas-
tasis Rev. 1:319, 1982

Nicolson, G.L.: Tumor cell instability, diversification, and progres-
sion to the metastatic phenotype: from oncogene to oncofetal
expression. Cancer Res. 47:1473, 1987

Nicolson, G.L.: Cancer metastasis: tumor cell and host organ prop-
erties important in metastasis to specific secondary sites. Biochim.
Biophys. Acta 948:175, 1988

Poste, G., Doll, I, Fidler, 1.J.: Interactions among clonal subpopu-
lations affect stability of the metastatic phenotype in polyclonal
populations of B16 melanoma cells. Proc. Natl. Acad. Sci. US.A.
78:6226, 1981

Poste, G., Fidler, LJ.: The pathogenesis of cancer metastasis. Nature
283:139, 1980

Kerbel, R.S.: Growth dominance of the metastatic cancer cell:
cellular and molecular aspecis. Adv. Cancer Res. 55:87, 1990
Folkman, J.: Angiogenesis: initiation and modulation. In Cancer
Invasion and Metastasis: Biologic and Therapeutic Aspects, G.L.
Nicolson, L. Milas, editors. New York, Raven Press, 1984, pp.
201-208

Folkman, J., Klagsburn, M.: Angiogenic factors. Science 235:442,
1987

Koch, A.E., Polverini, P.S., Kunkle, S.L., et al.: Interleukin-8 as a
macrophage-derived mediator of angiogenesis. Science 258:1798,
1992

Gabbert, H.: Mechanisms of tumor invasion: evidence from in vivo
observations. Cancer Metastasis Rev. 4:293, 1985

Liotta, L.A.: Tumor invasion and metastases—role of the extracel-
lular matrix: Rhoads Memorial Award Lecture. Cancer Res. 46:1,
1986

Sloane, B.F., Honn, K.V.: Cysteine proteinase and metastasis. Can-
cer Metastasis Rev. 3:249, 1984

Strauli, P., Haemmerli, O.: The role of cancer cell motility in
invasion. Cancer Metastasis Rev. 3:127, 1984

Fidler, 1.J., Kripke, M.L.: Tumor cell antigenicity, host immunity and
cancer metastasis. Cancer Immunol. Immunother. 7:201, 1980
Frost, P., Kerbel, R.S.: On the possible epigenetic mechanism(s) of
tumor cell heterogeneity. Cancer Metastasis Rev. 3:375, 1984
Dukes, C.E.: The classification of cancer of the rectum. J. Pathol.
35:325, 1932

Cole, P.P.: The intramural spread of rectal carcinoma. B.M.J. 1:431,
1913

Black, W.S., Waugh, J.M.: The intramural extension of carcinoma of
the descending colon, sigmoid, and rectosigmoid: a pathologic study.
Surg. Gynecol. Obstet. 87:457, 1948

Spratt, 1.S., Jr., Spjut, H.J.: Prevalence and prognosis of individual
clinical and pathologic variables associated with colorectal carci-
noma. Cancer 20:1976, 1967

Willett, C.G., Tepper, 1.E., Cohen, AM., Orlow, E., Welch, C.E.:
Failure patterns following curative resection of colonic carcinoma.
Ann. Surg. 200:685, 1984

Curley, S.A., Carlson, G.W., Shumate, CR., Winshow, K.T., Ames,
F.C.: Extended resection for locally advanced colorectal carcinoma.
Am. J. Surg. 163:553, 1992

Seefeld, P.H., Bargen, J.A.: The spread of carcinoma of the rectum:
invasion of lymphatics, veins, and nerves. Ann. Surg. 18:76, 1943
Woolley, D.E.: Collagenolytic mechanisms in tumor cell invasion.
Cancer Metastasis Rev. 3:361, 1984 )
Volk, T., Geiger, B., Raz, A.: Motility and adhesive properties of
high and low-metastatic murine neoplastic cells. Cancer Res. 44:811,
1984

Pauli, B.U., Schwartz, D.E., Thonar, E.J.M., Kuttner, K.E.: Tumor
invasion and host extracellular matrix. Cancer Metastasis Rev. 2:129,
1983

Terranova, V.P,, Hujanen, E.S., Martin, G.R.: Basement membrane

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

6.

57.

58.

59.
60.

World J. Surg. Vol. 19, No. 2, Mar./Apr. 1995

and the invasive activity of metastatic tumor cells. J. Natl. Cancer
Inst. 77:311, 1986

Havenith, M.G., Arenda, J.W., Simon, R., Volovics, A., Wiggers, T.,
Bosman, F.T.: Type IV collagen immunoreactivity in colorectal
cancer: prognostic value of basement membrane deposition. Cancer
62:2207, 1988

Laurie, G.W., Leblond, C.P.: What is known of the production of
basement membrane components? J. Histochem. Cytochem. 37:159,
1983

Daneker, G.W., Jr., Mercurio, AM., Guerra, L., et al.: Laminin
expression in colorectal carcinomas varying in degree of differenti-
ation. Arch. Surg. 122:1470, 1987

Forster, S.I., Talbot, 1.C., Critchley, D.R.: Laminin and fibronectin in
rectal adenocarcinoma: relationship to tumor grade, stage, and
metastasis. Br. J. Cancer 50:51, 1984

Remy, L., Lissitsky, J.C., Daemi, N., et al.: Laminin expression by two
clones isolated from the colon carcinoma cell line LoVo that differs
in metastatic potential and basement membrane organization. Int. J.
Cancer 51:204, 1992

Mafune, K., Ravikumar, T.S.: Anti-sense RNA of 32-kDa laminin-
binding protein inhibits attachment and invasion of a human colon
carcinoma cell line. J. Surg. Res. 52:340, 1992

Bouziges, F., Simo, P., Simon-Assmann, P., Haffen, K., Kedinger, M.
Altered deposition of basement-membrane molecules in co-cultures
of colonic cancer cells and fibroblasts. Int. J. Cancer 48:101, 1991
Andres, J.L., Ronnstrand, L., Cheifetz, J., Massague, J.: Purification
of the transforming growth factor-beta (TGF-B) binding proteogly-
can betaglycan. J. Biol. Chem. 266:23282, 1991

Chakrabarty, S., Fan, D., Varani, J.: Modulation of differentiation
and proliferation in human colon carcinoma cells by transforming
growth factor beta 1 and beta 2. Int. J. Cancer 46:493, 1990
Ruoslahti, E.: Integrins. J. Clin. Invest. 87:1, 1991

Koretz, K., Schlag, P., Boumsell, L., Moller, P.: Expression of
VLA-alpha 2, VLA-alpha 6, and VLA-beta 1 chains in normal
mucosa and adenomas of the colon, and in colon carcinomas and
their liver metastases. Am. J. Pathol. 138:741, 1991

Pignatelli, M., Smith, M.E.F., Bodmer, W.F.: Low expression of
collagen receptors in moderate and poorly differentiated colorectal
adenocarcinomas. Br. J. Cancer 61:636, 1990

Hemler, MLE., Crouse, C., Sonnenberg, A.: Association of the VLA
alpha 6 subunit with a novel protein: a possible alternative to the
common VLA beta 1 subunit on certain cell lines. J. Biol. Chem.
264:6529, 1989

Leffler, H., Masiarz, F.R., Barondes, S.H.: Soluble lactose-binding
vertebrate lectins: a growing family. Biochemistry 28:9222, 1989
Gabius, H.J., Engelhardt, R., Hellmann, T.: Characterization of
membrane lectins in human colon carcinoma cells by flow cytoflu-
orometry, drug targeting and affinity chromatography. Anticancer
Res. 2:109, 1987

Byrn, R., Medrek, P., Thomas, P.: Effect of heterogeneity of CEA on
liver cell membrane binding and its kinetics of removal from
circulation. Cancer Res. 45:3137, 1985

Culty, M., Miyake, K., Kincade, P.W.; et al.. The hyaluronate
receptor is a member of the CD44 (HOCAM) family of cell surface
glycoproteins. J. Cell Biol. 111:2765, 1990

Jalkanen, S., Jalkanen, M.: Lymphocyte CD44 binds the COOH-
terminal heparin-binding domain of fibronectin, J. Cell Biol. 116:817,
1992

Faassen, A.E., Schrager, J.A., Klein, D.J., Oemega, T.R., Couchman,
J.R., McCarthy, J.B.: A cell surface chondroitin sulfate proteoglycan,
immunologically related to CD44, is involved in type I collagen-
mediated melanoma cell motility and invasion. J. Cell Biol. 116:521,
1992

Stamenkovic, L., Aruffo, A., Amiot, M., Seed, B.: The hematopoietic
and epithelial forms of DC44 are distinct polypeptides with different
adhesion potentials for hyaluronate bearing cells. EMBO J. 10:343,
1991

Matsumura, Y., Tarin, D.: Significance of CD44 gene products for
cancer diagnosis and disease evaluation. Lancet 340:1053, 1992
Nakajima, M., Irimura, T., Nicolson, G.L.: Heparanases and tumor
metastasis. J. Cell Biochem. 36:157, 1988

Morikawa, K., Walker, S.M., Nakajima, M., Pathak, S., Jessup, J.M.,
Fidler, 1.J.: Influence of organ environment on the growth, selection,



Gutman and Fidler: Human Colon Cancer Metastasis

61.

62.

63.

64.

65.

66.

67.

68,

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

and metastasis of human colon carcinoma cells in nude mice. Cancer
Res. 48:6863, 1988

Schwartz, B., Bresalier, R.S., Kim, Y.S.: The role of mucin in
colon-cancer metastasis. Int. J. Cancer 52:60, 1992

Boyd, D., Ziober, B., Chakrabarty, S., Brattain, M.G.: Examination
of urokinase protein/transcript levels and their relationship with
laminin degradation in cultured colon carcinoma. Cancer Res.
49:816, 1989

Terranova, P., Maslow, D., Markus, G.: Directed migration of
murine and human tumor cells to collagenase and other proteases.
Cancer Res. 49:4835, 1989

Jessup, M.J.,, Gallick, G.E.: The biology of colorectal carcinoma.
Curr. Probl. Cancer 16:265, 1992

Martin, E.-W., Minton, J.P., Carey, C.: CEA-directed second-look
surgery in the asymptomatic patient after resection of colorectal
carcinoma. Ann. Surg. 202:310, 1985

Patt, Y.Z., Lamki, L.M., Jessup, J.M., et al.: Imaging with indium***-
labeled anticarcinoembryonic antigen or carcinoembryonic antigen-
producing cancer in patients with rising serum carcinoembryonic
antigen levels and occult metastases. J. Clin. Oncol. 8:1246, 1990
Benchimol, S., Fuks, S., John, S., Beauchemine, N., Shirota, K.,
Stanners, C.P.: Carcinoembryonic antigen, a human tumor marker,
functions as an intercellular adhesion molecule. Cell 57:327, 1989
Toth, C.A., Rapoza, A., Kowal, A,, Steele, G., Thomas, P.: Receptor
mediated endocytosis by human Kupffer cells. Biochem. Soc. Trans.
16:1027, 1989

Jessup, J.M., Petrick, A.T., Toth, CA.,, et al.: Carcinoembryonic
antigen: enhancement of liver colonization through retention of
human colorectal carcinoma cells. Br. J. Cancer 67:464, 1993
Herter, F.P., Slanetz, C.A.: Patterns and significance of lymphatic
spread from cancer of the colon and rectum. In Lymphatic System
Metastasis, L. Weiss, H.A. Gilbert, S.C. Ballon, editors. Boston, G.K.
Hall, 1980

Carr, I.: Lymphatic metastasis. Cancer Metastasis Rev. 22:307, 1983
Weiss, L.: Metastatic inefficiency: causes and consequences. Cancer
Rev. 3:1, 1986

Schackert, H., Fidler, L.J.: Development of an animal model to study
the biology of recurrent colorectal cancer originating from mesen-
teric lymph system metastasis. Int. J. Cancer 44:177, 1989

Weiss, L., Grundmann, E., Torhorst, J., et al.. Hematogenous
metastatic patterns in colonic carcinoma: an analysis of 1541 necrop-
sies. J. Pathol. 150:195, 1986

Fidler, 1.J.: Metastasis: quantitative analysis of distribution and fate
of tumor emboli labeled with *I-5-iodo-2'-deoxyuridine. J. Natl.
Cancer Inst. 45:773, 1970

Fidler, 1.J.: The relationship of embolic homogeneity, number, size,
and viability to the incidence of experimental metastasis. Eur. J.
Cancer 9:223, 1973

Fidler, 1.1.: Selection of successive tumor lines for metastasis. Nature
[New Biol.] 242:148, 1973

Updyke, T.V., Nicolson, G.L.: Malignant melanoma lines selective in
vitro for increased homotypic adhesion properties have increased
experimental metastatic potential. Clin. Exp. Metastasis 4:231, 1986
Gasic, G.J.: Role of plasma, platelets and endothelial cells in tumor
metastasis. Cancer Metastasis Rev. 3:99, 1984

Fidler, 1.J., Bucana, C.: Mechanism of tumor cell resistance to lysis by
Iymphocytes. Cancer Res. 37:3945, 1977

Naito, S.R., Giavazzi, R., Fidler, 1.J.: Correlation between the in vitro
interaction of tumor cells with an organ environment and metastatic
behavior in vivo. Invasion Metastasis 7:16, 1987

Nicolson, G.L., Dulski, K.M.: Organ specificity of metastatic tumor
colonization is related to organ-selective growth properties of malig-
nant cells. Int. J. Cancer 38:289, 1986

Dvorak, H.F., Seneger, D.R., Dvorak, A.M.: Fibrin as a component
of the tumor stroma: origins and biological significance. Cancer
Metastasis Rev. 2:41, 1983

Cliffton, E.E., Grossi, C.E.: The rationale of anticoagulants in the
treatment of cancer. J. Med. 5:107, 1974

Price, J.E., Tarin, D., Fidler, IJ.: The influence of organ microenvi-
ronment on pigmentation of a metastatic murine melanoma. Cancer
Res. 48:2258, 1988

Beahrs, O.H., Phillips, J.W., Dockerty, M.B.: Implantation of tumor
cells as a factor in recurrence of carcinoma of the rectosigmoid:

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

233

report of four cases with implantation at dentate line. Cancer
258:578, 1985

LeQuesne, L.P., Thompson, A.D.: Implantation recurrence of carci-
noma of rectum and colon. N. Engl. J. Med. 258:578, 1958
Boreham, P.: Implantation metastases from cancer of the large
bowel. Br. J. Surg. 46:103, 1958

Umpleby, H.C., Williamson, R.CN.: Anastomotic recurrence in
large bowel cancer. Br. J. Surg. 74:873, 1987

Pomeranz, A.A., Garlock, J.H.: Postoperative recurrence of cancer
of colon due to desquamated malignant cells. JAM.A. 158:1434,
1955

Mayo, W.J.: Grafting and traumatic dissemination of carcinoma in
the course of operations for malignant disease. JAM.A. 60:512,
1913

Fidler, I.J., Kripke, M.L.: Metastasis results from preexisting variant
cells within a malignant tumor. Science 197:893, 1977

Fidler, 1J.,, Gruys, E., Cifone, M.A., Barnes, Z., Bucana, C.D.:
Demonstration of multiple phenotype diversity in a murine mela-
noma of recent origin. J. Natl. Cancer Inst. 67:947, 1981

Fialkow, P.J., Gartler, S.N., Yoshida A.: Clonal origin of myelocytic
leukemia in man. Proc. Natl. Acad. Sci. U.S.A. 59:1468, 1967
Vogelstein, B., Fearon, E.R., Hamilton, S.R.: Use of restriction
fragment length polymorphisms to determine the clonal origin of
human tumors. Science 227:642, 1985

Talmadge, J.E., Fidler, 1.J.: Cancer metastasis is selective or random
depending on the parent tumor population. Nature 27:593, 1982
Paget, S.: The distribution of secondary growths in cancer of the
breast. Lancet 7:571, 1889

Ewing, J.: Neoplastic Disease (6th ed.). Philadelphia, Saunders, 1928
Sugarbaker, E.V.: Patterns of metastasis in human malignancies.
Cancer Biol. Rev. 2:235, 1981

Hart, IL.R., Fidler, 1J.: Role of organ selectivity in the determination
of metastatic patterns of B16 melanoma. Cancer Res. 47:1281, 1981
Tarin, D., Price, 1.E., Kettlewell, M.G.W., Souter R.G., Vass,
A.C.R,, Crossley, B.: Mechanisms of human tumor metastasis stud-
ied in patients with peritoneovenous shunts. Cancer Res. 44:3584,
1984

Giavazzi, R., Jessup, J.M., Campbell, D.E., Walker, S.M., Fidler, LJ.:
Experimental nude mouse model in human colorectal cancer liver
metastases. J. Natl. Cancer Inst. 77:1303, 1986

Leduce, E.H.: Metastasis of transplantable hepatomas from the
spleen to the liver in mice. Cancer Res. 19:1091, 1959

Fidler, L.J., Naito, S., Pathak, S.: Orthotopic implantation is essential
for the selection, growth, and metastasis of human renal cell cancer
in nude mice. Cancer Metastasis Rev. 9:149, 1990

Fidler, 1J.: Orthotopic implantation of human colon carcinomas into
nude mice provides a valuable model for the biology and therapy of
cancer metastasis. Cancer Metastasis Rev. 10:229, 1991

Morikawa, K., Walker, S.M., Jessup, J. M., Fidler, 1J.: In vivo
selection of highly metastatic cells from surgical specimens of
different human colon carcinomas implanted into nude mice. Cancer
Res. 48:1943, 1988

Fidler, LI.: Critical factors in the biology of human cancer metastasis:
Twenty-eighth G.H.A. Clowes Memorial Award Lecture. Cancer
Res. 50:6130, 1990

Radinsky, R.: Growth factors and their receptors in metastasis.
Semin. Cancer Biol. 2:169, 1991

Michalopoulos, G.K.: Liver regeneration: molecular mechanisms of
growth control. FASEB J. 4:176, 1990

Van Dale P., Galand, P.: Effect of partial hepatectomy on experi-
mental liver invasion by intraportally injected colon carcinoma cells
in rats. Invasion Metastasis 8:217, 1988

Rubin, R.A., O’Keefe, EJ., Harp, H.S.: Alteration of epidermal
growth factor-dependent phosphorylation during rat liver regenera-
tion. Proc. Natl. Acad. Sci. U.S.A. 79:776, 1982

Mead, J.E., Fausto, N.: Transforming growth factor-¢ may be a
physiological regulator of liver regeneration by means of an auto-
crine mechanism. Proc. Natl. Acad. Sci. U.S.A. 86:1558, 1989
Derynck, R.: The physiology of transforming growth factor-a. Adv.
Cancer Res. 58:27, 1992

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



234

115.

116.

117.

118.

119.

120.

121.

122.

Ullrich, A., Schlessinger, I.: Signal transduction by receptors with
tyrosine kinase activity. Cell 61:203, 1990

Furlong, R.A.: The biology of hepatocyte growth factor/scatter
factor. Bioassays 14:613, 1992

Grupposo, P.A., Mead, J.E., Fausto, N.: Transforming growth factor
receptors in liver regeneration following partial hepatectomy in the
rat. Cancer Res. 50:1464, 1990

Radinsky, R., Fidler, I.J.: Regulation of tumor cell growth at
organ-specific metastases. In Vivo 6:325, 1992

Bradley, S.J., Garfinkle, G., Walker, E.: Increased expression of the
epidermal growth factor receptor on human colon carcinoma cells.
Arch. Surg. 121:1242, 1986

Herlyn, M., Kath, R., Williams, N., Valyi-Nagy, 1., Rodeck, U.:
Growth regulatory factors for normal, premalignant, and malignant
human cells in vitro. Adv. Cancer Res. 54:213, 1990

Bottaro, D.P., Rubin, 1.S., Faletto, D.L., et al.: Identification of the
hepatocyte growth factor receptor as the c-met proto-oncogene
product. Science 215:802, 1991

Staroselsky, A.M., Fan, D., O’Brian, C.A., Bucana, C.D., Gupta,

123.

124.

125.

126.

127.

128.

World J. Surg. Vol. 19, Ne. 2, Mar./Apr. 1995

K.P.,, Fidler, LJ.: Site-dependent differences in response of the
UV-2237 murine fibrosarcoma to systemic therapy with adriamycin.
Cancer Res. 50:7775, 1990

Wilmanns, C., Fan, D., O’Brian, C.A., Bucana, C.D., Fidler, LJ.:
Orthotopic and ectopic organ environments differentially influence
the sensitivity of murine colon carcinoma cells to doxorubicin and
5-fluorouracil. Int. J. Cancer 52:98, 1992

Fan, D., Morgan, L.R., Schneider, C., et al.. Pharmacologic assess-
ment of regimen chemosensitivity in the soft-agar assay: effect of
oxygen on human tumors. J. Cancer Res. Clin. Oncol. 7110:209, 1985
Sartorelli, A.C.: Therapeutic attack of hypoxic cells of solid tumors:
presidential address. Cancer Res. 48:775, 1988

Tannock, LF., Van Rotin, D.: Acid pH in tumors and its potential for
therapeutic exploitation. Cancer Res. 49:4373, 1989

Jain, R.K.: Delivery of novel therapeutic agents in tumors: physio-
logical barriers and strategies. J. Natl. Cancer Inst. 3:190, 1987
Goldrosen, M.H.: Murine colon adenocarcinoma immunobiology of
metastases. Cancer 45:1223, 1980



