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ABSTRACT

Stromal-epithelial interactions may play a key role in tumor growth and

metastasis. We have established a model to study the cellular and molecu
lar basis of this paracrine interaction both in vivo and in vitro using a
human transitional cell carcinoma cell line (WH). s.c coinoculation of
I x III'1WH cells with 1 x 10'' nontumorigenic fetal rat urogenital sinus

mesenchymal (rUGM) cells in athymic mice accelerated carcinoma
growth 20 times faster than isolated WH cell inoculations and 4 times
faster than coinoculations of the same number of NIH-3T3 or human
bladder fibroblasts. Characterization of these chimeric tumors with im-
munohistochemical and DNA dot-blot analyses documented their pre

dominantly human component. To evaluate the underlying mechanisms
involved in this paracrine-mediated in vivo tumor growth acceleration,

Northern analyses for growth factors (GFs) and extracellular matrix
(ECM) expression in the different cell lines, as well as in vitro mitogenic
assays, were performed.

Northern analysis revealed basic fibroblast growth factor, transforming
growth factor a, and epidermal growth factor receptor expression by WH
cells but not rUGM cells; ECM components (fibronectin and collagens I
and IV) were expressed only in the fibroblast cell lines. Cell type-specific

paracrine growth factors are produced by cultured stromal and epithelial
cells with a 2-3-fold bidirectional increase in WH and rUGM cell growth
when cultured with reciprocal cell-type conditioned medium. An autocrine

growth loop was observed for WH but not rUGM cells. WH cell growth is
stimulated in vitro by low concentrations of transforming growth factor a
and epidermal growth factor, while rUGM cell growth is stimulated 3-fold

by basic fibroblast growth factor. Antiepidermal growth factor receptor
antibodies completely inhibited autocrine and paracrine pathways stimu
lating WH cell growth, while anti-basic fibroblast growth factor antibodies

had no inhibitory effect. These observations suggest that autocrine and
paracrine growth factor stimulation of WH bladder carcinoma cell growth
is most likely mediated by an epidermal growth factor receptor-related

pathway. The predominant expression of ECM by fibroblasts in this model
suggests that stromal cell ECM components may modulate tumor cell
growth and angiogenesis possibly through mechanisms involving cellular
adhesion, chemotaxis, or growth factor action.

INTRODUCTION

TCC4 of the urinary bladder is the fifth most common malignancy

and can be broadly characterized according to depth of invasion as
either superficial or muscle invasive. Although superficial TCC is
easily managed by transurethral resection, approximately 80% of tu-

Received 4/9/93; accepled 8/26/93.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by Grant NIH DK 38649.
: Present address: Division of Urology, University of British Columbia, Vancouver

General Hospital, Vancouver, Canada.
3 To whom requests for reprints should be addressed.
* The abbreviations used are: cDNA. complementary DNA; CM, conditioned media;

CK, cytokeratin; TCC, transitional cell carcinoma; ECM, extracellular matrix; EOF,
epidermal growth factor; EGFR, epidermal growth factor growth receptor; FBS, fetal
bovine serum; bFGF, basic fibroblast growth factor; OF, growth factor; hBF, human
bladder fibroblasl; rUGM, rat urogenital sinus mesenchymal cell line; SSC, standard
saline-citrate; SDS, sodium dodecyl sulfate; TCM, defined T-medium supplement; TGFa,

transforming growth factor a.

mors recur and 15-20% progress to the invasive and life-threatening

form, which has more than a 50% chance of metastatic progression
(1).

Our laboratory is interested in the role of stromal-epithelial inter

actions in the pathogenesis of tumor growth and the molecular mecha
nisms that mediate these responses (2-6). Interaction between TCC

cells and the adjacent or underlying bladder stroma may be an im
portant determinant in the progression of superficial to invasive dis
ease (7). Carcinogen-induced phenotypic alterations in TCC may, in

part, be mediated via the stromal compartment (8). Also, interactions
between tumor cells and adjacent stroma have been observed clini
cally in that tumor growth may be accompanied by desmoplastic (e.g.,
linitis plastica) or osteoblastic (e.g., prostatic adenocarcinoma) stro
mal reactions, or in contrast, by regressive stromal alterations result
ing from the production of tumor cell metalloproteinases or plasmino-
gen activators (9-11). The desmoplastic reaction of adjacent stroma

often accompanying invasive TCC (12), along with observations that
stromal cells produce growth-stimulatory factors that increase TCC
cell growth (7), illustrates that tumor-stromal cell interaction in TCC

growth and progression are reciprocal and bidirectional.
Numerous GFs have been implicated in the growth and progression

of TCC (13, 14). EGFR-mediated autocrine growth-stimulatory path

ways involving EOF or TGFa may be involved in the growth and
progression of TCC (15-18). The production of EOF by renal proxi

mal convoluted tubules contributes to the relatively high concentra
tions of EOF in urine (14, 19). EGFR has been identified in human
TCC using immunohistochemical techniques (15, 16, 20). The con
centration of EGFR in a tumor increases with decreasing differentia
tion and increasing invasiveness of the tumor, and the percentage of
cells expressing EGFR is highest in metastatic lesions (15, 16). Fur
thermore, the growth of several TCC cell lines are stimulated by EGF
and TGFa (13, 19), and EGF may accentuate TCC cell invasion by
increasing the release of metalloproteinases from tumor cells with
subsequent degradation of ECM (21). These observations support the
hypothesis that EGFR-mediated pathways stimulate growth and pro

gression of TCC.
The purposes of this study were to establish a cellular model to

study the specificity and reciprocity of the molecular mechanisms
mediating tumor-stromal cell interaction in human TCC. We used a
cell-cell recombination technique to define the GFs and ECM factors

mediating the autocrine and/or paracrine growth regulatory pathways
between TCC and adjacent stroma. Our results support the hypothesis
that EGFR-mediated pathways regulate TCC cell growth and that GFs

and ECM produced by the epithelial and stromal compartments are
important modulators of TCC-stromal cell interactions.

MATERIALS AND METHODS

Cell Lines and Cell Culture. A human bladder cell cancer cell line (WH)
was derived from a bladder cancer specimen of an 82-year-old male patient

with stage T3b TCC with elements of sarcomatoid differentiation. The speci
men was obtained following a radical cystectomy without preoperative treat
ment. Following cystectomy, a part of the tumor was placed in T-medium (5)
in 25-cm2 dishes (Falcon; Becton Dickinson, NJ). The specimens were cut into

1-mm cubes and within 2 days bladder epithelial and fibroblast cells were
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found to outgrow from the surgical specimens. Epithelial cell colonies were
obtained by repeated culturing of the epithelial cell-enriched populations in
T-medium with each passage treated extensively with trypsin and EDTA to

remove contaminating fibroblasts (22). By the fifth passage, a pure epithelial
cell culture without fihroblasts was obtained. Passages 18-25 of this WH cell

line were used in this study.
The rUGM cell line was developed in this laboratory from 18-day-old Noble

rat fetuses using a procedure described previously (22). rUGM cells were
maintained in Dulbecco's modified Eagle's medium (GIBCO Laboratories,

Grand Island, NY) and 5% calf serum, and passages 14-18 were used.

hBF were obtained from normal bladder tissues from cystoprostatectomy
specimens. Pure hBF cell lines were established by growing the tissue frag
ments in Dulbecco's modified Eagle's medium containing 5% calf serum.

Passages 5 or 6 were used for this study. Mouse NIH 3T3 fibroblasts were
obtained from American Type Culture Collection (CCL-92; Rockville, MD).

All of the above fibroblast cell lines were nontumorigenic when inoculated in
athymic hosts with up to 2 x K)'1cells.

Preparation of Conditioned Medium. CM from WH cells and rUGM and
3T3 fibroblast cell lines were collected and prepared as follows. Cells were
cultured in 150-mm tissue culture plates (Falcon) with T-medium, 2% TCM (a
serum-free defined medium supplement [Celox Corp., Minnetonka, MN]), and

1% FBS. When the cells were 60 to 70% confluent, dishes were washed with
phosphate-buffered saline and changed to serum-free T-medium containing 2%
TCM only. After 48 h, CM was removed, filtered through a 0.2-/xm filter

(Nalge Co., Worchester, NY), and 0.1 min phenylmethylsulfonylfloride
(Sigma) was added. Protein concentrations in CM were determined using a
protein assay (Bio-Rad Laboratories, Richmond, CA) and ranged from 70 to
100% of control (T-medium and 2% TCM; 1.3 mg/ml). The CM was dialyzed
at 4Â°Cagainst distilled water containing O.I mvi phenylmethylsulfonylfloride

using spectraphor dialysis membranes (M, greater than 3500; PGC Scientifics,
Gaithersburg, MD) for 96 h, and the water was changed after 48 h. The samples
were lyopholizcd to dryness and reconstituted in T-medium to 10 times con
centration, filtered, and diluted to the desired working concentration (0.1-1 X)
with T-medium containing 2% TCM.

Assessment of in Vivo Tumor Growth. To test whether fibroblasts affect
TCC growth in vivo, we coinoculatcd various fibroblast cell lines with human
TCC WH cells in 6-8-week old athymic nude mice (BALB/c strain; Charles

Rivers Laboratories, Wilmington, MA). Mice of both sexes were coinoculated
s.c. with 1 X 10" WH cells, either alone or with 1 X 10" rUGM, NIH 3T3 or
human bladder fibroblasts. To assess tumorgenicity, 2 X 10" of each fibroblast

cell line were injected alone as controls. The cells were suspended in 0.1 ml of
T-medium with 5% FBS prior to injection and then inoculated via a 27-G

needle. Tumors were measured twice weekly and their volumes were calcu
lated using the formula length X width x height x 0.5236 (5). Tumors were
excised, weighed, and subjected to various morphological and biochemical
analyses (see below).

Other experiments were performed to determine whether WH tumor growth
in vivo could be affected by antibodies directed against the EGFR. Two X IO6

WH cells were injected along with a Gelfoam preparation (Upjohn, Kalama-

zoo, MN), adsorbed with type IV collagen (Collaborative Research, Bedford,
MA) and TGFa, with or without anti-EGFR antibody (Upstate Biotechnology,

Lake Placid, NY). Gelfoam, a reservoir for delivery of biologically active
factors in vivo, was prepared as a matrix system following a previously de
scribed procedure (5, 23). Under sterile conditions, Gelfoam was presoaked
with 100 mg/ml collagen IV for 12 h at 4Â°C,followed by either 1 ng/ml TGFa

with or without 10 fig/ml of anti-EGFR antibodies, and then minced using a
polytron to allow s.c. inoculation via an 18-G needle. Following s.c. injection
of 0.1 ml of Gelfoam, the same site was given an injection of 2 X 10" WH cells
using a 27G needle. For controls, 2 X 10" WH cells were inoculated with

Gelfoam and collagen IV alone. The growth rates were monitored as described
above.

Histology and Immunohistochemistry. For routine histology, specimens
were fixed in 10% neutral buffered formalin and embedded in paraffin.
Eight-/xm fixed sections were cut and stained with hematoxylin and eosin. For

immunohistochemical studies, specimens were deparaffinized with xylene,
rehydrated with 70% ethanol, and treated with 0.1% trysin for 10 min at 37Â°C.

Sections were incubated with fluorescent-labeled antibodies prepared against

CK or vimentin (Biogenex, Dublin, CA). Slides were mounted with glycerol
for inspection and photography.

DNA Isolation and Dot Blot Analysis. High molecular weight DNA was
isolated from tumors according to a method previously described (24), and
DNA concentration was determined using a spectrophothometer. An equal
amount of DNA was digested with restriction endonucleases overnight at 37Â°C,

and then fractionated by electrophoresis in a 0.8% agarose gel containing 1X
TAN buffer (40 mw Tris-HCI, 18 HIMNaCl. 20 mm sodium acetate, and 2 ITIM

EDTA). After alkaline denaturation, DNA was transferred onto Zetaprobe
membranes (Bio-Rad) and then baked at 80Â°Cfor 90 min. The membrane was

then prehybridized in a hybridization buffer (10% dextran sulfate. 1% SDS, 1
M NaCl, 20 ja,g/ml salmon sperm DNA) at 65Â°Cprior to hybridization with a

[32P]-random primer-labeled human Alu cDNA probe (Oncor, Gaithersburg,

MD) overnight at the same temperature. After hybridization, the membrane
was washed in 2 x SSC (IX SSC is 0.15 M NaCl-15 rtiM sodium citrate) at

room temperature for 20 min, and then the membrane was washed under high
stringency conditions (0.5X SSC-1% SDS) at 65Â°Cfor 5 min. Autoradiogra-
phy was performed using Hyperfilm MP with the intensifying screen at -80Â°C.

RNA Isolation and Northern Blot Analysis. Total cellular RNA was
prepared from frozen tissues by the 4 M guanidinium thiocyanate extraction
method (25). Typical yields of total cellular RNA were about 300 /j.g/200 mg
tissue as quantified spectrophotometrically using 40 mg RNA//42N) unit. RNA
was denatured in 50% formamide/18% formaldehyde at 55Â°Cand fractionated

by electrophoresis in a 0.9% denaturing formaldehyde agarose gel. Each gel
was stained with ethidium bromide (1 jig/ml) for 5 min. and staining intensity
of 28S/18S rRNA (ratio = 2:1) was examined as an internal control. Samples
were transferred onto a Zetaprobe membrane (Bio-Rad) by capillary method
and the membranes were baked for 2 h at 80Â°C.Following this, the membrane

was prehybridized in the presence of l MNaCl, 10% dextran sulfate, 1% SDS,
and 200 mg/ml salmon sperm DNA for at least 2 h at 65Â°C.Hybridization was
carried out at 65Â°Covernight with a random-primer-labeled probe as indicated.

cDNA probes against human a 2 collagen IV, mouse a2 collagen I, and
fibronectin were kind gifts from Dr. Dan Carson (The University of Texas M.
D. Anderson Cancer Center). A TGFa riboprobe (26) and a cDNA for bFGF
(27) were obtained from respective authors. Finally, the membrane was washed
under high stringency conditions (0.5 x SSC- 1% SDS at 65Â°C).Autoradio-

grams were prepared by exposing Kodak X-OMAT AR film to the membrane
at -80Â°C with intensifying screens.

Mitogenic Assays. CM was used to determine if autocrine or paracrine
pathways mediated by soluble GFs exist between WH and fibroblast cells. We
used a 96-well assay based on the uptake and clution of crystal violet dye by

the cells in each well; dye uptake was found to correlate linearly with the
number of cells/well (5, 28). Various defined GFs including bFGF, TGFa, and
EOF (Collaborative Research) were tested. Anti-EGFR and anti-bFGF anti

bodies (Upstate Biotechnology, Lake Placid, NY) were used to attempt to
inhibit the mitogenic activity of the CM. Using 96-well plates (Falcon), 500
WH or 200 rUGM cells were plated/well in T-medium containing 1% FBS and
2% TCM. Cells were downshifted 24 h later to serum-free conditions (see

above) with various concentrations of GFs or CM. The medium was changed
every 2 days; 7 days later the cells were fixed with 1% glutaldehyde (Sigma)
and stained with a 0.5% crystal violet (Sigma). The plates were washed with
HiO and air-dried, and the dye was cluted with 100 /j.1of Sorensen's solution

(9 mg trisodium citrate in 305 ml distilled H20, 195 ml of 0.1 N HC1, and 500
ml 90% ethanol). Absorbance of each well was measured using a Titertek
multiscan TCC/340 (Flow Laboratories, McLean, VA) at 560 nm. Control
experiments demonstrated that absorbance is directly proportional to the
number of cells in each well.

RESULTS

WH Cell Growth Is Accelerated by Fibroblasts in Vivo. Fig. 1
compares tumor growth rates in mice coinoculated with WH cells and
various fibroblast cell lines. The observation period for all injections
was 3 months. All fibroblast cell lines were nontumorigenic with
injections of up to 2 X IO6 cells. Coinoculation of 1 X K)6 WH TCC
cells with 1 X 10'' rUGM cells resulted in up to a 20-fold acceleration
in tumor growth compared to control inoculations of 1 X 10(>WH

cells alone. Coinoculation with human bladder or NIH 3T3 fibroblasts
resulted in a 4-fold increase in tumor growth. The average latency

period for measurable tumor growth was 27 days for WH/rUGM
coinoculations, 42 days for WH/hBF or WH/3T3 coinoculations, and
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120-,

Fig. 1. s.c. coinoculation of 1 X 10" WH TCC cells
with I x 10*'rUGM fibroblasts in athymic mice resulted
in a 20-fold acceleration in tumor growth compared to
control inoculation of WH cells alone. Coinoculation of
Ihe same number of hBF or NIH-3T3 fibroblasts resulted
in a 4-fold increase in tumor growth.
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60 days for WH cells inoculated alone. No differences in tumor
volume or latency period was observed by increasing rUGM cell
inoculate from 1 X IO5 to 1 X IO6 cells.

Characterization of Chimeric Tumors. Chimeric tumors were
characterized histomorphologically, immunohistochemically, and bio
chemically to determine the relative amounts of epithelial and stromal
components. Histologically, using hematoxylin and eosin staining,
tumors are poorly differentiated carcinomas (Fig. 2). Immunohisto-
chemical staining illustrates that the epithelial component of the chi-

meric tumors stained positive for CK (Fig. 2, b, d, f, and h) and the
mesenchymal component stained positive for vimentin (data not
shown). These findings could be duplicated in vitro, as the WH cells
stained positive for CK and 3T3 and rUGM fibroblasts stained pos-

tively for vimentin and negatively for CK (data not shown).
Biochemical characterization using Southern hybridization tech

niques corroborated the histolÃ³gica! findings to confirm the human
origin of the epithelial component of the chimeric tumors. The WH/
rUGM tumors contained a predominantly human component, as mani
fested by the presence of alu-sequences in all tumors examined

(Fig. 3).
WH and Fibroblast Cells Differentially Express Growth Fac

tors and Extracellular Matrix. RNA isolated from WH and rUGM
or 3T3 fibroblasts cultured in vitro, as well as from WH and WH/
rUGM tumors, was subjected to Northern analysis and probed for the
expression of GFs and ECM. WH cells cultured in vitro, as well as
WH and WH/rUGM tumors harvested from tumor-bearing mice, ex

pressed TGFa and bFGF, although the tumors expressed these GFs
less strongly than cells grown in vitro (Fig. 4). This may be secondary
to admixture of the tumor with mesenchymal and other host cells that
do not express these GFs. rUGM and 3T3 fibroblasts do not express
TGFa and express bFGF weakly compared to WH cells. In contrast to
OF expression, ECM is produced primarily by stromal cells. 3T3 and
rUGM fibroblasts strongly express collagen I, collagen IV, and fibro-

nectin, while these ECM components were either not expressed or
were expressed in very low levels in WH cells grown both in vitro and
in vivo (Fig. 5).

Expression of EGFR mRNA by Cultured Human TCC Cell
Lines. Total cellular RNA was isolated from WH cells and also from
4 other human TCC cell lines (RT4, T24, TCC, and 253J), and sub
jected to Northern blot analysis for steady-state levels of EGFR

mRNA expression. Among the 5 TCC cell lines, EGFR mRNA is
expressed most strongly by the WH cell line (Fig. 6); however, EGFR
is not expressed by any of the fibroblast cell lines (data not shown).
WH cells express both 6- and 10-kilobase EGFR transcripts, while the
remaining 4 TCC cell lines express primarily the 6-kilobase EGFR

transcript.

WH and Fibroblast Cells Differentially Respond to Defined
Growth Factors in Vitro. To identify possible mitogens involved in
WH and rUGM cell growth, we established a dose response relation
ship between these cells and bFGF, EGF, and TGFa. WH cell growth
is stimulated by EGF and TGFa in a biphasic manner; increased
growth rates were observed at low concentrations of EGF (0.1 and 1
ng/ml) and TGFa (0.1 ng/ml) but not at higher concentrations (see
Fig. 9b below). Higher concentrations of these growth factors, how
ever, inhibited WH cell growth rates (data not shown). Morphological
changes were noted with increasing concentrations of either EGF or
TGFa, whereby WH cells typically appeared more spread out and no
longer required close cell-cell contact which is observed in WH cells

cultured under control conditions (Fig. 7). Unlike WH cells, the
growth of rUGM cells was stimulated only at higher concentrations of
EGF (>10 ng/ml) or TGFa (>1 ng/ml; data not shown). Using a
broad range of concentrations, bFGF had no effect on WH cell growth.
In contrast, bFGF stimulated rUGM cell growth 300% in a concen
tration-dependent manner using concentrations ranging from 0.1 to 50

ng/ml (data not shown).
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Fig. 2. Hematoxylin and eosin (left) and cytokeratin (right) im-
munohistochcmical staining illustrates the predominant carcinoma-
tous histomorphology of tumors that form following inoculation of
WH cells alone (a and ft), or with hBF (c and d), NIH-3T3 (e and

/), or rUGM (g and h) fibroblasts.
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DNA (jig)
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WH Tumor
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rUGM
WH/rUGM Tumor
WH/rUGM Tumor

Fig. 3. Southern analysis of the WH/rUGM chimeric tumors documents their predomi
nantly human component as manifested by ihe presence of alu sequences in all tumors
examined.

Bidirectional Paracrine Stimulatory Pathways Exist between
WH and rUGM Cells in Vitro. To determine if the in vivo fibroblast-

induced stimulation of WH cell growth could be explained by the
production of specific soluble GFs by the fibroblasts, we assessed the
mitogenic activity of rUGM and 3T3 cells on WH cell growth in vitro.
WH CM was also used to identify possible autocrine pathways for
WH cell growth or paracrine stimulation of rUGM cell growth. Para
crine stimulation of WH cell growth by rUGM cells was demonstrated
in vitro; rUGM CM (1 X) stimulated WH cell growth 180% (Fig. 8).
3T3 CM was less effective (120%; data not shown). This paracrine
effect is bidirectional; WH CM (IX) stimulated rUGM cell growth up
to 260% (Fig. 8). The bidirectional paracrine stimulation between WH
and rUGM cells in vitro is CM concentration dependent. An autocrine
stimulatory loop for WH cells was identified in vitro; WH CM (IX)
stimulated WH cell growth 200%. Morphological changes similar to
those seen with EGF and TGFa were observed following treatment of
WH cells by WH CM, suggesting that an EGF-like GF may mediate

this autocrine loop (Fig. 7). A similar stimulatory autocrine growth
loop could not be demonstrated with rUGM cells (Fig. 8).
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Fig. 4. Northern analysis illustrates differential of growth factor expression between
WH TCC cells and fihroblast cell lines. WH cells express higher levels of TGFa and bFGF
when compared to the various fibroblast cell lines (3T3, rUGM) with which they were
coinoculated. WH cells grown in vitro and in vivo express a single band of TGFa
transcript (4.8 kilobases) and a single band of bFGF transcript (6.0 kilobases). Kb,
kilobases.
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Fig. 5. Northern analysis illustrates differential expression of ECM between WH TCC
cells and the fihroblast cell lines, with both NIH-3T3 and rUGM fibroblast cell lines

strongly expressing collagen I (5 kilobases), collagen IV (6.8 kilobases). and fibronectin
(8.5 kilobases) mRNA transcripts. WH cells grown in vitro and WH tumors weakly
express these ECM components. Kb, kilobases.

Anti-EGFR Antibodies Inhibit Autocrine and Paracrine Stimu
lation of WH Cell Growth. Anti-human EGFR antibodies (500 ng/

ml) resulted in complete inhibition of the mitogenic effect of the
autocrine (WH CM) and paracrine (rUGM CM) pathways (Fig. 9a).
The specificity of the inhibitory effect by the EGFR antibody was
confirmed by demonstrating that its inhibitory effect could be reversed
by increasing the concentration of EGF and TGFa. The anti-EGFR

antibody completely inhibited the mitogenic effect of 0.1 ng/ml of
EGF or TGFa, but this inhibitory effect was overcome using higher
concentrations of EGF or TGFa (Fig. 9/>).The morphological changes
induced by EGF and TGFa were also reversed by the anti-EGFR

antibodies. A similar inhibitory effect on WH cell growth was not
observed with anti-bFGF antibodies (500 ng/ml). The stimulatory

effect of WH CM on rUGM cell growth was not inhibited by either
anti-EGFR or anti-bFGF antibodies (data not shown).

Effect of Anti-EGFR Antibodies on WH Cell Growth in Vivo.
No differences in the incidence or growth rate of WH tumors were
observed following inoculation with treated Gelfoam. TGFa-treated

sites did not increase tumor incidence nor growth rates compared to

control sites, while anti-EGFR antibody-treated sites failed to inhibit

tumor formation or growth. Differences between in vitro and in vivo
observations may result from degradation or diffusion of TGFa or
EGFR away from the site of inoculation; therefore, inhibition or
stimulation of WH cell growth by TGFa or EGFR antibodies, respec
tively, may require their continuous presence in adequate concentra
tions.

DISCUSSION

Cancer progression is determined by the rate of cancer cell prolif
eration, invasion, and metastasis which, in turn, are influenced by
various genetic and epigenetic factors. Evidence in support of a ge
netic basis has been comprehensively reviewed (29, 30) and may
involve either loss of tumor suppression genes, overexpression of
oncogenes, or both. Subsequent to these initial genetic alterations,
various epigenetic factors in the host microenvironment interact with
the transformed cells and also influences their biological behavior (6).
The genetic regulation of cancer cell growth and metastatic potential
can be enhanced or inhibited through critical interactions involving
the production of ECM and polypeptide growth stimulators and
growth inhibitors by both tumor and adjacent normal stromal cells
(5-7, 31). Cellular interactions between mesenchymal and epithelial

cells are mediated by GFs and ECM and play an important inductive
and/or permissive role in the pathogenesis of tumor growth and
metastasis (32, 33).

The growth of numerous epithelial malignancies are influenced by
their surrounding stroma, including skin (34), colon (35), breast (36),
prostate (5, 6), and bladder (2, 7, 8). In addition, fibroblast-derived
ECM and GFs can alter epithelial cancer cell morphology, tumori-

genie potential, and gene expression (31, 37). Our laboratory has
reported that the growth of marginally tumorigenic human prostate
cancer LNCaP cells is accelerated in a paracrine fashion by factors
produced by prostate and bone fibroblasts, but not by lung or kidney
fibroblasts, which suggests that tumor-stromal interactions may be
partly responsible for the site-specific osseous metastasis characteris

tic of prostate cancer (5). These observations imply that genetic al
terations are necessary but in isolation are not sufficient for cancer
growth and metastasis and that organ-specific mesenchymal cells

modulate the rate and patterns of cancer progression.
In addition to being influenced by organ-specific interactions, the

extent and direction of tumor-stromal cell interactions may also be

dependent on the stage and grade of the cancer cells. For example,
only TCC cells derived from poorly differentiated and invasive blad
der cancers respond to stromal-induced growth stimulation (7). Also,

H ^ U
Ctf H H

-10Kb

-6Kb

Fig. 6. EGFR is overexpressed in WH cells compared to four other human TCC cell
lines. WH cells express both 6- and 10-kilobase EGFR transcripts while the other 4 human
TCC cell lines express only the 6-kilobase transcript. NIH-3T3 and rUGM fibroblast cells
do not express EGFR (data not shown). Kb. kilobases.
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Fig. 7. WH cell growth in control media is char
acterized by tight expansion of compact islands of
cells (a). Morphological changes were noted with
WH CM (A) and rUGM CM (c) and with increasing
concentrations of either EOF (data not shown) or
TGFa (d). WH cells become more pleomorphic and
spread out when exposed to these growth factors and
no longer required close cellular contact as observed
in controls.
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the growth of normal prostatic epithelial cells is inhibited in vitro by
normal prostate fibroblasts (38) but is stimulated in vivo by immor
talized and transformed prostate fibroblasts (2, 3, 5). Furthermore,
normal dermal fibroblasts inhibit the growth of early stage nevi but
stimulate the growth of higher stage invasive melanoma growth in
vitro (34). Hence, the degree of differentiation and pathological stage
of malignant epithelial cell tumors may be a key determinant that
influences the outcome of tumor-stromal cell interactions.

To understand the cellular and molecular basis of tumor-stromal
cell interaction in TCC, our laboratory has developed a cell-cell re

combination model to define the reciprocal interaction between these
2 cellular compartments (6). The fibroblast-mediated acceleration of

human TCC cell growth, both in vitro and in vivo in the WH/rUGM
model, emphasizes the importance of fibroblasts and their associated
GFs and ECM in the regulation of TCC cell growth. In vivo accel
eration of WH cell growth by specific fibroblasts may result from
differential production of GFs and ECM by tumor and stromal com
partments; WH tumor cells are principle producers of GFs (TGFa and
bFGF) while fibroblasts are principle producers of ECM (collagen and
fibronectin). The GFs and ECM produced by stromal and tumor cells
are interactive; GFs can alter ECM gene expression (37) while ECM
can alter GF and OF receptor gene expression (39). Some GFs bind to

g 200
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IB* l/2x be l/4x l/2x Ix [CM]

WH Cell CM rUGM Fibroblast CM rUGM Fibroblast CM WH Cell CM
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Fig. 8. Bidirectional paracrine-stimulatory pathways exists between WH and rUGM
cells in vitro. WH cell CM stimulates both WH (autocrine) and rUGM (paracrine) cell
growth 2- and 3-fold, respectively, while rUGM cell CM stimulates WH cell (paracrine)
growth 2-fold but not rUGM (autocrine) cell growth.

ECM and become biologically active following proteolytic degrada
tion of the ECM (40). Differential production of GFs (by the epithelial
compartment) and ECM molecules (by the stromal compartment)
illustrates that both compartments are critical determinants of tumor
cell communication and growth.

The incidence of mÃ©tastasesin human TCC and subsequent prog
nosis is directly related to the depth of invasion of the lamina propria
and underlying muscularis propria (41). This process of invasion and
metastasis is dependent on the ability of TCC cells to adhere to and
invade bladder wall ECM. Collagen and fibronectin are major con
stituents of ECM and regulate cell-cell adhesion, migration, prolifera
tion, and differentiation by binding to specific cell-surface receptors

(31, 32, 42). In addition to these direct actions, ECM also affects
tumor cell function indirectly by affecting cell morphology and sub
sequent response to GFs (43) and by binding to and modulating GF
activities (40, 44). Malignant cells may produce lower amounts of
ECM and cell adhesion molecules which may increase their invasive
capabilities, but which may also increase their dependence on stromal-

produced ECM (45).
WH cell growth in this model is regulated by soluble GFs produced

by both neighboring WH tumor cells and rUGM fibroblasts. GFs
comprise an ever-expanding family of polypeptides with an increasing

diversity of physiological functions the mitogenic effects of which are
mediated through specific membrane or intracellular receptors. One
important group of GFs is composed of those related to EOF and
includes TGFa and amphiregulin (46). These molecules are mem
brane-bound glycoproteins that are cleaved to yield soluble GFs, the

major known biological role of which is to locally regulate cell growth
and differentiation. TGFa expression is most prevalent in cancer-

derived cell lines and in cells transformed by cellular oncogenes and
tumor promoters, which suggests that TGFa may be directly or indi
rectly involved in the generation or progression of some malignancies.
Both EGF and TGFa bind to and mediate their effects through the
EGFR, which is a ligand-activated transmembrane tyrosine protein
kinase (46). Similarly, it has been postulated that EGFR overexpres-

sion and aberrant activation may contribute to cell transformation
based on its frequent amplification and overexpression in many hu
man tumors, including lung, breast, renal (47), and bladder carcino
mas (20, 48). Furthermore, the level of EGFR over-expression corre-
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Fig. 9. (a) Anti-human EGFR antibodies (5(X)ng/ml) resulted in complete inhibition of

the mitogenic effect of aulocrine (WH CM) and paracrine (rUGM CM) pathways in this
model, (ft) Peak stimulatory effects of EGF and TGFa on WH cell growth was observed
at 1.0 and 0.1 ng/ml, respectively. The specificity of the EGFR antibody was confirmed
by demonstrating that its inhibitory effect is reversed by increasing the concentration of
EGF or TGFa from 0.1 to 10 ng/ml. A similar inhibitory effect was not observed with
anti-bFGF antibodies (data not shown)

lates with tumor stage, grade, and clinical outcome (15, 16).
Overexpression of TGFa or EGFR may result in autostimulation and
release of cells from normal growth control which is a prerequisite for
malignant transformation.

GFs act locally to regulate cell growth via autocrine, paracrine, or
juxtacrine pathways. Evidence of a role for an autocrine growth loop
involving TGFa/EGFR in human malignancies is supported by the
frequent coexpression of TGFa and high levels of EGFR in human
cancers and by the ability of EGF-related GFs to reversibly transform

normal cells (49); however, evidence to support the presence of para
crine growth loops involving EGFR is not as strong. Using the cell-
cell recombination model to study tumor-stromal interactions, we

observed that the growth of the human TCC cell line, WH, is stimu
lated by both autocrine and paracrine pathways. Furthermore, the
paracrine pathway appears to be bidirectional because WH cell CM
also stimulates the growth of rUGM fibroblasts. This reciprocal stimu
latory paracrine effect between these 2 weakly or nontumorigenic cell
lines may be responsible for the 20-fold increased growth observed

following s.c. coinoculation. The autocrine and paracrine stimulation
of WH cell growth in vitro appears to be mediated through the EGFR,
a hypothesis supported by observations that changes in growth rate
and morphology induced by TGFa and WH or rUGM CM are re
versed by anti-EGFR antibodies. Furthermore, WH cell growth rate

and morphology are altered by TGFa in a manner similar to that

produced by WH or rUGM CM. The factors in WH CM mediating the
paracrine stimulation of rUGM fibrobasts remain undefined; anti-

human EGFR antibodies do not inhibit rUGM growth rates under
basal or stimulated conditions, perhaps because they are ineffective
against murine cells. Also, anti-bFGF antibodies did not effectively

neutralize the mitogenic effect of WH or rUGM CM.
In addition to identifying autocrine- and paracrine-stimulatory path

ways regulating WH cell growth, observations involving changes in
WH cell morphology and growth rates in vitro following exposure to
TGFa and EGFR antibodies suggest the possible existence of juxta
crine interaction among WH cells. WH cell growth under basal con
ditions in vitro is characterized by slow expansion of compact islands
of cells with close cell-cell contact. Juxtacrine interaction between
WH cells may be mediated through binding of the membrane-
anchored pro-TGFa to an EGFR on adjacent WH cells, which results
in simultaneous cell-cell adhesion and mitogenic stimulation (46). The
"spreading out" and loss of cell-cell contact of WH cells following

treatment with TGFa and EGF (and WH or rUGM CM) suggest that
juxtacrine interactions become less important in the presence of these
soluble GFs.

In summary, using cell-cell recombination techniques to study
tumor-stromal cell interactions in human TCC, we found that specific

fibroblasts accelerate bladder carcinoma growth in vivo, possibly
through production of ECM components and paracrine GFs. Both GFs
and ECM are important modulators of tumor-stromal cell interaction

and are differentially produced by the epithelial and stromal compart
ments. Growth of WH human TCC cells in vitro is stimulated by both
autocrine- and paracrine-mediated pathways in a manner similar to

that produced by TGFa and EGF. The inhibition of these mitogenic
pathways by anti-EGFR antibodies suggests that an abnormal TGFa/

EGFR system may confer a selective growth advantage to TCC cells
by increasing the sensitivity of the cancer cells to GFs produced by
themselves or by neighboring normal stromal cells. An improved
understanding of tumor-stromal cell interactions will allow for the

development of novel therapeutic strategies that inhibit these critical
intercellular communication pathways with, for example, cytotoxic
immunoconjugates such as TGFa-pseudomonas exotoxin (TP-40), or

drugs like suramin that block the interaction between GFs, GF recep
tors, and ECM.
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