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ABSTRACT Recent studies have shown that orthotopic
(transurethral) transplantation of human bladder cancer cell
lines into nude mice permits tumor growth that accurately
reflects their clinical malignant status in the original host.
Thus, such a system allows a unique opportunity to analyze the
genetic events involved in the conversion of low-grade bladder
cancer, the vast majority of which are curable, to the high-
grade life-threatening form of the disease. Since 5-10% of
transitional cell carcinomas (TCCs) have been shown to contain
a mutated HRAS gene, and protein expression levels of all
forms of HRAS have been correlated with TCC progression, we
chose to study the contribution of the HRAS oncogene in
bladder tumor progression. We evaluated the effects of trans-
fection of normal or mutated HRAS genes into a human TCC,
called RT-4, that behaves as a superficial noninvasive papillary
tumor after transurethral orthotopic inoculation into athymic
nude mice. We found that overexpression of either transfected
normal or mutated HRAS genes converted RT-4 cells to express
an invasive phenotype remarkably similar in nature to the
clinical behavior of high-grade bladder carcinomas. These
results suggest a role for overexpressed normal or mutated RAS
genes in human bladder carcinoma progression, and highlight
the importance of using orthotopic inoculation systems for
evaluation of the contribution of oncogenes to malignant tumor

progression.

Dominantly acting cellular transforming genes belonging to
the RAS family of oncogenes have been detected in a wide
spectrum of animal and human cancers by DNA-mediated
gene transfer experiments in which immortalized nonneo-
plastic cells are used as recipients (1-3). By employing such
assays in combination with gene cloning and sequencing
analysis, it has been estimated that 5-10% of human transi-
tional cell carcinomas (TCCs) contain activated/mutated
RAS oncogenes (3-5). Moreover, of the three known RAS
family members, by far the most common found to be
mutated in urothelial malignancies is HRAS (4-6). TCCs can
be broadly classified in two forms: superficial and invasive.
Moreover, although the majority of superficial bladder car-
cinomas are curable, 2-25% progress to the invasive life-
threatening form of the disease (7). This raises the question
of whether the presence of activated RAS oncogenes is
causally associated with the degree of invasiveness of such
tumors. The various studies cited above suggest that based
on prevalence comparisons of TCCs with mutated RAS and
invasive TCCs this is probably not the case (4-6). However,
in view of the low frequency of occurrence of activated RAS
genes combined with the relatively small number of bladder
tumors analyzed, it is difficult to rule out the possibility that
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patients having tumors with an activated RAS oncogene
constitute a distinct clinical subgroup of invasive tumors.

The possible relationship of RAS gene expression to blad-
der cancer development and progression has also been ana-
lyzed by immunohistochemical techniques. These studies
have, in the main, concentrated on estimating the level of the
RAS gene protein product, p21, in tumors of various stages
(8). The results have shown that in general, there is a
correlation between levels of p21 and the degree of tumor
invasiveness similar to what has been observed in some other
types of tumor (9-11). Detailed staining for p21 in normal
bladder tissue has revealed that the basal (progenitor) cells of
the multilayered transitional epithelium stain with the highest
intensity whereas more superficial (differentiated) compart-
ments stain to a much lesser degree (12). Thus the level of
normal RAS protein diminishes considerably with differen-
tiation and HRAS overexpression per se is not restricted to
the malignant state in bladder tissue. It is thus conceivable
that, in the context of malignant disease, a deregulation of
RAS gene expression (13) or expression of a mutant protein
(14) may occur as a ‘‘second hit,’’ and, when combined with
an earlier cellular lesion or lesions, results in the induction of
invasive bladder cancer. Support for this hypothesis comes
from results demonstrating that transfection of a mutant
HRAS gene will transform simian virus 40-immortalized
(nonneoplastic) human urothelial cells (15) into TCCs as
assayed by subcutaneous growth in nude mice (16).

Thus there appears to be a role for altered RAS gene
expression in the progression of human bladder cancer, but
clearly more direct evidence is required to establish a mech-
anistic relationship. Such evidence is provided in this paper,
and it derives from exploiting developments in orthotopic
transplantation of human cancers in nude mice (17), in
particular, bladder cancers (18). Such procedures often per-
mit expression of invasive and/or metastatic spread that is
otherwise not generally observed after conventional subcu-
taneous (ectopic) injection of human tumors in nude mice
(17-19). Thus, Jones and colleagues (18) have reported that
when cell lines established from invasive bladder cancers
were injected transurethrally into nude mice, they retained an
invasive phenotype and invaded through the mouse bladder
wall in much the same manner as they do clinically. In
contrast, a grade 1 papillary bladder cancer cell line called
RT-4 (20, 21) remained incompetent for local invasiveness.
These findings were in stark contrast with results after
subcutaneous injection of these cell lines that showed no
evidence of tissue invasion by any of the cell lines. This
system, therefore, provides an opportunity to evaluate the
role of various genes, including RAS gene expression, in
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human bladder cancer progression by examining the follow-
ing questions: (/) Would transfection and expression of either
mutated or normal forms of RAS into noninvasive RT-4
bladder cancer cells convert them to invasive carcinomas in
vivo? (ii) If so, is there a relationship between RAS mRNA
levels and acquisition of invasiveness? The results we ob-
tained provide direct evidence for a contribution by altered
RAS gene expression to bladder carcinoma progression.
They also help clarify some of the discrepancies in the
literature on this subject, and highlight the importance of
using orthotopic transplantation techniques when attempting
to assess the contribution of oncogenes to tumorigenicity and
malignant tumor progression in vivo.

MATERIALS AND METHODS

Animals and Tissue Culture. Female athymic (nu/nu) Swiss
nude mice were bred on site in the animal care facility of the
Samuel Lunenfeld Research Institute of Mount Sinai Hospi-
tal (Toronto). They were first used for the experiments
described at 6-8 weeks of age. The animals were maintained
in pathogen-free isolated barrier facilities provided with
sterile food, water, bedding, and cages.

RT-4(20, 21) is a cell line derived from a 63-year-old patient
who had a cystectomy because of recurrent multifocal grade
1 papillary TCC. A431 is a human squamous carcinoma cell
line that overexpresses the epidermal growth factor (EGF)
receptor. NIH 3T3 are immortalized murine fibroblasts. All
of these lines were obtained from the American Type Culture
Collection. C1 is a murine mammary adenocarcinoma that
overexpresses a transfected mutated HRAS oncogene
([Val'?JHRAS) (22). Cell lines were maintained under sterile
conditions without antibiotics in standard tissue culture in-
cubators (37°C, 5% C0,/95% air) and laminar flow hoods.
The cells were maintained in Eagle’s minimal essential (A431,
NIH 3T3 C1) and McCoy’s (RT-4) media (GIBCO) supple-
mented with 10% (vol/vol) heat-inactivated fetal bovine
serum (FBS). Serum-free medium (SFM) was DMEM/F12,
1:1 (vol/vol), supplemented with transferrin (20 wug/ml),
ethanolamine (0.5 ug/ml), and bovine serum albumin (0.2
pg/ml). The cells were harvested with 0.25% trypsin, pel-
leted, washed in medium, repelleted, and resuspended in
isotonic phosphate-buffered saline (PBS) for implantation or
passaging.

DNA Constructs and Transfection. Oncogene constructs
were expressed in the Homer 6 vector and contained genomic
HRAS oncogenes generously provided by N. M. Wilkie (23).
Their detailed structure has been published elsewhere (23). In
brief, these constructs contain either a 6.4-kilobase (kb)
normal cellular HRAS (pHO6N1) gene or 6.6 kb from a
mutated HRAS ([Val'2JHRAS; pHO6T1), both under the
control of a Moloney long terminal repeat promoter/enhan-
cer and simian virus 40 enhancer sequences and produce a
1.2-kb mRNA transcript with the same size as the endoge-
nously produced transcript. The plasmid DNA used for
transfection was prepared by the standard cesium chloride
gradient method followed by transfection of the RT-4 cells by
the Polybrene/dimethyl sulfoxide shock method (24). Con-
trol cell line transfectants were generated by transfection
with the plasmid pSV2neo (22). Selection of colonies that had
stably integrated the plasmid DNA was done by their con-
tinued growth for 2 weeks in medium containing G418 (500
pg/ml; GIBCO). The morphologic transformation ability of
RT-4 total cellular DNA was assessed by the standard NIH
3T3 focus-forming assay (14). Positive controls were gener-
ated by transfection with the mutated HRAS plasmid con-
struct described above.

RNA Extraction and Northern Blot Analysis. Total RNA
was isolated from the RT-4 cell clones as described (24). For
Northern blot analyses, equal amounts of RNA (10-15 ug)
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were electrophoresed on 1% agarose gels containing 0.66 M
formaldehyde and transferred to GeneScreen (DuPont/New
England Nuclear). Blots were hybridized with 32P-labeled
probes as described (24). Controls for loading were the
intensity of ethidium bromide stain-mRNA on gels and prob-
ing with a 1.7-kb Pst I fragment of pA1l (25), a B-actin-specific
probe. Analysis of RAS gene expression was performed on 10
RT-4 colonies transfected with either the normal or mutated
forms of HRAS and probed with a RAS fragment from a Sac
I-digested transfected construct.

In Vitro Growth. To generate growth curves, cells were
seeded in either McCoy’s plus 10% FBS or SFM in 6-well
plates (Falcon) at 1 x 10%, 5 X 10%, or 1 x 10° cells per well.
Proliferation of cells was followed every other day for 7 days,
by counting the number of cells using a hemocytometer.
Trypan blue staining was used to assess viability before
plating the cells and after each harvest. Assessment of the
degree of anchorage-independent growth (colony formation
in soft agar) was done as described (18) in either FBS-
containing medium or SFM.

Injection Procedures and Tissue Histology. Subcutaneous
(ectopic) inoculation. Mice were given injections in the
anterior flank alternately with 4 X 10° or 1 x 10° tumor cells
in 0.2 ml of SFM. The animals were sacrificed when the skin
over the tumor became necrotic, which occurred =3 months
after inoculation. If no tumor appeared, the mice were
observed for at least 3 months. The primary tumor, lung,
liver, and spleen were histologically examined by routine
hematoxylin/eosin staining.

Intravenous inoculation. Cells were resuspended in 0.1 ml
of PBS and 1 X 10° cells were injected into mouse tail veins
with 25-gauge needles, as described by Fidler (17). Animals
were sacrificed 6-8 weeks after inoculation or sooner if they
developed signs of distress.

Intravesical (orthotopic) inoculation. The implantation
technique was similar to that of Ahlering et al. (18) used
without electrocautery. Mice were anesthetized with in-
traperitoneal pentobarbital (5 mg/100 g). Aseptically, a 22-
gauge catheter (Angiocath) was placed transurethrally into
the bladder and 5 x 10° cells were injected. Mice were
examined daily and sacrificed 8—12 weeks after implantation
or earlier if they developed signs of distress. Autopsies were
performed immediately to establish the presence and extent
of tumor. The lungs, liver, spleen, pancreas, bladder, and
kidneys were processed for routine histological examination;
the bladder tumors were examined carefully for extent of
invasion into the bladder wall.

Tissue histology. The pathologist (B.J.F.) responsible for
examining the sections of various organs and primary tumors
was ‘‘blinded’’ with respect to the identity of the cell clone
injected into the animal but was aware of the hypothesis,
purpose, and methodology of the experiment. -

RESULTS

Transforming Ability of RT-4 Total Cellular DNA. The NIH
3T3 focus formation assay did not reveal any evidence for
transforming activity of RT-4 total cellular DNA (data not
shown). The positive controls, obtained by transfection of
NIH 3T3 cells with the mutated [Val'2JHRAS plasmid con-
struct yielded numerous NIH 3T3 refractile colonies, exhib-
iting the transformed phenotype. The assay was done twice
in triplicate. Although the limitations of this assay in detect-
ing transforming oncogenes are well known, it is suitable for
detecting mutant HRAS genes (1, 2).

Selection of Transfected Clones with Various Levels of HRAS
Expression. Ten G418-resistant colonies of cells transfected
with either the mutated or normal forms of HRAS or the
pSV2neo construct were screened for RAS mRNA expres-
sion. Seven or 8 of 10 colonies in each group had elevated
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Fic. 1. Northern blot analysis for RAS and B-actin expression of
various HRAS-transfected cell lines. Total RNA was isolated from
the RT-4 cell clones. For Northern blot analyses, equal amounts of
total RNA (10-15 ug) were electrophoresed on 1% agarose gels
containing 0.66 M formaldehyde and transferred to GeneScreen.
Blots were hybridized using *?P-labeled probes of a Sac I-digested
HRAS gene fragment (A) and the B-actin gene (B). Lanes: 1, C-1; 2,
RT-4-neo; 3, RT-4-cr-1; 4, RT-4-cr-2; 5, RT-4-cr-3; 6, RT-4-mr-7; 7,
RT-4-mr-10.

levels of RAS expression with the other 2 or 3 having no
detectable expression. None of the 10 pSV2neo clones
showed any detectable RAS expression in this assay. High
and baseline (nonexpressing) colonies of either the normal or
mutated forms were selected for further study (Fig. 1). A pool
of >50 G418-resistant pSV2neo-transfected RT-4 clones was
used as the control in all of the subsequent experiments.
Henceforth, ‘‘parental line’’ or RT-4-neo refers to this pooled
population of pSV2neo transfectants. The high RAS expres-
sors were RT-4-mr-10, RT-4-cr-1, and RT-4-cr-2, and the low
expressors were RT-4-mr-7 and RT-4-cr-3 (“‘mr’’ stands for
mutated ras whereas ‘‘cr’’ designates control ras). These cell
lines were selected for the next series of experiments. Con-
trol probing with B-actin shows equal amounts of mRNA in
all lanes. RT-4-mr-10, RT-4-cr-1, and RT-4-cr-2 had a large
increase in their RAS mRNA signal compared to the RT-4-
neo clones or pooled population, which did not reveal any
signal. RT-4-mr-7 and RT-4-cr-3 had undetectable RAS
mRNA levels similar to the RT-4-neo population.

Despite not being able to discriminate between endogenous
mRNA species and those resulting from expression of the
construct, we feel that expression is due to the construct for
the following reasons: (i) The plasmid had integrated into the
cells since the constructs contain the APH (G418 resistance)
gene and all clones were found to be G418 resistant. (ii) It
would be extremely unlikely that the clones selected for
further study were all overexpressing endogenous mRNA
since 7 or 8 of 10 oncogene-transfected clones expressed the
RAS gene whereas none of the 10 control pSV2neo clones or
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Table 1. Tumorigenicity assay of parental and RAS-transfected
cell lines in ectopic (subcutaneous) and orthotopic
(intravesical) sites

No. animals with tumors/no. total animals

inoculated
Subcutaneous
1 x 10° cells 4 x 106 cells Intravesical
Cell line per site per site (5 x 106 cells)
RT-4-neo 2/10 10/10 8/19
RT-4-cr-1 7/10 10/10 10/20
RT-4-cr-2 6/10 10/10 ND
RT-4-cr-3 3/10 10/10 7/18
RT-4-mr-7 2/10 10/10 6/19
RT-4-mr-10 10/10 10/10 8/20

ND, not done. Subcutaneous inoculation of nude mice was done
by injection into the anterior flank alternately with 4 x 106 or 1 x 10°
tumor cells suspended in 0.2 ml of SFM. The intravesical implanta-
tion technique was essentially that of Ahlering ez al. (18) used without
electrocatery.

the pSV2neo pool containing >50 clones expressed it. Thus
the frequency of RT-4 clones endogenously overexpressing
RAS is likely to be at the most 10%.

In Vivo Growth and Invasiveness of Transfectants. Various
amounts of RT-4-neo, RT-4-mr-7, RT-4-mr-10, RT-4-cr-1,
RT-4-cr-2, and RT-4-cr-3 were injected subcutaneously into
nude mice (Table 1). At 4 X 10° cells per site, all lines
exhibited 100% tumorigenicity and measurements 20 and 40
days after injection revealed tumor sizes to be similar (data
not shown). At 1 x 10° cells per site, RT-4-mr-10, RT-4-cr-1,
and RT-4-cr-2 were significantly more tumorigenic. No evi-
dence of metastatic spread was noted with any of the cell
lines. This was assessed by routine hematoxylin/eosin stain-
ing of lung, liver, and splenic tissues. All tumors grew as
pseudoencapsulated masses without any evidence of tissue
invasion at the subcutaneous site. Intravenous inoculation of
all cell lines resulted in pulmonary metastases. This has been
reported for RT-4 (26). Lung nodules varied in size and in
number in each animal and thus a meaningful average cannot
be given. However, upon semiquantitative analysis, there
seemed to be no significant difference among the lines.

Finally, and most significantly, the intravesical (orthoto-
pic) inoculations revealed a marked histopathological differ-
ence between the cell lines. Sections of urinary bladder from
the mice inoculated with RT-4-neo, RT-4-cr-3, and RT-4-mr-7
showed focal areas of superficial transitional cell carcinoma
(Fig. 2A). This was characterized by disorderly proliferation
of cells with loss of maturation at the surface and dysplastic
features including course nuclear chromatin, large nucleoli,
high nuclear—cytoplasmic ratios, and occasional mitoses. The

F1G.2. (A) Section of bladder mucosa after intravesicular inoculation of RT-4-neo cells. TCC in situ is seen on the left side, with proliferation
and dysplasia involving the full thickness of the epithelium. Normal epithelium is seen on the right side. Histologic appearance of RT-4-cr-3 and
RT-4-mr-7 was identical. (Hematoxylin/eosin stain; x50.) (B) Section of bladder mucosa after intravesicular inoculation of RT-4-mr-10 cells.
On the surface (arrows) there is in situ carcinoma. In the underlying muscularis propria, there is extensive invasion by irregular nests and sheets
of TCC. (Hematoxylin/eosin stain; x30.) (C) Section of bladder mucosa after intravesicular inoculation of RT-4-cr-1 cells. Microinvasive
carcinoma is present with irregular protrusions of tumor from the basal epithelium into the lamia propria (arrows). (Hematoxylin/eosin stain;

x50.)
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epithelium consisted of multiple layers (more than six) of
cells and the surface was flat but not ulcerated. The basement
membrane was well delineated with no evidence of invasion.
The underlying lamina propria showed edema with few
inflammatory cells. The rest of the surface epithelium ap-
peared normal with one to three layers of cells that were
mature and flattened toward the surface. In marked contrast,
sections of urinary bladder from the mice inoculated with
RT-4-cr-1and RT-4-mr-10 showed evidence of invasive TCC.
In respect to RT-4-mr-10, there were broad areas of invasive
TCC deep into the muscularis propria accompanied by in-
flammatory cells among which eosinophils were prominent.
In other sections there was invasion of the entire muscularis
propria with extension into the surrounding adipose tissue
and tumor noted in vascular spaces (Fig. 2B). For RT-4-cr-1,
we noted that in some areas the entire surface epithelium was
involved but in other sections there was only localized
involvement that was sharply demarcated from the adjacent
normal epithelium. The surface was elevated with areas of
ulceration and necrosis. The cells demonstrated markedly
dysplastic features with frequent mitosis. In the earliest
lesions, there was microinvasion of the lamina propria char-
acterized by irregular jagged projections of tumor downward
from the basal layer, but no invasion into the muscularis
propria was noted (Fig. 2C). Finally, no contiguous or
metastatic spread was found in other organs. In summary,
acquisition of invasive competence similar to that of invasive
bladder carcinoma in patients was observed in the transfec-
tants expressing activated RAS (RT-4-mr-10) or high levels of
normal RAS (RT-4-cr-1).

In Vitro Growth of Transfected Lines. In vitro morphology
of clones expressing low levels of RAS was identical to that
of the parental cell line. High expressors were slightly
different, having more definite cell contours and a decreased,
although still significant, tendency to grow in intimate cell
contact as islands. The in vitro growth properties of the six
cell lines selected for study were examined in two ways.
Doubling times were determined (Table 2). No significant
differences were observed among the lines at the various cell
concentrations or cultured in serum-containing medium or
SFM. As expected, cells grew more slowly in SFM than in
serum-containing medium and their viability based on trypan
blue staining dropped from >95% to =70% on day 7 of the
growth curve. There was, however, a major difference among
the lines in their ability to form colonies in soft agar. Five of
the six cell lines were similar; however, RT-4-mr-10 was
=~60% more proficient at forming colonies than other lines.
No colonies were observed for any cell line when serum-free
agar was used.

DISCUSSION

Recent advances in the field of human tumor xenografting
have made it possible to directly examine the contribution of
various oncogenes to tumor growth and progression. The
advances stem mainly from the discovery that the growth of
tumors can be significantly enhanced and, in some cases,
induced to mimic their respective clinical metastatic behavior
by orthotopic transplantation procedures (17-19). Such re-
sults highlight the possibility that even if a transfected
oncogene was to have major effects in changing the growth
and/or malignant potential of a cell population, the effects
may be completely masked by the use of conventional
ectopic injection procedures.

We have used this reasoning to study the contribution of
the RAS oncogene to human bladder carcinoma progression.
Thus, Jones and colleagues (18) demonstrated that a low-
grade human TCC (RT-4) was noninvasive after transurethral
inoculation into nude mice whereas high-grade bladder car-
cinomas containing an endogenous mutated HRAS gene
(e.g., EJ and T-24) were highly invasive. These observations
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Table 2. In vitro growth properties of parental RT-4 and various
RAS-transfected RT-4 cell lines in anchorage dependent and
independent assays

Cells, Number of

no. x 1074 colonies

Cell line per dish Doubling times, hr in agar

RT-4-neo 1 35 +13(59+2.2) 60 + 4
5 37 £ 1.5 (61 = 2.3)
10 34 + 1.7 (58 = 3.0)

RT-4-cr-1 1 36 = 2.0 (60 = 3.0) 60 = 4
S 38 +1.9(60 = 3.5)
10 40 = 1.3 (56 = 2.0)

RT-4-cr-2 1 37 £1.8(58 +£3.1) 62+3
5 3917059 %28
10 34 £15(58 3.2

RT-4-cr-3 1 36 £ 1.3(58 =3.1) 71£5
5 37 +1.8(59 2.2
10 41 = 1.1 (56 = 2.1)

RT-4-mr-7 1 33 £1.1(61 +£2.1) 555
5 36 = 1.7 (63 = 3.0)
10 38 £ 1.5(65 = 2.8)

RT-4-mr-10 1 40 = 1.4 (59 = 2.0) 108 + 4
5 36 = 1.8 (60 = 2.1)
10 39 £1.5(62 = 1.8)

Cells were seeded in either McCoy plus 10% FBS or SFM in 6-well
plates (Falcon) at 1 x 10% 5 X 104, and 10 x 104 cells per well.
Proliferation of cells was followed every other day for 7 days, by
counting the number of cells by using a hemocytometer. Trypan blue
staining was used to assess viability. Assessment of the degree of
anchorage independence was done as described (24) in medium
containing 5% FBS. Data are mean + SEM. Data in parentheses are
doubling times in SFM.

prompted us to determine whether RT-4 cells could be
converted to express a high-grade invasive form of the
disease in an in vitro orthotopic system by manipulating the
ability of the cells to express an activated HRAS gene or to
overexpress the normal form of the gene. Since the expres-
sion level of RAS in bladder carcinoma appears to be the
factor that is correlated with the invasive phenotype in
previous studies, the transfected cell clones selected for
further comparative in-depth analysis were those having
either high or low levels of RAS expression. The control cells
used consisted of a pooled population of pSV2neo RT-4
transfectants (27).

When the in vitro growth parameters of the various trans-
fectants were examined, some differences were noted. Thus,
monolayer growth curves of the selected clones under non-
limiting (10% FBS) or limiting (SFM) conditions did not
reveal any differences between low and high expressors or
those containing either normal or mutated forms of the RAS
gene. In contrast to the monolayer culture results, colony
formation in soft agar was influenced by RAS oncogene
expression level and the presence of an activating mutation,
although the changes were not striking. Likewise, when the
growth properties of the transfectants were analyzed in vivo
after conventional subcutaneous (ectopic) injection, some
differences were noted. At 4 X 10° cells per mouse, all the
lines were tumorigenic and grew at comparable rates,
whereas at 1 x 10° cells per mouse, RT-4-mr-10, RT-4-cr-1,
or RT-4-cr-2 were found to be more tumorigenic. None was
found to be metastatic and all ‘‘primary’’ subcutaneous
tumors grew as pseudoencapsulated masses without any
evidence of tissue invasion at the subcutaneous site.

In contrast to their in vitro growth properties or in vivo
growth characteristics after s.c. injection, the orthotopic
injection studies of the transfectants revealed some remark-
able differences. Histopathologic findings revealed that these
lines behaved similarly to human TCC in patients. The
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maintenance of the noninvasive phenotype of the control
pSV2neo-transfected pooled parental line RT-4 and of the
RT-4-cr-3 and RT-4-mr-7 plus the acquisition of an invasive
phenotype by RT-4-cr-1 and RT-4-mr-10 was clear and strik-
ing. This modulation of the invasive phenotype by manipu-
lation of the level of HRAS appears to be consistent with
clinical data showing correlations of enhanced invasion with
greater degrees of p2l expression (8). In addition, it is
consistent with a model postulating possible mutations in the
promoter (13) or in the coding regions (14) of the HRAS gene
as ‘‘second hits,’’ inducing tumor cell invasion.

Although we have documented that a high HRAS expres-
sion level correlated with the orthotopic invasive phenotype,
it was interesting to note that the cells overexpressing the
mutated form of RAS had an added advantage with respect to
both their in vitro and in vivo clonogenic ability. Thus,
although overexpression of either mutated or normal forms of
RAS induced invasion through the basement membrane, it is
conceivable that those cells overexpressing a mutated RAS
may possess enhanced abilities of bladder muscle invasion
and, ultimately, would be more capable of metastatic spread.
We did not observe any muscle invasion with the RT-4-cr-1
cell line, whereas RT-4-mr-10 cells exhibited muscularis
propria and vascular invasion, both signs of enhanced ma-
lignancy. However, these results must be considered in the
light of the limited number of animals with tumors studied and
the possibility of sampling error, although the latter is not
very likely.

A possible explanation to account for the observed simi-
larities in orthotopic invasive ability and subcutaneous tu-
morigenicity but differences in colony formation in agar
between the RT-4-cr-1 and RT-4-mr-10 transfectants is that
an exogenous factor from the microenvironment may be
capable of selectively enhancing the growth and clonogenic-
ity of the RT-4-cr-1 cells, both subcutaneously and in the
bladder. Since urine (28) and subcutaneous tissues (29) have
been shown to contain EGF in biologically significant
amounts, it would be interesting to know whether differences
existed between RT-4-cr-1 and RT-4-mr-10 with respect to
their ability to proliferate after exposure to EGF, especially
as there is evidence showing EGF receptor levels increase
during human bladder carcinoma progression (30, 31). Thus
we evaluated surface protein EGF receptor expression in our
transfectants by fluorescence-activated cell sorting analysis
and found its level to correlate with the invasive phenotype
of the cell and thus its HRAS expressing level (D.T. and
R.S.K., unpublished observations).

In summary, orthotopic transplantation of RAS-trans-
fected human bladder carcinoma cells into nude mice has
enabled us to directly implicate alterations in RAS gene
expression in the conversion of superficial to invasive blad-
der carcinoma. Both overexpression of normal RAS and
expression of mutated/activated RAS were competent to
induce this conversion, a finding that helps clarify much of
the confusion regarding the possible contribution of RAS
genes to bladder carcinoma progression. The orthotopic
transplantation model would appear to have considerable
promise as a means of investigating other possible genetic
events in bladder carcinoma progression such as inactivation
or loss of suppressor genes [e.g., p53 (34)]. Our results
emphasize the fact that previous in vivo functional studies of
oncogene-transfected tumor cells have rarely employed or-
thotopic transplantation techniques (33) and, as a resuit,
certain functional properties attributable to the transfected
genes such as invasive and/or metastatic competence may
have gone undetected.
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