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ABSTRACT

Cultures of human normal urothelial (HU) cells and transitional cell
carcinoma (TCC) cell lines were tested for their ability to specifically
bind and respond to epidermal growth factor (EGF). The criteria of
response investigated were stimulation of growth and induction of orni-
thine decarboxylase (ODC) activity. All four human TCC cell lines tested
were stimulated to grow by EGF (1-100 ng/ml) in a dose related fashion
while only one of four HU cell cultures was similarly stimulated, and
growth stimulation of this cell line occurred only at early passage. TCC
and HU cells bound EGF to similar degrees with jfds of 0.86 IIMfor TCC
and 2.54 nM for HU (P > 0.05) and 91637 Â±9816 (SD) (high affinity)
receptors/cell for TCC and 124275 Â±16841 for HU (P > 0.10). Baseline
ODC activity was statistically similar in the two TCC and the three HU
cell cultures tested. However, EGF induced dose related ODC activity
only in the TCC cell lines and not in any of the HU cell cultures. Thus,
while both malignant and normal urothelium bind EGF equally well in
vitro, only TCC responds to EGF in two parameters relevant to neoplasia:
growth and induction of ODC activity.

INTRODUCTION

EGF3, an ubquitous mitogen, is excreted in the urine in very
high concentrations in a biologically active form (1-3). It thus
has the opportunity to incubate with normal transitional epi
thelium and TCC of the bladder. Clinical (4-6) and experimen
tal (7,8) observations of spontaneous and induced TCC indicate
that substances excreted in normal urine may have a significant
role in the development and growth of TCC. Furthermore, such
substances may also be important in normal urothelial turnover
and nonmalignant processes, such as repair from injury, inflam
mation, and infection. To assess whether EGF plays such a role
in human transitional epithelial homeostasis and tumorigen-
esis, we have investigated the ability of normal and malignant
urothelium to bind and respond to EGF. The development of
a system to reproducibly grow, disperse, quantitate, and passage
HU (9-11) has allowed us to pursue these studies in vitro.
Because similar success in achieving reproducible and predict
able growth of human TCC beyond primary culture has not
been achieved, we have used established human TCC cell lines
as the malignant counterparts of normal human uroepithelial
cells for these studies.

MATERIALS AND METHODS

Cells. Human TCC cell lines T24 (12), 253J (13, 14), and J82 (15)
doubly cloned by limiting dilutions (16) were grown on plastic substrates
(Costar, Cambridge, MA) in Eagle's minimal essential medium

(GIBCO, Grand Island, NY) plus 1% FBS (Hyclone, Logan, UT). An
additional human TCC cell line, 647V (13) which, because of its
dependence upon cell density (17, 18) could not be cloned, grew in
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serum-free medium, DHS1 (19), a 50:50 mixture of Ham's F12 and
Dulbecco's minimal essential medium (both GIBCO) that contains
insulin (5 Mg/ml)-transferrin (5 Mg/ml)-prostaglandin E-l (25 ng/ml)-
hydrocortisone (5 X 10~8NT)-sodium selenite (IO"8 M)-3,3'-5'-triodo-L-
thyronine (5 x 10~12M)-L-glutamine (0.292 mg/ml) (see Ref. 19 for

sources) and is supplemented by polyamines [1 MMputrescine, 4 UM
spermidine, and 4 MMspermine (all Sigma, St. Louis, MO)]. Normal
HU cells were derived from redundant ureters of donor kidneys at
transplantation (9,10) and plated and cultivated as previously described
(9). HU cells grew in Ham's F12 (GIBCO)+ medium [which contains

l MMputrescine and is supplemented with 10 Mg/ml insulin (GIBCO)
1 Mg/ml hydrocortisone (Merck, Sharpe, and Dohme, West Point, PA)-
5 Mg/ml transfemn (Sigma)-O.l HIMnonessential amino acids (Micro
biological Associates, Walkersville, MD)-2 mM glutamine (Sigma)-2.7
gm/ml dextrose (Amend Drug and Chemical Co., Irvington, NJ)-5 x
10~5M phosphoethanolamine (Sigma)] plus 1% FBS (9) on an under-

layer of type II rat tail collagen gels prepared as previously described
(9, 10) for all experiments unless otherwise indicated. Since the life
span of HU cultures after 4 passages (P4) is variable (9), all experiments
were performed using P1-P3 cultures.

EGF Binding. I25Ilabeling of EGF was performed using a previously
described modification (17) of a standard sodium metabisulfite-chlor-
amine-T technique (20). Specific activity of '"I-labeled EGF ranged
from 100-200 uCi/ug EGF. Binding studies were performed as previ
ously described (17, 18) on near confluent cultures at 4Â°C(to prevent

receptor internali/ation) in the absence and presence of a 100-fold
excess of unlabeled EGF to assure the specificity of ligand binding.
Nonspecific binding was never more than 5% of total binding. To avoid
nonspecific binding of labeled ligand to collagen, HU cells were dis
persed and plated on plastic dishes preequilibrated with 5% FBS-F12+
for 24-48 hours prior to binding studies. The concentrations of EGF
used in these experiments were in the range found in urine [1-100 ng/
ml (1, 2)], but higher concentrations (150-200 ng/ml) were also used
to assure saturation of binding sites. Both murine EGF (Collaborative
Research, Lexington, MA) and human EGF (Amgen Biological, Thou
sand Oaks, CA) were tested on each target cell type.

Growth Curves. Cells were plated in growth media (described above)
at a density of IO3 cells/cm2 on day 0. On day 1 and alternate days

thereafter media were aspirated and cells refed media with or without
EGF (0, 1, 20, 50 and 100 ng/ml). Cells were removed from plates
[with trypsin (Microbiological Associates) for TCC and 0.1% EDTA
(Sigma) for HU], and viable cells were counted on days 1, 3, 5, 7, and
9. Generation times were calculated in log phase using the number of
viable cells on days 3 and 7 and the formula

Log 2 (96 h)
Log

Generation time =

where Nj and A^ equal the number of viable cells on days 7 and 3,
respectively (21). Each cell culture was independently tested with hu
man and murine EGF. Subsequent growth studies were performed on
P2 HU cells growing on FBS pretreated plastic (as for binding) or on
collagen, in serum free F12+ or 1% FBS-F12+, in the presence or
absence of 140 ng/ml BPE (gift from Dr. Michael Gould) with or
without EGF. Each passage of every HU culture tested for growth
stimulation was simultaneously assayed for EGF binding to determine
if the growth response correlated with receptor number or binding
affinity.

Ornithine Decarboxylase Activity. Near confluent, late log phase
cultures of 647V, T-24, and HU cells in their growth media were
exposed to 0, 50, and 100 ng/ml EGF for 1 h, washed, and refed growth
media without EGF. In addition, 647V cells were also exposed to a 3:1
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(vohvol) mixture of serum free growth medium, DHS1 (19) containing
an aliquot of 10 times concentrated (by filtration with a M, 5,000 cut
off; Amicon) DHS1 (17), for 1 h, washed, and refed unconcentrated
DHS1. At 1,4, 6, 8, 12, and 15 h after incubation, cells were removed
from plates and centrifuged at 3,000 rpm. Pellets were resuspended in
1 ml of buffer (50 HIMTris-HCl, pH 7.5-0.1 HIM EDTA) sonicated,
and centrifuged at 30,000 x g for 30 min. One-tenth ml of supernate
was incubated with [MC]ornithine (New England Nuclear, Boston, MA).

The activity of ODC which catalyzes the rate limiting step to polyamine
synthesis (22) was assessed by measuring the amount of HCO2liberated/
IO6 viable cells as described (23). The specificity of the reaction was

assured by incubating identically treated cytosol for l h with 10 m\i <>
difluoromethyl ornithine (Merrell Dow Pharmaceuticals, Cincinnati,
OH) (gift of Dr. William J. Hudak), a specific irreversible inhibitor of
ODC prior to adding the reaction mixture. Nonspecific decarboxylation
was always less than 10% of total CO2 liberated. Dose related induction
of ODC activity by EGF was determined by incubating 647V, T24, and
HU cultures with EGF (0, 1, 10, 50, and 100 ng/ml) for 1 h, washing
and refeeding growth media, and measuring ODC activity 6-8 h later.

Experiments (EGF binding, growth stimulation, and ODC induction)
on all TCC cell lines and clones were repeated at least twice and always
performed in triplicate or quadruplicate. Experiments on any given
passage of HU cells were also performed in triplicate or quadruplicate.
Identically performed experiments on early and late passage HU cul
tures cannot be considered strictly repeated experiments because the
limited in vitro life span of HU implies that critical molecular devel
opments must occur in these cells during serial cultivation, some of
which may have occurred by P3.

RESULTS

EGF Binding. The number and affinity of EGF receptors
varied considerably between TCC cell lines (Table 1; Fig. 1).
When cell lines were cloned by limiting dilutions (16) the
variability within each cell line was found to be far less than
between lines (Kds and receptor number for each parent line
and clone at greatest variance from it are found in Fig. 1 and
Table 1). All clones tested for each cell line bound EGF with
receptors of only a single affinity by Scatchard analysis (25)
(examples in Fig. 1). Six cultures of HU cells have now been
tested and in 5, receptor numbers and binding affinities are
statistically (P > 0.05 for K<js;P > 0.10 for receptor number)
similar to those found on TCC cells. In only one culture (HU
78) was a far higher number of EGF receptors, of much lower
affinity, identified (Table 2). A heterogenous population of EGF
receptors (i.e., of high and low affinity) has been identified in
one (HU 179) of the 6 HU cultures, while 5 have had predom
inantly linear binding kinetics (Fig. 2). Although in 3 of 4
cultures the number of EGF receptors measured in PI was
halved by P3, this was not always seen (HU 183). Binding
affinity increased (HU 183 and HU 207) or remained un
changed (HU 162 and HU 280) when comparing late with early

Table 1 Specific binding of EGF by TCC
Specific binding of '"I-labeled EGF by TCC cell lines. J82-1C, 253J-1C, and

T24 l E represent clones the binding affinities and receptor numbers of which
were at great variance with those of respective parent TCC cell lines. Materials
and methods appear in the text; Scatchard plots are shown in Fig. 1.

647V .nDH-SI

J82
J82-IC253J

253J-ICT-24

T24IE647V

in MEM + 1% PCS
647V in DHS1A'd

(nM)0.25

0.310.54

0.550.86

0.991.06

2.29Receptors/cell12,000

13,50081,600

72,000140,000

97,800169,200

147,000

.04 10 .M ÃŽ2 .2* .04 .10 IÂ« 12 2Â«
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Fig. 1. Scatchard plots of EGF binding by subconfluent cultures of 4 TCC cell
lines and subclones at greatest variance from parent line. All cell lines were grown
in Dulbecco's minimal essential medium (MEM} plus I % FBS. 647V was also
tested in serum free medium, DH-S1.

Table 2 Specific binding of EGF by HU
Specific binding of '"Mabeled EGF by HU cultures at passage 1, 2, and/or 3

(PI, P2, P3). Materials and methods appear in the text and Scatchard plots in
Fig. 2.

HU78P2HU162PIP3HU179PIHU183PIP3HU207PIP3HU280PIP3Kt

(nM)1.21.921.461.22

(highaffinity)22.00
(lowaffinity)6.831.244.951.5230.729.3Receptors/cell216,000136,00075,00026,400168,000123,000250,000112,00055,8001,230,000654,000

passage cultures from the same HU donor (Table 2). Thus,
while considerable variability did exist between individual HU
and TCC cultures, EGF receptor number and binding kinetics
did not significantly differ between normal and malignant
urothelial cells as separate groups.

Growth Stimulation. EGF stimulated growth of all human
TCC cell lines and clones in a dose dependent fashion (Table
3). In contrast, only 1 of the 4 HU cultures tested was stimulated
to grow by EGF, and this growth stimulation only occurred at
early passage (PI) ofthat culture (HU 162) (Table 4). Human
and murine EGF had identical effects on all TCC and HU
cultures (not shown), except for 647V which was only stimu
lated to grow by human EGF (Table 3). Furthermore, altering
several experimental conditions such as the presence or absence
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Fig. 2. Scatchard plots of EGF binding by subconfluent cultures of 6 human
urothelial cell cultures at passages 1 through 3 (IM IM).See text for methods.

of a collagen underlayer, BPE, and/or serum in nutrient me
dium did not change the refractoriness of HU cells to growth
stimulation by EGF (Table 5).

ODC Induction. Baseline ODC activity of near confluent
cultures of 647V cells in the DH-S1 and pol yum ine free DH-
Sl was 0.032 Â±0.005 (SD) nm Ã•4CO2/106viable cells and 0.043
Â±0.003 nm I4CO2/106 viable cells, respectively. Baseline ODC
activity in T24 cells was 0.028 Â±0.005 nm MCO2/106 cells.

The induction of ODC activity occurred 6-8 h after incubating
with EGF and returned to baseline by 12 h (Fig. 3 for 647V;
T24 not shown). EGF stimulated ODC activity in a dose
related, statistically significant fashion in both TCC cell lines
(Table 6). In the 3 HU cultures tested, mean baseline ODC
activity was 0.041 Â±0.007 nm UCO2/106 viable cells (P > 0.05
compared to baseline ODC activity of T-24 and 647V). ODC
activity was not significantly induced by EGF at concentrations
of 1-100 ng/ml (not shown) in any of these HU cultures.

DISCUSSION

Elucidating characteristics of neoplastic cells which distin
guish them from their normal counterparts may be important
in understanding mechanisms of malignant transformation.
The development of methods to reproducibly grow and passage
normal human transitional epithelium uncontaminated by
other cell types (9-11) has allowed such comparisons to be
made in vitro with human TCC. The differences in susceptibility
of TCC and HU to the effects of EGF, a substance common to
the natural environment of each, may reflect fundamental dif
ferences between the two which strongly influence their poten
tial for neoplastic growth. Admittedly, our experimental system
contains 2 features which may have influenced the response to
EGF by each target: (a) use of established cell lines as trans
formed targets rather than early passage TCC cultures; and (b)
use of different experimental conditions for malignant and
normal cells (especially the presence or absence of a collagen
underlayer and different media). However, we have controlled
these variables as much as practically possible (see Table 5).

Because of difficulty in predictably cultivating fresh TCC for
several passages, tests of binding, and response to EGF could
not be performed on early passage TCC cells in a manner as
reliable as that performed for HU cells. However, because all
TCC cell lines bound and responded to EGF in a qualitatively
similar fashion despite having not been exposed to this mitogen
(except as is found in 1%FBS), it is likely that despite selective
pressures of prolonged growth in tissue culture, responsiveness
to EGF is a highly conserved characteristic of TCC. Because
many other malignant human epithelial cell lines are not simi
larly responsive to EGF (26, 27) it is likely that EGF respon
siveness is more a characteristic of TCC than of immortal or
malignant in vitro growth per se.

It is possible that the lack of EGF responsiveness in normal
urothelial targets is due to an absence of other substances in
the media (such as other growth factors), which potentiate the
effects of EGF. While TCC cells, under similar conditions, do
respond to EGF, this could reflect the relative autonomy char
acteristic of malignancy, perhaps resulting from production of
such facilitatory substances by the malignant targets them
selves. This concept is particularly pertinent to urinary epithe
lial systems, because TCC cells have been shown to produce

Table3 Effect of EGF on TCC growth
Generation times (see calculation in text) of TCC cells plated at ID3cells/cm2 on day 0 and fed EGF at concentrations shown on day 1 and alternate days thereafter.

Culture conditions and cell counts are as described in "Materials and Methods."

Generation time (h)

EGF (ng/ml)0

1
20

100J8263.94

Â±4.6"
57.15 + 5.1
Â¿7.99+ 3.1
38.86 Â±3.6253J51.56

Â±6.1
Not tested

41.68 Â±3.5
29.85 Â±3.1T-2471.73

Â±5.1
59.57* Â±4.3

47.49 Â±3.6
38.30 Â±3.1647V

(H-EGF)50.73

Â±5.1
47.08 + 3.1
42.63 Â±1.6
57.60+ 1.3647V

(M-EGF)50.73

Â±8.1
53.16 Â±1.5
51. 13 Â±4.3
50.56 Â±5.1

â€¢Mean + SD.
* Numbers in italics, /' < 0.05 between italic number and value above.
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Table 4 Effect of EGF on HU growth
Generation times (see text for calculation) of HU cells plated at IO3cells/cm2

on day 0 and fed concentrations of EGF on day 1 and alternate days thereafter.
Culture conditions and cell counts are as described in the text. Value in italics is
significantly different (P < O.OS)from the value listed immediately above.

Generation times (h)

HU 162 HU 179 HU207 HU280
EGF(ng/ml)0

1
20

50100PI57.82

50.84
48.09
42.66
39.57P345.92

51.42
47.54
48.77
51.34PI42.77

47.70
45.98
55.22
66.64P3

PIn.t.'
31.22

31.50
28.86
29.56
29.51P332.9637.75

37.04
34.37
33.36PI39.02

38.94
38.30
40.2042.27P345.4652.45

4J.38
57.55
64.91

' Not tested.

Table 5 Effect of culture conditions on EGF stimulation ofHU growth
Â¡nFI2+ medium

HU cells were seeded at 3.6 x Ht-'Am~and grown on the substrate and in the
medium indicated until the control was near confluence (usually 3.6 x 10* cells/
cm2). Each value is the average number of cells (x Â±SD) in each group calculated
using triplicate samples.

HU258
HU258HU271

HU271HU378

HU378
HU378
HU378HU378

HU378Substrate

%FBSCollagen

CollagenCollagen

1
Collagen1Collagen

Collagen
Collagen
CollagenPlastic

PlasticEGF

Gig/ml)1020202020RelativeBPE (ng/ml) cellno.1.00

Â±0.05
0.95 Â±0.091.00

Â±0.10
1.02Â±0.141.00

Â±0.05
0.78 Â±0.11

140 1.72 Â±0.09
140 1.81Â±0.061.00

Â±0.08
0.80 Â±0.15

225

175

I

123

7S

23

6
Hours

10 14

Fig. 3. Induction of ODC activity in 647V or HU 233 cells at various time
points after a 1-h exposure to EGF (50 ng/ml) or concentrated serum free growth
medium (DH-S1 x 2.5).

Table 6 Induction of ODC activity by EGF
Induction of ODC activity occurred 6 h after l h exposure of TCC cell lines

(647V and T-24) to EGF.

ODC activity (nmol 14CO2liberated/10* cells)

AmountEGF01

ng/ml
10 ng/ml
50 ng/ml
100 ng/ml647V0.032

Â±0.005' (100)*

0.038 Â±0.004 (118)
0.052 Â±0.005 (162)
0.068 Â±0.006 (211)
0.096 Â±0.007 (301)T240.028

Â±0.005 (100)
0.039e Â±0.005 (141)

0.050 Â±0.004 (180)
Not tested

0.725 Â±0.008 (441)
â€¢Mean Â±SD.
*Numbers in parentheses, percentage of baseline ODC activity.
' Numbers in italics are significantly different (/' < 0.05) from value immedi

ately above.

autologously active growth and transforming factors (17, 18,
28), and is currently being investigated.

We initially selected in vitro conditions which optimized
growth to test effects of EGF since if a target was tested in an
environment which was less than optimal for growth and no
response to EGF was seen, we could not be certain whether this
represented true unresponsiveness to EGF or just reflected
environment induced growth retardation. After EGF induced
growth was not found under standard conditions in HU cells
(collagen underlayer, 1% FBS-F12+ medium), its effect was
also tested under other conditions which might unmask sensi
tivity to EGF (such as growing on a plastic surface, in serum
free medium, and in the presence of BPE). Because other human
(29-33) and animal (21) epithelial cultures growing on collagen
or fibronectin underlayers are stimulated to grow by EGF, we
believed that it was unlikely that the presence of collagen was
responsible for the unresponsiveness of HU to EGF. EGF did
not stimulate HU growth on serum pretreated plastic dishes.
Because EGF was found to be essential for human keratinocyte
growth in serum free medium (30, 32), perhaps by deleting
serum and thus increasing growth factor requirements, EGF
stimulation of HU cells could be demonstrated. Again, this was
not found, even when (serum containing as well as serum free)
media were supplemented with BPE [which Kirk et al. (34) and
Wille et al. (32) had found to act synergistically with EGF to
stimulate growth of human epithelial cultures]. Thus, under no
conditions so far tested has biologically active EGF (the same
EGF preparations which stimulate TCC and are bound by
malignant and normal urothelium) stimulated normal human
urothelial cells. That both early and later passages of the same
HU cultures are similarly refractory to EGF further confirms
this observation.

EGF refractoriness is not typical of normal human epithelial
cells [mammary (33), keratinocytes (32), prostatic (29)] in cul
ture, but the unresponsiveness of HU is not so surprising when
one remembers that normal urothelium is continually exposed
to this mitogen in situ yet has a relatively low turnover rate and
mitotic index (35). Perhaps these cells have developed refrac
toriness to EGF to prevent the urothelium from perpetually
being in a hyperplastic (or hypermitotic) state, and such refrac
toriness is preserved in early passage cultures. Indeed, loss of
this refractoriness may be an early event in the development of
dysplasia and neoplasia. It is of interest to note that in several
HU strains, EGF actually inhibited growth (Tables 4 and 5),
particularly at high concentrations. While this trend was never
statistically significant and thus may well have been due to
chance, such paradoxical responses to EGF have been reported
in other in vitro targets (36). If substantiated in more extensive
experiments, this observation may facilitate investigations of
the mechanisms of refractoriness to EGF, especially in normal
urothelium.

Whether EGF in the urine can actually reach non-surface
normal and malignant urothelial cells //; vivo is still not known.
However, it is known that numerous experimental and clinically
important substances, when placed intravesically, can indeed
penetrate the stratified uroepithelium into the bladder wall and
be absorbed (37). Furthermore, during abnormal states such as
neoplasia, urinary substances may gain access to deeper vesicle
layers which would be denied to them by a normal urothelium.

Several lines of evidence indicate that urinary factors may
play a role in TCC development and growth: (a) these tumors
frequently recur in many locations throughout the urothelium
(4); (b) TCC is associated with environmental and chemical
carcinogens excreted in the urine (5, 6); (c) TCC often develops
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a papillary architecture which tends to maximize the exposure
of each cell to urinary substances (4); and (d) animal experi
ments (7, 8) indicate that substances in normal urine can
promote chemically initiated TCC. Because EGF is excreted in
the urine in very high concentrations (1-3), is known to play a
strong role in tumor promotion and growth in certain natural
tumor systems (38), and has cocarcinogenic properties (39),
investigating its interaction with normal and malignant uroth-
elium represents a promising approach in studying TCC tu-
morigenesis and growth.

While activities earlier in the EGF/EGF receptor interaction
than the ones investigated in the presented studies, such as
autophosphorylation (40), tyrosine kinase activity (41-44),
phosphatidylinositol phosphorylation and turnover (45), and
synthesis of EGF receptor mRNA (27) have been described,
their significance is not yet understood. ODC was specifically
chosen because induction of this enzyme's activity: (a) closely

correlates with cell growth (46), particularly tumor growth (47);
(/>) is induced by many cocarcinogenic substances including
undefined promoters of bladder cancer found in rat urine and
the phorbol ester tumor promotors (48, 49); and (c) is induced
by concentrations of EGF at and below those found in urine in
many targets in vivo (50) and in vitro (7, 51-54) both in animals
(7) and humans (54). Furthermore, as opposed to more imme
diate consequences of EGF receptor activation, metabolic in
hibitors of polyamine synthesis are clinically available (23, 50,
55). Whether EGF stimulation of TCC growth is mediated
through ODC activation and increased polyamine synthesis is
presently being investigated. If it is, substances which block
polyamine synthesis (e.g., a-difluoromethyl ornithine) may se
lectively inhibit malignant rather than normal urothelial growth
and thus be of value in the therapy and/or prevention of TCC.
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