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ABSTRACT

To assess the effect of polyamine blockade on urinary epithelium,
growth of normal human urothelial cell cultures and human transitional
cell carcinoma (TCC) cell lines in the presence of various inhibitors of
polyamine synthesis was evaluated. All four human TCC cell lines tested
were quite sensitive to the specific inhibitor of ornithine decarboxylase,
a-difluoromethylornithine (1)1MO), requiring â€¢â€¢!.()HIMDI MO to dou

ble generation time. Alternatively, all three human urothelial cultures
tested required S-20-fold higher DFMO concentrations to achieve similar
growth inhibition. The inhibitory effect of DFMO on TCC was found to
act synergistically with that of the inhibitor of 5-adenosylmethionine
decarboxylase, methylglyoxal bis(guanylhydrazone), and additively with
that of recombinant /3-serine interferon. Addition of individual polyamines
entirely prevented the inhibitory effects of DFMO and/or methylglyoxal
bis(guanylhydrazone) but not that of /3-serine interferon. It appears that
inhibition of polyamine synthesis and/or interconversion holds promise
in the management of TCC and that the in vitro model described will be
of value in investigating such clinical applications.

INTRODUCTION

ODC' catalyzes the first and rate limiting step in polyamine

synthesis (1). Induction of activity of this enzyme has been
closely associated with mitogenesis and tumor promotion (2).
Several animal and human tumors have been shown to have
increased base line and/or induced ODC activity in vivo and in
vitro (3-5). These systems have served as models for investigat
ing the potential therapeutic effects of agents which inhibit
ODC activity (3, 6, 7), and clinical trials with such agents have
begun (8, 9).

We have previously shown that 2 human TCC cell lines,
647V (10) and T-24 (11), have endogenous ODC activity which
is inducible in a dose related fashion by EGF and autologously
produced growth stimulating (12) and transforming (13) sub
stances (14, 15). Base line ODC activity in normal HU cell
cultures (16) is similar to that in TCC cells, but the activity of
this enzyme in HU cells is not induced by EGF (15). In addition,
we have found that recombinant ÃŸ-If,and DFMO, a specific
inhibitor of ODC (17), block induced ODC activity in TCC
targets (18).

To determine whether polyamine synthesis blockade offers a
promising means of treating and/or preventing human TCC, in
vitro growth of normal and malignant human transitional epi
thelial cultures in the presence of two inhibitors of polyamine
synthesis was evaluated. In addition, the effects of /tf-If, which
has enhanced antitumor activity of DFMO in some systems
(19-22), was also assessed. Because success in reproducibly and
predictably growing human TCC cells beyond primary culture
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has not been achieved [as it has for normal urothelium (16)],
we have used established human TCC cell lines as the malignant
counterparts of normal human uroepithelial cells for these
studies.

MATERIALS AND METHODS

Cells and Media. Human TCC cell lines T24. J82 (23), and 253J
(24) were doubly cloned by limiting dilutions (25), and clones were
used for all studies. An additional human TCC cell line, 647V, was also
used, but because these cells have rigid dependence on cell density for
growth (12), clones were not developed. All four TCC cell lines grew
in Eagle's minimal essential medium (GIBCO, Grand Island, NY),

which contains no polyamines, plus 1% FBS (Hyclone, Logan, UT). In
addition, 647V cells were also grown in serum free medium DH-S1
(26), which contains polyamines [putrescine (1 IÂ¿M),spermidine (4 ^M),
and spermine (4 n\t), all from Sigma, St. Louis, MO], or to measure
their sensitivity to polyamine synthesis inhibition, in DH-S1 without
polyamines (DH-S1-PAF). While these cells grew on plastic dishes
(CoStar, Cambridge. MA) for most experiments, they were also tested
on a rat tail collagen gel substrate as is routinely used for HU cultures
(16).

Cultures of HU cells derived from redundant ureteral segments from
transplanted kidneys were established as described previously on a
collagen underlayer (16, 27) in Ham's F-I2+ medium (16, 27) plus 1%

FBS. This medium contains 1 /Â«Mputrescine. However, during the
growth studies described below cultures grew in Ham's F-12+ without

putrescine plus 1% FBS to maximize the effect of polyamine blockade.
First and third passages (PI and P3) of HU cultures were identically
tested when feasible to assure reproducibility of results. Similar growth
and morphological characteristics of HU cultures have been shown to
be maintained through P3-P4 (15, 16, 28).

Growth Assays. To determine if 647V cells grow as well in the
absence of polyamines as in their presence, these cells were plated in
DH-S1-PAF at 3 x IO2to 10' cells/cm2 on day 0 and fed DH-S1-PAF
or DH-S1 on day 1 and alternate days thereafter. Cells were removed
from plates on days 1. 3, 5, 7, and 9 by treating with trypsin (Microbi
ological Associates, Walkersville, MD) which was immediately inacti
vated by appropriate amounts of soybean trypsin inhibitor (Sigma).
Cells were counted on a hemocytometer and viability was determined
by trypan blue exclusion. GT was calculated from the number of viable
cells on days 3 and 7 using the formula

GT = log 2 (96 h)
log(W7/A3)

where /V7 and A3 are the number of viable cells on days 7 and 3,
respectively (29).

To determine if 647V cells growing in the absence of polyamines
also produce autostimulatory and transforming activities [as they do in
the presence of polyamines (12, 13)], spent culture medium from
subconfluent cultures growing in DH-S1-PAF in log phase was col
lected, concentrated 10 times by ultrafiltration with a M, 2,000 cutoff
(647V-PAF-X), stored, and resuspended in fresh DH-S1-PAF for a final
2.5-fold concentration of polyamine-free conditioned 647V medium
(647V-PAF-x2.5) as reported previously for 647V conditioned DH-S1
(12, 13). Fresh DH-S 1-PAF was similarly concentrated and resus
pended in DH-S 1-PAF for a final 2.5-fold concentration (DH-S1-PAF-
x2.5). Growth curves were then performed as described (12) (see above)
with 647V cells plated in DH-S 1-PAF at 3 x IO2 cells/cm2 on day 0
and fed 647V-PAF-x2.5 on day 1 and alternate days thereafter. Other
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cultures received either DH-Sl-PAF-x2.5 or DH-Sl-x2.5 as negative
controls, or 647V conditioned DH-S1 (647V-x2.5) (12) as a positive
control.

Transforming activity of concentrated, conditioned, serum-free, pol-
yamine-free medium from log phase 647V cultures (647V-PAF-x2.5)
was determined by assaying its ability to stimulate colony formation in
soft agar of early passage normal rat kidney fibroblast target cells
(NRK-49F) (30) (American Type Culture Collection, Rockville, MD)
plated as IO4and 2 x IO4single cells/ml plating layer. Negative controls
included DH-Sl-PAF-x2.5 and DH-Sl-x2.5, and 647V-conditioned
DH-S1 (647V-x2.5) served as a positive control (13). Compositions of
underlayer and plating layer, incubating conditions, screening of plated
cells to exclude those without pure single cell suspensions, definition
of colonies, and quantification of colony formation were as described
previously (13).

Growth curves were also performed with TCC and HU cells plated
at densities of 3 x IO2 to 3 x IO3cells/cm2 in growth media (12, 14,
15). Cultures were refed the plating medium Â±DFMO (0.02-10 mM)
(gift of Merrill Dow Pharmaceuticals, Cincinnati, OH) Â±/3-If(1-10,000
units/ml) (gift of Dr. Ernest Borden, Madison, WI) on day 1 and
alternate days thereafter. Cell counts were performed as described
above, but cells growing on collagen were removed from plates with
0.1% EDTA (GIBCO) instead of trypsin. Cultures were salvaged by
feeding cells in growth media Â±DFMO Â±/J-If various polyamines on
day 3 and with all subsequent feedings. In additional experiments,
MGBG (gift of Dr. Paul Davignon, National Cancer Institute), a
competitive inhibitor of 5-adenosylmethionine decarboxylase [and thus
a blocker of spermidine and spermine synthesis (31 )], was added on day
1 (or 2 when it was tested with DFMO) and with all subsequent feedings.

All experiments on TCC cells were performed in triplicate or quad
ruplet and repeated at least twice. Those with HU cells were also
performed in triplicate or quadruplet, but repetition could be approxi
mated only by performing identical experiments on later passage cul
tures. Standard deviations were calculated and / tests were performed
subsequent to a blocked analysis of variance in each group (blocking
for experiment).

RESULTS

Properties of 647V with and without Exogenous Polyamines.
To determine if 647V cells in nutrient media required polya-
mine supplementation, growth of cells fed DH-S1 or DH-S1-
PAF was evaluated. As can be seen in Table 1, elimination of
polyamines from culture medium did not affect their growth.
These cells have remained continually in DH-S1-PAF for over
36 passages without affecting their viability, morphology, or
growth rate (not shown), thus indicating that their observed
growth in DH-S1-PAF cannot be explained by residual effects
of trace amounts of polyamines in the cultures. Autologous
growth stimulation (Table 1) and transforming ability (Table 2)
of concentrated serum free, polyamine free 647V conditioned

Table 1 Effects of conditioned media and polyamine supplementation on 647V
growth in serum free medium0

Table 2 Colony formation by NRK-49F cells in soft agar

MediumConcentrated

conditioned polyamine free and
serum free medium (647V-PAF-x2.5)

Concentrated conditioned serum free medium
with polyamines(647V-x2.5)Concentrated

fresh serum free medium with
polyamines (DH-Sl-x2.5)

Concentrated fresh serum free medium without
polyamines (DH-S1-PAF-X2.5)

Fresh unconcentrated serum free medium with
polyamine (DH-S1)

Fresh unconcentrated serum free medium with
out polyamines (DH-S1-PAF)Generation

time(h)21.6

Â±3.122.5

Â±3.745.1

Â±4.2

46.2 Â±2.8

49.1 Â±4.9

47.9 Â±5.1"

All values below space value are statistically different (P < 0.05) from all

values above it and are statistically similar to each other (P > 0.20). Standard
deviations are provided.

Media in plating layer

ColoniesVplate on days
10-14

A B

Concentrated conditioned polyamine free
and serum free medium (647V-PAF-
x2.5)

Concentrated conditioned serum free me
dium with polyamines (647V-x2.5)

Concentrated fresh serum free medium
without polyamines (DH-Sl-PAF-x2.5)

Concentrated fresh serum free medium
with polyamines (DH-SI-x2.5)

52.6 Â±3.0 23.3 Â±3.1

48.2 Â±2.1 25.0 + 4.0

3.3 Â±1.3

8.0 Â±2.212.1 Â±2.5

Â°Clusters 250 cells. A, single cell suspensions of 2 x IO4NRK-49F cells plated
in 1-ml plating layer; B, single cell suspension of IO4NRK-49F cells plated in 1-

ml plating layer. All values below space are significantly different from all values
above them (P < 0.05). Values not separated by a space are not statistically
different from each other. Standard deviations are provided.

Table 3 Effects of polyamine blockade on generation time of TCC

647VDFMO00.2

mM0.5
mM1.0
mM2.0
mM5.0
mM10.0

HIM20.0

mMMGBG00.5

MM1.0

MM5.0
MM10.0

MMOnplastic24.156.7Cntnt111.1nt122.6nt24.133.854.598.5CelldeathOncollagen28.871.7nt78.5nt115.7>200ntT-24*46.5nt"68.194.6nt178.6nt20038.861.4106.4CelldeathCelldeathJ82SOnplastic31.5nt58.593.5102.0123.4ntCelldeath29.280.0>200CelldeathCelldeathOn

collagen46.788.1nt168.8ntCelldeathCelldeathnt253J*32.9nt91.6125.6ntCelldeathntCelldeath39.865.370.4>200Celldeath

Â°647V cells plated in DH-S1-PAF (see Table 1).
* T-24, J82, 253J in Eagle's minimal essential medium 1% FBS.
c Italicized values are statistically significantly (P < 0.05) different from value

directly above.
* nt, not tested.

medium (647V-PAF-x2.5) was the same as for concentrated
conditioned medium from 647V cultures grown in polyamine
enriched serum free medium (647V-x2.5) (12, 13), thus further
confirming that 647V cells have identical properties in the
presence and absence of exogenous polyamines.

Response of Normal and Malignant Transitional Epithelial
Cells to Inhibitors of Polyamine Synthesis and Interconversion.
DFMO suppresses growth of all TCC cells in a dose related
fashion (Table 3). This effect occurred whether these cells were
growing on plastic or on collagen (647V and J82 were the only
cells tested with both substrates) and perhaps was slightly
greater on collagen (Table 3). The dose of DFMO needed to
double GT and the amount of putrescine, spermidine, or sperm
ine needed to prevent effects of that dose of DFMO appear in
Table 4 for each TCC cell line. In the absence of DFMO, the
addition of putrescine (<4 IJ.M),spermidine (<4 Â¿Â¿M),and/or
spermine (<4 ^M) to basal growth media (on day 0 or 3 and
continually thereafter) did not affect growth of any of the TCC
cell lines tested (not shown). Far higher doses of DFMO were
required to double GT of both PI and P3 HU cultures even
when these cells were growing in the absence of exogenous
putrescine (except as is found in FBS) (Table 5). Because of the
high concentrations of DFMO needed, dose related growth
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Table 4 Reversing inhibition of TCC growth by polyamine blockade

Cell" and dose of

agent needed to
approximately

doubleGT647VDFMO00.2

miviMGBG01

(JMT-24DFMO01

m\lMGBG00.5

nMJ82DFMO00.5

mmMGBG00.5

nM253JDFMO00.5

mMMGBG00.5

(iMConcentration

(^M) of polyamine*

needed to reverse effect of DFMO or
MGBGGT(h)25.256.728.156.445.991.729.162.722.443.326.773.727.345.530.554.3Putrescine

Spermidine1

3Â»4

32

2Â»4

12

2>4

22

2>4

2Spermine41212121

Table 6 Combined effect ofDFMO and Ior MGBG on TCC generation time with
polyamine salvage

* 647V grown in DH-S1-PAF; other cells grown in Eagle's minimal essential

medium plus \% FBS.
* Each polyamine tested separately.
' Italicized values are statistically significantly (P < 0.05) different from values

directly above.

Table 5 Effect ofDFMO on H U generation lime

DFMOcon-(mM)00.51.02.55.010.0<P2)58.045.476.1nt108.2"nlHUPI58.164.3nt75.977.1122.1314P367.5ntÂ°75.2nt86.0145.2HU321PI39.441.1nt45.749.096.4P343.4nt45.9nt54.2120.3

a nt, not tested.
* Italicized values are statistically significantly (P< 0.05) different from values

directly above.

suppression was never demonstrated. Furthermore, since HU
cells when not exposed to DFMO grow as well with and without
exogenous putrescine (not shown), it is unlikely that the refrac
toriness to DFMO seen in these cultures was an artifact created
by suboptimal growth conditions. MGBG also inhibits growth
of all TCC cell lines in a dose related fashion both alone (Table
3) and when combined with DFMO (Table 6). The amounts of
each polyamine needed to prevent the effects of MGBG Â±
DFMO appear in Tables 4 and 6. The combined effect of
DFMO plus MGBG was found to be synergistic by isobole
analysis (32). Polyamine salvage and MGBG growth suppres
sion have not yet been tested with H U cultures.

0-If also inhibited growth of the two TCC cells thus far tested
(647V, 253J) in a dose related fashion alone, and when com
bined with DFMO (Table 7 for 647V, not shown for 253J).
However, this effect was found to be additive (and not synergis
tic) by isobole analysis (32). Addition of putrescine completely
prevented the growth retarding effects of DFMO, but not of ÃŸ-
If (Tables 4 and 7).

0 DFMO, 0MGBG0.2

mMDFMO0.5
mMDFMO1

mMDFMO0.5

>LMMGBG1
pMMGBG0.2

mM DFMO + 0.5 Â¿IMMGBG0.5
mM DFMO + 0.5 (JMMGBG1

mw DFMO + 0.5 ^MMGBG+4
JIMputrescine+4
fiMspermidine+4
JIMspermine647V22.844.6'ntntnt54.5136.3'ntnt73.723.216.2T24*34.5DI'nt46.043.0ntntnt122.4'49.435.041.7J82*29.2nt47.1nt61.9ntnt205.1'nt98.

141.941.2253J*30.2ntÂ«Â«.2nt68.2ntnt116.8'nt97.630.541.3

" 647V grew in DH-S1-PAF.
*T-24, J82, 253J grew in MEM + 1% FBS.
' Italicized values are statistically significantly (P < 0.05) different from values

directly above.
a nt, not tested.
" Synergistic by Â¡sobÃ³leanalysis.

Table 7 Effect ofÃŸ-IfÂ±DFMO on 647V generation time

GT(h)
647V cells in DH-S1 PAF Â±0-IfOjS-if50

0-If(units/ml)150
fMf1,000
0-If5,000
fMf20,000

fMf647V

in DH-S1 PAF + fMF + DFMO Â±putrescineOff-If5,000

fMf5,000
fMf + 0.5 JIMputrescine0

fMf + 0.2 mMDFMO5,000
fMf + 0.2 mMDFMO5,000
fMf + 0.2 mM DFMO + 0.5 IÂ¡Mputrescine5,000
fMf + 0.2 mM DFMO + 4 MMputrescine21.7

Â±2.222.1
Â±1.922.1
Â±2.424.5
Â±3.130.0Â°
Â±1.734.9

Â±1.119.2

Â±2.130.0
Â±2.930.0
Â±1.653.

7Â±3.7Â«2.0*
Â±5.129.9

Â±3.130.1
Â±2.6

" Italicized values are statistically significantly (P < 0.05) different from value

directly above. Standard deviations provided.
* Additive, not synergistic by Â¡sobÃ³leanalysis.

DISCUSSION

Induction of ODC activity has been associated with the
development of tumors (2-6, 31) and, at least in animals, with
TCC (5, 7). We have previously measured the activity of this
enzyme in human TCC cells (14, 15, 18) and demonstrated its
induction by a variety of substances (15, 18). The work pre
sented here confirms that TCC cells have endogenous ODC
activity and indicates that this enzyme is needed for their
survival and growth in the absence of exogenous polyamines.
The finding that a 5-20-fold greater amount of DFMO is
needed to inhibit H U growth than is needed for TCC (as
determined by doubling of generation time) indicates that nor
mal urothelium may be relatively refractory to the effects of
polyamine blockade. We have previously shown that base line
ODC activity is identical in normal and malignant human
urothelial cells (15) and that the activity of the enzyme is not
readily induced (at least by EGF) in HU targets. Hence, one
cannot postulate the existence of greater amounts of ODC in
HU than in TCC cells to explain the refractoriness of the
former to DFMO. Furthermore, it does not appear that the
resistance of H U to DFMO can be explained by differences in
culture conditions (e.g., presence or absence of a collagen un-
derlayer) or media used to grow HU and TCC cells. It is more
likely, therefore, that these differences in sensitivity to ODC
inhibition reflect differences in fundamental biochemical proc
esses between normal and malignant transitional epithelium.
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This finding provides a possible point of departure for investi
gating mechanisms of TCC tumorigenesis and a potential point
of interference with this process. Furthermore, since similar
differences in refractoriness to DFMO occur, in vivo, in malig
nant (more sensitive) and normal (less sensitive) rodent intes
tinal epithelium (6), these observations may have relevance to
tumors other than just those of uroepithelial origin.

Because of difficulty in predictably cultivating fresh TCC for
several passages, to assure reproducible observations, the effects
of polyamine blockade have had to be tested on TCC cell line
targets rather than on cultures of fresh TCC cells. Despite some
variability in base line growth of one cell line, T-24, the sensi
tivities of all TCC cell lines to polyamine blockade were quite
consistent. In contrast, early passage cultures from freshly
obtained specimens of normal urothelial tissues can be predict
ably cultivated and passed (16, 28) and thus were available for
experiments. Theoretically, therefore, the very similar sensitiv
ities to polyamine blockade seen in each TCC cell line could
simply be a characteristic of immortal in vitro growth, thus
explaining why it was not observed in HU cultures. However,
other malignant cell lines are not universally sensitive to poly
amine inhibition (33, 34); thus it is likely that this uniform
response reflects a characteristic of TCC. Furthermore, other
i/i vitro differences between HU and TCC cells do not appear
to be explainable by different biological characteristics of early
passage cultures and established cell lines (15). For the purposes
of this study, therefore, we believe that TCC cell lines provide
a satisfactory in vitro representation of human TCC.

As we have shown previously, 647V is also highly represent
ative of human TCC in culture in terms of several characteristics
including antigen expression (35), production of (12, 13), bind
ing (12, 15), and response to growth factors (14, 15), tumori-
genicity (13), and certain biochemical properties (14, 15). The
finding that all TCC cell lines tested are similarly sensitive to
growth inhibition by DFMO (and also MGBG and/or /3-lf)
further supports this contention. We have previously demon
strated that 647V grows well without serum supplementation
(12, 26) and in the experiments presented here have shown that
the elimination of exogenous polyamines does not alter its
(serum free) generation time and production of autostimulatory
and transforming activities. Because this representative cell line
thrives in a medium free of both polyamines and the undefined
elements of serum, 647V in DH-S1-PAF provides an excellent
model with which to evaluate single and multiagent therapy for
TCC. By virtue of the unique anatomy, function, and clinical
accessibility of the bladder, this in vitro system closely approx
imates the delivery of medications to the epithelium of the
bladder which occurs with both intravesical and systemic ther
apy and permits the selective study of substances which influ
ence the malignant growth of TCC.

The ability of putrescine, spermidine, or spermine to entirely
prevent growth inhibition during ODC blockade by DFMO
indicates that salvage and/or conversion pathways (31) of pol
yamine synthesis and degradation are present and needed by
TCC cells. This conclusion is further supported by the sensitiv
ity of these cells to MGBG and the blockage of the effect of
MGBG by subsequent addition of spermidine or spermine, but
not putrescine. While the quantities of spermidine and spermine
used may have inhibited the entrance of MGBG into cells (31),
it is likely that a major component of the antiproliferative effect
of MGBG was directly due to inhibition of the synthesis of
these polyamines since MGBG was administered 48 h before
polyamine supplementation. From these data, we would predict
that medications which interfere with polyamine interconver

sion such as MGBG can be used in combination with DFMO
to enhance growth inhibition. Similar interactions are being
investigated in other tumors (36, 37).

Blockade of ODC induction by DFMO and ÃŸ-lf,with accom
panying growth suppression, may also have promising clinical
implications. We elected to test ÃŸ-lfin combination with
DFMO, because (a) ÃŸ-lfblocks induction (by EGF) of ODC
activity in TCC cells (18), (b) type I Ifs have been found to
enhance the inhibitory effect of DFMO in several non-TCC
systems (19-22), (c) presently, only type I interferons have been
used in clinical trials with TCC (38-41), and (d) ÃŸ-lfappears
to be the most potent type I If where tested in combination
with DFMO (19). The combined effect of DFMO plus ÃŸ-lfis
additive and they appear to inhibit growth through separate
mechanisms of action since the addition of putrescine fails to
reverse the effect of ÃŸ-lfbut totally ablates the inhibition by
DFMO. Furthermore, it is possible that greater inhibitory
effects may have been achieved if a different interferon prepa
ration, particularly 7-If, were tested (19).

In conclusion, therefore, interference with polyamine synthe
sis and/or interconversion, either alone or in combination with
other agents (e.g., ÃŸ-lf),may represent a safe and effective
addition to the available means of treating TCC. Furthermore,
since uroepithelial cancer recurs in new sites within the bladder
in over 50% of patients who have undergone complete resection
of tumors (38, 42, 43), the need for preventive measures is
apparent. Because of the differences in susceptibility between
normal and malignant urotheli.um, polyamine blockade offers
a promising approach to the prevention, as well as the treat
ment, of this malignancy. The in vitro system we describe should
be very valuable for the study of such clinical applications.
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