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ABSTRACT

5'-Aminothymidine represents a novel class of compounds capable of

antagonizing the feedback inhibition which normally regulates thymidine
kinase. As a consequence, the uptake of iododeoxyuridine, a substrate of
thymidine kinase, can be substantially increased by S'-aminothymidine.

In this study the phosphorylation, uptake, and cytotoxicity of iododeox
yuridine was markedly enhanced by S'-aminothymidine in three human

bladder cancer cell lines, T24, HT1197 and 647V. In contrast, neither
the uptake nor the toxicity of iododeoxyuridine was increased by S'-

aminothymidine in normal human urothelial cells propagated in vitro.
Although 30 JIMS'-aminothymidine increased the uptake of 3 pM iodo
deoxyuridine 4- to S-fold in the HT1197 and 647V cells and 2.5-fold in
the T24 cells, no stimulation was produced in the normal urothelial cells.
The modulation of iododeoxyuridine uptake was associated with parallel
changes in the inhibition of cellular replication. The cytotoxicity of
iododeoxyuridine was strongly augmented by S'-aminothymidine in the

HT1197 and 647V cells, modestly increased in the T24 cells, and
unchanged in the normal urothelial cells. The degree to which iododeox
yuridine phosphorylation was stimulated did not correlate with cellular
replication rates or with intracellular thymidine triphosphate concentra
tions, lododeoxyuridine uptake was markedly increased in the HT1197
(doubling time = 52 h) and 647V (doubling time = 24 h) cells, moderately
in the rapidly growing cells T24 (doubling time = 20 h), and minimally
in the normal urothelial cells which doubled every 32 h. In exponentially
growing cells the thymidine triphosphate pools were approximately 18
u\i in the normal cells and about 21, 24, and 3S Â«Â¿Min the HT1197, T24,
and 647V cells, respectively. The use of S'-aminothymidine and other

compounds capable of antagonizing feedback inhibition may provide a
new means of increasing the efficacy of cytotoxic nucleosides.

INTRODUCTION

A variety of chemotherapeutic agents, including l-/3-D-arab-
inofuranosylcytosine, fluorodeoxyuridine, iododeoxyuridine,
and 5-azacytidine are phosphorylated by enzymes that are reg
ulated by feedback inhibition (1-4). These reactions are often
the rate limiting steps in the activation of these drugs. Since
end product inhibition could limit the accumulation of cytotoxic
compounds in cancer cells, we have explored the possibility of
using antagonists of feedback inhibition to increase the activity
of these enzymes (5, 6). Thymidine kinase, for example, cata
lyzes the phosphorylation of IdUrd3 to IdUMP. This is the
initial step in the conversion of IdUrd to its cytotoxic 5'-

triphosphate, IdUTP. Both the normal end product, dTTP, and
its analogue, IdUTP, are potent feedback inhibitors of dThd
kinase (7-10). The 5'-amino derivatives of dThd, 5'-AdThd,
and of IdUrd, 5'-AIdUrd, represent a new class of compounds

capable of reducing the end product inhibition exerted by dTTP
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and IdUTP (5, 6, 11); thus, 5'-AdThd and 5'-AIdUrd can

increase the activity of preparations of dThd kinase purified
from HeLa and Vero cells by reducing the inhibition produced
by dTTP or IdUTP. In HeLa and Vero cells this effect is seen
as a stimulation in the rate of IdUrd phosphorylation and as
an increased accumulation of intracellular IdUMP, IdUDP,
and IdUTP. As a consequence, the 5'-amino derivatives can

markedly augment the cytotoxicity of IdUrd and dThd (5, 6,
11). Although 5'-AdThd and 5'-AIdUrd are not phosphoryl

ated by mammalian thymidine kinase (12, 13) and produce
limited cytotoxicity (14), they are substrates of herpes simplex
induced thymidine kinase (12, 13) and exert a selective antiviral
effect (15, 16).

An important question is whether 5'-AdThd may also provide

a new approach to increase the selectivity of existing antime-
tabolites toward cancer cells by antagonizing feedback inhibi
tion. In our initial efforts to address this problem we have
compared the effects of 5'-AdThd on the uptake of IdUrd in a

series of human bladder cancer cell lines with that seen in
cultures of normal human urothelial cells. Our results indicate
that 5'-AdThd strongly enhances the uptake of IdUrd in the

carcinoma cell lines under conditions in which uptake in the
normal cells is unaffected. These data suggest that 5'-AdThd

has the potential for enhancing the selectivity of certain anti-
metabolites, such as IdUrd, toward cancer cells.

MATERIALS AND METHODS

Reagents

S'-Aminothymidine was purchased from Sigma Chemical Co. (St.

Louis, MO) and Calbiochem Biochemicals (San Diego, CA) supplied
the IdUrd, IdUMP, and IdUTP. The [6-'H)IdUrd (10 Ci/mmol) and
the [8-'H]dATP (24 Ci/mmol) were obtained from Moravek Biochem

icals, Inc. (Brea, CA) and the Amersham Corporation (Arlington
Heights, IL), respectively. Other nucleosides and nucleotides were
purchased from either Sigma or P-L Biochemicals (Milwaukee, WI).
Aldrich Chemical Co. (Milwaukee, WI) supplied the alamine (tri-n-
octylamine) and freon (1,1,2-trichlorotrifluoroethane).

Cell Culture

Normal Human Urothelial Cells. Primary cultures of normal human
urothelial cells were propagated as previously described (17, 18). The
cultures were started from residual fragments of normal human ureters
from transplant kidneys. The urothelium, which lines the ureters, is
continuous with and histologically similar to bladder urothelium (19)
and the cancers which arise throughout the urinary tract epithelium are
pathologically similar (20); therefore, the ureter was considered a good
source of urothelial cells to compare with bladder carcinoma cells. All
organs used for transplantation are rigorously screened to insure ab
sence of disease, infection, or malignancy (21). Briefly, the cells were
grown on heat reconstituted type 1 rat tail collagen gels in a supple
mented Ham's F12 medium (Gibco. Grand Island, NY) with 1% fetal

bovine serum (Hyclone, Logan, UT) hydrocortisone, 0.1 Mg/ml (Merck,
Sharpe and Dohme, West Point, PA), insulin, 10 Mg/ml (Gibco),
transferrin, 5 ng/m\ (Sigma), 0.1 IHMnonessential amino acids (Micro
biological Associates, Walkersville, MO), 2.0 HIML-glutamine (Gibco),
and dextrose, 2.7 mg/ml (Amend Drug and Chemical Co., Irvington,
NJ). For experiments the cells were pooled and seeded at a density of
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1.5-5 x IO5 viable cells/60-mm collagen coated culture dish. The

medium was changed 24 h after seeding. In the growth inhibition
experiments the drugs were added 24 h after seeding and at subsequent
48-h media changes. Counts of viable (dye excluding) cells were done
in triplicate using 0.4% trypan blue. In experiments measuring nucleo-
side uptake and dTTP pools, midlog cultures (days 4-7) were used.

Human Bladder Cancer Cell Lines. The HT 1197 (22), 647V (23),
and T24 (24) cells were obtained from Dr. E. C. Borden of this
department. The cells were subcultured twice a week and maintained
as monolayers in Eagle's minimum essential medium supplemented

with 2 HIMglutamine, nonessential amino acids, and 10% fetal bovine
serum (K. C. Biologicals, Lenexa, KS). The cells were free of myco-
plasma contamination as determined by DNA fluorochrome staining
(25). In the growth inhibition experiments the cells were plated and
allowed to incubate for 24 h prior to the addition of drugs. The cells
were removed from the dishes using a 0.1% trypsin solution and
enumerated using a Coulter Counter (Coulter Electronics, Hialeah,
FL). Cell volumes were determined using a Canberra Series 35 Multi
channel Analyzer coupled to the Coulter Counter.

Idi rd Uptake. In these experiments, cells in the midlog phase of cell
growth were used. Cells were exposed to 3 /Â¿M[6-3H]IdUrd in the
presence or absence of varying concentrations of 5'-AdThd for 60 min.

The medium was aspirated and cells were washed 3 times with ice-cold
phosphate-buffered saline and then extracted with 60% methanol for
30 min. The cells and collagen gels were scraped from the plates using
a rubber policeman and then transferred to a test tube. After centrif-
ugation a portion of the supernatant was lyophilized and then resus-
pended in 45 //I of double distilled water. Since a large amount of
[-'H]IdUrd was not washed from the gels, uptake was determined by
separating IdUrd, IdUMP, IdUDP, and IdUTP using high-performance
liquid chromatography. In this manner the intracellular levels and
pattern of distribution of the phosphorylated derivatives could be de
termined.

The separation of nucleotides was achieved using a Spectra-Physics
8700 high-performance liquid chromatography system coupled to a
Kratos Model 770 UV detector and a LDC/Milton Roy Model CI-10
computing integrator. A Whatman Partisi! SAX 10- x 25-cm ion
exchange column was used at a flow rate of 2 ml/min. The buffer (0.3
M NaH2PO4, pH 5) was increased from 0-40% in 4 min and then run
isocratically for 3.5 min. The buffer concentration was increased to
100% over the next 0.2 min and maintained at 100% for the remaining
11.8 min. Approximate retention times were 1.8 min for IdUrd, 4.9
min for IdUMP, 8.1 min for IdUDP, and 13.8 min for IdUTP. Since
IdUrd was not easily washed out of the collagen gels in experiments
done with this substrate, the columns were washed with 20 ml of water
prior to initiating the gradient. The samples (0.8 ml) were collected,
mixed with 3 ml aqueous counting solution (Amersham) and counted
in a liquid scintillation spectrometer.

Measurement of dTTP Pools. The assay for dTTP was a modification
of the enzymatic method of Solter and Handschumacher (26) as de
scribed by Hunting and Henderson (27). Briefly, exponentially growing
cells were extracted with 0.5 N HC1O4, neutralized with 2 volumes of
freon:alamine (28), lyophilized, and then reconstituted with 100 ^1 of
double distilled water. The reaction mixture (180 Â¿/I),which contained
10 n\ of poly(deoxyadenylic-deoxythymidylic) (2 absorbance units acid/
ml), 10-20 M'of cell extract, 0.75 units of DNA polymerase I (Boehrin-
ger-Manheim, West Germany), 110 Â¿J4-(2-hydroxyethyl)-l-piperazi-
neethanesulfonic acid buffer (100 mM, pH 7.4), 10 n\ 180 mM MgCl2,
10 fil 180 mM dAMP, and 10 Â¿J[3H]dATP was incubated for 45 and
60 min at 37"C. Portions (20 n\) were spotted onto Whatman 3M filter

paper strips, dried, and washed 3 times in 5% trichloroacetic acid-1%
sodium pyrophosphate and twice in 95% ethanol. The assay was linear
with respect to dTTP concentration (2.5-50 pmol) and the addition of
dTTP to the cellular extracts yielded the expected results.

lli>mulino Kinase Assay and Purification. Procedures for the purifi
cation of dThd kinase by affinity column chromatography using a slight
modification of the method of Lee and Cheng (29) have been described
(5, 6, 11). A G-50 column equilibrated with a buffer containing 5 mM
Tris (pH 7.5), 3 mM /3-mercaptoethanol, 30% glycerol, 2 mM MgCI2,
and 2 mM ATP, was used to separate the purified enzyme from the

dThd prior to running the experiments. The enzyme reaction mixture
contained 2.5 mM ATP, 2.5 mM MgCl2, 2.5 mM dithiothreitol, 2.5 mM
ATP, 50 mM Tris (pH 7.8), 1% bovine serum albumin, and [6-3H]-

IdUrd (20 Â¿iCi/ml)in a final volume of 80 Â¡A.Portions (30 ^1) of the
reaction mixture were removed at 2 time points, usually at 30 and 60
min, spotted on Whatman DE 81 paper discs, and the filters were
dropped into 95% ethanol. After washing the discs in 95% ethanol, I
mM ammonium formate and 3 more times in 95% ethanol, the filters
were dried and counted in HFP-20 liquid scintillation fluid (Research
Products International, Mount Prospect, IL).

RESULTS

Perturbation of IdUrd Uptake. The effects of 5'-AdThd on

the uptake of IdUrd in the cancer cells and the normal urothelial
cells were compared. In these experiments cells in midlog
growth were exposed to [6-3H]IdUrd and various concentrations
of 5'-AdThd for 60 min prior to extraction, separation, and

quantification of the IdUrd metabolites. Since normal urothe
lial cells are grown on collagen gels the uptake experiments
were performed using collagen gels for all of the cells even
though the T24, 647V, and HT1197 cells are normally propa
gated on plastic. In other experiments it was determined that
growing the cancer cells on plastic did not significantly alter
IdUrd uptake or its perturbation by 5'-AdThd. As shown in
Fig. 1, 5'-AdThd stimulated the uptake of IdUrd in the cancer
cells but not in the normal urothelial cells. At 30 UM5'-AdThd

the uptake of 3 ^M IdUrd was stimulated approximately 250%
in T24 cells, 450% in HT 1197 cells, and 470% in 647V cells.
No stimulation was evident in normal cells under these condi
tions. The data in Fig. 1 are presented as the percentage of
control uptake and represent the combined intracellular levels
of IdUMP, IdUDP, and IdUTP. The levels of the phosphoryl
ated derivatives in the cells exposed to only 3 /J.MIdUrd aver
aged 9, 44, 58, and 138 pmol/10" cells for normal, T24, 647V,
and HT 1197 cells, respectively. In midlog growth, triphos-

550

C
o
u

<U

ID
*J
O.
Z>

TJ
C_

â€¢o

oHt-
10 20 50 100 200 500

5'-Aminothymidine(uM)
Fig. I. Effect of 5'-AdThd on the uptake of IdUrd. Cells in midlog growth

were exposed to 3 pM [JH-6]ldUrd and the indicated concentrations of 5'-AdThd

for 60 min prior to extraction and quantification of the IdUrd metabolites. Data
are the percentage of IdUrd uptake obtained in the absence of 5'-AdThd and

represent the combined intracellular levels of IdUMP, IdUDP, and IdUTP.
Uptake in the controls averaged 9, 44, 58. and 138 pmol/10* cells for normal

urothelial (x), T24 (A), 647 V (â€¢).and HT 1197 (â€¢)cells, respectively.
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phates constituted approximately 50, 70, 27, and 49% of the
labeled phosphorylated derivatives and the volumes of the dif
ferent cell types averaged 2000, 1860, 2535, and 4550 pm3 in

normal, T24, 647V, and HT 1197 cells, respectively.
Effects on Cell Growth. The effect of 5 '-AdThd on the toxicity

of IdUrd in the different cell types was compared. In these
experiments 30 /Â¿M5'-AdThd was used since it produced the

greatest stimulation of IdUrd uptake in the cancer cells. The
marked increase in IdUrd uptake produced by 5'-AdThd in

647V and HT1197 cells was associated with a large increase in
toxicity produced by IdUrd (Fig. 2, A and B). After 5 days, the
combination of 5'-AdThd and IdUrd reduced 647V cell growth

to 12% as compared to 38% of control for IdUrd alone. Simi
larly, at 9 days, HT1197 cell growth was only 8% of the control
value in the presence of both drugs versus 33% for IdUrd alone.
The degree to which 5'-AdThd augmented the uptake and

toxicity of IdUrd in the T24 cells was less than in the other
cancer cells and the 16% inhibition of T24 cell growth produced
by 3 tiM IdUrd was increased to 36% by 30 ^M 5'-AdThd (Fig.
1C). In the normal urothelial cells, in which 5'-AdThd did not

increase IdUrd uptake, the 59% inhibition of cell growth pro
duced by IdUrd was not changed by the addition of 5'-AdThd

(Fig. 2D). These data demonstrate a correlation between the
stimulation of IdUrd uptake and the augmentation of IdUrd
toxicity produced by 5'-AdThd.

The degree to which 5'-AdThd increased the uptake and

cytotoxicity of IdUrd was not correlated with the cellular rep
lication rates. Doubling times were estimated from the expo
nential portion of the growth curves from several experiments
for each of the cell types. IdUrd uptake was highly stimulated
in the HT 1197 and 647V cells which had doubling times

averaging 52 and 24 h, respectively. In T24 cells, which had a
population doubling time of 20 h, 5'-AdThd increased IdUrd

uptake modestly. The average doubling time of the normal
urothelial cells was about 32 h and in these cells 5'-AdThd did

not augment IdUrd uptake.
Effects of Thymidine Kinase. The effect of dTTP on dThd

kinase activity was determined in preparations from cancer and
normal cells. Enzyme activity was markedly inhibited in all
cases and no significant differences in sensitivity were seen. The
sensitivity to inhibition by dTTP of both crude and purified
preparations of dThd kinase extracted from the cancer cell lines
was compared. No consistent differences were evident and 50%
activity inhibition values of approximately 2.5 ÃŸMdTTP were
obtained. Purification of dThd kinase has not been achieved
with the normal urothelial cells; however, in crude cytosolic
preparations obtained from the cells of 3 separate patients,
dThd kinase activity was reduced by 2.5 MMdTTP to 47 Â±3.6%
(SE). Thus, dThd kinase in different cell types appears to be
equally sensitive to dTTP inhibition.

The ability of 5'-AdThd to antagonize the inhibition of dThd

kinase produced by dTTP was also evaluated. In these experi
ments the effects of 5'-AdThd on dThd kinase activity obtained

from the three cancer cell lines and the normal urothelial cells
were compared. The crucial role played by dTTP in determining
the nature of the interaction between 5'-AdThd and dThd
kinase is shown in Fig. 3. In the absence of dTTP, 5'-AdThd

inhibited enzyme activity to approximately the same extent in
all cases. In the presence of 5 ÃŸMdTTP, however, stimulation
(or deinhibition) of dThd kinase activity was produced by 5'-

AdThd. Qualitatively, the biphasic dose response curve was
similar for enzymes assayed from different cell types. The data

10

Fig. 2. Effect of 5'-AdThd on the cytotox

icity produced by IdUrd. One day after seeding
the cells were exposed to phosphate buffered
saline (â€¢),30 mM 5'-AdThd (A), 3 UM IdUrd
(x), or to the combination of both agents (â€¢).
Cells were refed and new drugs added daily for
the 647 V (A) and T24 (O cells. Medium was
changed on days 1, 3, 5, and 7 for HT1197
cells (/>) and on days I, 3, and 5 for normal
urothelial cells (/>). Cells were counted as de
scribed in "Materials and Methods."
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Fig. 3. Modulation of thymidine kinase activity by 5'-aminothymidine. Thy-

uiidine kinase activity was assayed for activity in the presence (closed symbols) or
absence (open symbols) of 5 Â»iMdTTP at the indicated concentrations of 5'-

AdThd. Tritiated IdUrd or diluÃ¬was used as the substrate at a concentration of
3 /AI. Data are the percentage of enzyme activity obtained in the absence of 5'-

AdThd. Purified dThd kinase was used from 647V (T, V) and T24 (â€¢,O) cells
and cytosolic preparations from HT 1197 (A, A) and normal human urothelial
cells (â€¢.G). In these experiments 5 u\r dTTP inhibited dThd kinase activity from
HT1197, 647V, T24, and normal urothelial cells by 87, 86, 85, and 83%,
respectively. Data from normal cells are the mean from three enzyme preparations
obtained from three different patients. The coefficient of variation averaged
14.5%.

from normal urothelial cells are averaged for three experiments
using enzyme preparations obtained from three different pa
tients. The coefficient of variation averaged 14.5% for normal
cell data. The degree of inhibition produced by 5 Â¿IMdTTP was
87, 86, 85, and 83% for HT1197, 647V, T24 and normal cell
enzymes, respectively. These results indicate that 5'-AdThd has

quite similar effects on dThd kinase activity extracted from
these different cell types.

The potential importance of dTTP in mediating the effects
of 5'-AdThd on dThd kinase activity is further emphasized in

Fig. 4. In this experiment utilizing the enzyme purified from
HT 1197 cells the relationship between the ability of 5'-AdThd

to antagonize feedback inhibition and the concentration of
dTTP used is shown. As the concentration of dTTP was in
creased from 2.5-50 Â¡*Mthe maximum stimulation of dThd
kinase produced by 5'-AdThd increased from 200-350%. At
higher concentrations of dTTP, more 5'-AdThd was needed to

obtain the maximal level of stimulation.
Intracellular dTTP Pools. Results obtained with the purified

enzymes suggested that differences in intracellular dTTP pools
might account for the differential effects of 5'-AdThd on the

various cell types; therefore, dTTP pools were measured in
midlog cultures of the different cell types. Although dTTP
pools were somewhat lower in normal cells than in cancer cells
(Table 1), this difference does not appear to explain the lack of
stimulation of enzyme activity produced by 5'-AdThd in normal

cells.

DISCUSSION

Previous studies demonstrated that 5'-AdThd enhances the

toxicity of IdUrd in HeLa and Vero cells by stimulating dThd
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Fig. 4. Effect of 5'-aminothymidine on thymidine kinase activity inhibited by

thymidine triphosphate. Activity of dThd kinase purified from HT1197 cells was
determined in the absence ( ) or presence of 2.5 (â€¢),5 (â€¢),10 (A), and 50
JIM(x) dTTP at the indicated concentrations of 5'-AdThd. Data are the percent
age of enzyme activity obtained in the absence of 5'-AdThd for each concentration

of dTTP tested.

Table I Intracellular TTP pool sizes of different cell types in midlog growth
Samples were obtained by extracting exponentially growing cells with 0.5 N

HC1O< as described in "Materials and Methods." The approximate intracellular

concentration of dTTP was calculated by dividing the amount of dTTP per cell
by the average cell volume.

ThymidinetriphosphateCell

lineNormal

urothelial
T24
647V
HT1197pmol/106

cells35

45
90

100MM18

24
3521

kinase activity and thus increasing the intracellular accumula
tion of IdUrd nucleotides (5, 6). The data presented in this
study show that preferential stimulation of IdUrd uptake in
different cell types can be achieved. Human transitional cell
carcinoma lines and normal human urothelial cells were used
for comparison in these studies. As previously described (17,
18), normal cells possess morphological features characteristic
of normal urothelium and are an excellent in vitro model of
human epithelial cells.

Modulation of IdUrd uptake by 5'-AdThd revealed a marked

difference in the response of normal cells versus cancer cells.
Uptake and cytotoxicity of IdUrd were increased by 5'-AdThd

only in cancer cells (Figs. 1 and 2). This selective effect was not
attributable to differences in population doubling times since
some of the cancer cell lines grew faster while others grew
slower than did normal urothelium.

The effects of 5'-AdThd on dThd kinase are critically de

pendent on the presence or absence of dTTP (5, 6). In the
absence of dTTP, 5'-AdThd acts as a competitive inhibitor of
the mammalian enzyme (30, 31). In the presence of dTTP, 5'-

AdThd can stimulate dThd kinase activity by antagonizing
dTTP inhibition (5, 6). These effects were also evident using
preparations of thymidine kinase isolated from bladder cancer
cell lines and normal urothelial cells (Fig. 3); thus, a major
structural difference in enzymes obtained from these cells does
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not appear to account for the preferential stimulation seen in
the cancer cells. Since dTTP can determine the nature of the
effect of S'-AdThd on dThd kinase (Figs. 3 and 4), dTTP pool

sizes were measured in exponentially growing cultures of the
various cell types. Although dTTP levels were somewhat lower
in normal urothelial than in cancer cells, this difference seems
inadequate to account for the differential effect of 5'-AdThd.

Since dTTP pools were extracted from the cells with acid,
compartmentalization of the dTTP pools would not have been
detected and could be an important variable. Differences in
nucleoside catabolism and/or transport may also be involved in
mediating the selective nature of the 5'-AdThd effect on IdUrd

uptake; in addition, differences in the cellular milieu, such as
pH, could alter the degree to which dThd kinase is feedback
inhibited in situ. The biochemical differences accounting for
this selectivity are under investigation.

These data suggest that disruption of enzyme regulation may
be a useful new strategy for drug design. It will be important to
determine if differences in response to 5'-AdThd between nor

mal and cancer cells seen in this study can be extended to other
in vitro and in vivo systems.
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