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ABSTRACT

Prostate carcinoma is a common malignancy among males that results
in high morbidity and mortality. Here, we have evaluated the capacity of
nucleoside analogue BCH-4556 [/3-L-(-)-dioxolane-cytidine] to control

prostate cancer progression in our syngeneic model of rat prostate cancer
using the rat prostate cancer cell line Dunning R3227 Mat Ly Lu. Differ
ent concentrations (50 jiM-1 mM) of BCH-4556 resulted in a marked

decrease and, eventually, a complete arrest of Mat Ly Lu cell growth in
vitro. Cells were inoculated via intracardiac (i.e.) route into the left
ventricle or by s.c. injection into the right flank of male Copenhagen rats.
Following i.e. inoculation, experimental animals were treated with 75
ntg/kg BCH-4556 twice a day or with vehicle alone for 6 consecutive days,
starting from day 1 or day 3 post-tumor cell inoculation. Control and

experimental animals were monitored for the development of tumor
mÃ©tastases.Treatment with BCH-4556 did not significantly change the

development of skeletal mÃ©tastasesand, hence, the time of development of
hind limb paralysis. Experimental animals, however, did show a marked
reduction in the incidence and size of tumor mÃ©tastasesat the adrenal
glands. Following the development of palpable tumors after s.c. injection
of Mat Ly Lu cells on day 8 post tumor cell inoculation, animals were
treated i.p. with 25-75 mg/kg BCH-4556 twice a day or with vehicle alone

for 6 consecutive days. Control animals developed large primary tumors
and macroscopic metastasis to lungs, lymph nodes, kidneys, and spleen. In
contrast, experimental animals receiving BCH-4556 showed a marked

decrease in tumor volume and mÃ©tastases after the last injection of
BCH-4556. The maximum dose of BCH-4556 (75 mg/kg twice a day) caused
a complete arrest in tumor growth that was maintained for up to 4-6 days
without any evidence of cytotoxicity. These antitumor effects of BCH-4556

were more marked than those of doxorubicin in blocking tumor growth in
this model of prostate cancer, and it continued to be effective following three
cycles of treatment, without manifesting any signs of drug resistance.

INTRODUCTION

Prostatic carcinoma is one of the most common cancers affecting
men (1). It is unique among malignancies due to its high association
with osteoblastic skeletal mÃ©tastases,which results in up to 50%
mortality in the late stage of the disease (2). This hormone-dependent
cancer undergoes a transition from an early androgen-sensitive form
to a highly metastatic androgen-insensitive variety (3). Despite recent

advances in cancer surgery, radiotherapy, and new chemotherapeutic
regimens, limited success has been achieved in controlling progres
sion of prostate cancer (4). Most of the currently available anticancer
agents were developed and evaluated in various xenograft models of
malignancy (5); however, testing of these agents in humans has shown
limited success (4). Interspecies specificity of actions, variability of
uptake, and metabolism of these compounds in human and rodent cell
lines may account for this difference in potency. To overcome the
limitations imposed by a heterologous system and to understand the
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mechanism of prostate cancer progression, syngeneic in vivo models
of prostate cancer using the Dunning R3227 Mat Ly Lu rat prostate
cancer cell line were developed (6-8). s.c. inoculation of these tumor

cells into the right flank of syngeneic male Copenhagen rats results in
the development of large primary tumors and tumor metastasis to
lungs, lymph nodes, kidney, and spleen (8). In contrast to this,
inoculation of these tumor cells into the left ventricle of host animals
results in tumor metastasis to the L,-L2 lumbar vertebra and the

adrenal glands (7). Development of tumor metastasis at the lumbar
vertebra results in compression of the spinal cord, leading to hind limb
paralysis 14-17 days post-tumor cell inoculation (7). In addition to

the development of tumor metastasis to the lumbar vertebra, macro
scopic tumor mÃ©tastasesare also seen at the adrenal glands.

The currently available chemotherapeutic agents for cancer belong
to the cytotoxic or cytostatic class of chemical inhibitors (4, 9). These
agents, in combination with surgery and radiotherapy, have yielded
fruitful results in controlling tumor progression. However, the effi
cacy of these agents in decreasing death rate has met limited success.
Recently, a previously reported class of antiviral compounds has been
identified for their anticancer effects (10-12). These compounds,
belonging to the family of nucleoside analogues having ÃŸ-Lconfigu

ration, have shown beneficial effects in controlling the progression of
solid malignancies (12). Here, we have examined the ability of nu
cleoside analogue BCH-4556 to control the progression and metasta

sis of prostate cancer to skeletal and nonskeletal sites using our
syngeneic in vivo model of prostate cancer. Additionally, we have
evaluated the ability of this compound to decrease tumor growth over
a long-term period of treatment by overcoming the problems associ

ated with drug resistance. Finally, we have compared the efficacy of
BCH-4556 with an existing antitumor agent, DOX,3 in blocking

tumor growth.

MATERIALS AND METHODS

Materials. BCH-4556 [ÃŸ-L-(-)-dioxolane-cytidine] was a gift from Bio

chem Therapeutic Inc. (Laval, Quebec, Canada; Ref. 12).
Cells and Cell Culture. The Dunning R3227 Mat Ly Lu cell line was

obtained from Dr. J. T. Isaacs (John Hopkins School of Medicine, Baltimore,
MD). Cells were maintained in vitro in RPMI 1640 supplemented with 2 mM
L-glutamine (Life Technologies, Inc., Grand Island, NY), 10% fetal bovine
serum, 100 units/ml penicillin-streptomycin sulfate (Life Technologies, Inc.),

and 250 nM dexamethasone.
Morphological analysis of control and experimental Mat Ly Lu cells treated

with BCH-4556 was carried out by plating 50,000 cells/well in six-well plates

(Falcon Plastics, Oxnard, CA) in the presence of 10% fetal bovine serum. Cells
were examined daily for any change in their morphology and photographed (13).

Cell Number. For growth curves. Mat Ly Lu cells were plated in six-well

plates (Falcon Plastics) at seeding densities of 50,000 cells/well. For 72 h, cells
from replicate wells were cultured in the presence of different concentrations
(50 jAM-1 mM) of BCH-4556 and were trypsinized, resuspended, and counted

in a model Z Coulter counter (Coulter Electronics, Beds. United Kingdom).
Medium was changed every 2 days (13).

Animal Protocols. Inbred male Copenhagen rats weighing 200-250 g
were obtained from HarÃanSprague Dawley (Indianapolis, IN). Before inoc-

3 The abbreviations used are: DOX, doxorubicin; b.i.d., twice a day; i.e., intracardiac.
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ulation. Mat Ly Lu tumor cells growing in serum-containing medium were
washed with Hanks' buffer, trypsinized. and collected by centrifugation at

1500 rpm for 5 min.
Mat Ly Lu cell pellets (5 x IO4 cells) were resuspended in 200 /Â¿Iof saline

and injected using 1-ml insulin syringes into the left ventricle of rats anesthe

tized with ethanol/Somnotal (MTC Pharmaceuticals. Cambridge. Ontario.
Canada). Animals were divided into control groups, which received vehicle
alone (saline), and experimental groups, which were infused i.p. with 75 mg/kg
BCH-4556 for 6 days, starting either at the time of tumor cell inoculation (day

0) or 3 days thereafter. The time after tumor cell inoculation that was required
to develop hind limb paralysis (an index of spinal cord compression due to
lumbar vertebrae mÃ©tastases)was determined. All animals were sacrificed at
the time of paralysis ( 15-16 days post-tumor inoculation) and examined for the

development of macroscopic mÃ©tastasesin various tissues (7).
Alternatively, pellets (1 x IO6 cells) were resuspended in 200 jal of saline

and injected using 1-ml insulin syringes into the right flank of rats. At day 8
post-tumor cell inoculation, experimental animals were treated i.p. with either
25 or 75 mg/kg BCH-4556 for 6 consecutive days. Control animals received

saline alone as vehicle control. All animals were numbered, kept separately,
and monitored daily for the development of tumors. The tumor mass of control
and experimental animals was measured in two dimensions by calipers (8, 14).
Both control and experimental animals were sacrificed from day 17 to day 20
post-tumor cell inoculation and were evaluated for the presence of macro

scopic tumor mÃ©tastasesat various tissues.
In some experiments. 7 days after s.c inoculation of tumor cells, animals

were infused i.p with BCH 4556 (75 mg/kg) or vehicle alone for 6 days. At the
end of this period, animals were allowed to recover from any potential side
effects for 4 days before starting the next cycle of BCH-4556 treatment. Three

such treatment cycles were given, and the effect on tumor growth was moni
tored daily and compared with control tumor bearing animals receiving vehicle
alone. In some experiments, the efficacy of BCH-4556 to decrease tumor

growth was compared with DOX as a single i.v. (5 mg/kg) or i.p. ( 1 mg/kg/
day) dose for 5 days, which is close to its maximum tolerated dose.

Statistical Analysis. Results are expressed as the mean Â±SE of at least
triplicate determinations, and statistical comparisons are based on the Student's

( test or ANOVA. A P of <0.05 was considered to be significant (15).

RESULTS

Effect of BCH-4556 on Mat Ly Lu Cell Growth and Morphology
in Vitro. Mat Ly Lu cells were grown in culture in the presence of
different concentrations (50 /MM-!HIM)of BCH-4556 or vehicle alone

for up to 72 h, and the effect of this treatment on Mat Ly Lu cells
doubling time was determined. BCH-4556 reduced the doubling time
of Mat Ly Lu cells in a dose-dependent manner (Fig. 1). These effects

on cell growth were seen as early as 24 h after addition of different
concentrations (50 /Â¿M-lmM), which caused a complete arrest in cell
growth. All concentrations of BCH-4556 which decreased or blocked

Mat Ly Lu cell growth had no cytotoxic effects as determined by cell
viability using a trypan blue assay (data not shown). However, mor
phological analysis of control and experimental cells showed that the
highest dose of BCH-4556 ( 1 mM) results in a marked change in Mat

Ly Lu cell morphology without any toxic effects by altering the
appearance of cells from their normal spindle-like shape to a more
elongated appearance following 48 h of BCH-4556 treatment (Fig. 2).

Effect of BCH-4556 on Tumor Growth. Following s.c. injection

of Mat Ly Lu cells into the right flank of male Copenhagen rats,
palpable tumors appeared by day 8. At this point, experimental
animals received i.p. injections of 25 or 75 mg/kg BCH-4556 b.i.d. for
6 days (days 8-14). Effect of this treatment on tumor growth was

monitored by daily determination of tumor size, and comparison was
made with control tumor-bearing animals receiving vehicle alone.

Control animals showed a progressive increase in their tumor size up
to day 20 post-tumor cell inoculation. In contrast to this, experimental
animals receiving different doses of BCH-4556 (25 or 75 mg/kg)

showed a marked decrease in their tumor size at all points examined
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Fig. I. Effect of BCH-4556 on Mat Ly Lu cell growth. Mat Ly Lu cells were seeded

at a density of 50.000 cells/well in six-well plates and incubated for the indicated periods
of lime in the presence of vehicle alone or different concentrations (50 (Â¿M-lHIM)of
BCH-4556. Cells were trypsinized and counted using a Coulter counter as described in
"Materials and Methods." Data points, means of three different experiments: bars, SE. *,

significant differences from control cells treated with vehicle alone (P < 0.05).

during the course of this study (Fig. 3). This effect on blocking tumor
growth by BCH-4556 was found to be dose-dependent, where the
maximum dose of BCH-4556 (75 mg/kg b.i.d.) resulted in complete

arrest of tumor growth. More significantly, this arrest was seen up to
day 17 post-tumor cell inoculation, which was 4 days after these
experimental animals received their last treatment of BCH-4556 (Fig. 3).

Effect of BCH-4556 on Tumor Metastasis. Comparison of tumor

mÃ©tastasesin animals s.c. inoculated with tumor cells in the right
flank and receiving vehicle alone or BCH-4556 was carried out.

Control animals developed large macroscopic mÃ©tastasesto lungs,
lymph nodes (auxiliary, mesenteric, and retroperitoneal), kidneys, and
spleen. In contrast, animals receiving BCH-4556 either failed to

develop (kidneys and spleen) or developed tumor mÃ©tastasesof a
significantly smaller volume (lungs and lymph nodes). These inhibi
tory effects of BCH-4556 on tumor metastasis were most marked in
animals receiving the maximum dose (75 mg/kg b.i.d.) of BCH-4556

(Fig. 4A).
In other studies, inoculation of Mat Ly Lu cells into the left

ventricle of Copenhagen rats receiving vehicle alone resulted in the
development of tumor metastasis to the lumbar vertebra, causing hind
limb paralysis after 15-16 days of tumor cell inoculation. Comparable

results were observed with experimental animals inoculated with Mat
Ly Lu cells into the left ventricle and infused with BCH-4556 (75

mg/kg) for 6 days, starting either from the time of tumor inoculation
(day 0) or 3 days thereafter. These animals showed no significant
delay in the development of lumbar metastasis. Control animals
receiving vehicle alone routinely developed hind limb paralysis by
day 15-16 post tumor cell inoculation (data not shown). Autopsy of

control animals receiving vehicle alone at the time of development of
hind leg paralysis routinely showed the presence of large macroscopic
tumor mÃ©tastasesin the adrenal glands. In contrast to this, experimen
tal animals receiving BCH-4556 started at different time points (day
0 or 3 post-tumor cell inoculation) and examined at the time of

development of paralysis either failed to show any evidence of mac
roscopic adrenal mÃ©tastasesor developed tumor mÃ©tastasesof a
significantly smaller volume (Fig. 4B).

Long-Term Effects of BCH-4556 on Tumor Growth. To exam
ine the long-term efficiency of BCH-4556 in blocking tumor growth,

male Copenhagen rats were s.c. inoculated with Mat Ly Lu cells into
the right flank. At the time of development of palpable tumors (day 8),
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Fig. 2. Morphological analysis of Mat Ly Lu
cells. Rat prostate cancer cells were treated with
either vehicle alone (A) or 1 HIMBCH-4556 (B) for

48 h, and the effect of this treatment on cell mor
phology was examined as described in "Materials
and Methods." Magnification, X20.
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Fig. 3. Effect of BCH-4556 on tumor size. Male Copenhagen rats were injected s.c.
into the right flank with 1 X IO6 Mat Ly Lu cells. Following tumor development (8 days
post-tumor cell inoculation), animals were infused b.i.d. with BCH-4556 (25 or 75 mg/kg)
for 6 consecutive days as described in "Materials and Methods." Tumor size was

measured over the following 2 weeks, and comparison was made with that of tumor-

bearing animals receiving vehicle alone. Data points, mean of six animals in each group
in three different experiments; bars, SE. *, significant difference from control tumor-
bearing animals receiving vehicle atone (P < 0.05).

experimental animals were given three cycles of BCH-4556 (75
mg/kg). The second and third cycle of BCH-4556 treatment was
started after a 4-day recovery period from any potential side effects of
the previous cycle of BCH-4556 treatment. Tumor size was deter
mined throughout the course of this study for up to day 35 post-tumor

cell inoculation, and comparison of tumor size was made with control
animals receiving vehicle alone. Throughout the course of this study,
experimental animals infused with BCH-4556 continued to show

tumors of significantly smaller size, as compared to control animals
receiving vehicle alone (Fig. 5). These results demonstrated the con
tinued effectiveness of BCH-4556 in decreasing tumor growth over a
long-term period. Furthermore, infusion of BCH-4556 failed to show

any evidence of adverse side effects of this treatment regimen in these
experimental animals (data not shown).

Comparison of Ã€ntitumor Effects of BCH-4556 and DOX. We
also compared the effects of BCH-4556 infusion into Mat Ly Lu
tumor-bearing rats on decreasing tumor growth with currently avail

able antitumor agents like DOX. Following the development of pal
pable tumors (day 8), animals were infused twice daily with 75 mg/kg
BCH-4556 for 6 days. Other groups of tumor-bearing animals re

ceived DOX at 1 mg/kg/day i.p. once daily for 6 days or as a single
bolus i.v. injection of DOX (5 mg/kg) on day 8. Effects of these
treatments on tumor growth was evaluated by daily comparison of
tumor size among different groups. All these treatments caused a
significant decrease in tumor size, as compared with animals receiving
vehicle alone. Infusion of BCH-4556 (75 mg/kg) either once or twice
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Fig. 4. Effect of BCH-4556 on tumor mÃ©tastases.A, syngeneic male Copenhagen rats
were injected s.c. with Mat Ly Lu cells (1 X IO6) into the right flank. Following 6 days

of tumor cell inoculation, animals were treated i.p. with BCH-4556 (25 or 75 mg/kg) or
vehicle alone b.i.d. for 6 consecutive days. On day 15 post-tumor cell inoculation, animals
were sacrificed and evaluated for the development of macroscopic tumor mÃ©tastasesas
described in "Materials and Methods." The total number of metastatic foci involved was

determined by macroscopic examination. Results are representative of at least six animals
in each group in three different experiments. B, male Copenhagen rats were injected with
Mat Ly Lu cells (5 X IO4) into the left ventricle. Animals were infused i.p. with

BCH-4556 (25 or 75 mg/kg) or vehicle alone for 6 consecutive days as described in
"Materials and Methods." Effect of infusion of BCH-4556 at the time of development of

tumor mÃ©tastasesto lumbar vertebra and adrenals was examined.
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Fig. 5. Effect of long-term infusion of BCH-4556 on tumor growth. At day 8

post-tumor inoculation. Mat Ly Lu tumor-bearing animals were infused with vehicle alone
(D) or BCH-4556 <*; 75 mg/kg) for 6 days. At the end of each 6-day cycle of BCH-4556

trealment, animals were allowed to recover from any potential side effects of chemother
apy for 4 days before starting the next cycle of treatment. Using this protocol, three 6-day
cycles of BCH-4556 were administered to all experimental animals, and the effect on
tumor size was compared with that of control tumor-bearing animals receiving vehicle
alone as described in "Materials and Methods." Results are representative of at least five

animals in each group.

daily was significantly more effective in decreasing tumor size as
compared to DOX delivered daily i.p. or i.v. as a bolus dose (Fig. 6).

out manifesting any obvious cytotoxic side effects. Due to species
selectivity of actions of BCH-4556, higher concentrations of BCH-
4556 were used in this study (19). These doses (50 JU.M-!mM) of
BCH-4556 inhibited cell growth, and only maximum concentrations

(1 mM) caused change in Mat Ly Lu cell morphology without any
evidence of cytoxicity (19-21). On the basis of these effective in vitro
doses, infusion of BCH-4556 resulted in a significant decrease to a

complete arrest in Mat Ly Lu tumor cell growth in vivo. Initiation of
chemotherapy following the establishment of a primary tumor (day 8)
best mimics the clinical development of prostate cancer. This is
especially important for evaluating any treatment regimens because,
despite recent advances in early detection in most cases of prostate
cancer, the tumor had already taken hold by the time the initial
diagnosis was made, thus closely resembling our in vivo model of
prostate cancer.

Infusion of BCH-4556 on day 8 post i.e. inoculation of Mat Ly Lu

tumor cells did not show any delay in tumor metastasis to lumbar
vertebra and subsequent development of hind limb paralysis. This
initial 8-day treatment-free period allowed tumor cells to seed at the
primary site of inoculation, develop into a palpable tumor, and ex-

travasate to form metastatic lesions at distant sites. In other studies,
infusion of BCH-4556 from day 0 of tumor cell inoculation provided

the added advantage to block tumor arrest at its earliest stage before
it had any chance to form primary tumors. However, both treatment
modalities with BCH-4556 failed to delay or block hind limb paral

ysis, an indicator of skeletal mÃ©tastases.In contrast to this, different
doses of BCH-4556 routinely blocked the progression of tumor me

tastasis to soft tissues following both s.c. or i.e. inoculation of tumor
cells. The ability of BCH-4556 to efficiently control soft tissue but not

skeletal mÃ©tastasesis not unique to this class of anticancer agents
(22-24). These effects are most likely associated with the inability of

these anticancer drugs to penetrate the bone cells and their surround
ing environment. Because a common problem of anticancer therapy is
poor response following initial treatment due to the development of
drug resistance, we have delivered three cycles of BCH-4556 that

continued to decrease tumor growth throughout the course of this
study. Any increment in tumor size is seen only on the last day of the

DISCUSSION

Here, we have demonstrated the ability of a nucleoside analogue
BCH-4556 to block prostate cancer growth and metastasis. For these

studies, we have used the syngeneic model of rat prostate cancer,
which gives us the unique advantage of allowing a complete interac
tion between various growth factors and proteases produced by pros
tate cancer cells and the host tissue environment (7, 8). Furthermore,
these immunocompetent hosts serve as a suitable model to character
ize the role of the immune system in tumor progression. In contrast to
this, studies carried out in nude mice to evaluate the progression of
human cancers have been limited in their scope because these athymic
hosts have a deficiency of T cells, which is compensated by increased
production of natural killer cells with antitumor effects (16, 17). In our
study, we have used two in vivo models of prostate cancer that can
serve as suitable models to assess the efficacy of BCH-4556 on
primary tumor growth and on tumor-associated metastasis to both

skeletal and nonskeletal sites.
To evaluate the efficacy of BCH-4556, we have elected to use the

Mat Ly Lu rat prostate cancer cell line (6). These prostate cancer cells
are hormone insensitive, exhibit enhanced resistance to P-glycopro-
tein substrates, and are refractory to treatment with established anti-

tumor agents like vinblastine (18). Incubation of Mat Ly Lu cells with
different doses of BCH-4556 resulted in a marked decrease in cell
growth, thus providing a broad window of therapeutic efficacy with-
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Fig. 6. Comparison of the efficacy of BCH-4556 and DOX. Following 8 days of Mat

Ly Lu tumor cell inoculation, animals were infused i.p. for 6 consecutive days with
vehicle alone, with BCH-4556 (75 mg/kg) for 6 days b.i.d. or once daily, with DOX (I
mg/kg) once daily, or with a single i.v. injection of DOX (5 mg/kg). Tumor volume was
measured, and a comparison was made between different groups as described in "Mate
rials and Methods." Results are representative of at least five animals in each group in the

different experiments.
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treatment free interval, thus strongly suggesting the significance of a
next chemotherapy cycle to achieve maximum benefits. Such strate
gies will also require an appropriate balance of minimizing side
effects by providing a treatment-free period to recover from any

potential side effects without jeopardizing the efficacy of treatment by
delaying the next cycle of treatment to block tumor progression.
Finally, we have also compared the maximally beneficial dose of
BCH-4556 (75 mg/kg b.i.d.) with antitumor agent DOX delivered via

i.p. or i.v. route. These doses of DOX are comparable to achieving
therapeutically suitable plasma levels of DOX for cancer therapy ( 18,
25). Several treatments are currently under evaluation for late-stage
prostate cancer. Comparison of the effects of BCH-4556 and these

treatment strategies, once established, will be the subject of future
studies.

Collectively, these studies have clearly demonstrated that BCH-

4556 is more effective in blocking tumor growth and mÃ©tastasesand
that these effects are far superior to those seen with DOX. Availability
of BCH-4556 will prove to be a useful addition to our existing

armamentarium of anticancer agents to control tumor progression and
mÃ©tastasesin humans.
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