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ABSTRACT: Gemcitabine (2’,2’difluoro-2’deoxycytidine, dFdC) is a synthetic antime- 
tabolite of the cellular pyrimidine nucleotide metabolism. In a first series of in vitro exper- 
iments, the drug showed a strong effect on the proliferation and colony formation of the 
human androgen-sensitive tumor cell line LNCaP and the androgen-insensitive cell lines PC-3 
and DU-145. Maximal inhibition occurred at a dFdC concentration as low as 30 nM. In contrast 
to the cell lines which were derived from metastatic lesions of prostate cancer patients, no 
inhibitory effects were found in normal primary prostatic epithelial cells at concentrations up 
to 100 nM. The effect of gemcitabine was reversed by co-administration of 10-100 pM of its 
natural analogue deoxycytidine. In view of a future clinical application of this anti-tumor drug 
in advanced prostatic carcinoma, we have compared the effect of gemcitabine on prostatic 
tumor cells with that on bone marrow granulopoietic-macrophagic progenitor cells, because 
neutropenia is a common side effect of gemcitabine treatment. The time course of action on 
the two kinds of cells was markedly different. Colony formation of tumor cells was inhibited 
by two thirds at a gemcitabine concentration of about 3.5 nM. The same effect on granulo- 
poietic-macrophagic progenitor cells required a concentration of 9 nM. Co-administration of 
deoxycytidine to gemcitabine-treated tumor cell cultures completely antagonized the effect 
of gemcitabine whereas addition of deoxycytidine after 48 hr of gemcitabine treatment could 
not prevent gemcitabine action on the tumor cells. In contrast, more than half of the granulo- 
poietic-macrophagic progenitor cells could still be rescued by deoxycytidine administration 
after 48 hr. These findings and the marked difference in the susceptibility of neoplastic and 
normal prostatic cells suggest that gemcitabine is a promising substance which should be 
further evaluated as to its efficacy in the treatment of advanced prostatic carcinoma. 
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INTRODUCTION first line of treatment. However, during treatment - 
nearly all patients relapse to a hormone-insensitive 
stage. Several treatment modalities including chemo- 
therapy have been tested both experimentally and 

Prostate cancer is a common disease in elderly men 
and a major cause of morbidity and mortality in these 
patients. Surgical therapy is rarely curative since at 
ihe time of initial diagnosis more than half of the 
patients present with locally advanced or distant met- Received for publication November 11, 1994; accepted February 1, 
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clinically for their potential to treat advanced, endo- 
crine therapy-resistant prostatic carcinoma. So far 
these efforts have not resulted in significant improve- 
ment upon standard hormone ablation therapy. 
Therefore, the search for agents that are effective in 
patients with advanced prostatic tumors is being con- 
tinued. The aim of this study was to investigate the 
efficacy of the synthetic pyrimidine nucleoside ana- 
logue 2’,2’difluoro-2’-deoxycytidine (dFdC, gemcit- 
abine) as an antineoplastic agent in prostatic cancer 
tumor cell lines, which represent late tumor stages. 

Gemcitabine is a derivative of deoxycytidine 
(dCyt). Two geminal fluorine atoms at the 2’-carbon 
of the sugar moiety distinguish gemcitabine from its 
natural analogue. Initially synthesized as a potential 
antiviral drug against RNA and DNA viruses [l], the 
compound displayed a potent cytotoxic activity 
against various murine and human cell lines, solid 
murine tumors and human tumor xenografts [2-51. 
Phase I and TI clinical trials showed promising anti- 
tumor-activity in leukemia, as well as in solid tumors 
such as colorectal, breast, pancreatic, renal, lung, and 
ovarian cancer [6-111. Gemcitabine is introduced into 
the cellular nucleotide pool via the pyrimidine sal- 
vage pathway by intracellular phosphorylation using 
deoxycytidine kinase [12]. It is incorporated into 
DNA and to a lesser extent also into RNA instead of 
its natural analogue and efficiently blocks DNA rep- 
lication and metabolism, thus inducing DNA lesions 
and ultimately cell death [13,14]. 

In our study, we chose the androgen-insensitive 
human metastatic prostate cancer cell lines PC-3, DU- 
145, and the androgen-responsive LNCaP cells as ex- 
perimental models for assessing gemcitabine’s poten- 
tial in prostate cancer. Growth of these cell lines was 
found to be efficiently inhibited by gemcitabine. Most 
importantly, drug concentrations that completely in- 
hibited tumor cells showed no effect on normal pri- 
mary prostatic epithelial cells. Moreover, bone mar- 
row granulopoietic-macrophagic cells, a major target 
of gemcitabine toxicity, were less susceptible than tu- 
mor cells. The results of our study nourish hopes that 
gemcitabine might prove an effective drug in the 
treatment of advanced metastatic tumors. 

MATERIALS AND METHODS 

Materials 

Keratinocyte serum-free medium (KSFM), bovine 
pituitary extracts (BPE), epithelial growth factor 
(EGF) and penicillidstreptomycin solution were pur- 
chased from Gibco BRL, Life Technologies Ltd, Pais- 
ley, Scotland. Dihydrotestosterone (DHT) was ob- 
tained from Sigma Chemical Company, St. Louis, 
MO; ECL-attachment matrix from UBI, Lake Placid, 

NY. RPMI-1640 and human transferrin (Tf) were sup- 
plied by Boehringer Mannheim GmbH, Mannheim, 
Germany. Bovine serum albumin (BSA) was pur- 
chased from Behringweke A.G., Marburg, Germany 
and fetal calf serum (FCS) from Biological Industries, 
Kibbutz Beth Haemek, Israel. Tissue culture plastic 
ware was from Falcon, Becton Dickinson, Lincoln, 
NE. 2’,2’Difluoro-2‘-deoxycytidine (gemcitabine, 
dFdC, LY188011) and 3H-dFdC were kindly provided 
by Lilly Research Laboratories, Eli Lilly Co, Indianap- 
olis, IN. The drug was dissolved in 0.9% sodium 
chloride solution and stored frozen. Glass fibre filters 
were provided by Schleicher and Schuell, Dassel, 
Germany. The scintillation cocktail OptiPhase High- 
safe I1 was supplied by LKB-Pharmacia, FSA Labora- 
tory Supplies, Loughborough, Leics, England. E,ZU, 
a commercial viability assay was a product of Biomed- 
ica Ges.M.B.H, Vienna, Austria. Lymphoprep was 
produced by Nyegaard, Oslo, Norway. 

Cell Culture 

PC-3, DU-145, and LNCaP prostatic tumor cancer 
cell lines were obtained from the American Type Cul- 
ture Collection [15-171. They were routinely cultured 
in RPMI-1640 medium supplemented with 10% FCS 
and penicillin/streptomycin. Normal primary pros- 
tatic epithelial cells were cultured from normal pros- 
tate specimens obtained from three patients under- 
going cystectomy (normal 1, normal 2) or radical 
prostatectomy (normal 3). These cells were grown in 
KSFM supplemented with EGF (5 ng/mL), BPE (50 
&mL), Tf (10 p,g/mL), DHT (5 ng/mL), BSA (0.25%), 
antibiotics (penicillin-streptomycin, 120 pg/mL, and 
120 U/mL, respectively) and ECL matrix (10 Kg/mL). 
All cells were grown at 37°C in an atmosphere of 5% 
CO, in air. 

Human bone marrow cells were obtained from pa- 
tients (with informed consent) undergoing hemato- 
logical assessment, which, however, did not yield 
any hematological disorder. Approximately 10-20 
mL of bone marrow were aspirated from the iliac 
crest and collected into syringes containing preserva- 
tive-free heparin. The bone marrow cells were centri- 
fuged in lymphoprep (density 1.077 g/mL) at 4008 for 
30 min. Low-density cells at the interface were col- 
lected, washed twice in RPMI-1640 medium, and sus- 
pended in Iscove’s medium supplemented with 20% 
FCS. 

Viability Assay 

Cells were seeded in quadruplicate on 24-well Pri- 
maria plates at a density of 2 x lo4 cells/mL and 
allowed to attach overnight. Subsequently, they were 
treated and incubated as specified in Results and fig- 
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ures. Viability of the cells after the treatment proce- 
dures was assessed by means of a colorimetric MTT 
assay [18,19]. This assay is based on the fact that liv- 
ing cells reduce uncolored formazan derivatives to 
intensively colored ones, which is measured photo- 
metrically. For this reduction, functional mitochon- 
dria are required which are normally inactivated 
within a few minutes after cell death. In contrast to 
cell counting, this method permits easy discrimina- 
tion between living and dead cells. E,ZU, a commer- 
cial MTT assay was used according to the manufac- 
turer's instructions. In selected experiments, the MTT 
assay results were compared with those of 3H-thymi- 
dine incorporation and were found to be identical. 

Flow Cytometric Analysis 

Cell monolayers were detached by trypsinization, 
washed once with PBS, and carefully dispersed in 
complete medium by pipetting at a density of lo6 
cells/mL. An amount of 0.5 mL of staining solution 
containing 250 pg/mL of propidium iodide, 5% Triton 
X-100 and 0.1 mL RNAse A solution (10mg/mL) was 
added to 2 mL of cell suspension [ZO]. The suspen- 
sion was gently mixed and incubated for 30 min at 
room temperature. Cell cycle distribution was deter- 
mined using a fluorescence-activated cell analyzer 
(FACScan, Becton Dickinson) as previously described 

Incorporation of 'H-dFdC Into Acid 
Insoluble Material 

Cells were grown in six-well tissue culture plates 
(1 x lo5 cells per well) for 24 hr, after which they 
were washed in phosphate-buffered saline (PBS) and 
the medium was replaced by medium containing 3H- 
dFdC (specific activity = 688 GBq/mmol, final con- 
centration = 10nM). Incubation was terminated after 
the time spans specified in Results and figures by 
removing the medium and rinsing the cultures with 
PBS. The cells were trypsinized and pelleted in a ta- 
bletop centrifuge (5 min, 16,OOOg). The pellets were 
resuspended in 200 pL of PBS. An aliquot was re- 
moved for cell counting in a Neubauer hemocytom- 
eter. One volume of 20% trichloroacetic acid (TCA) 
was added to the remaining cell suspension. The re- 
sulting solution was mixed and incubated on ice for 
20 min. Subsequently, the samples were pelleted 
once more and resuspended in 5% TCA. The samples 
were aspirated onto glass fiber filters, which were 
then washed with 10 mL of 5% TCA and subse- 
quently with 5 mL of ethanol. The membranes were 
dried at 50°C and placed in a scintillation vial with 12 
mL of a scintillation cocktail. Incorporation was mea- 

sured with a f3-scintillation counter and calculated in 
incorporated molecules per cell using the formula: 

molecules/cell = dpm x (60 dpm/Bq)-' x (688 x 
10" Bq/mol)-' x 6.023 x molecules/mol x 

(number of cells)-' 

All assay points were measured in triplicate. 

Colony Formation Assay 

Colony formation of granulopoietic-macrophagic 
progenitor cells was determined as previously de- 
scribed [22]. Mononuclear bone marrow cells (n = 
1 x lo5) were cultured in Iscove's medium contain- 
ing 0.8% methylcellulose, 30% FCS, 10% BSA, 1% 
agar-stimulated leukocyte-conditioned medium in a 
final volume of 1.1 mL in a 30-mm cell culture dish. 
dFdC was added at concentrations ranging from 0 to 
32 nM. The assays were performed in duplicate. Af- 
ter an incubation period of 18 days, all colonies con- 
taining more than 50 cells were scored. 

Colony formation of prostatic tumor cells: cells 
grown to about 80% confluence were harvested by 
trypsin detachment and washed in PBS. Colony for- 
mation assays were performed as described above for 
bone marrow cells with the following modifications: 
RPMI-1640 was used instead of Iscove's medium and 
the cells were inoculated at a density of 1,000 cells per 
dish. After an incubation period of 10 days, the num- 
ber of colonies formed was determined. All colonies 
consisting of 10 or more cells were counted. Colony 
formation was expressed in percent of untreated con- 
trols which were set at 100%. 

Statistics 

The Mann-Whitney U test was used to calculate P 
values for continuous variables. All calculations were 
performed on Apple Macintosh computers using 
Statview Version 4.0. 

RESULTS 

Inhibition of Growth of Human Prostatic Tumor 
Cells by Gemcitabine 

The human prostatic tumor cell lines DU-145, 
PC-3, and LNCaP, which were derived from meta- 
static lesions, as well as primary prostatic epithelial 
cells derived from non-malignant prostate specimens 
were grown for 96 hr both in the presence and ab- 
sence of gemcitabine. The antiproliferative effect of 
this pyrimidine analogue was determined by assess- 
ing cell viability. Gemcitabine exerted a strong inhib- 
itory effect on all tumor cell lines, the androgen-re- 
sponsive as well as the unresponsive ones, whereas 



Effects of Gemcitabine on Prostate Cancer I75 

--e 
0 20 40 60 80 100 

gemcitabine [nM] 

Effect of gemcitabine on proliferation of the human pro- - 
static carcinoma cell lines DU- 145, PC-3, and LNCaP, and on pri- 
mary prostatic epithelial cells. Cells were grown for 96 hr in the 
presence of 0, 15, 30, 60, and I00 nM gemcitabine. Subsequently, 
cell viability was assessed by means of an M l T  assay. Results are 
expressed in percent of untreated cells, which were set at 100%. 
Each point represents the mean value of four measurements 0 

DU- 145, A PC-3, 0 LNCaP. and primary prostatic epithelial cells 
0 normal I ,  + normal 3. Standard deviations not shown for 
reasons of clarity (SD 5 8.5%). 

there was no effect on normal primary prostatic epi- 
thelial cells (Fig. 1). Maximal inhibition of growth was 
observed at a gemcitabine concentration of as low as 
30 nM. Higher concentrations up to 100 nM did not 
produce an additional effect. In this experiment, the 
tumor cell lines and the primary epithelial cells were 
maintained in different media, namely RPMI-1640 
and KSFM, respectively. The experiment was there- 
fore repeated with PC-3 cells in KSFM in order to rule 
out a protective effect of this medium. The results 
were not different from those obtained when using 
RPMI-1640 (data not shown). 

Growth inhibition was associated with dramatic 
morphological changes of the cells treated with gem- 
citabine (Fig. 2). In the absence of gemcitabine, all cell 
lines grew well and formed intact monolayers. Treat- 
ment with gemcitabine resulted not only in growth 
inhibition but also in a change of typical cell morphol- 
ogy. DU-145 cells became large and developed fibro- 
blast-like cytoplasmic extensions. LNCaP cells be- 
came larger, rounded up, and presented with small 
spheroids lining the cells. The most dramatic effects 
were observed in PC-3 cells which became huge and 
flat with huge nuclei containing dense bodies. Nor- 

mal prostatic epithelial cells formed intact monolay- 
ers in the presence or absence of gemcitabine, and no 
further visual effects could be seen in these cells. 

Uptake and Incorporation of Gemcitabine 

Tumor cells were cultured in the presence of 10 nM 
3H-gemcitabine and the incorporation of radioactivity 
into acid-soluble material was measured for up to 48 
hr. After 12 hr PC-3, DU-145, and LNCaP cells con- 
tained 1.8, 1 .O, and 1.1 million molecules of dFdC per 
cell, respectively (Fig. 3). Prolonged incubation did 
not result in further incorporation. Between 12 and 48 
hr, a decrease of acid-insoluble radioactivity was ob- 
served in PC-3 cells and DU-145 cells whereas there 
was no change in LNCaP cells. The decline in acid- 
insoluble dFdC was most dramatic in PC-3 cells, in- 
dicating a rapid DNA degradation in these cells. This 
explanation is supported by the dramatic changes in 
the morphology of the nucleus observed in these cells 
after gemcitabine treatment (Fig. 2). 

Compared to tumor cells, the uptake of dFdC into 
normal prostatic epithelial cells was slower and maxi- 
mal incorporation was lower. Acid-insoluble radioac- 
tivity increased for up to 24 hr and leveled off at about 
0.3 million molecules per cell (Fig. 3). 

Time Course of Gemcitabine Action 

Cells were incubated with 30 nM Gemcitabine, and 
cell viability was determined at various points in time 
for up to 96 hr and related to the untreated control 
cultures. A time-dependent decrease in cell viability 
was observed with 50% inhibition after 58, 74, and 78 
hr, for PC-3, LNCaP, and DU-145 cells respectively 
(Fig. 4a). Although maximal effects on cell viability 
were measured 96 hr after starting the gemcitabine 
treatment, an exposure time of 24 hr produced the 
same effect as exposure times of 48 and 96 hr (Fig. 
4b), indicating that the crucial action of gemcitabine 
occurs between 0 and 24 hr of exposure but becomes 
apparent only after subsequent incubation. 

Cell Cycle Arrest in the S-Phase in DU- I45 and 
PC-3 Cells 

Cycle distribution analysis by flow cytometry 
showed that growth arrest after gemcitabine treat- 
ment occurred in the early S-phase of the cell cycle 
(Table I). The first effects were seen as early as 24 hr 
after administration of gemcitabine. The effect was 
most pronounced in DU-145 cells. Twenty-four hr af- 
ter treatment, 90% of the DU-145 cells were in the 
S-phase as compared to only 43% of the untreated 
cells. The shift toward the S-phase after 24 hr was less 
pronounced in PC-3 cells and was not observed in 
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Fig. 2. Effect of gemcitabine on the morphology of human prostatic tumor cell lines. Cells were 
grown for 96 hr without (A-D) or with (E-H) 30nM gemcitabine. Magnification: 200-fold. A,E: 
PC-3; B,FDU-I45 cells; C,G: LNCaP cells; D,H: normal prostatic epithelial cells (normal 3). 
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Fig. 3. Incorporation of 3H-dFdC into normal and malignant pro- 
static epithelial cells. Cells (n = I 05) were grown in the presence 
of 'H-dFdC for I2,24, and 48 hr. After these exposure times, cells 
were harvested and incorporation into the cells was measured as 
described in Materials and Methods. Incorporation was expressed 
as number of dFdC-moleculeskell: DU-145 A, PC-3 0, LNCaP 0, 

and normal 3 0. Standard deviations not shown for reasons of 
clarity (SD 5 0.44 X lo6). 

LNCaP cells. Normal primary prostatic epithelial cells 
did not exhibit a significant change in cell cycle dis- 
tribution, which was in agreement with the results 
obtained in the proliferation assays. 

Inhibition of Colony Formation 

Two of the three cell lines, namely the androgen- 
independent cell lines DU-145 and PC-3, are capable 
of forming colonies in semi-solid methylcellulose. We 
therefore tested the effect of gemcitabine on the clo- 
nogenicity of the two cell lines. Clonal growth of the 
two cell lines was inhibited in a dose-dependent man- 
ner. A concentration of 16 nM dFdC almost com- 
pletely inhibited colony formation by DU-145 and 
PC-3 cells (Fig. 5). In view of a clinical use of gemcit- 
abine in the treatment of advanced prostatic carci- 
noma, we have compared these results with those 
obtained when assessing inhibition of the clonogeni- 
city of bone marrow hematopoietic progenitor cells 
because neutropenia is the main dose-limiting toxic- 
ity effect of gemcitabine. As can be seen from Figure 
5, colony formation by granulopoietic-macrophagic 
progenitor cells (colony-forming unit-granulomacro- 
phagic, CFU-GM) is also inhibited in a dose-depen- 
dent manner. The drug concentration needed for an 

equivalent reduction was, however, higher than in 
tumor cells. A gemcitabine concentration of 3.5 nM 
caused a reduction of the number of colonies formed 
by DU-145 or PC-3 cells by two-thirds. The same de- 
cline in the number of colonies formed by human 
bone marrow granulopoietic-macrophagic progenitor 
cells (CFU-GM) was observed at a concentration of 9 
nM gemcitabine. The difference in gemcitabine sen- 
sitivity between the prostatic tumor cell lines PC-3 
and DU-145 and the bone marrow cells was statisti- 
cally significant at gemcitabine concentrations of 4 
nM (P = 0.0126 and P = 0.0124) and at 8 nM, re- 
spectively (P = 0.0247 and P = 0.0139). The toxicity 
of gemcitabine for other hemopoietic stem cells like 
erythroid stem cells was similar as for CFU-GMs (data 
not shown). 

Protection of Human Bone Marrow 
Granulopoietic-Macrophagic Progenitor Cells by 

Delayed Administration of Deoxycytidine 

Channeling of gemcitabine into the cellular trinu- 
cleotide pool is achieved by the pyrimidine salvage 
enzyme deoxycytidine kinase. In agreement with this 
mechanism, the inhibitory effects of gemcitabine on 
prostatic tumor cells could be completely blocked by 
co-administration of 10 to 100 pM of deoxycytidine 
(dCyt), the natural analog of dFdC (Fig. 6) .  Protective 
effects of deoxycytidine were observed in prolifera- 
tion as well as in colony formation assays (Figs. 6 ,  7). 
Delayed addition of deoxycytidine to gemcitabine- 
treated cultures showed that the time window for 
reversal of the gemcitabine effect is small (Fig. 7). 
Simultaneous addition of deoxycytidine and gemcit- 
abine not only inhibited gemcitabine action on colony 
formation but also improved colony formation as 
compared to the untreated control cells. Delayed ad- 
ministration of deoxycytidine after 24 or 48 hr of gem- 
citabine treatment restored 48 and 13% of the colony- 
formation capacity of DU-145 cells and 43 and 20% of 
the colony-formation capacity of PC-3 cells. 

The protective effect of delayed administration of 
deoxycytidine was higher in normal bone marrow 
granulopoietic-macrophagic progenitor cells. Addi- 
tion of deoxycytidine to bone marrow mononuclear 
cell cultures 24 and 48 hr, after treatment with gem- 
citabine restored 80 and 53%, respectively, of colony- 
formation capacity. After 48 hr, the protective effect 
of dCyt administration was significantly higher in 
granulopoietic macrophagic progenitor cells (CFU- 
GM) as compared to the prostatic tumor cells DU-145 
and PC-3 (P = 0.0247). 

DISCUSSION 

In the past decades, prostate cancer has become 
the most common cancer in males. At the time of 
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Fig. 4. Time course of gemcitabine action: a: Time dependence 
of gemcitabine-mediated suppression of cellular growth. DU- 145, 
PC-3, and LNCaP cells were grown in the presence 30nM gem- 
citabine. Cell viability was assessed at 0, 24, 48, and 96 hr after 
addition of gemcitabine. Standard deviations not shown (SD 5 
7.3%). b Exposure time dependence of gemcitabine effects. Cells 
were grown in the presence of 30 nM gemcitabine for 0, 24, 48, 

and 96 hr and subsequently washed with PBS and fed with fresh 
medium without gemcitabine. Incubation was continued for up to 
96 hr, after which cell viability was assessed. Standard deviations 
not shown (SD 5 7.7%). In both kinds of experiments each point 
represents the mean value of four measurements. Results are ex- 
pressed in percent of untreated cells which were set at 100%. 0 

DU- 145, A PC-3, 0 LNCaP. 

In our in vitro study, gemcitabine exhibited a 
strong antiproliferative and colony formation-inhibi- 

Phase DU-145 PC-3 LNCaP norm-2 tory effect in androgen-responsive as well as andro- 
gen-independent metastatic tumor cell lines. Most in- 
terestingly, no effect was seen on primary epithelial 

Gem Gem Gem Gem Gem c k m  Gem Gem urostatic cells. It is imuortant to note that this cannot 

TABLE 1. Effects of Gemcitabine on Cell Cycle* 

- + - + - + - +  
G1 40 6 33 38 58 67 50 55 
S 43 90 39 49 31 21 37 32 
G2M 17 4 27 13 11 12 13 13 

Tells were cultured for 24 hr either in the absence (-) or the 
presence (+ )  of 30 nM of gemcitabine (Gem). After incubation, the 
cells were harvested, the nuclei isolated, stained with propidium 
iodide, and submitted to cell cycle distribution analysis on a fluo- 
rescence-activated cell sorter. 

diagnosis, more than 50% of patients present with 
locally advanced or distant metastatic disease. The 
majority progress to a hormone-refractory stage dur- 
ing hormone ablation therapy. The potential of new 
compounds to prevent or delay growth and progres- 
sion of prostate cancer and improve quality of life has 
not yet been fully explored, and only a few, as for 
example, suramin, have been tested in clinical trials 
[23-281. As the incidence of prostate cancer is still 
increasing in the western world, there is an urgent 
need for new treatment modalities. 

be due to a slower growth rate of these cells. As re- 
vealed by the cell cycle distribution, there was no 
marked difference between primary epithelial cells 
and tumor cells. Previous studies have indicated that 
a variety of enzymes for nucleotide biosynthesis, 
among them deoxycytidine kinase, which is respon- 
sible for channeling gemcitabine into the cellular tri- 
nucleotide pool, are upregulated in malignant tumor 
cells [12,29]. In agreement with this observation, 
gemcitabine incorporation in prostatic primary epi- 
thelial cells was lower than in tumor cells, although 
the difference in gemcitabine uptake rates after 24 hr 
was not a drastic one. It seems therefore unlikely that 
the complete unresponsiveness of primary epithelial 
cells toward dFdC is only due to reduced incorpora- 
tion rates of the compound. We assume that these 
cells have additional protective factors, as for exam- 
ple, a better repair of dFdC-induced lesions. 

Cell growth was arrested in the early S-phase of 
the cell cycle in the hormone-insensitive cell lines, 
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Fig. 5. Effect of gemcitabine on colony formation in prostatic 
carcinoma cells (DU- 145, PC-3) and normal bone marrow cells 
(CFU-GM). Cells were incubated a t  various concentrations of gem- 
citabine. Subsequently, the cells were washed, detached by trypsin 
digestion, transferred to  30-mm culture plates and incubated in 
semi-solid methylcellulose medium. After I0 days (tumor cells) and 
I8  days (CFU-GM) respectively, the cultures were scored for col- 
onies 0 DU- 145, A PC-3, and V CFU-GM. Results were expressed 
in percent of untreated controls which were set at 100%. 

whereas normal control cells and the hormone-sen- 
sitive LNCaP cells showed no change in cell cycle 
distribution within 24 hr after treatment. Although 
no fast effect on cell cycle distribution of LNCaP cells 
was observed, there was nevertheless a strong effect 
on the proliferation of these hormone-sensitive cells. 
In fact, the dose response curves were identical for 
the fast-growing DU-145 and PC-3 cells, as well as the 
slower proliferating LNCaP cells, suggesting an effect 
of gemcitabine independent of cell proliferation. In 
agreement with this observation, Braakhuis et al. re- 
ported the ability of dFdC to affect slowly growing 
human xenografts 151. An inhibitory effect on non- 
proliferating cells was also reported for 2-chlorode- 
oxyandenosine (CdA), another nucleoside analogue 
used in antineoplastic therapy [30]. 

In all three cell lines the effects of gemcitabine 
were completely reversed by co-administration of 
deoxycytidine, the natural analogue of gemcitabine. 
This protective effect on prostatic tumor cells, how- 
ever, was markedly reduced when dCyt was admin- 
istered 24 or 48 hr after gemcitabine additon. By con- 
trast, the growth-inhibitory effects of gemcitabine on 
bone marrow cells were reduced to a great extent 

-a 
a, 
(d 
c 

Fig. 6. Reversal of gemcitabine-mediated growth inhibition by 
co-administration of deoxycytidine. Cells were grown for 96 hr in 
the presence of I00 nM gemcitabine alone or in the presence of I00 
nM gemcitabine and I00 pM or I0 pM deoxycytidine. Subsequently, 
cell viability was assessed. Each point represents the mean value of 
four measurements. Results are expressed in percent of untreated 
controls, which were set at 100%. Dark-shaded bar = untreated 
controls, lightly-shaded = bar 100 nM dFdC, unshaded bar = I00 
nM dFdC + 100 pM dCyt, medium-shaded = bar 100 nM dFdC 
+ 10pMdCyt. 

even when dCyt was administered 48 hr after gem- 
citabine treatment. These observations and the 
marked difference between bone marrow and meta- 
static prostatic cancer cells with respect to sensitivity 
towards gemcitabine are statistically significant and 
support a therapeutic concept combining the antineo- 
plastic effect of dFdC with the protective effect of 
delayed deoxycytidine addition, thus reducing the in- 
hibitory effect on bone marrow cells. Such a regimen 
would allow for a high dose of gemcitabine in order 
to exert a strong effect on the tumor and reduce the 
inhibitory effect of gemcitabine on human bone mar- 
row progenitor cells by administering deoxycytidine 
after 48 hr. Although caution is called for when trans- 
ferring in vitro data to the in vivo situation, our data 
let us hope that such a treatment modality would 
significantly prevent the toxicity effects of gemcitab- 
ine on bone marrow cells without compromising its 
activity against prostatic tumor cells. 

The gemcitabine concentrations which completely 
inhibited the prostatic tumor cells in our experiments 
are well below the peak plasma concentrations of 20 
FM already achieved in clinical phase I trials when 
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Fig. 7. Reversal of gemcitabine-mediated inhibition of colony 
formation in PC-3, DU- 145 carcinoma cells and normal bone mar- 
row cells by simultaneous or delayed addition of dCyt. Cells were 
grown in the presence of 30 nM dFdC. At 0, 24, and 48 hr dCyt 
was added to achieve a final concentration of I mM. After 72 hr the 
cells were harvested by trypsin digestion and transferred to 30-mm 
cell culture dishes for colony formation assays. After I0 or I8 days, 
the cultures were scored for colonies. Dark-shaded bar untreated 
controls, lightly-shaded bar = dFdC + dCyt, medium-shaded 
bar = dFdC + dCyt after 24 hr. unshaded bar = dFdC + dCyt 
after 48 hr, solid bar = dFdC. 

the compound was administered at doses of about 
350 mg/m2 [8,9]. Data of phase I1 trials demonstrated 
that even significantly higher doses of 800-1,250 
mg/m2 could be given safely, being generally well 
tolerated [7]. In human xenografts (soft tissue sar- 
coma, ovarian cancer, head and neck cancer) the 
compound showed considerable antitumor activity. 
When given at equitoxic doses, the effect of dFdC 
was similar and even superior to drugs already used 
in clinical practice, as for example, cisplatin, metho- 
trexate, bleomycin, 5-fluorouracil, and cyclophospha- 
mide [4,5]. Recent phase I1 trials confirmed the drug’s 
efficacy in a broad spectrum of solid tumors such as 
breast, head and neck, renal, colorectal, pancreatic, 
lung, and ovarian cancer [6,7]. 

Ovarian carcinoma responded to gemcitabine 
treatment in xenografts as well as in two phase I1 
trials [4,6,7,10,11]. Ovarian tumor cells showed a 50% 
reduction of proliferation at a gemcitabine concentra- 
tion of 25 nM. In our study with prostatic tumor cell 
lines, a 50% reduction of cell proliferation was 
achieved with 10-18 nM of the drug, showing that 

these cells were more sensitive than the human ovar- 
ian cancer cells. Therefore, we expect that gemcitab- 
ine should also be effective in the clinical treatment of 
prostate cancer. 

In conclusion, our results suggest that gemcitabine 
may be a potent agent in the treatment of prostate 
cancer and is worth further evaluation in the treat- 
ment of this disease. 
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