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The Antiproliferative Activity of DMDC Is Modulated by Inhibition of

Cytidine Deaminase
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ABSTRACT

We showed that the efficacy of the new 2'-deoxycytidine (2'-dCyd)

analogue antimetabolite 2'-deoxy-2'-methylidenecytidine (DMDC) cor

relates well with tumor levels of cytidine (Cyd) deaminase in human

cancer xenograft models. DMDC was highly effective in tumors with

higher levels of Cyd deaminase, whereas lower levels yielded only slight
activity. In contrast, gemcitabine (2',2'-difluorodeoxycytidine), which

has action mechanisms similar to those of DMDC, is only slightly active

in tumors with higher levels of the enzyme. In the present study, we

investigated the roles of Cyd deaminase in the antitumor activity of the
two 2'-dCyd antimetabolites in 13 human cancer cell lines. Tetrahy-

drouridine, an inhibitor of Cyd deaminase, reduced the antiprolifera-

tive activity of DMDC (P = 0.0015). Furthermore, tumor cells trans-

fected with the gene of human Cyd deaminase become more susceptible

to DMDC both in vitro and in vivo. These results indicate that Cyd

deaminase is indeed essential for the activity of DMDC. In contrast, the

antiproliferative activity of gemcitabine was increased to some extent
by tetrahydrouridine (P = 0.0277), particularly in tumor cell lines with

higher levels of Cyd deaminase. This suggests that higher levels of Cyd
deaminase may inactivate gemcitabine. Among nucleosides and de-

oxynucleosides tested, only dCyd, a natural substrate of both Cyd

deaminase and dCyd kinase. suppressed the antiproliferative activity
of DMDC by up to 150-fold. Because the Vm,JKmof DMDC for dCyd

kinase was 8-fold lower than that for dCyd, the activation of DMDC to

DMDC monophosphate (DMDCMP) by dCyd kinase might be compet

itively inhibited by dCyd. In addition, the dCyd concentrations in

human cancer xenografts were inversely correlated with levels of Cyd

deaminase activity. It is therefore suggested that higher levels of Cyd

deaminase reduce the intrinsic cellular concentrations of dCyd in

tumors, resulting in efficient activation of DMDC to DMDCMP by

dCyd kinase. These results indicate that the efficacy of DMDC may be

predicted by measuring the activity of Cyd deaminase in tumor tissues

before treatment starts and that DMDC may be exploited in a new
treatment modality: tumor enzyme-driven cancer chemotherapy.

INTRODUCTION

DMDC2 is a new 2'-dCyd analogue antimetabolite with mech
anisms of action similar to those of gemcitabine (1-5). Both
antimetabolites are incorporated into cells and phosphorylated by
enzymes including dCyd kinase (EC 2.7.1.74). The nucleoside
triphosphates of these compounds inhibit DNA polymerase and the
nucleoside diphosphates inactivate ribonucleotide reducÃase,a key
enzyme for the biosynthesis of deoxyribonucleotides. They are
reported to be highly effective against various types of solid
tumors in animals (6-8). although their parent compound 1-ÃŸ-D-
arabinofuranosylcytosine is mainly effective against leukemia. We
previously observed that these two compounds have different
antitumor spectra in human cancer xenograft models (9). DMDC
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was highly effective in tumors with higher levels of Cyd deaminase
(EC 3.5.4.5) but only slightly effective in tumors with lower
enzyme levels. In contrast, gemcitabine was less effective in tu
mors with higher levels of Cyd deaminase. It is therefore of interest
to clarify the mechanisms responsible for this difference in effi
cacy to ensure the rational use of these antineoplastic agents based
on tumor levels of Cyd deaminase.

The major characteristic difference between DMDC and gem
citabine is their susceptibility to Cyd deaminase (9-11). Gemcit
abine is reported to be susceptible to this enzyme and metabolized
to an inactive molecule by deamination, whereas DMDC is highly
resistant. The different efficacies of DMDC and gemcitabine in
tumors with higher levels of Cyd deaminase might be explained by
different susceptibilities to the enzyme. However, it is not yet
known why DMDC showed only slight activity in tumors with
lower levels of Cyd deaminase. In the present study, we first
demonstrated that the susceptibility of tumor cells to DMDC and
gemcitabine can be modulated by changing Cyd deaminase activ
ity. We then investigated the roles of Cyd deaminase and its natural
substrate dCyd affecting DMDC. This study clearly shows that
Cyd deaminase inhibition and Cyd deaminase gene transfection
oppositely affect the antitumor activity of DMDC and gemcitabine
and suggests that dCyd plays a key role in determining the sus
ceptibility of a tumor to DMDC.

MATERIALS AND METHODS

Cells and Culture. The human tumor cell lines used were obtained from

the following institutions: human colon cancer HCT116, COLO205, HT29.
DLD-I. WiDr. human pancreatic cancer AsPC-l, and BxPC-3 from Dainippon
Pharmaceutical Co. Ltd. (Osaka. Japan): human prostate cancer PC-3, human

bladder cancer 5637. and Scaber from the American Type Culture Collection
(Rockville, MD); human gastric cancer MKN1. MKN2S. and MKN45 from
Immunobiological Laboratories (Fujioka. Japan); human colon cancer
CXF280 and human breast cancer MAXF401 from Prof. H. H. Fiebig.
Freiburg University (Freiburg, Germany); human non-small cell lung cancer
LX-1 from Dr. Tashiro. the Cancer Chemotherapy Center. Japanese Founda

tion for Cancer Research (Tokyo. Japan); human ovarian cancer Nakajima
from Dr. Adachi, Niigata University School of Medicine (Niigata, Japan); and
human bladder cancer T24 from Dr. Akaza. the University of Tsukuba.
Institute of Clinical Medicine (Tsukuba. Japan). Human cervical cancer Yu-

moto clone 17 was established in this laboratory from the original Yumoto line
obtained from Dr. Tokita. Chiba Cancer Center (Chiba, Japan: Ref. 12).
CXF280, MAXF401, and LX-1 were maintained by continuous passage in
BALB/c-nu/nu mice. The other lines were maintained in in \-itrti culture with

the following media containing l()-157< fetal bovine serum: HCT116 and
HT29 in McCoy's 5A medium: Nakajima in MEM; Scaber and WiDr in MEM

supplemented with nonessential amino acids; PC-3 in FI2K medium: and
AsPC-l. BxPC-3, COLO205. DLD-I, MKN1. MKN28, MKN45, Yumoto

clone 17. and T24 in RPMI 1640. We confirmed that all cell lines used were
mycoplasma negative with a Mycoplasma detection kit (Boehringer Mann
heim. Mannheim. Germany).

Susceptibility of Tumor Cells. A single suspension of iunior cells (0.7-

3 X IO3cells/well) was added to the serially diluted DMDC or gemcitabine in
a microtest plate. The cells were then cultured at 37Â°Cfor 6 days until the cell

number in the control culture had increased more than 10-fold. The degree of

cell growth was measured with a Cell Counting Kit (DOJINDO, Osaka. Japan).
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CYD DEAMINASE MODULATES THE ANTITUMOR ACTIVITY OF DMDC

The ICSC,of test compounds was expressed as the concentration at which cell
growth was inhibited by 50% as compared with the control.

Cyd Deamina.se Assay. Cultured cancer cells were collected and soni

cated in 10 mM Tris-HCl buffer (pH 7.4) containing 15 min NaCl, 1.5 mM
MgCI-,. and 50 Â¡IMpotassium phosphate. This homogenate was then cen-

trifuged at 105.000 x g for 90 min. The supernatant was dialyzed overnight
at 4Â°Cagainst 20 mM potassium phosphate buffer (pH 7.4) containing 1 mM

ÃŸ-mercaptoethanol and used as a source of crude Cyd deaminase. All
procedures were done at 4Â°C.The protein concentration was determined by

the method of Lowry et al. (13). The en/ynie activity was determined by
measuring 5'-dFUrd and 5-fluorouracil generated from the enzyme sub

strate 5'-dFCyd. A reaction mixture (100 /il) for the enzyme activity
contained 50 mM Tris-acetate buffer (pH 7.4), 2 mM 5'-dFCyd. and crude

enzyme (0.08-0.8 mg protein). The reaction was carried out at 37Â°Cfor 60

min and then terminated by the addition of 300 n\ of methanol. After
removal of the precipitate by centrit'ugation (7.000 x g for 3 min.), a

portion of the reaction mixture (50 ju.1) was added to 200 /j.1 of 10 mM
sodium phosphate buffer (pH 6.8) containing 20 JIM 5-chlorouracil as the
internal standard and then applied onto a high-performance liquid chroina-
tography column (ERC-ODS-1171). The solvent system used was as fol

lows: 10 mM sodium phosphate buffer (pH 6.8) containing 5 mM DSA:
methanol (85:15; v/v). The amount of 5'-dFUrd and 5-fluorouracil

produced was measured by an UV monitor (265 nm). Cyd deaminase
activity was expressed as nmol 5'-dFCyd deaminated-mg protein~'-min~'.

Cyd I)eamina.se Gene Transfection. A full-length human Cyd deami

nase cDNA was identified from a human placenta cDNA library as de
scribed elsewhere (14). Cyd deaminase cDNA was ligated into the HindiU
site of pRc/CMV (Invitrogen. San Diego. CA). This vector also carries the
neomycin-resistant gene as a selection marker. The recombinant plasmid

was transfected into the HCT116 single cell clone (HCT116 CB) by using
LipofeclAMINE reagent (Life Technologies, Inc., Gaithersburg, MD). As a
control, HCTI16 cell lines were transfected with the vector pRc/CMV that
did not contain the Cyd deaminase cDNA. The gene-transfected and control

cells were cultured in a selection medium containing 1 mg/ml Geneticin

(G-418, Wako pure chemical. Osaka. Japan) and cloned by the limiting

dilution method. These isolated clones were confirmed to be free of
mycoplasma with a Mycoplasma detection kit (Boehringer Mannheim.
Germany).

Animal Experiments. Five-week-old male nude mice were obtained from

SLC Inc. (Hamamatsu, Japan). Vector- or Cyd deaminase gene-transfected

human colon cancer HCTI 16 cells were inoculated s.c. into the nude mice
(6.5 X IO6 cells/mouse). DMDC was dissolved in 5% gum arabic and admin

istered p.o. to mice daily 5 times a week for 2 weeks, whereas gemcitabine was
dissolved in saline (pH 7.0) and administered i.v. to mice twice a week for 2
weeks. Drug administration was started on the day when the tumor volumes
reached approximately 3(X) mm'. The length (Â«)and width (/;) of the tumors

were measured, and the volume was estimated by using the following formula:
volume (mm') = a (mm) x h2 (mm)/2.

dCyd Concentration in Tumor Tissues. dCyd concentrations were meas

ured as described elsewhere ( 15. 16) with minor modifications. Tumor tissues
were homogenized in 10% trichloroacetic acid (20% w/v). The supernatant (4
mil was shaken with 8 ml of dichloromethane/tri-/i-oc(ylamine (100/15: v/v)

and then centrifuged at 1500 X g for 5 min. The supernatant (3.5 ml)
containing dCyd and dCyd nucleotides was applied to a Sep Pak Plus QMA
cartridge to remove dCyd nucleotides and eluted with 5 ml of distilled water.
The pass-through fraction was evaporated under reduced pressure, and the

residue was dissolved in 2 ml of a buffer containing 2.5 mvt KH:POj and 5 HIM
DSA. The solution was applied to a Bond Elute CÂ¡xcartridge and eluted with
1 ml of 4% (v/v) methanol in the same buffer and 1 ml of 50% (v/v) methanol
in the same buffer. The dCyd fraction (pass-through) was then applied to a Sep

Pak Plus QMA cartridge to remove DSA and was eluted with 5 ml of distilled
water. The pass-through fraction was evaporated under reduced pressure. The

residue was dissolved in 400 fj.\ of 25% (v/v) methanol and filtered through a
0.45 firn filler. A portion of the solution was diluted with distilled water, and
injected on to an high-performance liquid chromatography column (ERC-
ODS-1171). The solvent system used was as follows: 2.5 HIM KH,PO4 con

taining 5 mM DSA:methanol (80:20). The amount of dCyd was measured by
an UV monitor (265 nm).

Table 1 Effect nf THU Â«nthe anliproliferalive activity nf DMDC anil gemcitahine anil the activities of Cyd deaminase and dCyd kinase in human cancer cell line\
Cells were plated into 96-well plates (0.8-3 X IO1 cells) and incubated for 6 days. The degree of cell growth was measured with a Cell Counting Kit (DOJINDO). The IC5O of

test compounds was expressed as Ihe concentration at which cell growth was inhibited by 50% as compared with the control. Cell growth inhibition of THU alone: -3.13 Â±3.67%.

IC50 (nM), mean Â±SDCell

lineScaber

(Bladder)AsPC-1(Pancreas)PC-3(Prostate)BxPC-3(

Pancreas)5637(Bladder)MKN1

(Gastric)COLOSOS(Colon)MKN45

(Gastric)HCTI

16(Colon)MKN28

(Gastric)YumotoC-17

(Cervix)HT29

(Colon)DLD-I

(Colon)DrugGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcilabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcitabine

DMDCGemcilabine

DMDCTHUÂ°<-)23.9

13518.952.78.56

1255.8654.46.09

1676.40

19021.9

1481.78

71.94.55

19614.635803.67

2017.63

6959.6676Â«Â±Â±*Â±Â±Â±Â±Â±Â±Â±Â±-*-;0.94

13.55.51

19.70.67

6.20.70

2.060.81

8.61.02

34.63.03

4.90.22

7.260.15

18.22.26248.50.34

16.40.26

29.00.92

103.5THU7.72

Â±
1100Â±10.8

Â±
500Â±3.65

Â±510
Â±4.26

Â±432
Â±4.05

Â±

806Â±5.62

Â±
674Â±9.06

Â±
342Â±2.12

Â±
164Â±4.69

Â±
290Â±17.4

Â±
5830Â±2.74

Â±
248Â±7.77

Â±
708Â±8.57

Â±
804 Â±(

+>1.2745.72.11

1000.52

20.70.18

80.90.20

127.80.54

270.60.57

13.60.14

46.10.30

30.10.53

10900.21

18.70.32

60.70.73

60.2THU

(+/-)0.32

8.130.57

9.490.43

4.070.73

7.940.674.820.88

3.55(1.41

2.321.19

2.281.03

1.481.20

1.620.75

1.231.021.020.891.06Cyd

deuminase
activity (nmol/mg/min).

mean Â±SD14.711.87.545.784.134.033.403.042.350.640.400.070.07Â±

1.51Â±0.35Â±

0.37Â±0.33Â±0.04Â±0.08Â±0.18Â±0.12Â±0.04Â±0.01Â±0.02Â±0.00Â±0.01dCyd

kinase
activity (nmol/mg/hr).

mean Â±SD1.3371.5411.2461.3441.1901.1842.1,11.0712.0290.2970.8541.0350.954Â±0.114Â±

0.291Â±0.106Â±

0.086Â±

0.056Â±

0.333Â±

0.064Â±

0.084Â±0.134Â±

0.064Â±

0.086Â±0.175Â±0.048

' Inhibitor of Cyd deaminase: 50 /IM.
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CYD DEAMINASi: MODULATES THK AMITI MOR ACTIVITY OF DMDC

DMDC gemcitabine
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0.78Â±0.29fold
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Fig. \. Modulation of the antiproliferative activity of DMDC and gemcitabine by THU,
an inhibitor of Cyd deaminase, in 13 human cancer cell lines. Data points, means of three
determinations.

DMDC qemcitabine
100

Cyd deaminase activity (nmol/mg/min.)

Fig. 2. THU modulates the efficacy of DMDC and gemcitabine to a greater extent in
human cancer cell lines with higher levels of Cyd deaminase. Data paints, means of three
determinations.

dCyd Kinase Assay. The enzyme assay and the kinetic study were

carried out as described elsewhere (17). Briefly, the standard reaction
mixture (100 /u.1) contained 50 mM Tris-HCl (pH 7.6). 10 /*! of cell

supernatant. 7 mM MgCI,, 2 mM DTT. 7 IHM ATP. 1 HIM phosphoenol
pyruvate. 10 IU of pyruvate kinase. 10 mM NaF. 0.4 mM THU (inhibitor of
Cyd deaminase: Ref. 18). 0.5-400 Â¿IM[2-14C]-dCyd (125 or 2072 MBq/
mmol), or 10-320 /*M [methylidene-'JC]DMDC (56.1 or 740 Mbq/mmol).

Enzyme sources were prepared by the same method as for the Cyd deami
nase assay. The cell supernatant fraction of HCT116 was used for the
enzyme kinetic study. This mixture was incubated for 5-60 min at 37Â°C.

The reaction was terminated by adding an equal volume of cold methanol.
and the precipitated protein was sedimented by centrifugation. A sample of
the supernatant (50 fil) was applied to DE81 DEAE paper. Unreacted dCyd
or DMDC was removed by three successive washes in 10 ml of 5 mM
ammonium formate for each DEAE paper, followed by a 5-min wash in
distilled water and then in 95%- ethanol. After being dried, the discs were

placed in scintillation vials and counted in 5 ml of Aquasol. The kinetics
parameters were determined from double reciprocal plots of enzyme ac
tivity as a function of changing substrate concentration.

Reagents. Gemcitabine and DMDC were obtained from Dr. D. Keith.

Hoffmann La-Roche, Inc. (Nutley. NJ) and from Yamasa Co. (Chushi. Chiba.
Japan), respectively. THU was purchased from Calbiochem-Novabiochem Co.
(La Jolla, CA). Other chemicals were purchased commercially. [2-'4C|dCyd
was purchased from Amersham Corp. (Tokyo, Japan). [methylidene-14C]D-

MDC was obtained from Yoshitomi Pharmaceutical Industries Ltd. (Osaka.

Japan).
Statistics. Statistical analyses were performed using the Bonferroni/Dunn

test, simple regression analysis, the Wilcoxon test, and the Mann-Whitney U

lest. Differences were considered to be significant at P < 0.05.

RESULTS

Susceptibility of Tumor Cells Modulated by a Cyd Deaminase

Inhibitor. To validate our previous finding of the difference in sus

ceptibility of tumors to DMDC and gemcitabine (9), we tried to
demonstrate that their antiproliferative activity is oppositely modified
by the Cyd deaminase inhibitor THU. Table 1 and Fig. 1 show IC5(ls
of DMDC and gemcitabine against 13 human cancer cell lines in the
presence or absence of THU. The susceptibility to DMDC was de
creased by the Cyd deaminase inhibitor by 3.8-foId (mean;
P = 0.0015). In contrast, the inhibitor increased the susceptibility to
gemcitabine to some extent (0.78 Â±0.29-fold; P = 0.0277), probably

by inhibiting the deamination of the compound. Fig. 2 shows a
comparison of the degree to which susceptibility to DMDC and
gemcitabine is modulated by THU and Cyd deaminase activity in the
human cancer cell lines. The effect of the modulation, either the
decrease in susceptibility to DMDC or the increase in that to gemcit
abine. is more obvious in those tumor cell lines with higher levels of
Cyd deaminase activity. There was no correlation between the degree
of the susceptibility modulation by THU and dCyd kinase activity in
these cell lines.

Table 2 Antipmliferative activity of DMDC ami genicilahint' in HCT116 cell //m-.v
tranxfecletl ini/i the Cvi/ tU'untinasf gene

Cells were plated into %-well plates (0.7 X IO1 celisi anil incubated for 6 days. The

degree of cell growth was measured with a Cell Counting Kit (DOJINDO). The IC5() of
test compounds was expressed as the concentration at which cell growth was inhibited by
50% as compared with the control.

1C,,, (nw), mean Â±SD Cyd deaminase activity

CelllineParent

cloneHCT1I6CBVector

transfectantCBVI4CBV70Cyd

deaminasetransfectanlCBC212aCBC700aCBCl06aCBCl04bDMDC1

90.47 Â±10.26136.43

Â±8.71153.83
Â±2.3941.69

Â±4.7152.95
Â±2.4482.37
Â±2.5293.86
Â±11.63Gemcitabine4.71

Â±0.144.00

Â±0.134.17
Â±0.124.28

Â±0.123.86
Â±0.213.13

Â±0.265.19
Â±0.18mean

Â±SD2.02

Â±0.091.86

Â±0.052.84
Â±0.1115.47

Â±2.2913.63
Â±0.397.50
Â±0.315.56
Â±0.12

^ 120

90
JZ

S. 60
O)

o
3
H 30

CBV14

CBC212a

10

DMDC (mg/kg/day)

100

Fig. 3. Anlitumor activity of DMDC in human colon cancer HCTI16 transfected
with the Cyd deaminase gene. â€¢.HCTI 16 CBVI4 (vector transfectant): O. HCTI 16
CBC212a (Cyd deaminase transfectant). Vector-transfected or Cyd deaminase gene-
transfected human colon cancer HCTI 16 cells were inoculated s.c. into the nude mice
(6.5 X IO" cells/mouse). DMDC was administered p.o. five times a week for 2 weeks.

Drug administration was started on the day when the tumor volumes reached approx
imately 300 mm1. The length U;( and width (/>) of (he tumors were measured, and the
volume was estimated by using the following formula: volume (mm1) = n (mm) X b2

(mm)/2. *, P < 0.05 compared with CBVI4; NS. not significant (Bonferroni/Dunn
tesi).
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CYD DEAMINASE MODULATES THE ANT1TUMOR ACTIVITY OF DMDC

Table 3 dCyd levels in human cancer xenografts are inversely correlated tritii levels of
C\ti ileaminase activity'

Human cancer Cyd deaminase activity dCyd level Efficacy of
xenografts (nmol/mg/min). mean Â±SD (nmol/g tissue)DMDC"AsPC-1CXF280HCTI16HT29LX-IBxPC-3DLD-1YumotoC-17Nakajima

MAXF401T2415.83.02.92.81

91.80.342.31.00.61.60.50.70.030.20

Â±0.060.022
Â±0.002

0.015 Â±0.002â€¢CO.OI3<0.4

++<0.4
++<0.4
++<0.4

+<0.4
++<0.4

+<0.40.4

Â±0. 113.5
Â±2.7

2.5 Â±0.49+12.9
Â±2.3

" Efficacy is expressed in terms of therapeutic index. Therapeutic index = most
tolerated dose/EDw. Therapeutic index: + +, S10; +, <10 and 2:2; -, <2.

Modulation of the Susceptibility by Cyd Deaminase Gene

Transfection Both in Vitro and in Vivo. We investigated whether

Cyd deaminase gene transfection modifies the susceptibility of recip
ient tumor cells to DMDC and gemcitabine. In the HCT116 human
colon cancer cells, the Cyd deaminase gene transfection increased the
enzyme activity by several-fold to 8-fold as compared with that of the

cells transfected with vector alone (Table 2). In such Cyd deaminase
gene transfeetants, the susceptibility to DMDC was increased by
2-4-fold and was significantly correlated with the level of Cyd
deaminase activity (R~=0.968). In contrast, the susceptibility to gem

citabine was not changed by the gene transfection. In an in vivo
experiment, the tumor transfected with Cyd deaminase gene (HCT116
CBC212a) also became more susceptible to DMDC than the tumor
transfected with the vector alone (HCT116 CBV14; Fig. 3), whereas
the susceptibility to gemcitabine was not changed by Cyd deaminase
gene transfection (data not shown).

Inverse Correlation between Cyd Deaminase Activity and dCyd

Levels in Tumors. One possible role of Cyd deaminase in modulat

ing the efficacy of DMDC is to reduce the concentration of a natural
substrate, dCyd, which is a competitive inhibitor of the DMDC
activation by dCyd kinase. To ascertain this possibility, we investi
gated the correlation between dCyd levels and Cyd deaminase activ
ity. Table 3 shows a comparison of these two factors in the human
cancer xenografts used in the previous study (9). There appears to be
inverse correlation between these factors; i.e., the higher the Cyd
deaminase levels, the lower the dCyd concentrations. Cyd deaminase
might metabolize dCyd to yield lower levels of this natural substrate
in tumors.

We also found that dCyd indeed inhibits the antiproliferative ac
tivity of DMDC in three representative human cancer cell lines (Table
4). We determined IC5(ls of DMDC in the presence and absence of
pyrimidines and calculated the degree to which the antiproliferative
activity of DMDC had been reduced. Among various nucleosides and
deoxynucleosides tested, only dCyd greatly reduced the antiprolifera

tive activity of DMDC by up to 150-fold in HCT116 and DLD-1 cells.

However, dCyd reduced the antiproliferative activity of DMDC only
6-fold in PC-3 cells, which have a high level of Cyd deaminase
activity. In contrast, other pyrimidines reduced or enhanced the ac
tivity only slightly. Purines also reduced or enhanced the activity only
slightly (data not shown).

Substrate Activity for dCyd Kinase. We investigated the reason

why the efficacy of DMDC is so affected by Cyd deaminase activity
in tumors. Table 5 shows parameters of enzyme kinetics for dCyd
kinase, by which dCyd and DMDC are activated to their correspond
ing nucleoside monophosphates. The Vmas/Km of DMDC for dCyd
kinase was 8-fold lower than that of dCyd. In addition, the Kt of
DMDC for the enzyme was higher than that of gemcitabine (433
versus 74 Â¡JL.M).Thus, activation of DMDC to DMDCMP would be
affected by dCyd to a greater extent than that of gemcitabine to its
monophosphate form.

DISCUSSION

We observed in the previous study that the new nucleoside antime-

tabolites DMDC and gemcitabine have different antitumor spectra (9),
although their mechanisms of action are reported to be similar (1-5). The

efficacy of DMDC was well correlated with Cyd deaminase levels in
tumors. In contrast, gemcitabine was less effective in tumors with higher
levels of the enzyme. In the present study, we observed that the suscep
tibilities of tumor cells to DMDC and gemcitabine are changed by
modulating Cyd deaminase activity. An inhibitor of Cyd deaminase,
THU. decreased the susceptibility of tumor cells to DMDC. but it in
creased the susceptibility to gemcitabine. In addition, the relative increase
in enzyme activity by resulting from transfection of the enzyme gene
made recipient tumor cells more susceptible to DMDC both in vitro and
in vivo. These results validated our previous findings that Cyd deaminase
activity is essential for the efficacy of DMDC. whereas it is a negative
factor for gemcitabine efficacy.

It has been reported that tumor cells become resistant or refractory to
2'-dCyd analogues, including gemcitabine and DMDC, as a result of
losing their dCyd kinase activity (19, 20). by which 2'-dCyd analogues

are phosphorylated. However, we observed no positive correlation be
tween dCyd kinase activity and the susceptibility of human cancer cell
lines to either DMDC or gemcitabine (9). The present study suggested
that Cyd deaminase activity in tumor cells and tissues affects their

Table 5 PhosÂ¡iÂ¡Ãor\lalionkinetics of dCytl and DMDC for dCyd kinase

A cell supernatant fraction of HCTI16 human colon cancer cells was used for the
enzyme kinetic study. The kinetics parameters were determined from double reciprocal
plots of enzyme activity as a function of changing substrate concentration.

Substrates Vmiix(pmol/mg protein/min)

dCyd
DMDC

2.26
32.4

43.0
75.0

19.0
2.31

Table 4 dCyd reduces antiproliferative activity of DMDC
Cells were plated into 96-well plates (0.8-3 X IO3 cells) and incubated for 6 days. The degree of cell growth was measured with a Cell Counting Kit (DOJ1NDO). The IC50 of

test compounds was expressed as the concentration at which cell growth was inhibited by 50% as compared with the control. Cell growth inhibition rates of nucleoside or
deoxynucleoside alone (50 /IM) were lower than &'7cexcept for thymidine against PC-3 cell (28.6% of growth inhibition).

1C,,, of DMDC, nM (Fold: IC50 of DMDC with nucleoside/IC5l, of DMDC alone)

Nucleosides (50/Â¿M)None

Deoxycytidine
Cytidine
Deoxyuridine
Uridine
ThymidineHCT116157.7

Â±5.8
16760 Â±1430(106.34)"

333.5 Â±27.6(2.11)
87.6 Â±7.6 (0.56)

140.0 Â±9.7 (0.89)
67.8 Â±3.6 (0.43)DLD-1694.4

Â±168.6
99730 Â±10860(147.39)"

1389.0 Â±214.0(2.04)
608.0 Â±37.1 (0.91)
548.4 Â±55.3 (0.82)
842.2 Â±97.2 (1.24)100.3

619.3
114.3
118.8
98.7

127.0PC-37.6

65.4 (6.23)"

9.7(1.14)
8.9(1.19)
6.1 (0.99)
42.7(1.29)

' P > 0.05 versus DMDC alone (Bonferroni/Dunn test).
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CYD DEAMINASE MODULATES THE ANTITUMOR ACTIVITY OF DMDC

susceptibility to DMDC. DMDC and dCyd are phosphorylated to their
corresponding nucleoside monophosphates by dCyd kinase. However,
dCyd should competitively inhibit the activation of DMDC to DMDCMP
by this enzyme, because the Vm.M/Kmof DMDC is much smaller than that
of dCyd. In fact, we observed in the present study that dCyd greatly
reduced the antiproliferative activity of DMDC. Therefore, it is likely that
Cyd deaminase reduces the concentration of dCyd and consequently
increases the susceptibility of tumor cells and tumor tissues to DMDC.
This possibility is supported by observation that the dCyd concentrations
in tumors are inversely correlated with the levels of Cyd deaminase
activity. Conversely, dCyd may only slightly affect the efficacy of gem-

citabine, because the Vmax/ATmof gemcitabine for dCyd kinase reaction is
comparable to that of dCyd (21).

In separate experiments, only gemcitabine is susceptible to Cyd
deaminase, but DMDC was highly resistant to this enzyme (2). The
VmaJKm for Cyd deaminase for dCyd, gemcitabine, and DMDC is
559, 117. and 0.159. respectively (9). Therefore, it would naturally
follow that gemcitabine is less effective in tumors with higher levels
of the enzyme, probably because of its inactivation by the enzyme.
Neff and Blau (22) reported the Cyd deaminase gene transfection
conferred resistance to gemcitabine by up to 3-fold. In the present

study, however, the susceptibility of the human colon cancer cell line
HCT116 to gemcitabine was not decreased by Cyd deaminase gene
transfection. The enzyme up-regulation alone may not be sufficient

for this tumor cell line to become resistant to gemcitabine. Another
explanation is that this cell line may have high dCyd kinase activity.
Because dCyd kinase has a higher affinity for gemcitabine than does
Cyd deaminase (10). it is more likely that gemcitabine was phospho
rylated than deaminated in the cell line used in the present study.

We have indicated that Cyd deaminase activity in tumors may be a
useful factor for predicting the efficacy of DMDC. There are few
cytotoxic agents of which the activities have been well correlated with
tumor levels of particular enzymes in animal tumor models. DMDC is
one of these cytotoxic agents, and its efficacy should be clinically
assessed in types of cancers expressing higher levels of Cyd deami
nase activity. If DMDC proves to be highly effective in such cancers,
this unique characteristic will provide us with new treatment strate
gies. That is, the efficacy could be predicted by measuring Cyd
deaminase activity in tumors before treatment starts, or the efficacy of
DMDC could be optimized by selecting patients based on the Cyd
deaminase levels in tumors. This tumor enzyme level-driven chemo

therapy could also avoid unnecessary treatment with DMDC. Our
further investigation into the preclinical efficacy of DMDC will focus
on using its mechanisms of action to identify new methods of opti
mizing its efficacy, thereby increasing its value as a therapeutic agent
within a novel disease management strategy.
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