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Abstract Cytidine (CR) deaminase is a key enzyme in
the catabolism of cytosine nucleoside analogues, since their
deamination results in a loss of their pharmacological activ-
ity. In this report we have investigated the importance of
CR deaminase with respect to the antineoplastic action of
inhibitors of DNA methylation, 5-aza-2�-deoxycytidine
(5-AZA-CdR) and zebularine. Zebularine has a dual mech-
anism of action, since it can also inhibit CR deaminase. The
objective of our study was to investigate the importance of
zebularine as an inhibitor of CR deaminase with respect to
the antineoplastic action of 5-AZA-CdR. Using an in vitro
clonogenic assay, we investigated the antineoplastic action
of 5-AZA-CdR and zebularine, alone and in combination
on wild type 3T3 murine Wbroblasts and corresponding V5
cells transduced with CR deaminase gene to express a very
high level of CR deaminase activity. The V5 cells were
much less sensitive to 5-AZA-CdR than the wild type 3T3
cells. The addition of zebularine signiWcantly enhanced the
antineoplastic action of 5-AZA-CdR on V5 cells, but not
3T3 cells. Enzymatic analysis on CR deaminase puriWed
from the V5 cells showed that zebularine is a competitive

inhibitor of the deamination of 5-AZA-CdR. These in vitro
observations are in accord with our in vivo study in mice
with L1210 leukemia, which showed that zebularine
increased the antileukemic activity of 5-AZA-CdR.
Pharmacokinetic analysis also showed that zebularine
increased the plasma level of 5-AZA-CdR during an i.v.
infusion in mice. Our results indicate that the major mecha-
nism by which zebularine enhances the antineoplastic
action of 5-AZA-CdR is by inhibition of CR deaminase.
These Wndings provide a rationale to investigate 5-AZA-
CdR in combination with zebularine in patients with
advanced leukemia.
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Introduction

Zebularine is a cytidine (CR) analogue reported to
inhibit the DNA methyltransferase [1, 2] and conse-
quently re-expressed genes silenced by hypermethylation
of their promoter [3, 4]. Preclinical studies have shown
that zebularine has both antitumor [3, 4] and antileuke-
mic activity [5, 6]. Zebularine is also a potent competi-
tive inhibitor of the enzyme CR deaminase [7, 8]. CR
deaminase is a key enzyme in the catabolism of cytosine
nucleoside analogs, such as 5-aza-2�-deoxycytidine
(decitabine, 5-AZA-CdR) [4], since deamination results
in a loss of its pharmacologic activity [9]. 5-AZA-CdR, a
potent inhibitor of DNA methylation, has been shown to
be an eVective agent for treatment of the hematological
malignancy myelodysplastic syndrome [10, 11]. It is
reported that tumor cells and patient cancer cells increase
their CR deaminase activity as a resistance mechanism to
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antineoplastic drugs, such as 5-AZA-CdR [9, 12–14]. It
is possible that the use of zebularine in combination with
5-AZA-CdR may be one approach to overcome this prob-
lem of drug resistance.

In a previous study, we observed that zebularine
increased the curative action of high dose 5-AZA-CdR in
mice with L1210 leukemia [15]. This result can be
explained either by an additional de-methylation action of
zebularine, by preventing 5-AZA-CdR degradation, or by a
combination of these two mechanisms. In this report, we
investigated the importance of zebularine as an inhibitor of
CR deaminase with respect to the antineoplastic action of
5-AZA-CdR [16] using a cell line transduced with the CR
deaminase gene [14]. We observed that zebularine
enhanced the antineoplastic action of 5-AZA-CdR on cells
containing high levels of CR deaminase.

Materials and methods

Cell lines

The mouse lymphocytic leukemia cell line L1210 was
obtained from Dr. T. Khwaja (University of Southern
California, Los Angeles). These cells were maintained in
RPMI-1640 medium (Canadian Life Technologies,
Burlington, ON) with 5% heat-inactivated fetal bovine
serum (WISENT, St-Bruno, Quebec) and with 6 �M of
2-mercaptoethanol. The doubling time of the L1210 cells
was 10–12 h. The mouse Wbroblast NIH 3T3 was obtained
from ATCC (ATCC, USA). 3T3-CD3-V5 cells (V5) trans-
duced with CR deaminase gene was previously constructed
in our laboratory [12, 14]. Both cell lines were maintained
in Dulbecco’s modiWed essential medium (Canadian Life
Technologies) with 10% heat-inactivated fetal bovine
serum (WISENT). The doubling time of the 3T3 and V5
cells was 30–35 h. All cell lines were maintained at 37°C
with 5% CO2.

Chemicals

5-Aza-2�-deoxycytidine (FW 228.2) was obtained from
Pharmachemie (Haarlem, Netherlands). Zebularine (FW
228.2) was kindly provided by the Laboratory of Medicinal
Chemistry (NCI, NIH, Frederick, MD, USA). Both agents
were dissolved in sterile phosphate buVer saline solution
(0.2 gm/l of KCl, 0.2 gm/l of KH2PO4, 8 gm/l of NaCl and
2.16 gm/l of Na2HPO4·7H2O) for in vitro and in vivo
assays. 5-AZA-CdR was stored at ¡70°C to prevent its
decomposition; whereas zebularine was stored at ¡20°C.
CR and 5-[3H]CR were obtained from Boehringer Mann-
heim (Laval, Canada) and ICN Biomedicals (Irvine, CA,
USA), respectively.

Clonogenic assay

A 5 ml aliquot of L1210 (104 cells) in log growth phase was
placed in 25 cm2 tissue-culture Xasks. The indicated con-
centrations of drugs were added. The Xasks were incubated
at 37°C and at the indicated times, an aliquot was removed
for counting with a Model Z Coulter Counter. An aliquot of
100 cells was placed in 2 ml of 0.3% soft agar RPMI 1640
medium containing 11% serum. For 3T3 or V5 cells, 200
cells were plated in 6-well dishes and incubated for 24 h
prior to addition of diVerent concentrations of 5-AZA-CdR
and/or zebularine. The drug was removed after the diVerent
exposure times and the cells were placed in drug-free
medium. The number of colonies (>500 cells) was counted
after 7 days of incubation for L1210 cells and after 14 days
of incubation for both 3T3 and V5 cells. The cloning
eYciency of L1210 cells was in the range of 60–70%
whereas it was approximately 50% for 3T3 and V5 cells.

CR deaminase puriWcation and quantiWcation

A partial puriWcation of CR deaminase was performed on
3T3 and on V5 cells as previously described [12, 14].
BrieXy, 6 £ 107 cells were suspended in 5 mM Tris–HCl
(pH 7.4), then freeze–thawed three times and the buVer
concentration adjusted to 100 mM Tris–HCl (pH 7.4).
Samples were then centrifuged at 5°C to obtain the cyto-
solic extract. Streptomycin sulfate (65 mg/ml Wnal concen-
tration) was added followed by incubation for 10 min on
ice and centrifugation. Ammonium sulfate, pH 6.8 (70%
saturation Wnal concentration) was then added to precipitate
the enzyme on ice for 10 min. After centrifugation was
performed, the precipitate was suspend in 50 mM
Tris–HCl + 20% glycerol and stored at ¡70°C. A spectro-
photometric assay was used for quantiWcation of the CR
deaminase activity [17].

CR deaminase assay

Cytidine deaminase activity was determined using radioac-
tive CR. Diluted enzyme from both 3T3 and V5 cells was
incubated with 10 �M of 5-[3H]CR, 50 �Ci/ml (Moraveck
Biochemicals inc., CA) with 50 mM Tris–HCl (pH 7.4) for
10 min at 37°C [12, 13], with or without zebularine. The
reaction was stopped by adding cold HCl 0.001 N and the
mixture was placed on Whatman P-81 phosphocellulose
discs. The amount of radioactive cytosine moiety bound to
the disc was determined by scintillation counting. The
amount of the enzyme that catalyzed the deamination of
1 nmol of CR per minute was deWned as 1 unit (U) of
enzyme activity. The rate of deamination of 5-AZA-CdR
was determined by spectrophotometric assay at 245 nm using
a Gilford 260 spectrophotometer [17]. The reaction mixture
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(0.1 ml) contained 20 mM KH2PO4 (pH 7.5), 100 mM KCl,
the indicated concentration of substrate, and about 2 U or
5.8 �g puriWed CR deaminase from V5 cells. The Michaelis–
Menten constant (Km) for 5-AZA-CdR and inhibition con-
stant (Ki) for zebularine were determined using the method
of Lineweaver–Burk with diVerent substrate concentrations
and a constant inhibitor concentration [18].

Chemotherapy of leukemia in mice

BALB/c £ DBA/2 (hereafter called CD2F1) male mice
weighing 24–28 g were obtained from Taconic Biotechnol-
ogy (Germantown, NY, USA). Mice were acclimatized to
housing conditions for at least 2 weeks before experiments.
The mice received food and water ad libitum. The animal
committee approved the experimental protocol and the ani-
mals were handled in accordance with institutional guide-
lines. Transplantation of L1210 leukemic cells was
performed by weekly i.p. injections of 104 cells in 0.1 ml of
RPMI-1640 medium into CD2F1 mice. Seven days later,
the ascitic Xuid was obtained and a cell count of the leuke-
mic cells was performed with a hemocytometer. For
chemotherapy, the mice were injected i.v. into the lateral
tail vein with 0.1 ml of L1210 (104 cells) on day 1 [15].
5-AZA-CdR (2 mg/kg) and/or zebularine (20 mg/kg) were
administered as a 15 h i.v infusion on day 2 using a
Harvard infusion pump and Xow rate of 0.22 ml/h via a
25-gauge needle attached to a butterXy tube into the lateral
tail vein. Mice were placed in a restrainer cage during drug
treatment. The survival time of each group of leukemic
mice (11 mice per group) was monitored and the increase in
life span (ILS) calculated.

Pharmacokinetic analysis of 5-AZA-CdR in mice

Mice received 5-AZA-CdR and/or zebularine by i.v. infu-
sion for 4 h. Blood samples were obtained by cardiac punc-
ture. A standard clonogenic assay as described above was
then performed on L1210 cells with diVerent concentra-
tions of 5-AZA-CdR for a standard curve and with diVerent
dilutions of plasma from the drug-treated mice. The plasma
concentration of 5-AZA-CdR in presence or absence of
zebularine was estimated from the standard curve [19].

Statistical considerations

For statistical analysis of in vitro experiments, the one-way
ANOVA was performed and the P value was evaluated
accordingly to Tukey’s method. The Kaplan–Meier method
was used to analyze the survival curves using the GraphPad
Prism software (San Diego, CA, USA). A value P < 0.05
was taken to indicate statistical signiWcance. The data cor-
respond to the mean values § SD for n ¸ 3.

Results

Analysis of extracts of V5 cells indicated that these trans-
duced cells contained 25-fold greater CR deaminase activ-
ity than the wild type 3T3 cells (Table 1), as reported
previously [12, 14]. Enzyme kinetic analysis on CR deami-
nase from V5 cell showed that zebularine was a competi-
tive inhibitor of the deamination of 5-AZA-CdR (Fig. 1).
The estimated apparent Km value for 5-AZA-CdR was
47.7 �M, whereas the estimated inhibitory constant (Ki) for
zebularine was 0.95 �M.

Clonogenic assay showed that the V5 cells were less
sensitive to the antineoplastic action of 5-AZA-CdR as
compared to the 3T3 cells (Table 2). The antineoplastic
activity of zebularine for both these cell lines was similar,
but very weak. When zebularine was used in combination
with 5-AZA-CdR, it produced a marked enhancement of
the antineoplastic activity of this cytosine nucleoside ana-
log on the V5 cells, but not the 3T3 cells (Fig. 2). A similar
interaction between these two agents was observed for both
the 24 and 48 h exposure times.

Zebularine also enhanced the survival time of mice
with L1210 leukemia treated with 5-AZA-CdR (Fig. 3).
About 27% of the mice treated with this drug combina-
tion had a survival time longer than the mice treated with
only 5-AZA-CdR (P < 0.05). Mice treated with zebular-
ine alone had a survival time that was not signiWcantly
diVerent from the control mice [15]. In this mouse
model, the leukemic cells were injected i.v. to give an
anatomical distribution similar to the human disease.
The mice received a 15 h i.v. infusion of 5-AZA-CdR
(2 mg/kg) and/or zebularine (20 mg/kg). From the
published pharmacokinetic data on zebularine [20], we
estimated that the steady state plasma level of this agent
was in the range of 6 �M (»1,400 ng/ml). In order to
determine if zebularine increased the plasma level of
5-AZA-CdR by inhibition of CR deaminase, we deter-
mined the steady state plasma level of this cytosine
nucleoside analog (Table 3). Co-infusion of zebularine
increased the 5-AZA-CdR plasma level by 2-fold.

Table 1 CR deaminase activity in 3T3 and V5 cells

CR deaminase activity was obtained by CR deaminase assay using a
radioactive substrate
a Mean value § SD n ¸ 4

Cell line CR deaminase 
activity (units/mg)

3T3 cells 14.7 § 6.2a

V5 cells 338 § 75
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Discussion

Zebularine is an interesting antineoplastic agent [1]. Its
capacity to inhibit DNA methylation can result in reacti-
vation of silent tumor suppressor genes [2–5]. Zebular-
ine shows inhibitory activity against both tumor and
leukemic cells [3–5]. In mouse models, zebularine at
high doses shows signiWcant antitumor [3] and antileu-
kemic activity [6]. Zebularine is also a potent inhibitor
of CR deaminase [8, 16], which is of great importance
since this enzyme inactivates cytosine nucleoside ana-
logs [9, 13]. We reported previously that zebularine
enhances the curative activity of the potent inhibitor of
DNA methylation 5-AZA-CdR in mice with L1210 leu-
kemia [15]. An important question is whether this
enhancement of the epigenetic action of 5-AZA-CdR is
due to the additional inhibition of DNA methylation or

Fig. 1 Lineweaver–Burk plot of the eVect of zebularine on the
deamination of diVerent concentrations of 5-AZA-CdR by CR
deaminase. 5-AZA-CdR plus 500 ng/ml of zebularine (black squares);
5-AZA-CdR alone (white squares). S = �M 5-AZA-CdR; zebularine
concentration 2.19 �M
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Table 2 EVect of diVerent concentrations and exposure times of
5-AZA-CdR on loss of clonogenicity of 3T3 and V5 cells

a Mean value § SD n ¸ 4

Drug 
concentration 
(ng/ml)

Loss of clonogenicity (%)

3T3 exposure time (h) V5 exposure time (h)

24 48 24 48

5-AZA-CdR

1 22.6 § 12.7a 19.0 § 18.9a 6.1 § 7.2a 9.4 § 12.2a

10 28.6 § 13.3 54.9 § 20.1 6.8 § 10.1 7.1 § 7.5

20 58.6 § 14.3 85.3 § 9.4 8.6 § 9.5 6.9 § 7.6

100 91.3 § 4.2 98.0 § 2.5 23.1 § 13.8 44.5 § 25.3

Zebularine

1 22.0 § 17.4 14.0 § 13.2 19.0 § 18.0 15.2 § 19.7

10 9.0 § 13.1 6.0 § 7.4 3.0 § 4.7 9.4 § 10.8

100 9.0 § 12.7 4.0 § 4.9 9.0 § 11.6 9.0 § 11.3

1,000 12.0 § 11.6 11.0 § 9.9 11.4 § 8.9 15.5 § 13.0

Fig. 2 EVect of zebularine on antineoplastic action of 5-AZA-CdR on
3T3 cells and V5 cells transduced with CR deaminase gene. The cells
were exposed to 20 ng/ml 5-AZA-CdR and/or 1,000 ng/ml zebularine
(Zeb) for either 24 h (a) or 48 h (b). Cell survival was determined by
clonogenic assay. For V5 cells, the loss of clonogenicity of 5-AZA-
CdR plus zebularine was greater than 5-AZA-CdR or zebularine alone
(P < 0.05)
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reduction in its inactivation by zebularine. We showed
previously that co-incubation of HL-60 human myeloid
leukemic cells with 5-AZA-CdR and zebularine gives a
greater re-expression of the tumor suppressor gene
p57KIP2 compare to each agent alone, whereas zebular-
ine by itself does not demethylate the gene [15]. Also,
zebularine is reported to sustain the demethylation
produced by 5-AZA-CdR on human bladder cells [4]. In
this report, we focus on the ability of zebularine to
inhibit the CR deaminase and to prevent the degradation
of 5-AZA-CdR to explain the longer survival time of
mice with L1210 leukemia treated with both compounds.

In order to clarify the interaction between 5-AZA-CdR
and zebularine, we used a murine Wbroblast cell line (V5)
that was transduced with the CR deaminase gene and
expresses very high levels of CR deaminase activity [12,
14; Table 1]. We observed that the transduced V5 cells
showed signiWcant drug resistance to 5-AZA-CdR as
compared to the wild type cells (Table 2) and therefore
represent a trustable model of resistance to cytosine nucleo-
side analogues. The addition of zebularine to 5-AZA-CdR
enhances its antineoplastic activity against the V5
transduced cells, but not the wild type 3T3 cells (Fig. 2).
Enzymatic analysis of CR deaminase puriWed from the V5
cells showed that zebularine was a competitive inhibitor of
the deamination of 5-AZA-CdR (Fig. 1). In this cellular
model, the enhancement of the antineoplastic activity of
5-AZA-CdR by zebularine was due primarily to its inhibi-
tion of CR deaminase. We based this conclusion on the fact
that zebularine did not produce a signiWcant enhancement
of 5-AZA-CdR on the wild type cells.

In order to show that the enhancement of antineoplastic
activity of 5-AZA-CdR was due to the inhibition of CR
deaminase by zebularine, we administered a 15 h i.v. infu-
sion of low dose 5-AZA-CdR with and without zebularine
to mice with L1210 leukemia. The low dose 5-AZA-CdR
was used to clarify the in vivo role of CR deaminase with
respect to the metabolism of this analog. The addition of
zebularine to 5-AZA-CdR increased signiWcantly the sur-
vival time of the leukemic mice as compared to the mice
administered 5-AZA-CdR alone (Fig. 3). Pharmacokinetic
analysis showed that the addition of zebularine signiWcantly
increased the plasma level of 5-AZA-CdR in the mice
(Table 3). These observations are supportive to our hypoth-
esis that the enhancement of the antineoplastic action of
5-AZA-CdR by zebularine is due to reduction in the catab-
olism of this cytosine nucleoside analog. Our results may
have clinical application for the therapy of leukemia in
patients. Due to the very high levels of CR deaminase in
human liver [21], this organ may act as a “biochemical
sanctuary” for leukemic stem cells during therapy with
5-AZA-CdR [22]. The use of zebularine in combination
with 5-AZA-CdR may be a way to overcome this problem
and increase the clinical eYcacy of this epigenetic agent in
patients with hematological malignancies.

Acknowledgments This study was supported by grants from the
Canadian Cancer Society and the Cancer Research Society. M.L. is
recipient of a studentship from the Fonds de la recherche en santé du
Québec.

References

1. Marquez VE, Kelley JA, Agbaria R, Ben-Kasus T, Cheng JC,
Yoo CB, Jones PA (2005) Zebularine: a unique molecule for an

Fig. 3 Kaplan–Meier survival curve of mice with L1210 leukemia
treated with zebularine and 5AZA-CdR. The mice received an i.v.
injection of 104 L1210 leukemic cells day 1. On day 2 the mice were
administered a 15 h i.v. infusion of 5-AZA-CdR (2 mg/kg) and/or zeb-
ularine (20 mg/kg). The control leukemic mice without treatment sur-
vived 7.3 days. Mice treated with zebularine alone had a survival time
that was not signiWcantly diVerent from the control mice (data not
shown) [15]. About 27% of the mice that received 5-AZA-CdR plus
zebularine survived longer than those who were treated with 5-AZA-
CdR alone (P < 0.05)

Table 3 Pharmacokinetic analysis of 5-AZA-CdR during i.v. infusion
in mice

5-AZA-CdR and/or zebularine were administered as a 15 h i.v. infu-
sion at total doses of 2 and 20 mg/kg, respectively. Blood samples were
obtained after 4 h i.v. infusion and plasma concentration of 5-AZA-
CdR was determined by bioassay on L1210 leukemic cells
a Mean value § SD n = 4

Drug Plasma level

Rate drug infusion 
[mg/(kg h)]

5-AZA-CdR 
(ng/ml)

5-AZA-CdR 0.133 71.4 § 3.3a

Zebularine 1.33 0

5-AZA-CdR + zebularine 0.133 + 1.33 149.2 § 34.2
123



416 Cancer Chemother Pharmacol (2009) 63:411–416
epigenetically based strategy in cancer chemotherapy. Ann N Y
Acad Sci 1058:246–254

2. Zhou L, Cheng X, Connolly BA, Dickman MJ, Hurd PJ, Hornby
DP (2002) Zebularine: a novel DNA methylation inhibitor that
forms a covalent complex with DNA methyltransferases. J Mol
Biol 23:591–599

3. Cheng JC, Matsen CB, Gonzales FA, Ye W, Greer S, Marquez
VE, Jones PA, Selker EU (2003) Inhibition of DNA methylation
and reactivation of silenced genes by zebularine. J Natl Cancer Inst
95:399–409

4. Cheng JC, Weisenberger DJ, Gonzales FA, Gangning L, Xu GL,
Hu YG, Marquez VE, Jones PA (2004) Continuous zebularine
treatment eVectively sustains demethylation in human bladder
cancer cells. Mol Cell Biol 24:1270–1278

5. Scott SA, Lakshimikuttysamma A, Sheridan DP, Sanche SE,
Geyer CR, DeCoteau JF (2007) Zebularine inhibits human acute
myeloid leukemia cell growth in vitro in association with
p15INK4B demethylation and reexpression. Exp Hematol
35:263–273

6. Herranz M, Martin-Caballero J, Fraga MF, Ruiz-Cabello J, Flores
JM, Desco M, Marquez VE, Esteller M (2006) The novel DNA
methylation inhibitor zebularine is eVective against the develop-
ment of T-cell lymphoma. Blood 107:1174–1177

7. Carlow D, Wolfenden R (1998) Substrate connectivity eVects in
the transition state for cytidine deaminase. Biochemistry
37:11873–11878

8. Frick L, Yang C, Marquez VE, Wolfenden R (1989) Binding of
pyrimidin-2-one ribonucleoside by cytidine deaminase as the tran-
sition-state analogue 3,4-dihydrouridine and the contribution of
the 4-hydroxyl group to its binding aYnity. Biochemistry
28:9423–9430

9. Momparler RL (2005) Pharmacology of 5-aza-2�-deoxycytidine
(decitabine). Semin Hematol 42(suppl 2):S9–S16

10. Issa JP, Garcia-Manero G, Giles FJ, Mannari R, Thomas D, Faderl
S, Bayar E, Lyons J, Rosenfeld CS, Cortes J, Kantarjian HM
(2004) Phase 1 study of low-dose prolonged exposure schedules of
the hypomethylating agent 5-aza-2�-deoxycytidine (decitabine) in
hematopoietic malignancies. Blood 103:1635–1640

11. Ruter B, Wijermans PW, Lubbert M (2006) Superiority of pro-
longed low-dose azanucleoside administration? Results of 5-aza-
2�-deoxycytidine retreatment in high-risk myelodysplasia patients.
Cancer 106:1744–1750

12. Momparler RL, Eliopoulos N, Bovenzi V, Letourneau S,
Greenbaum M, Cournoyer D (1996) Resistance to cytosine

arabinoside by retrovirally mediated gene transfer of human cyti-
dine deaminase into murine Wbroblast and hematopoietic cells.
Cancer Gene Ther 3(5):331–338

13. Onetto N, Momparler RL, Momparler LF, Gyger M (1987) In vitro
biochemical tests to evaluate the response to therapy of acute
leukemia with cytosine arabinoside or 5-AZA-2�-deoxycytidine.
Semin Oncol 14(suppl 1):231–237

14. Eliopoulos N, Cournoyer D, Momparler RL (1998) Drug resis-
tance to 5-aza-2�-deoxycytidine, 2�,2�-diXuorodeoxycytidine, and
cytosine arabinoside conferred by retroviral-mediated transfer of
human cytidine deaminase cDNA into murine cells. Cancer Che-
mother Pharmacol 42:373–378

15. Lemaire M, Momparler LF, Bernstein ML, Marquez VE,
Momparler RL (2005) Enhancement of antineoplastic action of
5-aza-2�-deoxycytidine by zebularine on L1210 leukemia. Anti-
Cancer Drugs 16:301–308

16. Laliberté J, Marquez VE, Momparler RL (1992) Potent inhibitors
for the deamination of cytosine arabinoside and 5-aza-2�-deoxy-
cytidine by human cytidine deaminase. Cancer Chemother Phar-
macol 30:7–11

17. Chabot G, Bouchard J, Momparler RL (1983) Kinetics of deami-
nation of 5-aza-2�-deoxycytidine and cytosine arabinoside by
human liver cytidine deaminase and its inhibition by 3-deazauri-
dine, thymidine or uracil arabinoside. Biochem Pharmacol
32:1327–1328

18. Dixon M, Webb EC (1979) Enzymes. Academic Press, New York
19. Momparler RL, BouVard DY, Momparler LF, Dionne J, Belanger

K, Ayoub J (1997) Pilot phase I-II study on 5-aza-2�-deoxycyti-
dine (decitabine) in patients with metastatic lung cancer. Antican-
cer Drugs 8:358–368

20. Holleran JL, Parise RA, Joseph E, Eiseman JL, Covey JM, Glaze
ER, Lyubimov AV, Chen YF, D’Argenio DZ, Egorin MJ (2005)
Plasma pharmacokinetics, oral bioavailability, and interspecies
scaling of the DNA methyltransferase inhibitor, zebularine. Clin
Cancer Res 11:3862–3868

21. Ho DH (1973) Distribution of kinase and deaminase of 1-beta-D-
arabinofuranosylcytosine in tissues of man and mouse. Cancer Res
33:2816–2820

22. Momparler RL, Côté S, Eliopoulos N (1997) Pharmacological
approach for optimization of the dose-schedule of 5-aza-2�-deox-
ycytidine (decitabine) for the therapy of leukemia. Leukemia
11:175–180
123


	Inhibition of cytidine deaminase by zebularine enhances the antineoplastic action of 5-aza-29-deoxycytidine
	Abstract
	Introduction
	Materials and methods
	Cell lines
	Chemicals
	Clonogenic assay
	CR deaminase puriWcation and quantiWcation
	CR deaminase assay
	Chemotherapy of leukemia in mice
	Pharmacokinetic analysis of 5-AZA-CdR in mice
	Statistical considerations

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


