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Clofarabine (CAFdA) is incorporated into leukemic cells by human
equilibrative nucleoside transporters (hENT) 1 and 2 and human
concentrative nucleoside transporter (hCNT) 3. CAFdA is then phos-
phorylated to the active metabolite CAFdA triphosphate (CAF-
dATP) by deoxycytidine kinase (dCK) and deoxyguanosine kinase
(dGK). Two novel CAFdA-resistant variants were established and
their mechanism of resistance was elucidated. The two variants
(HL ⁄CAFdA20, HL ⁄CAFdA80) were 20-fold and 80-fold more
CAFdA-resistant than HL-60, respectively. mRNA levels of hENT1,
hENT2 and hCNT3 were 53.9, 41.8 and 17.7% in HL ⁄CAFdA20, and
30.8, 13.9 and 7.9% in HL ⁄CAFdA80, respectively, compared with
HL-60. Thus, the total nucleoside transport capacity of CAFdA was
reduced in both variants. dCK protein levels were 1 ⁄ 2 in HL ⁄
CAFdA20 and 1 ⁄ 8 in HL ⁄CAFdA80 of that of HL-60. dGK protein lev-
els were 1 ⁄ 2 and 1 ⁄ 3, respectively. CAFdATP production after
4-h incubation with 10 lM CAFdA was 20 pmol ⁄ 107cells in HL ⁄
CAFdA20 and 3 pmol ⁄ 107cells in HL ⁄CAFdA80 compared with
63 pmol ⁄ 107cells in HL-60. The decreased CAFdATP production
attenuated drug incorporation into both mitochondrial and
nuclear DNA. In addition, the two variants were resistant to
CAFdA-induced apoptosis due to Bcl2 overexpression and
decreased Bim. A Bcl2 inhibitor, ABT737, acted synergistically with
CAFdA to inhibit the growth with combination index values of
0.27 in HL ⁄CAFdA20 and 0.23 in HL ⁄CAFdA80, compared with 0.65
in HL-60. Thus, the mechanism of resistance primarily included not
only reduced CAFdATP production, but also increased antiapopto-
sis. The combination of CAFdA and ABT737 may be effective
against CAFdA resistance. (Cancer Sci 2013; 104: 732–739)

T he mainstay of leukemia chemotherapy has included
purine and pyrimidine nucleoside analogs for nearly

50 years. Clofarabine (2-chloro-2′-arabinofluoro-2′-deoxyadenosine,
CAFdA) is a relatively new purine nucleoside analog.(1–5) The ratio-
nale behind its design was to combine the structural features of
cladribine and fludarabine.(5,6) CAFdA is toxic to non-proliferating
human lymphocytes and rapidly proliferating cells.(5) Preclinical
studies showed that CAFdA had a high degree of efficacy. In 2004,
the US Food and Drug Administration approved CAFdA (Clolar,
Genzyme, Cambridge, MA, USA) for the treatment of pediatric
patients with acute lymphoblastic leukemia (ALL). The anti-cancer
activities of CAFdA toward various types of tumors are thus being
investigated in other age groups of leukemia.(7–10)

On administration, CAFdA is transported into leukemic cells
through two types of nucleoside transporters: human equilibra-
tive nucleoside transporters (hENT) 1 and 2 and human con-
centrative nucleoside transporter (hCNT) 3.(11) The transport
via hENT is a sodium-independent mechanism involving
primarily bidirectional facilitative diffusion driven by a
gradient in nucleoside concentration. In contrast, the hCNTs
are sodium-dependent active transporters for their ability

against a concentration gradient. Inside the cell, CAFdA is
phosphorylated to its monophosphate derivative, not only by
the cytoplasmic enzyme deoxycytidine kinase (dCK) but also
by the mitochondrial enzyme deoxyguanosine kinase (dGK).
Further intracellular phosphorylation results in the production
of the active metabolite CAFdA triphosphate (CAFdATP).
CAFdATP is incorporated into DNA, thereby terminating
DNA elongation and eventually inducing apoptosis.(12–17)

CAFdA also induces apoptosis via direct mitochondrial dam-
age.(13)

Pharmacological understanding of action of CAFdA is
crucial to its optimal administration. Moreover, the biochemi-
cal and molecular mechanisms of drug resistance may be a
clue to overcoming treatment failure. In the present study, two
resistant to CAFdA were developed and their mechanisms of
resistance were investigated. The study focused on factors that
were involved in intracellular CAFdATP production and in
drug-induced apoptosis. An effective strategy to sensitize the
cells to CAFdA was also proposed.

Materials and Methods

Drugs and chemicals. CAFdA was kindly provided by
Genzyme. Cytarabine (ara-C), gemcitabine, cladribine, doxoru-
bicin, etoposide, vincristine and nitrobenzylmercaptopurine
ribonucleoside were purchased from Sigma Aldrich (St. Louis,
MO, USA). Bcl2 inhibitor ABT737 was obtained from Selleck
Chemical Company (Houston, TX, USA). [3H]-clofarabine was
purchased from the Japanese Isotope Association (Tokyo,
Japan).

Cell culture and establishment of two CAFdA-resistant HL-60
variants. The human acute leukemia HL-60 cells were cultured
in RPMI 1640 media supplemented with 10% FCS at 37°C.
The parental HL-60 cells were treated with escalating concen-
trations of CAFdA. The initial concentration was 1 ⁄100 the
concentration required to inhibit 50% growth of the cells
(IC50). CAFdA was added stepwise increasingly. After
repeated passages, one cell line resistant to CAFdA (HL ⁄CAF-
dA20) was cloned by the limiting dilution method. A portion
of this clone was further maintained to develop another variant
(HL ⁄CAFdA80) that exhibited greater CAFdA resistance than
the first variant, HL ⁄CAFdA20.

Proliferation assay. To evaluate growth inhibition effects, the
XTT assay was performed according to the manufacturer’s
instructions (Roche, Indianapolis, IN, USA), with slight
modifications.(18)

Quantitative RT-PCR. To evaluate mRNA levels of hENT1,
hENT2 and hCNT3, real-time RT-PCR was performed using
the ABI Prism 7900 sequence detection system (Applied
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Biosystems, Foster City, CA, USA).(19) The hENT1 primers
were: forward, 5′-TGTTTCCAGCCGTAGACT-3′ and reverse,
5′-CAGGCCACATGAATACAG-3′. The hENT2 primers were:
forward, 5′-CAGGAATCTGCATGTTCATCC-3′ and reverse,
5′-ACCTAGGCCCGAAAACACTGT-3′. The hCNT3 primers
were: forward, 5′-TGCCAATATCGGGTCCCAT-3′ and
reverse, 5′-GAGGCGATATC ACGCTTTCTG-3′. The b2
micro globulin primers were: forward, 5′-CTAGGAGGGCTG
GCAACTTA-3′ and reverse, 5′-CCCCCAAATT CTAAGCAG
AG-3′. The thymidine kinase 1 (TK1) primers were: forward,
5′-GTGTGCATGGAGTGCTTCC-3′ and reverse, 5′-TGTGTC
GGCTCTGCTACTTCAA-3′. The thymidine kinase 2 (TK2)
primers were: forward, 5′-GAGGAGTGGCTCATCAAAGG-3′,
and reverse, 5′-TGAACAAAATCGGGATCGA-3′. All primers
were purchased from Invitrogen (San Diego, CA, USA). RNA
from HL60 cells was used as a reference control to normalize
each of the nucleoside transporter ⁄b2 microglobulin amplifica-
tion ratios.

Nucleoside transport capacity. To determine cellular transport
capacity, nucleoside analog uptake was quantified in all cell
lines using the method of Wiley et al.(20), with slight modifica-
tions. The cells were pulsed for 20, 40 s with tritiated CAFdA,
solubilized and subjected to scintillation counting. Transport
capacity was determined in the absence and presence of nitrob-
enzylmercaptopurine ribonucleoside (NBMPR).

Western blot analysis. To determine protein levels of dCK,
dGK, the members of the Bcl2 family and caspase 3, western
blotting was performed. The membranes were probed using
standard techniques. The membrane was visualized using
Image Quant LAS4000 mini apparatus (GE Healthcare, Upp-
sala, Sweden). The antibody against dCK was provided by
Dr Hori.(21) Mouse polyclonal anti-dGK (Abcam, Cambridge,
UK), rabbit polyclonal anti-Bcl-2, rabbit polyclonal anti-Bim,
rabbit polyclonal anti-Bax, rabbit polyclonal anti-caspase 3 and
rabbit polyclonal anti-Cox IV antibody, rabbit polyclonal anti-
BclxL, rabbit polyclonal anti-Mcl-1, rabbit polyclonal anti-
Bak, rabbit polyclonal anti-Bid, rabbit polyclonal anti-Bad,
rabbit polyclonal anti-Bik, rabbit polyclonal anti-Puma (all
from Cell Signaling Technology, Beverly, MA, USA) and rab-
bit polyclonal anti-actin antibody (Sigma, St Louis, MO, USA)
were used as primary antibodies. dCK in the cytoplasmic frac-
tion and dGK in the mitochondrial fraction were evaluated
after both fractions had been separated using the Calbiochem
Proteo Extract Subcellular Proteome Extraction Kit (EMD
Biosciences, Darmstadt, Germany).

Determination of CAFdATP. To quantify intracellular CAF-
dATP concentrations, the HPLC method previously established
in our laboratory was used.(22) Cells (1 9 106 ⁄mL, 20 mL)
were incubated with CAFdA at different concentrations for
various time periods at 37°C. The intracellular concentrations
of CAFdATP were expressed as pmol ⁄107cells. The limit of
detection was 10 pmol.

Mitochondrial membrane potential. To elucidate CAFdA-
mediated mitochondrial damage, mitochondrial membrane
potential was determined. The cells were treated for 24 h with
1 or 10 lM CAFdA, were stained with near infrared (NIR)
dye and underwent flowcytometric analysis.

Double stain of nuclei and mitochondria. The cells were trea-
ted for 24 h with 1 or 10 lM CAFdA, and were incubated
with NIR dye and 1 lM Hoechist 33342 dye for 30 min at
37°C. The images were analyzed using Confocal Microscopy
(Leica TCS SP2, Wetzler, Germany). Cells were classified into
three groups: live cells (mitochondria were intact), mitochon-
dria-damaged cells (mitochondrial particles were aggregated),
and apoptotic cells (mitochondria disappeared). We counted
approximately 40 cells in four different fields for each sample
to classify them in the three groups. The data showed the

average percentage of all of the cells in three cell lines at the
indicated concentration.

Distribution of CAFdA inside the cell. To determine the locali-
zation of CAFdA inside the cell, nuclear and mitochondrial
fractions were separated after treatment for 24 h with tritiated
CAFdA (specific activity: 3.3 lCi ⁄mL at 0.2 lM). The radio-
activity of each fraction was calculated using a scintillation
counter.

Quantification of CAFdA-induced apoptosis. To measure the
cytotoxicity of CAFdA, drug-induced apoptosis was calculated.
Treated with different concentrations for 24 h, the cells were
stained with propidium iodide and subjected to cell cycle anal-
ysis using flowcytometry. The sub-G1 fraction was quantified.
Alternatively, the cells were labeled with annexin-V and propi-
dium iodide simultaneously and evaluated for their positivity
using flowcytometry.(23) Moreover, apoptosis was detected by
evidence of caspase 3 cleavage.

Calculation of the combination index. Combination index (CI)
analysis provides quantitative information on the nature of
drug interaction. CI was calculated as follows:

CI ¼ CAx

ICxA
þ CBx

ICxB
:

CAx and CBx are the concentrations of drug A and drug B
used in combination to achieve x% drug effect. ICxA and
ICxB are the concentrations for single agents to achieve the
same effect. CI values of less than, equal to and more than 1
indicate synergy, additivity and antagonism, respectively.(24)

Statistical analyses. All graphs and curves were generated
with GraphPad Prism software (GraphPad Software, San
Diego, CA, USA). All statistical analyses were performed
using Microsoft Excel (Microsoft Corporation, Redmond, WA,
USA). P-values were calculated using the unpaired t-test with
two-tailed analysis.

Results

Establishment of two new leukemic cell lines resistant to
CAFdA. The growth inhibitory effects of CAFdA were com-
pared among HL-60, HL ⁄CAFdA20 and HL ⁄CAFdA80. The
IC50 values indicated that HL ⁄CAFdA20 and HL ⁄CAFdA80
were 20-fold (P < 0.01) and 80-fold (P < 0.01) more CAFdA-
resistant than HL-60, respectively (Table 1). HL ⁄CAFdA20
and HL ⁄CAFdA80 showed cross-resistance against similar

Table 1. Drug sensitivities of HL-60, HL ⁄ CAFdA20 and HL ⁄ CAFdA80

IC50 (nM)

HL-60 HL ⁄ CAFdA20 HL ⁄ CAFdA80

Clofarabine 22.5 451.4 (20.0) 1775.0 (79.0)

Cytarabine 17.6 10 001.0 (568.0)* ND

Gemcitabine 3.3 35.3 (11.0)* 1124.0 (341.0)*

Cladribine 4.1 373.0 (91.0)* 1825.0 (445.0)*

F-ara-A 113.0 217.0 (1.9)n.s. 489.0 (4.3)*

Doxorubicin 57.4 98.1 (1.7)n.s. 323.0 (5.6)*

Vincristine 28.3 33.3 (1.2)n.s. 30.9 (1.1)n.s.

Etoposide 79.7 93.3 (1.2)n.s. 153.0 (1.9)n.s.

ABT737 63.8 294.0 (4.6)n.s. 1135.0 (18.0)n.s.

*P < 0.01. Exponential growing cells (HL-60, HL ⁄ CAFdA20 and HL ⁄
CAFdA80) were exposed to increasing concentrations of a given anti-
cancer agent as indicated for 72 h. The number in the parentheses is
the relative resistance, which was obtained by dividing the IC50 value
of HL ⁄ CAFdA20 or HL ⁄ CAFdA80 by that of HL-60. F-ara-A, fludurabine
nucleoside; ND, not determined because the IC50 values were beyond
the upper detection limit.
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nucleoside analogs, including ara-C, gemcitabine, cladribine
and fludarabine nucleoside, and against anthracycline doxoru-
bicin. HL ⁄CAFdA80 was more resistant to these analogs than
HL ⁄CAFdA20. However, no cross-resistance was seen with
vincristine and etoposide (Table 1). The results thus indicated
that two CAFdA-resistant cell lines with different degrees of
resistance were successfully developed, and they were cross-
resistant to similar nucleoside analogs.

Decreased production of intracellular CAFdATP. The intracellu-
lar active metabolite CAFdATP was quantified in the three cell
lines using HPLC.(22) When HL-60 was incubated with various
concentrations of CAFdA, CAFdATP production increased
concentration-dependently and reached a plateau at concentra-
tions between 10 and 20 lM (Fig. 1a). Compared with the
HL-60, the variants yielded decreased CAFdATP, with a
greater reduction in HL ⁄CAFdA80 than in HL ⁄CAFdA20. The
CAFdATP level after 4-h incubation with 20 lM CAFdA was
28 pmol ⁄107cells in HL ⁄CAFdA20, 3 pmol ⁄ 107cells in HL
⁄CAFdA80 and 54 pmol ⁄107cells in HL-60. The results sug-
gested that the decrease in the intracellular active metabolite
was the major mechanism of CAFdA resistance, with a greater
reduction in the more resistant cell line.

Membrane transporters and drug uptake capacity. Membrane
transporters and dCK and dGK are most closely associated
with the intracellular CAFdATP production.(25,26) Quantitative
RT-PCR demonstrated that mRNA levels of hENT1, hENT2
and hCNT3 were 53.9, 41.8 and 17.7% in HL ⁄CAFdA20, and
30.8, 13.9 and 7.9% in HL ⁄CAFdA80, respectively, compared
with HL-60 (Fig. 1d–f). The nucleoside uptake capacity was
also determined as these transporters’ function. The values of
the initial uptake of CAFdA after 40-s pulse treatment with
tritiated CAFdA were 0.97 � 0.10 pmol ⁄107cells in HL ⁄CAF-
dA20 and 0.57 � 0.05 pmol ⁄107cells in HL ⁄CAFdA80, com-

pared with 1.88 � 0.11 pmol ⁄ 107cells in HL60 (Fig. 1b). The
results indicated a decreased capacity of CAFdA uptake, which
correlates with the reduced CAFdATP production. Greater sup-
pression was found in the more resistant cell line. Thus, these
results suggested that the decreased drug uptake was due to
the reduced transporters in variant cell lines. Of note, the
reduction in hCNT3 was first reported in cancer cells resistant
to CAFdA.

Cytoplasmic deoxycytidine kinase and mitochondrial
deoxyguanosine kinase levels. Quantitative RT-PCR demon-
strated that HL ⁄CAFdA20 and HL ⁄CAFdA80 exhibited
43.5 � 10.5% (P < 0.01) and 30.0 � 13.0% (P < 0.01),
respectively, of dCK mRNA levels compared with HL-60
(Fig. 2a). Moreover, these two variants showed 78.1 � 7.2%
(P < 0.05) and 62.9 � 13.8% (P < 0.05) of dGK mRNA
expression, respectively, compared with HL-60 (Fig. 2b).
Greater reduction in both transcripts was found in the more
resistant cell line. The transcript level of cytosolic 5′-nucleotid-
ase II was not increased in the resistant cells (Fig. 2c), sug-
gesting that dephosphorylation of CAFdA was not involved in
the development of resistance. TK1 and TK2 mRNA levels,
both of which were not associated with the intracellular metab-
olism of CAFdA, were not changed significantly (Fig. 2d,e).
Similarly, western blotting revealed that cytoplasmic dCK and
mitochondrial dGK proteins were downregulated (Fig. 2f–h).
Importantly, the reduction in the dGK level has not been
reported previously.(25) Thus, the results suggested that
decreased levels of dCK and dGK were responsible for the
attenuated intracellular CAFdATP production, thereby compro-
mising the cytotoxicity in the two resistant variants.

Incorporation of CAFdA into nuclear and mitochondrial DNA.
The incorporation of CAFdA into nuclear and mitochondrial
DNA was measured after incubation with tritiated CAFdA and

HL60

HL/ 
CAFdA20

HL/ 
CAFdA80

HL60

HL/ 
CAFdA20

HL/ 
CAFdA80

HL60

HL/ 
CAFdA20

HL/ 
CAFdA80

NBMPR NBMPR +

(a) (b) (c)

(d) (e) (f)

Fig. 1. (a) Measurement of intracellular CAFdATP. The cells were incubated for 4 h with different concentrations (0, 2, 10 and 20 lM) of CAF-
dA, followed by quantification of CAFdATP using HPLC. (b,c) Cellular uptake of tritiated CAFdA. The capacity of the transporters was determined
as the initial drug uptake. The cells were pulsed with tritiated CAFdA for 0, 20 and 40 s in the absence of nitrobenzylmercaptopurine ribonucleo-
side (NBMPR) (b) and in the presence of NBMPR (c). The experiments were performed at least three times in each cell line. (d–f) Cellular uptake
of CAFdA. mRNA expression of human equilibrative nucleoside transporters (hENT) 1, hENT2 and hCNT3 in HL-60 cells and the resistant vari-
ants determined using quantitative RT-PCR. The data shown are the mean and SD of at least three independent experiments. *P � 0.05;
**P � 0.01.
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fractionated, followed by scintillation counting. The incorpora-
tion of CAFdA into both nuclear and mitochondrial DNA was
decreased with a greater reduction in the more resistant cell
line (Fig. 3a,b). The results thus suggested that the decreased
CAFdATP production led to the attenuated incorporation of
the drug into both mitochondrial and nuclear DNA.

CAFdA-mediated mitochondrial damage. CAFdA-mediated
damage of mitochondria was evaluated by determining the
membrane potential in the cells after treatment with 1 and
10 lM CAFdA for 24 h. Each cell showed 82.5 � 5.9%,
63.2 � 8.3% and 15.3 � 7.9% with 1 lM and 94.5 � 6.2%,
96.6 � 4.5% and 34.8 � 5.6% (mean � SD) with 10 lM
reduction in the potential, respectively, suggesting CAFdA-
mediated mitochondrial damage in HL-60 and HL ⁄CAFdA20
(Fig. 3c). The cells were further double-stained with NIR for
mitochondria and Hoechst 33342 for nuclei (Fig. 3d). HL-60
exhibited nuclear condensation and fragmentation, which sug-
gested the induction of apoptosis. HL ⁄CAFdA20 was refrac-
tory to the insult by 1 lM CAFdA, but underwent apoptosis
by 10 lM CAFdA. HL ⁄CAFdA80 maintained clear staining
with 10 lM CAFdA, indicating the refractoriness of the cells
to CAFdA’s cytotoxicity. We counted live cells, mitochondria
damaged cells and dead cells in four different fields, and cal-
culated the ratio (%) in each cell lines. At 24 h after CAFdA
administration, live cells (mitochondria intact), damaged cells
(mitochondria particle aggregation) and dead cells (mitochon-
dria collapsed and disappeared) were as follows: 90.3 � 4.8%,
7.6 � 2.8% and 2.1 � 0.8% (CAFdA 0 lM), 1.9 � 0.9%,
21.1 � 7.7% and 77.0 � 14.8% (CAFdA 1 lM), 0%,
10.6 � 5.8% and 89.4 � 8.9% (CAFdA 10 lM) in HL60,
91.4 � 4.8%, 7.1 � 4.5% and 1.5 � 1.0% (CAFdA 0 lM),
15.4 � 6.6%, 62.1 � 15.2% and 22.5 � 10.8% (CAFdA 1
lM), 9.6 � 4.5%, 51.1 � 13.0% and 39.3 � 12.7% (CAFdA
10 lM) in HL ⁄CAFdA20, 93.6 � 3.3%, 5.1 � 2.9% and
1.3 � 0.8% (CAFdA 0 lM), 66.7 � 14.8%, 19.4 � 8.5% and

13.9 � 5.9% (CAFdA 1 lM), 58.3 � 14.4%, 14.1 � 9.8%
and 27.6 � 8.4% (CAFdA 10 lM) in HL ⁄CAFdA80, respec-
tively. Thus, these results suggested that CAFdA damaged
mitochondria and induced apoptosis dose-dependently in HL-
60, but the two variants were resistant to the insult.

Induction of apoptosis by CAFdA. To investigate drug-induced
apoptosis, cells were evaluated for the cleavage of caspase 3
(Fig. 4a). When the cells were incubated with 1 lM CAFdA,
cleaved caspase 3 was detected in HL-60 at 24 h. Caspase 3
cleavage was induced less in HL ⁄CAFdA20 by the same treat-
ment. HL ⁄CAFdA80 was refractory to CAFdA-induced apop-
tosis. The induction of apoptosis was further quantitated by
using annexin V stain. Treated with CFAdA at 1 or 10 lM for
24 h, apoptotic cell death accounted for 91.5 � 4.8% and
91.7 � 2.3% in HL-60, 35.0 � 7.6% and 75.6 � 7.9% in HL
⁄CAFdA20, and 4.0 � 1.9% and 36.5 � 8.4% in HL ⁄CAF-
dA80, respectively (Fig. 4b). Alternatively, apoptosis was mea-
sured as induction of the sub-G1 population (Fig. 4c). The
results were compatible with those demonstrated using annexin
V stain. Thus, the two variants were refractory to CAFdA-
induced apoptosis and HL ⁄CAFdA80 was more refractory than
HL ⁄CAFdA20.

Apoptosis-related proteins. To reveal the mechanisms of the
resistance to CAFdA-induced apoptosis, apoptosis-related
proteins were determined (Fig. 5a). Prosurvival Bcl2 protein
was overexpressed and proapoptotic Bim was reduced in the
resistant variants, while Bax, BclxL, Mcl-1, Bak, Bid, Bad,
Bik and Puma were unchanged. Thus, these results suggested
the contribution of Bcl2 and Bim to antiapoptosis.

Bcl2 inhibitor ABT737 partially overcame CAFdA resis-
tance. Because Bcl2 was increased in the resistant cells, the
Bcl2 inhibitor ABT737 was used to see if this could reverse
the cellular resistance against CAFdA.(27–29) In each cell line,
the combination treatment of CAFdA and ABT737 produced a
synergistic effect (Fig. 5b). The CI values were
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Fig. 2. (a–e) mRNA expression of deoxycytidine kinase (dCK), deoxyguanosine kinase (dGK), cytosolic 5´-nucleotidase II (cN-II), thymidine kinase
1 (TK1) and thymidine kinase 2 (TK2) in HL-60, HL ⁄ CAFdA20 and HL ⁄ CAFdA80 determined using quantitative RT-PCR. RNA from the HL60 was
used as a reference control to normalize each determinant ⁄ b2 microglobulin amplification ratio. The data are the means and SD of at least three
independent experiments. (f) Protein levels of dCK and dGK. The cells were fractionated to cytosol and mitochondria. dCK protein was
determined in the cytosolic fraction, while dGK was in the mitochondrial fraction in each cell line. (g,h) Intensity levels of dCK and dGK were
quantified. Data are representative of at least three biological replicates. *P � 0.05; **P � 0.01.
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0.650 � 0.123, 0.268 � 0.063 and 0.230 � 0.065 (Fig. 5c).
Thus, these results suggested that ABT737 and CAFdA acted
synergistically in their cytotoxicity against leukemic cells with
greater synergism in the resistant cell lines. It was also sug-
gested that the development of CAFdA resistance is partly
attributable to upregulated Bcl2.

Discussion

In the present study, two CAFdA-resistant leukemic clones
were successfully developed. The mechanism of drug resistance
was multifactorial, but it was ultimately associated with reduc-
tion in intracellular CAFdATP production and antiapoptosis.
The decreased CAFdATP production was attributable to
reduced transport capacity (Fig. 1b,c) and decreased dCK and
dGK (Fig. 2f–h). The extent of the resistance appeared to be
associated with the level of CAFdATP production (Fig. 1a).
The reduced CAFdATP production attenuated the incorporation
of CAFdA into the nuclei and mitochondria (Fig. 3a,b). In con-
trast, antiapoptosis was associated with increased Bcl2 and
decreased Bim (Fig. 5a). Importantly, the alterations of hCNT3,
dGK, Bcl2 and Bim have not been previously reported in the
context of CAFdA resistance. In these respects, and in contrast
to previous studies, the present study investigated the mecha-
nism of CAFdA resistance intensively and extensively.(10–14)

The resistant variants developed here exhibited cross-resis-
tance against similar nucleoside analogs (Table 1). Because
the activation pathway is basically the same,(30) such cross-
resistance may be caused by the decrease in transport capacity
and the reduced dCK. Two variants were also resistant to
doxorubicin. This might be due to the overexpression of Bcl2,
because doxorubicin-induced apoptosis was reported to be
inhibited in cancer cells showing Bcl2 and ⁄or Bcl-xL overex-
pression.(31,32) However, the cells were not resistant to etopo-
side. Etoposide-induced apoptosis is mediated by proapoptotic
protein Bax, which was unchanged in the resistant variants.(33)

It is suggested that the mechanism of the cross-resistance
shown would be specific in part to nucleoside analogs and in
part to their antiapoptotic nature.
The cellular uptake is mediated via hENT 1, 2 and hCNT 3.

King et al.(11) report that CAFdA is carried into oocytes by
hCNT3, which attributes >5 times more than hENT1 and
hENT2, suggesting that hCNT3 is crucial to the cellular uptake
of CAFdA. Our results of uptake ability using tritited CAFdA
also suggested that hCNT3 would attribute significantly to
transport nucleoside analogs. Transcript levels of all three
transporters were reduced in the two CAFdA-resistant cell
lines (Fig. 1d–f). Nevertheless, the reduction in hCNT3 mRNA
appeared to be more profound compared with the reductions in
hENT1 and 2. Thus, the results suggested the importance of

(a) (b)

(c)

(d)

Fig. 3. (a,b) The cells (HL-60, HL ⁄ CAFdA20 and HL ⁄ CAFdA80) were incubated with tritiated CAFdA at 0.2 lM for 24 h, and fractionated into
cytoplasm, mitochondria and nuclei, followed by scintillation counting of the radioactivity of each fraction. Data shown are the means and SD
of three independent experiments. (c) CAFdA-mediated mitochondrial damage. Mitochondrial membrane potentials were determined using near
infrared (NIR) stain treated with 1 or 10 lM CAFdA for 24 h. Representative flow cytometry is shown. (d) Double stains were also performed in
the cells at 24 h after administration of 1 or 10 lM CAFdA. Nuclei were dyed by Hoechst 33342, while mitochondria were dyed by NIR.
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Fig. 4. Induction of apoptosis. (a) Time course of cleaved caspase 3. Cleaved caspase 3 was detected in the cells at 24 and 48 h after 1 lM
CAFdA treatment. Data are representative of at least three biological replicates. (b) The induction of apoptosis detected after 24-h incubation
with CAFdA (1 and 10 lM), using annexin V and propidium iodide stain. Annexin V-positive cells are considered apoptotic. Data are representa-
tive of at least three replicates. (c) The ratio of sub-G1 was determined by flowcytometric analysis in the cells after 24-h incubation with CAFdA
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Fig. 5. (a) Western blot analysis of apoptosis-
related proteins. Bcl2, Bax, Bim, BclxL, Mcl-1, Bak,
Bid, Bad, Bik and Puma are compared between
HL60 and the CAFdA-resistant variants. (b) The
combination treatment of CAFdA with Bcl2
inhibitor ABT737. The cells were incubated for 72 h
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the concentration of 1 ⁄ 3 IC50 for each agent. Cell
viability was determined using the XTT assay. Data
are representative of at least three independent
experiments. (c) The combination index in HL60 and
the two CAFdA-resistant cell lines.
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hCNT3 in relation to CAFdA resistance, which has not been
reported previously.
In the two variants, the reduction in dGK was demon-

strated at protein and transcript levels (Fig. 2b,f,h). Ara-C
and cladribine are phosphorylated exclusively by dCK, while
dGK also participates in the phosphorylation of CAFdA and
9-beta-D-arabinofuranosyl guanine.(34,35) It was previously
shown that, in cladribine-resistant cells, the activity of dCK
decreased, but the activity of dGK was unchanged.(34) How-
ever, M�ansson et al.(35) demonstrated that the cell line
(MOLT-4) that was developed to be resistant to 9-beta-D-ara-
binofuranosylguanine showed a 42% decrease in dCK
enzyme activity and a 26% decrease in dGK enzyme activ-
ity, the results of which indicated a more crucial role of
dGK to metabolize 9-beta-D-arabinofuranosyl guanine than
dCK. The present results demonstrated (Fig. 2f–h) were com-
patible with their findings, which strongly suggested that
dGK has an important role in the phosphorylation pathway
of CAFdA.
The cellular activation mechanism of ara-C is similar to that

of CAFdA.(30) Ara-C is influxed into leukemic cells mainly
through hENT1, not using hCNT3, and phosphorylated to the
active metabolite ara-C triphosphate (ara-CTP) by dCK, but not
by dGK. Ara-CTP is incorporated into DNA, thereby terminat-
ing DNA synthesis. Ara-C does not inhibit ribonucleotide reduc-
tase nor induce apoptosis directly. The combination of CAFdA
and the Bcl2 inhibitor ABT737 gave synergistic effects in three
cell lines (Fig. 5b,c). Bcl2 protein expresses less in HL60 cells
than in resistant cell lines, but ABT737 is effective in three cell
lines. ABT737 has an effect on both BclxL and Bcl2. The CI
was lower in both resistant variants, which might correspond to
Bcl2 protein (Fig. 5a), suggesting the contribution of this
increased antiapoptotic factor to the development of CAFdA
resistance. In a literature search, a combination of Bcl2 inhibitor
and nucleoside analog has been suggested for targeting solid
tumor and hematological malignancies.(36–40) Hann et al. report

that ABT737 induced apoptosis and had synergistic effects with
etoposide against primary small cell lung cancer xenografts. The
combination of ABT737 and etoposide caused significant
decreases in tumor growth rates.(39) Ugarenko et al. reported
that ABT737 was used in combination with doxorubicin to over-
come doxorubicin-resistant, Bcl2-overexpressing HL-60 cells.
The addition of ABT-737 enhanced the cytotoxicity of doxorubi-
cin-induced DNA adducts and subsequently induced classical
apoptosis.(40) The present study clearly demonstrated that
ABT737 also enhanced the cytotoxicity of a nucleoside analog
against cancer cells.
There has been one report of an investigation of the mecha-

nisms of CAFdA resistance by M�ansson et al.(41); however,
they mainly demonstrate a decrease in dCK and do not deal
with dGK, transporters and apoptosis-related factors.(15,41) The
present study showed conclusively that the mechanism of cel-
lular resistance to CAFdA in the two variants was multifacto-
rial, but primarily involved reduced intracellular CAFdATP
and antiapoptosis. Moreover, CAFdA and the Bcl2 inhibitor
ABT737 showed synergistic effects in the two variants with
Bcl2 overexpression, which suggests that this combination
treatment has clinical potential.
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