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We have investigated the mechanism of resistance of leukemia cells to Ara-C using an
in-house ¢cDNA microarray designed for the analysis of leukemia cells. We produced
Ara-C-resistant cells from the CCRF-CEM (acute lymphoblastic leukemia) cell line
and compared their gene-expression profile with that of wild-type cells. The adenos-
ine deaminase (ADA) gene was highly up-regulated in Ara-C-resistant cells, while
equilibrative nucleoside transporter 1 (ENT1) and several cell-cycle-related genes
were down-regulated. Of all these genes, ENT1 seemed the most likely to be relevant
to Ara-C resistance. To investigate the role of ENT1 in Ara-C-resistant cells, we trans-
fected the cells with the gene. ENT1-transfected Ara-C-resistant cells resembled wild-
type CCRF-CEM cells more closely than untransfected Ara-C-resistant cells in terms
of growth rate, Ara-C-uptake characteristics, and ADA expression levels. The down-
regulation of the ENT1 gene is expected to result in nucleotide deficiency in addition
to blockage of Ara-C influx. Accordingly, Ara-C-resistant cells showed low growth
rates, which were restored by transfection with ENT1. These low growth rates were
also correlated with the phosphorylation level of cell-cycle checkpoint kinase 2. In
this study we identified down-regulation of ENT1 as the factor responsible for Ara-C
resistance, and this knowledge may be used to devise a clinical regimen that will
overcome the resistance.

Key words: adenosine deaminase, Ara-C resistance, CCRF-CEM cells, equilibrative
nucleoside transporter 1 (ENT1), gene-expression profiling.

Abbreviations: ADA, adenosine deaminase; ENT1, equilibrative nucleoside transporter 1; Ara-C, 1-B-D-arabino-
furanosylcytosine (cytarabine); Ara-CTP, cytosine arabinoside triphosphate; ATM, ataxia-telangiectasia—mutated

protein.

The sugar-modified pyrimidine analogue cytosine arabi-
noside (1-B-D-arabinofuranosylcytosine; cytarabine; Ara-
C) is one of the most widely used drugs in the treatment
of acute leukemia. Ara-C enters the cell mainly through
equilibrative nucleoside transporter 1 (ENT1) (7). Inside
the cell, Ara-C is phosphorylated to its active form, cyto-
sine arabinoside triphosphate (Ara-CTP), which com-
petes with dCTP for incorporation into DNA, blocks DNA
synthesis and causes the cell to undergo apoptosis (2).
The formation of Ara-CTP can be suppressed by various
mechanisms, reducing the effectiveness of Ara-C as a
therapeutic agent. For example, pyrimidine nucleotidase
I inhibits Ara-CTP formation by opposing the action of
deoxycytidine kinase (3). In addition, cytidine deaminase
and deoxycytidylate deaminase convert Ara-C to Ara-U
and Ara-CMP to Ara-UMP, respectively, thereby tending
to decrease the concentration of Ara-CTP (4, 5). Several
studies suggest that reduced intracellular levels of Ara-
CTP are associated with clinical resistance to Ara-C (2,
6). Thus the Ara-C metabolic pathway is closely related to
the phenomenon of Ara-C resistance. Furthermore, in
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freshly isolated blast samples from adult patients with
acute leukemia, a low cellular content of nucleoside
transporters is correlated with Ara-C resistance (7).

Despite the favorable impact of Ara-C on the treat-
ment of acute leukemia over the past three decades, the
failure to achieve durable remission remains a signifi-
cant therapeutic problem (8). In this study, we isolated
Ara-C—resistant CCRF-CEM cells and compared their
gene-expression profile with that of wild-type cells using
an in-house ¢cDNA microarray designed for the analysis
of leukemia cells (9). We used the resulting information
to investigate the mechanism of resistance of our Ara-C—
resistant cells, as well as their physiological status.

The ENT1 gene appeared to be a cause of the Ara-C
resistance. To directly investigate the role of ENT1, we
transfected resistant cells with the gene and found that
the transfected cells reverted to wild-type character.

MATERIALS AND METHODS

Materials—Ara-C was used as marketed by Nippon
Shinyaku Co. under the trade-name Cylocide. [5-3H]Cyto-
sine-B-D-arabinofuranoside ([*H]Ara-C, 15-30 Ci/mmol)
was from Moravek Biochemicals (Brea, CA). All other
materials were of the highest available commercial grade.

© 2004 The Japanese Biochemical Society.
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Cell Culture—CCRF-CEM cells were purchased from
the Health Science Research Resources Bank (Japan
Health Science Foundation, Tokyo) and cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
(FBS) at 37°C under a humidified atmosphere containing
5% COyin air. To assess cell proliferation, we used an
XTT assay kit (Roche Diagnostics, Basel, Switzerland),
which is based on the reduction of a tetrazolium salt by
metabolically active cells.

¢cDNA Microarray—An in-house c¢cDNA microarray
designed for the analysis of leukemia cells was prepared
as described by Takagaki et al. (9). Briefly, cDNA librar-
ies from five leukemia cell lines (CCRF-CEM, K562, HL-
60, RPMI-8226, and MOLT-4) were combined and nor-
malized, and then the cDNA microarray was assembled
as described by Katsuma et al. (10). Partial sequencing of
the clones revealed 2,519 different genes on the array.
The sequences of these clones have been deposited in the
DDBJ (DNA Databank of Japan) database under acces-
sion numbers BP428450 through BP432443.

Preparation of Target DNA—Total and poly (A)* RNA
were prepared from cultured leukemia cells as described
elsewhere (10). Poly (A)* RNA isolated from four samples
of untreated leukemia cells was pooled for each time
point and used as a control. Labeled probes were pre-
pared as described by Katsuma et al. (11) and applied to
the microarray.

Hybridization and Scanning—Hybridization and scan-
ning were performed as described by Katsuma et al. (11)
except that hybridized images were scanned with a fluo-
rescence laser scanning device (DNA Microarray Scan-
ner; Agilent, Palo Alto, CA), the signal intensities were
quantified with ImaGene software version 4.1 (BioDis-
covery, Marina del Rey, CA), and at least three hybridiza-
tions were performed for each time point.

Data Analysis—Data analysis was performed as
described by Katsuma et al. (10). In brief, quantified sig-
nal intensities were transformed by taking logarithms to
base two after eliminating clones with low expression lev-
els. Using transformed data derived from each pair of
competitive hybridization images, we prepared scatter
diagrams to compare sample signal intensities with those
derived from controls. We then carried out regression
analysis, and the residuals obtained correspond to the
logarithmic gene-expression ratios. From the genes
showing statistically significant alterations in expression
we selected the thirty most up-regulated and the thirty
most down-regulated for further analysis.

Caspase-3 Activity—Caspase-3-like protease activity
was determined as the increase in fluorescence observed
on cleavage of a fluorogenic substrate at the caspase-3
recognition site using an EnzChek Caspase-3 assay kit
(Molecular Probes, Eugene, OR).

Real-Time PCR—From each sample, 5 ug of total RNA
was reverse-transcribed for single-stranded ¢cDNA using
1 uM oligo(dT) primer with Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA), and then used for
real-time PCR analysis with a LightCycler™ Real-Time
PCR System (Roche Diagnostics, Basel, Switzerland)
(12). Each single-stranded ¢cDNA was diluted for subse-
quent PCR amplification by monitoring GAPDH as a
quantitative internal control. The PCR primers for ENT1
were 5-ATCTGCGCTATTGCCAGTG-3' (sense) and 5'-

K. Takagaki et al.

TCCAACTTGGTCTCCTGCTC-3' (antisense), those for
adenosine deaminase were 5-CGCTCATCTTCAAGTC-
CACC-3' (sense) and 5'-CGTCTTCAGAGGTTCTGCC-3'
(antisense), and those for GAPDH were 5-AAGAAGGT-
GGTGAAGCAGGC-3' (sense) and 5'-TCCACCACCCTG-
TTGCTGTA -3’ (antisense).

Northern Blotting—Total RNA was prepared with
Sepasol-RNA I reagent (Nacalai Tesque, Kyoto, Japan).
Northern analysis of poly (A)* RNA (3 ng) was performed
as described previously (13). The probe, a 475-bp frag-
ment corresponding to nucleotides 175 to 649 of the
cDNA (accession number U81375), was amplified by PCR
for Northern analysis. Hybridization signals were
detected with a CDP-Star Detection Module (Amersham,
Buckinghamshire, England).

Measurement of [PHJAraC Uptake—Assays of [*H]AraC
uptake were conducted in RPMI 1640 medium at 37°C as
described by Huang et al. (14). Briefly, an aliquot of 108
cells was washed once with RPMI 1640 medium and then
resuspended in 600 pl of the same medium. After prein-
cubation for 15 min, 3H-labeled Ara-C (200 nM) was
added and the mixture was incubated for 30 min. Uptake
was stopped by the addition of 150 ul of mineral oil, fol-
lowed by vigorous mixing and centrifugation at 8,000 x g
for 30 s. The supernatant above the oil layer was
removed, the cell pellet was washed twice with RPMI
1640 medium, and most of the oil was removed with a
final wash. Cell pellets were lysed in 0.5 ml of 0.5 N
NaOH for measurement of radioactivity by liquid scintil-
lation counting in the Hionic-Fluor scintillation cocktail
(PerkinElmer, Fremont, CA) with a Tri-Carb 2500TR liq-
uid scintillation analyzer (PerkinElmer).

Generation of Stable Transfectants—The gene encoding
human equilibrative nucleoside transporter 1 (ENT1)
was cloned from a human kidney ¢cDNA library by PCR
and then subcloned into the Nhel/Xbol sites of the
eukaryotic expression vector pCI-Neo (Promega, Madi-
son, WI). Plasmids were transfected into Ara-C—resistant
CCRF-CEM cells with the DMRIE-C transfection rea-
gent (Invitrogen, Carlsbad, CA). Three days after trans-
fection, cells were cultured in RPMI 1640 medium sup-
plemented with 10% FBS and 800 pg/ml Geneticin
disulfate (G418; Invitrogen, Carlsbad, CA). Stably trans-
fected cells were cloned by the limiting-dilution method,
expanded, and screened for ENT1 mRNA by RT-PCR.

Immunoblotting—Immunoblotting was performed as
described by Katsuma et al. (13) except that membranes
were immunoblotted with antibodies against actin (sc-
1615), Chk1 (sc-8408 or sc-7898), or Chk2 (sc-5278) from
Santa Cruz Biotechnology (Santa Cruz, CA), antibodies
against phospho-Chk1 (Ser345; 2341) or phospho-Chk2
(Thr68; 2661) from Cell Signaling Technology (Beverly,
MA), or anti-phospho-ataxia-telangiectasia-mutated pro-
tein (ATM) from Rockland Immunochemicals (Ser1931;
13647, Gilbertsville, PA).

RESULTS

Isolation of Ara-C-Resistant CCRF-CEM Cells—In
order to isolate Ara-C—resistant leukemia cells, we incu-
bated CCRF-CEM cells in the presence of low doses of
Ara-C. The addition of 50 nM Ara-C was found keep the
growth of CCRF-CEM cells stationary (Fig. 1A), and after
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Fig. 1. Effects of Ara-C on growth
and caspase-3 activity of Ara-C-
resistant and wild-type CCRF-
CEM cells. (A) Growth. Cells (1.5 x
10%) were incubated in 100 pl of cul-
ture medium, and after the indi-
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successive stepwise increases of the Ara-C concentration
in the culture medium up to 500 nM we obtained a cell
population that could grow in the presence of a 10-fold-
higher concentration of Ara-C than wild-type cells could.
We named this cell population CCRF-CEM/10. We then
proceeded to examine whether or not we could isolate
highly resistant cell lines from the CCRF-CEM/10 cell
population by the limiting-dilution method, and we were
able to isolate a cell line that could grow in the presence
of a 10-fold-higher concentration of Ara-C than wild-type
cells could. We named this cell line CCRF-CEM/10-2, and
it showed two noteworthy characteristics. First, the cell
line grew only slowly in either the presence or the
absence of Ara-C (Fig. 1A). Second, the cells showed no
activation of caspase-3 whether or not Ara-C was present
(Fig. 1B). When incubated with 50 nM Ara-C, wild-type
CCRF-CEM cells showed activation of caspase-3, which
is characteristic of apoptosis. However, even when incu-
bated with 500 nM Ara-C, neither CCRF-CEM/10 nor
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CCRF-CEM/10-2 cells showed any detectable activation
of caspase-3 (Fig. 1B), nor did they show apoptosis-spe-
cific DNA fragmentation (data not shown).
Gene-Expression Profiles—To monitor alterations in
the gene-expression profile of our Ara-C-resistant CCRF-
CEM cells on the addition of Ara-C, we used in-house
cDNA microarrays designed for the analysis of leukemia
cells (9). When we hybridized labeled cDNA targets pre-
pared from the mRNA of CCRF-CEM/10-2 cells incu-
bated with and without Ara-C, we found very little differ-
ence in the gene-expression profile, consistent with the
observed Ara-C resistance of the cells. We then hybrid-
ized labeled ¢cDNA targets prepared from the mRNA of
wild-type CCRF-CEM cells and Ara-C-resistant CCRF-
CEM/10-2 cells isolated after 24 and 48 h of growth.
There were some differences between their gene-expres-
sion profiles, although the profiles of each cell type were
almost the same at 24 and 48 h. The thirty most up-regu-
lated and the thirty most down-regulated genes showing
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Table 1. The thirty most up-regulated and the thirty most down-regulated genes in CCRF-CEM/10-2 cells relative to CCRF-
CEM cells after 24 h of incubation.

Up-regulated genes fold
NM_173708 NADH dehydrogenase subunit 1 2.44 mitochondrial
NM_173709 NADH dehydrogenase subunit 2 1.81 mitochondrial
NM_173705 cytochrome c oxidase subunit IT 1.76 mitochondrial
GI:4550 16S ribosomal RNA 143 ribosomal
NM_001024 ribosomal protein S21 (RPS21), mRNA 2.18  ribosomal
NM_000999 ribosomal protein L38,mRNA, complete cds. 1.52 ribosomal
GI:4549 12S ribosomal RNA 1.51 ribosomal
NM_001028 ribosomal protein S25, mRNA, complete cds. 1.44 ribosomal
NM_012423 ribosomal protein L13a, mRNA, complete cds. 1.43 ribosomal
NM_021109 prothymosin beta 4, mRNA, complete cds. 2.47 cytoskeletal
NM_021109 thymosin, beta 4, X-linked (TMSB4X), mRNA 2.15 cytoskeletal
NM_016337 Enah/Vasp-like (EVL), mRNA 1.65 cytoskeletal
NM_178014 tubulin, beta 5, mRNA, complete cds. 1.83 cytoskeletal
NM_000206 interleukin 2 receptor, gamma (IL2RG), mRNA. 2.45
NM_002414 CD99 antigen (CD99), mRNA 2.44
NM_004221 natural killer cell transcript 4 (NK4), mRNA 2.31
NM_000022 adenosine deaminase (ADA), mRNA. 2.18 ADA
NM_145799 septin 6 (SEPT6), transcript variant I, mRNA 2.08
NM_000516 GNAS complex locus (GNAS), transcript variant 1, mRNA. 1.83
NM_002444 moesin (MSN), mRNA. 1.80
NM_006233 polymerase (RNA) IT (DNA directed) polypeptide I, mRNA 1.73
NM_001636 solute carrier family 25, member 6 (SLC25A6), mRNA. 1.70
NM_138425 likely ortholog of mouse gene rich cluster, C10 gene (GRCC10), mRNA 1.64
NM_170697 aldehyde dehydrogenase 1 family, member A2 transcript variant 3, mRNA. 1.61
NM_138553 B-cell CLL/lymphoma 11A (BCL11A), transcript variant 5, mRNA. 1.56
NM_153280 ubiquitin-activating enzyme E1 (UBE1), transcript variant 2, mRNA. 1.47
NM_000732 CD3D antigen, delta polypeptide (CD3D), mRNA 1.45
NM_002778 prosaposin (PSAP), mRNA. 1.44
NM_004390 cathepsin H, mRNA, complete cds. 141
NG_001333 T cell receptor beta locus (TRB@) on chromosome 7 1.41
Down-regulated genes fold
NM_000982 ribosomal protein L21 (RPL21), mRNA 0.75 ribosomal
NM_000992 ribosomal protein L29 (RPL29), mRNA 0.73 ribosomal
NM_001002 ribosomal protein, large, PO, mRNA, complete cds. 0.53 ribosomal
NM_000994 Similar to ribosomal protein L.32, mRNA, complete cds. 0.69 ribosomal
NM_001010 Similar to ribosomal protein S6, mRNA, complete cds. 0.67 ribosomal
NM_001005 Hums3 mRNA for 40S ribosomal protein s3. 0.66 ribosomal
NM_001514 general transcription factor IIB (GTF2B), mRNA 0.64
NM_002092 G-rich RNA sequence binding factor 1 (GRSF1), mRNA 0.72
NM_002568 poly(A) binding protein, cytoplasmic 1 (PABPC1), mRNA 0.62
NM_002634 prohibitin (PHB), mRNA 0.62 cell cycle or cell growth
NM_003347 ubiquitin-conjugating enzyme E2L 3, transcript variant 1, mRNA 0.74 cell cycle or cell growth
NM_003479 protein tyrosine phosphatase type IVA, member 2 , transcript variant 1, mRNA 0.61 cell cycle or cell growth
NM_006098 guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1, mRNA 0.66 cell cycle or cell growth
NM_017838 nucleolar protein family A, member 2 (NOLA2), mRNA 0.75 cell cycle or cell growth
NM_182666 ubiquitin-conjugating enzyme E2E 1 (UBE2E1), transcript variant 2, mRNA 0.75 cell cycle or cell growth
NM_014374 replication initiator 1 (REPIN1), mRNA 0.72 cell cycle or cell growth
NG_000002 immunoglobulin lambda locus (IGL@) on chromosome 22 0.75
NM_000034 aldolase A, fructose-bisphosphate (ALDOA), transcript variant 1, mRNA 0.58
NM_000365 triosephosphate isomerase 1 (TPI1), mRNA 0.66
NM_000616 CD4 antigen (p55) (CD4), mRNA 0.61
NM_002654 pyruvate kinase, muscle (PKM2), transcript variant 1, mRNA 0.63
NM_003365 ubiquinol-cytochrome c reductase core protein I (UQCRC1), mRNA 0.68
NM_004589 SCO cytochrome oxidase deficient homolog 1 (yeast) (SCO1), mRNA 0.74
NM_005620 S100 calcium binding protein A1l (calgizzarin) (S1I00A11), mRNA 0.59
NM_005866 opioid receptor, sigma 1 (OPRS1), transcript variant 1, mRNA 0.75
NM_006824 EBNA1 binding protein 2 (EBNA1BP2), mRNA 0.62
NM_012341 GTP binding protein 4 (GTPBP4), mRNA 0.72
NM_021074 NADH dehydrogenase (ubiquinone) flavoprotein 2, 24 kDa (NDUFV2), mRNA. 0.59
NM_023033 methyltransferase-like 1 (METTL1), transcript variant 3, mRNA. 0.58
NM_004955 equilibrative NBMPR-sensitive nucleoside transporter (ENT1), mRNA 0.74 ENT1

The genes are grouped according to their cellular function, along with the RefSeq accession number or NCBI Gene ID and the definition of
each gene. The numerical value gives the fold change in mRNA levels for CCRF-CEM/10-2 cells relative to CCRF-CEM cells.
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Fig. 2. Expression of ENT1 in Ara-C-resistant CCRF-CEM
cells. (A) Northern-blot analysis of ENT1 mRNA. (B) Semi-quanti-
tative RT-PCR analysis of ENT1 mRNA.

alterations after 24 h of incubation were selected for fur-
ther consideration (Table 1). Among the up-regulated
genes in Ara-C—resistant cells, the most relevant to Ara-
C metabolism appears to be the adenosine deaminase
(ADA) gene, while the most relevant down-regulated
gene was equilibrative nucleoside transporter 1 (ENT1).
Several cell-cycle-related genes were also down-regu-
lated. Because Ara-C mainly depends on ENT1 to enter
the cell (15, 16), we focused on the ENT1 gene for further
analysis of the Ara-C—resistant CCRF-CEM cells.
Verification of ENTI1 Gene Down-Regulation—The
changes in ENT1 gene expression levels observed on
microarray analysis were subtle, so the changes were fur-
ther investigated by Northern blotting and real-time
PCR analysis (Fig. 2). Down-regulation of the ENT1 gene
was clearly observed in Ara-C-resistant CCRF-CEM
cells with both methods. When four other genes involved
in Ara-C metabolism, namely, those corresponding to
deoxycytidine kinase, pyrimidine nucleotidase I, cytidine
deaminase, and deoxycytidylate deaminase, were moni-
tored by real-time PCR analysis, their expression levels
were found to be unaltered (data not shown).
Establishment of CCRF-CEM/10-2 Cells Transfected
with ENT1—To directly investigate the role played by
the ENT1 gene in the Ara-C resistance of CCRF-CEM/10-
2 cells, we transfected the cells with the ENT1 gene using
a CMV-promoter—driven expression vector encoding the
gene. We succeeded in isolating cell lines stably express-
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Fig. 3. Effects of ENT1 transfection on Ara-C uptake and cell
growth. (A) PH]AraC uptake. Each point represents the mean +
SEM of three measurements. (B) Growth in the presence or absence
of Ara-C. Cells (1 x 10%) were incubated in 100 pl of culture medium,
and after the indicated times cell proliferation was assessed by
means of the XTT assay and expressed as the percentage increase
compared with the control (no treatment). Each point represents
the mean of three measurements.

ing the ENT1 gene. When we measured Ara-C uptake for
30 min in wild-type CCRF-CEM cells, vector-transfected
CCRF-CEM/10-2 cells, and ENT1-transfected CCRF-
CEM/10-2 cells, the vector-transfected CCRF-CEM/10-2
cells showed no uptake of Ara-C, as expected. In contrast,
the ENT1-transfected CCRF-CEM/10-2 cells showed
about 60% of the Ara-C-uptake levels of wild-type CCRF-
CEM cells (Fig. 3A). When the growth of the cells was
monitored by means of the XTT assay in the absence of
Ara-C, ENT1-transfected CCRF-CEM/10-2 cells (clone 7)
were observed to grow at approximately the same rela-
tively rapid rate as wild-type CCRF-CEM cells, in con-
trast to the slow growth of untransfected CCRF-CEM/10-
2 cells. In the presence of Ara-C, neither cell type grew at
all (Fig. 3B). The ADA gene, which was up-regulated in
Ara-C resistant cells (Fig. 4A), was partially suppressed
in ENT1-transfected cells (clone 4; Fig. 4B). In these
respects, the ENT1-transfected CCRF-CEM/10-2 cells
resembled wild-type CCRF-CEM cells rather than Ara-
C-resistant CCRF-CEM/10-2 cells.

Phosphorylation of Cell-Cycle Regulatory Proteins—To
briefly investigate the cause of the slow growth of CCRF-
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Fig. 4. Semi-quantitative RT-PCR analysis of ADA mRNA in
wild-type CCRF-CEM cells and CCRF-CEM/10-2 cells (A),
and ENT1-transfected cells (B). Each point represents the mean
+ SEM of three measurements (A) or the mean + SD of two meas-
urements (B).

CEM/10-2 cells, we determined the relative levels of
phosphorylation of cell-cycle checkpoint regulatory pro-
teins Chk1 and Chk2 in the three cell types by immunob-
lotting. The phosphorylation levels of Chkl and Chk2
increased in wild-type CCRF-CEM cells on incubation
with Ara-C (Fig. 5A). However, phosphorylated Chk1 was
undetectable in Ara-C-resistant CCRF-CEM/10-2 cells
(Fig. 5A), whereas the phosphorylation level of Chk2 was
greater in Ara-C—resistant than in wild-type CCRF-CEM
cells, even in the absence of Ara-C (Fig. 5, A and B). The
total protein levels of Chkl and Chk2 were about the
same in CCRF-CEM cells and CCRF-CEM/10-2 cells (Fig.
5A). In contrast, the phosphorylation of Chk2 was sup-
pressed in ENTI1-transfected CCRF-CEM/10-2 cells
(clone 7; Fig. 5B), although its total protein levels did not
change (Fig. 5B). These results suggest a relationship
between the phosphorylation of Chk2 and the slow
growth rates of CCRF-CEM/10 and CCRF-CEM/10-2
cells. The phosphorylation level of ataxia-telangiectasia—
mutated protein (ATM), a kinase that is upstream of
Chk2 in the signaling pathway (17), was also found to be
slightly greater in Ara-C—-resistant CCRF-CEM/10-2 cells
than in wild-type cells (Fig. 5C).
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Fig. 5. Phosphorylation-status of cell-cycle regulatory pro-
teins. (A) Phosphorylation and total protein levels of Chkl and
Chk2 in wild-type and Ara-C-resistant CCRF-CEM cells. Cells
were incubated with various Ara-C concentrations. (B) Phosphor-
ylation and total protein levels of Chk2 in wild-type, Ara-C—resist-
ant, vector-transfected, and ENT1-transfected CCRF-CEM cells.
(C) Phosphorylation of ATM in Ara-C-resistant CCRF-CEM cells.
Cells were lysed and subjected to immunoblotting with antibodies
against Chk1, Chk2, phospho-Chk1, phospho-Chk2, phospho-ATM,
or actin.

DISCUSSION

We have isolated an Ara-C-resistant leukemia cell line,
CCRF-CEM/10-2, and compared its gene-expression pro-
file to that of wild-type CCRF-CEM cells. Among the
down-regulated genes listed in Table 1, ENT1 seems the
most likely to be related to Ara-C resistance, since nucle-
oside transporters are determinants of Ara-C accumula-
tion in leukemia cells (18). We also noted marked up-reg-
ulation of the gene for adenosine deaminase (ADA),
which converts adenosine to inosine in the purine-sal-
vage pathway. Because CCRF-CEM cells possess no nucl-
eoside transport activity except that mediated by ENT1
(15, 16), down-regulation of the ENT1 gene is expected to
induce nucleotide deficiency in addition to blockage of
Ara-C influx. Such a scenario would be consistent with
the lack of an observed effect of Ara-C on the gene-
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expression profile of CCRF-CEM/10-2 cells. A comparison
of the gene-expression profiles of wild-type CCRF-CEM
cells and Ara-C-resistant CCRF-CEM/10-2 cells also
revealed down-regulation of several cell-cycle-related
genes, but no alteration in the expression of apoptosis-
related genes. The latter finding was expected in view of
the lack of activation of caspase-3 in the presence of Ara-
C (Fig. 1B).

To directly investigate the role of the ENT1 gene, we
transfected the gene into CCRF-CEM/10-2 cells. The
ENT1-transfected CCRF-CEM/10-2 cells resembled wild-
type CCRF-CEM cells more closely than Ara-C—resistant
CCRF-CEM/10-2 ones in terms of growth rate, Ara-C-
uptake characteristics, and ADA expression levels. The
transfected cells showed about 60% of the Ara-C-uptake
levels of wild-type CCRF-CEM cells (Fig. 3A), but they
seemed to grow slightly faster than the wild-type cells
(Fig. 3B). However, the number of transfected cells evalu-
ated by means of the XTT assay was slightly larger than
that of untransfected cells from the beginning of the
growth period, so the small observed difference in the
growth rate may not be significant. Taken together, these
results suggest that the down-regulation of the ENT1
gene accounted for the Ara-C resistance and other
observed characteristics of CCRF-CEM/10-2 cells. In
agreement with this conclusion, Gati et al. (7) have
shown an increase in the viability of Ara-C—treated
CCRF-CEM cells in the presence of graded concentra-
tions of the ENT1-specific inhibitor nitrobenzylthioinos-
ine. The decreased growth rate and the increased expres-
sion of ADA seem to be secondary effects of the down-
regulation of ENT1. We do not believe that these effects
are directly involved in the Ara-C resistance of CCRF-
CEM/10-2 cells, but rather that they help the cells sur-
vive under low-nucleotide conditions.

As mentioned above, CCRF-CEM/10-2 cells grew
slowly, showed no activation of caspase-3 or apoptosis-
specific DNA fragmentation, and showed down-regula-
tion of several cell-cycle-related genes. Since cell-cycle
regulatory proteins seemed to be involved in the phenom-
enon of slow growth, we decided to determine the relative
levels of phosphorylation of cell-cycle checkpoint regula-
tory proteins Chkl and Chk2. We found that, although
the phosphorylation-status of Chk1l did not change, the
phosphorylation levels of Chk2 increased substantially.
When we then checked the phosphorylation levels of
ATM, which is upstream from Chk2 in the signaling
pathway and which, in the phosphorylated state, phos-
phorylates Chk2 (17), we found that they were also
increased, though the observed relative increase in the
phosphorylation level of ATM was less than that of Chk2
in CCRF-CEM/10-2 cells. Although Chk2 and ATM are
important intermediaries in the DNA damage checkpoint
signaling pathway, these proteins also seem to be closely
related to the slow growth of our Ara-C—resistant CCRF-
CEM/10-2 cells. In addition to ATM, other factors
involved in its activation may exist upstream from Chk2.
Recently, for example, polo-like kinase 1 was reported to
interact with Chk2 (19).

The reduced expression of ENT1 and the induced
expression of cytoplasmic 5'-nucleotidase detected in
leukemic blasts at diagnosis are correlated with a poor
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prognosis and may play a role in mechanisms of resist-
ance to Ara-C in patients with acute myeloid leukemia
(20). In these respects, our Ara-C—resistant cell line is a
clinically typical resistant cell line. It has been reported
that in vitro exposure of CCRF-CEM cells to Ara-C
results in a substantial Ara-C-concentration—dependent
increase in the relative survival of transporter-deficient
cells (21). Our Ara-C—resistant cells showed similar char-
acteristics. We also obtained information about the phys-
iological status of the resistant cells through gene-profil-
ing analysis. Down-regulation of the ENT1 gene in the
resistant cells is expected to cause nucleotide deficiency,
and, accordingly, the ADA gene was induced for partici-
pation in the purine-salvage pathway. The up-regulation
of the ADA gene observed in Ara-C-resistant CCRF-
CEM/10-2 cells suggests an approach for overcoming
Ara-C resistance: a non-nucleoside ADA inhibitor (22)
may be effective if it can enter the cell independently of
ENT1. Such a compound could serve as an adjunct ther-
apy for nucleotide-transport—deficient Ara-C-resistant
leukemias.

The present study has confirmed that gene-profiling
analysis can be useful as an exhaustive and unbiased
analytical means of investigating the mechanism of drug
resistance in leukemia cells. Gene profiling can also be
used to gather information on the physiological status of
resistant cells, and such information may lead to meth-
ods for overcoming clinical resistance to drugs.

We wish to thank Dr G. E. Smyth (Research Laboratories,
Nippon Shinyaku Co.) for critical reading of the manuscript.
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