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Abstract Cytarabine arabinoside (Ara-C) is the most
important agent for treating acute myeloid leukemia
(AML). Here, we genotyped 11 single nucleotide polymor-
phisms (SNPs) of seven Ara-C metabolism-related genes
in 39 AML patients who had received high-dose Ara-C
as a single-agent treatment. Univariate analysis identified
three SNPs that were significantly associated with shorter
time-to-relapse (TTR): CTPS rs12144160 GG compared to
AA/AG, DCTD 159990999 AG/GG compared to AA, and
SLC29A1 15693955 CC compared to AA/AC. Multivariate
analysis of TTR revealed the SLC29A1 rs693955 CC geno-
type and first induction failure to be significantly associated
with a shorter TTR. The DCTD 159990999 AG/GG and
SLC29A1 rs693955 CC genotypes were also significantly
associated with shorter duration of neutropenia. The results
of our study suggest that SNP analysis can be an important
tool in improving drug responsiveness and enabling a bet-
ter understanding of this condition and the development of
tailor-made treatments for AML patients who benefit from
consolidated high-dose Ara-C therapy.
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Introduction

Acute myeloid leukemia (AML) is hematological malig-
nancy characterized by the rapid growth of abnormal white
blood cells that accumulate in the bone marrow and inter-
fere with the production of normal blood cells. Treatment
strategies for AML that use one of the various cytarabine
arabinoside (Ara-C) agents have remained the general
choice of clinicians for more than 40 years. Multiple clini-
cal trials have demonstrated complete remission (CR) rates
of 50-60 % and overall survival rates of 30-40 % among
AML patients receiving such Ara-C-based therapy [1-3].
However, many studies indicate that AML describes a het-
erogeneous collection of diseases characterized by distinct
chromosomal abnormalities and cytogenetic mutations, and
as such, the most suitable general treatment for AML is
still unclear. Gene variations in leukemic cells significantly
associated with prognosis have now been identified, with
consequent prognostic improvement [4-7], and we pro-
pose that similar improvements in AML treatment could
be achieved by better understanding the genetic polymor-
phisms related to the pharmacokinetics of Ara-C.

Ara-C is one of the nucleotide-analog therapeutic
agents, which are transported into cells by nucleoside
transporters including solute carrier family 29 member 1
(SLC29A1) [8]. Intracellular Ara-C is phosphorylated into
Ara-C monophosphate (Ara-CMP) by deoxycytidine kinase
(DCK) and eventually to Ara-C triphosphate (Ara-CTP),
which competes with deoxycytidine triphosphate (dCTP)
for incorporation into DNA and subsequent blocking of
DNA synthesis causing cell death. In turn, cytidine deami-
nase (CDA) and deoxycytidylate deaminases (DCTD) cata-
lyze the conversion of Ara-C and Ara-CMP into an inactive
form [9], and 5'-nucleotidase cytosolic II (NT5C2) activ-
ity opposes that of DCK by dephosphorylating Ara-CMP.
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Fig. 1 Metabolic pathway of Ara-C. Ara-C is transported into cells
by SLC29A1. Intracellular Ara-C is phosphorylated by DCK. Ara-
CTP competes with dCTP for incorporation into DNA. CDA cata-
lyzes the conversion of Ara-C into Ara-U, and DCTD catalyzes the
conversion of Ara-CMP into Ara-UMP. CTPS catalyzes the conver-
sion of UTP to CTP. Exhaustion of the CTP/dCTP pools due to facili-

In addition, cytidine-5'-triphosphate synthetase (CTPS) and
ribonucleotide reductase (RRM1/RRM?2) are enzymes that
regulate the intracellular CTP/dCTP pools, with exhaustion
of the CTP/dCTP pools via facilitated Ara-C phosphoryla-
tion causing incorporation of Ara-CTP into DNA by reduc-
ing the feedback inhibition of DCK [10] (Fig. 1).
Understanding the pharmacogenetic response to
Ara-C could lead to personalized treatment strategies and
improved outcomes in AML patients. Indeed, each of the
Ara-C metabolism-associated genes exhibits a significant
degree of genetic variation, particularly via single nucleo-
tide polymorphisms (SNPs), and several studies of indi-
vidual SNPs in Ara-C metabolic genes have reported that
genetic background plays an important role in the clinical
outcomes of AML patients receiving Ara-C-based therapy
[11-13]. In one such study, Gamazon et al. [11] conducted
a meta-analysis of genome-wide association studies involv-
ing 523 lymphoblastoid cell lines from individuals of
European, African, Asian, and African American ancestry,
and identified 18 of 33 SNPs associated with either cyta-
rabine 50 % inhibitory concentration in leukemia cells or
clinical response parameters among patients randomized
to receive low-dose or high-dose Ara-C plus daunorubicin
and etoposide. In addition, Kim et al. [13] reported that the
SLC29A1 153734703 AA/AC genotype in combination with
TYMS rs2612100 AA genotype was significantly associated
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tated Ara-C phosphorylation causes incorporation of Ara-CTP into
DNA by reducing the feedback inhibition of DCK. RRM1/RRM2 is
an enzyme involved in DNA synthesis. The enzyme regulates intra-
cellular dCTP pools, which in turn, have been implicated in the devel-
opment of Ara-C resistance

with shorter relapse-free survival in Korean AML patients
received an induction regimen of Ara-C and idarubicin fol-
lowed by sequential consolidation therapy with Ara-C and
anthracyclines or hematopoietic stem cell transplantation
(HSCT). However, in these reports, the patient background
included anthracycline agents or HSCT and thus might not
accurately reflect the influence of genetic polymorphism on
Ara-C metabolism.

Analyzing the combined effects of SNPs may provide
evidence of drug response. Accordingly, we hypothesized
that sensitivity to Ara-C could be influenced by SNP
located in Ara-C metabolic genes and thus focused on high-
dose Ara-C as single-agent therapy. In this study, we sim-
ply examined the association between SNPs in such genes
and the clinical outcome of AML patients receiving high-
dose Ara-C without HSCT.

Materials and methods

Study patients

We selected de novo AML patients who received high-dose
Ara-C as consolidation therapy, and whose bone marrow

or peripheral blood samples were stored in our laboratory.
We excluded one patient diagnosed as M3 subtype and
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one patient who received HSCT in the first CR. All sub-
jects enrolled in this study provided informed consent for
genetic analysis. This study was approved by the Institu-
tional Review Board of Tokai University Hospital.

SNP selection

Seven Ara-C metabolic genes, CDA, CTPS, DCK, DCTD,
NT5C2, RRM1 and SLC29A1, were evaluated. SNPs were
selected based on SNP frequency data from the International
Hap-Map project (http://hapmap.ncbi.nlm.nih.gov/) and
The National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/). SNP frequency data were
identified according to the HapMap Genome Browser release
#27 (Phase 1, 2 and 3—merged genotypes and frequencies)
of Japanese in Tokyo, Japan (JPT) database to estimate link-
age disequilibrium (LD) blocks by Haploview software (ver-
sion 4.2) [14]. The criteria for SNP selection were thus as
follows: (1) minor allele frequency (MAF) >0.25 in JPT; (2)
one or two SNPs were selected from each evaluated gene;
(3) SNP reported by previous study [15], or located with
each different LD blocks of the highest MAF. Allele fre-
quency data of rs9937 was lacking in the JPT, so we instead
search SNP frequency data of the CHB + JPT data in NCBI.
Finally, eleven SNPs (CDA; rs10916827, rs477155, CTPS;
rs4132440, rs12144160, DCK; 112648166 DCTD; 159542,
1$9990999, NT5C2; rs3736922, RRM1; rs9937, SLC29A1;
r$693955, 9394992) in each of the gene locus were selected.

SNP genotyping

Genomic DNA was isolated from bone marrow or periph-
eral blood individually using a QIAamp mini DNA kit
(Qiagen, Valencia, CA, USA). SNP genotyping was per-
formed using the TagMan platform in 96-well plates and
read with the Sequence Detection Software on a 7500 Real-
Time PCR System according to the manufacturer’s instruc-
tions (Applied Biosystems, Foster City, CA, USA). Primers
and probes were supplied by Applied Biosystems.

Definition of clinical response and hematological toxicity

All clinical information about the patients was obtained
from our institution database.

Overall survival (OS) was measured from the date of
diagnosis to the date of death from any cause. Time to
relapse (TTR) was measured from the date of diagnosis
to the date of relapse. Relapse was defined as the presence
of more than 5 % blast cells in the bone marrow or reap-
pearance of blast cells in the peripheral blood. Hematologi-
cal toxicity was measured by duration of neutropenia and
thrombocytopenia during each high-dose Ara-C course.
Neutropenia was defined as an absolute neutrophil count

less than 500/pl. Thrombocytopenia was defined as an
absolute platelet count less than 50,000/1.

Statistical analysis

For SNP analysis, we tested two genetic models: the domi-
nant model (major allele homozygous + heterozygous
vs. minor allele homozygous) and the recessive model
(major allele homozygous vs. heterozygous + minor allele
homozygous). For univariate analysis, OS probabilities
were estimated by the Kaplan—Meier method, and differ-
ences in the distributions between the dominant and reces-
sive model of each SNP were evaluated using the log-
rank test. TTR was estimated by the cumulative incidence
method, and Gray’s test was used to compare distribution
differences between the genotypes [16]. Death without
experiencing a relapse was considered a competing event
with experiencing first relapse.

For multivariate analysis, the Fine—-Gray regression
model [5] was used for the sub-distribution hazard of a
competing risk to analyze the effect of baseline risk factors
on the cumulative incidence function of relapse. Factors
associated with a two-side P value of less than 0.05 in the
univariate SNP analysis and known prognostic risk factors
for the Japanese population [17], such as age >50 years,
performance status >2, myeloperoxidase (MPO) positivity
of blasts >50 %, and first induction failure, were included
in the multivariate analysis. We used a stepwise regression
based on P values and retained only the statistically sig-
nificant variables in the final model. This analysis did not
include the factor of the DCTD rs9990999 AA genotype,
because no patients with DCTD rs9990999 AA genotype
experienced relapse. Thus, the DCTD rs9990999 AA gen-
otype could not be treated as a single multivariate factor
for the time-to-event analysis. For hematological toxicity
analysis, comparisons between the dominant and recessive
models of each SNP were performed using Student’s ¢ test.

All statistical analyses were performed with EZR
(Saitama Medical Center, Jichi Medical University), which
is a graphical user interface for R (The R Foundation for
Statistical Computing, version 2.13.2) [18]. More precisely,
it is a modified version of R commander (version 1.6-3)
that includes statistical functions frequently used in biosta-
tistics. For all analyses, P values were two-tailed, and a P
value of less than 0.05 was considered significant.

Results
Patient characteristics and treatments

Thirty-nine AML patients were eligible for this study.
Table 1 summarizes the patients’ characteristics. The
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Table 1 Patient characteristic

Factor Group Number (%) Median (range)
n =139 (100 %)
Age 54.00 y/o (23.00,
71.00)
Gender Male 26 (66.7)
Female 13 (33.3)
FAB Ml 8 (20.5)
M2 22 (56.4)
M4 4(10.3)
M5 5(12.8)
Karyotype Normal 14 (35.9)
#(8;21) 12 (30.8)
inv(16) 2(5.1)
del(7) 2(5.1)
Complex 2(5.1)
Others 7(17.9)
FLTII-ITD Negative 16 (41.0)
mutation Positive 3(1.7)
Unknown 20 (51.3)
WBC count at 20,800/p1 (900,
diagnosis 474,800)
MPO positivity <50 % 10 (25.6)
of blasts >50 % 29 (74.4)
Performance 0 24 (61.5)
status 1 12 (30.8)
2 2(5.1)
4 1(2.6)
First induction  DNR + Ara-C 8 (20.5)
regimen IDA + Ara-C 31 (79.5)
No. of 1 33 (84.6)
induction >1 6 (15.4)
HSCT after 7(17.9)
relapse
Relapse rate 19 (48.7)
Time to relapse 306 days (152,
1271)
Non-relapse 4(10.3)
morality
Overall 833 days (55,
survival 3931)

FAB French—America—British classification, WBC white blood cell,
MPO myeloperoxidase, PS performance status, HSCT hematopoietic
stem cell transplantation

median age of patients was 54.0 years (range 23.0—
71.0 years) and the male/female proportion was 26/13. The
most frequent French—American—British (FAB) subtype
was M2 (56.4 %) followed by M1 (20.5 %). MO, M6, and
M?7 subtypes were not represented in this population. In
total, 14 patients had a good cytogenetic risk based on kary-
otype; 12 patients had t(8; 21) (q22;q22) and 2 patients had
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inv(16) (p13g22). Another 4 patients had a poor cytoge-
netic risk; 2 patients had del(7) and 2 patient had a complex
karyotype. A total of 14 patients (35.9 %) were of normal
karyotype, and 7 patients had an unspecified karyotype.
Three of the 19 patients in whom the FLT3 internal tan-
dem duplication (ITD) mutation information was identified
had a FLT3/ITD mutation; however, the FLT3/ITD muta-
tion was not examined for the other 20 patients and data on
other molecular abnormalities were not available. Median
white blood cell (WBC) count at diagnosis was 20,800/
pl (range 900-47,4800/ul). Eight patients had received
their first induction regimen consisting of Ara-C with dau-
norubicin, and another 31 patients received an induction
regimen consisting of Ara-C with idarubicin. Thirty-three
patients (84.6 %) achieved CR after the first induction regi-
men, and six patients (15.4 %) needed two or more induc-
tion regimens to achieve CR. Once patients achieved com-
plete remission, the patients received consolidation therapy
consisting of high-dose Ara-C. Seventeen patients received
three courses of Ara-C dose of 2.0 g/m* for 5 days. Two
patients received two courses of Ara-C dose of 2.0 g/m?
for 5 days and one patient was died in the second course
of consolidation therapy due to severe infection. Three
patients died in the first course. Other patients received
various doses and durations of Ara-C treatment according
to the physician’s clinical decision, as follows: one patient
received three courses of Ara-C dose of 3.0 g/m? for 5
days; one patient received three courses of Ara-C dose of
3.0 g/m? for 4 days; two patients received four courses of
Ara-C dose of 3.0 g/m? for 3 days; one patient received two
courses and two patients received three of Ara-C dose of
2.0 g/m? for 3 days; and, one patient received two courses
and four patients received three of Ara-C dose of 1.0 g/m?
for 5 days. Nineteen patients (48.7 %) relapsed during the
follow-up period and the median TTR was 306 days (range
152-1271 days). The median follow-up period overall sur-
vival was 833 days (range 55-3931 days).

Results of SNP genotyping

All SNP genotyping was successful among the AML
patients, as summarized in Table 2.

The SNP genotypes could be divided into three groups,
and comparison between groups only was analyzed statisti-
cally, due to insufficient minor allele frequency.

SNP effect on treatment outcomes

The effects of the two SNP genetic models on OS and
TTR are summarized in Table 3. In the univariate analy-
sis, no SNP was a significant prognostic factor for OS.
However, three SNPs, individually, had associations with
TTR (Fig. 2). The CTPS 1512144160 GG genotype was
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Table 2 SNP genotype

! . Gene; ref. SNP Chromosome Location Genotype n Analysis model
frequency and analysis model in
our study CDA; 1510916825 Chrl Intron AA 17 Dominant model AA vs. AG + GG
AG 20 Recessive model AA + AG vs. GG
GG 2
CDA; 1477155 Chrl Intron AA 6 Dominant model GG vs. GA + AA
AG 20 Recessive model GG + GA vs.AA
GG 13
CTPS; 154132440 Chrl Intron AA 18 Dominant model AA vs. AG + GG
AG 18 Recessive model AA + AG vs. GG
GG 3
CTPS; 1512144160 Chrl Intron AA 7 Dominant model GG vs. GA + AA
AG 20 Recessive model GG + GA vs. AA
GG 12
DCK; rs12648166 Chr4 Intron AA 10 Dominant model AA vs. AG + GG
AG 21 Recessive model AA + AG vs. GG
GG 8
DCTD; 1s9542 Chrd Intron CcC 7 Dominant model TT vs. TC + CC
CT 18 Recessive model TT + TC vs. CC
TT 14
DCTD;, rs9990999 Chr4 Intron AA 6 Dominant model GG vs. GA + AA
AG 14 Recessive model GG + GA vs. AA
GG 19
NT5C2; 1s3736922 Chrl10 Intron AA 9 Dominant model GG vs. GA + AA
AG 19 Recessive model GG + GA vs. AA
GG 11
RRM1; 1rs9937 Chrl1 Exon AA 15 Dominant model AA vs. AG + GG
AG 16 Recessive model AA + AG vs. GG
GG 8
SLC29A1; rs693955  Chr6 Intron AA 1 Dominant model CC vs. CA +AA
AC 15 Recessive model CC + CA vs. AA
CcC 23
SLC29A1; s9394992 Chr6 Intron CcC 20 Dominant model CCvs.CT + TT
CT 16 Recessive model CC + CT vs. TT
TT 3

significantly associated with shorter TTR compared to
the AA/AG genotype (2-year relapse rate 0.694 [95 %
CI 0.258-0.907] vs. 0.363 [95 %CI 0.177-0.552],
P = 0.0209). The DCTD 159990999 AG/GG genotype was
significantly associated with shorter TTR compared to the
AA genotype (2-year relapse rate 0.529 [95 % CI 0.331—
0.692] vs. NA [NA-NA], P = 0.0255). The SLC29A1
1s693955 CC genotype was significantly associated with
shorter TTR compared to the AA/AC genotype (2-year
relapse rate 0.683 [95 % CI 0.416-0.848] vs. 0.131 [0.019-
0.353], P = 0.00261). There were 14 patients with CBF
leukemia and 21 patients with intermediate risk group. The
SLC29A1 15693955 CC genotype with intermediate risk
(n = 14) was significantly associated with shorter TTR
compared to the AA/AC genotype (n = 7) (2-year relapse

rate 0.701 [95 % CI 0.295-0.902] vs. 0.214 [0.002-0.689],
P = 0.0498). There was no statistical significance of the
comparison for other SNPs and TTR regarding cytogenetic
risk groups.

Multivariate analysis of TTR revealed that the SLC29A1
rs693955 CC genotype (HR 7.659 [95 % CI 1.98-29.63],
P = 0.0096) and first induction failure (HR 3.613 [95 % CI
1.37-9.55]) were significantly associated with shorter TTR
(Table 4).

SNP effect on hematological toxicity
The total number of high-dose Ara-C was 109, and febrile

neutropenia (FN) observed in 83 cases including 4 mortali-
ties due to exacerbation of infections. The dead cases were

@ Springer



548

J. Amaki et al.

excluded from the duration analysis because they did not
recover from the neutropenia or the thrombocytopenia. The
duration of hematological toxicity analysis was therefore
analyzed for 105 treatment courses. The mean durations of
neutropenia and thrombocytopenia were 14.1 days (95 %
confidential interval [CI]; 12.8-15.4 days) and 14.3 days
(95 %CI; 12.6-16.0 days), respectively. Administration

Table 3 Summary of P value of SNPs about OS and TTR

of granulocyte colony-stimulating factor (GCSF) was
noted in 55/109 courses. Table 5 summarized the statisti-
cal analysis of SNPs compared to duration of neutropenia
or thrombocytopenia. Figure 3 shows the three candidate
SNPs and the association with duration of neutropenia.
The DCTD 1s9990999 AG/GG genotype was significantly
associated with shorter duration of neutropenia compared
to the AA genotype (13.2 £ 5.77 vs. 19.5 £ 9.11 days,
P = 0.000497). The SLC29A1 rs693955 CC genotype was
significantly associated with shorter duration of neutro-

Gene SNP P Value (0S) P value (TTR) penia compared to the AA/AC genotype (13.1 £ 5.69 vs.
Dominant R e Dominant R - 15.8 & 7.87 days, P = 0.0386) and also thrombocytopenia
ominan €cessive ominan €cessive
(12.7 £ 7.89 vs. 16.9 £ 9.15 days, P = 0.0116). The fre-
CDA rs10916825 0.931 0.954 0.994 0.399 quency of GCSF administration was 1 in 16 of the DCTD
CDA 1s477155  0.252 0.0916  0.619 0.069 r$s9990999 AA genotypes and 54 in 93 of AG/GG geno-
CTPS rs4132440  0.615 0.228 0.891 0.967 types, and was similar between the SLC29A1 AA/AC geno-
CTPS 1312144160 0.448 0.179 0.119 0.0209 type (20/42) and CC genotype (32/67). The SLC29A1 AA/
DCK rs1268166 0.991 0.805 0.232 0.896 AC genotype required longer duration of GCSF administra-
DCTD 159542 0.345 0.334 0.828 0.22 tion than CC genotype (16.1 & 5.54 vs. 13.1 + 4.58 days,
DCTD  1$9990999 0.371 0.473 0.0255 0.579 P = 0.0377). Concerning neutropenia without GCSF, the
NTSC2 153736922 0984 0544 0916  0.843 DCTD 159990999 AG/GG genotype (n = 39) was sig-
RRM1 59937 0.601 0.633 0.483 0.845 nificantly associated with shorter duration of neutropenia
SLC29A1 15693955  0.74 0814  0.00261 0.699 compared to the AA genotype (n = 15) (15.1 £ 5.44 vs.
SLC29A1 19394992 0.921 02 0.626 0.248 19.5 +£9.11 days, P = 00314), and the SLC29A1 rs693955
. — — CC genotype (n = 32) was significantly associated with
Value of P < 0.05 were considered statistically significant shorter duration of neutropenia compared to the AA/AC
Bold value donate statistical significance genotype (n = 22) (14.8 + 5.33 vs. 18.5 + 5.27 days,
Fig. 2 Significant effect of (a) (b)
SNP on time to relapse. Time 1.0 4 CTPS 1512144160 1.0 4 DCTD 19990999
to relapse was estimated by the GG - - AG+GG = =
cumulative incidence method, 0.8 == —+ AA+AG — 0.8 4 AA —
and Gray’s test was used to © -1
compare differences between g o6d ! £ 06+ Ao m
genotypes with respect to % ! o "
the SNP distributions. Death S oal ! A
. . . o 044 | sS04
without experiencing a relapse = ) 3] '4
was considered a competing 02l * ozl 4
event with experiencing first ’ ! ' 'I"
relapse. a SNP effect of CTPS _ + _
1s12144160. b SNP effect of 0.0 1 ; , , _Pr00%09 0.0 1 : : + P70.0255
DCTD 1$9990999. ¢ SNP effect 0 1000 2000 3000 4000 0 1000 2000 3000 4000
of SLC29A1 rs693955 day day
(c) 1.0 SLC2941 1693955
cc --
0.8 - ¢ tm — — 44 AATAC —
2 L
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° |
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|
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Table 4 Competing-risk model of variables associated with the cumulative incidence of relapse

Factor Group n Univariant Multivariant
2 year Relapse rate Median TTR P value Hazard ratio P value

Age <50 13 0.500 (0.231-0.614) 643 0.557

>50 26 0.433 (0.220-0.629) NA
No. of induction 1 33 0.414 (0.230-0.590) 1271 0.271

>1 6 0.667 (0.122-0.925) 291.5 3.613 (1.37-9.55) 0.0032
Karyotype CBF-leukemia 14 0.429 (0.166-0.670) NA 0.346

Others 25 0.539 (0.289-0.736) 745
MPO positive blasts <50 (%) 10 0.594 (0.084-0.897) 647 0.518

>50 (%) 29 0.432 (0.242-0.609) 1271
Performance status 1-2 38 0.437 (0.264-0.598) 782 0.357

34 1 NA (NA-NA) 415
WBC count at diagnosis <20000/pl 19 0.369 (0.141-0.601) 782 0.274

>20000/p.1 20 0.533 (0.280-0.733) 415
CTPS 1512144160 AA/AG 27 0.363 (0.177-0.552) NA 0.0209

GG 12 0.694 (0.258-0.907) 350
DCTD 159990999 AA 6 0.000 (0.000-0.000) NA 0.0255

AG/GG 33 0.529 (0.331-0.692) 647
SLC29A1 15693955 AA/AC 16 0.131 (0.019-0.353) NA 0.00261

CC 23 0.683 (0.416-0.848) 415 7.659 (1.98-29.63)  0.0096

Bold value donate statistical significance

Value of P < 0.05 were considered statistically significant

MPO myeloperoxidase, WBC white blood cell, CBF core binding factor

Table 5 Summary of P value of SNPs about duration of neutropenia
and thrombocytopenia

Gene SNP Neutropenia Thrombocytopenia
(WBC <500/1) (Platelet <50,000/1)
Dominant Recessive Dominant Recessive
CDA rs10916825 0.175 0.734 0.832 0.636
CDA rs477155  0.00249  0.619 0.0576 0.919
CTPS rs4132440 0.648 0.327 0.680 0.460
CTPS rs12144160 0.544 0.628 0.0681 0.909
DCK rs1268166 0.419 0.689 0.0816 0.756
DCTD 1s9542 0.00265 0.00989 0.154 0.736
DCTD rs9990999  0.0257 0.000497 0.0895 0.0558
NT5C2 153736922 0.861 0.962 0.859 0.721
RRM1 rs9937 0.926 0.884 0.705 0911
SLC29A1 15693955  0.0386 0.000155 0.0166 0.0995
SLC29A1 159394992 0.0177 0.994 0.0116 0.477

Value of P < 0.05 were considered statistically significant
Bold value donate statistical significance

P = 0.0468). The frequency of FN was 12 of 16 DCTD
1s9990999 AA genotypes, 71 of 93 AG/GG genotypes, 30
of 42 SLC29A1 AA/AC genotypes, and 53 of 67 CC geno-
types. In addition, the four cases that died during high dose

Ara-C treatment all had the same SLC29A1 rs693955 AA/
AC genotype. However, there was no severe acute neu-
rotoxicity caused by high-dose Ara-C therapy observed
in the patients, and other acute, severe non-hematologic
side effects were not documented in the available clinical
information.

Discussion

The present study suggested that the three SNPs,
rs12144160 in the CTPS gene, 1$9990999 in the DCTD
gene, and 1s693955 in the SCL29A1 gene could influence
outcomes in AML patients receiving high-dose Ara-C
treatment.

The catalytic conversion of UTP to CTP is accomplished
by the CTPS enzyme encoded by CTPS, and increased
Ara-C sensitivity results from decreased CTP/dCTP pools
caused by inhibition of CTPS with cyclopentenyl cytosine
in myeloid leukemia and T-lymphoblastic leukemia cell
lines [19, 20]. Although Ara-C resistance caused by clus-
tered mutations within the coding region of CTPS have
been identified in Chinese hamster ovary cells, no muta-
tions were identified in the regions indicated from recurrent
or resistant acute leukemia in 36 patients [10]. In our study,
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Fig. 3 Duration of neutropenia. Three SNPs associated with TTR are
shown in this figure. a SNP effect of CTPS rs12144160. b SNP effect
of DCTD rs9990999. ¢ SNP effect of SLC29A1 rs693955. CTPS
rs12144160 was not associated with hematological toxicity. The

the CTPS 1512144160 GG genotype was significantly asso-
ciated with shorter TTR compared to the AA/AG genotype,
suggesting that the GG genotype patients had higher levels
of CTPS expression or activity than those with the AA/AG
genotype. However, rs12144160 is located in an intronic
region and therefore might affect RNA expression rather
than enzyme activity.

SNP rs9990999 in the DCTD gene was a significant
prognostic factor for TTR in this study, and the AG/GG
genotype was significantly associated with shorter TTR
compared to the AA genotypes. Interestingly, the patient
with an AA genotype showed a long duration of neutro-
penia and did not experience relapse in our study. The
protein encoded by the DCTD gene catalyzes the deami-
nation of Ara-CMP to Ara-UMP and is allosterically acti-
vated by dCTP and inhibited by dTTP. Schroder et al. [9]
reported that the expression level of DCTD was not asso-
ciated with Ara-C sensitivity, while a non-synonymous
SNP, the A172G mutation causing Asn58Asp, on the cod-
ing regions and causing loss of activity for gemcitabine
monophosphate was identified in Caucasian and African
ethnic groups in vitro assays [21], although the minor allele
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DCTD rs9990999 AA genotype was associated with a longer duration
of neutropenia than the AA or CC genotype. The SLC29A1 rs693955
AA genotype was associated with a longer duration of both neutrope-
nia and thrombocytopenia than the AA or CC genotype

frequency was too low for meaningful association analy-
sis with clinical response to Ara-C in this previous study
[12]. However, nonsynonymous SNPs, including A172G,
have not been observed in the DCTD gene in a Japanese
population. There is also no evidence of functional SNPs
in the DCTD gene, although our findings showed some
kind of gene function for rs9990999 in TTR and neutrophil
toxicity.

Our univariate and multivariate analysis found that the
SLC29A1 15693955 CC genotype was significantly asso-
ciated with shorter TTR and shorter duration of hemato-
logical toxicity. The SLC29A1 gene encodes the human
equivalent of nucleoside transporter 1 (hENT1), a protein
that resides in the plasma membrane to mediate the cellu-
lar uptake of cytotoxic nucleosides as Ara-C from the sur-
rounding medium. Although multiple alternatively spliced
variants have been found for the SLC29A1 gene, they all
encode the same protein, and thus a deficiency in hENT1
expression might be the basis of cellular resistance to
Ara-C [22]. SNPs have been previously detected in the
SLC29A1 gene from Japanese populations and some SNPs
have been implicated in the efficacy of Ara-C [23] and the
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mRNA expression [24, 25]. However, hENTI is a limit-
ing determinant of Ara-C efficacy, and the simple diffusion
rate of Ara-C exceeds its pump-mediated transport in high
plasma concentrations of Ara-C [26]. Although it is less
likely that Ara-C is taken up into the cell by SLC29A1 at
the 50-uM plasma concentration reached by high-dose Ara-
C, 15693955 located in the SLC29A1 gene might still influ-
ence clinical outcomes, based on our multivariate analysis
identifying first induction failure and rs693955 CC geno-
type as independent prognostic factors. Suzuki et al. [25]
reported that mRNA levels in the rs6932345 wild-type
(A>C) and 15747199 wild-type (G>C) were higher than
in the mutation carriers, and LD block analysis from the
HapMap database linked the rs693955 C allele with the
rs747199 C allele at a frequency of 14.8 %. Conversely,
the rs693955 A allele was not linked with the 15747199 G
allele. Thus, we proposed that patients with the rs693955
CC genotype have lower expression levels of hENT1 and
consequently, shorter TTR and lower hematological toxic-
ity. In addition, Pérez-Torras et al. [27] reported that over-
expression of hENT1 in a relatively low transporter activ-
ity background increased the uridine uptake, resulting in
a decreased amount of mRNA encoding key nucleotide
metabolism enzymes, such as DCK and RR, and reduced
cell cycle progression in the cell lines derived from human
pancreatic adenocarcinomas. Nucleotide metabolism with
the 1s693955 CC genotype might be easy to change by the
similar action of hENT1 overexpression. High intracellular
concentrations of Ara-C or the product of Ara-C metabo-
lism due to high-dose Ara-C therapy may have caused the
decrease in nucleotide metabolism enzymes and cell cycle
progression. The rs693955 CC genotype patient in this
study might therefore have a phenotypic resistance to Ara-
C, leading to the rapid recovery from cytopenia and the
early relapse.

DCK is required for the first phosphorylation of deoxy-
ribonucleosides and Ara-C is the most important enzyme
in the activation pathway of Ara-C. However, in our study,
the DCK rs12648166 was not associated with therapeu-
tic outcomes. Our study does not include all SNPs on the
DCK locus, but only one SNP was available based on our
SNP selection criteria, and it is possible other SNPs on
the DCK locus with a lower MAF might be functional
polymorphisms.

Interestingly, the DCTD 159990999 AG/GG and
SLC29A1 15693955 CC were associated with shorter time
to relapse and shorter duration of neutropenia. This finding
suggested that the sensitivity to Ara-C of de novo leukemic
cells is not very different from the sensitivity to Ara-C of
normal hematopoietic stem cells. Braess et al. [28] reported
CDA activities and Ara-C deamination in a variety of the
most commonly used leukemic cell lines, fresh blasts, and
normal bone marrow cells. However, the cell lines herein

had different CDA activity profiles and degrade between
18.5 and 96.5 % of Ara-C to Ara-U. Formation of Ara-CTP
is therefore significantly influenced by the differences in
cell type-dependent cytidine deaminase activity. In contrast
to the cell lines, fresh leukemic blasts and normal bone
marrow mononuclear cells show low Ara-C degradation,
and cultured cell lines are exposed to unknown selective
pressure during a year or even several decades. Therefore,
the biological reactions of cultured cells to Ara-C exposure
seem to be relatively changed from the primary source leu-
kemia cells. Conversely, the de novo leukemic cell without
exposure to Ara-C might maintain a similar Ara-C metabo-
lism to normal cells.

The results of our study suggested that SNP analysis
could lead to better drug responsiveness and improved
treatments for AML patients who benefit by receiv-
ing consolidation therapy with high-dose Ara-C. To our
knowledge, this is the first report showing the relation-
ship between SNPs and clinical outcomes in AML patient
receiving high-dose Ara-C as single-agent therapy. Previ-
ous studies investigated the relationships between SNPs
located on Ara-C metabolic genes and clinical response
or toxicity with various doses of Ara-C based therapy
including hematopoietic stem cell transplantation. RRM1
rs1042919 and rs1561876 were related to intracellular Ara-
CTP concentration, CR rate, and OS [29]. CDA rs2072671
and 1rs532545 were related to OS in a FLT3-ITD muta-
tion-positive normal karyotype AML patient, and NT5C2
rs10883841 was related to OS in a FLT3-ITD mutation-
negative case [30]. In addition, the SLC29A1 rs3734703
AA/AC genotype in combination with TYMS rs2612100
was significantly associated with relapse-free survival and
DCK 15469436 was associated with OS in AML patients
[13]. Nevertheless, few studies have determined SNP func-
tions, and it is possible that CDA rs2072671 caused CDA
protein variants (p.Lys27GlIn) that may be related to the
loss of CDA activity [31]. Our study did not include such
SNPs because their MAF was lower than 0.25. For particu-
lar SNPs to be extracted as therapeutic surrogate markers,
the functional meaning of these candidate SNPs must be
determined and validated in future cohort studies. It might
also be applicable to improve other nucleotide analog treat-
ments which have similar pharmacokinetics system of Ara-
C, such as gemcitabine, fluorouracil, and azacitidine by
conducting SNP analysis associated with the Ara-C phar-
macokinetics. However, our study was limited due to the
small sample size and the inherent selection bias, since the
patients examined here were already in the first remission
state and were receiving high-dose Ara-C as a consolida-
tion therapy. All the meaningful SNPs in our study were in
introns. We could therefore not explore the SNP functions
based on RNA expression, elongation, or splicing variants
of the gene. It is therefore necessary to identify functional
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SNPs that could be related to LD with the SNPs in our
study by genome sequencing and thereby confirm the dif-
ferences by RNA expression level or enzyme activity. Fur-
ther studies are therefore needed to reveal the SNP func-
tions and validation cohort studies are warranted.
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