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Abstract

Introduction: Genetic variability affects clinical outcome in pediatric acute lym-
phocytic leukemia (ALL) patients. Evaluating gene polymorphisms in ABC trans-
porters could help identify relapse risk and predict outcome.

Material and methods: The SNaPshot SNP technique was used to analyze sin-
gle-nucleotide polymorphisms (SNPs) in the multidrug transporter 1 (MDR1),
multidrug resistance associated proteins (MRP1, MRP2) and breast cancer resist-
ance protein (BCRP) genes of 82 pediatric ALL patients. The association between
the SNPs with risk of all events and death as well as with survival was evalu-
ated by the univariate Cox proportional hazard model.

Results: The BCRP G34A SNP was the only SNP significantly associated with ALL
Risk factors included pre-treatment WBC counts and post-treatment peripher-
al and bone marrow leukemic cell counts. We found no association between
MDR1 SNPs with these factors. The BCRP C421A C/A and C/C genotypes were
significantly associated with low pre-treatment WBC counts while MRP2 G1249A
G/G was significantly associated with low levels of post-treatment peripheral
and bone marrow leukemic cells. A combination of C1236T, G1249A and/or G34A
SNPs was significantly associated with lower EFS and OS.

Conclusions: Polymorphisms associated with risk of ALL and clinical outcome
may be potential biomarkers to predict clinical outcome and improve progno-
sis in childhood ALL.

Key words: acute lymphoblastic leukemia, single nucleotide polymorphism, sur-
vival, outcome.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common childhood
malignancy worldwide [1, 2]. The ALL is a heterogeneous group of disor-
ders that arise from the clonal proliferation of malignant, lymphoid cells
in the bone marrow, blood and other organs [3]. Children between 1 and
10 years of age are most likely to develop ALL and have an overall cure
rate of about 80%. Cases in adults are more likely to result from chromo-
somal abnormalities that make treatment more difficult. The overall sur-
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vival rates for adult ALL are significantly lower and
the frequency of relapses higher compared to child-
hood ALL [2]. There are a number of variations in
clinical characteristics and outcomes seen in pedi-
atric ALL patients, which are thought to be the
result of diversity in the genetic backgrounds, muta-
tions and chromosomal changes in leukemic blasts
[4]. Response to therapy is evaluated by determin-
ing the status of minimal residual disease (MRD),
which is important in risk stratification of ALL
patients [5]. The most important prognostic factors
in ALL are pre-treatment white blood cell (WBC)
counts and the early response to treatment [6, 7].

Treatment regimens for ALL are complex and con-
sist of induction chemotherapy (to reduce lym-
phoblast numbers in the bone marrow and to restore
hematopoietic function), consolidation therapy (to
eliminate residual disease) and maintenance
chemotherapy (to prevent relapse) [8]. Current ther-
apeutic options include the use of 1) thiopurine
antimetabolites such as mercaptopurine (MP) and
thioguanine (TG); 2) high dose methotrexate
(HDMTX) given as consolidation therapy and low
dose methotrexate (LDMTX) given as continuation
therapy; 3) synthetic glucocorticoids such as dex-
amethasone and prednisolone, which induce G1 cell
cycle arrest and apoptosis, and 4) L-asparaginase [9].
Pediatric ALL patients are also subjected to total body
irradiation prior to bone marrow transplant [10, 11].

Single nucleotide polymorphisms (SNPs) are the
most frequently inherited sequence variations in
a particular gene and occur every 100-300 bp [9].
Such genetic polymorphisms in genes mediating
drug transport and drug metabolism have been sug-
gested to play an important role in the variability
in survival after cancer therapy [12]. A recent
genome-wide analysis showed an association
between 102 SNPs and MRD in childhood ALL, sug-
gesting that host genetic variability plays an impor-
tant role in dictating treatment response [5]. Spe-
cific inherited polymorphisms were also shown to
be correlated with drug toxicity in leukemias [13].

ATP-binding cassette (ABC) transporters are
transmembrane proteins that are involved in ATP-
dependent transport of specific substrates across
lipid membranes [14]. The ABC transporters play
a role in transport of drugs across membranes,
excretion of substances out of the cell and in lipid
transport. Mutations in these transporters have
been shown to be associated with human disease
[15]. The three major proteins comprising the ABC
family of transporters are 1) MDR1 or ABCB1 (encod-
ing the P-glycoprotein), 2) multidrug resistance
associated protein 1 (MRP1) and 3) breast cancer
resistance protein (BCRP) [16]. MDR1 expression has
been shown to be upregulated in a number of
chemoresistant tumors such as renal cell, adreno-
cortical, hepatocellular and colon cancers and in

over 50% of relapsed acute myeloblastic leukemia
(AML) patients, suggesting that it is a marker of
poor prognosis [17]. P-glycoprotein (P-gp), the prod-
uct of the MDR1 gene, plays an important role in
steroid metabolism and in the export of metabo-
lites, carcinogens and cytotoxic drugs such as
anthracyclines, taxanes, vinca alkaloids and
epipodophyllotoxins [18-20]. A number of SNPs in
the MDR1 gene were recently shown to result in
altered expression and functioning of the P-gp pro-
tein [18]. Analysis of the C3435T polymorphism of
the MDR1 gene showed that the TT genotype was
associated with development of childhood ALL,
while the CC genotype was associated with poor
prognosis [21, 22]. Similarly, patients with high lev-
els of MRP were shown to have a poor prognosis,
independent of age [23]. Upregulation of MDR1 in
AML and MRP1 in ALL were also associated with
response to induction chemotherapy [24].

Although MRP1 and MRP2 have not been specif-
ically associated with prognosis of childhood ALL,
the MRP genes have been reported to play a role in
extruding substrates such as doxorubicin, etopo-
side, vincristine and 6-mercaptopurine, which are
used to treat ALL [23]. Upregulation of BCRP expres-
sion has been suggested to confer drug resistance
in ALL [25]. However, it is not clear if BCRP expres-
sion levels are associated with prognosis [26, 27].
Nevertheless, these data collectively suggest that
SNP analyses of genes such as the ABC transporters
could be an important tool in optimizing the effi-
cacy of chemotherapy in ALL patients. Under-
standing the effect of specific SNPs on the clinical
outcome and identifying disease-associated SNPs
would help in early identification of ALL patients at
risk for relapse.

In this study, we analyzed a total of 9 SNPs in
the MDR1, MRP1, MRP2 and BCRP genes and deter-
mined the correlation between the SNPs, risk of ALL
and clinical outcome in pediatric patients with ALL

Material and methods
Patients

This study recruited 138 children with ALL who
presented for the first time at the Affiliated Chil-
dren’s Hospital of Fudan University between May
2003 and March 2008. The patients were recruited
consecutively. ALL diagnosis was based on the cri-
teria developed by WHO and conformed to the FAB
(French-American-British) classification system. The
study also recruited 93 healthy children to serve as
controls. All study participants were Han Chinese.
Of the 138 patients who were initially recruited,
56 patients were excluded due to loss of follow-
up and only 82 patients completed the study pro-
tocol. Complete information on the treatment and
follow-up regimens was available for all 82 patients
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who completed the study. The study protocol was
approved by the Ethics Committee of the hospital
and informed consent was obtained from the fam-
ilies of all study participants, since the study par-
ticipants were children. The blood samples obtained
for this study were for the sole use of this study
and families were immediately informed in the case
of a significant, positive result.

Treatment regimen

Children with ALL were classified into low risk,
moderate risk or high risk groups and treated based
on the modified BFM-2002 regimen [28, 29]. Age,
pathological type, immunophenotype, peripheral
white blood cell count at disease onset, presence
of peripheral leukemic cells at 7 days after pred-
nisone test (day 8), and the proportion of bone mar-
row leukemic cells at 15 and 33 days after treat-
ment (days 15 or 33) were all used as prognostic
indicators (Table I).

Chemotherapy was performed regularly during
the treatment regimen. Intrathecal injection was
administered at designated time points and rou-
tine blood tests were performed every 1-2 weeks
during maintenance therapy. After therapy discon-
tinuation, follow-up was performed every three
months in the first year, every 6 months in the sec-
ond and third year, and thereafter every year for
3 years. Routine blood tests were performed at
every follow-up visit and bone marrow aspirates
were examined to determine if the patients were
in remission. Liver and kidney function tests,
echocardiography and ultrasonography of abdomen
were also performed during follow-up visits.

Multiplex PCR and SNP analysis

Lymphocytes were isolated from peripheral blood
of 175 children including 82 children with ALL and
93 controls. DNA was extracted from blood using
Qiagen DNA Blood Kit (Qiagen, Hilden, Germany).
A total of 9 SNPs in the MDR1, MRP1, MRP2 and
BCRP genes were analyzed in a total of 175 samples
using the SNaPshot SNP technique [1, 2]. Briefly,
a total of 9 segments (111-330 bp in length) were
amplified using 9 pairs of primers (Sangon, Shang-
hai, China). All primers, as listed in Table Il, were
designed using the Primer3 program (http://fro-
do.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).

Multiplex PCR was carried out using HotStarTaq
(Qiagen, Dusseldorf, Germany) according to the
manufacturer’s instructions. The reaction was per-
formed in a total volume of 20 ul containing 1x Hot-
StarTaq buffer, 3.0 mM Mg2+, 0.3 mM dNTP,
1 U HotStarTag polymerase (Qiagen), 0.1 uM
primers and 1 ul of DNA. Cycling conditions were as
follows: 95°C for 15 min; 12 cycles of (94°C for 20 s,
65 +0.5°C/cycle for 40 s, 72°C for 1 min 40 s); 23

Table 1. Patients’ characteristics

Variable

Baseline characteristics

Age [year] 4.6 (3.3,7.0), 1.0-13.2
Age category 1-6 years 54 (65.9%)
> 6 years 28 (34.1%)
Gender Male 53 (64.6%)
Female 29 (35.4%)
Risk group Standard 28 (34.1%)
Intermedia (47 6%)
High 5 (18.3%)
Immunology T cell 6 (7.3%)
Common B cell 59 (72.0%)
Pre-B cell 8 (9.8%)
Early pre-B cell 9 (11.0%)

Pathologic types L1 52 (63.4%)

L1/12 16 (19.5%)

L2 13 (15.9%)
13 1(12%)

CNS involvement - 78 (95.1%)
+ 4 (4.9%)

Testicular - 79 (96.3%)
involvement + 3 (3.7%)
TEL/AML1 - 70 (85.4%)

+ 12 (14.6%)

E2A/PBX1 81 (98.8%)
1(1.2%)

BCR/ABL - 81 (98.8%)
+ 1(1.2%)

WBC (109/1) <20 54 (65.9%)

20-100 22 (26.8%)
> 100 6 (7.3%)

Post-treatment characteristics

D8 peripheral <1000 78 (95.1%)
leukemic cells [/ul] > 1000 4 (4.9%)
D15 bone marrow  None 41 (50.0%)

leukemic cells [%] <5 23 (28.0%)

5-25 10 (12.2%)
>25 8 (9.8%)
D33 bone marrow None 53 (64.6%)
leukemic cells [%] <5 27 (32.9%)
5-25 1(1.2%)
>25 1(1.2%)

Data are presented as count and percentage except for age, which is
presented as median, inter-quartile range, and full range

cycles of (94°C for 20 s, 59°C for 30 s, 72°C for
1.5 min); 72°C for 2 min. PCR products were purified
using shrimp alkaline enzyme (SAP; Promega, Wis-
consin, USA) and exonuclease | (EXO I; EpiCentre,
Palmerston North, New Zealand) according to the
manufacturer’s instructions.

Purified PCR products from 2 panels were mixed
and used as a template for extension. Extension was
performed in a total volume of 10 ul comprising 5 pl
of SNaPshot Multiplex reaction mix (ABI, California,
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Table Il. Primer sequences (5'-3') used for PCR

Mutation PCR primers Exon

MDR1 C3435T F gagcccatcctgtttgactge 26 51045642
R tgtatgttggectectttgetg

MDR1 G2677T/A F cccatcattgcaatagcaggagt 21 rs2032582
R gcatgaaaaagattgctttgagga

MDR1 C1236T F tcagttcctatatcctgtgtctgtgaa 12 rs1128503
R ccacagccactgtttccaacc

MRP1 T825C F gtggtagggggctgcatctct 8 rs246221
R aagcctccacctecteatteg

MRP2 C24T F ccagcatgattcctggactge 1 15717620
R cgattaaatggttgggatgaaagg

MRP2 G1249A F tggctttgtccatgggtecta 10 rs2273697
R gggcatccacagacatcaggt

MRP2 C3972T F cactccacctaccttctccatge 28 r$3740066
R ccagtttaacaactaccaagtgeggta

BCRP C421A F gttgtgatgggcactctgacg 5 rs2231142
R tgaccctgttaatecgttegttt

BCRP G34A F ccagatgtcttccagtaatgtcgaa 2 rs2231137
R cgacaaggtagaaagccactcttca

USA), 2 ul of purified PCR products, 1 ul of primers for
extension (0.8 uM rs1045642SR, rs2231142SR,
rs1128503SR, rs246221SR, rs2273697SR, rs3740066SR,
rs2032582SR, rs2231137SF, rs717620SR) and 2 ul of
ultra-pure water. Extension was performed using the
SNaPshot Multiplex kit (ABI, USA) under the follow-
ing conditions: 96°C 1 min; 28 cycles of (96°C for 10 s,
50°C for 5 s, 60°C for 30 s); 60°C for 1 min; hold
at 4°C.

Extension products were purified using SAP
(Promega, California, USA) and loaded onto an ABI
3130XL sequencer (ABI, California, USA) for
sequencing. The raw data from the ABI 3130XL
sequencer were subjected to analysis with Gen-
eMapper 4.0 (Applied Biosystems, California, USA).

Statistical analysis

The continuous variable age was expressed by
median with inter-quartile range and full range.
Other category data were expressed as counts with
percentages, and the associations between the cat-
egory variables were tested with Fisher’s exact test.
We used the y 2 fitness test to test the Hardy-Wein-
berg equilibrium in the experimental and control
groups for the SNPs. The univariate Cox propor-
tional hazard model was used to evaluate the risk
factors of all events and death. Since our sample
size was small, we did not find a statistical signifi-
cance between any two variables using the multi-
variate Cox proportional hazard model and there-
fore did not include the multivariate Cox
proportional hazard model in the results. Kaplan-
Meier survival curves described the event-free sur-

vival and overall survival rates, and the log-rank test
was performed to compare the Kaplan-Meier sur-
vival curves. All statistical hypothesis tests were
two-sided using a significance level of 0.05. The sta-
tistical analyses were performed using the SPSS
15.0 software (SPSS Institute Inc., Chicago, IL).

Results

Association of MDR1, MRP1, MRP2
and BCRP SNPs with ALL

This study recruited a total of 138 children, new-
ly diagnosed with ALL during 2003-2008. Of these,
25 children discontinued treatment or moved to
a different hospital before start of treatment. Thir-
teen and eighteen children were lost to follow-up
during the treatment and after treatment, respec-
tively. The remaining 82 children with ALL (53 males
and 29 females) were included in the statistical
analysis. The study also recruited 93 healthy chil-
dren as controls.

The ages of the 82 children included in the
analyses ranged from 1.0 to 13.2 years (mean age;
5.5 years) and 65.9% of children were younger than
6 years old. The clinical characteristics of the
patients are summarized in Table I.

The ALL and healthy control groups were ana-
lyzed using the Hardy-Weinberg equilibrium mod-
el. Only one SNP (G34A) in the BCRP gene was sig-
nificantly associated with ALL. Our data showed that
11.8% and 49.5% of the children in the healthy con-
trol group had the A/A and G/A genotypes respec-
tively, while only 4.9% and 39.0% in the ALL group
had these genotypes (Table II1).
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Table IlI. Frequency of SNPs in the patient and control groups

Variable Healthy control ALL Value of p
(n=93) (n=82)

T825C exon 82 c/C 21 (24.4%) 24 (32.0%) 0.409
/T 47 (54.7%) 33 (44.0%)
/T 18 (20.9%) 18 (24.0%)

Value of p for HWE 0.382 0.322

(C3435T exon 26 c/C 40 (43.0%) 39 (47.6%) 0.775
/T 40 (43.0%) 34 (41.5%)
/T 13 (14.0%) 9 (1.0%)

Value of p for HWE 0.559 0.700

G2677T exon 212 A/A 7 (7.5%) 5 (6.2%) 0.630
G/A 13 (14.0%) 13 (16.0%)
G/G 18 (19.4%) 14 (17.3%)
G/T 28 (30.1%) 25 (30.9%)
T/A 7 (7.5%) 12 (14.8%)
/T 20 (21.5%) 12 (14.8%)

Value of p for HWE 0.016 0.883

C1236T exon 12 c/C 18 (19.4%) 16 (19.5%) 0.289
T 32 (34.4%) 37 (45.1%)
/T 43 (46.2%) 29 (35.4%)

Value of p for HWE 0.013 0.501

C421A exon 5 A/A 8 (8.6%) 8 (9.8%) 0.733
C/A 42 (45.2%) 41 (50.0%)
c/C 43 (46.2%) 33 (40.2%)

Value of p for HWE 0.614 0.353

G34A exon 2 A/A 11 (11.8%) 4 (4.9%) 0.043*
G/A 46 (49.5%) 32 (39.0%)
G/G 36 (38.7%) 46 (56.1%)

Value of p for HWE 0.523 0.599

C24T exon 1 /T 6 (6.5%) 3 (3.7%) 0.418
c/T 27 (29.0%) 31 (37.8%)
C/C 60 (64.5%) 48 (58.5%)

Value of p for HWE 0.232 0.458

G1249A exon 10 A/A 1(11%) 2 (2.4%) 0.823
G/A 17 (18.3%) 15 (18.3%)
G/G 75 (80.6%) 65 (79.3%)

Value of p for HWE 0.973 0.332

C3972T exon 28 /T 6 (6.5%) 3 (3.7%) 0.141
T 29 (31.2%) 37 (45.1%)
C/C 58 (62.4%) 42 (51.2%)

Value of p for HWE 0.371 0.132

aThere were 14 values missing (7 for each group) in T825C exon 8, and one value missing in G2677T exon 21 in the patient group. *Indicates that
a significant association with group was observed for G34A exon 2
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Association of MDR1, MRP1, MRP2 and BCRP
SNPs with risk of all events and risk of death

Among the baseline characteristics analyzed,
children with a pre-treatment WBC count > 100 x
10%/1 had a significantly higher risk of all events and
a significantly higher risk of death (hazard ratios of
10.21, p < 0.001 and 10.64, p = 0.001, respectively).
Of the post-treatment characteristics analyzed, chil-
dren with a peripheral blood leukemic cell count
greater than 1000 per ul on the 8th day were more
likely to die than those with peripheral leukemic
cells less than 1000 per pl (hazard ratio of 5.12,
p = 0.036). Children with > 25% bone marrow
leukemic cells on the 15th day had a significantly
higher risk of all events and death (hazard ratios of
3.57, p = 0.032 and 5.20, p = 0.009, respectively).
Similarly, children with bone marrow leukemic cells
in the range of 5-25% on the 331 day had a signif-
icantly higher risk of all events and death (hazard
ratios of 27.17, p = 0.004 and 41.55, p = 0.002,
respectively) (Table IV).

SNP analyses demonstrated that patients with
the G2677T/A polymorphism (G/G, G/A or A/A geno-
types) in the MDR1 gene had a significantly higher
risk of all events compared to those with G2677T/A
polymorphism (G/T or T/T or T/A genotypes) (haz-
ard ratio of 3.15, p = 0.025). Similarly, patients with
the C1236T polymorphism of the C/C genotype in

the MDR1 gene had a significantly higher risk of all
events compared to those with the T/T genotype
(hazard ratio of 4.63, p = 0.039). Patients with the
MRP2 G1249A polymorphism of the A/A genotype
had a significantly higher risk of all events and a sig-
nificantly higher risk of death compared to those
with the G/G genotype (hazard ratios of 8.27, p =
0.006, and 13.07, p = 0.001, respectively) (Table IV).

Effect of SNP combinations on EFS and OS

Based on our data showing a significantly high-
er risk of all events and death in 1) children with
MDR1 G2677 T/A (G/G, G/A or A/A genotypes);
2) children with MDR1 C1236T of the C/C genotype;
3) children with MRP-2 G1249A of the A/A geno-
type; and 4) the association of BCRP G34A of the
A/A genotype with ALL, we evaluated the effect of
different combinations of these 4 polymorphisms
on event-free survival (EFS) and overall survival
(0S). We found significantly lower event-free sur-
vival in children with three matched SNPs when
compared to children who had no matched SNPs
(p < 0.001), one matched SNP (p < 0.001), or two
matched SNPs (p = 0.014). Children with three
matched SNP also had significantly lower overall
survival compared to children with no matched
SNPs (p < 0.001), one matched SNP (p < 0.001), or
two matched SNPs (p = 0.006) (Figure 1).
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Figure 1 Survival analysis for EFS (A) and OS (B) using the combinations of the C1236, G1249 and the G34A
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Table V. Univariate Cox regression models by patients’ characteristics and the 9 SNPs

Variable Risk of all events Risk of death
HR (95% ClI) Value of p HR (95% ClI) Value of p
Baseline characteristics
Age 1-6 years - -
> 6 years 2.24 (0.86, 5.81) 0.099 2.13(0.72, 6.37) 0.174
Gender Female - -
Male 0.97 (0.36, 2.62) 0.952 119 (0.37, 3.86) 0.774
Risk group Standard - -
Intermedia 1.88 (0.50, 7.10) 0.350 1.80 (0.35, 9.30) 0.481
High 3.29 (0.81, 13.35) 0.096 4.70 (0.94, 23.50) 0.060
Immunology T cell - 0.158 - 0.077
Early pre-B cell 1.47 (0.27, 8.08) 0.655 1.41(0.26, 7.74) 0.691
Pre-B cell 0.30 (0.03, 3.28) 0321 NA
Common B cell 0.43 (0.09, 1.98) 0.279 0.29 (0.06, 1.43) 0.129
Pathologic types L1 - -
L1/12 0.48 (0.11, 2.13) 0.336 0.27 (0.04, 2.13) 0.216
L2 0.69 (0.15, 3.09) 0.629 0.40 (0.05, 3.07) 0.375
L3 NA NA
CNS involvement - - -
+ 2.84 (0.62, 12.93) 0.178 3.88 (0.82, 18.23) 0.086
Testicular - - -
involvement N NA NA
TELAML1 - - -
+ 0.71(0.16, 3.12) 0.650 0.42 (0.05, 3.22) 0.401
E2APBX1 - - -
+ NA NA
BCRABL - - -
+ 4.40 (0.57, 33.74) 0.154 5.30 (0.68, 41.47) 0.112
WBC (109/1) <20 - -
20-100 0.92 (0.28, 3.00) 0.891 0.91(0.23, 3.53) 0.891
> 100 10.21 (2.82,36.98) < 0.001* 10.64 (2.50, 45.30) 0.001*
Genotypes
T825C exon 8 /T - -
C/T 0.46 (0.13, 1.60) 0.223 0.46 (0.11, 1.83) 0.269
c/C 0.94 (0.30, 2.98) 0.918 0.75 (0.20, 2.81) 0.672
C3435Texon 26  T/T - -
C/T 1.08 (0.12, 9.68) 0.948 0.74 (0.08, 7.20) 0.797
C/C 2.84 (0.37, 22.00) 0.317 1.93 (0.24, 15.41) 0.533
G2677T exon 21 G/G - -
G/A 0.80 (0.19, 3.37) 0.761 1.38 (0.28, 6.87) 0.696
G/T 0.24 (0.05, 1.24) 0.088 0.43 (0.07, 2.60) 0.358
A/A 2.33(0.55, 9.95) 0.252 2.60 (0.43, 15.66) 0.297
/T 0.22 (0.03, 1.87) 0.164 0.40 (0.04, 3.87) 0.428
T/A 0.72 (0.17, 2.99) 0.647 0.77 (0.13, 4.61) 0.775
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Table IV. cont.
Variable Risk of all events Risk of death
HR (95% ClI) Value of p HR (95% ClI) Value of p
G2677T/A exon2l  G/G+G/A+A/A 3.15 (1.16, 8.57) 0.025* 2.62 (0.85, 8.07) 0.093
G/T+T/T +T/A - -
C1236T exon 12 /T - -
C/T 3.04 (0.81, 11.35) 0.099 1.81(0.45, 7.29) 0.406
c/C 4.63 (1.08, 19.80) 0.039* 3.47 (0.76, 15.76) 0.108
C421A exon 5 c/C - -
C/A 0.68 (0.25, 1.89) 0.460 0.97 (0.30, 3.20) 0.963
A/A 1.05 (0.22, 4.96) 0.949 171 (0.33, 8.85) 0.520
G34A exon 2 G/G - -
G/A 0.86 (0.31, 2.44) 0.781 110 (0.33, 3.63) 0.879
A/A 4.19 (0.89, 19.63) 0.069 4.80 (0.96, 23.99) 0.056
C24T exon 1 c/C - -
C/T 1.30 (0.50, 3.36) 0.592 0.61 (0.19, 2.00) 0.419
T/T NA NA
G1249A exon 10  G/G - -
G/A NA NA
A/A 8.27 (1.82, 37.59) 0.006* 13.07 (2.68, 63.64) 0.001*
C3972T exon 28  C/C - -
C/T 0.94 (0.36, 2.43) 0.894 0.45 (0.14, 1.47) 0.188
T/T NA NA
Post-treatment characteristics
D8 peripheral <1000 - -
leukemic cells [/ul] > 1000 3.30 (0.75, 14.54) 0.115 5.12 (111, 23.49) 0.036*
D15 bone marrow <5 - -
leukemic cells [%] 5-25 1.76 (0.48, 6.44) 0.390 1.76 (0.36, 8.52) 0.482
> 25 3.57 (112, 11.38) 0.032* 5.20 (1.52,17.82) 0.009*
D33 bone marrow <5 - -
leukemic cells [%] 5-25 27.17 (2.82, 261.57)  0.004* 41.55 (3.76, 459.28) 0.002*
> 25 3.03 (0.38, 23.90) 0.293 4.11(0.51, 33.27) 0.185

NA — the corresponding odds ratio was not applicable due to zero or small count. *p < 0.05 indicates that a significant impact on
the risk of all events, recurrence, or death was observed in the corresponding variable

Association of MDR1, MRP1, MRP2
and BCRP SNPs with risk factors

Since we found that pretreatment WBC counts
and post-treatment leukemic cell counts were sig-
nificantly associated with risk of all events and risk
of death (Table IV), we evaluated the association
between the 9 SNPs with the pretreatment WBC,
or the post-treatment leukemic cell counts. Our data
showed no significant associations between the
3 MDR1 SNPs (C1236T, C3435T, and G2677T/A) and
pretreatment WBC counts, post-treatment day
8 peripheral leukemic cell counts or day 15 and day

33 bone marrow leukemic cell counts (Table V).
However, the BCRP C421A exon 5 SNP was signifi-
cantly associated with pretreatment WBC counts.
We found that 63.6% and 75.6% of children with
the C/C and C/A genotypes, but only 25% of chil-
dren with the A/A genotype, had pretreatment WBC
counts less than 20 x 109/1 (p = 0.025).

The MRP2 G1249A SNP was significantly associ-
ated with post-treatment peripheral leukemic cell
counts and bone marrow leukemic cell counts. Of the
17 children with the A/A or G/A genotypes,
4 had peripheral leukemic cell counts over 1000 per
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Table VII. The associations between MRP2 SNPs: C24T exon 1, G1249A exon 10, and C3972T exon 28 and pre-treatment WBC counts in day 8 peripheral leukemic cells and in day 15 and day 33

bone marrow leukemic cells

Xiaowen Zhai, Hongsheng Wang, Xiaohua Zhu,

C3972T exon 28 Value of p

Value of p

G1249A exon 10

Value of p

C24T exon 1

Variable

c/C

c/T

24 (64.9%) 29 (69.0%)

11 (29.7%)

/T
1(33.3%)
1(33.3%)
1(33.3%)

G/G
40 (61.5%)

G/A
13 (86.7%)

A/A
1(50.0%)
0 (0.0%)
1(50.0%)

c/C
33 (68.8%)
11 (22.9%)
4 (8.3%)

C/T
20 (64.5%)

T
1(33.3%)
1(33.3%)
1(33.3%)

0.386

0.109

0.265

<20
20-100

Pretreatment
WBC [109/1]

10 (23.8%)
3(7.1%)

20 (30.8%)
5 (7.7%)

2 (13.3%)
0 (0.0%)

10 (32.3%)
1(3.2%)

2 (5.4%)

> 100

Post-treatment

0.243

3 (100.0%) 37 (100.0%) 38 (90.5%)

0 (0.0%)
3 (100.0%)
0 (0.0%)
0 (0.0%)
3 (100.0%)
0 (0.0%)
0 (0.0%)

< 0.001

65 (100.0%)

13 (86.7%)

0 (0.0%)
2 (100.0%)
0 (0.0%)
0 (0.0%)
2 (100.0%)
1(50.0%)
1(50.0%)
0 (0.0%)

0.270

44 (91.7%)

3(100.0%) 31 (100.0%)

0 (0.0%)
3 (100.0%)
0 (0.0%)
0 (0.0%)
3 (100.0%)
0 (0.0%)
0 (0.0%)

<1000

> 1000

D8 peripheral

4 (9.5%)

0 (0.0%)
30 (811%) 31 (73.8%)

0 (0.0%)
53 (81.5%)
7 (10.8%)

2 (13.3%)
11 (73.3%)
3 (20.0%)

4 (8.3%)
37 (77.1%)
7 (14.6%)

0 (0.0%)
24 (77.4%)

leukemic cells [/ul]

0.782

0.023

0.845

<5
5-25

D15 bone marrow

7 (16.7%)
4 (9.5%)

3 (8.1%)

4 (10.8%)
36 (97.3%) 41(97.6%)

3(9.7%)

4 (12.9%)
30 (96.8%)

leukemic cells [%]

5 (7.7%)
64 (98.5%)
0 (0.0%)
1(15%)

1(6.7%)
15 (100.0%)

4 (8.3%)
47 (97.9%)
1(2.1%)
0 (0.0%)

> 25
<5

0.741

0.048

0.660

D33 bone marrow

1(2.4%)
0 (0.0%)

0 (0.0%)

0 (0.0%)
0 (0.0%)

0 (0.0%)
1(3.2%)

5-25

leukemic cells (%)

1Q2.7%)

> 25

Hui Miao, Xiaowen Qian, Jun Li, Yijin Gao, Fengjuan Lu, Yue Wu

plon day 8 after treatment, while none of the
65 children with the G/G genotype had periph-
eral leukemic cell counts over 1000 per pl
(p < 0.001). Both children with G1249A in A/A had
over 25% bone marrow leukemic cells on day
15 after treatment. Four of the 15 children (26.7%)
with G1249A in G/A had over 5% bone marrow
leukemic cells on day 15 after treatment, while
only 12 of the 65 (18.5%) children with the G/G
genotype had over 5% bone marrow leukemic
cells on day 15 after treatment (p = 0.023). Fif-
teen children with the G/A genotype (100%) and
64 children with the G/G genotype (98.5%) had
less than 5% bone marrow leukemic cells on day
33 after treatment, while one of the two children
with the A/A genotype had 5-25% bone mar-
row leukemic cells on day 33 after treatment
(p = 0.048) (Table V-VII).

Discussion

Although the cure rate for childhood ALL is
as high as 80%, almost 25% of these children
will relapse [30]. Multidrug resistance (MDR),
mediated by a number of proteins in the ABC
transporter family, remains an important chal-
lenge during treatment of acute leukemia. In
this study, we analyzed the associations
between 9 different SNPs in the MDR1, MRP1,
MRP2 and BCRP genes, with risk of ALL or clin-
ical outcome in pediatric patients with ALL. We
also evaluated the effect of different combina-
tions of the 9 SNPs on event-free survival (EFS)
and overall survival (OS) among our study par-
ticipants. We found that the BCRP G34A SNP
was the only SNP significantly associated with
ALL Important risk factors included 1) pre-treat-
ment WBC counts of > 100 x 10%/l; 2) post-
treatment peripheral leukemic cell counts of
> 1000 on day 8 and 3) bone marrow leukemic
cells > 25% on day 15 and 5-25% on day 33. Our
data suggest that the 3 MDR1 SNPs that we
analyzed were not associated with these risk
factors. However, the BCRP C421A C/A and C/C
genotypes were significantly associated with
low pre-treatment WBC counts (< 20 x 109/1),
while the MRP2 G1249A G/G genotype was sig-
nificantly associated with low levels of post-
treatment day 8 peripheral leukemic cells and
day 15 and day 33 bone marrow leukemic cells.
The MDR1 G2677 T/A polymorphism (G/G, G/A
or A/A genotypes) was associated with a sig-
nificantly higher risk of all events compared to
the G2677 T/A polymorphism (G/T or T/T or T/A
genotypes). Importantly, our data also suggest
that a combination of MDR1 C1236T, MRP2
G1249A and/or BCRP G34A SNPs was signifi-
cantly associated with lower EFS and OS.
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Gene expression profiles have been shown to
correlate with morphology, immunophenotype and
response to therapy and drug resistance in child-
hood ALL patients [5, 31].The genetic polymor-
phisms in MDR1 are thought to influence the
expression levels of the P-gp protein, thereby influ-
encing the development of ALL [32]. Additionally,
the C3435T polymorphism in exon 26 of the MDR1
gene has been suggested to result in an abnormal
conformation of the P-gp protein and inhibition of
its substrate-binding properties [33, 34]. The C3435T
and the G2677G/A but not the C1236T SNPs in the
MDR1 gene have been shown to be associated with
pharmacokinetics of P-gp substrates such as
cyclosporine, digoxin, and fexofenadine, but not vin-
cristine, suggesting a role for these SNPs in drug
metabolism in ALL patients [35]. Additionally, it was
reported that the wild type MDR1 haplotypes 1236C-
2677G-3435C conferred protection against the
leukemogenic effect of pesticides [36]. MRP2 was
shown to facilitate the transport of a number of
anticancer agents such as cisplatin, vinblastine and
camptothecin derivatives [37].

We evaluated the association between the
MDR1, MRP2 and BCRP SNPs and ALL. Although the
MDR1 C3435 polymorphism was previously shown
to be associated with the risk of development as
well as with clinical outcome of childhood ALL and
adult ALL [20, 21], our present study showed that
the BCRP G34A SNP was the only SNP that was sig-
nificantly associated with ALL The frequency of the
T/T genotype of the MDR1 C3435T polymorphism
was previously reported to be significantly higher
in children with ALL when compared to controls,
while the MDR1 2677G/G, 3435C/C and the 2677G-
3435C polymorphisms were shown to be signifi-
cantly associated with poor prognosis in pediatric
Taiwanese ALL patients who received the TPOG-
ALL-93-SR treatment regimen [38].

The MDR1 C3435T and G2677T/A polymorphisms
were reported to be associated with decreased P-
glycoprotein levels in the human placenta [39]. Our
data showed no significant association between
the MDR1 C3435T SNP and risk of death, although
the G2677 T/A polymorphism (G/G, G/A or A/A
genotypes) was associated with a significantly high-
er risk of all events compared to the G2677 T/A
polymorphism (G/T or T/T or T/A genotypes). Pa-
tients with the MDR1 C1236T SNP (C/C genotype)
also had a significantly higher risk of all events com-
pared to those with C1236T polymorphism (T/T
genotype). In contrast, the MRP2 G1249 SNP (A/A
genotype) conferred a significantly higher risk of
all events as well as a significantly higher risk of
death compared to the G/G genotype.

BCRP expression was upregulated in ventricular
samples from cardiomyopathic hearts and was
shown to play an important role in multidrug resist-

ance to a number of cytostatic drugs [37]. The BCRP
C421A polymorphism was previously shown to be
significantly associated with decreased drug resist-
ance when compared to the wild type and the
CA/AA genotype was shown to be associated with
a higher risk of death when compared to the CC
genotype in acute myeloid leukemia [40]. In con-
trast, our data showed that the BCRP C421A C/A
and C/C genotypes were significantly associated
with low levels of pretreatment WBC counts. Since
low pretreatment WBC counts are a positive prog-
nostic indicator, it is important to expand our
understanding of the functional significance of the
BCRP 421A C/A and C/C genotypes.

We determined the correlation of the MDR1,
MRP2 and BCRP SNPs with survival in pediatric ALL
patients. The MDR1 C3435T C/C genotype was pre-
viously shown to be associated with a significantly
lower EFS and OS in a population of pediatric ALL
patients [20]. High expression of all MRP genes,
except MRP4, was associated with lower EFS [19, 23]
and polymorphisms in the MRP4 gene were also
shown to be associated with outcome in childhood
ALL [41]. The BCRP G34A SNP AA/AG genotypes were
shown to correlate with significantly improved sur-
vival compared to the GG genotype [40]. To the best
of our knowledge, we are the first to analyze com-
binations of SNPs and to show that a combination
of MDR1 (C1236T), MRP2 (G1249A) and/or the BRCP
(G34A) SNPs was associated with a significantly low-
er EFS and OS in pediatric ALL patients.

Differences between data reported by the vari-
ous studies have been attributed to a number of
reasons such as differences in study design, varia-
tion in environmental exposure which could mask
the effects of the SNPs or possibly the fact that
many ABC transporter proteins bind to the same
substrate [42]. It will also be interesting to investi-
gate whether these differences between the data
from different studies are due to genetic variation
between different populations of ALL patients.

The most important limitation of this study was
the small sample size. Factors contributing to the
large number of patients lost to follow-up in this
study included: 1) lack of national health insurance
along with the high cost of medical care in China
and 2) initiation of Chinese traditional treatments
in preference over western medicine. Our present
study is a preliminary, exploratory study, which
serves as a useful pilot study based upon which we
will design further studies. We plan to validate our
data on a larger patient population. Another limi-
tation of this study was that we did not analyze the
correlation between the various SNPs and drug
resistance in our ALL patients. It has been sug-
gested that ALL patients with the 3435 CC geno-
type of the MDR1 gene could more efficiently elim-
inate P-gp substrates such as anthracyclines,
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daunorubicin, vincristine and mitoxantrone, result-
ing in poor prognosis [22]. We would like to evalu-
ate the association between the MDR1 C1236T,
MRP2 G1249A and/or BCRP G34A SNPs and re-
sponse to specific chemotherapy regimens in our
pediatric ALL patient population. Data from such
studies could have important implications in design-
ing therapy for pediatric ALL to overcome the neg-
ative prognostic impact conferred by specific SNPs.
It will also be an important goal to explore the asso-
ciation of these SNPs with the risk of ALL and with
clinical outcome in different ethnic populations and
in the context of different drug regimens. We would
also investigate the mechanisms underlying the dif-
ferences in clinical outcome associated with spe-
cific SNPs by evaluating the relevant mRNA and pro-
tein levels in each SNP population. It will also be
interesting to follow the children in the control
group until adulthood to evaluate if any of them
develop ALL.

In conclusion, we evaluated a population of pedi-
atric ALL patients for 9 SNPs in the MDR1, MRP2
and BCRP genes. Based on our data, evaluation of
MDR, MRP and BCRP SNPs at the time of presen-
tation is an important tool to screen for high risk
patients and for clinical management of childhood
ALL. Polymorphisms associated with risk of ALL and
clinical outcome are potential biomarkers which
can be used to predict clinical outcome and improve
prognosis in childhood ALL.
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