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Association study of genetic polymorphism in
ABCC4 with cyclophosphamide-induced adverse
drug reactions in breast cancer patients

Siew-Kee Low!, Kazuma Kiyotaniz, Taisei Mushiroda?, Yataro Daigol, Yusuke Nakamura! and

Hitoshi Zembutsu!

Cyclophosphamide (CPA)-based combination treatment has known to be effective for breast cancer, but often causes adverse
drug reactions (ADRs). Hence, the identification of patients at risk for toxicity by CPA is clinically significant. In this study,

a stepwise case—control association study was conducted using 403 patients with breast cancer who received the CPA
combination therapy. A total of 143 genetic polymorphisms in 13 candidate genes (CYP2B6, CYP2C9, CYP2C19, CYP3A4,
CYP3A5, ALDH1A1, ALDH3A1, GSTA1, GSTM1, GSTP1, GSTT1, ABCC2 and ABCC4), possibly involved in the activation,
metabolism and transport of CPA, were genotyped using 184 cases who developed either >grade 3 leukopenia/neutropenia

or >grade 2 gastrointestinal toxicity and 219 controls who did not show any ADRs throughout the treatment. The association
study revealed that one SNP, rs9561778 in ABCC4, showed a significant association with CPA-induced ADRs (Cochran—-Armitage
trend’s P-value=0.00031; odds ratio (OR)=2.06). Subgroup analysis also indicated that the SNP rs9561778 was significantly
associated with two major ADR subgroups; gastrointestinal toxicity and leukopenia/neutropenia (Cochran-Armitage trend’s
P-value=0.00019 and 0.014; OR=2.31 and 1.83). Furthermore, the SNP rs9561778 showed an association with breast cancer
patients who were treated with CA(F) drug regimen-induced ADR (Cochran-Armitage trend’s P-value=0.00028; OR=3.13).

The SNPs in ABCC4 might be applicable in predicting the risk of ADRs in patients receiving CPA combination chemotherapy.
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INTRODUCTION

Cyclophosphamide (CPA) is one of the most widely used anticancer
drugs in the treatment of hematological malignancies and a variety
of solid tumors including breast cancer.! CPA is frequently used
together with other chemotherapeutic agents; with anthracyclin
(adriamycin, epirubicin) termed the CA regimen, with methotrexate
and 5-fluorouracil (CMF), with adriamycin and 5-flurouracil (CAF),
or with 5-fluorouracil (CF).2 The CPA-based combination treatment
has been known to be effective for breast cancer, but often causes
adverse drug reactions (ADRs), such as leukopenia/neutropenia, and
gastrointestinal symptoms such as vomiting, anorexia and nausea
(http://www.cancercare.on.ca/pdfdrugs/cyclopho.pdf).

CPA is a prodrug that requires metabolic activation to exert its
effect. After CPA administration, the drug is metabolized to
4-hydroxycyclophosphamide (4-OH-CPA) by CYP2B6 and CYP2C9
as well as to a lesser extent by CYP3A4 and CYP3AS5 in the liver.3
The 4-OH-CPA interconverts rapidly with its tautomer, aldophos-
phamide and then degrades spontaneously to form phosphoramide

mustard, which is a therapeutically active component. Both 4-OH-
CPA and aldophosphamide are detoxified by glutathione (GSH)
conjugation catalyzed by multiple glutathione S-transferases
(GSTA1, GSTMI, GSTP1 and GSTT1) and by aldehyde dehydrogenase
(ALDH1A1 and ALDH3AI) to carboxycyclophosphamide.®” Thus,
hepatic metabolism is the primary route of CPA elimination. In
addition, it has been reported that transporters such as ABCC2
(also known as MRP2)® and ABCC4 (also known as MRP4)? are
known to be involved in transport of CPA and its metabolites.

Most of the drug-metabolizing enzymes and transporters contain a
wide range of genetic polymorphisms, which might cause a large
interindividual variability in the plasma concentration of drugs.
Furthermore, anticancer therapies are notoriously known to have a
narrow therapeutic range; a higher concentration in the patient’s
body causes toxicity and a lower concentration reduces the efficacy
of the drugs. Hence, the role of pharmacogenomics, which is
expected to provide a predictive way for severe drug toxicity, is greatly
essential.
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To our knowledge, many of the current publications, which revealed
association analysis with ADRs induced by CPA combination therapy,
concentrated only on enzymes involved in the activation and detox-
ification of CPA, and many of them focused on ADRs by CPA
combination therapy for other diseases such as systemic lupus
erythematosus and lupus nephritis, but not for cancer.l9-12 Hence,
the objective of this study is to discover SNPs associated with CPA-
induced ADRs in patients with breast cancer using a case—control
association study, focusing on not only the drug-metabolizing
enzymes, but also the transporters, which might also have an impor-
tant role in pharmacokinetics of CPA or its active forms.

MATERIALS AND METHODS

Subjects

All the samples were recruited at BioBank Japan (http://biobankjp.org), which
has a collaboration network of 66 hospitals throughout Japan, with written
informed consent. In this study, patients who revealed ADRs of >grade 3
leukopenia or neutropenia, or those with >grade 2 gastrointestinal toxicity
induced by CPA combination therapy were defined as cases (ADR), whereas
controls (non-ADR) were defined as patients who had shown no toxicity
during CPA-based combination therapy.

A total of 216 breast cancer patients comprising 76 cases (ADR) and 140
controls (non-ADR), were collected from June 2003 to March 2006; this served
as the first exploratory samples set (1st set) in this study (Table 1). Another
independent set of samples was collected from April 2006 to November 2007,
which consist of 108 ADR cases and 79 non-ADR controls, and was subse-
quently added into the study as independent second set samples. Age difference
between case and control groups in this study was not statistically significant
(P-value=0.73). The grade of toxicity was classified in accordance with the
National Cancer Institute—Common Toxicity Criteria version 2.0. This project
was approved by the ethics committees at The Institute of Medical Science,
The University of Tokyo, Tokyo, Japan.

Selection of SNPs and genotyping

A total of 141 SNPs (tagSNPs and functional SNPs) and two deletion
polymorphisms in 13 candidate genes that are involved in activation, detox-
ification and transportation of CPA (CYP2B6, CYP2C9, CYP2C19, CYP3A4,
CYP3A5, ALDHIAI, ALDH3A1, GSTAI, GSTM1, GSTP1, GSTT1, ABCC2, and
ABCC4), were genotyped. The selection criteria of the tagSNPs were based on
the measures of linkage disequilibrium (LD) with ? value >0.8 and minor
allele frequency (MAF) of >10% from the HapMap database (http://www.
hapmap.org/). For CYP2C19, CYP3A4 and CYP3A5, only functional SNPs were
tested because of the poor information on tagSNPs on these gene loci. All the
SNPs were genotyped using multiplex polymerase chain reaction (PCR)-
invader assay'® or direct sequencing. Lastly, for GSTM1 and GSTT1, only gene
deletion analysis was performed as described previously, as these two genes
were frequently deleted in our population.'*

Table 1 Patients’ characteristics

Case (ADR) Control (non-ADR)
The number of samples
First set 76 140
Second set 108 79
Total 184 219
Mean age at diagnosis 57.7 52.0
Types of adverse drug reaction
=Grade 3 leucopenia or neutropenia 91 219
=Grade 2 gastrointestinal toxicity 118 219
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Strategy of the study and statistical analysis

The strategy of this study was in a stepwise manner. Association analysis was
performed by using the Cochran—Armitage trend test. The first genotyping was
performed using 76 ADR cases and 140 non-ADR controls. SNPs that show
P-value <0.05 in the Hardy—Weinberg equilibrium were excluded from further
evaluation. SNPs that showed a P-value of <0.05 in the Cochran—Armitage
trend test were further genotyped in an additional 108 ADR cases and 79 non-
ADR controls. Lastly, the data of the first and the second sets were merged to
evaluate its association with the ADR. In addition, during multiple testing,
Bonferroni correction was applied, to further assess the significance level of the
association. Subgroup analysis, such as types of ADR developed after the
individual received CPA combination therapy and types of chemotherapy
regimen for breast cancer, was also evaluated. All the statistical analyses and
haplotype analyses were performed using the PLINK program!> and haploview
software,® respectively.

RESULTS

Association study with ADRs by CPA-based combination therapy

A total of 143 polymorphisms in 13 candidate genes were genotyped
by using the first set of samples consisting of 76 ADR cases and 140
non-ADR controls. Among them, eight SNPs (rs4918766 in CYP2C9,
151614102, rs9561778, rs4148532, rs1729775, rs1751070, rs4771912
and rs8001444 in ABCC4) showed possible association with ADRs
induced by CPA combination therapy, yielded a P-value of <0.05 in
the Cochran—Armitage trend test (Table 2). Considering the low
statistical power because of the number of the exploratory sample
set, three SNPs, 151934968 in CYP2C9, 157988595 and rs870004 in
ABCC4, which showed some trends of association, were also examined
in the further study. Hence, a total of 11 SNPs were genotyped using
an independent second set of samples. Three SNPs located in CYP2C9
(rs1934968) and ABCC4 (rs9561778 and rs4148532), revealed P-values
of less than 0.05 (Table 3). However, only one SNP rs9561778 in
ABCC4 was considered to be significantly associated with ADR by
CPA combination therapy after applying strict Bonferroni’s correction
(Cochran—Armitage trend’s P-value=0.00031; Bonferroni-adjusted
P-value=0.044; OR=2.06; 95% CI=1.36-3.11; Table 3). Hence, we
further genotyped all the tagSNPs in this gene, to facilitate haplotype
analysis and subgroup analysis. Haplotype analysis (data not shown)
revealed that the association of a single SNP (rs9561778; permutation
P-value=0.0031, OR=2.06) with ADR by CPA was stronger than that
of a risk haplotype (permutation P-value=0.011, OR=1.89).

Subgroup analysis

We also performed subgroup analyses by using five SNPs located
within the LD block including the significantly associated SNP
(rs9561778), according to the types of ADRs. For the first subgroup
analysis, we divided cases into two major subgroups; one is gastro-
intestinal toxicity of >grade 2 (GI) and leukopenia/neutropenia of
>grade 3 (LN). We found that rs9561778 showed significant associa-
tion with both the gastrointestinal toxicity and leukopenia/neutrope-
nia, yielding similar trends of odds ratio (Cochran—-Armitage trend’s
P-value=0.00019 and 0.014; OR=2.31 and 1.83; 95% CI=1.45-3.68
and 1.10-3.05, respectively; Table 4).

For the second subgroup analysis, we evaluated the association of
ABCC4 genotypes with the ADR induced by the CA(F) (cyclopho-
sphamide and anthracyclin with or without 5-fluorouracil) drug
regimen because the CA(F) regimen is one of the most major
combination therapies for breast cancer. The numbers of cases treated
with these regimens were the most in our CPA combination therapy
cases (ADR: 146 cases and non-ADR: 80 controls). Thus, we consider
that this combination possesses some statistical power to be analyzed.
This subgroup analysis revealed that the SNP rs9561778 in ABCC4
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Table 2 Relationship between single nucleotide polymorphisms (SNPs) in candidate genes and ADR risk induced by CPA combination therapy

MAF HWE
Cochran-Armitage

CHR Gene SNP Allelel Allele2 Position/effect ADR Non-ADR trend P-value ADR Non-ADR
6 GSTA rs9367495 C T 3" UTR GSTA1 0.16 0.09 0.059 0.38 1.00
6 rs9395826 G A 3’ UTR GSTAS 0.34 0.29 0.26 0.61 0.563
6 rs7739421 A G Intron 6 of GSTAS 0.18 0.20 0.68 0.71 0.79
6 rs9370155 G C Intron 5 of GSTAS 0.16 0.19 0.44 0.68 0.41
7 CYP3A5 rs776746 T C Intron_3 0.24 0.22 0.64 1.00 0.62
7 CYP3A4 rs28371759 C T Pro293Leu 0.03 0.01 0.22 1.00 1.00
7 rs12721627 G C Ser185Thr 0.02 0.00 0.092 1.00 1.00
9 ALDHIAI  rs4646548 G A 3" UTR 0.46 0.40 0.20 0.47 0.72
9 rs348471 G A Intron 12 0.48 0.42 0.26 0.36 0.86
9 rs1330291 T C Intron 11 0.08 0.10 0.66 1.00 0.62
9 rs4646544 C A Intron 7 0.09 0.10 0.65 0.08 1.00
9 rs8187929 A T Phel77lle 0.03 0.04 0.72 1.00 1.00
9 rs13959 T C Exon 3 syn. 0.45 0.43 0.61 0.50 0.22
9 rs647880 A G Intron 1 0.46 0.49 0.60 0.16 0.50
9 rs10156653 T C Intergenic 0.46 0.50 0.47 0.64 0.24
9 rs3003989 [ T Intergenic 0.05 0.03 0.47 0.14 1.00
9 rs7853400 G A Intergenic 0.38 0.42 0.41 0.81 0.49
10 CYP2C9 rs1074145 A G Intergenic 0.29 0.25 0.35 0.26 0.021
10 rs10509679 A G Intron 4 0.32 0.28 0.42 0.19 0.10
10 rs4918766 A G Intron 5 0.54 0.44 0.045 0.25 0.50
10 rs1057910 C A Tyr358Leu 0.05 0.05 0.99 1.00 1.00
10 rs1934968 T C Intron 7 0.22 0.30 0.057 0.74 1.00
10 rs11188133 G A 5" UTR 0.44 0.51 0.15 0.82 0.31
10 CYP2C19  rs4986893 A G Ter212Trp 0.18 0.13 0.20 1.00 1.00
10 rs4244285 A G Exon 5 syn. 0.31 0.26 0.26 0.29 0.045
10 ABCC2 rs2804398 T A Intron 7 0.14 0.12 0.59 0.62 0.41
10 rs2756109 T G Intron 7 0.36 0.34 0.80 0.13 0.19
10 rs11190291 T C Intron 11 0.14 0.14 0.99 0.34 0.14
10 rs2002042 T C Intron 19 0.31 0.32 0.92 0.03 0.17
10 rs3740065 G A Intron 29 0.35 0.36 0.91 0.80 0.14
10 rs12762549 C G Intergenic 0.42 0.44 0.76 0.35 0.010
10 rs2862691 T C Intergenic 0.23 0.21 0.65 1.00 0.44
11 GSTP1 rs612020 T C Intergenic 0.20 0.20 0.86 0.47 1.00
11 rs614080 G A 5" UTR 0.38 0.35 0.55 0.47 0.57
11 rs1695 G A Vall05lle 0.17 0.14 0.35 0.44 0.72
13 ABCC4 rs4148542 G A Intron 30 0.50 0.48 0.67 0.06 0.50
13 rs9561765 A G Intron 30 0.27 0.27 0.99 0.39 0.28
13 rs6492763 T C Intron 30 0.46 0.51 0.35 0.37 0.31
13 1s2182262 T C Intron 29 0.26 0.23 0.43 0.37 1.00
13 rs4148540 T C Intron 29 0.24 0.28 0.41 0.76 0.30
13 rs1614102 A G Intron 26 0.30 0.21 0.037 0.42 0.44
13 rs1751031 G A Intron 26 0.28 0.33 0.28 0.39 0.08
13 rs9561778 T G Intron 26 0.24 0.13 0.0086 0.75 0.71
13 rs931110 G A Intron 26 0.53 0.47 0.29 0.65 0.12
13 rs4148532 T A Intron 21 0.22 0.14 0.032 1.00 0.73
13 rs17234998 T C Intron 20 0.16 0.21 0.22 0.19 0.015
13 rs1751055 T C Intron 20 0.28 0.34 0.23 0.78 0.19
13 rs2698243 C T Intron 20 0.47 0.51 0.39 0.36 0.17
13 rs1729775 A G Intron 20 0.28 0.18 0.027 1.00 1.00
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Table 2 Continued

MAF HWE
Cochran-Armitage

CHR Gene SNP Allelel Allele2 Position/effect ADR Non-ADR trend P-value ADR Non-ADR
13 1s9561784 G A Intron 20 0.19 0.21 0.64 0.45 0.19
13 1s1729741 G A Intron 19 0.13 0.18 0.23 1.00 0.57
13 rs1751070 G C Intron 19 0.23 0.15 0.029 0.33 0.31
13 rs2619313 T C Intron 19 0.24 0.23 0.78 0.03 0.46
13 1s997777 T A Intron 19 0.38 0.39 0.85 0.15 0.48
13 rs4148508 T A Intron 19 0.16 0.15 0.64 0.68 0.17
13 rs1479390 A C Intron 19 0.27 0.31 0.34 1.00 0.84
13 rs7988595 C A Intron 19 0.19 0.27 0.057 1.00 0.83
13 1s7988271 T C Intron 19 0.10 0.16 0.10 0.54 0.75
13 rs3765534 T C Lys757Glu 0.11 0.17 0.14 1.00 0.54
13 1s1729764 G A Intron 16 0.33 0.32 0.93 1.00 0.85
13 rs4148500 T C Intron 15 0.21 0.19 0.57 0.30 0.41
13 rs9561797 G A Intron 14 0.28 0.36 0.080 0.57 0.26
13 rs12429339 A T Intron 14 0.16 0.17 0.70 0.38 1.00
13 rs1729786 A G Intron 13 0.30 0.23 0.12 0.42 0.34
13 rs1189458 C T Intron 13 0.31 0.37 0.24 0.79 0.46
13 1s6492768 G A Intron 13 0.48 0.46 0.69 0.50 1.00
13 rs1751003 A G Intron 13 0.15 0.16 0.88 0.67 0.74
13 rs1887162 T G Intron 13 0.22 0.27 0.31 0.51 0.67
13 rs10161985 T C Intron 11 0.45 0.43 0.66 0.16 0.39
13 rs1564352 T G Intron 11 0.33 0.35 0.80 1.00 0.71
13 rs10162199 T C Intron 11 0.33 0.30 0.61 1.00 0.69
13 rs3843689 G A Intron 11 0.29 0.30 0.81 0.58 0.84
13 1s2766474 A G Intron 11 0.15 0.16 0.76 0.65 0.75
13 rs1557069 G A Intron 10 0.24 0.22 0.76 1.00 0.47
13 rs4773843 T C Intron 10 0.13 0.15 0.59 1.00 1.00
13 rs9561802 A G Intron 10 0.17 0.15 0.61 1.00 0.74
13 1s1678374 T C Intron 9 0.41 0.40 0.96 1.00 0.28
13 rs4148486 T C Intron 9 0.33 0.33 0.95 0.43 0.70
13 rs7319330 C T Intron 9 0.47 0.50 0.65 1.00 0.73
13 rs4148481 C T Intron 9 0.40 0.41 0.88 1.00 0.59
13 rs1678384 A G Intron 8 0.05 0.07 0.63 1.00 0.012
13 rs4148478 C T Intron 8 0.29 0.31 0.67 0.58 0.55
13 rs1751022 T C Intron 8 0.24 0.21 0.52 0.11 0.61
13 1s1751025 G C Intron 8 0.30 0.29 0.78 1.00 0.83
13 rs4773844 T C Intron 8 0.27 0.29 0.79 0.24 0.53
13 1s17268170 T C Intron 8 0.07 0.07 0.81 1.00 1.00
13 1s9556465 T G Intron 8 0.07 0.09 0.41 1.00 0.60
13 rs1751029 A G Intron 8 0.19 0.18 0.78 0.06 0.25
13 1s2274408 T C Intron 7 0.45 0.42 0.54 0.65 0.22
13 rs9524827 C T Intron 6 0.38 0.37 0.87 0.32 0.71
13 rs873706 T C Intron 5 0.37 0.37 0.95 0.63 0.35
13 rs11568658 T G Trp187Gly 0.07 0.10 0.43 0.33 0.61
13 rs9524831 C A Intron 4 0.26 0.28 0.75 0.37 0.52
13 rs7330519 T C Intron 4 0.49 0.50 0.84 0.35 0.49
13 rs4773856 A G Intron 4 0.22 0.22 0.98 0.75 1.00
13 1s9561814 C T Intron 4 0.17 0.18 0.82 0.03 0.77
13 rs7333234 A G Intron 4 0.32 0.34 0.79 0.43 0.70
13 rs4148456 G A Intron 3 0.09 0.09 0.94 1.00 1.00
13 1s9561817 T C Intron 3 0.37 0.38 0.89 0.32 0.58
13 rs4258481 C G Intron 3 0.51 0.49 0.69 0.10 0.86
13 1s12427972 A G Intron 3 0.28 0.32 0.42 0.24 0.69
13 rs2892715 A G Intron 3 0.16 0.11 0.14 0.0022 1.00
13 rs4148450 G A Intron 3 0.28 0.32 0.39 0.26 0.84
13 rs10508019 T C Intron 3 0.22 0.28 0.23 0.33 0.67
13 rs4148440 A G Intron 3 0.45 0.47 0.71 0.35 0.12
13 rs4148436 C T Intron 2 0.27 0.22 0.30 0.37 0.80
13 rs4148434 A G Intron 1 0.20 0.16 0.33 0.06 0.34
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Table 2 Continued

MAF HWE
Cochran-Armitage
CHR Gene SNP Allelel Allele2 Position/effect ADR Non-ADR trend P-value ADR Non-ADR
13 rs9590216 T C Intron 1 0.45 0.46 0.93 0.24 0.11
13 rs9561820 T C Intron 1 0.31 0.29 0.63 0.17 0.010
13 rs4148431 A G Intron 1 0.44 0.45 0.84 0.48 0.023
13 rs7328332 T C Intron 1 0.14 0.10 0.23 1.00 1.00
13 rs870004 A G Intron 1 0.18 0.26 0.063 0.69 0.65
13 rs8001475 C T Intron 1 0.29 0.35 0.24 0.78 0.45
13 rs4148426 G C Intron 1 0.18 0.25 0.11 0.68 0.34
13 rs9524873 A G Intron 1 0.26 0.22 0.40 0.25 0.010
13 rs4771910 C T Intron 1 0.30 0.35 0.40 0.58 0.70
13 rs10508017 T C Intron 1 0.24 0.23 0.83 0.34 0.025
13 rs4148424 T C Intron 1 0.34 0.36 0.56 0.61 1.00
13 rs4148422 C T Intron 1 0.37 0.36 0.92 0.80 0.26
13 rs34665760 A G Intron 1 0.24 0.30 0.21 0.75 0.84
13 rs4773872 T C Intron 1 0.28 0.36 0.084 0.40 0.57
13 rs4771912 G A Intron 1 0.24 0.33 0.045 1.00 0.33
13 rs4773875 T G Intron 1 0.43 0.35 0.10 0.34 0.70
13 rs8001444 T C Intron 1 0.37 0.47 0.041 0.80 1.00
17 ALDH3A1  rs758427 T C 5’ near gene 0.49 0.49 0.88 0.82 0.73
17 rs11657205 T C 5’ near gene 0.49 0.48 0.82 1.00 0.49
17 rs11204411 C T 5’ near gene 0.20 0.22 0.67 1.00 0.45
17 rs57555435 A G Exon 10 syn. 0.14 0.14 0.85 0.34 0.040
17 rs2228100 G C Ala329Pro 0.32 0.33 0.82 1.00 0.85
17 rs3744692 A G Glu309Gly 0.03 0.05 0.36 1.00 1.00
17 rs2072330 A T Exon 6 syn. 0.45 0.44 0.83 0.64 0.06
17 rs887241 T G Alal34Ser 0.03 0.04 0.73 1.00 1.00
19 CYP2B6 rs7254579 C T 5’ near gene 0.46 0.49 0.57 0.24 0.24
19 rs4802101 T C 5’ near gene 0.39 0.32 0.17 0.81 0.56
19 rs4803415 T C Intron 1 0.23 0.19 0.35 0.562 0.28
19 rs4803419 T C Intron 3 0.45 0.49 0.49 0.64 0.61
19 rs3745274 T G His172GIn 0.13 0.17 0.32 1.00 1.00
19 rs2279343 G A Arg262Lys 0.16 0.22 0.13 1.00 0.81
19 1s2279345 T C Intron 5 0.36 0.31 0.28 1.00 0.32
19 rs7255374 T C Intron 8 0.19 0.22 0.51 1.00 0.80
19 rs1042389 C T 3" UTR 0.30 0.26 0.46 0.09 0.83
GSTM1 and GSTT1 deletion
ADR Non-ADR
Gene Deletion Wildtype Deletion  Wildtype  Fisher's exact P-value  Odds ratio
GSTM deletion 46 51 102 87 0.32 0.769
GSTT deletion 41 56 83 108 0.90 0.953

Abbreviations: ADR, adverse drug reaction; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency.

showed a significant association with a higher odds ratio (Cochran—
Armitage trend’s P-value=0.00028; OR=3.13; 95% CI=1.68-5.83)
with patients treated with the CA(F) regimen (Table 5).

DISCUSSION
Most of the genes encoding the enzymes involved in the activation and
detoxification pathways are known to be highly polymorphic. There
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are several reports indicating that the polymorphisms in such genes
were associated with the risk of the toxicity caused by CPA combina-
tion therapy, but there are significant inconsistencies in the results
mostly because of the small sample size,!%121718 suggesting the urgent
need to further confirm those reports. In this study, we examined a
total of 141 SNPs and two gene deletions in 13 candidate genes that
were considered to be involved in the activation (CYP2B6, CYP2C9,
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Table 3 Replication study for single nucleotide polymorphisms (SNPs) showing P-values of <0.05 or trends of association in 1st set

ADR Non-ADR MAF 95% cI  Adjusted
Cochran-Armitage ——  P-value
Chr SNP Stage Allelel Allele2 11 12 22 11 12 22 ADR Non-ADR trend P-value OR? Lower Upper (BONF)® Designation Gene
10 rs4918766 1st A G 19 44 13 29 65 46 054 0.44 0.045 237 1.19 470 INTRONIC  CYP2C9
2nd A G 256 52 31 14 44 20 0.47 046 0.84 1.38 0.67 2.83
Total A G 44 96 44 43 109 66 050 0.45 0.13 1.38 0.89 2.15 1.00
10 rs1934968 1st T C 4 25 47 12 59 66 0.22 0.30 0.06 1.74 0.99 3.08 INTRONIC  CYP2C9
2nd T C 543 60 7 40 30 0.25 0.35 0.021 196 1.08 3.54
Total T C 9 68 107 19 99 96 0.23 0.32 0.0057 1.71 1.15 254 0381
13 rs1614102 1st A G 8 29 39 4 49 85 030 0.21 0.037 3.94 121 12.74 INTRONIC ABCC4
2nd A G 5 53 50 6 29 44 0.29 0.26 0.47 146 0.82 261
Total A G 13 82 89 10 78 129 0.29 0.23 0.025 1.56 1.05 232 1.00
13 rs9561778 1st T G 5 26 45 3 31 104 0.24 0.13 0.0086 2.11 1.16 3.83 INTRONIC ABCC4
2nd T G 546 57 1 26 52 026 0.18 0.047 1.72 0.95 3.13
Total T G 10 72 102 4 57 156 0.25 0.15 0.00031 206 1.36 3.11 0.044
13 rs4148532 1st T A 4 26 46 3 33 102 022 0.14 0.032 1.85 1.02 3.35 INTRONIC ABCC4
2nd T A 7 43 58 1 24 54 026 0.16 0.020 1.86 1.02 3.40
Total T A 11 69 104 4 57 156 0.25 0.15 0.00050 1.97 130 2.98 0.071
13 rs1729775 1st A G 6 30 40 4 42 90 0.28 0.18 0.027 1.76 1.00 3.12 INTRONIC ABCC4
2nd A G 6 44 58 3 27 49 026 0.21 0.25 1.41 0.78 2.54
Total A G 12 74 98 7 69 139 0.27 0.19 0.013 1.60 1.07 2.40 1.00
13 rs1751070 1st G C 2 31 43 1 39 96 023 0.15 0.029 1.84 1.03 3.30 INTRONIC ABCC4
2nd G C 338 67 2 32 45 020 0.23 0.55 1.23 0.69 2.22
Total G C 569 110 3 71 141 0.21 0.18 0.18 1.28 0.85 1.93 1.00
13 rs7988595 1st C A 2 25 49 11 53 73 0.19 0.27 0.057 3.23 0.78 13.30 INTRONIC ABCC4
2nd C A 6 32 70 3 30 45 020 0.23 0.53 1.35 0.756 2.45
Total C A 8 57 119 14 83 118 0.20 0.26 0.047 1.50 1.01 2.25 1.00
13 rs870004  1st A G 3 20 50 10 48 72 0.18 0.26 0.063 1.75 0.96 3.19 INTRONIC ABCC4
2nd A G 4 39 65 0 32 47 022 0.20 0.70 NA 0.74 NA
Total A G 7 59 115 10 80 119 0.20 0.24 0.20 1.32 0.88 1.98 1.00
13 rs4771912 1st G A 4 28 42 12 65 56 0.24 0.33 0.045 1.80 1.02 3.20 INTRONIC ABCC4
2nd G A 5 57 46 2 41 36 031 0.28 0.54 1.87 0.41 8.55
Total G A 9 8 88 14 106 92 0.28 0.32 0.27 1.22 0.82 1.82 1.00
13 rs8001444 1st T C 9 36 28 29 67 36 037 047 0.041 200 090 443 INTRONIC ABCC4
2nd T C 19 57 32 13 40 26 044 042 0.66 1.17 0.63 2.17
Total T C 28 93 60 42 107 62 041 045 0.24 1.36 0.81 229 1.00

Abbreviations: ADR, adverse drug reaction; Cl, confidence interval; MAF, minor allele frequency.
20R: Odds Ratio of risk genotype vs non-risk genotype.
PBONF: Bonferroni correction; based on 143 independent effective tests.

Table 4 Association study of ABCC4 genotypes with type of ADR occurrence induced by CPA combination therapy

ADR Non-ADR MAF 95% Cl

Cochran-Armitage _—
SNP Allelel Allele2 Type of ADR 11 12 22 11 12 22 ADR Non-ADR trend P-value OR® Lower  Upper
rs9561778 T G GIP 7 49 62 4 57 156 0.27 0.15 0.00019 231 1.45 3.68
LN¢ 4 34 53 4 57 156 0.23 0.15 0.014 1.83 1.10 3.05

rs931110 G A Gl 34 55 29 44 110 63 0.52 0.46 0.11 1.59 0.95 2.67
LN 32 41 18 44 110 63 0.58 0.46 0.0068 2.13 1.24 3.66

rs4148532 T A Gl 8 47 63 4 57 156  0.27 0.15 0.00022 2.23 1.40 3.56
LN 4 33 54 4 57 156 0.23 0.15 0.022 1.75 1.05 2.92

152698243 T c Gl 29 64 25 43 116 58 0.52 0.47 0.18 1.36 0.80 2.31
LN 31 42 18 43 116 58 0.57 0.47 0.015 2.09 1.21 3.60

1s1729775 A G Gl 8 53 b7 7 69 139 0.29 0.19 0.0029 1.96 1.24 3.09
LN 5 33 53 7 69 139 0.24 0.19 0.22 1.31 0.80 2.16

Abbreviations: ADR, adverse drug reaction; Cl, confidence interval; MAF, minor allele frequency.
20R: Odds ratio of risk genotype vs non-risk genotype.

bGl: >Grade 2 gastrointestinal toxicity,

°LN: >Grade 3 leucopenia or neutropenia.
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Table 5 Association study of ABCC4 genotypes with CA(F)? regimens for breast cancer treatment

ADR Non-ADR MAF 95% Cl
Cochran-Armitage —_—
SNP Allelel Allele2 11 12 22 11 12 22 ADR Non-ADR trend P-value ORP Lower Upper
rs9561778 T G 8 60 78 1 16 61 0.26 0.12 0.00028 3.13 1.68 5.83
rs931110 A G 29 64 53 26 38 14 0.42 0.58 0.0021 2.61 1.34 5.05
rs4148532 T A 9 58 79 1 17 60 0.26 0.12 0.00063 2.83 1.53 5.22
rs2698243 C T 27 68 51 24 40 14 0.42 0.56 0.0036 2.45 1.26 4.76
rs1729775 A G 10 58 78 1 22 55 0.27 0.15 0.0060 2.08 1.17 3.73

Abbreviations: ADR, adverse drug reaction; Cl, confidence interval; MAF, minor allele frequency.
2CAF: C; Cyclophosphamide, A; Anthracyclin (Epirubicin or Adriamycin), F; 5-fluorouracil.
POR: Odds ratio of risk genotype vs non-risk genotype.

CYP2C19, CYP3A4 and CYP3A5), detoxification (GSTAI, GSTMI,
GSTP1, GSTTI, ALDHIAI and ALDH3AI) and transportation of
CPA (ABCC2, and ABCC4), and clarified that one SNP, rs9561778,
in ABCC4 was significantly associated with ADRs caused by CPA
combination therapy.

ABCC4 is a member of the superfamily of ATP-binding cassette
(ABC) transporters. ABCC4 protein is expressed relatively ubiqui-
tously in many organs including the kidney,!® lung,? liver,?! pros-
tate,”? brain,”> pancreas,’* lymphocytes®® and platelets.”® ABCC4
transports some of its substrates in GSH-dependent manner and
depletion of intracellular GSH by GSH synthesis inhibitor, DL-
buthionine-(S,R)-sulfoximine, blocks ABCC4-mediated export of
the substrates, such as bile acid and cAMP.?’ A recent study indicated
that CPA and/or its active metabolites are the substrates to ABCC4
because the in vitro CPA cytotoxicity was significantly enhanced by the
addition of DL-buthionine-(S,R)-sulfoximine.’

The expression of ABCC4 in the kidney might have an important
role in the elimination of CPA, and its metabolites from the body and
genetic variations within this gene might affect the amount or nature
of this transporter, resulting in the impairment of excretion and
subsequent overdose manifestation. This idea was supported by several
previous studies that showed specific localization of ABCC4 in the
kidney at the apical membrane of proximal tubules and indicated its
possible role as one of the efflux pumps for urinary excretion. The
substrates for ABCC4 so far found are purine metabolites urate,
cAMP, cGMP and methotrexate.!*?%2° A recent report has suggested
that not only CPA, but also its active metabolites are substrates
to ABCC4,° and a significant proportion of them is likely to be
excreted through the urine.>® Hence, ABCC4 might act as one of the
important efflux pumps for urinary excretion for both CPA and its
metabolites. However, to prove the hypothesis that ABCC4 functions
in the renal excretion of CPA and its metabolites, further studies are
required. In addition, the expression of ABCC4 in the sinusoidal
membrane of hepatocytes might facilitate the secretion of active
metabolites of CPA produced from the liver into the systemic
circulation. Variants on this gene might cause an excess efflux of
CPA and its metabolites, which consequently increase systemic drug
concentration in the body.

In this association study, one SNP (rs9561778) that showed a
significant association with CPA-induced ADRs, was located in intron
26 of the ABCC4 gene. Although two functional SNPs were also
examined, we found no association of them with ADRs. Hence, we
assume that rs9561778, some other variants in LD with it, or their
combined haplotype possibly influence the expression levels of the
gene product. The SNP function prediction software (FastSNP, http://
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fastsnp.ibms.sinica.edu.tw/pages/input_SNPListAnalysis.jsp) indicated
that the SNP, rs9561778, might be located within a transcription factor
binding site possibly within an intronic enhancer sequence and serve
as a causative variant affecting the expression level of the gene.
However, further functional analyses are required to clarify how this
SNP influences the drug activity.

We found that 159561778, which showed significant association
with CPA-induced ADRs, possessed similar trends of odds ratio in
both the gastrointestinal toxicity and leukopenia/neutropenia
(OR=2.31 and 1.83, respectively), indicating that the two toxicities
might be caused by an overdose manifestation of CPA, which leads to
ADR development. We suspect that the impairment of ABCC4 might
cause an insufficient CPA clearance and subsequent increase of the
CPA concentration in the body, although further investigation is
required. Furthermore, we observed associations of rs931110,
12698243 and 151729775 with either gastrointestinal toxicity or
leukopenia/neutropenia (Table 4). These associations might be
observed simply because of the LD with rs9561778, but the stronger
association with one phenotype might be explained by the effect of
these SNPs on the tissue-specific expression of ABCC4 and the tissue-
specific clearance of the drug. However, this hypothesis should be
validated by association analysis using larger samples as well as by a
functional analysis of these SNPs.

We identified novel SNPs that might be significantly associated with
ADRs in breast cancer patients treated with the CA(F) regimen.
Although the number of samples used for this subgroup analysis
was small, the SNP rs9561778 in ABCC4, which was significantly
associated with the ADR induced by CPA combination therapy
(Cochran—-Armitage trend’s P-value=0.00031; OR=2.06; 95%
CI=1.36-3.11), revealed an even stronger association and higher OR
with ADR induced by the CA(F) regimen for breast cancer (Cochran—
Armitage trend’s P-value=0.00028; OR=3.13; 95% CI=1.68-5.83).
Although the other four SNPs located within the same LD block
showed a similar trend of association, rs9561778 remained the
strongest significantly associated SNP, further suggesting that this
SNP might act as an important marker for risk of ADR induced by
the CA(F) regimen.

In conclusion, through the candidate gene approach, associations
between ABCC4 genotypes and CPA-induced ADRs were identified.
Although the association as well as the mechanism to induce ADRs
should be further validated by using a larger number of samples or by
molecular analysis, this study has contributed another piece of the
puzzle into the mist of the prediction system, which may help in
identifying patients at risk of CPA-induced ADRs and lead to a better
prognosis and quality of life for patients with cancer.


http://fastsnp.ibms.sinica.edu.tw/pages/input_SNPListAnalysis.jsp
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ACKNOWLEDGEMENTS

This work was supported by a leading project for personalized medicine in
Ministry of Education, Culture, Sports, Science and Technology, Japan. We
express our heartfelt gratitude to Drs Michiaki Kubo and Yoichiro Kamatani for
their constructive comments and suggestions. We express our gratefulness to
Miss Kumi Matsuda for her outstanding technical assistance.

1 Zhang, J., Tian, Q. & Zhou, S. F. Clinical pharmacology of cyclophosphamide and
ifosfamide. Curr. Drug. Ther. 1, 104-168 (2006).

2 Pritchard, K. I., Shepherd, L. E., O'Malley, F. P., Andrulis, I. L., Tu, D., Bramwell, V. H.
et al. HER2 and responsiveness of breast cancer to adjuvant chemotherapy. N. Engl. J.
Med. 354, 2103-2111 (2006).

3 Zhang, J., Tian, Q., Yung, C. S., Chuen, L. S., Zhou, S., Duan, W. et al. Metabolism and
transport of oxazaphosphorines and the clinical implications. Drug Metab. Rev. 37,
611-703 (2005).

4 Chang, T. K., Weber, G. F., Crespi, C. L. & Waxman, D. J. Differential activation of
cyclophosphamide and ifosphamide by cytochromes P-450 2B and 3A in human liver
microsomes. Cancer Res. 53, 5629-5637 (1993).

5 de Jonge, M. E., Huitema, A. D., Rodenhuis, S. & Beijnen, J. H. Clinical pharmaco-
kinetics of cyclophosphamide. Clin. Pharmacokinet. 44, 1135-1164 (2005).

6 Dirven, H. A., van Ommen, B. & van Bladeren, P. J. Involvement of human glutathione
S-transferase isoenzymes in the conjugation of cyclophosphamide metabolites with
glutathione. Cancer Res. 54, 6215-6220 (1994).

7 Moreb, J. S., Gabr, A., Vartikar, G. R., Gowda, S., Zucali, J. R. & Mohuczy, D. Retinoic
acid down-regulates aldehyde dehydrogenase and increases cytotoxicity of 4-hydroper-
oxycyclophosphamide and acetaldehyde. J. Pharmacol. Exp. Ther. 312, 339-345
(2005).

8 Qiu, R., Kalhorn, T. F. & Slattery, J. T. ABCC2-mediated biliary transport of 4-
glutathionylcyclophosphamide and its contribution to elimination of 4-hydroxycyclo-
phosphamide in rat. J. Pharmacol. Exp. Ther. 308, 1204-1212 (2004).

9 Tian, Q., Zhang, J., Tan, T. M., Chan, E., Duan, W., Chan, S. Y. et al. Human multidrug
resistance associated protein 4 confers resistance to camptothecins. Pharm. Res. 22,
1837-1853 (2005).

10 Zhong, S., Huang, M., Yang, X., Liang, L., Wang, Y., Romkes, M. et al. Relationship of
glutathione S-transferase genotypes with side-effects of pulsed cyclophosphamide
therapy in patients with systemic lupus erythematosus. Br. J. Clin. Pharmacol. 62,
457-472 (2006).

11 Takada, K., Arefayene, M., Desta, Z., Yarboro, C. H., Boumpas, D. T., Balow, J. E. et al.
Cytochrome P450 pharmacogenetics as a predictor of toxicity and clinical response to
pulse cyclophosphamide in lupus nephritis. Arthritis Rheum. 50, 2202-2210 (2004).

12 Singh, G., Saxena, N., Aggarwal, A. & Misra, R. Cytochrome P450 polymorphism as a
predictor of ovarian toxicity to pulse cyclophosphamide in systemic lupus erythemato-
sus. J. Rheumatol. 34, 731-733 (2007).

13 Ohnishi, Y., Tanaka, T., Ozaki, K., Yamada, R., Suzuki, H. & Nakamura, Y. A high
throughput SNP typing system for genome-wide association studies. J. Hum. Genet.
46, 471-477 (2001).

Association study of SNPs with CPA-induced toxicity
S-K Low et al

14 Bolt, H. M. & Thier, R. Relevance of the deletion polymorphisms of the glutathione S-
transferases GSTT1 and GSTM1 in pharmacology and toxicology. Curr. Drug Metab. 7,
613-628 (2006).

15 Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D. et al.
PLINK: a tool set for whole-genome association and population-based linkage analyses.
Am. J. Hum. Genet. 81, 559-575 (2007).

16 Barrett, J. C., Fry, B., Maller, J. & Daly, M. J. Haploview: analysis and visualization of LD
and haplotype maps. Bioinformatics 21, 263-265 (2005).

17 Ekhart, C., Doodeman, V. D., Rodenhuis, S., Smits, P. H., Beijnen, J. H. & Huitema, A.
D. Polymorphisms of drug-metabolizing enzymes (GST, CYP2B6 and CYP3A) affect the
pharmacokinetics of thiotepa and tepa. Br. J. Clin. Pharmacol. 67, 50-60 (2009).

18 Goekkurt, E., Stoehlmacher, J., Stueber, C., Wolschke, C., Eiermann, T., lacobelli, S.
et al. Pharmacogenetic analysis of liver toxicity after busulfan/cyclophosphamide-based
allogeneic hematopoietic stem cell transplantation. Anticancer Res. 27, 4377-4380
(2007).

19 van Aubel, R. A., Smeets, P. H., Peters, J. G., Bindels, R. J. & Russel, F. G. The MRP4/
ABCC4 gene encodes a novel apical organic anion transporter in human kidney
proximal tubules: putative efflux pump for urinary cAMP and c¢cGMP. J. Am. Soc.
Nephrol. 13, 595-603 (2002).

20 Torky, A. R., Stehfest, E., Viehweger, K., Taege, C. & Foth, H. Immuno-histochemical
detection of MRPs in human lung cells in culture. Toxicology 207, 437-450 (2005).

21 Rius, M., Nies, A. T., Hummel-Eisenbeiss, J., Jedlitschky, G. & Keppler, D. Cotransport
of reduced glutathione with bile salts by MRP4 (ABCC4) localized to the basolateral
hepatocyte membrane. Hepatology 38, 374-384 (2003).

22 Lee, K., Klein-Szanto, A. J. & Kruh, G. D. Analysis of the MRP4 drug resistance profile
in transfected NIH3T3 cells. J. Natl. Cancer Inst. 92, 1934-1940 (2000).

23 Nies, A. T., Jedlitschky, G., Konig, J., Herold-Mende, C., Steiner, H. H., Schmitt, H. P.
et al. Expression and immunolocalization of the multidrug resistance proteins, MRP1-
MRP6 (ABCC1-ABCC6), in human brain. Neuroscience 129, 349-360 (2004).

24 Konig, J., Hartel, M., Nies, A. T., Martignoni, M. E., Guo, J., Biichler, M. W. et al.
Expression and localization of human multidrug resistance protein (ABCC) family
members in pancreatic carcinoma. Int. J. Cancer 115, 359-367 (2005).

25 Schuetz, J. D., Connelly, M. C., Sun, D., Paibir, S. G., Flynn, P. M., Srinivas, R. V. et al.
MRP4: A previously unidentified factor in resistance to nucleoside-based antiviral
drugs. Nat. Med. 5, 1048-1051 (1999).

26 Jedlitschky, G., Tirschmann, K., Lubenow, L. E., Nieuwenhuis, H. K., Akkerman, J. W.,
Greinacher, A. et al. The nucleotide transporter MRP4 (ABCC4) is highly expressed in
human platelets and present in dense granules, indicating a role in mediator storage.
Blood 104, 3603-3610 (2004).

27 Lai, L. & Tan, T. M. Role of glutathione in the multidrug resistance protein 4 (MRP4/
ABCC4)-mediated efflux of cAMP and resistance to purine analogues. Biochem. J. 361,
497-503 (2002).

28 Van Aubel, R. A., Smeets, P. H., van den Heuvel, J. J. & Russel, F. G. Human organic
anion transporter MRP4 (ABCC4) is an efflux pump for the purine end metabolite urate
with multiple allosteric substrate binding sites. Am. J. Physiol. Renal Physiol. 288,
327-333 (2005).

29 El-Sheikh, A. A., van den Heuvel, J. J., Koenderink, J. B. & Russel, F. G. Interaction
of nonsteroidal anti-inflammatory drugs with multidrug resistance protein (MRP)
2/ABCC2- and MRP4/ABCC4-mediated methotrexate transport. J. Pharmacol. Exp.
Ther. 320, 229-235 (2007).

30 Bagley, C. M. Jr., Bostick, F. W. & DeVita, V. T. Jr. Clinical pharmacology of cyclopho-
sphamide. Cancer Res. 33, 226-233 (1973).

571

Journal of Human Genetics



	Association study of genetic polymorphism in ABCC4 with cyclophosphamide-induced adverse drug reactions in breast cancer patients
	Introduction
	Materials and methods
	Subjects
	Selection of SNPs and genotyping
	Strategy of the study and statistical analysis

	Results
	Association study with ADRs by CPA-based combination therapy
	Subgroup analysis

	Discussion
	Acknowledgements
	References




