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Abstract: The response to 6-mercaptopurine (6-MP) can be altered by genetic polymorphisms in
genes encoding drug-metabolizing enzymes and drug transporters. The purpose of this study was to
investigate the association between genetic polymorphisms of drug-metabolizing enzymes (TPMT
719A > G (*3C), ITPA 94C > A and ITPA 123G > A) and drug transporters (MRP4 912C > A and
MRP4 2269G > A) with 6-MP-related myelotoxicity and hepatotoxicity in Thai children with acute
lymphoblastic leukemia (ALL). The prescribed dosage of 6-MP and its adverse effects were assessed
from medical records during the first 8 weeks and 9–24 weeks of maintenance therapy. Children
with the TPMT*1/*3C genotype had a higher risk of leukopenia with an odds ratio (OR) of 4.10
(95% confidence interval (CI) of 1.06–15.94; p = 0.033) compared to wild type (TPMT*1/*1) patients.
Heterozygous TPMT*3C was significantly associated with severe neutropenia with an increased
risk (OR, 4.17; 95% CI, 1.25–13.90); p = 0.014) during the first 8 weeks. No association was found
among ITPA 94C > A, ITPA 123G > A, MRP4 912C > A, and MRP4 2269G > A with myelotoxicity and
hepatotoxicity. The evidence that TPMT heterozygotes confer risks of 6-MP-induced myelotoxicity
also supports the convincing need to genotype this pharmacogenetic marker before the initiation of
6-MP therapy.

Keywords: TPMT genotype; 6-mercaptopurine; myelotoxicity; acute lymphoblastic leukemia

1. Introduction

Acute lymphoblastic leukemia (ALL) is the most common hematologic malignancy
diagnosed in children, and it represents 25% of all malignancies in children [1,2]. The
treatment of ALL typically comprises three phases: induction of remission, intensification
(or consolidation), and continuation or antimetabolite-based maintenance therapy with
6-mercaptopurine (6-MP), which is continued until two to three years from the time of
diagnosis [3]. It is believed that 6-MP is the major component of increasing the cure
rate. However, 6-MP-related toxicity can lead to a life-threatening situation due to the
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narrow therapeutic index and is the primary cause of the interruption or discontinuation of
chemotherapy. In fact, between 15 and 28% of patients experience adverse drug reactions,
such as myelosuppression and hepatotoxicity, when given the standard doses of 6-MP.

Pharmacogenomics holds great promise for reducing toxicity and increasing the effi-
cacy of 6-MP in ALL treatment by assisting optimal treatment selection and appropriate
dose individualization. The 6-MP treatment response can be altered by polymorphisms in
genes encoding drug-metabolizing enzymes and drug transporters [4–6]. Thiopurine-s-
methyl transferase (TPMT) catalyzes the s-methylation of 6-MP into inactive metabolite
6-methylmercaptopurine (6-MMP). Further, 6-MP is activated by hypoxanthine phospho-
ribosyltransferase (HPRT) and followed by a multistep metabolism to the 6-thioguanine
nucleotide (6-TGN). In addition, 6-TGN is an active metabolite that can be incorporated
into deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) and inhibits de novo purine
synthesis. Subsequently, a DNA strand will be damaged and lead to cell-cycle arrest
and apoptosis.

Enzymatic activity and genetic polymorphisms of TPMT can influence clinical re-
sponse and toxicity to 6-MP. Patients with low TPMT activity are homozygous with two
variant alleles, while intermediate activity is heterozygous in the TPMT gene. Low and
intermediate TPMT activity leads to toxicity from 6-MP, and these patients require 6-MP
dose reduction. Additionally, many studies have shown significant TPMT polymorphism
associations with myelotoxicity in children with ALL [7–9].

However, recent research [10,11] has shown that the genetic contribution to 6-MP toxic-
ity is more complex, possibly involving other genes, such as inosine triphosphate pyrophos-
phatase (ITPA) and nucleoside diphosphate-linked moiety X-type motif 15 (NUDT15). The
polymorphisms of ITPA that have been identified to be associated with deficiency are ITPA
94C > A and IVS2 + 21A > C. The deficiency of ITPA activity has been reported to cause the
accumulation of endogenous toxic metabolites (6-thio-ITP), leading to an accumulation of
methyl-thio-ITP [12]. Methyl-thio-ITP is cytotoxic and inhibits de novo purine synthesis.
NUDT15 enzyme inactivates the active thiopurine metabolite thioguanosine triphosphate
(TGTP) by converting TGTP to thioguanosine monophosphate (TGMP). The genetic varia-
tions in the NUDT15 gene result in the poor metabolism of thiopurines and are associated
with 6-MP toxicity [11].

Apart from drug-metabolizing enzymes, previous studies [13,14] have demonstrated
that the multidrug resistance-associated protein 4 (MRP4) deficiency might experience
toxicity caused by the accumulation of 6-TGN in its myeloid cells [13]. It has recently
been indicated that functional gene polymorphisms of MRP4 are a new factor attributed to
thiopurine sensitivity [14].

This study aimed to investigate the frequency of drug metabolizing enzyme variants
(TPMT 719A > G (*3C), ITPA 94C > A and ITPA 123G > A) and drug transporter variants
(MRP4 912 C > A and MRP4 2269G > A) in Thai children with ALL and their association
with 6-MP-related adverse events.

2. Materials and Methods
2.1. Study Participants and Protocol

One hundred and fifteen Thai children with ALL, diagnosed and treated with the
RAMA ALL protocol at the Division of Hematology and Oncology, Ramathibodi Hospital,
Bangkok, were enrolled in this study. The ALL peripheral blood samples were classified by
morphologic, cytochemistry, cytogenetic, and immunophenotypic techniques, and in some
cases by molecular technology. Children were categorized into 3 risk groups (low, standard,
or high) depending on pretherapeutic factors and response to induction therapy, as shown
in Table 1. Patients were considered to be in the low-risk group if they were 1 to 9.9 years
old presenting a white blood cell (WBC) count of less than 50 × 109/L or had a DNA index
of 1.16 or more. Additionally, they were excluded if they had a central nervous system
(CNS) 3 status (>5 WBC/mm3 of cerebrospinal fluid (CSF) with blasts or cranial nerve
palsy), overt testicular leukemia (documented by ultrasonographic investigation), a T-cell
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immunophenotype, translocation abnormality including t (9;22), t (1;19) associated with a
precursor B-cell immunophenotype, a mixed lineage leukemia (MLL) gene rearrangement,
or hypodiploid disease (<45). In poor early response, bone marrow contains 5% or more
lymphoblast on Day 14 or 21 of remission induction. As for the high-risk group, the patient
has t (9;22) or the breakpoint cluster region-Abelson (BCR-ABL) fusion gene, induction
failure, or >1% leukemic blasts in the bone marrow (BM) on the remission date and >0.1%
leukemic lymphoblasts in the BM in Week 7 of continuation treatment. Moreover, all cases
of T-cell ALL and those of B-cell precursor ALL that did not meet the criteria for low-risk
or high-risk groups were classified as a standard-risk group.

Table 1. Risk classification of RAMA ALL protocol and chemotherapy in each risk group.

Risk
Classification RAMA ALL Protocol Details Chemotherapy in Maintenance Phase

Low

1. Precursor B-cell ALL with DNA index > 1.16, or age 1 to
9.9 years, WBC count < 50 × 109/L

2. Must not have

- CNS 3 status
- Overt testicular leukemia
- Adverse genetic features [t (9;22), t (1;19), MLL or

hypodiploid disease (<45)]
- Poor early response (lymphoblast ≥ 5% on Day 14

or 21)

1. 6-MP 75 mg/m2 PO daily
2. MTX 40 mg/m2 PO weekly
3. VCR 2 mg/m2 IVP monthly
4. PRED 40 mg/m2 PO 5 days/month

Standard All cases of T-cell ALL and those of B-cell precursor ALL that
do not meet the criteria for low risk or high-risk group 1. 6-MP 75 mg/m2 PO daily

2. MTX 40 mg/m2 PO weekly
3. VCR 2 mg/m2 IVP monthly
4. PRED 60 mg/m2 PO 5 days/month
5. CTX 300 mg/m2 IV monthly
6. Ara-C 300 mg/m2 IV monthly

High

1. t(9;22) or BCR-ABL fusion gene
2. Induction failure or >1% leukemic blasts in the BM on

remission date
3. >0.1% leukemic lymphoblast in the BM in Week 7 of

continuation treatment

Abbreviations: ALL, acute lymphoblastic leukemia; DNA, deoxyribonucleic acid; WBC, white blood cell; CNS, central nervous system;
MLL, mixed lineage leukemia; BCR-ABL, breakpoint cluster region-Abelson fusion gene; BM, bone marrow; 6-MP, 6-mercaptopurine; MTX,
methotrexate; VCR, vincristine; PRED, prednisolone; CTX, cyclophosphamide; Ara-C, cytarabine.

The guideline of treatment is the RAMA ALL protocol, which is modified from
the total XIIIB and XV protocol of St. Jude Children’s Research Hospital (SJCRH). The
details of RAMA ALL protocols have been described elsewhere [15,16]. This treatment
regimen consists of three phases of therapy, namely, remission induction, consolidation,
and continuation (maintenance) phase. After consolidation therapy, all of the patients
received oral 6-MP-based chemotherapy plus methotrexate maintenance therapy; low-risk
patients started treatment in Week 20 after diagnosis, whereas standard-risk and high-risk
patients started treatment in Week 21, which continued until 2.5 years after diagnosis.
Maintenance treatment differed by risk groups, as shown in Table 1. The low-risk group
received 6-MP (75 mg/m2 daily), methotrexate (MTX, 40 mg/m2 weekly), vincristine (VCR,
2 mg/m2 monthly), and oral prednisolone (PRED, 40 mg/m2 5 days/month), while the
standard-risk and the high-risk groups received oral PRED 60 mg/m2 5 days/month.

Additionally, the standard- and the high-risk groups received intravenous cyclophos-
phamide (CTX, 300 mg/m2 monthly) and cytarabine (Ara-C, 300 mg/m2 monthly). The
6-MP dose adjustment was based on the complete blood count, CBC (WBC ≥ 1500 cell/mm3

and absolute neutrophil count; ANC ≥ 500 cell/mm3), and/or infection records.
Adverse events were examined within the first six months of the initiation of main-

tenance treatment. Myelotoxicity was classified and graded according to the Common
Terminology Criteria for Adverse Events (CTCAE) version 4.0 (https://ctep.cancer.gov/
protocoldevelopment/electronic_applications/ctc.htm#ctc_40) (accessed on 1 February

https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_40
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_40


J. Pers. Med. 2021, 11, 783 4 of 16

2020). Myelotoxicity was defined for Grade 3 and Grade 4 as the presence of WBC
(Model 1: WBC < 2000 cell/mm3; Model 2: WBC < 1000 cell/mm3), ANC (Model 1:
ANC < 1000 cell/mm3; Model 2: ANC < 500 cell/mm3) and platelets (PLT) (Model 1:
PLT < 50,000 cell/mm3; Model 2: PLT < 25,000 cell/mm3). Hepatotoxicity was defined
when aspartate aminotransaminase (AST) and alanine aminotransaminase (ALT) were
greater than 3 times the upper limit of normal.

2.2. Sample and Data Collection

EDTA whole blood samples were collected during continuation/maintenance
chemotherapy therapy from children with ALL patients aged under 15 years old who
were compliant with their 6-MP therapy and who had taken a stable dose of 6-MP for
1 month. The continuation of maintenance chemotherapy was usually administered for
2 or 3 years. The children had their full blood counts assessed at each clinic visit for the
evaluation of bone marrow toxicity. The children with ALL patients who had relapse, bone
marrow transplant or blood transfusion within 2 months and had a hepatic abnormality
were excluded.

Clinical data, demographic data, complete blood count, and liver function tests were
obtained from the medical records. The usage of 6-MP and adverse effects of the drug was
assessed retrospectively from medical records. The duration of the analysis of medical
records ranged from 1 to 8 weeks and from 9 to 24 weeks of maintenance therapy.

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Ethics Committee of Ramathibodi Hospital, Faculty of Medicine,
Mahidol University (MURA2014/635 S1, Dec16). The study protocol was clearly explained
to all participants and/or their legal guardians, and informed consent was obtained from
all subjects involved in the study.

2.3. TPMT, ITPA, and MRP4 Genotyping

In this study, we selected single nucleotide polymorphisms (SNPs) from the CHB
(Han Chinese in Beijing, China) database in the International HapMap Project (http://
hapmap.ncbi.nlm.nih.gov) (accessed on 5 March 2015). The SNPs with minor allele
frequencies (MAF) >5% for each gene were selected for this study. The genotyping of
TPMT 719A > G (rs1142345, *3C), ITPA 94C > A (rs1127354), ITPA 123G > A (rs13830),
MRP4 912C > A (rs2274407), and MRP4 2269G > A (rs3765534) was performed using
TaqMan-based analysis on the Applied Biosystems® (California, United State of America)
ViiA™ 7 Real-Time polymerase chain reaction (PCR) System. The SNPs of interest were
investigated in all children as well as in healthy children, but the detailed results of the
healthy children are not presented in the Results section.

2.4. Statistical Analysis

All statistical analyses were performed using STATA10 software (Stata Corporation,
College Station, TX, USA). The discrepancies between data distribution and normal dis-
tribution were examined by the Kolmogorov–Smirnov test for each group. Descriptive
statistics were used to describe the clinical characteristics of the subjects. Data are expressed
as the mean ± standard deviation (SD). If the variables were assumed not to be in a normal
distribution, data were described as the median and interquartile range (IQR).

Genetic polymorphisms were assessed for concordance with the Hardy–Weinberg
equilibrium (HWE) using Haploview 4.2. Associations among the genetic polymorphisms
(alleles and genotypes), adverse events (toxicity), and clinical characteristics (age and risk
group) were evaluated with the χ2 test, or Fisher’s exact test. The odds ratio (OR) and
95% confidence interval (CI) were calculated from the contingency table. Non-parametric
tests, the Kruskal–Wallis test, and the Mann–Whitney U test were used when appro-
priate. Univariate logistic regression analyses were performed for the identification of
factors associated with toxicity and with 6-MP metabolite levels. p-values < 0.05 were
considered significant.

http://hapmap.ncbi.nlm.nih.gov
http://hapmap.ncbi.nlm.nih.gov
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3. Results
3.1. Patient Demographics and Clinical Characteristics

The demographics and clinical characteristics of recruited patients (n = 115) are shown
in Table 2. The mean age at diagnosis was 6.11 ± 3.86 years old. Of these patients,
63 patients were male, and 52 patients were female. Fifty-one (44.35%) patients were consid-
ered to be in the low-risk group, 50 (43.48%) in the standard-risk group, and 14 (12.17%) in
the high-risk group. Since the mean age was 6.11 ± 3.86 years old, we did not find any
difference in age affecting the risk groups. Although there is evidence in the literature that
males may have worst clinical outcomes than females given equivalent therapy in ALL,
such trends were not identified in our study.

Table 2. Demographics and clinical characteristics of recruited patients (n = 115).

Characteristics n

Age at diagnosis, years (mean ± SD) 6.11 ± 3.86
Gender (n, %)

Male 63 (54.78)
Female 52 (45.22)

Risk group (n, %)
High 14 (12.17)

Standard 50 (43.48)
Low 51 (44.35)

Abbreviations: SD, standard deviation; n = number of samples in the analysis.

3.2. Genotype and Allele Frequencies

The frequencies of variants in the TPMT, ITPA, and MRP4 genes are shown in Table 3.
The most predominant genotype of TPMT (rs1142345, *3C) was the homozygous wild type
genotype AA (n = 102, 88.70%) followed by the heterozygous AG (n = 13, 11.30%), whereas
the homozygous variant GG was not detected. For the ITPA (rs1127354) gene, 75 (65.22%)
patients were carriers of the homozygous wild type genotype CC, 36 (31.30%) were carriers
of the heterozygous CA, and four (3.48%) patients carried the homozygous variant AA. For
the ITPA (rs13830) gene, the majority of patients were carriers of the homozygous wild type
genotype GG (n = 73, 63.48%), while 38 (33.04%) patients carried heterozygous GA, and
four (3.48%) patients carried the homozygous variant AA. Regarding MRP4 (rs2274407),
88 (76.52%) patients were wild type (CC), and 27 (23.48%) patients were heterozygous (CA),
with none being a homozygous carrier of the variant allele. For MRP4 (rs3765534), the
predominant genotype was the homozygous wild type genotype GG (n = 104, 90.43%)
followed by the heterozygous GA (n = 11, 9.57%), whereas the homozygous variant AA was
not detected. The risk allele frequency of TPMT (rs1142345, *3C) ITPA 94C > A (rs1127354),
ITPA 123G > A (rs13830), MRP4 912C > A (rs2274407), and MRP4 2269G > A (rs3765534)
was 0.057, 0.191, 0.200, 0.117, and 0.048, respectively. The frequency of these genotypes and
alleles did not deviate from HWE (p > 0.05).
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Table 3. Genotype and allele frequencies of TPMT, ITPA, and MRP4 variants (n = 115).

Genes/SNPs Genotype Genotype Frequency
n (%) MAF p-Value

TPMT 719A > G
(rs1142345, *3C)

AA (*1/*1)
AG (*1/*3C)

102 (88.70)
13 (11.30) G = 0.057 1.000

ITPA 94C > A
(rs1127354)

CC
CA
AA

75 (65.22)
36 (31.30)
4 (3.48)

A = 0.191 1.000

ITPA 123G > A
(rs13830)

GG
GA
AA

73 (63.48)
38 (33.04)
4 (3.48)

A = 0.200 1.000

MRP4 912C > A
(rs2274407)

CC
CA

88 (76.52)
27 (23.48) A = 0.117 0.355

MRP4 2269G > A
(rs3765534)

GG
GA

104 (90.43)
11 (9.57) A = 0.048 1.000

Abbreviations: TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated
protein 4; SNPs, single nucleotide polymorphisms; MAF, minor allele frequency; n = number of samples in the analysis.

3.3. Association between Genetic Variants and 6-MP-Induced Myelotoxicity and Hepatotoxicity in
the Treatment of Childhood ALL

This study aims to determine the effect of TPMT, ITPA, and MRP4 variation in 6-MP-
induced and hepatotoxicity; therefore, fifteen patients carried a genetic variant in NUDT15
were exclude from the genetic association analyses (data not shown).

The 6-MP-induced leukopenia was observed in 49 patients during 8 weeks of main-
tenance therapy. When investigated by the TPMT*1/*3C genotype, the heterozygous pa-
tients (10/13; 76.92%) more frequently presented with leukopenia (WBC < 2000 cell/mm3)
when compared with homozygous wild type patients (39/87; 44.83%) with an OR of 4.10
(95% CI, 1.06–15.95, p = 0.031). No significant different in other genes variants were found
(Table 4). Further, 6-MP-induced neutropenia was observed in 26 patients during 8 weeks
of maintenance therapy. Patients carrying the AG genotype of TPMT were significantly
associated with neutropenia (ANC < 500 cell/mm3) compared with the AA genotype (OR,
4.17; 95% CI, 1.25–13.91, p = 0.014). There was no significant difference in other genes
variants (Table 5). Further, 6-MP-induced thrombocytopenia was observed in 32 patients
during 24 weeks of maintenance therapy. A significant association of thrombocytopenia
(PLT < 50,000 cell/mm3) was identified in the patients of the TPMT AG genotype compared
to the AA genotype with an OR of 4.20 (95% CI, 1.25–14.12, p = 0.014; Table 6). Additionally,
no significant differences in other genes variants were found.
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Table 4. The association of TPMT, ITPA, and MRP4 genetic polymorphisms with leukopenia during treatment with 6-MP (n = 100).

Gene/SNPs
Genotype

n (%)

WBC Weeks 1–8 WBC Weeks 9–24

Model 1
(WBC < 2000 cell/mm3)

Model 2
(WBC < 1000 cell/mm3)

Model 1
(WBC < 2000 cell/mm3)

Model 2
(WBC < 1000 cell/mm3)

Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value

TPMT*3C 719A > G
AA (*1/*1) 87 (87) 39 (44.83) 48 (55.17) 0.031 6 (6.90) 81 (93.10) 1.000 58 (66.67) 29 (33.33) 0.101 19 (21.84) 68 (78.16) 1.000

AG (*1/*3C) 13 (13) 10 (76.92) 3 (23.08) 1 (7.69) 12 (92.31) 12 (92.31) 1 (7.69) 2 (15.38) 11 (84.62)

ITPA 94C > A
CC 65 (65) 33 (51.52) 32 (48.48) 0.814 4 (6.06) 61 (93.94) 0.760 45 (68.18) 20 (31.82) 1.000 11 (16.67) 54 (83.33) 0.325
CA 31 (31) 13 (41.94) 18 (58.06) 3 (9.67) 28 (90.32) 22 (70.96) 9 (29.03) 9 (29.03) 22 (70.96)
AA 4 (4) 2 (50) 2 (50) 0 (0) 4 (100) 3 (75) 1 (25) 0 (0) 4 (100)

ITPA 123G > A
GG 63 (63) 31 (49.20) 32 (50.80) 0.935 3 (4.84) 60 (95.16) 0.425 43 (67.74) 20 (32.26) 0.923 12 (19.35) 51 (80.65) 0.668
GA 33 (33) 15 (45.45) 18 (54.54) 4 (12.12) 29 (87.87) 24 (72.72) 9 (27.27) 8 (24.24) 25 (75.75)
AA 4 (4) 2 (50) 2 (50) 0 (0) 4 (100) 3 (75) 1 (25) 0 (0) 4 (100)

MRP4 912 C > A
CC 80 (80) 40 (50) 40 (50) 0.764 7 (8.75) 73 (91.25) 0.339 56 (70) 24 (30) 1.000 19 (23.75) 61 (76.25) 0.348
CA 20 (20) 9 (45) 11 (55) 0 (0) 20 (100) 14 (70) 6 (30) 2 (10) 18 (90)

MRP4 2269G > A
GG 92 (92) 46 (50) 46 (50) 0.717 7 (7.61) 85 (92.39) 1.000 66 (71.74) 26 (28.26) 0.236 20 (21.74) 72 (78.26) 1.000
GA 8 (8) 3 (37.50) 5 (62.50) 0 (0) 8 (100) 4 (50) 4 (50) 1 (12.50) 7 (87.50)

Abbreviations: SNPs, single nucleotide polymorphisms; TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated protein 4; WBC, white blood
cell; n = number of samples in the analysis. Bold values denote statistical significance at the p < 0.05 level.
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Table 5. The association of TPMT, ITPA, and MRP4 genetic polymorphisms with neutropenia during 6-MP treatment (n = 100).

Gene/SNPs
Genotype

n (%)

ANC Weeks 1–8 ANC Weeks 9–24

Model 1
(ANC < 1000 cell/mm3)

Model 2
(ANC < 500 cell/mm3)

Model 1
(ANC < 1000 cell/mm3)

Model 2
(ANC < 500 cell/mm3)

Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value

TPMT*3C 719A > G
AA (*1/*1) 87 (87) 49 (56.32) 38 (43.68) 0.549 19 (21.84) 68 (78.16) 0.014 57 (65.52) 30 (34.48) 0.215 40 (45.98) 47 (54.02) 0.543

AG (*1/*3C) 13 (13) 9 (69.23) 4 (30.77) 7 (53.85) 6 (46.15) 11 (84.62) 2 (15.38) 7 (53.85) 6 (46.15)

ITPA 94C > A
CC 65 (65) 40 (60.61) 25 (39.39)

0.354
16 (25.76) 49 (74.27)

0.590
44 (66.67) 21 (33.33) 1.000 30 (46.97) 35 (53.03) 0.816

CA 31 (31) 18 (58.06) 14 (41.93) 9 (29.03) 22 (70.96) 21 (67.74) 10 (32.26) 15 (48.38) 16 (51.62)
AA 4 (4) 3 (75) 1 (25) 0 (0) 4 (100) 3 (75) 1 (25) 1 (25) 3 (75)

ITPA 123G > A
GG 63 (63) 39 (61.29) 24 (38.71) 0.314 15 (24.19) 47 (75.81) 0.546 43 (67.74) 20 (32.26) 1.000 30 (48.39) 33 (51.61) 0.818
GA 33 (33) 18 (54.54) 15 (45.45) 10 (30.30) 23 (69.69) 22 (66.67) 11 (33.33) 15 (45.45) 18 (54.54)
AA 4 (4) 1 (25) 3 (75) 0 (0) 4 (100) 3 (75) 1 (25) 1 (25) 3 (75)

MRP4 912 C > A
CC 80 (80) 54 (58.70) 38 (41.30) 0.213 23 (25) 69 (75) 0.387 52 (65) 28 (35) 0.186 35 (43.75) 45 (56.25) 0.322
CA 20 (20) 4 (50) 4 (50) 3 (37.50) 5 (62.50) 11 (55) 9 (45) 8 (40) 12 (60)

MRP4 2269G > A
GG 92 (92) 54 (93.10) 38 (90.48) 0.717 22 (88) 70 (93.33) 0.409 64 (69.57) 28 (30.43) 0.264 45 (48.91) 47 (51.09) 0.282
GA 8 (8) 4 (6.9) 4 (9.52) 3 (12) 5 (6.67) 4 (50) 4 (50) 2 (25) 6 (75)

Abbreviations: SNPs, single nucleotide polymorphisms; TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated protein 4; ANC, absolute
neutrophil count; n = number of samples in the analysis. Bold values denote statistical significance at the p < 0.05 level.
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Table 6. The association of TPMT, ITPA, and MRP4 genetic polymorphisms with thrombocytopenia during treatment with 6-MP (n = 100).

Gene/SNPs
Genotype

n (%)

PLT Weeks 1–8 PLT Weeks 9–24

Model 1
(PLT < 50,000 cell/mm3)

Model 2
(PLT < 25,000 cell/mm3)

Model 1
(PLT < 50,000 cell/mm3)

Model 2
(PLT < 25,000 cell/mm3)

Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value

TPMT*3C 719A > G
AA (*1/*1) 87 (87) 6 (6.90) 81 (93.10) 1.000 3 (3.45) 84 (96.55) 0.432 24 (27.59) 63 (72.41) 0.014 3 (3.45) 84 (96.55) 0.432

AG (*1/*3C) 13 (13) 1 (7.69) 12 (92.31) 1 (7.69) 12 (92.31) 8 (61.54) 5 (38.46) 1 (7.69) 12 (92.31)

ITPA 94C > A
CC 65 (65) 7 (10.61) 58 (89.39)

0.132
3 (4.55) 62 (95.45)

1.000
20 (30.30) 45 (69.70) 0.789 2 (3.03) 63 (96.97) 0.655

CA 31 (31) 0 (0) 31 (100) 1 (2.94) 30 (97.06) 10 (35.29) 21 (64.71) 2 (5.88) 29 (94.12)
AA 4 (4) 0 (0) 4 (100) 0 (0) 4 (100) 2 (50) 2 (50) 0 (0) 4 (100)

ITPA 123G > A
GG 63 (63) 7 (11.29) 56 (88.71) 0.133 3 (4.84) 60 (95.16) 1.000 19 (30.65) 44 (69.35) 0.685 2 (3.23) 61 (94.74) 0.666
GA 33 (33) 0 (0) 33 (100) 1 (2.63) 32 (97.37) 11 (34.21) 22 (65.79) 2 (50) 31 (32.29)
AA 4 (4) 0 (0) 4 (100) 0 (0) 4 (100) 2 (50) 2 (50) 0 (0) 4 (100)

MRP4 912 C > A
CC 80 (80) 7 (8.75) 73 (91.25) 0.339 4 (5) 76 (95) 0.581 28 (35) 52 (65) 0.285 3 (3.75) 77 (96.25) 1.000
CA 20 (20) 0 (0) 20 (100) 0 (0) 20 (100) 4 (20) 16 (80) 1 (5) 19 (95)

MRP4 2269G > A
GG 92 (92) 7 (7.61) 85 (92.39) 1.000 4 (4.35) 88 (95.65) 1.000 30 (32.61) 62 (67.39) 1.000 3 (3.26) 89 (96.74) 0.287
GA 8 (8) 0 (0) 8 (100) 0 (0) 8 (100) 2 (25) 6 (75) 1 (12.50) 7 (87.50)

Abbreviations: SNPs, single nucleotide polymorphisms; TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated protein 4; PLT, platelets;
n = number of samples in the analysis. Bold values denote statistical significance at the p < 0.05 level.
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The polymorphisms at TPMT (rs1142345, *3C), ITPA (rs1127354 and rs13830), and
MRP4 (rs2274407 and rs3765534) were not significantly associated with 6-MP-induced
hepatotoxicity within 8 weeks and 9–24 weeks. However, when evaluated by the TPMT*3C
genotype during 8 weeks of 6-MP maintenance therapy, hepatotoxicity was more fre-
quent in TPMT wild type patients (22/86; 25.58%) when compared with heterozygous
TPMT*1/*3C patients. Although this statistic was not significant, the p value was 0.063,
which nearly meets the threshold. The result is shown in Table 7.

3.4. Association between Genetic Variants and 6-MP Dose Intensity

The dose intensity was calculated from the ratio between 6-MP dose actually pre-
scribed and the guideline dose. The main purpose of 6-MP dose reduction was myelotoxic-
ity and hepatotoxicity. In this study, a significant association was identified between MRP4
2269G > A (rs3765534) and 6-MP dose intensity during 8 weeks and an average of 24 weeks.
Patients carrying the GA genotype were highly sensitive to 6-MP, with a dose intensity of
52.40% at 8 weeks and an average of 24 weeks, compared with the wild type GG patients,
who tolerated an average dose intensity of 71.45 and 66.67% at 8 weeks and an average of
24 weeks, respectively. The result is shown in Table 8.

4. Discussion

Pharmacogenetic studies have demonstrated the marked ethnic differences in the
frequencies and the type of polymorphisms in TPMT, ITPA, and MRP4. This study in-
vestigated TPMT, ITPA, and MRP4 genotypes in Thai children with ALL and analyzed
the association of these genotypes and the hematological toxicity that they experienced.
TPMT*3C is the most prevalent variant allele in Asian countries [17,18] and the Thai popu-
lation [19–22]. For the TPMT gene, only the TPMT*3C variant was genotyped in our study.
The allele frequency of the TPMT*3C variant was 5.7%.

This study reports the frequency of TPMT*3C in Thai children without hematologic
malignancy compared to Thai children with ALL at 2.5 and 5.7%, respectively. Interestingly,
most studies report a slightly higher incidence among children with ALL compared to
the healthy population. A previous study from Singapore reported an incidence of 2.3%
in a multiethnic migrant Asian population. The study included migrant Malay, Indian,
and Chinese participants [23]. The study in Singapore reported an incidence of 7% among
ALL patients. The study in Indian also reported a similar higher incidence among children
with ALL compared to those without hematological malignancy (10 versus 4%) [24]. These
findings may correlate with the early diagnosis of ALL if patients carry the TPMT*3C poly-
morphism and may be considered as a novel biomarker, but this needs further justification
in future studies.

The ITPA 94C > A frequency has been studied in various populations. The frequency of
allele ITPA 94C > A in this study was 19%, which is similar to the other Asian populations:
16% in Malays, 18% in Chinese, and 11% in Indians [10]. For ITPA 123G > A, our study
provides the first analysis of the minor allele frequency of the “A” allele, which was 20%.

Our study found the allele frequency of MRP4 2269G > A and 912C > A to be 4.8 and
11.7%, respectively. Our result is different from that reported in Japan, MRP4 2269G > A,
912C > A (19 and 3%) [25].
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Table 7. The association of TPMT, ITPA, and MRP4 genetic polymorphisms with hepatotoxicity: AST/ALT (during treatment with 6-MP) (n = 98).

Gene/SNPs

Genotype Liver Weeks 1–8 Liver Weeks 9–24

n (%) AST ALT AST ALT

Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value Toxic Non-Toxic p-Value

TPMT*3C 719A > G
AA (*1/*1) 86 (87.75) 9 (10.47) 77 (89.53) 1.000 22 (25.58) 64 (72.42) 0.063 19 (22.09) 67 (77.91) 0.115 28 (32.56) 58 (67.44) 1.000

AG (*1/*3C) 12 (12.25) 1 (8.33) 11 (91.67) 0 (0) 12 (100) 0 (0) 12 (100) 4 (33.33) 8 (66.67)
ITPA 94C > A

CC 64 (65.30) 9 (14.06) 55 (85.94) 0.158 15 (23.44) 49 (76.56) 0.805 15 (23.44) 49 (76.56) 0.191 21 (32.81) 43 (67.19) 1.000
CA + AA 34 (34.70) 1 (2.94) 33 (97.05) 7 (20.59) 27 (79.41) 4 (11.76) 30 (88.24) 11 (32.35) 23 (67.65)

ITPA 123G > A
GG 62 (63.26) 9 (14.52) 53 (85.48) 0.087 14 (22.58) 48 (77.42) 1.000 15 (24.19) 47 (75.81) 0.184 20 (32.26) 42 (67.74) 1.000

GA + AA 36 (36.74) 1 (2.78) 35 (97.22) 8 (22.22) 28 (77.78) 4 (11.11) 32 (88.89) 12 (33.33) 24 (66.67)
MRP4_C912 C > A

CC 78 (79.59) 9 (11.54) 69 (88.46) 0.682 17 (21.79) 61 (78.21) 0.768 13 (16.67) 65 (83.33) 0.209 24 (30.77) 54 (69.23) 0.436
CA 20 (20.41) 1 (5) 19 (95) 5 (25) 15 (75) 6 (30) 14 (70) 8 (40) 12 (60)

MRP4_2269G > A
GG 91 (92.85) 10 (10.99) 81 (89.01) 1.000 19 (20.88) 72 (79.12) 0.186 18 (19.78) 73 (80.22) 1.000 31 (34.07) 60 (65.93) 0.421
GA 7 (7.15) 0 (0) 7 (100) 3 (42.85) 4 (5.25) 1 (14.29) 6 (85.71) 1 (14.29) 6 (85.71)

Abbreviations: SNPs, single nucleotide polymorphisms; TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated protein 4; AST, aspartate
aminotransaminase; ALT, alanine aminotransaminase; n = number of samples in the analysis. Bold values denote statistical significance at the p < 0.05 level.
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Table 8. Association between genetic polymorphism and 6-MP dose intensity at 8 weeks, 9–24 weeks, and an average of 24 weeks (n = 115).

Gene/SNPs n (%) 8 Weeks
(Dose Intensity, %) p-Value 9–24 Weeks

(Dose Intensity, %) p-Value
An Average
of 24 Weeks

(Dose Intensity, %)
p-Value

TPMT*3C
AA (*1/*1) 102 (88.69) 66.67 (57.07–100) 0.852 66.67 (47.60–85.63) 0.641 66.67 (52.40–88.09) 0.754

AG (*1/*3C) 13 (11.31) 66.67 (47.61–100) 66.67 (41.68–83.33) 66.67 (44.40–91.66)
ITPA_94C > A

CC 75 (65.22) 66.67 (57.07–98.8) 0.882 66.07 (47.60–85.69) 0.783 66.67 (52.40–87.50) 0.800
AC 36 (31.30) 66.67 (52.40–109) 66.67 (47.60–76.13) 66.67 (52.27–90.40)
AA 4 (3.48) 83.33 (63.07–100) 69.0 (55.94–92.83) 76.17 (59.50–96.41)

ITPA_123G > A
GG 73 (63.48) 66.67 (57.07–97.60) 0.882 66.67 (47.60–85.73) 0.783 66.67 (52.36–86.91) 0.800
GA 38 (33.04) 66.67 (52.40–110) 66.67 (47.60–76.03) 66.67 (52.35–88.66)
AA 4 (3.48) 89.0 (63.07–100) 89.0 (55.94–92.8) 76.17 (59.30–9.641)

MRP4_912C > T
CC 88 (76.52) 69.0 (57.07–100) 0.593 66.67 (52.43–89.82) 0.902 66.67 (47.60–85.06) 0.830
CT 27 (23.48) 66.67 (52.40–100) 66.63 (66.03–83.33) 66.67 (47.60–85.60)

MRP4_2269G > A
GG 104 (90.43) 71.45 (61.87–133) 0.006 66.67 (47.60–85.73) 0.074 66.67 (54.73–91.24) 0.020
GA 11 (9.57) 52.40 (47.60–85.73) 47.60 (38.09–66.67) 52.40 (45.25–71.43)

Abbreviations: SNPs, single nucleotide polymorphisms; TPMT, thiopurine-s-methyl transferase; ITPA, inosine triphosphate pyrophosphatase; MRP4, multidrug resistance-associated protein 4; n = number of
samples in the analysis. Dose intensity was calculated by dividing the 6-MP dose actually prescribed by the guideline dose and multiplying by 100. Bold values denote statistical significance at the p < 0.05 level.
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This study did not find significant differences in 6-MP-induced myelotoxicity in
patients carrying ITPA 94C > A (rs1127354), ITPA 123G > A (rs13830), MRP4 912C > A
(rs2274407), and MRP4 2269G > A (rs3765534) compared with the wild type. Interest-
ingly, the statistical significance of 6-MP-induced myelotoxicity was observed in het-
erozygous TPMT*1/*3C after excluding the patients who had variant NUDT15. Patients
who were heterozygous TPMT*1/*3C were significantly associated with an increased
risk of 6-MP-induced leukopenia (WBC < 2000 cell/mm3) with an OR of 4.10 (95% CI:
1.06–15.95 (p = 0.031)), and 6-MP-induced neutropenia (ANC < 500 cell/mm3) with an
OR of 4.17 (95% CI: 1.25–13.91 (p = 0.014)) when compared with homozygous wild type
(TPMT*1/*1) patients during eight weeks of maintenance therapy. Additionally, we also
found a significant association between TPMT*1/*3C and 6-MP-induced-thrombocytopenia
(PLT < 25,000 cell/mm3) during 24 weeks of maintenance therapy when compared with
TPMT*1/*1 (OR 4.20; 95% CI: 1.25–14.12; p = 0.014). Our findings are in concordance with
previous reports that investigated an association of heterozygous genotypes of the TPMT
gene and the myelotoxicity of drugs. Nguyen et al. reported that TPMT heterozygotes
were associated with thiopurine-induced leukopenia (OR 4.62; 95% CI: 2.34–9.16) [26].
Additionally, almost 30–60% of patients with the heterozygous TPMT genotype experience
severe myelosuppression when standard doses of thiopurines are administered [27].

The results of this study agree with previous reports that investigated an association
of heterozygous genotypes of the TPMT gene and the myelotoxicity of drugs. Our study
showed that 6-MP therapy is associated with increased myelotoxicity during maintenance
therapy. This is due to the fact that the low activity of TPMT caused by the TPMT*3C
genetic variant could not process the prodrug 6-MP properly, and the concentration of this
drug raises over time in the blood and produces myelotoxicity.

TPMT genotyping was not performed before the initial dose adjustment in the RAMA
ALL protocol. Although there was a statistically significant correlation with myelotoxicity
in patients carrying the TPMT heterozygous genotype (*1/*3C), this study suggests an
urgent dose adjustment in these patients. However, from the medical records, we found
that dose was not adjusted probably as the patients had infection, and there was also no
median 6-MP dose difference in either heterozygous or wild type patients. Although no
dose difference was identified from the medical records of the patients carrying either
the heterozygous (*1/*3C) or wild type (*1/*1) genotype of TPMT, since myelotoxicity was
significantly associated with patients heterozygous for the genetic polymorphism of TPMT
gene, this study suggests the careful management of 6-MP therapy in ALL patients carrying
this variant.

The median of dose intensity of patients with heterozygous MRP4 2269G > A was
significantly lower than that of wild type patients during eight weeks of maintenance ther-
apy (p = 0.006) and an average of 24 weeks of maintenance therapy (p = 0.020). Therefore,
MRP4 2269G > A may be useful for personalizing the therapeutic dose of 6-MP during
maintenance therapy in Thai ALL patients. This finding is in concordance with a previous
study [25], which reported a dose reduction in patients who carried homozygous MRP4
2269G > A compared with wild type (p = 0.024).

Hepatoxicity is a common adverse drug reaction during maintenance therapy with
6-MP, resulting in elevated levels of liver enzymes. Although not statistically significant,
patients with wild type TPMT developed more severe hepatotoxicity with high levels
of ALT for eight weeks of maintenance therapy compared with TPMT*1/*3C. Our result
agrees with that of the previous study [28,29], showing the higher ALT levels in wild type
TPMT. Relling et al. [29] also found no evidence of hepatotoxicity in homozygous and
heterozygous TPMT variants. Hepatotoxicity was found to be more frequent among those
with high TPMT activity. This result could be explained by the hepatotoxic effects of 6-
thioinosine triphosphate (6-MeTITP). Further, 6-MeTITP inhibits de novo purine synthesis,
and thioinosine triphosphate (MeTITP) might be toxic with hepatic cells. The previous
study [8] showed the association between ALT and MeTITP. Consequently, low ALT levels
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might reveal the poor adherence or reduced bioavailability of 6-MP, at least within the
TPMT wild type patients.

Maintenance therapy is as important as the more intensive and toxic earlier treat-
ment phases, and often more challenging. Therefore, prospective studies analyzing the
involvement of TPMT, ITPA, and MRP4 polymorphisms and adverse reactions to 6-MP
are necessary. The measurement of active 6-MP metabolite concentrations must be per-
formed complementarily to genotyping in predicting toxicity under treatment with 6-MP.
Continuing research should address the applicability of drug metabolite measurements for
dose adjustments, extensive host genome profiling to understand diversity in treatment
efficacy and toxicity, and alternative thiopurine dosing regimens to improve therapy for the
individual patient. Moreover, 6-TG-DNA is a DNA-incorporated thioguanine nucleotide
(DNA-TGN). In the study of Nielsen et al. [30], they measured 6-TG-DNA concentrations
in ALL patents from blood leukocytes during maintenance therapy and found that they
are associated with relapse-free survival (RFS). Moreover, the adjusted dose to maintain
higher DNA-TGN levels might reduce the relapse rate, which is a benefit for monitoring
the thiopurine efficacy. However, the monitoring of 6-TG-DNA with thiopurine toxicity
was not elucidatory. The measurement of mercaptopurine metabolites might be suitable
for routine monitoring.

Lastly, our previous study [11] showed that NUDT15 variants may cause neutropenia,
and that the 6-MP dosage should be considered in patients according to the NUDT15
variants to inform personalized 6-MP therapy in pediatric patients. The NUDT15 variants
were associated with neutropenia as compared with wild type genotype (OR 17.862, 95%
CI: 4.198–75.992, p = 9.5 × 10−5). However, in this study, we excluded patients who carried
the NUDT15 variant from the genetic analysis. We, therefore, could not determine the
effect of both genes on the adverse effect of 6-MP in this population.

5. Conclusions

TPMT*3C was found to be significantly associated with the development of 6-MP-
induced myelotoxicity in Thai pediatric ALL patients. Since the Food and Drug Administra-
tion (FDA) drug label recommends TPMT testing in patients taking 6-MP who experience
myelotoxicity, the findings of this study also support this recommendation. The pharma-
cogenetic testing of TPMT in ALL patients taking 6-MP may reduce myelotoxicity in a
considerable proportion of patients.

Author Contributions: Conceptualization, S.P. (Samart Pakakasama), U.A., S.H. and C.S.; resources,
T.J., R.T., N.K., P.J. and J.R.; methodology, R.S. and S.P. (Santirhat Prommas); data curation, S.W.,
R.S. and S.P. (Santirhat Prommas); formal analysis, T.J., S.W. and N.N.; writing—original draft, T.J.
and S.W.; writing—review and editing, T.J., S.W. and C.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Research Council of Thailand (NRCT).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Ramathibodi Hospital, Faculty of
Medicine, Mahidol University (MURA2014/635 S1, Dec16).

Informed Consent Statement: The study protocol was clearly explained to all participants and/or
their legal guardians, and informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Inaba, H.; Greaves, M.; Mullighan, C.G. Acute lymphoblastic leukaemia. Lancet 2013, 381, 1943–1955. [CrossRef]
2. Hunger, S.P.; Mullighan, C.G. Acute Lymphoblastic Leukemia in Children. N. Engl. J. Med. 2015, 373, 1541–1552. [CrossRef]
3. Terwilliger, T.; Abdul-Hay, M. Acute lymphoblastic leukemia: A comprehensive review and 2017 update. Blood Cancer. J. 2017, 7,

e577. [CrossRef]
4. Mei, L.; Ontiveros, E.P.; Griffiths, E.A.; Thompson, J.E.; Wang, E.S.; Wetzler, M. Pharmacogenetics predictive of response and

toxicity in acute lymphoblastic leukemia therapy. Blood Rev. 2015, 29, 243–249. [CrossRef]

http://doi.org/10.1016/S0140-6736(12)62187-4
http://doi.org/10.1056/NEJMra1400972
http://doi.org/10.1038/bcj.2017.53
http://doi.org/10.1016/j.blre.2015.01.001


J. Pers. Med. 2021, 11, 783 15 of 16

5. Maxwell, R.R.; Cole, P.D. Pharmacogenetic Predictors of Treatment-Related Toxicity Among Children With Acute Lymphoblastic
Leukemia. Curr. Hematol. Malig. Rep. 2017, 12, 176–186. [CrossRef] [PubMed]

6. Rudin, S.; Marable, M.; Huang, R.S. The Promise of Pharmacogenomics in Reducing Toxicity During Acute Lymphoblastic
Leukemia Maintenance Treatment. Genom. Proteom. Bioinform. 2017, 15, 82–93. [CrossRef]

7. Peregud-Pogorzelski, J.; Tetera-Rudnicka, E.; Kurzawski, M.; Brodkiewicz, A.; Adrianowska, N.; Mlynarski, W.; Januszkiewicz,
D.; Drozdzik, M. Thiopurine S-methyltransferase (TPMT) polymorphisms in children with acute lymphoblastic leukemia, and
the need for reduction or cessation of 6-mercaptopurine doses during maintenance therapy: The Polish multicenter analysis.
Pediatr. Blood Cancer 2011, 57, 578–582. [CrossRef] [PubMed]

8. Adam de Beaumais, T.; Fakhoury, M.; Medard, Y.; Azougagh, S.; Zhang, D.; Yakouben, K.; Jacqz-Aigrain, E. Determinants of
mercaptopurine toxicity in paediatric acute lymphoblastic leukemia maintenance therapy. Br. J. Clin. Pharmacol. 2011, 71, 575–584.
[CrossRef]

9. Hawwa, A.F.; Millership, J.S.; Collier, P.S.; Vandenbroeck, K.; McCarthy, A.; Dempsey, S.; Cairns, C.; Collins, J.; Rodgers, C.;
McElnay, J.C. Pharmacogenomic studies of the anticancer and immunosuppressive thiopurines mercaptopurine and azathioprine.
Br. J. Clin. Pharmacol. 2008, 66, 517–528. [CrossRef] [PubMed]

10. Wan Rosalina, W.R.; Teh, L.K.; Mohamad, N.; Nasir, A.; Yusoff, R.; Baba, A.A.; Salleh, M.Z. Polymorphism of ITPA 94C>A and
risk of adverse effects among patients with acute lymphoblastic leukaemia treated with 6-mercaptopurine. J. Clin. Pharm. Ther.
2012, 37, 237–241. [CrossRef] [PubMed]

11. Puangpetch, A.; Tiyasirichokchai, R.; Pakakasama, S.; Wiwattanakul, S.; Anurathapan, U.; Hongeng, S.; Sukasem, C. NUDT15
genetic variants are related to thiopurine-induced neutropenia in Thai children with acute lymphoblastic leukemia. Pharmacoge-
nomics 2020, 21, 403–410. [CrossRef]

12. Marinaki, A.M.; Ansari, A.; Duley, J.A.; Arenas, M.; Sumi, S.; Lewis, C.M.; El Shobowale-Bakre, M.; Escuredo, E.; Fairbanks, L.D.;
Sanderson, J.D. Adverse drug reactions to azathioprine therapy are associated with polymorphism in the gene encoding inosine
triphosphate pyrophosphatase (ITPase). Pharmacogenetics 2004, 14, 181–187. [CrossRef]

13. Krishnamurthy, P.; Schwab, M.; Takenaka, K.; Nachagari, D.; Morgan, J.; Leslie, M.; Du, W.; Boyd, K.; Cheok, M.; Nakauchi,
H.; et al. Transporter-mediated protection against thiopurine-induced hematopoietic toxicity. Cancer Res. 2008, 68, 4983–4989.
[CrossRef]

14. Ban, H.; Andoh, A.; Imaeda, H.; Kobori, A.; Bamba, S.; Tsujikawa, T.; Sasaki, M.; Saito, Y.; Fujiyama, Y. The multidrug-resistance
protein 4 polymorphism is a new factor accounting for thiopurine sensitivity in Japanese patients with inflammatory bowel
disease. J. Gastroenterol. 2010, 45, 1014–1021. [CrossRef]

15. Surapolchai, P.; Pakakasama, S.; Sirachainan, N.; Anurathapan, U.; Songdej, D.; Chuansumrit, A.; Hongeng, S. Comparative
outcomes of Thai children with acute lymphoblastic leukemia treated with two consecutive protocols: 11-year experience. Leuk
Lymphoma 2012, 53, 891–900. [CrossRef]

16. Surapolchai, P.; Anurathapan, U.; Sermcheep, A.; Pakakasama, S.; Sirachainan, N.; Songdej, D.; Pongpitcha, P.; Hongeng, S.
Long-Term Outcomes of Modified St Jude Children’s Research Hospital Total Therapy XIIIB and XV Protocols for Thai Children
With Acute Lymphoblastic Leukemia. Clin. Lymphoma Myeloma Leuk 2019, 19, 497–505. [CrossRef]

17. Zhang, J.P.; Zhou, S.F.; Chen, X.; Huang, M. Determination of intra-ethnic differences in the polymorphisms of thiopurine
S-methyltransferase in Chinese. Clin. Chim. Acta 2006, 365, 337–341. [CrossRef] [PubMed]

18. Collie-Duguid, E.S.; Pritchard, S.C.; Powrie, R.H.; Sludden, J.; Collier, D.A.; Li, T.; McLeod, H.L. The frequency and distribution of
thiopurine methyltransferase alleles in Caucasian and Asian populations. Pharmacogenetics 1999, 9, 37–42. [CrossRef] [PubMed]

19. Chang, J.G.; Lee, L.S.; Chen, C.M.; Shih, M.C.; Wu, M.C.; Tsai, F.J.; Liang, D.C. Molecular analysis of thiopurine S-methyltransferase
alleles in South-east Asian populations. Pharmacogenetics 2002, 12, 191–195. [CrossRef] [PubMed]

20. Vannaprasaht, S.; Angsuthum, S.; Avihingsanon, Y.; Sirivongs, D.; Pongskul, C.; Makarawate, P.; Praditpornsilpa, K.; Tassa-
neeyakul, W.; Tassaneeyakul, W. Impact of the heterozygous TPMT*1/*3C genotype on azathioprine-induced myelosuppression
in kidney transplant recipients in Thailand. Clin. Ther. 2009, 31, 1524–1533. [CrossRef]

21. Srimartpirom, S.; Tassaneeyakul, W.; Kukongviriyapan, V.; Tassaneeyakul, W. Thiopurine S-methyltransferase genetic polymor-
phism in the Thai population. Br. J. Clin. Pharmacol. 2004, 58, 66–70. [CrossRef] [PubMed]

22. Hongeng, S.; Sasanakul, W.; Chuansumrit, A.; Pakakasama, S.; Chattananon, A.; Hathirat, P. Frequency of thiopurine S-
methyltransferase genetic variation in Thai children with acute leukemia. Med. Pediatr. Oncol. 2000, 35, 410–414. [CrossRef]

23. Kham, S.K.; Soh, C.K.; Liu, T.C.; Chan, Y.H.; Ariffin, H.; Tan, P.L.; Yeoh, A.E. Thiopurine S-methyltransferase activity in three
major Asian populations: A population-based study in Singapore. Eur. J. Clin. Pharmacol. 2008, 64, 373–379. [CrossRef] [PubMed]

24. Kapoor, G.; Sinha, R.; Naithani, R.; Chandgothia, M. Thiopurine S-methyltransferase gene polymorphism and 6-mercaptopurine
dose intensity in Indian children with acute lymphoblastic leukemia. Leuk. Res. 2010, 34, 1023–1026. [CrossRef] [PubMed]

25. Tanaka, Y.; Manabe, A.; Fukushima, H.; Suzuki, R.; Nakadate, H.; Kondoh, K.; Nakamura, K.; Koh, K.; Fukushima, T.; Tsuchida,
M.; et al. Multidrug resistance protein 4 (MRP4) polymorphisms impact the 6-mercaptopurine dose tolerance during maintenance
therapy in Japanese childhood acute lymphoblastic leukemia. Pharmacogenomics J. 2015, 15, 380–384. [CrossRef] [PubMed]

26. Nguyen, C.M.; Mendes, M.A.; Ma, J.D. Thiopurine methyltransferase (TPMT) genotyping to predict myelosuppression risk. PLoS
Curr. 2011, 3, Rrn1236. [CrossRef] [PubMed]

http://doi.org/10.1007/s11899-017-0376-z
http://www.ncbi.nlm.nih.gov/pubmed/28317081
http://doi.org/10.1016/j.gpb.2016.11.003
http://doi.org/10.1002/pbc.23013
http://www.ncbi.nlm.nih.gov/pubmed/21319286
http://doi.org/10.1111/j.1365-2125.2010.03867.x
http://doi.org/10.1111/j.1365-2125.2008.03248.x
http://www.ncbi.nlm.nih.gov/pubmed/18662289
http://doi.org/10.1111/j.1365-2710.2011.01272.x
http://www.ncbi.nlm.nih.gov/pubmed/21545474
http://doi.org/10.2217/pgs-2019-0177
http://doi.org/10.1097/00008571-200403000-00006
http://doi.org/10.1158/0008-5472.CAN-07-6790
http://doi.org/10.1007/s00535-010-0248-y
http://doi.org/10.3109/10428194.2011.631156
http://doi.org/10.1016/j.clml.2019.04.006
http://doi.org/10.1016/j.cca.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16223474
http://doi.org/10.1097/00008571-199902000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10208641
http://doi.org/10.1097/00008571-200204000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11927834
http://doi.org/10.1016/j.clinthera.2009.07.008
http://doi.org/10.1111/j.1365-2125.2004.02112.x
http://www.ncbi.nlm.nih.gov/pubmed/15206995
http://doi.org/10.1002/1096-911X(20001001)35:4&lt;410::AID-MPO3&gt;3.0.CO;2-R
http://doi.org/10.1007/s00228-007-0426-x
http://www.ncbi.nlm.nih.gov/pubmed/18193212
http://doi.org/10.1016/j.leukres.2010.01.029
http://www.ncbi.nlm.nih.gov/pubmed/20153897
http://doi.org/10.1038/tpj.2014.74
http://www.ncbi.nlm.nih.gov/pubmed/25403995
http://doi.org/10.1371/currents.RRN1236
http://www.ncbi.nlm.nih.gov/pubmed/21593964


J. Pers. Med. 2021, 11, 783 16 of 16

27. Relling, M.V.; Gardner, E.E.; Sandborn, W.J.; Schmiegelow, K.; Pui, C.H.; Yee, S.W.; Stein, C.M.; Carrillo, M.; Evans, W.E.; Hicks,
J.K.; et al. Clinical pharmacogenetics implementation consortium guidelines for thiopurine methyltransferase genotype and
thiopurine dosing: 2013 update. Clin. Pharmacol. Ther. 2013, 93, 324–325. [CrossRef]

28. Ebbesen, M.S.; Nygaard, U.; Rosthøj, S.; Sørensen, D.; Nersting, J.; Vettenranta, K.; Wesenberg, F.; Kristinsson, J.; Harila-Saari, A.;
Schmiegelow, K. Hepatotoxicity During Maintenance Therapy and Prognosis in Children With Acute Lymphoblastic Leukemia. J.
Pediatr. Hematol. Oncol. 2017, 39, 161–166. [CrossRef]

29. Relling, M.V.; Hancock, M.L.; Rivera, G.K.; Sandlund, J.T.; Ribeiro, R.C.; Krynetski, E.Y.; Pui, C.H.; Evans, W.E. Mercaptopurine
therapy intolerance and heterozygosity at the thiopurine S-methyltransferase gene locus. J. Natl. Cancer Inst. 1999, 91, 2001–2008.
[CrossRef]

30. Nielsen, S.N.; Grell, K.; Nersting, J.; Abrahamsson, J.; Lund, B.; Kanerva, J.; Jónsson Ó, G.; Vaitkeviciene, G.; Pruunsild, K.;
Hjalgrim, L.L.; et al. DNA-thioguanine nucleotide concentration and relapse-free survival during maintenance therapy of
childhood acute lymphoblastic leukaemia (NOPHO ALL2008): A prospective substudy of a phase 3 trial. Lancet Oncol. 2017, 18,
515–524. [CrossRef]

http://doi.org/10.1038/clpt.2013.4
http://doi.org/10.1097/MPH.0000000000000733
http://doi.org/10.1093/jnci/91.23.2001
http://doi.org/10.1016/S1470-2045(17)30154-7

	Introduction 
	Materials and Methods 
	Study Participants and Protocol 
	Sample and Data Collection 
	TPMT, ITPA, and MRP4 Genotyping 
	Statistical Analysis 

	Results 
	Patient Demographics and Clinical Characteristics 
	Genotype and Allele Frequencies 
	Association between Genetic Variants and 6-MP-Induced Myelotoxicity and Hepatotoxicity in the Treatment of Childhood ALL 
	Association between Genetic Variants and 6-MP Dose Intensity 

	Discussion 
	Conclusions 
	References

