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Genotyping NUDT15 can predict the dose reduction of
6-MP for children with acute lymphoblastic leukemia
especially at a preschool age

Hisato Suzuki1, Hiroko Fukushima2, Ryoko Suzuki3, Sho Hosaka3, Yuni Yamaki3, Chie Kobayashi2,
Aiko Sakai2, Kazuo Imagawa2, Atsushi Iwabuchi2, Ai Yoshimi4, Tomohei Nakao4, Keisuke Kato4,
Masahiro Tsuchida4, Nobutaka Kiyokawa5, Kazutoshi Koike4, Emiko Noguchi6, Takashi Fukushima2 and
Ryo Sumazaki2

The pharmacokinetics among children has been altered dynamically. The difference between children and adults is caused by

immaturity in things such as metabolic enzymes and transport proteins. The periods when these alterations happen vary from a

few days to some years after birth. We hypothesized that the effect of gene polymorphisms associated with the dose of medicine

could be influenced by age. In this study, we analyzed 51 patients with childhood acute lymphoblastic leukemia (ALL)

retrospectively. We examined the associations between the polymorphism in NUDT15 and clinical data, especially the dose of

6-mercaptopurine (6-MP). Ten of the patients were heterozygous for the variant allele in NUDT15. In patients under 7 years old

with NUDT15 variant allele, the average administered dose of 6-MP was lower than that for the patients homozygous for the

wild-type allele (P=0.04). Genotyping of NUDT15 could be a beneficial to estimate the tolerated dose of 6-MP for patients with

childhood ALL, especially at a preschool age in Japan. Furthermore, the analysis with stratification by age might be useful in

pharmacogenomics among children.
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INTRODUCTION

The different sensitivity for drugs between children and adults has
been well known. The influence of growth and development on
drug absorption, distribution, metabolism and excretion is thought to
be a major cause of the differences.1 Recently, some reports showed an
age-dependent influence of gene polymorphisms.1–3

Childhood acute lymphoblastic leukemia (ALL) is a rare disease,
which occurs at a rate of o500 per year in Japan, but remains the
most frequent type of pediatric cancer.4 Its treatment protocol has
been well developed. It achieved a 490% overall survival rate at
5 years in the 2000 s among Japanese children with ALL.5 In most
treatment protocols, childhood ALL is treated based on the risk
classification.6,7 The major factors of classifying patients are age and
initial white blood cell (WBC) count at diagnosis. Older age and
higher WBC count at diagnosis are risk factors of poor prognosis. The
key drugs to prevent disease relapse are daily oral 6-mercaptopurine
(6-MP) and weekly methotrexate (MTX) during maintenance therapy.
The dose of 6-MP was reported to have an association with
diphosphate-linked moiety X-type motif 15 (NUDT15), thiopurine

methyltransferase (TPMT) and inosine triphosphate pyrophosphatase
(ITPA), which are the enzymes of 6-MP metabolism.8–14

We hypothesized that the influence on gene polymorphisms
associated with the dose of 6-MP during maintenance therapy
depended on the patients’ age. In this study, we examined
the association between three polymorphisms (NUDT15, TPMT
and ITPA) and clinical data of childhood ALL with stratification by
age in Japan.

MATERIALS AND METHODS

Patients and treatment
We enrolled patients treated at the University of Tsukuba Hospital or Ibaraki
Children’s Hospital. All of the patients with childhood ALL underwent
chemotherapy according to the Tokyo Children’s Cancer Study Group protocol
(L-95, L-99 and L-0416) between 1998 and 2014.6,15 All of them completed the
maintenance therapy of childhood ALL. Patients were categorized according to
their age (under 7 years old or 7 years old and older) and initial WBC count
(under 50 000 per 10− 6 l or 50 000 per 10− 6 l and more than 50 000 per
10− 6 l) at the diagnosis as the risk classification in Tokyo Children’s Cancer
Study Group protocol. Patients in the highest risk group who had an initial
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WBC count of more than 50 000 per 10− 6 l and were above 10 years old, or
whose initial WBC count was more than 100 000 per 10− 6 l at any age or
patients with congenital chromosome abnormalities such as trisomy 21 were
excluded.
In these protocols, the starting dose of oral 6-MP was 40 mg m− 2 daily and

oral MTX was 25 mg m− 2 weekly. The dose of 6-MP and MTX was adjusted by
physicians according to the WBC count and hepatotoxicity within the WBC
count of 2000–3500 per 10− 6 l, and alanine transferase o750 IU l− 1.

Data collection
Clinical data were collected from patients’ medical records retrospectively. We
calculated the total amount of 6-MP and MTX for each patient and divided
them by the number of days and weeks during maintenance therapy as the
average dose.
We collected clinical data during 6 to 12 months from the beginning of the

maintenance therapy, including WBC count, hemoglobin, platelet count and
the highest alanine transferase level. Current situations such as disease status
and follow-up periods were also included.
Frequency and the reason for therapy interruption during maintenance

therapy were also collected. Frequent withdrawal due to infection or fever was
defined as more than 4 times in a year.

Ethical statement
The protocol for this study was approved by the ethics committees of the
University of Tsukuba Hospital and Ibaraki Children’s Hospital following the
Ethical Guidelines for Human Genome/Gene Analysis Research of the Ministry
of Health, Labor and Welfare of Japan and the Declaration of Helsinki
Principles. Written informed consent was obtained from the patients’ parents
or guardians, and informed assent was also obtained from the patients
appropriate to their age and understanding ability.

Genotyping
DNA was extracted from the blood when patients were in complete remission
using Genomic DNA Isolation Kit (QIAamp DNA Blood Mini Kit, QIAamp
DNA Blood Midi Kit: QIAGEN, Venlo, The Netherlands) following the
manufacturer’s instructions.
Polymorphisms of NUDT15 (c.415C4T, p.Arg139Cys, rs116855232), TPMT

(c.719A4G, p.Tyr240Cys, rs1142345) and ITPA (c.94C4A, p.Pro32Thr,
rs1127354) were genotyped with TaqMan PCR Genotyping Assays (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) following the manufacturer’s
instructions. Automatic allele calling was performed using ABI PRISM
7900HT data collection and analysis software, version 2.2.2 (Thermo Fisher
Scientific, Inc., Waltham, CA, USA).

Statistics
Statistical analysis was carried out using SPSS statistical software version 22.0
(IBM Corp., Armonk, NY, USA) and R version 3.1.1 (https://www.r-project.org/).
Allele frequencies of the patients were compared with the Japanese general
population16 by Fisher’s exact test. Mann–Whitney’s U-test was used to analyze
associations between polymorphisms and clinical data. Fisher’s exact test was
used to analyze the association between polymorphisms and patients with
frequent withdrawal or relapse.

RESULTS

Patient characteristics
We enrolled 59 Japanese children with ALL, but eight of them were
excluded because of the patients in highest risk group, congenital
chromosome abnormality, and deviant protocol (Figure 1). Fifty-one
Japanese children (23 males and 28 females) with ALL were analyzed.
The median age at diagnosis was 5.1 (range 1.6–15.8) years old.
Forty-eight patients (94.1%) were in their first complete remission and
three patients (5.9%) had experienced relapse, one patient was in the
second complete remission and one patient was in the third complete
remission, and the other died of disease at 14 years after she had been

diagnosed with leukemia. The median follow-up period from the
diagnosis was 8.3 (range 1.7–17.1) years.

Genotyping of NUDT15, TPMT and ITPA
The genotyping data are summarized in Table 1. Ten patients were
heterozygous for the variant allele at NUDT15 (c.415C4T,
p.Arg139Cys, rs116855232), and no patient was homozygous
for the variant alleles. The minor allele frequency of
NUDT15 c.415C4T in the present study was 0.098, and was
not significantly different from the one in the Japanese general
population, which was 0.11616 (P= 0.65). Allele frequency did not
significantly deviate from Hardy–Weinberg equilibrium (P40.05) by
exact test.
The minor allele frequencies of TPMT (c.719A4G, p.Tyr240Cys,

rs1142345) and ITPA (c.94C4A, p.Pro32Thr, rs1127354) in the
present study were not different from the Japanese general population
(Table 1) and did not significantly deviate from Hardy–Weinberg
equilibrium (P40.05) by exact test.

Association between NUDT15 genotype and clinical data
The association between the polymorphism of NUDT15 c.415C4T
and clinical data is summarized in Table 2. No patients received blood
transfusion because of anemia or thrombocytopenia during whole
period of maintenance therapy. The average dose of 6-MP for patients
with the variant allele was 27.2 mg m−2 per day and the average dose
for patients with homozygote for the wild-type allele was 32.0 mg m− 2

per day, which was not statistically different (P= 0.27). Also, NUDT15
c.415C4T was not associated with the dose of MTX, hematological
toxicity or hepatotoxicity. Considering relapse rate, one patient with
heterozygote for the variant allele and two patients with homozygote
for the wild-type allele had relapsed. There was no association between
NUDT15 c.415C4T and relapse rate of childhood ALL in the present
study (P= 0.54).
Among the younger age group (under 7 years old), there were

7 patients with heterozygote for the variant allele at NUDT15
c.415C4T and 24 patients with homozygote for the wild-type allele.
In the analysis of the younger age group, the average dose of 6-MP in
patients with heterozygote for the variant allele at NUDT15 was
22.3 mg m− 2 per day and with homozygote for the wild-type allele
was 32.7 mg m− 2 per day (P= 0.04, Figure 2a). Among the older age
group (above 7 years old or older), there were three patients with

Figure 1 Flow chart of inclusion and exclusion criteria. Fifty-one patients
with childhood ALL were eligible for this study. The flow chart shows
inclusion and exclusion criteria of this study. ALL, acute lymphoblastic
leukemia.
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heterozygote for the variant allele and 17 patients with homozygote for
the wild-type allele. The average dose of 6-MP was 37.9 mg m− 2

per day in patients with heterozygote for the variant allele and
28.8 mg m− 2 per day in patients with homozygote for the wild-type
allele (P= 0.42, Figure 2b). Polymorphism of NUDT15 had no
association with the average dose of MTX, hematological toxicity
and hepatotoxicity in each age group (Table 2).
Among the lower WBC count group (under 50 000/10−6 l), 10

patients were heterozygous for the variant allele at NUDT15
c.415C4T and 36 patients were homozygous for wild-type allele.
There were no association between the dose of 6-MP and NUDT15
variant (P= 0.16). Among the higher WBC count group (50 000 per

10− 6 l and more than 50 000 per 10− 6 l), all of five patients were
homozygous for wild-type allele.

Association between TPMT and ITPA genotype and clinical data
Because only two patients had TPMT variant allele (c.719A4G,
p.Tyr240Cys, rs1142345), the association between TPMT c.719A4G
and clinical data could not be evaluated in our study. The
polymorphism at ITPA (c.94C4A, p.Pro32Thr, rs1127354) had no
association with the dose of 6-MP, MTX, the WBC count and
hepatotoxicity (P-value is 0.59, 0.79, 0.76 and 0.82, respectively).

DISCUSSION

The polymorphism of NUDT15 (c.415C4T, p.Arg139Cys,
rs116855232) was associated with the dose of 6-MP in maintenance
therapy of childhood ALL in the younger age group (under 7 years
old) in the present study. In previous reports, the associations between
NUDT15 variant allele and thiopurine intolerance were shown in
patients among the Asian adults with inflammatory bowel disease and
children with ALL, same as our result12,17–19 And also, our results
suggested that patients’ age was one of the key factors to predict
thiopurine intolerance for patients with NUDT15 variant.
The role of NUDT15 is thought to have an anti-mutagenic

activity.20,21 NUDT15 hydrolyzes 8-oxo-dGTP and 8-oxo-dGDP
which induced base mispairing such as AT-to-CG and GC-to-TA in
cells. The loss of function of NUDT15 may let 8-oxo-dGTP and
8-oxo-dGDP stay at high levels in cells. As a result, base mispairing
occurs frequently and induces cells to apoptosis. Meanwhile, 6-MP is
metabolized by enzymes and inhibits DNA synthesis. Thus,
production of WBC is suppressed at bone marrow. We assumed
that suppressed production of WBC due to NUDT15 variant
became obvious while using 6-MP for a long period. Recently,
Moriyama et al.14 newly reported that NUDT15 inactivated
thiopurine metabolites and was directly related to their cytotoxic
effects by using NUDT15-knockdown human lymphoid cells. We
supposed that NUDT15 had an age-dependency as CYPs or the
younger patients are politically powerless that they are susceptible to
gene polymorphisms.

Table 1 Genotyping of NUDT15, TPMT and ITPA

This study

Japanese general

population

Number MAF Number MAF P-valuea

NUDT15 c.415C4T
CC 41 914

CT 10 0.098 233 0.116 1

TT 0 19

TPMT c.719A4G
AA 48 1078

AG 2 0.020 19 0.009 0.23

GG 0 0

ND 1 —

ITPA c.94C4A
CC 31 870

AC 17 0.210 282 0.142 0.10

AA 2 27

ND 1 —

Abbreviations: MAF, Minor allele frequency; ND, not detected.
aFisher’s exact test between minor allele frequencies in this study and Japanese control.

Table 2 Association between NUDT15 variant and clinical data

<7 years old (n=31) X7 years old (n=20)

NUDT15 c.415C4T ALL (n=51) CC (n=24) CT (n=7) P-value CC (n=17) CT (n=3) P-value

6-MP dosea (mg kg−1 m−2 per day) 31.6 (9.3–52.1) 32.7 (14.0–51.8) 22.3 (16.7–39.0) 0.04 28.8 (9.3–52.1) 37.9 (28.9–43.1) 0.42

MTX dosea (mg kg−1 m−2 per week) 19.0 (4.0–30.6) 19.5 (4.0–29.6) 15.5 (11.7–20.2) 0.14 21.9 (6.4–30.6) 25.0 (14.4–27.1) 0.26

Maximum ALT level (IU l−1)a 115 (12–852) 174 (21–852) 41 (21–342) 0.10 62 (12–563) 113 (69–189) 0.57

Minimum WBC count (10−6 l−1)a 2500 (1200–4300) 2500 (1200–4300) 2600 (1200–2900) 0.96 2400 (1900–3900) 1700 (1500–3200) 0.25

Patients with frequent withdrawalb 7 6 1 0.55 0 0 —

Relapsed patients 3 2 1 0.64 0 0 —

Sex (male/female) 23/28 11/13 4/3 7/10 1/2

Risk classification
SR 21 16 5 0 0

HR 30 8 2 17 3

TPMT variant carrier 2 1 1 0 0

ITPA variant carrier 19 10 1 7 1

Abbreviations: ALT, alanine aminotransferase; HR, high risk group; MTX, methotrexate; PLT, platelets; SR, standard risk group; WBC, white blood cells; 6-MP, 6-mercaptopurine.
aMedian (range).
bThe number of patients with frequent withdrawal due to fever or infection.
Listed value of 6-MP dose, MTX dose, ALT level, WBC count were median.
P-value of 6-MP, MTX, ALT level and WBC counts were calculated by Mann–Whitney’s U-test. P-value of patients with frequent withdrawal due to infection and relapsed were calculated by Fisher’s
exact test.
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With that the minor allele frequency of NUDT15 c.415C4T among
Japanese is 0.11616, we estimate that more than 10% of patients carries
variant allele at NUDT15 c.415C4T who could develop severe
leukopenia due to 6-MP. Considering the higher minor allele
frequency among Japanese more than Caucasians (0.116 and 0.002,
respectively), this polymorphisms could explain the stronger effect on
bone marrow toxicity among Japanese than Caucasians. Genotyping of
NUDT15 before using 6-MP could be a valuable clinical examination
to predict the appropriate dose of 6-MP especially for the Japanese
younger population.
In this study, the minor allele frequency of TPMT was as low as that

shown in previous reports.12,22 Even though the dose of 6-MP in
patients with TPMT variant allele was lower than in those with
homozygote for the wild-type allele, genotyping of TPMT would
not significantly influence 6-MP tolerance for most Asians due to its
lower minor allele frequency. Polymorphisms of ITPA had no
association with the dose of 6-MP and hepatotoxicity as shown in
previous reports among Asians.11,23 Genotyping of TPMT and ITPA
among Asians seems statistically not a good clinical predictor for 6-MP
dosage because of its low minor allele frequency or low influence
among Japanese.
Among patients with TPMT lower activity, those given doses of

6-MP lower than 50 mgm−2 per day had a higher risk for relapse
than those given 75 mgm− 2 per day of 6-MP, (19.7% vs 6.7%).24

Therefore, we have to consider whether reduced dose administration
of 6-MP due to the variant allele in NUDT15 could cause disease
relapse. The previous study reported that after exposure to 6-MP for
24 h in leukemia cell culture experiments, the viable cell number was
lower among the NUDT15-mutant cells than cells with wild-type.19

Also, the levels of the apoptosis markers were increased in NUDT15-
mutant cells compared with control cells. Considering this report,
NUDT15 variant may affect cell apoptosis not only in normal myeloid
cells but also in leukemia cells. Because only three patients experienced
disease relapse during the follow-up period, it was unclear whether
thiopurine intolerance with NUDT15 polymorphisms could be
related to disease relapse or not. However, considering the function
of NUDT15, we hypothesized that there could be no significant
association between dose reduction due to the variant of NUDT15 and
disease relapse.

As NUDT15 have an anti-mutagenic activity,20,21 patients with
variant allele could have leukemogenesis as their constitution. Because
the minor allele frequency of NUDT15 c.415C4T in children with
ALL and the Japanese general population was not different in our
study (P= 1.00), we did not find significant association between the
polymorphism at NUDT15 and leukemogenesis.
This study was not large enough to detect patients homozygous for

the variant allele and was smaller than other studies. Despite this
limitation, our study shows that 6-MP reduction is significant in the
younger age group in relation to NUDT15 variant. Because of many
factors associated with the dose of 6-MP such as age and gene
polymorphisms including NUDT15, TPMT, ITPA and others, a
prospective nationwide large cohort and a multivariate analysis is
needed to clarify the relation among them.

CONCLUSION

The average administrated dose of 6-MP in ALL patients with
NUDT15 variant allele (c.415C4T, p.Arg139Cys, rs116855232) was
lower than in those with homozygote for the wild-type allele in
maintenance therapy in the younger age group. The analysis with
stratification by age might be useful in pharmacogenomics research
among children.
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