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Purpose
Mercaptopurine (MP) is one of the main chemotherapeutics for acute lymphoblastic
leukemia (ALL). To improve treatment outcomes, constant MP dose titration is essential to
maintain steady drug exposure, while minimizing myelosuppression. We performed two-
stage analyses to identify genetic determinants of MP-related neutropenia in Korean pedi-
atric ALL patients.

Materials and Methods
Targeted sequencing of 40 patients who exhibited definite MP intolerance was conducted
using a novel panel of 211 pharmacogenetic-related genes, and subsequent analysis was
performed with 185 patients.

Results
Using bioinformatics tools and genetic data, four functionally interesting variants were 
selected (ABCC4, APEX1, CYP1A1, and CYP4F2). Including four variants, 23 variants in 12
genes potentially linked to MP adverse reactions were selected as final candidates for sub-
sequent analysis in 185 patients. Ultimately, a variant allele in APEX1 rs2307486 was found
to be strongly associated with MP-induced neutropenia that occurred within 28 days of ini-
tiating MP (odds ratio, 3.44; p=0.02). Moreover, the cumulative incidence of MP-related
neutropenia was significantly higher in patients with APEX1 rs2307486 variants, as GG
genotypes were associated with the highest cumulative incidence (p < 0.01). NUDT15
rs116855232 variants were strongly associated with a higher cumulative incidence of neu-
tropenia (p < 0.01), and a lower median dose of tolerated MP throughout maintenance
treatment (p < 0.01). 

Conclusion
We have identified that APEX1 rs2307486 variants conferred an increased risk of 
MP-related early onset neutropenia. APEX1 and NUDT15 both contribute to cell protection
from DNA damage or misincorporation, so alleles that impair the function of either gene
may affect MP sensitivities, thereby inducing MP-related neutropenia.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common
hematologic malignancy in children [1]. Prolongation of ther-
apy by incorporating a maintenance phase, containing mer-
captopurine (MP) has improved outcomes in pediatric ALL
[1]. However, MP has a narrow therapeutic index with com-
mon dose-limiting toxicities in hematopoietic tissues [2].
During the maintenance phase that continues for 1 to 2 years,
patients with ALL must take MP daily. MP-related toxicities
are most likely to occur during the maintenance phase if a
patient has a susceptible genotypic trait for low metabolism,
so treatment interruption can be frequent. Because high-intra
individual variability in responses to thiopurine exposure
can negatively affect ALL treatment outcomes [3], constant
MP dose titration to maintain steady thiopurine exposure
while minimizing toxicity is important.

In previous studies, thiopurine methyltransferase (TPMT),
which is involved in methylating MP metabolites, is known
to be one of the most critical genes in the pharmacogenetics
of MP [4]. Patients with a nonfunctional variant allele of
TPMT have lower TPMT enzyme activity, and consequently
6-thioguanine nucleotide (6-TGN) excessively accumulates
in hematopoietic tissues and frequently causes hematopoietic
toxicity. These findings lead to the concept of individualized
MP dosing according to TPMT genotype; however, the fre-
quency of the variant allele of TPMT is lower in Asian than
Caucasian patients [5]. Therefore, determination of TPMT
polymorphisms has limited clinical benefit for children with
ALL in most Asian countries [6]. In practice, most of East
Asian patients still show sensitivity to MP after adjusting for
TPMT variants, suggesting the existence of other yet 
unknown factors that are related to MP sensitivity.

Recently, a single nucleotide polymorphism (SNP) of 
nucleoside diphosphate-linked moiety X-type motif 15
(NUDT15) has been associated with thiopurine-induced
myelosuppression in pediatric patients with ALL and inflam-
matory bowel disease [2,7-9]. Although recent studies have
shown a strong correlation between the NUDT15 rs1168-
55232 SNP and major MP toxicity, careful evaluations of 
potential additive effects with other candidate genetic loci
are still needed.

In our present study, we used targeted sequencing with
bioinformatics analysis to identify genetic determinants of
MP-related adverse effects in Korean pediatric patients with
ALL.

Materials and Methods

1. Patients and treatment

Among patients diagnosed with ALL at Seoul National
University Children’s Hospital, 185 patients for whom sam-
ples and informed consent was available were included.
Bone marrow aspirates or peripheral blood at complete 
remission were obtained for sequencing. Patients were 
assigned to the standard-risk group if they were 1 to 9 years
of age at the time of diagnosis with a white blood cell (WBC)
count of less than 50109/L; all other patients were assigned
to the high-risk group. Patients underwent hematopoietic
stem cell transplantation (HSCT) if they had one or more of
the following criteria: age younger than 1 year, hypodiploidy,
the presence of t(9;22), a WBC count equal to or greater than
200109/L, or the 11q23 rearrangement.

At our institution, the planned dose of MP was modified
from 75 to 50 mg/m2 based on our institutional experiences,
as many patients who had been given the same dose under
the original CCG protocol exhibited moderate to severe tox-
icities during MP administration [10]. Doses of MP during
maintenance were adjusted to maintain a WBC count of 2.0-
3.5109/L with an absolute neutrophil count (ANC) over
500/µL, and hepatotoxicity related dose modifications were
performed at the discretion of the treating physician. All
doses of drugs were not prospectively adjusted based on 
patient genotypes.

Medical records from all patients were retrospectively 
reviewed, including complete blood cell counts, total biliru-
bin, serum liver enzyme levels, and the frequency and first
date of neutropenia noted during maintenance. Records of
MP and methotrexate (MTX) doses were collected on a cycli-
cal basis (12 weeks) and the dose in the final maintenance
cycle was considered to be the maximum tolerated dose for
each patient.

2. Primary targeted sequencing and analysis 

Subjects were selected for targeted sequencing among
those patients who could not tolerate a full dose MP, as their
final dose at the last maintenance cycle was less than 25% of
the initial planned dose at the maintenance phase (50
mg/m2/day). Finally, a total of 40 patients were selected as
a representative cohort for prominent MP intolerability. Tar-
geted sequencing was conducted using a novel pharm-gene
panel to screen for suspected genetic determinants of MP-
related toxicities. This panel included the exomes of 147
pharmacogenetic-related genes and 84 SNPs that were
known to be involved in the metabolism of various drugs;
the size of the total targeted region was 464,798 base pairs
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(S1 and S2 Tables). The range of amplicons amplified by
these oligo primer pairs ranged from 125 to 275 bp, and the
rate of “on target” coverage for this panel was 96.74%.

Polymerase chain reaction (PCR) assays were performed
directly to amplify 10 ng of genomic DNA samples to collect
the target regions using the oligo primer pairs of the panel.
After amplification, Library construction was performed by
using the Ion Ampliseq library kit 2.0 as described in the
manufacturer's instructions (Life Technologies, Carlsbad,
CA). Libraries were diluted to ~10 pM. Subsequently, 2.27
µL of the barcoded libraries were combined in sets of 40 bar-
codes.

The combined libraries were sequenced using the Ion Pro-
ton platform, following the manufacturer's instructions (Life
Technologies). A mean depth of sequencing that ranged from
450 to 470 was obtained, which was a sufficient depth to
interrogate the target regions for mutations. Raw reads were
initially mapped to the human reference genome build
(GRCh37) using the Torrent Mapping Alignment Program
(TMAP). Genome Analysis Toolkit 2.8-1, HaplotypeCaller,
was used to call single nucleotide variants and short inser-
tions/deletions [11].

After sequencing, variants that fulfilled the following cri-

teria were selected (Fig. 1). First, variants predicted to have
functional alterations on gene products (i.e., nonsense, mis-
sense, frameshift, or splice site) were selected. Second, vari-
ants predicted to be deleterious by at least one of three
bioinformatics tools, which are scale-invariant feature trans-
form (SIFT; http://sift.jcvi.org/) [12], PolyPhen2 (http://
genetics.bwh.harvard.edu/pph2/) [13], and combined 
annotation dependent depletion (CADD; http://caxdd.gs.
washington.edu/) [14], were selected. Next, for all variants
identified, the odds ratio (OR) of those variants for cases
compared with controls were calculated considering the 
effect of the NUDT15 rs116855232 variant. Those individuals
who did not carry the rs116855232 variant were subgrouped,
and variants present at a higher frequency (OR > 1) were 
obtained among these cases. Finally, the relative risk of those
variants for cases compared with an East Asian population
(1000 Genomes project, Phase 3, http://www.1000genomes.
org/) [15] was calculated in the same way. Only those posi-
tions that were significantly associated (p < 0.05) with higher
occurrence (OR > 1) among all cases were selected. We 
reviewed read-level alignment status of Binary Alignment
Map files to identify false-positive calls which can be intro-
duced by technical and/or algorithmic issues like misalign-
ment and true-negative calls due to off-target regions.

3. Subsequent candidate gene analysis

Subsequent analysis of suspected determinant genes based
on the primary sequencing results was conducted using a
candidate gene approach. Candidate genes were also 
selected by considering previous clinical studies in which
genes exhibited polymorphisms that were reported to be 
associated with the pharmacokinetics and pharmacodynam-
ics of MP [4]. We analyzed 185 samples by an array-based
high throughput method to simultaneously detect multiple
positions using SNPtype and SNaPshot assays.

In the SNPtype assay, 40 ng of genomic DNA flanking the
interested SNP was amplified by PCR with a STA primer set.
PCR was performed as described in the manufacturer's 
instructions (Fluidigm, San Francisco, CA). After amplifica-
tion, the SNPtype assay reaction was carried out as described
in the manufacturer's instructions. SNP analysis was per-
formed using Fluidigm SNP Genotyping Analysis software
ver. 4.0.1 (S3 Table).

The SNaPshot assay was performed according to the man-
ufacturer’s instructions (ABI PRISM SNaPShot Multiplex kit,
Foster City, CA). Analyses were carried out using Genemap-
per software ver. 4.0 (S4 Table). 

We analyzed 185 samples using a SNPtype assay for 21 
positions in 12 genes and a SNaPshot assay for two positions
in two genes.

Hyery Kim, Pharmacogenetics in Pediatric ALL

Fig. 1. Primary targeted sequencing data analysis steps.
SIFT, scale-invariant feature transform; CADD, combined
annotation dependent depletion; PP2, PolyPhen2; NP30, 30
patients with neutropenia; CTRL6, 6 patients without neu-
tropenia; EAS490, 490 East Asian data.

2,015 loci

36 Individuals and 490 East Asians
who do not carry rs116855232

Select nonsense, missense, frameshift, splice site variants

SIFT ≤ 0.05 or CADD ≥ 10 or PP2 ≥ 0.85

(NP30 vs. CTRL6) OR > 1

(NP30 vs. EAS490) OR > 1 and Fisher's exact test p < 0.05

Exclude poor quality reads 

4 Significant variants (4 genes)

598 loci

310 loci

73 loci

7 loci

4 loci
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4. Statistical analysis

Significant associations between categorical variables, such
as the frequency of neutropenia and SNPs, were identified
using chi-square or Fisher exact tests. Odds ratios and 95%
confidence intervals (CI) associated with each SNP were 
determined using logistic regression assuming log-additive
and dominant genetic models of inheritance. Comparisons
of the administered dose percentage according to each SNP
group were analyzed using the T-test or ANOVA for para-
metric data or the Mann-Whitney U or Kruskal-Wallis test
for nonparametric data. Cumulative incidence curves were
made using the method of Fine and Gray [16], comparisons
were performed by Gray’s test [17]. Cox-regression test was
conducted for the multivariate analysis. Sequence data analy-
sis, competing risk estimations, Cochran-Armitage trend test,
and Cox-regression analysis were conducted using R (3.2.2,
http://www.r-project.org/), and other analyses was carried
out with SPSS ver. 20.0 (IBM Corp., Armonk, NY) with a
threshold of statistical significance of p < 0.05.

5. Ethical statement

This study was approved by the Institutional Review
Board of Seoul National University Hospital (H-0611-021-
189). Informed written consents for blood sampling and
analyses were obtained from all participants.

Results

1. Patients and treatments 

A total of 185 patients were analyzed (Table 1), including
110 males and 75 females. The median follow-up duration
was 74.2 months (26.6-235.7 months). The median age of 
diagnosis was 4.9 years (1.1-17.3 years), and 45 patients were
greater than 10 years old at the time of diagnosis. There were
57 patients who were allocated to the standard-risk group,
and one and 56 patients were treated following the modified
CCG-1891 [18] and CCG-1952 [19] protocols. A total of 128
patients were allocated to the high-risk group, and 2, 59, 20,
and 47 patients were treated with the modified CCG-1882A,
CCG-1882B, CCG-1882C [20], and 0601 protocols for Korean
multicenter studies, respectively.

2. Primary targeted sequencing findings

Targeted sequencing was performed on a total of 40 indi-
viduals and those individuals with neutropenia (ANC <

500/µL) were defined as cases for with neutropenia (34 of 40,
85%) (Fig. 1). The median dose percentage of last cycle MP
in these patients was 17.9%. After sequencing, a total of 2,015
variants were identified in 36 individuals who do not carry
rs116855232, which is strongly associated with drug toxicity.
First, we selected 598 variants that potentially had strong 
effects on gene function, including frameshift, nonsense, mis-
sense, and splice site variants. Next, three different bioinfor-
matics tools were applied and 310 positions were selected
that were predicted to be deleterious by at least one of the
three prediction tools (SIFT  0.05, PolyPhen2  0.85, or
CADD  10). To determine whether nonrandom associations
existed between cases and controls, allele/genotype-based
association tests were carried out for those positions that
were identified more than once in each case group. For 310
positions, the OR between the neutropenia cases (NP) and
the matched controls was calculated using Fisher exact test.
A total of 73 loci showed higher associations in NP cases than
in controls, although no significant difference was detected,
possibly because of limited statistical power. To increase the
sample size, we estimated the relative risk for those variants
as compared with 490 East Asians (1000 Genomes Project,
Phase 3) who did not carry the rs116855232 variant. As a 
result, seven significantly associated (p < 0.05) potential risk
variants were identified in NP. We manually reviewed 
Binary Alignment Map files in order to identify false-posi-
tives and excluded three variants which are called due to
misalignment. From these studies, four significant variants
in ABCC4, apurinic/apyrimidinic endonuclease 1 (APEX1),
CYP1A1, and CYP4F2 were selected. Ultimately, 23 variants

Cancer Res Treat. 2018;50(3):823-834

Table 1. Characteristics of the study patients 

CCG, Children’s Cancer Group.

Characteristic No. (n=185)  
Age at diagnosis, median (range, yr) 4.9 (1.1-17.3)

1 year to less than 10 years 140
At least 10 years 45

Sex
Male 110
Female 75

Risk group
Standard-risk patients 57

Modified CCG 1891 1
Modified CCG 1952 56

High-risk patients 128
Modified CCG 1882A 2
Modified CCG 1882B 59
Modified CCG 1882C 20
0601 protocol Korea 47
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Table 2. Frequencies of candidate gene loci subjected to subsequent validation 
Gene rsID Genotype No. of patients (%) (n=185)
NUDT15 rs116855232 CC 142 (77.6)

CT 37 (20.2)
TT 4 (2.2)

APEX1 rs2307486 AA 155 (85.2)
AG 26 (14.3)
GG 1 (0.5)

ABCC4 rs2274407 GG 116 (62.7)
GT 62 (33.5)
TT 7 (3.8)

rs3765534 CC 156 (85.2)
CT 24 (13.1)
TT 3 (1.6)

rs11568658 CC 138 (75.0)
CA 41 (22.3)
AA 5 (2.7)

CYP4F2 rs2108622 CC 81 (44.0)
CT 77 (41.8)
TT 26 (14.1)

CYP1A1 rs4646422 CC 125 (68.7)
CT 51 (28.0)
TT 6 (3.3)

SLCO1B1 rs11045879 TT 74 (40.7)
TC 74 (40.7)
CC 34 (18.7)

rs4149056 TT 129 (70.5)
TC 51 (27.9)
CC 3 (1.6)

ITPA rs1127354 CC 131 (71.6)
CA 47 (25.7)
AA 5 (2.7)

rs7270101 AA 185 (100)
MTHFR rs1801131 TT 128 (69.2)

TG 54 (29.2)
GG 3 (1.6)

rs1801133 GG 61 (33.5)
GA 92 (50.5)
AA 29 (15.9)

rs1901133 GG 84 (45.9)
GA 87 (47.5)
AA 12 (6.6)

GRIA1 rs4958351 GG 178 (96.2)
AG 7 (3.8)

MOCOS rs594445 CC 92 (49.7)
AC 79 (42.7)
AA 14 (7.6)

PACSIN2 rs2413739 CC 155 (85.2)
CT 27 (14.8)

TPMT *1/*1 178 (96.2)
*1/*3C 7 (3.8)

VOLUME 50 NUMBER 3 JULY 2018  827



in 12 genes plausibly linked to or previously implicated in
MP adverse reactions, including four selected variants, were 
determined as final candidates (S5 Table).

3. Candidate gene analysis results

The results of candidate gene analysis are summarized in
Table 2. The distribution of patients with variant alleles were
as follows: NUDT15 rs116855232 (22.4%), APEX1 rs2307486
(14.8%), ABCC4 rs2274407 (37.3%), ABCC4 rs3765534 (14.7%),
ABCC4 rs11568658 (25.0%), CYP4F2 rs2108622 (55.9%),
CYP1A1 rs4646422 (31.3%), SLCO1B1 rs11045879 (59.4%),
SLCOB1 rs4149056 (29.5%), ITPA rs1127354 (28.4%), ITPA
rs7270101 (0%), MTHFR rs1801131 (30.8%), MTHFR rs180-
1133 (66.4%), MTHFR rs1901133 (54.1%), GRIA1 rs4958351
(3.8%), MOCOS rs594445 (50.3%), and PACSIN2 rs2413739
(14.8%). The TPMT allele type was *1/*1 in most patients
(96.2%), while the variant allele was only detected in seven
patients (*1/*3C, 3.8%).

4. MP-related neutropenia during maintenance and geno-
type associations 

Absolute neutrophil counts below 500/µL developed in
121 patients after MP administration during the maintenance
phase (65.4%). When the frequency of MP-related neutrope-
nia was compared with the genetic variant frequencies, neu-
tropenia was significantly more frequent in carriers of a
variant T allele in ABCC4 rs3765534, and was associated with
a 4.64-fold increased risk of prominent neutropenia com-
pared with homozygous wild-type patients (OR, 4.64; 95%
CI, 1.32 to 25.12, p < 0.01) (Table 3). This significant associa-
tion was also present within patients without NUDT15
rs1168552532 variant alleles (n=140), while the odds ratio was
even greater (OR, 6.36; 95% CI, 1.43 to 58.73; p=0.02) in those
patients without the NUDT15 variant.

Considering the first date of neutropenia after MP intake,
early onset neutropenia (within 28 days) was detected in 15
of 121 patients who exhibited neutropenia during mainte-
nance (12.4%), while neutropenia was detected in 106 
patients later than 28 days after beginning maintenance
(87.6%). In cases of APEX1 rs2307486 derived from our pri-
mary targeted sequencing, variants in APEX1 rs2307486
showed no significant correlations with the total frequencies
of MP-related neutropenia. However, considering the onset
of neutropenia, the G allele in APEX1 rs2307486 was strongly
related to early onset MP-related neutropenia (OR, 3.44; 95%
CI, 1.04 to 9.89; p=0.02) (Table 3).

The cumulative incidence of MP-related neutropenia was
significantly higher in patients with variants of ABCC4
rs3765534 (p=0.01) (Fig. 2A) and APEX1 rs2307486 (p < 0.01)
(Fig. 2B). Three patients with a homozygous variant (TT) of
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ABCC4 developed neutropenia < 500/µL, yielding a cumu-
lative incidence of 100%. There was a correlation with the CT
genotype of ABCC4 rs3765534 and increased cumulative 
incidence of neutropenia as 91.7%, and patients with CC
genotype (wild type) showed cumulative incidence of 60.8%.

Regarding APEX1 rs2307486, there was one individual
with a homozygous variant (GG) of APEX1 who developed
neutropenia < 500/µL at the 21st day of maintenance. The
estimated cumulative incidence of neutropenia at 2 years of

maintenance phase treatment was 73% (95% CI, 50.5 to 86.6)
in those patients with an AG genotype versus 66.3% (95% CI,
57.9 to 73.5) in patients with a wild-type.

NUDT15 rs116855232 variants were also strongly associ-
ated with a greater cumulative incidence of neutropenia, as
it was 100%, 72.2% (95% CI, 53.9 to 84.3), and 65.0% (95% CI,
56.2 to 72.4) in patients with a TT, CT, or CC genotype, 
respectively (p < 0.01) (Fig. 2C). All three patients with the
homozygous variant genotype (TT) developed neutropenia

Hyery Kim, Pharmacogenetics in Pediatric ALL

Fig. 2.  Estimated cumulative incidence of mercaptopurine-related neutropenia according to the ABCC4 rs3765534 (A), APEX1
rs2307486 (B), and NUDT15 rs116855232 (C) genotypes. ANC, absolute neutrophil count.
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at 19, 35, or 42 days in the first cycle of maintenance.
According to the multivariate analysis using Cox-regres-

sion, GG genotype in APEX1 rs2307486 and TT genotype in
NUDT15 rs116855232 showed statistically significant hazard
ratios so that those variants conferred a remarkable 12.03,
and 11.42-fold increase in neutropenia risk (Table 4).

5. MP and MTX doses and genotype associations

Because the doses of MP and MTX were reduced in 
response to toxicity that occurred during maintenance, doses
were gradually adjusted during the first cycle of mainte-
nance in most patients. The majority of patients generally
reach their tolerable doses during the second cycle, and the
doses of MP and MTX during the last maintenance cycle are
considered as the maximum tolerated doses for each patient
to maintain a WBC count without apparent toxicity. 

In our present study, protocol-based doses were 50
mg/m2/day for MP, and 20 mg/m2/wk for MTX. The 
median doses of MP at the second and last cycles in our
study cohort were 22.8 and 23.5 mg/m2/day, respectively,
while those of MTX were 10 and 13 mg/m2/wk (Table 5). We
observed that non-synonymous rs116855232 variants in
NUDT15 predisposed patients to significant MP dose reduc-
tion (Fig. 3A), likely because of increased hematological tox-
icity. Four patients with variant homozygous (TT) for
NUDT15 were highly sensitive to MP with a tolerated dose
at the second cycle of only 8.9 mg/m2/day, compared with
patients with a CT genotype (n=36) or wild-type (n=131) who
tolerated an average dose of 15.6 and 27.4 mg/m2/day, 
respectively (p < 0.01). This effect persisted throughout the
entire maintenance phase, so the average dose during the
final cycle was 5, 17.6, and 26.9 mg/m2/day for patients with

TT, CT, and CC genotypes, respectively (p < 0.01).
The risk allele of rs116855232 was also highly associated

with a lower dose of MTX (Fig. 3B). The average MTX dose
during the second maintenance therapy for patients with TT,
CT, and CC genotypes was 5.4, 7.8, and 11.7 mg/m2/wk, 
respectively (p < 0.01). Additionally, during the final cycle,
tolerance for MTX in patients with the T allele was signifi-
cantly lower than in patients with the C allele (TT:CT:CC=
1.7:10.6:13.1 mg/m2/wk, respectively; p < 0.01).

Discussion

Maintenance therapy in ALL treatment is needed to pre-
vent relapse. Generally, all patients with ALL who are not
candidates for HSCT receive maintenance chemotherapy for
2-2.5 years [1]. Daily MP and weekly MTX with periodic vin-
cristine, prednisone, and intrathecal therapy represent the
backbone of maintenance regimens. The importance of com-
pliance with MP and constant dose titration has been illus-
trated in a previous cohort study that revealed an association
between reduced adherence rates and an increased risk of 
relapse [21].

Therefore, for appropriate dose optimization of MP, many
studies have been conducted on the various genetic factors
associated with MP-related toxicities [4]. Among these fac-
tors, TPMT has been considered to be a major locus in deter-
mining susceptibility to toxicity [1].

Recently, a non-synonymous mutation in NUDT15 was
identified as a strong risk factor for myelotoxicity of MP dur-
ing maintenance therapy for ALL [2,8]. However, most of the

Cancer Res Treat. 2018;50(3):823-834

Table 4. Genotypes affecting mercaptopurine-related neutropenia according to multivariate analysis 
Variable HR 95%  CI p-value
APEX1 rs2307486

AA genotypes (wild type) 1.00 - -
AG genotypes 1.49 0.87-2.53 0.139
GG genotypes 12.03 1.43-101.20 0.022

NUDT15 rs116855232
CC genotypes (wild type) 1.00 - -
CT genotypes 1.25 0.78-2.01 0.358
TT genotypes 11.42 3.35-38.97 < 0.001

ABCC4 rs3765534
CC genotypes (wild type) 1.00 - -
CT genotypes 1.72 1.05-2.80 0.031
TT genotypes 2.11 0.62-7.20 0.232

HR, hazard ratio; CI, confidence interval.
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Second cycle Last cycle
No. of Median dose No. of Median dose

patients (%) (mg/m2/day) patients (%) (mg/m2/day)
MP dose (mg/m2/day)

MP < 12.5 38 (20.5) 7.8 51 (27.6) 7
12.5  MP < 25 58 (31.4) 17.9 41 (22.2) 17.4
25  MP < 37.5 37 (20) 27.8 48 (25.9) 31.3
37.5  MP < 50 41 (22.2) 41.7 24 (13) 42.7
MP  50 5 (2.7) 52.1 14 (7.6) 55.7

Total patients 179a) 22.8 178b) 23.5
Methotrexate dose (mg/m2/wk)

MTX < 5 38 (20.5) 3.3 29 (15.7) 7
5  MTX < 10 49 (26.5) 7.9 32 (17.3) 17.4
10  MTX < 15 42 (22.7) 11.8 51 (27.6) 31.3
15  MTX < 20 46 (24.9) 17.7 39 (21.1) 42.7
MTX  20 4 (2.2) 21.3 25 (13.5) 55.7

Total patients 179a) 10 176c) 13

Table 5. Doses of mercaptopurine and methotrexate administered at the second and last maintenance cycles (n=185)

MP, mercaptopurine; MTX, methotrexate. a)Data was not available in six patients, b)Data was not available in seven patients,
c)Data was not available in nine patients.

Fig. 3.  Average doses of mercaptopurine (MP) (A) and methotrexate (MTX) (B) administered during the second and last
maintenance cycles according to the NUDT15 rs116855232 genotype. 
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patients who could not tolerate full dose MP did not have a
known genetic factors.

To determine the genetic factors associated with MP-
related neutropenia, it is necessary to determine whether
neutropenia is associated with the drug. In the later phase of
maintenance therapy, the tolerable dose is continuously 
administered for a while. Therefore, it is difficult to confirm
the association of MP with sudden neutropenia. However,
early onset neutropenia immediately after the start of MP 
administration is likely to have been caused by the new drug,
and thus is of greater value as a phenotype associated with
toxicity.

In this present study, we developed a novel pharm-gene
panel and conducted targeted sequencing of patients who
exhibited MP-related severe toxicity. We carried out candi-
date gene validation to identify genetic determinants of 
MP-related adverse effects in Korean pediatric patients with
ALL. Our analyses revealed that APEX1 SNP rs2307486 con-
ferred an increased risk of MP-related early onset neutrope-
nia. Additionally, the minor allele of APEX1 rs2307486 was
linked to a significantly higher cumulative incidence of 
MP-related neutropenia.

Human APEX1 is the major enzyme in the DNA base 
excision repair pathway [22] where its main role is to create
a nick in the phosphodiester backbone of the apurinic/
apyrimidinic site that is created when DNA glycosylase 
removes a damaged base [23]. Therefore, it is not surprising
that APEX1 has been implicated in sensitivities or resistances
to a wide range of chemotherapeutic agents. Indeed, previ-
ous studies that used small molecule inhibitors established
that APEX1-deficient cells exhibited hypersensitivity to var-
ious DNA-damaging agents, including alkylators and 
antimetabolites. In the previous study of McNeill et al. [22],
APEX1-deficient cells were shown to exhibit the greatest sen-
sitivity to antimetabolites among various anticancer drugs in
an in vivo setting, and consequently apoptotic cell death was
profoundly increased, supporting a role for mutant APEX1
in thiopurine-induced neutropenia.

The rs2307486 variant in APEX1 is a missense mutation,
leading to an A to G change that results in an amino acid
change from isoleucine [Ile] to valine [Val]. The allele fre-
quencies of the variant alleles in rs2307486 were near 0% in
Europeans, 0.08% in Africans, and 1.73% in Americans,
whereas the G allele frequency in East Asian individuals was
4.66% according to the 1000 Genomes database. Thus, we
considered that those East Asians who have a higher fre-
quency of APEX1 variant alleles might be more susceptible
to the variant related effects, whereas Caucasian or European
populations might not be as affected by these variant-asso-
ciated toxicities because of minor allele frequency differences
between ethnic groups. Although we could not identify a
correlation between APEX1 SNP rs2307486 and the total fre-

quency of neutropenia in our patient cohort, the correlation
was significantly strong within the larger East Asian popu-
lation according to the 1000 Genomes database (S6 Table).
This effect of APEX1 variants on MP-related neutropenia
should be replicated in a larger patient cohort in the future.

NUDT15 encodes a nucleoside diphosphatase, which is 
involved in degrading oxidized purine nucleoside triphos-
phates (e.g., 8-oxo-dGTP) via dephosphorylation to prevent
DNA incorporation and to protect cells from damage and
apoptosis [24]. The rs116855232 variant in NUDT15 results
in a missense mutation, and a C to T change in rs116855232
results in an amino acid change from arginine [Arg] to cys-
teine [Cys], which is thought to be as a loss-of-function 
mutation. A recent genome-wide association study in Korean
patients with inflammatory bowel disease reported that the
same NUDT15 variant was associated with thiopurine-
related leucopenia, with each copy of the T allele conferring
a remarkable 35.6-fold increase in neutropenia risk [7]. In our
present study, we established that NUDT15 variants were
significantly associated with MP-induced early neutropenia.

Another interesting finding of our present study was the
correlation between NUDT15 rs116855232 variants and the
average dose of MTX. Chiengthong et al. [9] and Yang et al.
[2] reported previously that NUDT15 rs116855232 variants
were associated with a lower median cumulative MP dose,
which accords with our present data. In ALL maintenance,
MP and MTX doses are usually alternatively reduced in 
response to observed drug toxicity. Therefore, those patients
who exhibit frequent myelosuppression should receive lower
doses of both drugs, and the correlation between the dose
(percent) of MP and MTX in each patient should be linear
[10]. In this regard, patients who have NUDT15 variants
show early and frequent myelotoxicity, so that they had con-
currently reduced doses of both MP and MTX.

The genetic variant in TPMT was not a significant factor
for MP-related toxicities in our present study. Previous stud-
ies confirmed that variant allele frequencies of TPMT in
Asian populations are lower than those in other ethnic
groups. In Caucasians, the most common variant allele is *3A
with an allele frequency of 3.54%, followed by *3C with a fre-
quency of 0.42% [25]. However, in Asian populations, the
*3C allele has only been reported at a rate of 0.9%-1.8%, while
other variant alleles, such as *2, *3A, or *3B, are rarely 
observed [26-28]. Additionally, the homozygous variant is
observed in ~0.33% of Caucasians, but the homozygous vari-
ant is rarely reported in Asian individuals. Therefore, deter-
mining TPMT polymorphisms has only minor clinical
implications in children with ALL in most Asian countries.

In our present study cohort, only five patients were het-
erozygous for the TPMT variant, and the average MP doses
of patients with TPMT *1/*1 compared with *1/*3C were not
significantly different (S7 Fig.). The *1/*3C diplotype is
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known to have intermediate TPMT activity, so the recom-
mended starting dose for MP is a 30%-70% reduced dose
compared with the full dose [25]. This explains our finding
that there was no significant association with TPMT geno-
types because a starting dose of 50 mg/m2/day of MP was
already identical to the reduced dose level recommend by
the Clinical Pharmacogenetics Implementation Consortium
guidelines [25].

In our present study, the ABCC4 rs3765534 variant was
found to be associated with MP-induced neutropenia during
maintenance. ATP-binding cassette sub-family C member 4
(ABCC4), also known as multidrug resistance protein 4
(MRP4), protects cells against thiopurine-induced hemato-
toxicity by actively exporting thiopurine nucleotides [29]. 
Reduced expression of MRP4 would be predicted to inter-
rupt efflux of active metabolites of MP, so patients with
ABCC4 mutations would show increased sensitivity for MP.

According to Krishnamurthy et al. [29], a mutation in
ABCC4 rs3765534 dramatically reduces MRP4 function by
impairing its localization in the cell membrane. Ban et al. [30]
also reported clinical data for 279 Japanese inflammatory
bowel disease patients, and showed that the WBC counts of
patients with the rs3765534 variant were significantly lower
than in patients with the wild-type allele. They also showed
that 6-TGN levels were significantly higher in patients with
the rs3765534 variant, suggesting that these patients had 
reduced ABCC4 function and increased sensitivity to MP.

Our present study had several limitations of note, includ-
ing the limited number of validated loci, a modest number
of enrolled patients, and the absence of measurements of
serum levels of drugs or metabolites. Moreover, 8.1% of the
patients in our present cohort who could tolerate less than
25% of the planned dose of MP had wild-type alleles for the

TPMT, APEX1, NUDT15, and ABCC4 variants. Therefore,
other genetic and non-genetic factors remain to be discov-
ered to improve the patient-specific tailoring of MP dosing
in children with ALL.

In conclusion, we have identified a novel genetic risk factor
for MP-induced early onset neutropenia using an extensive
pharm-gene panel for sequencing. APEX1 and NUDT15 both
contribute to protecting cells from DNA damage or misin-
corporation, so defective functions in either gene may affect
cellular drug sensitivities and toxicities. Further validation
studies will be needed to confirm the frequency and phar-
macogenetic consequences of APEX1 variants in other ethnic
groups, including additional Asian populations.
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