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Childhood acute lymphoblastic leukemia mercaptopurine
intolerance 1s associated with NUDT15 variants

Der-Shiun Wang1'2, Chih-Hsiang Yu3, Chien-Yu Lin* Ya-Hsuan Chang4, Kai-Hsin Lin>®, Dong-Tsamn Lin>%7, Shiann-Tarng Jou’",
Meng-Yao Lu>®, Hsiu-Hao Chang®®, Shu-Wha Lin®, Hsuan-Yu Chen” and Yung-Li Yang>®’

BACKGROUND: Mercaptopurine-induced neutropenia can interrupt chemotherapy and expose patients to infection during
childhood acute lymphoblastic leukemia (ALL) treatment. Previously, six candidate gene variants associated with mercaptopurine
intolerance were reported. Herein, we investigated the association between the mean tolerable dose of mercaptopurine and these

genetic variants in Taiwanese patients.

METHODS: In total, 294 children with ALL were treated at the National Taiwan University Hospital from April 1997 to December
2017. Germline variants were analyzed for NUDT15, SUCLA2, TPMT, ITPA, PACSIN2, and MRP4. Mean daily tolerable doses of
mercaptopurine in the continuation phase of treatment were correlated with these genetic variants.

RESULTS: Mercaptopurine intolerance was significantly associated with polymorphisms in NUDT15 (P value < 0.0001). Patients with
SUCLAZ variants received lower mercaptopurine doses (P value = 0.0119). The mean mercaptopurine doses did not differ among
patients with TPMT, ITPA, MRP4, and PACSIN2 polymorphisms (P value = 0.9461, 0.5818, and 0.7951, respectively). After multivariable
linear regression analysis, only NUDT15 variants retained their clinically significant correlation with mercaptopurine intolerance

(P value < 0.0001).

CONCLUSION: In this cohort, the major genetic determinant of mercaptopurine intolerance was NUDT15 in Taiwanese patients.

Pediatric Research (2021) 89:217-222; https://doi.org/10.1038/s41390-020-0868-8

IMPACT:

® NUDTI15 causes mercaptopurine intolerance in children with ALL.

® The NUDTI5 variant is a stronger predictor of mercaptopurine intolerance than TPMT in a Taiwanese cohort. This finding is
similar with studies performed on Asian populations rather than Caucasians.

® Pre-emptive genotyping of the patients’ NUDT15 before administering mercaptopurine may be more helpful than genotyping

TPMT in Asians.

INTRODUCTION

Thiopurines (e.g., 6-mercaptopurine (6MP), 6-thioguanine, and
azathioprine) are important antimetabolites with different clinical
indications. In childhood acute lymphoblastic leukemia (ALL),
6MP-based maintenance therapy is one of the most vital
treatments, serving as the backbone of current clinical trials of
pediatric ALL. Genetic variations in the genes responsible for
thiopurine metabolism can directly influence drug toxicity and
anti-leukemic efficacy. For example, genetic polymorphisms in
thiopurine methyltransferase (TPMT) have been linked to the
susceptibility of thiopurine-induced hematopoietic toxicity in
patients, and pre-emptive TPMT genotype-guided dosing is a
major example of genetics-based precision medicine in cancer
treatment.! TPMT variants are rare in Asian populations, with most
studies indicating that there are no associations between TPMT

variants and the tolerable dose of 6MP.2 Genome-wide association
studies focusing on Asian populations have identified several new
single-nucleotide polymorphisms (SNPs) associated with leukope-
nia after 6MP administration, including SNPs in inosine tripho-
sphatase (/TPA)® and multidrug resistance protein 4 (an ATP-
binding cassette subfamily C member 4) (MRP4).*> However, these
genes have not been subjected to thorough validations and have
displayed controversial results.®”

A genome-wide association study described a missense variant
in the NUDT15 gene (rs116855232, referred to as c.415C>T or p.
Arg139Cys) that is strongly associated with thiopurine-related
myelosuppression in patients with inflammatory bowel disease in
the Korean population.? Jun Yang and co-workers? also identified
this variant in association with 6MP intolerance in childhood ALL
in a genome-wide association study. Moriyama et al.? identified
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four coding variants, c415C>T, c416G>A, ¢52G>A, and
¢.36_37insGGAGTC that caused changes in the amino acid
sequence of the NUDTT15 protein. Additionally, three novel genetic
variants of NUDT15 (p.R34T, p.K35E, and p.G17_V18del) have been
identified and observed to account for 6MP intolerance."
Subsequent studies have also validated its clinical significance in
childhood ALL. NUDT15 encodes a nucleotide diphosphatase that
inactivates thioguanosine triphosphate (TGTP) via conversion to
thioguanosine monophosphate. Thus, NUDT15 functions as a
negative regulator of intracellular TGTP, with dysfunctional
NUDT15 variants leading to the accumulation of DNA-TG resulting
in increased cytotoxicity.' The NUDT15 variants have been
subjected to intensive validation and confirmed to be a major
genetic determinant of 6MP intolerance in the Asian population.’

In this study, we genotyped the SNPs associated with 6MP
intolerance in a Taiwanese cohort treated with the TPOG-ALL
(Taiwan Pediatric Oncology Group Acute lymphoblastic leuke-
mia) protocol. The association of these genetic variants with the
tolerable dose of 6MP was correlated. With this retrospective
study, we hope to identify the most important genetic
determination of 6MP intolerance in the Taiwanese cohort. This
result can guide the pre-emptive genetic diagnosis before 6MP
administration to avoid unwanted neutropenia in future ALL
clinical trials.

METHODS

Participants and protocols

Participants younger than 18 years of age and diagnosed with ALL
were selected at the National Taiwan University Hospital, Taipei,
Taiwan. In total, 283 participants were enrolled in this study and
treated with the TPOG-ALL protocol between April 1997 and
December 2017. This study was approved (No: 201510016RIND) by
the Institutional Review Board of the National Taiwan University
Hospital. Informed consent was obtained from the parents or legal
guardians of the patients, and, in total, 294 patients were enrolled
at the study’s initiation. Participants were divided into three
groups: very high risk (VHR), high risk (HR), and standard risk (SR),
according to the TPOG-ALL-93,'>'® TPOG-ALL-2002,'*"® and
TPOG-ALL-2013 protocols. Risk classification using the TPOG-ALL
protocols was based on the age of onset, initial white blood cell
(WBC) count, and cytogenetic alterations at diagnosis. Participants
were prospectively assigned to each group (SR, HR, or VHR) based
on clinical features and the biological features of their leukemic
cells. However, the risk classification of the TPOG-ALL-2013
protocol was additionally determined by the level of minimal
residual disease at the end of induction therapy, in addition to the
above-mentioned clinical parameters. Maintenance therapy with
methotrexate (MTX) was administered at 40 mg/m? per week and
6MP was initially administered at a dosage of 50-75, 60, 50, or 40
mg/m? per night depending on the protocol. Dosages were
titrated to maintain a WBC count between 1800 and 3000/mm?,
absolute neutrophil count (ANC) between 500 and 1200/mm?, and
platelet count >50,000/mm?>. If the counts were low, 6MP was the
first to be reduced in dosage by a 25% decrement. If WBC or ANC
failed to double at 1 week following dexamethasone pulse
therapy, the 6MP and MTX dosages were reduced by 50%
referring to reduction from the initial dose given. If WBC or ANC
remained the same or decreased, 6MP and MTX doses were halted
because the participant would be at a high risk of infection. Blood
counts after 3-4 days were used to determine whether the 6MP
therapy could be resumed.'®

The genetic types of NUDT15, PACSIN2, SUCLA2, ITPA, MRP4,

and TPMT

Germline DNA was extracted from remission peripheral blood or
bone marrow using the phenol-chloroform method, and DNA
concentrations were measured using a NanoDrop 1000
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instrument (Thermo Fisher Scientific, Waltham, MA, USA). Three
coding sequences of NUDT15 were amplified by polymerase chain
reaction (PCR) and evaluated using Sanger sequencing. SNPs in
PACSIN2, SUCLA2, ITPA, MRP4, and TPMT were evaluated via
TagMan quantitative PCR (qPCR) assays. Supplementary Table S1
contains the six genes and their polymorphisms. Primer sequences
and SNPs are listed in Supplementary Table S2.

For PCR, 5ng genomic DNA was mixed with 0.5uM of each
primer and 1x Phusion Hot Start Il High-Fidelity PCR Master Mix
(Thermo Fisher Scientific). PCR was performed via heating to 98 °C
for 60 s, followed by 38 cycles at 98 °C for 10's, maintenance at the
annealing temperature for 30s, and then 72°C for 20s; the final
extension was performed at 72°C for 5min. PCR products were
separated using gel electrophoresis, and bands were excised and
extracted using a FavorPrep GEL purification kit (FavorGen, Ping-
Tung, Taiwan).

Wild-type genotypes were considered to be two alleles that
were the same as the reference genotype. Mono-allelic variants
had an allele with a polymorphism and an allele with the wild-type
genotype. Bi-allelic variants had two alleles that differed from the
reference genotype. The NUDT15 genotype was based on a study
conducted by Moriyama et al.>'® and Yang et al.'® Patients with
NUDT15 *1/*¥2 and *3/*6 showed the same sequence result. To
determine the diplotype of these patients, we sequenced their
parents’ NUDT15 genotype (data not shown).

6MP dosage collection

The mean doses of 6MP for children with ALL treated with the
TPOG-ALL protocols in the continuation phase were collected by
reviewing their medical records. The 6MP dosage was obtained
from the continuation phase to the end of the therapy,
completion of trial, or date of relapse or death.

Statistical analysis

Genotype and allelic frequencies for all polymorphisms were
estimated by direct counting. The difference in mean daily 6MP
dose from the diplotype of each gene was determined by one-
way analysis of variance and subsequent P values. P values < 0.05
after Tukey’s method for multiple testing were considered
statistically significant. Exploratory analyses to assess NUDTI15
and TPMT were based on tests for trends. Cohen k coefficient was
employed to ascertain inter-gene agreement between NUDTI15
and SUCLA2. Cohen k coefficient (k, ranging from 0 to 1) was
interpreted as almost perfect (k> 0.80), substantial (0.61 <k <
0.80), moderate (0.41 < k < 0.60), fair (0.21 < k < 0.40), slight (0.00 <
k<0.20), and poor (k<0.00). A multivariable linear regression
model was used to assess the mean daily 6MP dose of the
different diplotypes among NUDT15, TPMT, SUCLA2, ITPA, MRP4,
and PACSIN2. All analyses were performed using the SAS software
version 9.4 (SAS Institute Inc.,, Cary, NC, USA).

RESULTS

Genotypes of NUDT15, TPMT, SUCLA2, ITPA, MRP4, and PACSIN2
In the present study, nine SNPs in five genes and all coding
regions of NUDT15 were analyzed in 294 children diagnosed with
ALL. Three patients (1.1%) had bi-allelic variants in NUDT15, 67
(24%) had mono-allelic variants, and 213 patients (75%) had wild-
type NUDT15 (Table 1). No patient had bi-allelic variants in TPMT;
11 (4.1%) had mono-allelic variants; and 256 patients (96%) had
wild-type TPMT. The minor allele frequency of TPMT was 0.02% in
this cohort. ITPA (94C > A) polymorphisms were observed in 101
(34%) cases, 91 of which were mono-allelic and 10 of which
displayed homozygosity. Fifteen patients (13%) had PACSIN2
polymorphisms, all of which were heterozygous. Ninety-eight
patients had SUCLA2 polymorphisms, 88 of which were hetero-
zygous, with 10 displaying homozygosity. MRP4 polymorphisms
were detected in 234 (34%) cases, 134 of which were mono-allelic,
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Table 1. Diplotype and minor allele frequency of NUDT15, SUCLA2, TPMT, ITPA, MRP4, and PACSIN2 in this cohort.

NUDT15 TPMT SUCLA2 ITPA MRP4 PACSIN2
Wwild type, N (%) 213 (75%) 256 (96%) 172 (64%) 170 (63%) 99 (37%) 235 (87%)
Mono-allelic variant, N (%) 67 (24%) 11 (4.1%) 88 (33%) 91 (34%) 134 (50%) 35 (13%)
Bi-allelic variant, N (%) 3 (1.1%) 00 10 (3.7%) 10 (3.7%) 36 (13%) 00
Minor allele frequency (%) 13 2.1 19 19 38 6.5

N number, TPMT thiopurine S-methyltransferase, MRP4 multidrug resistance protein 4, ITPA inosine triphosphatase, NUDT15 nudix hydrolase 15, SUCLA2
succinate-CoA ligase ADP-forming p-subunit, PACSIN2 protein kinase C and casein kinase substrate in neurons 2.
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Fig. 1 Box plot for the mean daily mercaptopurine dose among affected individuals with standard and high risk defined by the NUDT15
diplotype. Data points are represented by a dot. The lower and upper boundaries of the box correspond to the first and third quartiles,
respectively. The line within the box represents the median. The upper whisker extends from the upper boundary of the box to the largest
value, no further than 1.5x the interquartile range (IQR). The lower whisker extends from the lower boundary of the box to the lowest value, at
most no further than 1.5x the IQR. The mean daily mercaptopurine dose was collected by reviewing the medical records. Median values and
IQRs are provided to facilitate interpretation of mean daily mercaptopurine dose. Compared to the leftmost group, Kruskal-Wallis P values for
the differences in mean daily mercaptopurine dose were <0.0001. Star alleles were assigned by the PharmGKB haplotype set translational

table (https://www.pharmgkb.org/).

with 36 displaying homozygosity. The diplotype and minor allele
frequency of these genes are listed in Table 1.

Mean dose of 6MP according to the genotypes of NUDT15 and
TPMT

In the analysis of the mean tolerable dose of 6MP, 70 patients with
very high-risk ALL were excluded as 6MP and MTX constituted
only one of the four pairs of drugs administered in rotation every
4 weeks and 6MP was scheduled to be administered for only
7 days every 4 weeks.

The mean daily doses of 6MP in the NUDT15 wild-type (¥1/*1),
mono-allelic variant (¥1/*2, *1/*3, *¥1/¥5, *1/*6, *1/*7), and bi-allelic
variant groups (¥2/*2, ¥2/*7, *3/*6) were 36.8 £ 19.9 (mean £s.d.),
19.0+13.3,and 44 +2.3 mg/mz, respectively (P < 0.0001). Patients
with the bi-allelic variant NUDTT5 tolerated a lower 6MP dose than
those with mono-allelic variants and wild-type NUDT15 (Fig. 1).

The mean doses of 6MP in the TPMT (rs1142345, rs1800460, and
rs1800462) wild-type and mono-allelic variant groups were 31.7 £
20.3 and 17.7 + 1.3 mg/m?, respectively (P = 0.4754). No patient in
this cohort had double bi-allelic variants of NUDT15 and TPMT.
There were two groups—wild-type TPMT with mono-allelic
NUDT15 group and mono-allelic TPMT with mono-allelic NUDT15
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group. The corresponding daily dose in the two groups were 19.6
+13.7 and 13.0 £ 0.9 mg/m? per day, respectively. Supplementary
Figure S1 contains the 6MP dose and the variant alleles of NUDT15
and TPMT. NUDT15 variants remained as an independent genetic
determinant of 6MP intolerance in this cohort, irrespective of the
TPMT variants. A trend was also found, where the intermediate
metabolizers of these compounds were found to tolerate a lower
dose of 6MP than the NUDTI5 or TPMT variants alone
(Supplementary Fig. S1).

Mean dose of 6MP according to genotypes of SUCLA2, ITPA, MRP4,
and PACSINZ2 individually

Patients with SUCLA2 mono-allelic and bi-allelic variants tolerated
less 6MP than those with wild-type SUCLA2 (Table 2, P=0.0119).
However, the mean 6MP dose did not differ among patients with
ITPA, MRP4, and PACSIN2 polymorphisms (P=0.9416, 0.5818,
0.7951, respectively, Table 2).

Inter-gene agreement and multivariable linear regression model

We examined the correlation coefficient among these patients
and the association between NUDT15 and SUCLA2 by the Cohen k
method. The level of NUDT15 and SUCLA2 agreement was
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Table 2. Mean + standard deviation of different diplotypes for the
daily 6MP dose of the NUDT15, SUCLA2, TPMT, ITPA, MRP4, and PACSIN2
variants in the standard and high-risk groups.

Gene Wild type Mono-allelic Bi-allelic P value
variant variant

NUDT15 36.8+19.9 19.0+13.3 44+23 <0.0001**
n=158 n=>55 n=3

TPMT 31.7+£203 17.7+1.3 n=0 0.4754
n=193 n=9

SUCLA2 34.0+20.7 27.8+18.0 16.3+15.7 0.0119*
n=132 n=64 n=28

ITPA 31.5+20.1 31.1+£19.6 33.6+17.9 0.9461
n=127 n=70 n==8

MRP4 314+19.6 32.4+20.1 28.2+21.5 0.5818
n=73 n=97 n=33

PACSIN2 31.1+£18.8 32.1+25.3 n=0 0.7951
n=172 n=32

n number, 6MP mercaptopurine.
*P value < 0.05.
**P value < 0.001.

Table 3. Multivariable linear regression of NUDT15, TPMT, SUCLA2,
PACSIN2, ITPA, and MRP4 to mercaptopurine dosage.

Gene Coefficient Standard error P value
NUDTI15 —18.43 3.31 <0.0001
TPMT —4.11 6.32 0.5161
SUCLA2 1.79 2.87 0.5325
ITPA 0.11 231 0.9623
MRP4 —2.59 1.89 0.1724
PACSIN2 3.67 3.71 0.3234

moderate (K= 0.5001, 95% confident interval was 0.3971-0.6031,
P <0.0001, Supplementary Table S3). By examining NUDT15, TPMT,
SUCLA2, ITPA, MRP4, and PACSIN2 using a multivariable linear
regression model, we found that only NUDTI15 exhibited
significance relative to the mean daily 6MP dose (Table 3). SUCLA2
completely lost its significance as revealed by the multivariable
linear regression model after adjusting for NUDTT5.

DISCUSSION

This retrospective study in Taiwan revealed that NUDT15 variants
are the most significant genetic determinants of 6MP intolerance.
Patient with TPMT variants and the mono-allelic variant NUDT15
tolerated less 6MP than patients with the mono-allelic variant of
NUDT15, but without the TPMT variant. The study also reveals an
additional effect of TPMT variants on the mono-allelic NUDT15
variants. Although patients with SUCLA2 variants tolerated less
6MP (P=0.0119) than those with wild-type SUCLA2, this was
identified as a genetic linkage effect by statistical analysis. Other
reported candidate gene polymorphisms, including ITPA, MRP4,
SUCLA2, and PACSIN2, had no effect on 6MP tolerance in this
cohort.

Aligning with previous reports, especially among the Asian
population, NUDT15 variants are the most significant in the
genetic determination of 6MP intolerance. In fact, TPMT variants
were rare, with only 2.1% minor allele frequency; patients with the
mono-allelic variant of NUDT15 were found to be less tolerant to
6MP than those with wild-type NUDT15. Since their identification,
NUDTI15 variants have proven to be a common factor associated
with 6MP intolerance in a variety of diseases, especially in Asia.

SPRINGERNATURE

The frequency of NUDT15 mutants was 12% in this study. Liang
et al."” reported the association between 6MP intolerance and
NUDT15 exon 3; however, these authors did not sequence NUDT15
in its entirety. In theory, they identified patients with (*1/*2) and
(*1/*3), but missed an estimated 3% of patients with NUDT15
variants. We performed Sanger sequencing for all three exons of
NUDTI15, the products of which were comprehensive genetic
variants of NUDT15 in the Taiwanese cohort. The allele frequency
of NUDT15 c.415C > T was 16% and 13% in Thailand,'®'® 0.37% in
Lebanon,®® 11% and 26% in Japan,?'?? 16% in China,’ 7.2% in
Korea,?® 8.3% in Guatemala, and 12% in Singapore.’ Our report of
allele frequency is similar to other regional findings.”*'®'%?! The
importance of NUDT15 variants on 6MP intolerance has received
increasing attention in the Caucasian population as validated by
several studies.?* These data provide a compelling rationale for
additional pre-emptive testing of NUDT15 genetics, not only in
Asians but also in Europeans.”

In contrast to NUDTI5, the overall allele frequency of TPMT
polymorphism was low in our Taiwanese population, only 2.1% in
this cohort, whereas previously, Liang et al.'” demonstrated an
allelic frequency of 0.6% in 249 Taiwanese individuals. TPMT
demonstrates a minor contribution to the poor 6MP tolerance
according to most reports in Asian populations, including one
report from Taiwan.'”” Only nine patients with mono-allelic
mutations of TPMT and none with bi-allelic variants were identified
in this cohort. However, a trend was observed, the compound
intermediate metabolizers also tolerated a lower dose of 6MP than
NUDT15 or TPMT variants alone. A recent study by Zhu et al.*
reported that a case with a combination of bi-allelic NUDT15 and
mono-allelic TPMT genotype suffered more severe leukopenia
than patient with the NUDT15 or TPMT variants alone. Another
study in Asia failed to accurately discern the correlation between
TPMT variants and 6MP tolerance.”’ Three patients had both
NUDT15 and TPMT mono-allelic variant, and these patients
showed a low 6MP tolerability, similar to that in patients with
the NUDT15 mono-allelic variant. The effect of inheriting both
NUDT15 and TPMT variants has been reported in ALL patients.>’

The relationship between SUCLA2 polymorphisms and 6MP
intolerance was first reported in Crohn’s disease by Park et al.?®
However, a previous study showed that its significance was
completely nullified by relying on the linkage effect with NUDT15
(p.Arg139Cys), this is because both genes are located on the same
chromosome. The SUCLA2 variants were associated with low mean
tolerable doses in the initial analysis (P =0.0119). However, after
correlation coefficient and multivariable linear regression analysis,
the association between SUCLA2 and the mean tolerable dose of
6MP was correlated with the status of NUDT15 and not that of
SUCLAZ2 (Table 3).

Several studies have shown that ITPA genotypes significantly
influence the metabolism of 6MP;*°>~33 however, studies from
China”?* have not confirmed this significance. A Japanese study
revealed that polymorphisms in MRP4 affect the dose of 6MP in
childhood ALL*?*> Stocco et al>® identified that PACSIN2
polymorphisms affected TPMT activity and 6MP-induced adverse
effects in children with ALL. Smid et al.” also identified that the
PACSIN2 polymorphism was a significant risk factor for 6MP-
induced toxicity in wild-type TPMT patients in Slovenia. These
genetic polymorphisms in TPMT, ITPA, MRP4, and PACSIN2 did not
affect the 6MP dosage in our cohort. This non-consistent data
might suggest that these genetic variants may not be the major
genetic determinants of 6MP intolerance in the Taiwanese
populations.

The NUDT15 and TPMT variants are of absolute importance to the
genetic determination of 6MP intolerance in childhood ALL; thus, pre-
emptive genetic diagnosis before the administration of 6MP is
suggested. In contrast to the higher TPMT allele frequency in
Caucasian populations, NUDT15 has a higher allele frequency in Asian
populations. However, we have come across increasing reports of
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NUDT15 with variants from Europe. In Taiwan, the pre-emptive
diagnosis of NUDTT5 is likely due to its high prevalence rate. TPMT,
although low in frequency, leads to the development of 6MP
intolerance when combined with NUDT15, similar to that observed in
patients with bi-allelic NUDT15 variants. There have been reports of
patients with an intermediate metabolizer status for both TPMT and
NUDTT15 (i.e, compound intermediate metabolizers), and there is a
trend revealing lower thiopurine tolerance in these individuals than in
those with intermediate metabolizer status, with TPMT or NUDT15
alone.! Although there were only three compound intermediate
metabolizers for the NUDT15 and TPMT variants in this cohort, the
trend of lower 6MP tolerance in these patients seemed significant
(Supplementary Fig. S1, trend P < 0.0001). Thus, to address its power
due to the low frequency of TPMT variants in Asian patients with
childhood ALL, this trend may require a larger clinical trial where more
patients with TPMT variants are enrolled.

In conclusion, the most important genetic determinant of 6MP
intolerance in this cohort was the NUDT15 variant. This finding is
compatible with reports from other East-Asian countries. Although
rare in Asia, TPMT polymorphisms might further reduce the mean
tolerable dose for patients with NUDT15 variants. However, the
impact of TPMT variants on 6MP intolerance may be overlooked in
Taiwan and other Asian countries due to its low frequency. The
clinical issue of the compound intermediate metabolizer status for
both NUDT15 and TPMT variants might be worthy of further
investigation.
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