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A B S T R A C T

Purpose
Mercaptopurine (MP) is the mainstay of curative therapy for acute lymphoblastic leukemia (ALL).
We performed a genome-wide association study (GWAS) to identify comprehensively the genetic
basis of MP intolerance in children with ALL.

Patients and Methods
The discovery GWAS and replication cohorts included 657 and 371 children from two prospective
clinical trials. MP dose intensity was a marker for drug tolerance and toxicities and was defined as
prescribed dose divided by the planned protocol dose during maintenance therapy; its association
with genotype was evaluated using a linear mixed-effects model.

Results
MP dose intensity varied by race and ethnicity and was negatively correlated with East Asian
genetic ancestry (P � .001). The GWAS revealed two genome-wide significant loci associated
with dose intensity: rs1142345 in TPMT (Tyr240Cys, present in *3A and *3C variants; P � 8.6 �
10�9) and rs116855232 in NUDT15 (P � 8.8 � 10�9), with independent replication. Patients
with TT genotype at rs116855232 were exquisitely sensitive to MP, with an average dose
intensity of 8.3%, compared with those with TC and CC genotypes, who tolerated 63% and
83.5% of the planned dose, respectively. The NUDT15 variant was most common in East
Asians and Hispanics, rare in Europeans, and not observed in Africans, contributing to
ancestry-related differences in MP tolerance. Of children homozygous for either TPMT or
NUDT15 variants or heterozygous for both, 100% required � 50% MP dose reduction,
compared with only 7.7% of others.

Conclusion
We describe a germline variant in NUDT15 strongly associated with MP intolerance in childhood
ALL, which may have implications for treatment individualization in this disease.

J Clin Oncol 33:1235-1242. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a prototype
of disseminated cancer that can be cured with com-
bination chemotherapy alone.1-3 In particular, pro-
longed daily exposure to mercaptopurine (MP)
during maintenance therapy is the basis of most
contemporary ALL treatment regimens and indis-
pensable for the cure of this disease.4-8

ALL is also a model disease for pharmacog-
enomic research. In fact, genetics-guided thiopu-
rine dose adjustment is one of the first examples of
implementation of pharmacogenetics in clinical

practice.9-12 Inherited deficiency of thiopurine
methyltransferase (TPMT) resulting from non-
synonymous germline polymorphisms leads to
higher levels of active metabolites of thiopurines
and excess hematologic toxicities during ALL
therapy.13 Therefore, pre-emptive genotyping of
TPMT enables individualized MP dosing to minimize
adverse effects without compromising overall treat-
ment outcomes.14 However, interpatient vari-
ability in thiopurine-related myelosuppression is
not completely explained by genetic variations in
TPMT, and a substantial proportion of patients
with wild-type TPMT still experience excessive
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toxicity that interrupts treatment and may negatively affect sur-
vival.13,15 Also, patients of East Asian descent are more intolerant
to full dose of thiopurines,16,17 even though TPMT deficiency is less
common in this population compared with individuals of Euro-
pean descent,18,19 suggesting the existence of other ancestry-related
genetic polymorphisms underlying racial differences in thiopurine
response.

To comprehensively identify the genetic basis of interpatient and
inter-racial/interethnic variability in MP tolerance, we performed a
genome-wide association study (GWAS) in two prospective clinical
trials of childhood ALL with common chronic MP treatment regi-
mens. In addition to the previously described risk locus in TPMT, we
report a germline variant in nucleoside diphophate–linked moiety
X-type motif 15 (NUDT15) that strongly predisposed patients to
MP-related toxicities during ALL therapy, contributing to lower drug
tolerance in East Asians.

PATIENTS AND METHODS

Patients and MP Therapy

The discovery GWAS cohort consisted of patients prospectively en-
rolled onto the Children’s Oncology Group (COG) clinical trial
AALL03N1 (www.clincialtrials.gov identifier NCT00268528), with the
specific objectives of characterizing racial differences in MP exposure in
children with ALL. Details of enrollment criteria and study design have
been described previously.17,20 Briefly, patients were treated on COG
frontline protocols for newly diagnosed ALL (or per frontline protocols for
small number of patients), were enrolled onto this study for a total of 6
months during maintenance therapy that included a daily dose of oral MP,
and were self-identified as white, black, Hispanic, or Asian. The protocol-
planned dose of MP during maintenance phase was 75 mg/m2 per day for
the COG ALL trials included in this study, with provisions for dose adjust-
ment based on the degree of myelosuppression (WBC count) and/or
occurrence of infections. MP dose intensity was defined as the ratio be-
tween clinician-prescribed MP dose and protocol dose (%) and was cap-
tured on a monthly basis for the 6-month duration of the study. The
longitudinal MP dose-intensity data were summarized into a single overall
value for each patient, using a linear mixed-effects model with genetic
ancestry and the time point of dose-intensity measurement as variables.

The replication cohort consisted of 371 children with ALL treated on
the St Jude Children’s Research Hospital Total Therapy XV protocol
(www.clinicaltrials.gov identifier NCT00137111), with the planned dose of
MP at 75 mg/m2 during continuation therapy.21 MP dose intensity for St
Jude patients was defined as the ratio of prescribed dose over protocol dose,
assessed longitudinally by phase of therapy during continuation therapy,
and summarized using a linear mixed-effects model with genetic ancestry
and time point of dose-intensity measurement as variables. For patients
who stopped therapy early, prescribed and expected protocol doses were
calculated only up to that time. This study was approved by respective
institutional review boards, and informed consent was obtained from
parents, guardians, or patients, as appropriate.

Genotyping and Genetic Ancestry

Germline genomic DNA was extracted from peripheral blood or bone
marrow samples obtained during clinical remission and subsequently submit-
ted to genome-wide genotyping using the HumanExome BeadChip (Illumina,
San Diego, CA; 244,770 single-nucleotide polymorphisms [SNPs]). Genotype
calls were made using Illumina GenomeStudio software, and genotype was
coded as 0, 1, or 2 to indicate the number of B alleles (assuming additive genetic
model). Samples for which genotypes were ascertained for � 95% of SNPs on
the chip were deemed to have failed and were excluded from the analyses.
SNPs with poor genotyping quality (call rate � 95%) and/or low allele fre-
quency (minor allele frequency � 1%) were excluded from the GWAS.

Population structure was determined using the principal component
analysis in EIGENSTRAT software (http://genetics.med.harvard.edu/reich/
Reich_Lab/Software.html).22,23 We also estimated European, African, Native
American, and East Asian genetic ancestry using STRUCTURE software
(version 2.2.3; http://pritchardlab.stanford.edu/structure.html)24 on the
basis of genotypes at 30,000 randomly selected SNPs, with HapMap samples and
indigenous Native American references25 as ancestral populations. Europeans,
Africans, and East Asians were defined as having � 90% European genetic ances-
try,�70%Africanancestry,and�60%EastAsianancestry, respectively.Hispan-
ics were individuals for whom the proportion of Native American ancestry was �
10% and was greater than the proportion of African ancestry. The rest of the
participants were grouped as “other.”

MP Dose-Intensity GWAS and Replication

In the discovery GWAS, we evaluated the correlation between MP dose
intensity and genotypes at 40,889 SNPs in the 657 COG patients after quality
control, using a linear mixed-effects model. Top-three principal components
(PC1, PC2, and PC3, indicating East Asian, African, and Native American genetic
ancestry, respectively) were included in the linear mixed-effects regression model
to control for population stratification. We also constructed a quantile-quantile
plot and observed no evidence of inflation resulting from population stratification
(� � 0.98). SNPs that reached association P � 5 �10�8 in the discovery GWAS
were tested in the replication cohort, following the same statistical procedures.

TPMT Activity

Erythrocyte TPMT activity was measured for the COG and St Jude
cohorts at least 90 days after RBC transfusion, using established methods.26,27

The association of SNP genotype with TPMT activity was evaluated using a
linear regression model with genetic ancestry as covariates.

Statistical Notes

R statistical software (version 3.0; http://www.r-project.org/) was used
for all analyses unless indicated otherwise.

RESULTS

Children with newly diagnosed ALL were prospectively enrolled onto
the AALL03N1 study, representing four self-reported races/ethnicities
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Fig 1. Mercaptopurine (MP) dose intensity and genetic ancestry. For patients
enrolled onto AALL03N1 protocol, MP dose was adjusted during maintenance therapy
on the basis of host toxicities (myelosuppression and infections), and dose intensity was
defined as ratio of prescribed dose over protocol planned dose (75 mg/mg2 per day).
Dose intensity was measured longitudinally over 6 months and is shown as single
cumulative value for study period. Patients were grouped into five racial/ethnic catego-
ries on the basis of genetic ancestry. Genetically defined East Asians had lowest MP
dose intensity (ie, most likely to be MP intolerant). P value was estimated by using
Kruskal-Wallis test. Each box includes data between 25th and 75th percentiles, with
horizontal line indicating median. Whiskers indicate maximal and minimal observations
within 1.5� length of box.
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(white, black, Hispanic, and Asian). Genetic ancestry varied signifi-
cantly among and within each racial/ethnic group (Appendix Fig A1,
online only). In particular, self-reported Hispanics had the highest
Native American genetic ancestry rate, and self-reported Asians clus-
tered into two groups based on the level of East Asian genetic ancestry.
For all subsequent analyses, percent genetic ancestry was treated as a
continuous variable, and/or patients were classified as European, Af-
rican, Hispanic, and East Asian on the basis of respective genetic
ancestry (those who did not fall into one of these four categories were
grouped as “other”).

The clinical trials stipulated that MP dose was to be adjusted
based on toxicities (eg, myelosuppression and/or infections) during
therapy. Therefore, MP dose intensity, defined as the ratio of pre-
scribed MP dose over the protocol standard dose of 75 mg/m2 per day,
directly reflected host drug sensitivity/tolerance. Dose intensity was
measured monthly over the 6-month study period of AALL03N1, and
these longitudinal data were summarized into a single overall dose-
intensity value for each patient using a mixed linear-effects model. For
the four genetic ancestries examined, only East Asian ancestry was
significantly associated with MP dose intensity (P � .001), with higher

level of East Asian ancestry linked to lower dose intensity (Fig 1). Even
when we restricted the analyses to self-reported Asians, those with
higher East Asian ancestry (� 60%) had lower MP dose intensity
compared with other self-identified Asians (P � .04; Appendix Fig A2,
online only).

In the discovery GWAS of 657 children with ALL in the
AALL03N1 cohort, we observed two loci with genome-wide signifi-
cant associations with MP dose intensity (P � 5 � 10�8): rs1142345 in
TPMT (Tyr240Cys, contributing to *3A and *3C variants; P � 8.6 �
10�9) and rs116855232 in NUDT15 (P � 8.8 � 10�9; Fig 2A). Con-
sistent with prior work by us and others, the nonsynonymous
rs1142345 variant in TPMT predisposed patients to excessive MP dose
reduction (lower dose intensity; Fig 2B), most likely because of in-
creased hematologic toxicities. Only one patient was homozygous for
the variant allele (CC genotype) at TPMT SNP rs1142345, and this
individual was highly sensitive to MP, with a dose intensity of only 6%,
compared with patients with the TC genotype (n � 39) or wild-type
TT genotype (n � 617), who tolerated an average dose intensity of
65.7% (standard deviation [SD],�27.7%) and 83.5% (SD,�22.5%),
respectively. The risk allele at rs1142345 was also highly associated
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Fig 2. Genome-wide association study identified TPMT and NUDT15 variants associated with mercaptopurine (MP) dose intensity. (A) Total of 40,889
single-nucleotide polymorphisms (SNPs) were tested for associations with MP dose intensity in 657 children with acute lymphoblastic leukemia in AALL03N1 cohort.
Association P value (y-axis) is plotted against respective chromosomal position of each SNP (x-axis). Dashed horizontal line indicates genome-wide significance
threshold (P � 5 � 10�8). TPMT and NUDT15 loci are indicated by arrows. MP dose intensity was significantly lower for patients heterozygous or homozygous for risk
alleles at (B) TPMT SNP rs1142345 (contributing to *3A and *3C) and (C) NUDT15 SNP rs116855232, compared with those with wild-type genotypes. P value was
estimated using linear mixed-effects model, with genetic ancestry as covariate. Each box includes data between 25th and 75th percentiles, with horizontal line
indicating median. Whiskers indicate maximal and minimal observations within 1.5� length of box.
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with a lower TPMT activity (P � 1.9 � 10�34; Appendix Fig A3A,
online only). Combining genotypes at three commonly observed
TPMT functional variants (rs1142345, rs1800462, and rs1800460,
contributing to *2, *3A, *3B, and *3C variants), TPMT low-activity
variants were most prevalent in Africans and least common in East
Asians (Appendix Fig A4, online only).

The second GWAS hit was the nonsynonymous variant
rs116855232 in NUDT15 (Fig 2C). Patients carrying the TT genotype
(n � 2) were exquisitely sensitive to MP and tolerated only 8.3%
(SD, � 7%) of the protocol standard dose (ie, dose reduction of
91.7%). The TC genotype group (n � 31) had an average dose inten-
sity of 63% (SD, � 25.4%), compared with patients with wild-type
genotype at this SNP (n � 624), for whom the average dose intensity
was 83.5% (SD, � 22.4%). Longitudinally, the T allele predisposed
patients to consistent and prolonged MP dose reduction, especially
those homozygous for the risk allele (Appendix Fig A5, online only).
This association of rs116855232 with MP dose intensity was replicated
in 371 children with ALL from the St Jude Total Therapy XV protocol
(P � .024). Remarkably similar to that in the COG group, average
dose intensity for the St Jude cohort was 62.5% (SD, � 14.8%) and
80.1% (SD, � 18.9%) for patients with CT (n � 9) and CC genotypes
(n � 362), respectively (Appendix Fig A6A, online only). No patients
in the validation cohort had the TT genotype at this NUDT15 SNP. As

expected, the associations of TPMT variant rs1142345 with MP dose
intensity (Appendix Fig A6B, online only) and TPMT activity (Ap-
pendix Fig A3B, online only) were also highly significant in the St Jude
cohort (P � 1.8 � 10�8 and 2.8 � 10�29, respectively).

Importantly, rs116855232 genotype distribution varied substan-
tially by race/ethnicity. In the AALL03N1 cohort, the risk allele was
most frequent in East Asians (9.8%), followed by Hispanics (3.9%). It
was exceedingly rare in Europeans (0.2%) and not observed in Afri-
cans (Fig 3A). This pattern of allele frequency differences was compa-
rable to that observed in general populations from these ancestral
backgrounds (eg, 1,000 Genomes Project). When we restricted the
analyses to genetically defined East Asians or Hispanics in the
AALL03N1 cohort, rs116855232 remained significantly associated
with MP dose intensity (P � 8.6 � 10�6 and .0001, respectively; Figs
3B and 3C). We observed a single European patient carrying the risk
allele (CT genotype). Although this patient had a lower MP dose
intensity relative to those with wild-type genotype (Fig 3D), statistical
significance was not achieved because of small numbers.

Although effects of this NUDT15 variant were consistent regard-
less of genetic ancestry, its higher frequency in East Asians suggested
possible contribution to the ancestry-related differences in MP
tolerance. In fact, in a multivariable analysis, the addition of
rs116855232 significantly diminished the association of East Asian

T 
Al

le
le

 F
re

qu
en

cy
 

at
 rs

11
68

55
23

2 
(%

)

6

9

3

0
EuropeansAfricans Hispanics East Asians

BA

100

60

20

East Asians
P = 8.6 × 10-6

CC TC TT
(n = 50) (n = 10) (n = 1)

M
P 

Do
se

 In
te

ns
ity

 (%
)

C

100

60

20

Hispanics
P = .0001

CC TC TT
(n = 205) (n = 16) (n = 1)

M
P 

Do
se

 In
te

ns
ity

 (%
)

D

100

60

20

Europeans
P = .38

CC TC
(n = 204) (n = 1)

M
P 

Do
se

 In
te

ns
ity

 (%
)

Fig 3. NUDT15 variant was more frequent in East Asians but associated with mercaptopurine (MP) dose intensity regardless of ancestry. (A) T (risk) allele at rs116855232 was
most common in individuals of East Asian descent followed by Hispanics, rare in Europeans, and not observed in Africans. T allele was consistently linked to lower MP dose intensity
in (B) East Asians and (C) Hispanics; (D) similar trend was observed in Europeans. P values were estimated using linear mixed-effects model. Each box includes data between 25th
and 75th percentiles, with horizontal line indicating median. Whiskers indicate maximal and minimal observations within 1.5� length of box.
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ancestry with MP dose intensity (Table 1). In contrast, adding TPMT
genotype to the model did not affect the association of either East
Asian ancestry or NUDT15 SNP rs116855232 with MP dose intensity.

To evaluate the combined effects of both TPMT and NUDT15
variants, we compared MP dose intensity for patients with different
genotype combinations at these two loci. We first assigned each pa-
tient a genetic risk score based on the number of risk alleles at both
genes. In the AALL03N1 cohort, there was a significant correlation
between the burden of risk alleles and dose intensity (P � 3.2 �
10�16), with individuals homozygous for either TPMT or NUDT15
risk variants (n � 3) showing the lowest MP dose intensity (Fig 4A).
Interestingly, patients heterozygous for both TPMT and NUDT15 risk
variants (n � 4) also had substantially lower dose intensity compared

with those with heterozygous genotype for only one of the two genes
(n�67; P� .018). This trend was also confirmed in the St Jude cohort
(P � .03; Fig 4B). In the AALL03N1 cohort, we classified patients as
MP intolerant if the actual MP dose was � 50% of the protocol-
planned dose (ie, MP � 37.5 mg/m2 per day). Thus, the rate of MP
intolerance was 100% (seven of seven) for patients with a genetic risk
score of 2 (heterozygous for both TPMT and NUDT15 or homozy-
gous for variant allele at either gene), 25.8% (17 of 66) in patients with
a risk score of 1 (heterozygous for either TPMT or NUDT15), and
5.7% (33 of 583) in those with a score of 0 (wild-type genotype for both
genes). Therefore, a genetic risk score of 2 in this two-gene model
identified patients at risk for MP intolerance with a positive prediction
value of 100% (Table 2).

Table 1. Multivariable Analyses for Genetic Determinants of MP Dose Intensity

Variable

Model One Model Two Model Three

Regression
Coefficient Estimate� P†

Regression
Coefficient Estimate� P†

Regression
Coefficient Estimate� P†

African ancestry �0.01 .71 �0.01 .66 �0.009 .78
East Asian ancestry �0.14 .0003 �0.08 .019 �0.102 .005
Native American ancestry �0.03 .43 0.0006 .99 0.013 .75
NUDT15 variant (rs116855232) �0.22 8.8 � 10�9 �0.22 2.7 � 10�8

TPMT variants‡ �0.20 4.6 � 10�9

NOTE. Three multivariable models illustrate contributions of NUDT15 variants, TPMT variants, and genetic ancestry to interpatient variability in MP dose intensity.
Abbreviations: MP, mercaptopurine; SNP, single-nucleotide polymorphism.
�Regression coefficient estimate represents increase (positive value) or decrease (negative value) in percent MP dose intensity for those patients with certain levels

of genetic ancestry (model one), those carrying risk allele at NUDT15 SNP (model two), or those carrying risk alleles at TPMT SNPs. For instance, mean MP dose
intensity for patients with 100% East Asian genetic ancestry is estimated 14 percentage points lower than that of patients with 100% European genetic ancestry,
as in model one. For each additional T allele at rs116855232, mean MP dose intensity is estimated to decrease 22 percentage points while holding ancestry factors
at any fixed level, as in model two. In model three, for each additional T allele at rs116855232, mean MP dose intensity is estimated to decrease 22 percentage
points while holding ancestry factors and TPMT variation at any fixed levels.
†P values were estimated using mixed linear-effects model including independent variables as described.
‡Genetic variation in TPMT represents composite genotype at rs1142345, rs1800462, and rs1800460 (contributing �2, �3A, �3B, and �3C variants).
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DISCUSSION

The inclusion of MP in ALL therapy contributed substantially to the
remarkable improvement in survival from this malignancy.28,29 How-
ever, thiopurines also have a narrow therapeutic index, particularly in
children with ALL, with common dose-limiting toxicities in the he-
matopoietic tissues.30 Constant MP dose titration is challenging in
clinical practice and can negatively affect ALL treatment outcome.31,32

The relationship between TPMT genetic variation and thiopurine
toxicities has been well established based on the work by our group13,15

and others,33,34 and preemptive TPMT genotyping is used clinically to
guide MP dosing during ALL therapy.35 However, there have been no
comprehensive analyses of the genetic basis of MP tolerance in ALL
population at the genome-wide level. In this multiethnic GWAS, we
took an agnostic approach to systematically evaluate germline SNPs
for their association with MP dose intensity during maintenance ALL
therapy. We confirmed that variants in TPMT were the strongest
predictor of MP tolerance but importantly described NUDT15 as
another critical locus associated with susceptibility to MP intolerance
resulting from excessive toxicity. The association signals at NUDT15
and TPMT variants were independent of each other. There was a
significant correlation between the number of copies of the T allele at
the NUDT15 SNP rs116855232 and tolerated MP dose, indicating a
gene dosage effect. Patients with homozygous TT genotype were ex-
tremely sensitive to MP and tolerated only 8.3% of protocol-planned
MP dose. NUDT15 genotyping could identify this group of at-risk
children and therefore may have importance for clinical practice.
Although patients with heterozygous genotype at the NUDT15 SNP
also had a greater MP dose reduction compared with wild-type pa-
tients, there was a relatively wide variation in the final tolerated dose,
and additional studies with larger sample sizes will be required to fully
characterize MP tolerance for this group of patients. Interestingly, four
children in the AALL03N1 cohort heterozygous for both TPMT and
NUDT15 variants required greater dose reductions compared with
those heterozygous at only one of the two loci, indicating at least
additive effects of these genes on MP sensitivity.

TPMT is a cytosolic enzyme responsible for the methylation
(inactivation) of MP, and the SNP (rs1142345) with the lowest P
value in our GWAS is present in the most common inherited
nonfunctional alleles of TPMT (*3A and *3C variants).12 This
genetic variation leads to an unstable protein that undergoes en-
hanced proteolysis and therefore loss of TPMT function.36 Results
from our GWAS confirmed that TPMT genetic variation is one of

the most critical determinants for MP tolerance, particularly in
non–East Asian populations.

NUDT15 encodes a nucleoside diphosphatase.37 Also known as
MTH2, NUDT15 is shown to degrade oxidized purine nucleoside
triphosphates (eg, 8-oxo-dGTP) by dephosphorylation to prevent
incorporation into DNA.38 By removing the oxidatively damaged
guanine nucleotides, NUDT15 is a safeguard mechanism in mamma-
lian cells to minimize DNA damage and avoid subsequent repair and
apoptosis.38 It is well established that MP cytotoxicity is enhanced by
its enzymatic conversion into thioguanine nucleotides: thioguanosine
mono-, di-, and triphosphates (thio-GMP, thio-GDP, and thio-GTP),
as well as deoxy thioguanosine phosphates (thio-dGMP, thio-dGDP,
and thio-dGTP). In particular, thio-dGTP is directly incorporated
into DNA, which triggers futile DNA damage repair and eventually
apoptosis.30 Structurally similar to 8-oxo-dGTP, thio-dGTP is a po-
tential substrate for NUDT15 by which this active metabolite may be
hydrolyzed to the inactive thio-dGMP or thio-dGDP. In patients
with defective NUDT15, we hypothesize that normal doses of MP
will lead to excessive accumulation of thio-dGTP (relative to thio-
dGMP and thio-dGDP), extensive DNA damage, and cytotoxicity.
Therefore, we posit that the T to A substitution at rs116855232 is
likely to be a loss-of-function variant, although its effects on enzy-
matic activity warrant additional experimental studies. Notably, a
recent GWAS in Korean patients with inflammatory bowel diseases
also reported the same NUDT15 variant associated with the sus-
ceptibility to thiopurine-related leukopenia, with each copy of the
T allele conferring a remarkable 35.6-fold increase in toxicity
risk.39 These findings compellingly point to NUDT15 as a key
modulator of thiopurine cytotoxicity, particularly in patients with
Asian or Native American ancestry.

Restricting the analyses to genetically defined Europeans in the
discovery GWAS cohort, we observed a single patient carrying the T
risk allele at rs116855232. Although this patient had a lower MP dose
intensity than the average of wild-type Europeans, the small sample
size obviously prevented any meaningful statistical estimates of signif-
icance. The risk allele was most common in East Asians and those with
higher Native American ancestry (Hispanics), suggesting that this
variant allele likely arose originally in East Asian populations and was
preserved in Native American diaspora after their migration from East
Asia 14,000 years ago.40 Although the higher prevalence of NUDT15
variant in East Asians may have contributed to over-representation of
MP intolerance in this population, we also acknowledge that our
statistical power was limited by the relatively small number of East
Asian patients included in this study. In addition, East Asian genetic
ancestry remained associated with MP dose intensity after adjusting
for rs116855232, suggesting the existence of other Asian-specific fac-
tors related to MP sensitivity.41 Future studies including a greater
number of East Asians and/or Hispanics will be required to fully
evaluate the effects of the NUDT15 variant and identify additional
genetic determinants of MP metabolism and toxicities. Finally, 5.7%
of patients who required � 50% MP dose reduction were wild type for
both TPMT and NUDT15 variants, and therefore, other genetic and
nongenetic factors are still to be discovered to further improve MP
dose individualization in children with ALL. In conclusion, taking a
GWAS approach, we identified a pharmacogenetic variant in
NUDT15 associated with MP intolerance in children with ALL.

Table 2. Prediction of MP Intolerance by TPMT and NUDT15
Genetic Variants

MP Dose Intensity, %�

Genetic Risk Score†

� 2 � 2

� 50 50 7
� 50 599 0

NOTE. Genotype and MP dose intensity based on AALL03N1 cohort.
Abbreviation: MP, mercaptopurine.
�Overall MP dose intensity was summarized for entire 6-month study period.
†Genetic risk score was defined by number of TPMT and/or NUDT15 risk

alleles (rs1142345, rs1800462, rs1800460, and rs116855232), as described
in Patients and Methods.
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GLOSSARY TERMS

genetic polymorphisms: a genetic variant seen in at least
1% of the population. Because proteins are gene products, their
polymorphisms reflect allelic differences in the gene. The advent
of restriction enzymes, which digest DNA to fragments based on
sequence specificity, has ushered in an era of restriction fragment
length polymorphisms in which changes in DNA sequences man-
ifest as restriction fragments of different sizes when cleaved with
a specific restriction enzyme. Polymorphisms are used in tissue
typing, in determining disease, in pharmacogenetics, and in as-
sessing genetic diversity.

genome-wide association study: hypothesis-free studies
that evaluate the association of genetic variations throughout the
entire genome with traits, using high throughput genotyping
technologies to assay single nucleotide polymorphisms.

germline polymorphism: a difference in DNA sequence
among individuals in the germ cells. Unlike somatic cell genetic

mutations, these polymorphisms can be transmitted to an organism’s
offspring. Genetic polymorphisms may be the result of a chance process
or may have been induced by external agents (such as viruses or radia-
tion). Changes in DNA sequence that have been confirmed to be caused
by external agents are generally called “mutations” rather than
“polymorphisms”.

pharmacogenomics: the study of how a person’s genome can af-
fect their reaction to medications.

thiopurine S-methyltransferase: an enzyme that catalyzes the
S-methylation of aromatic and heterocyclic compounds with sulphydryl
groups and is important in the clearance of drugs such as
6-mercaptopurine and azathioprine. Genetic polymorphisms in the en-
zyme and their clinical relevance to myelosuppression were the first to
be studied in the field of pharmacogenetics.
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Fig A1. Genetic ancestry and self-reported race/ethnicity. Genetic ancestry was estimated based on genotypes at 30,000 randomly selected single-nucleotide
polymorphisms using STRUCTURE software (version 2.2.3; http://pritchardlab.stanford.edu/structure.html). (A) European, (B) East Asian, (C) Native American, and (D)
African ancestries are plotted for four self-reported race/ethnic groups in AALL03N1 cohort.
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Fig A2. East Asian genetic ancestry was related to lower mercaptopurine (MP) dose intensity within self-reported Asians. In self-identified Asian patients in
AALL03N1 cohort, those with greater East Asian genetic ancestry had lower MP dose intensity. P value was estimated using Wilcoxon test. Each box includes data
between 25th and 75th percentiles, with horizontal line indicating median. Whiskers indicate maximal and minimal observations within 1.5� length of box.
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Fig A3. Association of TPMT genotype (rs1142345) and thiopurine methyltransferase (TPMT) enzymatic activity. TPMT activity was measured from erythrocyte
extracts for (A) 643 children on AALL03N1 protocol and (B) 311 patients in St Jude cohort. P value was estimated using linear regression with ancestry as covariate.
Each box includes data between 25th and 75th percentiles, with horizontal line indicating median. Whiskers indicate maximal and minimal observations within 1.5�
length of box.
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Fig A4. Frequency of TPMT variants in different racial/ethnic groups in AALL03N1 cohort. Composite TPMT genotype was defined by rs1142345, rs1800462, and
rs1800460 (contributing to *2, *3A, *3B, and *3C variants). Genetically defined racial/ethnic groups in AALL03N1 cohort were based on genetic ancestry, as described
in Patients and Methods.
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Fig A5. Longitudinal mercaptopurine (MP) dose intensity and genotype at NUDT15 SNP rs116855232. MP dose intensity was determined monthly during 6-month
study period of AALL03N1 for patients with (A) TT, (B) TC, and (C) CC genotypes at rs116855232. Numbers on x-axis denote month during which MP dose intensity
was measured. Each box includes data between 25th and 75th percentiles, with horizontal line indicating median. Whiskers indicate maximal and minimal observations
within 1.5� length of box.
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Fig A6. Mercaptopurine (MP) dose intensity and genotype at NUDT15 SNP rs116855232 and TPMT SNP rs1142345 in St Jude cohort. Of 371 children with acute
lymphoblastic leukemia treated at St Jude Children’s Research Hospital, cumulative MP dose intensity during entire continuation phase (maintenance) was lower in
those with CT genotype at (A) rs116855232 (NUDT15) or (B) rs1142345 (TPMT) than in wild-type individuals. P value was estimated using linear mixed-effects
regression model with ancestry and number of longitudinal MP dose-intensity measurements as covariates. Each box includes data between 25th and 75th percentiles,
with horizontal line indicating median. Whiskers indicate maximal and minimal observations within 1.5� length of box.
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