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The effect of genetic variation on secondmalignant neoplasms (SMNs) remains unclear. First,

we identified thepathogenic germline variants in cancer-predisposing genes among15 children

with SMNsafter childhood leukemia/lymphomausingwhole-exome sequencing. Because the

prevalencewas low,we focusedon the associationbetweenSMNsandNUDT15 in primary acute

lymphoblastic leukemia (ALL) cases.NUDT15 is one of the 6-mercaptopurine (6-MP)metabolic

genes, and its variants are common inEast Asian individuals. Theprevalence ofNUDT15hypo-

morphic variantswashigher inpatientswith SMNs (n5 14; 42.9%) than in the general popula-

tion in the gnomADdatabase (19.7%;P5 .042). In the validation studywith a cohort of 438

unselected patientswithALL, the cumulative incidence of SMNswas significantly higher among

thosewith (3.0%; 95% confidence interval [CI], 0.6% to 9.4%) thanamong thosewithoutNUDT15

variants (0.3%; 95% CI, 0.0% to 1.5%;P5 .045). The 6-MPdose administered topatientswithALL

with aNUDT15 variantwashigher than that given to thosewithout SMNs (P5 .045). The

6-MP–relatedmutational signaturewasobserved in SMNspecimensafter 6-MPexposure. In cells

exposed to 6-MP, a higher level of 6-MP inducedDNAdamage inNUDT15-knockdown induced

pluripotent stemcells. Our study indicates thatNUDT15variantsmay confer a risk of SMNsafter

treatmentwith 6-MP inpatientswithALL.
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Key Point

� NUDT15 variants may
confer a risk of
second cancers after
treatment with 6-MP
in patients with ALL.
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Introduction

Secondmalignant neoplasms (SMNs) are one of themost serious late
effects in children and adolescents who have been treated for cancer.
The cumulative incidence of SMNs increases substantially with time,
even after 10 years, approaching 10%.1,2 SMNs are a leading cause
ofmortality among long-term survivors of childhood cancer.3

Previous studies have reported that radiation therapy and certain
anticancer drugs (eg, etoposide) increase the risk of SMNs.4,5 Addi-
tionally, several reports have demonstrated the possible contribution
of host genetics to SMN development. Recent comprehensive anal-
yses have revealed a high prevalence of germline variants in cancer-
predisposing genes (CPGs) in children with cancer.6,7 Because a
family history of cancer is one of the risk factors for SMNs,8 muta-
tions in CPGs are thought to be associated with SMN development
after childhood cancer. For example, recent studies report that
TP53 variants are overexpressed in pediatric SMN cases after the
treatment of ALL and solid tumors.9,10 A large-scale comprehensive
study of pediatric cancer survivors revealed the prevalence of germ-
line variants of CPGs in SMN cases (6.4%).11 However, the contri-
bution of germline variants in CPGs among SMNs is still not fully
understood.

Polymorphisms of thiopurine methyltransferase (TPMT), one of the
6-mercaptopurine (6-MP)–metabolizing genes, is considered
another potential genetic risk factor for SMNs, because the DNA-
damaging effect of 6-MP during treatment of acute lymphoblastic
leukemia (ALL) increased in patients with low TPMT activity.12-14

However, the mechanism of 6-MP–induced SMNs remains unclear.
Additionally, TPMT polymorphisms are rare in East Asian individuals;
instead, polymorphisms of nucleoside diphosphate–linked moiety
X-type motif 15 (NUDT15), another 6-MP–metabolizing gene, are
common.15,16 However, there are no reports showing an associa-
tion between NUDT15 and SMNs.

We investigated the genetic basis of SMNs among children with
SMNs after childhood leukemia/lymphoma. We report an associa-
tion between NUDT15 variants and SMNs after 6-MP exposure.

Patients and methods

Enrollment of the patients

We first sent a questionnaire to the collaborating institutions and
retrospectively collected the available samples that fulfilled the eligi-
bility criteria: (1) development of SMNs after treatment of childhood
leukemia/lymphoma, (2) availability of specimens, and (3) obtain-
ment of informed consent. An SMN was defined as a new indepen-
dent cancer occurring in a person who has had cancer in the past.
Germline samples (n 5 15) with available somatic samples (n 5 6)
meeting these criteria were obtained from 13 institutions belonging
to the Tokyo Children’s Cancer Study Group (TCCSG) and other
collaborating institutions. Moreover, for four patients who developed
SMNs after ALL treatment, only tumor samples of primary ALL were
obtained.

Identification of germ line pathogenic variants

in CPGs

We designed this retrospective study to examine the genetic risk
factors for SMNs after treatment of childhood leukemia/lymphoma.

First, to identify potential pathogenic variants in SMN cases, we per-
formed whole-exome sequencing (WES) in 15 samples. Complete
details of sample preparation and WES are provided in the supple-
mental Methods. Variants of 162 known CPGs listed in previous
reports7,17 were extracted in each sample. Pathogenicity of the var-
iants was evaluated using the guideline of the American College of
Medical Genetics and Genomics18 and online databases, such as
National Center for Biotechnology Information ClinVar (detailed in
the supplemental Methods).

Subgroup analysis in patients with primary ALL

NUDT15 variant analysis. The prevalence of the major
NUDT15 nonfunctional allele (rs116855232)19 was evaluated using
WES data for 10 patients with ALL as the primary cancer. We also
evaluated the NUDT15 genotype using direct sequencing in 4 sam-
ples for which germline samples were unavailable, under the
assumption that the genotype does not change in tumor samples.
Because all our patients were East Asian, the prevalence of
NUDT15 variants in this SMN cohort was compared with that in the
general population of East Asia registered in the gnomAD database
(https://gnomad.broadinstitute.org/). To confirm the significance of
NUDT15 variants, the cumulative incidence of SMNs with or without
NUDT15 nonfunctional alleles in an unselected cohort of 438
patients with ALL studied in TCCSG L04-1620 was evaluated using
cmprsk (https://CRAN.R-project.org/package=cmprsk). The average
6-MP dose during primary ALL treatment was compared with that
administered to 98 Japanese children with the same NUDT15
genotype without SMNs after 6-MP–containing therapy, as reported
in a previous study.21

Mutational signature analysis. To assess the impact of 6-MP
on SMN development, we performed mutational signature analysis.
First, to extract somatic mutations in SMN specimens, available SMN
samples from six patients after 6-MP treatment were analyzed using
WES. Somatic mutations were extracted using tumor-normal pairs
from WES data. Mutational signature analysis was performed to
extract known mutational signatures (detailed in the supplemental
Methods). Known mutational signatures were obtained from the
COSMIC database (mutational signatures version 3; synapse.org ID
syn12009743) and Li et al22 (6-MP–related signatures A and B).

hPSC maintenance cultures

We performed in vitro analysis using hematopoietic cells derived
from NUDT15-knockdown induced pluripotent stem cells to assess
the effect of NUDT15 expression on the extent of 6-MP–induced
DNA damage. This study used two lines of human pluripotent stem
cells (hPSCs): human ES cells (cell line KhES1) and human
induced pluripotent stem cells (cell line 409B7). KhES1 was pro-
vided by Dr Norio Nakatsuji (Kyoto University, Kyoto, Japan). 409B7
was provided by Dr Shinya Yamanaka (Kyoto University). These
hPSCs were cultured in tissue culture dishes coated with 0.25
mg/cm2 of iMatrix 511 (catalog #892011; Nippi, Osaka, Japan) in
AK02N medium (catalog #AJ100; Ajinomoto, Tokyo, Japan).

hPSC transduction of piggyBac-based short hairpin

RNA expression vectors

Short hairpin RNA sequences targeting two different loci in the
NUDT15 gene (NM_018283.4), ACAAGGCTATGATCCATTTAA
(sh01) and TTTCATTGAGAAGGAGAATTA (sh02), were designed
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and cloned into piggyBac-based short hairpin RNA expression vec-
tors containing the puromycin-resistant cassette. hPSCs were elec-
troporated with the vectors using a Nepa21 electroporater (Nepa
Gene Co., Chiba, Japan).

Differentiation of hematopoietic cells from hPSCs

We modified our previously reported protocol23 to induce hemato-
poietic cells from hPSCs. The medium of PSC colonies that grew
to a diameter of 750 to 1000 mm was replaced with Essential
8 (catalog #A1517001; Thermo Fisher Scientific, Waltham, MA)
containing 2 mM of GSK-3 inhibitor CHIR-99021 (catalog
#038-23101; Wako, Osaka, Japan), 80 ng/mL of BMP4 (catalog
#314-BP-010; R&D Systems, Minneapolis, MN), and 80 ng/mL of
vascular endothelial growth factor (catalog #293-VE-010; R&D Sys-
tems) on days 0 to 2 to induce cells equivalent to those of the prim-
itive streak. Next, the medium was replaced with Essential 6
(catalog #A1516401; Thermo Fisher Scientific) containing 2 mM of
ALK5 inhibitor SB431542 (catalog #031-24291; Wako), 50 ng/mL
of stem cell factor (catalog #255-SC-010; R&D Systems), and

80 ng/mL of vascular endothelial growth factor on days 2 to 4 to
induce hemangioblast-like bipotent progenitor cells. To induce
hematopoietic progenitor cells,24 the medium was replaced with
Stemline-II medium (catalog #S0192; Sigma-Aldrich, St Louis, MO)
containing 50 ng/mL of stem cell factor, 10 mM of thrombopoietin,
and 50 ng/mL of Flt-3 ligand (catalog #308-FK-005; R&D Systems)
on days 4 to 15.

Flow cytometry and cell sorting

On days 15 to 17 of differentiation, blood cells were harvested from
culture and stained with APC-conjugated anti-human CD45 and
Qdot605-conjugated anti-human CD34 antibodies (BioLegend, San
Diego, CA). Cells positive for both CD45 and CD34 were sorted
using the BD FACSAria II (BD Biosciences, San Jose, CA) for sub-
sequent culture. To detect the phosphorylated histone H2AX
(pH2AX), cells exposed to 6-MP were fixed and permeabilized using
BD Cytofix/Cytoperm solution (BD Biosciences) following the manu-
facturer’s procedure. Intracellular staining was then performed using
fluorescein isothiocyanate antiphosphorylated (ser139) H2AX (clone

Radiation therapy
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Interval (years)
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>10 years

Second cancer
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Figure 1. Overview of patient characteristics and genetic variations in SMNs. The subtypes of primary cancers and SMNs, intervals between primary cancers and

SMNs, cancer-predisposing gene variants, and NUDT15 variants in patients with SMNs after ALL treatment are shown. NUDT15 genotype was evaluated using WES data

(n 5 10) and direct sequencing (n 5 4). AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; RT, radiation therapy.
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2F3; BioLegend). pH2AX levels are presented as the median fluo-
rescence intensity.

Statistical analysis

The prevalence of NUDT15 variants was compared between
groups using Fisher’s exact test. The 6-MP dose was compared
between groups using the Mann-Whitney U test. Cumulative inci-
dences were determined using the Gray test. A P value ,.05 was
considered statistically significant. In the experiments using PSCs,

the Kruskal-Wallis test was first performed. For lines with a signifi-
cant difference of P , .05, multiple comparisons (Dan-Bonferroni
method) were performed as post hoc comparisons.

Ethics

This study was approved by the institutional ethics board of the
National Center for Child Health and Development (#1025 and
#1035; Tokyo, Japan), and informed consent was obtained from the
patients and/or guardians. The use of human embryonic stem cells
was approved by the Japanese Ministry of Education, Culture,
Sports, Science and Technology.

Results

Patient characteristics

Characteristics of the 19 patients with SMNs are presented in
Figure 1, Table 1, and supplemental Table 2. The diagnoses of pri-
mary cancer included ALL (n 5 14), lymphoma (n 5 4), and AML
(n 5 1). As for subsequent cancers, 14 patients had subsequent
leukemia (n 5 13) and lymphoma (n 5 1), and five patients had
subsequent solid tumors, including brain tumor (n 5 1) and non-
brain solid tumors (n 5 4). The median ages at diagnosis of primary
cancer and SMNs were 5 years (range, 1-14 years) and 13.5 years
(range, 5-44 years), respectively. The median time from diagnosis of
primary malignancy to SMN was 6.5 years (range, 2-30 years).
Radiation therapy was administered in seven cases. Three patients
developed a solid tumor within the radiation field, whereas one
developed a solid SMN outside of the field; the remaining SMNs
were AML/myelodysplastic syndrome (Figure 1; supplemental
Table 2). In the 14 patients whose primary cancer was ALL, the risk
at diagnosis was classified as high in 7 patients, intermediate in
3 patients, and standard in 4 patients (Table 2). All patients were
treated according to the Berlin-Frankfurt-Munich–type ALL protocol.

Table 1. Clinical characteristics of SMN patient cohort

Characteristic n

Total patients 19

Primary cancer

Median age at diagnosis, y (range) 4 (0-14)

ALL 14

AML/MDS 1

Lymphoma 4

SMN

Median age at diagnosis, y (range) 13.5 (5-44)

Median interval from primary cancer, y (range) 6.5 (2-30)

Hematologic malignancies 14

ALL 1

AML/MDS 12

Lymphoma 1

Solid tumor 5

CNS tumor 1

Non-CNS tumor 4

CNS, central nervous system; MDS, myelodysplastic syndrome.

Table 2. Clinical characteristics and NUDT15 variants in primary ALL cases

Case n

Primary

cancer Risk group

Genetic subtypes

of primary ALL SMN subtype Interval, y* Cytogenetics of tMDS/AML NUDT15 genotype† 6-MP dose, mg/m2

1 BCP-ALL HR — MDS 10 Normal karyotype WT 48

2 BCP-ALL IR — Bladder cancer 24 — HT 60

3 BCP-ALL HR ETV6-RUNX1 AML 3 MLL rearrangement HT 32

4 BCP-ALL HR — AML 30 45,X,-X,
t(8;16;21)(q22;p11.2;q22)

HT 70

5 BCP-ALL IR t(1;19) BCC 25 — WT 47

6 BCP-ALL HR — ES 9 — WT NA

7 BCP-ALL HR FUS-ERG AML 3 NA WT 16.6

8 BCP-ALL SR — AML 8 MLL rearrangement WT 85

9 BCP-ALL SR — Neurilemmoma 12 — WT 68

10 T-ALL SR — AML 2 Normal karyotype WT 115

11 BCP-ALL IR — MDS 4 46,XX, add(3)(q26), 27, 1mar HT 60

12 BCP-ALL HR — AML 4 Normal karyotype HT 38

13 BCP-ALL HR MLL-AF4 OS 8 — HT 37

14 BCP-ALL SR ETV6-RUNX1 MDS 1 46,XX t(5;12;17)(q35;p13;q12) WT 27

BCP-ALL, B-cell precursor ALL; BCC, basal cell carcinoma; ES, Ewing sarcoma; HR, high risk; HT, heterozygous type; IR, intermediate risk; MDS, myelodysplastic syndrome; NA, not
available; OS, osteosarcoma; SR, standard risk; T-ALL, T-cell precursor ALL; WT, wild type.
*Time from primary cancer to SMN.
†HT indicates heterozygous for rs116855232.
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Germ line pathogenic variants in CPGs

WES identified 23 nonsilent germ line variants in the 110 cancer-
associated genes listed as having a dominant inheritance pattern.
Among them, only two LZTR1 variants (1 frameshift and 1 nonsense
variant) were considered pathogenic; they were detected in the
same patient (case 1; Figure 1; supplemental Table 3). Of the 52
genes with a recessive inheritance pattern, none were detected as
homozygous or compound heterozygous mutations.

NUDT15 variants in patients with SMNs after ALL

Because there was only one CPG pathogenic variant case among
the SMN cases, we considered the possibility of other potential
SMN-causing genetic factors. Most cases in the primary hematologi-
cal malignancy group were ALL (n 5 14 of 19); therefore, we sus-
pect that the genetic factors were related to the ALL treatment.
Based on previous reports that polymorphism in TPMT, one of the
metabolism-related genes in 6-MP, is associated with a risk of SMN
development in American and European populations,13,14 we
hypothesized that NUDT15 polymorphism is a risk factor of SMNs
in our East Asian SMN cohort. Therefore, we evaluated the fre-
quency of an altered nucleotide in rs116855232 of NUDT15
(p.R139C), which is an important determinant of sensitivity to
6-MP,15,16,19 using WES data in 10 cases and direct sequencing in
4 cases where only somatic samples were available (Figure 1).
Strikingly, 6 of the 14 patients with ALL (42.9%) had NUDT15
heterozygous variants, although its prevalence in the general East

Asian population in the gnomAD database was 19.7% (P 5 .042;
Figure 2).

Because the sample size of our SMN cohort was small, we addi-
tionally investigated the presence of NUDT15 variants in a cohort of
438 unselected patients with ALL in the TCCSG L04-16 study to
validate the potential association between NUDT15 hypomorphic
variants and tumorigenesis. Among the 1033 patients in the original
TCCSG L04-16 study, genomic DNA was available in 438 cases.
All of these patients were treated according to the TCCSG proto-
col, which was based on the Berlin-Frankfurt-Munich–type ALL pro-
tocol. Among them, six patients developed SMNs. The clinical
characteristics of these cases are presented in Table 3. Conse-
quently, the cumulative incidence of SMNs was significantly higher
among cases with the NUDT15 variant (3.0% at 7 years; 95% CI,
0.6% to 9.4%) than among those without (0.3%; 95% CI, 0.0% to
1.5%; P 5 .045; Figure 3A).

Clinical characteristics of patients with ALL with

NUDT15 variants

Of the six cases with a NUDT15 heterozygous variant, the median
ages at diagnosis of ALL and SMN were 10 and 17.5 years,
respectively. The median time from ALL diagnosis to SMN was
6 years in variant cases and 8.5 years in wild-type cases (Figure 1;
Table 2). In six SMN cases with a NUDT15 variant, the SMN sub-
types were AML/myelodysplastic syndrome (n 5 4), bladder cancer
(n 5 1), and osteosarcoma (n 5 1). Radiation therapy was

SMN patients after ALL treatment
(n = 14)

NUDT15 variant
42.9% (n = 6)

NUDT15 WT
57.1% (n = 8)

gnomAD database
(East Asian, n = 9836)

NUDT15 variant
19.7% (n =1 942)

NUDT15 WT
80.3% (n = 7894)

P = 0.042

Figure 2. NUDT15 variant frequency in patients with SMNs after ALL treatment. Comparisons of the frequency of NUDT15 variant cases between the SMN cohort

and gnomAD database are shown. Six (42.9%) of 14 patients with SMNs after ALL treatment had NUDT15 heterozygous variants, whereas prevalence in the general East

Asian population in the gnomAD database was 19.7%. (P 5 .042). WT, wild type.

Table 3. Clinical characteristics of patients with SMNs in the TCCSG L04-16 cohort

TCCSG n Primary cancer subtype Primary risk Day-8 risk SMN subtype NUDT15 genotype*

404 BCP-ALL HR HR AML HT

105 BCP-ALL HR HR AML WT

014-008 BCP-ALL SR SR AML WT

0616084 BCP-ALL HR HR AML HT

0616086 BCP-ALL HR HR-SCT OS HT

568 BCP-ALL SR SR MDS WT

BCP-ALL, B-cell precursor ALL; HR, high risk; HR-SCT, high-risk stem cell transplantation; HT, heterozygous type; MDS, myelodysplastic syndrome; OS, osteosarcoma; SR, standard
risk; WT, wild type.
*HT indicates heterozygous for rs116855232.
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performed in three of the six patients with variants. The bladder can-
cer developed outside of the radiation field, whereas the osteosar-
coma developed within the radiation field. Notably, the dose of
6-MP administered to patients with SMNs with a NUDT15 heterozy-
gous variant was significantly higher than that administered to those
with the NUDT15 genotype but who did not develop SMNs after
6-MP–containing therapy in the previous cohort study21 (P 5 .045;
Figure 3B; Table 2).

Identification of 6-MP-induced signature

All 6 patients with available tumor (SMN)–normal pair samples had
been treated with 6-MP for primary malignancies (ALL, n 5 4; lym-
phoblastic lymphoma, n 5 2). These six cases included one and five
cases of NUDT15 variant and wild type, respectively. To evaluate the
contribution of 6-MP–induced DNA damage to SMNs, mutational
signature analysis was performed (supplemental Methods). Of the six
cases, signature B, reported as the 6-MP–related signature,22,25 was
present in four, including one variant case (66.7%; Figure 4).

Reduced NUDT15 expression increased DNA

sensitivity to damage by 6-MP

To evaluate the relationship between NUDT15 expression and sen-
sitivity to 6-MP–induced DNA damage in hematopoietic stem/pro-
genitor cells, we assessed the accumulation of double-strand DNA
breaks using flow cytometry targeting pH2AX (Figure 5A). Cells
with NUDT15 gene knockdown were significantly less viable after
treatment with 6-MP (0.39 mM) for 1 week and did not survive treat-
ment at higher doses (1.56 and 6.25 mM; Figure 5B-C). The viability
of the scramble control cells was not affected by 6-MP exposure at
these concentrations. Consistent with these observations, pH2AX
levels were significantly higher in NUDT15-knockdown cells than in
controls after treatment with 6-MP (0.39 mM; Figure 5D-E). These
results indicate that reduced NUDT15 expression results in
increased DNA damage induced by 6-MP.

Discussion

Our most striking finding is that hypomorphic NUDT15 alleles may
be a risk factor for developing SMNs after 6-MP exposure. The
potential carcinogenic effect of thiopurines has been demonstrated
in several studies showing an increased risk of therapy-related can-
cers in inflammatory bowel disease and autoimmune disease.26-29

NUDT15 is the most potent determinant of 6-MP sensitivity in the
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Asian population, and TPMT is the counterpart of NUDT15 in White
populations. Thus, our results are consistent with previous studies
reporting that TPMT polymorphisms confer a risk of SMNs after
6-MP treatment.12-14 This hypothesis is reinforced by our observa-
tion that patients who developed SMNs had been administered a
higher average dose of 6-MP and that the 6-MP–related signature
B was present in SMN specimens after 6-MP exposure. The
6-MP–related signature has also been identified in NUDT15 wild-
type cases. A higher percentage of signature B is likely detected in
NUDT15 variant cases; however, this could not be demonstrated
because of the lack of available specimens. The results of in vitro
experiments with PSC-derived hematopoietic progenitor cells may
also suggest a relationship between insufficient NUDT15 activity
and increased sensitivity to DNA damage by 6-MP. These findings
demonstrate that high doses of 6-MP lead to an increased risk of
SMNs, particularly in patients with NUDT15 variants.

A recent germline analysis of SMN cases after pediatric ALL treat-
ment revealed that the relative prevalence of germline pathogenic

variants was not high.30 In our study, mutations in LZTR1, which
have been shown to be associated with B-cell ALL in recent stud-
ies, were identified in only one case.7 For children with ALL, variants
of thiopurine-metabolizing genes such as TMPT and NUDT15 might
be the most potent and frequent germline determinants of the risk
of developing SMNs.

Among the patients with SMNs with a NUDT15 variant, there was
one each who developed osteosarcoma within the radiation field
and bladder cancer outside the radiation field. Because the expres-
sion of NUDT15 in each organ is not precisely known, it is unclear
how 6-MP was associated with these SMNs. Additional studies are
required to address how 6-MP–induced DNA damage confers each
SMN type.

With regard to SMN prevention, determining the dose of 6-MP dur-
ing maintenance therapy is an important issue. There are cases with
very low thiopurine tolerance despite the absence of TPMT and
NUDT15 polymorphisms.21 Finding a specific indicator, such as
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measuring thiopurine metabolites, as opposed to the current regula-
tion that uses white blood cell counts, is a future challenge.

Our results have several limitations. First, the sample size of our
study was small because of the rarity of SMN development. Further-
more, a validation study with a larger number of cases, ideally with a
cohort, including other SMN phenotypes common in survivors, such
as breast cancer and soft tissue sarcoma, is needed. Also, our
in vitro experimental model corresponds to a NUDT15 homozygous
variant. Ideally, a heterozygous variant model should be constructed
to compare the level of DNA damage. Moreover, because our study
was retrospective, we could not evaluate 6-MP metabolites during
ALL treatment. Additional studies are required to determine the best
method for optimizing the 6-MP dose for each genetic variant.

In conclusion, we found that NUDT15 variants may confer a risk of
SMNs after treatment with 6-MP in patients with ALL. Our study
underscores the importance of genetic background in childhood
cancers, both in primary disease and in the development of SMNs.
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