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Abstract
Thiopurines are commonly used in the treatment of acute lymphoblastic leukaemia and

autoimmune conditions, can be limited by myelosuppression. The NUDT15 c.415C>T var-

iant is strongly associated with thiopurine-induced myelosuppression, especially in Asians.

The purpose of this study was to develop a fast and reliable genotyping method forNUDT15

c.415C>T and investigate the polymorphic distribution among different races in China. A

single-tube multiplex real-time PCR assay for NUDT15 c.415C>T genotyping was estab-

lished using allele-specific TaqMan probes. In 229 samples, the genotyping results obtained

through the established method were completely concordant with those obtained by

Sanger sequencing. The distributions of NUDT15 c.415C>T among 173 Han Chinese, 48

Miaos, 40 Kazakhs, and 40 Kirghiz were different, with allelic frequencies of 0.06, 0.02, 0.07,

and 0, respectively. This method will provide a powerful tool for the implementation of the

genotyping-based personalized prescription of thiopurines in clinical settings.
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Introduction

Thiopurines, including azathioprine, mercaptopurine, and
thioguanine, are purine analogs that exert cytotoxic effects
when converted to thioguanine nucleotides.1,2 Clinically,
thiopurines are widely used in the treatment of acute lym-
phoblastic leukaemia (ALL) and autoimmune disease.3,4

However, thiopurine treatment is limited by myelosup-
pression, which may lead to the frequent interruption of
treatment and cause complications, such as severe neutro-
penia and sepsis, and even death.5–7 During medication
25–30% of children with ALL have leukopenia, and thus
their treatment is stopped and the disease recurs.8

Moreover, approximately 5% of European patients with

inflammatory bowel diseases (IBDs) using thiopurines

develop leucopenia.9 This condition leads to the discontin-

uation of therapy in up to 34% of such patients9 and

subsequent disease recurrence.6,10–12

A close relationship between thiopurine-induced mye-
losuppression (TIM) and genetic polymorphisms has
been documented. The first validated biomarker is thiopur-
ine S-methyltransferase (TPMT) genetic polymorphism.
TPMT can convert thiopurine to methyl thiopurine, which
is non-toxic and less active.13,14 A number of variants that
impair TPMT enzymatic activity are associated with
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thiopurine-induced toxicity.5,15,16 Approximately 10% of
individuals of European descent carry non-functional
TPMT variants. By contrast, only 3% of Asians carry
TPMT genetic variants despite that Asian patients with
IBD have higher incidence of TIM (15%).17–20 In Asia,
some patients with normal TPMT activity still have signif-
icant toxicity during treatment.18,19 Thus, variability in TIM
is not fully attributed to TPMT genetic polymorphism, that
is, other factors are implicated in TIM.

Nucleoside diphosphate-linked moiety X-type motif 15
(NUDT15) belongs to the nudix hydrolase enzyme family
and can inactivate thiopurine metabolites and decrease
their cytotoxicity in vitro.21 Recent genome-wide associa-
tion studies have revealed that a missense genetic variant
in NUDT15 gene (c.4115C>T, p.Arg139Cys, rs116855232) is
strongly associated with TIM in Korean patients with IBD22

and in East Asian children with ALL.8 Similar conclusions
were replicated in studies performed on Chinese, Japanese,
and Indian populations.8,23,24 The frequency of NUDT15
c.415C>T is much more common in Asians (around 10%)
than in individuals of European origin (up to 2%).
Moreover, the tolerable dosage during maintenance thera-
py with MP in patients suffering from ALL and carrying
the NUDT15 c.415C>T variant is much lower than that in
patients carrying the wild-type genotype.23,25 These find-
ings suggest thatNUDT15 c.415C>Tcan be used as a prom-
ising pharmacogenetic marker for TIM prediction,
especially for East Asians. The genetic testing of NUDT15
c.415C>T is recommended before initiating thiopurine
therapy.26

Fluorescent real-time PCR, which is carried out in a
closed-tube format, has become a very important tool for
gene quantification and genetic analysis. With the availabil-
ity of more sensitive fluorescent dyes, multiple target
sequences can be detected in a single reaction, which great-
ly improves the detection efficiency and reduces experi-
mental cost.27,28 In this study, using allele-specific
TaqMan probes, a single-tube multiplex real-time PCR
assay for NUDT15 c.415C>T genotyping was established,
and the distributions ofNUDT15 c.415C>Tamong four dif-
ferent nationalities in China were determined.

Materials and methods

Samples

Blood samples from 301 unrelated healthy individuals from
four different ethnicities in China (173 Han Chinese from

Shaanxi Province, 48 Miaos from Yunnan Province, and 40
Kazakhs and 40 Kirghiz from Xinjiang Province). The study
was approved by the ethics committees of Northwest
University and Shaanxi Provincial Peoples’ Hospital.
Informed consent was obtained from all participants, in
accordance with the Helsinki Protocol.

Genomic DNA extraction

Genomic DNA samples were extracted from 200 lL of eth-
ylenediaminetetraacetic acid anticoagulated peripheral
blood with a QIAamp DNA Blood Mini Kit (Qiagen,
Shanghai, China). DNA samples were quantified with a
NanoDrop spectrophotometer (Thermo Scientific, WI,
USA). The extracted genomic DNA was dissolved in an
elution buffer TE (10mM Tris-HCl, 0.5mM ethylenedi-
aminetetraacetic acid, pH 9.0) and stored at �20�C.

Oligonucleotide primers and probe design

We obtained the information about the rs116855232 from
the NCBI database. Based on the sequence data, a forward
primer (Fp) and a reverse primer (Rp) were designed for
the amplification of a 163-bp DNA fragment encompassing
c.451C/T in NUDT15 gene. For the identification of differ-
ent genotypes ofNUDT15 c.415C>T, two allele-specific and
differently labeled TaqMan probes were designed. One
probe (probe-T) labeled with 6-carboxyfluorescein (FAM)
was used in the detection of the mutant allele (c.415T),
and the other (probe-C) labeled with cyanine dye 5 (CY5)
was used in the detection of wild-type allele (c.415C). In
addition, a set of primers and probes amplifying the house-
keeping gene b-actin (ACTB) was designed as the internal
control, and the 50-ends of the probes for ACTB were
labeled with 6-carboxy-hexachlorofluorescein (HEX;
Table 1). Primers and probes were designed following the
criteria in designing primers and probes for quantitative
real-time PCR methods.29

In silico tools, such as primer-BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_
LOC=BlastHome) and uMelt batch (https://www.dna-
utah.org/umelt/quartz/umb.php), were used to analyze
the melting temperature of primers and probes, check for
non-specific hybridization, and assess the formation of sec-
ondary structures. Moreover, cross-interactions between
primers and probes were evaluated by PCR reactions
with one probe (probe-T or probe-C) and one Rp or with
two probes (probe-Tand probe-C). The reaction systemwas
same as that described in the following real-time PCR

Table 1. Sequences of primers and probes used in this study.

Genes Primers and Probes Sequence and modifications (50–30)

NUDT15 Fp GCATCTTTCTTTTCTAGGTTGGGA

Rp TCTTCTTTAAATGGATCATAGCCTTG

Probe-T FAM-TTCTGGGGACTGTGTTGTTTAAAAGAAC-BHQ2

Probe-C Cy5-TTCTGGGGACTGCGTTGTTTAAAAGAAC-BHQ2

ACTB Fp CAGCAGATGTGGATCAGCAAG

Rp GCATTTGCGGTGGACGAT

Probe-ACTB HEX-AGGAGTATGACGAGTCCGGCCCC-BHQ2

Fp: forward primer; Rp: reverse primer; FAM: 6-carboxyfluorescein; BHQ2: Black Hole Quencher-2; CY5: cyanine dye 5; HEX: 6-carboxy-hexachlorofluorescein.
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reaction. Gel electrophoresis analysis on the PCR products
was used to investigate the non-specific amplification
between primers and probes. Under these above measures,
high-quality and specific primers and probes were
obtained. All the primers and fluorescent probes were syn-
thesized by Sangon Biotech. Co. Ltd (Shanghai, China).

Real-time PCR reaction

The real-time PCR reactions were carried out on Applied
Biosystems ViiATM 7 Real-Time PCR system (Applied
Biosystems, CA, USA). All PCR reactions were performed
in one tube for the simultaneous amplification of NUDT15
c.415C>T and ACTB gene.

The 20 lL reaction mixture is composed of 250 nM
NUDT15 Fp and Rp, 75 nM NUDT15 probe-T, 150 nM
NUDT15 probe-C, 100 nM ACTB Fp and Rp, 50 nM ACTB
probe, 20 ng of genomic DNA (20 ng/lL), and 10 lL of 2�
Premix Ex Taq (1U/lL, TaKaRa, Dalian, China). The
desired region was amplified by optimizing the PCR reac-
tion at the following conditions: 95�C for 10min, followed
by 40 cycles at 95�C for 15 s and 62�C for 40 s. A non-
template control was included in each run. Raw data
obtained from real-time PCR were analyzed using the
amplification-based threshold and the adaptive baseline
algorithms provided by the software analysis system of
the ViiATM 7 machine (version 1.1, Applied Biosystems).
In all the PCR experiments, at least three biological repli-
cates were performed, and each reaction was run in
triplicate.

Performance evaluation of the multiplex real-time PCR
assay

The accuracy of the newly established multiplex real-time
PCR assay was evaluated by comparing the genotyping
results of 229 human DNA samples with those by Sanger
sequencing. The detection limits for the established assay
were obtained using the following dilutions prepared from
NUDT15 c.415C>T heterozygous positive DNA samples:
10, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 ng/lL. A negative
control without DNA template was set up. At least three
replicates were performed for each DNA template.

Statistical analysis

Data analysis was performed using SPSS version 20.0
(SPSS, IL, USA). Fisher’s exact test was used in determining
whether ethnic background influences the distribution of
NUDT15 c.415C>T.

Results

Performance of the multiplex real-time PCR assay

Three standard samples containing different genotypes
(wild type: CC, heterozygote: CT, homozygote: TT) of the
NUDT15 c.415C>T variant were used in establishing the
multiplex real-time PCR assay. The standard samples
were screened from a number of human samples by
Sanger sequencing (Supplemental Figure 1).

A simple real-time assay for the simultaneous amplifi-
cation of NUDT15 c.415C>T and ACTB in one sample was
achieved in one single reaction. This method allows the
direct visualization of results by three distinct fluorescence
signals. The green fluorescence signals of the internal con-
trol gene (ACTB) were observed in all the samples, indicat-
ing that the reactions were successful. When only blue or
red fluorescence signal appears in the reaction, the geno-
type of the detected sample was regarded as wild type
(Figure 1(a)) or mutant homozygote (Figure 1(c)), and
when both blue and red fluorescence signals occurred,
the genotype of the detected sample was regarded as het-
erozygote (Figure 1(b)).

Limits of detection analysis

A sample with NUDT15 c.415 CT genotype was tested at
different dilutions. At a range of 0.01�10 ng DNA tem-
plates, the fluorescent signals of the wild-type and
mutant templates were detected (Figure 2). Thus, the
lowest detection limit of this method is 0.01 ng. However,
a higher DNA input is recommended (0.1�10 ng) for reli-
able genotyping.

Accuracy validation of the multiplex real-time PCR
assay

We compared the genotyping results of 229 DNA samples
with those obtained by Sanger sequencing to verify the
accuracy of the established assay. Of these samples, 209
were wild type, 19 were heterozygous, and 1 was homozy-
gous mutant according to the Sanger sequencing results.
The genotyping results of the multiplex real-time PCR
assay and Sanger sequencing were in complete concor-
dance, and no false positive or false negative results were
obtained. The results show that the accuracy of the method
developed in this study is 100%.

Distribution of NUDT15 c.415C>T in different ethnic
groups

Using the established method, 301 samples from four
ethnic groups in China were screened. The data showed
that the allelic frequencies of NUDT15 c.415C>T in 173
Han Chinese, 48 Miaos, 40 Kazakhs, and 40 Kirghiz were
0.06. 0.02, 0.07, and 0, respectively. The allelic frequencies of
NUDT15 c.415C>T in Han and Kazak were significantly
higher than the allelic frequency in Kirgiz (P< 0.05). Most
of the variant carriers were heterozygotes, and only one
was mutant homozygote (Table 2).

Discussion

Thiopurines (e.g. 6-MP) are primarily used in ALL treat-
ment, but can be limited by treatment-related myelosup-
pression, which may be life-threatening.
Recommendations regarding TMPT testing to guide thio-
purine therapy have already been implemented in clinical
practice.30 A growing body of evidence demonstrated that
testing for NUDT15 polymorphisms may be particularly
advantageous in East Asian patients, given the low preva-
lence of toxicity-associated TPMT alleles in this population
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and the much higher frequency of the NUDT15 risk
allele.17–20,23,24 Therefore, prospective screening of
NUDT15 variant before initiating thiopurine treatment
should also be incorporated into clinical practice to mini-
mize the occurrence of TIM. A convenient genotyping
method for NUDT15 c.415C>T detection is highly useful
in the implementation of pharmacogenomic testing for clin-
ical care.

In this study, using multiple allele-specific TaqMan
probes, a fast and reliable genotyping method for
thiopurine intolerance biomarker NUDT15 c.415C>T was
established. Compared with other available methods,
this novel method offers a number of advantages
(Supplemental Table 1).

First, Sanger sequencing is regarded as the “gold stand-
ard” in determining DNA sequence variations, especially
single point mutations.31 The genotyping results of the
established multiplex real-time PCR were completely
accordant with those of Sanger sequencing, validating the
reliability and accuracy of the established method. In con-
trast to Sanger sequencing, which is expensive and requires
a long processing time, the established method has the
advantages of short detection time (1–2 h), low detection
cost (about 3 dollars), simple operation, and straightfor-
ward result interpretation. Second, although PCR-
restriction fragment length polymorphism (PCR-RFLP)31

and tetra-primer ARMS-PCR assays32 are low cost and
easy to operate, they require the separation of amplified

Figure 1. The amplification curves of standard samples with different genotypes of NUDT15 c.415C>T. (a) Wild-type sample with CC genotype; (b) heterozygous

mutant sample with CT genotype; (c) homozygous mutant sample with TT genotype. (A color version of this figure is available in the online journal.)
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products through gel electrophoresis, which cause the fre-
quent occurrence of false positive results and DNA tem-
plate contamination. Compared with these two methods,
the multiplex real-time PCR has a slightly higher cost, but
given that the reaction tubes do not need to be opened after
amplification, the potential contamination of amplicons is
prevented, and thus the risk of false-positive results is

considerably reduced. Third, real-time PCR-high resolution
melt (PCR-HRM) and TaqMan PCR are both quantitative
closed-tube real-time PCR techniques. The difference is that
the former uses a high-quality (saturating) double-stranded
DNA dye, and the latter uses a TaqMan fluorescent probe,
whichmade the cost of TaqMan PCR higher than HRM. The
base of HRM analysis lies in the discrimination of differ-
ence in melting temperature between amplification prod-
ucts with mutation alleles and those without. However,
other non-targeted mutations in the amplified fragment
cause changes in Tm values, and the interpretation of the
result is affected or even misinterpreted.32,33 Furthermore,
our established method enables the simultaneous detection
of the amplification signals of a targeted gene and internal
control in a single reaction by using three TaqMan probes
labeled with different fluorophores. In the HRM method,
the detection of internal control gene must be performed in

Figure 2. The detection sensitivity of the TaqMan PCR assay for NUDT15 c.415C>T variant. (a) The amplification curve of wild-type template of NUDT15 c.415C>T;

(b) the amplification curve of mutant template of NUDT15 c.415C>T; (c) the amplification curves of ACTB gene. NTC: non-template control. (A color version of this

figure is available in the online journal.)

Table 2. Genotyping results of NUDT15 c.415C>T in four ethnic groups.

Genotype Han (n) Miao (n) Kazak (n) Kirgiz (n)

CC 154 46 34 40

CT 18 2 6 0

TT 1 0 0 0

Total 173 48 40 40

C allele frequency 0.94 0.98 0.93 1.00

T allele frequency 0.06 0.02 0.07 0.00
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another reaction. The sensitivity of our established assay is
quite high, with a limit of detection of 0.01 ng of input
DNA, which is much lower than the values obtained
through previously reported methods.

Currently, the major genetic factors that can explain the
inter-individual variability of TIM vary with ethnicity.
TPMT genetic polymorphism is strongly associated with
TIM in patients with European ancestry, whereas NUDT15
is strongly associated with TIM in East Asian and Hispanic
populations.22,34–36 This difference among the ethnicities
may be partly explained by the varied distributions of
TPMT and NUDT15 genetic variants in different popula-
tions. TPMT non-functional variants are common in
European descents but rare in Asians, andNUDT15 variants
are common in Asians but rare in Europeans.17,19,20

Therefore, investigating the distribution of NUDT15
c.415C>T among different ethnic populations is helpful for
the implementation ofNUDT15 genotyping-based personal-
ized treatments using thiopurines in clinics. China is a mul-
tiethnic country with 56 ethnic groups, and significant
genetic diversity exists among these ethnic groups. The pre-
sent study determined the prevalence ofNUDT15 c.415C>T
in four different ethnic groups. The results showed that
NUDT15 c.415C>T is common in Han Chinese and Kazak
populations but rare or even absent in Miao and Kirgiz pop-
ulations. The allelic frequency in our studied Han Chinese
subjects is consistent with the allelic frequencies reported in
other Chinese populations.37 Kazak and Kirgiz subjects are
recruited from Xinjiang Province along the Silk Road, where
extensive genetic mixture was observed among East Asians
and Western Eurasians.38 Studies using short tandem repeat
analysis demonstrated that the genetic structures of Kazak
and Kirgiz are similar to the genetic structure of Uygur.38

NUDT15 c.415C>T was not detected in the Kirgiz subjects.
This finding is comparable to the data reported in CEU pop-
ulation in the 1000 Genome Project. However, the different
distributions ofNUDT15 c.415C>T inKazak andKirgiz indi-
cates that the genetic backgrounds of these ethnic groups are
not completely the same.Miao, a representative of the south-
ern minorities of China, is genetically related to Southeast
Asian populations, such as Dai from Yunnan
Province.35,37–39 The allelic frequency of NUDT15
c.415C>T in Miao individuals is similar to that reported in
Dai (0.048) in the 1000 Genome project. All these data dem-
onstrated genetic diversity in the distribution of NUDT15
c.415C>T in different Chinese ethnicities, suggesting a dif-
ferent molecular mechanism underlying the variability of
TIM in different Chinese races. Further genetic association
studies should be conducted in more ethnic groups for the
elucidation of genetic factors responsible for TIM in different
populations.

Conclusions

In summary, a single-tubemultiplex real-time PCR assay for
NUDT15 c.415C>T genotyping was developed. With the
advantage of reliability, fastness, sensitivity, and cost-
effectiveness, this method can be used as a routine test in
clinical settings to implement NUDT15 genotyping for the
prevention of TIM in Asian populations. Our data showed

that the distribution of theNUDT15 c.415C>Tvariant varies
among different Chinese ethnic populations, providing
additional information for population pharmacogenomics.
Further research should be conducted on patient samples
for the evaluation of the analytic performance and pharma-
coeconomic value of this method in clinical practice.

AUTHORS’ CONTRIBUTIONS

HJW and XYL conceived and designed the research; XYL and
YL collected the samples; YWL, KCU, WXW, and SYM per-
formed the experiments; YWL and JYM analyzed the data;
HJW and XYL wrote the article. All authors read and
approved the final version of the manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

ETHICAL APPROVAL

The study was in compliance with Declaration of Helsinki
principle and was approved by the Ethics Committee of
Northwest University (China). Informed consent was received
before the blood samples were collected.

FUNDING

This study was funded by the Natural Science Basic Research
Program of Shaanxi (Program no. 2019JQ-207); the National
Natural Science Foundation of China (Grant no. 81702483).
The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or
materials discussed in the manuscript apart from those
disclosed.

ORCID iD

Huijuan Wang https://orcid.org/0000-0002-2388-8714

SUPPLEMENTAL MATERIAL

Supplementary material for this article is available online.

REFERENCES

1. Elion GB. The purine path to chemotherapy. Science 1989;244:41–7
2. Karran P, Attard N. Thiopurines in current medical practice: molecular

mechanisms and contributions to therapy-related cancer. Nat Rev

Cancer 2008;8:24–36
3. Gjuladin-Hellon T, Iheozor-Ejiofor Z, Gordon M, Akobeng AK.

Azathioprine and 6-mercaptopurine for maintenance of surgically-

induced remission in Crohn’s disease. Cochrane Database Syst Rev

2019;8:CD010233

4. Timmer A, Patton PH, Chande N, McDonald JW, MacDonald JK.

Azathioprine and 6-mercaptopurine for maintenance of remission in

ulcerative colitis. Cochrane Database Syst Rev 2016;2016:CD000478

5. Booth RA, Ansari MT, Loit E, Tricco AC,Weeks L, Doucette S, Skidmore

B, SearsM, Sy R, Karsh J. Assessment of thiopurine S-methyltransferase

activity in patients prescribed thiopurines: a systematic review. Ann

Intern Med 2011;154:814–23

1966 Experimental Biology and Medicine Volume 246 September 2021
...............................................................................................................................................................

https://orcid.org/0000-0002-2388-8714
https://orcid.org/0000-0002-2388-8714


6. Goldberg R, Irving PM. Toxicity and response to thiopurines in patients

with inflammatory bowel disease. Expert Rev Gastroenterol Hepatol
2015;9:891–900

7. Schmiegelow K, Nielsen SN, Frandsen TL, Nersting J.

Mercaptopurine/methotrexate maintenance therapy of childhood

acute lymphoblastic leukemia: clinical facts and fiction. J Pediatr
Hematol Oncol 2014;36:503–17

8. Yang JJ, Landier W, Yang W, Liu C, Hageman L, Cheng C, Pei D, Chen

Y, Crews KR, Kornegay N, Wong FL, Evans WE, Pui CH, Bhatia S,

Relling MV. Inherited NUDT15 variant is a genetic determinant of mer-

captopurine intolerance in children with acute lymphoblastic leuke-

mia. J Clin Oncol 2015;33:1235–42
9. Connell WR, Kamm MA, Ritchie JK, Lennard-Jones JE. Bone marrow

toxicity caused by azathioprine in inflammatory bowel disease: 27

years of experience. Gut 1993;34:1081–5
10. Hindorf U, Lindqvist M, Hildebrand H, Fagerberg U, Almer S. Adverse

events leading to modification of therapy in a large cohort of patients

with inflammatory bowel disease. Aliment Pharmacol Ther 2006;24:331–42
11. de Boer NK, van Bodegraven AA, Jharap B, de Graaf P, Mulder CJ.

Drug insight: pharmacology and toxicity of thiopurine therapy in

patients with IBD. Nat Clin Pract Gastroenterol Hepatol 2007;4:686–94
12. Posthuma EF, Westendorp RG, van der Sluys Veer A, Kluin-Nelemans JC,

Kluin PM, Lamers CB. Fatal infectious mononucleosis: a severe complica-

tion in the treatmentofCrohn’sdiseasewithazathioprine.Gut1995;36:311–3
13. Coulthard S, Hogarth L. The thiopurines: an update. Invest New Drugs

2005;23:523–32

14. Wang L, Nguyen TV, McLaughlin RW, Sikkink LA, Ramirez-Alvarado

M, Weinshilboum RM. Human thiopurine S-methyltransferase phar-

macogenetics: variant allozyme misfolding and aggresome formation.

Proc Natl Acad Sci U S A 2005;102:9394–9

15. Higgs JE, Payne K, Roberts C, Newman WG. Are patients with inter-

mediate TPMT activity at increased risk of myelosuppression when

taking thiopurine medications? Pharmacogenomics 2010;11:177–88
16. Relling MV, Gardner EE, Sandborn WJ, Schmiegelow K, Pui CH, Yee

SW, Stein CM, Carrillo M, Evans WE, Hicks JK, Schwab M, Klein TE.

Clinical pharmacogenetics implementation consortium guidelines for

thiopurine methyltransferase genotype and thiopurine dosing: 2013

update. Clin Pharmacol Ther 2013;93:324–5
17. Collie-Duguid ES, Pritchard SC, Powrie RH, Sludden J, Collier DA, Li

T, McLeod HL. The frequency and distribution of thiopurine methyl-

transferase alleles in Caucasian and Asian populations.

Pharmacogenetics 1999;9:37–42
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