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Aims: Chinese children are more susceptible to the development of thiopurine-

induced leukopenia compared with Caucasian populations. The aim of our study was

to establish a 6-mercaptopurine (6-MP) dose–concentration–response relationship

through exploration of pharmacogenetic factors involved in the thiopurine-induced

toxicities in Chinese paediatric patients afflicted by acute lymphoblastic leukaemia

(ALL).

Methods: Blood samples were obtained from ALL children treated with 6-MP. We

determined the metabolite steady-state concentrations of 6-MP in red blood cells

(RBCs) by using high-performance liquid chromatography. Pharmacogenetic analysis

was carried out on patients' genomic DNA using the MassArray genotyping platform.

Results: Sixty children afflicted by ALL who received 6-MP treatment were enrolled

in this study. The median concentration of 6-thioguanine in patients afflicted by leu-

kopenia was 235.83 pmol/8 × 108 RBCs, which was significantly higher than for

patients unafflicted by leukopenia (178.90 pmol/8 × 108 RBCs; P = 0.029). We deter-

mined the population special target 6-thioguanine threshold to have equalled 197.50

pmol/8 × 108 RBCs to predict leukopenia risk in Chinese paediatric patients afflicted

by ALL. Among 36 candidate single nucleotide polymorphisms, our results indicated

that NUDT15 (rs116855232) and IMPDH1 (rs2278293) were correlated with a

5.50-fold and 5.80-fold higher risk of leukopenia, respectively. MTHFR rs1801133
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variants were found to have had a 4.46-fold significantly higher risk of hepatotoxicity

vs wild-type genotype.

Conclusion: Our findings support the idea that predetermination of genotypes and

monitoring of thiopurine metabolism for Chinese paediatric patients afflicted by ALL

is necessary to effectively predict the efficacy of treatments and to minimize the

adverse effects of 6-MP maintenance therapy.
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1 | INTRODUCTION

Over the past 30 years, important advancements in the application of

chemotherapeutic regimens for the treatment of acute lymphatic leu-

kaemia (ALL) have been made. Such advancements have resulted in

an increased the 5-year survival rate from <10% in past decades to as

high as 90% in recent times.1 Progress in the treatment of ALL has

mostly been related to advancements in diagnostics, optimization of

chemotherapy, and because of better control of and outcomes from

drug-related adverse events.

Prolonged daily exposure to thiopurines is an important compo-

nent of the contemporary daily treatment for patients afflicted by

ALL. However, up to 40% of patients have courses of thiopurine

treatment that are interrupted because of considerable drug-related

adverse effects. Adverse effects are especially important in the con-

texts of leukopenia and hepatotoxicity, which are the most common

and are life-threatening types of toxicities that afflict children.2 Inter-

estingly, Chinese populations are more susceptible to the develop-

ment of thiopurine-induced haematotoxicity compared with

Caucasian populations. For example, in an examination of people of

an East Asian origin afflicted by ALL and treated with thiopurines, a

higher risk (21.9–44.0%)3-8 of haematotoxicity was observed than

when compared to similarly treated Caucasian patients (1.8–5.0%)9-11

(Table S1).

Pharmacogenetic testing is crucial and should be applied in daily

practice such as to optimize the efficacy of thiopurine treatments

and so as to prevent adverse events. Thiopurine S-methyltransferase

(TPMT) is an important enzyme that induces metabolises thiopurines

by methylation in thiopurine catabolic pathways. Research has con-

firmed that single nucleotide polymorphisms (SNPs) associated with

and as part of TPMT gene result in the loss of the enzyme's function

and increase the risk of a leukopenia affliction. The guidelines from

the Clinical Pharmacogenetics Implementation Consortium recom-

mend the examination of TPMT genotypes before initiation of

thiopurine therapy.12 Higher prevalence of adverse events in Chi-

nese compared to Caucasian populations is not explainable by differ-

ent frequencies of genetic variations as frequencies of TPMT variants

in Chinese populations have been documented to equal only

0.9%.13,14

Recent genome-wide correlation studies have reported that the

nucleoside diphosphate-linked moiety X-type motif 15 (NUDT15) is

strongly associated with thiopurine-induced leukopenia in patients of

Asian descent15,16 and indicated that the Chinese population had a

frequency of occurrence of approximately 22.5% of NUDT15 vari-

ants.17 However, although NUDT15 acts as a strong predictor for

thiopurine-induced leukopenia, it was not found to have been

involved in inducing elevation of the levels of 6-thioguanine nucleo-

tides (6-TGN), which suggested that there is a thiopurine

metabolism-independent mechanism at play. The dose–concentra-

tion–response (DCR) relationship between thiopurine metabolites

What is already known about this subject

• 6-Mercaptopurine has been used to treat children

afflicted by with acute lymphoblastic leukaemia.

• Chinese children are more likely to have thiopurine-

induced leukopenia compared with Caucasian

populations.

• TPMT genotyping before the initiation of thiopurine ther-

apy is recommended, but the Chinese population has

been demonstrated to have very low frequencies of

TPMT variants.

What this study adds

• A population specific threshold of 6-thioguanine =

197.50 pmol/8 × 108 red blood cells was demonstrated

to have efficacy in predicting the risk of leukopenia in

Chinese children afflicted by acute lymphoblastic

leukaemia.

• Predetermination of genotypes of NUDT15, IMPDH1 and

MTHFR was recommended in order to most efficiently

and effectively minimize resultant side effects from main-

tenance therapy treatments with 6-mercaptopurine

therapy.
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and adverse events has thus far however not been evaluated for

Chinese children.

Given the knowledge gap in the understanding of the dynamics

and mechanisms underlying higher prevalence of thiopurine-induced

adverse events in Chinese children, we undertook the present study in

order to establish a 6-mercaptopurine DCR relationship. Further, we

sought to examine which pharmacogenetic factors were involved in

thiopurine-induced toxicities in Chinese paediatric patients

afflicted by ALL.

2 | METHODS

2.1 | Patient recruitment and treatment

Paediatric patients who were undergoing chemotherapy or continu-

ous follow-up after completion of chemotherapy at the Children's

Hospital of Hebei Province and Shandong Provincial Qianfoshan

Hospital and who were being treated according to the Chinese Chil-

dren Cancer Group (CCCG) protocol-ALL 2015 during the period

from 2016 to 2018. These patients were enrolled into our study.18

ALL patients received maintenance therapy that included oral admin-

istration of 6-mercaptopurine (6-MP; for >4 weeks) and completion

of ≥6 months according to the CCCG protocol-ALL 2015. During

maintenance therapy, patients received: intravenous vincristine, a

monthly pulse of dexamethasone, weekly oral administration of

methotrexate at 25 mg/m2, daily oral administration of 6-MP at 50

mg/m2, and intrathecal methotrexate once every 2 months. The ini-

tial dose of 6-MP was given based on the results from TPMT

genotyping. The initial dose was preadjusted based upon finding

related to occurrences of the NUDT15 genotype and blood counts

(Figure 1).

We evaluated measures of DCR 3 weeks after the initial treat-

ment (steady-state). Patients who had changed the amounts of doses

before the 3 weeks interval were excluded from further analysis.

Doses of 6-MP were adjusted to maintain a target count of white

blood cell count between 2.0–3.0 × 109/L. We graded the degree and

severity of leukopenia by using the common toxicity criteria and as

follows: Grade 3, 1.0–2.0 × 109/L; and Grade 4, <1.0 × 109/L. We

defined hepatotoxicity as when the levels of aspartate aminotransfer-

ase or alanine transaminase were at least 2-fold above the upper limit

without cytolysis according to and following guidelines in the Com-

mon Terminology Criteria for Adverse Events version 4.0. Our defini-

tion for patients that experienced relapse according to CCCG protocol

included any observations of: ≥25% lymphoblasts in bone marrow

(bone marrow relapse); lymphoblasts on smears of cerebrospinal fluid;

cytocentrifuged preparations with a cerebrospinal fluid mononuclear

cell count >5/μL; tumour infiltration in the central nervous system

(central nervous system relapse); and or an observation of testicle

infiltrates (testicle relapse). Measures of leukopenia were determined

after dose reduction or discontinuation of 6-MP, both in the absence

of other apparent causes for the leukopenia or as a result of its con-

firmed disappearance. All aspects of the design and undertaking of our

study were reviewed and approved by the Institutional Ethics Board

of the Children's Hospital of Hebei Province, China. We obtained

informed consent from the parents or guardians of all the enrolled

patients.

2.2 | Sample collection and analysis of red blood
cells 6-MP metabolite concentrations

We obtain peripheral blood samples were obtained at steady-state

plasma concentrations in order to separate plasma and erythrocytes

F IGURE 1 Recommended starting doses and adjustment schema for thiopurines based treatments for theTPMT and NUDT15 phenotypes
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using standardized procedures. RBC counts from samples were subse-

quently determined by using a cell counting device (Pentra 120 coun-

ter; Horiba) in order to normalize thiopurine metabolite levels to

standardized units of measurement (pmol/8 × 108 red blood cells,

RBCs). We measured concentrations of RBCs 6-TGN and

6-methylmercaptopurine nucleotides (6-MMPN) by using a Shimadzu

2030C high-performance liquid chromatography system (Shimadzu,

Tokyo, Japan). The calibration curves for 6-TGN and 6-MMPN were

linear, and each had correlation coefficients = 0.999. Intraday and

interday coefficients of variation were <10% over the entire concen-

tration range for all of the metabolites we analysed. Limits of quantifi-

cation were = 15 and 60 pmol/8 × 108 RBCs for intraday and interday

coefficients of variation, respectively.

2.3 | SNP selection and genetic analyses

We reviewed 36 thiopurine-related genetic polymorphisms down-

loaded from the PharmGKB databases. Genes with minor allele fre-

quency <0.01 results in the PubMed database were excluded for our

assessment of individual in Chinese populations. We implemented the

genotyping step during maintenance therapy or after completion of

maintenance therapy. We extracted total genomic DNA extraction

from whole blood samples using the Blood Clot DNA Kit (DP335–02,

Tiangen Ltd, Beijing, China) following all the manufacturer's protocols.

We quantified measures of genomic DNA using a DNA Nanodrop

2000 spectrophotometer (Thermo-Fisher Scientific, Waltham, MA,

USA). We analysed genotypes by Sequenom's MassARRAY system

genotyping platform system.

2.4 | Statistical analysis

We conducted statistical analyses using SPSS 22.0 statistics software

(SPSS Inc, Chicago, IL, USA; Version 22.0) and by using Prism version

6.0 (Graph Pad software, La Jolla, CA, USA; Version 6.0). We

compared concentrations of 6-TGN and 6-MMPN using the

Mann–Whitney U-test. We compared frequencies of occurrences of

leukopenia and hepatotoxicity for genetic polymorphisms by using a

univariate χ2 test. We used multivariate logistic regression analyses

were performed to identify the associations of leukopenia and

hepatotoxicity with candidate SNPs. In addition, we used receiver

operating characteristic curve analyses to predict the development of

leukopenia and hepatotoxicity. A 2-sided P value ≤0.05 was consid-

ered the level of statistically significance at which the null of no differ-

ence among treatment groups would be rejected.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in http://www.guidetopharmacology.org,

the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY,19 and are permanently archived in the Concise

Guide to PHARMACOLOGY 2019/20.20

3 | RESULTS

3.1 | Demographic characteristics of patients

There were 74 afflicted children enrolled in our study. Of these,

14 were excluded because changes in the dose before DCR and

pharmacogenetics analysis, which indicated that the 6-MP metabolite

concentrations did not achieve the steady-state at 3 weeks of treat-

ment. Thus, 60 children, aged 2.1–12.5 years were included in the

analyses. Patients received a standard dose of 50 mg/m2/day of

6-MP during maintenance therapy. Treatment duration for patients

ranged from 3.7 to 20.7 months (mean 9.3 months). The frequencies

of 36 thiopurine-related genetic polymorphisms in 60 patients are

shown in Table S2. Of the 60 patients assessed, no genetic

TABLE 1 Demographic data of patients with acute lymphoblastic
leukaemia

Characteristic Subject (n = 60)

Sex

Male, n (%) 26 (43.30)

Female, n (%) 34 (56.70)

Age at diagnosis (range), y 5.6 (2.1–12.5)

Body weight (range), kg 22.9 (10.1–58.2)

Body surface area (BSA, range), m2 0.86 (0.45–1.61)

6-MP maintenance dose (range),

mg/day

42.3 (25.0–87.5)

Duration of 6-MP therapy (range), mo 9.3 (3.7–20.7)

Median 6-TGN level (range),

pmol/8 × 108 RBCs

217.13 (89.38–674.77)

Median 6-MMPN level (range),

pmol/8 × 108 RBCs,

3055.65 (459.96–9175.84)

Median 6-MMPN/6-TGN ratio (range) 13.12 (1.54–54.55)

Median 6-TGN/6-MP dosage ratio

(range)

4.98 (1.49–26.38)

Immunologic subtype

B cell, n (%) 55 (91.67)

T cell, n (%) 5 (8.33)

Risk group

Standard-risk, n (%) 8 (13.33)

Median-risk, n (%) 52 (86.67)

Toxicity

Leukopenia (%) 36 (60.0)

Grade 4, n (%) 4 (11.11)

Grade 3, n (%) 32 (88.89)

Hepatotoxicity (%) 23 (38.3)

RBCs, red blood cells; 6‐MMPN, 6‐methyl mercaptopurine nucleotides;

6‐MP, 6‐mercaptopurine; 6‐TGN, 6‐thioguanine nucleotides.
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polymorphisms in TPMT*2, TPMT*3A and TPMT*3B were observed.

Only 5 patients were found to have harboured the TPMT*1/*3C vari-

ant with a frequency of 4.17%. The frequencies of these genotypes

did not deviate from Hardy–Weinberg equilibrium (P > 0.05). Demo-

graphic data for patients are summarized inTable 1.

3.2 | DCR relationship between thiopurine
metabolites and adverse events

During maintenance therapy, the measured median concentrations

of 6-TGN and 6-MMPN with the standard 6-MP dose = 217.13

pmol/8 × 108 RBCs (range: 89.38 to 674.77 pmol/8 × 108 RBCs)

and 3055.65 pmol/8 × 108 RBCs (range: 459.96 to 9175.84 pmol/8

× 108 RBCs), respectively. Upon follow-ups with patients who had a

median value of 1.8 years from diagnosis (range from 1.2 to 3.1), we

found that there were 3 patients who experienced relapse (involving

bone-marrow) and 1 patient died from associated complications.

Two of these patients died from bone marrow depression induced

by corresponding infection. Concentrations of 6-TGN for patients

with relapse who did not die = 262.94 ± 39.17 pmol/8 × 108 RBCs,

and for patients who died = 279.93 and for patients without relapse

= 242.32 pmol/8 × 108 RBCs. Analyses indicated that these concen-

trations did not significantly differ for patients with relapse or

without.

Thiopurine-induced leukopenia and hepatotoxicity were observed

in 36 (60.0%) and 23 (38.3%) patients, respectively, during mainte-

nance therapy. The impact of 6-MP metabolite concentrations on leu-

kopenia and hepatotoxicity was evaluated. Median 6-TGN

concentration in patients with leukopenia was 235.83 pmol/8 × 108

RBCs (range: 89.38 to 674.77 pmol/8 × 108 RBCs), which was a level

found to have been significantly higher than in patients without

leukopenia (178.90 pmol/8 × 108 RBCs; range: 93.00 to 494.24

pmol/8 × 108 RBCs; P = 0.029; Figure 2). We did not identify a signifi-

cant correlation of hepatotoxicity and 6-MMPN concentrations. In

addition, we found that the concentrations of 6-TGN and 6-MMPN in

patients without hepatotoxicity were similar to levels observed for

patients with hepatotoxicity.

We determined the optimal value of a 6-TGN concentration

value that could be used to predict the risk of leukopenia by using

receiver operating characteristic curve analyses. Optimum levels for

sensitivity (66.67%) and specificity (72.73%) were determined for a

6-TGN concentration threshold of 197.50 pmol/8 × 108 RBCs with

an area under the curve = 0.68 (Figure 3). Furthermore, 6 of the

24 patients without leukopenia had 6-TGN concentrations >197.50

pmol/8 × 108 RBCs while 8 of 36 patients afflicted by leukopenia

had 6-TGN concentrations <197.50 pmol/8 × 108 RBCs. Therefore,

levels for the accuracy of predictions of the positive and negative

rates reached as high as 82.35% and 69.23%, respectively, based

upon the thresholds of 6-TGN concentrations.

Results from univariate analyses indicated that concentration of

6-TGN variant inosine triphosphate pyrophosphatase (ITPA)

rs1127354 were significantly higher than concentrations for the

wild-type genotype (P = 0.035, Table 2). Among the 6-MMPN con-

centrations analysed, variant methylenetetrahydrofolate reductase

(MTHFR) rs1801133 was significantly higher compared with concen-

trations for wild-type genotype based upon univariate analysis (P =

0.025, Table 3). Sex, age and other genotypes had no associations

with concentrations of RBCs 6-TGN, 6-MMPN or 6-TGN/6-MP

dosage ratios based upon results from both univariate and multivar-

iate analyses.

F IGURE 2 Association of 6-MP metabolite 6-TGN concentrations
with thiopurine-induced leukopenia. Median concentrations of 6-TGN
in patients with leukopenia (235.83 pmol/8 × 108 RBCs; range:
89.38–674.77 pmol/8 × 108 RBCs) were increase in patients without
leukopenia (178.90 pmol/8 × 108 RBCs; range:
93.00–494.24 pmol/8 × 108 RBCs; P = 0.029)

F IGURE 3 Specificity and sensitivity curves from receiver
operating characteristic analysis for red blood cells (RBCs)
6-thioguanine (6-TGN) concentrations and leukopenia. The optimum
measures of sensitivity (66.67%) and specificity (72.73%) were
defined for a 6-TGN concentration threshold of 197.50 pmol/8 × 108

RBCs with an area under the curve = 0.68

ZHOU ET AL. 1523



3.3 | Associations between patient genotypes and
measures of risk of thiopurine-induced adverse effects

Based upon results from univariate analyses, we found that ITPA

(rs1127354), NUDT15 (rs116855232) and inosine monophosphate

dehydrogenase 1 (IMPDH1; rs2278293) were significantly associated

with an increased risk of leukopenia. Results from multivariate ana-

lyses did not indicate that there was statistical significance for assess-

ment of genetic polymorphisms, except for NUDT15 (rs116855232)

and IMPDH1 (rs2278293). In addition, results from univariate analyses

indicated that MTHFR rs1801133 variants were significantly related

with a 4.46-fold higher risk of hepatotoxicity cs the level of risk resul-

tant for wild-type genotype (P = 0.034). Tables 2–4 show the genetic

polymorphisms that were associated with leukopenia and hepatotox-

icity. We found no significant association between sex, age and leuko-

penia based upon results from univariate analysis.

4 | DISCUSSION

Predicting toxicity in individuals with an at-risk genotype is a crucial

component for efficacy of thiopurine-based therapy because of its

narrow therapeutic index. We enrolled patients and used a standard

treatment of doses of 50 mg/m2 to examine the relationship 6-MP

and DCR. We observed a high prevalence of thiopurine-induced leu-

kopenia in Chinese paediatric patients afflicted by ALL.

In patients receiving the 6-MP treatment, the interindividual vari-

ability in RBCs concentrations of the 6-MP metabolite, 6-MMPN, and

of 6-TGN, is a factor known to influence the efficacy of treatment

and potential side effects. It also has been reported that 6-MP has a

narrow therapeutic index with a corresponding potential drug-related

toxicity in Caucasian populations.21 Excess accumulation of 6-MMPN

and 6-TGN has been shown to induce leukopenia and hepatotoxicity

by inhibiting nucleosides and protein synthesis; however, such data

for Chinese population are sparse. For such a reason, we sought to

evaluate measures of correlation between 6-MP metabolite concen-

trations and thiopurine-induced adverse effects in Chinese paediatric

patients afflicted by ALL. We performed the evaluation by using a

previously described high-performance liquid chromatography-based

technique,22 which has been cross-validated with Robert Debre Hos-

pital in Paris, France. Our results indicated that mean concentrations

of 6-TGN in patients with leukopenia were 1.43-fold higher than were

mean concentrations in patients without leukopenia. Interestingly, we

identified a target threshold of 6-TGN concentration >450 pmol/8 ×

108 RBCs in Caucasian populations.23 Our results indicated that there

was a target threshold of 197.50 pmol/8 × 108 RBCs that could pre-

dict leukopenia risk in Chinese paediatric patients afflicted by ALL.

Relatively large levels of variation might have been due to different

pharmacogenetic properties of thiopurines, such as for TPMT and

other variants. We did not observe statistically significant relation-

ships between 6-MMPN concentrations and thiopurine-induced

adverse effects.

TABLE 2 Univariate analysis for variables with
thiopurine-induced leukopenia

Leukopenia

Variable OR (95% CI) P values

Sex 0.64 (0.22–1.81) 0.40

Age 0.95 (0.78–1.16) 0.61

BSA 0.61 (0.081–4.61) 0.63

6-TGN 3.33 (1.13–9.80) 0.03

6-MMPN 1.00 (1.00–1.001) 0.22

TPMT rs1142345 1.00 (0.15–6.48) > 0.999

NUDT15 rs116855232 5.50 (1.11–27.37) 0.037

ITPA rs1127354 8.80 (1.80–43.15) 0.007

IMPDH1 rs2278293 5.80 (1.82–18.46) 0.003

BSA, body surface area; CI, confidence interval; IMPDH1, inosine

monophosphate dehydrogenase 1; ITPA, inosine triphosphate

pyrophosphatase; NUDT15, nucleoside diphosphate‐linked moiety X‐type
motif 15; TPMT, thiopurine S‐methyltransferase; OR, odds ratio;

6‐MMPN, 6‐methyl mercaptopurine nucleotides; 6‐TGN, 6‐thioguanine
nucleotides.

TABLE 3 Univariate analysis for variables with
thiopurine-induced hepatotoxicity

Variable

Hepatotoxicity

OR (95% CI) P values

Sex 1.19 (0.42–3.36) 0.75

Age 1.08 (0.88–1.31) 0.47

BSA 2.87 (0.37–22.07) 0.31

6-TGN 1.01 (0.96–1.07) 0.64

6-MMPN 1.00 (1.00–1.00) 0.95

TPMT rs1142345 0.35 (0.036–3.32) 0.36

NUDT15 rs116855232 0.79 (0.23–2.73) 0.71

ITPA rs1127354 1.80 (0.59–5.51) 0.30

IMPDH1 rs2278293 2.14 (0.69–6.68) 0.19

MTHFR rs1801133 4.46 (1.12–17.76) 0.034

BSA, body surface area; CI, confidence interval; IMPDH1, inosine

monophosphate dehydrogenase 1; ITPA, inosine triphosphate

pyrophosphatase; NUDT15, nucleoside diphosphate‐linked moiety X‐type
motif 15; MTHFR, methylenetetrahydrofolate reductase; OR, odds ratio;

TPMT, thiopurine S‐methyltransferase; 6‐MMPN, 6‐methyl

mercaptopurine nucleotides; 6‐TGN, 6‐thioguanine nucleotides.

TABLE 4 Multivariate analysis for variables with
thiopurine-induced leukopenia

Variable OR (95% CI) P values

NUDT15 rs116855232 6.44 (1.02–40.66) 0.048

ITPA rs1127354 3.891 (0.68–21.32) 0.13

IMPDH1 rs2278293 5.02 (1.25–20.11) 0.023

CI, confidence interval; IMPDH1, inosine monophosphate dehydrogenase

1; ITPA, inosine triphosphate pyrophosphatase; NUDT15, nucleoside

diphosphate‐linked moiety X‐type motif 15; OR, odds ratio.
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Pharmacogenetic properties of thiopurine-induced leukopenia

have been studied extensively, especially for and in relation to TPMT.

However, the influence of TPMT on thiopurine-induced leukopenia

was restricted to only 5 patients who were heterozygous for

TPMT*3C in this study. Based on results from our assessment of data

from the PharmGKB databases, we identified 36 candidate

thiopurine-associated SNPs (including TPMT) were included for

genetic analyses. Results showed that 4 SNPs (ITPA rs1127354,

NUDT15 rs116855232, IMPDH1 rs2278293 and MTHFR rs1801133)

were identified as having an association with thiopurine-induced

adverse effects or thiopurine metabolism.

NUDT15 is known to dephosphorylate the thiopurine active

metabolites TGTP and TdGTP, thereby preventing their incorpora-

tion into DNA and negatively influencing thiopurine-induced leuko-

penia.24-26 We confirmed the influence of NUDT15 rs116855232

variants on thiopurine-induced leukopenia in Chinese paediatric

patients afflicted by ALL. Considering the great difference of mutant

frequencies in different ethnic populations, standard guidelines for

thiopurine dose adjustment based on NUDT15 should be beneficial

and improve the outcomes of thiopurine therapy. In addition, we

did not find any significant relationships between 6-TGN concentra-

tions, 6-TGN/6-MP dosage ratio, and NUDT15 genetic polymor-

phisms. Considering the mechanism of NUDT15 on thiopurine,

DNA-6-TGN concentrations in white blood cells could be directly

responsible for the excessive toxicity in patients with NUDT15 defi-

ciency because NUDT15 alters the ratio of TGTP to TGMP which in

turn increases DNA-6-TGN concentrations.27 It was indicated that

DNA-6-TGN would be monitored in patients with NUDT15 defi-

ciency in future study. Overall, pretreatment determinations of

NUDT15 genotypes is necessary for the prediction of thiopurine-

induced leukopenia.

Furthermore, a deficiency of ITPase in patients is a risk factor

for thiopurine-induced leukopenia.28,29 In this study, the 15.0% fre-

quency of the ITPA rs1127354 variants was a level similar with

previous research that had examined populations of Asians descent

(18.1%) and was higher than the reported frequencies for Cauca-

sians (6.0%).7,30 It has also been reported that ITPA activity was

reduced to only 25% in heterozygous and was reduced to a null

level in homozygous patients.30 Our data indicated that an

increased risk of thiopurine-induced leukopenia was observed

among ITPA rs1127354 variants, which might have been caused by

decreased enzyme activity and increased concentrations of 6-TGN.

In the present study, IMPDH1 rs2278293 variants contributed to

an increased risk of thiopurine-induced leukopenia. IMPDH1 is a

known key enzyme that diverts 6-MP away from methylation by

TPMT and instead towards 6-TGN. However, we did not identify

any association between IMPDH1 genotypes and 6-TGN concentra-

tions. These observations may be at least partly explained by lower

IMPDH activity in patients with high 6-methylthioinosine monop-

hosphate concentrations (toxic methylated mercaptopurine

ribonucleotides).31

In this study, we observed that there was a significant association

between MTHFR rs1801133 variants and thiopurine-induced

hepatotoxicity was observed. Moreover, we observed that patients

with variant MTHFR genotypes had 1.62-fold higher 6-MMPN con-

centrations than did patients with the wild-type genotype. MTHFR

homozygotes for this variant exerted 30% of otherwise normal wil-

dtype genotype enzyme activity, while heterozygotes exerted 60%.32

It has also been found that a decrease in the level of activity of

MTHFR activity might lead to reduced concentrations of TPMT cofac-

tor S-adenosylmethionine and thereby causing a decreased in TPMT

stability.33 Therefore, we speculated that MTHFR variants may affect

TPMT activity or thiopurine metabolism such as to exert thiopurine-

induced hepatotoxicity, but analysis of this effect needs to be under-

taken through further genetic association studies.

From our results, we demonstrated that the comparative hetero-

geneity among East Asian and Caucasian populations in DCR

reflected the complexity of ethnicity. In assessment of Caucasian

populations, Stocco et al. found that 4.8% of patients were on 6-MP

dose that had been reduced by 30% or more because of concerns

arising from haematological toxicity.9-11 In an assessment of East

Asian population, a significantly higher rate of thiopurine-induced

haematological toxicity (17.7–44.0%) was observed than that of the

Caucasian research. We observed a 60.0% incidence of

haematological toxicity in Chinese patients afflicted by ALL and who

received a standard 6-MP dose. The main reason for this phenome-

non was probably due to the intolerance of 6-TGN and ethnicity-

based differences of responses to pharmacogenetics in Chinese chil-

dren compared to other ethnicities.

Our research was not without limitations. Our approach was

founded upon a single-centre study, thus, we lacked different

populations and laboratory derived variables. Fourteen patients who

were not achieving steady-state concentrations of 6-MP metabo-

lites were excluded because 1 of primary objectives in this study

was to identify 6-MP DCR relationship at standard dose regimen of

50 mg/m2/day during maintenance therapy. The additional develop-

mental pharmacokinetic-pharmacogenetic study should be further

explored in patients with very early dose adjustment during mainte-

nance therapy. Our findings should be replicated using an increased

number of enrolled patients and from a multicentre-based study.

In conclusion, we found that concentrations of 6-TGN and SNPs

for NUDT15, IMPDH1 and MTHFR were associated with thiopurine-

induced toxicity during maintenance therapy. This study suggests that

Chinese paediatric patients afflicted by ALL need monitoring of con-

centrations of 6-TGN with a population specific target threshold of

197.50 pmol/8 × 108 RBCs for Chinese ethnicities. Further, our

results indicated that predetermining genotypes of NUDT15, IMPDH1

and MTHFR is an essential step that will greatly help physicians to be

able to predict the efficacy of as well as minimize adverse effects dur-

ing maintenance and 6-MP therapies.
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