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Background: We developed an assay to measure DNA-incorporated 6-thioguanine (DNA-
TG) and validated its clinical applicability in Korean pediatric patients with acute lympho-
blastic leukemia (ALL) in order to improve individualized thiopurine treatment and reduce 
the life-threatening cytotoxicity. 

Methods: The DNA-TG assay was developed based on liquid chromatography-tandem 
mass spectrometry, with isotope-labeled TG-d3 and guanine-d3 as internal standards. 
This method was applied to 257 samples of pediatric ALL patients. The DNA-TG level was 
compared with erythrocyte TG nucleotide (RBC-TGN) level in relation to the TPMT and 
NUDT15 genotypes, which affect thiopurine metabolism, using Spearman’s rank test and 
repeated measure ANOVA. 

Results: For DNA-TG quantification, a linearity range of 10.0-5,000.0 fmol TG/µg DNA; 
bias for accuracy of –10.4% –3.5%; coefficient of variation for intra- and inter-day preci-
sion of 3.4% and 5.8% at 80 fmol TG/µg DNA and of 4.9% and 5.3% at 800 fmol TG/µg 
DNA, respectively; and recovery of 85.7%–116.2% were achieved without matrix effects 
or carry-over. The median DNA-TG level in the 257 samples was 106.0 fmol TG/µg DNA 
(interquartile range, 75.8–150.9). There was a strong correlation between DNA-TG and 
RBC-TGN levels (ρ=0.68, P <0.0001). The DNA-TG/RBC-TGN ratio was significantly 
higher in NUDT15 intermediate metabolizers (*1/*2 and *1/*3) than in patients with wild-
type alleles (P <0.0001).

Conclusions: This simple and sensitive method for measuring DNA-TG level can improve 
therapeutic drug monitoring for thiopurine treatment. 
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INTRODUCTION

Mercaptopurine (6-MP; 3,7-dihydropurine-6-thione), a thiopu-

rine drug, is widely used in the treatment of acute lymphoblastic 

leukemia (ALL) [1]. Therapeutic drug monitoring of thiopurine 

drugs has been accomplished by the quantification of thiopu-

rine metabolites in various cells and cell compartments, includ-

ing erythrocytes (RBC), whole blood, and leukocyte DNA [1-3]. 

Among diverse cellular metabolites, DNA-incorporated 6-thio-

guanine (DNA-TG) has been suggested as a more relevant thio-

purine metabolite than erythrocyte TG nucleotides (RBC-TGN), 

because RBCs are not the drug target [1, 4, 5]. However, most 

clinical laboratories measure RBC-TGN level on the basis of 

clinical guidelines for the use of RBC-TGN level for therapeutic 

drug monitoring of thiopurine drugs in inflammatory bowel dis-

ease (another disease treated with thiopurine drugs with differ-

ent regimen). In fact, a few clinical laboratories outside South 

Korea measure DNA-TG level; however, to the best of our 

knowledge, there is no clinical laboratory measuring DNA-TG 

level in South Korea [1, 5, 7]. 

For therapeutic monitoring of thiopurine drugs, an accurate, 

precise, simple, and sensitive method measuring thiopurine 

metabolites is needed [6, 7]. Liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) involves various protocols and 

specifications, including reagents, standards, calibrators, and/or 

sample preparation methods, as well as instrument conditions 

and settings, leading to significant laboratory-to-laboratory vari-

ability for the same analyte. Therefore, there is a need for an LC-

MS/MS-based analytical method that is suitable for clinical ap-

plication [6, 8]. Previous studies on DNA-TG level involved 

complex methods, using different cell lines and time-consuming 

culture processes [1, 5, 7]. 

The pharmacogenetics and kinetics of thiopurine metabolism 

are complex (https://www.pharmgkb.org/pathway/PA2040 [9]), 

and there is extensive interindividual variation in drug metabo-

lism and drug-induced toxicity, such as life-threatening myelo-

suppression, hepatotoxicity, skin rash, and alopecia [4, 10]. Pa-

tients harboring two loss-of-function TPMT (gene encodes thio-

purine S-methyltransferase) alleles (homozygous or compound 

heterozygous TPMT alleles) are at very high risk of life-threaten-

ing myelosuppression, which is associated with very high TGN 

levels [10]. It has been recently suggested that loss-of-function 

in NUDT15 (Nudix hydrolase 15) alleles cause thiopurine-in-

duced cytotoxicity, because NUDT15 catalyzes the conversion 

of cytotoxic thioguanine triphosphate (TGTP) metabolites to the 

less toxic thioguanine monophosphate, and defects in NUDT15-

mediated degradation of TGTP result in more TGTP being avail-

able for incorporation into DNA [5, 10]. 

We aimed to develop an assay to measure DNA-TG level in 

nucleated blood cells in etheno-derivatized samples using LC-

MS/MS and to validate the method and its clinical applicability in 

Korean pediatric patients with ALL treated with 6-MP with TPMT 

and NUDT15 genotypes. This is the first LC-MS/MS method for 

measuring DNA-TG level, enabling quantification of TG in a 

small volume of DNA (only 1 µg), with genetic analysis for TPMT 

and NUDT15 in Korean pediatric patients with ALL.

MATERIALS AND METHODS

Patient information
The study population comprised pediatric ALL patients treated 

with 6-MP at the Pediatric Department of Samsung Medical 

Center, Seoul, Korea. Between January 2018 and May 2019, 

60 pediatric ALL patients were prospectively recruited and fol-

lowed up. The inclusion criterion was age at ALL diagnosis <19 

years. The exclusion criteria were as follows: 6-MP dose infor-

mation was not available, DNA-TG level was not measured at 

steady state, RBC-TGN and DNA-TG levels were not measured 

simultaneously. TPMT and NUDT15 genotyping was performed 

before initiating 6-MP treatment, according to previously de-

scribed methods [12, 25], and the results were obtained via 

medical record review. RBC-TGN and DNA-TG levels were 

mea sured simultaneously in patient samples collected at least 

14 days after initiation of constant-dosing 6-MP treatment (me-

dian dose 17.3, interquartile range [IQR] 9.8-24.1 mg/day/m2). 

RBC and DNA (extracted from leukocytes) samples were stored 

at –80°C for approximately six months until analysis. Among the 

60 pediatric ALL patients consecutively enrolled, 55 (34 boys 

and 21 girls) with ALL treated with 6-MP and simultaneous 

mea surements of RBC-TGN and DNA-TG levels were included 

in this study. In total, 273 measurement pairs for RBC-TGN and 

DNA-TG levels were collected. Among these, 257 measure-

ments from 54 children (34 boys and 20 girls) were taken at 

steady state. Drug-free DNA for pooling as blank DNA for the 

development and validation for DNA-TG measurement was ob-

tained from 20 volunteers who were not exposed to mercapto-

purine. This study was conducted in accordance with the Dec-

laration of Helsinki, and written informed consent was obtained 

from the parents or legal guardians of all patients and volun-

teers. This study was approved by the Institutional Review Board 

of Samsung Medical Center (file No. SMC 2017-11-161).
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Method development for DNA-TG measurement
The reagents for this study were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). TG, TG-d3, and guanine (G)-d3 were ob-

tained from Toronto Research Chemicals (Ontario, Canada) and 

were stored at –30°C. DNA was extracted from EDTA-treated 

blood using a MagNA Pure 96 system (Roche Diagnostics Inter-

national Ltd., Rotkreuz, Switzerland), according to the manufac-

turer’s instructions. Samples for LC-MS/MS were prepared as 

described previously [1, 7], with the following modifications: 1 

µg of DNA in 75 μL of de-ionized water was incubated with 75 

µL of derivatization buffer (1 M chloroacetaldehyde in 90 mM 

potassium phosphate at pH 5.0) at 99.9°C for three hours. The 

sample was mixed with 800 µL of 0.2% formic acid. After con-

ditioning and equilibration with 800 µL each of methanol and 

0.1% formic acid, 1 mL of the sample was loaded on a solid-

phase extraction (SPE) column (Strata X-C, 33 µm particle size, 

30 mg/mL/well; Phenomenex, Torrance, CA, USA). The ad-

sorbed sample was washed with 800 µL of 0.1% formic acid 

and 800 µL of 0.1% formic acid in 50% methanol and then 

eluted with 300 µL of 780 mM ammonium hydroxide in 50% 

methanol. The eluate was dried at 40°C under streaming nitro-

gen and reconstituted in 150 µL of 0.1% formic acid in 95% 

acetonitrile.

Calibrators were generated by spiking 10, 20, 100, 1,000, and 

5,000 fmol TG into 1 µg pooled drug-free DNA from 20 volun-

teers who were not exposed to mercaptopurine. Two samples for 

daily quality control (QC) were prepared at concentrations of 80 

and 800 fmol TG/µg DNA using Jurkat cells [7]. It was assumed 

that TG spiked into a blank DNA sample and TG incorporated 

into DNA are derivatized equally [7]. An internal standard (IS) 

solution containing etheno-TG-d3 and etheno-G-d3 was pre-

pared by derivatization of TG-d3 and G-d3 SPE [7]. A working IS 

solution with 1 µg/mL etheno-TG-d3 and 2 µg/mL etheno-G-d3 

was prepared by diluting the stock IS in distilled water. The IS 

was added to all samples at the level of SPE eluate. 

Chromatographic separation was carried out using an Acquity 

UPLC System (Waters, Milford, MA, USA) coupled to a XEVO 

TQ-S tandem quadrupole mass spectrometer (Waters) equipped 

with an ethylene-bridged hybrid hydrophilic interaction LC col-

umn (2.1×100 mm, 1.7 µm; Waters). Injection volume was 5 

µL, and total run time was 6 min/sample. Quantitative analysis 

was performed in the multiple reaction-monitoring mode with 

positive electrospray ionization (m/z 234.0→191.1 for etheno-

TG, 237.0→194.1 for etheno-TG-d3, 176.1→94.1 for etheno-

G, and 179.1→94.1 for etheno-G-d3). Gradient elution is sum-

marized in Table 1. For optimization, the MS instrument settings 

were as follows: source temperature, 150°C; desolvation tem-

perature, 550°C; capillary voltage, 3 kV; cone gas flow, 150 L/hr; 

desolvation gas flow, 800 L/hr; and collision gas flow 0.16 mL/min.

The MS response area was corrected with isotope-labeled TG-

d3 and G-d3. Chromatographic etheno-TG peaks were normal-

ized using etheno-G by calculating TG responses as etheno-TG 

area/etheno-G area (DNA-TG=[etheno-TG response/etheno-G 

response]/[etheno-TG-d3 response/etheno-G-d3 response]). 

Method validation for DNA-TG quantification
Accuracy, precision, linearity, recovery, matrix effect, and carry-

over were validated according to previous literature and current 

guidelines for MS [6, 8, 17-21]. Daily calibration curves were 

generated from five calibrators (10, 20, 100, 1,000, and 5,000 

fmol TG/µg DNA) in parallel with unknown samples. Two QC 

samples at concentrations of 80 and 800 fmol TG/µg DNA were 

used to determine intra- (five independent analytical runs) and 

inter-day (five days) accuracy and precision. To determine the 

lower limit of quantification (LLOQ), control samples with 10 

fmol TG were spiked into 1 µg DNA and tested in five replicated 

runs over three days. The LLOQ was determined with a signal-

to-noise ratio >10, coefficient of variation (CV) <20%, and bias 

<20% [6, 8, 19]. Method selectivity and extraction recovery 

were evaluated using DNA samples from healthy volunteers 

who had not received 6-MP treatment. SPE recovery efficiency 

was evaluated in triplicate by spiking approximately 100 fmol 

etheno-TG into 1 µg of DNA in either the derivatized sample or 

from the SPE column eluate before LC-MS/MS quantification. 

Extraction recovery was calculated as follows: extraction recov-

ery (%)=area of derivatized sample/area of elute *100. Be-

cause addition of exogenous calibrators would not be a suitable 

Table 1. Gradient conditions for chromatographic separation for 
DNA-TG quantification

Time segment
Time  
(min)

Flow rate 
(µL/min)

Mobile phase

%A* %B†

1 Initial 0.35 0 100

2 1.5 0.35 0 100

3 1.8 0.45 0 100

4 2.7 0.45 0 100

5 3.2 0.45 70 30

6 3.7 0.45 70 30

7 3.9 0.45 0 100

*0.1% formic acid in distilled water; †160 mM formic acid and 10 mM am-
monium formate in 95% acetonitrile. 
Abbreviation: DNA-TG, DNA-incorporated 6-thioguanine.
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equivalent measure of the efficiency of extraction from DNA, re-

covery analysis was limited to testing SPE recovery [1]. The ef-

fect of DNA on quantification was investigated by analyzing two 

linear calibration curves plotted for calibrators spiked into con-

trol DNA and distilled water, and the slopes were compared as 

described by Jacobsen, et al. [7]. Carry-over was investigated 

based on the response area of blank DNA samples measured 

immediately after measuring DNA samples containing 5,000 

fmol TG/µg DNA. No significant carry-over was defined as re-

sponse areas of the blank DNA sample being <20% of the 

LLOQ areas.

RBC-TGN quantification
RBC-TGN was quantified using LC-MS/MS, as described previ-

ously [22-24]. The LLOQ was 0.1 μmol/L for RBC-TGN (level 

corresponding to ~10 pmol/8×108 RBCs) [23, 24]. The assay 

range was 0.1–10.0 µmol/L (10.0–1,000.0 pmol/8×108 RBCs), 

and CV values for within- and between-run imprecisions were 

<10% [18]. The method to measure RBC-TGN level was de-

scribed previously [24]. 

Statistical analysis and data availability
Categorical variables are presented as frequencies and percent-

ages. For quantitative non-normally distributed variables, we 

used non-parametric statistical methods, and data are ex-

pressed as medians and IQRs. We used non-parametric Spear-

man’s rank test to investigate the correlation for all analyses [5]. 

Correlation scores from Spearman’s rho (ρ) was considered as 

follows: very weak (0.0-0.19), weak (0.2-0.39), moderate (0.4-

0.59), strong (0.6-0.79), and very strong (0.8-1.0) [29]. The lin-

ear relationship between DNA-TG and RBC-TGN levels was 

tested using the linear regression model [5]. To investigate the 

correlation between DNA-TG and RBC-TGN levels, we used the 

last measurements at steady state for each individual. Repeated 

measures ANOVA was used to compare the dose and metabo-

lites by genotype groups. To investigate the association between 

repeated measurements of DNA-TG and RBC-TGN levels, we 

used Bonferroni correction for repeated measures ANOVA. Sta-

tistical analysis was performed using MedCalc Statistical Soft-

ware version 19.0.3 (MedCalc Software bvba, Ostend, Belgium; 

https://www.medcalc.org; 2019). P <0.05 was considered sta-

tistically significant. The datasets generated and/or analyzed in 

this study are available with the corresponding author and can 

be obtained on reasonable request.

RESULTS

LC-MS/MS analysis of DNA-TG level
Multiple reaction monitoring transitions of etheno-TG, etheno-G, 

and their ISs are illustrated in Fig. 1. The validated performance 

characteristics are summarized in Table 2. DNA-TG level as 

measured by LC-MS/MS ranged from 10.0 to 5,000 fmol TG/µg 

DNA (coefficient of linearity (R2)>0.99) for the standard curves. 

The precision and extraction recoveries were acceptable. There 

was no significant carry-over. There was no difference in the 

calibration slopes for etheno-TG in DNA or in distilled water, and 

Fig. 1. Multiple reaction monitoring transitions for measurements of 
DNA-TG level using LC-MS/MS, presented as % intensity vs. time 
(min). 
Abbreviations: DNA-TG, DNA-incorporated 6-thioguanine; LC-MS/MS, liquid 
chromatography-tandem mass spectrometry.
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Table 2. Validated method specifications for LC-MS/MS for of DNA-TG quantification

Method 
specification

Levels and materials 
tested and validated

Results Acceptance criteria

Linearity 10-5,000 fmol TG/mg DNA R2 =0.9987, regression equation: y=0.0036 x-0.0014 R2 >0.99

LLOQ 10 fmol TG/mg DNA S/N ratio 49, bias –1.2%, CV 5.6% S/N ratio >10, bias <20%, CV <20%

Precision 80 fmol TG/mg DNA Within-run CV 3.4%, between-run CV 5.8% CV <15%

800 fmol TG/mg DNA Within-run CV 4.9%, between-run CV 5.3%

Accuracy 50 fmol TG/mg DNA Bias 3.5% Bias <15%

100 fmol TG/mg DNA Bias –3.2%

250 fmol TG/mg DNA Bias –10.4%

800 fmol TG/mg DNA Bias –1.5%

Selectivity Blank DNA <20% of analyte and <5% of internal standard Response area of LLOQ, <20% of analyte 
and <5% of internal standard

Carry-over Blank DNA after control sample at 5,000 
fmol TG/mg DNA

Response area <20% of LLOQ Response area <20% of LLOQ

Extraction recovery Pre-and post-SPE responses of e-TG Extraction recovery 85.7–116.2%, response area  
CV 5.1–12.1%

Response area CV <15%

Matrix effect Two linear calibration curves prepared in 
DNA and in distilled water whose slopes 
were compared

Slope 1.007 for calibrators in DNA with deviation 
percentage range 0.72% to –7.24% and slope 1.010 
for calibrators in distilled water with deviation 
percentage range –0.01% to –14.95%

Deviation percentage <15%

Abbreviations: DNA-TG, DNA-incorporated 6-thioguanine; TG, 6-thioguanine; e-TG, etheno-thioguanine; LC-MS/MS, liquid chromatography-tandem mass 
spectrometry; LLOQ, lower limit of quantification; R2, coefficient of linearity; S/N, signal to noise; SPE, solid-phase extraction.

Table 3. Characteristics of the 54 pediatric ALL patients

Characteristics Results

Male, N (%) 34 (63.0)

Age, median (IQR), years 6.5 (4.0-14.0)

Number of thiopurine metabolite 
measurements per patient, median (IQR)  

4.5 (2.0-7.0)

TPMT genotype, N (%)

*1/*1 (normal metabolizer) 53 (98.1)

*1/*3C (intermediate metabolizer) 1 (1.9)

NUDT15 genotype, N (%)

*1/*1 (normal metabolizer) 43 (79.6)

*1/*2 (intermediate metabolizer) 5 (9.3)

*1/*3 (intermediate metabolizer) 2 (3.7)

*1/*5 (indeterminate phenotype) 2 (3.7)

*1/*6 (indeterminate phenotype) 2 (3.7)

TPMT and NUDT15 genotypes and phenotypes were evaluated according 
to the Clinical Pharmacogenetics Implementation Consortium guidelines 
[10, 28].
Abbreviations: ALL, acute lymphoblastic leukemia; IQR, interquartile range; 
TPMT, thiopurine S-methyltransferase.

there were no deviations in the responses, demonstrating the 

absence of a matrix effect and efficient normalization of etheno-

G with regard to unexpected variation in the amount of DNA [1, 7]. 

Correlation between RBC-TGN and DNA-TG levels and 
clinical applicability of TG-DNA measurement
The median DNA-TG level was 106.0 (IQR, 75.8-150.9) fmol 

TG/µg DNA, and the median RBC-TGN level was 238.1 (IQR, 

172.9-323.8) pmol/8×108 RBCs. 

A thorough review of the direct sequencing data for each sub-

ject revealed no novel variants in TPMT or NUDT15. Among the 

54 pediatric patients, 42 had wild-type TPMT and NUDT15; 1, 

the TPMT *1/*3C genotype (TPMT intermediate metabolizer); and 

11, one variant NUDT15 allele (seven patients with NUDT15 in-

termediate metabolizer phenotype and four patients with NUDT15 

indeterminate alleles) (Table 3) [10]. 

Correlation and linear relationship between DNA-TG levels and 

RBC-TGN levels by genotype groups are summarized in Fig. 2 

and Supplemental Data Tables S1 and S2. DNA-TG levels and 

RBC-TGN levels showed moderate correlation in all 257 mea-

surements (ρ=0.405, P <0.0001). For the last measurements, 

NUDT15 intermediate metabolizers showed the strongest corre-

lation between DNA-TG and RBC-TGN levels (ρ=0.893, P < 

0.0068). In NUDT15 intermediate metabolizers (*1/*2 and *1/ 

*3), there was a linear relationship between the DNA-TG and 

RBC-TGN levels (P =0.0012) after Bonferroni correction. 

A scatter diagram with regression lines for the last measure-
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ments at steady state, categorized according to the TPMT and 

NUDT15 genotypes, also revealed linear associations between 

DNA-TG and RBC-TGN levels in all 54 patients (R2 =0.4955, 

P <0.0001), in patients with wild-type TPMT and NUDT15 

(R2 =0.3860, P <0.0001), and in NUDT15 intermediate metab-

olizers (R2 =0.8406, P <0.0118). DNA-TG/RBC-TGN ratios were 

higher in patients with NUDT15 variant alleles than in those 

with wild-type TPMT and NUDT15 (P <0.0001, Fig. 2B). There 

was a moderate correlation between DNA-TG level and 6-MP 

dose (ρ=0.417, P <0.0001), but not between the DNA-TG/

RBC-TGN ratio and 6-MP dose (ρ=-0.0363, P <0.5625). 

DISCUSSION

We successfully developed and validated an LC-MS/MS method 

for measuring DNA-TG level using derivatization and normaliza-

tion with endogenous guanine isotope-labeled ISs in pediatric 

ALL patients, by modification of previous methods [1, 7]. The 

results obtained using this method showed good sensitivity for 

DNA-TG level even with only 1 µg DNA collected from whole 

blood samples, with an LLOQ of 10 fmol TG/µg DNA. We intro-

duced a simpler method to quantify DNA-TG using etheno-G for 

efficient matrix-matched calibration compared with previous 

methods [7, 14, 26]. Pediatric ALL patients have low leukocyte 

counts due to chemotherapy and limited blood sampling vol-

ume. Therefore, the small sample volume of 1 µg DNA validated 

in this study has advantages for therapeutic drug monitoring of 

mercaptopurine in routine clinical practice for pediatric ALL pa-

tients. Furthermore, two QC samples were used for every run of 

DNA-TG level measurement to ensure stable results [8].

Previous studies on DNA-TG level utilized different measure-

ment methods with or without derivatization, TPMT or NUDT15 
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Table 4. Previous studies on DNA-TG levels in ALL patients 

Reference
Studied 
region

Study 
subjects  

(N)

DNA-TG  
(fmol/µg DNA)

RBC-TGN*
Relationship between DNA-TG 

and RBC-TGN
Genotypes 

Warren, et al., 
1995 [14]

Norway   9† Range 95–700 NA  NA NA

Jacobsen, et al., 
2012 [7]

Denmark 18 Median 377 (range 45–1,190) Exact level NA Correlated (R2 =0.78) NA

Nielsen, et al.,
2016 [15]

Denmark 50 Standard-risk patients: median 
469 (range 292–891) 

Intermediate-risk pati ents: 
median 435 (range 238–774) 

High-risk patients: median 203 
(range 107–389)

Standard risk patients: median 187 
(range 114–508) nmol/mmol Hgb

Intermediate risk patients: 217 
(range 127–682) nmol/mmol Hgb

High-risk patients: median 267 
(range 187–277) nmol/mmol Hgb

Positively associated using  
linear  mixed model estimate 
1.22 (95% CI, 1.17–1.28, 
P <0.0001)

TPMT genotypes 

Nielsen, et al., 
2017 [16]

European 
countries

750 In maintenance phase 1: median 
326 (IQR 229–457; range 23–
1,591)

In maintenance phase 2: median 
509 (IQR 391–666; range 44–
1,559)

Exact level NA Positively associated using 
multiple linear mixed effect 
model estimate 1.227 (95% CI 
1.175–1.281, P <0.0001) in 
exploratory cohort (N=42) and 
1.137 (95% CI 1.118–1.155, 
P <0.0001) in validation cohort 
(N=304)

TPMT genotypes 

Moriyama, et al.,
2016 [5]‡

Japan 32 Normal NUDT15 diplotypes: 
9.6±4.1

NA NA Both NUDT15 and 
TPMT genotypes 

Children with one NUDT15 variant 
allele: 12.3±4.5

One child with two NUDT15 
variant alleles: 32.4

Singapore 32 Normal NUDT15 diplotypes: 
6.0±2.7

NA NA

Children with one NUDT15 variant 
allele: 8.8±5.3

Children with two NUDT15 variant 
alleles: 19.6±6.3

Moriyama, et al., 
2017 [4]

Japan 55 Mean 442.8 (range 78.1–
1,054.0)

Mean 134.1 (range, 0.46–315.5 
pmol/4×108 RBCs)

Correlated using Spearman rank 
test (R2 =0.16, P =0.0007)

NUDT15 genotypes 
(only common 
TPMT risk variants 
were analyzed, but 
no patients with 
TPMT risk variants 
were included)

This study South 
Korea

54 Median 106.0 (range <10.0–
407.8)

Normal NUDT15 diplotypes: 111.3 
(IQR 79.1–156.4; range 
<10.0–407.5)

Children with one NUDT15 variant 
allele: 83.8 (IQR 38.6–134.4; 
range<10.0–407.8)

Median 238.1 (range <10.0–672.5 
pmol/8×108 RBCs)

Correlated using Spearman rank 
test (R=0.68, P <0.0001)

Both NUDT15 and 
TPMT genotypes (by 
direct sequencing 
to identify all 
variants)

*RBC-TGN levels were differently expressed using different units in previous studies; †Ages of study subjects were not reported. Study subjects in the other 
studies were pediatric ALL patients. ‡Mean (±SD) DNA-TG level was expressed as fmol/μg DNA/mg mercaptopurine.
Abbreviations: ALL, acute lymphoblastic leukemia; 6-MP, mercaptopurine; CI, confidence interval; DNA-TG, DNA-incorporated 6-thioguanine; Hgb, hemo-
globin; IQR, interquartile range; NA, not available; TPMT, thiopurine S-methyltransferase; RBC, red blood cell; RBC-TGN, 6-thioguanine nucleotide in eryth-
rocytes.
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genotype assays, and RBC-TGN measurement in different eth-

nic populations (Table 4) [1, 4, 5, 7, 14-16]. Different measure-

ment units have been used for TG quantification in the litera-

ture, including fmol TG/µg DNA, moles TG/106 mol adenine, 

and fmol TG/μg DNA/mg 6-MP for DNA-TG, and nmol/mmol 

hemoglobin, pmol/4×108 RBCs, and pmol/8×108 RBCs for 

RBC-TGN [1, 4, 5, 7, 14-16]. These differences make it difficult 

to compare results from different study groups and obtain 

meaningful information on the utility of quantifying thiopurine 

metabolites for therapeutic drug monitoring. Owing to the lack 

of an analytical method for DNA-TG quantification in Korea, fur-

ther studies are needed to elucidate the practical applicability of 

the developed method in clinical practice. 

We applied our method to clinical samples from pediatric ALL 

patients for whom TPMT and NUDT15 genotyping data were 

available. The frequency of NUDT15 variant alleles ranges from 

0.2% to 17.2% in different ethnic populations [10, 25, 27]. 

Variant alleles are more common in Asians and Hispanics, sug-

gesting that the NUDT15 genotype is relevant to thiopurine me-

tabolism and toxicity in these populations [10, 25, 27]. Euro-

pean studies reporting associations between DNA-TG and RBC-

TGN levels did not include information on NUDT15 genotypes 

[1, 7, 16]. In this study, patients with NUDT15 variants showed 

significantly higher DNA-TG/RBC-TGN ratios than the patients 

with wild-type NUDT15. This finding was comparable with the 

previous results in the Asian population, confirming the hypoth-

esis that NUDT15 prevents the incorporation of thiopurine me-

tabolites into DNA [4, 5]. 

The clinical impact of DNA-TG and RBC-TGN regarding 

NUDT15 and TPMT variants in pediatric ALL patients treated 

with thiopurines requires clarification in different ethnic popula-

tions [10]. Inconsistent results have been reported on RBC-

TGN and DNA-TG levels in patients with different TPMT and 

NUDT15 genotypes across different ethnic populations [4, 5, 7, 

14-16]. Increase in NUDT15 variant alleles leads to increased 

TGN accumulation in the DNA in Japanese children [4, 5]. Tox-

icity-related 6-MP dose reduction may more strongly lower the 

RBC-TGN level in patients with NUDT15 deficiency than in pa-

tients with normal NUDT15 metabolism, indicating that it would 

be more relevant to measure DNA-TG level than to measure 

RBC-TGN level [1, 4, 5]. Considering the different frequencies 

of NUDT15 variants in different ethnic populations and the dif-

ferential accessibility to applicable measurement methods for 

DNA-TG and/or RBC-TG levels, future studies should clarify the 

relationships between TPMT and NUDT15 genotypes and me-

tabolites, including DNA-TG and RBC-TGN [10]. 

The strengths of this study lie in its prospective nature and 

accurate genetic analysis of TPMT and NUDT15 genotypes via 

direct sequencing covering entire exons to identify all variants 

and define accurate genotypes. One limitation of this study is 

that the final DNA-TG levels might not be valid if recoveries of 

etheno-TG and etheno-G were not proportional. However, matrix 

effects during derivatization were referred to in a previous study 

that reported reproducible and acceptable calibration slopes 

without matrix effects [7]. Although matrix effects during de-

rivatization was not directly evaluated in our study, we evaluated 

overall matrix effects by investigating calibration slopes from 

spiking TG into DNA and distilled water, which showed results 

similar to those observed in a previous study [7]. SPE recovery 

was acceptable; it was evaluated for etheno-TG according to a 

previous study describing limited recovery analysis, which re-

lates to ion suppression, because it was not possible to obtain 

matrix free G-d3 [1]. Another limitation of our study is that we 

included only Korean patients; thus, our findings cannot be 

generalized to other ethnicities. As pharmacokinetics, pharma-

codynamics, and variant allele frequencies differ across ethnic 

groups, studies in various ethnic groups will be needed to evalu-

ate the generalizability of our findings.

In conclusion, we developed a simple, fast, sensitive, and ac-

curate analytical method to measure DNA-TG level and suc-

cessfully applied it to clinical samples from a Korean population. 

This study facilitates further studies on comprehensive thera-

peutic drug monitoring by measuring RBC-TGN and DNA-TG 

levels combined with pharmacogenetics-based testing, includ-

ing TPMT and NUDT15 genotypes, in pediatric ALL patients  

across diverse populations.
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