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Acute lymphoblastic leukemia (ALL) is the most common 
childhood malignancy, accounting for approximately 

30% of all childhood malignancies and representing 80% 

of pediatric leukemias.[1] The prognosis of the disease has 
improved remarkably over the past 30 years, with a 5-year 
survival of 90%.[2] A further increase in survival will be with 
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a reduction in drug-induced toxicity, resulting in fewer 
interruptions to chemotherapy and fewer relapses of the 
disease.[3,4] Therefore, individual-specific therapy is needed 
to prevent drug-induced toxicity and improve survival of 
high-risk patients.

The success of treatment is considered in part to be the 18-
24 months of adequate maintenance therapy necessary to 
prolong the remission achieved in the early stages of treat-
ment. Mercaptopurine (6-MP) and methotrexate (MTX) are 
the main components of ALL maintenance therapy.[5] For 
both drugs, the mechanism exerts its antileukemic effect 
by inhibiting denovo purine synthesis (DNPS). The com-
bination of these two drugs at low doses results in a syn-
ergistic antileukemic effect.[6] MTX inhibits dihydrofolate 
reductase, which is necessary for purine synthesis.[7] 6-MP 
is a prodrug that is metabolized by enzymatic steps of the 
purine rescue pathway: the anabolic pathway via hypoxan-
thine guanine phosphoribosyl transferase (HPRT) produc-
es 6-thioinosine monophosphate followed by 6-thiogua-
nine nucleotides (6-TGN).[8,9] 6-TGN is phosphate coupled in 
nucleic acids or 6 thioinosine triphosphate (TITP); this is a 
process that can be reversed by inosine triphosphate pyro-
phosphatase (ITPA). Catabolic pathways include xanthine 
oxidase (XO), which inactivates 6-MP to 6-thiouric acid, and 
thiopurine S-methyltransferase (TPMT), which metabolizes 
6-MP to 6-methylmercaptopurine (6 MMPN), which inhibits 
DNPS.[10] It is known that in patients receiving 6-MP, vari-
ability in red blood cell (RBC) concentrations of 6-TGN and 
6-MMPN can alter efficacy and adverse effects, with a high 
risk of myelosuppression in patients with homozygous 
TPMT deficiency.[11,12] However, single nucleotide poly-
morphisms (SNPs) in genes encoding enzymes involved in 
6-MP metabolism may also affect the efficacy and toxicity 
of this pathway.[13]

Genes related to drug transport, metabolism, detoxifica-
tion and DNA repair could influence the cytotoxic effects 
associated with chemotherapy, including those involved in 
the transport (e.g., ABCB1, ABCC2, MTHFR and SLCO1B3), 
and transporter of folate (SLC19A1) of MTX and 6-MP. Like-
wise, genes involved in DNA-binding transcription fac-
tor activity and RNA polymerase II cis-regulatory region 
sequence-specific DNA binding (NR3C1) and DNA repair 
(TYMS) have previously been linked with cytotoxicity of 
6-MP and/or MTX.

In the current study, we therefore aimed to assess prior as-
sociations for 17 selected genetic variants in 5 genes, in a 
large cohort of 41 ALL patients treated with mercaptopu-
rine (6-MP) and methotrexate (MTX) combination therapy 
or mono-therapy of whom detailed clinical toxicity datas 
were available.

Methods
Briefly, patients diagnosed with ALL between 2019 and 
2021 and treated or followed up at the hospital were in-
cluded for peripheral whole blood and clinical data col-
lection. Forty one children with ALL, included in the Euro-
pean Organization for Research and Treatment of Cancer 
(EORTC) 58951 protocol, were enrolled in this study. 

The control group consisted of 20 randomly selected, 
thrombocytopenia patients, unrelated volunteers. They 
were recruited from August 2019 to July 2021. Personal 
information was obtained through a direct interview with 
the volunteers, or with parents or legal tutors for individu-
als younger than 18 years old. The control group patients 
were thrombocytopenic patients and they were selected 
from those who did not have hepatotoxicity.

The institutional review committee (Trakya University Fac-
ulty Of Medicine, TUMF Scientific Research Ethics Commit-
tee Directive TUTF-BAEK 2017/153 Edirne, Turkey) approved 
the study and informed consent fromparents or guardians 
was collected for all children. Maintenance therapy con-
sisted of daily oral 6-MP (25-50 mgm2) and weekly oral MTX 
(10-20 mgm2). Treatment information (such as drug toxicity 
and doses) was collected from consolidation and continu-
ation phases only, since MP with MTX is the backbone of 
these two treatment phases.

The dose of MP reached during continuation phase that-
was needed to maintain the white blood cell count (WBC) 
above 1,500 per µl and the absolute neutrophil count (ANC) 
above 300 per µl in order to be able to deliver continuous 
daily doses of MP and weekly MTX doses without interrup-
tion was used for evaluation of MP intolerance. During this 
phase, patients treated on the intermediate- or high-risk 
protocol were started on 50 mg/m2 MP daily until continu-
ation week 20, when the dose was increased to 75 mg/m2 
daily. Those who were on the low-risk protocol arm were 
started on MP 75mg/m2 daily.

DNA was extracted from peripheral blood using a Qiagen 
(Gemantown, MD) DNA isolation kit according to the man-
ufacturer’s guidelines and stored at -20°C until analysis. 
Overall 17 SNPs in 5 genes were genotyped with an indi-
vidual call rate >95% and an overall success rate >98,5%. 
Genotyping for NUDT15 rs116855232, rs2838958, MTHFR 
rs1801133, rs1801131 ve ABCB1 rs1045642, SLCO1B1 
rs4149056, rs11045879, rs4149081, ARID5B rs6479778, 
rs2893881, rs4948488, rs2393782, rs10821938, rs7923074, 
rs6479779, rs17215180 were performed using light SNP 
assays on a Roche Lightcycler (Roche Diagnostics, Switzer-
land). Ten percent of samples were genotyped twice and 
the results showed 100% reproducibility.
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Statistical Analysis
We calculated median values and inter-quartile ranges for 
all continuous variables, while frequencies and percent-
ages were calculated for categorical variables. Genotype 
frequencies were tested for Hardy-Weinberg equilibrium 
using a 1°-of-freedom χ2-test and considered significant 
at p<0.05. Each of the variants were correlated with toxic-
ity events (i.e., the primary objective) using binary logistic 
regression, while assuming an additive genotypic model. 
Per-allele odds ratios (OR) and their respective 95% confi-
dence intervals (CI) are reported. All tests were two-sided 
and statistical significance was set at p=0.05. Statistical 
analyses were performed using SPSS version 26 (SPSS for 
Windows, Rel. 26.0.0. 2022. Chicago, Illinois, USA: SPSS Inc.) 
Regression analyses were performed without correction 
for covariates and after correction for relevant covariates, 
including age and BMI at the time of treatment, number 
of administered cycles and treatment regimen. For anemia, 
an additional covariate was included, i.e., use of erythro-
poiesis stimulating agents (ESAs), whereas for neutropenia 
and febrile neutropenia, use of colony stimulating factors 
(CSFs) was included as an additional covariate.

Results
Between January 2019 and December 2021 (pre-specified 
period of 2 years), we recruited 41 ALL patients treated with 
1–8 cycles MP/MTX combination therapy. Of all recruited 
patients, 99% was Caucasian. The demographic and clini-
cal characteristics of these 41 patients are summarized in 
Table 1. Hematological toxicity was analyzed in 41 patients. 
Patient, disease and toxicity characteristics are summarized 
in Table 1. Minor allele frequencies (MAF) were similar to 
those reported previously in Caucasians and adhered to 
Hardy-Weinberg equilibrium. 

Association with Hepatotoxicity
Among the 41 patients eligible for the hematological toxic-
ity analysis, we observed significant associations for 1 vari-
ant. After correction for relevant covariates (as explained in 
the statistical methods), this variant were still significantly 
associated with toxicity. ARID5B(rs2893881) p-value = 
0,009255.

Discussion
This is the first report on the association of MTHFR, ABCB1, 
SLCO1B1, ARID5B and NUDT15 polymorphisms with MP/
MTX dose intolerance in Turkish patients with ALL. We cor-
related MP and MTX induced toxicity with genetic variation 
in ARID5B (rs2893881) polymorphism involved in pharma-
cokinetics of these chemotherapeutics or DNA repair, and 

observed various correlations supporting a role for ARID5B 
in mediating toxicity and therapy outcome. Most other 
studies assessing similar correlations have been performed 
in same populations, and typically evaluated only few vari-
ants. Our study evaluates a more systematically-selected 
panel of 17 variants in ALL patients, of which 41 were evalu-
able for hematologic toxicity (Table 2). 

The soluble transporter organic anion transporter 1B1 (SL-
CO1B1) is an MTX transporter primarily found in hepato-
cytes. Three SNPs in SLCO1B1, rs11045879, rs4149081 and 
rs4149056 have been associated with MTX clearance and 
severe gastrointestinal toxicity during consolidation thera-
py between regimens.[14] However, in our study, no signifi-
cant correlation was found in terms of therapy toxicity and 
these SNPs. rs11045879 (T/C) p-value = 0.441, rs4149081 
(G/A) p-value = 0.441, rs4149056 (T/C) p-value = 0.13.

Methylenetetrahydrofolate reductase (MTHFR) is the most 
studied gene in MTX metabolism. It mediates the conver-
sion of 5,10-methylene-tetrahydrofolate to 5-methyl tetra-
hydrofolate, which acts as a methyl donor for the conver-
sion of homocysteine to methionine.[15] Two SNPs, C677T 
(rs1901133) resulting in the replacement of alanine with 
valine at codon 222 (Ala222Val), and A1298C (rs1801131), 
resulting in replacement of glutamic acid with alanine at co-
don 429 (Glu429Ala), were associated with increased MTX as 
a result of decreased MTHFR activity.[16,17] Some case reports 
have shown that variant C677T (rs 1901133) induces neu-
rotoxicity and liver toxicity, while some other publications 

Table 1. Demography and hematologic parameters of the patients

Parameters	 ALL (n=41)	 Control (n=20)

Age (years)	 6.54	 6.93
Gender		
	 Female	 16	 8
	 Male	 25	 12
Immunologic
Subtype (Lineage)		
	 B ALL	 31	
	 T ALL	 7	
	 NHL	 3	
	 Thrombocytopenia		  20
MP dose m2	 36.21
MTX dose m2	 15.21 	 16 mg /a week
Toxicity		
	 Alt	 276	 21
	 Ast	 137	 23.2
Treatment interrupt	 2.21	 -
Outcome		
	 Remission 	 26	 20
	 Recurrence 	 15	 -
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have failed to confirm this association.[18, 19, 20] Chiusolo et al. 
found that the C677T (rs1901133) and A1298C (rs1801131) 
alleles were not significant predictors of relapse-free sur-

vival or EFS in Thai pediatric ALL patients (n=76), but were 
associated with increased susceptibility for hematopoietic 
and hepatotoxicity at doses of 15-30 mg/m2 reported. These 
divergent results make it difficult to draw any strong con-
clusions about the role of MTHFR SNPs in determining MTX 
toxicity and response. The variability may be due to differ-
ences in treatment protocols between different studies, 
as well as other irregular factors such as inconsistent MTX 
doses, other SNPs, or ethnic differences between Asian and 
Northern European patient populations. 

In terms of MTHFR polymorphisms, no significant differ-
ence was found in our study in terms of the regions exam-
ined and toxicity effects. MTHFR rs1801133 (G/A) p-value = 
0,4231, rs1801131 (T/G) p-value = 0,8167. 

J Gregers et al investigated the relationship between ABCB1 
1199G4A polymorphism and the risk of recurrence in child-
hood ALL. The marked increase in relapse rates for high-risk 
ALL patients with variant 1199GA is likely because high-risk 
patients had greater exposure to P-gp substrates (gluco-
corticosteroids, vincristine, anthracyclines, and alkylating 
agents) than low-risk patients. In addition to these findings, 
the 1199GG genotype was also associated with a superior 
outcome among patients with acute myeloid leukemia.[21-

24] In the study of Kimchi-Sarfaty et al, ABCB1 2677T/T or 
3435T/T genotypes were associated with an increased risk 
of recurrence/resistance in ALL. ABCB1 2677G4T/A exhib-
its an Ala-to-Ser/Thr change in exon 21, while 3435C4T is a 
synonymous polymorphism in exon 26 that affects trans-
port by changing substrate specificity.[24]

Although these studies reported different results, no signif-
icant finding was obtained between ABCB1 polymorphism 
and drug toxicity in our study.

With the replacement of MP in the treatment of ALL, this 
has significantly contributed to the improvement of ma-
lignancy and to a significant increase in survival. However, 
thiopurines have a limited therapeutic index with dose-
limiting toxicities in hematopoietic tissues, especially in 
children with ALL. Fixed-dose MP titration is difficult in 
clinical practice and may adversely affect the overall treat-
ment outcome.

Yang et al. identified the investigated variants for TPMT 
as the strongest predictor of MP tolerance, but more im-
portantly, they identified NUDT15 as another critical gene 
associated with susceptibility to MP intolerance resulting 
from extreme toxicity. They detected a significant cor-
relation between the copy number of the T allele in the 
NUDT15 SNP rs116855232 and the tolerated MP dose, 
indicating a gene dosage effect. Patients with the homo-
zygous TT genotype were hypersensitive to MP and only 
tolerated 8,3% of the MP dose planned in the protocol. 

Table 2. Genotypic and allelic frequencies of the 5 genes and 17 SNPs

SNPs	 41 patients n (%)	 20 controls (%)

MTHFR rs1801131 T/G	 18 (43.9)	 10 (50)
T/T	 17 (41.46)	 8 (40)
G/G	 6 (14.63)	 2 (10)
rs1801133 G/A	 16 (39.02)	 9 (45)
G/G	 18 (43.9)	 11 (55)
A/A	 7 (17.07)	 -
NUDT15 rs116855232 C/T	 3 (7.31)	 -
C/C	 38 (92.68)	 20 (100)
rs2838958 G/A	 16 (39.02)	 8 (40)
A/A	 9 (21.95)	 8 (40)
G/G	 7 (17.07)	 4 (20)
ABCB1 rs1045642 G/A	 13 (31.7)	 10 (50)
A/A	 7 (17.07)	 5 (25)
G/G	 11 (26.82)	 5 (25)
SLCO1B1 rs4149056 T/C	 8 (19.51)	 2 (10)
C/C	 -	 1 (5)
T/T	 30 (73.17)	 17 (85)
rs11045879 T/C	 12 (29.26)	 3 (15)
T/T	 28 (68.29)	 16 (80)
C/C	 1 (2.43)	 1 (5)
rs4149081 G/A	 12 (29.26)	 3 (15)
G/G	 28 (68.29)	 16 (80)
A/A	 1 (2.43)	 1 (5)
ARID5B rs6479778 C/T	 21 (51.21)	 7 (35)
C/C	 20 (48.78)	 13 (65)
rs2893881 G/A	 7 (17.07)	 7 (35)
A/A	 20 (48.78)	 13 (65)
G/G	 14 (34.14)	 -
rs4948488 C/T	 19 (46.34)	 6 (30)
T/T	 20 (48.78)	 14 (70)
C/C	 2 (4.87)	 -
rs2393782 G/C	 18 (43.9)	 4 (20)
G/G	 21 (51.21)	 16 (80)
C/C	 2 (4.87)	 -
rs10821938 A/C	 21 (51.21)	 7 (35)
A/A	 11 (26.82)	 4 (20)
C/C	 9 (21.95)	 9 (45)
rs7923074 C/A	 22 (53.65)	 6 (30)
A/A	 11 (26.82)	 5 (25)
C/C	 8 (19.51)	 9 (45)
rs6479779 C/G	 17 (41.46)	 10 (50)
C/C	 12 (29.26)	 3 (15)
G/G	 12 (29.26)	 7 (35)
rs17215180 C/T	 14 (34.14)	 11 (55)
C/C	 18 (43.9)	 4 (20)
T/T	 9 (21.95)	 5 (25)
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NUDT15 genotyping can identify the group of children at 
risk for ALL and therefore may be of importance for clinical 
practice. Although patients with the NUDT15 SNPs hetero-
zygous genotype also required a larger MP dose reduction 
compared to wild-type patients, there was a relatively wide 
variation in the final tolerated dose and additional studies 
with larger sample sizes to fully characterize MP tolerance 
for this patient group will be necessary.[25]

In our study, in addition to the polymorphism region in 
this study, we also analyzed a different region in NUDT15. 
We searched for NUDT15 rs116855232 (C/T), rs2838958 
(G/A) variations. However, in our study, a significant cor-
relation was found between the variations in NUDT15 and 
therapy toxicity, perhaps due to the small number of pa-
tients or ethnicity differences. The determined values were 
evaluated as NUDT15 rs116855232 (C/T) p-value = 0,5419 
rs2838958 (G/A) p-value = 0,2556. 

Genome-wide association (GWA) studies in populations of 
European descent have shown that ARID5B single-nucleo-
tide polymorphisms (SNPs) are associated with childhood 
ALL. Several retrospective follow-up studies have confirmed 
the association of ALL risk with ARID5B genetic variations.
[26-28] Childhood ALL disease shows substantial variation in 
disease incidence across geographic regions, with a higher 
prevalence in Europe than reported in Asian populations.
[29] In different populations, it is well differentiated by ge-
netic polymorphisms related to race and ethnicity, which, 
in addition to environmental risk factors, can cause these 
incidence differences.[30,31] To understand the differences in 
susceptibility to ALL and to comprehend the causes and 
mechanism of ALL progression, it is critical to examine the 
effects of genetic variation in different ethnicities. 

To our knowledge, the effect of ARID5B variants on child-
hood ALL has not been studied in Turkey. Several genome-
wide and candidate gene association studies have report-
ed strong associations between ARID5B SNPs and risk of 
ALL and toxicity to therapeutic drugs in different popula-
tions.[32] Previously, GWA studies have been conducted in 
populations of European, Hispanic, and African American 
ancestry. Therefore, the aim of this study was to determine 
the possible association of ARID5B gene SNPs and haplo-
types with ALL in Turkish children of Balkan and Asian de-
scent. We evaluated the relationship between ARID5B SNPs 
(rs6479778, rs2893881, rs4948488, rs2393782, rs10821938, 
rs7923074, rs6479779, rs17215180) and drug toxicity in 
ALL in Turkish children. The main findings in our study are 
that ARID5B rs2893881 (G/A) p-value= 0,009255 polymor-
phisms are associated with an increased risk of ALL thera-
peutic drugs toxicity. Our study showed no association be-
tween SNPs rs6479778, rs4948488, rs2393782, rs10821938, 

rs7923074, rs6479779, rs17215180 and ALL treatment tox-
icity, but we found that this SNP was associated with the 
risk of ALL in Turkish children. About 15% of ALL patients 
suffer from relapse after treatment, and minimal residual 
disease (MRD) is considered one of the strongest prog-
nostic factors. Of note, risk alleles for ALL susceptibility 
of ARID5B SNPs are associated with worse treatment out-
come. Most ALL relapse-associated SNPs were associated 
with MRD status at the end of remission induction therapy, 
and some remained prognostic even after adjustment for 
MRD.[27]

B-cell progenitors and bone marrow cellularity are reduced 
in homozygous Arid5b knockout mice, confirming the 
role of ARID5B in B-cell lineage development. It has been 
found that ARID5B gene inhibits B-lymphocyte develop-
ment and contributes to leukemogenesis with its abnor-
mal expression during fetal life. It has been suggested that 
ARID5B variations may affect the function of this gene 
during maturation of B-progenitor cells, leading to an in-
creased risk of B-ALL.[33] While exactly how ARID5B is linked 
to ALL is unknown, it is safe to hypothesize that it may be 
involved in the epigenetic regulation of gene expression 
in hematopoietic stem cells and early lymphoid progeni-
tors such as other AT-rich DNA-binding proteins.[34] Accord-
ing to the results of our study, we have shown that ARID5B 
rs2893881 (G/A) change is also associated with therapy tox-
icity. ARID5B, which was previously shown to be associated 
with the development of childhood ALL, was also revealed 
to be associated with the development of toxicity during 
treatment.

Finally, one of the most significant findings from this study 
is that ARID5B germline SNPs related to ALL treatment tox-
icity. To our knowledge, this is the first report to describe 
the relationship between ARID5B and ALL treatment re-
sponse in the context of a preliminary ALL clinical trial.  
Further investigation of ARID5B variation in line with differ-
ent ALL treatment regimens is required to improve its value 
as a prognostic marker. Interestingly, we have previously 
presented a mechanism where methotrexate metabolites 
of the ARID5B SNP genotype (i.e., methotrexate with poly-
glutamate) are associated with leukemic cell accumulation, 
plausibly suggesting that ARID5B is associated with over-
all relapse.[35] Together, these results point to the possibil-
ity that leukemogenesis and antileukemic drug response 
mechanisms may converge in common pathways. 

Conclusion
Further studies with a larger sample size are warranted to 
confirm our results. Also, functional studies are needed to 
determine the causative variants of ARID5B gene. Under-
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standing how these and other SNP variations affect the 
overall structure and function of the ARID5B protein will 
be of significant value in improving risk-directed therapies 
and disease outcomes in childhood leukemia.

As ARID5B SNPs are closely associated with the onset and 
outcome of childhood ALL, previously published findings 
warrant comprehensive genetic and functional studies to 
uncover molecular mechanisms and evaluate the diagnos-
tic and therapeutic significance of ARID5B for ALL, which 
we outlined in our study.
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