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Summary 
Background: Acute lymphoblastic leukemia is the most com-
mon childhood malignancy. Optimal use of anti leukemic
drugs has led to less toxicity and adverse reactions, and a
higher survival rate. Thiopurine drugs, including 6-mercap-
topurine, are mostly used as antileukemic medications in
the maintenance phase of treatment for children with acute
lymphoblastic leukemia. For those patients, TPMT geno-
type-tailored 6-mercaptopurine therapy is already imple-
mented in the treatment protocols. We investigated the role
of TPMT, ITPA, ABCC4 and ABCB1 genetic variants as pre-
dictors of outcome and 6-mercaptopurine induced toxicity
during the maintenance phase of treatment in pediatric
acute lymphoblastic leukemia. 
Methods: Sixty-eight children with acute lymphoblastic leu -
kemia were enrolled in this study. Patients have been treat-
ed according to ALL IC-BFM 2002 or ALL IC-BFM 2009
protocols. Toxicity and adverse events have been monitored
via surrogate markers (off-therapy weeks, episodes of leu -
ko penia and average 6-mercaptopurine dose) and a prob-

Kratak sadr`aj
Uvod: Akutna limfoblastna leukemija je naj~e{}a maligna
bolest de~jeg doba. Optimalna upotreba antileukemijskih
lekova dovela je do smanjenja toksi~nosti i ne`eljenih doga -
|aja, kao i do pove}anja stope pre`ivljavanja. Tiopurinski
lekovi, uklju~uju}i 6-merkaptopurin, predstavljaju naj~e{}e
kori{ }e  ne antileukemijske lekove u le~enju dece obolele od
akutne limfoblastne leukemije, koji se koriste u toku faze
odr`a vanja. Personalizovana terapija 6-merkaptopurinom,
prilago|ena TPMT genotipu svakog pacijenta, ve} je imple -
mentirana u terapijske protokole. Cilj ove studije je bio da
ispi ta ulogu varijanti u genima TPMT, ITPA, ABCC4 i ABCB1
kao prediktora ishoda i toksi~nosti uzrokovane 6-merka pto -
purinom u toku faze odr`avanja u le~enju pedijatrijske akut -
ne limfoblastne leukemije.
Metode: U studiju je bilo uklju~eno 68 dece obolele od
akutne limfoblastne leukemije. Pacijenti su le~eni prime -
nom ALL IC-BFM 2002 ili ALL IC-BFM 2009 protokola.
Toksi~nost i ne`eljeni doga|aji su posmatrani i bele`eni
upo trebom surogat markera (broj nedelja bez terapije, broj

List of abbreviations: ALL, acute lymphoblastic leukemia; 6-MP, 6-mercap-
topurine; TPMT, thiopurine S-methyltransferase; ITPA, inosine triphos-
phate pyrophosphatase; MRP4, Multidrug Resistance Protein 4; ABCC4,
ATP-binding cassette sub-family C member 4; MDR1, Multi drug
Resistance 1; ABCB1, ATP-binding cassette sub-family B member 1;
PCR-RFLP, polymerase chain reaction – Restriction Fragment Length
Polymorphism; ROC, receiver operating characteristic; AUC, area under
the curve; 6-TG, 6-thioguanine; SNPs, single-nucleotide polymorphisms;
ATP, adenosine triphosphate; GWAS, genome-wide association study, SR,
standard risk; IR, intermediate risk; HR, high risk; WBC, white blood cell;
bp, base pair; ANOVA, analysis of variance.
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Introduction

Acute lymphoblastic leukemia (ALL) is a malig-
nant clonal disease of the hematopoietic tissue. It is
the most common cancer in childhood, accounting
for approximately 30% of all pediatric malignancies.
The optimal use of known antileukemic drugs in the
context of multicentric clinical trials and improve-
ments in the field of supportive therapy have led to
higher survival rates (1).

Thiopurine drugs are mostly used as immuno-
suppressive and anticancer therapy for hematological
malignancies, inflammatory bowel disease and renal
transplant patients. Excessive accumulation of their
active metabolites inside hematopoietic cells leads to
increased toxicity. On the contrary, increased efflux of
active thiopurine metabolites can lead to diminished
efficacy of the therapy (2). 6-mercaptopurine (6-MP)
and 6-thioguanine (6-TG) are key immunosuppressive
thiopurine medications in the therapy protocols for
childhood ALL. The role of 6-MP is especially impor-
tant during the maintenance phase of treatment (1).

Single nucleotide polymorphisms (SNPs) in the
genes encoding proteins involved in 6-MP meta -
bolism, cellular transport and mechanism of action
can influence drug efficacy and toxicity (Figure 1) (3).
Thiopurine S-methyltransferase (TPMT) is an impor-
tant enzyme that inactivates thiopurine drugs. It is
well known that individuals carrying two inactive
TPMT alleles (homozygous TPMT deficiency) experi-
ence severe myelosuppression when treated with con-
ventional doses of thiopurine drugs. Heterozygous
de ficient TPMT carriers (one inactive TPMT allele)
show moderate to severe myelosuppression in con-
trast to homozygous carriers of the wild-type TPMT
allele (TPMT*1) and have a lower risk of myelosup-
pression when on conventional 6-MP doses (4). SNPs

in the inosine triphosphate pyrophosphatase (ITPA)
gene, which modulates the ITPase activity, have been
shown to influence the accumulation of the above-
mentioned toxic thiopurine metabolites. Thus, carriers
of these SNPs are prone to severe myelosuppression
(5–8). The Multidrug Resistance Protein 4 (MRP4)
belongs to the family of ATP-binding cassette trans-
porters and serves as a transmembrane efflux-pump
for various organic anions. The physiological role of
MRP4 protein includes the detoxification of drugs
and various endogenous toxic molecules (7). MRP4
protein ex ports methylated 6-MP nucleotides – among
other mole cules – from cells, thus protecting them
from 6-MP toxicity. The ABCC4 (ATP-binding cassette
sub-family C member 4) gene that encodes for MRP4
protein is highly polymorphic, with more than 20 mis-
sense genetic variants. Less functional ABCC4 alleles
may be responsible for more severe myelosuppression
during 6-MP treatment. Furthermore, more active
ABCC4 alleles could be responsible for 6-MP resis-
tance (9). Notably, nucleotide T in ABCC4 c.*1372
T>G has been pointed-out by Lopez et al. (10) in a
GWAS study as the genetic variant that results in
decreased ABCC4 expression and thus, 6-MP in -
duced toxicity. The ATP-binding cassette sub-fa mily B
member 1 (ABCB1) gene encodes for P-glycoprotein,
an ATP-de pendent transmembrane efflux-pump. It
trans ports xenobiotics out of cells, but also prevents
the entry of toxic metabolites (11). Some tumours
that are resistant to chemotherapy have ABCB1 over-
expressed. In more than half of the relapsed acute
myeloid leu kemia incidents, P-glycoprotein is more
active than in the non-relapsed cases, thus making it
a suitable candi date marker of poor prognosis. P-gly-
coprotein serves as an efflux-pump for various
chemothera peutics used in the treatment of child-
hood ALL, such as doxorubicin, etoposide, vincristine,
and 6-MP (12). The overexpression of ABCB1 could

abilistic model was employed to predict overall 6-mercap-
topurine related toxicity. 
Results: We confirmed that patients with acute lymphoblas-
tic leukemia that carry inactive TPMT allele(s) require 6-
mercaptopurine dose reduction. ITPA and ABCC4 genetic
variants failed to show an association with 6-mercapto -
purine induced toxicity during the maintenance phase.
Carriers of ABCB1 variant allele experienced greater hepa-
totoxicity. The probabilistic model Neural net which consid-
ered all the analysed genetic variants was assessed to be
the best prediction model. It was able to discriminate ALL
patients with good and poor 6-mercaptopurin tolerance in
71% of cases (AUC=0.71).
Conclusions: This study contributes to the design of a panel
of pharmacogenetic markers for predicting thiopurine-
induced toxicity in pediatric ALL.

Keywords: childhood acute lymphoblastic leukemia
(ALL), 6-mercaptopurine (6-MP), TPMT, ITPA, ABCC4,
ABCB1

epizoda leukopenije i prose~na doza 6-merkaptopurina) a
probabilisti~ki modeli su kori{}eni za predikciju ukupne
toksi~nosti uzrokovane primenom 6-merkaptopurina. 
Rezultati: Studija je potvrdila da pacijenti oboleli od akutne
limfoblastne leukemije koji imaju neaktivni TPMT alel za h -
te vaju redukciju doze 6-merkaptopurina. Varijante u geni-
ma ITPA i ABCC4 nisu bile povezane sa toksi~no{}u koja je
uzrokovana primenom 6-merkaptopurina u toku faze odr ̀a -
 vanja. Nosioci varijante u genu ABCB1 su ispoljili ve}u hep-
atotoksi~nost. Probabilisti~ki model Neural net kojim su po -
smatrane sve analizirane genske varijante se pokazao kao
najbolji predikcioni model. Primenom ovog modela bilo je
mogu}e razlikovati ALL pacijente sa lo{om i dobrom tole -
rancijom 6-merkaptopurina u 71% slu~ajeva (AUC=0,71). 
Zaklju~ak: Ova studija doprinosi dizajniranju panela far-
makogenetskih markera koji bi se koristili za predikciju
toksi~nosti uzrokovane primenom tiopurinskih lekova kod
dece obolele od akutne limfoblastne leukemije.

Klju~ne re~i: akutna limfoblastna leukemija (ALL), 6-
merka ptopurin (6-MP), TPMT, ITPA, ABCC4, ABCB1



322 Milosevic et al.: TPMT, ITPA, ABCC4 and ABCB1 and 6-MP toxicity

be responsible for therapy failure or relapse (13) while
the reduced activity of P-glycoprotein can lead to
more severe 6-MP toxicity. 

Herein, we aim to explore the role of TPMT,
ITPA, ABCC4 and ABCB1 genetic variants in the
occur rence and intensity of 6-MP induced toxicity
during the maintenance phase of childhood ALL
treatment. 

Materials and Methods

Sixty-eight children with ALL, diagnosed and
treated at University Children’s Hospital, Belgrade in
the period between January 2003 and January 2013

were enrolled in this study. Informed consent has
been obtained from parents or legal guardians. The
study has been approved by the Ethics Committee of
University Children’s Hospital, University of Belgrade.
Children have been treated according to either ALL
IC-BFM 2002 or ALL IC-BFM 2009 protocols,
depending on the time of diagnosis: those diagnosed
before April 1, 2010 were treated according to the
ALL IC BFM 2002 protocol, whereas those diagnosed
after that date were treated according to the currently
used protocol (14). Patients were classified into risk
groups based on their risk for relapse (standard risk
group – SR, intermediate risk group – IR and high risk
group – HR) according to the current protocol. All
patients have received maintenance therapy that

Figure 1 Schematic representation of 6-mercaptopurine metabolism.
Blue lines represent inactivation pathways; red lines represent pathways that generate active metabolites; green lines represent elimination
(efflux) out of the cell. 6-MP: 6-mercaptopurine, XO: xanthine oxidase, 6-TUA: 6-thiouric acid, TPMT: thiopurine S methyltrans-
ferase, 6-MeMP: 6-methylmercaptopurine, 6-MeMPR: 6-methylmercaptopurine ribonucleotide, HGPRT: hypoxanthine phosphoribosyl
transferase, 6-TIMP: 6-thioinosine 5’-monophosphate, 6-TIDP: 6-thioinosine 5’-diphosphate, 6-TITP: 6-thioinosine 5’-triphos-
phate, 6-MeTITP: 6-methylthioinosine 5’-triphosphate, ITPA: inosine triphosphate pyrophosphatase, 6-MeTIMP: 6-methylthioino-
sine 5’-monophosphate, IMPDH: inosine mono phosphate dehydrogenase, 6-TXMP: 6-thioxanthosine 5’-mono phosphate, GMPS: guano-
sine monophosphate synthetase, 6-TGN: 6-thioguanine nucleotide, 6-MeTGN: 6-methylthio guanine nu cleo tide, MRP4: multidrug
re  sistance protein 4, P-gp: P-glycoprotein.



included daily oral 6-MP (50 mg/m2) and weekly oral
methotrexate (20 mg/m2). The maintenance phase
lasted between 13 and 17 months (60–77 weeks).
The target white blood cell (WBC) count was moni-
tored to be between 2.0 and 3.0 × 109/L. Patients
had regular check-ups every 2 weeks during the
entire maintenance phase. If the WBC count fell
below 2.0 × 109/L, the 6-MP dose was reduced in
25% weakly increments. Instead, if the WBC count
increased above 3.0 × 109/L, the 6-MP dose was
also increased in 25% weakly increments. If the WBC
count was below 1.0 × 109/L, 6-MP administration
was discontinued, until WBC recovery. The TPMT
genotype was determined for all patients before the
beginning of the maintenance therapy and 6-MP
doses were adjusted accordingly (4, 15). Toxicity and
adverse events during 6-MP treatment have been
monitored using surrogate markers (off-therapy
weeks, episodes of leukopenia and average dose, cal-
culated considering 50 mg/m2 as 100%). Side effects,
such as hepatotoxicity (elevated levels of transaminas-
es), rash, acute pancreatitis and flu-like symptoms,
have also been recorded for all patients.

The analysis of TPMT c.460G>A (rs1800460),
TPMT c.719A>G (rs1142345), ITPA c.94C>A
(rs1127354), ABCC4 c.*1372T>G (rs9516519) and
ABCB1 c.2677G>T (rs2032582) was performed by
PCR-RFLP in the Laboratory for Molecular Bio  me di -
cine, Institute of Molecular Genetics and Genetic
Engineering, University of Belgrade. In particular, the
TPMT, ITPA and ABCB1 genetic variants of in terest
were analysed as described previously (18). The region
of ABCC4 gene that contains c.*1372 T>G was
amplified using 5’-GCTTTTTAAGGCT-TCACTCAAT -
AAAA CAGC-3’ as the forward primer and 5’-GTGTC -
ACCTCCCTGAAATTGC-3’ (reverse primer). Restriction
digestion with PvuII enzyme followed by 3% agarose
gel electrophoresis was used to distinguish T nucleo tide
(118 + 29 bp) from G nucleotide carriers (147 bp).
Since both TPMT c.460 G>A and TPMT c.719 A>G
cause major decreases in TPMT enzyme activity, pres-
ence of any or both SNPs was considered to have the
same effect. Genotyping for ITPA, ABCC4 and ABCB1
was performed retrospectively, using bone marrow
samples taken on the day of diagnosis.

To explore any association of our genotyping
findings and toxicity, Mann-Whitney test, Student t-
test, Kruskal-Wallis test and ANOVA were used when
appropriate. 

In order to predict 6-MP induced toxicity in ALL
patients based on the studied variants in TPMT, ITPA,
ABCB1 and ABCC4 genes, probabilistic classifier
models were designed using Elastic net, Neural net
and Random forest machine learning algorithms.
These models were used to discriminate patients
whose mean dose of 6-MP was below (poor toler-
ance) or above average (good tolerance). Repeated
10-fold cross-validation method was applied to avoid

model overfitting. The area under the ROC curve
(AUC) values were used to assess performance of
the classifying models. AUC values range from 0.5
(random classifications) to 1.0 (perfect classifications)
(19). R software (v.3.4.3) was used to apply predictive
algorithms and measure their performance using fol-
lowing packages: glmnet (20), nnet (21), random -
Forest (22), ROCR (23), PresenceAbsence (24).

Results

A total number of 68 patients with ALL have
been evaluated in this study. Median age at diagnosis
was 5.2 years, ranging from 11 months up to 17.6
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Table I Patients characteristics. 

(No=68 patients)
Age Years

Average 6.5
Median 5.2
Range 0.9–17.6

Gender N° %
Male 38 56
Female 30 44

Immunophenotype
B lineage 58 85
T lineage 10 15

Molecular genetics
Negative 47 69
BCR/ABL 3 4
MLL/AF4 2 3
TEL/AML1 14 21
E2A/PBX1 2 3

Applied protocol
ALL IC BFM 2002 39 57
ALL IC BFM 2009 29 43

Prednisolone response
Good response 61 90
Poor response 7 10

Day 33 BM
M1 67 98
M2 0 0
M3 1 2

Risk group
Standard risk 11 16
Intermediate risk 47 69
High risk 10 15

Outcome
CR 59 87
Relapse 5 7
Death due to relapse 4 6

Good prednisolone response: <1000 leukoblasts per mm3,
poor prednisolone response: >1000 leukoblasts per mm3,
BM: bone marrow, M1:<5% leukoblasts in BM, M2: ≥5%
<25% leukoblasts, M3: ≥25% leukoblasts, CR: complete
remission
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years. Minor predominance of male patients was
observed (56%). Patient characteristics are summa-
rized in Table I. The genotype frequencies (%) for the
TPMT, ABCC4, ITPA and ABCB1 genomic variants of
interest are shown in Table II. Average and median
duration of maintenance therapy for patients was
both 16 months, ranging from 9 to 21 months. The
median dose and average dose of 6-MP during main-
tenance therapy was approximately 100% and 101%,
respectively. The lowest 6-MP dose administered was
34% and the highest 197%. Ten patients with ALL
(15%) have spent more than 10% of time skipping
therapy due to leukopenia. Only 21 patients (30.5%)
had no episodes of leukopenia during maintenance
therapy. The remaining 47 patients had at least one
episode of leukopenia. Hepatotoxicity of various de -
grees was detected in 45 patients (66%) at some point
during the maintenance phase of therapy.

TPMT

The median average dose of 6-MP was 72% in
the group of patients with ALL that carried at least
one TPMT variant allele, c.460A or c.719G, and was
found to be significantly lower (p=0.003) than that
of the ALL patients carrying wild type TPMT (111%). In
TPMT positive patients with ALL, there were no
patients that spent more than 10% of time skipping

therapy and the number of episodes of leukopenia was
not higher than that of the patients carrying wild type
TPMT (Table II). The absence of common therapy
complications in TPMT positive patients is most likely
a result of the fact that 6-MP doses were adjusted
according to the TPMT genotype (determined for all
patients before beginning of maintenance the rapy).

ITPA

Five patients (7%) were carriers of the ITPA
c.94CA allele and their median average dose for 6-
MP was 91%. The patients with ALL carrying wild type
ITPA had a median average dose of 100%. No statis-
tically significant difference was noted between those
groups and analysis failed to show any relationship
between the ITPA c.94CA genotype and in creased
6-MP toxicity using all three surrogate markers for
myelotoxicity (Table II). Also, we could not establish
any association among the variant ITPA alleles and
increased occurrence of hepatotoxicity (Table II). 

ABCC4

The ABCC4 c.*1372TT genotype (wild type)
was detected in 61% of our patients with ALL, where
heterozygote and homozygote carriers of variant

Table II Genotype frequency of genetic variants in TPMT, ABCC4, ITPA and ABCB1 genes in childhood ALL patients and surro-
gate myelotoxicity parameters and hepatotoxicity.

Gene n (%)

Median
average
dose of 
6-MP %

P-value
Longer 

than 10% 
off-therapy

P-value

Average
number of
leukopenic
episodes

P-value Hepatotoxicity 
n (%) P-value

TPMT

TPMT*1/TPMT*1 64 (94.2) 111.0
0.003

10
0.521

2.3
0.155

42 (65.6)
0.584Variant allele† 

carriers 4 (5.8) 72.0 0 3.5 3 (75)

ABCC4 c.*1372T>G 

TT – wild type 41 (61.0) 104

0.836††

7

0.729††

2.6

0.165††

27 (65.8)

0.945††TG 24 (35.0) 95 3 1.8 16 (66.7)

GG 3 (4.0) 89 0 2 2 (66.7)

ITPA c.94C>A

CC – wild type 63 (93.0) 100

0.814††

9

0.560††

2.3

0.737††

40 (63.5)

0.159††CA 5 (7.0) 91 1 2.2 5 (100)

AA 0 / / / 0

ABCB1 c.2677G>T

GG – wild type 29 (43.0) 99

0.843††

5

0.733††

2.5

0.613††

15 (51.7)

0.030††GT 26 (26.0) 100 2 2.5 21 (80.7)

TT 13 (19.0) 95 3 1.5 9 (69.2)

† Detected TPMT variant alleles include TPMT*3A (c.460A and c.719G in cis) and TPMT*3C (c.719G)
†† Dominant genetic model was used.



allele represented 35% and 4% of the cohort, respec-
tively. In ABCC4 c.*1372GG and MRP4 c.*1372TG
genotype carriers, the median average doses of 6-MP
were 95% versus 104% in wild type allele carriers.
Using all three surrogate markers for myelotoxicity,
we did not confirm that ABCC4 variant allele carriers
experience greater 6-MP induced toxicity during the
maintenance phase of therapy nor correlation with
increased hepatotoxicity (Table II).

ABCB1

The ABCB1c.2677TT genotype was detected in
19% of our patients and the ABCB1c.2677GT geno-
type in 38% of the cohort (Table II). The median aver-
age dose of 6-MP in wild type, heterozygote and
homozygote carriers of variant alleles was 99%, 100%
and 95%, respectively. Neither homozygote nor het-
erozygote carriers of ABCB1 variant alleles experi-
enced greater 6-MP induced myelotoxicity during
treatment (Table II). However, patients that were vari-
ant allele carriers showed increased frequency of
hepatotoxicity (p=0.030). 

Pharmacogenetic predictive model for 6-MP
induced toxicity in treatment of childhood ALL

Eleven patients with ALL, carriers of wild type
TPMT alleles, could tolerate the same or even lower
average dose of 6-MP (similarly to) as the carriers of
TPMT variant alleles. Among these 11 patients, there
were 4 heterozygous carriers of ABCC4 variant allele,
ABCC4c.*1372TG, as well as 4 heterozygotes, ABCB1
c.2677GT, and 4 homozygotes, ABCB1 c.2677TT,
for ABCB1 variant allele. This finding suggests that,
besides TPMT variant alleles, the above-mentioned
genetic variants should be considered as additional
pharmacogenetic markers towards patient-tailored
treatment of childhood ALL.

Different prediction models (Elastic net, Neural
net and Random forest) were used to classify patients
whose mean dose of 6-MP for the entire duration of
maintenance therapy was below average (poor toler-
ance) or above average (good tolerance). After evalu-
ating performance of these prediction models using
AUC values as measurement of classification accura-
cy, it was found that the best predictive model per-
formance was achieved when all analyzed genetic
variants (TPMT c.460G>A, TPMT c.719A>G, ITPA
c.94C>A, ABCC4 c.*1372T>G and ABCB1
c.2677G>T) were used, even though not all genetic
variants showed association with 6-MP tolerance. Out
of 3 predictive algorithms, Neural net algorithm
showed the best performance for 6-MP tolerance pre-
diction: AUC = 0.71 [95% CI: 0.59–0.83]. This
means that according to our results, this model can
accurately discriminate between pairs of ALL patients
that have good and poor tolerance in 71% of cases. 

Discussion

This is the first study of the effect of pharmaco-
genetic variants in ABCC4, ITPA and ABCB1 genes in
Serbian childhood ALL patients. Pharmacogenetic
variants in TPMT gene have already been studied in
the Serbian childhood ALL patients (15). The ITPA
variant genotype frequency in our group of patients
was 7.0%. The genotype frequency of the same vari-
ant, ITPA c.94CA, in Malaysian children with ALL has
been shown to be 28% (25). It was also shown that
carriers of ITPA variant alleles were at increased risk
of developing fever and liver toxicity during 6-MP
treatment in Malaysian patients (25). In particular,
carriers of ITPA variant alleles have a higher incidence
of febrile neutropenia, but only if 6-MP treatment has
been already modified according to patients’ TPMT
genotype (26). An increased intracellular concentra-
tion of 6-MP toxic metabolites was also monitored in
patients carrying ITPA variant alleles (27). However,
some studies did not confirm any correlation among
ITPA variant alleles and 6-MP toxicity (28). Our
results did not support the findings of others (27–29)
that ITPA variant allele can be an independent predic-
tor of 6-MP myelotoxicity or other adverse reactions,
like flu-like symptoms, rash and pancreatitis, to thio -
purine drugs. In our study group, those adverse reac-
tions were not detected.

Studies in animal models have shown that low
ABCC4 expression was responsible for thiopurine sen-
sitivity and increased myelotoxicity, whereas high
gene expression could be responsible for treatment
failure (9). Also, ABCC4 variants were correlated to a
decreased event free survival in children with ALL
(30). Today, available data on myelotoxicity and out-
come correlation with ABCC4 genetic variants are
scarce. Herein, the frequency of ABCC4 c.*1372TG
and ABCC4 c.*1372GG in our group was 34.7% and
4.3%, respectively. No association of ABCC4 c.*1372
T>G variant with myelotoxicity was found.

Genotype frequencies of ABCB1c.2677GT and
ABCB1 c.2677TT carriers in Korean children with
ALL were 36% and 9%, respectively. In our patient
group the same genotype frequencies were 38% and
19%. Also, the same study has failed to show correla-
tion of variant ABCB1 alleles with increased myelotox-
icity or outcome (2). Our results have not confirmed
that ABCB1 variant allele could be an independent
predictor of myelotoxicity. Increased occurrence of
hepatotoxicity in our patients that were variant allele
carriers is probably related to methotrexate use,
rather than 6-MP (10). Gregers et al. have explored
polymorphisms in ABCB1 gene in relation to myelo-
toxicity and hepatotoxicity and failed to show correla-
tion of ABCB1c.2677GT and ABCB1 c.2677TT vari-
ants with hepatotoxicity, but did reveal correlation
with increased myelotoxicity which was not the case
in our study (31). Our study failed to demonstrate
univariate association of any analysed genetic marker,
except in TPMT gene, with 6-MP induced toxicities. 

J Med Biochem 2018; 37 (3) 325
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One of the aims of this study was to develop a
prediction model based on genetic data which could
potentially estimate 6-MP tolerance. To the best of
our knowledge, no study has dealt with 6-MP toler-
ance or toxicity by employing predictive modeling
with selected genetic markers as input variables. We
used 3 classification algorithms and the best predic-
tion model was assessed using Neural net which
could discriminate ALL patients that have good and
poor tolerance in 71% of cases. This model took into
account all analysed genetic variants, not only those
that showed significant association in univariate anal-
ysis, because liberal inclusion of variables could still
contribute to model performance (32). 

In our study group, we did not have all the pos-
sible combinations for the investigated genetic mark-
ers. This is a consequence of the relatively small
cohort of patients we could collect in Serbia. Anyway,
the probabilistic model predicts that not only variants
in TPMT gene, but also variants in other genes rele-
vant for 6-MP metabolism and transport (ITPA,
ABCC4 and ABCB1) could be used as predictors of 6-
MP induced toxicity during the maintenance phase of
treatment in pediatric ALL. We suggest that TPMT
c.460G>A, TPMT c.719A>G, ITPA c.94C>A,
ABCC4 c.*1372T>G and ABCB1 c.2677G>T vari-
ants serve as markers towards patient stratification,
identifying those patients at a higher risk of develop-
ing myelotoxicity and therefore, discontinuing thera-
py. 

Children with ALL suffer from a rare, but highly
curable disease. However, there is still around 10% of
patients with complications and unfavourable out-
come. As such, a therapeutic strategy that is effica-
cious and continuous (devoid of side effects) is of fun-
damental importance. This strategy has to include a
treat  ment approach which is personalized, based on
the individual genomic profile of each patient. Asso -
cia tion studies on the pharmacogenomic profile of
patients and data on the toxicity of drugs are the most
promising directions on the road to personalized
medicine. The high throughput methodology, such as
next generation sequencing, would facilitate analysis
of all known genes relevant for 6-MP metabolism and
transport in each childhood ALL patient. The study of
association of these genomic data and the occur-
rence and intensity of 6-MP induced toxicity during
the maintenance phase of childhood ALL treatment,
would enable the design of a panel of pharmacoge-
netic markers for predicting thiopurine-induced toxic-
ity in pediatric ALL. 
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