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Abstract. Single nucleotide polymorphisms (SNPs), the most
common type of genetic variation, are important for the study
of human diseases. Genome-wide association studies (GWAS)
have revealed specific gene polymorphisms, among hundreds
of polymorphisms, that are associated with a number of
diseases. Leukemia is one of these human pathologies, while
acute lymphoblastic leukemia (ALL) is the most common type
of cancer affecting children and adolescents. Despite progress
being made in survival rates during over the past decades,
ALL remains the second leading cause of cancer-related
mortality in this age group. Consequently, early diagnosis
and treatment remain a major clinical challenge. Several gene
polymorphisms have been investigated concerning suscep-
tibility to ALL, including SNPs of carcinogen metabolism
genes, folate metabolism genes, DNA repair genes, regulators
of lymphoid cell differentiation, tumor suppressors, transcrip-
tional factors and chemokines. Furthermore, various SNPs
of genes participating in the metabolism of anti-leukemic
agents have revealed associations with therapy-toxicity. This
is important, since therapy-induced toxicity may lead to inter-
ruptions or to the discontinuation of therapy, with the risk
of relapse. Finally, SNPs of various genes have been related
to the prognostic outcomes of patients with ALL. For these
reasons, the present review aimed to describe the role of the
above-mentioned SNPs as regards susceptibility, toxicity and
the clinical outcome of ALL.
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1. Introduction

SNPs are the most common genetic variation among indi-
viduals. They consist of a replacement at a single base pair.
Polymorphisms normally occur throughout the DNA of
a subject and it has been estimated that 10 million poly-
morphisms exist in the human genome (Genetics Home
Reference; https://ghr.nlm.nih.gov/primer/genomicre-
search/snp). Depending on its location, an SNP can affect
either the function and relevant biochemical pathways of a
gene, or the development of a disease. Most commonly, poly-
morphisms are located in spacer DNA between genes or in
non-coding regions. They may serve as biological markers
for the identification of genes that may be associated with a
disease. When they are located within a gene or in a regula-
tory region of a gene, they may affect the function of the gene
and play a more direct role in the development of a disease
(https://ghr.nlm.nih.gov/primer/genomicresearch/snp).

The majority of polymorphisms do not affect human
health and do not lead to disease development. However, some
of them play an important role in the study of diseases. They
may contribute to the prediction of the response to treatment,
susceptibility to toxins or the appearance of adverse events,
as well as risk of development of specific diseases. They may
also aid in enhancing our understanding of the inheritance of
disease genes within families.

Genome-wide association studies (GWAS) are studies
that investigate the whole genome for the detection of SNPs
that are associated with a disease. Each study can analyze
hundreds of thousands of polymorphisms simultaneously.
The data from this analysis can identify gene modifications
that may render an individual susceptible for developing a
certain disease. This approach has already revealed various
polymorphisms associated with several complex pathologies
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including diabetes (1), heart abnormalities (2), Parkinson's
disease (3), Crohn's disease (4), cancer (5) and hematological
malignancies (6), i.e., leukemia (7).

In particular, focusing on ALL, Wang et al (7) demonstrated
that the combination of SNP array analysis with chromo-
some and fluorescence in situ hybridization (FISH) assays in
patients with ALL significantly increased the detection rate for
clinically significant abnormal conditions (from 56 to 75%).
The authors of that study suggested that as whole genome
SNPs array analysis can detect cytogenetically undetectable
clinically significant aberrations, this approach could routinely
be applied to the diagnosis of ALL (7). As regards pediatric
patients, leukemia is the most common type of childhood
cancer. It is estimated that it accounts for 25.8% of all malig-
nancies in patients <20 years of age and is the second leading
cause of cancer-related mortality in this age group. When ALL
is compared to acute myelogenous leukemia (AML), it occurs
5-fold more frequently in this population. It is estimated that
78% of childhood leukemia is ALL (8). Approximately 85% of
all pediatric ALL cases are B-lineage derived and due to the
above findings, the early diagnosis and treatment of childhood
ALL comprise a major challenge. In the present review, the
role of specific SNPs in the clinical aspects of susceptibility to
disease, therapy-toxicity and prognosis/outcomes are further
presented and summarized.

2. Susceptibility alleles

As categorized in Table I, there are several genes whose SNPs
are related to susceptibility to pediatric ALL.

A systematic review and meta-analysis of published studies
(January, 1996 to Jully, 2009) was conducted in 2010 (9), with
the aim of understanding the role of candidate genes in the
susceptibility to childhood ALL. In total, 25 polymorphic
variants were analyzed, belonging to the following categories:
Carcinogen metabolism genes, folate metabolism genes and
DNA repair genes.

Carcinogen metabolism-related genes (xenobiotic system)
include phase I enzymes that include cytochrome P4501A1
(CYPIAI), phase II enzymes that include glutathione
S-transferases [glutathione S-transferase M1 (GSTM1I) and
glutathione S-transferase theta 1 (GSTT1/)], NADPH quinone
oxidoreductase 1 (NQOI) and multidrug resistance protein 1
(MDRI), which encodes the P-glycoprotein. Folate metabo-
lism genes refer to 5,10-methylenetetrahydrofolate reductase
(MTHFR), methionine synthase (MTR alias MS), methionine
synthase reductase (MTRR), serine hydroxymethyltrans-
ferase (SHMT), thymidylate synthetase (7'S) and reduced folate
carrier 1 (RFCI, alias SLCI9A1). DNA repair genes include
X-Ray repair-cross complementing group 1 (XRCCI) and
excision repair-complementing group 2 (ERCC?2). Significant
associations were revealed in a pooled analysis for 8 variants,
particularly GSTM1 deletion, MTRR A66G, SHMTI C1420T,
RFCI G80A, CYPIAI*2A, CYP2EI*5B, NQOI C609T and
XRCCI G28152A. Conclusively, it was suggested that candidate
gene analyses may be used complementary to GWAS (9).

Phase I enzymes. CYPIAI is a gene that has been inves-
tigated concerning its possible susceptibility for ALL.
CYPIAI belongs to family 1, subfamily 1A1 of cytochrome

P450. CYP1AL1 protein is a phase I xenobiotic-metabolizing
enzyme. It is involved in the activation of the conversion
of environmental chemicals into carcinogens (particularly
polycyclic aromatic hydrocarbons). In the next step, phase 11
enzymes, such as GSTMI1, detoxify the above carcinogens.
Genetic polymorphisms of CYPIAI have been investigated
concerning their negative effects on enzyme function and as
a result, on the metabolizing ability (10). CYPIAI harbors
two important polymorphisms, rs4646903 (T3801C), which
is also referred to as CYPIAI*2A, localized to chromosome
15922, and rs1048943 (A2455G), which is also referred to as
CYPI1A1#2C or m2 allele. A previous meta-analysis revealed
that the CYPIAI*2A and CYPIAI*2C alleles increased the risk
of developing leukemia and that there may exist a variation
regarding ethnicity, gene-gene interactions, age and leukemia
subtype (11).

Phase Il enzyme. A previous meta-analysis concerning the role
of the GSTPI A15578G polymorphism in ALL revealed no
connection between the above-mentioned polymorphism and
the risk of developing ALL (12). Similarly, another meta-anal-
ysis investigating the role of polymorphisms of GSTMI,
GSTTI and GSTPI 1lel05Val in childhood ALL revealed that
the GSTM1 variants may increase the risk of developing ALL.
However, no association was found with regard to the other
polymorphisms (13).

Folate metabolism genes. Some polymorphisms in folate
pathway genes may be associated to the risk of developing
ALL. Two MTHFR gene polymorphisms, C677T and A1298C,
seem to play a protective role through a gene-environment
interaction, as shown by a study including 270 patients with
ALL of French-Canadian origin (14). Moreover, another
study including 245 pediatric patients with ALL investigated
the role of polymorphisms in MTHFR (677C>T, 1298A>C),
methionine synthase (MTR 2756A>G), methionine
synthase reductase (MTRR 66A>G), methylenetetrahydro-
folate dehydrogenase (MTHFDI 1958G>A), nicotinamide
N-methyltransferase (NNMT 1VS-151C>T), serine hydroxy-
methyl transferase (SHMTI11420C>T), TS (2R3R) and reduced
folate carrier (RFCI 80G>A); an increased risk of developing
ALL was revealed for the RFCI and NNMT gene variants,
whereas a decreased risk of developing ALL was revealed for
the MTHFR and TS gene variants (15). The authors of that
study suggested that the reduced cellular uptake of folate and
a change in the methylation status was responsible for the
increased risk of developing ALL associated with RFCI1 80G>A
and NNMT IVS-151C>T. They also suggested that a change in
the intracellular folate redistribution may be the reason for the
reduced risk of developing ALL for subjects possessing the
MTHFR 677C>T and TS 2R/3R polymorphisms (15). Another
study that included 392 Australian patients with ALL and their
parents investigated the role of 7 folate pathway gene polymor-
phisms (MTHFR 677C>T, MTHFR 1298A>C, MTRR 66A>G,
MTR 2756 A>G, MTR 5049 C>A, CBS 844 Ins68 and CBS
2199 T>C) in association with pre-pregnancy maternal folic
acid supplement use (16). The data analysis revealed that the
children who had, or whose father had the MTRR 66GG geno-
type exhibited a reduced risk of developing ALL. The above
results indicate that some folate pathway gene polymorphisms
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Table I. Overview of the genetic loci associated with susceptibility to ALL.

Gene Function/role Author, year of publication (Refs.)
CYPIAI Carcinogen metabolizing enzyme Vijayakrishnan and Houlston, 2010 )
Han et al, 2013 11
CYP2E] Carcinogen metabolizing enzyme Vijayakrishnan and Houlston, 2010 ©)
GSTM1 Carcinogen metabolizing enzyme Vijayakrishnan and Houlston, 2010 ©)
Zhao et al,2018 (13)
NQOI Carcinogen metabolizing enzyme Vijayakrishnan and Houlston, 2010 )
MDRI Carcinogen metabolizing enzyme Kreile et al, 2014 an
MTHFR Folate metabolism gene Krajinovic et al, 2004 (14)
de Jonge et al, 2009 (15)
Kreile et al, 2014 an
MTR (MS) Folate metabolism gene de Jonge et al, 2009 (15)
Ma et al,2019 (19)
MTRR Folate metabolism gene Vijayakrishnan and Houlston, 2010 )
Milne et al, 2015 (16)
SHMT1I Folate metabolism gene Vijayakrishnan and Houlston, 2010 9)
RFCI Folate metabolism gene Vijayakrishnan and Houlston, 2010 ©)
De Jonge et al, 2009 (15)
NNMT Folate metabolism gene De Jonge et al, 2009 (15)
XRCCI DNA repair gene Vijayakrishnan and Houlston, 2010 )
ARID5B Regulator of B-cell differentiation Papaemmanuil et al, 2009 24)
Rudant et al, 2015 25)
Archer et al, 2017 (26)
Xuetal,2013 27
Bhandari ef al, 2016 29)
IKZFI Regulator of B-cell differentiation Papaemmanuil et al, 2009 (24)
Tumor suppressor Rudant et al, 2015 (25)
Xuetal,2013 27
Bhandari et al, 2016 29)
CEBPE Regulator of B-cell differentiation Papaemmanuil ez al, 2009 (24)
Xu et al,2013 27
BMII-PIP4K2A Regulator of lymphoid cell differentiation Xu et al,2013 27
CDKN2A Tumor suppressor Xu et al,2013 27)
Walsh et al, 2015 (28)
GATA3 GATA family of transcription factors Hou et al, 2017 30)
CXCLI2 Chemokine expressed in various tumors de Lourdes Perim et al, 2013 31
TP53 Tumor suppressor de Lourdes Perim et al, 2013 (€2))
Inc-LAMC2 Long non-coding RNAs Hashemi et al, 2016 32)
MicroRNAs Target gene expression Xue et al,2019 (33)

in the child or a parent may influence the risk of developing
ALL (16). In addition, a study on 68 patients with ALL in
Latvia demonstrated no significant association between
polymorphisms in both MDRI (rs1045642 and rs2032582)
and MTHFR (rs1801131 and rs1801133) gene polymorphisms
and an increased risk of developing ALL; however, that study
demonstrated an age-related association (17). As regards the
thymidylate synthase enhancer region (TSER) variation, a
previous quantitative meta-analysis revealed that it was not
related to the risk of developing pediatric ALL (18).

Finally, a meta-analysis including 10 available studies with
3,224 ALL cases and 4,077 matched controls was performed

by Ma et al (19) in order to evaluate the association of the
methionine synthase (MTR) A2756G polymorphism with the
risk of developing pediatric ALL. The results of that study
revealed that there was a significant association between the
MTR A2756G polymorphism and the risk of developing pedi-
atric ALL in the overall population. Following stratification
analyses, the authors of that study suggested that the risk of
developing pediatric ALL in Caucasians may be influenced by
the MTR A2756G polymorphism (19).

Other gene categories. GWAS have also been used to test 2
polymorphisms, AT-rich interactive domain 5b gene (ARIDS5B,
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chromosomal region 10g21.2) and Ikaros family zinc finger
1 gene (IKZF1, chromosomal region 7p12.21). They revealed
that these SNPs may be associated with an increased risk of
developing pediatric ALL and pointed out that these two genes
were involved in lymphoid differentiation. In particular, Ikaros
is a necessary component for B-cell development and is also
required for the expression of B-cell receptors (20). Moreover,
it is also a tumor suppressor (21). In the case of a genetic altera-
tion of this gene, a poor outcome for B-cell-progenitor ALL
has been observed (22,23). Of note, 3 risk loci were identi-
fied in a study including 907 patients with ALL and 2,398
controls, rs4132601 of the IKZF1 gene (7pl12.2), rs7089424
of the ARIDBS gene (10qg21.2) and 152239633 of the CEBPE
gene (14ql11.2). All the risk alleles of the 3 polymorphisms
under study map to genes that regulate the transcription and
the differentiation of B-cell progenitors. The rs7089424 of
ARIDBS5 gene was revealed in B-cell precursor ALL with
hyperdiploidy (24). A study named ESCALE investigated
whether there was any association between these SNPs and
other non-genetic risk factors, such as the maternal use of
home insecticides during pregnancy, preconception paternal
smoking, breastfeeding, infections before the age of 1 and
birth order (25). The authors investigated rs10740055 of
ARIDS5B or 154132601 of IKZFI and each of the suspected
non-genetic factors, with the SNPs recorded as counts of minor
alleles (trend variable). They observed an association between
rs4132601 and maternal insecticide use, breastfeeding and
repeated early common infections (25). The role of ARID5B in
childhood ALL susceptibility was also confirmed by another
exome-wide association study that included 710 individuals
from Hispanic families. Two SNPs of the ARID5B gene,
rs10821936 and rs7089424, reached at genome-wide level
of significance (26). The ALL-susceptibility loci (IKZFI
and ARID5B) were also validated by a multiethnic GWAS
performed in 2013 (27). Of interest, that study revealed a
novel ALL susceptibility locus, BMI1I-PIP4K2A (rs7088318)
located at 10p12.31-12.2, revealing an independent replication
in European Americans, African Americans and Hispanic
Americans (27). Furthermore, that study also validated 4
already known ALL risk polymorphisms of the CCAAT
enhancer-binding protein epsilon (CEBPE) and cyclin-depen-
dent kinase inhibitor 2A (CDKN2A/2) genes. CEBPE is a
transcription factor involved in the regulation of myelopoi-
esis (24), whereas CDKN2A is a gene that provides instructions
for making protein-tumor suppressors. The fact that CDKN2A
polymorphisms confer a strong risk for developing childhood
ALL was previously demonstrated by Walsh ez al (28). DKN2A
missense variant (rs3731249) was revealed to confer a 3-fold
increased risk of developing ALL in children of European
ancestry and Hispanic children. Furthermore, the same study
suggested that the risk allele may provide an advantage for
tumor development and is selected during clonal evolution.
The role of the rs10821936 SNP of ARID5B and rs4132601
SNP of IKZF1 was also previously investigated in an Indian
population (162 de novo B-lineage ALL) and it was found that
both SNPs were associated with a decreased risk of B-lineage
for Indian children (29).

Another gene investigated with regard to pediatric ALL is
GATA3, which belongs to the GATA family of transcription
factors. A genome-wide gene expression association analyses

examined 9 independent B-ALL patient cohorts to reveal a
possible association between genes expression and pathways.
The results revealed that some SNPs may affect the associa-
tion between GATA3 expression and its targets, e.g., rs4894953
located in the potential GATA3 binding motif (30).

The CXCLI2 and TP53 gene polymorphisms have also
been investigated as markers of susceptibility to childhood
ALL. A previous study including 54 Brazilian patients and 58
controls demonstrated that the frequencies of both allelic vari-
ants analyzed together (rs1801157 of CXCLI2 and rs1042522
of TP53) significantly increased the risk of developing ALL
>5-fold (31).

Furthermore, polymorphisms of long non-coding RNAs
(IncRNAs) have also been investigated in association with
the development of ALL. IncRNAs represent a novel class of
non-protein coding RNAs, which can affect various biological
processes. The role of rs2147578 of Inc-LAMC2-1:1 and
1510505477 of CASCS was investigated in previous a study that
included 110 Iranian patients and 120 healthy controls, and it
was found that Inc-LAMC2-1:1 rs2147578 may be associated
with a higher risk of developing ALL (32).

Finally, microRNAs (miRNAs or miRs) that are small,
non-coding RNA molecules, which consist of 22 nucleotides
and play a role in targeting gene expression, were investigated
in a previous Chinese study including 831 childhood patients
with ALL and 1,079 controls. That study revealed a significant
association between the polymorphisms in miR-100 (rs543412)
and a decreased risk of developing ALL, thus suggesting that
this variant was a protective factor for ALL (33).

3. Role of genetic alterations in anti-leukemic drug toxicity

Children with ALL are treated with multi-agent chemothera-
peutic regimens, the toxicity of which may affect the quality of
life of patients and their families during the treatment period
and following cancer therapy. Sometimes, the related toxicity is
more severe and can lead to interruptions or the discontinuation
of therapy with the risk of relapse. Less frequently, toxicity due
to treatment may be life-threatening. The prediction of toxicity
is difficult due to differences among patients concerning phar-
macokinetics and pharmacodynamics of anti-leukemic agents.
There are inherited polymorphisms in genes of enzymes that
metabolize drugs, in genes of transporters or in genes of targets
and receptors. The SNPs that may influence the toxicity for
anticancer agents are presented in Table II.

A candidate-gene approach was used in previous a
study aiming to examine whether an association existed
between toxicity (gastrointestinal, infection, hyperbilirubi-
nemia and neurotoxicity) and 16 common polymorphisms
in genes involved in the pharmacodynamics of ALL in
240 patients (34). The authors of that study observed that
during the induction phase, the genotypes for certain genes
participating in that pathway played a crucial role. Vitamin D
receptor and cytochrome P4503A5 polymorphisms were found
to exhibit an association concerning gastrointestinal toxicity
and infection. During the consolidation phase, the reduced
folate carrier polymorphism predicted gastrointestinal toxicity
and during continuation. Notably, it was described that in all
3 treatment phases, a glucuronosyltransferase polymorphism
could predict the appearance of hyperbilirubinemia and
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Table II. Overview of the genetic loci associated with drug toxicity in response to treatment of leukemia.
Drug Gene Function Author, year of publication (Refs.)
Mercaptopurine TPMT Enzyme metabolizing thiopurine drugs to Linga et al, 2014 (36)
ITPA inactive compounds; hydrolase influencing Farfan et al, 2014 35)
PACSIN2 the metabolism of 6-mercaptopurine links Smid et al, 2016 37
the actin cytoskeleton with vesicle formation
Asparaginase ASNS Involved in the synthesis of asparagine binds Ben Tanfous et al, 2015 39)
SOD2 to the superoxide byproducts of oxidative Alachkar et al, 2017 (65)
phosphorylation
Vincristine CEP72 Recruitment of key centrosomal proteins to Diouf et al, 2015 (40)
the centrosome
Methotrexate SLCI9A1 Regulation of intracellular concentrations of Liu et al, 2017 43)
SLCO1B1 folate; involved in the removal of drug Lopez-Lopez et al, 2011 44)
ABCBI compounds such as statins; decreases drug Gregers et al, 2015 (45)
ABCG2 accumulation in multidrug-resistant cells; Liu et al, 2017 (43)
MTHFR plays a major role in multi-drug resistance; Umerez et al, 2017 (46)
TS plays a role in processing of homocysteine; Lopez-Lopez et al, 2011 44)
SHMT1I plays a crucial role in the early stages of Lopez-Lopez et al, 2011 44)
RFCI DNA biosynthesis; catalyzes the reversible Lopez-Lopez et al, 2011 44)
conversion of serine and tetrahydrofolate to Lopez-Lopez et al, 2011 (44)
glycine and 5,10-methylene tetrahydrofolate
activator of DNA polymerases
Daunorubicin CYP3AS Metabolizes drugs and steroid hormones Huang et al, 2016 (50)
testosterone and progesterone
Cytarabine DCK Required for the phosphorylation of several Gabor et al, 2015 52)
deoxyribonucleosides and their nucleoside
analogs
Glucocorticoids Bcl Regulates cell death (apoptosis) plays a Kaymak Cihan et al, 2017 (53)
TS crucial role in the early stages of DNA Finkelstein et al, 2017 54)
VDR biosynthesis allows the body to respond Tantawy et al, 2016 (55)

to vitamin D

In the table, overview of the drugs used for the treatment of leukemia, the genes involved in the pharmacogenomics of these drugs, their

function and pertinent references are presented.

methotrexate clearance independently associated with hyper-
bilirubinemia. Analyses adjusted either by self-reported race
or by ancestry-informative genetic markers did not influence
the above-mentioned genotype-phenotype associations (34).

Mercaptopurine (6-MP). 6-MP is a highly effective chemo-
therapeutic agent used in the treatment of ALL. It has a
narrow therapeutic index and causes hematological and
hepatic toxicities. There is an association between toxicity
and cumulative toxic plasma concentration of its metabolites,
particularly 6-thioguanine nucleotide. The prevalence of poly-
morphisms in thiopurine S-methyltransferase (TPMT) and
iosine triphosphate pyrophosphatase (ITPA) was previously
investigated concerning the effects of the 6-MP dosage in
103 Chilean pediatric patients with ALL undergoing mainte-
nance therapy (35). As regards TPMT, when compared with
the patients with variant alleles to the wild-type group, it was
found that in the maintenance phase, the first group presented
lower median daily and cumulative doses of 6-MP. However,

no difference was found in 6-MP toxicity or dosage for
patients who were carriers of the P32T polymorphism when
compared to the wild-type group, as regards ITPA. The above
observation can be explained by the low prevalence for ITPA
(1%) that was detected in that study. The authors of that study
suggested that TMPT genotyping could be an important tool
for further optimization of 6-MP treatment design (35). The
frequency of TPMT polymorphism and its association with
6-MP-related toxicities was also investigated in a population
of 72 children with ALL in South India (36). As regards the
hematological toxicity of 6-MP, a previous study included
305 patients during their maintenance therapy with 6-MP
and identified that the PACSIN2 rs2413739TT genotype may
be a significant risk factor for 6-MP-induced hematological
toxicity in patients with wild-type TPMT (37). In addition,
Ogungbenro and Aarons (38) developed a physiologically
based pharmacokinetic (PBPK) model for 6-MP in order to
measure the intracellular metabolism and genetic polymor-
phism in TPMT activity. This model may be useful to predict
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the plasma 6-MP and tissue concentration of 6-methylmercap-
topurine ribonucleotide, 6-MP and 6-thioguanine nucleotide
in adults and children. The authors of that study suggested that
the model may help to improve 6-MP dosing and the clinical
outcome, in order to reduce the related toxicity (38).

Asparaginase. Asparaginase is another standard treatment
agent in ALL and its side-effects include allergic reactions,
pancreatitis and thrombotic events. Polymorphisms of the
asparagine synthetase (ASNS) gene were previously exam-
ined in relation to the above-mentioned adverse events in
285 Caucasian children (39). Among these patients, a higher
frequency of allergies and pancreatitis was observed in patients
who were homozygous for the triple-repeat allele (3R) of the
ASNS gene. As a result, patients with the 3R3R genotype may
have a higher risk of these toxicities. However, patients with
the ASNS haplotype *1 harboring double-repeat (2R) allele
had a protection against the above adverse events (39).

Vincristine. Vincristine, a microtubule inhibitor, is a widely
used anticancer agent in ALL. Its dose-limiting toxicity is
peripheral neuropathy, which exhibits characteristics, such as
neuropathic pain and dysfunction (motor, as well as sensory).
A polymorphism in the promoter region of the CEP72 gene,
namely rs924607, was previously investigated in a study
enrolling 321 pediatric patients with ALL concerning vincris-
tine-related neuropathy. An association with an increased risk
and severity was proven (40).

Methotrexate (MTX). MTX, an important agent used in the
treatment of ALL, may cause severe adverse events and toxici-
ties. The entry of MTX into the cell is mediated by the solute
carrier family 19 member 1 (SLC19A1) or the solute carrier
organic anion transporter 1B1 (SLCOI1BI), and the drug is
exported by ATP binding cassette (ABC) transporters, such as
ABC subfamily B member 1 (ABCB1) and ABC subfamily G
member 2 (ABCG2). The intracellular MTHFR is the key
enzyme responsible for folate homeostasis and metabolism.
MTX inhibits 2 enzymes: Dihydrofolate reductase and thymi-
dylate synthase (TS). Dihydrofolate reductase converts folates
to tetrahydrofolate, which is an active form and a substrate of
TS. Subsequently, an inhibition of TS is directly performed by
the polyglutamated forms of MTX. As a result, the cells cannot
synthesize purines and thymidylate with an inhibition of DNA
synthesis (41). The ATP-binding cassette transporter ABCC2,
or multidrug-resistance-associated protein 2, exports drugs
against concentration gradients at the expense of ATP hydro-
lysis. This transporter also eliminates MTX from the cell (42).

A large cohort of 499 pediatric patients with ALL was
previously used to investigate the pharmacogenetics of
MTX (42). The authors proved that kinetics, toxicity and
outcome were influenced by germline variants in SLCOIBI,
TS and methylenetetrahydrofolatereductase (42). In addition, a
study on 12 SNPs in the transporter genes category (SLCI9A1,
SLCOIBI, ABCBI and ABCG?2) of 322 Chinese children with
ALL yielded the following results: The SLCOIB rs10841753
SNP was significantly associated with plasma MTX levels
in 48 patients, and the ABCBI rs1128503 SNP C allele was
associated with a longer duration of hospitalization than the
TT genotype, whereas oral mucositis was not associated to

any polymorphism (43). The fact that MTX-related toxicity
is predicted by polymorphisms of the SLCOIBI gene in
childhood ALL was also presented in a study that included
115 Spanish pediatric patients with B-ALL (44). The analysis
was performed on 10 different polymorphisms of 7 genes
(MTHFR,TS,SHMTI,RFCI,ABCBI, ABCG2 and SLCOIBI).
Two SNPs (rs4149081 and rs11045879) of the SLCOIBI gene
were found to be significantly associated with MTX plasma
concentration, whereas no other significant association was
found in the other polymorphisms analyzed (44).

Furthermore, the association of the ABCBI polymor-
phisms in liver toxicity after high-dose MTX was confirmed
in a Danish population-based study including 522 patients
with ALL (45). In the framework of that study, patients with
the 3435TT genotype, when compared with patients with the
3435CT or 3435CC genotype, were found to exhibit a higher
degree of bone marrow toxicity during doxorubicin, vincris-
tine and prednisolone induction therapy. Furthermore, the
patients with 3435CC genotype presented higher liver toxicity
following treatment with high-dose MTX in comparison with
patients with the 3435CT/TT genotype (45).

As regards MTHFR, the above-mentioned results are
similar to the results of another study focusing in the
MTHFR polymorphisms and their effects on MTX therapy;
the MTHFR C677T and A1298C alleles were not proven to
predict MTX-related toxicity and/or outcome in pediatric
ALL (46). Similar results were derived from a systematic
review and meta-analysis performed by Lopez-Lopez et al
in 2013 (47); MTHFR C677T and A1298C alleles did not
predict MTX-related toxicity in pediatric ALL. Another
polymorphism that was investigated in the same framework,
referred to MTX toxicity, is CCNDI G870A (cyclin DI gene).
A significant association was revealed between this SNP and
an increased risk of MTX-related hepatotoxicity (48). Finally,
the potential association between the RFCI G80A polymor-
phism and MTX-related toxicity was previously investigated
in a meta-analysis including children with ALL; however,
effects of this polymorphism on MTX-related toxicity were
detected (49). Folylpolyglutamate synthetase (FPGS) is a cata-
lase with an important role in the metabolism of MTX. The
FPGS 151544105 SNP was previously analyzed in 57 pediatric
patients with ALL. Patients with the AA genotype compared
to those with the GG or GA genotype exhibited a significantly
higher 24-h MTX plasma concentration of MTX, while no
differences were found after 44 h (50).

Daunorubicin (DNR). DNR is a chemotherapeutic which
belongs to anthracyclines, with limitations due to accumulated
cardiotoxicity. Polymorphisms of the cytochrome P450 family
3 subfamily A member 5 (CYP3A5) gene, which is involved
in the clearance of DNR metallization, was previously inves-
tigated in a study on 36 children with ALL; the authors of
that study revealed an association between the CYP3A5*3
gene polymorphism and the mRNA expression of CYP3AS,
the enzyme activity of CYP3A, the concentration of DNR in
plasma and adverse reactions (51).

Cytarabine (cytosine arabinoside, Ara-C). Ara-C is another
chemotherapeutic agent used in the treatment of ALL. In
total, 8 SNPs of the cytidine deaminase (CDA), deoxycytidine
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kinase (DCK), DCMP deaminase (DCTD), SLC28A3 and
SLC29A1 genes were previously investigated in 144 children
with ALL; the rs12648166 and rs4694362 SNPs of the DCK
gene were found to be associated with hematologic toxicity,
thus indicating that DCK polymorphisms may be important
genetic risk factors for hematologic toxicity (52).

Glucocorticoids (GCs). GCs are one of the main drugs
used in the treatment of ALL; however, they cause severe
side-effects (metabolic, nutritional, endocrine, gastrointes-
tinal, hepatic, musculoskeletal, connective tissue, psychiatric,
nervous system, eye, cardiac and vascular disorders, and
infections) with individual variation. Two polymorphisms
of the glucocorticoid receptor gene NR3C1, N363S and Bcl/,
were previously investigated tested in a study on 46 pediatric
patients with ALL; no role of the N363S polymorphism was
detected in either of the groups, although an association was
found between patients with the Bcl/polymorphism and more
frequent side-effects (53). Pediatric patients with ALL may
also experience bone toxicity, such as bone fractures and
osteonecrosis, and the development of osteoporosis, which has
been associated with exposure to corticosteroids (alteration
of osteoblastic activity), MTX (alteration of bone formation)
and an age >10 years. A genetic variant of the TS polymor-
phism (2R/2R TS genotype) was found to increase the risk
of developing osteonecrosis among patients <10 years at the
time of diagnosis and to increase the risk of suffering from
bone fractures among older children, in a study that included
615 children with ALL (54). Osteoporosis is a multifacto-
rial disease, characterized by the increased risk of fragility
fractures and a reduced bone mineral density (BMD). The
vitamin D receptor (VDR) gene is a gene that plays a role in the
modification of BMD. Its TT genotype has been shown to be
associated with an increased BMD in a study that included 40
newly diagnosed Egyptian pediatric patients with ALL (55).
In addition, the vitamin D receptor (VDR) Fokl, as well
as the collagen protein CollAl SpI-binding site gene poly-
morphisms, which play a role in bone mineral and matrix
formation, were previously investigated for their role in bone
complications due to therapy in 50 pediatric patients with ALL,
who were treated with the ALL Berlin-Frankfurt-Muenster-95
protocol between 1998 and 2008. A higher risk of ther-
apy-induced bone mineral loss and osteonecrosis was found
in patients aged =10 years and with vitamin D deficiency (56).
As regards hematological toxicity, Glisovic et al (57)
investigated whether, in association with treatment, poly-
morphisms of the DARC and CXCL2 genes, as well as in the
ORMDL3-GSDMA-CSF3 locus on chromosome 17q21 may
influence the risk of complications due to therapy. A total
of 21 SNPs of the above-mentioned genes were analyzed
with regard to neutropenia and infection in 286 Caucasian
children with ALL. A higher risk of developing neutropenia
and hospitalization due to neutropenia and fever was associ-
ated with the DARC rs3027012 SNP, located in the 5'-UTR.
The DARC rs12075 A to G substitution was associated with
a protective effect. The SNP rs3859192 in the GSDMA and
the rs16850408 SNP of CXCL2 gene were associated with an
increased risk of hospitalization due to infection and infection,
respectively (57). Finally, another study including 97 pedi-
atric patients with ALL genotyped for the CYPIAI, GSTPI

Ile105Val and XRCC1 Argl94Trp SNPs, and examined their
putative association with toxicity (58). An association between
the XRCC1 Argl94Trp SNP and a higher drug toxicity was
revealed; in particular, a higher risk of myelosuppression was
revealed for carriers of the CT and TT genotypes, compared to
those with the wild-type CC genotype (58).

Furthermore, in another study, the role of miRNAs in the
regulation of the expression of pharmacokinetic/pharmaco-
dynamic pathway genes was investigated; that study was on
mucositis in 179 Spanish children with B-cell precursor ALL
homogeneously treated with LAL/SHOP protocols (59). A
total of 160 SNPs were analyzed and 3 SNPs in miR-4268,
miR-4751 and miR-3117 were detected to be associated with
mucositis, diarrhea and vomiting, respectively (59).

4. Prognosis/outcomes

A previous study including 320 patients with ALL, of which
68 relapsed or died due to disease within 5 years of follow-up,
examined the role of functional SNPs in genes encoding carcin-
ogen-metabolizing enzymes (CYPIAI, CYP2D6, CYP2EI,
MPO, GSTM1, GSTTI, GSTPI, NATI, NAT2 and NQOI), as
well as DNA-repair enzymes (hMLHI, hMSH3, XRCCI, XPF
and APE). A worse disease prognosis was observed in carriers
of the CYPIAI*2A and NQOI*2 variants, and a combination
of hMLH]I 11e219 with the CYPIAI*2A variant increased the
risk of relapse (60).

The effect of promoter polymorphisms in key regulators of
the intrinsic apoptosis pathway on the prognosis of childhood
ALL was previously investigated in a study on 321 patients,
considering that the hematopoietic system belongs to tissues
with a high intrinsic proliferative capacity (61). A systematic
analysis of the proximal promoter regions of 21 apoptotic genes
was performed. The authors of that study demonstrated that
promoter variations in 11 intrinsic apoptosis genes (ADPRT,
APAFI1, BCL2, BAD, BID, MCLI1, BIRC4, BCL2L1, ENDOG,
YWHAB and YWHAQ) affected the promoter activity in an
allele-specific manner. For the MCLI gene in particularly, a
reduced overall survival among high-risk patients receiving
higher doses of corticosteroids was associated with promoter
variation and an increased expression. The authors of that
study also suggested that an increased expression of this
anti-apoptotic gene may be associated with reduced cell death
and a response to treatment, which is associated to disease and
to the dose (61).

Furthermore, another gene involved in apoptotic cell death
is the Fas gene, the promoter of which has 2 SNPs involved in
ALL, in particular-1377G/A and -670 A/G. A study including
142 patients revealed an association of the Fas GG genotype at
position-670 with liver involvement and was suggested to play
a significant role in the prognosis of ALL (62). Gregers et al,
in 2015, suggested that ABCBI 1199G4A could predict the
outcome of ALL in children (45). Accordingly, in that study
which included 522 patients, a 2.9-fold increased risk of
relapse was observed for patients with the 1199GA genotype
vs. the 1199GG genotype, and a reduced risk of 61 and 40%,
respectively, for patients with the 3435CT or 3435TT geno-
types vs. the 3435CC genotype (45). The rs1544105 SNP of
the FPGS gene was investigated in 57 pediatric patients with
ALL,; patients with AA genotype exhibited a longer median
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survival and significant difference in overall survival than
those carrying GG or GA (50).

A study including 140 Argentinian patients with an age
<20 years with ALL revealed that GST polymorphisms led to
an increased risk of relapse and a lower recurrence-free survival
(RFS) of patients with childhood ALL (63). In detail, patients
were genotyped for the following polymorphisms: GSTPI
313A/G, MDRI 3435T/C, MTHFR 665C/T, GSTTI null and
GSTMI null. An increased risk of relapse was observed for
patients with the GSTPI 313GG genotype, the combined geno-
type slightly increased the risk of relapse for patients with the
2/3-risk-genotypes (GSTTI null, GSTM1 null, GSTP1313GG) and
the RES was shorter in patient with the GSTP/313GG (P=0.025)
and 2/3-risk-genotypes (63). Finally, another study including 322
Chinese children with ALL, genotyped for 12 polymorphisms,
demonstrated that patients with the SLCOIBI 1s4149056 CC
genotype had a worse long-term outcome compared to patients
with the TT or TC genotypes; in addition, patients with the
SCLI9A1 rs2838958 AA genotype exhibited a worse outcome
compared to patients with the AG or GG genotypes (43).

Another study included 153 donors and 153 children with
ALL, AML or juvenile myelomonocytic leukemia following
allogeneic hematopoietic stem cell transplantation (HSCT).
All of the patients were genotyped for the rs3087243, rs231775
and rs4553808 SNPs of the CTLA-4 gene. A significant asso-
ciation was observed between the donor's CLTA-4 genotype
of rs3087243 SNP and transplant-related mortality (TRM)
following HSCT, thus suggesting that the CTLA-4 polymor-
phisms may be associated with an increased risk of TRM and
may thus affect the survival of children undergoing allogeneic
HSCT (64).

5. Conclusion

Several epidemiological studies have investigated the role
of genetic factors as possible risk factors for ALL and have
proven their role in leukemogenesis. Furthermore, various
genetic studies have demonstrated the association between
polymorphisms of genes that regulate inflammation, tumor
suppression and metabolism with susceptibility, drug-induced
toxicity and outcome of ALL. Despite the progress that has
already been made, the field of polymorphisms remains a real
challenge for future research concerning childhood ALL.
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