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Abstract. Acute lymphoblastic leukemia (ALL) is the most 
common type of childhood leukemia and represents one 
third of all pediatric malignancies. Epidemiological studies 
have shown that various genetic factors play a crucial role in 
leukemogenesis. Recent genetic association studies on cancer 
risk have focused on the effects of single‑nucleotide polymor‑
phisms (SNPs) in genes that regulate inflammation and tumor 
suppression, such as chemokines, TP53 and cytochrome P450s 
(CYPs). Genetic polymorphisms in the 3' untranslated region 
of the C‑X‑C motif chemokine ligand 12 (CXCL12; rs1801157) 
and TP53 (rs1042522) genes have been suggested to influence 
the risk of ALL in children, while other studies have indicated 
an association between the CYP1 subfamily A member 1 
(CYP1A1)*2C (rs1048943) allele and leukemia risk. The aim 
of the present study was to investigate the possible associa‑
tion of rs1801157 (CXCL12), rs1042522 (TP53) and rs1048943 
(CYP1A1*2C) SNPs with an increased susceptibility of 
developing ALL. These SNPs were analyzed in 86 children 
or adolescent patients with ALL and 125 control subjects 
by PCR‑restriction fragment length polymorphism and 
allelic‑specific chain reaction techniques. A higher frequency 
of CYP1A1*2C heterozygotes and TP53 rare homozygotes, 
which include the proline (Pro)/Pro genotype, was observed 
among children with ALL and control subjects, whereas no 
significant differences were observed for the CXCL12 SNP. 
Furthermore, the analysis of various allelic combinations 
of the aforementioned gene polymorphisms demonstrated a 

markedly increased risk of developing ALL in children. In 
conclusion, the present study demonstrated that there was a 
strong association between CYP1A1*2C heterozygotes, as well 
as the TP53 Pro/Pro genotype, and an increased susceptibility 
for pediatric ALL in Caucasians.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common type 
of childhood leukemia. It accounts for one third of all cancers 
diagnosed in children under 15 years (1). High survival rates are 
achieved with the use of contemporary risk‑directed therapy. 
Previous studies have reported 5‑year event‑free survival rates 
>80% and overall survival rates >90% in ALL (2,3). For those 
children, life‑long follow‑up is indispensable for observing 
late effects on learning (neurocognitive effects), physical and 
psychological development (4). However, a number of children 
relapse, which has been estimated as a <10% relapse rate in 
several clinical trials (5). In these cases, the outcome remains 
poor. Epidemiological studies that examined possible risk 
factors for acute leukemia have shown that inherited genetic 
variants can play an important role in leukemogenesis (6). 
Significant heterogeneity has been found in certain genetic 
alterations that may drive tumorigenesis, such as copy number 
alterations, structural alterations, gene fusion events and rare 
germline mutations (2,7).

Recent gene association studies that examined cancer 
risk have focused on the effects of single‑nucleotide poly‑
morphisms  (SNPs) of genes involved in the regulation of 
inflammation and tumor suppression, such as chemokines, 
TP53 and cytochrome P450s (CYPs) (8,9). Chemokines induce 
the migration of endothelial and tumor cells and consequently 
influence distal metastasis  (10). C‑X‑C  motif chemokine 
ligand 12  (CXCL12) is a chemokine expressed in various 
tumors, which binds to its receptor C‑X‑C motif chemokine 
receptor 4 and is considered to play an important role in tumor 
growth and dissemination (11). The rs1801157 SNP in this 
gene has been previously investigated regarding the disease 
pathogenesis. Specifically, this polymorphism is located in 
the 3' untranslated region and in combination with a polymor‑
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phism of TP53 at codon 72 (rs1042522) may influence the risk 
of developing ALL in children (12). The aforementioned poly‑
morphism, which is the most widely studied polymorphism of 
TP53, refers to a G to C transversion in exon 4 at codon 72 and 
results in the three following genotypes: Arginine/Arginine 
(Arg/Arg), Arginine/Proline (Arg/Pro) and Proline/Proline 
(Pro/Pro). It has been shown that the Arg allele (major 
allele) predominates over the Pro allele (13). TP53 is a tumor 
suppressor protein that is responsible for the maintenance of 
genome stability and is considered to weaken the migration of 
cancer cells (14). Several studies have focused on the role of 
TP53 polymorphisms as susceptibility factors for the develop‑
ment of malignant diseases (15).

In addition, previous studies have demonstrated a 
possible association between SNPs of the CYP1 subfamily A 
member 1 (CYP1A1) gene and an increased risk of leukemia. 
The CYP1A1 gene encodes for CYP1A1, which is a xenobi‑
otic metabolizing enzyme involved in phase I metabolism. 
It is responsible for the metabolism of several xenobiotic 
and endogenous compounds to potential carcinogens. It has 
been confirmed that CYP1A1 (as well as CYP1 subfamily B 
member 1 and other members of CYPs) metabolize polycyclic 
aromatic hydrocarbons, which are well‑known environmental 
procarcinogens that may induce tumorigenesis following their 
activation (16). Moreover, certain gene polymorphisms have 
been reported to alter the catalytic activity of this enzyme. 
As a consequence, its ability to metabolize carcinogens and 
other mutagens may be influenced (17). More specifically, the 
rs1048943 polymorphism of the CYP1A1 gene, corresponding 
to an A to G nucleotide change at position 2,455, has been 
reported to be a risk factor of ALL in Caucasians (18). The 
same SNP has been shown to increase the risk for the devel‑
opment of breast, prostate and cervical cancers (19‑21). The 
rs1048943 polymoprhism has been shown to increase the 
risk of breast cancer in women exposed to PCBs, which are 
organochloride compounds that can induce the expression of 
CYPs (19).

To date, the associations between genotypic or allelic 
combinations of CXCL12, CYP1A1 or TP53 gene poly‑
morphisms with ALL have not been investigated in Greek 
populations. Therefore, the present study aimed to investigate 
the plausible association between polymorphisms of CYP1A1, 
CXCL12 and TP53 genes and the risk of developing ALL 
in children and adolescent patients from the island of Crete, 
Greece.

Materials and methods

Study population. The case group consisted of 86 patients, 
children and adolescents (51 males and 35 females), which 
were diagnosed with ALL at the Department of Pediatric 
Hematology‑Oncology of the University Hospital of Heraklion 
(Crete) from 1990 to January  2018. The youngest age at 
diagnosis was 9 months and the oldest age at diagnosis was 
17 years and 9 months (Tables SI and SII). The control group 
consisted of 105 adult blood donors (age range between 18 
and 60 years) and 20 children (10 males and 10 females, age 
range between 9 months and 17 years 9 months) from the same 
region of patients. Therefore, the control group consisted of 
healthy individuals, free of neoplasia, which were not hospi‑

talized. The study protocol was approved by the Institutional 
Committee of the University Hospital of Heraklion (approval 
no.  263/6/24‑03‑2016) and signed informed consent was 
provided by the patients, the parents/guardians and the healthy 
control subjects.

Analysis of gene polymorphisms. Whole blood was collected 
in ethylene diaminetetraacetic acid‑containing tubes. Genomic 
DNA was isolated from peripheral blood leukocytes using the 
Wizard® Genomic DNA Purification kit (Promega Corporation) 
and the DNA purification kit (Invitrogen; Thermo Fischer 
Scientific, Inc.) according to the manufacturer's instructions. 
The extracted DNA was quantified by spectrophotometry 
and stored at ‑20˚C. The amplification and genotyping for the 
CXCL12 rs1801157, TP53 (codon 72) rs1042522 and CYP1A1*2C 
rs1048943 SNPs was performed using restriction frag‑
ment length polymorphism‑based approaches as previously 
described (12,22). The amplification of the genomic fragments 
harboring the polymorphic sites was carried out using a Taq 
polymerase provided by Invitrogen; Thermo Fisher Scientific, 
Inc. The analysis of the rs1801157 CXCL12 SNP was performed 
using forward 5'‑CAG TCA ACC TGG GCA AAG CC‑3' and 
the reverse 5'‑CCT GAG AGT CCT TTT GCG GG primers in 
order to generate a 293‑base pair (bp) fragment. For genotyping 
purposes, the 293‑bp product was digested with the MspI restric‑
tion enzyme (New England BioLabs, Inc). The latter specifically 
digests DNA amplified from the allele G into 193‑bp and 100‑bp 
fragments (12). Moreover, to analyze the TP53 rs1042522 SNP, a 
protocol previously described by de Lourdes Perim et al (12) was 
used with minor modifications. The following primers were used 
for the amplification of Pro and Arg alleles, respectively, which 
represent the variants of the TP53 rs1042522 gene polymorphism 
under study: Forward, 5'‑GCC AGA GGC TGC TCC CCC‑3' 
and 5'‑TCC CCC TTG CCG TCC CAA‑3' and reverse, 5'‑CGT 
GCA AGT CAC AGA CTT‑3' and 5'‑TCC CCC TTG CCG TCC 
CAA‑3'. Aiming to genotype the ‘Pro’ allele, DNA was amplified 
using an initial denaturation step of 94˚C for 3 min, followed by 
35 cycles at 94˚C for 30 sec, 61̊ C for 30 sec, 72˚C for 14 sec and 
a final elongation step at 72˚C for 5 min. Moreover, with regard to 
the genotyping of the ‘Arg’ allele, DNA was amplified using an 
initial denaturation step of 94˚C for 3 min, followed by 35 cycles 
at 94˚C for 30 sec, 61˚C for 30 sec and 72˚C for 30 sec. A final 
elongation step was used at 72˚C for 10 min. The TP53 Pro allele 
yielded a 178‑bp product, while the Arg allele a 136‑bp PCR 
product. Furthermore, to analyze the CYP1A1*2C rs1048943 
SNP, a similar protocol to that reported by Razmkhah et al (22) 
was used. The forward 5'‑CTG TCT CCC TCT GGT TAC AGG 
AAG C‑3' and the reverse 5'‑TTC CAC CCG TTG CAG CAG 
GAT AGC C‑3' primers were used to generate a 204‑bp PCR 
product. Genotyping was performed by digesting the 204‑bp 
PCR product with the BsrDI restriction enzyme (New England 
BioLabs, Inc.), which specifically digests DNA amplified from 
the allele A into 149‑bp and 55‑bp fragments (22). All PCR 
products were analyzed using 2.5% agarose gel electrophoresis. 
The detection was performed using ethidium bromide and the 
band size was compared with a molecular weight marker. The 
genotypes were scored in a blinded study design and analysis 
of all ambiguous samples was repeated. Moreover, 10% of the 
samples were amplified twice for ensuring the accuracy of the 
results.
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Statistical analysis. Data and statistical analyses were 
conducted using SPSS v25 software (IBM Corp.) and a set of 
Microsoft Excel (Microsoft Corporation) applications devel‑
oped in the laboratory of Bio‑Medical Data Analyses, Digital 
Applications and Interdisciplinary Approaches in Medical 
School of Crete (Heraklion, Greece). P<0.05 was considered 
to indicate a statistically significant difference. Chi‑square 
and Fischer's exact tests were performed for data analysis. 
2x2 and 2x3 contingency tables were produced from the gene 
frequencies observed in control subjects and patients with 
ALL. Based on these tables, genotype percentages and odds 
ratios with the corresponding 95% confidence intervals were 
calculated. The wild‑type (AA) genotype (major genotype 
Arg/Arg for TP53) was considered as the reference (OR, 1.0) 
for the 2x3 tables.

Results

Genotypes of patient and control populations. A total of 84 
patients (49 males, 35 females) and 125 controls were geno‑
typed for the presence of the rs1048943 polymorphism of the 
CYP1A1 gene, whereas 83 patients (49 males, 34 females) and 
120 controls were genotyped for the presence of the rs1801157 
polymorphism of the CXCL12 gene, and 86 patients (51 males, 
35 females) and 121 controls were genotyped for the pres‑
ence of the rs1042522 polymorphism of the TP53 gene. For 
unknown technical reasons, not all samples were genotyped 
for the three SNPs examined.

Analyses conducted for CYP1A1, CXCL12 and TP53 gene 
polymorphisms. In the present study, two analyses were 

conducted for the investigations of the SNPs. Initially, the 
following genotypes were analyzed: i) AA, homozygous for 
the major allele of TP53; ii) AG, heterozygous for the major 
allele of TP53; and iii) GG, homozygous for the minor allele 
of TP53. These corresponded to the Arg/Arg, Arg/Pro and 
Pro/Pro variants, respectively (0 and 1 in Table I denote control 
and patients, respectively). The second analysis examined the 
presence of a minor allele at least in the heterozygous state 
(non‑AA or non‑Arg/Arg for TP53; Table II). The AG geno‑
type of the rs1048943 SNP of CYP1A1 was associated with an 
increased risk of developing ALL (P<0.001). No associations 
were detected between the incidence of ALL and the presence 
of rs1801157 or rs1042522 polymorphisms.

Analyses of combinations of gene polymorphisms. Furthermore, 
the polymorphisms of the genes CYP1A1, CXCL12 and 
TP53 were assessed in pairs and altogether as three. The 
following convention was adopted: In the combination (pair) 
CYP1A1 + CXCL12, the abbreviation AGAA corresponded 
to AG for CYP1A1 and AA for CXCL12. Table III, part A, 
demonstrates the relative risks and odds ratios for CYP1A1, 
CXCL12 and TP53 (in reference to AA) as well as their combi‑
nations in pairs (Table III, part B, with reference to AAAA) 
and for the set of all three (Table III, part C, with reference to 
AAAA, Arg/Arg). An individual carrying the non‑AA geno‑
type for CYP1A1 (carrying G allele either in homozygosity or 
heterozygosity) exhibited a 3.397‑fold increased probability 
of developing ALL compared with a subject carrying the AA 
genotype for the CYP1A1 gene (Table III, part A; OR, 3.397; 
95% CI, 1.776‑6.497). The differences were statistically signifi‑
cant. Furthermore, the risk ratio for AG regarding the CYP1A1 

Table I. Genotype rates of CYP1A1, CXCL12 and TP53 for controls and patients with ALL.

	 Participants
	--------------------------------------------------------------------------------------------------
Gene	 0	 1	 Total	 Statistical analysis

CYP1A1				    χ2=16.036; df=2; P<0.001a

  AA	 105	 51	 156
  AG	   19	 33	   52
  GG	     1	   0	     1
  Total	 125	 84	 209
CXCL12				    χ2=4.154; df=2; P=0.125
  AA	   16	   9	   25
  AG	   55	 50	 105
  GG	   49	 24	   73
  Total	 120	 83	 203
TP53				    χ2=4.565; df=2; P=0.102
  Arg/Arg	   64	 35	   99
  Arg/Pro	   47	 37	   84
  Pro/Pro	   10	 14	   24
  Total	 121	 86	 207

χ2 was performed for the analysis of the CYP1A1, CXCL12 and TP53 groups. aP<0.05. 0, control participants; 1, patients with ALL; ALL, acute 
lymphoblastic leukemia; CXCL12, C-X-C motif chemokine ligand 12; CYP1A1, CYP1 subfamily A member 1; Arg, Arginine; Pro, Proline; 
AA, wild-type genotype; AG, heterozygous for the major allele; GG, homozygous for the minor allele; df, degrees of freedom.
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gene polymorphism was 2.564 compared with that for the AA 
genotype. This finding indicated that the AG genotype was 
associated with a 2.564‑fold higher risk of developing ALL 
compared with that of the AA genotype. Therefore, a signifi‑
cant association was noted between the AG genotype and the 
incidence of ALL (OR, 3.5759; 95% CI, 1.8553‑6.8918). By 
contrast, the risk ratio for GG was 0.6589 compared with that 
of AA, whereas the results were not significantly different. Due 
to the extremely low frequency of the GG genotype, a supple‑
mentary analysis was conducted using Fischer's exact test with 
the same results, as provided in Table SIII. In addition, the 
data indicated that a subject with the TP53 Pro/Pro genotype 
exhibited a 2.56‑fold increased probability of developing ALL 
compared with an individual of the TP53 Arg/Arg genotype 
(OR, 2.5600; 95% CI, 1.0303‑6.3607). The differences were 
statistically significant.

Combining gene polymorphisms in pairs. The subjects with 
the CYP1A1 AG and TP53 Arg/Pro genotypes exhibited 
3.14‑fold higher risk of developing ALL compared with those 
who carried the wild‑type variant for both genes (OR, 4.6184; 
95% C, 1.6584‑12.8620; Table III, part B). Moreover, an indi‑
vidual with CYP1A1 AG and CXCL12 GG genotypes exhibited 
a 8.29‑fold higher risk of developing ALL compared with a 
subject that carried the AA genotype for both gene polymor‑
phisms (OR, 11.3684; 95% CI, 2.2156‑58.3335). An individual 
with CYP1A1 AG and CXCL12 AG genotype demonstrated 
a 1.9‑fold higher risk of developing ALL compared with a 
subject who was homozygous for the major allele G for both 
polymorphisms (OR, 5.4000; 95% CI, 1.6899‑17.2557).

Combination of all three gene polymorphisms. An individual 
with CYP1A1 AG, CXCL12 AG and TP53 Pro/Pro genotypes 
exhibited 11.2‑fold higher risk of developing ALL compared 

with that of a subject with an AA genotype for CYP1A1 and 
CXCL12 and an Arg/Arg genotype for TP53 (Table III, part C; 
OR, 11.2000; 95% CI, 1.0421‑120.3681). These comparisons 
were significantly different.

Discussion

In the present study, the data indicated that the CYP1A1*2C 
AG genotype was associated with an increased susceptibility 
of developing ALL compared with the AA genotype. To the 
best of our knowledge, this is the first report that demonstrated 
an association of CYP1A1*2C heterozygotes with an increased 
risk of developing ALL in Caucasian children. Although, the 
association between CYP1A1 polymorphisms and leukemia 
has been studied extensively, the results are contradictory. The 
fact that CYP1A1*2C increases the risk for developing leukemia 
was revealed by a meta‑analysis conducted by Han et al (17). 
This analysis indicated that the risk for leukemia was increased 
in adults (moderate cumulative evidence) but not in children 
(weak cumulative evidence). The meta‑analysis conducted by 
Lu et al (18) confirmed that the CYP1A1 A2455G polymor‑
phism increased the risk of developing ALL in Caucasians. 
Furthermore, a study conducted by Joseph et al (23) further 
indicated that CYP1A1*2C was associated with an increased 
risk of developing childhood ALL in Indian patients. However, 
the present study demonstrated that the homozygous variant 
was associated with an increased risk of developing ALL (23).

The results of the present study are also in accordance with 
the findings reported by Swinney et al (24), who conducted a 
study including Caucasian, Hispanic and African‑American 
children. The authors revealed that CYP1A1*2C was associ‑
ated with an increased risk of developing ALL, whereas 
following stratification, the risk was statistically significant 
only in children with Hispanic ancestry (24). In contrast to 

Table II. Rates of controls and patients with ALL not carrying the polymorphism (wild-type, AA or Arg/Arg) and rates of those 
carrying the polymorphism (non-AA or nonArg/Arg).

	 Participants
	---------------------------------------------------------------------------------------------
Gene	 0	 1	 Total	 Statistical analysis

CYP1A1				    χ2=14.392; df=1; P<0.001a

  AA	 105	 51	 156
  Non-AA	   20	 33	   53
  Total	 125	 84	 209
CXCL12				    χ2=0.282; df=1; P=0.596
  AA	   16	   9	   25
  Non-AA	 104	 74	 178
  Total	 120	 83	 203
TP53				    χ2=2.996; df=1; P=0.083
  Arg/Arg	   64	 35	   99
  Non-Arg/Arg	   57	 51	 108
  Total	 121	 86	 207

χ2 was performed for the analysis of the CYP1A1, CXCL12 and TP53 groups. aP<0.05. 0, control participants; 1, patients with ALL; ALL, acute 
lymphoblastic leukemia; CXCL12, C-X-C motif chemokine ligand 12; CYP1A1, CYP1 subfamily A member 1; Arg, Arginine; AA, wild-type 
genotype; df, degrees of freedom; Non-, presence of a minor allele at least in the heterozygous state.
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Table III. RR and OR analyses for CYP1A1, CXCL12 and TP53 alone, in pairs and in a set of all three.

A, CYP1A1, CXCL12 and TP53

	 RR	 OR
	-------------------------------------------------------------------------------------	------------------------------------------------------------------------------------- 
Genes	 RR value	 95% CI	 Z value	 P-value	 OR value	 95% CI	 Z value	 P-value

CYP1A1 non-AA to AA 	 2.4554	 1.5168-3.9748	 3.655	 0.0003a	 3.3971	 1.7763-6.4967	 3.697	 0.0002a

CYP1A1 AG to AA 	 2.5639	 1.5679-4.1927	 3.752	 0.0002a	 3.5759	 1.8553-6.8918	 3.806	 0.0001a

CYP1A1 GG to AA 	 0.6859	 0.0284-16.5510	 0.232	 0.8164	 0.6828	 0.0273-17.0556	 0.232	 0.8163
CXCL12 non-AA to AA 	 1.0287	 0.9283-1.1400	 0.540	 0.5889	 1.2650	 0.5303-3.0174	 0.530	 0.5962
CXCL12 AG to AA 	 1.0940	 0.9269-1.2912	 1.063	 0.2880	 1.6162	 0.6558-3.9831	 1.043	 0.2969
CXCL12 GG to AA 	 0.9647	 0.7507-1.2399	 0.280	 0.7792	 0.8707	 0.3362-2.2550	 0.285	 0.7756
TP53 non-ArgArg to ArgArg	 1.2589	 0.9731-1.6286	 1.752	 0.0797	 1.6361	 0.9355-2.8615	 1.726	 0.0843
TP53 ArgPro to ArgArg	 1.2137	 0.8880-1.6587	 1.215	 0.2244	 1.4395	 0.7931-2.6128	 1.198	 0.2310
TP53 ProPro to ArgArg 	 2.1143	 1.0222-4.3733	 2.019	 0.0435a	 2.5600	 1.0303-6.3607	 2.024	 0.0429a

B, CYP1A1, CXCL12 and TP53 combinations in pairs

	 RR	 OR
	-------------------------------------------------------------------------------------	------------------------------------------------------------------------------------- 
Genes	 RR value	 95% CI	 Z value	 P-value	 OR value	 95% CI	 Z value	 P-value

CYP1A1CXCL12	 1.0378	 0.9460-1.1384	 0.785	 0.4326	 1.4476	 0.5576-3.7586	 0.760	 0.4473
non-AAAA to AAAA
CYP1A1CXCL12 AAAG to AAAA	 1.0106	 0.7910-1.2912	 0.084	 0.9327	 1.0455	 0.3702-2.9520	 0.084	 0.9331
CYP1A1CXCL12 AAGG to AAAA	 0.9937	 0.7575-1.3035	 0.046	 0.9635	 0.9756	 0.3404-2.7966	 0.046	 0.9633
CYP1A1CXCL12 AGAA to AAAA	 1.7778	 0.2993-10.5605	 0.633	 0.5268	 2.0000	 0.2307-17.3391	 0.629	 0.5293
CYP1A1CXCL12 AGAG to AAAA	 1.9059	 1.1521-3.1529	 2.511	 0.0120a	 5.4000	 1.6899-17.2557	 2.845	 0.0044a

CYP1A1CXCL12 AGGG to AAAA	 1.0909	 0.4060-2.9313	 0.173	 0.8630	 1.1429	 0.2482-5.2633	 0.171	 0.8639
CYP1A1CXCL12 GGGG to AAAA	 0.6667	 0.0305-14.5942	 0.258	 0.7968	 0.6444	 0.0233-17.8229	 0.259	 0.7953
CYP1A1TP53 non-AAArgArg 	 1.3828	 1.1203-1.7068	 3.018	 0.0025a	 2.5313	 1.3440-4.7672	 2.875	 0.0040a

CYP1A1TP53 AAArgPro 	 1.3258	 0.9183-1.9142	 1.505	 0.1323	 1.7202	 0.8242-3.5905	 1.445	 0.1485
to AAArgArg
CYP1A1TP53 AAProPro 	 1.8155	 0.6379-5.1672	 1.117	 0.2638	 2.0301	 0.5752-7.1650	 1.100	 0.2711
to AAArgArg
CYP1A1TP53 AGArgArg 	 2.2963	 0.9624-5.4787	 1.874	 0.0610	 2.8421	 0.9360-8.6303	 1.843	 0.0653
to AAArgArg
CYP1A1TP53 AGArgPro 	 3.1484	 1.4570-6.8034	 2.917	 0.0035a	 4.6184	 1.6584-12.8620	 2.928	 0.0034a

to AAArgArg
CYP1A1CXCL12 AGGG to AAAA 	 8.2963	 1.8887-36.4417	 2.802	 0.0051a	 11.3684	 2.2156-58.3335	 2.913	 0.0036a

CYP1A1TP53 GGArgArg	 0.9333	 0.0396-21.9922	 0.043	 0.9659	 0.9316	 0.0364-23.8398	 0.043	 0.9658
to AAArgArg
CXCL12TP53 non-AAArgArg 	 0.9989	 0.9168-1.0882	 0.026	 0.9791	 0.9857	 0.3358-2.8932	 0.026	 0.9791
to AAArgArg
CXCL12TP53 AAArgPro	 0.4000	 0.0571-2.8001	 0.923	 0.3561	 0.3000	 0.0277-3.2501	 0.990	 0.3220
to AAArgArg
CXCL12TP53 AAProPro	 0.7857	 0.0866-7.1304	 0.214	 0.8303	 0.7500	 0.0550-10.2333	 0.216	 0.8292
to AAArgArg
CXCL12TP53 AGArgArg 	 0.9123	 0.6371-1.3063	 0.501	 0.6162	 0.7222	 0.2118-2.4629	 0.520	 0.6031
to AAArgArg
CXCL12TP53 AGArgPro 	 1.1897	 0.8595-1.6467	 1.047	 0.2951	 1.9167	 0.5755-6.3836	 1.060	 0.2892
to AAArgArg
CXCL12TP53 AGProPro	 1.5000	 0.7122-3.1594	 1.067	 0.2860	 2.2500	 0.5221-9.6971	 1.088	 0.2766
to AAArgArg
CXCL12TP53 GGArgArg 	 0.7771	 0.4730-1.2768	 0.995	 0.3195	 0.4800	 0.1303-1.7687	 1.103	 0.2700
to AAArgArg
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these observations, a study performed in an Iranian popula‑
tion indicated no association between CYP1A1*2C and the 
risk of developing pediatric ALL (22). The aforementioned 
data suggest the existence of genetic differences between 
various ethnic and/or racial populations and therefore the 
study of each polymorphism in different populations may be 
meaningful.

In addition, individuals with the CYP1A1 GG genotype 
did not appear to have a higher risk for developing ALL in 
comparison with the controls. A possible explanation could 
be attributed to the extremely low frequency of GG geno‑
types in both cases with ALL and controls in the Cretan 
population. This observation is consistent with previous 
findings (22).

The association of the rs1801157 (CXCL12) and 
rs1042522 (TP53) SNPs has been previously examined in a 
study that enrolled 54 children with ALL and 58 controls of 
Caucasian individuals living in Brazil. The authors of that 
study demonstrated a positive association between these 
polymorphisms and the risk of developing ALL. Moreover, 
when both risk genotypes were analyzed in combination, a 
5‑fold increased risk of developing ALL was observed (12). 
In the present study, the data indicated that the TP53 
Pro/Pro genotype was associated with an increased risk 
of developing ALL compared with that noted in the TP53 
Arg/Arg genotype. However, no association was observed 
between the CXCL12 polymorphism and the incidence of 
pediatric ALL. In addition, a combination of TP53 and 

Table III. Continued.

B, CYP1A1, CXCL12 and TP53 combinations in pairs

	 RR	 OR
	-------------------------------------------------------------------------------------	------------------------------------------------------------------------------------- 
Genes	 RR value	 95% CI	 Z value	 P-value	 OR value	 95% CI	 Z value	 P-value

CXCL12TP53 GGArgPro	 0.9382	 0.6118-1.4389	 0.292	 0.7701	 0.8250	 0.2321-2.9325	 0.297	 0.7662
to AAArgArg
CXCL12TP53 GGProPro 	 1.8333	 0.3863-8.7012	 0.763	 0.4455	 2.2500	 0.2850-17.7601	 0.769	 0.4417
to AAArgArg

C, CYP1A1, CXCL12 and TP53 in a set of all three

	 RR	 OR
	-------------------------------------------------------------------------------------	------------------------------------------------------------------------------------- 
Genes	 RR value	 95% CI	 Z value	 P-value	 OR value	 95% CI	 Z value	 P-value

Non-AAAAArgArg to	 0.9950	 0.9214-1.0744	 0.129	 0.8976	 0.9245	 0.2822-3.0290	 0.130	 0.8969
AAAAArgArg
AAAAArgPro to AAAAArgArg	 0.1970	 0.0129-3.0162	 1.167	 0.2432	 0.1240	 0.0056-2.7440	 1.321	 0.1864
AAAAProPro to AAAAArgArg	 0.7500	 0.0859-6.5481	 0.260	 0.7947	 0.7000	 0.0489-10.0148	 0.263	 0.7928
AAAGArgArg to AAAAArgArg	 0.7609	 0.4536-1.2764	 1.035	 0.3005	 0.4261	 0.1024-1.7731	 1.173	 0.2409
AAAGArgPro to AAAAArgArg 	 1.1053	 0.7375-1.6564	 0.485	 0.6278	 1.4000	 0.3572-5.4874	 0.483	 0.6292
AAAGProPro to AAAAArgArg	 0.4583	 0.0650-3.2297	 0.783	 0.4336	 0.3500	 0.0295-4.1531	 0.832	 0.4055
AAGGArgArg to AAAAArgArg	 0.7689	 0.4570-1.2939	 0.990	 0.3224	 0.4455	 0.1068-1.8586	 1.110	 0.2672
AAGGArgPro to AAAAArgArg 	 0.8846	 0.5324-1.4698	 0.473	 0.6360	 0.7000	 0.1680-2.9174	 0.490	 0.6243
AAGGProPro to AAAAArgArg 	 3.0000	 0.3901-23.0726	 1.056	 0.2912	 4.2000	 0.3320-53.1253	 1.108	 0.2677
AGAAArgArg to AAAAArgArg	 0.7500	 0.0859-6.5481	 0.260	 0.7947	 0.7000	 0.0489-10.0148	 0.263	 0.7928
AGAAArgPro to AAAAArgArg 	 3.4286	 0.1647-71.3651	 0.796	 0.4263	 4.0909	 0.1387-120.6971	 0.816	 0.4146
AGAGArgArg to AAAAArgArg 	 1.5000	 0.5802-3.8779	 0.837	 0.4028	 2.1000	 0.3805-11.5894	 0.851	 0.3946
AGAGArgPro to AAAAArgArg 	 1.7679	 0.7378-4.2360	 1.278	 0.2013	 3.1500	 0.6083-16.3119	 1.368	 0.1715
AGAGProPro to AAAAArgArg 	 4.9231	 0.7489-32.3638	 1.659	 0.0971	 11.2000	 1.0421-120.3681	 1.994	 0.0461a

AGGGArgArg to AAAAArgArg 	 0.7500	 0.0859-6.5481	 0.260	 0.7947	 0.7000	 0.0489-10.0148	 0.263	 0.7928
AGGGArgPro to AAAAArgArg 	 1.0313	 0.3143-3.3832	 0.051	 0.9595	 1.0500	 0.1592-6.9245	 0.051	 0.9596
AGGGProPro to AAAAArgArg 	 0.5000	 0.0242-10.3422	 0.448	 0.6538	 0.4545	 0.0154-13.4108	 0.457	 0.6480
GGGGArgArg to AAAAArgArg 	 0.5000	 0.0242-10.3422	 0.448	 0.6538	 0.4545	 0.0154-13.4108	 0.457	 0.6480

AA, AAAA and AAAAArgArg were used as reference groups. aP<0.05. RR, relative risk; OR, odds ratio; CXCL12, C-X-C motif chemokine 
ligand 12; CYP1A1, CYP1 subfamily A member 1; Arg, Arginine; Pro, Proline; AA, wild-type genotype; AG, heterozygous for the major 
allele; GG, homozygous for the minor allele; Non-, presence of a minor allele at least in the heterozygous state; df, degree of freedom.
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CXCL12 polymorphisms did not increase the risk of ALL 
in the population examined.

To the best of our knowledge, the present study is the 
first that investigated in detail the association of developing 
ALL with the presence of various combinations of the 
CYP1A1*2C (rs1048943), CXCL12 (rs1801157) and TP53 
(rs1042522) polymorphisms. The risk of developing pediatric 
ALL is significantly increased when an individual exhibits 
the following combinations of genotypes: i) CYP1A1 AG and 
TP53 Arg/Pro; ii) CYP1A1 AG and CXCL12 GG; iii) CYP1A1 
AG and CXCL12 AG; and iv) CYP1A1 AG, CXCL12 AG and 
TP53 Pro/Pro.

The main limitation of the present study was the small 
sample size of the study population, which did not allow the 
generalization of the interpretation of the results. Additional 
subjects were not used that were available from other local 
populations of Greece in order to avoid any disturbance in 
the genetic homogeneity of the Cretan population. The small 
population size is a common limitation noted in similar studies. 
Sweet‑Cordero and Biegel (7) reported that the majority of 
the pediatric genomic studies had enrolled a relatively small 
number of patients, making it necessary to pool data to increase 
analytical power. An additional limitation was that the study 
and the control groups were not sex‑ and age‑matched. It is not 
certain whether a matched control (child) will develop ALL 
later in their life. By contrast, it is considered that blood donors 
are an appropriate population for the control group in order 
to assess the effects of the SNPs under investigation, since 
they are healthy, not hospitalized and free of any neoplasia 
or disease. The decision for the selection of the control popu‑
lation is consistent with other genetic studies that did not 
enroll age‑ and sex‑matched controls. For example, a study 
that investigated the association of genetic polymorphisms of 
folate‑specific genes and the risk of developing pediatric ALL 
included 500 blood bank donors as a control group (25). A 
definite advantage of the present study was the selection of 
a genetically and ethnically homogeneous patient cohort and 
its corresponding control group. Moreover, the low rate of 
migration, the availability of optimal genealogical and clinical 
records and the uniform environment contributed to reduced 
heterogeneity of the population used. Crete (situated at 25˚E 
and 35˚N) is the largest island in Greece, with ~0.65 million 
inhabitants who share the same genetic and cultural back‑
ground and a common environment.

Significant heterogeneity has been reported in the types 
of genetic alterations that may drive leukemogenesis, such 
as copy number alterations, structural alterations (chromo‑
plexy, chromothripsis), gene fusion events and rare germline 
mutations, such as ETS translocation variant 6 and paired 
Box 5 (2,7). To the best of our knowledge, a possible associa‑
tion between driver gene mutations and the combinations of 
the aforementioned SNPs is yet to be reported. Notably, it has 
been shown that the presence of SNPs in several biological 
targets, such as cytokines, drug‑metabolizing enzymes and 
tumor suppressor proteins, can be independently involved 
in leukemogenesis by affecting proliferation, apoptosis and 
other associated processes (26). However, a complex interac‑
tion of several factors, such as recurrent somatic, cytogenetic 
and molecular alterations, is considered to be associated with 
predisposing environmental factors (27).

Effective screening methods are required for early detec‑
tion and prevention of ALL. Accordingly, Wang et al  (28) 
demonstrated that the combination of SNP array analysis with 
chromosome and fluorescence in situ hybridization (FISH) 
assays in patients with ALL significantly increased the detec‑
tion rate for clinically abnormal conditions. It is also deduced 
that SNP arrays may be an optimal approach to be used in 
the future as a complementary assay to the existing chromo‑
some and FISH assays. Additional studies utilizing the SNP 
screening panel are required given that a large number of 
ALL‑associated SNPs remain unidentified (29). The detection 
of numerous leukemia‑associated gene polymorphisms has 
also been explored by genome wide association studies (29).

The present study demonstrated a strong association 
between CYP1A1*2C heterozygotes, the TP53 Pro/Pro genotype 
and an increased susceptibility for pediatric ALL in Caucasians. 
Additional studies with a larger number of patients and controls 
are required to support the data presented. Moreover, the 
results provide a starting point for future research using larger 
samples for the investigation of the aforementioned genotype 
combinations that contribute to the increased risk of ALL in 
the population examined. This may be considered a promising 
screening tool to evaluate increased ALL risk in children.
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