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Abstract
Interactions between common germline variants in ARID5B and IKZF1 and other known
childhood acute lymphoblastic leukemia (ALL) risk factors were queried using biospecimens and
data from 770 ALL cases and 384 controls. Case-control comparisons revealed dosedependent
associations between ARID5B rs10821936, ARID5B rs10994982, and IKZF1 rs11978267 and
childhood ALL overall, and B lineage and B lineage hyperdiploid ALL examined separately (all
allelic odds ratios≥1.33, Ptrend≤0.001). No heterogeneity was observed between ORs for males and
females (all Pinteraction≥0.48). Likewise, no significant genotype-birth weight interactions were
detected (all Pinteraction≥0.12) among cases. These results indicate similar ALL risk across strata of
known risk factors.
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Introduction
Few risk factors have been identified for childhood ALL, the most common pediatric
malignancy occurring in 38/1 000 000 children in the United States per year.[1] In addition
to rare genetic syndromes, which account for ~5% or less of childhood ALLs, established
factors conferring increased risk include male sex, white race, Hispanic ethnicity, and in
utero exposure to irradiation.[2,3] High birth weight and advanced maternal age have also
been consistently and positively associated with childhood ALL.[4,5] Further, recent studies
have identified common germline variants contributing genetic susceptibility for childhood
ALL.

Two independent genome-wide association studies (GWAS) of pediatric ALL revealed
consistent significant associations with single nucleotide polymorphisms (SNPs) at
chromosome 10 bands q11.22 and q21.2, the location of ARID5B (AT-rich active
interactive domain 5B), and at chromosome 7 band p12.2, the site of IKZF1 (Ikaros family
zinc finger 1).[6,7] Importantly, the loci showed specificity for precursor B cell ALL and for
the B-hyperdiploid subtype,[6,7] and were confirmed to be independently associated with
childhood B cell ALL in subsequent GWAS and validation studies.[8–16] Germline variants
in these genes have also been associated with ALL in infants,[17] but not in adults,[18] and
with AML in infants[17] and children.[19] These observations are compelling, given that the
transcription factors encoded by these genes are involved in regulating lymphocyte
differentiation.[20–22] Somatic mutations have also been reported: IKZF1 is frequently
mutated or deleted in ALL subtypes associated with poorer prognosis, including BCR-
ABL1-positive ALL and ALL with a BCR-ABL1-like expression pattern,[23,24] while
deletions in IKZF1 and ARID5B have been reported in those with B hyperdiploid ALL.[25]

Little is currently known about the joint distributions of these SNPs and other known or
suspected risk factors. Although reported variant allele frequencies have varied noticeably
by case race and ethnicity, resulting associations have been comparable across racial and
ethnic groups due to corresponding allele frequency differences in the underlying control
populations.[10,11,14] ARID5B genotype distributions were also similar between those
diagnosed at ≥10 versus <10 years of age in one large study,[14] while allele frequencies or
associations differed significantly between males and females for some ARID5B SNPs, but
not others.[9,14] Overall, prior research suggests the causal risk variants annotated by these
SNPs are generalizable to B lineage ALL across populations and demographic groups.

The purpose of the current analysis was to investigate possible risk differences across strata
of confirmed risk factors using interview and clinical data from a North American case
series of pediatric ALL.

Materials and Methods
Childhood ALL cases

Cases consisted of patients enrolled in Children’s Cancer Group (CCG) (now Children’s
Oncology Group (COG)) Protocol E15 – Epidemiology of ALL Study with biospecimens
available for genotyping.[26,27] These patients included children with a confirmed
diagnosis of ALL at ages 0–14 years at one of the 108 participating U.S. CCG institutions
during the period January 1, 1989-June 15, 1993. After excluding 5 patients with Down
syndrome, 839 ALL cases were eligible. Of these, 69 (8.2%) could not be genotyped for any
of the 3 selected SNPs, leaving 770 cases for analysis. Distributions of diagnostic age, sex,
birth weight, and maternal age were similar between the 770 included and 1144 excluded
cases from the original CCG-E15 case-control study (all P≥0.29); however, there were more
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included cases with known cell lineage (87% vs. 82%, P=0.0003) and more non-Hispanic
white (84% vs. 77%) and fewer Hispanic cases (6% vs. 11%, P=0.002).

Data on demographic and birth characteristics (sex, race/ethnicity, birth weight, maternal
age at child’s birth), and other exposures, were collected via maternal interview.[26,27]
Diagnostic information and archived or cryopreserved bone marrow samples were also
collected.[26,27] Bone marrow specimens were immunophenotyped for B or T cell lineage
via a standard panel of monoclonal antibodies; a subset were unclassifiable.[26]
Chromosomal numerical abnormalities (ploidy), including hyperdiploidy (defined as >50
chromosomes per leukemia cell), was also evaluated in a subset of cases. DNA was isolated
from archived biological samples using a phenol-chloroform extraction protocol.[27,28] All
isolated DNA was stored at −80°C prior to genotyping.

Control samples
No biospecimens were obtained from controls in the original CCG-E15 study, so
anonymized blood samples from 384 healthy, non-Hispanic white blood donors (207 males,
177 females) were used as controls. DNA was isolated via a DNA blood midi column
protocol (Qiagen, Inc., Valencia, CA) and was stored at −20°C prior to genotyping.

Genotyping methods
Selected SNPs (ARID5B rs10821936 and rs10994982, and IKZF1 rs11978267) were
genotyped by fluorogenic PCR-based allelic discrimination (Taqman) assays using the ABI
Prism 7900HT RT-PCR System (Applied Biosystems, Inc., Carlsbad, CA). Primers and
probes were designed by ABI (Taqman SNP assays C_26140184_10, C_30824850_10, and
C_199413_10). PCR conditions are available on request. Genotype calls were made
manually upon visual inspection of allelic discrimination plots by identifying clusters around
reference controls for each allele.

Genotypes could not be called for 0.4–7% of the 770 case samples across the 3 SNPs. For
the control samples, the call rate was ≥99.7% for each SNP. As a quality control measure,
~6% of case and control samples were selected for duplication for each SNP, resulting in
100% concordance between replicates. In addition, no deviations from Hardy-Weinberg
Equilibrium (HWE), evaluated via Pearson’s chi-square test, were observed in control
samples for any of the loci (all P≥0.65), providing additional confirmation of genotyping
accuracy.

The University of Minnesota Institutional Review Board approved the current study; IRBs
of participating CCG institutions previously approved the parent CCG-E15 case-control
study.

Statistical analysis
Case genotypes were compared to those of controls at each locus via unconditional logistic
regression. Genomic odds ratios (ORs) and 95% confidence intervals (CIs) were calculated
to evaluate individual genotypes (AB vs. AA, BB vs. AA) and allelic ORs were estimated
from ordinal variables indicating the number of high risk alleles (0, 1, 2) to assess the risk
per additional copy of the variant allele (dose response). The ORs are unadjusted, as little
covariate data were available on controls and the inclusion of sex in the allelic models did
not change the ln(OR) estimates appreciably. P-values for trend were determined from
allelic models via the Cochran-Armitage trend test in all groups except the age subgroups,
where the Wald chi-square test was used. Epistasis was evaluated by the inclusion of
pairwise interaction terms in logistic regression models where genotypes were modeled as
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ordinal variables. Sex-specific case-control comparisons were also conducted and genotype-
sex interactions were tested in the allelic models.

Case-only models were used to examine potential gene-by-environment interactions on the
multiplicative scale using ordinal logistic regression, where the independent variables were
the demographic characteristics (categories of birth weight and maternal age) and the
dependent variables were the genotypes modeled as the number of high risk alleles (0, 1, 2).
The resulting allelic interaction odds ratios (IORs) were presented in instances where the
proportional hazards assumption was not violated. Alternatively, genomic IORs were
provided in table footnotes for models where the proportional hazards assumption did not
hold. Minimal detectable IORs were estimated using Quanto version 1.2.4,[29] given the
sample size of 770 and allele frequencies of 0.36–0.57, and assuming population
prevalences of 7.2% for birth weight >4000 g and 12.5% for maternal age >35 years (from
E15 controls), a log-additive mode of inheritance, a type I error rate of 0.05, and 80%
power.

Polytomous logistic regression was performed to calculate and test the homogeneity of the
ORs for the diagnosis age subgroups compared with controls. Due to the potential for
confounding by population admixture and given the known population differences in variant
allele frequencies for these SNPs,[10,11,14] all analyses were repeated restricting cases to
non-Hispanic white (n=645) by maternal report.

All regression analyses were conducted in SAS version 9.2 (SAS Institute Inc., Cary, NC,
USA).

Results
Characteristics of the 770 cases are shown in Table 1. Most ALLs were of a B cell lineage
(74.5%). Over half were diagnosed between 2–5 years of age (54.8%) and a similar
proportion were male (55.1%). Distributions of ALL subtype by diagnostic age are provided
in Supplementary Table 1.

Risk allele frequencies were greater for cases than controls for the ARID5B rs10821936 C
(0.44 and 0.34, respectively, Table 2), ARID5B rs10994982 A (0.57 and 0.49), and IKZF1
rs11978267 G (0.36 and 0.27) variants and were similar to previously published frequencies.
[6] These differences correspond to statistically significant associations between additional
copies of the variants, indicating a positive dose response, and childhood ALL overall
(allelic ORrs10821936=1.56, 95% CI: 1.31–1.87, Ptrend=9×10−7; ORrs10994982=1.33, 95% CI:
1.12–1.58, Ptrend=0.001; ORrs11978267=1.45, 95% CI: 1.20–1.74, Ptrend=0.0001; Table 2), as
well as for B lineage ALL and for B lineage hyperdiploid ALL (all allelic OR≥1.37,
Ptrend≤0.001; Table 2). None of the three SNPs was associated with T-cell ALL. In
evaluating potential epistasis, there were no pairwise interactions detected between any of
the three SNPs (all Pinteraction≥0.24; data not shown) for childhood ALL overall or among
the ALL subtypes.

The SNP associations were similar for males and females for each of the three SNPs overall
and for each of the subtypes (all Pinteraction≥0.48, Table 3). There were no interactions
detected between any of the three SNPs and birth weight (all Pinteraction≥0.12) (Table 4). For
maternal age, a significant interaction was observed in the genomic model for ARID5B
rs10994982 due to a lower frequency of the A allele in cases of mothers aged 20–24 years
(Pinteraction=0.02). SNP associations were restricted to the intermediate diagnostic age
categories spanning 1–10 years and were not observed in infants or in those aged 11–14
years (all Pheterogeneity≤0.02, Supplementary Table 2). Restricting to non-Hispanic white
cases only (n=645) produced results very similar to those described above (data not shown).
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Discussion
Here we further validate associations between childhood ALL and ARID5B and IKZF1
SNPs identified through GWAS;[6,7] we report unusually strong associations for B lineage
hyperdiploid ALL, but none for T cell ALL. Importantly, we report no marked differences in
the associations across strata of sex, birth weight, or maternal age at the time of the child’s
birth. The lack of detectable epistasis suggests that each risk variant contributes
independently and additively to the risk of childhood B cell ALL, perhaps through altered
transcriptional regulation of lymphocyte differentiation.

Ikaros and ARID5B participate as transcription factors in the regulation of normal immune
cell maturation. The effects of Ikaros begin early in hematopoiesis, assisting hematopoietic
stem cell maintenance and renewal[30] and impacting lineage commitment decisions and
differentiation of lymphoid cell populations.[20] With respect to early B cell lymphopoiesis,
Ikaros is instrumental in regulating genes involved in expression of cell surface receptors
and V(D)J recombination [21]. Using Epstein-Barr virus-transformed lymphocytes,
Papaemmanuil et al showed a functional effect for rs4132601,[7] which is in complete
linkage disequilibrium with rs11978267,[31] such that each additional copy of the variant
allele resulted in greater attenuation of IKZF1 mRNA expression. Additionally, substantial
attenuation of Ikzf1 expression in BCR-ABL1+/0 mice heterozygous for a Lac Z knock-in in
exon 2 (IKL/+) resulted in an increased population of lymphocytes arrested at the pro-B to
pre-B stage, which quickly progressed to leukemia in all mice tested.[32] This and similar
evidence from other murine models of Ikzf1 loss-of-function mutations,[33] along with
genomic profiling studies of human leukemia samples showing a high prevalence of IKZF1
mutations and deletions leading to haploinsufficiency,[23–25,34] provides robust support for
a potent tumor suppressor role for Ikaros in pediatric B cell ALL. The increased
susceptibility for B lineage ALL observed here and by others[6–16] suggests that
rs11978267 is associated with ALL evolving in B cell progenitors in the early stages of
differentiation.

The role of ARID5B in lymphocyte differentiation and function has been less thoroughly
investigated. A pivotal piece of evidence is that loss of Arid5b expression in mice with
homozygous deletions within the conserved ARID region results in transient reductions in
total immune cell counts in the bone marrow and secondary lymphoid organs, as well as
reduced proportions of lymphocyte progenitors in those organs.[22] Although the functional
consequences of the two ARID5B SNPs examined herein are not known, it is possible that
the presence of a variant allele may also lead to transient abnormalities in immune cell
distributions and increased susceptibility to leukemia.

Associations between the variant alleles and ALL were similar across both sexes. A greater
male:female ratio is observed for T cell ALL (2.4:1);[35] however, since none of the SNPs
were associated with T cell ALL here, or in most prior studies, this homogeneity of ORs
would be expected. These sex-specific results replicate those reported by Xu et al and Healy
et al for ARID5B rs10821936,[9,14] but for ARID5B rs10994982 our results contradict
those by Healy et al, who observed a 3.8-fold greater odds of ALL in males homozygous for
the variant compared to wild type homozygotes, but no association in females (P=0.01).[9]
In contrast, Orsi et al reported ORs that were 30–40% higher among females for ARID5B
SNPs in high linkage disequilibrium with those listed above (interaction P-values were not
provided); however, similar to our results, they found comparable sex-specific ORs for the
IKZF1 locus.[16]

We did not observe significant differences in the distribution of genotypes across stratum of
birth weight, or maternal age for 2 of 3 SNPs, although we had 80% power to detect IORs of
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~1.5 for the highest categories of exposures (e.g., birth weights >4000g) in the case-only
models. For maternal age, a statistical interaction was detected for ARID5B rs10994982,
where the risk allele frequency was somewhat lower in cases born to mothers aged 20–24
years than in other categories; however, this may be a chance finding because there was no
discernable pattern of risk across maternal age categories.

When risk differences were stratified by age at diagnosis, associations were not observed
among infant or adolescent cases, although these groups have smaller sample sizes and
results should be interpreted accordingly. As described in our similar study of infant
leukemia,[17] these null findings for infants likely reflect an absence of an association
within infant ALL cases with MLL gene rearrangements (MLL+), for whom an alternate
pathway is likely involved. The current study preceded routine clinical MLL testing,
however, it is likely that a substantial portion of the infants were ALL MLL+, since an
estimated 61–79% of infant ALLs fall into this category.[36,37] With respect to adolescents,
the greater proportion of cases with T lineage ALL (33%) resulted in no SNP associations in
that age group.

The present study has several strengths, including the sample size and the inclusion of case
samples and data from a North American epidemiologic study. Post hoc power
calculations[29] in the combined ALL cases and in B lineage ALLs indicated there was 89–
100% power to detect the observed associations. For T lineage ALLs, there was sufficient
power (≥80%) to detect ORs ≥1.6, had such effects been present. In restricting our analysis
of gene-environment interactions to those SNPs consistently associated in prior GWAS with
childhood ALL and factors that are both reliably recalled[38] and consistently associated
with ALL,[4,5] we minimize the potential for recall bias and chance findings. The main
limitation is that we are using data from a historical ALL study that pre-dates routine
cytogenetic analysis for recurring translocations (e.g., ETV6-RUNX1[15], BCR-ABL1), and
for whom karyotypes are no longer available, precluding our ability to further stratify by
these biologically meaningful characteristics. In addition, a number of statistical tests were
performed in the current study. We did not adjust for multiple comparisons in order to detect
associations, however we acknowledge that ORs with P-values near the 0.05 significance
level may be spurious. Finally, we have focused on three SNPs in two genes, however it is
not yet clear if these polymorphisms are causal variants or markers of causal variants, and it
is further possible that we have missed etiologically relevant variants through this approach.

Conclusions
In a North American case series we have shown that the confirmed associations between
variant alleles in ARID5B and IKZF1 and B lineage childhood ALL do not vary by sex,
birth weight, or maternal age categories. Associations did differ across the age at diagnosis
categories, however, which reflects the distribution of ALL subtypes present in each
category.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 1

Selected characteristics of 770 childhood ALL cases.

N (%)

Immunophenotype

 B cell 574 (74.6)

 T cell 95 (12.3)

 Unknown 101 (13.1)

Chromosomal numerical abnormalities

 None 96 (12.5)

 Hyperdiploid (>50) 79 (10.3)

 Other 122 (15.8)

 Unknown 473 (61.4)

Diagnosis age (y)

 <1 32 (4.2)

 1 – <2 61 (7.9)

 2 – 5 422 (54.8)

 6 – 10 174 (22.6)

 11 – 14 81 (10.5)

Sex

 Male 424 (55.1)

 Female 346 (44.9)

Race/ethnicity

 Non-Hispanic white 645 (83.8)

 Non-Hispanic black 47 (6.1)

 Hispanic 48 (6.2)

 American Indian/Alaskan Native 7 (0.9)

 Asian/Pacific Islander 20 (2.6)

 Other 3 (0.4)

Birth weight (g)1

 ≤3000 128 (16.6)

 3001 – 3500 257 (33.4)

 3501 – 4000 257 (33.4)

 >4000 127 (16.5)

Maternal age at index child’s birth (y)

 <20 69 (9.0)

 20 – 24 185 (24.0)

 25 – 29 285 (37.0)

 30 – 34 163 (21.2)

 ≥35 68 (8.8)

ALL = acute lymphoblastic leukemia

1
Birth weight not provided in maternal interview for one case
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