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ABSTRACT 
 

 Inherited Susceptibility in Childhood Leukemia among a California Hispanic Population 
 

By 
 

Ling-I Hsu 
 

Doctor of Philosophy in Epidemiology 
 

University of California, Berkeley 
 

Professor Patricia A. Buffler, Chair 
 
 
 
The incidence of acute lymphoblastic leukemia (ALL) has been found to be nearly 20% higher 
among Hispanics than non-Hispanic Whites in California. Ethnic differences in ALL incidences 
may be attributed to the differences in the frequency of genetic factors or increased Native 
American ancestry. In addition to biological factors, suggestive evidence exists for other factors 
including agricultural pesticide usage, socioeconomic status, and timing of early exposure to 
infectious agents or other environmental exposures that differ among the Hispanic population. 
Since ALL is the most common childhood malignancy, characterizing the genetic variation and 
unraveling the complex interplay between genetic and environmental factors are crucial for 
understanding the disease etiology. Recent genome-wide association studies (GWAS) in non-
Hispanic White populations have indicated that inherited genetic variations in key regulators for 
lymphoid differentiation contribute to childhood ALL susceptibility (IKZF1, ARID5B, and 
CEBPE). However, few studies have been explored these loci in the Hispanic population, and 
fewer have assessed the interplay of environment factors. This dissertation is focused on 
identifying and characterizing genetic components, gene and environment interactions and 
biological pathways among the high risk population of childhood ALL. 
 
 
In Chapter 2, the relationship between eight selected single nucleotide polymorphisms (SNPs) 
identified in the previous GWAS: 10q21.2 (rs7089424, rs10821936, rs7073837, rs10740055, 
rs10994982, ARID5B), 14q11.2 (rs2239633, CEBPE), and 7p12.2 (rs4132601, rs11978267, 
IKZF1) and the risk for childhood ALL was investigated in both non-Hispanic White (NHW) 
and Hispanic populations of the California Childhood Leukemia Study (CCLS). Logistic 
regression assuming a log-additive genetic model was used to estimate odds ratios (OR) 
associated with each SNP within IKZF1, CEBPE, and ARID5B among 594 NHW children (225 
cases and 369 controls) and 706 Hispanic children (300 cases and 406 controls). We found 
significant associations for five ARID5B variants in both Hispanics (P values of 1.0×10−9 to 
0.004) and NHWs (P values of 2.2 ×10−6 to 0.018). Risk estimates were in the same direction in 
both groups and strengthened when restricted to B-cell hyperdiploid ALL. Similar results were 
observed for the CEBPE variant. IKZF1 variants showed some varieties in susceptibility loci. 
Evidence of interaction was not observed for these eight variants and surrogates for early life 
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exposure to infections, such as daycare attendance, birth order and history of infections. The 
findings provide additional support for the role of inherited genetic susceptibility in childhood 
ALL and insights into ALL pathogenesis in diverse populations. 
 
 
In Chapter 3, the relationship between variation within three candidate lymphoid cell 
development genes (IKZF1, CEBPE, and ARID5B) and the risk of childhood ALL was 
extensively examined in the Hispanic population. Genotypic data for 323 Hispanic ALL cases 
and 454 controls from the CCLS were generated using Illumina OmniExpress v1 platform. 
Statistically significant associations between genotypes at 7p12.2 (IKZF1), 10q21.2 (ARID5B), 
and 14q11.2 (CEBPE) and ALL risk are found; odds ratio (OR) =0.50, 95% confidence interval 
(CI): 0.35-0.71 (P value =0.004), OR=2.12, 95% CI: 1.70-2.65 (P value =1.16 ×10-9), OR=1.69, 
95% CI: 1.37-2.08 (P value =2.35 ×10-6), respectively. The rs11980379 and rs4132601 risk 
alleles within IKZF1 were associated with IKZF1 expression. As shown by present study 
findings and previous published studies, inherited predisposition seems to be subtype-specific, 
suggesting different etiologies for different ALL subtypes. Potential interactions between the 
genetic variation and surrogates for early life exposure to infections, such as daycare attendance 
and birth order, on the ALL risk were not observed on a multiplicative scale. The results further 
identify more susceptibility loci and underscore the importance of lymphoid cell development 
genes on ALL pathogenesis. 
 
 
Finally, in Chapter 4, pathway-based analyses were employed in Hispanic GWAS data of the 
CCLS to examine if different biological pathways were overrepresented in ALL and major ALL 
disease subtypes, including B-cell ALL, hyperdiploid B-ALL, and TEL-AML1 ALL. For 
pathway analyses, genes that had at least one significantly associated SNP (P value <0.001) were 
selected, while adjusted for age, gender, and genetic ancestry. The top five overrepresented 
KEGG pathways in ALL include axon guidance (PFDR=5.1×10-06), protein digestion and 
absorption (PFDR=7.2×10-04), melanogenesis (PFDR=0.001), leukocyte transendothelial migration 
(PFDR=0.002), and focal adhesion (PFDR=0.002). Between different disease subtypes, pathway 
analyses results indicate that hyperdiploid B-ALL and TEL-AML1 ALL involve distinct 
biological mechanisms compared to ALL, while focal adhesion is a shared mechanism between 
different ALL disease subtypes. Furthermore, targeted maximum likelihood estimation (TMLE) 
method incorporating with least absolute shrinkage and selection operator (LASSO) were used 
for data reduction and to select a list of candidate genes for directing future studies, while 
accounting for correlation between SNPs. Several genes including COL6A6, COL5A1, DVL1, 
TCF7L1, MAP2K2, VAV3, CTNNA2, CDK6, RRAS2, and CAMK2D warrant future 
investigations. The findings suggest that pathway analyses and novel causal methods can provide 
additional insights into selecting regions for targeted sequencing and these enriched biological 
pathways can be explored as new therapeutic targets for childhood ALL.  
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CHILDHOOD LEUKEMIA 
 
An overview of childhood leukemia  
 
Leukemia is the most common childhood malignancy, accounting for 31% of all cancers 
diagnosed in children younger than 15 years of age (1). The annual incidence rate of childhood 
leukemia in the United States is approximately 45 cases per million, which equates to 
approximately 3,250 cases of childhood leukemia diagnosed each year (1). Within the major 
subtypes of childhood leukemia, 79% of these cases are acute lymphoblastic leukemia (ALL), 
followed by 17% of acute myeloid leukemia (AML), 4% of chronic myeloid leukemia (CML), 
and other types (2). The etiology of the major leukemia subtypes (ALL and AML) is suspected 
to be different based on both cell lineage and epidemiological studies of incidence and risk 
factors (3).  
  
Substantial geographic variation exists in childhood leukemia incidence rates. Incidence rates for 
ALL are highest in European, American (North, Central and South), and Oceania (Australia and 
New Zealand) countries, followed by intermediate rates in Asian countries, and have the lowest 
rates in African countries (4). In California, Hispanics have the highest age-adjusted childhood 
leukemia rates (56.2 per million), followed by non-Hispanic Whites (44.6 per million), 
Asian/Pacific Islanders (40.0 per million), and African Americans (29.1 per million) (5). 
 
Epidemiologic studies of childhood leukemia have examined a number of possible risk factors, 
including environmental and genetic factors, to determine the etiology of the disease. However, 
there is still little known about the causes of and risk factors for childhood leukemia (6). From a 
global perspective, established evidence for an increased risk of ALL includes gender (30% 
higher incidence in males compared to females), age (peak incidence is between the ages of 2 
and 5), race (there is an approximate1.6 times higher risk in non-Hispanic White children 
compared to African American children), prenatal exposure to x-rays, therapeutic radiation, high 
birth weight, and specific genetic syndromes (1, 7). However, these factors explain less than 10% 
of the cases, leaving the remaining 90% unresolved (8). Other putative risk factors include non-
ionizing electromagnetic fields, parental occupation, parental smoking, exposure to pesticides or 
solvents, immunological factors, and genetic susceptibility (9). 
 
Disease-free survival of childhood ALL has improved over the last several decades, reaching 
80% in developed countries (10). However, treatment outcomes also differ by ethnicity: African 
Americans and Hispanics have lower survival rate compared to non-Hispanic Whites and Asian 
Americans (11). The contribution of genetic, environmental, or sociocultural factors to these 
observed differences in disease incidences and treatment responses remains unclear. This 
dissertation is focused on characterizing the genetic components and relevant environmental 
exposures and deciphering how these factors contribute to the multifactorial pathogenesis of 
childhood ALL in the Hispanic population.  
 
Natural History and Biology 
 
Acute lymphoblastic leukemia (ALL) is a heterogeneous disease characterized by the 
predominance of immature hematopoietic cells (7). Though the etiology of childhood leukemia 

2 
 



is unclear, recent research has indicated that both genetic susceptibility and environmental 
exposures are likely to be involved. It is possible that both prenatal and postnatal environmental 
exposures play a crucial role in triggering the onset of leukemia. The process leading to the onset 
of childhood leukemia is likely to involve at least two genetic events, or “hits” (12). The first 
event probably occurs in utero and often causes a chromosome translocation and formation of a 
fusion gene. The second event occurs during the postnatal period, causing a proliferation of the 
leukemia clones (13).   
 
Immunophenotyping by flow cytometry is essential in diagnosing ALL and distinguishing 
subtypes with therapeutic implications, including B-cell ALL and T-cell ALL. Approximately 
75% of childhood B-cell ALL cases have a recurring chromosomal alteration which is detectable 
by karyotyping, fluorescence in situ hybridization (FISH), or other molecular techniques. Many 
leukemia patients have chromosomal alterations, including t(12;21) TEL-AML1, 11q23 MLL-
AF4, t(8;21) AML1-ETO, t(15;17) PML-RARA, t(1;19) E2A/PBX1, inv(16) CBFB-MYH11, and 
hyperdiploidy (14-19). While these appear to be important initiating events in leukemogenesis, 
the alterations are insufficient to cause leukemia (20). For example, screening of neonatal cord-
blood samples has revealed a putative leukemic clone with the TEL-AML1 fusion gene in 1% of 
newborn babies, which is a frequency 100 times higher than the prevalence of ALL (21).  
 
Individual subtypes of ALL may have distinct etiologies. Molecular abnormalities associated 
with particular subtypes may be linked to specific causal mechanisms and have been used for 
risk stratification and treatment specification (22-24). For example, infant ALL is usually 
associated with MLL rearrangement and has a high concordance rate in monozygotic twins 
(approaching 100% for those with a single placenta) (25). In contrast, B-cell ALL peaks between 
two and five years of age and has a relatively much lower concordance rate of 5-25% (26). 
Approximately one-third of B-cell ALL patients show an increase in the chromosome number 
(i.e., hyperdiploidy), which make up a unique biologic subset associated with increased in vitro 
apoptosis in a variety of chemotherapeutic agents (27). A favorable prognosis is observed in 
hyperdiploid B-ALL patients, which can be attributed to the impact of trisomies of chromosomes 
4, 10, and 17 (28). Another most prevalent translocations (~25%) is the t(12;21) chromosomal 
translocation, which results in the chimeric fusion gene TEL-AML1 (ETV6-RUNX1) (29). TEL-
AML1 patients are thought to have an excellent prognosis and are associated with good risk 
features such as female gender, low white cell count, and CD10+immunophenotype (29).    
 
Up to 15% of childhood B-cell ALL patients lack a previously identified chromosomal 
rearrangement, but do exhibit a gene-expression profile similar to that of t (9; 22) BCR-ABL1 
positive ALL and often have deletion or mutation of IKZF1 (30). The incidence of t (9; 22) 
subtype increases with age, from 2% in children to 20% in adults (20–39 years of age) (29). The 
presence of the t (9; 22) translocation has been associated with a poor prognosis. Due to the 
advent of tyrosine kinase inhibitors, the treatment outcome has improved for BCR-ABL1 positive 
patients (29). 
 
The growing body of literature indicates that cytogenetic characteristics may vary between 
different ethnic groups and might be associated with ALL treatment outcomes. Aldrich et al. 
found a similar distribution of cytogenetic characteristics among non-Hispanic Whites and 
Hispanics in the California Childhood Leukemia Study (CCLS), with the exception of t(12;21) 
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TEL-AML, which is more common in non-Hispanic Whites (31). Similarly, a study from St. Jude 
Children’s Research Hospital observed that among African American children, there is a higher 
prevalence of the t(1;19) E2A-PBX1 translocation, which is associated with incomplete remission 
and poor treatment outcome (32). 
 
Heterogeneity of Hispanics in the United States 
 
According to the United States Census Bureau, Hispanics are individuals who self-report as 
being Spanish, Latino or Hispanic, and can be of any race. The reported incidence rate of 
childhood ALL has been found to be approximately 20% higher among Hispanic children than 
the rate among non-Hispanic White children (5). This higher risk is possibly due to an increased 
prevalence of ALL risk alleles in populations with Native American ancestry, as well as ethnic 
differences in exposure to environmental risk factors (33-35). Hispanics are a recent admixed 
population, meaning the proportions of European, African, and Native American genetic 
ancestry can vary considerably (36). In the CCLS, the Hispanic population showed a similar 
mean of European, Native American, and African ancestry (~52%, ~40% and ~8%, respectively 
for both cases and controls) between cases and controls using ancestry informative markers 
(AIMs), probably due to careful individual matching among cases and controls (37).  
 
Since Hispanics are an admixed population, they are more susceptible to population stratification, 
a type of confounding resulting from allele frequency differences in cases and controls, due to 
systematic differences in ancestry rather than association with diseases (38). Linkage 
disequilibrium (LD) decays quickly in randomly mating populations; however, in populations 
with recent admixture, LD may produce spurious associations with markers that are unlinked to 
disease loci. If a disease has a higher incidence in one ancestral subpopulation, then this 
subgroup will be overrepresented among the cases. Wacholder et al. define population 
stratification as “the distortion of the relationship between a genotype of interest and disease due 
to the effect of a true risk factor that is related to the genotype” (39). These spurious associations 
can also occur when cases and controls are sampled from the same admixed populations in 
which the proportions of ancestry vary between individuals, as is the case for the Hispanic 
population (40).  
 
 
One way to account for population structure is to use principal components analysis (PCA) (41). 
PCA is a statistical method for exploring datasets with a large number of measurements by 
reducing the dimensions to a few principal components (PCs) that describe the pattern. The first 
PC is the linear combination of measurements that accounts for the largest amount of variability 
in the data; the second PC is the second most variable summary among all possible linear 
combinations (42). Price et al. propose using PCA to correct for population stratification in 
genetic studies (41, 43). First, PCA is applied to the genotype data to infer continuous axes of 
genetic variation. Afterwards, adjusted genotypes and phenotypes are calculated to compute the 
association statistics (The adjusted genotypes are the residuals from the regression of the original 
genotypes against the continuous axis of variation. The adjusted phenotypes are similarly 
determined) (41, 43). This method has been widely implemented in genetic studies in admixed 
populations (44). 
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Infection-related hypotheses in childhood leukemia  
 
Current hypotheses suggest that immune function and responses to infection are likely to play a 
key role in ALL etiology (20). Two infection-related hypotheses have been proposed in 
childhood ALL. Kinlen postulates that the mixing of immunologically isolated populations with 
new residences may lead to an increased risk of ALL, due to changes in the population dynamics 
of infectious diseases (45). Thus viewed, leukemia may be a rare response to a common infection 
(46). Greaves hypothesizes that the absence in early childhood of an immune challenge and 
priming, combined with “delayed” exposures to infection, might subsequently cause adverse 
immune responses to common infectious agents, and thus increase the risk of childhood ALL 
(34). Greaves’s theory parallels the hygiene hypothesis that was developed to explain an 
increased prevalence of allergies in developed countries: in early life, fewer infections and less 
exposure to bacteria and endotoxin may lead to a less well-modulated immune system and over-
reactive T-helper 2 cells (47). Kinlen’s hypothesis predicts a lack of immunity to common viral 
or other infective agents while Greaves’s hypothesis postulates an abnormal and delayed 
response to infections. Even though these two hypotheses differ in their details, they are 
compatible with one another. 
 
The literature on early infections and ALL is heterogeneous, with various definitions of common 
infections and various quantifying indices (48). Several epidemiologic studies have evaluated the 
roles of immune function and responses to infection in ALL etiology using proxies of exposure 
to infections, including daycare attendance, birth order, both the child’s and mother’s history of 
infections, breastfeeding, urban versus rural locations, play-group attendance, and parental social 
contact in the work place (49-51). The transmission of infectious agents is believed to be 
promoted through different types of social settings because of the immaturity of children’s 
immune systems together with a general lack of hygienic behaviors. In developed countries, 
most exposures to common childhood infections result from contacts with other children (52). 
For example, it has been well documented that daycare attendance increases the risk for 
infections and the risk of infections increases with the number of socializing children (53). In 
2004, McNally and Eden reviewed 10 studies that examined the association between daycare 
attendance and ALL, and the work of Urayama et al. (2010) update and extend the review to 14 
studies (48, 54). Neither study show adverse effects of daycare attendance with the risk of ALL; 
moreover, the majority of studies demonstrate a protective effect. The results from the recent 
meta-analysis reveal a reduced risk of ALL for non-Hispanic White children who attend daycare 
facilities (OR= 0.76, 95% CI: 0.67–0.87) (54).  
 
Birth order is another marker of infectious exposure, with later-born children presumed to be 
more often exposed to infectious agents by older siblings, as well as exposure at earlier ages. 
Analyses among non-Hispanic White children in the CCLS show evidence of a reduced risk of 
childhood ALL associated with having older siblings (55). Most of the cohort studies and the 
case-control studies based on birth registries report null or negative associations between birth 
order and ALL, whereas the results are less consistent in other studies (56). Any relationship 
between birth order and ALL may be diluted if the birth interval is large or if a child acquires 
one or more infections from other sources, such as via parental social contact.  
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Histories of common childhood infections can also be used as a measure of probable exposure to 
infections during early childhood. Among various common infections assessed in the CCLS, 
having ear infections during the first year of life was associated with a protective effect towards 
ALL (55).The results published by CCLS are consistent with two additional studies that present 
evidence of a reduced ALL risk in conjunction with ear infections (57, 58). Several other studies 
provide evidence of a reduced ALL risk associated with other types of common infections, 
including the common cold (58), gastrointestinal infections (59-61), and neonatal infections (58, 
62). On the other hand, certain other studies report no association (63, 64), or the reverse, an 
increased risk of childhood ALL (65, 66), especially those studies utilizing general medical 
records (65-67). It is possible that these conflicting results reflect one of many mechanisms 
involved in the etiology of childhood ALL. Clinically diagnosed infectious illnesses may not 
capture the same infection experiences as self-reported infection histories (66).  
 
Taken as a whole, the most comprehensive and consistent results support that exposure to 
infectious agents early in life protects against ALL are from daycare attendance literature. 
Nevertheless, in the absence of direct serologic evidence, the biological mechanisms behind 
immune responses remain unclear (65).   
 
 
Genetic Susceptibility to Childhood Leukemia   
 
Studies of leukemia among identical twins indicate a substantially higher risk for the twin of a 
patient to also be diagnosed with ALL (68). The estimated concordance rate for ALL in identical 
twins is between 5% and 25%. During the peak incidence of ALL at the age of between two and 
five years, the concordance rate is showed to be 15% (8). Children with affected siblings have a 
two- to four-fold greater risk of developing leukemia (69). Direct evidence for inherited genetic 
syndromes to ALL is provided by the high risk associated with Bloom's syndrome, 
neurofibromatosis, ataxia telangiectasia, and constitutional trisomy 21 (Down syndrome); 
however, these explain only a small proportion of ALL diagnoses (70). It is likely that the 
inheritance of multiple low-risk variants or the complex interactions between genetic variants 
and environmental exposures, contribute to the ALL disease risk.  
 
Candidate-gene approaches implicate inherited polymorphisms of several genes that could play a 
role in leukemogenesis, but these findings are inconclusive (71). Genetic susceptibility studies of 
genes that encode enzymes with critical roles in xenobiotic metabolism such as GSTM1, GSTT1 
and CYP1A1, show associations with an increased risk of childhood leukemia (72). 
Polymorphisms in the folate metabolism and oxidative stress response genes as well as in cell 
cycle checkpoint genes and DNA repair genes may also increase susceptibility to ALL (73-76). 
Genes involved in the immune system, such as human lymphocyte antigen (HLA), have been 
associated with childhood ALL (77, 78). Additionally, genes involved in encoding proteins with 
key roles in lymphoid development (PAX5, IKZF1, EBF1, and LMO2), cell-cycle regulation and 
tumor suppression (CDKN2A/CDKN2B, PTEN, and RB1), lymphoid signaling 
(BTLA, CD200, and TOX), and transcriptional regulation and coactivation (TBL1XR1, ETV6, 
and ERG) are all suspected to be involved with ALL pathogenesis (30).  
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To date, most research on childhood ALL focuses on candidate-gene approaches and examines 
ALL in the non-Hispanic White population. On the other hand, genome-wide association studies 
(GWAS) use an agnostic approach (“hypothesis-free”), comparing single nucleotide 
polymorphisms (SNPs) across the whole genome in a large sample of cases and controls. These 
studies usually contain hundreds of thousands of markers and a genome-wide significance 
threshold (nominal P-value < 5×10-8) is required, ideally accompanied by independent 
replication datasets. The first GWAS in childhood ALL was published in 2009 by two different 
research groups, with a focus on the non-Hispanic White population (79, 80). The two studies 
provide the first evidence that inherited genetic variations are associated with childhood ALL, 
including IKZF1 (encoding the early lymphoid transcription factor IKAROS), ARID5B 
(encoding the AT-rich interactive domain 5B transcription factor), and CEBPE (encoding the 
transcription factor CCAAT/enhancer binding protein, epsilon) (Table 1). Notably, these risk 
variants annotate genes involved in transcriptional regulation and differentiation of B-cell 
progenitors (30, 81). Subsequently, follow-up studies show consistent associations with the risk 
of childhood ALL in different populations, including a large German replication study (82), a 
Thai population (83), a Polish population (84), a French-Canadian cohort (85), a multiethnic 
population (86), and African American children from St. Jude Children’s Research Hospital (87). 
Currently, GWAS of childhood ALL have been successfully identified as common genetic 
variants in IKZF1, ARID5B, CEBPE, CDKN2A/2B, BMI1-PIP4K2, and GATA3 (79, 80, 85, 88, 
89, 90). However, fewer studies explore these loci in Hispanic populations using a genome-wide 
approach (89). 
 
One of the current hypotheses suggests that childhood leukemia results from chromosomal 
alterations and mutations that disrupt the normal differentiation process of lymphoid or myeloid 
progenitor cells (91). GWAS results indicate that genes involved in B-lymphocyte development, 
such as IKZF1, ARID5B, and CEBPE, might play a crucial role in ALL predispositions (33, 79, 
80, 86, 92, 93). Animal models in knockout mice also support the biological plausibility of these 
genes, which are essential for B-cell development (82, 83, 85, 94, 95). Altogether, the findings 
from GWAS and animal studies further support the current hypothesis, indicating that inherited 
genetic variation in these B-cell regulatory genes might contribute to the pathogenesis of ALL 
and may also have important implications for ALL treatment. 
 
 
Previously Identified B-lymphocyte Development Genes from GWAS 
 
Hematopoiesis is controlled by a number of regulatory networks, including a series of specific 
transcription factors. Hematopoietic stem cells (HSCs) produce multi potent progenitors (MPPs) 
that give rise to lymphoid-primed multi potent progenitors (LMPPs) and common lymphoid 
progenitors (CLPs) (96). B lymphocytes are then generated from hematopoietic progenitors, 
which are carefully regulated by lineage-specific transcription factors (96, 97). The 
differentiation and proliferation of B cells require the proper regulation of transcription factors 
that activate specific genes and restrict the differentiation of HSCs. 
 
One of the critical transcription factors for B-cell lineage specification is Ikaros (encoded 
by IKZF1), which acts as a key regulator of hematopoietic differentiation (81). Ikaros is required 
for lymphocyte development since its deletion halts the development of B lymphocytes (98). In 
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mice models, B cells remain absent throughout the lifetime of Ikaros-deficient mice (99). The 
growing body of literature has established that IKZF1 is one of the most clinically relevant tumor 
suppressors in ALL (81). IKZF1 alterations are presented in more than 70% of BCR-ABL1 
lymphoid leukemia patients and are associated with poor response to treatment (100, 101). 
Studies from the Children’s Oncology Group (COG) leukemia study group demonstrate that 
patients with deletion or mutations of IKZF1 have nearly three times the risk of treatment failure 
(101). 
 
Less is known about CEBPE and ARID5B. CEBPE, together with other CEBP family members, 
have been shown to play a pivotal role in hematopoietic proliferation and differentiation (102). 
CEBPE is involved in functional maturation and terminal differentiation of myeloid cells as well 
as a target of chromosomal translocation in ALL (102). Deregulated CEBPE expression may 
lead to malignant transformation (102). ARID5B is a member of the AT-rich interaction domain 
family of transcription factors which are essential for embryogenesis and growth regulation (103). 
ARID5B knockout mice exhibit defects in the B lymphoid progenitors (94). Thus, it is plausible 
that germline variation at the ARID5B locus affects susceptibility to ALL by altering ARID5B 
function in B-lineage development. As demonstrated in previous study findings, the associations 
between ARID5B genotypes and ALL risk are most prominent in hyperdiploid ALL subtypes, 
implying that ALL predispositions might be subtype specific and different subtypes involve 
different etiologies (80, 104). 
 
 
Pathway-based Analysis 
 
The rationale behind the GWAS design is that common variation in the human genome, as 
exhibited by SNPs with frequency greater than 5%, is responsible for the risk of complex 
disorders (105). The study design of GWAS is based on being able to statistically detect the 
association of a SNP that is in linkage disequilibrium with a predisposing gene variant. Even 
though several common genetic variants in IKZF1, ARID5B, CEBPE, CDKN2A/2B, BMI1-
PIP4K2, and GATA3 have been identified through GWAS, these variants only have odds ratios 
of around 1.2 to 1.5 and do little to explain leukemia risk (86, 106). It has been argued that 
genetic variants contributing to disease susceptibility are not being captured by current GWAS 
paradigms (107). These undetected associations are important because they may be effective in 
elucidating the biologic basis of diseases and leading to possible treatments. Recently, 
complementary approaches for GWAS analysis have been developed, including the use of 
imputation for association tests, and pathway-based association approaches (108). Genotype 
imputation predicts untyped markers in target samples using a densely typed reference set (i.e., 
1000 Genome Project). Imputation allows meta-analysis of studies genotyped on different 
genotyping platforms and allows association testing of variants that are not well captured by the 
chips. Pathway analysis is the use of prior biological knowledge underlying complex diseases to 
integrate into association analyses (109). In particular, analyzing genomic data through gene sets 
that are defined by functional pathways offer greater potential for discovery and to find the 
connections of disease mechanisms. 
  
 
Several recently published studies have clearly demonstrated the use and importance of pathway-
based approaches, which complement standard single-marker analysis in extracting more 
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biological information from existing GWAS datasets (110). Complex diseases may result from 
the accumulation of the effects of genetic variants within pathways. Pathway analyses provide a 
way of integrating the results of the GWAS and the genes into a known molecular pathway to 
test whether the pathway is overrepresented in the disease. The analyses address two important 
elements of post-GWAS prioritization: the selected pathway provides a biological foundation for 
statistically combining the GWAS association results and offers one biological interpretation as 
well as possible clinical relevance. Several pathway classification methods are available, 
including the BioCarta pathway database (111), the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database (112), and the Gene Ontology (GO) database (113). Both KEGG and BioCarta 
contain manually curated pathways in different biological processes, whereas the GO database 
contains mostly electronic annotations for human genes, and provides an ontology of defined 
terms representing gene properties. The strength of the pathway-based approach has been 
illustrated in several GWAS focused on common diseases, including breast cancer, Parkinson’s 
disease, Crohn’s disease, and bipolar disorder (114-117).    
 
Gene and Environmental Interactions 
 
Many complex traits are believed to be the result of the combined effects of genes, 
environmental factors, and their interactions (118). Understanding the relationships between 
genetic variants and environmental exposures can help identify high-risk subgroups in the 
population and provide better insights into mechanisms of the disease. Fetal life and early 
childhood appear to be critical developmental stages that are more sensitive to environmental 
stressors; unexplained disease risk in ALL may be partly due to gene-environment interaction.   
 
In childhood ALL, the fact that there is a greater risk in children than in adults has been linked to 
the developmental immaturity of a child’s immune system and differential exposure to 
environmental toxins. Variants in the genes that are responsible for important biological 
functions, such as xenobiotic, folate or immune pathways, may affect a child’s response to 
environmental exposures, and thus influence the risk of ALL (71). In CCLS, several studies have 
been published to examine the complex interactions between genetic variants and proposed 
environmental factors in the risk of childhood ALL, including MDR1 variants and indoor 
insecticide exposure, DNA repair genes and X-ray exposure, and adaptive immunity genes and 
early life infections (119-121).  
 

THE CALIFORNIA CHILDHOOD LEUKEMIA STUDY (CCLS) 
 
The CCLS is an ongoing population-based case control study which began in 1995. Incident 
cases of newly diagnosed childhood leukemia (age 0–14 years) were rapidly gathered from 
major clinical centers in the study area, usually within 72 hours of diagnosis. Cases were initially 
identified in four hospitals and later expanded to nine hospitals in the San Francisco Bay Area 
and Central Valley. In 2010, there were a total of 35 counties in Northern and Central California 
participating in the study (Figure 1). Out of 1,172 eligible patients, 997 (85%) gave their consent 
to participate and have completed interviews. For each case, one or two healthy controls were 
randomly selected from the birth certificates maintained by the Center for Health Statistics of the 
California Department of Public Health, matching on child’s age, sex, Hispanic status (a child 
was considered Hispanic if either parent self-reported as Hispanic), and maternal race (White, 
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Black, Asian/Pacific Islander, Native American, and Other/Mixed). The detailed control 
selection process was described elsewhere (122). Among the control subjects who were 
contacted and considered eligible, 86% participated. Thurs, there were a total of 1,226 controls 
selected at random by their California birth certificates, making the CCLS one of the largest 
case-control studies on childhood leukemia.  
 
Comparisons with population-based surveillance data from the California Cancer Registry 
(1997-2003) revealed that the 703 cases enrolled in the study between 1997 to 2003, which 
represented approximately 75% of diagnosed childhood leukemia cases among residents of the 
study counties (n=948). Ma et al. (2004) compared birth certificate control subjects with ‘ideal’ 
control subjects (population-based controls from the general birth certificate pool who would 
have been obtained under optimal circumstances), and found little difference in demographic 
characteristics between the birth certificate control sample and their “ideal” control sample, 
suggesting that the CCLS is an approximately population-based study (122). 
 
Cases and controls were eligible to enter the study if they were under 15 years of age, lived in the 
study area at the time of diagnosis, had at least one parent who spoke either English or Spanish, 
and had no prior malignancy history. Due to the unique demographic composition of the study 
area, approximately 42% of study population is Hispanic, 41% is non-Hispanic White, and 17% 
are in another race or ethnic groups. This provides a unique opportunity to explore the etiology 
of ALL in the Hispanic population.  
 
Participants were classified as Hispanic if parents responded “yes” to at least one of the 
following questions during an in-person, home interview: 1) “Is child Spanish/Hispanic/Latino?” 
and 2) “Is child Mexican, Mexican-American or Chicano?” The race of the child was categorized 
as: 1) White, 2) Black or African American, 3) Native American, 4) Asian or Pacific Islander, or 
5) Other. A child was considered non-Hispanic White if both parents reported as being non-
Hispanic ethnicity and White race. Children of parents reporting different races were placed in 
the category of Mixed/Other. Any child with a parent self-reporting Hispanic ethnicity was 
considered Hispanic. 
 
Data Collection  
 
Questionnaires were designed to obtain epidemiologic data that related to ALL risk and captured 
the ethnically diverse California population, particularly focusing on the timing and types of 
exposures of interest. Data were primarily collected using a personal interview conducted at the 
home of the respondent in either English or Spanish. Detailed information on childhood 
infections, child’s vaccination history, breastfeeding history, chemical exposures, maternal 
infection history, parental smoking history and maternal dietary history were collected.   
 
Immunophenotype was determined for ALL cases by using flow cytometry profiles. Those that 
were positive for CD19 or CD10 (≥20%) were classified as B-lineage and those expressing CD2, 
CD3, CD4, CD5, CD7, or CD8 (≥20%) were classified as T-lineage (123). When extra copies of 
chromosomes 21 and X were identified by FISH assays, assignment of hyperdiploid status (51-
67 chromosomes) was made (31). TEL-AML1 translocations were identified by the fusion of 
the TEL and AML1 loci. 
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Biological Specimen Collection 
 
The CCLS has obtained buccal cytobrush specimens from 98% of interviewed cases, controls 
and their biological mothers. Other biospecimens collected from CCLS study participants 
include: 1) archived newborn blood (ANB) specimens obtained from the California Department 
of Public Health’s Genetic Disease Labortary (~90% of subjects) and 2) diagnostic pre-treatment 
bone marrow and peripheral blood from enrolled cases. Buccal cytobrush DNA specimens 
served as the primary DNA source for both cases and controls in the genetic studies. If buccal 
cell DNA was unavailable, ANB specimens served as a secondary DNA source, and DNA 
collected from other sources served as additional backups. 
 
 

RESEARCH HYPOTHESES ADDRESSED IN THIS DISSERTATION 
 
Hypothesis 1 (Chapter 2): Selected single nucleotide polymorphisms (SNPs) identified in the 
previous GWAS has the same effect on childhood ALL risk in the Hispanic population of the 
CCLS. Furthermore, the effect of genetic susceptibility on childhood ALL risk is modified by 
proxies of early life exposure to infections.   
 
Hypothesis 2 (Chapter 3): Common genetic variations in normal lymphoid development genes 
(IKZF1, CEBPE, and ARID5B) are associated with increased risk of childhood ALL in the 
Hispanic population and the risk of childhood ALL associated with specific alleles is modified 
by proxies of early life exposure to infections. 
 
Hypothesis 3 (Chapter 4): Particular biological pathways, which are essential for cell growth or 
cell differentiation, are overrepresented in childhood ALL. Different biological pathways are 
overrepresented in major disease subtypes, including B-cell ALL, hyperdiploid B-ALL and TEL-
AML1 ALL. 
 
 
KNOWLEDGE TO BE GAINED 
 
Current GWAS for childhood ALL have been limited to the non-Hispanic White population, 
whereas genetic variants may be specific to certain ethnic groups and allele frequencies can 
differ among ethnic groups (124). Understanding the complete spectrum of genetic susceptibility 
to childhood ALL require studies conducted on diverse populations, especially for Hispanics 
who appear to have the highest risk of childhood ALL.  
 
ALL is a heterogeneous disease and is thought to have originated from accumulation of various 
critical genetic lesions in progenitor cells that are committed to differentiate in the B-cell 
pathway (2). There is a need for a comprehensive assessment of the genes that play important 
roles in regulating lymphocyte differentiation and which have been linked to ALL susceptibility 
in previous GWAS: IKZF1 (encoding the early lymphoid transcription factor IKAROS), CEBPE 
(encoding the transcription factor CCAAT/enhancer-binding protein, epsilon), and ARID5B 
(encoding AT rich interactive domain 5B) in the Hispanic population. These studies help 
elucidate similarities and differences in genetic structures among different populations as well as 

11 
 



identify specific genome regions for disease-predisposing variants in the high-risk population. 
Furthermore, examination between genetic variants within the three candidate genes, together 
with surrogates for infectious exposures, can provide additional information to show underlying 
immune-related hypotheses of childhood leukemia. Lastly, we further hypothesize that genetic 
predisposition to ALL might be mediated by multiple genes responsible for same biological 
pathway. Pathway-based analyses of Hispanic GWAS data can prioritize biological pathways, 
and possibly identify molecular targeted therapies for ALL treatment, in addition to providing 
complementary information of GWAS results. Taken together, these studies will increase our 
understanding of ALL pathogenesis and hopefully will contribute to improve future disease 
prognoses and treatment outcomes.  
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Table 1: Effect sizes of associated SNPs identified from previous GWAS  

   

Variant (Gene) Observed log additive OR (79, 80) 

rs4132601 (IKZF1) 1.69 (1.40-1.90) 

rs7089424 (ARID5B) 1.65 (1.54-1.76) 

rs10821936(ARID5B) 1.91 (1.60-2.20) 

rs7073837 (ARID5B) 1.65 (1.54-1.76) 

rs10740055 (ARID5B) 1.53 (1.35-1.89) 

rs10994982 (ARID5B) 1.61(1.30-1.90) 

rs2239633 (CEBPE) 1.34 (1.22-1.45) 
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Figure 1: Map of 35 participating counties of the CCLS 
The areas colored by yellow are the original 17 counties participating in the CCLS; the areas 
colored by purple are additional 18 counties participating in the CCLS later. 
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ABSTRACT  
 
The etiology of childhood acute lymphoblastic leukemia (ALL) is largely unknown. 
Epidemiologic studies have provided evidence for a relationship between early life exposure to 
infections and the risk of childhood ALL. Genome-wide association studies have identified 
common genetic variants at 10q21.2 (rs7089424, rs10821936, rs7073837, rs10740055, 
rs10994982, ARID5B), 14q11.2 (rs2239633, CEBPE), and 7p12.2 (rs4132601, rs11978267, 
IKZF1) as determinants of childhood ALL risk. The current analyses examined the association 
between these previously identified SNPs and the risk of childhood ALL among 594 non-
Hispanic White children (225 cases and 369 controls) and 706 Hispanic children (300 cases and 
406 controls) recruited from the California Childhood Leukemia Study (CCLS). In addition, we 
examined whether there are genetically susceptible subgroups in which a delay in exposure to 
infections, indicated by daycare attendance by six months old and presence of older siblings, 
may have differential influences on risk of childhood ALL. All risk estimates were evaluated 
separately for non-Hispanic White and Hispanic populations. Single SNP analyses were 
performed using a log-additive model while adjusting for age, sex, and for Hispanics only, 
child’s race. Gene-environment interaction was evaluated using a logistic regression model 
containing an interaction term while adjusting for child’s age, gender, income, and for Hispanics 
only, child’s race.  
 
Five SNPs in ARID5B conferred the most significant and consistent results in both non-Hispanic 
White and Hispanic populations. Two SNPs in IKZF1 and one SNP in CEBPE were confirmed to 
be associated with increased ALL risk in our non-Hispanic White study population. Suggestive 
multiplicative interaction was found between SNP rs7073837 of ARID5B and daycare attendance 
by six months old in the risk of childhood ALL in both populations (OR interaction=0.57, p=0.09 for 
non-Hispanic Whites; OR interaction=0.43, p=0.04 for Hispanics). However, the results did not 
persist after correction for multiple comparisons. Evidence of interaction was not observed for 
other genotypes and measures of exposure to infections examined.   
 
The findings provide further support for the potential roles of these three genes in the 
pathogenesis of ALL. Further investigations are needed to fine-map susceptibility loci around 
these genes and identify additional environmental factors that may modulate the effects of these 
loci. 
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INTRODUCTION 
 
Leukemia is the most common childhood malignancy, accounting for 31% of all cancers 
diagnosed in children younger than 15 years of age (1). Within the major subtypes of childhood 
leukemia defined by cell lineage, 79% of these cases are acute lymphoblastic or lymphocytic 
leukemia (ALL), followed by 17% of acute myeloid leukemia (AML) (2). ALL is a 
heterogeneous disease characterized by the predominance of immature hematopoietic cells. The 
disease comprises a group of disorders characterized by chromosomal alterations, including 
aneuploidy (hyper- and hypodiploid) and chromosomal rearrangements (3). Established evidence 
for an increased risk of ALL includes sex, age, race, prenatal exposure to x-rays, therapeutic 
radiation, high birth weight and specific genetic syndromes (1). However, these factors explain 
less than 10% of the cases, leaving the remaining 90% unexplained.   
 
Two recent genome-wide association studies (GWAS) in Caucasian populations have 
independently shown that germline polymorphisms of the IKZF1, ARID5B, and CEBPE genes 
are associated with the development of childhood ALL (4, 5). In these studies, associations were 
found between childhood ALL risk and variants at 10q21.2 (rs7089424, rs10821936, rs7073837, 
rs10740055, rs10994982, ARID5B), 14q11.2 (rs2239633, CEBPE), and 7p12.2 (rs4132601, 
rs11978267, IKZF1). In both studies, the loci in ARID5B were found to have particularly strong 
effects for the hyperdiploid subtype of childhood ALL (4, 5). Associations with all of these loci 
have been confirmed in subsequent replication studies among non-Hispanic White populations (6, 
7). Most importantly, all the genes encode proteins with known or postulated roles in normal 
lymphoid development and/or lymphoid leukemogenesis (8-10). 
 
Given the accumulating support for a role of immunologic factors in the etiology of childhood 
ALL, infection-related exposures and immune-related processes have emerged as strong 
candidate risk factors involved in the etiology (11). Greaves hypothesizes that the absence of an 
early immune challenge and priming during early childhood, combined with ‘delayed’ exposures 
to infection, might result in subsequent adverse immune responses to common infectious agents, 
thereby increasing the risk of childhood ALL (12). This suggests that exposure to infections early 
in life may provide a protective effect against childhood ALL. Prior studies have found 
associations between ALL and proxy measures of exposure to infections, including daycare 
attendance (13-16), birth order (17, 18), child’s history of infections (19, 20), play group 
attendance (21), and parental social contacts in the work place (22, 23), while negative findings 
have also been reported (24-26).     
 
The reported incidence rate of childhood ALL among California Hispanics is higher than the rate 
in any other racial/ethnic subgroup in California, including non-Hispanic Whites (27). No 
biologic factors have been identified which account for this difference in risk, but it may be 
related to a combination of environmental and genetic risk factors. Hispanics are a recent 
genetically admixed group and may not share the same susceptibility loci as non-Hispanic 
Whites (28). In the present study, we attempted to validate these prior identified genetic variants 
in the non-Hispanic White study population and extend the findings to the Hispanic population in 
the California Childhood Leukemia Study (CCLS). To test the hypothesis that early life exposure 
to infections modifies the effect of genetic susceptibility on childhood ALL, we also performed 
analyses to assess the interactions between the eight candidate SNPs and two proxy measures of 

26 
 



early childhood infection, namely daycare attendance by six months old and having an older 
sibling. These two proxy measures have shown the most compelling results in previous CCLS 
publications on the risk of childhood ALL (15, 16, 29).    
 

MATERIALS AND METHODS 
 
Study populations 
The California Childhood Leukemia Study (CCLS) is an ongoing population-based case control 
study that began in 1995. Incident cases of newly diagnosed childhood leukemia (age 0–14 years) 
were rapidly ascertained from major clinical centers in the study area, usually within 72 hours of 
diagnosis. Cases were initially identified from four and later nine hospitals in the San Francisco 
Bay Area and Central Valley. Comparisons with population-based surveillance data from the 
California Cancer Registry (1997-2003) indicated that the 703 cases enrolled in the study 
between 1997 to 2003 represented around 75% of diagnosed childhood leukemia cases among 
residents of the study counties (n=948), making the study approximately population based.  For 
each case, one or two healthy controls were randomly selected from the state birth registry 
maintained by the Center for Health Statistics of the California Department of Public Health 
(CDPH), matching on child’s age, sex, Hispanic status, and maternal race (White, Black, 
Asian/Pacific Islander, Native American, and Other/Mixed). A detailed description of control 
selection in the CCLS was reported elsewhere (30). A total of 86% of case subjects determined 
eligible consented to participate and 86% of controls subjects contacted and considered eligible 
participated (31). Cases and controls were eligible to enter the study if they were under 15 years 
of age, resided in the study area at the time of diagnosis, had at least one parent who speaks 
either English or Spanish, and had no prior history of malignancy.  
 
The current analysis included 706 Hispanic (300 cases and 406 controls) and 594 non-Hispanic 
White (225 cases and 369 controls) subjects recruited between 1995 and 2008 who had available 
DNA specimens. The child’s own race/ethnicity was defined according to that of both parents. 
For example, a child was considered non-Hispanic White if both parents reported being non-
Hispanic ethnicity and White race. Children of parents reporting different races were considered 
to be of Mixed/Other race. Any child with a parent reporting Hispanic ethnicity was considered 
Hispanic. Detailed demographic characteristics such as age, gender, and household income, as 
well as environmental exposures such as pesticide and paints/solvent use, infection history, and 
smoking history were collected during an in-person home interview.   
 
This study was reviewed and approved by the institutional review committees at the University 
of California Berkeley, the CDPH, and the participating hospitals. Written informed consent was 
obtained from all parent respondents. 
 
Biospecimen collection and DNA processing   
 
DNA specimens from buccal cytobrushes were obtained from case and control children either at 
the hospital or during the in-home personal interview. DNA specimens were extracted and 
processed within 48 hours of collection by heating in the presence of 0.5N NaOH. DNA was re-
purified later either manually using Gentra Puregene reagents (QIAGEN, USA, Valencia, CA) or 
an automated organic DNA extraction protocol (AutoGen, Holliston, MA). WGA products were 
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cleaned with a Montage PCR9 filter plate (Millipore, Billerica, MA). When buccal cytobrush 
DNA was inadequate or not available (26.6% of subjects), DNA was isolated from dried 
bloodspots collected at birth and archived by the Genetic Diseases Screening Program of the 
CDPH. After extraction using the QIAamp DNA Mini Kit (QIAGEN, USA, Valencia, CA), 
these DNA samples were whole-genome amplified using REPLI-g reagents (QIAGEN, USA, 
Valencia, CA).We previously genotyped DNA specimens from both buccal cells and dried blood 
spot (DBS) for nine subjects; genotype concordance between paired samples was 98.9% (32). 
Regardless of source, DNA specimens were quantified using human-specific Alu-PCR to 
confirm a minimum level of amplifiable human DNA, and randomized prior to genotype (33). 
 
We performed Sequenom iPlex genotyping of 7 of 8 previously identified SNPs (4, 5): ARID5B 
(rs10994982, rs10740055, rs7073837, rs7089424, rs10821936), IKZF1 (rs11978267), and 
CEBPE (rs2239633). The average SNP call rate was 96.7%. Genotypes for duplicate DNA 
specimens (N=154 per SNP) showed 100% concordance. The one remaining SNP in IKZF1 
(rs4132601) was typed using TaqMan assays. The average SNP call rate was 98.2%. Genotypes 
for duplicate DNA specimens (N=146 per SNP) showed 100% concordance. All SNPs were 
tested for deviation from Hardy-Weinberg equilibrium (SAS version 9.2; SAS Institute Inc., Cary, 
NC). All SNPs included in this analysis (N=8) had a call rate > 90%, had minor allele 
frequencies > 5% in both Hispanics and non-Hispanics, and did not fail Hardy-Weinberg 
equilibrium (p< 0.01) in both Hispanic and non-Hispanic controls. 
 
Proxy measures of early childhood exposure to infections 
 
Information on daycare attendance, birth order, and history of infectious illness was collected 
through in-person interviews with the biological mothers. Detailed information on collection of 
early childhood exposure to infections was presented previously (13). Briefly, the child’s birth 
order was determined based on a detailed pregnancy history obtained for the biological mother.  
Information on the child’s social contacts outside the home was obtained through a history of 
daycare attendance before the date of diagnosis for cases and reference dates for controls or 
before age six, whichever occurred first. For each daycare the child attended, information on age 
attended, duration of time attended, hours per week, and numbers of other children were 
obtained. These data were used to calculate “total child-hours of exposure” for each child (13, 
29). Child-hours at each daycare facility was calculated as follows:  (number of months attending 
the day care) x (mean hours per week at this day care) x (number of other children at this day 
care) x (4.35 weeks per month). The measure for “total child-hours of exposure” for each child 
was calculated by summing the child-hours at each daycare attended. For children who never 
attended daycare, an age of 72 months was assigned as the age when first started daycare, and a 
value of zero was assigned for duration of stay, mean hours per week, mean number of children, 
total number of children, and total child-hours. In this study, we made daycare attendance 
variable into a dichotomous variable (ever/never) because the distribution of child-hours 
attendance was binomial for participants included in the study . 
 
Respondents were also asked for a history of common infectious illnesses the child had during 
the first year of life, including severe diarrhea/vomiting, ear infection, persistent cough, mouth 
and eye infection, influenza, and unspecified “other infection.   
 

28 
 



Statistical analysis  
Single SNP analyses were conducted assuming a log-additive model (0, 1, or 2 copies of the 
variant allele), using unconditional logistic regression. The odds ratio (OR) and 95% confidence 
intervals (CI) were calculated to estimate the risk of ALL associated with each SNP while 
adjusting for age, sex and for Hispanics only child’s race. The results from sensitivity analyses 
which compared the risk estimates from conditional logistic regression and those from 
unconditional logistic regression adjusted for the matching variables showed very similar 
estimates. For each SNP, the referent allele was set to match the allele reported previously (4, 5), 
even in instances where this allele was less common in our study populations. All risk analyses 
were performed separately for non-Hispanic White and Hispanic children. Correction for 
multiple testing was performed using the Benjamini-Hochberg false discovery rate (FDR) 
method with a type I error rate of 5%; nominal P-values are shown (14). Similarly, logistic 
regression adjusting for age, sex, income and for Hispanics only child’s race was used to 
estimate the odds ratio (OR) and 95% confidence interval (CI) associated with the two surrogate 
measures of early life infection exposure, daycare attendance by age six months and having an 
older sibling. 
 
To test for heterogeneity (interaction), we focused on the effects of the two social contact 
measures, birth order and daycare attendance on ALL risk because they offered the most 
complete data. The data for other infection variables were less complete compared to the social 
contact measures and offered less statistical power to detect interactions. The joint effects of the 
two infectious exposure variables and the eight SNPs were evaluated using a multiplicative 
logistic regression model that included a product term for presence or absence of the risk variant 
and the two proxy measures of early exposure to common infections (daycare attendance by age 
six months and having an older sibling), while adjusting for age, sex, income and for Hispanics 
only child’s race. There were 515 ALL cases and 748 controls  in the gene-environment 
interaction analyses, after excluding subjects under the age one year to allow for sufficient 
exposure to infectious factors before the development of childhood leukemia. The product term 
was the interaction odds ratio (ORInteraction), defined as the ratio of the joint effect of the two 
infection exposure variables and the eight genetic variants and the product of the individual 
effects (ORInteraction = ORGE / (ORG x ORE)).  It is expected that ORGE associated with the 
infection exposure variables and genetic variants is equal to the product term of ORG 
(independent effect of the genetic variants in the absence of the infection exposure variables) and 
ORE (independent effect of the infection exposure variables in the absence of the genetic variants) 
when there is no joint effect. If there is a multiplicative interaction between the infection 
exposure variables and the genetic variants, then ORGE ≠ ORG × ORE and will differ 
significantly from one. A p-value of 0.2 or less for interaction was considered statistically 
significant given the available sample size, i.e. <300 observations (34). Interactions between the 
SNPs and the infection exposure variables were evaluated separately for Hispanics and non-
Hispanic Whites because the patterns of daycare attendance and family structure differed 
significantly by ethnicity (13).   
 

RESULTS 
Study characteristics of 706 Hispanics (300 cases and 406 controls) and 594 non-Hispanic 
Whites (225 cases and 369 controls) are described in Table 1. Cases and controls were 
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comparable in the distribution of sex and age. Cases generally had lower annual household 
income compared to controls (p<0.001). Because Hispanics are a recently admixed group (28), a 
large proportion (59%-68%) of our Hispanic population reported “Mixed or Other” race. We 
observed a similar frequency of B-cell precursor (BCP) ALL and BCP high-hyperdiploid ALL 
among non-Hispanic White and Hispanic cases. The frequency of BCP ALL was 90 % among 
non-Hispanic Whites and 93 % among Hispanics. The frequency of BCP high-hyperdiploid ALL 
(>50 chromosomes) was similar for non-Hispanic Whites and Hispanics; i.e., 31%.  
 
The associations of the eight candidate SNPs with the risk of ALL in non-Hispanic White 
children are shown in Table 2. Consistent with findings in European populations, five SNPs 
from the region that annotate the ARID5B gene were strongly associated with ALL risk 
[rs10994982, OR per-allele = 1.37 (p=0.018); rs10740055, OR per-allele = 1.50 (p= 0.003); rs7073837, 
OR per-allele = 1.43(p= 0.009); rs7089424, OR per-allele = 1.84 (p=2.2×10-6); rs10821936, OR per-allele 
= 1.79 (p=4.8×10-6)]. Odds ratio estimates were in the same direction and were of similar 
strength as those previously reported (4-7). These associations for these five SNP withstood 
multiple testing corrections and remained significant after controlling for a false-discovery rate 
of 5 %. Analyses were further performed among ALL subgroups. Although the power decreased 
with smaller sample size in the subgroup analyses, five ARID5B SNPs remained statistically 
significant in the BCP ALL subgroup. The associations also remained significant when the 
analysis was confined to BCP high-hyperdioploid ALL (p<0.05). The variant rs2239633 within 
CEBPE was also significantly associated with ALL risk among non-Hispanic Whites (p=0.005). 
When restricted to BCP and BCP high-hyperdioploid ALL, the associations persisted. The two 
variants (rs11978267 and rs4132601) within IKZF1 also showed significant associations with 
ALL (p=7.8×10-6 and 8.4×10-6) and the effects were similar across subgroups.  
 
The associations of the eight candidate SNPs with the risk of ALL in Hispanic children are 
shown in Table 3. Similar effects were observed in ARID5B SNPs for the Hispanic population. 
All five ARID5B SNPs showed strong evidence of an increased risk associated with ALL 
[rs10994982, OR per-allele = 1.53 (p=0.004); rs10740055, OR per-allele = 1.61 (p= 1×10-5); rs7073837, 
OR per-allele = 1.76 (p= 4.3×10-7); rs7089424, OR per-allele = 1.98 (p=1×10-9); rs10821936, OR per-

allele = 1.99 (p=1.2×10-9)]. The risk estimates associated with SNPs were similar among ALL and 
BCP ALL cases. Interestingly, the risk estimates were stronger and remained significant when the 
analysis was restricted to ALL cases with BCP high-hyperdiploid ALL [rs10994982, OR per-allele 
=2.21(95% CI,1.52-3.21); rs10740055, OR per-allele = 2.43 (95% CI ,1.67-3.55); rs7073837, OR 
per-allele = 2.66 (95% CI, 1.75-4.02); rs7089424, OR per-allele = 3.22 (95% CI, 2.18-4.73); 
rs10821936, OR per-allele = 3.08 (95% CI, 2.11-4.48)]. The variant (rs2239633) within CEBPE did 
not reveal a significant association with ALL risk, but showed a suggestive effect (OR per-allele = 
1.24, p=0.06). When confined to BCP high-hyperdiploid ALL, the variant (rs2239633) was 
significantly associated with ALL subtype (OR per-allele = 1.81, p=0.003). In contrast to the 
observations among non-Hispanic Whites, two SNPs (rs11978267 and rs4132601) in IKZF1 
were not significantly associated with risk of ALL among Hispanics (p=0.08 and 0.14, 
respectively). 
 
The association of daycare attendance and birth order with risk of ALL was examined (Table 4).  
Among non-Hispanic Whites, an inverse association between having an older sibling and ALL 
risk (OR=0.65; 95% CI, 0.46-0.93) was observed. A suggestive association was also observed for 

30 
 



daycare attendance by age six months, which showed a reduced risk of ALL among children who 
attended daycare (OR=0.66, 95% CI, 0.43-1.01). These associations were not observed among 
Hispanics.   
 
Potential interactions between each of the eight candidate SNPs and the early life infection 
variables (daycare attendance and birth order) were examined within each ethnic group. The 
results for the joint effect of the eight SNPs and daycare attendance before age six months with 
the risk of childhood ALL indicated that the strongest interaction was observed between 
rs7073837 within ARID5B and daycare attendance in Hispanics (ORinteraction=0.43, p=0.04) 
(Table 5). The potential interaction suggested that in the presence of the two factors, the risk is 
lower than what would be expected based on a multiplicative scale. Among non-Hispanic 
Whites, the same variant (rs7073837) also showed a suggestive interaction between daycare 
attendance and the variant (ORinteraction=0.57; p=0.09) (Table 5). However, none of the 
interaction p-values remained statistically significant after correction for multiple comparisons. 
The interaction ORs for the remaining genetic polymorphisms were all non-significant, with p-
values >0.20, indicating no joint influence between daycare attendance and those genetic 
polymorphisms in the risk of ALL using a multiplicative model of interaction. 
 
Further stratified analyses among non-Hispanic White children with no daycare attendance 
before age of six months indicated that the variant rs7073837 within ARID5B was associated 
with an increased risk of childhood ALL (OR per-allele =1.74, 95% CI=1.26, 2.41). The same 
analysis of the variant among children who attended daycare showed a risk estimate in the 
opposite direction (OR per-allele =0.99, 95% CI=0.56, 1.76). A similar effect was observed among 
Hispanic children. The variant rs7073837 within ARID5B was associated with increased ALL 
risk among Hispanic children who did not a attend daycare facility before six months of age (OR 

per-allele =2.16, 95% CI=1.62, 2.89). The risk estimate for the variant rs7073837 and risk of ALL 
were in the opposite direction among children who attended daycare (OR per-allele =0.94, 95% 
CI=0.41, 2.18).   
 
The results for the joint effect of the eight candidate SNPs and birth order with the risk of 
childhood ALL are shown in Table 6. Unlike daycare attendance, birth order showed less strong 
evidence of multiplicative interaction with candidate SNPs in the risk of childhood ALL. Joint 
effects for the two ARID5B SNPs, rs7089424 and rs10821936, and having an older sibling 
showed a suggestive effect of interaction (ORinteraction=1.48 (p=0.17) and ORinteraction=1.43 
(p=0.17)) among non-Hispanic Whites. These two variants did not show the same association 
among Hispanics. Additionally, there was no evidence of interactions between other genetic 
variants in ARID5B, CEBPE, and IKZF1 and having an older sibling in the both the non-
Hispanic White and Hispanic populations, with a p-value < 0.2. Furthermore, interactions 
between other infectious illness and the eight candidate SNPs were not observed (data not 
shown).    

DISCUSSION  
In this population-based case-control study, we aimed to validate results for SNPs identified in 
previous GWAS in non-Hispanic White populations and extend the findings to a Hispanic 
population. The ethnic diversity of our California study population offers us the opportunity to 
perform analyses of non-Hispanic White and Hispanic children separately. In addition, since the 
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etiology of childhood ALL is likely to result from a combination of environmental exposures and 
susceptibility factors influenced by individual genetics (35), we examined potential interactions 
between indicators of early exposure to infections and these inherited ALL polymorphisms 
among non-Hispanic White and Hispanic children. Consistent with previous findings (4-7), we 
confirmed that previous GWAS-identified SNPs in B-cell development genes (ARID5B, CEBPE, 
and IKZF1) are associated with childhood ALL risk in the CCLS non-Hispanic White population. 
Intriguingly, the ARID5B and CEBPE SNPs are also significantly associated with B-cell ALL 
risk in the CCLS Hispanic population.   
 
Current evidence suggests that childhood leukemia may result from chromosomal alterations and 
mutations that disrupt the normal differentiation process of lymphoid or myeloid progenitor cells 
(36). Inherited genetic variation in these regulatory genes may contribute to the pathogenesis of 
ALL and may have important implications for ALL treatment (37). Our analysis suggests that 
ARID5B is associated with increased ALL risk in both the non-Hispanic White and Hispanic 
populations. It is notable that these five SNPs are validated in different ethnic groups with 
relatively common minor allele frequencies (30%-48%). In previous replication studies, five 
SNPs within ARID5B showed consistent positive associations with the risk of ALL (6, 7). 
Similar associations have been found in SNP rs10821936 of ARID5B with ALL risk in African 
American, Thai and Hispanic populations (37-39). ARID5B SNPs rs7089424 and rs10821936 
showed the strongest signal in our study and are in strong linkage disequilibrium (r2=0.95) with 
each other. The ARID5B SNP rs7073937 which is in moderate LD with the pair rs7089424 and 
rs10821936 (r2=0.65), yielded the second-strongest signal associated with increased ALL risk. 
All five variants are mapped to intron regions of ARID5B, which encodes AT- rich interactive 
domain 5B. ARID5B is a member of the AT-rich interaction domain family of transcription 
factors that is essential for embryogenesis and growth regulation (40). In an animal model, 
ARIDB5 homozygous null mice showed immune abnormalities, including defects in the B 
lymphoid progenitors (41). Expression of ARID5B is also correlated with RAG1 expression in 
bone marrow (42), which indicates that altering ARID5B function is associated with early B-cell 
development and may contribute to leukemogenesis (43).   
 
We were able to replicate the reported associations of IKZF1 with ALL in the non-Hispanic 
White population, but not in the Hispanic population. In a previous German case-control 
replication study, the results showed convincing support for an association between rs4132601 
and ALL risk (6). However, the Canadian study failed to replicate the association between SNPs 
rs4132601 and rs11978267 and ALL risk (7). In addition, the p-value for rs4132601 among 
Hispanics was of only borderline significance (p = 0.08). The discrepancy in the findings might 
due to the fact that the IKZF1 associations observed among the non-Hispanic Whites in our study 
and among the European Caucasian populations in previous studies are indirect, i.e. due to 
linkage disequilibrium with other causal variants. The minor allele frequencies of rs4132601 and 
rs11978267 are the same in our two populations (27% in non-Hispanic Whites and 27% in 
Hispanics) and are in complete LD with each other (r2 =1). These two SNPs are annotated to 
chromosome region 7p12.2, the Ikaros family zinc finger 1 (IKZF1). This gene IKZF1 encodes 
Ikaros protein, which is responsible for regulating the development and function of the immune 
system and acts as a master regulator of hematopoietic differentiation (44). IKZF1 is known to be 
associated with survival in childhood ALL (45). Studies from the Children Oncology Group 
(COG) leukemia study group have shown that patients with deletion or mutations of IKZF1 have 
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nearly three times the risk of treatment failure (45). 
 
We also observed a similar effect of the CEBPE SNP rs2239633 in the non-Hispanic White 
population, as reported previously, and for the Hispanic population in B-cell ALL and 
hyperdiploid ALL subtypes. The SNP rs2239633 maps to the gene CEBPE, encoding 
CCAAT/enhancer-building protein epsilon. CEBPE is involved in functional maturation and 
terminal differentiation of myeloid cells, as well as being a target of chromosomal translocation 
in ALL (8). Deregulated CEBPE expression may lead to malignant transformation (8).  The 
minor allele frequency is 49% in the non-Hispanic White population and 39% in the Hispanic 
population. Therefore, the lack of association in the Hispanic population is likely due to the 
potential diversity in underlying genetic structure. 
 
The greater risk of ALL in children than in adults has been linked to developmental immaturity 
of the immune system and differential exposures to environmental toxins (21). By contributing to 
normal maturation of the immune system, early common infections would protect the child 
against leukemia, while a lack of such early exposures would make the child more vulnerable to 
overreact to later infections (46). Greaves’s “delayed infection” hypothesis suggests that the lack 
of early immunomodulatory exposures may lead to deficiencies in the child’s immune system 
and later contribute to the potential for the development of leukemia (12, 47). The occurrence of 
common infections during early childhood has been associated with a child’s social contacts with 
other children within the home, and also exposures outside the home. Birth order is considered to 
be a surrogate marker of infection-related exposures within the home, with later born children 
presumed to be exposed to older siblings more often and exposed to infectious agents at an 
earlier age (48, 49). Daycare attendance represents an opportunity for child’s social contact 
outside the home and has been used as a surrogate of early exposure to infection. In developed 
countries, infections spread through the fecal-oral and respiratory routes occur frequently in 
daycare facility (49). In accordance with Greaves’s hypothesis, previous studies have found 
associations between a reduced risk of childhood ALL and daycare attendance and high birth 
order (13, 16, 18, 29, 50). More compelling evidence with respect to supporting Greaves’s 
delayed hypothesis has been observed for daycare attendance. A recent meta-analysis of 14 case-
control studies indicated that daycare attendance either before age one or age two was associated 
with a reduced risk of ALL (OR=0.76, 95% CI (0.67- 0.87))(15). Children who have attended 
daycare are assumed to have been exposed to infections at an earlier age compared to those who 
have not attended day care. Several epidemiologic studies, including CCLS have shown that the 
strongest reduction in ALL risk occurs when daycare attendance is starts before the six months of 
age (29, 50-52). 
 
The gene-environment analysis presented here suggests that lack of immune priming early in life 
may be associated with an adverse immune response to infection. Variations in the genes 
responsible for development may affect children’s immune responses and possibly their risk of 
ALL. Our data suggest that the variant rs7073837 within ARID5B gene may modify the effect of 
daycare attendance on the risk of childhood ALL. Specifically, an increased ALL risk associated 
with the variant A allele of ARID5B rs7073837 was observed among those children who did not 
attend daycare facility before age of six months in both non-Hispanic White and Hispanic 
children in our study, even though 8.6% of Hispanic control children and 26.6% of non-Hispanic 
White control children attended day care before age of six months. As stated previously, the SNP 

33 
 



rs7073837 is located in intron 2 of ARID5B gene, and this gene plays a vital role in the 
regulation of embryonic development and cell growth. Even though this analysis suggested 
potential interactions between daycare attendance and a SNP within ARID5B, the lack of power 
and the potential for random variations due to the small numbers of study subjects make 
definitive inferences impossible. More power to address such hypothesis could come from 
adding more study subjects through continuing recruitment of subjects and through collaboration 
between study groups.   
 
We observed suggestive gene-environment interactions between SNPs rs7089424 and 
rs10821936 within the ARID5B gene and having an older sibling among non-Hispanic Whites 
(p=0.17 for both populations). The increased ALL risk associated with the G allele of rs7089424 
was stronger among non-first born children. Similarly, an increased ALL risk associated with the 
C allele of rs10821936 was stronger among non-first born children. This interaction was not 
observed in the Hispanic population. The observed differences between the two ethnicity groups 
may result from the fact that Hispanic children tend to have more siblings and live in larger 
families. Therefore, this variable may not be a good proxy for early life infection within the 
home in the Hispanic population.  
 
The results of our analyses need to be interpreted in the context of several limitations. One of the 
limitations and challenges of assessing gene-environment interaction is the lack of statistical 
power.  As noted previously, we observed differences in the distribution of daycare attendance by 
age six months and having an older sibling in the Hispanic and the non-Hispanic White 
populations. As a result, all risk analyses were conducted in the non-Hispanic White and 
Hispanic population separately. Given the reduced sample size, i.e. less than 300 observations 
per group, the statistical power to detect the multiplicative interaction is weak to moderate. The 
study had 80% power to detect an interaction odds ratio of 2.0, assuming minor allele frequency 
of 30 %, an exposure prevalence of 20%, an estimated OR of 1.3 for the genotype and the 
exposure, and a two-sided significance level of 0.05. Even though the CCLS is one of the largest 
case-control studies of childhood ALL in the United States, gene-environment interactions with 
moderate to small effect sizes may not have been detected. In addition, daycare attendance, birth 
order and infection histories were intended to serve as surrogate measures of infectious exposure. 
The self-reported infection variables are subject to exposure misclassification, since information 
was not always corroborated with child’s medical records or recalled correctly. There are other 
possible sources of exposure to infectious agents that we did not consider in the study, such as 
parental occupation contacts, and/or total number of individuals living in the household (53). 
Other factors such as breastfeeding, maternal medication use, immunization, and mother’s 
infection history, may also affect the early development of immune system.  
 
Another consideration is population stratification because one of our study populations is 
Hispanic, a recently genetically mixed group. As an admixed group, Hispanics have non-
Hispanic White, Amerindian, and African ancestry. Asian populations are closely related to 
Amerindian populations and our own analysis of genetic ancestry, using ancestry informative 
markers (AIMs), has shown that California Hispanics have little African ancestry (data not 
shown). Nonetheless, population stratification is likely to be minimal in the CCLS due to careful 
individual-matching of cases and controls on child’s Hispanic status and maternal race. A 
previous analysis accounting for AIMs-based genetic ancestry in the CCLS found no major 
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effects of population stratification (54). 
 
To our knowledge, this is the first study to investigate the SNPs identified through GWAS in the 
Hispanic population and evaluate their interactions with proxies for early life exposure to 
infections on the risk of ALL. We sought to validate previously identified GWAS SNPs in non-
Hispanic Whites and Hispanics in the CCLS. We also examined the putative joint effects of early 
life exposure to infection and the eight candidate SNPs on the risk of ALL. Our non-Hispanic 
White population exhibited similar risk estimates for SNPs on ARID5B, CEBPE and IKZF1 
compared to the previous GWAS. We found that genetic variations in the ARID5B and CEBPE 
genes are associated with the development of ALL in two diverse populations, pointing to the 
importance of the regions in the etiology of ALL.  
 
Even though the study results suggest potential interactions between early exposures to infection 
and ARID5B genes, larger studies of homogeneous phenotypes are required to replicate the 
findings and address whether these gene-environment interactions are subtype specific. Further 
confirmation is needed to determine functional variants around the significant genomic regions 
within these three genes. More effort is also required to discover whether the genetic 
determinants of childhood ALL are population-specific or overlap between these populations.    
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Table 1. Characteristics of study participants by Hispanic status, CCLS, 1995-2008 

 Non-Hispanic Whites Hispanics 

 Cases, n (%) Control, n (%) Cases, n (%) Control, n (%) 

Study subjects 225 (37.8) 369 (62.2) 300 (42.5) 406 (57.5) 
Sex     

Male 125 (55.6) 221 (59.9) 156 (52.0) 214 (52.8) 
Female 100 (44.4) 148 (40.1) 144(48.0) 192 (47.2) 

Age     

  Mean age, y (SE) 5.6 (3.4) 5.7 (3.8) 5.6 (3.6) 5.5 (3.6) 

Income     

<$15,000 14 (6.2) 14 (3.8) 73 (24.4) 65 (16.1) 

$15,000-$29,999 20 (8.9) 16 (4.3) 78 (26.1) 89 (21.9) 

$30,000-$44,999 26 (11.6) 29 (7.8) 61 (20.4) 81 (20.0) 

$45,000-$59,999 37 (16.5) 47 (12.8) 40 (13.4) 62 (15.3) 

$60,000-$74,999 26 (11.6) 41 (11.1) 16 (5.3) 38 (9.4) 

≥$75,000 101 (45.1) 221 (60.1) 31 (10.4) 71 (17.5) 

Race     

White/Caucasian 225 (100) 369 (100) 114 (38.0) 116 (28.5) 

African American - - 2 (0.7) 0 (0) 

Native American - - 6 (2.0) 11 (2.7) 
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Asian or Pacific Islander - - 0 (0) 3 (0.7) 

Mixed or Other   178(59.3) 276 (67.9) 

Disease subtypes (case only)     

B-cell 202 (90.2) - 279 (93.3) - 
T-cell 21 (9.4) - 20 (6.7) - 

Both lineage 1 (0.4) - 0 (0.0) - 
Cytogenetic characteristics 

(case-only) 

    

B-cell hyperdiploid 

(51-67 chromosomes) 

 

64 (30.9) - 85 (31.1) - 
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Table 2. Association of eight candidate SNPs and their characteristics with risk of ALL in Non-Hispanic White children by 
type of disease and compared to results from previous GWAS (4, 5), CCLS, 1995-2008 
 

Chr. SNP Gene Allele† 

Risk 

allele 

freque

ncy  

Log additive 

OR‡ (CI) 
P-value 

Log additive 

OR‡ (CI) 

B-cell ALL 

Log additive 

OR‡ (CI) 

B-cell 

hyperdiploid 

Previous GWAS 

OR (CI)  

(4, 5)  

10 rs10994982a ARID5B A/G 0.48 1.37(1.08-1.73) 0.018 

 

1.41(1.10-1.80) 1.67(1.14-2.47) 1.61(1.30-1.90) 
10 rs10740055b ARID5B A/C 0.48 1.50(1.18-1.90) 0.003 

 

1.57(1.23-2.02) 1.76(1.19-2.61) 1.53(1.41-1.64) 
10 rs7073837b ARID5B A/C 0.45 1.43(1.11-1.85) 0.009 

 

1.59(1.19-2.11) 2.30(1.48-3.59) 1.58(1.35-1.89) 
10 rs7089424b ARID5B G/T 0.29 1.84(1.43-2.37) 2.2x10-6 

 

1.98(1.50-2.61) 2.71(1.79-4.12) 1.65(1.54-1.76) 
10 rs10821936a ARID5B C/T 0.31 1.79(1.40-2.28) 4.8x10-6 

 

1.83(1.21-2.36) 2.43(1.64-3.61) 1.91(1.60-2.20) 
14 rs2239633b CEBPE C/T 0.51 1.44(1.13-1.82) 0.005 

 

1.83(1.42-2.36) 1.88(1.25-2.82) 1.34(1.22-1.45) 
7 rs11978267a IKZF1 A/G 0.27 1.81(1.41-2.32) 7.8x10-6 

 

 

 

1.77(1.37-2.30) 1.76(1.18-2.62) 1.69(1.40-1.90) 
7 rs413260b IKZF1 G/T 0.27 1.80(1.41-2.31) 8.4x10-6 

 

1.78(1.37-2.30) 1.75(1.18-2.61) 1.69(1.58-1.81) 
 
† Bolded letter indicates risk allele from previous GWAS; ‡ Odds ratios (OR) and 95% confidence intervals (CI) were calculated using log additive models 
adjusting for age and sex. 
 
a. SNPs identified by Trevino, L. R. et al. 
b. SNPs identified by Papaemmanuil, E et al. 
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Table 3. Association of eight candidate SNPs and their characteristics with risk of ALL in Hispanic children by type of disease, 
CCLS, 1995-2008 
 

Chr. SNP Gene Function Allele † 
Risk allele 

frequency  

Log additive OR‡ 

(CI) 
P-value 

Log additive 

OR‡ (CI) 

B-cell ALL 

Log additive 

OR‡ (CI) 

B-cell 

hyperdiploid 

10 rs10994982 ARID5B INTRON A/G 0.54 1.53(1.23-1.90) 0.0004 1.65(1.31-2.07) 2.21(1.52-3.21) 

10 rs10740055 ARID5B INTRON A/C 0.54 1.61(1.29-2.00) 1×10-5 1.72(1.37-2.17) 2.43(1.67-3.55) 

10 rs7073837 ARID5B INTRON A/C 0.52 1.76(1.39-2.23) 4.3×10-7 2.22(1.68-2.94) 2.66(1.75-4.02) 

10 rs7089424 ARID5B INTRON G/T 0.39 1.98(1.59-2.48) 1×10-9 2.20(1.72-2.81) 3.22(2.18-4.73) 

10 rs10821936 ARID5B INTRON C/T 0.41 1.99(1.61-2.47) 1.2×10-9 2.15(1.69-2.71) 3.08(2.11-4.48) 

14 rs2239633 CEBPE near 5’ C/T 0.61 1.24(0.99-1.55) 0.06 1.26(0.99-1.58) 1.81(1.24-2.66) 

7 rs11978267 IKZF1 INTRON A/G 0.27 1.20(0.95-1.51) 0.14 1.18(0.93-1.50) 1.21(0.84-1.73) 

7 rs4132601 IKZF1 3 UTR G/T 0.27 1.22(0.97-1.54) 0.08 1.21(0.95-1.54) 1.27(0.88-1.82) 

† Bolded letter indicates risk allele from previous GWAS; ‡ Odds ratios (OR) and 95% confidence intervals (CI) were calculated using log additive models 
adjusting for age, sex, and race.  
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Table 4. Odds Ratio (95%CI) for association of daycare attendance and birth order with risk of childhood ALL in non-
Hispanic White and Hispanic children, CCLS, 1995-2008 
 

 Non-Hispanic Whites Hispanics 

 Cases Controls OR (95% CI)*  Cases Controls OR (95% CI) † 

 n % n %  n % n %  

No. of subjects 222 38.6 353 61.4  293 42.6 395 57.4  

Censored at age 6 months           

Never  180 81.1 256 72.5 1.00 (Ref) 262 89.4 360 91.1 1.00 (Ref) 

 Ever 41 18.5 94 26.6 0.66 (0.43-1.01) 29 9.9 34 8.6 1.53 (0.87-2.69) 

Older siblings           

No 102 45.9 127 35.9 1.00 (Ref) 106 36.2 138 34.9 1.00 (Ref) 

Yes 115 51.8 216 61.2 0.65 (0.46-0.93) 182 62.1 251 63.5 0.94 (0.67-1.30) 

*Odds ratios (OR) and 95% confidence intervals (CI) were calculated using unconditional logistic regression adjusting for child's age, sex and annual household 
income. 
† Odds ratios (OR) and 95% confidence intervals (CI) were calculated using unconditional logistic regression adjusting for child's age, sex, race, and annual 
household income. 
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Table 5. Interaction between eight candidate SNPs and daycare attendance with the risk of childhood ALL by Hispanic status, 
CCLS, 1995-2008 
 

   Non-Hispanic Whites Hispanics 

Gene SNP Day Care attendance 

At age 6 months 

OR (CI)a   Pinteraction 

  

OR (CI)b   Pinteraction 

ARID5B rs10994982 No 1.48 (1.12-1.95) 0.49 1.60(1.26-2.04) 0.33 

  Yes 1.18 (0.68-2.04)  1.08(0.51-2.31)  

 rs10740055 No 1.58(1.19-2.09) 0.83 1.64(1.29-2.09) 0.67 

  Yes 1.67(0.95-2.95)  1.37(0.63-3.02)  

 rs7073837 No 1.74 (1.26-2.41) 0.09 2.16 (1.62-2.89) 0.04 

  Yes 0.99 (0.56-1.76)  0.94 (0.41-2.18)  

 rs7089424 No 2.09 (1.53-2.88) 0.87 2.12(1.64-2.75) 0.88 

  Yes 1.95(1.07-3.55)  2.01(0.85-4.75)  

 rs10821936 No 1.97 (1.46-2.66) 0.61 2.14 (1.67-2.74) 0.49 

  Yes 1.65 (0.98-2.76)  1.69 (0.73-3.88)  

CEBPE rs2239633 No 1.60 (1.19-2.15) 0.51 1.16 (0.92-1.48) 0.22 
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  Yes 1.32 (0.76-2.28)  1.83 (0.75-4.48)  

IKZF1 rs11978267 No 1.67 (1.24-2.24) 0.37 1.14 (0.88-1.46) 0.56 

  Yes 2.25 (1.25-3.96)  2.48 (0.93-6.63)  

 rs4132601 No 1.65 (1.23-2.22) 0.30 1.16 (0.90-1.49) 0.30 

  Yes 2.32 (1.31-4.13)  2.58 0.97-6.90)  

* Children under the age of 1 were excluded.  

a. Odds ratios (OR) and 95% confidence intervals (CI) calculated using log additive model adjusting for child’s age, gender and annual household 
income 
b. Odds ratios (OR) and 95% confidence intervals (CI) calculated using log additive model adjusting for child’s race, age, gender and annual 
household income 
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Table 6. Interaction between eight candidate SNPs and having an older sibling with the risk of childhood ALL by Hispanic 
status, CCLS, 1995-2008 
 
   Non-Hispanic Whites Hispanics 

Gene SNP   Having an older sibling OR (CI)a   Pinteraction OR (CI)b Pinteraction 

ARID5B rs10994982 No 1.29(0.88-1.91) 0.76 1.52 (1.04-2.23) 0.88 

  Yes 1.45 (1.04-2.00)  1.52 (1.14-2.03)  

 rs10740055 No 1.51 (1.01-2.26) 0.95 1.53 (1.05-2.23) 0.77 

  Yes 1.59 (1.15-2.21)  1.65 (1.23-2.20)  

 rs7073837 No 1.35 (0.86-2.08) 0.57 1.89 (1.18-3.01) 0.92 

  Yes 1.59 (1.09-2.31)  1.95 (1.39-2.73)  

 rs7089424 No 1.66 (1.09-2.52) 0.17 1.82 (1.21-2.75) 0.47 

  Yes 2.53 (1.71-3.75)   2.26 (1.65-3.10)  

 rs10821936 No 1.55 (1.05-2.29) 0.17 1.77 (1.22-2.59) 0.34 

  Yes 2.26 (1.58-3.23)   2.27 (1.68-3.07)  

CEBPE rs2239633 No 1.49 (0.99-2.25) 0.92 1.21 (0.81-1.89) 0.93 

  Yes 1.47 (1.05-2.07)  1.22 (0.91-1.64)  
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IKZF1 rs11978267 No 1.71 (1.14-2.57) 0.95 1.23 (0.82-1.83) 0.79 

  Yes 1.77 (1.24-2.51)  1.13 (0.83-1.54)  

 rs4132601 No 1.68 (1.12-2.53) 0.84 1.26 (0.84-1.89) 0.78 

  Yes 1.80 (1.26-2.57)  1.15 (0.84-1.57)  

*Children under the age of 1 were excluded.  
a. Odds ratios (OR) and 95% confidence intervals (CI) calculated using log additive model adjusting for child’s age, gender and annual household 
income 
b. Odds ratios (OR) and 95% confidence intervals (CI) calculated using log additive model adjusting for child’s race, age, gender and annual 
household income 
 

 

 

 

 

 

 
 



 

 

 

 

 

 
Chapter 3 

Association of Genetic Variation in IKZF1, ARID5B, and CEBPE and Surrogates for Early 
Life Infections with the Risk of Acute Lymphoblastic Leukemia in Hispanic Children 
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ABSTRACT 
 
Background: Genome-wide association studies focusing on European-ancestry populations have 
identified ALL risk loci on: 7p12.2 (IKZF1), 10q21.2 (ARID5B), and 14q11.2 (CEBPE). This 
chapter extended the analyses in previous chapter (Chapter 2) and comprehensively assessed 
variation within these three genes to capture their impacts on ALL risk in the California Hispanic 
population. We also further assessed the joint effects between the genetic variation and 
surrogates for early life infections, including presence of older siblings, daycare attendance, and 
ear infections in infancy.   
 
Methods: Genotypic data for 323 Hispanic ALL cases and 454 controls from the California 
Childhood Leukemia Study (CCLS) were generated using Illumina OmniExpress v1 platform. 
Logistic regression assuming a log-additive model estimated odds ratios (OR) associated for 
each SNP, adjusted for age, sex, and the first five principal components that captured population 
substructure. In addition, we examined potential interactions between six inherited ALL risk 
alleles and surrogates for early life infections using logistic regression models that included an 
interaction term. 
 
Results: Significant associations between genotypes at 7p12.2 (IKZF1), 10q21.2 (ARID5B), and 
14q11.2 (CEBPE) and ALL risk were identified; rs7780012, OR=0.50, 95% confidence interval 
(CI): 0.35-0.71 (P=0.004); rs7089424, OR=2.12, 95% CI: 1.70-2.65 (P=1.16 x 10-9); rs4982731, 
OR=1.69, 95% CI: 1.37-2.08 (P=2.35 x 10-6), respectively. Evidence for multiplicative 
interactions between genetic variants and surrogates for early life infections with ALL risk was 
not observed.  
 
Conclusion: This is the first study to comprehensively assess the genetic variants within the 
three previously identified genes and evaluate their potential interactions with surrogates for 
early life infections in the Hispanic population. Significant main effects were detected between 
ALL risk and variants in IKZF1, ARID5B, and CEBPE. However, we did not identify significant 
interactions between these SNPs and surrogates for early life infections among Hispanic children.  
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INTRODUCTION 
 
Leukemia is the most common malignancy under the age of 15, accounting for 31% of all cancer 
cases in this age group (1). Several risk factors for acute lymphoblastic leukemia (ALL) have 
been established, including sex, age, race, prenatal exposure to x-rays, therapeutic radiation, and 
specific genetic syndromes (2). Direct evidence for inherited genetic susceptibility is 
demonstrated by the high risk of ALL associated with Bloom’s syndrome, neurofibromatosis, 
ataxia telangiectasia and constitutional trisomy 21(3). These predisposing disorders account for 
only <5% of all diagnosed cases. Most genetic association studies of ALL have focused on 
candidate genes, primarily those implicated in the metabolism of carcinogens, folate metabolism, 
immune function, and cell-cycle regulation (4, 5). Recent genome-wide association studies 
(GWAS) have identified common genetic variation near IKZF1 (7p12.2), ARID5B (10q21.2), 
and CEBPE (14q11.2) that influences ALL risk in non-Hispanic White populations (6-9). 
However, only one study has explored these loci in Hispanic populations using a genome-wide 
approach (9). Given the observation of a high incidence of childhood ALL in California 
Hispanics, understanding the influence of variants within these genes with comprehensive 
adjustment for genetic ancestry is important for characterizing the relationship between 
candidate loci and ALL, and furthering our understanding of disease pathogenesis.  
 
Epidemiologic studies have provided indirect evidence for an infectious etiology of ALL, though 
a specific infectious agent has yet to be identified (10). Greaves hypothesized that the absence of 
an early immune challenge and priming during early childhood, combined with ‘delayed’ 
exposures to infection, might subsequently result in adverse immune responses to common 
infectious agents, thereby increasing the risk of childhood ALL (10). This suggests that exposure 
to infections early in life may have a protective effect against childhood ALL. Associations of 
ALL have been observed with proxy measures of exposure to infection, including daycare 
attendance (11-14), birth order (15, 16), and child’s history of infections (17, 18). The most 
compelling evidence of a relationship between early life infection and development of childhood 
ALL is from studies of daycare attendance, which is considered a surrogate for exposure to 
multiple microbial agents (19). The results from a recent meta-analysis of published studies 
conducted by Urayama et al. showed a significantly reduced risk of ALL among non-Hispanic 
Whites children who attend daycare facilities (13).    
  
Ethnic differences in the risk of ALL are well-recognized; the incidence of ALL is nearly 20% 
higher among Hispanics than among non-Hispanic Whites in California (20). This higher risk is 
possibly due to an increased prevalence of ALL risk alleles in populations with Native American 
ancestry, as well as ethnic differences in exposure to environmental risk factors (10, 21). In the 
current study, we examine associations between ALL risk in Hispanic children and genetic 
variation in candidate B-cell development genes previously linked to ALL risk in GWAS of non-
Hispanic White populations (IKZF1, ARID5B, and CEBPE). We further investigate potential 
interactions between these genetic variants and surrogates for early life exposure to infections, 
including presence of older siblings, daycare attendance, and ear infections during infancy, in 
California Hispanics.  
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MATERIALS AND METHODS 
 
Study populations 
The California Childhood Leukemia Study (CCLS) is a population-based case-control study 
which began in 1995. Incident cases of newly diagnosed childhood leukemia (age 0–14 years) 
were rapidly ascertained from major clinical centers in the study area, usually within 72 hours of 
diagnosis. Cases were initially identified from four hospitals (later expanded to nine) in the San 
Francisco Bay Area and Central Valley. For each case, one or two healthy controls matched on 
child’s age, sex, Hispanic status (a child was considered Hispanic if either parent self-reported 
Hispanic) and maternal race (White, Black, Asian/Pacific Islander, Native American, and 
Other/Mixed) were randomly selected from the state birth registry maintained by the Center for 
Health Statistics of the California Department of Public Health (CDPH). A detailed description 
of control selection in the CCLS has been previously reported (22). A total of 86% of case 
subjects determined to be eligible consented to participate and 86% of controls subjects among 
those contacted and considered eligible participated (23). 
 
Cases and controls were eligible to enter the study if they were under 15 years of age, resided in 
the study area at the time of diagnosis, had at least one parent who speaks either English or 
Spanish, and had no prior history of malignancy. The current analysis included 777 Hispanics 
(323 cases and 454 controls) in the CCLS who consented to participate and were interviewed 
between 1995 and 2008, and for whom archived newborn blood (ANB) spots were available.   
Immunophenotype was determined for ALL using flow cytometry profiles (CD10 and CD19 for 
B-cell lineage) (24). When fluorescence in situ hybridization (FISH) assays conducted at 
University of California Berkeley identified extra copies of chromosomes 21 and X, assignment 
of high hyperdiploid status (51-67 chromosomes) was made (24).   
 
This study was reviewed and approved by the institutional review committees at the University 
of California Berkeley, the CDPH, and the participating hospitals. Written informed consent was 
obtained from all parent respondents. 
 
 
Genotyping and quality control  
Samples were genotyped at the Genetic Epidemiology and Genomics Laboratory, School of 
Public Health, University of California, Berkeley, using the Illumina OmniExpress v1 platform, 
which contains 730,525 markers. Quality control filtering removed SNPs that were not on 
autosomal chromosomes, were missing in >2% of samples, had minor allele frequency (MAF) of 
<2%, or showed significant deviation from Hardy-Weinberg equilibrium in controls (P < 1 × 
10−5). The resulting data set of 634,037 SNPs was then subjected to additional quality control 
filtering in all samples. We excluded samples for which < 98% of loci were successfully 
genotyped, samples with discordant sex profiles (birth certificate vs. genetically determined sex) 
and samples displaying cryptic relatedness (based on identity-by-descent calculations with pi-hat 
cutoff of 0.15). Ten pairs of duplicate samples were included to assess assay reproducibility, 
with average concordance >99.99%. In the current study, we included all SNPs that passed 
quality control and were located within ±10 kb of selected candidate genes. 119 SNPs were 
included in these analyses. 
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Proxy measures of early childhood exposure to infections 
Information on daycare attendance, birth order and history of infections was collected through 
in-person interview with the biological mothers. Detailed information on collection of early 
childhood exposure to infections was presented previously (11). Briefly, the child’s birth order 
was determined based on a detailed pregnancy history obtained for the biological mother. 
Information on the child’s social contacts outside the home was obtained through a history of 
daycare attendance before the date of diagnosis for cases and a reference date for controls, or 
before age six, whichever occurred first. To examine the influence of daycare attendance during 
a specific time window of exposure, daycare attendance was censored at six months and one year 
of age. For each daycare the child attended, information on age attended, duration of time 
attended, hours per week, and numbers of other children were obtained (11, 25). These data were 
used to calculated “total child-hours of exposure” for each child. Child-hours at each daycare 
facility was calculated as follows:  (number of months attending the day care) x (mean hours per 
week at this day care) x (number of other children at this day care) x (4.35 weeks per month) (11, 
25). In this study, we made daycare attendance into a dichotomous variable (ever/never) because 
the distribution of child-hour attendance was binomial for the Hispanic population included in 
the study. 
 
Respondents were also asked for a history of common infectious illnesses the child had during 
the first year of life, including severe diarrhea/vomiting, ear infection, persistent cough, mouth 
and eye infection, influenza, and unspecified “other infection”.   
 
Statistical analysis  
Single SNP analyses were conducted assuming a log-additive model (0, 1, or 2 copies of the 
minor allele), using unconditional logistic regression in PLINK v1.07 (26). To adjust for 
potential population stratification in study samples, a principal component analysis approach was 
implemented in EIGENSTRAT (27). The odds ratio (OR) and 95% confidence intervals (CI) for 
each SNP were calculated to estimate the risk of ALL associated with each additional copy of the 
minor allele, adjusted for age, sex, and the first five genetic principal components. Significance 
criteria based on the Benjamini and Hochberg (BH) procedure for controlling the false discovery 
rate (FDR) were determined by using PLINK v1.07 with a type I error rate of 5% (12). 
Significant regions were plotted using the online tool SNAP (28). Logistic regression adjusting 
for age, sex, and income was used to estimate the OR and 95% CI associated with proxies for 
early life infections (presence of older siblings, daycare attendance, and ear infections) and ALL 
risk. 
 
Gene expression analysis 
The association of genotypes and mRNA expression in IKZF1, ARID5B, and CEBPE was 
examined using mRNA data from lymphoblastoid cell lines derived from 45 MEX (Mexican 
ancestry in Los Angeles, California) HapMap individuals available from the database of the 
Gene Expression Variation (GENEVAR) project (29). Spearman's rank correlation coefficient 
was used to estimate the strength of the relationship between genotypes and the intensity of gene 
expression (30). Non-parametric permutation P-values were also provided to further evaluate the 
significance of nominal P-values as implemented in GENEVAR (29).    
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Gene-environment interaction analysis 
To determine which SNPs in the three candidate regions contribute independently to disease 
susceptibility for subsequent geneXenvironment interaction analysis, we performed conditional 
haplotype analysis on all significant SNPs within the three gene regions, as implemented in 
PLINK v1.07. To evaluate whether the signals from these three candidate genes were 
independent from each other, the association between childhood ALL and each significant locus 
was tested using logistic regression, conditioning on all other SNPs in the region. To test for 
heterogeneity (interaction), we focused on the association between daycare attendance by critical 
development periods (age six months and one year of age), presence of older siblings, and ear 
infections in infancy and ALL. The joint effects of proxies for early life infections and the six 
SNPs selected from conditional haplotype analysis were evaluated using logistic regression, 
while adjusting for age, sex, income and the first five genetic principal components (PCs). The 
three infection variables were chosen for evaluation in the joint effect analysis based on previous 
CCLS publications (14). A dominant genetic model was assumed given small sample size. A P-
value of 0.2 or less for interaction was considered statistically significant, given the available 
sample size, i.e. <350 observations (31). The study has 80% power to detect an interaction odds 
ratio of 2.0, assuming a minor allele frequency of 30 %, an exposure prevalence of 20%, an 
estimated OR of 1.3 for the genotype and the exposure, and a two-sided significance level of 
0.05. 
 

RESULTS 
Quality control filtering yielded 777 Hispanic individuals (323 ALL cases and 454 controls) and 
119 SNPs were relevant to this analysis. Study characteristics for the Hispanic participants are 
described in Table 1. The distributions of child’s sex, age, and race/ethnicity were similar 
between cases and controls. Cases generally had lower annual household income compared to 
controls. Because Hispanics are a recently admixed group (32), a proportion (34%-37%) of our 
Hispanic population reported “Mixed or Other” race and 49% -51% of them reported “White and 
Caucasian” race. In our data, the frequency of the B-cell precursor (BCP) ALL was 91.9% 
among Hispanics (N=297) and the frequency of BCP high-hyperdiploid ALL (>50 
chromosomes) for Hispanics was 30% (N=97).    
 
Single SNP analyses   
A summary of IKZF1 gene information and childhood ALL association results for SNPs with P< 
0.05 (based on correction for FDR using BH procedure) is provided in Table 2. Ten of thirty-
four SNPs examined in the IKZF1 gene showed evidence of associations among the Hispanic 
population (PFDR <0.05). The most significant single SNP result was rs7780012 (OR=0.50, 95% 
CI 0.35-0.71, PFDR = 0.004), which maps to intron 2 of the IKZF1 gene (Supplementary Fig. 
S1). The association remained significant when analyses were restricted to BCP ALL (OR=0.52, 
95% CI 0.36-0.74) or BCP high-hyperdiploid ALL (OR=0.56, 95% CI 0.40-0.77) (Table 5). 
 
A summary of ARID5B gene information and childhood ALL association results for SNPs with P 
< 0.05 (based on correction for FDR using BH procedure) is provided in Table 3. Eleven of 
fifty-seven SNPs examined in ARID5B showed evidence of association among the Hispanic 
population (PFDR <0.05). The most significant single SNP association, which maps to intron 3 of 
the gene ARID5B, was rs7089424 (OR= 2.12, 95% CI 1.70-2.65, PFDR = 1.16 × 10-9) 
(Supplementary Fig. S2). The association signal remained significant when analyses were 
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restricted to BCP ALL (OR=2.30, 95% CI 1.83-2.94) or BCP high-hyperdiploid ALL (OR=3.05, 
95% CI 2.13-4.36) (Table 5). Two additional SNPs in ARID5B (rs7090445 and rs4506592) were 
associated with ALL at a significance level of 10-8 after FDR adjustment and are in linkage 
disequilibrium (LD) (r2 =0.77). Interestingly, the positive associations between ALL subtypes 
and ARID5B SNPs were stronger and remained significant when analyses were restricted to ALL 
cases with BCP high-hyperdiploid ALL (rs7090445, OR= 3.07, 95% CI 2.14-4.39; rs4506592, 
OR=0.35, 95% CI 0.25-0.50) (Table 5).   
 
A summary of CEBPE gene information and childhood ALL association results for SNPs with P 
< 0.05 based on correction for FDR using the BH procedure is provided in Table 4. Eleven of 
twenty-eight SNPs showed evidence of association among Hispanic population (PFDR <0.05). 
The most significant single SNP association, which maps to the 3’ region of CEBPE, was 
rs4982731 (OR= 1.69, 95% CI 1.37-2.08, PFDR = 2.35 × 10-5) (Supplementary Fig. S3). SNP 
rs10143875 in CEBPE was also associated with ALL risk (OR= 1.67, 95% CI 1.36-2.07, PFDR = 
2.35× 10-5) and is in complete LD with rs4982731 (r2=1). When restricted to BCP high-
hyperdiploid ALL, results for variants rs4982731 and rs10143875 were more strongly associated 
with this ALL subtype (OR= 2.47, 95% CI 1.76-3.48; OR=2.45, 95% CI 1.75-3.45) (Table 5).  
 
Expression quantitative trait loci (eQTLs) analysis 
To explore whether the observed SNP associations might influence gene expression, we 
investigated the correlation between the most significant SNP within three candidate genes and 
publicly available mRNA expression data (Figure 1). Associations between both rs11980379 
and rs4132601 risk genotypes and reduced IKZF1 expression were observed (P=0.028 and P 
=0.029 respectively; Figure 1), with lower expression being associated with the risk alleles. 
Associated variants within ARID5B and CEBPE did not appear to influence gene expression 
(data not shown).     
 
Gene-environment interaction  
To minimize the numbers of statistical tests, six independent SNPs from the three genes were 
selected using conditional haplotype analysis for further gene-environment interaction analysis, 
including three SNPs from IKZF1, one SNP from ARID5B, and two SNPs from CEBPE. Tests of 
association for the six SNPs stratified by daycare attendance (ever/never) were performed using a 
multiplicative model of interaction to estimate the joint effects between daycare attendance for 
different time periods and the six genetic variants (Supplementary Table S1 and 
Supplementary Table S2). Daycare attendance censored at age six months and rs4982731in 
CEBPE showed suggestive evidence for interaction on a multiplicative scale (P interaction=0.07; 
Supplementary Table S1); however, after controlling for multiple comparisons, the results were 
not significant. We did not find any evidence of interaction between the other SNPs and daycare 
attendance censored at age one year after FDR correction (P interaction >0.20). Similarly, the 
presence of older siblings and ear infections in infancy showed no evidence of multiplicative 
interactions with the genetic variants in the risk of childhood ALL (data not shown). 
 

DISCUSSION 
Our study is among the first to comprehensively assess genetic variation within the previously 
identified genes (IKZF1, ARID5B, and CEBPE) and further examine the joint effects between the 
genetic variation and proxies for early life infections. There was no effect modification of 
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genetic associations by proxies for early life infections in the Hispanic population we studied. In 
addition, our study examined the functional relevance on gene expression levels in the Hispanic 
population. Among the genetic variants tested, rs11980379 and rs4132601 risk alleles within 
IKZF1 were correlated with reduced IKZF1 mRNA expression. Our results align well with 
previous observations of frequent IKZF1 somatic deletion in leukemic cells, indicating that a 
reduction in IKZF1 levels is pro-leukemic (6).  
 
To date, most research on childhood ALL has focused on non-Hispanic White populations. 
GWAS have established that inherited genetic variants are associated with childhood ALL, 
including IKZF1 (encoding the early lymphoid transcription factor IKAROS), ARID5B 
(encoding the AT-rich interactive domain 5B transcription factor), and CEBPE (encoding the 
transcription factor CCAAT/enhancer-binding protein, epsilon) (6-9, 33). Subsequently, follow-
up studies have shown consistent genetic associations with the risk of childhood ALL in different 
populations, including a large German replication study (34), a Thai population (35), a Polish 
population (36), a French-Canadian cohort (37), and African American children from St. Jude 
Children’s Research Hospital (38). 
 
In a previous publication, we replicated the results concerning previously identified GWAS 
SNPs from non-Hispanic White population in the CCLS Hispanic population (39). Our current 
study took a more comprehensive approach and used GWAS data to look at these three gene 
regions. The results are consistent with these previous published studies, indicating that causal 
SNPs are likely to be within or nearby these B-cell development-related genes. In particular, 
family members of the Ikaros gene are crucial for regulation of cell-fate decisions during 
hematopoiesis (40, 41). In our California Hispanic population, we were able to confirm the 
association between IKZF1 and childhood ALL risk. IKZF1, which encodes Ikaros, is the 
founding member of a family of zinc finger transcription factors required for the development of 
all lymphoid lineages (40). IKZF1 alterations are present in more than 70% of BCR-
ABL1 lymphoid leukemias and have been associated with poor prognoses in BCR-ABL ALL (42, 
43). Evidence from homozygous mutant mice has shown that deletion of IKZF1 leads to a rapid 
development of leukemia (44). Interestingly, the observation of a correlation between the 
rs4132601 genotype and IKZF1 mRNA expression level in Epstein-Barr virus transformed 
lymphocytes in our study is consistent with previous findings, and with the hypothesis that the 
variant may influence ALL risk by affecting on early B-cell differentiation (6, 45).   
 
We observed an association at 10q21.2 encoding the AT-rich interactive domain 5B (ARID5B) 
with childhood ALL in the Hispanic population. Given the biological heterogeneity of ALL, risk 
variants are likely to have differential effects on ALL risk, depending on cell lineage and 
phenotype (46). Subtype analysis of B-cell precursor ALL provides strong evidence that variants 
at 10q21.2-ARID5B are highly associated with the risk of developing high hyperdiploid 
childhood ALL in the Hispanic population, consistent with prior findings (6, 47). The strongest 
association with ALL is with rs7089424, which has been previously reported in the non-Hispanic 
White population (6, 8). Although ARID5B has not been studied extensively, it is highly 
conserved and plays a key role in embryonic development. In addition, ARID5B homozygous 
(Arid5b-/-) mice show immune abnormalities, including a reduction in the B-cell progenitor (48). 
In the present study, we also found an association between SNPs in CEPBE and childhood ALL 
risk. Prior studies have suggested a role for CEBPE (CCAAT/enhancer-binding protein, epsilon) 
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in the development of childhood ALL. CEBPE is a suppressor of myeloid leukemogenesis (49, 
50). CEBPE, along with other CEBP family members, is targeted by recurrent immunoglobulin 
heavy (IGH) translocation in B-cell precursor ALL, supporting a role in susceptibility to ALL 
(51).   
 
While the risk of developing ALL may be determined by complex interactions between genetic 
and environmental factors (10), epidemiologic studies have thus far provided only indirect 
evidence that ALL has an infectious etiology, and no specific agent has been implicated (17). In 
the current analysis, we investigated the joint effect of the genetic variants and surrogates of 
exposure to early life infections on ALL risk. To minimize the number of statistical tests, six 
SNPs within the three genes (IKZF1, ARID5B and CEBPE) were selected using conditional 
haplotype analysis. As in previous CCLS studies, we used daycare attendance, presence of older 
siblings, and ear infections in infancy as proxies for early life exposures to infection (14). No 
evidence of interaction was observed between these proxies for early life exposure to common 
infections with six genetic variants based on a multiplicative scale. Compared with the non-
Hispanic White population in the CCLS, Hispanic children have fewer hours of daycare 
attendance, have more children living in the same household, and have lower family income and 
parental education (data not shown). All of these factors might contribute to different patterns of 
childhood exposures to infection, as well as response to infections. Other measures of early life 
infections among Hispanics, such as the total number of people living in the household at the 
time of child’s birth and/or parental or other child’s social contacts, may be better proxies. 
However, such measures are not available in our study. 
 
In an admixed population such as Hispanics, population stratification is a potential problem. 
However, its effect is likely to be minimal in the CCLS, due to the careful matching of race and 
ethnicity among the subjects (52). Further, we used a principal components analysis (PCA) to 
successfully reduce the effects of potential population stratification (genomic control factor λ = 
1.02) (Supplementary Fig. S4) (27). Another major strength of the present study is the detailed 
assessment of early life infections exposures, such as daycare attendance. We calculated a 
composite variable “child-hours” to measure how long each individual attended a daycare 
facility and the number of other children at the facility (11). However, the distribution of child-
hour attendance is binomial for the Hispanic population included in the study; therefore, we used 
a dichotomous daycare attendance variable (ever/never) in the analysis. 
 
One limitation of this study for assessing gene-environment interaction is the sample size. Even 
though the CCLS is one of the largest case-control studies of ALL in the United States with 
relevant biospecimens and environmental data, gene-environment interactions with moderate to 
small effect sizes may not be detected. Another potential limitation of the gene-environment 
analyses in our study is the influence of uncontrolled or residual confounding on risk estimates. 
The consideration of other surrogate indicators, such as the total number of children/adults living 
in the household or serologic evidence of prior infection, may be more suitable to address the 
gene-environment interaction in the Hispanic population.  Furthermore, while performing gene-
environment analyses, we focused on only six SNPs selected from conditional haplotype analysis; 
however, it is possible that other SNPs within the genes or the combination of these SNPs might 
have a joint effect with daycare attendance on ALL risk.   

56 
 



 

Our study showed that variants within IKZF1, ARID5B, and CEBPE were associated with 
increased ALL risk, and the effects for ARID5B and CEBPE were most prominent in the high-
hyperdiploid ALL subtype in the California Hispanic population. Even though we did not 
observe significant gene-environment interactions in the study, identification of interactions 
between genetic variants and environmental risk factors may require much larger datasets. 
Replication studies with larger sample sizes in other Hispanic populations will be desirable to 
extend our results. Additional functional studies and re-sequencing of the relevant genetic 
regions are needed to better understand the role of these genes in early hematopoiesis. 
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Table 1. Characteristics of Hispanic case-control study subjects, CCLS, 1995-2008 
 

 Cases, n (%) Controls, n (%) 
Study subjects 323 (41.6) 454 (58.4) 

Sex   
Male 173 (53.6) 240 (52.9) 

Female 150 (46.4) 214 (47.1) 
Age   

Mean age, y(SE) 5.3(3.4) 5.3 (3.4) 
Income   

<$15,000 79 (24.5) 74 (16.3) 
$15,000-$29,999 88 (27.2) 106 (23.3) 
$30,000-$44,999 64 (19.8) 87 (19.2) 
$45,000-$59,999 41 (12.7) 63 (13.9) 
$60,000-$74,999 17 (5.3) 42 (9.3) 

≥$75,000 34 (10.5) 82 (18.0) 
Race   

White/Caucasian 161 (49.8) 237 (52.2) 
African American 14 (4.3) 15 (3.3) 
Native American 0 (0) 4 (0.9) 

Asian or Pacific Islander 28 (8.7) 40 (8.8) 
Mixed or others 120 (37.2) 158 (34.8) 

Cytogenetics (case-only)   
B-cell precursor (BCP) ALL 297 (91.9) - 

BCP high-hyperdiploid ALL (>50 chromosome) 97 (30.0) - 
Daycare attendance (Mean and SE)   

Thousand child hours before 6 mo of age (SE) 0.24 (1.15) 0.18 (0.85) 
Thousand child hours before 1 yr of age (SE) 0.94 (3.83) 0.65 (2.46) 
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Table 2.  Odds ratio (95%CI) and p-values for significant* IKZF1 SNPs associated with 
childhood ALL risk in the Hispanic population, CCLS, 1995-2008 

Chr. SNP Minor 
Allele 

(frequency) 

Base-pair 
location 

ORa 95% CI Pvalues
b

  Pvalues
c 

7 rs7780012 A  
(0.12) 

50438720 0.50    0.35, 0.71 1.31× 10-04 0.004 

7 rs11980379 G 
(0.28) 

50469981 1.47  1.17, 1.85 9.31× 10-04 0.011 

7 rs4132601 C 
(0.28) 

50470604 1.47   1.17, 1.85 9.31× 10-04 0.011 

7 rs716719 A 
(0.46) 

50325717 1.38    1.12, 1.69 0.002 0.018 

7 rs6952409 A 
(0.23) 

50462935 1.41   1.11, 1.78 0.004 0.029 

7 rs6964823 A 
(0.31) 

50460096 0.73   0.59, 0.91 0.006 0.033 

7 rs7781977 G 
(0.49) 

50346134 0.75 0.61, 0.93 0.007 0.034 

7 rs9886239 A 
(0.48) 

50336551 0.76  0.62, 0.93 0.008 0.035 

7 rs4917017 G 
(0.49) 

50335232 0.76 0.62, 0.94 0.009 0.035 

7 rs12719019 A 
(0.28) 

50476139 0.75 0.60, 0.95 0.014 0.049 

a. Odds ratio (OR) and 95% confidence interval (CI) calculated using log additive models adjusting for age, sex 
and first 5 genetic principal components. 

b. P-values calculated using log additive models adjusting for age, sex and first 5 genetic principal components 
(PCs) without adjustment for multiple comparisons. 

c. P-values based on correction for False Discovery Rate (FDR) using Benjamini and Hochberg (BH) procedure.  
*     Ten of thirty-four SNPs had significant P-values adjusted for FDR. 
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Table3. Odds ratio (95% CI) and p-values for significant* ARID5B SNPs associated with 
childhood ALL risk in the Hispanic population, CCLS, 1995-2008 

Chr. SNP Minor 
Allele 

(frequency) 

Base-pair 
location 

ORa 95% CI Pvalues
b

  Pvalues
c 

10 rs7089424 C 
(0.49) 

63752159 2.12 1.70, 2.65 2.04 × 10-11 1.16× 10-09 

10 rs7090445 G 
(0.49) 

63721176 2.08 1.67, 2.60 6.24× 10-11 1.57× 10-09 

10 rs4506592 G 
(0.49) 

63727187 0.48 0.38, 0.60 8.24× 10-11 1.57× 10-09 

10 rs7073837 C 
(0.48) 

63699895 0.55 0.45, 0.69 6.84× 10-08 9.75× 10-07 

10 rs10821938 C 
(0.45) 

63724773 0.56 0.45, 0.69 1.24× 10-07 1.42× 10-06 

10 rs10994981 A 
(0.41) 

63708007 0.65 0.52, 0.80 7.94× 10-05 7.54× 10-04 

10 rs6479778 A 
(0.29) 

63689077 1.52 1.21, 1.90 3.26× 10-04 0.002 

10 rs2893881 G 
(0.30) 

63688672 1.47 1.18, 1.84 7.59× 10-04 0.005 

10 rs4948491 G 
(0.46) 

63696889 1.43 1.16, 1.76 9.41× 10-04 0.006 

10 rs4948488 G 
(0.40) 

63685154 1.44 1.16, 1.79 9.67× 10-04 0.006 

10 rs12249208 A 
(0.03) 

63730012 0.36 0.18, 0.72 0.004  0.019 

a. Odds ratio (OR) and 95% confidence interval (CI) calculated using log additive models adjusting for age, sex 
and the first 5 genetic principal components. 

b. P-values calculated using log additive models adjusting for age, sex and first 5 genetic principal components 
(PCs) without adjustment for multiple comparisons. 

c. P-values based on correction for False Discovery Rate (FDR) using Benjamini and Hochberg (BH) procedure. 
*     Eleven of fifty-seven SNPs had significant P-values adjusted for FDR. 
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Table 4. Odds ratio (95% CI) and p-values for significant* CEBPE SNPs associated with 
childhood ALL risk in the Hispanic population, CCLS, 1995-2008 

 Chr. SNP Minor Allele 
(frequency) 

Base-pair 
location 

ORa 95% CI Pvalues
b

  Pvalues
c 

14 rs4982731 G 
(0.41) 

23585333 1.69 1.37, 2.08 1.15× 10-06 2.35× 10-05 

14 rs10143875 A 
(0.41) 

23584265 1.67 1.36, 2.07 1.68× 10-06 2.35× 10-05 

14 rs6572981 A 
(0.18) 

23599252 0.53 0.39, 0.70 1.64× 10-05 1.23× 10-04 

14 rs2144827 A 
(0.14) 

23587231 0.50 0.36, 0.68 1.76× 10-05 1.23× 10-04 

14 rs17794251 A 
(0.41) 

23593442 1.53 1.24, 1.88 6.50× 10-05 3.64× 10-04 

14 rs7155790 C 
(0.27) 

23589586 0.62 0.49, 0.79 9.06× 10-05 4.23× 10-04 

14 rs2236135 G 
(0.11) 

23595721 0.56 0.39, 0.80 0.001 0.005 

14 rs2239629 C 
(0.11) 

23598128 0.57 0.40, 0.81 0.002 0.005 

14 rs17198995 G 
(0.05) 

23595423 0.44 0.26, 0.73 0.002 0.005 

14 rs2180395 A 
(0.10) 

23596621 0.56 0.39, 0.80 0.002 0.005 

14 rs2073305 A 
(0.09) 

23601073 0.59 0.41, 0.85 0.005 0.012 

a. Odds ratio (OR) and 95% confidence interval (CI) calculated using log additive models adjusting for age, sex 
and the first 5 genetic principal components. 

b. P-values calculated using log additive models adjusting for age, sex and first 5 genetic principal components 
(PCs) without adjustment for multiple comparisons. 

c. P-values based on correction for False Discovery Rate (FDR) using Benjamini and Hochberg (BH) procedure. 
*     Eleven of twenty-eight SNPs had significant P-values adjusted for FDR. 

 

 

 

 

 
 
 
 
 

65 
 



 

Table 5. Odds ratio (95% CI) for association with ALL by subsets of significant* SNPs in 
ARID5B, CEBPE and IKZF1 and immunological subtypes of B-cell precursor (BCP) ALL 
and BCP high-hyperdiploid ALL in the Hispanic population, CCLS, 1995-2008 
 

Gene ALL (n=323) B-cell precursor (BCP) 
ALL (n=297) 

BCP high-hyperdiploid 
ALL (n=97) 

 ORa (95% CI) ORa (95% CI) ORa (95% CI) 
IKZF1    

rs7780012 0.50 (0.35, 0.71) 0.52 (0.36,0.74) 0.56 (0.40,0.77) 
rs11980379 1.47 (1.17, 1.85) 1.47 (1.17,1.86) 1.50 (1.06,2.12) 
rs4132601 1.47 (1.17, 1.85) 1.47 (1.17,1.86) 1.50 (1.06,2.11) 
rs716719 1.38 (1.12, 1.69) 1.37 (1.11,1.69) 1.72(1.25,2.38) 
rs6952409 1.41 (1.11, 1.78) 1.40 (1.10,1.78) 1.42 (0.99,2.02) 
rs694823 0.73 (0.59, 0.91)          0.73 (0.58-0.91) 0.67 (0.47,0.95) 
ARID5B    

rs7089424 2.12 (1.70, 2.65)       2.30(1.83, 2.94) 3.05 (2.13,4.36) 
rs7090445 2.08 (1.67, 2.60) 2.24 (1.78,2.81) 3.07 (2.14,4.39) 
rs4506592 0.48 (0.38, 0.60) 0.45 (0.36,0.56) 0.35 (0.25,0.50) 
rs7073837 0.55 (0.45, 0.69) 0.51 (0.41,0.64) 0.42 (0.30,0.60) 

rs10821938 0.56 (0.45, 0.69) 0.53 (0.42,0.66) 0.42 (0.30-0.60) 
rs10994981 0.65 (0.52, 0.80) 0.61 (0.49,0.76) 0.49 (0.35-0.70) 
rs6479778          1.52 (1.21,1.90) 1.55 (1.23,1.95) 1.77 (1.26-2.46) 
rs2893881          1.47(1.18,1.84) 1.51 (1.20,1.89) 1.71 (1.20-2.42) 
CEBPE    

rs4982731 1.69 (1.37,2.08) 1.77 (1.43,2.20) 2.47 (1.76,3.48) 
rs10143875 1.67 (1.36,2.07) 1.75 (1.41,2.18) 2.45(1.75,3.45) 
rs6572981 0.53 (0.39,0.70) 0.53 (0.39,0.71) 0.40 (0.24,0.67) 
rs2144827 0.50 (0.36,0.68) 0.49 (0.35,0.68) 0.32 (0.17,0.60) 

rs17794251 1.53 (1.24,1.88) 1.54 (1.24,1.89) 2.00 (1.44,2.78) 
a. Odds ratio (OR) and 95% confidence interval (CI) calculated using log additive models adjusting for age, sex 

and top 5 genetic principal components. 
*     SNPs had significant p-values adjusted for FDR with ALL risk and immunological subtypes of BCP ALL and 

BCP high-hyperdiploid ALL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

66 
 



 

Figure 1: Correlation between rs7780012, rs11980379, and rs4132601 genotypes and IKZF1 
expression in HapMap MEX dataset* 
 

   rs7780012                                                                        rs11980379 

          
 

rs4132601 

 
 
  
The correlation between normalized IKZF1 gene expression and alleles of rs7780012, 
rs11980379 and rs4132601 were examined using Spearman rank correlation. 
 
* Publicly available Sentrix Human-6 Expression BeadChips (Illumina) data on 45 
lymphoblastoid cell lines derived from healthy Mexican ancestry (MEX) in Los Angeles, 
California as part of the HapMap 3 project as of June, 2009 (GENEVAR project). 
Pemp=Empirical p-value derived from 10,000 permutations  
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Supplementary Fig. S1: Association and recombination plots for IKZF1 (7p12.2 loci) 
associated with childhood ALL risk in the Hispanic population, CCLS, 1995-2008 
 
 
 

 
 
 
Genotyped SNPs are represented as squares and diamonds and a larger diamond indicated the 
top-hit association in each region. The strength of linkage disequilibrium between each SNPs and 
the top hit is indicated by the color of the symbol. Recombination rates, plotted in light blue, are 
based on HapMap3 MEX samples, and genomic coordinates are based on National Center for 
Biotechnology Information (NCBI) Build 36 of the human genome (released in March 2006). 
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Supplementary Fig. S2: Association and recombination plots for ARID5B (10q21.2 loci) 
associated with childhood ALL risk in the Hispanic population, CCLS, 1995-2008 
 
 

 
Genotyped SNPs are represented as squares and diamonds and a larger diamond indicated the 
top-hit association in each region. The strength of linkage disequilibrium between each SNPs and 
the top hit is indicated by the color of the symbol. Recombination rates, plotted in light blue, are 
based on HapMap3 MEX samples, and genomic coordinates are based on National Center for 
Biotechnology Information (NCBI) Build 36 of the human genome (released in March 2006). 
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Supplementary Fig. S3: Association and recombination plots for CEBPE (14q11.2 loci) 
associated with childhood ALL risk in the Hispanic population, CCLS, 1995-2008 
 
 

 
 
 
 
Genotyped SNPs are represented as squares and diamonds and a larger diamond indicated the 
top-hit association in each region. The strength of linkage disequilibrium between each SNPs and 
the top hit is indicated by the color of the symbol. Recombination rates, plotted in light blue, are 
based on HapMap3 MEX samples, and genomic coordinates are based on National Center for 
Biotechnology Information (NCBI) Build 36 of the human genome (released in March 2006). 
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Supplementary Fig. S4. QQ-plot for Hispanic genome wide data 
 

 
Quantile-quantile (Q-Q) plot comparing the distributing of the observed versus the expected –
log10 P values (log-additive model, adjusted for age and sex) of the 634,037 SNPs. The black 
line indicates distribution expected under the null hypothesis of no association and the red line 
indicates the inflation of the test statistics (λ=1.02) 
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Supplementary Table S1: P-values for gene by environment interaction of six candidate 
SNPs† and daycare attendance by age of 6 months with the risk of ALL in Hispanic 
Children, CCLS, 1995-2008 
 

Gene SNP 
  

Censored at 
Age 6 months 

Cases N‡ 
 

Controls N‡ OR (95% CI)a Pinteraction 

CEBPE rs4982731 No 81/198 162/237 1.64 (1.17-2.29) 0.07 
   Yes 4/30 16/22 6.42 (1.56-26.48)  

CEBPE rs17794251 No 85/194 167/231 1.65 (1.17-2.31) 0.99 
   Yes 9/25 14/24 2.45 (0.64-9.42)  

ARID5B rs4506592 No 101/175 66/333 0.35 (0.24-0.51) 0.70 
   Yes 13/21 8/30 0.35 (0.09-1.31)  

IKZF1 rs4132601 No 128/151 226/173 1.55 (1.14-2.13) 0.71 
   Yes 15/19 22/16 2.36 (0.69-8.03)  

IKZF1 rs6964823 No 165/104 185/214 0.59 (0.43-0.82) 0.61 
   Yes 14/20 15/23 0.59 (0.17-2.09)  

IKZF1 rs4917017 No 93/186 101/298 0.69 (0.49-0.97) 0.99 
   Yes 6/28 4/34 0.93 (0.18-4.73)  

a. Odds ratios (OR) and 95% confidence intervals (CI) calculated using logistic regression model adjusting for 
child’s age, gender, annual household income and the first five genetic principal components. 

†     Six candidate SNPs were selected from all significant SNPs using a conditional haplotype analysis.  
‡     Dominant models used to provide counts of cases with wild genotype versus having any copy of minor alleles 

and counts of controls with wild genotype versus having any copy of minor alleles by daycare attendance by 6 
months (yes/no). 
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Supplementary Table S2. P-values for gene by environment interaction of six candidate 
SNPs† and daycare attendance by age one with the risk of ALL in Hispanic Children, 
CCLS, 1995-2008 

Gene SNP Censored at 
Age one    

Cases N‡ Controls N‡ OR (95% CI)a Pinteraction 

CEBPE rs4982731 No 78/192 153/223 1.65 (1.17-2.33) 0.15 
  Yes 7/36 25/36 3.08 (1.07-8.85)  
 rs17794251 No 81/89 155/220 1.62 (1.15-2.29) 0.78 
  Yes 13/30 26/35 2.12 (0.78-5.76)  

ARID5B rs4506592 No 98/172 65/311 0.37 (0.25-0.53) 0.70 
  Yes 12/27 9/52 0.26 (0.08-0.82)  

IKZF1 rs4132601 No 123/147 216/160 1.62 (1.17-2.23) 0.74 
  Yes 20/23 32/29 1.32 (0.52-3.33)  
 rs6964823 No 162/108 175/200 0.58 (0.42-0.81) 0.35 
  Yes 17/26 24/37 1.13 (0.42-3.02)  
 rs4917017 No 91/179 94/282 0.67 (0.47-0.96) 0.65 
  Yes 8/35 11/50 1.29 0.42-4.02)  
a. Odds ratios (OR) and 95% confidence intervals (CI) calculated using logistic regression model adjusting for 

child’s age, gender, annual household income and the first five genetic principal components. 
†     Six candidate SNPs were selected from all significant SNPs using a conditional haplotype analysis.  
‡     Dominant models used to provide counts of cases with wild genotype versus having any copy of minor alleles 

and counts of controls with wild genotype versus having any copy of minor alleles by daycare attendance by 
one year old (yes/no). 
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Chapter 4 
Pathway Analysis of Hispanic Genome-Wide Association Study in Childhood Leukemia 
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ABSTRACT 
 
The incidence of acute lymphoblastic leukemia (ALL) has been found to be nearly 20% higher 
among Hispanics than non-Hispanic Whites. Genome-wide association studies (GWAS) have 
showed evidence for association in IKZF1, ARID5B, CEBPE, CDKN2A, GATA3, and BM1-
PIP4K2A. However, these loci only account for <10% of leukemia genetic risks, indicating 
additional susceptibility loci are yet to be discovered. We applied pathway-based analyses in 
Hispanic GWAS data of the California Childhood Leukemia Study (CCLS) to examine if 
different biological pathways were overrepresented in ALL and major ALL disease subtypes, 
including B-cell ALL, hyperdiploid B-ALL, and TEL-AML1 ALL. Furthermore, we applied 
causal inference and data reduction methods to prioritize a list of candidate genes within each 
identified overrepresented pathway in ALL for future investigation, while accounting for the 
correlation between SNPs. The study population is comprised of 323 Hispanic ALL cases and 
454 controls from the CCLS, genotyped using Illumina OmniExpress v1 platform. For pathway 
analyses, we selected genes that had at least one associated significantly SNP (P<0.001), when 
adjusted for age, gender, and genetic ancestry. Between different disease subtypes, pathway 
analyses results indicate that hyperdiploid B-ALL and TEL-AML1 ALL involve distinct 
biological mechanisms compared to ALL. Focal adhesion is a shared mechanism between 
different ALL disease subtypes. For childhood ALL, the top five overrepresented KEGG 
pathways include axon guidance (PFDR=5.1×10-06), protein digestion and absorption 
(PFDR=7.2×10-04), melanogenesis (PFDR=0.001), leukocyte transendothelial migration 
(PFDR=0.002), and focal adhesion (PFDR=0.002). Interestingly, 90% of the identified pathways 
are associated with cancer progression, such as downstream Wnt signaling and MAPK pathway. 
Several candidate genes have identified through targeted maximum likelihood estimation 
(TMLE) method in ALL, including COL6A6, COL5A1, DVL1, TCF7L1, MAP2K2, VAV3, 
CTNNA2, CDK6, RRAS2, and CAMK2D warrant future investigations.   
 
This is the first study to show distinct biological pathways are overrepresented in different 
leukemia subtypes using pathway-based approaches and to identify a list of candidate genes 
using newly developed causal method, TMLE. The findings demonstrate that newly developed 
bioinformatics tools and causal inference methods can provide insights to further understand 
leukemia pathogenesis.   
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INTRODUCTION  
 
Leukemia is characterized by the uncontrolled proliferation of hematopoetic cells in the bone 
marrow (1). Acute lymphoblastic leukemia (ALL) is the most common subtype of childhood 
leukemia, comprising nearly 80% of diagnosis cases (2). Established evidence for increased risk 
of ALL, including sex, age, race, prenatal exposure to x-rays, therapeutic radiation, and specific 
genetic syndromes (3). Direct evidence for inherited genetic susceptibility is demonstrated by the 
high risk of ALL associated with Bloom’s syndrome, neurofibromatosis, ataxia telangiectasia, 
and constitutional trisomy 21(3). However, these predisposing disorders only account for <5% of 
leukemia cases (4). 
 
Current evidence suggests that leukemia might result from chromosomal alterations and genetic 
variations that disrupt the normal process of lymphoid progenitor cells differentiation (1). 
Around 75% of childhood ALL cases have chromosomal aberrations that can be detected by 
karyotyping, fluorescent in situ hybridization (FISH) or other molecular techniques (5). In B-cell   
ALL, these aberrations include hyperdiploid (>50 chromosomes), hypodiploid (<44 
chromosomes), and chromosomal translocations such as 11q23 MLL-AF4, t (12; 21) TEL-AML1, 
t (1; 19) E2A-PBX1, and t (9; 22) BCR-ABL1 (5, 6). Hyperdiploid and TEL-AML1 rearranged 
childhood ALL account for approximately 25% and 22% of the entire childhood ALL 
populations, respectively (7). It is known that different cytogenetic subtypes have different 
disease prognosis and are suspected to have distinct underlying biological mechanisms (8).  
 
The first genome-wide association study (GWAS) in childhood ALL was published in 2009 with 
a focus on non-Hispanic White populations (9, 10), and subsequent GWA studies in diverse 
populations have been confirmed the previous identified associations and further found new 
susceptibility loci (7, 11-15). All these studies have provided evidence on inherited genetic 
variations are associated with childhood ALL, including IKZF1 (7p12.2), ARID5B (10q21.2), 
CEBPE (14q11.2), CDKN2A (9p21.3), GATA3 (10p14), and BM1-PIP4K2A (10p12.31-12.2). 
However, these loci only account for <10% of leukemia genetic risk, indicating additional 
susceptibility loci are yet to be discovered and advanced bioinformatics tools may further guide 
future directions (16). 
 
GWAS have typically focused on the analysis of single markers, which may lack statistical 
power to uncover the relatively small effect sizes (odds ratio <2.0) conferred by genetic variants. 
Some genes may be associated with disease status but may not reach a stringent genome-wide 
significance threshold (P <10-8). Given the limitations of conventional single-marker association 
analysis, complementary approaches for GWAS analysis have been developed, including 
pathway-based approaches. In pathway analysis, a group of related genes in the same biological 
functional pathway are jointly tested with a disease of interest (17, 18). The method not only can 
help prioritize the biological pathways, which are most likely to be involved in the disease 
etiology, but identify novel loci that are unable to detect through traditional GWAS approaches. 
Several published studies have demonstrated that multiple related genes in the same functional 
pathway may work together to confer disease susceptibility such as in breast cancer, Parkinson’s 
disease, and Crohn’s disease (19)    
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In this study, we applied pathway-based analyses in Hispanic GWAS data of the California 
Childhood Leukemia Study (CCLS), testing for biological functions that are significantly 
enriched in ALL. Furthermore, we compared whether different biological pathways were 
overrepresented in major leukemia subtypes, including B-cell ALL, hyperdiploid B-ALL and 
TEL-AML1 ALL. Lastly, we explored targeted maximum likelihood estimation (TMLE) method 
incorporating with least absolute shrinkage and selection operator (LASSO) to select a list of 
candidate genes within each identified pathway in ALL while accounting for the complex 
correlation between SNPs. 
 

MATERIALS AND METHODS 
 
Study populations 
The CCLS is an ongoing population-based case control study which began in 1995. Incident 
cases of newly diagnosed childhood leukemia (age 0–14 years) were rapidly ascertained from 
major clinical centers in the study area, usually within 72 hours of diagnosis. Cases were initially 
identified from four, and later expanded to nine, hospitals in the San Francisco Bay Area and 
Central Valley. For each case, one or two healthy controls were randomly selected from the state 
birth registry maintained by the Center for Health Statistics of the California Department of 
Public Health (CDPH), matching on child’s age, sex, Hispanic status (a child was considered 
Hispanic if either parent self-reported as Hispanic) and maternal race (White, Black, 
Asian/Pacific Islander, Native American, and Other/Mixed). A detailed description of control 
selection in the CCLS has been previously reported (20). A total of 86% of case subjects 
determined eligible consented to participate, and 86% of controls subjects participated among 
those contacted and considered eligible (21). 
 
Cases and controls were eligible to enter the study if they were under 15 years of age, resided in 
the study area at the time of diagnosis, had at least one parent who speaks either English or 
Spanish, and had no prior history of malignancy. The current analysis included 777 Hispanics 
(323 ALL cases and 454 controls) in the CCLS who enrolled and were interviewed subjects 
between 1995 and 2008, and for whom had available archived newborn blood (ANB) spot 
specimens. Detailed cytogenetic classification was described previously (22). Immunophentypic 
and cytogenetic classification were abstracted from children’s medical records, and reviewed by 
a consulting clinical oncologist. Immunophenotype was determined for ALL cases using flow 
cytometry profiles and those who were positive for CD19 or CD10 (≥20%) were classified as B-
cell ALL (23). Cytogenetic classification was determined by pretreated bone marrow specimens 
at the time of diagnosis using conventional G-banding or FISH. When extra copies of 
chromosomes 21 and X were identified by FISH assays, an assignment of high hyperdiploid 
status (51-67 chromosomes) was made (24). TEL-AML1 translocations were also identified by 
FISH assays. 
 
This study was reviewed and approved by the institutional review committees at the University 
of California Berkeley, the CDPH, and the participating hospitals. Written informed consent was 
obtained from all parent respondents. 
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Genotyping and quality control  
Samples were genotyped at the Genetic Epidemiology and Genomics Laboratory, School of 
Public Health, University of California, Berkeley, using the Illumina OmniExpress v1 platform 
which contains 730,525 markers. Quality control filtering removed SNPs that were not on 
autosomal chromosomes, were missing in >2% of samples, had minor allele frequency (MAF) of 
<2% or showed significant deviation from Hardy-Weinberg equilibrium in controls (P < 1 × 
10−5). The resulting data set of 634,037 SNPs was then subjected to additional quality control 
filtering in all samples. We excluded samples for which < 98% of loci were successfully 
genotyped, samples with discordant sex profiles (birth certificate vs. genetically determined sex) 
and samples displaying cryptic relatedness (based on identity-by-descent calculations with pi-hat 
cutoff of 0.15). Ten pairs of duplicate samples were included to assess assay reproducibility, 
with average concordance >99.99%. The above quality control filtering yielded 777 Hispanic 
individuals (323 ALL cases and 454 controls) and 634,037 SNPs. To adjust for potential 
population stratification in study samples, a principal component analysis approach was 
implemented in EIGENSTRAT (25). For pathway analyses, we selected SNPs that showed 
marginal associations (P<0.001) with ALL and different ALL disease subtypes (B-cell ALL, 
hyperdiploid B-ALL, and TEL-AML1 ALL), while adjusted for age, gender and the first five 
principal components. At the significance threshold of 0.001, we were able to detect an odds 
ratio of 1.7 at a minor allele frequency of 15% for childhood ALL and B-cell ALL; an odds ratio 
of 2.2 at a minor allele frequency of 15% for hyperdiploid B-ALL; and an odds ratio of 2.7 at a 
minor allele frequency of 20% for TEL-AML1 ALL (data not shown). Therefore, all SNPs were 
further filtered based on these criteria and subsequently mapped to genes if they were located 
within a genomic region based on National Center for Biotechnology Information’s dbSNP 
browser (build 137). 
 
 
Pathway analyses 
Pathway analyses were performed by WEB-based GEne SeT AnaLysis Toolkit (WebGestalt) 
(26) and Database for Annotation, Visualization and Integrated Discovery, DAVID V6.7 (27). 
We used three pathway resources for this investigation: the BioCarta pathway database (28), the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) (29), and the Gene Ontology (GO) 
database (30). Further, we explored two bioinformatics tools to investigate whether different 
classification methods generated consistent results. We compared two pathway tools that 
classified genes based on KEGG pathways: Webgestalt ‘‘KEGG’’ (26) and DAVID “KEGG” 
(27). Second, we investigated two additional pathway classification resources in DAVID: GO 
and BioCarta databases (27).  
 
To identify functional categories with significantly enrichment in a gene set, we compared the 
gene set of interest to all human genes. Pathway tools tested whether the number of genes from 
each pathway in our list of predicted candidate genes is higher than expected given the number 
of genes selected from the total number of genes. WebGestalt uses the hypergeometric test to 
evaluate the significance of enrichment (26). In DAVID, a modified Fisher’s exact test is 
adopted to measure the significance of the gene-enrichment in annotated pathways (27). 
Benjamini and Hochberg procedure controlling for the false discovery rate (FDR) was performed 
for each pathway analysis tool to adjust for multiple comparisons (31).  
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After identifying the enriched pathways in ALL, SNPs with the most significant P-value for each 
gene was selected to construct the unweighted genetic risk score for each pathway. We used an 
additive genetic model and assigned a numerical value for each genotype based on the number of 
risk alleles for each SNP. The cumulative effect of risk alleles was determined by counting the 
total number of risk alleles for each individual. A logistic regression model was then used to 
estimate the cumulative effects of multiple risk alleles within the same functional pathway on the 
risk of ALL. 
 
Targeted maximum likelihood estimation (TMLE) 
To further generate a list of candidate genes within each identified biological pathway for future 
investigations , while accounting for the confounding effects of other genes, R package, targeted 
maximum likelihood estimation (TMLE) incorporating with LASSO was applied (32, 33). 
LASSO can handle massive, highly correlated data and select variables of importance while 
making predictions. TMLE is based on the general maximum likelihood estimate (MLE) 
framework and combines it with robust estimation using the efficient influence curve, which 
measures the influence of one observation on the estimator (32, 33). TMLE helps reduce the bias 
for the targeted parameter, and provides formal statistical inference. Detailed TMLE 
methodology is explained elsewhere (32, 33). By incorporating LASSO into TMLE, the 
approach not only helps with data reduction and candidate gene selection, but also produces 
robust statistical inference. The method was applied to estimate the effects for SNPs of interest 
(defined as P <0.001) on disease risk, while accounting for the effects of all other SNPs (defined 
as P <0.05) within the same biological pathway. Based on the P-values estimated from TMLE 
method, we generated a list of candidate genes for each identified pathway (P <0.05). Only 
individuals with no missing genetic data were included. All SNPs were pre-screened: those with 
correlations less than 0.1 or greater than 0.9 with SNPs of interest were excluded in the model 
since SNPs that have independent effects or are highly correlated each other could not provide 
additional information to the model (32, 33).  
 
 

RESULTS 
Study characteristics of 777 Hispanics (323 cases and 454 controls) are described in Table 1. 
The distributions of child’s sex, age, and race/ethnicity were similar between cases and controls.   
Since Hispanics are a recently admixed group (34), a proportion (34-37%) of our Hispanic 
population reported “Mixed or Other” race and 49-51% of them reported “White and Caucasian” 
race. The frequency of hyperdiploid ALL (>50 chromosomes) is 30%, and the frequency of TEL-
AML1 ALL is 8%. The number of genes reaching significance levels of 0.05, 0.01, 0.005 and 
0.001 in the CCLS GWAS dataset are shown in Supplementary Table S1. The number of genes 
increased as less stringent criteria were used in defining significant SNP associations. In the 
analysis, we used a stringent significant P of 0.001 for pathway analysis. Guided by the P cutoff 
and power calculation on different disease subtypes, we were able to map 625 SNPs to 187 genes 
for childhood ALL, 638 SNPs to 183 genes for B-cell ALL, 404 SNPs to 96 genes for 
hyperdiploid B-ALL, and 486 SNPs to 110 genes for TEL-AML1 ALL, respectively. 
 
Table 2 presents the comparisons between the top 10 KEGG pathways in different ALL disease 
subtypes. The common pathway that consists across different ALL disease subtypes is focal 
adhesion, which physically connects the extracellular matrix to the cytoskeleton and has long 
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been speculated to mediate cell migration (35). The overrepresented biological pathways for 
childhood ALL and B-cell ALL are similar (i.e. axon guidance, leukocyte transendothelial 
migration, and focal adhesion). On the other hand, hyperdiploid B-ALL and TEL-AML1 ALL 
show common and distinct biological pathways compared to ALL. 60% of the most significantly 
overrepresented pathways in childhood hyperdiploid B-ALL are different compared to ALL, 
including bacterial invasion of epithelial cells, and metabolic pathways. The significant 
overrepresented pathways in childhood TEL-AML1 also show some similarity with childhood 
ALL, including tight junction, axon guidance, and focal adhesion, and some differences, 
including cell adhesion molecules (CAMs), soluble N-ethylmaleimide-sensitive fusion protein 
receptor (SNARE) interactions in vesicular transport, and sulfur metabolism. Complete 
information on overrepresented KEGG pathways associated with different ALL disease subtypes 
(B-ALL, hyperdiploid B-ALL and TEL-AML1 ALL) are shown in Supplementary Table S2-S4.  
 
Table 3 presents the top 10 ranking KEGG pathways enriched in childhood ALL, which clearly 
implicates cancer-related pathways (i.e. pathways related to cell proliferation, cell differentiation, 
and cell signaling). All ten pathways remained significant after imposing a FDR multiple testing 
correction (P<0.05). The top five KEGG pathways include axon guidance (PFDR=5.1×10-06), 
protein digestion and absorption (PFDR=7.2×10-04), melanogenesis (PFDR=0.001), leukocyte 
transendothelial migration (PFDR=0.002), and focal adhesion (PFDR=0.002). Among these 
pathways, leukocyte transendothelial migration pathway is essential for immune response and 
inflammatory reaction, which may be associated with leukemia pathogenesis. Notably, all these 
pathways are connected to downstream PI3K, MAPK, or Wnt signaling pathway, and these 
pathways have been linked to multiple human malignancies (36-38).  
 
To examine the cumulative effects of the most significant SNPs for each gene, we calculated 
unweighted genetic scores by summing the number of risk alleles carried by each individual for 
each pathway. The risk of ALL increased as the number of risk alleles increased within each 
biological pathway (P for trend <0.05) (Table 3). For example, the odds of developing childhood 
ALL significantly increased with each additional copy of risk alleles for genes in the focal 
adhesion pathway (OR=1.96; 95% confidence interval (CI): 1.60-2.41).  
 
After identifying the enriched pathways in ALL, we further prioritized a gene list by applying 
data reduction and causal inference methods. Based on LASSO and TMLE results, we generated 
a list of candidate genes for each biological pathway, while accounting for confounding effects 
of other genes within the same pathway. Table 4 presents an example of TMLE results for focal 
adhesion pathway. SNPs within VAV3, COL6A6, and COL5A1 genes have much more 
significant P-values (P<0.05) while other SNPs are no long significant, suggesting that the effect 
of the pathway may be driven by these three genes. By applying the same criteria, important 
genes for each identified pathways were selected as shown in Table 3 and Supplementary 
Table S5. For example, in axon guidance pathway, UNC5, EPHB1, and PLXNC1 may play a 
more central role in ALL disease development than other genes (Table 3). Similarly, in 
leukocyte transendothelial migration pathway, VAV3, and CTNNA2 may be worth of future 
investigations (Table 3).  
 
Furthermore, to compare the outcomes of the different pathway databases, genes were classified 
into pathways using the Gene Ontology and BioCarta databases for childhood ALL. The only 

80 
 



 

significant BioCarta pathway associated with childhood ALL is integrin signaling pathway, 
which is triggered when integrins in the cell membrane bind to extracellular matrix components 
(Supplementary Table S6). When Gene Ontology term was investigated, there are significant 
enrichment associated with cell morphogenesis involved in neuron differentiation, cellular 
component morphogeneisis, and cell motion (Supplementary Table S7). The results for 
different pathway tools Webgestalt and DAVID are similar (Supplementary Table S8). Overall, 
we observed consistency between different pathway analysis tools when analyzing the same 
dataset.  
 

DISCUSSION  
This is the first study to show distinct biological pathways are overrepresented in different 
leukemia disease subtypes using pathway analyses approaches. We further apply TMLE 
incorporating with LASSO to select variables of importance and provide formal statistical 
inferences for each overrepresented pathway in ALL. The results demonstrate that newly 
developed bioinformatics tools and causal inference method may illuminate new and biologically 
relevant pathways and genes to improve our current understanding of pathogenesis in childhood 
leukemia.   
 
Realizing the limitations of conventional single-marker association analysis, complementary 
approaches for GWAS analysis have been developed in recent years (18). Pathway-based 
analyses provide a complementary approach to combine effects of many loci, allowing for small 
contributions to overall disease susceptibility by individual SNPs that are otherwise missed by 
conventional single-SNP GWAS analysis (17). By taking into account prior biological 
knowledge about genes and pathways, we may have a better chance to identify novel genes and 
biological mechanisms that are involved in disease pathogenesis (19). Additionally, as the most 
associated gene in a pathway might not be the best candidate for therapeutic intervention, 
targeting susceptibility pathways might also have clinical implications for finding additional 
drug targets. Several novel molecular targeted agents are under investigations for ALL treatment 
such as tyrosine kinase inhibitors, Fms-like tyrosine kinase, NOTCH1 inhibitors, and mTOR 
inhibitors (38). The enrichment pathways that identified in our study may further guide 
sophisticated targeted treatment strategies for ALL. 
 
Subtypes of childhood ALL exhibit specific molecular characteristics are known to be important 
in risk stratification and treatment specification at diagnosis (39). However, little is known about 
the underlying mechanisms leading to different ALL disease subtypes with specific chromosome 
abnormalities. These molecular characteristics may have distinctive biological mechanisms. Our 
pathway analysis results clearly support that hyperdiploidy B-ALL and TEL-AML ALL might 
have different disease pathogenesis compared with childhood ALL. Compared with childhood 
ALL, pathways involved with hyperdiploidy B-All are more related to signal transduction and 
metabolism pathways. Compared with childhood ALL, pathways involved with TEL-AML are 
more related to tissue and organ morphogenesis and the maintenance of cell and tissue structure 
and function. These interactions between transmembrane molecules lead to a direct or indirect 
control of cellular activities such as adhesion, proliferation, and apoptosis. Our study provides a 
foundation to examine each of the biological pathways that is specific to ALL disease subtypes 
to further understand the disease etiology of ALL subtypes. The shared mechanism across 
different ALL disease subtypes is focal adhesion, which consists of large protein complexes 
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organized at the basal surface of cells. Cells are usually surrounded by the extracellular matrix 
(ECM), and adhesion of cells to the ECM is the key to the regulation of cellular morphology, 
migration, proliferation, survival, and differentiation (40). These functions are indispensable 
during development, for maintenance of tissue architecture, and the induction of tissue repair, 
which have been indicated to involve with tumor formation and progression (35).  
 
It is well known that childhood ALL is caused by interactions between multiple genetic factors 
and environmental factors, and that complex molecular networks and cellular pathways play key 
roles in development of childhood leukemia. Our pathway analyses of Hispanic GWAS identify 
overrepresentation of association signals in several pathways (axon guidance, protein digestion 
and absorption, melanogenesis, leukocyte transendothelial migration, focal adhesion, 
endometrial cancer, glioma, pathways in cancer, tight junction, and regulation of actin 
cytoskeleton) and suggest involvement in at least three biological processes (anatomical structure 
morphogenesis, organ morphogenesis, and cellular component movement).  
 
The identified pathways that are overrepresented with childhood ALL in this study are mainly 
those that are associated with other malignances such as endometrial cancer and glioma or those 
that are associated cell communication and cell motility such as focal adhesion, tight junction, 
and regulation of actin cytoskeleton. All these identified pathways are involved in different 
cellular processes that mediate signal transduction cascades leading to cell proliferation, cell 
migration, and cell adhesion. For example, regulation of actin cytoskeleton is related to cell 
migration, which is required for many biological processes, such as embryonic morphogenesis, 
immune surveillance, tissue repair and regeneration (41). Aberrant regulation of cell migration 
drives progression of many diseases, including cancer invasion and metastasis (41). Tight 
junction pathway is also associated with cell proliferation, transformation, and metastasis and it 
is essential for the development of the body during embryogenesis (42). Moreover, this pathway 
regulates integrin signaling that is required for changes in cell shape and motility (42).  
 

Other identified cancer-related pathways, including downstream MAPK, PI3K-AKT, Jak-STAT, 
and Wnt signaling pathway, have been showed to be closely related to cancer progression (38, 
43). An important extension to the pathway analysis is highlighted the RAS/RAF/MAPK 
canonical signaling cascade as the common downstream pathway associated with childhood 
ALL in this analysis. This cascade plays an essential role in transmitting extracellular signals 
from growth factors to promote the growth, proliferation, differentiation, and survival of cells, 
and modification in its activity has been linked to multiple human malignancies (36). As MAPK 
activation plays critical roles in the regulation of proliferation and differentiation, aberrant 
activation of this pathway could be considered as a likely cause of hematopoietic disease (44). 
The importance of MAPK signaling in the regulation of hematopoiesis is underscored by 
activation of the downstream MAPK genes in myeloid leukemia (44). 
 
Another interesting pathway that identified through pathway analyses is leukocyte 
transendothelial migration. There are multiple lines of evidence for a potential role of leukocyte 
migration in childhood ALL development. Leukocyte migration from the blood into tissues is 
essential for immune surveillance and inflammation responses (45). It is regulated by a reaction 
cascade involving sequential interactions of adhesion receptors and chemokines (46). In addition, 
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chemokines regulate the biological processes of hematopoietic cells to cellular activation, and 
differentiation (47). Gene within the pathway such as VAV3 is warranted for further investigation 
given its relation to regulating B-cell receptor signaling pathway and aberration of the gene may 
lead to B-cell malignancies (48).  
  
In addition to identifying enriched pathways, the study further selected a list of candidate genes 
that can be used for future targeted sequencing and functional studies to assess the genetic effects 
on ALL susceptibility. The data reduction algorithm, LASSO, together with causal inference 
method, TMLE, produce a target list of candidate genes while accounting for the correlation 
between SNPs. Several genes have been identified through the approach, including COL6A6, 
COL5A1, DVL1, TCF7L1, MAP2K2, VAV3, CTNNA2, CDK6, RRAS2, and CAMK2D. VAV3 
gene shows up as top-rank gene in several pathways. The gene is recruited and activated on 
epidermal growth factor and insulin-like growth factor, which has been linked to prostate cancer 
development (49). RRAS2, a member of the RAS superfamily of small GTP-binding proteins, 
encodes protein that associates with the plasma membrane and may function as a signal 
transducer. The results in RRAS knockouts indicate that this family gene may be associated with 
cell development and during antigen-induced responses in T and B cells (50). 
 
Other genes that contributed to the association with pathways in cancer and ALL are DVL3, 
CDK6, TCF7L1, MAP2K2, and CTNNA2. Among these genes, TCF7L1 and DVL1 are members 
of the Wnt pathway (51). Aberrant activation of Wnt signaling pathway has been documented in 
various human cancers including myeloid leukemia (52). This signaling pathway ultimately 
activates other genes involved in B cell proliferation and differentiation and regulates the identity 
and function of epidermal and embryonic stem cells (51). Extensive work also has established in 
MAP2K2 and CDK6 regulation role in cell growth and cell death (36, 53). MAP2K2 belongs to 
RAS/RAF/MAPK transduction signaling that play an essential role in connecting cell-surface 
receptors to transcription factors (36). Enhanced CDK6 expression has been documented in 
lymphoma and leukemia. Several reports have shown chromosomal translocations in patients 
suffering from B-lymphoid malignancies involving with CDK6 (54).   
 
To our knowledge, this is the first report using pathway based analyses and newly developed 
causal method in Hispanic GWAS data of childhood ALL. These identified pathways are 
presumed to play a role in disease pathogenesis through variations in specific genes that have not 
yet been identified. The results strongly suggest that development of ALL are modulated by 
several critical cellular processes, including cell growth, differentiation, survival, and migration. 
Other strength of our study is the detailed information on cytogenetic subtypes, which enable us 
to show distinct biological mechanisms are involved with different disease subtypes. 
Furthermore, we employed TMLE method to prioritize genes that may serve integral functions 
for tumor development. All these genes have been linked to human malignances and established 
biological relevance.  
 
Our results should be interpreted in the context of the limitations. A limitation of the pathway 
analysis method is the requirement for specification of a P cutoff in defining the list of 
significantly associated SNPs. Clearly, the choice of this threshold could be arbitrary. We chose 
a relatively stringent cutoff P < 0.001. Another important limitation of the pathway-based 
approach is the incomplete biological annotation of the human genome. At present, the function 
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of many human genes is unknown; therefore, they cannot be assigned to known pathways. 
Moreover, susceptibility loci in intergenic regions are also not included in this study. As a result, 
when using this approach, only a small portion of the human genome variation can be studied. In 
particular, the results may favor pathways with more complete gene information and large genes 
containing many SNPs which are more likely to contain significant SNPs by chance alone. 
Additionally, there is no gold standard on pathway definition, and different databases have 
different guidelines for their pathway construction and curation. Consequently, the gene content 
of pathways representing the same biological process may vary between different databases, and 
this may have some impact on the analyses. We aimed at minimizing this effect by selecting 
pathways from three commonly used resources.   
 
 In conclusion, pathway analysis findings are uniquely and naturally connected to the functional 
biology underlying childhood leukemia. The identifications of cancer-related and inflammatory-
related pathways support the power of the method to highlight pathways with established 
relevance to childhood leukemia etiology.  In addition, the results elucidate numerous candidate 
genes for further explorations. Future studies are needed to confirm and sequence the identified 
genes in a larger childhood leukemia dataset.  
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Table 1. Characteristics of Hispanic case-control study subjects, CCLS, 1995-2008 
 Cases, n (%) Controls, n (%) 

Study subjects 323 (41.6) 454 (58.4) 
Sex   

Male 173 (53.6) 240 (52.9) 
Female 150 (46.4) 214 (47.1) 

Age   
Mean age, y(SE) 5.3 (3.4) 5.3 (3.4) 

Race   
White/Caucasian 161 (49.8) 235 (51.8) 
African American 14 (4.3) 15 (3.3) 
Native American 0 (0) 4 (0.9) 

Asian or Pacific Islander 26 (8.1) 40 (8.8) 
Mixed or others 120 (37.2) 156 (34.4) 

Cytogenetics (case-only)   
B-cell ALL 297 (91.9) - 

Hyperdiploid B-cell ALL (>50 chromosome) 97 (30.0) - 
TEL-AML ALL 40 (8.1)  
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Table 2. Comparisons between different ALL disease subtypes and associated biological 
pathways a 
Pathway  ALL B-ALL Hyperdiploid  

B-ALL 
TEL-AML 
    ALL 

Axon guidance √ √ √  
Protein digestion and absorption √ √ √  
Melanogenesis √ √   
Leukocyte transendothelial 
migration 

√ √   

Focal adhesion √ √ √ √ 
Endometrial cancer √    
Glioma √    
Pathways in cancer √ √ √ √ 
Tight junction √   √ 
Regulation of actin cytoskeleton √ √   
Gap junction  √   
Histidine metabolism  √   
Pancreatic secretion  √   
Bacterial invasion of epithelial cells   √  
Metabolic pathways   √  
Small cell lung cancer   √ √ 
Amoebiasis   √  
Valine, leucine and isoleucine degradation  √  
Purine metabolism   √  
Sulfur metabolism    √ 
Cell adhesion molecules (CAMs)    √ 
ABC transporters    √ 
SNARE interactions in vesicular transport   √ 
Fat digestion and absorption    √ 
Non-small cell lung cancer    √ 
√ top-10 ranking KEGG pathways associated with disease status 
√ adjusted P value based on correction for False Discovery Rate (FDR) using Benjamini and Hochberg (BH) is 
smaller than 0.05. 

a) SNPs which showed association with each childhood ALL disease subtypes (P < 0.001) and filtered by 
power calculation were included in this study. The analysis was limited to KEGG pathways where at least 
two genes were present in the submitted list and used a hypergeometric test to compare the submitted list to 
a reference of all human genes using WebGestalt v.2 (http://bioinfo.vanderbilt.edu/webgestalt/).    
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Table 3. Overrepresented KEGG pathways among the top results of CCLS Hispanic GWAS on childhood ALL and 
identification of important genes using causal inference approach   
KEGG pathway  Genes obs exp ratio P value Padjust OR* 

(95% CI) 
Important 

genes** 
Axon guidance LRRC4C PLXNC1 SLIT3 EPHB1 

NTN1 UNC5B GNAI1 NGEF 
8 0.55 14.46 9.64×10-08 5.1×10-06 1.59 

(1.35-1.88) 
UNC5B 
EPHB1 

PLXNC1 

Protein digestion and 
absorption 

CPA2 COL4A2 SLC7A8 COL5A1 
COL6A6 

5 0.35 14.39 2.71×10-05 7.1×10-04 2.03 
(1.60-2.58) 

CPA2 
COL6A6 
COL5A1 
SLC7A8 

 
 

Melanogenesis TCF7L1 CAMK2D DVL3 MAP2K2 
GNAI1 

5 0.43 11.54 7.81×10-05 0.0014 1.58 
(1.35-1.84) 

DVL3 
TCF7L1 

CAMK2D 
MAP2K2 

 

Leukocyte 
transendothelial 
migration 

ITGAL VAV3 MYL2 CTNNA2 
GNAI1 

5 0.50 10.05 2.1×10-04 0.0021 1.64 
(1.35-1.98) 

VAV3 
CTNNA2 

Focal adhesion VAV3 MYL2 COL4A2 TLN1 
COL5A1 COL6A6 

6 0.86 6.99 2.1×10-04 0.0021 1.96 
(1.60-2.41) 

VAV3 
COL6A6 
COL5A1 
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Endometrial cancer TCF7L1 MAP2K2 CTNNA2 3 0.22 13.45 0.001 0.013 1.53 
(1.25-1.87) 

TCF7L1 
MAP2K2 
CTNNA2 

 

Glioma CAMK2D MAP2K2 CDK6 3 0.28 10.8 0.002 0.014 1.59 
(1.33-1.91) 

CDK6 
CAMK2D 
MAP2K2 

 

Pathways in cancer TCF7L1 DVL3 COL4A2 MAP2K2 
CDK6 CTNNA2 

6 1.40 4.29 0.003 0.014 1.63 
(1.41-1.90) 

DVL3 
CDK6 

TCF7L1 
MAP2K2 
CTNNA2 

 
 

TCF7L1 
 
 

Tight junction MYL2 RRAS2 CTNNA2 GNAI1 4 0.57 7.06 0.002 0.014 1.52 
(1.24-1.87) 

RRAS2 
CTNNA2 

Regulation of actin 
cytoskeleton 

ITGAL VAV3 MYL2 RRAS2 
MAP2K2 

5 0.91 5.47 0.002 0.014 1.69 
(1.44-2.00) 

VAV3 
MAP2K2 
RRAS2 

 
Abbreviations: Exp, expected; KEGG, Kyoto Encyclopedia of Genes and Genomes; Obs, observed; OR, odds ratio. 
SNPs which showed association with childhood ALL (P < 0.001) were included in this study.  Of the 187 genes submitted for analysis, 185 were incorporated 
for analysis using a hypergeometric test to compare the submitted list to a reference of all human genes using WebGestalt v.2 
(http://bioinfo.vanderbilt.edu/webgestalt/).  The analysis was limited to KEGG pathways where at least two genes were present in the submitted list. The top-10 
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ranking KEGG pathways are shown. Adjusted P-values were based on correlation for False Discovery Rate (FDR) using Benjamini and Hochberg (BH) 
procedure.  
*Odds Ratios and 95% CI for cumulative effects of SNPs within each pathway on the risk of childhood ALL was calculated using a logistic regression model. 
**Genes were selected based on the P values from targeted maximum likelihood estimation (TMLE) (P <0.05). 

  
 



 

Table 4. TMLE analysis suggests VAV3, COL6A6, and COL5A1 as important genes within 
the focal adhesion pathway 
 

Genes SNPs Marginal P-value TMLE 
P-value 

VAV3 rs17485868 4.22×10-5 1.31×10-18 
VAV3 rs12126655 6.66×10-4 0.542 
VAV3 rs10494081 7.75×10-5 0.121 

COL6A6 rs16830219 3.66×10-4 8.63×10-17 
TLN1 rs2295795 3.71×10-4 0.017 

COL5A1 rs12554098 8.73×10-4 5.96×10-16 
COL4A2 rs9555707 8.64×10-5 0.089 
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Supplementary Table S1. Assessment of numbers of genes meeting various significance 
thresholds from CCLS Hispanic GWAS 
 

 Number of 
genes 

(P<0.05) 

Number of 
genes 

(P <0.01) 

Number of 
genes 

(P <0.005) 

Number of 
genes 

(P <0.001) 
ALL 4322 1290 791 187 
B-ALL 4354 1295 789 183 
Hyperdiploid B-ALL 4187 1201 717 96 
TEL-AML 4014 1165 704 110 
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Supplementary Table S2. Overrepresented KEGG pathways among the top results of 
CCLS Hispanic GWAS on childhood B-ALL   
 
KEGG pathway Genes obs exp Enrichment 

ratio 
P value P adjust 

Axon guidance SLIT3 UNC5B EPHB1 NGEF 
GNAI1 

5 0.54 9.29 2.1×10-04 0.004 

Leukocyte 
transendothelial 
migration 

ITGAL VAV3 MYL2 CTNNA2 
GNAI1 

5 0.48 10.33 1.1×10-04 0.004 

Focal adhesion VAV3 PDGFC MYL2 COL4A2 
TLN1 

5 0.83 5.99 0.001 0.029 

Protein digestion and 
absorption 

CPA2 COL4A2 SLC7A8 3 0.34 8.87 0.005 0.046 

Gap junction PDGFC GNAI1 TUBB1 3 0.38 7.99 0.006 0.046 
Histidine metabolism ASPA ALDH1A3 2 0.12 16.52 0.006 0.046 
Pancreatic secretion CPA2 SLC4A4 PNLIP 3 0.42 7.12 0.009 0.047 
Melanogenesis TCF7L1 CAMK2D GNAI1 3 0.42 7.12 0.009 0.047 
Pathways in cancer 
 

TCF7L1 COL4A2 CDK6 CTNNA2 
CBLB 

5 1.36 3.67 0.012 0.053 

Regulation of actin 
cytoskeleton 

ITGAL VAV3 PDGFC MYL2 4 0.89 4.50 0.012 0.053 

 
Abbreviations: Exp, expected; KEGG, Kyoto Encyclopedia of Genes and Genomes; Obs, observed; OR, odds ratio. 
SNPs which showed association with childhood B-ALL (P < 0.001) were included in this study.  Of the 183 genes 
submitted for analysis, 180 were incorporated for analysis using a hypergeometric test to compare the submitted list 
to a reference of all human genes using WebGestalt v.2 (http://bioinfo.vanderbilt.edu/webgestalt/).  The analysis was 
limited to KEGG pathways where at least two genes were present in the submitted list. The top-10 ranking KEGG 
pathways are shown. Adjusted P-values were based on correlation for False Discovery Rate (FDR) using Benjamini 
and Hochberg (BH) procedure. 
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Supplementary Table S3. Overrepresented KEGG pathways among the top results of 
CCLS Hispanic GWAS on childhood hyperdiploid B-ALL     
 
KEGG pathway Genes obs exp Enrichment 

ratio 
P value P adjust 

Small cell lung cancer PTK2 FHIT COL4A2 3 0.18 16.37 8.1×10-04 0.009 
Metabolic pathways  BCKDHB GALNT5 GMDS 

CES5A HPSE2 TBXAS1 MECR 
AOX1 

8 2.44 3.28 0.003   0.016 

Valine, leucine and 
isoleucine degradation 

BCKDHB AOX1 2 0.09  21.08 0.004 0.016 

Bacterial invasion of 
epithelial cells 

PTK2 CAV3 2 0.15  13.25 0.010 0.024 

Focal adhesion PTK2 CAV3 COL4A2 3 0.43  6.96 0.009 0.024 
Protein digestion and 
absorption 

COL4A2 SLC7A8 2 0.17  11.45 0.013 0.026 

Amoebiasis PTK2 COL4A2 2 0.23    8.75 0.021 0.037 
Pathways in cancer PTK2 COL4A2 APPL1 3 0.70  4.27 0.037 0.049 
Axon guidance SLIT3 PTK2 2 0.28  7.19 0.031 0.049 
Purine metabolism FHIT PDE2A 2 0.35  5.73 0.048 0.057 
 
 
Abbreviations: Exp, expected; KEGG, Kyoto Encyclopedia of Genes and Genomes; Obs, observed; OR, odds ratio. 
SNPs which showed association with childhood hyperdiploidy B-ALL (P < 0.001) were included in this study.  Of 
the 96 genes submitted for analysis, 93 were incorporated for analysis using a hypergeometric test to compare the 
submitted list to a reference of all human genes using WebGestalt v.2 (http://bioinfo.vanderbilt.edu/webgestalt/).  
The analysis was limited to KEGG pathways where at least two genes were present in the submitted list. The top-10 
ranking KEGG pathways are shown. Adjusted P-values were based on correlation for False Discovery Rate (FDR) 
using Benjamini and Hochberg (BH) procedure. 
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Supplementary Table S4. Overrepresented KEGG pathways among the top results of 
CCLS Hispanic GWAS on childhood TEL-AML1 ALL     
 
KEGG pathway Genes obs exp Enrichment 

ratio 
P value P adjust 

Pathways in cancer  RARB COL4A1 AKT1 
CTNNA3 DCC 

5 0.82 6.12 0.001  0.011 

Sulfur metabolism PAPSS2 CHST12 2 0.03 61.43 0.001  0.011 
Small cell lung 
cancer  

RARB COL4A1 AKT1 3 0.21 14.09 0.001 0.012 

Focal adhesion PDGFD COL4A1 AKT1 
ITGA9 

4 0.05 7.99 0.001 0.012 

Tight junction MAGI1 AKT1 CTNNA3 
  

3 0.33 9.08 0.004 0.018 

Cell adhesion 
molecules 

ESAM ITGA9 PVRL3 3 0.33 9.01 0.004 0.018 

SNARE interactions 
in vesicular transport 

STX16 VTI1A 2 0.09 22.18 0.004 0.018 

ABC transporters ABCG5 ABCG8 2 0.11 18.15 0.005 0.018 
Fat digestion and 
absorption 

ABCG5 ABCG8 2 0.12 17.36 0.006 0.018 

Non-small cell lung 
cancer 

RARB AKT1 2 0.41 14.79 0.008 0.021 

 
 
Abbreviations: Exp, expected; KEGG, Kyoto Encyclopedia of Genes and Genomes; Obs, observed; OR, odds ratio. 
SNPs which showed association with childhood TEL-AML ALL (P < 0.001) were included in this study.  Of the 
110 genes submitted for analysis, 108 were incorporated for analysis using a hypergeometric test to compare the 
submitted list to a reference of all human genes using WebGestalt v.2 (http://bioinfo.vanderbilt.edu/webgestalt/).  
The analysis was limited to KEGG pathways where at least two genes were present in the submitted list. The top-10 
ranking KEGG pathways are shown. Adjusted P-values were based on correlation for False Discovery Rate (FDR) 
using Benjamini and Hochberg (BH) procedure. 
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Supplementary Table S5. Complete list of TMLE P-values for each important gene that are 
selected for each biological pathway  
 

Pathway GENE SNPs Marginal 
 P value 

TMLE 
P value 

Axon Guidance PLXNC1 rs10777585 8.3×10-4 1.8×10-7 
Axon Guidance EPHB1 rs7636504 9.6×10-4 <2×10-16 
Axon Guidance UNC5B rs2244140 2.0×10-4 <2×10-16 

protein digestion and absorption COL6A6 rs16830219 3.0×10-4 2.8×10-15 
protein digestion and absorption CPA2 rs2171493 3.2×10-5 4.8×10-20 
protein digestion and absorption COL5A1 rs12554098 8.7×10-4 5.7×10-13 
protein digestion and absorption SLC7A8 rs2144827 2.2×10-5 4.6×10-10 

melanogenesis TCF7L1 rs2568222 1.6×10-4 1.5×10-11 
melanogenesis DVL3 rs2175525 8.8×10-4 5.5×10-39 
melanogenesis CAMK2D rs6842886 7.1×10-4 8.3×10-9 
melanogenesis CAMK2D rs10488958 4.1×10-4 4.3×10-9 
melanogenesis CAMK2D rs12512765 9.7×10-4 3.1×10-8 
melanogenesis MAP2K2 rs350916 5.9×10-4 9.4×10-6 

leukocyte transendothelial 
migration 

VAV3 rs17485868 4.2×10-5 1.8×10-18 

leukocyte transendothelial 
migration 

CTNNA2 rs11687661 1.1×10-4 1.8×10-4 

focal adhesion VAV3 rs17485868 4.2×10-5 1.3×10-18 
focal adhesion COL6A6 rs16830219 3.0×10-4 8.6×10-17 
focal adhesion COL5A1 rs12554098 8.7×10-4 5.9×10-16 

endometrial cancer CTNNA2 rs11687661 1.1×10-4 9.6×10-5 
endometrial cancer TCF7L1 rs2568222 1.6×10-4 5.7×10-11 
endometrial cancer MAP2K2 rs350916 5.9×10-4 4.9×10-6 

glioma CAMK2D rs6842886 7.0×10-4 1.1×10-5 
glioma CAMK2D rs10488958 4.0×10-4 4.7×10-9 
glioma CAMK2D rs12512765 9.7×10-4 1.9×10-7 
glioma CDK6 rs2282979 2.6×10-4 1.1×10-27 
glioma MAP2K2 rs350916 5.9×10-4 8.5×10-6 

pathways in cancer CTNNA2 rs11687661 1.1×10-4 8.7×10-5 
pathways in cancer TCF7L1 rs2568222 1.6×10-4 1.2×10-11 
pathways in cancer DVL3 rs2175525 8.8×10-4 3.1×10-34 
pathways in cancer CDK6 rs2282979 2.6×10-4 1.2×10-27 
pathways in cancer MAP2K2 rs350916 5.9×10-4 4.3×10-6 

tight junction CTNNA2 rs11687661 1.1×10-4 1.7×10-4 
tight junction RRAS2 rs2970332 7.6×10-4 1.1×10-5 

regulation of actin cytoskeleton VAV3 rs17485868 4.2×10-5 3.9×10-20 

98 
 



 

regulation of actin cytoskeleton RRAS2 rs2970332 7.6×10-4 2.2×10-5 
regulation of actin cytoskeleton MAP2K2 rs350916 5.9×10-4 1.4×10-6 

 
Marginal  P value was calculated by logistic regression models while adjusted for age, gender and the first five 
principal components. 
TMLE P value was estimated using R package (TMLE) for each SNP while accounted for other SNPs within the 
same biological pathway. 
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Supplementary Table S6. Overrepresented GO categories among the top results of the 
CCLS Hispanic GWAS on childhood ALL 
 
GO category Function P value P FDR 
GOTERM_BP_FAT cell morphogenesis involved in neuron 

differentiation 
2.1×10-07 3.3×10-04 

GOTERM_BP_FAT cell morphogenesis involved in differentiation 1.1×10-06 0.001 
GOTERM_BP_FAT cellular component morphogenesis 1.3×10-06 0.002 
GOTERM_BP_FAT cell morphogenesis 1.9×10-06 0.003 
GOTERM_BP_FAT cell motion 2.5×10-06 0.004 
GOTERM_BP_FAT cell projection organization 2.8×10-06 0.004 
GOTERM_BP_FAT neuron projection morphogenesis  1.3×10-05 0.022 
GOTERM_BP_FAT neuron development  3.1×10-05 0.051 
GOTERM_BP_FAT axon guidance  3.5×10-05 0.056 
GOTERM_BP_FAT post-embryonic development  3.5×10-05 0.057 
GOTERM_BP_FAT axonogenesis 3.9×10-05 0.063 
GOTERM_BP_FAT cell projection morphogenesis  4.5×10-05 0.072 
GOTERM_BP_FAT cell part morphogenesis  6.4×10-05 0.101 
GOTERM_BP_FAT neuron projection development 6.4×10-05 0.115 
GOTERM_BP_FAT neuron differentiation 8.7×10-05  0.144 
GOTERM_BP_FAT sensory organ development 1.4×10-04  0.236 
GOTERM_CC_FAT cell leading edge 2.4×10-04 0.317 
 
Abbreviations: BP, biological process; CC, cellular component  
List of 17 most significantly overrepresented GO categories for childhood ALL (cutoff for significant SNPs: 
P<0.001). 

 

 

 

 

 

 

 

 
 
 
 
 

100 
 



 

Supplementary Table S7. Overrepresented BioCarta pathways among the top results of the 
CCLS Hispanic GWAS on childhood ALL 
 
 
BioCarta pathway from DAVID Genes P value P adjust 
Integrin Signaling Pathway 
 MAP2K2 TLN1 TNS1 0.036 0.871 
 
SNPs which showed association with childhood ALL (P<0.001) were included in this study and were mapped 
backed to regions on the genome, and the predicted candidate genes were used for analysis. The number of observed 
genes was compared to the number of expected genes per pathway. The top ranking BioCarta pathway is shown. 
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Supplementary Table S8. Overrepresented KEGG pathways among the top results of the 
CCLS Hispanic GWAS on childhood ALL using Webgestalt and DAVID software 
 

KEGG pathway from Webgestalt P value KEGG pathway from DAVID P value 
Axon guidance 9.64×10-08 Axon guidance 2.3×10-04 

Protein digestion and absorption 2.71×10-05 Melanogenesis 
 

0.016 
Melanogenesis 7.82×10-05 Leukocyte transendothelial migration 

 
0.028 

Leukocyte transendothelial migration 2.12×10-04 Focal adhesion 
 

0.046 

Focal adhesion 2.82×10-04 Endometrial cancer 

 

0.092 

 
SNPs which showed association with childhood ALL (P<0.001) were included in this study and were mapped 
backed to regions on the genome, and the predicted candidate genes were used for analysis. The number of observed 
genes was compared to the number of expected genes for each KEGG pathway. The top-5 ranking KEGG pathways 
per pathway classification tool are shown. 
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Chapter 5 
CONCLUSIONS and FUTURE DIRECTIONS 
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CONCLUSIONS 
Acute lymphoblastic leukemia (ALL) is the most common type of childhood malignancy and 
represents a significant public health burden (1). Ethnic differences in the risk of ALL are well-
recognized as the incidence of ALL is nearly 20% higher among Hispanics than non-Hispanic 
Whites in California (2). This higher risk is possibly due to an increased prevalence of ALL risk 
alleles in populations with Native American ancestry, as well as ethnic differences in exposure to 
environmental risk factors (3, 4). However, most studies conducted thus far focus on individuals 
with European ancestry. Extending the research to Hispanics is crucial in order to understand 
ethnic-specific patterns of disease by identifying causal variants and their potential interactions 
with the environment (5). Understanding ethnic-specific similarities and differences can help us 
better understand the etiology of childhood ALL with the ultimate goal of translating the 
knowledge into disease prevention and possibly targeted treatment.  
  
Childhood ALL is a cancer of immature lymphoid progenitor cells that have encountered a series 
of alterations within key cellular pathways. A growing body of literature from genome wide 
association studies (GWAS) of non-Hispanic Whites (NHW) supports the hypothesis that genetic 
variation in key regulatory genes that direct B-lymphocyte differentiation, including IKZF1, 
CEBPE, and ARID5B, play a role in the etiology of ALL (6). Genetic susceptibility loci explain 
only a small portion of cases and evidence that environmental exposures contribute to overt 
development of childhood ALL. For example, early life exposure to infection is hypothesized to 
play an important role in ALL. The aim of the current work was to investigate prior reported 
associations in a Hispanic population and to extend analyses to investigate broader associations 
with biological pathways that may be involved in the development of leukemia. Additionally, the 
dissertation sought to identify genetically susceptible subgroups in which a delay in exposure to 
infections may have differential influences on the risk of developing childhood ALL. The 
specific aims of this dissertation are to:  
 

(i) Assess previously reported SNP associations within the non-Hispanic White and 
Hispanic populations of the California Childhood Leukemia Study (CCLS). 

(ii) Comprehensively assess the genetic variants within the three previously identified 
genes (IKZF1, CEBPE, and ARID5B) and evaluate their potential interactions 
with surrogates for early life infections in the Hispanic population. 

(iii) Apply newly developed bioinformatics tools and causal inference methods to 
prioritize biological pathways and identify a list of candidate gens for future 
investigation.  

 
These projects highlight the possibility of delineating the properties of variants previously found 
in the non-Hispanic White population in the Hispanic population and localization of new variants 
in which true functionality may reside, with an attempt to understand childhood ALL 
pathogenesis. 
 
 
Chapter 2 aimed to validate selected single nucleotide polymorphisms (SNPs) identified in the 
previous GWAS (7, 8): five SNPs in ARID5B (rs7089424, rs10821936, rs7073837, rs10740055, 
and rs10994982), one SNP in CEBPE (rs2239633), and two SNPs in IKZF1 (rs4132601, and 
rs11978267) in both CCLS non-Hispanic White and Hispanic populations. We found genetic 
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variants in the ARID5B and CEBPE genes were associated with the development of ALL in both 
Hispanic and non-Hispanic White populations. Risk estimates were in the same direction in both 
groups and strengthened when restricted to the B-cell hyperdiploid ALL subtype, as with the 
previously published GWAS (7, 8). In contrast, IKZF1 variants displayed varying susceptibility 
loci between two populations. Furthermore, we pursued gene-environment analyses with the a 
priori hypothesis that genetic variants on these B-cell development genes were associated with 
ALL risk, modified by early life infection experiences such as daycare attendance and birth 
order. However, no significant multiplicative interaction was observed for these eight SNPs and 
surrogates for early life exposure to infections, after controlling for multiple comparisons. 
Further investigations are needed to fine-map susceptibility loci around these three genes and 
identify additional environmental factors that may modulate the effects of these loci. More effort 
is also required to discover whether the genetic determinants of childhood ALL are population-
specific or overlap between these populations. In summary, this chapter provides additional 
evidence for inherited genetic childhood ALL susceptibility variants in these three candidate 
genes.  
 
Chapter 3 comprehensively assessed three B-cell development genes (ARID5B, CEBPE, and 
IKZF1) and the joint effect of the genetic variants within these genes and surrogates for early life 
infections on the risk of ALL, using Hispanic GWAS data. Significant associations between 
genotypes at 7p12.2 (IKZF1), 10q21.2 (ARID5B), and 14q11.2 (CEBPE) and ALL risk were 
identified and the effects for ARID5B and CEBPE were most prominent in the hyperdiploid ALL 
subtype. Among these genetic variants, rs4132601 and rs11980379 genotype were correlated 
with IKZF1 mRNA expression level, suggesting the SNPs might be in linkage disequilibrium 
with a casual variant. Conditional haplotype analysis was used to select SNPs that had 
independent effect on ALL risk for further gene and environment analyses. Evidence for 
multiplicative interactions between the selected genetic variants and surrogates for early life 
infections with ALL risk was not observed. The findings underscore the importance of B-cell 
development genes (IKZF1, ARIDB5, and CEBPE) and that these variants collectively play a 
major role in the development of childhood ALL. Further investigations are needed to sequence 
these gene regions and to investigate variants in the context of ALL treatment. A more refined 
measure of early life infections among Hispanics should be considered, such as the total number 
of people living in the household and/or parental or other child’s social contacts. Future studies 
utilizing gene expression profiles and animal studies will greatly enhance our understanding of 
the underlying biological mechanisms for ALL. 
 
Chapter 4 successfully identified several overrepresented biological pathways in childhood ALL 
among Hispanics, including axon guidance, protein digestion and absorption, melanogenesis, 
leukocyte transendothelial migration, focal adhesion, endometrial cancer, glioma, pathways in 
cancer, tight junction, and regulation of actin cytoskeleton pathways. Among the different ALL 
disease subtypes, pathway analyses results suggested that hyperdiploid B-ALL and TEL-AML1 
ALL involve distinct biological mechanisms compared to ALL and focal adhesion is a shared 
mechanism between different ALL disease subtypes. The findings demonstrate the successful 
application of bioinformatics tools to indentify biologic pathways that may serve as future 
potential therapeutic targets. Additionally, enriched biological pathways seem to be subtype-
specific for ALL, compatible with the different etiologies hypotheses. By incorporating data 
reduction and causal inference methods (least absolute shrinkage and selection operator (LASSO) 
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and targeted maximum likelihood estimation (TMLE)), a list of candidate genes has been 
identified in ALL while accounting for the correlation between SNPs, including COL6A6, 
COL5A1, DVL1, TCF7L1, MAP2K2, VAV3, CTNNA2, CDK6, RRAS2, and CAMK2D warrant 
future investigations. The findings show that newly developed bioinformatics tools and causal 
inference methods may shed light on relevant biological processes of childhood ALL and 
illuminate new candidate genes for future functional studies. Further research is needed to apply 
different pathway identification methods and to integrate gene expression and transcriptome data 
to further understand the pathogenesis of childhood ALL. Since the majority of genes in the 
genome are relatively unknown and their biological function still needs to be established, further 
studies should also consider using computational predictions of cellular processes from genomic 
and molecular information to better characterize gene function. 
 
 

FUTURE DIRECTIONS 
The present work confirmed associations with genetic variants previously identified in studies of 
non-Hispanic Whites among Hispanics helping to elucidate similarities and differences in 
genetic structure between two populations. The susceptibility loci for ALL are concentrated to 
genes directly related to hematopoietic differentiation and development (IKZF1, ARIDB5, and 
CEBPE) and these associations may vary by genetic ancestry background. We further 
hypothesize that genetic predisposition to ALL might be mediated by multiple genes involved in 
the same biological pathways. Results from incorporating pathway-based analyses and novel 
causal inference methods provide a new research approach to efficiently integrating biological 
information from multiple SNPs with weaker effects and accounting for confounding effects 
simultaneously to identify a set of targeted genes that merit further exploration. The work 
described in the dissertation provides a few insights into future research directions, including (1) 
different approaches for detecting gene and environment interactions, (2) investigation of rare 
variants, and (3) the use of newly developed bioinformatics tools and the Encyclopedia of DNA 
elements (ENCODE) project (9). 

 
Understanding the relationships between genetic polymorphisms and environmental exposures 
can help identify high-risk subgroups in the population and have important implications for 
personalized medicine. A conventional gene-environment analysis restricts the search for 
interactions to cases where one or both factors show a marginal association (10). This approach 
can be more powerful than exhaustive pair-wise scans but risks missing potentially relevant 
interactions between variants with weak or non-significant marginal effects. In some 
circumstances, even though the marginal effects are not detectable, the genetic association may 
only occur at a specific subtype depending on environmental exposures or conversely, the 
environmental factor may only act as a risk factor in the presence of a susceptible genotype (11). 
Another aspect for detecting gene-environment interaction is any interaction is scale dependent, 
and it is therefore essential to state whether the presence of an interaction is a departure from an 
additive or multiplicative model on a scale of absolute risk or odds ratio. Sample size is another 
concern for gene-environment analyses. The key determinants of sample size requirement are the 
prevalence of the exposures, the allele frequency, the mode of inheritance, and the interaction 
OR. Even though the work presented in this dissertation only has limited power to make 
definitive inference on the gene-environment interactions reported, the CCLS is one of the 
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largest case-control studies for childhood leukemia in the United States and has successfully 
collected comprehensive data on genetics and environmental exposures. Continued recruitment 
and international collaboration by means of large consortia such as the Childhood Leukemia 
International Consortium (CLIC) will be needed to attain sufficient power to confirm the 
reported interactions. Further efforts involving data harmonization between studies will be 
required in order to make a definitive conclusion (12). 
 
Due to the fact that GWAS have only identified a small fraction of the common susceptibility 
loci of low penetrance, increasing attention has been given to the possibility that complex 
networks between genes and rare variants might account for some of the missing heritability 
(13). For pathway analyses, there are two types of approaches applicable to GWAS research 
(14). In this dissertation, the first type of pathway-based approaches is used, 'p-value enrichment 
approach', which tests for overrepresentation of SNPs associated with disease within a pathway. 
The other approach is proposed by Wang et al., which adapted the gene set enrichment analysis 
(GSEA) method to GWAS, examining the distribution of association between outcome and 
genes within a pathway versus that between outcome and other genes using a modified 
Kolmogorov-Smirnov test (15). This approach uses individual-level SNP genotypes information 
to derive gene-level and pathway-level test statistics and usually requires phenotype 
permutations. It will be worthwhile to compare the findings using two different types of pathway 
analyses approaches.    
 
The rationale behind the rare variants hypothesis is that genetic contributions to complex 
diseases arise from the interactions of many uncommon variants (16). Rare variants, which have 
minor allele frequencies (MAFs) between 0.1 and 1%, are often evolved from more recent 
mutations and less subjected to natural selection. Thus, association studies of rare variants hold 
the potential for identifying genetic components that are functionally relevant and explain a 
larger proportion of inherited susceptibility (17). Several association tests have been proposed 
for rare variants. These tests are often involved with pooling or collapsing multiple rare variants, 
such as combined multivariate and collapsing (CMC) test. Another more flexible method is 
developed by Wu et al, which used the sequence kernel association test (SKAT) to test the 
association between rare and common variants and disease status (18). With the success of whole 
genome sequencing, rare and private variants with moderate to large effects on many complex 
traits might be discovered.   
 
One of the challenges in the “post-GWAS” era is to characterize biological functions of the 
identified risk loci and their relevance to disease etiology. These biological insights can be 
translated to clinical benefits, including biomarker screening and treatment specification (19). 
The availability of next-generation sequencing and the coverage of ENCODE annotations have 
enhanced our understanding of genetic variants across the entire genome and also the ability to 
link anonymous associations to a function element. SNPs identified by GWAS are showed to be 
enriched within non-coding functional elements, with a majority residing in or near protein-
coding genes (9). Combining ENCODE information and the profiling of epigenetic and 
transcriptomic data with allele-specific information derived from deep sequencing of the target 
regions will provide specific insights on the impact of putative causal variants, with the potential 
to reveal alleles with more impact on the molecular and clinical level. 
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Little is known about the causes of childhood leukemia. The use of contemporary technologies to 
identify genetic alterations in ALL has been tremendously informative, but much work remains 
to be done. Studies on childhood leukemia are subject to small sample sizes due to the rarity and 
heterogeneity of the disease. Collaborating with international consortia can further confirm the 
study findings and identify new genetic susceptibility loci of ALL with greater power, ultimately 
improving our understanding of leukemogenesis and facilitating disease prevention and 
identification of treatment targets for ALL.  
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