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                                                                                                                        Abstract

                                                            Acute lymphoblastic leukemia is the major pediatric cancer in developed countries. To date most association studies of acute lymphoblastic leukemia have been based on the candidate gene approach and have evaluated a restricted number of polymorphisms. Such studies have served to highlight difficulties in conducting statistically and methodologically rigorous investigations into acute lymphoblastic leukemia risk. Recent genome-wide association studies of childhood acute lymphoblastic leukemia have provided robust evidence that common variation at four genetic loci confers a modest increase in risk. The accumulated experience to date and relative lack of success of initial efforts to identify novel acute lymphoblastic leukemia predisposition loci emphasize the need for alternative study designs and methods. The International Childhood Acute Lymphoblastic Leukaemia Genetics Consortium includes 12 research groups in Europe, Asia, the Middle East and the Americas engaged in studying the genetics of acute lymphoblastic leukemia. The initial goal of this consortium is to identify and characterize low-penetrance susceptibility variants for acute lymphoblastic leukemia through association-based analyses. Efforts to develop genome-wide association studies of acute lymphoblastic leukemia, in terms of both sample size and single nucleotide polymorphism coverage, and to increase the number of single nucleotide polymorphisms taken forward to large-scale replication should lead to the identification of additional novel risk variants for acute lymphoblastic leukemia. Ethnic differences in the risk of acute lymphoblastic leukemia are well recognized and thus in assessing the interplay between inherited and non-genetic risk factors, analyses using different population cohorts with different incidence rates are likely to be highly informative. Given that the frequency of many acute lymphoblastic leukemia subgroups is small, identifying differential effects will realistically only be possible through multi-center pooled analyses. Here, we review the rationale for identifying genetic risk variants for acute lymphoblastic leukemia and our proposed strategy for establishing the International Childhood Acute Lymphoblastic Leukaemia Genetics Consortium.
                                                            
                                                            Background
Acute lymphoblastic leukemia (ALL) is the major pediatric cancer in developed countries. B-cell precursor (BCP) ALL accounts for approximately 70% of childhood ALL and characteristically affects children between three and five years of age. While evidence linking most environmental exposures to risk of childhood ALL has largely been inconsistent, epidemiological data for an infectious etiology is persuasive, albeit indirect.1 Nevertheless, causation pathways are likely to be multifactorial and it is probable that the risk of ALL from environmental exposure is influenced by genetic variation through the co-inheritance of multiple low-risk variants.
The “common-disease common-variant” model of cancer susceptibility implies that association analyses based on scans of polymorphic variants should be a powerful strategy for identifying common, low-penetrance susceptibility alleles. This assertion has been vindicated by recently conducted genome-wide association (GWA) studies of childhood ALL, which have provided robust evidence that common variation at four genetic loci confers a modest increase in risk.2–4 As well as establishing a role for genetic susceptibility in the development of ALL, these data provide novel insights into disease causation; notably risk variants annotate genes involved in transcriptional regulation and differentiation of B-cell progenitors. While the risk of ALL associated with each of the variants individually is modest, they make a significant contribution to disease burden by virtue of their high frequencies in the population.
To facilitate the study of inherited predisposition to ALL we have established the IALLGC (International Childhood Acute Lymphoblastic Leukaemia Genetics Consortium) with the goal of identifying and characterizing additional genetic variants influencing ALL risk. Here, we review the rationale for studying genetic susceptibility to ALL and our proposed strategy for establishing the IALLGC.
Problems in conducting methodologically rigorous association studies
To date, most association studies of ALL have been based on the candidate gene approach and have evaluated a restricted number of polymorphisms, primarily in genes implicated in the metabolism of carcinogens (e.g. CYP1A1, GSTM1, GSTT1, NQO1), folate metabolism (e.g. MTHFR, MTRR, SHMT1, RFC1), protection of DNA from carcinogen-induced damage (e.g. XRCC1, ERCC2, ATM) and cell-cycle regulation (e.g. CDKN2A, CDKN2B, CDKN1A, CDKN1B, TGFB1).5
Reports from most candidate gene studies have been disappointing, with many positive associations initially being reported which subsequent studies fail to replicate. A number of studies have, however, reported case-control data on the same variant thereby allowing data to be pooled (Table 1). While P values from meta-analyses of studies provide support for the role of variants in GSTM1, MTRR, SHMT1, RFC1, CYP1A1, CYP2E1, NQO1 and XRCC1, analyses should be interpreted with caution even if the issue of publication bias is ignored.5 Use of false positive report probability value (FPRP)6 which integrates the prior probability for the association and statistical power provides a method of assessing robustness of summary estimates derived from pooled analyses. While prior probabilities are partly subjective, the prior probability for variants in candidate genes is unlikely to be better than 1 in 1,000 (or 0.001).7 Imposing a ‘best case’ prior probability of 0.001, and stipulating an odds ratio of 1.5 for associations, it is noteworthy that the likelihood that any of the variants so far reported from candidate gene analyses is associated with ALL risk is low (i.e. FPRP >0.2 is the value suggested to be appropriate for summary analyses 6). Hence, despite much research prior to GWA studies, few if any definitive susceptibility alleles for ALL have been unequivocally identified through candidate gene association studies.5
The in utero origins of childhood ALL are well established.1, 8–10 The age-incidence pattern of childhood ALL11,12 and genetic studies of monozygotic twins13 support the prenatal origin of the disease. Parental exposures to environmental hazards or use of parental medication have been reported to contribute to ALL risk.14–18 Given the possible role of parental factors in disease susceptibility, focusing solely on the genotype of the child in ALL association studies may be insufficient to fully address disease etiology.19
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Table 1.Polymorphisms reported to be statistically significant in meta-analyses. Adapted from Vijayakrishnan and Houlston.5
The accumulated experience to date and relative lack of success of initial efforts to identify novel ALL predisposition loci emphasize the need for alternative study designs and methods. The current difficulties in conducting statistically and methodologically rigorous ALL association studies are summarized below.
	
The increase in ALL risk conferred by any common variant is almost certainly small (i.e. typically relative risk <1.5). The inherent statistical uncertainty of case-control studies involving a small number of cases and controls severely constrains study power to reliably identify genetic determinants conferring modest, but potentially important, risks.
	
Because of the large number of polymorphisms in the genome, false-positive associations are inevitably more frequent than true-positive associations when testing large numbers of markers even if studies are rigorously conducted. Hence associations need to attain a high level of statistical significance to be established beyond reasonable doubt. For this reason, in GWA studies, a P value threshold of 5.0x10−8 has been advocated as being appropriate for genome-wide significance.20,21

	
Positive associations need to be replicated in independent case-control series to limit type 1 error rate. However, to increase the power of the replication studies, the allelic architecture of the population from which these additional case-control series are ascertained need to have similar ancestry and, ideally, the same linkage disequilibrium (LD) structure.
	
It should be recognized that ALL is heterogeneous both in terms of cellular origins, molecular biology and clinical response to therapy. Hence a given variant may not affect the risk of all subtypes. The power of any analysis stratified by cell lineage/genotype will be limited because of the small numbers of cases in each subgroup.
	
Careful attention must be paid to population stratification as a source of confounding findings, because disease rates and allele frequencies vary with race and ethnicity. This is one possible explanation for some of the false-positive associations reported in the literature. Use of genome-wide single nucleotide polymorphism (SNP) data allows the issue of population stratification to be addressed and adjustment of association statistics through statistical procedures such as principal component analysis.22

	
Rare germline variants may confer more profound effects on risk and hence have greater significance for individuals, though the population-attributable risk may be low. Only through genotyping and sequencing of large numbers of affected individuals can such rare variants be identified. Advances in sequencing technology will make this a feasible proposition in the very near future.
	
Given the unique nature of this early-onset disease, the investigation of parental genetics, particularly maternally-contributed effects is a prerequisite not only for understanding the etiology of ALL but also to pave the way toward new opportunities in preventive medicine. In addition to the urgent call for larger ALL case-control cohorts and replication datasets, there is also a need in the childhood leukemia research community for larger ALL family-based cohorts (i.e. case triads).
	
It is advantageous to consider taking epidemiological risk factor data into consideration to allow examination of interactions between the known or suspected etiological factors (e.g. birth weight, infectious exposures) and genetic risk variants in future studies. Higher order gene-gene and gene-environment interactions may contribute to ALL risk. Very large sample sizes will, however, be needed to detect such interactions, hence the power of individual cohorts will be limited.
	
There is increasing interest in the view that germline variation may influence patient outcome from malignancy. Large consortia provide the opportunity to investigate the relationships between genotype and patient phenotypes; however, harmonization of data from diverse patient cohorts is challenging.

Characteristics of low-penetrance variants
Most studies to date aimed at identifying low-penetrance alleles for ALL have been based on a candidate gene approach formulated on etiological hypotheses and/or limited epidemiological evidence for pathway exposure. However, without a clear understanding of causality, the choice of suitable genes for the disease is inherently problematic, making unbiased but comprehensive screening methodologies attractive.
The availability of comprehensive sets of tagging single nucleotide polymorphisms (SNPs) that capture much of the common sequence variation in the genome and the availability of high-resolution linkage disequilibrium (LD) maps allow GWA studies for disease associations to be conducted efficiently. This approach does not depend upon prior knowledge of function or presumptive involvement of any gene in disease causation. Moreover, it minimizes the probability of failing to identify important common variants in hitherto unstudied loci (i.e. genes and regulatory regions). This tactic has been very useful in identifying risk variants for a number of common tumors including, breast, colorectal, prostate, lung, and ovarian cancers, melanoma, glioma and chronic lymphocytic leukemia.23
Two GWA studies of ALL have so far been reported and four independent loci shown conclusively to be associated with ALL risk: 7p12.2 (IKZF1), 9p12 (CDKN2A/CDKN2B), 10q21.2 (ARID5B) and 14q11.2 (CEBPE)2–4 (Table 2). Risks associated with common variants at each of these loci are modest (Odds ratios 1.5–1.6) and there is little evidence of interactive effects. With homozygous risk variants conferring approximately twice the heterozygote risk, the distribution of risk alleles follows a normal distribution in both case and controls, with a shift towards a higher number of risk alleles in affected individuals consistent with a polygenic model of disease predisposition (Figure 1).
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Table 2.Risk of ALL associated with 7p12.2, 9p21.3, 10q22.1, 14q11.2 variants. Data taken from Papaemmanuil3 and Sherborne2.
Data from gene discovery efforts in other cancers are proving highly informative regarding the allelic architecture of cancer susceptibility. The number of common variants accounting for more than 1% of inherited risk appears low. Furthermore, only a small proportion of the total heritability of any cancer can be explained by the currently identified loci even though the contribution of the identified loci to disease risk may be conservative because of imperfect tagging surrogates for the true etiological loci. Multiple causal variants may also exist at each locus, including low frequency variants with significantly larger cumulative effects on risk. Few of the observed disease-associated variants are coding variants with many of the loci mapping to regions bereft of genes or protein-encoding transcripts. It is likely that much of the common variation in ALL risk is mediated through sequence changes influencing gene expression, perhaps in a subtle fashion, or through effects on pathway components mitigated by functional redundancy. It is also possible that risk genotype may facilitate preferential somatic mutations as exemplified by an association between JAK2 mutation and haplotype in myeloproliferative neoplasms.24
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Figure 1.Cumulative impact of 7p12.2, 9p12, 10q21.2 and 14q11.2 variants on ALL risk.2,3 (A) Distribution of risk alleles in controls (blue bars) and ALL cases (red bars) for the 4 loci (rs4132601, rs3731217, rs7089424 and rs2239633). (B) Plot of the increasing ORs for ALL with increasing number of risk alleles. The ORs are relative to the median number of 3 risk alleles. Vertical bars correspond to 95% confidence intervals. The distribution of risk alleles follows a normal distribution in both case and controls, with a shift towards a higher number of risk alleles in cases. Horizontal line denotes the null value (OR=1.0).
Future directions
Prospects for identifying additional common variants
The power of the two reported GWA studies of ALL over a range of allele frequencies and relative risks is shown in Figure 2. The power of these studies to identify common alleles conferring risks of 1.5 or greater (such as the 7p12.2 variant) is high.3,4 Hence, there are unlikely to be many additional SNPs with similar effects for alleles with frequencies greater than 0.3 in populations of European ancestry. In contrast, the two GWA studies have had low power to detect alleles with smaller effects and/or minor allele frequency (MAF) less than 0.1. Tagging SNPs employed for GWA studies capture on average approximately 80% of common SNPs in the European population, but only approximately 10% of SNPs with MAFs of 5–10% are tagged at this level, limiting power to detect this class of susceptibility allele. While coverage of the genome offered by current arrays is generally high, some chromosomal regions cannot be readily typed due to inadequate tagging or technological constraints. GWA-based strategies are not configured optimally to identify low frequency variants with potentially stronger effects or identify recessively acting alleles. Format of many of the current commercial arrays is not ideal and may not appropriately capture copy number variants or other structural variants, which may also impact on ALL risk. A systematic search of these classes of polymorphic variant should be seen as complementary to classical GWA studies based on analysis of tagging SNPs. It is, therefore, highly likely that a large number of low-penetrance variants remain to be discovered. Efforts to develop GWA studies of ALL, in terms of both sample size and SNP coverage, and to increase the number of SNPs taken forward to large-scale replication should lead to the identification of additional novel risk variants for ALL using sample sets in excess of 3,000 cases and a similar number of controls that are likely to be forthcoming through multicenter collaborations (Figure 2). Ongoing GWA studies of ALL being conducted by different research groups will inevitably generate SNP data from different array platforms with different SNP representation and coverage. Using statistical methodology whereby imputation of untyped SNPs can be generated in datasets allows for harmonization and pooled analyses to be conducted.26
Subgroup analyses
Given the biological heterogeneity of ALL, risk variants are likely to have differential effects on ALL risk depending on cell lineage and phenotype. This is well illustrated by the primary impact of variation defined by the 7p12.2, 10q21.2 and 14q11.2 risk variants for B-lineage leukemia. Furthermore, subtype analysis of B-precursor ALL provides strong evidence that variation at 10q21.2-ARID5B is highly associated with the risk of developing hyperdiploid ALL.3,4 Given that the frequency of many ALL subgroups is small, identifying differential effects will only be realistically possible through multi-center pooled analyses.
Identifying causal variants
Validated tagSNPs are highly unlikely to directly impact on ALL risk. Identifying a functional variant from a tagSNP that is statistically associated with disease is challenging. Although blocks of LD allow the efficient survey of the genome, they hamper fine mapping of the disease-associated region. Different ethnic groups are likely to have different LD block patterns and they can, therefore, be used to refine the location of a disease susceptibility locus prior to fine mapping genotyping and functional analyses.
Incorporating non-genetic risk factors into risk models
The risk of developing ALL, like many other cancers, will undoubtedly be determined by complex interactions between genetic, environmental factors and chance.1,27 Epidemiological studies have so far provided indirect evidence that ALL may have an infective basis although no specific infectious agent has been implicated.1 There is also consistent data supporting birth weight as a risk factor for ALL possibly operating through association with high IGF2 levels and the latter’s impact on stem/progenitor cells.28
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Figure 2.Power to identify risk loci for acute lymphoblastic leukemia over a range of minor allele frequencies and relative risks for P=5x10−7 calculated using GWApower.25 (A) Study of 441 cases and 17,958 controls reported by Trevino et al.4 using Affymetrix 500K arrays. (B) Study of 907 cases and 2,398 controls reported by Papaemmanuil et al.3 using Illimina 370K arrays: (C). Analysis of 3,000 cases and 3,000 controls using Illumina Omni 1M arrays.
Ethnic differences in the risk of ALL are well recognized.29 Thus, in assessing the interplay between inherited and non-genetic risk factors, analyses using different population cohorts with different incidence rates are likely to be highly informative. This is supported by recent studies of ALL in a Thai population and in a black population suggesting that 7p12.2 and 10q21.2 variation may contribute to racial differences in ALL risk.30,31
Identification of interaction between genetic variants and environmental risk factors is contingent on very large datasets, realistically something which can only be achieved through multi-center collaboration.
Inherited prognostic and predictive variants
In addition to influencing the risk of developing ALL, inherited genetic factors may play a role in determining the natural course of the disease and its response to therapies. As a prognostic factor, the concept of germline variation imparting inter-individual variability in tumor development and progression is currently receiving increasing attention. Prognostic studies of ALL have generally examined the same candidate genes as those hypothesized to play a role in susceptibility. It is, however, more probable that a genetic variant affecting inter-individual disease expression will impact on later stages of clonal development rather than early events associated with an inherited susceptibility. For example, variants in growth factors or immune surveillance signaling pathways might not impact on risk of initiation but could have a substantial effect on progression or outcome of established disease. Chemotherapy response and toxicity may also be related to germline genotype. As with conventional association studies, it is essential to impose appropriate statistical thresholds and conduct replication analyses to avoid the reporting of false positives. Linking GWA data to patient outcome provides an attractive strategy for identifying prognostic markers of outcome from ALL. Using this strategy it has recently been shown that germline variation in IL15 influences the risk of minimal residual disease.32
Rationale for consortia
The recognition that common genetic variants contribute to ALL risk represents a major advance in our understanding of this disease. In view of the issues discussed above, collaboration has been developing between research groups that are engaged in searching for low-penetrance variants for ALL through association-based studies. These relatively loose affiliations centered around work on specific projects are beginning to crystallize into a more formal collaborative network. At present, 12 groups that are performing case-control genetic association studies have joined the IALLGC and the consortium is keen to involve other interested researchers. The IALL-GC can be contacted at www.iallgc.co.uk.
This international collaborative initiative is seeking to comprehensively understand genetic susceptibility to ALL and to describe the genetic landscape of the disease. The immediate goal is to work together to study polymorphisms that have been shown to be associated with risk and to plan future high quality studies. This article provides a framework for these future studies, with biological analyses of risk variants and epidemiological studies as longer-term aims.
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