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Abstract

Acute lymphoblastic leukemia (ALL) is the
major paediatric cancer in developed coun-
tries. It has long been speculated that common
genetic variation influences the development
of this haematological malignancy, however
until recently evidence for this hypothesis has
been lacking. The advent of genome-wide
association studies (GWAS) has allowed the
search for this class of susceptibility allele to
be conducted on a genome-wide basis. Such
analyses have identified novel disease genes
for ALL and underscore the importance of
polymorphic variation in B-cell development
genes as determinants of leukemia risk. Further-
more these data indicate that a significant
difference in the risk of an individual develop-
ing ALL can be attributed to heritable genetic
factors.

Introduction

Acute lymphoblastic leukemia (ALL) is the
major paediatric cancer in economically devel-
oped countries, with precursor B-cell (BCP-ALL,;
MIM 613065) accounting for approximately 70%
of all childhood ALL (Stiller and Parkin 1996). In
contrast to many other haematological malignan-
cies, evidence for a familial risk to ALL is weak.
Data from the Swedish family-cancer database
does, however, lend some support to an excess
risk in relatives of patients (Hemminki and Jiang
2002). Although rare (<5% of ALL), direct evi-
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dence for inherited genetic susceptibility is pro-
vided by the high risk of ALL associated with
Bloom’s syndrome, neurofibromatosis, ataxia
telangiectasia and constitutional trisomy 21.
While evidence linking an environmental expo-
sure to risk of childhood ALL has largely been
inconsistent (as reviewed in Belson et al. 2007),
epidemiological data for an infectious etiology
is persuasive, albeit indirect (Greaves 2006).
Implicit in a model of ALL having an infectious
etiological basis is that ALL is likely to represent
a rare sequelae of infection with germline varia-
tion influencing host response.

Models of Inherited Susceptibility
and Candidate Gene Studies

Modest familial relative risks are compatible with
a wide range of genetic models of inheritance.
However, the absence of families segregating
ALL argues against the role of high penetrance

susceptibility to the disease being the norm.
Hence it is probable that the risk of ALL attributable
to genetic variation is due to the co-inheritance of
multiple low-risk variants, as outlined in the
polygenic model (Fig. 11.1). Under this model
variants conferring relative risks of 1.1-1.5 could
make an important contribution to the overall
inherited risk. Although such alleles have small
effects individually, they could contribute
significantly to disease susceptibility in the gen-
eral population. Furthermore, by acting in con-
cert they have the capacity to generate a high risk
of ALL in a subset of the population.

While it has long been speculated that com-
mon polymorphic variation contributes to the
susceptibility of ALL, evidence for common low
risk alleles has only just emerged. The search for
risk loci for ALL has until recently centred on
association studies of candidate genes, where
the frequencies of polymorphic variants, single
nucleotide polymorphisms (SNPs), are compared
in cases and controls. Most of these studies have
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Fig. 11.1 The polygenic model of susceptibility to cancer
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evaluated only a restricted number of polymor-
phisms, such as those influencing methylation
or carcinogen metabolism. Although numerous
associations have been proposed from such can-
didate gene analyses conducted over the past
20 years, no definitive susceptibility alleles have
been unequivocally identified (Sinnett et al. 2000;
Ye and Song 2005; Bolufer et al. 2006; Pereira
et al. 2006; Guha et al. 2008). As with many other
diseases, positive associations have been reported
for various polymorphisms but few of the initial
positive results have been replicated in subse-
quent studies (Vijayakrishnan and Houlston
2010). The inherent statistical uncertainty of
studies involving just a few hundred cases and
controls seriously limits the power available to
reliably identify genetic determinants conferring
modest but potentially important risks. Further-
more, without a clear understanding of the biol-
ogy of predisposition the definition of what truly
represents a candidate gene is inherently prob-
lematic, making an unbiased approach to loci
selection highly desirable.

Genome-Wide Association Studies

Following completion of the Human Genome
Project, more than 20 million SNPs have been
catalogued in addition to smaller numbers of
insertion/deletion and copy number variations.
The high resolution LD maps and comprehensive
sets of tagging SNPs (tagSNPs) available through
the HapMap, coupled with the development of
highly efficient analytical platforms, have allowed
genome wide association studies (GWAS) to be
conducted efficiently and cost effectively. This
approach is unbiased and does not depend on
prior knowledge of the function or involvement
of any gene in disease causation. Furthermore,
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the strategy offers the prospect of identifying
important variants in previously unstudied genes
and non-coding regions of the genome.

Recent GWASs of ALL have vindicated the
hypothesis of common susceptibility to ALL,
identifying SNPs at four novel risk loci7p12.2
(IKZF1,1s4132601),9p21.3(CDKN2A,rs3731217)
10g21.2 (ARID5B, rs7089424) and 14ql1.2
(CEBPE,1s2239633) (Table 11.1) (Papaemmanuil
et al. 2009; Trevino et al. 2009; Sherborne et al.
2010; Vijayakrishnan and Houlston 2010).
Intriguingly, excluding CDKNZ2A, none of the
genes implicated by these GWAS scans have pre-
viously been evaluated in targeted association
studies, emphasizing that the candidate gene
approach was severely limited by inadequate
knowledge of tumor biology.

Contribution of GWAS Findings to the
Understanding of ALL Development

The SNP genotyped in GWAS are not generally
candidates for causality, and enumeration of the
causal variant at a specific locus can pose a
significant challenge. While fine-mapping and
resequencing is required to identify functional
variant(s) the associations identified for ALL
implicate a number of genes in tumor aetiology.
The strongest association signal for ALL was
attained at 7p12.2 with rs4132601, which maps
to the 3’ region of the Ikaros family zinc finger 1
(IKZF1) gene. Ikaros proteins are master regula-
tors of lymphocyte development (Fig. 11.2) and
differentiation, and play a pivotal role in CD4
versus CD8 T-cell lineage commitment decisions
(Harker et al. 2002). In homozygous mutant mice
deleted for the N-terminal zinc finger DNA bind-
ing domain of /IKZF1, loss of expression leads to
arrest of lymphocyte development at its earliest

Table 11.1 ALL susceptibility loci identified through genome-wide association studies

SNP Chr MAF Gene rend OR (95% CI)

rs4132601 Tpl12.2 0.28 IKZF1 1.20x 1071 1.65 (1.58-1.81)
rs3731217 9p21.3 0.14 CDKN2A 3.01x10™" 0.71 (0.64-0.78)
rs7089424 10g21.2 0.32 ARIDBS 6.69%x 107" 1.65 (1.54-1.76)
2236933 14q11.2 0.48 CEBPE 2.88x 107 1.34 (1.22-1.45)
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Fig. 11.2 Genes regulating lymphoid development

recognizable stage followed by rapid development
of leukemia (Georgopoulos et al. 1994).

The region of association defining the 9p21.3
association encompasses the CDKN2A and
CDKN2B tumor-suppressor genes and the non-
coding antisense RNA encoded by CDKN2BAS.
CDKNZ2A encodes both p16 (INK4A), a negative
regulator of cyclin-dependant kinases, and pl4
(ARF1),an activator of p5S3. CDKN2A and CDKN2B
are frequently inactivated in multiple hematolog-
ical malignancies. Moreover, mono- or biallelic
deletion of CDKN2A is one of the most frequent
genetic events in both childhood BCP and T-ALL
(Mullighan and Downing 2009). Perhaps not sur-
prisingly the association between 9p21.3 risk
genotype and ALL is generic and not confined to
a specific form of ALL.

The association at 10q21.2 implicates the AT
rich interactive domain 5B (ARID5B) gene in the
etiology of ALL. While ARID5B has not been
extensively studied, evidence for ARID5B having
a role in defining B-cell lineage is supported by
data from homozygous knockout mice, which
display decreased bone marrow cellularity and
reduced numbers of B-cell progenitors (Lahoud
et al. 2001).

The 14q11.2 association with ALL annotates
the gene encoding CCAAT/enhancer-binding
protein, epsilon (CEBPE). CEBP is a suppressor
of myeloid leukemogenesis. CEBPE, along with
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other CEBP family members, is occasionally
targeted by recurrent IGH translocations in BCP-
ALL suggesting opposing functions of CEBP
dysregulation in myeloid and lymphoid leuke-
mogenesis and a role in susceptibility to ALL
(Akasaka et al. 2007).

Given the biological heterogeneity of ALL,
variants are likely to have differential effects
on ALL risk depending on cell lineage and
phenotype. This is well illustrated by the pri-
mary impact of variation defined by the 7p12.2,
9p21.3, 10g21.2 and 14q11.2 risk variants for
B-lineage leukemia. Furthermore, subtype analy-
sis of B-precursor ALL provides strong evidence
that variation at 10q21.2-ARIDS5B is highly asso-
ciated with the risk of developing hyperdiploid
ALL (Sherborne et al. 2010). Given that the fre-
quency of many ALL subgroups is small, identi-
fying differential effects will only be realistically
possible through multi-center pooled analyses.

A role for specific human leukocyte antigen
(HLA) variants in the etiology of ALL has been
extensively studied over the last 30 years, but
no unambiguous association has been identified.
It has recently been demonstrated that it is pos-
sible to use SNP variation within the 6p21
region to accurately predict alleles at key class
I (HLA-A, HLA-B, and HLA-C) and class II
(HLA-DRB1, HLA-DQAI, and HLA-DQBI)
loci with better than 90% accuracy (Leslie et al.
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2008). Information from GWAS has also
allowed the role of variation in specific loci
such as the MHC to be comprehensively exam-
ined. Through such analyses it has been possi-
ble to demonstrate that major histocompatibility
complex-defined variation in immune-mediated
response is unlikely to be a major risk factor for
B-cell precursor-ALL (Hosking et al. 2010).

Identifying Functional Variants
and the Heritability of ALL

Validated tagSNPs are highly unlikely to directly
impact on ALL risk. Identifying a functional
variant from a tagSNP that is statistically associ-
ated with disease is challenging. Although blocks
of LD allow the efficient survey of the genome,
they hamper fine mapping of the disease-associ-
ated region. Different ethnic groups are likely to
have different LD block patterns and they can,
therefore, be used to refine the location of a dis-
ease susceptibility locus prior to fine mapping
genotyping and functional analyses.

While the risks of ALL associated with the
identified SNPs are modest, with relative risks of
1.2-1.7 per allele as predicted by the polygenic
model, their contribution to ALL incidence is
high as the alleles are common within the popula-
tion. Moreover, the risk of ALL increases with
increasing numbers of variant alleles carried by
an individual. It is also likely that known loci
may carry additional, as of yet unidentified, risk
variants, potentially including low-frequency
variants with larger influences on disease risk.

The testing of SNPs individually for an asso-
ciation in GWAS necessitates the imposition of a
very stringent P-value to address the issue of
multiple testing. While this reduces false posi-
tives, real associations may be missed and there-
fore any estimate of the total heritability will be
negatively biased. By considering all typed SNPs
simultaneously it has been calculated that 24% of
the total variation in ALL risk can be ascribed to
common genetic variation (Enciso-Mora et al.
2012). These findings suggest common variation
rather than a restricted number of associations,
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influence ALL and provide further support for a
polygenic basis for susceptibility to the disease.
It is, therefore, likely that additional common low
risk variants remain to be discovered and should
be eminently harvestable in new larger GWAS or
through further pooling of additional existing
datasets. How much of the unaccounted heritable
risk is truly embodied in a long tail of association
is currently unknown but will impact on our abil-
ity to fully understand the genetic and ultimately
biological basis of ALL predisposition.

Incorporating Non-genetic Risk
Factors into Risk Models

The risk of developing ALL, like many other
cancers, will undoubtedly be determined by com-
plex interactions between genetic, environmental
factors and chance. Epidemiological studies have
so far provided indirect evidence that ALL may
have an infective basis although no specific infec-
tious agent has been implicated (MacMahon
1992; Greaves and Alexander 1993; Kinlen
1995). 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 (Robison et al. 1987). There is little robust
evidence linking either pre- or post-natal envi-
ronmental exposures to risk of childhood ALL,
with ionizing radiation being the one notable
exception (Mahoney et al. 2004).

Ethnic differences in the risk of ALL are well
recognized. 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 (Vijayakrishnan
et al. 2010) and in a black population (Yang
et al. 2010) suggesting that 7p12.2 and 10g21.2
variation may contribute to racial differences in
ALL risk.

Type 1 diabetes (T1D) is an autoimmune disease
for which infectious triggers of disease onset
have been sought with increasing evidence pointing
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to enteroviruses. Co-morbidity between ALL and
type 1 diabetes has been reported from cohort
analyses performed in Sweden (Shu et al. 2010),
which is especially interesting as variation in
IKZF'] appears to be a determinant of risk for
both diseases, albeit reciprocally. Although
such observations are intriguing, the robust
identification of interactions between genetic
variants and environmental risk factors will be
contingent on very large datasets, realistically
something which can only be achieved through
multi-center collaboration.

Conclusions and Future Challenges

Recent studies have provided the first unambigu-
ous evidence that common genetic variation con-
tributes to the risk of developing ALL and
implicate genes involved in transcriptional regu-
lation and differentiation of B-cell progenitors as
the biological basis of predisposition to B-cell
malignancy. Furthermore, their identification
provides novel insight into disease causation of
these two major haematological malignancies.

The power of recent GWAS to identify common
alleles conferring risks of 1.5 or greater (such as
the 7pl2.2 variant) is high. 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. Tagging
SNPs employed for GWAS capture on average
approximately 80% of common SNPs in the
European population, but only approximately
10% of SNPs with minor allele frequencies 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 tag-
ging or technological constraints. GWAS-based
strategies are not configured optimally to identify
low frequency variants with potentially stronger
effects or identify recessively acting alleles. It is,
therefore, highly likely that a large number of
disease-causing variants remain to be discovered
through next generation arrays and through through-
put sequencing projects.

A.L. Sherborne and R.S. Houlston
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