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While gliomas are the most common primary brain tumors, their etiology is largely unknown. To identify
novel risk loci for glioma, we conducted genome-wide association (GWA) analysis of two case—control
series from France and Germany (2269 cases and 2500 controls). Pooling these data with previously reported
UK and US GWA studies provided data on 4147 glioma cases and 7435 controls genotyped for 424 460
common tagging single-nucleotide polymorphisms. Using these data, we demonstrate two statistically inde-
pendent associations between glioma and rs11979158 and rs2252586, at 7p11.2 which encompasses the
EGFR gene (population-corrected statistics, P, = 7.72 x 10~2 and 2.09 x 1078, respectively). Both associ-
ations were independent of tumor subtype, and were independent of EGFR amplification, p16INK4a deletion
and IDH1 mutation status in tumors; compatible with driver effects of the variants on glioma development.
These findings show that variation in 7p11.2 is a determinant of inherited glioma risk.

INTRODUCTION

Gliomas account for ~40% of all primary brain tumors and
are responsible for around 13 000 deaths in the USA each
year. Gliomas are heterogeneous and different tumor subtypes
defined in part by malignancy grade [e.g. pilocytic astrocy-
toma WHO grade I, diffuse ‘low grade’ glioma WHO grade
II, anaplastic glioma WHO grade III and glioblastoma
(GBM) WHO grade 1V] can be distinguished. Most gliomas
are associated with a poor prognosis irrespective of clinical
care, with the most common type of glioma, GBM, having a
median overall survival of 10—15 months (1-3).

While glioma subtypes have distinct molecular profiles
resulting from different etiological pathways, no lifestyle
exposure have, however, consistently been linked to glioma
risk except for ionizing radiation, which only accounts for a
very small number of cases (4). Direct evidence for inherited
predisposition to glioma is provided by a number of rare inher-
ited cancer syndromes, such as Turcot’s and Li—Fraumeni
syndromes, and neurofibromatosis (4,5). However, collec-
tively, these diseases account for little of the 2-fold increased
risk of glioma seen in first-degree relatives of glioma patients
(6), and much of the excess familial risk is likely to be a con-
sequence of the co-inheritance of multiple low-risk variants.

To search for genetic risk variants influencing glioma, we
have previously conducted genome-wide association (GWA)
studies of UK and US glioma patients with replication of the
most significantly associated single-nucleotide polymorphisms
(SNPs) in independent case—control series from France,
Germany and Sweden. This analysis robustly demonstrated
that common variants mapping to 5p15.33 (TERT), 8q24.21
(CCDC26), 9p21.3 (CDKN2A/CDKN2B), 20q13.33 (RTELI)
and 11q23.3 (PHLDBI) contribute to heritable risk of
glioma (7). Confirmation of the 9p21.3 and 20q13.33 loci as
risk factors for GBM was provided by a contemporaneous
study (8).

GWA studies are not contingent on prior information con-
cerning candidate genes or pathways, and thereby have the
ability to identify important variants in hitherto unstudied
genes. However, the effect sizes of individual variants and
the need for stringent thresholds for establishing statistical sig-
nificance inevitably constrain study power. To increase our
power to identify novel genetic risk loci for glioma, we have
performed GWA scans on augmented series based on the
aforementioned French and German cases and combined

these data with our GWA scans of US and UK glioma patients.
This analysis identifies genetic variation at 7pl11.2 as risk
factors for the development of glioma and provides further
insight into the biological basis of tumor development.

RESULTS

The four GWA studies collectively provided data on 4147
glioma cases and 7435 controls genotyped for 424 460
common tagging SNPs. As the quantile—quantile (Q—-Q)
plots for the German and US series showed some evidence
of inflation [inflation factor A = 1.16 and 1.11, respectively,
based on the 90% least significant SNPs (9)], we corrected
for population substructure using principal-components ana-
lyses as implemented in Eigenstrat (Supplementary Material,
Fig. S1). This analysis reduced all four inflation factors to
<1.05.

Meta-analyses of these data resulted in 37 SNPs showing an
association with glioma risk at P < 5.0 x 10 7; 35 of these
map to the five loci we have previously shown (7) to influence
disease risk namely, 5p15.33, 8q24.21, 9p21.3, 20q13.33 and
11g23.3 (Supplementary Material, Table S1). The strongest
evidence for a novel association was provided by two SNPs
mapping to 7pl1.2.

The two SNPs on 7pll1.2, rs11979158 and rs2252586,
mapping to 55 126 843 and 54 946 418 bp, yielded P-values
of 7.03x107® and 7.89 x 10°%,  population-corrected
P-values using EIGENSTRAT software, P, = 7.72 x 10°%
and 2.09 x 10~ %, respectively [odds ratio (OR) = 1.23, 95%
confidence interval (CI): 1.15—1.35 and OR = 1.18, 95% CI:
1.11-1.25, respectively; Table 1, Fig. 1]. For completeness,
we also derived population-corrected P-values using PLINK
software (P-values for rs11979158 and rs2252586 were
3.11 x 1077 and 4.55 x 1077). Although only one of the
associations when corrected for population stratification
attained the conventional threshold for genome-wide signifi-
cance (i.e. P<5.0 x 10~®), both associations were consistent
across the four GWA studies (P = 0.44 and 0.27, respect-
ively; Table 1). The SNP rs11979158 maps within intron 1
of the Epidermal Growth Factor Receptor 1 (EGFR) gene
and rs2252586 lies 107 kb telomeric from EGFR (Fig. 1).
Several lines of evidence support the two SNPs defining
independent disease loci. First, there is low linkage disequili-
brium (LD) between the two SNPs (D' = 0.62, r* = 0.03).
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Figure 1. Plot of association results and recombination rates for the 7p11.2
(EGFR) region. —log;oP-values (y-axis) of the SNPs are shown according to
their chromosomal positions (x-axis). The top two genotyped SNPs,
rs11979158 and rs2252586, are labeled. The color intensity of each symbol
reflects the extent of LD with the top genotyped SNP; 7* > 0.8 being rep-
resented with blue (with rs11979158) and red (with rs2252586) through to
white (> < 0.2). Genetic recombination rates (cM/Mb), estimated using
HapMap CEU samples, are shown with a light blue line. Physical positions
are based on build 36 (NCBI) of the human genome. Also shown is the relative
position of EGFR.

Secondly, adjusting rs11979158 through conditional logistic
regression for 152252586 provided evidence of an association
(OR=120, 95% CI: 1.10-1.30; P=136x 107°).
Similarly, adjusting rs2252586 for rs11979158 also provided
evidence of an association (OR = 1.14, 95% CI: 1.07-1.22;
P =204 x 107°). Thirdly, there was also an increasing
trend in OR with an increasing number of risk alleles
(Fig. 2; Supplementary Material, Table S2). To examine the
possibility that these SNPs may be correlated with an
untyped variant, we made use of HapMap3 and 1000
Genomes data to impute additional variants localizing to
54 850 000—55 200 000 bp region. This analysis provided no
SNPs with significantly superior evidence for an association
and provides further support for the existence of two indepen-
dent risk loci at 7p11.2 (Supplementary Material, Fig. S2).

We found no evidence for a pairwise interaction between
1$2252586, rs11979158 and the five previously identified
risk variants for glioma at 5p15.33 (rs2736100), 8q24.21
(rs4295627), 9p21.3 (rs4977756), 20q13.33 (rs6010620) and
11g23.3 (rs498872) (P > 0.1 after correction for multiple
testing; Supplementary Material, Table S3). These data are
consistent with each variant having an independent role in
defining glioma risk whereby the risk increases with increas-
ing number of variant risk alleles (ORper antele = 1.24, 95%
CL: 1.21-1.27, P=2.89 x 10~ 7%, Supplementary Material,
Table S2).

To examine whether the implicated SNPs at 7pl11.2 loci
were differentially associated with tumor subgroup, we ana-
lyzed their prevalence according to histology across all cases
where such data were available (n = 4002). The carrier fre-
quencies of the risk alleles for the 7p11.2 SNPs showed no
correlation with stratification of tumors by WHO grade in
any of the four patient cohorts (Supplementary Material,
Table S4). These observations contrast with the strong
relationship between genotype and histology seen for
5p15.33 (TERT; 1s2736100), 8q24.21 (CCDC26; 1s4295627),
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Figure 2. Cumulative effect of glioma risk alleles. Plot of increasing ORs for
glioma for increasing number of risk alleles. The ORs are relative to the
median number of eight risk alleles; vertical bars correspond to 95% Cls.
Horizontal line marks the null value (OR = 1.0).
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Figure 3. Relationship between 7p11.2 genotype and WHO tumor grade. Also
shown are the relationships between histology and 5p15.33 (rs2736100),
8q24.21 (rs4295627), 9p21.3 (rs4977756), 20q13.33 (rs6010620) and
11923.3 (rs498872) genotypes. *Significant association at P < 0.05.

20q13.33 (RTELI; 1s6010620) and 11q23.3 (PHLDBI,
rs498872) risk variants (Fig. 3).

Primary and secondary forms of GBM are recognized; with
secondary GBM developing through progression from low-
grade diffuse astrocytomas or anaplastic astrocytomas. While
usually indistinguishable histologically, distinct molecular
pathways characterize the primary and secondary forms.
Notably, /DHI mutations are commonly detectable in low-
grade glioma and secondary GBM (>70% of cases) but are
rare in primary GBMs (10). In addition, EGFR amplification
and pl6INK4a deletion are more frequent in primary disease
(11). Tumor DNAs were available for a subset of the French
cases (n=761) permitting us to examine the relationship

between SNP genotype and EGFR amplification, pl6INK4a
deletion and IDHI mutation status in glioma. For both
7p11.2 SNPs, no association was shown with EGFR amplifica-
tion, pl6INK4a deletion or /DHI mutation (Supplementary
Material, Table S5) contrasting with the associations seen
between rs2736100, rs4295627, rs498872 and IDH1 status as
well as 1s4295627and pl6INK4a status (Supplementary
Material, Table S5).

To explore the possibility that 7p11.2 SNP genotype may
influence tumor progression, we examined the relationship
between genotype and patient outcome in both the French
(n = 1126) and German (n = 614) case series. Survival analysis
stratified by histology and adjusting for age at diagnosis, sex,
preoperative Karnofsky performance index (KPI), degree of
resection, chemotherapy and radiotherapy provided no evidence
for an independent relationship between rs11979158 or
rs2252586 SNP genotype and overall survival within each of
the histological categories in either of patient cohort
(Supplementary Material, Table S6).

DISCUSSION

This analysis has shown that the risk of developing glioma is
influenced by genetic variation at 7p11.2. Our data support a
previous report of an association between rs11979158 and
GBM risk based on analysis of a smaller data set (12). These
associations are a priori biologically plausible, since EGFR is
the prototypical member of the ErbB/EGFR family, which is
involved in multiple cellular processes, including cell division,
migration, adhesion, differentiation and apoptosis. EGFR is
well established to be pivotal in both initiation of primary
GBM and progression of lower-grade glioma to grade IV (13);
hence genetic variation in EGFR is an attractive basis for predis-
position to glioma. Furthermore, the Cancer Genome Atlas
(TCGA) consortium reported EGFR as the fourth most highly
mutated gene in a compendium of common cancer genes
sequenced in GBM (14). While EGFR amplification character-
izes 40—70% of primary GBM, it is rarely seen in lower-grade
astrocytomas, thereby implicating EGFR activation as a driver
of glial tumorigenesis (13). There are multiple mechanisms by
which EGFR mediates tumor initiation and progression, all of
which are seen in primary glioma. Increased EGFR is
common in primary GBM as a consequence of gene amplifica-
tion and is often associated with exon 2—7 truncation resulting in
constitutive receptor activation (EGFRVIID), or less frequently,
an activating missense mutation of the EGFR extracellular
domain (15—17). While speculative at this juncture, it is entirely
plausible that the influence of SNP-mediated risk on glioma
development is a consequence of a subtle effect on EGFR
expression, thereby having the potential to impact on all histo-
logical forms of glioma.

We have previously shown that the TERT and RTELI risk
variants are primarily associated with high-grade disease and
CCDC26 and PHLDBI with the development of less aggres-
sive glial tumors (18). Moreover, we have now shown that
there are differences in the molecular phenotype with
respect to pl 6INK4a and IDH|1 status for some of these associ-
ations. In contrast, CDKN2A/CDKN2B variation appears inde-
pendent of the expression of a malignant phenotype,

GTOZ ‘2 AInc uo winnuezsbunyas.io4 4S9 e /61o'sfeulno [paoxoBuy//:dny wouy papeojumoq


http://hmg.oxfordjournals.org/cgi/content/full/ddr192/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr192/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr192/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr192/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr192/DC1
http://hmg.oxfordjournals.org/

compatible with a driver impact on tumorigenesis (18). Here
we have implicated variation at EGFR as risk factors for all
forms of glioma which is also reflected in no differences in
molecular phenotype as defined by EGFR, pl6INK4a or
IDHI status. While these risk variants do not impact on
disease outcome, they provide evidence that the glioma sub-
types result from different etiological pathways.

As the SNPs genotyped during GWA studies are generally
not themselves strong candidates for causality, enumeration
of the causal variant at 7p11.2 will involve fine mapping
and functional analyses to elucidate the causal basis of the
association. While partly speculative as these SNPs are not
correlated with known polymorphisms in the coding sequence
of EGFR, the glioma association may be mediated through a
change in gene expression rather than a sequence change in
the expressed protein or through LD with low-frequency var-
iants not catalogued. Although the risk of glioma associated
with the 7pl11.2 SNPs is modest, the carrier frequency of
these risk alleles is high in the European population and there-
fore, irrespective of the causal basis of the association, these
loci make a substantial contribution to the overall develop-
ment of glioma.

In conclusion, this large study provides unambiguous evi-
dence that common genetic variation in 7pll.2 influences
the risk of developing glioma. Furthermore, our findings
provide support for the notion that the glioma subtypes
result from different etiologic pathways, rather than different
stages of tumor evolution within a common carcinogenic
pathway. The impact of the currently identified SNPs on
glioma risk is small in isolation and hence individually they
do not have immediate clinical application. However, the
observed differences provide insight into the biological mech-
anisms that underscore inherited susceptibility to glioma.

MATERIALS AND METHODS
Ethics

Collection of blood samples and clinico-pathological infor-
mation from patients and controls was undertaken with
informed consent and relevant ethical review board approval
in accordance with the tenets of the Declaration of Helsinki.
Ethical committee approval for this study was obtained from
relevant study centers [UK: South East Multicentre Research
Ethics Committee (MREC) and the Scottish Multicentre
Research  Ethics Committee; France: APHP ethical
committee-CPP  (comité de Protection des Personnes);
Germany: Ethics Commission of the Medical Faculty of the
University of Bonn and USA: University of Texas MD Ander-
son Cancer Institutional Review Board].

Subjects

The present study is based on pooling data from GWA studies
of UK, US, French and German case—control series. The UK
and US GWA studies have been the subject of a previous pub-
lication (7). Briefly, the UK study was based on 636 cases (401
male; mean age 46 years) ascertained through the INTER-
PHONE Study (19). Individuals from the 1958 Birth Cohort
served as a source of controls. The US study was based on
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1281 cases (786 male; mean age 47 years) ascertained
through the MD Anderson Cancer Center, Texas, between
1990 and 2008. Individuals from the Cancer Genetic
Markers of Susceptibility (CGEMS) studies served as controls
(20,21). The French GWA study comprised 1495 patients with
glioma ascertained through the Service de Neurologie
Mazarin, Groupe Hospitalier Pitié-Salpétriere Paris. The con-
trols were ascertained from the SU.VIL.MAX (SUpplemen-
tation en VItamines et MinerauxAntioXydants) study of
12 735 healthy subjects (women aged 35-60 years;, men
aged 45-60 years) (22). The German GWA study comprised
880 patients who underwent surgery for a glioma at the
Department of Neurosurgery, University of Bonn Medical
Center, between 1996 and 2008. Control subjects were taken
from three publicly available studies: KORA (Co-operative
Health Research in the Region of Augsburg; n = 488)
(23,24), POPGEN (Population Genetic Cohort; n = 678)
(25) and from the Heinz Nixdorf Recall study (» = 380) (26).

Genotyping and molecular analysis

Genotyping of cases were conducted using Illumina Infinium
HD Human610-Quad BeadChips according to the manufac-
turer’s protocols (Illumina, San Diego, CA, USA; Supplemen-
tary Material S1). Descriptions of genotyping are included in
Supplementary Material S1. To determine amplification,
pl6INK4a deletion and /DHI mutation status in gliomas,
DNA was extracted from frozen tumors using a standard pro-
tocol. CGH-array analysis, EGFR amplification, pl6INK4a
deletion assessment and sequencing of /DHI were performed
as previously described (2,27).

Statistical analysis

Genotype data from each of the four studies were filtered on
the basis of pre-specified quality-control measures (Sup-
plementary Material, Text S1). Individual SNPs were
excluded from further analysis if they showed deviation
from the Hardy—Weinberg equilibrium with a P-value of
<1 x 1077, an individual SNP genotype yield of <98% or
a minor allele frequency of <5%. This filtering resulted in
the use of 424 460 SNPs, common to the four case—control
series. A total of 363 samples were removed during quality-
control steps for reasons including a failure to genotype,
unknown duplicates, closely related individuals and sex dis-
crepancies (Fig. 4). Furthermore, for the UK control group,
we made the exclusions as proposed by the Wellcome Trust
Case Control Consortium (WTCCC; n = 65). For the other
controls, we removed people with a history of cancer as
well as those whose parents/grandparents were not born in
the study regions (n=216; Fig. 4). We then performed
principal-components analyses to identify outlier samples to
reduce the effects of population stratification (Supplementary
Material, Fig. S1). These analyses resulted in the removal of
644 samples (145 cases and 499 controls), resulting in a
total of 4147 patients and 7435 control subjects (Fig. 4).

The association between each SNP and risk of glioma was
assessed by the Cochran—Armitage trend test. ORs and associ-
ated 95% CIs were calculated by unconditional logistic
regression using R software. Relationships between multiple
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Figure 4. Patient exclusion schema for the genome-wide studies.

(http://pngu.mgh.harvard.edu/~purcell/plink/) which

were investigated using logistic regression analysis, and the
impact of additional SNPs from the same region was assessed
by a likelihood ratio test.

To further control for the potentially confounding influence
of population stratification, we utilized the program Eigenstrat
(28). The Eigenstrat algorithm adjusts genotypes and pheno-
types by amounts attributable to ancestry using the calculated
principal components of variation. These adjustments were
applied to each of the four GWA studies correcting for the
top 10 principal components of variation. Figure S3 (Sup-
plementary Material) shows Q—Q plots before and after cor-
rection. Adjusted data from each of the four data sets were
used to perform a meta-analysis using a modified Cochran—
Armitage trend test. The results are reported as Eigenstrat
P-values (P.). The Eigenstrat algorithm involves the adjust-
ment of genotypes and phenotypes by amounts attributable
to ancestry using the calculated axes of variation. We also
corrected for population structure using PLINK software

ments a logistic regression analysis using 10 principal
components as covariates.

Prediction of the untyped SNPs was carried out using
IMPUTEvV2, based on HapMaplIl Release27 (February 2009,
NCBI B36, dbSNP26) and the 1000 Genomes Project.
Imputed data were analyzed using SNPTESTv2 to account
for uncertainties in SNP prediction. LD metrics between
HapMap SNPs were based on HapMaplIl Release27, viewed
using Haploview (v4.2) and plotted using SNAP.

Of the 4147 patients, clinical (age at diagnosis, sex, preo-
perative KPI , degree of resection, chemotherapy and radio-
therapy) and histological covariate data obtained at diagnosis
were available for most. Complete survival data were avail-
able for 1740 patients (77%) in the French and German
cohorts, with a median follow-up interval of 8.9 years for
patients without an event. Association analyses of 7pl11.2
SNPs with clinical characteristics were performed with the
x> test on allele and genotype counts. Association with
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overall survival was performed by comparing the Kaplan—
Meier survival curves by means of the log-rank test in a pair-
wise fashion.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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