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 Abstract 
 Glioma is the most common type of adult brain tumor and glioblastoma, its most aggressive form, has a dismal prognosis. 
Receptor tyrosine kinases such as the epidermal growth factor receptor (EGFR, ERBB2, ERBB3, ERBB4) family, and the 
vascular endothelial growth factor receptor (VEGFR), play a central role in tumor progression. We investigated the genetic 
variants of  EGFR ,  ERBB2 ,  VEGFR  and their ligands,  EGF  and  VEGF  on glioma and glioblastoma risk. In addition, we 
evaluated the association of genetic variants of a newly discovered family of genes known to interact with  EGFR :  LRIG2  
and  LRIG3  with glioma and glioblastoma risk.  Methods . We analyzed 191 tag single nucleotide polymorphisms (SNPs) 
capturing all common genetic variation of  EGF ,  EGFR ,  ERBB2,   LRIG2 ,  LRIG3, VEGF  and  VEGFR2  genes. Material from 
four case-control studies with 725 glioma patients (329 of who were glioblastoma patients) and their 1 610 controls was 
used. Haplotype analyses were conducted using SAS/Genetics software.  Results.  Fourteen of the SNPs were signifi cantly 
associated with glioma risk at p  �  0.05, and 17 of the SNPs were signifi cantly associated with glioblastoma risk at p  �  0.05. 
In addition, we found that one  EGFR  haplotype was related to increased glioblastoma risk at p � 0.009, Odds Ratio 
[OR] � 1.67 (95% confi dence interval (CI): 1.14, 2.45). The Bonferroni correction made all p-values non-signifi cant. One 
SNP, rs4947986 next to the intron/exon boundary of exon 7 in EGFR, was validated in an independent data set of 713 
glioblastoma and 2 236 controls, [OR] � 1.42 (95% CI: 1.06,1.91).  Discussion.  Previous studies show that regulation of the 
EGFR pathway plays a role in glioma progression but the present study is the fi rst to fi nd that certain genotypes of the 
 EGFR  gene may be related to glioblastoma risk. Further studies are required to reinvestigate these fi ndings and evaluate 
the functional signifi cance.    
Although the median survival time of high-grade 
glioma patients has increased by a few months due 
to combined treatment by radiotherapy and temozo-
lomide [1], prognosis of patients diagnosed with 
these tumors remains poor. The aetiology of glioma 
is unknown, but an increased risk for fi rst degree 
relatives has been observed, indicating that glioma 
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may be partially explained by genetic factors [2]. 
Low penetrance genes are important in the aetiology 
of tumors at other sites [3,4] and are also likely to 
contribute to gliomagenesis. Relatively few low pen-
etrance genes associated with glioma risk have been 
identifi ed so far [5 – 8]. Several genes affecting cell 
cycle and DNA repair have been proposed to play a 
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 Glioma  Glioblastoma  Controls 

Total subjects with 
available DNA

Total subjects available 
for SNP analysis 

Number of subjects 
 by country
Sweden
Denmark
UK
Finland

728 (%)

607 (83)

205
110
206
86

329 (%)

269 (82)

100
54
82
33

1 610 (%)

1 286 (80)

357
438
404

87
Mean age at diagnosis 

and age range (years)
47 (19 – 69) 52 (22 – 69) 51 (19 – 69)
role in glioma pathogenesis and progression [9]. 
Amplifi cation of the epidermal growth factor  receptor 
(EGFR) is found in approximately 50% of high-
grade glioma, suggesting that overexpression or alter-
ation of this gene may be an important event in the 
development of a subset of glial tumors. Glioblas-
toma harboring  EGFR  amplifi cations frequently 
contain a genetic mutation of  EGFR  (i.e.,  EGFRvIII ) 
resulting in an altered receptor domain that renders 
the receptor to be constitutively active causing a 
more malignant phenotype [10]. In normal tissues a 
ligand, often the epidermal growth factor (EGF), 
binds to EGFR which induces a dimerization of one 
or several members of the EGFR receptor family 
(ErbB1-4). After dimerization several tyrosine kinases 
and other signal molecules are activated from the cell 
surface into the cell nucleus promoting transcription 
[11]. Several negative regulators of the EGFR signal-
ing pathway have been identifi ed, such as, the  LRIG1  
gene, a member of the LRIG protein family (LRIG1-
3) [12,13]. Activation of the EGFR pathway also 
leads to the up-regulation of the ligand vascular 
endothelial growth factor (VEGF) and activation of 
its receptor (VEGFR2) which is also more highly 
expressed in high grade glioma [14]. Activation of 
the VEGF pathway promotes angiogenesis and cell 
growth [15]. 

 The goal of the present study was to determine 
whether genes proposed as associated with glioma 
progression are also related to glioma risk. We there-
fore performed a comprehensive haplotype tagging 
of selected proposed glioma progression genes;  EGF , 
 EGFR ,  ERBB2 ,  LRIG2 ,  LRIG3 ,  VEGF , and  VEGFR2  
to assess if variations in these genes are associated 
with risk of glioma and glioblastoma.  

 Material and methods  

 Study subjects 

 The study was based on four previously described 
[5,16] case-control studies that formed part of the 
Interphone study [17] (Table I). Briefl y, these four 
population-based case-control studies were con-
ducted in Sweden, Denmark, Finland and the 
Thames region of Southeast England. Glioma cases 
were identifi ed through neurosurgery, neuropathol-
ogy, oncology, and neurology centers and cancer 
registries. Eligible cases were patients diagnosed with 
glioma (International Classifi cation of Diseases 
(ICD), 10th revision, code C71; International Clas-
sifi cation of Diseases for Oncology (ICD-O), 2nd 
ed., codes 9380-9384, 9390-9411, 9420-9451, 9505) 
who were between ages 20 to 69 years at diagno-
sis and resided in the Nordic countries or between 
18 to 59 years at diagnosis and resided in South-
east England. Controls in the Nordic centers were 
randomly selected from the population register for 
each study area and frequency matched to all adult 
brain tumor cases on age, sex, and region. In the UK 
study, controls were recruited from general practitio-
ner lists, frequency-matched to cases on age, sex, and 
region. In Sweden, the Southeast of England and 
Denmark, all interviewed cases and controls who 
agreed to provide blood samples were included in the 
present study. The Finnish investigators did not 
attempt to collect blood from all interviewed par-
ticipants; rather, they drew blood from a convenience 
sample of predetermined size, of glioma patients in 
three hospitals and controls living in areas served by 
these hospitals. A replication set was used from a 
previous genome wide association study of 1 281 
glioma of which 713 were glioblastoma from 
MDAnderson Cancer Center (MDACC) [18]. The 
cases were collected between 1990 to 2008 at 
MDAnderson Cancer Center. For controls of that 
replication set, Illumina Hap 550-k Bead chip geno-
types of 2 243 individuals from the Cancer Genetic 
Markers of Susceptibility Studies (CGEMS) were 
used [19,20]. The replication analyses were adjusted 
for age. The subgroup glioblastoma was also ana-
lyzed separately, as this is a more histopathologically 
homogenous subset.   

 SNP selection 

 All SNPs selected for genotyping were initially iden-
tifi ed using the public databases dbSNP (http://www.
ncbi.nih.gov), HapMap (http://www.hapmap.org/) 
and SNPper (http://snpper.chip.org/). To identify 
linkage disequilibrium (LD) blocks within and sur-
rounding  EGF ,  EGFR ,  ERBB2 ,  LRIG2 ,  LRIG3 , 
 VEGF  and  VEGFR2  and get a dense tagging of 
SNPs, we used Haploview software (http://www.
broad.mit.edu/mpg/haploview/) setting the minimum 
r 2  to 0.9 and the minimum minor allele frequency to 
5% in HapMap CEPH (CEU) Utah residents with 
  Table I. Distribution of cases and controls, and number of samples 
with available DNA, in the Nordic  –  UK case-control study, 
2000 – 2004.  
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ancestry from Northern and Western Europe. DNA 
was extracted from samples using conventional 
 methods and quantifi ed using PicoGreen (Invitrogen 
Corp., Carlsbad, CA, USA).   

 Genotyping 

 Genotyping was fi rst validated using a set of 14 
family trios with genotype data available through 
the HapMap consortium. Concordance analyses 
with the HapMap data as well as analysis of the 
parent-offspring-compatibility with the produced 
genotypes were performed. On each 384 well plate 
analyzed as a unit, half the samples were control 
samples, the remainder were DNA extracted from 
case samples. 

 Internal concordance analysis was performed by 
genotyping 90 samples twice for all SNPs in the 
study. Three different DNA samples were used in 
quadruplicate on each 364 well plate that was ana-
lyzed. The success rate for each SNP genotyping 
assay was calculated as the number of genotypes 
retrieved over the possible number of genotypes. 

 The concordance between the HapMap data and 
the data produced on the HapMap trios was 100% 
for all SNPs. No parent-offspring-incompatibility 
was found among trios and repeated samples were 
100% concordant for all the SNP assays. The three 
repeated samples on all different analysis units 
showed concordant genotypes for all assays, in all 
instances when they where genotyped. The success 
rate for the different SNP assays spanned from 96.5 
to 98%. 

 In total, 210 tag SNPs in the selected candidate 
genes were selected for validation and internal con-
cordance analyses. A number of SNPs failed the ini-
tial validation analyses (n � 17) and the concordance 
analyses (n � 2). Finally 191 SNPs (30 in  EGF , 89 in 
 EGFR , 11 in  ERBB2 , 6 in  LRIG2 , 11 in  LRIG3 , 17 
in  VEGF  and 27 in  VEGFR2 ) were included into the 
genotyping analyses. 

 All SNPs were genotyped using matrix-assisted 
laser desorption/ionization time-of-fl ight (MALDI-
TOF) mass spectrometry (Sequenom Inc. USA). 
Assays for all SNPs were designed using SpectroDE-
SIGNER software (Sequenom Inc.) All SNPs were 
genotyped using the iPLEX assays. The amplifi cation 
was performed in a total volume of 5  μ l containing 
10 ng of genomic DNA, 100 nM of each amplifi ca-
tion primer, 500 mM of dNTP mix, 1.625 mM 
MgCl2 and 0.5 units of HotStarTaq DNA Poly-
merase (Qiagen Inc.). The reaction was subjected to 
the following PCR conditions: a single cycle of 
 denaturation at 95 ° C for 15 min, followed by 45 
cycles at 94 ° C for 20 s, 56 ° C for 30 s, 72 ° C for 60 
s and a fi nal extension at 72 ° C for 3 min. The allele-
specifi c extension was performed in a total volume 
of 9  μ l using 5 pmol of extension primer and the 
Mass EXTEND Reagent Kit and cleaned using 
SpectroCleaner (Sequenom Inc.). Products from 
primer-extension reactions were loaded on a 384-
element chip nanoliter pipetting system (Sequenom 
Inc.) and analyzed on a MassARRAY mass spec-
trometer (Bruker Daltonik GmbH, Germany). Data 
were analyzed independently by two persons using 
the SpectroTyper software (Sequenom inc.).   

 Statistical methods 

 We used SPSS software and SAS Genetics for the 
statistical analyses. All analyses were adjusted for sex, 
age and country of residence. A likelihood ratio test 
of a covariate equal to the number of rare alleles 
(0, 1 or 2) based on a logistic regression model was 
used to test for association between SNPs and glioma 
and glioblastoma risk (trend tests). For each SNP 
odds ratios (ORs) and corresponding confi dence 
intervals (CIs) were estimated for each genotype by 
comparison to individuals homozygous for the com-
mon allele in logistic regression models. Proc Allele 
(SAS Genetics) was used to test for departure from 
Hardy-Weinberg equilibrium (HWE) among con-
trols (an assumption required for Proc Haplotype 
results to be valid) and genotype frequencies were 
consistent with those expected under HWE. In the 
 EGFR  gene, haplotypes were identifi ed by selecting 
signifi cant SNPs at p  �  0.05 level located at intron 1 
since a functional role of a CA repeat in intron 1 has 
been proposed [21]. In the  ERBB2  gene, haplotypes 
were identifi ed by selecting signifi cant SNPs at 
p  �  0.05 level located in the promoter region, an 
interesting region since it is an area for initiation of 
gene transcription. The reference category for haplo-
type odds ratios are all other haplotypes combined. 
To address the problem of multiple testing we calcu-
lated the false positive report probability (FPRP) 
based on OR trend  statistics [22]. To do so we calcu-
lated the study had 80% power to detect a trend OR 
of 1.3. We calculated the FPRP for a range of prior 
probabilities (0.00001; 0.0001; 0.001; 0.01; 0.1; 
0.25). We report results assuming a prior probability 
of 0.1 as the studied genes are key genes for develop-
ment and progression of glioblastoma [23]. We con-
sidered FPRPs  � 0.2 to designate a noteworthy 
association in accordance with published criteria 
[22]. We also repeated the analyses with Bonferroni 
correction of p-values.    

 Results 

 Fourteen of the SNPs were signifi cantly associated 
with glioma risk at p  �  0.05 (Table II), and 17 of the 
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SNPs were statistically signifi cantly associated with 
glioblastoma risk at p  �  0.05 (Table III). In addition, 
four SNPs were signifi cant for both glioma risk 
 overall and glioblastoma risk separately, rs4947979, 
rs4947986, rs9642393, rs11506105 (Tables II and 
III). Odds ratios and their associated p-values for 
each of the 191 genotyped SNPs with their corre-
sponding rs-numbers are shown for glioma (Supple-
mentary Table I) and glioblastoma (Supplementary 
Table II). The location of all  EGFR  and  ERBB2  
SNPs with a p-value  � 0.05 included in the Proc 
Haplotype analyses are presented in Figures 1 and 2 
respectively. The LD in  ERBB2  is higher than in 
 EGFR  indicating a need for a large number of tag 
SNPs in  EGFR  (89). Although a number of  EGFR  
SNPs were signifi cantly associated with glioma risk 
overall (Table II), glioma consists of a heterogeneous 
group of tumors and each subtype may be character-
ized by a different genetic profi le. We therefore, 
 analyzed glioblastoma, the largest homogeneous sub-
group, separately. Eleven  EGFR  SNPs were associ-
ated at p  �  0.05 with risk of this aggressive tumor, 
six of which were located in intron 1 (Table III). Five 
SNPs on the  ERBB2  gene were also related at 
p  �  0.05 to glioblastoma. Three of these were located 
in the promoter region (Table III). For the other pro-
EGFRexon
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posed glioma progression genes, only one SNP on 
the  VEGFR2  gene (rs3828550) was related at 
p  �  0.05 to glioblastoma risk (Table III). One haplo-
type of the six intron 1  EGFR  SNPs showed a fre-
quency of 49% in glioblastoma cases compared with 
42% in controls at p � 0.009, OR � 1.67 (95% CI: 
1.14, 2.45) (Table IV). In the  ERRB2  gene, one hap-
lotype of the three promoter SNPs was associated 
with decreased risk of glioblastoma at p � 0.0011, 
[OR] � 0.61 (95% CI: 0.42, 0.89) and one haplotype 
of the three promoter SNPs was associated with 
increased risk of glioblastoma at p � 0.05, [OR] � 1.55 
(95% CI: 1.06, 2.27) (Table V). Six SNPs (rs4947979, 
rs3752651, rs10228436, rs845552, rs1476278, 
rs1058808) showed FPRPs  � 0.2 to designate a note-
worthy association (Tables II and III). The Bonfer-
roni correction made all p-values non-signifi cant, but 
because many SNPs are in LD this adjustment might 
be considered as over-correction. Of the 29 SNPs 
that reached signifi cance at the 0.05 level in the Nor-
dic-Interphone data set, eight were available from the 
GWAS data at MDACC for validation. In glioma, 
rs917881, rs4947979, rs1150610, rs4947986, 
rs3752651, rs1468727 and rs845552 were available 
for analysis, none were validated with a p-trend 
 �  0.05, but rs845552 heterozygosity was associated 
6 16-22 23-287-15

  
Figure 1.     Linkage disequilibrium (LD) blocks of the  EGFR  gene and arrows indicating location of SNPs selected to estimate haplotypes 
by SAS Genetics. Exons have been redrawn to show the relative positions in the  EGFR  gene, therefore maps are not to physical scale.  



772    U. Anderson et al.

ERBB2 exon

rs
90

35
01

rs
14

76
27

8
rs

93
03

27
4

1-7 8-19 20-27
with decreased glioma risk (OR � 0.84, 95% CI: 
0.71 – 0.99). In glioblastoma rs17172430, rs4947979, 
rs11506105 and rs4947986 were available for analysis. 
The only SNP that was validated with a p-trend 
 � 0.05 was rs4947986, p � 0.026, OR for heterozy-
gosity 0.93 (95% CI: 0.78 – 1.12), OR for homozygos-
ity of the rare variant 1.42 (95% CI: 1.06 – 1.91).   

 Discussion 

 This study provides some support for an association 
of the intron/exon boundary SNP at exon 7 of  EGFR  
EGFR(H) ∗ 

Haplotype probabilities

Odds ratio (OR): 
(95% CI)

Cases 
(n � 292)

Controls 
(n � 1418)

H1 0.04 0.06 0.44 (0.17, 1.18)
H2 0.49 0.42 1.67 (1.14, 2.45)
in glioblastoma. Our fi ndings suggest that  EGFR  
may be an important determinant of glioma risk 
overall, and that certain haplotypes in  EGFR  and 
 ERBB2  may affect glioblastoma development, as we 
observed associations with these tumors in the regu-
latory parts of these genes. However, the results from 
the haplotype analyses need to be confi rmed in addi-
tional data sets. If any of the genotypes are correlated 
with survival this could result in bias if cases with 
specifi c SNPs were in too poor health to take part in 
the study or were deceased prior to fi rst contact. 

 The reference category for the haplotype odds 
ratio consists of all other haplotypes combined; in 
highly variable genes with polymorphisms not in LD 
  
Figure 2.     Linkage disequilibrium (LD) blocks of the  ERBB2  gene and arrows indicating location of SNPs selected to estimate haplotypes 
by SAS Genetics. Exons have been redrawn to show the relative positions in the  ERBB2  gene, therefore maps are not to physical scale.  
  Table IV. Associations between  EGFR  haplotypes and risk of 
glioblastoma in Denmark, Finland, Sweden, and UK.  
ERBB2(H) ∗ 

Haplotype probabilities:

Odds ratio (OR): 
(95% CI)

Cases 
(n � 303)

Controls 
(n � 1519)

H1 0.66 0.70 0.61 (0.42, 0.89)
H2 0.33 0.29 1.55 (1.06, 2.27)
    ∗ Haplotypes with frequency � 0.05 in cases and/or controls 
(rs17172430, rs17172432, rs17172433, rs4947492, rs12718945, 
rs4947979). H1 � a-c-a-a-g-a; H2 � g-t-g-a-g-a.   
  Table V. Associations between  ERBB2  haplotypes and risk of 
glioblastoma in Denmark, Finland, Sweden, and UK.  
    ∗ Haplotypes with frequency  �  0.05 in cases and/or controls 
(rs1476278, rs9303274, rs903501). H1 � a-c-g; H2 � g-t-a.         
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the stability of this odds ratio has been questioned 
[24]. Intron 1 of  EGFR  is very large, spanning 122 
000 base pairs and the fi ve associated SNPs are 
located from haplotype block 4 to 14 of a total of 31 
blocks across the gene. All glioblastoma-associated 
SNPs in the  ERBB2  promoter reside in the same 
haplotype block number 2, thereby producing a more 
stable estimate. As it is impossible to rule out false 
positive results due to multiple testing or selection 
bias produced by SNP-associated survival, replica-
tion of our fi ndings is necessary. Our validation set 
only showed association with the SNP in the intron/
exon 7 boundary of EGFR. 

 The function of genetic variants of  EGFR  and 
 ERBB2  has not yet been systematically described. 
However, several regulating promoter polymor-
phisms have been identifi ed in  EGFR  [25] and a 
functional role of a CA repeat in intron 1 has been 
proposed [21,26]. Specifi cally, having a long CA 
repeat down-regulates transcription of  EGFR  and 
thereby inhibits production of the protein [25,27]. 
This intron CA dinucleotide repeat and the glioblas-
toma-associated SNP, rs17172430, are located in 
close proximity to each other at haplotype block 4 
according to Haploview [28], suggesting that this 
SNP is in strong linkage disequilibrium (LD) with 
this CA repeat thus providing a functional explana-
tion for the observed association. Approximately 
50% of glioblastoma cases are characterized by 
 EGFR  amplifi cation and overexpression. Among 
these tumors, 20 – 30% of the extracellular part of 
 EGFR  is mutated ( EGFRvIII ) with a deletion of 
exons 2 – 7 [29].  EGFRvIII  is constitutively active and 
promotes cell proliferation through activation of the 
PI3 kinase and PTEN pathways [30]. Two of our 
associated genetic variants, rs17172430 and 
rs4947986 are located at the break points of this 
common deletion, at intron 1 and next to the intron/
exon border 7 in glioblastoma. Thus, these SNPs 
may represent susceptibility to  EGFR  mutation 
resulting in elevated glioblastoma risk. 

 Since  EGFR  is a highly variable gene, 89 poly-
morphisms had to be included to represent complete 
coverage of the gene. Genetic studies with compre-
hensive tagging of  EGFR  as in the present study, have 
not, to our knowledge, been performed before.  EGFR  
transgenic mice develop cerebellar glioma indicating 
that  EGFR  is an early step and instrumental in glioma 
formation [30,31]. In a previous case-control study 
of 376 glioblastoma patients, cases were more likely 
to have the  EGFR -216T allele than controls [32]. We 
were not able to analyze this SNP in our study 
because it did not pass the validation step. 

 Although  ERBB2  has not been as extensively 
studied in brain tumors as  EGFR , this gene is 
expressed in glioblastoma [33]. Recently, in a large 
scale whole genomic characterization of glioblastoma 
the TCGA consortium identifi ed  ERBB2  mutations 
in  glioblastoma [34]. A recent publication also found 
that expression of  ERBB2  together with  overexpression 
of  EGFRvIII  in breast cancer increases downstream 
signaling tumorigenesis [35]. Whether this mecha-
nism also is present in glioblastoma is not known. 
The comprehensive haplotype tagging of the other 
proposed progression genes;  EGF ,  LRIG2 ,  LRIG3 , 
 VEGF  and  VEGFR2  only revealed one associated 
SNP in  VEGFR2  with respect to glioblastoma risk. 

 In conclusion, our analysis of comprehensive tag-
ging of the selected proposed glioma progression 
genes suggests association between  EGFR  genotypes 
and glioblastoma risk. The fi ndings in the  EGFR  
gene suggest that germline genetic variants of  EGFR  
in neuroepithelial cancer stem cells may be involved 
in glioma development. The dimerization partner of 
 EGFR ,  ERBB2  is also a possible low penetrance gene 
candidate associated with risk of glioblastoma 
 development. Validation of the results, by genotype-
phenotype correlation studies is currently being 
performed by our research group. Our results, if con-
fi rmed in further studies, provide potential clues to 
glioblastoma development, and may be used to iden-
tify patients who would benefi t from therapies target-
ing EGFR receptor pathways.   
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