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Abstract

Objectives—Inherited genetic variability contributes to susceptibility to cervical cancer. We
investigated the association of single nucleotide polymorphisms (SNPs) in the human epidermal
growth factor receptor (ErbB) family with cervical cancer.

Methods—We used the transmission disequilibrium test (TDT) to look for excessive
transmission of tag single nucleotide polymorphisms (tSNPs) in ERBB family members EGFR,
ERBBZ, ERBB3, and ERBB4in a large sample of women with invasive and /n sifu cervical
cancer and their biological parents (628 trios). The study used a discovery set of trios (244)
analyzed by llumina GoldenGate in which SNPs reaching a P< .05 were re-tested by TagMan in
the combined set of 628. We also explored collaborative effects of different ERBB alleles.

Results—Based on single SNP TDT tests we identified 16 SNPs significant in the discover stage
and six of 14 SNPs that could be assayed by TagMan were significantly overtransmitted in women
with cervical cancer in the combined replication set. Four SNPs were located in intron 1 of EGFR
and two SNPs in intron 24 of ERBB4 The EGFR variants are located near multiple enhancers,
silencers, and the previously identified functional common polymorphisms in intron 1.

Conclusions—Our data provide evidence for the involvement of intron 1 £GFR variants and
intron 24 ERBB4 variants in modulating risk for the development of /n s/t and invasive cervical
cancer. These variants should be examined in additional populations and functional studies would
be needed to confirm this hypothesis.
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Introduction

Methods

Persistent infection by high-risk human papillomavirus (HPV) is important for the
progression of HPV infection to cervical cancer [1]. However, only a small proportion of
HPV-infected women develop cervical cancer [2], which suggests that variation in the host
genome is also important. We and others have previously identified inherited genetic
polymorphisms in host immunoregulatory and HPV-interacting genes [3-6]. Here, we
present additional data on genetic variation in the ERBB family of tyrosine kinase
transmembrane receptors using a family-based study. By obtaining case-control information
from the genotypes of cervical cancer patients, their fathers and mothers, the study matches
each proband and its controls by ethnicity. The study examines whether the frequency of
transmission of parental marker alleles to affected offspring deviates from the expected
Mendelian frequency of 50%.

The ErbB family of membrane-bound tyrosine kinase receptors consists of Egfr, ErbB2,
ErbB3, and ErbB4, which activate potent signaling pathways. Homo-or hetero-dimerization
of family members induces phosphorylation of tyrosine residues on the intracellular portion
of the receptors, activating downstream signal transduction cascades. Dysregulation of
ERBB genes play key roles in the development of cancer by affecting cell proliferation,
apoptosis, and angiogenesis [7].

All four receptors are expressed in cervical cancer [8-11], and overexpression of ERBB
family members and expression of alternative Egfr isoforms are associated with advanced
stage cancers and more aggressive cancers [10, 12-14]. Moreover, the HPV oncoproteins
have been linked to activation of Egfr. Because activating mutations within the catalytic
kinase domain of Egfr are uncommon in cervical intraepithelial neoplasia (CIN) and cervical
cancer, interaction of highrisk HPV proteins with inherited polymorphisms may be an
important factor in the dysregulation of EGFR in cervical cancer [14].

Heterodimerization of ErbB family members increases the diversity of ligands recognized
by individual receptors, boosting the repertoire of signaling pathways that can be activated
by a given receptor. Taking into account the important differential heterodimerization
among the ERBB receptors and the strong association with the development of cancer, we
determined whether there was an association between SNPs in any of the four ERBB genes
with susceptibility to /n situ (CIN3) or invasive cervical cancer [7]. The ability and
importance of the ERBB genes to form heterodimers for signal diversity lead us to explore
genetic variability within the family of genes and susceptibility to cervical cancer.

Proband Characteristics

We obtained informed consent from all subjects in the 628 family trios. Each trio consisted
of a proband — a woman with invasive or in situ cervical cancer — and either her biological
parents or one parent and one or more siblings. Proband characteristics are provided in Table
1, which shows that the two sets were comparable in ethnicity, mean age of diagnosis,
smoking status, and histology. Washington University’s Human Research Protection Office
and the Medical College of Wisconsin’s Institutional Review Board approved the study.

SNP Selection and Genotyping

SNPs in the discovery data set were chosen as tag SNPs selected by Haploview based on the
CEU population of the HapMap Project database (http://www.hapmap.org) [15]. The
selected SNPs were in the EGFR, ERBBZ, ERBB3and ERBB4 genes and an additional
5000 base pairs upstream and downstream of defined gene boundaries. Thus, the 5" UTR
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promoter region and transcription factor-binding sites, as well as the 3" UTR potential
regulatory sequences are included in the current analyses. The haplotype blocks were
defined by r2>0.8 (for ERBB4, r? 20.5; due to the large number of SNPs), and the minor
allele frequencies of the tag SNPs were >0.05. As a result, 79 £EGFR SNPs, 4 ERBBZ2 SNPs,
5 ERBB3SNPs, and 149 £RBB4 SNPs were included in the discovery analysis.

Genomic DNA extracted from buccal cells or blood was genotyped, using two platforms.
The discovery sample set (244 trios) was typed using the Illumina GoldenGate assay
(IMlumina, Inc., San Diego CA). Then SNPs found to be significantly (£ <0.05)
overtransmitted were genotyped by applying the TagMan assay (Life Technologies Corp,
Carlshbad CA) in the combined dataset of 628 trios. Genotyping results obtained by the two
technologies for the 244 discovery trios were then compared to validate experimental assays.
Discrepant genotypes were confirmed by bidirectional sequencing on an Applied
Biosystems 3730 Genetic Analyzer as described previously [6].

Family-Based Association Analysis

Results

We used the family-based test of association that is implemented in the program
TRANSMIT version 2.5.4 because it is robust to population stratification. The program
estimates the overtransmission or undertransmission of single ERBB alleles from
heterozygous parents to affected women with cervical cancer in each family trio. By
obtaining case-control information from the genotypes of cervical cancer patients, fathers,
and mothers the study automatically matches each subject and its controls by ethnicity. The
TDT evaluates whether the frequency of transmission of parental marker alleles to affected
offspring deviates from the expected Mendelian frequency of 50%. The final genotypes
were analyzed for transmission consistency between parents and offspring, and genotypes
that showed Mendelian error were deleted and not used in analysis.

We also used that software to look for epistasis—overtransmission of combinations of
different ERBB alleles [16]. A two-stage design was used to evaluate genetic variation in the
ERBB genes. First, 237 SNPs were screened in a discovery set of 244 trios. SNPs significant
at a nominal A= 0.05 were then typed in validation set of all 628 trios. We reported the
results of discovery testing and our analysis of the combined validation samples for optimal
power [17]. We analyzed the discovery and the combined replication datasets separately.
Asymptotic Pvalues are reported in the results (Table 2). We conducted follow-up tests by
subdividing the sample into HPV16-and HPV18-related types, stage and race as supported
by previous studies [3, 5, 6].

Single SNP TDT analyses

The Illumina GoldenGate assay of the discovery data set indicated that 16 of 237 genotyped
SNPs in EGFR, ERBBZ2, ERBB3, and ERBB4 were significantly overtransmitted to women
with cervical cancer (£<0.05; Table 2). Fourteen of the 16 were genotyped in the extended
set of all the family trios, using the TagMan assay. We were unable to generate TagMan
probes for the other two SNPs (rs1836721 and rs16847416). Reproducibility was >99% for
12/14 SNPs in the 244 trios genotyped on both platforms. The Mendelian error rate was
<5%, and the questionable trios were deleted from the TDT analyses.

A comparison of the GoldenGate and TagMan data for rs11238349 and rs1801200 gave
highly inconsistent results. Therefore, we sequenced those two SNPs by first developing
primers across the two regions and then sequencing the resulting PCR products from 50
samples. The results showed that neither of the SNP assays could genotype these two SNPs
accurately. In both cases, previously unknown neighboring SNPs (3—4 bp from the initial

Gynecol Oncol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maetal. Page 4
target SNP) may have interfered with genotyping. Therefore, both rs11238349 and
rs1801200 were excluded from further analysis and from the list of significantly
overtransmitted SNPs shown in Table 2.

Six of the SNPs retained their significance in the combined dataset, and in all the same allele
was overtransmitted: four SNPs in intron 1 of £GFR and two SNPs in intron 24 of ERBB4
(Table 2; Figures 1 and 2). The four EGFR SNPs were located in intron 1 within 18.8 kb.
The haplotype analyses of the SNPs did not add additional information. The single SNP
associations were not significantly altered by HPV type, race, or stage.

Epistasis
We also looked for possible epistatic effects of alleles from different ErbB family members
that segregate together to affected women, resulting in 15,765 TDT tests.
Three combinations met the stringent Bonferroni corrected significance threshold. All three
were interactions between SNPs in EGFR and ERBB4 (Table 3). One of the ERBB4 intronic
SNPs, rs16847082, was identified in both single and two-SNP analyses.

Discussion

The current study identified polymorphisms in intron 1 of EGFR and intron 24 of ERBB4
that are overtransmitted from heterozygous parents to probands with /n situ or invasive
cervical cancer. We also detected haplotypes of EGFR and ERBB4 SNPs in association with
cervical cancer indicating possible epistatic effects. We used a family-based study to
identify genetic markers for susceptibility to cervical cancer. Unlike traditional case-control
methods, family-based tests use within-family data to avoid identification of spurious
associations that may result from population admixture.

We further explored SNP-SNP interactions within the ERBB family of genes. The two-SNP
analyses also provide evidence for epistatic effects or statistical interaction between SNPs in
EGFR (rs2075112; rs845552) and ERBB4 (rs10497968; rs1978873; rs16847082) (Table 3).
EGFR SNP rs2075112 is in linkage disequilibrium (LD) with the EGFR furin-like cysteine-
rich region, whose function is not clear. Rs845552 is in LD with the EGFR tyrosine kinase
region. Rs10497968 is an intron SNP in ERBB4, and is not in LD with any known
functional regions of ERBB4. Rs1978873 and rs16847082 are ERBB4 intron SNPs that lie
between two exons coding for the ligand binding domain. Rs16847082 is the only SNP from
the two-SNP analysis that also showed significant association in the single SNP analyses
(Table 2).

Several lines of evidence support genetic variation in EGFR and ERBB4 and susceptibility
to cancer. The four intron 1 £GFR SNPs identified in this study are located near previously
described sequence variants with enhancer activity that are located within DNase
hypersensitivity sites and show LD with various transcription factor binding sites (Figure 3)
[18-21]. One previously described functional variant is a promoter polymorphism
(—216G>T; rs712829) associated with increased expression of EGFR. This polymorphism
may contribute to the variability of EGFR expression and influence cellular reliance on Egffr,
leading to interindividual variability in carcinogenesis [22, 23]. The second functional
variant is a highly polymorphic (CA), repeat in intron 1 (rs712830); /n vitroand in vivo
studies have revealed that transcriptional activity of EGFR is reduced with increasing CA
repeats [24-26]. This polymorphism also has been associated with the risk of breast and
lung cancer [27, 28]. Moreover, the (CA),, repeat length associates with increased
occurrence of EGFR tumor mutations in lung cancer [21, 29]. The location of one of the
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most significant SNPs identified in our study—rs11770506—is 1500 bp downstream of the
(CA), repeat (Figure 3).

The interaction of Egfr and ErbB4 with HPV oncogenes has been examined in several
studies. Signaling through Egfr is important for the growth of HPV-infected cells and
progression to cancer. Egfr is overexpressed in the epithelium soon after HPV infection, and
it increases with advancing stage [11, 30, 31]. Moreover, several HPV oncogenes rely on
Egfr signaling for their tumorigenic properties. Woodworth ef a/. reported that Egfr
signaling is important for immortalization induced by HPV 16 E6 and E7 and for
progression to papillomas and carcinomas in mouse epithelial cells [32]. Egfr is also
required for the induction of epithelial hyperplasia by HPV 16 ES5 in a transgenic mouse
model [33]. In addition, E5 affects Egfr level by reducing degradation of the receptor and
increasing its recycling to the cell surface [34]. HPV 16 ES5 protein can form a complex with
ErbB4 by binding to the extracellular and transmembrane domains. E5 inhibits ErbB4-
induced c-Jun expression and phosphorylation, increasing cell proliferation [35].

Studies examining the distribution of the four ERBB receptors in cervical tissue showed
significant co-expression of Egfr and ErbB4 receptors in squamous cell carcinoma awhich is
not seen with ErbB2 or ErB3 [8, 36]. There is also a high correlation of the HPV16 E5
oncoprotein with Egfr and ErbB4 levels in CIN and invasive cancers[37]. The authors
suggest that E5 may associate with activation of the signaling pathway through homo-or
hetero-dimerization of Egfr and ErbB4.

Our study also highlights the importance of accurate SNP genotyping calls in association
studies and the need to validate across different experimental platforms. We used both
Illumina GoldenGate and TagMan assays to genotype all subjects for the 16 significant
SNPs. We did not obtain identical genotyping data of subjects between the lllumina and
TagMan assays for two SNPs. The genotyping errors were probably due to interference by
previously unknown neighboring SNPs, which we identified by further sequencing the
region.

Limitations of this study include the disproportionate number of /n situand ICC cases in the
discovery and combined replication datasets. The trays were prepared as families were
assembled and invasive cancer was represented at a higher proportion on the discovery
trays. This may be important if genetic susceptibility is different for /n situand 1CC.
However, many association studies use > CIN2 as the definition for cervical cancer. We
have carefully validated the pathology on all probands and confirmed /n situ or invasive
cervical cancer. Because ERBB4is very large, we were able to genotype only 149 of its
tagSNPs, obtaining an r2 >0.5. Further genotyping of £RBB4 might identify additional
genetic associations. Moreover, future work needs to validate the results in additional
populations and functional studies to confirm hypothesis. With better understanding of the
LD structures and genetic variations within the LD blocks and with regional sequencing, it
should be possible to test the validity of the currently identified variants and to identify
functional variations in the ERBB gene family.

Our study is unique because it associates susceptibility to cervical cancer with single SNPs
and suggests epistasis between EGFR and ERBB4. Though our significant findings are
limited to tag SNPs, the next generation of sequencing technology will enable us to deep-
sequence the promising regions to distinguish the functional variation as well as to further
address the underlying mechanisms and pathways.
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Figure 1.

Haploview linkage disequilibrium (LD) structure map of SNPs genotyped within £GFR.
The 4 SNPs that reached significance level of £<0.05 in the combined replication set are
marked above the map. EGFR exons are denoted by thick vertical lines between the SNPs
and map. Depth of shading in the map represents D" values (dark=high inter-SNP D”;
white=low inter-SNP D). Pairwise correlation structure analyzed by Haploview software
(Haploview: http://www.broadinstitute.org/haploview/haploview)
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Figure2.

Haploview linkage disequilibrium (LD) structure map of SNPs genotyped within £RBBA4.
The 2 SNPs that reached significance level of £<0.05 in the combined replication set are
marked above the map. ERBB4 exons are denoted by thick vertical lines between the SNPs
and map. Depth of shading in the map represents D" values (dark=high inter-SNP D’
white=low inter-SNP D). Pairwise correlation structure analyzed by Haploview software
(Haploview: http://www.broadinstitute.org/haploview/haploview)
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Structure of the 5’ region of EGFR using the aligned annotate tracks from the Human
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Figure 3.

Genome Browser (CRCh37/gh19) (http://genome.ucsc.edu/cgi-bin/hgGateway). A. Genome

scale, nucleotide position and 5" EGFR. B. Transcription Factor ChlP-seq data from

ENCODE-shaded squares show DNA regions where transcription factors bind as assayed by

chromatin immunoprecipitation with antibodies specific to the transcription factor followed
by sequencing of the precipitated DNA (ChIP-seq) C. DNasel Hypersentivity Peaks from
ENCODE-shaded squares show areas of open chromatin that defines segments of DNA that

are unpacked and accessible to the regulatory factors, enzymes, and smaller molecules in the

cell, D. Histone modification by ChlP-seq signal from Encode, E. The significant SNPs
identified in this study are indicated by an arrow and two previously reported SNPs altering

EGFR function are indicated by an arrowhead.
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Table 1

Proband Characteristics
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Discover dataset

Additional probands

Combined Validation dataset

Number of trios

244

384

628

Genotyping platform

GoldenGate

TagMan

Cervical cancer

Invasive: 97%
In situ: 3%

Invasive: 34%
In situ. 66%

Invasive: 59%
In situ. 41%

Caucasian 93% 88% 90%
Age of diagnosis (mean) 359+74 332+93 343+8.7
Ever smoked 49% 46% 47%
Probands with HPV 16, 31, 52, 18 and/or 45 92% 86.7% 88%

Histology *

Squamous: 64%
Adeno: 30%
Other 6%

Squamous: 74%
Adeno: 21%
Other 5%

Squamous: 70%
Adeno: 25%
Other 5%

*
Squamous denotes carcinoma-in-situ or invasive squamous cell carcinoma; Adeno denotes adeno-in-situ or adenocarcinoma
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