Null Results in Brief Capcer .
Epidemiology,

Biomarkers

Candidate Genetic Modifiers for Breast and
Ovarian Cancer Riskin BRCATand BRCA2 Mutation

Carriers

Paolo Peterlongo™?, Jenny Chang-Claude?®, Kirsten B. Moysich?, Anja Rudolph?, Rita K.
Schmutzler®®’, Jacques Simard®, Penny Soucy®, Rosalind A. Eeles®, Douglas F. Easton'®,
Ute Hamann", Stefan Wilkening'?, Bowang Chen'®, Matti A. Rookus'®, Marjanka K. Schmidt'®,
Frederieke H. van der Baan', Amanda B. Spurdle'®, Logan C. Walker', Felicity Lose'®, Ana-
Teresa Maia'®, Marco Montagna'®, Laura Matricardi'®, Jan Lubinski?®, Anna Jakubowska?°,
Encarna B. Gdmez Garcia?', Olufunmilayo I. Olopade??, Robert L. Nussbaum?®, Katherine L.
Nathanson??, Susan M. Domchek?* Timothy R. Rebbeck?®, Banu K. Arun?®, Beth VY. Karlan?’,
Sandra Orsulic?’, Jenny Lester?’, Wendy K. Chung?®, Alex Miron?°, Melissa C. Southey>°,
David E. Goldgar®', Saundra S. Buys®2, Ramunas Janavicius>3, Cecilia M. Dorfling®?, Elizabeth
J.van Rensburg®?, Yuan Chun Ding®®, Susan L. Neuhausen®®, Thomas V.O. Hansen*®, Anne-
Marie Gerdes®’, Bent Ejlertsen®8, Lars Jonson®®, Ana Osorio®4°, Cristina Martinez-Bouzas®,
Javier Benitez39%?, Edye E. Conway?3, Kathleen R. Blazer*?, Jeffrey N. Weitzel*®, Siranoush
Manoukian®®, Bernard Peissel*®, Daniela Zaffaroni?®, Giulietta Scuvera®®, Monica Barile?’,
Filomena Ficarazzi"*®, Frederique Mariette"*®, Stefano Fortuzzi"*8, Alessandra Viel*°,
Giuseppe Giannini®®, Laura Papi®', Aline Martayan®2, Maria Grazia Tibiletti®*, Paolo Radice?®,
Athanassios Vratimos®®, Florentia Fostira®*, Judy E. Garber®®, Alan Donaldson®®, Carole
Brewer®’, Claire Foo®8, D. Gareth R. Evans®®, Debra Frost'®, Diana Eccles®®, Angela Brady®',
Jackie Cook®?, Marc Tischkowitz®®, Julian Adlard®*, Julian Barwell®®, Lisa Walker®®, Louise
Izatt®”, Lucy E. Side®®, M. John Kennedy®®7°, Mark T. Rogers’', Mary E. Porteous’?, Patrick J.
Morrison”®, Radka Platte'®, Rosemarie Davidson’#, Shirley V. Hodgson’®, Steve Ellis', and
Trevor Cole’®, on behalf of EMBRACE'®, Andrew K. Godwin’’, Kathleen Claes’®, Tom Van
Maerken’®, Alfons Meindl”®, Andrea Gehrig®®, Christian Sutter®, Christoph Engel®?, Dieter
Niederacher®3, Doris Steinemann®*, Hansjoerg PlendI®®, Karin Kast®®, Kerstin Rhiem®>©%7,
Nina Ditsch®, Norbert Arnold®®, Raymonda Varon-Mateeva®®, Barbara Wappensch-
midt>®®’, Shan Wang-Gohrke®', Brigitte Bressac-de Paillerets®>°%, Bruno Buecher®?,
Capucine Delnatte®®, Claude Houdayer®*°®, Dominique Stoppa-Lyonnet®#°%°’ Francesca
Damiola®®, Isabelle Coupier®'9°, Laure Barjhoux'©°, Laurence Venat-Bouvet'?', Lisa
Golmard®?, Nadia Boutry-Kryza'©?, Olga M. Sinilnikova®®'°?, Olivier Caron'®3, Pascal
Pujol®?194 Sylvie Mazoyer®® and Muriel Belotti®#, on behalf of GEMO Study Collaborators'©®,
Marion Piedmonte'°®, Michael L. Friedlander'®’, Gustavo C. Rodriguez'®, Larry J. Cope-
land'®, Miguel de la Hoya"®, Pedro Perez Segura', Heli Nevanlinna"?"®, Kristiina Ait-
tomaki"®, Theo A.M.van Os'"®, Hanne E.J. Meijers-Heijboer"®, Annemarie H. van der Hou
Maaike P.G.Vreeswijk'™®, Nicoline Hoogerbrugge'®, Margreet G.E.M. Ausems'?°, Helena C.van
Doorn'?', and J. Margriet Collée'??, on behalf of HEBON'®, Edith Olah'?®, Orland
Diez'?4125126127 | gnacio Blanco'?®, Conxi Lazaro'?®, Joan Brunet'°, Lidia Feliubadalo™',
Cezary Cybulski?®, Jacek Gronwald?®, Katarzyna Durda®°, Katarzyna Jaworska-Bieniek?°,
Grzegorz Sukiennicki?®, Adalgeir Arason'*"'%2, Jocelyne Chiquette's® 134135

7
t,

,Manuel R.Teixeira ,
Curtis Olswold™®, Fergus J. Couch™’, Noralane M. Lindor'8, Xianshu Wang'*°, Csilla I.
Szabo'°, Kenneth Offit', Marina Corines'*?, Lauren Jacobs'*?, Mark E. Robson', Liying
Zhang'*®, Vijai Joseph'', Andreas Berger'4, Christian F. Singer'*4, Christine Rappaport'*4,
Daphne Geschwantler Kaulich'*, Georg Pfeiler'**, Muy-Kheng M. Tea'**, Catherine M.
Phelan'®, Mark H. Greene'*®, Phuong L. Mai'*®, Gad Rennert'*’, Anna Marie Mulligan'&14°,
Gord Glendon™®, Sandrine Tchatchou'™', Irene L. Andrulis™'"*2, Amanda Ewart Toland'?,
Anders Bojesen'?, Inge Sokilde Pedersen'®®, Mads Thomassen'®, Uffe Birk Jensen'’, Yael
Laitman'®, Johanna Rantala'®, Anna von Wachenfeldt'®®, Hans Ehrencrona'®"'®2, Marie
Stenmark Askmalm'®3, Ake Borg'®?, Karoline B. Kuchenbaecker'®, Lesley McGuffog'®, Daniel
Barrowdale'®, Sue Healey'®, Andrew Lee'®, Paul D.P. Pharoah'®®, Georgia Chenevix-Trench'®,
on behalf of KConFab Investigators'®®, Antonis C. Antoniou'®, and Eitan Friedman'>®

Www.aacrjournals.org

& Prevention

AACR



55

56
57
58
59
60
61
62
63
64
65
66

79

Q2

Peterlongo et al.

Abstract

Background: BRCAI and BRCA2 mutation carriers are at sub-
stantially increased risk for developing breast and ovarian cancer.
The incomplete penetrance coupled with the variable age at diag-
nosis in carriers of the same mutation suggests the existence of
genetic and nongenetic modifying factors. In this study, we evalu-
ated the putative role of variants in many candidate modifier genes.

Methods: Genotyping data from 15,252 BRCAI and 8,211
BRCA2 mutation carriers, for known variants (n = 3,248) located
within or around 445 candidate genes, were available through the
iCOGS custom-designed array. Breast and ovarian cancer associa-
tion analysis was performed within a retrospective cohort approach.
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Results: The observed P values of association ranged between
0.005 and 1.000. None of the variants was significantly associated
with breast or ovarian cancer risk in either BRCAI or BRCA2
mutation carriers, after multiple testing adjustments.

Conclusion: There is little evidence that any of the evaluated
candidate variants act as modifiers of breast and/or ovarian cancer
risk in BRCA1 or BRCA2 mutation carriers.

Impact: Genome-wide association studies have been more
successful at identifying genetic modifiers of BRCA1/2 penetrance
than candidate gene studies. Cancer Epidemiol Biomarkers Prev; 1-9.
©2014 AACR.
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Introduction

Germline BRCA1 or BRCA2 mutations substantially increase
the risk of developing breast and ovarian cancer over those of
the general population (1). The penetrance is incomplete and
combined with the observed variability in age at cancer diag-
nosis in carriers of identical mutations, suggests the existence of
genetic and/or environmental modifying factors. Direct evi-
dence for genetic modifiers of breast and ovarian cancer risk for
BRCA1 and BRCA2 mutation carriers has been provided
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through genome-wide association studies (GWAS; ref. 2). In
parallel, multiple variants in candidate genes that affect BRCA1
or BRCA2 protein expression, act along the same biologic
pathways, or physically interact with BRCA1 or BRCA2 proteins
have been evaluated as putative modifiers of BRCA1/2 muta-
tions (reviewed in ref. 3). However, only a handful of these
factors were confirmed and independently validated as "true
modifiers" (4). The aim of the present study was to assess the
putative modifier effect of 3,248 sequence alterations in 445
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Table 1. Description of the 17 projects included in the study

Project

Rationale for testing SNPs as risk modifiers for breast
cancer and ovarian cancer in BRCA-mutation carriers

Number of
SNPs included

Reference

Previous data suggested that irradiation response genes
whose expression is associated with BRCA1 and BRCA2
mutation status are enriched for the presence of common
genetic modifiers of breast cancer risk.

X chromosome SNPs shown to be associated with risk of
breast cancer in the CGEMS breast cancer study were
considered.

Previous data suggested that the "del" allele of rs3834129 was
associated with increased breast cancer risk in BRCAT-
mutation carriers.

Search for risk modifiers of BRCAT5382insC-mutation carriers
was performed by a pooled GWAS in 124 women diagnosed
with breast cancer (<45 years) and 119 unaffected controls
(>50 years at last follow-up) from Poland. The highest-
ranked SNPs from the pooled GWAS were selected.

The proposed SNPs are related to genes in regulatory T-cell
(Treg) and myeloid-derived suppressor cell (MDSC)
pathways. Both pathways play a role in cancer
immunosuppression.

The proposed SNPs were associated with breast density.
These SNPs were tested only as modifier of breast cancer
risk.

SNPs or (SNPs in) genes were considered according to
following criteria: (i) affecting circadian rhythms;
(i) interacting with CLOCK; (iii) involved in binding IGF-I to
binding proteins; (iv) in progesterone receptor gene and
previously found associated with BC and OvC risk;
(v) related to disease treatment.

All these SNPs are located in selenoprotein genes and are
involved in selenium metabolism; selenium is known to be
associated with cancer risk.

Previous data suggested that the rs1045485 SNP modified
disease penetrance of breast and ovarian cancer in BRCAT
mutation carriers.

The proposed SNPs are located within the PARPI gene that
plays a key role in the repair of DNA single-strand breaks.

SNPs were considered because of observations based on
evidences of recent positive selection and presence in the
same genomic region of genes, (i) coding for BRCAI
interacting proteins; (i) involved in cancer or breast cancer;
(iii) involved in DNA damage response and interacting with
TP53.

18

137

2,637

72

20

n

Walker LC et al. Evidence for SMAD3 as a modifier of breast cancer risk
in BRCA2 mutation carriers. Breast Cancer Res 2010;12:R102.

Hunter DJ et al. A genome-wide association study identifies alleles in
FGFR2 associated with risk of sporadic postmenopausal breast
cancer. Nat Genet 2007;39:870-4.
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risk in BRCAT mutation carriers. Breast Cancer Res Treat
2011;125:855-60.
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2011;331:1565-70.
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metalloproteinases in breast tissue. Cancer Microenviron
2010;3:57-65. Guo YP et al. Growth factors and stromal matrix
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Epidemiol Biomarkers Prev 2001;10:243-8. Verheus M et al.
Common genetic variation in the IGF-1gene, serum IGF-I levels and
breast density. Breast Cancer Res Treat 2008;112:109-22. Diorio C
et al. Genetic polymorphisms involved in insulin-like growth factor
(IGF) pathway in relation to mammographic breast density and IGF
levels. Cancer Epidemiol Biomarkers Prev 2008;17:880-8. Diorio C
et al. Vitamin D pathway polymorphisms in relation to
mammographic breast density. Cancer Epidemiol Biomarkers Prev
2008;17:2505-8.

Hoffman AE et al. CLOCK in breast tumorigenesis: genetic,
epigenetic, and transcriptional profiling analyses. Cancer Res
2010;70:1459-68. Kelemen LE et al. Genetic variation in stromal
proteins decorin and lumican with breast cancer: investigations
in two case-control studies. Breast Cancer Res 2008;10:R98.
Patel AV et al. IGF-1, IGFBP-1, and IGFBP-3 polymorphisms
predict circulating IGF levels but not breast cancer risk: findings
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Table 1. Description of the 17 projects included in the study (Cont'd)

Candidate Genetic Risk Modifiers in BRCA Mutation Carriers

Project Rationale for testing SNPs as risk modifiers for breast Number of Reference

cancer and ovarian cancer in BRCA-mutation carriers SNPs included

12 Steroid hormones such as estrogens play an important role in 139 Labrie F et al. Endocrine and intracrine sources of androgens in
the etiology of breast cancer contributing to tumor growth women: inhibition of breast cancer and other roles of androgens
by promoting cell proliferation. SNPs in candidate genes and their precursor dehydroepiandrosterone. Endocr Rev
involved in sex steroid metabolism were considered. The 2003;24:152-82.

SNPs were tested also as breast cancer risk modifiers
considering estrogen receptor status of BRCA-mutation
carriers (see Supplementary Table S3)

13 RADSIC is a breast cancer gene. SNPs located within, or in 17 Meindl A et al. Germline mutations in breast and ovarian cancer
close proximity to RAD5IC were selected. pedigrees establish RAD51C as a human cancer susceptibility gene.

Nat Genet 2010;42:410-4.

14 The highest-ranked SNPs from a GWAS based on 700 142 None
hereditary breast cancer cases and 1,200 controls were
selected.

15 SNP rs2981582 in FGFR?2 is strongly associated with risk of 1 Easton DF et al. Genome-wide association study identifies novel
breast cancer and acting as a risk modifier in BRCA2 breast cancer susceptibility loci. Nature 2007;447(7148):1087-93.
mutation carriers. Rs2981582 may also influence the risk of Hunter DJ et al. A genome-wide association study identifies alleles
ovarian cancer among BRCAI/2-mutation carriers. This in FGFR2 associated with risk of sporadic postmenopausal breast
SNP was tested only as modifier of ovarian cancer risk. cancer. Nat Genet 2007;39: 870-4. Antoniou AC et al. Common

breast cancer predisposition alleles are associated with breast
cancer risk in BRCATand BRCA2 mutation carriers. Am J Hum Genet
2008;82:937-48.

16 The rs10895068 SNP in the promoter of the progesterone 1 Vivo ID et al. A functional polymorphism in the promoter of the
receptor (PR) gene (+331G/A) has been reported to be progesterone receptor gene associated with endometrial cancer
associated with endometrial cancer risk. Our previous risk. Proc Natl Acad Sci U S A 2002;99:12263-68. Romano A et al.
study in 220 patients from BC and OC families showed a Impact of two functional progesterone receptor polymorphisms
marginal association of the +331A allele with OC risk. This (PRP): +-331G/A and PROGINS on the cancer risks in familial breast/
SNP was tested only as modifier of ovarian cancer risk. ovarian cancer. Open Cancer J 2007;1:1-8.

17 The proposed SNPs were selected according to the 24 Maia AT et al. Effects of BRCA2 cis-regulation in normal breast and

hypothesis that different levels of expression of the
remaining normal allele in BRCA2 mutation carriers may be
associated with variable penetrance of BRCA2 mutations.

cancer risk amongst BRCA2 mutation carriers. Breast Cancer Res
2012;14:R63

candidate genes on breast/ovarian cancerrisk in 23,463 BRCA1
and BRCA2 mutation carriers.

Materials and Methods

Recruitment and data collection

All study participants were women, >18 years old, carrying a
deleterious germline mutation in either BRCA1 or BRCA2. DNA
samples and phenotypic data were submitted by 54 study
centers participating in the Consortium of Investigators of
Modifiers of BRCA1/2 (CIMBA; ref. 5). Recruitment strategies,
clinical, demographic, and phenotypic data collected from each
participant, and quality control procedures, have previously
been reported (4, 5). All study participants took part in research
studies at the parent institutions under ethically approved pro-
tocols as detailed (4, 5).

Sequence variants genotyped

DNA samples were genotyped using the custom Illumina
iCOGS array which included 211,155 SNPs as previously
described (http://www.nature.com/icogs/primer/cogs-project-
and-design-of-the-icogs-array/; ref. 6). We report results from
3,248 SNPs from 445 candidate genes proposed by 17 PIs
(= projects). The rationale for selecting the SNPs or genes as
candidate cancer risk modifiers in BRCA1 and BRCA2 mutation
carriers is shown in Table 1. The list of SNPs included in the
study and their gene location (if any) are provided in Supple-
mentary Table S1. Genotyping quality control procedures were
carried out as reported elsewhere (6).

www.aacrjournals.org

Statistical analysis

Associations were evaluated within a retrospective cohort
framework, by modeling the retrospective likelihood of the
observed genotypes conditional on the disease phenotypes
(4, 7). The associations between genotype and breast or ovarian
cancer risk were assessed using the 1 d.f. score test statistic based
on this retrospective likelihood while accounting for the non-
independence among related individuals (8). All analyses were
stratified by country of residence and used calendar-year and
cohort-specific breast and ovarian cancer incidence rates for
BRCA1 and BRCA2 mutation carriers. Details are provided else-
where (2).

Results

A total of 23,463 mutation carriers were included (15,252
BRCA1, 8,211 BRCA2 carriers), 12,127 with breast cancer
(7,797 BRCAL, 4,330 BRCA2 carriers), 3,093 with ovarian cancer
(2,462 BRCAL, 631 BRCA2 carriers), and 9,220 cancer-free carriers
(5,788 BRCA1, 3,432 BRCA2 carriers). All 3,248 SNPs were tested
as genetic risk modifiers for both breast and ovarian cancer in
BRCA1 and BRCA2 mutation carriers depending on the selection
rationale (Table 1). For each SNP, the number of individuals with
genotype data, minor allele frequencies, values of the % score test
statistic, approximate HR estimates based on the score test statistic
(7), overall Pvalues, and retrospective likelihood HR are shown in
Supplementary Table S2. Because project 12 was based on the
hypothesis that estrogens contribute to breast cancer pathogen-
esis, these 139 SNPs were stratified by somatic estrogen receptor
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Table 2. Observed and expected number of SNPs with P values <0.05 and <0.01

Category Tumor Number Number of Number of
of SNPs SNPs with SNPs with
tested® P <0.01 P <0.05

(expected) (expected)

BRCAI1 BrCa 3,232 25 (32) 202 (162)

BRCAI1 OvCa 3,160 13 (32) 146 (158)

BRCA2 BrCa 3,230 5(32) 96 (161)

BRCA2 OvCa 3,157 6 (32) 131 (159)

®Not all the 3,248 SNPs were tested in each category/tumor group.

status (Supplementary Table S3). None of the SNPs tested showed
significant evidence of association with breast and/or ovarian
cancer risk, as a single tested variant or after adjusting for mutiple
testing. Indeed, there were fewer associations at a nominal P <
0.05 or P < 0.01 than would be expected by chance (Table 2).

Discussion

In this study, there were no discernible effects for the genotyped
SNPs on either breast or ovarian cancer risk in BRCA1 or BRCA2
mutation carriers. Despite the lack of evidence of association
between these specific variants and breast/ovarian cancer risk for
BRCA1/BRCA2 mutation carriers, these genes may still modify
cancer risk by other sequence alterations that are not represented
on the iCOGS platform, by epigenetic alterations in gene expres-
sion, or in combination and interaction with other polymorph-
isms, that in concert have an overall effect on cancer risk.

In conclusion, the genotyped SNPs in the candidate modifier
genes evaluated here have no major role in breast or ovarian
cancer risk modification in either BRCA1 or BRCA2 mutation
carriers. Our results suggest that a candidate gene approach
where the selected SNPs have little a priori biologic plausibility
is of limited value in identifying modifier genes, unlike agnostic
genome-wide associations which have been more successful (8).
Applying more advanced technologies (whole-exome/genome
sequencing) and targeting phenotypically distinct mutation
carriers may also offer further insights into modifier genes'
identity.
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and patients for their contributions to this study.
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8 Cancer Epidemiol Biomarkers Prev; 2014

Sheba Medical Centre
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