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Background:We have combined functional gene polymorphisms with clinical factors to improve prediction and
understanding of sporadic breast cancer risk, particularly within a high incidence Caucasian population.
Methods: A polyfactorial risk model (PFRM) was built from both clinical data and functional single nucleotide
polymorphism (SNP) gene candidates using multivariate logistic regression analysis on data from 5022 US
Caucasian females (1671 breast cancer cases, 3351 controls), validated in an independent set of 1193 women
(400 cases, 793 controls), and reassessed in a unique high incidence breast cancer population (165 cases, 173
controls) from Marin County, CA.
Results: The optimized PFRM consisted of 22 SNPs (19 genes, 6 regulating steroid metabolism) and 5 clinical risk
factors, and its 5-year and lifetime risk prediction performance proved significantly superior (~2-fold) over the
Gail model (Breast Cancer Risk Assessment Tool, BCRAT), whether assessed by odds (OR) or positive likelihood
(PLR) ratios over increasing model risk levels. Improved performance of the PFRM in high risk Marin women
was due in part to genotype enrichment by a CYP11B2 (-344T/C) variant.
Conclusions and general significance: Since the optimized PFRM consistently outperformed BCRAT in all Caucasian
study populations, it represents an improved personalized risk assessment tool. The finding of higher Marin
County risk linked to a CYP11B2 aldosterone synthase SNP associated with essential hypertension offers a new
genetic clue to sporadic breast cancer predisposition.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Breast cancer continues to be a common cancer in USwomenwith a
lifetime risk of ~12% (1 in 8), with an ever-increasing and overall (age
adjusted) incidence of ~127 per 100,000 for non-Hispanic Caucasian
women [1]. The annual breast cancer-specific mortality rate, declining

slightly due to early detection and treatment advances, is still ~25 per
100,000 overall, with a 5-year breast cancer-specific death rate of 14%
for non-Hispanic Caucasian women, and remains the leading cause of
cancer deaths for all women age 40–55. A key to improving breast can-
cer survival is early detection [2], achieved in part by identifying new
risk factors and better models for estimating individual breast cancer
risk [3,4]. Improvements in individualized risk estimation would allow
more accurate identification of those women most likely to benefit
from regular screening with more sensitive methods or from more
aggressive prevention strategies [5,6].

The National Cancer Institute Breast Cancer Risk Assessment Tool
(BCRAT), or Gailmodel, and its updated versions are themost common-
ly used tools for breast cancer risk estimation [7,8], with attention turn-
ing to methods that might improve upon its predictive accuracy. The
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BCRAT has been demonstrated to bewell-calibrated in its ability to esti-
mate the number of cancers likely to emerge in a population of women
seeking regular mammography screening [9–11], but, for individual pa-
tient counseling, it lacks the desired discriminatory accuracy [12,13]. In-
cremental improvements in the BCRAT have been achieved by the
addition of additional clinical risk factors including fine needle aspirate
cytology [14] as well as mammographic density and weight [15]; how-
ever, such modifications have not been adopted for widespread use.
Common variants in candidate genes with probable physiological roles
in pathways involved in breast carcinogenesis have long been studied
for association with breast cancer [16,17]. Independently, genome
wide association studies (GWASs) have identified a core group of
7–10 single nucleotide polymorphisms (SNPs) associated with breast
cancer, most of which do not have any known functional consequence
or obvious role in the disease process [18–22]. For both candidate and
GWAS identified SNPs the risks conferred by any one gene variant are
small tomodest (OR=1.2–1.5) and cannot be used to effectively deter-
mine risk. Investigators have suggested that breast cancer risk for thema-
jority of women (including familial associated but BRCA1/2-negative
cancers) is likely to bepolygenic [23–26], and several studies have utilized
estimates of relative risks and allele frequencies for the GWAS SNPs to
determine if multiplicative risk estimates for the SNPs alone or SNPsmul-
tiplied by BCRAT risks improve risk estimation [27–31]. These studies
have reported minimal improvements in risk prediction.

In order to develop a newpolyfactorial breast cancer risk assessment
model (PFRM), we have taken a candidate gene approach [26,32],
similar to that used for the successful development of multigene assays
routinely used to predict the likelihood of developing a distant recur-
rence in a newly diagnosed breast cancer patient [34], and built an
age-specific model that integrates these genetic factors with known
clinical breast cancer risk factors [33]. Common functional SNPs in can-
didate genes known or likely to influence breast cancer development
were first identified from the published literature and genomic data-
bases. Genotyping and clinical risk factor data were then combined for
each individual in large model building and validation case–control
datasets consisting of participants enrolled from multiple geographic
regions within the US. A multi-step statistical protocol employing
multivariate logistic regression was used to build the final model, and
the performance of this optimized PFRM was evaluated relative to the
widely used BCRAT, and then reassessed using another independent
dataset of DNA samples and clinical risk data from case–control partici-
pants enrolled from a very high incidence breast cancer population in
Marin County, CA [35,36].

2. Materials and methods

2.1. Model building and validation study populations

As described previously, the study population consisted ofwomen in
a case–control study conducted from 1996 through 2006, in Oklahoma
City (OK), Seattle (WA), San Diego (CA), Kansas City (KS and MO),
Orlando (FL), and Charleston (SC) [26,32]. At each site, most women
approached were enrolled in the study; cases self-reported a diagnosis
of breast cancer at any time, and controls reported no diagnosis of any
cancer. Participants at mammography clinics were either newly
diagnosed (or follow-up) cases, or were cancer-free controls based on
history and screening. Caseswere also enrolled in surgery and oncology
clinics with controls obtained in general practice clinics in the same or a
nearby medical facility. Participants also enrolled at community-based
events, such as Komen Races for the Cure. At each site both cases and
controls were enrolled. All participants gave informed consent and
completed a questionnaire providing information on approximately
50 risk factors including their medical history, family history of cancer,
and lifestyle factors; in addition they provided a buccal cell sample in
commercial mouthwash. The initial model building study set consisted
of 5022 Caucasian females: 1671 breast cancer cases and 3351 age-

matched cancer-free controls, and the validation study set consisted of
1193 Caucasian females: 400 breast cancer cases and 793 age-
matched cancer-free controls.

2.2. High incidence Marin study population

This population-based case–control study has previously been de-
scribed [35,36]. Briefly, eligible cases included any female resident of
Marin County diagnosed with primary breast cancer between 1997
and 1999. The 285 cases identified with breast cancer were matched
by age at diagnosis and ethnicity (non-Hispanic Caucasian) to 286 eligi-
ble controls selected by randomdigit dialing. All enrolled and consented
participants completed a comprehensive questionnaire about lifestyle,
reproductive and clinical risk factors (including personal medical
history and family history of breast cancer). Of note, a prior report of
this study based on the questionnaire data showed no significant differ-
ences between the case and control study groups for common breast
cancer risk factors such as those used in BCRAT, including age, age at
menarche, age at first live birth, number of first-degree relatives with
breast cancer, history and outcome of previous breast biopsies [36].
With the exception of alcohol consumption, additional risk factors in-
cluding use of hormone replacement therapy, prior therapeutic expo-
sure to radiation, as well as residence time in Marin County were
found to be statistically unassociated with breast cancer risk [36]. The
majority of participants completing the Marin questionnaire, including
164 cases and 174 controls, also donated buccal samples which were
initially cryobanked for later DNA analysis. The Investigational Review
Board at University of California, San Francisco approved the informed
consent process, design and protocol for this Marin study.

2.3. DNA isolation and genotyping

Processing of all coded buccal samples for DNA extraction and
genotypingwas performed blinded to case or control study assignment.
Genomic DNA was isolated by a Gentra PureGene DNA purification kit
(Gentra, Minneapolis, MN), and genotyping was performed using
microbead-based allele-specific primer extension (ASPE) followed by
analysis on the Luminex 100™ (Luminex, Inc. Austin, TX) as previously
described [26,32]. For all assays, at least 5% of the specimenswere geno-
typed in duplicate with a concordance rate of N99%.

2.4. Selection of candidate gene polymorphisms (SNPs)

Coded DNA samples from the model building and validation study
populations were genotyped for 117 common, functional polymor-
phisms from 87 distinct candidate genes (Supplementary Table 1).
These SNPs were selected from thousands of candidates considered
from published papers, reviews and meta-analyses as well as genomic
cancer databases such as Online Mendelian Inheritance in Man
(OMIM) and the Cancer Genome Anatomy Project (CGAP). The candi-
date gene markers used for model building were ultimately narrowed
by applying the following selection criteria: (1) associated with risk of
breast or other cancers in at least one peer-reviewed publication, or
having a plausible physiological role in a major pathway implicated in
breast carcinogenesis; (2) demonstrated or predicted to have functional
physiological consequences, including non-synonymous amino acid
substitutions in protein-coding regions leading to alterations in enzy-
matic activity or regulatory sequence changes (promoter or 3′UTR);
and (3) a minor allele common in major ethnic groups. For Caucasians,
the minor allele frequencies ranged between 0.01 and 0.50, with a me-
dian and mean of 0.30 and 0.28, respectively. These SNP candidates
were in genes encoding hormone receptors, extra-cellular matrix pro-
teins, immune modulators, modulators of oxidative potential, growth
factors and signalingmolecules, aswell as proteins involved in synthesis
andmetabolism of steroid hormones and relatedmolecules, DNA repair
and metabolism, cell cycle control and apoptosis.
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