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days. Here, major GWASs conducted for breast cancer pre-

disposition and prognosis until 2013 are summarized. Few 

studies investigating other forms of genetic variations con-

tributing to breast cancer predisposition and disease out-

comes are also discussed. Finally, the potential utility of the 

GWAS-identified variants in disease risk models and some 

future perspectives are presented.  © 2014 S. Karger AG, Basel 

 Breast cancer is the most frequently occurring cancer 
in women worldwide. The disease has a complex etiology 
and is believed to result from a combined interplay of ge-
netic and non-genetic risk factors. Linkage and family-
based studies have shown that breast cancer tends to clus-
ter in families with a more than 2-fold increased risk 
among the first-degree relatives of affected individuals 
[Lichtenstein et al., 2000; Collaborative Group on Hor-
monal Factors in Breast Cancer, 2001]. Some of the famil-
ial clustering has been attributed to germline mutations 
in high- and moderate-penetrance genes such as  BRCA1/2, 
PTEN, ATM, CHEK2, TP53, PALB2 , and  BRIP1  [Hall et 
al., 1990; Malkin et al., 1990; Wooster et al., 1995; Liaw et 
al., 1997; CHEK2 Breast Cancer Case-Control Consor-
tium, 2004; Renwick et al., 2006; Seal et al., 2006; Rahman 
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 Abstract 

 Breast cancer is the most common cancer and the second 

leading cause of death in women worldwide. The disease is 

caused by a combination of genetic, environmental, life-

style, and reproductive risk factors. Linkage and family-

based studies have identified many pathological germline 

mutations, which account for around 20% of the genetic risk 

of familial breast cancer. In recent years, single nucleotide 

polymorphism-based genetic association studies, especially 

genome-wide association studies (GWASs), have been very 

successful in uncovering low-penetrance common variants 

associated with breast cancer risk. These common variants 

alone may explain up to an additional 30% of the familial risk 

of breast cancer. With the advent of available genetic re-

sources and growing collaborations among researchers 

across the globe, the much needed large sample size to cap-

ture variants with small effect sizes and low population fre-

quencies is being addressed, and hence many more com-

mon variants are expected to be discovered in the coming 
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et al., 2007]. Together, these genes account for  ∼ 20–25% 
of the genetic risk of breast cancer. Extensive research ef-
forts to identify additional high- or moderate-penetrance 
genes were largely unsuccessful, leading to the proposi-
tion of a polygenic model of disease inheritance to explain 
the remaining genetic risk of breast cancer [Pharoah et al., 
2002, 2008; Piccolo et al., 2008; Smith et al., 2008]. Under 
the polygenic model, a combination of multiple low-pen-
etrance genes/alleles, each with small effect sizes, contrib-
ute to the genetic risk of breast cancer.

  Genetic association studies, especially case-control 
association studies, have been conducted to identify low-
penetrance common variants (predominantly single nu-
cleotide polymorphisms, SNPs) associated with many 
complex diseases, including breast cancer. Initial genetic 
association studies for breast cancer were focused on in-
terrogating a handful of SNPs in candidate genes or path-
ways such as DNA repair, apoptosis and cell-cycle check-
points [Allen-Brady et al., 2006; Bewick et al., 2006; Mitra 
et al., 2008; Sehl et al., 2009; Economopoulos and Sergen-
tanis, 2010; Lin et al., 2011; Mangoni et al., 2011]. Earlier 
this decade, completion of the Human Genome Project 
and the International HapMap Project, coupled with ad-
vances in genotyping technologies, made it possible to 
analyze the whole genome for SNPs associated with com-
plex traits. Such studies are termed as genome-wide as-
sociation studies (GWASs). With increased collabora-
tions among researchers across the globe, many inter-
national consortia have now formed, providing better 
expertise and resources for conducting GWASs with sev-
eral thousands of cases and controls. Such large studies 
have enriched the statistical power needed to capture 
common variants with much lower effect sizes and pop-
ulation frequencies. To date, GWASs conducted for 
breast cancer have identified more than 80 breast cancer 
susceptibility loci [Easton et al., 2007b; Hunter et al., 
2007; Stacey et al., 2007, 2008; Gold et al., 2008; Ahmed 
et al., 2009; Thomas et al., 2009; Zheng et al., 2009; Gau-
det et al., 2010; Long et al., 2010, 2012; Turnbull et al., 
2010; Cai et al., 2011; Fletcher et al., 2011; Haiman et al., 
2011; Sehrawat et al., 2011; Ghoussaini et al., 2012; Kim 
et al., 2012; Bojesen et al., 2013; Couch et al., 2013; French 
et al., 2013; Garcia-Closas et al., 2013; Michailidou et al., 
2013; Sapkota et al., 2013c], and many more studies are 
underway. Motivated by the huge success of breast can-
cer GWAS, few studies have also been conducted to iden-
tify SNPs associated with breast cancer outcomes and 
other associated sub-phenotypes [Garcia-Closas et al., 
2008; Azzato et al., 2010a, b; Shu et al., 2012; Rafiq et al., 
2013].

  As an alternative source of genetic heritability for 
breast cancer, structural variations such as copy number 
variations (CNVs) and copy-neutral loss of heterozygos-
ity (CN-LOH) are being interrogated for their associa-
tions with breast cancer predisposition as well as for dis-
ease recurrence [Wellcome Trust Case Control Consor-
tium, 2010; Sapkota et al., 2013a]. GWAS literature has 
also witnessed few reports providing evidence for genetic 
interactions as another source to explain the remaining 
genetic risk of breast cancer [Milne et al., 2010; Campa et 
al., 2011; Nickels et al., 2013; Sapkota et al., 2013b]. As 
these alternative approaches are more complex and some-
times computationally not feasible, future studies may fo-
cus on these once current hurdles are overcome.

  The present comprehensive study is aimed to provide 
a systematic review of the literature on breast cancer 
GWASs conducted until 2013, in addition to a general 
description of breast cancer etiology and its genetic basis. 
A brief outline of alternative sources of genetic heritabil-
ity of breast cancer, such as genetic interactions among 
common variants and structural variations, is also pro-
vided. Lastly, a general discussion on the potential appli-
cation of GWAS-identified common variants in breast 
cancer risk/prediction models as well as future perspec-
tives on breast cancer GWAS are outlined.

  Etiology and Genetic Basis of Breast Cancer 

 Breast cancer is a complex multifactorial disease, 
which results from an interplay of environmental, repro-
ductive, lifestyle, and genetic risk factors. It has been es-
timated that approximately one-third of variations in 
breast cancer susceptibility is accounted for by inherited 
genetic risk factors, while environmental and lifestyle risk 
factors contribute to the remaining two-thirds [Lichten-
stein et al., 2000; Collaborative Group on Hormonal Fac-
tors in Breast Cancer, 2001; Key et al., 2001]. Linkage 
studies have been successful in identifying predisposition 
factors for many diseases, including breast cancer [Easton 
et al., 1993]. The first breast cancer predisposition gene to 
be identified was  BRCA1 , located on chromosome 17q21. 
It was found in a linkage study in 1990, with a LOD score 
of 2.35 with a microsatellite marker (D17S74) [Hall et al., 
1990; Solomon and Ledbetter, 1990]. The linkage was 
stronger in families with early onset of disease (<46 years) 
with LOD score of 5.98, while linkage vanished in families 
with late onset of disease, indicating that this gene may 
not contribute to predisposition to breast cancers that are 
sporadic in nature. A linkage study conducted in 1994 
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identified another breast cancer predisposition gene, 
 BRCA2 , located on chromosome 13q12–q13 [Wooster et 
al., 1995]. Both  BRCA1  and  BRCA2  genes play crucial 
roles in maintaining genomic stability by their involve-
ment in repair of DNA double-strand breaks. Multiple 
germline mutations in  BRCA1  and  BRCA2  genes have 
been detected; however, they occur in a small fraction of 
total breast cancer cases [Easton et al., 2007a]. Studies 
have shown that most breast cancer-associated germline 
mutations in  BRCA1  and  BRCA2  genes result in prema-
ture truncation of encoded proteins, translational frame 
shifts and defective splice sites [Ford et al., 1994; Easton 
et al., 1995].   Both  BRCA1  and  BRCA2  are categorized as 
high penetrant breast cancer genes that confer a more 
than 10-fold increase in disease risk [Ford et al., 1994, 
1998; Easton et al., 1995; Thompson et al., 2002]. Evi-
dence from epidemiological studies suggests that breast 
cancer risk by age 70 may increase up to 87% in carriers 
of  BRCA1  mutations and up to 84% in carriers of  BRCA2 
 mutations [Ford et al., 1994, 1998; Thompson et al., 2002]. 
Since germline mutations in  BRCA1  and  BRCA2  genes 
are very rare, these 2 predisposition genes could only ex-
plain 15–20% of the genetic risk of breast cancer in the 
overall population [Easton, 1999; Peto et al., 1999; Anto-
niou et al., 2000, 2002].

  Continued research efforts to characterize additional 
breast cancer predisposition genes resulted in the identi-
fication of multiple genes conferring moderate risk for 
breast cancer. Germline mutational screening of cancer-
related pathway genes identified 2 cancer predisposition 
syndromes: Li-Fraumeni and Cowden syndrome [Malkin 
et al., 1990; Liaw et al., 1997]. Both syndromes are char-
acterized by a variety of different individual germline mu-
tations in their causative tumor suppressor genes,  TP53 
 [Malkin et al., 1990] and  PTEN  [Liaw et al., 1997], respec-
tively. These syndromes were also found in familial breast 
cancers, conferring increased risks of breast cancer [Mal-
kin et al., 1990; Borresen et al., 1992]. Even though the 
exact associated risks of breast cancer due to germline 
mutations in  TP53  and  PTEN  genes are not certain, these 
are believed to exhibit moderate penetrance for breast 
cancer predisposition [Malkin et al., 1990; Liaw et al., 
1997]. Subsequent germline mutational screening of can-
cer-related candidate genes identified 4 additional mod-
erate-penetrance breast cancer predisposition genes, 
 CHEK2  [CHEK2 Breast Cancer Case-Control Consor-
tium, 2004],  PALB2  [Rahman et al., 2007],  BRIP1  [Seal et 
al., 2006], and  ATM  [Renwick et al., 2006]. Germline mu-
tations in these genes are also very rare in the general pop-
ulation and confer moderate risk for breast cancer predis-

position. Together, these mutations were suggested to
account for an additional 2.3% of genetic risk of breast 
cancer [Rahman et al., 2007].

  The multiple high- and moderate-penetrance breast 
cancer predisposition genes identified thus far are rare in 
the general population and explain <25% of variations in 
the familial component of disease susceptibility. Further 
linkage studies did not yield additional  BRCA -like genes 
conferring higher penetrance risk for breast cancer pre-
disposition [Smith et al., 2006]. Search for moderate-pen-
etrance genes through germline mutational screenings of 
cancer-related pathway genes was also not successful. The 
residual or missing heritability for breast cancer was hy-
pothesized to be accounted for by the common disease-
common variant (CDCV) hypothesis, which states that 
common diseases are caused by common variants [Chen 
et al., 2007; Hemminki et al., 2008]. According to the 
CDCV hypothesis, multiple common low-penetrance 
genes or alleles, either singly or in combination, confer 
breast cancer risk, conforming to a polygenic model of 
genetic inheritance. Under the polygenic model, each of 
the participating genes or alleles, also known as poly-
genes, has a small additive effect for breast cancer predis-
position while linkage among loci and possible influence 
of environmental factors are ignored [Pharoah et al., 
2002, 2008; Piccolo et al., 2008; Smith et al., 2008]. The 
CDCV hypothesis is the basis for genetic association 
studies conducted during the last 10 years, with an objec-
tive of characterizing additional predisposition risk fac-
tors for many complex diseases or traits, including breast 
cancer [Hindorff et al., 2009].

  Genetic Association Studies 

 Genetic association studies are conducted to deter-
mine contributions of genetic variants to certain diseases 
or traits under study. The most commonly used strategies 
to evaluate genetic contributions to breast cancer in pop-
ulations are case-control association studies, wherein fre-
quencies of genetic variants in breast cancer cases are 
compared with those of healthy controls, and statistical 
significance of frequency differences is calculated; con-
trols are free from breast cancer at the time of enrollment 
in such studies ( fig. 1 ). As governed by the CDCV hy-
pothesis, association studies largely rely on common ge-
netic variants with population frequencies >5%, as statis-
tically significant frequency differences between cases 
and controls at this cut-off are more easily demonstrable. 
SNPs are the most commonly used human genomic 

http://dx.doi.org/10.1159%2F000369045


 Sapkota

 

Cytogenet Genome Res 2014;144:77–91
DOI: 10.1159/000369045

80

markers in genetic association studies to uncover associa-
tions of genetic loci in complex diseases or traits [Sachi-
danandam et al., 2001]. As of December 2013, the Na-
tional Center for Biotechnology Information dbSNP 
Build 138 reported 44,278,189 validated SNPs in humans. 
Using SNPs as markers, 2 primary types of genetic asso-
ciation studies have been used to further characterize re-
sidual heritability for breast cancer predisposition: candi-
date gene association studies and GWASs.

  Candidate Gene Association Studies 
 Initial genetic association studies aimed to uncover 

common variants for breast cancer predisposition were 
largely focused on genes involved in DNA repair process-
es, apoptosis, estrogen metabolism, inflammation, angio-
genesis, and cell-cycle regulation, since these had plausi-
ble roles in breast cancer [Lipponen et al., 1994; Parshad 
et al., 1996; Bau et al., 2004; Kastan and Bartek, 2004; 

Pharoah et al., 2007; Stevens et al., 2007; Justenhoven et 
al., 2008; Schneider et al., 2008; Wang et al., 2008; Schon-
feld et al., 2010]; such genes are also known as candidate 
genes. In candidate gene association studies, SNPs in or 
close to candidate genes are examined for their roles in 
breast cancer predisposition, governed by a hypothesis-
driven approach. Several candidate gene association 
studies for breast cancer have been conducted during the 
last 10 years [Allen-Brady et al., 2006; Bewick et al., 2006; 
Haiman et al., 2008; Pooley et al., 2008; Sehl et al., 2009; 
Lin et al., 2011; Mangoni et al., 2011]; however, many of 
these studies were underpowered due to small sample 
size, resulting in inconsistent and irreproducible findings 
[Dunning et al., 1999; Pharoah et al., 2002]. To date, only 
1 SNP (rs1045485) located in the coding region of  CASP8  
identified by a candidate gene association study has 
shown promise as a breast cancer predisposition risk fac-
tor [Cox et al., 2007]. The minor allele of the coding SNP 

  Fig. 1.  A typical genetic case-control association study design and standard quality control and analysis strategies. 
HWE = Hardy-Weinberg equilibrium. 
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conferred 12% less risk for breast cancer than the major 
allele [odds ratio (OR) = 0.88, 95% confidence interval 
(CI) = 0.84–0.92 and p = 1.1 × 10 –7 ]. An independent 
case-control study also reported breast cancer risk reduc-
tion due to rs1045485 in  BRCA1  and  BRCA2  carriers 
[Palanca Suela et al., 2010]. However, the potential causal 
role of rs1045485 is still not clear.

  GWASs 
 Advances in genotyping technologies, completion of 

the Human Genome Project, the International HapMap 
Project and the 1000 Genomes Project have led to the 
paradigm shift of genetic association studies from a lim-
ited candidate gene approach to a genome-wide ap-
proach, resulting in more detailed investigation of the 
CDCV hypothesis. GWAS premise relies on linkage dis-
equilibrium (LD) among SNPs, which states that many 
neighboring SNPs are correlated and hence inherited to-
gether in a LD block [Reich et al., 2001]. Such correlations 
(LD) among nearby SNPs enable selection of fewer SNPs 
(tag SNPs) that essentially capture the information inher-
ent to the block [Stram, 2004]. As such, by just genotyping 
500,000–1,000,000 common tag SNPs (with population 
frequencies >5%), we could effectively capture the infor-
mation content of >80% of all common SNPs in the hu-
man genome [International HapMap Consortium, 2003; 
Montpetit et al., 2006]. As of December 2012, >1,100 
GWASs have identified >4,500 low-penetrance common 
SNPs associated with >700 different diseases or traits 
[Hindorff et al., 2009].

  GWASs for Breast Cancer Predisposition 

 Multiple low-penetrance common breast cancer sus-
ceptibility SNPs have been identified by GWASs con-
ducted by independent investigators and consortia. The 
first 3 breast cancer GWASs [Easton et al., 2007b; Hunter 
et al., 2007; Stacey et al., 2007] were conducted in early 
2007 and identified multiple SNPs associated with breast 
cancer susceptibility. Easton et al. [2007b] interrogated a 
total of 227,876 SNPs arrayed in a custom-designed Per-
legen platform in familial breast cancer cases and healthy 
controls from the United Kingdom and identified 5 breast 
cancer susceptibility loci. Of these, 4 SNPs are located in 
gene regions of  FGFR2, TNRC9, MAP3K1 , and  LSP1  
while the fifth SNP is located in an intergenic region on 
chromosome 8q. Two additional novel breast cancer sus-
ceptibility loci on chromosomes 3p24 and 17q23.2 were 
also identified by further data mining and follow-up of 

the study reported by Easton et al. [2007b; Ahmed et 
al., 2009]. Subsequently, Stacey et al. [2007] genotyped 
 ∼ 300,000 SNPs arrayed in IlluminaHap300 platform in 
familial breast cancer cases and healthy controls from Ice-
land and identified 2 breast cancer susceptibility loci on 
chromosomes 2q35 and 16q12. In another breast cancer 
GWAS, Stacey et al. [2008] identified a novel breast can-
cer susceptibility locus on chromosome 5p12 using famil-
ial breast cancer cases and controls from Iceland. The 
 association was stronger for breast cancer cases with es-
trogen receptor (ER)-positive than ER-negative tumors. 
 FGFR2  SNPs recently reported by Easton et al. [2007b] 
also showed stronger associations for ER-positive than 
ER-negative breast tumors [Stacey et al., 2008].

  As part of the National Cancer Institute Cancer Genet-
ics Markers of Susceptibility (CGEMS), Hunter et al. 
[2007] conducted a second breast cancer GWAS by geno-
typing 528,252 SNPs in postmenopausal sporadic breast 
cancer cases and healthy controls of European ancestry
in IlluminaHapMap500 arrays. The findings from this 
GWAS confirmed association signals from intron 2 of the 
 FGFR2  gene reported by Easton et al. [2007b]. Similarly, 
Thomas et al. [2009] conducted a follow-up genetic as-
sociation study of postmenopausal sporadic breast cancer 
GWAS reported by Hunter et al. [2007] that included 
study subjects of European ancestry and identified 2 ad-
ditional breast cancer susceptibility loci on chromosomes 
1p11.2 and 14q24.1. The reported loci also showed stron-
ger associations in cases with ER-positive than ER-nega-
tive breast tumors. Results from this study also confirmed 
previous breast cancer susceptibility signals reported by 
Easton et al. [2007b], Hunter et al. [2007] and Stacey et al. 
[2007, 2008]. Fletcher et al. [2011] identified a novel 
breast cancer susceptibility locus on chromosome 9q31.2 
by further data mining and follow-up of the postmeno-
pausal sporadic breast cancer GWAS reported by Hunter 
et al. [2007].

  Turnbull et al. [2010] conducted a breast cancer GWAS 
by genotyping familial breast cancer cases and healthy 
controls from the UK on Illumina Infinium 660K array 
and identified 5 additional breast cancer susceptibility 
loci not reported previously. This study also confirmed 
associations of breast cancer susceptibility loci found by 
Easton et al. [2007b], Hunter et al. [2007], Stacey et al. 
[2007, 2008], Thomas et al. [2009], Zheng et al. [2009], 
and Ahmed et al. [2009] in their study populations. Gold 
et al. [2008] interrogated 150,080 SNPs arrayed on Illu-
mina GoldenGate platform in breast cancer cases and 
controls among non- BRCA1/2  mutation carriers from a 
genetically isolated population, Ashkenazi Jews, and 
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identified a novel breast cancer susceptibility locus on 
chromosome 6q22.33. Antoniou et al. [2010] analyzed 
620,601 SNPs on Illumina Infinium 610K array using 
 BRCA1  mutation carriers of European ancestry with and 
without breast cancer diagnoses and reported a novel 
breast cancer susceptibility locus on chromosome 19p13. 
The observed association was stronger in cases with tri-
ple-negative breast tumors. Gaudet et al. [2010] geno-
typed 592,163 SNPs on Affymetrix SNP 6.0 using  BRCA2  
mutation carriers of European descent with and without 
breast cancer diagnoses and implicated a breast cancer 
susceptibility SNP in  FGFR2  intron 2, a locus reported 
and confirmed by many independent association studies. 
Haiman et al. [2011] evaluated 3,154,485 SNPs genotyped 
on Illumina 550-Duo SNP array and imputed in ER-neg-
ative breast cancer cases and healthy controls of Euro-
pean ancestry and reported a novel susceptibility locus for 
ER-negative breast cancer on chromosome 5p15. A meta-
analysis of multiple breast cancer GWASs conducted by 
Siddiq et al. [2012] identified 2 novel breast cancer sus-
ceptibility loci on chromosomes 20q11 and 6q14 in wom-
en of European ancestry. Of these, rs2284378 on 20q11 
showed stronger associations in ER-negative breast can-
cers as compared to ER-positive and breast cancer cases 
unselected for ER status.

  Zheng et al. [2009] analyzed 607,728 SNPs genotyped 
on Affymetrix 500K and SNP 6.0 arrays using breast can-
cer cases and healthy controls of Chinese ancestry and 
established a breast cancer susceptibility locus on chro-
mosome 6q25.1. An additional breast cancer susceptibil-
ity SNP on chromosome 6q25.1 for East-Asian women 
(Chinese, Japanese and Korean) was detected by Long et 
al. [2012] through data mining and follow-up of breast 
cancer GWAS reported by Zheng et al.   [2009]. Further 
data mining and follow-up of breast cancer GWAS by 
Zheng et al. [2009] identified a potential causal breast 
cancer susceptibility SNP in Chinese women at a chro-
mosomal locus (16q12.1) reported earlier by Stacey et al. 
[2007]. Cai et al. [2011] conducted breast cancer GWAS 
by genotyping breast cancer cases and healthy controls of 
Chinese ancestry on Affymetrix SNP 6.0 array and found 
a novel breast cancer susceptibility locus on chromosome 
10q21.2 which contained a zinc finger protein encoded by 
the  ZNF365  gene. Kim et al. [2012] interrogated 555,525 
SNPs genotyped on Affymetrix SNP 6.0 array using breast 
cancer cases and healthy controls of Korean ancestry and 
described a novel breast cancer susceptibility locus on 
chromosome 2q34, which contained the  ERBB4  gene. 
This study also successfully reproduced previously 
GWAS-identified breast cancer susceptibility loci report-

ed by international consortia [Easton et al., 2007b; Hunt-
er et al., 2007; Stacey et al., 2008; Ahmed et al., 2009; 
Turnbull et al., 2010].

  Furthermore, Ghoussaini et al. [2012] combined data 
from multiple independent breast cancer GWASs and 
conducted a large-scale replication study that identified 3 
novel breast cancer susceptibility loci on chromosomes 
12p11, 12q24 and 21q21 in women with European ances-
try. SNPs on 12q24 and 21q21 showed stronger associa-
tions for susceptibility to ER-positive than to ER-negative 
breast cancers, whereas a SNP on 12p11 conferred a sim-
ilar risk for both ER-positive and ER-negative breast can-
cers. This was by far the largest GWAS conducted for 
breast cancer predisposition until early 2013. Subse-
quently, Orr et al. [2012] analyzed data for 447,760 SNPs 
genotyped in male breast cancer cases and healthy con-
trols of European ancestry and identified a novel SNP
located on chromosome 14q24.1, which contained the 
 RAD51B  gene, while providing supportive evidence for 
association of a SNP on 16q21.1 with male breast cancer 
risk. This was the first and only GWAS conducted to date 
for male breast cancer predisposition.

  More recently, the Collaborative Oncological Gene-
Environment Study (COGS) conducted by far the largest 
GWAS for breast cancer including >100,000 individuals 
of European ancestry and reported 41 novel breast cancer 
susceptibility loci located on chromosomes 1–14, 16, 18, 
19, and 22 [Michailidou et al., 2013]. The study, an excel-
lent collaborative model example of a consortium of con-
sortia, interrogated 29,807 carefully selected candidate 
SNPs arrayed on a custom Illumina iSelect genotyping 
platform. These 41 newly identified breast cancer suscep-
tibility loci alone explain about 5% of familial risk of 
breast cancer. The authors claimed that the overall con-
tribution of SNPs to breast cancer susceptibility is  ∼ 18%, 
as suggested by the overall excess of significant associa-
tions of the COGS-selected SNPs [Michailidou et al., 
2013]. With these estimations, high- and moderate-pen-
etrance genes together with GWAS-identified low-pene-
trance common variants may explain about 50% of the 
familial risk of breast cancer [Michailidou et al., 2013]. 
Additionally, the COGS reported 4 variants located on 
chromosomes 1q32.1, 2p24.1 and 16q12.2 associated 
with ER-negative breast cancer [Garcia-Closas et al., 
2013]; one of these variants on chromosome 1q32.1 was 
also associated with breast cancer risk in  BRCA1  muta-
tion carriers [Couch et al., 2013]. A novel breast cancer 
susceptibility variant on chromosome 6p24 was also de-
tected using  BRCA2  mutation carriers of European de-
scent [Gaudet et al., 2013]. Besides, a comprehensive fine-
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mapping study conducted by COGS led to the identifica-
tion of 3 additional independent loci on chromosome 
11q13 [French et al., 2013] and 2 novel breast cancer sus-
ceptibility loci on chromosome 5p15 [Bojesen et al., 
2013]. Importantly, results from COGS indicated shared 
genetic susceptibility for breast, prostate and ovarian can-
cers, providing supporting evidence for a common ge-
netic etiology in the development and progression of 
these hormone-related cancers. COGS reported 18 chro-
mosomal regions containing risk variants associated with 
more than one of these cancers, and many of these regions 
harbor cancer-related genes such as  MDM4, TET2, TERT, 
KLF4, POU5F1B, RAD51B , and  BABM1 . Of these, 2
genomic regions, 5p15.33  (TERT)  and 8q24.21  (MYC, 
POU5F1B) , contained susceptibility loci for all 3 cancers. 
 TERT  plays an important role in making telomerase that 
maintains the telomere ends of chromosomes by addition 
of 6-nucleotide telomere repeats.  MYC  encodes a tran-
scription factor that activates expression of many genes. 
It is a strong proto-oncogene and is involved in cell pro-
liferation, cell growth and apoptosis.

  A brief summary of breast cancer GWASs con-
ducted between 2007–2013 was retrieved from the Na-
tional Human Genome Research Institute catalog 
of published GWASs (http://www.genome.gov/gwa-
studies/) on July 11, 2014 [Hindorff et al., 2009] and is 
provided in online supplementary table  1 (see www.
karger.com/doi/10.1159/000369045). Detailed descrip-
tion of the COGS findings would demand substantial 
space in this review article, and hence original research 
articles by the COGS [Bojesen et al., 2013; Couch et al., 
2013; French et al., 2013; Garcia-Closas et al., 2013; Gau-
det et al., 2013; Michailidou et al., 2013] and the GWAS 
catalog [Hindorff et al., 2009] are suggested for interested 
readers.

  Common Variants for Breast Cancer Prognosis 

 Successes from GWASs in identifying low-penetrance 
common variants for breast cancer predisposition led
to investigations examining potential roles of GWAS-
identified breast cancer susceptibility SNPs for breast 
cancer prognosis. None of the breast cancer susceptibil-
ity loci reported by GWASs showed significant associa-
tions with breast cancer prognosis, except for a SNP 
(rs13281615) on chromosome 8q24 reported by Easton et 
al. [2007b], which showed statistically significant associa-
tion with overall survival (p = 0.009) in an independent 
study comprising 13,527 invasive breast cancer cases 

[Garcia-Closas et al., 2008]. In 2010, Azzato et al. [2010a] 
conducted the first GWAS for breast cancer survival after 
diagnosis using the follow-up and genotype data of 
528,252 SNPs for 1,145 postmenopausal sporadic breast 
cancer cases from the CGEMS initiative [Hunter et al., 
2007]. However, the results did not find any SNPs statis-
tically significantly associated with breast cancer progno-
sis. The authors concluded that a different set of low-pen-
etrance common alleles, rather than susceptibility alleles, 
may be responsible for variations in breast cancer prog-
nosis. In the same year, Azzato et al. [2010b] conducted a 
second GWAS for breast cancer prognosis by using exist-
ing stage 1 GWAS data from Easton et al. [2007b] that 
consisted of 3,761 invasive breast cancer cases genotyped 
for 10,621 SNPs on a custom-based Perlegen platform. 
The authors reported a SNP (rs4778137) on chromosome 
15q13.1 as statistically significantly associated with breast 
cancer survival for triple-negative breast cancer cases
(p = 5.0 × 10 –5 ), and the association was successfully rep-
licated in an independent set of 14,096 invasive breast 
cancer cases. Subsequently, a third GWAS for breast can-
cer prognosis was conducted by Shu et al. [2012] by inter-
rogating 613,031 SNPs genotyped on Affymetrix SNP 6.0 
array for 6,110 invasive breast cancer cases of Chinese 
ancestry. The results indicated 2 SNPs, rs3784099 and 
rs9934948, located on chromosomes 14 and 16, respec-
tively, as significantly associated with breast cancer sur-
vival (p   < 5.0 × 10 –6 ). Recently, a multi-stage association 
study conducted by us using a combined sample size of 
7,219 breast cancer cases and healthy controls of Cauca-
sian origin from Alberta, Canada, confirmed a potential 
prognostic value of SNP rs13280615 on chromosome 
8q24.21 for breast cancer [Sehrawat et al., 2011; Sapkota 
et al., 2013c]. The SNP was for the first time shown to be 
of prognostic value with breast cancer outcomes (recur-
rence-free and overall survival) by independent investi-
gators [Garcia-Closas et al., 2008]. In GWAS literature, 
corroborative evidence of this kind is highly recommend-
ed in diverse ethnic groups. Even though the prognostic 
SNP replicated here in this study is also from Caucasian 
subjects, its replication in other ethnic groups is awaited. 
More recently, Rafiq et al. [2013] conducted a 2-stage as-
sociation study using breast cancer cases of European an-
cestry and reported suggestive association of a SNP near 
the  ARRDC3  gene with breast cancer prognosis (p = 9.5 
× 10 –7 ). Overall, these studies have shown that inherited 
germline genetic variations may contribute to the ob-
served variations in breast cancer prognosis, and hence, 
larger GWASs in future are warranted to identify addi-
tional common variants for breast cancer outcomes.
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  Summary of Genetic Risk Accounted to Date and the 

Search for Missing Heritability 

 Over the last few years, several GWASs and a candi-
date gene association study conducted for breast cancer 
led to the identification of multiple low-penetrance com-
mon variants conferring single-locus effects for breast 
cancer risk, lending credence to the CDCV hypothesis 
and the polygenic model of risk for complex diseases 
[Pharoah et al., 2002; Cox et al., 2007; Hemminki et al., 
2008]. The majority of breast cancer-associated SNPs 
identified thus far are common in the study population 
with minor allele frequency >10% [Cox et al., 2007; Easton 
et al., 2007b; Hunter et al., 2007; Stacey et al., 2007, 2008; 
Gold et al., 2008; Ahmed et al., 2009; Thomas et al., 2009; 
Zheng et al., 2009; Antoniou et al., 2010; Gaudet et al., 
2010, 2013; Long et al., 2010, 2012; Turnbull et al., 2010; 
Cai et al., 2011; Fletcher et al., 2011; Haiman et al., 2011; 
Ghoussaini et al., 2012; Siddiq et al., 2012; Bojesen et al., 
2013; Couch et al., 2013; French et al., 2013; Garcia-Clo-
sas et al., 2013; Michailidou et al., 2013]. However, the 
effect sizes of these associations are modest and explain 
 ∼ 30% of additional genetic risk for breast cancer predis-
position [Ghoussaini et al., 2012; Michailidou et al., 2013]. 
Taken together, known high- and moderate-penetrance 
genes identified through linkage studies and mutational 
screenings of candidate genes, in addition to recently 
identified low-penetrance common SNPs by genetic as-
sociation studies, only account for <50% of variations in 
familial breast cancer predisposition [Michailidou et al., 
2013], suggesting that more variants exist.

  One of the major challenges to uncover the remainder 
of breast cancer heritability is the sample size needed for 
sufficient statistical power since the (yet unidentified) 
common variants are expected to confer much smaller 
effect sizes (ORs <1.5). International consortia such as the 
Breast Cancer Association Consortium (BCAC), the 
CGEMS, the Breast and Prostate Cancer Cohort Consor-
tia, and the COGS have already made an effort to increase 
the number of studied individuals to >100,000 by includ-
ing breast cancer cases and healthy controls from several 
individual research centers and consortia [Ghoussaini et 
al., 2012; Michailidou et al., 2013]. However, results from 
such giant consortia are also limited to SNPs with very 
small effect sizes, indicating that future GWASs are un-
likely to identify common variants with very large indi-
vidual effect sizes (ORs >1.5), regardless of sufficiently 
large sample sizes. Consequently, there is a clear need to 
explore other forms of genetic variations contributing to 
breast cancer predisposition. Current debates suggest 

that one of the possible sources for ‘residual or missing 
heritability’ for breast cancer are contributions of struc-
tural variations, such as CNVs, and genetic interactions 
(gene-gene and gene-environment interactions), in addi-
tion to the contributions from strong single-locus effects 
through continued efforts for sufficiently powered sys-
tematic GWASs [Moore, 2003, 2005; Manolio et al., 2009; 
Anonymous, 2010; Bodmer and Tomlinson, 2010; Eichler 
et al., 2010; Gibson, 2010; Thomas, 2010; Zuk et al., 2012]. 
Considering recent advances in next-generation sequenc-
ing technologies, possible involvement of yet ‘unknown’ 
high-penetrance mutations/genes contributing to breast 
cancer susceptibility may also be investigated through 
whole-genome and whole-exome studies. At present, ex-
treme cases with a strong family history may be ascer-
tained for these studies, as whole genome/exome se-
quencing of a large number of breast cancer cases and 
controls is still a cost-limiting factor. Such a comprehen-
sive approach may identify a larger proportion of breast 
cancer heritability, leading to possibilities for population 
level screening and prophylactic interventions in the near 
future.

  CNVs 

 One possible source of residual heritability for breast 
cancer is the contribution of CNVs. CNVs are the most 
common type of structural variations in the human ge-
nome. These are DNA segments >1 kb in size that vary in 
their copy numbers due to gains or losses ( fig. 2 ) [Redon 
et al., 2006; Henrichsen et al., 2009; Kuiper et al., 2010]. 
Throughout this review, we refer to results from germline 
CNVs (and not CNVs from tumor cells/somatic origins) 
as is our focus with SNPs for their potential value in dis-
ease susceptibility or prognosis. As of January 2014, there 
were 2,304,349 CNVs reported in the Database of Ge-
nomic Variants, Toronto, Canada (http://dgv.tcag.ca/
dgv/app/home), a curated catalog of human genomic 
structural variation, and more CNVs may be identified in 
the coming years. This catalog is by no means a complete 
database, but is continually evolving. CNVs are believed 
to affect expression of many genes, either through gene 
dosage (gains or losses) or by  cis -acting regulatory activi-
ties [Locke et al., 2006; Stranger et al., 2007; Henrichsen 
et al., 2009]. Studies have shown that germline CNVs may 
predispose to many complex diseases, and SNPs are gen-
erally underrepresented in genomic regions harboring 
CNVs and, therefore, GWASs utilizing CNVs are slowly 
emerging [Tuzun et al., 2005; McCarroll and Altshuler, 
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2007; Wong et al., 2007; McCarroll et al., 2008; Shlien and 
Malkin, 2010].

  The first large-scale GWAS investigating potential 
roles of CNVs for genetic susceptibility to complex dis-
eases was conducted by the Wellcome Trust Case Control 
Consortium [2010]. The study investigated 3,432 com-
mon CNVs for their roles in 7 diseases and found no 
strong evidence for CNVs as better (than SNPs) sources 
of residual heritability for complex diseases. Even though 
the study reported lack of associations of common CNVs 
with complex diseases, perhaps due to a limited number 
of common CNVs considered in the analysis, the study 
certainly opened possibilities for a more systematic and 
comprehensive analysis (larger coverage) of germline 
CNVs as predisposition factors for complex diseases. An-
other study that evaluated germline CNV profiles be-
tween  BRCA1 -associated and sporadic ovarian cancer pa-
tients reported substantial differences in copy number 
gains and losses between these 2 groups of cancer patients 
[Yoshihara et al., 2011]. Germline CNVs were also re-
ported to be associated with susceptibility to familial pan-
creatic and breast cancers [Al-Sukhni et al., 2012].

  More recently, with the application of high-through-
put SNP genotyping arrays, large chromosomal lesions 
characterized by loss of heterozygosity (LOH), but with 
diploid copy numbers, were observed (as were also in 
many malignancies), possibly resulting from non-homol-
ogous recombination during meiosis, trisomic rescue or 
mitotic recombination [Mohamedali et al., 2007; O’Keefe 

et al., 2010; Kryh et al., 2011; Lapunzina and Monk, 2011; 
Melcher et al., 2011; Saeki et al., 2011]. These chromo-
somal defects, also known as CN-LOHs or uniparental 
disomies, are characterized by loss of 1 allele with simul-
taneous replacement by an exact copy of another allele, 
resulting in retention of diploid copy number but loss of 
polymorphic differences (both alleles are from the same 
parent) ( fig. 2 ). CN-LOHs have been reported to be as-
sociated with gain of oncogenic alleles and inactivation of 
tumor suppressors and may be an important mechanism 
in cancer development [Mohamedali et al., 2007; O’Keefe 
et al., 2010; Melcher et al., 2011; Saeki et al., 2011]. With 
the advent of SNP genotyping platforms that can measure 
both CNVs and CN-LOHs, it is now possible to investi-
gate potential roles of these large chromosomal defects as 
genetic determinants for complex diseases using germ-
line DNA. A recent study conducted by us that aimed to 
evaluate the role of germline CNVs and CN-LOHs in 
breast cancer recurrence identified multiple copy number 
aberrations (2 copy number gains and 5 CN-LOHs) 
showing statistically significant differences between re-
currence-free survival probabilities with and without 
these aberrations [Sapkota et al., 2013a]. Of these, 3 CN-
LOHs were successfully validated by qPCR. Even though 
these results need to be further investigated in indepen-
dent breast cancer cases to confirm robustness of their 
associations, findings from this first study of its kind 
clearly indicate the importance of germline DNA varia-
tions as potential prognostic markers for breast cancer.

  Fig. 2.  Illustration of copy number varia-
tions and copy-neutral loss of heterozygos-
ity. 
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  Genetic Interactions 

 GWASs representing common SNPs and emerging 
studies of CNVs or CN-LOHs primarily focus on single-
locus effects (also known as main genetic effects). How-
ever, the risk for complex diseases, including breast can-
cer, is also attributed to 2 types of genetic interactions: 
gene-gene and gene-environment interactions. At pres-
ent, GWASs including these genetic interactions are lim-
ited because of the need for large sample sizes to achieve 
the statistical power, as well as the exposure data (health, 
lifestyle and reproductive) that are difficult to obtain and, 
where available, may not have banked DNA in most co-
horts.

  Gene-Gene Interactions 
 The etiology of complex diseases includes a substantial 

proportion of gene-gene interactions, commonly re-
ferred to as epistasis. Epistasis is a ubiquitous phenom-
enon that describes how genes or loci interact to affect 
phenotypes [Moore, 2005]. Such interactions are be-
lieved to explain a large proportion of genetic heritabil-
ity of complex diseases. At present, epistatic interactions 
involving 2 loci or SNPs can be evaluated using logistic 
regressions. However, it has been limited to candidate 
gene studies with a small number of SNPs [Onay et al., 
2006]. Testing every combination of pair-wise interac-
tions or even extending to multi-SNPs (multi-way) in-
teractions in a GWAS is computationally intensive. Sev-
eral strategies can be adopted to reduce the number of 
tests that may arise from a brute-force approach, which 
tests all pairs of interactions. One approach that we em-
ployed in a recent study would be to test for interactions 
among SNPs that show weak but consistent associations 
in at least 2 independent stages [Sapkota et al., 2012, 
2013b]. This would dramatically reduce the number of 
SNPs to include in epistatic interaction analyses (i.e. 
multiple testing burden) while excluding thousands of 
SNPs that are not obvious candidates for the interaction 
analyses. More recently, logic regressions have been 
proposed for testing multi-way interactions among 
SNPs and have been successfully applied to GWAS of 
Crohn’s disease and a candidate gene association study 
of cervical cancer [Feng et al., 2005; Dinu et al., 2012]. 
Future studies that focus on potential epistatic interac-
tions among SNPs, in addition to single-locus effects, in 
a GWAS or a candidate gene association study may 
identify additional heritability for complex diseases, in-
cluding breast cancer.

  Gene-Environment Interactions 
 Complex diseases such as breast cancer also result 

from combined effects of both genetic and environmental 
risk factors. Even though these forms of genetic interac-
tions are believed to explain a large proportion of herita-
bility for breast cancer, especially for sporadic breast can-
cer, investigations of such interactions are limited due to 
difficulty in obtaining the environmental, lifestyle and re-
productive data.

  The Breast and Prostate Cancer Cohort Consortium 
conducted a comprehensive study to evaluate possible in-
teractions between the common breast cancer susceptibil-
ity loci and the established breast cancer risk factors, such 
as age at menarche, parity, age at menopause, use of hor-
mone replacement therapy, body mass index, smoking 
habit, alcohol consumption, family history, and height, 
using data from 8,576 cases and 11,892 controls [Campa 
et al., 2011]. The study findings indicated that the com-
mon breast cancer susceptibility loci do not affect the as-
sociations of the examined established risk factors with 
breast cancer. These findings were also supported by an-
other study conducted by the BCAC that evaluated pos-
sible interactions among common breast cancer suscep-
tibility loci and known breast cancer risk factors using 
genotype and questionnaire data from 26,349 cases and 
32,208 controls from 21 case-control studies [Milne et al., 
2010]. More recently, COGS assessed 23 known breast 
cancer susceptibility loci and their potential interactions 
with 10 established environmental risk factors and pro-
vided first strong evidence for an important role of gene-
environmental interactions in breast cancer susceptibility 
[Nickels et al., 2013]. Statistically significant associations 
were observed for interactions between  LSP1  variant 
(rs3817198) and parity and between  CASP8  variant 
(rs17468277) and alcohol consumption. Once sufficient 
exposure data becomes readily accessible to incorporate 
in GWASs, future studies may also focus on this form of 
genetic interaction to address the residual heritability of 
breast cancer.

  Risk Prediction Models for Breast Cancer 

 In general, risk assessment of breast cancer has been 
broadly grouped into 2 categories – empirical models and 
genetic risk models [Amir et al., 2010]. Empirical models 
estimate the probability of carrying a mutation (such as 
 BRCA1/2 ) without making any explicit assumptions 
about the underlying genetic architecture. Myriad II 
[Frank et al., 2002] and the Manchester model [Evans et 
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al., 2004] are examples of empirical models. On the con-
trary, genetic risk models make explicit assumptions 
about the genetic risks, such as the number of susceptibil-
ity variants, their allele frequencies in the general popula-
tion and the risks conferred by these alleles. Examples of 
genetic risk models include BRCAPRO [Berry et al., 
2002], The Breast and Ovarian Analysis of Disease Inci-
dence and Carrier Estimation Algorithm (BOADICEA) 
[Antoniou et al., 2008a] and the International Breast Can-
cer Intervention Study (IBIS) [Tyrer et al., 2004]. Both 
empirical and genetic risk models have good discrimina-
tory accuracy, as measured by the area under the curve 
(AUC), for predicting  BRCA1/2  mutation status. The 
AUC values for BOADICEA, BRCAPRO, IBIS, Myriad II, 
and the Manchester model were 0.77, 0.76, 0.74, 0.75, and 
0.72, respectively [Antoniou et al., 2008b]. For a more ac-
curate assessment of breast cancer risks over time, addi-
tional ‘known’ risk factors such as age, obesity, mammog-
raphy density, family history of breast cancer, hormonal 
and reproductive factors have been incorporated into the 
risk assessment models. Even though there are many risk 
prediction models for breast cancer, the Gail model is the 
mainstream model currently in use [Gail et al., 1989] and 
is the only model validated in 3 large population-based 
databases [Bondy et al., 1994; Spiegelman et al., 1994; 
Costantino et al., 1999]. The Gail model uses a number of 
breast cancer risk factors, namely age, age at menarche, 
age at first live birth (or nulliparity), number of first-de-
gree relatives with breast cancer, number of prior breast 
biopsies, and presence of atypical hyperplasia [Gail et al., 
1989]. In its present form, the Gail model offers the dis-
criminatory accuracy at  ∼ 0.5–0.6 [Rockhill et al., 2001; 
Tice et al., 2005; Bondy and Newman, 2006], which is 
slightly better than the baseline, indicating that addition-
al risk factors need to be identified and incorporated into 
the Gail model to improve its precision.

  In 2010, Wacholder et al. for the first time attempted 
to assess the disease risk conferred by common breast 
cancer susceptibility variants [Wacholder et al., 2010]. 
The authors demonstrated that inclusion of 10 common 
breast cancer susceptibility variants identified through 
GWASs into the widely used Gail model moderately im-
proved the performance of risk models for breast cancer 
from 58.0 to 61.8%, as measured by the AUC. While this 
scant improvement in risk assessment may not be suffi-
cient for inclusion of common variants to identify women 
who might benefit from prophylactic intervention, it is 
possible that many more variants remain to be identified 
that could eventually improve clinical risk assessment for 
breast cancer. More recently, Sawyer et al. [2012] evalu-

ated the associated familial breast cancer risk conferred 
by 22 common breast cancer susceptibility variants iden-
tified through multiple GWASs using a polygenic risk 
score (PRS), calculated as the sum of the log OR for each 
allele. Using PRS for risk assessment, the 22 common 
variants could explain 18.5% of the genetic risk for breast 
cancer, while the predictive power of PRS in non- 
BRCA1/2  familial breast cancer cases was 65.4%, as mea-
sured by AUC. These results also indicated that PRS was 
significantly higher among individuals with familial 
breast cancer than in healthy controls (p = 1.0 × 10 –16 ). 
Moreover, the PRS was significantly higher among famil-
ial cases without  BRCA1/2  mutations than among cases 
with mutation carriers (p = 2.3 × 10 –6 ). Women who test-
ed negative for  BRCA1/2  mutations but had higher PRS 
were more likely to have an early onset of disease before 
30 years of age (OR = 3.37) and a higher chance of second 
breast cancer (OR = 1.96) as compared to women with 
low PRS. Presently, the current model of genetic testing 
for familial breast cancer only identifies  BRCA1/2  muta-
tions in  ∼ 1 in 5 women. The test is uninformative for fa-
milial cases that test negative for  BRCA1/2  mutations. 
However, after addition of common variants (i.e. PRS) 
into the current model of genetic testing, it may be now 
possible to subdivide non- BRCA1/2  familial breast cancer 
cases into high-, intermediate- and low-risk groups, as 
described by these investigators. A similar model of ge-
netic testing, also taking into account newly identified 
variants by COGS and genetic interactions, can be at-
tempted for risk assessment of sporadic breast cancer 
when sufficient common variants will be identified 
through more GWASs and candidate gene association 
studies aided by large international consortia.

  Concluding Remarks 

 Identification of a large number of breast cancer pre-
disposition factors (usually common SNPs), with either 
single-locus or epistatic effects, could be of use for breast 
cancer risk assessment. The combined effect of informa-
tive genetic risk factors into the Gail model may increase 
the risk prediction accuracy and eventually may allow for 
development of population-based risk screening and 
stratification programs.

  Furthermore, few studies conducted to date have indi-
cated that germline DNA variations (SNPs and copy 
number aberrations) may serve as potential prognostic 
markers for breast cancer. Clearly, more research is need-
ed to identify additional germline variants of potential 

http://dx.doi.org/10.1159%2F000369045


 Sapkota

 

Cytogenet Genome Res 2014;144:77–91
DOI: 10.1159/000369045

88

prognostic value. The most promising markers that show 
consistent statistically significant associations with breast 
cancer prognosis can be further evaluated in prospective 
clinical trials. If successful, these germline markers, in ad-
dition to currently utilized tumor-based prognostic and 
predictive factors, may help us realize the practical value 
of breast cancer prevention and control through applica-
tions of genetically stratified populations to benefit from 
emerging genomics medicine.
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