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KATIE M. O’BRIEN: Race and subt;i)lc)asflli?fgences in the replication of previously
identified breast cancer susceptibility loci: A Bayesian approach
(Under the direction of Robert C. Millikan and Stephen R. Cole)

Over the last twenty-five years, researchers have identified several dozen genetic
polymorphisms associated with breast cancer susceptibility. While many of these loci are
now considered well-established risk factors for the disease, previous attempts to replicate
variant-disease associations in African Americans or to identify subtype-specific risk variants
have been imprecise and inconsistent.

I examined the association between breast cancer subtypes and previously established
candidate gene and genome-wide association study “hits” among white and African
American women in the Carolina Breast Cancer Study. Maximum likelihood and Bayesian
methods were used to estimate race and subtype-specific odds ratios (ORs) for each of 83
candidate single nucleotide polymorphisms (SNPs). Selected SNPs included several previous
GWAS hits (n=22), near-GWAS hits (n=19), otherwise well-established risk loci (n=5), or
SNPs in the same gene as another selected variant (n=37). Subtypes were defined using 5
immunohistochemical markers: estrogen receptors (ER), progesterone receptors (PR), human
epidermal growth factor receptors 1 and 2 (HER1/2) and cytokeratin (CK) 5/6.

Eighteen GWAS-identified SNPs successfully replicated in whites and ten GWAS-
identified SNPs successfully replicated in African Americans. SNPs in FGFR2 and

TNRCY/TOX3 were strongly associated with breast cancer in both races. Additionally, SNPs

in MRPS30, MAP3K1, CDKN2A/B, ZM1Z1, LSP1, H19, and TP53 were

il



associated with breast cancer in whites and SNPs in TLR1, ESRI, and H19 were associated
with breast cancer in African Americans. Several SNPs in TNRCY9/TOX3 were associated
with luminal A (ER/PR+, HER2-) or basal-like disease (ER-, PR-, HER2-, HER1 or CK
5/6+), and one SNP (rs3104746) was associated with both. SNPs in FGFR2 were associated
with luminal A, luminal B (ER/PR+, HER2+), and HER2+/ER-, but not basal-like disease.
There were also subtype differences in the effects of SNPs in 2q35, 4p, TLR1, MAP3K1,
ESR1, CDKN2A/B, ANKRD16, and ZM1Z1.

These analyses provide precise, well-informed race and subtype-stratified ORs for
several key breast cancer-related SNPs. These results also demonstrate the utility of Bayesian
methods in genetic epidemiology and provide evidence of subtype-specific etiologies. This
work may help to identify specific causal variants, locate targets for research on directed

therapies, and identify high-risk individuals.
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1. Specific Aims

Although advances in breast cancer detection, prevention and treatment have helped
reduce incidence and mortality over the last decade, breast cancer still afflicts nearly one in
every eight US women and kills one in 36 [1, 2]. A crucial next step in reducing the public
health burden of breast cancer is to identify and better characterize genetic mutations
affecting breast tumorigenesis. By examining these mutations we can better understand how
the disease develops and progresses, identify individuals at higher risk of developing the
disease, and locate targets for further research on directed therapies. We can gain additional
insights by investigating these genetic mutations within strata of disease subtype and race, as
there is strong evidence that breast cancer is a heterogeneous disease with several distinct
etiologies and that subtypes and risk variants are not evenly distributed across race or age
groups [3-12].

Aside from a few highly influential genetic variants identified through linkage or
candidate gene analyses, most of the known genetic risk factors for breast cancer were first
detected in genome-wide association studies (GWAS). With so much about breast cancer
etiology and the human genome still unknown, GWAS have been invaluable discovery tools.
Yet, the expansiveness of these studies also limits their precision and thus their ability to
identify causal variants or discern subtype-specific risk profiles.

To better understand the role of genetic polymorphisms in breast carcinogenesis and
more specifically, the carcinogenesis of individual breast cancer subtypes in specific racial

groups, I studied the association between several previously identified genetic risk factors



and the risk of breast cancer. In this analysis, I used Bayesian statistical methods to
incorporate information on the linkage disequilibrium of the variants within the gene and the
likely magnitude of the association to better inform statistical models. These theoretically
sound but computationally challenging methods are expected to produce more precise and
informative effect estimates than traditional statistical techniques [13-17]. I conducted this
research using data from the Carolina Breast Cancer Study (CBCS), a population-based,
case-control study with large samples of both white (n= 1247 cases, 1105 controls) and
African American women (n=766 cases, n=681 controls). The specific aims of this study are

as follows.

Specific aim 1: Estimate associations between identified genetic risk variants and
overall breast cancer in whites and African Americans using Bayesian and frequentist
methods.
a) Describe the application of Bayesian methods, including hierarchical modeling and full
Bayes regression analysis
b) Generate race-specific effect estimates for the association between invasive and in situ
breast cancer and 83 candidate polymorphisms from 28 well-established breast cancer-
related genes or gene regions [18-20]
i.  Estimate individual SNP effects using frequentist logistic regression models
and full Bayes logistic regression models with informative priors

ii.  Estimate individual and group-level SNP effects for SNPs in the same linkage

disequilibrium block using hierarchical regression analysis



Specific aim 2: Estimate effects between the candidate SNPs and each breast cancer
subtype.

a) Estimate the effect of each candidate gene on each breast cancer subtype, relative to
controls, using frequentist and Bayesian methods

b) Estimate race-stratified effects for each candidate gene on each breast cancer subtype,
relative to controls, using frequentist and Bayesian methods

¢) Conduct sensitivity analyses to demonstrate the robustness of the effect estimates under

alternative model assumptions



2. Review of the Literature
2.1 Public health impact of breast cancer

Despite recent advances in detection and prevention, breast cancer remains the most
common female cancer in the United States (US) and worldwide [21]. In 2012, an estimated
226,870 US women were diagnosed with the disease [22], which corresponds to an average
lifetime risk of 12%, or one in eight, for US women [23].

With a 5-year relative survival rate of nearly 90% in the US [23], deaths due to breast
cancer are fairly rare, with approximately 1 in 35 women dying annually from the disease
[2]. However, breast cancer is the second most common cause of cancer death in the US,
claiming the lives of nearly 40,000 US women in 2012 [23], and remains the leading cause of
cancer death in females worldwide [21].

Age-adjusted incidence rates for the state of North Carolina (NC) are slightly above the US
average, with 127.5 NC cases versus 123.1 US cases per 100,000 women per year in 2009
[24]. Breast cancer mortality rates in NC are slightly lower than the US average, with 21.4

NC deaths and 22.2 US deaths per 100,000 in 2009 [24].

2.2 Race and age disparities in incidence and mortality

Data from the National Cancer Institute’s Surveillance Epidemiology and End Results
(SEER) database indicate that although breast cancer incidence rates are very similar for
White and African American women younger than 50 at diagnosis (44.7 and 44.4 cases per

100,000 women in 2009 for Whites and African Americans, respectively), the disease is



more common among White women aged 50 or older than African American women of the
same age group (360.9 versus 344.8 cases per 100,000 women) [1]. In contrast, mortality
statistics from 2009 indicate much higher rates for African Americans than Whites in both
age groups (8.1 versus 4.5 deaths per 100,000 women aged <50; 89.1 versus 66.6 deaths per
100,000 women aged 50 or older) [2]. As shown in Figure 1, a plot of race and age-group
specific mortality rates from 1969-2009, racial differences in mortality in the 50 or older age
group have not shown a meaningful decrease since reaching a peak in 1997, at which point
there were approximately 23 more deaths per 100,000 per year in African Americans than

Whites [2]. All rates have been decreasing over time since the mid-1990s.

2.3 Breast cancer histology

The National Cancer Institute defines breast cancer as “cancer that forms in the
tissues of the breast, usually the ducts and lobules” [22]. More specifically, invasive breast
cancer develops when abnormal cells multiply without constraint, forming a tumor within
one part of the breast that eventually penetrates the basement membrane and infiltrates
adjacent tissues. These tumors can be classified based on their histological subtype, which
describes the anatomical structure in which the malignant cells originate [25].

The majority of invasive breast cancers are ductal carcinomas not otherwise specified
(NOS) that originate in women’s milk ducts, then grow through the ductal walls to invade
other stromal tissues [25]. Approximately 8-15% of all invasive breast cancers occurring in
US women originate in a lobule, or milk gland [26, 27]. Several rare histologic subtypes
make up the remaining 15-20% of invasive breast cancers, including tubular carcinoma,

medullary carcinoma, inflammatory breast carcinoma, papillary carcinoma, mucinous



carcinoma and Paget’s disease, with each accounting for less than 2% of all invasive cases.
Ductal carcinoma in situ and lobular carcinoma in situ are non-invasive breast tumors that
have not spread beyond their point of origin [25]. These malignant cells may grow into

invasive tumors if left untreated.

2.4 Breast cancer and hormone receptors

The presence or absence of specific hormone receptors within the breast tumor can
also be used to classify breast tumors. Hormone receptor expression is determined using
immunohistochemical (IHC) analysis and may be an important indicator of where and how
the malignant cells first arose [28-30].

Estrogen receptors (ER) and progesterone receptors (PR) are the most common types
of hormone receptor in breast tumor cells, with approximately 80% and 60-70% of all US
breast cancers arising from ER positive cells and PR positive cells, respectively [7, 26, 31-
33]. ER and PR status are highly correlated, with concordance estimated at 85% [34-37]. A
third commonly evaluated hormone receptor is human epidermal growth factor receptor-2
(HER2), which appears in 12-20% of breast tumors collected from US population-based

samples [7, 33, 38].

2.5 Breast cancer intrinsic subtypes

The development of gene expression analysis methods, which quantify the activity
levels of certain genes as they are transcribed from deoxyribonucleic acid (DNA) into
messenger ribonucleic acid (mRNA) and sent for translation into proteins, allows for more

thorough evaluations of breast tumor heterogeneity. In one of the first gene expression



analyses of breast tissue, Perou et al. [39] identified 496 genes that sufficiently captured the
variation between tumor cells. When these 496 genes were analyzed using a hierarchical
clustering method to group tumors with similar expression patterns, the investigators
observed interesting parallels with the traditional IHC markers of ER and HER2. For
example, tumor samples that over-expressed the estrogen receptor-o gene and several other
transcription factors were also ER positive. Similarly, HER2+ tumor samples were the only
ones that expressed high levels of genes from a small region on chromosome 17. The
remaining gene expression-derived subgroups could be differentiated based on the presence
or absence of expression of cytokeratin 5/6 (CK 5/6), a protein found in basal epithelial cells
but not in the more differentiated luminal epithelial cells.

Based on these findings and more refined analyses [40-42], breast cancer researchers
created a classification system for breast cancer tumors based on five IHC tumor markers
(ER, PR, HER2, CK 5/6, and human epidermal growth factor receptor-1 [HER1]) that serve
as adequate, inexpensive surrogates for more complex gene expression profiles. Based on
these IHC markers, breast cancer can be classified into four subtypes with unique biological
characteristics: luminal A (ER+ and/or PR+, HER2-), luminal B (ER+ and/or PR+, HER2+),
HER2+/ER- (ER-, PR-, HER2+), and basal-like (ER-, PR-, HER2-, HER 1+ and/or CK 5/6+).
Despite evidence that the gene expression of tumors negative for these five IHC markers is
still rather varied, claudin-low, HER2-enriched, apocrine expressing, normal-like, and other
potentially unique subtypes are generally lumped together as ‘unclassified’ due to their rarity
and complicated features [43-46].

While the 5 THC marker categorization system does not classify the heterogeneity of

breast tumors perfectly [47], its adoption has already furthered our understanding of breast



cancer etiology and uncovered topics in need of further research. In particular, this subtype
classification system has lead to insights in racial differences in the incidence of each breast
cancer subtype, furthered explorations of how genetic and behavioral risk factors vary by
subtype, and motivated development of targeted therapies.
2.5.1 Intrinsic subtypes and race

Luminal A is the most common subtype, but the proportion of tumors of each subtype
varies widely depending on the age and race of the population [3, 5, 6, 48-59]. This
phenomenon was first observed by Carey et al. [3] in the Carolina Breast Cancer Study
(CBCS), a population-based, case-control study of breast cancer in North Carolina with
approximately equal proportions of white and African American women, and pre and
postmenopausal women. In this population, luminal A was the most common subtype in
postmenopausal African Americans (59%), premenopausal non-African Americans (51%)
and postmenopausal non-African Americans (58%), but not premenopausal African
Americans, who had a higher proportion of basal-like breast cancer (39% basal-like vs. 36%
luminal A). In contrast, postmenopausal African Americans, premenopausal non-African
Americans and postmenopausal non-African Americans had 14%, 16%, and 16% basal-like
breast cancer, respectively. Premenopausal African Americans also had slightly higher
proportions of HER2+/ER- tumors than the other subgroups (9% vs. 6-7%) and lower
proportions of luminal B tumors (9% vs. 16-18%). These results were replicated in later
analyses of an expanded CBCS population [4].

Although data on basal markers (CK 5/6 and HER1) has not been collected for any
other largely African American study populations, other studies have confirmed that African

Americans, particularly young African Americans, have a higher proportion of ‘triple



negative’ tumors (ER-, PR- and HER2-) [7, 8, 60-67] relative to other racial groups.
Additionally, several studies of breast cancer subtype distributions in African populations
have observed proportions of basal-like breast cancer [50, 68, 69] or triple negative breast
cancer [64] that are equal to, if not greater than those found in US African American
populations.

Asians and Europeans seem to have similar subtype distributions as white Americans,
with studies reporting approximately 50-60% luminal A tumors and 10-20% basal-like
tumors [7, 33, 48, 52, 53, 55, 56, 58-60, 62, 63, 70-83]. The only study to analyze basal
markers in Hispanic individuals found a low prevalence of basal-like breast cancer (5%) [49],
but the prevalence of triple negative disease was consistent with that of white Americans,
Europeans, and Asians [7, 60, 62, 65, 67, 84, 85].

2.5.2 Intrinsic subtypes and prognosis

Carey et al. [3] was also the first study to examine whether intrinsic subtypes affect
survival, though an update from O’Brien et al. [86] in 2010 examined an expanded study
population and longer follow-up period. Here, 26% of CBCS participants with the
HER2+/ER- subtype and 24% of those with basal-like breast cancer died of their disease
within 5 years of their diagnosis, compared to only 9% of those with luminal A tumors.
These breast cancer specific mortality rates corresponded to hazard ratios of 2.3 (95%
confidence interval [CI]: 1.5- 3.6) and 1.7 (95% CI: 1.2- 2.4) for women with HER2+/ER-
and basal-like tumors, respectively, relative to women with luminal A tumors.

Other investigators have observed that HER2+/ER- tumors and basal-like tumors
have worse prognoses than luminal A or B tumors in their study populations [5, 51-53, 56,

58, 67, 87], thereby lending support to the theory that these subtypes are biologically distinct



diseases with diverse prognoses. As breast cancer specific survival was worse for basal-like
tumors than tumors negative for all 5 THC markers in most of these studies [5, 51, 53, 56, 58,
86-88], these analyses provide further evidence that combining these two diseases into a
single ‘triple-negative’ subtype limits our ability to study their divergent outcomes and
possibly unique etiologic origins [28, 29, 41, 8§9-91].

Of note, while these prognostic discrepancies do provide evidence of distinct subtype
etiologies, the availability and effectiveness of subtype-targeted treatments also plays a
substantial role in subtype-specific mortality rates. Anti-estrogen drugs, such as tamoxifen or
raloxifen, can bind to the estrogen receptors in ER positive tumors, thereby inhibiting
growth-stimulating estrogen molecules from binding to the receptors [92]. Similarly,
aromatase inhibitors such as letrozole (Femara®) decrease the amount of estrogen a woman
produces [93]. Although the development and FDA approval of trastuzumab (brand name
Herceptin®) is too recent to affect survival statistics in any long-term observational studies,
the HER2 protein binding anti-body is now used to treat HER2 positive tumors [94, 95]. To
date, there is no FDA approved targeted therapy for women with triple negative disease,
though additional research on gene expression patterns among triple negative tumors has

identified some potential therapeutic markers [44, 45, 96].

2.6 Non-genetic risk factors for breast cancer

Decades of research on breast cancer etiology have consistently shown associations
between the disease and several non-genetic traits and lifestyle patterns. Female gender, older
age, and African American race are three such well-established, positively associated risk

factors [97-99]. Reproductive traits associated with an increased number of menstrual cycles,
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including early age at menarche, older age at first birth, low parity (especially nulliparity),
lack of breast-feeding, and late age at menopause have all been linked to higher disease rates
as well [100]. Other well-established factors associated with increased disease risk are use of
hormone replacement therapy (HRT), previous chest radiation, radiation treatment for
lymphoma and other cancers, high alcohol consumption, being overweight or obese after
menopause, lack of physical activity, having dense breasts, and a history of benign breast
disease. Tobacco smoke, exposure to certain environmental chemicals, oral contraceptive
(OC) use, and certain dietary patterns may also increase breast cancer risk, but the results
from studies on these topics have been inconsistent [97-99].

2.6.1 Non-genetic risk factors by estrogen receptor (ER) status

Once researchers realized how strongly hormone receptors influence patients’
responses to specific treatments and overall prognoses, they began to question whether breast
cancer subtypes had unique etiologies and, accordingly, unique risk factors. In their earliest
and most basic approach to this question, epidemiologists examined traditional risk factors in
ER+ and ER- tumors separately, accounting for PR status if available. These studies revealed
some noteworthy discrepancies.

Due to known associations between high-risk reproductive patterns and increased
lifetime estrogen exposure [100], researchers originally hypothesized that ER+ tumors would
be more strongly associated with the established reproductive risk factors than ER- tumors.
Two systematic reviews [101, 102] and one pooled analysis [103], which together represent
years of work and dozens of studies on the subject, partially corroborated this theory. These
authors conclude that ER+ tumors were more strongly and consistently associated with early

age at menarche, nulliparity, and later age at first full term pregnancy than ER- tumors,
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though early menarche is also a risk factor for ER- disease. However, these authors also
found that breastfeeding was associated with a reduced risk of both disease types, and that
HRT and OC use did not meaningfully affect the risk of either. Studies of other established
risk factors indicated that postmenopausal obesity is probably associated with ER+ but not
ER- disease [101, 104], and that family history, smoking, and alcohol are associated with
comparable increases in risk for both subgroups [101, 105, 106]. Consideration of PR status
did not lead to any additional insights [103, 104, 106].

2.6.2 Non-genetic risk factors by subtype

Testing for HER2 status became more common after the development of Herceptin,
and the identification of intrinsic subtypes prompted some researchers to assess basal-marker
status as well. This allowed researchers to conduct more etiologically relevant risk factor
analyses for each ER/PR/HER?2 or intrinsic subtype separately. Although these studies were
often small and not representative of all cases, they have contributed greatly to our
understanding of what causes specific breast cancer subtypes and aided in the development
of new treatment and prevention strategies.

To date, three research groups have published analyses of breast cancer risk factors
by intrinsic subtype. This includes the Carolina Breast Cancer Study (CBCS) [4], the Nurses’
Health Study (NHS) [83], and the Poland Breast Cancer Study (PBCS) [82]. Some effect
estimates for basal-like breast cancer are also available from the pooled analysis by Yang and
colleagues [103], which includes PBCS and 33 other studies.

Many other research groups assessed risk factors by combined ER, PR, and HER2
status, with no differentiation between basal-like breast cancer and other triple negative

subtypes. While these less refined definitions may produce biased effect estimates for basal-
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like breast cancer, the discrepancy is minimal if most triple-negative tumors are basal-like, as
is usually the case [45], and relative risks for luminal A, luminal B, and HER2+/ER- breast
cancers are the same for either classification system. In the following risk factor summary,
conclusions are based on confounder-adjusted ORs comparing cases to non-cases, or
confounder-adjusted case-case odds ratios (ccORs) comparing one subtype directly to
another referent subtype, usually luminal A. The results are further summarized in Table 1
(case-control comparisons) and Table 2 (case-case comparisons).

2.6.2.1 Age

Millikan et al. [4] found that younger age was a stronger risk factor for luminal B,
HER2+/ER-, basal-like, and unclassified breast cancers than for luminal A breast cancers.
Studies without basal marker data found similar trends for all subtypes relative to luminal A
[62, 66, 78, 107], for triple-negative relative to luminal A [108], or for triple-negative relative
to non-triple negative [65].

Results from three case-control comparisons [66, 109, 110], were less consistent and
poorly generalizable, as all three were conducted in relatively young populations (maximum
ages of 45, 56, and 54, respectively). Dolle et al. [109] found that the risk of triple-negative
breast cancer was highest for women in their 30s. Gaudet et al. [110] observed a positive
correlation between age and the risk of luminal A or HER2+/ER- breast cancer, but not
luminal B or triple-negative. Trivers et al. [66] reported a lower risk for luminal A breast
cancer among younger women, but an increased risk for luminal B or triple-negative disease.
In general, the combined case-case and case-control results suggest that younger women are
more likely to be diagnosed with basal-like or other non-luminal A breast cancer than older

women, who are more likely to get luminal A breast cancer.
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2.6.2.2 Race

As expected based on previous comparisons of subtype prevalence by race, effect
estimates from all studies reporting race-stratified analyses indicated that African Americans
had a greater risk of basal-like, unclassified or triple-negative breast cancer than luminal A
[4, 62, 66] or non triple-negative breast cancer [65, 108]. African Americans also had an
elevated risk of HER2+/ER- breast cancer versus Luminal A breast cancer [4, 62, 66].
Hispanics had a higher risk of HER2+ than Luminal A disease when compared to non-
Hispanic whites, but the relative risk of triple-negative disease was unclear [62, 65, 78].
Women of Asian descent also appeared to get HER2+ disease more often than non-Hispanic
whites, but had a reduced risk of triple-negative disease [62, 78, 108]. In the only study to
examine whether African American race was a risk factor for breast cancer subtypes relative
to controls, Trivers et al. [66] reported an inverse association for luminal A, a null association
for luminal B, and positive associations for HER2+/ER- and triple negative.
2.6.2.3 Family history

Most studies reported a positive association between family history and each subtype,
relative to non-cases [79, 82, 83, 110-113], with a slightly weaker or null effect for luminal
B, HER2+/ER-, basal-like, or triple-negative disease relative to luminal A [4, 62]. The only
exception to this was the pooled analysis, which exhibited a positive OR for the effect of first
degree family history on basal-like breast cancer relative to luminal A [103].
2.6.2.4 Menopause

While there were no consistent patterns for the effect of menopausal status on
subtype, later age at menopause was a risk factor for luminal A breast cancer. In CBCS,

being premenopausal was negatively associated with HER2+/ER- breast cancer, relative to
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luminal A breast cancer, but did not affect the risk of luminal B, HER2+/ER-, basal-like or
unclassified disease [4]. One other study identified a slight increase in luminal B versus
luminal A breast cancer in premenopausal women [62], and a third study found that being
premenopausal increased the risk of luminal A or B breast cancer, relative to controls [79].

The Nurses’ Health Study [83], PBCS [82], a registry-based, US case-control study
[114], the Women’s Health Initiative [115] and a Chinese case-control study [79] all found
evidence that increasing age at menopause was positively associated with risk of luminal A
disease relative to non-cases. Both the Nurses’ Health Study and the US case-control study
also reported a non-null association between age at menopause and Luminal B or
HER2+/ER- disease. As for basal-like and triple-negative breast cancers, effect estimates
from the Nurses’ Health Study, the US case-control study, the Women’s Health Initiative and
a Japanese case-control study supported a null association [83, 113-115], while a Chinese
case-control studies reported slightly increased risk for triple-negative disease among women
with late onset menopause [79], and PBCS reported an increased risk for unclassified, but not
basal-like tumors [82]. No studies estimated ccORs.
2.6.2.5 Age at menarche

In nearly all of the populations examined, women with luminal A, basal-like, or triple
negative breast cancer were more likely than non-cases to have started menstruating at an
early age [4, 66, 79, 82, 83, 109, 110, 113-116]. Several studies also found a positive
association between early age at menarche and luminal B or HER2+/ER- disease [66, 79,
110, 114], but a few others reported only null effects [66, 82, 83, 113, 116]. In two of the
three studies with ccOR estimates, women who menstruated at a very young age were more

likely to get basal-like or triple negative than luminal A breast cancer [4, 66, 103]. Trivers et
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al. [66] was the only study to observe an increased risk for HER2+/ER- versus luminal A
among women with early age at menarche, and all luminal B versus luminal A ccORs were
near-null.

2.6.2.6 Parity and lactation

Giving birth to one or more children had an inverse association with luminal A breast
cancer in all eleven case-control comparisons [4, 66, 79, 82, 83, 110, 114-118]. Most studies
that evaluated the effect of parity on luminal B breast cancer also found a reduced risk [66,
79, 82, 110], and case-case analyses indicated that the effect was roughly equivalent for the
luminal B versus luminal A subtype [4, 62, 66, 103]. Whether compared to controls or
luminal A cases, most studies found no evidence of an association between parity and
HER2+/ER- breast cancer. The two exceptions to this were Trivers et al. [66], who reported
an increased risk of HER2+/ER- disease among women with higher parity, relative to either
controls or luminal A cases, and Xing et al. [79], who identified a substantially reduced risk
for HER2+/ER- disease among women with one child, relative to controls.

The effect of parity on basal-like or triple-negative breast cancer was less clear. While
only two of the twelve case-control comparisons detected a positive association between any
parity and risk of either basal-like or triple-negative breast cancer relative to controls [4,
115], parity was associated with an increased risk of triple-negative, basal-like or unclassified
breast cancer relative to luminal A in several investigations [4, 62, 66, 103, 108].
Additionally, four studies examined the effect of increased parity (i.e. giving birth to more
than one child versus only one child) on triple-negative disease, two of which estimated a
positive association [108, 115]. The other two studies did not find a similar pattern [114,

116].
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Breastfeeding, regardless of duration, had an inverse association with each breast
cancer subtype in most case-control comparisons [4, 66, 79, 83, 109, 110, 113-116].
Estimated ccORs less than 1 for luminal B and triple-negative breast cancer suggest that lack
of breast-feeding is a particularly important risk factor for these two subtypes [4, 62, 66,
108].

Interestingly, when Millikan et al. [4] examined the joint effects of parity and
lactation in women with basal-like breast tumors, they found that parity was only associated
with an increased risk of cancer in women who did not breastfeed. Similarly, Kwan et al.
[62] found that higher parity was associated with greater odds of having luminal B,
HER2+/ER- or triple-negative versus luminal A breast cancer in women who did not lactate,
but not in women who did.
2.6.2.7 Age at first full term pregnancy

Subtype-specific effect estimates for late age at first full term pregnancy were
inconsistent and difficult to separate out from the effect of parity in general. Lack of a
common referent group made comparisons across studies especially difficult.

Four studies used nulliparous women as the referent group [4, 66, 109, 115] when
comparing subtypes to non-cases. Accordingly, all effect estimates for luminal A cancers
were less than 1, but were higher for women in older age categories than younger age
categories. The same was true for luminal B cancers in the one study with estimated effects
[66]. The reported findings for HER2+/ER- and basal-like or unclassified breast cancers were
too inconsistent to draw conclusions.

Five other studies analyzed the effect of age at first full term pregnancy on breast

cancer subtype as a continuous variable [82, 83, 103, 110, 116]. In four of these five studies,
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every 1-5 year increase in age at first full term pregnancy was associated with an increased
risk of luminal A breast cancer. The pattern held for luminal A in four of six studies [79, 113-
117] comparing relative risks for older versus younger mothers.

The results from case-case comparison studies reported positive associations between
parity and luminal B, HER2+/ER-, basal-like or unclassified breast cancer relative to luminal
A in younger mothers, but noted attenuated effects as maternal age increased [4, 62, 66, 103].
2.6.2.8 Other reproductive risk factors

Subtype-stratified analyses of less established reproductive risk factors for breast
cancer, such as OC use, HRT use, time since last full term pregnancy, and abortion also
revealed some interesting results.

When OC use was limited to an ever versus never comparison, most subtype-specific
estimates for non-luminal A breast cancer were null, though the luminal B estimates
demonstrated some striking inconsistencies [4, 62, 110, 117]. Dolle et al. [109] identified
statistically significant increases in the risk of triple-negative disease, relative to controls,
with long term OC use, especially if women were under the age of 40 when they initiated
use. Gaudet et al. [110] also found an elevated risk of triple-negative breast cancer for ever
versus never OC use in a similar age group, as well as an inverse association between ever
OC use and luminal A breast cancer.

Subtype-specific analyses of ever versus never HRT use revealed null associations
between HRT and luminal A, basal-like or triple-negative disease, but contradictory findings
for luminal B or HER2+/ER- disease [4, 62, 119]. More detailed exposure classifications

indicated that current HRT users were at higher risk of luminal A, luminal B, and possibly
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basal-like and unclassified breast cancer, relative to non-cases, particularly if progestin was
also included [83, 114, 119].

Three studies examined the association between subtype and time since last
pregnancy [66, 116, 120]. In two of these three studies, cancers diagnosed soon after giving
birth were more likely to be HER2+ than hormone receptor positive cases, HER2- cases or
controls. Trivers et al. [66] and Li et al. [116] both found that women who were more
recently pregnant had reduced risk of luminal A or B disease, but only Trivers et al. observed
a similar protective effect for recent pregnancy and triple-negative disease.

Lastly, in the only two studies to examine whether spontaneous or induced abortions
were related to subtype-specific breast cancer risk, one found a non-significant, positive
association between abortion and triple-negative breast cancer, relative to controls [109], and
another found an increased risk of luminal A or HER2+/ER- breast cancer with induced
abortions, but a decreased risk for all four subtypes for spontaneous abortions [79].
2.6.2.9 Body size

Because postmenopausal adiposity is a known risk factor for breast cancer, most
subtype analyses of body size are stratified by menopausal status. Body mass index (BMI) is
the most common measure of body size, and is usually categorized according to the World
Health Organization criteria: underweight (<18.5), normal (18.5-24.99), overweight (25.0-
29.99) or obese (>30.00) [121]. Based on these criteria, Millikan et al. [4] found an inverse
association between higher category of BMI and postmenopausal luminal A and
postmenopausal basal-like breast cancer, relative to controls. Phipps et al. [122] found a
positive association between higher category of BMI and risk of any breast cancer among

postmenopausal women participating in the Women’s Health Initiative. Three additional
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studies of BMI in postmenopausal women, Phipps et al., Gaudet et al., and Yang et al. [82,
110, 123] reported only near-null findings. All case-case comparisons were also near-null [4,
103, 110].

In a pooled analysis, Pierobon et al. [124] found a positive association between
obesity (BMI >30) and triple-negative breast cancer. The association was particularly strong
among premenopausal women. Effect estimates for premenopausal BMI and breast cancer
subtype revealed a possible negative association between high BMI and luminal A breast
cancer, as found in three studies [4, 66, 82], but not two others [109, 110]. The relationship
between high BMI and premenopausal luminal B cancer was inconsistent in these studies,
with Trivers et al. [66] reporting an inverse association, Gaudet et al. [110] reporting a
positive association and Yang et al. observing no effect [82]. Effect estimates from case-
control comparisons of premenopausal HER2+/ER breast cancer were mostly null, though
results from case-case comparisons indicated that women with larger body size had a higher
risk of HER2+/ER- relative to luminal A [4, 62, 66, 103].

Waist-to-hip ratio (WHR), weight and hip circumference, and weight gain were also
examined as potentially relevant body size indicators. Millikan et al. [4] and [122] both found
positive associations between high WHR and postmenopausal luminal A breast cancer,
relative to non-cases. This association held for premenopausal women in Millikan et al [4].
Millikan et al. also found an association between high WHR and basal-like breast cancer
among pre- and postmenopausal women, but Phipps et al. saw no effect in their sample of
postmenopausal women. In a case-case analysis, high WHR was a greater risk factor for
postmenopausal luminal A breast cancer than either luminal B or HER2+/ER-, but a lesser

risk factor than for basal-like breast cancer [4]. Among premenopausal women, basal-like
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breast cancer again had the highest increase in risk associated with high WHR, while luminal
B, HER2+/ER-, and unclassified tumors all had null effects relative to luminal A tumors [4].

Additionally, Tamimi et al. [83] found that higher BMI at age 18 was associated with
a reduced risk in luminal A and basal-like breast cancer, and that weight gain since age 18
was positively associated with unclassified, but not basal-like breast cancer. Phipps et al.
[122] reported positive effect estimates for the association of weight gain, waist
circumference, and hip circumference with luminal A breast cancer, and negative effect
estimates for the association of waist circumference and triple-negative breast cancer. These
findings were inconsistent with an earlier paper by Phipps et al. [123], which reported
predominantly null subtype-specific effect estimates for BMI at age 30 and weight gain or
loss. Corresponding analyses for luminal B and HER2+/ER- subtypes were also mostly null,
with the exception of a negative association between higher BMI at age 18 and HER2+/ER-
breast cancer identified by Tamimi et al [83]. No case-case analyses of these alternative body
size measures were conducted.
2.6.2.10 Physical activity

Increased physical activity was associated with a reduced risk of luminal A,
HER2+/ER-, and triple-negative breast cancer in two studies [66, 122], but a third reported
predominantly null findings [113]. The effect of increased physical activity on luminal B
breast cancer was null in a case-control comparison, but was positively associated with risk
relative to luminal A [66]. Increased physical activity was also associated with an increase in

triple-negative breast cancer relative to luminal A.
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2.6.2.11 Alcohol and smoking

The luminal A subtype has a strong positive association with high alcohol and
cigarette consumption and the HER2+/ER- subtype may be associated with increased alcohol
consumption and a history of smoking. Luminal B, basal-like, and triple-negative breast
cancers are probably not associated with alcohol consumption, but former smoking may
affect the risk of these subtypes.

Compared to never drinkers, women with increasingly higher alcohol consumption
had greater relative risks of developing luminal A breast cancer than non-cases [66, 83, 113,
125]. Despite some evidence of a negative association between increased alcohol
consumption and triple-negative breast cancer in the Women’s Health Initiative [125] and an
Atlanta-based case-control study [66], the Nurses’ Health Study [83], and a SEER registry
study [109] reported null effects, and a Japanese case-control study [113] reported a positive
trend. Alcohol consumption was positively associated with HER2+/ER- breast cancer in both
the Atlanta-based case-control study [66] and the Nurses’ Health study [83], but not with
luminal B breast cancer in either study. Relative to luminal A breast cancer, the effect of
alcohol on luminal B, HER2+/ER- or triple-negative disease was either null or inconsistent
[4, 62, 66].

Increased smoking intensity and duration were associated with an increased risk of
luminal A breast cancer in one study [125] and with a decreased risk in another study [113].
Being a former smoker rather than a current smoker or non-smoker was associated with
increased risk of luminal A disease [66, 125]. Former smokers also had an increased risk of
luminal B and HER2+/ER- breast cancer [66], while current smokers had a reduced risk of

luminal B, but an increased risk of HER2+/ER-. Estimates for the effect of smoking intensity
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and duration on triple-negative tumors were mostly null and the effect of former or current
smoking status was inconsistent [66, 109, 125]. In case-case comparisons, former smoking
was associated with an increased risk of luminal B relative to luminal A, and current smoking
was associated with an increased risk of HER2+/ER- relative to luminal A [66]. Subtype-
specific ccORs for smoking intensity and duration were null for luminal B and HER2+/ER-
and inconsistent for triple-negative tumors [4, 62, 113, 125].

2.6.2.12 Benign breast disease and breast density

Subtype-specific estimates for the effects of high breast density and previous benign
breast disease were provided in one and two studies, respectively. Ma et al. [126] observed a
positive association between high breast density and risk of both luminal A and basal-like
breast tumors. The effect was roughly equivalent for both subtypes, as indicated by a null
ccOR.

The Nurses’ Health Study [66] and the Cancer and Steroid Hormone study [110] both
reported a positive association between benign breast disease and luminal A breast cancer.
The Nurses’ Health Study also observed positive associations between benign breast disease
and luminal B, basal-like and unclassified breast cancer, while the Cancer and Steroid
Hormone study estimated a positive but imprecise association between benign breast disease
and luminal B breast cancer and null effects for the remaining subtypes.
2.6.2.13 Summary of risk factors by subtype

Although the exact relationship between breast cancer subtypes and some of their
possible risk factors is still poorly understood, many such associations are well characterized.
The variability between each subtype-specific risk factor profile provides strong evidence

that the subtypes represent etiologically distinct diseases.

23



Luminal A is the most common subtype and is associated with most previously
established breast cancer risk factors, such as family history of breast cancer, later age at
menopause, early age at menarche, nulliparity, lack of breastfeeding, later age at first full
term pregnancy, decreased physical activity, increased alcohol consumption, history of
benign breast disease and high breast density. The risk factors for luminal B breast cancer are
fairly similar to those for luminal A, with the exception of older age at diagnosis, which is
negatively associated with luminal B and positively associated with luminal A. Several other
luminal A risk factors had null or inconsistent associations with luminal B disease, including
race, age at menopause, age at menarche, lack of physical activity, and alcohol consumption.
Only a few of the established risk factors are associated with HER2+/ER- disease, including
younger age at diagnosis, African American race, family history of breast cancer, lack of
breastfeeding, recent pregnancy, and high alcohol consumption. Lastly, triple-negative breast
cancer is associated with several of the well-established risk factors, but its risk factor profile
still varies quite a bit from that of luminal A. When compared directly to luminal A, triple
negative tumors are more strongly associated with younger age at diagnosis, African
American race, family history of breast cancer, early age at menarche, higher parity, lack of

breastfeeding and high premenopausal BMI than luminal A tumors.

2.7 Genetic risk factors for breast cancer

The high correlation between family history and breast cancer risk has inspired
countless investigations of the disease’s genetic origins. Even though the currently identified
susceptibility loci account for only a small proportion of the disease’s measured heritability

[127-129], their discoveries have helped elucidate some of the biological underpinnings of
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the disease and offered new targets for screening or therapeutic intervention. Furthermore,
the ever-growing body of literature on variability in genetic risk factors by breast cancer
subtype provides additional evidence that these subtypes have unique etiologies.

2.7.1 BRCAI and BRCA2

The first high penetrance breast cancer susceptibility genes identified were aptly
named Breast Cancer Gene 1 (BRCAI) and Breast Cancer Gene 2 (BRCA2) [130-132]. Both
genes were discovered through linkage analysis, a technique that uses genetic markers to
identify chromosomal regions disproportionately shared by diseased family members. Due to
linkage disequilibrium (LD), proximal chromosomal regions are not randomly distributed
during gametogenesis. Therefore, a marker strongly associated with disease incidence is
likely physically near a causal locus, even if it does not tag the causal mutation. Family-
based linkage analyses are particularly powerful for identifying susceptibility genes with
high penetrance.

BRCAI and BRCA?2 are both DNA repair genes and tumor suppressor genes.
Although their specific mechanisms are slightly different, the proteins encoded by these
genes help activate DNA double strand break repair mechanisms and initiate homologous
recombination to replace damaged sequences [133, 134]. Individuals born with mutations in
BRCAI or BRCA2 may be less equipped to fix or suppress cells with damaged DNA, thereby
increasing the likelihood that these damaged cells proliferate and form tumors.

BRCA mutations are very rare but highly penetrant. According to population-based
estimates, approximately 0.04% and 0.4% of all individuals have BRCA1 and BRCA2
mutations, respectively [135], with a mutation prevalence of 2-3% for each gene among

female breast cancer cases [135-137]. Mutation frequencies vary greatly by race and
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ethnicity, with around 8% of all Ashkenazi Jewish cases exhibiting a mutation in BRCA 1, but
only 0.5% of Asian-Americans [137]. Compared to white women with breast cancer, African
American cases are less likely to have a BRCA 1 mutation and more likely to have a BRCA2
mutation [10, 135], although one study reported a BRCA I mutation prevalence of 17% (95%
CI: 7%, 34%) in African Americans diagnosed before age 35 [137]. In terms of penetrance,
around 60% of BRCA I mutation carriers will develop breast cancer by age 70, as will
approximately 50% of BRCA2 mutations carriers [127, 138].

Cases with BRCA 1 mutations are much more likely to have triple-negative disease
than cases with wild type BRCA1 [41, 139-147]. The association is particularly strong in
young women [147]. BRCAI mutations are also associated with increased basal-marker
expression [41, 148]. There is no consistent association between BRCA2 and any breast
cancer subtype.

2.7.2 Candidate genes

As noted previously, family-based linkage studies can effectively identify
chromosomal regions associated with disease susceptibility in affected, related individuals,
but they rarely pinpoint specific, causal mutations and cannot detect low-penetrant variants.
The next step in determining which variants are causally related to the disease (or disease
subtype) of interest is to conduct association analyses of single nucleotide polymorphisms
(SNPs) or other genetic anomalies in unrelated individuals. Alternatively, investigators may
select SNPs because of their location in a functionally-relevant gene or because a particular
base-pair deletion, insertion, or mutation alters the amino acid sequence for a disease-related

protein.
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In a comprehensive review and meta-analysis published in 2011, Zhang et al. [20]
summarized the findings of more than 1000 breast cancer candidate gene studies. Overall,
they examined 521 candidate genes or chromosomal regions and conducted meta-analyses of
279 variants. Twenty-nine variants had statistically significant associations in meta-analyses,
but only 10 variants in 6 genes met the authors’ criteria for strong evidence of association,
which required replication and protection from bias in addition to statistical significance.
These 6 genes were: ATM, CASPS, CHEK?2, CTLA4, NBN, and TP53. The authors considered
three additional genes, CYP194, TERT and XRCC3, to have moderate evidence of
association. Though purposefully excluded from this review, PTEN, BRIP1, and PALB2 were
also mentioned as well-established, highly penetrant susceptibility genes. Variants identified
in genome-wide association studies (GWAS) were also excluded.

Results from less comprehensive reviews of breast cancer candidate gene association
studies are generally consistent with the findings of Zhang at el. For example, Antoniou and
Easton [149] state that BRCAI, BRCA2, TP53, PTEN, ATM, and CHEK? are well-established
breast cancer susceptibility genes, though they also mention LKB/ (also known as STK11).
Freisinger and Domchek [150] and Hirschfield et al. [151] consider BRCA1, BRCA2, TP53,
PTEN, and STK11 to be well-established, highly penetrant genes and CHEK2, ATM, BRIP1
and PALB?2 to be uncommon, but well-established susceptibility genes of low to moderate
penetrance.

Relatively few studies have addressed how these well-established breast cancer
susceptibility genes relate to ER or PR status, and even fewer have included subtype-

stratified analyses. Though limited, these reports provide evidence that some genes may be
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differentially related to the expression of hormone receptors in female breast tumors. A
summary of the existing evidence is provided in Table 3.

The best-studied example of subtype differentiation by candidate gene status is
CHEK?2, located on chromosome 22. Of the four specific mutations Zhang et al. [20] deemed
strongly associated with breast cancer, three (1100delC, IVS2+1G>A, and [157T) have been
assessed within strata of ER, PR or intrinsic subtype. A base pair deletion in exon 10 of the
gene (1100delC) showed evidence of an association with ER+ breast cancer in four studies
[152-155], while a fifth showed no association [156] and a sixth observed a stronger
association with ER- than ER+ tumors [157]. The 1100delC mutation was also associated
with ER- tumors in Cybulski et al. [153], though to a lesser degree than ER+ tumors. The
same was true for a similar mutation involving deletions in exon 9 and 10 (del5395). In a
gene-expression analysis, all CHEK2 1100delC tumors clustered with the luminal A and
luminal B tumors [158].

The two other CHEK?2 mutations identified by Zhang et al. in their meta-analysis
were not associated with ER status in Meyer et al. [156], though Cybulski et al. [153] found a
strong association between ER+ breast cancer and IVS2+1G>A substitution, and Domagala
et al. [159] observed a positive association between the [157T/ rs17879961 polymorphism
and luminal A and B breast cancer, and an inverse association between 1157T and basal-like
and triple-negative breast cancer. The pattern held when Domagala et al. examined whether
having any CHEK?2 mutation affected intrinsic subtype, but Cybulski observed statistically
significant, positive associations between CHEK?2 mutations and both ER+ and ER- disease.

Subtype-stratified analyses for ATM (chromosome 11), TERT (chromosome 5),

CASPS (chromosome 2) and 7P53 (chromosome 17) also revealed some possible
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discrepancies in genetic risk factors by hormone receptor status. In a large consortium study,
Cox et al. [160] identified a SNP in ATM (rs1800054) that was positively associated with
PR+ breast tumors. Barroso et al. [161] replicated this association for nine SNPs in the same
LD block (see Figures 2 and 3) [161]. Most SNPs in this LD block had no association with
ER status, though three SNPs were positively associated with ER- disease [162, 163]. LD
blocks were defined using Haploview (Haploview 4.2, Version 1.0, Broad Institute,
Cambridge, MA, USA) [164], International HapMap version 3, release 2 for Utah residents
with ancestry from northern and western Europe (CEU) and Yorubans from Ibadan, Nigeria
(YRI) populations [9], and haplotype block criteria established in Gabriel et al. [165].

Although the association between breast cancer and TERT was first identified through
a candidate gene approach, the only study with subtype-specific effect estimates is a genome-
wide association study of African American and triple-negative cases [166]. Here,
rs10069690 was a strong, positive genetic risk factor for triple-negative breast cancer. In a
different pooled analysis of triple-negative cases, Stevens et al. [167] identified a rs17468277
in CASPS (Figures 4 and 5) that was inversely associated with triple-negative disease. Two
other SNPs in CASPS (rs1861270 and rs1045485) were associated with all breast cancer
subgroups with approximately equal magnitude and direction [160, 162, 168-170]. Lastly,
multiple studies of rs1042522 in TP53 (Figures 6 and 7) indicated a possible positive
association between the SNP and ER+ disease [171-174].

Subtype-specific analyses were conducted for SNPs in CTLA4, XRCC3, CYP19A41
(Figures 8 and 9), PALB?2 (Figures 10 and 11), and BRIP1, but the results were either too
sparse or too conflicting to make meaningful inferences [161, 171, 172, 174-182]. To date,

no studies have evaluated how LKBI, NBN, or PTEN affect hormone receptor status.
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2.7.3 Genome-wide association studies

A genome-wide association study (GWAS) is “a study that compares the complete
DNA of people with a disease or condition to the DNA of people without the disease or
condition” [183]. In practice, GWAS examine the association between a disease of interest
and at least 100,000 SNPs selected to represent the entirety of the genome via LD patterns.
To be established as a true GWAS-hit, a SNP must have a p-value <1 x 107 in the overall
study population, which usually includes the original sample and one or more replication
samples [184]. In practice, this a-level is often set as high as 5 x 10, as this corresponds to
a=0.05 corrected for 1,000,000 independent SNP tests.

As of January 2013, 23 breast cancer GWAS have been published, the first of which
was published in June 2007. Basic descriptions of these 23 studies and the GWAS-significant
SNPs identified by each can be found in Table 4. All information was downloaded from the
National Human Genome Research Institute Catalog of Published Genome-Wide Association
Studies [185].

In total, 58 unique GWAS hits have been identified in these 23 studies. These SNPs
appear in the following genes or gene regions: 1 on chromosome 1 (1p11.2) [186], 3 on
chromosome 2 (2p16.1, 2q35, and ERBB4) [186-192], 2 on chromosome 3 (SLC4A7 and
SIAH?) [189, 190, 193], 8 on chromosome 5 (TERT, ROPNIL, 2 on 5p12, MRPS30, 2 on
MAP3KI, and 5q34) [166, 186, 188-191, 194, 195], 8 on chromosome 6 (ECHDC1/RNF146,
6925, FAM46A4, TAB2 and 4 on ESR1/C6orf97) [189, 190, 196-199], 2 on chromosome 7
(7q11.22 and 7q32.3) [188, 200], 2 on chromosome 8 (both on 8q24.21) [189, 190, 194], 2
on chromosome 9 (CDKN2A/CDKN2B and RAD23B/KLF4/ACTL7A) [189, 190], 10 on

chromosome 10 (ANKRD16/FBX018, 2 on ZNF365, ZMIZ1, and 6 on FGFR2) [186, 189-

30



191, 193, 194, 200-202], 4 on chromosome 11 (MYEOV/CCND1, BARX2, and 2 on LSPI)
[189, 194, 199], 1 on chromosome 12 (12q21.1) [188], 1 on chromosome 13 (4BCC¥4) [188],
2 on chromosome 14 (RAD51L1 and GALC) [186, 203], 1 on chromosome 15 (FBN1) [188],
4 on chromosome 16 (3 on 70OX3 and GLGI) [186, 187, 189-191, 194, 204, 205], 1 on
chromosome 17 (COLIAI) [188], 1 on chromosome 18 (18q21.2) [188], 3 on chromosome
19 (19p13.11, ABHDS and ZNF577) [195, 198, 206], 1 on chromosome 20 (RALY) [198]and
1 on chromosome 21 (GRIK1) [188]. Li et al. [207] conducted a GWAS among women with
ER- disease, but failed to identify any genome-wide significant associations. Of the
remaining 22 GWAS studies, 13 provided effect estimates stratified by hormone-receptor
status [186, 187, 189, 192, 193, 197-200, 203-206], though this was usually limited to those
SNPs achieving GWAS-significance.

Additionally, both Easton et al. and Hunter et al. [194, 201] identified several
strongly associated SNPs that were just shy of the GWAS inclusion criteria. Easton et al.
obtained association p-values of 6 x 107,2 x 10” and 0.001 for rs4666451 on chromosome
2p, 1s2107425 on the H19 gene and rs30099 on chromosome 5q, respectively, while Hunter
et al. identified 4 SNPs (rs12505080 on 4p, rs7696175 on TLR1/TLR6, rs17157903 on
RELN, and rs10510126 on 10q) that had very strong associations with breast cancer in the
initial study population, but failed to replicate in a secondary analyses. Two other SNPs of
potential genome-wide significance were identified in Stacey et al. [208] and Ahmed et al.
[209], both of which were follow-ups to previous GWAS (Stacey et al. [187] and Easton et
al. [194], respectively). Although neither rs10941679 in MRPS30 or 1s6504950 in COX11
reached GWAS-significance in the initial studies, further analyses in additional populations

produced p-values less than 1 x 10,
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Of the 58 GWAS SNP hits and 9 nearly GWAS-significant SNP hits, 31 were
successfully genotyped in Carolina Breast Cancer Study (CBCS) participants and are thus
included in this review. The other GWAS hits were either not yet discovered at the time the
genotyping was requested or failed preliminary quality control checks. This review also
covers several additional SNPs from GWAS-identified genes that were genotyped by CBCS
investigators to augment analyses of these genomic regions. A brief discussion of each of
these regions is described below and in Table 5. Unless otherwise noted, this table includes
the range of estimates for log-additive models with the major allele in the HapMap CEU
population as the referent genotype [9]. Also included in this table are minor allele
frequencies (MAFs) from the HapMap YRI population and African Americans living in the
Southwest USA (ASW). Results from studies conducted in special populations (e.g. women
with BRCAI or BRCA2 mutations or women with contralateral disease) are not included in
these summary tables. Previously reported effect estimates from the CBCS population are
also excluded [210]. Lastly, as few studies collected data on HER2 status and even fewer
collected data on intrinsic breast cancer subtypes, the term ‘subtype’ is used to indicate any
type of differentiation by IHC marker status.
2.7.3.1 1p12: rs11249433

First identified in Thomas et al. [186], rs11249433 was later confirmed by both
Turnbull and Li [189, 191]. The MAF was around 40% in most European samples, [169, 186,
189, 191, 211-213] but much lower in African Americans (13-16%) [11, 169, 214-216]. In
women of European descent, the SNP’s relationship with breast cancer appeared to follow a
log-additive pattern with each copy of the risk allele corresponding to a 10-15% increase in

the odds of developing breast cancer. There was no association among African Americans.
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Subtype analyses indicated that the SNP was most strongly associated with ER+, PR+,
HER2-, Luminal A and Luminal B breast cancer [167, 169, 186, 212, 214, 217].
2.7.3.2 2p: rs4666451

As mentioned previously, SNP rs4666451 just missed the criteria for GWAS
significance in Easton et al. [194], with p=6 x 10~ and OR=0.97 (95% CI: 0.94-1.00) for a
log-additive model. Three of four subsequent studies confirmed the approximate magnitude
and direction of the association [162, 186, 211, 218]. The effect was similar in both ER+ and
ER- breast cancers, but there was no clear association with HER2 status [162, 186]. No
studies have examined the effect of rs4666451 among African Americans.
2.7.3.3 2q35: rs13387042

Despite its location in a gene desert, rs13387042 is one of the most well studied
breast cancer-related polymorphisms. Approximately half of all women of European descent
carried the variant allele [162, 168, 169, 186, 187, 189-191, 213, 218-223], as did 25-30% of
all African Americans [11, 12, 169, 187, 214-216]. Among women of European ancestry,
each copy of the variant allele was associated with a 10-15% reduction in the odds of getting
breast cancer. The association was weaker and less precise in African Americans, but seemed
consistent for each subtype versus control comparison, including ER+, ER-, PR+, PR-,
HER2+, HER2-, luminal A, luminal B, HER2+/ER-, triple-negative, and basal-like breast
cancer [162, 167, 168, 169, 187, 198, 214, 216, 217, 219, 221, 222, 224].
2.7.3.4 SLC4A7: rs4973768

Located on chromosome 3 in the SLC4A47 gene, rs4973768 was first identified in
Turnbull et al [189]. With one exception [213], all studies found that the SNP was positively

associated with the risk of breast cancer in women of European ancestry, with OR estimates
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of 1.08-1.16 [168, 169, 189-191, 209, 211, 220, 223]. In contrast, the SNP had a much
weaker and statistically null association with breast cancer among African Americans [11,
169, 214-216]. A recent meta-analysis found a strong overall association between the SNP
and breast cancer, but null effects when limited to women of European or African ancestry
[225]. In subtype-stratified analyses, rs4973768 was most strongly associated with luminal
A breast cancer, with no apparent association with triple-negative disease [167-169, 209,
214,216, 217, 226].
2.7.3.5 4p: rs12505080 and TLR1: rs7696175

These SNPs were identified in a GWAS investigation using participants of the
Nurses’ Health Study [201]. In both cases, effect estimates for log-additive model showed no
association, but general model estimates indicated that compared to women homozygous for
the wildtype allele, heterozygotes had an increased risk of breast cancer (OR=1.22, 95% CI:
1.02-1.45 for rs12505080 and OR=1.39, 95% CI: 1.15-1.68 for rs7696175), while women
homozygous for the minor allele had a decreased risk of breast cancer (OR=0.51, 95% CI:
0.35-0.73 for rs12505080 and OR=0.86, 95% CI: 0.67-1.09 for rs7696175). These patterns
were replicated in Stage II of Hunter et al., but no other studies have examined the
association. To date, no one has examined subtype differences in the effect of rs7696175 in
whites or African Americans, but one study of Chinese women observed statistically
significant associations between one or more copies of the minor allele and ER- and HER2-
disease [227].
2.7.3.6 MRPS30: rs4415084 and rs10941679

In a follow-up to their original GWAS paper [187], Stacey et al. [208] identified two

correlated SNPs (1°=0.51 in HapMap CEU) in the MRPS30 gene that were strongly
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associated with breast cancer risk. Fletcher et al. confirmed the association of rs4415084 and
breast cancer in a later GWAS [190].

Among women of European ancestry, each copy of the rare variant at rs4415084 or
rs10941679 conferred a 10-15% increase in the odds of breast cancer [169, 186, 190, 191,
208, 211, 220, 223, 228-230]. These SNPs were not correlated in HapMap YRI (r2=0.12) and
effect estimates among African American women were inconsistent, with many null findings
[11,12, 169, 208, 214-216, 231]. Both SNPs showed stronger associations with ER+, PR+,
luminal A, and luminal B cancers, with null associations with ER-, PR- or triple-negative
disease [167, 169, 186, 198, 208, 214, 216, 217, 230, 231].
2.7.3.7 5p12: rs981782

In 5 separate study populations, the presence of a rare variant at rs981782 was
inversely associated with breast cancer risk in women of European ancestry [162, 194, 208,
218, 230]. In the only study to report subtype-stratified estimates, Reeves et al. [162]
observed a similar reduction in risk in ER+, ER- and HER2+ disease. rs981782 was not
polymorphic in women of African descent.
2.7.3.8 5q: rs30099

rs30099 was strongly associated with breast cancer risk in Easton et al. [194], but fell
short of genome-wide significance (OR=1.05, 95% CI: 1.01-1.10, p=0.001). Harlid et al.
[218] and Reeves et al. [162] confirmed the association in two later studies, with Reeves et
al. reporting stronger effects for ER- and HER2+ disease subtypes. No studies have estimated

the effect of rs30099 in African Americans.
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2.7.3.9 MAP3K1: rs889312

SNP rs889312, located on the MAP3K 1 gene on chromosome 5, was equally common
in women of European and African descent, with a MAF of approximately 30%. The 10-15%
increase in risk was well-replicated among women of European descent [162, 168, 169, 189,
194, 213, 218, 220, 222, 229, 232-237], but was weak or null in African American women
[11, 169, 214-216, 236, 238]. A meta-analysis including 6 separate studies estimated a
pooled OR of 1.09 (95% CI: 1.07-1.12), assuming a log-additive model [239]. Subtype-
stratified analyses indicated that the SNP was associated with approximately equal risk
increases in all disease subtypes, including ER+, ER-, PR+, PR-, HER2+, HER2-, luminal A,
luminal B, HER2+/ER-, triple-negative and basal-like breast cancer [162, 167-169, 198, 214,
216, 217,222,224, 226, 232, 234, 236, 238, 240].
2.7.3.10 ECHDC1: rs2180341

Gold et al. [196] discovered 152180341 in a GWAS conducted among Ashkenazi
Jewish women with strong family histories but no BRCAI or 2 mutations. Kirchhoff et al.
[241] replicated these findings in both Jewish and non-Jewish women, but two other
investigations yielded only null results [169, 213]. The SNP was not associated with breast
cancer in African Americans [11, 12, 215, 216, 241] and subtype analyses generated
predominantly null findings [169, 216, 241].

2.7.3.11 ESR1: rs2046210, rs851974, rs2077647, rs2234693, rs1801132, rs3020314 and
rs3798577

Four SNPs near the ESRI gene were identified in GWASs, though only rs2046210
will be discussed here. Zheng et al. [197] discovered this SNP in a GWAS of Chinese women
in the Shanghai Breast Cancer Study and replicated the finding in a sample of white women

from the Nashville Breast Cancer Study. Three other large studies confirmed the positive
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association among women of European ancestry [169, 242, 243], with a fourth smaller study
reporting null results [213]. rs2046210 had no effect on breast cancer in a study of African
Americans [12], but a nearby correlated SNP (r*=0.38 in YRI), rs851974, had a positive
association with the disease [12]. Most of the seven other studies of r1s2046210 in African
Americans estimated near-null associations [11, 169, 197, 214-216, 242, 243]. Subtype-
stratified analyses suggested that rs2046210 had a positive association with all subtypes,
though most of these analyses were conducted in Asian women [167, 169, 192, 197, 198,
214,216,217, 224, 226, 227, 242, 244].

As ESRI is the gene responsible for encoding the alpha form of estrogen receptors, it
is a frequent candidate in studies of genetic risk factors for breast cancer. Among the most
frequently studied SNPs are rs2234693 (also known as the Pvull T397C mutation),
rs1801132 (Pro325Pro), rs2077647 (Ser10Ser), rs3798577 (UTR-3, T>C) and rs3020314
(C5029T), all of which were included in a meta-analysis by Zhang et al. [20]. Of these SNPs,
1s3020314, rs1801132 and rs2234693 had statistically significant, but likely biased effect
estimates (ORs for additive models were 1.12, 95% CI: 1.06-1.18; 0.95, 95% CI: 0.90-1.00;
and 0.94, 95% CI: 0.89-1.00, respectively), with the effect of 152234693 limited to women of
Asian descent. The pooled effect estimates for rs2077647 and rs3798577 were both null
(OR=0.98, 95% CI: 0.93-1.03 and OR=0.97, 95% CI: 0.90-1.04, respectively). An LD map
of ESRI SNPs genotyped in HapMap is included as Figures 12 and 13. Though not picture
here, the two other GWAS-significant SNPs, rs3734805 and rs3757318, are located even

further away from the 5° end of ESR/ than rs20406210.
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2.7.3.12 RELN: rs17157903

SNP rs1715903 in RELN was strongly associated with breast cancer in Hunter et al.
[201], but fell short of GWAS-defined significance levels in both the original and replication
analyses. No other investigators have attempted to validate the association in whites or
African Americans.
2.7.3.13 8q24: rs13281615 and rs1562430

A gene desert on 8q24 contains two SNPs that are strongly associated with breast
cancer. rs13281615 was identified in the first breast cancer GWAS [194] and rs1562430 was
identified a few years later [189]. These SNPs were in the same LD block in HapMap CEU
(r*=0.43) but not YRI (r*=0.25). More than a dozen studies have validated the association
between rs13281615 and breast cancer, with effect estimates ranging from 1.07 to 1.31 for
the log-additive model [162, 168, 169, 189, 213, 218, 220, 229, 232-235, 237, 245]. The
polymorphism was equally common in African Americans (MAF=0.43) as in whites, though
most studies observed only null associations [11, 12, 169, 214-216]. In subtype-specific
analyses, rs13281615 was most strongly associated with luminal A and B tumors [162, 167-
169, 198, 214, 216, 217, 232, 234, 246], with no observed association with triple-negative
disease. rs1562430 was re-assessed in two other GWAS investigations and one replication
study, all of which confirmed the inverse association between the rare variant and all breast
cancer in women of European descent [186, 190, 223]. In a Chinese GWAS, rs1562430 was
associated with ER+, ER-, PR+ and PR- disease [192].
2.7.3.14 CDKN2A/CDKN2B: rs1011970, rs3731257 and rs3731249

SNP rs1011970, located near CDKN2A and CDKN2B, was discovered by Turnbull et

al. [189] and was later replicated in one study of women of European descent [247]. Four
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studies of African Americans [11, 214-216] reported predominantly null associations. In both
studies of whites, each additional copy of the rare allele was associated with an increased risk
of 5-10%. In limited subtype analyses, rs1011970 was positively associated with ER+ breast
cancer and triple-negative breast cancer, but not ER- breast cancer [167, 189, 198, 214, 216,
247]. Although poorly studied, analysis of rs3731257 and rs3731249 may provide additional
information about the role of the CDKN2A/CDKN2B region, as both are located downstream
of CDKN2A, rather than upstream of CDKN2B, as is the case with rs1011970 (Figures 14
and 15). In previous analyses, rs3731249 (A148T) was strongly associated with breast cancer
in young Polish women (OR for dominant model =1.5, p=0.0002) [248], but rs3731257 had
no effect in a population of British women (OR for homozygous variant versus homozygous
wildtype= 0.95, 95% CI: 0.74-1.20) [249].
2.7.3.15 ANKRDI16: rs2380205, ZNF365: rs10995190, and ZMIZ1: rs704010

Three SNPs in three separate genes on chromosome 10 were originally identified in
Turnbull et al [189]. Both rs2380205 in ANKRD16 and rs10995190 in ZNF 365 had inverse
associations with breast cancer (OR=0.94, 95% CI: 0.91-0.98 and OR=0.86, 95% CI: 0.82-
0.91 for rs2380205 and rs10995190, respectively), while rs704010 in ZMIZ1 had a positive
association with the disease (OR=1.07, 95% CI: 1.03-1.11). All three SNPs were confirmed
in at least one other white population [247, 250]. All three were also examined in African
American populations [11, 214-216], though rs704010 was the only SNP to demonstrate
evidence of an association [216]. Both rs2380205 and rs10995190 were inversely associated
with ER+ disease in women of European descent [189, 247], while rs704010 was positively
correlated with all ER and PR subtypes [189, 198, 247]. Neither rs2380205 nor rs704010

were associated with triple-negative disease [167].
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2.7.3.16 FGFR2: rs3750817, rs10736303, rs11200014, rs2981579, rs1708806,
rs1219648, rs2912774, rs2936870, rs2420946, rs2981582, and rs3135718

Although the causal relationship between the FGFR2 gene and breast cancer is not
completely understood, multiple GWAS, GWAS-validation studies, and fine-mapping
studies have confirmed that one or more SNPs in the gene are strongly associated with the
disease. Easton et al. [194] were the first to detect a strong association between breast cancer
and rs2981582. In Hunter et al. [201], rs1219648 had the strongest association and in
Thomas et al. [186] it was rs2981579. In a later GWAS limited to Japanese hormone positive
breast cancer cases [193], a fourth FGFR2 SNP, rs3750817, showed the strongest association
with disease. All four SNPs were strongly correlated in the HapMap CEU population, but not
the YRI. Estimated effects for women of European descent were consistent for rs2981582,
151219648 and rs2981579, with each copy of the rare allele conferring approximately a 20-
30% increase in the odds of breast cancer [162, 168, 169, 186, 189-191, 194, 201, 213, 218-
220, 222,223,229, 232-237, 251-256]. The rare allele of rs3750817 was inversely associated
with disease in studies of whites [169, 252], but positively associated with disease in the
Japanese GWAS [193].

In a recent meta-analyses, rs2981582 had an OR of 1.23 (95% CI: 1.20-1.26) among
women of European descent [257]. In the same meta-analyses, the effect of rs1219648 was
OR=1.26 (95% CI: 1.22-1.31). A meta-analysis of 12981579 reported an OR of 1.34 (95%
CI: 1.28, 1.38) in women of European descent [258].

Effect estimates for rs2981582 and rs2981579 were inconsistent or null in African
American samples [11, 12, 169, 214-216, 236, 259], with meta-analysis ORs of 1.08 (95%
CI: 0.97, 1.21) [257] and 1.09 (95% CI: 0.92, 1.30) [258], respectively. In contrast,

rs1219648 was positively associated with breast cancer in African Americans (meta-analysis

40



OR=1.13, 95% CI: 1.01, 1.26) [257]. To date, no studies have examined the relationship
between rs3750817 and breast cancer in African Americans.

rs1219648 or rs2981582 were more strongly associated with ER+ and PR+ disease
than ER- or PR- disease [257]. rs1219648 also demonstrated a strong association with HER2-
disease in white US women [236]. In the three studies that examined the effect of rs2981582
by combined ER/PR/HER?2 status, the SNP was associated with luminal A and B disease, but
not HER2+/ER- or triple-negative disease [167, 168, 226]. rs2981579 was associated with
ER+/PR+ disease in one study of African Americans [216] and with ER+, ER-, PR+, HER2+
and HER2- disease in a study of Chinese breast cancer patients [227]. The SNP was not
associated with ER- disease in women of European descent [198]. rs3750817 was associated
with ER+ and PR+ disease in whites, but effect was in the opposite direction of the Japanese
GWAS [193].

Eight other SNPs in the same CEU LD block as the four GWAS hits were genotyped
in CBCS (Figures 16 and 17). These include rs1076303, rs11200014, rs1078806, rs1219648,
1s2912774, rs2936870, rs2420946, and rs3135718. Of these SNPs, rs2420946 and
rs11200014 were the most extensively studied. Each had effect estimates comparable to
those seen for the three GWAS SNPs. For 152420946, the estimated meta-analysis ORs was
1.25 (95% CI: 1.19-1.32) [257]. Only one study looked at the SNP in an African American
population, finding a small positive association [12]. No one has examined subtype-specific
effects. For rs112000014, the log-additive meta-analysis ORs were 1.28 (95% CI: 1.21, 1.35)
for whites and 1.03 (95% CI: 0.85, 1.24) for African Americans [258]. In a subtype analyses
among Chinese women, the SNP was positively associated with ER+, PR+, HER2+ and

HER2- disease [227].
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152912774 also had well-replicated effect estimates of approximately 1.25 per copy of
the rare allele among women of European descent [194, 252, 254-256] and the limited
evidence on rs10736303, rs1778806, rs2981578, 152936870, and rs3135718 suggested that
these SNPs have similar associations [169, 194, 196, 252]. Two of the SNPs, rs10736303 and
rs2981578, were also positively associated with breast cancer in African Americans, with
some evidence that rs2981578 was a causal variant in this population [12, 214, 215, 258,
259]. When studied in subtype-specific analyses, most of these SNPs were associated with
ER+ or PR+, but not ER- or PR- disease [169, 214, 259].
2.7.3.17 10q: rs10510126

Like rs12505080 on 4p, rs7696175 on TLR1/TLR6, and rs17157903 on RELN,
rs10510126 had an extremely low p-value in Hunter et al.’s [201] initial analysis (OR=0.62,
95% CI: 0.51-0.75, p=7.1 x 10°7), but failed to reach genome-wide significance levels in
replication analyses (OR=0.83, 95% CI: 0.74-0.93, p=0.001). The SNP was not assessed in
any other study populations.
2.7.3.18 LSP: rs3817198 and rs909116

Easton et al. [194] discovered the association between rs3817198 and breast cancer in
their 2007 GWAS. In this initial GWAS, the SNP was associated with a mere 7% increase in
the odds of having breast cancer (OR=1.07, 95% CI: 1.04-1.11). Since then, several studies
have replicated this small effect with reasonable precision [162, 168, 186, 189, 218, 220,
232, 233], while others reported null or even slightly contradictory findings [169, 211, 213,
229, 234,235, 237]. Results from a meta-analysis of six of these studies indicated a null
effect (OR=1.01, 95% CI: 0.94-1.09) [260]. Effect estimates among African Americans were

imprecise and inconsistent [11, 12, 169, 214-216], as were subtype-specific estimates [162,
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167-169, 198, 214, 216, 217, 232, 234, 246], though there was some indication that the SNP
was associated with unclassified disease [168].

Of note, while attempting to replicate the association between rs3817198 and breast
cancer, Turnbull et al. [189] found that rs909116, another SNP on LSPI, had a stronger effect
and lower p-value in their population of white women (OR=1.17, 95% CI: 1.10-1.24, p=7.3 x
107). The two SNPs were not correlated (CEU r*=0.24, YRI r*=0.03). No other studies have
replicated this observation.
2.7.3.19 H19: rs2107425

In Easton et al. [194], rs2107425 on H19 was inversely associated with breast cancer,
but the p-value for the association was above the threshold for genome-wide significance. In
the only other study to examine the effect of this SNP on breast cancer risk, Teraoka et al.
[261] found that it was not related to the risk of contralateral versus unilateral disease.
2.7.3.20 MYEOV/CCND1: rs614367

A single SNP near the MYEOV and CCND] genes on chromosome 11 demonstrated a
positive, genome-wide significant association with breast cancer in Turnbull et al. [189]
(OR=1.15,95% CI: 1.1-1.2, p=1.3 x 10'8), which was later replicated by Lambrechts et al
[247]. The effect seemed strongest in women with ER+ or PR+ disease [189, 198, 216, 247].
There was no clear association in African Americans [11, 214-216] or among those with
triple-negative disease [167].

2.7.3.21 TNRC9/TOX3: rs8051542, rs12443621, rs3803662, rs4784227, rs3104746,
and rs3112562

As with FGFR2, multiple GWAS pinpointed the TNRC9 gene (also known as TOX3)
as strongly associated with breast cancer. Of these GWAS, five identified rs3803662 as the

SNP with the strongest signal [186, 187, 189, 194, 207], while a sixth [205] and a seventh
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[190] detected stronger effects for rs4784227 and rs3112612, respectively. The latter SNP
was not genotyped in CBCS, but rs3803662, rs4784227 and seven other TNRC9 SNPs were.

Including the seven GWAS mentioned above, more than twenty papers have reported
ORs for the effect of rs3803662 on breast cancer. In these papers, MAFs ranged from 0.20-
0.39 for women of European descent [162, 163, 168, 169, 186, 187, 189, 194, 205, 207, 213,
218-220, 222, 229, 232-235, 237, 262] and 0.47-0.54 for women of African descent [11, 12,
169, 187, 214-216, 262, 263]. Other than one paper reporting an imprecise, inverse
association [233], effect estimates for log-additive models in women of European descent
ranged from 1.01-1.33, with most approximating a 20% increase in the odds of breast cancer
per copy of the more rare ‘A’ allele. A meta-analysis of eight of these studies estimated an
OR of 1.18 (95% CI: 1.09- 1.28) [264]. Interestingly, most studies among African Americans
indicated that the ‘A’ allele had an inverse association with breast cancer (range 0.75-1.04),
with most showing a 10% decrease in risk. In subtype-specific analyses, rs3803662 was
positively associated with all subtypes [162, 167-169, 187, 192, 198, 214, 217, 222, 224, 226,
232,234,265, 266].

The other GWAS-identified SNP, rs4784227, was in LD with rs3803662 in the
HapMap CEU population (r*=0.81) but not the HapMap YRI population (r*=0.03). Although
far less studied that rs3803662, two studies in women of European ancestry [205, 262] and
three studies in African American women [11, 214, 262] indicated that the SNP was
positively associated with disease in both racial groups (OR range of 1.17-1.29 and 1.09-
1.23, respectively). In the only study to assess subtype-specific effects, Kim et al. [192]
found that all ER and PR-defined subtypes were positively associated with the minor allele at

rs4784227.
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None of the remaining TNRC9 genotyped SNPs were correlated in CEU or YRI
populations (Figures 18 and 19). Several investigators have estimated effects for rs8051542
and rs12443621, which are both located between the 3’ end and rs3803662 [194, 205, 234,
237, 262]. Meta-analyses generated ambivalent results, with effect estimates on opposite
sides of the null (OR=1.07, 95% CI: 0.93-1.23 for rs8051542 and OR=0.94, 95% CI: 0.85-
1.05 for rs12443621) [264]. Both SNPs were analyzed in African Americans and within
strata of ER and PR status, but only the effect of rs8051542 on ER+ breast cancer was non-
null [12, 217, 224, 234, 263, 265, 266].

rs3104746 and rs3112562 are located on the other side of rs3803662 and rs4784227,
closer to the 5” end of the gene. Ruiz-Narvaez et al. observed strong associations between
breast cancer and rs3104746 (OR=1.23, 95% CI: 1.05-1.44) and rs3112562 (OR=1.17, 95%
CI: 1.02-1.34) among participants in the Black Women’s Health Study [263]. Chen et al.
replicated these observations for rs3104746 and observed similar effects in ER+ and ER-
breast cancer cases [214].
2.7.3.22 COX11- rs7222197 and rs6504950

In their follow-up to Easton et al. [194], Ahmed et al. [209] found that rs6504950, a
SNP in the COX11 gene, was strongly and inversely associated with breast cancer (OR=0.95,
95% CI: 0.92-0.97, with p=1.4 x 10"® across all replication stages). These findings were
replicated with varying degrees of precision in five other studies of Europeans or European-
Americans (OR range 0.80- 0.95) [168, 169, 211, 213, 220] and a meta-analysis [267]. Two
of five other studies in African Americans [11, 169, 214-216] reported effect estimates of
similar magnitude and direction. Overall, these effects appeared to be the strongest in women

with luminal A or B disease [167, 168]. The other COX11 SNP, rs7222197, was in perfect
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LD with rs6504950 in both HapMap CEU and YRI, and was inversely associated with breast
cancer in Turnbull et al. (OR=0.89, 95% CI: 0.83-0.96, p=0.0009) [189].
2.7.4 Summary of genetic risk factors

As shown by this literature review, the search for genetic risk factors for breast cancer
has identified dozens of associated variants at a variety of chromosomal loci. Some of these
polymorphisms or mutations are extremely rare, but have large effects on disease risk. This
includes BRCAI, BRCA2, ATM, PTEN, and some of the other genes identified in linkage
analyses or candidate gene studies. More common variants, such as rs13387042, or SNPs in
FGFR2 or TNRCY9/TOX3, tend to have weak associations with disease, especially because
these polymorphisms are often proxies for nearby, correlated causal variants rather than
contributory links themselves. Most of these variants have been replicated in several study
populations, with each new analysis providing additional information on the form,
magnitude, and direction of the association.

Despite heavy replication in women of European and Asian descent, far fewer studies
include women of African descent. Studies that do include African Americans are often quite
small, resulting in imprecise or inconsistent estimates. In many cases, it is not clear whether
the failure to find and replicate associations is due to racial differences in genetic risk factors
and linkage disequilibrium patterns [268-270], or if the study populations are simply too
small to allow the detection of a weak association with sufficient precision. Subtype-specific
analyses face the same methodological challenge. Differences in gene expression patterns,
race and age distributions, prognoses, and risk factor profiles all imply that breast cancer
subtypes have distinct etiologies and thus unique genetic origins, but results from subtype-

stratified analyses are thus far scant and generally inconclusive.
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If our ultimate goal is to improve breast cancer prevention, detection and treatment,
we must first understand breast carcinogenesis, much of which is determined by individual
variations in genetic make-up. Analyses within strata of race and subtype are of particular
importance, as risk patterns vary according to these factors. Such analyses require either
larger studies, which are expensive and logistically complicated, or the use of more powerful
analysis methods within existing populations. The subsequent pages of this report describe
the implementation, findings and conclusions of a Bayesian-based study of the effects of
previously identified genetic risk factors on breast cancer and breast cancer subtypes. The use
of Bayesian methods, which incorporate prior knowledge into effect estimation, generated

more accurate and precise ORs than were possible with traditional frequentist techniques.

47



Mortality per 100,000 women per year

Figure 1: US breast cancer mortality rate by race, age group, and year
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Figure 2: ATM linkage disequilibrium map for HapMap CEU
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Figure 3: ATM linkage disequilibrium map for HapMap YRI
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Figure 4: CASPS linkage disequilibrium map for HapMap CEU
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Figure 5: CASPS linkage disequilibrium map for HapMap YRI
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Figure 6: TP53 linkage disequilibrium map for HapMap CEU
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Figure 7: TP53 linkage disequilibrium map for HapMap YRI
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Figure 8: CYP19A1 linkage disequilibrium map for HapMap CEU
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Figure 10: PALB?2 linkage disequilibrium map for HapMap CEU
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Figure 11: PALB?2 linkage disequilibrium map for HapMap YRI
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Figure 12: ESR1 linkage disequilibrium map for HapMap CEU
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Figure 13: ESR1 linkage disequilibrium map for HapMap YRI
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Figure 14: CDKN2A/CDKN2B linkage disequilibrium map for HapMap CEU
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Figure 16: FGFR2 linkage disequilibrium map for HapMap CEU
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Figure 17: FGFR2 linkage disequilibrium map for HapMap YRI
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Figure 19: TNRC9/TOX3 linkage disequilibrium map for HapMap YRI
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Table 1: Summary of risk factors by breast cancer subtype: Subtype vs. control

Subtype
Basal-like or
Risk Factor Luminal A Luminal B HER2+/ER- triple-negative
Young vs. Old . . y likely positive, 30-49
Age at Diagnosis mverse likely positive positive year Qlds may
have highest risk
African
American vs. inverse in one null in one positive in positive in one
non-Hispanic study study one study study
White
HlS[.)anlC.VS. non- not assessed not assessed not assessed not assessed
Hispanic White
LiASIan.vs. non- not assessed not assessed not assessed not assessed
Hispanic White

Positive Family

History of Breast positive positive positive positive
Cancer
Pre vs. | positive in one positive in one null in one .
null in one study
Postmenopausal study study study
Later Age at . . . . .
er Age positive likely null likely null inconsistent
Menopause
Early vs. Late ositive inconsistent inconsistent ositive
Age at Menarche P P
Parity vs. . . . . .
Ty mverse mverse likely null Inconsistent
Nulliparity
Lactation inverse inverse inverse inverse
increasing parity
. . . ositivel
Parity and | No interaction in P ~
. not assessed not assessed | associated in non-
Lactation one study .
lactating women
(1 study)
any parity any parity
Later Age at inversely inversely
First Full Term | associated with | associated with | inconsistent inconsistent
Pregnancy risk; later age risk; later age
riskier riskier
ositivel
Oral POSIUVELY.
. o associated with
Contraceptive | possibly inverse null null
long term use at
Use
younger age
H . . . . ibl iti
ormone positive with positive with poss b © posttive
Replacement null association with
current use current use
Therapy Use current use
. . Inver
Time Since Last Inverse assoZ?a:fon ossibl
Full Term | association with . POSSIDLY likely null
with recent positive
Pregnancy | recent pregnancy
pregnancy
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Spontaneous or

Induced inconsistent inconsistent inconsistent inconsistent
Abortion
High Body Mass . . inverse in one null in one .
inconsistent positive
Index: Overall study study
High Body Mass ossibl
Index: likely inverse POSSIBLY likely null positive
positive
Premenopausal
Body Mass
Index: likely null null null null
Postmenopausal
higher WHR
ositive increases risk of
Post . basal-like in pre
association with and post
. . greater WHR in P
Waist to Hip menopausal
. premenopausal not assessed not assessed
Ratio women (1 study);
and
null effect on
postmenopausal . ..
triple-negative in
women
postmenopausal
women (1 study)
Increased inverse null in one inverse in inverse
Physical Activity study one study
Increased
Alcohol positive null positive inconsistent
Consumption
Duration and former _
. . . null association
Intensity smoking former and o .
. o with intensity and
positively positively current o
. . . duration;
Increased associated; associated (1 smoking . .
. .. .. inconsistent
Smoking | former positively | study); current positively . .
. . . association with
associated; inversely associated (1
. former and current
current associated (1 study) .
. . smoking
inconsistent study)
History of
Benign Breast positive positive null inconsistent
Disease
Hi t itive i itive in on
igh Brez.ls positive in one not assessed not assessed positive 1n one
Density study study
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Table 2: Summary of risk factors by breast cancer subtype: Subtype vs. luminal A

Basal-like or

Risk Factor Luminal B HER2+/ER- triple-negative
Young vs. Old positive positive positive
Age at Diagnosis
African American
vs. non-Hispanic null positive positive
White
Hispanic vs. non- . . . .
Hispanic White positive positive inconsistent
Asian vs. non- . . .
Hispanic White positive positive inverse
Positive Family positive in pooled
History of Breast null null analysis; null in two
Cancer other studies
Pos tmenozgfl:;i inconsistent likely inverse null

Later Age at

not assessed

not assessed

not assessed

Menopause
Early vs. Late Age . . .
at Menarche null inconsistent positive
Parity vs. possﬂoly positive with a
s null null possible positive effect
Nulliparity . . .
for increasing parity
Lactation null null null
parity positively increasing parity increasing parity
Parity and associated in non- positively associated | positively associated in
Lactation | lactating women in in non-lactating non-lactating women in

one study

women in one study

one study

Later Age at First

parity positively
associated in younger

parity positively
associated in

parity positively
associated in younger

Full Term mothers, effect younger mothersi mothers, effect
Pregnancy . effect attenuates with .
attenuates with age age attenuates with age
. Oral inconsistent null null
Contraceptive Use
Hormone
Replacement inconsistent inconsistent null
Therapy Use
Time Since Last Shorter time ositive association in
Full Term null in one study associated with P one stud
Pregnancy increased risk Y
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Spontaneous or
Induced Abortion

not assessed

not assessed

not assessed

High Body Mass

likely null; inverse

. null association in non- positive
Index: Overall Africans (1 study)
High Body Mass
Index: likely null likely positive positive
Premenopausal
Body Mass Index: null ull null
Postmenopausal
high WHR inversely | high WHR inversely
associated in associated in high WHR positively
Waist to Hip postmenopausal postmenopausal associated in pre and
Ratio women, null in women, null in postmenopausal women
premenopausal premenopausal (all from one study)
(all from 1 study) (all from 1 study)
Other Body Size not assessed not assessed not assessed
Measurements
Increased e P
Physical Activity positive in one study null positive in one study
Increased Alcohol inconsistent likely null likely null

Consumption

Increased
Smoking

null association with
intensity and duration;
positive association
with former (1 study);
null association with
current (1 study)

null association with
intensity and
duration; positive
association with
current (1 study);
null association with
former (1 study)

inconsistent for duration
and intensity; null for
current smoking and
former smoking (1
study)

History of Benign
y . g not assessed not assessed not assessed
Breast Disease
High Breast )
1gh Breas not assessed not assessed null in one study
Density
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Table 3: Summary of candidate genes by breast cancer subtype

Chromosome Gene Summary of subtype findings
CASPS8 One SNP assessed: associated with ER+/PR+ and ER-
LD block 2 /PR- disease
rs1045485 inversely associated with all subtypes;
CASPS8 . o . ’
rs17468277 associated with triple-negative disease
2 LD block 3 .
(pooled analysis)
CTLA4 one study found an association between a SNP in the
promoter region and ER+ and PR+ status
LKB1 not assessed
5 TERT Possible association with ER- and .trlple negative disease
(pooled analysis)
8 NBN not assessed
10 PTEN not assessed
Several SNPs associated with PR+ status;
11 ATM Mostly null associations with ER status, though three
SNPs associated with ER- disease
14 XRCC3 No association with ER or PR status
conflicting results regarding association between ER
CYP19A1 . o .
status and rs10046; possible association with HER2-
LD block 1
15 status
CYP19A1 . .
LD block 2 No association with ER, PR or HER2 status
PALB2 . . . .
+
y LD block 1 Possible association with ER+ disease (1 study)
PALB2 . . . .
1592delT Possible association with ER and PR- disease (1 study)
BRIP1 Mostly null associations with ER and PR status
17 rs1042522 possibly associated with ER+ disease; no other
TP53 .
associations observed
CHEK2 possible positive association with ER+/Luminal A and B
any mutation disease
CHEK2
1100delC (exon strong evidence of an association with ER+ disease; may
22 10) or del5395 also be associated with ER- disease
(exons 9 and 10)
CHEK2 . . - . .
+
1157T and possible positive assoc1a3§)srle ;Zleth ER+/Luminal A and B
IVS2+IG>A
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Table 4: Breast cancer genome-wide association studies (GWAS)

Initial Replication
Sample Size Sample

Reported 95% CI

Study Study Region Gene(s) SNPs p-Value OR (text)

16q12.1 TNRC9  r1s3803662 1.00E-36 1.2 [1.16-1.24
Easton, o S5pl2 Intergenic  rs981782  9.00E-06 1.04 [1.01-1.08
June af;;’;t‘f‘fflleosnnitsgf 390 cases, 26624468%2;535’ 11p15.5  LSPI  1s3817198 3.00E-09 1.07 [1.04-1.11
2007 b 364 controls 5q11.2  MAP3KI1  rs889312  7.00E-20 1.13 [1.10-1.16
reast cancer controls
[194] a1 . 10926.13 FGFR2 rs2981582  2.00E-76 1.26 [1.23-1.30
susceptibility loci. .
8924.21 Intergenic rs13281615 5.00E-12 1.08 [1.05-1.11

Genome-wide

]
]
]
]
]
]

L

A genome-wide
association study
Hunter, identifies alleles in
July 2007  FGFR?2 associated
[201] with risk of sporadic
postmenopausal
breast cancer.

1145 cases, 1176 cases,

1142 controls 2072 controls 10g26.13  FGFR2 rs1219648 1.00E-10 1.2 [1.07-1.42]

Common variants on

chromosomes 2935 2q35  Intergenic rs13387042 1.00E-13 1.2 [1.14-1.26]
Stacey, and 16q12 confer 1599 cases,
o 2934 cases,
July 2007 susceptibility to 11546
5967 controls
[187] estrogen receptor- controls
positive breast 16q12.1 TNRC9 rs3803662  6.00E-19 1.28 [1.21-1.35]
cancer.
5q34 Intergenic  rs6556756  5.00E-07 NR NR
A genome-wide 15g21.1 FBNI1 rs1876206  6.00E-06 NR NR
Murabit association study of 13g32.1 ABCC4  rs1926657 2.00E-06 NR NR
uJul ©  ‘breast and prostate 12g21.1  Intergenic  rs1154865 7.00E-07 NR NR
’200; cancer in the 723 cases Not replicated  18921.2  Intergenic  rs1978503 1.00E-06 NR NR
[188] NHLBI's 7q11.22  Intergenic 1s10263639 3.00E-06 NR NR
Framingham Heart 2pl6.1  Intergenic rs10490113 5.00E-06 NR NR
Study. 21921.3 GRIK1 rs458685  6.00E-06 NR NR

17g21.33  COLIA1  rs2075555 8.00E-08 NR NR
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Genome-wide 249 cases 1193 cases,
Gold, association study 299 controis 1166
Mar 2008  provides evidence (AJ, non- controls 6q22.33 ECHDCI1 rs2180341 3.00E-08 1.41 [1.25-1.59]
[196] for a breast cancer BRé A1/2) (AJ, non-
risk locus at 6q22.33 BRCA1/2)
Genome-wide
g M pspscy 1508
Mar 2009 cases, 1522 ] 6925.1 ESR1 rs2046210 2.00E-15 1.29 [1.21-1.37]
[197] bregst cancer CA controls 1576 CA
susceptibility locus controls
at 6g25.1
Kibriya, A pilot genome-wide
April association study of 30 cases, Not
2(1))09 early-onset brezst 30 controls replicated 16923.1 GLGI rs10871290  4.00E-07  NR NR
[204] cancer.
A multistage 2q35 Intergenic  rs13387042 2.00E-08 1.25 [1.15-1.37]
genome-wide - 10g26.13  FGFR2 152981579  2.00E-10 1.17 [1.07-1.27]
Thomas,  association study in 8625 cases _
May breast cancer 1145 cases, 9657 ’ Ipl1.2 Intergenic  rs11249433 7.00E-10 1.16 [1.09-1.24]
2009 identifies twonew 1142 controls 16q12.1 TOX3 1s3803662 1.00E-09 1.16 [1.07-1.27]
[186] risk alleles at 1p11.2 controls
and 14q24.1 5ql1.2 MAP3K1 rs16886165 S5.00E-07 1.23 [1.12-1.35]
(RAD51L1). 14g24.1  RADSILI1 rs999737  2.00E-07 1.06 [1.01-1.14]
8q24.21 Intergenic  rs1562430 6.00E-07 1.17 [1.10-1.25]
2q35 Intergenic  rs13387042 2.00E-10 1.21 [1.14-1.29]
10g21.2 ZNF365  rs10995190 5.00E-15 1.16 [1.10-1.22]
Turnbull Genome-wide 9p21.3 CDKN2A  rs1011970 3.00E-08 1.09 [1.04-1.14]
Tune ’ association study 3659 UK 12576 EA 11q13.3 MYEOV rs614367  3.00E-15 1.15 [1.10-1.20]
2010 identifies five new cases, 4897  cases, 12223 3p24.1 SLC4A7 rs4973768  6.00E-07 1.16 [1.10-1.24]
[189] breagt cancer UK controls  EA controls  16q12.1 TOX3 rs3803662 3.00E-15 1.3 [1.22-1.39]
susceptibility loci. 10926.13 FGFR2 rs2981579 4.00E-31 143 [1.35-1.53]
5ql1.2 MAP3K1 rs889312  5.00E-09 1.22 [1.14-1.30]
10g22.3 ZMIZ1 rs704010  4.00E-09 1.07 [1.03-1.11]
10p15.1  ANKRD16 rs2380205 5.00E-07 1.06 [1.02-1.10]
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6q25.1 ESR1 rs3757318 3.00E-06 1.3 [1.17-1.46]
11pl5.5 LSP1 rs909116  7.00E-07 1.17 [1.10-1.24]
Identification of a 10598 A
Long functional genetic cases, 8254
June’ variant at 16q12.1 2073 CA A controls,
2010 . for breast cancer cases, 2084 2797 EA 16ql2.1 TOX3 rs4784227 1.00E-28 1.24 [1.20-1.29]
[205] risk: results from the =~ CA controls cases,
Asia Breast Cancer 2662 EA
Consortium. controls
A locus on 19p13
modifies risk of
breast cancer in
; . . cases, 1190  cases, 2974 19pl3.11 ABHDS rs8170 2.00E-09 1.26 [1.17-1.35]
2010 associated with
EA controls  EA controls
[206] hormone receptor-
negative breast
cancer in the general
population.
Common genetic
Gaudet, Var.iants.and 899 BRCA2+ 1264 cases,
Oct2010 ~ Mmodification of B4 cases, 1222 10g26.13  FGFR2 152981575 1.00E-08 1.28 [1.18-1.39]
[202] penetrance gf 804 BRCA2+ controls
BRCA2-associated EA controls
breast cancer.
. A genome-wide
I\I;:)’V association scanon 617 EA ER- EIROE)clza]?:s . . - o
2010 estrogen receptor- cases, 4,583 7604 E A’ No SNPS met reporting requirements for statistical significance
negative breast EA controls
[207] controls
cancer.
Novel breast cancer 1694 UK 6q25.1 ESR1 rs3734805 1.00E-07 1.19 [1.11-1.27]
Fletcher,  susceptibility locus cases, 2365 7317 UK S5pl2 Intergenic  rs4415084 8.00E-11 1.17 [1.11-1.22]
Mar 2011 at9q31.2: results of a UK, 1145 EA  cases, 8124 2q35 Intergenic  rs13387042 2.00E-10 1.16 [1.11-1.22]
[190] genome-wide cases, 1142 UK controls  3p24.1 SLC4A7 rs4973768  2.00E-08 1.14 [1.09-1.19]
association study. EA controls 8q24.21 Intergenic  rs1562430 3.00E-11 1.16 [1.11-1.22]
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16q12.2 TOX3 rs3112612  4.00E-10 1.15 [1.10-1.21]
10g26.13 FGFR2 rs1219648  1.00E-30 1.31 [1.25-1.37]
10g26.13 FGFR2 rs10510102 2.00E-06 1.12 [1.07-1.17]
9q31.2 RAD23B rs865686  2.00E-10 1.12 [1.09-1.18]
Li, A combined analysis 2702 EA Upto 7386  10926.13 FGFR2 rs1219648 2.00E-13 1.32 [1.22-1.42]
April of genome-wide women. 5726 EA cases, S5pl2 MRPS30 rs7716600  7.00E-07 1.24 [1.14-1.34]
2011 association studies in EA co;ltrols 7576 EA 2q35 Intergenic  rs13387042 9.00E-06 1.18 [1.10-1.27]
[191] breast cancer. controls 16q12.1 TOX3 rs3803662 4.00E-07 1.22 [1.13-1.32]
Genome-wide
- association study 10g21.2  ZNF365 1510822013 6.00E-09 1.12 [1.06-1.18]
Cai, identifies breast 2,062 EAA, 15091 EAA
Sept . ) cases, 14877
cancer risk variant at 2,066 EAA
2011 EAA
) 10g21.2: results from controls 1
[200] the Asia Breast controls 7q32.3 NR rs2048672 6.00E-06 1.11 [1.05-1.17]
Cancer Consortium.
Potential novel
Schrawat candidate 19q13.41  ZNF577 1510411161 7.00E-06 1.42 [1.22-1.65]
Oct polymorphisms 302 EA 1153 cases,
’2 011 identified in genome- cases, 321 1,215
wide association EA controls controls
[195] study for breast 5p152  ROPNIL  rs1092913 2.00E-06 1.45 [1.24-1.69]
cancer susceptibility.
A common variant at 1004 AA
the TERT- cases, 2745 2222 EA
Haiman, CLPTMIL locus is AA céntrols cases
Oct 2011 associated with ’ ’ 5p15.33 TERT rs10069690 1.00E-10 1.18 [1.13-1.25]
1718 EA 16363 EA
[166] estrogen receptor-
neoative breast cases, 3670 controls
gatv EA controls
cancer.
Genome-wide 6925.1 TAB2 159485372 4.00E-12 111 [1.09-1.15]
Long, association study in 2918 CA 16173 A
Feb 2012 east Asians identifies  cases, 2324  cases, 18282 11q24.3 BARX2 rs7107217  5.00E-7 1.08 [1.05-1.11]
[199] novel susceptibility =~ CA controls A controls
loci for breast cancer 6q25.1 ESR1 rs9383951  2.00E-6 1.14 [1.08-1.19]
Kim, A genome-wide 2273 KA 4049 KA 2q34 ERBB4 rs13393577 9.00E-14 1.53 [1.37-1.70]
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Mar 2012 association study cases, 2052 cases, 3845
[192] identifies a breast KA controls KA controls
cancer risk variant in
ERBB4 at 2q34:
results from the
Seoul Breast Cancer
Study
A genome-wide
Chen, association study of 3016 AA 3533 AA
Jan 2013 breast cancer in cases, 2745  cases, 11046  14q31.3 GALC rs4322600 4.00E-6 1.18 [1.10-1.27]
[203] women of African AA controls  AA controls
ancestry
A genome-wide
association study
identifies a genetic 1086 A 1653 TA 10g26.13 FGFR2 rs3750817  8.00E-8 1.22 NR
Elgazzar, L
Dec 2012 variant in the SIAH2 cases, cases,
[193] locus associated with 1816 JA 2797 JA
hormonal receptor- controls controls 3q25.1 SIAH2  rs6788895  9.00E-8 122 [1.13-1.31]
positive breast
cancer in Japanese
262 EA 6q25.1 ESR1 9383938 2.00E-10 1.28 NR
) . q25. rs .00E- .
A meta analy@s of 3666 EA cases,
genome-wide cases. 28864 6410 EA
Siddiq,  association studies of > controls, 84 20q11.22 RALY rs2284378 1.00E-8 1.16 [1.10-1.22]
EA controls,
Dec 2012 breast cancer JA cases,
. . 1004 AA
[198] identifies two novel cases. 2744 830 JA 19p13.11  ANKLEI rs8100241  4.00E-8 1.14 NR
susceptibility loci at AA cc,)n trols controls,
6q14 and 20q11 300H, 1164 60141 FAM46A 1517530068 3.00E-7 1.16 [1.10-1.23]
H controls

Abbreviations: NR=Not reported, AA= African Ancestry, A=Asian, AJ= Ashkenazi Jewish, CA= Chinese ancestry, EA= European Ancestry,
EAA= East Asian Ancestry, H=Hispanic, JA= Japanese Ancestry, KA= Korean ancestry, UK= United Kingdom
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Table 5: Summary of effect estimates for GWAS-identified and other selected breast cancer SNPs among women of European

(EA) and African American (AA) ancestry

Chro Gene or . Number Range of esti.n{ates
m- gene SNP Minor | MAF: | MAF: | MAF: of studies for log:add1t1ve Notes on.subtype
osome Tegion Allele | CEU | YRI | ASW (EA/AA) genetic model findings
EA AA
I Ipl2 |rs11249433 | G | 043 | 007 | 009 | 7/5 L O | [hrongest association In
2 2p rs4666451 | A | 045 | 023 | - 5/0 Oi.g()31 NE W?Z;‘Eﬁieaizaéi’fﬁ;’;e
2 235 |1s13387042 | G| 044 | 022 | 025 | 15/7 | 0.83-091 | 0.83-1,07 | SOmeassociationwithall
subtypes
strongest association in
3 SLC4A7 | 14973768 | T | 044 | 029 | 032 | 10/5 |0.89-1.16 | 092-1.06 | -uminal A cancers:no
association in triple-
negative cancers
4 4p rs12505080 C 0.29 0.10 0.17 1/0 0.99 NE NE
Associated with ER+, ER-
4 TLR1 1s7696175 T 0.47 0.00 0.09 1/0 0.99 NE and HER2- disease in
Chinese
stronger associations with
s | MRPS30 | rs4415084 | T | 038 | 066 | 0.68 | 8/6 | 101-1.17|089-113 | ERForPRF disease:
mostly null associations
with ER- or PR- disease
strongest association in
5 MRPS30 | 1510941679 | G | 024 | 0.17 | - 7/6 | 111-119 | 094~ | Luminal Aand B cancers;
1.14 null association in triple-
negative cancers
not strongest associations
5 S5pl2 rs981782 C 0.39 0.00 -- 5/0 0.90- 0.97 | polymorp with ER- and HER2-
hic disease
possible associations with
5 5q rs30099 A 0.08 0.18 0.14 3/0 1.02- 1.05 NR ER-, ER- and HER2+
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disease

evidence of association

5 MAP3K1 rs889312 C 0.30 0.31 - 16/7 1.01-1.26 | 0.93-1.33 .
with all subtypes
0.96 - 0.9 - predominantly null
6 ECHDC1 | rs2180341 G 0.26 0.36 0.25 4/5 X X associations with ER and
1.41 1.09
PR status
6 ESR1 | rs2046210 | A | 029 | 0.68 | 0.60 5/8 | 094-1.15 | 094 | someassociation withall
1.11 subtypes
6 ESR1 rs851974 G 0.47 0.14 0.24 1/1 0.92 1.13 NE
6 ESR1 rs2077647 C 0.43 0.48 0.59 4/0 0.97° NE NE
6 ESR1 rs2234693 C 0.41 0.53 0.54 10/1 0.97° 1.43" NE
6 ESR1 rs1801132 G 0.17 0.07 0.08 5/0 0.95° NE NE
6 ESR1 rs3020314 C 0.26 0.78 0.64 2/0 1.12" NE NE
* evidence of association
6 ESR1 rs3798577 C 0.44 0.45 0.47 4/0 0.98 NE with ER- and PR~ disease
7 RELN rs17157903 T 0.12 0.11 0.08 1/0 1.11 NE NE
strongest association in
8 8q24 | rs13281615| G 045 | 042 - 15/6 | 1.07-131 | 0.94-1.16 | Luminal Aand B; null
association in triple-
negative
Associated with ER+, ER-
8 8q24 rs1562430 C 0.35 0.50 0.45 4/0 0.85-0.93 NE , PR+, and PR- disease in
Chinese (one study)
9 CDK];\QA/ rs3731257 A 0.26 0.06 0.12 1/0 0.95" NE NE
9 CDK];\QA/ rs3731249 T 0.02 0.00 0.01 1/0 1.5% NE NE
some evidence of
9 CDK];\QA/ rs1011970 T 0.17 0.37 0.28 2/4 1.08-1.09 | 0.9-1.07 | association with ER+ and
triple-negative
possible inverse
10 ANKRDI16 | rs2380205 T 0.48 0.64 0.60 2/4 0.94- 0.98 | 0.98-1.03 association with ER+

disease, null association




6L

with triple negative

inversely associated with

10 ZNF365 rs10995190 0.13 0.18 0.20 2/2 0.85-0.86 | 1.03-1.12 .
ER+ disease
positively associated with
10 ZMIZ1 rs704010 0.43 0.02 0.07 1/2 1.07 0.90- 0.99 | all ER/PR subtypes, but
not triple-negative disease
GWAS hit in study of
10 FGFR2 rs3750817 0.36 0.01 0.04 2/0 0.78- 0.86 NE hormone receptor positive
disease
evidence of associations
10 FGFR2 rs10736303 0.47 0.07 0.11 1/1 1.25 1.21" with ER+ and PR+
disease
Associated with ER+,
10 FGFR2 rs11200014 0.47 0.22 0.31 5/0 1.24-1.31 NE PR+, HER2+ and HER2-
in Chinese study
associated with ER+/PR+
10 FGFR2 rs2981579 0.47 0.64 0.63 7/3 1.20- 1.43 | 0.99- 1.08 | in AA,and most subtypes
in Chinese study
10 FGFR2 rs1078806 0.46 0.21 0.31 1/1 1.26 0.95 NE
evidence of association
10 FGFR2 rs2981578 0.49 0.94 -- 1/4 1.26 1.17-1.24 | with ER+, ER- and PR+
disease
evidence of association
10 FGFR2 rs1219648 0.47 0.44 0.44 13/5 1.23-1.33 | 0.84-1.21 with ER+, PR+ and
HER2- disease
1.26 - evidence of association
10 FGFR2 rs2912774 0.47 0.60 0.53 2/2 133 1.15-1.19 with ER+ and ER.- disease
10 FGFR2 rs2936870 0.45 0.66 -- 1/0 1.26 NR NE
10 FGFR2 rs2420946 0.47 0.58 0.48 7/1 1.21-1.34 1.1 NE
strongest association in
Luminal A and B; null
10 FGFR2 rs2981582 0.46 0.49 0.47 17/8 1.15-1.59 | 0.80-1.22 association in

HER2+/ER- and triple-
negative
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10 FGFR2 rs3135718 G 0.43 0.37 -- 1/0 1.07 NE NE
10 10q rs10510126 T 0.16 0.11 0.11 1/0 0.83 NE NE
Generally imprecise and
11 LSPI 13817198 | C 033 | 0.09 | 0.07 16/6 | 096-151 | 0.85-121 | 'neonsistent findings,
possible association with
unclassified disease
11 LSP1 rs909116 C 0.43 0.22 0.31 1/0 1.17 NE NE
11 H19 rs2107425 T 0.30 0.58 0.51 1/0 0.96 NE NE
possible association with
11 MYEOV rs614367 T 0.19 0.13 0.08 2/4 1.15-1.21 | 0.96-1.13 ER+ and PR+ disease
16 TNRCY9 | rs8051542 T 045 | 023 | 033 5/1 0.96- 1.15 0.98 evidence of association
with ER+ disease
16 TNRCO rs12443621 A 0.47 0.49 - 5/1 01‘8161- 0.99 no evidence of association
16 TNRCY | rs3803662 | A 025 | 055 | 0.54 2179 | 087-133 | 0.75-1.04 | Svidence ofassociation
with all subtypes
positively associated with
16 TNRC9 rs4784227 T 0.23 0.05 0.08 2/3 1.17-1.29 | 1.09- 1.23 | all ER and PR subtypes in
one Korean study
evidence of association
16 TNRC9 rs3104746 A 0.05 0.24 -- 0/2 NE 1.17-1.23 with ER+ and ER.- disease
16 TNRC9 rs3112562 G 0.26 0.50 -- 0/1 NR 1.17 NE
17 COX11 rs7222197 A 0.32 0.33 0.35 1/0 0.89 NE NE
inverse association in
Luminal A and B; null
17 COX11 rs6504950 A 0.30 0.31 -- 6/5 0.80-0.95 | 0.79- 1.06 association in

HER2+/ER- and triple-
negative

NE= not evaluated; *= from Zhang et al. [20]meta-analysis; #=homozygous rare versus homozygous wildtype; &= dominant model




3. Methods
3.1 Study population
3.1.1 Case and control ascertainment

The Carolina Breast Cancer Study (CBCS) is a population-based, case-control study
of invasive and in situ breast cancer conducted in North Carolina between 1993 and 2001.
Cases from 24 central and eastern North Carolina counties (see Figure 20) were identified
using the North Carolina Central Cancer Registry’s Rapid Case Ascertainment program. This
program offers registrars financial incentives for accelerated registration of new cancer
diagnoses and thus provides investigators with more immediate access to pathology reports
and contact information for potential study participants [271, 272]. Women were eligible for
CBCS if they lived in one of the 24 counties, were diagnosed with invasive, primary breast
cancer between 1993 and 2001, and were between the ages of 20 and 74 at the time of their
diagnosis. Women diagnosed with in situ breast cancer between 1996 and 2001 were also
eligible if they had ductal carcinoma in situ with microinvasion to a depth of 2 mm or lobular
carcinoma in situ.

To ensure approximately equal representation of African Americans and non-African
Americans, as well as pre and postmenopausal women, breast cancer cases were randomly
sampled at disproportionate rates based on their age and race category. For Phase I of the
study (1993-1996) these sampling proportions were as follows: 100% of African Americans
under age 50, 75% of African Americans aged 50 or older, 67% of

non-African Americans under age 50, and 20% of non-African Americans aged 50 or older.



For Phase II of the study (1996-2001), all African American invasive and in situ cases were
recruited, as were all non-African American in situ cases. 50% of younger, non-African
American, invasive breast cancer cases were recruited, as were 20% of older, non-African
American cases. Although urban or rural status did not affect sampling probability, the 24
selected counties included geographically and socioeconomically diverse regions of the state.

Controls aged 20-64 and 65-74 were selected from North Carolina Department of
Motor Vehicle and Health Care Financing Administration records, respectively. Controls
were approximately frequency-matched to cases on race and 5-year age groups using another
set of predetermined sampling fractions. These ranged from 0.003% of non-African
Americans aged 20-24 years to 2.1% of African Americans aged 70-74 years. Women who
did not live in the study area or who had previous history of breast cancer were ineligible.
3.1.2 Data collection

Once a newly diagnosed case was selected as a potential study participant, CBCS
personnel contacted the woman’s treating physician, who had the right to refuse any further
contact with the patient. All approved cases and randomly selected controls received an
introductory letter followed by a telephone call, if a phone number was available. If a number
was not available, as occurred with 5% of potential cases and 40% of potential controls, a
study nurse visited the potential participant’s home [272]. Women who met all eligibility
criteria and verbally consented to study participation were scheduled for a home interview
with one of the study’s registered nurses.

After obtaining written informed consent, the study nurse administered a
questionnaire about demographic information and known or suspected breast cancer risk

factors. The nurse also took body measurements, including height, weight and waist and hip
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girths, and drew a 30 ml blood sample. For cases, the nurse asked for permission to access
medical records and paraffin-embedded tumor tissue blocks. Some participants opted to have
their blood drawn at a physician’s office and sent into the study. Whenever possible, a
University of North Carolina (UNC) pathologist used provided tumor tissue blocks to
confirm the breast cancer diagnoses.

The overall response rate was 77% for cases and 57% for controls. Among cases,
older African Americans had the lowest response rate, with 71% of initially contacted
women successfully enrolled. Younger African American controls were the least likely to
participate, with only 48% responding. The highest response rates for cases and controls
were for younger non-African Americans (82%) and older non-African Americans (66%),
respectively. Total enrollment included 1808 invasive cases (787 African American, 1016
non-African American), and 1564 corresponding controls (718 African American, 846 non-
African American), as well as 503 in situ cases (107 African American, 401 non-African
American) and 458 corresponding controls (70 African American, 388 non-African
American).

Of those enrolled, 88% of cases (2039 of 2311) and 90% of controls (1817 of 2022)
provided sufficient blood samples for genotype analysis (see Figure 21). Non- African
Americans were more likely to provide blood samples than African Americans, but blood
donation status did not differ by stage of disease or other breast cancer risk factors [273].

More than 98% of non-African Americans self-identified as white, with the remaining
2% identifying as multi-racial, Hispanic, Native American, Asian-American, or other
race/ethnicity. Aside from the expected differences in age and race distributions, the only

observed discrepancy between Phase I CBCS cases and other North Carolina Central Cancer
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Registry cases was that African Americans aged 40-59 with later stage disease were
underrepresented in CBCS [274].
3.1.3 SNP selection

I selected candidate single nucleotide polymorphisms (SNPs) for the proposed
analysis from a list of SNPs already successfully genotyped in the CBCS population. As the
purpose of my investigation is to evaluate the effect of previously established breast cancer
risk variants within the CBCS population, I retained any SNPs identified as hits in genome-
wide association studies (GWAS) or that had strong and consistent evidence of an
association in a candidate gene meta-analysis [20]. I also included any SNPs in the same
gene as a selected risk variant.

As the most recent genotype analysis of CBCS participants was completed in mid-
2010, only some of the GWAS hits were included. In total, I selected 31 SNPs with genome-
wide significant or nearly genome-wide significant p-values in studies published before
September 2010 [186, 187, 189, 194, 196, 197, 201, 205, 208, 209], 31 SNPs from the same
genes as previous GWAS hits, and 21 SNPs from 3 critical candidate genes (ATM, CASPS,
and 7P53). I considered 41 of these SNPs to be ‘GWAS-identified’, which meant that they
were either GWAS hits (n=22), near GWAS hits (n=9), or on the same gene as a GWAS hit
and assessed in a GWAS study (n=10). Of the remaining 21 SNPs from GWAS-identified
genes, nine had never before been evaluated in whites or African Americans with breast
cancer. The full list of included SNPs can be seen in Table 6. This table includes the SNPs
discussed in sections 2.7.3, 5 ATM, CASPS, TP53 or ESRI SNPs identified by Zhang et al. as
having strong evidence of an association with breast cancer [20], and other ATM, CASPS,

and TP53 SNPs. Given that the candidate gene hits and the GWAS-identified SNPs had a
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concrete reference OR (from Zhang et al. or the original GWAS, respectively), these SNPs
were eligible for replication. I considered a SNP to have replicated successfully if the OR
was in the same direction as the reference OR and the 95% CI or 95% posterior interval (PI)
excluded the null.

3.1.4 Ancestry informative markers (AIMs)

A panel of 144 ancestry informative markers (AIMs) was also genotyped in all CBCS
participants with available blood samples. To be useful as an AIM, a genetic variant (usually
a SNP) must have a widely discrepant MAF in the relevant parent populations and be highly
informative of ancestry [275, 276]. In CBCS, we selected AIMs that could distinguish
between European and African ancestry. More specifically, we selected SNPs with MAF
differences of at least 60% between the International HapMap CEU and YRI populations that
had high values for Fisher’s information criterion. This was completed for the following
admixture proportions, all of which are likely scenarios in CBCS: 90% European/ 10%
African, 90% African/ 10% European, and 50% European/ 50% African [210]. Fisher’s
information criterion is the inverse of the variance of the maximum likelihood estimate of the
ancestral contribution, and can therefore be interpreted as a measure of precision for the
ancestral proportion estimate [277]. A more detailed account of the CBCS AIMs selection
process and a table of selected markers can be found in Barnholtz-Sloan et al [210]. Of note,
the ASW HapMap population (African Americans living in the Southwest USA) was not
available when these AIMs were selected.

3.1.5 Genotype analysis
The SNPs included in this analysis were genotyped at two different times using two

different genotyping platforms. Most SNPs were evaluated with a Custom GoldenGate
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Genotyping assay from Illumina (Illumina, Inc., San Diego, CA). A few SNPs that failed
[llumina genotyping analysis were reassessed using a Tagman panel. The Tagman analysis
also included a number of GWAS hits identified in the time since the Illumina panel was
performed.

These analyses are used to determine whether an individual has two copies of the
common allele, two copies of the variant allele, or one copy of each. These three possible
genotypes are also described as homozygous for the major allele, homozygous for the minor
allele, or heterozygous. In some cases, the allele that is more common in whites was the rare
allele in African Americans.
3.1.5.1 Illumina assays

Initially, 1762 SNPs were submitted to [llumina for review and preliminary quality
control assessment. [llumina validated each SNP according to its dbSNP identification
number [278, 279], and provided designability scores to indicate the probability that each
SNP would be genotyped successfully on their platform. 1365 SNPs passed this initial review
process. To replace the failed SNPs, CBCS investigators selected the best possible substitutes
and resubmitted the SNP panel to Illumina until a complete set of 1536 SNPs with passable
design scores was identified.

Once the custom solid-phase bead assay was received from Illumina, the 3857 CBCS
participants with available blood samples were genotyped for all 1536 SNPs in UNC’s
Mammalian Genotyping Core lab. At UNC, 2 ug of participant DNA were extracted, then
activated and combined with assay oligonucleotides, hybridization buffer, and paramagnetic
particles [280]. Each assay contained three locus-specific oligonucleotides for each SNP, two

of which bonded directly to the allele sites, and a third that hybridized downstream from the
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other two. The third oligonucleotide contained a unique address sequence that corresponded
to a particular bead type.

After several wash steps and the addition of DNA ligase, the oligonucleotide-tagged
sequences formed double-stranded DNA fragments. These fragments were amplified with
dyed polymerase chain reaction (PCR) primers such that each allele of a given SNP was
uniquely labeled. Lastly, the finalized, single-stranded, dye-labeled DNA products were
hybridized to the bead type specified by the address sequence contained in the third
oligonucleotide. In this final form, the fluorescence signal of each bead, and thus the
genotype of each SNP, could be measured using Illumina’s BeadArray Reader.
3.1.5.2 Illumina Quality Control

CBCS investigators used several quality control techniques to measure and improve
overall data accuracy. This included the use of blind duplicate samples, lab controls, the
examination of individual call rates, and careful inspection of assay intensity data and
genotype clustering images.

Roughly four percent (169 of 3857) of samples underwent duplicate, blinded
genotyping. Of more then 200,000 possible discrepancies, 11 genotype miscalls were
identified in these samples. DNA samples from the HapMap CEU population (provided by
the Coriell Institute for Medical Research) were also repeatedly genotyped as lab controls,
with only 2 discrepancies in 184 replications. As these error rates were well-within
reasonable limits, no SNPs were excluded based on these results. However, closer inspection
of assay intensity data and genotype clustering images did lead to the exclusion of 163 of the
1536 genotyped SNPs (11%). Here, SNPs were excluded from further analyses if they

showed low signal intensity or if genotype clusters were overlapping, as both are indications
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of genotyping error.

Individuals were excluded from further analyses if they had call rates of less than
95% for the 1383 remaining SNPs. 103 participants met this exclusion criteria. Six other
subjects were omitted, including 5 genotyped as male and 1 with conflicting duplicate
samples. Case, race, age, and stage distributions were similar for excluded and included
subjects [273]. After exclusions, genotyping information was available for 3748 participants
(1972 cases, 1776 controls) and 1373 SNPs, including 57 of the 83 candidate SNPs selected
for this analysis and 144 AIMs.
3.1.5.3 Tagman assays

The remaining 26 candidate SNPs were genotyped using Applied Biosystems’ (Foster
City, CA) fluorogenic 5’ nuclease assay (‘TagMan®’) and PRISM® 7900HT Sequence
Detection System in UNC’s Mammalian Genotyping Core lab. As with the [llumina assays,
the TagMan assays were customized to target specific candidate SNPs. However, instead of
oligonucleotides, TagMan assays contain site-specific primers and fluorescently labeled
probes for each selected SNP. TagMan is more appropriate for genotyping a small number of
SNPs in up to several thousand samples.

The genotyping process begins when activated DNA is combined with the custom-
designed SNP genotyping assay and the Tagman Universal PCR Master Mix. During the
PCR process, which consists of 10 minutes at 95° C, followed by 40 cycles of 15 seconds at
92° C and 1 minute at 60° C, the AmpliTaq Gold® DNA polymerase contained in the master
mix amplifies genomic regions where the primers and probes have annealed [281]. As the
probe is digested by the polymerase, it releases a unique fluorescence signal which is read

using the PRISM® 7900HT Sequence Detection System.
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3.1.5.4 Tagman Quality Control

Approximately 10% of the CBCS samples were run as blind duplicates, all of which
were in agreement. Although several SNPs failed the initial design phase, all of the
genotyped SNPs met quality controls standards. No additional participants were removed due
to low call rates.
3.1.5.5 SNP exclusions

I excluded six SNPs with MAFs less than 1% in white participants and ten SNPs with
MATF less than 1% in African Americans, leaving a total of 77 evaluable SNPs in whites and
73 in African Americans. 79 SNPs with MAF greater than 1% in the non-racially stratified
CBCS population were evaluated in subtype analyses.

3.1.6 IHC analysis

Tumor tissue was collected from 80% of all cases (1446 of 1808 invasive cases and
399 of 503 in situ cases) and sent to the UNC Immunohistochemistry Core Laboratory for
storage and assaying of three or more immunohistochemical (IHC) markers. This process has
also been described in previous CBCS publications [3, 4, 89].

When available, estrogen receptor (ER) and progesterone receptor (PR) status was
abstracted from the patient’s medical records. This information was provided for
approximately 80% of all invasive cases. For the remaining 11% of invasive cases with
available tissue, ER and PR IHC assays were performed at the UNC core laboratory using
archived tumor tissue [282]. Tumors with more than 5% of cells showing nuclei-specific
staining were considered receptor positive [283]. A random 10% sample of tumors reported
as ER+ in medical records were retested in the UNC lab, as were a random 10% sample of

ER- tumors. With a concordance of 81% and a kappa statistic of 0.62 between the medical
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records and the UNC-run assays, CBCS investigators decided that agreement was high
enough to justify the continued reliance on medical records data [3].

All tissue samples with sufficient tissue were assayed for human epidermal growth
factor receptor 2 (HER2), human epidermal growth factor receptor 1 (HER1 or EGFR), and
cytokeratin 5/6 (CK 5/6) in the UNC Immunohistochemistry Core Laboratory. HER2 status
was detected using the CB11 monoclonal antibody [284]. A case was considered HER2+ if at
least 10% of observed cells showed signs of staining. This method had high concordance
(81%) with PCR-based measures of HER2 gene expression. HER1 and CK 5/6 assays were
conducted according to the methods developed by Nielsen et al [42]. Here, tissue with any
sign of cytoplasmic or membranous staining was considered positive for CK 5/6 or HER1,
respectively.

Due to the limited amount of available tissue, IHC analyses for in situ tumors were
handled differently. The process is fully described in Livasy et al [89]. Briefly, tumor tissue
was stained using antibodies for ER, HER2, HER1 and CK 5/6, then classified as positive or
negative for each marker based on pre-established criteria. Tumors with an Allred score
above 2 with nuclear staining were ER+. Tumors were HER2+ if more than 10% of visible
cells demonstrated membranous staining with an intensity of 3+ using DAB chromogen or
2+/3+ using SG chromogen. For CK 5/6 and HER1, any tissue with staining in the cytoplasm
or membrane, respectively, was considered positive for expression. Given the high
correlation between ER and PR expression [34-37] and the paucity of available tissue, PR
status was not assessed in in situ tumors [4].

Upon completion of the IHC analyses, breast cancer cases were categorized according

to their intrinsic subtype. As described in section 2.5, these subtypes are classified as follows:
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luminal A (ER+ and/or PR+, HER2-), luminal B (ER+ and/or PR+, HER2+), HER2+/ER-
(ER-, PR-, HER2+), and basal-like (ER-, PR-, HER2-, HER 1+ and/or CK 5/6+), with those
negative for all 5 markers considered “unclassified”. Altogether, 62% of cases were assigned
subtypes, including 1149 invasive and 275 in situ cases. Compared to CBCS cases without
IHC marker data, subtyped cases were more likely to be African American or have a higher
stage of disease [4]. There were no differences between CBCS cases with and without IHC
marker data in terms of age, menopausal status, or family history.

Of the 1972 cases with genotyping data, 1220 (62%) also had complete subtype
information (Figure 21). Among individuals with both genotyping and subtype data, there
were 700 luminal A cases (56%), 122 luminal B cases (10%), 98 HER2+/ER- cases (8%),
207 basal-like cases (16%), and 133 unclassified cases (11%). This subtype distribution is
virtually identical to the subtype distribution of all CBCS participants, as reported in Millikan
et al [4]. In this regard, participants with genotyping and subtype information are well

representative of all CBCS participants with subtype data.

3.2 Other covariates
3.2.1 Race and age

Prior to initial contact, potential participants’ race and age were abstracted from either
the pathology report (cases) or Department of Motor Vehicle or Health Care Financing
Administration records (controls). Each woman’s selection probability was based on this
preliminary data. During the enrollment and eligibility confirmation phase of the study, each
control was asked to verify her current age and each case her age at diagnosis. Additionally,

nurse interviewers recorded each participant’s exact birth date during the in-home interviews

91



and confirmed that this date was consistent with prior reports. Nurse interviewers also asked
participants to describe which racial group they belonged to — White, Black/African
American, American Indian/ Eskimo, Asian/ Pacific Islander, or Other — and whether they
considered themselves to be Hispanic.

3.2.2 Stage at diagnosis

Breast cancer stage at diagnosis, as defined by the American Joint Committee on
Cancer criteria, was abstracted from cases’ medical records. Briefly, women with in situ
disease were classified as Stage 0 and women with progressively larger primary tumors
and/or more lymph node involvement had Stages I, II or III breast cancer. Women with
distant metastases were diagnosed with Stage IV disease [285].

3.2.3 African and European ancestry

When examining how genetic variations affect disease status, I also had to account
for differences in allele frequencies due to divergent ancestral origins. This phenomenon is
known as population stratification. Self-identified race can capture some of the variability
caused by population stratification, but many individuals cannot accurately classify their own
ancestry. This is especially true with recently admixed populations, such as African
Americans, who often have both African and European lineage.

In the CBCS, each participant’s proportion of European and African ancestry was
estimated using maximum likelihood estimate (MLE) methods, 144 AIMs, and allele
frequencies in HapMap CEU and YRI individuals. The HapMap populations served as
proxies for the European and African parent populations, respectively. By including only
these two parent populations, we assumed that each individual descended from one or both of

these two groups, but no others. Individual ancestry proportions were estimated using the
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equations described below [286].
Given ancestral contributions m; and m,, the probability of observing the kth allele at
the gth locus in an admixed population 4 is:
Pgak = MiPg1x + M2Pg2k-
Based on our assumption that each population’s ancestry is limited to only two parent
groups, we know that m; + my=1. We can also define 0 as the allele frequency difference in

the two parent populations, such that 8 = p, - po2r. With these substitutions, we now have:
Pgak = MiPgik + MaPgak = Pg2k + M18g1k.
The likelihood of this function is equal to the product of each possible value of g and k:
L=1lglkpgar = g llk@g2x + M10g11),
and the log-likelihood is:
In(L) = Y42k ln(pgAk) =Yg 2k ln(ngk + m15g1k)-
By maximizing this log-likelihood, we can obtain an equation that can be used to estimate the

value of m; that is most probable given the provided data:

sin(L) _

6m1 -

Zgzk%—lk: 0.

Pgak+miSgik
The MLE of m; was estimated using the Newton-Raphson method [286].

For our analysis, we treated each participant as a population with a sample size of one
and estimated her proportion of European ancestry based on her genotype for each of the 144
AIMs. Among African American CBCS participants, the median proportion of European
ancestry was 0.19 (average= 0.22), with most women in the 0 to 0.50 range [210, 287]. The
large majority of self-identified whites had between 80% and 100% European ancestry, with
a median proportion of 0.94 (average = 0.93). The small proportion of women who self-

identified as mixed race, Hispanic, Asian/ Pacific Islander, or American Indian/ Eskimo had
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median European ancestry estimates of 0.93, 0.75, 0.73 and 0.60 respectively.

3.3 Statistical methods
3.3.1 Descriptive statistics

Although previous publications have included detailed descriptions of the
demographic and clinical characteristics of CBCS participants [3, 4, 282], I generated race-
stratified frequency estimates for the distribution of age, subtype, and stage at diagnosis for
the women included in these analyses. To account for the unequal sampling and provide
population-based estimates, frequency estimates were weighted by the inverse of the
probability of being selected as a CBCS participant. I also provided weighted case- and race-
stratified genotype frequencies (Aim 1) and weighted race and subtype-stratified genotype
frequencies (Aim 2). These descriptive statistics provided a preliminary account of the
exposures and outcomes of interest and allowed comparisons between and across
populations. Women who self-identified as a race other than non-Hispanic white or African
American were excluded from race-stratified analyses, though they were included in some
overall evaluations (Aim 2 only).
3.3.2 Hardy-Weinberg equilibrium

In conjunction with the case and race-stratified genotype frequency analysis, [
assessed whether the control population for each racial group was in Hardy-Weinberg
equilibrium (HWE). According to the Hardy-Weinberg Law, “the genotype and allele
frequencies in a large, randomly mating population remain stable over generations and there
is a fixed relationship between allele and genotype frequencies” [288]. In practice, this means

that the proportion of individuals with each genotype should directly correspond to the
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overall allele frequencies for the population. In other words, if alleles A and B occur with
frequencies pa and pg, then the relative frequencies of genotypes AA, AB and BB should be
roughly equal to pa”, paps and pg’, respectively. Any violation of this relationship is a sign
of non-random genotyping error, population stratification, natural selection, disease
association, or chance. As the probability of natural selection within a single generation is
quite minimal, the degree of disequilibrium due to either genotyping error or chance can be
quantified by testing for HWE within racially restricted control populations.

I evaluated HWE using Pearson’s chi-square test. For each SNP I compared the
number of individuals with genotype i expected under HWE (E;) to the number of individuals

observed with genotype i (O;).
X2 =X, (O;;Fi), with 1 degree of freedom (df)

I conducted this analysis in African American and white control populations separately. Any
SNP with a p-value less than 0.05 was considered in violation of HWE. Although violation
of HWE may indicate genotyping error, the test has poor sensitivity and there is poor
agreement on appropriate significance cut-points [289]. Therefore, rather than simply
excluding those SNPs that were not in HWE, clustering images of those in Hardy-Weinberg
disequilibrium were re-inspected for signs of poor genotype differentiation. SNPs were
retained as long as their genotypes formed discrete clusters with minimal overlap and HWE
was not violated in both population groups. As this strategy cannot rule out certain types of
genotype misclassification, such as allelic drop-out, any SNPs not in HWE were noted and

interpreted with caution [290].
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3.3.3 Linkage disequilibrium

LD blocks were defined using Haploview (Haploview 4.2, Version 1.0, Broad
Institute, Cambridge, MA, USA) [164] and haplotype block criteria established by Gabriel et
al [165]. I assessed LD patterns in whites and African Americans separately. I used the
ALLELE procedure in SAS v9.3 (SAS, Cary, NC) to calculate between SNP correlation
measures r and D’ [288].
3.3.4 Confounding and other adjustment factors

Confounders are factors that are related to the exposure and disease of interest in such
a way that the estimated effect of the exposure on the disease are difficult to separate out
from the combined effect of the exposure and the confounder on the disease. To be a
confounder, a factor must be (1) an extraneous risk factor for the disease, (2) associated with
the exposure under study in the source population and (3) not be affected by the exposure or
the disease [291]. In terms of the analyses proposed here, a true confounder must affect a
woman’s genotype and her breast cancer incidence (Aim 1) or a woman’s genotype and her
breast cancer subtype (Aim 2). As there are few factors that can affect genotype, the list of
potential confounders is limited to ancestry, race, and age.
3.3.4.1 Ancestry and Race

As discussed previously, allele frequency patterns vary across populations. These
divergent patterns, known as population stratification, persist as long as populations remain
isolated. However, if individuals from two previously isolated populations reproduce, as
occurred with African Americans and, to a lesser extent, US whites, the populations become
admixed and their offspring have allele frequencies somewhere between that of the two

parent populations.
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Population stratification can induce confounding in genetic association studies if both
the genotype frequency and underlying disease risk vary by ancestry [291, 292]. Given the
racial disparities in breast cancer incidence and subtype distributions discussed in sections
2.2 and 2.5.1, respectively, and the MAF discrepancies between the CEU, YRI and ASW
populations presented in Table 5, population stratification likely confounds the association
between genotype and breast cancer risk and between genotype and breast cancer subtype.
Stratifying by self-reported race will partially address this concern, but because admixture
has produced a great deal of variability within self-identified populations, I also adjusted for
proportion of African ancestry. This proportion was centered at its overall mean for the
subtype-specific analyses (Aim 2), but at the race-specific means for the overall breast cancer
analysis (Aim 1) and the race-stratified subtype analyses (Aim 2). The causal directed acyclic
graph (DAG) included as Figure 22 illustrates the relationship between these factors.

For Aim 1, I stratified by race as both a means to control confounding and to explore
effect modification between African Americans and whites. In addition to affecting breast
cancer incidence, breast cancer subtype, and allele frequencies, race also affects LD patterns.
As most of the candidate SNPs are probably highly correlated with causal variants, rather
than causal SNPs themselves, comparing results across populations may help to pinpoint the
genomic region where the true causal SNP is located.

I also conducted some race-stratified analyses within the breast cancer subtype
analysis (Aim 2), but because of within-strata sample size limitations, my primary analyses
were completed using the entire CBCS population. This included women who identified as
something other than non-Hispanic white or African American. In these overall analyses, I

adjusted for race as a dichotomous variable (African American vs. non African American).
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3.3.4.2 Age at selection

Older age is strongly associated with overall breast cancer incidence, and average age
at diagnosis varies by breast cancer subtype. Although one’s genotype does not change with
age, genotype can affect survival, and thus influences the probability that women with certain
genotypes will be selected into the study. For this reason, I adjusted for age as a selection
factor in both sets of analyses. In all analyses, I centered age at 50 years.
3.3.4.3 Offset term

In addition to race, proportion European ancestry, and age, all models were adjusted
for an offset term to account for the uneven sampling fractions utilized during study
recruitment. Inclusion of this offset term, which was equal to the case versus control ratio of
the log of the selection probability, eliminated the selection bias created by the distorted
sampling [293]. This method is more efficient than traditional matched designs, and allows
for simple, unbiased valuation of population-based point estimates and variances [294].
3.3.5 Frequentist analysis

In addition to Bayesian statistical methods, which will be discussed in the following
section, I estimated ORs and 95% CI using frequentist-based unconditional logistic
regression models. Effect estimates obtained using these methods were directly comparable
to previously published reports for the same SNPs and also served as reference points for the
estimates obtained using Bayesian analysis methods. I did not adjust for multiple
comparisons, as these were primarily candidate SNPs. Because they are calculated using
maximum-likelihood estimation, I will herein refer to the frequentist estimates as the MLE

ORs.
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3.3.5.1 Genotype classification

For Aim 1, I estimated the association between each selected risk variant and incident
breast cancer. For Aim 2, I estimated the association between each selected risk variant and
breast cancer subtype. In both analyses, the risk allele for each SNP was selected a priori
based on previously published results.

For whites, I selected risk alleles for SNPs in ATM, CASPS8, ESRI and TP53 based on
the ORs reported by Zhang et al. in their comprehensive meta-analysis [20]. For the GWAS-
identified SNPs, I ascertained the risk allele in the original GWAS [186, 187, 189, 194, 196,
197, 201, 205, 208, 209] and then compared these findings to subsequent replication studies
[162, 163, 166, 168, 169, 188, 190, 191, 195, 199, 200, 202-207, 211-213, 216, 218-222,
224,225, 228-230, 232-237, 241-243, 245, 246, 250-256, 295-301]. As all of the statistically
significant (p<0.05) ORs were in the same direction as the original GWAS, all designated
risk alleles are identical to those indicated in the initial assessment (see Table 7). If a
candidate SNP was not assessed in a GWAS or Zhang et al., I designated the minor variant as
the risk variant, using the HapMap CEU population as a reference. The only exception to this
rule was for the major allele of rs3750817 (FGFR2), which was associated with an increased
risk of breast cancer in two large case-control studies and an increased risk of ER or PR+
disease in a later GWAS [169, 193, 252].

I assumed the risk allele was the same for African Americans as it was for whites
unless the majority of reported statistically significant associations were contradictory to
those seen in whites. Two SNPs met these criteria (rs3803662 on TNRC9/TOX3 and
rs1045485 on CASPS) [11, 12, 161, 169, 214-216, 220, 302-311].

I estimated three MLE ORs for each SNP-outcome combination. Two of these ORs
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were estimated assuming a general genetic model and the last was estimated assuming an
additive genetic model. Either genetic model can be used to generate estimates for the
relative effect of having one or two copies versus no copies of the risk allele, but the additive
model makes the assumption that the relationship between the log ORs is linear. In other
words, when assuming a general model, I treated genotype as a three-level categorical
variable and estimated two ORs, one for the effect of being heterozygous versus homozygous
for the risk allele, and one for the effect of being homozygous for the risk allele versus
homozygous for the referent allele. With the additive model, I treated genotype as an ordinal
variable with three levels corresponding to the number of copies of the risk allele (0, 1, or 2).
The OR estimated using this model corresponded to the effect of being heterozygous versus

homozygous for the referent allele, while > %

was the estimated effect of being
homozygous for the risk allele versus homozygous for the referent allele. The additive model
includes one less parameter than the general model, but it is also more restrictive and may
fail to capture the relationship between the SNP and the outcome.

Alternatively, SNPs may follow dominant or recessive genetic patterns. Under either
model assumption, two of the genotypes are grouped together, such that individuals with one
or two copies of the risk allele have equal risk of the outcome (dominant model) or
individuals with one or no copies of the risk allele have equal risk of the outcome (recessive
model). These genetic models appear much less frequently in the literature, but are useful
replacements for the general or additive model when the proportion of individuals
homozygous for the risk allele is especially low or especially high. Accordingly, I estimated

the OR using the dominant model for any SNPs with risk allele frequency (RAF) of less than

5% in either cases or controls and used the recessive model when the RAF was greater than
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95%.
3.3.5.2 Outcome classification

For my first aim, the outcome of interest was breast cancer, which included both
invasive and in situ disease. This outcome was coded as a dichotomous variable, with each
SNP-specific OR estimating the odds of being a case rather than a control among women of
one genotype, relative to the odds of being a case rather than a control among women of the
referent genotype.

To address my second aim, I treated breast cancer subtype as a categorical variable
with six levels (control, luminal A, luminal B, HER2+/ER-, basal-like or unclassified) and
modeled ORs using polytomous logistic regression models. With each polytomous model, I
simultaneously estimated the effect of a given risk variant on the odds of having each
subtype relative to being a control.
3.3.5.3 Logistic regression

As this was a retrospective case-control study with unequal sampling of cases and
controls, logistic regression was an appropriate method to model the effect of genotype on
breast cancer risk in the presence of known and measured confounders and selection factors.
Assuming a general genetic model and stratification by race, the estimated odds of having the
outcome of interest (Y=1) given genotype g took the following form:

Odds (Y=1|G =grace =1) = exp (a + f1x1 + P.x, + f3age + f,ancestry +
of fset),
where x;=1 for heterozygotes, and 0 otherwise and x, = 1 for risk allele homozygotes and 0
otherwise. B; and B, estimated the log ORs for the effect of a heterozygous versus

homozygous referent genotype and the homozygous risk genotype versus homozygous
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referent genotype on breast cancer risk, respectively. The additive model took a similar form:
Odds (Y =1|G = g, race =r) = exp(a + B1x; + f,age + f;ancestry + of fset),

where x; was equal to the number of copies of the risk allele and 3; was the log OR for the
effect of each additional copy of the risk allele on the odds of having breast cancer. ORs and
95% CIs were estimated using the LOGISTIC procedure in SAS v9.3 (SAS, Cary, NC).
3.3.5.4 Polytomous logistic regression

To create the polytomous logistic regression model, I expanded the above binary
form to include unique coefficients for each level of the outcome. This included a unique
intercept and SNP, age, and ancestry parameter for each of the five subtypes. I selected this
approach based on evidence that effect estimates generated using polytomous logistic
regression models have lower standard errors than effect estimates fit using five separate
binary logistic regression models [312]. I assessed the polytomous MLE ORs using the
‘glogit’ link function in PROC LOGISTIC (SAS, Cary, NC).
3.3.6 Bayesian analysis

At the cost of a few additional assumptions about the data and associations of interest,
Bayesian statistical methods offer a powerful and more easily interpreted alternative to
frequentist methods. Although many investigators avoid these methods because of added
complexity and subjectivity, the added complexity is only moderate and frequentist analyses
are also subjective. Moreover, my research questions could be addressed more effectively
using Bayesian techniques, as such methods allowed me to use previous research to produce
more accurate and precise effect estimates while implicitly controlling for false positive

associations.
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3.3.6.1 Bayes law
The difference between Bayesian and frequentist methods can best be described using
Bayes’ Law, a principle of conditional probability:

_ p®)

p(6|D) = (D) p

(D16)

Here 0 is the parameter of interest, D are the observed data, and p(6|D), the probability of
observing an effect 6 given the observed data, is the desired estimate. P(6|D) is often referred
to as the posterior probability and written in the form 5t(6|D). Although the above form of

Bayes’ Law only allows for a single parameter, it can easily be expanded to accommodate
more variables.

As 0 is an unknown random variable, the probability of observing data D given
parameter 0, p(D|0), is best estimated using a likelihood function, L(6|D). Although the form
of the function depends on the investigator’s research question and modeling assumptions, he
or she would utilize the same likelihood function in a Bayesian or frequentist analysis.

Additional subjectivity is introduced into Bayesian analysis with the specification of
p(0), which is the probability of observing parameter 6 independently of, or prior to,
observing data D. As this quantity cannot be directly measured, it must be assigned by the
investigator based on his or her prior knowledge about the nature of the association of
interest. If the investigator is unwilling to assign an informed probability distribution to p(0),
the prior is given an infinite, uniform distribution. In this way, a frequentist analysis is
equivalent to a Bayesian analysis where all values of 0, from -o0 to +00, are equally likely.

The last term of Bayes’ Law is p(D), the marginal distribution of the data. This

quantity is directly dependent on the values of p(0) and p(D|0) and takes the following form:
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) o P(6)L(0]|D)db. As this quantity is not dependent on 8, we can ignore its exact

specifications and state Bayes” Law as a simple proportional relationship between the
posterior probability and the product of the prior probability and the likelihood function:
m(6|D) < p(6)L(6|D). This proportion conveys the simple nature of the mathematical
relationship between frequentist methods, which rely solely on the likelihood function, and
Bayesian methods, which are additionally dependent on the specification of a prior
probability estimate.
3.3.6.2 Priors

A simple way to incorporate the prior is to add a second stage to the likelihood

model. If the likelihood takes the form of a logistic regression, with the log OR of being a
case given exposure X; and covariates # modeled as: In (1%)) = Po + B;X; + Wy, asecond

level can be added to the coefficient of the exposure B;: f; = z;w + §;. Here, z; is a jx1
matrix of 1’s, sz is the prior log OR, T is a j*j identity matrix and the &; are assumed to be
normally distributed with mean 0 and variance v°T. The prior mean (), variance (t°T), or
both can either be estimated directly from the data or assigned by the investigator. I use the
term ‘full-Bayes’ to indicate that priors were assigned independently of the data at hand,
‘empirical Bayes’ when both were estimated from the data, and ‘semi-Bayes’ when one prior
was assigned and the other was estimated [14].
3.3.6.3 General benefits of Bayesian analysis

Essentially, posterior probabilities are the result of shrinking the MLE towards the
specified prior estimate, with the degree of shrinkage determined by the variance of the MLE
relative to the variance of the prior [14, 313, 314]. In this way, including any prior with a

finite variance will reduce the variance of the posterior probability relative to the MLE,
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though the discrepancy will be minimal if the sample size is large and the prior is diffuse. If
the MLE is between the true parameter value and the mean of the prior distribution, the
shrinkage process will generate a biased effect measure. However, if the prior is well-
selected, any increase in bias due to shrinkage will be offset by an increase in precision, and,
on average, allow more accurate effect estimation.

Bayesian effect estimates are also easier to interpret than frequentist estimates, as
they can be phrased in terms of probability rather than the idea of repeated, unbiased
sampling of the target population. For example, a frequentist 95% confidence interval refers
to the region that will include the true parameter in 95% of infinite replications of unbiased
data collection and measurement [291]. Alternatively, a 95% posterior interval (95% PI) is
the region where the probability of covering the true estimate is 95% [315]. In terms of the
actual effect estimates, a frequentist-determined estimate is the parameter that maximizes the
likelihood of the observed data, while a Bayesian effect estimate reflects the odds that an
investigator would place on the estimated parameter versus an alternative parameter, given
his or her prior knowledge and the observed data.

Admittedly, the relative benefits of Bayesian analysis are dependent on the
investigator’s choice of prior. While this requires a certain degree of subjectivity, prior
selection is not arbitrary. The best priors are selected based on previously published findings
or because of certain inherent properties. For example, null-centered priors will shrink all
estimates towards 0, thereby attenuating the effect sizes of extreme observations and
reducing overall type I error [14, 15]. If an investigator is concerned about the bias or
generalizability of others’ results, he or she can accommodate this uncertainty by selecting a

prior with a large variance. Additionally, while it is not possible to verify how a prior affects
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the validity of an estimate, one can easily compare the relative influences of a variety of
priors using sensitivity analyses.
3.3.6.4 Application to replication of breast cancer susceptibility loci

For many of the reasons described above, Bayesian methods were well-suited to
address the described research questions [316, 317]. First of all, most of the selected SNPs
have been studied previously, many of them in 5 or more separate investigations. Nearly all
of these replication studies were conducted using a case-control study designs and well-
defined, race-specific populations. While these studies may suffer from selection biases or
other sources of error that affect generalizability or comparability, the assessment of both
genotype and breast cancer status was extremely consistent across studies, with most
previous studies of the association between known susceptibility variants and breast cancer
producing ORs in the range of 1.1-1.3 [18, 20, 318].

Additionally, Bayesian methods provide a means to advance research on the less
studied topics of genetic risk factors for African Americans and breast cancer subtypes.
Previous investigations have evaluated these SNPs in African Americans or within specific
subtypes, but such analyses often have small sample sizes and thus produce only imprecise
effect measures. By constructing priors based on previous knowledge about SNPs’ effects on
overall breast cancer in previous studies of white or Asian populations, we can conduct
better-informed statistical analyses and obtain valid and precise race-specific and subtype-
specific ORs.

When examining numerous SNPs in the same study, most investigators apply
Bonferroni corrections to control for false positive associations and ensure that the overall a-

level remains at an acceptable level (usually 0.05). Because SNPs are often highly correlated
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with one another, multiple comparisons correction via Bonferroni methods are overly-
conservative and may fail to detect true associations [15, 291]. Alternatively, by applying
Bayesian methods to genetic association studies and shrinking all effect estimates toward a
well-justified, preconceived prior, we can limit the number of false positive associations [13-
16, 319-321]. As discussed previously, a null-centered prior should achieve this result.
3.3.6.5 Bayes regression analysis

For both aims, I conducted full-Bayes analyses, where I assigned priors for the mean
() and the variance (t°T). For Aim 1 I also conducted semi-Bayes analyses, where |
assigned a fixed v* but used LD-block (i.e. haplotype) level OR estimates to inform 7. I did
not use empirical Bayes methods, as the near-zero t° generated from this rich data set would
cause over-shrinkage of the SNP-specific effects [322]. For all Bayesian analyses I assessed
all SNP-outcome associations using additive genetic models.

All 83 candidate SNPs (Table 6) were individually assessed using Bayesian
regression analysis methods with priors specified for the intercept, SNP, age, and ancestry
parameters (Aim 1) or the intercept, SNP, age, ancestry and race parameters (Aim 2).
3.3.6.5.1 Full Bayes analysis for Aim 1: Race-stratified estimates for SNP effects on overall
breast cancer

Given the probable SNP-overall breast cancer OR range of 1.1-1.3, I assigned each
SNP a null-centered, lognormal prior with a mean of 0 and variance ©° ~ I'"'(3, 0.2), such that
95% of the prior mass for each SNP-breast cancer OR lay between 0.64 and 1.55 when
was equal to 0.05, the mode of the specified distribution. I also assigned null-centered,
lognormal priors for age, ancestry and the intercept term. I assigned moderately strong priors

to age and ancestry (t°=0.68), both of which were mean-centered variables. Because the
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intercept is difficult to define or interpret in a case-control study with weighted sampling, I
assigned only a vague prior, with ©=1000. I assumed that all priors were independent.

Bayesian ORs and 95% PIs were computed using the MCMC procedure in SAS v9.3
(SAS, Cary, NC). PROC MCMC uses Markov-chain Monte Carlo (MCMC) methods with a
random walk Metropolis algorithm to obtain posterior probability estimates [323]. This
iterative, conditionally dependent stochastic process searches the space defined by the joint
distribution of the specified parameters to find the region with the highest density [315]. I ran
30,000 samples for each SNP model, discarding the first 1000 draws as a burn-in and
retaining every fifth draw. I inspected autocorrelation, trace, and density plots for signs of
poor mixing or non-convergence.
3.3.6.5.2 Full Bayes analysis for Aim 2: SNP effects on breast cancer subtype

Given that subtype-specific SNP associations are poorly understood, I selected more
diffuse hyperpriors when estimating subtype-specific effects. Each SNP was again assigned a
null-centered, lognormal prior with a mean of 0, but this time the variance was ©*~ I''(4,
0.5). As such, 95% of the prior mass for each SNP-subtype OR lay between 0.54 and 1.86
when 1* was equal to its mode of 0.1. I used the same age, ancestry and intercept priors as I
had in Aim 1, but also included a lognormal, null-centered prior for race (t°=1.0). I opted for
a more diffuse prior for race because it likely has a larger effect than the other mean-
centered, continuous covariates. As with the frequentist analysis, I used polytomous
regression to model all five subtype versus control comparisons simultaneously.

For these complex models, I ran 50,000 samples, discarding the first 1000 draws as a
burn-in and thinning by retaining every tenth sample, such that the results are based on 4990

draws. I again inspected autocorrelation, trace, and density plots for signs of poor mixing or
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non-convergence.
3.3.6.6 Hierarchical models

Sixty-six of the 83 candidate SNPs were located in the same gene or gene region as at
least one other candidate SNP (see Table 6). As many of the SNPs within these regions were
highly correlated with one another, I implemented a different Bayesian approach, known as
hierarchical modeling, in hopes of generating more informative and precise effect estimates
than either the frequentist or full Bayes methods [324-332]. I used these semi-Bayesian
methods to integrate linkage disequilibrium (LD) information into SNP-breast cancer
association analyses. I did not evaluate SNP-subtype associations with these methods.

Like other Bayesian regression models, hierarchical models shrink MLEs towards a
prior estimate, with the degree of shrinkage determined by the relative variances of the MLE
and the prior. However, by selecting a semi-Bayes rather than a full Bayes approach, I was
able to use the observed data to help inform prior selection. More specifically, I used the data
to determine the mean of the prior for each SNP log OR () but selected priors for SNP
variance parameters (t°T) based on existing knowledge. This application of semi-Bayes
methods did not require prior specification for all included parameters.

The prior mean was modeled using the joint effect of all of the SNPs in an LD block.
In terms of the framework specified in Section 3.3.6.2, the first level of the hierarchy was
used to model the joint association between the outcome and all of the SNPs included in each
LD block, and the second level was used to model the association between the outcome and
the haplotype [16, 328, 333, 334]. For example, if there were j=3 SNPs (x;, X, and x3) in the

LD block, the first level of the hierarchical model took the following form:

In (%) = Bo + BiX; + Wy = Bo+ BuXs + BoXo + BsXs + Wy,
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The second level was used to model §;: 8; = [B1 B, B3]’ = zjm + &;, where z;is a 3x1
matrix of 1’s and 77 is both the haplotype effect and the prior log OR for each of the
individual SNPs. In its simplest form, T is a 3x3 identity matrix and the §; are assumed to be
normally distributed with mean 0 and variance ©T.

I assigned fixed prior variances of 0.05 for each SNP log OR. As noted earlier, this
variance corresponds to a prior OR with 95% mass between 0.64 and 1.55 when the prior
mean is equal to 1. Although the estimated prior means were not set to zero in this scenario,
this approximate range seemed reasonable given the usual size of individual SNP effects [18,
20, 318]. Of note, if there was only one genotyped SNP in an LD block, = and 3; were
identical.

The above grouping approach is valid as long as an exchangeability assumption is
met. This assumption states that before evaluating the relationship between the exposures
(SNPs) and the outcome (breast cancer) in this study, there was no reason to suspect that any
one SNP in an LD block had a true log OR different from the others in that LD block. As
none of the included SNPs are known causal variants and all effects are evaluated in terms of
risk alleles, I believe this assumption is acceptable in this setting.

Further specification of the correlation structure within the LD block may offer
additional increases in precision. Here, I explored two such methods, both of which required
alternative T matrices. For the first variation, I modeled correlation as an exponential decay
function of the base pair distance between any two SNPs (d;). This takes the form of

dij

tij = exp [— (1000)] [328]. I used their suggested values of 1000 and 1 for 0, and 65,

respectively. For the second variation, I modeled the correlation structure directly, with #; =

D', a measure of LD. Only the 66 candidate SNPs located in the same gene or gene region as

110



at least one other candidate SNP were evaluated using these alternative T matrices. All
hierarchical models were evaluated using the GLIMMIX procedure in SAS (Cary, NC).
3.3.6.7 Sensitivity Analyses

Given that few studies have examined the effects of these previously established risk
variants in breast cancer subtypes, I selected more diffuse priors for the SNP-subtype
association analysis than I did for the SNP-overall breast cancer association analysis.
However, I also conducted sensitivity analyses to explore the robustness of the SNP effect
estimates under a variety of model assumptions. Therefore, in addition to the MLE and
previously described Bayesian analysis [SNP~N(0, t%), v~ I'"'(4, 0.5), with mode at 0.1], I
also estimated another set of Bayesian ORs and 95% PIs with more informative prior

distributions [SNP~N(0, ©%), T"~I"'(3, 0.2), with mode at 0.05].
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Figure 20: Carolina Breast Cancer Study (CBCS) Study area
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Figure 21: Flow chart for Carolina Breast Cancer Study participants
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Figure 22: Directed acyclic graph (DAG) for the relationship between genotype and
breast cancer or breast cancer subtype
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Table 6: Included SNPs

Chromosome Gene SNP
1 1pl12 rs11249433*
2 CASPS rs1045485§ and rs17468277
2 2q35 rs13387042*
2 2p rs4666451+
3 SLC4A7 rs4973768*
4 4p rs12505080t
4 TLR1 rs7696175t
5 MRPS30 rs4415084* and rs10941679
5 S5pl2 rs981782*
5 5q rs30099+
5 MAP3K1 rs889312*
6 ESR] rs2046210*, rs851974, rs2077647, rs2234693, rs1801132§,
rs3020314§, and rs3798577
6 ECHDC1 rs2180341*
7 RELN rs17157903t
8 8q24 rs13281615* and rs1562430*
9 CDKN2A/ rs10757278, rs1011970%*, rs3731249, rs3731257,
CDKN2B rs10811661, rs518394 and rs564398
10 ANKRDI16 rs2380205*
10 ZNF365 rs10995190*
10 ZMIZ1 rs704010*
rs2981579%*, rs1219648*, rs2981582*, rs1896395,
10 FGFR2 rs3750817%, rs10736303%, rs11200014, rs1078806%,
rs2981578+%, rs2912774%+, 12936870+, rs24209464%,
rs2162540, and rs3135718
10 10q rs10510126t
rs3092992, rs664143, rs170548, rs3092993, rs1800054,
11 ATM rs4986761, rs1800056, rs1800057§, rs1800058, and
rs1801516
11 LSP1 rs3817198* and rs909116*
11 MYEOV/CCND1 rs614367*
11 H19 rs2107425+
rs3803662*, rs4784227*, 1s8049149, rs12443621+,
16 TNRC9/TOX3 rs16951186, rs8051542+4, rs3104746, rs3112562, and
rs9940048
rs1042522, rs9894946, rs1614984, rs4968187,
17 TP53 rs12951053§, rs17880604, rs1800372, rs2909430, and
rs8079544
17 COX11 rs7222197+ and rs6504950t

*GWAS hit (p-value <1.0 x 10 in a GWAS)

tnear-GWAS hit (p-value <1.0 x 107 in preliminary GWAS or follow-up study)
FGWAS-identified SNP (OR estimated in one or more GWAS)

§Strong evidence of an association with breast cancer in Zhang et al. meta-analysis
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Table 7: Selection of risk variants among women of European (EA) and African
American (AA) ancestry*

Number Statistically  Proportion
Chrom- Gene or gene Risk . significant  of consistent
. SNP of studies . .
osome region Allele (EA/AA) studies findings

(EA/AA) (EA/AA)
1 Ip12 rs11249433 G 7/5 4/0 1.00 / NA
2 2p 154666451 G 5/0 2/0 1.00 / NA
2 2q35 rs13387042 A 15/7 12/2 1.00/1.00
3 SLC4A7 rs4973768 T 10/5 7/0 1.00 / NA
4 4p rs12505080 C 1/0 0/0 NA /NA
4 TLR1 1s7696175 T 1/0 0/0 NA /NA
5 MRPS30 rs4415084 T 8/6 4/0 1.00 / NA
5 MRPS30 rs10941679 G 7/6 5/1 1.00/1.00
5 5pl2 rs981782 T 5/0 2/0 1.00 / NA
5 5q rs30099 A 3/0 0/0 NA /NA
5 MAP3K1 rs889312 C 16/7 9/0 1.00 / NA
6 ECHDCI1 rs2180341 G 4/5 1/0 1.00/ NA
6 ESR1 rs2046210 A 5/8 2/0 1.00 / NA
7 RELN rs17157903 T 1/0 0/0 NA /NA
8 8q24 rs13281615 G 15/6 9/0 1.00 / NA
8 8q24 rs1562430 T 4/0 2/0 1.00 /NA
9 CDKN2A/B rs3731257 T 1/0 0/0 NA /NA
9 CDKN2A/B rs3731249 A 1/0 1/0 1.00 /NA
9 CDKN2A/B rs1011970 T 2/4 1/0 1.00 / NA
10 ANKRD16 rs2380205 C 2/4 1/0 1.00 / NA
10 ZNF365 rs10995190 G 2/2 2/0 1.00 /NA
10 ZMIZ1 rs704010 T 1/2 1/1 1.00/1.00
10 FGFR2 rs3750817 C 2/0 2/0 1.00 / NA
10 FGFR2 rs10736303 G 1/1 0/0 NA /NA
10 FGFR2 rs11200014 A 5/0 4/0 1.00 / NA
10 FGFR2 rs2981579 T 7/3 5/0 1.00 / NA
10 FGFR2 rs1078806 G 1/1 0/0 NA /NA
10 FGFR2 rs2981578 C 1/4 0/3 NA /1.00
10 FGFR2 rs1219648 G 13/5 9/2 1.00/1.00
10 FGFR2 1s2912774 T 2/2 1/0 1.00 / NA
10 FGFR2 1s2936870 T 1/0 0/0 NA /NA
10 FGFR2 1s2420946 T 771 5/0 NA /NA
10 FGFR2 rs2981582 A 17/8 15/1 1.00/1.00
10 FGFR2 rs3135718 G 1/0 0/0 NA /NA
10 10q rs10510126 C 1/0 0/0 NA /NA
11 LSP1 rs3817198 C 16/6 7/2 1.00/0.50
11 LSP1 rs909116 T 1/0 0/0 NA /NA
11 H19 1s2107425 C 1/0 0/0 NA /NA
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11
16
16
16
16
16
16
16
17
17

MYEOV

TNRC9
TNRC9
TNRC9
TNRC9
TNRC9
TNRC9
TNRC9
COXl11
COXl11

1s614367
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
17222197
rs6504950

aaoQr—ar»a0--4

2/4
0/1
5/1
5/1

21/9
2/3
0/2
0/1
1/1
6/5

1/0

0/0

1/0

2/0
16/4
1/0

0/2

0/1

0/0

3/1

1.00 / NA
NA/NA

1.00 / NA
1.00 / NA
1.00/0.00
1.00 / NA
NA/1.00
NA /1.00
NA /NA
1.00/1.00

*Excludes previously unstudied variants and CASPS, ESRI, ATM, and TP53 variants, which
were assessed using the Zhang et al. meta-analysis. NA= not applicable
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4. Replication of Breast Cancer Susceptibility Loci in Whites and African Americans
Using a Bayesian Approach
4.1 Overview
Genome-wide association studies (GWAS) and candidate gene analyses have led to

the discovery of several dozen genetic polymorphisms associated with breast cancer
susceptibility, many of which are now considered well-established risk factors for the disease
in women of European descent. Despite attempts to replicate these same variant-disease
associations in African Americans, the evaluable populations are often too small to produce
precise or consistent results. I estimated the association between 83 previously identified
single nucleotide polymorphisms (SNPs) and breast cancer in whites and African Americans
from the Carolina Breast Cancer Study (1993-2001) using maximum likelihood, Bayesian,
and hierarchical modeling methods. The selected SNPs were previous GWAS hits (n=22) or
near-hits (n=19), otherwise well-established risk loci (n=5), or in the same gene as another
selected variant (n=37). I successfully replicated eighteen GWAS-identified SNPs in whites
and ten GWAS-identified SNPs in African Americans. SNPs in FGFR2 and TNRCY9/TOX3
were strongly associated with breast cancer in both races. Additionally, SNPs in MRPS30,
MAP3KI1, CDKN2A4/B, ZM1Z1, LSP1, HI19, and TP53 were associated with breast cancer in
whites and SNPs in 7LRI, ESRI, and H19 were associated with breast cancer in African
Americans. I provided precise and well-informed race-stratified ORs for several key breast

cancer-related SNPs. My results demonstrate the utility of Bayesian methods in genetic



epidemiology and provide support for their application in relatively small, etiologically

driven investigations.

4.2 Introduction

As of January 2013, fifty-eight single nucleotide polymorphisms (SNPs) have met the
criterion for genome-wide statistical significance of p<10~ in at least one of twenty-three
genome-wide association studies (GWAS) of breast cancer [18]. Most of these SNPs were
consistently associated with the disease in subsequent investigations among women of
European [162, 163, 166, 168, 169, 186-191, 193, 195, 198-207, 209, 211-213, 215, 216,
218-225, 228-230, 232-237, 241-243, 245-247, 250-256, 258, 267, 295-301, 335] or Asian
descent [168, 169, 187, 192, 194, 197, 199, 205, 209, 212, 217, 221, 225-227, 230, 232, 238,
240-244, 246, 247, 262, 265, 336-339], but attempts to replicate these findings in African
American women have been largely unsuccessful [11, 12, 169, 214-216, 231, 236, 243, 259,
263]. In general, the search for African American specific risk variants has made slow
progress, with few insights to explain the tendency for African Americans to have more
aggressive, less-treatable disease subtypes [3, 4, 8, 50] and markedly higher breast-cancer
specific mortality than whites (32.7 versus 23.7 deaths per 100,000 US women with breast
cancer per year, 2000-2009) [2].

Allele frequencies and linkage disequilibrium (LD) structure vary by race, with
African Americans exhibiting generally weaker between-SNP correlations and smaller LD
blocks [269, 270]. Because each SNP represents all
correlated variants, SNPs associated with breast cancer in African Americans correspond to a

narrower genomic region than SNPs associated with the disease in whites. Therefore,
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studying African Americans can improve our understanding of disease etiology.
Unfortunately, most of the existing studies of genetic risk factors for breast cancer in African
Americans are small and therefore underpowered to reliably differentiate between null
effects and ORs of 1.1-1.3, which is the typical range for GWAS-identified risk variants in
other populations [18, 318].

Given this existing knowledge about association size, as well as information about the
genome’s physical structure, Bayesian statistical methods may be useful tools for enhancing
the analysis of race-specific genetic risk factors for breast cancer. A variety of Bayesian-
based methods have been proposed for use in genetic epidemiology, but I focused on two of
the most basic applications, namely hierarchical modeling and Bayesian regression. My goal
was to obtain valid and precise effect estimates by capitalizing on existing information.

To further our understanding of genetic risk factors for the disease, I examined the
association between breast cancer and several candidate SNPs using traditional maximum
likelihood methods and both Bayesian approaches. All selected SNPs were located on genes
with strong prior evidence of association with breast cancer, including both GWAS and
candidate gene investigations. I assessed the relationship between these SNPs and breast
cancer risk using the Carolina Breast Cancer Study, a population-based, case-control study

with large samples of both white and African American women.

4.3 Methods
4.3.1 Study population
Cases were identified using the North Carolina Central Cancer Registry’s rapid case

ascertainment program [271]. Women were eligible for the study if they were diagnosed with
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invasive breast cancer between 1993 and 2001, were between 20 and 74 years of age at the
time of their diagnosis, and were living in one of 24 selected North Carolina counties.
Women diagnosed with in sifu breast cancer between 1996 and 2001 were also eligible if
they had ductal carcinoma in sifu with microinvasion to a depth of 2 mm or lobular
carcinoma in situ. To ensure approximately equal representation of African Americans and
non African Americans, as well as pre- and postmenopausal women, breast cancer cases
were randomly sampled at disproportionate rates based on race and age.

Controls aged 20-64 and 65-74 were selected from North Carolina Department of
Motor Vehicles and Health Care Financing Administration records, respectively. Controls
were probability-matched to cases on race and 5-year age group [293]. Women with a history
of breast cancer were ineligible. All participants provided informed consent and all study
procedures were approved by the Institutional Review Board at the University of North
Carolina.

A study nurse administered a questionnaire to each participant during an in-home
visit. The survey included questions on basic demographics, including age and self-reported
race, known or suspected breast cancer risk factors, and medical and family history.
Additionally, the nurse drew 30 ml of blood. The overall response rate was 77% for cases
and 57% for controls. Of those enrolled, 88% of cases and 90% of controls provided
sufficient blood samples for inclusion in genotype analyses, leaving a total sample size of
2013 cases (1247 white, 766 African American) and 1786 controls (1105 white, 681 African
American). I excluded 166 individuals who did not self-identify as African American or non-

Hispanic white.
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4.3.2 SNP selection

Initially, I selected candidate SNPs with genome-wide significant p-values in any of
eight early breast cancer GWAS or two GWAS follow-up studies [186, 187, 189, 194, 196,
197, 201, 205, 208, 209]. I also evaluated several SNPs from these initial studies that had
GWAS-significant p-values only in discovery phase analyses. Lastly, I retained any SNPs
already genotyped in the study population that Zhang et al. [20] determined had “cumulative
evidence of an association” with breast cancer, or that were in the same gene as a previously
selected variant. In total, I selected 41 GWAS-identified SNPs, including 22 GWAS hits and
19 other strongly associated SNPs, as wells as 5 SNPs from the Zhang et al. meta-analysis,
and 37 SNPs from included genes. I later excluded six SNPs with minor allele frequencies
(MAFs) less than 1% in white participants and ten SNPs with MAF<1% in African
Americans, leaving a total of 77 SNPs in whites and 73 in African Americans.

All study participants were genotyped for 144 ancestry informative markers. I then
estimated each participant’s proportion of African ancestry using maximum likelihood
methods and allele frequency data from HapMap YRI and CEU populations. As ancestry can
affect both allele frequency and breast cancer incidence, inclusion of this variable in
regression models should reduce confounding due to population stratification [275, 292].
4.3.3 Genotype analysis

The SNPs included in this analysis were genotyped using either a Custom
GoldenGate Genotyping assay (Illumina, Inc., San Diego, CA) or a Tagman panel (Applied
Biosystems, Inc., Foster City, CA). The Taqman panel included a few SNPs that failed the
Illumina assay, as well as several more recently discovered GWAS hits. Both genotyping

processes have been described previously [287, 340]. All of the SNPs included in this
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analysis passed quality control evaluations, including the examination of individual call rates
and inspection of assay intensity data and genotype clustering images. 109 women were
assigned missing values for all of the Illumina SNPs due to poor genotyping quality, but were
successfully genotyped on the Tagman SNPs.
4.3.3 Statistical methods

I calculated risk allele frequencies (RAFs) and age and African ancestry distributions
for whites and African Americans separately. To account for the sampling mechanism, I
weighted these estimates by the inverse of the probability of being selected as a study
participant. I tested for departures from Hardy-Weinberg equilibrium (HWE) in white and
African American controls using Pearson’s chi-squared test. As low HWE p-values can
indicate genotyping error, I re-inspected the genotype clustering images of SNPs with p<0.05
in either population for signs of poor genotype differentiation. SNPs were retained if their
genotypes formed discrete clusters with minimal overlap.

The relationship between each risk variant and incident breast cancer was assessed
using logistic regression. I estimated ORs and 95% Cls assuming additive genetic models. I
also assessed the ORs and 95% ClIs for all SNPs under general genetic modeling
assumptions. The risk allele for each SNP was selected a priori based on previously
published results. For whites, I selected risk alleles for SNPs in ATM, CASPS, ESRI and
TP53 based on the ORs reported by Zhang et al [20]. For the remaining SNPs, I ascertained
the risk alleles from the original GWAS [186, 187, 189, 194, 196, 197, 201, 205, 208, 209]
and subsequent replication studies [11, 12, 162, 163, 166, 168, 169, 186-191, 193, 195, 198-
200, 202-209, 211-216, 218-225, 228-230, 232-237, 241-243, 245-247, 250-256, 258, 262,

267, 295-301, 335]. As all of the statistically significant (p<0.05) ORs were in the same
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direction, all designated risk alleles are identical to those indicated in the initial assessment.
For novel SNPs and SNPs with no prior statistically significant findings, I designated the
HapMap CEU minor variant as the risk variant.

I assumed the risk allele was the same for African Americans as it was for whites
unless the majority of reported statistically significant associations were contradictory to
those seen in whites. Two SNPs met these criteria (rs3803662 on TNRC9/TOX3 and
rs1045485 on CASPS) [11, 12, 169, 214-216].

All models were stratified by race and adjusted for proportion of African ancestry and
age at diagnosis or selection. I centered age at 50 years and ancestry at the race-specific
means. An offset term was included to account for unequal sampling by race and age group.
As these ORs were generated using maximum-likelihood estimation, I will herein refer to
these frequentist estimates as the MLE ORs. GWAS-identified SNPs were considered
successfully replicated if their entire 95% CI fell above the null, as were SNPs identified
using the candidate gene meta-analysis. More formal homogeneity tests comparing my
findings to the original GWAS studies or meta-analysis estimates were not appropriate, as
these studies did not consistently report ORs from additive genetic models.

4.3.4 Bayesian analysis

Bayes’s theorem states that the posterior probability distribution for the parameter of
interest given the observed data, f(f|D), is proportional to the likelihood of the observed data,
L(B|D), multiplied by the prior probability distribution f(f) [314, 315]. Here, the likelihood

function is the same as the MLE likelihood, with the log OR of being a case given exposure

X; and covariates W modeled as: In (ﬁ) = o + B;X; + Wy, where p is the probability of

being a case. In this application, f; is the estimated log OR of being a breast cancer case for
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each copy of the risk allele at SNP j and y is a vector of estimated log ORs for age and
ancestry.

To incorporate the priors, I added a second stage to the model: §; = z;w + §;, where
z;1s ajx1 matrix of 1’s, w is the prior log OR, T is a jx;j identity matrix and the J; are
assumed to be normally distributed with mean 0 and variance v’T. The prior mean (7t),
variance (t°T), or both can either be estimated directly from the data or assigned by the
investigator. I use the term ‘full-Bayes’ to indicate that priors were assigned independently of
the data at hand, ‘empirical Bayes’ when both were estimated from the data, and ‘semi-
Bayes’ when one prior was assigned and the other was estimated [14].

I conducted both a full-Bayes analysis, where I assigned priors for the mean and ©°,
and a semi-Bayes analysis, where I assigned a fixed ©° but used LD-block (i.e. haplotype)
level OR estimates to inform 7. I did not use empirical Bayes methods, as the near-zero t*
generated from this rich data set caused over-shrinkage of the SNP-specific effects [322].

To obtain Bayesian (i.e. full-Bayes) log OR estimates, I assigned a null-centered,
lognormal prior with a mean of 0 and variance ©°~ I'"'(3, 0.2) to each SNP, such that 95% of
the prior mass for each SNP-breast cancer OR lay between 0.64 and 1.55 when ©* was equal
to 0.05, the mode of the specified distribution. As discussed previously, this range likely
includes the true value for any single SNP-breast cancer association. Each Bayesian model
included exactly one SNP (j=1).

I also assigned null-centered, lognormal priors for both age and ancestry, giving both
parameters prior variances of 0.68. These priors reflect my belief, with moderate uncertainty,
that these mean-centered covariates are weakly associated with breast cancer. Because

standard implementation of MCMC requires prior distributions for every parameter, I placed
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a Bo ~N(0,1000) prior on the intercept. In the absence of other information, this vague prior
should generate posterior intercept estimates nearly identical to the MLE intercept parameter
estimate. I assumed that all priors were independent.

Additionally, I used semi-Bayes analysis (i.e. hierarchical modeling) to integrate
haplotype information [13, 326, 328, 333]. Specifically, I used the estimated joint effect of
all of the SNPs in an LD block to inform the prior mean (7). If there was only one genotyped
SNP in an LD block, & and 3; were identical. I assigned fixed prior variances of 0.05 for each
SNP, but did not assign priors for the intercept, age, or ancestry.

The above grouping approach is valid as long as an exchangeability assumption is
met. This assumption states that before evaluating the relationship between the exposures
(SNPs) and the outcome (breast cancer), there was no reason to suspect that any one SNP in
an LD block had a true log OR different from the others in that LD block. As none of the
included SNPs are known causal variants and all effects are evaluated in terms of risk alleles,
I believe this assumption is acceptable in this setting.

Further specification of the correlation structure within the LD block may offer
additional increases in precision. Here, I explored two such methods, both of which required
alternative T matrices. For the first variation, I modeled correlation as an exponential decay
function of the base pair distance between any two SNPs (d;). This takes the form of

t;i =exp |— i [328]. For the second variation, I modeled the correlation structure
J 1000

directly, with #; = D', a measure of LD.
For Bayes methods I presented posterior geometric mean ORs (i.e., antilogs of
posterior mean log ORs) and 95% posterior intervals (PIs). For the Bayesian analyses I ran

30,000 samples for each SNP model, discarding the first 1000 draws as a burn-in and
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retaining every fifth draw. I inspected autocorrelation, trace and density plots to verify that
all posterior estimates converged appropriately.

LD blocks were determined using methods proposed by Gabriel et al. [165] and
conducted in Haploview (Haploview 4.2, Version 1.0, Broad Institute, Cambridge, MA,
USA) [164]. Bayesian models were analyzed using PROC MCMC or PROC GLIMMIX

(SAS v9.3, Cary, NC). Example code is provided in the appendix.

4.4 Results

As expected, age distributions were similar for cases and controls, regardless of race
(Table 8). White cases and controls were 52 and 53 years old at time of selection, on average,
and African American cases and controls were both 52 years old. Whites had approximately
7% African ancestry and African Americans had 77%. More detailed descriptions of the
study population, without the exclusions for missing SNP data, can be found in previous
Carolina Breast Cancer Study publications [282].

Table 9 shows the RAFs for white and African American cases and controls and
HWE p-values for white and African American controls. Seven SNPs were not in HWE by
the established criterion (p<0.05). I retained 6 of the 7 SNPs, as their clustering images
indicated good differentiation with no overlap between genotypes and none failed HWE tests
in both races. I excluded the seventh SNP, rs614367 (MYEQOY), after observing disparate
clusters for the homozygous rare genotype and finding evidence of allelic dropout.

MLE ORs and 95% ClIs for general and additive models for whites and African
Americans can be seen in Tables 10 and 11, respectively. Tables 12 and 13 show the MLE

ORs and confidence limit ratios (CLRs) for the additive models, as well as the ORs and
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posterior limit ratios (PLRs) for the Bayesian models. The CLRs and PLRs are displayed to
facilitate comparisons of model precision.

Among study whites, 18 of the GWAS-identified SNPs successfully replicated
according to both MLE Cls and Bayesian PIs. Notably, all the FGFR2 SNPs had relatively
strong, positive associations with breast cancer (ORs>1.15), as did both of the MRPS30
SNPs, two of the TNRC9/TOX3 SNPs (rs3803662 and rs4784227), rs889312 in MAP3K 1,
rs704010 in ZMIZ1, and rs2107425 in H19. rs909116 in LSPI replicated in MLE, but not
Bayesian assessments. Three other FGFR2 SNPs (rs3750817, rs11200014, and rs2162540)
were strongly associated with breast cancer (OR>1.2) in study whites.

None of the SNPs selected from the candidate gene meta-analysis replicated, though
several SNPs in ATM and TP53 were strongly associated with disease (|ln OR| > 0.15). The
original GWAS and meta-analysis ORs are provided in Table 2 for further reference.

The most extreme example of the difference between MLE and Bayesian estimates in
study whites was for rs3104746 in TNRC9/TOX3, the SNP with the highest MLE OR (1.66,
95% CI: 1.10, 2.51). Here, the Bayesian estimate was closer to the null (OR=1.42, 95% PI:
0.97, 1.94) and more precise (MLE CLR=2.29 vs. Bayesian PLR=2.01).

Ten of the GWAS-identified SNPs successfully replicated in African Americans
(Table 3). This included nine FGFR2 SNPs (ORs >1.15) and rs2046210 in ESRI. Two other
TNRCY9/TOX3 SNPs (rs3104746 and rs3112562) had ORs >1.25 via either analysis method.
1s7696175 in TLRI replicated when MLE methods were used, but not when Bayesian
methods were used.

Two other SNPs, 152107425 (H19) and rs12443621 (TNRCY9/TOX3), were statistically

significant, but the SNPs were inversely associated with breast cancer and thus inconsistent
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with the original reports. Some of the A7M and ESRI MLE ORs were relatively strong, but
none of the SNPs from the candidate gene meta-analysis successfully replicated.

The 77 SNPs evaluable in whites separated into 55 unique LD blocks. The thirteen
SNPs in FGFR?2 formed the largest block (Figure 23), followed by A7M (5 SNPs) (Figure
24) and TP53 (3 SNPs) (Figure 25). LD blocks consisting of two highly correlated SNPs
were also genotyped in CASPS, CDKN2A/B (Figure 26), TNRCY9/TOX3 (Figure 27) and
COXl11. In African Americans the FGFR2 SNPs formed three separate blocks of 5, 4, and 2
SNPs respectively (Figure 23), while the other 3 SNPs were not strongly linked. One of the
unlinked SNPs, rs1896395, was not evaluable in whites (RAF=0%). TNRC9/TOX3 contained
two 2-SNP LD-blocks (Figure 27) and TP53 (Figure 25) contained a single 3-SNP block.
The two SNPs within CASPS, CDKN2A (Figure 26), and COX1 I were again in high LD.
None of the ATM SNPs were strongly correlated in African Americans (Figure 24). None of
the MRPS30, ESR1, 8924, or LSPI1 SNPs were in LD in either race. In total, the 73 SNPs
evaluable in African Americans formed 58 LD blocks.

Semi-Bayes ORs and 95% PIs for the identity matrix-based hierarchical models are
also presented in Tables 12 and 13. For both African Americans and whites, the hierarchical-
based estimates had comparable or slightly lower precision than the MLE ORs, and
consistently lower precision than the Bayesian estimates. According to hierarchically derived
estimates, many of the SNPs in the larger LD blocks were not associated with breast cancer.
For example, MLE and Bayesian ORs indicated that all thirteen of the highly correlated
FGFR2 SNPs were strongly associated with breast cancer among whites, while the
hierarchical model generated mostly near-null estimates for these SNPs. Of the thirteen,

rs2981579 had the strongest effect (OR=1.20, 95% PI: 0.85, 1.72). Similarly, MLE and
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Bayesian models indicated that 10 of the 14 FGFR2 SNPs were associated with breast cancer
in African Americans, while hierarchical modeling produced elevated associations for one
SNP in each of the three LD blocks (rs3750817: OR=1.38, 95% CI: 1.05, 1.83, rs2981578:
OR=1.23, 95% CI: 0.99, 1.53, and rs2420946: OR=1.27, 95% CI: 0.96, 1.66) and for 2 of the
3 independent SNPs.

Direct comparisons of all 3 hierarchical models (identity, exponential decay by spatial
distance, and correlation) for both races are shown in Figures 28 and 29. Further specification
of the T covariance matrix did not substantially affect estimates or model precision, though
PLRs were consistently smaller when the correlation structure was incorporated in some

form (Tables 14 and 15). Haplotype ORs are also captured in these figures.

4.5 Discussion

As several of the SNPs analyzed here were previously reported for this study
population [210], I will limit my discussion to novel findings. Among whites, statistically
significant associations for rs10757278 in CDKN2A/B and rs3104746 in TNRC9/TOX3 have
never before been reported. I also corroborated previously observed associations between
breast cancer and several well-validated GWAS-identified SNPs, including two MRPS30
SNPs (rs4415084 and rs10941679) [169, 186, 190, 191, 208, 211, 220, 223, 228, 230],
rs1562430 in 8q24 [186, 189, 190], and rs4784227 in TNRC9/TOX3 [205, 262]. Additionally,
I replicated several less-established GWAS-identified SNPs, including rs704010 in ZMIZ1
[189], and rs3750817, rs10736303, rs1078806, and rs2981578 in FGFR2 [194, 196]. The
only CASPS8, ATM, or TP53 SNP to demonstrate a statistically significant association

(rs9894986 in TP53) was not associated with disease in Zhang et al [20].
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I am the first to report a statistically significant association for rs3750817 in FGFR2
in African Americans. Previous investigations of rs2046210 (ESR!) in African Americans
produced mostly near-null ORs [11, 12, 169, 214, 216, 242, 243], but several of the FGFR2
and TNRC9/TOX3 SNPs were associated with breast cancer in one or more prior
investigations. This includes rs10736303 and rs2981578 (FGFR2) [12, 259] and rs3104746
and rs3112562 (TNRC9/TOX3) [231]. rs2981578 and rs3104746 were both positively
associated with disease in a pooled analysis by Chen et al. [214], but approximately 20% of
these participants were drawn from the CBCS population.

Because the hierarchical models included more parameters than the MLE or Bayesian
models, they did not improve precision. However, my results do lend support to previous
claims that these methods can help differentiate individual effects of highly correlated SNPs
[326, 328, 330].

The closely linked FGFR2 SNPs provide the best example of these potential benefits.
Even though all thirteen evaluable SNPs were strongly associated with breast cancer in
whites, it is implausible that each association is independent. A more likely explanation is
that one or two causal variants within the LD block drive all of the observed associations. In
this scenario, models that evaluate all the SNPs simultaneously in a single-level model will
often produce unstable estimates. Rather than limiting analyses to haplotype effects,
hierarchical models can effectively accommodate correlated exposures and provide stable
SNP and haplotype-level ORs.

Unfortunately, even though the estimated OR for one FGFR2 SNP, rs2981579, was
notably higher than the rest, I did not have sufficient precision to reliably differentiate

between its relatively weak OR and the null when so many SNPs were assessed
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simultaneously. Analyses of SNPs in the other multi-SNP LD blocks were relatively more
precise, but also largely inconclusive.

The hierarchical models performed better in African Americans, with rs3750817,
152981578, rs2420946, and rs3104746 demonstrating notably stronger associations than the
other SNP(s) in FGFR2 block 1, FGFR2 block 2, FGFR2 block 3, and TNRCY9/TOX3 block
2, respectively. This performance improvement is likely attributable to the anticipated racial
differences in LD block size. More explicit specifications of the incorporated covariance
matrices had little impact on point estimates or precision in either racial group.

I believe my specifications of prior means and variances are reasonable. First, aside
from mutations in BRCA1/2, it is unlikely that a single SNP has a large effect on breast
cancer risk [318]. Second, as long as the covariate priors are appropriately specified, Bayes
analysis with null-centered priors should bias effect estimates towards the null [17]. In this
way, Bayesian analysis also reduces the probability of observing a false positive association.
Lastly, I believe that correlated SNPs within an LD-block meet the criteria for
exchangeability.

After accounting for the sampling mechanisms, the only observed discrepancy
between study cases and other North Carolina cases was that African Americans with later
stage disease were underrepresented in CBCS [274]. Therefore, ORs could be biased if the
evaluated SNP is related to disease aggressiveness or medical care utilization. With regard to
genotyping, whites were more likely to provide blood samples than African Americans, but
blood donation status did not differ by stage of disease or other breast cancer risk factors.
Case, race, age, and stage distributions were similar for genotyped and non-genotyped

subjects.
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The inclusion of in situ cases could bias estimates of SNPs associated with disease
aggressiveness or progression. However, given the strong evidence that in sifu tumors have
similar risk profiles to invasive cases [4, 341], I chose to retain these cases and corresponding
controls.

A major strength of this study is the population itself, which is a large, racially
diverse, population-based sample with well-validated data. The inclusion of a large sample of
African American women allowed me to investigate racial differences in genetic risk factors
and, accordingly, provide information that may help pinpoint causal variants. Both age and
case status should be accurately captured and I had information on both self-reported race
and proportion of African ancestry. While factors such as allelic dropout cannot be ruled out
for SNPs demonstrating Hardy-Weinberg disequilibrium, the quality control measures
employed during the genotyping process should have reduced the number and impact of
genotype misclassification. Nonetheless, results for SNPs that violated HWE should be
interpreted with caution.

In this analysis I replicated several previously identified breast cancer susceptibility
loci in whites and African Americans using both MLE and Bayesian methods. My findings
offer additional evidence that the regions containing these replicated SNPs play an important
role in breast cancer etiology. The SNPs that replicated in African Americans are especially
instructive, as they narrow or refine the genomic region containing the causal variant. My use
of Bayesian methods to incorporate external information about the likely effect size and
correlation structure further augments the utility of these results. I believe that fine-mapping
studies and smaller etiologically-driven investigations may derive even greater benefit from

these better-informed, more stable approaches.
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Table 8: Descriptive statistics for Whites and African Americans in
the Carolina Breast Cancer Study (1993-2001)

Cases Controls
Whites (%)* (TN s (s Alrican
N=1247 Americans N=1105 Americans
(%)* N=766 (%)* N=681
Age (years); mean 522 (11.7) 51.6 (11.7) 53.0(11.2) 51.9(11.3)
Proportion African  0.06 (0.07) 0.78 (0.13) 0.07 (0.07) 0.77 (0.14)
Postmenopausal; N 686 (69) 430 (58) 640 (37) 377 (41)
Stage of Disease; N
In situ 356 (12) 89 (12)
Stage I 405 (46) 224 (31)
Stage 11 346 (34) 309 (43)
Stage 111 72 (6) 79 (11)
Stage IV 16 (1) 27 (4)
missing 52 38
Subtype; N (%)
Luminal A 453 (64) 242 (49)
Luminal B 82 (11) 38 (8)
HER2+/ER- 59 (6) 39 (8)
Basal-like 94 (11) 112 (22)
Unclassified 60 (8) 71 (14)
Missing 499 264
ER status; N (%)
Positive 697 (69) 334 (50)
Negative 359 (31) 352 (50)
Missing 191 80
PR status; N (%)
Positive 515 (64) 272 (44)
Negative 312 (36) 356 (56)
Missing 420 138
HER2 status; N
Positive 180 (18) 94 (16)
Negative 746 (82) 514 (84)
Missing 321 158

*weighted by inverse sampling probability
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Table 9: Risk allele frequencies (RAF) by race and case status, whites and African Americans in

the Carolina Breast Cancer Study

Whites African Americans
Risk  RAF RAF HWE Risk RAF RAF HWE
Gene Locus a a a a
allele cases controls p-value allele cases controls p-value

Ip12 rs11249433 G 0.44 0.41 0.54 G 0.14 0.10 0.01
CASPS rs1045485 G 0.88 0.87 0.63 C 0.06 0.05 0.74
CASPS rs17468277 C 0.87 0.87 0.63 C 0.95 0.95 0.95
2q35 rs13387042 A 0.54 0.47 0.83 A 0.74 0.73 1.00
2p rs4666451 G 0.60 0.63 0.30 G 0.78 0.77 0.12
SLC4A rs4973768 T 0.48 0.42 0.22 T 0.36 0.40 0.05
4p rs12505080 C 0.29 0.24 0.80 C 0.17 0.17 0.64
TLR1 rs7696175 T 0.45 0.45 0.91 T 0.08 0.06 0.54
MRPS30 rs4415084 T 0.43 0.42 0.18 T 0.64 0.58 0.70
MRPS30 rs10941679 G 0.29 0.30 0.76 G 0.19 0.19 0.17
S5pl2 rs981782 T 0.53 0.59 0.26 T 0.92 0.91 0.60
5q rs30099 T 0.10 0.10 0.40 T 0.16 0.12 0.75
MAP3K rs889312 C 0.32 0.34 0.85 C 0.33 0.36 0.08
ESR1 rs2046210 A 0.36 0.35 0.48 A 0.64 0.61 0.15
ESR1 rs851974 G 0.42 0.43 0.28 G 0.17 0.17 0.46
ESR1 rs2077647 A 0.51 0.49 0.64 A 0.52 0.51 0.16
ESR1 rs2234693 T 0.53 0.57 0.45 T 0.47 0.48 0.63
ESR1 rs1801132 C 0.76 0.76 0.43 C 0.90 0.88 0.36
ESR1 rs3020314 C 0.36 0.34 0.15 C 0.69 0.71 0.75
ESR1 rs3798577 T 0.52 0.53 0.43 T 0.57 0.54 0.27
ECHDC rs2180341 G 0.25 0.27 0.55 G 0.31 0.33 0.83
RELN rs17157903 T 0.13 0.12 0.06 T 0.11 0.10 0.08
8q24 rs13281615 G 0.43 0.42 0.17 G 0.44 0.43 0.58
8q24 rs1562430 T 0.59 0.57 0.78 T 0.54 0.53 0.61
CDKN2A/B rs3731257 T 0.23 0.23 0.24 T 0.09 0.11 0.89
CDKN2A/B rs3731249 A 0.03 0.03 0.90 A 0.01 0.00 0.95
CDKN2A/B rs518394 G 0.44 0.48 0.17 G 0.08 0.08 0.06
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CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
LSP1
LSP1

rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
rs1219648
rs2912774
rs2936870
152420946
1s2162540
rs2981582
rs3135718
rs10510126
rs1800054
rs4986761
rs1800056
rs1800057
rs1800058
rs1801516
rs3092992
rs664143
rs170548
rs3092993
rs3817198
rs909116
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0.42
0.19
0.54
0.17
0.56
0.86
0.43
0.00
0.65
0.54
0.46
0.47
0.45
0.54
0.45
0.45
0.45
0.44
0.44
0.44
0.44
0.89
0.02
0.02
0.02
0.03
0.02
0.15
0.06
0.58
0.31
0.15
0.33
0.54

0.47
0.15
0.55
0.20
0.60
0.82
0.42
0.00
0.60
0.49
0.41
0.41
0.41
0.49
0.39
0.40
0.40
0.39
0.39
0.39
0.39
0.89
0.02
0.01
0.01
0.02
0.02
0.14
0.04
0.57
0.37
0.14
0.34
0.52

0.29
0.62
0.18
0.02
0.88
0.76
0.93
0.96
0.16
0.19
0.65
0.51
0.53
0.09
0.35
0.26
0.25
0.21
0.28
0.30
0.23
0.38
0.34
0.68
0.67
0.90
0.06
0.17
0.13
0.70
0.88
0.19
0.18
0.20

HaOrPrQOOrrHQOOOQOQOHQOHHH P00 QO>PHQOO>HQ

0.08
0.33
0.81
0.07
0.42
0.83
0.11
0.20
0.91
0.87
0.20
0.62
0.21
0.87
0.44
0.59
0.60
0.54
0.54
0.49
0.58
0.89
0.00
0.00
0.00
0.01
0.01
0.03
0.01
0.66
0.09
0.03
0.17
0.71

0.08
0.34
0.82
0.07
0.46
0.83
0.08
0.20
0.88
0.84
0.21
0.61
0.21
0.84
0.41
0.55
0.56
0.52
0.52
0.49
0.54
0.90
0.00
0.00
0.00
0.01
0.01
0.02
0.01
0.66
0.12
0.02
0.17
0.72

0.02
0.14
0.77
0.24
0.72
0.90
0.82
0.04
0.83
0.75
0.75
0.10
0.99
0.45
0.57
0.07
0.14
0.03
0.41
0.96
0.65
0.21
0.94
0.98
0.95
0.91
0.91
0.48
0.77
0.45
0.07
0.48
0.16
0.96
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MYEOV
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COX11
COX11

rs614367
rs2107425
rs8049149
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
rs9940048
rs9894946
rs1614984
rs4968187
rs12951053
rs17880604
rs1800372
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

o= arar11a04d49304

0.18
0.71
0.00
0.01
0.46
0.51
0.32
0.29
0.03
0.22
0.26
0.82
0.41
0.00
0.07
0.02
0.02
0.15
0.75
0.95
0.71
0.71

0.11
0.68
0.00
0.01
0.44
0.41
0.24
0.22
0.02
0.20
0.24
0.84
0.39
0.00
0.06
0.01
0.02
0.13
0.77
0.95
0.75
0.75

0.05
0.74
0.98
0.75
0.43
0.39
0.73
0.62
0.48
0.45
0.50
0.48
0.22
0.93
0.47
0.21
0.54
0.66
0.64
1.00
0.60
0.59

oo arar10004d49304

0.13
0.48
0.02
0.17
0.35
0.47
0.48
0.08
0.26
0.52
0.31
0.95
0.40
0.01
0.11
0.00
0.00
0.27
0.39
0.89
0.66
0.67

0.15
0.53
0.02
0.19
0.30
0.51
0.46
0.07
0.18
0.46
0.30
0.95
0.40
0.00
0.11
0.00
0.00
0.24
0.43
0.89
0.65
0.65

0.33
0.42
0.32
0.95
0.12
1.00
0.65
0.59
0.87
0.88
0.64
0.25
0.03
0.92
0.09
0.95
0.98
0.64
0.77
0.83
0.70
0.66
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Table 10: SNP genotype distributions and associations with incident breast cancer for
White women in the Carolina Breast Cancer Study (1993-2000)

Cases
Controls (%)* General model: Additive model:
() %*
Gene SNP genotype n(={oz) p n=1105 OR (95% CI)t  OR (95% CI)t
A/A 382 (31.7) 361 (36.8) 1.00 1.00
A/G 601 (47.7) 547 (43.8) 0.99 (0.81-1.21)  1.09 (0.96-1.24)
Ipl2 rs11249433 G/G 251 (20.6) 192 (19.4) 1.22 (0.95-1.58) P-trend= 0.2
missing 13 5
c/C 20 (2.0) 23 (1.6) 1.00 1.00
C/G 264 (21.0) 257 (23.2) 121 (0.63-2.32)  1.13 (0.94-1.35)
CASP8 rs1045485 G/G 919 (77.0) 809 (75.2) 1.34 (0.71-2.54) P-trend= 0.2
missing 44 16
T 20 (2.0) 23 (1.6) 1.00 1.00
C/T 266 (21.2) 257 (23.2) 122 (0.63-2.34)  1.12 (0.93-1.34)
CASP3 rs17468277 C/C 918 (76.8) 809 (75.2) 1.34 (0.71-2.53) P-trend= 0.2
missing 43 16
G/G 245 (21.2) 242 (29.7) 1.00 1.00
A/G 590 (49.2) 546 (46.6) 1.04 (0.83-1.30)  1.08 (0.96-1.22)
2935 rs13387042 A/A 369 (29.6) 300 (23.7) 1.16 (0.91-1.49) P-trend= 0.2
missing 43 17
A/A 188 (15.7) 186 (14.3) 1.00 1.00
A/G 582 (49.5) 508 (45.7) 1.10 (0.85-1.41)  1.02 (0.90-1.16)
2p 154666451 G/G 432 (34.8) 395 (39.9) 1.07 (0.82-1.38) P-trend= 0.8
missing 45 16
c/C 326 (27.4) 309 (33.6) 1.00 1.00
C/T 636 (49.9) 526 (47.9) 1.17 (0.95-1.44)  1.04 (0.92-1.17)
SLCAAT 154973768 T/T 271 (22.8) 260 (18.5) 1.07 (0.83-1.37) P-trend= 0.5
missing 14 10
/T 600 (49.4) 569 (58.5) 1.00 1.00
C/T 520 (42.6) 421 (34.4) 1.15(0.96-1.39)  1.06 (0.92-1.23)
4p rs12505080 c/C 92 (7.9) 81 (7.1) 0.99 (0.70-1.40) P-trend= 0.4
missing 35 34
TLRI 137696175 c/C 376 (32.0) 347 (28.1) 1.00 1.00
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MRPS30

MRPS30

Spl2

5q

MAP3K1

ESR1

ESR1

ESR1

rs4415084

rs10941679

rs981782

rs30099

rs889312

152046210

rs851974

152077647

C/T
T/T
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
G/G
G/T
T/T
missing
c/C
C/T
T/T
missing
A/A
A/C
c/C
missing
G/G
A/G
A/A
missing
A/A
A/G
G/G
missing
A/A
A/G
A/A
missing

565 (46.7)
262 (21.3)
44
391 (32.5)
631 (49.9)
207 (17.7)
18
634 (50.7)
507 (41.0)
98 (8.3)
8
254 (22.5)
611 (49.4)
339 (28.2)
43
975 (81.3)
219 (18.0)
10 (0.8)
43
559 (47.4)
512 (41.4)
132 (11.1)
44
507 (39.4)
581 (48.3)
144 (12.3)
15
404 (32.5)
611 (50.6)
217 (16.9)
15
277 (23.0)
602 (51.1)
325 (25.9)
43

537 (54.8)
205 (17.1)
16
410 (34.9)
535 (46.4)
147 (18.7)
13
608 (51.9)
417 (35.5)
68 (12.5)
12
224 (15.7)
560 (50.7)
305 (33.5)
16
896 (81.4)
181 (17.8)
12 (0.8)
16
551 (45.9)
449 (39.4)
89 (14.8)
16
480 (40.9)
482 (47.7)
133 (11.4)
10
338 (29.6)
557 (54.1)
201 (16.3)
9
239 (28.4)
550 (45.5)
299 (26.2)
17

0.97 (0.80-1.19)
1.22 (0.95-1.56)

1.00
1.22 (1.00-1.48)
1.52 (1.16-2.00)

1.00
1.20 (1.00-1.44)
1.37 (0.96-1.95)

1.00
0.92 (0.73-1.15)
0.95 (0.74-1.22)

1.00
1.08 (0.86-1.36)
0.83 (0.34-2.05)

1.00
1.09 (0.91-1.31)
1.56 (1.15-2.13)

1.00
1.19 (0.99-1.44)
1.10 (0.82-1.46)

1.00
0.93 (0.76-1.13)
0.82 (0.63-1.06)

1.00
0.98 (0.78-1.22)
0.94 (0.74-1.21)

1.09 (0.96-1.23)
P-trend= 0.2

1.00
1.23 (1.08-1.40)
P-trend= 0.002

1.00
1.18 (1.03-1.36)
P-trend= 0.02

1.00
0.98 (0.86-1.11)
P-trend= 0.7

1.00
1.04 (0.85-1.28)
P-trend= 0.7

1.00
1.19 (1.04-1.35)
P-trend= 0.01

1.00
1.09 (0.96-1.24)
P-trend= 0.2

1.00
0.91 (0.80-1.03)
P-trend= 0.1

1.00
0.97 (0.86-1.10)
P-trend= 0.6




ovl

ESR1

ESR1

ESR1

ESR1

ECHDCI1

RELN

8q24

8q24

CDKN2A/B

rs2234693

rs1801132

rs3020314

rs3798577

rs2180341

rs17157903

rs13281615

rs1562430

rs3731257

c/C
C/T
T/T
missing
G/G
C/G
c/C
missing
T/T
C/T
c/C
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
c/C
C/T
T/T
missing
c/C
C/T
T/T

264 (22.6)
579 (48.3)
361 (29.1)
43
78 (6.9)
423 (35.0)
703 (58.1)
43
519 (42.6)
512 (41.8)
173 (15.6)
43
271 (22.3)
598 (50.6)
334 (27.0)
44
698 (56.1)
462 (37.8)
67 (6.0)
20
924 (76.1)
252 (21.9)
27 (2.0)
44
383 (32.0)
594 (49.4)
221 (18.5)
49
192 (15.8)
602 (49.4)
435 (34.8)
18
710 (60.3)
412 (33.3)
82 (6.4)

214 (18.3)
551 (50.2)
323 (31.5)
17
51 (3.8)
390 (39.6)
648 (56.6)
16
460 (40.3)
512 (51.3)
117 (8.5)
16
264 (21.4)
531 (51.1)
294 (27.5)
16
642 (49.8)
399 (45.4)
56 (4.8)
8
806 (77.8)
252 (20.0)
30 (2.2)
17
398 (32.0)
502 (51.4)
188 (16.6)
17
204 (15.7)
543 (54.8)
349 (29.5)
9
621 (61.2)
393 (32.4)
75 (6.4)

1.00
0.85 (0.67-1.06)
0.88 (0.69-1.13)

1.00
0.66 (0.45-0.99)
0.68 (0.46-1.00)

1.00
0.81 (0.67-0.97)
1.37 (1.03-1.81)

1.00
1.12 (0.90-1.39)
1.07 (0.84-1.37)

1.00
1.03 (0.86-1.24)
1.10 (0.74-1.63)

1.00
0.88 (0.71-1.08)
0.76 (0.43-1.33)

1.00
1.19 (0.98-1.45)
1.21 (0.94-1.56)

1.00
1.14 (0.89-1.46)
1.28 (0.98-1.65)

1.00
0.90 (0.75-1.09)
0.92 (0.65-1.31)

1.00
0.95 (0.84-1.07)
P-trend= 0.4

1.00
0.92 (0.80-1.06)
P-trend= 0.3

1.00
1.05(0.92-1.19)
P-trend= 0.5

1.00
1.03 (0.91-1.17)
P-trend= 0.6

1.00
1.04 (0.90-1.20)
P-trend= 0.6

1.00
0.87 (0.73-1.04)
P-trend= 0.1

1.00
1.11 (0.98-1.26)
P-trend= 0.1

1.00
1.13 (0.99-1.28)
P-trend= 0.1

1.00
0.93 (0.81-1.07)
P-trend= 0.3




84!

CDKN2A/B

CDKN2A/B

CDKN2A/B

CDKN2A/B

CDKN2A/B

CDKN2A/B

ANKRD16

ZNF365

ZMIZ1

rs3731249°¢

rs518394

rs564398

rs1011970

rs10757278

rs10811661

rs2380205

rs10995190

rs704010

missing
G/G
A/G or A/A
missing
c/C
C/G
G/G
missing
A/A
G/A
G/G
missing
G/G
G/T
T/T
missing
G/G
A/G
A/A
missing
T/T
C/T
c/C
missing
T/T
C/T
c/C
missing
A/A
A/G
G/G
missing
c/C
C/T
T/T

43
1134 (94.5)
70 (5.5)
43
402 (32.3)
572 (46.6)
229 (21.1)
44
429 (34.8)
566 (45.7)
207 (19.5)
45
832 (66.6)
344 (29.4)
47 (4.1)
24
268 (20.9)
604 (50.1)
351 (29.0)
24
844 (69.7)
325 (27.5)
35 (2.8)
43
247 (20.3)
579 (46.5)
394 (33.2)
27
24 (2.0)
303 (24.6)
909 (73.4)
11
406 (31.9)
601 (50.7)
211 (17.3)

16
1020 (94.1)
69 (5.9)
16
371 (30.4)
510 (42.3)
208 (27.3)
16
395 (32.1)
507 (42.4)
186 (25.5)
17
752 (72.3)
299 (25.4)
33 (2.2)
21
260 (20.2)
567 (49.6)
263 (30.1)
15
773 (64.9)
276 (30.7)
40 (4.4)
16
203 (16.6)
532 (46.0)
355 (37.3)
15
21 (1.7)
270 (31.6)
804 (66.7)
10
426 (36.6)
510 (42.1)
151 (21.4)

1.00
0.00 (0.00-0.00)

1.00
1.04 (0.85-1.26)
1.05 (0.82-1.35)

1.00
1.02 (0.84-1.24)
1.08 (0.84-1.40)

1.00
1.07 (0.88-1.30)
1.51 (0.92-2.45)

1.00
0.98 (0.79-1.22)
1.36 (1.06-1.74)

1.00
1.07 (0.88-1.31)
0.79 (0.49-1.30)

1.00
0.92 (0.73-1.16)
1.00 (0.78-1.29)

1.00
0.82 (0.43-1.58)
0.85 (0.45-1.61)

1.00
1.30 (1.07-1.57)
1.50 (1.15-1.96)

1.00
0.90 (0.63-1.28)

1.00
1.03 (0.91-1.16)
P-trend= 0.7

1.00
1.04 (0.92-1.17)
P-trend= 0.6

1.00
1.13 (0.96-1.33)
P-trend= 0.1

1.00
1.17 (1.04-1.33)
P-trend= 0.01

1.00
1.00 (0.85-1.18)
P-trend= 0.99

1.00
1.01 (0.89-1.14)
P-trend= 0.9

1.00
1.00 (0.84-1.20)
P-trend=1

1.00
1.24 (1.09-1.41)
P-trend= 0.001




ol

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

rs3750817

rs10736303

rs11200014

rs2981579

rs1078806

rs2981578

rs1219648

152912774

rs2936870

missing
T/T
C/T
c/C
missing
A/A
A/G
G/G
missing
G/G
A/G
A/A
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
T/T
C/T
c/C
missing
A/A
A/G
G/G
missing
c/C
A/C
A/A
missing
c/C
C/T

29
142 (11.1)
576 (47.5)
513 (41.4)
16
258 (20.5)
627 (51.2)
351 (28.3)
11
358 (29.2)
593 (50.0)
253 (20.9)
43
346 (28.2)
594 (50.1)
264 (21.7)
43
376 (30.0)
596 (49.1)
258 (20.9)
17
261 (20.6)
625 (51.0)
354 (28.3)
7
374 (30.9)
588 (49.0)
241 (20.0)
44
366 (30.4)
594 (49.7)
242 (19.9)
45
366 (30.3)
594 (49.5)

18
180 (14.5)
500 (51.3)
414 (34.1)
11
313 (23.5)
523 (54.9)
256 (21.6)
13
406 (32.8)
512 (52.2)
171 (14.9)
16
401 (32.4)
511 (52.3)
177 (15.3)
16
411 (33.0)
514 (51.9)
174 (15.1)
6
321 (24.4)
520 (53.4)
259 (22.1)
5
425 (36.2)
499 (49.1)
165 (14.7)
16
420 (35.9)
497 (48.9)
170 (15.2)
18
420 (35.8)
498 (49.0)

1.00
1.56 (1.19-2.03)
1.68 (1.28-2.20)

1.00
1.46 (1.18-1.82)
1.76 (1.37-2.26)

1.00
1.31 (1.08-1.60)
1.70 (1.31-2.19)

1.00
1.36 (1.11-1.65)
1.77 (1.38-2.28)

1.00
1.29 (1.06-1.57)
1.67 (1.29-2.16)

1.00
1.49 (1.20-1.85)
1.76 (1.37-2.25)

1.00
1.34 (1.11-1.63)
1.69 (1.31-2.19)

1.00
1.37 (1.13-1.67)
1.65 (1.28-2.13)

1.00
1.37 (1.13-1.66)

1.00
1.24 (1.09-1.40)
P-trend= 0.001

1.00
1.33 (1.17-1.50)
P-trend=1 x 10

1.00
1.30 (1.15-1.48)
P-trend= 3 x 10

1.00
1.33 (1.18-1.51)
P-trend=1 x 10

1.00
1.29 (1.14-1.46)
P-trend=1x 10

1.00
1.32 (1.17-1.50)
P-trend= 1 x 10

1.00
1.31 (1.16-1.48)
P-trend=2 x 10

1.00
1.30 (1.15-1.47)
P-trend=4 x 10

1.00
1.30 (1.15-1.47)




vl

FGFR2

FGFR2

FGFR2

FGFR2

10q

ATM

ATM

ATM

ATM

1s2420946

1s2162540

rs2981582

rs3135718

rs10510126

rs1800054°

rs1800057¢

rs1800058°

rs1801516

T/T
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing
T/T
C/T
c/C
missing
c/C
C/G or G/G
missing
c/C
C/G or G/G
missing
c/C
C/TorT/T
missing
G/G
A/G
A/A
missing

244 (20.1)
43
380 (31.6)
587 (49.0)
235 (19.4)
45
385 (32.0)
583 (48.5)
234 (19.4)
45
385 (31.9)
587 (48.9)
232 (19.2)
43
376 (31.2)
592 (49.2)
236 (19.6)
43
16 (1.5)
231 (19.4)
957 (79.1)
43
1160 (96.3)
43 (3.7)
44
1130 (93.9)
74 (6.1)
43
1160 (96.2)
44 (3.8)
43
877 (71.4)
310 (27.2)
17 (1.4)
43

171 (15.2)
16
433 (36.7)
490 (48.8)
163 (14.6)
19
436 (36.8)
493 (49.1)
160 (14.2)
16
437 (36.8)
493 (49.1)
159 (14.1)
16
432 (36.5)
493 (48.8)
164 (14.6)
16
13 (0.9)
239 (19.4)
837 (79.7)
16
1048 (96.9)
41 (3.1)
16
1028 (95.4)
61 (4.6)
16
1040 (96.2)
49 (3.8)
16
792 (72.8)
279 (26.1)
17 (1.2)
17

1.66 (1.29-2.14)

1.00
1.37 (1.13-1.66)
1.66 (1.28-2.15)

1.00
1.34 (1.11-1.63)
1.69 (1.30-2.18)

1.00
1.35 (1.12-1.64)
1.67 (1.29-2.17)

1.00
1.38 (1.14-1.67)
1.68 (1.30-2.17)

1.00
0.70 (0.31-1.55)
0.82 (0.38-1.79)

1.00
1.04 (0.66-1.64)

1.00
1.10 (0.76-1.60)

1.00
0.82 (0.53-1.28)

1.00
0.98 (0.80-1.19)
0.98 (0.48-1.99)

P-trend= 3 x 10

1.00
1.30 (1.15-1.48)
P-trend= 3 x 10

1.00
1.31 (1.15-1.48)
P-trend= 3 x 10

1.00
1.30 (1.15-1.48)
P-trend= 3 x 10

1.00
1.31 (1.16-1.48)
P-trend=2 x 10

1.00
1.11 (0.91-1.35)
P-trend= 0.3

1.00
1.01 (0.65-1.58)

1.00
1.09 (0.76-1.56)

1.00
0.82 (0.54-1.25)

1.00
0.98 (0.82-1.17)
P-trend= 0.8




124!

ATM

ATM

ATM

ATM

LSP1

H19

TNRCY/
TOX3

TNRCY/
TOX3

1s3092992°

rs664143

rs170548

rs3092993

rs3817198

rs909116

rs2107425

rs8051542

rs12443621

A/A
A/CorC/C
missing
T/T
C/T
c/C
missing
T/T
G/T
G/G
missing
c/C
A/C
A/A
missing
T/T
C/T
c/C
missing
c/C
C/T
T/T
missing
T/T
C/T
c/C
missing
c/C
C/T
T/T
missing
A/A
A/G
G/G
missing

1081 (89.1)
123 (10.9)
43
213 (17.2)
578 (50.0)
412 (32.9)
44
538 (45.5)
553 (46.6)
113 (7.9)
43
877 (71.4)
310 (27.2)
17 (1.4)
43
537 (45.3)
529 (43.9)
136 (10.8)
45
257 (21.1)
608 (50.5)
358 (28.3)
24
101 (7.6)
505 (42.7)
593 (49.7)
48
372 (31.8)
580 (44.9)
252 (23.3)
43
306 (25.0)
563 (48.2)
335 (26.8)
43

993 (91.7)
96 (8.3)
16
203 (18.4)
527 (43.3)
359 (38.3)
16
499 (44.6)
478 (36.9)
112 (18.5)
16
793 (72.9)
278 (26.0)
17 (1.2)
17
502 (40.7)
488 (50.3)
98 (9.0)
17
251 (19.7)
566 (56.0)
273 (24.4)
15
111 (8.5)
466 (46.7)
512 (44.7)
16
350 (30.4)
546 (51.9)
193 (17.7)
16
296 (33.9)
557 (49.2)
236 (16.9)
16

1.00
1.17 (0.87-1.58)

1.00
1.07 (0.84-1.36)
1.05 (0.82-1.36)

1.00
1.10 (0.91-1.32)
0.83 (0.61-1.13)

1.00
0.98 (0.80-1.20)
0.98 (0.48-1.99)

1.00
1.01 (0.84-1.22)
1.26 (0.93-1.71)

1.00
1.03 (0.83-1.29)
1.30 (1.01-1.66)

1.00
1.24 (0.90-1.70)
1.38 (1.01-1.89)

1.00
0.95 (0.78-1.15)
1.30 (1.01-1.67)

1.00
1.01 (0.82-1.25)
1.38 (1.08-1.77)

1.00
1.19 (0.89-1.60)

1.00
1.02 (0.90-1.15)
P-trend= 0.8

1.00
0.98 (0.86-1.12)
P-trend= 0.7

1.00
0.98 (0.82-1.18)
P-trend= 0.8

1.00
1.08 (0.95-1.24)
P-trend= 0.2

1.00
1.14 (1.01-1.30)
P-trend= 0.04

1.00
1.15 (1.00-1.31)
P-trend= 0.04

1.00
1.12 (0.99-1.26)
P-trend= 0.1

1.00
1.17 (1.04-1.33)
P-trend= 0.01




94!

TNRCY/
TOX3

TNRCY/
TOX3

TNRCY/
TOX3

TNRCY/
TOX3

TNRCY/
TOX3

TP53

TP53

TP53

TP53

TP53

rs3803662

154784227

rs3104746°

rs3112562

rs9940048

rs9894946

rs1614984

rs12951053

rs17880604°

rs1800372°

c/C
C/T
T/T
missing
c/C
C/T
T/T
missing
T/T
A/T or A/A
missing
c/C
C/G
G/G
missing
G/G
A/G
A/A
missing
A/A
A/G
G/G
missing
c/C
C/T
T/T
missing
A/A
A/C
c/C
missing
G/G
C/Gor C/C
missing
A/A

572 (47.5)
502 (41.2)
130 (11.4)
43
637 (52.0)
486 (38.4)
103 (9.6)
21
1160 (94.6)
69 (5.4)
18
741 (61.0)
416 (33.9)
70 (5.1)
20
656 (54.0)
483 (40.5)
65 (5.5)
43
44 (3.5)
346 (32.0)
814 (64.5)
43
418 (35.1)
564 (47.0)
221 (17.9)
44
1047 (86.9)
146 (12.5)
10 (0.5)
44
1168 (97.0)
36 (3.0)
43
1165 (97.1)

579 (58.4)
427 (35.1)
83 (6.5)
16
631 (61.6)
398 (32.9)
68 (5.5)
8
1039 (96.9)
46 (3.1)
16
644 (64.0)
398 (32.5)
54 (3.5)
9
602 (57.1)
421 (37.6)
66 (5.3)
16
31 (2.3)
286 (24.3)
770 (73.4)
18
354 (36.4)
551 (49.0)
184 (14.6)
16
953 (87.7)
133 (12.2)
3(0.2)
16
1053 (97.1)
36 (2.9)
16
1044 (97.0)

1.00
1.22 (1.01-1.46)
1.73 (1.26-2.37)

1.00
1.20 (1.00-1.44)
1.70 (1.21-2.41)

1.00
1.66 (1.10-2.51)

1.00
0.90 (0.75-1.08)
1.22 (0.82-1.81)

1.00
1.04 (0.87-1.25)
1.02 (0.70-1.49)

1.00
0.76 (0.46-1.27)
0.66 (0.40-1.07)

1.00
0.84 (0.69-1.02)
1.15 (0.89-1.48)

1.00
1.01 (0.77-1.32)
2.71 (0.71-10.34)

1.00
0.82 (0.49-1.35)

1.00

1.00
1.27 (1.11-1.46)
P-trend=4 x 107

1.00
1.26 (1.09-1.44)
P-trend= 0.001

1.00
1.66 (1.10-2.51)

1.00
0.99 (0.86-1.15)
P-trend= 0.9

1.00
1.03 (0.89-1.19)
P-trend= 0.7

1.00
0.84 (0.72-0.99)
P-trend= 0.04

1.00
1.03 (0.91-1.17)
P-trend= 0.6

1.00
1.09 (0.85-1.39)
P-trend= 0.5

1.00
0.82 (0.51-1.33)

1.00




4

A/GorG/G  38(2.9) 40 (3.0) 0.84 (0.52-1.35)  0.88 (0.55-1.40)
missing 44 21
A/A 887 (72.4) 814 (76.1) 1.00 1.00
A/G 291 (25.5) 257 (22.6) 1.04 (0.85-1.28)  1.11 (0.93-1.33)
P53 152909430 G/G 26 (2.2) 18 (1.3) 1.67 (0.89-3.14) P-trend= 0.2
missing 43 16
G/G 90 (7.8) 73 (6.5) 1.00 1.00
C/G 445 (35.1) 406 (33.7) 0.98 (0.68-1.41)  0.98 (0.85-1.13)
P53 rs1042522 c/C 680 (57.2) 608 (59.8) 0.96 (0.68-1.37) P-trend= 0.8
missing 32 18
T/TorC/T 123 (9.0) 128 (9.7) 1.00 1.00
P53 8079544 cc 1081 (91.0) 961 (90.3) 1.21 (0.92-1.60) 124 (0.95-1.63)
missing 43 16
A/A 95 (7.4) 85 (6.1) 1.00 1.00
A/G 525 (43.2) 454 (37.2) 1.07 (0.76-1.51)  0.98 (0.85-1.12)
COXI1 7222197 G/G 613 (49.4) 560 (56.6) 1.01 (0.72-1.42) P-trend= 0.7
missing 14 6
A/A 94 (7.4) 86 (6.2) 1.00 1.00
A/G 522 (43.1) 457 (37.3) 1.08 (0.77-1.52)  0.98 (0.85-1.12)
COX11 136504950 G/G 614 (49.5) 560 (56.5) 1.02 (0.73-1.43) P-trend= 0.8
missing 17 2

‘weighted by inverse sampling probability
Padjusted for age at diagnosis (cases) or selection (controls) and proportion of African ancestry
‘Assessed using dominant and additive model (MAF<5%)

IAssessed using recessive and additive model (MAF>95%)
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Table 11: SNP genotype distributions and associations with incident breast cancer for

African American women in the Carolina Breast Cancer Study (1993-2000)

Gene SNP enotvpe Cases (%)* Controls (%)* General model: Additive model:
genotyp n=742 n=681 OR (95% CD)¥  OR (95% CI)t
A/A 565 (74.0) 536 (81.4) 1.00 1.00
A/G 190 (25.0) 121 (16.9) 1.51 (1.15-1.99)  1.26 (0.99-1.60)
Ipl2 rs11249433 G/G 8 (1.0) 16 (1.7) 0.58 (0.24-1.44)  P-trend=0.1
missing 3 8
G/G 660 (89.0) 579 (89.2) 1.00 1.00
C/G 80 (10.7) 77 (10.6) 0.96 (0.68-1.35)  0.93 (0.67-1.29)
CASP3 rs1045483 c/C 2(03) 2(0.2) 0.45(0.05-3.74)  P-trend=0.7
missing 24 23
T 1(0.1) 2(0.2) 1.00 1.00
C/T 74 (9.8) 70 (10.0) 3.97 (0.29-54.81)  1.09 (0.78-1.54)
CASP8 rs17468277 c/C 667 (90.0) 586 (89.9) 4.14 (0.31-56.07)  P-trend= 0.6
missing 24 23
G/G 47 (6.2) 45 (8.4) 1.00 1.00
A/G 292(39.3) 254 (37.0) 1.10 (0.70-1.75)  1.02 (0.86-1.22)
2933 rs13387042 A/A 403 (54.4) 358 (54.6) 1.10 (0.70-1.73)  P-trend=0.8
missing 24 24
A/A 26 (3.5) 43 (8.6) 1.00 1.00
A/G 267 (36.1) 221 (29.6) 2.16 (1.25-3.72)  1.15 (0.96-1.39)
2p rs4666451 G/G 449 (60.5) 394 (61.9) 2.10(1.23-3.57)  P-trend=0.1
missing 24 23
c/C 322 (42.6) 250 (36.2) 1.00 1.00
C/T 334 (43.8) 340 (46.6) 0.77 (0.61-0.97)  0.90 (0.77-1.06)
SLC4AT rs4973768 T 103 (13.7) 83 (17.2) 0.91 (0.65-1.29)  P-trend= 0.2
missing 7 8
/T 514 (68.1) 461 (68.2) 1.00 1.00
C/T 218 (28.9) 184 (30.0) 1.09 (0.86-1.39)  1.09 (0.88-1.34)
4p rs12505080 c/C 22 (3.0) 16 (1.7) 1.17 (0.58-2.37)  P-trend=0.4
missing 12 20
c/C 630 (85.0) 573 (88.0) 1.00 1.00
TLR1 1s7696175 C/T 99 (13.3) 81 (11.6) 1.22 (0.87-1.71)  1.39 (1.04-1.86)




871

MRPS30

MRPS30

Spl2

5q

MAP3K1

ESR1

ESR1

ESR1

ESR1

rs4415084

rs10941679

rs981782

rs30099

rs889312

152046210

rs851974

152077647

1s2234693

T/T
missing
C/C
C/T
T/T
missing
A/A
A/G
G/G
missing
G/G
G/T
T/T
missing
C/C
C/T
T/T
missing
A/A
A/C
C/C
missing
G/G
A/G
A/A
missing
A/G
A/G
G/G
missing
A/A
A/G
A/A
missing
C/C

13 (1.7)
24
97 (12.8)
343 (45.9)
310 (41.3)
16
497 (65.5)
234 (30.8)
28 (3.7)
7
11 (1.4)
105 (14.1)
625 (84.5)
25
527 (70.9)
199 (26.9)
16 (2.2)
24
316 (42.7)
364 (49.2)
62 (8.2)
24
96 (12.7)
350 (46.1)
312 (41.2)
8
523 (69.3)
208 (27.5)
25(3.2)
10
170 (22.9)
372 (50.2)
200 (26.9)
24
198 (26.8)

4(0.4)
23
100 (19.7)
312 (44.0)
259 (36.3)
10
436 (65.5)
219 (31.7)
19 (2.8)
7
7(1.0)
110 (15.0)
540 (84.0)
24
493 (76.2)
152 (22.7)
13 (1.1)
23
281 (37.9)
313 (53.1)
64 (9.0)
23
99 (13.4)
340 (50.9)
231 (35.6)
11
444 (68.0)
208 (29.4)
20 (2.6)
9
155 (24.6)
346 (48.2)
155 (27.2)
25
182 (26.1)

4.11 (1.27-13.24)

1.00
1.33 (0.95-1.86)
1.37(0.97-1.94)

1.00
0.95 (0.75-1.20)
1.24 (0.67-2.30)

1.00
0.78 (0.27-2.26)
0.91 (0.32-2.59)

1.00
1.26 (0.98-1.62)
1.28 (0.59-2.74)

1.00
1.00 (0.79-1.25)
0.84 (0.57-1.25)

1.00
1.06 (0.76-1.48)
1.40 (1.00-1.98)

1.00
0.87 (0.68-1.11)
1.06 (0.57-2.00)

1.00
0.97 (0.74-1.27)
1.14 (0.84-1.56)

1.00

P-trend= 0.03

1.00
1.13 (0.97-1.33)
P-trend= 0.1

1.00
1.00 (0.82-1.22)
P-trend=1

1.00
1.11 (0.84-1.46)
P-trend= 0.5

1.00
1.22 (0.98-1.52)
P-trend= 0.1

1.00
0.95 (0.80-1.13)
P-trend= 0.5

1.00
1.22 (1.04-1.43)
P-trend= 0.02

1.00
0.93 (0.76-1.14)
P-trend= 0.5

1.00
1.07 (0.92-1.25)
P-trend= 0.4

1.00




4!

ESR1

ESR1

ESR1

ECHDCI1

RELN

8q24

8q24

CDKN2A/B

rs1801132

rs3020314

rs3798577

rs2180341

rs17157903

rs13281615

rs1562430

rs3731257

C/T
T/T
missing
G/G
C/G
C/C
missing
T/T
C/T
Cc/C
missing
Cc/C
C/T
T/T
missing
A/A
A/G
G/G
missing
C/C
C/T
T/T
missing
A/A
A/G
G/G
missing
Cc/C
C/T
T/T
missing
Cc/C
C/T
T/T
missing

396 (53.3)
148 (19.9)
24
8 (1.0)
134 (18.4)
599 (80.6)
25
63 (8.5)
339 (45.5)
339 (46.0)
25
140 (19.0)
367 (49.0)
235 (32.0)
24
354 (47.7)
321 (42.6)
75 (9.7)
16
599 (80.7)
129 (17.4)
14 (1.9)
24
219 (29.2)
387 (53.1)
130 (17.7)
30
158 (20.7)
375 (50.3)
219 (29.1)
14
617 (83.3)
119 (15.9)
6 (0.8)
24

334 (52.2)
142 (21.7)
23
7(0.9)
144 (23.0)
507 (76.1)
23
65 (7.8)
278 (43.2)
315 (49.0)
23
130 (22.7)
309 (46.6)
219 (30.7)
23
317 (42.5)
288 (48.8)
68 (8.7)
8
523 (79.4)
132 (20.3)
3(0.3)
23
204 (33.1)
331 (48.7)
123 (18.2)
23
147 (23.5)
327 (47.4)
197 (29.1)
10
535 (79.2)
117 (19.8)
6(1.1)
23

1.09 (0.84-1.41)
0.91 (0.66-1.25)

1.00
0.76 (0.26-2.19)
0.95 (0.33-2.68)

1.00
1.20 (0.81-1.77)
1.11 (0.75-1.65)

1.00
1.18 (0.88-1.58)
1.08 (0.79-1.47)

1.00
0.94 (0.75-1.19)
1.00 (0.68-1.46)

1.00
0.87 (0.66-1.16)
5.21 (1.48-18.29)

1.00
1.14 (0.89-1.46)
0.97 (0.70-1.34)

1.00
1.11 (0.84-1.47)
1.02 (0.75-1.39)

1.00
0.87 (0.65-1.16)
0.86 (0.26-2.82)

0.96 (0.82-1.13)
P-trend= 0.6

1.00
1.19 (0.93-1.52)
P-trend=0.2

1.00
1.00 (0.84-1.19)
P-trend=1

1.00
1.02 (0.88-1.19)
P-trend= 0.8

1.00
0.98 (0.83-1.15)
P-trend= 0.8

1.00
1.07 (0.83-1.37)
P-trend= 0.6

1.00
1.00 (0.86-1.18)
P-trend=1

1.00
1.00 (0.86-1.17)
P-trend=1

1.00
0.88 (0.67-1.15)
P-trend= 0.3




051

CDKN2A/B

CDKN2A/B

CDKN2A/B

CDKN2A/B

ANKRD16

ZNF365

ZMIZ1

FGFR2

FGFR2

rs518394

rs564398

rs1011970

rs10757278

rs2380205

rs10995190

rs704010

rs1896395

rs3750817

Cc/C
C/G
G/G
missing
A/A
G/A
G/G
missing
G/G
G/T
T/T
missing
G/G
A/G
A/A
missing
T/T
C/T
Cc/C
missing
A/A
A/G
G/G
missing
Cc/C
C/T
T/T
missing
Cc/C
A/C
A/A
missing
T/T
C/T
C/C

623 (84.1)
112 (14.9)
7(1.0)
24
628 (84.7)
109 (14.5)
5(0.7)
24
349 (46.6)
307 (40.9)
93 (12.5)
17
27 (3.7)
241 (31.2)
490 (65.1)
8
259 (34.1)
360 (48.1)
132 (17.8)
15
28 (3.6)
206 (27.0)
526 (69.4)
6
601 (79.5)
148 (19.4)
8 (1.0)

9
474 (63.9)
235 (31.6)
33 (4.5)
24
6 (0.9)
120 (15.9)
635 (83.2)

559 (84.4)
91 (14.4)
8(1.2)
23
566 (85.5)
84 (13.3)
8(1.2)
23
314 (47.6)
277 (37.1)
79 (15.3)
11
22 (3.3)
192 (29.0)
452 (67.7)
15
226 (29.9)
329 (48.9)
113 (21.2)
13
22 (3.9)
202 (26.6)
449 (69.5)
8
532 (85.4)
128 (13.7)
7(0.9)
14
408 (61.4)
231 (36.4)
19 (2.2)
23
11(1.9)
155 (20.7)
506 (77.4)

1.00
1.05 (0.77-1.45)
0.81 (0.27-2.42)

1.00
1.11 (0.80-1.54)
0.52 (0.16-1.74)

1.00
0.92 (0.73-1.16)
0.93 (0.65-1.32)

1.00
0.96 (0.52-1.79)
0.87 (0.47-1.59)

1.00
0.95(0.74-1.21)
0.95 (0.69-1.31)

1.00
0.75 (0.41-1.38)
0.86 (0.48-1.55)

1.00
1.07 (0.80-1.42)
0.94 (0.32-2.75)

1.00
0.87 (0.69-1.10)
1.69 (0.94-3.07)

1.00
1.83 (0.59-5.73)
3.16 (1.03-9.71)

1.00
1.01 (0.76-1.35)
P-trend= 0.9

1.00
1.01 (0.75-1.35)
P-trend= 0.9

1.00
0.95 (0.81-1.11)
P-trend= 0.5

1.00
0.91 (0.75-1.12)
P-trend= 0.4

1.00
0.97 (0.83-1.13)
P-trend= 0.7

1.00
1.06 (0.87-1.29)
P-trend= 0.6

1.00
1.05 (0.80-1.36)
P-trend= 0.7

1.00
1.01 (0.83-1.23)
P-trend= 0.9

1.00
1.74 (1.34-2.26)
P-trend= 3x107
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FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

FGFR2

rs10736303

rs11200014

rs2981579

rs1078806

rs2981578

rs1219648

rs2912774

rs2936870

rs2420946

missing
A/A
A/G
G/G
missing
G/G
A/G
A/A
missing
Cc/C
C/T
T/T
missing
A/A
A/G
G/G
missing
T/T
C/T
C/C
missing
A/A
A/G
G/G
missing
Cc/C
A/C
A/A
missing
Cc/C
C/T
T/T
missing
C/C
C/T

5
15(2.1)
168 (22.1)
580 (75.8)
3
476 (64.3)
232 (31.2)
34 (4.5)
24
110 (14.9)
341 (46.1)
291 (39.0)
24
480 (63.5)
240 (31.8)
36 (4.7)
10
15(2.1)
165 (21.8)
580 (76.1)
6
230 (31.2)
363 (48.8)
149 (20.0)
24
134 (18.0)
347 (46.7)
261 (35.3)
24
129 (17.4)
340 (45.9)
272 (36.7)
25
158 (21.3)
366 (49.4)

9
20 (3.8)
186 (23.7)
471 (72.5)
4
425 (61.4)
206 (35.1)
27 (3.5)
23
129 (18.1)
301 (42.4)
228 (39.5)
23
433 (61.3)
216 (35.6)
27 (3.1)
5
22 (3.9)
184 (23.7)
470 (72.4)
5
227 (32.9)
325 (52.0)
106 (15.1)
23
131 (19.6)
350 (50.4)
176 (30.0)
24
126 (18.8)
345 (50.2)
187 (31.0)
23
146 (21.6)
356 (52.3)

1.00
1.29 (0.62-2.72)
1.83 (0.89-3.77)

1.00
1.00 (0.79-1.27)
1.23 (0.71-2.11)

1.00
1.39 (1.02-1.90)
1.54 (1.12-2.13)

1.00
1.01 (0.80-1.28)
1.30 (0.75-2.25)

1.00
1.42 (0.68-2.93)
2.02 (0.99-4.09)

1.00
1.13 (0.89-1.45)
1.45 (1.05-1.99)

1.00
1.05(0.78-1.41)
1.55(1.13-2.13)

1.00
1.05 (0.78-1.41)
1.53 (1.11-2.11)

1.00
1.02 (0.77-1.35)

1.00
1.39 (1.12-1.74)
P-trend= 0.003

1.00
1.04 (0.86-1.26)
P-trend= 0.7

1.00
1.22 (1.04-1.42)
P-trend= 0.01

1.00
1.06 (0.88-1.29)
P-trend= 0.5

1.00
1.42 (1.14-1.77)
P-trend= 0.002

1.00
1.19 (1.02-1.39)
P-trend= 0.03

1.00
1.27 (1.09-1.49)
P-trend= 0.003

1.00
1.27 (1.09-1.48)
P-trend= 0.003

1.00
1.17 (1.00-1.37)
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FGFR2

FGFR2

FGFR2

10q

ATM

ATM

ATM

ATM

LSP1

rs2162540

rs2981582

rs3135718

rs10510126

rs1801516

rs664143

rs170548

rs3092993%

rs3817198

T/T
missing
A/A
A/G
G/G
missing
Cc/C
C/T
T/T
missing
A/A
A/G
G/G
missing
T/T
C/T
Cc/C
missing
G/G
A/G or A/A
missing
T/T
C/T
Cc/C
missing
T/T
G/T
G/G
missing
Cc/C
A/Cor A/A
missing
T/T
C/T
C/C

218 (29.4)
24
161 (21.7)
367 (49.5)
214 (28.8)
24
186 (25.1)
382 (51.3)
174 (23.6)
24
147 (19.7)
326 (44.0)
269 (36.3)
24
16 (2.2)
133 (18.2)
593 (79.6)
24
700 (94.3)
42 (5.7)
24
96 (13.0)
316 (42.6)
330 (44.4)
24
622 (84.0)
105 (14.1)
14 (1.9)
25
700 (94.3)
42 (5.7)
24
506 (68.2)
224 (30.1)
12 (1.7)

156 (26.1)
23
166 (24.0)
339 (48.8)
152 (27.2)
24
200 (27.7)
325 (47.6)
133 (24.7)
23
148 (24.3)
321 (44.3)
187 (31.4)
25
6 (0.6)
145 (18.5)
507 (80.9)
23
623 (95.2)
35 (4.8)
23
70 (9.6)
302 (44.9)
285 (45.5)
24
535 (78.5)
112 (19.9)
11 (1.6)
23
623 (95.2)
35 (4.8)
23
459 (69.7)
175 (26.3)
24 (4.0)

1.36 (0.99-1.86)

1.00
1.19 (0.91-1.56)
1.51 (1.11-2.06)

1.00
1.30 (1.00-1.68)
1.40 (1.02-1.91)

1.00
1.11 (0.83-1.47)
1.54 (1.14-2.10)

1.00
0.33 (0.12-0.88)
0.40 (0.15-1.05)

1.00
1.16 (0.72-1.88)

1.00
0.77 (0.54-1.10)
0.81(0.57-1.16)

1.00
0.78 (0.57-1.05)
1.13 (0.49-2.58)

1.00
1.16 (0.72-1.88)

1.00
1.19(0.93-1.52)
0.47 (0.23-0.99)

P-trend= 0.05

1.00
1.23 (1.05-1.44)
P-trend= 0.01

1.00
1.19 (1.02-1.39)
P-trend= 0.03

1.00
1.26 (1.08-1.46)
P-trend= 0.003

1.00
1.04 (0.82-1.32)
P-trend= 0.8

1.00
1.22 (0.77-1.95)

1.00
0.95 (0.81-1.11)
P-trend= 0.5

1.00
0.86 (0.67-1.11)
P-trend= 0.3

1.00
1.22 (0.77-1.95)

1.00
1.01 (0.82-1.24)
P-trend= 0.9
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LSP1

H19

TNRC9/TOX3

TNRC9/TOX3

TNRC9/TOX3

TNRC9/TOX3

TNRC9/TOX3

TNRC9/TOX3

TNRC9/TOX3

rs909116

rs2107425

rs80491497

rs16951186

rs8051542

1512443621

rs3803662

rs4784227

rs3104746

missing
Cc/C
C/T
T/T
missing
T/T
C/T
Cc/C
missing
Cc/C
C/Tor T/T
missing
C/C
C/T
T/T
missing
Cc/C
C/T
T/T
missing
A/A
A/G
G/G
missing
T/T
C/T
Cc/C
missing
Cc/C
C/T
T/T
missing
T/T
A/T
A/A

24
59 (7.8)
309 (41.5)
381 (50.7)
17
186 (25.1)
390 (53.1)
161 (21.8)
29
712 (96.0)
30 (4.0)
24
511 (69.3)
202 (26.9)
29 (3.8)
24
313 (42.5)
342 (45.8)
87 (11.7)
24
208 (28.3)
370 (49.8)
164 (21.9)
24
196 (26.2)
378 (51.3)
166 (22.4)
26
636 (84.2)
112 (14.6)
9(1.2)

9
411 (54.3)
297 (39.5)
46 (6.2)

23
54 (9.4)
271 (36.4)
343 (54.2)
13
149 (21.1)
339 (52.3)
170 (26.6)
23
627 (95.5)
31 (4.5)
23
438 (64.8)
198 (32.5)
22 (2.7)
23
295 (46.0)
304 (47.6)
59 (6.5)
23
164 (25.7)
329 (47.1)
165 (27.2)
23
182 (29.5)
333 (49.6)
142 (21.0)
24
580 (86.6)
83 (13.0)
4(0.4)
14
432 (66.4)
208 (30.4)
24 (3.2)

1.00
1.13 (0.74-1.73)
1.08 (0.71-1.65)

1.00
0.92 (0.70-1.20)
0.70 (0.51-0.96)

1.00
0.92 (0.54-1.56)

1.00
0.81 (0.63-1.03)
1.10 (0.61-1.97)

1.00
1.04 (0.83-1.31)
1.45(0.99-2.11)

1.00
0.90 (0.69-1.16)
0.74 (0.55-1.01)

1.00
1.08 (0.84-1.40)
1.11 (0.81-1.52)

1.00
1.17 (0.85-1.62)
2.70 (0.69-10.65)

1.00
1.58 (1.25-2.00)
2.22(1.31-3.76)

1.00
1.00 (0.84-1.19)
P-trend= 1.00

1.00
0.84 (0.71-0.98)
P-trend= 0.03

1.00
0.92 (0.54-1.56)

1.00
0.90 (0.74-1.09)
P-trend= 0.3

1.00
1.14 (0.97-1.35)
P-trend= 0.1

1.00
0.86 (0.74-1.01)
P-trend= 0.1

1.00
1.06 (0.90-1.23)
P-trend= 0.5

1.00
1.25 (0.93-1.67)
P-trend= 0.1

1.00
1.54 (1.27-1.86)
P-trend=1 x 10
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TNRC9/TOX3

TNRC9/TOX3

TP53

TP53

TP53

TP53

TP53

TP53

COXl11

rs3112562

rs9940048

$9894946"

rs1614984

rs12951053

152909430

rs1042522

rs8079544

rs7222197

missing
Cc/C
C/G
G/G
missing
G/G
A/G
A/A
missing
A/A or A/G
G/G
missing
C/C
C/T
T/T
missing
A/A
A/C
Cc/C
missing
A/A
A/G
G/G
missing
G/G
C/G
Cc/C
missing
T/T
C/T
Cc/C
missing
A/A
A/G
G/G

12
166 (21.6)
391 (52.1)
199 (26.3)
10
352 (47.4)
327 (44.1)
63 (8.6)
24
71 (9.6)
670 (90.4)
25
271 (36.4)
347 (46.7)
124 (16.9)
24
581 (78.2)
158 (21.5)
2(0.3)
25
404 (54.1)
273 (37.2)
65 (8.7)
24
282 (37.8)
353 (46.9)
117 (15.3)
14
8 (1.0)
142 (19.1)
592 (79.9)
24
93 (12.3)
324 (42.5)
343 (45.3)

17
187 (29.6)
332 (48.8)
144 (21.6)
18
341 (47.5)
262 (45.2)
55(7.3)
23
62 (7.9)
596 (92.1)
23
264 (38.1)
285 (43.0)
109 (18.9)
23
526 (80.2)
119 (18.3)
12 (1.5)
24
354 (59.8)
254 (32.7)
50 (7.5)
23
247 (34.7)
310 (44.8)
102 (20.5)
22
7(1.0)
117 (20.0)
534 (79.0)
23
87 (12.8)
305 (45.1)
285 (42.1)

1.00
1.39 (1.06-1.81)
1.64 (1.19-2.25)

1.00
1.20 (0.96-1.51)
1.07 (0.71-1.61)

1.00
0.94 (0.65-1.36)

1.00
1.21 (0.95-1.53)
1.07 (0.78-1.48)

1.00
1.24 (0.94-1.63)
0.16 (0.04-0.72)

1.00
1.00 (0.79-1.26)
1.22 (0.81-1.83)

1.00
0.95 (0.74-1.20)
0.97 (0.69-1.36)

1.00
1.09 (0.36-3.27)
0.95 (0.32-2.79)

1.00
1.02 (0.72-1.45)
1.23 (0.87-1.75)

1.00
1.28 (1.09-1.50)
P-trend= 0.002

1.00
1.10 (0.93-1.31)
P-trend= 0.3

1.00
0.96 (0.68-1.36)

1.00
1.07 (0.92-1.25)
P-trend= 0.4

1.00
1.03 (0.80-1.32)
P-trend= 0.8

1.00
1.06 (0.89-1.25)
P-trend= 0.5

1.00
0.98 (0.83-1.15)
P-trend= 0.8

1.00
0.89 (0.69-1.15)
P-trend= 0.4

1.00
1.14 (0.97-1.33)
P-trend= 0.1




SSl

missing 6 4

A/A 94 (12.3) 87 (12.8) 1.00 1.00
A/G 325(42.3) 305 (44.8) 1.01 (0.71-1.43)  1.13 (0.96-1.32)
COXI1 1$6304930 G/G 346 (45.4) 288 (42.4) 121 (0.86-1.71)  P-trend=0.1
missing 1 1

‘weighted by inverse sampling probability

Padjusted for age at diagnosis (cases) or selection (controls) and proportion of African ancestry
‘Assessed using dominant and additive model (MAF<5%)

IAssessed using recessive and additive model (MAF>95%)
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Table 12: Comparison of odds ratios (ORs) and confidence limit ratios (CLRs) or posterior limit ratios (PLRs) for MLE,

Bayesian and hierarchical regression models among white

Gene and . MLE OR" MLE  Bayesian OR® Bayes  Hierarchical  Therar
LD block SNP Reference OR (95% CI) CLR (y95% PI) PLyR OR® (95% PI) cll,'icl";l
Ipl2 rs11249433%  1.14(1.10, 1.19)[186]  1.09 (0.96, 1.24) 128  1.09(0.96, 1.22) 128 1.09(0.96,1.24) 1.8
CASP8 blockl  rs10454857  1.12 (1.08, 1.18) [20]  1.13 (0.94,1.35)  1.43  1.11(0.93,1.29) 139 1.08(0.78,1.49)  1.90
CASPS blockl  rs17468277 1.12(0.93,134) 143 1.11(0.93,129) 138 1.04(0.76,1.44)  1.90
2435 rs13387042% 120 (1.14,1.26)[187]  1.08(0.96,1.22) 128  1.08(0.96,1.21) 127 1.08(0.96,1.22)  1.28
2p rsd666451°  1.03 (1.00, 1.06) [194]  1.02(0.90, 1.16) 128  1.02(0.90, 1.14) 127  1.02(0.90,1.16)  1.28
SLC4A7 rs4973768%  1.16(1.10, 1.24)[189]  1.04(0.92,1.17) 128  1.04(0.92,1.17) 128 1.04(0.92,1.17)  1.28
4p rs12505080°  1.15 (1.03, 1.28)[201]  1.06 (0.92,1.23) 133  1.06(0.92,121) 131 1.06(0.92,1.23)  1.33
TLR1 rs7696175°  1.12 (1.00, 1.26)¥[201]  1.09 (0.96,1.23) 128  1.09(0.96,1.22) 127 1.09(0.96,1.23)  1.28
MRPS30 rsd415084% 116 (1.10, 1.21)[208]  1.23(1.08,1.40) 130 122(1.07,1.37) 128 123 (1.08,1.40) 130
MRPS30 rs10941679°  1.19(1.13,1.26)[208]  1.18(1.03,1.36) 132  1.17(1.01,133) 131 1.18(1.03,1.36) 132
5p12 rs981782%  1.04(1.01,1.08)[194]  0.98 (0.86, 1.11) 128  0.98(0.87,1.10) 127 0.98 (0.86, 1.11)  1.28
5q rs30099°  1.05(1.01, 1.10)[194]  1.04 (0.85,1.28) 152  1.04 (0.84,1.24) 148 1.04(0.85,128)  1.52
MAP3K]1 rs889312¢ 113 (1.10,1.16)[194]  1.19(1.04,1.35) 130 1.18(1.03,1.32) 1.29 1.19(1.04,1.35) 130
ESRI1 152046210 1.29(1.21,1.37)[197]  1.09(0.96,1.24) 130  1.08(0.95,1.22) 1.28 1.09(0.96,124) 130
ESRI1 15851974 0.91(0.80,1.03) 129 091(0.81,1.03) 127 091 (0.80,1.03)  1.29
ESRI1 152077647 0.97(0.86,1.10) 128 097 (0.86,1.10) 127 097 (0.86,1.10)  1.28
ESRI1 152234693 0.95(0.84,1.07) 128  0.95(0.84,1.06) 127 095(0.84,1.07) 128
ESRI1 rs1801132°  1.05(1.00, 1.11)[20]  0.92(0.80,1.06) 134  0.93(0.80,1.05) 131  0.92(0.80, 1.06)  1.34
ESRI1 1s3020314"  1.12(1.06,1.18)[20]  1.05(0.92,1.19) 129  1.05(0.93,1.18) 127 1.05(0.92,1.19)  1.29
ESRI 13798577 1.03(0.91,1.17) 128  1.03(0.91,1.16) 127 1.03(0.91,1.17) 128
ECHDCI1 rs2180341¢  1.41(1.25,1.59)[196]  1.04(0.90,1.20) 134  1.04(0.89,1.19) 1.33  1.04(0.90,120) 134
RELN rs17157903°  1.11(1.00, 1.23)[201]  0.87 (0.73,1.04) 142  0.89(0.75,1.05) 1.40 0.87(0.73,1.04)  1.42
8q24 rs13281615%  1.08 (1.05, 1.11)[194]  1.11(0.98,1.26) 128  1.11(0.98,1.24) 126 1.11(0.98,1.26)  1.28
8q24 rs1562430%  1.17(1.10,1.25)[189]  1.13(0.99,1.28) 129  1.12(0.99,1.26) 127 1.13(0.99,1.28)  1.29
CDKN2A/B  r1s3731257 0.93(0.81,1.07) 132 094(0.81,1.07) 131 093 (0.81,1.07) 132
CDKN2A/B  rs3731249 0.90 (0.63,1.28)  2.04  0.94(0.68,1.20) 1.78 0.90(0.63,1.29)  2.04
CDKN2A/B rs518394 1.03(0.91,1.16) 128  1.03(0.91,1.15) 126 1.03(0.91,1.16) 128

block 1




LST

CDKN2A/B
block 1
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRDI16
ZNF365
ZMIZ1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
10q
ATM
ATM
ATM
ATM block 1
ATM block 1
ATM block 1
ATM block 1
ATM block 1
LSP1
LSP1
HI19
TNRC9/TOX3

rs564398

rs1011970d
rs10757278
rs10811661
rs2380205¢
r$10995190°
rs704010°
1s3750817
rs10736303°
rs11200014
rs2981579¢
rs1078806°
r$2981578°
rs1219648°
1$2912774°
1$2936870°
rs2420946°
152162540
rs2981582¢
rs3135718°
rs10510126°
rs1800054
rs1800057"
rs1800058
rs1801516
1$3092992
1664143
rs170548
1s3092993
rs3817198¢
1$909116*
rs2107425°
1s16951186

1.20 (1.11, 1.30) [189]

1.06 (1.02, 1.10) [189]
1.16 (1.10, 1.22) [189]
1.07 (1.03, 1.11) [189]

1.25 (1.18, 1.32) [194]

1.17 (1.07, 1.27)8 [186]
1.26 (1.13, 1.40) [196]
1.26 (1.19, 1.34) [194]
1.27 (1.18, 1.36) [201]
1.26 (1.19, 1.34) [194]
1.26 (1.19, 1.34) [194]
1.25 (1.18, 1.36) [201]

e

1.26 (1.23, 1.30) [194]
1.15 (1.07, 1.23) [194]
1.20 (1.08, 1.35) [201]

1.20 (1.01, 1.44)" [20]

1.07 (1.04, 1.11) [194]
1.17 (1.10, 1.24) [189]
1.04 (1.01, 1.08) [194]

1.04 (0.92, 1.17)

1.13 (0.96, 1.33)
1.17 (1.04, 1.33)
1.00 (0.85, 1.18)
1.01 (0.89, 1.14)
1.00 (0.84, 1.20)
1.24 (1.09, 1.41)
1.24 (1.09, 1.40)
1.33 (1.17, 1.50)
1.30 (1.15, 1.48)
1.33 (1.18, 1.51)
1.29 (1.14, 1.46)
1.32 (1.17, 1.50)
1.31(1.16, 1.48)
1.30 (1.15, 1.47)
1.30 (1.15, 1.47)
1.30 (1.15, 1.48)
1.31(1.15, 1.48)
1.30 (1.15, 1.48)
1.31(1.16, 1.48)
1.11 (0.91, 1.35)
1.01 (0.65, 1.58)
1.09 (0.76, 1.56)
0.82 (0.54, 1.25)
0.98 (0.82, 1.17)
1.19 (0.89, 1.60)
1.02 (0.90, 1.15)
0.98 (0.86, 1.12)
0.98 (0.82, 1.18)
1.08 (0.95, 1.24)
1.14 (1.01, 1.30)
1.15 (1.00, 1.31)
1.17 (0.62, 2.18)

1.28

1.38
1.28
1.38
1.28
1.43
1.29
1.29
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.47
2.45
2.06
2.33
1.43
1.80
1.28
1.31
1.43
1.30
1.28
1.31
3.49

1.04 (0.91, 1.17)

1.12 (0.95, 1.30)
1.16 (1.01, 1.30)
1.01 (0.85, 1.16)
1.01 (0.89, 1.14)
1.00 (0.85, 1.17)
1.23 (1.08, 1.39)
1.22 (1.08, 1.37)
1.31(1.15, 1.47)
1.29 (1.13, 1.44)
1.31(1.16, 1.48)
1.28 (1.14, 1.44)
1.30 (1.15, 1.45)
1.29 (1.14, 1.45)
1.28 (1.13, 1.44)
1.29 (1.13, 1.44)
1.28 (1.14, 1.45)
1.29 (1.13, 1.44)
1.29 (1.13, 1.44)
1.29 (1.14, 1.45)
1.10 (0.91, 1.31)
1.03 (0.70, 1.42)
1.08 (0.78, 1.39)
0.90 (0.62, 1.18)
0.99 (0.84, 1.16)
1.16 (0.87, 1.46)
1.02 (0.90, 1.14)
0.98 (0.86, 1.11)
0.99 (0.83, 1.15)
1.08 (0.95, 1.22)
1.13 (0.99, 1.27)
1.14 (1.01, 1.30)
1.10 (0.69, 1.56)

1.28

1.36
1.28
1.36
1.27
1.38
1.28
1.28
1.28
1.27
1.27
1.26
1.26
1.27
1.27
1.28
1.27
1.27
1.28
1.27
1.43
2.03
1.79
1.90
1.39
1.67
1.27
1.29
1.39
1.28
1.28
1.29
2.26

1.05 (0.82, 1.36)

1.13 (0.96, 1.33)
1.17 (1.04, 1.33)
1.00 (0.85, 1.18)
1.01 (0.89, 1.14)
1.00 (0.84, 1.20)
1.24 (1.09, 1.41)
0.96 (0.81, 1.15)
1.08 (0.79, 1.48)
0.94 (0.66, 1.35)
1.20 (0.85, 1.72)
0.95 (0.67, 1.34)
1.11 (0.81, 1.51)
1.04 (0.72, 1.51)
0.96 (0.66, 1.40)
0.98 (0.67, 1.43)
0.99 (0.67, 1.46)
1.04 (0.72, 1.50)
1.01 (0.70, 1.46)
1.04 (0.73, 1.49)
1.11 (0.91, 1.35)
1.01 (0.65, 1.58)
1.09 (0.76, 1.56)
0.82 (0.54, 1.25)
0.94 (0.68, 1.31)
1.13 (0.87, 1.46)
1.10 (0.92, 1.31)
0.91 (0.74, 1.11)
0.96 (0.69, 1.34)
1.08 (0.95, 1.24)
1.14 (1.01, 1.30)
1.15 (1.00, 1.31)
1.17 (0.62, 2.18)

1.67

1.38
1.28
1.38
1.28
1.43
1.29
1.43
1.88
2.05
2.03
1.99
1.86
2.10
2.13
2.14
2.16
2.10
2.09
2.04
1.47
2.45
2.06
2.34
1.94
1.68
1.42
1.50
1.94
1.30
1.28
1.31
3.49
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TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
block 1
TNRC9/TOX3
block 1
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53 block 1
TP53 block 1
TP53 block 1
TP53
COX11 block 1
COX11 block 1

rs8051542°
rs1244362°

r$3803662°

547842279

1s3104746
1s3112562
159940048
159894946
51614984
rs12951053"
rs17880604
rs1800372
1$2909430
rs1042522
rs8079544
rs7222197°
1$6504950°

1.09 (1.06, 1.13) [194]
1.11 (1.08, 1.14) [194]

1.20 (1.16, 1.24) [194]

1.25 (1.20, 1.31) [199]

1.15 (1.04, 1.26) [20]

1.12 (1.04, 1.20) [189]
1.05 (1.03, 1.09) [209]

1.12 (0.99, 1.26)
1.17 (1.04, 1.33)

1.27 (1.11, 1.46)

1.26 (1.09, 1.44)

1.66 (1.10, 2.51)
0.99 (0.86, 1.15)
1.03 (0.89, 1.19)
0.84 (0.72, 0.99)
1.03 (0.91, 1.17)
1.09 (0.85, 1.39)
0.82 (0.51, 1.33)
0.88 (0.55, 1.40)
1.11(0.93, 1.33)
0.98 (0.85, 1.13)
1.24 (0.95, 1.63)
0.98 (0.85, 1.12)
0.98 (0.85, 1.12)

1.28
1.28

1.31

1.32

2.29
1.34
1.33
1.38
1.28
1.63
2.62
2.57
1.43
1.33
1.72
1.32
1.32

1.11 (0.97, 1.23)
1.16 (1.03, 1.31)

1.25 (1.10, 1.42)

1.23 (1.07, 1.41)

1.42 (0.97, 1.94)
0.99 (0.86, 1.13)
1.03 (0.89, 1.17)
0.86 (0.73, 1.00)
1.03 (0.92, 1.15)
1.08 (0.83, 1.32)
0.92 (0.61, 1.26)
0.95 (0.64, 1.30)
1.10 (0.92, 1.29)
0.99 (0.85, 1.12)
1.19 (0.92, 1.50)
0.98 (0.86, 1.12)
0.98 (0.84, 1.11)

1.27
1.27

1.29

1.31

2.01
1.32
1.32
1.36
1.26
1.58
2.06
2.03
1.41
1.31
1.63
1.29
1.31

1.12 (0.99, 1.26)
1.17 (1.04, 1.33)

1.14 (0.91, 1.43)

1.11 (0.88, 1.41)

1.66 (1.10, 2.51)
0.99 (0.86, 1.15)
1.03 (0.89, 1.19)
0.84 (0.72, 0.99)
1.03 (0.91, 1.17)
1.09 (0.85, 1.39)
0.82 (0.51, 1.33)
1.01 (0.72, 1.40)
1.10 (0.89, 1.35)
1.09 (0.92, 1.29)
1.24 (0.95, 1.63)
0.99 (0.72, 1.36)
0.99 (0.72, 1.36)

1.28
1.28

1.58

1.60

2.29
1.34
1.33
1.38
1.28
1.63
2.62
1.94
1.51
1.40
1.72
1.89
1.89

OR from initial GWAS or candidate gene meta-analysis (if met criteria for cumulative evidence of association); all ORs for log-additive genetic

models, unless otherwise specified

Padjusted for age at diagnosis (case) or selection (controls) and proportion of African ancestry

“adjusted for age at diagnosis (case) or selection (controls), proportion of African ancestry and other SNPs in LD block

dprevious GWAS hit
°Other GWAS-identified gene
fcumulative evidence of an association in Zhang et al. meta-analysis

fOR estimated using general genetic model

"OR estimated using dominant genetic model
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Table 13: Comparison of odds ratios (ORs) and confidence limit ratios (CLRs) or posterior limit ratios (PLRs) for frequentist,

basic hierarchical and Bayesian regression models among African American women in the Carolina Breast Cancer Study

Gene and . MLEOR®  MLE Bayesian OR® Bayes  Hierarchical HCrar

LD block SNP Reference OR (95% CI) CLR (95% PI) PLR  OR® (95% PI) cli‘icl;‘l
Ipl2 15112494337 1.14 (1.10, 1.19) [186] 1.26 (0.99, 1.60) 1.61  1.22(0.96, 1.48)  1.53  1.26 (0.99, 1.60)  1.61
CASPSblock 1 rs1045485"  1.12(1.08, 1.18)[20]  0.93 (0.67,1.29) 193  0.96(0.69,1.22) 1.77  1.12(0.39,3.17)  8.05
CASP8 block 1 rs17468277 1.09 (0.78,1.54)  1.99  1.07(0.78,1.38)  1.78  1.20(0.41,3.53)  8.68
2935 rs13387042¢ 120 (1.14, 1.26)[187] 1.02(0.86,1.22) 143  1.02(0.86,1.20) 139  1.02(0.86,1.22)  1.43
2p rs4666451°  1.03 (1.00, 1.06) [194]  1.15(0.96,1.39)  1.45  1.13(0.95,1.34) 141  1.15(0.96,139)  1.45
SLC4A7 154973768 1.16 (1.10, 1.24) [189]  0.90 (0.77,1.06) 1.38  0.91(0.77,1.04) 135  0.90 (0.77, 1.06)  1.38
4p rs12505080° 1.15(1.03, 1.28)5[201] 1.09 (0.88, 1.34) 1.52  1.08 (0.88,1.30) 148  1.09(0.88, 1.34)  1.52
TLR1 17696175 1.12 (1.00, 1.26)5[201] 139 (1.04,1.86) 1.79 129 (0.99,1.66) 1.68  1.39(1.04,1.86)  1.80
MRPS30 rs4415084¢  1.16(1.10, 1.21)[208] 1.13(0.97,1.33) 138 1.13(0.96,1.30) 135 1.13(0.97,133) 138
MRPS30 rs10941679°  1.19(1.13, 1.26) [208]  1.00 (0.82,1.22) 1.49  1.01 (0.83,1.19) 143  1.00(0.82,122)  1.49
5p12 19817828 1.04(1.01, 1.08) [194] 1.11 (0.84,1.46) 1.74  1.09 (0.84,1.36) 1.61  1.11(0.84,1.46) 1.74
5q rs30099°  1.05(1.01, 1.10)[194] 1.22(0.98,1.52) 1.55 1.19(0.96,1.44)  1.50  1.22(0.98,1.52)  1.55
MAP3K1 rs889312¢  1.13(1.10, 1.16)[194]  0.95(0.80,1.13) 1.41  0.96(0.81,1.11) 137  0.95(0.80,1.13)  1.41
ESRI1 1s2046210° 129 (1.21, 1.37)[197] 122 (1.04,1.43) 138 1.20(1.03,1.39) 135 122(1.04,1.43) 138
ESR1 15851974 0.93(0.76,1.14)  1.50  0.94(0.78,1.13)  1.45  0.93(0.75,1.14)  1.50
ESR1 152077647 1.07(0.92,1.25) 137 1.07(0.92,1.23) 134  1.07(0.92,1.25) 1.37
ESR1 152234693 0.96 (0.82,1.13) 137 097(0.83,1.12) 135 0.96(0.82,1.13) 137
ESR1 rs1801132°  1.05(1.00, 1.11)[20]  1.19(0.93,1.52) 1.64 1.16(0.91,1.42) 1.55 1.19(0.93,1.52)  1.64
ESR1 rs3020314°  1.12(1.06,1.18)[20]  1.00 (0.84, 1.19) 1.41  1.01(0.85,1.17) 1.37  1.00(0.84,1.19)  1.41
ESR1 153798577 1.02(0.88,1.19) 136 1.02(0.89,1.18)  1.33  1.02(0.87,1.19)  1.36
ECHDCI rs2180341¢  1.41(1.25,1.59)[196] 0.98 (0.83,1.15) 139 0.98(0.84,1.14) 136  0.98(0.83,1.15) 139
RELN rs17157903°  1.11(1.00, 1.23)[201] 1.07 (0.83,1.37) 1.64 1.07(0.85,1.31) 154 1.07(0.83,137) 1.64
8q24 rs13281615%  1.08 (1.05, 1.11)[194]  1.00 (0.86, 1.18) 1.38  1.01(0.85,1.17) 137  1.00(0.86, 1.18)  1.38
8q24 rs1562430°  1.17(1.10, 1.25)[189] 1.00 (0.86,1.17) 136  1.00(0.87,1.16) 134  1.00(0.86,1.17) 136
CDKN2A/B 153731257 0.88(0.67,1.15) 1.71  091(0.71,1.14)  1.60  0.88 (0.67,1.15)  1.71

CDKN2A/B

Diock 1 rs518394 1.01(0.76,1.35)  1.76  1.02(0.78,1.28)  1.64  1.01(0.76,1.35)  1.76
CDKN2A/B 1564398 1.01(0.75,1.35)  1.79  1.01(0.77,127) 1.66  1.00(0.72,1.40)  1.96

block 1
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CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRDI16
ZNF365
ZMIZ1
FGFR2
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 1
FGFR2 block 2
FGFR2 block 2
FGFR2 block 2
FGFR2 block 2
FGFR2 block 3
FGFR2 block 3
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
LSPI
LSPI
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
block 1
TNRC9/TOX3
block 1
TNRCY9/ TOX3

rs1011970¢
rs10757278
rs10811661
1s2380205¢
1$10995190°
1s704010"
rs1896395
rs3750817
rs10736303°
rs11200014
1s2981579¢
rs1078806°
1s2981578°
rs1219648¢
1$2912774°
1$2936870°
rs2420946°
rs2162540
529815824
rs3135718°
rs10510126°
rs1801516
1664143
rs170548
r$3092993
rs3817198¢
$909116"
rs2107425°
rs8049149
rs16951186
rs8051542°
1s12443621°

1s3803662¢

rs4784227¢
rs3104746

1.20 (1.11, 1.30) [189]

1.06 (1.02, 1.10) [189]
1.16 (1.10, 1.22) [189]
1.07 (1.03, 1.11) [189]

1.25(1.18, 1.32) [194]

1.17 (1.07, 1.27)8[186]
1.26 (1.13, 1.40) [196]
1.26 (1.19, 1.34) [194]
1.27 (1.18, 1.36) [201]
1.26 (1.19, 1.34) [194]
1.26 (1.19, 1.34) [194]
1.25 (1.18, 1.36) [201]

1.26 (1.23, 1.30) [194]
1.15 (1.07, 1.23) [194]
1.20 (1.08, 1.35) [201]

1.07 (1.04, 1.11) [194]
1.17 (1.10, 1.24) [189]
1.04 (1.01, 1.08) [194]

1.09 (1.06, 1.13) [194]
1.11 (1.08, 1.14) [194]

1.20 (1.16, 1.24) [194]

1.25 (1.20, 1.31) [199]

0.95 (0.81, 1.11)
0.91(0.75, 1.12)
1.00 (0.74, 1.35)
0.97 (0.83, 1.13)
1.06 (0.87, 1.29)
1.05 (0.80, 1.36)
1.01 (0.83, 1.23)
1.74 (1.34, 2.26)
1.39 (1.12, 1.74)
1.04 (0.86, 1.26)
1.22 (1.04, 1.42)
1.06 (0.88, 1.29)
1.42 (1.14,1.77)
1.19 (1.02, 1.39)
1.27 (1.09, 1.49)
1.27 (1.09, 1.48)
1.17 (1.00, 1.37)
1.23 (1.05, 1.44)
1.19 (1.02, 1.39)
1.26 (1.08, 1.46)
1.04 (0.82, 1.32)
1.22 (0.77, 1.95)
0.95 (0.81, 1.11)
0.86 (0.67, 1.11)
1.22 (0.77, 1.95)
1.01 (0.82, 1.24)
1.00 (0.84, 1.19)
0.84 (0.71, 0.98)
0.92 (0.54, 1.56)
0.90 (0.74, 1.09)
1.14 (0.97, 1.35)
0.86 (0.74, 1.01)

1.06 (0.90, 1.23)

1.25(0.93,1.67)
1.54 (1.27, 1.86)

1.38
1.50
1.83
1.37
1.49
1.69
1.48
1.69
1.56
1.47
1.36
1.47
1.56
1.37
1.37
1.37
1.37
1.36
1.37
1.35
1.61
2.54
1.38
1.66
2.54
1.52
1.42
1.38
2.87
1.49
1.39
1.36

1.37

1.80
1.46

0.96 (0.82, 1.10)
0.93 (0.76, 1.09)
1.01 (0.76, 1.28)
0.98 (0.84, 1.13)
1.05 (0.86, 1.23)
1.04 (0.80, 1.28)
1.02 (0.84, 1.20)
1.61 (1.22, 2.02)
1.33 (1.07, 1.61)
1.04 (0.85, 1.23)
1.19 (1.03, 1.37)
1.06 (0.87, 1.25)
1.36 (1.10, 1.65)
1.18 (1.01, 1.35)
1.25 (1.06, 1.43)
1.25 (1.07, 1.44)
1.16 (1.00, 1.35)
1.21 (1.04, 1.40)
1.18 (1.00, 1.35)
1.24 (1.07, 1.43)
1.04 (0.82, 1.25)
1.14 (0.76, 1.58)
0.96 (0.82, 1.10)
0.90 (0.70, 1.10)
1.14 (0.76, 1.58)
1.01 (0.82, 1.24)
1.01 (0.84, 1.17)
0.86 (0.73, 0.98)
0.98 (0.64, 1.35)
0.92 (0.76, 1.10)
1.13 (0.97, 1.30)
0.88 (0.75, 1.00)

1.05 (0.91, 1.21)

1.19 (0.90, 1.51)
1.49 (1.22, 1.75)

1.34
1.44
1.67
1.34
1.44
1.61
1.44
1.66
1.51
1.45
1.33
1.43
1.51
1.33
1.35
1.34
1.35
1.34
1.35
1.33
1.53
2.08
1.35
1.57
2.08
1.47
1.39
1.35
2.10
1.45
1.35
1.34

1.34

1.67
1.43

0.95 (0.81, 1.11)
0.91(0.75, 1.12)
1.00 (0.74, 1.35)
0.97 (0.83, 1.13)
1.06 (0.87, 1.29)
1.05 (0.80, 1.36)
1.01 (0.83, 1.23)
1.38 (1.05, 1.83)
1.08 (0.83, 1.39)
0.97 (0.70, 1.34)
1.10 (0.93, 1.31)
1.00 (0.72, 1.38)
1.23 (0.9, 1.53)
1.01 (0.82, 1.24)
1.09 (0.80, 1.49)
1.09 (0.80, 1.48)
0.95 (0.72, 1.25)
1.23 (1.05, 1.44)
1.19 (1.02, 1.39)
1.26 (1.08, 1.46)
1.04 (0.82, 1.32)
1.22 (0.77, 1.95)
0.95 (0.81, 1.11)
0.86 (0.67, 1.11)
1.22 (0.77, 1.95)
1.01 (0.82, 1.24)
1.00 (0.84, 1.19)
0.84 (0.71, 0.98)
0.92 (0.54, 1.56)
0.90 (0.74, 1.09)
1.14(0.97, 1.35)
0.86 (0.74, 1.01)

1.11 (0.94, 1.31)

1.28 (0.96, 1.71)
139 (1.14, 1.71)

1.38
1.50
1.83
1.37
1.49
1.69
1.48
1.74
1.67
1.92
1.41
1.92
1.54
1.51
1.85
1.84
1.73
1.37
1.37
1.35
1.61
2.54
1.38
1.66
2.54
1.52
1.42
1.38
2.87
1.49
1.39
1.36

1.39

1.77
1.50
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block 2
TNRCY9/ TOX3
block 2
TNRC9/TOX3
TP53
TP53
TP53 block 1
TP53 block 1
TP53 block 1
TP53
COX 11 block 1
COX 11 block 1

rs3112562

1$9940048
1$9894946
rs1614984
rs12951053"
1$2909430
rs1042522
rs8079544
rs7222197°
1$6504950°

1.15 (1.04, 1.26) [20]

1.12 (1.04, 1.20) [189]
1.05 (1.03, 1.09) [209]

1.28 (1.09, 1.50)

1.10 (0.93, 1.31)
0.96 (0.68, 1.36)
1.07 (0.92, 1.25)
1.03 (0.80, 1.32)
1.06 (0.89, 1.25)
0.98 (0.83, 1.15)
0.89 (0.69, 1.15)
1.14 (0.97, 1.33)
1.13 (0.96, 1.32)

1.37

1.40
2.01
1.36
1.64
1.40
1.38
1.66
1.38
1.37

1.26 (1.09, 1.46)

1.10 (0.92, 1.29)
0.93 (0.70, 1.28)
1.07 (0.91, 1.22)
1.03 (0.81, 1.25)
1.06 (0.89, 1.22)
0.98 (0.83, 1.13)
0.92 (0.72, 1.12)
1.12 (0.95, 1.29)
1.12 (0.95, 1.28)

1.35

1.39
1.82
1.34
1.55
1.37
1.36
1.57
1.36
1.35

1.12 (0.94, 1.33)

1.10 (0.93, 1.31)
0.96 (0.68, 1.37)
1.07 (0.92, 1.25)
1.01 (0.77, 1.32)
1.04 (0.84, 1.28)
1.00 (0.82, 1.22)
0.89 (0.69, 1.15)
1.07 (0.77, 1.47)
1.07 (0.77, 1.47)

1.41

1.41
2.01
1.36
1.71
1.52
1.50
1.66
1.90
1.90

*OR from initial GWAS or candidate gene meta-analysis (if met criteria for cumulative evidence of association): all ORs for log-additive genetic
adjusted for age at diagnosis (case) or selection (controls) and proportion of African ancestry

“adjusted for age at diagnosis (case) or selection (controls), proportion of African ancestry and other SNPs in the LD block

dprevious GWAS hit

°Other GWAS-identified gene

fcumulative evidence of an association in Zhang et al. meta-analysis

fOR estimated using general genetic model




Figure 23: FGFR?2 linkage disequilibrium (LD) patterns, CBCS whites (A) and African
Americans (B)
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Figure 24: ATM linkage disequilibrium (LD) patterns, CBCS whites (A) and African
Americans (B)

A

® o
o o

163



Figure 25: TP53 linkage disequilibrium (LD) patterns, CBCS whites (A) and African
Americans (B)
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Figure 26: CDNK2A4/B linkage disequilibrium (LD) patterns, CBCS whites (A) and
African Americans (B)

A

165



(A) and




Figure 28: Comparison of point estimates and 95% PIs for hierarchical models with

investigator specified covariance matrices, CBCS whites
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Figure 29: Comparison of point estimates and 95% PIs for hierarchical models with
investigator specified covariance matrices, CBCS African Americans
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Table 14: Comparison of posterior limit ratios (PLRs) for hierarchical regression
models among white women in the Carolina Breast Cancer Study

Gene and Iden.t ity Expone.n tial'Decay Correlation-based
LD block SNP Covarlatnce by Spa.tlal Dlstan?e Covariance Matrix
Matrix Covariance Matrix

CASPS blockl rs1045485 1.90 1.90 1.84
CASPS blockl rs17468277 1.90 1.90 1.84
CDKN2A/B block 1 rs518394 1.66 1.66 1.59
CDKN2A/B block 1 rs564398 1.67 1.67 1.60
FGFR2 block 1 rs3750817 1.43 1.43 1.42
FGFR2 block 1 rs10736303 1.88 1.82 1.76
FGFR2 block 1 rs11200014 2.05 1.94 1.89
FGFR2 block 1 rs2981579 2.03 1.96 1.89
FGFR2 block 1 rs1078806 1.99 1.94 1.85
FGFR2 block 1 rs2981578 1.86 1.86 1.75
FGFR2 block 1 rs1219648 2.10 2.12 1.94
FGFR2 block 1 rs2912774 2.14 1.79 1.96
FGFR2 block 1 rs2936870 2.15 1.80 1.97
FGFR2 block 1 152420946 2.16 1.97 1.97
FGFR2 block 1 rs2162540 2.15 1.67 1.96
FGFR2 block 1 rs2981582 2.13 1.70 1.96
FGFR2 block 1 rs3135718 2.09 2.08 1.93
ATM block 1 rs1801516 1.93 1.73 1.86
ATM block 1 rs3092992 1.68 1.69 1.69
ATM block 1 rs664143 1.42 1.43 1.41
ATM block 1 rs170548 1.45 1.45 1.44
ATM block 1 rs3092993 1.93 1.76 1.86
TNRCY9/ TOX3 block I  rs3803662 1.58 1.58 1.55
TNRC9/ TOX3 block 1  1rs4784227 1.60 1.60 1.56
TP53 block 1 rs1800372 1.93 1.87 2.06
TP53 block 1 rs2909430 1.63 1.55 1.58
TP53 block 1 rs1042522 1.41 1.43 1.44
COX11 block 1 rs7222197 1.89 1.89 1.77
COX11 block 1 rs6504950 1.89 1.89 1.77
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Table 15: Comparison of posterior limit ratios (PLRs) for hierarchical regression
models among African American women in the Carolina Breast Cancer Study

Identity Exponential Decay

Gene and SNP Covariance by Spatial Distance Corre.l atlon-base'd
LD block . . . Covariance Matrix
Matrix Covariance Matrix

CASPS8 block 1 rs1045485 8.05 8.05 8.05
CASPS8 block 1 rs1746827 8.68 8.68 8.69
CDKN2A/B block 1 rs518394 1.93 1.93 1.93
CDKN2A/B block 2 rs564398 1.96 1.96 1.96
FGFR2 block 1 rs3750817 1.74 1.72 1.74
FGFR2 block 1 rs1073630 1.67 1.62 1.66
FGFR2 block 1 rs1120001 1.92 1.81 1.87
FGFR2 block 1 rs2981579 1.41 1.41 1.41
FGFR2 block 1 rs1078806 1.92 1.85 1.87
FGFR2 block 2 rs2981578 1.54 1.55 1.54
FGFR2 block 2 rs1219648 1.51 1.52 1.51
FGFR2 block 2 rs2912774 1.85 1.44 1.83
FGFR2 block 2 rs2936870 1.84 1.44 1.83
FGFR2 block 3 rs2420946 1.73 1.57 1.73
FGFR2 block 3 rs2162540 1.72 1.56 1.72
TNRC9/ TOX3 block 1  rs3803662 1.39 1.39 1.39
TNRC9/ TOX3 block 1  rs4784227 1.77 1.77 1.77
TNRC9/ TOX3 block 2 rs3104746 1.50 1.50 1.50
TNRC9/ TOX3 block 2 rs3112562 1.41 1.41 1.41
TP53 block 1 rs1295105 1.71 1.71 1.71
TP53 block 1 rs2909430 1.52 1.52 1.52
TP53 block 1 rs1042522 1.50 1.50 1.50
COX 11 block 1 rs7222197 1.90 1.90 1.77
COX 11 block 1 rs6504950 1.90 1.90 1.77
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5. Breast Cancer Subtypes and Previously Established Genetic Risk Factors: A
Bayesian Approach
5.1 Overview
Gene expression analyses indicate that breast cancer is a heterogeneous disease with

at least five immunohistologic subtypes. Despite growing evidence that these subtypes are
etiologically and prognostically distinct, few studies have investigated whether they have
divergent genetic risk factors. To help fill in this gap in our understanding, I examined
associations between breast cancer subtypes and previously established susceptibility loci
among white and African American women in the Carolina Breast Cancer Study. I used
Bayesian polytomous logistic regression to estimate odds ratios (ORs) and 95% posterior
intervals (PIs) for the association between each of 78 single nucleotide polymorphisms
(SNPs) and 5 breast cancer subtypes. Subtypes were defined using 5 immunohistochemical
markers: estrogen receptors (ER), progesterone receptors (PR), human epidermal growth
factor receptors 1 and 2 (HER1/2) and cytokeratin (CK) 5/6. Several SNPs in TNRC9/TOX3
were associated with luminal A (ER/PR+, HER2-) or basal-like breast cancer (ER-, PR-,
HER2-, HER1 or CK 5/6+), and one SNP (rs3104746) was associated with both. SNPs in
FGFR?2 were associated with luminal A, luminal B (ER/PR+, HER2+), or HER2+/ER-
disease, but none were associated with basal-like disease. I also observed subtype differences
in the effects of SNPs in 2q35, 4p, TLR1, MAP3K1, ESR1, CDKN2A/B, ANKRD16, and
ZM1Z1. 1 found evidence that genetic risk factors for breast cancer vary by subtype and

further clarified the role of several key susceptibility genes.



5.2 Introduction

Researchers have long recognized that breast cancer is a heterogeneous disease with
variable prognoses and clinical characteristics. Further, epidemiologic investigations have
discovered evidence of divergent etiologic processes [29, 89], with some key differences in
risk factors across disease subgroups [4, 101-103]. While these findings have led to
advancements in our understanding of the disease, inconsistent subtype definitions and
imprecise estimates have hampered progress. Attempts to identify subtype-specific genetic
risk factors have been especially discouraging, with little consistency across study
populations [167, 168, 226].

Most investigators rely on immunohistochemical (IHC) analysis of estrogen receptors
(ER), progesterone receptors (PR) and human epidermal growth factor receptors-2 (HER2) to
define breast cancer subtypes. These markers are included in most routine clinical
evaluations of breast tumors, as they are predictive of response to targeted therapies such as
tamoxifen and trastuzumab. Based on concerns that these three markers did not adequately
capture disease heterogeneity, researchers turned to gene expression analysis for more in-
depth assessments. In one of the first large-scale gene expression analyses of breast tissue,
Perou et al. [39] observed that tumors with similar expression patterns also had similar IHC
subtypes. The only major exception was triple-negative tumors (i.e. ER-, PR- and HER2-),
which clustered into two separate groups with different cytokeratin 5/6 (CK 5/6) and human
epidermal growth factor receptor-1 (HER1) expression patterns.

This research led to a new classification system with 5 IHC markers serving as

adequate, inexpensive surrogates for more complex gene expression profiles [3, 41, 42].
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Because the CK 5/6 protein is usually present in basal epithelial cells but not in more
differentiated luminal epithelial cells, the subtypes were designated as follows: Luminal A
(ER or PR+, HER2-), Luminal B (ER/PR+, HER2+), HER2+/ER-, and Basal-like (ER-, PR-,
HER2-, HER1+ or CK 5/6+).

This subtype classification system has led to insights into racial disparities and
furthered understanding of etiologic and prognostic differences between disease subgroups.
Luminal A is the most common subtype, but subtype prevalence varies according to the age
and race of the population [3, 5, 50, 53]. Notably, basal-like and other triple-negative tumors
are more common in women of African descent [3, 4, 8, 50, 53, 63, 64]. For women
diagnosed before 2000, those with HER2+/ER- and basal-like breast cancers had the poorest
prognoses [3, 5, 53, 58]. The development and FDA approval of trastuzumab has since
improved survival rates for women with HER2+ disease, but women with basal-like or other
types of triple-negative disease still experience high short-term mortality [60, 86, 95]. This
phenomenon likely explains some of the racial disparity in mortality between US African
Americans and whites (30.5 versus 21.6 deaths per 100,000 women with breast cancer per
year, 2009) [2].

In previous studies of subtype-specific determinants, luminal A breast cancer was
associated with most established breast cancer risk factors, including family history of breast
cancer, reproductive factors, decreased physical activity, increased alcohol consumption and
high breast density [4, 62, 65, 66, 79, 82, 83, 103, 108, 109, 110, 111, 114, 115, 117, 118,
122, 342]. In case-only risk ratio analyses, women with a family history of the disease, a
younger age at diagnosis, or an earlier age at menarche were more likely to have triple-

negative than luminal A tumors. Triple-negative tumors were also relatively more common
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in African Americans and in women who had more children but did not breastfeed. Risk
factors for the rarer luminal B and HER2+/ER- subtypes are less well-established, but
evidence suggests that African American race, family history of breast cancer, lack of
breastfeeding and high alcohol consumption are risk factors for HER2+/ER- disease.
Luminal B breast cancers are more common in younger women, but otherwise have similar
risk profiles to luminal A tumors.

The ground-breaking discovery of the rare but highly penetrant BRCAI and BRCA2
genes [130, 132] opened a floodgate of linkage analyses, candidate gene studies, and later,
genome-wide association studies (GWAS). Since then, 52 single nucleotide polymorphisms
(SNPs) have met the criteria for genome-wide “discovery” [18] and variants on six candidate
genes (ATM, CASPS, CHEK?2, CTLA4, NBN, and TP53) have “cumulative evidence of an
association” [20]. Of the aforementioned variants, only BRCA/ has been consistently linked
to a particular subtype, with numerous studies observing associations between BRCA/
mutations and triple-negative disease [41, 140, 141, 143] or increased basal marker
expression [41, 148].

In an attempt to elucidate subtype-specific genetic risk factors for breast cancer and
further our understanding of disease etiology, I estimated associations between breast cancer
subtypes and several previously identified candidate gene and GWAS hits using women from
the Carolina Breast Cancer Study (CBCS). This population is well-suited to answer this
research question, as it is one of the few studies to have both a large proportion of African
American participants and information on basal IHC markers. This evaluation is further
enhanced by the use of Bayesian statistical methods, which improve effect estimate accuracy

through the incorporation of prior information.
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5.3 Methods
5.3.1 Study population

The CBCS is a population-based, case-control study of invasive and in situ breast
cancer. The study was conducted in 24 North Carolina counties between 1993 and 2001. To
be eligible, cases had to be between 20 and 74 years of age at the time of their diagnosis,
with no prior history of breast cancer. Women with in situ breast cancer were eligible if they
were diagnosed with ductal carcinoma in situ with microinvasion to a depth of 2 mm or
lobular carcinoma in situ between 1996 and 2001.

Both invasive and in situ cases were identified using the North Carolina Central
Cancer Registry’s rapid case ascertainment program [272]. A main objective of the CBCS
was to collect information on traditionally under-researched populations. Therefore, cases
were randomly sampled at disproportionate rates based on race and age. This sampling
strategy ensured approximately equal representation of African American and non-African
American women, as well as younger (age<50) and older women (age 50+).

Throughout the study period, controls aged 20-64 years were selected from North
Carolina Department of Motor Vehicles records and were probability matched to cases based
on race and age group [293]. Controls aged 65-74 were selected form Health Care Financing
Administration records in a similar fashion. Women with a history of breast cancer were
excluded.

A study nurse conducted detailed in-home interviews of all cases and controls.
During the interview, each participant answered questions about her reproductive, medical,

and family history, and her exposure to several known or suspected breast cancer risk factors.
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Each participant was also asked to confirm her age and race and provide a 30 ml blood
sample. All participants provided written informed consent and cases were asked to release
their medical records and tumor tissue. The Institutional Review Board at the University of
North Carolina (UNC) approved this study.

The overall response rate was 77% for cases and 57% for controls. 90% of controls,
or 1816 women, provided sufficient blood samples for inclusion in genotype analyses (1105
whites, 681 African Americans, 30 other race). 88% of cases provided blood samples (2039
women), but only 55% of cases provided both blood and tumor samples (748 whites, 502
African Americans, 10 other race). This included 247 in situ cases. Individuals who self-
identified as a race other than white or African American were included in overall analyses
but excluded from race-specific assessments because of small numbers.
5.3.2 IHC analysis

Tumor tissue and medical records were collected from area hospitals and sent to
UNC. ER and PR status was abstracted from the patient’s medical records, when available. If
not available, ER and PR THC assays were performed at the UNC Immunohistochemistry
Core Laboratory. Tumors with more than 5% of cells showing nuclei-specific staining were
considered receptor positive [283]. Agreement between medical records reports and UNC-
run assays in 10% random samples of ER+ and ER- tumors was high (concordance = 81%,
kappa = 0.62) [3].

All tumor samples with sufficient tissue were assayed for HER2, HER1 and CK 5/6.
A case was considered HER2+ if at least 10% of observed cells showed signs of CB11
monoclonal antibody staining [284]. Tissue with any sign of cytoplasmic or membranous

staining was considered positive for CK 5/6 or HER1, respectively [4, 42]. Due to the limited
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amount of available tissue, in situ tumors were not evaluated for PR status and staining
techniques for ER, HER2, HER1 and CK 5/6 status were slightly modified (see Livasy et al.
[89]).

As described above, these subtypes were classified as follows: luminal A (ER+ and/or
PR+, HER2-), luminal B (ER+ and/or PR+, HER2+), HER2+/ER- (ER-, PR-, HER2+), and
basal-like (ER-, PR-, HER2-, HER 1+ and/or CK 5/6+). Additionally, tumors negative for all
five markers were grouped together as the ‘unclassified’ subtype.
5.3.3 SNP selection

Single nucleotide polymorphisms (SNPs) from ten early breast cancer GWAS [186,
187, 189, 194, 196, 197, 201, 205] or GWAS follow-up studies [208, 209] were selected for
inclusion in this subtype evaluation study. I included SNPs from these studies that had
genome-wide p-values below 107 in preliminary or pooled analyses. I also retained SNPs in
CASPS, ATM, and TP53, some of the key genes identified in a recent comprehensive meta-
analysis [20]. Lastly, I included a number of SNPs in the same gene as GWAS selected
variants, most of which were originally selected to enhance coverage of these regions. In
total, this analysis included 22 GWAS hits, 19 other GWAS-identified variants that fell short
of genome-wide significance criteria, 21 SNPs from CASPS, ATM, or TP53, and 21 tag SNPs
from select GWAS genes.

Each CBCS participant was genotyped at 144 ancestry informative markers. This
genotype information was used to estimate each participant’s proportion of African ancestry.
When included in regression models, this ancestry proportion estimate should control

confounding due to population stratification [275, 292].
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5.3.4 Genotype analysis

The included SNPs were genotyped using either a Tagman panel (Applied
Biosystems, Inc., Foster City, CA) or a Custom GoldenGate Genotyping assay (Illumina,
Inc., San Diego, CA). The majority of SNPs were genotyped on the Illumina panel, as
described previously [287]. The Tagman panel [340] included SNPs that had low Illumina
design scores, failed the Illumina assay, or were identified as GWAS hits after the [llumina
assays were performed. Eighty-one women with poor genotyping quality on the Illumina
panel were assigned missing values for those SNPs. All of the SNPs selected for inclusion in
this subtype analysis passed quality control tests, including those for call rate, assay intensity,
and genotype clustering.

For each SNP I examined published studies to determine which allele was associated
with an increased risk of breast cancer in previous analyses. This allele was designated as the
risk allele. For whites, I selected risk alleles for all ATM, CASPS, and TP53 SNPs based on
the Zhang et al. meta-analysis [20]. For the remaining SNPs, I ascertained the risk allele in
the initial GWAS [186, 187, 189, 194, 196, 197, 201, 205, 208, 209] and subsequent
replication studies [11, 12, 162, 163, 166, 168, 169, 186-191, 193, 195, 198-200, 202-209,
211-216, 218-225, 228-230, 232-237, 241-243, 245-247, 250-256, 258, 262, 267, 295-301,
335]. In each case, if the 95% CI limits excluded the null, the OR for the specified allele was
in the same direction as the initial study. Despite some minor discrepancies in the direction of
the ORs in African American only studies, I assigned the same risk allele for both racial
groups to allow pooling and facilitate comparisons. For novel SNPs and SNPs with no prior
statistically significant findings, I designated the minor variant as the risk variant, using the

HapMap CEU population as a reference.
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5.3.5 Statistical methods

I calculated case-stratified descriptive statistics for age, proportion of African
ancestry, and menopausal status, and then repeated these analyses for white and African
American participants separately. I also examined overall and race-stratified distributions of
stage at diagnosis, breast cancer subtype, and ER, PR, and HER?2 status. Participants were
weighted according to their inverse sampling probability. Similarly, all regression models
included an offset term to account for the weighted sampling procedures.

For all SNPs, I calculated overall and race-stratified risk allele frequencies (RAFs). I
tested for departures from Hardy-Weinberg equilibrium (HWE) separately in white and
African American controls using Pearson’s chi-squared test. If a SNP had a HWE p-value
less than 0.05 in either population, I re-inspected the SNP’s genotype clustering images for
indications of poor genotype differentiation or other lab error.

I calculated ORs and 95% posterior intervals (PIs) for the association between each
subtype and SNP using Bayesian polytomous logistic regression models. I assumed additive
genetic models and adjusted for self-reported race (African American or non-African
American), proportion of African ancestry, and age at diagnosis or selection. I centered age
at 50 years and ancestry at its mean value. I also calculated race-specific ORs and 95% PlIs,
adjusting for age and ancestry.

Previous studies of the association between known susceptibility variants and breast
cancer have produced ORs in the range of 1.1-1.3 [18, 20, 318], but subtype-specific
associations are less well characterized. Bearing this in mind, I assigned each SNP log OR a
null-centered prior with a mean of 0, but selected a variance of v~ 1/I'(4, 0.5) to reflect the

likely effect size. These parameters correspond to prior SNP-subtype ORs with 95% mass
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between 0.54 and 1.86 when ©° is equal to the mode of the distribution (0.1). As a full Bayes
approach requires priors for all parameters, I also assigned null-centered, lognormal priors
for age, ancestry, race and the intercept term. I assigned relatively informative priors to age
and ancestry (t*=0.68), which were both mean-centered variables, but a larger variance to
race (t°=1.0). Because the intercept is difficult to define or interpret in a case-control study
with weighted sampling, I assigned a vague prior, with ©=1000. I assumed that all priors
were independent.

Priors were incorporated into regression models using Bayes’ theorem. Briefly,
Bayes’ theorem states the posterior probability distribution for the parameter of interest given
the observed data, f(B|D), is proportional to the likelihood of the observed data, L(3;D),
multiplied by the prior probability distribution f() [14, 315, 343]. The aforementioned
likelihood is identical to the likelihood used to obtain the maximum likelihood estimate
(MLE) in a standard frequentist logistic regression model. Put another way, the posterior OR
is essentially an inverse-variance weighted combination of the likelihood and prior
distribution. Further, the variance of the resulting, normal posterior distribution is the inverse
of the sum of the weights.

I also conducted sensitivity analyses, estimating MLE of ORs and 95% ClIs and
another set of Bayesian ORs and 95% PIs given a more informative, but still null-centered
prior [SNP~N(0, ), T>~1/T'(3, 0.2), with mode at 0.05]. For each Bayesian model, I took
50,000 samples, discarding the first 1000 draws as a burn in, and thinning by retaining every
tenth draw, such that the results are based on 4990 samples. Autocorrelation, trace, and
density plots indicated adequate mixing and model convergence. All analyses were

conducted using the SAS procedure MCMC (v9.3, Cary, NC). Example code is provided in
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the appendix.

5.4 Results

As seen in Table 16, white and African American participants in the CBCS
population differed in a few key ways. African Americans were more likely to have later
stage disease, with 63% presenting at stage II or higher, relative to 48% of whites. African
Americans were also less likely to be postmenopausal at the time of their diagnosis and were
more likely to have basal-like (22% vs. 11%), unclassified (14% vs. 8%) or HER2+/ER-
disease (8% vs. 6%). Luminal A breast cancer was the most common breast cancer subtype
overall (60%). Seven SNPs had HWE p-values<0.05 (Table 17), though no SNPs failed
HWE tests in both whites and African Americans. Upon re-inspection of genotype clustering
images, I found that six of the seven SNPs showed good differentiation with no overlap
between genotypes. I excluded the seventh SNP, rs614367 (MYEOYV), after discovering
evidence of allelic dropout and observing disparate clustering within the homozygous rare
genotype. I also excluded SNPs with minor allele frequencies less than 1% in this sample.
This left me with 78 SNPs in the overall analysis, 76 in the white only analysis and 73 in the
African American only analysis.

Subtype-specific ORs and 95% PIs for all participants are presented in Table 18.
Several SNPs were associated with luminal A breast cancer, including 13 of 14 evaluated

FGFR2 SNPs (ORs=1.25) and several SNPs in TNRCY9/TOX3 (see Figure 30). The strongest

association was seen for rs3104746 on TNRC9/TOX3 (OR=1.58, 95% PI: 1.24, 1.94). Other
noteworthy associations included rs13387042 (2q35), rs12505080 (4p), rs7696175 (TLR1I),

1s889312 (MAP3K1), 1s851974 (ESRI), 1s1011970 (CDKN2A/B), and 1s9894946 (TP53).
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HER2+/ER- disease and unclassified disease were also strongly associated with
several FGFR2 and TNRCY9/TOX3 SNPs. For both subtypes the OR estimates for the FGFR2
SNPs were high, with many at or near 1.4. Beyond these key genes, HER2+/ER- disease was
positively correlated with the designated risk variant at rs2046210 on ESR/, and rs704010 on
ZMIZ1, but negatively correlated with the risk variant at rs7696175 on TLR1, rs3798577 on
ESRI, and rs518394 on CDKN2A4/B. The C allele at rs2380205 (ANKRD16) was inversely
associated with the risk of unclassified breast cancer.

I identified relatively few susceptibility variants for luminal B breast cancer. All but
one FGFR2 SNP was associated with increased disease risk, but the observed effects were
weaker than the other non basal-like subtype ORs and only one had a posterior interval that
excluded the null (rs2981578). The risk allele at rs704010 on ZMIZ1 was also associated
with luminal B disease (OR=1.34, 95% PI: 0.96, 1.70).

None of the FGFR2 SNPs were associated with an increased risk of basal-like breast
cancer. In fact, most of the FGFR2 ORs for basal-like disease were less than one. Risk
variants at two TNRC9/TOX3 SNPs (rs3014746 and rs3112562) were positively associated
with basal-like disease, as were risk variants at rs704010 on ZMIZ1 and rs2046210 on ESRI.
Additionally, 1s7696175 on TLRI and rs10941679 on MRPS30 each had ORs greater than
1.2 for basal-like breast cancer, relative to controls.

Race-stratified subtype analyses revealed a few additional insights (Tables 19 and
20). The most striking was for rs10757278 on CDKN2A4/B, where the A allele was positively
associated with basal-like disease in whites (OR=1.19, 95% PI: 1.02, 1.39) but negatively
associated with disease in African Americans (OR=0.75, 95% PI: 0.58, 0.94). Race-specific

FGFR2 and TNRC9/TOX3 results can be seen in Figure 31.
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The two 8q24 SNPs were strongly associated with luminal A breast cancer only
among whites (OR=1.16, 95% PI: 0.98, 1.35 and OR=1.17, 95% PI: 1.00, 1.37 for
rs13281615 and rs1562430, respectively). The same was true for a TNRC9/TOX3 SNP
(rs8051542 OR=1.16, 95% PI: 0.99, 1.35) and a LSPI SNP (rs909116 OR=1.17, 95% PI:
0.99, 1.37). As for the other subtypes, rs3112562 and rs12443621 (TNRC9/TOX3) were
strongly associated with luminal B (OR=0.64, 95% PI: 0.39, 0.89) and HER2+/ER- breast
cancer (OR=1.53, 95% PI: 1.05, 2.09), respectively, only among whites. I observed no
noteworthy findings in the African American only analyses.

Results from the MLE analysis and alternate Bayes analysis are presented in Tables
21 and 22. Compared with the MLE results, the ORs and PIs presented here are attenuated
towards the null and are more precise. The ORs from the Bayesian analysis with more
informative priors were further attenuated. The SNP-subtype association patterns were

consistent across all methods.

5.5 Discussion

In this study of breast cancer subtypes and previously established susceptibility
variants, I observed critical differences in subtype-specific genetic risk factors. The most
conspicuous differences involved the FGFR2 gene, where most of the 14 evaluated SNPs
were associated with luminal A, HER2+/ER- and unclassified disease, but not basal-like
disease. I also found evidence that SNPs on or near TNRCY9/TOX3 are differentially related to
breast cancer subtype and that rs10757278 (CDKN2A/B) is differentially related to basal-like
disease by race. SNPs in 2q35, 4p, TLRI, MRPS30, MAP3K1, ESRI, ANKRD16, ZM1Z1, and

TP53 may also be related to subtype-specific etiology.
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As few other studies have employed these enhanced subtype definitions, it is difficult
to compare my results with previous reports. Most prior investigations of this topic were
limited to comparisons of a single hormone receptor, usually ER+ versus ER- disease [162,
169, 187, 192, 208, 216, 217, 222, 232, 236, 247, 259]. A few have looked at risk factors for
combined ER, PR, HER?2 status [166, 167, 226, 344], but to my knowledge, only one other
study by Broeks et al. [168] has examined genetic risk factors according to all five IHC
markers. Broeks et al. [168], Stevens et al. [167], and Han et al. [226] examined some of the
SNPs included in this analysis, with some consistencies across populations.

The only FGFR2 SNP examined by Broeks et al. [168] was rs2981582. They also
observed positive associations between the T allele and luminal A disease and no association
between the SNP and basal-like breast cancer. Their luminal B OR was in the same direction
I observed, but of much greater magnitude. Stevens et al. and Han et al. also found near-null
associations between rs2981582 and triple negative disease. Contrary to my findings,
however, rs2981582 was not associated with HER2+/ER- disease in either study, nor was it
associated with unclassified disease in Stevens et al. The effect estimates for rs2981582 and
luminal A and B disease reported by Han et al. are similar to those seen in my study. I am the
first to report subtype-specific estimates for any other FGFR2 SNPs.

Broeks et al., Stevens et al., and Han et al. also evaluated one TNRC9/TOX3 SNP,
1rs3803662. Both Broeks et al. and Han et al. observed a positive association with the T allele
and luminal A breast cancer, as I did. However, these authors also observed associations
between the T allele and luminal B and HER2+/ER- disease, where I found only a weak

association with Luminal B and a near-null association with HER2+/ER- disease. Lastly,
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Broeks et al. observed an association between rs3803662 and basal-like disease, which I did
not observe.

These three study groups also assessed other SNPs included in this panel. While it is
difficult to draw clear inferences from individual SNP-subtype analyses, these studies,
together with mine, suggest that some important differences by subtype do exist. In addition
to FGFR2 and TNRC9/TOX3, the effects of rs2046210 (ESR1), rs13387042 (2q35), and
rs889312 (MAP3K1) seem to vary according to subtype. Additional studies are needed to
further clarify the role of these SNPs and the other potentially important genes identified in
my investigation.

While this is one of the first studies to look at genetic risk factors for specific
subtypes, breast cancer susceptibility loci are a commonly studied topic. Bayesian methods
allowed me to use this plethora of prior information to generate more precise estimates.
Assuming [ selected reasonable priors, the results presented here will also be more accurate,
on average, than those produced using frequentist methods that do not incorporate the wealth
of information from prior studies. Further, by selecting null-centered, highly informative
priors, bias resulting from these methods is likely to be towards the null [17]. In this way, this
application of Bayesian methods also reduces the probability of observing false positive
associations. I believe the priors specified here are reasonable given existing knowledge of
breast cancer susceptibility variants, but I also provide alternate analyses that demonstrate the
influence of my assumptions.

Within the CBCS population, African Americans were less likely than non-African
Americans to provide blood for genotyping, but were more likely to have tumor tissue

available for IHC analysis. Women with advanced disease were also more likely to provide
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tumor tissue. These trends may result in biased effect estimates for SNPs related to race or
disease aggressiveness. Controlling for self-reported race and ancestry should alleviate some
of this bias. Though not included in this analysis, I could have used inverse-probability of
selection weighting or Bayesian imputation methods to further address this issue.

There is some disagreement in the field as to how best to classify breast cancer
subtypes. As discussed, the IHC markers used here are only proxies for more complex gene
expression profiles, and thus may not sufficiently capture tumor heterogeneity [44-47]. While
my approach is likely more informative than one using three or fewer markers, poor subtype
specification may attenuate effects and underestimate subtype differences. Misclassification
due to inaccurate medical records or IHC evaluations could also bias effects. Other potential
sources of misclassification include allelic drop-out and other genotyping errors, though
thorough quality control checks likely limited the impact of such errors.

I included in situ cases to increase sample size and improve precision. While this
could bias effect estimates of SNPs associated with disease aggressiveness or progression,
shared risk profiles [4, 341, 345] and subtype distributions [4, 89, 346] suggest this bias
would be small.

The diverse composition of the CBCS population is a major strength of this study. By
recruiting a large proportion of African Americans, study investigators generated a
population uniquely suited to answer questions about race and subtype differences in risk
factors. To date, this is the largest study to evaluate breast cancer subtypes using a five-
marker panel and one of the largest population-based studies of breast cancer in African

Americans.
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This analysis of previously established breast cancer susceptibility loci provides
strong evidence of etiologic heterogeneity across breast cancer subtypes. Though likely only
a small part of the carcinogenic process, the risk variants identified here offer valuable clues
about the nature of these diverse pathways. In turn, this vital information may help to

advance disease prevention and control efforts.
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Table 16: Descriptive statistics for Carolina Breast Cancer Study participants included
in subtype analysis

Cases Controls
Overgll Whit*e A?nt:;ic:;ns Overgll Whit*e A?ni:;ic::lns
N—(i/zozo** 1\51/07218 (%) N—(:/§)16** N(—()f)I)OS (%)
N=502 N=681
gtgg)(years);mea“ 51.5(11.6) 52.1(11.8) 50.8(11.4) 52.5(11.3) 53.0(11.2) 51.9(11.3)
Proportion African
035(0.36)  0.06 (0.06) 0.77(0.13)  0.33 (0.36) 0.07 (0.09) 0.77 (0.14)
Ancestry; mean (std)
izs)tme“"pa“sal;N 691 (67)  417(70)  269(56)  1032(38) 640 (37) 377 (41)
Stage of Disease; N
(%)
Insitu 247 (10) 192 (10) 52 (10)
Stage I 369(39)  232(42) 136 (28)
Stage [ 492 (42) 250 (40) 237 (50)
Stage I 100 (7) 46 (6) 54 (11)
Stage IV 24 (2) 12 2) 11(2)
missing 28 16 12
Subtype; N (%)
Luminal A 700 (60) 453 (64) 242 (49)
Luminal B 122(11)  82(11) 38 (8)
HER2+/ER- 98 (6) 59 (6) 39 (8)
Basal-like 207 (13) 94 (11) 112 (22)
Unclassified 133 (9) 60 (8) 71 (14)
ER+; N (%) 745(66) 497 (70) 243 (50)
PR+; N (%) 543 (60)  341(64) 197 (45)
missing 247 192 52
HER2+; N (%) 220(17) 141 (17)  77(16)

"percentages weighted by inverse sampling probability

“includes those who self-identified as a race other than white or African American
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Table 17: Risk allele frequencies (RAF) by race and case status, African Americans and non African Americans in the
Carolina Breast Cancer Study

All (1260 cases,
1817 controls)

Whites

(748 cases, 1105 controls)

African Americans
(502 cases, 681 controls)

Risk RAF RAF RAF RAF HWE p- RAF RAF HWE p-
Gene Locus . « . N N .

allele cases controls cases controls value cases controls value

Ipl2 rs11249433 G 0.37 0.36 0.44 0.41 0.54 0.14 0.10 0.01
CASP8 rs1045485 G 0.89 0.88 0.88 0.87 0.63 0.94 0.95 0.74
CASP8 rs17468277 C 0.89 0.88 0.88 0.87 0.63 0.95 0.95 0.95
2q35 rs13387042 A 0.59 0.52 0.55 0.47 0.83 0.73 0.73 1.00
2p 1s4666451 G 0.64 0.65 0.60 0.63 0.30 0.78 0.77 0.12
SLC4A7 rs4973768 T 0.44 0.42 0.47 0.42 0.22 0.35 0.40 0.05
4p rs12505080 C 0.27 0.23 0.30 0.24 0.80 0.18 0.17 0.64
TLR1 rs7696175 T 0.38 0.38 0.46 0.45 0.91 0.09 0.06 0.54
MRPS30 rs4415084 T 0.46 0.45 0.42 0.42 0.18 0.64 0.58 0.70
MRPS30 rs10941679 G 0.27 0.28 0.29 0.30 0.76 0.19 0.19 0.17
S5pl2 rs981782 T 0.60 0.65 0.51 0.59 0.26 0.91 0.91 0.60
5q rs30099 T 0.11 0.10 0.10 0.10 0.40 0.15 0.12 0.75
MAP3K1 rs889312 C 0.33 0.35 0.33 0.34 0.85 0.33 0.36 0.08
ESR1 152046210 A 0.43 0.40 0.38 0.35 0.48 0.62 0.61 0.15
ESR1 rs851974 G 0.36 0.39 0.41 0.43 0.28 0.18 0.17 0.46
ESR1 152077647 A 0.50 0.49 0.50 0.49 0.64 0.51 0.51 0.16
ESR1 152234693 T 0.50 0.55 0.51 0.57 0.45 0.46 0.48 0.63
ESR1 rs1801132 C 0.79 0.78 0.76 0.76 0.43 0.90 0.88 0.36
ESR1 rs3020314 C 0.44 0.41 0.38 0.34 0.15 0.68 0.71 0.75
ESR1 rs3798577 T 0.52 0.53 0.50 0.53 0.43 0.58 0.54 0.27
ECHDCI1 rs2180341 G 0.26 0.28 0.24 0.27 0.55 0.32 0.33 0.83
RELN rs17157903 T 0.14 0.12 0.14 0.12 0.06 0.11 0.10 0.08
8q24 rs13281615 G 0.43 0.42 0.43 0.42 0.17 0.43 0.43 0.58
8q24 rs1562430 T 0.59 0.56 0.60 0.57 0.78 0.53 0.53 0.61
CDKN2A/B rs3731257 T 0.20 0.21 0.23 0.23 0.24 0.08 0.11 0.89




061

CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM

rs3731249
rs518394
rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
rs1219648
rs2912774
152936870
12420946
rs2162540
rs2981582
rs3135718
rs10510126
rs1800054
14986761
rs1800056
rs1800057
rs1800058
rs1801516
rs3092992
rs664143

caorrHO00000010HHHP>POQO0Q>PQQ0>HOQOOQ>10QQ P

0.02
0.36
0.35
0.22
0.60
0.14
0.54
0.85
0.35
0.05
0.71
0.61
0.40
0.49
0.40
0.61
0.44
0.47
0.47
0.45
0.45
0.44
0.46
0.89
0.02
0.01
0.02
0.03
0.02
0.12
0.04
0.60

0.02
0.41
0.40
0.18
0.60
0.18
0.58
0.83
0.36
0.04
0.65
0.55
0.38
0.45
0.38
0.55
0.40
0.42
0.43
0.41
0.41
0.40
0.42
0.90
0.01
0.01
0.01
0.02
0.02
0.12
0.04
0.61

0.03
0.44
0.42
0.19
0.55
0.16
0.57
0.86
0.42
0.00
0.65
0.54
0.45
0.46
0.45
0.54
0.44
0.44
0.44
0.43
0.42
0.42
0.43
0.89
0.02
0.01
0.02
0.04
0.02
0.15
0.05
0.58

0.03
0.48
0.47
0.15
0.55
0.20
0.60
0.82
0.42
0.00
0.60
0.49
0.41
0.41
0.41
0.49
0.39
0.40
0.40
0.39
0.39
0.39
0.39
0.89
0.02
0.01
0.01
0.02
0.02
0.14
0.04
0.60

0.90
0.17
0.29
0.62
0.18
0.02
0.88
0.76
0.93
0.96
0.16
0.19
0.65
0.51
0.53
0.09
0.35
0.26
0.25
0.21
0.28
0.30
0.23
0.38
0.34
0.68
0.67
0.90
0.06
0.17
0.13
0.70

0.01
0.09
0.08
0.33
0.80
0.07
0.41
0.82
0.11
0.21
0.91
0.86
0.22
0.61
0.22
0.86
0.47
0.58
0.59
0.54
0.54
0.50
0.58
0.89
0.00
0.00
0.00
0.01
0.01
0.03
0.01
0.67

0.00
0.08
0.08
0.34
0.82
0.07
0.46
0.83
0.08
0.20
0.88
0.84
0.21
0.61
0.21
0.84
0.41
0.55
0.56
0.52
0.52
0.49
0.54
0.90
0.00
0.00
0.00
0.01
0.01
0.02
0.01
0.68

0.95
0.06
0.02
0.14
0.77
0.24
0.72
0.90
0.82
0.04
0.83
0.75
0.75
0.10
0.99
0.45
0.57
0.07
0.14
0.03
0.41
0.96
0.65
0.21
0.94
0.98
0.95
0.91
0.91
0.48
0.77
0.45
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ATM
ATM
LSP1
LSP1
MYEOV
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COXl11
COX11

rs170548
rs3092993
rs3817198
rs909116
1s614367
rs2107425
rs8049149
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
19940048
19894946
rs1614984
rs4968187
rs12951053
rs17880604
rs1800372
1s2909430
rs1042522
rs8079544
17222197
rs6504950

caocoococaocaococaoHdHQrrQrPAH0A 304943020

0.27
0.12
0.29
0.57
0.16
0.65
0.00
0.05
0.43
0.50
0.36
0.24
0.08
0.28
0.26
0.84
0.41
0.00
0.08
0.01
0.01
0.17
0.67
0.94
0.70
0.70

0.33
0.12
0.31
0.56
0.12
0.65
0.00
0.04
0.41
0.43
0.29
0.19
0.05
0.25
0.25
0.87
0.39
0.00
0.07
0.01
0.01
0.14
0.71
0.94
0.73
0.73

0.32
0.15
0.32
0.53
0.17
0.70
0.00
0.01
0.46
0.51
0.32
0.29
0.03
0.22
0.25
0.81
0.41
0.00
0.08
0.01
0.02
0.14
0.75
0.96
0.72
0.72

0.37
0.14
0.34
0.52
0.11
0.68
0.00
0.01
0.44
0.41
0.24
0.22
0.02
0.20
0.24
0.86
0.39
0.00
0.06
0.01
0.02
0.13
0.77
0.95
0.75
0.75

0.88
0.19
0.18
0.20
0.05
0.74
0.98
0.75
0.43
0.39
0.73
0.62
0.48
0.45
0.50
0.48
0.22
0.93
0.47
0.21
0.54
0.66
0.64
1.00
0.60
0.59

0.09
0.03
0.17
0.72
0.14
0.50
0.01
0.17
0.33
0.48
0.52
0.09
0.26
0.51
0.31
0.96
0.39
0.01
0.11
0.00
0.01
0.28
0.40
0.89
0.66
0.66

0.12
0.02
0.17
0.72
0.15
0.53
0.02
0.19
0.30
0.51
0.54
0.07
0.18
0.46
0.30
0.96
0.40
0.00
0.11
0.00
0.00
0.24
0.43
0.89
0.65
0.65

0.07
0.48
0.16
0.96
0.33
0.42
0.32
0.95
0.12
1.00
0.65
0.59
0.87
0.88
0.64
0.25
0.03
0.92
0.09
0.95
0.98
0.64
0.77
0.83
0.70
0.66

*Weighted by inverse sampling probability

**Includes individuals who identified as a race other than white or African American
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Table 18: Odds ratios and 95% posterior intervals for the association between the selected single nucleotide polymorphisms

(SNPs) and each breast cancer subtype, relative to controls [SNP log OR~N(0,7), > ~T"'(4, 0.5) with mode=0.10]*

Gene

SNP

Luminal A
N=700

Luminal B
N=122

HER2+/ER-
N=98

Unclassified
N=133

Basal-like
N=207

1pl12
CASP8
CASP8
2935
2p
SLC4A7
4p
TLR1
MRPS30
MRPS30
Spl2
3q
MAP3K1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ECHDCI1
RELN
8q24
8q24

CDKN2A/B

1s11249433
rs1045485
rs17468277
rs13387042
rs4666451
rs4973768
rs12505080
rs7696175
rs4415084
rs10941679
rs981782
rs30099
rs889312
rs2046210
rs851974
rs2077647
1s2234693
rs1801132
rs3020314
rs3798577
rs2180341
rs17157903
rs13281615
rs1562430
rs3731257

1.09 (0.94, 1.25)
1.10 (0.88, 1.32)
1.11 (0.89, 1.35)
1.18 (1.04, 1.35)
0.97 (0.85, 1.11)
0.98 (0.86, 1.09)
1.18 (1.02, 1.36)
1.20 (1.02, 1.38)
1.11 (0.96, 1.25)
1.10 (0.93, 1.27)
0.90 (0.78, 1.03)
1.09 (0.89, 1.31)
1.17 (1.02, 1.33)
1.03 (0.90, 1.16)
0.89 (0.77, 1.02)
0.95 (0.83, 1.08)
0.91 (0.79, 1.04)
1.09 (0.92, 1.28)
1.02 (0.89, 1.17)
0.97 (0.86, 1.10)
0.99 (0.84, 1.13)
1.00 (0.83, 1.18)
1.04 (0.90, 1.17)
1.06 (0.93, 1.19)
0.92 (0.78, 1.06)

1.04 (0.78, 1.33)
1.00 (0.67, 1.35)
0.96 (0.64, 1.34)
0.99 (0.76, 1.25)
1.03 (0.76, 1.29)
1.01 (0.78, 1.27)
1.14 (0.84, 1.45)
0.99 (0.74, 1.29)
1.06 (0.80, 1.32)
0.94 (0.69, 1.22)
0.88 (0.64, 1.12)
1.03 (0.66, 1.37)
1.04 (0.80, 1.32)
1.07 (0.82, 1.36)
1.13 (0.84, 1.43)
1.00 (0.76, 1.25)
0.96 (0.75, 1.20)
0.91 (0.66, 1.20)
1.23 (0.93, 1.54)
1.05 (0.79, 1.32)
1.01 (0.75, 1.31)
1.07 (0.74, 1.41)
0.99 (0.75, 1.25)
0.96 (0.72, 1.22)
0.89 (0.64, 1.17)

1.11 (0.79, 1.45)
0.97 (0.62, 1.33)
0.94 (0.60, 1.32)
0.98 (0.69, 1.25)
1.14 (0.84, 1.48)
0.91 (0.68, 1.17)
1.15 (0.82, 1.54)
0.79 (0.54, 1.04)
1.15 (0.85, 1.49)
1.04 (0.73, 1.36)
1.08 (0.78, 1.41)
1.13 (0.75, 1.56)
1.00 (0.74, 1.30)
1.29 (0.97, 1.67)
0.86 (0.62, 1.12)
0.98 (0.72, 1.26)
1.02 (0.75, 1.27)
0.98 (0.67, 1.31)
1.08 (0.80, 1.37)
0.82 (0.62, 1.02)
1.04 (0.74, 1.36)
0.77 (0.48, 1.09)
1.13 (0.85, 1.43)
1.20 (0.90, 1.55)
0.96 (0.66, 1.26)

1.24 (0.93, 1.58)
1.24 (0.80, 1.73)
1.29 (0.84, 1.82)
1.10 (0.85, 1.40)
1.24 (0.93, 1.56)
0.93 (0.70, 1.15)
0.88 (0.61, 1.13)
1.08 (0.77, 1.38)
1.08 (0.84, 1.35)
0.95 (0.69, 1.23)
0.99 (0.72, 1.28)
0.91 (0.60, 1.20)
1.08 (0.82, 1.35)
1.15 (0.88, 1.44)
0.88 (0.64, 1.10)
0.94 (0.71, 1.16)
0.86 (0.67, 1.08)
1.02 (0.74, 1.32)
0.99 (0.77, 1.23)
1.10 (0.85, 1.35)
0.95 (0.70, 1.20)
0.99 (0.70, 1.32)
1.08 (0.85, 1.35)
1.06 (0.83, 1.32)
0.91 (0.66, 1.19)

1.09 (0.85, 1.35)
1.15 (0.80, 1.56)
1.10 (0.79, 1.47)
0.92 (0.73, 1.12)
1.16 (0.91, 1.41)
0.99 (0.78, 1.19)
0.98 (0.75, 1.21)
1.27 (0.96, 1.59)
1.17 (0.93, 1.41)
1.21 (0.95, 1.45)
1.07 (0.82, 1.33)
0.99 (0.73, 1.28)
0.89 (0.70, 1.09)
1.29 (1.01, 1.55)
0.96 (0.76, 1.18)
0.96 (0.76, 1.17)
0.99 (0.79, 1.18)
0.85 (0.64, 1.05)
1.12 (0.90, 1.34)
1.00 (0.82, 1.21)
1.01 (0.80, 1.23)
1.09 (0.78, 1.39)
0.98 (0.79, 1.17)
1.07 (0.85, 1.28)
0.91 (0.70, 1.16)




col

CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
ATM
ATM

rs3731249
rs518394
rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
rs1219648
rs2912774
rs2936870
rs2420946
rs2162540
rs2981582
rs3135718
rs10510126
rs1800054
rs1800057
rs1800058
rs1801516
rs3092992
1s664143

0.99 (0.65, 1.33)
0.99 (0.86, 1.13)
1.01 (0.85, 1.15)
1.12 (0.96, 1.29)
1.05 (0.90, 1.18)
0.95 (0.78, 1.13)
1.03 (0.90, 1.15)
1.03 (0.84, 1.22)
1.09 (0.94, 1.25)
1.05 (0.80, 1.30)
1.33 (1.13, 1.53)
1.32 (1.14, 1.52)
1.26 (1.10, 1.43)
1.26 (1.10, 1.42)
1.24 (1.08, 1.42)
1.33 (1.15, 1.51)
1.29 (1.13, 1.47)
1.26 (1.10, 1.41)
1.26 (1.09, 1.41)
1.22 (1.06, 1.38)
1.28 (1.11, 1.45)
1.27 (1.09, 1.43)
1.26 (1.10, 1.42)
1.09 (0.88, 1.30)
1.10 (0.66, 1.59)
1.19 (0.81, 1.64)
1.05 (0.67, 1.44)
1.03 (0.82, 1.24)
0.97 (0.68, 1.30)
1.09 (0.95, 1.23)

1.08 (0.55, 1.68)
1.00 (0.73, 1.26)
1.01 (0.76, 1.28)
0.91 (0.65, 1.15)
1.06 (0.80, 1.35)
1.01 (0.71, 1.35)
1.05 (0.79, 1.30)
0.83 (0.59, 1.09)
1.34 (0.96, 1.70)
0.92 (0.54, 1.33)
1.27 (0.92, 1.64)
1.31 (0.98, 1.65)
1.05 (0.80, 1.31)
1.11 (0.84, 1.41)
1.07 (0.79, 1.36)
1.31 (1.01, 1.67)
1.10 (0.83, 1.37)
1.11 (0.84, 1.39)
1.13 (0.86, 1.43)
1.06 (0.80, 1.32)
1.08 (0.82, 1.36)
1.10 (0.87, 1.40)
1.13 (0.85, 1.40)
1.07 (0.73, 1.46)
1.10 (0.54, 1.76)
0.95 (0.49, 1.48)
0.94 (0.45, 1.46)
1.05 (0.70, 1.43)
0.99 (0.57, 1.49)
1.00 (0.77, 1.25)

1.11 (0.56, 1.76)
0.77 (0.52, 1.00)
0.81 (0.56, 1.08)
0.90 (0.63, 1.15)
1.02 (0.75, 1.31)
0.82 (0.54, 1.15)
1.10 (0.82, 1.40)
0.83 (0.59, 1.11)
1.36 (0.97, 1.77)
1.31 (0.73, 1.89)
1.22 (0.86, 1.60)
1.26 (0.90, 1.64)
1.19 (0.86, 1.52)
1.34 (1.00, 1.68)
1.19 (0.86, 1.53)
1.34 (0.98, 1.76)
1.24 (0.89, 1.59)
1.42 (1.06, 1.80)
1.38 (1.02, 1.76)
1.40 (1.04, 1.79)
1.42 (1.05, 1.83)
1.39 (1.02, 1.76)
1.35(1.01, 1.71)
1.08 (0.72, 1.49)
1.12 (0.51, 1.78)
1.33 (0.68, 2.13)
1.03 (0.51, 1.67)
0.97 (0.64, 1.37)
1.19 (0.62, 1.85)
1.06 (0.79, 1.35)

0.95 (0.49, 1.46)
1.04 (0.76, 1.34)
1.08 (0.80, 1.40)
0.87 (0.63, 1.10)
1.22 (0.93, 1.52)
0.84 (0.56, 1.12)
0.80 (0.61, 0.99)
1.24 (0.88, 1.64)
0.96 (0.70, 1.25)
1.06 (0.70, 1.44)
1.26 (0.92, 1.64)
1.37 (0.99, 1.77)
1.41 (1.08, 1.77)
1.44 (1.11, 1.80)
1.40 (1.06, 1.76)
1.38 (1.03, 1.84)
1.62 (1.24, 2.04)
1.47 (1.14, 1.85)
1.50 (1.16, 1.89)
1.46 (1.12, 1.83)
1.52 (1.17, 1.90)
1.28 (1.00, 1.57)
1.51 (1.17, 1.90)
0.94 (0.63, 1.26)
1.00 (0.49, 1.62)
1.01 (0.50, 1.60)
0.98 (0.47, 1.56)
0.95 (0.63, 1.32)
1.05 (0.61, 1.57)
0.94 (0.74, 1.17)

0.96 (0.51, 1.48)
1.14 (0.88, 1.38)
1.09 (0.83, 1.36)
1.12 (0.86, 1.38)
1.10 (0.86, 1.34)
1.10 (0.81, 1.39)
0.94 (0.77, 1.13)
0.95 (0.74, 1.21)
1.34 (1.03, 1.66)
1.06 (0.71, 1.40)
1.01 (0.79, 1.25)
0.99 (0.78, 1.22)
0.88 (0.70, 1.07)
0.92 (0.74, 1.10)
0.87 (0.68, 1.07)
1.01 (0.79, 1.25)
0.95 (0.76, 1.15)
0.92 (0.73, 1.09)
0.91 (0.72, 1.09)
0.89 (0.71, 1.07)
0.91 (0.72, 1.10)
0.92 (0.73, 1.10)
0.91 (0.73, 1.09)
1.14 (0.81, 1.48)
1.20 (0.58, 1.91)
1.10 (0.56, 1.67)
0.98 (0.49, 1.56)
0.99 (0.70, 1.32)
1.38 (0.79, 1.97)
0.98 (0.79, 1.19)




Yol

ATM
ATM
LSP1
LSP1
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COXl11
COXl11

rs170548
rs3092993
rs3817198
rs909116
rs2107425
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
r$9940048
rs9894946
rs1614984
rs12951053
rs17880604
rs1800372
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

0.98 (0.84, 1.13)
1.03 (0.83, 1.25)
1.02 (0.88, 1.18)
1.09 (0.94, 1.23)
1.03 (0.90, 1.17)
1.02 (0.78, 1.25)
1.10 (0.97, 1.24)
1.06 (0.94, 1.20)
1.16 (1.01, 1.33)
1.32 (1.13, 1.54)
1.58 (1.24, 1.94)
1.07 (0.93, 1.22)
1.13 (0.97, 1.28)
0.86 (0.72, 1.02)
1.01 (0.88, 1.13)
0.95 (0.75, 1.18)
0.87 (0.49, 1.24)
0.97 (0.55, 1.38)
1.12 (0.96, 1.31)
1.03 (0.89, 1.18)
0.98 (0.78, 1.23)
1.06 (0.92, 1.22)
1.05 (0.91, 1.20)

0.90 (0.66, 1.16)
1.06 (0.69, 1.48)
0.87 (0.62, 1.10)
0.92 (0.69, 1.15)
0.93 (0.71, 1.17)
1.30 (0.79, 1.88)
0.96 (0.74, 1.20)
0.93 (0.71, 1.16)
1.09 (0.83, 1.35)
1.09 (0.76, 1.43)
1.05 (0.60, 1.50)
0.88 (0.62, 1.14)
0.84 (0.61, 1.08)
0.83 (0.59, 1.12)
0.94 (0.71, 1.16)
1.32 (0.86, 1.84)
0.84 (0.35, 1.38)
1.24 (0.57, 2.00)
1.09 (0.78, 1.45)
0.99 (0.73, 1.26)
1.38 (0.83, 2.07)
1.08 (0.80, 1.35)
1.07 (0.80, 1.37)

1.00 (0.72, 1.31)
0.94 (0.60, 1.35)
1.19 (0.86, 1.52)
1.23 (0.90, 1.58)
0.99 (0.74, 1.24)
0.84 (0.48, 1.21)
1.12 (0.84, 1.43)
1.21 (0.92, 1.55)
1.01 (0.77, 1.29)
1.10 (0.76, 1.46)
1.31 (0.80, 1.85)
1.46 (1.06, 1.87)
1.17 (0.86, 1.50)
1.01 (0.65, 1.36)
1.01 (0.78, 1.28)
1.16 (0.71, 1.62)
1.21 (0.54, 1.94)
0.93 (0.39, 1.53)
1.06 (0.73, 1.38)
0.82 (0.61, 1.06)
0.76 (0.45, 1.07)
1.01 (0.74, 1.29)
1.00 (0.73, 1.28)

0.94 (0.69, 1.22)
0.96 (0.61, 1.29)
1.21 (0.92, 1.55)
1.03 (0.79, 1.30)
0.94 (0.72, 1.18)
0.83 (0.52, 1.12)
1.31 (1.02, 1.64)
0.95 (0.74, 1.18)
1.13 (0.88, 1.41)
1.29 (0.94, 1.67)
1.12 (0.76, 1.58)
0.80 (0.60, 1.03)
0.98 (0.72, 1.25)
1.05 (0.71, 1.43)
1.04 (0.79, 1.30)
1.25 (0.82, 1.73)
0.96 (0.46, 1.57)
1.34 (0.59, 2.22)
0.88 (0.63, 1.13)
0.94 (0.70, 1.17)
0.87 (0.59, 1.20)
1.09 (0.82, 1.37)
1.08 (0.81, 1.35)

1.00 (0.77, 1.24)
1.03 (0.73, 1.37)
1.02 (0.79, 1.26)
1.09 (0.86, 1.32)
1.00 (0.81, 1.19)
0.97 (0.67, 1.31)
0.84 (0.66, 1.03)
1.00 (0.82, 1.21)
0.96 (0.78, 1.16)
0.90 (0.66, 1.17)
1.49 (1.06, 1.98)
1.33 (1.06, 1.62)
0.91(0.72, 1.11)
1.12 (0.81, 1.49)
1.13 (0.92, 1.36)
0.99 (0.70, 1.30)
1.12 (0.57, 1.76)
1.04 (0.46, 1.71)
1.10 (0.85, 1.37)
0.97 (0.77, 1.18)
1.05 (0.71, 1.44)
1.05 (0.85, 1.27)
1.05 (0.84, 1.28)

*Estimates generated using polytomous logistic regression adjusting for age at diagnosis/selection, proportion African ancestry and self-

reported race.




Figure 30: Odds ratios and 95% posterior intervals for FGFR2 and TNRC9/TOX3
SNPs, All CBCS participants
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Table 19: Odds ratios and 95% posterior intervals for SNP-subtype associations in Carolina Breast Cancer Study whites,
[SNP log OR~N(0,7%), > ~T"'(4, 0.5) with mode=0.10]*

Gene

SNP

Luminal A
N=453

Luminal B
N=82

HER2+/ER-
N=59

Unclassified
N=60

Basal-like
N=94

Ipl12
CASP8
CASP8

2935

2p
SLC4A7
4p
TLR1
MRPS30
MRPS30
Spl2
5q
MAP3K1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ECHDCI1
RELN
8q24
8q24
CDKN2A/B

rs11249433
rs1045485
rs17468277
rs13387042
rs4666451
rs4973768
rs12505080
rs7696175
rs4415084
rs10941679
rs981782
rs30099
rs889312
rs2046210
rs851974
12077647
1s2234693
rs1801132
rs3020314
rs3798577
rs2180341
rs17157903
rs13281615
11562430
rs3731257

1.04 (0.87, 1.20)
1.13 (0.90, 1.40)
1.12 (0.87, 1.39)
1.18 (1.00, 1.37)
0.98 (0.83, 1.14)
1.04 (0.87, 1.20)
1.17 (0.97, 1.37)
1.17 (0.99, 1.35)
1.19 (0.99, 1.39)
1.18 (0.99, 1.40)
0.87(0.73, 1.01)
1.05 (0.80, 1.31)
1.25 (1.04, 1.47)
1.03 (0.87, 1.20)
0.88 (0.75, 1.03)
0.97 (0.82, 1.13)
0.88 (0.74, 1.02)
1.05 (0.86, 1.25)
1.02 (0.86, 1.19)
0.96 (0.81, 1.09)
0.94 (0.77, 1.13)
0.92 (0.74, 1.14)
1.16 (0.98, 1.35)
1.17 (1.00, 1.37)
0.99 (0.82, 1.16)

1.10 (0.81, 1.44)
0.95 (0.62, 1.32)
0.94 (0.60, 1.29)
1.07 (0.76, 1.37)
1.12 (0.79, 1.47)
1.10 (0.80, 1.43)
1.04 (0.72, 1.37)
0.98 (0.71, 1.27)
0.88 (0.62, 1.15)
0.93 (0.65, 1.26)
0.80 (0.58, 1.05)
0.99 (0.61, 1.41)
1.19 (0.86, 1.60)
1.12 (0.83, 1.47)
1.07 (0.74, 1.36)
0.96 (0.69, 1.25)
0.95 (0.69, 1.23)
0.90 (0.62, 1.20)
1.10 (0.77, 1.43)
0.99 (0.73, 1.30)
1.00 (0.67, 1.35)
0.97 (0.64, 1.37)
0.97 (0.70, 1.26)
0.95 (0.69, 1.23)
0.94 (0.64, 1.24)

0.98 (0.69, 1.30)
0.93 (0.57, 1.30)
0.94 (0.58, 1.33)
1.02 (0.72, 1.36)
1.05 (0.72, 1.39)
0.91 (0.62, 1.20)
1.20 (0.80, 1.63)
0.81 (0.53, 1.07)
1.28 (0.88, 1.71)
1.17 (0.77, 1.62)
1.15 (0.81, 1.54)
0.95 (0.55, 1.42)
1.07 (0.73, 1.47)
1.07 (0.75, 1.42)
0.86 (0.8, 1.16)
0.97 (0.70, 1.29)
1.05 (0.70, 1.40)
0.88 (0.58, 1.21)
1.16 (0.79, 1.57)
0.77 (0.52, 1.04)
0.95 (0.61, 1.34)
0.78 (0.43, 1.12)
1.11 (0.76, 1.47)
1.17 (0.79, 1.59)
1.07 (0.74, 1.44)

1.21 (0.83, 1.63)
1.13 (0.70, 1.62)
1.16 (0.70, 1.71)
1.02 (0.71, 1.36)
1.11 (0.76, 1.46)
0.97 (0.68, 1.27)
0.91 (0.60, 1.25)
1.11 (0.77, 1.45)
1.00 (0.68, 1.35)
0.97 (0.63, 1.32)
0.94 (0.65, 1.26)
0.91 (0.52, 1.32)
1.21 (0.84, 1.64)
1.18 (0.79, 1.56)
0.85 (0.58, 1.15)
0.87 (0.61, 1.16)
0.80 (0.54, 1.06)
0.85 (0.58, 1.15)
1.06 (0.74, 1.41)
1.11 (0.78, 1.44)
1.24 (0.80, 1.67)
1.12 (0.74, 1.59)
1.04 (0.73, 1.38)
1.34 (0.89, 1.79)
0.95 (0.63, 1.29)

1.05 (0.76, 1.35)
1.39 (0.89, 1.99)
1.36 (0.87, 1.94)
1.05 (0.78, 1.37)
1.13 (0.81, 1.47)
0.93 (0.67, 1.19)
1.06 (0.75, 1.37)
1.21 (0.89, 1.53)
1.16 (0.83, 1.50)
1.19 (0.88, 1.54)
1.08 (0.77, 1.37)
0.94 (0.59, 1.33)
0.97 (0.70, 1.26)
1.25 (0.91, 1.58)
0.94 (0.69, 1.20)
0.93 (0.69, 1.19)
1.01 (0.74, 1.28)
0.82 (0.59, 1.08)
1.34 (0.97, 1.73)
0.97 (0.72, 1.26)
0.90 (0.62, 1.21)
1.15 (0.78, 1.54)
0.99 (0.75, 1.28)
1.02 (0.76, 1.32)
0.93 (0.63, 1.22)
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CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
ATM
ATM
ATM

rs3731249
rs518394
rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
1s1219648
rs2912774
rs2936870
152420946
1s2162540
rs2981582
rs3135718
rs10510126
rs1800054
rs1800057
rs1800058
rs1801516
rs3092992
rs664143
rs170548

0.86 (0.53, 1.19)
1.00 (0.84, 1.16)
1.02 (0.86, 1.18)
1.10 (0.89, 1.32)
1.19 (1.02, 1.39)
0.91 (0.73, 1.11)
1.12 (0.94, 1.30)
1.03 (0.81, 1.28)
1.12 (0.95, 1.32)
1.29 (1.08, 1.49)
1.36 (1.14, 1.57)
1.30 (1.10, 1.52)
1.36 (1.14, 1.57)
1.29 (1.09, 1.51)
1.38 (1.17, 1.62)
1.32 (1.13, 1.54)
131 (1.11, 1.51)
1.31(1.11, 1.52)
1.31 (1.10, 1.51)
1.32 (1.10, 1.52)
132 (1.11, 1.53)
1.31 (1.10, 1.51)
1.17 (0.89, 1.45)
1.01 (0.62, 1.45)
1.12 (0.75, 1.55)
1.08 (0.67, 1.53)
0.98 (0.77, 1.19)
0.93 (0.64, 1.25)
1.07 (0.91, 1.24)
1.03 (0.87, 1.22)

1.11 (0.55, 1.72)
0.99 (0.71, 1.29)
1.04 (0.76, 1.33)
0.99 (0.62, 1.37)
1.07 (0.79, 1.41)
1.01 (0.68, 1.38)
1.08 (0.76, 1.39)
0.91 (0.58, 1.27)
1.37 (0.96, 1.79)
1.26 (0.89, 1.65)
1.36 (0.91, 1.75)
1.24 (0.88, 1.62)
1.21 (0.85, 1.57)
1.23 (0.89, 1.58)
1.36 (0.96, 1.76)
1.21 (0.85, 1.58)
1.18 (0.83, 1.54)
1.18 (0.86, 1.57)
1.14 (0.82, 1.49)
1.13 (0.81, 1.46)
1.16 (0.83, 1.49)
1.13 (0.83, 1.46)
1.09 (0.67, 1.51)
1.15 (0.55, 1.90)
0.89 (0.43, 1.42)
0.90 (0.43, 1.42)
1.07 (0.69, 1.49)
1.07 (0.57, 1.61)
1.05 (0.77, 1.34)
1.01 (0.72, 1.32)

1.14 (0.59, 1.77)
0.76 (0.53, 1.01)
0.82 (0.53, 1.09)
1.08 (0.66, 1.54)
1.03 (0.71, 1.35)
0.91 (0.58, 1.28)
1.00 (0.70, 1.33)
0.80 (0.51, 1.14)
1.33 (0.89, 1.77)
1.10 (0.78, 1.49)
1.08 (0.72, 1.45)
1.14 (0.76, 1.50)
1.15 (0.79, 1.53)
1.14 (0.75, 1.54)
1.20 (0.83, 1.58)
1.13 (0.74, 1.49)
1.14 (0.76, 1.51)
1.15 (0.81, 1.58)
1.14 (0.79, 1.53)
1.14 (0.78, 1.53)
1.16 (0.78, 1.56)
1.12 (0.76, 1.47)
0.98 (0.58, 1.40)
1.19 (0.50, 1.99)
1.40 (0.68, 2.26)
1.01 (0.45, 1.62)
0.89 (0.54, 1.27)
1.17 (0.60, 1.85)
1.25 (0.88, 1.66)
1.17 (0.77, 1.57)

0.97 (0.47, 1.53)
1.11 (0.78, 1.49)
1.16 (0.79, 1.54)
0.98 (0.62, 1.40)
1.08 (0.78, 1.45)
0.89 (0.56, 1.28)
0.81 (0.57, 1.08)
1.17 (0.73, 1.66)
0.95 (0.64, 1.27)
1.11 (0.77, 1.50)
1.31 (0.92, 1.78)
1.55 (1.06, 2.06)
1.53 (1.06, 2.08)
1.51 (1.04, 2.02)
1.32 (0.88, 1.75)
1.42 (0.97, 1.92)
1.39 (0.96, 1.85)
1.36 (0.94, 1.78)
1.32 (0.90, 1.74)
1.34 (0.94, 1.78)
1.32 (0.89, 1.74)
1.31 (0.90, 1.71)
0.97 (0.61, 1.37)
0.94 (0.42, 1.47)
0.99 (0.44, 1.60)
1.09 (0.52, 1.76)
0.91 (0.54, 1.29)
1.05 (0.54, 1.65)
0.89 (0.63, 1.17)
0.90 (0.61, 1.22)

0.88 (0.44, 1.36)
1.17 (0.87, 1.50)
1.10 (0.82, 1.40)
1.19 (0.82, 1.63)
1.13 (0.85, 1.45)
1.12 (0.78, 1.51)
1.01 (0.73, 1.29)
1.10 (0.70, 1.53)
1.26 (0.92, 1.61)
0.92 (0.69, 1.19)
0.90 (0.65, 1.16)
0.84 (0.61, 1.08)
0.84 (0.60, 1.06)
0.83 (0.61, 1.08)
0.90 (0.66, 1.17)
0.82 (0.61, 1.07)
0.81 (0.59, 1.05)
0.83 (0.61, 1.08)
0.83 (0.62, 1.08)
0.80 (0.58, 1.04)
0.82 (0.60, 1.07)
0.83 (0.61, 1.06)
1.11 (0.71, 1.57)
1.31 (0.66, 2.07)
1.22 (0.67, 1.95)
1.00 (0.52, 1.59)
1.05 (0.69, 1.43)
1.37 (0.77, 2.04)
1.00 (0.75, 1.26)
0.98 (0.72, 1.29)
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ATM
LSP1
LSP1
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COXl11
COXl11

rs3092993
rs3817198
rs909116
1s2107425
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
r$9940048
rs9894946
rs1614984
rs12951053
rs17880604
rs1800372
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

0.98 (0.76, 1.20)
1.07 (0.90, 1.25)
1.17 (0.99, 1.37)
1.11 (0.93, 1.31)
1.16 (0.99, 1.35)
1.22 (1.02, 1.40)
1.34 (1.14, 1.59)
1.30 (1.08, 1.53)
1.41 (0.86, 2.01)
0.96 (0.78, 1.15)
1.07 (0.89, 1.26)
0.85 (0.68, 1.02)
1.03 (0.87, 1.19)
0.94 (0.70, 1.20)
0.83 (0.49, 1.23)
0.88 (0.51, 1.31)
1.15 (0.91, 1.41)
0.97 (0.81, 1.15)
1.01 (0.73, 1.33)
1.03 (0.85, 1.21)
1.02 (0.85, 1.20)

1.06 (0.68, 1.46)
0.84 (0.60, 1.10)
0.90 (0.65, 1.15)
0.96 (0.68, 1.25)
1.05 (0.75, 1.34)
0.86 (0.62, 1.09)
1.12 (0.79, 1.47)
1.15 (0.80, 1.54)
0.97 (0.40, 1.55)
0.64 (0.39, 0.89)
0.85 (0.59, 1.14)
0.91 (0.61, 1.27)
0.93 (0.67, 1.23)
1.19 (0.66, 1.73)
0.86 (0.32, 1.42)
1.25 (0.57, 2.07)
0.85 (0.49, 1.17)
1.25 (0.85, 1.69)
1.46 (0.76, 2.38)
1.01 (0.72, 1.33)
0.99 (0.69, 1.31)

0.89 (0.54, 1.30)
1.20 (0.81, 1.63)
1.06 (0.75, 1.43)
1.10 (0.76, 1.48)
1.07 (0.75, 1.42)
1.53 (1.05, 2.09)
1.16 (0.79, 1.58)
1.13 (0.75, 1.56)
1.15 (0.55, 1.90)
1.58 (1.03, 2.16)
1.04 (0.66, 1.41)
1.05 (0.66, 1.51)
1.09 (0.77, 1.49)
1.51 (0.83,2.32)
1.25 (0.56, 2.13)
0.96 (0.41, 1.65)
0.96 (0.56, 1.38)
0.86 (0.59, 1.17)
1.03 (0.51, 1.61)
1.01 (0.67, 1.37)
1.02 (0.69, 1.37)

0.90 (0.54, 1.28)
1.07 (0.71, 1.43)
1.08 (0.72, 1.45)
1.02 (0.67, 1.38)
1.10 (0.76, 1.49)
0.89 (0.61, 1.18)
0.99 (0.67, 1.34)
1.12 (0.76, 1.53)
1.02 (0.44, 1.68)
0.75 (0.45, 1.07)
0.86 (0.57, 1.19)
1.05 (0.63, 1.46)
1.04 (0.71, 1.38)
1.04 (0.55, 1.54)
0.92 (0.31, 1.53)
1.12 (0.47, 1.87)
0.94 (0.60, 1.37)
1.10 (0.74, 1.52)
1.18 (0.60, 1.80)
1.22 (0.83, 1.66)
1.24 (0.84, 1.72)

1.04 (0.70, 1.43)
1.07 (0.79, 1.39)
1.07 (0.79, 1.38)
1.19 (0.82, 1.54)
0.91 (0.67, 1.16)
1.18 (0.86, 1.51)
0.99 (0.72, 1.28)
1.00 (0.70, 1.32)
1.08 (0.50, 1.75)
1.32 (0.92, 1.75)
0.97 (0.69, 1.27)
1.01 (0.69, 1.36)
1.10 (0.83, 1.42)
1.28 (0.74, 1.89)
1.10 (0.51, 1.84)
1.09 (0.48, 1.75)
1.09 (0.69, 1.51)
0.93 (0.67, 1.22)
1.21 (0.69, 1.88)
0.92 (0.66, 1.18)
0.92 (0.64, 1.19)

*Estimates generated using polytomous logistic regression adjusting for age at diagnosis/selection and proportion African ancestry.
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Table 20: Odds ratios and 95% posterior intervals for SNP-subtype associations in Carolina Breast Cancer Study African
Americans [SNP log OR~N(0,7%), ©* ~I''(4, 0.5) with mode=0.10]*

Gene

SNP

Luminal A
N=242

Luminal B
N=38

HER2+/ER-
N=39

Unclassified
N=71

Basal-like
N=112

1pl12
CASP8
CASP8
2935
2p
SLC4A7
4p
TLR1
MRPS30
MRPS30
Spl2
5q
MAP3K1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ECHDCI1
RELN
8q24
8q24
CDKN2A/B
CDKN2A/B

rs11249433
rs1045485
rs17468277
rs13387042
rs4666451
rs4973768
rs12505080
rs7696175
rs4415084
rs10941679
rs981782
rs30099
rs889312
rs2046210
rs851974
rs2077647
1s2234693
rs1801132
rs3020314
rs3798577
rs2180341
rs17157903
rs13281615
rs1562430
rs3731257
rs518394

1.23 (0.89, 1.61)
1.04 (0.68, 1.43)
1.12 (0.72, 1.56)
1.16 (0.89, 1.43)
0.98 (0.76, 1.20)
0.89 (0.71, 1.08)
1.18 (0.91, 1.51)
1.43 (0.95, 1.94)
1.01 (0.81, 1.22)
0.97 (0.74, 1.23)
1.16 (0.79, 1.53)
1.08 (0.80, 1.36)
1.08 (0.85, 1.32)
0.99 (0.78, 1.20)
0.96 (0.73, 1.20)
0.96 (0.77, 1.14)
0.96 (0.79, 1.16)
1.21 (0.86, 1.60)
0.98 (0.77, 1.20)
1.02 (0.81, 1.22)
1.03 (0.82, 1.26)
1.16 (0.83, 1.50)
0.85 (0.68, 1.03)
0.90 (0.72, 1.08)
0.76 (0.49, 1.02)
0.98 (0.65, 1.28)

0.79 (0.41, 1.25)
1.18 (0.58, 1.89)
1.15 (0.60, 1.88)
0.92 (0.55, 1.32)
0.84 (0.51, 1.22)
0.87 (0.55, 1.26)
1.25 (0.78, 1.81)
1.09 (0.57, 1.69)
1.36 (0.88, 1.95)
0.95 (0.55, 1.39)
1.23 (0.66, 1.88)
1.10 (0.64, 1.59)
0.79 (0.46, 1.13)
1.05 (0.68, 1.48)
1.13 (0.66, 1.60)
1.08 (0.69, 1.48)
0.99 (0.64, 1.35)
1.00 (0.56, 1.56)
1.50 (0.85, 2.15)
1.22 (0.77, 1.68)
1.06 (0.69, 1.50)
1.23 (0.63, 1.84)
1.02 (0.63, 1.43)
0.97 (0.62, 1.37)
0.91 (0.45, 1.38)
0.97 (0.51, 1.45)

1.36 (0.71, 2.07)
1.08 (0.57, 1.71)
1.06 (0.51, 1.67)
0.91 (0.57, 1.28)
1.35 (0.82, 1.98)
0.95 (0.61, 1.35)
1.09 (0.64, 1.57)
0.88 (0.39, 1.38)
1.01 (0.66, 1.42)
0.87 (0.50, 1.27)
0.95 (0.53, 1.43)
1.30 (0.78, 1.90)
0.98 (0.60, 1.39)
1.52 (0.95, 2.16)
0.96 (0.57, 1.40)
0.99 (0.65, 1.36)
1.00 (0.64, 1.37)
1.26 (0.67, 1.99)
0.96 (0.60, 1.34)
0.97 (0.61, 1.32)
1.13 (0.73, 1.61)
0.92 (0.45, 1.40)
1.09 (0.71, 1.51)
1.20 (0.78, 1.62)
0.88 (0.45, 1.33)
0.94 (0.49, 1.42)

1.38 (0.86, 1.97)
1.27 (0.69, 1.96)
1.37 (0.71, 2.13)
1.15 (0.78, 1.56)
1.32 (0.83, 1.81)
0.92 (0.64, 1.21)
0.95 (0.61, 1.32)
1.07 (0.59, 1.58)
1.12 (0.79, 1.48)
0.96 (0.63, 1.32)
1.00 (0.62, 1.49)
0.96 (0.63, 1.36)
0.94 (0.62, 1.29)
1.10 (0.75, 1.46)
1.05 (0.66, 1.42)
1.08 (0.73, 1.40)
0.98 (0.71, 1.31)
1.36 (0.81, 2.04)
0.87 (0.61, 1.16)
1.16 (0.84, 1.53)
0.79 (0.55, 1.06)
0.91 (0.54, 1.35)
1.07 (0.77, 1.40)
0.85 (0.62, 1.12)
1.02 (0.60, 1.47)
0.96 (0.54, 1.37)

1.16 (0.74, 1.58)
0.83 (0.50, 1.21)
0.82 (0.49, 1.22)
0.80 (0.59, 1.04)
1.18 (0.85, 1.57)
1.06 (0.78, 1.35)
0.93 (0.65, 1.24)
1.39 (0.86, 2.05)
1.18 (0.89, 1.52)
1.23 (0.87, 1.59)
1.05 (0.67, 1.47)
1.07 (0.71, 1.46)
0.87 (0.63, 1.12)
1.26 (0.93, 1.64)
1.03 (0.74, 1.38)
1.00 (0.75, 1.28)
0.96 (0.71, 1.21)
0.95 (0.61, 1.34)
0.88 (0.65, 1.14)
1.05 (0.77, 1.33)
1.13 (0.85, 1.48)
1.06 (0.67, 1.47)
0.99 (0.74, 1.26)
1.10 (0.81, 1.38)
0.95 (0.62, 1.35)
1.10 (0.70, 1.55)
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CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM
ATM
LSP1
LSP1
H19
TNRC9/TOX3
TNRC9/TOX3

rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
1s1219648
rs2912774
rs2936870
152420946
1s2162540
rs2981582
rs3135718
rs10510126
rs1801516
rs664143
rs170548
rs3092993
rs3817198
rs909116
rs2107425
rs8049149
rs16951186

0.97 (0.67, 1.30)
1.15 (0.92, 1.38)
0.75 (0.58, 0.94)
1.09 (0.74, 1.44)
0.91 (0.72, 1.10)
1.04 (0.78, 1.30)
0.90 (0.64, 1.20)
1.01 (0.77, 1.27)
1.38 (0.93, 1.87)
1.13 (0.83, 1.47)
.16 (0.89, 1.44)
.10 (0.90, 1.33)
.18 (0.89, 1.44)
.15 (0.86, 1.48)
.19 (0.95, 1.45)
14 (0.91, 1.41)
.15 (0.93, 1.38)
.06 (0.85, 1.29)
.14 (0.90, 1.37)
.16 (0.94, 1.42)
1.14 (0.92, 1.38)
0.97 (0.71, 1.25)
1.19 (0.69, 1.79)
1.15 (0.91, 1.39)
0.92 (0.62, 1.20)
1.19 (0.69, 1.79)
0.87 (0.65, 1.11)
0.91(0.72, 1.12)
0.94 (0.75, 1.15)
0.98 (0.49, 1.52)
1.00 (0.74, 1.27)

bt e e e e e ek ek e

1.02 (0.58, 1.61)
0.92 (0.59, 1.28)
1.11 (0.65, 1.68)
1.00 (0.49, 1.58)
1.08 (0.64, 1.49)
0.85 (0.49, 1.21)
0.96 (0.50, 1.49)
0.93 (0.54, 1.35)
1.36 (0.67, 2.16)
1.14 (0.63, 1.75)
0.83 (0.49, 1.21)
1.02 (0.68, 1.44)
0.83 (0.50, 1.21)
1.18 (0.67, 1.82)
0.95 (0.60, 1.35)
1.04 (0.66, 1.47)
1.09 (0.69, 1.55)
0.99 (0.62, 1.39)
1.03 (0.65, 1.48)
1.05 (0.67, 1.46)
1.18 (0.73, 1.66)
1.15 (0.58, 1.74)
0.88 (0.38, 1.43)
0.99 (0.61, 1.34)
0.78 (0.39, 1.28)
0.88 (0.38, 1.43)
0.97 (0.56, 1.43)
0.98 (0.58, 1.40)
0.92 (0.60, 1.30)
1.10 (0.44, 1.89)
1.32 (0.77, 1.87)

0.90 (0.43, 1.38)
0.79 (0.48, 1.11)
1.05 (0.62, 1.51)
0.79 (0.37, 1.25)
1.23 (0.80, 1.70)
0.92 (0.59, 1.36)
1.19 (0.63, 1.84)
1.32 (0.79, 1.90)
1.53 (0.70, 2.54)
1.60 (0.82, 2.53)
1.25 (0.79, 1.76)
1.59 (0.96, 2.27)
1.26 (0.79, 1.80)
1.62 (0.84, 2.60)
1.38 (0.87, 1.96)
1.80 (1.15,2.71)
1.73 (1.01, 2.56)
1.70 (1.04, 2.44)
1.71 (1.04, 2.48)
1.65 (1.08, 2.33)
1.64 (1.00, 2.36)
1.24 (0.70, 1.92)
1.16 (0.52, 1.89)
0.85 (0.54, 1.18)
0.73 (0.36, 1.16)
1.16 (0.52, 1.89)
1.13 (0.69, 1.61)
1.47 (0.88, 2.16)
0.88 (0.57, 1.22)
1.11 (0.47, 1.90)
0.85 (0.48, 1.27)

0.95 (0.53, 1.36)
0.80 (0.57, 1.07)
1.35(0.82, 1.91)
0.91 (0.48, 1.33)
0.85 (0.60, 1.09)
1.25(0.79, 1.75)
1.00 (0.57, 1.44)
1.03 (0.67, 1.38)
1.44 (0.81,2.23)
1.27 (0.77, 1.81)
1.19 (0.77, 1.63)
1.29 (0.91, 1.72)
1.21 (0.82, 1.66)
1.34 (0.82, 1.91)
1.71 (1.17, 2.32)
1.44 (1.00, 1.93)
1.49 (1.04, 2.02)
1.50 (1.00, 1.98)
1.58 (1.08, 2.11)
1.19 (0.82, 1.60)
1.58 (1.11, 2.13)
0.94 (0.60, 1.32)
1.16 (0.51, 1.82)
1.03 (0.73, 1.37)
1.07 (0.63, 1.56)
1.16 (0.51, 1.82)
1.30 (0.90, 1.79)
0.95 (0.65, 1.26)
0.93 (0.64, 1.22)
0.73 (0.23, 1.20)
0.75 (0.44, 1.05)

1.11 (0.68, 1.56)
1.07 (0.80, 1.38)
0.99 (0.69, 1.32)
1.08 (0.67, 1.52)
0.90 (0.67, 1.14)
0.87 (0.62, 1.15)
1.40 (0.96, 1.95)
1.05 (0.73, 1.37)
1.29 (0.82, 1.84)
1.14 (0.75, 1.56)
0.96 (0.66, 1.28)
1.00 (0.74, 1.24)
0.98 (0.68, 1.28)
1.13 (0.76, 1.53)
1.09 (0.81, 1.39)
1.01 (0.74, 1.30)
0.97 (0.73, 1.23)
0.95(0.71, 1.21)
1.02 (0.75, 1.28)
1.00 (0.75, 1.28)
1.00 (0.75, 1.26)
1.17 (0.78, 1.69)
0.94 (0.49, 1.47)
0.95 (0.71, 1.22)
1.01 (0.65, 1.44)
0.94 (0.49, 1.47)
1.00 (0.66, 1.35)
1.10 (0.77, 1.43)
0.87 (0.65, 1.11)
0.81 (0.34, 1.33)
0.93 (0.64, 1.24)
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TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
COXl11
COX11

rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
r$9940048
rs9894946
rs1614984
rs12951053
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

1.05 (0.81, 1.29)
0.88 (0.70, 1.05)
0.94 (0.76, 1.15)
1.36 (0.92, 1.81)
1.52 (1.14, 1.90)
1.21 (0.93, 1.47)
1.21 (0.94, 1.46)
1.03 (0.64, 1.44)
0.97 (0.77, 1.16)
0.97 (0.69, 1.29)
1.05 (0.82, 1.28)
1.16 (0.92, 1.41)
0.95 (0.69, 1.26)
1.08 (0.87, 1.32)
1.08 (0.87, 1.29)

0.90 (0.56, 1.28)
1.17 (0.72, 1.65)
1.10 (0.68, 1.53)
0.89 (0.43, 1.43)
1.12 (0.65, 1.64)
1.27 (0.80, 1.75)
0.93 (0.60, 1.33)
0.88 (0.42, 1.40)
1.03 (0.66, 1.41)
1.34 (0.73, 2.06)
1.29 (0.84, 1.79)
0.77 (0.48, 1.08)
1.12 (0.60, 1.75)
1.19 (0.76, 1.68)
1.21(0.77, 1.71)

1.21 (0.74, 1.69)
0.88 (0.57, 1.23)
0.87 (0.56, 1.23)
1.02 (0.49, 1.61)
1.26 (0.73, 1.83)
1.17 (0.77, 1.63)
1.38 (0.88, 1.97)
0.99 (0.47, 1.67)
0.93 (0.60, 1.28)
0.81 (0.40, 1.26)
1.10 (0.69, 1.54)
0.87 (0.55, 1.23)
0.70 (0.37, 1.04)
1.05 (0.69, 1.45)
1.06 (0.70, 1.46)

1.44 (1.03, 1.96)
1.01 (0.73, 1.34)
1.19 (0.84, 1.58)
1.65 (0.92, 2.47)
1.16 (0.77, 1.60)
0.87 (0.60, 1.14)
1.14 (0.79, 1.54)
1.18 (0.57, 1.82)
1.00 (0.70, 1.30)
1.31 (0.82, 1.86)
0.89 (0.59, 1.18)
0.84 (0.57, 1.11)
0.75 (0.44, 1.05)
1.02 (0.71, 1.35)
0.99 (0.69, 1.30)

0.81 (0.57, 1.06)
0.88 (0.65, 1.12)
0.96 (0.73, 1.24)
0.77 (0.43, 1.12)
1.51 (1.02, 1.96)
1.31 (0.96, 1.68)
0.89 (0.64, 1.15)
1.32 (0.67, 2.11)
1.15 (0.84, 1.45)
0.85(0.51, 1.21)
1.07 (0.79, 1.36)
1.03 (0.76, 1.31)
0.99 (0.61, 1.37)
1.17 (0.86, 1.49)
1.16 (0.87, 1.51)

*Estimates generated using polytomous logistic regression adjusting for age at diagnosis/selection and proportion African ancestry.




Figure 31: Odds ratios and 95% posterior intervals for FGFR2 and TNRC9/TOX3
SNPs for CBCS whites (left) and African Americans (right)
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Table 21: Maximum likelihood odds ratios and 95% confidence intervals for the association between the selected single

nucleotide polymorphisms (SNPs) and each breast cancer subtype, relative to controls*

Gene

SNP

Luminal A
N=700

Luminal B
N=122

HER2+/ER-
N=98

Unclassified
N=133

Basal-like
N=207

1pl12
CASP8
CASP8
2935
2p
SLC4A7
4p
TLR1
MRPS30
MRPS30
Spl2
5q
MAP3K1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ECHDC1
RELN
8q24
8q24

rs11249433
rs1045485
rs17468277
rs13387042
rs4666451
rs4973768
rs12505080
rs7696175
rs4415084
rs10941679
rs981782
rs30099
rs889312
rs2046210
rs851974
rs2077647
1s2234693
rs1801132
rs3020314
rs3798577
rs2180341
rs17157903
rs13281615
rs1562430

1.10 (0.95, 1.28)
1.12 (0.91, 1.39)
1.14 (0.92, 1.41)
1.19 (1.04, 1.37)
0.98 (0.85, 1.12)
0.97 (0.85, 1.11)
1.20 (1.03, 1.39)
1.21 (1.04, 1.41)
1.12 (0.98, 1.29)
1.11 (0.95, 1.30)
0.89 (0.77, 1.04)
1.08 (0.88, 1.33)
1.18 (1.03, 1.36)
1.04 (0.90, 1.19)
0.89 (0.77, 1.02)
0.95 (0.83, 1.08)
0.89 (0.78, 1.02)
1.09 (0.92, 1.29)
1.02 (0.89, 1.17)
0.97 (0.85, 1.10)
0.98 (0.85, 1.14)
0.99 (0.82, 1.21)
1.04 (0.91, 1.18)
1.06 (0.93, 1.22)

1.05 (0.78, 1.42)
0.98 (0.64, 1.49)
0.93 (0.61, 1.40)
0.98 (0.74, 1.29)
1.03 (0.77, 1.37)
1.01 (0.77, 1.32)
1.18 (0.87, 1.60)
0.99 (0.73, 1.36)
1.06 (0.80, 1.40)
0.91 (0.66, 1.27)
0.83 (0.61, 1.13)
1.05 (0.69, 1.61)
1.04 (0.78, 1.40)
1.09 (0.82, 1.44)
1.16 (0.87, 1.55)
0.99 (0.75, 1.30)
0.94 (0.72, 1.24)
0.86 (0.62, 1.20)
1.26 (0.95, 1.68)
1.04 (0.80, 1.36)
0.99 (0.73, 1.36)
1.07 (0.73, 1.58)
0.98 (0.75, 1.29)
0.93 (0.71, 1.22)

1.15 (0.82, 1.61)
0.92 (0.58, 1.45)
0.89 (0.56, 1.42)
0.96 (0.70, 1.30)
1.18 (0.85, 1.64)
0.88 (0.65, 1.19)
1.22 (0.87, 1.72)
0.72 (0.49, 1.05)
1.20 (0.88, 1.64)
1.04 (0.73, 1.49)
1.09 (0.76, 1.56)
1.17 (0.75, 1.83)
1.00 (0.72, 1.39)
1.36 (1.00, 1.86)
0.81 (0.58, 1.14)
0.95 (0.71, 1.29)
1.01 (0.75, 1.36)
0.93 (0.64, 1.37)
1.09 (0.79, 1.50)
0.77 (0.57, 1.03)
1.03 (0.73, 1.44)
0.65 (0.39, 1.10)
1.14 (0.84, 1.54)
1.24 (0.92, 1.68)

1.35 (1.00, 1.82)
1.38 (0.85, 2.24)
1.41 (0.86, 2.33)
1.10 (0.84, 1.45)
1.28 (0.96, 1.72)
0.91 (0.70, 1.18)
0.86 (0.62, 1.20)
1.10 (0.79, 1.53)
1.10 (0.84, 1.43)
0.95 (0.69, 1.31)
0.93 (0.67, 1.29)
0.85 (0.6, 1.30)
1.09 (0.82, 1.44)
1.18 (0.90, 1.54)
0.86 (0.64, 1.16)
0.92 (0.71, 1.20)
0.81 (0.62, 1.05)
1.00 (0.70, 1.41)
0.98 (0.74, 1.29)
1.10 (0.86, 1.42)
0.94 (0.70, 1.26)
0.98 (0.66, 1.45)
1.08 (0.84, 1.40)
1.09 (0.84, 1.41)

1.12 (0.87, 1.44)
1.16 (0.80, 1.69)
1.13 (0.78, 1.65)
0.91 (0.73, 1.14)
1.19 (0.94, 1.51)
0.97 (0.78, 1.20)
0.99 (0.76, 1.28)
1.33 (1.02, 1.73)
1.20 (0.96, 1.51)
1.24 (0.97, 1.59)
1.08 (0.82, 1.41)
0.99 (0.71, 1.38)
0.88 (0.69, 1.12)
1.33 (1.07, 1.67)
0.93 (0.73, 1.19)
0.95 (0.77, 1.18)
0.96 (0.78, 1.20)
0.81 (0.62, 1.06)
1.13 (0.90, 1.42)
0.99 (0.81, 1.23)
1.01 (0.79, 1.29)
1.13 (0.83, 1.54)
0.99 (0.79, 1.22)
1.08 (0.87, 1.34)
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CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM

rs3731257
rs3731249
rs518394
rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
rs1219648
rs2912774
rs2936870
1s2420946
1s2162540
rs2981582
rs3135718
rs10510126
rs1800054
rs1800057
rs1800058

0.92 (0.77, 1.08)
0.97 (0.61, 1.53)
0.98 (0.84, 1.14)
1.00 (0.86, 1.16)
1.12 (0.96, 1.30)
1.05 (0.91, 1.21)
0.93 (0.77, 1.13)
1.02 (0.90, 1.17)
1.02 (0.85, 1.22)
1.11 (0.95, 1.29)
1.05 (0.80, 1.39)
1.37 (1.17, 1.59)
1.35 (1.17, 1.57)
1.28 (1.11, 1.47)
1.28 (1.12, 1.46)
1.26 (1.10, 1.45)
1.37 (1.18, 1.58)
1.31 (1.15, 1.50)
1.28 (1.12, 1.46)
1.28 (1.12, 1.46)
1.24 (1.09, 1.41)
1.29 (1.13, 1.47)
1.28 (1.12, 1.46)
1.28 (1.13, 1.46)
1.11 (0.90, 1.36)
1.19 (0.69, 2.06)
1.31 (0.86, 2.01)
1.02 (0.62, 1.68)

0.85 (0.60, 1.21)
1.14 (0.49, 2.65)
1.00 (0.74, 1.36)
1.03 (0.75, 1.40)
0.88 (0.63, 1.24)
1.07 (0.80, 1.44)
1.00 (0.68, 1.48)
1.07 (0.81, 1.40)
0.76 (0.54, 1.08)
1.46 (1.08, 1.97)
0.82 (0.4, 1.54)
1.34 (0.98, 1.83)
1.38 (1.02, 1.86)
1.09 (0.82, 1.45)
1.13 (0.86, 1.48)
1.09 (0.82, 1.46)
1.39 (1.03, 1.87)
1.12 (0.85, 1.46)
1.13 (0.86, 1.47)
1.15 (0.88, 1.50)
1.07 (0.82, 1.40)
1.09 (0.83, 1.43)
1.13 (0.86, 1.47)
1.15 (0.88, 1.51)
1.09 (0.71, 1.68)
1.37 (0.49, 3.88)
0.86 (0.31,2.37)
0.76 (0.24, 2.43)

0.96 (0.66, 1.41)
1.30 (0.52, 3.27)
0.69 (0.48, 1.00)
0.73 (0.50, 1.06)
0.87 (0.60, 1.25)
1.02 (0.74, 1.41)
0.71 (0.43, 1.17)
1.10 (0.82, 1.48)
0.75 (0.52, 1.09)
1.49 (1.06, 2.08)
1.53 (0.89, 2.62)
1.29 (0.90, 1.85)
1.33 (0.95, 1.86)
1.25(0.91, 1.72)
1.42 (1.05, 1.91)
1.26 (0.92, 1.73)
1.44 (1.03, 2.03)
1.31 (0.98, 1.77)
1.51 (1.12, 2.04)
1.49 (1.10, 2.00)
1.48 (1.10, 1.99)
1.50 (1.11, 2.01)
1.49 (1.11, 2.00)
1.44 (1.08, 1.94)
1.11 (0.69, 1.79)
1.41 (0.43, 4.60)
2.02 (0.91, 4.46)
1.00 (0.31, 3.23)

0.89 (0.62, 1.26)
0.69 (0.22, 2.20)
1.05 (0.76, 1.45)
1.09 (0.79, 1.52)
0.82 (0.60, 1.12)
1.26 (0.93, 1.70)
0.77 (0.50, 1.18)
0.76 (0.59, 0.98)
1.30 (0.89, 1.90)
0.98 (0.71, 1.35)
1.05 (0.68, 1.63)
1.31(0.94, 1.81)
1.45 (1.07, 1.98)
1.51 (1.15, 1.98)
1.54 (1.19, 1.99)
1.50 (1.14, 1.97)
1.48 (1.09, 2.01)
1.76 (1.36, 2.28)
1.55 (1.19, 2.00)
1.58 (1.22, 2.05)
1.54 (1.19, 2.00)
1.60 (1.24, 2.06)
1.33(1.03, 1.72)
1.58 (1.23, 2.04)
0.91 (0.62, 1.34)
0.81 (0.20, 3.40)
0.99 (0.36, 2.75)
0.85 (0.26, 2.75)

0.88 (0.66, 1.18)
0.89 (0.38, 2.07)
1.16 (0.89, 1.51)
1.11 (0.85, 1.45)
1.13 (0.89, 1.44)
1.11 (0.87, 1.42)
1.10 (0.80, 1.51)
0.93 (0.75, 1.16)
0.92 (0.70, 1.22)
1.41 (1.09, 1.82)
1.08 (0.74, 1.56)
1.04 (0.80, 1.34)
1.00 (0.78, 1.27)
0.87 (0.68, 1.11)
0.92 (0.75, 1.14)
0.87 (0.68, 1.11)
1.01 (0.79, 1.29)
0.96 (0.78, 1.20)
0.91 (0.73, 1.13)
0.90 (0.73, 1.12)
0.88 (0.71, 1.09)
0.90 (0.73, 1.12)
0.91 (0.73, 1.12)
0.91 (0.74, 1.13)
1.18 (0.83, 1.68)
1.57 (0.66, 3.75)
1.24 (0.59, 2.64)
0.88 (0.35, 2.26)
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ATM
ATM
ATM
ATM
ATM
LSP1
LSP1
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COXl11
COXl11

rs1801516
rs3092992
rs664143
rs170548
rs3092993
rs3817198
rs909116
rs2107425
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
r$9940048
rs9894946
rs1614984
rs12951053
rs17880604
rs1800372
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

1.01 (0.81, 1.26)
1.01 (0.70, 1.46)
1.09 (0.95, 1.24)
0.97 (0.83, 1.14)
1.01 (0.81, 1.27)
1.02 (0.88, 1.19)
1.09 (0.95, 1.25)
1.03 (0.89, 1.18)
1.01 (0.77, 1.31)
1.11 (0.97, 1.27)
1.07 (0.94, 1.22)
1.17 (1.02, 1.35)
1.35 (1.15, 1.59)
1.71 (1.35, 2.16)
1.08 (0.94, 1.25)
1.13 (0.98, 1.31)
0.85 (0.70, 1.03)
1.01 (0.88, 1.15)
0.96 (0.75, 1.22)
0.75 (0.40, 1.40)
0.96 (0.52, 1.77)
1.13 (0.96, 1.34)
1.02 (0.88, 1.18)
0.96 (0.75, 1.23)
1.06 (0.92, 1.22)
1.05 (0.91, 1.22)

1.04 (0.66, 1.64)
1.04 (0.49, 2.21)
1.00 (0.76, 1.31)
0.87 (0.63, 1.21)
1.05 (0.67, 1.64)
0.84 (0.61, 1.16)
0.88 (0.67, 1.17)
0.90 (0.68, 1.19)
1.47 (0.88, 2.45)
0.95 (0.72, 1.26)
0.91 (0.70, 1.20)
1.10 (0.83, 1.46)
1.12 (0.80, 1.58)
1.08 (0.63, 1.84)
0.82 (0.60, 1.13)
0.81 (0.58, 1.12)
0.76 (0.52, 1.11)
0.92 (0.70, 1.21)
1.48 (0.96, 2.29)
0.31 (0.04, 2.29)
1.81 (0.69, 4.79)
1.09 (0.77, 1.55)
0.99 (0.73, 1.33)
1.71 (0.89, 3.30)
1.09 (0.81, 1.47)
1.08 (0.80, 1.45)

0.89 (0.51, 1.53)
1.45 (0.68, 3.09)
1.04 (0.77, 1.41)
1.01 (0.71, 1.45)
0.89 (0.51, 1.53)
1.25 (0.90, 1.75)
1.27 (0.92, 1.74)
0.97 (0.71, 1.32)
0.66 (0.34, 1.27)
1.16 (0.85, 1.57)
1.26 (0.94, 1.70)
1.00 (0.73, 1.36)
1.15 (0.79, 1.69)
1.49 (0.90, 2.47)
1.56 (1.13, 2.14)
1.24 (0.89, 1.72)
0.97 (0.61, 1.55)
1.01 (0.75, 1.37)
1.28 (0.78, 2.10)
1.71 (0.60, 4.85)
0.48 (0.06, 3.57)
1.06 (0.73, 1.54)
0.78 (0.57, 1.07)
0.63 (0.39, 1.03)
1.01 (0.73, 1.39)
1.01 (0.73, 1.39)

0.92 (0.55, 1.52)
1.23 (0.58, 2.62)
0.93 (0.72, 1.20)
0.93 (0.67, 1.30)
0.92 (0.56, 1.52)
1.28 (0.96, 1.72)
1.02 (0.78, 1.34)
0.92 (0.71, 1.21)
0.70 (0.43, 1.13)
1.36 (1.05, 1.77)
0.93 (0.72, 1.20)
1.12 (0.86, 1.47)
1.42 (1.01, 1.98)
1.20 (0.79, 1.82)
0.75 (0.56, 1.01)
0.97 (0.72, 1.30)
1.06 (0.68, 1.65)
1.03 (0.80, 1.34)
1.39 (0.92, 2.08)
0.77 (0.18, 3.22)
2.27 (0.86, 6.02)
0.85 (0.61, 1.18)
0.91 (0.69, 1.20)
0.80 (0.52, 1.23)
1.11 (0.84, 1.47)
1.08 (0.82, 1.42)

1.00 (0.67, 1.49)
1.74 (1.00, 3.01)
0.97 (0.78, 1.20)
0.98 (0.75, 1.28)
1.00 (0.67, 1.49)
1.04 (0.81, 1.35)
1.10 (0.88, 1.39)
0.99 (0.79, 1.24)
0.94 (0.64, 1.37)
0.82 (0.65, 1.03)
1.00 (0.81, 1.23)
0.97 (0.77, 1.21)
0.88 (0.65, 1.21)
1.66 (1.20, 2.29)
1.37 (1.09, 1.72)
0.90 (0.70, 1.15)
1.11 (0.77, 1.61)
1.14 (0.93, 1.41)
1.01 (0.69, 1.49)
1.22 (0.47, 3.15)
1.14 (0.39, 3.30)
1.10 (0.85, 1.42)
0.95 (0.75, 1.19)
1.03 (0.69, 1.53)
1.05 (0.84, 1.32)
1.04 (0.83, 1.31)

*Estimates generated using polytomous logistic regression adjusting for age at diagnosis/selection, proportion African ancestry and self-

reported race.




90¢

Table 22: Odds ratios and 95% posterior intervals for the association between the selected single nucleotide polymorphisms

(SNPs) and each breast cancer subtype, relative to controls [SNP log OR~N(0,7), > ~T"'(3, 0.2) with mode=0.05]*

Gene

SNP

Luminal A
N=700

Luminal B
N=122

HER2+/ER-
N=98

Unclassified
N=133

Basal-like
N=207

Ipl12
CASP8
CASP8

2935

2p
SLC4A7
4p
TLR1
MRPS30
MRPS30
Spl2
5q
MAP3K1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ESR1
ECHDCI1
RELN
8q24
8q24

rs11249433
rs1045485
rs17468277
rs13387042
rs4666451
rs4973768
rs12505080
rs7696175
rs4415084
rs10941679
rs981782
rs30099
rs889312
rs2046210
rs851974
rs2077647
1s2234693
rs1801132
rs3020314
rs3798577
rs2180341
rs17157903
rs13281615
rs1562430

1.08 (0.93, 1.22)
1.09 (0.89, 1.30)
1.11 (0.91, 1.33)
1.17 (1.02, 1.31)
0.96 (0.85, 1.10)
0.98 (0.86, 1.10)
1.17 (1.00, 1.34)
1.19 (1.03, 1.37)
1.10 (0.96, 1.24)
1.10 (0.95, 1.27)
0.91 (0.78, 1.04)
1.09 (0.90, 1.29)
1.16 (1.00, 1.31)
1.02 (0.89, 1.14)
0.91 (0.79, 1.03)
0.95 (0.83, 1.06)
0.91 (0.79, 1.03)
1.09 (0.93, 1.27)
1.01 (0.88, 1.13)
0.97 (0.85, 1.10)
0.98 (0.86, 1.12)
1.01 (0.83, 1.19)
1.03 (0.91, 1.16)
1.05 (0.93, 1.18)

1.03 (0.77, 1.28)
0.98 (0.71, 1.30)
0.97 (0.68, 1.26)
1.00 (0.76, 1.24)
1.02 (0.80, 1.28)
1.01 (0.80, 1.24)
1.11 (0.83, 1.42)
1.01 (0.76, 1.25)
1.04 (0.80, 1.29)
0.94 (0.71, 1.17)
0.91 (0.68, 1.12)
1.04 (0.76, 1.38)
1.03 (0.80, 1.31)
1.06 (0.82, 1.33)
1.11 (0.85, 1.39)
1.00 (0.78, 1.22)
0.97 (0.77, 1.21)
0.94 (0.71, 1.20)
1.18 (0.92, 1.48)
1.05 (0.84, 1.29)
1.01 (0.78, 1.25)
1.06 (0.76, 1.37)
0.99 (0.77, 1.23)
0.96 (0.76, 1.19)

1.09 (0.82, 1.40)
0.97 (0.64, 1.27)
0.97 (0.66, 1.28)
0.98 (0.73, 1.20)
1.11 (0.83, 1.42)
0.94 (0.70, 1.18)
1.13 (0.81, 1.48)
0.82 (0.59, 1.06)
1.14 (0.85, 1.46)
1.03 (0.77, 1.33)
1.08 (0.81, 1.40)
1.08 (0.75, 1.44)
1.00 (0.75, 1.27)
1.26 (0.94, 1.59)
0.88 (0.63, 1.11)
0.98 (0.75, 1.20)
1.01 (0.76, 1.25)
0.97 (0.69, 1.25)
1.06 (0.80, 1.37)
0.84 (0.63, 1.05)
1.03 (0.75, 1.31)
0.83 (0.57, 1.10)
1.09 (0.82, 1.36)
1.15 (0.87, 1.44)

1.21 (0.90, 1.50)
1.17 (0.82, 1.55)
1.21 (0.83, 1.65)
1.09 (0.86, 1.34)
1.19 (0.92, 1.50)
0.94 (0.72, 1.15)
0.89 (0.68, 1.14)
1.04 (0.77, 1.33)
1.07 (0.84, 1.32)
0.96 (0.70, 1.21)
0.98 (0.74, 1.23)
0.93 (0.64, 1.24)
1.06 (0.81, 1.33)
1.13 (0.87, 1.39)
0.91 (0.71, 1.15)
0.96 (0.76, 1.16)
0.86 (0.65, 1.04)
1.02 (0.73, 1.30)
0.98 (0.76, 1.20)
1.09 (0.87, 1.33)
0.97 (0.76, 1.19)
0.99 (0.73, 1.30)
1.06 (0.84, 1.30)
1.05 (0.83, 1.29)

1.09 (0.84, 1.32)
1.11 (0.79, 1.40)
1.07 (0.78, 1.39)
0.93 (0.75, 1.11)
1.14 (0.92, 1.39)
1.00 (0.82, 1.18)
0.98 (0.77, 1.20)
1.23 (0.96, 1.54)
1.15 (0.93, 1.39)
1.17 (0.94, 1.45)
1.07 (0.85, 1.33)
1.01 (0.74, 1.26)
0.90 (0.73, 1.10)
1.25(0.99, 1.51)
0.95 (0.76, 1.15)
0.97 (0.80, 1.16)
0.97 (0.80, 1.16)
0.87 (0.66, 1.07)
1.10 (0.88, 1.31)
1.00 (0.82, 1.18)
1.01 (0.81, 1.22)
1.10 (0.86, 1.36)
0.98 (0.81, 1.18)
1.06 (0.88, 1.27)




LOT

CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
CDKN2A/B
ANKRD16
ZNF365
ZMIZ1
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
FGFR2
10q
ATM
ATM
ATM

rs3731257
rs3731249
rs518394
rs564398
rs1011970
rs10757278
rs10811661
rs2380205
rs10995190
rs704010
rs1896395
rs3750817
rs10736303
rs11200014
rs2981579
rs1078806
rs2981578
1s1219648
rs2912774
rs2936870
1s2420946
1s2162540
rs2981582
rs3135718
rs10510126
rs1800054
rs1800057
rs1800058

0.94 (0.80, 1.09)
0.99 (0.67, 1.31)
0.99 (0.86, 1.12)
1.00 (0.87, 1.14)
1.11 (0.95, 1.28)
1.04 (0.90, 1.18)
0.96 (0.80, 1.13)
1.03 (0.90, 1.16)
1.03 (0.86, 1.21)
1.08 (0.93, 1.23)
1.02 (0.79, 1.26)
1.30 (1.12, 1.51)
1.29 (1.13, 1.48)
1.24 (1.08, 1.41)
1.25 (1.09, 1.41)
1.23 (1.08, 1.39)
1.32 (1.13, 1.51)
1.28 (1.12, 1.45)
1.25 (1.08, 1.40)
1.25 (1.08, 1.41)
1.22 (1.07, 1.37)
1.26 (1.10, 1.41)
1.24 (1.08, 1.40)
1.25 (1.10, 1.41)
1.08 (0.90, 1.29)
1.10 (0.74, 1.49)
1.15 (0.83, 1.54)
1.04 (0.70, 1.40)

0.92 (0.67, 1.15)
1.06 (0.56, 1.55)
1.01 (0.76, 1.27)
1.02 (0.78, 1.27)
0.93 (0.70, 1.17)
1.06 (0.82, 1.34)
1.01 (0.72, 1.31)
1.05 (0.82, 1.29)
0.86 (0.61, 1.12)
1.29 (0.97, 1.62)
0.95 (0.61, 1.30)
1.23 (0.90, 1.58)
1.26 (0.95, 1.59)
1.06 (0.83, 1.34)
1.11 (0.86, 1.39)
1.07 (0.83, 1.36)
1.27 (0.94, 1.62)
1.08 (0.83, 1.35)
1.08 (0.85, 1.35)
1.12 (0.85, 1.42)
1.05 (0.80, 1.31)
1.07 (0.82, 1.32)
1.08 (0.83, 1.35)
1.12 (0.87, 1.40)
1.07 (0.73, 1.39)
1.09 (0.61, 1.59)
0.97 (0.56, 1.39)
0.96 (0.57, 1.42)

0.99 (0.70, 1.28)
1.13 (0.67, 1.70)
0.81 (0.60, 1.06)
0.83 (0.59, 1.07)
0.93 (0.66, 1.20)
1.02 (0.77, 1.29)
0.88 (0.61, 1.17)
1.08 (0.83, 1.35)
0.85 (0.58, 1.13)
1.26 (0.91, 1.64)
1.22 (0.79, 1.67)
1.18 (0.87, 1.52)
1.20 (0.90, 1.54)
1.17 (0.86, 1.48)
1.31 (0.97, 1.67)
1.17 (0.87, 1.48)
1.27 (0.95, 1.66)
1.24 (0.92, 1.59)
1.38 (1.03, 1.74)
1.35(1.01, 1.72)
1.36 (1.02, 1.71)
1.36 (1.01, 1.75)
1.33 (1.01, 1.68)
1.31 (0.97, 1.66)
1.06 (0.75, 1.43)
1.09 (0.52, 1.72)
1.20 (0.67, 1.80)
1.03 (0.58, 1.58)

0.94 (0.68, 1.19)
0.93 (0.54, 1.38)
1.03 (0.77, 1.30)
1.06 (0.81, 1.35)
0.88 (0.67, 1.11)
1.17 (0.90, 1.46)
0.87 (0.63, 1.14)
0.82 (0.63, 1.00)
1.21 (0.90, 1.59)
0.97 (0.72, 1.24)
1.05 (0.73, 1.37)
1.22 (0.91, 1.57)
1.31 (0.98, 1.68)
1.35 (1.04, 1.69)
1.41 (1.09, 1.74)
1.36 (1.04, 1.71)
1.35(1.01, 1.75)
1.58 (1.22, 1.97)
1.41 (1.10, 1.74)
1.44 (1.12, 1.80)
1.42 (1.11, 1.77)
1.47 (1.14, 1.83)
1.25 (0.99, 1.55)
1.44 (1.12, 1.82)
0.95 (0.68, 1.24)
0.97 (0.54, 1.45)
0.99 (0.58, 1.46)
1.02 (0.58, 1.50)

0.93 (0.71, 1.16)
0.97 (0.60, 1.42)
1.13 (0.90, 1.38)
1.08 (0.84, 1.34)
1.11 (0.88, 1.35)
1.07 (0.86, 1.30)
1.08 (0.83, 1.36)
0.95 (0.78, 1.13)
0.94 (0.74, 1.20)
1.30 (1.02, 1.60)
1.05 (0.74, 1.36)
1.02 (0.78, 1.26)
0.99 (0.79, 1.21)
0.88 (0.70, 1.06)
0.92 (0.75, 1.10)
0.89 (0.70, 1.08)
1.00 (0.81, 1.21)
0.96 (0.77, 1.16)
0.91 (0.74, 1.09)
0.91 (0.73, 1.09)
0.89 (0.71, 1.06)
0.90 (0.75, 1.08)
0.91 (0.75, 1.09)
0.91 (0.74, 1.08)
1.12 (0.81, 1.43)
1.12 (0.64, 1.68)
1.08 (0.63, 1.54)
1.00 (0.59, 1.46)
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ATM
ATM
ATM
ATM
ATM
LSPI
LSPI
H19
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TNRC9/TOX3
TP53
TP53
TP53
TP53
TP53
TP53
TP53
TP53
COX11
COX11

rs1801516
rs3092992
rs664143
rs170548
rs3092993
rs3817198
rs909116
rs2107425
rs16951186
rs8051542
rs12443621
rs3803662
rs4784227
rs3104746
rs3112562
r$9940048
rs9894946
rs1614984
rs12951053
rs17880604
rs1800372
rs2909430
rs1042522
rs8079544
1s7222197
rs6504950

1.02 (0.83, 1.22)
0.96 (0.70, 1.26)
1.08 (0.94, 1.22)
0.98 (0.85, 1.12)
1.01 (0.81, 1.20)
1.01 (0.88, 1.15)
1.08 (0.93, 1.22)
1.04 (0.91, 1.17)
1.01 (0.78, 1.24)
1.11 (0.98, 1.25)
1.06 (0.94, 1.18)
1.14 (0.99, 1.30)
1.30 (1.11, 1.51)
1.54 (1.20, 1.89)
1.07 (0.92, 1.22)
1.13 (0.98, 1.27)
0.87 (0.73, 1.03)
1.01 (0.89, 1.14)
0.94 (0.74, 1.16)
0.91 (0.56, 1.28)
0.97 (0.61, 1.35)
1.11 (0.95, 1.29)
1.04 (0.90, 1.19)
0.97 (0.75, 1.20)
1.05 (0.92, 1.19)
1.05 (0.91, 1.19)

1.02 (0.71, 1.34)
1.00 (0.55, 1.42)
1.00 (0.80, 1.26)
0.92 (0.70, 1.18)
1.04 (0.72, 1.38)
0.89 (0.66, 1.12)
0.93 (0.72, 1.14)
0.94 (0.73, 1.18)
1.23 (0.77, 1.74)
0.97 (0.74, 1.23)
0.94 (0.74, 1.14)
1.09 (0.85, 1.36)
1.07 (0.76, 1.37)
1.02 (0.68, 1.38)
0.88 (0.67, 1.13)
0.87 (0.66, 1.10)
0.87 (0.62, 1.15)
0.96 (0.75, 1.18)
1.21 (0.84, 1.62)
0.90 (0.48, 1.38)
1.13 (0.62, 1.68)
1.07 (0.78, 1.36)
1.00 (0.76, 1.26)
1.26 (0.81, 1.79)
1.07 (0.81, 1.33)
1.06 (0.83, 1.32)

0.96 (0.64, 1.30)
1.10 (0.65, 1.58)
1.03 (0.78, 1.30)
1.02 (0.79, 1.33)
0.95 (0.66, 1.27)
1.15 (0.85, 1.47)
1.17 (0.87, 1.48)
0.98 (0.75, 1.25)
0.87 (0.55, 1.22)
1.11 (0.83, 1.42)
1.19 (0.90, 1.47)
0.99 (0.74, 1.23)
1.08 (0.78, 1.41)
1.23 (0.80, 1.74)
1.38 (0.99, 1.80)
1.15 (0.86, 1.47)
1.01 (0.69, 1.34)
1.01 (0.79, 1.27)
1.12 (0.74, 1.51)
1.16 (0.59, 1.79)
0.95 (0.54, 1.45)
1.04 (0.76, 1.33)
0.85 (0.63, 1.07)
0.80 (0.53, 1.10)
1.00 (0.76, 1.26)
1.02 (0.77, 1.29)

0.95 (0.64, 1.28)
1.08 (0.66, 1.53)
0.96 (0.75, 1.16)
0.95 (0.70, 1.19)
0.96 (0.66, 1.26)
1.18 (0.92, 1.46)
1.03 (0.79, 1.27)
0.96 (0.76, 1.18)
0.84 (0.55, 1.11)
1.26 (0.99, 1.56)
0.95 (0.76, 1.17)
1.10 (0.85, 1.36)
1.24 (0.88, 1.61)
1.11 (0.75, 1.50)
0.81 (0.61, 1.01)
0.98 (0.78, 1.22)
1.06 (0.75, 1.39)
1.02 (0.81, 1.24)
1.20 (0.85, 1.58)
0.99 (0.53, 1.46)
1.22 (0.66, 1.92)
0.91 (0.68, 1.14)
0.95 (0.74, 1.17)
0.90 (0.61, 1.24)
1.07 (0.84, 1.30)
1.05 (0.83, 1.32)

1.01 (0.73, 1.29)
1.26 (0.80, 1.75)
0.99 (0.80, 1.17)
1.00 (0.78, 1.22)
1.01 (0.71, 1.32)
1.02 (0.82, 1.26)
1.08 (0.87, 1.30)
1.00 (0.81, 1.19)
0.96 (0.69, 1.26)
0.84 (0.68, 1.00)
1.00 (0.81, 1.19)
0.97 (0.79, 1.16)
0.90 (0.66, 1.12)
1.43 (1.02, 1.85)
1.31 (1.05, 1.60)
0.93 (0.74, 1.12)
1.08 (0.80, 1.39)
1.12 (0.91, 1.33)
1.00 (0.70, 1.30)
1.08 (0.59, 1.57)
1.02 (0.60, 1.51)
1.09 (0.87, 1.33)
0.97 (0.77, 1.18)
1.04 (0.74, 1.39)
1.04 (0.85, 1.24)
1.04 (0.84, 1.26)

*Estimates generated using polytomous logistic regression adjusting for age at diagnosis/selection, proportion African ancestry and self-

reported race.




6. Discussion

6.1 Summary of findings

In this study of race and subtype differences in the effects of previously established
susceptibility variants on breast cancer risk, I replicated several SNPs in white or African
American CBCS participants and observed notable differences in subtype-specific genetic
risk factors. I used Bayesian methods to incorporate prior information and obtain more
precise effect estimates than would be possible with standard approaches, such as maximum
likelihood.
6.1.1 Racial differences in breast cancer susceptibility loci

According to the ORs and 95% PIs estimated using Bayesian methods, 18 of 41
GWAS-identified SNPs replicated in whites and ten of 41 replicated in African Americans.
None of the candidate gene hits replicated in either race. These findings are summarized in
Table 23. This table also includes information on whether the ORs reported for CBCS were
in the same direction as previous studies, regardless of their confidence limits. Because I
evaluated all SNPs using the a priori risk variant as the index variant, any SNPs with ORs
greater than one were consistent with previous findings.

In whites, I found evidence of positive associations between breast cancer and several
well-validated GWAS-identified risk variants, including two MRPS3(0 SNPs (rs4415084 and
rs10941679) [169, 186, 190, 191, 208, 211, 220, 223, 228, 230], rs889312 on MAP3KI [162,

168, 169, 189, 194, 213, 218, 220, 232, 235, 239], several FGFR2 SNPs [162, 168, 169, 186,



189-191, 194, 196, 201, 208, 213, 218-220, 222, 223, 229, 232-234, 236, 237, 251-258, 339,
347, 348], and several TNRCY9/TOX3 SNPs [11, 162, 163, 168, 169, 186, 187, 189, 191, 194,
202, 205, 217-220, 222, 229, 232, 234, 235, 237, 262]. Additionally, I replicated two less-
established GWAS-identified SNPs, rs704010 in ZMIZ1 [189, 247], and rs2107425 on H19
[194]. As for the remaining SNPs, the large majority of estimated ORs were positive,
indicating general agreement with the existing literature. This included rs909116 (LSP1) and
151562430 (8q24), two GWAS-identified SNPs that fell just short of replication criteria in
CBCS whites (Table 23).

A few of the non-GWAS, non-candidate gene SNPs were positively associated with
breast cancer in CBCS whites (Table 24). This included rs10757278 in CDKN2A/B,
rs3750817, rs11200014, and rs2162540 in FGFR2 and rs3104746 in TNRC9/TOX3. Of these,
1s2162540, rs10757278 and rs3104746 were novel findings, though rs2162540 was reported
in a previous CBCS paper [210]. Results for rs3750817 agreed with those from two previous
case-controls studies [169, 252]. The only CASPS8, ATM, or TP53 SNP associated with breast
cancer was 1s9894986 in TP53, which was negatively associated with the disease. The same
variant allele had a near-null, positive association with disease in Zhang et al [20].

Nine of the ten SNPs that replicated in CBCS African Americans were in FGFR2
(Table 23). This included rs1219648 [11, 12, 201, 215, 216, 236, 257] and rs2981578 [12,
214, 215, 258, 259], both of which were associated with the disease in several previous
studies of African Americans. I also replicated rs2981579, rs2981582 and rs2420946. These
three variants are known to increase breast cancer susceptibility in whites, but have rarely
replicated in African Americans [11, 12, 169, 186, 194, 201, 214-216, 236, 257, 258, 259].

Barnholtz-Sloan et al. [210] previously reported the associations between breast cancer and
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rs1219648, rs2981579, rs2981582 and rs2420946 in CBCS African Americans. Barnholtz-
Sloan et al. were also the first to report ORs for rs2912774, rs2936870, and rs3135718, three
FGFR2 SNPs identified in a GWAS by Easton et al [194]. The ninth FGFR2 SNP to
replicate in CBCS African Americans was rs10736303. This SNP was also identified in
Easton et al., but was not included in the previous CBCS analysis. It was positively
associated with disease in one previously studied African American population [259].

The only other SNP to replicate in African Americans was 152046210 in ESRI. Most
previous evaluations of this SNP in African Americans generated near-null ORs for log-
additive models [11, 12, 169, 214-216, 242, 243]. Two other SNPs, rs2107425 (H19) and
rs12443621 (TNRC9/TOX3), had 95% PIs that excluded the null, but were inversely
associated with breast cancer and thus inconsistent with the original reports. The ORs for the
remaining GWAS-identified or candidate gene SNPs were again predominantly positive
(Table 23), indicating concordance with previous findings. This included both of the SNPs
with a priori racial differences in risk alleles (rs1045485 on CASPS and rs3803662 on
TNRCY9/TOX3) and a few SNPs that fell just short of the selected cut-point for replication
(rs7696175 on TLRI and rs30099 on chromosome 5q).

CBCS is the first study to report statistically significant associations for rs3750817
and rs2162540 (FGFR?2) in African Americans. rs2162540 was previously reported by
Barnholtz-Sloan et al. [210], but I am the first to do so for rs3750817. I also corroborated
previous evidence that rs3104746 and rs3112562 (TNRC9/TOX3) are associated with breast
cancer in African Americans [214, 231] (Table 24).

Despite their relative imprecision in this application, the results from the hierarchical

models support previous claims that these methods can help differentiate individual effects of
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highly correlated SNPs [326, 328, 330]. Single-level models with the same number of
parameters will often produce unstable estimates, but hierarchical models can simultaneously
and stably estimate both haplotype-level and single-SNP effect estimates.

For example, even though none of the hierarchically-estimated FGFR2 met the
criteria for replication, the OR for rs2981579 in whites was notably higher than the rest of the
SNPs in the 13-SNP FGFR2 LD block. As it is unlikely that each of the FGFR2 SNPs is
independently associated with disease, the hierarchical results better reflect the presence of
one or two causal variants in high LD with the other evaluated SNPs.

The FGFR?2 hierarchical models performed slightly better in African Americans, with
rs3750817, rs2981578, and rs2420946 demonstrating notably stronger associations than the
other SNP(s) in block 1, 2 and 3, respectively. This performance improvement may be
attributable to the anticipated racial differences in LD block size. ORs for SNPs in the other,
smaller LD blocks were relatively more precise, but contributed little new information. More
explicit specifications of the incorporated covariance matrices had little impact on point
estimates or precision in either racial group.

6.1.2 Subtype differences in breast cancer susceptibility loci

I observed some crucial differences in subtype-specific genetic risk factors. The most
conspicuous differences involved the FGFR2 gene, where most of the 14 evaluated SNPs
were strongly associated with luminal A, HER2+/ER- and unclassified disease, but none
were associated with basal-like breast cancer. In the only other study to examine the
relationship between any FGFR2 SNP and all five IHC subtypes, Broeks et al. [168] also
observed a null association between rs2981582-T and basal-like disease and a positive

association between rs2981582-T and luminal A disease. Their luminal B OR was in the
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same direction as CBCS, but of much greater magnitude. Stevens et al. [167] and Han et al.
[226] also found near-null associations between rs2981582 and triple negative disease, and
Han et al. estimated ORs for luminal A and B disease similar to those seen in CBCS.
Contrary to my findings, however, rs2981582 was not associated with HER2+/ER- disease in
either study, nor was it associated with unclassified disease in Stevens et al.

None of the other FGFR2 SNPs were evaluated using a 5-marker or even a 3-marker
IHC panel, but many were assessed within categories of a single marker (e.g. ER+ cases
relative to controls). In general, these studies reported positive associations between the
FGFR2 SNPs and ER+, ER-, PR+ and HER2- disease [162, 163, 168, 169, 192, 193, 198,
205, 208, 214, 216, 219, 222, 227, 232, 236, 244, 253, 255, 259, 349]

(Table 23 and 24). This included rs3750817, which met the criteria for genome-wide
significance among women with hormone receptor positive disease [193].

Broeks et al. [168], Stevens et al. [167], and Han et al. [226] also evaluated
1s3803662 in TNRCY/TOX3. This SNP had a positive association with luminal A breast
cancer in CBCS, which was consistent with the ORs reported by Broeks et al. and Han et al.
However, these authors also observed associations between rs3803662-T and luminal B and
HER2+/ER- disease, where I found only a weak association with Luminal B and a near-null
association with HER2+/ER- disease. Broeks et al. observed an association between
1rs3803662 and basal-like disease, which I did not replicate.

I also observed a positive association between rs4784227 (TNRC9/TOX3) and luminal
A disease, which was consistent with Kim et al.’s [192] assessment of disease risk by ER and
PR status. Similarly, I found that rs3104746 (TNRC9/TOX3) was associated with luminal A

and basal-like disease, while Chen et al. [214] observed positive associations between
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rs3104746-A and both ER+ and ER- breast cancer, relative to controls. The only other
TNRCY9/TOX3 SNP with prior evidence of an association with a particular breast cancer
subtype was rs8051542. This SNP was positively associated with unclassified disease in
CBCS, but was not associated with ER- disease in any of three previous studies [205, 266,
349]. In contrast, all three reported positive associations between rs8051542 and ER+ breast
cancer.

I found a positive association between 1s2046210 (ESR/) and triple-negative breast
cancer. This association was previously reported by Han et al [226]. I also replicated Han et
al.’s finding that rs889312 (MAP3K1) was associated with luminal A breast cancer, but not
their findings that rs2046210 and rs4973768 (SLC4A47) were associated with luminal A
disease. Similarly, I did not replicate their finding that rs2046210 was associated with
HER2+/ER- disease.

Broeks et al. [168] found that rs3817198 (LSP1) was associated with triple-negative
breast cancer, but the same SNP was not associated with any subtype in the CBCS
population. Further, where Broeks et al. found that rs13387042 (2q35) and rs889312
(MAP3K1) were associated with triple-negative breast cancer and that rs13387042 was
associated with basal-like breast cancer, I found that these two SNPs were associated with
luminal A breast cancer only. None of the susceptibility loci for triple-negative breast cancer
highlighted by Stevens et al. were genotyped in CBCS [167].

According to my results, SNPs in 4p, TLR1, ANKRD16, and ZM1Z1 may also be
related to subtype-specific etiology. However, as with the majority of FGFR2 and
TNRCY9/TOX3 SNPs, it is difficult to compare my results with previous reports, as most prior

investigations of this topic were limited to single hormone receptor comparisons [189, 192,
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193, 198, 214, 216, 227, 247]. I have attempted to summarize the findings for all included
SNPs in Tables 23 and 24. In general, those associated with luminal A breast cancer in CBCS
were associated with ER+ disease in previous investigations. Few previous studies found
SNPs associated with triple-negative or ER- disease, and those that did were not replicated in
this investigation.

In the race-stratified subtype analyses, I found evidence that rs10757278
(CDKN2A/B) was differentially related to basal-like disease by race and that a few other
SNP-subtype associations were much stronger when the analysis was limited to whites. This
included rs1562430 (8q24) and rs3112562 and rs12443621 (TNRC9/TOX3). These findings
support the hypothesis that there are both race and subtype differences in breast cancer
susceptibility variants. Additional studies are needed to further clarify the role of these SNPs

and the other potentially important genes identified in my investigation.

6.2 Strengths and limitations

The CBCS has some inherent limitations. These include selection bias, exposure and
outcome misclassification, and informative missing data. Inappropriately specified genetic
models and the inclusion of in situ breast cancer cases may also limit the validity of these
particular analyses.

Differences in response rates by case-control status, race, and age may have
introduced selection bias. Further, non African Americans were more likely than African
Americans to provide blood for genotyping, but were less likely to have tumor tissue
available for IHC analysis. Women with early stage disease were also less likely to provide

tumor tissue.
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Including race and age as model covariates should limit the bias resulting from this
potentially informative missing data. However, given that women with more advanced
disease were more likely to provide tumor tissue, the subtype-specific analyses may still be
biased if one or more of the included SNPs is related to disease aggressiveness or medical
care utilization. Though not included here, the extent of this bias could be explored further
using inverse-probability of selection weighting or Bayesian imputation methods.

Despite quality control checks, some genotyping errors may be present. My decision
to retain SNPs that violated HWE may have exacerbated this issue, but I only did so after
verifying genotype clustering images and considering other potential threats to validity. This
process led me to drop rs614367 (MYEOQOYV). This particular SNP was not in HWE in white
controls (p=0.05) and closer inspection of the TagMan genotype results plots revealed
disparate clusters for the homozygous rare genotype. I also discovered that the primer used
for the analysis included a second polymorphic site. As this could result in failed
amplification and allelic drop-out, I compared the CBCS MAFs for rs614367 to the MAFs in
HapMap CEU and ASW populations. After finding these incompatible, I decided to exclude
the SNP from further analysis. The genotype clusters for the remaining six SNPs that failed
HWE tests formed three distinct clusters with no overlap and were therefore retained.

Age and self-identified race were collected and validated for all CBCS participants. |
accounted for additional variation within self-identified racial groups by adjusting for
proportion of African ancestry.

Classification of incident and in situ breast cancer cases is likely accurate, as disease
status was first identified using a cancer registry and then confirmed by the participant.

However, breast cancer subtypes are much more difficult to classify accurately. First of all,
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as each tumor was stained and interpreted by a pathologist, there may have been inaccuracies
due to human error. Additionally, even though CBCS investigators decided 81%
concordance between medical record reports and UNC-run assays of ER and PR status was
sufficiently high [273], additional misclassification due to inter-laboratory discrepancies in
staining techniques or positivity cut-points was clearly present. Lastly, there is some
disagreement in the field as to how best to classify breast cancer subtypes. The
immunhistochemical markers are themselves proxies for gene expression patterns [39, 40]
and while the majority of investigators support the subtype definitions described here, many
authors do not differentiate between basal-like and unclassified breast cancer [8, 79, 85, 117],
while others note that additional markers, such as claudin or Ki-67, may also be important
[43- 46, 57, 350].

I included in situ cases to increase sample size and improve precision. Because most
studies of genetic risk factors for breast cancer are limited to invasive breast cancer cases it is
unclear whether the findings are generalizable to in situ cases. The inclusion of in situ cases
could be particularly problematic if any of the included SNPs are associated with disease
aggressiveness or if genotype affects the probability that an in situ case progresses into an
invasive case. However, there is strong evidence that in situ tumors have similar subtype [4,
89, 346] and risk profiles [4, 341, 345] to invasive cases, and can therefore be included in the
proposed analysis as early stage cases without substantially biasing the results.

Although I included MLE ORs estimated using co-dominant modeling assumptions, |
assumed additive models for all Bayesian analyses and drew inferences from additive models
only. This approach is consistent with the existing literature, as most of the GWAS and

replication studies cited in this report provided effects for additive models. If the true effect
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of the causal variant did not follow an additive pattern, the reported OR estimates would be
biased and my inferences would be incorrect. While it is possible to do statistical tests to
compare model fit under different assumptions (e.g. Akaike Information Criteria [AIC]),
such global tests are underpowered to detect subtle differences in fit [291] and are rarely
used. Alternatively, I could have incorporated model uncertainty using Bayesian methods, as
proposed by Stephens et al [15]. However, because the quality and quantity of a priori
information varied widely among the selected SNPs, it would have been difficult to construct
priors for many of the included SNPs.

The SNPs selected for this analysis were both a strength and a limitation. I was able
to evaluate the role of a number of important GWAS and candidate gene hits, but the panel
was incomplete and I was not able to include any new discoveries. Additionally, while I
believe that the inclusion of more finely mapped regions augmented theses analyses, only a
few of the selected regions included tag SNPs in addition to the variant of interest. In
particular, this limited my ability to fully explore the performance of the hierarchical
methods within high LD regions.

The diverse composition of CBCS is a major strength of this study. Study
investigators originally chose to include large numbers of African American women so they
could explore racial differences in breast cancer risk factors and breast cancer related
outcomes. Because subtype distributions vary by race, this recruitment scheme inadvertently
ensured that all five intrinsic subtypes were well represented in the CBCS population. In this
way, the study is uniquely suited to answer questions about both race and subtype differences
in etiology and prognosis. Studying the disease in racial groups with unique LD patterns also

provided information that may help pinpoint causal variants. To date, this is one of the
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largest population-based studies of African Americans and also one of the largest studies to
evaluate breast cancer subtypes using a five-marker IHC panel.

A strength of these particular analyses was the use of Bayesian methods. Breast
cancer susceptibility loci are a commonly studied topic and Bayesian methods offered a way
to make use of the plethora of prior information to generate more precise estimates. I believe
the priors specified here were reasonable given our existing knowledge of breast cancer
susceptibility variants and linkage disequilibrium patterns. Therefore, the results presented
here should be more accurate, on average, than those produced using traditional frequentist
methods. Further, by selecting only null-centered, informative priors for the full Bayes
analysis, any bias resulting from these methods should be towards the null [17]. In this way,
this application of Bayesian methods also reduces the probability of observing false positive
associations. Similarly, hierarchical models shrink everything towards the group-level mean,
which should also help control type I error.

Lastly, while I do believe that my prior assumptions were reasonable, I provided a
sensitivity analysis that included the MLE estimates as well as Bayesian estimates given
more informative priors. These supplementary analyses demonstrated the relative influence

of the prior assumptions.

6.3 Public health implications

While I did not identify any completely new susceptibility loci, I replicated several
previously established risk variants and explored some of the potentially causal regions more
thoroughly. For some SNPs, I reported novel race- or subtype-specific effect estimates. As

most previous attempts to isolate effects within African Americans or for individual subtypes
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have produced mostly imprecise and inconsistent findings, my work may help advance our
understanding of breast cancer etiology.

Additionally, since LD patterns vary by race, these race-stratified analyses may help
to narrow down the specific region or regions of the candidate genes that are most strongly
associated with the disease of interest. Improved understanding of genetic risk factors and
disease etiology can ultimately improve breast cancer control and prevention by identifying
potential targets for directed therapies and for locating high-risk individuals. Subsequent
research on environmental or treatment-related factors that interact with these genes could
contribute further public health benefit.

This research also has potential methodological impacts. For both manuscripts, |
provided a simple, yet descriptive discussion of the merits of Bayesian analysis and how to
implement the selected methods. This included SAS code for hierarchical models and
Bayesian polytomous logistic regression, both of which are sparsely documented. As these
methods are well accepted but rarely used in the applied epidemiology literature, I hope that

my work will encourage others to consider them for similar investigations.

6.4 Future research

The breast cancer genetic epidemiology field is large and evolves quickly. The 21
GWAS hits selected for this analysis were from the first 8 GWAS. Since then, another 15
GWAS have been published, bringing the total count to 58 hits [183]. It would be interesting
to see how these more recently identified SNPs replicate, especially within different racial
groups and disease subtypes. There were also several other candidate genes in Zhang et al.

[20] that merit further study.
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This ever-expanding body of literature could also be used to formulate more
informative, SNP-specific priors than were selected for the analysis presented here. For
example, one could conduct meta-analyses of each of the selected SNPs and use these results
to choose tailored prior distributions. Such an approach would further improve the precision
and overall accuracy of the estimated effects, as long as the chosen priors more accurately
reflected the true effect and the selected variances were at least as informative as those
specified in the previously described analyses. However, such an approach would require
extensive literature reviews of each of the candidate SNPs, with careful consideration of all
potential biases, including publication bias, selection bias, and population stratification.

Our understanding of breast cancer subtypes is quickly evolving. While my use of the
five IHC marker definition is more refined than most previous investigations, it does not
capture the true heterogeneity of the disease [47]. As these subtype definitions improve, I
hope that we will start to see even more convincing evidence of etiologic differences between
tumor types.

In terms of methodological pursuits, I can see myself applying Bayesian methods in
several other genetic epidemiology scenarios, including further replication studies, gene-
environment or gene-gene interaction studies, and fine-mapping investigations. While it
might be more difficult to define and justify priors for environmental factors, which may
have larger or less predictable effects than SNPs, the breast cancer literature includes copious
investigations and meta-analyses from which to draw informative priors. As both gene-
environment and gene-gene interaction analyses are often vastly underpowered, the field

would benefit from the improved precision of Bayesian approaches. Similarly, I think that
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fine-mapping investigations would benefit from hierarchical approaches, as standard MLE
methods cannot accurately accommodate high between-SNP correlations.

The ultimate goal of any of these proposed directions is to learn more about breast
cancer etiology so that we may better prevent, detect, and treat the disease. My main

aspiration is to do what I can to contribute to this worthy endeavor.
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Table 23: Summary of replication results and subtype-specific findings for GWAS-identified and candidate gene SNP hits

Chrom Gene or EA AA
—osome gene SNP Replica OR>1.07 Replica | OR>1.0 Previous subtype findings | CBCS subtype findings
region tion?” 0| tion?” ?
strongest association in
1 Ip12 rs11249433 No Yes No Yes Luminal A and B cancers null
2 CASP8 | rs1045485 | No Yes No yes | Paually associated with all null
subtypes
evidence of association
2 2p rs4666451 No Yes No Yes with ER+ and ER- discase null
> 2435 1513387042 No Ves No Yes some association with all positively associated
q subtypes with luminal A
strongest association in
3 SLC4A7 | rs4973768 | No Yes No No Luminal A cancers; no null
association in triple-
negative
4 4p 1512505080 | No Yes No Yes NE positively associated
with luminal A
positively associated
Associated with ER+, ER- with luminal A and
4 TLR1 rs7696175 No Yes No Yes and HER2- disease in basal-like, inversely
Chinese associated with
HER2+/ER-
stronger associations with
5 MRPS30 | rs4415084 | Yes Yes No Yes ER+ or PR+ disease; null
mostly null associations
with ER- or PR- disease
strongest association in
5 MRPS30 | rs10941679 Yes Yes No Yes Luminal A and B cancers; positively associated
null association in triple- with basal-like
negative cancers
strongest associations with
5 S5pl2 rs981782 No No No Yes ER- and HER2- disease null




1444

possible associations with

5 5q rs30099 No Yes No Yes ER+, ER- and HER2+ null
disease
5 MAP3K1 15889312 Yes Yes No No evidence of association positively associated
with all subtypes with luminal A
predominantly null
6 ECHDCI1 | 152180341 No Yes No No associations with ER and null
PR status
some association with all p o§itively associated
6 ESR1 rs2046210 No Yes Yes Yes subtypes with basal-like and
HER2+/ER-
6 ESR1 rs1801132 No No No Yes NE null
6 ESRI1 rs3020314 No Yes No Yes NE null
7 RELN rs17157903 No No No Yes NE null
strongest association in
8 8q24 | rs13281615 | No Yes No Yes Luminal A and B; null null
association in triple-
negative
Associated with ER+, ER-, Positively associated
8 8q24 rs1562430 No Yes No Null PR+, and PR- disease in with luminal A in whites
Chinese (one study) only
some evidence of
9 CDI/%\I 2A rs1011970 No Yes No No association with ER+ and null
triple-negative
possible inverse
10 ANKRD1 152380205 No Yes No No gssociation with ER+ negz.ltively assqciated
6 disease, null association with unclassified
with triple negative
10 ZNF365 | 1s10995190 | No Yes No Yes inversely associated with null
ER+ disease
positively associated with positively associated
10 ZMIZ1 rs704010 Yes Yes No Yes all ER/PR subtypes, but with basal-like, luminal
not triple-negative disease B and HER2+/ER-
10 FGFR2 rs10736303 Yes Yes Yes Yes evidence of associations positively associated
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with ER+ and PR+ disease

with luminal A, luminal
B and unclassified

associated with ER+/PR+

positively associated
with luminal A,

10 FGFR2 rs2981579 Yes Yes Yes Yes in AA,anq most subtypes HER2+/ER- and
in Chinese study .
unclassified
positively associated
10 FGFR2 rs1078806 Yes Yes No Yes NE with luminal A and
unclassified
evidence of association wli) t(l)lsisr‘;ﬁga? Zsoflilrtl?gal
10 FGFR2 rs2981578 Yes Yes Yes Yes with ER+,. ER- and PR+ B, HER2+/ER- and
disease .
unclassified
evidence of association positively associated
10 FGFR2 rs1219648 Yes Yes Yes Yes with ER+, PR+ and HER2- with 1um1ne.11 A and
unclassified
positively associated
evidence of association with luminal A,
10 FGFR2 rs2912774 Yes Yes Yes Yes with ER+ and ER- disease HER2+/ER- and
unclassified
positively associated
with luminal A,
10 FGFR2 rs2936870 Yes Yes Yes Yes NE HER2+/ER- and
unclassified
positively associated
with luminal A,
10 FGFR2 rs2420946 Yes Yes Yes Yes NE HER2+/ER- and
unclassified
strongest association in positively associated
Luminal A and B; null with luminal A,
10 FGFRZ | rs2981582 ) Yes Yes Yes Yes | association in HER2+/ER- HER2+/ER- and
and triple-negative unclassified
positively associated
10 FGFR2 rs3135718 Yes Yes Yes Yes NE with luminal A,

HER2+/ER- and
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unclassified

10 10q rs1051012 No Yes No Yes NE null
10 ATM rs1800057 No Yes NE NE NE null
Generally imprecise and
1 LSPI | rs3817198 | No Yes No Yes inconsistent findings, null
possible association with
unclassified disease
11 LSP1 rs909116 No Yes No Yes NE null
11 H19 rs2107425 Yes Yes No No NE null
possible association with
11 MYEOV rs614367 NE NE NE NE ER+ and PR+ disease NE
evidence of association positively associated
16 TNRC9 18051542 No Yes No Yes with ER+ disease with unclassified
Positively associated
16 TNRC9 rs1244362 Yes Yes No No no evidence of association with HER2+/ER- in
whites
evidence of association positively associated
16 TNRC9 rs3803662 Yes Yes No Yes with all subtypes with Tuminal A
positively associated with positively associated
16 TNRC9 154784227 Yes Yes No Yes all ER and PR subtypes in with luminal A and
one Korean study unclassified
17 TPS3 rs12951053 No Yes No Yes NE null
17 COX11 1s7222197 No No No Yes NE null
inverse association in
17 COX11 | rs6504950 No No No Yes Luminal A and B; null null

association in HER2+/ER-
and triple-negative

"Based on Bayesian posterior mean and 95% PI
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Table 24: Comparison of previous findings and CBCS results for less established (non-GWAS, non-candidate) SNPs

Chrom- Gene or Range of estimates | CBCS effect Summary of previous
osome gene SNP in previous studies estimates subtype findings CBCS subtype findings
region EA AA EA AA
2 CASP8 rs17468277 | 1.05-1.06 NE 1.11 | 1.07 NE null
6 ESRI 1851974 1.09 0.88 | 091 | 0.94 NE inversely associated with
luminal A
6 ESR1 rs2077647 1.03" NE 0.97 | 1.07 NE null
6 ESR1 rs2234693 1.03" 0.90" 0.95 | 0.97 NE null
* evidence of association inversely associated with
6 ESR1 rs3798577 1.02 NE 1.03 | 1.02 with ER- and PR- disease HER2+/ER-
9 CDK};\QA/ rs3731257 1.1% NE 0.94 | 091 NE null
9 b K};\I 2A | 153731249 1.5% NE 0.94 | NE NE null
CDKN2A/ Inversely associated with
9 B rs518394 NE NE 1.03 | 1.02 NE HER2+/ER-
9 CDK};\I 28/ rs564398 NE NE 1.04 | 1.01 NE null
Positively associated with
9 CDRN2AM | (510757278 NE NE 1.16 | 0.93 NE unclassified in whites,
B inversely associated in
African Americans
9 CDK};\QA/ rs10811661 NE NE 1.01 | 1.01 NE null
10 FGFR2 rs1896395 NE NE NE | 1.02 NE null
GWAS hit in Japanese
10 FGFR2 | rs3750817 | 1.16-128 | NE | 122 | 161 | Study ofhormone receptor | positively associated with
positive disease (inverse luminal A
association)
10 FGFR2 rs11200014 | 1.24-1.31 NE 1.29 | 1.04 | Associated with ER+, PR+, | Positively associated with
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HER2+ and HER2- in
Chinese study

luminal A and unclassified

Positively associated with

10 FGFR2 1s2162540 NE NE 1.29 | 1.21 NE luminal A, HER2+/ER- and
unclassified
10 ATM rs1800054 1.16™ 2.02 1.03 | NE | associated with PR+ tumors null
10 ATM 154986761 | 1.08"% NE NE | NE | Potassociated withany NE
subtype
10 ATM rs1800056 1.27°% NE NE | NE NE NE
10 ATM rs1800058 | 125 NE | 090 | NE |0 aSSOC‘at;thVJ;h ER or PR null
x 1.14- ER+ inversely associated,
10 ATM rs1801516 1.09 27 0.99 | 1.14 iR Apcey null
10 ATM 1$3092992 NE NE 1.16 | NE NE null
10 ATM rs664143 1.02" NE 1.02 | 0.96 associated with PR+ null
10 ATM rs170548 0.94 NE 0.98 | 0.90 | Do assocm;giv h R or null
10 ATM $3092993 NE NE 0.99 | 1.14 NE null
16 TNRC9 rs8049149 NE NE NE | 0.98 NE NE
16 TNRC9 rs16951186 NE NE 1.10 | 0.92 NE null
1.17- evidence of association positively associated with
16 TNRCY rs3104746 NE 1.23 142 1.49 with ER+ and ER- disease luminal A and basal-like
positively associated with
HER2+/ER- and basal-like,
16 TNRCYO | rs3112562 NE 117 | 099 | 1.26 NE inversely associated with
unclassified; inversely
associated with luminal B
in whites
16 TNRCYO | rs9940048 NE NE 1.03 | 1.10 NE positively associated with
luminal A
17 TP53 1s9894946 1.07" NE 0.86 | 0.93 NE inversely associated with
luminal A
17 TP53 rs1614984 1.01" NE 1.03 | 1.07 NE null




6CC

17 TP53 rs4968187 NE NE NE NE NE null
17 TP53 rs17880604 NE NE 0.92 | NE NE null
17 TP53 rs1800372 NE NE 0.95 | NE NE null
17 TP53 152909430 1.00° NE 1.10 | 1.06 NE null
17 TP53 rs1042522 1.02° NE 0.99 | 0.98 associated with ER+ null
17 TP53 rs8079544 1.11° NE 1.19 | 0.92 NE null




Appendix 1: SAS code

Bayesian model, dichotomous outcome

PROC MCMC DATA=DATA NMC=30000 NBI=1000 THIN=5
MONITOR=(ORI1 beta0 betal beta2 beta3 var) SEED =6544;

WHERE RACE=1;

PARMS beta0 betal beta2 beta3 var; *default starting value of 0;
HYPERPRIOR var~igamma(shape=3,scale=0.2); *distribution with mode at 0.05;
PRIOR betaO~normal(0, var=1e6);

PRIOR betal~normal(0, var=var); *var is the hyperprior defined above;
PRIOR beta2 beta3~normal(0, var=0.68);

OR1=exp(betal);

mul=(beta0+betal *snp+beta2*age+beta3*ances+offset);

logl= ((case=0)*(0-log(1+exp(mul))) + (case=1)*(mul-log(1+exp(mul))));
MODEL case~general(logl);

RUN;

QUIT;

Hierarchical model with identity covariance matrix, 3 SNPs in LD block
DATA covar3;

INPUT covpl-covp3;

DATALINES;

0.050.050.05

RUN;

DATA data;

SET data;

LD= snpl+snp2+snp3;
RUN;

PROC GLIMMIX data=data;

MODEL CASE= age ancestry LD /

SOLUTION DIST=binomial LINK=logit OFFSET=OFF;

PARMS / pdata=covar3 hold= 1,2,3;

RANDOM snpl snp2 snp3 / TYPE=VC G SOLUTION;

ESTIMATE "snpl" intercept 0 age 0 ancestry 0 LD 1 | snpl 1/ cl exp;
ESTIMATE "snp2" intercept 0 age 0 ancestry 0 LD 1 | snp2 1/ cl exp;
ESTIMATE "snp3" intercept 0 age 0 ancestry 0 LD 1 | snp3 1/ cl exp;
RUN;

Hierarchical model with exponential decay matrix

For 3 SNPs at positions 7518935, 7519370, and 7520197, such that
|dio| = 435

[di3] = 1262

|dio| = 827

tij = €XP 17\ T000
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T=10.6473 1 0.4374

0.2831 0.4374 1

1 0.6473 0.2831]

o’T={0.03236 0.05 0.02187

0.01415 0.02187 0.05

0.05 0.03236 0.01415]

*Input covariances left of and including the diagonal, reading right to left across rows
DATA covar_ LDdist;

INPUT covpl-covp6;

DATALINES;

0.05 0.03236 0.05 0.01415 0.02187 0.05

RUN;

PROC GLIMMIX data=data;

MODEL CASE= age ancestry LD /

SOLUTION DIST=binomial LINK=logit OFFSET=OFF;

PARMS / pdata=covar_LDdist hold= 1,2,3,4,5,6;

RANDOM snpl snp2 snp3 / TYPE=UN G SOLUTION;

ESTIMATE "snpl" intercept 0 age 0 ancestry 0 LD 1 | snpl 1/ cl exp;
ESTIMATE "snp2" intercept 0 age 0 ancestry 0 LD 1 | snp2 1/ cl exp;
ESTIMATE "snp3" intercept 0 age 0 ancestry 0 LD 1 | snp3 1/ cl exp;
RUN;

Bayesian model, polytomous outcome

In the code below, subtype is a variable with 6 levels, where subtype=0 corresponds to
controls (the referent group). SNP is a 3 level ordinal variable, age and ancestry are mean-
centered continuous variables, race is a 2 level categorical variable and offset is the offset
term.

PROC MCMC DATA=data NMC=50000 NBI=1000 THIN=10 SEED=3342
MONITOR=(var OR1 OR2 OR3 OR4 OR5 b01 b02 b03 b04 b05 b11 b12 b13 b14 b15 b21
b22 b23 b24 b25 b31 b32 b33 b34 b35 b41 b42 b43 b44 b45);

PARMS var b01 b02 b03 b04 b05 b11 b12 b13 b14 b15 b21 b22 b23 b24 b25 b31 b32 b33
b34 b35 b41 b42 b43 b44 b45 0; *this starting value should be arbitrary

HYPERPRIOR var~igamma(shape=4,scale=0.5); *distribution with mode at 0.1;
PRIOR b01 b02 b03 b04 b05~normal(0, var=1e6);

PRIOR b11 b12 b13 b14 bl5~normal(0, var=var); *var is the hyperprior defined above;
PRIOR b21 b22 b23 b24 b25 b31 b32 b33 b34 b35~normal(0, var=0.68);

PRIOR b41 b42 b43 b44 b45~normal(0,var=1);

mul=b01+b11*snp+b21*age+b31*ances+b41*racetoffset;
mu2=b02+b12*snp+b22*age+b32*ances+b42*race+offset
mu3=b03+b13*snp+b23*age+b33*ances+b43*race+offset;
mu4=b04+b14*snp+b24*age+b34*ances+b44*racet+offset;
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mu5=b05+b15*snp+b25*age+b35*ances+b45*race+offset;

logl= (subtype=0)*(0-log(1+exp(mul)+exp(mu2)+exp(mu3)+exp(mud)+exp(mus)))

+ (subtype=1)*(mul-log(1+exp(mul)+ exp(mu2)+exp(mu3)+ exp(mu4d)+exp(mus)))
+ (subtype=2)*(mu2-log(1+exp(mul )+ exp(mu2)+exp(mu3)+ exp(mu4d)+exp(mus)))
+ (subtype=3)*(mu3-log(1+exp(mul)+ exp(mu2)+exp(mu3)+ exp(mu4d)+exp(mus)))
+ (subtype=4)*(mu4-log(1+exp(mul )+ exp(mu2)+exp(mu3)+ exp(mu4d)+exp(mus)))
+ (subtype=5)*(mu5-log(1+exp(mul)+exp(mu2)+exp(mu3)+ exp(mu4d)+exp(mus)));

MODEL subtype~general(logl);
OR1=exp(bl1);
OR2=exp(b12);
OR3=exp(b13);
OR4=exp(b14);
ORS5=exp(bl5);

RUN;
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Figure A2.1 Comparison of MLE and Bayes ORs, CBCS whites

Appendix 2: Extra figures, overall breast cancer analysis
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Figure A2.2 Comparison of MLE and Bayes ORs, CBCS African Americans
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Figure A2.3 Comparison of MLE and hierarchical ORs, CBCS Whites
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Figure A2.4 Comparison of MLE and hierarchical ORs, CBCS African Americans
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