COGNITIVE FUNCTION AND BREAST CANCER:

GENOMICS AND DISEASE CHARACTERISTICS

by
Theresa A. Koleck

B.S.N., University of Pittsburgh, 2011

Submitted to the Graduate Faculty of the
School of Nursing in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2016



UNIVERSITY OF PITTSBURGH

SCHOOL OF NURSING

This dissertation was presented

by

Theresa A. Koleck

It was defended on
April 11, 2016
and approved by
Catherine M. Bender, PhD, RN, FAAN, Professor, School of Nursing
Susan M. Sereika, PhD, Professor, School of Nursing
Christopher M. Ryan, PhD, Professor Emeritus, Department of Psychiatry
Beth Z. Clark, MD, Assistant Professor, School of Medicine, Department of Pathology

Dissertation Advisor: Yvette P. Conley, PhD, Professor, School of Nursing



Copyright © by Theresa A. Koleck

2016



COGNITIVE FUNCTION AND BREAST CANCER:
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Theresa A. Koleck, PhD, BSN, RN

University of Pittsburgh, 2016

Cognitive dysfunction is one of the most common and burdensome symptoms experienced by
breast cancer survivors. This exploratory, ancillary study investigated the hypothesis that
heterogeneity in the biology of breast cancers, including differences in clinicopathologic tumor
features (CTFs) and host DNA variation in genes used clinically for breast cancer
prognostication, may account for a proportion of variability in pretreatment (i.e., prior to
initiation of systemic adjuvant therapy) cognitive performance among postmenopausal women
diagnosed with early-stage breast cancer. The parent study, Cognitive Impairment Related to
Anastrozole Use in Women, provided pretreatment cognitive function data, CTF information
from surgical pathology reports of women with breast cancer prescribed to initiate
anastrozolexchemotherapy (n=329) at a future time, and biospecimens for the women with breast
cancer (n=138) and age- and education-matched healthy controls (n=82), who were identically
assessed for cognitive function. We genotyped 131 single nucleotide polymorphisms (SNPs)
representing 25 breast cancer-associated candidate genes (AURKA, BAG1, BCL2, BIRCS,
CCNB1, CD68, CENPA, CMC2, CTSL2, DIAPH3, ERBB2, ESR1, GRB7, GSTM1, MELK,
MKI67, MMP11, MYBL2, NDC80, ORC6, PGR, RACGAP1, RFC4, RRM2, and SCUBE2).
Genetic risk/protection scores (GRSs) were calculated for each cognitive function composite to
evaluate the collective effect of possession of multiple SNPs on cognitive performance. Multiple
linear regression modeling was used to determine if CTFs, SNPs, and/or interactions between
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CTFs and GRSs accounted for variability in cognitive performance. We found that CTFs related
to cancer stage, tumor size, tumor focality, tumor location, histologic type and grade, hormone
receptor and HER2 expression, cellular proliferation, as well as Oncotype DX® Breast Cancer
Assay Recurrence Score® and Magee Equation recurrence score were individually significantly
(p<0.05) associated with performance for one or more cognitive function composites. With the
exception of CMC2, MMP11, and RACGAP1, significant (p<0.05) SNP main effect and/or SNP-
by-prescribed treatment group interactions were observed individually between at least one
cognitive function composite and one or more SNPs. Each GRS was significantly (p<0.001)
associated with its respective cognitive function composite score. The findings from this
dissertation study lay the foundation for a line of research to identify pathophysiologic
mechanisms of and clinically relevant biomarkers for breast cancer-related cognitive

dysfunction.
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1.0 PROPOSAL INTRODUCTION AND SPECIFIC AIMS

The overall purpose of this dissertation study, Cognitive Function and Breast Cancer: Genomics
and Disease Characteristics, is to gain a greater understanding of the biological foundations of
cancer- and treatment-related cognitive decline in early-stage breast cancer survivors. Based on
an extensive review of the literature and preliminary work conducted by the student and her
mentoring team, it is hypothesized that differences in clinicopathologic tumor features (CTFs)
and DNA variation in genes used to characterize the biology of breast cancer will be associated
with changes in cognitive function in women with early-stage breast cancer. The specific aims
of this dissertation study are threefold and depicted in the conceptual model (Figure 1):

Specific Aim 1: Investigate the relationship between CTFs of breast cancer and cognitive

function in postmenopausal women with early-stage breast cancer.

Specific Aim 2: Explore DNA variation in genes used to clinically evaluate the biology

of breast cancer for association with susceptibility to or protection from cognitive decline in
postmenopausal women with early-stage breast cancer.

Specific Aim 3: Explore interactions between CTFs of breast cancer and DNA variation

in genes used to clinically evaluate the biology of breast cancer on cognitive function.
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Figure 1: Conceptual Model

The proposed dissertation study is an ancillary study to a large, ongoing longitudinal
study, Cognitive Impairment Related to Anastrozole Use in Women (AIM) Study (RO1CA107408;
Pl: Dr. Catherine Bender). The AIM Study explores the impact of the adjuvant (i.e., therapy
after primary surgery to reduce disease recurrence and overall mortality), anti-estrogen therapy,
anastrozole, on changes in cognitive function longitudinally (prior to initiation of adjuvant
therapy, every six months throughout the first two years of therapy, annually for the final three
years of therapy and twelve months after the conclusion of therapy) in four cohorts of
postmenopausal women: 1) women which breast cancer who receive chemotherapy plus
anastrozole; 2) women with breast cancer who receive chemotherapy alone; 3) women with
breast cancer who receive anastrozole alone; and 4) a healthy control group of women
frequency-matched on age and years of education to the cohorts of women with breast cancer.
Specifically, the AIM Study will provide data on demographics, certain CTFs, mood, fatigue,
pain, breast cancer treatment, and cognitive function. The AIM Study will also provide banked
DNA samples. DNA samples were obtained as part of a separate ancillary study (Pls: Drs.

Bender and Yvette Conley) that allowed for the collection and biobanking of genetic specimens



from a subset of AIM Study participants. Drs. Bender and Conley have given the student
permission to access the biobank and databank for her dissertation study. New genotype data
will be generated using the biobanked DNA samples, and additional CTF data will be collected
from the medical records of AIM Study participants for the proposed study. Please note that
previous genetic investigations using the biobanked specimens have focused on DNA repair and
oxidative stress genetic variants known to affect cognitive functioning. The proposed ancillary
study adds and extends previous investigations through an innovative examination of genes used

to characterize the biology of breast cancer.

1.1 SIGNIFICANCE AND INNOVATION

Breast cancer is the most prevalent form of cancer, excluding skin cancer, among women in the
United States with an estimated 232,670 new cases of invasive breast cancer and 62,570 new
cases of carcinoma in situ diagnosed in 2014 (American Cancer Society, 2014). Fortunately,
advancements in detection and treatment have decreased breast cancer mortality rates and breast
cancer survivors represent the largest group of cancer survivors in the United States at 2.8
million women (American Cancer Society, 2014). This increase in survival has transformed the
care of breast cancer from that of a lethal diagnosis to a manageable, chronic disorder,
accompanied by many burdensome cancer- and treatment-related symptoms. Changes in
cognitive function or cognitive decline, defined as a decrease or loss in one or more of the
domains of cognitive function including attention, learning, memory, psychomotor speed, mental
flexibility, executive function, and visuospatial ability, is one of the most common and

problematic phenomena experienced by breast cancer survivors. In fact, between 21 and 95% of



breast cancer survivors report some form of subjective cognitive complaints following adjuvant
chemotherapy and/or anti-estrogen therapy (Downie, Mar Fan, Houédé-Tchen, Yi, & Tannock,
2006; Hurria et al., 2006; Jenkins et al., 2006; Mehnert et al., 2007; Schagen et al., 1999;
Schilder et al., 2009; Shilling & Jenkins, 2007). These reported deficits have been objectively
verified (Ahles et al., 2002; Bender et al., 2006, 2010; Brezden, Phillips, Abdolell, Bunston, &
Tannock, 2000; Castellon et al., 2004; Fan et al., 2005; Jansen, Dodd, Miaskowski, Dowling, &
Kramer, 2008; Jenkins et al., 2006; Jenkins, Shilling, Fallowfield, Howell, & Hutton, 2004;
Lejbak, Vrbancic, & Crossley, 2010; Paganini-Hill & Clark, 2000; Quesnel, Savard, & lvers,
2009; Schagen et al., 1999; Shilling, Jenkins, Fallowfield, & Howell, 2003; Tager et al., 2010;
Tchen et al., 2003; van Dam et al., 1998; Von Ah et al., 2009; Wefel, Saleeba, Buzdar, &
Meyers, 2010), and while the majority of breast cancer survivors do not exhibit profound
cognitive impairments (Bender et al., 2006; Brezden et al., 2000; Castellon et al., 2004; Jim et
al., 2009; Stewart, Bielajew, Collins, Parkinson, & Tomiak, 2006), even subtle changes in
cognitive function can have a major impact on a survivor’s quality of life, affecting relationships
with family and friends, educational and career decisions, job performance, emotional state,
ability to make informed treatment decisions, and adherence to cancer therapy (Bender et al.,
2013; Boykoff, Moieni, & Subramanian, 2009; Munir, Burrows, Yarker, Kalawsky, & Bains,
2010; Myers, 2012; Tchen et al., 2003; Von Ah, Habermann, Carpenter, & Schneider, 2012).
More recently, studies that incorporate a pretreatment evaluation have found that
compared to healthy controls or published normative data, women with breast cancer have
poorer cognitive function prior to initiation of adjuvant chemotherapy and/or anti-estrogen
therapy even after controlling for potential confounders, including age, estimated intelligence,

depression, anxiety, and fatigue (Bender et al., 2006; Hermelink et al., 2007; Schilder et al.,



2010; Wefel et al., 2004, 2010), suggesting that inherent disease-related factors of breast cancer
may contribute to the cognitive decline seen in women with breast cancer prior to adjuvant
treatment (Ahles et al., 2011; Jim et al., 2009; Seigers et al., 2010; Wefel et al., 2004).
Additionally, there is considerable variation in the incidence of cognitive decline among women,
the severity of the cognitive decline, and the specific cognitive domains affected (Falleti,
Sanfilippo, Maruff, Weih, & Phillips, 2005; Wefel & Schagen, 2012). These incongruities
across findings of studies and between individual women lend themselves to and have the
potential to be explained by genetic variation (Ahles & Saykin, 2007; Ahles et al., 2003; Small et
al., 2011; Vardy, Wefel, Ahles, Tannock, & Schagen, 2008).

The proposed study aims to be an initial and integral step in establishing a relationship
between traditional CTFs of breast cancer, DNA variability within genes used to clinically
evaluate the biology of breast cancer, and cancer- and treatment-related cognitive decline. The
proposed study will build upon the student’s previous research experiences, as part of her
mentoring team, investigating relationships between genes known to affect cognitive function
and cognitive decline in women with breast cancer through exploration of a complementary, but
novel dissertation hypothesis supported by the scientific literature: inherent, disease-related
clinicopathologic and genetic features of breast cancer tumors can be used to personalize the
prediction of cognitive decline in women with and receiving treatment for breast cancer. The
proposed study, as well as the innovative line of investigation that this foundational study has the
potential to generate, has significant implications for breast cancer survivors as (1) the results
will add to our understanding of changes in cognitive function of women with and receiving
treatment for breast cancer and (2) the knowledge generated has the potential to expand the

utility of traditional CTFs and prognostic multigene expression profiles, indicate clinically



relevant biomarkers of susceptibility to or protection from cognitive decline in women with and
receiving treatment for breast cancer, inform research into novel treatments for women
experiencing cognitive decline, and provide a means for determining which women are most at
risk for cognitive decline and would potentially benefit from earlier and/or more intensive

interventions.

1.2 BACKGROUND

A comprehensive, systematic literature review (not limited by year of publication) was
conducted of professional, published literature. Combinations of key words were entered into
three electronic databases, PubMed, Ovid MEDLINE, and Google Scholar (Figure 2). All
results produced by PubMed and Ovid MEDLINE and the first four pages of results on Google

Scholar were reviewed.

Search Terms
Breast Cancer 1 Te_rms-tc:-r _ o Terms for »
Cognitive Function Biological Characteristics
breast cancer AND/OR  cognition AND/OR gene genomic
breast neoplasm cognitive DNA genetic
cognitive function tmor feature
cognitive impairnent tumor stage

tumor grade
tumonr characteristic

Figure 2: Literature Review Search Terms



1.2.1 Support for investigation of CTFs and cognitive decline

Ahles et al. found that at pretreatment, women with early-stage breast cancer (Stages 1-3) had
significantly poorer reaction time than healthy controls; in contrast, subjects with noninvasive
cancer (Stage 0) did not perform more poorly than healthy controls (2011). In a preliminary
analysis of CTFs in a subset of available AIM Study data, it was found that positive estrogen
receptor status, higher tumor grade, and high Oncotype DX® Breast Cancer Recurrence Score®
predicted poorer pretreatment cognitive function in women with breast cancer. These findings
all suggest that CTFs may impact cognitive function in women with early-stage breast cancer

and warrant more extensive investigation.

1.2.2 Support for investigation of a genetic component of cognitive decline

While limited in number, studies have explored the relationship between DNA genetic variation
and cognitive function in women with breast cancer and provide support for the hypothesis that
DNA variation has the potential to influence cognitive function. Small et al. found that catechol-
o-methyltransferase valine carriers treated with chemotherapy performed more poorly on tests of
attention than healthy women who were also valine carriers (Small et al., 2011). Ahles et al. also
found that genetic variation affects cognitive function in breast cancer survivors revealing that in
a cohort of long-term breast cancer and lymphoma survivors treated with standard-dose
chemotherapy, the APOE E4 allele is associated with poorer visual memory, spatial ability, and

psychomotor functioning (Ahles et al., 2003).



1.3 PRELIMINARY STUDIES

To support and extend the previously reported evidence, the student and her mentoring team’s
own analysis of the relationship between cognitive function in postmenopausal women with
breast cancer and APOE genotype revealed that pretreatment performance and/or changes in
performance on tasks of executive function, attention, verbal learning and memory, and visual
learning and memory were found to be influenced by APOE genotype and/or interactions
between APOE genotype and breast cancer treatment (Koleck et al., 2014; Appendix F).

An analysis of 39 functional or tagging polymorphisms of select oxidative stress (CAT,
GPX1, SEPP1, SOD1, and SOD2) and DNA repair (ERCC2, ERCC3, ERCC5, and PARP1)
genes and pretreatment cognitive function was also conducted. Each cognitive function
composite evaluated as part of the study was significantly associated with one or more oxidative
stress and DNA repair gene polymorphisms through either single nucleotide polymorphism
(SNP) main effects and/or SNP-by-prescribed breast cancer treatment group interactions, further
suggesting that genetic variation has the potential to influence cognitive function (Koleck et al.,

2016; Appendix J).

1.3.1 Milestones

The following table (Table 1) lists the milestones that have been achieved since entrance into the
BSN-to-PhD program at the University of Pittsburgh School of Nursing in May 2011. All

milestones support the scientific merit of the proposed dissertation study.



Table 1: BSN-to-PhD Program Milestones

Milestone Date

Targeted Research and Academic Training Program for Nurses in Genomics May 2011

(T32NR009759) fellowship appointment

University of Pittsburgh School of Nursing Bessie Li Sze Memorial Scholarship Aug 2012
Aug 2013

University of Pittsburgh Institutional Review Board Approval for June 2013

Cognitive Function and Breast Cancer: Genomics and Disease Characteristics

(expedited review, PRO13040672; Appendix C)

Preliminary Examination July 2013

Cognitive Function and Breast Cancer: Genomics and Disease Characteristics Dec 2013

(F31NR014590) funded by National Institute of Nursing Research

Sigma Theta Tau International Eta Chapter Research Award Mar 2014

Nightingale Awards of Pennsylvania PhD Degree Scholarship Apr 20214

American Cancer Society July 2014

Doctoral Degree Scholarship in Cancer Nursing (DSCN-14-076-01-SCN)

University of Pittsburgh School of Nursing July 2014

Ruth and Bill Fincke PhD Student Research Award

Comprehensive Examination and Overview Dec 2014

1.4  DESIGN AND METHODOLOGY

The proposed ancillary study will utilize regression modeling (Aim 1), candidate gene

association (Aim 2), and moderation analyses (i.e., statistical interactions) (Aim 3) to explore

changes in cognitive function in cohorts of women with breast cancer prior to and over time

following the initiation of adjuvant therapy. The anticipated timeline for completion of study

aims is provided below (Table 2).




Table 2: Study Timeline

Year 1 Year 2 Year 3 Year 4 Year 5
5/11 -4/12 | 5/12-4/13 | 5/13 -4/14 | 5/14 - 4/15 | 5/15-4/16

Coursework

Summer Genetics Institute
June 2012

F31 Submitted
Dec 2012

IRB Approval
June 2013

Preliminary Exam

Completed
July 2013

F31 Funding
Dec 2013 — Apr 2016

Genotype Data Collection
at the University of Pittsburgh
School of Nursing
Molecular Genomics Laboratory

Admission to Candidacy
Dec 2014

Abstraction of
Clinicopathologic Tumor
Feature Data
from medical records at
University of Pittsburgh
Medical Center (UPMC) facilities

Data Analysis and
Interpretation

Preparation of Research
Presentations and
Manuscript Development

Dissertation Defense
April 2016

1.4.1 Setting and sample

As the proposed study is an ancillary study to the AIM Study, the target population and
eligibility criteria are consistent with those of the AIM Study. Women with breast cancer were
recruited from the Comprehensive Breast Cancer Program of the University of Pittsburgh Cancer

Institute. Healthy women were recruited using a variety of approaches including referral from
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women in the breast cancer cohorts, advertisements, and random digit dialing. Inclusion criteria
consist of being female, postmenopausal (defined as amenorrhea persisting for an entire year,
oophorectomy, or hysterectomy and age greater than 51 years, the average age of menopause in
the United States), maximum age of 75 years, able to speak and read English, and completion of
a minimum of 8 years of education. Exclusion criteria for all participants consist of self-report of
hospitalization for psychiatric illness within the last 2 years and having a prior diagnosis of
neurologic illness. Additional inclusion criteria for participants with breast cancer are being
diagnosed with early-stage (1, 2, or 3a) breast cancer based on the TNM Classification of
Malignant Tumors system (Edge et al., 2010) with confirmation by each participant’s medical
oncologist, and eligible to receive either chemotherapy plus anastrozole, chemotherapy alone, or
anastrozole alone. Further exclusion criteria for participants with breast cancer are clinical
evidence of distant metastases or a prior diagnosis of cancer. Additional inclusion criteria for the
control group include no current or history of any cancer and not currently taking (for at least 3

months) any form of hormone replacement therapy.

1.4.2 Definition of cognitive decline

Cognitive decline will be defined as poorer performance on cognitive measures within
participants over time or poorer performance on cognitive measures in women with breast cancer
compared to healthy controls. Cognitive function was evaluated at each time point using a
comprehensive neuropsychological test battery (Table 3). In order to mitigate the influence of
practice effects, cognitive tests with alternate, equivalent versions were administered at follow-
up testing. Scores from the control group also allow for statistical control of potentially
confounding practice effects. Please note that data reduction methods are conducted as part of
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the AIM Study to reduce the dimensionality of the cognitive function data. Eight cognitive

function composites were

identified and composite z-scores will

be utilized as the

dependent/outcome variables in this study: attention, concentration, executive function, mental

flexibility, psychomotor speed, verbal memory, visual memory, and visual working memory.

Table 3: AIM Study Neuropsychological Test Battery

Cognitive . R -
Domain Neuropsychological Test Reliability and Validity References
Attention Digit Vigilance Test Bender et al., 2000; Ryan, Williams,
(Lafayette Clinical Insturments Company, 1989) Orchard, & Finegold, 1992; Ryan &
Williams, 1993
CANTAB Rapid Visual Information Processing Test | Sahakian & Coull, 1993
(Owen, Sahakian, Semple, Polkey, & Robbins, 1995)
Learning CANTAB Paired Associates Learning Test Lowe & Rabbitt, 1998; Owen et al., 1995;
and (Owen et al., 1995) Robbins et al., 1997
Memory Rivermead Behavioral Memory Test Cockburn & Smith, 1993; Jenkins et al.,
(Wilson, Cockburn, Baddeley, & Hiorns, 1989) 2004; Wilson et al., 1989
Rey Auditory Verbal Learning Test Powell, Cripe, & Dodrill, 1991
(Rey, 1941)
Rey Complex Figure Test Berry, Allen, & Schmitt, 1991
(Osterrieth, 1944)
CANTAB Spatial Working Memory Test Lowe & Rabbitt, 1998; Owen et al., 1995
(Owen et al., 1995; Robbins et al., 1997)
Psychomotor | Grooved Pegboard Test Matthews, Cleeland, & Hopper, 1970;
Speed (Lafayette Clinical Insturments Company, 1989) Wieneke & Dienst, 1995
Digit Symbol Substitution Test Jenkins et al., 2004; Snow, Tierney,
(Wechsler, 1981) Zorzitto, Fisher, & Reid, 1989;
Youngjohn, Larrabee, & Crook, 1992
Mental Trail Making Test-B Bornstein, 1985; Moertel, Reitmeier,
Flexibility | (Reitan & Wolfson, 1985) Bolton, & Schorter, 1964; Reitan, 1958;
Wieneke & Dienst, 1995
D-KEFS Color-Word Interference Test Delis et al., 2001
(Delis, Kaplan, & Kramer, 2001)
Executive | CANTAB Stockings of Cambridge Test Capuron, Ravaud, & Dantzer, 2001; Lowe
Function (Owen et al., 1995; Robbins et al., 1997) & Rabbitt, 1998; Owen et al., 1995
D-KEFS Verbal Fluency Test Delis et al., 2001
(Delis et al., 2001)
Visuospatial | Rey Complex Figure Test Berry et al., 1991; Wieneke & Dienst,
Ability (Osterrieth, 1944) 1995

Note. CANTAB=Cambridge Neuropsychological Test Automated Battery; D-KEFS=Delis-Kaplan Executive
Function System
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1.4.3 Clinicopathologic tumor features (CTFs)

CTFs, independent variables of interest, are used to characterize breast cancer tumor pathology.

CTF data not originally collected as part of the AIM Study will be obtained from pathology

reports. A number of CTFs will be evaluated and are detailed in Table 4.

Table 4: CTF Description

Feature Classification/Evaluation Method Scale
Overall TNM Stage | Stage 1, 2a, 2b, or 3a (Edge et al., 2010) Nominal
Tumor Stage Stage T1a, T1lb, T1c, T2, T3 (Edge et al., 2010) Nominal
Lymph Node Positive or negative Nominal
Involvement Number positive nodes Ratio
Tumor site Laterality: left or right breast Nominal
Clock position/octant location: upper outer, upper inner, lower outer, | Nominal
lower inner, upper middle, lower middle, inner middle, outer middle
Tumor focality Single or multiple Nominal
Primary tumor size | Measured to nearest millimeter Ratio
Aggregate tumor Measured to nearest millimeter Ratio
size
Histologic type Invasive ductal, invasive lobular, both (Tavassoli & Devilee, 2003) | Nominal
Histological grade Glandular/tubular differentiation score (1-3) Ordinal
Nuclear pleomorphism score (1-3) Ordinal
Mitotic activity/count score (1-3) Ordinal
Nottingham Score (3-9) Ordinal
Nottingham Grade (Elston & Ellis, 1991): Nominal
Grade 1 (low), 2 (intermediate), or 3 (high)
LV invasion Presence or absence Nominal
Estrogen and Positive or negative Nominal
progesterone H-score quantitation (0-300) Ratio
receptor Oncotype DX gquantitative gene scores (Genomic Health Inc., 2016) Ratio
ER: 0-12.5+; Negative <6.5, Positive >6.5
PR: 0-10+; Negative <5.5, Positive >5.5
HER2/neu Positive or negative Nominal
IHC classification score (Wolff et al., 2007): Ordinal
0, 1+ (Negative), 2+ (Equivocal), or 3+ (Positive)
Oncotype DX quantitative gene scores (Genomic Health Inc., 2016) Ratio
0-13+; Negative <10.7, Equivocal 10.7-11.5, Positive >11.5
Ki67 Classification: low, moderate, high, or very high Nominal
% Index (0-100) Ratio
Oncotype DX Prognostic gene expression algorithm (0-100) Interval
Recurrence Score® (Paik et al., 2004, 2006)

Note. HER2=Human epidermal growth factor receptor 2; IHC=Immunohistochemistry; LV=Lymphovascular;
Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay.
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1.4.4 Justification of candidate gene selection

One common clinical tool used to evaluate the underlying biology of breast cancer cells is the
prognostic multigene expression profile for breast cancer. Several multigene expression profiles
have been developed, including the 11-gene expression signature, marketed as the Breast Cancer
Index®™ by bioTheranostics, Inc., San Diego, CA (Jerevall et al., 2011); the 14-gene prognostic
expression signature described in Tutt et al. (2008); the 21-gene breast cancer assay, marketed as
the Oncotype DX® Breast Cancer Assay by Genomic Health, Inc., Redwood City, CA (Paik et
al., 2004, 2006); the 50-gene breast cancer prognostic gene signature assay, marketed as the
Prosigna® Breast Cancer Prognostic Gene Signature Assay by NanoString Technologies, Inc.,
Seattle, WA (Dowset et al., 2013; NanoString Technologies Inc., 2013), based on the PAM50
Breast Cancer Intrinsic Classifier (Parker et al., 2009); and the 70-gene breast cancer recurrence
assay, marketed as the MammaPrint® 70 Gene Breast Cancer Recurrence Assay by Agendia,
Irvine, CA (Buyse et al., 2006; Veer et al., 2002). Briefly, multigene expression profiles for
breast cancer enhance the knowledge received from traditional CTFs and utilize predictive
algorithms to clinically evaluate the underlying biology of the cancer cells, individualizing
treatment through estimation of adjuvant therapy benefit and distant cancer recurrence or
metastasis risk; thus, each profile is comprised of genes that play an important role in breast
cancer development and progression, and, consequently, represent ideal candidates for a genetic
association study exploring our hypotheses. Characteristics of the previously listed profiles and
the prioritization of candidate genes included in these profiles are discussed in detail in the
article “ldentification and prioritization of candidate genes for symptom variability in breast
cancer survivors based on disease characteristics at the cellular level” (Koleck & Conley, 2016;
Appendix H).
14



1.4.5 Candidate genes and polymorphisms selected for investigation

As described in the article “Identification and prioritization of candidate genes for symptom
variability in breast cancer survivors based on disease characteristics at the cellular level,” genes
utilized in two or more multigene expression profiles for breast cancer were prioritized for
investigation (Koleck & Conley, 2016; Appendix H). The remaining genes used in the 21-gene
breast cancer assay predictive algorithm were also included, as this profile is utilized by AIM
Study recruitment sites. In total, 25 candidate genes were selected: AURKA, BAG1, BCL2,
BIRC5, CCNB1, CD68, CENPA, CMC2, CTSL2, DIAPH3, ERBB2, ESR1, GRB7, GSTM1,
MELK, MKI67, MMP11, MYBL2, NDC80, ORC6, PGR, RACGAP1, RFC4, RRM2, and
SCUBE2.

Single nucleotide polymorphisms (SNPs) within these genes will be analyzed as
independent variables. Please refer to Table 6 in Appendix A for a list of proposed SNPs for
each candidate gene. Functional polymorphisms were first selected from the literature. When a
functional polymorphism was not identified and/or did not fully represent the gene of interest,
tagging SNPs were selected using the Phase Il HapMap database. Because the profiles rely
upon gene expression data, evaluation of DNA variability was extended +2,500bps beyond the
gene to capture the UTR-5" and UTR-3’ regulatory regions. Criteria for selecting tagging SNPs
included: R? of > 0.8, minor allele frequency of > 0.20 (except where otherwise noted), and

selected for Caucasian ancestry, which represents the majority of AIM Study participants.

15



1.4.6 Covariates and confounders

Demographic information, including age, years of education, and estimated verbal intelligence
(National Adult Reading Test-Revised) were collected at the initial study time point (Nelson,
1982). Treatment information and menopausal status was verified via the participant’s medical
record. Depression, Beck Depression Inventory-11 (Beck, Steer, & Brown, 1996); anxiety,
POMS (Profile of Mood States) Tension-Anxiety subscale (McNair, Lorr, & Droppleman, 1992);
fatigue, POMS Fatigue-Inertia subscale (McNair et al., 1992); and pain, Brief Pain Inventory

(Cleeland, 1989) were also evaluated at each time point.

1.4.7 Genotype data collection and quality checks

The choice of genotyping platform was determined based on the number of participants and the
number of SNPs to be evaluated. The Sequenom® iPLEX® MassARRAY platform will be used
for genotype data collection. This approach allows for high throughput genotyping using a
multiplex approach. This platform is available through the University of Pittsburgh Clinical and
Translational Science Institute supported Genomics and Proteomics Core Laboratory. Blind
duplicates are included within each assay to control for plate to plate variability. SNPs not
amenable to multiplexing or with less than a 90% call rate will be (re)genotyped with a different
platform, specifically ABI TagMan® allelic discrimination, or eliminated from the analyses.
Each SNP will be tested for Hardy-Weinberg Equilibrium in an effort to detect potential

genotyping errors.

16



1.4.8 Sample size justification

Three-hundred and fifty-one women with early-stage breast cancer and 136 healthy controls have
complete baseline/pretreatment assessments in the AIM Study. Of these participants, 242 have
banked DNA and demographic and cognitive function data for one or more assessment time
points. Due to depreciation in sample size, the current study will focus on the first three time
points. Current sample breakdown for TO, T1, and T2 are presented in Table 5. All CTFs (Aim
1), with the exception of Oncotype DX® Breast Cancer Assay data (only available for eligible
women who completed testing), are evaluated as part of a standard pathology report and will be
analyzed in all study participants with breast cancer. Genetic variation in candidate genes used
to clinically evaluate the biology of breast cancer (Aim 2) will be explored in all women with a
biobanked genetic sample including healthy controls. Interactions between CTFs and DNA
variation (Aim 3) will be analyzed in an exploratory manner in women with breast cancer who
also have a biobanked genetic sample. Based on our preliminary analyses and available sample,
the proposed study would have .80 power to detect small effect sizes (R?) of 0.022 and 0.020 for
individual CTFs without adjustment and with adjustment of a set of 8 covariates explaining
moderate variability in the outcome variable (R?=0.09), respectively, for Aim 1 using an F-test at
a significance level of 0.05 for two-sided hypothesis testing. When modeling the change in
cognitive function using linear mixed-effects regression with three time points, effects for
individual CTFs as small as f=0.16 can be detected with 0.80 power at a two-tailed significance
level of 0.05. For Aim 2, a sample size of 242 achieves 0.80 power to detect small effect sizes
(R?) of 0.031 and 0.025 for individual candidate genes without adjustment and with adjustment
of a set of 8 covariates explaining variability in the outcome variable of R?*=0.20, respectively,

using an F-test with a significance level of 0.05. Interactions between CTFs and DNA variation
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will be analyzed in an exploratory manner in women with breast cancer who also have a
biobanked genetic sample.

Table 5: AIM Study Sample Size (Genetic Sample Size) by Time Point

T0 T1 T2
Chemotherapy plus Anastrozole 125 (55) 101 (56) 68 (49)
Chemotherapy Alone 28 (15) 26 (15) 24 (15)
Anastrozole Alone 198 (83) 139 (79) 94 (66)
Healthy Controls 136 (83) 111 (77) 95 (64)
Total 487 (236) 377 (227) 281 (194)

Note. All women with breast cancer completed a pretreatment (T0) cognitive assessment after
primary surgery but prior to initiation of systemic adjuvant therapy. Women with breast cancer
prescribed chemotherapy plus anastrozole completed follow-up cognitive assessments after
chemotherapy but prior to initiation of anastrozole (T1) and six months after anastrozole initiation
(T2). Women with breast cancer prescribed chemotherapy alone completed follow-up assessments
after chemotherapy (T1) and six months after completion of chemotherapy (T2). Women with
breast cancer prescribed anastrozole alone completed follow-up cognitive assessments six (T1) and
twelve (T2) months after initiation of anastrozole. Healthy controls were assessed at comparable
time points, i.e., baseline (T0) and six (T1) and twelve (T2) months after baseline.

1.4.9 Data analysis

Results of interest for all aims are the estimated regression coefficients and 95% confidence
intervals, and the tests of significance of these coefficients at a two-tailed significance level of
0.05. Estimates of the proportion of variance explained in cognitive function composites will

also be obtained by each CTF and allele and/or genotype.

1.4.9.1 Descriptive statistics Standard descriptive statistics will be computed for all
independent, dependent, and potentially confounding/covariate variables based on the variable’s
measurement level and observed distribution.  For nominal data, simple frequencies,
percentages, ranges and modes will be examined. Ordinal data descriptive statistics will further
include semi- and inter-quartile ranges and medians. For continuous type (interval or ratio

scaled) data, frequencies, variances, means, medians, and ranges, including standard deviations
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and quartiles, will be described. Variable distributions will be examined using univariate or
bivariate frequency distributions, such as cross-tabulation contingency tables, and appropriate
graphical displays, including histograms, boxplots, and scatterplots. Differences in baseline
confounder/covariate data by study cohort and/or genotype and/or CTF (with continuous CTFs
being meaningful categorized) will be evaluated using factorial ANOVA to determine statistical
and clinical significance of mean group differences. The comparability of baseline
confounder/covariate data and baseline cognitive ability between participants included in the
proposed study analysis and remaining participants from the AIM Study will be assessed using

two-sample t-tests to evaluate equality of means.

1.4.9.2 Data screening procedures Data will be screened for anomalies prior to the analyses for
study aims. This preliminary analysis will be used to assess 1) accuracy of inputted data, 2)
potential outliers and influential points, 3) the amount and pattern of missing data, and 4)
potential violation of assumptions necessary for the planned analyses.

Screening for accuracy will be accomplished through examination of descriptive statistics
and graphical representations of variables. For continuous variables, minimum values,
maximum values, means, and standard deviations will be examined for plausibility. For discrete
variables, data will be assessed for out-of-range category values and inaccurately programmed
missing value codes. Out-of-range values will be checked for accuracy, amended, and retained
in the analysis if possible.

Missingness of data will first be examined by participant; if a participant is contributing
very little useable information, she will be dropped from the analysis. Missing values for all
variables at each time point will then be described using frequencies and percentages. Reasons

for missing data (e.g., laboratory error, participant refusal, etc.) will be noted. A missing values
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analysis will be undertaken to explore patterns of missingness and potential violations in
assuming that data are missing completely at random (MCAR). Separate variance t-tests will be
used to investigate possible systemic missingness between the missingness for one variable and
the observed values of any other variable. Little’s MCAR test will be used to determine if data
are missing completely at random. If only a few cases (i.e., <5%) have missing data and appear
to be a random subset of the entire sample, simple deletion of missing cases will be used to
handle missingness. Alternatively, if data are missing from a large number of cases or missing
values are not randomly distributed, an imputation method will be applied to estimate missing
data. Imputation methods that will be considered include expectation maximization and multiple
imputation.

Outliers not due to incorrect data entry or having incorrectly specified missing value
indicators will also be investigated. Univariate and multivariate outliers for both continuous and
discrete variables will be examined. For discrete variables, uneven category splits will be
identified using frequency distributions. Because regression analyses are planned, ungrouped
data will be used for identification of univariate outliers in continuous variables. Histograms and
boxplots will be used to identify points far removed from the distribution. Z-scores will be
calculated and cases with extreme values (i.e., <-3.29 or >3.29) will be noted as potential
outliers. The presence of multivariate outliers will be assessed using bivariate scatterplots and
Mahalanobis distances. Outliers and influential points will also be evaluated for each regression
model generated. Outliers in Y will be assessed using jackknifed (deleted studentized) residuals,
and outliers in X will be assessed using leverage statistics; generated values will be depicted
graphically (i.e., residual/leverage value boxplots and residual by leverage plots) to elucidate

potential outliers. To explore how an observation may impact predicted values and individual
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regression coefficients, the influence of the i-th observation on predicted values (DFFITS) and
individual regression coefficients (DFBETAS) will be calculated. In order to determine if the i-
th observation exerts undue influence on a set of coefficients, Cook’s distance will be calculated.
Additionally, covariance ratios (COVARATIO) will be generated to determine if the i-th
observation improves or worsens the estimation ability of the model.

To evaluate the robustness of findings, regression models excluding points determined to
be influential, as well as a robust regression models utilizing Huber and biweight iterations, will
be generated. Models eliminating potentially influential multivariate-outlier cases and/or
diminishing the weight of potentially influential univariate-outlier cases will be created as part of
the sensitivity analysis as well.

Underlying assumptions for each regression model will be assessed. To evaluate
independence among residuals, jackknifed residuals will be plotted against fitted values. A
Durbin-Watson test will also be conducted to detect potential autocorrelation. A histogram of
jackknifed residuals will be created to evaluate the normality of residuals. Measures of skewness
and kurtosis of jackknifed residuals will also be generated; values deviating from zero will be
further investigated. Added variable plots and component-plus-residuals plots will be generated
to assess linearity. Homoscedasticity will be evaluated using the Breusch-Pagan/Cook-Weisberg
test for heteroscedasticity. Variance inflation factors and conditioning indices and variance

decomposition proportions will be used to assess for multicollinearity.

1.4.9.3 Analysis for Specific Aim 1 Multiple linear regression modeling will be performed to
evaluate the effect of each CTF on all cognitive function composites for each time point (i.e., TO,
T1, and T2). Models will initially include single CTFs to yield unadjusted estimators.

Subsequently, in order to obtain adjusted estimators (i.e., minimally confounded estimates of
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effect), confounders/covariates will be considered for inclusion in each model in a hierarchical
fashion. Age, estimated verbal intelligence, and study cohort will be included in regression
models as potential time-invariant (i.e., fixed) confounders/covariates. Depression, anxiety,
fatigue, and pain will be included as time-dependent confounders/covariates. Due to the known
influence of age and estimated verbal intelligence on cognitive function, these variables will be
incorporated in the first block of the hierarchical regression analysis and retained in all models
regardless of statistical significance. The second block will include depression, anxiety, fatigue,
and pain. Decisions on whether to retain or eliminate this set of predictors will be based on
model R? change and influence on predicted regression coefficients. The third and fourth blocks
will include the treatment regimen and a CTF, respectively, the predictors of interest. Because
we are interested in how the effect of each CTF is potentially modified by treatment regimen,
interactions between CTFs and study cohort will be initially examined in the multivariable model
in an additional block, block 5. If no significant interactions are observed, the main effects
model will be utilized. Similarly, linear mixed-effects regression models will be used to evaluate

the effect of CTFs on each cognitive function factor over time.

1.4.9.4 Analysis for Specific Aim 2 Multiple linear regression modeling will also be used to
examine the relationship between each cognitive function factor and the presence (i.e.,
heterozygous and homozygous minor variant) or absence (i.e., homozygous wild type) of a
candidate gene allele at TO, T1, and T2. If the allelic distribution allows, relationships between
each cognitive function factor and participant genotype will be examined to elucidate allele
dosage effects. Models will be fitted considering each candidate gene’s SNPs separately to yield
unadjusted regression coefficients. Using the same hierarchical regression strategy as proposed

for analysis of Aim 1, models will be expanded to include potential confounders/covariates to
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yield adjusted regression coefficients. Linear-mixed effects regression modeling will be used to
model the change in individual cognitive function factors over time as a function of the presence
of an allele and/or genotype. In addition, genetic risk/protection scores (GRSs) will be
calculated to evaluate the collective effect of multiple candidate gene variants on cognitive
function in women with breast cancer. Both a simple count and weighted method will be
employed. For the simple count method, values of 1 will be assigned to SNP variants associated
with poorer cognitive function factor scores and values of -1 will be assigned to SNP variants
associated with improved cognitive function factor scores. Assuming an additive model of SNP
effect, values will be summed across SNPs to produce a GRS for each participant. The weighted
method will utilize regression coefficients from univariate SNP models to assign greater risk to
SNPs with stronger associations. GRS will be calculated for each candidate gene and overall
across all candidate genes. GRS will be evaluated as predictors in the multiple linear regression
models and linear mixed-effects regression models as the presence of a candidate gene allele was

explained previously.

1.4.9.5 Analysis for Specific Aim 3 Multiple linear regression models and linear-mixed effects
regression models will be expanded to include the main effects for both individual CTFs and the
presence of a particular allele and/or genotype and their interaction(s). Interaction terms will be
created as the products of individual CTFs and the presence of a particular allele and/or

genotype.
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1.5 POTENTIAL LIMITATIONS AND ALTERNATIVE APPROACHES

While the sample sizes are appreciable, the student acknowledges that this study aims to explore
many variables and recognizes that it may be underpowered for some aspects of the study.
Likewise, while the reported minimum detectable R%s are comparable to the genetic effects
found in our previous and ongoing investigations of cognitive function in women with breast
cancer, research has shown that variation in individual candidate genes typically accounts for a
small amount (often 1% or less) of the variance in any given observed phenotype, with the
additive combination of multiple genetic polymorphisms (and/or multiple CTFs) explaining a
clinically meaningful proportion of the variability. Therefore, results from this study will need to
be interpreted with a degree of caution. Findings from this study will serve as the foundation for
future investigations.

In the case that genotype data cannot be collected for a particular SNP, another highly
informative SNP in linkage disequilibrium with the original polymorphism will be selected. In
addition, if a priority SNP is not amenable to multiplexing with the Sequenom® iPLEX®
MassARRAY platform and does not have an available TagMan® allelic discrimination assay,
alternative approaches including custom assay and restriction fragment length polymorphism

design will be employed in an attempt to obtain genotype information.

1.6 HAZARDOUS MATERIAL AND PROCEDURES

While working in the laboratory, the student will be exposed to bodily fluids and chemicals.

Personal protective equipment, including gloves and a laboratory coat, will be worn and safety
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protocols will be followed. The student has received blood borne pathogen training and chemical

hygiene training. All experiments will be conducted in an appropriately equipped laboratory.

1.7 RESEARCH PARTICIPANT RISK AND PROTECTIONS

This dissertation study was originally submitted, reviewed, and approved by the University of

Pittsburgh Institutional Review Board (IRB) in June 2013 (PRO13040672; Appendix C).

1.7.1 Human subjects involvement, characteristics, and design

The proposed study will use biobanked, de-identified genetic samples from a genetic ancillary
study to a larger, ongoing parent study (AIM Study) that explores cognitive decline in women
with and receiving treatment for breast cancer. The ancillary study developed a biobank of
genomic material from these women and has explored variability in candidate genes involved in
DNA repair and protection from oxidative damage. Participants are still being actively recruited
for the AIM Study and genetic samples continue to be collected and biobanked. Women with
breast cancer are recruited from the Comprehensive Breast Care Program of the University of
Pittsburgh Cancer Institute. Control group candidates are accrued by utilizing the services of the
University Center for Social and Urban Research and by referral from women in the breast

cancer groups.
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1.7.2 Sources of materials

Genetic samples are/were collected from participants in the AIM Study in the following manner:
Participants that previously completed cognitive function data collection for the AIM Study were
re-contacted for the purpose of obtaining a biological sample for DNA extraction and
biobanking. Only individuals who agreed to being re-contacted were re-contacted for the
ancillary study. Participants that are currently undergoing data collection for the AIM Study are
asked about their interest in participating in the ancillary genetics study during one of their
data/sample collection visits. If they indicated interest in the genetic portion of the study, they
were fully informed about the study prior to signing an informed consent document. It is
important to note that for candidate gene analysis of DNA, it does not matter at what time point
the genetic sample collection occurs; therefore, sample collection can occur at any time point. A
sample of 3cc of whole blood or 2cc of saliva is collected from each participant who agrees to
participate in the genetic portion of the study. Samples are processed and DNA is extracted and
biobanked. The stock samples are placed in a -80°C freezer for long-term storage. The stock

samples will be aliquoted and diluted for genotyping in this dissertation study.

1.7.3 Potential risks

As the proposed study involves the use of identifiable medical information, potential risks to
study participants includes the risk of breach of confidentiality of data and the risk of anonymity
of participants. Actions, as detailed below, are taken to keep any information obtained as

confidential/anonymous as possible.
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1.7.4 Protection against risk

A signed addendum informed consent for the collection and analysis of genetic samples was
obtained from participants prior to sample collection. The use of the sample for investigation of
genetic aspects of cognitive function related to breast cancer is explained to participants prior to
obtaining their informed consent. Within the consent, participants agree to have their genetic
material available for analysis of any gene(s) that may be involved in cognitive function within
the context of breast cancer. The University of Pittsburgh IRB has approved the consent form
and protocols used for recruitment and specimen collection. These documents are reviewed on
an annual basis. All participants are assigned a unique code number under which all data are
stored. Security of data is upheld through the use of password protection and restricted access to
users. Consent forms and a list of the match between participant names and code names are
retained in a discrete locked file cabinet in Dr. Catherine Bender’s office. All staff and students
who interact with study participants and/or who have access to participant identifiers are required
to sign a confidentiality agreement and to complete online education modules sponsored by the
Research Conduct and Compliance Office of the University of Pittsburgh prior to contact with
any participants or access to medical records and/or data. Risk to the confidentiality of the
genetic information generated by the proposed study is a very minimal risk given that all of the
samples arrive in the laboratory already de-identified and all databases related to the genetic
material will be de-identified. Each sample and piece of genetic data will be associated only
with a unique code. Every precaution will be taken to minimize exposure of the data to persons
outside the project by using passwords for all computer files and keeping all hard copies of data
within the genomics laboratory, which is locked and accessible only to authorized personnel.

Data from this project will be reported in aggregate only.
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1.7.5 Potential benefits

Research participants will likely receive no direct benefit from taking part in the proposed
research study. Nevertheless, the proposed dissertation study has the potential to improve
cognitive function in women with and receiving treatment for breast cancer by indicating
clinically relevant biomarkers of susceptibility to or protection from cognitive decline in women
with and receiving treatment for breast cancer, inform research into novel treatments for women
experiencing cognitive decline, and provide a means for determining which women are most
likely at risk for cognitive decline and would potentially benefit from earlier and/or more
intensive interventions. Considering the minimal risk to research participants, the proposed study

is an advantageous undertaking.
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2.0 SUMMARY OF STUDY

The purpose of this dissertation research was to: (1) investigate the relationship between
clinicopathologic tumor features (CTFs) of breast cancer and cognitive function in
postmenopausal women with early-stage breast cancer; (2) explore DNA variation in genes used
to clinically evaluate the biology of breast cancer for associations with susceptibility to or
protection from cognitive decline in postmenopausal women with early-stage breast cancer; and
(3) explore interactions between CTFs of breast cancer and DNA variation in genes used to
clinically evaluate the biology of breast cancer on cognitive function. Four articles, not
including articles generated from the three aims noted above, that were written during the course
of PhD training are provided in Appendices D, F, H, and J. The first article, published in the
Annual Review of Nursing Research and entitled “Molecular genomic research designs”
discusses key considerations for designing studies with a molecular genetic or genomic focus
(Appendix D). The data-based article “Apolipoprotein E genotype and cognitive function in
postmenopausal women with early-stage breast cancer,” published in Oncology Nursing Forum,
complements the hypothesis of this dissertation research and examines the role of APOE
genotype in cognitive function of postmenopausal women with early-stage breast cancer prior to
initiation of adjuvant therapy and over time with treatment (Appendix F). A second data-based
manuscript, which also complements this dissertation research by examining relationships

between polymorphisms in oxidative stress and DNA repair genes and pre-adjuvant therapy
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cognitive function in postmenopausal women diagnosed with early-stage breast cancer, was
published in SpringerPlus (Koleck et al., 2016; Appendix J). The forth manuscript, entitled
“Identification and prioritization of candidate genes for symptom variability in breast cancer
survivors based on disease characteristics at the cellular level,” was published in Breast Cancer:
Targets and Therapy. This article provides a detailed background to support the hypothesis
underlying this dissertation work and discusses the novel approach that was employed to select
candidate genes to test the hypothesis (Appendix H). The results for Specific Aims 1, 2, and 3
are presented in the data-based manuscript, “The impact of variation in clinicopathologic tumor
features and breast cancer-related genetic polymorphisms on pretreatment cognitive function in

women with breast cancer: an exploratory analysis,” included in this document.

2.1 PRELIMINARY WORK ON DISSERTATION STUDY

Prior to the comprehensive examination and overview, significant progress was made in the
collection of genotype data related to Aim 2. First, the student finalized single nucleotide
polymorphism (SNP) selection, categorizing and ranking SNPs from highest to lowest priority
within each gene in the following manner: 1) functional consequence, 2) tagging in a regulatory
region, and 3) related to breast cancer risk or cognitive phenotype. One hundred and sixty-three
SNPs, representing the 25 candidate genes, were identified in total. With the assistance of the
University of Pittsburgh School of Nursing Molecular Genetics Laboratory manager, the student
designed genotyping assays for selected SNPs using the Sequenom® iPLEX® MassARRAY

platform (University of Pittsburgh Genomics and Proteomics Core Laboratories). One hundred
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and forty-nine SNPs were amenable to inclusion in the iPLEX® MassARRAY. The student
prepared 96 well plates of diluted DNA for processing.

Fourteen SNPs were not amenable to multiplexing. Of these 14 SNPs, four were deemed
essential (due to functional consequence, location within the gene, or lack of alternative SNPs
within a given gene) for inclusion. TagMan® allelic discrimination assays were ordered for these
four SNPs. All were successfully genotyped by the student using TagMan® allelic discrimination
in the School of Nursing Molecular Genetics Laboratory.

The multiplex results were received from the Core Laboratories and organized by the
student. Thirteen SNPs included on the iPLEX® MassARRAY had call rates <90%. Of these 13
SNPs, five were deemed essential (due to functional consequence, location within the gene, or
lack of alternative SNPs within a given gene). TagMan® allelic discrimination assays were
ordered for these five SNPs. Out of the five SNPs, two were successfully genotyped using
TagMan® allelic discrimination in the School of Nursing Molecular Genetics Laboratory. The
remaining SNPs were not successfully genotyped using TagMan® allelic discrimination. These
SNPs were also not amenable to genotyping using a restriction fragment length polymorphism
(RFLP) approach. Consequently, alternative SNPs were selected. Two of the substitute SNPs
were successfully genotyped using TagMan® allelic discrimination assays, while the third was
successfully genotyped using RFLP.

Out of all of the 145 SNPs that were successfully genotyped, 14 were excluded due to
minor allele frequencies in our sample of less than 0.05. In total, 131 SNPs are available to be
included in the genetic analysis. Please refer to Figure 3 for a depiction of the genotyping

workflow for this dissertation project.
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2.2 PROPOSAL CHANGES

Several changes were made to the dissertation proposal and approved by the dissertation
committee members at the student’s comprehensive examination and overview. These changes,

along with the rationale for these changes, are provided below.

2.2.1 Focus on pretreatment cognitive function assessment time point

The dissertation study originally proposed to investigate CTFs and DNA variation for
associations with pretreatment cognitive function performance as well as cognitive decline with
treatment at the first two assessment time points after initiation of systemic adjuvant therapy.
Due to the fact that pretreatment findings were the impetus for this work and because of the
hypothesis driving this study (i.e., disease-related factors inherent in breast cancer and/or host
characteristics that predispose an individual to cancer as well as cognitive dysfunction may be a
major determinant of cognitive changes in women with breast cancer), it was decided that all
efforts related to this dissertation study should focus on the pretreatment assessment time point.
Evaluation of CTFs and DNA variation for associations with treatment-related cognitive decline

will be completed in a future study.

2.2.2 Omission of chemotherapy only treatment group

Originally, the dissertation study proposed to include a cohort of women with breast cancer
prescribed/receiving chemotherapy alone. However, due to the limited sample size available for

this cohort, in combination with the potential differences in the biology of breast cancers not
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treated with anti-estrogen therapies, the dissertation committee members favored omission of the

chemotherapy alone cohort from the data analysis.

2.2.3 Statistical analysis

Several changes have been made to the proposed statistical analysis as well. Use of both robust
multiple linear regression models and standard multiple linear regression models eliminating
potentially influential points to evaluate robustness of findings as part of a sensitivity analysis
was originally proposed; however, due to the very large number of models, potential for error in
eliminating individual points, improved model properties, and consistency in reporting results,
the student, committee statistician, and committee chair made the decision to use a robust
multiple linear regression model approach.

Because of the modification to focus on the pretreatment assessment time point, no
multiple linear regression modeling at T1 or T2 will be performed for Aims 1, 2, or 3. Likewise,
no linear mixed-effects regression modeling will be performed to evaluate the influence of CTF
variation, DNA variation, and accompanying interactions over time for Aims 1, 2, or 3.
Additionally for Aim 1, treatment cohort will no longer be included in models, and interactions
between treatment cohort and CTF will not be considered due to the elimination of the
longitudinal analyses.

Finally, since the original proposal, much work has been completed by the student and
her committee on the development of a method to calculate and evaluate genetic risk/protection
scores (GRSs) related to Aim 2. Weighted GRS will be calculated from regression coefficients
from individual SNP models to assign greater risk/protection to SNPs with stronger associations.
Overall GRS will be calculated across all candidate genes. Please refer to Appendix J to review
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how our method was used to evaluate the collective effect of multiple oxidative stress and DNA
repair variants on pretreatment cognitive function performance in postmenopausal women with
breast cancer. In addition, interactions between GRSs and individual CTFs will be generated,
instead of interactions between individual SNPs and CTFs, as originally proposed, to evaluate

interaction effects as part of Aim 3.

23 STUDY STRENGTHS AND LIMITATIONS

This hypothesis-driven dissertation project is the first study to formally examine the impact of
variation in CTFs of breast cancer and host DNA variation in genes used to clinically evaluate
the biology of breast cancer on cognitive performance in postmenopausal women with early-
stage breast cancer. Additional strengths of this dissertation project include the following:
selection of biologically plausible candidate genes, representation of the variability in candidate
genes through inclusion of both functional and tagging polymorphisms, well-characterized
cognitive function phenotypes assessed with a battery of reliable and valid neuropsychological
tests, adjustment for potential covariates and confounders of cognitive function performance,
consideration of breast cancer heterogeneity through use of prescribed treatment group and
inclusion of a matched healthy control group in the candidate gene analysis, and evaluation of
the collective effect of possession of multiple risk or protection polymorphisms using weighted
GRSs.

Study limitations should also be acknowledged. Small samples sizes limited the
interpretability of results from the CTF-by-GRS interaction analysis and the full

clinicopathologic and genetic predictive model analysis as well as our ability to evaluate gene-
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dosage effects. The study sample was comprised of primarily white postmenopausal women
with hormone receptor positive early-stage breast cancer; the generalizability of our findings to
more diverse populations and breast cancers is unknown. For CTF data, we were limited to
information available in surgical pathology reports obtained from the medical record. In
addition, we did not account for the potentially confounding effects of surgery and/or anesthesia

exposure on pretreatment cognitive performance in our analysis.

24 FUTURE STUDIES AND IMPLICATIONS FOR NURSING

Findings from this dissertation study need to be confirmed in larger, more diverse populations
and cancers. ldeally, future studies will include a cognitive function assessment prior to primary
surgery as a means to more fully capture the influence of breast cancer heterogeneity, and
subsequent tumor removal, on cognitive performance. Future analyses should also investigative
the effect of variation in CTFs of breast cancer and host DNA in genes used to clinically evaluate
the biology of breast cancer, on cognitive function throughout and following completion of
adjuvant therapy. Because candidate genes evaluated as part of this dissertation project were
identified from prognostic multigene expression profiles for breast cancer and many of our
significant findings were related to polymorphisms with functional consequences and/or located
in regulatory regions of genes, tumor gene expression levels should be prioritized as an
additional focus of investigation.

The findings from this dissertation project inform current knowledge related to biological
underpinnings for pretreatment cognitive dysfunction in women with breast cancer and provide

the foundation for a line of research to identify clinically relevant biomarkers and novel therapies
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for breast cancer survivors experiencing cognitive dysfunction. We envision a future where
women with breast cancer will not only receive a refined breast cancer diagnosis based on
clinicopathologic and genetic characteristics but also tailored symptom prediction and proactive
symptom management. Nurses will be at the forefront of patient education related to symptom
prediction, administration and coordination of biomarker testing, and creation of holistic, patient-
centered care plans that feature interventions intended to help mitigate negative cancer- and

cancer treatment-related cognitive symptoms.
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3.0 DATA-BASED MANUSCRIPT: THE IMPACT OF VARIATION IN

CLINICOPATHOLOGIC TUMOR FEATURES AND BREAST CANCER-RELATED

GENETIC POLYMORPHISMS ON PRETREATMENT COGNITIVE FUNCTION IN

WOMEN WITH BREAST CANCER: AN EXPLORATORY ANALYSIS
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3.1 ABSTRACT

Breast cancer is a heterogeneous disease characterized by molecular and pathologic diversity.
Based on previous work, we hypothesized that the cellular heterogeneity in breast cancers may
account for variability in the presence and/or severity of cognitive dysfunction among women
diagnosed with breast cancer, especially prior to initiation of systemic adjuvant therapy. The
purpose of this study was to investigate relationships between clinicopathologic tumor features
(CTFs) of breast cancer or host DNA variation in genes used to clinically evaluate the biology of
breast cancer and cognitive performance in postmenopausal women with early-stage breast
cancer. Interactions between CTFs and DNA variation were also explored. Pretreatment
cognitive function assessment occurred after surgery but before initiation of systemic adjuvant
therapy. CTF data were obtained from surgical pathology reports for women with breast cancer
scheduled to receive adjuvant anastrozole therapy + chemotherapy (n=329). Genotypes for 131
functional/tagging single nucleotide polymorphisms (SNPs) related to 25 biologically plausible
breast cancer-related candidate genes (AURKA, BAGL1, BCL2, BIRC5, CCNB1, CD68, CENPA,
CMC2, CTSL2, DIAPH3, ERBB2, ESR1, GRB7, GSTM1, MELK, MKI67, MMP11, MYBL2,
NDC80, ORC6, PGR, RACGAP1, RFC4, RRM2, and SCUBE?2) were determined for three groups
of women: women with breast cancer, prescribed chemotherapy followed by anastrozole (n=55);
women with breast cancer prescribed anastrozole only (n=83); and postmenopausal age- and
education-matched controls without cancer (n=82). Standard and robust multiple linear
regression models were used to determine if CTFs and SNPs accounted for variability in
cognitive performance scores. Weighted multi-gene, multi-SNP genetic risk/protection scores
(GRSs) were calculated based on significant (p<0.05) individual SNP results as a means to

evaluate the collective effect of multiple SNPs on cognitive performance. Interactions between
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CTFs and GRSs were also assessed using linear regression models. Significant (p<0.05)
relationships were reported between cognitive performance on one or more cognitive function
composites and the following CTFs: cancer stage; tumor size; tumor focality; tumor laterality;
tumor location octant; invasive type; Nottingham Score; Nottingham Grade; estrogen receptor
(ER) H-score; progesterone receptor (PR) status; HER2 status; HER2 immunohistochemistry
classification score; Ki67 classification; Ki67 index; Oncotype DX® Breast Cancer Assay
Recurrence Score®; Oncotype DX® Breast Cancer Assay quantitative single gene ER, PR, and
HER2 scores; and Magee Equation recurrence score. Significant (p<0.05) SNP main effect
and/or SNP-by-prescribed treatment group interactions were observed between at least one
cognitive function composite and one or more SNPs of all candidate genes evaluated with the
exception of CMC2, MMP11, and RACGAP1. Each computed GRS was found to be
significantly (p<0.001) and positively (i.e., as overall genetic protection increases, cognitive
performance score increases indicating better performance) associated with its corresponding
cognitive function composite score. Only one significant interaction, between tumor location
octant and visual working memory GRS, was noted. Overall, results from this exploratory study
suggest that clinicopathologic and breast cancer-related genetic variation influence pretreatment
cognitive performance in women with breast cancer and merit additional investigation.

Keywords: breast neoplasms; cognition; genetics; pathology; pretreatment

3.2 BACKGROUND

Breast cancer is not a single disease, but rather a heterogeneous collection of diseases

characterized by high degrees of molecular and pathologic diversity both among breast cancers
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diagnosed in different individuals (i.e., inter-tumor) and within the same breast tumor (i.e., intra-
tumor) (Martelotto, Ng, Piscuoglio, Weigelt, & Reis-Filho, 2014; Polyak, 2011; Rivenbark,
Connor, & Coleman, 2013). Despite the well-established inter-tumor and intra-tumor
heterogeneity in breast cancers, few studies have examined how variation in the biology of
cancer itself may impact the presence and/or severity of cognitive symptoms experience by many
women diagnosed with breast cancer (Ahles & Saykin, 2007; Ahles, Root, & Ryan, 2012).

Previous investigations have focused on the direct neurotoxic effects of adjuvant
chemotherapy and the anti-estrogen effects of adjuvant aromatase inhibitors and selective
estrogen receptor modulators on cognitive performance in breast cancer survivors over time with
treatment (Ono et al., 2015; Zwart, Terra, Linn, & Schagen, 2015). However, as succinctly
summarized in a recent review by Wefel, Kesler, Noll, and Schagen, a number of studies have
also reported evidence of cognitive dysfunction in women diagnosed with breast cancer prior to
initiation of adjuvant chemotherapy and/or anti-estrogen therapy, unrelated to distress, fatigue,
comorbidities, or surgery-related factors (2015).

While multiple pathophysiological mechanisms likely underlie cognitive changes in
women with breast cancer, these pretreatment findings support the hypothesis that disease-
related factors inherit to breast cancer, including clinicopathologic tumor features (CTFs) of
breast cancer and host DNA variation in genes used to clinically evaluate the biology of breast
cancer, may contribute to cognitive dysfunction symptomatology and warrant more in depth
investigation (Ahles & Saykin, 2007; Ahles et al., 2012; Wefel et al., 2015). We further
hypothesize that the heterogeneity in disease-related factors of breast cancer at the cellular level

may account for a significant proportion of observed variability in cognitive dysfunction among
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women diagnosed with breast cancer, especially prior to initiation of systemic adjuvant therapy
(Koleck & Conley, 2016).

Although limited, evidence exists to support the investigation of CTFs and a genetic
component of cognitive dysfunction in women with breast cancer. In relation to CTFs, Ahles
and colleagues found that at pretreatment, women diagnosed with invasive early-stage breast
cancer (Stages 1-3) had significantly poorer reaction time than healthy controls; in contrast,
participants diagnosed with noninvasive cancer (Stage 0) did not perform more poorly than
healthy controls (2011). Mandelblatt and colleagues reported that older women (> 60 years of
age) diagnosed with Stage 2-3 breast cancer had lower pretreatment executive function scores
compared to participants with Stage 0-1 breast cancer (2014). In support of the genetic
component of cognitive dysfunction, four published studies have reported associations between
APOE genotype and cognitive performance in women with breast cancer (Ahles et al., 2011;
Ahles et al., 2003; Koleck et al., 2014; Lengacher et al.,, 2015). Associations with
polymorphisms in ANKK1, BDNF, COMT, MTHFR, and SLC64A have also been reported
(Lengacher et al., 2015; Ng et al., 2015; Small et al., 2011).

However, to our knowledge, no study to date has formally investigated the mechanistic
merit of the previously stated hypotheses. Therefore, the purpose of the current exploratory
study is to investigate how heterogeneity in breast cancers at the molecular and pathologic levels
is related to reported variability in pretreatment neuropsychological performance in
postmenopausal women diagnosed with early-stage breast cancer. Specifically, the three
distinct, but interrelated, aims of this study are as follows: (1) to investigate the relationship
between CTFs of breast cancer, evaluated as part of standard surgical pathology reports, and

cognitive function in postmenopausal women with early-stage breast cancer; (2) to explore DNA
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variation in genes used to clinically evaluate the biology of breast cancer, as part of prognostic
multigene expression profiles for breast cancer, for association with susceptibility to or
protection from cognitive decline in postmenopausal women with early-stage breast cancer; and
(3) to explore interactions between CTFs of breast cancer and DNA variation in genes used to

clinically evaluate the biology of breast cancer on cognitive function.

3.3 METHODS

3.3.1 Study sample

Participants in this exploratory, ancillary study were originally recruited as part of a larger,
ongoing parent study investigating the effects of adjuvant chemotherapy and the adjuvant anti-
estrogen therapy, anastrozole, on changes in cognitive function in postmenopausal women with
breast cancer (Bender et al., 2015). The current study analyzes three interrelated subgroups of
participants: (1) the subgroup for the CTF analysis was comprised of 329 postmenopausal
women newly diagnosed with Stage 1, 2, or 3a breast cancer, with no evidence of metastases,
scheduled to receive either chemotherapy followed by anastrozole or anastrozole only; (2) the
subgroup for the genetic analysis (N=220) included the cohort of women from subgroup #1 who
provided a specimen for genetic evaluation (n=138) in addition to postmenopausal age-and
education-matched healthy controls without breast cancer (n=82) who also provided a genetic
specimen; and, lastly, (3) the subgroup for the interaction analysis was limited to women with

breast cancer with both CTF and genetic data available.
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All study participants were postmenopausal, 75 years of age or younger, able to speak
and read English, and completed a minimum of eight years of education. Participants were
excluded from the parent study, and consequently this ancillary study, if they had a prior history
of neurologic disease or cancer or were hospitalized for psychiatric illness within the past two
years. Informed consent was obtained from all study participants. Both the ancillary and parent

studies were approved by the University of Pittsburgh Institutional Review Board.

3.3.2 Evaluation of cognitive function

Cognitive function was evaluated using a battery of 13 reliable, validated neuropsychological
measures intended to assess multiple cognitive domains. Rationale for selection of individual
tests has been described previously (Bender et al., 2015). Women in the breast cancer cohorts
completed the cognitive function test battery after primary surgery but before initiation of
systemic adjuvant therapy. Healthy women completed the same cognitive function test battery.
Tests were administered to participants and scored by trained research nurses. Due to the
number of cognitive measures, an exploratory factor analysis with principal component
extraction was previously employed to reduce the dimensionality of the cognitive function data
(Bender et al.,, 2015). This data reduction technique identified eight cognitive function
composites: attention [Cambridge Neuropsychological Test Automated Battery (CANTAB)
Rapid Visual Information Processing Test (Robbins et al., 1994)], concentration [Digit Vigilance
Test (Lafayette Clinical Insturments Company, 1989)], mental flexibility [Delis Kaplan
Executive Function System Color-Word Interference Test (Delis et al., 2001)], executive
function [CANTAB Stockings of Cambridge Test (Robbins et al., 1994) and CANTAB Spatial
Working Memory Test (Robbins et al., 1994)], psychomotor speed [Grooved Pegboard Test
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(Klove, 1963) and Digit Symbol Substitution Test (Wechsler, 1998)], verbal memory [Rey
Auditory Verbal Learning Test (Rey, 1941), Delis Kaplan Executive Function Verbal Fluency
Test (Delis et al., 2001), and Rivermead Story Test (Cockburn & Smith, 1993)], visual memory
[CANTAB Paired Associates Learning Test (Robbins et al., 1994) and Rey Complex Figure Test
(Osterrieth, 1944)], and visual working memory [CANTAB Stockings of Cambridge Test
(Robbins et al., 1994) and Rey Complex Figure Test (Osterrieth, 1944)]. The eight cognitive
function composites are utilized as the outcome variables for this study. Participant cognitive
function composite z-scores were calculated such that more positive scores are associated with
better cognitive performance and more negative scores are associated with poorer cognitive

performance.

3.3.3 Assessment of potential covariates and confounders

Potential covariates and confounders of cognitive function were assessed in all cohorts of study
participants at the same time as cognitive function assessment and included: age (in years);
estimated verbal intelligence — National Adult Reading Test-Revised (Nelson, 1982), depressive
symptoms — Beck Depression Inventory-I1 (Beck et al., 1996); anxiety — Profile of Mood States
Tension-Anxiety subscale (McNair et al., 1992); fatigue — Profile of Mood States Fatigue-Inertia
subscale (McNair et al., 1992); and current pain — Brief Pain Inventory (Cleeland, 1989). Only

participants with complete covariate/confounder information were included in analyses.
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3.3.4 Evaluation of CTFs

CTF data were obtained from surgical pathology reports of study participants and included the
following: TNM Classification of Malignant Tumors overall stage (Stage 1, 2a, 2b, or 3a) (Edge
et al., 2010); TNM Classification of Malignant Tumors tumor stage (Stage Tla, T1b, Tlc, T2,
T3) (Edge et al., 2010); lymph node status (positive or negative); number of positive lymph
nodes; tumor site laterality (left or right breast); tumor location within breast [clock position
and/or quadrant location (upper outer, upper inner, lower outer, or lower inner)]; tumor focality
(single or multiple); primary tumor size (measured to the nearest millimeter); aggregate tumor
size if multifocal (measured to the nearest millimeter); histologic type (invasive ductal, invasive
lobular, or both) (Tavassoli & Devilee, 2003); combined histologic Nottingham Score [score 3-9;
sum of three subscores: glandular/tubular differentiation score (1-3), nuclear pleomorphism
score (1-3), and mitotic activity/count score (1-3)] (Elston & Ellis, 1991); combined histologic
Nottingham Grade [Grade 1 (low), Grade 2 (intermediate), or Grade 3 (high)] (Elston & Ellis,
1991); lymphovascular invasion (presence or absence); estrogen receptor (ER) status (positive or
negative); ER H-score (extent of nuclear immunoreactivity) quantitation score (score 0-300); ER
Oncotype DX® Breast Cancer Assay quantitative single gene score (score 0-12.5+; Negative
<6.5, Positive >6.5) (Genomic Health Inc., 2016); progesterone receptor (PR) status (positive or
negative); PR H-score (extent of nuclear immunoreactivity) quantitation (score 0-300); PR
Oncotype DX® Breast Cancer Assay quantitative single gene score (score 0-10+; Negative <5.5,
Positive >5.5) (Genomic Health Inc., 2016); HER2 immunohistochemistry (IHC) classification
score [0, 1+ (Negative), 2+ (Equivocal), or 3+ (Positive)] (Wolff et al., 2007); HER2/neu status

(positive or negative based on IHC test and/or FISH amplification); HER2 Oncotype DX® Breast
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Cancer Assay quantitative single gene score (score 0-13+; Negative <10.7, Equivocal 10.7-11.5,
Positive >11.5) (Genomic Health Inc., 2016); Ki67 index (0-100%; percentage of total number of
tumor cells with nuclear staining); Ki67 proliferative rate classification [Low (<10%), Moderate
(11-25%), High (26-50%), or Very High (>50%)]; and Oncotype DX® Breast Cancer Assay
Recurrence Score® (score 0-100 from multigene expression algorithm) (Paik et al., 2004, 2006).
In instances where a participant had more than one primary breast tumor in the same breast or
bilateral breast cancer, characteristics of the tumor contributing to the highest overall breast
cancer stage were used in analyses.

Please note that clock position and quadrant information collected to describe the
location of the tumor within the breast was combined and condensed into eight tumor locations:
upper outer, upper inner, lower outer, lower inner, upper middle (12 o’clock), lower middle (6
o’clock), outer middle (left breast-3 o’clock; right breast-9 o’clock), and inner middle (left
breast-9 o’clock; right breast-3 o’clock). Due to limited numbers, retroareolar tumors were
classified by clock position, if provided, or omitted from the analysis. In the case of multifocal
tumors with foci identified in multiple quadrants, the average clock position was used if
continuous between foci or the case was omitted from the analysis. These eight locations are
referred to as tumor location octants throughout the text.

As a supplement to Oncotype DX® Breast Cancer Assay Recurrence Scores®, Magee
Equation recurrence scores were calculated using the three equations described in Klein et al.
(2013). The three equations, which produce very similar results, use different combinations of
Nottingham Score, ER H-score, PR H-score, HER2 status (negative, equivocal, or positive),
tumor size, and/or Ki67 index to estimate Oncotype DX® Breast Cancer Assay Recurrence

Scores® and corresponding recurrence risk category assignment (i.e., low, intermediate, or high).
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Thus, up to three scores were calculated for each participant based on available information.
Scores from the three equations were reduced into a single variable giving preference to
generated scores in the following sequence: equation 1 > equation 2 > equation 3. Scores from
equation 1 were prioritized as this equation was found to most accurately replicate extreme
values (i.e., assignment into the low and high recurrence risk categories). If a score from
equation 1 was not available for a participant, the score from equation 2 was selected due to its
concordance with Oncotype DX® Breast Cancer Assay risk category overall and comparable

performance to equation 3 when the intermediate risk category was omitted.

3.3.5 Candidate gene selection and genotype data collection

In total, 25 biologically plausible candidate genes (AURKA, BAG1, BCL2, BIRC5, CCNB1,
CD68, CENPA, CMC2, CTSL2, DIAPHS3, ERBB2, ESR1, GRB7, GSTM1, MELK, MKI67,
MMP11, MYBL2, NDC80, ORC6, PGR, RACGAP1, RFC4, RRM2, and SCUBEZ2), that are
theorized to represent the biology of breast cancer at the cellular level, were selected for
investigation. The rationale behind the identification and prioritization of candidate genes from
multigene expression profiles for breast cancer has been described previously (Koleck & Conley,
2016). Briefly, because multigene expression profiles for breast cancer enhance knowledge
received from traditional CTFs via algorithm-driven estimation of adjuvant therapy benefit and
risk of distant metastasis or recurrence, genes from these profiles play an important role in breast
cancer aggressiveness and progression, complement the collected CTF data, and are ideal for
exploring the overall study hypotheses.

Single nucleotide polymorphisms (SNPs) representing each candidate gene were
identified. Functional polymorphisms within, directly upstream of, and/or found to influence
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expression levels of candidate genes, were identified from the literature. When a functional
polymorphism was not identified and/or did not fully represent the gene of interest, tagging
SNPs were selected using the Phase Il HapMap database. Because the profiles from which
candidate genes were selected rely upon gene expression data, evaluation of DNA variability was
extended £2,500bps beyond the gene to capture the UTR-5" and UTR-3’ regulatory regions.
Criteria for selection of tagging SNPs were as follows: R? of > 0.8, minor allele frequency
(MAF) of > 0.20, and selected for Caucasian ancestry, which represents the majority of study
participants. One-hundred and sixty-three functional and tagging SNPs were identified to
represent the variability in the 25 candidate genes.

Genetic samples were collected from participants between June 2008 and May 2014.
Three milliliters of whole blood or two milliliters of saliva were obtained for genotyping. DNA
was extracted from peripheral blood leukocytes using a simple salting out procedure (Miller,
Dykes, & Polesky, 1988) or from saliva following the protocol and reagents supplied with the
Oragene® DNA collection kits (DNA Genotek Inc., 2012). The Sequenom® iPLEX®
MassARRAY platform (Sequenom, San Diego, CA) was used as the primary genotyping method
for this study due to the number of SNPs and participants evaluated. SNPs were also genotyped
using TagMan® allele discrimination with the ABI Prism 7000 Sequence Detection System
(SDS) and SDS software v1.2.3 (Thermo Fisher Scientific Inc., Waltham, MA) as well as a
restriction fragment length polymorphism approach.

Negative controls were included with all analyses. Genotypes were double called by
individuals blinded to participant phenotypes and discrepancies were addressed by reviewing

raw data or re-genotyping. Participant genotypes were classified for data analysis based on the
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presence or absence of the minor allele (homozygous wild type compared to the combination of

heterozygotes and homozygous variant genotypes).

3.3.6 Data cleaning and quality assurance

Collected CTF data were independently entered into a computer database by two individuals
blinded to outcome and genetic data and compared for discrepancies. Discrepancies were
adjudicated by a third individual by independent review of raw data. SNPs with call rates less
than 90% or MAFs of less than 0.05 were omitted. For SNPs not meeting the 90% call rate
threshold but deemed essential for inclusion in the study (due to functional consequence, location
within a candidate gene, or lack of alternative SNPs available within a given gene) secondary
genotyping approaches were attempted. Alternatives were selected for essential SNPs in
instances of multiple failed genotyping attempts and/or lack of availability of alternative
genotyping methods.

Furthermore, detailed data screening procedures were performed to ensure data accuracy.
Data from individual CTFs were cross-checked with other, directly corresponding CTFs (e.g.,
tumor stage and tumor size). Inconsistencies were addressed by reviewing raw data from CTF
collection forms and/or the original pathology reports. Each SNP was tested for Hardy-
Weinberg Equilibrium (HWE), using chi-square goodness-of-fit or Fisher’s exact tests, to

identify potential genotyping errors.
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3.3.7 Statistical analysis

Analyses were performed using Stata® Data Analysis and Statistical Software SE Version 14.1
(StataCorp, College Station, TX) and IBM® SPSS® Statistics Version 23 (IBM Corp., Armonk,
NY). Standard descriptive statistics were computed for all predictors, outcomes, and covariates/
confounders. Separate overall participant demographic, covariate/confounder, and cognitive
function composite z-score summary statistics were calculated for both the CTF and genetic data
analyses. Overall CTF data were summarized using means, standard deviations, minimum and
maximum values, frequencies, and percentages. Additionally, due to findings from the
individual CTF regression analyses related to tumor location octant, tumor characteristics were
compared by tumor location octant using one-way ANOVAs to compare means of continuous
variables and Fisher’s exact tests, computed using 2-sided Monte Carlo sampling based on
10,000 sampled tables, to examine associations between categorical variables. For the genetic
analysis, differences in demographics, covariates/confounders, cognitive function composite z-
scores, and CTFs by study cohort were evaluated using one-way ANOVAs and Pearson’s chi-
square tests of independence (when expected cell counts >5), Fisher’s exact tests (for 2x2
contingency tables with expected cell counts <5), or Fisher’s exact tests computed using 2-sided
Monte Carlo sampling based on 10,000 sampled tables (for contingency table larger than 2x2
with expected cell counts <5). The comparability of covariate/confounder data and cognitive
function performance z-scores between participants included in the CTF and genetic analyses
and remaining participants from the parent study were also assessed.

For the CTF analysis, standard multiple linear regression models and complementary
robust multiple linear regression models using Huber weighting and biweighting iterations were

fit to estimate associations between individual CTFs and each cognitive function composite
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score. In order to evaluate potential nonlinear (e.g., quadratic) relationships between continuous
CTFs and cognitive function composites, squared versions of all continuous CTFs were
computed. Both standard and robust linear regression models with the original and squared
version of a particular CTF were produced. Furthermore, all two-way interactions between
marginally significant (p<0.20) CTF predictors, identified via the robust regression models with
linear and squared terms, were evaluated using standard and robust multiple linear regression
modeling. In cases of significant squared predictors, interactions were generated with both the
original and squared variable and all terms were included in the model. All models controlled
for age, estimated intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.

Underlying assumptions were assessed for each regression model.  Specifically,
histograms of jackknifed residuals were used to evaluate normality, added variable plots were
generated to assess linearity, Breusch-Pagan/Cook-Weisberg tests were conducted to evaluate
homoscedasticity, and variance inflation factors were used to assess for multicollinearity. In
order to identify potentially influential points, Cook’s distance was generated and evaluated as
part of jackknifed residual by predicted value scatterplots. Due to concerns related to influential
points and heteroscedasticity, robust regression model estimated regression coefficients and
corresponding significance levels are reported.

Standard and robust multiple linear regression modeling was also used to examine
relationships between each cognitive function composite and the presence (i.e., homozygous
variant genotype plus heterozygous genotype) or absence (i.e., homozygous wildtype genotype)
of one or more minor alleles for each SNP. In order to account for the heterogeneity of breast
cancer tumors in the genetic analysis, women diagnosed with breast cancer were further

classified using prescribed future treatment regimen as a surrogate for disease characteristics.
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Thus, the genetic analysis included two groups of women diagnosed with breast cancer, those
prescribed chemotherapy followed by anastrozole (n=55) and those prescribed anastrozole only
(n=83), as well as the matched healthy control group (n=82). Both main SNP effects only and
SNP-by-prescribed treatment group interaction effect regression models were fitted. In all
models, healthy controls served as the reference group for the two prescribed treatment groups
(i.e., prescribed chemotherapy plus anastrozole or anastrozole alone). Likewise, the wildtype
genotype served as the reference group for possession of one or more minor alleles. All
regression models were adjusted for age, estimated intelligence, and levels of depressive
symptoms, anxiety, fatigue, and pain, and prescribed treatment group. Underlying assumptions
were assessed for each regression model using the same techniques described for the CTF
analysis.  Again, to lessen the impact of potentially influential points and adjust for
heteroscedasticity, robust regression model estimated regression coefficients and significance
levels are reported.

Genetic risk/protection scores (GRSs) for each cognitive function composite were then
calculated to explore the influence of possession of multiple significant (p<0.05) genotypes on
cognitive function composite scores. SNP minor alleles that were significantly (p<0.05)
negatively or positively associated with a cognitive function composite by either SNP main
effects and/or SNP-by-prescribed treatment interaction effects were used in GRS calculations. A
weighted calculation method, in which unstandardized robust regression coefficients from the
individual genetic models were multiplied by 0 (absence) or 1 (presence) based on a participant’s
genotype and prescribed treatment group membership and then summed, was used to assign
greater risk/protection to minor alleles with stronger associations. A lower GRS conveys greater

genetic risk for poorer cognitive function and a higher GRS conveys greater genetic protection.
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GRSs were added as the final predictor to standard and robust multiple linear regression models
adjusted for age, estimated verbal intelligence, levels of depressive symptoms, anxiety, fatigue,
pain, and prescribed treatment group. Only participants with all genetic data necessary for
calculation of a particular GRS were included in the GRS analysis.

A genetic sub-analysis, featuring only women with breast cancer, was also completed for
ERBB2 and MKI67. Because ERBB2 and MKI67 have rare or limited expression in normal
breast tissue (Pavelic et al., 1992; Stark et al., 2000; Urruticoechea, Smith, & Dowsett, 2005), we
hypothesized that polymorphism in these genes may only be impactful if the genes are being
expressed. Thus, standard and robust multiple linear regression analyses for ERBB2 and MKI167
SNPs by HER2 IHC classification score or Ki67 index, respectively, instead of prescribed
treatment group, was conducted. Models with HER2 IHC classification score, an ERRB2 SNP,
and SNP-by-HER2 IHC classification interaction as predictors were fitted for each ERBB2
polymorphism. Likewise, models with Ki67 index, an MKI67 SNP, and SNP-by-Ki67 index
interaction as predictors were fitted for both MKI67 polymorphisms. All models controlled for
age, estimated intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.
Robust regression model regression coefficients and p-values are reported.

For each cognitive function composite, interactions between significant (p<0.05)
individual CTFs, identified from models with linear and quadratic terms, were tested for
interactions with calculated GRSs using standard and robust multiple linear regression modeling.
Interaction terms were created as the products of individual CTFs and GRSs. Only participants
with breast cancer and genetic data were included in the interaction analysis. In instances of

significant squared CTF predictors, interactions were generated between the GRS and both the
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original and squared variable; all terms were included in the model. All models were adjusted
for age, estimated intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.
Full standard and robust multiple linear regression models were created to explore the
potential to better predict cognitive function performance using a combination of both CTF and
genetic data. First, a final CTF model was developed for each cognitive function composite.
Statistically significant (p<0.05) terms from individual main effect and interaction effect models
were evaluated by placing all predictors into a single robust regression model. Predictors were
omitted from the model if multicollinearity and/or limited variability were present. All
predictors meeting the screening criterion (p<0.20) were included in the final CTF models.
GRSs were then added as a predictor to the final CTF models. All models were adjusted for age,
estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain. R’

obtained from standard regression models are reported.

3.4  RESULTS - CLINICOPATHOLOGIC TUMOR FEATURES

3.4.1 Participant and breast cancer tumor characteristics

Of the 354 women diagnosed with early-stage breast cancer from which CTF data were
collected, a total of 329 had complete confounder/covariate information and cognitive function
scores available for one or more cognitive function composites. A summary of overall
demographic, covariate/confounder, and cognitive function data for participants included in this
analysis is located in Table 7. In general, participants were an average of 61.05 years of age,

well-educated (with a mean of 14.80 years of education), married or currently living with a
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partner (67.8%), and Caucasian (96.4%). A comparison of characteristics of participants
included (n=329) to those not included (because CTF or pretreatment cognitive function data
were not available or covariate/confounder information was incomplete) (n=40) revealed that
participants not included in the analysis had poorer (p=0.003) mean attention performance z-
scores (-0.66+1.162) than participants included in the analysis (-0.16+0.939).

The majority of breast cancer tumors were ductal (86.9%), single focus (84.2%), overall
Stage 1 (65%), tumor stage T1c (40.4%), lymph node negative (77.5%), ER positive (98.8%),
PR positive (87.8%), and HER2 negative (91.2%). The mean Nottingham Score (6.04+1.306)
for all tumors included in the analysis corresponds to an intermediate Nottingham Grade, and the
mean Ki67 index (23.10+21.522) reflects a moderate Ki67 classification. Oncotype DX® Breast
Cancer Assay Recurrence Scores® ranged from 0 to 63 with a mean score of 18.26+9.76.
Similarly, Magee Equation recurrence scores ranged from 1.92-48.87 with a mean score of
20.51+7.77. A comprehensive summary of all CTF data included in this analysis is reported in

Table 8.

3.4.2 Individual CTFs and cognitive function

Table 9 reports the regression coefficients and p-values from all robust regression models
evaluating the relation between individual CTFs and cognitive function composites. Table 10
complements the results from Table 9 by considering nonlinear quadratic relations and presents
regression coefficients and p-values from robust regression models with squared continuous CTF
terms.

The most significant findings were related to memory and HER2 status and HER2 IHC
classification score. Possession of a HER2 positive tumor contributed to poorer verbal (b=-
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0.287, p=0.018), visual (b=-0.270, p=0.001), and visual working (b=-0.490, p<0.001) memory
performance compared to possession of a HER2 negative tumor. Likewise, as HER2 IHC
classification scores increased, verbal (b=-0.072, p=0.093), visual (b=-0.081, p=0.003), and
visual working (b=-0.170, p<0.001) memory performance scores decreased (Figure 4).
Moreover, when considering a quadratic continuous predictor model, a significant relationship
between visual memory performance and Oncotype DX® Breast Cancer Assay HER2
quantitative single gene score (b=1.983, p<0.001) and the corresponding squared term (b=-0.104,
p<0.001) was observed.

In addition to associations with HER2 status and HER2 IHC score, a significant
association was noted between tumor focality and verbal memory (b=-0.278, p=0.003), such that
possession of a multifocal tumor contributed to poorer performance compared to a single focus
tumor. While not statistically significant, this trend can be seen across all cognitive function
composites. Possession of a progesterone receptor (PR) positive tumor, compared to a PR
negative tumor, also contributed to poorer verbal memory performance (b=-0.256, p=0.015).

Intriguing tumor location effects were also noted. To begin, having a tumor located in
the left breast, compared to the right breast, contributed positively to verbal memory (b=0.156,
p=0.025) and visual working memory (b=0.163, p=0.026) performance scores. Overall tumor
location octant was found to be significantly (p=0.027) related to mental flexibility. Specifically,
having a tumor in the lower inner octant contributed to poorer mental flexibility performance
compared to having a tumor in the upper outer octant (b=-0.511, p=0.001). While not
statistically significant at the p<0.05 level, tumors located in the lower outer (b=-0.207,
p=0.145), upper inner (b=-0.171, p=0.147), upper middle (b=-0.180, p=0.121), or lower middle

(b=-0.258, p=0.100) octants also appear to contribute to poorer mental flexibility performance
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compared to the upper outer octant. Although tumor location octant did not significantly
contribute to the model as a whole, the contribution of the individual upper inner octant to
attention performance (b=-0.315, p=0.040) and the lower middle octant to visual working
memory performance (b=-0.432, p=0.007) significantly differed compared to that of the upper
outer octant.

Additionally, as Oncotype DX® Breast Cancer Assay Recurrence Score® increased,
mental flexibility performance score decreased (b=-0.010, p=0.032; Figure 5). In the quadratic
continuous predictor models, significant relations were found between Oncotype DX® Breast
Cancer Assay Recurrence Score® and verbal memory performance (b=0.032, p=0.021; b=-0.001,
p=0.029) as well as Magee Equation recurrence score and visual memory performance (b=0.026,
p=0.055; b=-0.001, p=0.034) and visual working memory performance (b=0.051, p=0.028; b=-
0.001, p=0.021).

Finally, Ki67 classification was found to be significantly associated with concentration
performance (p=0.042). In particular, a moderate Ki67 classification contributed positively to

cognitive function performance compared to a low Ki67 classification (b=0.381, p=0.009).

3.4.3 CTF differences by tumor location

In order to facilitate interpretation of the tumor location effects, an evaluation of how CTFs
differed by tumor location octant was completed. Features that were found to be significantly
(p<0.20) different by tumor location octant are presented in Table 11. Tumors differed by tumor
size, aggregate tumor size, tumor focality, invasive type, Nottingham Grade, HER2 status, HER2
IHC classification score, and lymphovascular invasion presence. Of particular interest, tumors in
the lower middle octant have a higher percentage of HER2 positive tumors (30.0%) and higher
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mean HER2 IHC classification score (1.94+0.929) than the other octants. These findings
connect three of our significant results: (1) lower middle octant visual working memory
performance significantly differed compared to the upper outer octant; (2) possession of a HER2
positive tumor contributed to poorer visual working memory performance compared to
possession of a HER2 negative tumor; and (3) as HER2 IHC classification scores increased,

visual working memory performance scores decreased.

3.44 Two-way CTF interactions and cognitive function

All marginally significant (p<0.20) individual CTFs tested for two-way interactions are listed by
cognitive function composite in Table 12. CTFs identified from both linear and quadratic robust
regression models were included. All significant (p<0.05) two-way CTF interactions are
displayed in Table 13. One or more significant two-way interactions were identified for each

cognitive function composite.

3.5 RESULTS - CANDIDATE GENE ANALYSIS

3.5.1 Participant and tumor characteristics by study cohort

Genetic data was collected from 226 participants. Of these 226 participants, 220 had complete
covariate/confounder information and cognitive function scores available for one or more
cognitive function composites. A summary of overall demographic, covariate/confounder, and

cognitive function data for participants included in this analysis can be found in Table 14.
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Genetic analysis cohorts (i.e., prescribed chemotherapy plus anastrozole, prescribed
anastrozole alone, and healthy controls) differed statistically, yet not clinically meaningfully, by
age and estimated verbal intelligence (Table 15). The groups also differed by level of anxiety
(p=0.003), with women with breast cancer prescribed chemotherapy plus anastrozole having
higher mean anxiety levels (9.61+6.140) than women with breast cancer prescribed anastrozole
only (6.97£4.654) and the healthy controls (6.55+5.619). Comparison of CTFs by prescribed
treatment group confirmed differences in disease characteristics (Table 15). To summarize,
women with breast cancer prescribed chemotherapy plus anastrozole had higher frequency of
Stage 2a, 2b, and 3a breast cancers, larger mean tumor size, higher mean number of positive
lymph nodes, higher mean Nottingham Score, greater frequency of lymphovascular invasion,
lower ER H-score, lower Oncotype DX® Breast Cancer Assay quantitative single gene PR score,
greater frequency of HER2 positive cancer, higher mean Ki67 index, higher mean Oncotype
DX® Breast Cancer Assay Recurrence Score®, and higher mean Magee Equation recurrence
score compared to women with breast cancer prescribed anastrozole alone.

No differences in covariates/confounders or pretreatment cognitive function z-scores
were observed between healthy control women included in the genetic analysis and remaining
parent study participants not included in the genetic analysis (n=82). Women with breast cancer
prescribed anastrozole only included in the genetic analysis had slightly lower (p=0.044) mean
estimated verbal intelligence (107.04+8.844) than those not included in the genetic analysis
(n=155; 109.42+8.542). Women with breast cancer prescribed chemotherapy plus anastrozole
included in the genetic analysis had higher (p=0.014, p=0.006, p=0.002, respectively) mean

pretreatment verbal (0.02+0.662), visual (0.29+£0.352), and visual working (0.30£0.514) memory
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performance z-scores compared to those not included in the genetic analysis (n=78; -0.28+0.697,

0.03£0.615, -0.07+0.746, respectively).

3.5.2 Candidate gene SNP quality assurance

Of the 163 SNPs originally identified, 18 nonessential SNPs (that were not amenable to
multiplexing or had call rates less than 90%) and 14 SNPs with study MAFs of less than 0.05
were excluded. Alternatives were selected for three essential SNPs. In total, 131 SNPs were
included in the genetic analysis (Table 16). Genotyping call rates for these SNPs ranged from 90
to 100%. When considering all study participants, six SNPs were not in HWE: CTSL2rs4361859
(p=0.0078), ESR1rs2234693 (p=0.0344), ORC6rs33994299 (p=0.0051), PGRrs1042838
(p=0.0466), PGRrs1042839 (p=0.0103), and PGRrs474320 (p=0.0434). When considering the
healthy control women alone, PGRrs1042838 (p=0.0160), PGRrs1042839 (p=0.0027), and
PGRrs474320 (p=0.0329) still did not meet HWE. The deviation from HWE is most likely

attributed to non-random sampling of study participants from the population.

3.5.3 Individual SNPs and cognitive function

Individual polymorphisms significantly (p<0.05) associated with a cognitive function composite
by either SNP main effects or SNP-by-prescribed treatment group interaction effects are
summarized by cognitive function composite in Table 17 and visually depicted in Figure 6.
Overall, significant relationships were noted between at least one cognitive function composite
and one or more polymorphisms of all candidate genes except CMC2, MMP11, and RACGAPL.

Comprehensive results from the individual SNP and cognitive function regression analyses are

60



located in Table 18. Selected significant results, highlighting trends across cognitive function
composites, are reported in the text to follow by candidate gene. All reported regression
coefficients are from robust multiple linear regression models and convey the magnitude and
direction of possession of one or more minor alleles on cognitive function performance.
Significant relations were observed between one or more polymorphisms in ESR1 and
performance for every cognitive function composite evaluated. Both main and interaction
effects were observed. Poorer cognitive function performance was associated with possession of
one or more minor alleles for the following ESR1 SNPs regardless of group membership:
ESR1rs2347867 and attention (b=-0.248, p=0.040), mental flexibility (b=-0.317, p=0.001), and
psychomotor speed (b=-0.227, p=0.016); ESR1rs6557171 and attention (b=-0.234, p=0.047) and
mental flexibility (b=-0.273, p=0.003); and ESR1rs7761846 and executive function (b=-0.388,
p=0.005) and visual working memory (b=-0.351, 0.022). In contrast, better cognitive function
performance was associated with possession of one or more ESR1rs488133 minor alleles and
executive function (p=0.207, b=0.015) and psychomotor speed (b=0.275, p=0.004) scores,
regardless of cohort membership. Significant interactions were also observed for ESR1rs488133,;
specifically, the combination of possession of one or more minor ESR1rs488133 alleles and
prescribed anastrozole only (AQO) group membership contributed positively to scores for
concentration [SNP (b=-0.327, p=0.058); SNP-by-AO group (b=0.718, p=0.003)] and negatively
to all three memory cognitive function composites, including verbal [SNP (b=0.365, p=0.018);
SNP-by-AO group (b=-0.425, p=0.051)], visual [SNP (b=0.241, p=0.012); SNP-by-AO group
(b=-0.288, p=0.034)], and visual working [SNP (b=0.516, 0.001); SNP-by-AO group (b=-0.544,
0.011)] memory.  Prescribed chemotherapy plus anastrozole (CA) group membership

interactions for all three memory cognitive function composites were also observed; in
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particular; the combination of possession of one or more ESR1rs2941740 minor alleles and
prescribed chemotherapy plus anastrozole group membership contributed positively to verbal
[SNP (b=-0.318, p=0.041), SNP-by-CA group (b=0.663, p=0.008)], visual [SNP (b=-0.033,
p=0.726), SNP-by-CA group (b=0.294, p=0.053)], and visual working [SNP (b=-0.258,
p=0.105), SNP-by-CA group (b=0.554, p=0.030)] memory performance.

Associations were also reported between polymorphisms and pretreatment cognitive
function in the gene neighboring ESR1, CCDC170. While significant relationships were also
observed between CCDC170 polymorphisms and executive function, verbal memory, and visual
memory, the most noteworthy findings were related to SNP main effects for concentration.
Possession of one or more minor alleles contributed negatively to concentration performance for
four out of the five CCDC170 SNPs examined regardless of study cohort membership:
CCDC170rs12662670 (b=-0.363, p=0.016), CCDC170rs3734805 (b=-0.304, p=0.042),
CCDC170rs3757318 (b=-0.334, p=0.042), and CCDC170rs6929137 (b=-0.322, p=0.003).

Significant findings related to polymorphisms in the other hormone receptor gene
evaluated as part of this study, PGR, and concentration, executive function, psychomotor speed,
verbal memory, visual memory, and visual working memory were reported as well. Numerous
observed interaction effects indicate that variability in the PGR gene is particularly important to
executive function performance in women with breast cancer. While possession of one or more
PGRrs1042838 (b=0.337, p=0.025), PGRrs474320 (b=0.341, p=0.022), PGRrs484389 (b=0.318,
p=0.024), or PGRrs608995 (b=0.324, p=0.020) minor alleles contribute positively to executive
function performance, SNP-by-prescribed treatment group interaction effects for PGRrs1042838
[SNP-by-CA group (b=-0.155, p=0.528), SNP-by-AOQ group (b=-0.323, p=0.151)],

PGRrs474320 [SNP-by-CA group (b=-0.392, p=0.116), SNP-by-AO group (b=-0.321,
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p=0.168)], PGRrs484389 [SNP-by-CA group (b=-0.529, p=0.016), SNP-by-AO group (b=-
0.494, p=0.015)], and PGRrs608995 [SNP-by-CA group (b=-0.538, p=0.013), SNP-by-AO
group (b=-0.464, p=0.019)] contribute negatively to models counteracting the main effects and
contributing an overall negative input to executive function performance in multiple instances.
Notable SNP main effects and/or SNP-by-prescribed treatment group interaction effects
were observed for all CCNBZ1polymorphisms evaluated as part of this study. Significant SNP
main effects were reported for CCNB1rs164390 and CCNB1rs350099, with possession of one or
more minor alleles contributing to poorer concentration (b=-0.230, p=0.035; b=-0.246, p=0.026,
respectively) performance regardless of study cohort membership. Whereas possession of one or
more CCNB1rs164390 or CCNB1rs350099 minor alleles alone contributed positively to
executive function (b=0.280, p=0.039; b=0.236, p=0.087, respectively), verbal memory
(b=0.299, p=0.052; b=0.350, p=0.024, respectively), and visual working memory (b=0.581,
p<0.001; b=0.562, p<0.001, respectively) scores, SNP-by-prescribed treatment interaction
effects contribute negatively to executive function [SNP-by-CA group (b=-0.478, p=0.026),
SNP-by-AO group (b=-0.551, p=0.006); SNP-by-CA group (b=-0.345, p=0.110), SNP-by-AO
group (b=-0.507, p=0.011), respectively] , verbal memory [SNP-by-CA group (b=-0.355,
p=0.143), SNP-by-AO group (b=-0.518, p=0.021); SNP-by-CA group (b=-0.445, p=0.065),
SNP-by-AO group (b=-0.685, p=0.002), respectively], and visual working memory [SNP-by-CA
group (b=-0.549, p=0.025), SNP-by-AO group (b=-0.540, p=0.017); SNP-by-CA group (b=-
0.553, p=0.024), SNP-by-AOQ group (b=-0.608, p=0.008), respectively] scores. This same trend
is observed for visual memory. In contrast, possession of one or more CCNB1rs350104 minor
alleles alone contributed negatively to executive function (b=-0.225, p=0.177), verbal memory

(b=-0.441, p=0.016), visual memory (b=-0.153, p=0.176), and visual working memory (b=-
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0.475, p=0.009) scores, while SNP-by-prescribed treatment interaction effects contributed
positively to executive function [SNP-by-CA group (b=0.128, p=0.606), SNP-by-AO group
(b=0.470, p=0.032)], verbal memory [SNP-by-CA group (b=0.564, p=0.039), SNP-by-AQO group
(b=0.516, p=0.032)], visual memory [SNP-by-CA group (b=0.193, p=0.251), SNP-by-AO group
(b=0.297, p=0.045)], and visual working memory [SNP-by-CA group (b=0.631, p=0.020), SNP-
by-AO group (b=0.699, p=0.004)] scores.

Variability in GSTM1 impacted similar cognitive function composites as CCNB1.
Possession of one or more GSTM1rs412543 minor alleles contributed negatively to executive
function (b=-0.291, p=0.009), verbal memory (b=-0.470, p=0.017), visual memory (b=-0.188,
p=0.013), and visual working memory (b=-0.901, p<0.001) performance; SNP-by-prescribed
treatment interaction effects contributed positively to verbal memory [SNP-by-CA group
(b=0.624, p=0.043), SNP-by-AO group (b=0.640, p=0.034)] and visual working memory [SNP-
by-CA group (b=1.012, p=0.001), SNP-by-AO group (b=0.473, p=0.116)] performance as well.

Variation in BCL2 was also associated with performance for a number of cognitive
function composites, including concentration, executive function, mental flexibility,
psychomotor speed, verbal memory, and visual memory. Possession of one or more
BCL2rs1564483 minor alleles contributed positively to executive function (b=0.191, p=0.030),
mental flexibility (b=0.396, p=0.017), and visual memory (b=0.226, p=0.031) performance;
significant SNP-by-prescribed anastrozole only group membership effects were also observed for
mental flexibility (b=-0.607, p=0.015) and visual memory (b=-0.386, p=0.015).

Likewise, variation in DIAPH3 was associated with performance for multiple cognitive
function composites, including concentration, executive function, mental flexibility, verbal

memory, visual memory, and visual working memory. Significant DIAPH3rs1337652 SNP main
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effects were reported for executive function (b=-0.295, p=0.036) and visual memory (b=-0.126,
p=0.032), whereas significant DIAPH3rs4547237 SNP main effects were reported for all three
memory composites, including verbal (b=0.198, p=0.030), visual (b=0.194, p=0.039), and visual
working (b=0.195, p=0.034) memory. Significant interactions were also observed between
DIAPH3rs1337652 and mental flexibility [SNP (b=0.362, p=0.021), SNP-by-CA group (b=-
0.361, p=0.166), SNP-by-AO group (b=-0.620, p=0.004)] and visual working memory [SNP
(b=0.095, p=0.550), SNP-by-CA group (b=0.002, p=0.995), SNP-by-AO group (b=-0.446,
p=0.042)] as well as DIAPH3rs4547237 and concentration [SNP (b=-0.273, p=0.118), SNP-by-
CA group (b=0.053, p=0.847), SNP-by-AO group (b=0.610, p=0.014)] and executive function
[SNP (b=0.410, p=0.002), SNP-by-CA group (b=-0.280, p=0.184), SNP-by-AO group (b=-
0.389, p=0.040)].

Possession of one or more MYBL2rs2070235 minor alleles contributed positively to
scores for attention (b=0.311, p=0.045) and negatively to verbal (b=-0.356, p=0.003), visual (b=-
0.156, p=0.035), and visual working memory (b=-0.411, p=0.001) performance regardless of
study cohort membership. Possession of one or more minor MYBL2rs619289 alleles also
contributed negatively to verbal (b=-0.214, p=0.031) and visual working (b=-0.222, p=0.028)
memory performance regardless of cohort membership. A significant MYBL2rs11556379 main
effect for mental flexibility performance and significant MYBL2rs11556379 interaction effects
for both prescribed treatment groups with executive function performance were also noted.

In addition, MELKrs10973007 SNP-by-prescribed treatment group interaction effects
were reported for concentration [SNP (b=0.080, p=0.659), SNP-by-CA group (b=-0.112,
p=0.701), SNP-by-AO group (b=-0.504, p=0.046)] and executive function [SNP (b=-0.215,

p=0.138), SNP-by-CA group (b=0.601, p=0.010), SNP-by-AO group (b=0.462, p=0.022)], and
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MELKIrs2250340 SNP-by-prescribed treatment group interaction effects were reported for
executive function [SNP (b=-0.069, p=0.671), SNP-by-CA group (b=0.935, p=0.005), SNP-by-
AO group (b=-0.182, p=0.512)] and visual working memory [SNP (b=-0.003, p=0.988), SNP-
by-CA group (b=0.604, p=0.101), SNP-by-AO group (b=-0.765, p=0.014)]. Possession of one
or more BAG1rs706118 minor alleles was associated with poorer executive function (b=-0.312,
p=0.027), visual memory (b=-0.216, p=0.025), and visual working memory (b=-0.310, p=0.001)
scores, and possession of one or more MKI167rs1073248 minor alleles was associated with poorer
mental flexibility (b=-0.264, p=0.007) and psychomotor speed (b=-0.194, p=0.047) performance.
Likewise, possession of one or more SCUBE2rs6486125 minor alleles contributed negatively to
executive function (b=-0.320, p=0.020) and mental flexibility (b=-0.193, p=0.043) performance
scores regardless of study cohort membership; the combination of possession of one or more
SCUBE2rs6486125 minor alleles and prescribed chemotherapy plus anastrozole group
membership contributed negatively to attention (b=-0.653, p=0.043) performance scores.

Possession of one or more MIR125A (which impacts expression of ERBB2) rs12976445
minor alleles negatively impacted mental flexibility (b=-0.223, p=0.017) performance regardless
of study cohort membership; a significant interaction effect between possession of
MIR125Ars12976445 minor alleles and chemotherapy plus anastrozole group membership and
attention [SNP (b=-0.619, p=0.001), SNP-by-CA group (b=0.643, p=0.032)] was also noted.
Significant SNP-by-prescribed chemotherapy plus anastrozole only group membership effects
were also observed for BIRC5rs1508147 and BIRC5rs9904341 and visual working memory
(b=0.472, p=0.048; b=-0.510, p=0.041, respectively) performance.

NDC80rs12408485 and NDC80rs2292274 SNP-by-prescribed anastrozole only group

membership was significantly associated with mental flexibility (b=0.589, p=0.010; b=-0.447,
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p=0.046, respectively) performance. Significant SNP-by-prescribed anastrozole only group
membership effects were also reported for CD68rs9901673 and verbal [SNP (b=0.446, p=0.010),
SNP-by-AO group (b=-0.555, p=0.020)] and visual working [SNP (b=0.412, p=0.019), SNP-by-
AO group (b=-0.498, p=0.040)] memory. Significant interactions were observed between
CENPArs3806517 and concentration [SNP (b=-0.363, p=0.039), SNP-by-CA group (b=0.056,
p=0.849), SNP-by-AO group (b=0.615, p=0.012)], and CENPArs3806518 and psychomotor
speed [SNP (b=-0.148, p=0.335), SNP-by-CA group (b=0.079, p=0.745), SNP-by-AO group
(b=0.507, p=0.018)] and verbal memory [SNP (b=0.282, p=0.063), SNP-by-CA group (b=-

0.501, p=0.037), SNP-by-AOQ group (b=-0.423, p=0.045)] as well.

3.5.4 GRSs and cognitive function

One or more polymorphisms from the following genes, through either main SNP effects or SNP-
by-prescribed treatment group interaction effects, were included in cognitive function composite
GRSs: Attention — ERBB2(MIR125A), ESR1, MYBL2, and SCUBEZ2; Concentration — AURKA,
BCL2, CCNB1, CENPA, DIAPH3, ESR1, ESR1(CCDC170), GRB7, MELK, and PGR; Executive
Function — BAG1, BCL2, CCNB1, CTSL2, DIAPH3, ESR1, GSTM1, MELK, MYBL2, PGR, and
SCUBEZ2; Mental Flexibility — BCL2, DIAPH3, ERBB2(MIR125A), ESR1, GSTM1(NFE2L2),
MKI67, NDC80, RFC4, RRM2, and SCUBEZ2; Psychomotor Speed — BCL2, CENPA, ESR1,
MKI167, and PGR; Verbal Memory — AURKA, BCL2, CCNB1, CD68, CENPA, CTSL2, DIAPH3,
ESR1, ESR1(CCDC170), GSTM1, MYBL2, NDC80, ORCS6, and PGR; Visual Memory — BAG1,
BCL2, CCNB1, DIAPH3, ESR1, GSTM1, MYBL2, PGR, and RRM2; and Visual Working
Memory — AURKA, BAG1, BIRC5, CCNB1, CD68, DIAPH3, ESR1, GRB7, GSTM1, MELK,
MYBL2, and PGR. All GRSs were found to be significantly (p<0.001) related to the respective
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cognitive function composite score (Table 17). Reported associations were all positive such that

as GRS increases, cognitive function performance score increases as well (Figure 7).

3.5.5 ERBBZ2 and MKI67 subset analysis

Results for the ERBB2 by HER2 IHC classification score genetic subset analysis are reported in
Table 19. Two significant SNP-by-HER2 IHC classification score interactions for visual
working memory performance were observed with ERBB2rs1058808 (b=-0.292, p=0.033) and
ERBB2rs4252596 (h=-0.278, p=0.043).

Results for the MKI67 by Ki67 index genetic subset analysis are reported in Table 20.
One significant interaction between possession of one or more MKI67rs10732438 minor alleles
and Ki67 index and mental flexibility was observed [Ki67 index (b=-0.015, p=0.006), SNP (b=-

0.621, p=0.004), SNP-by-Ki67 index (b=0.016, p=0.023)].

3.6 RESULTS - CLINICOPATHOLOGIC TUMOR FEATURE AND

CANDIDATE GENE INTERACTION ANALYSIS

The only significant (p<0.05) interaction between CTFs and GRSs was related to the visual
working memory composite and observed between tumor location octant, specifically lower
outer compared to upper outer, and visual working memory GRS (Table 21). A list of all
significant (p<0.05) individual CTFs tested for interactions with GRSs by cognitive function

composite is presented in Table 22.
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In order to further evaluate the potential ability of combining CTF and genetic
information to account for a greater amount of observed variance in cognitive function
performance, regression models containing marginally significant (p<0.20) CTF predictors and
GRSs were developed. CTFs included in the final model for each cognitive function composite
were identified from robust regression models that incorporated all statistically significant
individual and interaction terms (Table 23). Table 24 presents the R? for the final CTF models as
well as the R? for the final combined CTF plus GRS models for each cognitive function
composite. These results must be interpreted with extreme caution due to exploratory model

building and very small sample sizes.

3.7  DISCUSSION

In this study investigating the impact of variation in CTFs of breast cancer and host DNA
variation in genes used to clinically evaluate the biology of breast cancer on cognitive
performance in postmenopausal women with early-stage breast cancer, we found evidence to
support the hypothesis that heterogeneity in molecular and pathologic characteristics of breast
cancer account for variability in pretreatment cognitive function performance.

Overall, we found that CTFs related to cancer stage, tumor size, tumor focality, tumor
location, histologic type and grade, hormone receptor and HERZ2 expression, cellular
proliferation, as well as Oncotype DX® Breast Cancer Assay Recurrence Score® and Magee
Equation recurrence score were significantly (p<0.05) associated with performance for one or
more cognitive function composites. However, the most intriguing findings were related to

memory performance and HER2 status or HER2 IHC classification score. For all memory
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composites, possession of a HER2 positive tumor contributed to poorer performance compared
to possession of a HER2 negative tumor. Likewise, as HER2 IHC classification scores
increased, memory performance scores decreased. HER2 is an epidermal growth factor receptor
encoded by the ERBB2 (erb-b2 receptor tyrosine kinase 2) gene. Within the context of breast
cancer, we commonly discuss the oncogenic role of amplification of HER2 and its use as an
indicator of poorer breast cancer prognosis (Igbal & Igbal, 2014; Moasser, 2007; Wesota &
Jelen, 2015). Our findings suggest that poorer breast cancer prognosis, based on HER2
expression, is associated with poorer pretreatment memory performance. These cognition-related
findings are further strengthened when we consider the important and widespread proto-
oncogenic role that ERBB2 plays in proper neural development (Britsch et al., 1998; Kim, Sun,
Oglesbee, & Yoon, 2003; Kornblum, Yanni, Easterday, & Seroogy, 2000; Lee et al., 1995;
Thompson et al., 2007).

Complementary genetic analyses of ERRB2 polymorphisms were also conducted.
Bearing in mind the role of ERRB2 in brain development, we were initially surprised to find
significant cognitive performance associations with only one polymorphism, MIR125A
(microRNA 125a) rs12976445, which impacts expression levels of ERBB2; preliminary evidence
suggests that this polymorphism may have merit as a prognostic biomarker of survival in women
with breast cancer (Jiao et al., 2014). However, because ERBB2 has rare or limited expression in
normal breast tissue (Pavelic et al., 1992; Stark et al., 2000), we theorized that polymorphisms
may only be impactful in women with breast cancer with HER2 amplifications. We tested this
hypothesis in the subset of women with breast cancer who provided genetic specimens. The sub-
analysis revealed two significant interaction effects for visual working memory performance

between rs1058808(Pro1170Ala, C>G) in the 3’ untranslated region of ERBB2, and rs2517955,
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an upstream intronic variant, and HER2 IHC classification score. As HER?2 classification scores
increased, the magnitude of the negative contribution to performance score also increased in
women with breast cancer with rs1058808-GC+CC or rs2517955-TC+CC genotypes, lending
support to our conjecture. Interestingly, rs1058808 genotype has been associated with breast
tumor HER2 expression; Su and colleagues reported that women with breast cancer with
rs1058808-CG+GG genotypes were more likely to have higher HER2 expression levels than
women with breast cancer with the rs1058808-CC genotype (2015). Additionally, higher rates
of Parkinson’s disease have been reported in female rs1058808 Ala allele (CG+GG genotypes)
carriers (Wang et al., 2013).

One other interesting finding from the CTF analysis that warrants further discussion was
the impact of tumor location, specifically tumor location octant on cognitive functioning. We
found that overall tumor location octant was related to pretreatment mental flexibility
performance. Most significantly, women with a tumor in the lower inner octant displayed poorer
pretreatment mental flexibility performance compared to women with a tumor in the upper outer
octant. Depending on quadrant classification, previous studies have reported associations
between the lower, inner, and lower inner breast quadrants and inferior outcomes, including
decreased survival and disease recurrence (Arriagada et al., 2002; Colleoni et al., 2005; Hazrah,
Dhir, Gupta, Deo, & Parshad, 2009; Kamakura, Akazawa, Nomura, Sugimachi, & Nose, 1996;
Lohrisch, Jackson, Jones, Mates, & Olivotto, 2007; Sarp et al., 2007); although, conflicting
results have also been reported (Wu et al., 2014). In addition, upper outer quadrant location, the
most common location for breast tumors, has been associated with better prognosis compared to
other tumor locations (Bao, Yu, Jiang, Shao, & Di, 2014; Sohn, Arthurs, Sebesta, & Brown,

2008). These differences in outcomes are hypothesized to occur because of undetected breast
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cancer spread to the internal mammary lymph nodes (Estourgie, Nieweg, Olmos, Rutgers, &
Kroon, 2004; Sarp et al., 2007; Sohn et al., 2008). While different classifications limit
interpretation of results, it is fascinating to note that the tumor location most strongly related to
poorer mental flexibility performance has also been associated with poorer breast cancer
outcomes.

In order to further facilitate interpretation of the tumor location results, we evaluated how
CTFs differed by tumor location octant. This analysis aided in the interpretation of the finding
that women with breast cancer in the lower middle octant had poorer visual working memory
performance when compared to women with tumors in the upper outer octant. While multiple
CTFs varied by octant, two differences stood out. A higher percentage of lower middle octant
tumors were HER2 positive compared to the other tumor locations, and the lower middle octant
displayed higher mean HER2 IHC classification scores. These differences, which relate back to
previously discussed associations between memory and HER2 amplification, suggest that CTFs
overrepresented in a particular octant may be driving relationships between location and
cognitive function rather than the actual location itself. While one published expert opinion
suggested that HER2 expression does not vary by anatomic location within the breast (Jasani,
Novelli, Ruschoff, & Osamura, 2010), no formal studies have been conducted.

Shifting attention towards the results of the genetic analysis, we reported significant
relationships between performance on at least one cognitive function composite and one or more
polymorphisms of all candidate genes evaluated, with the exception of CMC2, MMP11, and
RACGAP1, by either SNP main effects (i.e., observed variability in cognitive function
performance in women with breast cancer and healthy controls is associated with a certain

polymorphism) and/or SNP-by-prescribed treatment group interaction effects (i.e., observed
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variability in cognitive function performance is associated with a certain combination of
polymorphism and prescribed treatment group). Significant findings related to the candidate
genes found to most broadly impact cognitive function performance across multiple cognitive
function composites, specifically, ESR1 and CCDC170, PGR, CCNB1, MYBL2, BCL2, GSTM1,
and DIAPHS3, are discussed, as exemplars, in detail below.

Performance on every cognitive function composite was related to ESR1 (estrogen
receptor 1) polymorphisms either through main effects and/or interactions effects. These
findings were not unanticipated due to previously reported relationships between ESR1
polymorphisms and cognitive outcomes, including functioning, impairment, and Alzheimer’s
disease (Sundermann, Maki, & Bishop, 2011). The most global associations with a single ESR1
polymorphism in the current study occurred with an intronic upstream variant, rs488133. The
effects of this polymorphism on cognitive function performance were different by cognitive
composite and study cohort: rs488133-CT+TT contributed positively to executive function and
psychomotor speed performance in all study participants. rs488133-CT+TT negatively impacted
concentration performance in healthy controls, but positively impacted concentration
performance in women with breast cancer prescribed anastrozole only. In contrast, rs488133-
CT+TT positively impacted memory performance in healthy controls, but negatively impacted
memory performance in women with breast cancer prescribed anastrozole only. In addition,
while reported in other investigations of middle-aged and older women, we did not observe
global cognitive impairment trends or memory deficits related to two well-studied
polymorphisms in exon 1 of ESR1 named for the respective restriction enzyme recognition sites,
Pvull (rs2234693) and Xbal (rs9340799) (Bousman et al., 2012; Kravitz, Meyer, Seeman,

Greendale, & Sowers, 2006; Yaffe et al., 2009; Yaffe, Lui, Grady, Stone, & Morin, 2002).
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Polymorphisms in CCDC170 (coiled-coil domain containing 170), the upstream neighbor
of ESR1, were included in this study to more fully represent variability in ESR1. Associations
between CCDC170 polymorphisms and breast cancer susceptibility, progression, and survival
have been reported (Fletcher et al., 2011; Hein et al., 2012; Hong et al., 2014; Stevens et al.,
2011; Yamamoto-lbusuki et al., 2015). In addition, ESR1-CCDC170 chromosomal
rearrangements have been associated with more aggressive estrogen receptor positive breast
cancers (Veeraraghavan et al., 2015). While the function of CCDC170 is unknown and no
studies to date have investigated associations between CCDC170 polymorphisms and cognitive
phenotypes, results from this analysis, in which possession of one or more CCDC170 minor
alleles in four (rs12662670, rs3734805, rs3757318, rs6929137) out of the five SNPs evaluated
was related to poorer concentration performance in all study participants, suggest that variation
in CCDC170 plays an important role in concentration.

The physiologic effects of progesterone are mediated by the protein encoded by PGR
(progesterone receptor). Progesterone receptors are expressed throughout the brain in every
neural cell type (Brinton et al., 2008). Henderson et al. found that progesterone concentrations
were significantly and positively related to global cognition and verbal memory performance in
healthy women less than 6 years since menopause (2013). Moreover, Voytko, Murray, and
Higgs found that estrogen plus progesterone improved executive function and attention
performance in surgically menopausal monkeys (2009). For executive function performance, we
observed significant interactions between multiple PGR polymorphisms and study cohort. In all
instances, possession of PGRrs1042838-GT+TT, PGRrs474320-TA+AA, PGRrs484389-
TC+CC, or PGRrs608995-AT+TT genotypes contributed positively to executive function

performance scores in healthy controls. When we looked at the interaction of these minor alleles
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within the context of breast cancer, we saw the opposite effect; the combination of possession of
one or more minor alleles and membership in a breast cancer cohort was found to negatively
impact scores, offsetting the positive SNP main effects and contributing an overall negative input
to executive function performance in multiple instances. The first SNP, rs1042838(VVal660Leu,
G>T), is a missense polymorphism (i.e., alters the amino acid sequence of a protein) in exon 4
that is in linkage disequilibrium with a silent polymorphism in exon 5, rs1042839(His770His,
C>T), and a 320bp Alu element insertion at intron G; this polymorphic variant is collectively
known as PROGINS. While the functional consequences remain unclear, variant PROGINS has
been associated with increased breast and ovarian cancer risk (Agoulnik et al., 2004; Liu et al.,
2014; Rockwell et al., 2012; Romano, Delvoux, Fischer, & Groothuis, 2007; Stenzig et al.,
2012). rs474320 is an intronic variant reported to be in tight linkage with PROGINS (Lee et al.,
2010). rs1042839 was also evaluated in this study and, as expected, generated very similar
results to rs1042838; discrepancies in call rate may account for the differences in significance.
rs484389 and rs608995 are located in the 3’ untranslated region of PGR. Taken together, these
findings indicate that variation in regulation of progesterone receptors may affect executive
function performance and, furthermore, that the polymorphic impact on performance may vary in
the systemic environment of a healthy individual compared to that of an individual diagnosed
with breast cancer.

CCNBL1 (cyclin B1) encodes a cell cycle regulatory protein important in mitosis (NCBI
Resource Coordinators, 2015). Because expression levels from this gene are used in three out of
five of the prognostic multigene expression profiles for breast cancer from which candidate
genes were identified, CCNB1 was one of our top candidates for investigation of study

hypotheses.  Significant interactions were reported with study cohort for three functional
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polymorphisms, rs164390(102G>T), rs350099(-957C>T), and rs350104(-457C>T), located in
the promotor region of CCNB1 and memory and executive function performance. In general, we
found that possession of rs164390GT+TT or rs350099CT+CC genotypes contributed positively
to performance scores in healthy controls but close to zero or negatively in women with breast
cancer. The opposite contribution was observed for rs350104CT+CC genotypes. The genotypes
associated with poorer cognitive performance in the cohorts of women with breast cancer,
rs164390-GT+TT, rs350099-CT+CC, and rs350104-TT, are all hypothesized to lead to lower
levels of CCNB1lexpression via reduced recruitment of transcription factors to the promotor
region of the gene (Silvestre-Roig et al., 2014). This result is contradictory to anticipated
findings as higher cyclin B levels in breast tissue are associated with more severe cancer
phenotypes (Kawamoto, Koizumi, & Uchikoshi, 1997; Winters et al., 2001). In addition, cyclin
B levels were reported to be upregulated in autopsy hippocampal tissue in individuals with
neuropathological Alzheimer’s disease and clinical dementia compared to individuals with
normal aging (Silva et al., 2014). Nevertheless, the consistency of findings across three variants
all theorized to impact expression in the same direction, lends support to these associations. We
would like to point of that one or more polymorphisms in the four other genes represented in
three prognostic multigene expression profiles for breast cancer, CENPA, MELK, MYBL2, and
ORCB6, were associated with performance on at least one cognitive function composite.

MYBL2 (MYB proto-oncogene like 2) encodes a nuclear protein, B-MYB, involved in cell
cycle progression and promotion of cell survival through activation of anti-apoptotic genes
(NCBI Resource Coordinators, 2015; Sala, 2005). However, overexpression of B-MYB in
certain settings induces apoptosis and has been reported to contribute to neuronal cell death

(lyirhiaro et al., 2014; Liu, Biswas, & Greene, 2004; Lui, Nath, Chellappan, & Greene, 2005;
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Sala, 2005). We found significant relationships with two missense polymorphisms in MYBL2,
rs11556379(1le624Met, C>G) and rs2070235(Ser427Gly, A>G). The minor alleles of these
polymorphisms have been reported to alter protein conformation, impair regulation of
downstream targets, decrease anti-apoptotic activity, and reduce cancer risk (Schwab et al.,
2008). Interestingly, for all study participants rs2070235-AG+GG genotypes contributed
positively to attention and negatively to memory performance scores, while rs11556379-CG+GG
genotypes contributed positively to mental flexibility performance scores. We also reported a
significant interaction related to executive function where rs11556379-CG+GG genotypes had
the opposite impact on performance in healthy controls (positive contribution to scores) and
women with breast cancer (negative contribution to scores). Additionally, we reported
associations between polymorphisms in a gene regulated by MYBL2 that is also involved in
apoptosis, BCL2 (B-cell CLL/lymphoma 2), and concentration, executive function, mental
flexibility, psychomotor speed, verbal memory, and visual memory performance. BCL2
expression has been associated with prognostication of disease free survival, overall survival,
and recurrence in breast cancer (Abdel-Fatah et al., 2010; Aleskandarany et al., 2015; Bremer et
al., 2009; Callagy, Webber, Pharoah, & Caldas, 2008; Dawson et al., 2010; Kerr & Wittliff,
2011; Linke, 2006; Lyng et al., 2013). Moreover, normal breast tissue from women with breast
cancer was reported to display higher levels of BCL2 expression than breast tissue from women
with no evidence of cancer (Batchelder, Gordon-Weeks, & Walker, 2009). In relation to
neurologic phenotypes, polymorphisms in BCL2 have been found to impact outcomes after
traumatic brain injury (Hoh et al., 2010) and have been associated with hippocampal volume

(Sloan et al., 2010).
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One of the functional polymorphisms located in the promoter region of GSTM1
(glutathione S-transferase mu 1), rs412543(-498C>G), was found to be important for memory
and executive function performance. GSTML1 encodes an enzyme with antioxidant properties
that detoxifies electrophilic compounds, including carcinogens, drugs, and environmental toxins,
throughout the body (NCBI Resource Coordinators, 2015). By decreasing the binding capability
of the transcription factor AP-2 to the GSTM1 promotor region, the G allele has been reported to
decrease GSTML transcription by 30-40% compared to the C allele (Yu et al., 2009). Both
decreased and enhanced (attributed to counterproductive depletion of glutathione) GSTM1
expression has been associated with increased breast cancer risk (Reed, 1990; Roodi, Dupont,
Moore, & Parl, 2004; Yu et al., 2009). We found that rs412543-GG+CG, and hypothesized
decreased GSTM1 expression, contributed negatively to executive function and memory
performance in all study participants. However, we also found positive interaction effects
between rs412543-GG+CG and breast cancer cohort related to verbal and visual working
memory. While the mechanism is unclear, the paradoxical quality of GSTM1 under and over
expression combined with study results suggests that decreased or moderate GSTM1 expression
may be beneficial to certain aspects of cognitive function in women with breast cancer.
Considering the detoxification properties of GSTM1, further evaluation of cognitive decline over
time in women with breast cancer receiving adjuvant chemotherapy and/or antiestrogen therapy
is recommended.

Variation in the two upstream intronic polymorphisms selected to represent DIAPH3
(diaphanous related formin 3), rs1337652 and rs4547237, were associated with performance for
multiple cognitive composites as well. DIAPH3 is involved in actin remodeling and regulation

of cell movement and adhesion (NCBI Resource Coordinators, 2015). DIAPH3 downregulation
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and silencing has been associated with metastatic disease due to loss of normal gene function and
acquisition of an amoeboid cancer cell phenotype (Hager et al., 2012). Evidence also suggests
that DIAPH3 is critical to brain development and is involved in cell migration, the formation of
dendrites and axons, axon guidance, and synaptic activity (Vorstman et al., 2011).

Each of the candidate genes discussed previously with the most significant findings from
our analysis are represented by multiple functional and/or tagging SNPs and are well-described
in the literature. This is not the case for the three candidate genes with no reported associations
with pretreatment cognitive performance. Single SNPs, rs131451 and rs7303531, were included
in the analysis for MMP11 (matrix metallopeptidase 11) and RACGAP1 (Rac GTPase activating
protein 1), respectively. Both SNPs are upstream variants. No associations have been reported
between MMP11 or RACGAP1 and cognitive phenotypes in the literature. CMC2 (C-x(9)-C
motif containing 2) is an even more poorly described and studied gene with reported involvement
in cytochrome c oxidase activity (Horn et al., 2010). Two upstream (rs1025065 and rs1981867)
polymorphisms and one downstream (rs9936489) polymorphism were identified using the Phase
Il HapMap database based on National Center for Biotechnology Information gene location
(Chrl6: 80975802..81006897) as CMC2 is not a displayed gene in HapMap. We must be
mindful that our analysis is limited to the information known about these genes and the
polymorphisms described at the current time.

Because of the complexity of breast cancer as a disease and cognitive function as a
phenotype, we calculated weighted GRSs for each cognitive function composite to evaluate the
collective effect of possession of multiple risk or protective minor alleles of genes used to
clinically evaluate the biology of breast cancer. Every GRS was significantly (p<0.001) and

positively associated with its respective cognitive function composite. When the GRSs were
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added as predictors to regression models, including age, estimated verbal intelligence, levels of
depressive symptoms, anxiety, fatigue, and pain, and prescribed treatment group, the explained
variance (R?) increased by 0.066 to 0.244 for each cognitive function composite. This
substantial increased in R? speaks to both the importance of host variation in genes used to
clinically evaluate the biology of breast cancer to pretreatment cognitive function performance as
well as the use of multiple common variants, plus personal and environmental factors, to model a
complex phenotype.

Unfortunately, due to limitations in sample size, results from the interaction analysis as
well as the full pathologic and genetic predictive model analysis have limited interpretability.
Small sample sizes also limited our ability to conduct genetic analyses by genotype rather than
by the presence or absence or one or more minor alleles; thus, we were unable to evaluate gene-
dosage effects. Other limitations to this study were also noted. As with any retrospective chart
review, CTF data were limited to availability in the medical record and recommended testing at
the time of diagnosis (e.g., lack of Ki67 proliferative marker evaluation in participants enrolled
at the beginning of the parent study). The study sample was comprised of postmenopausal
women with hormone receptor positive, early-stage breast cancer who were primarily Caucasian;
the generalizability of study findings to premenopausal women, hormone negative, in situ and
more advanced breast cancers, or more diverse populations is unknown. Additionally, analyses
were not adjusted for the potentially confounding effects of surgery and/or anesthesia exposure
on pretreatment cognitive performance.

We would also like to acknowledge this study’s many strengths, including: 1) hypothesis
driven aims; 2) biologically-plausible candidate gene selection; 3) evaluation of both functional

and tagging polymorphisms to fully represent genetic variability in candidate genes; 4) well-
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characterized cognitive function phenotype; 5) adjustment for potential covariates/confounders
of cognitive function, including age, intelligence, and levels of depressive symptoms, anxiety,
fatigue, and pain; 6) consideration of breast cancer heterogeneity through use of prescribed
treatment group and inclusion of a matched control group in the candidate gene analysis; 7)
adjustment for prescribed treatment group to account for noted differences in mean cognitive
performance unrelated to genotype in the candidate gene analysis; and 8) evaluation of the
collective effect of multiple risk or protection polymorphisms using weighted GRSs.

While relationships between host DNA and cognitive function performance are
advantageous for a number of reasons, including lack of change over time and tissue
nonspecificity, associations with gene expression and protein levels warrant investigation as the
most notable findings from this study were related to polymorphisms with known functional
consequences or located in regulatory regions. We postulate that cognitive function performance
variability in women with breast cancer may be at least partially driven by tumor gene
expression and corresponding protein levels. Longitudinal studies that include cognitive
assessment prior to primary surgery would be ideal for evaluation of the effect of tumor gene
expression as well as changes in gene expression due to tumor removal and treatment of primary
and secondary cancer sites on variability in cognitive function performance. Future analyses
should also investigate the effect of variation in CTFs of breast cancer, host DNA in genes used
to clinically evaluate the biology of breast cancer, and tumor expression levels on cognitive

function throughout and following adjuvant therapy.
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3.8 CONCLUSION

In summary, the objective of this study was to explore the hypothesis that heterogeneity in the
biology of breast cancers is associated with variability in the presence and/or severity of
pretreatment cognitive performance among postmenopausal women diagnosed with early-stage
breast cancer. Significant associations between variation in CTFs, host polymorphisms from
candidate genes used to clinically evaluate the biology of breast cancer, and computed GRSs and
variability in pretreatment cognitive function performance support our hypothesis and suggest
that inherent, disease-related features of breast cancer play a critical role in cognitive dysfunction
symptomatology. These findings merit future investigation to further elucidate pathophysiologic
mechanisms of and identify clinically relevant biomarkers for breast cancer related cognitive

dysfunction.
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Table 6: Proposed SNPs for Candidate Gene Analysis

Gene

Number
of SNPs

SNP

Functional (F)
or

Tagging (T)

AURKA

8

rs1047972

rs16979877

rs2273535

rs6024836

rs6064389

rs8173

rs911161

rs911162

BAG1

rs706118

BCL2

rs12961976

rs1564483

rs17759659

rs1800477

rs2279115

rs4941195

rs4987768

rs4987852

rs4987853

rs4987855

rs4987856

rs7230177

rs7231901

rs7243091

rs956572

rs9807663

rs10138824 (MPP5)

rs8008724 (EIF2S1)

BIRCS

rs1042489

rs1508147

rs17878467

rs2239680

rs3764383

rs8073069

rs8073903

rs9904341

CCNB1

rs164390

rs350099

rs350104

rs352626

CD68

rs12942088

rs8066665

CENPA

rs3806517

rs3806518

CMC2

rs1025065

rs1981867

rs9936489

CTSL2

rs16919034

e e e e e L e | e e e e e s e e e e e e e e e N e e 1 e N e e N e B o T e e N B e B s i B B B e e U B

rs4361859

T (MAF=0.137)

DIAPH3

rs1337652

T
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rs4547237

ERBB2

13

rs1058808

rs1136201

rs1476278

rs1810132

rs2517955

rs4252596

rs4252633

rs903501

rs9303274

rs61764370 (KRAS)

rs12976445 (MIR125A)

rs41275794 (MIR125A)

rs491951 (ZNF345)

ESR1

56

rs10484919

rs10484922

rs1048919

rs1062577

rs11964281

rs12173570

rs12665044

rs1514348

rs1801132

rs1884051

rs2046210

rs2071454

rs2077647

rs2228480

rs2234693

rs2347867

rs2744677

rs2813543

rs2813544

rs2941740

rs3020314

rs33778609

rs34535804

rs3778099

rs3778609

rs3798577

rs488133

rs532010

rs6557171

rs728524

rs77275268

rs7739506

rs7761133

rs7761846

rs7766585

rs7767143

rs8179176

rs827421

rs851967

el e e e e R e U e e e N e B B A B e B B e e e B e B B B e M R B B B e S e e R e e e e e L e s N s R e
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rs851971

rs851982

rs851998

rs910416

rs9322331

rs9340799

rs9383938

rs9383939

rs9397435

rs9397456

rs9478245

rs985694

rs1038304 (CCDC170)

rs12662670 (CCDC170)

rs3734805 (CCDC170)

rs3757318 (CCDC170)

rs6929137 (CCDC170)

T|m|mmmmH{mm|H|mimm|m| |-

GRB7

rs9910678

T (va

£

=0.035)

GSTM1

rs1065411

rs142484086

rs412543

rs35652124 (NFE2L2)

mim|m|Tm

rs6721961 (NFE2L2)

F

MELK

rs10973007

T (MAF=0.177)

rs2250340

T (MAF=0.164)

rs3780350

T (MAF=0.164)

MKI67

rs10732438

T

rs10764751

T

MMP11

rs131451

T (MAF=0.066)

rs28382576

MYBL2

rs11556379

rs2070235

rs619289

rs826943

rs826944

NDC80

rs12408485

rs2136241

ORC6

rs33994299

PGR

rs1042838

rs1042839

rs10895054

rs10895068

rs11224561

rs1893505

rs1942836

rs471767

rs474320

rs4754732

rs484389

rs499590

rs568157

rs590688

rs608995

||| ||| ||| || H{d|d|T|Tmm|mmiH
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RACGAP1 1 rs7303531 T (uar-o0s8)
RFC4 1 rs1354091 T
RRM2 3 rs1138729 F
rs4309551 T
rs6759180 F
SCUBE2 3 rs1136966 T
rs4910440 T
156486125 T

Note. MAF=Minor Allele Frequency; SNP=Single Nucleotide
Polymorphism. All tagging SNP MAFs >0.20 unless noted otherwise.
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selected for investigation

N

149 SNPs
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14 SNPs NOT
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)
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Figure 3: Dissertation SNP Genotyping Workflow
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Table 7: CTF Analysis Participant Characteristics (N=329)

Characteristic (Measure) Mean+SD Minimum | Maximum
or n (%)
Age (years) 61.05+5.976 45 75
Education (years) 14.80+2.805 6 26
Estimated Verbal Intelligence (NART-R) 108.45+8.584 77.08 125.14
Depressive Symptoms (BDI-I1) 5.33+5.619 0 32
Anxiety (POMS Tension-Anxiety subscale) 7.64+5.801 0 29
Fatigue (POMS Fatigue-Inertia subscale) 5.72+5.986 0 27
Pain (BPI) 1.44+2.165 0 9
Marital Status, currently married 223 (67.8) - -
or living with significant other
Number of Children 1.89+1.237 0 7
Race, Caucasian 317 (96.4) - -
Cognitive Function Composite Z-Scores
Attention, n=321 -0.1587+0.93945 -4.25 1.63
Concentration, n=328 -0.0141+0.91255 -3.41 3.98
Executive Function, n=329 -0.3953+0.63810 -2.37 1.83
Mental Flexibility, n=328 0.1197+0.78899 -4.05 1.63
Psychomotor Speed, n=329 -0.1201+0.92513 -6.01 2.28
Verbal Memory, =329 -0.2088+0.66864 -2.58 1.28
Visual Memory, n=329 0.0680+0.66866 -3.28 0.86
Visual Working Memory, n=329 -0.0035+0.78009 -4.73 1.55

Note. BDI-1I=Beck Depression Inventory-1l; BPI=Brief Pain Inventory;
CTF=Clinicopathologic Tumor Feature; NART-R=National Adult Reading Test-Revised;
POMS=Profile of Mood States; SD=Standard Deviation. Only participants with complete
confounder/covariate information are included in the participant characteristic statistics.
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Table 8: CTF Summary Statistics (N=329)

Feature Mea;]n(io/i? or Minimum | Maximum
Overall TNM Stage, n=329
Stage 1 214 (65) - -
Stage 2a 75 (22.8) - -
Stage 2b 24 (7.3) - -
Stage 3a 16 (4.9) - -
Tumor Size (cm), =328 1.66+1.500 0.10 14.00
Aggregate Tumor Size (cm), n=328 1.80+1.599 0.10 14.00
Tumor Stage, N=329
Tla 37 (11.2) - -
Tlb 82 (24.9) - -
Tlc 133 (40.4) - -
T2 65 (19.8) - -
T3 12 (3.6) - -
Lymph Node, n=325
Positive 73 (22.5) - -
Negative 252 (77.5) - -
Number of Positive Nodes, n=329 0.42+1.054 0 8
Tumor Focality, n=329
Single 277 (84.2) - -
Multiple 52 (15.8) - -
Tumor Laterality, n=329
Right Breast 149 (45.3) - -
Left Breast 180 (54.7) - -
Tumor Location Octant, n=321
Upper Outer 130 (40.5) - -
Lower Outer 25 (7.8) - -
Upper Inner 40 (12.5) - -
Lower Inner 20 (6.2) - -
Upper Middle 41 (12.8) - -
Outer Middle 31 (9.7) - -
Lower Middle 20 (6.2) - -
Inner Middle 14 (4.4) - -
Invasive Type, n=329
Ductal 285 (86.9) - -
Lobular 35 (10.7) - -
Ductal & Lobular 8 (2.4) - -
Nottingham Score, n=315 6.04+1.306 3 9
Nottingham Grade, n=316
Grade 1 95 (30.1) - -
Grade 2 171 (54.1) - -
Grade 3 50 (15.8) - -
ER Status, n=328
Positive 324 (98.8) - -
Negative 4(1.2) - -
ER H-Score, n=311 256.90+59.978 0 300
Oncotype DX ER Score, =102 10.287+1.056 7.8 12.5
PR Status, n=328
Positive 288 (87.8) - -
Negative 40 (12.2) - -
PR H-Score, =310 130.08+101.301 0 300
Oncotype DX PR Score, n=102 7.08+1.569 3.2 10.2
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HER2 Status, n=318

Positive 28 (8.8) - -

Negative 290 (91.2) - -
HER2 IHC Score, n=291 1.21+0.869 0 3
Oncotype DX HER2 Score, n=74 8.93+0.812 7.6 12.8
LV Invasion, n=323

Present 68 (21.1) - -

Absent 255 (78.9) - -
Ki67 Classification, n=169

Low 66 (39.1) - -

Moderate 50 (29.6) - -

High 34 (20.1) - -

Very High 19 (11.2) - -
Ki67 Index, n=168 23.104£21.522 1 90
Oncotype DX Recurrence Score®, n=160 18.26+9.76 0 63

20.51+7.77 1.92 48.87

Magee Equation Recurrence Score, n=298

Note. CTF=Clinicopathologic Tumor Feature; ER=Estrogen Receptor; HER2=Human
Epidermal Growth Factor Receptor 2; IHC=Immunohistochemistry; LV=Lymphovascular;
Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone

Receptor; SD=Standard Deviation; TNM=Tumor, Node, Metastasis Classification of

Malignant Tumors. Only participants with complete confounder/covariate information are

included in the summary statistics.
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Table 9: CTF and Cognitive Function Robust Regression Results

Regression Attention Concentration Executive Mental Psychomotor Verbal Visual Visual Working
coefficient, p-value Function Flexibility Speed Memory Memory Memory
Overall TNM Stage | n=321 n=328 n=329 n=328 n=329 n=329 n=329 n=329
Stage 2a 0.116, 0.305 -0.065, 0.550 | 0.005, 0.949 0.064, 0.472 0.154, 0.075" | 0.059, 0.485 0.033, 0.550 0.190, 0.033*
Stage 2b -0.200, 0.262 | 0.139, 0.425 -0.146, 0.279 | .008, 0.953 -0.211, 0.128" | -0.157, 0.244 -0.079, 0.363 -0.021, 0.885
Stage 3a -0.143,0.520 | -0.207,0.325 | 0.034, 0.833 0.179, 0.296 0.087,0.601 | 0.068, 0.676 -0.181, 0.088" | -0.203, 0.239
Overall p-value | 0.354 0.544 0.726 0.694 0.082* 0.503 0.218 0.076"
Ref: Stage 1
Tumor Size (cm) n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
-0.031,0.318 | -0.032,0.283 | -0.001,0.955 | 0.009, 0.717 0.001,0.951 | 0.018,0.418 -0.003, 0.848 | 0.009, 0.715
Aggregate n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
Tumor Size (cm) -0.027,0.353 | -0.032,0.249 | -0.004,0.849 | 0.012, 0.600 -0.010, 0.653 | 0.004, 0.847 -0.009, 0.544 -0.002, 0.929
Tumor Stage n=321 n=328 n=329 n=328 n=329 n=329 n=329 n=329
Tlb -0.023,0.890 | 0.032,0.842 0.021, 0.866 0.023, 0.858 0.018,0.893 | -0.132,0.288 | 0.031,0.710 0.042, 0.755
Tlc -0.021,0.896 | -0.093. 0.537 | 0.075, 0.522 0.180, 0.142" | 0.035,0.774 0.068, 0.557 -0.010, 0.894 | 0.080, 0.521
T2 -0.013,0.940 | -0.032,0.848 | 0.022, 0.868 0.100, 0.464 -0.007,0.960 | -0.051, 0.693 -0.003,0.970 | 0.106. 0.446
T3 -0.248,0.389 | -0.238,0.375 | 0.051, 0.806 0.133,0.543 0.115,0.598 | 0.140, 0.501 -0.009,0.946 | 0.084.0.708
Overall p-value | 0.932 0.723 0.951 0.404 0.977 0.179 0.969 0.943
Ref: Tla
Node Positive n=318 n=324 n-325 n=324 n=325 n=325 n=325 n=325
Ref: Negative 0.058, 0.602 -0.077,0.473 | 0.045, 0.587 0.144,0.101" | 0.093,0.280 | 0.054, 0.514 0.010, 0.859 0.048, 0.595
Number of n=321 n=328 n=329 n=328 n=329 n=329 n=329 n=329
Positive Nodes 0.018, 0.679 -0.024, 0.574 | 0.004, 0.892 0.057,0.102" | 0.040,0.242 | 0.008, 0.806 -0.030, 0.172" | -0.003, 0.930
Multifocal n=321 n=328 n=329 n=328 n=329 n=329 n=329 n=329
Ref: Single -0.206, 0.098" | -0.056, 0.645 | -0.071,0.450 | -0.073, 0.461 -0.092, 0.345 | -0.278, 0.003* | -0.084, 0.170" | -0.108, 0.280
Left Breast n=321 n=328 n=329 n=328 n=329 n=329 n=329 n=329
Ref: Right Breast | 0.059, 0.521 -0.109, 0.226 | 0.019, 0.785 -0.092,0.204 | 0.064,0.366 | 0.156, 0.025* | -0.034, 0.452 0.163, 0.026*
Location Octant n=314 n=321 n=322 n=321 n=322 n=322 n=322 n=322
Lower Outer 0.318, 0.090* | -0.083, 0.642 | 0.102, 0.456 -0.207, 0.145* | -0.122,0.390 | -0.140,0.308 | 0.010, 0.912 0.180, 0.211
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Upper Inner -0.315, 0.040* | 0.102, 0.490 -0.018,0.874 | -0.171,0.147" | -0.088, 0.455 | 0.035, 0.762 -0.054, 0.466 -0.180, 0.133"
Lower Inner -0.281, 0.167" | 0.167, 0.396 -0.114,0.446 | -0.511.0.001* | -0.263, 0.092" | -0.028, 0.851 0.056, 0.569 -0.165, 0.297
Upper Middle -0.087,0.555 | 0.101, 0.490 0.098, 0.380 -0.180, 0.121% | -0.109, 0.347 | 0.020, 0.862 0.092, 0.209 0.022, 853
Outer Middle 0.065, 0.701 -0.055, 0.740 | 0.202,0.109" | 0.058, 0.660 -0.063, 0.631 | 0.050, 0.693 0.069, 0.401 -0.012, 0.927
Lower Middle -0.158, 0.429 | -0.053,0.787 | 0.201,0.182° | -0.258,0.100" | 0.109, 0.483 | -0.198,0.191" | -0.088, 0.370 -0.432, 0.007*
Inner Middle 0.190. 0.415 -0.059, 0.804 | 0.244,0.165" | -0.008, 0.967 -0.111, 0.542 | -0.104,0.553 | 0.095, 0.410 0.120, 0.515
Overall p-value | 0.092 0.933 0.393 0.027* 0.647 0.813 0.612 0.052"
Ref: Upper Outer
Invasive Type n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
Lobular -0.080, 0.595 | -0.043,0.772 | 0.090, 0.432 -0.062, 0.603 -0.034,0.771 | 0.107, 0.346 -0.072, 0.335 -0.054, 0.656
Ductal & Lobular | 0.505, 0.085" | -0.088,0.760 | -0.215,0.335 | -0.219, 0.349 -0.209, 0.361 | -0.003, 0.990 -0.090, 0.537 0.303, 0.203
Overall p-value | 0.186" 0.920 0.441 0.579 0.640 0.640 0.536 0.388
Ref: Ductal
Nottingham Score n=308 n=314 n=315 n=314 n=315 n=315 n=315 n=315
-0.032,0.381 | -0.002, 0.958 | 0.029, 0.291 -0.018, 0.542 0.005,0.844 | 0.045,0.093" | 0.011, 0.523 0.048, 0.100"
Nottingham Grade | n=309 n=315 n=316 n=315 n=316 n=316 n=316 n=316
Grade 2 0.077, 0.467 -0.033,0.751 | 0.085, 0.288 0.000, 0.995 0.066,0.417 | 0.111,0.162" | 0.037, 0.484 0.084, 0.329
Grade 3 -0.124,0.392 | 0.048,0.733 0.132,0.235 -0.070. 0.554 -0.009, 0.940 | 0.051, 0.641 0.035, 0.635 0.202, 0.090"
Overall p-value | 0.312 0.817 0.417 0.799 0.632 0.368 0.771 0.231
Ref: Grade 1
ER Positive n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
Ref: Negative 0.298, 0.472 -0.290, 0.473 | 0.211, 0.498 0.391, 0.233 -0.231, 0.471 | 0.022, 0.945 -0.047,0.819 -0.269, 0.420
ER H-Score n=303 n=310 n=311 n=310 n=311 n=311 n=311 n=311
0.001, 0.165" | -0.001, 0.409 | 0.001, 0.397 0.001, 0.301 -0.001, 0.229 | 0.000, 0.730 0.000, 0.606 0.000, 0.679
Oncotype DX n=100 n=102 n=102 n=102 n=102 n=102 n=102 n=102
ER Score -0.010,0.904 | -0.004,0.960 | 0.082,0.195" | 0.049, 0.393 0.014,0.836 | -0.013, 0.842 0.074,0.069" | 0.047,0.488
PR Positive n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
Ref: Negative -0.129,0.364 | -0.004,0.975 | -0.140, 0.184" | 0.024, 0.834 0.069, 0.524 | -0.256, 0.015* | -0.050, 0.470 -0.048, 0.669
PR H-Score n=302 n=309 n=310 n=309 n=310 n=310 n=310 n=310
0.000, 0.668 0.000, 0.405 0.000, 0.967 0.000, 0.461 0.000, 0.923 | 0.000, 0.806 0.000, 0.538 0.000, 0.655
Oncotype DX n=100 n=102 n=102 n=102 n=102 n=102 n=102 n=102
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PR Score -0.062, 0.275 0.046. 0.405 -0.029, 0.498 | 0.010, 0.794 0.031, 0.506 -0.019, 0.650 0.007, 0.782 -0.057, 0.196"
HER2 Positive n=310 n=317 n=318 n=317 n=318 n=318 n=318 n=318
Ref: Negative -0.185, 0.283 0.277,0.087* | -0.131, 0.293 -0.065, 0.626 -0.031, 0.803 | -0.287, 0.018* | -0.270, 0.001* | -0.490, <0.001*
HER2 IHC n=285 n=290 n=291 n=290 n=291 n=291 n=291 n=291
Classification Score | -0.031, 0.591 0.001, 0.979 -0.018, 0.672 -0.019, 0.679 -0.038,0.389 | -0.072, 0.093" | -0.081, 0.003* | -0.170, <0.001*
Oncotype DX n=73 n=74 n=74 n=74 n=74 n=74 n=74 n=74
HER2 Score -0.106, 0.388 0.105, 0.365 -0.008, 0.925 | 0.024, 0.753 -0.051, 0.627 | -0.041, 0.670 0.011, 0.862 -0.099, 0.288
LV Invasion n=315 n=322 n=323 n=322 n=323 n=323 n=323 n=323
Ref: No Invasion | -0.094, 0.420 -0.138,0.216 | 0.078, 0.368 0.102, 0.264 -0.076, 0.394 | 0.095, 0.270 0.018, 0.753 0.059, 0.524
Ki67 Classification | n=168 n=168 n=169 n=168 n=169 n=169 n=169 n=169
Moderate 0.001, 0.995 0.381, 0.009* | -0.003, 0.983 -0.146, 0.243 -0.064, 0.589 | -0.086, 0.476 -0.019, 0.799 -0.085, 0.475
High 0.093, 0.589 0.035, 0.829 -0.065, 0.636 | 0.068, 0.635 -0.193, 0.158% | -0.139, 0.312 0.044, 0.602 -0.011, 0.936
Very High 0.140, 0.507 0.254, 0.205 0.287, 0.090° | -0.059, 0.740 0.122, 0.463 0.015, 0.927 0.031, 0.765 0.073, 0.662
Overall p-value | 0.872 0.042* 0.266 0.481 0.325 0.711 0.894 0.799
Ref: Low
Ki67 Index n=167 n=167 n=168 n=167 n=168 n=168 n=168 n=168
0.003, 0.359 0.003, 0.342 0.003, 0.135* | 0.001, 0.712 0.002, 0.343 0.000, 0.906 0.001, 0.722 0.001, 0.540
Oncotype DX n=157 n=159 n=160 n=160 n=160 n=160 n=160 n=160
Recurrence Score® | 0.000, 0.957 0.004, 0.483 -0.003, 0.582 -0.010, 0.032* | -0.005, 0.387 | 0.005, 0.367 -0.003, 0.388 0.009, 0.115%
Magee Equation n=291 n=297 n=298 n=297 n=298 n=298 n=298 n=298
Recurrence Score -0.008, 0.238 0.005, 0.447 0.000, 0.918 -0.002, 0.701 0.002, 0.609 -0.002, 0.615 -0.002, 0.497 -0.002, 0.667

Note. *=p<0.05, “=0.05<p<0.20; CTF=Clinicopathologic Tumor Feature; ER=Estrogen Receptor; HER2=Human Epidermal Growth Factor Receptor 2;
IHC=Immunohistochemistry; L\VV=Lymphovascular; Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone Receptor;
TNM=Tumor, Node, Metastasis Classification of Malignant Tumors; Ref=Reference Group. All regression coefficient estimates and p-values reported from
robust multiple linear regression models generated using Huber weighting and biweighting iterations. All models are adjusted for age, estimated verbal

intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.

95




Table 10: CTF Squared Continuous Predictor and Cognitive Function Robust Regression Results (p<0.20)

Regression Attention Concentration Executive Mental Psychomotor Verbal Visual Visual Working
coefficient, p-value Function Flexibility Speed Memory Memory Memory
n=320 n=327 n=328 n=327 n=328 n=328 n=328 n=328
Tumor Size (cm) -0.050, 0.477 | -0.003,0.964 | -0.004,0.946 | 0.035,0.528 | 0.003,0.957 | 0.036, 0.485 -0.021, 0.539 0.081, 0.143"
Squared variable 0.002,0.775 | -0.003, 0.656 | 0.000,0.962 | -0.003,0.618 | 0.000, 0.977 | -0.002,0.714 0.002, 0.560 -0.009, 0.135"
Oncotype DX n=100 n=102 n=102 n=102 n=102 n=102 n=102 n=102
ER Score -2.390, 0.059" | 0.085,0.947 | -0.985,0.307 | -0.339, 0.695 | -0.761,0.473 | -0.866, 0.364 -0.514, 0.373 -0.817,0.421
Squared variable 0.117,0.061% | -0.004, 0.944 | 0.053,0.269 | 0.019,0.654 | 0.039, 0.462 | 0.042, 0.370 0.029, 0.312 0.043, 0.391
Oncotype DX n=100 n=102 n=102 n=102 n=102 n=102 n=102 n=102
PR Score -0.749, 0.081% | -0.096, 0.811 | -0.299, 0.327 | 0.424,0.118" | 0.439,0.186" | 0.209, 0.484 -0.147, 0.448 -0.353, 0.264
Squared variable 0.050, 0.105* | 0.010,0.718 | 0.020,0.370 | -0.030, 0.126" | -0.029, 0.218 | -0.017, 0.441 0.011,0.418 0.021, 0.342
HER2 IHC n=285 n=290 n=291 n=290 n=291 n=291 n=291 n=291
Classification Score | 0.115,0.475 | -0.095,0.549 | -0.023,0.848 | 0.054,0.666 | -0.094,0.444 | 0.048, 0.689 -0.025, 0.736 -0.009, 0.943
Squared variable -0.056, 0.339 | 0.036,0.525 | 0.002,0.966 | -0.029, 0.527 | 0.023,0.597 | -0.046, 0.280 -0.022, 0.424 -0.061, 0.172"
Oncotype DX n=73 n=74 n=74 n=74 n=74 n=74 n=74 n=74
HER?2 Score 0.678,0.592 | -1.454,0.195" | -0.732,0.432 | -1.002,0.208 | -0.801, 0.464 | 0.858, 0.388 1.983, <0.001* 0.037, 0.969
Squared variable -0.040, 0.539 | 0.081, 0.165" | 0.037,0.440 | 0.053,0.196" | 0.039,0.493 | -0.047, 0.366 -0.104, <0.001* | -0.007, 0.889
n=167 n=167 n=168 n=167 n=168 n=168 n=168 n=168
Ki67 Index 0.003,0.728 | 0.000,0.964 | 0.000,0.951 | 0.003,0.680 | -0.010,0.206 | -0.010,0.183" | 0.005, 0.264 0.001, 0.881
Squared variable 0.000, 0.938 | 0.000,0.807 | 0.000,0.578 | 0.000,0.749 | 0.000, 0.100" | 0.000, 0.155" 0.000, 0.291 0.000, 0.972
Oncotype DX n=157 n=159 n=160 n=160 n=160 n=160 n=159 n=159
Recurrence Score® | -0.008, 0.665 | -0.021,0.225 | -0.014, 0.348 | -0.007,0.603 | 0.018,0.228 | 0.032, 0.021* -0.004, 0.706 -0.002, 0.927
Squared variable 0.000, 0.665 | 0.001, 0.127* | 0.000, 0.423 | 0.000,0.781 | -0.001, 0.086" | -0.001, 0.029* | 0.000, 0.896 0.000, 0.457
Magee Equation n=291 n=297 n=298 n=297 n=298 n=298 n=298 n=298
Recurrence Score -0.001,0.981 | -0.019,0.495 | 0.012,0.579 | 0.009,0.693 | 0.000,0.990 | 0.019, 0.347 0.026, 0.055" 0.051, 0.028*
Squared variable 0.000, 0.804 | 0.000, 0.386 | 0.000.0.588 | 0.000,0.621 | 0.000, 0.894 | 0.000, 0.283 -0.001, 0.034* -0.001, 0.021*

Note. *=p<0.05, “=0.05<p<0.20; CTF=Clinicopathologic Tumor Feature; ER=Estrogen Receptor; HER2=Human Epidermal Growth Factor Receptor 2;
IHC=Immunohistochemistry; Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone Receptor. All regression coefficient
estimates and p-values reported from robust multiple linear regression models generated using Huber weighting and biweighting iterations. All models are adjusted
for age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.
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Table 11: CTFs by Tumor Location Octant (p<0.20)

Tumor Location Octant (N=321) F-test® or
Mg?r;]igz’ n Upper Lower Upper Lower Upper Lower Outer Inner E)E;irseflre?stb
Outer Outer Inner Inner Middle Middle Middle Middle p-value
Tumor Size (cm) 1.66+1.374, | 1.47+£1.407, | 1.81+1.453, | 1.87+1.163, | 1.25+£0.971, | 1.34+0.688, | 2.43+2.795, | 1.14+0.526, p=0.035
n=130 n=25 n=40 n=19 n=41 n=20 n=31 n=14
Aggregate Tumor Size (cm) | 1.78+1.472, | 1.77+£1.800, | 1.91+1.561, | 1.94+1.320, | 1.37+£1.029, | 1.57+£1.022, | 2.58+2.780, | 1.14+0.526, p=0.058
n=130 n=25 n=40 n=19 n=41 n=20 n=31 n=14
Tumor Focality
Single 115 (88.5) 19 (76.0) 36 (90.0) 18 (90.0) 30 (73.2) 15 (75.0) 24 (77.4) 13 (92.9) p=0.118
Multiple 15 (11.5) 6 (24.0) 4 (10.0) 2 (10.0) 11 (26.8) 5 (25.0) 7 (22.6) 1(7.1)
Invasive Type
Ductal 115 (89.1) 21 (84.0) 34 (85.0) 18 (90.0) 39 (95.1) 18 (90.0) 20 (64.5) 14 (100.0) p=0.041
Lobular 11 (8.5) 2 (8.0) 6 (15.0) 1(5.0) 2(4.9) 2 (10.0) 9 (29.0) 0 (0.0)
Ductal & Lobular 3(2.3) 2 (8.0) 0 (0.0) 1(5.0) 0 (0.0) 0(0.0) 2 (6.5) 0 (0.0)
Nottingham Grade
Grade 1 45 (35.7) 4(17.4) 18 (46.2) 5 (25.0) 10 (26.3) 3(15.8) 5(16.1) 5 (38.5) p=0.036
Grade 2 63 (50.0) 17 (73.9) 13 (33.3) 9 (45.0) 23 (60.5) 14 (73.7) 19 (61.3) 8 (61.5)
Grade 3 18 (14.3) 2 (8.7) 8 (20.5) 6 (30.0) 5(13.2) 2 (10.5) 7 (22.6) 0 (0.0)
HER2 Status
Negative 114 (89.8) 24 (96.0) 36 (94.7) 19 (100.0) 35 (89.7) 14 (70.0) 26 (92.9) 14 (100.0) p=0.082
Positive 13 (10.2) 1(4.0) 2 (5.3) 0 (0.0) 4 (10.3) 6 (30.0) 2(7.1) 0 (0.0)
HER2 IHC Score 1.21+0.882, | 0.86+0.640, | 1.39+0.688, | 1.18+0.728, | 1.22+0.886, | 1.94+0.929, | 1.21+1.021, | 0.67+0.778, p=0.003
n=119 n=22 n=36 n=17 n=37 n=16 n=24 n=12
LV Invasion
Absent 96 (76.2) 24 (96.0) 29 (72.5) 17 (85.0) 26 (66.7) 15 (75.0) 26 (83.9) 14 (100.0) p=0.035
Present 30 (23.8) 1(4.0) 11 (27.5) 3 (15.0) 13 (33.3) 5 (25.0) 5 (16.1) 0 (0.0)

Note. CTF=Clinicopathologic Tumor Feature; HER2=Human Epidermal Growth Factor Receptor 2; IHC=Immunohistochemistry; LV=Lymphovascular;
SD=Standard Deviation. *0One-way ANOVAs utilized to compare means of continuous variables. °Fisher’s Exact Tests computed using 2-sided Monte Carlo
sampling based on 10,000 sampled tables used to examine associations between categorical variables.
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Table 12: Individual CTFs (p<0.20) Tested for Two-way Interactions

Cognitive Function

CTF with p<0.20 in

CTF with p<0.20 in

Composite Model with Linear Term Model with Quadratic Term
Attention Tumor Focality Oncotype DX ER Score
Tumor Location Octant Oncotype DX PR Score
Invasive Type
ER H-Score
Concentration HER2 Status (+/-) Oncotype DX HER2 Score

Ki67 Classification

Oncotype DX Recurrence Score®

Executive Function

Tumor Location Octant
Oncotype DX ER Score
PR Status (+/-)

Ki67 Classification
Ki67 Index

Mental Flexibility

Tumor Stage

Node Status (+/-)

Number of Positive Nodes
Tumor Location Octant
Oncotype DX Recurrence Score®

Oncotype DX PR Score

Psychomotor Speed

Overall TNM Stage
Tumor Location Octant
Ki67 Classification

Oncotype DX PR Score
Ki67 Index
Oncotype DX Recurrence Score®

Verbal Memory

Tumor Focality

Tumor Laterality

Tumor Location Octant
Nottingham Score

Nottingham Grade

PR Status (+/-)

HER2 Status (+/-)

HER2 IHC Classification Score

Ki67 Index
Oncotype DX Recurrence Score®

Visual Memory

Overall TNM Stage

Number of Positive Nodes
Tumor Focality

Oncotype DX ER Score

HER?2 Status (+/-)

HER2 IHC Classification Score

Oncotype DX HER2 Score
Magee Equation Recurrence Score

Visual Working Memory

Overall TNM Stage

Tumor Laterality

Tumor Location Octant
Nottingham Score

Nottingham Grade

Oncotype DX PR Score

HER2 Status (+/-)

HER2 IHC Classification Score
Oncotype DX Recurrence Score®

Tumor Size
HER2 IHC Classification Score
Magee Equation Recurrence Score

Note. CTF=Clinicopathologic Tumor Feature; ER=Estrogen Receptor; HER2=Human Epidermal Growth
Factor Receptor 2; IHC=Immunohistochemistry; LV=Lymphovascular; Oncotype DX=Genomic Health
Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone Receptor; TNM=Tumor, Node, Metastasis
Classification of Malignant Tumors.
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Table 13: Significant Two-way CTF Interactions (p<0.05)

Cogpnitive Function

Significant (p<0.05) Interaction Effect

Interaction Effect
regression coefficient,

Composite (Main Effect regression coefficient, p-value)
p-value

Attention

Lower Inner Octant (-0.388, 0.075) by n=313

Lobular Type (-0.303, 0.261) 1.814, 0.043

ER H-Score (-0.138, 0.005) by n=96

Oncotype DX PR Score (-12.082, 0.004) 0.040, 0.006

Oncotype DX PR Score Squared (0.834, 0.006) -0.003, 0.009
Concentration

Oncotype DX HER2 Score (20.372, 0.145) by n=73

Oncotype DX Recurrence Score® (13.291, 0.041) -3.030, 0.033

Oncotype DX Recurrence Score® Squared (-0.376, 0.026) 0.086, 0.021

Oncotype DX HER2 Score Squared (-1.148, 0.128) by

Oncotype DX Recurrence Score® 0.171, 0.026

Oncotype DX Recurrence Score® Squared -0.005, 0.017
Executive Function

Lower Inner Octant (4.417, 0.037) by n=101

Oncotype DX ER Score (0.157, 0.140) -0.457, 0.027

Upper Inner Octant (0.620, 0.012) by n=166

Ki67 Moderate Classification (0.146, 0.531) -0.914, 0.031

Upper Inner Octant (0.497, 0.030) by n=167

Ki67 Index (0.007, 0.100) -0.017, 0.026

Very High Ki67 Classification (7.789, 0.004) by n=76

Oncotype DX ER Score (0.187, 0.096) -0.705, 0.011

Ki67 Index (0.088, 0.005) by n=76

Oncotype DX ER Score (0.209, 0.031) -0.008, 0.012
Mental Flexibility

Lower Inner Octant (-23.333, 0.026) by n=101

Oncotype DX PR Score (0.754, 0.011) 6.968, 0.020

Oncotype DX PR Score Squared (-0.047, 0.023) -0.511, 0.015
Psychomotor Speed

TNM Stage 3a (-0.267, 0.368) by n=169

Ki67 Moderate Classification (-0.190, 0.257) 1.034, 0.038

Upper Inner Octant (-0.053, 0.830) by n=166

Very High Ki67 Classification (-0.049, 0.864) -2.352, <0.001

Outer Middle Octant (-0.698, 0.009) by

Moderate Ki67 Classification (-0.153, 0.407) 0.940, 0.032

Outer Middle Octant (-0.698, 0.009) by

High Ki67 Classification (-0.301, 0.199) 1.086, 0.031

Moderate Ki67 Classification (-7.160, 0.016) by n=76

Oncotype DX PR Score (-1.780, 0.018) 2.418, 0.006

Oncotype DX PR Score Squared (0.140, 0.010) -0.191, 0.003

High Ki67 Classification (-9.843, 0.002) by

Oncotype DX PR Score 3.045, 0.002

Oncotype DX PR Score Squared -0.222, 0.001

Very High Ki67 Classification (-26.790, 0.019) by

Oncotype DX PR Score 8.737,0.013

Oncotype DX PR Score Squared -0.670, 0.012

TNM Stage 3a (-1.353, 0.038) by n=168

Ki67 Index (-0.016, 0.133) 0.188, 0.019

Ki67 Index Squared (0.000, 0.074) -0.004, 0.022

Upper Inner Octant (-0.358, 0.302) by n=166
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Ki67 Index (-0.012, 0.337)

0.037,0.123

Ki67 Index Squared (0.000, 0.357) -0.001, 0.004
Verbal Memory

PR Positive (-0.375, 0.001) by n=318

HER2 Positive (-0.785, 0.002) 0.611, 0.033

Lower Inner Octant (-2.558, 0.023) by n=157

Oncotype DX Recurrence Score® (0.014, 0.557) 0.282, 0.015

Oncotype DX Recurrence Score® Squared (0.000, 0.974) -0.007, 0.017
Visual Memory

Oncotype DX ER Score (0.090, 0.042) by n=99

HER2 Positive (6.353, 0.001) -0.720, <0.001

TNM Stage 3a (-3.725, 0.010) by n=298

Magee Equation Recurrence Score (-0.036, 0.049) 0.249, 0.024

Magee Equation Recurrence Score Squared (-0.001, 0.029)  -0.004, 0.047
Visual Working Memory

Lower Outer Octant (-0.343, 0.132) by n=321

Left Breast (0.106, 0.344) 0.780, 0.007

Lower Outer Octant (0.175, 0.227) by n=311

HER2 Positive (-0.267, 0.162) -1.627,0.018

Outer Middle Octant (0.659, 0.038) by n=158

Oncotype DX Recurrence Score® (0.009, 0.295) -0.036, 0.010

Nottingham Score (0.170, 0.001) by n=278

HER2 IHC Classification Score (0.368, 0.106) -0.085, 0.015

Nottingham Grade 3 (0.722, 0.001) by n=279

HER2 IHC Classification Score (0.039, 0.703) -0.392, 0.006

HER2 IHC Classification Score (0.150, 0.268) by n=142

Oncotype DX Recurrence Score® (0.032, 0.005) -0.013, 0.025

HER2 IHC Classification Score (-0.352, <0.001) by n=290

Tumor Size (-0.194, 0.170) 0.163, 0.037

Tumor Size Squared (0.027, 0.255) -0.020, 0.109

Lower Outer Octant (-0.291, 0.333) by n=283

HER2 IHC Classification Score (-0.183, 0.365) 1.502, 0.016

HER2 IHC Classification Score Squared (0.030, 0.678) -0.819, 0.008

Oncotype DX Recurrence Score® (0.008, 0.578) by n=142

HER2 IHC Classification Score (-0.648, 0.164) 0.033, 0.123

HER?2 IHC Classification Score Squared (0.264, 0.138) -0.014, 0.031

Note. CTF=Clinicopathologic Tumor Feature; ER=Estrogen Receptor; HER2=Human Epidermal Growth Factor
Receptor 2; IHC=Immunohistochemistry; Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer
Assay; PR=Progesterone Receptor; TNM=Tumor, Node, Metastasis Classification of Malignant Tumors. All
regression coefficient estimates and p-values reported from robust multiple linear regression models generated
using Huber weighting and biweighting iterations. The reference group for tumor location octant is the upper
outer octant. The reference for invasive type is ductal. The reference group for Ki67 classification is low. The
reference group for TNM Stage is Stage 1. The reference group for PR status is PR negative. The reference
group for HER2 status is HER2 negative. The reference group for the left breast is the right breast. The reference
group for Nottingham Grade is Grade 1. All models are adjusted for age, estimated verbal intelligence, and
levels of depressive symptoms, anxiety, fatigue, and pain.
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Table 14: Genetic Analysis Overall Participant Characteristics (N=220)

Mean+SD

Characteristic (Measure) Minimum | Maximum
or n (%)
Age (years) 60.02+6.086 43 75
Education (years) 15.12+2.970 9 29
Estimated Verbal Intelligence (NART-R) 110.3949.113 82.42 127.81
Depressive Symptoms (BDI-II) 4.83+4.957 0 29
Anxiety (POMS Tension-Anxiety subscale) 7.47+£5.536 0 27
Fatigue (POMS Fatigue-Inertia subscale) 5.61+5.942 0 27
Pain (BPI) 1.30+2.126 0 9
Marital Status, currently married 139 (63.2) - -
or living with significant other
Number of Children 2.00+1.403 0 8
Race, Caucasian 209 (95.0) - -
Cognitive Function Composite Z-Scores
Attention, n=219 -0.1070+0.94939 -4.02 1.70
Concentration, n=219 -0.0560+0.83170 -2.20 2.50
Executive Function, n=220 -0.2357+0.64539 -1.69 2.41
Mental Flexibility, n=219 0.0965+0.75203 -3.64 1.73
Psychomotor Speed, n=220 -0.0548+0.88616 -3.67 1.22
Verbal Memory, n=220 -0.1087+0.72263 -1.77 1.67
Visual Memory, n=220 0.0832+0.68602 -4.63 0.86
Visual Working Memory, n=220 0.0358+0.77624 -3.02 1.33

Note. BDI-1I1=Beck Depression Inventory-1l; BPI=Brief Pain Inventory;

NART-R=National

Adult Reading Test-Revised; POMS=Profile of Mood States; SD=Standard Deviation. Only
participants with complete confounder/covariate information are included in the participant

characteristic statistics.
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Table 15: Genetic Analysis Participant and Tumor Characteristics by Study Cohort

®F-test or
Characteristic (Measure) Prescribed CA | Prescribed AO Healthy Ch'.’ Squ?re/
Mean£SD or n (%) n=55 n=83 Controls Fisher’s b
- n=82 Exact Test
p-value
Age (years) 58.76+5.467 62.47+5.964 58.39+5.858 p<0.001*
Education (years) 15.67+2.783 14.95+3.056 14.93+2.993 p=0.285
Estimated Verbal Intelligence (NART-R) 108.94+8.871 107.04+8.844 | 114.74+7.796 p<0.001*
Depressive Symptoms (BDI-11) 5.24+4.615 4.60£4.650 4.79+5.495 p=0.757
Anxiety (POMS Tension-Anxiety subscale) 9.61+6.140 6.97+4.654 6.55+5.619 p=0.003*
Fatigue (POMS Fatigue-Inertia subscale) 5.11+5.329 5.84+6.352 5.72+5.955 p=0.763
Pain (BPI) 1.4741.961 1.55+2.265 0.93+2.059 p=0.130
Marital Status, currently married 38 (69.1) 54 (65.1) 47 (57.3) p=0.348
or living with significant other
Number of Children 1.75+1.220 2.05+1.387 2.13+1.522 p=0.266
Race, Caucasian 52 (94.5) 81 (97.6) 76 (92.7) p=0.305
Cognitive Function Composite Z-Scores
Attention, n=219 -0.052+0.937 -0.202+£1.017 | -0.047+0.889 p=0.513
Concentration, n=219 -0.204+0.667 -0.010+0.904 | -0.005+0.850 p=0.322
Executive Function, n=220 -0.218+0.599 -0.490+0.509 0.010+0.705 p<0.001*
Mental Flexibility, n=219 0.164+0.656 0.090+0.786 0.055+0.783 p=0.707
Psychomotor Speed, n=220 0.071+0.845 -0.240+£0.954 | 0.048+0.819 p=0.054
Verbal Memory, n=220 0.018+0.662 -0.341+£0.638 | 0.041+0.786 p=0.001*
Visual Memory, n=220 0.287+0.352 0.009+0.708 0.022+0.803 p=0.038*
Visual Working Memory, n=220 0.299+0.514 -0.064+0.741 | -0.039+0.913 p=0.014*
Overall TNM Stage, n=130
Stage 1 22 (44.0) 65 (81.3) - p<0.001*
Stage 2a 17 (34.0) 13 (16.3) -
Stage 2b 6 (12.0) 2 (2.5) -
Stage 3a 5 (10.0) 0 (0) -
Tumor Size (cm), =129 2.16+1.484 1.23+0.709 - p<0.001*
Aggregate Tumor Size (cm), n=130 2.35+1.591 1.39+0.964 - p<0.001*
Tumor Stage, n=130
Tla 1(2.0) 13 (16.3) - p=0.001*
Tlb 8 (16.0) 23 (28.7) -
Tlc 21 (42.0) 33 (41.3) -
T2 16 (32.0) 11 (13.8) -
T3 4 (8.0) 0 (0) -
Lymph Node, n=129
Positive 19 (38.0) 5(6.3) - p<0.001*
Negative 31 (62.0) 74 (93.7) -
Number of Positive Nodes, n=130 0.94+1.789 0.06+0.244 - p<0.001*
Tumor Focality, n=130
Single 41 (82.0) 63 (78.8) - p=0.652
Multiple 9 (18.0) 17 (21.3) -
Tumor Laterality, n=130
Right Breast 21 (42.0) 36 (45.0) - p=0.737
Left Breast 29 (58.0) 44 (55.0) -
Tumor Location Octant, n=125
Upper Outer 21 (43.8) 29 (37.7) - p=0.982
Lower Outer 2(4.2) 6 (7.8) -
Upper Inner 6 (12.5) 9 (11.7) -
Lower Inner 2(4.2) 5 (6.5) -
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Upper Middle 8 (16.7) 10 (13.0)
Outer Middle 4(8.3) 8 (10.4)
Lower Middle 2(4.2) 4(5.2)
Inner Middle 3(6.3) 6 (7.8)
Invasive Type, n=129
Ductal 45 (90.0) 63 (79.7) p=0.323
Lobular 5 (10.0) 14 (17.7)
Ductal & Lobular 0(0) 2 (2.5)
Nottingham Score, n=125 6.60+1.370 5.72+1.122 p<0.001*
Nottingham Grade, n=125
Grade 1 9 (18.0) 27 (36.0) p<0.001*
Grade 2 26 (52.0) 44 (58.7)
Grade 3 15 (30.0) 4 (5.3)
ER Status, n=130
Positive 48 (96.0) 80 (100) p=0.146
Negative 2 (4.0) 0 (0)
ER H-Score, n=124 240.08+73.684 | 265.87+44.592 p=0.017*
Oncotype DX ER Score, n=46 9.79+1.138 10.41+0.934 p=0.053
PR Status, n=130
Positive 38 (76.0) 71 (88.8) p=0.055
Negative 12 (24.0) 9 (11.3)
PR H-Score, n=124 110.35+101.612 | 129.69+97.208 p=0.289
Oncotype DX PR Score, =46 6.22+1.591 7.31+1.391 p=0.020*
HER2 Status, n=125
Positive 9(19.1) 4(5.1) p=0.017*
Negative 38 (80.9) 74 (94.9)
HER2 IHC Score, =120 1.40+0.984 1.10+0.858 p=0.081
Oncotype DX HER2 Score, n=33 8.76x1.079 8.87+0.396 p=0.657
LV Invasion, n=127
Present 21 (42.9) 6 (7.7) p<0.001*
Absent 28 (57.1) 72 (92.3)
Ki67 Classification, n=68
Low 10 (38.5) 18 (42.9) p=0.114
Moderate 5(19.2) 14 (33.3)
High 6 (23.1) 9 (21.4)
Very High 5(19.2) 1(2.4)
Ki67 Index, n=68 28.73+26.834 17.31+13.337 p=0.022*
Oncotype DX Recurrence Score®, n=74 26.52+9.774 14.63+6.174 p<0.001*
Magee Equation Recurrence Score, =119 24.65+9.009 18.50+5.707 p<0.001*

Note. *=p<0.05; AO=Anastrozole Only; BDI-l11=Beck Depression Inventory-I1; BPI= Brlef Pain Inventory;

CA=Chemotherapy plus Anastrozole; ER=Estrogen Receptor; HER2= Human Epidermal Growth Factor Receptor
2; IHC=Immunohistochemistry; LV=Lymphovascular; NART-R=National Adult Reading Test-Revised; Oncotype
DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; POMS=Profile of Mood States; PR=Progesterone
Receptor; SD=Standard Deviation; TNM=Tumor, Node, Metastasis Classification of Malignant Tumors. *One-way
ANOVA:s utilized to compare means of continuous variables. "Pearson’s Chi-square Tests of independence,
Fisher’s Exact Test, or Fisher’s Exact Test computed using 2-sided Monte Carlo sampling based on 10,000 sampled
tables used to examine associations between categorical variables. Only participants with complete
confounder/covariate information are included in the participant characteristic statistics.
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Table 16: SNPs Included in Genetic Regression Analyses (N=220)

Gene

Wildtype/Variant

n for

Study

b

SNP Allele? each SNP MAF HWE
AURKA

rs1047972 G/A 219 0.148 p=1.0000

rs16979877 AIG 207 0.080 p=0.3725

rs2273535 AT 213 0.216 p=0.9788

rs6064389 GIT 219 0.445 p=0.2279
BAG1

rs706118 T/G 214 0.248 p=0.1553
BCL2

rs1564483 G/A 207 0.271 p=0.6855

rs17759659 A/IG 219 0.425 p=0.8885

rs2279115 A/C 206 0.459 p=0.7047

rs4941195 C/A 218 0.429 p=0.4230

rs4987852 A/IG 218 0.078 p=1.0000

rs4987853 A/IG 217 0.189 p=0.5787

rs4987855 G/A 220 0.071 p=0.6073

rs956572 G/A 211 0.398 p=0.6542

rs9807663 T/A 218 0.108 p=0.7216
BIRC5

rs1042489 T/C 217 0.359 p=0.5481

rs1508147 G/A 218 0.358 p=0.5738

rs17878467 CIT 217 0.111 p=1.0000

rs2239680 T/C 214 0.299 p=0.7100

rs3764383 A/IG 213 0.305 p=0.9577

rs8073069 G/C 207 0.249 p=0.9445

rs8073903 T/C 212 0.366 p=0.6934

rs9904341 G/C 206 0.318 p=0.7061
CCNB1

rs164390 GIT 214 0.371 p=0.5200

rs350099 T/C 216 0.396 p=0.5396

rs350104 T/C 219 0.459 p=0.5640
CD68

rs8066665 G/A 220 0.457 p=0.1667

rs9901673 C/A 218 0.172 p=0.0915
CENPA

rs3806517 A/IG 215 0.340 p=0.8111

rs3806518 T/C 214 0.278 p=0.8532
CMC2

rs1025065 C/A 209 0.361 p=0.8277

rs1981867 CIT 220 0.307 p=0.1739

rs9936489 T/G 215 0.319 p=0.7119
CTSL2

rs16919034 A/IG 213 0.169 p=0.3501

rs4361859 A/IG 219 0.327 p=0.0078*

p=0.0695"C

DIAPH3

rs1337652 G/A 217 0.212 p=0.9194

rs4547237 A/IG 220 0.307 p=0.8219
ERBB2

rs1058808 G/C 217 0.373 p=0.2746
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rs1136201 A/G 220 0.232 p=0.9465
rs1476278 A/G 220 0.357 p=0.9976
rs1810132 T/C 212 0.318 p=0.1537
rs2517955 T/C 220 0.373 p=0.4823
rs4252596 C/A 220 0.121 p=0.7482
rs903501 GIA 211 0.332 p=0.3885
rs9303274 CIT 219 0.356 p=0.9485
rs12976445 (MIR125A) T/C 220 0.298 p=0.1467
ESR1
rs10484919 CIT 204 0.088 p=0.6574
rs1062577 T/A 215 0.081 p=0.1495
rs11964281 CIT 214 0.075 p=1.0000
rs12173570 CIT 219 0.132 p=0.3857
rs12665044 CIT 213 0.132 p=0.7665
rs1514348 AIC 220 0.468 p=0.9519
rs1801132 CIG 220 0.232 p=0.4098
rs1884051 A/G 207 0.336 p=0.9170
rs2046210 CIT 213 0.357 p=0.3520
rs2071454 T/G 213 0.110 p=1.0000
rs2077647 GIA 217 0.484 p=0.0643
rs2228480 GIA 218 0.188 p=0.2292
rs2234693 cIT 206 0.481 p=0.0344*
p=0.9104"¢
rs2347867 A/G 215 0.340 p=0.5008
rs2744677 AIC 215 0.249 p=0.6319
rs2813543 GIA 213 0.181 p=0.9848
rs2813544 A/G 215 0.235 p=0.0512
rs2941740 T/C 220 0.391 p=0.4585
rs3020314 T/C 208 0.358 p=0.4848
rs3778099 T/C 208 0.089 p=1.0000
rs3798577 T/C 220 0.475 p=0.2770
rs488133 CIT 209 0.285 p=0.5101
rs532010 T/C 212 0.434 p=0.7636
rs6557171 CIT 218 0.303 p=0.7528
rs77275268 CIT 217 0.083 p=0.1827
rs7761133 T/C 216 0.153 p=0.5840
rs7761846 T/C 204 0.054 p=0.4501
rs7766585 T/G 218 0.154 p=0.1375
rs7767143 A/G 214 0.243 p=0.0849
rs827421 CIT 212 0.467 p=0.1489
rs851967 GIA 216 0.308 p=0.6380
rs851971 GIA 216 0.313 p=0.5073
rs851982 T/C 217 0.362 p=0.3178
rs851998 CIT 219 0.313 p=0.6540
rs910416 T/C 220 0.491 p=0.9961
rs9322331 CIT 215 0.381 p=0.8339
rs9340799 A/G 213 0.397 p=0.4781
rs9383938 GIT 218 0.083 p=0.3721
rs9397435 A/G 220 0.073 p=0.6108
rs9397456 GIA 203 0.217 p=0.1522
rs985694 CIT 218 0.120 p=0.7731
rs1038304 (CCDC170) GIA 218 0.456 p=0.1394
rs12662670 (CCDC170) T/G 217 0.069 p=0.2740
rs3734805 (CCDC170) AIC 213 0.075 p=0.2359
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rs3757318 (CCDC170) GIA 213 0.059 p=0.3629
rs6929137 (CCDC170) GIA 216 0.319 p=0.3411
GRB7
rs9910678 T/C 218 0.053 | p=0.1079
GSTM1
rs1065411 CIG 209 0.194 p=0.0884
rs412543 GIC 216 0.081 p=0.3714
rs35652124 (NFE2L2) T/C 218 0.298 p=0.2739
rs6721961 (NFE2L2) GIT 212 0.101 p=1.0000
MELK
rs10973007 CIG 209 0.189 p=0.8337
rs2250340 CIT 220 0.075 p=1.0000
rs3780350 CIT 213 0.155 p=0.6424
MKI67
rs10732438 A/G 211 0.367 p=0.1859
rs10764751 AIC 220 0.239 p=0.5706
MMP11
rs131451 TIC 216 0.107 | p=1.0000
MYBL2
rs11556379 CIG 220 0.050 p=0.4243
rs2070235 AlG 220 0.093 p=1.0000
rs619289 CIT 216 0.197 p=0.7837
rs826943 T/C 213 0.146 p=0.7823
rs826944 CIT 219 0.142 p=1.0000
NDC80
rs12408485 A/G 203 0.382 p=0.4731
12292274 T/C 207 0.268 p=0.5054
ORC6
rs33994299 T/C 220 0.475 p=0.0051*
p=0.1405"¢
PGR
rs1042838 GIT 216 0.141 p=0.0466*
p=0.0160"“*
rs1042839 cIT 208 0.130 p=0.0103*
p=0.0027"“*
rs10895068 GIA 214 0.063 p=1.0000
rs11224561 CIT 214 0.119 p=0.7460
rs1893505 CIT 220 0.382 p=0.7593
rs1942836 T/C 217 0.201 p=0.7604
rs471767 AlG 216 0.313 p=0.3574
rs474320 TIA 197 0.147 p=0.0434*
p=0.0329"“*
rs4754732 T/C 220 0.334 p=0.1780
rs484389 T/C 212 0.217 p=0.6804
rs568157 A/G 219 0.493 p=0.3120
rs590688 CIG 215 0.463 p=0.1662
rs608995 AIT 218 0.220 p=0.5724
RACGAP1
rs7303531 GIA 214 0.058 | p=1.0000
RFC4
rs1354091 AIC 214 0238 | p=0.9537
RRM2
rs1138729 A/G 202 0.136 p=0.3821
rs4309551 CIT 218 0.452 p=0.8925
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rs4668664 | GIA | 215 | 0263 | p=0.6850

SCUBE2

rs1136966 T/G 213 0.211 p=0.8348
rs4910440 CIT 219 0.470 p=0.4879
rs6486125 AIG 207 0.266 p=0.1980

Note. *=p<0.05; HC=HWE p-value in healthy control participants only; HWE=Hardy-Weinberg
Equilibrium; MAF=minor allele frequency; SNP=Single Nucleotide Polymorphism. *Wildtype
and variant alleles based on study sample. °Chi-square Goodness-of-fit or Exact Test p-value.
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Table 17: GRS and Cognitive Function Composite Regression Analysis Results

Cognitive Function
Composite

Gene-SNP used in
GRS Calculation

bGRSa
p-valug®

Model R?

R? Change
for GRS

Attention
(n=201)

ERBB2(MIR125A)-rs12976445
ESR1-rs2347867
ESR1-rs3020314
ESR1-rs6557171
ESR1-rs985694
MYBL2-rs2070235
SCUBE2-rs6486125

0.4665,
p<0.001*

0.4800,
p<0.001*

0.2593

0.066

Concentration
(n=177)

AURKA-rs1047972
BCL2-rs9807663
CCNB1-rs164390
CCNB1-rs350099
CENPA-rs3806517
DIAPHS3-rs4547237
ESR1-rs488133
ESR1-rs7767143
ESR1-rs910416
ESR1-rs9397456
ESR1(CCDCL170)-rs12662670
ESR1(CCDCL170)-rs3734805
ESR1(CCDCL170)-rs3757318
ESR1(CCDC170)-rs6929137
GRB7-rs9910678
MELK-rs10973007
PGR-rs10895068

0.5098,
p<0.001*

0.5358,
p<0.001*

0.2495

0.189

Executive Function
(n=137)

BAG1-rs706118
BCL2-rs1564483
BCL2-rs4987853
CCNB1-rs164390
CCNB1-rs350099
CCNB1-rs350104
CTSL2-rs4361859
DIAPH3-rs1337652
DIAPH3-rs4547237
ESR1-rs2234693
ESR1-rs488133
ESR1-rs7761846
ESR1-rs827421
ESR1(CCDC170)-rs3757318
GSTM1-rs412543
MELK-rs10973007
MELK-rs2250340
MYBL2-rs11556379
PGR-rs1042838
PGR-rs474320
PGR-rs484389
PGR-rs608995
SCUBE2-rs6486125

0.3526,
p<0.001*

0.3589,
p<0.001*

0.4296

0.204

Mental Flexibility
(n=154)

BCL2-rs1564483
BCL2-rs4987853
DIAPH3-rs1337652
ERBB2(MIR125A)rs12976445

0.5040,
p<0.001*

0.5383,

0.4712

0.224

108




ESR1-rs2347867
ESR1-rs6557171
ESR1-rs985694

GSTM1(NFE2L2)-rs35652124

MKI167-rs10732438
MYBL2-rs11556379
NDC80-rs12408485
NDC80-rs2292274
RFC4-rs1354091
RRM2-rs1138729
SCUBE2-rs6486125

p,0.001*

Psychomotor Speed
(n=181)

BCL2-rs4941195
BCL2-rs956572
CENPA-rs3806518
ESR1-rs2347867
ESR1-rs488133
ESR1-rs9322331
ESR1-rs9340799
MKI167-rs10732438
PGR-rs568157

0.7265,
p<0.001*

0.6674,
p<0.001*

0.2527

0.093

Verbal Memory
(n=146)

AURKA-rs16979877
BCL2-rs2279115
BCL2-rs4987852
BIRC5-rs3764383
CCNB1-rs164390
CCNB1-rs350099
CCNB1-rs350104
CD68-rs9901673
CENPA-rs3806518
CTSL2-rs16919034
DIAPH3-rs4547237
ESR1-rs10484919
ESR1-rs12665044
ESR1-rs2941740
ESR1-rs488133
ESR1-rs77275268
ESR1-rs7767143
ESR1-rs9383938
ESR1-rs9397435

ESR1(CCDC170)-rs3734805
ESR1(CCDC170)-rs3757318

GSTM1-rs412543
MYBL2-rs2070235
MYBL2-rs619289
NDC80-rs2292274
ORC6-rs33994299
PGR-rs484389
PGR-rs568157

0.3406,
p<0.001*

0.3401,
p<0.001*

0.5048

0.209

Visual Memory
(n=165)

BAG1-rs706118
BCL2-rs1564483
CCNB1-rs350104
DIAPH3-rs1337652
DIAPH3-rs4547237
ESR1-rs2077647
ESR1-rs2813544
ESR1-rs488133

0.7477,
p<0.001*

0.6078,
p<0.001*

0.3167

0.148
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ESR1-rs7761846
ESR1-rs7767143
ESR1(CCDC170)-rs3757318
GSTM1-rs412543
MYBL2-rs2070235
PGR-rs11224561
PGR-rs1942836
RRM2-rs4309551

Visual Working Memory | AURKA-152273535 0.4198, 0.4700 0.241
(n=154) BAG1-1s706118 p<0.001*

BIRC5-rs1508147

BIRC5-rs9904341 0.4131,

CCNB1-rs164390 p<0.001*

CCNB1-rs350099
CCNB1-rs350104
CD68-rs9901673
DIAPH3-rs1337652
DIAPHS3-rs4547237
ESR1-rs2941740
ESR1-rs488133
ESR1-rs7761846
ESR1-rs910416
ESR1-rs9397456
GRB7-rs9910678
GSTM1-rs412543
MELK-rs2250340
MYBL2-rs2070235
MYBL2-rs619289
PGR-rs11224561
PGR-rs608995

Note. *=p<0.001; GRS=Genetic Risk/Protection Score. *Standard multiple linear regression coefficient
and p-value listed first, robust multiple linear regression coefficient and p-value listed subsequently.
Model R? and R? change reported from standard multiple linear regression models. Participants missing
genetic data necessary for completion of a GRS calculation were not included in the GRS analysis. All
regression models are adjusted for age, estimated verbal intelligence, levels of depressive symptoms,
anxiety, fatigue, and pain, and prescribed treatment group.
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Table 18: Individual SNP and Cognitive Function Robust Regression Results

Regrgs§ion Attention Concentration Execu'Five Mgn'ga_l Psychomotor Verbal Visual Visual Working
coefficient, p-value Function Flexibility Speed Memory Memory Memory
AURKArs1047972 n=218 n=218 n=219 n=219 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.000, 0.998 -0.148, 0.241 0.080, 0.389 0.017, 0.867 0.149, 0.153 0.025, 0.806 0.021, 0.735 0.116, 0.263
Interaction Model
SNP Main Effect 0.125, 0.579 -0.488, 0.016* | 0.148, 0.353 0.161, 0.362 0.063, 0.716 -0.092, 0.601 0.152, 0.149 0.054, 0.762
SNP-by-CA Inter -0.176, 0.617 0.569, 0.073 -0.073, 0.766 -0.407,0.138 -0.075, 0.781 0.287, 0.292 -0.177,0.275 0.119, 0.664
SNP-by-AQ Inter -0.205, 0.504 0.513. 0.063 -0.111, 0.609 -0.066, 0.784 0.298, 0.213 0.103, 0.669 -0.212, 0.140 0.067, 0.783
AURKArs16979877 n=206 n=206 n=207 n=206 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect -0.211, 0.238 0.125, 0.432 -0.147,0.233 -0.094, 0.497 -0.199, 0.161 -0.138, 0.318 -0.157, 0.062 -0.135, 0.330
Interaction Model
SNP Main Effect -0.274, 0.391 0.180, 0.533 -0.234, 0.302 0.085, 0.735 0.035, 0.893 -0.540, 0.029* | -0.291, 0.056 -0.350, 0.166
SNP-by-CA Inter 0.295, 0.626 0.076, 0.879 -0.061, 0.875 -0.446, 0.305 -0.457, 0.305 0.577,0.174 0.259, 0.322 0.496, 0.253
SNP-by-AQ Inter 0.042,0.916 -0.108, 0.763 0.176, 0.532 -0.184, 0.557 -0.354, 0.271 0.548, 0.074 0.152, 0.422 0.238, 0.447
AURKArs2273535 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.040, 0.748 -0.063, 0.566 0.038, 0.663 -0.136, 0.160 -0.021, 0.834 0.186, 0.052 -0.064, 0.273 0.009, 0.926
Interaction Model
SNP Main Effect -0.078, 0.698 -0.027, 0.877 0.193, 0.164 -0.200, 0.198 -0.010, 0.949 0.297, 0.051 -0.082, 0.397 0.183, 0.241
SNP-by-CA Inter 0.198, 0.545 -0.104, 0.715 -0.146, 0.520 0.218, 0.387 0.282, 0.267 -0.031, 0.899 0.147, 0.354 -0.008, 0.975
SNP-by-AQ Inter 0.186, 0.517 -0.019, 0.939 -0.306, 0.131 0.011, 0.961 -0.246, 0.271 -0.275, 0.208 -0.159, 0.254 -0.477, 0.034*
AURKArs6064389 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.027,0.839 0.067, 0.572 0.089, 0.341 0.054, 0.608 0.011, 0.915 -0.051, 0.623 -0.031, 0.610 0.178, 0.088
Interaction Model
SNP Main Effect -0.065, 0.769 0.119, 0.540 0.035, 0.819 -0.044, 0.797 -0.080, 0.637 -0.208, 0.220 0.050, 0.627 0.060, 0.724
SNP-by-CA Inter 0.557,0.189 -0.292.0.414 0.202, 0.474 0.176, 0.578 0.562, 0.072 0.665, 0.831 -0.151, 0.426 -0.022, 0.945
SNP-by-AQ Inter 0.080, 0.788 -0.005, 0.986 0.046, 0.823 0.140. 0.548 -0.004, 0.986 0.303, 0.186 -0.106, 0.448 0.267, 0.248
BAG1rs706118 n=213 n=213 n=214 n=213 n=214 n=214 n=214 n=214

Main Effects Model
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SNP Main Effect -0.101, 0.408 -0.109, 0.314 -0.123, 0.145 0.045, 0.624 -0.016, 0.870 -0.154, 0.103 -0.107, 0.067 -0.310, 0.001*
Interaction Model
SNP Main Effect 0.061, 0.763 0.069, 0.706 -0.312, 0.027* 0.125, 0.441 0.006, 0.971 -0.127,0.421 -0.216, 0.025* | -0.450, 0.004*
SNP-by-CA Inter -0.549, 0.092 -0.270. 0.355 0.263, 0.239 -0.213, 0.406 -0.324, 0.209 -0.109, 0.664 0.112, 0.465 0.099, 0.684
SNP-by-AQ Inter -0.064, 0.825 -0.288, 0.268 0.321,0.108 -0.064, 0.781 0.174, 0.450 0.006, 0.980 0.219, 0.110 0.299, 0.170
BCL2rs1564483 n=206 n=207 n=207 n=206 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect 0.246, 0.052 0.001, 0.994 0.191, 0.030* 0.049, 0.621 0.082, 0.410 0.067, 0.491 0.118,0.221° 0.085, 0.389
Interaction Model
SNP Main Effect 0.312,0.141 -0.224, 0.247 0.397, 0.007* 0.396, 0.017* | 0.167, 0.321 0.246, 0.134 0.226, 0.031* | 0.244,0.147
SNP-by-CA Inter -0.256, 0.424 0.185, 0.526 -0.244, 0.267 -0.607, 0.015* | -0.326, 0.200 -0.317, 0.200 -0.386, 0.015* | -0.411, 0.105
SNP-by-AQ Inter 0.023, 0.937 0.461, 0.085 -0.352, 0.081 -0.406, 0.074 0.021, 0.928 -0.222,0.328 -0.107, 0.457 -0.068, 0.770
BCL2rs17759659 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.132,0.311 0.093, 0.415 0.039, 0.671 0.080, 0.434 -0.003, 0.973 0.043, 0.668 -0.004, 0.951 -0.043,0.674
Interaction Model
SNP Main Effect 0.320,0.111 0.098, 0.584 0.069, 0.625 0.047,0.769 0.104, 0.512 0.223, 0.152 -0.036, 0.707 -0.176, 0.268
SNP-by-CA Inter -0.526, 0.108 0.114, 0.696 -0.131,0.572 0.164, 0.527 0.033, 0.899 -0.456, 0.072 0.106, 0.502 0.193, 0.457
SNP-by-AQ Inter -0.173, 0.548 -0.098, 0.703 0.003, 0.988 -0.029, 0.901 -0.334, 0.146 -0.174,0.437 0.014, 0.920 0.235, 0.305
BCL2rs2279115 n=205 n=205 n=206 n=206 n=206 n=206 n=206 n=206
Main Effects Model
SNP Main Effect 0.019, 0.888 -0.140, 0.251 0.033,0.722 -0.118, 0.266 -0.152, 0.147 -0.106, 0.320 -0.083, 0.197 -0.141, 0.191
Interaction Model
SNP Main Effect -0.033, 0.882 -0.169, 0.412 0.099, 0.531 -0.204, 0.252 -0.083, 0.640 -0.380, 0.034* | 0.011, 0.921 -0.097, 0.594
SNP-by-CA Inter -0.039, 0.910 -0.008, 0.980 -0.063, 0.797 0.070, 0.797 -0.165, 0.544 0.348, 0.207 -0.157, 0.357 -0.047, 0.867
SNP-by-AQ Inter 0.188, 0.547 0.084, 0.771 -0.127, 0.568 0.180, 0.471 -0.073, 0.769 0.451, 0.073 -0.122,0.434 -0.078, 0.761
BCL 2rs4941195 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.049, 0.700 -0.095, 0.398 0.107, 0.222 -0.058, 0.560 -0.227,0.021* | -0.003, 0.979 0.010, 0.864 0.013, 0.897
Interaction Model
SNP Main Effect -0.027, 0.895 -0.048, 0.789 0.214,0.129 -0.110, 0.493 -0.185, 0.239 -0.213,0.174 0.132,0.169 0.300, 0.057
SNP-by-CA Inter 0.024, 0.941 -0.021, 0.942 -0.082, 0.719 0.096, 0.711 0.000, 1.000 0.158, 0.534 -0.221, 0.157 -0.471, 0.066
SNP-by-AQ Inter 0.189, 0.514 -0.110, 0.668 -0.225, 0.264 0.074, 0.749 -0.123, 0.586 0.434, 0.055 -0.174,0.208 -0.407, 0.073
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BCL2rs4987852 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.273, 0.096 -0.154, 0.297 -0.072, 0.543 -0.068, 0.603 -0.058, 0.656 0.190, 0.140 -0.018, 0.818 -0.008, 0.953
Interaction Model
SNP Main Effect -0.511, 0.051 0.046, 0.849 -0.070, 0.709 -0.097, 0.652 0.087, 0.681 0.464, 0.024* | -0.005, 0.965 -0.121, 0.566
SNP-by-CA Inter 0.458, 0.336 -0.528, 0.226 0.282, 0.409 0.079, 0.837 -0.219, 0.570 -0.046, 0.902 0.214, 0.350 0.382, 0.320
SNP-by-AQ Inter 0.383, 0.284 -0.178, 0.586 -0.101, 0.693 0.030, 0.917 -0.310, 0.284 -0.542, 0.054 -0.120, 0.486 0.076, 0.792
BCL 2rs4987853 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.033, 0.793 -0.046, 0.681 -0.035, 0.687 -0.053, 0.589 0.014, 0.887 -0.025, 0.796 -0.062, 0.314 -0.098, 0.322
Interaction Model
SNP Main Effect -0.182, 0.386 -0.045, 0.811 -0.282, 0.054 -0.313, 0.058 -0.134,0.418 -0.253,0.121 -0.078, 0.448 -0.145, 0.384
SNP-by-CA Inter 0.239, 0.492 0.179, 0.560 0.516, 0.031* 0.211, 0.430 0.205, 0.451 0.378, 0.157 0.141, 0.403 0.149, 0.583
SNP-by-AQ Inter 0.234,0.423 -0.113, 0.662 0.304, 0.134 0.497, 0.029* | 0.255, 0.269 0.329, 0.147 -0.055, 0.701 0.022, 0.924
BCL 2rs4987855 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.064, 0.708 -0.020, 0.898 -0.055, 0.651 -0.101, 0.453 0.004, 0.975 0.029, 0.826 -0.086, 0.296 -0.111, 0.408
Interaction Model
SNP Main Effect -0.033, 0.907 0.093,0.712 -0.306, 0.118 -0.293, 0.182 -0.115, 0.604 -0.156, 0.474 -0.079, 0.558 -0.304, 0.168
SNP-by-CA Inter 0.008, 0.987 -0.334, 0.487 0.255, 0.496 0.283, 0.499 0.037,0.931 0.363, 0.383 -0.061, 0.811 0.228, 0.589
SNP-by-AQ Inter 0.209, 0.581 -0.149, 0.659 0.433,0.101 0.298, 0.313 0.269, 0.367 0.254, 0.387 0.011, 0.949 0.295, 0.321
BCL2rs956572 n=210 n=211 n=211 n=210 n=211 n=211 n=211 n=211
Main Effects Model
SNP Main Effect 0.081, 0.532 0.039, 0.725 -0.028, 0.757 0.049, 0.626 0.170, 0.091 -0.169, 0.092 -0.015, 0.809 0.013, 0.897
Interaction Model
SNP Main Effect 0.222,0.311 -0.089, 0.638 0.093, 0.545 0.278, 0.098 0.392, 0.020* | -0.191, 0.257 0.085, 0.426 -0.009, 0.960
SNP-by-CA Inter -0.219, 0.524 0.122, 0.680 -0.181, 0.451 -0.171,0.512 -0.283, 0.280 -0.097,0.712 -0.046, 0.782 -0.007, 0.979
SNP-by-AQ Inter -0.223, 0.454 0.241, 0.351 -0.187,0.374 -0.441, 0.054 -0.411, 0.073 0.108, 0.637 -0.250, 0.084 0.064, 0.788
BCL2rs9807663 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.012, 0.938 0.103, 0.439 0.012, 0.907 -0.011, 0.927 0.033, 0.779 -0.065, 0.572 0.044, 0.528 -0.043,0.716
Interaction Model
SNP Main Effect 0.028, 0.899 0.315, 0.107 0.107, 0.485 -0.027,0.874 0.210, 0.223 -0.235, 0.165 0.042, 0.679 -0.001, 0.995
SNP-by-CA Inter -0.516, 0.196 -0.178, 0.617 -0.349, 0.198 -0.367, 0.222 -0.431, 0.156 0.189, 0.525 -0.230, 0.194 -0.213, 0.486
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SNP-by-AO Inter | 0.191,0578 | -0.681,0.028* [ -0.039,0.873 [ 0.306,0.256 | -0.242.0.372 [ 0.349,0.191 [ 0.173,0.276 | 0.059, 0.828
BIRC5rs1042489 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.004, 0.977 0.080, 0.468 -0.015, 0.865 0.145, 0.129 -0.030, 0.758 -0.057, 0.552 -0.078,0.174 -0.049, 0.609
Interaction Model
SNP Main Effect 0.022, 0.911 0.176, 0.321 -0.094, 0.498 0.235, 0.127 -0.181, 0.247 -0.199, 0.194 -0.161, 0.082 -0.234,0.125
SNP-by-CA Inter -0.052, 0.869 -0.113, 0.690 0.102, 0.644 -0.199, 0.413 0.117,0.635 0.178, 0.462 0.190, 0.195 0.451, 0.062
SNP-by-AQ Inter -0.035, 0.905 -0.199, 0.446 0.145, 0.479 -0.097, 0.667 0.356, 0.122 0.252, 0.263 0.091, 0.502 0.140, 0.533
BIRC5rs1508147 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.039, 0.750 0.067, 0.540 0.002, 0.983 0.138, 0.152 -0.025, 0.794 -0.032,0.735 -0.061, 0.289 -0.052, 0.587
Interaction Model
SNP Main Effect 0.033, 0.868 0.155, 0.383 -0.092, 0.507 0.226, 0.148 -0.187,0.226 -0.190, 0.213 -0.155, 0.092 -0.249, 0.098
SNP-by-CA Inter -0.013, 0.967 -0.089, 0.753 0.063, 0.773 -0.191, 0.436 0.146, 0.548 0.208, 0.385 0.206, 0.156 0.472,0.048*
SNP-by-AQ Inter 0.026, 0.929 -0.195, 0.459 0.211, 0.305 -0.090, 0.695 0.362, 0.115 0.271, 0.230 0.110, 0.421 0.132, 0.553
BIRC5rs17878467 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.193,0.184 0.246, 0.059 -0.121, 0.236 0.125, 0.278 -0.037,0.748 -0.091, 0.416 -0.022, 0.753 -0.003, 0.979
Interaction Model
SNP Main Effect -0.413, 0.084 0.149, 0.489 -0.099, 0.562 0.063, 0.744 -0.192, 0.311 -0.008, 0.965 -0.106, 0.359 0.042, 0.826
SNP-by-CA Inter 0.351, 0.350 0.214, 0.520 -0.161, 0.537 0.001, 0.996 0.299, 0.304 -0.118, 0.682 0.140, 0.429 -0.008, 0.978
SNP-by-AQ Inter 0.366, 0.285 0.091, 0.769 0.061, 0.801 0.176, 0.522 0.246, 0.364 -0.132,0.623 0.148, 0.370 -0.125, 0.648
BIRC5rs2239680 n=213 n=214 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect 0.110, 0.385 -0.197, 0.073 0.042, 0.635 -0.086, 0.379 -0.056, 0.576 0.120, 0.219 0.068, 0.242 0.128, 0.197
Interaction Model
SNP Main Effect 0.220, 0.275 -0.156, 0.367 -0.020, 0.889 -0.119, 0.448 -0.074, 0.637 0.101, 0.515 0.028, 0.766 0.001, 0.996
SNP-by-CA Inter -0.199, 0.536 0.213, 0.437 0.100, 0.656 -0.022, 0.930 0.406, 0.103 0.027,0.914 0.048, 0.749 0.270, 0.283
SNP-by-AQ Inter -0.162, 0.572 -0.269, 0.275 0.095, 0.637 0.098, 0.661 -0.235, 0.294 0.031, 0.890 0.083, 0.535 0.142, 0.530
BIRCb5rs3764383 n=212 n=212 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.149, 0.236 -0.165, 0.143 0.114,0.199 -0.113, 0.250 -0.044, 0.662 0.192, 0.047* 0.107, 0.057 0.148, 0.140
Interaction Model
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SNP Main Effect 0.238, 0.235 -0.090, 0.614 -0.012, 0.931 -0.279, 0.078 -0.117, 0.462 0.183, 0.238 0.083, 0.369 -0.025, 0.875
SNP-by-CA Inter -0.328, 0.293 0.094, 0.735 0.212, 0.338 0.122,0.617 0.391, 0.112 0.030, 0.899 0.039, 0.786 0.337,0.174
SNP-by-AQ Inter -0.008, 0.978 -0.268, 0.285 0.185, 0.356 0.346, 0.118 -0.089, 0.692 0.003, 0.991 0.062, 0.634 0.203, 0.366
BIRC5rs8073069 n=206 n=206 n=207 n=206 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect 0.094, 0.461 -0.091, 0.421 0.067, 0.444 0.042, 0.677 -0.025, 0.803 -0.028, 0.775 -0.099, 0.118 -0.134,0.168
Interaction Model
SNP Main Effect 0.338, 0.104 0.051, 0.780 0.056, 0.694 0.176, 0.287 -0.061, 0.707 -0.266, 0.097 -0.071, 0.488 -0.244,0.119
SNP-by-CA Inter -0.280, 0.416 -0.331, 0.278 -0.037,0.874 -0.243,0.371 -0.179, 0.508 0.266, 0.315 -0.022, 0.898 0.263, 0.308
SNP-by-AQ Inter -0.454,0.131 -0.163, 0.538 0.044, 0.829 -0.184, 0.437 0.220, 0.353 0.442, 0.057 -0.061, 0.683 0.061, 0.786
BIRC5rs8073903 n=211 n=212 n=212 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect 0.047,0.710 0.059, 0.586 0.025, 0.773 0.163, 0.092 0.005, 0.961 -0.030, 0.754 -0.065, 0.257 -0.025, 0.800
Interaction Model
SNP Main Effect 0.048, 0.811 0.133, 0.452 -0.042, 0.766 0.291, 0.061 -0.145, 0.358 -0.215, 0.165 -0.133, 0.162 -0.163, 0.296
SNP-by-CA Inter -0.068, 0.834 -0.109, 0.699 0.082, 0.718 -0.261, 0.292 0.135, 0.593 0.266, 0.285 0.201, 0.186 0.400, 0.111
SNP-by-AQ Inter 0.046, 0.878 -0.131, 0.616 0.126, 0.549 -0.155, 0.500 0.349, 0.137 0.306, 0.183 0.042, 0.767 0.027, 0.908
BIRC5rs9904341 n=205 n=205 n=206 n=205 n=206 n=206 n=206 n=206
Main Effects Model
SNP Main Effect -0.169, 0.172 0.064, 0.573 -0.021, 0.810 -0.060, 0.543 0.030, 0.762 -0.091, 0.350 -0.060, 0.320 -0.052, 0.592
Interaction Model
SNP Main Effect -0.173,0.378 0.051, 0.773 0.171, 0.210 -0.045, 0.774 0.165, 0.292 0.078, 0.610 0.007, 0.943 0.139, 0.354
SNP-by-CA Inter 0.037, 0.910 -0.231, 0.436 -0.362, 0.109 0.036, 0.890 -0.381, 0.143 -0.279, 0.272 -0.091, 0.549 -0.510, 0.041*
SNP-by-AQ Inter -0.010, 0.971 0.190, 0.458 -0.283, 0.148 -0.063, 0.780 -0.145, 0.519 -0.258, 0.243 -0.129, 0.324 -0.150, 0.488
CCNB1rs164390 n=213 n=214 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect 0.010, 0.939 -0.230, 0.035* | -0.048, 0.582 -0.060, 0.538 -0.002, 0.986 0.014, 0.883 -0.010, 0.859 0.237,0.016*
Interaction Model
SNP Main Effect 0.196, 0.323 -0.167,0.334 0.280, 0.039* -0.116, 0.457 0.016, 0.921 0.299, 0.052 0.099, 0.298 0.581, <0.001*
SNP-by-CA Inter -0.046, 0.884 -0.153, 0.573 -0.478, 0.026* | 0.281, 0.252 0.054, 0.831 -0.355, 0.143 -0.147,0.327 -0.549, 0.025*
SNP-by-AQ Inter -0.498, 0.085 -0.054, 0.829 -0.551, 0.006* -0.067, 0.767 -0.097, 0.678 -0.518, 0.021* | -0.196, 0.156 -0.540, 0.017*
CCNB1rs350099 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216

Main Effects Model
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SNP Main Effect -0.013, 0.918 -0.246, 0.026* | -0.044, 0.618 -0.092, 0.343 0.030, 0.759 -0.027,0.778 -0.050, 0.398 0.185, 0.059
Interaction Model
SNP Main Effect 0.194, 0.332 -0.155, 0.377 0.236, 0.087 -0.125, 0.427 0.044, 0.782 0.350, 0.024* | 0.069, 0.475 0.562, <0.001*
SNP-by-CA Inter -0.132,0.676 -0.162, 0.556 -0.345, 0.110 0.269, 0.273 0.001, 0.996 -0.445, 0.065 -0.118, 0.432 -0.553, 0.024*
SNP-by-AQ Inter -0.492, 0.089 -0.131, 0.606 -0.507, 0.011* -0.121, 0.592 -0.036, 0.875 -0.685, 0.002* | -0.244, 0.079 -0.608, 0.008*
CCNB1rs350104 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.056, 0.677 0.053, 0.657 0.028, 0.763 0.144,0.168 -0.102, 0.328 -0.069, 0.505 0.013, 0.843 -0.015, 0.889
Interaction Model
SNP Main Effect -0.178, 0.448 -0.023, 0.915 -0.225, 0.177 0.104, 0.575 -0.154, 0.401 -0.441, 0.016* | -0.153,0.176 -0.475, 0.009*
SNP-by-CA Inter 0.174, 0.620 0.122,0.702 0.128, 0.606 -0.001, 0.998 0.295, 0.282 0.564, 0.039* | 0.193, 0.251 0.631, 0.020*
SNP-by-AQ Inter 0.446, 0.150 0.106, 0.706 0.470, 0.032* 0.095, 0.698 -0.063, 0.794 0.516, 0.032* | 0.297, 0.045* | 0.699, 0.004*
CD68rs8066665 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.042,0.741 -0.130, 0.250 0.021, 0.815 0.040, 0.688 -0.048, 0.630 -0.056, 0.574 0.012, 0.835 -0.044, 0.660
Interaction Model
SNP Main Effect -0.012, 0.959 -0.289, 0.142 0.120, 0.438 -0.027,0.878 -0.142,0.414 -0.252, 0.147 -0.084, 0.433 -0.220, 0.205
SNP-by-CA Inter -0.159, 0.633 0.168, 0.570 -0.336, 0.149 -0.163, 0.534 0.023, 0.928 0.364, 0.163 0.143, 0.374 0.275, 0.292
SNP-by-AQ Inter 0.235, 0.428 0.295, 0.263 -0.032, 0.876 0.273, 0.248 0.237,0.311 0.250, 0.284 0.153, 0.289 0.247,0.289
CD68rs9901673 n=217 n=217 n=218 n=218 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.069, 0.595 0.005, 0.967 0.070, 0.453 0.013, 0.901 0.036, 0.733 0.098, 0.338 0.064, 0.306 0.100, 0.337
Interaction Model
SNP Main Effect 0.176, 0.427 -0.020, 0.920 0.114, 0.458 0.078, 0.656 0.104, 0.559 0.446, 0.010* | 0.128,0.242 0.412,0.019*
SNP-by-CA Inter -0.202, 0.537 0.035, 0.905 0.315, 0.163 -0.273,0.287 -0.169, 0.519 -0.444,0.078 -0.191, 0.234 -0.439, 0.087
SNP-by-AQ Inter -0.141, 0.646 0.052, 0.853 -0.331,0.121 0.038, 0.877 -0.060, 0.809 -0.555, 0.020* | -0.011, 0.940 -0.498, 0.040*
CENPArs3806517 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect 0.028, 0.817 -0.127,0.252 -0.021, 0.801 -0.002, 0.980 0.009, 0.922 -0.020, 0.831 -0.004, 0.951 0.070, 0.457
Interaction Model
SNP Main Effect -0.229, 0.247 -0.363, 0.039* | 0.107, 0.443 0.008, 0.958 -0.118, 0.449 -0.196, 0.205 -0.013, 0.890 0.074, 0.622
SNP-by-CA Inter 0.237,0.471 0.056, 0.849 -0.143, 0.539 0.039, 0.881 0.291, 0.264 0.353,0.171 -0.024, 0.879 0.283, 0.259
SNP-by-AQ Inter 0.538, 0.052 0.615, 0.012* | -0.231,0.238 -0.050, 0.820 0.171, 0.432 0.226, 0.296 0.042, 0.750 -0.193, 0.357
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CENPArs3806518 n=213 n=213 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect 0.011, 0.927 0.017, 0.877 -0.005, 0.956 -0.044, 0.639 0.050, 0.601 -0.019, 0.838 -0.023, 0.684 0.025, 0.792
Interaction Model
SNP Main Effect 0.136, 0.493 -0.103, 0.561 -0.101, 0.457 -0.195, 0.211 -0.148, 0.335 0.282, 0.063 0.046, 0.630 0.139, 0.369
SNP-by-CA Inter -0.395, 0.212 0.312, 0.270 0.011, 0.960 0.368, 0.135 0.079, 0.745 -0.501, 0.037* | -0.086, 0.572 -0.340, 0.167
SNP-by-AQ Inter -0.058, 0.834 0.078, 0.753 0.226, 0.230 0.130, 0.548 0.507, 0.018* | -0.423, 0.045* | -0.140, 0.294 -0.047,0.828
CMC2rs1025065 n=208 n=208 n=209 n=208 n=209 n=209 n=209 n=209
Main Effects Model
SNP Main Effect -0.128, 0.298 0.057, 0.603 0.002, 0.983 0.019, 0.845 0.178, 0.175 -0.109, 0.257 0.046, 0.421 -0.022, 0.818
Interaction Model
SNP Main Effect -0.217, 0.291 0.135, 0.463 0.038, 0.793 0.019, 0.907 0.084, 0.607 -0.218,0.172 0.032, 0.741 -0.088, 0.580
SNP-by-CA Inter -0.141, 0.660 -0.048, 0.868 -0.275, 0.216 -0.138, 0.581 0.144, 0.566 0.260, 0.294 0.026, 0.865 0.190, 0.444
SNP-by-AQ Inter 0.363, 0.216 -0.195, 0.459 0.088, 0.667 0.107, 0.641 -0.190, 0.412 0.099, 0.663 0.015, 0.913 0.029, 0.898
CMC2rs1981867 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.136, 0.253 -0.197, 0.058 0.022, 0.792 0.059, 0.526 -0.091, 0.326 0.060, 0.512 0.061, 0.279 0.094, 0.310
Interaction Model
SNP Main Effect -0.221, 0.262 0.018, 0.914 0.069, 0.617 0.147,0.342 -0.031, 0.839 0.172, 0.258 0.020, 0.832 0.009, 0.951
SNP-by-CA Inter 0.153, 0.621 -0.300, 0.264 0.045, 0.835 -0.227, 0.350 0.035, 0.884 -0.182, 0.447 0.073, 0.617 -0.024, 0.920
SNP-by-AQ Inter 0.121, 0.662 -0.363, 0.127 -0.137,0.478 -0.069, 0.751 -0.201, 0.354 -0.160, 0.453 0.061, 0.640 0.239, 0.265
CMC2rs9936489 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect 0.151, 0.213 -0.113, 0.302 -0.026, 0.757 -0.048, 0.618 -0.037, 0.705 -0.071, 0.451 0.030, 0.600 -0.057, 0.544
Interaction Model
SNP Main Effect 0.264, 0.183 -0.186, 0.300 -0.147,0.293 0.051, 0.743 0.065, 0.676 -0.135, 0.377 -0.008, 0.932 -0.061, 0.693
SNP-by-CA Inter -0.131, 0.681 0.082, 0.777 0.281, 0.209 -0.115, 0.646 -0.365, 0.146 -0.053, 0.828 0.066, 0.662 -0.149, 0.545
SNP-by-AQ Inter -0.220, 0.437 0.147, 0.567 0.141, 0.481 -0.185, 0.408 -0.013, 0.953 0.197, 0.367 0.054, 0.689 0.127, 0.563
CTSL2rs16919034 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.112, 0.397 -0.058, 0.611 -0.027, 0.768 -0.090, 0.378 0.002, 0.987 -0.120, 0.242 -0.007, 0.909 0.112, 0.286
Interaction Model
SNP Main Effect 0.007, 0.974 0.226, 0.236 -0.243,0.110 -0.094, 0.582 -0.023, 0.894 -0.429, 0.011* | -0.043, 0.678 0.046, 0.791
SNP-by-CA Inter 0.339, 0.320 -0.309, 0.295 0.216, 0.357 0.038, 0.886 -0.084, 0.756 0.134, 0.603 0.000, 0.998 -0.147,0.582
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SNP-by-AQ Inter 0.046, 0.882 -0.529, 0.054 0.408, 0.061 -0.017,0.944 0.149, 0.552 0.696, 0.004* | 0.109, 0.462 0.290, 0.243
CTSL2rs4361859 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect -0.029, 0.807 -0.029, 0.787 0.025, 0.766 0.068, 0.460 -0.002, 0.987 0.007, 0.942 -0.027, 0.622 -0.045, 0.627
Interaction Model
SNP Main Effect 0.016, 0.934 0.066, 0.709 0.272, 0.045* 0.044,0.771 0.077,0.618 0.162, 0.287 0.094, 0.315 -0.072, 0.639
SNP-by-CA Inter -0.505, 0.099 -0.176, 0.531 -0.433, 0.044* -0.240, 0.318 -0.234, 0.343 -0.207, 0.392 -0.173,0.242 0.069, 0.779
SNP-by-AQ Inter 0.274, 0.307 -0.115, 0.640 -0.341, 0.072 0.252, 0.233 -0.038, 0.862 -0.255, 0.232 -0.207,0.114 0.015, 0.945
DIAPH3rs1337652 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.069, 0.582 0.130, 0.247 -0.163, 0.063 0.018, 0.857 -0.141, 0.157 -0.048, 0.624 -0.126, 0.032* | -0.090, 0.365
Interaction Model
SNP Main Effect -0.049, 0.807 0.006, 0.973 -0.295, 0.036* 0.362, 0.021* | -0.161, 0.313 0.037,0.815 -0.187, 0.048* | 0.095, 0.550
SNP-by-CA Inter 0.456, 0.174 0.093, 0.759 0.405, 0.084 -0.361, 0.166 0.333, 0.212 0.040, 0.880 0.305, 0.055 0.002, 0.995
SNP-by-AQ Inter -0.312, 0.255 0.268, 0.281 0.129, 0.503 -0.620, 0.004* | -0.135, 0.539 -0.213, 0.329 -0.054, 0.676 -0.446, 0.042*
DIAPH3rs4547237 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.147,0.212 -0.035, 0.738 0.185, 0.024* 0.023, 0.802 0.157, 0.088 0.198, 0.030* | 0.084, 0.127 0.195, 0.034*
Interaction Model
SNP Main Effect 0.081, 0.679 -0.273,0.118 0.410, 0.002* -0.130, 0.406 0.095, 0.537 0.355, 0.018* | 0.194, 0.039* | 0.229,0.134
SNP-by-CA Inter 0.102, 0.742 0.053, 0.847 -0.280, 0.184 0.208, 0.394 0.090, 0.709 -0.090, 0.702 -0.109, 0.456 -0.129, 0.593
SNP-by-AQ Inter 0.105, 0.704 0.610, 0.014* | -0.389, 0.040* 0.234, 0.285 0.114, 0.597 -0.337,0.111 -0.225, 0.088 0.002, 0.991
ERBB2rs1058808 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect 0.059, 0.627 0.030, 0.784 -0.023, 0.788 0.041, 0.668 0.044, 0.642 0.035, 0.711 0.001, 0.981 -0.061, 0.525
Interaction Model
SNP Main Effect -0.133, 0.507 0.079, 0.658 0.030, 0.829 0.050, 0.748 0.090, 0.573 0.169, 0.281 -0.064, 0.506 0.101, 0.523
SNP-by-CA Inter 0.360, 0.259 -0.105, 0.713 -0.137,0.538 0.266, 0.280 0.192, 0.446 -0.081, 0.745 0.109, 0.470 -0.206, 0.409
SNP-by-AQ Inter 0.266, 0.340 -0.058, 0.815 -0.045, 0.819 -0.195, 0.366 -0.261, 0.241 -0.275, 0.208 -0.560, 0.268 -0.270, 0.220
ERBB2rs1136201 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.016, 0.896 -0.034, 0.756 0.076, 0.371 -0.010, 0.920 -0.035, 0.716 -0.074,0.435 -0.064, 0.265 -0.181, 0.056

Interaction Model
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SNP Main Effect 0.252, 0.205 0.159, 0.372 0.027, 0.847 -0.086, 0.588 -0.094, 0.549 -0.246, 0.111 -0.119, 0.203 -0.205, 0.187
SNP-by-CA Inter -0.260, 0.411 -0.169, 0.553 0.239, 0.283 0.036, 0.885 0.108, 0.666 0.213, 0.384 0.119, 0.423 0.223, 0.367
SNP-by-AQ Inter -0.451, 0.116 -0.383, 0.135 -0.015, 0.940 0.163, 0.471 0.091, 0.687 0.296, 0.181 0.067, 0.615 -0.085, 0.703
ERBB2rs1476278 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.033, 0.783 -0.028, 0.797 -0.041, 0.629 -0.019, 0.838 0.025, 0.792 0.040, 0.665 0.016, 0.775 -0.023, 0.811
Interaction Model
SNP Main Effect -0.141, 0.485 0.090, 0.620 0.008, 0.952 0.042,0.791 0.136, 0.385 0.130, 0.405 -0.064, 0.508 0.114, 0.471
SNP-by-CA Inter 0.334, 0.295 -0.126, 0.659 -0.256, 0.249 0.192, 0.437 0.032, 0.898 -0.027,0.912 0.114, 0.456 -0.130, 0.597
SNP-by-AQ Inter 0.228, 0.413 -0.227, 0.365 0.028, 0.885 -0.272,0.211 -0.333,0.126 -0.199, 0.359 0.138, 0.305 -0.255, 0.242
ERBB2rs1810132 n=211 n=212 n=212 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect 0.110, 0.371 0.097, 0.367 -0.001, 0.993 0.040, 0.670 0.124,0.194 0.073, 0.442 0.015, 0.794 -0.013, 0.890
Interaction Model
SNP Main Effect -0.025, 0.901 0.191, 0.274 0.080, 0.562 0.164, 0.275 0.182, 0.242 0.114, 0.457 -0.048, 0.611 0.072, 0.648
SNP-by-CA Inter 0.319, 0.316 -0.070, 0.802 -0.136, 0.535 0.094, 0.694 0.128, 0.606 0.168, 0.492 0.177, 0.237 -0.071, 0.777
SNP-by-AQ Inter 0.130, 0.644 -0.215, 0.386 -0.110, 0.575 -0.398, 0.063 -0.267,0.229 -0.223, 0.307 0.035, 0.795 -0.183,0.414
ERBB2rs2517955 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.022, 0.858 0.020, 0.850 -0.074, 0.383 0.011, 0.910 0.026, 0.786 0.018, 0.845 -0.011, 0.841 -0.047,0.618
Interaction Model
SNP Main Effect -0.140, 0.486 0.086, 0.635 0.007, 0.960 0.040, 0.799 0.135, 0.390 0.130, 0.406 -0.058, 0.543 0.110, 0.483
SNP-by-CA Inter 0.347,0.279 -0.137, 0.632 -0.273, 0.220 0.264, 0.285 0.024, 0.923 -0.068, 0.784 0.055, 0.715 -0.205, 0.408
SNP-by-AQ Inter 0.191, 0.493 -0.075, 0.765 -0.042, 0.829 -0.241, 0.265 -0.320, 0.142 -0.226, 0.299 0.085, 0.519 -0.258, 0.236
ERBB2rs4252596 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.134, 0.343 -0.033, 0.791 0.033, 0.742 -0.005, 0.966 0.065, 0.553 0.078, 0.477 0.043, 0.515 0.039, 0.726
Interaction Model
SNP Main Effect -0.124, 0.564 -0.037, 0.850 0.056, 0.710 0.018, 0.919 -0.051, 0.759 0.000. 0.999 0.085, 0.403 0.082, 0.631
SNP-by-CA Inter -0.169, 0.673 0.197, 0.568 0.059, 0.828 -0.430, 0.158 -0.085, 0.776 0.071, 0.812 -0.047,0.797 -0.120, 0.692
SNP-by-AQ Inter 0.076, 0.811 -0.110, 0.703 -0.091, 0.683 0.164, 0.511 0.376, 0.126 0.154, 0.531 -0.105, 0.482 -0.040, 0.872
ERBB2rs903501 n=210 n=211 n=211 n=211 n=211 n=211 n=211 n=211

Main Effects Model
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SNP Main Effect 0.051, 0.676 0.072, 0.506 -0.035, 0.687 -0.039, 0.687 0.054, 0.588 0.098, 0.302 0.031, 0.595 0.004, 0.966
Interaction Model
SNP Main Effect -0.050, 0.807 0.258, 0.155 -0.010, 0.943 0.072, 0.644 0.177,0.282 0.174,0.272 -0.064, 0.513 0.048, 0.770
SNP-by-CA Inter 0.293, 0.361 -0.193, 0.497 -0.119, 0.599 0.121, 0.623 0.016, 0.950 0.048, 0.847 0.182, 0.235 0.062, 0.809
SNP-by-AQ Inter 0.055, 0846 -0.362, 0.148 0.012, 0.954 -0.366, 0.092 -0.353,0.120 -0.220, 0.316 0.121, 0.369 -0.159, 0.483
ERBB2rs9303274 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.032, 0.790 -0.010, 0.926 -0.054, 0.526 -0.010, 0.912 0.042, 0.657 0.030, 0.745 0.008, 0.888 -0.021, 0.826
Interaction Model
SNP Main Effect -0.144, 0.475 0.091, 0.616 0.011, 0.935 0.039, 0.804 0.127,0.416 0.131, 0.402 -0.065, 0.508 0.114, 0.472
SNP-by-CA Inter 0.336, 0.291 -0.127, 0.657 -0.257, 0.247 0.194, 0.432 0.041, 0.867 -0.027,0.911 0.114, 0.459 -0.130, 0.600
SNP-by-AQ Inter 0.231, 0.406 -0.184, 0.465 -0.009, 0.965 -0.249, 0.255 -0.269, 0.215 -0.228, 0.296 0.117,0.388 -0.252, 0.250
MIR125Ars12976445 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.288, 0.016* | 0.073, 0.497 0.047, 0.580 -0.223,0.017* | -0.074, 0.434 0.020, 0.834 -0.023, 0.679 0.038, 0.688
Interaction Model
SNP Main Effect -0.619, 0.001* | 0.102, 0.565 -0.126, 0.365 -0.456, 0.003* | -0.121, 0.443 -0.017,0.911 -0.079, 0.391 -0.050, 0.749
SNP-by-CA Inter 0.643, 0.032* | -0.157,0.573 0.257, 0.238 0.326, 0.168 0.010, 0.968 0.022, 0.927 0.267, 0.065 0.152, 0.532
SNP-by-AQ Inter 0.439, 0.099 0.047, 0.849 0.266, 0.171 0.364, 0.085 0.133, 0.544 0.076, 0.723 -0.060, 0.644 0.109, 0.616
ESR1rs10484919 n=203 n=203 n=204 n=203 n=204 n=204 n=204 n=204
Main Effects Model
SNP Main Effect -0.037, 0.831 -0.004, 0.976 -0.136, 0.255 0.043, 0.745 -0.221, 0.106 -0.449, 0.001* | -0.107, 0.208 -0.170, 0.202
Interaction Model
SNP Main Effect -0.120, 0.655 0.158, 0.502 -0.329, 0.073 0.157, 0.448 -0.054, 0.799 -0.646, 0.001* | -0.214, 0.094 -0.267,0.194
SNP-by-CA Inter 0.310, 0.569 -0.472,0.325 0.281, 0.451 -0.105, 0.803 -0.262, 0.542 -0.382, 0.330 -0.211,0.414 -0.180, 0.666
SNP-by-AQ Inter 0.073, 0.846 -0.202, 0.541 0.340, 0.188 -0.199, 0.494 -0.357,0.231 0.509, 0.062 0.319, 0.075 0.281, 0.330
ESR1rs1062577 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect -0.085, 0.610 0.312,0.035* | -0.143,0.225 0.058, 0.656 0.004, 0.979 -0.119, 0.360 -0.039, 0.761° | -0.119, 0.369
Interaction Model
SNP Main Effect -0.023, 0.927 0.380, 0.087 0.131, 0.450 -0.244,0.211 -0.116, 0.558 -0.018, 0.926 -0.077, 0.525 -0.008,0.970
SNP-by-CA Inter 0.071, 0.869 -0.355, 0.354 -0.696,0.021* 0.646, 0.056 -0.183, 0.594 -0.250, 0.461 -0.074, 0.726 -0.343, 0.317
SNP-by-AQ Inter -0.270, 0.485 0.071, 0.834 -0.352, 0.189 0.378, 0.208 0.599, 0.051 -0.111,0.714 0.151, 0.420 -0.007, 0.402
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ESR1rs11964281 n=213 n=214 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect -0.086, 0.614 -0.031, 0.834 0.089, 0.458 -0.004, 0.974 0.168, 0.218 -0.050, 0.706 0.136, 0.083 -0.014, 0.919
Interaction Model
SNP Main Effect 0.049, 0.855 -0.167,0.476 0.282,0.126 -0.053, 0.798 0.263, 0.216 0.254, 0.217 0.160, 0.194 0.266, 0.203
SNP-by-CA Inter 0.069, 0.869 0.412, 0.264 -0.069, 0.813 0.065, 0.842 -0.084, 0.802 -0.438, 0.177 -0.366, 0.850 -0.358, 0.278
SNP-by-AQ Inter -0.535, 0.190 0.033, 0.927 -0.530, 0.062 0.098, 0.759 -0.300, 0.357 -0.461, 0.145 -0.041, 8.827 -0.487,0.131
ESR1rs12173570 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect -0.025, 0.854 -0.021, 0.866 -0.134, 0.158 0.008, 0.940 -0.051, 0.633 -0.209, 0.048* | -0.001, 0.986 -0.044, 0.684
Interaction Model
SNP Main Effect -0.306, 0.154 0.235, 0.221 -0.232,0.123 0.031, 0.854 0.013, 0.938 -0.269, 0.106 0.012, 0.906 0.003, 0.987
SNP-by-CA Inter 0.408, 0.262 -0.237, 0.467 0.141, 0.580 0.098, 0.732 0.065, 0.821 -0.067, 0.813 -0.251, 0.139 -0.054, 0.850
SNP-by-AQ Inter 0.517,0.091 -0.551, 0.045 0.171, 0.424 -0.116, 0.633 -0.239, 0.327 0.177, 0.454 0.163, 0.251 -0.083, 0.733
ESR1rs12665044 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.131, 0.368 -0.040, 0.753 -0.019, 0.850 -0.047,0.676 0.018, 0.879 -0.049, 0.661 -0.010, 0.887 -0.105, 0.366
Interaction Model
SNP Main Effect -0.054, 0.801 -0.057, 0.763 -0.040, 0.789 -0.083, 0.624 0.028, 0.872 0.220, 0.186 -0.025, 0.810 -0.020, 0.905
SNP-by-CA Inter 0.012,0.972 0.173,0.578 0.149, 0.546 0.099, 0.718 0.060, 0.831 -0.353, 0.196 0.027,0.871 -0.110, 0.692
SNP-by-AQ Inter -0.295, 0.387 -0.125, 0.679 -0.067, 0.781 0.013, 0.960 -0.098, 0.716 -0.534, 0.044* | 0.031, 0.847 -0.177,0.512
ESR1rs1514348 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.089, 0.502 -0.189, 0.106 -0.002, 0.987 -0.129, 0.212 -0.111, 0.282 0.136, 0.184 0.034, 0.587 0.058, 0.571
Interaction Model
SNP Main Effect -0.028, 0.889 -0.040, 0.824 -0.028, 0.845 -0.208, 0.187 -0.070, 0.656 0.139, 0.371 0.063, 0.506 -0.058, 0.715
SNP-by-CA Inter -0.228, 0.527 -0.161, 0.614 -0.038, 0.881 0.199, 0.479 -0.245, 0.386 -0.026, 0.926 -0.152,0.372 0.030, 0.915
SNP-by-AQ Inter -0.022, 0.942 -0.321,0.234 0.097, 0.648 0.093, 0.694 0.024, 0.917 0.003, 0.990 0.015, 0.914 0.292,0.219
ESR1rs1801132 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.151, 0.208 0.117,0.277 0.069, 0.412 -0.070, 0.459 0.022, 0.820 0.127,0.175 -0.012, 0.828 0.095, 0.314
Interaction Model
SNP Main Effect -0.148, 0.457 0.389, 0.029* | 0.095, 0.497 -0.232, 0,141 0.037,0.814 0.162, 0.297 -0.035, 0.710 -0.096, 0.538
SNP-by-CA Inter 0.246, 0.432 -0.338, 0.228 -0.091, 0.681 0.321, 0.194 0.106, 0.666 0.035, 0.886 -0.009, 0.952 0.136, 0.580
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SNP-by-AO Inter | -0.202,0.468 | -0.490,0.050 [-0.008,0.969 [ 0.184,0.404 |-0.141,0.521 |-0.116,0.594 [0.088,0.509 | 0.402, 0.068
ESR1rs1884051 n=206 n=207 n=207 n=206 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect -0.212, 0.091 -0.076, 0.485 0.062, 0.479 -0.108, 0.273 -0.048, 0.627 0.153, 0.123 -0.016, 0.782 0.137,0.172
Interaction Model
SNP Main Effect -0.128, 0.526 -0.113, 0.525 0.071, 0.620 -0.198, 0.221 -0.027, 0.861 0.193, 0.230 -0.015, 0.884 0.125, 0.448
SNP-by-CA Inter 0.259, 0.430 0.105, 0.715 -0.095, 0.682 0.272, 0.293 0.322, 0.202 0.017, 0.946 0.923, 0.565 0.022, 0.933
SNP-by-AQ Inter -0.395, 0.164 0.019, 0.938 0.032, 0.871 0.036, 0.872 -0.291, 0.184 -0.113, 0.615 -0.065, 0.640 0.016, 0.945
ESR1rs2046210 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.002, 0.987 -0.155, 0.160 0.045, 0.613 0.028, 0.773 0.060, 0.546 -0.008, 0.938 0.078, 0.191 0.124,0.216
Interaction Model
SNP Main Effect -0.012, 0.953 0.014, 0.939 0.041, 0.775 -0.028, 0.859 0.021, 0.895 0.106, 0.503 0.043, 0.666 0.135, 0.404
SNP-by-CA Inter 0.216, 0.501 -0.371,0.182 0.118, 0.597 0.239, 0.334 0.128, 0.610 -0.076, 0.759 -0.008, 0.957 0.106, 0.675
SNP-by-AQ Inter -0.138, 0.635 -0.152, 0.547 -0.069, 0.735 -0.046, 0.838 0.005, 0.984 -0.242,0.282 0.094, 0.503 -0.141, 0.538
ESR1rs2071454 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.125, 0.409 -0.039, 0.771 -0.075, 0.480 -0.178,0.128 -0.030, 0.800 0.015, 0.901 0.038, 0.586 -0.041, 0.733
Interaction Model
SNP Main Effect -0.087, 0.691 -0.119, 0.539 -0.075, 0.626 -0.288, 0.092 0.042, 0.810 0.221, 0.197 -0.046, 0.652 0.054, 0.759
SNP-by-CA Inter 0.031, 0.933 0.320, 0.328 0.147,0.574 0.209, 0.467 -0.013, 0.964 -0.300, 0.298 0.131, 0.449 -0.164, 0.577
SNP-by-AQ Inter -0.177,0.623 -0.044, 0.889 -0.126, 0.618 0.202, 0.468 -0.257, 0.367 -0.393, 0.161 0.197, 0.243 -0.143, 0.617
ESR1rs2077647 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.055, 0.698 0.049, 0.698 0.131, 0.188 0.012,0.914 0.127, 0.259 0.033, 0.769 -0.016, 0.804 0.049, 0.665
Interaction Model
SNP Main Effect -0.155, 0.503 -0.069, 0.738 0.227,0.158 0.225, 0.218 0.057, 0.752 0.231, 0.198 0.071, 0.500 -0.020, 0.912
SNP-by-CA Inter 0.308, 0.418 -0.027, 0.937 -0.080, 0.759 -0.503, 0.088 -0.103, 0.728 -0.172, 0.556 0.174,0.314 0.343, 0.250
SNP-by-AQ Inter 0.089, 0.785 0.347, 0.232 -0.192, 0.395 -0.168, 0.507 0.329, 0.197 -0.400, 0.112 -0.341, 0.022* | -0.055, 0.830
ESR1rs2228480 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.083, 0.501 -0.175, 0.107 0.086, 0.316 0.143,0.138 -0.157, 0.103 0.010, 0.917 0.042, 0.481 0.054, 0.582
Interaction Model
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SNP Main Effect -0.042, 0.835 -0.079, 0.662 0.097, 0.492 0.087, 0.585 -0.289, 0.068 -0.042,0.791 -0.001, 0.990 0.116, 0473
SNP-by-CA Inter 0.199, 0.536 -0.153, 0.591 0.186, 0.406 -0.103, 0.682 0.381, 0.127 0.114, 0.652 0.114, 0.461 0.037, 0.884
SNP-by-AQ Inter 0.193, 0.501 -0.140, 0.580 -0.135, 0.498 0.214, 0.339 0.081, 0.717 0.056, 0.803 0.024, 0.859 -0.204, 0.369
ESR1rs2234693 n=205 n=205 n=206 n=205 n=206 n=206 n=206 n=206
Main Effects Model
SNP Main Effect -0.110, 0.459 0.172,0.184 0.151, 0.143 0.061, 0.601 0.126, 0.277 0.090, 0.434 -0.043, 0.548 -0.046, 0.698
Interaction Model
SNP Main Effect -0.181, 0.454 0.053, 0.797 0.432, 0.008* 0.255, 0.175 0.057, 0.758 0.196, 0.298 0.001, 0.991 -0.118, 0.536
SNP-by-CA Inter 0.192, 0.649 -0.0296, 0.411 | -0.520, 0.068 -0.546, 0.097 -0.153, 0.639 -0.203, 0.538 0.213, 0.286 0.386, 0.249
SNP-by-AQ Inter 0.084, 0.802 0.485, 0.090 -0.376, 0.096 -0.151, 0.563 0.313, 0.226 -0.160, 0.539 -0.217,0.171 -0.020, 0.941
ESR1rs2347867 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect -0.248, 0.040* | 0.000, 0.997 -0.072, 0.396 -0.317,0.001* | -0.227,0.016* | -0.087, 0.358 -0.062, 0.280 -0.019, 0.843
Interaction Model
SNP Main Effect -0.261, 0.186 0.052, 0.768 -0.155, 0.265 -0.464, 0.002* | -0.299, 0.051 -0.031, 0.839 -0.078, 0.402 -0.078, 0.617
SNP-by-CA Inter 0.076, 0.811 -0.015, 0.960 0.068, 0.760 0.253, 0.296 0.243,0.321 -0.072,0.772 -0.010, 0.946 0.000, 1.000
SNP-by-AQ Inter -0.016, 0.955 -0.137,0.584 0.161, 0.409 0.203, 0.341 0.026, 0.904 -0.095, 0.662 0.055, 0.676 0.157, 0.475
ESR1rs2744677 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect -0.163,0.178 0.087, 0.417 0.015, 0.864 -0.091, 0.337 0.109, 0.250 -0.107, 0.248 -0.009, 0.867 -0.139, 0.140
Interaction Model
SNP Main Effect -0.063, 0.751 0.074, 0.675 0.038, 0.783 0.035, 0.825 0.216, 0.167 0.013, 0.930 0.076, 0.417 -0.190, 0.218
SNP-by-CA Inter 0.075, 0.812 -0.140, 0.620 0.251, 0.252 -0.182, 0.464 -0.145, 0.557 -0.011, 0.964 -0.105, 0.483 0.335,0.172
SNP-by-AQ Inter -0.317, 0.255 0.136, 0.584 -0.197, 0.310 -0.197,0.371 -0.174, 0.427 -0.299, 0.168 -0.169, 0.201 -0.099, 0.647
ESR1rs2813543 n=212 n=212 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.149, 0.250 0.163, 0.153 0.079, 0.374 0.109, 0.281 0.079, 0.445 -0.006, 0.952 -0.030, 0.631 0.009, 0.930
Interaction Model
SNP Main Effect -0.087, 0.688 -0.009, 0.961 0.196, 0.185 0.179, 0.293 -0.025, 0.887 -0.136, 0.416 -0.096, 0.356 0.158, 0.347
SNP-by-CA Inter 0.546, 0.103 0.112,0.702 -0.287, 0.206 -0.054, 0.837 0.207, 0.440 0.195, 0.451 0.099, 0.535 -0.128, 0.621
SNP-by-AQ Inter 0.231, 0.461 0.398, 0.146 -0.109, 0.609 -0.151, 0.538 0.129, 0.608 0.202, 0.406 0.107, 0.474 -0.314,0.198
ESR1rs2813544 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215

Main Effects Model
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SNP Main Effect -0.072, 0.559 0.059, 0.588 -0.045, 0.603 -0.090, 0.349 0.034, 0.731 -0.113, 0.243 -0.013, 0.829 -0.045, 0.648
Interaction Model
SNP Main Effect -0.061, 0.759 -0.078, 0.653 -0.058, 0.680 -0.015, 0.925 0.199, 0.212 -0.085, 0.586 0.046, 0.630 -0.059, 0.710
SNP-by-CA Inter 0.343, 0.278 0.433,0.116 0.090, 0.686 -0.004, 0.986 -0.263, 0.295 0.197, 0.422 0.063, 0.676 0.245, 326
SNP-by-AQ Inter -0.306, 0.286 0.032, 0.898 -0.024, 0.904 -0.195, 0.390 -0.286, 0.213 -0.209, 0.353 -0.273, 0.049* | -0.154, 0.498
ESR1rs2941740 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.073, 0.554 0.079, 0.475 -0.052, 0.544 -0.073, 0.451 -0.021, 0.828 -0.009, 0.926 -0.002, 0.975 -0.030, 0.759
Interaction Model
SNP Main Effect 0.134, 0.513 0.063, 0.732 0.036, 0.799 -0.076, 0.638 0.003, 0.984 -0.318, 0.041* | -0.033,0.726 -0.258, 0.105
SNP-by-CA Inter -0.105, 0.753 0.010, 0.972 -0.262, 0.254 0.121, 0.638 0.130, 0.615 0.663, 0.008* | 0.294, 0.053 0.554, 0.030*
SNP-by-AQ Inter -0.093, 0.744 0.036, 0.887 -0.069, 0.729 -0.065, 0.770 -0.150, 0.503 0.351, 0.103 -0.112, 0.395 0.210, 0.338
ESR1rs3020314 n=207 n=207 n=208 n=207 n=208 n=208 n=208 n=208
Main Effects Model
SNP Main Effect -0.270, 0.034* | -0.055, 0.627 0.011, 0.903 -0.137,0.168 -0.155, 0.111 0.044, 0.652 -0.074, 0.232 0.115, 0.246
Interaction Model
SNP Main Effect -0.172, 0.405 0.011, 0.954 -0.040, 0.783 -0.256, 0.117 -0.226, 0.152 0.025, 0.879 -0.165, 0.100 0.044, 0.786
SNP-by-CA Inter 0.136, 0.695 -0.092, 0.766 -0.024, 0.918 0.212, 0.429 0.311, 0.234 -0.007, 0.979 0.119, 0.473 0.020, 0.941
SNP-by-AQ Inter -0.310, 0.279 -0.124, 0.625 0.127,0.522 0.161, 0.474 -0.010, 0.963 0.049, 0.825 0.158, 0.252 0.167, 0.455
ESR1rs3778099 n=207 n=208 n=208 n=207 n=208 n=208 n=208 n=208
Main Effects Model
SNP Main Effect -0.008, 0.959 -0.139, 0.340 -0.084, 0.457 -0.003, 0.979 0.031, 0.811 0.077, 0.540 0.004, 0.957 -0.021, 0.868
Interaction Model
SNP Main Effect 0.256, 0.288 -0.006, 0.977 0.005, 0.976 0.128, 0.497 -0.000, 1.000 0.181, 0.333 0.032, 0.777 0.042, 0.827
SNP-by-CA Inter -0.207, 0.649 -0.060, 0.881 -0.217,0.487 -0.077, 0.829 0.090, 0.801 -0.039, 0.911 -0.117, 0.589 -0.083, 0.818
SNP-by-AQ Inter -0.690, 0.064 -0.491, 0.133 -0.117, 0.646 -0.323, 0.268 0.035, 0.906 -0.279, 0.334 -0.015, 0.933 -0.116, 0.694
ESR1rs3798577 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.042, 0.745 -0.215, 0.056 0.133, 0.137 -0.127, 0.207 -0.149, 0.137 0.117, 0.237 0.083, 0.173 0.078, 0.434
Interaction Model
SNP Main Effect -0.074, 0.716 -0.138, 0.443 0.000, 0.997 -0.230, 0.157 -0.306, 0.054 0.044, 0.781 0.153, 0.117 0.058, 0.720
SNP-by-CA Inter -0.220, 0.495 -0.089, 0.753 0.226, 0.312 0.061, 0.809 0.397,0.110 0.085, 0.731 -0.170, 0.264 -0.027, 0.915
SNP-by-AQ Inter 0.295, 0.331 -0.156, 0.559 0.200, 0.346 0.231, 0.333 0.152, 0.517 0.137, 0.562 -0.060, 0.676 0.071, 0.766
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ESR1rs488133 n=208 n=208 n=209 n=208 n=209 n=209 n=209 n=209
Main Effects Model
SNP Main Effect -0.038, 0.756 -0.005, 0.963 0.207, 0.015* 0.103, 0.279 0.275, 0.004* | 0.143,0.130 0.117, 0.052 0.277, 0.003*
Interaction Model
SNP Main Effect -0.178, 0.378 -0.327, 0.058 0.329, 0.018* 0.279, 0.073 0.182, 0.246 0.365, 0.018* | 0.241,0.012* | 0.516, 0.001*
SNP-by-CA Inter 0.343, 0.292 0.200, 0.472 -0.122, 0.581 -0.228, 0.358 0.060, 0.811 -0.198, 0.422 -0.095, 0.535 -0.133, 0.584
SNP-by-AQ Inter 0.149, 0.602 0.718,0.003* | -0.232,0.234 -0.309, 0.158 0.218, 0.324 -0.425, 0.051 -0.288, 0.034* | -0.544,0.011*
ESR1rs532010 n=211 n=212 n=212 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect -0.080, 0.546 0.062, 0.591 -0.121,0.185 -0.073,0.479 -0.164, 0.121 -0.085, 0.406 -0.054, 0.392 -0.187, 0.073
Interaction Model
SNP Main Effect -0.047, 0.815 0.207, 0.237 -0.250, 0.067 -0.163, 0.292 -0.076, 0.635 -0.169, 0.275 -0.098, 0.304 -0.287, 0.067
SNP-by-CA Inter -0.159, 0.628 -0.190, 0.506 0.420, 0.059 0.116, 0.646 -0.072,0.782 0.159, 0.527 0.107, 0.491 0.119, 0.640
SNP-by-AQ Inter 0.047,0.884 -0.285, 0.311 0.043, 0.843 0.182, 0.462 -0.240, 0.349 0.119, 0.631 0.044, 0.775 0.217, 0.387
ESR1rs6557171 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.234, 0.047* | 0.014, 0.898 -0.020, 0.817 -0.273,0.003* | -0.162, 0.082 -0.091, 0.328 -0.029, 0.616 -0.044, 0.644
Interaction Model
SNP Main Effect -0.314, 0.107 0.060, 0.736 -0.043, 0.754 -0.456, 0.003* | -0.167, 0.275 -0.081, 0.599 0.007, 0.940 -0.097, 0.532
SNP-by-CA Inter 0.202, 0.508 0.021, 0.939 -0.006, 0.977 0.322,0.173 0.073, 0.760 -0.002, 0.993 -0.161, 0.264 -0.109, 0.653
SNP-by-AQ Inter 0.072,0.793 -0.152, 0.541 0.064, 0.741 0.242,0.252 -0.044, 0.839 -0.025, 0.907 0.031, 0.808 0.228, 0.297
ESR1rs77275268 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect 0.024, 0.881 -0.141, 0.329 -0.072, 0.532 -0.005, 0.970 -0.208, 0.107 -0.209, 0.098 0.079, 0.295 0.041, 0.751
Interaction Model
SNP Main Effect -0.054, 0.850 0.023, 0.926 -0.214, 0.289 0.131, 0.553 -0.050, 0.824 -0.461, 0.035* | -0.032, 0.801 -0.025, 0.914
SNP-by-CA Inter 0.400, 0.426 0.194, 0.660 0.012,0.973 0.263, 0.496 0.109, 0.782 -0.051, 0.895 0.043, 0.847 -0.031, 0.938
SNP-by-AQ Inter -0.004, 0.992 -0.377, 0.247 0.269, 0.303 -0.338, 0.236 -0.376, 0.198 0.480, 0.089 0.223,0.175 0.149, 0.611
ESR1rs7761133 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect 0.044,0.743 0.000, 0.999 -0.129,0.170 -0.002, 0.984 0.021, 0.843 -0.057, 0.585 -0.006, 0.924 -0.102, 0.332
Interaction Model
SNP Main Effect 0.082, 0.690 0.033, 0.856 -0.210, 0.140 -0.101, 0.529 0.065, 0.687 0.163, 0.306 -0.074, 0.449 -0.014, 0.929
SNP-by-CA Inter 0.008, 0.981 -0.022, 0.942 0.166, 0.481 0.195, 0.465 0.042, 0.875 -0.337,0.203 0.031, 0.851 -0.090, 0.730
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SNP-by-AO Inter | -0.139,0.658 | -0.084,0.766 [0.112,0.606 | 0.140,0.571 | -0.183,0.464 |-0.362,0.139 [0.190,0.208 | -0.178, 0.461
ESR1rs7761846 n=203 n=203 n=204 n=203 n=204 n=204 n=204 n=204
Main Effects Model
SNP Main Effect -0.299, 0.144 -0.158, 0.389 -0.388, 0.005* -0.316, 0.050 -0.174,0.284 -0.269, 0.086 -0.148,0.124 -0.351, 0.022*
Interaction Model
SNP Main Effect -0.301, 0.337 0.045, 0.869 -0.344,0.102 -0.159, 0.530 -0.139, 0.575 -0.254, 0.289 -0.295, 0.041* | -0.274, 0.239
SNP-by-CA Inter -0.095, 0.840 -0.358, 0.407 0.149, 0.635 -0.233, 0.529 -0.018, 0.963 -0.027,0.941 0.152, 0.482 -0.140, 0.689
SNP-by-AQ Inter 0.097, 0.851 -0.299, 0.510 -0.314, 0.363 -0.373, 0.355 -0.131, 0.749 -0.017, 0.965 0.404, 0.090 -0.122,0.751
ESR1rs7766585 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.104, 0.435 -0.187,0.122 -0.076, 0.423 -0.052, 0.623 -0.012,0.913 -0.003, 0.975 0.007, 0.913 -0.009, 0.935
Interaction Model
SNP Main Effect -0.020, 0.921 -0.054, 0.770 -0.176, 0.225 -0.009, 0.954 -0.072, 0.660 0.002, 0.988 -0.015, 0.882 -0.104, 0.524
SNP-by-CA Inter 0.124,0.741 -0.068, 0.841 0.063, 0.814 0.246, 0.403 0.066, 0.825 -0.055, 0.851 0.082, 0.653 0.304, 0.312
SNP-by-AQ Inter -0.288, 0.337 -0.343, 0.208 0.219, 0.305 -0.255, 0.280 0.131, 0.584 0.012, 0.959 -0.001, 0.997 0.066, 0.784
ESR1rs7767143 n=213 n=213 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect -0.008, 0.947 -0.001, 0.994 -0.148, 0.080 -0.042, 0.660 -0.003, 0.978 -0.132,0.164 -0.067, 0.252 -0.012, 0.901
Interaction Model
SNP Main Effect 0.012, 0.951 0.275, 0.122 -0.224, 0.099 -0.106, 0.497 0.111, 0.480 0.166, 0.273 -0.194, 0.038* | 0.128, 0.407
SNP-by-CA Inter -0.076, 0.814 -0.322, 0.265 0.219, 0.318 0.153, 0.541 -0.167,0.514 -0.499, 0.042* | 0.088, 0.558 -0.247,0.323
SNP-by-AQ Inter -0.010, 0.972 -0.523, 0.039* | 0.061, 0.750 0.059, 0.790 -0.203, 0.365 -0.419, 0.051 0.310, 0.020* | -0.187, 0.394
ESR1rs827421 n=211 n=211 n=212, 211 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect -0.053, 0.700 0.053, 0.662 0.178, 0.062 0.017, 0.879 0.094, 0.397 0.045, 0.676 -0.019, 0.764 0.046, 0.673
Interaction Model
SNP Main Effect -0.233, 0.297 -0.099, 0.617 0.323, 0.035* 0.214, 0.228 0.046, 0.796 0.173,0.318 -0.011, 0.919 -0.062, 0.724
SNP-by-CA Inter 0.372,0.319 -0.021, 0.949 -0.159, 0.531 -0.484, 0.099 -0.097, 0.744 -0.114, 0.693 0.259, 0.134 0.379, 0.199
SNP-by-AQ Inter 0.249, 0.430 0.422,0.132 -0.251, 0.244 -0.165, 0.507 0.224,0.376 -0.257,0.295 -0.167, 0.255 0.034, 0.890
ESR1rs851967 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect 0.004, 0.973 0.005, 0.966 -0.102, 0.222 -0.153, 0.099 0.063, 0.508 -0.009, 0.919 -0.068, 0.230 -0.099, 0.291
Interaction Model
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SNP Main Effect 0.024, 0.905 -0.166, 0.345 -0.107, 0.443 -0.075, 0.629 0.073, 0.644 -0.073, 0.632 0.035, 0.717 -0.225, 0.151
SNP-by-CA Inter -0.056, 0.858 0.207, 0.458 -0.070, 0.749 0.026, 0.914 -0.133, 0.596 0.182, 0.453 -0.067, 0.656 0.274, 0.268
SNP-by-AQ Inter -0.008, 0.977 0.313, 0.208 0.055, 0.781 -0.220, 0.312 0.069, 0.757 0.045, 0.836 -0.230, 0.090 0.128, 0.563
ESR1rs851971 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect -0.019, 0.874 -0.005, 0.963 -0.087, 0.296 -0.144,0.115 0.055, 0.561 -0.027,0.771 -0.073, 0.187 -0.089, 0.346
Interaction Model
SNP Main Effect -0.007, 0.970 -0.163, 0.359 -0.103, 0.459 -0.069, 0.651 0.084, 0.595 -0.115, 0.456 0.025, 0.795 -0.213,0.176
SNP-by-CA Inter -0.110, 0.726 0.202, 0.477 -0.024,0.912 0.018, 0.940 -0.167, 0.504 0.200, 0.412 -0.077, 0.609 0.271, 0.277
SNP-by-AQ Inter 0.042, 0.880 0.289, 0.252 0.055, 0.780 -0.214,0.319 0.045, 0.840 0.091, 0.678 -0.212,0.116 0.127, 0.569
ESR1rs851982 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect 0.021, 0.865 0.151, 0.166 -0.027,0.754 -0.050, 0.602 -0.013, 0.891 -0.059, 0.534 -0.025, 0.661 -0.009, 0.929
Interaction Model
SNP Main Effect 0.068, 0.736 0.145, 0.422 0.044, 0.759 -0.076, 0.632 -0.012, 0.940 -0.242,0.123 -0.010, 0.919 -0.203, 0.202
SNP-by-CA Inter -0.034, 0.919 -0.025, 0.933 -0.234,0.312 0.270, 0.294 0.066, 0.801 0.377,0.140 0.218, 0.159 0.442,0.089
SNP-by-AQ Inter -0.100, 0.722 0.038, 0.880 -0.042, 0.832 -0.099, 0.650 -0.047,0.834 0.215, 0.320 -0.199, 0.130 0.198, 0.369
ESR1rs851998 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect -0.001, 0.991 -0.015, 0.887 -0.088, 0.287 -0.156, 0.086 0.055, 0.554 -0.013, 0.884 -0.061, 0.268 -0.087, 0.348
Interaction Model
SNP Main Effect 0.000, 1.000 -0.196, 0.267 -0.091. 0.509 -0.084, 0.582 0.065, 0.678 -0.102, 0.504 0.030, 0.748 -0.199, 0.199
SNP-by-CA Inter -0.052, 0.867 0.239, 0.394 -0.071,0.744 0.032, 0.894 -0.129, 0.600 0.220, 0.360 -0.056, 0.708 0.265, 0.278
SNP-by-AQ Inter 0.028, 0.919 0.316, 0.206 0.051, 0.793 -0.213,0.321 0.070, 0.752 0.078, 0.715 -0.209, 0.116 0.095, 0.663
ESR1rs910416 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.094, 0.489 -0.067, 0.582 0.128,0.175 0.008, 0.943 0.007, 0.946 0.242,0.020* | 0.001, 0.989 0.070, 0.509
Interaction Model
SNP Main Effect -0.084, 0.703 -0.300, 0.121 0.102, 0.509 0.174, 0.323 0.062, 0.723 0.178, 0.288 -0.072, 0.481 0.442,0.011*
SNP-by-CA Inter 0.176, 0.626 0.085, 0.785 -0.020, 0.934 -0.323, 0.247 -0.028, 0.920 -0.227,0.398 0.104, 0.529 -0.617, 0.026*
SNP-by-AQ Inter 0.351, 0.255 0.589, 0.030* | 0.075,0.729 -0.197, 0.420 -0.125, 0.610 0.286, 0.224 0.111, 0.439 -0.494, 0.042*
ESR1rs9322331 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215

Main Effects Model
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SNP Main Effect -0.105, 0.398 -0.074, 0.516 0.295, 0.777 -0.129, 0.188 -0.111, 0.265 0.036, 0.715 0.052, 0.383 -0.006, 0.955
Interaction Model
SNP Main Effect -0.064, 0.744 0.015, 0.934 -0.094, 0.501 -0.205, 0.187 0.071, 0.646 -0.086, 0.576 0.039, 0.682 -0.074, 0.639
SNP-by-CA Inter -0.019, 0.952 0.107, 0.705 0.260, 0.243 0.152, 0.539 -0.110, 0.657 0.176, 0.476 -0.020, 0.896 -0.028, 0.912
SNP-by-AQ Inter -0.117, 0.692 -0.383, 0.151 0.122, 0.561 0.091, 0.697 -0.475, 0.044* | 0.213,0.361 0.053, 0.712 0.227, 0.340
ESR1rs9340799 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.064, 0.618 -0.115, 0.296 0.016, 0.857 -0.107, 0.280 -0.122,0.228 0.050, 0.612 0.038, 0.530 -0.003, 0.975
Interaction Model
SNP Main Effect 0.054, 0.784 -0.158, 0.355 -0.081, 0.564 -0.244,0.111 0.071, 0.646 -0.013, 0.932 0.024, 0.795 -0.049, 0.753
SNP-by-CA Inter -0.186, 0.565 0.209, 0.449 0.264, 0.245 0.281, 0.257 -0.146, 0.564 0.078, 0.754 0.009, 0.951 -0.048, 0.850
SNP-by-AQ Inter -0.217,0.476 -0.054, 0.835 0.057, 0.790 0.154, 0.512 -0.489, 0.043* | 0.123, 0.604 0.033, 0.820 0.188, 0.439
ESR1rs9383938 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.023, 0.889 -0.074, 0.611 -0.094, 0.411 0.060, 0.634 -0.147,0.248 -0.302, 0.015* | -0.026, 0.735 -0.047,0.711
Interaction Model
SNP Main Effect -0.077,0.767 -0.025, 0.912 -0.207, 0.256 0.122, 0.543 -0.075, 0.709 -0.458, 0.020* | -0.147,0.225 -0.095, 0.639
SNP-by-CA Inter 0.435, 0.373 0.236, 0.585 -0.014, 0.966 0.252, 0.503 0.138, 0.717 -0.053, 0.885 0.084, 0.713 0.046, 0.903
SNP-by-AQ Inter 0.031, 0.931 -0.209, 0.511 0.246, 0.327 -0.229, 0.409 -0.277,0.322 0.329, 0.224 0.257,0.126 0.098, 0.727
ESR1rs9397435 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.028, 0.866 -0.195, 0.190 -0.091, 0.44 0.036, 0.786 -0.180, 0.174 -0.257,0.048* | 0.096, 0.212 0.005, 0.969
Interaction Model
SNP Main Effect -0.054, 0.850 0.038, 0.880 -0.218, 0.279 0.140, 0.528 -0.038, 0.866 -0.466, 0.033* | -0.039, 0.761 -0.048, 0.831
SNP-by-CA Inter 0.417, 0.407 0.175, 0.690 0.004, 0.990 0.247,0.527 0.096, 0.808 -0.035, 0.926 0.047,0.834 -0.001, 0.998
SNP-by-AQ Inter -0.025, 0.947 -0.539, 0.107 0.260, 0.334 -0.304, 0.306 -0.375,0.213 0.424,0.145 0.271,0.112 0.113, 0.707
ESR1rs9397456 n=202 n=202 n=203 n=202 n=203 n=203 n=203 n=203
Main Effects Model
SNP Main Effect -0.169, 0.181 0.131, 0.270 0.051, 0.573 -0.045, 0.658 0.003, 0.976 0.095, 0.346 -0.023, 0.705 0.131, 0.206
Interaction Model
SNP Main Effect -0.126, 0.540 0.381, 0.049* | 0.061, 0.681 -0.200, 0.223 -0.010, 0.952 0.097, 0.554 -0.039, 0.699 -0.071, 0.669
SNP-by-CA Inter 0.118,0.721 -0.310, 0.313 -0.035, 0.881 0.281, 0.283 0.135, 0.616 0.086, 0.740 -0.021, 0.898 0.118, 0.658
SNP-by-AQ Inter -0.224, 0.446 -0.481, 0.080 -0.003, 0.987 0.217, 0.353 -0.048, 0.840 -0.070, 0.763 0.072,0.616 0.470, 0.048*
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ESR1rs985694 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.353, 0.003* | -0.051, 0.647 -0.062, 0.471 -0.140, 0.144 0.022, 0.818 -0.003, 0.978 -0.090, 0.135 0.021, 0.828
Interaction Model
SNP Main Effect -0.262, 0.167 -0.119, 0.510 -0.013, 0.927 -0.360, 0.019* | 0.002, 0.989 0.080, 0.606 -0.033, 0.740 0.026, 0.871
SNP-by-CA Inter 0.263, 0.392 0.157, 0.590 -0.230, 0.310 0.558, 0.024* | 0.124, 0.625 -0.026, 0.919 0.011, 0.947 0.065, 0.798
SNP-by-AQ Inter -0.419, 0.122 0.069, 0.788 0.011, 0.956 0.197, 0.365 -0.044, 0.845 -0.181, 0.413 -0.188, 0.182 -0.058, 0.797
CCDC170rs1038304 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.059, 0.663 0.003, 0.982 0.054, 0.570 0.028, 0.793 -0.067, 0.527 0.008, 0.941 -0.087, 0.165 -0.039, 0.716
Interaction Model
SNP Main Effect 0.215, 0.319 0.012, 0.953 0.027, 0.860 0.226, 0.188 0.081, 0.635 -0.070, 0.683 -0.104, 0.306 -0.149, 0.386
SNP-by-CA Inter -0.311, 0.383 0.235, 0.471 -0.057, 0.824 -0.197, 0.486 -0.223,0.428 -0.035, 0.903 0.028, 0.866 -0.035, 0.903
SNP-by-AQ Inter -0.519, 0.085 -0.170, 0.537 0.085, 0.694 -0.372,0.120 -0.287,0.228 0.210, 0.382 0.029, 0.841 0.320, 0.182
CCDC170rs12662670 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect -0.005, 0.979 -0.363, 0.016* | 0.014,0.910 -0.080, 0.551 -0.164, 0.232 -0.229, 0.087 0.131, 0.093 0.070, 0.608
Interaction Model
SNP Main Effect -0.283, 0.339 -0.314, 0.226 -0.086, 0.679 -0.184, 0.426 -0.207.0.377 -0.435, 0.058 0.089, 0.497 0.016, 0.945
SNP-by-CA Inter 0.613, 0.232 -0.167, 0.709 0.441, 0.223 0.281, 0.483 0.432, 0.288 0.117, 0.767 0.132, 0.564 0.129, 0.751
SNP-by-AQ Inter 0.340, 0.385 -0.036, 0.915 0.065, 0.814 0.091, 0.767 -0.068, 0.825 0.390, 0.197 0.071, 0.685 0.068, 0.827
CCDC170rs3734805 n=212 n=212 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.057, 0.735 -0.304, 0.042* | -0.001, 0.992 -0.021, 0.876 -0.181, 0.184 -0.201, 0.125 0.106, 0.174 0.039, 0.766
Interaction Model
SNP Main Effect -0.085, 0.767 0.025, 0.922 -0.189, 0.347 0.108, 0.630 -0.040, 0.861 -0.455, 0.040* | -0.032, 0.801 -0.023, 0.920
SNP-by-CA Inter 0.447, 0.381 -0.541, 0.233 0.503, 0.159 0.023, 0.954 0.230, 0.574 0.093, 0.811 0.259, 0.256 0.167, 0.677
SNP-by-AQ Inter 0.084, 0.826 -0.461,0.178 0.230, 0.393 -0.259, 0.390 -0.406, 0.190 0.474, 0.109 0.242, 0.160 0.074, 0.807
CCDC170rs3757318 n=212 n=212 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.029, 0.876 -0.334, 0.042* | -0.089, 0.495 0.002, 0.987 -0.115, 0.440 -0.295, 0.043* | 0.107,0.217 -0.005, 0.975
Interaction Model
SNP Main Effect -0.218, 0.491 -0.199, 0.471 -0.400, 0.063 0.133, 0.589 -0.237,0.340 -0.558, 0.022* | -0.052, 0.707 -0.129, 0.597
SNP-by-CA Inter 0.715, 0.210 -0.070, 0.889 0.972, 0.012* 0.060, 0.893 0.699, 0.120 0.475, 0.278 0.521, 0.036* | 0.279, 0.527
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SNP-by-AO Inter | 0.053,0.902 |-0.241,0520 [0.377,0.196 [ -0.268,0.424 | -0.053,0.876 | 0.387,0.243 [ 0.195,0.297 [ 0.167,0.615
CCDC170rs6929137 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect -0.040, 0.747 -0.322, 0.003* | 0.050, 0.566 -0.029, 0.764 -0.061, 0.535 -0.004, 0.969 0.084, 0.162 0.051, 0.596
Interaction Model
SNP Main Effect 0.099, 0.623 -0.122,0.479 0.054, 0.697 -0.110, 0.487 -0.081, 0.611 0.046, 0.765 -0.008, 0.932 0.045, 0.772
SNP-by-CA Inter -0.094, 0.767 -0.428,0.119 0.033, 0.879 0.217,0.382 0.031, 0.902 -0.056, 0.816 0.073, 0.624 0.001, 0.997
SNP-by-AQ Inter -0.301, 0.285 -0.201, 0.405 -0.032, 0.871 0.048, 0.828 0.037, 0.869 -0.087, 0.688 0.208, 0.119 0.016, 0.940
GRB7rs9910678 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.046, 0.817 -0.094, 0.614 -0.119, 0.404 -0.077, 0.627 -0.031, 0.843 -0.145, 0.355 -0.116, 0.222 -0.429, 0.007*
Interaction Model
SNP Main Effect 0.162, 0.651 -0.560, 0.085 -0.138, 0.586 0.142,0.614 -0.009, 0.975 0.143, 0.609 -0.222,0.194 -0.558, 0.051
SNP-by-CA Inter -0.482, 0.359 0.491, 0.322 -0.260, 0.482 -0.409, 0.323 -0.334,0.420 -0.318, 0.438 0.219, 0.382 0.247, 0.554
SNP-by-AQ Inter 0.015, 0.976 0.869, 0.048* | 0.248,0.467 -0.235, 0.537 0.194, 0.611 -0.495, 0.190 0.055, 0.811 0.090, 0.814
GSTM1rs1065411 n=208 n=208 n=209 n=208 n=209 n=209 n=209 n=209
Main Effects Model
SNP Main Effect 0.140, 0.264 0.000, 1.000 -0.101, 0.246 -0.131,0.172 -0.099, 0.318 0.006, 0.948 -0.048, 0.420 -0.064, 0.511
Interaction Model
SNP Main Effect 0.218, 0.283 -0.100, 0.581 -0.211, 0.141 -0.275, 0.080 -0.239, 0.140 -0.094, 0.557 0.054, 0.582 -0.069, 0.666
SNP-by-CA Inter 0.129, 0.689 0.217,0.451 0.222,0.324 0.301, 0.221 0.312,0.221 0.249, 0.322 -0.105, 0.500 0.233, 0.354
SNP-by-AQ Inter -0.324, 0.264 0.110, 0.670 0.128, 0.531 0.166, 0.456 0.178, 0.442 0.087, 0.704 -0.231, 0.102 -0.183, 0.422
GSTM1rs412543 n=215 n=215 n=216 n=216 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect -0.058, 0.718 0.012, 0.934 -0.291, 0.009* | -0.124, 0.326 -0.039, 0.763 -0.086, 0.495 -0.188, 0.013* | -0.388, 0.002*
Interaction Model
SNP Main Effect 0.184, 0.459 -0.041, 0.857 -0.565, 0.001* | -0.220, 0.265 -0.245, 0.230 -0.470, 0.017* | -0.256, 0.032* | -0.901, <0.001*
SNP-by-CA Inter -0.701, 0.074 0.201, 0.578 0.382, 0.158 0.273, 0.380 0.344, 0.285 0.624,0.043* | 0.126, 0.502 1.012, 0.001*
SNP-by-AQ Inter -0.190, 0.620 -0.055, 0.876 0.513, 0.053 0.031, 0.920 0.313, 0.321 0.640, 0.034* | 0.084, 0.645 0.473,0.116
NFE2L2rs35652124 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.063, 0.600 -0.017, 0.876 -0.016, 0.852 -0.280, 0.002* | 0.022,0.814 -0.073, 0.437 0.029, 0.619 0.061, 0.516
Interaction Model
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SNP Main Effect -0.027, 0.889 -0.264, 0.129 0.172, 0.207 -0.276, 0.066 -0.023, 0.881 -0.248, 0.105 0.038, 0.686 0.255, 0.098
SNP-by-CA Inter 0.150, 0.624 0.371,0.180 -0.389, 0.072 0.221, 0.347 -0.026, 0.916 0.304, 0.207 -0.075, 0.615 -0.358, 0.142
SNP-by-AQ Inter -0.204, 0.458 0.408, 0.099 -0.235, 0.226 -0.160, 0.450 0.148, 0.497 0.242,0.262 0.039, 0.772 -0.244, 0.265
NFE2L 2rs6721961 n=211 n=212 n=212 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect 0.205, 0.183 -0.121, 0.375 -0.081, 0.456 0.194, 0.106 0.063, 0.613 0.097, 0.424 0.078, 0.274 0.082, 0.506
Interaction Model
SNP Main Effect 0.310, 0.191 -0.014, 0.946 -0.124, 0.459 0.325, 0.077 0.126, 0.504 0.344, 0.063 0.089, 0.415 0.140, 0.459
SNP-by-CA Inter -0.090, 0.832 0.165, 0.661 -0.005, 0.988 -0.018, 0.956 -0.139, 0.683 -0.466, 0.162 -0.189, 0.336 -0.246, 0.470
SNP-by-AQ Inter -0.230, 0.498 -0.397, 0.187 0.103, 0.667 -0.303, 0.251 -0.085, 0.754 -0.399, 0.134 0.078, 0.621 -0.031, 0.909
MELKrs10973007 n=208 n=209 n=209 n=208 n=209 n=209 n=209 n=209
Main Effects Model
SNP Main Effect 0.047,0.717 -0.145, 0.190 0.126, 0.160 0.073, 0.465 0.038, 0.716 0.035, 0.724 0.030, 0.619 0.056, 0.591
Interaction Model
SNP Main Effect -0.117, 0.580 0.080, 0.659 -0.215, 0.138 0.085, 0.614 0.123, 0.474 -0.092, 0.572 -0.002, 0.982 -0.131, 0.442
SNP-by-CA Inter 0.067, 0.847 -0.112,0.701 0.601, 0.010* -0.028, 0.917 -0.290, 0.292 -0.165, 0.526 -0.282,0.074 0.028, 0.919
SNP-by-AQ Inter 0.386, 0.190 -0.504, 0.046* | 0.462, 0.022* -0.010, 0.964 -0.047, 0.843 0.388, 0.085 0.263, 0.054 0.433, 0.066
MELKrs2250340 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.052, 0.764 0.058, 0.705 0.021, 0.865 -0.087, 0.522 0.023, 0.867 0.086, 0.521 0.034, 0.672 -0.085, 0.532
Interaction Model
SNP Main Effect -0.168, 0.471 0.001, 0.997 -0.069, 0.671 0.013, 0.945 -0.153, 0.403 0.002, 0.990 -0.067, 0.533 -0.003, 0.988
SNP-by-CA Inter 0.867, 0.069 -0.048, 0.911 0.935, 0.005* -0.184, 0.626 0.751, 0.045 0.431, 0.247 0.413, 0.063 0.604, 0.101
SNP-by-AQ Inter 0.254, 0.524 0.354, 0.329 -0.182,0.512 -0.191, 0.545 0.101, 0.747 0.000, 1.000 0.069, 0.711 -0.765, 0.014*
MELKrs3780350 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.048, 0.725 -0.062, 0.599 -0.170, 0.069 -0.023, 0.826 0.023, 0.832 -0.134, 0.201 -0.018, 0.781 0.001, 0.991
Interaction Model
SNP Main Effect -0.048, 0.838 -0.260, 0.211 -0.214,0.188 -0.306, 0.097 -0.056, 0.767 -0.112, 0.542 -0.024, 0.829 -0.142, 0.450
SNP-by-CA Inter 0.180, 0.620 0.216, 0.496 0.096, 0.698 0.515, 0.067 0.303, 0.296 0.250, 0.372 0.075, 0.658 0.197, 0.495
SNP-by-AQ Inter -0.101, 0.747 0.322,0.243 0.045, 0.833 0.282, 0.247 -0.002, 0.995 -0.182, 0.453 -0.043, 0.769 0.214, 0.392
MKI167rs10732438 n=210 n=210 n=211 n=211 n=211 n=211 n=211 n=211

Main Effects Model
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SNP Main Effect -0.030, 0.809 -0.045, 0.679 0.074, 0.393 -0.264, 0.007* | -0.194, 0.047* | 0.008, 0.930 -0.038, 0.513 -0.095, 0.330
Interaction Model
SNP Main Effect -0.080, 0.699 -0.068, 0.703 0.111, 0.436 -0.371, 0.022* | -0.186, 0.247 0.044, 0.782 -0.080, 0.406 -0.044, 0.786
SNP-by-CA Inter 0.037, 0.907 0.290, 0.295 0.129, 0.559 0.147, 0.555 0.068, 0.785 -0.207, 0.402 0.009, 0.951 -0.022, 0.929
SNP-by-AQ Inter 0.108, 0.713 -0.186, 0.464 -0.184, 0.365 0.179, 0.435 -0.062, 0.787 0.050, 0.825 0.111, 0.419 -0.123, 0.594
MKI167rs10764751 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.063, 0.597 -0.079, 0.458 -0.017, 0.841 0.037, 0.697 0.046, 0.627 -0.007, 0.940 0.001, 0.984 -0.048, 0.607
Interaction Model
SNP Main Effect 0.065, 0.743 -0.220, 0.214 -0.086, 0.540 0.142, 0.360 0.041, 0.793 0.140, 0.364 0.075, 0.429 0.140, 0.368
SNP-by-CA Inter 0.173, 0.579 0.223, 0.421 0.087, 0.692 0.099, 0.682 -0.150, 0.541 -0.262,0.278 -0.141, 0.342 -0.297,0.223
SNP-by-AQ Inter -0.136, 0.623 0.215, 0.381 0.115, 0.555 -0.331,0.124 0.120, 0.580 -0.199, 0.356 -0.098, 0.456 -0.273, 0.208
MMP11rs131451 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect 0.057, 0.699 -0.060, 0.650 -0.074, 0.480 0.140, 0.228 -0.045, 0.699 -0.125, 0.274 -0.006, 0.935 0.047, 0.689
Interaction Model
SNP Main Effect 0.033, 0.886 -0.157, 0.451 -0.124, 0.449 0.238, 0.189 -0.042,0.819 -0.237,0.185 -0.077, 0.498 -0.029, 0.874
SNP-by-CA Inter 0.010, 0.979 0.121, 0.727 -0.057, 0.835 -0.025, 0.932 -0.126, 0.680 0.041, 0.889 -0.012, 0.951 -0.076, 0.801
SNP-by-AQ Inter 0.056, 0.870 0.210, 0.494 0.168, 0.487 -0.240, 0.368 0.099, 0.715 0.261, 0.319 0.191, 0.254 0.267, 0.317
MYBL2rs11556379 n=219 n=219 n=220, 219 n=219, 218 n=220, 219 n=220, 219 n=220, 219 n=220, 219
Main Effects Model
SNP Main Effect 0.027, 0.897 -0.081, 0.655 0.089, 0.532 0.422,0.008* | 0.145, 0.365 0.125, 0.427 0.125, 0.195 -0.016, 0.921
Interaction Model
SNP Main Effect -0.208, 0.467 -0.436, 0.082 0.503, 0.010* 0.300, 0.173 0.149, 0.507 0.417, 0.057 0.217,0.119 0.218, 0.324
SNP-by-CA Inter 0.172, 0.853 1.407, 0.083 -1.568, 0.010** | 0.568, 0.510° -0.243, 0.781* | 0.500, 0.463% -0.109, 0.875* | 0.306, 0.696"
SNP-by-AQ Inter 0.524,0.214 0.695, 0.060 -0.711, 0.014* | 0.193, 0.552 0.030, 0.927 -0.581, 0.072 -0.170, 0.407 -0.551, 0.092
MYBL2rs2070235 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.311, 0.045* | 0.023,0.872 0.093, 0.401 0.076, 0.537 -0.099, 0.419 -0.356, 0.003* | -0.156, 0.035* | -0.411, 0.001*
Interaction Model
SNP Main Effect 0.394, 0.101 0.031, 0.886 0.036, 0.832 0.238,0.214 -0.062, 0.747 -0.602, 0.001* | -0.163, 0.155 -0.663, <0.001*
SNP-by-CA Inter -0.305, 0.412 -0.191, 0.572 0.056, 0.830 -0.421, 0.156 -0.086, 0.772 0.239, 0.399 0.029, 0.871 0.407, 0.156
SNP-by-AQ Inter 0.107,0.778 0.307, 0.365 0.128, 0.632 -0.081, 0.788 -0.036, 0.904 0.556, 0.055 -0.012, 0.948 0.377,0.196
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MYBL2rs619289 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect 0.056, 0.664 0.077, 0.508 0.097, 0.278 -0.028, 0.781 -0.034, 0.736 -0.214,0.031* | -0.051, 0.392 -0.222, 0.028*
Interaction Model
SNP Main Effect 0.204, 0.325 0.033, 0.857 0.178, 0.219 0.109, 0.498 -0.009, 0.955 -0.250, 0.116 -0.039, 0.689 -0.227,0.160
SNP-by-CA Inter -0.201, 0.548 -0.023, 0.939 -0.031, 0.894 -0.293, 0.258 0.065, 0.806 0.001, 0.998 0.019, 0.906 -0.110, 0.670
SNP-by-AQ Inter -0.257, 0.380 0.147,0.573 -0.188, 0.359 -0.159, 0.484 -0.125, 0.589 0.090, 0.688 -0.056, 0.686 0.107, 0.639
MYBL2rs826943 n=212 n=212 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect -0.023, 0.868 0.014, 0.907 0.130, 0.180 -0.114, 0.296 -0.030, 0.785 -0.099, 0.360 0.059, 0.371 -0.067, 0.532
Interaction Model
SNP Main Effect 0.002, 0.991 0.016, 0.933 0.255, 0.095 -0.046, 0.788 -0.018, 0.920 -0.132,0.437 0.026, 0.802 0.011, 0.947
SNP-by-CA Inter 0.117,0.753 -0.014, 0.967 -0.136, 0.595 -0.124, 0.668 0.121, 0.683 -0.050, 0.861 0.131, 0.462 -0.123, 0.668
SNP-by-AQ Inter -0.150, 0.636 0.003, 0.990 -0.226, 0.301 -0.094, 0.703 -0.121, 0.631 0.113, 0.642 0.002, 0.990 -0.138, 0.573
MYBL2rs826944 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect -0.065, 0.635 0.013, 0.915 0.100, 0.301 -0.099, 0.352 -0.002, 0.986 -0.096, 0.365 0.039, 0.541 -0.074, 0.489
Interaction Model
SNP Main Effect 0.008, 0.938 0.031, 0.873 0.259, 0.091 -0.049, 0.775 -0.017,0.922 -0.131, 0.438 0.020, 0.847 0.000, 0.999
SNP-by-CA Inter -0.029, 0.938 -0.119, 0.718 -0.215, 0.403 -0.090, 0.755 0.172, 0.553 -0.052, 0.854 0.066, 0.706 -0.181, 0.530
SNP-by-AQ Inter -0.180, 0.563 0.058, 0.835 -0.267,0.219 -0.080, 0.742 -0.064, 0.792 0.116, 0.627 0.017,0.910 -0.083, 0.734
NDC80rs12408485 n=202 n=202 n=203 n=202 n=203 n=203 n=203 n=203
Main Effects Model
SNP Main Effect -0.158, 0.200 -0.020, 0.860 -0.059, 0.500 0.049, 0.617 -0.051, 0.601 -0.147,0.125 -0.056, 0.331 -0.093, 0.350
Interaction Model
SNP Main Effect -0.117, 0.577 -0.004, 0.982 0.061, 0.684 -0.290, 0.084 -0.165, 0.322 -0.016, 0.922 -0.103, 0.301 -0.088, 0.603
SNP-by-CA Inter 0.214, 0.536 0.130, 0.686 -0.278, 0.257 0.390, 0.155 0.076, 0.782 -0.230, 0.391 0.115, 0.482 0.104, 0.709
SNP-by-AQ Inter -0.259, 0.363 -0.113, 0.670 -0.123, 0.544 0.589, 0.010* | 0.264, 0.246 -0.170, 0.443 0.046, 0.733 -0.082,0.723
NDC80rs2292274 n=206 n=206 n=207 n=207 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect 0.117,0.339 0.051, 0.651 0.114,0.192 0.019, 0.843 0.114, 0.238 0.095, 0.321 0.054, 0.340 0.130, 0.183
Interaction Model
SNP Main Effect 0.171, 0.396 0.068, 0.713 0.210, 0.145 0.306, 0.055 0.278, 0.079 0.319, 0.044* | 0.041, 0.660 0.219, 0.170
SNP-by-CA Inter -0.307, 0.333 -0.261, 0.371 -0.127,0.572 -0.402, 0.107 -0.379, 0.126 -0.322,0.192 0.054, 0.707 -0.123, 0.623

133




SNP-by-AO Inter | 0.063,0.822 [ 0.134,0.605 [-0.156,0.437 [ -0.447,0.046* | -0.193,0.382 |[-0.349,0.113 [-0.004,0.973 | -0.135,0.545
ORC6rs33994299 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect -0.112, 0.387 -0.048, 0.677 0.103, 0.257 -0.037,0.715 -0.106, 0.297 0.193, 0.054 0.108, 0.087 0.077, 0.445
Interaction Model
SNP Main Effect -0.085, 0.678 -0.162, 0.378 0.158, 0.271 0.110, 0.494 -0.138, 0.393 0.416, 0.008* | 0.119, 0.233 0.083, 0.604
SNP-by-CA Inter -0.041, 0.901 0.169, 0.565 -0.205, 0.367 -0.312,0.219 0.062, 0.808 -0.417, 0.094 0.001, 0.995 -0.175, 0.488
SNP-by-AQ Inter -0.046, 0.878 0.212, 0.425 -0.010, 0.960 -0.178, 0.442 0.051, 0.828 -0.303, 0.181 -0.043, 0.766 0.131, 0.570
PGRrs1042838 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect 0.244, 0.075 0.046, 0.712 0.184, 0.058 0.124, 0.253 0.107, 0.330 -0.091, 0.397 0.081, 0.212 0.179, 0.102
Interaction Model
SNP Main Effect 0.269, 0.207 -0.027, 0.890 0.337, 0.025* 0.087, 0.607 0.016, 0.925 -0.173, 0.302 0.037,0.712 0.268, 0.118
SNP-by-CA Inter 0.127,0.717 0.125, 0.694 -0.155, 0.528 0.268, 0.331 0.268, 0.341 0.204, 0.459 0.094, 0.570 -0.039, 0.889
SNP-by-AQ Inter -0.172, 0.590 0.136, 0.640 -0.323, 0.151 -0.103, 0.682 0.072, 0.780 0.065, 0.797 0.058, 0.702 -0.255, 0.319
PGRrs1042839 n=207 n=207 n=208 n=207 n=208 n=208 n=208 n=208
Main Effects Model
SNP Main Effect 0.192, 0.195 -0.058, 0.655 0.130, 0.211 0.082, 0.477 0.114, 0.331 -0.127,0.274 0.076, 0.279 0.096, 0.405
Interaction Model
SNP Main Effect 0.174, 0.433 -0.122, 0.531 0.290, 0.060 0.025, 0.884 0.011, 0.951 -0.187,0.278 0.037,0.723 0.263, 0.127
SNP-by-CA Inter 0.257, 0.503 0.224, 0.508 -0.248, 0.352 0.258, 0.389 0.259, 0.390 0.196, 0.511 0.080, 0.658 -0.141, 0.636
SNP-by-AQ Inter -0.128, 0.708 0.016, 0.957 -0.310, 0.193 -0.035, 0.894 0.127, 0.638 0.020, 0.940 0.067, 0.680 -0.433, 0.104
PGRrs10895068 n=213 n=214 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect -0.182,0.314 -0.277, 0.080 0.053, 0.680 -0.175,0.211 -0.067, 0.645 0.055, 0.699 -0.079, 0.363 -0.011, 0.937
Interaction Model
SNP Main Effect -0.297,0.294 -0.512, 0.040* | -0.082, 0.679 -0.160, 0.465 0.001, 0.998 -0.136, 0.537 0.114, 0.403 -0.182, 0.425
SNP-by-CA Inter -0.194, 0.682 0.528, 0.205 -0.011, 0.974 0.171, 0.642 -0.109, 0.775 0.110, 0.767 -0.361, 0.115 0.109, 0.776
SNP-by-AQ Inter 0.423, 0.300 0.240, 0.503 0.337, 0.241 -0.174, 0.582 -0.121,0.714 0.416, 0.192 -0.281, 0.154 0.400, 0.226
PGRrs11224561 n=213 n=213 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect 0.052, 0.718 -0.029, 0.817 0.050, 0.618 -0.075, 0.497 0.055, 0.624 0.028, 0.799 0.041, 0.533 -0.137,0.208
Interaction Model
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SNP Main Effect -0.058, 0.799 0.012, 0.954 -0.071, 0.653 -0.169, 0.336 0.101, 0.570 -0.028, 0.875 0.184, 0.088 -0.305, 0.072
SNP-by-CA Inter 0.326, 0.410 0.107, 0.757 0.289, 0.294 0.309, 0.308 -0.111,0.718 -0.075, 0.805 -0.093, 0.618 0.589, 0.045*
SNP-by-AQ Inter 0.099, 0.759 -0.195, 0.492 0.162, 0.473 0.052, 0.835 -0.060, 0.811 0.170, 0.493 -0.427,0.005* | 0.032, 0.895
PGRrs1893505 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220
Main Effects Model
SNP Main Effect 0.064, 0.603 0.122, 0.263 -0.043, 0.617 -0.122, 0.207 -0.014, 0.884 -0.071, 0.453 -0.045, 0.443 -0.051, 0.592
Interaction Model
SNP Main Effect 0.234, 0.260 0.081, 0.660 0.147, 0.307 -0.150, 0.366 -0.175, 0.277 -0.087, 0.589 0.098, 0.316 0.177, 0.269
SNP-by-CA Inter -0.324, 0.323 -0.060, 0.838 -0.244, 0.285 -0.031, 0.906 0.068, 0.789 0.032, 0.902 -0.294, 0.058 -0.195, 0.440
SNP-by-AQ Inter -0.224,0.429 0.155, 0.538 -0.295, 0.135 0.089, 0.691 0.399, 0.070 0.018, 0.934 -0.163, 0.221 -0.428, 0.051
PGRrs1942836 n=216 n=216 n=217 n=216 n=217 n=217 n=217 n=217
Main Effects Model
SNP Main Effect 0.023, 0.851 0.037, 0.741 -0.149, 0.082 -0.049, 0.615 -0.053, 0.590 0.070, 0.473 -0.105, 0.075 -0.175, 0.074
Interaction Model
SNP Main Effect 0.249, 0.222 0.067, 0.712 -0.071, 0.617 0.157,0.325 -0.030, 0.852 0.152, 0.342 0.083, 0.355 -0.042, 0.795
SNP-by-CA Inter -0.538, 0.093 -0.062, 0.830 -0.159, 0.473 -0.383,0.124 -0.288, 0.252 -0.236, 0.345 -0.440, 0.002* | -0.108, 0.665
SNP-by-AQ Inter -0.219, 0.450 -0.040, 0.878 -0.103, 0.609 -0.276, 0.226 0.157, 0.494 -0.052, 0.821 -0.149, 0.246 -0.288, 0.208
PGRrs471767 n=215 n=215 n=216 n=215 n=216 n=216 n=216 n=216
Main Effects Model
SNP Main Effect -0.016, 0.895 0.100, 0.357 -0.022, 0.798 -0.114,0.224 -0.097, 0.316 0.026, 0.784 -0.011, 0.848 0.026, 0.784
Interaction Model
SNP Main Effect -0.134, 0.495 0.132, 0.457 -0.212,0.124 -0.053, 0.732 0.021, 0.894 0.026, 0.868 -0.088, 0.356 -0.020, 0.898
SNP-by-CA Inter 0.259, 0.405 0.021, 0.941 0.271, 0.210 -0.229, 0.343 -0.076, 0.757 -0.216, 0.374 0.090, 0.548 -0.057,0.818
SNP-by-AQ Inter 0.146, 0.602 -0.116, 0.648 0.318, 0.106 0.001, 0.996 -0.291, 0.193 0.140, 0.526 0.150, 0.270 0.170, 0.449
PGRrs474320 n=196 n=196 n=197 n=196 n=197 n=197 n=197 n=197
Main Effects Model
SNP Main Effect 0.186, 0.196 0.041, 0.762 0.147,0.137 -0.009, 0.933 0.066, 0.573 -0.150, 0.167 0.043, 0.518 0.158, 0.163
Interaction Model
SNP Main Effect 0.248, 0.247 -0.133, 0.506 0.341, 0.022* -0.079, 0.638 -0.098, 0.574 -0.082, 0.616 0.076, 0.459 0.308, 0.069
SNP-by-CA Inter 0.168, 0.643 0.384, 0.256 -0.392,0.116 0.352,0.214 0.296, 0.315 -0.012, 0.965 0.001, 0.994 -0.215, 0.449
SNP-by-AQ Inter -0.356, 0.292 0.225, 0.477 -0.321, 0.168 -0.084, 0.752 0.310, 0.261 -0.214, 0.407 -0.160, 0.321 -0.301, 0.258
PGRrs4754732 n=219 n=219 n=220 n=219 n=220 n=220 n=220 n=220

Main Effects Model
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SNP Main Effect -0.021, 0.867 0.016, 0.888 0.074, 0.389 0.049, 0.612 0.125, 0.197 0.070, 0.467 0.051, 0.375 0.012, 0.898
Interaction Model
SNP Main Effect -0.053, 0.786 0.040, 0.820 -0.015, 0.915 -0.053, 0.732 0.094, 0.533 -0.012, 0.939 -0.042, 0.644 -0.134, 0.380
SNP-by-CA Inter -0.006, 0.986 0.057, 0.844 0.162, 0.472 0.335, 0.184 0.399, 0.109 0.268, 0.283 0.220, 0.141 0.368, 0.143
SNP-by-AQ Inter 0.090, 0.745 -0.105, 0.668 0.130, 0.498 0.055, 0.799 -0.164, 0.441 0.048, 0.821 0.106, 0.405 0.150, 0.486
PGRrs484389 n=211 n=211 n=212 n=211 n=212 n=212 n=212 n=212
Main Effects Model
SNP Main Effect 0.058, 0.637 0.089, 0.420 -0.005, 0.952 0.063, 0.515 0.047,0.639 -0.199, 0.037* | -0.066, 0.268 -0.097, 0.323
Interaction Model
SNP Main Effect 0.112,0.579 0.014, 0.939 0.318, 0.024* 0.007, 0.967 -0.024, 0.885 -0.220, 0.162 0.012, 0.906 0.160, 0.318
SNP-by-CA Inter 0.240, 0.443 -0.029, 0.919 -0.529, 0.016* 0.191, 0.439 0.069, 0.786 0.128, 0.599 -0.130, 0.401 -0.380, 0.126
SNP-by-AQ Inter -0.377,0.192 0.270, 0.295 -0.494, 0.015* 0.004, 0.984 0.152, 0.519 -0.044, 0.844 -0.145, 0.313 -0.439, 0.056
PGRrs568157 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect 0.119, 0.381 0.064, 0.603 0.142,0.131 0.004, 0.973 0.228, 0.034* | -0.088, 0.405 0.063, 0.320 0.067, 0.527
Interaction Model
SNP Main Effect 0.057, 0.806 -0.151, 0.468 0.139, 0.390 -0.048, 0.794 0.054, 0.768 -0.383, 0.033* | -0.029, 0.788 -0.055, 0.765
SNP-by-CA Inter 0.052, 0.890 0.353, 0.298 -0.051, 0.842 0.339, 0.241 0.517,0.074 0.543, 0.057 0.199, 0.250 0.265, 0.363
SNP-by-AQ Inter 0.112,0.715 0.295, 0.286 0.028, 0.896 -0.046, 0.849 0.068, 0.778 0.373,0.115 0.113, 0.433 0.124, 0.608
PGRrs590688 n=214 n=214 n=215 n=214 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect 0.114, 0.404 -0.119, 0.329 0.083, 0.384 -0.072, 0.500 -0.052, 0.632 -0.058, 0.585 0.010, 0.879 0.046, 0.667
Interaction Model
SNP Main Effect -0.013, 0.958 -0.222, 0.297 0.228,0.175 -0.165, 0.381 0.015, 0.937 -0.077, 0.682 0.162, 0.151 0.270, 0.143
SNP-by-CA Inter 0.478,0.186 0.328, 0.314 -0.235, 0.354 0.430, 0.130 0.217, 0.450 -0.097,0.731 -0.245, 0.152 -0.194, 0.487
SNP-by-AQ Inter -0.005, 0.988 0.051, 0.858 -0.211, 0.351 -0.050, 0.843 -0.292, 0.256 0.106, 0.676 -0.209, 0.171 -0.416, 0.095
PGRrs608995 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect 0.063, 0.604 0.051, 0.641 0.011, 0.897 0.055, 0.565 0.057, 0.551 -0.149, 0.115 -0.038, 0.512 -0.069, 0.471
Interaction Model
SNP Main Effect 0.132, 0.502 0.007, 0.969 0.324, 0.020* -0.002, 0.990 -0.024, 0.880 -0.167, 0.285 0.015, 0.876 0.192, 0.218
SNP-by-CA Inter 0.176, 0.567 -0.045, 0.872 -0.538, 0.013* 0.167, 0.495 0.129, 0.598 0.132, 0.587 -0.097, 0.517 -0.357,0.142
SNP-by-AQ Inter -0.369, 0.188 0.176, 0.494 -0.464, 0.019* 0.027, 0.903 0.132, 0.554 -0.052, 0.815 -0.072, 0.599 -0.460, 0.039*
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RACGAP1rs7303531 n=213 n=214 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect -0.141, 0.464 -0.197, 0.239 0.057, 0.670 0.160, 0.281 0.017,0.913 0.119, 0.422 0.056, 0.534 0.223,0.144
Interaction Model
SNP Main Effect -0.546, 0.101 0.015, 0.959 0.023, 0.922 0.368, 0.158 -0.155, 0.562 0.326, 0.207 0.001, 0.997 0.096, 0.718
SNP-by-CA Inter 0.719, 0.155 -0.433, 0.327 0.191, 0.594 -0.241, 0.542 0.524, 0.195 -0.148, 0.704 0.276, 0.240 0.296, 0.461
SNP-by-AQ Inter 0.518, 0.233 -0.232, 0.543 -0.011, 0.971 -0.363, 0.286 0.070, 0.840 -0.362, 0.283 -0.113, 0.576 0.124,0.719
RFC4rs1354091 n=213 n=213 n=214 n=213 n=214 n=214 n=214 n=214
Main Effects Model
SNP Main Effect 0.047, 0.704 0.174, 0.107 0.057, 0.509 0.080, 0.403 0.173, 0.069 0.077,0.418 0.094, 0.108 0.014, 0.884
Interaction Model
SNP Main Effect -0.068, 0.731 0.165, 0.341 -0.015, 0.915 -0.209, 0.174 0.063, 0.681 0.241,0.114 0.095, 0.318 0.132, 0.388
SNP-by-CA Inter 0.056, 0.868 0.076, 0.797 0.201, 0.382 0.472, 0.066 0.264, 0.302 -0.290, 0.256 0.071, 0.656 -0.110, 0.667
SNP-by-AQ Inter 0.262, 0.352 -0.031, 0.900 0.068, 0.728 0.444,0.041* | 0.133, 0.537 -0.241, 0.262 -0.050, 0.711 -0.234,0.279
RRM2rs1138729 n=201 n=202 n=202 n=201 n=202 n=202 n=202 n=202
Main Effects Model
SNP Main Effect 0.123, 0.388 0.030, 0.810 0.148, 0.132 0.008, 0.941 0.017, 0.884 0.083, 0.449 -0.005, 0.939 0.112, 0.336
Interaction Model
SNP Main Effect 0.256, 0.276 0.151, 0.469 0.245, 0.135 0.323, 0.073 0.137, 0.478 0.048, 0.796 -0.024, 0.835 -0.079, 0.680
SNP-by-CA Inter -0.002, 0.996 -0.019, 0.953 -0.221, 0.382 -0.207, 0.456 0.046, 0.876 -0.068, 0.812 0.119, 0.500 0.290, 0.327
SNP-by-AQ Inter -0.396, 0.235 -0.312,0.293 -0.097, 0.677 -0.699, 0.007* | -0.379, 0.166 0.148, 0.572 -0.083, 0.608 0.293, 0.280
RRM2rs4309551 n=217 n=217 n=218 n=217 n=218 n=218 n=218 n=218
Main Effects Model
SNP Main Effect -0.024, 0.852 0.021, 0.858 0.114, 0.206 0.035, 0.730 0.106, 0.293 0.102, 0.308 0.047, 0.449 0.048, 0.640
Interaction Model
SNP Main Effect 0.076, 0.734 0.335, 0.100 0.108, 0.495 0.090, 0.608 0.065, 0.713 0.317, 0.069 -0.083, 0.417 -0.139, 0.437
SNP-by-CA Inter -0.089, 0.795 -0.466, 0.133 0.183, 0.445 -0.145, 0.590 0.108, 0.687 -0.182, 0.490 0.447,0.004* | 0.341, 0.207
SNP-by-AQ Inter -0.189, 0.538 -0.504, 0.071 -0.094, 0.664 -0.036, 0.881 0.033, 0.893 -0.392, 0.100 -0.001, 0.992 0.216, 0.375
RRM2rs4668664 n=214 n=214 n=215 n=215 n=215 n=215 n=215 n=215
Main Effects Model
SNP Main Effect -0.026, 0.829 0.005, 0.964 0.036, 0.677 0.063, 0.506 0.113,0.234 0.039, 0.676 0.009, 0.871 0.003, 0.978
Interaction Model
SNP Main Effect 0.080, 0.679 0.073, 0.686 0.009, 0.949 -0.026, 0.867 0.037,0.814 0.086, 0.582 -0.078, 0.415 -0.042, 0.795
SNP-by-CA Inter -0.297, 0.343 -0.254, 0.378 0.081, 0.720 -0.010, 0.687 -0.074, 0.768 -0.029, 0.907 0.232,0.128 -0.010, 0.969
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SNP-by-AO Inter | -0.065,0.813 | 0.005,0.983 [0.016,0.937 [ 0.286,0.194 | 0.263,0.235 | -0.099, 0.653 [ 0.058,0.665 | 0.120, 0.594
SCUBE2rs1136966 n=212 n=213 n=213 n=212 n=213 n=213 n=213 n=213
Main Effects Model
SNP Main Effect 0.058, 0.646 0.046, 0.673 -0.019, 0.829 0.031, 0.751 0.078, 0.432 0.042, 0.663 0.061, 0.291 -0.019, 0.850
Interaction Model
SNP Main Effect 0.109, 0.598 -0.037, 0.839 -0.087, 0.544 0.100, 0.538 0.278, 0.092 -0.080, 0.612 0.119, 0.211 -0.189, 0.251
SNP-by-CA Inter -0.115, 0.726 -0.020, 0.943 -0.003, 0.988 -0.101, 0.691 -0.407,0.116 0.063, 0.799 -0.204,0.173 0.227, 0.380
SNP-by-AQ Inter -0.053, 0.855 0.249, 0.326 0.167, 0.407 -0.107, 0.640 -0.279, 0.227 0.260, 0.244 0.000, 0.997 0.284, 0.218
SCUBE?2rs4910440 n=218 n=218 n=219 n=218 n=219 n=219 n=219 n=219
Main Effects Model
SNP Main Effect -0.020, 0.882 0.081, 0.491 -0.002, 0.987 -0.010, 0.921 -0.046, 0.653 -0.014, 0.892 0.053, 0.388 0.042, 0.686
Interaction Model
SNP Main Effect -0.367, 0.083 0.082, 0.666 -0.004, 0.981 -0.238, 0.158 -0.121, 0.462 0.076, 0.641 0.152,0.116 0.088, 0.593
SNP-by-CA Inter 0.628, 0.059 0.007, 0.983 0.004, 0.985 0.268, 0.306 0.146, 0.573 -0.137, 0.593 -0.083, 0.585 -0.113, 0.664
SNP-by-AQ Inter 0.525, 0.088 -0.008, 0.976 0.003, 0.988 0.421, 0.084 0.114, 0.635 -0.153, 0.522 -0.220,0.119 -0.039, 0.872
SCUBEZ2rs6486125 n=206 n=206 n=207 n=206 n=207 n=207 n=207 n=207
Main Effects Model
SNP Main Effect 0.087, 0.476 -0.001, 0.992 -0.116, 0.177 -0.193, 0.043* | -0.095, 0.321 0.042, 0.660 -0.070, 0.238 -0.056, 0.563
Interaction Model
SNP Main Effect 0.244,0.215 0.241, 0.175 -0.320, 0.020* | -0.392, 0.011* | 0.002, 0.990 -0.043, 0.782 -0.188, 0.051 -0.121, 0.437
SNP-by-CA Inter -0.653, 0.043* | -0.528, 0.069 0.333, 0.136 0.133, 0.593 -0.187, 0.457 0.065, 0.795 0.181, 0.245 -0.044, 0.863
SNP-by-AQ Inter -0.003, 0.992 -0.282, 0.267 0.313,0.112 0.417, 0.058 -0.149, 0.501 0.166, 0.453 0.202, 0.141 0.200, 0.369

Note. *=p<0.05; AO=Prescribed Anastrozole Only; CA=Prescribed Chemotherapy plus Anastrozole; Inter=Interaction; SNP=Single Nucleotide Polymorphism.
#Coefficient estimation omitted in the robust regression model as the only participant prescribed CA with an MYBL2rs11556379 variant allele was removed by the robust
regression analysis; results from the standard regression model are reported. "Robust regression did not converge after 1000 iterations; results from standard regression

model reported.  All regression coefficient estimates and p-values reported from robust multiple linear regression models generated using Huber weighting and biweighting

iterations. In all models, the prescribed treatment groups, CA and AO, were compared to the reference healthy control group and possession of one or more minor alleles
(i.e., homozygous variant genotype plus heterozygous genotype) was compared to the reference, wildtype genotype. All models are adjusted for age, estimated verbal
intelligence, levels of depressive symptoms, anxiety, fatigue, and pain, and prescribed treatment group.
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Table 19: ERBB2 SNPs and Cognitive Function Robust Regression Results in Women with Breast Cancer by HER2 THC Classification Score

Regrgs§ion Attention Concentration Execu'Five Mgn'ga_l Psychomotor Verbal Visual Visual Working
coefficient, p-value Function Flexibility Speed Memory Memory Memory
ERBB2rs1058808 n=117 n=117 n=118 n=118 n=118 n=118 n=118 n=118

HER2 IHC Score Effect | -0.184, 0.197 0.010, 0.942 0.088, 0.350 -0.016, 0.878 -0.192, 0.107 -0.065, 0.531 -0.065, 0.330 | 0.015, 0.888

SNP Effect 0.162, 0.527 0.056, 0.822 -0.162, 0.366 0.227,0.237 -0.203, 0.367 0.006, 0.979 0.126, 0.322 0.242,0.220

Interaction Effect 0.147,0.419 0.006, 0.970 -0.003, 0.983 -0.121,0.360 | 0.193,0.214 0.000, 0.998 -0.055, 0.525 -0.292, 0.033*
ERBB2rs1136201 n=119 n=119 n=120 n=120 n=120 n=120 n=120 n=120

HER2 IHC Score Effect | -0.114, 0.269 -0.040, 0.663 0.067, 0.344 -0.113, 0.133 -0.104, 0.237 -0.032, 0.673 -0.129, 0.010* | -0.190, 0.016*

SNP Effect -0.377,0.175 -0.419, 0.108 0.036, 0.853 -0.066, 0.748 -0.038, 0.877 0.133, 0.525 -0.135, 0.320 -0.213, 0.321

Interaction Effect 0.196, 0.296 0.156, 0.108 0.036, 0.782 0.097, 0.482 0.073, 0.656 -0.123,0.384 | 0.089, 0.327 0.058, 0.686
ERBB2rs1476278 n=119 n=119 n=120 n=120 n=120 n=120 n=120 n=120

HER2 IHC Score Effect | -0.108, 0.449 0.000, 0.998 0.097, 0.298 0.044, 0.653 -0.172, 0.143 -0.140, 0.167 -0.130, 0.048* | -0.066, 0.526

SNP Effect 0.220, 0.400 -0.083, 0.738 -0.144, 0.420 0.214, 0.258 -0.240, 0.288 -0.074, 0.702 0.067, 0.592 0.201, 0.315

Interaction Effect 0.027, 0.883 0.026, 0.880 -0.010, 0.937 -0.200, 0.122 0.173, 0.259 0.113, 0.393 0.036, 0.673 -0.159, 0.242
ERBB2rs1810132 n=113 n=114 n=114 n=114 n=114 n=114 n=114 n=114

HER2 IHC Score Effect | -0.271, 0.035* | 0.028, 0.807 0.098, 0.236 -0.091, 0.327 -0.167, 0.131 -0.063, 0.496 -0.039, 0.534 -0.083, 0.392

SNP Effect -0.151, 0.570 0.090, 0.714 -0.244, 0.175 -0.053, 0.791 -0.159, 0.506 | 0.095, 0.636 0.186, 0.167 0.193, 0.359

Interaction Effect 0.321, 0.073 -0.014, 0.930 0.042,0.724 0.018, 0.890 0.150, 0.343 -0.035, 0.794 -0.095, 0.287 -0.191, 0.171
ERBB2rs2517955 n=119 n=119 n=120 n=120 n=120 n=120 n=120 n=120

HER2 IHC Score Effect | -0.169, 0.268 -0.048, 0.726 0.152,0.112 -0.010, 0.921 -0.187, 0.128 -0.111, 0.296 -0.062, 0.376 | 0.018, 0.868

SNP Effect 0.126, 0.630 -0.060, 0.808 -0.157, 0.370 0.171, 0.373 -0.258, 0.252 -0.067,0.730 | 0.124, 0.335 0.270, 0.170

Interaction Effect 0.110, 0.558 0.087,0.610 -0.079, 0.514 -0.117, 0.381 0.184, 0.238 0.067, 0.622 -0.065, 0.466 -0.278, 0.043*
ERBB2rs4252596 n=119 n=119 n=120 n=120 n=120 n=120 n=120 n=120

HER2 IHC Score Effect | -0.127, 0.192 -0.005, 0.959 0.068, 0.331 -0.070, 0.336 -0.037, 0.654 -0.105, 0.147 -0.102, 0.037* | -0.186, 0.016*

SNP Effect -0.749, 0.020* | -0.143, 0.633 -0.065, 0.774 0.075, 0.750 0.492, 0.070 -0.178, 0.448 -0.066, 0.672 -0.175, 0.483

Interaction Effect 0.387, 0.057 0.069, 0.706 0.032,0.819 -0.067, 0.642 -0.255, 0.122 0.157,0.273 0.014, 0.881 0.085, 0.574
ERBB2rs903501 n=112 n=113 n=113 n=113 n=113 n=113 n=113 n=113

HER?2 IHC Score Effect | -0.226, 0.084 | -0.010,0.934 | 0.111,0.184 -0.043, 0.641 -0.118, 0.298 -0.083, 0.371 -0.089, 0.135 -0.162, 0.101

SNP Effect -0.132,0.624 | -0.100, 0.690 -0.181, 0.321 0.007, 0.972 -0.151, 0.542 0.058, 0.774 0.125, 0.336 0.135, 0.531

Interaction Effect 0.255, 0.168 0.075, 0.657 -0.002, 0.985 -0.076, 0.575 | 0.072, 0.665 0.017,0.901 -0.008, 0.927 -0.067, 0.643
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ERBB2rs9303274 n=118 n=118 n=119 n=119 n=119 n=119 n=119 n=119
HER2 IHC Score Effect | -0.059, 0.677 -0.031, 0.813 0.106, 0.255 0.056, 0.573 -0.145, 0.208 -0.142, 0.161 -0.111, 0.100 -0.067, 0.519
SNP Effect 0.274,0.298 -0.099, 0.696 -0.140, 0.437 0.249, 0.198 -0.184, 0.411 -0.096, 0.623 0.083, 0.525 0.197,0.332
Interaction Effect -0.025, 0.892 0.074, 0.665 -0.029, 0.813 -0.215, 0.102 0.144, 0.344 0.113, 0.397 0.008, 0.932 -0.159, 0.249
MIR125Ars12976445 n=119 n=119 n=120 n=120 n=120 n=120 n=120 n=120
HER2 IHC Score Effect | -0.005, 0.966 -0.021, 0.853 -0.011, 0.888 -0.045, 0.611 -0.159, 0.128 0.016, 0.854 -0.101, 0.084 -0.186, 0.049*
SNP Effect 0.097,0.709 0.002, 0.995 -0.070, 0.691 0.016, 0.933 -0.197, 0.381 0.176, 0.361 -0.037, 0.765 -0.048, 0.810
Interaction Effect -0.137, 0.430 0.087, 0.584 0.184,0.114 -0.081, 0.517 0.167, 0.257 -0.173,0.171 -0.004, 0.964 0.045, 0.732

Note. *=p<0.05; HER2= Human Epidermal Growth Factor Receptor 2; IHC=Immunohistochemistry; SNP=Single Nucleotide Polymorphism. All regression coefficient
estimates and p-values reported from robust multiple linear regression models generated using Huber weighting and biweighting iterations. In all models, possession of one
or more minor alleles (i.e., homozygous variant genotype plus heterozygous genotype) was compared to the reference, wildtype genotype. All models are adjusted for age,
estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.
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Table 20: MKI67 SNPs and Cognitive Function Robust Regression Results in Women with Breast Cancer by Ki67 Index

N Attention Concentration Execu'Five Mgn'ga_l Psychomotor Verbal Visual Visual Working
b-coefficient, p-value Function Flexibility Speed Memory Memory Memory
MKI167rs10732438 n=66 n=65 n=66 n=66 n=65 n=66 n=66 n=66

Ki67 Index Effect 0.002, 0.803 -0.004, 0.528 -0.002, 0.716 -0.015, 0.006* | 0.002, 0.844 -0.003, 0.673 -0.002, 0.397 -0.002, 0.717

SNP Effect 0.017, 0.955 -0.120, 0.660 -0.116, 0.597 -0.621, 0.004* | -0.198, 0.425 -0.238, 0.355 -0.135, 0.185 -0.086, 0.705

Interaction Effect 0.008, 0.441 -0.001, 0.940 0.009, 0.221 0.016, 0.023* | 0.008, 0.392 0.004, 0.662 0.006, 0.067 0.005, 0.526
MKI167rs10764751 n=68 n=67 n=68 n=68 n=68 n=68 n=68 n=68

Ki67 Index Effect 0.009, 0.102 -0.005, 0.404 0.000, 0.931 -0.002, 0.719 -0.006, 0.220 0.002, 0.630 0.002, 0.486 0.003, 0.584

SNP Effect 0.154, 0.586 -0.005, 0.986 -0.331, 0.158 0.180, 0.459 -0.195, 0.446 0.159, 0.529 0.037, 0.737 0.003, 0.989

Interaction Effect 0.008, 0.455 0.001, 0.958 0.009, 0.325 -0.001, 0.948 0.013, 0.188 -0.010, 0.309 0.000, 0.955 -0.003, 0.733

Note. *=p<0.05; SNP=Single Nucleotide Polymorphism. All regression coefficient estimates and p-values reported from robust multiple linear regression models generated
using Huber weighting and biweighting iterations. In all models, possession of one or more minor alleles (i.e., homozygous variant genotype plus heterozygous genotype)
was compared to the reference, wildtype genotype. All models are adjusted for age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and

pain.
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Table 21: Significant (p<0.05) Interaction between Tumor Location
Octant and GRS for Visual Working Memory Composite

Visual Working Memory (n=81)

regression coefficient,

p-value
Tumor Octant Main Effect
Lower Outer 0.427,0.068
Lower Inner 0.081, 0.709
Upper Inner 0.008, 0.969
Upper Middle 0.061, 0.706
Outer Middle 0.180, 0.358
Lower Middle -4.539, 0.126
Inner Middle -0.001, 0.998

Visual Working Memory GRS Main Effect

0.437, <0.001*

Interaction

Lower Outer x GRS 0.479, 0.045*
Lower Inner x GRS 0.243,0.440
Upper Inner x GRS -0.174, 0.324
Upper Middle x GRS -0.292, 0.209
Outer Middle x GRS 0.274,0.184
Lower Middle x GRS -2.911, 0.153
Inner Middle x GRS 0.132, 0.793

Note. *=p<0.05; GRS=Genetic Risk/Protection Score. Upper outer octant
served as the tumor location octant reference group. Regression coefficient
estimates and p-values reported from a robust multiple linear regression
model generated using Huber weighting and biweighting iterations. Model
adjusted for age, estimated verbal intelligence, and levels of depressive

symptoms, anxiety, fatigue, and pain.
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Table 22: Significant (p<0.05) Individual CTFs Tested for
Interactions with GRSs by Cognitive Function Composite

Cogpnitive Function Composite

Feature with p<0.05

Attention

Tumor Location Octant

Concentration

Ki67 Classification

Executive Function

Mental Flexibility

Tumor Octant
Oncotype DX Recurrence Score®

Psychomotor Speed

Verbal Memory

Tumor Focality

Tumor Laterality

PR Status (+/-)

HER2 Status (+/-)

Oncotype DX Recurrence Score® Squared

Visual Memory

HER2 Status (+/-)

HER2 IHC Classification Score

Oncotype DX HER2 Score Squared

Magee Equation Recurrence Score Squared

Visual Working Memory

Overall TNM Stage

Tumor Laterality

Tumor Location Octant

HER?2 Status (+/-)

HER2 IHC Classification Score

Magee Equation Recurrence Score Squared

Note. CTF=Clinicopathologic Tumor Feature; GRS=Genetic Risk/Protection
Score; HER2=Human Epidermal Growth Factor Receptor 2;
IHC=Immunohistochemistry; Oncotype DX=Genomic Health Inc. Oncotype
DX® Breast Cancer Assay; PR=Progesterone Receptor; TNM=Tumor, Node,
Metastasis Classification of Malignant Tumors.
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Table 23: Statistically Significant (p<0.05) Terms from Individual and

Interaction Models Evaluated for Inclusion in Final CTF Model

Cognitive Function

Clinicopathologic Tumor Feature

Composite
Attention Tumor Location Octant*
(n=95) Invasive Type

ER H-Score*

Oncotype DX PR Score*

Oncotype DX PR Score Squared

Tumor Location Octant by Invasive Type®

ER H-Score by Oncotype DX PR Score*

ER H-Score by Oncotype DX PR Score Squared

Concentration
(n=65)

Ki67 Classification*

Oncotype DX HER2 Score*

Oncotype DX HER2 Score Squared*

Oncotype DX Recurrence Score®*

Oncotype DX Recurrence Score® Squared*

Oncotype DX HER2 Score by Oncotype DX Recurrence Score®*

Oncotype DX HER2 Score Squared by Oncotype DX Recurrence Score®*
Oncotype DX HER2 Score by Oncotype DX Recurrence Score® Squared*
Oncotype DX HER2 Score Squared by Oncotype DX Recurrence Score® Squared™

Executive Function
(n=76)

Tumor Location Octant”

Ki67 Classification”

Ki67 Index*

Oncotype DX ER Score*

Tumor Location Octant by Oncotype DX ER Score”
Tumor Location Octant by Ki67 Classification”
Tumor Location Octant by Ki67 Index”

Ki67 Classification by Oncotype DX ER Score”
Ki67 Index by Oncotype DX ER Score*

Mental Flexibility
(n=101)

Tumor Location Octant*

Oncotype DX Recurrence Score®

Oncotype DX PR Score*

Oncotype DX PR Score Squared™

Tumor Location Octant by Oncotype DX PR Score*

Tumor Location Octant by Oncotype DX PR Score Squared*

Psychomotor Speed
(n=75)

Overall TNM Stage

Tumor Location Octant*

Ki67 Classification”

Ki67 Index*

Oncotype DX PR Score

Oncotype DX PR Score Squared

Overall TNM Stage by K167 Classification”
Tumor Location Octant by K167 Classification””
Ki67 Classification by Oncotype DX PR Score”
Ki67 Classification by Oncotype DX PR Score Squared”
Overall TNM Stage by Ki67 Index

Overall TNM Stage by Ki67 Index Squared*
Tumor Location Octant by Ki67 Index”

Tumor Location Octant by Ki67 Index Squared”

Verbal Memory
(n=152)

Tumor Location Octant*
Tumor Focality*

144




Tumor Laterality

PR Status(+/-)*

HER2 Status (+/-)

Oncotype DX Recurrence Score®

Oncotype DX Recurrence Score® Squared

PR Status (+/-) by HER2 Status (+/-)

Tumor Location Octant by Oncotype DX Recurrence Score®*

Tumor Location Octant by Oncotype DX Recurrence Score® Squared*

Visual Memory Overall TNM Stage*

(n=64) HER?2 Status (+/-)*

HER2 IHC Classification Score

Oncotype DX ER Score*

Oncotype DX HER2 Score

Oncotype DX HER2 Score Squared

Magee Equation Recurrence Score*

Magee Equation Recurrence Score Squared*

HER2 Status (+/-) by Oncotype DX ER Score*

Overall TNM Stage by Magee Equation Recurrence Score*
Overall TNM Stage by Magee Equation Recurrence Score Squared*

Visual Working Memory | Overall TNM Stage

(n=133) Tumor Size*

Tumor Size Squared*

Tumor Laterality

Tumor Location Octant*

Nottingham Score*

Nottingham Grade”

HER? Status (+/-)"

HER2 IHC Classification Score

HER2 IHC Classification Score Squared

Oncotype DX Recurrence Score®

Magee Equation Recurrence Score

Magee Equation Recurrence Score Squared

Tumor Laterality by Tumor Location Octant*

Tumor Location Octant by HER2 Status (+/-)”

Tumor Location Octant by Oncotype DX Recurrence Score®*
Nottingham Score by HER2 IHC Classification Score*

Nottingham Grade by HER2 IHC Classification Score”

HER2 IHC Classification Score by Tumor Size*

HER2 IHC Classification Score by Tumor Size Squared*

Tumor Location Octant by HER2 IHC Classification Score*

Tumor Location Octant by HER2 IHC Classification Score Squared”
Oncotype DX Recurrence Score® by HER2 IHC Classification Score*
Oncotype DX Recurrence Score® by HER2 IHC Classification Score Squared

Note. *=p<0.20, *=omitted from model due to collinearity, “=omitted from model due to limited variability;
ER=Estrogen Receptor; HER2=Human Epidermal Growth Factor Receptor 2; IHC=Immunohistochemistry;
Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone Receptor;
TNM=Tumor, Node, Metastasis Classification of Malignant Tumors. All term designations obtained from
robust multiple linear regression models generated using Huber weighting and biweighting iterations. All
models adjusted for age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and
pain.
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Table 24: R’ for Final Combined CTF plus GRS and Cognitive Function Regression Models

Cognitive Function Predictors with p<0.20 from R? Final R? Final
Composites Full CTF Models CTF CTF plus GRS
Model Model
Attention Tumor Location Octant 0.3075 0.5760
ER H-Score (n=95) (n=38)
Oncotype DX PR Score
ER H-Score by Oncotype DX PR Score
Concentration Ki67 Classification 0.2103 0.9548
Oncotype DX HER2 Score (n=66) (n=24)
Oncotype DX HER2 Score Squared
Oncotype DX Recurrence Score®
Oncotype DX Recurrence Score® Squared
Oncotype DX HER2 Score by Oncotype DX Recurrence Score®
Oncotype DX HER2 Score Squared by Oncotype DX Recurrence Score®
Oncotype DX HER2 Score by Oncotype DX Recurrence Score® Squared
Oncotype DX HER?2 Score Squared by Oncotype DX Recurrence Score® Squared
Executive Function | Ki67 Index 0.3349 0.7286
Oncotype DX ER Score (n=76) (n=23)
Ki67 Index by Oncotype DX ER Score
Mental Flexibility Tumor Location Octant 0.5488 0.9456
Oncotype DX PR Score (n=101) (n=32)
Oncotype DX PR Score Squared
Tumor Location Octant by Oncotype DX PR Score
Tumor Location Octant by Oncotype DX PR Score Squared
Psychomotor Speed | Overall TNM Stage 0.4230 0.7790
Tumor Location Octant (n=166) (n=54)
Ki67 Index
Overall TNM Stage by Ki67 Index
Overall TNM Stage by Ki67 Index Squared
Verbal Memory Tumor Location Octant 0.4487 0.7932
Tumor Focality (n=158) (n=47)

PR Status(+/-)

Oncotype DX Recurrence Score®

Oncotype DX Recurrence Score® Squared

Tumor Location Octant by Oncotype DX Recurrence Score®

Tumor Location Octant by Oncotype DX Recurrence Score® Squared
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Visual Memory? Overall TNM Stage 0.3241 0.7249
HER2 Status (+/-) (n=94) (n=31)
Oncotype DX ER Score

Magee Equation Recurrence Score

Magee Equation Recurrence Score Squared

HER?2 Status (+/-) by Oncotype DX ER Score

TNM Stage by Magee Equation Recurrence Score

TNM Stage by Magee Equation Recurrence Score Squared

Visual Working Tumor Size 0.5068 0.9531
Memory” Tumor Size Squared (n=137) (n=44)
Tumor Laterality

Tumor Location Octant

Nottingham Score

HER2 IHC Classification Score

Oncotype DX Recurrence Score®

Tumor Laterality by Tumor Location Octant

Tumor Location Octant by Oncotype DX Recurrence Score®
Nottingham Score by HER2 IHC Classification Score

HER2 IHC Classification Score by Tumor Size

HER2 IHC Classification Score by Tumor Size Squared

Tumor Location Octant by HER2 IHC Classification Score
Oncotype DX Recurrence Score® by HER2 IHC Classification Score

Note. CTF=Clinicopathologic Tumor Feature; GRS=Genetic Risk/Protection Score; ER=Estrogen Receptor; HER2=Human Epidermal Growth Factor
Receptor 2; IHC=Immunohistochemistry; Oncotype DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay; PR=Progesterone Receptor;
TNM=Tumor, Node, Metastasis Classification of Malignant Tumors. ®In the combined CTF plus GRS regression model for visual memory, the
interactions between HER2 status and Oncotype DX ER Score, TNM Stage 2b and Magee Equation Recurrence Score, and TNM Stage 2b and
Magee Equation Recurrence Score Squared were omitted due to collinearity. °In the combined CTF plus GRS regression model for visual working
memory, the interactions between upper middle, inner middle, and lower middle tumor location octants and HER2 IHC classification score were
omitted due to collinearity. The statistically significant interaction between visual working memory GRS and tumor location octant identified from
the CTF-by-GRS interaction analysis was also omitted from the model due to collinearity. R? obtained from standard multiple linear regression
models. All models are adjusted for age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, and pain.
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Added Variable Plot
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Figure 4: HER2 IHC Classification Score vs. Verbal, Visual, and Visual Working Memory Composite Score Added Variable Plots

Note. X=age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, pain; HER2=Human Epidermal Growth Factor Receptor 2.
Figure generated using Stata® Data Analysis and Statistical Software SE Version 14.1 (StataCorp, College Station, TX).
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Added Variable Plot
Oncotype DX Recurrence Score vs. Mental Flexibility Composite Score
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Figure 5: Oncotype DX® Breast Cancer Assay Recurrence Score vs.
Mental Flexibility Composite Score Added Variable Plot

Note. X=age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue, pain; Oncotype

DX=Genomic Health Inc. Oncotype DX® Breast Cancer Assay. Figure generated using Stata® Data Analysis and
Statistical Software SE Version 14.1 (StataCorp, College Station, TX).
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Figure 6: Candidate Gene-Gene Networks Generated Using QIAGEN’s Ingenuity Pathway Analysis

Note. The networks were generated through use of QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN
Redwood City, www.quigen.com/ingenuity). Candidate genes are highlighted in yellow. Colored blocks
correspond to cognitive function composites that were found to have one or more significant SNP main effects
and/or SNP-by-prescribed treatment group interactions for a particular gene. The main associated functions of
each network are as follows: (a) cancer, organismal injury and abnormalities, and reproductive system disease; (b)
cancer, cellular development, and cellular growth and proliferation; and (c) cellular assembly and organization, cell
morphology, and cellular function and maintenance.
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Figure 7: GRS by Cognitive Function Composite Score Added Variable Plots
Note. X=age, estimated verbal intelligence, levels of depressive symptoms, anxiety, fatigue, pain, and prescribed

treatment; GRS=Genetic Risk/Protection Score. Figure generated using Stata® Data Analysis and Statistical
Software SE Version 14.1 (StataCorp, College Station, TX).
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3500 Fifth Avenus

University of Pittsburgh Pinsbuh, PA 15213
Institutional Review Board 212) 383-108 (59

http: v irb. pitt. adu

Memorandum

To: Theresa Timcheck-Koleck PhD. BSN
From:  Sue Beers. PhD. Vice Chair

Date: 6/10/2013

IRB#: PROI13040672

Subject: Cognitrve Function and Breast Cancer: Genomics and Disease Characteristics

The University of Pittsburgh Institutional Review Board reviewed and approved the above referenced study by the expedited review procedure
authorized under 45 CFR 46.110. Your research study was approved under 45 CFR 46.110 (3) (7).

This study 15 supported by the following federal grant application:
Anticipated Cognitive Function and Breast Cancer: Genomics and Disease Characteristics

The risk level designation is Minimal Risk.

Approval Date: 6/7/2013
Expiration Date:  6/6/2014

For studies being conducted in UPMC facilities, no clinical activities can be undertaken by investigators until thev have received approval from
the UPMC Fiscal Review Office.

Please note that 1t 1s the investigator's responsibilitv to report to the IRB any unanticipated problems involving risks to subjects or others [see 43
CFR 46.103(b)(5)]. Refer to the IRB Policy and Procedure Manual regarding the reporting requirements for unanticipated problems which
mclude. but are not limited to. adverse events. If vou have anv questions about this process. please contact the Adverse Events Coordinator at
412-383-1480.

The protocol and consent forms. along with a brief progress report must be resubmitted at least one month prior to the renewal date noted above
as required by FWAQ0006790 (University of Pittsburgh). FWA00006735 (Universitv of Pittsburgh Medical Center). FWAQ0000600
(Children s Hospital of Pittsburgh). FWAO00003367 (Magee-Womens Health Corporation). FWAD0003338 (University of Pittsburgh Medical
Center Cancer Institute).

Please be advised that your research study may be audited periodically by the University of Pittsburgh Research Conduct and
Compliance Office.
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3300 Fifth Avenue

University of Pittsburgh

Institutional Review Board

Memorandum

To: Theresa Koleck

From:  Christopher Ryan PhD. Vice Chair
Date:  4/8/2014

I[RB#  RENI14030156 /PRO13040672

Subject: Cognitive Function and Breast Cancer: Genomics and Disease Characteristics

Your renewal for the above referenced research study has recerved expedited review and approval from the Institutional Review Board under:
45 CFR 46.110.(3)
45 CFR 46.110.(7)

Please note the following information:

Approval Date: 4/8/2014
Expiration Date:  4/7/2015

Please note that 1t 15 the investigator s responsibility to report to the IRB any unanticipated problems involving risks to subjects or others [see 45
CFR. 46.103(b)(5) and 21 CFR 56.108(b)]. Refer to the IRB Policy and Procedure Manual regarding the reporting requirements for
unanticipated problems which include. but are not limited to. adverse events. If you have any questions about this process, please contact the
Adverse Events Coordinator at 412-383-1480.

The protocol and consent forms. along with a brief progress report must be resubmitted at least one month prior to the renewal date noted
above as required by FWAOQ0006790 (University of Pittsburgh). FWAQQ006735 (University of Pittsburgh Medical Center), FWAQQQ00600
(Children’s Hospital of Pittsburgh). FWAQ0003567 (Magee-Womens Health Corporation), FWA00003338 (University of Pittsburgh Medical
Center Cancer Institute).

Please be advised that your research study may be audited periodically by the University of Pittsburgh Research Conduct and
Compliance Office.
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* - . 3500 Fifth Avenus
University of Pittsburgh P, PA 15213
Institutional Review Board (417) 383-1508 {fm)
http: v ith. pitt. edu

Memorandum

To: Theresa Koleck

From: [EB Office

Date: 4/3/2015

IRB#: RENI15020164 /PRO13040672

Subject: Cognitive Function and Breast Cancer: Genomics and Disease Characteristics

Your renewal for the above referenced research study has received expedited review and approval from the Institutional Review Board under 45

CFR 46.110 (3) (7).

Please note the following information:

Approval Date: 4/3/2015
Expiration Date:  4/2/2016

Please note that 1t 1s the mvestigator’s responsibility to report to the IRB any unanticipated problems inveolving risks to subjects or others [see 45
CFR 46.103(b){5) and 21 CFR 36.108(b)]. Refer to the IRB Policy and Procedure Manual regarding the reporting requirements for
unanticipated problems which include. but are not lunited to, adverse events. If you have anv questions about this process. please contact the
Adverse Events Coordinator at 412-383-1480.

The protocol and consent forms, along with a brief progress report must be resubmitted at least one month prior to the renewal date noted
above as required by FWAO00006790 (University of Pittsburgh), FWA00006735 (Umiversity of Pittsburgh Medical Center), FWAQ0000600
{Chuldren’s Hospital of Pittsburgh). FWAQ0003367 (Magee-Womens Health Corporation), FWAO0003338 (University of Pittsburgh Medical
Center Cancer Institute).

Please be advised that your research study may be audited periodically by the University of Pittsburgh Research Conduct and
Compliance Office.
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3300 Fifth Avenua

University of Pittsburgh Pinctugh, B4 15213
Institutional Review Board ¢

Memorandum

To: Theresa Koleck

From: [RB Office

Date: 3/29/2016

IRB#: RENI16020165 /PRO13040672

Subject: Cognitive Function and Breast Cancer: Genomics and Disease Characteristics

Your renewal for the above referenced research study has received expedited review and approval from the Institutional Review Board under:

45 CFR 46.110 (3) (7).
Please note the following information:

Approval Date: 3/29/2016
Expiration Date:  3/28/2017

Please note that 1t 1s the investigator s responsibility to report to the IRB any unanticipated problems mvolving risks to subjects or others [see 45
CFR 46.103(b)(53) and 21 CEFR 56.108(b)]. Refer to the IRB Policy and Procedure Manual regarding the reporting requirements for
unanticipated problems which include. but are not limited to. adverse events. If vou have anv questions about this process. please contact the
Adverse Events Coordinator at 412-383-1480.

The protocol and consent forms. along with a brief progress report must be resubmitted at least one month prior to the renewal date noted
above as required by FWAQ0006790 (University of Pittsburgh). FWAO00006735 (University of Pittsburgh Medical Center), FWAQ0000600
(Children’s Hospital of Pittsburgh). FWAQ0003567 (Magee-Womens Health Corporation). FWAQQ0003338 (University of Pittsburgh Medical
Center Cancer Institute).

Please be advised that vour research study may be audited periodically by the University of Pittsburgh Research Conduct and
Compliance Office.
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Molecular Genomic Research Designs

Kelley Baumgartel', Jamie Zelazny', Theresa Timcheck', Chantel Snyder', Mandy Bell!,
and Yvette Conley' 2’
1University of Pittsburgh School of Nursing

2University of Pittsburgh Department of Human Genetics

Abstract

Genetic and genomic rescarch approaches have the capability to expand our understanding of the
complex pathophysiology of disease susceptibility, susceptibility to complications related o
disease, trajectory of recovery from acquired injuries and infections, patient response to
interventions and therapeutics, as well as informing diagnoses and prognoses. Nurse scientists are
actively involved in all of these fields of inquiry and the goal of this manuscript is to assist with
incorporation of genetic and genomic trajectories into their research and facilitate the design and
execution of these studics. New studics that are going to embark on recruitment, phenotyping, and
sample collection will benefit from forethought about research design to ensure that it addresses
the research questions or hypotheses being tested. Studies that will utilize existing data or samples
will also benefit from forethought about rescarch design for the same reason but to also address
the fact that some designs may not be feasible with the available data or samples. This manuscript
discusses candidate gene association, genome wide association, candidate gene expression, global
gene expression, and epigenetic/epigenomic study designs, Information provided includes
rationale for selecting an appropriate study design, important methodology considerations for each
design. key technologies available to accomplish each type of study. and online resources
available to assist in executing cach type of study design.

In the last decade we have progressed from a rough draft of the human genome sequence to
availability of an abundance of publicly available databases and high throughput data
collection technologies 1o facilitate genetic and genomic study design. Genetic (focus on one
gene at a time) and genomic (focus on entire genome as well as gene-gene interactions)
research continues to hold great promise for understanding a wealth of human conditions.
providing objective data for diagnosis and prognosis. informing therapeutics. and providing
the cornerstone for evidence based practice for genomic health care (Green, Guyer, &
National Human Genome Research Institute [NHGRI], 2011; Lander, 2011). The research
programs of many nurse scientisis are ripe for incorporating a genetic/genomic research
component or movement of existing genetic or genomic rescarch in a new direction.

The goal of his paper is to bring together key information about designing studies with a
molecular genetic or genomic focus coupled with dynamic resources offered to the reader to
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expand their understanding and ensure access to state of the science information. It is not
meant to be an exhaustive resource, but one that sets the stage for contemplation of
embarking on such research designs and key issues to ponder during study design phase.
This paper 1s written for the researcher who has a basic understanding of genetics and is
contemplating adding a genetic or genomic component to their research or designing the
next step mn ther genetic or genomic program of research. Readers are encouraged to visit an
extremely useful resource, the National Human Genome Research Institute’s talking
glossary at http://www.genome.gov/glossary, for clarification of unfamiliar terms and
expansion of knowledge about genetic terminology. Technology to collect genetic and
genomic data changes rapidly, therefore proper study design, and selection of appropriate
methodology to accomplish a study also change rapidly. This paper incorporates a large
number of online resources that are continuously updated in an attempt to keep the paper as
up to data as possible. Readers are encouraged to visit these online resources when
designing their study to ensure that their study design is state of the science.

DNA POLYMORPHISM BASED ASSOCIATION STUDIES

The overall objective of a polymorphism based association study 1s to examine the
relationship between DNA variation and a phenotype (2.g., diabetes, fatigue). A
polymorphism is defined as a DNA variation that 15 present in at least one percent of the
population (NHGRI, n.d.). One advantage of this approach compared to other genetic/
genomic approaches is the use of DNA. DNA is a very stable template for experiments,
allowing for use of previously collected samples. Such a retrospective approach could save
time and money that would be needed to prospectively recruit participants and collect
samples; however, attention must be given to subject consent to assure that informed
consent was obtained for future genetic/genomic evaluation related to the phenotype of
mterest. Another advantage is that this approach does not require that subjects be related,
which is a requirement for linkage analysis, an approach not discussed in this manuscript. It
should be noted that while related individuals are not required, newer software has been
developed to allow for the analyses of related individuals within the context of an
association study. Two very appealing additional advantages of polymorphism based studies
are the fact that polymorphisms do not change over time and the DNA template that is
utilized can be extracted from any tissue. The sample for DNA extraction and collection of
polymorphism data only need to be collected once, yet that polymorphism data can be
evaluated within the context of a phenotype that changes over time. While blood and saliva
are the most frequently used cell/tissue type for DNA extraction, any cells/tissues that have a
nucleus can serve as samples for polymorphism based studies. Because DNA
polymorphisms do not change and are not tissue specific, investigators need not worry about
collection of DNA samples over time or from what tissue DNA extraction oceurs. These
advantages are not carried over to other genomic approaches detailed in this manuscript.

Candidate Gene Association Studies

Rationale for taking a candidate gene association approach—Candidate gene
association studies investigate polymorphisms representing a specific gene(s) to determine if
it 15 associated with a phenotype of interest. With this hypothesis-driven approach, the
investigator pre-selects the candidate gene(s) to be evaluated. This approach is only
appropriate when a priori assumptions about the gene(s) that may be involved in the
phenotype of interest can be justified.

Genome wide association studies (GWAS), discussed in the next section, have large sample
size requirements (e.g.. 1000 cases/1000 controls), and one relative advantage of the
candidate gene approach 1s that it often requires half that number or less. This reduced
sample size requirement compared to a GWAS is due to the focused evaluation of a
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candidate gene(s), which reduces multiple testing concerns. The candidate gene association
approach is also ideal when studying rarer phenotypes since attainment of a large sample
may not be feasible for a condition with a low population frequency.

Subject and sample considerations—Clearly defined inclusion/exclusion criteria,
which include a detailed defimition of the phenotype, are essential to the candidate gene
association approach. Structured inclusion/exclusion criteria help to ensure that individuals
with/without the phenotype of interest are similar in all aspects except for the condition
being investigated. Moreover, phenotypic assessment of controls should be as
comprehensive as the phenotypic assessment of cases. Ultimately, carefully crafted criteria,
and thorough phenotypic assessments help reduce the impact of confounding variables.

Population stratification represents another potential source of confounding in candidate
gene association studies utilizing a case-control design. The case-control design compares
allele, genotype, or haplotype frequencies between the groups. Because these frequencies
can be extremely disparate for different ancestries, it is important to control for ancestry to
avoid spurious results/conclusions (e.g., concluding that there is an association between a
phenotype/allele when in reality the association 1s fueled by ancestral differences n allelic
frequencies). The risk for population stratification can be mitigated. Subgroup analysis
represents one option, but it relies on self report to categorically measure race/ethnicity. An
option that controls for population stratification statistically 1s the use of ancestral
informative markers (AIM), which are polymorphisms in the DNA that allow one to
calculate an admixture proportion for an individual. The application of these proportions are
used for analysis rather than the traditionally used, though unreliable, method of self-
reported race/ethnicity. In a recent study, only 30 AIMs were needed to estimate European
admixture in a group of African American women (Ruiz-Narvaez, Rosenberg, Wise, Reich,
& Palmer, 2011}, Although different AIMs may be needed to estimate other admixture
proportions, this example demonstrates that population stratification can be successtully
controlled through the analysis of genetic markers.

Another aspect of the candidate gene association study that should be considered is sample
size requirements. Quanto (http://hydra.usc.edw/gxe/) is a freely downloadable computer
program that can assist with sample size and/or power calculations for candidate gene
association studies. User defined criteria can be manipulated according to the
polymorphisms that have been selected for evaluation and according to study design
specifications.

Candidate gene selection—Candidate gene selection is often based on biologic
plausibility. This plausibility can be based on biclogical pathways implicated n the
condition, biomarker data implicating a gene/gene product in the phenotype of interest,
pharmacologic treatments for the condition that may indicate a target gene(s), or data from
amimal models (Hattersley & McCarthy, 2005). Bio-informatics databases, such as the Gene
Ontology (http://www geneontology.org/), may also aid in the identification of genes whose
praducts may impact the phenotype of interest (The Gene Ontology, 1999-2011). Mareover,
consideration should be given to number of genes on which to focus, ranging from a single
gene to genes within a candidate biological pathway. Because more biologically global
conclusions can be drawn, the study of a biologic pathway has the advantage of being more
informative than the singular gene approach in most situations (Jorgenson, Ruczinski,
Kessing, Smith, Shugart, & Alberg, 2009).

Polymorphism selection—Once selection of the candidate gene(s) is finalized,
polymorphisms must be selected to evaluate candidate gene variability, and these are the
genetic data used for analyses. The candidate gene association approach includes the
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evaluation of single nucleotide polymorphisms (SNPs), repeat polymorphisms, insertion/
deletion polymorphisms (INDEL), and copy number variants (CNV).

Resources for polymorphism selection: The SNP is the most common type of
polymorphism and s a nucleotide (also known as a base) in the DNA where the nucleotide
present (e.g.. A, T, C, G) varies in the population (Genetics Home Reference, 2011). The
scientific literature and a variety of online databases provide excellent resources for SNP
wentification and selection. A simple literature search combimng the candidate gene(s) with
the keyword “functional polymorphism” will help to identify SNPs known to alter the
function of the candidate gene(s). Because functional polymorphisms modify the function of
a gene regardless of phenotype, the literature search should not be limited to just the
phenotype of interest. In addition to the literature, investigators also commonly use the
Database of Single Nucleotide Polymorphisms (dbSNF)

(http:/Awww ncbinlm.nih gov/projects/SNP/) and the International HapMap Project
(http://hapmap.ncbi.nlm.nih.gov/) to identify/select SNPs and tagging SNPs, respectively.

HapMap 1s accessed for the selection of tagging SNPs (tSNP), which represent the current
gold standard for the evaluation of genetic variation in the candidate gene association study.
The goal of HapMap is to develop a haplotype map of the human genome and to describe
common patterns of genetic variation in humans (Intermational HapMap Project, 2006).
Essentially, HapMap is based on the premise that DNA is inherited in chunks/blocks
(haploblock). Within these haploblocks, certain variants are inherited together. If the
genotype of one vanant within that block of DNA 1s known the genotype of a second variant
within the same block can be determined since they are inherited together. Thus, HapMap
assists the user in selecting SNPs that tag a certain haploblock of DM A (tagging SNPs or
tSNPs). Ultimately, utilization of tSNPs allows one to fully evaluate the genetic variability
of the candidate genes with the least number of SNPs (International HapMap Project, n.d.).

Repeat polymorphisms are characterized by repeating units of DNA bases. The number of
times these DNA units repeat is variable in the population (Passarge. 2007). While repeat
polymorphisms are less frequent in the genome than SNPs, they are often more informative
as they usually have more alleles in the population than SNPs, which typically only have 2.
The short tandem repeat (STR) 15 typically compnised of a repeating unit of two to four
DNA bases (e.g.. CAG CAG CAG) while the vanable number tandem repeat (VNTR) 1s
comprised of a larger repeating unit (Passarge), usually greater than 5 bases. For the
evaluation of STRs and VNTRs, the literature continues to be the best source for
identification and characterization.

An INDEL polymorphism occurs when a base(s) is added or subtracted from a place in the
DNA. It is the presence or absence of the INDEL that is variable in the population
(Nussbaum, Melnnes, & Willard, 2007). Like SNPs, the dbSNP can be freely accessed to
identify small-scale INDELSs.

The CNV occurs when the number of copies of a particular genomic sequence/segment is
variable in the population (WHGRI, n.d.). CN'Vs can be identified through scientific
literature and online databases. The Database of Genomic Structural Variation (dbVar)
{http:/f'www nebinlm.mh. gov/dbvar) and The Copy Number Variation Project by the
Wellcome Trust Sanger Institute (http:/www sanger.ac.uk/humgen/cnv/) are two online
resources that may assist in CN'V identification.

Genotype data collection technologies—Multiple options are available for SNP
genotyping, including the polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) technique, real-time PCR allelic discrimination (e.g.
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TagMan®), multiplexing via mass spectrometry, and bead chip technology. Selection of the
genotyping technique 1s guided by the number of samples and polymorphisms to be
genotyped and available resources. PCR-RFLP, which 13 used to genotype SNPs based on
differences in fragment lengths, is suitable when the number of SNPs and samples to be
genotyped 1s relatively small. Real-time PCR allelic discrimination

(http:/f'www apphedbiosystems.com; http://www roche-applied-science.com), which
genotypes SMNPs based on allele-specific fluorescence intensity signals, 1s suitable fora
medium number of SNPs and sample size. Because PCR-RFLP and real-time PCR allelic
discrimination can only genotype one SNP at a time, the use of high throughput technologies
have become the gold standard for SNP genotype collection when the number of SNPs to be
evaluated approaches 24. The IPLEX® Gold-SNP Genotyping assay

(http:/Awww sequenom.com), which genotypes SNPs based on differences in molecular
mass, allows for the analysis of up to 36 SNPs per assay (Sequenom, 2010) in larger sample
sizes. Not only can an investigator analyze multiple SNPs simultaneously, but time, assay to
assay variability, and costs are reduced. The GoldenGate Genotyping Assay
(http:/Avww.illumina.com) is another high throughput bead based technology that can be
utilized when the number of SNPs and samples to be analyzed is too large for other
technologies.

There are several genotyping technologies also available for repeat polymorphisms,
INDELs, and CNVs. PCR amplification followed by fragment sizing can be used for
genotyping repeat polymorphisms. As with SNPs, real-time PCR allelic discrimination can
be used to genotype small INDELs. Fmnally, TagMan® Copy Number Assays
(http://appliedbiosystems.com) or cylogenetic techniques (e.g., Fluorescence In Situ
Hybridization) can be utihzed for genotyping candidate CINVs,

Genome Wide Association Studies (GWAS)

Rationale for taking a GWAS approach—A GWAS gentoypes thousands to millions
of polymaorphisms across the genome for individuals who are phenotypically well-
characterized (DiStefano & Taverna, 2011). If genetic variability is significantly different
between cases and controls, those variations may be associated with susceptibility to or
protection from the phenotype of interest and can provide direction as to which region of the
genome these differences might be located. Ongoing efforts of the Human Genome Project
and the International HapMap Project have made this approach possible through the
generation of large databases that reference and map both sequence and variability.

The major advantage of a GWAS approach is that the biology of the phenotype of interest
does not need to be completely understood prior to implementing this approach and the
SNPs or genes of interest do not need to be defined a priors. Instead of selecting genes and
polymorphisms a priors, polymorphisms that cover haploblocks across the entire genome are
used for genotype data collection and non-parametric based analyses determine what genes/
regions of the genome are relevant to the phenotype of mterest (Hakonarson & Grant, 2011).
The data derived from GWAS will provide direction regarding which areas of the genome
warrant additional study.

There are several limitations to GWAS. The variant identified may not be what’s accounting
for the association, but is rather “tagging along”™ with the actual causal variant(s). This
obstacle 1s also present for candidate gene association studies, particularly those that utilize
a tSNP approach. Therefore, it may be necessary to follow up with more focused genotype
data collection, including denser polymorphism evaluations and/or sequencing of that
specific region of the genome to identify the exact allele accounting for the association
{(NHGEI, 2010}, A major limitation for the GWAS approach, and perhaps a reason why
many investigators are unable to pursue this approach, is the need for thousands of subjects
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who are phenotypically well characterized and for which DNA is available. The need for
large samples sizes for GWAS is due to the inherent issue of multiple testing that
accompanies the evaluation of thousands to millions of different genetic variables.
Additionally, the need for very large sample sizes, coupled with the cost of commercial
genome-wide scanning techniques makes this approach very costly. GWAS approaches are
also not optimal to assess rare polymorphisms as the data collection approaches for the
GWAS are more focused on optimizing informativeness of the data (Ku, Loy, Pawitan, &
Chia, 2010).

Subject and sample considerations—The cross-sectional case-control study design is
the most frequently used approach for a GWAS. Study subjects should be selected based on
a well-defined and heritable phenotype. Cases are defined as individuals who meet criteria
for a phenotype of interest. Controls are individuals who have never met criteria for the
phenotype and 1deally have passed through the age or period of nisk for the phenotype
(Hakonarson & Grant, 2011). Like candidate gene associations studies, ancestry must be
considered to avoid issues related to population substructure and this 1s why some
investigators have conducted these types of studies with homogeneous populations
(Psychiatric GWAS Consortium Coordinating Committee, 2009). Case and control groups
should be matched on ancestry as much as possible to avoid false-positives. Despite this
consideration, an advantage of GWAS is that whole genome data can provide adequate data
to identify stratification and inflation of test statistics due to population substructure can be
addressed (Hakonarson & Grant).

Obtaining a sufficiently large sample size is essential to ensure sufficient statistical power
for a GWAS approach. Approximately 1,000 cases and a similar number of controls are
required to detect 1-5 variants associated with a given trait. A larger sample 1s needed to
uncover additional variants that may have dimimshing contributions to the discase
(Hakonarson & Grant, 2011).

Informed consent issues: While informed consent is of paramount importance with any
research study, researchers who are considering a GWAS should be cognizant of issues
related to conducting such as study and the National Institutes of Health (NIH) policy on
data sharing for GWAS. In January 2008, the NTH adjusted its policy mandating the sharing
of GWAS data obtained in NTH-funded or conducted studies. The details of this policy can
be found at hitp:/gwas.nih.gov/. Most NIH-funded GWAS are required to include language
in the consent document that addresses public sharing of de-identified genotype and
phenotype data. Researchers who are planning to study existing samples must ensure that
the original consent signed by the subjects is consistent with conducting a GWAS,

Genotype data collection technologies—There are currently two commonly used
vendors that provide technology for collection of GWAS data, Affymetrix and [llumina. The
companies use different technological approaches, which are both widely used in the
research community. The Affymetrix® Genome Wide SNP Array 6.0 features 1.8 million
genetic markers, including 906,600 SNPs and more than 946,000 probes for the detection of
CNVs. This platform also includes a high resolution reference map and a copy number
polymorphism (CNP) algorithm (see http://www.affymetrix.com for additional information).
The Illumina Omni Microarrays provide a multiple bead chip option which will soon include
nearly 5 million markers per sample, including both common and rare variants identified by
the 1000 Genomes project. Omni microarrays assess structural variation, including CN'Vs
and copy neutral variants (inversions and translocations) which may also be significant
contributors to disease (see http://www.illumina.com for additional information).
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Resources of interest for GWAS: The Center for Inherited Disease Research (CIDR) at
Johns Hopkins University (http//www cidr jhmi.edw/requirements/applications html) is
funded by NTH Institutes and provides genotyping and statistical genetic services to
investigators who have received access alter a competitive peer review process. Interested
investigators are required to submit an application for projects supported by the NIH. In
order to maximize access to resources, the application process to CIDR should ideally take
place before or at the time of grant application, though this is not a requirement.

The repository for GWAS data is currently the Database of Genotypes and Phenotypes
{dbGaP; http://www nchinlm nih gov/entrez/query . fegi?db=gap). This database was
developed to archive the results of studies that have investigated the genotype-phenotype
interaction and serves as a useful resource in reviewing the work that has already been
completed and aids in planning future research. The dbGaP database provides the
opportunity for i stficoresearch. Researchers have the option of two levels of access (open
and closed) to dbGaP: Open-access data are aggregate data that are publicly available while
closed level access requires an application and approval process that includes de-identified
subject specific data. The genotype data and their linked phenotype data are invaluable
resources and researchers are encouraged to investigate this database as it pertains to their
phenotypes of interest prior to designing a study.

GENE EXPRESSION STUDIES

(Gene expression studies evaluate the activity of a gene using the level of messenger RNA
(mRMNA) from a gene(s) and determine if that level is associated with the phenotype of
interest. DNA contains a code to generate mRINA through a process called transeription. The
amount of mMRNA produced from a gene, 1f at all, depends on many factors including tissue
type. local cell environment, and point in the cell cycle.

A gene expression study 1s different from a polymorphism based study because an
expression study evaluates mRNA levels that can change over time, uses less stable mENA
instead of DNA, and mRNA levels can be dramatically different based on what tissue is
used for analysis, since gene expression is tissue-specific. Gene expression studies therefore
should address whether multiple samples over time are needed for evaluation (similar to
other types of biomarkers that change over time), RNA stabilization, and what cell/tissue
type 1s most appropriate to evaluate for the phenotype of interest. For these reasons, many
stored samples may not be appropriate for this approach.

Candidate Gene Expression Studies

Rationale for taking a candidate gene expression approach—Candidate gene
expression studies investigate mRNA levels for a specific gene(s) to determine if it is
associated with a phenotype of interest. Similar to a candidate gene association approach,
this is a hypothesis-driven approach where the investigator a priors selects the candidate
gene(s) to be evaluated. This approach is only appropriate if the investigator has ample
Justification for investigating a specific gene(s).

Subject and sample considerations—Gene expression studies often involve relative
comparisons of mENA levels between two groups (these groups can be dufferent types of
tissues, groups that vary for a particular exposure or groups that vary by the presence or
ahsence of a phenotype of interest). Clearly defined inclusion/exclusion criteria are
necessary, due to the relative comparison nature of this approach.

RNA stabilization: Stabilization of RNA 1s essential to obtain accurate gene expression
profiles of biological samples. Immediately after sample collection, RNA degradation and

Anmy Rev Nurs Res. Author manuscript;, available in PMC 2012 August 20,

166



yduosnuepy Joyiny Yd-HIN jduosnuepy Joyiny Yd-HIN

yduosnue Jouiny Yd-HIN

Baumgartel et al.

Page 8

other transcriptional changes begin to occur. These alterations may result in false up or
down regulation of gene expression levels. RNA stabilization preserves a representative
gene expression profile for later analysis (e.g. quantitative RT-PCR and microarray
analysis). RNA stabilization methods vary based on the type of biological sample. Five of
the most common RNA stabilization methods are: (a) PAXgene Blood RNA System
{http:/'www preanalytix.com), which utilizes a single tube (pre-filled with EINA stabihization
reagent) for blood collection, RNA stabilization, sample transport and storage, and
purification of total RNA (PreAnalytiX, 2010); (b) LeukoLOCK System

(http:www lifetechnologies.com), which filters and isolates leukocytes from whole blood.
ENAlater solution is then used to stabilize the RNA of the leukocytes. A notable advantage
to the LeukoLOCK System is the ability to remove a large proportion of reticulocyte-
derived globin mRNA. Depletion of the globin mENA allows for the detection of thousands
of additional genes on microarray (Life Technologies Corporation LeukoLOCEK, 2010); (c)
RNAlater (http:/www.ambion.com; http:www.qiagen.com) stabilizes RNA in a variety of
fresh samples including animal tissue, tissue culture cells, leukocytes, yeast, and bactenia.
After collection, the sample is submerged in the RN Alater stabilization solution. This
solution permeates and stabilizes the sample eliminating the need for immediate processing
or freezing of samples (Life Technologies Corporation RNAlater, 2010, Qiagen, 2006); (d)
Oragene RNA for Expression Analysis Self Collection Kit (http://www_dnagenotek.com ):
allows for the non-invasive cellection of RNA from saliva. Donors are instructed to
expectorate into a vial, cap the container, and shake vigorously to release a stabilization
solution from the cap. Oragene RNA samples can remain stable for months at room
temperature (DINA Genotek, 2011); and (¢) Snap Freeze quick {reezes solid tissues with
liquid nitrogen and dry ice can be used to preserve RNA; however, disruptions during
freezing and thawing can lead to RNA degradation. Due to potential RN A degradation and
difficulty of obtaining and working with liquid nitrogen and dry 1ce, RNAlater described
above may be a more viable option for solid tissue RNA stabilization.

Candidate gene selection—Candidate gene selection must be justified and rationale for
selection is similar to selection of candidate genes in the candidate gene association section.
The same bio-informatics databases mentioned in that section are also applicable to aiding in
the selection of candidate genes for an expression study and as with a candidate gene
association study, a candidate gene expression study should consider focusing on a group of
genes ina biological pathway versus the value of focusing on a single gene.

Expression data collection technologies—Selection of a data collection technology
for a candidate gene expression study should take into account the number of genes/loci and
the number of samples to be evaluated. The most frequently used technologies for a
candidate gene approach include Northern blotting, quantitative real-time PCR (qRT-PCR),
and multiplex platforms that support 3-36 genes/loci per reaction.

Morthern blotting requires electrophoresis of RNA, transfer to a membrane and hybridizing
the membrane with a probe specific for detection of the mRNA of interest. The advantages
of blotting are that most laboratories will have the equipment to conduct this type of data
collection and assessment of RINA size 1s possible. Disadvantages of blotting are that RINA
degradation is common, it requires more RNA as a template for the experiment compared to
other methods, it is laborious, and is not optimal for quantification of mRNA levels.

Currently, one of the most popular techniques for assessing the level of mRNA for a gene/
locus is gRT-PCR. gRT-PCR requires conversion of RNA to a more stable template called
cDNA (complementary DNA), PCR amplification and probe hybnidization for the gene/
locus of interest. The probe is fluorescently labeled and liberation of this fluorescent label is
quantified, reflecting the amount of starting mRNA template in the sample. One crucial step
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in conducting qRT-PCR is normalization of the data generated. Normalization of the data
allows for sample to sample comparisons that have been corrected for noise such as what’s
introduced when sample dispensing between samples 1an’t uniform. This is often done using
gRT-PCR data collected simultaneously for an endogenous control, which usually represents
a stably expressed gene (often referred to as a “housekeeping gene™) and allows for
normalization of data across samples (Guenin et al., 2009). Thought needs to be given to
selection of an appropriate endogenous control given that different tissues will have
different stably expressed genes (Guenin et al.). If in doubt, endogenous control panels are
available for assessment prior to conducting gqRT-PCR. Advantages of gRT-PCR include
high sensitivity and reduced RNA template requirements, high throughput capabilities,
quantification of starting mRNA template 15 possible with use of proper exogenous
reference controls, and for many genes/loci/pathways off the shelf optimized assays are
available (http://www appliedbiosystems.com; http;//www.roche-applied-science.com).

Multiplex gene expression assays are available when the number of genes/loci to be
evaluated 15 n the range of ~3-36. One example 15 the QuantiGene® Plex 2.0 assay (for
more information see http://www.panomics.com/index php?id=product_6) that uses
Luminex technology to collect the data and the assay can be customized.

Global (Genome Wide) Gene Expression Studies

Rationale for taking a global gene expression approach—Whole genome
expression (also known as global gene expression or gene expression profiling) offers a
comprehensive view of gene activity within a biological sample by examining mBENA levels
for all known genes across the genome. In this way, whole genome expression provides
functional information regarding “when and where a protein i1s expressed, when it is
degraded, and with which other proteins it may interact” (Altman & Raychaudhuri, 2001, p.
340). Due to the dynamic nature of expression, gene expression profiles are often relatively
compared under multiple conditions (such as comparing different tissue types, comparing
normal versus abnormal tissues, comparing tissues before and after an exposure) or over a
period of time (Altman & Raychaudhuri, 2001; Arcellana-Panlilio & Robbins, 2002). The
use of global gene expression profiling is extremely advantageous when little to nothing 1s
known about the genes influencing a condition, a similar advantage held by the GWAS
approach. Thus, whole genome expression can identify novel candidate hypotheses through
a non-parametric analysis of genome wide expression data.

Subject and sample considerations

Sample selection: Although this 1s an approach similar to GWAS, with evaluation of
thousands of genes in a nonparametric manner, sample size requirements for global gene
expression are usually smaller, requiring approximately 10 subjects per variable. Matching
of subjects for key variables known to influence the phenotype under investigation can
reduce the number of variables that need to be accounted for in the analyses. A sample size
calculator for global gene expression experiments can be found at

http://bicinformatics. mdanderson.org/MicroarraySampleSize/. Additionally. as with
candidate gene expression studies, mRNA stabilization of the collected samples 1s crucial.

Gene expression data collection technologies

Microarrays: Microarrays are used to examine the expression profile of a single sample
(often referred to as single dye array) or to compare expression levels between two different
samples/conditions (often referred to as two dye array). The microarray itself is a sohid
surface covered with an “ordered arrangement of unique nucleic acid fragments derived
from individual genes” (Arcellana-Panilio & Robbins, 2002, p. G397). Fluorescently labeled
template hybridizes to these nucleic acid fragments (referred to as probes) on the solid
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surface through complementary pairing. The intensity of the florescence at each spot on the
microarray corresponds to the amount of sample binding to a particular nucleic acid
fragment and thus, the gene expression level. If the microarray reveals any interesting
findings, g-RT-PCR should be carmed out for validation purposes. For a visual
representation of microarray methodology visit this web address:

http:/fwww .bio.davidson. edw/courses/genomics/chip/chip. html.

Microarrays have revolutionized gene expression analyses, as this technology is able to
simultansously survey thousands of genes in a short period of time. However, the ability to
detect novel genes is limited to the hybridization probes represented on the microarray. Off-
the-shelf probe sets that contain reference sequences can be used, or custom probe sets are
designed based on specific genes of interest or pathways. Additionally, microarrays require
specialized lab equipment and are very useful when analyzing a small sample size but
become costly as sample size increases. Two popular microarrays platforms include
Affymetrix’s GeneChip and Illumina’s BeadChip.

Affymetrix’s GeneChip platform (for more information see http:/www affymetrix.com)
utilizes traditional solid support microarray technology. Affvmetri's latest product, the
GeneChip Human Gene 1.0 ST Array, is able to interrogate 28,869 genes and covers over
700,000 distinct probes. A greater number of samples can be processed simultaneously (with
this same probe set) using the Human Gene 1.1 Array Strip (4 samples/strip) and the Human
Gene 1.1 Array Plate (16, 24, or 96 samples/plate). Affymetrix also provides whole
transcript expression analysis technology for mice and rats.

Instead of using a solid support platform, the [llumina BeadChip platform (for more
information see http://www.illumina.com) employs silica beads (each covered with
thousands of copies of a specific oligonucleotide) self-assembled in microwells of fiber
optic bundles or planar silica slides. [llumina’s most recent whole genome expression array,
the HumanHT-12 v4 BeadChip, provides high throughput processing of twelve samples and
covers over 47,000 probes. Illumina also offers whole genome expression BeadChip
technology for mice and rats.

MNormalization of gene expression data 1s also important with microarray data collection.
Unlike gRT-PCR where an appropriate endogenous control needs to be selected and
included in the data collection, microarrays already include a range of endogenous controls
for which data is simultaneously collected and from which the investigator can select to use
for normalization of the data.

Sequence based technologies that utilize next-generation sequencing (NGS; high throughput
sequencing) are also available for collection of genome-wide gene expression data. An
example of such a technology is the RNA-Seq method {for more information see
http:/Awww.illumina.com). This method requires conversion to cDNA, ligation of the cDNA
fragments, creation of a library, sequencing of the template, and collection of frequency data
for a transcript. An advantage of this approach over microarrays 1s that it does not require
primers or probes therefore novel transcripts that would not be detectable with a microarray
can be identified.

Serial analysis of gene expression: Senal analysis of gene expression (SAGE) provides
comprehensive quantitative gene expression data. SAGE technology is based on three main
principles: (1) a short sequence tag (9-17 bases) contains sufficient information to
distinctively identify a transeript, (2) sequence tags can be linked together to form one long
molecule that can be cloned and sequenced to allow efficient analysis of transcripts, and (3)
the number of times a particular tag is observed corresponds to the expression level of the
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transeript (Sagenet, 2005; Veleulescu, Zhang, Vogelstein, & Kinzler, 1995). One of the
main advantages of SAGE, similar to RNA-Seq, is the ability to detect novel genes as it
does not require prior sequence information or hybridization probes for each transcript like
microarrays ( Velculescu et. al, 1997). Another advantage of SAGE is that 1s utilizes
common laboratory equipment and techniques. Any laboratory that performs PCR and
manual sequencing could also execute SAGE. Nonetheless, due to cloming and sequencing,
SAGE can be expensive, time consuming, and labor intensive.

EPIGENETIC STUDIES

An epigenetic mechanism is a biochemical alteration to the DNA molecule that does not
change the sequence of the DNA but does influence gene expression. Epigenetics is often
defined as the “study of mitotically and/or meiotically heritable changes in gene function
that cannot be explained by changes in DNA sequence” (Russo, Martienssen, & Riggs,
1996, p. 1).

The epigenetic/epigenomic approach shares many advantages and disadvantages with DNA
polymorphism based approaches and gene expression based approaches. Like DNA
polymorphism based approaches, the epigenetic/epigenomic approach uses DNA as its
template for data collection. Since both DNA sequence and 1ts chemical modifications are
stable, stored samples are more likely to be appropriate for this approach than gene
expression approaches. Similar to a gene expression based approach; epigenetic/epigenomic
alterations can change over time and can differ dramatically between cell/tissue types.
Although template stability is not an issue, the investigator should give great consideration
to whether multiple samples over time are needed for evaluation and what cell/tissue type is
most appropriate to evaluate for the given phenotype of interest. For these reasons, similar to
gene expression studies, many stored samples may not be appropriate for this approach.

Chromatin remodeling, non-coding ENAs, histone modifications, and DNA methylation are
all epigenetic/epigenomic alterations that impact gene expression. Chromatin remodeling 15
an enzymatic process that results in altered chromatin and nucleosome composition. This
transformed structure provides regulatory proteins access to the DNA molecule. Non-coding
RNAs are not translated into protein but have considerable involvement in gene expression
through interactions with DNA/mRNA. While chromatin remodeling and non-coding RNAs
are important to gene regulation, this paper will focus primarily on the commonly examined
epigenetic mechanisms for which the most technology for data collection is available:
histone modifications and methylation.

Rationale for Taking an Epigenetic/Epigenomic Approach

The decision to take an epigenetic (candidate gene) or an epigenomic (genome wide)
approach is based upon wanting to evaluate the mechanism for gene regulation. There are
many environmental factors that impact the severity and frequency of epigenetic/epigenomic
alterations and subsequent gene expression; therefore, this approach 1s often used to examine
multifactorial diseases that have an environmental component associated with it. Epigenctic
approaches to examine transcriptional regulation have contributed to a more comprehensive
understanding of complex conditions that demonstrate aberrant gene expression, including;
cancer (Wilop et al., 2011), mental health (Read, Bentall, & Fosse, 2009), and
cardiovascular disorders (Ordovas & Smith, 2010). Furthermore, the investigation of
diseases for which DNA mutations have not been revealed may benefit from an epigenetic
approach,
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Subject and Sample Considerations

The epigenome is subject to frequent alterations; therefore, longitudinal sample collection is
recommended if evaluating time-sensitive trends. Subject size recommendations for an
epigenetic study follow similar guidelines to a gene expression study. and vary on whether
the investigator will examine the entire genome (hypothesis generating/larger sample size)
or a candidate gene profile (hypothesis driven/smaller sample size). Like the other
approaches described, an epigenetic study does not require that subjects be related. The
advantages and disadvantages of conducting a genome-wide versus candidate gene
epigenetic study are similar to those described in previous sections.

The epigenome is largely determined by cell type, and this 1s especially true for methylation
patterns; therefore, tissue source 15 extremely important to consider for this type of
approach. For example, the methylation profile of a skin cell 1s very different than the
methylation profile of a liver cell, since different genes are expressed in each cell type, and
methylation is a driving force behind tissue specific gene expression. Similar to a gene
expression study, an epigenetic design requires the samples for epigenetic analyses be from
a tissue that appropriately addresses the phenotype of interest. Tissue specific sample
collection will capture epigenetic patterns that impact gene expression which are potentially
contributing to the disease. Unlike a gene expression study which examines RNA, this
design requires DNA, which 1s advantageous for the investigator who has access to
previously collected samples, assuming they were collected from an appropriate tissue for
the phenotype under investigation.

Epigenetic and Epigenomic Data Collection Technologies

This section will focus on the two epigenetic mechanisms most frequently studied: (a)
histone modification and (b) methylation. Post-translational histone modifications include
alteration of the histone tail through biochemical changes that ultimately impact gene
activity. Genome-wide histone modifications can be captured with chromatin
immunoprecipitation technology (ChIP), and quantified with a microarray (ChIP-chip).
Methylation refers to the addition of a methyl group to a cytosine, often at CpG islands,
which are regions of the genome that are rich in CG base sequences. Hypermethylation of a
gene typically leads to gene suppression, while hypomethylation results in gene expression.
Genome-wide methylation intensities can also be measured with affinity-based
immunoprecipitation (MeDIP), and quantified with a microarray (MeDIP-chip, Infinium
platform). Methylation of candidate genes can also be measured with restriction enzyvmes
that recogmize only demethylated CpG regions (HELP assay), or pyvrosequencing. Next
Generation Sequencing approaches are also becoming increasingly popular, maore cost
effective, and provide global sequencing for histone modification (ChIP-seq) and
methylation (MeDIP-seq), often integrating these with other epigenetic mechanisms. This
section will describe each method and provide the reader with technologies and
recommendations to aide in the design and implementation of an epigenetic study.

Histone modification analysis

Histone modification signals can be captured with chromatin immunoprecipitation (ChIP),
which provides modification position approximation on the genome (Collas, 2010). The
ChIP-chip technique combines this ChIP technology with a microarray (chip) to quantify the
sum of binding sites on the genome (Aparacio, Geisberg, & Struhl, 2004), The ChlP-seq
technique (see Next Generation Sequencing) has become a popular technique compared to
ChIP-chip. Unlike ChlP-seq, ChiP-chip requires more amplhification, multiplexing 1s not
possible (Park, 2009}, and the results have a lower resolution that are limited to the coverage
provided by the selected microarray (Evertts, Zee, & Garcia, 2010). Nimble Gen offers a
whole-genome ChIP-chip tiling array that allows the investigator to choose between
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ordering the entire genome set or individual arrays within a set

(http:/Awvww nimblegen.com/products/chip/wet/index html). Single gene ChIP technologies
are available that target antibodies against specific histone modifications. Mass spectrometry
also allows the measurement of mass-to-charge ratio of peptides (Evertts et al.) and allows
for changes in modification to be quantified during chromatin assembly (Deal & HenikofT,
2010),

When performing any microarray experiment, it is important to address concerns that may
compromise the integrity of the experiment, including: image acquisition, background
subtraction, standard normalization and the need to control for biases from dye (Buck &
Lieh, 2004). Additionally. the reproducibility of the histone-modification results depends on
the quality and specificity of antibodies used. Antibodies may exhibit appropriate
specificity, but are ineffective when subjected to ChIP reagents (Egelhoffer et al., 2010).
The Center for Biomedical Informatics at Harvard Medical School has developed an online
repository that allows investigators to search for antibodies subjected to validation tests
{http://compbio.med harvard. edu/antibodies/about). It 1s important to note that this
validation data should be used as a guide and investigators are encouraged to validate their
own findings.

Bisulfite-conversion based methylation analyses

Bisulfite-conversion of unmethylated cytosines to uracils remains the gold-standard to
evaluate methylation (Huang, Huang, & Feng, 2010). Bisulfite-conversion based
microarrays use probes that hybridize targets to methylated and unmethylated regions, and
release a fluorescent intensity that denotes methylation status (Huang et al.). Recent research
indicates that tissue-specific methylation oceurs in CpG island shores rather than previously
targeted CpG islands (Irizarry et al., 2009); therefore, CpG islands alone are not sufficient to
reveal differentially methylated regions and methylome evaluation should also include CpG
shores (Gupta, Nagarajan, & Wajapeyee, 2010). Like other non-sequencing-based methods,
the results of this platform are “susceptible to certain polymorphisms that were not known or
considered at the time the array was designed” (Rakyan, Down, & Balding, 2011, p. 532).
Ilumina offers the Infinium HumanMethylation4 50K which provides a whole-genome
analysis of methylation intensities of more than 450,000 sites, including CpG islands, shores
and other CpG sites outside of islands (for more information see
http://www.illumina.com/products/methylation_450 beadchip_kits.ilmn). Candidate gene
methylation assessment can be accomplished through technologies such as the EpiTYPER
(for more information see http:/www.sequenom .com) that uses bisulfite converted DNA as
a template for PCR and after modification and cleavage of the PCR product, mass
spectrometry 1s performed to quantify methylated and non-methylated DNA.

Bisulphite-based sequencing (BS-seq) uses bisulphite converted DNA as a template, PCR
amplification oceurs, and sequencing of the resulting fragments provide a global view of
methylation with minimal bias toward CpG dense regions. This approach provides the
highest level of coverage and resolution, but is not capable of distinguishing between
methylated and hydroxymethylated cytosine bases. BS-seq can be used for both a genome-
wide or candidate gene approach. Pyrosequencing examines the methylation intensity of
specific sites or genes of interest. [llumina offers a single-site resolution methylation assay
that uses bisulfite conversion and pyrosequencing to produce high resolution results
(http:/Awww.illumina.com/technology/veracode methylation_assay.ilmn).

Affinity-based methylation analyses

(Genome-wide affinity-based microarrays use enzyme recognition sites within CpG sites that
enrich the methylated fraction of the genome. The MeDIP-chip technique (Methylated DNA
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Immunprecipitation-chromatin Immunoprecipitation) immunoprecipitates the methylated
portion of genomic DNA with an antibody, and 1s followed by quantification of methylation
with a microarray. This technique yields a restricted resolution that is limited by the type of
array used. MeDIP-chip should be validated with quantitative PCR, though referencing is
not required since bisulfite conversion does not oceur. ArrayStar offers MeDIP-chip services
that include quality assessments for both methods
(http:/Awww.arraystar.com/Microarray/service_main.asp?id=181).

Restriction endonuclease-based methylation analysis

Restriction endonucleases have been adapted to discriminate methylated from unmethylated
regions in the DNA (Edwards et al., 2010). This approach uses restriction enzymes that
recognize only unmethylated sites, and are therefore unable to cut methylated portions of
DNA. This method, combined with high throughput sequencing is limited by the availability
of restriction enzyme sites in the target DNA (Gupta et al., 2010). Additionally, this
technique requires large amounts of DNA (Biotage. 2007). Advantages for this approach
include: a simplified data analysis, straightforward protocol, and it does not require bisulfite-
conversion. The use of restriction enzymes to analyze methylation can be used for either
candidate-gene or genome-wide studies (Gupta et al.) and has been used as a method of
methylation mapping analysis (Edwards et al., 2010).

Data Quality assessments are important to incorporate into an epigenetic study. Quantile and
LOESS normalization 1s recommended, which assumes a similar total strength (source).
Additionally, bisulfite-based experiments, especially pyrosequencing since PCR is highly
variable, should include verification in independent samples to distinguish methylation from
incomplete bisulfite conversion (Laird, 2010). Incomplete conversion of methylated
cytosines remains a major weakness of bisulfite-conversion based analysis techniques. Fully
methylated and fully unmethylated controls should be provided by commereial vendors
which allow the investigator to evaluate bisulphite-conversion efficiency.

Next generation sequencing (NGS) for histone modification analysis

DNA sequencing from epigenetic events may provide a first step toward quantification of
epigenetic mechanisms. Similar to ChIP-chip, ChlP-seq uses antibodies to enrich for histone
madifications, but is instead followed by high-throughput sequencing that measures gene
expression levels (Evertts et al., 2010). This technique determines the genome-wide patterns
of modified chromatin, including: histone methylation, acetylation status and binding
regions for proteins (Werner, 2010). Unlike ChIP-chup, ChIP-Seq offers lugher resolution
with fewer artifacts. greater coverage, and requires less DNA. Tllumina offers a ChiP-seq
assay that provides a wide range of binding sites with varying strength
(http:/Awww.illumina.com/technology/chip_seq assay.ilmn).

Next generation sequencing (NGS) for methylation analysis

MeDIP-seq (Methylated DNA Immunoprecipitation-Sequencing) is a high throughput
sequencing technique of methylated DNA fragments that is aligned to a referenced genome.
This technique 1s comparatively easier to analyze and interpret (Gupta et al., 2010);
however, this method 1s best used to study hypermethylation of CpG-rich areas, since
methylated CpG-rich sequences are more efficiently enriched than methylated CpG-poor
sequences (Bibkova & Fan, 2009),

CONCLUSIONS

MNurse scientists should give much thought to how a genetic or genomic study could
positively impact and move forward their program of research. When designing a genetic or
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genomic research study it is paramount that one decides if they will take a polymorphism
based, gene expression based or epigenetic based approach and then within the context of
that study whether they will take a genetic or a genomic approach. This paper, while not
providing an exhaustive review of available technologies, demonstrates the variety of
technologies available for commonly used approaches, each with advantages and
disadvantages. Availability of databases housing information to facilitate study design, data
collection, interpretation of findings. and dissemination of data have greatly improved over
the past decade. Investigators are encouraged to visit and utilize in sdfico resources when
designing a research study to ensure they are conducting novel investigations and using up
to date information.
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Table 1

Name and Address

Description

Database of Short Genetic Variations (aka SNP database)
Twtp:/fwww, nebi.nlm.nib. gov/snp/Menm=

This databaze houses documented SNPs, microsatellites, and small-scale
IMDELs. It provides population specific allele frequencies; genotype data,
genome location, and information on function (e.g., change in an amino
acid).

International HapMap Project
http://hapmap nebinlm.nib.gov/

This database is used to identify and select tagging SNPs. User defined
criteria under the configure tab include population selection, R? cutoff
values, and mean allele frequency cutoff. 8NP identified in the literature
or dbSNF can also be included in the tagger SNP configuration.

Database of Genomic Structural Variation
htpe/fwww.nebi.nlm.nih, gov/dbvar

This database houses information on documented structural variants,
including CNVs, User defined limits include eriteria such as study design,
methed type (e.g., SNF genotyping, FISH), project 1D, and variant tvpe

Copy Number Variation (CNV) Project
http:/fwww. sanger. ac.uk/humgen/cnv/

This database provides CNV data from two projects (Global CNV
assessment; High-resolution CNV discovery)

Genetics Home Reference
htp://ghr.olmonibgov

This website by the National Library of Medicine contains information
concemning genetic conditions, genes, and chromesomes,

Talking Glossary of Genelic Terms
httpe/fwww, genome. gov/glossary /index.cfin

This glossary provides definitions, illustrations, and animations of
ly used geneti ic termns,

The Gene Ontology Project
hitp:/fwww. geneontology. org/

This database can be used to identify genes whose products may impact a
phenotype of interest. The domamns covered include cellular component,
molecular function, and biological process.

Catalog of Published Genome - Wide Association Studies
htpe/fwww, genome. gov/gwastudies’

Database ¢ all published GW A studies

I pring to genotype at
least 100,000 SNPs in the initial stage

Genome-Wide Association Studies Data Repository
hitp://was.nih gov!

‘Website for the NIH Genome Wide Association Study Portal

The Genes, Environment, and Health Initiative
Ttp:/fwww, genesandenvirorment.nih, gov

Websile for Genes, Enviranmen! and Health Initiative (GEI)

Database of Genotypes and Phenotypes
http:/fwww nebi.nbm. b, gov/entrez/iquery fegi?db=gap

Database containing results of studies investigating genotype-phenctyvpe
interaction. Currently houses NIH GWAS repository.

Center for Inherited Disease Research
hittp:/fwww. cidr, jhmiedu

Provides genotyping and statistical genetic services to investigators
approved for access through compelitive peer review process

Understanding the Basics of Microarrays
Twtp:/fwww, nebi.nlm.nib, gov/ About/primer/microarrays. html

This publication from the National Center for Biotechnology Information
(MNCBI) provides an overview of DNA microarrays explaining gene

, the technology underlying microamrays, the purpoese and
importance of microarrays, and the basics of microarray experiments,

Gene Expression Omnibus
http:/fwww.nebi.nlm.nih. gov/geo

GEO: the Gene Expression Omnibus. GED serves as public repository and
onling resource for storage and retrieval of gene cxpression data, GEO
currently maintaing microarray and serial analysis of gene expression
(SAGE) data on over 100

European Bioinformatics Institute
hitp:/fwww ebiacuk!

The Eurcpean Bioinformatics Institute (ERI) is a nonprofit organization
that focuses on research and services in bioinformatics. EBT's website
enables access to gene expression databases (Array Express Archive and
Gene Expression Atlas) and microamay analysis tols (Expression
Profiler, Next Generation and Bioconductor),

Serial Analysis of Gene Expression Portal
http:/fwww. sagenet.org

Sagenel provides @ led description of serial analysis of gene
cxpression (SAGE = website also provides SAGE applications,
publications, and resources,

Histone Database
hitpe//www research.nhgri nih. gow/histones

MNHGRI histone datat Histone seq i 1001, ineluding
pesttranslational modifications

Antibody Validation Database
http://compbio.med harvard edu/antibodies/about

Collect and to share experimental results on antibodies that would
otherwize remain in individual laboratories, thus aiding researchers in
selection and validation of antibodies.

Chromatin Structure and Function

hittp://www. chromatin.us

ion on biology, hi and ics (hosted by

Jim Bone)
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MName and Address

Description

Database Tor DNA Methylation and Envirommental
Epigenetic Effects
http:/fwww. methdb. de/

Hurnan DNA methy lation Database
DNA methy lation data readily available to public
Future develop inchudes envirommental impact on methylation

CpG Island Searcher
hittpe/fwww, uscnormis. comdepgislands 2 /opg.aspx

CpiG island searcher

CpG Island sequence search algorithm

Allows for selection of % methy lation and length of (ISLAND?) and gaps
between islands

Catalogue of Parent of Origin Effects
hitp:/fige.otago.ac.ne/home. html

Imprinted Gene Catalogue Catalogue of parent of origin effects
Can search by taxon, chromosome, gene name or key word

Database of Noncoding RNAs
hittp://www.noncode.org

Knowledge database dedicated to neRNA

Information on: class, name, location, related publications, mechanism
through which it exerts its function

Includes all traditional ncRNAs, but excludes tRNAs and rRNAs

MicroRNA Database
htpe/fwww. mirbase. org

MicroRNA data resource Searchable database of =16,000 published
miEMNA sequences and annotation — includes location and sequence of
mature miRNA Can search by name, keyword, reference and/or
annotation

Epigenome Network of Excellence
hittpe/fwww, epigenome-noe.net

Epigenome Network of Excellence

Web site of European mterdisciplinary epigenetics research network
Includes pratocols, an antibody database and reference information on
cpigenctics

n Epigenome Project
wWww.epigenome. org

The Human Epigenome Project Research Consortium Collaborative effort
to catalogue and interpret genome-wide methy lation patterns of all human
genes and major lissues
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Table 2

Online Commercial Resources Used in Manuscript

Name

Address

Applied Biosystems Incorporated

hitp:/fwww_applicdbiosystems.com

Roche Applied Science

hittp:/fwww_roche-applied-science. com

Iumina Incorporated

Tutp:/www illuminacom

Affymetrix Incorporated

hitp:fwww alTymetrix.com

Millipore http:/www.millipore.com
Sequenom Incorporated hittp:/www. sequenorm. com
Preanalytic hittpe/Awww. preanalytix. com

Life Technologies Corporation

hitpe/ v litetechnologies.com

Ambion

hitp:/fwww.ambion.corm

Qiagen Incorporated

http:/fwww. giagen.com

DNAGenoteck Incorporated

hittp:/fwww.dnagenotek. com

Panomics

http:/fwww_panomics.com

Roche Niblegen Incorporated

hitp:/fwww nimblegen.com

Arraystar Incorporated

hitp:/www arraystar.com
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Online Exclusive Article

Apolipoprotein E Genotype and Cognitive Function
in Postmenopausal Women With Early-Stage Breast

Cancer

Theresa A. Koleck, BSN, RN, Catherine M. Bender, PhD, RN, FAAN,
Susan M. Sereika, PhD, Gretchen Ahrendt, MD, Rachel C. Jankowitz, MD,
Kandace P McGuire, MD, Christopher M. Ryan, PhD, and Yvette P Conley, PhD

reast cancer is the most prevalent form of
cancer, ext:]uding skin cancer, am ong wom-
en in the United States, with an estimated
232,340 new cases of invasive breast cancer
and #4640 new cases of carcinoma in situ
diagnosed in 2013 (American Cancer Society, 2013).
Fortunately, in the United States, the overall five-year
relative survival rate for women with breast cancer,
inclusive of all stages, is 89% (Howlader et al., 2011),
making women with breast cancer the largest group
of cancer survivors in the United States at 2.9 million
women (American Cancer Society, 2013). However, sur-
vivorship comes with long-term and late effects related
to cancer and/or cancer treatment for a large number
of breast cancer survivors,

One of the most common and problematic phenom-
enon experienced by breast cancer survivors is adjuvant
therapy-related cognitive decline (Bender et al., 2006;
Downie, Mar Fan, Houédé-Tchen, Yi, & Tannock, 2006;
Hurria et al., 2006; Jenkins et al., 2006; Mehnert et al,,
2007; Schagen et al., 1999; Schilder et al., 2009; Shilling &
Jenkins, 2007). A large body of evidence exists to objec-
tively support these reported deficits (Falleti, Sanfilippo,
Maruff, Weih, & Phillips, 2005). In addition, growing
evidence suggests that women with breast cancer have
poorer cognitive function compared to healthy women
prior to the initiation of adjuvant therapy (Hermelink
et al., 2007; Schilder et al., 2010; Wefel et al., 2004; Wefel,
Saleeba, Buzdar, & Meyers, 2010). Even small changes in
cognitive function can have a major impact on a survi-
vor's quality of life, affecting relationships with family
and friends, educational and career decisions, job per-
formance, emotional state, the ability to make informed
treatment decisions, and adherence to cancer therapy
{Boykoff, Moieni, & Subramanian, 2009; Munir, Burrows,
Yarker, Kalawsky, & Bains, 2010; Myers, 2012; Stilley,
Bender, Dunbar-Jacob, Sereika, & Ryan, 2011; Tchen etal,,
2003; Von Ah, Habermann, Carpenter, & Schneider, 2013).

Purpose/Objectives: To examine the role of apolipopro-
tein E (APOE) genotype in the cognitive function of post-
menopausal women with early-stage breast cancer prior to
initiation of adjuvant therapy and over time with treatment.
Design: Longitudinal, genetic association study.

Setting: Urban university cancer center.

Sample: Three cohorts of postmenopausal women: 37
women with breast cancer receiving chemotherapy and

anastrozole, 41 women with breast cancer receiving anas-
trozole alone, and 50 healthy women.

Methods: Cognitive function was evaluated three times
during a 12-month period using a comprehensive neu-
ropsychological test battery. Participants were genotyped
and classified based on the presence or absence of at least
one APOE &4 allele. Multiple linear regression was used to
determine if APOFE genotype accounted for observed vari-
ability in cognitive function data.

Main Research Variables: APOE genotype, breast cancer
treatment, and cognitive function.

Findings: Performance or changes in performance on
tasks of executive function, attention, verbal learning and
memory, and visual learning and memory were found to be
influenced by APOE genotype and/or interactions between
APOE genotype and study cohort.

Conclusions: The results indicate that cognitive function
in postmenopausal women with breast cancer is modified
by APOE genotype and the combination of APOE genatype
and treatment.

Implications for Nursing: APOE genotype, along with
other biomarkers, may be used in the future to assist nurses
in identifying women with breast cancer most at risk for
cognitive decline.

Key Words: breast neoplasms; cognition; genes; biologic
markers

ONE 411(6), E313-E325. doi: 10.1188/14.0NRE31 3-E325

However, discrepancies remain in the percentage of
women with breast cancer exhibiting cognitive changes,
the severity of the change, and the specific cognitive
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domains affected (Falleti et al., 2005; Janelsins et al.,
2012). Tt also remains unclear if all women with breast
cancer or only a subset of these women are at risk
for poorer cognitive function at pretreatment or for
cognitive decline with therapy. Therefore, understand-
ing the variability in cognitive changes in women with
breast cancer is key to better predict which women are
most at risk for poorer pretreatment cognitive function,
as well as cognitive decline with adjuvant therapy, and
to tailor and personalize interventions to mitigate the
effects of cognitive changes for these women.

Potential Mechanisms Related
to Cognitive Decline

Oxidative Stress

A potential mechanism to account for the poorer
pre-therapy cognitive function and the cognitive
changes observed in women with breast cancer is
oxidative stress. Oxidative stress has been implicated
in other, more severe cognitive conditions including
mild cognitive impairment, Parkinson disease, and
Alzheimer disease (Bonda et al., 2010; Mariani, Polidori,
Cherubini, & Mecocci, 2005), Oxidation refers to the
removal of an electron from an atom or molecule and
occurs normally in humans as part of mechanisms such
as mitochondrial and peroxisomal metabolism, but also
can be the result of exogenous exposures to various
agents including ultraviolet light, chemotherapeutics,
and environmental toxins (Finkel & Holbrook, 2000).

One of the byproducts of oxidation is free radicals.
Free radicals that contain oxygen, or reactive oxygen
species (ROS), are of particular interest within biologic
systems. ROS are positively charged, unstable atoms
or molecules that try to achieve stability by taking elec-
trons from other atoms or molecules. This process of
stealing electrons can result in cellular and DNA dam-
age along with the creation of additional free radicals,
generating a chain reaction of even more damage that
can ultimately result in neuronal dysfunction (Finkel
& Holbrook, 2000). To combat excessive ROS burden,
humans have antioxidant defenses, including specific
enzymes, peptides, and vitamins. Therefore, oxidative
stress is the sum of ROS production and antioxidant
capability for ROS elimination (Azzi, 2007; Finkel &
Holbrook, 2000).

The cellular environment of a woman with breast
cancer is one of increased oxidative stress. Research
has shown that individuals with cancer have higher
levels of oxidative stress markers prior to treatment
than healthy controls {(Amin, Mohamed, El-Wakil, &
Ibrahem, 2012; Blasiak et al., 2004; Hamed, Zakhary, &
Maximous, 2012). In addition, chemotherapy serves as
an exogenous source of ROS (Conroy et al., 2012; Joshi
et al., 2005; Kasapovic et al., 2010}, and anti-estrogen

therapies such as aromatase inhibitors essentially
block the production of estrogen, which performs an
antioxidant role in the brain (Strehlow et al., 2003; Un-
fer, Conterato, Da Silva, Duarte, & Emanuelli, 2006).
Because of high metabolic demands and low antioxi-
dant capacily, brain cells are particularly vulnerable to
oxidative damage. For additional detail on the role of
chemotherapy and estrogen in cognitive decline, the
authors recommend a review article by Walker, Drew,
Antoon, Kalueff, and Beckman (2012).

Considering the role oxidative stress plays in poorer
cognitive function, the potential increased oxidative
stress influence on the brain cells of women with breast
cancer, and the variabilily seen between women with
respect to cognitive changes, exploring genetic under-
pinnings of this observed variability is logical, start-
ing with candidate genes known to influence and/or
modify the response to oxidative stress.
Apolipoprotein E

Evidence suggests that apolipoprotein E (APOE)
performs antioxidant activities throughout the body
(Hayek, Oiknine, Brook, & Aviram, 1994), in addition
to its better known function as a regulatory protein
involved in cholesterol and phospholipid metabolism
(Mahley, Innerarity, Rall, & Weisgraber, 1984). Three
functionally distinct APOE isoforms exist in humans,
E2, E3, and E4, which correspond to the three normal
variant alleles, 2, €3, and e4, respectively. These allele
variants differ from each other at two amino acid sites
(Mahley et al., 1984). The antioxidant ability of APOE
appears to be isoform-dependent with the E2 isoform
having the greatest antioxidant capacity and the E4
isoform having the least antioxidant capacity (i.e.,
E2 > E3 > E4) (Jolivalt et al., 2000; Mivata & Smith, 1996;
Pedersen, Chan, & Mattson, 2000). Additional informa-
tion about APOE genotype and oxidative stress can
be found in Jofre-Monseny, Minihane, and Rimbach
(2008).

In addition, a well-established relationship exists
between the presence of one or more g4 alleles and
increased risk of Alzheimer disease (Farrer et al.,
1997; Richard & Amouyel, 2001; Sadigh-Eteghad,
Talebi, & Farhoudi, 2012). Numerous studies also
have found a relationship between the e4 allele and
poorer cognitive functioning in healthy middle-aged
and older adult populations (Flory, Manuck, Ferrell,
Ryan, & Muldoon, 2000; Hofer et al., 2002; [zaks et al.,
2011; Wehling, Lundervold, Standnes, Gjerstad, & Re-
invang, 2007). However, only one previous study has
investigated the association between APOE genotype
and cognitive change in women with breast cancer. In
this cross-sectional study of 80 long-term breast cancer
and lymphoma survivors, who had previously received
standard dose chemotherapy and were now an average
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of 8.8 years post-treatment, Ahles et al. (2003) found
that the presence of at least one e4 allele was associated
with poorer performance in visual memory, spatial
ability, and psychomotor functioning compared to
survivors who did not possess an €4 allele. However,
the interpretations of these findings are limited by the
lack of pretreatment dalta, longitudinal assessment,
and healthy control group for comparison. In addition,
the substantial length of time post-treatment does not
inform the immediate effects of APOE genotype and
treatment on cognitive function.

Therefore, because of the presumed increase in
oxidative stress from cancer, chemotherapy, and anti-
estrogen therapy, combined with the known impact
of oxidative stress on cognitive function and the vari-
ability in antioxidant capacity by AFPOE isoform, the
purpose of the current study was to explore the role of
APOE genotype in the cognitive function of postmeno-
pausal women with early-stage breast cancer prior to
the initiation of adjuvant chemotherapy and/or anti-
estrogen therapy and over time through the first year
of adjuvant treatment.

Methods

Participants and Setting

Participants were recruited for this exploratory, ge-
netic ancillary study from the Anastrozole Use in Meno-
pausal Women (AIM) study (RO1 CA107408), a longitu-
dinal prospective cohort study investigating the impact
of the anti-estrogen therapy, anastrozole, on changes
in cognitive function in postmenopausal
women with breast cancer. The final sample
for this ancillary study (N = 128) was com-
prised of three cohorts of postmenopausal
women: (a) women with breast cancer who

previously completed data collection for the AIM studly,
and gave permission to be recontacted, were contacted
for the purpose of procuring a genetic sample. Both the
AIM study and ancillary study were approved by the
University of Pittsburgh Institutional Review Board.
Informed consent was obtained from all study par-
ticipants for the parent study and the ancillary genetic
study.

Inclusion criteria for all participants include being
postmenopausal, having a maximum age of 75 years,
having the ability to speak and read English, and
completion of a minimum of eight years of education.
Anadditional inclusion criterion for women with breast
cancer was newly diagnosed early-stage breast cancer
(i.e., stages I, II, or Illa) based on the Tumor, Nodes,
Metastasis (TNM) Classification of Malignant Tumors
(Edge etal., 2010). Exclusion criteria for all participants
include self-reported hospitalization for a psychiatric
illness within the past two years and a history of neuro-
logic illness or cancer. In addition, women with breast
cancer with clinical evidence of distant metastases were
deemed ineligible.

Evaluation of Cognitive Function

Cognitive function was evaluated at three time points
in all study participants. For women with breast cancer
receiving chemotherapy plus anastrozole, cognitive
function was assessed after primary surgery but prior
to the initiation of chemotherapy (T0), prior to the
initiation of anastrozole (T1), and six months after the
initiation of anastrozole (T2). Cognitive function was

Table 1. Neuropsychological Tests According to Cognitive
Function Factors

received chemotherapy plus anastrozole

{n=237), (b) women with breast cancer who  Factor

Neuropsychological Test

received anastrozole alone (n = 41), and
(c) healthy, control women matched on age
and years of education to the participants
with breast cancer (n = 50).

Women with breast cancer were recruited
from the Comprehensive Breast Cancer Pro-
gram of the University of Pittsburgh Cancer
Institute. Healthy women were recruited
using a variety of approaches including
referral from women in the breast cancer
cohorts, advertisements, and random digit
dialing through the University Center for
Social and Urban Research.

Participants currently undergoing data
collection for the AIM study were simulta-

Attention

Executive function

efficiency

memory

PS}'Ch("T'I(ﬂ() r
Verbal learning
an d mei I()r)l'

Visual learning and

Visuospatial ability

CANTAB Spatial Working Memory Test (Owen et al., 1995)
CAMNTAB Stockings of Cambridge Test {(Owen et al., 1995)
Digit Vigilance Test (Matthews, 1964)

Delis Kaplan Color Word Interference Test (Delis et al., 2001)
Verbal Fluency Test (Delis et al., 2001)
Trail Making Test B {Reitan & Wolfson, 1985)

Grooved P(}gboard Test (Matthews, 1964)
Digit Symbol Substitution Test (Wechsler, 1981)

Rivermead Behavioral Memory Test (Wilson et al., 1989)
Rey Auditory Verbal Learning Test (Rey, 1964)

CANTAB Paired Associates Learning Test (Owen et al., 1995)
Rey Complex Figure Test (Osterrieth, 1944)

CANTAE Rapid Visual Information Processing Test {(Owen
etal., 1995)

neously recruited to obtain a genetic sample
for the ancillary study. Participants who

CANTAB—Cambridge Neuropsychological Test Automated Battery
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Knowledge Translation

Possession of one or more apolipoprotein E (APOE) e4 al-
leles has been associated with decreased antioxidant capac-
ity and increased risk of Alzheimer disease.

Variability in APOE genotype may partially explain observed
variation in cognitive changes in women with and receiving
treatment for breast cancer.

Potential modifications of cancer- and treatment-related
cognitive changes in women with breast cancer by genetic
variation should be further investigated.

evaluated in women who received anastrozole alone
prior to the initiation of anastrozole (T0), six months
after the initiation of anastrozole (T1), and 12 months
after the initiation of anastrozole (T2). Healthy controls
were assessed at comparable time points: baseline (T0),
six months after TO (T1), and 12 months after TO (T2).

Cognitive function was measured using a compre-
hensive battery of neuropsychological tests encom-
passing six cognitive domains: attention, learning
and memory, psychomotor speed, mental flexibility,
executive function, and visuospatial ability. Neuro-
psychological tests were selected based on test validity,
reliability, and sensitivity, as well as on the availability
of alternative, equivalent forms to minimize the influ-
ence of practice effects. The battery was administered to
study participants by research nurses trained by a clini-
cal neuropsychologist. The average time for completion
was 90 minutes. The neuropsychological tests compris-
ing the battery and the reduction of the dimensionality
of the cognitive function data has been described in
detail previously (Bender et al., 2013). The six resulting
composite cognitive function factors and the neuropsy-
chological tests comprising each factor are detailed in
Table 1. All cognitive measures have been demonstrated
to be sensitive to L:hunges in cognitive function in women
with breast cancer (Bender et al., 2010).

Covariates and Confounders

Age and estimated verbal intelligence (National
Adult Reading Test-Revised) (Nelson, 1981) were
measured at T0. Time-dependent covariates including
depression (Beck Depression Inventory-11) (Beck, Steer,
& Brown, 1996}, anxiety (Profile of Mood States [POMS]
tension-anxiety subscale) (McNair, Lorr, & Dropple-
man, 1992), fatigue (POMS fatigue-inertia subscale)
(McNair et al., 1992), and pain (Brief Pain Inventory)
(Cleeland, 1989) were assessed al each time point.

Genotyping for Apolipoprotein E

A sample of 3 cc of whole blood or 2 ce of saliva was
collected from each participant. DNA was extracted

from peripheral leukocytes using a simple salting out
procedure (Miller, Dykes, & Polesky, 1988) or from
saliva using the protocol and reagents supplied with
the Oragene DNA collection kits (DNA Genotek, 2012).
Genotypes were determined for the two functional
single nucleotide polymorphisms (SNIs) for the APOE
gene, rs429358 and rs7412, that comprise the €2, €3, and
&4 alleles. Genotype for 15429358 was determined via
TzlqM&:nw allelic discrimination, and genotype for rs7412
was determined by inclusion in an i-PLEX* MassARRAY®
multiplex assay. Positive and negative controls were
included. Genotype data were double blind culled by
two individuals, and discrepancies were rectified by
review of raw data. SNP genotypes for 5429358 and
rs/412 were combined for each participant, as detailed
in Table 2, to determine APOE genotype. Participant
genotypes were then classified based on the presence
(ie., ed/ed, £2/e4, and €3 /e4) or absence (i.e., £2,/e2, €2/
€3, and £3/£3) of one or more APOLE £4 alleles.

Statistical Analysis

The statistical analysis was carried out using StataSE®,
version 12. A detailed descriptive analysis of all data,
including demographic data, was initially performed.
Data were screened for all assumptions required for the
planned linear regression analysis (e.g., linearity, nor-
mality), and sources of missing data were investigated.
The comparability of baseline covariate and confounder
data and baseline cognitive ability between participants
included in the ancillary analysis and remaining partici-
pants from the parent study was assessed using indepen-
dent t tests to evaluate equality of means. In addition, the
comparability of demographic and baseline covariate
and confounder data among AFPOE ¢4 status and study
cohorts was assessed using analysis of variance and Pear-
son’s chi-square tests of independence.

Multiple linear regression was used to investigate
the effect of APOE genotype on all six cognitive fac-
tors, both cross-sectionally for each time point (i.e., TO,

Table 2. APOE Genotype Determination

APOE

Genotype rs429358 Allele rs7412 Allele
£2/e2 I I

e3/e3 T &

e2/ed I Cl

£2/e4 cT cT
£3/e4 Cl C

ed/ed4 C &

APOE—apolipaprotein E

E316

Vol. 41, No. 6, November 2014 * Oncology Nursing Forum

190



T1, and T2) and longitudinally using
change scores (i.e., TO-T1, TO-T2,
and T1-T2). To obtain minimally
confounded estimates of effect, all
evaluated predictors were included
in each model. Age, estimated in-
telligence, and study cohort were
incorporated as fixed covariates and
confounders. Time-dependent co-
variates and confounders (i.e., de-
pression, anxiety, futigue, and pain
scores) for a particular assessment
time point, or the change in a time-
dependent covariate and confounder
from assessment to assessment, were
incorporated into each model as ap-
propriate. Because the authors were
interested in how the effect of APOE
genotype on cognitive function may
be modified by the prescribed treat-
ment regimen, interactions between
APOE e4 absence or presence and
study cohort were initially exam-
ined. If no significant interactions
were observed, a main effects model,
considering only APOE €4 absence/
presence and study cohort, was fit for
each cognitive function factor. Wom-
en with no &4 alleles and the healthy
control cohort served as the reference
groups in the regression analysis. Un-
standardized regression coefficients
and significance tests at a two-tailed

Table 3. Comparison of TO Characteristics of AIM Study Participants
Included and Not Included in the APOE Analysis (N = 366)

Included Not Included

(n =128) (n = 238)
Characteristic X sD X sD P
Age (years) 59.31 5.699 60.66 6,432 0.048*
Years of education 15.22 3.157 14.55 2.66 0.032*
Estimated intelligence® 110.25 9.184 108.33 9.149 0.057
Depression® 4.8 5.161 6.1 6.608 0.055
Anxiety” 7.64 5.6038 7.59 5.784 0.931
Fatigue® 5.2 5.77 5.67 575 0.456
Pain’ 1.25 1.98 1.51 2,292 0.262
Visual lmirning and memory® 0.107 0.785 0.1139 0.839 0.015*
Executive function® 01316 0.593 0.0827 0.707 0.506
Verbal leaming and memoryt 0.0591 0.843 0.2237 0.809 0.068
Attention® -0.1119 0.695 -0.2652 0.739 0.054
Psyc:h()m()l.()r cl‘ﬁ(:i()n(yf- 0.0558 0.738 0.1555 0.629 0.016*
Visuospatial ability® -0.0902 1.018 —0.0847 0.899 0.958

*p < 0.05

*Independent t tests were used to compare means between AIM study participants in-
cluded and notincluded in the APOE analysis.

?National Adult Reading Test-Revised verbal () score

“Beck Depression Inventory-II

4Profile of Mood States tension/anxiety subscale

“Profile of Mood States fatigue/inertia subscale

‘Brief Pain Inventory Pain Right Now score

significance level of 0.05 were used = #Z score
to determine if APOE e4 genotype
status or AFOE e4 genotype by study
cohort interactions improved model
fit and, therefore, account for observed variability in
the cognitive function data.

For each regression model, the authors examined the
residuals to identify any sources of model misspecifica-
tion or outliers and influential observations that may
have impacted the validity of the regression findings.
The screening of residuals identified several models
that did not meet normality or homogeneous variance
assumptions and/or contained ill-fitted observations.
In cases of nonnormality or heterogeneous variance,
a series of data transformations were conducted in an
attempt to induce normality and homoscedasticity. To
evaluate the robustness of findings, a regression model
excluding points determined to be influential, as well as
a robust regression model using Huber and biweight it-
erations, was generated. Models eliminating potentially
influential multivariate-outlier cases or diminishing
the weight of potentially influential univariate-outlier

AlM—Anastrozole Use in Menopausal Women; APOE—apolipoprotein E

cases were created, as needed, to conclude the sensitiv-
ity analysis. Unstandardized regression coefficients,
p values, and the correlations of fitted values were
compared between the models.

Findings

Genetic samples were collected from 137 (37%) of the
366 participants from the AIM parent study. Of the 137,
5 participants (4%) had indeterminable genotypes and
4 participants (3%) had incomplete cognitive function
or covariate and confounder information at TO. The
women included in the APOE analysis (n = 128) were
marginally younger (p = 0.048) and better educated
(p = 0.032) than AIM study participants not included
in the APOE analysis (n = 238) (see Table 3). Women in
the APOE analysis also had higher unadjusted mean
baseline visual learning and memory (p = 0.015) and
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Table 4. Sample Characteristics (N = 128)

(n = 50)

Healthy Controls

(n=41)

Anastrozole Alone

(n=37)

Chemotherapy Plus Anastrozole

0.112
0.847
0.002*
0.548
0.145

= 34)
sD

5.594

3.428

No =4 (n
57.5
14.94
113.52

&4 (n = 16)
sD
6.557
2.633
0.373

60,25

115.268

No ed (n = 32)
sD

61.03 5.608
3.605

9.516

14,97
105.92

=9g)
sD
4.613
2.958
6.378

ed (n
15.67
109,22

61,

= 26)

SD
5.666
9.754

58.5
15.42
108.2

No =4 (n

SD
4.61
3.340
7.260

ed(n=11)
110.58

58.64
6.27

Estimated intelligence (NART)

Years of education
TO depression (BOI-11)

Characteristic

Age (years)

4.846
6.186
5.139
2.307

4.86
6.79
.
1.2

4.660
5.084

6.501

4.06

6.13

6.378
4.712

5.34

7.16

]

0]

5.85
9.45
6.23

el

e

3.09
10.64
3.91

3.245

6.44
2.78

5.806

6.8

7.514
4.061

TO anxiety (POMS tension/anxiety)

To fatigue (POMS fatigue/inertia)

TO pain (BPI Right Now)

0.674

&

0]

6.188
1.955

5.69

1.28

3.346
1.74

33

0.638
0.433
0.678
0.672

1.544
kAl
33

13

0.63

212

1.375 1.69

0,91

Characteristic
Married
Children
Caucasian
Cancer stage
.|

* lla
+ lib
+ |lla

BPI—Brief Pain Inventory; NART—National Adult Reading Test-Revised verbal 1Q) score; POMS—Profile of Mood States

v

*One-way analysis of variance was used to compare study cohort means of continuous variables. Pearson’s chi-square tests of independence was used to examine the general associations be-

tween categorical variables.
Note. At baseline, participants were not experiencing depression, anxiety, fatigue, or pain. Although not significant, women in the chemotherapy plus anastrozole group had somewhat higher

EDI-lIl—Beck Depression Inven
anxiety scores at baseline.

*p < 0.05

psychomotor efficiency (p =
0.016) factor z scores than the
remaining AIM study par-
ticipants. No relationship was
observed between study co-
hort and e4 genotype status
(x*=1.192, p = 0.551). Study
cohort by e4 absence/pres-
ence groups differed slightly
on estimated intelligence (p =
0.002) (see Table 4). The study
cohorts did not differ on age,
years of education, or baseline
levels of depression, anxiety,
fatigue, and pain. In general,
study participants were Cau-
casian (97%), married (67%),
and had one or more child
(85%).

Cross-Sectional Time
Point Analysis

Significant time point analy-
sis findings are summarized in
Table 5. The time point analy-
sis indicated that possession of
one or more £4 alleles contrib-
utes to poorer verbal learning
and memory performance
at TO (p = =0.334, p = 0.031)
and T1 (p = -0.3222, p = 0.038)
regardless of cancer or treat-
ment status. Although not
statistically significant, this
trend extends to T2 (5 = -0.2891,
p=0.064). The combination of
anastrozole-alone group mem-
bership and possession of one
or more £4 alleles contributes
negatively to executive func-
tion performance both at TO
(p =-0.4448, p = 0.088) and
T1 (p=-05771, p= 0.033) (see
Figure 1).

Longitudinal Change
Score Analysis

Significant change score
analysis findings are summa-
rized in Table 6. The change
score analysis revealed a sig-
nificant decline in visual learn-
ing and memory from T1 to
T2 (p = -0.269, p = 0.027) for
women with one or more e4
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alleles compared to women with
no e4 alleles regardless of cancer

Table 5. Cognitive Factors With Significant Cross-Sectional Assessment

- Results
or treatment status. In addition,
the combination of anastrozole- al’oie‘i Presence
op . y Chemotherapy ~ APOE &4 Presence
alom‘sloup membership and AR e A 2 h
possession of one or more e4 al- Presence Interaction Alone Interaction
leles negatively impacted change
in visual learning and memory Time and Model B P p p p p
from TO to T2 (p= 0567, p=0.042)  Execulive Funclion
{see Figure 2). The combination of
anastrozole-alone group member T0 in = 128)
’ . ) ) ’ Interaction 0.2675 0.102 —0.0654 0.795 —0.4448 0.088*
and possession of one or more g4 Main effects 01257  0.244
alleles contributes negatively to the
. o .- I1in=125)
change in attention from Tl to T2 % . o0 03202  0.047%  -0.2420  0.353 0.5771  0.033*
(B=-05715, P= 0.045) (see FlgLIl'D Main effects 0.1047 0341
3). In addition, the combination
: . © et 12in=112)
of (.hemothempyl pll.l.‘, dndbt]’(}é.ole Interaction 01237 0.537 0,086 0.793 =0.3331 0.323
group membershlp and possession Main effects 0.0670 062
of one or more g4 alleles had a pos- .
itive impact on verbal learning and | Yerbal Learning and Memory
memory scores from TO to T2 (= 1o n = 128)
Ldé =), see Ficure 4). Interaction 0.0522 0.5682 0.633 0.079 0.3464 0.349
0.5468, p = 0.064) (see Fig )
Main effects (0.334 0.031*
Discussion Ul (o = U2,
Interaction =0.0899 0.417 =0.0993 0.789 =0.3895 0.309
This exploratory study investi- Main effects 03222 0.038%
gated the role of APOE genotype 12y = 112)
in cognitive function of postmeno- Interaction -0.1778  0.436 -0.3244 0.384  -0.0774 0.84
Main effects ~0.2891  0.064*

pausal women with early-stage

breast cancer and represents the
first study to examine the effect of  and pain scores.
APOE genotype, breast cancer, and
breast cancer treatment simultane-
ously on cognitive function over
time. In the individual time point
analysis, the authors found signifi-
cant or moderately significant associations between the
possession of one or more €4 alleles and poorer verbal
learning and memory performance, regardless of can-
cer or treatment status, at all three assessment time
points. Study cohort by €4 status interactions also were
observed at baseline and at the first post-treatment
assessment time point for the executive function fac-
tor, with the combination of anastrozole-alone group
membership and possession of one or more ¢4 alleles
contributing to poorer performance on executive func-
tion tasks. When the authors assessed the effect of pos-
session of one or more 4 alleles on changes in cognitive
function over time, a significant main effect was found
that was indicative of a decrease in visual learning

groups in the analysis.

and memory performance from T1-T2, regardless of
cancer or treatment status, as well as two signiﬁ(:ant
interaction effects. Specifically, anastrozole-alone group
membership in combination with e4 carrier status con-
tributed to a decrease in attention scores from the first

APOE—apolipoprotein E
Note. The healthy control cohort and women with no &4 alleles served as the reference

* p = 0.1; estimates controlled for age, estimated intelligence, depression, anxiety, fatigue,

post-treatment (six months post-anastrozole initiation)
to the second post-treatment assessment (12 months
post-anastrozole initiation), and chemotherapy plus
anastrozole group membership in combination with e4
carrier status contributed to an improvement in verbal
learning and memory from baseline to the second post-
treatment assessment.

Consistent with findings previously reported in the
literature on the relationship between APOE genotype
and memory in the general adult population, the au-
thors found that possession of one or more ¢4 alleles
was associated with poorer verbal learning and memo-
ry performance across all study participants, regardless
of stud v cohort or treatment status, at every assessment
time point (Caselli et al., 2011; Flory et al., 2000; Hofer
etal., 2002; Nilsson, Nyberg, & Backman, 2002; Wehling
et al., 2007). The authors propose that the marginally
significant findings observed at T2 could be a reflection
of practice effects (Lezak, Howieson, & Loring, 2004).
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Note. Mean Z scores were calculated for each apolipoprotein E
£4 status and treatment combination based on mean covariate
and confounder values. P values for the significant or marginally
significant interactions are displayed in each graph.

Figure 1. Mean Z Scores for Interaction Effects:
Executive Function

Executive function was the other cognitive factor found
to have significant cross-sectional APOE genotype effects.
Of note, while the main effect p coefficient contributes
positively to the model for all participants, the interaction
[ coefficient contributes negatively to the model, nullify-
ing the main effect and contributing an overall negative
input to the baseline executive function performance for
women pﬂ.—'!!-i(:]'ih(—!d il]'l«'-]Stl'(}Z(JIE PIJSSESSiTIg oneg oOor more
e4 alleles. This latter finding, in particular, not only adds

to the literature supporting the notion that women with
breast cancer have poorer cognitive function prior to
the initiation of adjuvant therapy compared to healthy
controls, but also extends the knowledge, suggesting that
coghitive changes are potentially augmented by genetic
variation and the biologic characteristics of a woman’s
breast cancer that determine treatment regimens (Ahles
& Saykin, 2007; Vardy, Wefel, Ahles, Tannock, & Schagen,
2008). A similar finding was observed at the first post-
treatment assessment, lending support to the proposed
increased oxidative stress hypothesis; however, this trend
did not significantly extend to the second post-treatment
assessment.

Of note, the authors found that a chemotherapy plus
anastrozole treatment regimen in combination with
possession of one or more e4 alleles actually positively
contributed to verbal learning and memory perfor-
mance from baseline to the second post-treatment as-
sessment; this same trend is observed for anastrozole
treatment regimen in combination with &4 carrier
status. Although unexpected based on the proposed
oxidative stress hypothesis, which postulates that
women with breast cancer receiving chemotherapy (i.e.,
highest amount of oxidative stress) who also possessed
one or more £4 alleles (i.e., least antioxidant capacity)
would experience the greatest cognitive decline, this
result is not entirely unfounded. In fact, evidence sug-
gests that possession of one or more ¢4 alleles may be
cognitively advantageous early in life (Hubacek et al,,
2001; Yu, Lin, Chen, Hong, & Tsai, 2000). Mondadori et
al. (2007) found the e4 allele to be associated with bet-
ter episodic memory performance when compared to
£2 and €3 alleles in healthy, young (X age = 22.8 years,
SD = 4) adults. In addition, results from the functional
magnetic resonance imaging component of the study
suggest that the £4 allele is associated with more eco-
nomic use of neural learning resources (Mondadori et
al., 2007). Several studies considering the effect of the
€4 allele in healthy, middle-aged adults report minimal
if any difference in cognitive function performance
between heterozygous €4 carriers and noncarriers
(Han & Bondi, 2008; [zaks et al., 2011; Jorm et al., 2007);
however, although comparable in neuropsychological
task performance, cognitively intact middle- and older-
aged ed carriers demonstrate greater brain activity
during learning and memory tests than their matched
£3 counterparts (Bondi, Houston, Eyler, & Brown, 2005;
Wishart et al., 2006). Therefore, this unanticipated
longitudinal improvement may be partially accounted
for by an undefined protective function of the &4 al-
lele, more efficient learning (i.e., practice effects), and
an increased magnitude and extent of neural resource
use by the chemotherapy plus anastrozole cohort on ver-
bal learning and memory tasks. As the current stucly did
not incorporate brain imaging, the two latter hypotheses
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Table 6. Cognitive Factors With Significant Longitudinal Change Score

Ahles et al. (2003) reported sig-
nificantly poorer performance on

Results
tasks of visual memory, spatial
APOE &4 Presence ability, and psychomotor function-
bg;::sllemolhemgy N,bg i::;'::zr:e ing in long-term breast cancer and
APOE £4 Presence Interaction e e e lymphoma survivors treated with
chemotherapy with one or more e4
Time and Model B P P P p P alleles compared to those with no
Visual Learning and Memory €4 alleles. The results from Ahles et
TOTH (0 — 124 al. (2003) are difficult to compare
Interaction 04375 0371 0209 0402  -0.1525  0.548 to the current study because of the
Main effects 0.154 0133 use of a cross-sectional design, the
focus on long-term (X=88 years
o mern am 01082 0681 -0.567 o004z  Post-treatment) cognitive func-
Main effects 0.0604 0.592 lioning’ inclusion of lylnphoma
survivors, and inability to examine
' :I'Itlefa'l.;.ion.]‘l . =0.067 0.622 =0.1782 0.542 =0.5112 0.088* treatment effects. (Jn? other 5tudy
Main effects 0.260 0.027* has explored genetic modifica-
tion of cancer- and therapy-relat-
Verbal Learning and Memory ed cognitive changes in women
T0=T1 (n = 124} with breast cancer. Small et al.
Interaction 0.0651 0.722 0.4485 0.133 0.0811 0.763 2011 invegtigated the influence of
Main effects 0.0347 0777 catechol-O-methyltransferase
TO-T2 (n = 112) (COMT) genotype on cognitive
Interaction -0.1261  0.486 0.5468  0.064* 0.1539  0.616 performance six months after com-
Main effects 0.0717 0.562 pletion of treatment in women
TI=T2 (0 = 111) with breast cancer who received
Interaction -0.0428 0811 0.053 0.857 0.1105  0.713 (a) chemotherapy with or without
Main effects 0.0005  0.997 radiotherapy or (b) radiothera-
Ntreion pv only and (c) healthy controls
with no history of cancer. The
To-T (”__ 124) results of the study indicated that
Interaction 0.0400 0.785 =0.258 0.29 0.1385 0.576 . N .
Main effects 0.0060  0.045 COMT wvaline carriers treated with
chemotherapy performed more
TO-T2 (h = 112) . ) ) . poorly on tasks of attention than
Interaction 0.1523 0375 -0.2949 0.289 —0.3997 0.171 N
e —0.0336 0773 healthy controls who were also va-
line carriers. The results from these
-T2 (h =111) - - studies and the current study all
Interaction 0.1539 0,359 -0,1669 0.547 -0.5715 0.045% . . o
Main effects _0.0808  0.792 provide evidence for the modifica-

*p < 0.1; estimates controlled for age, estimated intelligence, depression, anxiety, fatigue,

and pain change scores.
APOE—apolipoprotein E

Mote. The healthy control cohort and women with no 4 alleles served as the reference

groups in the analysis.

could not be explored. Alternatively, treatment of
the underlying cancer (of which cancers prescribed
chemotherapy and anastrozole are more aggressive)
may result in improvement of symptoms, including
cognitive function, over time.

To the authors’” knowledge, only one study has
previously examined the effect of APOE genotype on
cognitive function in individuals with breast cancer.

tion of cancer- and treatment-related
cognitive changes in women with
breast cancer by genetic variation.

Limitations

Although the results of this ex-

ploratory study are informative,

a number of limitations should be

acknowledged. First, the study sample size was rela-
tively small, limiting the authors” ability to detect small
and moderate effects; however, the findings from this
study can be used to obtain more accurate sample size
estimations for future investigations. The small sample
size also did not allow the authors to evaluate dose-
response relationships among heterozygous €4 carri-
ers and homozygous (g4, £4) individuals. Second, the
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0.4

= 0.042
0.3 .\P

0.2 \
0.1 PO \ _____ *
. Ne-r

Visual Learning and Memory Change T0-T2

No Yes
Al Least One g4 Allele

-—#--- Chemotherapy plus anastrozole

B Anastrozole only ++&++ Healthy control

Mote. Mean Z scores were calculated for each apolipoprotein E
£4 status and treatment combination based on mean covariate
and confounder values. P values for the significant or marginally
significant interactions are displayed in each graph.

Figure 2. Mean Z Scores for Interaction Effects:
Visual Learning and Memory Change

sample was primarily comprised of Caucasian women.
The extent to which the results generalize to more
diverse populations is unknown. Third, the results in-
dicate that women included in the APOE analysis may
be different than those in the AIM study who were not
part of the APOE analysis subset. Of little concern are
the differences in age and years of education. Although
statistically significant, the mean differences in age (X =
59.31, 5D = 5.699 years for women in the APOE subset
versus X = 60.66, S0 = 6,432 years for those not in the
subset) and years of education (X =1522, 8D = 3.157
years for women in the APOE subset versus X =14.55,
SD = 2.66 years for those not in the subset) are most
likely not clinically meaningful. In contrast, the dif-
ferences in mean baseline visual learning and memory
and psychomotor efficiency z scores, with women in
the APOE analysis subset displaying significantly bet-
ter performance in both factors, may have implications
for the validity and generalizability of results. An addi-
tional limitation of this study, inherent to all studies that
recruit patients with breast cancer following primary
surgery, is the potential effects of surgery and stress of
cancer diagnosis on cognitive function. Finally, APOE
genolype represents only a single insight by which
cognitive changes could be augmented in women with
breast cancer; additional genes and mechanisms should
be considered in the future. However, the authors also
would like to acknowledge this study’s many strengths,

including hypothesis-driven gene selection, pre-adju-
vant therapy assessment, longitudinal follow-up, inclu-
sion of a healthy control reference group, evaluation of
treatment effects (i.e., chemotherapy and anti-estrogen
therapy), and control for many known covariates and
confounders of cognitive function.

Conclusions and Implications
for Practice and Research

Information gained from the current study adds to
the base of knowledge regarding the influence of ge-
netic determinants on poorer cognitive performance
and cognitive decline experienced by many survivors
of early-stage breast cancer. Although not clinically
useful at this point in time, the results from this ex-
ploratory analysis indicate modification of cognitive
function performance and of cognitive changes over
time by both APOE genotype and the combination of
APOE genotype and prescribed treatment. In particular,
performance on tasks of executive function, attention,
verbal learning and memory, and visual learning and
memory were influenced by APOE genotype.

Additional research is needed on this topic to further
elucidate the role of APOE genotype in cognitive func-
tion of women with breast cancer, both in terms of vul-
nerability to and protection from cognitive decline. The
results from this study need to be confirmed in a larger,

0.3

0.2 S
7 \ Jaerett
E 0
&b At \
g
5 0 +
5
E 0.1
% p-0.0N
-0.2 -
-0.3
No Yes
At Least One £4 Allele

4 Chemotherapy plus anastrozole

—8— Anastrozole only = -4+« Healthy control

Note. Mean Z scores were calculated for each apolipoprotein E
£4 status and treatment combination based on mean covariate
and confounder values. P values for the significant or marginally
significant interactions are displayed in each graph.

Figure 3. Mean Z Scores for Interaction Effects:
Attention Change
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Figure 4. Mean Z Scores for Interaction Effects:
Verbal Learning and Memory Change

more diverse sample with similarly detailed pretreat-
ment and longitudinal cognitive function and covari-
ate/ confounder assessment. Mechanistic structural and

functional brain imaging studies should be conducted
to evaluate changes and differences in brain morphol-
ogy and activation patterns by genotype (Vardy et al.,
2008). The functions of oxidative stress and antioxidant
capacity on cognitive function in women with breast
cancer warrant further investigation as well. Informa-
tion garnered from future studies will permit a greater
understanding of the influence of APOE genotype on
cognitive function in women with and receiving treat-
ment for breast cancer, provide the basis for develop-
ment of biomarkers to identify women most at risk for
cognitive changes, and inform novel treatments for
women experiencing cognitive decline.
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Abstract: Research is beginning to suggest that the presence and/or severity of symploms
reported by breast cancer survivors may be associated with disease-related factors of cancer. In
this article, we present a novel approach to the identification and prioritization of biologically
plausible candidate genes to investigate relationships between genomic variation and symptom
variability in breast cancer survivors. Cognitive dysfunction is utilized as a representative breast
cancer survivor symptom to elucidate the conceptualization of and justification for our cellular,
diseasze-based approach to address symptom variability in cancer survivors, Initial candidate
gene identification was based on genes evaluated as part of multigene expression profiles for
breast cancer, which are commonly used in the clinical setting to characterize the biology of
cancer cells for the purpose of describing overall tumor aggressiveness, prognostication, and
individualization of therapy. A list of genes evaluated within five multigene expression pro-
files for breast cancer was compiled. In order to prioritize candidate genes for investigation,
genes used in each profile were compared for duplication. Twenty-one genes (BAGI, BCL2,
BIRCS, CONERI, CENEA, CMC2, DIAPH3, ERBR2, ESRI, GRE7, MELK, MKI67, MMPI1,
MYBL2, NDC8&0, ORC6, PGR, RACGAPI, RFC4, RRM2, and SCUBE2) are utilized in two
or more profiles, including five genes (CCONBI, CENPA, MELK, MYBL2, and ORC6) used in
three profiles. To ensure that the parsimonious 21 gene set is representative of the more global
biclogical hallmarks of cancer, an [ngenuity Pathway Analysis was conducted. Evaluation of
genes known to impact pathways involved with cancer development and progression provide
a means to evaluate the overlap between the biological underpinnings of cancer and symptom
development within the context of cancer.

Keywords: breast neoplasms, biological markers, genes, signs and symptoms, cognition

Introduction

Many cancer survivors experience a variety of disruptive and burdensome symptoms,
including fatigue, pain, altered sleep, mood dysregulation, and cognitive dysfunction
long into survivorship.'* Although our ability to describe the duration, frequency, and
severity of symptoms related to cancer and cancer treatments has vastly improved, our
understanding of the mechanisis that influence symptom variability and our ability
to personalize symptom prediction for an individual cancer survivor and intervene
effectively remain limited. While still in its infancy, research is beginning to suggest
that the presence and/or severity of symptoms reported by cancer survivors may not
be solely the result of cancer treatments, but may be associated with disease-related
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factors of cancer and/or host characteristics that predispose
an individual to cancer as well as a particular symptom.“*

Breast cancer survivors have been the focus of a large
proportion of cancer survivor symptom research. Studies
conducted with breast cancer survivors on the symptom of
cognitive dysfunction especially, are contributing an increas-
ing amount of evidence in support of our hypothesis that
disease-related factors of cancer and/or host characteristics
that influence cancer development or progression contribute
to the presence and severity of symptoms experienced by
CANCEr SUrvivors.

Cognitive dysfunction research in breast cancer survivors
has traditionally concentrated on the direct newrotoxic effect
of chemotherapeutic agents on the brain. Often referred to
as “chemo brain™ or “chemo fog”, short- and long-term
cognitive changes have been well-documnented in women
with breast cancer receiving chemotherapy.” With the increas-
ing use of antiestrogen therapies for prevention of breast
cancer recurrence, the influence of estrogen and the use of
antiestrogen therapies on cognitive decline in breast cancer
survivors have become an additional focus of research on
treatment-related cognitive changes.™"*

Hewever, more recent research demonstrates that cognitive
changes may actually oceur in breast cancer survivors prior
to initiation of adjuvant chemotherapy and/or antiestrogen
therapy. In a study of 109 women with breast cancer scheduled
to receive chemotherapy, Hermelink et al'® found that group
mean scores were significantly poorer than test norms on five
out of twelve cognitive tests before the start of treatment. In
addition, 33 survivors scored in the lower fifth percentile of
fest norms on two or more cognitive tests unrelated to depres-
sion, anxiety, or self-reported cognitive problems. Similarly,
Wefel et al' reported that 29 out of 84 breast cancer survivors
diagnosed with stage 1-3a breast cancer were classified as
cognitively impaired (ie, multiple cognitive tests with z-scores
=—1.5 or a single test with z-score =-2.0) before receiving
chemotherapy compared to normative data.

Even more compelling are findings from studies com-
paring the cognitive function of breast cancer survivors to
healthy controls. Ahles et al”? found that women with inva-
sive breast cancer had poorer overall cognitive performance
compared to women with noninvasive breast cancer and
healthy controls. Bender et al'® also reported pretreatment
differences in cognitive function in the domains of verbal
learning and memory and attention between women with
breast cancer prescribed antiestrogen therapy with or without
chemotherapy and healthy controls matched on age and years
of education. Although not statistically significant, Schagen

30 submit your manuserips

Dove;

etal” found that 16.4% of survivors prescribed chemotherapy
and 29.8% of survivors with stage 1 breast cancer who were
preseribed no systemic treatment displayed cognitive impair-
ment before initiation of adjuvant treatment compared to 10%
of healthy controls.

While multiple factors potentially predict cognitive func-
tien in women with breast cancer prior to adjuvant therapy,
we hypothesize that these pretreatment findings suggest that
disease-related factors inherent in breast cancer and/or host
characteristics that predispose an individual to cancer as
well as cognitive dysfunction may be a major determinant of
cognitive changes in women with breast cancer. Additionally,
only a subset of breast cancer survivors appears to be affected
by cognitive dysfunction. We further hypothesize that het-
erogeneity in the biology of breast cancers at the cellular
level could account for a significant proportion of reported
discrepancies in cognitive function among survivors.

One common clinical tool used to evaluate the underly-
ing biology of breast cancer cells is the prognostic multigene
expression profile for breast cancer. These profiles enhance
knowledge received from traditional tumor features and uti-
lize predictive algorithms of tumer gene expression levels to
individualize treatment through estimation of adjuvant therapy
benefit and distant cancer recurrence risk. Thus, each prognos-
ticmultigene expression profile is comprised of genes that play
an important role in breast cancer aggressiveness and progres-
sion, and, consequently, represent ideal candidates for a genetic
association study exploring our hypotheses (Figure 1),

In this article, we specifically aim to present a novel
approach, based on genes examined in prognostic multigene
expression profiles for breast cancer, to the identification and
prioritization of biologically plausible candidate genes for future
investigations of the association between genetic variation and

Cancer development,
progresson, and
/ recurrence
Vanabilily in genes evalualed as T
parl of prognoshe mulhgeneae -
expression profiles for -
breasl cancer e
Y L
Variation in
symplorm
development and
sevorily

Figure | Conceptual model of using variability in genes evaluated as part of
prognostic multigene expression profiles for breast cancer to tesc the hypethesis
chat heteregeneity in the biology of breast cancers ac the cellular level coudd account
for symptom variation.

Mote: Dashed arrows represent relationships to be tested in future investigations.

Breast Cancer: Targets and Therapy 2016:8
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symptoms experienced by breast cancer survivors, We will
focus on 1) characteristics of five different prognostic multi-
gene expression profiles for breast cancer, 2) prioritization of
candidate genes replicated intwo or more profiles, 3) biological
fimetions of owr identified, parsimonious candidate gene set,
and 4) a discussion of the potential expanded clinical utility of
prognostic multigene expression profiles for breast cancer, and,
more generally, cancer symptom prediction.

Methods
Selected breast-cancer-related prognostic
multigene expression profiles

Prognostic multigene expression profiles use tumor gene
expression levels to evaluate the underlying biology of breast
cancer cells and predict long-term outcomes and potential
benefit of additional adjuvant therapy. Several groups have
developed prognostic multigene expression profiles for breast
cancer: the eleven-gene expression signature (marketed as
the Breast Cancer Index®™ by bioTheranostics, In¢., San

Diego, CA, TUSA).* the 14-gene prognostic expression sig-
nature (described in Tutt et al™), the 21-gene breast cancer
assay (marketed as the Oncotype DX® Breast Cancer Assay
by Genomic Health®, Inc., Redwood City, CA, TISA),#0
the 50-gene breast cancer prognostic gene signature assay
(marketed as the Prosigna® Breast Cancer Prognostic Gene
Signature Assay by NanoString® Technologies, Inc., Seattle,
WA, USA) based on the PAMS0 Breast Cancer Intrinsic
Classifier,” and the 70-gene breast cancer recurrence assay
(marketed as the MammaPrint® 70 Gene Breast Cancer
Recurrence Assay by Agendia®, Irvine, CA, TUSA) %"

The number of cancer genes utilized in each profile varies
greatly, ranging from 7 in the eleven-gene expression signa-
ture to 70 in the 70-gene breast cancer recurrence assay. All of
the prognostic multigene expression profiles provide predic-
tions of 5- and/or 10-year distant breast cancer recurrence risk,
except the 14-gene prognostic expression signature, which is
specifically intended for prediction of distant metastasis. With
the exception of the 50-gene breast cancer prognostic gene

Table 2 Genes utilized in two or more prognostic multigene expression profiles as indicated by X

Gene Il-gene I4-gene 2l-gene 50-gene T0-gene Gene function
expression prognostic  breast breast cancer breast cancer
profile expression  cancer prognostic gene  recurrence
signature assay signature assay assay

BAGI X X Enhances antiapoptotic effect of BCLZ

BCLZ X X Blocks the apoptotic death of certain cells

BIRCS x x Encodes regulatory proteins that prevent apoptosis

comMBle x x x Encodes a regulatory protein invelved in mitosis

CENPA® X x x Encedes for a centromere protein; histone H3 variant

owmcz x x Potential invelvement in mitochondrial cytochrome ¢
oxidase biogenesis™

DiAPH2 x x Invelved in actin remedeling and regulation of cell
movemnent and adhesion

ERBBZ X X Encodes HERZ, an epidermal growth factor receptor
protein

ESRI X X Encodes an estrogen receptor

GRET X X Encedes a growth factor receptor-binding protein

MELK? x x x Involved in cell cycle regulation, apoptosis, and
splicing regulation™ ™

MEI&T X x Invelved in cellular proliferation

MMPII x x Invelved in extracellular matrix breakdown

MYBLZ? x X X Encodes a nuclear protein; invelved in cell cycle
progression

NDC80 x x Organization and stabilization of microtubule—
kinetochore attachments

ORCé® x x x Invelved in chromeseme replication and segregation

PGR X X Encodes a progesterone receptor; mediates effects of
progesterone

RACGAP! X x Involved in cytokinesis initiation and control of
cellular growth

RFC4 x X Required for elengation of primed DMA templates

RRM2 x X Catalyzes the formation of deoxyribonudeotides
from ribonucleotides

SCUBEZ X x Potential breast tumor suppressor gena™

Motes: Infermation on gene function was obtained from the NCBI's Gene Database™ unless noted otherwise. Indicaces a gene used in three expression profiles.

Abbreviation: MCBI, Madenal Cencer for Biotechnology Informacion.
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signature assay, which is not purposed to assist in the selec-
tion of optimal therapy, results from the remaining prognostic
multigene expression profiles are intended to guide clinical
treatment decisions, relaying the benefit of additional adjuvant
chemotherapy and/or antiestrogen therapy. Table 1 compares
important characteristics of the five prognostic multigene
expression profiles, including number of genes evaluated,
clinical utility, and patient eligibility.

Colorectal ca

Eslroge

Estrogen 5-phase enfry

Identification and prioritization

of candidate genes

A list of genes evaluated within each of the five prognostic
multigene expression profiles was compiled. Lists of genes
were obtained from the following locations in March 2014: the
eleven-gene expression profile (Jerevall et al),* the 14-gene
prognostic expression signature (Tutt et al),”* the 21-gene
breast cancer assay (http://breast-cancer.oncotypedx.com),

Inhubition o[ matinx m}.mllnpmtnmo&
e

lasis sig;ndinL

gnaling

Fyrimidine deoxyriboEucﬂemids}s de novo biosynthesis |
Call eyde oontr{l of mm%osomal raplication

Role of CHK proteins in cell cy]“m chackpoint control

Cell eycle: G2IM Woimr qulation
f

Figure 2 Overlapping canonical pachways map representing shared biology among the identified candidace genes.
Meotes: Connected canonical pathways share one or mere genes In commen, The brighter the red of the nede, the mere significant the canenical pathway In the gene sec
The canenical pathways map was generated through the use of QIAGEN's Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, wwvw giagen.com/inganuicy).
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Figure 3 Gene-gene networks generated by pathway analysis.

Notes: The networks were generated through the use of QIAGEN's Ingenuity
Pathway Analysis (IPA®, QIAGEN Redwood City. www.giagen.comiingenuity).
Identified candidate genes are highlighted in green. All ids gones
are included. The main asseciated functions of cach netwerk are as fellows:
{A) cancer, organismal injury and abnormalities, and reproductive system disease;
{B} DMA replication. recombination, and repair, connective tissue disorders,
and dental disease; and (C) cellular develop reprod system dh

and function, and meolecular transport. The node shapes and relationship type

the 50-gene breast cancer prognostic gene signature assay
(https://genome.unc.edu/pubsup/breastGEQ/), and 70-gene
breast cancer recurrence assay (Tian et al)." Genes utilized
in two or more profiles were prioritized for selection.

Pathway analysis of gene set

In order to ensure adequate representation of the biological
capabilities of cancer in the parsimonious high priority can-
didate gene set, a gene-gene pathway analysis was conducted,
using QIAGENs Ingenuity® Pathway Analysis software
(IPA*, QIAGEN Redwood City, CA, USA, www.giagen.com/
ingenuity), to evaluate functional networks. Both direct and
indirect relationships were analyzed. All molecules and/or
relationships were considered.

Results

Among the five included prognostic gene expression profiles,
127 unique genes were identified. Twenty-one genes (BAG/,
BCL2, BIRCS, CCNBI, CENPA, CMC2, DIAPH3, ERBB2,
ESRI, GRB7, MELK, MKI67, MMP11, MYBL2, NDC&0,
ORC6, PGR, RACGAPI, RFC4, RRM2, and SCUBE?2) are
utilized in two or more of the profiles (Table 2). Five genes
(CCNBI, CENPA, MELK, MYBL2, and ORC%) are used in
three profiles. Primary functions of the identified candidate
genes are provided in Table 2,

The pathway analysis revealed that the main molecular
and cellular functions of the parsimonious, high priority
gene set are cell eycle, cellular development, cellular
growth and proliferation, cell death and survival, and
gene expression. Canonical pathways containing one or
more of the identified 21 genes are displayed in Figure 2.
Three unique networks were identified (Figure 3). The
main associated diseases and functions of the three net-
works are 1) cancer, organismal injury and abnormalities,
and reproductive system disease; 2) DNA replication,
recombination, and repair, connective tissue disorders,
and dental disease; and 3) cellular development, repro-
ductive system development and function, and molecular
transport. The pathway analysis also identified a number
of plausible upstream transcription regulators of the iden-
tified 21 gene set, including TP53, CDKNIA, CDKN24,
E2F1, and E2F4.

Discussion and conclusion

In the future, we envision a holistic, personalized health
care environment, in which breast cancer survivors receive
not only a refined cancer diagnosis and prognosis based on
the results of prognostic multigene expression profiles, but

legend can be found at hutp:lfi ity.force.c icles/Feature_Description/ . . o .
Legend, genetically tailored preclinical symptom prediction and
34 Breast Cancer: Targets and Therapy 2016:8

211



Dove

Candidate genes for symptom variability in breast cancer survivors

proactive symptom management as well. Inspired by findings
related to reported changes in cognitive fimction in women
with breast cancer, this project, intended to identify and
prioritize biologically plausible candidate genes, represents
an initial and integral step in establishing a relationship
between genetic variation and symptom variability in breast
cancer survivors.

Driven by owr hypothesis that symptom variability in
breast cancer survivors is related to variation in the biology
of cancer cells, we employed the innovative approach detailed
in this article to select candidate genes based on prognostic
multigene expression profiles for breast cancer. While we
believe that all 127 unique genes evaluated as part of the
included prognostic multigene expression profiles for breast
cancer should be considered as candidates to test the proposed
hypothesis, our project revealed considerable overlap in genes
represented in the profiles with 21 genes replicated in two
or more profiles. Five of the 21 replicated genes are used in
three profiles. Because each prognostic multigene expres-
sion profile was developed to individualize breast cancer
prognostication based on associations between breast cancer
tumor gene expression levels and clinically relevant cancer
outcomes, including recurrence and metastasis, replication
of genes utilized in multiple profiles may be particularly
important in describing the heterogeneity of breast cancer
tumor cell biology and, consequently, should be prioritized
for evaluation.

Nevertheless, by limiting a future investigation to variation
in genes replicated in two or more profiles, we risk the inad-
vertent elimination of one or more of the biologic capabilities
that enable tumor growth and metastatic dissemination. Eight
biologic hallmarks of cancer have been identified and include
resisting cell death, deregulating cellular energetics, sustaining
proliferative signaling, evading growth suppressors, avoiding
imrmme destruction, enabling replicative immortality, activat-
ing invasion and metastasis, and inducing angiogenesis.*' To
ensure that our parsimonious, high priority gene set broadly
incorporated these eight hallmarks, an Ingenuity® Pathway
Analysis was conducted. The results of our pathway analysis
revealed that the main molecular and cellular functions of
the gene set were cell cycle, cellular development, cellular
growth and proliferation, cell death and survival, and gene
expression. We also found that the majority of the canonical
pathways the genes in our identified gene set are contained
within are related to cancer/cellular signaling, Furthermore,
the genes identified by the analysis as potential upstream
regulators of the gene set, TF33, CDENIA, CDEN24, E2F1,
and E2F4, all play important roles in cell eycle control and
tumor suppression. Due to the overlap between the molecular

Breast Cancer: Targets and Therapy 201 6:8
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and cellular functions of the gene set and the hallmarks of
cancer, we believe that the biologic hallmarks of cancer are
represented in the prioritized gene set,

Interestingly, a further examination of genes, molecules,
gene products, and gene complexes/interactions in the
identified networks revealed minimal overlap with genes in
the prognostic multigene expression profiles. We were sur-
prised to find that only six genes (CCNEI, CCNE2, FLT1,
MCM6, MMP9, and PRCI), beyond those contained in the
inputted 21 gene set, are utilized in one of the five included
prognostic multigene expression profiles. While uninten-
tional and not the purpose of this project, we believe that the
remaining network genes could be considered as potential
candidates to develop new prognostic multigene expression
profiles for breast cancer, to inerease the sensitivity/specific-
ity of current profiles, and/or as a means to potentially expand
patient eligibility criteria.

Although conceptualized within the context of cognitive
dysfunction, the identified genes would be ideal candidates
for investigations of symptom variability in other disruptive
and burdensome symptoms associated with breast cancer, its
treatments, or both as well. The identified 21 gene set would
be especially relevant for symptoms previously found to be
associated with disease-related factor of breast cancer, such
as fatigue, which has been predicted by tumor size and lymph
involvernent,*** Moreover, the novel approach we employed
to select candidate genes for investigations of variability in
breast cancer symptoms can also be applied to other cancers
that have biologically based commercially available prognos-
tic multigene expression profiles, such as colon and prostate
cancer, and associated symptoms.

Genetic variability within the proposed candidate gene set
can be evaluated in a mumber of ways, including evaluation
of polymorphisms, gene expression levels, protein levels,
and epigenetic changes in both the host and tumer tissue.
We recognize that symptom variability, especially at the
time of diagnosis, may be driven by tumor gene expression,
the consequences of tumor expression and related protein
production on the rest of the body, and subsequent removal
and treatment of the primary tumor and secondary sites.
Thus, we recommend that future symptomatology studies
focus on relationships between tumor gene expression/
protein levels and symptom variability in cancer survivors.
Significant results from tumor gene expression studies in
particular, could greatly and directly expand the clinical
utility of currently available prognostic multigene expres-
sion profiles. For instance, a modified version of the gene
expression algorithms could potentially generate a range
of Cognitive Decline Risk Scores or Fatigue Risk Scores,
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based on the treatment regimen that is ultimately selected,
other clinicopatheologic tumor features, and baseline patient
characteristics for each breast cancer survivor, However,
relationships between host DNA and symptom variability
are desirable as well because host DNA variation remains
constant over time and is not tissue specific, Prediction of
symptoms using host DNA would be especially advanta-
geous for unusable tumor tissue, survivors with a clear
prognosis and treatment regimen recommendation based on
other clinicopathologic tumor features who would not be
eligible for further prognostic multigene expression profile
testing, or post hoc symptom prediction after tissue RNA
has degraded and quantified gene expression level accuracy
would be questionable.

However, we would like to acknowledge that this
approach is not without limitations. Of particular interest,
the multigene expression profiles from which candidate
genes were selected, with the exception of the 70-gene
breast cancer recurrence assay, all require positive breast
cancer tumor estrogen or progesterone receptor status as
an eligibility criterion. Consequently, genetic variation
important for symptom variability in women with hormone
receptor negative and triple-negative breast cancers may not
be adequately captured in the prioritized gene set. In other
words, the clinical applicability of breast cancer survivor
symptom prediction may be limited to wormen with tumors
that reflect the eligibility criteria of the five multigene
expression profiles used to generate the candidate gene list.
Additional candidate genes should be considered for other
subsets of breast cancers not emphasized in the currently
available multigene expression profiles.

Undoubtedly, the results of future investigations of
symptom variability in breast cancer survivors based on
disease characteristics at the cellular level, such as genetic
variability in the high priority 21 gene set identified in this
article, have the potential to substantially impact both the
care of breast cancer survivors and the practice ofhealth care
providers alike, extending the clinical utility of prognostic
multigene expression profiles for breast cancer and providing
the patient and the provider with a means of weighing not
only cancer prognosis and recurrence, but also the quality
of life due to burdensome symptoms, into treatment deci-
sions as well.
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payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, Dept 001, P.O. Box 843006, Boston, MA 02284-3006. Payments Due: Invoices are
payable upon their delivery to you (or upon our notice to you that they are available to you
for downloading). After 30 days, cutstanding amounts will be subject to a service charge of
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise
specitically set forth in the Order Confirmation or in a separate written agreement signed by
CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights
licensed immediately upon issuance of the Order Confirmation, the license is automatically
revoked and is null and void, as if it had never been issued, if complete payment for the
license is not received on a timely basis either from User directly or through a payment
agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (1) is
“one-time” (including the editions and product family specified in the license), (i1) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions
(such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the
licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at
the end of such period).

3.4 In the event that the material for which a republication license is sought includes third
party materials (such as photographs, illustrations, graphs, inserts and similar materials)
which are identified in such material as having been used by permission, User is responsible
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be
used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: “Republished with permission of
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice
must be provided in a reascnably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice
results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated
damages for each such failure equal to twice the use fee specified in the Order Confirmation,
in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasenable request of CCC
or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and
their respective employees and directors, against all claims, liability, damages, costs and
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expenses, including legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILIL CCC OR THE
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR
INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their
respective employees and directors) shall not exceed the total amount actually paid by User
for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S). EITHER
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of
a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a maternal breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price
therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity. but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most
closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses
incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
User by electronic mail or otherwise for the purposes of notifying User of such changes or
additions: provided that any such changes or additions shall not apply to permissions already
secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s
privacy policy, available online
here:hitp://www.copyvright.com/content/cc3/en/tools/footer/privacypolicyv.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User.
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any kind) the license created by the Order Confirmation and these terms
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and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in the new material which includes the Work(s) licensed
under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or afliliates and purporting
to govem or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be
govemned by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conllicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA. or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center. please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.

v 1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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MANUSCRIPT #4: POLYMORPHISMS IN DNA REPAIR AND OXIDATIVE STRESS

GENES ASSOCIATED WITH PRE-TREATMENT COGNITIVE FUNCTION IN

BREAST CANCER SURVIVORS: AN EXPLORATORY STUDY
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with pre-treatment cognitive function in breast

cancer survivors: an exploratory study
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”“F"”"_'T;" ";’:_"'"';}J- h Purpose: The purpose of this exploratory candidate gene association study was to
ANESITY of FTShurg! R N £ ¢ ¢ . 5 .

3500 Victoria Street, examine relationships between polymorphisms in oxidative stress and DNA repair

Pittsburgh, PA 15261, USA genes and pre-adjuvant therapy cognitive function (CF) in postrnenopausal wormen

Fulllist of author information diagnosed with early stage-breast cancer.

is available at the end of the -

article Methods: Using a neuropsychological test battery, CF was assessed in 138 women

diagnosed with breast cancer prior to initiation of adjuvant therapy and 81 age- and
education-rnatched controls and surnmarized across eight composites, Participants
were genotyped for 39 functional or tagging single nucleotide polymorphisms (SNPs)
of select oxidative stress (CAT, GPX1, SEPP1, SOD1, and SOD2) and DNA repair (ERCC2,
ERCC3, ERCCS, and PARPT) genes. Multiple linear regression was used to deterrine if the
presence or absence of one or more minor alleles account for variability in CF compos-
ite scores, Based on regression findings from the analysis of individual SNPs, weighted
rmulti-gene, rmulti-polyrnorphisr genetic risk scores (GRSs) were calculated to evaluate
the collective effect of possession of multiple protective and/or risk alleles.

Results: Each CF composite was significantly (p < 0.05) associated with one or more
oxidative stress and DNA repair gene polymorphisms evaluated either by SNP rain
effects and/or SNP-by-prescribed breast cancer treatment group interactions. Each
computed GRS was found to be significantly (p < 0.001) related to its corresponding CF
composite. All associations were positive suggesting that as overall genetic protection
increases, CF composite score increases (indicating better performanice).
Conclusions: These findings suggest that genetic variation in the oxidative stress and
DMA repair pathways may play animportant role in pre-adjuvant therapy CF in breast
cancer survivors,

Keywords: Breast neoplasms, Cognition, Genetics, Polyrnorphisrms, Oxidative stress,
DMNA repair

Background
Pretreatment cognitive dysfunction has been well documented in women diagnosed
with breast cancer (Wefel et al. 2008; Ahles et al. 2012); however, the mechanisms

© 2016 Koleck et al, This article i distributed under the terms ofthe Creative Commons Attribution 4.0 International License (hitp/
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@ sprmger Open creativecommens.org/licenses/ty/4.04), which permits unrestricted use, distribution, and repreduction in any medium, provided
— you ghve appropriate credit to the orlginal author(s) and the source, provide a link to the Creative Commons license, and Indlcate
If changes were made.
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underlying this phenomenon as well as the variability in the presence and severity of
cognitive dysfunction experienced by breast cancer survivors remain largely unknown.
One biologically plausible mechanism that may at least partially account for pretreat-
ment cognitive dysfunction and the observed variability is variation in response to oxi-
dative stress and DNA damage (Janelsins et al. 2012; Ahles and Saykin 2007; Vardy et al.
2008). Evidence continues to build that supports the role of increased oxidative stress,
insufficient antioxidant mechanisms, and/or deficient response to DNA damage in brain
aging and cognitive decline {Coppedé and Migliore 2010; Jeppesen et al. 2012; Lillenes
et al. 2011). Furthermore, oxidative damage and diminished DNA repair capacity have
been implicated in more extreme cognitive dysfunction phenotypes, including mild cog-
nitive impairment and Alzheimer’s disease (Bucholtz and Demuth 2013; Migliore et al.
2005; Jones et al. 1989).

The systemic environment and tumor microenvironment of a woman with breast
cancer are characterized by increased, yet variable, levels of oxidative stress and DNA
damage, with oxidative stress and subsequent DNA damage promoting breast cancer
development and progression (Kang 2002; Jezierska-Drutel et al. 2013; Nourazarian
et al. 2014). In one study of altered oxidative stress levels and breast cancer, Herrera
et al. (2014} found evidence to support enhanced oxidative stress and reduced antioxi-
dant defenses in plasma of postmenopausal women with primary ductal carcinomas
of the breast at diagnosis compared to women 6 months post tumor removal and to
healthy controls. Wang et al. also found increased levels of lipid peroxidation in breast
cancer tissue but, in contrast to the previous study, upregulated antioxidant levels com-
pared to tissue from healthy controls (Wang et al. 2014). In addition to being altered,
research suggests that oxidative stress profiles are heterogeneous, differing between
early and advanced stage breast cancers (Panis et al. 2012) and varying by tumor size
and lymph node involvement (Saintot et al. 2002). In terms of DNA damage, chemo-
therapy naive postmenopausal women with primary invasive ductal breast cancer were
found to have higher basal levels of DNA damage and decreased DNA repair efficacy of
peripheral blood lymphocytes (PBLs) compared to age-matched healthy women (Blasiak
et al. 2004). Sanchez-Suarez et al. (2008) presented congruent findings: an assessment of
PBLs from women with Stage 2 ductal carcinoma of the breast displayed higher DNA
damage prior to initiation of adjuvant chemotherapy compared to age-matched healthy
controls. Similar results were reported in a study of DNA damage and repair in PBLs in
a heterogeneous sample of individuals (ages 1-59 years) with various cancer diagnoses
compared to healthy controls (ages 22—-50 vears) with cells from cancer patients demon-
strating higher levels of basal DNA damage. Considerable individual variation was also
noted {Nadin et al. 2006).

The reported variability in oxidative stress and DNA damage profiles warrants investi-
gation of genetic variation to account for differences in cognitive phenotypes of women
diagnosed with breast cancer. Considering how increased oxidative stress and decreased
DNA repair capacity impacts more extreme cognitive phenotypes as well as the vulner-
ability of the brain within the context of increased oxidative stress due to breast can-
cer, we hypothesize that variability in protection from oxidative damage and capacity to
repair DNA may inform variability in the extent of cognitive dysfunction among breast

cancer survivors. Thus, the purpose of this exploratory candidate gene association study
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was to examine relationships between variation in genes involved in oxidative stress
(CAT, GPX1, SEPP1, SOD1, and SOD2) and DNA repair (ERCC2, ERCC3, ERCCS, and
PARPI} and pre-adjuvant therapy CF in postmenopausal women with early stage breast
cancer. Furthermore, cumulative multi-gene, multi-polymorphism genetic risk scores
(GRSs) were calculated to evaluate the collective effect of possessing multiple significant
polymorphisms.

Methods

Study participants

Participants in this candidate gene association study were recruited from a larger parent
study investigating the effect of the adjuvant aromatase inhibitor therapy, anastrozole,
on changes in CF in postmenopausal women with breast cancer (Bender et al. 2015). The
sample (N = 219) was comprised of 138 women diagnosed with breast cancer and 81
age- and education-matched controls with no personal history of breast cancer. All par-
ticipants were no greater than 75 years of age, able to speak and read English, completed
at least 8 years of education, and had no previous history of cancer, psychiatric illness,
or neurologic disease/trauma at time of enrollment into the parent study. In addition,
women with breast cancer had a diagnosis of estrogen receptor positive, early-stage
breast cancer (stages 1, 2, or 3a) based on the Tumor, Nodes, Metastasis Classification
of Malignant Tumors with no clinical evidence of distant metastases (Edge et al. 2010).
This study was approved by the University of Pittsburgh Institutional Review Board.
Informed consent was obtained from all individual participants included in both the
parent and genetic ancillary study.

Evaluation of cognitive function

A battery of neuropsychological tests was used to assess cognitive function (CF)
Women with cancer completed cognitive assessment after primary surgery but prior to
initiation of adjuvant therapy. Control women completed the same cognitive assessment.
The neuropsychological test battery was individually administered to study participants
by trained research nurses. The selection of neuropsychological tests for the battery and
reduction of individual neuropsychological test data into the eight following CF com-
posites based on exploratory factor analysis have been described in detail previously
(Bender et al. 2015):

1. Attention—Cambridge Neuropsychological Test Automated Battery (CANTARB)
Rapid Visual Information Processing {Robbins et al. 1994)

2. Conecentration—Digit Vigilance (Layfayette Clinical Insturments Company 1989)

3. Mental Flexibility—Delis Kaplan Executive Function System Color-Word Interfer-
ence (Delis et al. 2001)

4. Executive Function—CANTAB Stockings of Cambridge {Robbins et al. 1994) and
CANTAB Spatial Working Memory (Robbins et al. 1994)

5. Psychomotor Speed—Grooved Pegboard (Klove 1963) and Digit Symbol Substitu-
tion (Wechsler 1998)

6. Verbal Memory—Rey Auditory Verbal Learning (Rey 1964), Verbal Fluency Test, and
Rivermead Story (Cockburn and Smith 1993)
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7. Visual Memory—CANTAB Paired Associates Learning (Robbins et al. 1994) and
Rey Complex Figure (Osterrieth 1944)

8. Visual Working Memory—CANTAB Stockings of Cambridge (Robbins et al. 1994)
and Rey Complex Figure (Osterrieth 1944)

Covariate assessment

In order to control for the potential effects of age, intelligence, mood, and pain on CF,
age, estimated verbal intelligence (National Adult Reading Test-Revised) (Nelson 1981},
and levels of depressive symptoms {Beck Depression Inventory-II) (Beck et al. 1996},
anxiety (POMS tension-anxiety subscale) (McNair et al. 1992}, fatigue (POMS fatigue-
inertia subscale) (McNair et al. 1992), and pain (Brief Pain Inventory) (Cleeland 1989)
were also assessed. All participants in this study had complete covariate/confounder
information.

SNP selection and genotyping

Functional polymorphisms for five candidate oxidative stress genes (Catalase, CAT; Glu-
tathione Peroxidase 1, GPXT; Selenoprotein P, Plasma 1, SEPPI; Superoxide Dismutase
1, Soluble, SODI; and Superoxide Dismutase 2, Mitochondrial, SOD2) and four can-
didate DNA repair genes (Excision Repair Cross-Complementation Group 2, ERCC2;
Excision Repair Cross-Complementation Group 3, ERCCS3; Excision Repair Cross-Com-
plementation Group 5, ERCCS; and Poly (ADP-ribose) Polymerase 1, PARPI) were iden-
tified from the literature (Hamanishi et al. 2004; Valenti et al. 2004; Islam et al. 2007;
Jiang et al. 2001; De Haan et al. 1998; Meplan et al. 2007; Spencer et al. 2008; Hooker
et al. 2007; Mizutani 2007; Lockett et al. 2004). When a functional polymorphism was
not identified or did not fully represent all of the variability in the gene, tagging SNPs
were selected using the Phase Il HapMap database. Criteria for selecting tagging SNPs
included: B? of =0.8; minor allele frequency =20 %; and selected for Caucasian and Afri-
can ancestry, which represents parent study subjects. In total, 39 functional or tagging
SNPs were selected for evaluation (Table 1).

Genetic samples were collected from June 2008 to May 2014, Three milliliters of whole
blood or two milliliters of saliva were obtained for genotyping. DNA was extracted from
PBLs using a simple salting out procedure or from saliva utilizing the protocol and rea-
gents supplied with the Oragene DNA collection kits (DNA Genotek Inc 2012; Miller
et al. 1988). Genotypes were determined using either an iPLEX MassARRAY multiplex
assay platform (Sequenom, San Diego, CA) or a TagMan allele discrimination platform
(Thermo Fisher Scientific Inc., Waltham, MA). Genotypes were double called by indi-
viduals blinded to subject phenotypes and discrepancies addressed by reviewing raw
data or re-genotyping. Participant genotypes were classified for data analysis based on
the presence (i.e., homozygous variant genotype plus heterozygous genotype) or absence

(i.e., wildtype genotype) of the minor allele.

Statistical analysis
Analyses were performed using [BM® SPSS® Statistics Version 23 (IBM Corp., Armonk,
NY). A detailed descriptive analysis of all data was first performed to identify any

anomalies prior to modeling. Each SNP was tested for Hardy—Weinberg equilibrium
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Table 1 Candidate DNA repair and oxidative stress genes and associated SNPs

DNA repair genes Oxidative stress genes

ERCC2 ERCCS CAT SEPPT
rs13181 1511069498 r$1001179% 15230819
151799786 132296147 rs10488736 1528919892
51799787 1522961487 rs2179625 1538778997
15238406 134150355 rs511895
5238416 134150360 r$525938
153916874 154771436 15566979 SoDT
350871 15751402 157602142 rs1041740
rs50872 13873601

ERCC3 PARPT GFPX1 S0oD2
132134794 rs1136410° 110504507 rs4830°
rs4150402 152271347 rs5746136
134150407 133219058 rs8031
rs4150477 153219090

SNP single nucleotide polymorphism

# Functional polymorphism

using a Chi square goodness-of-fit test. To account for the heterogeneity of breast can-
cer tumors, women diagnosed with breast cancer were further classified prior to analy-
sis using prescribed treatment regimen as a surrogate for disease characteristics, such
as disease stage and aggressiveness. Subsequently, the analysis featured two groups of
women diagnhosed with breast cancer, Group A (prescribed chemotherapy followed
by anastrozole, n = 55) and Group B (prescribed anastrozole alone, n = 83), as well as
the reference, healthy age- and education-matched control group (n = 81). Hierarchi-
cal multiple linear regression modeling was employed to estimate relationships between
individual SNPs and each CF composite score. Both main SNP effect only and SNP-by-
group interaction models were fitted. In all models, the prescribed treatment groups,
Group A and Group B, were compared to the reference, control group. Likewise, posses-
sion of one or more minor alleles (i.e., homozygous variant genotype plus heterozygous
genotype) was compared to the reference, wildtype genotype. All models were adjusted
for age, estimated verbal intelligence, and levels of depressive symptoms, anxiety, fatigue,
and pain at study entry. Regression diagnostics were examined for each model. Poten-
tially influential cases were identified and sensitivity analyses were conducted to eval-
uate the robustness of findings. In order to retain cases found to be influential due to
extreme CF scores, scores were modified to be less extreme but still the highest/lowest
CF score(s) for the affected composite. Unstandardized regression b-coefficients were
obtained and tested at a two-tailed significance level of 0.05.

GRSs were then calculated for each participant to evaluate the collective effect of mul-
tiple DNA repair and oxidative stress polymorphisms on CF composite scores. Separate
GRSs were calculated for each CF composite. SNP minor alleles found to be significantly
(p < 0.05) negatively or positively associated with CT composites in the individual main
effect only and/or interaction effect models were utilized in GRS calculations. In order
to assign greater risk/protection to alleles with stronger associations, a weighted method
was employed. Unstandardized regression b-coefficients from the individual SNP mod-
els were multiplied by 0 (absence) or 1 (presence) based on a participant’s genotype and
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prescribed treatment group membership and then summed. For example, the equation

to caleulate the verbal memory GRS would be as follows:

Verbal Memory GRS = (—.346 + CATrs566979 — G)
+ (282 # CATrs566979 — G+ GroupA) + (387 # CATrs566979 — G+ GroupB)
+(—.129 % ERCC5rs11069498 — G} + (536 + ERCC5r511069498 — G # GroupA)
+ (.190 + ERCC5rs11069498 — G+ GroupB) + (—.075 * ERCC5rs751402 — C)
+ (486 + ERCCS5rs751402 — C % GroupA) + (255 + ERCC5rs751402 — C + GroupB)
+ (—.074 + ERCC5rs4150360 — T) 4 (568 « ERCCS5rs4150360 — T * GroupA)
+ (104 « ERCC5rs4150360 — T % GroupB)

Thus, a participant prescribed chemotherapy plus anastrozole (Group A} who pos-
sessed the minor alleles for CATrs566979 and ERCC5rs4150360 would have a verbal
memory GRS of 0.43 caleulated as follows:

Verbal Memory GRS
= (=346 1) + (282 % 1% 1) 4 (387 L# 0) + (—.129+ 0) + (536 0+ 1)
(190 %0+ 0) + (—.075 # 0) + (486 0+ 1) + (255 % 0+ 0) + (—.074 % 1)
(568411} + (104%1%0) =043

A lower GRS indicates greater genetic risk for poorer CF and a higher GRS indicates
greater genetic protection. Please note that if influential observations were identified by
the sensitivity analysis, b-coefficients from the models with modified extreme CF scores
were used. The unique contributions of GRSs in explaining the variance in CF compos-
ite scores were evaluated in the final block in a hierarchical multiple linear regression
model, adjusted for age, estimated verbal intelligence, and levels of depressive symp-
toms, anxiety, fatisue, and pain. Participants missing genetic data necessary for comple-

tion of a GRS calculation were not included in the GRS analysis.

Results

Genotyping rates of the 39 SNPs ranged from 85.5 to 100 %. When considering the
entire cohort {cases and controls), six SNPs were not in Hardy—Weinberg equilib-
rium: ERCC2rs1799786 (3¢ = 4.77, p = 0.029), ERCC2rs238416 (> = 3.92, p = 0.048),
ERCC2rs50871 (% = 4.37, p = 0.037), PARPIrs1136410 (> = 4.78, p = 0.029), PAR-
P1rs3219090 (x> = 6.04, p = 0.014), and SEPPIrs28919892 (¢ = 4.29, p = 0.038). Of
these six SNPs, only one, ERCC2rs238416 (xz = 4.29, p = 0.038) was not in Hardy—
Weinberg equilibrium when considering the control group alone. This deviation is most
likely due to lack of random sampling from the population for both the cases and con-
trols. Group-wise comparisons of participant characteristics revealed that study groups
differed statistically, but not clinically significantly by age and estimated verbal intelli-
gence (Table 2).

Results from the individual SNP variant regression analyses are reported in the table
found in Additional file 1. Individual polymorphisms significantly (p < 0.05) associated
with a particular CF composite by a SNP main effect and/or SNP-by-group interaction
effect are listed in Table 3. A selection of results from the individual SNP analysis has
been highlighted by CF composite in the text to follow; please note that all reported
b-coefficients indicate the magnitude and direction of possession of one or more minor
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Table 2 Participant characteristics (N = 219)

Characteristic Group A(n=>55) Group B(n=183) Healthy controls F or X test
(measure) Mean + 5D Mean + 5D (n=281) statistic p value
orn (%) or n (%) Mean + SD or n (%)
Age (years) 5876 £ 547 6247+ 596 6006 £+ 6.08 <001~
Education (years) 1567+ 278 14.95+ 306 1484 £291 232
Estimated verbal 10894 +£887 107,04 =+ 8.84 11472+ 784 <001%
intelligence (NART-
R)
Depression (BDIHI) 524 661 460 £4.85 483+ 552 760
Anxiety (POMS 961 614 697 £ 465 661 £ 563 004
tension-anxiety
subscale)
Fatigue (POMS 5114533 584 +635 574+ 599 759
fatigue-inertia
subscale)
Pain (BPIy 147 £1.96 155 £2327 0394+ 207 144
Marital status, 38 (69.1) 54.(65.1) 46 (56.8) 1306
rnarried
Number of children 1.75+£122 205+£1.39 212+£153 283
Race, Caucasian 52 (945) 31 (976) 75(92.6) 337
Cancer stage
Stage 1 25 (45.5) 69 (83.1) - -
Stage 2a 19 (345 12114.9 - -
Stage 2b 501 2124) - -
Stage 3a 6109 010.0) - -

SD, standard deviation; Group A, prescribed chemotherapy plus anastrozole; Group B, prescribed anastrozole alone; NART-R,
National Adult Reading Test-Revised; BDI-ll, Beck Depression Inventory-1l, POMS, Profile of Mood States; BPI, Brief Pain
Inventory. One-way ANOVAs utilized to compare study cohort means of continuous variables. Pearson’s Chi square tests of
independence used te examine the general associations between categorical variables

*p<.05

alleles on CF. For attention, possession of one or more ERCC3rs2134794 (b = —0.309,
p = 0.010) or ERCC5rs873601 (b = —0.288, p = —0.015) minor alleles was associ-
ated with poorer performance regardless of group membership. SNP main effects also
influenced mental flexibility, psychomotor speed, and concentration performance. For
mental flexibility, a number of significant SNP main effects were observed over multi-
ple oxidative stress and DNA repair genes: ERCC2rs13181 (b = —0.179, p = 0.031),
ERCC3rs4150407 (b = 0.234, p = 0.016), ERCC3rs4150477 (b = 0.190, p = 0.038),
PARPIrs2271347 (b = 0202, p = 0.034), SEPPIrs230819 (b = 0.255, p = 0.018), and
SOD1rs1041740 (b = 0.254, p = 0.006). Significant SNP main effects were also observed
for psychomotor speed: CATrs511895 (b = 0.237, p = 0.031), CATrs769214 (b = —0.421,
p = 0.020), ERCC5rs11069498 (b = —0.236, p = 0.044), ERCC51s751402 (b = —0.224,
p = 0.050), ERCC51s873601 (b = —0.227, p = 0.037), and SEPPIrs3877899 (b = —0.327,
p = 0.005). For concentration, possession of one or more minor alleles for every SOD2
polymorphism evaluated, SOD2rs4880 (b = —0.303, p = 0.024), SOD2rs5746136
(b = —0.257, 0.023), SOD2rs8031 (b = —0.332, p = 0.011), contributed to poorer con-
centration performance regardless of group membership. In addition, the combination
of Group B membership and possession of one or more ERCC2rs3916874 (b = 0.533,
p = 0.050), ERCC2rs50872 (b = —0.882, p = 0.001), ERCC3rs4150407 (b = 0.546,
p = 0.047), or ERCC5rs2296147 (b = 0.585, p = 0.043) minor alleles contributed
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Table 3 Genetic risk score (GRS) and cognitive function composite regression analysis
results

Composite cognitive Gene-SNP used Minor Wildtype bers Model R? R?change
function composite in GRS calculation allele reference allele for GRS

Attention® (n =214) ERCC3-152134794
ERCC5-1s273601
Concentration (n = 206) ERCC 2153916874
ERCC2-1550872
ERCC3-rs2134794
ERCC3-rs4150407
ERCCS-152296147
S0D2-rs4880
S0D2-rs5746136
5002158031
Executive function® ERCC3-rs2134794
(n=215) ERCCI-154150407
FRCC3-rs4150477
ERCCS-152206147
PARPI-1S2271347
FARPI-1s3219058
Mental fliexibilin? (n = 198) ERCC2rs13181
ERCC3-rs4150407
ERCC3-rs4150477
PARPI-1S2271347
SEPPI-1s230810
SEPPI-153877800
S0D1-rs1041740
Psychomatar speed? CAT-rs511895
(n="185) CAT-1760214
ERCCS-1511069498
ERCC5-1s2206148
ERCCS-rs751402
ERCC5-15873601
SEPPI-153877800
S0D1-rs1041740
Verkal memory (n=214) CAT-15566979
ERCC5-rs 11069498
ERCC5-rs4150360
EFRCCS-1s751402
Visual memory® (n= 178) CAT-rs1001179
CAT-15525938
CAT-1s56607%
CAT-rs769214
ERCCS-15751402
GPXI-5 1050450
Visual working rmemary? ERCC2-rs 1799787
(n=210) ERCCS-1511050498
ERCC5-s4150355
ERCC5-rs4150360
ERCCS-15873601
FPARPI-152271347

10037 0.236 0.048

06197 0218 0.150

05357 0.260 0.075

06697 0.342 0.0%4

0741% 0288 0.126

05677 0.289 0049

06917 0.260 0118

0766 0.256 01m

o 4o 4o 4o oo 4060 40 4 400 4 0 a0 A0 n A 4o mnoon
= > 4 "> nMNn>nNn®> 4 >=0n—>=S "6 > N"n»Ea0nan 0> 4 a0 N> 0NN 0> >

SNP single nucleotide polymorphism, GRS geneticrisk score. All regressionmaodels are adjusted for age, estimated verbal
intelligence, and levels of depression, anxiety, fatigue, and pain

*p<.001
* GRS caleulation based on b-coeffidents from regression models with modified influential point values
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positively or negatively to concentration scores. The combination of DNA repair gene
variation and Group A membership was found to be associated with executive function
performance with multiple significant SNP-by-Group A interaction effects observed:
ERCC3rs2134794 (b = 0.470, p = 0.023), ERCC3rs4150407 (b = —0.466, p = 0.035),
ERCC3rs4150477 (b = —0.417, p = 0.046), ERCC5rs2296147 (b = 0.477, p = 0.034),
and PARPIrs2271347 (b = —0.589, p = 0,006). In contrast, the combination of Group B
membership and possession of one or more ERCCSrs2296148 (b = 1.075, p = 0.024) or
SOD1rs1041740 (b = —0.619, p = 0.015) minor alleles was associated with psychomotor
speed scores. The combination of group membership and genetic variation was found
to be important for all three memory-related cognitive composites as well. Specifically,
the combination of Group A membership and possession of one or more minor alleles
for: ERCCSrs11069498 contributed positively to verbal memory (b = 0.536, p = 0.034)
and visual working memory (b = 0,629, p = 0,027} scores; ERCCSrs4150360 contrib-
uted positively to verbal memory (b = 0.568, p = 0.031) and visual working memory
(b = 0,673, p = 0.023); and ERCCS5rs751402 contributed positively to verbal memory
(b = 0.486, p = 0.038) and visual memory (b = 0.499, p = 0.023). Additionally, the com-
bination of Group A membership and CAT variation was found to be associated with
visual memory: CATrs1001179 (b = —0.512, p = 0.032), and CATrs769214 (b = 0.480,
p = 0.024). Two CAT SNP main effects, CATrs525938 (b = —0.282, p = 0.049) and
CATrs566979 (b = —0.282, p = 0.049) were also observed with visual memory.

Each computed GRS was found to be significantly (p < 0.001) related to its respective
CF composite (Table 3). All associations were found to be positive such that as GRSs

increase, CF composite performance scores increase as well (Fig. 1).

Discussion

To our knowledge, this study represents the first investigation of relationships between
oxidative stress and DNA repair gene variation and pre-adjuvant therapy CF in post-
menopausal women diagnosed with early-stage breast cancer. Overall, our results
revealed that performance for every CI' composite was significantly (p < 0.05) associated
with one or more oxidative stress and DNA repair gene polymorphisms by either SNP
main effects (i.e., observed cognitive changes in both breast cancer survivors and healthy
control women are associated with a certain genetic polymorphism) and/or SNP-by-
group interaction effects (i.e., observed cognitive changes were associated with a certain
combination of genetic polymorphism and prescribed treatment group).

Out of all the genes included in our investigation, variation in ERCCS appeared to
influence cognitive performance most globally, with significant relationships noted
between one or more ERCCS SNPs and every CF composite with the exception of men-
tal flexibility, The function of ERCCS has been most widely investigated in xeroderma
pigmentosum and DNA excision repair following UV-induced damage. More gener-
ally, ERCCS participates in nucleotide excision repair, encoding an endonuclease that
makes 3" incisions (US National Library of Medicine, National Institutes of Health 2014).
ERCCS also decreases cellular oxidative burden, functioning as a cofactor for a DNA gly-
cosylase that removes oxidized pyrimidines from DNA (US National Library of Medi-
cine, National Institutes of Health 2014}, Although rare, mutations in the ERCCS gene
have also been associated with the development of Cockayne syndrome in combination
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with xeroderma pigmentosum (US National Library of Medicine, National Institutes
of Health 2014). Characteristic features of Cockayne syndrome include impaired nerv-
ous system development and mental retardation, highlighting the critical role ERCCS
plays in normal CT. Within the context of this study, we postulate that as cancer creates
a cellular environment of increased oxidative stress and DNA damage, certain polymor-
phisms in ERCCS may decrease a survivor’s ability to repair damage and remove reac-
tive oxygen species, placing an already vulnerable brain at even higher risk for damage
(Conroy et al. 2012; Joshi et al. 2005; Kasapovid et al. 2010; Walker et al. 2012; Finkel and
Holbrook 2000).

Another intriguing finding was the predominant negative effect of certain SOD2 alleles
(rs4880-T, rs5746136-A, and rs8031-T) on concentration performance within our study
sample regardless of cancer diagnosis or prescribed treatment group. The SOD2 gene
encodes an enzyme, manganese-dependent superoxide dismutase, that confers cell pro-
tection by eliminating mitochondrial reactive oxygen species (NCBI Resource Coordina-
tors 2015). The functional rs4880 alanine-to-valine (C > T) single amino acid change has
been found to influence enzyme activity with valine (T} associated with reduced SOD2
activity in human breast cancer and hepatoma cell lines (Sutton et al. 2005; McAteea
and Yager 2010); contradictory findings have also been reported (Martin et al. 2009;
Bastaki et al. 2006). Nevertheless, reduced SOD2 expression has been implicated in a
number of neurodegenerative disorders (Flynn and Melov 2013). Likewise, decreased
SOD2 mRNA and protein levels were found to be correlated with poorer memory, atten-
tion span, verbal fluency, and learning ability in a pooled sample of adults with recurrent
depressive disorder and healthy controls {(Talarowska et al. 2014). As our study was not
designed to measure expression or protein levels of SOD2, we cannot expand upon how
our results support or refute previous findings. While we found that possession of one or
more SOD2 rs4880-T alleles was associated with poorer CT in all study participants, the
antioxidant properties of SOD2 may have more impactful consequences for women with
breast cancer throughout treatment with the introduction of adjuvant therapy regimens
known to increase oxidative burden systemically. Thus, a remaining important question
is if possession of one or more SOD2 rs4880-T alleles is also associated with greater risk
for cognitive decline with therapy.

Our analyses also revealed a number of significant allele effects specific to the groups
of women with breast cancer compared to control women without cancer. For exam-
ple, significant SNP main effects and SNP-by-group interaction effects were observed
for PARPI rs2271347 and executive function performance. While the SNP effect regres-
sion coefficient for possession of one or more minor alleles contributed positively to
executive function (b = 0.502, p < 0.001), the SNP-by-group interaction regression coef-
ficients for women in Group A {scheduled Lo received chemotherapy plus anastrozole)
(b = —0.589, p = 0.006) and women in Group B (scheduled to receive anastrozole alone)
(b = —0.498, p = 0.006) contributed negatively to the model, nullifying the main effect
and contributing an overall negative input to executive function performance. Interac-
tions, like the one presented, illustrate how not only genetic variation, but the combi-
nation of genetic variation and a breast cancer diagnosis can impact CF at diagnosis;
alternatively, these findings highlight how factors that increase one’s risk for develop-

ment of cancer may also contribute to changes in CE
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In order to get a sense of the effect of the oxidative stress and DNA repair candidate
pathway as a whole on pretreatment CF in women with breast cancer, we calculated
weighted GRSs for each CI composite based on our individual SNP analysis. Similar
to how a total score from an instrument (composed of individual items) summarizes a
given concept, GRSs “summarize the potential multiple risk genetic influences into a
single quantitative parameter and do not depend on single genetic variants” {Carreras-
Torres et al. 2014). Instead of using a simple count method where each SNP contributes
equally to risk calculations, we emploved a weighted method in order to assign greater
risk/protection to minor alleles with stronger associations (Lu et al. 2010). Fascinatingly,
each computed GRS was significantly and positively associated to its respective CF com-
posite. The amount of explained variance that each GRS contributed to its respective
model was also notable, ranging from R* = 0.048 to 0.150. These findings not only point
to the potential importance of oxidative stress response and DNA repair capacity to pre-
treatment changes in CF in breast cancer survivors, but, more broadly, to the value of
evaluating the effect of multiple SNPs at the same time in association studies in general.

To better interpret our findings, a gene—gene pathway analysis, using Ingenuity®
Pathway Analysis software (IPA®, QIAGEN Redwood City, www.giagen.com/ingenu-
ity), of the nine candidate oxidative stress and DNA repair genes analyzed within this
study was conducted. This analysis reiterated the interconnectedness of the genes and,
consequently, endorsed evaluation of the collective effect of multiple SNPs from a sin-
gle pathway simultaneously. Two unique networks were identified through our analysis
(Additional file 2). The first network included CAT, GPX1, PARPI, SOD1, and 50D2.
The main associated diseases and functions of this network were, not surprisingly, free
radical scavenging, small molecule biochemistry, and neurological disease. The second
network included ERCC2, ERCC3, ERCCS, and SEPPI and was associated with DNA
replication, recombination, and repair, energy production, and nucleic acid metabolism.
The pathway analysis also reminds that our study featured a limited number of candi-
date genes and that there are many additional oxidative stress and DNA repair genes
that warrant further investigation.

While this study had a number of strengths, including mechanistic pathway-driven can-
didate gene selection, inclusion of a matched control group of women without a breast
cancer diagnosis, assessment of SNP-by-prescribed treatment group interaction effects,
and evaluation of the collective effect of multiple SNPs using weighted GRSs, limitations
should also be acknowledged. To begin, the small study sample size, while appreciable, did
not allow for detection of small effect sizes (i.e., R? < .01) often characteristic of genetic
association studies. In addition, the small sample size did not allow for the evaluation of
allelic dose—response relationships. Because the sample was comprised of postmenopau-
sal women with hormone receptor positive, early-stage breast cancer who were primarily
white and married, the generalizability to other more diverse populations and breast can-
cers is unknown. Findings from this study should be replicated in a larger, more diverse
sample. In addition, differences in anesthesia exposure (or lack thereof for control women
who did not undergo surgery) and its potential confounding cognitive effects were not
controlled for in our analysis, Future studies and analyses should also focus on the col-
lective effect of multiple oxidative stress and DNA repair gene variants on CF throughout

and following completion of adjuvant therapy in women with breast cancer.
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In conclusion, our goal in this study was to provide data on a possible biologic mecha-
nism to account for variability in cognitive changes in breast cancer survivors. Results
from this preliminary study reveal that genetic variation in the oxidative stress and DNA
repair pathways appears to play an important role in CF in women with breast cancer
prior to initiation of adjuvant therapy and give reason to investigate whether polymor-
phisms influence cognitive decline with therapy as well. In the future, evaluation of a
panel of oxidative stress and DNA repair gene polymorphisms could offer healthcare
providers a means of predicting which women diagnosed breast cancer are most at risk

for poorer CF and candidates for additional interventions, such as antioxidant therapy.

Additional files

Additional file 1. Individual SNP and cognitive function regression analyses.
Additional file 2. Oxidative stress and DNA repair gene-gene networks generated by pathway analysis.
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