
  

Genome- and transcriptome-wide association studies in African-ancestry women uncover new 

insight into breast cancer genetics and improve risk prediction 

 

By 

Guochong Jia 

 

Dissertation 

Submitted to the Faculty of the 

Graduate School of Vanderbilt University 

in partial fulfillment of the requirements 

for the degree of 

DOCTOR OF PHILOSOPY 

in 

Epidemiology 

August 12, 2022 

Nashville, Tennessee 

 

Approved: 

 

Wei Zheng, PhD, MD 

 

Jirong Long, PhD 

 

Tuya Pal, MD 

 

Maureen Sanderson, PhD 

 

Ran Tao, PhD 

 



 ii 

 

 

 

 

 

 

 

Copyright © Guochong Jia 

All Rights Reserved 

  



 iii 

ACKNOWLEDGEMENTS 

This research was made possible by the support of the funding of African-American Breast 

Cancer Genetic Study (R01 CA202981) and Anne Potter Wilson Chair fund. I would like to 

thank all project investigators of the participating studies in the AABCG consortium, and thank 

all African-ancestry female participants in the studies.  

 

I sincerely appreciate my dissertation committee: Drs. Wei Zheng, Jirong Long, Tuya Pal, 

Maureen Sanderson, and Ran Tao. Your expertise has helped me a lot in elevating this work. 

Particularly, I would like to express the deepest thank you to my mentor, Dr. Wei Zheng. Your 

passion and thoughtfulness as a professional epidemiologist inspire me and I appreciate having 

you as an example in my PhD training stage.  

 

Thank you to all my lab members. It is enjoyable to work in our research group because of the 

help and encouragement from each other. Especially, many thanks to the valuable help from my 

senior group members Lang Wu, Xiang Shu, Yaohua Yang, Ying Liu, and Jie Ping.  

 

Many thanks to the PhD program at Vanderbilt University. Thank you to my academic advisor, 

Alicia Beeghly-Fadiel, and our program manager, Melissa Krasnove.  

 

Thank you to all my friends. Best wishes for your bright future. 

 

Many thanks to my parents. I am forever grateful for your unconditional love, encourage, and 

support to me. I love you with all my heart.  



 iv 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ....................................................................................................................................... III 

LIST OF TABLES ..................................................................................................................................................... VI 

LIST OF FIGURES ................................................................................................................................................. VII 

LIST OF ABBREVIATIONS................................................................................................................................. VIII 

I. SPECIFIC AIMS ...................................................................................................................................................... 1 

II. BACKGROUND ..................................................................................................................................................... 3 

RACIAL DISPARITY OF BREAST CANCER ..................................................................................................................... 3 
GENETIC FACTORS IN BREAST CANCER ...................................................................................................................... 3 
UNDER-REPRESENTATION OF AFRICAN-ANCESTRY POPULATIONS IN GENETIC STUDIES ............................................ 6 

III. FIRST AIM: IDENTIFY GENETIC RISK LOCI FOR BREAST CANCER RISK THROUGH A 

GENOME-WIDE ASSOCIATION STUDY IN WOMEN OF AFRICAN ANCESTRY. ..................................... 8 

OVERVIEW ................................................................................................................................................................. 8 
METHODS ................................................................................................................................................................... 8 

Study populations ................................................................................................................................................. 8 
Genotyping and quality control ............................................................................................................................ 9 
Statistical analysis .............................................................................................................................................. 13 
Statistical Power ................................................................................................................................................. 14 

RESULTS................................................................................................................................................................... 15 
DISCUSSION.............................................................................................................................................................. 23 

IV. SECOND AIM: BUILD A POLYGENIC RISK SCORE FOR RISK PREDICTION AMONG WOMEN 

OF AFRICAN ANCESTRY ...................................................................................................................................... 26 

OVERVIEW ............................................................................................................................................................... 26 
METHODS ................................................................................................................................................................. 27 

Study population ................................................................................................................................................. 27 
Risk estimates at known risk loci ........................................................................................................................ 28 
Variants selection for PRS.................................................................................................................................. 28 
Statistical analysis .............................................................................................................................................. 29 

RESULTS................................................................................................................................................................... 30 
DISCUSSION.............................................................................................................................................................. 37 

V. THIRD AIM: IDENTIFY PREDISPOSITION GENES FOR BREAST CANCER AMONG WOMEN OF 

AFRICAN ANCESTRY BY A TRANSCRIPTOME-WIDE ASSOCIATION STUDY ..................................... 39 

OVERVIEW ............................................................................................................................................................... 39 
METHODS ................................................................................................................................................................. 41 

Study population ................................................................................................................................................. 41 
Gene expression profiling and data processing ................................................................................................. 41 
Genotyping and imputation ................................................................................................................................ 42 
Expression quantitative loci (eQTL) analysis .................................................................................................... 42 
Colocalization analysis ...................................................................................................................................... 43 
Prediction model building .................................................................................................................................. 43 
Association analyses of predicted gene expression with breast cancer risk ...................................................... 44 

RESULTS................................................................................................................................................................... 45 
DISCUSSION.............................................................................................................................................................. 48 

VI. CONCLUSION AND FUTURE DIRECTIONS ............................................................................................... 50 

SUMMARY ................................................................................................................................................................ 50 
IMPLICATIONS .......................................................................................................................................................... 52 
FUTURE DIRECTIONS ................................................................................................................................................ 53 



 v 

VII. REFERENCES ................................................................................................................................................... 55 

VIII. APPENDICES ................................................................................................................................................... 64 

APPENDIX 1: DESCRIPTION OF PARTICIPATING STUDIES ........................................................................................... 64 
1. Whole genome sequencing data ..................................................................................................................... 64 
2. Newly generated genotyping data using Multi-Ethnic Genotyping Array ..................................................... 65 
3. African American Breast Cancer Epidemiology and Risk (AMBER) consortium.......................................... 68 
4. The GWAS of Breast Cancer in the African Diaspora (ROOT) consortium .................................................. 69 
5. The African American Breast Cancer (AABC) consortium ............................................................................ 70 
6. Ghana Breast Health Study (GBHS) .............................................................................................................. 71 
7. Genetic Associations and Mechanisms in Oncology (GAME-ON) OncoArray consortium .......................... 71 
8. The Vanderbilt Biobank (BioVU) ................................................................................................................... 72 
9. Black Women: Etiology and Survival of Triple-negative Breast Cancers (BEST) Study............................... 73 
10. Data from Collaborative Oncological Gene-environment Study (iCOGS) .................................................. 73 

REFERENCES FOR APPENDIX 1 ................................................................................................................................. 74 
APPENDIX 2: KNOWN RISK LOCI REPLICATED IN AFRICAN-ANCESTRY WOMEN. ...................................................... 77 
APPENDIX 3: ASSOCIATIONS OF SELECTED VARIANTS USED FOR RISK SCORE IN AFRICAN-ANCESTRY WOMEN. ...... 82 
APPENDIX 4: LIST OF REPORTED VARIANTS USED FOR RISK SCORE WITH WEIGHTS FROM EUROPEAN-ANCESTRY 

WOMEN..................................................................................................................................................................... 87 
  

  



 vi 

LIST OF TABLES 

Table 1. Summary of established high- or moderate-penetrance genes for breast cancer. ............. 4 

Table 2. Sample sizes of studies contributing to the genome-wide association analysis. ............ 11 

Table 3. Risk loci identified in women of African ancestry at genome-wide significance level, P 

<510-8. ......................................................................................................................................... 19 

Table 4. Associations of ten known risk loci with breast cancer risk by population ancestry. .... 20 

Table 5. Risk estimates at risk loci at genome-wide significance level by subtype among African-

ancestry women. ........................................................................................................................... 21 

Table 6. Independent signals identified by conditional analyses. ................................................. 22 

Table 7. Performance of polygenic risk scores (PRSs) in women of African ancestry ................ 34 

Table 8. Association of subtype-specific polygenic risk scores (PRSs) in women of African 

ancestry. ........................................................................................................................................ 36 

Table 9. Target genes identified by expression quantitative loci analyses. .................................. 47 

Table 10. Previously reported target genes in association with breast cancer risk, P <0.05. ....... 47 

 

  



 vii 

LIST OF FIGURES 

Figure 1. Power curves for genome-wide association analyses .................................................... 15 

Figure 2. Genome-wide association with overall breast cancer and subtypes .............................. 18 

Figure 3. Distribution of PRS in testing samples. ......................................................................... 33 

Figure 4. Cumulative absolute risk of breast cancer by polygenic risk score (PRS) category in 

women of African-ancestry........................................................................................................... 35 

 

  

file://///Users/guochongjia/Desktop/Project/Dissertation/Dissertation_Jia_v3_tracked_format.docx%23_Toc105747100
file://///Users/guochongjia/Desktop/Project/Dissertation/Dissertation_Jia_v3_tracked_format.docx%23_Toc105747101
file://///Users/guochongjia/Desktop/Project/Dissertation/Dissertation_Jia_v3_tracked_format.docx%23_Toc105747102


 viii 

LIST OF ABBREVIATIONS 

2SISTER the Two Sister Study 

AABC the African American Breast Cancer consortium 

AABCG African American Breast Cancer Genetic  

AMBER African American Breast Cancer Epidemiology and Risk consortium 

AUC area under the receiver operating characteristic curve 

BBCS Baltimore Breast Cancer Study 

BEST 

Black Women: Etiology and Survival of Triple-negative Breast Cancers 

Study 

BioVU the Vanderbilt Biobank 

BNCS Barbados National Cancer Study 

BWHS Black Women’s Health Study 

CARE 

the Los Angeles component of the Women’s Contraceptive and Reproductive 

Experiences Study  

CBCS Carolina Breast Cancer Study 

CCPS Chicago Cancer Prone Study  

eQTL expression quantitative trait loci  

ER-neg estrogen receptor negative 

ER-pos estrogen receptor positive 

FFPE formalin-fixed paraffin-embedded  

FPKM fragments per kilobase of transcripts per million mapped reads 

GBHS Ghana Breast Health Study 

GWAS genome-wide association studies  



 ix 

iCOGS Collaborative Oncological Gene-environment Study 

LD linkage disequilibrium  

MAF minor allele frequency  

MDABCS M.D. Anderson Breast Cancer Study 

MEC Multiethnic Cohort Study 

MEGA Multi-Ethnic Genotyping Array 

NBCS Nigerian Breast Cancer Study  

NBHS Nashville Breast Health Study 

NC-BCFR Northern California Breast Cancer Family Registry 

NYUWHS New York University Women’s Health Study 

OncoArray Genetic Associations and Mechanisms in Oncology OncoArray consortium 

OR odds ratio 

PC principal component 

PEER probabilistic estimation of expression residuals  

PLCO the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial  

PRS polygenic risk scores 

QC quality control Quality control  

ROOT the GWAS of Breast Cancer in the African Diaspora consortium 

RVGBC Racial Variability in Genotypic Determinants of Breast Cancer Risk Study 

SCCS Southern Community Cohort Study  

SFBCS San Francisco Bay Area Breast Cancer Study 

SISTER the Sister Study  

SNV single nucleotide variant 



 x 

STSBHS Southern Tri-State Breast Health Study 

TCGA the Cancer Genome Atlas  

TNBC triple-native breast cancer 

TopMed Trans-Omics for Precision Medicine 

TWAS transcriptome-wide association study  

USC University of South California 

USRT the United States Radiologic Technologists cohort 

WAABCS Women of African Ancestry Breast Cancer Study 

WashU Washington University 

WCHS Women’s Circle of Health Study 

WFBC Wake Forest University Breast Cancer Study 

WGS whole genome sequencing 



 1 

I. SPECIFIC AIMS 

 

Breast cancer is the most common cancer among females in the U.S., with 287,850 estimated 

new cases in 2022.1 Females of African ancestry have a 41% higher age-adjusted mortality of 

breast cancer than females of European ancestry,2 and they are also more likely to develop triple 

negative breast cancer, a more aggressive subtype, compared with European-ancestry females.3 

Previous studies have shown that genetic factors play an important role in the etiology of breast 

cancer, but reasons for the racial disparities remain unclear.4  

 

To date, genome-wide association studies (GWAS) of breast cancer have been predominantly 

conducted among women of Asian and European ancestry,5 and most identified risk variants 

cannot be directly replicated among women of African ancestry. A few GWAS have been 

conducted in African-ancestry women, but the results were limited due to small sample size.6,7 

Several polygenic risk scores (PRSs) have been constructed using common risk variants for 

breast cancer,8,9 but the performance in African-ancestry women was much worse than in 

European-ancestry women. A well-powered genetic study of breast cancer is in need for women 

of African ancestry. 

 

The African American Breast Cancer Genetic (AABCG) consortium includes genetic data from 

over 18,000 cases and 22,000 controls of African ancestry from over 20 studies conducted in the 

U.S. and Africa. The following aims were derived to better understand the genetics of breast 

cancer among women of African ancestry: 
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Aim 1: Identify genetic risk loci for breast cancer risk through a genome-wide association study 

in women of African ancestry. 

Aim 2: Build a polygenic risk score for risk prediction among women of African ancestry 

Aim 3: Identify predisposition genes for breast cancer among women of African ancestry by a 

transcriptome-wide association study.  

 

This study is the largest genetic association study of breast cancer ever conducted in women of 

African ancestry. The purpose of this genetic study is to identify risk variants which could be 

used for risk assessment to identify high-risk individuals and genes which could inform the 

etiology of breast cancer.  
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II. BACKGROUND 

Racial disparity of breast cancer 

Breast cancer is the most common cancer among women in the United States. There are 287,850 

estimated new cases in 2022.1 The lifetime risk of developing breast cancer is 12.9% based on 

statistics from 2016 to 2018.1 Women of African ancestry have a lifetime breast cancer risk of 

11.6%, which is slightly lower than the lifetime risk in women of European ancestry (13.6%).2 

However, women of African ancestry have a higher breast cancer incidence rate than European 

descendants before age 40 years.10,11 Women of African ancestry are also more likely to develop 

triple-negative breast cancer, a more aggressive subtype, compared with European descendants.3 

From 2012 to 2016, the incidence rate of triple-negative breast cancer in women of African 

ancestry was about twice as high as the incidence rate in women of European ancestry.10 In 

addition, women of African ancestry have a 41% higher age-adjusted mortality of breast cancer 

than women of European ancestry.2 Although the disparity of breast cancer can be partially 

explained by socioeconomic factors,12,13 genetic components can also contribute to the disparity.4 

Genetic factors in breast cancer 

A genetic architecture has been proposed for complex diseases like cancer, which classifies 

genetic risk variants into three groups by their allele frequency and effect size: rare variants with 

large effect sizes causing Mendelian diseases, low-frequency variants with intermediate effect, 

and common variants with small effect sizes.14  

 

The most common cause of hereditary breast cancer is mutations in genes BRCA1 and BRCA2, 

which were identified in 1990s.15–17 Deleterious mutations in BRCA1 and BRCA2 accounts for 

about 5% of all breast cancers.18 Deleterious mutations in TP53, PTEN, PALB2, CDH1, and 

STK11 are also classified as high-penetrance mutations.19 Over the years, more genes with 
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moderate-penetrance mutations have been identified for risk of breast cancer, including ATM, 

CHEK2, NF1, RAD51C, RAD51D and BARD1. In general, moderate-penetrance mutations are 

associated with a two to four times elevated risk of breast cancer.20,21  

 

Two recent large case-control studies evaluated the associations of these susceptibility genes 

with risk of breast cancer. Significant associations were found for variants in genes 

BRCA1, BRCA2, PALB2, BARD1, RAD51C, RAD51D, ATM, and CHEK2 in both studies, and 

MSH6 and CDH1 in one of the studies (Table 1).22–24 Significant associations were not observed 

for TP53 and PTEN mainly due to a low frequency of mutations.  

 

Table 1. Summary of established high- or moderate-penetrance genes for breast cancer. 

Genes Locus Gene function 

BRCA1 17q21.31 Part of a complex that repairs double-strand breaks in DNA25 

BRCA2 13q13.1 Interacts with the recombinase RAD51 in repair of double-strand breaks26,27 

TP53 17p13.1 
A key role in many cellular pathways controlling cell proliferation, cell survival, and genomic 

integrity28 

PALB2 16p12.2 
A molecular scaffold for BRCA2 and BRCA1 to form a complex that repairs double-strand 

breaks in DNA29 

BARD1 2q35 A protein interacts with the N-terminal region of BRCA1 as a complex30 

RAD51C 17q22 Essential for homologous recombination repair and repair of DNA31 

RAD51D 17q12 Essential for homologous recombination repair and repair of DNA32,33 

ATM 11q22.3 
A serine/threonine protein kinase with a central role in the repair of DNA double-strand 

breaks34 

CHEK2 22q12.1 A serine-threonine kinase in cell cycle regulation including DNA repair35 

CDH1 16q22.1 A calcium-dependent cell–cell adhesion glycoprotein for cell invasion suppression36 
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However, these high- and moderate-penetrance mutations explain only a small fraction of cancer 

events due to their low prevalence in the general population. For example, carriers of deleterious 

mutations in the BRCA1 gene are estimated to have a 60-70% lifetime risk of developing breast 

cancer,41,42 but only 0.24% of women in the general population carry BRCA1 pathogenetic 

mutations.43 The CHEK2 mutation 1100delC is associated with about a 2-fold increased risk of 

breast cancer, while its frequency in the general population is 0.71%.44  

 

Since 2007, GWAS have been used to identify common genetic variants in relation to breast 

cancer. High-throughput genomic technologies are used to scan the entire genome and conduct 

the association analyses of common variants and risk of disease. To date, common variants 

associated with risk of breast cancer have been identified at over 200 loci.8,45,46 In our previous 

study combining data from 160,500 cases and 226,196 controls of Asian and European ancestry, 

we identified 222 genetic risk loci associated with breast cancer at genome-wide significance (P 

<5.0010-8) and 22 additional known risk loci at nominal significance (P <0.05).47 Unlike the 

rare deleterious coding variants in the high- or moderate-penetrance genes, the GWAS-identified 

single nucleotide variants (SNVs) are common variants (typically minor allele frequency >1%), 

and most of them are located at non-coding regions.8,20  

 

MSH6 2p16.3 Envolve in DNA mismatch repair37 

PTEN 10q23.31 A phosphatase to negatively regulates the PI3K/Akt/mTOR cell survival signaling pathway38 

STK11 19p13.3 An upstream activator of AMPK/PAR1-related kinases, regulates cell polarity39 

NF1 17q11.2 Coded protein, neurofibromin, negatively regulates RAS/MAPK pathway40 
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Although the risk associated with each variant is small, individuals who carry multiple risk 

variants can be at a considerably elevated breast cancer risk. Breast cancer risk is consistent with 

the polygenic susceptibility model, with more common genetic variants each having a small to 

moderate multiplicative effect on cancer risk.48,49 PRSs have been constructed by combining 

these common risk variants to identify individuals at a high genetic risk of breast cancer. In 

2019, Mavaddat et al. constructed a PRS for breast cancer using 313 variants selected by 

stepwise forward regression among women of European ancestry, and the PRS had an area under 

the receiver operating characteristic curve (AUC) of 0.630 in validation.9 This 313-variant PRS 

and subsequent PRSs modified from it have been widely used in further studies and showed a 

good performance in women of European and Asian ancestry.46,50,51 Recently, a PRS constructed 

using genome-wide variants showed an AUC of 0.635 in women of Asian ancestry.52 In addition, 

a PRS using 180 variants at known risk loci showed an AUC of 0.63 in U.S. Latinas and Latin 

American women.53  

Under-representation of African-ancestry populations in genetic studies 

Although over 200 risk loci have been identified by GWAS for risk of breast cancer, the GWAS 

have been predominantly conducted among women of Asian and European ancestry.5,54 Women 

of African ancestry are under-represented in epidemiologic studies. To date, the largest GWAS 

ever conducted among women of European ancestry included 133,384 breast cancer cases and 

113,789 controls.8 In contrast, the largest GWAS previously conducted among women of 

African ancestry only included 6,657 breast cancer cases and 7,713 controls.6 In addition, the 

genomes among populations of African ancestry has a higher diversity and smaller linkage 

disequilibrium (LD) blocks compared to the genomes among populations of European and Asian 

ancestry.55 The reported index variants can be correlated with the causal variants in the 
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European-ancestry genome but not in the African-ancestry genome. Therefore, among the 

reported variants at risk loci identified from women of European ancestry, less than 20% have 

been directly replicated in women of African ancestry.56–58   

 

The PRSs built from common risk variants in women of European ancestry also had a limited 

performance in risk prediction in women of African ancestry. A recent study evaluated the 

performance of the widely used 313-variant PRS. The AUC of the PRS in women of African 

ancestry was 0.571,59 much lower than the previously reported AUC of 0.630 among European-

ancestry, Asian-ancestry, or Hispanic women.9,52,53 

 

Therefore, a well-powered genetic study of breast cancer is in need for women of African 

ancestry. 
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III. FIRST AIM: IDENTIFY GENETIC RISK LOCI FOR BREAST CANCER RISK 

THROUGH A GENOME-WIDE ASSOCIATION STUDY IN WOMEN OF AFRICAN 

ANCESTRY. 

Overview 

GWAS have identified common variants at over 200 susceptibility loci for breast cancer,45,46,51 

but previous studies were predominately conducted among women of European ancestry.5,54 Less 

than 20% of the reported variants can be replicated in women of African ancestry because of the 

different genetic architectures and the small sample size of previous studies for African-ancestry 

women.56–58     

 

I conducted a large-scale GWAS for breast cancer among women of African ancestry. The goal 

of this study was to identify novel risk loci and risk variants more specific for women of African 

ancestry at previously known risk loci.  

 

Methods 

Study populations  

In this study, I used genetic data from the African American Breast Cancer Genetic (AABCG) 

consortium. The AABCG is a consortium for a genetic study of breast cancer for women of 

African ancestry, including genetic data of samples from over 20 studies conducted in the U.S. 

and Africa. Detailed descriptions of participating studies are included in the Appendix 1: 

Description of participating studies. Briefly, the genetic data consisted of three main 

components: whole genome sequencing data, newly generated genotyping data using the Multi-

Ethnic Genotyping Array (MEGA), and genotyping data from existing studies or consortia 
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(Table 2). The same participants or first-degree relatives (Pi-HAT estimate >0.45) can be 

genotyped by different arrays. Of them, I kept samples genotyped by an array of a higher 

density. In total, there were 18,044 cases and 22,187 controls of African ancestry for association 

analyses. Information of immunohistochemistry markers was available for most breast cancer 

cases, including estrogen receptor (ER)-positive cases (n =9308), ER-negative cases (n =4,927), 

and triple-negative breast cancer (TNBC) (n = 2,862).  

 

Genotyping and quality control 

Except for MEGA genotyping data, all other sequencing or genotyping and quality control 

procedures have been described previously (Appendix 1).6,59–62 The MEGA contains more than 2 

million variants before imputation, with an excellent genomic coverage of common variants 

across multi-racial populations. Samples were genotyped by MEGA in Vanderbilt University 

Medical Center, Roswell Park Comprehensive Cancer Center, and University of Southern 

California, and the MEGA samples were therefore categorized into three datasets based on the 

institution. Within each dataset, quality control (QC) procedure included: samples were excluded 

if they (i) were not genetically female; (ii) had a call rate <95%; (iii) had a low proportion of 

African ancestry (<5%) using Admixture,63 using 1000 Genome samples as reference; (iv) had a 

close relationship with a Pi-HAT estimate >0.45 (one of the pair was excluded); (v) had a high 

heterozygosity (which indicated contaminated samples). Variants were excluded if they had (i) a 

call rate <95%; (ii) a P value <10-6 in the Hardy-Weinberg equilibrium test among the controls 

with African-ancestry population; (iii) a consistent rate <98% across duplicated QC samples; (iv) 

inconsistent alleles from 1000 Genome data. After quality control, all genotyping data were 

imputed using the Trans-Omics for Precision Medicine (TOPMed) as reference panel. Compared 
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with the 1000 Genomes Project Phase 3 reference panel, the TOPMed panel had a better 

performance of imputation for populations of African ancestry, with a 2.3-fold increase in the 

number of well-imputed rare variants (minor allele frequency <0.5%) and 11% improvement in 

average imputation quality.64 Three datasets of MEGA genotyping samples were imputed 

separately, and other genotyping samples by the same array were imputed together. In total, there 

were two whole-genome sequencing datasets, three imputation datasets of MEGA genotyping 

samples, and eight imputation datasets of other genotyping samples (Table 2).   
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Table 2. Sample sizes of studies contributing to the genome-wide association analysis. 

 

  

Dataset a Study Case Control 
Case by subtype b 

ER-pos ER-neg TNBC 

Whole genome sequencing data 

WGS_AABCG NBHS 91 16 29 62 32 

SCCS 321 376 172 147 77 

STSBHS 421 0 175 246 171 

GBHS 293 147 112 113 69 

MEC 211 119 126 73 5 

WGS-2 SCCS 71 1,639 23 0 0 

Subtotal 1,408 2,297 637 641 354 

MEGA genotyping data 

Genotyped in Vanderbilt NBHS c 138 147 60 0 0 

SCCS 708 678 281 104 50 

STSBHS c 692 683 565 77 36 

MDABCS c 1,294 1,222 700 309 220 

CCPS 366 279 242 103 69 

NBCS 695 376 56 162 82 

NC-BCFR c 185 213 106 53 35 

NYUWHS 72 58 33 11 5 

Genotyped in Roswell Park WCHS 1,326 851 891 368 235 

BWHS 1,282 1,879 752 334 191 

Genotyped in USC MEC 1,194 914 823 264 162 

Subtotal 7,952 7,300 4,509 1,785 1,085 

Genotyping data from existing studies or consortia 

AMBER BWHS 307 2,098 207 63 42 

CBCS 602 1 393 185 136 

WCHS 472 243 334 135 88 

ROOT SCCS 126 323 78 31 18 

NBCS 702 602 91 134 78 

CCPS 365 376 161 130 84 

RVGBC 143 254 27 25 0 

BBCS 94 102 44 44 0 

BNCS 92 227 0 0 0 

AABC NBHS 255 161 130 35 20 

NC-BCFR 383 48 226 128 40 

CARE 254 204 126 84 31 

CBCS 614 570 263 308 193 

MEC 578 888 332 144 45 

PLCO 54 112 14 6 2 

SFBCS 157 210 87 49 2 

WCHS 63 21 36 26 21 

WFBC 113 138 62 41 19 
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Abbreviations: 2SISTER, the Two Sister Study; AABC, the African American Breast Cancer consortium; AMBER, African 

American Breast Cancer Epidemiology and Risk consortium; BBCS, Baltimore Breast Cancer Study; BEST, Black Women: 

Etiology and Survival of Triple-negative Breast Cancers Study; BioVU, the Vanderbilt Biobank; BNCS, Barbados National 

Cancer Study; BWHS, Black Women’s Health Study; CARE, the Los Angeles component of the Women’s Contraceptive and 

Reproductive Experiences Study; CBCS, Carolina Breast Cancer Study; CCPS, Chicago Cancer Prone Study; ER-neg, estrogen 

receptor negative; ER-pos, estrogen receptor positive; GBHS, Ghana Breast Health Study; iCOGS, Collaborative Oncological 

Gene-environment Study; MDABCS, M.D. Anderson Breast Cancer Study; MEC, Multiethnic Cohort Study; MEGA, Multi-

Ethnic Genotyping Array; NBCS, Nigerian Breast Cancer Study; NBHS, Nashville Breast Health Study; NC-BCFR, Northern 

California Breast Cancer Family Registry; NYUWHS, New York University Women’s Health Study; OncoArray, Genetic 

Associations and Mechanisms in Oncology OncoArray consortium; PLCO, the Prostate, Lung, Colorectal, and Ovarian Cancer 

Screening Trial; ROOT, the GWAS of Breast Cancer in the African Diaspora consortium; RVGBC, Racial Variability in 

Genotypic Determinants of Breast Cancer Risk Study; SCCS, Southern Community Cohort Study; SFBCS, San Francisco Bay 

Area Breast Cancer Study; SISTER, the Sister Study; STSBHS, Southern Tri-State Breast Health Study; TNBC, triple-native 

breast cancer; USC, University of South California; USRT, the United States Radiologic Technologists cohort; WAABCS, 

Women of African Ancestry Breast Cancer Study; WCHS, Women’s Circle of Health Study;  

WFBC, Wake Forest University Breast Cancer Study; WGS, whole genome sequencing. 

a. Samples with the same sequencing platform or genotyping array were pooled as one dataset. MEGA genotyping samples were 

pooled by the genotyping institution; b. Studies with subtype cases less than 10 were not included in subtype analyses; c. 

Controls matched from SCCS; d. Controls matched from BioVU. 

  

 Table 2. Continued       

GBHS GBHS 660 1,496 227 225 111 

BCAC OncoArray NBHS 51 53 13 12 8 

CBCS 855 46 494 288 215 

NC-BCFR 69 0 34 25 16 

MEC 605 607 419 160 91 

PLCO 24 68 12 2 2 

2SISTER 42 0 27 14 12 

SISTER 130 163 77 24 18 

USRT 26 38 0 0 0 

WAABCS 308 292 19 65 47 

BioVU BioVU 118 2,600 0 0 0 

BEST BEST d 359 356 223 117 84 

BCAC iCOGS NBHS 19 42 6 1 0 

SCCS 44 251 0 0 0 

Subtotal 8,684 12,590 4,162 2,501 1,423 

Total 18,044 22,187 9,308 4,927 2,862 
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Variants with a minor allele frequency (MAF) greater than 0.01 and an imputation quality score 

(r2) greater than 0.3 were included in the association test. Due to a small number of cases, 

variants with a MAF less than 0.05 in the dataset WGS-2 and iCOGS were excluded. In addition, 

given that the cases in BEST were matched using controls in BioVU with different genotyping 

arrays, I excluded variants with a MAF less than 0.05 or imputation quality score (r2) less than 

0.95 in the BEST dataset. 

 

Statistical analysis 

Logistic regression analysis was performed within each dataset to estimate a per-allele odds ratio 

(OR) for each variant using PLINK2.0.65 The list of datasets has been shown in Table 2. 

Principal components (PCs) were estimated using the genotyped variants within each dataset. 

Covariates included age (<45 years, 45-54 years, 55-69 years, ≥70 years), study, and top five 

PCs. In some datasets, studies with imbalanced cases and controls were combined in the analyses 

(MEC, GBHS, versus other studies in the dataset WGS_AABCG; BWHS versus other studies in 

AMBER; WAABCS versus other studies in OncoArray). QQ-plots and sample size-adjusted 

λ1000 45,66 were used to check the genomic inflation and confirm the adjustment for top five PCs. 

Subtype analyses for ER-positive, ER-negative, and triple-negative breast cancer were conducted 

with the same approach in datasets except for WGS-2, BioVU and iCOGS. Studies with a 

number of subtype cases less than 10 in Table 2 were excluded from the analyses. I performed 

fixed-effects inverse-variance-weighted meta-analyses using METAL,67 with a genome-wide 

significance level of P <510-8. Some variants were not available in all contributing studies, and 

they were excluded from meta-analyses if available in less than half of the total cases. 

Heterogeneity across datasets was assessed by the Cochran’s Q statistic and I2.  
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For each locus identified at genome-wide significance, I conducted conditional analyses to 

identify additional independent signals located flanking ± 500kb from the sentinel variant using 

GCTA-COJO.68 Variants with an imputation quality score (r2) greater than 0.3 from MEGA 

genotyping data from Roswell Park Comprehensive Cancer Center were used as LD reference 

panel (N =5,338). Since the conditional analyses were restricted to local regions of the risk loci 

identified at genome-wide significance, I used 110-4 as significance level for independent 

association signal (adjusting for around 500 comparisons in each locus). In each iteration, the 

variant with the lowest conditional P <110-4 was considered an independent signal at that locus, 

and it was subsequently adjusted, along with the sentinel variant in later iterations. This process 

was repeated until there were no variants with a conditional P <110-4.  

 

Statistical Power 

Given a lifetime probability of developing breast cancer of 11.6% among African-ancestry 

women,2 and a genome-wide significance level of 510-8, I calculated the power to detect effect 

sizes of an OR from 1.0 to 1.2, for a MAF of 0.05, 0.15, 0.25, 0.35, and 0.45 (Figure 1). There 

was a power greater than 0.8 to detect a risk variant with a per-allele OR higher than 1.05 and a 

MAF greater than 0.15 among the combined dataset. For a variant with a MAF of 0.05, there was 

a power greater than 0.8 to detect a per-allele OR higher than 1.10. All power calculations were 

determined using Quanto version 1.2.4.69 
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Results 

Using a fixed effects meta-analysis of GWAS from 18,044 cases and 22,187 controls of African 

ancestry, I identified 99 common variants at eight loci in association with overall breast cancer 

risk at genome-wide significance level (P <510-8). Sentinel variants at risk loci are shown in 

Table 3 and the Manhattan plot is shown as Figure 2. No obvious genomic inflation was 

observed (sample size-adjusted λ1000 ranged from 1.005 to 1.053 in the GWAS results). Although 

all the loci have been previously reported among women of European ancestry, sentinel variants 

at 4q24, 6q25.1, 14q13.3, and 18q12.1 are not in LD with the previously reported index SNVs in 

European-ancestry populations (Table 4). All sentinel variants showed a similar or larger effect 

size than the risk estimates reported in European-ancestry populations (Table 4). In particular, 

rs61751053 at 4q24 is a missense variant of gene ARHGEF38, with an OR of 1.48 (95% 

confidence interval [CI]: 1.30, 1.70). Evidence of heterogeneity across contributing studies was 

observed only for rs4784227 and rs56069439, which are both in high LD with the reported index 

SNVs in European-ancestry populations.  
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Figure 1. Power curves for genome-wide association analyses 
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Analyses by subtype identified 55 variants at seven loci for ER-positive breast cancer, 67 

variants at three loci for ER-negative breast cancer, and 85 variants at three loci for triple-

negative breast cancer at genome-wide significance. Three loci for ER-positive, one locus for 

ER-negative, and one locus for triple-negative were not identified for overall breast cancer 

(Table 3). Of them, two risk loci (18q11.2 and 2q14.2 for ER-positive and ER-negative, 

respectively) were novel risk loci, with sentinel variants located at least 1Mb away from any of 

the previous GWAS-identified risk variants for breast cancer. The sentinel variant rs76664032 at 

the novel locus for ER-negative breast cancer was also associated with TNBC, with a higher OR 

of 1.30 (1.20, 1.42) and a P of 3.69×10-10. 

 

Of all the 12 risk loci identified at genome-wide significance, eight loci showed a significant 

different association by ER status (P <0.05 in heterogeneity test), including five loci with a 

stronger association with ER-positive breast cancer and three loci with a stronger association 

with ER-negative breast cancer (Table 5). All of the three loci with a stronger association with 

ER-negative breast cancer also showed a higher risk estimate in association with TNBC, with a 

similar or smaller P value. 

 

For each locus identified at genome-wide significance, I performed conditional analyses for 

variants located within 500kb of the lead variant to identify potential secondary association 

signals. I found ten independent association signals (conditional P <1.010-4) at seven loci: 

2q14.2, 2q35, 5p15.33, 6q25.1, 10q26.13, 14q13.3, and 16q12.1 (Table 6). Of them, the 

independent variants rs2736098 at 5p15.33 and rs57456888 at 16q12.1 reached genome-wide 
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significance after adjusting for the sentinel variants. Without adjustment of the sentinel variants, 

rs2736098 and rs57456888 had a P of 1.5910-7 and 8.1810-8, respectively.
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Figure 2. Genome-wide association with overall breast cancer and subtypes. (a) Overall breast cancer, (b) ER-positive 

breast cancer, (c) ER-negative breast cancer, (d) triple-negative breast cancer. Associations were estimated in each 

dataset and meta-analyzed with fixed effects model. The dashed line is genome-wide significance of 510-8.  
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Table 3. Risk loci identified in women of African ancestry at genome-wide significance level, P <510-8. 

Abbreviations: AFR, African-ancestry populations; CI, confidence interval; EAF, effect allele frequency; ER, estrogen receptor; EUR, European-ancestry 

populations; OR, odds ratio; P_het, p value for heterogeneity; TNBC, triple-negative breast cancer.  

a. Effect allele/other allele. 
 
  

Variants Loci 
Position 

(bd38) 
Nearby gene Gene region Allelea EAF OR (95% CI) P I2, % P_het 

Overall           

rs6750813 2q14.2 120501624 INHBB Intergenic C/T 0.83 1.13 (1.09, 1.18) 7.51×10-9 20.3 0.24 

rs61751053  4q24 105613442 ARHGEF38 Missense T/C 0.01 1.48 (1.30, 1.70) 1.22×10-8 0 0.64 

rs10069690 5p15.33 1279675 TERT Intron T/C 0.61 1.14 (1.11, 1.18) 1.92×10-16 0 0.98 

rs35240111 6q25.1 151729388 ESR1 Intron C/G 0.34 1.10 (1.06, 1.13) 1.25×10-8 0 0.47 

rs17542768 10q26.13 121578300 FGFR2 Intron A/G 0.96 1.24 (1.15, 1.34) 2.22×10-8 0.3 0.43 

rs4784227 16q12.1 52565276 TOX3 Intergenic T/C 0.07 1.25 (1.18, 1.34) 1.60×10-12 51.6 0.02 

rs16963205 18q12.1 32350613 FAM59A Intron T/C 0.76 1.13 (1.09, 1.17) 2.46×10-11 33.8 0.11 

rs56069439 19p13.11 17283116 ANKLE1 Intron A/C 0.24 1.13 (1.09, 1.17) 9.07×10-12 43.7 0.05 

ER-positive           

rs2372943 2q35 217039053 IGFBP5 Intergenic G/A 0.86 1.21 (1.14, 1.28) 4.87×10-11 0 0.48 

rs4575439 14q13.3 36682738 SLC25A21 Intron G/A 0.59 1.12 (1.08, 1.17) 1.13×10-8 0 0.82 

rs10853615 18q11.2 24058545 TTC39C Intron A/C 0.20 1.15 (1.09, 1.21) 2.53×10-8 17 0.29 

ER-negative           

rs76664032 2q14.2 118823485 RP11-19E11.1 10kb from 3' A/G 0.81 1.22 (1.15, 1.30) 1.44×10-9 20.1 0.26 

TNBC           

rs76664032 2q14.2 118823485 RP11-19E11.1 10kb from 3' A/G 0.81 1.30 (1.20, 1.42) 3.69×10-10 46.6 0.06 
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Table 4. Associations of known risk loci with breast cancer risk by population ancestry.  

Loci 
AFRa   EURb   LD in 

EUR (r2) 

LD in 

AFR (r2) Variants Allelec EAF OR (95% CI)  Variants Allelec EAF OR (95% CI)  

Overall             
2q14.2 rs6750813 C/T 0.83 1.13 (1.09, 1.18)  rs4849887 C/T 0.90 1.10 (1.08, 1.12)  <0.01 0.36 

4q24 rs61751053  T/C 0.01 1.48 (1.30, 1.70)  rs9790517 T/C 0.23 1.04 (1.03, 1.06)  NAd <0.01 

5p15.33 rs10069690 T/C 0.61 1.14 (1.11, 1.18)  rs10069690 T/C 0.26 1.06 (1.05, 1.08)  1 1 

6q25.1 rs35240111 C/G 0.34 1.10 (1.06, 1.13)  rs3757322 G/T 0.32 1.09 (1.08, 1.10)  0.02 0.01 

10q26.13 rs17542768 A/G 0.96 1.24 (1.15, 1.34)  rs2981578 C/T 0.47 1.23 (1.22, 1.25)  0.15 0.51 

16q12.1 rs4784227 T/C 0.07 1.25 (1.18, 1.34)  rs4784227 T/C 0.24 1.24 (1.23, 1.25)  1 1 

18q12.1 rs16963205 T/C 0.76 1.13 (1.09, 1.17)  rs117618124 T/C 0.95 1.11 (1.08, 1.14)  0.82 NAe 

19p13.11 rs56069439 A/C 0.24 1.13 (1.09, 1.17)  rs67397200 G/C 0.30 1.04 (1.02, 1.05)  0.99 0.62 

ER-positive         
 

   
2q35 rs2372943 G/A 0.86 1.21 (1.14, 1.28)  rs4442975 G/T 0.50 1.14 (1.13, 1.15)  0.24 0.33 

14q13.3 rs4575439 G/A 0.59 1.12 (1.08, 1.17)   rs2236007 G/A 0.79 1.07 (1.06, 1.09)   0.01 <0.01 

 

Abbreviations: AFR, African-ancestry populations; ASN, Asian-ancestry populations; CI, confidence interval; EAF, effect allele frequency; ER, estrogen 

receptor; EUR, European-ancestry populations; NA, not applicable; LD, linkage disequilibrium; OR, odds ratio. 

a. Risk estimates for sentinel variants identified in African-ancestry women in this aim; b. Risk estimates for index variants previously reported in European- and 

Asian-ancestry women; c. Effect allele/other allele; d. rs61751053 is monomorphic in European-ancestry populations; e. rs117618124 is monomorphic in 

African-ancestry populations 
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Table 5. Risk estimates at risk loci at genome-wide significance level by subtype among African-ancestry women.   

Variants Loci Allele a EAF 
ER-Positive   ER-Negative   TNBC   P for ER 

heterogeneity OR (95% CI) P  OR (95% CI) P  OR (95% CI) P  

rs76664032 b 2q14.2 A/G 0.81 1.03 (0.98, 1.08) 0.31  1.22 (1.15, 1.30) 1.44×10-9  1.30 (1.20, 1.42) 3.69×10-10  2.99×10-5 

rs6750813 2q14.2 C/T 0.83 1.12 (1.06, 1.19) 1.58×10-5  1.17 (1.10, 1.25) 3.47×10-6  1.15 (1.06, 1.25) 7.82×10-4  0.34 

rs2372943 2q35 G/A 0.86 1.20 (1.14, 1.28) 4.87×10-11  1.02 (0.95, 1.10) 0.53  1.01 (0.93, 1.10) 0.76  2.21×10-4 

rs61751053  4q24 T/C 0.01 1.69 (1.44, 1.98) 1.27×10-10  1.34 (1.08, 1.66) 6.73×10-3  1.16 (0.87, 1.54) 0.31  0.09 

rs10069690 5p15.33 T/C 0.61 1.08 (1.04, 1.13) 7.58×10-5  1.30 (1.23, 1.36) 2.63×10-24  1.38 (1.30, 1.47) 9.70×10-24  2.62×10-8 

rs35240111 6q25.1 C/G 0.34 1.10 (1.06, 1.15) 2.70×10-6  1.09 (1.04, 1.15) 6.62×10-4  1.07 (1.01, 1.14) 0.03  0.79 

rs17542768 10q26.13 A/G 0.96 1.30 (1.18, 1.43) 7.14×10-8  1.10 (0.98, 1.24) 0.10  1.04 (0.90, 1.21) 0.55  0.03 

rs4575439 14q13.3 G/A 0.59 1.12 (1.08, 1.16) 1.13×10-8  1.01 (0.96, 1.06) 0.66  0.99 (0.93, 1.05) 0.85  1.21×10-3 

rs4784227 16q12.1 T/C 0.07 1.32 (1.23, 1.43) 1.46×10-13  1.13 (1.03, 1.25) 0.01  1.14 (1.00, 1.29) 0.05  0.01 

rs10853615 b 18q11.2 A/C 0.20 1.15 (1.09, 1.21) 2.53×10-8  0.99 (0.93, 1.06) 0.77  0.98 (0.91, 1.06) 0.67  2.92×10-4 

rs16963205 18q12.1 T/C 0.76 1.13 (1.08, 1.18) 1.00×10-7  1.14 (1.07, 1.20) 1.24×10-5  1.13 (1.05, 1.22) 6.60×10-4  0.93 

rs56069439 19p13.11 A/C 0.24 1.07 (1.03, 1.12) 1.92×10-3   1.27 (1.21, 1.34) 3.49×10-18   1.35 (1.26, 1.44) 4.22×10-18   1.87×10-6 

Abbreviations: CI, confidence interval; EAF, effect allele frequency; ER, estrogen receptor; OR, odds ratio; TNBC, triple-negative breast cancer.  

a. Effect allele/other allele; b. sentinel variants at novel risk loci. 
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Table 6. Independent signals identified by conditional analyses. 

Variants Loci Allele a EAF 
Adjusted 

Variant 
OR (95% CI) Conditional P 

Overall       

rs10211615 2q14.2 G/A 0.60 rs6750813 1.07 (1.04, 1.11) 1.05×10-5 

rs2736098 5p15.33 C/T 0.90 rs10069690 1.16 (1.10, 1.22) 2.49×10-8 

rs6889886 5p15.33 C/T 0.80 rs10069690 1.10 (1.05, 1.14) 8.27×10-6 

rs3778610 6q25.1 A/G 0.51 rs35240111 1.07 (1.04, 1.10) 3.83×10-5 

rs2813569 6q25.1 A/G 0.60 rs35240111 1.07 (1.03, 1.10) 7.89×10-5 

rs79394706 10q26.13 G/A 0.04 rs17542768 1.19 (1.09, 1.29) 4.19×10-5 

rs57456888 16q12.1 G/A 0.20 rs4784227 1.13 (1.09, 1.18) 3.72×10-10 

ER-positive       

rs16856925 2q35 A/G 0.86 rs2372943 1.16 (1.10, 1.23) 1.78×10-7 

rs13008330 2q35 T/C 0.02 rs2372943 1.32 (1.16, 1.51) 3.09×10-5 

rs17104874 14q13.3 T/C 0.94 rs4575439 1.20 (1.10, 1.31) 2.01×10-5 

Abbreviations: CI, confidence interval; EAF, effect allele frequency; OR, odds ratio.  

a. Effect allele/other allele; 
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Discussion 

In this largest GWAS for breast cancer ever conducted in women of African ancestry, I identified 

12 risk loci for breast cancer risk at genome-wide significance, including two novel risk loci for 

ER-positive and ER-negative breast cancer. Sentinel variants specific for women of African 

ancestry were also identified at previously known loci.  

 

The sentinel variant rs76664032 at the novel locus for ER-negative and triple-negative breast 

cancer is located 10kb from the 3’ of a long non-coding RNA gene RP11-19E11.1. Previous 

studies have reported that RP11-19E11.1 is up-regulated in basal-like breast cancer and it 

functions as an E2F1 target gene for cell proliferation.70,71 This supported my finding that this 

risk locus showed a higher risk estimate with TNBC than ER-negative breast cancer. The 

rs76664032 showed a risk estimate of an OR of 1.30. Given that rs76664032 is a common 

variant with a MAF of 0.19, it may partially explain the high incidence of TNBC among African-

ancestry women. 

 

The sentinel variant rs10853615 at the other novel locus for ER-positive breast cancer is located 

at the intron of gene TTC39C. Although no previous studies have found association between 

gene TTC39C and breast cancer, a previous study has reported that TTC39C is up-regulated 

in cell lines with loss-of-function mutations of STK11, a major tumor suppressor gene in lung 

cancers.72  

 

In this aim, ten previously known risk loci were identified at genome-wide significance. 

However, only five loci of them had sentinel variants as the same as or in LD with previous 
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index variants reported in women of European ancestry. This supports that only a small 

proportion of index variants reported from European-ancestry populations can be directly 

replicated in African-ancestry populations due to the difference between their genetic 

architectures. The risk estimates at most risk loci showed a similar or larger effect size in 

African-ancestry women than those reported in European-ancestry women. A potential reason is 

that risk loci with higher risk estimates are more likely to be detected given that the sample size 

of African-ancestry GWAS is still relatively small than previous European-ancestry GWAS. 

Further studies are warranted to explore the underlying mechanism for these risk loci. 

 

Among the nearby genes of the sentinel variants, INHBB, ARHGEF38, TERT, ESR1, FGFR2, 

TOX3, ANKLE1, IGFBP5, and SLC25A21 have been identified as likely target genes by fine-

mapping in women of European ancestry.73 The sentinel variant rs61751053 is a missense 

variant of the gene ARHGEF38, which explains the high risk estimate of an OR of 1.48. This 

finding supports that ARHGEF38 is a target gene for risk of breast cancer.  

 

This is the largest GWAS for breast cancer ever conducted for women of African ancestry 

including 18,044 cases and 22,187 controls. However, the sample size was still relatively smaller 

compared with previous GWAS in women of European ancestry, and only ten known risk loci 

reached genome-wide significance. My work in the aim 2 investigated the risk estimates at all 

known loci in women of African ancestry.  
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In summary, I identified 12 risk loci for breast cancer risk at genome-wide significance among 

women of African ancestry, including two novel risk loci for ER-positive and ER-negative breast 

cancer. At known loci, sentinel variants were more specific for women of African ancestry. 
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 IV. SECOND AIM: BUILD A POLYGENIC RISK SCORE FOR RISK PREDICTION 

AMONG WOMEN OF AFRICAN ANCESTRY 

Overview 

GWAS have identified common variants at over 200 susceptibility loci for breast cancer,45,46,51 

and common variants have been used to construct a PRS to identify individuals at a high genetic 

risk among the general populations.74 In 2019, Mavaddat et al. selected 313 variants by stepwise 

forward regression among women of European ancestry, and constructed a PRS for breast cancer 

with an AUC of 0.630 in validation.9 This 313-variant PRS and subsequent PRSs modified from 

it have been widely used in further studies and showed a good performance in women of 

European and Asian ancestry.46,50,51 In 2020, Zhang et al. constructed a 330-variant subtype-

specific PRS by adding 17 novel identified variants, and the per-standard deviation (SD) ORs 

were 1.83 and 1.65, with AUC of 0.661 and 0.636 for luminal A-like and triple-negative 

subtypes, respectively.51  

 

However, among African-ancestry women, there have been no PRSs for breast cancer showing a 

performance of risk prediction as good as in European- or Asian-ancestry populations. The 

widely-used 313-variant PRS was built with selected variants and trained weights in women of 

European ancestry. In 2021, Du et al. evaluated the performance of the 313-variant PRS in 

women of African ancestry. The per-SD OR was 1.27 and the AUC was 0.571, which was much 

lower than the AUC of 0.630 in women of European ancestry.59 A recent study developed a joint 

PRS combining the 313-variant PRS and a PRS built in a training dataset of African-ancestry 

women, and got an AUC of 0.581 in African-ancestry women.75 
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In this aim, I selected variants in association with breast cancer at known loci, constructed a PRS 

and evaluated the performance in a testing set. Ten previously known risk loci were identified at 

genome-wide significance in the first aim, but more known loci did not reach the genome-wide 

significance level, primarily due to the relatively small sample size of African-ancestry women. 

The purpose of this aim was to evaluate the known risk loci and select the variants in association 

with breast cancer among African-ancestry women but not reaching genome-wide significance. 

In our previous study, we identified common variants at 244 risk loci for breast cancer 

combining data from 160,500 cases and 226,196 controls of Asian and European ancestry.47 

Although the index variants may not be the causal variants, they are likely to be in high LD with 

the causal variants. Instead of exploring variant at whole genome, I focused on the risk estimates 

of previously reported index variants and their highly correlated variants, and therefore, reduced 

the multiple testing burden.   

 

Methods 

Study population 

The study population in the aim 1 was divided into a training set for PRS construction and a 

testing set for performance evaluation. To avoid the heterogeneity across studies, all incident 

breast cancer cases (n =765) from Southern Community Cohort Study (SCCS) were selected into 

the testing set. Detailed descriptions of SCCS are included in the Appendix 1: Description of 

participating studies. The cases were sequenced or genotyped by Illunima HiSeq X Ten and 

BGISEQ-500 (n=263), Illumina HiSeq X and NovaSeq (n=38), Multi-Ethnic Genotyping Array 

(n=341), and Illumina HumanOmni2.5 Array (n=123). Controls were frequently matched on 

platform/array and stratum of year of birth (≤1935, 1936-1940, 1941-1945, 1946-1950, 1951-
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1955, 1956-1960, 1961-1965, >1965). A total of 106 cases sequenced by Illunima HiSeq X Ten 

and BGISEQ-500 could not be matched with controls by the same sequencing platform, and 

therefore matched with controls sequenced by Illumina HiSeq X and NovaSeq. In total, 765 

incident cases and 765 matched controls from SCCS were selected as a testing set. The study 

population in the aim 1 excluding the samples in the testing set was the training set.  

 

Risk estimates at known risk loci 

I acquired the list of 11,737 variants which are in high LD (r2 >0.7) with the 244 index variants 

in European-ancestry samples from the 1000 genomes project phase 3 (East Asian samples used 

for two index variants exclusively found in Asian populations). Then I evaluated the risk 

estimates of the index variants and their highly correlated variants in the results of the meta-

analyses in aim 1.  

 

Variants selection for PRS  

Association analyses were performed for overall breast cancer, ER-positive and ER-negative 

breast cancer with a similar approach as described in the aim 1 using samples in the training set. 

Sentinel variants at all risk loci at genome-wide significance in aim 1 were selected for PRS 

construction. At other known risk loci, variants were selected as the following steps: (1) I kept 

the index variants or highly correlated variants (r2 >0.7) showing an association with breast 

cancer at a P <0.10 in the same direction as reported in women of European and Asian ancestry; 

(2) The index variant or a highly correlated insertion/deletion variant was selected in priority if it 

had a P <0.05; (3) The variant with the lowest P was selected if the index variant at the locus had 

a P >0.05 or greater than two orders of magnitude of the lowest P (lowest P×100); (4) If no 
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variants had a P <0.05 at the known locus, I additionally selected the index variant or a variant in 

high LD (r2 >0.9) with a P <0.10 in the same association direction as previously reported. If the 

selected variant was unavailable or had an imputation score (r2) <0.8 in the testing dataset, a 

proxy variant would be selected.  

 

The PRSs for ER-positive and ER-negative breast cancer were constructed using a subset of the 

variants selected for the PRS for overall breast cancer. For each ER-subtype, variants with 

associations at P >0.10 were excluded from the PRS for the breast cancer subtype. 

 

To compare the performance of risk prediction, a PRSEUR was also calculated using the reported 

313 variants and reported weights from women of European ancestry. Variants were excluded if 

they had a MAF less than 0.01 in African-ancestry populations or with an imputation quality 

score (r2) less than 0.8 in the testing set.  

 

Statistical analysis 

For each individual in the testing set, PRSs were calculated as: 

𝑃𝑅𝑆 = ∑ 𝛽𝑖𝑆𝑁𝑉𝑖 . 

The weight 𝛽s used for PRSAFR, PRSAFR_ER+, PRSAFR_ER- were the beta coefficients estimated in 

association analyses for overall breast cancer, ER-positive and ER-negative breast cancer in the 

training set, respectively. The weight 𝛽s used for PRSEUR, PRSEUR_ER+, PRSEUR_ER- were the 

weights previously reported by Mavaddat et al.9 
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In the testing set, PRSs were categorized by percentile in controls (<20%, 20-40%, 40-60%, 60-

80%, 80-90%, 90-95%, and ≥95%). Logistic regression was performed to estimate the OR per 

SD of continuous PRS and the OR for each PRS category (40-60% group used as reference) 

adjusted for the first five PCs. The AUC was estimated for continuous PRS using the Stata 

command comproc to adjust for the first five PCs. It fitted a linear regression of the PRS 

distribution on the five PCs derived from genotyped variants, and used standardized residuals 

based on this fitted linear model to estimate the AUC for cases and controls.76 

 

The cumulative absolute risk of breast cancer was calculated for each category of PRSAFR using 

age-specific breast cancer incidence, breast cancer mortality, and all-cause mortality.50,77,78 The 

age-specific breast cancer incidence and mortality rates were acquired from Surveillance, 

Epidemiology and End Results program (2015-2019) and age-specific all-cause mortality rates 

were acquired from National Center for Health Statistics, Centers for Disease Control and 

Prevention (2015-2019). 

 

Results 

First, I investigated the risk estimates at all known risk loci using the results of meta-analyses in 

the aim 1. Among the 11,737 highly correlated variants with 244 index variants (r2>0.7 in 

European-ancestry populations), a total of 10,661 variants (including 212 index variants) had a 

MAF greater than 0.01 and were available in the meta-analyses. Among the 212 index variants, 

56 variants showed an association with overall breast cancer risk in the same direction with a P 

<0.05, including 10 variants with a P <1.010-4. In addition, 42 index variants with a P >0.05 

had a highly correlated variant showing an association in the same direction as reported in 
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European-ancestry populations with a P <0.05. In total, association in the same direction was 

observed at 98 known risk loci at nominal significance level (P <0.05). Additionally, 17 index 

variants or highly correlated variants (r2 >0.9) showed an association in the same direction at a 

P >0.05 and <0.10. These 115 index variants or highly correlated variants are shown in 

Appendix 2: Known risk loci replicated in African-ancestry women.  

 

Then, to avoid using samples twice, results of association analyses conducted in the training set 

were used to select variants to construct the PRS. Besides the 12 sentinel variants at risk loci at 

genome-wide significance, I selected 82 index variants or highly correlated variants (r2>0.7) with 

a P <0.05, and 21 index variants or highly correlated variants (r2>0.9) with a P >0.05 and <0.10, 

in association with breast cancer in the same direction as previously reported. Of them, six 

variants were unavailable or with an imputation score less than 0.8 in the testing set, and no 

variants were available as a proxy. In final, a total of 109 variants were selected to build the PRS 

for overall breast cancer in African-ancestry women, including 87 variants for ER-positive breast 

cancer and 38 variants for ER-negative breast cancer. The selected variants are shown in 

Appendix 3: Associations of selected variants used for risk score in African-ancestry women. 

Among the previously reported 313 variants by Mavaddat et al., 248 variants had a MAF greater 

than 0.01 with an imputation score greater than 0.8, and 236 variants were available in the testing 

set (Appendix 4: List of reported variants used for risk score with weights from European-

ancestry women).  

 

The PRSAFR had a normal distribution in both the cases and controls of the testing samples, and 

the variance in cases was smaller than that in controls. The PRSEUR had a skewed distribution in 
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controls and a normal distribution in cases, and the variance in cases was smaller than that in 

controls (Figure 3).  
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Figure 3. Distribution of PRS in testing samples. (a) The PRSAFR was calculated using 109 selected variants with weights from 

association analyses in training samples; (b) The PRSEUR was calculated using 236 reported variants with reported weight 

derived from European-ancestry women. Both PRSs were divided by the standard deviation in controls and centered at the 

mean in controls.  
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Table 7. Performance of polygenic risk scores (PRSs) in women of African ancestry 

PRS and AUC a No. of controls 

PRSAFR PRSEUR 

No. of cases OR (95% CI) P No. of cases OR (95% CI) P 

<20% 153 79 0.65 (0.45, 0.93) 0.02 104 0.75 (0.54, 1.06) 0.10 

20-40% 153 119 0.96 (0.68, 1.35) 0.81 121 0.88 (0.63, 1.22) 0.44 

40-60% 153 125 1.00 (Reference) NA 138 1.00 (Reference) NA 

60-80% 153 190 1.54 (1.12, 2.12) 0.01 210 1.52 (1.12, 2.08) 0.01 

80-90% 76 99 1.67 (1.13, 2.45) 0.01 83 1.21 (0.82, 1.78) 0.33 

90-95% 38 74 2.48 (1.56, 3.92) 1.10×10-4 49 1.43 (0.88, 2.32) 0.15 

>95% 39 79 2.57 (1.63, 4.04) 4.65×10-5 60 1.71 (1.07, 2.71) 0.02 

Per SD increase 765 765 1.54 (1.38, 1.71) 2.06×10-15 765 1.28 (1.16, 1.42) 1.78×10-6 

AUC   0.620 (0.591, 0.648)   0.572 (0.542, 0.601)  

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; NA, not applicable; OR, odds ratio; PRS, 
polygenic risk score; SD, standard deviation.  

a. The AUC was estimated using the Stata command comproc to adjust for the first five PCs. It fitted a linear regression of the PRS distribution 

on the five PCs among controls, and used standardized residuals based on this fitted linear model to estimate the AUC for cases and controls.



 35 

Both PRSAFR and PRSEUR were associated with overall breast cancer risk, but the PRSAFR had a 

better performance of risk prediction than the PRSEUR (Table 7). Women in the top 5% of the 

PRSAFR had a 2.57-fold risk than those at average genetic risk. The PRSAFR had an OR per SD of 

1.54 (1.38, 1.71), while the PRSEUR had an OR per SD of 1.28 (1.16, 1.42). The AUC of the 

PRSAFR was 0.620 (0.591, 0.648), higher than the AUC of 0.572 (0.542, 0.601) of the PRSEUR.  

 

 

Figure 4. Cumulative absolute risk of breast cancer by polygenic risk score (PRS) category in 

women of African-ancestry. The horizontal line shows the cumulative risk at age of 50 years for 

women at average PRS (40-60%).  
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The cumulative absolute risk was estimated by age for each category of PRSAFR. African-

ancestry women in the top 10% of the PRSAFR had a higher cumulative risk than women at 

average PRS. At age of 40 years, women in the top 10% of the PRS had the cumulative risk level 

which was reached by age of 50 years among women at average PRS (Figure 4). 

 

For ER-positive breast cancer, the PRSAFR_ER+ showed an OR per SD of 1.47 (1.28, 1.768) with 

an AUC of 0.608 (0.571, 0.645), better than the performance of PRSEUR_ER+ (Table 8). Similar 

pattern was also observed for ER-negative breast cancer. The estimated ORs and AUCs for ER-

negative breast cancer had a wider confidence interval than those for ER-positive breast cancer 

because of a smaller sample size of the testing set.  

 

  

Table 8. Association of subtype-specific polygenic risk scores (PRSs) in women of African 

ancestry. 

 ER-positive ER-negative 

 PRSAFR_ER+ PRSEUR_ER+ PRSAFR_ER- PRSEUR_ER- 

Per SD 

OR (95% CI) 
1.47 (1.28, 1.68) 1.37 (1.20, 1.57) 1.71 (1.40, 2.09) 1.38 (1.13, 1.69) 

AUC 0.608 (0.571, 0.645) 0.589 (0.552, 0.626) 0.641 (0.591, 0.692) 0.588 (0.530, 0.645) 

Abbreviation: AUC, area under the receiver operating characteristic curve; CI, confidence interval; ER, estrogen receptor; OR, 

odds ratio; PRS, polygenic risk score; SD, standard deviation.  
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Discussion 

In this aim, I constructed a PRS for women of African ancestry with an AUC of 0.620 for risk 

prediction. This is the first study building a PRS for women of African ancestry with a 

performance as good as previous PRSs in European- or Asian-ancestry populations.     

 

Compared with PRSEUR, the PRSAFR had a better performance for risk prediction for women of 

African ancestry. The 313 variants in the PRSEUR were selected with weights trained in women 

of European ancestry. Due to the difference in genetic architecture, some variants were not in LD 

with the causal variants or had a low MAF in African-ancestry women, so they cannot present 

the signals at the risk loci.  

 

Current screening guideline for breast cancer by U.S. Preventive Services Task Force (USPSTF) 

recommends screening mammography for women aged 50 to 74 years with average risk.79 In this 

study, women in the top 10% of the PRS aged 40 years had the same cumulative risk of breast 

cancer as women aged 50 years with an average PRS. My findings support that PRS can be used 

to identify individuals at a high genetic risk to start screening at an early age.  

 

There might be some limitations in this study. The testing samples were sequenced or genotyped 

using different platforms or arrays. To avoid confounding from the difference of genotyping 

arrays, variants were excluded from analyses if they had a MAF lower than 0.01, an imputation 

quality score lower than 0.8 in genotyping samples, or unavailable in sequencing samples. A 

sensitivity analysis was additionally performed adjusted for the genotyping platform, and the 

platform was not associated with the outcome. Using stringent inclusion criteria, 236 variants 
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among the 313 reported variants were included to build the PRSEUR. A previous study evaluated 

the 313-variant PRS in women of African-ancestry, including 311 variants with a MAF greater 

than 0.001 and imputation score higher than 0.3.59 They reported an AUC of 0.571, which was 

close to the AUC of 0.572 estimated in this study. This supports that the performance of PRSEUR 

was not underestimated due to fewer included variants in this aim. 
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V. THIRD AIM: IDENTIFY PREDISPOSITION GENES FOR BREAST CANCER 

AMONG WOMEN OF AFRICAN ANCESTRY BY A TRANSCRIPTOME-WIDE 

ASSOCIATION STUDY 

 

Overview 

Most risk variants identified by GWAS are located in non-coding regions of the genome, and 

their effects are likely to be involved in the gene regulation.80 An expression quantitative trait 

loci (eQTL) refers to a genomic locus that explains a fraction of the genetic variance of a gene 

expression. The level of gene expression is usually measured by the transcript abundance. In an 

eQTL analysis, association tests are performed between the sentinel variants at susceptibility loci 

and local or distant genes. Conventionally, cis-eQTL analysis focuses on genes residing ±500 kb 

flanking the sentinel variant, and trans-eQTL focuses on genes located further downstream or 

upstream or on a different chromosome. The cis-eQTL analysis is commonly used to identify 

potential target genes of the risk variants. 

 

While eQTL analyses examine the association with genetic risk variants and expression levels of 

potential target genes, it is also crucial to explore the association between gene expression levels 

and the trait. However, the sample size is usually limited for study populations with 

measurement of gene expression levels, due to the specimen availability and cost. In 2015, 

transcriptome-wide association study (TWAS) was developed to systematically investigate the 

association of gene expression with disease risk.81,82 First, it uses genetic variants to construct 

prediction models for gene expression levels using samples with both genotype data and gene 

expression data. Then it applies the models to a large-scale GWAS population, and performs 



 40 

association tests between the genetically predicted gene expression and the risk of disease. The 

individual-level GWAS data are not necessary in this step. It only requires the summary 

association statistics from the large-scale GWAS.82 

 

Different from GWAS, TWAS is a gene-based analysis. Some genetic variants may have a small 

effect size which is difficult to detect in an individual variant-based GWAS. In TWAS, the 

effects of multiple risk variants at the same locus can be aggregated into a single test at the gene 

level, increasing the study power to identify the risk locus.83 A previous TWAS for breast cancer 

conducted among 122,977 cases and 105,974 controls of European ancestry found significant 

association with breast cancer for 48 genes of 8,597 genes evaluated, and 14 genes were located 

at loci which had not been previously reported for breast cancer.83 In our previous study, we 

conducted a TWAS using GWAS data from 160,500 cases and 226,196 controls of European and 

Asian ancestry, and identified 137 genes in association with risk of breast cancer, including 14 

genes at 13 loci are located at least 1Mb away from any of the previous GWAS-identified risk 

variants for breast cancer.47  

 

Due to the lack of large-scale GWAS, no TWAS has been conducted among women of African 

ancestry yet. As a gene-based analysis, I expected the TWAS to identify additional risk loci for 

breast cancer in women of African ancestry. I also examined the susceptibility genes which were 

previously identified among women of European and Asian ancestry. 
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Methods 

Study population 

The same study population were used as the aim 1. Results of the meta-analyses of GWAS for 

overall, ER-positive, ER-negative, and triple-negative breast cancer in the aim 1 were used in the 

association analyses for TWAS. 

 

Gene expression profiling and data processing 

Transcriptome and high-density genotyping data of breast tumor tissue from SCCS (n =237) and 

the Cancer Genome Atlas (TCGA) (n =163) were used to build gene expression prediction 

models. SCCS samples were formalin-fixed paraffin-embedded (FFPE) breast tumor tissue 

samples, and TCGA samples were fresh frozen breast tumor tissue samples. Details of the 

profiling and mapping of the RNA sequencing data in SCCS samples have been described 

previously.84 The HTSeq-FPKM data were downloaded for TCGA breast cancer samples using 

R package TCGAbiolinks,85 and clinical information was acquired from the TCGA Pan-Cancer 

Clinical Data Resource.86 The RNA expression levels of SCCS and TCGA samples were 

annotated using the GENCODE v22.87  

 

The FPKM data for SCCS and TCGA samples were processed by excluding genes expressed in 

less than half of samples (median FPKM =0), log2 transformation, quantile normalization for 

each sample, rank-based inverse normalization for each gene, adjusted for probabilistic 

estimation of expression residuals (PEER) factors88 (n =30), age, TNM stage, first five principal 

components, and copy number alternation (only for TCGA samples). TCGA samples were 

excluded if they had a missing value for age (n =1), unknown TNM stage (n =3), or unavailable 
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data for copy number variation (n =2). One SCCS sample was also excluded with a missing 

value of age. A total of 43 SCCS samples had unknown TNM stage information, and they were 

categorized as a separate level of “unknown TNM stage”. In total, 236 SCCS samples and 157 

TCGA samples were used to build gene prediction models. In this study, protein-coding genes 

(16,001 in SCCS, 16,810 in TCGA, and 15,760 shared in both studies) and long intergenic non-

coding RNA (lincRNA) (2,400 in SCCS, 2,950 in TCGA, and 1,977 shared in both studies) were 

included for analyses. Pseudogenes were not included due to potential concern of inaccurate 

calling.89  

 

Genotyping and imputation 

In this study, tumor samples collected from women of African ancestry were identified using the 

germline genotype data by projecting samples on the first two major principal components of 

four 1000 Genome populations (CEU, YRI, CHB, and JPT).90 TCGA samples were genotyped 

by Affymetrix Genome-Wide Human SNP Array 6.0. SCCS samples were genotyped by three 

platform or arrays: Illumina HumanOmni2.5-Quad (n =90), Multi-Ethnic Genotyping Array chip 

(n=70), and Illunima HiSeq X Ten and BGISEQ-500 (n=77). Details of genotyping and quality 

control have been described in the aim 1. Genotyped variants shared across different platforms or 

arrays were kept. After quality control, TCGA and SCCS samples were imputed separately using 

TopMed as reference panel. Variants with a MAF greater than 0.05 and an imputation quality 

score (r2) greater than 0.8 were included for model building. In final, there were 8,053,287 

variants in SCCS and 8,083,361 variants in TCGA, with 7,477,713 shared variants.  

 

Expression quantitative loci (eQTL) analysis 
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I performed cis-eQTL analyses to identify target genes of the sentinel variants at 12 loci 

identified in the aim 1 using gene expression data in SCCS and TCGA samples separately. A 

linear regression model was used to check associations between sentinel variants and genes 

located less than 500kb away from the sentinel variants.  

 

Colocalization analysis 

Colocalization tests were conducted between the variant-disease associations from GWAS meta-

analyses and the variant-gene associations from eQTL analyses. At each locus, cis-eQTL 

analysis was performed for variants within 10kb from the sentinel variant in association with 

genes located within 500kb from the sentinel variant. Then the eQTL results were integrated 

with the GWAS meta-analyses results from the aim 1 using summary data-based Mendelian 

randomization (SMR) for a colocalization test.91 For each significant association by SMR tests 

(P <0.05), a test on heterogeneity in dependent instruments (HEIDI test)91 was conducted to 

check whether the gene expression and trait had independent causal variants instead of a shared 

causal variant.  

 

Prediction model building 

Gene expression prediction models were built using the elastic net method as implemented in the 

glmnet R package, with 𝛼 =0.5, within SCCS and TCGA samples separately. For each gene, the 

prediction model was built selecting genetic variants located ±500kb from the gene boundary. 

Five-fold cross-validation was used to validate the models internally. Genes with a model 

prediction R2 greater than 0.01 either in SCCS or in TCGA were included for association 

analyses.  



 44 

 

Association analyses of predicted gene expression with breast cancer risk 

Association analyses were conducted between predicted gene expression and breast cancer risk 

with S-PrediXcan tool,92 using the GWAS summary statistics in the aim 1 for overall, ER-

positive, ER-negative, and triple-negative breast cancer. The formula used was 

𝑍𝑔 ≈ ∑ 𝑤𝑙𝑔

𝜎�̂�

𝜎�̂�
𝑙∈𝑀𝑜𝑑𝑒𝑙𝑔

𝛽�̂�

𝑠𝑒(𝛽�̂�)
 

The Z-score was used to estimate the association between predicted gene expression and breast 

cancer risk. In this formula, 𝑤𝑙𝑔 is the weight of variant 𝑙 for predicting the expression of gene 𝑔. 

�̂�𝑙and 𝑠𝑒(�̂�𝑙) are the association beta coefficient and its standard error for variant 𝑙 in GWAS, 

and �̂�𝑙 and �̂�𝑔 are the estimated variances of variant 𝑙 and the predicted expression of gene 𝑔, 

respectively. In this study, I estimated the correlations between variants included in the 

prediction models. 

Association analyses were performed for all genes with prediction models built from SCCS or 

TCGA samples with a R2 greater than 0.01. Results of the genes available in both models were 

combined using the aggregated Cauchy association test (ACAT).93 Bonferroni-corrected P 

values were calculated for multiple testing. In addition to the transcriptome-wide association 

analyses, I examined the association for 208 protein-coding genes and 18 lincRNA genes which 

were reported as target genes in previous TWAS.47,83,94–96  

 



 45 

Results 

By eQTL analyses, I identified two potential target genes in association with the sentinel variants 

in the same direction with a P <0.05 in both SCCS and TCGA (Table 9). Both sentinel variants 

were located at previously known risk loci. The association for gene EPB41L5 at 2q14.2 was 

confirmed by colocalization analyses in both SCCS and TCGA, but the association for gene 

ANKLE1 was only confirmed in SCCS. 

 

Then I built gene prediction models using SCCS and TCGA samples and conducted 

transcriptome-wide association analyses. A total of 2,961 and 4,392 genes had prediction models 

with a R2 greater than 0.01 using SCCS and TCGA samples, respectively. Among them, 846 

genes were shared in SCCS and TCGA models. The Pearson correlation was 0.53 between the 

prediction performance (R2) for these 846 genes in SCCS and TCGA. In total, 6,507 genes were 

evaluated in the association analyses. Among them, no genes showed an association with breast 

cancer risk at the Bonferroni-correction level of P <7.68×10-6.  

 

Of the 226 previously TWAS-reported protein-coding or lincRNA genes, 94 genes had 

prediction models with a R2 greater than 0.01 and were therefore evaluated in the association 

analyses. Only one gene, MAN2C1, reached the Bonferroni-correction level of 5.32×10-4 

(0.05/94). The expression level of MAN2C1 was inversely associated with the risk of overall 

breast cancer, with a P of 5.26×10-4. Nine more genes showed a nominal significant association 

with breast cancer risk in the same direction as previously reported (P <0.05), including two 

genes identified by association analyses for breast cancer subtypes (Table 10).  
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Among the 6,507 genes evaluated in the association analyses, 828 genes were located at GWAS-

identified risk loci. Of them, 61 genes showed an association with breast cancer risk at a P <0.05. 

Only one gene, GAREM1, reached the Bonferroni-correction level of 6.04×10-5 (0.05/828). The 

expression level of GAREM1 at 18q12.1 showed an inverse association with breast cancer risk 

with a P of 3.45×10-5. 
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Table 9. Target genes identified by expression quantitative loci analyses. 

Variants Loci Gene Alleles a 
SCCS  TCGA 

EAF Beta SE P  EAF Beta SE P 

rs6750813 2q14.2 EPB41L5 T/C 0.18 0.18 0.06 0.01  0.15 0.38 0.15 0.01 

rs56069439 19p13.11 ANKLE1 C/A 0.76 -0.18 0.08 0.02  0.80 -0.35 0.12 0.005 

Abbreviations: EAF, effect allele frequency; SCCS, Southern Community Cohort Study; SE, standard error; TCGA, 

the Cancer Genome Atlas. 

a. Effect allele/other allele; 

 

 

Table 10. Previously reported target genes in association with breast cancer risk, P <0.05. 

Loci Gene a Model Z score P R2 b 

Overall      

3p21.31 GMPPB SCCS 2.27 0.02 0.01 

11p15.5 TNNT3 TCGA 2.07 0.04 0.01 

11q13.1 SNX32 TCGA 2.13 0.03 0.08 

12p11.22 CCDC91 SCCS 2.34 0.02 0.02 

14q32.33 SIVA1 SCCS -2.11 0.03 0.05 

15q24.2 MAN2C1 SCCS -3.47 5.26E-04 0.09 

16q12.2 CES1 TCGA 2.05 0.04 0.01 

20q11.22 CPNE1 TCGA -2.12 0.03 0.14 

ER-positive  
    

1p36.13 KLHDC7A SCCS/TCGA -2.45/-1.05 0.03 0.09/0.05 

TNBC  
    

2p23.3 CENPO TCGA -2.32 0.02 0.08 

Abbreviations: SCCS, Southern Community Cohort Study; TCGA, the Cancer Genome Atlas. 

a. All genes are protein coding genes; b. Performance of gene prediction models. 
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Discussion 

In this aim, a TWAS was conducted among African-ancestry women. Although no genes 

reached Bonferroni-corrected significance in the transcriptome-wide analyses, my findings 

provided supports for some previously TWAS-reported genes and genes at GWAS-identified 

risk loci.  

 

Among previously TWAS-identified genes, ten genes showed a nominal significant association 

in the same direction as previously reported, including gene MAN2C1 at Bonferroni-corrected 

significance. Eight genes were located at GWAS-identified risk loci (TNNT3, SNX32, CCDC91, 

SIVA1, MAN2C1, CPNE1, KLHDC7A, and CENPO). Genes CCDC91 and KLHDC7A have been 

reported as likely target genes by fine-mapping.73 I found that the expression of MAN2C1 gene 

was associated with a reduced risk of breast cancer in African-ancestry women, as reported by 

several previous TWAS for European- or Asian-ancestry women.47,83,96 This finding is supported 

by a previous study showing that the protein encoded by MAN2C1 binds PTEN and inhibits its 

phosphatase activity.97  

 

Among genes located at GWAS-identified risk loci, I found 61 genes showed an association with 

breast cancer risk at a P <0.05. Gene GAREM1 at 18q12.1 showed an inverse association with 

breast cancer risk with a P of 3.45×10-5. The GAREM1 encodes an adaptor protein which 

contributes to the epidermal growth factor (EGF) receptor-mediated signaling pathway, and it 

has been shown to contribute to cellular transformation.98 
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Our eQTL analyses identified potential target genes EPB41L5 at 2q14.2 and ANKLE1 at 

19p13.11. The EPB41L5 has been reported to be expressed at high levels in malignant breast 

cancer cells and involved with tumor invasion and metastasis.99 The ANKLE1 has been identified 

as the target gene in a previous eQTL study using adjacent normal breast tissue samples from 

European-ancestry women.100 

 

In this aim, no genes were identified by TWAS in association with breast cancer at the 

Bonferroni-corrected threshold. This was mainly because of the relatively small sample size of 

the African-ancestry GWAS compared with previous European-ancestry GWAS. As I showed in 

the aim 1, the African-ancestry GWAS only identified ten risk loci at genome-wide significance 

among the 244 risk loci previously identified by European-ancestry GWAS. In addition, the gene 

prediction models were built using breast tumor samples due to limited available normal breast 

tissue samples collected from African-ancestry women. The performance of prediction models 

could also be limited because of the difference in gene expression between FFPE samples from 

SCCS and fresh frozen samples from TCGA.  
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VI. CONCLUSION AND FUTURE DIRECTIONS 

Summary 

In this study, I performed a large-scale GWAS for breast cancer among women of African 

ancestry, identified novel risk loci and evaluated risk estimates at all previously known loci. A 

PRS was constructed to identify African-ancestry women at a high genetic risk of breast cancer. 

Incorporating gene prediction models built from transcriptome data, a TWAS was performed to 

identify target genes for breast cancer in African-ancestry women. 

 

In the first aim, I conducted GWAS for breast cancer among 18,044 cases and 22,187 controls of 

African ancestry. Samples were pooled into 13 datasets based on the genotyping platform and 

institution. GWAS was performed within each dataset, adjusted for age, study, and top five PCs. 

QQ-plots were checked and no observe genomic inflation was observed. Then a fixed effects 

meta-analysis was conducted to combine GWAS results from all datasets. I identified 12 risk loci 

for breast cancer risk at genome-wide significance, including two novel risk loci for ER-positive 

and ER-negative breast cancer. In addition, ten independent risk variants at seven risk loci were 

identified by conditional analyses. 

  

Previous GWAS for breast cancer, predominately conducted among European-ancestry women, 

have identified common variants associated with risk of breast cancer at over 200 loci. Of them, 

only ten risk loci reached the genome-wide significance among African-ancestry women in the 

aim 1. In the second aim, I investigated the risk estimates for African-ancestry women at all 

previously reported risk loci for breast cancer. At each locus, I checked the previously reported 

index variant and variants in high LD in European-ancestry populations. Among the index 
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variants, 56 variants showed an association with overall breast cancer risk in the same direction 

with a P <0.05, and 42 additional index variants had a highly correlated variant showing an 

association in the same direction with a P <0.05. In total, association in the same direction was 

observed at 98 known risk loci at nominal significance level (P <0.05). In addition, 17 more risk 

loci showed an association in the same direction at P <0.10, the nominal significance level for 

the one-side test.  

 

Then I divided the study population into a training set to build a PRS and a testing set to evaluate 

the performance. Besides the 12 sentinel variants at risk loci at genome-wide significance in the 

aim 1, 102 variants were selected at known loci based on the results from association analyses 

conducted in the training set. Excluding five variants not available in the testing set, a PRS was 

constructed using 109 common variants. In the testing set, the PRS showed a dramatically 

improved performance in risk prediction compared with the reported 313-variant PRS for 

European-ancestry women.  

 

In the third aim, I performed eQTL analyses and identified two potential target genes. I also built 

gene prediction models using gene expression data from SCCS and TCGA, and conducted a 

TWAS using the GWAS results in the aim 1. No genes were identified at the Bonferroni-

corrected significance, mainly due to the relatively small sample size of the African-ancestry 

GWAS compared with previous European-ancestry GWAS. Among the genes reported by 

previous TWAS, ten genes were identified with a nominal significant association in the same 

direction as previously reported, including gene MAN2C1 reaching the Bonferroni-corrected 

significance.  
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Implications 

In this study, I performed the largest GWAS for breast cancer ever conducted among women of 

African ancestry, combining data from 18,044 cases and 22,187 controls of African ancestry. 

Two novel risk loci were identified for breast cancer in African-ancestry women, including one 

risk locus in association with ER-negative and triple-negative breast cancer. The sentinel variant 

at this locus had an OR of 1.30 and an MAF of 0.19, which may partially explain the high 

incidence of triple-negative breast cancer in African-ancestry women. Sentinel variants at 

multiple risk loci were not in LD with previously reported index variants, which indicates that I 

identified risk variants more specific for African-ancestry women. As the largest study to 

systematically evaluate associations of common variants across African-ancestry genome with 

breast cancer risk, the GWAS summary results derived from this study can benefit future studies 

on breast cancer among women of African ancestry. 

 

The PRS constructed in this study had a good performance of risk prediction with an AUC of 

0.620. This is the first time that a PRS built for African-ancestry women shows a performance as 

good as previous PRSs for European- or Asian-ancestry women. The cumulative absolute risk 

was calculated by age for each PRS category. Women in the top decile of the PRS aged 40 years 

reached the same cumulative risk level as women aged 50 years with an average PRS. Given that 

the current screening guideline by USPSTF recommends screening mammography for women 

aged 50 to 74 years with average risk, the PRS can be used to identify high-risk individuals to 

start screening earlier. 
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In the TWAS, although no genes were identified at Bonferroni-correction for transcriptome-wide 

analysis, I identified ten genes associated with breast cancer in the same direction as previously 

reported in European- or Asian-ancestry women. Future studies are warranted for these ten genes 

to explore underlying functions for breast cancer in African-ancestry women.  

 

Future directions 

In a future study, I will perform multi-ancestry meta-analyses and fine-mapping analyses 

combining the GWAS results from women of African, Asian, and European ancestry. The multi-

ancestry meta-analyses will have a larger power to detected the risk loci shared across ancestry 

because of the increased sample size. The difference in genetic architecture also helps to identify 

the causal variants. Several previous studies have conducted multi-ancestry meta-analyses, 

combining Asian and European ancestry or African and European ancestry, and identified 

multiple novel risk loci for breast cancer.46,47,62 I expect that the multi-ancestry meta-analysis for 

breast cancer will identified novel risk loci and reduce the size of credible sets for causal 

variants. 

 

In the GWAS conducted in this study, I adjusted principal components for global ancestry. 

Compared with populations of European or Asian ancestry, populations of African ancestry have 

a higher degree of admixture. Future studies are warranted to take account of local ancestry in 

GWAS. It may increase the power and identify additional risk loci in African-ancestry women. 

 

In this study, the PRS was constructed using variants selected from reported index variants and 

high correlated variants. In future studies, PRSs can be built by selecting variants from the whole 
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genome using methods like LD-informed pruning and P value thresholding (PT),101 LDpred2,102 

and PRS-CS.103 GWAS results from women of European and Asian ancestry can be also 

integrated in PRS construction. For example, a recent published method, PRS-CSx, is a Bayesian 

polygenic prediction method that integrates GWAS summary statistics from populations of 

different ancestries.104 Functional annotation can also be integrated to PRS construction using 

method like PolyPred+.105 This may further improve the performance of the PRS for women of 

African ancestry. 

 

A future TWAS with an increased power will be conducted using results from meta-analyses 

combining the GWAS from women of African, Asian, and European ancestry. Furthermore, 

prediction models will be constructed using newly generated RNA-sequencing data from normal 

breast tissue collected from African-ancestry women. The prediction performance can be better 

than the models built from breast tumor tissues in this study. I expect more target genes to be 

identified for African-ancestry women in the future TWAS.  
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VIII. APPENDICES 

 

Appendix 1: Description of participating studies 

 

The African American Breast Cancer Genetic (AABCG) consortium consists of whole genome 

sequencing data, newly generated genotyping data using the Multi-Ethnic Genotyping Array 

(MEGA), and genotyping data from existing studies/consortia. Relatives or the same participants 

(a close relationship with a Pi-HAT estimate >0.45) can be genotyped by different arrays. Of 

them, the samples genotyped by an array of a higher density were kept. 

 

1. Whole genome sequencing data 

 

The whole genome sequencing data included 1,337 breast cancer cases and 658 cancer-free 

controls from five studies: SCCS, NBHS, STSBHS, GBHS, and MEC. The whole-genome 

sequencing was performed using the Illunima HiSeq X Ten and BGISEQ-500 platforms. Details 

on sequencing library construction and data processing have been previously published.1 In brief, 

all of the sequencing samples reached the average sequencing depth with at least 30X. The 

sequencing reads were aligned to the human reference genome (GRCh38) using the Burrows–

Wheeler Aligner (BWA) program (version 0.79a). The mapped reads were further processed by 

removing the duplicated reads using MarkDuplicates from the Picard tool and recalibrating the 

base quality scores using BaseRecalibrator. 

 

1.1 Southern Community Cohort Study (SCCS) 

The SCCS is a prospective cohort study focused on the recruitment of a low-income, 

predominantly African-American population from a 12-state area of southeastern U.S.2,3 

Approximately 86,000 study participants aged 40–79 years were recruited between 2002 and 

2009. About 32,500 of the SCCS participants were African American women. An in-person 

interview was completed at enrollment. Participants were asked to donate a 20-ml blood sample, 

and a buccal cell or saliva specimen was accepted if the subject did not wish to donate blood. To 

obtain follow-up data on cancer development, procedures for data linkage, processing, and 

quality control were established with the 12-state cancer registries covering the SCCS catchment 

area (Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina, 

South Carolina, Tennessee, Virginia, and West Virginia). In SCCS, samples from 321 cases and 

376 controls were sequenced by Illunima HiSeq X Ten and BGISEQ-500 platforms. In addition, 

71 cases and 1,639 controls from SCCS were sequenced at >20x coverage on the Illumina HiSeq 

X and NovaSeq platforms with paired-end 150 bp reads, which were called as WGS-2 in this 

study. 

 

1.2 Nashville Breast Health Study (NBHS) 

The NBHS is a population-based case-control study conducted in the Nashville metropolitan 

area.4 Participants were recruited between 2001 and 2011. Eligible cases were women newly 

diagnosed with primary breast cancer between 25 and 75 years of age and with no prior history 

of cancer other than nonmelanoma skin cancer. Breast cancer cases (n =2,694) were identified 

through the Tennessee State Cancer Registry and five major hospitals in Nashville that provide 

medical care for breast cancer patients. Controls (n =2,384) were identified via random digit 

dialing of households in the same geographic area as the cases. Saliva samples were collected as 
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a source of genomic DNA for genetic studies of breast cancer. In NBHS, samples from 91 cases 

and 16 controls were sequenced by BGISEQ-500 platform. 

 

1.3 Southern Tri-State Breast Health Study (STSBHS) 

The STSBHS is a population-based case-only study conducted in Tennessee, South Carolina, and 

Georgia.5 It recruited women with incident invasive breast cancer diagnosed between ages 25 

and 75 years from 2012 to 2018, without any prior cancer history other than non-melanoma skin 

cancer. Breast cancer cases were identified through the Tennessee Cancer Registry, the South 

Carolina Central Cancer Registry, and the Georgia Comprehensive Cancer Registry. In STSBHS, 

samples from 421 cases were sequenced by BGISEQ-500 platform. 

 

1.4 Multiethnic Cohort Study (MEC) 

The MEC is a prospective cohort study conducted in Hawaii and the Los Angeles area and 

included 215,251 study participants recruited between 1993 and 1996.6 African American study 

participants were recruited from the Los Angeles area. Data collection at baseline included a 

detailed, self-administered questionnaire that obtained information on basic demographic 

variables and several lifestyle and medical variables that have been associated with cancer risk. 

Incident cancer cases were identified through two state-wide Surveillance, Epidemiology, and 

End Results (SEER) registries: the Hawaii Tumor Registry and the California State Cancer 

Registry. Blood samples were collected from a substantial portion of the cohort. In MEC, 

samples from 211 cases and 119 controls were sequenced by Illunima HiSeq X Ten. 

 

1.5 Ghana Breast Health Study (GBHS) 

The GBHS is a population-based case-control study conducted in Accra and Kumasi, Ghana, 

between 2013 and 2015.7,8 Breast cancer cases were identified from women recommended for 

biopsy of a breast lesion suspicious for malignancy at one of the three major cancer treatment 

hospitals in Ghana (Korle Bu Teaching Hospital in Accra, and Komfo Anokye Teaching 

Hospital, and Peace and Love Hospital in Kumasi); or women presenting for treatment of 

pathologically-confirmed breast cancer at Korle Bu, Komfo Anokye, or Peace and Love 

Hospitals within one year of diagnosis. Controls were frequency matched to cases by age and 

district of residence. In GBHS, samples from 293 cases and 147 controls were sequenced by 

BGISEQ-500 platform. 

 

 

2. Newly generated genotyping data using Multi-Ethnic Genotyping Array 

 

In the African American Breast Cancer Genetic (AABCG) consortium, we genotyped samples 

from multiple studies using the Multi-Ethnic Genotyping Array (MEGA). The MEGA chip 

contains over 2 million variants with an excellent genomic coverage of common variants across 

multi-racial populations. Samples were genotyped in Vanderbilt University Medical Center 

(SCCS, NBHS, STSBHS, MDABCS, CCPS, NBCS, NC-BCFR, NYUWHS), Roswell Park 

Comprehensive Cancer Center (BWHS, WCHS), and University of Southern California (MEC). 

Samples overlapped between whole genome sequencing data and genotyping data were only kept 

in the whole genome sequencing dataset. 
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Quality control (QC) procedure includes: samples were excluded if they (i) were not genetically 

female; (ii) had a call rate <95%; (iii) had a low proportion of African ancestry (<25%) using 

Admixture,9 using 1000 Genome samples as reference; (iv) had a close relationship with a Pi-

HAT estimate >0.45 (one of the pair was excluded). Variants were excluded if they had (i) a call 

rate <95%; (ii) a P value <10-6 in the Hardy-Weinberg equilibrium test among the controls; (iii) a 

consistent rate <98% across duplicated QC samples; (iv) inconsistent alleles from 1000 Genome 

data. 

 

2.1 Southern Community Cohort Study (SCCS) 

The SCCS has been described above. After quality control, there were 708 cases and 678 

controls from SCCS newly genotyped by MEGA. In addition, 2,265 controls from SCCS were 

selected for cases from NBHS, STSBHS, MDABCS, and NC-BCFR. The controls were 

frequently matched on age and state of residence (only for NBHS and STSBHS).  

 

2.2 Nashville Breast Health Study (NBHS) 

The NBHS has been described above. After quality control, new MEGA genotyping data 

included 138 cases from NBHS and 147 controls matched from SCCS. 

 

2.3 Southern Tri-State Breast Health Study (STSBHS) 

The STSBHS has been described above. After quality control, new MEGA genotyping data 

included 692 cases from STSBHS and 683 controls matched from SCCS. 

 

2.4 M.D. Anderson Breast Cancer Study (MDABCS) 

All breast cancer cases in MDABCS are newly registered, histologically confirmed breast cancer 

patients at MD Anderson Cancer Center.10 Basic demographic and epidemiological information 

including smoking, alcohol, education, and family history data were collected as part of 

institutional patient history database. Clinical data were abstracted from electronic medical 

records by clinical coding specialists. DNA were extracted from residual blood samples and 

banked in the institutional Blood Specimen Research Resource. In the MEGA genotyping data, 

controls from SCCS were frequently matched on age. After quality control, new MEGA 

genotyping data included 1,294 cases from MDABCS and 1,222 controls matched from SCCS. 

 

2.5 Chicago Cancer Prone Study (CCPS) 

The CCPS is a hospital-based case-control study designed to investigate the genetics of young-

onset breast cancer. Cases with histologically confirmed breast cancer were enrolled through the 

Cancer Risk Clinic at the University of Chicago. Young-onset cases and African Americans were 

oversampled. Controls were gender- and age-matched with cases and enrolled from patients who 

visited the same hospital and were willing to donate blood for genetic studies. After quality 

control, new MEGA genotyping data included 366 cases and 279 controls from CCPS. 

 

2.6 Nigerian Breast Cancer Study (NBCS) 

The NBCS is an ongoing case-control study of breast cancer in Ibadan, Nigeria initiated in 

1998.11,12 Breast cancer cases were 20 years or older, ascertained at the University College 

Hospital, Ibadan, which is the oldest tertiary hospital in Nigerian with a catchment population of 

approximate three million. Controls were recruited from a randomly selected community in one 

of the communities adjoining the hospital. The majority of the study subjects were Yoruba and 
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Yoruba is one of the populations selected by the International HapMap Project to represent 

African continent. After quality control, new MEGA genotyping data included 695 cases and 

376 controls from NBCS. 

 

2.7 Northern California Breast Cancer Family Registry (NC-BCFR) 

Incident breast cancer cases included women aged <65 years, identified through the SEER 

cancer registry of the Greater San Francisco Bay Area (diagnoses 1995-2009) and the 

Sacramento region (diagnoses 2005-2006).13,14 All cases with indicators of inherited breast 

cancer were included. Among cases aged 35-64 years without such indicators, cases from racial 

and ethnic minority populations were oversampled. Controls were identified through random-

digit dialing and frequency matched to cases diagnosed from 1995-1998 on 5-year age group and 

race/ethnicity, at a ratio of one control per two cases. In the MEGA genotyping data, controls 

from SCCS were selected by frequently matched on age. After quality control, new MEGA 

genotyping data included 185 cases from NC-BCFR and 213 controls matched from SCCS. 

 

 

2.8 New York University Women’s Health Study (NYUWHS) 

The NYUWHS is a cohort study which enrolled 14,274 women aged 34 to 65 years attending 

Guttman Breast Diagnostic Institute in New York City for yearly screening from 1985 to 

1991.15,16 Self-administered questionnaires were used to collect demographic, medical, 

anthropometric, reproductive, and dietary. Non-fasting peripheral venous blood was drawn prior 

to breast examination and serum samples were stored at -80°C for subsequent biochemical 

analyses. Up until 1991, women who returned to the clinic for annual breast cancer screening 

were asked to donate blood at each of their visits. Cases were breast cancer patients arising from 

in the cohort, and controls were women selected from the same cohort who were not diagnosed 

with breast cancer and matched to cases on age and follow up time. After quality control, new 

MEGA genotyping data included 72 cases and 58 controls from NYUWHS. 

 

2.9 Women’s Circle of Health Study (WCHS) 

The WCHS is a case-control study established in 2003 in the New York City metropolitan areas, 

and beginning in 2006, from 10 counties in New Jersey.17 Eligible cases included women who 

were diagnosed with invasive breast cancer between 20 and 75 years of age and self-identified as 

European-American or African-American. Controls were initially identified through random 

digit dialing and were matched to cases by self-reported race and 5-year age categories. From 

2009-2012, controls were recruited through community events, particularly through churches.18 

After quality control, new MEGA genotyping data included 1,326 cases and 851 controls from 

WCHS. 

 

2.10 Black Women’s Health Study (BWHS) 

The BWHS is a prospective cohort study which recruited approximately 59,000 African 

American women, aged 21-60 years, from all regions of the United States since 1995.19 

Participants were enrolled by completing a postal health questionnaire and were followed by 

mail questionnaires every two years. DNA samples were obtained from BWHS participants 

(26,800 women) by the mouthwash-swish method with all samples stored in freezers at −80°C. 

After quality control, new MEGA genotyping data included 1,282 cases and 1,879 controls from 

BWHS.  
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2.11 Multiethnic Cohort Study (MEC) 

The MEC has been described above. In the MEGA genotyping data, cases were from MEC and 

controls were from African American Eye Disease Study (AFEDS). The AFEDS is a population-

based cohort study conducted from April 2014 to April 2018 including 6,347 African American 

adults, 40 years of age and older residing in 32 census tracts in and around Inglewood, CA 

within Los Angeles County. The participation rate for eligible residents who completed the 

clinical examination and home interview was 80% (6,347 of 7,957 eligible). While the study was 

conducted to fill the gaps in our understanding of vision health in African American adults, 

selection was independent of eye health.  Biological samples included a blood draw and/or a 

saliva sample depending on the selection by the participant after informed consent was 

completed.  Data on demographic and behavioral characteristics, medical and ocular history, 

insurance status and access to care were collected, and a comprehensive eye examination was 

conducted.  Detailed methods have been published elsewhere.20 A random sample of female 

participants from the cohort were selected for inclusion in the AABCGS genetic study based on 

number of budgeted tests (N=969). Women with a self-reported history of breast cancer were 

excluded. The mean age of the genotyping set was 57.8 years (SD=10.0) with a minimum age of 

40 and a maximum age of 83 years. Of the 969 participants, 4.3% had less than a high school 

education, 17.4% had a high school education, 38.5% had some college education, and 37% had 

a college degree or higher (2.8% not reported). After quality control, the MEGA genotyping data 

included 1,194 cases from MEC and 914 controls from AFEDS. 

 

3. African American Breast Cancer Epidemiology and Risk (AMBER) consortium 

 

The AMBER is a collaboration of four studies: the Women’s Circle of Health Study (WCHS), 

the Black Women’s Health Study (BWHS), the Carolina Breast Cancer Study (CBCS), and the 

Multiethnic Cohort Study (MEC) funded by the National Cancer Institute. In the AMBER phase 

2, a total of 4,224 study samples were genotyped by MEGA chip and a set of custom variants 

selected from breast cancer candidate loci at the Center for Inherited Disease Research at Johns 

Hopkins University. 

 

3.1 Carolina Breast Cancer Study (CBCS) 

The CBCS is a population-based case-control study conducted in 24 counties of central and 

eastern North Carolina.21 From 1993 to 2001, it recruited women aged between 20 and 74 years 

and diagnosed with invasive breast cancer. African-American women and women aged less than 

50 years were oversampled. Cases were identified by rapid case ascertainment system in 

cooperation with the North Carolina Central Cancer Registry. Controls were selected from the 

North Carolina Division of Motor Vehicle (for women younger than 65 years) and United States 

Health Care Financing Administration (for women aged 65 and older). Controls were 

approximately frequency matched to cases by age and race. Blood samples were collected from 

participants with consent. After quality control, we included 602 cases and 1 control of African 

ancestry from CBCS in the AMBER phase2.  

 

3.2 Women’s Circle of Health Study (WCHS) 

The WCHS has been described above. After quality control, we included 472 cases and 243 

controls of African ancestry from WCHS in the AMBER phase2.  
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3.3 Black Women’s Health Study (BWHS) 

The BWHS has been described above. After quality control, we included 307 cases and 2,098 

controls of African ancestry from BWHS in the AMBER phase2.  

 

 

4. The GWAS of Breast Cancer in the African Diaspora (ROOT) consortium 

 

The ROOT consortium consists of samples from NBCS, BNCS, RVGBC, CCPS, BBCS, and 

SCCS. The samples in ROOT consortium were genotyped using the Illumina HumanOmni2.5-

8v1 array.  

 

4.1 Baltimore Breast Cancer Study (BBCS) 

The BBCS is a case control study of breast cancer designed to identify and characterize markers 

of disease aggressiveness and poor outcome. From 1993 to 2003, incident breast cancer cases 

and controls were recruited from six hospitals in the greater Baltimore area, including the 

University of Maryland Medical Center, the Baltimore Veterans Affairs Medical Center, Union 

Memorial Hospital, Mercy Medical Center, and the Sinai Hospital. Controls were frequency 

matched to cases by race and age. After quality control, we included 94 cases and 102 controls of 

African ancestry from BBCS in the ROOT consortium. 

 

4.2 Barbados National Cancer Study (BNCS) 

The BNCS is a population-based case-control study of incident breast and prostate cancer in the 

predominantly African population of Barbados, West Indies.22 Breast cancer cases were 

histologically confirmed incident cases identified through the only pathology department on the 

island, located at the Queen Elizabeth Hospital, between July 2002 and March 2006. Controls 

were selected from a national database provided by the Barbados Statistical Services 

Department, and were frequency matched to breast cancer cases at a 2:1 ratio and by 5-year age 

groups. Blood samples were collected from participants. After quality control, we included 92 

cases and 227 controls of African ancestry from BNCS in the ROOT consortium. 

 

4.3 Racial Variability in Genotypic Determinants of Breast Cancer Risk Study (RVGBC) 

RVGBC is a hospital-based case-control study conducted in Philadelphia and Detroit 

metropolitan areas from 1999 to 2003. Breast cancer cases were identified in the University of 

Pennsylvania Health System and Karmanos Cancer Institute. Local advertisement was also put to 

recruit breast cancer cases living in the Philadelphia and Detroit area. Controls were recruited in 

the same way as cases except that they did not have breast cancer. Patients with breast cancer 

had to be diagnosed within 18 months of recruitment and have invasive ductal cancer. The study 

over-sampled women diagnosed with breast cancer under age of 40 years. After quality control, 

we included 143 cases and 254 controls of African ancestry from BNCS in the ROOT 

consortium. 

 

4.4 Chicago Cancer Prone Study (CCPS) 

The CCPS has been described above. After quality control, we included 365 cases and 376 

controls of African ancestry from CCPS in the ROOT consortium. 
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4.5 Nigerian Breast Cancer Study (NBCS) 

The NBCS has been described above. After quality control, we included 702 cases and 602 

controls of African ancestry from NBCS in the ROOT consortium. 

 

4.6 Southern Community Cohort Study (SCCS) 

The SCCS has been described above. After quality control, we included 126 cases and 323 

controls of African ancestry from SCCS in the ROOT consortium. 

 

 

5. The African American Breast Cancer (AABC) consortium 

 

The AABC consortium consists of samples from NBHS, NC-BCFR, CARE, CBCS, MEC, 

PLCO, SFBCS, WCHS, and WFBC. The samples in AABC consortium were genotyped using 

IlluminaHuman1M-Duo BeadChip. 

 

5.1 The Los Angeles component of the Women’s Contraceptive and Reproductive 

Experiences Study (CARE) 

The Women's CARE Study is a large multi-center population-based case-control study 

sponsored by the National Institute of Child Health and Human Development (NICHD).23 It was 

designed to examine the effects of oral contraceptive use on invasive breast cancer risk. Cases 

diagnosed with breast cancer between 34 and 64 years of age were recruited in five U.S. 

locations (Atlanta, Detroit, Los Angeles, Philadelphia, and Seattle). Cases in Los Angeles 

County were diagnosed from July 1, 1994 through April 30, 1998, and controls were sampled by 

random-digit dialing from the same population and time period. After quality control, we 

included 254 cases and 204 controls of African ancestry from CARE in the AABC consortium. 

 

5.2 The Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) 

The PLCO is a multicenter, two-armed, randomized trial designed to evaluate the screening 

efficacy for prostate, lung, colorectal and ovarian cancer.24 It recruited approximately 155,000 

men and women, aged 55-74 years, from 1993 to 2001. After quality control, we included 24 

cases and 68 controls of African ancestry from PLCO in the AABC consortium. 

 

5.3 San Francisco Bay Area Breast Cancer Study (SFBCS) 

The SFBCS is a population-based case control study of invasive breast cancer in Hispanic, 

African American and non-Hispanic White women in the San Francisco Bay Area.25 From 1995 

to 2003, women aged 35–79 years, diagnosed with a first primary invasive breast cancer were 

identified through the California population-based Greater Bay Area Cancer Registry. Population 

controls were identified through random digit dialing. After quality control, we included 157 

cases and 210 controls of African ancestry from SFBCS in the AABC consortium. 

 

5.4 Wake Forest University Breast Cancer Study (WFBC) 

The WFBC is a clinic-based case-control study at Wake Forest University Health Sciences from 

1998 to 2008.26,27 Incident breast cancer cases were recruited at the Wake Forest University 

Breast Care Center. Controls were recruited from the patient population receiving routine 

mammography at the Outpatient Radiology-Breast Screening Center. Blood samples (20 ml) 
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were collected from all study subjects. After quality control, we included 113 cases and 138 

controls of African ancestry from WGBC in the AABC consortium. 

 

5.5 Nashville Breast Health Study (NBHS) 

The NBHS has been described above. After quality control, we included 255 cases and 161 

controls of African ancestry from NBHS in the AABC consortium. 

 

5.6 Northern California Breast Cancer Family Registry (NC-BCFR) 

The NC-BCFR has been described above. After quality control, we included 383 cases and 48 

controls of African ancestry from NC-BCFR in the AABC consortium. 

 

5.7 Carolina Breast Cancer Study (CBCS) 

The CBCS has been described above. After quality control, we included 614 cases and 570 

controls of African ancestry from CBCS in the AABC consortium. 

 

5.8 Multiethnic Cohort Study (MEC) 

The MEC has been described above. After quality control, we included 578 cases and 888 

controls of African ancestry from MEC in the AABC consortium. 

 

5.9 Women’s Circle of Health Study (WCHS) 

The WCHS has been described above. After quality control, we included 63 cases and 21 

controls of African ancestry from WCHS in the AABC consortium. 

 

 

6. Ghana Breast Health Study (GBHS) 

 

The GBHS has been described above. The GBHS samples were genotyped using Infinium 

Global Screening Array-24. After quality control, we included 660 cases and 1,496 controls of 

African ancestry from GBHS genotyping data.  

 

 

7. Genetic Associations and Mechanisms in Oncology (GAME-ON) OncoArray consortium 

 

The GAME-ON OncoArray consortium consists of samples from NBHS, CBCS, NC-BCFR, 

MEC, PLCO, 2SISTER, SISTER, USRT, and WAABCS. The samples in GAME-ON 

OncoArray consortium were genotyped using the Infinium OncoArray-500k BeadChip.  

 

7.1 The Sister Study (SISTER) 

The Sister Study is a prospective cohort study designed address genetic and environmental risk 

factors for breast cancer by the National Institute of Environmental Health Sciences. From 2003 

through 2009, 50,884 U.S. and Puerto Rican women were recruited through a national 

multimedia campaign and network of recruitment volunteers, breast cancer professionals, and 

advocates. Participants were women aged 35 to 74 years and had a sister diagnosed with breast 

cancer.28 At enrollment, participants completed baseline questionnaires on medical and family 

history, lifestyle factors, and demographics. Blood samples were collected during a home visit by 

trained phlebotomists and shipped overnight to the Sister Study laboratory where they were 
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processed to obtain serum and stored at −80°C. After quality control, we included 130 cases and 

163 controls of African ancestry from SISTER in the OncoArray consortium.  

 

7.2 The Two Sister Study (2SISTER) 

The Two Sister Study is a family-based retrospective study developed from the Sister Study. The 

Two Sister Study recruited the case sisters in the Sister Study who were diagnosed within 4 years 

and had been younger than age 50 years at diagnosis.29 After quality control, we included 42 

cases of African ancestry from 2SISTER in the OncoArray consortium. 

 

7.3 The United States Radiologic Technologists (USRT) cohort 

The USRT is a cohort study for cancer incidence and mortality which recruited approximately 

140,00 U.S. radiologic technologists who were certified for at least two years between 1926 and 

1982.30 Breast cancer cases were confirmed based on pathology or medical records. After quality 

control, we included 26 cases and 38 controls of African ancestry from USRT in the OncoArray 

consortium. 

 

7.4 Women of African Ancestry Breast Cancer Study (WAABCS) 

The WAABCS is a hospital-based case-control study originally started in Nigeria in 1998 and 

was expanded to Uganda and Cameroon in 2011 with the same questionnaires and protocol.31,32 

After quality control, we included 308 cases and 292 controls of African ancestry from 

WAABCS in the OncoArray consortium. 

 

7.5 Nashville Breast Health Study (NBHS) 

The NBHS has been described above. After quality control, we included 51 cases and 53 

controls of African ancestry from NBHS in the OncoArray consortium. 

 

7.6 Carolina Breast Cancer Study (CBCS) 

The CBCS has been described above. After quality control, we included 614 cases and 570 

controls of African ancestry from CBCS in the OncoArray consortium. 

 

7.7 Northern California Breast Cancer Family Registry (NC-BCFR) 

The NC-BCFR has been described above. After quality control, we included 69 cases of African 

ancestry from NC-BCFR in the OncoArray consortium 

 

7.8 Multiethnic Cohort Study (MEC) 

The MEC has been described above. After quality control, we included 605 cases and 607 

controls of African ancestry from MEC in the OncoArray consortium. 

 

7.9 The Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) 

The PLCO has been described above. After quality control, we included 24 cases and 68 controls 

of African ancestry from PLCO in the OncoArray consortium. 

 

 

8. The Vanderbilt Biobank (BioVU) 
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The DNA biobank at Vanderbilt University consists of DNA extracted from blood collected 

during routine clinical testing and linked de-identified medical records.33,34 Samples from more 

than 90,000 individuals were genotyped using the Illumina MEGA-Ex chip. Breast cancer cases 

were identified from the electronic medical record systems. In this study, we only kept adult 

participants of African ancestry. After quality control, we included 118 cases and 2,600 controls 

of African ancestry from BioVU. In addition, 356 controls of African ancestry from BioVU were 

selected and frequently matched on with cases from BEST study. 

 

9. Black Women: Etiology and Survival of Triple-negative Breast Cancers (BEST) Study 

The BEST is a case-only study which recruited African-ancestry women who were diagnosed 

with invasive breast cancer at age ≤50 years between 2009 and 2012 and lived in Florida at the 

time of their diagnosis.35 Breast cancer cases were identified through the Florida Cancer 

Registry. Participants provided a saliva sample through mail for DNA extraction and BRCA 

testing.  

 

The BEST samples were genotyped using the Infinium OncoArray-500k BeadChip. Controls 

from BioVU were selected to match cases from BEST by age. Given that different genotyping 

arrays were used for BEST and BioVU samples, we only kept genotyped variants shared by both 

arrays. Other criteria of quality control were the same as MEGA genotyping samples. After 

quality control, we included 359 cases from BEST and 356 controls matched from BioVU.  

 

10. Data from Collaborative Oncological Gene-environment Study (iCOGS) 

NBHS and SCCS (have been described above) contributed some samples in the iCOGS. Samples 

were genotyped using the Illumina iSelect Genotyping Array. After quality control and 

excluding the overlapped samples, we included 19 cases and 42 controls from NBHS, 44 cases 

and 251 controls from SCCS in iCOGS.  
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Appendix 2: Known risk loci replicated in African-ancestry women. 

Variant CHR 
Position 

(bd38) 
Allelea EAF Beta SE P Index variant 

LD in 

EUR (r2) 

rs2506885 1 10520994 A/T 0.89 0.06 0.03 0.03 rs2506885 1  

rs34167614 1 17401576 A/G 0.12 -0.06 0.02 0.02 rs6586541 0.90 

rs7515948 1 41613375 T/G 0.40 -0.05 0.02 1.3810-3 rs10749837 0.97 

rs2066319 1 50994608 A/C 0.59 0.03 0.02 0.05 rs11588271 0.96 

rs12118297 1 87313534 T/G 0.19 -0.04 0.02 0.05 rs12118297 1  

rs56747346 1 155551443 A/G 0.15 0.05 0.02 0.05 rs12091730 0.75 

rs6427303 1 156181635 T/G 0.43 -0.03 0.02 0.08 rs11264454 0.96 

rs67931591 1 215156949 G/GCTGAGGCAGGAGA 0.29 -0.04 0.02 0.03 rs67931591 1  

rs12075072 1 217029330 T/C 0.74 0.04 0.02 0.01 rs11117758 0.99 

rs11684853 2 19111157 T/G 0.41 -0.05 0.02 3.6810-3 rs11684853 1  

rs10637593 2 25176684 CTG/C 0.41 0.04 0.02 0.02 rs10637593 1  

rs56158184 2 28973050 T/C 0.91 0.06 0.03 0.02 rs56158184 1  

rs727477 2 40299988 T/G 0.41 0.04 0.02 0.01 rs727477 1  

rs1430782 2 67647946 A/C 0.67 -0.03 0.02 0.06 rs9712235 0.99 

rs6757464 2 69183301 C/G 0.85 0.05 0.02 0.03 rs62134416 0.73 

rs3833441 2 111168154 CTTATGTT/C 0.79 -0.04 0.02 0.04 rs73954922 0.97 

rs12711947 2 120486696 T/C 0.30 -0.10 0.02 4.1610-8 rs12711947 1  

rs2010610 2 173346180 C/G 0.29 -0.04 0.02 0.03 rs2010610 1  

rs3769821 2 201258707 T/C 0.41 -0.05 0.02 3.6710-3 rs3769821 1  

rs4442975 2 217056046 T/G 0.33 -0.09 0.02 2.7510-7 rs4442975 1  

rs16857609 2 217431785 T/C 0.25 0.06 0.02 5.8210-4 rs16857609 1  

rs4266007 2 226370592 A/G 0.45 -0.07 0.02 2.3210-6 rs12479355 0.80 

rs6762558 3 4700567 A/G 0.70 -0.08 0.02 5.0010-6 rs6762558 1  

rs9868094 3 16730246 A/G 0.32 0.04 0.02 0.01 rs9868094 1  

rs1352944 3 27332610 A/C 0.10 -0.06 0.03 0.04 rs552647 0.97 

rs35263707 3 30642605 A/G 0.32 0.04 0.02 0.02 rs12493607 0.92 
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rs6787229 3 46847697 A/G 0.25 -0.05 0.02 0.01 rs559989662 0.98 

rs55917937 3 63909153 A/C 0.56 -0.03 0.02 0.03 rs73117066 0.72 

rs11714337 3 71533370 A/G 0.11 -0.06 0.03 0.03 rs6805189 0.75 

rs9833888 3 100004736 T/G 0.09 0.08 0.03 0.01 rs9833888 1  

rs75942495 3 150760090 A/G 0.18 -0.04 0.02 0.04 rs73006998 0.92 

rs75575928 3 172560023 T/C 0.16 0.05 0.02 0.02 rs62282635 0.93 

rs16342 4 1983005 T/TAACA 0.80 -0.04 0.02 0.08 rs495367 0.92 

rs28713645 4 174923380 T/G 0.53 0.03 0.02 0.07 rs7697216 1  

rs6863730 5 324888 T/G 0.45 0.04 0.02 0.01 rs62641919 0.94 

rs2853669 5 1295234 A/G 0.88 0.13 0.02 2.5710-7 rs2853669 1  

rs4702131 5 16233510 T/C 0.79 0.05 0.02 0.01 rs4702131 1  

rs4866905 5 44555765 T/C 0.38 0.03 0.02 0.05 rs7710996 0.99 

rs930395 5 44822356 A/G 0.19 0.04 0.02 0.03 rs10941679 0.76 

rs59957907 5 56731413 A/G 0.82 -0.07 0.02 4.9710-4 rs59957907 1  

rs35712350 5 91383702 T/C 0.45 -0.04 0.02 0.01 rs1895449 0.97 

rs2522057 5 132466255 C/G 0.86 -0.06 0.02 0.01 rs2522057 1  

rs1432679 5 158817075 T/C 0.19 -0.10 0.02 5.7410-7 rs1432679 1  

rs58242049 5 170144460 A/G 0.18 0.05 0.02 0.01 rs56234354 0.97 

rs405447 6 13712867 A/G 0.32 0.04 0.02 0.01 rs405447 1  

rs10484439 6 26309680 A/G 0.13 -0.05 0.02 0.02 rs71557345 0.74 

rs12207986 6 80384570 A/G 0.10 0.05 0.03 0.09 rs1836962 0.98 

rs9383590 6 151632630 T/C 0.97 -0.19 0.05 3.6310-5 rs60954078 0.89 

rs910416 6 152111767 T/C 0.54 0.06 0.02 3.6010-4 rs910416 1  

rs2516603 6 167973374 C/G 0.98 -0.11 0.06 0.09 rs3778663 1  

rs6940159 6 170017397 T/C 0.41 -0.03 0.02 0.06 rs6940159 1  

rs17167582 7 13850781 T/C 0.44 0.03 0.02 0.03 rs17167576 0.71 

rs10273849 7 92107807 T/C 0.47 -0.03 0.02 0.03 rs2075881 1  

rs35818859 7 94573736 A/T 0.92 -0.05 0.03 0.10 rs2188648 0.90 
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rs68056147 7 130989722 A/G 0.11 0.10 0.03 6.8210-4 rs68056147 1  

rs11977670 7 140242504 A/G 0.27 0.05 0.02 0.01 rs11977670 1  

rs310291 8 23801998 A/G 0.57 0.04 0.02 0.03 rs310291 1  

rs13256025 8 25974262 T/C 0.07 0.08 0.03 0.01 rs13256025 1  

rs7463114 8 29649578 T/C 0.39 0.05 0.02 1.2810-3 rs7463114 1  

rs7816345 8 36988591 T/C 0.40 -0.03 0.02 0.03 rs75772194 0.99 

rs72658071 8 75393550 A/T 0.94 -0.14 0.03 4.5410-5 rs72658071 1  

rs2860518 8 100225892 T/G 0.46 0.03 0.02 0.08 rs2849506 0.94 

rs13277568 8 115667320 A/G 0.22 0.04 0.02 0.07 rs13277568 1  

rs58847541 8 123597926 A/G 0.30 0.04 0.02 0.01 rs58847541 1  

rs10096351 8 127359926 A/G 0.38 -0.04 0.02 0.01 rs10096351 1  

rs1121948 8 128152810 A/G 0.76 -0.05 0.02 0.01 rs1121948 1  

rs9942894 9 104152624 A/G 0.24 -0.05 0.02 0.01 rs10820600 0.99 

rs60037937 9 107541527 T/TAA 0.17 0.05 0.02 0.02 rs60037937 1  

rs7862747 9 108130619 A/C 0.77 0.04 0.02 0.04 rs7862747 1  

rs4455975 9 126620920 A/G 0.21 0.03 0.02 0.09 rs10760444 0.99 

rs68088353 10 9048153 T/C 0.88 -0.06 0.02 0.01 rs35781392 0.82 

rs6482189 10 21600209 A/G 0.59 0.03 0.02 0.04 rs7098100 0.74 

rs10995187 10 62513267 A/G 0.07 -0.06 0.03 0.08 rs10995201 0.94 

rs704010 10 79081391 T/C 0.09 0.06 0.03 0.04 rs704010 1  

rs12250948 10 113368732 T/C 0.75 0.06 0.02 9.0510-4 rs12250948 1  

rs9420318 10 121333668 A/G 0.52 -0.04 0.02 0.01 rs9420318 1  

rs2981579 10 121577821 A/G 0.61 0.07 0.02 5.8210-6 rs2981579 1  

rs588321 11 1875727 C/G 0.20 -0.04 0.02 0.04 rs588321 1  

rs10838267 11 44347342 A/G 0.14 0.05 0.02 0.03 rs4755816 0.94 

rs78540526 11 69516650 T/C 0.01 0.16 0.08 0.03 rs78540526 1  

rs228606 11 108217120 T/G 0.16 -0.05 0.02 0.04 rs199504893 0.98 

rs145400227 11 116960788 CAGTAAA/C 0.11 0.06 0.03 0.01 rs36028244 0.85 
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rs10894076 11 129593165 T/C 0.82 0.05 0.02 0.02 rs10894076 1  

rs7297051 12 28021884 T/C 0.13 -0.06 0.02 0.01 rs7297051 1  

rs17356907 12 95633983 A/G 0.81 0.06 0.02 4.6810-3 rs17356907 1  

rs1292011 12 115398717 A/G 0.55 0.03 0.02 0.09 rs1292011 1  

rs61962260 13 50508668 A/G 0.05 -0.06 0.04 0.09 rs2286657 0.99 

rs12883049 14 36662856 A/G 0.81 0.07 0.02 6.8810-4 rs12881240 0.84 

rs371902365 14 68209961 CTTT/C 0.77 -0.04 0.02 0.08 rs1744947 0.99 

rs11628293 14 68570603 A/G 0.95 0.08 0.04 0.05 rs10483813 0.88 

rs4983544 14 104747641 T/G 0.13 -0.05 0.02 0.04 rs4983544 1  

rs12900028 15 74373686 C/G 0.13 0.05 0.02 0.04 rs1484216 0.73 

rs6938 15 74843920 C/G 0.83 -0.08 0.02 7.2910-4 rs1869959 0.78 

rs4486847 15 75436190 C/G 0.45 0.07 0.02 2.6610-5 rs8035987 0.93 

rs2290203 15 90968837 A/G 0.42 -0.06 0.02 4.2410-4 rs2290203 1  

rs4784227 16 52565276 T/C 0.07 0.23 0.03 1.6010-12 rs4784227 1  

rs7190396 16 53788590 T/G 0.53 0.08 0.02 1.8310-6 rs62048402 0.93 

rs3893264 16 54649890 T/C 0.82 -0.05 0.02 0.02 rs16953806 0.81 

rs76535198 16 71858595 A/C 0.91 0.08 0.03 0.01 rs76535198 1  

rs8056731 16 80615933 A/G 0.44 -0.06 0.02 5.4710-4 rs12446424 0.87 

rs9898886 17 55172318 A/G 0.63 0.03 0.02 0.05 rs244373 0.81 

rs521667 18 26758515 A/C 0.16 -0.05 0.02 0.02 rs527616 0.94 

rs2307561 18 26923542 A/AAGTGTT 0.25 -0.04 0.02 0.03 rs2307561 1  

rs72931898 18 32401563 A/G 0.15 -0.09 0.02 3.4910-5 rs72931898 1  

rs9954058 18 44831838 C/G 0.31 -0.05 0.02 3.1510-3 rs9954058 1  

rs4609972 19 17280108 C/G 0.42 -0.09 0.02 4.5510-9 rs4609972 1  

rs76194 19 18519770 T/G 0.24 0.03 0.02 0.07 rs8105994 0.96 

rs56681946 19 43778879 T/C 0.77 -0.06 0.02 2.3610-3 rs56681946 1  

rs1319363 20 33954070 A/T 0.82 -0.06 0.02 4.7310-3 rs2284378 0.95 

rs6020465 20 50346469 A/G 0.71 -0.04 0.02 0.02 rs6012911 0.99 
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rs531874019 20 53677557 G/GT 0.90 -0.07 0.03 0.01 rs531874019 1  

rs11088317 21 15201802 T/C 0.06 -0.09 0.04 0.01 rs2403907 0.90 

rs12628403 22 38962032 A/C 0.98 -0.14 0.06 0.01 rs12628403 1  

rs73167066 22 40477714 T/C 0.98 -0.15 0.06 0.02 rs66987842 0.80 

Abbreviations: CHR, chromosome; EAF, effect allele frequency; EUR, European-ancestry populations; LD, linkage disequilibrium; SE, standard error.  

a. Effect allele/other allele. 
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Appendix 3: Associations of selected variants used for risk score in African-ancestry women. 

Variant CHR Position (bd38) Allelea EAF Beta Se P Index variant 
LD in 

EUR (r2) 

rs2506885b 1 10520994 A/T 0.89 0.05 0.03 0.04 rs2506885 1  

rs12375c 1 10536284 T/C 0.10 -0.06 0.03 0.02 rs2506885 0.70 

rs34167614 1 17401576 A/G 0.12 -0.06 0.03 0.02 rs6586541 0.90 

rs7515948 1 41613375 T/G 0.40 -0.05 0.02 1.99E-03 rs10749837 0.97 

rs1707302 1 46135245 A/G 0.39 -0.03 0.02 0.08 rs1707302 1  

rs2066319 1 50994608 A/C 0.59 0.03 0.02 0.03 rs11588271 0.96 

rs11264372 1 155443139 A/G 0.84 -0.05 0.02 0.04 rs12091730 0.87 

rs6427303 1 156181635 T/G 0.43 -0.03 0.02 0.07 rs11264454 0.96 

rs67931591 1 215156949 G/GCTGAGGCAGGAGA 0.29 -0.03 0.02 0.05 rs67931591 1  

rs12075072 1 217029330 T/C 0.74 0.04 0.02 0.02 rs11117758 0.99 

rs11684853 2 19111157 T/G 0.41 -0.04 0.02 0.01 rs11684853 1  

rs10637593 2 25176684 CTG/C 0.41 0.03 0.02 0.04 rs10637593 1  

rs56158184 2 28973050 T/C 0.91 0.05 0.03 0.07 rs56158184 1  

rs727477 2 40299988 T/G 0.41 0.04 0.02 0.03 rs727477 1  

rs1430782 2 67647946 A/C 0.67 -0.03 0.02 0.04 rs9712235 0.99 

rs6757464 2 69183301 C/G 0.85 0.05 0.02 0.05 rs62134416 0.73 

rs3833441 2 111168154 CTTATGTT/C 0.79 -0.03 0.02 0.09 rs73954922 0.97 

rs76664032 2 118823485 A/G 0.81 0.07 0.02 3.62E-04 Sentinel in aim 1 NA 

rs6750813 2 120501624 T/C 0.17 -0.12 0.02 7.51E-09 Sentinel in aim 1 NA 

rs2010610 2 173346180 C/G 0.29 -0.05 0.02 0.01 rs2010610 1  

rs3769821 2 201258707 T/C 0.42 -0.05 0.02 1.63E-03 rs3769821 1  

rs2372943 2 217039053 A/G 0.14 -0.12 0.02 3.31E-07 Sentinel in aim 1 NA 

rs16857609 2 217431785 T/C 0.25 0.06 0.02 8.61E-04 rs16857609 1  

rs4266007 2 226370592 A/G 0.45 -0.07 0.02 1.03E-05 rs12479355 0.80 

rs6762558 3 4700567 A/G 0.70 -0.07 0.02 4.26E-05 rs6762558 1  

rs9868094 3 16730246 A/G 0.32 0.05 0.02 0.01 rs9868094 1  
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rs1352944 3 27332610 A/C 0.10 -0.06 0.03 0.05 rs552647 0.97 

rs35263707 3 30642605 A/G 0.32 0.04 0.02 0.01 rs12493607 0.92 

rs6787229 3 46847697 A/G 0.25 -0.04 0.02 0.02 rs559989662 0.98 

rs9833888 3 100004736 T/G 0.09 0.08 0.03 4.22E-03 rs9833888 1  

rs75942495 3 150760090 A/G 0.18 -0.04 0.02 0.04 rs73006998 0.92 

rs75575928 3 172560023 T/C 0.16 0.05 0.02 0.03 rs62282635 0.93 

rs16342d 4 1983005 T/TAACA 0.80 -0.04 0.02 0.08 rs495367 0.92 

rs61751053  4 105613442 T/C 0.01 0.40 0.07 1.22E-08 Sentinel in aim 1 NA 

rs6826366 4 174924959 A/G 0.47 -0.03 0.02 0.09 rs7697216 1  

rs6863730 5 324888 T/G 0.45 0.03 0.02 0.05 rs62641919 0.94 

rs10069690 5 1279675 T/C 0.61 0.13 0.02 1.92E-16 Sentinel in aim 1 NA 

rs4702131 5 16233510 T/C 0.79 0.05 0.02 0.02 rs4702131 1  

rs4866905 5 44555765 T/C 0.38 0.03 0.02 0.04 rs7710996 0.99 

rs930395 5 44822356 A/G 0.19 0.05 0.02 0.03 rs10941679 0.76 

rs59957907 5 56731413 A/G 0.82 -0.07 0.02 5.54E-04 rs59957907 1  

rs35712350 5 91383702 T/C 0.45 -0.05 0.02 4.84E-03 rs1895449 0.97 

rs2522057 5 132466255 C/G 0.86 -0.06 0.02 0.01 rs2522057 1  

rs1432679 5 158817075 T/C 0.19 -0.10 0.02 8.82E-07 rs1432679 1  

rs58242049 5 170144460 A/G 0.18 0.05 0.02 0.01 rs56234354 0.97 

rs405447 6 13712867 A/G 0.32 0.05 0.02 4.58E-03 rs405447 1  

rs10484439 6 26309680 A/G 0.13 -0.05 0.02 0.02 rs71557345 0.74 

rs12207986 6 80384570 A/G 0.10 0.05 0.03 0.07 rs1836962 0.98 

rs35240111 6 151729388 C/G 0.34 0.09 0.02 1.25E-08 Sentinel in aim 1 NA 

rs910416 6 152111767 T/C 0.54 0.06 0.02 1.73E-04 rs910416 1  

rs2516603 6 167973374 C/G 0.98 -0.11 0.07 0.08 rs3778663 1  

rs6940159 6 170017397 T/C 0.41 -0.03 0.02 0.08 rs6940159 1  

rs17167582 7 13850781 T/C 0.44 0.04 0.02 0.02 rs17167576 0.71 

rs10273849 7 92107807 T/C 0.47 -0.03 0.02 0.04 rs2075881 1  
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rs35818859d 7 94573736 A/T 0.92 -0.05 0.03 0.09 rs2188648 0.90 

rs68056147d 7 130989722 A/G 0.11 0.11 0.03 1.12E-04 rs68056147 1  

rs11977670 7 140242504 A/G 0.27 0.05 0.02 0.01 rs11977670 1  

rs7822515 8 206504 A/G 0.18 0.04 0.02 0.04 rs116426014 0.81 

rs310291 8 23801998 A/G 0.57 0.03 0.02 0.03 rs310291 1  

rs13256025 8 25974262 T/C 0.07 0.07 0.03 0.02 rs13256025 1  

rs7463114 8 29649578 T/C 0.39 0.05 0.02 2.02E-03 rs7463114 1  

rs7816345 8 36988591 T/C 0.40 -0.04 0.02 0.01 rs75772194 0.99 

rs72658071 8 75393550 A/T 0.94 -0.13 0.03 1.07E-04 rs72658071 1  

rs2860518 8 100225892 T/G 0.46 0.03 0.02 0.08 rs2849506 0.94 

rs58847541 8 123597926 A/G 0.30 0.04 0.02 0.01 rs58847541 1  

rs13279803 8 123738281 T/C 0.30 0.03 0.02 0.09 rs13279803 1  

rs10096351 8 127359926 A/G 0.38 -0.04 0.02 0.01 rs10096351 1  

rs1121948 8 128152810 A/G 0.77 -0.05 0.02 0.01 rs1121948 1  

rs9942894 9 104152624 A/G 0.24 -0.04 0.02 0.02 rs10820600 0.99 

rs60037937 9 107541527 T/TAA 0.17 0.05 0.02 0.01 rs60037937 1  

rs7862747 9 108130619 A/C 0.77 0.04 0.02 0.02 rs7862747 1  

rs68088353 10 9048153 T/C 0.88 -0.06 0.02 0.01 rs35781392 0.82 

rs6482189 10 21600209 A/G 0.59 0.03 0.02 0.04 rs7098100 0.74 

rs10995187 10 62513267 A/G 0.07 -0.06 0.03 0.06 rs10995201 0.94 

rs704010 10 79081391 T/C 0.09 0.05 0.03 0.07 rs704010 1  

rs12250948 10 113368732 T/C 0.75 0.05 0.02 4.87E-03 rs12250948 1  

rs9420318 10 121333668 A/G 0.53 -0.04 0.02 0.01 rs9420318 1  

rs17542768 10 121578300 A/G 0.96 0.22 0.04 2.22E-08 Sentinel in aim 1 NA 

rs588321 11 1875727 C/G 0.20 -0.04 0.02 0.07 rs588321 1  

rs10838267 11 44347342 A/G 0.14 0.06 0.02 0.02 rs4755816 0.94 

rs78540526 11 69516650 T/C 0.01 0.14 0.08 0.08 rs78540526 1  

rs228606 11 108217120 T/G 0.16 -0.04 0.02 0.05 rs199504893 0.98 
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rs145400227 11 116960788 CAGTAAA/C 0.11 0.05 0.03 0.04 rs36028244 0.85 

rs10894076 11 129593165 T/C 0.82 0.05 0.02 0.01 rs10894076 1  

rs7297051d 12 28021884 T/C 0.13 -0.06 0.02 0.02 rs7297051 1  

rs17356907 12 95633983 A/G 0.81 0.05 0.02 0.01 rs17356907 1  

rs1292011 12 115398717 A/G 0.55 0.03 0.02 0.05 rs1292011 1  

rs9530172 13 73240055 A/G 0.07 0.05 0.03 0.10 rs17181761 1.00 

rs4575439 14 36682738 A/G 0.41 -0.07 0.02 1.35E-05 Sentinel in aim 1 NA 

rs739874 14 68507693 A/G 0.95 0.09 0.04 0.02 rs10483813 0.72 

rs72699870 14 92650006 T/C 0.80 0.04 0.02 0.05 rs78440108 0.82 

rs8011461 14 104751584 A/G 0.17 -0.05 0.02 0.02 rs4983544 0.98 

rs12900028 15 74373686 C/G 0.14 0.05 0.02 0.04 rs1484216 0.73 

rs6938 15 74843920 C/G 0.83 -0.07 0.02 1.50E-03 rs1869959 0.78 

rs4486847 15 75436190 C/G 0.45 0.07 0.02 1.19E-05 rs8035987 0.93 

rs2290203 15 90968837 A/G 0.42 -0.06 0.02 4.03E-04 rs2290203 1  

rs4784227 16 52565276 T/C 0.07 0.22 0.03 2.75E-11 Sentinel in aim 1 NA 

rs7190396 16 53788590 T/G 0.53 0.07 0.02 7.95E-06 rs62048402 0.93 

rs3893264 16 54649890 T/C 0.82 -0.05 0.02 0.02 rs16953806 0.81 

rs76535198 16 71858595 A/C 0.91 0.07 0.03 0.02 rs76535198 1  

rs8056731 16 80615933 A/G 0.44 -0.05 0.02 1.79E-03 rs12446424 0.87 

rs551011992d 17 45851263 G/GCACA 0.13 -0.06 0.03 0.03 rs572771346 0.83 

rs35051208 17 54975207 T/C 0.08 -0.08 0.03 0.01 rs244373 0.75 

rs10853615 18 24058545 A/C 0.19 0.08 0.02 1.95E-04 Sentinel in aim 1 NA 

rs521667 18 26758515 A/C 0.16 -0.05 0.02 0.03 rs527616 0.94 

rs2307561 18 26923542 A/AAGTGTT 0.25 -0.04 0.02 0.03 rs2307561 1  

rs16963205 18 32350613 T/C 0.76 0.12 0.02 4.39E-11 Sentinel in aim 1 NA 

rs9954058 18 44831838 C/G 0.31 -0.05 0.02 2.83E-03 rs9954058 1  

rs56069439 19 17283116 A/C 0.24 0.12 0.02 9.07E-12 Sentinel in aim 1 NA 

rs56681946 19 43778879 T/C 0.77 -0.06 0.02 2.73E-03 rs56681946 1  
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rs1319363 20 33954070 A/T 0.82 -0.05 0.02 0.01 rs2284378 0.95 

rs6020465 20 50346469 A/G 0.71 -0.04 0.02 0.02 rs6012911 0.99 

rs531874019 20 53677557 G/GT 0.90 -0.06 0.03 0.04 rs531874019 1  

rs11088317 21 15201802 T/C 0.06 -0.08 0.04 0.03 rs2403907 0.90 

rs12628403d 22 38962032 A/C 0.98 -0.15 0.06 0.01 rs12628403 1  

rs66987842 22 40508703 CT/C 0.88 -0.05 0.02 0.05 rs66987842 1  

Abbreviations: CHR, chromosome; EAF, effect allele frequency; EUR, European-ancestry populations; LD, linkage disequilibrium; SE, standard error.  

a. Effect allele/other allele; b. Unavailable in testing set and rs12375 was used as proxy; c. Proxy for rs2506885; d. Unavailable in testing set. 
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Varianta CHR Position (bd38) Alleleb Betac Includedd 

1_7917076_G_A 1 7857016 A/G -0.04 Yes 

1_10566215_A_G 1 10506158 G/A -0.06 Yes 

1_18807339_T_C 1 18480845 C/T -0.06 Yes 

1_41380440_C_T 1 40914768 T/C 0.04 Yes 

1_41389220_T_C 1 40923548 C/T 0.16 Yes 

1_46670206_TC_T 1 46204534 T/TC 0.04 Yes 

1_51467096_CT_C 1 51001424 C/CT 0.04 No 

1_88156923_G_A 1 87691240 A/G 0.05 Yes 

1_88428199_C_A 1 87962516 A/C -0.04 Yes 

1_100880328_A_T 1 100414772 T/A 0.04 Yes 

1_110198129_CAAA_C 1 109655507 C/CAAA 0.05 No 

1_114445880_G_A 1 113903258 A/G 0.06 Yes 

1_118141492_A_C 1 117598870 C/A 0.05 Yes 

1_120257110_T_C 1 119714487 C/T 0.04 Yes 

1_121280613_A_G 1 121538815 G/A 0.09 Yes 

1_121287994_A_G 1 121546196 G/A -0.07 No 

1_145604302_C_CT 1 145830809 CT/C -0.04 No 

1_149906413_T_C 1 149934520 C/T 0.05 Yes 

1_155556971_G_A 1 155587180 A/G 0.05 Yes 

1_168171052_CA_C 1 168201814 C/CA -0.07 No 

1_172328767_T_TA 1 172359627 TA/T -0.04 No 

1_201437832_C_T 1 201468704 T/C 0.09 Yes 

1_202184600_C_T 1 202215472 T/C -0.01 Yes 

1_203770448_T_A 1 203801320 A/T 0.05 Yes 

1_204502514_T_TTCTGAAACAGGG 1 204533386 TTCTGAAACAGGG/T -0.03 No 

1_208076291_G_A 1 207902946 A/G -0.04 Yes 

1_217053815_T_G 1 216880473 G/T 0.04 Yes 

1_217220574_G_A 1 217047232 A/G -0.04 Yes 

1_220671050_C_T 1 220497708 T/C 0.04 Yes 

1_242034263_A_G 1 241870961 G/A 0.14 Yes 

2_10138983_T_C 2 9998855 C/T 0.06 No 

2_19315675_T_A 2 19115914 A/T -0.03 Yes 

2_25129473_A_G 2 24906604 G/A -0.04 Yes 
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2_29179452_G_C 2 28956586 C/G -0.01 Yes 

2_29615233_T_C 2 29392367 C/T -0.04 Yes 

2_39699510_C_CT 2 39472369 CT/C -0.04 No 

2_70172587_G_A 2 69945455 A/G -0.04 Yes 

2_88358825_G_C 2 88059306 C/G 0.05 Yes 

2_121058254_A_G 2 120300678 G/A -0.03 Yes 

2_121089731_T_C 2 120332155 C/T -0.04 Yes 

2_121159205_G_A 2 120401629 A/G -0.04 Yes 

2_121246568_T_C 2 120488992 C/T 0.10 Yes 

2_172974566_C_G 2 172109838 G/C -0.05 Yes 

2_174212910_A_G 2 173348182 G/A 0.06 Yes 

2_192381934_C_T 2 191517208 T/C 0.03 Yes 

2_202204741_T_C 2 201340018 C/T -0.05 Yes 

2_217920769_G_T 2 217056046 T/G -0.13 Yes 

2_217955896_GA_G 2 217091173 G/GA -0.20 No 

2_218292158_C_G 2 217427435 G/C -0.08 Yes 

2_218714845_G_A 2 217850122 A/G -0.04 Yes 

2_241388857_C_A 2 240449440 A/C -0.12 No 

3_4742251_A_G 3 4700567 G/A 0.06 Yes 

3_27353716_C_A 3 27312225 A/C 0.07 Yes 

3_27388664_C_G 3 27347173 G/C 0.05 Yes 

3_29294845_C_T 3 29253354 T/C -0.13 Yes 

3_30684907_C_T 3 30643415 T/C 0.06 Yes 

3_46888198_T_C 3 46846708 C/T -0.08 Yes 

3_49709912_C_CT 3 49672479 CT/C -0.04 No 

3_55970777_A_AT 3 55936749 AT/A -0.12 Yes 

3_59373745_C_T 3 59388019 T/C -0.04 Yes 

3_63887449_T_TTG 3 63901773 TTG/T 0.06 No 

3_71620370_T_G 3 71571219 G/T -0.04 Yes 

3_87037543_A_G 3 86988393 G/A -0.07 Yes 

3_99403877_G_A 3 99685033 A/G -0.04 Yes 

3_141112859_CTT_C 3 141394017 C/CTT 0.06 No 

3_172285237_G_A 3 172567447 A/G 0.04 Yes 

3_189774456_C_T 3 190056667 T/C -0.05 Yes 
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4_38784633_G_T 4 38783012 T/G 0.05 Yes 

4_84370124_TAA_TA 4 83448971 TA/TAA -0.05 No 

4_89240476_G_A 4 88319324 A/G 0.04 Yes 

4_92594859_TTCTTTC_T 4 91673708 T/TTCTTTC -0.04 No 

4_106069013_G_T 4 105147856 T/G 0.05 No 

4_126752992_A_AAT 4 125831837 AAT/A -0.04 No 

4_143467195_C_T 4 142546042 T/C -0.06 Yes 

4_151218296_CATATTT_C 4 150297144 C/CATATTT 0.04 Yes 

4_175842495_G_A 4 174921344 A/G -0.09 Yes 

4_175847436_C_A 4 174926285 A/C 0.03 No 

4_187503758_A_T 4 186582604 T/A 0.04 No 

5_345109_T_C 5 344994 C/T 0.08 No 

5_1279790_C_T 5 1279675 T/C 0.06 Yes 

5_1296255_A_AG 5 1296140 AG/A -0.05 Yes 

5_1353077_T_C 5 1352962 C/T 0.16 Yes 

5_2777029_G_A 5 2776915 A/G 0.04 Yes 

5_16231194_G_C 5 16231085 C/G -0.04 Yes 

5_32579616_TCA_T 5 32579510 T/TCA 0.04 Yes 

5_44508264_G_GT 5 44508162 GT/G -0.12 No 

5_44619502_A_G 5 44619400 G/A -0.11 Yes 

5_44649944_C_T 5 44649842 T/C 0.05 Yes 

5_44706498_A_G 5 44706396 G/A 0.05 Yes 

5_44853593_G_C 5 44853491 C/G -0.03 Yes 

5_52679539_C_CA 5 53383709 CA/C 0.06 No 

5_55662540_C_CT 5 56366713 CT/C -0.05 No 

5_55965167_C_T 5 56669340 T/C 0.04 Yes 

5_56023083_T_G 5 56727256 G/T 0.14 Yes 

5_56042972_C_T 5 56747145 T/C 0.09 Yes 

5_56045081_T_C 5 56749254 C/T -0.06 Yes 

5_58241712_C_T 5 58945885 T/C -0.04 No 

5_71965007_G_A 5 72669180 A/G -0.04 No 

5_73234583_T_C 5 73938758 C/T -0.04 Yes 

5_77155397_GT_G 5 77859573 G/GT -0.04 Yes 

5_79180995_G_GA 5 79885172 GA/G 0.03 No 
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5_81512947_TA_T 5 82217128 T/TA -0.06 Yes 

5_90789470_G_A 5 91493653 A/G -0.06 Yes 

5_104300273_G_T 5 104964572 T/G -0.05 Yes 

5_122478676_C_A 5 123142982 A/C -0.04 Yes 

5_122705244_C_T 5 123369550 T/C 0.09 Yes 

5_131640536_A_G 5 132304843 G/A 0.04 Yes 

5_132407058_C_T 5 133071366 T/C -0.04 Yes 

5_158244083_C_T 5 158817075 T/C -0.07 Yes 

5_169591460_T_C 5 170164456 C/T 0.04 Yes 

5_173358154_G_A 5 173931151 A/G 0.04 Yes 

5_176134882_T_C 5 176707881 C/T 0.04 No 

6_13713366_G_C 6 13713134 C/G -0.06 Yes 

6_16399557_C_T 6 16399326 T/C -0.04 Yes 

6_18783140_G_A 6 18782909 A/G 0.03 Yes 

6_20537845_CA_C 6 20537614 C/CA -0.04 No 

6_21923810_T_C 6 21923579 C/T -0.03 Yes 

6_27425644_G_C 6 27457865 C/G -0.07 Yes 

6_43227141_G_A 6 43259403 A/G -0.06 Yes 

6_82263549_AAT_A 6 81553832 A/AAT 0.05 No 

6_85912194_CAA_C 6 85202476 C/CAA 0.08 Yes 

6_87803819_T_C 6 87094101 C/T 0.04 No 

6_130341728_C_CT 6 130020583 CT/C 0.05 Yes 

6_149595505_T_C 6 149274369 C/T -0.05 Yes 

6_151949806_A_C 6 151628671 C/A 0.07 Yes 

6_151955914_A_G 6 151634779 G/A 0.14 No 

6_152022664_CAAAAAAA_C 6 151701529 C/CAAAAAAA 0.01 No 

6_152023191_G_A 6 151702056 A/G 0.06 Yes 

6_152055978_A_T 6 151734843 T/A 0.07 Yes 

6_152432902_C_T 6 152111767 T/C 0.06 Yes 

6_169006947_C_G 6 168606267 G/C -0.03 Yes 

6_170332621_T_C 6 170017397 C/T 0.04 Yes 

7_21940960_A_G 7 21901342 G/A -0.05 Yes 

7_25569548_C_T 7 25529928 T/C -0.05 Yes 

7_28869017_G_A 7 28829400 A/G -0.06 Yes 
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7_55192256_A_C 7 55124563 C/A -0.03 No 

7_91459189_A_ATT 7 91829875 ATT/A 0.05 No 

7_94113799_T_C 7 94484487 C/T 0.04 Yes 

7_98005235_G_A 7 98375923 A/G -0.05 Yes 

7_99948655_T_G 7 100351032 G/T 0.04 No 

7_101552440_G_A 7 101909160 A/G -0.06 No 

7_102481842_T_C 7 102841395 C/T 0.04 Yes 

7_130656911_C_T 7 130972152 T/C -0.05 Yes 

7_130674481_G_A 7 130989722 A/G 0.04 No 

7_139943702_CT_C 7 140243902 C/CT 0.06 No 

7_144048902_G_T 7 144351809 T/G -0.06 No 

8_170692_T_C 8 220692 C/T 0.05 Yes 

8_17787610_CT_C 8 17930101 C/CT -0.04 No 

8_23447496_A_G 8 23589983 G/A -0.04 Yes 

8_23663653_C_A 8 23806140 A/C 0.03 Yes 

8_29509616_A_C 8 29652100 C/A -0.06 Yes 

8_36858483_A_G 8 37000965 G/A -0.08 Yes 

8_76230943_A_G 8 75318708 G/A 0.08 Yes 

8_76333056_C_T 8 75420821 T/C 0.11 Yes 

8_76378165_G_T 8 75465930 T/G -0.04 Yes 

8_102483100_T_C 8 101470872 C/T 0.06 Yes 

8_106358620_A_T 8 105346392 T/A -0.07 Yes 

8_117209548_A_G 8 116197325 G/A -0.04 Yes 

8_120862186_A_G 8 119849946 G/A 0.05 Yes 

8_124563705_T_C 8 123551465 C/T 0.05 Yes 

8_124571581_G_A 8 123559341 A/G 0.03 Yes 

8_124739913_T_G 8 123727673 G/T 0.05 Yes 

8_128213561_C_CA 8 127201316 CA/C -0.04 Yes 

8_128370949_C_G 8 127358703 G/C 0.06 Yes 

8_128372172_A_G 8 127359926 G/A 0.06 Yes 

8_129199566_G_A 8 128187320 A/G 0.06 Yes 

8_143669254_A_G 8 142587893 G/A -0.03 Yes 

9_6880263_A_G 9 6880263 G/A 0.03 Yes 

9_21964882_CAAAA_C 9 21964883 C/CAAAA 0.06 No 
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9_22041998_C_G 9 22041999 G/C 0.03 Yes 

9_36928288_T_C 9 36928291 C/T 0.02 Yes 

9_87782211_T_C 9 85167296 C/T 0.04 Yes 

9_98362587_T_C 9 95600305 C/T 0.06 Yes 

9_110303808_TAA_T 9 107541527 T/TAA 0.08 Yes 

9_110837073_A_G 9 108074792 G/A 0.12 Yes 

9_110837176_C_T 9 108074895 T/C 0.07 Yes 

9_110849525_G_T 9 108087244 T/G 0.02 Yes 

9_110885479_C_T 9 108123199 T/C 0.09 Yes 

9_119313486_A_G 9 116551207 G/A -0.05 Yes 

9_129424719_A_G 9 126662440 G/A -0.04 Yes 

9_136146597_C_T 9 133271182 T/C 0.04 Yes 

10_5794652_A_G 10 5752689 G/A 0.05 Yes 

10_13892298_G_A 10 13850298 A/G 0.04 Yes 

10_22032942_A_G 10 21744013 G/A -0.06 Yes 

10_22477776_ACC_A 10 22188847 A/ACC 0.17 No 

10_22861490_A_C 10 22572561 C/A 0.09 No 

10_38523626_C_A 10 38234698 A/C 0.04 No 

10_64299890_A_G 10 62540131 G/A -0.13 Yes 

10_64819996_G_T 10 63060236 T/G 0.05 Yes 

10_71335574_C_T 10 69575818 T/C -0.04 No 

10_80851257_G_T 10 79091500 T/G -0.08 Yes 

10_80886726_A_G 10 79126969 G/A 0.08 Yes 

10_95292187_CAA_C 10 93532430 C/CAA -0.05 No 

10_114777670_C_T 10 113017911 T/C 0.05 Yes 

10_115128491_T_C 10 113368732 C/T -0.06 Yes 

10_123095209_G_A 10 121335695 A/G -0.05 No 

10_123340107_A_G 10 121580593 G/A 0.15 Yes 

10_123340431_GC_G 10 121580917 G/GC -0.24 Yes 

10_123349324_A_T 10 121589810 T/A -0.26 Yes 

11_433617_T_C 11 433617 C/T -0.04 No 

11_803017_A_G 11 803017 G/A 0.05 Yes 

11_1895708_C_A 11 1874478 A/C -0.08 Yes 

11_18664241_T_G 11 18642694 G/T 0.05 Yes 
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11_42844441_C_T 11 42822891 T/C -0.03 Yes 

11_44368892_G_A 11 44347342 A/G 0.04 Yes 

11_46318032_C_G 11 46296481 G/C -0.07 Yes 

11_65553492_C_A 11 65786021 A/C 0.04 Yes 

11_65572431_G_A 11 65804960 A/G -0.03 Yes 

11_69328130_A_T 11 69513362 T/A -0.04 Yes 

11_69330983_G_A 11 69516215 A/G 0.10 Yes 

11_69331418_C_T 11 69516650 T/C 0.18 Yes 

11_103614438_T_G 11 103743710 G/T 0.01 Yes 

11_108267402_C_CA 11 108396675 CA/C 0.00 No 

11_111696440_T_C 11 111825716 C/T -0.04 Yes 

11_116727936_A_T 11 116857220 T/A -0.04 Yes 

11_122966626_A_G 11 123095918 G/A -0.04 Yes 

11_129243417_T_G 11 129373522 G/T -0.05 Yes 

11_129461016_A_G 11 129591121 G/A 0.05 Yes 

12_293626_A_G 12 184460 G/A 0.04 Yes 

12_14413931_G_C 12 14260997 C/G 0.05 Yes 

12_28149568_C_T 12 27996635 T/C -0.06 Yes 

12_28174817_C_T 12 28021884 T/C -0.09 Yes 

12_28347382_C_T 12 28194449 T/C -0.05 Yes 

12_29140260_G_A 12 28987327 A/G 0.06 No 

12_57146069_T_G 12 56752285 G/T -0.06 No 

12_70798355_A_T 12 70404575 T/A 0.05 Yes 

12_83064195_G_GA 12 82670416 GA/G 0.07 Yes 

12_85004551_C_T 12 84610772 T/C 0.03 Yes 

12_96027759_A_G 12 95633983 G/A -0.09 Yes 

12_103097887_C_T 12 102704109 T/C 0.05 Yes 

12_111600134_G_T 12 111162330 T/G -0.04 Yes 

12_115108136_T_C 12 114670331 C/T 0.05 Yes 

12_115796577_A_G 12 115358772 G/A -0.04 Yes 

12_115835836_T_C 12 115398031 C/T -0.08 Yes 

12_120832146_C_T 12 120394343 T/C 0.05 Yes 

13_32839990_G_A 13 32265853 A/G 0.04 Yes 

13_32972626_A_T 13 32398489 T/A 0.27 Yes 



 94 

Appendix 4. Continued 

13_43501356_A_G 13 42927220 G/A 0.05 Yes 

13_73806982_T_C 13 73232845 C/T 0.03 Yes 

13_73960952_A_G 13 73386815 G/A 0.04 Yes 

14_37128564_C_A 14 36659359 A/C -0.07 Yes 

14_37228504_C_T 14 36759299 T/C 0.04 Yes 

14_68660428_T_C 14 68193711 C/T -0.05 Yes 

14_68979835_T_C 14 68513118 C/T -0.09 Yes 

14_91751788_TC_T 14 91285444 T/TC 0.04 Yes 

14_91841069_A_G 14 91374725 G/A 0.05 Yes 

14_93070286_C_T 14 92603941 T/C -0.06 Yes 

14_105213978_T_G 14 104747641 G/T 0.04 Yes 

15_46680811_C_A 15 46388613 A/C -0.20 Yes 

15_50694306_A_G 15 50402109 G/A -0.04 Yes 

15_66630569_G_A 15 66338231 A/G -0.04 Yes 

15_67457698_A_G 15 67165360 G/A 0.08 Yes 

15_75750383_T_C 15 75458042 C/T -0.04 Yes 

15_91512267_G_T 15 90969037 T/G -0.06 Yes 

15_100905819_A_C 15 100365614 C/A -0.06 Yes 

16_4008542_CAAAAA_C 16 3958541 C/CAAAAA -0.03 No 

16_4106788_C_A 16 4056787 A/C -0.03 Yes 

16_6963972_C_G 16 6913971 G/C 0.04 Yes 

16_10706580_G_A 16 10612723 A/G -0.07 Yes 

16_23007047_G_T 16 22995726 T/G 0.12 Yes 

16_52538825_C_A 16 52504913 A/C 0.11 Yes 

16_52599188_C_T 16 52565276 T/C 0.11 Yes 

16_53809123_C_T 16 53775211 T/C -0.07 Yes 

16_53861139_C_T 16 53827227 T/C -0.03 Yes 

16_53861592_G_A 16 53827680 A/G -0.03 Yes 

16_54682064_G_A 16 54648152 A/G 0.05 Yes 

16_80648296_A_G 16 80614399 G/A 0.08 Yes 

16_85145977_T_C 16 85112371 C/T -0.02 No 

16_87086492_T_C 16 87052886 C/T -0.05 Yes 

17_29168077_G_T 17 30841059 T/G -0.06 No 

17_39251123_T_C 17 41094871 C/T 0.08 Yes 
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17_40127060_T_C 17 41975042 C/T 0.02 Yes 

17_40485239_G_T 17 42333221 T/G -0.06 Yes 

17_40744470_G_A 17 42592452 A/G 0.20 Yes 

17_43212339_C_CT 17 45134972 CT/C 0.04 No 

17_44283858_G_A 17 46206492 A/G -0.05 No 

17_53209774_A_C 17 55132413 C/A -0.08 No 

17_77781725_A_G 17 79807926 G/A -0.04 Yes 

18_11696613_C_T 18 11696614 T/C -0.04 No 

18_20634253_C_T 18 23054290 T/C -0.04 Yes 

18_24125857_T_C 18 26545893 C/T 0.03 Yes 

18_24337424_C_G 18 26757460 G/C 0.05 Yes 

18_24518050_AT_A 18 26938086 A/AT -0.06 Yes 

18_25407513_C_G 18 27827549 G/C 0.04 Yes 

18_29981526_G_A 18 32401563 A/G -0.11 Yes 

18_42411803_G_C 18 44831838 C/G -0.09 Yes 

18_42888797_T_C 18 45308832 C/T -0.05 Yes 

19_13249921_G_T 19 13139107 T/G 0.10 Yes 

19_17393925_C_A 19 17283116 A/C 0.04 Yes 

19_18569492_C_T 19 18458682 T/C -0.07 Yes 

19_19517054_C_CGGGCG 19 19406245 CGGGCG/C 0.04 No 

19_44283031_T_C 19 43778879 C/T 0.06 Yes 

19_46166073_T_C 19 45662815 C/T -0.04 Yes 

19_55816678_C_T 19 55305310 T/C -0.04 Yes 

20_5948227_G_A 20 5967581 A/G 0.08 Yes 

20_11379842_T_C 20 11399194 C/T 0.08 No 

20_41613706_C_G 20 42985066 G/C 0.03 Yes 

20_52296849_G_A 20 53680310 A/G 0.04 Yes 

21_16364756_T_G 21 14992435 G/T 0.06 Yes 

21_16566350_A_G 21 15194030 G/A 0.06 Yes 

21_16574455_C_A 21 15202135 A/C -0.07 Yes 

21_47762932_G_A 21 46343018 A/G 0.09 Yes 

22_19766137_C_T 22 19778614 T/C -0.04 Yes 

22_29121087_A_G 22 28725099 G/A 0.18 No 

22_29135543_G_A 22 28739555 A/G 0.07 Yes 
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22_29203724_C_T 22 28807736 T/C 0.14 Yes 

22_29551872_A_G 22 29155884 G/A -0.17 No 

22_38583315_AAAAG_AAAAGAAAG 22 38187308 AAAAGAAAG/AAAAG -0.05 No 

22_39343916_T_A 22 38947911 A/T 0.04 Yes 

22_40904707_CT_C 22 40508703 C/CT 0.11 Yes 

22_43433100_C_T 22 43037094 T/C -0.06 Yes 

22_45319953_G_A 22 44924073 A/G -0.01 No 

22_46283297_G_A 22 45887417 A/G 0.07 Yes 

Abbreviations: CHR, chromosome; EAF, effect allele frequency; EUR, European-ancestry populations; LD, linkage disequilibrium; SE, standard error.  

a. Variant names coded using chromosome, position bd37, and alleles; b. Effect allele/other allele; c. Beta were reported for effect alleles by Mavaddat et al. in 

2019; d. Of the 313 reported variants, 236 variants were used in the aim 2.   
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