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Key Points

Question: Do ER+/HER2- breast tumors in African American women have a distinct
pattern of DNA damage repair dysregulation that contribute to poor outcome?

Findings: In this cohort study a distinct DNA damage repair dysregulation was detected in
African American women with ER+/HER2- breast cancer. Molecular differences in RNA
levels and mutational frequency were observed between African American and Caucasian
tumors. Most strikingly, simultaneous downregulation of two DNA repair pathways was
enriched in African American patients and associated with poor survival.

Meaning: Disparity in breast cancer outcome between African American and Caucasian
women 1s well established. Our study, for the first time, creates a map of the DNA repair
landscape in ER+/HER2- breast cancer from African American women and associates it
significantly with worse survival outcome.
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Abstract:

IMPORTANCE: African American (AA) breast cancer patients have worse outcomes than
Caucasian Americans (CAs). DNA damage repair (DDR) genes drive poor outcome in CA
estrogen receptor (ER)+ breast cancer patients. Whether DDR genes similarly impact
survival in AAs is unknown. Identifying AA-specific patterns of DDR dysregulation could
change how we tailor predictive/prognostic biomarkers.

OBJECTIVE: To characterize DDR dysregulation in ER+ AA patient tumors and test
associations with clinical outcome.

DESIGN SETTINGS AND PARTICIPANTS: Three independent tumor, and two normal
breast datasets were analyzed. Tumor datasets: (1) GSE78958 (2) GSE18229 (3) The
Cancer Genome Atlas (TCGA). Normal datasets: (4) GSE43973 (5) GSE50939.

MAIN OUTCOME AND MEASURES: Up/down-regulation of 104 DDR genes was assessed
in AA samples vs CAs. Survival associations were assessed for genes dysregulated in
multiple datasets.

RESULTS: Overall, RNA levels of single strand break repair (SSBR) genes were
downregulated in AA tumors and double strand break repair (DSBR) genes were
upregulated compared to CAs. While SSBR downregulation was mainly detected in tumors,
DSBR upregulation was detectable in both tumor and normal breast AA samples. Seven
specific DDR genes identified as dysregulated in AAs vs CAs in multiple datasets
associated with poor survival. A subset of tumors with simultaneous dysregulation of
homologous recombination and single strand break repair genes was enriched in AAs and
had associated consistently with poor survival.

CONCLUSION AND RELEVANCE: Overall, these results constitute the first systematic
analysis of differences in DDR regulation in AA ER+ tumors and normal tissue vs CAs. We
identify a profile of DDR dysregulation enriched in AA patients, which associates with poor
outcome. These results suggest a distinct molecular mechanism of DDR regulation in AAs
that lays the groundwork for refining biomarker profiles by race and improving precision
medicine for underserved populations.
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INTRODUCTION:

African Americans (AAs) constitute a racial group with the highest mortality rate
across cancer types. In AA women, breast, lung and colorectal are the three most common
cancer diagnoses!~. Breast cancer accounts for 32% of these diagnoses, making it one of the
most predominant cancer types in AA women, as it is in Caucasian Americans (CAs)4.
Although AA women typically have higher incidence of triple negative breast cancer than
CAs, estrogen receptor positive (ER+) breast cancer remains the most commonly diagnosed
subtype of breast cancer in AA women, as it is in CAs?* . AA women with ER+ breast
cancer present with higher tumor grade and more advanced disease that is more frequently
luminal B (and therefore, resistant to standard endocrine therapies) than CAs. AA ER+
breast cancer patients are more likely to have poor clinical outcome with 42% higher
mortality rate than CAs>9.

There is consensus in the literature that environmental/socioeconomic factors
contribute to poor breast cancer outcome in AAs3610.11 These include reproductive factors
and socioeconomic factors including access to healthcare'2-'7. However, even when these
factors are controlled for, differences in presentation and outcome persist in AA ER+ breast
cancer patients!®. Therefore, it seems likely that ER+ tumor formation and progression in
AA patients has a distinct molecular profile, as suggested by previous studies!8-20,
Understanding this profile is critical for developing precision medicine approaches tailored
to this underserved population. Such efforts require comprehensive and race-specific
molecular characterization of tumors.

AAs are, however, severely underrepresented in currently available datasets of
patient tumors, which precludes comprehensive approaches to identify race-specific
molecular drivers. This is true even of ER+ breast cancer, which is one of the most
researched cancer types with large and multiple datasets comprised of whole genome/exome
sequencing and gene expression from thousands of patient tumors. Although these datasets
have too few AA tumors to power agnostic screens for drivers, it remains possible to use
targeted approaches.

We, and others, have previously shown a link between DNA damage repair (DDR)
dysregulation and endocrine therapy resistance in ER+ breast cancer?-23, Specifically, we
identified causal links between defects in the MutL complex of mismatch repair (MMR),
CETNZ and ERCC1 from nucleotide excision repair (NER) and NEILZfrom base excision
repair (BER) and resistance to endocrine therapies in ER+ breast cancer?s. However, our
studies generated molecular hypotheses from datasets where AA patient tumors were
largely unrepresented (Figure S1). Of the datasets used in our original analysis, only one,
TCGA, included data from AA patient tumors (n=43 AA vs n>800 CA )23. Therefore, our
results reflect the DDR landscape of CAs. Since AAs have worse outcomes than CAs21224,
we hypothesize that resistance to endocrine therapy associated with higher frequency of
dysregulation of DDR genes contributes to this outcome disparity. This is an especially
relevant hypothesis since DDR pathways are molecular liaisons between external stressors
(e.g. genotoxic stress, ageing) and regulation of common tumor phenotypes of growth,
proliferation and apoptosis. Here, we test this hypothesis as described below.
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Material and Methods
DDR gene set compilation

Gene sets for all DDR pathways analyzed (Mismatch repair, Nucleotide excision
repair, Base excision repair, Non-homologous end joining, Fanconi Anemia and Homologous
recombination) were derived from our previously published, curated DDR gene list (detailed
in Table S1)22. Genes shared across different DDR pathways were not included.

Datasets.

Tumor datasets: Our first dataset (GEO78958, Table S2, referred to henceforth as
dataset #1) had microarray data from 51 AA tumors with luminal (predominantly ER+)
breast cancer, and 169 CA tumors'2. Qur second dataset (GSE18229, Table S3), referred to
henceforth as dataset #2) had microarray gene expression data from 44 AA tumors and 85
CA tumors?, This dataset included tumors of all subtypes although ~70% of tumors were
ER+/luminal. Our third dataset was the subset of ER+ tumors (irrespective of HER2
status) from TCGA and consisted of RNAseq gene expression and whole exome sequence
data from 49 AA tumors and 449 CAs?6 (Table S4). These restrictions were used to ensure
that each dataset was predominantly ER+/luminal and that there was sufficient sample
size of AA tumors. TCGA mutation data (downloaded March 2020) were obtained from
cBioPortal. Gene expression from dataset #1 were available through the Gene Expression
Omnibus (GEO, GSE78958). Gene expression from dataset #225 were downloaded from
dbGaP (downloaded May 2020) and for TCGA (downloaded March 2020) were obtained from
cBioPortal. TCGA survival outcomes were downloaded from cBioPortal?? (downloaded May
2020). Standard cutoffs of mean+/-1.5x SD were used on the RNA data to identify “High”
and “Low” subsets respectively in each dataset.

Normal datasets: Our normal breast tissue dataset (GSE43973)28, had microarray
data from 12 AA women and 98 CA women. Our tumor adjacent normal tissue dataset
(GSE50939)2° had microarray data from 14 AA patients and 52 CA patients.

Enrichment analysis.

For RNA analysis, p-values were obtained by comparing each gene between AA and
CA tumors using Wilcoxon Rank Sum test. These p-values were rank-ordered and g-values
were computed. All genes with q<0.25 (p<0.1) were considered candidates in each dataset.
Candidate genes with RNA dysregulation in the same direction across two datasets were
curated to form the final list of genes for downstream analyses. For overall patterns of RNA
dysregulation in the union of the three datasets, each gene was included only once if it was
dysregulated in the same direction in multiple datasets but included twice if it was
dysregulated in opposite directions in multiple datasets. Fisher’s exact test determined p-
values for overall patterns of up and down-regulation.

For mutation analysis, any gene with 2% incidence (i.e. >1 mutation in AA tumors)
was considered. All non-synonymous mutations were included irrespective of category (@.e.
missense, nonsense, frameshift, etc) or predicted pathogenicity. Expected rates of mutation


https://doi.org/10.1101/2020.10.26.356006

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.26.3560086; this version posted October 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

frequency were calculated based on total number of mutations identified in the entire
patient population and compared to observed rates in AA and CA tumors respectively.
Fisher’s exact test determined p-values by comparing observed to expected frequency of
each mutation.

For functional pathway analysis, functional category was determined based on
literature searches for each gene of each pathway used in this targeted analysis (Table S1).
Each gene was then assigned to sensor, scaffold, DNA repair and downstream effector
categories based on a literature search. If a gene fell into two functional categories, it was
considered in statistical analyses of each category in turn. The number of candidate genes
in each category was compared to the total number of genes in that category using a
Fisher’s exact test.

For proliferation analyses in Figure 8, MKI67 (gene name for Ki67) RNA levels were
used and the top 20% and bottom 20% of MKI67 expressing tumors were considered as
“High” and “Low” proliferators respectively. Fisher’s exact test determined p-values.

Survival analysis.

For univariate and multivariate analyses, all tumors with associated survival data
in each dataset were used, with restriction to luminal A/B tumors in dataset #1 and ER+
tumors in TCGA. Outcome measures used were disease-free survival for dataset #1 and
TCGA, and recurrence-free survival in dataset #2 in Figure 1, and in Figures 4 and S5,
disease-specific survival for dataset #1, recurrence-free survival for dataset #2 and overall
survival for TCGA. These different outcome measures were used because they had the
largest sample size associated with them in each dataset. Factors included in multivariate
analyses were PAMA50 status and tumor stage for dataset #1, PAM50, tumor size and nodal
status for dataset #2 and PR/HER2 status and tumor stage for TCGA. For all datasets, race
was included as a categorical, and age as a continuous, variable. Only samples with
survival metadata were included in the analysis.

Statistical analysis

Missing data were imputed with “NA” from mutation, expression, and survival data
analysis. Samples classifying for more than one category (e.g. SSBR and DSBR
dysregulation) were treated as separate set for statistical comparisons. Two-tailed Wilcoxon
rank sum tests were used for two-sample tests of comparing continuous data and Pearson’s
Chi Square test (or Fisher’s Exact test) was used for comparing categorical data. Log rank
test calculated p-values for survival analyses and Cox regression determined proportional
hazards.
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Results:

Defects in previously identified DNA repair genes do not associate with outcome in African
American patients.

We first investigated the frequency with which DDR genes known to induce
endocrine therapy resistance when lost (MMR: MLHI and PMS2, NER: CETNZ and
ERCCI, and BER:NEIL2? are downregulated in AA tumors from three selected datasets
(Figure S2). In all three datasets (Table S2-4), frequency of downregulation of RNA levels of
these DDR genes was similar between AA and CA tumors with no demonstrable
enrichment by race (Figures 1A-C). We next tested whether downregulation of these DDR
genes associated with poor disease-free survival in AA patients, as it did in CAs23. Because
of the small sample size of AA patients in each dataset, we combined data from all three
datasets for this analysis. There was no significant difference in disease recurrence between
AA patients whose tumors had downregulation of these DDR genes vs patients whose
tumors did not downregulate these genes (14% vs 12% disease recurrence, Figure 1D). In
contrast, and as expected, we observed a statistically significant increase in disease
recurrence in CAs with 14% of patients whose tumors downregulated these DDR genes
having disease recurrence compared to only 8% of CAs (p=0.04) whose tumors did not
detectably downregulate these DDR genes (Figure 1D). Overall, this analysis identified no
enrichment in AA ER+ tumors for downregulation of the four DDR genes previously
identified as driving poor outcome in CAs.

Landscape of DNA repair dysregulation in African American tumors.

To identify whether AA tumors have a distinct pattern of DDR dysregulation, we
compared RNA levels of 104 DDR genes from six principle DDR pathways (Table S1)
between AA and CA tumors in each of three independent datasets: dataset #1 (Table S2),
dataset #2 (Table S3) and TCGA (Table S4). From the union of the three datasets, 67 genes
were either up- or downregulated in AA tumors relative to CAs (q<0.25, Figure S3). SSBR
genes were enriched in this gene set with 80% of NER genes and 90% of BER genes being
either up- or down-regulated in AA tumors relative to CAs in at least one dataset (Figure
2A). Fanconi Anemia (FA) genes were similarly heavily represented (90% of genes making
the cut-off). The remaining pathways had 50-60% of their genes represented (Figure 2A).
Overall, SSBR genes (NER, BER and MMR) had lower RNA levels in AA tumors relative to
CAs, while DSBR genes (FA and HR) had higher RNA levels (Figure 2B). Non-homologous
end joining (NHEJ) was the only DSBR pathway where gene expression was preferentially
downregulated in AA tumors (Figure 2B). We next identified the list of genes dysregulated
in the same direction in at least two of the three datasets analyzed. This gene list consisted
of three BER genes (NEILS3, XRCC1, PARPI), one NER gene (MNATI), one NHEJ gene
(XRCC9), one FA gene (FANCE) and two HR genes (NBN and BRCAI) (Figure 2C).
Consistent with overall patterns of dysregulation, FA and HR (DSBR) genes were
upregulated, XRCC4 (NHEJ) was downregulated, and two of the three BER genes were
downregulated (Figure2C, FigureS4, FigureS5).
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Using whole exome sequence data from TCGA, we next tested whether any DDR
genes were enriched for mutations in AA tumors. Other than PARPI, none of the DDR
genes differentially regulated in AA tumors from the RNA analysis were mutated in AA
tumors (Figure S6A). Overall, 16% of AA tumors had mutations in at least one DDR gene,
compared to only 3% of CA tumors (p<0.001), with specific enrichment for mutations in
genes from BER and HR pathways (Figure S6B). In total, six genes: ERCC6 (NER), PARPI
and PARP4 (BER), FANCM and FAAP24 (FA) and BRCAI (HR) had increased mutational
frequency in AA tumors vs CAs, of which, PARPI and BRCAI (also identified in RNA
analysis) reached statistical significance (p=0.01, p=0.03) respectively (Figure 2D).
Mutations in any DDR gene associated with significantly worse disease-free survival in AA
patients (HR=4.12, p=0.02, Figure S6C).

To test whether any functional patterns emerged in the DDR genes identified as
differentially regulated at RNA level/mutated in AA tumors, we assessed distribution of
these genes in the cascade of events involved in each DDR pathway. We categorized genes
based on their primary function as Sensor, Scaffold, Repair or Effectors (Table S1). Sensors
sense the presence of specific types of DNA damage, Scaffold proteins serve to stabilize and
activate other proteins at the site of damaged DNA, while Repair and Effector proteins are
directly involved in repairing damaged DNA. Scaffold proteins were further categorized as
cell cycle checkpoint kinase scaffolds that stabilize and activate ATM/Chk2 and ATR/Chk1
kinases or repair scaffolds that stabilize and activate downstream DNA repair proteins.
Components of any DDR pathway predominantly function as sensor or repair/effector
proteins, with only 15-20% of the pathway proteins identified as cell cycle checkpoint
scaffolds (Figure 2E). However, the majority of DDR genes dysregulated in AA tumors are
ATM/ATR scaffolds. This is in keeping with previous findings that DDR genes contribute to
endocrine therapy resistance by dysregulating cell cycle checkpoint activation in response
to endocrine therapy 22.23.30p4)

Persistent upregulation of double strand break repair genes in normal breast tissue from
African American women

To understand whether differences in DDR dysregulation patterns in AA tumors are
driven by endogenous differences in gene expression of breast tissue, we used microarray
gene expression data from two publicly available datasets: GSE43973 with samples from
reduction mammoplasty (12 AA and 98 CA women) and GSE50939 with samples from
tumor-adjacent normal tissue (14 AA and 67 CA patients)2829, Overall, the predominant
difference in DDR gene expression between AA and CA breast tissue was upregulation of
DSBR genes, while SSBR genes were rarely different between these two cohorts (Figure 3A-
D). Even NHEJ genes which are preferentially downregulated in AA tumors were
upregulated in the normal breast (Figure 3B). The number of dysregulated genes in the
normal breast of AAs vs CAs was far fewer than that seen in tumors (Figure 3B-D).

We next tested whether baseline upregulation of DSBR genes in AA normal breast
tissue and preferential SSBR downregulation in tumors associates with higher proliferation
in AA tumors or younger age of AA women in our datasets. Both proliferation and age are
known to affect DDR gene expression and AA breast cancer patients present with more
proliferative tumors at a younger age'?. In combined data from normal and tumor adjacent
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normal datasets, using gene expression of MKI67 as a proliferative index, we found no
differences between AA and CA women (45% vs 49% were highly proliferative, Figure 3E).
However, in the combined tumor datasets, proliferation index was significantly higher in
AA tumors (61% of tumors) compared to CAs (46%) p=0.009 (Figure 3E). Therefore, it is
possible that the loss of SSBR gene expression in AA tumors is associated with higher
proliferation. A similar trend was detected when age was considered using menopausal
status as a surrogate. While we found no statistically significant difference in age in women
represented in normal datasets, the number of post-menopausal tumor samples was
significantly higher in CA patients (81%) compared to AAs (63%), p<0.001 (Figure 3F).
Neither of these parameters explains the higher DSBR gene expression observed in normal
AA breast tissue.

African American-specific DNA repair dysregulation associates with poor patient outcomes

To assess prevalence of DDR dysregulation in AA patients, we tested the proportion
of tumors with dysregulation of any of our DDR genes (DSBR: HR — upregulation of NBN,
BRCA1I, FA — upregulation of FANCE, NHEJ — downregulation of XECC4 SSBR: BER —
downregulation of PARPI1, XRCC1, upregulation of NEILS3, NER — upregulation of MNATI)
in AAs vs CAs. In datasets #1 and #2, AA tumors dysregulated at least one SSBR gene with
a >2-fold increase in frequency relative to CAs (p=0.01 in each case, Figure S7A-B). In
dataset #2 alone, AA tumors also dysregulated at least one DSBR gene with significantly
increased frequency relative to CAs (Figure S7B). In TCGA, frequency of SSBR and DSBR
gene dysregulation was comparable between AA and CA tumors (Figure S7C). However, in
all three datasets, we observed a subset of tumors that were significantly enriched in AA
patients. This subset simultaneously dysregulated SSBR and DSBR genes, and accounted
for >10% of AA tumors, but <3% of CA tumors, >3-fold enrichment (Figure S7A-C). This
subset also associated with significantly worse outcome in datasets #1, #2 and TCGA,
irrespective of whether patients were AA or CA (Figure S7D-F).

To further understand this subset, we parsed individual gene dysregulation. In all
three datasets, we observed simultaneous dysregulation of one of the two HR genes, NBN
or BRCA1, with different SSBR genes (an HR/SSBR subset). The NER pathway gene,
MNATI was implicated in this simultaneous dysregulation in all three datasets (Figure 4A-
C). In datasets #1 and #2, the HR/SSBR subset was significantly enriched in AAs (6-8%)
relative to CAs (1-3%) (Figure 4A-B), while in TCGA, an FA/SSBR subset was significantly
enriched (10% vs 2%, p<0.001), Figure 4C). This is likely because of all three datasets,
TCGA had the best representation of FA genes (which were largely missing from datasets
#1 and #2), and the most frequent upregulation of FANCE in AA tumors.

Since the HR/SSBR subset was represented in all datasets analyzed and was
significantly enriched in AA tumors in two of three datasets, we next tested its association
with outcomes. We broke each dataset up into patients whose tumors dysregulated any
SSBR gene (downregulation of XRCC1/XRCC4/PARPI, upregulation of NEILS/MNAT]I)
alone and any DSBR gene (upregulation of NBN/BRCA1/FANCE) alone. Tumors with
simultaneous dysregulation of SSBR and DSBR genes were divided into those with
simultaneous upregulation of either HR gene, NBN/BRCA 1, with dysregulation of any
SSBR gene (downregulation of XRCC1/PARPI, upregulation of NEIL3/MNATI). We
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compared associations with survival outcome of each of these groups relative to patients
whose tumors had no detectable dysregulation of any of these genes. The only patient group
that consistently and significantly associated with worse disease-specific survival (dataset
#1, HR=8.62, p=0.002, Figure 4D), relapse-free survival (dataset #2, HR=9.54, p<0.001,
Figure 4E) and overall survival (TCGA, HR=4.24, p=0.05, Figure 4F) was the HR/SSBR
subset. On the other hand, the simultaneous dysregulation of non-HR DSBR candidates

with any SSBR gene did not associate with survival outcomes in any dataset (Figures 4D-
F).

Next, we conducted Cox Proportional Hazards assessment to understand the effect
of confounding factors (tumor stage or tumor grade/nodal status, PAM50 or PR/HER2
status, age and race) on associations between DDR dysregulation and survival. In datasets
#1 and #2, but not in TCGA, we found that association of HR/SSBR tumors with poor
survival remained significant even in a proportional hazards assessment (Tables S5-7). Age
and race did not remain significant in any of the three datasets, suggesting that the unique
candidate gene set identified by analyzing AA patient tumors is likely a poor prognostic
factor regardless of race, although significantly enriched in AAs.


https://doi.org/10.1101/2020.10.26.356006

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.26.3560086; this version posted October 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Discussion:

DNA repair proteins are natural molecular conduits between external stimuli and
cellular response. Exposure to genotoxins or hypoxia, for instance, can induce a cell to up-
or down-regulate its DDR signaling3!. Not only do DDR proteins repair damaged DNA they
also activate cell cycle checkpoints and engage apoptotic pathways?2. Therefore, DDR
pathways make an attractive starting point for understanding how molecular factors that
translate environmental stimuli into cellular phenotypes may be altered by race/ethnicity.

However, it is important to outline several caveats of this study. Firstly, each of the
tumor datasets analyzed in this study had <51 AA patient tumors. This low sample size
likely resulted in high false negative rates. Secondly, the three datasets used had different,
although overlapping, composition of patient tumors. These differences undoubtedly limited
our ability to interpret nuances of the association of DNA repair dysregulation with
survival. For instance, upregulation of any DSBR gene associated with poor patient
outcome in dataset #1 (HR=4.09, p=0.02, Figure 4D) and in TCGA (HR=2,07, p=0.02, Figure
4F), both of which were restricted to ER+ tumors, but not in unrestricted dataset #2. In
contrast, dataset #2 was the only dataset where patients whose tumors had SSBR
dysregulation alone had significantly worse relapse-free survival (HR=3.03, p=0.03, Figure
4E). Whether this is because SSBR dysregulation has a particularly strong association with
relapse-free survival, or if it is because this dataset included 30% of ER- tumors, 1s
uncertain, but an interesting question for further study.

To some extent these challenges are circumvented by Cox Proportional Hazards
analysis. But discrepancies in the results of the Cox analysis emphasize the issues caused
by dataset heterogeneity. In TCGA, for example, which had the highest representation of
FA genes amongst the three datasets, simultaneous HR/SSBR dysregulation was not an
independent prognostic factor in Cox analysis (Table S7). In contrast, DSBR dysregulation
and HER2 status remained significant prognostic factors in TCGA after proportional
hazards assessment (Table S7), perhaps indicating a confounding role for HER2 positivity
in the association between DNA repair and overall survival. Again, tumor stage remained
a significant prognostic factor for dataset #1, our most homogeneous dataset (Table S5),
while SSBR dysregulation and PAM50 status remained significant in dataset #2, our most
heterogeneous dataset (Table S6).

Normal datasets had even lower AA sample size, thereby enabling pathway-level
analysis but not gene resolution. Finally, we only had access to a single dataset, TCGA, for
mutation data. Although we identified significant enrichment for mutations in two genes
previously implicated in race-based molecular differences, PARPI and BRCA1 233 we
suspect that other genes would attain significance given sufficient sample size. Overall, a
more thorough investigation of the nuances of DNA repair dysregulation in AA tumors is
warranted in larger discovery datasets that are homogeneous and sufficiently powered to
resolve these discrepancies.

In spite of these caveats, several novel and interesting molecular discoveries were
made through these analyses, which we hope will spur efforts to generate larger, better
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annotated AA datasets. This study provides the first evidence of a spectrum of DDR
dysregulation in ER+/HER2- breast tumors enriched in AA patients and associating with
poor outcome. Of note, no MMR gene was consistently downregulated in AA tumors across
our three datasets. Given our previous discovery of MLH1/ PMS2 downregulation as a key
mediator of poor outcome in CA ER+ breast cancer patients?2, it is possible that this
molecular driver is shared between AA and CA patients, and is therefore not significantly
further dysregulated in AAs. Most strikingly, all three datasets interrogated in this study
demonstrated significant enrichment for simultaneous SSBR/DSBR dysregulation in AA
tumors relative to CAs. These data highlight the existence of an AA-specific DDR
dysregulation pattern in ER+ tumors that is likely prognostic and may be predictive of
endocrine therapy response. Further experimental investigation is warranted. Overall, this
study presents a roadmap for developing AA-specific biomarkers to prevent poor outcomes.
This study could also have implications for other endocrine-related cancer types where AA-
specific outcome disparities are observed34-38,
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Figure Legends:

Figurel: Downregulation of DDR genes that associate with poor outcome in CA ER+ breast
cancer patients do not associate with poor outcome in AAs. (A-C) Bubbleplots representing
% tumors from AA or CA patients with low RNA levels (mean-1.5*std devn) of DDR genes
belonging to nucleotide excision repair (NER: CETN2, ERCCI), mismatch repair (MMR:
MLH1, PMS2), or both (Multiple) in dataset #1 (A), dataset #2 (B) and TCGA (C). (D)
Column graph depicting cumulative % of AA and CA patients with disease recurrence, from
all three datasets, whose tumors either had detectable dysregulation of any DDR genes or
did not. Pearson’s Chi Squared test determined all p-values. Associated descriptive
characteristics of each of the three datasets in Tables S2-4.

Figure2: AA tumors have a distinct pattern of DDR dysregulation. (A) Venn diagram
showing proportion of genes from each of six DDR pathways (listed in Table S1) that are
significantly (q<0.25) dysregulated in AA tumors relative to CAs in at least one of three
datasets analyzed. Schematic of analysis in Figure S2 Associated Figure S3 presents full
list of DDR genes. (B) Stacked column graphs representing number of DDR genes that are
up (yellow) or down (blue)-regulated by pathway. Pearson’s chi-squared test determined p-
values. (C) Heatmap showing candidate genes that are either up- (yellow) or down-
regulated (blue) in at least two datasets as assessed by q-value analysis based on p-values
derived from Wilcoxon Rank Sum tests. Associated Figure S4-S5 presents boxplots of each
candidate gene described in the heatmap. (D) Bar graph showing observed/expected ratio
for mutational frequency of all DDR genes mutated at least once in AA patient tumors from
TCGA. Observed/expected ratio for CA tumors are presented by bars to the left of the
median line, while the ratio for AAs is presented to the right. Pearson’s chi-squared test
determined p-values. Associated Figure S6 presents additional data on DDR gene
mutations in AA and CA tumors. (E) Layered donut plot depicting proportional
representation of functional DNA repair categories in the 104 DDR genes screened (outer
donut) and in the list of 12 genes identified in (C) and (D) (inner donut). Fisher’s exact test
determined p-value. ATM/Chk2 and ATR/Chk1 scaffolds were combined to represent cell
cycle checkpoint scaffolds, as a distinct category from repair-scaffolds. Full list of genes in
functional categories presented in Table S1. NER, Nucleotide excision repair, BER, Base
excision repair, MMR, mismatch repair, NHEJ, non-homologous end joining, FA, Fanconi
anemia, HR, homologous recombination, SSBR, single strand break repair, DSBR, double
strand break repair. #1, dataset #1, #2, dataset #2.

Figure3: Differences in the DDR landscape of AA vs CA normal breast tissue. (A). Nested
donut plots representing proportion of SSBR (blue) vs DSBR (yellow) genes (outer donut)
and proportion of genes from each pathway within SSBR and DSBR categories (inner
donut) that were significantly (p<0.1) up- or down-regulated in AA vs CA normal breast
samples. Wilcoxon Rank Sum test determined p-values. Distribution of DDR dysregulation
in tumor datasets analyzed in Figure 2 is presented for comparison. (B) Stacked column
graph representing # genes by pathway that are significantly (p<0.1) up (yellow) or down
(blue) regulated in AA relative to CA normal breast tissue. (C-D) Stacked column graphs
summarizing numbers of DSBR (C) and SSBR (D) genes that are either up- (yellow) or
down-(blue) regulated in normal (Normal and Adj) vs tumor #1, #2, TCGA) datasets. (E-F)
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Stacked column graphs representing proportion of high and low proliferating samples (E)
and pre- and post-menopausal (F) AA and CA women in normal vs tumor datasets. High
proliferating samples reflect the top 20% of tumors ranked by gene expression of MKI67, a
marker of proliferation from high to low, while low proliferating samples reflect the bottom
20th percentile. Pearson’s chi-squared test determined all categorical p-values. NER,
Nucleotide excision repair, BER, Base excision repair, MMR, mismatch repair, NHEJ, non-
homologous end joining, FA, Fanconi anemia, HR, homologous recombination, SSBR, single
strand break repair, DSBR, double strand break repair. #1, dataset 1, #2, dataset 2, Adj,
tumor-adjacent normal, Norm, normal.

Figure4: DDR genes enriched for dysregulation in AA tumors associate with worse survival.
(A-C) Stacked columns representing % of AA vs CA tumors with dysregulation of any one of
the DDR genes from the specified pathways in dataset #1 (A), dataset #2 (B) and TCGA (C).
Pearson’s chi-squared test determined p-values. Associated data presented in Figure S7TA-
C. (D-F) Kaplan-Meier curves representing disease-specific survival in dataset #1 (D),
relapse-free survival in dataset #2 (E) and overall survival in TCGA (F) associated with
patients whose tumors had dysregulation of specified DDR genes by pathway relative to
tumors that did not. Log rank test determined p-values. Associated data in Figure S7TD-F,
and Cox Regression Proportional Hazards assessment in Tables S5-7. HR in survival
curves, hazard ratio, p<0.05, *; p<0.01, **; p<0.001, ***,
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Figure 3:
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Figure 4:
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