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(Abstract

~

Background: Triple negative breast cancer (TNBC) is the most aggressive and lethal type of breast cancer. It is a heterogeneous
disease consisting of many subtypes with distinct molecular and risk profiles. With the exception of cytotoxic chemotherapy,
currently there are no effective targeted therapies. There is an urgent need for the discovery of genetic markers that could be
used to identify women at high risk of developing subtypes of TNBC at early stages. Here we investigated the potential causal
association between genetic susceptibility variants and the two subtypes of TNBC, luminal androgen receptor (LAR) and the
mesenchymal (MES) subtypes.

Methods: We combined information from genome-wide association studies with gene expression data from the LAR and MES
subtypes of TNBC, to identify molecular signatures, gene regulatory networks and signaling pathways enriched for genetic
susceptibility variants.

Results: The investigation revealed gene signatures, gene regulatory networks and signaling pathways enriched for genetic
susceptibility variants associated with the LAR and MES subtypes of TNBC. The networks included genes predicted to be
involved in DNA replication, recombination and repair, cell cycle, cell death and cancer. Discovered pathways included the role
of BRCAL1 in DNA damage response, hereditary breast cancer, aryl hydrocarbon receptor and the molecular mechanisms of
cancer signaling pathways.

Conclusion: The study revealed that genes containing genetic susceptibility variants are associated with the LAR and MES
subtypes of TNBC. Additionally, the study revealed molecular networks and signaling pathways enriched for genetic variants.

\Further research is recommended to validate the genetic variants in the two subtypes of TNBC. )
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Introduction

Despite remarkable progress in screening and patient
management, breast cancer remains the second most diagnosed
and the second leading cause of cancer related death in women
in the United States [1]. Majority of breast cancers respond to
targeted and endocrine therapy. However, a significant proportion
(15% - 20%) are triple-negative breast cancers (TNBC), the most
aggressive and lethal form of breast cancer [2,3]. TNBC is defined
as tumors that lack expression of the oestrogen receptor (ER-
), progesterone receptor (PR-) and the human epidermal growth
factor (HER-2) [2,3]. It is characterized by poor prognosis, higher

incidences of relapse and poor survival rates [2,3]. TNBC is a
heterogeneous disease consisting of many subtypes with distinct
risk and molecular profiles [3]. Currently there are no effective
targeted therapies, cytotoxic chemotherapy remains the only
effective therapeutic modality. Over the last several decades,
considerable progress has been made is breast cancer screening
using mammography. However, screening for TNBC using this
technique has been less effective, in part because TNBC tends
to affect younger premenopausal women, primarily African
American women [2]. There is an urgent need for the discovery
of clinically actionable molecular markers that could be used to
identify women at high risk of developing this aggressive and
lethal form of breast cancer in early stages to guide therapeutic
decision making at the point of care.
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Over the last decade, considerable effort has been directed
at discovery of genetic variants and genes associated with an
increased risk of developing breast cancer using genome-wide
association studies (GWAS) [4,5]. Hundreds of genetic variants
from GWAS have been reported and are now being incorporated
into risk prediction models such as polygenic risk scores to identify
individuals at high risk of developing breast cancer [6,7]. However,
majority of the genetic susceptibility variants reported thus far, are
not breast cancer type or subtype specific. This limited progress
must be balanced against the recognition that GWAS were designed
as case-controls studies without stratification by breast cancer type
and or subtype. Recently, there has been increased uptake in the
use of germline genetic testing of TNBC patients using hereditary
cancer gene panels [8,9]. This has been necessitated by the high
frequency of BRCA1 and BRCA2 mutations in patients diagnosed
with TNBC [8,9]. However, there is a paucity of information about
the causal association between genetic susceptibility variants and
subtypes of TNBC. We recently published a study combining
germline, somatic and epigenetic variation information to infer the
potential causal association between genetic-epigenetic alterations
and TNBC [10,11]. However, those studies did not address
associations between genetic variants and individual subtypes of
TNBC. Accumulating evidence from published studies suggests
that gene variants may confer subtype-specific risks and may affect
gene expression [5]. In addition, molecular profiles in TNBC has
been shown to be subtype-specific [3]. Therefore, there is need to
investigate the association between genetic variants and individual
subtypes of TNBC.

To begin to address this knowledge gap, we recently
published a manuscript associating genes containing genetic
susceptibility variants with the Basal-like immune activated
(BLIA) and the basal-like immune suppressed (BLIS) subtypes
of TNBC and identified gene regulatory networks and signaling
pathways enriched for genetic variants [ 12]. However, the potential
causal association between genetic susceptibility variants and the
other two subtypes, luminal androgen receptor (LAR) and the
mesenchymal (MES) subtypes of TNBC has not been reported. The
objective of this exploratory study was to determine whether genes
containing genetic susceptibility variants are associated with the
LAR and MES subtypes of TNBC and to identify gene regulatory
networks and signaling pathways driving these associations. Our
working hypothesis was that genes containing genetic variants are
associated with the LAR and MES subtypes of TNBC. We further
hypothesized these genes are functionally related and interact in
gene regulatory networks and signaling pathways enriched for
genetic variants. We addressed this hypothesis using publicly
available information from GWAS [4,5,13] and gene expression
data on the two types of TNBC. For the purposes of clarity,
throughout this study we defined and considered single nucleotide
polymorphisms (SNPs) associated with an increased risk of

developing breast cancer as “genetic variants”, the genes they
map to as the “units of association” and gene expression data as
the intermediate phenotype. Thus, our analysis approach focuses
on genes, molecular networks and signaling pathways rather
than individual genetic variants. This comprehensive approach is
designed to gain insights about the broader biological context in
which genetic variants operate and to establish putative functional
bridges between genetic variants and the signaling pathways they
regulate in each subtype of TNBC under study.

Materials and Methods
Source of genetic susceptibility variants and genes

Advances in high-throughput genotyping have enabled
discovery of genetic variants and genes associated with an
increased risk of developing breast cancer using GWAS [4,5,13].
To date, hundreds of genetic susceptibility variants with large,
moderate and small effects have been reported [10-13]. However,
the variants reported thus far have not been TNBC subtype-specific,
and the causal association between them and the subtypes of TNBC
remains poorly understood. This investigation was designed with
a dedicated focus to determine whether genes containing genetic
variants associated with an increased risk of developing breast
cancer are associated with the LAR and MES subtypes of TNBC
and to identify gene regulatory networks and signalling pathways
enriched for genetic variants. We used a comprehensive catalogue
of genetic variants and genes associated with an increased risk
of developing breast cancer we have developed and published
[5,12]. Briefly, the catalogue was developed by manually curating
and annotating single nucleotide polymorphisms (SNPs, herein
referred to as genetic susceptibility variants) and the genes they
map to, from GWAS [5,12]. The catalogue was supplemented
with information from the international GWAS catalogue [13].
This curation generated a total of 230 genes containing over 600
genetic variants used in this investigation. Methods of GWAS data
collection, curation and annotation have been published elsewhere
[5] and followed the international protocol for GWAS [14-18].
Because primary GWAS information was not breast cancer type-
specific, we considered all the genetic variants and genes reported
to be associated with an increased risk of developing breast cancer.

Source of gene expression data

We used publicly available gene expression data on Caucasian
women from the Gene Expression Omnibus (GEO) accession
number GSE76124 consisting of 84 Caucasian women diagnosed
with LAR (N=37) and MES (N=47) subtypes of TNBC generated
at Baylor University [19]. The experimental procedures have been
fully described by the data originators [19]. The two subtypes of
TNBC represented and met the criteria of the current consensus on
TNBC subtype classification [8,9]. As noted earlier in this report,
we have previously reported the association of GWAS information
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with the other two subtypes of TNBC, BLIA and BLIS [12]. For
controls, we used publicly available gene expression data on
100 cancer free breast tissue from Caucasian women generated
at Moffitt Comprehensive Cancer Center [20]. The control data
set was downloaded from the Gene Expression Omnibus (GEO)
database accession number GSE10780 [20]. The experimental
procedures and methods of sample processing have been fully
described by the data originators [20]. Clinical-pathological data
from the patients used in the study included the tumour ER-, PR-
and HER-2- status and tumour grade. Both data sets were generated
using the Affymetrix platform using the Human GeneChip U133
Plus 2.0, which contains (54,675 probe sets). Gene expression
values were calculated using the robust multi-array average
(RMA) algorithm as implemented in the Affymetrix platform. All
the expression values were on a log scale (log2).

Data analysis

We performed whole transcriptome analysis comparing
gene expression levels between tumour and control samples for
each subtype using the Limma package implemented in R [21].
This unbiased approach to analysis was designed to identify genes
containing genetic variants as well as other genes associated with
each subtype of TNBC under study. Due to the relatively small
sample sizes in each subtype of TNBC, we did not partition the
data into test and validation sets. Instead, we used the leave-one-
out cross-validation procedure as our prediction and validation
model to identify genes with predictive power [22]. We used
the false discovery rate (FDR) procedure to correct for multiple
hypothesis testing [23]. Genes were ranked based on p-values and
the FDR, and highly significantly differentially expressed genes
were selected for each comparison. Genes containing genetic
variants associated with an increased risk of developing breast
cancer were identified using gene names and corresponding gene
symbols. From these analysis we created two gene lists for each
subtype of TNBC, genes containing genetic variants (GWAS
genes) and genes without genetic variants (non-GWAS genes).
Additional analysis was performed comparing expression levels
between the two subtypes of TNBC to identify a signature of genes
distinguishing the two types of TNBC.

To determine whether the genes containing genetic
susceptibility variants are functionally related and have similar
patterns of expression profiles with one another and with non-
GWAS genes, we performed two-stage hierarchical clustering
separately for LAR and MES. First, we performed analysis for
each subtype of TNBC using GWAS derived genes only. In the
second step, we performed analysis combining GWAS derived and
nonGWAS genes for each subtype. In both analysis strategies, we
used the Pearson correlation coefficient as the measure of distance
between pairs of genes and complete linkage as the clustering
method. Prior to clustering, gene expression data was normalized

using the median normalization, standardized and centered [24].
Hierarchical clustering was performed using GenePattern [25].

To identify the molecular networks and signalling pathways
enriched for genetic variants, we performed network and pathway
analysis for each subtype of TNBC using the Ingenuity Pathway
Analysis (IPA) software (http://www.ingenuity.com) [26]. For
each subtype of TNBC, a set of GWAS and non-GWAS genes
were combined and mapped onto networks and canonical
pathways using the network and pathway prediction, build and
design modules as implemented in IPA [26]. We computed the
probability scores and the log P-values to assess the likelihood
and reliability of correctly assigning the genes to the correct
networks, functional category and signalling pathway. The
molecular networks and biological pathways were ranked based
on z-scores and log p-values; respectively. Gene ontology (GO)
[27] analysis as implemented in IPA was performed to characterize
putative functional relationships between genes and to identify the
molecular functions, biological processes and cellular components
in which the discovered genes are involved.

Results
Associating genetic variants with the LAR subtype

To test the hypotheses that genes containing genetic variants
associated with an increased risk of developing breast cancer
are associated with the LAR subtype of TNBC, we compared
expression levels of the 230 genes containing germline mutations
between tumor and control samples. The investigation revealed
a signature of 198 significantly differentially expressed genes
containing genetic susceptibility variants associated with the
LAR, confirming our hypothesis. The signature included genes
containing genetic variants reported to be directly associated TNBC
[4,12,28,29]. A list of genes containing genetic variants associated
with an increased risk of developing TNBC significantly associated
with the LAR subtype are presented in Table 1. Among the
genes containing genetic variants directly associated with TNBC
transcriptionally associated with LAR included the genes BRCAI,
BRCA2, TP53, PTEN, STK11, CDHI1 with high-penetrance
mutations, the genes ATM, BRIP1, CHEK2, PLB2, BARDI,
NBN, RD50 with moderate penetrance mutations and the genes
MAP3KI1, FGFR2, LSP1, TNRC19, H19 with low penetrance
mutations [30]. Interestingly, genes containing genetic variants not
reported to be directly associated with TNBC were associated with
the LAR subtype. A complete of list of all the 198 genes containing
genetic risk variants (GWAS genes) that were transcriptionally
associated with the LAR subtype in this investigation along with
their estimates of p-values and False Discovery Rate (FDR) are
presented in genes Supplementary Table S1.

One of the challenges in clinical implementation of GWAS
information is that genetic variants and genes identified thus far
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explain only a small proportion of the phenotypic variation, many of the variants identified to date, may not be causal. To address, this
knowledge gap, we investigated the association of non-GWAS genes with the LAR subtype of TNBC. The investigation revealed a
signature of 118 highly significantly (P<10; FDR <0.01%) differentially expressed non-GWAS genes associated with the LAR subtype,
confirming our hypothesis. A complete list of all the 118 non-GWAS genes highly significantly associated with the LAR subtype is
presented in Supplementary Table S1 along with their estimates of P-values and FDR showing the strength and reliability of association.

Table 1: List of genes containing genetic variants associated with an increased risk of developing TNBC significantly associated with

the LAR subtype in this study.

GWAS Gene(i):);:):ssion
Gene symbol Chr. position SNP (rs-ID) P-value p-value
BRCA2 13q13.1 rs11531833 5.00x10® 5.00x10°
ESRI1 6q25.1 rs11155804 8.18x108 0.04x10°
LGR6 1g32.1 rs17489300 9.37x10°1° 9.0x10"!
ZNF365 10q21.2 rs10995190 3.75x10°® 5.00x10°
TERT 5pl5.3 1s2242652 2.73x10° 5.00x10°
TOX3 16q12.1 rs4784227 1.11x10 5.00x10°
PEX14 1p36.2 rs10864459 2.13x10° 5.00x10°
ADAM29 4q34.1 rs6828523 1.33x10° 2.50x10°
EBF1 19q13.1 rs1432679 8.62x107 0.58x10*
TCF7L2 10q25.2 156585202 3.35x10° 0.70x10
NTN4 12q22 rs17356907 7.55x107 1.60x107
MLK1 14q24.2 rs6001930 2.5x107 5.00x10°
ANKLE1 19p13.1 rs8170 2.25x10® 5.00x10°
TGFBI1 19q13.1 rs1982073 3.8x10° 5.00x10°
MAP3K1 5ql1.2 rs889312 4.60x102° 1.57x1072
LSP1 11q15.5 rs4980383 3.02x10° 5.00x10°
TGFBR2 3p24.1 rs1367610 3.08x10* 5.00x10°
FTO 16q12.2 rs11075995 3.30x10°® 6.40x107
ADHIB 19p13.1 1s56069439 8.25x10"° 5.00x10°
BABAMI1 19p13.11 rs8170 1.7x101° 5.00x10°
CHEK2 22ql12.1 rs17879961 1.00x108 5.00x10°
MYC 8q24.21 rs11780156 3.00x10™" 4.91x10

Associating genetic variants with the MES subtype

To test the hypothesis that genes containing genetic variants associated with an increased risk of developing breast cancer are
associated with the MES subtype of TNBC, we compared gene expression levels of the same 230 genes between tumor and control
samples. The analysis produced a signature of 204 genes associated with the MES subtype. Likewise, among the identified genes
included genes containing genetic variants reported to be directly with associated TNBC [28,29]. Table 2 shows a list of genes containing
genetic variants associated directly associated with an increased risk of developing TNBC, that were significantly associated with
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the MES subtype. The list included genes BRCA1, BRCA2, TP53, PTEN, STK11 and CDH1 with high-penetrance mutations, the
genes ATM, BRIP1, CHEK2, PLB2, BARDI1, NBN and RD50 with moderate penetrance mutations and the MAP3K1, FGFR2, LSPI,
TNRC19 and H19 with low penetrance mutations [30]. The investigation also revealed genes containing genetic variants not reported to
be directly associated with TNBC, which were transcriptionally associated with the MES subtype. A complete of list of all the 204 genes
containing genetic risk variants (GWAS genes) that were transcriptionally associated with the MES subtype in this investigation along
with their estimates of p-values and false discovery rate (FDR) are presented in genes Supplementary Table S2.

Evaluation of non-GWAS genes, revealed a signature of 119 highly significantly (P<10-; FDR <0.01%) non-GWAS genes
associated with the MES subtype, confirming our hypothesis. A complete list of all the 119 non-GWAS genes that were highly significantly
associated with the MES subtype is presented in Supplementary Table S2 along with their estimates of P-values and FDR showing the
strength and reliability of association. Comparison of genes expression levels between the LAR and MES revealed significant overlap.
That is majority of GWAS and non-GWAS genes found to be significantly associated with LAR were also significantly associated with
MES subtype.

Table 2: List of genes containing genetic variants associated with an increased risk of developing TNBC significantly associated with

the MES subtype in this study.

GWAS Gene:ELxX;‘:)ssion
Gene Symbol Chr. position (rssl_\g))) P-value p-value
BRCA2 13q13.1 rs11531833 5.00x10® 5.00x10°
ESR1 6q25.1 rs11155804 8.18x108 1.80x10°
LGR6 1g32.1 rs17489300 9.37x10°1° 0.28x1072
ZNF365 10q21.2 rs10995190 3.75x10°® 5.00x10°
TERT 5p15.3 1s2242652 2.73x10° 5.00x10°
TOX3 16q12.1 rs4784227 1.11x10™ 1.46x10*
PEX14 1p36.2 rs10864459 2.13x10° 5.00x10°
ADAM29 4q34.1 rs6828523 1.33x10° 5.00x10°
EBF1 19q13.1 rs1432679 8.62x10° 5.00x10°
TCF7L2 10q25.2 156585202 3.35x10° 5.00x10°
NTN4 12q22 rs17356907 7.55x107 0.26x10°
MLK1 14q24.2 rs6001930 2.5x103 5.00x10°
ANKLE1 19p13.1 rs8170 2.25x10%® 5.00x10°
TGFBI 19q13.1 rs1982073 3.8x10° 5.00x10°
MAP3K1 5ql1.2 rs889312 4.60x102° 1.61x107
LSP1 11ql15.5 rs4980383 3.02x10° 5.00x10°
TGFBR2 3p24.1 rs1367610 3.08x10* 5.00x10°
FTO 16q12.2 rs11075995 3.30x10°® 0.23x10°
ADHIB 19p13.1 1s56069439 8.25x10°" 4.16x107
BABAMI1 19p13.11 rs8170 1.7x101° 5.00x10°

5

J Oncol Res Ther, an open access journal

ISSN: 2574-710X

Volume 6; Issue 01



Citation: Hicks C, Elnaggar J, Wu J (2021) Integrating GWAS with Gene Expression Data to Map the Landscape of Luminal Androgen Receptor and Mesenchymal
Subtypes of Triple Negative Breast Cancer. J Oncol Res Ther 6: 10103. DOI: 10.29011/2574-710X.010103

CHEK2 22ql2.1 rs17879961

1.00x10* 5.00x10°

MYC 8q24.21 rs11780156

3.00x10™" 5.00x10°

Patterns of gene expression profiles for the LAR and MES

To address the hypothesis that genes containing genetic
variants are co-regulated and have similar patterns of gene
expression profiles with one another and with non-GWAS genes,
we performed two-step hierarchical clustering for LAR and
MES separately, as explained in the data analysis section. Figure
1 shows patterns of gene expression profiles for the 198 genes
containing genetic variants that were significantly associated with
LAR subtype of TNBC. Results showing patterns of expression
profiles for the combined set of 198 GWAS and 118 non-GWAS
genes are presented in Figure 2. Hierarchical clustering revealed
that genes containing genetic variants are co-regulated and have
similar patterns of gene expression profiles (Figure 1), confirming
our hypothesis. In addition, hierarchical clustering combining
GWAS and non-GWAS revealed that genes containing genetic
variants are co-regulated and have similar patterns of gene
expression profiles with non-GWAS genes (Figure 2), confirming
our hypothesis. Importantly, genes containing genetic variants
with strong GWAS associations were co-regulated and had similar
patterns of expression profiles with genes containing genetic
susceptibility variants with weak to moderate associations (Figure
1). In addition, genes containing genetic variants with weak to
strong GWAS associations were co-regulated and had similar
patterns of expression with non-GWAS genes. Moreover, the
analysis revealed that genes containing genetic variants reported to
be directly associated with TNBC, were functionally related with
other GWAS genes and non-GWAS genes.

Figure 1: Patterns of expression profiles for the 198 GWAS genes
containing genetic susceptibility variants significantly associated with the
LAR subtype of TNBC. The rows represent genes and columns represent
samples. The red and blue colors indicate upregulation and down
regulation; respectively.

Figure 2: Patterns of expression profiles for the 198 GWAS genes
containing genetic susceptibility variants and the 118 non-GWAS genes
associated with the LAR subtype of TNBC. Columns represents samples
and rows represent genes. The red and blue colors indicate upregulation
and down regulation respectively.

The results showing patterns of gene expression profiles
for the 204 GWAS genes only in tumor and control samples for
MES are presented in Figure 3. Figure 4 shows the patterns of
gene expression profiles for combined 204 GWAS and 119
non-GWAS genes. Genes containing genetic variants were co-
regulated and had similar patterns of expression profiles (Figure 3)
regardless of the level of association. Likewise, GWAS and non-
GWAS genes were co-regulated and hard similar patterns of gene
expression confirming our hypothesis [Figure 4]. Interestingly,
genes containing genetic variants reported to be directly associated
with TNBC were functionally related and had similar patterns
of expression profiles with genes containing genetic variants
not reported to be directly associated with TNBC (Figure 3). In
addition, genes containing genetic variants directly associated
with TNBC were co-regulated with non-GWAS (Figure 4).

Figure 3: Patterns of gene expression profiles for the 204 GWAS genes
transcriptionally associated with the MES subtype of TNBC. Columns
represents patients and rows represent genes. The red and blue colors
indicate upregulation and down regulation; respectively.

6
J Oncol Res Ther, an open access journal
ISSN: 2574-710X

Volume 6; Issue 01



Citation: Hicks C, Elnaggar J, Wu J (2021) Integrating GWAS with Gene Expression Data to Map the Landscape of Luminal Androgen Receptor and Mesenchymal
Subtypes of Triple Negative Breast Cancer. ] Oncol Res Ther 6: 10103. DOI: 10.29011/2574-710X.010103

Figure 4: Patterns of gene expression profiles for the 204 GWAS
genes 119 non-GWAS genes associated with the MES subtype of
TNBC. Columns represents patients and rows represent genes.
The red and blue colors indicate upregulation and down regulation
respectively.

Overall, the investigations in both LAR and MES revealed
that genes containing genetic variants are co-regulated and have
similar patterns of expression among themselves and with non-
GWAS genes. Taken together, the presence of genetic variants in
co-regulated genes with similar biological functions could give a
degree of confidence that the associations are potentially genuine,
even if none of the genetic individually are highly significant. Co-
expression analysis provides a framework for the discovery of co-
regulated genes.

Molecular networks and signaling pathways enriched for
genetic variants

To gain insights about the broader biological context in
which genetic variants operate and to establish putative functional
bridges between genetic variants and the pathways they control
in LAR and MES, we performed network and pathways analysis.
For theseanalysis, we combined GWAS and non-GWAS genes
and were performed separately for each subtype of TNBC. Our
working hypothesis was that GWAS and non-GWAS genes are
functionally related and interact in gene regulatory networks and
signaling pathways enriched for genetic variants.

The results of network analysis for LAR are presented in
Figure 5. The analysis produced networks containing genes with
overlapping functions. The networks contained genes predicted
to be involved in DNA replication, recombination and repair,
cell cycle and cancer (z-score = 49); cell cycle and cell death and

survival (z-score =28); DNA replication, recombination and repair,
gene expression and cellular development (z-score = 26); and cell
morphology and inflammatory response (z-score = 19) (Figure
5). The investigations revealed signaling pathways enriched for
genetic variants including, the role of BRCA1 in DNA damage
response (P=1.10x102%), Hereditary breast cancer (P=1.26x1022),
Aryl hydrocarbon receptor (P=1.48x10'%) and the molecular
mechanisms of cancer (P=2.44x10°) signaling pathways, all of
which have been implicated in TNBC [5,12].

Figure 5: Molecular networks for genes containing genetic variants
that were associated with LAR subtype. The gene symbols in red
font represent genes containing SNPs associated with an increased
risk of developing cancer. The solid lines indicate functional
relationships.

The results of network analysis for the MES subtype are
presented in Figure 6. The analysis produced molecular networks
containing genes predicted to be involved in cellular development,
cellular growth and proliferation, organ development (z=32),
cell cycle and cancer (z=32), DNA replication, recombination
and repair, cell cycle survival, cellular compromise and cellular
assembly and morphology (z=30). Majority of the genes were
predicted to be significantly involved in DNA replication and
repair, cell cycle, cell death and survival, cellular compromise and
cellular assembly and organization for the MES subtype. Pathways
enrichment analysis reveals role of BRCA1 in DNA damage
response (P=2.05x102%), Hereditary breast cancer signaling
(P=2.52x102), aryl hydrocarbon receptor signaling (P=1.49x10-1%)
and the molecular mechanisms of cancer (P=2.43x102) signaling
pathways enriched for genetic variants.
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Figure 6: Molecular networks for genes containing genetic
variants that were associated with mesenchymal (MES) subtype.
The gene symbols in red font represent genes containing SNPs
associated with an increased risk of developing cancer. The solid
lines indicate functional relationships.

In both the LAR and MES subtypes, network and pathway
analysis revealed that genes with low to moderate GWAS
associations are functionally related and interact with genes
containing genetic variants with strong GWAS associations. There
was considerable overlap in the functions of genes, molecular
networks and pathways associated with either type of TNBC (that
is molecular networks and pathways discovered in LAR were also
discovered in MES), although their ranking differed between the
two subtypes of TNBC. Overall, the investigation revealed that in
the context of TNBC, the LAR and MES subtypes can be considered
as emergent properties of gene regulatory networks and signaling
pathways controlled by many genetic variants and genes, rather
than individual genetic variants or a small number of genes. Thus,
integrating GWAS information using gene expression data from
LAR and MES as the intermediate phenotype holdspromise for
establishing the causal association between genetic susceptibility
and the two subtypes of TNBC.

Discussion

GWAS have revealed genetic variants associated with an
increased risk of developing breast cancer. However, majority
of the genetic variants have not been cancer type and subtype-
specific, rendering their clinical implementation in heterogeneous
discase entities like TNBC a challenge. Here we integrated GWAS
information with gene expression data from the LAR and MES
subtypes of TNBC. The goal was to infer the potential causal
association between genetic susceptibility and the two subtypes of

TNBC; and to identify molecular networks and signaling pathways
to gain insights about the broader biological context in which
genetic variants and associated genes operate. The investigation
revealed that genes containing genetic variants are associated
with the LAR and MES subtypes of TNBC. In addition, the
investigation revealed molecular networks and signaling pathways
enriched for genetic variants. These findings establish putative
functional bridges between GWAS discoveries and the signaling
pathways they control. More, importantly, this demonstrates that
integration of GWAS information using gene expression data as
the intermediate phenotype provides a framework for addressing
knowledge gaps not addressed by GWAS. To our knowledge
this is the first study to infer the potential causal association
between GWAS and the two subtypes of TNBC. The results of
this investigation are consistent with our earlier investigation in
which we associated GWAS information with the BLIA and BLIS
subtypes of TNBC [12]. While we did not investigate individual
genetic variants, the aggregation of genetic variants through co-
expression, functional, network and pathways analysis provides
convincing evidence that some of the genetic variants may play a
role in the pathogenesis of LAR and MES subtypes of TNBC. The
practical significance of these findings is that understanding the
biological context in which genetic variants operate is a necessary
step towards clinical implementation and identifying potential
drug targets [31,32].

An important limitation in GWAS studies is that SNP—trait
associations reported thus far, do not necessarily lead directly to
the identification of the causal gene(s), or much less elucidating
the context in which the genetic variants operate [33,34]. However,
combining GWAS with non-GWAS genes through co-expression,
functional, network and pathways analysis provides a framework
for uncovering complex oncogenic interactions likely to drive
and shape clinical phenotypes. The discovery of gene regulatory
networks and signaling pathways enriched for genetic variants
captures both cis and frans regulatory mechanisms in which the
genetic variants may be involved. The approach demonstrates that
the missing variation in GWAS and potential causal genes may
be inferred by layering in gene expression as the intermediate
phenotype for LAR and MES subtypes of TNBC [35,36].

Recently, development of risk prediction algorithms such
as polygenic risk scores has come into sharper focus in breast
cancer research [6,7]. Polygenic risk scores are poised to improve
outcomes via precision medicine and potentially precision
prevention [6,7]. However, polygenic risk scores available to
date are not accurate enough to support patient stratification by
subtype. One way to address this knowledge gap and critical unmet
need may be by leveraging GWAS information and integrating it
with gene expression data to refine current polygenic risk scores.
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Knowing that a specific risk profile is associated with a subtype-
specific TNBC may lead to subtype-specific tailored genetic
screening.

The discovery of important signalling pathways associated
with the two subtypes types of TNBC including the role of
BRCAL1 in DNA damage response, Hereditary breast cancer,
Aryl hydrocarbon receptor and the molecular mechanisms of
cancer signalling pathways enriched for genetic susceptibility
variants was of particular interest. Majority of TNBC tumors
harbour BRCA1 and BRCA2 mutations [37]. Germline mutations
in BRCA1 and BRCA2 genes predispose individuals to TNBC
by impairing homologous recombination (HR) system, thereby
causing genomic instability [38]. In clinical practice, homologous
recombination deficiency saves as both a predictive and
prognostic factor in different settings of TNBC patients treated
with DNA damaging drugs and poly ADP ribose polymerase
(PARP) inhibitors [38]. This renders the role of BRCA1 in DNA
damage response signalling pathway a potential therapeutic
target. In addition, the high prevalence of pathogenic mutations
in BRCAI1 and BRCA2 in sporadic TNBC renders use of these
genes prime for genetic testing [39,40]. The discovery of the
Aryl hydrocarbon receptor signalling pathway is consistent with
literature reports [41]. This signalling pathway mediates DNA
damage in breast cancer cells [41], which renders it a potential
therapeutic target by itself or through the reactive oxygen species
(ROS) whose expression levels correlate with the activity of this
pathway [41]. Likewise, the AR signalling pathway could serve
as a therapeutic target [42]. The discovery of the hereditary breast
cancer signalling pathway has clinical application potential,
because inherited germline mutations considered in this study may
interact with somatic mutations to drive tumorigenesis in TNBC
[43,44]. Although currently there is limited evidence that cancer
susceptibility regions are preferential targets for somatic mutations
[45], there is compelling evidence that hereditary breast cancer is
due to mutations in BRCA1 and BRCA2 genes reported in this
study and previous studies [46].

Overall, our investigation revealed that genes containing
genetic susceptibility variants are associated with the LAR and
MES subtypes of TNBC. The clinical significance of these findings
is that genetic testing for TNBC using panels of genes such as
BRCA1 and BRCA2 evaluated here are being used routinely
in a diagnostic setting [47,48]. In addition, germline mutations
considered here are being used in the development of polygenic
risk scores to identify individuals at high risk of developing TNBC
that could be prioritized for treatment [49,50]. Thus, information
on genetic variants and genes when combined with gene expression
data has the potential to improve outcomes in TNBC via precision
medicine and precision prevention [51]. An limitation of our study
and others [52] is the lack of ethnic diversity in genomic studies,

which if not addressed has the potential to exacerbate racial
disparities in TNBC.

Conclusions

The study revealed signatures of genes containing genetic
variants are associated with the LAR and MES subtypes of TNBC.
In addition, the study revealed molecular networks and signaling
pathways enriched for genetic variants. Further research involving
multiple racial/ethnic populations to validate genetic variants in
LAR and MES subtypes of TNBC is recommended and is the
potential subject of our future research.
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