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Abstract: Recent advances in high-throughput genotyping and the recent surge of next generation
sequencing of the cancer genomes have enabled discovery of germline mutations associated with
an increased risk of developing breast cancer and acquired somatic mutations driving the disease.
Emerging evidence indicates that germline mutations may interact with somatic mutations to drive
carcinogenesis. However, the possible oncogenic interactions and cooperation between germline and
somatic alterations in triple-negative breast cancer (TNBC) have not been characterized. The objective
of this study was to investigate the possible oncogenic interactions and cooperation between genes
containing germline and somatic mutations in TNBC. Our working hypothesis was that genes
containing germline mutations associated with an increased risk developing breast cancer also harbor
somatic mutations acquired during tumorigenesis, and that these genes are functionally related.
We further hypothesized that TNBC originates from a complex interplay among and between genes
containing germline and somatic mutations, and that these complex array of interacting genetic factors
affect entire molecular networks and biological pathways which in turn drive the disease. We tested
this hypothesis by integrating germline mutation information from genome-wide association studies
(GWAS) with somatic mutation information on TNBC from The Cancer Genome Atlas (TCGA) using
gene expression data from 110 patients with TNBC and 113 controls. We discovered a signature
of 237 functionally related genes containing both germline and somatic mutations. We discovered
molecular networks and biological pathways enriched for germline and somatic mutations. The top
pathways included the hereditary breast cancer and role of BRCA1 in DNA damage response signaling
pathways. In conclusion, this is the first large-scale and comprehensive analysis delineating possible
oncogenic interactions and cooperation among and between genes containing germline and somatic
mutations in TNBC. Genetic and somatic mutations, along with the genes discovered in this study,
will require experimental functional validation in different ethnic populations. Functionally validated
genetic and somatic variants will have important implications for the development of novel precision
prevention strategies and discovery of prognostic markers in TNBC.

Keywords: germline somatic mutation; interactions cooperation; triple-negative breast cancer

1. Introduction

Triple-negative breast cancer (TNBC) represents a diverse group of cancers that are characterized
by lack of expression of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) amplification [1–3]. TNBC is a heterogeneous disease representing
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17–20% of all breast cancers diagnosed in the general US population [1–3]. Patients with TNBC
have a significantly increased risk of relapse and shorter survival time than patients affected by
other molecular subtypes of breast cancer [1–3]. Unlike ER/PR+ and HER2+ breast cancers which
are responsive to targeted therapy, there is no effective targeted therapy for TNBC [4]. Cytotoxic
chemotherapy remains the only effective therapeutic modality. Therefore, there is an urgent need
for the discovery of molecular markers for the development of precision prevention strategies and
novel therapeutics.

Well-established risk factors for TNBC include age, ethnicity, family history, and genetics. Patients
with TNBC usually show an early onset of the disease, as well as a positive family history of breast
cancer, suggesting that TNBC may be closely associated with a hereditary disease cause. Germline
mutations in the BRCA1 and BRCA2 genes have been associated with up to 15% of TNBC [5].
Importantly, TNBC accounts for 70% of breast tumors arising in BRCA1 mutation carriers and 16–23%
of breast tumors in BRCA2 carriers [5]. However, it is not clear whether germline mutations in other
breast cancer susceptibility genes also predispose to TNBC, or whether the BRCA1 and BRCA2 genes
interact and cooperate with other genetic susceptibility genes to drive TNBC.

Over the last decade, transcription profiling using microarray technology has enabled molecular
classification of the subtypes of TNBC and discovery of clinically actionable biomarkers [6,7].
However, the causal association between gene expression and TNBC remains to be determined.
Emerging evidence indicates that germline mutations may interact with somatic alterations to drive
carcinogenesis [8]. The association of genetic susceptibility risk variants with somatic mutation burden
in breast cancer in general has been reported [9]. However, the possible oncogenic interactions and
cooperation between germline and somatic alterations in TNBC remains largely unknown.

Advances in high-throughput genotyping and reduction in genotyping costs have enabled the
discovery of germline mutations, primarily single-nucleotide polymorphisms (SNPs) associated with
an increased risk of developing breast cancer using genome-wide association studies (GWAS) [10,11].
Discoveries from these studies are providing valuable insights about the genetic susceptibility
landscape of breast cancer. The recent surge of next generation sequencing of the cancer genomes has
led to an expanded molecular classification of types and subtypes of breast cancer, and the discovery
of somatic driver mutations acquired during tumorigenesis [12]. Large multicenter projects, such as
The Cancer Genome Atlas (TCGA) [13] and the International Cancer Genome Consortium (ICGC) [14],
have performed a series of detailed analyses of the somatic alterations affecting tumor genomes in
breast cancer and other cancers. Discoveries from these large-scale studies are providing valuable
information about the genomic landscape of breast cancer. However, to date, somatic mutation
information has not been maximally leveraged and integrated with information on germline genetic
susceptibility variants to infer the possible oncogenic interactions and cooperation between germline
and somatic variation in TNBC. This limited progress must be balanced against the recognition that in
the past, germline mutations contained within the heritable genome, and somatic mutations, acquired
de novo by cancer cells, have historically been considered as separate endeavors in cancer research.

The objective of this exploratory study was to investigate the possible oncogenic interactions and
cooperation between genes containing germline mutations and genes containing somatic mutations or
both in TNBC and to identify the molecular networks and biological pathways through which they
cooperate. Our working hypotheses included (1) genes containing germline mutations also harbor
somatic mutations and are functionally related and (2) TNBC originates from a complex interplay
between germline and somatic-mutated genes, and that these complex array of interacting genetic
factors affect entire molecular networks and biological pathways, which in turn drive the disease.
To address these hypotheses, we combined germline mutation information derived from GWAS with
somatic mutation information derived from tumor samples, using gene expression data on TNBC and
control samples from TCGA. For the purposes of clarity, in this study, we defined genetic variants or
single-nucleotide polymorphisms (SNPs) associated with an increased risk of developing breast cancer
as germline mutations and the genes containing these mutations as the units of association. Likewise,
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we have defined mutations derived from the tumor genomes as somatic mutations and used the
genes containing these mutations in the analysis. Thus, rather than considering actions of individual
mutations, our analysis has taken a holistic approach by using mutated genes as the variables and
gene expression data as the intermediated phenotype to understand the broader biological context in
which germline and somatic mutations operate and cooperate to drive TNBC.

2. Materials and Methods

2.1. Germline Mutations and Associated Genes

We have previously published a comprehensive catalog of genetic variants primarily
single-nucleotide polymorphisms (herein referred to as germline mutations) associated with an
increased risk of developing breast cancer [10]. For this study, we used an updated version of
this catalog and supplemented it with information from the GWAS catalog which is continuously
updated [10,15] to accommodate the most recent publications on GWAS [10,15]. The methods used
to collect genetic variants and genes from GWAS have been described in our earlier publication [10],
which followed the guidelines proposed by the Human Genome Epidemiology Network for systematic
review of genetic associations [16–20].

In this study, we reviewed 250 published reports on GWAS to identify genetic variants and genes
associated with increased risk of breast cancer. The reports were screened by title, abstract, and full-text
review to identify the studies meeting the following eligibility criteria; (1) using a case-control study
design with unrelated individuals; (2) publications must have been of full length and published in
peer-reviewed journals or online in English language before October 2018; (3) breast cancer must
have been diagnosed by histological examination; (4) the sample sizes must be more than 500 for
the cases and more than 500 for the controls to reduce sampling errors; (5) the study must have
provided sufficient information such that genotype frequencies for both breast cancer and controls can
be discerned without ambiguity; and (6) the studies must have used the appropriate and recommended
statistical methods to infer the associations by taking into account the covariates and accounting for
population structure and genetic background [16,17].

We manually extracted the information from the 230 studies meeting our eligibility criteria and
the accompanying websites containing Supplementary Data. The extracted information included SNP
identification number (rs-ID); evidence of association as determined by the GWAS p-value; a composite
of strong (p ≤ 10−7), moderate (P = 10−5–10−6), and weak (P = 10−2–10−4) association; gene name; and
associated chromosome positions to which the genes map as determined by the dbSNP database [21]
and the Human Genome Nomenclature database [22]. The combined data set included 632 genes
containing genetic variants associated with an increased risk of developing breast cancer derived from
GWAS reports. A complete list of genetic variants and genes along with sources or published reports
from which they were derived is presented in Table SA provided as Supplementary Data to this report.

2.2. Somatic Mutation Information and Gene Expression Data

We downloaded somatic mutation, gene names and clinical information from TCGA via the
Genomics Data Commons https://gdc.cancer.gov/ [23]. Using patient IDs, gene symbols, and clinical
information, we created a catalog of somatic mutations and mutated genes on 110 TNBC patients.
We analyzed the somatic mutation events per gene to identify genes which are highly mutated.
Additionally, we analyzed the frequency of mutations across patients to assess genetic heterogeneity
and percentage of patients carrying particular mutation in each mutated gene. The gene was considered
highly mutated if it had >3 mutation events. The mutation frequencies were classified as high if
mutated in >10% of patients or intermediate if mutated in ≤10% of patients. From this analysis,
we created a comprehensive catalog of somatic mutations and mutated genes used in the analysis.

Gene expression data on the same patient population generated using RNA-seq was downloaded
from TCGA via the Genomics Data Commons (GDC) data transfer tool along with clinical information

https://gdc.cancer.gov/
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at https://gdc.cancer.gov/ [23]. The gene expression data set included 110 patients diagnosed with
TNBC and 113 normal samples. The data matrix was filtered to remove rows with missing data,
such that each row had at least ≥30% data using CPM (counts per million) filter (>0.5) implemented in
R. The resulting data set was normalized by the trimmed mean of M-values (TMM) [24] normalization
method and then transformed by Voom [24], using the “LIMMA” package implemented in R [24].
The normalized data contained 36,451 probes and was used in the analysis. The probe IDs and
gene names were matched for interpretation using the Ensemble database, a database used for gene
annotation of sequencing experiments on sequencing technology platforms used by TCGA.

2.3. Data Analysis

The overall project design and data analysis workflow is presented in Figure 1. We used three
data sets: GWAS data containing germline mutations and associated genes, somatic mutations
and associated genes and whole genome transcriptome data derived from RNA-Seq as described
in the preceding sections and shown in Figure 1. As a first step, we performed whole genome
analysis comparing gene expression levels between patients diagnosed with TNBC and matched
control samples using Bioconductor package “LIMMA” [24] to identify significantly differentially
expressed genes between tumors and control samples. This unbiased approach was carried out to
discover germline and somatic-mutated genes as well as nonmutated genes associated with TNBC.
We computed both the observed p-values and adjusted p-values to correct for multiple hypothesis
testing (i.e., false discovery rate, (FDR)) [25]. The genes were ranked based on adjusted p-values.
In addition, we evaluated the number of somatic and germline mutation events per gene and across
samples as described in the preceding section.
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Figure 1. Overall project design showing sources of data and integrative genomic and functional
analysis workflow for combining germline and somatic-mutated genes and nonmutated genes.
DE indicates differential expression. GWAS denotes genome-wide association studies, TCGA represents
The Cancer Genome Atlas, and TNBC represents triple-negative breast cancer.

We performed hierarchical clustering using “Morpheus” [26] to determine whether the genes
significantly associated with TNBC are coregulated and have similar patterns of expression profiles.
First, we performed hierarchical clustering on significantly differentially expressed genes containing
both germline and somatic mutations distinguishing patients with TNBC from control samples.

https://gdc.cancer.gov/
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Secondly, we performed clustering combining genes containing germline mutations only with genes
containing somatic mutations only. In each clustering step we used the Pearson correlation coefficient
as a measure of distance between pairs of genes and the complete linkage method for clustering.

We performed network and pathways analysis using Ingenuity Pathway Analysis (IPA)
software to identify molecular networks and biological pathways enriched for germline and somatic
mutations [27]. Using IPA, the most highly significantly differentially expressed genes (containing
both germline and somatic mutations) distinguishing patients with TNBC from control samples
were mapped onto networks and canonical pathways. We performed additional analysis combining
genes containing germline mutations only with genes containing somatic mutations only. In each
analysis, the probability scores and the log p-values were calculated to assess the likelihood and
reliability of correctly assigning the mutated genes to the correct molecular networks and biological
pathways. A false discovery rate was used to correct for multiple hypothesis testing in pathway
analysis. The predicted molecular networks and biological pathways were ranked based on z-scores
and log p-values, respectively. We performed Gene Ontology (GO) analysis [28] as implemented in
IPA, to gain insights about the molecular functions, biological processes, and cellular components in
which the genes containing germline and somatic mutations are involved.

3. Results

3.1. Significant Differentially Expressed Mutated and Nonmutated Gene Signatures

To address the hypothesis that germline, somatic-mutated and nonmutated genes are significantly
differentially expressed between patients with TNBC and control samples, we performed whole
genome analysis comparing gene expression levels between patients with TNBC and control samples.
The results showing the distribution of the number of genes in each gene signature are shown in the
Venn diagram in Figure 2. Using an adjusted p-value (p < 0.05), the analysis revealed a signature of
5502 significantly differentially expressed somatic-mutated genes and 17,466 significantly differentially
expressed genes without somatic mutations distinguishing patients with TNBC from control samples.
Table 1 presents the top 34 highly significantly differentially expressed and highly somatic-mutated
(>5 mutation events) genes. Also presented in the Table 1 are chromosome positions indicating the
location of the mutated genes, the number of somatic mutation events for individual genes, and the
adjusted p-values indicative of significance in the level of expression. A complete list of significantly
differentially expressed somatic-mutated and nonmutated genes distinguishing patients with TNBC
from controls are presented in Table S1A (for mutated) and Table S1B (for nonmutated genes).
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Table 1. List of the 34 gene signature containing the most highly somatic-mutated genes (>5 mutation
events per gene) that were significantly differentially expressed between TNBC tumors and controls.

Gene Symbol Chromosome Position Expression p-Value Number of Mutation Events

TTN * 2q31.2 0.012712726 27
MUC16 19p13.2 9.79 × 106 11
OBSCN 1q42.13 0.001208653 10
SPTA1 1q23.1 4.58 × 10−5 9

SYNE1 * 6q25.2 1.11 × 10−44 9
DNAH17 * 17q25.3 4.74 × 10−5 8

DST 6p12.1 1.88 × 10−50 8
MUC5B 11p15.5 8.87 × 10−21 8

PIK3CA * 3q26.32 2.59 × 10−9 8
AHCTF1 * 1q44 2.54 × 10−9 7

ASPM 1q31.3 3.27 × 10−68 7
CREBBP 16p13.3 3.83 × 10−6 7
CSMD2 1p35.1 1.38 × 10−12 7

FLG 1q21.3 0.018204904 7
KMT2D * 12q13.12 9.52 × 10−7 7

PLEC 8q24.3 0.000153621 7
SMG1 16p12.3 0.040114062 7
USP34 2p15 0.000850126 7

AHNAK 11q12.3 2.29 × 10−61 6
ARID1B 6q25.3 7.25 × 10−5 6

CACNA1B 9q34.3 9.79 × 10−8 6
CENPE 4q24 2.29 × 10−60 6

COL18A1 21q22.3 0.007574248 6
F5 1q24.2 6.47 × 10−8 6

IGSF10 * 3q25.1 2.63 × 10−38 6
KIF26B 1q44 9.80 × 10−26 6
LAMA3 18q11.2 3.55 × 10−41 6
LRP1 * 12q13.3 5.49 × 10−33 6
LYST 1q42.3 1.39 × 10−21 6
MFI2 3p29 5.09 × 10−13 6

SAGE1 Xq26.3 0.045910304 6
SPTBN1 2p16.2 2.23 × 10−34 6
STAB1 3p21.1 2.20 × 10−6 6

ZNF512B 20q13.33 2.73 × 10−8 6

* Indicates that the gene contains germline mutations that have been directly associated with TNBC.

3.2. Germline and Somatic Mutation Gene Signatures

To discover and characterize the genes containing both germline and somatic mutations
significantly differentially expressed between TNBC and controls, we evaluated all the 632 genes
containing germline mutations. Out of the 632 genes evaluated, 289 genes contained both germline
and somatic mutations confirming our hypothesis that genes containing germline mutations also
harbor somatic mutations (Figure 2). The remaining 343 contained only germline mutations (Figure 2).
Among the genes containing germline and somatic mutations, 237 genes were significantly (p < 0.05)
differentially expressed, whereas 52 genes were not significantly differentially expressed (Figure 2).
Among the genes containing germline mutations only, 267 genes were significantly differentially
expressed, whereas the remaining 76 genes were not significantly associated with TNBC (Figure 2).
A complete list of all the 632 genes containing germline mutations along with their estimates of
adjusted gene expression p-values are presented in Table S2 provided as Supplementary Data.

Further evaluation focusing on somatic-mutated genes only revealed a signature of
5265 significantly differentially expressed genes (Figure 2) and 2105 genes not significantly
differentially expressed. Table 2 presents a signature of 29 genes containing both germline and somatic
mutations (somatic mutations events ≥3) which were highly significantly differentially expressed at
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>2-fold change. Also presented in the table are the germline mutations, GWAS association p-value,
adjusted p-value from gene expression and the number of somatic mutation events per gene.

Table 2. The 29 genes signature of the most highly significantly differentially expressed genes
containing both germline and somatic mutations.

Genes Chromosome
Position

Genetic
Variant GWAS p-Value Expression

p-Value
Mutation

Event

CREBBP 16p13.3 rs12920416 8.00 × 10−7 3.83 × 10−6 7
ARID1B * 6q25.3 rs140842923 3.00 × 10−6 7.25 × 10−5 6
BRCA1 * 17q21.31 rs6558174 3.00 × 10−6 3.95 × 10−7 5
ERBB4 * 2q34 rs13393577 9.00 × 10−14 9.03 × 10−41 5
FHOD3 18q12.2 rs9956546 2.90 × 10−6 1.62 × 10−19 5

TNRC6B 22q13.1 rs12483853 1.00 × 10−18 9.59 × 10−6 5
ARHGAP24 4q21.23-q21.3 rs71599425 6.00 × 10−6 4.05 × 10−44 4
ARHGAP5 * 14q12 rs140783387 3.00 × 10−7 6.22 × 10−15 4
CNTNAP2 7q35-q36.1 rs72826962 5.00 × 10−9 2.35 × 10−5 4

DMD Xp21.2-p21.1 rs145455135 9.00 × 10−6 2.42 × 10−40 4
EFR3B * 2p23.3 rs1971136 5.009 0.000451 4
MSH3 5q14.1 rs1863333 0.0056 2.45 × 10−30 4

MYO10 5p15.1 rs2562343 0.0092 1.56 × 10−25 4
MYT1 20q13.33 rs6062356 3.00 × 10−6 0.00559 4
RELN 7q22.1 rs17157903 0.0006 8.36E-21 4

SPAG17 1p12 rs1962373 1.00 × 10−6 7.67 × 10−5 4
TRIM46 1q22 rs4971059 5.00 × 10−11 1.14 × 10−17 4
ZFPM2 8q23 rs12546444 8.00 × 10−11 3.46 × 10−20 4
ADCY9 16p13.3 rs56278937 1.00 × 10−6 1.31 × 10−25 3

AKAP9 * 7q21.2 rs10644111 3.00 × 10−11 2.70 × 10−6 3
ASH1L * 1q22 rs10796944 7.00 × 10−10 5.39 × 10−6 3
ASXL2 2p23.3 rs144079028 9.00 × 10−6 0.000116 3
ATM * 11q22.3 rs1801516 0.0002 1.35 × 10−8 3
ATXN1 6p22.3 rs3819405 2.00 × 10−8 3.92 × 10−6 3

BAHCC1 * 17q25.3 rs8074440 3.00 × 10−6 0.02797 3
CASZ1 1p36.22 rs199867187 1.00 × 10−6 0.00068 3

CHST9 * 18q11.2 rs1436904 3.00 × 10−8 1.52 × 10−11 3
CNTNAP1 17q21.2 rs72826962 5.00 × 10−9 8.69 × 10−9 3
DNAH11 7p15.3 rs7971 2.00 × 10−8 3.32 × 10−8 3

* Indicates that the gene contains germline mutations that have been directly associated with TNBC.

3.3. Patterns of Expression Profiles for Genes Containing Germline and Somatic Mutations

To investigate whether genes containing germline and somatic mutations are coregulated and
have similar patterns of expression profiles, we performed hierarchical clustering using the 237 genes
containing both germline and somatic mutations associated with TNBC. Figure 3 shows the patterns
of expression profiles for the 237 up- and downregulated genes containing both germline and somatic
mutations significantly associated with TNBC. A complete list including names of the 237 genes
containing germline and somatic mutations significantly associated with TNBC used to generate
Figure 3 is provided in Table S3 provided as Supplementary Data. The analysis revealed that
genes containing both germline and somatic mutations are coexpressed and have similar patterns
of expression profiles. Interestingly, genes containing weak to moderate GWAS associations were
coregulated with genes containing genetic variants with strong associations. There was significant
variation in the patterns of gene expression profiles.

The variability in patterns of expression profiles among the genes containing germline and
somatic mutations (Figure 3) can partially be explained by the diversity of populations and clinical
phenotypes from which they were derived. In addition, TNBC is inherently a heterogeneous disease
entity comprising of many subtypes with varying patterns of expression profiles across subtypes [3].
Overall, the results of hierarchical clustering suggest that genes containing both germline and somatic
mutations cooperate through coregulation and functional relationships.
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Because gene regulation involves cis and trans regulation, restricting analysis to only genes
containing both germline and somatic mutations could miss important information. Genes containing
somatic mutations only may be regulated by genes containing germline mutations only and vice versa.
To address this knowledge gap, we performed addition hierarchical clustering using a set of 154 genes.
This set included the 99 genes containing somatic mutations only with >2 somatic mutation events per
gene, and were significantly associated with TNBC with a fold change of (Log2(FC) ≥ 2) and a set of
55 significantly differentially expressed genes containing germline mutations only selected using the
same criteria and threshold. Our working hypothesis was that highly somatic-mutated genes are likely
coregulated and have similar patterns of gene expression profiles with genes containing germline
mutations only strongly associated with TNBC.

The results showing patterns of expression profiles for the 154 gene signature are presented in
Figure 4. Hierarchical clustering revealed that genes containing germline mutations only and genes
containing somatic mutations only are coregulated and have similar patterns of expression profiles
confirming our hypothesis (Figure 4). Genes containing germline mutations with strong association
were coregulated with genes containing germline mutations with strong associations and with
genes containing somatic mutations only. A complete list of 99 significantly differentially expressed
somatic-mutated genes only and the 55 germline-mutated genes significantly associated with TNBC
are presented in Table S4A (for somatic-mutated genes only) and Table S4B (for germline-mutated
genes only), provided as Supplementary Data to this report.

Having established that genes containing both germline and somatic mutations are coregulated,
we performed additional analysis involving 366 genes (all the 267 genes containing germline mutations
only and the 99 highly somatic-mutated genes) that were significantly associated with TNBC.
The analysis revealed similarities in patterns of expression profiles (see Supplementary Figure S1).
Further analysis combining germline muted, somatic-mutated and nonmutated genes also revealed
similarities in patterns of gene expression profiles (see Supplementary Figure S2). This indicates
that cooperation among the genes may not be limited to genes containing both germline and
somatic mutations only but is also likely to involve other germline and somatic-mutated genes.
The results of coexpression and similarity in patterns of gene expression among the germline-mutated,
somatic-mutated, and nonmutated genes suggest that cooperation among these genes likely occurs
through coregulation and functional relationships.
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3.4. Molecular Networks and Biological Pathways

To gain insights about the broader biological context in which germline and somatic mutations
operate and to understand the potential mechanisms of cooperation we performed network and
pathway analysis using the 237 genes containing both germline and somatic mutations that were
significant associated with TNBC. Figure 5 presents the results of network and pathway analysis.
The analysis revealed functionally related genes interacting in molecular networks and biological
pathways enriched for germline and somatic mutations. Among the most significant networks included
the networks containing genes predicted to be involved in cancer (Z-score = 48), cellular function and
maintenance (Z-score = 43), DNA replication and repair (Z-score = 35), and cell cycle (Z-score 27).
The discovered networks included the genes BRCA1, BRCA2, ATM, CHEK1, CHEK2, BRIP1, NBN,
PALB2, RAD51C, RA51D, FANCM, MRE11A, RAD50, ESR1, TOX3, ANKLE1, LGR6, MDM4, TERT,
PEX14, ADAM29, EBF1, TCF7L2, PTHLH, NTN, MLK1, RAD51L1, TGFB1, LSP1, MAP3K1, CASP8, and
TP53 containing germline mutations confirmed to be directly associated with TNBC (see references
in Supplementary Table SA). This confirmed our hypothesis that cooperation between germline and
somatic-mutated genes likely occurs through molecular networks.

Pathway analysis produced biological pathways enriched for germline and somatic mutations.
The most highly significant pathways included the hereditary breast cancer, role of BRCA1 in DNA
damage response, DNA double-strand break repair, estrogen-dependent breast cancer, FGF, EGF,
molecular mechanisms of cancer, and the p53 signaling pathways. The top upstream regulators
included the genes PTTG1, SPP1, and TP53, all of which have been directly associated with TNBC.
Interestingly, although TP53 was not highly differentially expressed, it contained both germline
and somatic mutations and was the most highly somatic-mutated gene. This further confirmed our
hypothesis that oncogenic interactions between germline and somatic-mutated genes likely occurs
through biological pathways.

One of the limitations of GWAS studies has been the missing variation; a phenomenon that refers
to the small proportion of the phenotypic variation explained by genetic variants reported that far.
Under this phenomenon, the limiting network and pathway analysis of genes containing both germline
and somatic mutations only could miss important information. To address this issue, we performed
additional network and pathways analysis on the 154 gene signature, derived from combining the
55 genes containing germline mutations only that were highly significantly associated with TNBC and
the 99 genes containing somatic mutations only significantly associated with TNBC and have highest
somatic mutation events.
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Figure 5. Network analysis showing interactions and functional relationships among the 237 genes
containing both germline and somatic mutations. All genes in blue font contained both germline and
somatic mutations and were significantly differentially expressed between patients with TNBC and
controls. Many of these genes were also found to interact with the NF-kB complex (black font). The line
colors indicate overlap in functional relationships among genes in different networks. Note that in the
networks there are fewer genes than the input genes due to filtering that we imposed on the networks
to remove spurious interactions and less significant networks.

Figure 6 presents the results of network analysis for the 154 gene signature. The analysis revealed
interactions among and between the genes containing germline mutations only (in blue fonts) and
genes containing somatic mutations only (in red fonts) (Figure 6). The most significant gene regulatory
networks included genes predicted to be involved in cell cycle (Z-score = 45), cancer (Z-score = 30),
DNA replication and repair (Z-score = 30), and cell death (Z-score 23). Interestingly, the discovered gene
regulatory networks included the genes BRCA1, BRCA2, ATM, CHEK1, CHEK2, BRIP1, NBN, PALB2,
RAD51C, RA51D, FANCM, MRE11A, RAD50, ESR1, TOX3, ANKLE1, LGR6, MDM4, TERT, PEX14,
ADAM29, EBF1, TCF7L2, PTHLH, NTN, MLK1, RAD51L1, TGFB1, LSP1, MAP3K1, CASP8, and TP53
containing germline mutations confirmed to be directly associated with TNBC (see Supplementary
Table SA for references).

Pathway analysis produced biological pathways enriched for germline and somatic mutations.
The most highly significant pathways included the hereditary breast cancer, role of BRCA1 in damage
response, ATM signaling, hereditary breast cancer, DNA damage checkpoint regulation, P53 signaling,
molecular mechanisms of cancer, and PTEN, STAT3, and ERS signaling pathways. The top upstream
regulators included the genes ERBB2, SMARCA4, MAPK, and the ESR1. Overall, the investigation
revealed oncogenic interactions and cooperation among genes containing both germline and somatic
mutations and also with other genes.
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4. Discussion

For genetic research on TNBC, analysis of germline and somatic mutations has largely been
conducted as separate endeavors. Here we report the possible oncogenic interactions and cooperation
among genes containing germline and somatic mutations. We used several analytical approaches
to map the germline–somatic mutation interaction landscape. We discovered that genes containing
germline mutations also harbor somatic mutations. Most notably, the investigation revealed that
oncogenic interactions and cooperation among germline and somatic-mutated genes occurs in least
three ways through (1) coregulation and (2) gene regulatory networks and biological pathways.
The novel aspect of the study is that it provides valuable insights about the broader biological context
in which oncogenic interactions and cooperation between germline and somatic alterations occur to
drive TNBC.

The discovery of biological pathways enriched for germline and somatic mutations including the
role of BRCA1 in DNA repair, ATM, hereditary breast cancer, and DNA damage checkpoint signaling
pathways is of particular interest. Because these pathways are involved in the DNA repair machinery
and maintenance of the genome integrity, they could be used as therapeutic targets. Additionally,
germline mutational status may serve as a robust biomarker for predicting response to therapy,
particularly with respect to compounds challenging the DNA repair machinery.

Among the genes containing both germline and somatic mutations included the genes ATM,
BRCA1, BRCA2, PTEN, TP53, NBN, BRIP1, FANCM, PALB1, CHEK1, CHEK2, and RAD50. These genes
contain genetic variants reported to be directly associated with TNBC [29]. The discovery of germline
and somatic-mutated genes interacting with BRCA1 and BRCA2 genes is of particular interest, because
over 70% of TNBC patients tend to have BRCA1 mutations [5,29]. Moreover, mutations in BRCA1 and
BRCA2 genes affect both hereditary and sporadic breast cancers [30–32]. The clinical significance of
these findings is that BRCA1 and BRCA2 genes could be used together with other mutated genes to
create refined gene panels to be used for screening patients and monitoring disease progression [33].
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For example, a recent multigene hereditary cancer panel, including the genes BARD1, BRCA1, BRCA2,
PALB2, and RAD51D, containing germline and somatic mutations found in this study, revealed that
pathogenic germline variants in these genes are associated with high risk (odds ratio > 5.0) of TNBC,
and greater than 20% lifetime risk for overall breast cancer among Caucasians [34]. Pathogenic variants
in genes BRIP1, RAD51C, and TP53 also containing germline and somatic mutations in this study have
been associated with moderate risk (odds ratio > 2) of TNBC [34].

In addition to multigene panels, germline mutations could be used for the development and
refinement of novel precision prevention strategies such as polygenic risk scores (PRSs) optimized for
prediction of estrogen receptor (ER)-specific disease [35]. Stratification of women according to their
risk and type of breast cancer based on polygenic risk scores (PRSs) could improve screening and
precision prevention. Although we did not compute the polygenic risk scores in this investigation,
the use of germline mutations including those reported in this study to compute risk score in breast
cancer has been reported [35].

In this investigation, we did not investigate the impact of germline mutations on the somatic
genome. However, our previous study showed that germline mutations associated with an increased
risk of developing breast cancer, could disrupt cis and trans regulatory elements such as enhancers,
splice sites and binding sites [36]. Moreover, a pan-cancer analysis of enhancer expression across nearly
9000 patient samples of 33 cancer types from the TCGA revealed that enhancers are key regulators of
therapeutic targets [37].

It is worth noting that the link between germline and somatic alterations in breast carcinogenesis
in general has been explored [38]. The novel aspect of our study is that it focused on exploring the
possible oncogenic interactions and cooperation between germline and somatic-mutated genes using
network and pathway based approaches in TNBC. Although we did not investigate the mechanism by
which germline mutations can potentiate the somatic revolution, recent studies involving interactions
between germline and somatic mutations in cancer have revealed that genetic background can influence
the somatic mutation revolution in at least two ways: (1) in determining the site of tumorigenesis and
(2) by modifying the likelihood of acquiring somatic mutations in specific coregulated and functionally
related genes [8,39,40], which is consistent with the results in this study. This study adds another
dimension by revealing that germline mutations may influence the somatic revolution through gene
regulatory networks and biological pathways.

One of the clinical applications of molecular markers in breast cancer is assessing disease
prognosis. The PAM50 gene signature has gained prominence in clinical applications as a prognostic
gene signature in breast cancer [41,42]. The prognostic value of PAM50 intrinsic gene signature has been
shown to be predictive of risk of recurrence, a common feature in TNBC and benefit of chemotherapy,
which is the only effective therapeutic modality for TNBC [41,42]. To investigate whether the germline
and somatic-mutated genes discovered in this study have prognostics value, we evaluated them
against the PAM50 gene signature. Evaluation of the genes containing both germline and somatic
mutations significantly associated with TNBC revealed eight genes: CCNE1, CEP55, EGFR, ESR1,
EXO1, FGFR4, MAPT, and MYC reported in PAM50. In addition, the evaluation of genes containing
germline mutations only, significantly associated with TNBC, revealed five genes BCL2, ESR1, PGR,
PHGDH, and TYMS reported in PAM50. Importantly, these genes were found to be coregulated and
interacting with other genes in molecular networks and biological pathways. These findings suggest
that genes containing germline and somatic mutations may have prognostic value.

Machiela et al. observed limited evidence for cancer susceptibility regions as preferential targets
for somatic mutations [43]. The main difference between that report and this study is that in this
investigation, we used network and pathway- based approach not undertaken in the previous
report [43]. More importantly, Machiela et al. [43] concluded that despite limited evidence that
cancer susceptibility regions are preferential targets for somatic mutations, interactions may occur
through complex gene regulatory networks and biological pathways, which in agreement with findings
from this study.
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Limitations of the study: We are mindful of the limitations of using GWAS information as
the source of germline mutations. Thus far, translating GWAS discoveries into clinical practice has
been limited, in part because germline risk variants identified to date have small effect sizes [44].
Our investigation suggests that this limitation could potentially be overcome by using an integrative
genomics approach. GWAS have not been breast cancer type-specific. Thus, further genotyping studies
confirming and validating germline mutations in TNBC will provide more insights. Importantly,
GWAS have been almost exclusively conducted on women of European ancestry. Lack of diversity in
genomics data and databases is a potential barrier to translating discoveries from GWAS into clinical
practice to guide therapeutic decisions, realization of precision medicine, and elimination of health
disparities [45]. Therefore, there is need for further studies involving diverse populations. However,
despite these limitations, all of which are beyond the scope of this investigation, the study shows
the power of using an integrative genomics approach to map the possible oncogenic interactions and
cooperation between germline and somatic mutations and to understand the broader biological context
in which they operate in TNBC. Although our study focused on TNBC, the approach could be applied
to other types of cancer and common human diseases in which both germline and somatic mutations
play a role.

5. Conclusions

In conclusion, this is the first large-scale and comprehensive analysis delineating the possible
oncogenic interactions and cooperation among and between genes containing germline and somatic
mutations in TNBC. Integrating germline and somatic mutation information holds the promise
of defining the molecular networks and biological pathways driving TNBC. Genetic and somatic
mutations as well as the genes discovered in this study will require experimental functional validation
in different ethnic populations. Functionally validated genetic and somatic variants will have important
clinical implications for the discovery of molecular markers and therapeutic targets and development
of novel precision prevention strategies in TNBC.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/6/1055/
s1, Figure S1: Patterns of gene expression profiles for the 366 genes. The heat map includes 267 genes from
significantly differentially expressed genes containing only germline mutations and 99 somatic-mutated genes
found to be highly significantly differentially expressed and have >2 somatic mutation events per gene, Figure S2:
Patterns of gene expression for 237 genes containing both germline and somatic mutations, 267 genes containing
germline mutations only, and 99 highly somatic-mutated genes significantly associated with TNBC. Table SA:
List of germline mutations and genes associated with and increased of developing breast cancer reported in
GWAS used in this study. The table included original published reports curated from the literature and from
GWAS catalog database. Also presented in the table are estimates of GWAS p-values showing the strength of
association and the information on original reports from which the genetic variants and the genes were derived,
Table S1A: List of significantly differentially expressed somatic-mutated genes along with the frequency of somatic
events, observed and adjusted p-values, Table S1B: List of significantly differentially expressed genes without
mutations along with observed and adjusted p-values, Table S2: List of all 632 significantly differentially and not
differentially expressed germline-mutated genes only. p-values of significantly differentially expressed genes
between patients with TNBC and control samples are marked in red font. Also included in the table is the number
of somatic mutation events per gene, Table S3: List of 237 significantly differentially expressed germline and
somatic-mutated genes associated with TNBC using expression data, along with estimates of adjusted p-values
and number of somatic events per gene, Table S4A: List of the 99 somatic-mutated genes significantly associated
with TNBC using Figure 4 along with their estimates of p-values and number of somatic mutation events. Note
that apart from the p-value all these genes have a fold change of ≥ 2.0 as indicated by the logFC, Table S4B: List of
the 55 germline-mutated genes significantly associated with TNBC used in Figure 4 along with their estimates of
p-values. Note that apart from the p-value all these genes have a fold change of ≥ 2.0 as indicated by the logFC.
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