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Abstract

Background

Triple negative breast cancer (TNBC) is a highly heterogeneous and aggressive disease,

and although no effective targeted therapies are available to date, about one-third of

patients with TNBC achieve pathologic complete response (pCR) from standard-of-care

anthracycline/taxane (ACT) chemotherapy. The heterogeneity of these tumors, however,

has hindered the discovery of effective biomarkers to identify such patients.

Methods and Findings

We performed whole exome sequencing on 29 TNBC cases from the MD Anderson Cancer

Center (MDACC) selected because they had either pCR (n = 18) or extensive residual dis-

ease (n = 11) after neoadjuvant chemotherapy, with cases from The Cancer Genome Atlas

(TCGA; n = 144) and METABRIC (n = 278) cohorts serving as validation cohorts. Our analy-

sis revealed that mutations in the AR- and FOXA1-regulated networks, in which BRCA1

plays a key role, are associated with significantly higher sensitivity to ACT chemotherapy in

the MDACC cohort (pCR rate of 94.1% compared to 16.6% in tumors without mutations in

AR/FOXA1 pathway, adjusted p = 0.02) and significantly better survival outcome in the

TCGA TNBC cohort (log-rank test, p = 0.05). Combined analysis of DNA sequencing, DNA

methylation, and RNA sequencing identified tumors of a distinct BRCA-deficient (BRCA-D)

TNBC subtype characterized by low levels of wild-type BRCA1/2 expression. Patients with

functionally BRCA-D tumors had significantly better survival with standard-of-care chemo-

therapy than patients whose tumors were not BRCA-D (log-rank test, p = 0.021), and they

had significantly higher mutation burden (p < 0.001) and presented clonal neoantigens that

were associated with increased immune cell activity. A transcriptional signature of BRCA-D

TNBC tumors was independently validated to be significantly associated with improved
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survival in the METABRIC dataset (log-rank test, p = 0.009). As a retrospective study, limita-

tions include the small size and potential selection bias in the discovery cohort.

Conclusions

The comprehensive molecular analysis presented in this study directly links BRCA defi-

ciency with increased clonal mutation burden and significantly enhanced chemosensitivity

in TNBC and suggests that functional RNA-based BRCA deficiency needs to be further

examined in TNBC.

Author Summary

Why Was This Study Done?

• Identifying chemosensitive triple negative breast cancers (TNBCs) could significantly

impact the survival of patients with these difficult to treat cancers until novel targeted

therapies become available.

• We hypothesized that genomic somatic aberrations may provide important molecular

clues about chemosensitivity in TNBC.

• Our study used a carefully selected cohort of 29 uniformly treated TNBC patients who

either achieved pathologic complete response (pCR) or had extensive residual disease

after neoadjuvant anthracycline/taxane chemotherapy.

What Did the Researchers Do and Find?

• We sequenced the coding genomic DNA of TNBC tumors and compared the somatic

mutations found in the two groups at the two extremes of the chemosensitivity

spectrum.

• Our analysis revealed that, although mutations in single genes were not individually pre-

dictive, TNBC tumors bearing mutations in genes involved in the androgen receptor

(AR) and FOXA1 pathways were much more sensitive to chemotherapy.

• We also found that mutations that lowered the levels of functional BRCA1 or BRCA2
RNA were associated with significantly better survival outcomes; we derived a BRCA

deficiency signature to define this new, highly chemosensitive subtype of TNBC.

• BRCA-deficient TNBC tumors have a higher rate of clonal mutation burden, defined as

more clonal tumors with a higher number of mutations per clone, and are also associated

with a higher level of immune activation, which may explain their greater chemosensitivity.

What Do These Findings Mean?

• Mutations in the AR/FOXA1 pathway provide a novel marker for identifying chemo-

sensitive TNBC patients who may benefit from current standard-of-care chemotherapy

regimens.
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• The newly defined RNA-based BRCA-deficient subtype includes up to 50% of the

TNBC tumors that appear to be immune primed, and it would be of interest to investi-

gate combinations of chemotherapy with immunotherapies, which could provide clini-

cal benefit for these patients.

• Although our study showed concordant results in three different datasets, our key find-

ings need to be further validated in a larger, prospectively designed study with archival

samples.

Introduction

Triple negative breast cancer (TNBC) disproportionately affects younger women and women

of African ancestry, contributing to health disparities. In the era of personalized cancer ther-

apy, patients with TNBC remain at considerably higher risk of relapse and death than patients

with other breast cancer subtypes, due to the aggressive nature of TNBC and the lack of newer

targeted therapies [1,2]. TNBC patients typically receive chemotherapy with anthracycline and

cyclophosphamide followed by taxane (anthracycline/taxane [ACT]) as standard-of-care treat-

ment. Approximately one-third of patients achieve pathologic complete response (pCR) and

have excellent survival, but the remaining patients relapse and eventually die of the disease [3–

5]. Identifying those TNBC patients who might benefit from ACT chemotherapy and directing

the remaining patients to novel targeted therapies may be an effective strategy with near-term

clinical impact for managing TNBC.

Transcriptional signatures developed in the past decade to predict sensitivity to ACT che-

motherapy in TNBC have had only partial success [6–8], in part owing to the extensive molec-

ular heterogeneity of the disease [9,10]. A few studies have evaluated whether predictability

can be improved by considering a tumor’s somatic genetic aberrations alone [11,12] or in

combination with gene expression [13]. Recent next-generation sequencing efforts have iden-

tified genes recurrently mutated in TNBC, including TP53 and PIK3CA, but unfortunately

have not yielded any new predictive or prognostic clues [12,14]. Among existing markers of

chemosensitivity, BRCA germline mutation carriers are known to receive greater benefit from

platinum-based chemotherapy [15] and poly(ADP-ribose) polymerase (PARP) inhibitors in

TNBC and ovarian cancers [16–18], but it is unclear whether patients with these tumors also

benefit from ACT chemotherapy. Furthermore, higher prevalence of tumor-infiltrating lym-

phocytes (TILs) has been associated with better prognosis [19–22], irrespective of the chemo-

therapy administered, and also with a higher rate of pCR to neoadjuvant anthracycline-based

chemotherapy in TNBC [23]. Gene expression signatures that capture immune or stromal

characteristics have shown promising prognostic performance [24,25].

Chemosensitive or chemoresistant phenotypes can arise in genomically heterogeneous can-

cers through diverse molecular mechanisms, resulting in weaker biomarker–phenotype associ-

ations at the population level and confounding the discovery of prognostic and predictive

biomarkers associated with response. Moreover, mutations alone may not be generally predic-

tive, as gene expression levels are also modulated through non-genetic mechanisms, such as

epigenetic silencing, aberrant transcription, and allele-specific expression [26–28]. Broader

tumor genomic metrics that capture the extent and diversity of genetic heterogeneity within

single tumors, such as overall mutation load and clonality, could be promising biomarkers and

have been reported to be associated with patients’ clinical outcome in melanoma and in head

and neck cancers [29,30]. There is also renewed interest in the enhanced innate immune
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response triggered by neoantigens from mutated cancer cell DNA, especially in tumors with

mismatch repair deficiency [31], a mechanism that may provide a potential link between

BRCA-deficiency-related chemosensitivity and the protective effect of TILs in TNBC.

In this study, we present a comprehensive assessment of chemosensitivity and resistance to

ACT in TNBC using whole exome sequencing (WES) to identify tumor genomic aberrations

that are potentially predictive of response. We used a TNBC cohort from the MD Anderson

Cancer Center (MDACC) consisting of both extremely sensitive and highly recalcitrant

tumors to identify mutations in specific genes or pathways that may indicate response or resis-

tance to ACT chemotherapy in TNBC, and validated our findings in a larger TNBC cohort

from The Cancer Genome Atlas (TCGA) project. We used integrated whole exome, DNA

methylation, copy number variation, and RNA sequencing (RNAseq) data to expand the defi-

nition of TNBC subgroups associated with better outcome.

Methods

Sample Collection and Datasets

MDACC cohort. This study was designed as a follow-up from a previous study [6] and

did not have a specific prospective analysis plan. Twenty-nine TNBC samples were selected

from a prospectively collected tissue bank of fine needle aspiration biopsies obtained prior to

preoperative ACT chemotherapy at the MDACC [6] to represent two extreme response

groups: patients achieving pCR (n = 18) and patients with extensive residual disease (RD)

(n = 11) at surgery. All samples from patients in the two response groups from the original

cohort of 205 TNBC cases that had tissue available for DNA extraction were included. Patients

provided written informed consent in the original study [6]. Clinicopathologic information

for these cases is provided in Table 1. This discovery cohort was used to identify mutations

associated with response or resistance to ACT chemotherapy.

TCGA cohort. We selected 144 TNBC samples from the TCGA breast cancer cohort

(https://gdc-portal.nci.nih.gov/projects/TCGA-BRCA) based on estrogen receptor (ER), pro-

gesterone receptor (PR), and HER2 immunohistochemistry (IHC) status, when available, or

basal-like PAM50 breast cancer subtype (https://www.synapse.org/#!Synapse:syn1700525) if

IHC was missing (Fig 1). We excluded 19 cases because of inadequate follow up (<30 d) and

two cases with metastatic disease, resulting in 123 TNBC cases. WES-derived somatic and

germline variants were available for 102 of these cases. In addition to WES, RNAseq V2 nor-

malized gene expression and DNA methylation (Infinium HumanMethylation450 BeadChip;

Illumina) data were available for 101 of these cases and were accessed from the TCGA Data

Portal (https://gdc-portal.nci.nih.gov/projects/TCGA-BRCA). Copy number variation data

from SNP arrays were accessed from the Broad GDAC Firehose (http://gdac.broadinstitute.

org/). Variant allele frequency of somatic mutations was obtained from exome sequencing

alignment and RNAseq alignment data from the Cancer Genomics Hub (https://cghub.ucsc.

edu/). In addition, we accessed the curated mutations of the overlapped TCGA samples to per-

form mutation signature analysis [32]. Predicted neoantigens for the same 102 TNBC cases

from the TCGA cohort were directly obtained from a previous study [33]. The majority of the

TCGA TNBC cases (90%) received ACT chemotherapy, 6% received platinum-based thera-

pies, and none received targeted therapies (Fig 1). The TCGA cohort was used in analyses to

validate mutations identified in the MDACC discovery cohort and their association with sur-

vival outcomes. This dataset was also used to define the BRCA-deficient (BRCA-D) subtype

based on wild-type (WT) BRCA transcript expression and to derive a transcriptional signature

for this subtype. We also used this dataset to analyze the association of BRCA deficiency with

clonal mutation burden (CMB) and immune activation.
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METABRIC cohort. We identified 278 basal-like breast cancer cases (because receptor

status determined by IHC was not available for all cases) treated with chemotherapy from the

METABRIC (Molecular Taxonomy of Breast Cancer International Consortium) dataset. The

clinical outcomes and normalized gene expression data generated on the Illumina HumanHT-

12 platform were accessed from https://sagebionetworks.jira.com/wiki/display/BCC. Probes

from intronic gene regions were excluded from the analysis. We used this cohort as indepen-

dent validation that patients with BRCA-D TNBC tumors selected based on the transcriptional

signature have improved survival outcomes.

Whole Exome Sequencing and Variant Calling

After DNA extraction from the fine needle aspiration biopsies, 1 μg of genomic DNA was

sheared to a mean fragment length of about 140 bp. A NimbleGen human solution-capture

exome array (SeqCap EZ v2) was used to capture the exomes of tumor samples, using a

Table 1. Clinical characteristics of MDACC cohort.

Sample ID RCB Class Tumor Grade Tumor Size (T-Stage) Nodal Status (N-Stage) AJCC Stage ER Status PR Status HER2 Status

324_012_012 pCR 3 T2 N1 IIB Neg Neg Neg

367_005_005 pCR 3 T4 N1 IIIB Neg Neg Neg

402_006_006 pCR 3 T4 N2 IIIB Neg Neg Neg

485_004_004 pCR 3 T4 N2 IIIB Neg Neg Neg

524_006_006 pCR 3 T2 N1 IIA Neg Neg Neg

557_012_012 pCR 3 T2 N3 IIIB Neg Neg Neg

658_004_004 pCR 3 T3 N3 IIIB Neg Neg Neg

661_005_005 pCR 3 T2 N1 IIB Neg Neg Neg

665_006_006 pCR 3 T2 N1 IIB Neg Neg Neg

692_004_004 pCR 2 T2 N3 IIIB Neg Neg Neg

696_005_005 pCR 3 T2 N1 IIB Neg Neg Neg

735_012_012 pCR 3 T2 N1 IIB Neg Neg Neg

805_005_005 pCR 2 T2 N1 IIB Neg Neg Neg

M211_006_006 pCR 3 T3 N2 IIIA Neg Neg Neg

M571_004_004 pCR 3 T2 N1 IIB Neg Neg Neg

M635_005_005 pCR 3 T1 N3 IIIC Neg Neg Neg

M750_006_006 pCR 3 T2 N2 IIIA Neg Pos Neg

M792_012_012 pCR 3 T3 N2 IIIA Neg Neg Neg

757_004_004 RCB-I 2 T2 N3 IIIB Neg Neg Neg

348_004_004 RCB-II 3 T3 N1 IIIA Neg Neg Neg

494_005_005 RCB-II 3 T2 N0 IIA Neg Neg Neg

681_012_012 RCB-II 3 T3 N0 IIB Neg Neg Neg

219_005_005 RCB-III 3 T4 N3 IIIB Neg Neg Neg

229_006_006 RCB-III 3 T3 N1 IIIA Neg Neg Neg

612_006_006 RCB-III 3 T2 N2 IIIA Neg Neg Neg

732_006_006 RCB-III 3 T2 N2 IIIA Neg Neg Neg

M345_012_012 RCB-III 3 T4 N2 IIIB Neg Neg Neg

125_004_004 RD 3 T1 N1 IIA Neg Neg Neg

406_012_012 RD 3 T2 N2 IIIA Neg Neg Neg

All patients received 12 weekly doses of paclitaxel followed by four cycles of fluorouracil, doxorubicin, and cyclophosphamide and then surgery.

AJCC, American Joint Committee on Cancer; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; Neg, negative; pCR, pathologic

complete response; Pos, positive; PR, progesterone receptor; RCB, residual cancer burden; RD, residual disease (RCB unknown).

doi:10.1371/journal.pmed.1002193.t001
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procedure modified from the manufacturer’s instructions. The library was sequenced on an

Illumina HiSeq 2000 platform in paired-end 75-cycles mode at the Yale Center for Genome

Analysis.

Reads were filtered by Illumina CASAVA 1.8.2 software, trimmed at the 30 end using

FASTX v0.0.13, and aligned to the human reference genome (GRCh37) by Burrows-Wheeler

Aligner v0.7.5a, and PCR duplicates were removed using the MarkDuplicates (Picard) algo-

rithm. Local realignment around putative and known insertion/deletion (INDEL) sites and

base quality recalibration were performed using RealignerTargetCreator (Genome Analysis

Toolkit v3.1.1). MuTect v1.1.4 and Strelka v1.0.14 were used to call somatic single nucleotide

variants and INDELs, respectively, with an in-house pooled normal reference obtained from

ten normal blood DNA samples sequenced using the same protocol. Mutations in the Single

Nucleotide Polymorphism Database (dbSNP build 138; https://www.ncbi.nlm.nih.gov/SNP/;

variants not flagged as somatic or clinical or as having a minor allele frequency of<1%), the

NHLBI Exome Sequencing Project (ESP6500; http://evs.gs.washington.edu/evs_bulk_data/

ESP6500SI-V2-SSA137.GRCh38-liftover.snps_indels.vcf.tar.gz), the 1000 Genomes Project

(http://www.1000genomes.org/), and Exome Aggregation Consortium dataset (ExAC release

0.1; ftp://ftp.broadinstitute.org/pub/ExAC_release/release0.1) were excluded as putative germ-

line sequence alterations. Furthermore, mutations were also excluded if the ratio of the mutant

allele frequency (MAF) in tumor versus the pooled normal was less than five or if the MAF

was 0.45–0.55. Recurrent COSMIC (v64) variants (n� 5) and ClinVar annotated variants

(http://www.ncbi.nlm.nih.gov/clinvar/) were whitelisted. All mutations found to have

Fig 1. Diagram for selecting triple negative breast cancer samples from the TCGA breast cancer dataset. ACT, anthracycline/

taxane; CNV, copy number variation; ER, estrogen receptor; Exomeseq; exome sequencing; IHC, immunohistochemistry; PR,

progesterone receptor; RNAseq, RNA sequencing; TCGA, The Cancer Genome Atlas; TNBC, triple negative breast cancer.

doi:10.1371/journal.pmed.1002193.g001
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significant association with clinical outcomes were manually visualized in the Integrative

Genomics Viewer (https://www.broadinstitute.org/igv/) to filter potential false positive calls.

Raw WES data and mutation calls from the MDACC TNBC cohort are deposited in the

Sequence Read Archive (accession ID SRP063902; http://trace.ncbi.nlm.nih.gov/Traces/sra/?

study=SRP063902).

Genomic Biomarker Analyses

Gene level. For the MDACC cohort, we applied the MutSigCV algorithm [34] to detect

mutations in driver genes occurring above the background mutation rate (MR) with false dis-

covery rate < 10%. Only significant non-silent mutations were aggregated at the gene level to

test for association with clinical outcome.

Pathway level. We collected 714 canonical pathways from the National Cancer Institute

Pathway Interaction Database (http://pid.nci.nih.gov/) and BioCarta (http://www.biocarta.

com/). We applied five algorithms, PhyloP, SIFT, PolyPhen2, MutationTaster, and LRT, to

predict the functional impact of mutations. We selected high functional impact single nucleo-

tide variants predicted as deleterious by at least three algorithms and all the INDELs. High

functional impact variants were aggregated at the pathway level to test for association with che-

motherapy response and distant relapse-free survival.

Broad genomic metrics. MR was calculated as the total number of mutations detected,

normalized by the length of target exome sequenced with at least 10-fold coverage. The mutant

allele tumor heterogeneity (MATH) score for a tumor was calculated as the median absolute

deviation divided by the median MAF of all somatic mutations detected in the tumor sample.

As previously suggested [30], for the calculation of MATH we used somatic mutation calls

with MAF of 0.075 or greater. For these analyses, we started with the exome sequence align-

ment (BAM) files provided by TCGA and called somatic mutations using MuTect.

Tumor Clonal Analysis

The R package SciClone [35] was used to infer tumor clonality by clustering variants of similar

MAF from a tumor sample. We only selected mutations with at least 10-fold coverage and

MAF < 0.6 to exclude mutations that may involve copy number loss. Variants were clustered

using a Bayesian binomial mixture model in SciClone with each cluster representing a separate

clone in the tumor. The average number of mutations per clone in each sample was calculated

as the weighted sum of the number of mutations in each clone multiplied by the clonal propor-

tion estimated by SciClone.

Mutational Signature Analysis

The trinucleotide loadings for four mutational signatures previously identified in breast can-

cer, Signature.1B (age associated), Signature.2 (APOBEC), Signature.3 (BRCA), and Signa-

ture.6 (mismatch), were downloaded from a previous study [32]. We applied non-negative

least squares to estimate the proportion of each signature in each sample, and the signature

with the greatest estimated coefficient was designated the dominant signature.

BRCA Deficiency Analysis

Epigenetic silencing of BRCA1. We averaged the beta value of four robust probes

(cg19531713, cg19088651, cg08993267, and cg04658354) in the promoter region of BRCA1

from the Infinium HumanMethylation450 Beadchip [36]. BRCA1 DNA methylation was cate-

gorized as unmethylated (score< 0.2) or methylated (score > 0.2).
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Wild-type BRCA1/2 expression quantification and definition of BRCA1/2 deficiency.

We downloaded RNAseq data analyzed by pipeline V2 using MapSplice and RSEM (https://

wiki.nci.nih.gov/display/TCGA/RNASeq). We used normalized count of BRCA1/2 as the mea-

sure of overall expression. In cases harboring a BRCA1/2 mutation, we extracted the BRCA1/2

locus (Assembly GRCh37.p13) from the RNAseq alignment file, quantified the MAF in the

mutation position, and then calculated the WT BRCA1/2 expression as:

ExpressionðBRCA1=2WTÞ ¼ ExpressionðBRCA1=2TotalÞð1 � MAFÞ:

In cases with multiple BRCA mutations, WT BRCA1/2 expression was based on the muta-

tion with the highest MAF. We extended the definition of BRCA-D status to include (1) at

least one deleterious BRCA1/2 mutation or (2) for BRCA WT patients, WT BRCA1/2 expres-

sion less than the maximum observed in mutation carriers in the cohort.

BRCA-deficient gene expression signature. We developed a BRCA deficiency transcrip-

tional signature to assess the predictive potential of BRCA deficiency status in additional data-

sets. Differentially expressed genes between BRCA-D and BRCA-normal (BRCA-N) cases in

the TCGA TNBC cohort were identified using the Bioconductor limma package [37] (unad-

justed p< 0.002). Genes with median expression less than 25% of the overall median were

excluded. A BRCA deficiency metagene was defined as the mean expression of genes overex-

pressed in BRCA-D cases minus the mean expression of genes overexpressed in BRCA-N

cases. Transcriptional BRCA deficiency status for each case was determined by the median

dichotomized metagene score. We used the Kaplan-Meier survival estimator and Cox propor-

tional hazards regression to assess the association of BRCA deficiency metagene expression

with overall survival in TNBC cases in the TCGA and METABRIC datasets.

Statistical Analysis

The association between mutational status (at the gene or pathway level) and pCR rate or over-

all survival was assessed using the Fisher exact test and the Kaplan-Meier survival estimator,

respectively. Wilcoxon rank tests were used to compare characteristics (MR, MATH score,

number of neoantigens, and mutation signature) between groups (pCR versus RD, BRCA-D

versus BRCA-N).

Results

Mutations Associated with Chemosensitivity in Triple Negative Breast

Cancer

We sequenced the genomic DNA from 29 cases in two response groups (pCR, n = 18; RD, i.e.,

chemoresistant with moderate or extensive residual cancer burden [38], n = 11) using WES

(mean nucleotide coverage 150×; more than 90% of target bases had>20× coverage in all sam-

ples). Most detected somatic mutations were not recurrent, and only the MR of TP53 was sig-

nificantly above background across all samples (false discovery rate< 0.1 using MutSigCV

[34]). Twenty-two of 29 tumors (76%) carried non-silent TP53 mutations (S1 Fig), but there

was no evidence of association with chemosensitivity (Fisher exact test, p> 0.5).

Functional mutations in nine canonical biological pathways were associated with chemo-

therapy response (Fisher exact test, p< 0.05; S1 Table). Due to the small size of the response

groups, we applied a bootstrap strategy to evaluate the robustness of these associations under

resampling (S2 Fig), and a permutation strategy to assess their significance (S1 Table). The top

two pathways, “regulation of androgen receptor activity” and “FOXA1 transcription factor
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network,” remained significant, with mutations in both pathways being associated with pCR.

Considering their substantial overlap (14 genes in common out of 59 in the androgen receptor

[AR] pathway and 58 in the FOXA1 pathway), we merged the two pathways into the “AR- and

FOXA1-regulated network.” Tumors carrying mutations in the AR/FOXA1 pathway had a sig-

nificantly higher pCR rate (94.1% compared to 16.6% in tumors without such mutations,

q = 0.02 after Bonferroni correction; Fig 2B). Furthermore, functional mutations occurred

almost exclusively in chemosensitive tumors (21/22, or 95% of mutations) except for a single

truncating BRCA1 mutation found in one RD tumor with AJCC stage IIIB cancer but minimal

residual cancer burden (Fig 2A; Table 1, sample id 757_004_004). At the gene level, 13 genes

had at least one mutation affecting 17 chemosensitive patients (58.6%) across the entire

cohort (Fig 2A). In most cases, different genes were mutated in individual tumors, and despite

the strong association observed at the pathway level, none of these genes individually had a

Fig 2. Genomic markers predictive of chemosensitivity in the MDACC triple negative breast cancer dataset. (A) Mutations in

combined “regulation of androgen receptor activity” and “FOXA1 transcription factor network” pathways in the MDACC samples. (B) pCR

rate by mutation status of the AR/FOXA1 pathway. The pCR rate was significantly higher (94.1%) in the cancers carrying at least one

mutation in the AR/FOXA1 pathway compared to WT (16.6%) by the Fisher exact test (p < 0.001). (C) pCR rate by CMB category. CMB

was defined based on MR and clonal heterogeneity. Tumors with high CMB appear to be extremely chemosensitive. AR, androgen

receptor; CMB, clonal mutation burden; MDACC, MD Anderson Cancer Center; MR, mutation rate; Mut, mutation; pCR, pathologic

complete response; RD, residual disease; WT, wild-type.

doi:10.1371/journal.pmed.1002193.g002
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significant association with pCR. Among them, BRCA1 was the most frequently mutated gene

(17%), and four of the mutations observed in the pCR cohort were associated with hereditary

breast cancers in the ClinVar database (S3 Fig). The BRCA1 mutation found in the tumor with

RD (Fig 2A; see also S3 Fig) is a stop-gain mutation also reported in ClinVar as pathogenic,

but due to lack of RNAseq data we could not assess the relative expression of mutant and WT

BRCA1 transcripts.

Mutational Burden and Clonality as Predictors of Chemosensitivity in

Triple Negative Breast Cancer

To assess whether broad genomic measures that capture the overall burden and heterogeneity

of somatic mutations are predictive of chemosensitivity, we calculated the MR and MATH

score in each TNBC tumor. We also estimated tumor clonality by applying clonal decomposi-

tion to the somatic mutation profile of each tumor, and confirmed a positive correlation

between the MATH score and the estimated number of clones in each tumor (S4 Fig). We

sought to combine MR and MATH into a composite score, which we called CMB, that cap-

tures both the clonality of a tumor and the number of somatic mutations per clone. MR and

MATH scores were median-dichotomized in the cohort, and CMB categories were defined as

low (low MR, high MATH), high (high MR, low MATH), or intermediate (all others). There

was an increasing tendency in the average number of mutations per clone from low to high

CMB (S5 Fig). The pCR rate in the low, intermediate, and high CMB tumors was 33%, 64%,

and 89%, respectively (Fig 2C), suggesting that tumors with a high number of mutations per

clone (small number of clones, high MR) have significantly better response (p = 0.05) than low

CMB tumors, which may be subclonal or have an overall low MR. The CMB categories were

not significantly associated with other clinical or pathologic characteristics such as tumor stage

or grade, or with patient’s age.

AR/FOXA1 Mutations Predict Better Clinical Outcome in Triple Negative

Breast Cancer Tumors from TCGA

To validate our findings, we selected TCGA TNBC samples based on IHC status and PAM50 sub-

type, excluded stage IV cancers and cases with short follow-up, and downloaded available pro-

cessed data of WES, RNAseq, DNA methylation, and copy number variation (Fig 1; S2 Table).

Among the 102 TNBC cases from the TCGA cohort with available exome sequencing data,

19 had at least one functional somatic mutation in the AR/FOXA1 pathway and 35 had at least

one functional somatic mutation in the AR/FOXA1 pathway or at least one germline BRCA1
mutation. As with the MDACC cohort, BRCA1 was most frequently mutated among this gene

set, with 21 (20%) patients carrying germline mutations and two (2%) carrying somatic muta-

tions (Fig 3A). Patients with at least one mutation in one of the genes in this pathway had excel-

lent overall survival, while those with WT genes had significantly worse outcomes (p = 0.028;

Fig 3B). We observed a similar trend when we considered only somatic mutations (S6 Fig).

Validation of Clonal Mutation Burden as Biomarker of Chemosensitivity

in TCGA

We computed the MR and MATH score in 101 TCGA TNBC cases with available exome

sequence alignment data. Also in this cohort, the MATH score was positively correlated with

the estimated number of clones (R = 0.44, p< 0.001; S7 Fig). Cases were stratified into three

categories of CMB using the same criteria as with the MDACC cohort. Tumors with high

CMB harbored a significantly higher average number of mutations per clone than tumors with
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low CMB (S8 Fig), and, consistent with the MDACC cohort, patients with these tumors had a

significantly improved overall survival rate (p = 0.029) compared to patients with tumors with

low CMB (Fig 3C).

BRCA-Deficient Triple Negative Breast Cancer Tumors Defined by Low

Wild-Type BRCA1/2 Expression

BRCA1 was the most frequently mutated gene among the gene set that we found to be associ-

ated with chemosensitivity: it was mutated in about 20% of TNBC cases in both cohorts. Loss

Fig 3. Validation of genomic markers of chemosensitivity in the TCGA triple negative breast cancer cohort. (A) Somatic and germline mutations in

AR/FOXA1 pathway and CMB in the TCGA TNBC cohort. (B) Kaplan-Meier estimator of overall survival outcomes by AR/FOXA1 mutational status. Tumors

carrying at least one mutation in the AR/FOXA1 pathway had significantly better overall survival compared to WT tumors (log-rank test, p = 0.028). (C)

Overall survival outcomes of TCGA TNBC cases by CMB category. Cases with high CMB have significantly better overall survival (log-rank test, p = 0.025).

AR, androgen receptor; CMB, clonal mutation burden; TCGA, The Cancer Genome Atlas; TNBC, triple negative breast cancer; WT, wild-type.

doi:10.1371/journal.pmed.1002193.g003
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of function variants in BRCA1 or BRCA2 genes lead to homologous recombination defects and

may contribute to sensitivity to platinum-based chemotherapy, but it is yet unclear whether

this deficiency is associated with improved benefit from standard-of-care ACT chemotherapy.

Besides germline and somatic mutations, deletions or epigenetic silencing can also result in

DNA repair deficiency in a large proportion of TNBC cases. Here we systematically evaluated

BRCA deficiency in TNBC using integrated analysis of DNA sequencing, DNA methylation,

and RNAseq data from TCGA and assessed its association with clinical outcome.

Among the 101 TNBCs from the TCGA dataset, 21 tumors (20.5%) had inactivating germ-

line SNP or somatic mutations in BRCA1, four (3.9%) in BRCA2, and two (1.9%) in both (Fig

4A and 4B). One hotspot germline SNP (rs1799950; Q356R in exon 10) was particularly com-

mon in this cohort, appearing in 15 cases (S3 Fig). Furthermore, we assessed the copy number

variation in BRCA1/2 and promoter hypermethylation in BRCA1. Although different types of

abnormalities are associated with BRCA1/2 inactivation, they all result in low expression of

functional WT BRCA transcript. In mutation carriers, WT transcript abundance was deter-

mined from the overall expression, and MAF from RNAseq data. As expected, the abundance

of WT BRCA1/2 transcripts was significantly lower in mutation carriers than in non-carriers

(p< 10−16; Fig 4A and 4B). We therefore defined the BRCA1/2 deficiency threshold as the

maximum level of WT BRCA1/2 transcript expressed in BRCA1/2 mutation carriers. That

threshold is indicated by an arrow in Fig 4A and 4B. Tumors with WT BRCA1/2 transcript

abundance below the corresponding threshold were classified as BRCA-D. This includes all

the cases with germline or somatic mutations, or deep loss, or epigenetic silencing of the

BRCA genes.

Based on this expanded definition of BRCA deficiency, 48 TNBC cases (47%) were charac-

terized as BRCA-D. Specifically, 43 cases (42%) were BRCA1 deficient, nine (9%) were BRCA2

deficient, and four (4%) were deficient in both (Fig 4C). This definition captured all the cases

with BRCA mutation, BRCA1 promoter methylation, or BRCA deletion, but also an additional

nine cases (9%) that expressed low levels of WT BRCA transcripts for unknown reasons. We

applied non-negative linear regression to 76 tumors with available mutation context data to

estimate the proportion of mutations explained by the BRCA, age, APOBEC, and mismatch

repair mutational signatures in each sample. The BRCA signature was dominant in 78.8%

BRCA-D tumors (p< 0.001), the age signature was dominant in BRCA-N tumors (p = 0.004),

and the APOBEC signature was more often present in BRCA-N tumors (14%) than in

BRCA-D tumors (p = 0.03; Fig 4C). Furthermore, BRCA-D tumors were associated with sig-

nificantly higher MRs based on non-silent (p< 0.001) or silent (p = 0.02) mutations, but had

clonal heterogeneity (p = 0.55) similar to that of BRCA-N TNBC tumors (S9 Fig).

Triple Negative Breast Cancer Tumors of BRCA-Deficient Subtype

Benefit from Anthracycline/Taxane Chemotherapy

We found that expression of WT BRCA transcripts defines a new TNBC subtype (BRCA-D)

characterized by high MR but typical clonal heterogeneity. Moreover, TNBC tumors with high

CMB were highly enriched in BRCA-D tumors (67%) compared to tumors of low CMB (7%)

(p< 0.001; Fig 5A), suggesting that BRCA1/2-mediated homologous recombination defi-

ciency is associated with tumors of high CMB that were extremely sensitive to ACT chemo-

therapy in the MDACC cohort (Fig 2C).

Patients with BRCA-D tumors had 100% 4-y overall survival, compared to 79.5% (95% CI

66.6%–94.9%) for BRCA-N tumors (log-rank test, p = 0.018; Fig 5B), in the TCGA TNBC

cohort. To further validate this finding in an independent dataset of TNBC cases without

requiring RNA and DNA sequencing data, we developed a gene expression signature that
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predicts BRCA-D status in the TCGA dataset. We identified 24 genes that were strongly over-

expressed and 26 genes that were underexpressed in BRCA-D compared to BRCA-N cases

(arbitrary cutoff, unadjusted p< 0.002; S10 Fig). Among the 50 genes identified (S3 Table),

Fig 4. BRCA deficiency characterized by low wild-type transcript abundance defines a unique subtype of triple negative breast

cancer. (A) Low WT BRCA1 abundance summarizes BRCA1 deficiency through multiple types of genomic aberrations. Arrow indicates the

BRCA1 deficiency threshold. (B) Low WT BRCA2 abundance summarizes BRCA2 inactivation by multiple types of genomic aberrations.

Arrow indicates BRCA2 deficiency threshold. (C) Number of silent or non-silent mutations, mutation signatures, and BRCA deficiency in

TCGA TNBCs. BRCA-D, BRCA-deficient; BRCA-N, BRCA-normal; CNV, copy number variation; MMR, mismatch repair; Mut, mutation;

SNV, single nucleotide variant; TCGA, The Cancer Genome Atlas; TNBC, triple negative breast cancer; WT, wild-type.

doi:10.1371/journal.pmed.1002193.g004
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BRCA1 was the gene most strongly associated with BRCA deficiency (p< 0.001). For each

sample, a BRCA deficiency signature score was computed as the mean expression of the 24

overexpressed genes minus the mean expression of the 26 underexpressed genes. The score

Fig 5. BRCA-deficient subtype signature identifies triple negative breast cancer patients with improved survival with anthracycline/

taxane chemotherapy. (A) Proportion of BRCA-D tumors among TNBC tumors in different CMB categories. (B) Overall survival of TNBC

patients by BRCA deficiency status in the TCGA cohort. (C) Overall survival of TNBC patients in the TCGA cohort by predicted BRCA

deficiency status using the developed gene signature (high corresponds to BRCA-D; low to BRCA-N). (D) Overall survival of TNBC patients in

the METABRIC cohort by predicted BRCA deficiency status using the developed gene signature (high corresponds to BRCA-D; low to

BRCA-N). p-Values are from the log-rank test. BRCA-D, BRCA-deficient; BRCA-N, BRCA-normal; CMB, clonal mutation burden; TCGA, The

Cancer Genome Atlas; TNBC, triple negative breast cancer.

doi:10.1371/journal.pmed.1002193.g005
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was median-dichotomized to predict BRCA-D status if high or BRCA-N status if low. The pre-

dictor of BRCA deficiency status had a sensitivity of 85.4% and specificity of 81.5% for predict-

ing BRCA deficiency status in the TCGA cohort where it was developed. Furthermore, the

patients with predicted BRCA-D tumors had significantly better overall survival than patients

with predicted BRCA-N tumors (log-rank test, p = 0.013; Fig 5C). We applied the BRCA defi-

ciency signature to an independent cohort of 278 chemotherapy-treated TNBC cases from the

METABRIC cohort, which validated that patients with tumors predicted to be BRCA-D by the

gene signature had significantly better overall survival compared to patients with tumors pre-

dicted to be BRCA-N (log-rank test, p = 0.009; Fig 5D).

Link between Clonal Mutation Burden, BRCA Deficiency, and Immune

Activation in Triple Negative Breast Cancer

In our analysis we discovered that BRCA deficiency is associated with higher CMB and that

both BRCA deficiency and high CMB are predictive of chemosensitivity in TNBC. Given that

a high prevalence of TILs has often been associated with better response in TNBC, we wanted

to further investigate whether high CMB and BRCA deficiency are associated with higher

immune activation. In the TCGA TNBC cohort, we observed a strong correlation between the

overall MR and the number of predicted neoantigens (Spearman correlation = 0.76; Fig 6A).

Due to higher overall MR, BRCA-D tumors had a significantly greater number of predicted

neoantigens compared to BRCA-N tumors (p = 0.003; S11 Fig). Additionally, to estimate

immune cell prevalence we used the average expression of the lymphocyte-specific genes

GZMB, PRF1, CXCL13, IRF1, IKZF1, and HLA-E in each tumor sample [39]. Interestingly,

tumors with predominantly clonal mutations were associated with higher immune presence

compared to those with subclonal mutations (p = 0.003; Fig 6B), implying a negative associa-

tion between clonal heterogeneity and immune response (S12 Fig). Therefore, tumors with

high CMB harbor a greater number of predicted neoantigens per clone (Fig 6C), which elicit a

higher immune response (Fig 6D). In summary, our analysis suggests a connection between

BRCA deficiency status and high CMB, which results in a greater number of clonal neoanti-

gens, leading to immune activation and potentially mediating enhanced response to ACT che-

motherapy in TNBC.

Discussion

We report results from an integrated genomic analysis of a TNBC cohort deliberately selected

to represent extremely chemosensitive tumors and tumors highly resistant to standard-of-care

ACT chemotherapy. Although no significant associations were identified between recurrent

functional somatic mutations in specific genes and chemotherapy response, aggregating at the

pathway level revealed that mutations occurring in two pathways, “regulation of androgen

receptor activity” and “FOXA1 transcription factor network,” were significantly associated

with pCR in TNBC (94% pCR rate in tumors with mutated pathways versus 17% in tumors

without such mutations). Furthermore, TNBC patients from the TCGA cohort whose tumors

had at least one mutation in the above pathways had excellent survival, with no deaths

observed in 4 y when treated with ACT-containing regimens.

TNBC is highly heterogeneous, and up to six different subtypes have been recognized by

transcriptional profiling, each associated with different clinical outcomes and responses to

therapy [40,41]. One subtype, the luminal androgen receptor (LAR) subtype, is characterized

by luminal gene expression driven by the AR and is generally associated with low response to

chemotherapy [40]. The AR is expressed in about 10%–40% of TNBCs, but its role in progno-

sis or as a potential therapeutic target in TNBC has remained controversial [42]. In TNBC,
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signaling through the AR is hypothesized to mimic ER signaling, initiating transcriptional acti-

vation that promotes cell growth through the involvement of the transcription factor FOXA1

[43]. This has provided a justification for targeting AR in AR-positive TNBC. Recent single-

arm phase II studies that evaluated the effect of the AR antagonists bicalutamide and enzaluta-

mide in metastatic AR+ TNBC reported 6-mo clinical benefit rates of 19% and 29%, respec-

tively [44,45], suggesting a direct role of AR in this TNBC subtype. Our results are consistent

Fig 6. Clonal mutation burden and BRCA deficiency linked to immune activation in triple negative breast cancer. (A)

Correlation between overall mutation rate and number of predicted neoantigens in TNBC. (B) Expression of immune metagenes as a

function of the estimated clonality of tumors. Clonal tumors are associated with a significantly enhanced immune presence. (C)

Estimated number of predicted neoantigens per clone in TNBC cases of different CMB categories. (D) Expression of immune

metagenes in TNBC cases with different CMB. Both the number of neoantigens per clone and the immune presence are greater in

tumors with high CMB. BRCA-D, BRCA-deficient; BRCA-N, BRCA-normal; CMB, clonal mutation burden; TCGA, The Cancer Genome

Atlas; TNBC, triple negative breast cancer.

doi:10.1371/journal.pmed.1002193.g006

Genomic Predictors of Response In Triple Negative Breast Cancer

PLOS Medicine | DOI:10.1371/journal.pmed.1002193 December 13, 2016 16 / 23



with the above observations, suggesting that mutations in the AR/FOXA1 pathway could result

in abrogation of AR-related signaling, resulting in improved sensitivity to standard chemo-

therapy and better overall survival.

TNBC tumors are characterized by broad genomic and transcriptional heterogeneity [10,14].

The extent of genomic and transcriptional heterogeneity in tumors appears to be associated with

resistance to chemotherapy in TNBC [10] and with worse prognosis in head and neck cancer

[30]. Furthermore, high somatic mutation load has been linked to favorable outcomes in pancre-

atic cancer [46] but to worse prognosis in ER-positive breast cancer [47]. In our assessment of

broad genomic measures as potential predictors of chemosensitivity, we found that patients with

tumors with high CMB, defined as high mutational load but low clonality or a high number of

somatic mutations per clone, have a significantly higher pCR rate (89%) and excellent survival

(no deaths in 4 y in the TCGA cohort) compared to patients with tumors with low CMB (pCR

rate of 33%). Therefore, the clonality of a tumor appears be critical in determining chemotherapy

sensitivity and survival outcome. Tumors with high mutation load, for instance due to defective

DNA damage response pathways, are sensitive to chemotherapy provided that they are not sub-

clonal, that is, they do not contain mutations of lower variant allele frequencies that would have

originated from subclones arising later in the tumor’s clonal expansion. Subclonal tumors con-

tain not only the clonal mutations that were present in the founding cell but also subclonal muta-

tions that emerged in subsequent clones during clonal expansion and thus exhibit broader

genetic heterogeneity, which contributes to resistance to chemotherapy [48–50].

BRCA1 and BRCA2 are critical for the process of DNA repair by homologous recombina-

tion repair (HRR), and deficient HRR makes cancers more susceptible to DNA-damaging

agents. Familial BRCA1 or BRCA2 mutant breast tumors tend to have a TNBC phenotype and

often exhibit extreme levels of genomic instability [51]. The “BRCAness” phenotype is more

broadly defined as defective HRR, driven not only by germline BRCA1 and BRCA2 mutations

but also by somatic mutations or other alterations in these or other genes involved in HRR

[52]. Indeed, ovarian tumors with BRCA1 or BRCA2 mutations, either germline or somatic,

are associated with higher mutational burden and better survival outcomes following treat-

ment with platinum-based chemotherapy [53] or PARP inhibitors [54]. In TNBC, germline

BRCA1 mutation carriers were found to have higher pCR rates to neoadjuvant ACT chemo-

therapy compared to non-carriers (46% versus 22%) and significantly better survival outcomes

[55]. Similar results were reported in TNBC with promoter methylation of BRCA1, where

BRCA1 methylation was associated with better survival outcomes following adjuvant ACT che-

motherapy [56]. Our broad definition of BRCA deficiency from RNAseq data based on the

level of WT BRCA transcripts incorporates the effect of all genomic aberrations leading to

inadequate levels of functional BRCA. This broader definition of BRCA deficiency included

46% of the TNBC tumors in the TCGA cohort; this subset had an excellent survival outcome

(100% 4-y survival) following adjuvant ACT chemotherapy. Although the evidence provided

by the survival data in the TCGA cohort is somewhat limited due to shorter follow-up and a

lower number of deaths observed than expected for TNBC, the effect of BRCA deficiency was

confirmed in the METABRIC cohort, which has 10 y of follow-up and more representative

overall survival for TNBC. Our analysis therefore suggests that a definition of BRCA deficiency

based on RNAseq could be a clinically useful biomarker of chemosensitivity for TNBC.

Immunotherapy is now emerging as a potentially viable therapeutic option for TNBC

patients [57], but this treatment is expected to be effective only for a subset of the patients. Anti-

bodies against programmed death 1 (PD-1) were significantly more effective in mismatch-

repair-deficient colorectal cancers, most likely due to an increased number of neoantigens in

these tumors [31]. We observed that BRCA-D TNBC tumors are characterized by high CMB

and carry a greater number of predicted neoantigens that tend to be clonal. This could be the
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reason for the higher level of immune infiltration observed in these tumors [58] and may have

contributed to the improved response to ACT chemotherapy that we observed. These results

suggest that the combination of immunotherapies with ACT chemotherapy or PARP inhibitors

might be an effective strategy for treating BRCA-D tumors. This is currently being evaluated in

a phase I/II study in BRCA-D ovarian cancer (ClinicalTrials.gov; study ID NCT02571725).

In summary, we have provided an integrated characterization of the chemotherapy

response phenotypes in TNBC. The strong connection of ACT chemosensitivity and immune

activity with a new transcriptionally defined BRCA-D phenotype could help inform future

therapeutic strategies for TNBC patients.

Limitations of our single-institution retrospective study include the small size of the discov-

ery cohort and potential selection bias as samples were included based on both chemotherapy

response and availability of residual biopsy materials for DNA isolation. Given the genomic het-

erogeneity of TNBC, this might limit the generalizability of our results. Another limitation is

the lack of tumor-matched normal DNA for these tumors, which may result in reduced sensitiv-

ity and specificity for detecting somatic mutations in this cohort. Although our observation that

mutations in AR/FOXA1 genes are associated with better outcomes in ACT-treated TNBC

patients was validated in the TCGA cohort, the low number of events observed in this cohort

limits the power of the analysis. Yet, our key finding that BRCA-D TNBC tumors identified by

the BRCA deficiency signature are indeed associated with better outcomes after chemotherapy

was confirmed in both the TCGA and METABRIC datasets. Although these findings will

require validation in larger multi-institutional datasets, preferably originating from prospective

clinical studies, they could provide the impetus for examining BRCA deficiency in TNBC in the

context of increased CMB, with potentially improved response to immunotherapies.
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3. Liedtke C, Mazouni C, Hess KR, André F, Tordai A, Mejia JA, et al. Response to neoadjuvant therapy

and long-term survival in patients with triple-negative breast cancer. J Clin Oncol. 2008; 26:1275–81.

doi: 10.1200/JCO.2007.14.4147 PMID: 18250347

4. Cortazar P, Zhang LJ, Untch M, Mehta K, Costantino JP, Wolmark N, et al. Pathological complete

response and long-term clinical benefit in breast cancer: the CTNeoBC pooled analysis. Lancet. 2014;

384:164–72. doi: 10.1016/S0140-6736(13)62422-8 PMID: 24529560

5. Hatzis C, Symmans WF, Zhang Y, Gould RE, Moulder SL, Hunt KK, et al. Relationship between com-

plete pathologic response to neoadjuvant chemotherapy and survival in triple-negative breast cancer.

Clin Cancer Res. 2016; 22:26–33. doi: 10.1158/1078-0432.CCR-14-3304 PMID: 26286912

6. Hatzis C, Pusztai L, Valero V, Booser DJ, Esserman L, Lluch A, et al. A genomic predictor of response

and survival following taxane-anthracycline chemotherapy for invasive breast cancer. JAMA. 2011;

305:1873–81. doi: 10.1001/jama.2011.593 PMID: 21558518

7. Tofigh A, Suderman M, Paquet ER, Livingstone J, Bertos N, Saleh SM, et al. The prognostic ease and

difficulty of invasive breast carcinoma. Cell Rep. 2014; 9:129–42. doi: 10.1016/j.celrep.2014.08.073

PMID: 25284793

8. Győrffy B, Hatzis C, Sanft T, Hofstatter E, Aktas B, Pusztai L. Multigene prognostic tests in breast can-

cer: past, present, future. Breast Cancer Res. 2015; 17:11. doi: 10.1186/s13058-015-0514-2 PMID:

25848861

9. Ng CKY, Weigelt B, A’Hern R, Bidard F-C, Lemetre C, Swanton C, et al. Predictive performance of

microarray gene signatures: impact of tumor heterogeneity and multiple mechanisms of drug resis-

tance. Cancer Res. 2014; 74:2946–61. doi: 10.1158/0008-5472.CAN-13-3375 PMID: 24706696

10. Jiang TT, Shi WW, Natowicz R, Ononye SN, Wali VB, Kluger Y, et al. Statistical measures of transcrip-

tional diversity capture genomic heterogeneity of cancer. BMC Genomics. 2014; 15:876. doi: 10.1186/

1471-2164-15-876 PMID: 25294321

11. Silwal-Pandit L, Vollan HKM, Chin SF, Rueda OM, McKinney S, Osako T, et al. TP53 mutation spec-

trum in breast cancer is subtype specific and has distinct prognostic relevance. Clin Cancer Res. 2014;

20:3569–80. doi: 10.1158/1078-0432.CCR-13-2943 PMID: 24803582

12. Lips EH, Michaut M, Hoogstraat M, Mulder L, Besselink NJM, Koudijs MJ, et al. Next generation

sequencing of triple negative breast cancer to find predictors for chemotherapy response. Breast Can-

cer Res. 2015; 17:134. doi: 10.1186/s13058-015-0642-8 PMID: 26433948

13. Gerstung M, Pellagatti A, Malcovati L, Giagounidis A, Della Porta MG, Jadersten M, et al. Combining

gene mutation with gene expression data improves outcome prediction in myelodysplastic syndromes.

Nat Commun. 2015; 6:5901. doi: 10.1038/ncomms6901 PMID: 25574665

Genomic Predictors of Response In Triple Negative Breast Cancer

PLOS Medicine | DOI:10.1371/journal.pmed.1002193 December 13, 2016 20 / 23

http://dx.doi.org/10.1056/NEJMra1001389
http://www.ncbi.nlm.nih.gov/pubmed/21067385
http://dx.doi.org/10.1200/JCO.2011.38.2010
http://www.ncbi.nlm.nih.gov/pubmed/22454417
http://dx.doi.org/10.1200/JCO.2007.14.4147
http://www.ncbi.nlm.nih.gov/pubmed/18250347
http://dx.doi.org/10.1016/S0140-6736(13)62422-8
http://www.ncbi.nlm.nih.gov/pubmed/24529560
http://dx.doi.org/10.1158/1078-0432.CCR-14-3304
http://www.ncbi.nlm.nih.gov/pubmed/26286912
http://dx.doi.org/10.1001/jama.2011.593
http://www.ncbi.nlm.nih.gov/pubmed/21558518
http://dx.doi.org/10.1016/j.celrep.2014.08.073
http://www.ncbi.nlm.nih.gov/pubmed/25284793
http://dx.doi.org/10.1186/s13058-015-0514-2
http://www.ncbi.nlm.nih.gov/pubmed/25848861
http://dx.doi.org/10.1158/0008-5472.CAN-13-3375
http://www.ncbi.nlm.nih.gov/pubmed/24706696
http://dx.doi.org/10.1186/1471-2164-15-876
http://dx.doi.org/10.1186/1471-2164-15-876
http://www.ncbi.nlm.nih.gov/pubmed/25294321
http://dx.doi.org/10.1158/1078-0432.CCR-13-2943
http://www.ncbi.nlm.nih.gov/pubmed/24803582
http://dx.doi.org/10.1186/s13058-015-0642-8
http://www.ncbi.nlm.nih.gov/pubmed/26433948
http://dx.doi.org/10.1038/ncomms6901
http://www.ncbi.nlm.nih.gov/pubmed/25574665


14. Koboldt DC, Fulton RS, McLellan MD, Schmidt H, Kalicki-Veizer J, McMichael JF, et al. Comprehensive

molecular portraits of human breast tumours. Nature. 2012; 490:61–70. doi: 10.1038/nature11412

PMID: 23000897

15. Isakoff SJ, Mayer EL, He L, Traina TA, Carey LA, Krag KJ, et al. TBCRC009: a multicenter phase II clin-

ical trial of platinum monotherapy with biomarker assessment in metastatic triple-negative breast can-

cer. J Clin Oncol. 2015; 33:1902–9. doi: 10.1200/JCO.2014.57.6660 PMID: 25847936

16. Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA, Richardson TB, et al. Targeting the DNA repair

defect in BRCA mutant cells as a therapeutic strategy. Nature. 2005; 434:917–21. doi: 10.1038/

nature03445 PMID: 15829967

17. Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M, et al. Inhibition of poly(ADP-ribose) poly-

merase in tumors from BRCA mutation carriers. N Engl J Med. 2009; 361:123–34. doi: 10.1056/

NEJMoa0900212 PMID: 19553641

18. Gelmon KA, Tischkowitz M, Mackay H, Swenerton K, Robidoux A, Tonkin K, et al. Olaparib in patients

with recurrent high-grade serous or poorly differentiated ovarian carcinoma or triple-negative breast

cancer: a phase 2, multicentre, open-label, non-randomised study. Lancet Oncol. 2011; 12:852–61. doi:

10.1016/S1470-2045(11)70214-5 PMID: 21862407

19. Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. Prognostic and predictive value of

tumor-infiltrating lymphocytes in a phase III randomized adjuvant breast cancer trial in node-positive

breast cancer comparing the addition of docetaxel to doxorubicin with doxorubicin-based chemother-

apy: BIG 02–98. J Clin Oncol. 2013; 31:860–7. doi: 10.1200/JCO.2011.41.0902 PMID: 23341518

20. Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al. Prognostic value of tumor-

infiltrating lymphocytes in triple-negative breast cancers from two phase III randomized adjuvant breast

cancer trials: ECOG 2197 and ECOG 1199. J Clin Oncol. 2014; 32:2959–66. doi: 10.1200/JCO.2013.

55.0491 PMID: 25071121

21. Dieci MV, Criscitiello C, Goubar A, Viale G, Conte P, Guarneri V, et al. Prognostic value of tumor-infil-

trating lymphocytes on residual disease after primary chemotherapy for triple-negative breast cancer: a

retrospective multicenter study. Ann Oncol. 2014; 25:611–8. doi: 10.1093/annonc/mdt556 PMID:

24401929

22. Tung NM, Winer EP. Tumor-infiltrating lymphocytes and response to platinum in triple-negative breast

cancer. J Clin Oncol. 2015; 33:969–71. doi: 10.1200/JCO.2014.59.6031 PMID: 25559817

23. West NR, Milne K, Truong PT, Macpherson N, Nelson BH, Watson PH. Tumor-infiltrating lymphocytes

predict response to anthracycline-based chemotherapy in estrogen receptor-negative breast cancer.

Breast Cancer Res. 2011; 13:R126. doi: 10.1186/bcr3072 PMID: 22151962

24. Bianchini G, Qi Y, Alvarez RH, Iwamoto T, Coutant C, Ibrahim NK, et al. Molecular anatomy of breast

cancer stroma and its prognostic value in estrogen receptor-positive and -negative cancers. J Clin

Oncol. 2010; 28:4316–23. doi: 10.1200/JCO.2009.27.2419 PMID: 20805453

25. Rody A, Karn T, Liedtke C, Pusztai L, Ruckhaeberle E, Hanker L, et al. A clinically relevant gene signa-

ture in triple negative and basal-like breast cancer. Breast Cancer Res. 2011; 13:R97. doi: 10.1186/

bcr3035 PMID: 21978456

26. Tuch BB, Laborde RR, Xu X, Gu J, Chung CB, Monighetti CK, et al. Tumor transcriptome sequencing

reveals allelic expression imbalances associated with copy number alterations. PLoS ONE. 2010; 5:

e9317. doi: 10.1371/journal.pone.0009317 PMID: 20174472

27. Birgisdottir V, Stefansson OA, Bodvarsdottir SK, Hilmarsdottir H, Jonasson JG, Eyfjord JE. Epigenetic

silencing and deletion of the BRCA1 gene in sporadic breast cancer. Breast Cancer Res. 2006; 8:R38.

doi: 10.1186/bcr1522 PMID: 16846527

28. Masica DL, Karchin R. Correlation of somatic mutation and expression identifies genes important in

human glioblastoma progression and survival. Cancer Res. 2011; 71:4550–61. doi: 10.1158/0008-

5472.CAN-11-0180 PMID: 21555372

29. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. Genetic basis for clinical

response to CTLA-4 blockade in melanoma. N Engl J Med. 2014; 371:2189–99. doi: 10.1056/

NEJMoa1406498 PMID: 25409260

30. Mroz EA, Tward AD, Tward AM, Hammon RJ, Ren Y, Rocco JW. Intra-tumor genetic heterogeneity and

mortality in head and neck cancer: analysis of data from the Cancer Genome Atlas. PLoS Med. 2015;

12:e1001786. doi: 10.1371/journal.pmed.1001786 PMID: 25668320

31. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1 blockade in tumors with

mismatch-repair deficiency. N Engl J Med. 2015; 372:2509–20. doi: 10.1056/NEJMoa1500596 PMID:

26028255

32. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al. Signatures of muta-

tional processes in human cancer. Nature. 2013; 500:415–21. doi: 10.1038/nature12477 PMID:

23945592

Genomic Predictors of Response In Triple Negative Breast Cancer

PLOS Medicine | DOI:10.1371/journal.pmed.1002193 December 13, 2016 21 / 23

http://dx.doi.org/10.1038/nature11412
http://www.ncbi.nlm.nih.gov/pubmed/23000897
http://dx.doi.org/10.1200/JCO.2014.57.6660
http://www.ncbi.nlm.nih.gov/pubmed/25847936
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1038/nature03445
http://www.ncbi.nlm.nih.gov/pubmed/15829967
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa0900212
http://www.ncbi.nlm.nih.gov/pubmed/19553641
http://dx.doi.org/10.1016/S1470-2045(11)70214-5
http://www.ncbi.nlm.nih.gov/pubmed/21862407
http://dx.doi.org/10.1200/JCO.2011.41.0902
http://www.ncbi.nlm.nih.gov/pubmed/23341518
http://dx.doi.org/10.1200/JCO.2013.55.0491
http://dx.doi.org/10.1200/JCO.2013.55.0491
http://www.ncbi.nlm.nih.gov/pubmed/25071121
http://dx.doi.org/10.1093/annonc/mdt556
http://www.ncbi.nlm.nih.gov/pubmed/24401929
http://dx.doi.org/10.1200/JCO.2014.59.6031
http://www.ncbi.nlm.nih.gov/pubmed/25559817
http://dx.doi.org/10.1186/bcr3072
http://www.ncbi.nlm.nih.gov/pubmed/22151962
http://dx.doi.org/10.1200/JCO.2009.27.2419
http://www.ncbi.nlm.nih.gov/pubmed/20805453
http://dx.doi.org/10.1186/bcr3035
http://dx.doi.org/10.1186/bcr3035
http://www.ncbi.nlm.nih.gov/pubmed/21978456
http://dx.doi.org/10.1371/journal.pone.0009317
http://www.ncbi.nlm.nih.gov/pubmed/20174472
http://dx.doi.org/10.1186/bcr1522
http://www.ncbi.nlm.nih.gov/pubmed/16846527
http://dx.doi.org/10.1158/0008-5472.CAN-11-0180
http://dx.doi.org/10.1158/0008-5472.CAN-11-0180
http://www.ncbi.nlm.nih.gov/pubmed/21555372
http://dx.doi.org/10.1056/NEJMoa1406498
http://dx.doi.org/10.1056/NEJMoa1406498
http://www.ncbi.nlm.nih.gov/pubmed/25409260
http://dx.doi.org/10.1371/journal.pmed.1001786
http://www.ncbi.nlm.nih.gov/pubmed/25668320
http://dx.doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://dx.doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592


33. Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic properties of tumors asso-

ciated with local immune cytolytic activity. Cell. 2015; 160:48–61. doi: 10.1016/j.cell.2014.12.033 PMID:

25594174

34. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, et al. Mutational heteroge-

neity in cancer and the search for new cancer-associated genes. Nature. 2013; 499:214–8. doi: 10.

1038/nature12213 PMID: 23770567

35. Miller CA, White BS, Dees ND, Griffith M, Welch JS, Griffith OL, et al. SciClone: inferring clonal architec-

ture and tracking the spatial and temporal patterns of tumor evolution. PLoS Comput Biol. 2014; 10:

e1003665. doi: 10.1371/journal.pcbi.1003665 PMID: 25102416

36. Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature.

2011; 474:609–15. doi: 10.1038/nature10166 PMID: 21720365

37. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-

ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43:e47. doi: 10.1093/nar/

gkv007 PMID: 25605792

38. Symmans WF, Peintinger F, Hatzis C, Rajan R, Kuerer H, Valero V, et al. Measurement of residual

breast cancer burden to predict survival after neoadjuvant chemotherapy. J Clin Oncol. 2007; 25:4414–

22. doi: 10.1200/JCO.2007.10.6823 PMID: 17785706

39. Callari M, Cappelletti V, D’Aiuto F, Musella V, Lembo A, Petel F, et al. Subtype-specific metagene-

based prediction of outcome after neoadjuvant and adjuvant treatment in breast cancer. Clin Cancer

Res. 2016; 22:337–45. doi: 10.1158/1078-0432.CCR-15-0757 PMID: 26423797

40. Lehmann BD, Jovanović B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al. Refinement of triple-nega-

tive breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection. PLoS

ONE. 2016; 11:e0157368. doi: 10.1371/journal.pone.0157368 PMID: 27310713

41. Masuda H, Baggerly KA, Wang Y, Zhang Y, Gonzalez-Angulo AM, Meric-Bernstam F, et al. Differential

response to neoadjuvant chemotherapy among 7 triple-negative breast cancer molecular subtypes.

Clin Cancer Res. 2013; 19:5533–40. doi: 10.1158/1078-0432.CCR-13-0799 PMID: 23948975

42. Shah PD, Gucalp A, Traina TA. The role of the androgen receptor in triple-negative breast cancer.

Womens Health. 2013; 9:351–60.

43. Robinson JLL, Stewart M, Ross-Innes CS, Tilley WD, Neal DE, Mills IG, et al. Androgen receptor driven

transcription in molecular apocrine breast cancer is mediated by FoxA1. EMBO J. 2011; 30:3019–27.

doi: 10.1038/emboj.2011.216 PMID: 21701558

44. Gucalp A, Tolaney S, Isakoff SJ, Ingle JN, Liu MC, Carey LA, et al. Phase II trial of bicalutamide in

patients with androgen receptor-positive, estrogen receptor-negative metastatic breast cancer. Clin

Cancer Res. 2013; 19:5505–12. doi: 10.1158/1078-0432.CCR-12-3327 PMID: 23965901

45. Traina TA, O’Shaughnessy J, Nanda R, Schwartzberg L, Abramson V, Cortes J, et al. Abstract P5-19-

09: preliminary results from a phase 2 single-arm study of enzalutamide, an androgen receptor (AR)

inhibitor, in advanced AR triple-negative breast cancer (TNBC). Cancer Res. 2015; 75(9 Suppl):P5-19-

09.

46. Donehower LA, Creighton CJ, Schultz N, Shinbrot E, Chang K, Gunaratne PH, et al. MLH1-silenced

and non-silenced subgroups of hypermutated colorectal carcinomas have distinct mutational land-

scapes. J Pathol. 2013; 229:99–110. doi: 10.1002/path.4087 PMID: 22899370

47. Haricharan S, Bainbridge MN, Scheet P, Brown PH. Somatic mutation load of estrogen receptor-posi-

tive breast tumors predicts overall survival: an analysis of genome sequence data. Breast Cancer Res

Treat. 2014; 146:211–20. doi: 10.1007/s10549-014-2991-x PMID: 24839032

48. Yap TA, Gerlinger M, Futreal PA, Pusztai L, Swanton C. Intratumor heterogeneity: seeing the wood for

the trees. Sci Transl Med. 2012; 4:127ps10. doi: 10.1126/scitranslmed.3003854 PMID: 22461637

49. Fisher R, Pusztai L, Swanton C. Cancer heterogeneity: implications for targeted therapeutics. Br J Can-

cer. 2013; 108:479–85. doi: 10.1038/bjc.2012.581 PMID: 23299535

50. Landau DA, Carter SL, Stojanov P, McKenna A, Stevenson K, Lawrence MS, et al. Evolution and

impact of subclonal mutations in chronic lymphocytic leukemia. Cell. 2013; 152:714–26. doi: 10.1016/j.

cell.2013.01.019 PMID: 23415222

51. Turner N, Tutt A, Ashworth A. Hallmarks of “BRCAness” in sporadic cancers. Nat Rev Cancer. 2004;

4:814–9. doi: 10.1038/nrc1457 PMID: 15510162

52. Lord CJ, Ashworth A. BRCAness revisited. Nat Rev Cancer. 2016; 16:110–20. doi: 10.1038/nrc.2015.

21 PMID: 26775620

53. Birkbak NJ, Kochupurakkal B, Izarzugaza JMG, Eklund AC, Li Y, Liu J, et al. Tumor mutation burden

forecasts outcome in ovarian cancer with BRCA1 or BRCA2 mutations. PLoS ONE. 2013; 8:e80023.

doi: 10.1371/journal.pone.0080023 PMID: 24265793

Genomic Predictors of Response In Triple Negative Breast Cancer

PLOS Medicine | DOI:10.1371/journal.pmed.1002193 December 13, 2016 22 / 23

http://dx.doi.org/10.1016/j.cell.2014.12.033
http://www.ncbi.nlm.nih.gov/pubmed/25594174
http://dx.doi.org/10.1038/nature12213
http://dx.doi.org/10.1038/nature12213
http://www.ncbi.nlm.nih.gov/pubmed/23770567
http://dx.doi.org/10.1371/journal.pcbi.1003665
http://www.ncbi.nlm.nih.gov/pubmed/25102416
http://dx.doi.org/10.1038/nature10166
http://www.ncbi.nlm.nih.gov/pubmed/21720365
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1200/JCO.2007.10.6823
http://www.ncbi.nlm.nih.gov/pubmed/17785706
http://dx.doi.org/10.1158/1078-0432.CCR-15-0757
http://www.ncbi.nlm.nih.gov/pubmed/26423797
http://dx.doi.org/10.1371/journal.pone.0157368
http://www.ncbi.nlm.nih.gov/pubmed/27310713
http://dx.doi.org/10.1158/1078-0432.CCR-13-0799
http://www.ncbi.nlm.nih.gov/pubmed/23948975
http://dx.doi.org/10.1038/emboj.2011.216
http://www.ncbi.nlm.nih.gov/pubmed/21701558
http://dx.doi.org/10.1158/1078-0432.CCR-12-3327
http://www.ncbi.nlm.nih.gov/pubmed/23965901
http://dx.doi.org/10.1002/path.4087
http://www.ncbi.nlm.nih.gov/pubmed/22899370
http://dx.doi.org/10.1007/s10549-014-2991-x
http://www.ncbi.nlm.nih.gov/pubmed/24839032
http://dx.doi.org/10.1126/scitranslmed.3003854
http://www.ncbi.nlm.nih.gov/pubmed/22461637
http://dx.doi.org/10.1038/bjc.2012.581
http://www.ncbi.nlm.nih.gov/pubmed/23299535
http://dx.doi.org/10.1016/j.cell.2013.01.019
http://dx.doi.org/10.1016/j.cell.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/23415222
http://dx.doi.org/10.1038/nrc1457
http://www.ncbi.nlm.nih.gov/pubmed/15510162
http://dx.doi.org/10.1038/nrc.2015.21
http://dx.doi.org/10.1038/nrc.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/26775620
http://dx.doi.org/10.1371/journal.pone.0080023
http://www.ncbi.nlm.nih.gov/pubmed/24265793


54. Hennessy BTJ, Timms KM, Carey MS, Gutin A, Meyer LA, Flake DD 2nd, et al. Somatic mutations in

BRCA1 and BRCA2 could expand the number of patients that benefit from poly (ADP ribose) polymer-

ase inhibitors in ovarian cancer. J Clin Oncol. 2010; 28:3570–6. doi: 10.1200/JCO.2009.27.2997 PMID:

20606085

55. Arun B, Bayraktar S, Liu DD, Gutierrez Barrera AM, Atchley D, Pusztai L, et al. Response to neoadju-

vant systemic therapy for breast cancer in BRCA mutation carriers and noncarriers: a single-institution

experience. J Clin Oncol. 2011; 29:3739–46. doi: 10.1200/JCO.2011.35.2682 PMID: 21900106

56. Xu Y, Diao L, Chen Y, Liu Y, Wang C, Ouyang T, et al. Promoter methylation of BRCA1 in triple-nega-

tive breast cancer predicts sensitivity to adjuvant chemotherapy. Ann Oncol. 2013; 24:1498–505. doi:

10.1093/annonc/mdt011 PMID: 23406733

57. Pusztai L, Karn T, Safonov A, Abu-Khalaf MM, Bianchini G. New strategies in breast cancer: immuno-

therapy. Clin Cancer Res. 2016; 22:2105–10. doi: 10.1158/1078-0432.CCR-15-1315 PMID: 26867935

58. McGranahan N, Furness AJS, Rosenthal R, Ramskov S, Lyngaa R, Saini SK, et al. Clonal neoantigens

elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science. 2016; 351:1463–

9. doi: 10.1126/science.aaf1490 PMID: 26940869

Genomic Predictors of Response In Triple Negative Breast Cancer

PLOS Medicine | DOI:10.1371/journal.pmed.1002193 December 13, 2016 23 / 23

http://dx.doi.org/10.1200/JCO.2009.27.2997
http://www.ncbi.nlm.nih.gov/pubmed/20606085
http://dx.doi.org/10.1200/JCO.2011.35.2682
http://www.ncbi.nlm.nih.gov/pubmed/21900106
http://dx.doi.org/10.1093/annonc/mdt011
http://www.ncbi.nlm.nih.gov/pubmed/23406733
http://dx.doi.org/10.1158/1078-0432.CCR-15-1315
http://www.ncbi.nlm.nih.gov/pubmed/26867935
http://dx.doi.org/10.1126/science.aaf1490
http://www.ncbi.nlm.nih.gov/pubmed/26940869

