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Abstract
Purpose: BRCA1/2-mutated and some sporadic triple-negative
breast cancers (TNBC) have DNA repair defects and are sensitive
to DNA-damaging therapeutics. Recently, three independent
DNA-based measures of genomic instability were developed on
the basis of loss of heterozygosity (LOH), telomeric allelic imbalance (TAI), and large-scale state transitions (LST).
Experimental Design: We assessed a combined homologous
recombination deﬁciency (HRD) score, an unweighted sum of
LOH, TAI, and LST scores, in three neoadjuvant TNBC trials of
platinum-containing therapy. We then tested the association of
HR deﬁciency, deﬁned as HRD score 42 or BRCA1/2 mutation,
with response to platinum-based therapy.
Results: In a trial of neoadjuvant platinum, gemcitabine, and
iniparib, HR deﬁciency predicted residual cancer burden score
of 0 or I (RCB 0/I) and pathologic complete response (pCR;

OR ¼ 4.96, P ¼ 0.0036; OR ¼ 6.52, P ¼ 0.0058). HR deﬁciency
remained a signiﬁcant predictor of RCB 0/I when adjusted for
clinical variables (OR ¼ 5.86, P ¼ 0.012). In two other trials
of neoadjuvant cisplatin therapy, HR deﬁciency predicted RCB
0/I and pCR (OR ¼ 10.18, P ¼ 0.0011; OR ¼ 17.00, P ¼ 0.0066).
In a multivariable model of RCB 0/I, HR deﬁciency retained
signiﬁcance when clinical variables were included (OR ¼ 12.08,
P ¼ 0.0017). When restricted to BRCA1/2 nonmutated tumors,
response was higher in patients with high HRD scores: RCB 0/I
P ¼ 0.062, pCR P ¼ 0.063 in the neoadjuvant platinum, gemcitabine, and iniparib trial; RCB 0/I P ¼ 0.0039, pCR P ¼ 0.018 in the
neoadjuvant cisplatin trials.
Conclusions: HR deﬁciency identiﬁes TNBC tumors, including
BRCA1/2 nonmutated tumors more likely to respond to platinumcontaining therapy. Clin Cancer Res; 22(15); 3764–73. 2016 AACR.

Introduction

and BRCA2 germline wild-type) TNBCs share many characteristics with BRCA1 mutation–associated cancers, including a
basal-like gene expression proﬁle, frequent p53 mutations, and
a high burden of genomic aberrations such as loss of heterozygosity (1–7). BRCA1 or BRCA2 (BRCA1/2)-mutated cancers
have defects in several aspects of DNA repair including homologous recombination deﬁciency (HRD; refs. 1, 8). BRCA1/2
mutation–associated cancers have been shown to have increased
sensitivity to DNA crosslinking agents such as platinum salts (9).
A number of studies have suggested that some sporadic TNBC
may bear substantial similarities to BRCA1/2-mutated cancers,
including harboring DNA repair defects that might predispose to
platinum sensitivity (1, 10, 11). Conﬁrming this concept, two
neoadjuvant clinical trials have demonstrated that a subset of
sporadic, non-BRCA1/2–mutated TNBC are sensitive to singleagent platinum chemotherapy (12, 13). Furthermore, several
recent randomized trials have shown improvement in pathologic response with the addition of platinum to standard-of-care
neoadjuvant regimens for TNBC but at the cost of increased
toxicity (14–16). A predictive biomarker for platinum sensitivity
would be helpful to personalize the use of platinum agents,
restricting their use to those who would beneﬁt while avoiding
unnecessary toxicity for those who would not.

Triple-negative breast cancers (TNBC) lack expression of
estrogen and progesterone receptors and overexpression or
ampliﬁcation of the HER2/neu oncogene, and are therefore not
amenable to therapy directed at these targets. Sporadic (BRCA1
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Translational Relevance
Clinical trials in TNBC have shown sensitivity to platinum
agents and an increase in pathologic response with the addition of platinum to standard neoadjuvant chemotherapy. Not
all patients beneﬁt, however, and adding a platinum agent to
standard combination chemotherapy increases the toxicity of
treatment. A test that is performed on a pretreatment biopsy
that determines the likelihood of response to platinum agents
would be useful to identify patients who are most likely to
beneﬁt from that treatment, and spare others the added
toxicity. Here we show that HR deﬁciency, deﬁned as HRD
score 42 and/or BRCA1/2 mutation, predicts the likelihood
of response to neoadjuvant platinum-containing therapy.

Recently, three independent DNA-based measures of genomic instability reﬂecting underlying tumor homologous recombination DNA repair deﬁciency have been developed on the
basis of loss of heterozygosity (LOH; ref. 17), telomeric allelic
imbalance (TAI; ref. 18), and large-scale state transitions (LST;
ref. 19). Although each individual metric is signiﬁcantly associated with BRCA1/2 status, the combination of the three scores
performed best at distinguishing homologous recombination
deﬁcient from nondeﬁcient tumors (20, 21). We have previously shown that the homologous recombination deﬁciency
loss of heterozygosity (HRD-LOH) score is signiﬁcantly associated with favorable response to neoadjuvant platinum-based
therapy in a phase II trial of gemcitabine, carboplatin, and
iniparib (PrECOG 0105; ref. 22). In addition, in a pooled
analysis of two other platinum-based neoadjuvant studies, we
showed that the number of regions of TAI, predicted for
favorable pathologic response in TNBC, and was also associated with platinum sensitivity in ovarian cancer (18).
In this study, we set out to evaluate the combined homologous
recombination deﬁciency score (HRD score), deﬁned as the
unweighted numeric sum of LOH, TAI, and LST and test the
predictive power of the HRD score threshold. The HRD score
threshold was predeﬁned by analyzing HRD scores in a training
cohort of 497 breast and 561 ovarian chemotherapy-naive tumors
with known BRCA1/2 status, and identifying a cutoff with 95%
sensitivity to detect those tumors with BRCA1/2 mutations or
BRCA1 promoter methylation. HR deﬁciency, deﬁned as HRD
score 42 and/or tumor BRCA1/2 mutation, was tested for its
ability to identify which tumors responded to neoadjuvant platinum-containing chemotherapy in patients with TNBC.
The PrECOG 0105 study included 93 stage I–IIIA (T  1 cm)
triple-negative and/or BRCA1/2 mutation–associated breast cancer patients, treated with either 4 or 6 cycles of carboplatin,
gemcitabine, and iniparib in the neoadjuvant setting. The two
cisplatinum neoadjuvant studies (Cisplatin-1 and Cisplatin-2)
enrolled 79 TNBC patients with stage II or III disease. Cisplatin-1
utilized 4 cycles of cisplatin monotherapy in 28 patients (12),
whereas Cisplatin-2 added bevacizumab to the same cisplatin
backbone in 51 patients (13). As the response rates for the
Cisplatin-1 and Cisplatin-2 trials were similar, these trials were
pooled for further analysis. In the current study, the PrECOG 0105
cohort and the pooled Cisplatin-1 and Cisplatin-2 trials were
analyzed to determine the association of HR deﬁciency with
pathologic response.

www.aacrjournals.org

Materials and Methods
Training set used to establish HRD score threshold
A training set completely independent of Cisplatin-1
(NCT00148694), Cisplatin-2 (NCT00580333), and the PrECOG
0105 (NCT00813956) study cases was assembled using four
publicly available or previously published cohorts (497 breast
and 561 ovarian cases; refs. 20, 23–25) that included 78 breast
and 190 ovarian cancers lacking a functional copy of either BRCA1
or BRCA2 (i.e. BRCA1/2 deﬁcient) based on mutation and methylation data (Supplementary Table S1). Assay methods and
sample acquisition for these studies have been previously published (20, 23–25). Speciﬁcally, tumors selected as BRCA1/2
deﬁcient had either (i) one deleterious mutation in BRCA1 or
BRCA2, with LOH in the wild-type copy (ii) two deleterious
mutations in the same gene, or (iii) promoter methylation of
BRCA1 with LOH in the wild-type copy. This cohort was used
to deﬁne a threshold for the HRD score intended to reﬂect HRdeﬁcient versus HR nondeﬁcient status. The threshold selected
was the 5th percentile of HRD scores in tumors lacking a functional copy of BRCA1 or BRCA2 (BRCA1/2 deﬁcient; Supplementary Table S2).
Description of the clinical studies
PrECOG 0105 was a single-arm phase II study that enrolled
stage I–IIIA (T  1cm) triple-negative (ER/PR  5%, HER2negative) or BRCA1/2 germline mutation–associated breast cancer patients. Patients received gemcitabine 1,000 mg/m2 i.v. on
days 1 and 8, carboplatin AUC 2 intravenoulsy on days 1 and 8,
and iniparib 5.6 mg/kg i.v. on days 1, 4, 8, and 11 every 21 days.
Thirteen patients received 4 cycles of preoperative therapy before
the study was amended to enroll 80 patients on the six-cycle
regimen. All patients in the four-cycle group completed treatment,
although one did not go to surgery as scheduled due to an
intercurrent illness. Of the 80 patients in the six-cycle group,
11 discontinued treatment prematurely: ﬁve experienced progressive disease, ﬁve discontinued due to unacceptable toxicity, and
one discontinued due to a protocol violation (patient lost to
follow-up and never had surgery). Patients with progression of
disease were deﬁned as nonresponders. Patients who discontinued therapy due to toxicity prior to completion of four cycles were
excluded (3/5). Patients without pathologic response data were
excluded from this analysis.
The two neoadjuvant cisplatin trials enrolled a total of 79
patients with stage II or III TNBC who had tumors greater than
1.5 cm in size, negative for estrogen and progesterone receptors as
deﬁned by being less than 1% nuclear staining by IHC, and HER2/
Neu 0 or 1þ by IHC, or HER2 nonampliﬁed by FISH (archival core
biopsy blocks were available from 70 patients). In Cisplatin-1,
patients received cisplatin 75 mg/m2 every 3 weeks for 4 cycles; in
Cisplatin-2, patients received the same cisplatin regimen with the
addition of bevacizumab 15 mg/kg on day 1 for the ﬁrst three
cycles. For the combined cisplatin trials, one patient did not
complete the course of chemotherapy due to progression and
was classiﬁed as a nonresponder; 4 discontinued study therapy
due to toxicity, were classiﬁed as missing response, and were
excluded from analysis.
Determination of pathologic response
Pathologic response was assessed centrally in all three trials
using the residual cancer burden (RCB) index (26). This index has
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been validated as an independent prognostic marker of distant
relapse-free survival in patients with breast cancer treated with
neoadjuvant chemotherapy (RCB 0, complete pathologic
response; RCB I, minimal residual disease; RCB II, moderate
residual disease; and RCB III, extensive residual disease). For this
analysis, two dichotomous measures of tumor response were
used, RCB 0/I yes versus no and pathologic complete response
(pCR) yes versus no. pCR was deﬁned as RCB score 0 and requires
no residual invasive or metastatic carcinoma in breast or lymph
nodes. "RCB 0/I yes" includes pathologic response classes of pCR
or RCB-I; "RCB 0/1 no" includes pathologic responses classes
RCB-II or RCB-III.
Tissue processing
For each patient sample, ﬁve to ten 5-mm tissue sections from
a pretreatment tumor core biopsy were sent to Myriad Genetics,
Inc. and processed in the research laboratory according to the
CLIA protocol. DNA extraction from formalin-ﬁxed parafﬁnembedded (FFPE) or frozen tumors is described in the Supplementary Materials. For PrECOG 0105, 3 samples could not
be processed due to insufﬁcient tumor tissue, leaving 90 sufﬁcient for processing. For the two neoadjuvant cisplatin clinical
trials, 17 of 79 patient samples had exhausted tumor blocks or
insufﬁcient tumor tissue, thus DNA was extracted from 62
samples.
Molecular analyses
DNA was analyzed using the recently described next-generation
sequencing–based assay to generate genome-wide SNP proﬁles
from which the three components of the HRD score are calculated
(20). A custom enrichment panel was developed, which targets
54,091 single-nucleotide polymorphisms (SNP) distributed
across the complete human genome. The panel also includes an
additional 685 probes targeting the complete coding region of
BRCA1 and BRCA2. A detailed description of the panel design and
development and the assay process is provided in Timms and
colleagues (20).
MIP SNP arrays have been previously described in detail (27).
For PrECOG 0105, MIP SNP array data had previously been
generated on 55 samples from this study. In 31 samples with
HRD scores from both arrays and sequencing, the Pearson correlation was 0.94. The sequencing-based HRD assay was used for
molecular data for 60 of the 70 samples in the analysis set and a
whole genome MIP array was used to generate data for the
remaining 10 where sequencing data were not available (3 with
insufﬁcient tissue and 7 where sequencing failed). The sequencing-based HRD assay was used for all of the cisplatin trial cohort
samples.
To determine BRCA1/2 mutation status, variant and large
rearrangement detection was performed on sequence from
BRCA1 and BRCA2. Complete descriptions of the sequence alignment and mutation detection methods are provided in Timms
and colleagues (20). Mutations identiﬁed were only included in
the analysis if classiﬁed as deleterious or suspected deleterious
based on previously described criteria (28).
To calculate the HRD score for samples analyzed by custom
hybridization sequencing assay, reads covering SNP positions
were used to generate allelic imbalance proﬁles as described by
Timms and colleagues (20). HRD score was deﬁned as the
unweighted sum of LOH, TAI, and LST scores: HRD ¼ LOH þ
TAI þ LST. Details of the individual LOH, TAI, and LST scores, as
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well as the combined HRD score, are described in the Supplementary Material.
HR deﬁciency status was determined on the basis of the
combination of the dichotomized HRD score using the predeﬁned HRD threshold and tumor BRCA1/2 status (scored as
mutated if deleterious or suspected deleterious mutations in
BRCA1/2 were present; nonmutated if otherwise, including variants of uncertain signiﬁcance). HR deﬁciency was deﬁned as high
HRD score (above the HRD threshold,  42) and/or mutated
tumor BRCA1/2. HR nondeﬁciency was deﬁned as low HRD score
(below the HRD threshold, < 42) and nonmutated or failed tumor
BRCA1/2 mutation analysis. HR status could not be determined if
HRD score analysis failed and tumor BRCA1/2 analysis was
negative or failed.
Analysis cohorts
The PrECOG 0105 trial cohort consisted of 93 patients. Excluding those with insufﬁcient tumor for processing and/or who did
not complete at least four cycles of treatment left 86 samples.
Eighty-three of 86 (97%) samples generated tumor BRCA1/2
mutation data, and HRD score analysis was successful for 68 of
86 (79%) tumors, which provided 70 of 86 (81%) samples with
HR deﬁciency status and clinical response data for statistical
analysis. Of the 90 tumors submitted for molecular assay, 52
were HR deﬁcient including one missing response (58%), 21 were
HR nondeﬁcient (23%), and 17 were undetermined (19%; Supplementary Fig. S1A).
The combined cisplatin trials cohort consisted of 79 patients, of
which 17 had insufﬁcient tumor for processing. Fifty-three of 62
(85%) passed BRCA1/2 mutation screening, HRD score analysis
was successful for 51 of 62 (82%), and HR deﬁciency status was
determined for 53 of 62 (85%). Of the 62 tumors subjected to
molecular assay, 31 were HR deﬁcient including 2 missing
response (50%), 22 were nondeﬁcient including 1 missing
response (35%), and 9 were undetermined (15%; Supplementary
Fig. S1B). After removing the three samples with missing response
data, there were 50 samples evaluable for statistical analysis of HR
deﬁciency and response. The combined cisplatin cohort was not
used in the development of the HRD score, HRD threshold, or any
of the individual components of the HRD score (LOH, TAI, LST),
but were the ﬁrst two cohorts in which TAI was tested. As such, this
cohort offers an independent test of the HRD score threshold and
the HR deﬁciency predictor.
Statistical analysis
For the PrECOG 0105 cohort, statistical analysis was performed
on the set of 70 samples with HR deﬁciency status and response or
on nested subsets (68 had HRD scores; 68 had BRCA1/2 mutation
screening of which 22/68 had BRCA1/2 mutations identiﬁed; 66
had HRD scores and BRCA1/2 mutation screening of which 46/66
were BRCA1/2 wild-type). For the cisplatin trials cohort, analysis
was performed on the set of 50 samples with HR deﬁciency status
and response, or on nested subsets (48 had HRD scores; 47 had
BRCA1/2 mutation screening of which 9/47 had BRCA1/2 mutations identiﬁed; 45 had HRD scores and BRCA1/2 mutation
screening of which 38/45 were BRCA1/2 wild-type).
Statistical analysis for both cohorts was conducted according to
the statistical analysis plan that was prespeciﬁed for the cisplatin
trials cohort. The primary endpoint was RCB 0/I with a secondary
endpoint of pCR. The primary objective was to test the association
of HR deﬁciency. The secondary objectives were to test
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individually the association of quantitative HRD score and tumor
BRCA1/2 status with RCB 0/I. A subgroup analysis of dichotomous HRD score was conducted in BRCA1/2 wild-type. Each
analysis was then repeated with the secondary endpoint of pCR.
Logistic regression was used to test association with binary
response in univariate and multivariable models, and to test
association of clinical variables and HRD score with BRCA1/2
mutation. We report the OR for the interquartile range (IQR) of
numerical variables, or for each category relative to the reference,
with a 95% conﬁdence interval. The P value for each covariate was
calculated from the change in the likelihood deviance between the
full and an appropriate reduced model, with and without the
covariate of interest.
HR deﬁciency was modeled as a predictor of response with
logistic regression methods. Standard maximum likelihood statistics were used to test RCB 0/I; Firth's penalized likelihood was
used to adjust for small sample bias and produce conﬁdence
intervals in models of pCR with no events in the HR nondeﬁcient
category.
Statistical inference was conducted within the R software environment (29). Statistical signiﬁcance was set at the 5% level. All P
values and conﬁdence intervals are two-sided with no adjustment
for multiple testing.

Results
Establishing a threshold for the combined HRD score
The training set to determine a threshold for the combined
HRD score was assembled from 4 cohorts [497 breast and 561
ovarian cases (20, 23–25)], and included 78 breast and 190
ovarian tumors with BRCA1/2 deﬁciency based on tumor mutation screening and promoter methylation analysis. These four
cohorts used for training the HRD threshold are completely
independent from and have no overlap with PrECOG 0105 and
the cisplatin cohorts analyzed below. The distribution of HRD
scores in the training set is shown in Fig. 1 and has an apparent
bimodal distribution with a nadir between 40 and 45. The HRD

threshold was selected to have a high sensitivity for detecting
HR deﬁciency in breast and ovarian cancer. It was assumed that
the loss of BRCA1/2 function results in HR deﬁciency, and that
the distribution of HRD scores in BRCA1/2-deﬁcient samples
would represent the distribution of scores in HR-deﬁcient
samples due to any underlying mechanism. To obtain a sensitivity of at least 95%, the threshold was set at the 5th
percentile of the HRD scores in this training set of known
BRCA1/2-deﬁcient tumors. The 5th percentile of HRD scores
was 42 in the combined breast and ovarian training set,
consequently high HRD was deﬁned as HRD scores 42. The
5th percentile was 41.9 for BRCA1/2-deﬁcient breast tumors
and 42.9 for BRCA1/2-deﬁcient ovarian tumors.
HRD scores in the clinical trial cohorts
The PrECOG 0105 patient demographic and clinical data of the
patients with evaluable HR status are shown in Supplementary
Table S3A. Overall pCR rate in this HR subset of PrECOG 0105
was 23/70 ¼ 33% (31/88 ¼ 35% in the entire study for combined
4 þ 6 cycle groups) and the RCB 0/I rate was 40/70 ¼ 57% (51/88
¼ 58% in the entire study for combined 4 þ 6 cycle groups). In the
HR-evaluable subset of this cohort, 11 (16%) received 4 cycles of
therapy and 59 (84%), 6 cycles. The patient demographic and
clinical data of the patients with evaluable HR deﬁciency is shown
for the combined cisplatin trials cohort in Supplementary Table
S3B. The frequency of pCR was 18% in the original combined
trials (14/79) and 16% in those patients with evaluable HR
deﬁciency status (8/50). The frequency of RCB 0/I was 37% in
the original combined trials (29/79) and 34% in those patients
with evaluable HR deﬁciency status (17/50).
The distributions of HRD scores for the two cohorts are shown
in Supplementary Fig. S2A and B. The distributions of HRD scores
were similar to that seen in the training set, and appear somewhat
bimodal in the PrECOG 0105 study and clearly bimodal in the
cisplatin trials cohort. Forty-eight of 68 (71%) tumors had a high
HRD score (42) in the PrECOG 0105 HRD cohort, whereas in
the cisplatin trials HRD cohort, 26 of 48 (54%) had a high HRD

BRCA Intact (n = 790)
BRCA Deficient (n = 268)

100

Intact
5th percentile 2
Min 0
1st Qu 12
Median 22
Mean 25.24
3rd Qu 34
Max 89

Figure 1.
HRD score distribution in the
combined breast and ovarian training
set. BRCA-deﬁcient tumors include
those with a BRCA1/2 mutation and/or
BRCA1 methylation.
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score. The higher frequency of high HRD scores in the PrECOG
0105 cohort is consistent with the higher proportion of BRCA1/2mutated tumors in that cohort (22/68, 32%) compared with the
cisplatin trials cohort (9/47, 19%).

for RCB 0/I and 0.747 for pCR, and the sensitivity at the
predeﬁned threshold of 42 is 85% for RCB 0/I and 93% for
pCR, consistent with the expectation of 95% sensitivity to
detect homologous recombination deﬁciency.

Association of HR deﬁciency status with response to
platinum-based chemotherapy
HR deﬁciency was signiﬁcantly associated with both RCB 0/I
and pCR in both the PrECOG 0105 and cisplatin trials cohorts
(Table 1). In the PrECOG 0105 cohort, RCB 0/I rates in HRdeﬁcient tumors (n ¼ 50) were 68.0%, compared with 30.0%
in HR nondeﬁcient tumors [n ¼ 20; OR ¼ 4.96 (1.61–15.3),
P ¼ 0.0036]. pCR rates were 42.0% in HR-deﬁcient and 10.0% in
HR nondeﬁcient tumors [OR ¼ 6.52 (1.36–31.2), P ¼ 0.0058]. In
the cisplatin trials cohort, RCB 0/I rates in HR-deﬁcient tumors
(n ¼ 29) were 51.7%, compared with 9.5% in HR nondeﬁcient
tumors [n ¼ 21; OR ¼ 10.18 (2.00–51.89), P ¼ 0.0011]. pCR rates
were 27.5% in HR-deﬁcient and 0% in HR nondeﬁcient tumors
[OR ¼ 17.00 (1.91–2249), P ¼ 0.0066].

BRCA1/2 mutations and association with high HRD score and
with response to platinum-based chemotherapy
BRCA1/2 mutation data were available for 66 tumors with
passing HRD scores in PrECOG 0105. BRCA1 mutations were
identiﬁed in 15 tumors, BRCA2 mutations were identiﬁed in 4
tumors, and one tumor carried both a BRCA1 and a BRCA2
mutation. In the cisplatin trials cohort, BRCA1/2 mutation data
were available for 45 tumors with passing HRD scores. Six
tumors had a BRCA1 mutation, and one had a BRCA2
mutation. In the PrECOG 0105 cohort, which is enriched for
BRCA1/2 mutation carriers, BRCA1/2 mutation status was signiﬁcantly associated with high HRD scores (P ¼ 4.0  105).
100% of BRCA1/2-mutant tumors (n ¼ 20) had high HRD
scores, compared with 59% of BRCA1/2 wild-type tumors (n ¼
46). Although the cisplatin trials cohort had fewer BRCA1/2
tumor mutations, the mean HRD score was signiﬁcantly higher
in the BRCA1/2-mutated compared with nonmutated tumors
(63.1 vs. 45.3; P ¼ 0.015). All but one of the BRCA1/2-mutated
tumors had HRD score  42 (6/7 ¼ 86%) compared with
19 of 38 (50%) of BRCA1/2 wild-type tumors (Fisher exact test
P ¼ 0.11).
BRCA1/2 tumor mutation status as a binary variable (yes/no)
was a signiﬁcant predictor of response in the PrECOG
0105 cohort, but was not signiﬁcant in the cisplatin trials
cohort (Table 2A). In the PrECOG 0105 study, RCB 0/I rate
in BRCA1/2-mutant tumors (n ¼ 20) was 75.0% compared with
48.0% in the BRCA1/2 wild-type tumors [n ¼ 48; OR ¼ 3.27
(1.02–10.5), P ¼ 0.037]. pCR rates were 50.0% in mutant and
24.0% in BRCA1/2 wild-type tumors, which was also statistically signiﬁcant [OR ¼ 3.18 (1.05–9.63), P ¼ 0.040]. However,
in the cisplatin trials cohort with fewer BRCA1/2-mutated
tumors, BRCA1/2 mutation status alone was not signiﬁcantly
associated with RCB 0/I rate (42.9% vs. 31.6%; P ¼ 0.57) or
pCR rate (28.6% vs. 13.2%; P ¼ 0.33).
Figure 3 shows the relative response rates in the two cohorts in
tumors stratiﬁed by HR deﬁciency status, HRD score, or BRCA1/2
mutation status. In the PrECOG 0105 cohort, BRCA1/2 mutation

Association of HRD score with response to platinum-based
chemotherapy
The distributions of all passing HRD scores by RCB
response class for each cohort (N ¼ 68 and N ¼ 48) are
shown as box plots in Fig. 2. In the PrECOG 0105 cohort
(N ¼ 68), quantitative HRD score (IQR ¼ 28) was signiﬁcantly associated with RCB 0/I [OR ¼ 2.63 (1.26–5.48), P ¼
0.0061], but not pCR [OR ¼ 1.85 (0.88–3.88), P ¼ 0.093].
The dichotomous HRD score (high/low) was signiﬁcantly
associated with both RCB 0/I [OR ¼ 4.67 (1.51–14.4), P ¼
0.0053] and pCR [OR ¼ 6.43 (1.34–30.9), P ¼ 0.0065] in this
cohort (Supplementary Table S4A). In the cisplatin trials
cohort (N ¼ 48), quantitative HRD was signiﬁcantly associated with both RCB 0/I [OR ¼ 10.5 (2.3–48.6), P ¼ 3.1 
104] and pCR [OR ¼ 117 (2.9–4764), P ¼ 7.0105], as was
the dichotomous HRD score for RCB 0/I [OR ¼ 10.0 (1.93–
51.8), P ¼ 0.0014] and pCR [OR ¼ 17.3 (1.90–2300), P ¼
0.0071; Supplementary Table S4B]. To assess the performance
of the HRD score to place patients into response categories in
the combined PrECOG 0105 and cisplatin cohorts, ROC curves
of the HRD score predicting RCB 0/I and pCR are shown in
Supplementary Fig. S3A and S3B. The AUC values were 0.761

Table 1. HR deﬁciency status and association with response to platinum-containing therapy
PrECOG 0105 (N ¼ 70)

Responder
RCB 0/I ¼ No
RCB 0/I ¼ Yes
pCR ¼ No
pCR ¼ Yes

Deﬁcient
number
(% response)
16
34 (68%)
29
21 (42%)

Nondeﬁcient
number
(% response)
14
6 (30%)
18
2 (10%)

OR (95% CI)
Reference ¼
nondeﬁcient

Logistic P

4.96 (1.61–15.3)

0.0036

6.52 (1.36–31.2)

0.0058

Cisplatin Trials Cohort (N ¼ 50)

Responder
RCB 0/I ¼ No
RCB 0/I ¼ Yes
pCR ¼ No
pCR ¼ Yes

Deﬁcient
number
(% response)
14
15 (51.7%)
21
8 (27.5%)

Nondeﬁcient
number
(% response)
19
2 (9.5%)
21
0 (0%)

OR (95% CI)
Reference ¼
nondeﬁcient

Logistic P

10.18 (2.00–51.89)
17.00 (1.91–2,249)

a

0.0011
0.0066a

a

Based on Firth's penalized proﬁle likelihood.
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Figure 2.
Box plot of HRD score versus RCB class for all patients with HRD scores
PrECOG 0105 (n ¼ 68; A) and Cisplatin trials cohort (n ¼ 48; B). Box outlines
the 25th and 75th percentiles; solid line is the median; whiskers extend to the
most extreme data point that is no more than 1.5 times the IQR. Red dots,
BRCA1/2 wild-type; blue triangles, BRCA1/2-mutant; black circles, failed
mutation screening.

status provided the highest positive predictive value (PPV) of both
RCB 0/I and pCR, while its negative predictive value (NPV) is
lower compared with HRD score or HR deﬁciency status; however,
these differences were not statistically signiﬁcant. In the cisplatin
trials cohort, BRCA1/2 mutation status, HRD score, and HR
deﬁciency provided similar PPVs for RCB 0/I (43%, 52%, and
52%, respectively) and for pCR (29%, 28%, and 28%, respectively). In this cohort, BRCA1/2 mutation status also gave a lower
NPV than either HRD score or HR deﬁciency for RCB 0/I (68%,
90%, and 90%, respectively) and for pCR (87%, 100%, and
100%, respectively).
Association of HRD score with response to platinum-based
chemotherapy in BRCA1/2 wild-type tumors
When analysis was conﬁned to BRCA1/2 wild-type tumors,
response was higher in patients with high HRD scores in PrECOG
0105 (n ¼ 46), where RCB 0/I rates were 59.0% in HRD high and
32.0% in HRD low (P ¼ 0.062) and pCR was 33.0% in HRD high
and 11.0% in HRD low (P ¼ 0.063; Table 2B). In the cisplatin
trials cohort, high HRD score was signiﬁcantly associated with
both higher RCB 0/I and pCR rates. RCB 0/I rate was 52.6%
in HRD high and 10.5% in HRD low [OR ¼ 9.44 (1.69–52.7),
P ¼ 0.0039]; pCR was 26.3% in HRD high and 0% in HRD low
[OR ¼ 14.79 (1.49–2001), P ¼ 0.018].
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Association of clinical variables with response and HR
deﬁciency status
For the PrECOG 0105 cohort, available clinical variables
included clinical stage, tumor grade, age at diagnosis, and number
of cycles of chemotherapy; for the cisplatin trials cohort, the
clinical variables included use of bevacizumab, tumor size, nodal
status, and age at diagnosis. To check for possible confounding,
clinical variables were tested ﬁrst for association with BRCA1/2
mutation status, but were not signiﬁcant [PrECOG 0105: grade:
P ¼ 0.38; stage: P ¼ 0.71 (4 levels; I, IIA, IIB, IIIA), 0.60 (3 levels; I,
II, III); chemotherapy cycles: P ¼ 0.11; and age at diagnosis: P ¼
0.12]. Cisplatin trials: use of bevacizumab: P ¼ 0.73; nodal status:
P ¼ 0.23; tumor size: P ¼ 0.90; age at diagnosis: P ¼ 0.53.
Univariate associations with response and HR deﬁciency were
then tested (Supplementary Table S5). In the PrECOG 0105
cohort (Supplementary Table S5a), tumor grade, stage, and number of cycles of chemotherapy were not statistically signiﬁcantly
associated with RCB 0/I or HR deﬁciency status. Younger age at
diagnosis was associated with HR deﬁciency status (P ¼ 2.0 
104) and was also associated with improved response (P ¼
0.031). However, this association was confounded by BRCA1/2
mutations being more common in younger patients. When mutation status was taken into account, age was no longer a signiﬁcant
predictor of response (P ¼ 0.11). In univariate analysis of the
cisplatin trials cohort (Supplementary Table S5b), only age at
diagnosis was associated with HR deﬁciency status (P ¼ 0.037).
No other clinical variables were associated with either RCB 0/I or
HR deﬁciency status.
HR deﬁciency status adjusted by clinical covariates
Multivariable logistic regression was used to determine whether HR deﬁciency status was a signiﬁcant predictor of RCB 0/I and
pCR after adjustment by clinical covariates (Table 3). In the
PrECOG 0105 cohort, HR deﬁciency status (P ¼ 0.012) and
disease stage (P ¼ 0.0042) were independent predictors of RCB
0/I in multivariable analysis. The interaction between HR deﬁciency status and stage was not signiﬁcant when added to the full
model (P ¼ 0.43). In multivariable models of pCR neither HR
deﬁciency status nor clinical variables reached statistical signiﬁcance (Table 3A). In the cisplatin trials cohort, only HR deﬁciency
status (P ¼ 0.0017) was a signiﬁcant predictor of RCB 0/I after
adjustment for use of bevacizumab, tumor size, baseline nodal
status, and age at diagnosis (Table 3B). In multivariable models of
pCR, both HR deﬁciency (P ¼ 0.0063) and age at diagnosis (P ¼
0.026) were independent predictors of pCR. Interaction between
HR deﬁciency and age was not signiﬁcant (P ¼ 1.0).
To estimate the clinical utility of HRD status, logistic regression
analysis of 3 models for predicting RCB 0/I and pCR were
performed in the combined PrECOG 0105 and cisplatin cohorts
(Supplementary Table S6). In each model, cohort was included as
a covariate to adjust for possible confounding. The ﬁrst model
included patient stage; the second included stage and tumor
BRCA1/2 (tBRCA1/2) mutation status; the third included stage,
tBRCA1/2 mutation status, and dichotomous HRD score. For each
of these models, a ROC curve was computed (Supplementary
Fig. S4A and S4B). For RCB 0/I, the dichotomous HRD score
remained signiﬁcant after adjustment for cohort, clinical stage,
and tBRCA1/2 mutation status (P ¼ 8.3  105). AUC was
increased from 0.710 to 0.788 by adding dichotomous HRD
score to clinical stage and tBRCA1/2 adjusted for cohort (P ¼
0.014). For pCR, dichotomous HRD score remained signiﬁcant
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Table 2. BRCA1/2 mutation status (whole cohorts) or HRD score (BRCA1/2 wild-type subset) and associations with response
A. BRCA1/2 mutation status
PrECOG 0105 Cohort (N ¼ 66)
OR (95% CI)
Mutant
Reference ¼
number
Nonmutant number
nonmutant
(% response)
(% response)
Responder
RCB 0/I ¼ no
5
24
RCB 0/I ¼ yes
15 (75%)
22 (48%)
3.27 (1.02–10.5)
pCR ¼ no
10
35
pCR ¼ yes
10 (50%)
11 (24%)
3.18 (1.05–9.63)

Logistic P
0.037
0.040

Cisplatin Trials Cohort (N ¼ 45)
Mutant
number
(% response)
4
3 (42.9%)
5
2 (28.6%)

Responder
RCB 0/I ¼ no
RCB 0/I ¼ yes
pCR ¼ no
pCR ¼ yes

OR (95% CI)
Reference ¼
nonmutant

Nonmutant number
(% response)
26
12 (31.6%)
33
5 (13.2%)

B. HRD Score 42 (high vs. low), subset of BRCA1/2 wild-type tumors
PrECOG 0105 Cohort (N ¼ 46)
HRD low
HRD high
number
number
(% response)
(% response)
Responder
RCB 0/I ¼ no
11
13
RCB 0/I ¼ yes
16 (59%)
6 (32%)
pCR ¼ no
18
17
pCR ¼ yes
9 (33%)
2 (11%)

Logistic P

1.62 (0.31–8.43)

0.57

2.64 (0.40–17.5)

0.33

OR (95% CI)
Reference ¼ low HRD
score

Logistic P

3.15 (0.92–10.8)

0.062

4.25 (0.80–22.6)

0.063

Cisplatin Trials Cohort (N ¼ 38)

Responder
RCB 0/I ¼ no
RCB 0/I ¼ yes
pCR ¼ no
pCR ¼ yes

after adjustment for cohort, clinical stage, and tBRCA1/2 mutation
status (P ¼ 0.0011). AUC was increased from 0.694 to 0.762 by
adding dichotomous HRD score to clinical stage and tBRCA1/2
adjusted for cohort (P ¼ 0.037).
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Relative response rates for PrECOG
0105 (A) and in the cisplatin cohort (B)
stratiﬁed by HRD score, BRCA1/2
mutation status, and HR deﬁciency
status. WT, wild-type, M, mutant.
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Table 3. Multivariable models of RCB 0/I and pCR
A. PrECOG 0105 Cohort (N ¼ 70)
RCB 0/I
Variable
HR
deﬁciency
status
Tumor
grade

Levels
Nondeﬁcient
Deﬁcient

% RCB 0/I
30
68

II
III

17 (24%)
53 (76%)

53
58

I
II

9 (13%)
51 (73%)

89
57

III

10 (14%)

30

4 cycles
6 cycles

11 (16%)
59 (84%)

55
58

Clinical
stage

Chemotherapy
cycles

Number of
patients (%)
20 (29%)
50 (71%)

Age at
diagnosis
(yrs)

OR (95% CI)
Reference
5.86
(1.33–25.7)
Reference
0.69
(0.18–2.69)
Reference
0.05
(0.00–0.58)
0.02
(0.00–0.35)
Reference
0.93
(0.19–4.60)
OR per IQR ¼ 14
0.51 (0.23–1.13)

pCR
P
0.012

% pCR
10
42

OR (95% CI)

P

4.06 (0.67–24.6)

0.098

12
40

4.58 (0.83–25.3)

0.055

44
33

0.26 (0.04–1.56)

0.0042

20

0.20 (0.02–2.20)

0.29

0.93

18
36

3.48 (0.58–21.1)

0.15

OR per IQR ¼ 14
0.47 (0.19–1.15)

0.085

0.59

0.087

B. Cisplatin Trials Cohort (N ¼ 50)
RCB 0/I
Variable
HR
deﬁciency
status
Treatment

Tumor size
(cm)
Baseline
nodal
status
Clinical
stage

Levels
Nondeﬁcient
Deﬁcient
Cisplatin
Cisplatin þ
bevacizumab

Number of
patients (%)
21 (42%)
29 (58%)
18 (36%)
32 (64%)

% RCB 0/I
10
52
28
38
34

Negative
Positive

27 (54%)
23 (46%)

26
43

IIA
IIB

25 (50%)
21 (42%)

24
43

IIIA

4 (8%)

50

Age at
diagnosis
(yrs)

34

OR (95% CI)
Reference
12.1
(1.97–74.0)
Reference
2.27
(0.51–10.0)
OR per IQR ¼ 1.3
1.48 (0.39–5.56)
Reference
1.85
(0.08–38.4)
Reference
1.29
(0.04–44.7)
1.30
(0.00–1076)
OR per IQR ¼ 14
0.68 (0.22–2.15)

pCR
P
0.0017

% pCR
0
28

ORa (95% CI)

P

8.42 (0.93–1697)

0.014

1.20 (0.22–8.53)

0.62
0.11

0.27

17
16

0.56

16

0.71

11
22

OR per IQR ¼ 1.3
2.97 (0.64–0.90)
Reference
5.62 (0.16–273)

8
29

Reference
0.49 (0.01–24.3)

0.99

0

0.03 (0.00–53.9)

0.28

0.51

16

OR per IQR ¼ 14
0.47 (0.08–2.30)

0.47

0.26

Conﬁdence intervals ﬁt by proﬁle likelihood.

a

concept of HR deﬁciency (deﬁned as HRD score  42 and/or
BRCA1 or BRCA2 mutation) were evaluated as predictors of
response to neoadjuvant platinum-based therapy in two different
clinical cohorts. The PrECOG 0105 study was enriched for BRCA1
and BRCA2 mutation carriers, and this cohort received multiagent
cytotoxic chemotherapy with gemcitabine, carboplatin, and the
investigational agent iniparib. In contrast, the two cisplatin trials
were not enriched for BRCA1 and BRCA2 mutation carriers, and
employed only one cytotoxic chemotherapy, cisplatin, given
either alone or in combination with bevacizumab.
This analysis makes several practical points. First, the HRD
score and mutation analysis necessary to determine HR deﬁciency
can be performed on formalin-ﬁxed parafﬁn-embedded material
from limited core-needle biopsy specimens. Second, the cut-off
threshold of an HRD score of greater than or equal to 42, which
was predeﬁned in an independent set of breast and ovarian
cancers, performs as expected in the two experimental cohorts.
This cutoff correctly identiﬁed all 20 BRCA1- or BRCA2-mutated
samples in the PrECOG 0105 cohort, and 6 of 7 BRCA1- or

www.aacrjournals.org

BRCA2-mutated samples in the cisplatin trials cohort. Thus,
overall this cutoff correctly identiﬁed 26 of 27 mutated samples,
a detection rate of 96.3%, consistent with the 95% sensitivity for
which the cutoff was chosen.
The dichotomized HRD score itself was signiﬁcantly associated
with both RCB 0/I and pCR in both cohorts. Furthermore, HR
deﬁciency successfully predicted RCB 0/I and pCR in a highly
signiﬁcant manner in both cohorts. Finally, multivariable models
showed that these predictions remained signiﬁcant after taking
into account clinical variables. The distribution of HRD scores in
the training set used to establish the HRD score cutoff and in the
two neoadjuvant cohorts analyzed here is bimodal, with fewer
tumors with scores around the cut-off point. The ability to predict
response independently of clinical variables, with few tumors in
an equivocal range, is an attractive aspect of a clinically useful test.
The current understanding of the determinants of chemotherapy responsiveness is insufﬁcient to predict a priori to which
speciﬁc chemotherapeutic agents HR deﬁciency might predict
response. Retrospective analyses of the GeparSixto and other
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experiences using cytotoxic chemotherapies suggests that HR
deﬁciency may also predict responses to topoisomerase inhibitors
such as the anthracyclines and alkylating agents (30, 31). This
study and others suggest that HR deﬁciency may identify the
patients who would beneﬁt from treatment with DNA-damaging
agents such as platinum.
In summary, in this analysis, HRD status provides signiﬁcant
improvement over clinical variables or BRCA1/2 mutation status
in identifying tumors with an increased likelihood of response to
platinum-based neoadjuvant therapy among patients with TNBC.
Clinical use of the HRD test has the potential to identify sporadic
TNBC patients likely to respond to DNA-damaging therapy
beyond those currently identiﬁed by germline BRCA1/2 mutation
screening. The clinical trials described here do not include a
nonplatinum comparator arm. Additional studies, including retrospective analysis of larger clinical trials with a control arm or
prospective clinical trials, will further deﬁne and clarify the clinical
utility of the HR deﬁciency assay and ultimately determine the
range of chemotherapies for which HR deﬁciency may predict
response.

Disclosure of Potential Conﬂicts of Interest
G.B. Mills has ownership interest (including patents) in Catena Pharmaceuticals, PTV Ventures, Spindletop Ventures, and Myriad Genetics, reports receiving speakers bureau honoraria from AstraZeneca, Eli Lilly, ISIS Pharmaceuticals,
Nuevolution, and Symphogen, is a consultant/advisory board member for
Adventist Health, AstraZeneca, Blend, Catena Pharmaceuticals, Critical Outcome Technologies, HaIaI Bio Korea, ImmunoMET, Millennium Pharmaceuticals, Nuevolution, Precision Medicine, Provista Diagnostics, Signalchem Lifesciences, and Symphogen, and reports receiving commercial research grants
from Adelson Medical Research Foundation, AstraZeneca, Critical Outcome
Technologies, Komen Research Foundation, and Nanostrong. S.J. Isakoff is a
consultant/advisory board member for Myriad Genetics. K.M. Timms, A. Gutin,

and V. Abkevich have ownership interest (including patents) in Myriad Genetics
Inc. J.E. Garber reports receiving commercial research grants from Ambry
Genetics and Myriad Genetics. J.M. Ford reports receiving commercial research
grants from Myriad Genetics and Natera. D.P. Silver and A.L. Richardson are
listed as co-inventors on a patent on telomeric allelic imbalance, which is owned
by the Dana-Farber Cancer Institute and licensed to Myriad Genetics. No
potential conﬂicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: M.L. Telli, K.M. Timms, Z. Szallasi, W.T. Barry,
E.P. Winer, A. Gutin, V. Abkevich, A.-R. Hartman, J.M. Ford, D.P. Silver,
A.L. Richardson
Development of methodology: M.L. Telli, K.M. Timms, E.P. Winer, A. Gutin,
C. Neff, V. Abkevich, A.-R. Hartman, D.P. Silver
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): M.L. Telli, K.M. Timms, B. Hennessy, K.C. Jensen,
N. Tung, S.J. Isakoff, P.D. Ryan, A. Greene-Colozzi, C. Neff, J.T. Jones, J.E. Garber,
J.M. Ford, A.L. Richardson
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M.L. Telli, K.M. Timms, J.E. Reid, B. Hennessy,
K.C. Jensen, Z. Szallasi, W.T. Barry, S.J. Isakoff, A. Gutin, D. Iliev, V. Abkevich,
J.T. Jones, J.S. Lanchbury, J.M. Ford, D.P. Silver
Writing, review, and/or revision of the manuscript: M.L. Telli, K.M. Timms,
J.E. Reid, B. Hennessy, G.B. Mills, K.C. Jensen, Z. Szallasi, W.T. Barry, E.P. Winer,
N. Tung, S.J. Isakoff, A. Gutin, Z. Sangale, D. Iliev, C. Neff, J.T. Jones,
J.S. Lanchbury, A.-R. Hartman, J.E. Garber, D.P. Silver, A.L. Richardson
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): K.M. Timms, D. Iliev
Study supervision: M.L. Telli, K.M. Timms, S.J. Isakoff, C. Neff, J.S. Lanchbury,
D.P. Silver
Other (performed microscopic evaluation of all tissue samples for tumor
content and enrichment): Z. Sangale
Received October 15, 2015; revised February 8, 2016; accepted February 9,
2016; published OnlineFirst March 8, 2016.

References
1. Turner N, Tutt A, Ashworth A. Hallmarks of 'BRCAness' in sporadic cancers.
Nat Rev Cancer 2004;4:814–9.
2. Turner NC, Reis-Filho JS, Russell AM, Springall RJ, Ryder K, Steele D, et al.
BRCA1 dysfunction in sporadic basal-like breast cancer. Oncogene
2007;26:2126–32.
3. Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, et al. Repeated
observation of breast tumor subtypes in independent gene expression data
sets. Proc Natl Acad Sci U S A 2003;100:8418–23.
4. Lakhani SR, Reis-Filho JS, Fulford L, Penault-Llorca F, van der Vijver M,
Parry S, et al. Prediction of BRCA1 status in patients with breast cancer
using estrogen receptor and basal phenotype. Clin Cancer Res 2005;
11:5175–80.
5. Wang ZC, Lin M, Wei LJ, Li C, Miron A, Lodeiro G, et al. Loss of
heterozygosity and its correlation with expression proﬁles in subclasses
of invasive breast cancers. Cancer Res 2004;64:64–71.
6. Richardson AL, Wang ZC, De Nicolo A, Lu X, Brown M, Miron A, et al. X
chromosomal abnormalities in basal-like human breast cancer. Cancer
Cell 2006;9:121–32.
7. Van Loo P, Nordgard SH, Lingjaerde OC, Russnes HG, Rye IH, Sun W, et al.
Allele-speciﬁc copy number analysis of tumors. Proc Natl Acad Sci USA
2010;107:16910–5.
8. Silver DP, Livingston DM. Mechanisms of BRCA1 tumor suppression.
Cancer Discov 2012;2:679–84.
9. Byrski T, Huzarski T, Dent R, Gronwald J, Zuziak D, Cybulski C, et al.
Response to neoadjuvant therapy with cisplatin in BRCA1-positive breast
cancer patients. Breast Cancer Res Treat 2009;115:359–63.
10. Alli E, Sharma VB, Sunderesakumar P, Ford JM. Defective repair of
oxidative dna damage in triple-negative breast cancer confers sensitivity
to inhibition of poly(ADP-ribose) polymerase. Cancer Res 2009;
69:3589–96.

3772 Clin Cancer Res; 22(15) August 1, 2016

11. Hastak K, Alli E, Ford JM. Synergistic chemosensitivity of triple-negative
breast cancer cell lines to poly(ADP-Ribose) polymerase inhibition, gemcitabine, and cisplatin. Cancer Res 2010;70:7970–80.
12. Silver DP, Richardson AL, Eklund AC, Wang ZC, Szallasi Z, Li Q, et al.
Efﬁcacy of neoadjuvant Cisplatin in triple-negative breast cancer. J Clin
Oncol 2010;28:1145–53.
13. Ryan PD, Tung NM, Isakoff SJ, Golshan M, Richardson A, Corben AD, et al.
Neoadjuvant cisplatin and bevacizumab in triple negative breast cancer
(TNBC): Safety and efﬁcacy. J Clin Oncol 2009;27:551.
14. Rugo H, Olopade O, DeMichele A, van 't Veer L, Buxton M, Hylton N, et al.
Veliparib/carboplatin plus standard neoadjuvant therapy for high-risk
breast cancer: First efﬁcacy results from the I-SPY 2 TRIAL. Cancer Res
2013;73(24 Suppl): Abstract S5-02.
15. von Minckwitz G, Schneeweiss A, Loibl S, Salat C, Denkert C, Rezai M, et al.
Neoadjuvant carboplatin in patients with triple-negative and HER2-positive early breast cancer (GeparSixto; GBG 66): a randomised phase 2 trial.
Lancet Oncol 2014;15:747–56.
16. Sikov WM, Berry DA, Perou CM, Singh B, Cirrincione CT, Tolaney SM,
et al. Impact of the addition of carboplatin and/or bevacizumab to
neoadjuvant once-per-week paclitaxel followed by dose-dense doxorubicin
and cyclophosphamide on pathologic complete response rates in stage II
to III triple-negative breast cancer: CALGB 40603 (Alliance). J Clin Oncol
2015;33:13–21.
17. Abkevich V, Timms KM, Hennessy BT, Potter J, Carey MS, Meyer LA, et al.
Patterns of genomic loss of heterozygosity predict homologous recombination repair defects in epithelial ovarian cancer. Br J Cancer 2012;
107:1776–82.
18. Birkbak NJ, Wang ZC, Kim J-Y, Eklund AC, Li Q, Tian R, et al. Telomeric
allelic imbalance indicates defective DNA repair and sensitivity to DNAdamaging agents. Cancer Discov 2012;2:366–75.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on June 22, 2021. © 2016 American Association for Cancer Research.

Published OnlineFirst March 8, 2016; DOI: 10.1158/1078-0432.CCR-15-2477

HRD Predicts Response to Platinum Therapy in TNBC

19. Popova T, Manie E, Rieunier G, Caux-Moncoutier V, Tirapo C, Dubois T,
et al. Ploidy and large-scale genomic instability consistently identify basallike breast carcinomas with BRCA1/2 inactivation. Cancer Res 2012;
72:5454–62.
20. Timms KM, Abkevich V, Hughes E, Neff C, Reid J, Morris B, et al. Association of BRCA1/2 defects with genomic scores predictive of DNA damage
repair deﬁciency among breast cancer subtypes. Breast Cancer Res 2014;
16:475.
21. Marquard AM, Eklund AC, Joshi T, Krzystanek M, Favero F, Wang ZC, et al.
Pan-cancer analysis of genomic scar signatures associated with homologous recombination deﬁciency suggests novel indications for existing
cancer drugs. Biomark Res 2015;3:9.
22. Telli ML, Jensen KC, Vinayak S, Kurian AW, Lipson JA, Flaherty PJ, et al.
Phase II study of gemcitabine, carboplatin, and iniparib as neoadjuvant
therapy for triple-negative and BRCA1/2 mutation-associated breast cancer
with assessment of a tumor-based measure of genomic instability: PrECOG
0105. J Clin Oncol 2015;33:1895–901.
23. Hennessy BT, Timms KM, Carey MS, Gutin A, Meyer LA, Flake DD2nd, et al.
Somatic mutations in BRCA1 and BRCA2 could expand the number of
patients that beneﬁt from poly (ADP ribose) polymerase inhibitors in
ovarian cancer. J Clin Oncol 2010;28:3570–6.
24. Cancer Genome Atlas Research Network. Integrated genomic analyses of
ovarian carcinoma. Nature 2011;474:609–15.
25. Comprehensive molecular portraits of human breast tumours. Nature
2012;490:61–70.

www.aacrjournals.org

26. 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.
27. Wang Y, Cottman M, Schiffman JD. Molecular inversion probes: a novel
microarray technology and its application in cancer research. Cancer Genet
2012;205:341–55.
28. Eggington JM, Bowles KR, Moyes K, Manley S, Esterling L, Sizemore S,
et al. A comprehensive laboratory-based program for classiﬁcation of
variants of uncertain signiﬁcance in hereditary cancer genes. Clin Genet
2014;86:229–37.
29. R Development Core Team (2008). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0, URL http://www.R-project.org.
30. Von Minckwitz G, Timms K, Untch M, Elkin EP, Fasching PA, Schneeweiss
A, et al. Prediction of pathological complete response (pCR) by Homologous Recombination Deﬁciency (HRD) after carboplatin-containing
neoadjuvant chemotherapy in patients with TNBC: Results from GeparSixto. J Clin Oncol 2015;33.
31. Telli ML, Audeh W, Jensen KC, Bose S, Timms K, Gutin A, et al. Homologous recombination deﬁciency (HRD) score predicts response to standard
neoadjuvant chemotherapy in patients with triple negative or BRCA1/2
mutation-associated breast cancer [abstract]. In: Proceedings of the ThirtySeventh Annual CTRC-AACR San Antonio Breast Cancer Symposium:
2014 Dec 9-13; San Antonio, TX. Philadelphia (PA): AACR. Abstract
P5-06-01.

Clin Cancer Res; 22(15) August 1, 2016

Downloaded from clincancerres.aacrjournals.org on June 22, 2021. © 2016 American Association for Cancer Research.

3773

Published OnlineFirst March 8, 2016; DOI: 10.1158/1078-0432.CCR-15-2477

Homologous Recombination Deficiency (HRD) Score Predicts
Response to Platinum-Containing Neoadjuvant Chemotherapy in
Patients with Triple-Negative Breast Cancer
Melinda L. Telli, Kirsten M. Timms, Julia Reid, et al.
Clin Cancer Res 2016;22:3764-3773. Published OnlineFirst March 8, 2016.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-15-2477
Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2016/03/08/1078-0432.CCR-15-2477.DC1

This article cites 27 articles, 14 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/22/15/3764.full#ref-list-1
This article has been cited by 51 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/22/15/3764.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/22/15/3764.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on June 22, 2021. © 2016 American Association for Cancer Research.

