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a b s t r a c t 

Recent studies demonstrated that homologous repair deficiency (HRD) score is a useful marker for response 
to poly (ADP-ribose) polymerase inhibitors or platinum-based chemotherapy. We determined HRD scores and 
elucidated the clinicopathologic characteristics of HRD-high tumors and their response to non-platinum-based 
chemotherapy. Primary breast cancer patients ( n = 120) were pre-operatively treated with paclitaxel followed 
by 5-fluorouracil/epirubicin/cyclophosphamide (P-FEC). Germline and somatic homologous recombination re- 
lated gene mutations (gHRRm and sHRRm, respectively) and HRD scores were analyzed using whole exome 
sequencing (WES) in tumor tissues obtained before chemotherapy. Of 120 tumors, 30 were determined to be 
HRD-high tumors, significantly associated with high Ki-67 ( P = 0.014), ER negativity ( P = 0.007), and PR negativ- 
ity ( P = 0.021). Triple-negative cancers showed significantly higher HRD scores than the luminal, luminal-HER2, 
and HER2 subtypes ( P = 0.023, 0.016, and 0.033, respectively). HRD scores were significantly higher in tumors 
with gHRRm than in those with sHRRm ( P = 0.002) or wild-type HRR genes ( P = 1.44e-4), but no significant dif- 
ference was found in HRD scores between tumors with sHRRm and wild-type HRR genes ( P = 0.206). HRD-high 
tumors had significantly ( P = 0.003) higher pCR rates and higher near-pCR rates ( P = 0.049) compared with those 
of the HRD-low tumors in all tumors and the luminal subtype, respectively. HRD-high tumors were associated 
with aggressive phenotypes and gHRRm, but not sHRRm. Our findings suggested that HRD scores might be useful 
in predicting response to P-FEC in the luminal subtype. 
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Homologous recombination repair (HRR) plays a critical role in the
NA double-stranded break (DSB) repair pathway, and its functional

tatus can be evaluated by homologous repair deficiency (HRD) score
hich is determined by the sum of the loss of heterozygosity (LOH),

elomeric allelic imbalance (TAI), and large scale state transition (LST)
cores [1–5] . Almost all breast tumors that arise in BRCA1 or BRCA2
ermline mutation carriers are HRD-high tumors. The BRCA1 promoter
ethylation and TP53 somatic mutations are associated with HRD-high

umors as well [ 3 , 4 , 6 , 7 ]. HRD-high tumors are also more prevalent
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40% − 60%) in the triple-negative breast cancer (TNBC) subtype than
thers [ 4 , 8 ] and are associated with aggressive phenotypes including
igh histologic grade [4] . 

Additionally, the association of HRD scores with responses to plat-
num agents that induce DSB has also been intensively studied in
NBC. The GeparSixto trial demonstrated that no significant difference

n pCR rates was found between platinum-based chemotherapy and
on-platinum-based chemotherapy in the HRD-low tumors (29.6% vs.

0.0%, respectively) [9] . However, the pCR rates of platinum-based
hemotherapy were significantly higher than those of non-platinum-
ased chemotherapy in the HRD-high tumors were (63.5% vs. 33.9%,
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Table 1 

Clinicopathologic characteristics and HRD score. 

HRD score 

Characteristic 
Total High Low P value 
N = 120, (%) N = 30, (%) N = 90, (%) 

Age 

> 50 years 65(54.2%) 17 (56.7%) 48 (53.3%) 0.751 

≤ 50 years 55 (45.8%) 13 (43.3%) 42 (46.7%) 

cT 

1 14 (11.7%) 5 (16.7%) 9 (10.0%) 0.451 

2 81 (67.5%) 21 (70.0%) 60 (66.7%) 

3 13 (10.8%) 1 (3.3%) 12 (13.3%) 

4 12 (10.0%) 3 (10.0%) 9 (10.0%) 

cN 

0 41 (34.2%) 16 (53.3%) 25 (27.8%) 0.010 

1 76 (63.3%) 13 (43.3%) 63 (70.0%) 

2 1 (0.8%) 0 (0%) 1 (1.1%) 

3 2 (1.7%) 1 (3.3%) 1 (1.1%) 

HG 

1 20 (16.7%) 1 (3.3%) 19 (21.1%) 0.066 

2 55 (45.8%) 15 (50.0%) 40 (44.4%) 

3 45 (37.5%) 14 (46.7%) 31 (34.4%) 

Ki-67 

≥ 20% 79 (67.5%) 26 (86.7%) 53 (60.9%) 0.014 

< 20% 38 (32.5%) 4 (13.3%) 34 (39.1%) 

ER 

Positive 84 (70.0%) 15 (50.0%) 69 (76.7%) 0.007 

Negative 36 (30.0%) 15 (50.0%) 21 (23.3%) 

PR 

Positive 70 (58.3%) 12 (40.0%) 58 (64.4%) 0.021 

Negative 50 (41.7%) 18 (60.0%) 32 (35.6%) 

HER2 

Positive 44 (36.7%) 10 (33.3%) 34 (37.8%) 0.662 

Negative 76 (63.3%) 20 (66.7%) 56 (62.2%) 

TILs 

High 43 (35.8%) 14 (46.7%) 29 (32.2%) 0.156 

Low 77 (64.2%) 16 (53.3%) 61 (67.8%) 

cT, clinical tumor factor; cN, clinical nodal status; HG, histologic grade; 
TILs, Tumor-infiltrating lymphocytes; HRD, homologous recombination 
deficiency. 
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espectively). Telli et al. reported that HRD-high tumors are associated
ith a better response to platinum-based chemotherapy in TNBCs [10] .

Alternatively, studies on the association of HRD with a response to
nthracycline/taxane-based chemotherapy are still limited. Since an-
hracyclines can induce DSB, HRD-high tumors might be more sensitive
o them than HRD-low tumors. Telli et al. showed that HRD-high tumors
ere more likely to achieve pCR than HRD-low tumors to neoadjuvant

hemotherapy (NAC) composed of anthracycline, taxane, or both regi-
ens in TNBC [11] , whereas the association of HRD-high tumors with

esistance to those regimens was also reported [12] . Sharma et al. eval-
ated the association of HRD with prognosis of TNBC patients treated
ith adjuvant doxorubicin + cyclophosphamide and found that HRD-
igh tumors had a significantly more favorable prognosis than HRD-low
umors [13] . These findings seem to indicate that HRD-high tumors have
ncreased sensitivity of either anthracyclines or taxanes or a combina-
ion of both regimens in TNBC. 

Although most prevalent in TNBC, 5–10% of luminal subtype tu-
ors are HRD-high tumors [ 4 , 8 ] and, thus, studying the association of
RD with responses to anthracyline/taxane in the luminal subtype is

mportant. Here, we aimed to clarify the clinical and biological features
f HRD-high tumors and determine their association with responses to
nthracycline/taxane in the NAC setting, specifically in the luminal sub-
ype. 

aterials and methods 

atients and samples 

We retrospectively recruited 119 patients with stages II or III breast
ancer and a patient with stage IV disease ( Table 1 ). These patients
ere treated with NAC, a combination of paclitaxel for 12 cycles weekly
t 80 mg/m 

2 followed by 5-fluorouracil/epirubicin/cyclophosphamide
FEC, 500/75/500 mg/m 

2 ) every three weeks for four cycles at Osaka
niversity Hospital between January 2004 and January 2016. Of the
4 patients with human epidermal growth factor receptor 2 (HER2)-
ositive tumors, 26 received NAC with trastuzumab (the loading dose
f 4 mg/kg followed by 2 mg/kg doses in 12 cycles) concurrently with
aclitaxel and 18 received NAC without trastuzumab. Before NAC, all
atients underwent vacuum-assisted core-biopsy under ultrasound guid-
nce (Mammotome R ○ 8 G; Devicor Medical Products, Cincinnati, OH).
he biopsied tumor samples for histologic examination were fixed in
0% buffered formaldehyde and those for whole exome sequencing
WES) and microarray analysis (OncoScan R ○) were snap-frozen in liq-
id nitrogen and kept at − 80 °C until use. Peripheral blood was also
ollected from each patient and peripheral blood leukocytes (PBL) were
eparated for WES analysis of germline DNA. This study was approved
y the Osaka University Research Ethics Committee. 

hole exome sequencing 

Libraries for WES were prepared from DNA isolated from tumors
nd PBL matched using the SureSelect XT Low Input Target Enrichment
ystem 

R ○ (Agilent Technologies Inc., Santa Clara, CA), the SureSelect
uman All Exon V6 R ○ (Agilent Technologies Inc., Santa Clara, CA), and

he SureSelect XT Low Input Dual Index P5 Indexed Adapters R ○ (Agilent
echnologies Inc., Santa Clara, CA) according to the manufacturer’s in-
tructions. WES for the 120 breast tumor and matched PBL pairs was
arried out on the Illumina HiSeq 3000 platform 

R ○ (Illumina Inc., San
iego, CA), generating 2 ×101 read pairs with a 60 × (germline) or
20 × (tumor) coverage. 

ata processing 

The quality of sequence reads was assessed with FastQC [14] .
oor-quality bases, low quality reads, and the adapter sequences were
emoved using Trim Galore! (v0.5.0) with the following command
2 
ine: trim_galore –quality 20 –phred33 –stringency 3 –gzip –length
0 –paired –output_dir < read1.fastq.gz > < read2.fastq.gz > [15] . The
rimmed sequence reads were aligned to the reference human genome
GRCh38) and the decoy sequences for Japanese reference genome
JRG) version2 (sequences assembly to GRCh38; decoyJRGv2) from
RG ( http://jrg.megabank.tohoku.ac.jp/ ) using Burrows-Wheeler
ligner (BWA, v0.7.17) in the mem mode with default parameters
16] . After duplicate marking and removal of PCR duplicates, base
uality recalibration was performed with known-sites to dbSNP build
46 and the Mills + 1000 Genome (1000 G) gold standard insertions
nd deletions (indels) by the Genome Analysis Toolkit (GATK, v4.1.1.0)
nd Picard ( http://broadinstitute.github.io/picard/ ) [ 17 , 18 ]. Germline
ariants were identified using the GATK HaplotypeCaller in the GVCF
ode, Genotype-GVCFs, and VariantRecalibrator according to the
ATK best practices for germline short variant discovery ( https://
atkforums.broadinstitute.org/gatk/discussion/11145/germline-short- 
ariant-discoverysnps-indels ). Somatic single-nucleotide variants
SNVs) and small indels in tumors were detected using MuTect2 [19] . 

ariant annotation and filtering 

The functional annotation of the variants was performed using the
NNOVAR pipeline [20] . In this study, the HRR genes ( n = 102) were
efined as reported by Riaz et al. and curated appropriately to improve
heir annotations (Suppl. Table 1 ) [21] . For germline variants, SNVs
nd indels found in either germline or tumor, with an overall depth
f coverage (DP) < 10 reads, a genotype quality (GQ) < 30, a vari-
nt allele frequency (VAF) < 20% in the germline, or not classified in
linVar as pathogenic (P)/likely pathogenic (LP) were filtered out [22] .

http://jrg.megabank.tohoku.ac.jp/
http://broadinstitute.github.io/picard/
https://gatkforums.broadinstitute.org/gatk/discussion/11145/germline-short-variant-discoverysnps-indels
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Fig. 1. HRD score correlation determined using whole exome sequencing and 
microarray assay (OncoScan R ○). HRD scores determined using whole exome se- 
quencing and OncoScan R ○ in 47 tumors with > = 20% cellularity showed a strong 
correlation (Pearson r = 0.909, P = 9.95e-19). 
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or somatic variants, SNVs and indels found in both germline and tu-
or, with an overall DP < 30 reads, GQ < 30, VAF < 5%, or variant

eads < 5 were filtered out. Any germline or somatic variants in the
on-exonic regions, synonymous single nucleotide variants, and identi-
al to an entry in dbSNP 146 “common ” ( ≥ 1% frequency) and ≥ 1%
requency across all Exome Aggregation Consortium East Asia database
ExAC-EAS), 1000 G, Genome Aggregation Database (gnomAD), and Hu-
an Genetic Variation Database (HGVD) for Japanese genetic variation

 http://www.hgvd.genome.med.kyoto-u.ac.jp/ ) were filtered out. The
emaining germline and somatic variants of the HRR genes after the
ltering process were defined as germline and somatic mutations, re-
pectively. 

ellularity estimation and LOH identification 

Evaluation of tumor cellularity and LOH was done by WES using
ureCN ( http://bioconductor.org/packages/PureCN/ ) implemented by
he ABSOLUTE algorithm [ 23 , 24 ]. BAM files of tumors, normal control
overages, and VCF files containing allelic fractions of germline and so-
atic variants by MuTect (v1.1.5) were applied to PureCN using a de-

ault parameter [25] . Median tumor cellularity was 42% (range of 10%
o 99%) for 120 tumors assayed by WES and 56% (range of 20% to 98%)
or 47 tumors assayed by both WES and OncoScan R ○. 

RD score 

The HRD score was determined as a simple sum of the three factors
NtAI, LST, and HRD-LOH), and tumors with HRD score ≥ 42 were de-
ned as HRD-high. For the determination of HRD scores using WES,
AM files of tumor samples were applied to the Sequenza followed
y the scarHRD R package with a default parameter as previously de-
cribed ( https://github.com/sztup/scarHRD ) [ 26 , 27 ]. For the determi-
ation of HRD scores using OncoScan R ○, copy number variation (CNV)
as analyzed by ASCAT (allele-specific copy number analysis of tumors)

28] followed by R code described by Marquard et al. [3] , as previously
escribed [12] . 

ormone receptors, HER2, Ki-67, and TILs status 

Immunohistochemical assay for estrogen receptor (ER), proges-
erone receptor (PR), and Ki-67 was done as previously described with
utoff values of 1% for ER and PR and 20% for Ki-67 [12] . Representa-
ive expressions of these markers are shown in Suppl. Fig. 1 . HER2 was
nalyzed by FISH according to the ASCO/CAP 2018 guideline [29] and
umor-infiltrating lymphocytes (TILs) were evaluated using HE sections
ccording to the International TILs Working Group 2014 [30] . Tumors
ere classified into four subtypes as follows: luminal subtype, ER( + )
nd/or PR( + ) and HER2(-); luminal-HER2 subtype, ER( + ) and/or PR( + )
nd HER2( + ); HER2 subtype, ER(-), PR(-) and HER2( + ); TNBC, ER(-),
R(-) and HER2(-). pCR for NAC was defined as no invasive foci in the tu-
or (grade 3) without lymph node involvement, and near-pCR as grade
 with lymph node involvement or minimal invasive foci in the tumor
grade 2b) regardless of lymph node involvement. Pathological response
or breast tumors was assessed according to the criteria of the Japanese
reast Cancer Society [31] . 

tatistical analysis 

All statistical analyses were performed using the software R version
.6.3. Pearson’s correlation coefficient was used to evaluate the intra-
evice association between paired DNA microarray and WES. The asso-
iations between the various parameters were compared using the chi-
quare and Fisher’s exact tests. The Wilcoxon signed-rank test was used
o compare the HRD scores in breast cancer subtypes. The logistic re-
ression model was used for the univariate analysis of the association
f the responses of various parameters to NAC. All tests were two-sided
nd P < 0.05 was considered as statistically significant. 
3 
esults 

orrelation of HRD scores determined by OncoScan R ○ and WES 

First, we validated the use of WES instead of the original use of
n SNP (single nucleotide polymorphism) array in the determination
f HRD scores. Forty-seven tumors were analyzed by both WES and
ncoScan R ○ for the determination of HRD scores. Their correlation was
xcellent with a Pearson r = 0.909 ( P = 9.95e-19; Fig. 1 ). A high concor-
ance rate (91.5%, 43/47) of HRD-high and HRD-low tumors was also
btained between the two assays. These results confirmed that WES ac-
urately determined the HRD scores as previously reported by Sztupin-
zki et al. [27] . 

linicopathologic characteristics of HRD-high tumors 

Of 120 tumors, 30 were determined to be HRD-high status. The
linicopathologic characteristics of HRD-high tumors are shown in
able 1 . HRD-high tumors were significantly more likely to be clinical
0 ( P = 0.010), Ki-67 high ( P = 0.014), ER negative ( P = 0.007), and PR
egative ( P = 0.021) tumors than HRD-low tumors. Subtype analysis re-
ealed that TNBC had significantly higher HRD scores than the luminal
 P = 0.023), luminal-HER2 ( P = 0.016), and HER2 subtypes ( P = 0.033)
 Fig. 2 ). The incidence of HRD-high tumors was also significantly higher
n TNBC (66.7% (10/15)) than in the luminal (16.4% (10/61), P = 2.78e-
), luminal-HER2 (21.7% (5/23), P = 0.015), and HER2 subtypes (23.8%
5/21), P = 0.026). HRD scores were not significantly different among
he luminal, luminal-HER2, and HER2 subtypes. 

ncidence of germline or somatic mutation of HRR genes 

A list of the HRR genes for mutation analysis is shown in Suppl.
able 1 . Twelve patients harbored 13 germline mutations of HRR genes

ncluding BRCA2 ( n = 8), BRCA1 ( n = 2), RAD54B ( n = 2), and PALB2
 n = 1) ( Table 2 and Suppl. Table 2 ). One patient had both BRCA2 and
AD54B germline mutations. Following the exclusion of these 12 pa-

ients, somatic mutations of HRR genes were analyzed which revealed
hat 27 patients had 40 somatic mutations in the 29 HRR genes as shown
n Table 2 and Suppl. Table 3 . 

http://www.hgvd.genome.med.kyoto-u.ac.jp/
http://bioconductor.org/packages/PureCN/
https://github.com/sztup/scarHRD
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Fig. 2. HRD scores according to breast cancer subtypes. HRD scores determined using whole exome sequencing were compared according to the breast cancer 
subtypes, i.e. , Luminal, Luminal-HER2, HER2, and TNBC (triple-negative breast cancer). 

Table 2 

HRR genes with germline- or somatic-variants and their frequencies. 

Germline variant ∗ Somatic variant ∗∗ 

Gene No. of tumors % Gene No. of tumors % 

BRCA1 2 1.7 ATM 3 2.8 

BRCA2 8 6.7 ATR 2 1.9 

PALB2 1 0.8 ATRIP 1 0.9 

RAD54B 2 1.7 BRCA1 1 0.9 

BRIP1 1 0.9 

CDK12 1 0.9 

CHEK2 1 0.9 

ERCC4 1 0.9 

EXO1 1 0.9 

FAAP100 1 0.9 

FANCB 1 0.9 

FANCG 2 1.9 

FANCM 1 0.9 

MUS81 2 1.9 

NONO 1 0.9 

PALB2 1 0.9 

POLQ 2 1.9 

RAD50 1 0.9 

RAD51B 1 0.9 

RECQL4 5 4.6 

RIF1 1 0.9 

SETMAR 1 0.9 

SFPQ 1 0.9 

SLX4 1 0.9 

SMC1A 1 0.9 

TOPBP1 2 1.9 

TP53BP1 1 0.9 

USP11 1 0.9 

WRN 1 0.9 

∗ The germline variants in HRR genes were analyzed in all tu- 
mors ( N = 120). One tumor had germline variants in both BRCA2 and 
RAD54B. 

∗∗ The somatic variants in HRR genes were analyzed in tumors with- 
out germline-HRR gene variants ( N = 108). 

G

 

t  

Table 3 

Univariate analysis of multiple clinicopathologic parameters in the relation to 
near-pCR to NAC in the luminal subtype. 

Grade Univariate 

Characteristic N near-pCR % OR 95% CI P value 

Age 

≤ 50 years 34 6 (17.6%) 1 

> 50 years 27 4 (14.8%) 0.81 0.19 - 3.19 0.767 

cT 

≥ 2 54 9 (16.7%) 1 

1 7 1 (14.3%) 0.83 0.04 - 5.76 0.873 

cN 

Positive 44 6 (13.6%) 1 

Negative 17 4 (23.5%) 1.95 0.44 - 7.96 0.355 

HG 

1 or 2 42 5 (11.9%) 1 

3 19 5 (26.3%) 2.64 0.65 - 10.92 0.169 

Ki-67 

< 20% 26 2 (7.7%) 1 

≥ 20% 34 8 (23.5%) 3.69 0.82 - 26.12 0.120 

PR 

Positive 53 8 (15.1%) 1 

Negative 8 2 (25.0%) 1.88 0.25 – 9.99 0.486 

TILs 

Low 46 6 (13.0%) 1 

High 15 4 (26.7%) 2.42 0.54 – 10.11 0.225 

HRD 

Low 51 6 (11.8%) 1 

High 10 4 (40.0%) 5.00 1.04 – 23.50 0.039 

NAC, neoadjuvant chemotherapy; cT, clinical tumor size; cN, clinical nodal sta- 
tus; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal 
growth factor receptor 2; HG, histologic grade; TILs, tumor-infiltrating lympho- 
cytes; HRD, homologous recombination deficiency; OR, odds ratio; CI, confi- 
dence interval. 

g  

4  

h  

(  

N  

o  
ermline or somatic mutation of HRR genes and HRD scores 

HRD scores were significantly higher in the germline HRR gene mu-
ation (gHRRm) group than the somatic HRR gene mutation (sHRRm)
4 
roup ( P = 0.002) and the wild-type HRR gene (HRRw) group ( P = 1.44e-
) ( Fig. 3 ). The incidence of HRD-high tumors was also significantly
igher in the gHRRm group (66.7% (8/12)) than in the sHRRm (22.2%
6/27), P = 0.012) and the HRRw groups (19.8% (16/81), P = 0.002).
o significant difference was found in the HRD scores or the incidence
f HRD-high tumors between the sHRRm and the HRRw groups ( Fig. 3 ).
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Fig. 3. HRD scores according to HRR gene mutations. HRD scores were compared across tumors with germline ( n = 12) and somatic ( n = 27) HRR gene mutations, 
and wild-type HRR genes ( n = 81). 
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ssociation of HRD score with responses to NAC 

Association of HRD score with responses to NAC was evaluated in the
4 patients treated with chemotherapy alone. Patients with HRD-high
umors were significantly ( P = 0.003) more likely to obtain pCR (39.1%
9/23)) than those with HRD-low tumors (9.9% (7/71); Fig. 4 A). The
ubtype analysis revealed that HRD-high tumors tended to be associated
ith a numerically higher pCR rate compared with that of the HRD-low

umors (pCR rates: 20.0% vs. 3.9%, P = 0.122) in the luminal subtype.
owever, such a tendency was not observed in the HER2 subtype (lumi-
al HER2 plus HER2 subtype) and TNBC ( Fig. 4 B). We further analyzed
he association between near-pCR and HRD scores. Patients with HRD-
igh tumors were significantly ( P = 7.32e-4) more likely to obtain near-
CR (65.2% (15/23)) than those with HRD-low tumors (23.9% (17/71);
ig. 4 C). The subtype analysis revealed that HRD-high tumors were sig-
ificantly ( P = 0.049) associated with a higher near-pCR rate compared
ith that of the HRD-low tumors (response rates; 40.0% vs. 11.8%) only

n the luminal subtype ( Fig. 4 D). 
Twenty-six patients with HER2-positive tumors, including a patient

ith stage IV disease, were treated with NAC and trastuzumab. pCR
ates were similar between the HRD-high and -low tumors (pCR rate:
1.4% (5/7) vs. 73.7% (14/19)). 

iscussion 

HRD scores were originally measured by SNP arrays, whereas the re-
ent study by Sztupinszki et al. reported a good correlation between WES
nd SNP array in the determination of HRD scores [27] . Here, we first at-
empted to confirm their observation and were able to show an excellent
orrelation between HRD scores assessed using WES and OncoScan R ○.
hen, we studied the clinicopathologic characteristics of HRD-high tu-
ors detected by WES. Consistently with the previous reports [ 4 , 8 ],
RD-high tumors were associated with biologically aggressive pheno-

ypes such as high Ki-67 and negative ER/PR and were most prevalent
n TNBCs. A significant association of high HRD scores with cN0 seems
o be attributable to a higher percentage of TNBC in the cN0 group
60%) compared with that of the cN1–3 group (40%). This imbalance
5 
s explained by the more preferential treatment of TNBC with NAC than
he other subtypes of tumors in case of cN0. 

We found that a majority ( n = 8) of 12 patients with gHRRm had
RD-high tumors consistent with previous reports [ 4 , 7 , 8 , 10 , 11 , 21 , 32–
6 ]. These eight patients had BRCA1 or BRCA2 germline mutations.
he wild-type allele was lost in all tumors. Of the four HRD-low tumors,

nterestingly, one case with a BRCA2 germline mutation retained the
ild-type allele (Suppl. Table 2 , Patient 10), whereas the other one lost

he mutant allele somatically (Suppl. Table 2 , Patient 9). Jonsson et al.
eported that 8% of BRCA1 or BRCA2 germline mutation carriers lost
he mutant allele somatically in tumors in a pan-cancer cohort [6] . Thus,
t is speculated that the above-mentioned two tumors with a BRCA2
ermline mutation have low HRD scores because of the retention of a
ild-type allele. 

Then, we studied the impact of sHRRm on the HRD scores. Although
HRRm was observed in 27 tumors, the corresponding HRD scores were
ignificantly lower than those of gHRRm tumors and similar to those of
he HRRw tumors. A difference in somatic mutations between the HRD-
ore and HRD-related genes showed no significant influence on the HRD
cores (Suppl. Fig. 2 ). These results suggested that sHRRm did not im-
act on the HRD scores. Contrastingly, Mutter et al. reported that tumors
arboring sHRRm with LOH in one of the 93 HRR genes (BRCA1/2 ex-
luded) had significantly higher LST scores than those with the HRRw ( P
 0.001), indicating the importance of bi-allelic HRR gene inactivation

n HRD induction [37] . We then analyzed the impact of the combination
f sHRRm and LOH on HRD scores. A significant difference was not ob-
erved, however, the HRD scores in the sHRRm tumors with LOH tended
o be higher than those without (Suppl. Fig. 2 ). Recurrent breast cancers
ith somatic BRCA1 or BRCA2 mutations have been shown to favorably

espond to olaparib, suggesting that both germline and somatic muta-
ions induce HRD, increasing the sensitivity to PARP inhibitors [38] . Of
ote, the LOH status was not been reported in that study. As for somatic
RCA1 or BRCA2 mutations, we only detected a single tumor (somatic
RCA1 mutation), preventing further analysis. 

Association of HRD scores with a response to NAC consisting of an-
hracycline and taxane has mostly been investigated in TNBC, and rarely
n the luminal subtype. Thus, we focused on the luminal subtype in
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Fig. 4. pCR and near-pCR rates to NAC by HRD status. Patients ( n = 94) treated with neoadjuvant chemotherapy (NAC) without trastuzumab were analyzed. pCR rates 
were analyzed in all patients (A) and each subset (B), and near-pCR rates were also analyzed in all patients (C) and each subset (D). HER2 ∗ included luminal-HER2 
and HER2 subsets in Fig. 2 . 
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s  
he present study. HRD-high tumors were significantly more likely to
chieve pCR than HRD-low tumors when all tumors were considered
ut not in each subset. The reason why HRD scores were not signifi-
antly associated with pCR in the luminal subtype may be because the
CR rate was very low (6.6%, 4/61 patients) in this subtype. It seems
o be difficult to evaluate the predictive power of HRD scores for their
hemosensitivity when employing pCR as the end-point. Therefore, we
sed the near-pCR instead (near-pCR rates 16.4%, 10/61 patients) as
t was thought to represent the chemosensitivity of the luminal subtype
ore precisely. We showed that the HRD-high tumors were significantly
ore likely to achieve near-pCR in only the luminal subtype. Univariate

nalysis of the parameters showed that only HRD scores were signif-
cantly associated with near-pCR ( Table 3 ), suggesting that HRD-high
uminal tumors were more likely to benefit from P-FEC and that HRD
cores might be a clinically useful marker for chemosensitivity based
n the luminal subtype. Then, we also analyzed the prognostic value
f HRD scores while we found no significant association between HRD
cores and relative-free survival or overall survival in the luminal sub-
ype as well as other subtypes (Suppl. Figs. 3 and 4 ). On the other hand,
oibl et al. and Sharma et al., have demonstrated that HRD-high tumors
ere significantly associated with not only pCR but also better prog-
osis compared with HRD-low tumors in TNBC [ 9 , 13 ]. These findings
uggest HRD scores might be a predictive factor but not a prognostic
actor in the luminal subtype. 

HRDetect scores (composite mutational-signature) have been re-
ently developed to identify BRCA1/2-deficient tumors with increased
ccuracy compared with HRD scores. They also predict the prognosis
nd response to platinum-based chemotherapy in advanced breast can-
ers [39–41] . As HRDetect scores are determined by whole genome se-
Y

6 
uencing (WGS), we were unable to compare HRDetect scores and HRD
cores in the present study. Comparison of these two scores for their
linical utility, especially prediction of response to PARP inhibitors and
NA damaging chemotherapeutic agents, is very important and war-

ants further study. 
In conclusion, HRD scores could be determined by WES as accu-

ately as OncoScan R ○. HRD-high tumors had biologically aggressive phe-
otypes and were most prevalent in TNBC. gHRRm and not sHRRm was
ssociated with high HRD scores. In the luminal subset, HRD-high tu-
ors were significantly associated with a higher response to neoadju-

ant paclitaxel - FEC, suggesting a clinical utility of these scores as a
redictor of response to such a chemotherapy. Our results require con-
rmatory testing in future studies with larger patients cohorts. 
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