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BACKGROUND: Homologous recombination deficiency (HRD) is shown to predict response to DNA-damaging therapies in patients

with high-grade serous ovarian cancer (HGSOC); however, changes in HRD during progression remains unknown.

METHODS: HRD scores were evaluated in paired primary and/or recurrent HGSOC samples (N= 107) from 54 patients with

adjuvant platinum-based chemotherapy. BRCA1/2 mutation, BRCA1 methylation, loss of heterozygosity (LOH), and HRD scores were

characterised using tumour DNA-based next-generation sequencing assays.

RESULTS: Among 50 evaluable pairs (N= 100 samples), high intra-patient correlation in HRD score was observed (r2= 0.93). BRCA1/

2 mutations, BRCA1/2 LOH, and HRD were maintained between primary and recurrent samples, except for one pair in which a

BRCA1 reversion mutation was identified in the recurrent sample. Despite the reversion, both samples were classified as having high

HRD scores ( ≥ 42). All samples with BRCA1/2 mutations exhibited high HRD scores; however, high HRD scores were more prevalent

than BRCA1/2 mutations (55% vs. 30%, respectively).

CONCLUSION: Markers of HRD were maintained between the primary and recurrent samples, regardless of other genomic changes

that occurred during recurrence. HRD score/markers in primary tumours may be valuable and adequate for selection of platinum-

based therapy and/or poly-ADP-ribose-polymerase (PARP) inhibitors in recurrent HGSOC.
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INTRODUCTION
Optimal treatment for patients diagnosed with advanced
ovarian cancer is platinum–taxane chemotherapy and surgical
debulking. Despite initial response rates of more than 80%,
tumour recurrence develops in approximately 70–80% of
patients, with a median progression-free survival of 18 months.1

Identification of genomic alterations in BRCA1 and BRCA2 that
render ovarian cancer deficient in the homologous recombina-
tion (HR) DNA repair pathway has made a major impact in
development of novel therapeutic strategies.2,3 Of particular
significance is the development of poly-ADP-ribose-polymerase
(PARP) inhibitors, which induce synthetic lethality via inhibition
of DNA single-stranded break repair mechanisms, and are useful
in maintenance therapy of recurrent tumours that carry BRCA1
or BRCA2 mutations, or are HR deficient.4–12 Other germline
mutations can exist in HR pathway genes (e.g., RAD51 and ATM)
and patients without germline mutations can also exhibit
somatic mutations of genes associated with HR deficiency
(HRD). Data from The Cancer Genome Atlas suggests that
approximately 50% of high-grade serous ovarian cancers
(HGSOCs) harbour mutations within the HR pathway.13

To allow for the identification of HRD in a larger subset of
patients beyond those with BRCA1 or BRCA2 mutations, an HRD
assay was developed, which assesses three metrics of genomic
instability: number of telomeric allelic imbalances (TAI), loss of
heterozygosity (LOH), and large-scale state transitions (LSTs).14–16

In addition to limited heterogeneity observed with intratumour
HRD in primary breast cancer,17 analysis of TAI, LOH, and LST in
patients with triple-negative breast cancer on neoadjuvant
chemotherapy has allowed for identification of tumours likely to
respond to platinum-based chemotherapy.18 Somatic mutations in
BRCA1/2 that can impact response have been reported in ovarian
carcinoma following adjuvant chemotherapy.19–21 Mutations in HR
pathway genes and BRCA1/BRCA2 mutations have been evaluated
in primary-recurrent pairs of HGSOC.20,21 Given the high
recurrence rate in HGSOC, early information on HRD status could
be potentially useful for implementation of novel therapeutic
modalities, even in the recurrent setting. In the current study, we
sought to analyse HRD and BRCA status in paired primary and
recurrent HGSOC samples, to better understand molecular
changes during recurrence and the potential value of the HRD
score for selecting first-line and subsequent treatments.
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MATERIALS AND METHODS
Patients and treatment
Tumour tissue was obtained at primary cytoreductive surgery and
first recurrence from HGSOC patients providing complete
informed consent from 2001–2012 according to an Institutional
Review Board approved protocol. Site for tumour collection was
Charité Medical University of Berlin, Berlin, Germany. All patients
underwent primary cytoreductive surgery followed by first-line
platinum-based chemotherapy, except for one patient who
received immunotherapy. The patients were from a sequential
series that had surgically resected primary and first recurrent
tumours, except for one set of paired patient tumours that
comprised a primary and a sample at second recurrence.
Recurrent specimens were from surgical resection. Germline
sequencing was not performed as part of this study and the
mutations identified in the tumour samples may be either
germline or somatic.

Molecular analysis
A detailed description of the molecular analysis methods used
during this study is provided in the Supplementary Information
as Supplementary Methods.

DNA extraction. Tissue sections from formalin-fixed paraffin-
embedded tumour samples were used for DNA extraction.

Promoter methylation analysis. Isolated genomic DNA was
subjected to bisulfite conversion followed by two rounds of PCR
amplification using primers specific for bisulfite converted DNA.
The resulting PCR products were size fractionated and then
sequenced using a MiSeq sequencer (Illumina, San Diego, CA).
Analysis of the methylation assay sequence data was as described
in ref. 18 (Supplementary Methods).

Mutation analysis and whole-genome SNP analysis. BRCA1/2 gene
mutation detection and single-nucleotide polymorphism (SNP)
whole-genome analysis was performed using a custom hybridisa-
tion capture method. A detailed description of the SNP selection
process is described in ref. 22 (Supplementary Methods). Whole-
exome libraries were created from isolated DNA. DNA from
16 samples was pooled and target enrichment performed by
hybridisation using 1 of 2 hybridisation capture methods. Post-
capture libraries were amplified, quantified, and sequenced using
a HiSeq2500 (Illumina).

Data analysis. The SNP analysis and methods used to calculate
the three individual component scores (LOH, TAI, and LST) and the
final HRD score, and a description of the quality control metrics for
the assay are described in detail in ref. 22 (Supplementary
Methods). Identification of BRCA1- and BRCA2-deficient tumours
has been described previously;22 only deleterious and suspected
deleterious mutations were included in the analysis.23,24 HRD
status was defined as HRD positive for tumours with HRD scores ≥
42 or a BRCA1/2 mutation or HRD negative for tumours with HRD
scores < 42 and a BRCA1/2 wild type.
To assess whether there was an association between time to

first recurrence and the amount of genomic rearrangement that
had occurred between the primary and recurrent tumour
samples, correlation of allele dosage profiles was assessed at
the individual SNP level. A description of how allele
dosage profiles are calculated is provided in Supplementary
Methods. A predefined HRD score threshold at 42 (fifth
percentile of HRD scores observed in BRCA1 or BRCA2 mutant
tumours) was used.18 Tumours were considered HR deficient
(HRD positive) if they have an HRD score greater than or equal to
the threshold or a tumour had BRCA1 or BRCA2 (tBRCA) mutation.
HR non-deficient (HRD negative) tumours have a score below
the threshold of 42.

Statistical analysis
The analyses described here were performed using R version 3.1.1
or higher. Pearson’s correlation coefficient was used to evaluate
the intra-patient association between paired primary and recur-
rent samples. A bivariate linear regression model was constructed
with correlation of paired allele dosage profiles as the response
variable, time from surgery to first recurrence, and HRD score of
the primary tumour as the covariates using the lm function from
the R stats package. All P-values were reported as two-sided. P-
values < 0.05 were considered to indicate statistically significant
results.

RESULTS
A total of 107 samples from 54 primary and/or recurrent pairs
were analysed for HRD, BRCA1 and BRCA2 mutation status, and
BRCA1 promoter hypermethylation. Two pairs were excluded due
to uncertainty regarding the tumour site. Only primary tissue data
was obtained from a third subject and one pair was excluded
because the patient had clear cell carcinoma, resulting in 50 pairs,
or 100 samples from 50 unique patients. Table 1 describes the
patient demographics. The median age was 55 (range 23–74
years) and 96% received standard adjuvant platinum plus
paclitaxel chemotherapy. One patient received neoadjuvant
platinum plus paclitaxel chemotherapy. The median time to
disease recurrence was 12 months (range 1–55 months).
HRD score analysis was successful on 88/100 samples (88%),

with 78% of primary/recurrent pairs yielding evaluable HRD scores
from both samples (N= 39 pairs). The remaining samples failed
quality control analysis. Failures were primarily due to low tumour
DNA content (N= 10; median non-tumour content of 72%; range
62–95%), with DNA degradation resulting in high assay noise
failure of the remaining two samples. HRD status positive (HRD
score ≥ 42 or BRCA1/2 mutant) or negative (HRD score < 42 and
BRCA1/2 wild type) was concordant for all 39-evaluable primary-
recurrent pairs (Fig. 1). There was high intra-patient correlation
between the HRD score in the primary and paired recurrent
sample (r2= 0.93, Fig. 1), despite evidence of additional acquired
genomic rearrangements in the recurrent sample (Fig. 2). The
Median (interquartile range, IQR) scores were 1.0 (− 3.5, 3.5) for

Table 1. Patient characteristics

Patients and paired primary-recurrent
samples

N= 50

Total number of unique samples N= 100

Median age (range) 55 (23–74)

Stage

II 3

III 42

IV 5

Tumor histology

Serous 46a

Undifferentiated 4

Treatment

Carboplatin-paclitaxel 48

Other platinum 2

Neoadjuvant treatment

No 49

Yes 1

Median time to first recurrence (range) 12 months (1–55 months)

aOne patient with peritoneal cancer
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BRCA1/2 wild-type samples and 5.0 (1.5, 8.3) for BRCA1/2 mutant
samples (p= 0.075). The Median (IQR) scores were 2.0 (−1.0, 8.0)
for BRCA1 unmethylated and 0.5 (−8.3, 7.8) for BRCA1 methylated
samples (p= 1). The Median (IQR) scores were 2.0 (−1.0, 4.0) for
samples with low HRD scores and 2.0 (−1.8, 8.0) for samples with
high HRD scores (p= 0.34).
Table 2 summarises the tumour HRD characteristics of

individual samples and primary-recurrent pairs. Of 39 pairs with
evaluable HRD scores, 22 (56%) had high HRD ( ≥ 42). Mutations in
BRCA1 were observed in 13/50 pairs (26%), of which nine were
evaluable for locus-specific LOH and 9/9 (100%) had BRCA1 LOH.
Mutations in BRCA2 were observed in 3/50 pairs (6%), all of which
had BRCA2 LOH. All BRCA1 or BRCA2 mutated pairs that passed
HRD score analysis (N= 13) had high HRD scores ( ≥ 42). BRCA1
promoter methylation was observed in 10/100 tumour samples
from 6/50 pairs. In two pairs, the results from primary-recurrent
tumour pairs were discordant with methylation of only the
primary tumour in one case and the recurrent tumour in the other.
HRD scores were available for six of the pairs, which contained at
least one tumour sample positive for BRCA1 promoter methyla-
tion. All tumour pairs positive for BRCA1 promoter methylation
had high HRD scores ( ≥ 42). Twenty-two percent (5/22) of
primary-recurrent tumours pairs with high HRD scores did not
have a BRCA1/2 defect and 10/22 (45%) were BRCA1/2 non-
mutant. HRD scores in tumours with BRCA1 or BRCA2 mutations
tended to be higher (p= 0.075) in the recurrent than in the
primary sample (Supplementary Figure 1).
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Fig. 1 Correlation between HRD scores in primary (x axis) and
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Fig. 2 Genomic profiles of primary and recurrent tumour samples with low and high HRD. Examples are shown for tumours with similar
(a) and very divergent (b) primary and recurrent pairs. The yellow line indicates regions of LOH (allele dosage of 0) and non-LOH (allele dosage
of 1). Areas of divergence (red arrows) and similarity (green arrows) are indicated. HRD scores are in the bottom right of each profile
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A potential reversion mutation in BRCA1 was observed in
one recurrent tumour sample (Fig. 3 and Supplementary Figure 2).
The original mutation was a 1 bp insertion (c.5266dupC
(p.Gln1757Profs*74) and was the only mutation observed in the
primary tumour sample. This mutation shifts the transcript out of
frame due to a one base pair shift in the location of a splice
junction, and results in a premature stop codon downstream. The
original mutation was observed in 285/363 forward and 295/383
reverse reads from the primary tumour sample, and in 512/599
forward and 508/604 reverse reads from the recurrent tumour
sample. This mutation is a frequently observed BRCA1 deleterious
Ashkenazi founder mutation. In the recurrent tumour sample,
sequence analysis confirmed the presence of the original
mutation and additionally detected two substitutions located 10
and 12 bp downstream. The reversion mutation was not observed
in the primary tumour sample and was observed in 47/649
forward and 60/657 reverse reads in the recurrent tumour sample.
These additional substitutions move the splice donor site back in
frame. The resulting transcript is predicted to be full length with
three amino acid changes (Gln→ Pro, Asp→ Gly, Arg→ Gln) due
to the three single base substitutions. Based on in silico analyses it
is unlikely that any of these three amino acids changes are
pathogenic; however, all three are classified as of uncertain clinical
significance as insufficient information is available for a definitive
classification. In addition, the new splice donor site that is present
is predicted to be functional; however, functional assays to
confirm this were beyond the scope of this study. Both the
primary and recurrent tumour samples had high HRD scores. In all

other primary-recurrent pairs, BRCA1 and BRCA2 mutation status in
the primary tumour was preserved in the paired recurrent sample.
We assessed how well allele dosage was correlated within each

primary-recurrent tumour pair and between unrelated primary
and recurrent samples (Fig. 4a, b). This analysis showed a high
degree of correlation within the pairs (r2 ≥ 0.89), but not between
unrelated primary and recurrent tumour samples (r2 ≤ 0.19). If the
degree of divergence between the genomic profiles of the
primary and recurrent pairs was associated with time to first
recurrence, there should be a correlation between the allele
dosage for each pair and time to first recurrence. No such
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Fig. 4 a Correlations between allele dosages in primary-recurrent
tumour pairs. The histogram represents the frequency of Pearson’s
correlation coefficients between paired allele dosages for matched
primary-recurrent tumour pairs. b Correlations between unrelated
primary and recurrent tumour samples. The histogram represents
the frequency of Pearson’s correlation coefficients between paired
allele dosages for unrelated primary-recurrent tumour pairs.
c association between time to first recurrence and change in
genomic profile. The scatter plot shows the relationship between
Pearson’s correlation coefficients between allele dosage in matched
primary-recurrent tumour pairs and time from end of treatment to
first recurrence in months

Table 2. Tumor HRD score charactersistics

Samples Primary-recurrent pairs

Total tumor samples 100 50

Evaluable HRD scores 88% (88/100) 78% (39/50)

High HRD score ( ≥ 42) 57% (50/88) 56% (22/39) a

BRCA1 mutation 26% (26/100) 26% (13/50)

BRCA2 mutation 6% (6/100) 6% (3/50)

BRCA1 methylation 10% (10/100) 12% (6/50) b

aPositive in both the primary and recurrent specimen
bPositive in the primary and/or recurrent specimen (two pairs were

discordant)
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association was observed (Fig. 4c; correlation coefficient − 0.062),
indicating that accumulation of genomic rearrangements is not
associated with time, and that the rate at which an individual
tumour accumulates genomic rearrangements varies.
Lastly, the more genomic instability observed in the primary

tumour sample the greater the likelihood that the tumour has a
defect in the HRD pathway. Therefore, we assessed whether the
amount of divergence in the genomic profiles between the
primary and recurrent samples is related to HRD status and time to
first recurrence. Using a linear regression of correlation of paired
allele dosages as a function of time to first recurrence and the HRD
score of the primary tumour, no significant association was
identified (p= 0.62). The coefficients associated with time to first
recurrence and HRD score of the primary are − 1.2 × 10−4 (p=
0.70) and − 1.2 × 10−4 (p= 0.44), respectively.
A summary of time to recurrence following first and second

treatment, BRCA1/2 status (mutation, methylation, and reversion)
and HRD score for the paired primary and recurrent samples from
50 patients is outlined in Fig. 5a. All 50 patients were treated with

first-line platinum-based chemotherapy and in 35 patients with
available data, 26/35 patients were treated at recurrence with
second-line platinum-based chemotherapy. The majority of
patients in this group had response lasting > 6 months. The
remaining 9/35 patients were treated with second-line topotecan
at recurrence and responses in most patients was < 6 months. An
exploratory analysis of primary tumours only for association
between HRD status and recurrence-free survival (RFS) following
first-line platinum and/or taxane chemotherapy is outlined in
Fig. 5b. The median survival observed in the HRD-negative
samples (N= 17) was 10 months (95% confidence interval (CI):
6–14) compared with 12 months in the HRD-positive group (N=
27; 95% CI: 9–20). No significant association between HRD status
and RFS (P= 0.56) was observed.

DISCUSSION
To our knowledge, this study is the first to report changes in
characteristics of HRD between paired primary and recurrent
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HGSOC samples. Markers of HRD examined, including mutations in
BRCA1 and BRCA2, LOH in BRCA1 and BRCA2, BRCA1 promoter
methylation, and HRD score, were maintained between the
primary and recurrent tumour samples, regardless of other
genomic changes that occurred during recurrence. High HRD
scores ( ≥ 42) were observed in all tumour samples with mutations
in BRCA1 or BRCA2; however, high HRD scores were more
prevalent than mutations in BRCA1 or BRCA2 (55% vs. 30%,
respectively). More than one-quarter of primary-recurrent pairs
had high HRD scores but intact BRCA1 or BRCA2, suggesting that
HRD testing via the proposed methods used in this study15,19

allows for the identification of more tumours with possible
deficiencies in the HR pathway vs. BRCA testing alone. This relative
frequency of BRCA1/2 mutant vs. non-mutant HRD scores is
consistent with previously published studies in both triple-
negative breast18 and ovarian cancers.25 There was one possible
reversion mutation in a recurrent sample; however, both the
primary and recurrent tumour samples had high HRD scores and
were classified as HR deficient. One likely explanation is that the
genomic scarring present in the tumour is permanent, and
therefore the HRD score will reflect the tumour’s prior HR deficient
state. Although the primary intent of this study was a comparison
of HRD characteristics between paired primary and recurrent
tumours, an exploratory analysis revealed no significant associa-
tion between HRD status and RFS in the primary tumours
following first-line adjuvant chemotherapy. This observation is
not surprising given the small sample size. A recent report in a
larger HGSOC cohort treated with carboplatin monotherapy25 has
shown a significant association between HRD status and improved
progression-free survival and overall survival.
Significant variation was observed in the degree of diver-

gence of genomic profiles in the primary-recurrent pairs
included in this study. Time from end of treatment to first
recurrence varied from 1 to 55 months, with a mean of
14 months. The three biomarker components of the HRD score
each count the presence of different types of genomic
rearrangements. To be counted towards any one biomarker
score a genomic region or breakpoint must meet certain pre-
specified criteria. For example, breakpoints that are included in
the LST score count must be at least 10 Mb from the next closest
breakpoint. As additional genomic rearrangements develop they
may be located more than 10 Mb from a preexisting breakpoint
and therefore both breakpoints will be counted and the LST
score will increase, or conversely the appearance of a new
breakpoint closer than 10 Mb to a previously existing breakpoint
would result in neither breakpoint being counted and the LST
score would decrease. Therefore, the accumulation of new
genomic rearrangements does not necessarily result in an
increase in the HRD score as new rearrangements may either
create or destroy regions or breakpoints that were previously
counted. As a result, the direction and degree of change in HRD
score between the primary and recurrent tumour samples does
not necessarily reflect the amount of new genomic rearrange-
ments that have occurred between the samples.
The present study did not directly address the role of

heterogeneity, as a single primary or paired recurrent tumour
was analysed. To possibly understand the heterogeneity of BRCA1/
BRCA2 mutations, analysis of multiple tumours retrieved from
different sites at primary surgery in a single patient could be
useful. Indeed, at recurrence five independent reversion events in
a patient with germline BRCA2 mutation has been reported
following rapid autopsy and collection of multiple samples.19 The
present results suggest concordance of HRD and BRCA1/2
mutations between the paired primary and recurrent tumours;
however, analysis of these events in multiple tumours at primary
surgery could be important to provide more comprehensive
information in decisions for second-line treatment at recurrence.
Although the present study did not address the implications of

germline BRCA1/2 mutations in primary-recurrent paired samples,
in patients with germline BRCA1/2 mutations, reversions that lead
to platinum resistance have been reported only following
chemotherapy.20

Extensive characterisation of the molecular events contribut-
ing to drug resistance or disease relapse have largely been
hindered by the failure to acquire biopsies from the same
ovarian cancer patient throughout the course of their disease.
Investigation of large cohorts of paired samples are critical to
uncover mechanisms of acquired resistance, which may present
further opportunities for therapeutic intervention. This study is
the first to report high intra-patient correlation in HRD between
paired primary and recurrent HGSOC samples. Although BRCA1
and BRCA2 mutations are well recognised as positive-predictive
biomarkers to DNA-damaging therapies, such as platinum
analogs, and PARP inhibitors,4–12 the development of robust
platforms to analyse additional defects in the HR pathway allows
for greater selection of patients potentially eligible to receive
these therapies.
Overall, high intra-patient correlation of HRD scores between

paired primary and recurrent HGSOC samples suggest that
characterisation of HRD in the primary sample may be valuable
for selection of DNA-damaging therapies, including PARP inhibi-
tors, as maintenance or in recurrent HGSOC. Further, additional
prospective studies should investigate whether selection of DNA-
damaging therapies based on HRD score from the primary tumour
can improve clinical outcomes in the maintenance and/or
recurrent setting.
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