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ABSTRACT

Reversion mutations are associated with clinical resistance to poly(ADP-ribose) polymerase 
inhibitors (PARPi). Here, we describe the detection of a BRCA1 reversion mutation in a 
39-year-old woman with metastatic breast cancer harboring a heterozygous germline BRCA1 
exons 7–8 deletion who received PARPi olaparib combined with immune checkpoint inhibitor 
camrelizumab as third-line therapy. During progression from the olaparib and camrelizumab 
combination therapy, we identified via genomic sequencing a novel 7-base pair somatic 
deletion in BRCA1 (c.617_623delACAAATC). Sequence analyses indicated that this mutation 
realigned the reading frame of BRCA1, which potentially led to the reversal of its normal 
function and conferred resistance to PARPi.

Keywords: Breast neoplasms; Poly(ADP-ribose) polymerase inhibitors; High-throughput 
nucleotide sequencing; Circulating tumor DNA

INTRODUCTION

Germline mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 are 
associated with an increased risk of developing breast cancer due to increased DNA damage 
and accumulation of mutations; however, they also impart sensitivity to platinum-based 
chemotherapy and poly(ADP-ribose) polymerase inhibitors (PARPi) [1]. Secondary somatic 
mutations in BRCA1/2, referred to as reversion mutations, are associated with acquired resistance 
to platinum and PARPi [2-7]. A majority of the reversion mutations emerging from patients who 
progressed on platinum or PARPi are unique 1–100 base pairs (bp) truncating mutations located 
downstream of the original pathogenic mutation, which realigns the gene sequence to its native 
reading frame and restores its normal protein expression and function [2-7].

In this report we describe the detection of a BRCA1 reversion mutation in a plasma sample 
from a patient with germline BRCA1 metastatic breast cancer after clinical progression from 
olaparib and camrelizumab therapy.
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CASE REPORT

In October 2016, a 39-year-old woman was referred to our hospital because of a lump that 
had been present in her left breast for a year. She had undergone partial thyroidectomy for 
papillary thyroid carcinoma four years previously but denied any family history of cancer. 
Figure 1A summarizes the treatment history of our patient. On October 17, 2016, she underwent 
mastectomy of the left breast, in which a 2-cm nodule was removed, and sentinel lymph node 
biopsy was performed, as well as tissue expander installation. The four left axillary lymph 
nodes were negative for malignancy. The results of immunohistochemistry of surgical breast 
tissue samples were as follows: CerbB2 (1+), ER (2+, 70%), PR (3+, 90%), and Ki67 (1+, 30%). 
The patient was diagnosed with pathological stage I (T1N0M0), luminal B (human epidermal 
growth factor receptor 2 [HER2]-negative) subtype, and invasive ductal carcinoma (grade 3) 
of the breast. Adjuvant therapy consisted of 4 cycles of doxorubicin and cyclophosphamide 
(AC) regimen followed by tamoxifen (10 mg twice daily). In May 2017, the tissue expander was 
removed, and breast reconstruction was completed using the latissimus dorsi myocutaneous 
flap technique. The patient was followed up regularly. On September 11, 2019, after the 
patient had been disease-free for 34.8 months, ultrasonography revealed multiple nodules 
in the liver; these were confirmed via computed tomography scanning as three nodules with 
a maximum diameter of 1.2 cm. Ultrasound-guided needle biopsy of the liver mass revealed 
HER2-negative, hormone receptor (HR)-positive, invasive adenocarcinoma. The first-line 
regimen comprised goserelin (3.6 mg every 4 weeks), anastrozole (1 mg once daily [QD]), and 
palbociclib (125 mg QD, 3 weeks on/1 week off ) for 4.5 months until progressive disease (PD) 
was evaluated for the presence of multiple enlarged liver lesions by computed tomography. The 
patient then received nanoparticle albumin-bound paclitaxel monotherapy (200 mg on days 
1, 8, and 15 every 4 weeks), achieving partial response lasting for 6.1 months (Figure 1B, top). 
Genomic profiling of her blood samples at PD stage was performed using a commercial 520-
gene panel and sequenced in a paired-end system, which achieved an actual coverage of 95% 
and an actual average sequencing depth of 18,209× (OncoScreen Plus; Burning Rock Biotech, 
Guangzhou, China). Analysis of the genomic profiling results identified the heterozygous 
germline BRCA1 deletion of exons 7–8 and various somatic mutations, including PIK3CA H1047R 
and D350N (Figure 2A). On August 24, 2020, camrelizumab (200 mg intravenously every 
2 weeks) combined with olaparib (150 mg orally twice daily) was administered. Treatment-
related toxicities, including grade 3 leukopenia, grade 2 anemia, and grade 2 skin rashes 
were observed and managed by decreasing one dose level of olaparib. Abdominal magnetic 
resonance imaging revealed shrinkage of liver lesions within 2.4 months of combination 
therapy, evaluated as partial response (Figure 1B, middle). The dynamics of the blood tumor 
markers CA125 and CA153 were also associated with the therapeutic response (Figure 1C). Liver 
chemistries measured using serum aspartate aminotransferase (AST) and gamma-glutamyl 
transferase (GGT) also showed near normal levels, indicating disease control (Figure 1D). 
After 4.7 months of response, the liver lesions progressed again (Figure 1B, bottom). Genomic 
profiling of blood samples at PD stage using the OncoScreen Plus panel (actual coverage of 
94% and actual average sequencing depth of 14,496×) identified a new 7-bp somatic deletion 
in BRCA1 (c.617_623delACAAATC) (Figure 2A and B). Sequence alignment revealed that BRCA1 
c.617_623del induced realignment of the reading frame starting at position T155 (Figure 2C). 
The patient then received a combination of eribulin (2 mg on days 1 and 8) and anlotinib (12 mg 
orally on day 1–14) as a fourth-line regimen. She died on March 30, 2021, due to hemorrhage 
caused by portal vein tumor thrombus with an overall survival of 4.5 years from the initial 
diagnosis and 1.5 years from disease relapse.
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DISCUSSION

Germline BRCA1 mutations are detected in 1%–5% of all breast cancers [1]. Consistent with 
olaparib monotherapy [8], early clinical trials have demonstrated promising antitumor 
activity and safety of the combination of PARPi and immune checkpoint inhibitors (ICI) in 
patients with germline BRCA1/2 metastatic breast cancer [9,10]. Despite an initial response 
to systemic PARPi or platinum chemotherapy, reversion and non-reversion mechanisms of 
acquired resistance would result in disease progression [2-7].
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Our case report describes the detection of a 7-bp deletion in BRCA1 from plasma circulating 
tumor DNA, which mediated the clinical resistance of our patient to olaparib and 
camrelizumab therapy. The germline heterozygous BRCA1 deletion of exons 7–8 harbored 
by our patient resulted in a frameshift and potentially yielded a truncated non-functional 
protein and a deficiency of its function, which conferred sensitivity to olaparib. Our patient 
clinically benefited from olaparib and camrelizumab therapy, as shown by the dramatic 
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shrinkage of the hepatic lesions as well as the near-normal serum levels of tumor markers 
and liver function biomarkers. The treatment-related adverse events observed in our 
patient were consistent with the reported toxicities for PARPi and ICI as monotherapy 
or in combination [9,10]. Despite the additional ICI therapy, the clinical benefit to our 
patient was not sustained, possibly due to the 7-bp BRCA1 reversion mutation. The selective 
pressure imposed by olaparib potentially compelled the hepatic lesions to develop a 7-bp 
deletion upstream of critical functional domains in the C-terminal region of BRCA1. This 
small deletion resulted in the reversion of the germline out-of-frame BRCA1 sequence to 
its correct reading frame, which presumably enabled BRCA1 to regain its normal function, 
leading to clinical olaparib resistance and subsequent disease progression. We speculate 
that the reversion mutation that led to a restoration of BRCA1 function and the homologous 
recombination repair pathway could also contribute to the resistance to ICI by mediating 
DNA repair; however, because a combination therapy was administered to our patient, we 
could not identify the specific therapeutic agent that elicited the response or resistance. 
Notably, the reversion mutation we detected was also a unique short deletion—a 2-nucleotide 
(AC) flanking microhomology site—located in the N-terminal, and 3′ from the original 
germline mutation, and this description is consistent with the features of reversion 
mutations described in previous reports [5]. Reversion mutations emerging from patients 
who progressed on platinum or PARPi were more commonly unique pathogenic mutations 
(68/91, 75%), predominantly deletions between 1–100 bp, containing short microhomology 
sites, and arise at the 3′ flanking sequence of the original pathogenic mutation [5]. The 
acquisition of BRCA2 reversion mutations was demonstrated by in vitro experiments to restore 
their normal interaction with other proteins such as PALB2 and RAD51, similar to wild-type 
BRCA2-expressing cells, which were absent in the cells expressing the BRCA2 pathogenic 
mutation [11].

Our patient was also diagnosed with somatic PIK3CA H1047R, which is the most commonly 
reported PIK3CA mutation among Chinese patients with breast cancer [12]. PIK3CA mutations 
are associated with poor outcomes in endocrine therapy, HER2 targeted therapy, and 
chemotherapy [13]. Despite the selection of treatment strategies that are shown by various 
clinical trials to prolong progression-free survival [8-10,14-16], our patient had a non-sustained 
response to most therapeutic regimens, possibly due to the activation of the PI3K pathway.

Our study is limited by the lack of transcriptomic analysis of the patient sample or in vitro 
functional assay to elucidate the mechanisms by which the 7-bp deletion could mediate 
PARPi resistance. Due to the low abundance of the BRCA1 7-bp deletion reversion mutation 
(3.29%), we could not prove whether this somatic mutation was treatment-emergent or was 
undetected at baseline due to its ultra-low abundance. It is possible that there were other 
resistance mechanisms or other mutations that were not covered by the 520-gene panel 
that we used for mutational profiling. However, based on the fact that BRCA1/2 reversion 
mutations are reported to emerge during PARPi/platinum-based chemotherapy and are 
implicated in mediating disease progression, we are associating the BRCA1 7-bp reversion 
mutation detected in plasma samples collected during progression from olaparib and 
camrelizumab therapy to the therapeutic resistance and disease progression in our patient.

In conclusion, our report provides clinical evidence that a unique BRCA1 reversion mutation 
detected in plasma circulating tumor DNA is involved in the acquired resistance to PARPi 
and ICI combination therapy in a patient with metastatic breast cancer harboring a germline 
heterozygous BRCA1 mutation. Our report also highlights the importance of genomic 
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sequencing in understanding breast cancer biology in order to guide therapeutic decisions 
and elucidate the molecular resistance mechanism.
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