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Abstract. Loss‑of‑function BRCA mutations are frequent in 
high‑grade serous ovarian carcinoma. BRCA1 and ‑2 muta‑
tions lead to homologous recombination  (HR) deficiency. 
Poly(ADP‑ribose) polymerases (PARP) are enzymes involved 
in DNA repair. PARP inhibitors (PARPi) lead to DNA damage 
accumulation in cells deficient in HR. Olaparib (a PARPi) is 
currently used for the treatment of high‑grade serous ovarian 
carcinoma with germline or somatic BRCA mutations; however, 
numerous patients do not respond or eventually develop resis‑
tance to these agents. The TP53 gene encodes the p53 protein, 
which is often referred to as the ‘guardian of the genome’. TP53 
mutations at diagnosis are known to promote resistance to 
chemotherapy. In the present study, four cases of patients with 
BRCA‑mutated cancer treated with olaparib, who progressed 
following the PARPi treatment, are reported. Exome analyses 
were performed on a primary tumor biopsy at diagnosis, then on 
a progressing metastasis following olaparib treatment. Exome 
analyses following olaparib treatment identified de novo TP53 
mutations, as well as increased frequencies of pre‑existing TP53 
mutations compared with the primary tumor. In HCT116 TP53‑/‑ 
cells carrying BRCA2 pathogenic mutations, TP53 inactivating 

mutations were associated with lower sensitivity to olaparib 
in vitro. Thus, inactivating TP53 mutations may be associated 
to olaparib resistance in the presence of BRCA mutations. In 
conclusion, the present findings demonstrated resistance to 
PARPi with de novo TP53 mutations that may be clinically 
relevant. As TP53 mutations are easily detectable with targeted 
next‑generation sequencing panels, these may serve as surrogate 
markers for the onset of PARPi resistance in the context of 
routine patient management strategies.

Introduction

Germline mutations in the tumor‑suppressive BRCA genes 
are associated with an increased familial risk of breast and 
ovarian cancer (1). Moreover, loss‑of function BRCA muta‑
tions are found in ~11% of tumors, most frequently (25%) in 
high‑grade serous ovarian adenocarcinoma (2). BRCA1 and 
‑2 mutations have been discovered to lead to homologous 
recombination (HR) deficiency and to an accumulation of 
chromosomal aberrations that promote tumorigenesis (3,4).

The treatment of high‑grade serous ovarian cancer with germ‑
line or somatic BRCA1 or ‑2 mutations is predominantly based 
on poly(ADP‑ribose) polymerase (PARP) inhibitors (PARPi), 
such as olaparib (5‑7). The PARPi is used in the maintenance 
phase following responsiveness to platin‑based chemotherapy 
and has been demonstrated to increase progression‑free survival 
by >11 months compared with the placebo (5‑7).

PARPs are enzymes involved in DNA repair, particularly 
in single‑strand break repair. The use of PARPis leads to the 
accumulation of DNA damage in cells that are HR‑deficient 
due to BRCA loss‑of‑function mutations, ultimately resulting 
in synthetic lethality (8,9). Synthetic lethality refers to the effect 
that certain pharmacological inhibitors can have on a pair of 
genes, whereby the pharmacological inhibition of one gene 
causes cell death only if the other gene is mutated, as might be 
the case in a tumor cell, but not if the other gene is wild‑type, 
as is the case in a healthy cell  (8,9). A number of mecha‑
nisms of PARPi resistance mechanisms have been identified, 
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including the upregulation of PgP drug transporters (10), loss 
of p53‑binding protein 1 (TP53BP1) function (11) or secondary 
mutations within BRCA1 or ‑2 genes (10).

The TP53 gene is a tumor‑suppressive gene encoding the 
p53 protein (12). p53 functions as a transcription factor which 
is involved in the checkpoint transition between the G1 and 
S phases of the cell cycle (13). In the presence of DNA muta‑
tions that cannot be repaired, p53 promotes cell cycle arrest, 
induces proapoptotic signals and prevents tumor forma‑
tion (11). Notably, the presence of TP53 mutations has been 
discovered to indicate resistance to chemotherapy (11).

In the present study, tumor samples from four patients with 
BRCA‑mutated cancers treated with olaparib, who progressed 
following the PARPi treatment, including three individuals 
with ovarian cancers and one with breast cancer, were analyzed. 
The exome sequencing profiles of the progressing tumor were 
compared with the primary tumor tissue obtained at diagnosis.

Materials and methods

Exome sequencing. DNA extraction and exome sequencing 
from formalin‑fixed paraffin‑embedded (FFPE) samples were 
performed as described previously  (14). DNA was extracted 
using the Maxwell‑16 FFPE Plus LEV DNA purification kit (cat. 
no. AS1135; Promega Corporation) according to the manufac‑
turer's protocol. DNA quality was assessed by spectrophotometry 
with absorbance measured at 230, 260 and 280 nm. DNA was 
quantified by a Qubit fluorometric assay (cat. no. Q32850; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instructions.

Libraries were constructed from 200  ng DNA and 
captured using the SureSelect Human All Exon  v6 kit 
(Agilent) following the manufacturer's protocol. Paired‑end 
(2x111 bases) sequencing was performed on a NextSeq500 
device (Illumina, Inc.). Next, the sequences were aligned 
and annotated with the human Hg19 genome based on the 
SureSelect Human all Exon v6 manifest using the BWA and 
GATK algorithms. Only sequences with a read depth of 10x, a 
mutation allele frequency >5%, and a frequency in the general 
population inferior to 1% were retained for further analysis.

Cell culture. HCT116 TP53‑/‑ and BRCA2 mutated (c.8021dup, 
p.I2675fsTer6)  (15) cells (kind gift from Professor Olivier 
Feron, UCLouvain, Brussels, Belgium) were cultured in 
high‑glucose DMEM supplemented with 10% (vol/vol) fetal 
calf serum (Thermo Fisher Scientific, Inc.), 1% penicillin, 
1% streptomycin, 1% amphotericin B and 4 mM HEPES at 
37°C with 5% CO2. Transfection of pCMV‑Neo‑Bam plasmids 
containing wild‑type p53 (negative control), p53 R175H or 
p53 R248W (12) obtained from Addgene, Inc. was performed 
as described previously (16). Briefly, cells were transfected with 
0.5 µg plasmid using Lipofectamine® 2000 (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
After 6 h, culture medium was replaced by fresh medium. The 
next morning, cells were re‑plated in new plates.

Western blotting. Transfection efficiency was verified by 
western blotting analysis as described previously (17). Protein 
concentration was assessed using the Bio‑Rad DC Protein 
Assay kit (Bio‑Rad Laboratories, Inc.). Then, 50 µg protein/lane 
was denatured, loaded and separated via 12% SDS‑PAGE and 

transferred onto nitrocellulose membranes (Schleicher & Schuell 
Bioscience GmbH). After blocking with 5% non‑fat milk in phos‑
phate‑buffered saline containing 0.1% Tween‑20 (PBST) for 1 h 
at room temperature, membranes were incubated overnight at 4˚C 
with primary antibody (1 µg/ml) in PBST containing 5% BSA. 
Afterwards, membranes were washed and incubated for 1 h at room 
temperature with secondary antibody diluted in PBST‑5% non‑fat 
milk. After three additional washes with PBST, membranes were 
incubated with luminol reagent for 1 min at room temperature 
(cat. no. sc2048; Santa Cruz Biotechnology, Inc.). The following 
primary antibodies from Santa Cruz Biotechnology, Inc. were 
used: Mouse anti‑p53 (1:1,000; cat. no. DO‑1) and anti‑HSC70 
(1:1,000; cat. no. B‑6). The following secondary antibodies 
were used: Peroxidase AffiniPure Goat polyclonal Peroxidase 
AffiniPure Goat polyclonal Anti‑Mouse IgG (H+L) (1:10,000; 
cat. no. 115‑035‑003; Jackson ImmunoReseach Europe, Ltd.).

Half maximal inhibitory concentration (IC50) assessment. 
HCT116 TP53‑/‑ cells were seeded at 20% confluence into 
96‑well plates 24 h after transfection. After 24 h, cells were 
treated with 3 µg/ml oxaliplatin (Teva Pharmaceutical Industries 
Ltd.) for 72 h to induce DNA damage at 37˚C, then with titrating 
doses of olaparib (LC Laboratories) (0‑2,560 µM) for five days 
at 37˚C in order to determine the IC50 of this drug. Cell viability 
was assessed using crystal violet staining (15). A total of 50 µl 
1% crystal violet solution (Sigma‑Aldrich; Merck KGaA) was 
added directly to the cells. After 20 min at room temperature, 
the crystal violet was removed and cells were washed with tap 
water. Then, 100 µl DMSO was added to dissolve the crystal 
violet. Absorbance was calculated at 590 nm with a DU370 
UV‑Vis spectrophotometer (Beckman Coulter, Inc.)

A two‑way ANOVA followed by a Greisser‑Greenhouse 
correction was performed to determine the statistical differ‑
ences between the groups using Graph Pad Prism software 
(v8.3.0; GraphPad Software, Inc.). Data are presented as 
mean ± SD of three independent repeats. P<0.05 was consid‑
ered to indicate a statistically significant difference.

Results

Presentation of cases. All patients were treated at the 
Georges‑François Leclerc Cancer Center, Dijon, France. 
Patient 1 (Ovary #1) was a 70‑75‑year‑old woman diagnosed 
with ovarian cancer in February 2013. She had a past history of 
malaria and a family history of breast cancer on her maternal 
side. In February 2013, she underwent neoadjuvant chemo‑
therapy (carboplatin‑paclitaxel), interval surgery and adjuvant 
chemotherapy for an International Federation of Gynecology and 
Obstetrics stage‑IIIc papillary serous ovarian bilateral cancer 
(diagnosed based on clinical pathological characteristics), and 
experienced complete remission. She presented with peritoneal 
relapse 11  months later diagnosed by CT‑scan, which was 
treated with Platin‑based chemotherapy (carboplatin‑paclitaxel 
for six treatment cycles). Genomic DNA analysis identified a 
constitutional BRCA1 gene mutation (c.3839_3841delCTC; 
p.S1280_Q1281delinsTer). An anti‑angiogenic (bevacizumab) 
was added to the treatment regimen in April 2015, with a partial 
tumor response after six courses. In November 2015, olaparib 
was introduced as maintenance chemotherapy until March 2016, 
when the patient presented with a fast peritoneal and pancreatic 



MOLECULAR MEDICINE REPORTS  23:  75,  2021 3

relapse with ascites and biliary compression indicated by CT‑scan. 
Chemotherapy was administered (weekly carboplatin) but 
had to be stopped after one course due to rapid deterioration 
of the patient, who died in May 2016. The first next‑generation 
sequencing (NGS) analysis was performed in April 2015 on the 
primary tumor. The second analysis was performed using an 
ascites effusion in April 2016, after olaparib treatment ended.

Patient 2 (Ovary #2) was a 50‑55‑year‑old woman treated 
with six courses of platin‑based neoadjuvant chemotherapy 
(carboplatin‑paclitaxel) and complete resection surgery for 
a papillary serous ovary cancer (diagnosed via pathological 
examination) in October 2010. She had a family history of breast 
cancer and shared a known BRCA2 mutation (c.7845+1G>T) with 
her two sisters. She relapsed two years later, in 2012, and was 
treated with the same platin‑based chemotherapy and complete 
surgery. In May 2013, she received a third‑line treatment with 
carboplatin‑gemcitabine‑bevacizumab; carboplatin allergy 
arose at the third course and treatment was stopped. A new 
relapse in May 2014 detected by CT‑scan was treated by oxalipl‑
atin‑gemcitabine for six courses with a complete tumor response. 
Finally, in February 2015, she presented with carcinomatous 
meningitis detected by CT‑scan that was treated by intrathecal 
methotrexate, brain radiotherapy and weekly cisplatin. Based on 
the clinical and imaging partial response, olaparib maintenance 
treatment was started in July 2015 and terminated in August 2016, 
when the patient relapsed. She died in September 2016. NGS 
analyses were performed in 2015 on the tumor collected on the 
first surgery and in August 2016 on cerebrospinal liquid.

Patient 3 (Ovary #3) was a 70‑75‑year‑old female. She had 
a family history of ovarian cancer and her mother had ovarian 
cancer at 40  years old. She underwent three neoadjuvant 
platin‑based chemotherapy (carboplatin‑paclitaxel) courses in 
July 2013, interval complete surgery and adjuvant chemotherapy 
(carboplatin‑paclitaxel), for a papillary serous stage IIIc ovarian 
cancer. She first relapsed in November 2014 and was treated with 
carboplatin‑liposomal doxorubicin for five courses. She presented 
with an in situ breast cancer detected by mammography, which 
was treated with surgery and radiotherapy in March  2015. 
Germline analysis identified a germinal BRCA2 mutation 
(c.2066_2069delGTAA, p.S689KfsX11). Chemotherapy resumed 
with carboplatin‑gemcitabine‑bevacizumab in May 2016 due 
to a new pelvic progression detected by CT‑scan. The tumor 
responded to the treatment and olaparib maintenance started in 
September 2016. In May 2018, she was still undergoing olaparib, 

with dose reduction due to hematologic toxicity. In the interval, 
she underwent a mesenteric node resection for a single and local‑
ized progression in March 2018. NGS analyses were performed 
in May 2016 on the primary tumor tissue, then on the mesenteric 
node in March 2018. This patient died in December 2018.

Patient  4 (Breast  #1) was a 50‑55‑year‑old female. She 
auto‑palpated a left breast lesion in March  2015, which 
was later diagnosed via biopsy as a triple‑negative infiltra‑
tive breast carcinoma with axillary node infiltration. She 
underwent neoadjuvant chemotherapy with three courses of 
5‑fluorouracil‑epirubicin‑cyclophosphamide and three courses 
of docetaxel, and breast surgery (mastectomy and axillary lymph 
node dissection), which demonstrated clear signs of tumor regres‑
sion. Treatment was completed in October 2015 with radiotherapy 
of the chest wall and lymphatic areas. During radiotherapy, she 
presented with a cervical node which identified as triple‑negative 
breast cancer metastasis. Treatment with capecitabine was 
introduced in November 2015 until May 2016, when the cervical 
node clinically progressed. NGS analysis identified a BRCA1 
somatic mutation (c.2783G>T, p.G928V), and treatment with 
cisplatin‑gemcitabine‑bevacizumab was initiated in May 2016. In 
November 2016, considering the observed complete remission, 
maintenance by off‑label (olaparib was only indicated for ovarian 
cancer at this date) olaparib was introduced. She relapsed in 
April 2017 with pleural effusion and hepatic metastasis detected 
by CT‑scan. Olaparib treatment was stopped and chemotherapy 
with Halaven® was initiated in April 2017. A total of five courses 
were administered, but the patient died in September 2017. NGS 
analyses were performed on the primary tumor in September 2015 
and on the cervical metastasis node biopsy in May 2017.

NGS analysis. Exome analyses were performed on the primary 
tumor sample at diagnosis, then on a progressing lesion following 
olaparib treatment. Allelic frequencies of all mutations observed 
in both lesions of each patient are reported in Tables  I‑IV. 
Previously described resistance mechanisms such as a new 
BRCA1 or BRCA2 mutation, or TP53BP1 loss‑of‑function muta‑
tions were not observed following olaparib treatment. The only 
feature shared by all four patients was an enrichment in TP53 
mutations following treatment. Indeed, all tumors had a BRCA 
mutation, whereas 3 out of 4 had low‑frequency TP53 muta‑
tions (<50% of tumor cells harboring a TP53 mutation). In the 
Ovary #2 patient, the tumor only had a BRCA2 mutation without 
any TP53 mutations prior to olaparib treatment (Fig. 1; Table II). 

Figure 1. BRCA and TP53 mutant allele frequencies before and after treatment with olaparib. Mutated allele frequency divided by tumor cell content of 
(A) BRCA and (B) TP53 in tumors before and after treatment with olaparib in four patients. While changes in BRCA mutation frequencies were not consistent 
across all patients, TP53 mutations developed (ovary#2) or increased in frequency (ovary #1 and #3 and breast #1) following olaparib treatment.

https://www.spandidos-publications.com/10.3892/mmr.2020.11713
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After progression under olaparib, the allele frequencies of 
BRCA1 and BRCA2 mutations varied between patients. Indeed, 
some patients (Ovary #1 and 3) had an increase in the allelic 
frequency of BRCA mutations, whereas others (Ovary  #2, 
Breast #1) experienced a decrease. However, in the case of 
TP53, de novo mutations were observed (Ovary #2), as well as 
increased frequencies of mutations already present in the primary 

tumor (Ovary #1 and 3, Breast #1) (Fig. 1; Tables I‑IV). The 
allelic frequency of each mutation relative to tumor cell content 
(assessed by a pathologist) before and after olaparib treatment 
for BRCA genes (Fig. 1A) and for the TP53 gene (Fig. 1B) was 
also evaluated. Thus, the findings suggested that the enrichment 
in TP53 mutations may be a marker of resistance to olaparib in 
these patients.

Table II. Allelic frequency of mutations observed before and after olaparib treatment in Ovary #2.

			   Relativea allelic 	 Relativeb allelic 
	 Nucleotide	 Protein	 frequency before 	 frequency after
Gene	 mutation	 mutation	 olaparib, %	 olaparib, %

ABL2 	 c.2789A>G	 p.K930R	 143c	  46
Adenomatous polyposis coli protein	 c.7504G>A	 p.G2502S	 110c	  11
Tyrosine-protein kinase receptor UFO	 c.1777G>C	 p.D593H	    0	  44
BRCA2 	 c.7617+1G>T	 Splicing	 119c	 109c

G1/S-specific cyclin-D3	 c.759G>T	 p.E253D	 130c	  56
Histone-lysine N-methyltransferase, 	 c.4415C>T	 p.P1472L	  57	    0
H3 lysine-79 specific
Terminal nucleotidyltransferase 5C	 c.201C>G	 p.H67Q	 283c	  111c

FLT3	 c.970G>A	 p.D324N	 161c	 103
FLT4	 c.3962G>A	 p.R1321Q	 133c	   98
Transcriptional activator GLI3	 c.3083G>T	 p.S1028I	 127c	   49
MAP2K3	 c.927delC	 p.A311QfsTer4	    0	  16
PMS1 homolog 2	 c.1531A>G	 p.T511A	 109c	   89
Tumor p53	 c.672+1G>T	 Splicing	    0	   44

aRelative to tumor cell content before olaparib treatment; brelative to tumor cell content after olaparib treatment; c>100% of tumor cells 
contained the mutated allele, suggesting amplification of the mutated allele. Tumor cell content before olaparib, 35%; after olaparib, 90%. 
FLT, Fms-related receptor tyrosine kinase.

Table I. Allelic frequency of mutations observed before and after olaparib treatment in Ovary #1.

			   Relativea allelic 	 Relativeb allelic 
	 Nucleotide	 Protein	 frequency before 	 frequency after 
Gene	 mutation	 mutation	 olaparib, %	 olaparib, %

ABL1	 c.2486C>T	 p.P829L	 69	 0
ABL2	 c.47A>C	 p.N1860S	 0	 57
α thalassemia/mental retardation	 c.5579A>G	 p.N1860S	 77	 81
syndrome X-linked
BRCA1	 c.3839_3841delCTC	 p.S1280_Q1281delinsTer	 88	 126c

BRCA1 	 c.3844_3845insCG	 p.E1282AfsTer26	 82	 100
BRCA1 interacting protein C-terminal	 c.2876C>A	 p.P959Q	 0	 27
helicase 1
Lysine-specific demethylase 6A	 c.2158C>A	 p.P720T	 0	 18
Low-density lipoprotein	 c.9532G>A	 p.A3178T	 67	 60
receptor-related 1B
PI3K catalytic subunit γ isoform	 c.9532G>A	 p.N522S	 8	 76
Equilibrative nucleoside transporter 1	 c.647T>C	 p.I216T	 100	 79
Tumor p53	 c.916C>T	 p.R306T	 24	 77

aRelative to tumor cell content before olaparib treatment; brelative to tumor cell content after olaparib treatment; c>100% of tumor cells 
contained the mutated allele, suggesting amplification of the mutated allele. Tumor cell content before olaparib, 35%; after olaparib, 90%.
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Figure 2. Sensitivity to olaparib according to TP53 status in a cell line with a BRCA2 pathogenic mutation. (A) Western blotting analysis demonstrating the 
expression levels of p53 following the transfection with plasmids containing wild‑type TP53 or TP53 carrying inactivating mutations R175H and R248W in 
HCT116 TP53‑/‑ cells. The expression levels of each protein were similar to each other. (B) Viability of HCT116 cells following the transfection with wild‑type 
TP53, or TP53 carrying inactivating mutations R175H and R248W and olaparib titration. The IC50 of olaparib was higher in the R175H and R248W groups 
compared with the wild‑type group (175, 190 and 84 µM, respectively). *P<0.0001. IC50, half maximal inhibitory concentration; NT, not transfected

Table III. Allelic frequency of mutations observed before and after olaparib treatment in Ovary #3.

			   Relativea allelic 	 Relativeb allelic 
	 Nucleotide	 Protein	 frequency before	 frequency after
Gene	 mutation	 mutation	 olaparib, %	 olaparib, %

AT-rich interactive 	 c.3499A>T	 p.T1167S	 0	 18
domain-containing protein 2
Telangiectasia and 	 c.5739_5744delACCAGA	 p.R1913_D1915delinsS	 63	 51
Rad3-related protein	 c.5746T>A	 p.T1916N	 63	 51
Axin 2	 c.2120T>G	 p.l707G	 0	 18
Tyrosine-protein kinase	 c.2334-1G>A	 Splicing	 0	 34
UFO precursor
BRCA1	 c.2066_2069delGTAA	 p.S689KfsTer11	 73	 93
G1/S-specific cyclin-D1	 c.806A>C	 p.K269T	 0	 10
Death domain-associated protein	 c.113A>C	 p.H38P	 74	 0
Excision repair cross-	 c.1444A>C	 p.T482P	 0	 21
complementing excision repair 2
FGFR2 	 c.1777C>T	 p.R593C	 99	 35
FGFR3	 c.1351C>T	 p.P451S	 43	 76
GATA1 	 c.685G>T	 p.G229C	 0	 18
Janus kinase 2	 c.2538G>C	 p.E846D	 81	 100
Low-density lipoprotein 	 c.12047C>T	 p.P4016L	 70	 45
receptor-related 1B
MSH2 	 c.815C>T	 p.A272V	 73	 46
MSH6	 c.998C>T	 p.T333Ile	 64	 48
Protein polybromo-1	 c.437G>A	 p.R146Q	 80	   113c

PI3K catalytic subunit α	 c.335T>C	 p.I112T	 23	 0
Runt-related transcription factor 1	 c.1270T>G	 p.S424A	 0	 59
Stromal antigen 2	 c.838G>T	 p.E280Ter	 0	 18
TP53 	 c.105G>C	 p.L35F	 26	 91
TP53	 c.108_112dupGTCCC	 p.Q38ArgfsTer8	 31	 67

aRelative to tumor cell content before olaparib treatment; brelative to tumor cell content after olaparib treatment; c>100% of tumor cells 
contained the mutated allele, suggesting amplification of the mutated allele. Tumor cell content before olaparib, 70%; after olaparib, 85%. 
FGFR, fibroblast growth factor receptor; MSH, human mutS homolog; TP53, tumor p53.

https://www.spandidos-publications.com/10.3892/mmr.2020.11713
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In vitro analysis. The human HCT116 colorectal carcinoma 
cell line with a BRCA2 pathogenic mutation (c.8021dup, 
p.I2675fsTer6) and TP53 deficiency was used to determine 
whether mutations in TP53 could be a marker of progression 
following olaparib treatment in the presence of BRCA muta‑
tions. HCT116 is a cell line with a TP53‑deficient variant and 
a pathogenic BRCA mutation (15). HCT116 cells transfected 
with the mutant R175H and R248W TP53  (Fig.  2A) were 
significantly more resistant to olaparib compared with wild‑type 
TP53‑transfected cells (P<0.0001;  Fig.  2B); the calculated 
IC50 values were 175, 190 and 84 µM for R175H, R248W and 
WT, respectively (Fig. 2B). Thus, these results indicated that 
inactivating TP53 mutations may be associated with olaparib 
resistance in the presence of BRCA mutations, supporting the 
aforementioned clinical observations (TP53 mutation appearance 
or enrichment in progressing disease under olaparib treatment).

Discussion

Patients carrying mutations in BRCA genes are predisposed 
to high incidence rates of breast and ovarian cancer (1). BRCA 

genes are involved in the HR pathway, which is required for the 
repair of spontaneous double‑stranded breaks that arise during 
DNA replication (18). Defects in HR result in an accumulation 
of chromatid breaks and cells that cannot repair chromatid 
breaks by HR become dependent on other alternative repair 
pathways (e.g. non‑homologous end joining) (19). HR‑deficient 
cells have exhibited acute sensitivity to PARPi‑induced cell 
death (19), and the loss of PARP activity prevented the repair 
of single‑stranded breaks, which were then converted into 
double‑stranded breaks during DNA replication. The ability 
of PARPi to selectively kill HR‑deficient cells is currently 
used for the treatment of breast and ovarian cancers with 
BRCA1 or ‑2 mutations (20). Overall, ~15‑20% of patients 
with epithelial ovarian cancer harbor germline or somatic 
BRCA mutations (21). However, some of these patients do 
not respond or eventually develop resistance to PARPis (5‑7). 
The most common mechanism of resistance to these agents 
in BRCA‑mutated cancer is secondary intragenic muta‑
tion restoring BRCA protein functionality (22). Additional 
mechanisms of resistance have been described, such as loss 
of TP53BP1 (11). Nevertheless, the clinical relevance of these 

Table IV. Allelic frequency of mutations observed before and after olaparib treatment in Breast #1.

			   Relativea allelic 	 Relativeb allelic 
	 Nucleotide	 Protein	 frequency before	 frequency after
Gene	 mutation	 mutation	 olaparib, %	 olaparib, %

ABL1 	 c.3296A>C	 p.K1099T	    0	  56
AT-rich interaction domain 1A	 c.4031C>G	 p.S1344C	    0	  19
BRCA1-associated RING domain 1	 c.1972C>T	 p.R658C	  36	  81
BRCA1	 c.2783G>T	 p.G928V	 104c	  77
CREB-binding protein	 c.2111C>A	 p.P704Q	  22	    0
Catenin α 1	 c.1283A>G	 p.N428S	  99	  69
DNA methyltransferase 3α	 c.89A>C	 p.E30A	 107c	 116c

E1A binding protein p300	 c.631G>A	 p.G211S	 108c	 113c

EPH receptor A2	 c.2627G>A	 p.R876H	 101c	 101c

Erb-b2 receptor tyrosine kinase 3	 c.1981G>A	 p.G661S	 106c	 114c

Fanconi anemia group A	 c.3427C>G	 p.L1143V	 111c	 107c

Fms-related receptor tyrosine kinase 4	 c.1921C>T	 p.P641S	  12	  41
Insulin receptor substrate 2	 c.2153G>C	 p.R718T	  47	    0
Kinase insert domain receptor	 c.2961A>C	 p.E987D	    0	  23
Myeloid cell leukemia sequence 1	 c.680C>T	 p.A227V	 100	    0
Multiple endocrine neoplasia I	 c.527G>A	 p.R176Q	  63	  71
Human mutS homolog 6	 c.2633T>C	 p.V878A	    0	  29
mTOR	 c.277C>A	 p.L93I	    0	  67
Nibrin	 c.628G>T	 p.V210F	    0	  46
NOTCH2	 c.17_18delCC	 p.P6RfsTer27	  63	    0
PI3K catalytic subunit γ isoform	 c.1025A>G	 p.H342R	    0	  41
ROS proto-oncogene 1	 c.5483_5486delTCAG	 p.F1828Ter	  47	    0
Equilibrative nucleoside transporter 1	 c.911T>C	 p.I304T	 108c	 107c

Tumor p53	 c.403_421dupTGCCAA	 p.C141LfsTer14	  41	  50
	 CTGGCCAAGACCT
X-ray repair cross complementing 2	 c.283A>G	 p.I95V	  13	  21

aRelative to tumor cell content before olaparib treatment; brelative to tumor cell content after olaparib treatment; c>100% of tumor cells 
contained the mutated allele, suggesting amplification of the mutated allele. Tumor cell content before olaparib, 90%; after olaparib, 70%.
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mechanisms has not been demonstrated in patients with 
BRCA‑mutated cancer.

The p53 protein is an important tumor suppressor 
encoded by the TP53 gene (12). p53 is a crucial factor in the 
cellular response to DNA damage  (12). When an external 
event (e.g. mutagenic agent exposure, mutations induced by 
polymerase errors) induces genome alterations towards tumor‑
igenesis, the expression of functional p53 is essential  (21). 
When DNA damage cannot be repaired, p53 signaling induces 
apoptosis. Mutations in the TP53 gene result in failure of the 
p53 signaling (23). There is evidence to suggest that homo‑
zygous BRCA deficiency induced cell death by activating a 
p53‑dependent checkpoint. However, the impairment of this 
checkpoint resulting from p53 loss removes the cell‑lethal 
effects of BRCA deficiency  (24,25). Breast cancers from 
human mutated BRCA carriers have an increased frequency 
of TP53 mutations (26) and high‑grade ovarian cancers often 
harbor TP53 mutations (27).

The present study documented the case of four patients 
for whom progression under PARPi treatment was suggested 
to be associated with the enrichment or emergence of TP53 
mutations. Moreover, these observations were supported by 
in vitro experiments in which deleterious TP53 mutations 
were associated with reduced sensitivity to PARPi. In addi‑
tion, the frequencies of pathogenic BRCA mutations varied 
across these patients after treatment. This phenomenon may 
be explained by clonal selection of PARPi‑resistant clones. 
Indeed, the resistance mutation could be in the same cancer 
cell as the BRCA mutation, or in another cancer cell clone 
containing fewer BRCA mutations.

As the present study was based on clinical observations 
with a limited number of cases, it cannot be claimed that TP53 
mutations are a mechanism of resistance or a clinical marker 
of progression. In the clinical setting, routine detection of 
plasma TP53 mutations could easily be achieved with NGS 
analysis. Thus, the emergence of de novo TP53 mutations or 
enrichment in pre‑existing mutations may represent a marker 
of progression in patients under olaparib treatment.
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