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Abstract 
Backgr ound: TP53 m utations and homologous r ecombination deficiency ( HRD ) occur fr equentl y in br east cancer. Howev er, the char- 
acteristics of TP53 pathogenic mutations in breast cancer patients with/without HRD are not clear. 

Methods: Clinical next-generation sequencing ( NGS ) of both tumor and paired blood DNA from 119 breast cancer patients ( BRCA-119 
cohort ) was performed with a 520-gene panel. Mutations, tumor mutation burden ( TMB ) , and genomic HRD scores were assessed from 

NGS data. NGS data from 47 breast cancer patients in the HRD test cohort were analyzed for further verification. 

Results: All TP53 pathogenic mutations in patients had somatic origin, which was associated with the protein expression of estrogen 

r ece ptor and pro gesto gen r ece ptor. Compar ed to patients without TP53 pathologic mutations, patients with TP53 pathologic mutations 
had higher levels of HRD scores and different genomic alterations. The frequency of TP53 pathologic mutation was higher in the HRD- 
high gr oup ( HRD scor e ≥ 42 ) r elati v e to that in the HRD-low group ( HRD score < 42 ) . TP53 has different mutational c har acteristics 
between the HRD-low and HRD-high groups. TP53 -specific mutation subgroups had diverse genomic features and TMB. Notably, TP53 
pathogenic m utations pr edicted the HRD status of br east cancer patients with an area under the curve ( AUC ) of 0.61. TP53-specific 
m utations, namel y HRD-low m utation, HRD-high m utation, and HRD common m utation, pr edicted the HRD status of br east cancer 
patients with AUC values of 0.32, 0.72, and 0.58, r especti v el y. Inter estingl y, TP53 HRD-high m utation and HRD common m utation 

combinations showed the highest AUC values ( 0.80 ) in predicting HRD status. 

Conclusions: TP53 -specific mutation combinations predict the HRD status of patients, indicating that TP53 pathogenic mutations 
could serve as a potential biomarker for poly-ADP-ribose polymerase ( PARP ) inhibitors in breast cancer patients . 

Ke ywords: next-gener ation sequencing; homologous r ecombination deficiency; TP53 ; br east cancer 
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ntroduction 

r east and ov arian cancers fr equentl y pr esent homologous r e-
ombination deficiency ( HRD ) , making them susceptible to poly-
DP-ribose pol ymer ase inhibitors ( PARPi ) , a nov el cancer tr eat-
ent designed for such malignancies based on the concept of

ynthetic death. [ 1 ]. Numerous studies have identified BRCA1 and
RC A2 ( BRC A1/2 ) as important components of homologous re-
ombination ( HR ) , a specific DNA repair mechanism, in which mu-
ations in these genes fr equentl y lead to HRD in breast cancers [ 2 ,
 ]. Although there are also many works suggesting that mutations
n the HR genes contribute to HRD, TP53 -specific c har acterization
nd its effect on HRD in breast cancer is not clear. 

Recentl y, TP53 m utations hav e fr equentl y been observ ed in
reast cancer patients, who exhibit traits linked to proliferative,
 ggr essiv e behavior, and poor clinical outcomes [ 4 ]. For example,
osgr ov e et al . identified that TP53 mutations were enriched in
reast cancer with brain metastasis [ 5 ]. The aggressive breast can-
ecei v ed 8 J an uar y 2024; acce pted 7 April 2024. pub lished 9 April 2024 
The Author ( s ) 2024. Published by Oxford Uni v ersity Pr ess on behalf of the W est C

s an Open Access article distributed under the terms of the Cr eati v e Commons At
ermits unrestricted reuse, distribution, and reproduction in any medium, provide
er phenotype is usually associated with a genetic alteration in
P53 [ 6 ]. Ho w e v er, Wang et al . found that TP53 m utations corr elate
ith a high rate of complete pathological remission in response

o to anthrac ycline/c yclophosphamide neoadjuv ant c hemother-
 py in br east cancer patients [ 7 ]. The r eason for these contr adic-
ory results may be due to differences in breast cancer molecular
ubtypes and TP53 mutation types . T herefore , in the real world, a
ore in-depth characterization of TP53 mutations in breast can-

er is particularly important. 
The essential functions of TP53 in controlling important cel-

ular processes have been well documented, including cell cycle
rr est, a poptosis, DNA r epair, and genomic stability [ 8–10 ]. BR-
Aness refers to HRD due to defects in the HR-associated non-
RCA1/2 genes and is an important marker for the treatment of
reast cancer based on synthetic lethal PARPi [ 11 ]. A subset of
reast cancer patients with TP53 mutation shares numerous dis-
inguishing c har acteristics of “BRCAness” [ 12 ]. Due to faulty DNA
hina School of Medicine & W est China Hospital of Sichuan Uni v ersity. This 
tribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ) , which 
d the original work is properly cited. 
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r epair mec hanisms , these tumors ha ve a high incidence of TP53 
deletions and insertions, whic h incr eases their susceptibility to 
DNA br eaks [ 12 ]. Indeed, mor e than one-third of DNA damage 
repair genes ( including TP53 and BRCA1/2 ) have mutations ac- 
companied by heterozygous deletions in human cancers includ- 
ing breast cancer [ 13 ]. Ho w ever, the TP53 -specific characterization 

and clinical significance of TP53 pathogenic mutations in breast 
cancer patients with/without HRD remain unknown. 

Her e, we anal yzed the c har acteristics of TP53 pathogenic m u- 
tations in breast cancer patients with/without HRD using the 
clinical next-generation sequencing ( NGS ) data. Obviously, TP53 
pathogenic mutations are associated with HRD scores and differ- 
ent genomic alter ations. Notabl y, a specific m utation signatur e of 
TP53 is presented in patients with HRD. Furthermore, TP53 -specific 
mutation combinations ( HRD-high mutations and HRD common 

m utations ) pr edict the HRD status of patients, which indicates 
that TP53 pathogenic mutations may serve as potential biomark- 
ers for PARPi in breast cancer patients. 

Materials and methods 

Patients 

With patient-informed a gr eement, 119 br east cancer patients 
( BRCA-119 cohort ) and 47 breast cancer patients ( HRD test cohort ) 
from the Sun Yat-sen Memorial Hospital were enrolled in this 
study. Between May 2022 and April 2023, 119 patients at Sun Yat- 
sen Memorial Hospital had breast cancer tissue and matched nor- 
mal blood samples collected. Age, gender, imm unohistoc hemistry 
for estr ogen r eceptor ( ER ) , pr ogestogen r eceptor ( PR ) , Her2, Ki67,
and genetic tests were all collected r etr ospectiv el y to get the med- 
ical r ecord. P athological dia gnosis of the patients was completed 

by at least two certified pathologists. All NGS experiments and 

data anal ysis wer e performed in the Cellular & Molecular Diag- 
nostics Center of the hospital. The Institutional Re vie w Board of 
Sun Yat-sen Memorial Hospital, Sun Yat-Sen University, allo w ed 

this study ( NO. SYSKY-2023–458-01 ) . 

DN A extr action and NGS 

Genomic DN A w as isolated fr om FFPE tissues and matc hed nor- 
mal blood following the manufacturer’s instructions using the 
DNeasy Blood and DNA FFPE tissue kit ( Qia gen, German y ) . The 
OncoScreen Plus panel used in the BRCA-119 cohort comprises 
520 genes and includes ∼9000 single-nucleotide pol ymor phisms 
( SNPs ) that ar e e v enl y distributed acr oss the human genome.
Table S1 ( see online supplementary material ) displays a list 
of the 520 genes associated with cancer. NGS was performed 

with 20 homologous r ecombination r epair ( HRR ) -r elated genes 
( supplementary Fig. S1, see online supplementary material ) and 

numerous SNPs across the human genome from patients from the 
HRD test cohort. The NGS experiments were conducted as previ- 
ously described [ 14 ]. To create an NGS library, at least 50 ng of 
high-quality DN A w as r equir ed. The tissue DN A underw ent end 

r epair, phosphorylation, and ada pter ligation after being sheared.
The 200–400 bp DNA fr a gments fr om the shear ed tissue wer e 
isolated using an Agencourt AMPure XP kit. Then, hybrid cap- 
tur e, ma gnetic-bead purification, and PCR amplification were car- 
ried out. After the NGS library was created, the indexed samples 
were sequenced using Illumina NextSeq 550 sequencing a ppar a- 
tus ( Illumina, USA ) utilizing paired-end reads and a 1000 average 
sequencing depth. 
GS data analysis 

GS data analysis was completed as previously described [ 14 ].
he r eadings wer e r a pidl y ma pped b y BWA Picar d to the hg19
 efer ence human genome [ 15 ]. Gene variants were found using
arScan and the Genome Analysis Tool Kit [ 16 ,17 ]. Locates with a
epth of < 100 wer e filter ed out using the VarScan fpfilter pipeline.
ase calling in plasma and tissue samples needed at least eight
upporting reads for single nucleotide mutations, but only two 
nd five supporting reads for insertion–deletion variants. Com- 
ared with white blood cells, somatic variants of tumor tissue
er e discov er ed. The v ariants wer e annotated by both ANNO-
AR and SnpEff [ 18 , 19 ]. FACTERA was used for the DNA translo-
ation investigation [ 20 ]. Finally, two knowledgeable technicians 
onfirmed all identified mutations using the Integr ativ e Genomics
iewer system [ 21 ]. 

aria tion identifica tion and classifica tion 

equence data were analyzed using specialized computational 
ethods to r eliabl y detect somatic and germline variations while

eparating sequencing artifacts from true positive mutations.
ariants with a population frequency > 0.1% were classified as
NPs and excluded from further study using information from the
000 Genomes , ExAC, and dbSNP databases . A total of 71 genes
ssociated with tumor inheritance were included in germline 
 ariations anal ysis [ 22 ]. The clinical significance of eac h v ari-
tion was e v aluated using the 5-tier classification system of:
athogenic/oncogenic , likely pathogenic/oncogenic , benign, likely 
enign, and variants of uncertain significance following the stan- 
ards of the Clinical Genome Resource, the American College of
edical Genetics and Genomics, the Association for Molecular 

athology, and the internal pipeline [ 23–26 ]. For those variants
ithout accessible conclusions from expert panels, ClinV ar’ s con-

ensus classifications were employed. Benign and likely benign 

 ariations wer e not included in the subsequent analysis. For the
lassification of TP53 variants, we defined pathogenic/oncogenic 
nd likely pathogenic/oncogenic as pathogenic mutations. 

umor mutation burden estimation 

he total number of discov er ed non-synon ymous m utations di-
ided by the entire coding region size of the panel used to gener-
te the panel’s output was used to determine the tumor mutation
urden ( TMB ) per patient [ 14 ]. Using the following equation, we
alculated TMB as a ratio: TMB = the total number of nonsynony-
ous mutations ( except for SNPs and hot mutations ) /1.003 Mb

 27 ]. 

RD score calculation 

he ∼9000 SNPs that are evenly distributed across the hu-
an genome are utilized for HRD score estimation. An in-house

cript, named Burning Rock Instability Detection of the Genome 
 BRIDGE ) was de v eloped for this purpose, and was pr e viousl y de-
cribed by Feng et al . [ 27 ]. The loss of heterozygosity ( LOH ) score
as defined as the number of LOH patches > 15 Mb but smaller

han the whole c hr omosome [ 28 ]. The number of c hr omosomal
reaks between adjacent areas that are ≥10 Mb apart and have a
istance of ≤3 Mb are known as large-scale state transitions ( LST )
 29 ]. Telomeric allelic imbalance ( TAI ) refers to the quantity of
ne v en par ental allele contributions that extend to the telomere
nds of c hr omosomes [ 30 ]. NGS data wer e gener ated using these
hr ee scor es [ 31 ]. Genomic scar scor es wer e estimated by the sum
f LOH, LST, and TAI [ 31 , 32 ]. 

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
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Table 1. TP53 pathologic mutations and clinical factors in breast 
cancer patients. 

Clinical factor Numbers 

Non- TP53 
pathologic 
mutation 

TP53 
pathologic 
mutation P value 

Total 119 51 68 
Age, years 0.7416 

< 60 95 40 55 
≥60 24 11 13 

ER expression P < 0.001 
< 1% ( + ) 26 5 21 
1–10% ( + ) 15 2 13 
> 10% ( + ) 74 41 33 
Not available 4 3 1 

PR expression P < 0.001 
< 1% ( + ) 48 10 38 
1–10% ( + ) 17 10 7 
> 10% ( + ) 50 28 22 

Not available 4 3 1 
Her2 expression 0.0816 

Negative 89 41 48 
Positive 26 7 19 

Not available 4 3 1 
Ki67 expression 0.2204 

< 14% ( + ) 10 6 4 
≥14% ( + ) 105 42 63 

Not available 4 3 1 
Subtypes P < 0.001 

Luminal A 4 4 0 
Luminal B 66 35 31 
HER2 + 26 7 19 
TNBC 19 2 17 

Not available 4 3 1 
T stage 0.5339 

T0–T2 40 12 28 
T3–T4 10 3 7 
Tx 3 0 3 

Not available 66 36 30 
N stage 0.8981 

N0 16 5 11 
N1–2 22 6 16 
N3–4 9 3 6 
Nx 6 1 5 

Not available 66 36 30 
M stage 0.6583 

M0 38 11 27 
M1 13 4 9 
Mx 2 0 2 

Not available 66 36 30 
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 software and GraphPad Prism were also used for statistical anal-
sis . To in v estigate the m utation fr equency in distinct gr oups,
isher’s exact test was used. The differences in HRD, LOH, LST, TAI,
nd TMB between the two groups wer e compar ed using the Mann–
hitney U test, while the differences between several groups
er e compar ed using anal ysis of v ariance. A significance le v el of
 < 0.05 was used for statistical tests. 

esults 

P53 pathologic mutations and clinicopathologic 

actors in breast cancer patients 

mong 119 patients, most patients ( ∼80% ) w ere y oung. TP53
athogenic v ariants wer e pr esent in 68 patients, and all of these
 ariants wer e of somatic cell origin. According to the Chinese So-
iety of Clinical Oncology 2023 guidelines, we divided these pa-
ients into four subtypes: luminal A, luminal B, HER2 + , and triple-
egativ e br east cancer ( TNBC ) . The percenta ge of these four sub-
ypes is 3.36% of luminal A, 55.46% of luminal B, 21.85% of HER2 + ,
nd 15.97% of TNBC ( supplementary Fig. S2A , see online supple-
entary material ) . Notably, TP53 pathologic mutation occurs in
60% of all patients, about 50% of luminal B, about 70% of HER2 + ,
nd about 90% of TNBC ( supplementary Fig. S2B ) . Ho w e v er, ther e
as no difference in the percentage of TP53 pathologic mutation

ypes among these subtypes ( supplementary Fig. S2C,D ) . Notably,
OH, LST, TAI, and their sum HRD score w ere inor dinately differ-
nt among these four subtypes ( supplementary Fig. S3 , see online
upplementary material ) . Mor eov er, patients with TNBC had the
ighest LOH, LST, TAI, and HRD scores among the four subtypes
 supplementary Fig. S3 ) . 

Next, we divided the patients into the TP53 pathogenic mu-
ant group and non- TP53 pathogenic mutant ( without TP53
athogenic m utations ) gr oup. The clinicopathologic factors and
P53 pathogenic mutations in breast cancer patients are shown in
able 1 . Notably, TP53 pathogenic mutation was associated with
he pr otein expr ession of ER and PR, as well as subtypes ( Table 1 ) .
his suggested that TP53 pathogenic m utations hav e a significant
ole in the molecular characterization of breast cancer. 

P53 pathologic mutations are associated with 

igh genomic scar scores 

ince TP53 pathologic mutations are associated with the protein
xpression of ER and PR, as well as subtypes ( Table 1 ) , we ques-
ioned whether TP53 pathologic mutations cause genomic alter-
tions. To address this, we analyzed the genomic features of the
P53 pathologic mutant and non- TP53 pathologic mutant groups,
 espectiv el y. In the non- TP53 pathologic m utant gr oup, the top 10
utated genes are PIK3CA ( 41% ) , GATA3 ( 22% ) , FANCA ( 14% ) , KIT

 14% ) , BRCA2 ( 12% ) , CDH1 ( 12% ) , PALB2 ( 12% ) , CDK12 ( 10% ) , CHEK2
 10% ) , and TSC2 ( 10% ) ( Fig. 1 A ) . Ho w e v er, in the TP53 pathologic
 utant gr oup, the top 10 m utated genes ar e PIK3CA ( 47% ) , POLE

 12% ) , BRCA1 ( 10% ) , APC ( 9% ) , BRCA2 ( 9% ) , ERBB2 ( 9% ) , PRKDC ( 9% ) ,
DHAF2 ( 9% ) , CDK12 ( 7% ) , and MSH6 ( 7% ) ( Fig. 1 B ) . Among the top
0 mutated genes, only two genes ( PIK3CA and BRCA2 ) ov erla pped
n the TP53 pathologic mutant and non- TP53 pathologic mutant
r oups. Furthermor e, CDH1 and GATA2 had higher frequencies in
he TP53 pathologic m utant gr oup, wher eas SDHF2 had a higher
requency in the non- TP53 pathologic m utant gr oup ( Table S2 ) ,
uggesting that the genomic alterations were not the same in the
wo groups. 
As TP53 pathologic mutations cause genomic alterations, we
nv estigated whether suc h m utations ar e associated with HRD
n breast cancer. We therefore calculated genomic scar scores
 including LOH, LST, TAI, and their sum ) for both groups of pa-
ients from the NGS data. Notably, the TP53 pathologic mutant
roup had higher HRD scores relative to the non- TP53 patho-
ogic m utant gr oup ( Fig. 1 C ) . Although TP53 pathologic m uta-
ions were not associated with LOH, compared to the non- TP53
athologic m utant gr oup, patients with TP53 pathologic m uta-
ions had higher le v els of LST and TAI ( Fig. 1 C ) . To verify this,
e analyzed our internal HRD test cohort and found that the
P53 pathologic mutant group also had higher HRD scores rel-
tive to the non- TP53 pathologic mutant group ( supplementary
ig. S4A, see online supplementary material ) . For further verifi-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
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Figure 1. TP53 pathologic mutations are associated with genomic scar scores. ( A ) Mutation frequency and characterization of the top 10 genes in the 
non- TP53 pathologic mutation group. ( B ) Mutation frequency and characterization of the top 10 genes in the TP53 pathologic mutation group. ( C ) 
Genomic scar scores in the non- TP53 pathologic mutation and TP53 pathologic mutation groups. ∗∗P < 0.01; ns, not significant. 
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cation, the publicly available whole exome sequencing data and 

HRD scores of the Cancer Genome Atlas ( TCGA ) breast cancer pa- 
tients were obtained from the study by Thorsson et al . [ 33 ]. Consis- 
tentl y, br east cancer patients with TP53 pathologic mutations had 

significantly higher HRD scores than patients without TP53 patho- 
logic mutations ( supplementary Fig. S4B ) . These results suggest 
that TP53 pathologic m utations ar e associated with HRD in breast 
cancer. 

Char acteriza tion of TP53 pathologic mutations in 

the low and high HRD score groups 

To explore the mutational characterization of TP53 in patients 
with breast cancer, we categorized patients into HRD-low ( HRD 

score < 42 ) and HRD-high ( HRD score ≥ 42 ) groups based on 

HRD scor es, whic h is the le v el for HRD in ovarian cancer that 
has pr e viousl y been r eported [ 32 ]. Ob viousl y, the fr equency of 
TP53 pathologic mutation was higher in the HRD-high group rel- 
ative to that in HRD-low group ( Fig. 2 A ) . Ho w e v er, the distribution 

of TP53 pathologic mutation types ( including frameshift variant, 
missense v ariant, nonsense v ariation, splice r egion v ariation, in- 
frame deletion, and gene fusion ) did not differ between the two 
groups ( Fig. 2 B ) . We next analyzed the HRD scores among differ- 
ent TP53 pathogenic mutation type groups. Although LOH was 
higher in the stop gained group than in the splice variant and 

other type gr oups, HRD scor e sho w ed no difference among TP53 
athogenic mutation type groups ( supplementary Fig. S5, see 
nline supplementary material ) . Mor eov er, similar TP53 patho-
ogic mutation frequency, mutation type distribution, and HRD 

cores among different groups were verified in the HRD test co-
ort ( supplementary Fig. S6 , see online supplementary material ) .

Detailed information on TP53 pathologic mutations ( including 
plice region variation, inframe deletion, and gene fusion ) is 
hown in Table 2 . It is noteworthy that two mutations of TP53
 ATP1B2-TP53, c.375 + 1dup ) a ppear ed onl y in the HRD-high
roup, while one mutation ( c.376–1G > A ) was present in both
roups ( Table 2 ) . In the protein-coding region, 17 mutation sites
f TP53 a ppear ed onl y in the HRD-low gr oup, while 11 m utation
ites occurred only in the HRD-high group. Furthermore, there are
ix mutation sites present in both groups ( Fig. 2 C ) . These results
ndicated that TP53 has different mutational characteristics be- 
ween the HRD-low and HRD-high groups. 

ifferent TP53 -specific mutation subgroups with 

i v erse genomic features 

o investigate the impact of the TP53 pathologic mutation on the
enome, we categorized the TP53 pathologic mutations based on 

RD. TP53 pathologic mutations that appeared only in the HRD-
ow group were denoted as HRD-low specific mutations, the mu-
ations that occurr ed onl y in the HRD-high group were defined
s HRD-high specific m utations, while m utations pr esent in both

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
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Figure 2. TP53 mutation characterization in the low and high HRD score groups. ( A ) Proportion of TP53 pathologic mutations in the low and high HRD 

scor e gr oups. ( B ) TP53 pathologic m utation type in the low and high HRD scor e gr oups. ( C ) Lollipop c hart of TP53 coding-r egion m utations in the low 

and high HRD score groups.∗P < 0.05. 

Table 2. Detailed information on TP53 splice region variation, inframe deletion, and gene fusion. 

Description Mutation type Classification HRD score Allele fraction 

ATP1B2-TP53 Gene fusion Likely pathologic 44 9.50% 

c.375 + 1dup Splice region variant Pathologic 68 60.00% 

c.376–1G > A Splice region variant Pathologic 61 22.59% 

c.376–1G > A Splice region variant Pathologic 19 49.72% 

c.559 + 1G > A Splice region variant Pathologic 8 16.76% 

c.559 + 1G > T Splice region variant Pathologic 0 3.82% 

c.783–1G > T Splice region variant Likely pathologic 5 9.39% 

c.97–2A > C Splice region variant Likely pathologic 19 37.05% 

SHBG-TP53 Gene fusion Likely pathologic 40 47.99% 

p.E336_R337del Inframe deletion Likely pathologic 12 10.58% 

p.T230_I232del Inframe deletion Likely pathologic 4 12.38% 
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r oups wer e defined as HRD common mutations. According to
hese TP53 pathologic mutations, we categorized TP53 pathologic

utated patients into HRD-low mutation ( HRD-low MT ) , HRD-
igh mutation ( HRD-high MT ) , and HRD common mutation ( HRD
om-MT ) gr oups. We then anal yzed the genomic pr ofiles of these
hr ee gr oups and found that there are significant differences in
he genomic alterations among the three groups ( Fig. 3 A ) . Among
he top 10 m utated genes, onl y PIK3CA ov erla pped in the groups,
hile se v en genes a ppear ed onl y in their subgr oups, r espectiv el y

 Fig. 3 B ) . To further confirm these results, the publicly available
hole exome sequencing data of breast cancer patients were ob-

ained from TCGA. According to the TP53 pathologic mutation site
n this study, we categorized breast cancer patients into HRD-high
T , HRD-low MT , and HRD com-MT gr oups. Notabl y, ther e ar e

lso significant differences in the genomic alterations among the
hr ee gr oups ( supplementary Fig. S7A , see online supplementary

aterial ) . Mor eov er, among the top 10 m utated genes, onl y TTN
nd PIK3CA wer e ov erla pping in the thr ee gr oups ( supplementary
ig. S7B , see online supplementary material ) . Using TMB as a re-
ponse indicator of mutation in the genome, we next analyzed the
MB situation for the three groups. Notably, there was a significant
ifference in TMB among the three groups ( Fig. 3 C ) . This suggests
hat TP53 -specific mutation might be associated with the genomic

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
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Figure 3. Genomic c har acterization based on gr ouping of differ ent TP53 -specific m utations. ( A ) Mutation fr equency and c har acterization of the top 10 
genes in the different TP53 -specific mutation groups. ( B ) Venn diagram of the top 10 genes in the different TP53 -specific mutation groups. ( C ) 
Distribution of TMB in the indifferent TP53 -specific mutation groups. ∗P < 0.05; ns, not significant. 
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TP53 -specific mutation combinations predict 
HRD status 

To further pursue the associations between TP53 pathologic mu- 
tations and HRD, we demonstrated the distribution of HRD score 
and TP53 -specific mutation in breast cancer patients ( Fig. 4 A ) .
A total of 34 breast cancer patients had HRD scores > 42 ( HRD- 
high scor e ) , whic h is the le v el for HRD in ov arian cancer that has 
pr e viousl y been documented [ 32 ]. Among these 34 breast can- 
cer patients, 25 patients harbored a pathogenic mutation in TP53 
( Fig. 4 A ) . 

Since TP53 pathologic mutations are associated with high HRD 

scores, we then pondered whether TP53 pathologic mutations 
could be used to predict breast cancer HRD status. Interestingly,
TP53 pathogenic mutations predicted HRD status of breast can- 
cer patients with an AUC of 0.61 ( Fig. 4 B ) . Notably, specific muta- 
tions, namely HRD-low MT, HRD-high MT, and HRD com-MT, pre- 
dicted HRD status of breast cancer patients with AUC values of 
0.32, 0.72, and 0.58, r espectiv el y ( Fig. 4 C ) . To further impr ov e the 
sensitivity and specificity, we performed different combinations of 
TP53 -specific m utations. Notabl y, HRD-high MT and HRD com-MT 

combinations sho w ed the highest AUC values ( 0.80 ) in predicting 
HRD status ( Fig. 4 D ) . To compr ehensiv el y e v aluate the pr ediction 

performance, other indicators including accur acy, pr ecision, r e- 
call/sensitivity , specificity , Youden index, and F1 score were calcu- 
lated. The confusion matrix of true and predicted values is shown 

in supplementary Fig. S8 , see online supplementary material. No- 
tably, this model has reasonable predictive performance, with an 

accur acy of 0.82, pr ecision of 0.68, r ecall/sensitivity of 0.76, speci- 
ficity of 0.86, Youden index of 0.61, and F1 score of 0.71 ( Fig. 4 E ) .
These results indicated that TP53 -specific mutation combinations 
predict the HRD status of breast cancer patients. 
w  
iscussion 

ecently, although PARPi and platinum-based chemotherapy sig- 
ificantl y impr ov ed the surviv al of br east cancer patients with
RD, whether TP53 -specific mutated patients would obtain ben- 
fits from PARPi treatment is unkno wn. Here, w e collected real-
orld clinical NGS data and e v aluated the association between
P53 pathologic mutation and HRD status in breast cancer pa-
ients. As an important focus, TP53 pathogenic mutations are as-
ociated with HRD scores and different genomic alterations . T his
rst compr ehensiv e anal ysis identified that the combination of
P53 -specific mutations ( HRD-high MT and HRD com-MT ) pre- 
icts the HRD status of patients and may serve as a potential
iomarker for PARPi in breast cancer patients. 

Pr e vious studies of TP53 in cancer mainly focused on cell cy-
le arr est, a poptosis, DNA r epair, and genomic stability [ 8–10 ]. Re-
entl y, a fe w studies hav e r eported that TP53 m utation is associ-
ted with pr olifer ativ e, a ggr essiv e behavior, and poor clinical out-
omes in breast cancer [ 4 ]. Here, we found that TP53 pathogenic
 utations wer e associated with the pr otein expr ession of ER and

R, as well as subtype ( Table 1 ) , suggesting that TP53 pathogenic
 utations hav e a significant r ole in the molecular c har acteriza-

ion of breast cancer. Indeed, TP53 pathogenic mutations tend to
ccur in breast cancers with an aggressive phenotype character- 

zed by poor differ entiation, incr eased inv asiv eness, and high po-
ential metastasis [ 4 ]. For example, TP53 mutations were enriched
n breast cancer with brain metastasis [ 5 ]. This fully reflects the
mportant role of TP53 in breast cancer, especially in molecular 
henotypes. 

Originally, the concept of BRCAness was used to describe the
RD signatures that occur in BRCA1/2-deficient cancer cells,
hic h ar e c har acterized by hypersensitivity to PARPi [ 34 ]. Sub-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae009#supplementary-data
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Figure 4. TP53 -specific mutation combinations predict HRD status. ( A ) Distribution of TP53 -specific mutations in different subgroups with different 
HRD scores. ( B ) ROC curves for TP53 pathologic mutations in predicting HRD status. ( C ) ROC curves for different TP53 -specific mutations in predicting 
HRD status. ( D ) ROC curves for different combinations of TP53 -specific mutations in predicting HRD status. ( E ) A variety of indicators for evaluating 
the performance of TP53 -specific ( Com + High ) mutation prediction. HRD-Low MT, TP53 mutations specific in the HRD-Low group; HRD-High MT, TP53 
mutations specific in the HRD-High group; HRD com-MT, TP53 mutations both in the HRD-low and HRD-High groups; TP53 -specific ( Com + High ) 
mutation, TP53 with HRD com-MT or HRD-High MT; AUC, area under the curve; ROC, receiver operating characteristic. 
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equentl y, se v er al studies hav e found that m utations in other
enes besides BRCA1/2 can also result in BRC Aness , including HR-
 elated genes, DNA dama ge signaling genes, and Fanconi-anemia-
elated genes [ 35 ]. Many studies now view BRCAness as a syn-
n ym of HRD [ 11 , 35 ]. Notabl y, r ecent r esearc h r e v ealed that se v-
ral non-HR genes might additionally trigger HRD in patients with
reast cancer [ 36 , 37 ]. For instance, HRD is synthetically lethal in
reast cancer because ALC1 loss promotes chromosomal instabil-

ty brought on by DNA gaps that are left unrepaired on duplication
pears [ 36 ]. GATA3 is r equir ed for HR to repair DNA double-strand
r eaks in br east cancer [ 37 ]. Her e, we found that TP53 pathogenic
 utations wer e associated with HRD in br east cancer patients,
hich was further verified in our internal HRD test cohort and
CGA cohort. Mor eov er, TP53 pathogenic mutations may mainly
ffect LST and TAI. Indeed, LOH is mainly due to the germline
athogenic variants of BRCA1/2 in breast cancer [ 32 , 38 ]. Of course,
ow TP53 affects LST and TAI and the molecular mechanisms un-
erlying these processes require further experimental studies. 

The most pr e v alent somatic m utations in TP53 associated with
ancer are point mutations, follo w ed b y minor insertions, dele-
ions, and r earr angements [ 39 , 40 ]. Missense mutations that cover
he protein DNA-binding domain are concentrated mostly in ex-
ns 5–8, which predominate in the mutation spectrum of all ma-
ignancies, including breast cancer [ 39 , 40 ]. The fr ameshift m u-
ations appear evenly across the gene and are dispersed across
he coding region [ 39 , 40 ]. Similar to pr e vious studies, in terms
f mutation types, the main somatic mutation types of TP53 in
r east cancer wer e also point m utations, follo w ed b y frameshift
 utation and r earr angements. Notabl y, the distribution of TP53

athogenic mutation types did not differ between the HRD-low
nd HRD-high groups, suggesting that the differ ent r ole of TP53
n HRD may be due to v arious m utation positions. Indeed, in
he protein-coding region, 17 mutation sites of TP53 appeared
nly in the HRD-low group, while 11 mutation sites occurred
nly in the HRD-high group. Based on this, we first screened for
RD-specific TP53 mutation sites that are well-predictive of HRD

cores. 
According to the infinite site model of molecular evolution, a

utation may occur at any given location in the genome only once
 41 ]. Ho w e v er, biallelic m utations in cancer genomes identify lo-
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cal factors that influence mutation [ 42 ]. For instance, biallelic mu- 
tations in FANCM exhibit c hr omosomal fr a gility and incr ease the 
risk of breast cancer and chemotherapy toxicity [ 43 ]. TP53 biallelic 
m utations r esult in the r eclassification of sectional acute myeloid 

leuk emia/m yelod ysplastic syndromes cases from monoallelic to 
m ulti-hit [ 44 ]. Mor eov er, TP53 biallelic m utations ar e uniquel y r e- 
lated to a poorer prognosis in m yelod ysplastic syndromes [ 44 ].
Here, we did not find patients with TP53 biallelic mutations in 

breast cancer patients, which is probably due to the small sam- 
ple size. Although the frequency of TP53 biallelic mutation is low 

in breast cancer patients, this may be a prognostic risk factor for 
br east cancer, whic h needs clinical v alidation via lar ge samples in 

further study. 
In clinical practice, the identification of BRCAness/HRD in pa- 

tients is important but remains complex. The most direct method 

is to detect HR genes by sequencing, such as BRC A1 , BRC A2 , PALB2 ,
and RAD51 . The FoundationOne CDx sequenced 324 cancer- 
related genes, including 16 HR genes [ 45 ]. This a ppr oac h was r e- 
stricted to harmful homozygous mutations and excluded those 
parallel pathways in HRD cells, such as 53BP1 inactivation and 

the r estor ation of DNA r epair. At pr esent, m utation signatur es 
based on whole exome sequencing are limited in clinical applica- 
tion because of numerous objective factors . T he second approach 

is to use Myriad myChoice CDx to calculate HRD scor es fr om the 
le v els of LOH, TAI, and LST [ 46 ]. The HRD score is a measure of 
the genomic scar as a result of past genomic instability. This ap- 
pr oac h r equir es cov ering a wide r ange of pr obes and considering 
the boundaries of HRD scores . T he third approach is to induce a 
measur able RAD51 r esponse in vitro by exposur e to genotoxic sub- 
stances and to detect RAD51 filaments by microscopy [ 47 ]. How- 
e v er, this functional str ategy r equir es the use of replicating cells 
and fresh tumor tissue and is still at the experimental stage. A 

fourth strategy is to exploit the BRCAness/HRD transcriptional 
signatures on the premise that HR gene deletion leads to adap- 
tations of cellular pathways to compensate for HRD [ 48 ]. This 
a ppr oac h is potentiall y attr activ e because tumors ar e typicall y 
treated b y RN A sequencing. All of the above-mentioned methods 
have their specific shortcomings, which limit their use on a wide 
scale in clinical practice. 

In this study, we constructed a convenient strategy for HRD pre- 
diction by TP53 -specific mutation combinations ( HRD-high mu- 
tations and HRD common mutations ) . Ho w ever, the AUC values 
were unsatisfactory in the HRD test cohort and TCGA patients.
T his ma y be due to the differ ent cov er a ge of NGS detection for 
TP53 . Although our study has some limitations, the combination 

of TP53 -specific mutations to a certain extent predicted the pa- 
tient’s HRD status . T his gr eatl y r educes the number of sequenced 

genes and has an excellent pr edictiv e po w er for HRD. Ne v erthe- 
less, this is only at the le v el of the prediction of HRD status. Un- 
fortunately, due to the limitations of current data in this study, the 
platinum/PAPRi ther a p y efficienc y of these TP53 pathogenic mu- 
tation groups is indistinct. T herefore , whether this model can be 
used for the clinical efficacy of platinum/PAPR inhibitor treatment 
in breast cancer patients needs to be verified in future studies. 

Conclusion 

In conclusion, our study identified that TP53 pathogenic muta- 
tions were associated with HRD scores. Patients with HRD had 

TP53 -specific mutation signatures . Furthermore , a combination of 
TP53 -specific mutations ( HRD-high mutations and HRD common 

m utations ) pr edicted the patient’s HRD status, which may serve 
as potential biomarkers for PARPi in breast cancer. 
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