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Abstract: BRCA1, BRCA2, TP53 and ATM gene mutations are the most studied tumour 
suppressor genes (TSGs) influencing the loco-regional approach to breast cancer (BC). Due 
to altered radio sensitivity of mutated cancer cells, mastectomy has always been advised in 
most patients with BC linked to TSGs mutations in order to avoid or minimize the use of 
adjuvant radiotherapy (ART). Whether ART is safe or not in these carriers is still debated. As 
a result, this issue has been widely discussed in the recent ASTRO and ASCO papers, 
yielding important and useful recommendations on the use of ART according to the muta-
tional status. In this review, we have highlighted the impact of these mutations on local 
control, toxicities, second tumors, and contralateral breast cancers (CBCs) after ART to solve 
remaining doubts and encourage the safe use of ART when indicated. 
Keywords: radiation, radiosensitivity, tumor suppressor genes

Introduction
The genetic basis of breast cancer (BC) is linked to several high- and/or moderate- 
penetrance mutations in BC susceptibility genes.1 Among them, mutations in the 
BRCA1, BRCA2, TP53 and ATM genes are the most studied tumour suppressor 
genes (TSGs) influencing the therapeutic approach to BC.2 In fact, with the wide-
spread use of genomics, information on the pathogenic variants of these BC 
susceptibility genes has been integrated into local treatment and decision-making 
process for carriers patients with operable BC. The mutational status in these TSGs 
has implications for the use of ART due to their involvement in the DNA damage 
repair mechanisms. An impaired radiation response has been observed in vitro and 
evocated in vivo for patients with BC carrying these TSGs mutations, leading to 
limitations of ART, regardless of the clinical indications. Thus, mastectomy is the 
preferred choice.

Although guidelines for ART in mutation carrier patients with BC are lacking, 
several efforts have recently been made to solve this issue. In fact, an ASTRO 
review and the ASCO paper have highlighted several useful recommendations.3,4 

Based on the above advice and literature certainties, we have focused this review on 
the impact of ART on TSGs mutations in breast cancer in terms of local control, 
acute toxicities, second tumours, and contralateral breast cancers (CBCs) in order to 
achieve a quick reference guidance in the context of a multidisciplinary team 
approach.
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Tumour Suppressor Genes 
Mutations and Related Breast 
Cancer
BRCA1, BRCA2, TP53, and ATM are tumour suppressor 
genes (TSGs) that have attracted growing interest in the 
oncological field in light of the high incidence of their 
mutations in younger BC populations with a family history 
and an aggressive phenotype. Mastectomy instead of 
breast conserving therapy (BCT) including ART is the 
preferred approach in these carriers. Knowledge of the 
relation between BC mutational status and ART is crucial 
in therapeutic approaches, especially when ART is indi-
cated. A multidisciplinary team sharing and genetic coun-
selling is mandatory.

BC Features Related to BRCA 1/2 
Mutations
Breast cancer (BRCA) 1 is located on chromosome 17q21, 
while BRCA2 is mapped to chromosome 13q12.3.5 

Germline mutations in BRCA1 or BRCA2 are found in 3% 
to 4% of all women with BC.6,7 The lifetime risk of BC 
among BRCA mutation carriers is approximately 70%, 
within a range of 50% to 90% depending on the studied 
population, genetic tests and methods of analysis. These 
mutations, when associated with the autosomal dominant 
pathway, cause hereditary breast and ovarian cancer 
(HBOC) syndrome.8,9 Mutations in the BRCA1 gene are 
mainly associated with the development of high-grade and 
“triple-negative” BC,10 while BRCA2 seems to usually cor-
relate with higher-grade BC compared to sporadic BC.11 

BRCA gene mutations predispose patients to a younger age 
of BC development with a worse prognosis than sporadic BC 
in terms of overall survival (OS) and BC-specific survival, as 
confirmed by a meta-analysis by Beretta et al.12,13 

Furthermore, as found in the POSH study, although patients 
with young-onset BC who carry a BRCA mutation show 
similar survival to noncarriers at any time point (2-5-10 
years), in patients with BRCA mutation triple-negative BC, 
the survival advantage seems to be only during the first few 
years after diagnosis when compared with noncarriers. These 
data could be taken into account in the timing of prophylactic 
surgery planning.14

BC Features Related to TP53 Mutations
The tumour protein 53 (TP53) gene is a TSG that has been 
called the guardian of the genome. It is located on chromo-
some 17p13.1, encoding the cellular tumour antigen p53, 

a nuclear phosphoprotein directly involved in the regulation 
of cell cycle checkpoints, DNA repair and apoptosis in 
response to several damaging factors, such as ionizing radia-
tion (IR).15 Germline TP53 mutations are associated with Li– 
Fraumeni syndrome, first described in 1969 by Li and 
Fraumeni, who reported a high incidence of soft tissue sar-
comas and BC in young women belonging to four families.16 

Regarding penetrance, the cumulative incidence of TP53- 
mutated BC has been estimated at 60 years in 85% of cases 
in the National Cancer Institute Li–Fraumeni Syndrome 
cohort,17 but a median onset age of nearly 34 years has 
been defined,18 with approximately 5–8% of TP53-mutated 
cases with BC diagnosed under 30 years, as reported by 
McCuaig et al.19 The absence of a family history in carriers 
of TP53 mutations is a typical feature.20 Mutations in TP53 
correlate with a more aggressive tumour phenotype, charac-
terized by genomic instability, a high mitotic index, high Ki- 
67 and cyclin E expression.21 Moreover, a high tumour 
burden, poor differentiation grade, lymph node metastases, 
negative hormone receptor status and cerbB2 hyperexpres-
sion have been noted.22 More than 50 of the changes affect-
ing the TP53 gene are missense mutations followed by 
nonsense mutations (approximately 10%). However, single 
nucleotide polymorphisms (SNPs) are also associated with 
altered p53 function and with an increased cancer risk, rapid 
progression or an altered response to treatments. Currently, 
up to 80 SNPs have been identified, with most of them (90%) 
situated in introns, outside splicing sites, or in noncoding 
exons.23 Regardless of the kind of mutation, studies have 
demonstrated that the majority of somatic TP53 mutations 
in BC have important prognostic significance.24 In this 
regard, in a cohort study by Overgaard J on 294 patients 
with BC, TP53 mutation was associated with a significantly 
poorer outcome with univariate odds ratios for local failure of 
2.04 (1.43–2.91, 95% confidence limit), distant metastasis of 
3.56 (2.65–4.77), any failure or death (disease-free survival) 
2.51 (1.89–3.32) and death 3.99 (2.97–5.37). Patients with 
TP53 mutations had an overall survival (OS) probability of 
52% at 5 years compared with 82% in wild-type (WT) 
carriers (p < 0.0001). A similar pattern was observed in 
disease-free survival as the endpoint (69% in WT vs 47% 
no WT, p < 0.0003). Moreover, TP53 mutation was found in 
an independent prognostic marker of poor outcome regard-
less the nodal status. In node negative, patients’ OS was 89% 
in WT vs 64% in TP53 mutations carriers (p = 0.0002); in 
node positive, patients’ OS was 72% in WT vs 44% TP53 
mutation carriers (p= 0.003).25
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BC Features Related to ATM Mutations
The ATM gene is located on chromosome 11q22-23 and 
consists of a large genome spanning 150 kb encoding 
a ubiquitously expressed transcript named the ATM protein. 
This protein is involved in the recognition and repair of DNA 
double-strand breaks (DSBs) induced by IR, antineoplastic 
drugs, or oxidative stress.26 ATM gene mutations predispose 
patients to a rare autosomal recessive disorder named ataxia- 
telangiectasia (AT) and its variants.27 This is an autosomal 
recessive disorder characterized by cerebellar ataxia, oculo-
motor apraxia, immunodeficiency, choreoathetosis, conjunc-
tival telangiectasias, sensitivity to radiotherapy, and an 
increased risk of malignancy. While AT syndrome is extre-
mely rare (1 in 40,000–100,000 people worldwide), germline 
ATM heterozygosity occurs in approximately 1% of the 
population and has been associated with an increased cancer 
susceptibility.28 In fact, heterozygous carriers have an 
approximately twofold higher risk of developing BC than 
the general population, as described in a UK cohort study, 
showing a 4.94 relative risk amongst women under 50 years 
of age vs 2.23 in the general population.29 In another study on 
patients with familial BC, a 2.37 relative risk of BC devel-
opment was shown among ATM heterozygotes mutation 
occurring in any functional domain of the ATM gene.30,31 

Thus, ATM mutations involved in BC are classified into three 
main categories: 1) truncating mutations associated with no 
protein production; 2) mutations leading to the expression of 
a mutant protein lacking kinase activity; and 3) missense 
mutations associated with reduced kinase activity.32 In addi-
tion, several variants, so-called variants of uncertain signifi-
cance (VUS), have also been identified, showing an 
undefined functional effect or no detrimental outcome after 
treatment with radiotherapy.33

TSGs Mutations and Radio 
Sensitivity Matter
All of these genes are involved in the DNA damage repair 
machinery after IR, impacting cell cycle recruitment, pro-
liferation and apoptosis in various ways through impaired 
DNA DSBs repair pathways and, consequently, altered 
radiosensitivity, which is still a debated matter.

Radiosensitivity in BC Related to BRCA1/ 
2 Mutations
Myths from retrospective data with a limited follow-up regard-
ing local outcome assessment supported by the theory of 
genome instability have generated conflicting results and 

doubts about the efficacy of ART in patients with BC carrying 
BRCA1/2 mutations. It is well acknowledged that BRCA1 
plays a key role in DNA DSBs repair pathways in the late 
S and G2 phases of the cell cycle, allowing the cell to repair 
DNA damage before proceeding to the next phase of the cell 
cycle.34 The functions of BRCA2 are largely limited to DSBs 
repair by promoting the mechanism of homologous 
recombination.35 Both together correlate with increased sensi-
tivity of tumour cells to several antineoplastic drugs and to IR 
as reported by preclinical models and retrospective 
studies.36,37 Irradiated lymphoblastoid cell lines heterozygous 
for BRCA1/2 mutations showed a significantly higher number 
of chromatid breaks per cell than control cells, while irradiated 
BRCA1−/− MEFs were found to be highly sensitive to IR, as 
were HCC1937 human cancer cells with truncated BRCA1 
expression.38–40 Most likely, BRCA 1 and 2 mutated cells 
show different radiosensitivity, as investigated by Baert et al, 
in two different studies, but no confirmations have been 
achieved in clinical reports.41,42 From a clinical point of 
view, this theoretically altered radiosensitivity seems to be 
quite different. In fact, Robson et al, in a descriptive analysis 
of 496 Ashkenazi BRCA1/2-mutated patients with BC mana-
ged with BCT, demonstrated no difference in terms of the local 
relapse rate when compared with non-BRCA-mutated patients 
(12% vs 8%, p = 0.68) at a median follow-up time of 9.7 
years.43 Additionally, the retrospective study of Pierce et al 
showed no diversity in OS, local recurrence or cancer-specific 
survival between BRCA1/2 mutated vs nonmutated patients 
with stage I/II BC treated with surgery followed by ART at 
a median follow-up time of 5.3 years.44 Brekelmans et al, in 
subgroups of patients who underwent BCT, endocrine therapy 
and chemotherapy, regardless of their mutation status, demon-
strated no difference in the 10-year local relapse rate among 
BRCA1-2-mutated and BRCA WT patients with BC treated 
with radiotherapy and chemotherapy (16%, 17%, and 21%, 
p = 0.6, respectively).45 Similarly, Kyrova et al found no 
significant differences in the recurrence rate (p=0.47) among 
patients with BC treated with surgery followed by ART carry-
ing or not carrying BRCA1/2 mutations.46 A recent meta- 
analysis by Valachis et al reported no significant difference 
in terms of the local recurrence rate among BRCA-mutated vs 
WT patients with BC (p= 0.07). However, when the analysis 
was restricted to only the few studies with a follow-up time of 
at least 7 years (1634 patients), these differences reached 
statistical significance (23.7 vs 15.9%, p < 0.003).47 As con-
cluded by Vallard et al, from a radiation oncologist’s point of 
view, there is no radiosensitivity difference sufficient to 
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discourage the use of ART in patients with BC carrying 
BRCA1/2 mutations, although long-term data are needed.48

Radiosensitivity in BC Related to TP53 
Mutations
Mutations in the TP53 gene lead to the production of 
a nonfunctional protein that is not capable of effectively bind-
ing DNA, thus resulting in the failure of DNA repair mechan-
isms and, subsequently, in abnormal proliferation of these 
mutated cells.15 The role of p53 in the radiosensitivity of 
human tumour cells has been assessed, identifying a loss of 
p53 function as a major cause of increased resistance to IR in 
murine cells.49 As confirmed by the in vitro models of 
Mcllwrath et al, a significant correlation between the level of 
IR-induced G1 arrest and radiosensitivity has been observed. 
These results support the theory that WT p53 function is 
required for the sensitivity of tumour cells to DNA-damaging 
agents, such as IR, and that the loss of p53 function in certain 
human tumour cells can lead to resistance to IR.50 In carefully 
controlled radiotherapy studies, the presence of mutant p53, 
regardless of the missense and nonmissense mutational condi-
tion, has been associated with decreased local control follow-
ing radiotherapy and a worse prognosis.25,51,52 Nowadays, the 
current literature agrees with the theory of minimizing radia-
tion exposure and avoiding high-dose schedules and re- 
irradiation in patients carrying TP53 mutations.53 In a study 
conducted by Kappel et al, a high rate of recurrence and a very 
low overall survival after intensive chemotherapy and radio-
therapy protocols were observed in patients belonging to an 
Austrian family whose seven members were treated with 
chemo- and radiotherapy due to cancers that occurred at pre-
dominantly young ages, including eight breast cancers in six of 
them.54 All of these family members were screened for p53 
mutations, and a rare missense mutation involving exon 10 of 
the TP53 gene was found.

Radiosensitivity in BC Related to ATM 
Mutations
ATM gene mutations show a wide spectrum of effects on 
radiosensitivity in vitro and in vivo. ATM-deficient cells 
show a loss in activating the G1–S, S, and G2–M cell cycle 
checkpoints after exposure to DNA damage; moreover, they 
develop a defect in stress response pathways, appearing to be 
more resistant to IR-induced apoptosis.55 Based on experi-
ments in mice and cell culture of dermal fibroblasts, 
increased radiosensitivity in mutation carrier cells has been 
recorded linked to a downregulation of ATM protein levels, 

as also observed in a published case report.56–58 In vivo 
studies suggest a wide response spectrum in favour of the 
effectiveness of radiation in patients with BC carriers of 
a pathogenic ATM variant due to their deficiency in DNA 
mismatch repair mechanisms. In fact, the study by Su et al 
found a low rate of local failure in ATM single variant 
carrier BC patients treated with ART.59 At a median of 72- 
month follow-up time, recurrences were observed in 7% of 
women treated with radiation, in contrast to 48% of women 
not treated with ART. In the study by Meyer et al on a cohort 
of 138 patients with BC who received ART following BCS 
with 20 patient carriers of important sequence variants in the 
ATM gene, no difference was found in the actuarial 7-year 
local relapse-free survival of carriers vs noncarriers (88 vs 
94% P=0.34).60 In the study of Bremer et al, among patients 
with BC carriers of a truncating ATM mutation with 
a splicing mutation 1066-6T-G who received at least one 
course of RT, at a median follow-up of 5.1 years (range 
1.7–7.2) after completion of radiotherapy, none had 
relapsed.28 Local relapse occurred in a single patient who 
had declined ART following breast conservation surgery. In 
the case of ATM gene mutations classified as VUS, their 
functional effect on radiosensitivity seems to be irrelevant, as 
reported by Mullins et al. In this study, five patients with 
breast cancer and varying germline heterozygous ATM muta-
tions, after RT, remained recurrence-free with a median dura-
tion of 18 months.33 Thus, as reported in a review by Jerzak 
et al, a well-defined ATM carrier status should be an asset in 
the therapeutic decision for ART indication.61

TSGs Mutations and ART Related 
Toxicity
Radiotherapy-induced acute and late toxicities are consid-
ered not only a consequence of irradiation techniques but 
also of patient-related factors, such as age and altered 
genetic background as occurs in BC related to TSGs 
mutations leading to several uncertainties on ART benefit.

ART Toxicity in BC Related to BRCA 
Mutations
In theory, BRCA-mutated tumours might be more sensitive 
to RT-induced effects due to their inability to repair DNA 
damage. However, BRCA1/2-mutated patients with BC are 
usually heterozygous, carrying a single mutated allele; there-
fore, the cells still possess a functional allele capable of 
partially maintaining a DNA repair capability.34 The condi-
tion of haploinsufficiency could explain the normal rate of 
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acute and late toxicity after breast ART in patients with BC 
carrying a BRCA1/2-mutation, as recorded by several retro-
spective studies. In a study by Pierce et al, with a median 
follow-up of 5.3 years, no difference in late normal tissue 
toxicities was found in irradiated patients with BC and muta-
tion carriers.44 Shanley et al found a trend toward an 
increased recall of acute pain in BRCA-mutated vs nonmu-
tated patients with BC, although this event was not associated 
with an increase in inflammation signs or cosmesis 
outcomes.62 Furthermore, ethnicity does not seem to influ-
ence toxicity in BRCA mutations, as demonstrated by Park 
et al in a Korean study on 213 patients with BC undergoing 
ART, 20% of whom had BRCA1 and/or BRCA2 mutations. 
Although 27% of BRCA-mutated patients with BC devel-
oped RTOG grade 2 or higher skin toxicity, in multivariate 
analysis, BRCA1/2 mutation status was not significantly 
associated with acute skin toxicity.63 In the report by 
Huzno et al, no significant differences in terms of early 
acute and severe skin toxicity or complications requiring 
treatment discontinuation were observed among patients 
with BC carriers of BRCA mutation vs noncarriers (3% vs 
4% p=0.880 and 0% vs 1% p = 0.860, respectively).64

ART Toxicity in BC Related to TP53 
Mutations
Data on this issue are few due to a very limited use of 
ART in this set, but in vitro data seem to evocate a toxic 
effect. By in vitro studies, modified irradiation apoptosis 
(IA) in association with several TP53 polymorphisms has 
been related to late radiation-induced toxicity. In a study 
by Fuentes-Raspall et al, apoptosis levels in in vitro irra-
diated T lymphocytes from BC affected patients with 
radiotherapy-induced late effects within 6 years of follow- 
up were tested in a matched-control study.65 The 
TP53Arg72Pro genotype was determined by sequencing. 
As a result, patients with late radiotherapy toxicity showed 
less IA for all T lymphocytes except for CD8 NK cells. IA 
in patients with toxicity appeared to be lower than that in 
the control patients only in TP53Arg/Arg patients (P= 
0.077). This difference was not present in patients carrying 
at least one Pro allele (P= 0.8266), suggesting that late side 
effects induced by radiotherapy are associated with low 
levels of IA in correlation with the 72Pro TP53 allele.65 

Tan et al compared the acute radiation toxicity in TP53 72 
(TP53 Arg72Pro) Pro carriers with that in noncarriers. Pro 
carriers had a no significantly decreased risk of acute skin 
toxicity in normal weight women but not in overweight 

patients (HR 1.07, 95% CI, 0.61–1.89). Haplotype analysis 
for the TP53 polymorphisms suggested that effect modifi-
cation by TP53 72Pro may differ according to the 
p53PIN3 allele (P=0.06).66 Concerning the clinical out-
come, Santi et al published a brief report on a small 
sample of patients, discovering a high rate of atypical 
vascular lesions occurring in the breast parenchyma after 
ART. Although these lesions were benign, they were 
thought to be precursors of RT induced angiosarcoma.67

ART Toxicity in BC Related to ATM 
Mutations
The RT-induced toxicity spectrum in patients with BC carry-
ing ATM mutations is controversial because of the wide 
variety of ATM mutations acting alone or in combination. 
Weissberg et al studied ATM heterozygous patients with BC 
from A-T families and did not observe any severe acute or 
late radiation-induced toxicity after conventionally fractio-
nated radiotherapy.68 In the analysis of Bremer et al on BC 
patients identified as ATM heterozygotes and treated with 
ART, with a 5.1-year median follow-up, no evidence of 
increased radiation-induced acute, late skin or subcutaneous 
reactions was recorded.28 Thus, several other conditions 
should be considered. For example, the condition of hetero-
zygosity for truncating ATM mutations has been related to 
devastating normal tissue toxicity induced by RT, as reported 
in an overview by Pollard et al.69 Additionally, the ATM 
threshold might also play a role. Fang et al recorded a high 
risk of radiation-induced late adverse effects in the case of an 
ATM threshold of ~55% and a threshold of ~10% for more 
severe toxicities.70 Moreover, the concomitant presence of 
two pathogenic gene variants seems to be linked with grade 
3–4 late subcutaneous toxicity, as reported by Iannuzzi et al 
among 3 out 6 ATM-mutated patients with BC carrying more 
than one missense variant in the ATM gene.71 In a case report 
by Byrd et al, the presence of biallelic mutations (one mis-
sense ATM mutation c.8672G4Ap. Gly2891Asp and 
a c.1A4G substitution) have been linked to a severe reaction 
after ART in breast cancer patients.72 Additional ATM gene 
polymorphisms are also involved, such as the polymorphism 
1801516. This SNP, also known as G5557A or D1853N, due 
to a nonconservative substitution of aspartic acid for aspar-
agine at amino acid position 1853 in an exon is the most 
studied variant related to skin toxicity in breast cancer 
radiotherapy.33 Ho et al showed that this SNP was associated 
with a significantly higher percentage of grade 2–4 late 
toxicity compared with noncarrier patients with BC.73 The 
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issue of increased normal tissue injuries in BC patients with 
SNP receiving ART was also analyzed in three systematic 
reviews.74–76 Two of them recorded a significantly increased 
risk of acute toxicity and radiation-induced fibrosis among 
carriers of rs1801516.74,75 However, this effect has not been 
confirmed recently by a systematic review and meta-analysis 
with trial sequential analysis (TSA) by Terrazino et al. In this 
paper, pooled analyses of two cohorts revealed no association 
of ATM rs1801516 with radiation-induced telangiectasia (P 
= 0.316) but a significant correlation with radiation-induced 
fibrosis (P = 0.049).77 In carriers of VUS, no difference in 
toxicity has been reported.33

TSGs Mutations Related Breast 
Cancer and ART Induced Second 
Primary Malignancies (ART-SPMs)
Hereditary predisposition, young age at first diagnosis and 
increased radiologic surveillance have been identified as risk 
factors for second primary malignancies after RT in sporadic 
cancer (ART-SPMs).78 Indeed, the most common secondary 
tumour is radiation-induced sarcoma (RIS) of the breast, 
which, in association with sporadic BC, comprises approxi-
mately 3% of all soft-tissue sarcomas, and its cumulative 
incidence is 3.2 per 1000 versus 2.3 per 1000 for primary 
sarcoma in the general population.79 The incidence of ART- 
SPMs seems quite different among BC related to TSGs 
mutations.

ART-SPMs in BC Related to BRCA 
Mutations
Heterozygous BRCA1/2 carriers have a reduced capacity for 
DNA repair after IR, resulting in a heavy impact on genome 
stability. In some in vitro experiments by Nieuwenhuis et al, 
no differences in the repair of DNA-DBSs in a blind compar-
ison of irradiated lymphocytes or fibroblasts derived from 
carriers or healthy controls was shown.80,81 Similarly, no 
differences were found in a study on the micronucleus test of 
irradiated cells derived from BRCA1/BRCA2 carriers 
with BC.82 The hypothesis of an increased incidence of radia-
tion-induced second tumours, particularly in young patients 
who are carriers of genetic mutations, is actually based on data 
on young patients subjected to early intensive screening with 
mammography and chest X-rays. The published data are con-
troversial, although they seem to support the hypothesis that 
radiation exposure at an early age (<30 years) may be a risk 
factor for BC development in patients carrying BRCA1 muta-
tions, as reported by Pijpe et al and Andriew et al.83,84 Thus, 

there is uniform agreement in replacing mammography 
screening by magnetic resonance imaging for patients carrying 
BRCA1 mutations.85 However, the clinical data lead to differ-
ent considerations. In the study of Schlosser et al on 3042 
women who were BRCA carriers, among 230 patients with 
BRCA-linked BC who received ART with a median follow-up 
of 10 years, the authors described the development of 6 SPMs, 
among which only one developed papillary thyroid carcinoma 
within the radiation field 17 years after ART. Interestingly, no 
patient developed an in-field skin cancer or chest-wall 
sarcoma.86 The Kaplan-Meier estimate of 20 years of freedom 
from radiation-induced SPM was 99.5%. Radiation dose 
quantification outside the RT field ranged from 0.1 to 1 Gy, 
and no relationship was observed between the dose and 
the second cancer risk. In this large series, it has been well 
demonstrated that the risk of radiation-induced SPMs among 
BRCA mutated carriers with BC, compared to the control 
population, is not significantly increased.86 However, sarcoma 
is the most common reported histology. In a study by Kadoury 
et al, of 470 patients with BRCA mutations, seven developed 
a sarcoma in the radiation field, five in the chest wall and two 
in other sites. Genetic evaluation revealed BRCA1 mutations 
in two additional patients and BRCA2 mutations in another 
patient.87 Evron et al, among 162 BRCA mutation carrier 
patients treated with prophylactic breast radiotherapy, 
recorded only one case of pleomorphic sarcoma within the 
radiation field.88

ART-SPMs in BC Related to TP53 
Mutations
It is well acknowledged that patients with TP53 muta-
tions have an increased risk of other cancers other than 
primary or secondary BC, regardless of radiation expo-
sure. With this regard, mouse models have confirmed that 
TP53 mutations enable cells to repair DNA damage 
induced by IR, leading to a significantly higher risk of 
tumour development.89 Small case series and retrospec-
tive studies demonstrated the emergence 2–3 years after 
treatment with ART radiotherapy-induced SPMs, of 
which the most common type was a soft-tissue sarcoma. 
Related aggressiveness has been reported in a case show-
ing a de novo TP 53 mutation such as c.G841C, p. 
D281N, responsible for dramatic development 40 months 
after radiotherapy of a malignant fibrous histiocytoma of 
the right clavicle and another primary left BC in a 27- 
year-old woman treated with RT for bilateral BC.90 

Nandikolla et al reported 2 cases of soft tissue sarcoma 
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that developed after planned ART.91 Barbosa et al 
described a case of soft tissue angiosarcoma ten years 
after ART in the irradiated area of a young Li-Fraumeni 
patient treated with breast conservative surgery.92 Henry 
et al reported a case of leiomyosarcoma of the chest wall, 
which was diagnosed in a 24-year-old BC patient, occur-
ring approximately 27 months after ART.93 Some authors 
also hypothesized that the impact of TP53 mutations 
could be influenced by geographical factors and ethnicity, 
in which some specific germline mutations are trans-
mitted. Petry et al reported particularly high RT-induced 
damage in specific TP53 pathogenic germline variants, 
namely, those characterized by the c.1010G>A mutation 
in exon 10 (p. Arg337His, R337H), which is frequent in 
southern and south-eastern Brazil. In fact, the incidence 
of radiotherapy-induced malignancies was 16.6% in the 
group of patients treated with ART.94

ART-SPMs in BC Related to ATM 
Mutations
No data are available to this argument, but much evidence 
has been published in regard to the contralateral breast 
cancer (CBC) issue after ART.

TSGs Mutations Related Breast 
Cancer and ART-Induced 
Contralateral Breast Cancer 
(ART-CBC)
In sporadic breast cancer, an increased risk of CBC has been 
estimated among irradiated women younger than 45 years at 
the first diagnosis and after a latency period of at least 10–15 
years, assuming the cause is due to the low-dose scatter 
radiation to the surrounding healthy tissue as a potential 
carcinogen with a significant dose–response relationship.95 

This issue has been widely questioned in case of ART applied 
in patients with BC carrying TSGs mutations.

ART-CBC in BC Related to BRCA 
Mutations
It is well acknowledged that patients with BC carrying BRCA 
mutations per sé show a high risk of developing CBC. This 
risk has been found to be higher in patients with BC carrying 
BRCA1-mutations than BRCA2-mutations (p= 0.04), which 
is why prophylactic contralateral mastectomy is advised.47 

Deleterious variants may play a role. In the WECARE study 
by Borg et al, deleterious mutations less than VUS mutations 

have been found occurring three times more often in patients 
BRCA carriers with CBC (15.3%) than in women with 
unilateral BC (5.2%).96 For information, sequence variants 
corresponding to deleterious mutations have been defined 
according the Breast Cancer Information Core (BIC) criteria: 
(1) all frameshift and nonsense variants with the exception of 
the neutral stop codon BRCA2 c.9976A>T (BIC: K3326X) 
and other variants located 3′ thereof; (2) all alterations in non- 
coding intervening sequences (IVS variants) occurring in the 
consensus splice acceptor or donor sequence sites, either 
within 2 bp of exon-intron junctions or when experimentally 
demonstrated to result in abnormal mRNA transcript proces-
sing; (3) missense variants that have been conclusively 
demonstrated, on the basis of data from linkage analysis of 
high-risk families, functional assays or biochemical evidence, 
to have a deleterious effect on known functional regions.97

However, data derived from retrospective studies have pro-
vided no clear evidence that patients with BC carriers of 
BRCA1/2 mutations are more predisposed to radiation- 
induced CBC than patients with sporadic breast cancer. In 
a recent multicentric study, the 10-year cumulative risk of 
developing CBC was found to be 25.1% (95% CI 19.6–31.9) 
for patients with BC carrying BRCA1 mutations, 13.5% (95% 
CI 9.2–19.1) for those carrying BRCA2 mutations and 3.6% 
(95% CI 2.2–5.7) for noncarriers. In the univariate analysis, the 
age at first diagnosis of BC was significantly associated with the 
risk of developing CBC in BRCA carriers.98 In the study 
conducted by Kyrova et al, the percentage of CBCs was sig-
nificantly higher in familial cases of carriers versus noncarriers 
(p=0.02),46 but other analyses have provided contrasting results. 
In a retrospective study by Drooger et al enrolling 691 patients 
with BRCA1/2-associated breast cancer, most of them were 
younger than 40 years at the time of the first diagnosis, and no 
association between radiotherapy for the primary BC and the 
risk of CBC was found in both the global population (HR 0.82, 
95% CI 0.45–1.49) and in the subgroup of patients younger 
than 40 years at first diagnosis (HR 1.36, 95% CI 0.60–3.09).99 

Regarding the effect of the low doses received by the contral-
ateral breast, a population-based nested case–control study 
conducted within a cohort of 52,536 survivors of unilateral 
breast cancer (UBC) with all women tested for BRCA1 and 
BRCA2 mutations yielded interesting findings. Among the 
women treated with radiation, the mean radiation dose was 
1.1 Gy (range=0.02–6.2 Gy). The risk of developing CBC 
was elevated among women who carried a deleterious 
BRCA1/BRCA2 mutation (rate ratio, RR=4.5, confidence 
interval, CI=3.0–6.8) and among those treated with RT 
(RR=1.2, CI=1.0–1.6). However, among the mutation carriers, 
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an incremental increase in the risk associated with the radiation 
dose was not statistically significant.100.

ART-CBC in BC Related to TP53 
Mutations
There is no evidence concerning CBC incidence after ART 
in these patients due to the absolute contraindication of 
ART in this set.

ART-CBC in BC Related to ATM 
Mutations
As stated in the ASTRO recommendations, deleterious muta-
tions are related to this risk, although they remain low.3 

Probably, several conditions may play a role. It is not clear 
whether ATM mutations per sè or the dose scattered to the CB 
may predispose patients to CBC. The data suggest that carrying 
an ATM missense variant may accelerate the development of 
a second tumour and decrease the age at onset of the second 
breast tumour in cases of exposure to RT. Broeks et al reported 
that there is a nonsignificant increase in the risk of developing 
CBC among patients with BC who carry ATM missense 
variants not treated with ART (OR 0.77, 95% CI).101 Patients 
developing CBC with an ATM missense variant had a mean 
interval between the first and second breast tumours of ~101 
months, compared to 122 months for patients who were non-
carriers of ATM mutations (p = 0.085). Interestingly, the com-
bination of radiation treatment and a missense variant resulted 
in an even shorter mean interval of 92 months in patients with 
CBC compared with 136 months for those who did not receive 
RT and did not carry a germline variant (p = 0.029).101 

Bernstein et al performed a case–control study on a sample 
of 2105 women, analysing the association between ATM gene 
variants and the risk of developing synchronous CBC. They 
found no significant increase in the diagnosis of CBC 
among BC patients who carried any of the different types of 
ATM mutations compared with patients who were WT- 
ATM.102 With regard to the effect of low IR doses on CBC 
development, Nakamura et al demonstrated that AT cells may 
not be able to repair some fraction of the DNA damage and 
could be severely affected by low-dose-rate radiation (0,3 
mGy/min).103 However, the low cumulative scattered doses 
to the contralateral breast estimated from simulations provide 
epidemiological evidence that genetic variations in ATM may 
truly affect the response to low individual radiation doses in the 
range of 50 mGy, impacting the IR-CBC incidence.104 

Bernstein et al noted that in women with BC who carried 
ATM missense variants, those with radiation exposure levels 

of 1.0 Gy or higher had a significantly increased risk of CBC 
compared with patients with BC who were WT for ATM and 
who were unexposed to radiation (RR = 2.0, 95% CI = 1.1 to 
3.9).102 Therefore, although the increased risk of radiation- 
related CBC associated with specific ATM mutations is not 
a key determinant in the treatment choice in breast cancer for 
most patients, it might warrant consideration with regard to 
a family history of A-T and for the adsorbed dose to the 
contralateral breast. No effects on CBC have been described 
for VUS.33

Conclusions
The lack of Phase II–III studies assessing the effect of 
ART in patients with BC carrying TSGs mutations like 
BRCA1/2, TP53 and ATM induces controversial data and 
uncertainties concerning the benefit of ART in these 
patients, supporting mastectomy as the preferred choice. 
Background consists of controversial retrospective data 
with a limited follow-up time, while genomic mutational 
differences and radiogenomic information are a work in 
progress. In light of recent literature data, the issues of 
ART in patients with BC carrying TSGs mutations seem to 
be solved in favour of a safe effect of ART when several 
conditions occur. The gene mutation status and the related 
risk should drive the choice of ART when indicated in 
these patients, as outlined by the ASTRO review and 
ASCO recommendations.3,4 In detail, BRCA mutational 
status does not represent per sé an absolute contraindica-
tion to ART when it is indicated in patients with moderate- 
risk gene mutations with caution in deleterious variants. 
However, as noted by Theoh et al, the choice of a risk- 
reducing bilateral prophylactic mastectomy should be 
carefully taken into account due to the risk of a new 
homolateral and contralateral BC, especially in younger 
patients.105 Mutations in TP53 are considered an absolute 
contraindication of radiotherapy except in those with 
a significantly very high risk of locoregional recurrence; 
mastectomy is increasingly advised.53 Radiotherapy may 
also be considered with caution in cases of ATM muta-
tions, mainly in case of deleterious heterozygosity alone or 
in combination with ATM mutations in younger 
patients.102 Sharing this information in a BC multidisci-
plinary team discussion could be relevant. Useful and 
a quick guidance with information related to ART safety 
in patients with BC carrying TSGs mutations are summar-
ized below in Table 1.
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