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Background 
Breast cancer (BC) is the most prevalent 
malignancy among women and a major cause of 
mortality (1). Each year, more than 1.5 million 
women worldwide are diagnosed with BC. It is a 
form of metastatic cancer capable of 
disseminating to several organs, including the 
bones, lungs, liver, and brain, thereby leaving it 
incurable. Early diagnosis of cancer results in an 
improved prognosis and elevated survival rates 
(2). Environmental, genetic (BRCA1/BRCA2), and 
lifestyle factors may influence the onset of BC. 

Approximately 20% to 30% of BC cases may be 
affected by modifiable factors (3).  
Treatment for BC often includes radiotherapy 
(RT), chemotherapy (CT), and hormonal therapy 
based on tumour stage, grade, and molecular 
subtype (4). RT kills malignant cells locally using 
high-energy photons or particles. Adjuvant 
radiation is used after mastectomy or lumpectomy 
to reduce cancer recurrence (5, 6). Cancer 
patients may react differently to RT. This diversity 
reflects the multiple genes and their interactions 
that influence radiation damage response. (7). 
The presence of radio-resistance remains a 
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significant barrier to improving treatment 
outcomes, leading to failure of RT, metastasis, 
recurrent tumours, and a negative prognosis. This 
challenge persists despite advancements in 
radiotherapy methods and the implementation of 
new treatment strategies (8). Radio-resistance 
may manifest via several mechanisms, mostly due 
to the tumour's heterogeneity and the surrounding 
microenvironment, as well as multiple gene 
modifications. One such alteration is the presence 
of the DNA-dependent recombinase RAD51 (9). 
DNA repair protein RAD51, also known as 
radiation-sensitive protein 51, participates in the 
cellular response to damaged DNA and is crucial 
for the repair of double-strand breaks (DSBs) by 
homologous recombination repair (HRR) (10). 
RAD51's interactions with proteins like p53, 
BRCA1, and BRCA2 suggest its possible role as 
a tumour suppressor. In contrast, certain tumours 
and cell lines exhibit increased RAD51 levels (11). 
RAD51 in BC has been focused on its expression 
level, which is linked favourably to lymph node 
metastases (12) as well as tumour size and grade. 
Since RAD51 is overexpressed in tumour cells, 
treatment resistance to RT and CT is facilitated by 
higher RAD51 levels. As a result, RAD51 is a very 
intriguing target for the treatment of 
resistant malignancies (13, 14). The common 
single-nucleotide polymorphisms (SNPs) in the 
RAD51 gene, such as 135 G>C (rs1801320), 
have been shown to impact the ability of DNA 
repair and may have a role in the development of 
BC (15, 16). Therefore, this systematic review 
aims to synthesise existing translational evidence 
on RAD51's role as a predictive biomarker and 
therapeutic target in breast cancer, particularly in 
the context of radiotherapy resistance. 
 
Main text 
Literature Search and Study Selection 
A comprehensive literature search was performed 
across PubMed, Scopus, Google Scholar, and 
IASJ databases to locate pertinent studies 
published from 2014 to 2024, following the PICO 
criteria (17). Combining keywords and Boolean 
operators created the search approach. For 
instance, PubMed searched for ("RAD51" AND 
"breast cancer" AND ("radiotherapy" OR 
"radioresistance" OR "radiosensitivity")). 
Searches ended on October 22, 2024. Language 

or research design filters were not employed. 
Repetitive data were eliminated utilising EndNote 
software, and further studies were discovered 
manually by reviewing reference lists. 
The review followed PRISMA 2020 guidelines (18) 
and was registered in PROSPERO 
(CRD42024569928). Although clinical 
investigations were prioritised in pre-registration, 
mechanistic and translational studies were 
needed to clarify biological observations and 
improve translational relevance during screening. 
This deviation was deemed essential because of 
the restricted access to solely clinical evidence 
concerning RAD51-mediated radioresistance. 
The selection of studies was conducted via a two-
phase screening process. In the first phase, two 
reviewers executed a separate screening of the 
titles and abstracts. In the second phase, a 
thorough evaluation of full-text articles was 
conducted to determine their eligibility. 
Disagreements were addressed through dialogue 
or by seeking the input of a third reviewer. 
Studies that fulfilled the designated criteria 
included clinical, translational, and experimental 
research evaluating RAD51 concerning BC 
susceptibility, biomarkers of RT responses or 
toxicities, or its potential as a therapeutic target 
(19). Articles, reviews, case reports, and research 
not in English or not focused on RAD51 or BC 
were omitted from consideration.  
 
Characteristics of Included Studies 
Through database searches, 216 records were 
found at first. After screening, 25 papers met the 
requirements for inclusion, as shown in Figure 1.  
The research used in this study was done in 
different countries and was published between 
2014 and 2024. The study designs encompassed 
experimental (n = 15), cohort (n = 6), and a hybrid 
of clinical-experimental methodologies (n = 4). 
The total number of BC patients across all clinical 
studies exceeded 4000. Most of them received 
radiation therapy. 
There were three main groups of studies: 
therapeutic modulation of RAD51 (n = 17), RAD51 
polymorphisms (n = 6), and predictive/prognostic 
biomarker assessment (n = 4). Tables 2–4 show 
all of the important details of the studies that are 
included. 
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Figure 1. PRISMA flow diagram of study selection 
 
Table 1 demonstrates an in-depth evaluation of 
quality across recognised domains. The 
methodological quality of the clinical studies was 
moderate. Many studies had good outcome 
assessment and eligibility criteria, but a 
retrospective design, limited sample size, and 
insufficient adjustment for confounding variables 

were major concerns. Domain-based evaluation 
categorised 22% of studies as low bias, 67% as 
moderate bias, and 11% as high bias. All studies 
had low outcome assessment bias (100%), low 
selective reporting bias (67%), and moderate 
33%. 

 
Table 1: Simplified risk-of-bias assessment for included cohort studies 

Author, Year 
Selection 
bias 

Outcome 
assessment bias 

Selective 
reporting bias 

Overall risk 

Goričar et al., 2022 (20) Low Low  Low  Low 
Söderlund et al., 2015 (21) Low  Low  Low  Low 
Ragudo et al., 2020 (22) Moderate  Low  Moderate  Moderate 
Qureshi et al., 2015 (23) Moderate  Low  Low  Moderate 
Smolarz et al., 2019 (24) Moderate  Low  Moderate  Moderate 
Al Zoubi et al., 2017 (25) High  Low Moderate Moderate–High 
Gasparini et al., 2014 (26) Moderate  Low  Low  Moderate 
Wiegmans et al., 2014 (27) Moderate Low Low Moderate 
Turdo et al., 2022 (28) Moderate Low  Low  Moderate 

 
Risk of bias was assessed using a simplified 
domain-based framework evaluating selection 
bias, outcome assessment bias, and selective 
reporting, owing to the variability in study designs. 
 
Therapeutic Modulation of RAD51 to Overcome 
Radioresistance 
By altering DNA repair pathways, RAD51 
targeting can boost BC's sensitivity to radiation, 
according to 17 studies. Table 2 illustrates the 
various ways in which the interventions affected 
RAD51 expression, stability, and function. 
Numerous studies have shown that suppressing 
RAD51 increases radiosensitivity and decreases 
HRR. Metformin, valproate, HPTA, melatonin, and 
Huaier extract reduce RAD51 levels, making BC 
cells more susceptible to RT and CT (29, 30, 31, 
32, 33). The suppression of RAD51-associated 
protein 1 (RAD51AP1) reduced RAD51 activity 
and tumour cell survival (34). A different 
mechanistic group studied the ubiquitin–
proteasome pathway, which stabilises RAD51. 
Perifosine treatment, ubiquitin-specific protease 7 

(USP7), and ubiquitin C-terminal hydrolase L3 
(UCHL3) suppression increased RAD51 
ubiquitination and degradation, decreasing HRR 
and increasing radiosensitivity (35, 36, 37). 
RAD51-foci formation was impeded by Cyclin D1 
inhibition, compromising DNA repair (38). 
In contrast, various studies have demonstrated 
that the stabilisation and overexpression of 
RAD51 enhance radioresistance. Studies indicate 
that pathways involving β1-integrin, DNA damage 
binding protein 2 (DDB2), and Myc/Sam68 can 
either enhance or inhibit RAD51 degradation, 
resulting in improved DNA repair and reduced 
sensitivity to radiation (28, 39, 40). The 
association of RAD51 overexpression with 
resistance to PARP inhibitors underscores its 
significance in treatment resistance (41). 
The data indicate that RAD51 appears to play a 
crucial role in regulating responses to radiation. 
While therapeutic approaches that sustain RAD51 
could lead to treatment resistance, those that 
decrease or degrade it increase radiosensitivity.  

 
 
 
 
Table 2: Characteristics of selected studies regarding RAD51 and therapeutic targets in breast 
cancer. 

Author, 
Year 

Country 
Study 
design 

Type 
of BC 
studie

d 

Method 
used 

Treatm
ent/ 

Expos
ure 

Statisti
cal 

metho
d 

Therapeut
ic target 

RAD5
1 

expre
ssion 

Main conclusion 

Ahmed et 
al., 2018 
(39) 

United 
States 

Experi
mental  

Human 
BC cell 
lines 

Western 
blot 

IR 
Student
’s t-test 

β1-
integrin 

High 

Elevated β1-integrin levels may 
increase tumour cell radioresistance by 
decreasing RAD51 breakdown via the 
RING1-mediated proteasomal 
pathway. 
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Choi et 
al., 2020 
(42) 

Korea 
Experi
mental  

Human 
TNBC 
cell 
lines 

Wester
n blot 

PBT 
Student
’s t-test, 
ANOVA 

 CHK1 Low 
Low CHK1 levels improved PBT efficacy 
in the treatment of TNBC by direct 
inhibition of RAD51  

Vogt et 
al., 2024 
(35) 

German
y 

Experi
mental  

Human 
TNBC 
cell 
lines 

IF RT 
Student
’s t-test. 

 USP7 Low 

Suppressing USP7 activity, in vivo and 
in vitro, resulted in reduced levels of 
RAD51. Thus, targeting USP7 may be a 
viable approach to counteract the 
resistance of BC to RT. 

Choi et 
al., 2019 
(38) 

Korea 
Experi
mental  

Human 
BC cell 
lines 

IF PBT 
Student 
t-test, 
ANOVA 

Cyclin D1 Low 
Cyclin D1 disruption prevented protons 
from establishing RAD51 foci in BC 
cells, improving PBT. 

Jia et al., 
2017 (43) 

China 
Experi
mental  

Human 
BC cell 
lines 

Western 
blot 

RT, 
CT 

Student
's t-test 

R-O2-
SWCNTs  

Low 

By lowering RAD51 expression, R-O2-
FA-CHI SWCNTs dramatically 
increased BC cell sensitivity to 
chemotherapy and radiation. 

Liu et al., 
2021 (29) 

China 
Experi
mental  

BC cell 
lines, 
animal 
models 

Western 
blot 

IR 
Student
's t-test 

VPA Low 

VPA suppressed RAD51 to 
radiosensitise BC cells. RAD51 excess 
was connected to BC carcinogenesis 
and poor prognosis. 

Luo et 
al., 2016 
(36) 

China 
Experi
mental  

Human 
BC cell 
lines 

Western 
blot 

IR, CT 

Student
’s 
t-test, 
ANOVA 

 UCHL3 High 

By upregulating RAD51, UCHL3 
overexpression in BC cell lines confers 
resistance to RT and CT. UCHL3 is a 
novel therapeutic target for therapy-
resistant BC. 

Song et 
al., 2019 
(37) 

United 
States 

Experi
mental  

TNBC 
cell 
lines, 
animal 
models 

IF IR 

Student
’s t-test, 
Chi-
square 

Perifosine Low 

Perifosine suppresses UCHL3 activity. 
By ubiquitinating HR-inhibiting RAD51, 
it makes TNBC cells more sensitive to 
CT and radiation. 

Ding et 
al., 2016 
(30) 

China 
Experi
mental  

Human 
BC cell 
lines 

Western 
blot 

IR 

Student
's t-test, 
linear 
regress
ion 

Trametes 
robiniophi
la 
Murr (Hu
aier)  

Low 

Huaier can enhance the sensitivity of 
BC cells to radiation and disrupt the HR 
pathway of DNA repair by reducing the 
expression of RAD51. 

Alonso-
González 
et al., 
2015 (31) 

Spain 
Experi
mental  

Human 
BC cell 
lines 

Real-
time 
PCR 

IR 
Student
’s t-test, 
ANOVA 

Melatonin Low 

Human BC cells treated with melatonin 
and radiation are more sensitive to RT 
because it down-regulates DSB repair 
proteins such as RAD51. 

Wiegman
s et al., 
2014 
 (27) 

Australia 
Experi
mental  

Human 
BC cell 
lines, 
animal 
models 

IHC, 
Wester
n blot 

NR 

Chi-
square, 
Student
’s t-test 

RAD51 High 

RAD51 is overexpressed during BC 
progression and metastasis. 
Suppressing RAD51 prevented cancer 
spread in vitro and tumour growth in 
vivo. RAD51 may be a metastatic 
TNBC biomarker and therapy target. 

Liu et al., 
2017 (41) 

China 
Experi
mental  

Human 
TNBC 
cell 
lines, 
animal 
models 

Western 
blot 

RT 

ANOVA
, Tukey 
or 
Sidak 
test 

 PARPi High 

BRCA1-mutant and BRCA1-wild-type 
TNBCs resist PARP inhibition. 
Targeting RAD51 may improve PARPi 
treatment, as increasing RAD51 
expression can overcome resistance. 

Lee et 
al., 2019 
(32) 

Korea 
Experi
mental  

Human 
TNBC 
cell 
lines, 
animal 
models 

IF, 
Wester
n blot 

IR, CT 
ANOVA
, post 
hoc test 

Metformin Low 

RAD51 downregulation by metformin 
increases the anticancer effects of 
chemo- and radiotherapy in vitro and in 
vivo, making it a new TNBC treatment 
target. 

Turdo et 
al., 2022 
(28) 

Italy 
Experi
mental  

Human 
BC cell 
lines, 

IF, IHC, 
Wester
n blot 

RT 
Student
's t-test 

Myc, 
Sam68, 
and 
RAD51 

High 

High Myc levels in BCSCs promote 
Sam68 and RAD51 expression in vivo 
and in vitro following RT. BC 
biomarkers Myc, Sam68, and RAD51 
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animal 
models 

are promising targets since treating 
them together reduces tumour growth. 

Zhao et 
al., 2019 
(40) 

China 
Experi
mental  

Human 
TNBC 
cell 
lines 

Western 
blot, IF 

NR 
Student
’s t-test 

 
DDB2 

High 

By stabilising RAD51 and inhibiting its 
ubiquitination, high DDB2 levels in 
TNBC cells increase resistance to RT 
and PARPi. DDB2 is a possible TNBC 
treatment target. 

Bridges 
et al., 
2020 (34) 

Georgia 
Experi
mental  

Human 
BC cell 
lines, 
animal 
models 

Wester
n blot 

IR, CT 
Student
’s t-test, 
ANOVA 

 
RAD51A
P1 

Low 

RAD51AP1 knockdown increased CT 
and radiation response by preventing 
RAD51 and BCSC self-renewal, 
proving that RAD51AP1 is necessary 
for BC formation and spread. 

Cai et al., 
2023 (33) 

China 
Experi
mental  

Human 
BC cell 
lines, 
animal 
models 

IF, IHC, 
Wester
n blot 

IR 

Student
’s t-test, 
post 
hoc test 

 HPTA Low 

Administration of HPTA is a potent 
radiosensitizer that significantly 
improves the effectiveness of RT in the 
treatment of BC, in vitro and in vivo, by 
reducing the activity of RAD51. 

BC=breast cancer, TNBC=triple-negative breast cancer, IF=immunofluorescence, IHC=immunohistochemistry, 
PBT =proton beam therapy, IR=ionizing radiation, RT=radiotherapy, CT=chemotherapy, CHK1= checkpoint 
kinase 1, USP7=ubiquitin specific protease 7, R-O2-SWCNTs=tombarthite-modified-single-walled carbon 

nanotubes, VPA=valproate, UCHL3=ubiquitin C-terminal hydrolase L3, PARPi= Poly ADP‐ribose polymerase 
inhibitors inhibitor, DDB2=DNA damage binding protein 2, RAD51AP1=RAD51-associated protein 1, HPTA =2-

hexyl-4-pentynoic acid, RING1=E3 ubiquitin-protein ligase, BRCA1= breast cancer gene 1, BCSCs =breast 
cancer stem cell 

 
RAD51 Polymorphisms and Clinical Outcomes 
Six cohort studies looked at the link between 
RAD51 polymorphisms and the risk of BC, as well 
as how different groups of patients responded to 
RT (Table 3). Studies focused the most on the 
variants rs1801320 (G>C) and rs1801321 (G>T), 
which were both linked to a higher risk of BC and 
radioresistance. In particular, the heterozygous 
genotype (GC) of rs1801320 has been linked to a 
higher risk of getting BC and a lower response to 
RT in several studies (20, 22, 23). Likewise, the 
rs1801321 was related to BC vulnerability and 
radiation resistance (20, 25). 
Other SNPs of RAD51, like rs2619679 and 
rs5030789, have been linked to BC and 
resistance to treatment. This shows how important 
RAD51 genetic variability is in the disease's 
progression (24). In addition, the rs12593359 
(T>G) polymorphism was linked to tumour 
recurrence and radiotoxicity in patients with 
HER2-positive BC (21). Most polymorphisms 

occur in the regulatory region of RAD51, 
enhancing its promoter activity, leading to RAD51 
overexpression, unregulated HRR, and genomic 
instability, which are associated with resistance to 
RT (16). Various studies yielded various results. A 
study found that the rs1801320 polymorphism 
was linked to higher radiosensitivity and a lower 
chance of local recurrence (21). This is different 
from other studies that found higher resistance. 
Several factors in the reviewed studies explain the 
disparities. For instance, sample sizes, ethnicities, 
treatments (radiation vs. control groups), and 
study methodologies varied. This variation may 
affect how RAD51 polymorphisms repair DNA and 
how they work in practice. The findings indicate 
that RAD51 polymorphisms contribute to 
individual variations in BC risk and the efficacy of 
RT responses. Nonetheless, the clinical 
applicability of these findings is constrained by the 
variability of the evidence. 

 
 

Table 3: Characteristics of selected studies related to RAD51 polymorphisms in breast cancer 
patients. 

Authors, 
Year 

Count
ry 

Sample 
size 

Study 
desig

n 

Type of 
BC 

studied 

Method 
used 

Treatm
ent 

Statistical 
method 

RAD51 SNP Main conclusion 

Goričar 
et al., 
2022 (20) 

Slove
nia 

101 
Coho
rt 
study 

HER2-
positive 
BC 
patient
s 

PCR-
SNP 

RT 
Chi-
square, 
odds ratio 

rs1801320 
(G>C), 

rs1801321 
(G>T), 

rs12593359(T>
G) 

RAD51 polymorphisms may 
cause RT side effects in HER2-
positive BC patients. They 
were linked to new primary 
tumours. 
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Söderlun
d 
et 
al.2015 
(21) 

Swed
en 

306 
Coho
rt 
study 

Early 
BC 
patient
s 

IHC RT 

Chi-
square, 
Cox’s 
regression 

135G>C 
(rs1801320) 

RAD51 135G>C polymorphism 
in BC patients who were G 
homozygotes exhibited high 
sensitivity to RT with a 
decreased risk of local 
recurrences. 

Ragudo 
et al., 
2020 (22) 

Philip
pines 

120 
Coho
rt 
study 

BC 
patient
s 

PCR-
RFLP 

NR Odds ratio 
135G>C 

(rs1801320) 

The RAD51 C/C genotype was 
identified as a separate and 
significant risk factor for the 
development of BC. Passive 
smokers with the RAD51 G/C 
genotype had a substantially 
elevated risk of BC. The 
RAD51 G/C genotype does not 
seem to elevate the risk of BC. 

Qureshi 
et al., 
2015 (23) 

Pakis
tan 

306 
Coho
rt 
study 

BC 
patient
s 

PCR-
RFLP 

RT 

Chi-
square, 
odds 
ratios 

135G>C 
(rs1801320) 

The heterozygous genotype 
(GC) of the RAD51 135 G/C 
polymorphism was associated 
with a greater risk of BC and 
radiation resistance. This 
genotype may independently 
predict BC risk in Pakistan. 

Smolarz 
et al., 
2019 (24) 

Polan
d 

600 
Coho
rt 
study 

BC 
patient
s 

Real-
time 
PCR 

untre
ated 

Chi-
square, 
odds 
ratios 

4719A/T 
(rs2619679), 

4601A/G 
(rs5030789) 

DNA repair genes, such as 
RAD51, and their variations, 
such as 4719A/T (rs2619679) 
and 4601A/G (rs5030789), may 
have a role in the development 
of breast cancer and resistance 
to therapy. 

Al Zoubi 
et al., 
2017 (25) 

Italy 39 
Coho
rt 
study 

BC 
patient
s 

DNA 
sequen
cing 

IR 
Chi-
square 

G172T 
(rs1801321) 

In an Italian population, a 
correlation was found between 
their susceptibility to BC and 
the 5'-UTR polymorphisms of 
HRR genes (RAD51 and 
XRCC3), which enhanced the 
risk of radioresistance. 

SNP=single nucleotide polymorphism, HER2= human epidermal growth factor receptor 2, PCR = polymerase chain 
reaction, RFLP = restriction fragment length polymorphism 

 
RAD51 as a Predictive and Prognostic Biomarker 
Four studies assessed the significance of RAD51 
as a predictive and prognostic biomarker in BC 
through a combination of clinical and experimental 
settings. The results consistently demonstrate a 
robust correlation between RAD51 expression 
levels, tumour behaviour, and treatment response 
efficacy, as illustrated in Table 4. 
Several studies have linked high levels of RAD51 
to tumour growth, spread, and resistance to 
radiation therapy. This suggests that HRR is more 
active and DNA repair is more effective (27, 28, 
44). This increase is a major cause of genomic 
instability and helps tumours survive longer when 
they are being treated. This increase makes it a 

better sign of aggressive disease and bad 
treatment outcomes (15).    On the other hand, 
lowering RAD51 levels has been shown to make 
tumour cells more sensitive to radiation and slow 
the tumour’s growth in both in vivo and in vitro 
models (26). The findings indicate that RAD51 
significantly influences therapy efficacy, with 
reduced RAD51 expression potentially indicating 
a favourable outcome.   Overall, the results 
indicate that RAD51 is a useful biomarker for 
predicting and prognosing BC. The expression 
indicates the aggressiveness of a tumour and its 
responsiveness to treatment. This study 
demonstrates its potential utility in treatment 
planning. 

 
Table 4: Characteristics of selected studies of RAD51 in breast cancer prediction and prognosis. 

Authors
, Year 

Country 
Sample 

size 
Study 
design 

Type of 
BC 
studied 

Method 
used 

Treat
ment 

Statis
tical 
meth
od 

Predictive/ 
prognostic 
biomarker 

RAD51 
expres
sion 

Main conclusion 
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Gaspar
ini et 
al., 
2014 
(26) 

United 
States 

365 

Cohort, 
experi
mental 
study 

TNBC 
patients, 
human 
BC cell 
lines 

cDNA 
Microar
ray 

IR 
Stude
nt's 
t-test 

RAD51 
inhibitor 
(miR-155) 

Low 

In vitro and in vivo settings, 
upregulation of miR-155 in 
breast cancer cells increased 
the susceptibility to radiation 
therapy by lowering RAD51 
levels. 

Marsde
n et al., 
2016 
(44) 

United 
States 

NR 
Experi
mental 
study 

Human 
BC cell 
lines 

IF IR NR 
RAD51 
G151D 

High 

Human breast cancer cells 
that expressed the RAD51 
G151D variant had higher 
homology-directed repair 
levels, which gave them 
resistance to IR. 

Wiegm
ans et 
al., 
2014 
(27) 

Australi
a 

235 BC 
patients, 
4 BC cell 
lines, 
female 
mice 

Cohort, 
experi
mental 
study 

BC 
patients, 
BC cell 
lines, 
animal 
models 

IHC, 
Wester
n blot 

NR 

Stude
nt’s t-
test, 
Chi-
squar
e 

RAD51 High 

RAD51 is upregulated 
throughout the development 
and metastasis of BC. 
Suppression of RAD51 
hindered the spread of cancer 
cells and decreased the size 
of the initial tumour in vitro 
and in vivo. RAD51 serves as 
a potential prognostic 
biomarker and target for 
therapy in metastatic TNBC. 

Turdo 
et al., 
2022 
(28) 

Italy 

211 BC 
patients, 
2 BC cell 
lines, 105 
female 
mice 

Cohort, 
experi
mental 
study 

BC 
patients, 
BC cell 
lines, 
animal 
models 

IF, IHC, 
Wester
n blot 

RT 
Stude
nt's 
t-test 

Myc, Sam68, 
RAD51 

High 

After RT, BCSCs with high 
Myc levels upregulate Sam68 
and RAD51 in vivo and vitro. 
By targeting Sam68 and 
RAD51, tumour development 
may be reduced, making Myc, 
Sam68, and RAD51 attractive 
BC biomarkers and targetable 
nominees. 

NR= not reported, cDNA= complementary DNA, miR-155=microRNA 155 

 
Limitations and Future Directions 
Several limitations must be acknowledged. First, 
in preclinical and translational experimental 
studies, methodologies and outcome definitions 
varied; hence, formal standardised tools for bias 
assessment were not used. We used a domain-
based evaluation strategy to provide consistent 
assessment across varied study designs, but such 
an approach may limit comparability with 
standardised appraisal tools. Second, the variety 
of study designs, patient demographics, outcome 
evaluations, and experimental frameworks initially 
prevented quantitative synthesis and meta-
analysis. Third, retrospective clinical research 
may reduce causality. The integrative synthesis 
provides a complete and biologically coherent 
view of radiation response and resistance 
molecular variables. Genetic association studies 
linked to radiation-based treatment should include 
additional cancer types and patients and have 
sufficient statistical power, given poor RAD51 
reporting and sample sizes. 
 
Overall Synthesis and Translational Implications 
The human RAD51 protein seems to be crucial as 
a recombinase in the HRR of the DSBs, which can 
occur due to DNA replication stress or various 

environmental influences, including CT, RT, and 
alkylating agents (10). RAD51 constructs helical 
nucleoprotein filaments on DNA through ATP 
utilisation and promotes the exchange of strands 
among homologous sequences (45). The 
disruption of RAD51 can lead to impaired HR and 
genomic instability, frequently observed in cancer 
cases like BC (46). 
This review presents a comprehensive synthesis 
of clinical, translational, and experimental 
evidence, illustrating that RAD51 functions as a 
molecular convergence point connecting DNA 
repair capacity, tumour progression, and 
treatment resistance. In the studies reviewed, a 
clear trend is observed: the modulation of RAD51 
expression has a direct impact on radiosensitivity, 
establishing it as both a potential biomarker and a 
target for therapy. 
The evidence suggests that lowering RAD51 
makes cells more sensitive to radiation through 
different pathways. Multiple experimental studies 
have shown that drugs like metformin, valproate, 
and HPTA accelerate the breakdown of RAD51 
through ubiquitin–proteasome pathways. This 
makes RAD51 less available and slows down 
HRR efficiency (29, 32, 33). This process leads to 
unrepaired DNA damage and makes BC cells 
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sensitive to RT and CT (47). Complementary 
mechanisms include stopping RAD51 from being 
transcribed and stopping RAD51-foci formation, 
which makes DNA repair less effective and 
improves treatment (34, 38, 43). These results 
point to the idea that blocking RAD51 is a 
biologically active way to overcome 
radioresistance, indicating that more RAD51 
diminishes the efficacy of treatments, highlighting 
its significance in two distinct aspects. Increased 
RAD51 levels enhance the efficiency of HRR, 
allowing tumour cells to rapidly repair IR-induced 
DNA damage. The noted overexpression could be 
linked to stabilisation pathways that prevent 
ubiquitination, possibly influenced by DDB2, or it 
might result from sharp gene expression triggered 
by DNA damage signalling (27, 28, 36, 40, 41). 
Further, β1-integrin signalling plays a vital role in 
preserving RAD51 stability and improving cellular 
radioresistance (39). This dual behaviour 
exemplifies the "RAD51 paradox," as it maintains 
genomic integrity under normal physiological 
conditions while also promoting tumour survival 
under therapeutic stress. This reveals that RAD51 
is not merely a passive biomarker; it actively 
influences the treatment efficacy. 
Genetic diversity and the dynamics of RAD51's 
expression profoundly affect its functional impact 
(45). Several cohort studies (20, 23, 25) have 
found that polymorphisms such as rs1801320 
(G>C) and rs1801321 (G>T) are connected to a 
higher risk of BC and how well RT works. Even so, 
the results were not the same, as certain 
genotypes showed more susceptibility to radiation 
in different trials (21, 22). The disparities found are 
probably because the study populations were of 
people of different races, had different sample 
sizes, and had different levels of RT exposure. A 
major translational problem is that it is challenging 
to use RAD51 polymorphisms as clinical markers. 
This shows how badly we need standardisation 
and full validation projects right now. The research 
shows that genetic differences in RAD51 affect 
how well people repair DNA and respond to 
treatment. This suggests that RAD51 variations 
may be important in the field of precision 
oncology.  
More studies support the prognostic and 
predictive value of RAD51. They show that higher 
levels of RAD51 expression are linked to tumour 
growth, metastasis, and poor treatment outcomes 
(27, 28, 44, 48, 49). Higher RAD51-mediated HRR 
activity helps cells survive after DNA damage, 
making them resistant to RT and CT. Instead, 
blocking RAD51, either directly or through 
regulatory molecules like miR-155, slows the 
growth of tumours and makes them more 
sensitive to radiation in vitro and in vivo models 
(26). These results point to RAD51 expression 
levels as a sign of tumour progression and 

treatment efficacy. This makes it an important 
clinical biomarker. 
Putting these results together gives us a clear 
idea: RAD51 controls how well DNA is repaired. 
When RAD51 is dysfunctional, it causes genomic 
instability and tumorigenesis (50). When it is 
hyperactive, it makes DNA repair easier and 
makes treatment less effective (51). This duality 
explains the clinical and experimental results in 
terms of how they work, which supports RAD51 
targeting in treatment methods. These findings 
are significant for clinical applications. RAD51 
expression and activity may be used to identify the 
benefit from RT or combination treatments. 
Second, targeting RAD51 for therapeutic 
purposes, either directly or through its regulatory 
pathways, may help overcome radioresistance 
(26). Third, using RAD51 manipulation along with 
PARP inhibitors may make therapy more effective 
by taking advantage of problems in the DNA repair 
system (4). 
 
Conclusion 
This systematic review shows RAD51's 
importance for BC growth, DNA repair, and the 
effectiveness of RT. When RAD51 levels are high, 
tumours grow faster, and treatment is harder. 
Downregulation makes cells more sensitive to 
radiation. This biomarker could be useful to 
predict BC and a target for treatment-resistant 
cases. Variations in RAD51, especially rs1801320 
and rs1801321, may affect the RT response and 
BC risk. However, confirmation is needed. More 
clinical studies are needed to confirm that RAD51 
expression and genetic variants can be used to 
predict patients and improve RT protocols. 
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