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Abstract 

Background DNA damage repair pathway genes are key components for maintaining genomic stability and are 
mainly associated with hereditary breast and ovarian cancer.

Methods The present study aimed to investigate the gene expression profile of DNA damage repair pathway genes, 
including BRCA1, BRCA2, ATM, TP53, CHEK2, MRE11, RAD50, BARD1, PALB2, and NBN, in hereditary breast and ovarian 
cancer patients using quantitative real-time PCR.

Results The study showed significant upregulation of most DNA damage repair genes in HBOC patients compared 
to controls, except MRE11, which was downregulated. Receiver operating characteristic (ROC) curve analysis revealed 
that MRE11 (p < 0.001), BRCA1 (p < 0.001), BRCA2 (p < 0.001), and PALB2 (p < 0.001) can be used as potential diagnostic 
biomarkers for hereditary breast and ovarian cancer. Spearman correlation analysis showed that RAD50 was signifi-
cantly associated with the BRCA1/2 mutation status (p = 0.05). Furthermore, bivariate analysis revealed a strong posi-
tive correlation between BARD1 gene expression and the expression of BRCA1, PALB2, and NBN genes. Kaplan–Meier 
survival analysis showed that reduces expression of the MRE11 gene was associated with better overall survival.

Conclusions The study findings may lead to a better understanding of the molecular mechanisms underlying 
hereditary breast and ovarian cancer, suggesting its role as a potential diagnostic and prognostic marker.
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Introduction
The escalating prevalence of breast cancer (BC) in India 
is a significant concern, with nearly 60% of cases diag-
nosed at an advanced stage. This increase in BC inci-
dence is attributed to various factors, including delayed 
healthcare-seeking behavior and challenges in early 
detection [1, 2]. Hereditary breast and ovarian cancer 
(HBOC) is a significant issue worldwide, with stud-
ies indicating that 5–10% of all breast cancer patients 
are genetically predisposed to cancers due to inher-
ited genetic mutations in specific genes such as BRCA1 
and BRCA2. The burden of breast and ovarian cancers 
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among Indian women is substantial, with breast cancer 
being the most prevalent [3, 4]. According to NCCN 
guidelines, pathogenic BRCA1/2 variants significantly 
increase cancer risk worldwide. The lifetime breast 
cancer penetrance ranges from 41 to 90%, with cumu-
lative risks of 72% for BRCA1 and 69% for BRCA2 by 
age 80. The cumulative ovarian cancer risk by age 70 is 
higher in BRCA1 carriers (48.3%) than in BRCA2 carri-
ers (20.0%), with pathogenic variants detected in 3.8%–
14.5% and 4.2%–5.7% of invasive ovarian cancer cases, 
respectively [5].

Beyond BRCA1 and BRCA2, the NCCN guidelines 
include non-BRCA genes in gene panels for HBOC, such 
as TP53, PTEN, CDH1, ATM, CHEK2, and PALB2. These 
genes are associated with an increased risk of breast and 
ovarian cancer, emphasizing the importance of compre-
hensive genetic testing [5]. BRCA1 and BRCA2 are tumor 
suppressor genes that play critical roles in maintain-
ing genomic integrity by inducing DNA double-strand 
breaks (DSB) via homologous recombination repair 
(HRR) [3]. In addition, DNA repair pathways maintain 
genetic stability through repair of DNA damage caused 
by endogenous or exogenous agents, and dysregulation 
of these pathways is associated with cancer progression 
[6, 7]. Various tumor suppressor genes facilitate DNA 
damage in DNA Damage repair (DDR) pathway, includ-
ing ATM, the MRE11-RAD50-NBN (MRN) complex, 
CHEK2, BARD1, BRCA1, BRCA2, and RAD51. These 
genes identify DNA breaks, activate cell cycle check-
points, and enable DNA repair mechanisms by main-
taining genomic integrity [8]. BARD1 is a crucial partner 
of BRCA1 for its stability in  vivo, and germline BARD1 
mutations have been reported in families with breast and 
ovarian cancer, highlighting other DNA repair genes [9]. 
Similar to BARD1, PALB2 serves as a partner and local-
izer of BRCA2, engaging with both BRCA1 and BRCA2, 
and participating in homologous recombination repair 
processes. Pathogenic mutations in PALB2 are associated 
with an increased risk of developing breast and ovarian 
cancer, similar to mutations in BRCA1 and BRCA2 [10].

Moreover, the cell cycle checkpoint kinases CHEK2 is 
downstream substrate of ATM, which act as the “central 
transducers” of the DDR by phosphorylating and stabi-
lizing TP53. It is important for regulating checkpoints 
properly and activation of DNA repair mechanism [6, 
11, 12]. Given its pivotal function in DDR, disruption of 
the ATM-CHEK2-TP53 complex may result in genomic 
instability, heightening the susceptibility to cancer devel-
opment, and is hypothesized to be a barrier against can-
cer initiation [13, 14]. The expression patterns of DNA 
repair genes provide significant prognostic and predic-
tive insights into various molecular subtypes of breast 
cancer. Specifically, certain genes, such as ATM and 

TOP2 A, have been correlated with patient outcomes and 
responses to treatment [15].

In addition to ATM-CHEK2-TP53, the MRN complex 
regulates the DNA damage response due to DSB, rep-
lication fork collapse, telomere dysfunction, and viral 
invasion [16, 17]. MRE11 serves as a vital constituent of 
the MRN complex involved in DSB repair. The nuclease 
activity of MRE11 is crucial for initiating ATM activation 
in response to DSBs. Additionally, the MRN complex 
facilitates the resection of DSB ends and promotes repair 
through HRR when non-homologous end joining (NHEJ) 
is stalled, with MRE11 nuclease activity playing a pivotal 
role in driving these events [18, 19]. Aberrant expres-
sion of MRN complex proteins, particularly in familial 
breast cancer and triple-negative tumors, correlates with 
high-grade tumors and poorer patient survival. Germline 
mutations in MRE11 have been proposed as novel candi-
date for susceptibility to breast cancer in non-BRCA1/2 
families [20].

These genes play a critical role in preserving genome 
integrity and mutations in these genes can increase the 
risk of tumorigenesis. Understanding the molecular 
mechanisms underlying BRCA1 and BRCA2 in main-
taining genome stability is imperative to added precise 
therapies and interventions for individuals susceptible 
to HBOC. DNA repair pathways, especially BRCA1 and 
BRCA2, play crucial roles in HBOC. Targeting these 
genes is promising for enhancing treatment and patient 
outcomes [8, 21]. Moreover, the DDR pathway has 
emerged as a valuable diagnostic and therapeutic tar-
get in breast and ovarian cancers [22, 23]. DNA repair 
proteins and DDR gene expression in peripheral blood 
show promise as minimally invasive biomarkers for early 
detection and prognosis [24]. Their role in genomic sta-
bility, immune interactions, and therapeutic response 
highlights their potential in personalized cancer treat-
ment [25]. In our previous study, we identified patho-
genic mutations in BRCA1, BRCA2, BRIP1, TP53, ATM, 
and PALB2, with BRCA1/2 mutations being the primary 
contributors to hereditary breast and ovarian cancers in 
our cohort [4]. To further understand the role of DDR 
pathway genes in our population, we investigated the 
expression profiles of DDR pathway genes in hereditary 
breast and ovarian cancer patients.

Materials and methods
Sample collection
This study enrolled 63 patients with HBOC and 41 age-, 
sex-, and ethnically matched healthy controls without 
a family history of cancer. All the participants provided 
written informed consent. This study was approved by 
the Institutional Ethical Committee and Institutional 
Review Board of the Gujarat Cancer and Research 
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Institute. The exclusion criteria included secondary pri-
mary malignancies, other hormonal illnesses, HIV/
HBsAg/HCV-positive status, and pregnancy. Clinical 
data, including age, sex, disease site, TNM stage, and his-
topathological findings, were obtained from the Medi-
cal Records Department. Patients were followed up for a 
minimum of three years for survival analysis.

RNA extraction and cDNA synthesis
Total RNA was extracted from Peripheral Blood cells 
(PBCs) samples using a QIAamp RNA Blood Mini Kit 
(QIAGEN, Germany). The extracted RNA was quanti-
fied using a Qubit 3.0 fluorometer (Thermo Fisher Scien-
tific, US). cDNA was synthesized from 1 μg of total RNA 
using the High-Capacity cDNA Reverse Transcription 
Kit (Applied BioSystems, Thermo Fisher Scientific, US) 
in a 20 μl reaction volume, according to the manufactur-
er’s instructions. The synthesized cDNA was stored at − 
80 °C until further use.

Quantitative real‑time PCR (qPCR)
Gene expression analysis of DDR pathway genes was 
performed by quantitative PCR (qPCR). Target genes 
included BRCA1, BRCA2, ATM, TP53, CHEK2, MRE11, 
RAD50, BARD1, PALB2, and NBN. β-ACTIN was used as 

the housekeeping gene. The primers used for the amplifi-
cation are listed in Table 1.

The qPCR reaction included 50 ng of cDNA sample, 
0.2 μmol of primer, and QuantiNova™ SYBR® Green 
PCR (2X) Master Mix, and was performed on an AriaMx 
Real-Time PCR System. Cycling conditions involved heat 
activation at 95 °C for 2 min, followed by denaturation at 
95 °C for 5 s, annealing/extension at 60 °C for 10 s for 40 
cycles, and a melt curve analysis from 65 °C to 95 °C.

Data analysis
Relative mRNA expression levels of target genes were 
calculated using the  2−ΔΔCt method [33]. Melt curve 
analysis confirmed the presence of a single intact PCR 
product, indicating specific amplification without non-
specific products.

Statistical analysis
To assess the normality of the data, the Kolmogorov–
Smirnov test was performed using SPSS v27.0 software. If 
the p-value was less than 0.05, indicating non-normality, 
the non-parametric Mann–Whitney U test was employed 
for data analysis. The data are shown as the mean of the 
Fold change values to represent differential gene expres-
sion, patients having gene expression > 1.5-Fold-change 
value were considered to be up-regulated and patients 

Table 1 List of Gene-Specific Primers Used for Real-Time PCR

Gene Primer sequence (5’− 3’) Amplicon length (bp) Ref. or gene Accession no

β-ACTIN F ATT GGC AAT GAG CGG TTC 70 NM_001101.5 [26]

R CGT GGA TGC CAC AGG ACT 

BRCA1 F CTG AAG ACT GCT CAG GGC TATC 155 NM_007294.4 [27]

R AGG GTA GCT GTT AGA AGG CTGG 

BRCA2 F AGC CCT TTG AGA GTG GAA GTG 70 NM_000059.4

R TGA GAC CAT TCA CAG GCC AA

ATM F CTC TGA GTG GCA GCT GGA AGA 129 NM_000051.4

R TTT AGG CTG GGA TTG TTC GCT 

TP53 F GGA GCC GCA GTC AGA TCC TAG 100 NM_000546.6 [28]

R CAA GGG GGA CAG AAC GTT G

CHEK2 F CCC AAG GCT CCT CCT CAC A 81 NM_007194.4 [29]

R AGT GAG AGG ACT GGC TGG AGTT 

MRE11 F CTT GTA CGA CTG CGA GTG GA 285 NM_005591.4 [30]

R TTC ACC CAT CCC TCT TTC TG

RAD50 F GCG GAG TTT TGG AAT AGA GGAC 185 NM_005732.4 [31]

R GAG CAA CCT TGG GAT CGT GT

BARD1 F TGC AGC CAA GAA TGG GCA TGTG 145 NM_000465.4

R CTT CTC TGG TAG CAG CAA TAGCG 

PALB2 F ATT GTG AAC CAC TTT TGC CAACT 130 NM_024675.4

R TTT TGA TGA CGA CTT TTC TTC CCT T

NBN F ATG GAG GCC ATA TTT CCA TGAC 152 NM_002485.5 [32]

R CAA GCA GCC AGA ACT TGG AAG 
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having gene expression < 1.5-Fold change values were 
considered to be down-regulated. Furthermore, receiver 
operating characteristic (ROC) curve analysis was con-
ducted using MedCalc software version 20 to develop a 
combination model of genes identified as potential bio-
markers, demonstrating their diagnostic capabilities. 
Pearson’s chi-square test was used to examine the cor-
relation between various clinicopathological parameters 
and gene expression. Kaplan–Meier analyses were con-
ducted to determine patient survival rates, with statisti-
cal significance considered at a p-value below 0.05 for the 
tests. The gene correlation matrix and cluster analysis of 
the normalized gene expression values for each sample 
were plotted using SRplot [34].

Results
Clinical and pathological features of HBOC patients
The present study analyzed the clinicopathological char-
acteristics of 63 patients with HBOC. The median age at 
diagnosis was 45 years (range: 24–64), with 54.14% of the 
patients had early onset cancer. Most patients (88.89%) 
had breast cancer and 60.32% were postmenopausal. The 
majority of patients had a family history of breast can-
cer (66.67%), followed by those with a history of ovar-
ian cancer, combined breast and ovarian cancer, and/or 
other early-onset cancers. Histologically, invasive ductal 
carcinoma was the most common breast cancer subtype 
(79.37%), while serous papillary cystadenocarcinoma 
was the predominant ovarian cancer subtype (7.94%). 
The breast cancer molecular subtypes were Luminal A 

(28.57%), Luminal B (20.63%), triple-negative (30.16%), 
and HER2-enriched (11.11%). Moreover, the majority of 
patients presented with advanced-stage disease (57.14%) 
compared to early-stage disease (42.86%), and distant 
metastases were observed in 38.10% of the cohort. More 
than half of the patients (55.56%) had pathogenic variants 
in the BRCA1 or BRCA2 genes (Fig. 1).

Differential gene expression of DDR pathway genes 
in HBOC Patients
In total, 63 HBOC blood samples were analyzed for gene 
expression by qPCR. Mann–Whitney U test revealed that 
the majority of DDR pathway genes exhibited signifi-
cantly different expression levels between HBOC patients 
and healthy controls. Significant upregulation of BRCA1 
(p < 0.0001), BRCA2 (p < 0.0001), ATM (p < 0.0001), TP53 
(p < 0.0001), CHEK2 (p < 0.0001), PALB2 (p < 0.0001), 
NBN (p < 0.0001), RAD50 (p < 0.0001), and BARD1 (p < 
0.0001) was observed in PBCs from HBOC patients 
compared to controls (Fig.  2A). In contrast, MRE11 (p 
< 0.0001) was significantly downregulated in HBOC 
patients compared to controls. Additionally, the cluster 
gram revealed a distinct pattern of DDR gene expression 
between HBOC patients and controls. (Fig. 2B).

Receiver operating characteristic (ROC) curves analysis 
of DDR pathway genes
ROC) curve analysis was employed to evaluate the diag-
nostic power of biomarkers to distinguish between 
HBOC patients and controls. Besides ATM, all the 

Fig. 1 Clinical and pathological details of HBOC patients.*Excluded Ovarian Cancer patients
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genes of the DDR pathway significantly discriminated 
between HBOC patients and controls, most notably 
MRE11 with an Area Under Curve (AUC) of 0.911 (95% 
CI, 0.847–0.955), BRCA1 with an AUC of 0.819 (95% CI, 
0.740–0.882), BRCA2 with an AUC of 0.808 (95% CI, 
0.728–0.872), and PALB2 with an AUC of 0.805 (95% 
CI, 0.726–0.871). Moreover, ROC analysis of the other 
genes did not show a great discriminatory capacity (AUC 
< 0.80) (Table 2). The AUC, sensitivity, and specificity of 
the gene are plotted and shown in Fig. 3(A) and (B).

Correlation of DDR pathway genes with clinicopathological 
parameters
According to the results of the Pearson correlation anal-
ysis, the expression of RAD50 (χ2 = 3.823, p = 0.051, r = 
0.246) was significantly associated with BRCA1/2 muta-
tion status. A significant positive correlation was found 

Fig. 2 Expression of DDR Pathway genes in HBOC patients. A The bar graph illustrates differential expression analysis of DDR pathway genes, 
with values representing the mean Fold Change ± SEM in HBOC patients compared to controls (B) Cluster gram of DDR Gene expression in HBOC 
patients and controls

Table 2 AUC, sensitivity and specificity of DDR pathway genes

Gene Name AUC 95% CI Sensitivity Specificity p value

MRE11 0.911 0.847 to 0.955 82.5 98.4  < 0.001

BRCA1 0.819 0.740 to 0.882 68.3 95.2  < 0.001

BRCA2 0.808 0.728 to 0.872 81.0 81.0  < 0.001

PALB2 0.805 0.726 to 0.871 81.0 77.8  < 0.001

RAD50 0.770 0.687 to 0.840 53.9 96.8  < 0.001

CHEK2 0.763 0.680 to 0.835 69.8 85.7  < 0.001

NBN 0.755 0.671 to 0.827 68.3 87.3  < 0.001

TP53 0.746 0.661 to 0.819 69.8 82.5  < 0.001

BARD1 0.654 0.564 to 0.737 74.6 60.3 0.002

ATM 0.545 0.454 to 0.634 33.3 95.2 0.411
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between a family history of cancer and the expression of 
TP53 (χ2 = 8.767, p = 0.033, r = 0.013) and CHEK2 (χ2 = 
8.617, p = 0.035, r = 0.106). Conversely, a family history 
of cancer was significantly negatively associated with the 
expression of PALB2 (χ2 = 7.672, p = 0.053, r = − 0.045), 
RAD50 (χ2 = 17.116, p < 0.001, r = − 0.060), and BARD1 
(χ2 = 14.085, p = 0.003, r = − 0.007). Furthermore, MRE11 
expression (χ2 = 5.114, p = 0.024, r = 0.430) was signifi-
cantly and positively associated with the histopathologi-
cal diagnosis of breast cancer. The expression levels of 
other DDR pathway genes, including BRCA1, BRCA2, 
NBN, ATM, and BARD1, were not significantly associ-
ated with any of the clinicopathological parameters ana-
lyzed in the HBOC cohort.

An inter correlation of DDR pathway genes
Bivariate correlation analysis was conducted to explore 
the relationships between the expression levels of vari-
ous DDR pathway genes in HBOC patients. Pearson cor-
relation coefficients between the fold-change values of 
these genes were calculated and are presented in Fig. 4. 
According to the results of Pearson correlation analy-
sis, BRCA1 expression showed a strong positive cor-
relation with NBN (r = 0.854, p < 0.01) and BARD1 (r = 
0.816, p < 0.01). BRCA2 expression was highly positively 
correlated with CHEK2 expression (r = 0.889, p < 0.01). 
TP53 was strongly positively correlated with BARD1 (r = 
0.934, p < 0.01) and strongly correlated with PALB2 (r = 
0.743, p < 0.01). PALB2 showed a strong positive correla-
tion with NBN (r = 0.825, p < 0.01) and NBN was strongly 

correlated with BARD1 (r = 0.845, p < 0.01). These strong 
positive correlations suggest potential co-regulation or 
shared pathways among the key DDR genes in HBOC. 
However, ATM exhibited the weakest and least signifi-
cant associations with other DDR pathway genes.

Overall survival (OS) analysis of DDR pathway genes
Univariate survival analysis using the Kaplan–Meier 
method was performed on 63 HBOC patients with ≥ 36 
months of follow-up to assess the prognostic significance 
of DDR pathway gene expression. Survival probabilities 
were calculated based on dichotomized expression levels 
(high vs. low) for each gene, and log-rank tests were used 
to evaluate differences between the groups. Low MRE11 
expression correlates with better survival, whereas high 
MRE11 expression is linked to shorter overall survival 
(log rank = 8.901, p = 0.003) (Fig. 5). The mean survival 
time of patients with upregulated MRE11 had a mean 
survival time of 30.0 months, whereas those with down-
regulated MRE11 had a mean survival of 34.81 months. 
No other DDR genes were found to be significantly asso-
ciated with overall survival in patients with HBOC.

Discussion
The DDR pathway is crucial for HBOC development. 
This complex network in cells coordinates the discov-
ery, signaling, and fixing of different DNA damage types, 
such as DSBs single-strand breaks and DNA crosslinks 
[35]. The DDR pathway functions well in maintain-
ing healthy genes and preventing cancer changes [11]. 

Fig. 3 Receiver operating characteristic (ROC) curves of DDR pathway genes in HBOC patients. A ROC curves for BRCA1, BRCA2, PALB2, BARD1, 
and RAD50 (B) ROC curves for ATM, TP53, MRE11, NBN, and CHEK2, illustrating their sensitivity and specificity to assess their diagnostic performance 
in HBOC patients. Area under the curve (AUC) values were calculated to evaluate the predictive accuracy of each gene in HBOC patients
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HBOC is mainly caused by inherited mutations/altera-
tions in BRCA1 and BRCA2, which are important com-
ponents of the DDR system. These tumor suppressor 
genes help to repair DNA through HR, and sudden mal-
functions can cause gene instability, which can lead to 
cancer changes and tumor growth [36]. In addition to 
BRCA1 and BRCA2, changes in other DDR genes such as 
TP53, PALB2, and ATM are also associated with HBOC 
risk [35].

ATM is a key kinase activated by DSBs, which initiates 
the genome maintenance pathway. The MRN complex, 
which is the primary sensor that detects and signals the 
presence of DSBs, activates the DDR pathway cascade 
[37]. Additionally, ATM induces the phosphorylation of 
CHEK2 and TP53 to control cell cycle arrest at the G1/S 
checkpoint and facilitates DNA repair, which can even-
tually induce senescence or apoptosis [36]. Other genes 
of the DDR pathway, such as RAD51, RAD52, PALB2 (a 

Fig. 4 Inter correlation of DDR pathway genes in HBOC patients. *p < 0.05, **p < 0.01 

Fig. 5 Kaplan–Meier univariate survival analysis of MRE11 in HBOC 
patients
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BRCA2 binding partner), and BARD1 (a BRCA1 locali-
zation partner), play crucial roles in HR-mediated DNA 
repair mechanism, and defects in these genes can con-
tribute to genomic instability [38].

Moreover, DDR genes form complex regulatory net-
works with the HRR and NHEJ pathways to maintain 
genomic stability. Within the HRR pathway, BRCA1 and 
BRCA2 form functional complexes with RAD51, enabling 
precise repair of DNA double-strand breaks [39, 40]. 
Upstream regulation occurs through the ATM/ATR  sign-
aling cascade, where ATM-mediated phosphorylation 
modifies various targets, including BRCA1 and TP53, 
following DSB detection [41]. Emerging research high-
lights that compromised function in these pathways cre-
ates vulnerabilities that can be targeted therapeutically, 
as demonstrated by PARP inhibitor efficacy in BRCA-
deficient tumors [42, 43]. The synergistic nature of DDR 
pathways is evident through studies showing that simul-
taneous ATM and TP53 dysfunction leads to more rapid 
tumor development than isolated mutations in either 
pathway [14, 44]. Therefore, elucidating the role of DDR 
pathway genes in HBOC will provide an understanding 
of the molecular mechanisms related to these genes and 
aid in the development of tailored therapies for HBOC.

The current study aimed to assess the mRNA expres-
sion levels of key DDR pathway genes in the PBCs of 
HBOC patients compared to healthy controls. Several 
studies have shown the utility of conducting mRNA 
expression or transcriptome analysis from PBCs as a 
non-invasive approach to detect gene expression pat-
terns with high sensitivity and reliable diagnostic per-
formance [45, 46]. Moreover, various studies have shown 
that gene expression in PBCs reflects early breast can-
cer development, supporting its use in early detection 
[47–49]. Additionally, mRNA expression levels of DNA 
repair and methylation-related genes in PBCs have been 
associated with cancer risk [50, 51]. The findings of our 
study indicate that the mRNA expression of most key 
DDR pathway genes, including BRCA1, BRCA2, ATM, 
TP53, CHEK2, RAD50, BARD1, PALB2, and NBN, were 
significantly upregulated in the PBCs of HBOC patients 
compared to healthy controls. Conversely, the expres-
sion of MRE11 was significantly downregulated in the 
PBCs of HBOC patients compared to healthy controls. 
Our findings indicate a significant upregulation of DDR 
pathway genes in HBOC patients, which contrasts with 
the expected DDR deficiency typically associated with 
HRR defects. This upregulation may reflect a compen-
satory response to persistent genomic instability, where 
increased DDR gene expression in peripheral blood 
could be an attempt to counteract DNA damage [24, 52]. 
Similar patterns have been reported in other malignan-
cies, where systemic DDR activation is linked to immune 

signaling and stress response pathways [25, 53]. Moreo-
ver, some studies have shown the upregulation of BRCA1 
and BRCA2 in breast and ovarian cancers, which aligns 
with our findings [54–56]. According to Panera, N et al., 
2022, TP53 upregulation along with BRCA1and BRCA2 
is important for prognosis and therapeutic response in 
breast cancer patients [45]. Apart from BRCA1/2, vari-
ous studies have supported the upregulation of the MRN 
complex, which includes MRE11, RAD50, and NBN 
genes in different malignancies [57, 58]. However, Poncet 
et al., 2008 found downregulation of MRE11 and RAD50 
in B-chronic lymphocytic leukemia patients, which aligns 
with our findings [59]. MRE11 deficiency leads to spon-
taneous chromosomal breaks and genome aberrations, 
contributing to cellular senescence and increased can-
cer risk [60]. Furthermore, several studies have shown 
that ATM expression is downregulated in breast cancer, 
which may contribute to the optimal response to PARP 
inhibitor treatment [61, 62]. However, ATM gene expres-
sion varies across different cancer types, ATM mRNA 
expression is significantly higher in colorectal cancer [63] 
and cisplatin-resistant lung cancer cells [64]. In addition 
to breast cancer, DDR pathway genes have been associ-
ated with various hereditary cancer syndromes such as 
pancreatic, colon, and gastric cancers [65]. Tumor sup-
pressor genes like TP53, play key roles in immune regula-
tion, apoptosis, and inflammation, leading to detectable 
systemic changes in PBMCs. These changes may reflect 
immune activation, tumor-host interactions, or systemic 
inflammation, supporting the rationale for analyzing 
TSG expression in blood [66, 67]. Emerging evidence 
suggests that primary tumors influence peripheral blood 
early by shedding neoplastic cells, serves as a non-inva-
sive approach to investigating cellular heterogeneity, 
resistance mechanisms, and therapeutic targets in cancer 
[68, 69]. However, further validation using tumor tissue 
expression analysis, cfDNA profiling, or functional assays 
is necessary to determine whether this observed upregu-
lation is a biological adaptation or a potential diagnostic 
biomarker for HBOC.

In our study, we found a significant positive correla-
tion between a family history of cancer and the mRNA 
expression of TP53 and CHEK2. However, a family his-
tory of cancer was significantly negatively associated with 
PALB2, RAD50, and BARD1 expression levels. In con-
trast, Kurian et  al., 2021 found that mutations in breast 
cancer susceptibility genes, including TP53, CHEK2, 
PALB2, RAD50, and BARD1, were not associated 
with family cancer history [70]. Furthermore, mRNA 
expression of RAD50 was significantly associated with 
BRCA1/2 mutation status. In contrast, BRCA1-associ-
ated cancers have lower nuclear RAD50 expression [71]. 
In BRCA  wild-type ovarian cancers, RAD50 deletion was 
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associated with better overall survival and progression-
free survival and could be used as a prognostic marker 
and linked to a better response to PARP inhibitor ther-
apy [72]. Additionally, the present study revealed a posi-
tive correlation between MRE11 expression and invasive 
ductal carcinoma (IDC), whereas Alblihy A et  al., 2022 
noted high MRE11 expression was associated with high-
grade, advanced-stage serous cystadenocarcinoma [17]. 
In the present study, no statistically significant correlation 
was observed between the expression levels of other DDR 
pathway genes, such as BRCA1, BRCA2, NBN, ATM, and 
BARD1, and any of the clinicopathological characteris-
tics analyzed in the present study. Comparably, Harahap 
et al., 2018 showed no statistically significant association 
between the mRNA expression of BRCA1 and clinico-
pathological parameters such as estrogen receptor, pro-
gesterone receptor, and KI 67 expression [73]. A study by 
Alblihy A et al., 2022 found a strong positive correlation 
between MRE11, RAD50, and NBN in ovarian cancer 
[17]. In contrast, we found that the mRNA expression 
of NBN was strongly and positively correlated with the 
expression of BRCA1, PALB2, and BARD1. In addition, 
we found that CHEK2 expression was strongly associated 
with BRCA2 expression, and that BARD1 expression was 
positively correlated with BRCA1 expression. E3 ubiq-
uitin ligase activity of BARD1 and BRCA1 heterodimers 
facilitates their interaction with other DDR proteins via 
the HR [74].

Furthermore, ROC curve analysis indicated that the 
mRNA expression of most DDR pathway genes, mainly 
MRE11, BRCA1, BRCA2, and PALB2, could significantly 
discriminate between HBOC patients and controls. 
Herein, the AUC value of these DDR pathway genes 
showed potential utility as sensitive and specific markers 
in HBOC patients and can be used as diagnostic markers. 
A study by Ge O et al., 2021 found similar observations in 
different malignancies, which showed that higher expres-
sion of PALB2 in Pancreatic ductal adenocarcinoma 
could be an additional diagnostic marker [75]. According 
to Li L et al., 2024, a significant difference in the expres-
sion of BRCA1 was observed between BRCA -associated 
breast cancer tissue and normal breast cells, which may 
act as a predictive marker in the disease [76]. Yang, C 
et al., 2017 reported that there were no studies have spe-
cifically identified the role of MRE11 expression could be 
diagnostic marker in breast cancer [77]. It is interesting to 
note that reduced MRE11 expression has been associated 
with better prognosis in various cancers, which showed 
that loss of MRE11 may act as a tumor suppressor and 
increased genomic instability [78, 79]. Furthermore, loss 
of MRE11 can enhance sensitivity of cancer cells to DNA 
damaging agents like radiation therapy and PARP inhibi-
tors [80]. We found a significant correlation between 

reduced MRE11 expression was associated with better 
survival, while higher MRE11 expression was associated 
with poor overall survival. Our finding suggesting its 
potential role as a prognostic marker for various cancers, 
including HBOC. In addition, we did not find any signifi-
cant correlations between other DDR pathway genes and 
OS. While, MRE11 expression is strongly associated with 
overall survival and functions as a prognostic marker in 
various cancers, such as Colorectal Cancer [81], Gastric 
Cancer [82], Bladder Cancer [83], and Ovarian cancer 
[17]. For instance, patients with genetic mutations and 
comprehensive testing (e.g., NGS) can be used to identify 
pathogenic variants, with functional validation assess-
ing their impact on DDR pathways. Targeted therapies, 
such as PARP inhibitors for BRCA1/2 mutations and risk 
assessment with genetic counselling, can provide precise 
diagnosis, early detection, and personalized treatment 
strategies [84]. Due to the low prevalence of HBOC, this 
study was conducted in modest sample size, ensuring sta-
tistical robustness through data normalization test and 
various statistical analysis. Despite the modest sample 
size, significant trends were observed, warranting further 
validation in larger cohorts.

The key findings of the current study show upregula-
tion of all DDR genes except MRE11 expression. DDR 
gene upregulation is linked to cellular responses to DNA 
damage, whereas MRE11 loss is associated with homolo-
gous recombination deficiency (HRD) and compromised 
DNA repair. Mutations in BRCA1/2, the main drivers 
of HBOC, may elevate breast cancer risk. Additionally, 
high MRN complex expression is associated with poor 
prognosis, treatment resistance, and poor therapeutic 
response in various cancers. However, Future investiga-
tions will utilize comprehensive gene panels and RNA 
sequencing analysis to expand upon these findings. This 
approach will enable the identification of additional bio-
markers and genetic variants, while providing detailed 
transcriptomic data. The resulting insights will advance 
our understanding of HBOC development and rein-
force the clinical relevance of the DDR pathway genes. 
Subsequent investigations have integrated these tech-
nological platforms to validate and extend the present 
observations.

Conclusion
The study emphasizes the fundamental role of the DDR 
pathway in the pathogenesis of HBOC, highlighting 
the upregulation of key DDR genes in HBOC patients. 
MRE11 Expression may serve as a diagnostic and prog-
nostic marker for HBOC. These findings contribute to 
a better understanding of the molecular mechanisms 
underlying HBOC and suggest potential diagnostic 
markers and prognostic targets. Due to modest sample 
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size, further studies with larger cohorts may shed light 
on their functional implications and highlight their 
potential as diagnostic or prognostic markers in HBOC.

Abbreviations
BC  Breast Cancer
HBOC  Hereditary breast and ovarian cancer
DSB  DNA double-strand breaks
HRR  Homologous recombination repair
DDR  DNA Damage repair
PBCs  Peripheral Blood Cells
NHEJ  Non-homologous end joining
qPCR  Quantitative Real-Time PCR
ROC  Receiver operating characteristic
AUC   Area Under Curve
OS  Overall survival
IDC  Invasive ductal carcinoma
PFS  Progression free survival
HRD  Homologous recombination deficiency

Acknowledgements
We would like to sincerely acknowledge and thank the patients and their 
families for their consent and participation in the study. We are grateful to The 
Gujarat Cancer & Research Institute (GCRI) to carried out the study.

Authors’ contributions
B.T. and F.S. designed the computational framework and analysed the data. 
B.T. carried out the implementation and wrote the manuscript with input from 
both authors. F.S. reviewed the data and oversaw overall direction and plan-
ning to shape the research, analysis, and manuscript. Both authors read and 
approved the final manuscript.

Funding
Not applicable.

Data availability
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The present study was approved by The Institutional Review Board Committee 
(IRB) of The Gujarat Cancer & Research Institute (EC/BHR/10/2022) and was 
conducted in accordance with the Declaration of Helsinki. Informed consent 
was obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 September 2024   Accepted: 3 April 2025

References
 1. Mehrotra R, Yadav K. Breast cancer in India: Present scenario and the 

challenges ahead. World J Clin Oncol. 2022;13(3):209–18.
 2. McDonald JA, Rao R, Gibbons M, Janardhanan R, Jaswal S, Mehrotra R, 

Pandey M, Radhakrishnan V, Ramakant P, Verma N, et al. Symposium 
report: breast cancer in India-trends, environmental exposures and 
clinical implications. Cancer Causes Control. 2021;32(6):567–75.

 3. Yoshida R. Hereditary breast and ovarian cancer (HBOC): review of its 
molecular characteristics, screening, treatment, and prognosis. Breast 
Cancer. 2021;28(6):1167–80.

 4. Kadri MSN, Patel KM, Bhargava PA, Shah FD, Badgujar NV, Tarapara BV, 
Patel PS, Shaikh MI, Shah K, Patel A, et al. Mutational Landscape for Indian 
Hereditary Breast and Ovarian Cancer Cohort Suggests Need for Identify-
ing Population Specific Genes and Biomarkers for Screening. Front Oncol. 
2020;10: 568786.

 5. Daly MB, Pal T, Berry MP, Buys SS, Dickson P, Domchek SM, Elkhanany 
A, Friedman S, Goggins M, Hutton ML et al: Genetic/Familial High-Risk 
Assessment: Breast, Ovarian, and Pancreatic, Version 2.2021, NCCN 
Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw. 2021, 
19(1):77–102.

 6. Li LY, Guan YD, Chen XS, Yang JM, Cheng Y. DNA Repair Pathways in 
Cancer Therapy and Resistance. Front Pharmacol. 2020;11: 629266.

 7. Clementi E, Inglin L, Beebe E, Gsell C, Garajova Z, Markkanen E. Persistent 
DNA damage triggers activation of the integrated stress response to 
promote cell survival under nutrient restriction. BMC Biol. 2020;18(1):36.

 8. Sadeghi F, Asgari M, Matloubi M, Ranjbar M, Karkhaneh Yousefi N, Azari 
T, Zaki-Dizaji M. Molecular contribution of BRCA1 and BRCA2 to genome 
instability in breast cancer patients: review of radiosensitivity assays. Biol 
Proced Online. 2020;22:23.

 9. Prakash R, Zhang Y, Feng W, Jasin M. Homologous recombination and 
human health: the roles of BRCA1, BRCA2, and associated proteins. Cold 
Spring Harb Perspect Biol. 2015;7(4): a016600.

 10. Roy R, Chun J, Powell SN. BRCA1 and BRCA2: different roles in a common 
pathway of genome protection. Nat Rev Cancer. 2011;12(1):68–78.

 11. Pilie PG, Tang C, Mills GB, Yap TA. State-of-the-art strategies for 
targeting the DNA damage response in cancer. Nat Rev Clin Oncol. 
2019;16(2):81–104.

 12. Altieri F, Grillo C, Maceroni M, Chichiarelli S. DNA damage and repair: from 
molecular mechanisms to health implications. Antioxid Redox Signal. 
2008;10(5):891–937.

 13. Stolarova L, Kleiblova P, Janatova M, Soukupova J, Zemankova P, Macurek 
L, Kleibl Z. CHEK2 Germline Variants in Cancer Predisposition: Stalemate 
Rather than Checkmate. Cells. 2020;9(12):2675.

 14. Stucci LS, Interno V, Tucci M, Perrone M, Mannavola F, Palmirotta R, Porta 
C. The ATM Gene in Breast Cancer: Its Relevance in Clinical Practice. 
Genes (Basel). 2021;12(5):727.

 15. Santarpia L, Iwamoto T, Di Leo A, Hayashi N, Bottai G, Stampfer M, Andre F, 
Turner NC, Symmans WF, Hortobagyi GN, et al. DNA repair gene patterns 
as prognostic and predictive factors in molecular breast cancer subtypes. 
Oncologist. 2013;18(10):1063–73.

 16. Situ Y, Chung L, Lee CS, Ho V. MRN (MRE11-RAD50-NBS1) Complex in 
Human Cancer and Prognostic Implications in Colorectal Cancer. Int J 
Mol Sci. 2019;20(4):816.

 17. Alblihy A, Shoqafi A, Toss MS, Algethami M, Harris AE, Jeyapalan JN, 
Abdel-Fatah T, Servante J, Chan SYT, Green A, et al. Untangling the clin-
icopathological significance of MRE11-RAD50-NBS1 complex in sporadic 
breast cancers. NPJ Breast Cancer. 2021;7(1):143.

 18. Stracker TH, Petrini JH. The MRE11 complex: starting from the ends. Nat 
Rev Mol Cell Biol. 2011;12(2):90–103.

 19. Tarapara B, Shah F. An in-silico analysis to identify structural, func-
tional and regulatory role of SNPs in hMRE11. J Biomol Struct Dyn. 
2023;41(6):2160–74.

 20. Otahalova B, Volkova Z, Soukupova J, Kleiblova P, Janatova M, Vocka M, 
Macurek L, Kleibl Z. Importance of Germline and Somatic Alterations in 
Human MRE11, RAD50, and NBN Genes Coding for MRN Complex. Int J 
Mol Sci. 2023, 24(6):5612.

 21. Tufail M. DNA repair pathways in breast cancer: from mechanisms to clini-
cal applications. Breast Cancer Res Treat. 2023;200(3):305–21.

 22. Lord CJ, Ashworth A. BRCAness revisited. Nat Rev Cancer. 
2016;16(2):110–20.

 23. Lee JS, Yost SE, Yuan Y. Neoadjuvant Treatment for Triple Negative 
Breast Cancer: Recent Progresses and Challenges. Cancers (Basel). 
2020;12(6):1404.

 24. Gorski JJ, James CR, Quinn JE, Stewart GE, Staunton KC, Buckley NE, 
McDyer FA, Kennedy RD, Wilson RH, Mullan PB, et al. BRCA1 transcription-
ally regulates genes associated with the basal-like phenotype in breast 
cancer. Breast Cancer Res Treat. 2010;122(3):721–31.

 25. De Rosa C, Iommelli F, De Rosa V, Ercolano G, Sodano F, Tuccillo C, Amato 
L, Tirino V, Ariano A, Cimmino F, et al. PBMCs as Tool for Identification 
of Novel Immunotherapy Biomarkers in Lung Cancer. Biomedicines. 
2024;12(4):809.



Page 11 of 12Tarapara and Shah  BMC Cancer          (2025) 25:650  

 26. Wang Y, Xu X, Maglic D, Dill MT, Mojumdar K, Ng PK, Jeong KJ, Tsang YH, 
Moreno D, Bhavana VH et al: Comprehensive Molecular Characterization 
of the Hippo Signaling Pathway in Cancer. Cell Rep. 2018, 25(5):1304–
1317 e1305.

 27. Chappell WH, Gautam D, Ok ST, Johnson BA, Anacker DC, Moody CA. 
Homologous Recombination Repair Factors Rad51 and BRCA1 Are 
Necessary for Productive Replication of Human Papillomavirus 31. J Virol. 
2015;90(5):2639–52.

 28. Zhao Z, Wang Y, Yun D, Huang Q, Meng D, Li Q, Zhang P, Wang C, Chen H, 
Lu D. TRIM21 overexpression promotes tumor progression by regulating 
cell proliferation, cell migration and cell senescence in human glioma. 
Am J Cancer Res. 2020;10(1):114–30.

 29. Zhang S, Lu J, Zhao X, Wu W, Wang H, Lu J, Wu Q, Chen X, Fan W, Chen 
H, et al. A variant in the CHEK2 promoter at a methylation site relieves 
transcriptional repression and confers reduced risk of lung cancer. Car-
cinogenesis. 2010;31(7):1251–8.

 30. Zhao J, Nguyen LNT, Nguyen LN, Dang X, Cao D, Khanal S, Schank M, 
Thakuri BKC, Ogbu SC, Morrison ZD, et al. ATM Deficiency Acceler-
ates DNA Damage, Telomere Erosion, and Premature T Cell Aging in 
HIV-Infected Individuals on Antiretroviral Therapy. Front Immunol. 
2019;10:2531.

 31. Sun C, Wang Z, Song W, Chen B, Zhang J, Dai X, Wang L, Wu J, Lan 
Q, Huang Q, et al. Alteration of DNA damage signaling pathway 
profile in radiation-treated glioblastoma stem-like cells. Oncol Lett. 
2015;10(3):1769–74.

 32. Hsu DS, Chang SY, Liu CJ, Tzeng CH, Wu KJ, Kao JY, Yang MH. Identification 
of increased NBS1 expression as a prognostic marker of squamous cell 
carcinoma of the oral cavity. Cancer Sci. 2010;101(4):1029–37.

 33. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 
2001;25(4):402–8.

 34. Tang D, Chen M, Huang X, Zhang G, Zeng L, Zhang G, Wu S, Wang Y. 
SRplot: A free online platform for data visualization and graphing. PLoS 
ONE. 2023;18(11): e0294236.

 35. Jiang M, Jia K, Wang L, Li W, Chen B, Liu Y, Wang H, Zhao S, He Y, Zhou C. 
Alterations of DNA damage repair in cancer: from mechanisms to appli-
cations. Ann Transl Med. 2020;8(24):1685.

 36. Choi W, Lee ES. Therapeutic Targeting of DNA Damage Response in 
Cancer. Int J Mol Sci. 2022;23(3):1701.

 37. Ovejero-Sanchez M, Gonzalez-Sarmiento R, Herrero AB. DNA Damage 
Response Alterations in Ovarian Cancer: From Molecular Mechanisms to 
Therapeutic Opportunities. Cancers (Basel). 2023;15(2):448.

 38. Raimundo L, Calheiros J, Saraiva L. Exploiting DNA Damage Repair in 
Precision Cancer Therapy: BRCA1 as a Prime Therapeutic Target. Cancers 
(Basel). 2021;13(14):3438.

 39. Liu Y, Lu LY. BRCA1 and homologous recombination: implications from 
mouse embryonic development. Cell Biosci. 2020;10:49.

 40. Li X, Heyer WD. Homologous recombination in DNA repair and DNA 
damage tolerance. Cell Res. 2008;18(1):99–113.

 41. Stracker TH, Roig I, Knobel PA, Marjanovic M. The ATM signaling network 
in development and disease. Front Genet. 2013;4:37.

 42. Wang R, Sun Y, Li C, Xue Y, Ba X. Targeting the DNA Damage Response for 
Cancer Therapy. Int J Mol Sci. 2023;24(21):15907.

 43. Jain A, Barge A, Parris CN. Combination strategies with PARP inhibitors 
in BRCA-mutated triple-negative breast cancer: overcoming resistance 
mechanisms. Oncogene. 2025;44:193–207.

 44. Zha S, Sekiguchi J, Brush JW, Bassing CH, Alt FW. Complementary func-
tions of ATM and H2AX in development and suppression of genomic 
instability. Proc Natl Acad Sci U S A. 2008;105(27):9302–6.

 45. Panera NV. Camisa Braghini, Maria Rita Emanuele, Coscia Arnesano, Gabri-
ele Rita, Brugaletta Teresa, Gigliotti Ciabattoni AG, Nucera Lukasz, Szarpak: 
Perturbation of specific transcripts in peripheral blood mononuclear cells 
in breast cancer: a case control pilot study. JOURNAL OF HEALTH AND 
SOCIAL SCIENCES. 2022;7(4):422–34.

 46. Jimenez-Luna C, Gonzalez-Flores E, Ortiz R, Martinez-Gonzalez LJ, 
Antunez-Rodriguez A, Exposito-Ruiz M, Melguizo C, Caba O, Prados J. 
Circulating PTGS2, JAG1, GUCY2C and PGF mRNA in Peripheral Blood and 
Serum as Potential Biomarkers for Patients with Metastatic Colon Cancer. 
J Clin Med. 2021;10(11):2248.

 47. Piccolo SR, Andrulis IL, Cohen AL, Conner T, Moos PJ, Spira AE, Buys SS, 
Johnson WE, Bild AH. Gene-expression patterns in peripheral blood 

classify familial breast cancer susceptibility. BMC Med Genomics. 
2015;8:72.

 48. Sharma P, Sahni NS, Tibshirani R, Skaane P, Urdal P, Berghagen H, Jensen 
M, Kristiansen L, Moen C, Sharma P, et al. Early detection of breast cancer 
based on gene-expression patterns in peripheral blood cells. Breast 
Cancer Res. 2005;7(5):R634–644.

 49. Vuillaume ML, Uhrhammer N, Vidal V, Vidal VS, Chabaud V, Jesson B, Kwiat-
kowski F, Bignon YJ. Use of gene expression profiles of peripheral blood 
lymphocytes to distinguish BRCA1 mutation carriers in high risk breast 
cancer families. Cancer Inform. 2009;7:41–56.

 50. Foroughizadeh M, Mozdarani H, Majidzadeh AK, Kaviani A. Variation of 
ATM Gene Expression in Peripheral Blood Cells of Sporadic Breast Carci-
nomas in Iranian Patients. Avicenna J Med Biotechnol. 2012;4(2):95–101.

 51. Gu J, Spitz MR, Zhao H, Lin J, Grossman HB, Dinney CP, Wu X. Roles of 
tumor suppressor and telomere maintenance genes in cancer and 
aging–an epidemiological study. Carcinogenesis. 2005;26(10):1741–7.

 52. Jiang M, Jia K, Wang L, Li W, Chen B, Liu Y, Wang H, Zhao S, He Y, Zhou 
C. Alterations of DNA damage response pathway: Biomarker and 
therapeutic strategy for cancer immunotherapy. Acta Pharm Sin B. 
2021;11(10):2983–94.

 53. Konstantinopoulos PA, Matulonis UA. Targeting DNA Damage Response 
and Repair as a Therapeutic Strategy for Ovarian Cancer. Hematol Oncol 
Clin North Am. 2018;32(6):997–1010.

 54. Zghair AN, Sharma R, Alfaham M, Sharma AK. Upregulation of, and 
marker genes expression in breast cancer patients. International Journal 
of Pharmaceutical Research. 2018;10(2):147.

 55. Wang Z, Zhang J, Zhang Y, Deng Q, Liang H. Expression and mutations of 
BRCA in breast cancer and ovarian cancer: Evidence from bioinformatics 
analyses. Int J Mol Med. 2018;42(6):3542–50.

 56. Tsibulak I, Wieser V, Degasper C, Shivalingaiah G, Wenzel S, Sprung 
S, Lax SF, Marth C, Fiegl H, Zeimet AG. BRCA1 and BRCA2 mRNA-
expression prove to be of clinical impact in ovarian cancer. Br J Cancer. 
2018;119(6):683–92.

 57. Panero J, Stella F, Schutz N, Fantl DB, Slavutsky I. Differential Expression 
of Non-Shelterin Genes Associated with High Telomerase Levels and 
Telomere Shortening in Plasma Cell Disorders. PLoS ONE. 2015;10(9): 
e0137972.

 58. Hoxha M, Fabris S, Agnelli L, Bollati V, Cutrona G, Matis S, Recchia AG, Gen-
tile M, Cortelezzi A, Morabito F, et al. Relevance of telomere/telomerase 
system impairment in early stage chronic lymphocytic leukemia. Genes 
Chromosomes Cancer. 2014;53(7):612–21.

 59. Poncet D, Belleville A, t’kint de Roodenbeke C, Roborel de Climens A, 
Ben Simon E, Merle-Beral H, Callet-Bauchu E, Salles G, Sabatier L, Delic J 
et al: Changes in the expression of telomere maintenance genes suggest 
global telomere dysfunction in B-chronic lymphocytic leukemia. Blood. 
2008, 111(4):2388–2391.

 60. Hoa NN, Shimizu T, Zhou ZW, Wang ZQ, Deshpande RA, Paull TT, Akter 
S, Tsuda M, Furuta R, Tsutsui K, et al. Mre11 Is Essential for the Removal 
of Lethal Topoisomerase 2 Covalent Cleavage Complexes. Mol Cell. 
2016;64(3):580–92.

 61. Rondeau S, Vacher S, De Koning L, Briaux A, Schnitzler A, Chemlali W, 
Callens C, Lidereau R, Bieche I. ATM has a major role in the double-strand 
break repair pathway dysregulation in sporadic breast carcinomas and is 
an independent prognostic marker at both mRNA and protein levels. Br J 
Cancer. 2015;112(6):1059–66.

 62. de Ronde JJ, Hannemann J, Halfwerk H, Mulder L, Straver ME, Vrancken 
Peeters MJ, Wesseling J, van de Vijver M, Wessels LF, Rodenhuis S. 
Concordance of clinical and molecular breast cancer subtyping in the 
context of preoperative chemotherapy response. Breast Cancer Res Treat. 
2010;119(1):119–26.

 63. Xiong H, Zhang J. Expression and clinical significance of ATM and PUMA 
gene in patients with colorectal cancer. Oncol Lett. 2017;14(6):7825–8.

 64. Shen M, Xu Z, Xu W, Jiang K, Zhang F, Ding Q, Xu Z, Chen Y. Inhibition 
of ATM reverses EMT and decreases metastatic potential of cisplatin-
resistant lung cancer cells through JAK/STAT3/PD-L1 pathway. J Exp Clin 
Cancer Res. 2019;38(1):149.

 65. Santana Dos Santos E, Lallemand F, Petitalot A, Caputo SM, Rouleau E. 
HRness in Breast and Ovarian Cancers. Int J Mol Sci. 2020;21(11):3850.

 66. Foulds GA, Vadakekolathu J, Abdel-Fatah TMA, Nagarajan D, Reeder 
S, Johnson C, Hood S, Moseley PM, Chan SYT, Pockley AG, et al. 
Immune-Phenotyping and Transcriptomic Profiling of Peripheral Blood 



Page 12 of 12Tarapara and Shah  BMC Cancer          (2025) 25:650 

Mononuclear Cells From Patients With Breast Cancer: Identification of a 3 
Gene Signature Which Predicts Relapse of Triple Negative Breast Cancer. 
Front Immunol. 2028;2018:9.

 67. Munoz-Fontela C, Mandinova A, Aaronson SA, Lee SW. Emerging roles of 
p53 and other tumour-suppressor genes in immune regulation. Nat Rev 
Immunol. 2016;16(12):741–50.

 68. Aktar S, Hamid FB, Gamage SMK, Cheng T, Parkneshan N, Lu CT, Islam 
F, Gopalan V, Lam AK. Gene Expression Analysis of Immune Regulatory 
Genes in Circulating Tumour Cells and Peripheral Blood Mononuclear 
Cells in Patients with Colorectal Carcinoma. Int J Mol Sci. 2023;24(5):5051.

 69. Liu AY, Liu DG, Du YJ, Pei FH, Yang G, Liu BR, Zhang HT, Wang XH, Fan YJ, 
Chen YZ, et al. Relationship between tumor and peripheral blood NPRL2 
mRNA levels in patients with colorectal adenoma and colorectal cancer. 
Cancer Biol Ther. 2014;15(5):489–95.

 70. Kurian AW, Abrahamse P, Ward KC, Hamilton AS, Deapen D, Berek JS, 
Hoang L, Yussuf A, Dolinsky J, Brown K et al. Association of Family Cancer 
History With Pathogenic Variants in Specific Breast Cancer Susceptibility 
Genes. JCO Precis Oncol. 2021;5:PO.21.00261.

 71. Honrado E, Osorio A, Palacios J, Milne RL, Sanchez L, Diez O, Cazorla A, 
Syrjakoski K, Huntsman D, Heikkila P, et al. Immunohistochemical expres-
sion of DNA repair proteins in familial breast cancer differentiate BRCA2-
associated tumors. J Clin Oncol. 2005;23(30):7503–11.

 72. Zhang M, Liu G, Xue F, Edwards R, Sood AK, Zhang W, Yang D. Copy 
number deletion of RAD50 as predictive marker of BRCAness and PARP 
inhibitor response in BRCA wild type ovarian cancer. Gynecol Oncol. 
2016;141(1):57–64.

 73. Harahap WA, Sudji IR, Nindrea RD. BRCA1 Promoter Methylation and 
Clinicopathological Characteristics in Sporadic Breast Cancer Patients in 
Indonesia. Asian Pac J Cancer Prev. 2018;19(9):2643–9.

 74. Tarsounas M, Sung P. The antitumorigenic roles of BRCA1-BARD1 in DNA 
repair and replication. Nat Rev Mol Cell Biol. 2020;21(5):284–99.

 75. Ge O, Huang A, Wang X, Chen Y, Ye Y, Schomburg L. PALB2 upregulation is 
associated with a poor prognosis in pancreatic ductal adenocarcinoma. 
Oncol Lett. 2021;21(3):224.

 76. Li L, Li S, Zhang X, Mei L, Fu X, Dai M, Wei N. Establishing the role of 
BRCA1 in the diagnosis, prognosis and immune infiltrates of breast inva-
sive cancer by bioinformatics analysis and experimental validation. Aging 
(Albany NY). 2024;16(2):1077–95.

 77. Yang CH, Moi SH, Chuang LY, Yuan SF, Hou MF, Lee YC, Chang HW. Interac-
tion of MRE11 and Clinicopathologic Characteristics in Recurrence of 
Breast Cancer: Individual and Cumulated Receiver Operating Characteris-
tic Analyses. Biomed Res Int. 2017;2017:2563910.

 78. Pavelitz T, Renfro L, Foster NR, Caracol A, Welsch P, Lao VV, Grady WB, Nied-
zwiecki D, Saltz LB, Bertagnolli MM, et al. MRE11-deficiency associated 
with improved long-term disease free survival and overall survival in a 
subset of stage III colon cancer patients in randomized CALGB 89803 trial. 
PLoS ONE. 2014;9(10): e108483.

 79. Chatterjee S, Behnam Azad B, Nimmagadda S. The intricate role of CXCR4 
in cancer. Adv Cancer Res. 2014;124:31–82.

 80. Koppensteiner R, Samartzis EP, Noske A, von Teichman A, Dedes I, 
Gwerder M, Imesch P, Ikenberg K, Moch H, Fink D, et al. Effect of MRE11 
loss on PARP-inhibitor sensitivity in endometrial cancer in vitro. PLoS ONE. 
2014;9(6): e100041.

 81. Ho V, Chung L, Wilkinson K, Lea V, Lim SH, Abubakar A, Ng W, Lee M, Rob-
erts TL, Chua W et al. Prognostic Significance of MRE11 Overexpression in 
Colorectal Cancer Patients. Cancers (Basel). 2023;15(9):2438.

 82. Altan B, Yokobori T, Ide M, Bai T, Yanoma T, Kimura A, Kogure N, Suzuki 
M, Bao P, Mochiki E, et al. High Expression of MRE11-RAD50-NBS1 Is 
Associated with Poor Prognosis and Chemoresistance in Gastric Cancer. 
Anticancer Res. 2016;36(10):5237–47.

 83. Choudhury A, Nelson LD, Teo MT, Chilka S, Bhattarai S, Johnston CF, Elliott 
F, Lowery J, Taylor CF, Churchman M, et al. MRE11 expression is predictive 
of cause-specific survival following radical radiotherapy for muscle-
invasive bladder cancer. Cancer Res. 2010;70(18):7017–26.

 84. Morice PM, Coquan E, Weiswald LB, Lambert B, Vaur D, Poulain L. Identify-
ing patients eligible for PARP inhibitor treatment: from NGS-based tests 
to 3D functional assays. Br J Cancer. 2021;125(1):7–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Role of MRE11 in DNA damage repair pathway dynamics and its diagnostic and prognostic significance in hereditary breast and ovarian cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Sample collection
	RNA extraction and cDNA synthesis
	Quantitative real-time PCR (qPCR)
	Data analysis
	Statistical analysis

	Results
	Clinical and pathological features of HBOC patients
	Differential gene expression of DDR pathway genes in HBOC Patients
	Receiver operating characteristic (ROC) curves analysis of DDR pathway genes
	Correlation of DDR pathway genes with clinicopathological parameters
	An inter correlation of DDR pathway genes
	Overall survival (OS) analysis of DDR pathway genes

	Discussion
	Conclusion
	Acknowledgements
	References


