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Introduction

Breast, cervical, and ovarian cancers are among the 
most threatening diseases for women’s health around 
the globe (Ferlay et al., 2021). The combined incidences 
of those gynecomammary cancers in 2020 reached 3.18 
million new cases, constituting thus more than the third 
(34.45 %) of all diagnosed cancer cases in females in the 
same year (Sung et al., 2021). Indeed, even considering 
both sexes, breast cancer had the highest incidence rate, 
with 2.26 million new cases, followed by lung cancer, 
with 2.21 million new cases in 2020 (Sung et al., 2021). 
Cervical cancer came fourth (601 127 new cases), 
and ovarian cancer came sixth (313 959 new cases) in 
incidence among women in 2020. Moreover, breast, 
cervical, and ovarian cancers registered 1.24 million of 
4.43 million deaths by cancer in women in 2020 (Sung 
et al., 2021). Breast cancer was the first leading cause 
of death by cancer in 110 countries from 185, while 
cervical cancer ranked as the first deathful cancer in 36 
countries, mostly in sub-Saharan Africa, South-Eastern 
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Asia, Melanesia, and South America (Sung et al., 2021). 
Cervical cancer occurs mainly in low-income and middle-
income countries (Islam et al., 2018; Ferlay et al., 2021), 
while in high-income countries, it is less frequent due to 
improved screening and vaccination programs (Cohen et 
al., 2019).

Breast, ovarian, and cervical cancers constitute a 
distinct group of cancers because of their shared risk 
factors, such as feminine sex, genetics (Ring et al., 2017; 
Yoshida, 2021), and genome instability markers (Miyai 
et al., 2004; Maxwell et al., 2017). Hereditary breast and 
ovarian cancers constitute 10 to 15% of all breast and 
ovarian cancer cases (Pal et., 2005; Yoshida, 2021) and 
most of them are related to BRCA1 and BRCA2 mutations 
(Yoshida, 2021; Quesada et al., 2022). In sporadic breast 
and ovarian cancer cases, somatic mutations of BRCA1/2 
genes are less common (6.6%) (Kwong et al., 2020), 
BRCA1 DNA methylation was reported in sporadic breast 
and ovarian cancers, respectively in 32.6% and 15% of 
cases  (Ruscito et al., 2014; Cai et al., 2016), while there 
is no evidence of BRCA2 DNA methylation in these 
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cancers (Collins et al., 1997). The contribution of BRCA1 
and BRCA2 as cancer susceptibility genes in cervical 
cancer remains controversial (Johannsson et al., 1999; 
Thompson and Easton, 2002). HPV infection (95% of 
cases) is the primary factor of cervical cancer development 
(Waggoner and Chernicky, 2004). Of note, women with 
HPV-associated cervical cancer are at risk of developing 
HPV-associated breast cancer (Lawson et al., 2016).

Since their first discovery, BRCA1 (Chr17q) and 
BRCA2 (Chr13q) genes have constituted the major known 
contributors to human cancer genetic susceptibility (Miki 
et al., 1994; Wooster et al., 1995), especially in breast and 
ovarian cancers (Perez-Losada et al., 2011). Germline 
mutations in the BRCA1 and BRCA2 genes have also 
been implicated in increasing the susceptibility to prostate 
cancer among men (Umarane et al., 2023). Their function 
in DNA damage repair by homologous recombination 
(HR) is widely established (Roy et al., 2012; Isono et 
al., 2017). Indeed, BRCA1 multifunctional domains 
interact with several actors such as 53BP1, BARD1, 
MRN complex, PALB2, and RAD51 to facilitate the 
choice, initiation, and execution of HR repair machinery 
to resolve double-strand breaks (DSBs), which are the 
most dangerous DNA damages of genome integrity 
(Roy et al., 2012; Isono et al., 2017). Besides, BRCA2 is 
indispensable for recruiting the recombinase RAD51 to 
DSBs foci, which constitutes the ultimate step of the HR 
pathway (Roy et al., 2012). Nevertheless, they play other 
essential functions in maintaining genome integrity, such 
as chromatin remodeling, R-loops resolution, and stalled 
forks repair (Pathania et al., 2014; Tan et al., 2017; Zhang 
et al., 2017; Zhang et al., 2019). Moreover, BRCA1/2 genes 
play other functions in cell cycle control, transcription 
regulation, and oxidative stress (Rodriguez et al., 2007; 
Norquist et al., 2010; Chiang et al., 2019; Renaudin et 
al., 2021).

About 4000 and 4675 pathogenic and likely pathogenic 
mutations were reported in BRCA1 and BRCA2 genes, 
respectively (Clinvar-BRCA1 gene, 2023). Deletions 
are the primary genetic alterations affecting both genes, 
followed by insertions, point mutations, duplication, and 
indels (Clinvar-BRCA1 gene, 2023). The origins of genetic 
alterations in the BRCA1/2 genes are widely unknown. 
However, the large genomic rearrangements (LGRs) of 
the BRCA1 gene represent 10% of all the predisposing 
pathogenic variants, and they are caused mainly by the 
high density of Alu elements (41, 5%) in the BRCA1 gene 
(Smith et al., 1996). Of note, Alu elements are transposable 
elements causing several genomic alterations and are 
believed to be the source of human genetic diversity (Ade 
et al., 2013). Also, a BRCA1 pseudogene near 5′ of the 
BRCA1 gene constitutes a recombination hot spot that can 
cause several LGRs (Puget et al., 2002). The frequency 
of a pathogenic mutation depends on the ethnic origins 
of each population; for example, 185delAG is a founder 
mutation in the Ashkenazi Jewish population, causing 
both breast and ovarian cancers (Struewing et al., 1995). 
The current review will discuss the available literature 
on BRCA1/2-driven genomic instability and cancer 
susceptibility in breast, ovarian, and cervical cancers.

The Tumor Suppressor BRCA1/2, Cancer Susceptibility, 
and Genome Instability in Breast Cancer
Background

Tumor suppressors BRCA1  and BRCA2  are 
highly penetrant genes predisposing to breast cancer 
(Venkitaraman, 2019). The cumulative risk of breast 
cancer to the age of 80 was estimated to be 72% for BRCA1 
mutation carriers and 69% for BRCA2 mutation carriers 
(Kuchenbaecker et al., 2017). Moreover, contralateral 
breast cancer is widespread among BRCA1 (40%) and 
BRCA2 (26%) carriers after 20 years of the primary 
diagnosis of breast cancer (Kuchenbaecker et al., 2017). 
Hence, heterozygous BRCA1 and BRCA2 germline 
mutations render mammary epithelial tissue an active 
“field” for tumorigenic development (Venkitaraman, 
2014). Human hereditary biallelic mutations of BRCA1 
and BRCA2 are not viable, except in some rare cases when 
biallelic BRCA1 or BRCA2 carriers live with Fanconi 
anemia disorder manifestations associated with recurrent 
early onset breast and ovarian cancers (Sawyer et al., 2015; 
Fang et al., 2020). 

BRCA1/2-associated breast tumors are frequent 
(~70%) in triple-negative basal-like molecular subtype 
(Felicio et al., 2017), known for their poor prognosis 
due to the lack of therapeutic targets (Ge et al., 2022). 
Interestingly, BRCA1/2-associated breast tumors 
show higher sensitivity toward PARP inhibitors and 
platinum-derived therapy (Lord and Ashworth, 2016). 
Understanding the early genome instability of BRCA1/2-
associated breast tumorigenesis would improve the 
progress and efficiency of these therapies and reveal other 
potential early actors (Fu et al., 2022). In this regard, 
clinical, preclinical, and in vitro studies provide enormous 
outcomes on the link between BRCA1/2-associated 
genome instability and breast tumorigenesis (Figure 1) 
(Xiao et al., 2014; Vohhodina et al., 2021; Wu et al., 2022). 
Indeed, emerging results contradict the old paradigm of 
the “two-hit” theory inducing BRCA1/2-associated breast 
tumors (Sedic et al., 2015; Vohhodina et al., 2021; Sun 
et al., 2022), and BRCA1 or BRCA2 haploinsufficiency 
remains the plausible alternative process of tumorigenesis 
through the induction of an early genome instability in 
human mammary epithelial cells (Figure 1A) (Bhatia et al., 
2014; Pathania et al., 2014; Sedic et al., 2015; Vohhodina 
et al., 2021; Sun et al., 2022).

Results from patients
In malignant breast tumors harboring BRCA1 or 

BRCA2 mutation, the remaining wild-type allele was 
found inactivated by loss of heterozygosity (LOH), 
respectively, in 90% and 54% of BRCA1 and BRCA2 
-associated breast tumors (Maxwell et al., 2017). This 
widely observed biallelic inactivation may represent 
an analogy to the “two-hit” theory of accelerated 
tumorigenesis in familial breast tumors (Konishi et al., 
2011). However, due to BRCA1 and BRCA2 vital tumor 
suppressive functions, their complete inactivation in 
mammary epithelial cells can cause DNA damage, leading 
to cell cycle arrest and apoptosis (Figure 1A) (Konishi et 
al., 2011; Venkitaraman, 2014; Sedic et al., 2015). For this 
reason, the loss of heterozygosity must be preceded by 
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Figure 1. The Tumor Suppressor BRCA1/2, Cancer Susceptibility, and Genome Instability in Breast Cancer. A BRCA1/2 
heterozygous (BRCA1/2+/-) Human mammary epithelial cells (HMECs) present a BRCA1/2 haploinsufficiency that 
leads to several molecular defects, including HR (homologous recombination) DSBs (double-strand breaks) repair 
deficit, the accumulation of unresolved stalled forks and R-loops, telomere dysfunction, and haploinsufficiency-induced 
senescence (HI senescence). The resulting genome instability may alter several genes involved in cell survival, such as 
P53, Rb protein, and PTEN. BRCA1/2 loss of heterozygosity (LOH) may not be an early event of BRCA1/2-associated 
genome instability but rather a consequence of this later. BRCA1/2-associated breast tumors plausibly originated from 
BRCA1/2 heterozygous (BRCA1/2+/-) luminal progenitor cells due to the role of BRCA1/2 genes in resolving R-loops 
at promoters or super-enhancers of key genes of luminal differentiation, but also to the role of BRCA1 in chromatin 
remodeling. B BRCA1 haploinsufficiency (BRCA1+/- HMECs) causes TERRA-loops accumulation in telomeric and 
subtelomeric regions, leading to telomeric abnormalities and genome instability. BRCA1+/- HMECs in cell culture 
develop a telomeric dysfunction at early passages, then at late passages, they develop a type of senescence mediated by 
Rb signaling, qualified by haploinsufficiency-induced senescence (HI senescence). These consequences are correlated 
to a decreased expression of SIRT1 and increased acetylation of Rb protein and telomeric histones. The exposure of 
BRCA1+/- HMECs to UV (Ultras-violet) radiation induces replicative stress due to the accumulation of unresolved 
stalled forks, which collapse after exposure to IR (ionizing radiation), leading to DSBs accumulation and genome 
instability. BRCA2+/- HMECs exposed to formaldehyde (FA) show increased replication stress due to accumulated 
unscheduled R-loops, which may cause genome instability.  
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somatic alterations sustaining cell viability, such as those 
of the P53 or Rb genes (Sedic et al., 2015). Indeed, P53 
and Rb losses occur frequently (relatively independently) 
in BRCA1-associated breast tumors (Patel et al., 2020); 
and P53 and PTEN losses (mutations) were estimated to 
precede BRCA1 loss of heterozygosity in more than 80% 
of studied cases (Figure 1A) (Martins et al., 2012).

BRCA1 heterozygous (BRCA1+/-) mammary epithelial 
cells express limited amounts of functional BRCA1 protein 
(Pathania et al., 2014) that does not suffice (haplotype 
insufficiency) to correctly perform several vital BRCA1-
related functions, including homologous-recombination 
(HR) double-strand breaks (DSB) repair, stalled fork 
resolution, R-loop resolution, and chromatin remodeling 
(Figure1B) (Konishi et al., 2011; Pathania et al., 2014; 
Sedic et al., 2015; Zhang et al., 2017; Vohhodina et al., 
2021; Sun et al., 2022). In BRCA1 carriers, a monoallelic 
mutation may suffice to trigger genome instability 
in normal mammary epithelial cells, leading them to 
transformation (Sedic et al., 2015). Indeed, blood genomes 
analysis in family members carrying a founder BRCA1 
mutation revealed 23 deleterious mutations affecting genes 
implicated in tumorigenesis (e.g., BPTF and FOXP1), 
which are not present in non-carrier members (Xiao 
et al., 2014). Besides, a comparison between mother 
and daughter carriers revealed that daughter carriers 
develop de novo 9 deleterious mutations in addition to 
14 deleterious mutations inherited from their mother 
carriers. Noteworthy, two of those deleterious mutations 
were found within repetitive sequences, and five were 
found within fragile sites, known as the most vulnerable 
sequences of the genome to DNA damage (Xiao et al., 
2014). Another study by Litton and colleagues (2012) 
showed that BRCA1/2 daughter carriers develop breast 
cancer earlier than their mother carriers, at 42 and 48 
medians of age, respectively (Litton et al., 2012). This 
latter result may be explained by the accumulation of 
deleterious mutations in the genomes of daughter carriers 
(second generation), which carry more deleterious 
mutations (BRCA1/2-induced genome instability) than 
their mother carriers from the first generation (Xiao et al., 
2014). In this model, BRCA1/2 monoallelic mutation may 
promote genome instability all along the life of a BRCA1/2 
female carrier by generating potential deleterious 
mutations and genome instability, which increases the 
risk of developing malignant breast tumors.

Results from animal models
Mice heterozygous for the BRCA1 gene do not develop 

spontaneous breast tumors as predisposed humans do, 
hypothetically due to some differences between species, 
such as the short lifespan in mice (Drost and Jonkers, 
2009). However, biallelic inactivation of BRCA1 or 
BRCA2 genes in mice causes early embryonic lethality 
(Ludwig et al., 1997). Still, an additional mutation of 
the P53 locus can rescue embryos with BRCA1 biallelic 
inactivation until adulthood (Xu et al., 2001). BRCA1 
conditional knockout in female mice (conditional in 
mammary tissue) carrying a P53 heterozygous mutation 
induced mammary tumors with the loss of the remaining 
wild-type P53 allele due to genome instability and the 

presence of similar genomic and histopathologic features 
to the human basal-like malignant breast tumors carrying 
both BRCA1 and P53 mutations (Liu et al., 2007). 
However, in BRCA1 heterozygous mice, P53 alteration did 
not significantly influence the levels of genome instability 
generated in normal breast tissues (Wu et al., 2022). 
Consequently, the role of P53 alterations in mammary 
transformation may be restricted to sustaining cell viability 
to overcome apoptosis after genome instability induction, 
at least in the mice model (Figure 1A) (Wu et al., 2022). 

Reporter mice showed that homologous recombination 
(HR) is the primary double strand breaks repair 
mechanism in proliferating mammary tissue (pubertal 
and pregnant) compared to other tissue types (Kass et 
al., 2016). This reliance on HR in repairing DNA damage 
in proliferating mammary tissue may explain the higher 
risk of breast cancer conferred by BRCA2 (or BRCA1) 
mutations in predisposed women (Kuchenbaecker et al., 
2017). In humans, both BRCA1 and BRCA2 contribute to 
the resolution of R-loops, which, if accumulated, cause 
replicative stress and genome instability (Tan et al., 2017; 
Zhang et al., 2017). In mice, mammary tissue carrying 
BRCA1 conditional knockout showed increased levels 
of R-loops in luminal cells and increased frequency of 
spontaneous tumors (Zhang et al., 2017). In addition, 
pregnant BRCA2 homozygous mice showed reduced HR 
repair use in luminal and basal cells but decreased more in 
the luminal population (Kass et al., 2016). This specificity 
toward the luminal lineage of mammary tissue goes with 
several results generated at the human level (cell lines) 
in considering luminal progenitor cells as the origin of 
BRCA1/2-associated breast tumors (Figure 1A) (Sedic et 
al., 2015; Zhang et al., 2017).

Given that BRCA1/2 heterozygous mutations do not 
cause spontaneous breast tumors in mice, the use of mice 
with this genetic background is valuable in studying the 
role of BRCA1/2 heterozygosity in genome instability 
induction (Drost and Jonkers, 2009; Wu et al., 2022). 
Indeed, mice carrying a heterozygous BRCA1 mutation 
developed early genomic instability by manifesting 
several genomic alterations (structural variations, copy 
number variations, and indels) in normal tissues from an 
early embryonic age (Wu et al., 2022). The breakpoints 
of structural variations (SVs) were enriched in repetitive 
sequences (54% of SVs) and multiple fragile sites of 
BRCA1 heterozygous mice genomes (Wu et al., 2022). 
The analysis of those breakpoints revealed the use of 
error-prone non-homologous pathways to repair DSBs, 
including non-homologous end joining (492 repaired 
DSBs), microhomology-mediated end joining (75 repaired 
DSBs), and single-strand annealing with 2 repaired DSBs 
(Wu et al., 2022).

Results from cell lines
BRCA1 and BRCA2 heterozygous human mammary 

epithelial cells express lower levels of BRCA1 and BRCA2 
proteins, respectively (Pathania et al., 2014, Tan et al., 
2017). A decreased pool of BRCA1 or BRCA2 proteins 
causes haploinsufficiency toward several BRCA1/2 
related functions, leading to genome instability in normal 
mammary epithelial cells of BRCA1/2 carriers (Figure 
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basal mammary cells and consequently develop increased 
levels of DNA-RNA transcriptional secondary structures, 
R-loops (Gascard et al., 2015; Zhang et al., 2017; Zhang 
et al., 2019). R-loops promote the instability of common 
fragile sites due to collisions between transcription 
and replication (Helmrich et al., 2011). R-loops levels 
increased in BRCA1+/- luminal mature and progenitor 
cells compared to BRCA1+/- basal and stromal cells, 
indicating a luminal-specific BRCA1 haploinsufficiency 
toward R-loops resolution (Zhang et al., 2017).

Immortalized (hTERT) BRCA1+/- HMECs and 
BRCA1+/- MCF10A (Immortalized non-tumorigenic 
HMEC line) cells show a reduced number of active 
super-enhancers (super-enhancer = cluster of enhancers) 
compared to their wild-type, BRCA1+/+ (Zhang et al., 
2019). In both cell types (BRCA1+/- HMECs and BRCA1+/- 
MCF10A), the attenuation of some super-enhancers was 
observed and correlated with decreased expression of their 
downstream target genes and a decreased co-occupancy 
of histone H3K27 acetylation (mark of active enhancers) 
and bromodomain-containing protein 4 (BRD4) within 
these super-enhancers (Figure 1A) (Zhang et al., 2019). 
Consequently, BRCA1 haploinsufficiency impacts long-
distance chromatin interactions between targeted genes 
and their transcription enhancers (Zhang et al., 2019). 
Besides, depletion of BRCA1 mRNA (siRNA) in MCF7 
cells (Luminal mammary cells expressing estrogen 
receptors) led to decreased ESR1 (Oestrogen receptor 
locus) mRNA pool and increased R-loops accumulation 
within a super-enhancer upstream ESR1 locus (Chiang 
et al., 2019). Ectopic expression of RNaseH1 (RNA 
endonuclease, R-loops resolver) in MCF7 BRCA1 
depleted cells rescued the expression of ESR1 mRNA 
and reduced R-loops intensity within the upstream super-
enhancer, indicating that BRCA1 mediates the expression 
of this luminal biomarker through R-loops resolution 
within the upstream super-enhancer of ESR1 locus 
(Chiang et al., 2019). Therefore, BRCA1 may mediate 
luminal differentiation (e.g., ESR1 locus induction), 
whereas BRCA1 haploinsufficiency induces a basal-like 
transcriptome, consolidating the luminal origin of basal-
like BRCA1-mutated breast tumors in BRCA1 carriers.  

The Tumor Suppressor BRCA1/2, Cancer Susceptibility, 
and Genome Instability in Ovarian Cancer

Ovarian cancer is a heterogeneous group of malignant 
neoplasms that differ in histological type, molecular 
features, and clinical behavior (deFazio et al., 2021). 
Histologically, 90% of ovarian cancer cases are epithelial, 
including serous, clear cell, endometrioid, and mucinous 
carcinomas (Weiss et al.,1977). High-grade serous 
ovarian carcinoma (HGSOC) is the most frequent (70% 
of cases) and the most aggressive ovarian cancer subtype 
(Bergstrom et al., 2017). The lack of specific biomarkers 
for the HGSOC subtype contributes to its poor survival 
rate (Bergstrom et al., 2017).

Women with BRCA1/2 mutation carriers are 10 times 
more likely to develop ovarian cancer than non-carriers, 
which led to the use of prophylactic salpingo-oophorectomy 
(Surgical removal of the fallopian tubes and ovaries)  to 
reduce the risk of ovarian cancer (Boyd et al., 2000). 

1A) (Sedic and Kuperwasser, 2016). 
Exposure of immortalized (hTERT) BRCA1+/- 

HMECs (Human mammary epithelial cells) to UV-
radiation induced the accumulation of unresolved stalled 
forks with no impact on homologous recombination 
double-strand breaks (HR DSBs) repair and other BRCA1-
related functions (Pathania et al., 2014). When exposed 
to ionizing radiation, those resulting cells (pre-exposed 
to UV) showed decreased ability to recruit RAD51 to 
DSBs foci, which indicated an HR DSBs repair deficit 
(Figure 1B) (Pathania et al., 2014). The pool of BRCA1 
in heterozygous UV-pretreated HMECs was not sufficient 
to repair IR exposure consequences (DSBs), leading to 
DSBs accumulation and genome instability (Figure1B) 
(Pathania et al., 2014). These results show the limits of 
a decreased BRCA1 protein intracellular pool within 
BRCA+/- HMECs in performing all the required 
functions, especially under stressful conditions (Pathania 
et al., 2014). Besides, the exposure of immortalized 
(HPV16 E6 and E7 oncogenes) BRCA2+/- HMECs 
to formaldehyde caused a decrease in the intracellular 
BRCA2 protein pool, chromosomal abnormalities, and 
replication stress, as compared to their wild-type cells 
(Figure 1B) (Tan et al., 2017).

In immortalized (hTERT) BRCA1+/- HMECs, BRCA1 
haploinsufficiency causes a specific type of senescence, 
qualified by Haploinsufficiency-induced-senescence 
(HIS), which is mediated by Rb pathway activation (Sedic 
et al., 2015). Indeed, at early passages in cell culture, 
BRCA1+/- HMECs showed DNA damage response 
activation and multiple chromosomal abnormalities, 
including telomeric abnormalities. More importantly, 
luminal epithelial cells from breast lobules of BRCA1 
mutation carriers showed shorter telomeres than those 
from non-carriers. Mechanistically, this study showed 
that the SIRT1 intracellular pool decreased in BRCA1+/- 
HMECs, which triggers both haploinsufficiency-induced 
senescence and telomer dysfunction through activating 
acetylation of Rb protein and acetylation of telomeric 
histones leading them to destabilization (Figure 1B) 
(Sedic et al., 2015). Additionally, BRCA1 participates 
in telomeric stability by regulating the long non-coding 
RNA TERRA (Telomeric Repeat RNA) expression and 
resolving TERRA-associated R-loops in telomeric and 
sub-telomeric regions. The accumulation of TERRA 
RNA and the unresolved TERRA-associated R-loops in 
BRCA1+/- HMECs (CRISPR-modified) causes telomeric 
abnormalities leading to genome instability (Figure 1B) 
(Vohhodina et al., 2021). 

Most BRCA1-mutated malignant breast tumors are 
from the triple-negative basal-like subtype, known by 
basal mammary cell biomarkers and the negativity of 
estrogen and progesterone receptors (Popova et al., 
2012). Besides, luminal progenitor cells are believed to 
be the origin of BRCA1-associated breast tumors (Sedic 
et al., 2015; Zhang et al., 2017). A transition from the 
luminal phenotype to the basal-like transcriptome may 
be the key to explaining the specific risk of breast cancer 
conferred by BRCA1 haploinsufficiency (Zhang et al., 
2019). Indeed, luminal mammary cells harbor increased 
transcriptional activity and active enhancers compared to 
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Moreover, approximately 10-15% of ovarian cancer cases 
are attributable to BRCA1/2 germline mutations (Pal et 
al., 2005; Cancer Genome Atlas Research N, 2011; Prat 
et al., 2005). This incidence can reach up to 90% of cases 
in hereditary ovarian cancers (Salehi et al., 2008). Features 
of BRCA1/2-associated ovarian carcinomas include high-
grade phenotype, frequent TP53 mutations, copy number 
landscape features such as Cyclin-E amplification, and 
tumor suppressor Rb deletion (Quesada et al., 2022). P53 
loss and loss of heterozygosity (LOH) play a controversial 
role in BRCA1/2-associated ovarian tumorigenesis 
(George and Shaw, 2014). There are mounting pieces of 
evidence for BRCA1 haploinsufficiency toward several 
BRCA1-related functions in normal mammary tissue, 
which has been linked to genome instability induction, 
and this should also be elucidated in normal ovarian tissue 
(Sedic and Kuperwasser, 2016; George and Shaw, 2014). 
Notably, BRCA1/2 mutations are the most prominent 
cause of homologous recombination deficiency (high 
genomic instability) in HGSOC, which improves response 
to platinum-based chemotherapy and PARP inhibitors 
(Mirza et al., 2016).

Results from patients
BRCA1/2-associated serous ovarian carcinomas 

showed a higher genomic instability than sporadic tumors. 
Besides, those BRCA1/2-associated tumors exhibited 
genome-wide loss of heterozygosity, which was associated 
with uniparental disomy (UPD). The UPD was detected 
in all analyzed BRCA1/2-associated ovarian tumors and 
only in 50% of sporadic tumors (Walsh et al., 2008). 
Besides, loss of heterozygosity (LOH) of the wild-type 
allele of BRCA1 or BRCA2 genes was widely observed 
among BRCA1/2-associated ovarian tumors (Maxwell et 
al., 2017). Notably, a study showed that the BRCA1 LOH 
gene occurred within neoplastic lesions but was absent in 
precursor lesions of tubular epithelium, which was thought 
to be the origin of HGOSC. HGSOC are commonly 
characterized by P53 alterations, detected in 96% of cases 
(Cancer Genome Atlas Research N, 2011; Cole et al., 
2016). Therefore, BRCA1 LOH may be a consequence of 
genome instability driven by other alterations (Figure 2) 
(Paley et al., 2001; Salvador et al., 2008; Norquist et al., 
2010). In this regard, P27 protein expression (Cell cycle 
inhibitor) was found to be significantly lower within P53 
foci in the tubal epithelium of women harboring BRCA1/2 
mutation compared to non-carriers (Figure 2). The loss of 
P27 was higher in BRCA1 mutation carriers compared to 
BRCA2 carriers (Norquist et al., 2010). This result may 
explain the higher lifetime risk of ovarian carcinoma in 
BRCA1 mutation carriers compared to BRCA2 mutation 
carriers (Kuchenbaecker et al., 2017). 

Besides its functions in HR repair and cell cycle 
control, BRCA1 is involved in repairing oxidative DNA 
damage (Rodriguez et al., 2007). Indeed, the level of 
8-oxoguanine (oxidative DNA damage) was significantly 
higher in DNA isolated from blood cells of BRCA1 
mutation carriers compared to non-carriers. This observed 
increase may result from a BRCA1 haploinsufficiency in 
repairing oxidative DNA damages (Figure 2) (Dziaman 
et al., 2009). BRCA1 mRNA levels showed lower levels 

in leukocytes of BRCA1 mutation carriers compared to 
non-carriers (Chehade et al., 2016). Based on previous 
studies on BRCA1 heterozygous human mammary 
epithelial cells, monoallelic alterations of the BRCA1 gene 
may cause a haplotype insufficiency (haploinsufficiency) 
toward several BRCA1 functions in normal ovarian cells 
of BRCA1 carriers; thus, promoting genome instability 
and ovarian transformation (Figure 2).

Results from animal models
Mouse models with ovary Cre recombinase-mediated 

conditional inactivation of both BRCA1 and/or p53 
showed that the inactivation of both genes (BRCA1 and 
P53) resulted in ovarian tumor formation in 54% of mice 
compared to only 5% with conditional inactivation of 
either gene alone (Quinn et al., 2009). Similarly, the 
knockout of BRCA1 alone in murine ovarian surface 
epithelium (OSE) revealed no tumorigenesis in mice 
ovaries despite the development of significantly more 
premalignant changes (Clark-Knowles et al., 2007). 
These results suggest that BRCA1 inactivation alone is 
not sufficient to promote mice ovarian cancer (Quinn et 
al., 2009). 

The mechanism by which BRCA1-associated genomic 
instability progresses from non-transformed to transformed 
cancer cells in ovarian cancer is not entirely elucidated. 
Examining BRCA1+/- mouse genome throughout the 
developmental process from embryonic life to adulthood 
revealed structural variations, indels, and copy number 
variations that appear in early embryonic life and change 
dynamically throughout the developmental process. 
Indeed, numerous oncogenic genes and pathways, such as 
DNA damage repair, estrogen signaling, and oncogenesis 
found to be affected. Controversially, TP53 mutations 
showed limited contribution in early genome instability 
and are not required for BRCA1-driven genome instability 
in non-cancer cells (Wu et al., 2022). Additionally, the 
deletion or substitution of the BRCA1 locus corresponding 
to the RING domain in mice showed a high degree of 
genomic instability and a defect in replication fork stability 
despite the accumulation of RAD51 at DNA damage sites 
(Figure 2) (Li et al., 2016).

Results from cell lines
BRCA1 is implicated in estrogen biosynthesis through 

regulating aromatase (enzyme converting androgen to 
estrogen) expression in ovarian granulosa cells (Hu et 
al., 2005). Besides, the over-expression of aromatase 
in mammary adipocytes (local production of estrogen) 
was associated with breast cancer development (Sasano 
and Harada, 1998). BRCA1 knockdown (siRNA) in 
ovarian granulosa and pre-adipocytes cell lines showed 
a significant increase in aromatase expression (Figure 2). 
This finding suggests that BRCA1 deficiency in estrogen-
producing cells may contribute to tumor development in 
estrogen-responsive epithelial cells through the activation 
of proliferative pathways (Hu et al., 2005). In the presence 
of mitomycin (DNA-damaging agent), BRCA1-deficient 
primary mouse ovarian surface epithelial (OSE) cells 
revealed a higher number of centrosomes and a lack of 
Rad51 nuclear foci (Xing and Orsulic, 2006). Besides, in 
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those same cells, the knockout of BRCA1 and P53 and 
the introduction of Myc oncogene were the minimum 
conditions that led to transformation (Figure 2) (Xing 
and Orsulic, 2006). 

Bronder et al., (2021) have recently developed novel 
model systems of chromosomal instability (CIN) in high-
grade serous ovarian cancer (HGSOC) by using CRISPR/
Cas9-mediated gene editing, first to mutate TP53 and then 
BRCA1 in FNE1 cells derived from non-ciliated fallopian 
tube epithelial cells. They demonstrated that p53 function 
loss was sufficient to cause subclonal karyotype alterations 
and global gene expression changes, affecting modules 
responsible for cell cycle commitment, DNA replication, 
G2/M checkpoint control, and mitotic spindle function 
(Figure 2) (Bronder et al., 2021).

The Tumor Suppressor BRCA1/2 ,  Cancer 
Susceptibility, and Genome Instability in Cervical 
Cancer
Background

The infection with human papillomavirus (HPV) 
constitutes the major risk factor for cervical cancer 
(Bouvard et al., 2009). Indeed, HPV DNA was detected 
in approximately 95% of cervical malignant lesions 
(Waggoner and Chernicky, 2004). HPV virus was first 
isolated and linked to cervical cancer pathogenesis in 
the early 1980s (Lowndes, 2006). The genotypes of HPV 
that can infect the anogenital tract are classified into three 

groups based on their oncogenic potential: High-risk 
(H-R) types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 
58, 59, 68, 73, 82) which are associated with high-grade 
lesions and invasive cervical cancer (Shukla et al., 2009); 
Low-risk (L-R) types (HPV6, 11, 40, 42, 43, 44, 54, 61, 
70, 72, 81) and probably H-R types (HPV26, 53, 66) 
(Bouvard et al., 2009). Persistent infection with H-R 
carcinogenic HPV types and the integration of the HPV 
genome into the host chromosome of cervical epithelial 
cells are key early events in the neoplastic progression of 
cervical malignant lesions (Williams et al., 2011).

The HPV life cycle depends on the differentiation of 
the host keratinocytes (Longworth and Laimins, 2004). Its 
genome replication occurs in three phases: establishment, 
maintenance, and productive replication (McBride, 2017). 
During the first phase, HPV infects the basal layer cells 
of the epithelial cervix to establish the infection (Pyeon 
et al., 2009). Then, the viral genome is maintained at a 
stable number of episomes in the host cell (Anacker and 
Moody, 2017). Finally, the infected basal keratinocytes 
divide, allowing a daughter cell to keep actively dividing 
in the basal line while the other starts the differentiation 
process, favoring the productive replication of the virus 
(Figure 3A) (Moody and Laimins, 2010). The replication 
of the viral genome is only possible due to the expression 
of the early oncogenes E1, E2, E6, and E7 (Nilsson et 
al., 2018). HPV E1 and E2 are implicated directly in 
the viral amplification (Bergvall et al., 2013; McBride, 

Figure 2. The Tumor Suppressor BRCA1/2, Cancer Susceptibility, and Genome Instability in Ovarian Cancer. BRCA1 
mutated cells isolated from BRCA1 mutation carriers (human or mice) showed a defect in oxidative DNA damage 
repair (high level of 8-oxoguanine), replication fork stability, and DSBs repair, leading to DSBs accumulation 
and genomic instability. Tubal epithelium cells from p53 foci of heterozygous BRCA1 mutation carriers showed a 
significant decrease in the expression of p27, inducing a defect in cell cycle arrest. The knockdown of the BRCA1 
gene in human ovarian granulosa cells using small interfering RNA (BRCA1 siRNA) resulted in overexpression of 
aromatase, leading to increased estrogen biosynthesis. The schema at the bottom summarizes the theoretical steps of 
BRCA1-associated ovarian tumorigenesis. 
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2013), while E6 and E7 prevent apoptosis and allow the 
cell cycle entrance of the host cell (Figure 3B) (Ganguly 
and Parihar, 2009). 

To maintain the integrity of the genome, the host 
cell recruits several DNA repair mechanisms that can 
detect genomic aberrations and repair them depending 
on the type of damage (Nilsson et al., 2018). The two 
main DDR pathways are homologous recombination 
(HR) and non-homologous end joining (NHEJ) (Ciccia 
and Elledge, 2010). Double-strand DNA breaks (DSBs) 
require the activation of ATM, which is recruited by the 
MRN complex (Mre11, Rad50, and NBS1) (Ciccia and 
Elledge, 2010). Activated ATM phosphorylates several 
downstream proteins such as Chk2, NBS1, BRCA1, 
p53, and γH2AX (Matsuoka et al., 2007; Bakkenist and 
Kastan, 2015). On the other hand, Single strand DNA 
breaks (SSBs) require the activation of ATR (Zhou and 
Elledge, 2000) that phosphorylates downstream effectors 
like Chk1, RPA, and the Fanconi Anemia (FA) pathway 
(Shiloh and Ziv, 2013; Hollingworth and Grand, 2015).

Many studies proved that HPV exploits the DDR 
pathways to replicate its genome (Hong et al., 2015; 
Nilsson et al., 2018; Wallace, 2020). Indeed, E1 and 
E2 activate the DDR pathways (Bergvall et al., 2013; 
McBride, 2013), while E6 and E7 interfere in the counter 
of downstream consequences of DDR (Vande Pol and 
Klingelhutz, 2013; Johnson et al., 2017). DDR pathways 
implicated in HPV replication include key proteins such 
as ATM, ATR, CHK1, CHK2, H2AX, Rad51, and BRCA1 
(Figure 3B) (Sakakibara et al., 2011; Gillespie et al., 2012; 
Reinson et al., 2013; Chappell et al., 2016).

Cervical cancer tumorigenesis depends mainly but not 
only on HPV infection (Ramachandran and Dörk, 2021). 
The downregulation of tumor-suppressor genes in host 
cells contributes to the susceptibility of this cancer (de 
Freitas et al., 2012). Besides, based on a Swedish report, 
the genetic heritability of cervical cancer accounts for 
27% of its risk (Magnusson et al., 2000). Many genetic 
association studies evaluating the risk of cervical cancer 
were conducted on several candidate genes implicated in 
cell cycle, DNA repair, and apoptosis, such as TP53 (Hu 
et al., 2010), E3 ubiquitin-protein ligase MDM2 (Hu et al., 
2007; Hu et al., 2010), ATM (Oliveira et al., 2012), BRIP1 
(Ma et al., 2013), CDKN1A (Lima et al., 2016), CDKN2A 
(Thakur et al., 2012) and Fanconi Anemia genes (FANCA, 
FANCC, and FANCL) (Juko-Pecirep et al., 2011).

Many DDR proteins with oncogenic somatic or 
germline mutations were considered therapeutic targets 
for cervical cancer, such as ATM, BRCA1, PALB2, and 
RAD51. Therefore, the use of PARP inhibitors may be 
beneficial for cervical cancer patients (Qiu et al., 2022). 
Similarly, a case-report study showed that a patient with 
cervical cancer, tested (due to a family history of cancer) 
and found positive for a pathogenic germline BRCA1 
mutation had a positive response to the treatment with 
bevacizumab and PARP inhibitor ‘olaparib’ (Montero-
Macias et al., 2021).

The DNA repair genes BRCA1 and BRCA2 are 
known to increase the risk of breast and ovarian cancers 
(Thompson and Easton, 2002; Mersch et al., 2015). Their 
implication in cervical cancer is not fully elucidated.

Results from patients
Only few studies were conducted to understand the 

association between BRCA1/2 lack or loss of function and 
the risk of cervical cancer. A cohort study conducted on 
11847 individuals from 699 different families from Europe 
and North America carrying a BRCA1 mutation showed 
that the risk of cervical cancer was increased by 3.72 folds 
(95% CI = 2.26 to 6.10, P<.001) (Thompson and Easton, 
2002). On the other hand, in a Swedish cohort of 1873 
carriers of BRCA1/2 mutations, the risk of cervical cancer 
was increased in BRCA2 mutation carriers (standardized 
morbidity ratio (SMR) = 4.21, 95% CI =1.15±10.79, P 
=0.0016) while no risk was detected in BRCA1 mutation 
carriers (Johannsson et al., 1999). Similarly, another 
study of 1072 BRCA1 and BRCA2 mutation carriers in 
the United States showed that BRCA2 mutations slightly 
increased the risk of cervical cancer (Standardized 
incidence ratio SIR = 4.410; 95% IC = 1.61-9.599; P = 
0.006) but BRCA1 did not show any significant association 
with cervical cancer (Mersch et al., 2015). The increased 
risk of cervical cancer by both genes BRCA1 and BRCA2 
was observed in a research on 4405 individuals from 409 
carrier families (RR=4.59, 95% CI=2.20 to 8.44, and 
RR=3.69, 95% CI=1.20 to 8.61; p=<0.001 respectively) 
(Rhiem et al., 2007). Although, these studies prove the 
presence of a positive correlation between the increased 
risk of cervical cancer and at least one of the muted BRCA 
genes. Correspondingly, the wild-type BRCA1 expression 
in cervical cancer was correlated with survival. The protein 
level of BRCA1 detected using Immunohistochemistry 
in 70 patients showed that the survival rate within the 
BRCA1+ group was 95.5%, while it was 76.9% within 
the BRCA1- group (Paik et al., 2021).

Results from cell lines
The implicated mechanisms of cervical cancer risk 

in BRCA1/2 carriers are not clearly established. The 
HPV early oncoproteins E6 and E7, known to interact 
with the tumor suppressor p53 and Rb1, were found to 
inactivate the BRCA1 gene in cervical cancer cell lines 
(SiHA, Caski, and HeLa). These oncoproteins interacted 
directly with BRCA1 throughout two contact points on 
the BRCA1 protein, one within an N-terminal site and the 
other in a C-terminal region of the BRCA1 protein (Zhang 
et al., 2005). Although, another research investigating 
the interaction of HPV oncoproteins with DDR proteins, 
especially homologous recombination proteins, showed 
that the expression of BRCA1, BRCA2, and RAD51 were 
slightly increased in primary human keratinocytes (HFKs) 
transfected with HPV16 E6 and E7. However, DSBs repair 
through the HR pathway was reduced by 50%, which 
was correlated with the mislocalization of RAD51 away 
from DSBs foci (Wallace et al., 2017). HPV31 E7 was 
also found to increase the level of many DDR proteins, 
including the HR proteins BRCA1 and Rad51 (Gillespie 
et al., 2012; Johnson et al., 2017). Remarkably, HPV18 
E2-dependent transcription was enhanced by BRCA1 in 
the C33A cervical cancer cell line (Kim et al., 2003). The 
co-expression of BRCA1 and HPV18-E2 was necessary for 
activating the E2 binding site. These proteins form a stable 
complex while binding through their c-terminal region. 
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Figure 3. HPV and Genomic Instability in Cervical Cancer. A Model of HPV host genome integration consequences. 
HPV infects the cervical basal layer then starts replicating following three distinct phases (establishment, maintenance, 
and productive replication). During its life cycle, HPV recruits different DDR pathways and uses then in its advantage. 
The massive activation of the DDR pathways and the interaction of HPV oncoproteins with DDR effectors lead to 
the dysfunction of this mechanism. Therefore, causing a DNA repair deficiency which leads to the accumulation of 
DNA mutations. Furthermore, HPV integration in the host genome (e.g., chr 17q and chr 13q) leads to chromosomal 
aberrations. The intensity of these two phenomena, is correlated with HPV episomal copy number in the host cell. The 
resulting genomic instability promotes and accelerates the cervical carcinogenesis. B HPV oncoproteins recruit DNA 
damage response pathways. HPV E1 protein causes DNA damage, which activates the DDR pathway. Depending on 
the type of DNA damage (DSBs or SSBs), DDR leads to ATM activation via the MRN mediators (MRE11, RAD50, 
NSB1) and ATR activation via RPA. Once activated, these transducers lead to a signaling cascade that stimulates 
cell cycle arrest and the repair of the damage. In the downstream of this mechanism, E2 promotes the expression of 
oncoproteins E6 and E7 by hyperacetylation of the promoter region. E6 degrades p53 by ubiquitination, and E7 binds 
to Rb, releasing E2F and leading to the progression of the cell cycle. HPV oncoproteins also interact with BRCA1 and 
BRCA2 via direct protein-protein interactions. Therefore, the DNA damage remains unrepaired, and the cell escapes 
cell cycle arrest which allows the virus to replicate. The accumulation of unrepaired DNA damages causes genome 
instability and promotes cervical malignant transformation. 
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This study also showed that Mutant c-terminal BRCA1 
reduced the activation of E2-dependent promoter even in 
the presence of E2 (Kim et al., 2003). The interaction of 
HPV oncoproteins with BRCA1/2 proves the manipulation 
of DDR pathways by the virus to promote its replication. 
The alteration of these pathways is well-known to promote 
carcinogenesis by promoting DNA mutations and genomic 
instabilities (O’Connor, 2015). 

Furthermore, in cervical cancer, losses of heterozygosity 
were frequently detected within chromosome 17q 
(containing the BRCA1 gene) by 44% and chromosome 13q 
(containing the BRCA2 gene) by 29% (Miyai et al., 2004). 
Similarly, another study investigating HPV integration 
hotspots in the host genome showed that HPV integration 
was detected in 15 of 21 samples (Shen-Gunther et al., 
2022). In one sample, HPV integration was detected in 
chromosome 17q (containing the BRCA1 gene), while in 
another, HPV integration was detected in chromosome 13q 
(containing the BRCA2 gene) (Shen-Gunther et al., 2022). 
Hence, HPV genome integration within chromosomal 
regions containing BRCA1 and BRCA2 genes may 
be considered as an important assist in the BRCA1/2 
associated genome instability in cervical cancer.

The mutational status of BRCA1/2 in cervical cancer 
is not well established. Mutation in exon 11 of the BRCA1 
gene was detected in 76% of 17 precancerous lesions of 
the cervix. The mutation was either a complete deletion or 
a deletion of one or more nucleotides (Park et al., 1999). 
Similarly, BRCA1 (p.T367I) and BRCA2 (p.Q1187fs) 
mutations were detected each in one sample individually 
in a study conducted on 10 cervical cancer tissues (Xing 
et al., 2018). A much larger study combining the analyses 
of 327 squamous cell carcinomas and 86 non-squamous 
cell carcinomas showed that Fanconi Anemia (FA) genes 
BRCA1, BRCA2, and BRIP1 were mutated in 152 patients 
by 3.7%, 4.0%, and 2.8%, respectively (Halle et al., 2021). 
In another form of genomic variability, a Chinese research 
investigating the genetic landscape of 64 cervical cancer 
samples using a validated multigene next-generation 
sequencing (NGS) panel revealed that BRCA1, BRCA2, 
ATM, and TP53 gene loci had a higher frequency of copy 
number variations, CNVs (Qiu et al., 2022). 

Overall, BRCA1/2 may contribute to the development 
of cervical cancer as a co-factor to HPV either by germline 
mutations (cancer susceptibility) or somatic mutations 
(e.g., precancerous lesions). Moreover, HPV genome 
integration in the BRCA1/2 genes chromosome sites may 
alter their expression and thus promote genomic instability, 
especially in BRCA1/2 carriers. Likewise, in cervix cells 
of BRCA1/2 carriers, the possible inhibitory interaction 
of HPV proteins with BRCA1 and BRCA2 and other DDR 
proteins may deprive those cells of essential functions 
such as DSBs repair through homologous recombination 
pathway, thus accelerating genome instability initiated 
by other viral mechanisms. Indeed, the DNA repair 
deficiency induces the accumulation of DNA mutations 
and chromosomal aberrations, which plausibly promote 
cervical carcinogenesis (Figure 3). Further investigations 
are needed to clarify and decipher the implication of 
BRCA1/2 genes in cervical cancer susceptibility.

Conclusions
Many studies on breast and ovarian cancers and fewer 

on cervical cancer investigated the link between BRCA1/2 
germline mutations and genome instability-associated 
tumorigenesis among carriers (Table 1). Indeed, BRCA1/2 
mutations alter various vital cellular processes, which 
leads to the accumulation of DNA damages, mutations 
of critical genes, unresolved stalled forks and R-loops, 
telomere dysfunction, defects in cell cycle control, and 
increased oxidative stress. Those alterations may cause 
genome instability in normal cells of BRCA1/2 mutation 
carriers, leading them to transformation. Notably, 
BRCA1/2 alterations are one of the main contributors to 
HR deficiency in breast and ovarian cancers, and they 
constitute determinant biomarkers for the clinical use of 
PARP inhibitors and platinum-derived therapy. BRCA1/2 
heterozygous human, mice, and cell lines models show 
immense potential in establishing the link between the 
haplotype insufficiency of BRCA1/2 genes and genome 
instability induction. BRCA1/2 haploinsufficiency 
models provide strong evidence explaining BRCA1/2-
associated genome instability compared to the “two-hit” 
models that use a total silencing of BRCA1/2 genes using 
siRNA in cell lines or conditional mutations in mice. In 
cervical and uterine cancers, the increased risk among 
BRCA1/2 mutation carriers and the probable interaction 
of HPV with these genes, either by genome integration 
in their chromosomal sites or direct protein interactions, 
suggest an implication of BRCA1/2 in the susceptibility 
of this cancer. Further investigations are needed to prove 
BRCA1/2-related HR deficiency in cervical cancer, which 
will promote the beneficial use of PARP inhibitors in this 
latter. 

Overall, the poor outcome of BRCA1/2-associated 
cancers renders BRCA1/2-driven genome instability of 
substantial clinical potential. Other alterations of BRCA1/2 
genes, such as DNA methylation, are frequently observed 
in gynecomammary cancers and may constitute another 
mechanism driving genome instability that needs to be 
investigated, especially in sporadic disease. 
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Breast Models Ovary Models Blood Models Uterine, Risk
BRCA1 6-KB Duplication in exon 13 6-KB Duplication in exon 13 6-KB Duplication in exon 13 5385insC, exon 19

C61G, exon 4 L598X, exon 10 185delAG, exon 2 c.4956G>A, exon 16
E143X, exon 6 185delAG, exon 2 1294del40, exon 10 185delAG, exon 2

4065-4068del, exon 10 1246delA, exon 11 1323delG, exon 11
R1203X, exon 10 2576delC, exon 10 4446C>T, exon 12 
R1443X, exon 12 5214C>T, exon 16 IVS8+2T>A, splice 

mutation implicating intron 8 
and exon 8

185delAG, exon 2
943ins10, exon 10
1100delAT, exon10
1135insA, exon 10

2530delAG, exon 10
2800delAA, exon 10
4154delA, exon10
4184del4, exon 10
5385insC, exon 19

BRCA2 999del5, exon 9 6174delT, exon 11 T1251fs*14, exon 11
8765delAG, exon 20 6174delT, exon 11
5358del4, exon 11

Pathogenic variants associated with Breast and/or Ovarian cancer risk: findings from various models in the current review, Presented in the 'Breast 
Models,' 'Ovary Models,' and 'Blood Models' Columns. Founder mutations increasing the risk of breast and ovarian cancers and associated with 
the risk of uterine cancer are presented in the "Uterine, Risk" column. The pathogenicity (Risk of breast/ovarian cancers) and the nucleotide 
localization of each BRCA1/2 variant used in different models were determined using the Clinvar database (ClinVar, 2023). Alterations with 
unknown significance (ClinVar, 2023) for the risk of breast and/or ovarian cancers were excluded and are not mentioned in this table. The Ashkenazi 
founder mutation “185delAG” is one of the most used mutations in models presented in this review. The last column, “Uterine, Risk,” includes 
BRCA1/2 mutations increasing the risk for uterine cancer, known as founder mutations, increasing the risk of breast and/or ovarian cancers (Laitman 
et al., 2019).

Table 1. Pathogenic Variants Implicated in Gynecological and Mammary Cancers: Insights from Cited Models in this 
Review



Oubaddou Yassire et al

Asian Pacific Journal of Cancer Prevention, Vol 242984

The Moroccan Ministry of Higher Education, Scientific 
Research and Innovation and the OCP Foundation who 
funded this work through the APRD research program 
; 2) Agence Nationale Des Plantes Médicinales Et 
Aromatiques ‘ANPMA’ ; 3) MAScIR: doctoral scholarship 
to F. Oubaqui.

This work is a part of 3 student thesis.
Publication fees supported by the “Cancer Research 

Institute IRC”, Kingdom of Morocco. www.irc.ma.

Ethical Approval 
Not applicable for this review

Availability of data
Not applicable for this review

Conflict of interest 
The authors declare no conflict of interest

References

Ade C, Roy-Engel AM, Deininger PL (2013). Alu elements: an 
intrinsic source of human genome instability. Curr Opin 
Virol, 3, 639-45.

Anacker DC, Moody CA (2017). Modulation of the DNA damage 
response during the life cycle of human papillomaviruses. 
Virus Res, 231, 41-9.

Bakkenist CJ, Kastan MB (2015). Chromatin perturbations 
during the DNA damage response in higher eukaryotes. 
DNA Repair (Amst), 36, 8-12.

Bergstrom J, Shih IM, Fader AN (2017). Updates on Rare 
Epithelial Ovarian Carcinoma. In ‘Translational Advances 
in Gynecologic Cancers’, pp 181-95.

Bergvall M, Melendy T, Archambault J (2013). The E1 proteins. 
Virology, 445, 35-56.

Bhatia V, Barroso SI, Garcia-Rubio ML, et al (2014). BRCA2 
prevents R-loop accumulation and associates with TREX-2 
mRNA export factor PCID2. Nature, 511, 362-5.

Bouvard V, Baan R, Straif K, et al (2009). A review of human 
carcinogens—Part B: biological agents. Lancet Oncol, 10, 
321-2.

Boyd J (2000). Clinicopathologic Features of BRCA-Linked and 
Sporadic Ovarian Cancer. JAMA, 283, 2260.

Bronder D, Tighe A, Wangsa D, et al (2021). TP53 loss initiates 
chromosomal instability in fallopian tube epithelial cells. 
Dis Model Mech, 14.

Cai FF, Chen S, Wang MH, et al (2016). Pyrosequencing 
quantified methylation level of BRCA1 promoter as 
prognostic factor for survival in breast cancer patient. 
Oncotarget, 7, 27499-510.

Cancer Genome Atlas Research N (2011). Integrated genomic 
analyses of ovarian carcinoma. Nature, 474, 609-15.

Chappell WH, Gautam D, Ok ST, et al (2016). Homologous 
Recombination Repair Factors Rad51 and BRCA1 
Are Necessary for Productive Replication of Human 
Papillomavirus 31. J Virol, 90, 2639-52.

Chehade R, Pettapiece-Phillips R, Salmena L, et al (2016). 
Reduced BRCA1 transcript levels in freshly isolated blood 
leukocytes from BRCA1 mutation carriers is mutation 
specific. Breast Cancer Res, 18, 87.

Chiang HC, Zhang X, Li J, et al (2019). BRCA1-associated 
R-loop affects transcription and differentiation in breast 
luminal epithelial cells. Nucleic Acids Res, 47, 5086-99.

Ciccia A, Elledge SJ (2010). The DNA Damage Response: 

Making It Safe to Play with Knives. Mol Cell, 40, 179-204. 
Clark-Knowles KV, Garson K, Jonkers J, et al (2007). 

Conditional inactivation of Brca1 in the mouse ovarian 
surface epithelium results in an increase in preneoplastic 
changes. Exp Cell Res, 313, 133-45.

ClinVar. Available: https://www.ncbi.nlm.nih.gov/clinvar/ 
[Accessed March 4 2023]. 

Clinvar-BRCA1 gene. NCBI. Available: https://www.ncbi.
nlm.nih.gov/clinvar/?gr=0&term=BRCA1%5Bgene%5D 
[Accessed February 5 2023].

Cohen PA, Jhingran A, Oaknin A, et al (2019). Cervical cancer. 
Lancet, 393, 169-82.

Cole AJ, Dwight T, Gill AJ, et al (2016). Assessing mutant 
p53 in primary high-grade serous ovarian cancer using 
immunohistochemistry and massively parallel sequencing. 
Sci Rep, 6, 26191.

Collins N, Wooster R, Stratton MR (1997). Absence of 
methylation of CpG dinucleotides within the promoter of the 
breast cancer susceptibility gene BRCA2 in normal tissues 
and in breast and ovarian cancers. Br J Cancer, 76, 1150-6. 

de Freitas AC, Gurgel AP, Chagas BS, et al (2012). Susceptibility 
to cervical cancer: an overview. Gynecol Oncol, 126, 304-11.

deFazio A, Gao B, Mapagu C, Moujaber T, Harnett PR  
(2021). Epithelial ovarian cancer: Genomic landscape and 
evolving precision treatment. Overcoming Ovarian Cancer 
Chemoresistance, pp 1–23.

Drost RM, Jonkers J (2009). Preclinical mouse models for 
BRCA1-associated breast cancer. Br J Cancer, 101, 1651-7.

Dziaman T, Huzarski T, Gackowski D, et al (2009). Elevated 
level of 8-oxo-7,8-dihydro-2’-deoxyguanosine in leukocytes 
of BRCA1 mutation carriers compared to healthy controls. 
Int J Cancer, 125, 2209-13.

Fang CB, Wu HT, Zhang ML, et al (2020). Fanconi Anemia 
Pathway: Mechanisms of Breast Cancer Predisposition 
Development and Potential Therapeutic Targets. Front Cell 
Dev Biol, 8, 160.

Felicio PS, Melendez ME, Arantes LMRB, et al (2017). Genetic 
and epigenetic characterization of the BRCA1 gene in 
Brazilian women at-risk for hereditary breast cancer. 
Oncotarget, 8, 2850-62.

Ferlay J, Colombet M, Soerjomataram I, et al (2021). Cancer 
statistics for the year 2020: An overview. Int J Cancer, 
149, 778-89.

Fu X, Tan W, Song Q, et al (2022). BRCA1 and Breast Cancer: 
Molecular Mechanisms and Therapeutic Strategies. Front 
Cell Dev Biol, 10, 1-11.

Ganguly N, Parihar SP (2009). Human papillomavirus E6 and 
E7 oncoproteins as risk factors for tumorigenesis. J Biosci, 
34, 113-23. 

Gascard P, Bilenky M, Sigaroudinia M, et al (2015). Epigenetic 
and transcriptional determinants of the human breast. Nat 
Commun, 6, 6351.

Ge J, Zuo W, Chen Y, et al (2021). The advance of adjuvant 
treatment for triple-negative breast cancer. Cancer Biol 
Med, 19, 187-201.

George SH, Shaw P (2014). BRCA and Early Events in the 
Development of Serous Ovarian Cancer. Front Oncol, 4, 5.

Gillespie KA, Mehta KP, Laimins LA, et al (2012). Human 
papillomaviruses recruit cellular DNA repair and homologous 
recombination factors to viral replication centers. J Virol, 86, 
9520-6.

Halle MK, Sundaresan A, Zhang J, et al (2021). Genomic 
alterations associated with mutational signatures, DNA 
damage repair and chromatin remodeling pathways in 
cervical carcinoma. NPJ Genom Med, 6, 82.

Helmrich A, Ballarino M, Tora L (2011). Collisions between 
replication and transcription complexes cause common 



Asian Pacific Journal of Cancer Prevention, Vol 24 2985

DOI:10.31557/APJCP.2023.24.9.3139
BRCA1/2 in Gynecological and Mammary Cancers

fragile site instability at the longest human genes. Mol Cell, 
44, 966-77.

Hollingworth R, Grand RJ (2015). Modulation of DNA Damage 
and Repair Pathways by Human Tumour Viruses. Viruses, 
7, 2542-91.

Hong S, Cheng S, Iovane A, et al (2015). STAT-5 Regulates 
Transcription of the Topoisomerase IIbeta-Binding Protein 
1 (TopBP1) Gene To Activate the ATR Pathway and Promote 
Human Papillomavirus Replication. mBio, 6, e02006-15.

Hu W, Feng Z, Ma L, Wagner J, et al (2007). A single nucleotide 
polymorphism in the MDM2 gene disrupts the oscillation 
of p53 and MDM2 levels in cells. Cancer Res, 67, 2757 65.

Hu X, Zhang Z, Ma D, et al (2010). TP53, MDM2, NQO1, 
and susceptibility to cervical cancer. Cancer Epidemiol 
Biomarkers Prev, 19, 755-61.

Hu Y, Ghosh S, Amleh A, et al (2005). Modulation of aromatase 
expression by BRCA1: a possible link to tissue-specific 
tumor suppression. Oncogene, 24, 8343-8.

Islam R, Billah B, Hossain M, et al (2017). Barriers to cervical 
cancer and breast cancer screening uptake in low-income 
and middle-income countries: A systematic review. Asian 
Pac J Cancer Prev, 18, 1751-63.

Isono M, Niimi A, Oike T, et al (2017). BRCA1 Directs 
the Repair Pathway to Homologous Recombination by 
Promoting 53BP1 Dephosphorylation. Cell Rep, 18, 520-32.

Johannsson O, Loman N, Möller T, et al (1999). Incidence 
of malignant tumours in relatives of BRCA1 and BRCA2 
germline mutation carriers. Eur J Cancer, 35, 1248-57.

Johnson BA, Aloor HL, Moody CA (2017). The Rb binding 
domain of HPV31 E7 is required to maintain high levels of 
DNA repair factors in infected cells. Virology, 500, 22-34.

Juko-Pecirep I, Ivansson EL, Gyllensten UB (2011). Evaluation 
of Fanconi anaemia genes FANCA, FANCC and FANCL in 
cervical cancer susceptibility. Gynecol Oncol, 122, 377 81. 

Kass EM, Lim PX, Helgadottir HR, et al (2016). Robust 
homology-directed repair within mouse mammary tissue is 
not specifically affected by Brca2 mutation. Nat Commun, 
7, 13241.

Kim J, Lee D, Gwan Hwang S, et al (2003). BRCA1 associates 
with human papillomavirus type 18 E2 and stimulates E2-
dependent transcription. Biochem Biophys Res Commun, 
305, 1008-16.

Konishi H, Mohseni M, Tamaki A, et al (2011). Mutation of a 
single allele of the cancer susceptibility gene BRCA1 leads 
to genomic instability in human breast epithelial cells. Proc 
Natl Acad Sci U S A, 108, 17773-8.

Kuchenbaecker KB, Hopper JL, Barnes DR, et al (2017). Risks of 
Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 
and BRCA2 Mutation Carriers. JAMA, 317, 2402-16.

Kwong A, Cheuk IW, Shin VY, et al (2020). Somatic mutation 
profiling in BRCA-negative breast and ovarian cancer 
patients by multigene panel sequencing. Am J Cancer Res, 
10, 2919-32.

Laitman Y, Michaelson-Cohen R, Levi E, et al (2019). Uterine 
cancer in Jewish Israeli BRCA1/2 mutation carriers. Cancer, 
125, 698-703.

Lawson JS, Glenn WK, Salyakina D, et al (2015). Human 
Papilloma Virus Identification in Breast Cancer Patients with 
Previous Cervical Neoplasia. Front Oncol, 5, 298.

Li M, Cole F, Patel DS, et al (2016). 53BP1 ablation rescues 
genomic instability in mice expressing ‘RING-less’ BRCA1. 
EMBO Rep, 17, 1532-41.

Lima G, Santos E, Angelo H, et al (2016). Association between 
p21 Ser31Arg polymorphism and the development of 
cervical lesion in women infected with high risk HPV. Tumor 
Biol, 37, 10935 41. 

Litton JK, Ready K, Chen H, et al (2012). Earlier age of onset of 

BRCA mutation-related cancers in subsequent generations. 
Cancer, 118, 321-5.

Liu X, Holstege H, Van Der Gulden H, et al (2007). Somatic 
loss of BRCA1 and p53 in mice induces mammary tumors 
with features of human BRCA1-mutated basal-like breast 
cancer. Proc Natl Acad Sci U S A, 104, 12111-6.

Longworth MS, Laimins LA (2004). Pathogenesis of human 
papillomaviruses in differentiating epithelia. Microbiol Mol 
Biol Rev, 68, 362-72.

Lord CJ, Ashworth A (2016). BRCAness revisited. Nat Rev 
Cancer, 16, 110-20.

Lowndes CM (2006). Vaccines for cervical cancer. Epidemiol 
Infect, 134, 1-12.

Ludwig T, Chapman DL, Papaioannou VE, Efstratiadis A (1997). 
Targeted mutations of breast cancer susceptibility gene 
homologs in mice: Lethal phenotypes of Brca1, BRCA2, 
BRCA1/BRCA2, Brca1/p53, and Brca2/p53 nullizygous 
embryos. Genes Dev, 11, 1226-41.

Ma XD, Cai GQ, Zou W, et al (2013). BRIP1 variations analysis 
reveals their relative importance as genetic susceptibility 
factor for cervical cancer. Biochem Biophys Res Commun, 
433, 232 6.

Magnusson PKE, Lichtenstein P, GyllensteINn UB (2000). 
Heritability of cervical tumours. Int J Cancer, 88, 698 701.

Martins FC, De S, Almendro V, et al (2012). Evolutionary 
pathways in BRCA1-associated breast tumors. Cancer 
Discov, 2, 503-11.

Matsuoka S, Ballif BA, Smogorzewska A, et al (2007). ATM and 
ATR substrate analysis reveals extensive protein networks 
responsive to DNA damage. Science, 316, 1160-6.

Maxwell KN, Wubbenhorst B, Wenz BM, et al (2017). BRCA 
locus-specific loss of heterozygosity in germline BRCA1 
and BRCA2 carriers. Nat Commun, 8, 319.

McBride AA (2013). The papillomavirus E2 proteins. Virology, 
445, 57-79.

McBride AA (2017). Mechanisms and strategies of papillomavirus 
replication. Biol Chem, 398, 919-27.

Mersch J, Jackson MA, Park M, et al (2015). Cancers associated 
with BRCA1 and BRCA2 mutations other than breast and 
ovarian. Cancer, 121, 269-75.

Miki Y, Swensen J, Shattuck-Eidens D, et al (1994). A strong 
candidate for the breast and ovarian cancer susceptibility 
gene BRCA1. Science, 266, 66-71.

Mirza MR, Monk BJ, Herrstedt J, et al (2016). Niraparib 
Maintenance Therapy in Platinum-Sensitive, Recurrent 
Ovarian Cancer. N Engl J Med, 375, 2154-64.

Miyai K, Furugen Y, Matsumoto T, et al (2004). Loss of 
heterozygosity analysis in uterine cervical adenocarcinoma. 
Gynecol Oncol, 94, 115-20.

Montero-Macias R, Koual M, Crespel C, et al (2021). Complete 
pathological response to olaparib and bevacizumab in 
advanced cervical cancer following chemoradiation in a 
BRCA1 mutation carrier: a case report. J Med Case Rep, 
15, 210.

Moody CA, Laimins LA (2010). Human papillomavirus 
oncoproteins: Pathways to transformation. Nat Rev Cancer, 
10, 550 60. 

Nilsson K, Wu C, Schwartz S (2018). Role of the DNA Damage 
Response in Human Papillomavirus RNA Splicing and 
Polyadenylation. Int J Mol Sci, 19.

Norquist BM, Garcia RL, Allison KH, et al (2010). The 
molecular pathogenesis of hereditary ovarian carcinoma: 
alterations in the tubal epithelium of women with BRCA1 
and BRCA2 mutations. Cancer, 116, 5261-71.

O’Connor MJ (2015). Targeting the DNA Damage Response in 
Cancer. Mol Cell, 60, 547-60.

Oliveira S, Ribeiro J, Sousa H, et al (2012). Genetic 



Oubaddou Yassire et al

Asian Pacific Journal of Cancer Prevention, Vol 242986

polymorphisms and cervical cancer development: ATM 
G5557A and p53bp1 C1236G. Oncol Rep, 27, 1188-92.

Paik ES, Chang CS, Chae YL, et al (2021). Prognostic Relevance 
of BRCA1 Expression in Survival of Patients With Cervical 
Cancer. Front Oncol, 11, 770103.

Pal T, Permuth-Wey J, Betts JA, et al (2005). BRCA1 and 
BRCA2 mutations account for a large proportion of ovarian 
carcinoma cases. Cancer, 104, 2807-16. 

Paley PJ, Swisher EM, Garcia RL, et al (2001). Occult cancer 
of the fallopian tube in BRCA-1 germline mutation carriers 
at prophylactic oophorectomy: a case for recommending 
hysterectomy at surgical prophylaxis. Gynecol Oncol, 80, 
176-80. 

Park SJ, Chan PJ, Seraj IM, King A (1999). Denaturing gradient 
gel electrophoresis screening of the BRCA1 gene in cells 
from precancerous cervical lesions. J Reprod Med, 44, 575 
80.

Patel JM, Goss A, Garber JE, et al (2020). Retinoblastoma 
protein expression and its predictors in triple-negative breast 
cancer. NPJ Breast Cancer, 6, 19.

Pathania S, Bade S, Le Guillou M, et al (2014). BRCA1 
haploinsufficiency for replication stress suppression in 
primary cells. Nat Commun, 5, 5496.

Perez-Losada J, Castellanos-Martin A, Mao JH (2011). Cancer 
evolution and individual susceptibility. Integr Biol (Camb), 
3, 316-28.

Popova T, Manie E, Rieunier G, et al (2012). Ploidy and large-
scale genomic instability consistently identify basal-like 
breast carcinomas with BRCA1/2 inactivation. Cancer Res, 
72, 5454-62.

Prat J, Ribe A, Gallardo A (2005). Hereditary ovarian cancer. 
Hum Pathol, 36, 861-70.

Puget N, Gad S, Perrin-Vidoz L, et al (2002). Distinct BRCA1 
rearrangements involving the BRCA1 pseudogene suggest 
the existence of a recombination hot spot. Am J Hum Genet, 
70, 858-65.

Pyeon D, Pearce SM, Lank SM, et al (2009). Establishment 
of human papillomavirus infection requires cell cycle 
progression. PLoS Pathog, 5, e1000318.

Qiu L, Feng H, Yu H, et al (2022). Characterization of the 
Genomic Landscape in Cervical Cancer by Next Generation 
Sequencing. Genes (Basel), 13.

Quesada S, Fabbro M, Solassol J (2022). Toward More 
Comprehensive Homologous Recombination Deficiency 
Assays in Ovarian Cancer, Part 1: Technical Considerations. 
Cancers (Basel), 14.

Quinn BA, Brake T, Hua X, et al (2009). Induction of ovarian 
leiomyosarcomas in mice by conditional inactivation of 
Brca1 and p53. PLoS One, 4, e8404.

Ramachandran D, Dork T (2021). Genomic Risk Factors for 
Cervical Cancer. Cancers (Basel), 13.

Reinson T, Toots M, Kadaja M, et al (2013). Engagement of 
the ATR-dependent DNA damage response at the human 
papillomavirus 18 replication centers during the initial 
amplification. J Virol, 87, 951-64.

Renaudin X, Lee M, Shehata M, et al (2021). BRCA2 deficiency 
reveals that oxidative stress impairs RNaseH1 function to 
cripple mitochondrial DNA maintenance. Cell Rep, 36, 
109478.

Rhiem K, Fischer, C, Bosse K, Wappenschmidt B, Schmutzler 
RK (2007). Increased risk of cervical cancer in high-risk 
families with and without mutations in the BRCA1 and 
BRCA2 genes. J Clin Oncol, 25, 5588.

Ring KL, Garcia C, Thomas MH, et al (2017). Current and future 
role of genetic screening in gynecologic malignancies. Am 
J Obstet Gynecol, 217, 512-21.

Rodriguez H, Jaruga P, Leber D, et al (2007). Lymphoblasts of 

Women with BRCA1 Mutations Are Deficient in Cellular 
Repair of 8,5′-Cyclopurine-2′-deoxynucleosides and 
8-Hydroxy-2′-deoxyguanosine. Biochemistry, 46, 2488-96. 

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

Ruscito I, Dimitrova D, Vasconcelos I, et al (2014). BRCA1 gene 
promoter methylation status in high-grade serous ovarian 
cancer patients - A study of the tumour Bank ovarian cancer 
(TOC) and ovarian cancer diagnosis consortium (OVCAD). 
Eur J Cancer, 50, 2090-8. 

Sakakibara N, Mitra R, McBride AA (2011). The papillomavirus 
E1 helicase activates a cellular DNA damage response in 
viral replication foci. J Virol, 85, 8981-95.

Salehi F, Dunfield L, Phillips KP, et al (2008). Risk factors for 
ovarian cancer: an overview with emphasis on hormonal 
factors. J Toxicol Environ Health B Crit Rev, 11, 301-21.

Salvador S, Rempel A, Soslow RA, et al (2008). Chromosomal 
instability in fallopian tube precursor lesions of serous 
carcinoma and frequent monoclonality of synchronous 
ovarian and fallopian tube mucosal serous carcinoma. 
Gynecol Oncol, 110, 408-17.

Sasano H, Harada N (1998). Intratumoral aromatase in human 
breast, endometrial, and ovarian malignancies. Endocr Rev, 
19, 593-607. 

Sawyer SL, Tian L, Kähkönen M, et al (2015). Biallelic 
mutations in BRCA1 cause a new Fanconi anemia subtype. 
Cancer Discov, 5, 135-42.

Sedic M, Kuperwasser C (2016). BRCA1-hapoinsufficiency: 
Unraveling the molecular and cellular basis for tissue-
specific cancer. Cell Cycle, 15, 621-7.

Sedic M, Skibinski A, Brown N, et al (2015). Haploinsufficiency 
for BRCA1 leads to cell-type-specific genomic instability 
and premature senescence. Nat Commun, 6, 7505.

Shen-Gunther J, Cai H, Wang Y (2022). HPV Integration Site 
Mapping: A Rapid Method of Viral Integration Site (VIS) 
Analysis and Visualization Using Automated Workflows in 
CLC Microbial Genomics. Int J Mol Sci, 23.

Shiloh Y, Ziv Y (2013). The ATM protein kinase: Regulating the 
cellular response to genotoxic stress, and more. Nat Rev Mol 
Cell Biol, 14, 197-210.

Shukla S, Bharti AC, Mahata S, et al (2009). Infection of human 
papillomaviruses in cancers of different human organ sites. 
Indian J Med Res, 130, 222-33.

Smith TM, Lee MK, Szabo CI, et al (1996). Complete genomic 
sequence and analysis of 117 kb of human DNA containing 
the gene BRCA1. Genome Res, 6, 1029-49.

Struewing J, Abeliovich D, Peretz T, et al (1995). The 
carrier frequency of the BRCA1 185delAG mutation is 
approximately 1 percent in Ashkenazi Jewish individuals. 
Nat Genet, 11, 198-200.

Sun S, Brazhnik K, Lee M, et al (2022). Single-cell analysis 
of somatic mutation burden in mammary epithelial cells of 
pathogenic BRCA1/2 mutation carriers. J Clin Invest, 132.

Sung H, Ferlay J, Siegel RL, et al (2021). Global Cancer 
Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA 
Cancer J Clin, 71, 209-49.

Tan SLW, Chadha S, Liu Y, et al (2017). A Class of Environmental 
and Endogenous Toxins Induces BRCA2 Haploinsufficiency 
and Genome Instability. Cell, 169, 1105-18 e15.

Thakur N, Hussain S, Nasare V, et al (2012). Association 
analysis of p16 (CDKN2A) and RB1 polymorphisms with 
susceptibility to cervical cancer in Indian population. Mol 
Biol Rep, 39, 407 14. 

Thompson D, Easton DF (2002). Cancer incidence in BRCA1 
mutation carriers. J Natl Cancer Inst, 94, 1358-65.



Asian Pacific Journal of Cancer Prevention, Vol 24 2987

DOI:10.31557/APJCP.2023.24.9.3139
BRCA1/2 in Gynecological and Mammary Cancers

Umarane P, Ghagane SC, Nerli R (2023). Prostate Cancer: 
Germline Mutations in BRCA1 and BRCA2. Asian Pac J 
Cancer Biol, 8, 69-73.

Vande Pol SB, Klingelhutz AJ (2013). Papillomavirus E6 
oncoproteins. Virology, 445, 115-37.

Venkitaraman AR (2014). Cancer suppression by the chromosome 
custodians, BRCA1 and BRCA2. Science, 343, 1470-5.

Venkitaraman AR (2019). How do mutations affecting the 
breast cancer genes BRCA1 and BRCA2 cause cancer 
susceptibility?. DNA Repair (Amst), 81, 102668.

Vohhodina J, Goehring LJ, Liu B, et al (2021). BRCA1 binds 
TERRA RNA and suppresses R-Loop-based telomeric DNA 
damage. Nat Commun, 12, 3542.

Waggoner SE, Chernicky CL (2004). Molecular Biology of 
Cervical and Vulvar Carcinoma. In Gynecologic Cancer: 
Controversies in Management, pp 65-78.

Wallace NA (2020). Catching HPV in the Homologous 
Recombination Cookie Jar. Trends Microbiol, 28, 191-201.

Wallace NA, Khanal S, Robinson KL, et al (2017). High-Risk 
Alphapapillomavirus Oncogenes Impair the Homologous 
Recombination Pathway. J Virol, 91.

Walsh CS, Ogawa S, Scoles DR, et al (2008). Genome-wide 
loss of heterozygosity and uniparental disomy in BRCA1/2-
associated ovarian carcinomas. Clin Cancer Res, 14, 
7645-51.

Weiss NS, Homonchuk T, Young JrJL (1977). Incidence of the 
histologic types of ovarian cancer: the US Third National 
Cancer Survey, 1969-1971. Gynecol Oncol, 5, 161-7.

Williams VM, Filippova M, Soto U, et al (2011). HPV-
DNA integration and carcinogenesis: putative roles for 
inflammation and oxidative stress. Future Virol, 6, 45-57.

Wooster R, Bignell G, Lancaster J, et al (1995). Identification 
of the breast cancer susceptibility gene BRCA2. Nature, 
378, 789-92.

Wu X, Guo M, Cui J, et al (2022). Heterozygotic Brca1 mutation 
initiates mouse genome instability at embryonic stage. 
Oncogenesis, 11, 41.

Xiao F, Kim YC, Snyder C, et al (2014). Genome instability 
in blood cells of a BRCA1+ breast cancer family. BMC 
Cancer, 14, 1-10.

Xing D, Orsulic S (2006). A mouse model for the molecular 
characterization of brca1-associated ovarian carcinoma. 
Cancer Res, 66, 8949-53.

Xing D, Zheng G, Schoolmeester JK, et al (2018). Next-
generation Sequencing Reveals Recurrent Somatic 
Mutations in Small Cell Neuroendocrine Carcinoma of the 
Uterine Cervix. Am J Surg Pathol, 42, 750-60.

Xu X, Qiao W, Linke SP, et al (2001). Genetic interactions 
between tumor suppressors Brca1 and p53 in apoptosis, cell 
cycle and tumorigenesis. Nat Genet, 28, 266-271. 

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

Zhang X, Chiang HC, Wang Y, et al (2017). Attenuation of RNA 
polymerase II pausing mitigates BRCA1-associated R-loop 
accumulation and tumorigenesis. Nat Commun, 8, 15908.

Zhang X, Wang Y, Chiang HC, et al (2019). BRCA1 mutations 
attenuate super-enhancer function and chromatin looping 
in haploinsufficient human breast epithelial cells. Breast 
Cancer Res, 21, 51.

Zhang Y, Fan S, Meng Q, et al (2005). BRCA1 interaction with 
human papillomavirus oncoproteins. J Biol Chem, 280, 
33165-77.

Zhou BB, Elledge SJ (2000). The DNA damage response: Putting 
checkpoints in perspective. Nature, 408, 433-9.

This work is licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License.


