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Abstract

The inheritance of monoallelic germline mutations affecting BRCA1 or BRCA2 predisposes with 

a high penetrance to several forms of epithelial malignancy. The large, nuclear-localized BRCA 

proteins act as custodians of chromosome integrity through distinct functions in the assembly and 

activity of macromolecular complexes that mediate DNA repair, replication reactivation and 

mitotic progression. The loss of these tumour suppressive functions following biallelic BRCA 
gene inactivation has long been thought to provoke genomic instability and carcinogenesis. 

However, recent studies not only identify new functions for BRCA1 and BRCA2 in the regulation 

of transcription and RNA processing potentially relevant to their tumour suppressive activity, but 

also suggest that monoallelic BRCA2 gene mutations suffice for carcinogenesis. This emerging 

evidence opens fresh lines of enquiry concerning tissue-specific cancer evolution in BRCA 
mutation carriers. Collectively, these insights engender new models to explain how BRCA gene 

mutations cause cancer susceptibility in specific tissues.
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Cancer susceptibility associated with mutations affecting BRCA1 or BRCA2

Germline mutations affecting a single copy of the breast cancer genes BRCA1 or BRCA2 
significantly increase the risk of breast and ovarian cancer (reviewed in Nathanson et al., 

2001; Rahman and Stratton, 1998; Welcsh and King, 2001). A recent prospective study 

(Kuchenbaecker et al., 2017) indicates that the cumulative breast cancer risk to age 80 years 

is 72% versus 69% for BRCA1 or BRCA2 mutation carriers respectively, whereas the 

corresponding cumulative ovarian cancer risk is 44% versus 17%. However, the BRCA 
genes are not only breast and ovarian cancer suppressors. Germline heterozygous mutations 

affecting BRCA2 also significantly elevate the risk of cancers in the pancreas, male breast, 

prostate, and other tissues (Breast Cancer Linkage Consortium, 1999; Hout et al., 2019; 
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Huang et al., 2018; Thompson and Easton, 2002). Moreover, inherited bi-allelic mutations 

affecting BRCA1 as well as BRCA2 may cause congenital syndromes associated with 

developmental anomalies, chromosome fragility and cancers at various sites (for eg., 

Howlett et al., 2002; Sawyer et al., 2015; Seo et al., 2018). Collectively, these clinical 

genetic studies indicate that the BRCA genes operate to suppress carcinogenesis in several 

different human tissues, and that the inheritance of monoallelic versus biallelic mutations 

causes distinct clinical manifestations.

Human BRCA1 encodes an 1863 amino acid protein (Figure 1) containing an amino (N)-

terminal RING domain, which heterodimerizes with the partner protein BARD1 to form an 

E3 ubiquitin ligase. At its carboxyl (C)-terminus, BRCA1 contains tandem repeats of the so-

called BRCA1 carboxyl-terminal (BRCT) domains, each comprising about 100 amino acids, 

which engage phosphopeptide motifs in partner proteins to form functional macromolecular 

complexes, in turn assisting substrate selection for BRCA1-BARD1 ubiquitin ligase activity. 

Human BRCA2, a 3418 amino acid protein (Figure 1), also contains distinct motifs that 

mediate its interaction with partner proteins. The evolutionarily conserved segment of 

BRCA2 encoded by exon 11 contains 8 repeats of a 35-40 residue motif termed the BRC 

repeat, which binds to the recombination enzyme RAD51 (Wong et al., 1997), as well as 

other partners (Lee et al., 2011; Martinez et al., 2016; Rajagopalan et al., 2010). A C-

terminally positioned region of BRCA2 interacts with the small, charged protein DSS1 to 

assume a fold that contains single-stranded (ss)DNA-binding OB domains as well as a 

putative double-stranded (ds)DNA-binding domain (von Nicolai et al., 2016; Yang et al., 

2002). Notably, both BRCA1 and BRCA2 are characterized by extended unstructured 

regions that likely assume stable conformations only upon engagement with partner proteins. 

These features have led to the proposal that BRCA1 and BRCA2 represent intrinsically 

disordered proteins that act as hubs for the formation of macromolecular complexes serving 

distinct cellular functions (Venkitaraman, 2014).

BRCA gene mutations and cancer susceptibility

Thousands of variants affecting the BRCA genes occur in the human genome, but only a 

fraction of them are reliably known to cause cancer susceptibility (Cline et al., 2018; 

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar). Founder mutations inducing cancer 

susceptibility have been identified amongst the Ashkenazim, as well as in Iceland and other 

regions. The great majority of pathogenic or likely pathogenic mutations (~80%) generate a 

premature termination codon, truncating the encoded protein and potentially decreasing its 

expression through nonsense-mediated mRNA decay (Anczuków et al., 2008). A minority 

are missense variants encoding a stable mutant protein (~10%). In addition, pathogenic or 

likely pathogenic BRCA1 and BRCA2 alleles may arise through large in-frame deletions 

that span one or more exons, or alterations that disrupt transcriptional regulatory regions to 

inhibit expression of the mutant allele. Notably, what is summarized here represents an 

approximation, since the proportion of truncating versus mis-sense variants, and their likely 

pathogenicity, vary considerably between the BRCA1 versus BRCA2 genes.

Truncating mutations in BRCA1 and BRCA2 are distributed throughout the protein, with 

those that substantially shorten the encoded proteins largely being pathogenic. In contrast, 
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most missense variants identified through genome sequencing have been classified using 

multifactorial likelihood approaches either as being benign or of unknown significance, and 

probably represent polymorphic variants even when detected in cancer genomes (ClinVar, 

https://www.ncbi.nlm.nih.gov/clinvar). Mis-sense mutations known to be pathogenic tend to 

cluster in limited regions of the BRCA proteins, including the N-terminal RING domain and 

C-terminal tandem BRCT domain in BRCA1, or in the region of BRCA2 that spans the OB 

folds and helical domain.

A large number of missense alleles are classified as being variants of unknown significance 

(VUS), particularly for BRCA2, posing a challenge for accurate risk assessment and clinical 

management in mutation carriers. It can be difficult purely from clinical genetic information 

to reliably determine the likely pathogenicity of missense variants, owing in part to the small 

number of cases bearing any given variant. Recent work to address this challenge has 

therefore attempted to assess the effects of such variants on protein function using in vitro 
assays. In one recent example, saturation genome editing in haploid Hap1 cells, coupled 

with an assay for cell viability, was used to “scan” the RING and BRCT regions of BRCA1 

for functionally deleterious variants (Findlay et al., 2018). However, not all functionally 

deleterious BRCA1 variants may affect cell viability, and so it will be important to extend 

such an approach to other cellular phenotypes. Similar studies for the BRCA2 protein are 

also warranted, given its larger size and the greater frequency of missense variants still 

classified as VUS.

It has been proposed from epidemiological studies that truncating mutations affecting 

different regions of BRCA1 and BRCA2 may preferentially confer risks of breast versus 

ovarian cancer (Rebbeck et al., 2015). BRCA1 is thought to contain three “breast-cancer 

cluster” regions (BCCRs) and a single “ovarian cancer cluster” region (OCCR), the latter 

spanning much of the evolutionarily conserved exon 11. Similar regions have been 

designated in BRCA2 (Figure 1). The proposed existence of such cluster regions raises the 

possibility that different BRCA gene mutations may affect functions relevant to tissue-

specific carcinogenesis. However, certain caveats warrant attention. Truncating mutations 

within the proposed cluster regions will not only delete downstream regions of the protein, 

but also probably suppress protein expression through nonsense-mediated mRNA decay. 

Thus, such mutations – particularly those that fall within the first few hundred nucleotides of 

the BRCA1 or BRCA2 coding sequence - seem likely to create functionally “null” alleles. 

How such alleles might exert tissue-specific effects is puzzling, and so the mechanistic basis 

for the proposed clustering is unclear.

Cellular functions of BRCA1 and BRCA2 implicated in cancer susceptibility

The ‘chromosomal instability’ model for cancer susceptibility

Current understanding of the tumour suppressive roles of BRCA1 and BRCA2 has largely 

been founded upon a series of studies that quickly followed their discovery, which defined 

their essential function in preserving chromosome integrity during cell division. Bi-allelic 

inactivation of BRCA1 or BRCA2 in transgenic mice was found to cause early embryonal 

lethality and impaired cell proliferation (Connor et al., 1997; Friedman et al., 1998; Hakem 

et al., 1996; Liu et al., 1996; Patel et al., 1998; Sharan et al., 1997), as well as 
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hypersensitivity to genotoxins (Chen et al., 1998b; Connor et al., 1997; Patel et al., 1998; 

Sharan et al., 1997). BRCA1 and BRCA2 were shown to accumulate in nuclear foci induced 

by DNA damage (Chen et al., 1998a; Scully et al., 1997a), and to interact with different 

proteins implicated in the DNA damage response (Mizuta et al., 1997; Sharan et al., 1997; 

Wong et al., 1997). Notably, BRCA2-deficient cells were shown to spontaneously 

accumulate aberrations in chromosome structure and number during their division (Patel et 

al., 1998), characterized by breaks affecting a single sister chromatid, as well as abnormal 

“radial” chromosomes pathognomonic of defects in homologous DNA recombination 

previously linked to Bloom syndrome and Fanconi anemia (Patel et al., 1998). Cells lacking 

murine BRCA1 were soon shown to exhibit similar anomalies (Shen et al., 1998). Taken 

together, these results not only established a critical biological role for BRCA1 and BRCA2 

as custodians of chromosome integrity during the cell cycle, but also led to the proposal 

(Scully and Livingston, 2000; Venkitaraman, 2002) that pathogenic mutations inactivating 

the BRCA genes cause cancer susceptibility by inducing chromosomal instability and 

mutagenesis. These foundational ideas, verified and extended in later studies, remain the 

chief pillars for current paradigms concerning the tumour suppressive activities of BRCA1 

and BRCA2.

DNA repair by homologous recombination

BRCA1 and BRCA2 are essential for the repair of dsDNA breaks (DSBs) by homologous 

recombination (HR) (for eg., Moynahan et al., 1999, 2001). They undertake distinct 

functions during this process that are well studied (reviewed in for eg., Venkitaraman, 2002, 

2014), and therefore only briefly recounted here. Notably, BRCA1 and BRCA2 form a tri-

molecular complex with a partner protein, PALB2, that assists in their localization and 

function at sites of DNA damage (Xia et al., 2006; Sy et al., 2009; Zhang et al., 2009). Put 

simply, BRCA1 acts first to assemble macromolecular complexes that signal the presence of 

DNA damage, and subsequently helps to initiate the repair of DSBs by recruiting proteins 

that process broken ends. By contrast, BRCA2 participates directly in controlling the activity 

and assembly of the key recombination enzyme, RAD51, on ss- and dsDNA substrates to 

execute DNA repair by HR.

Stabilization of stalled DNA replication forks

A role for BRCA2 and associated proteins in the protection of stalled DNA replication forks 

has attracted increasing attention. It was shown in 2003 that BRCA2 deficiency de-stabilizes 

the structure of DNA intermediates formed at stalled replication forks induced by exposure 

to hydroxyurea, subsequently triggering their collapse into DSBs, leading to the proposal 

that BRCA2 stabilizes the structure of arrested forks to allow their error-free resolution 

(Lomonosov et al., 2003). In 2011, it was found that a C-terminal segment of BRCA2 

dispensable for HR protects nascent DNA strands at stalled forks from degradation by the 

MRE11 nuclease (Schlacher et al., 2011), outlining how this function might be exerted.

Subsequent studies provide further insight into how BRCA1 and BRCA2 act to protect 

stalled DNA replication forks. This emerging picture envisions a two-step mechanism 

wherein replication forks first undergo remodeling and reversal promoted by a BRCA-

independent function of RAD51, followed by a second step involving BRCA1, BRCA2 and 
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RAD51 that protects the remodeled, reversed fork from degradation by nucleases including 

MRE11, EXO1, CtIP and possibly, Dna2 (Kolinjivadi et al., 2017; Lemaçon et al., 2017; 

Mijic et al., 2017). The sequential and dual functions of RAD51 in these events - initially 

BRCA-independent, and later BRCA-dependent - are yet to be directly established but have 

instead been indirectly inferred from multiple experiments. For instance, the observed 

decrease in the frequency of reversed replication forks visualized by electron microscopy in 

RAD51-depleted cells cannot be ameliorated by MRE11 inhibition, suggesting that RAD51 

is necessary for fork reversal in a step that precedes MRE11-induced degradation (Lemaçon 

et al., 2017; Mijic et al., 2017). By contrast, MRE11 inhibition restores the decrease in 

reversed forks detected in BRCA2-deficient cells (Mijic et al., 2017), suggesting that fork 

reversal occurs even in the absence of BRCA2, but that fork protection from MRE11 

mandates a second, BRCA2-dependent step. This indirect evidence supporting the proposed 

two-step mechanism - fork reversal followed by fork protection - remains open to 

reinterpretation.

Both fork reversal and fork protection likely require multiple activities. Besides RAD51, 

fork remodeling and reversal involves proteins such as the DNA translocases SMARCAL1, 

ZRANB3 and HTLF (Kolinjivadi et al., 2017; Lemaçon et al., 2017; Mijic et al., 2017; 

Vujanovic et al., 2017), and factors such as RADX and FBH1 that regulate RAD51 activity 

at stalled forks (Dungrawala et al., 2017; Fugger et al., 2015). Moreover, BRCA1/BARD1 

and the Fanconi anemia (FA) proteins FANCA, FANCD2 and FANCJ (Schlacher et al., 

2012; Billing et al., 2018; Peng et al., 2018) have been implicated along with BRCA2 and 

RAD51 in fork protection.

Intriguingly, several studies suggest distinct roles for BRCA1 versus BRCA2 at stalled 

replication forks that may account for distinct patterns of genomic instability in their 

absence. For example, BRCA1 but not BRCA2 is required to prevent tandem duplications 

when replication forks stall at Tus/Ter replication fork barriers (Willis et al., 2017). 

Furthermore, the methyltransferase EZH2 promotes the cleavage of stalled replication forks 

by the MUS81 nuclease in BRCA2-deficient - but not BRCA1-deficient – cells to augment 

sensitivity to poly-ADP ribose polymerase (PARP1) inhibitors (Rondinelli et al., 2017). 

These observations add to the evidence that BRCA1 and BRCA2 play complementary but 

distinct roles both in HR and in the reactivation of stalled replication forks.

RNA-DNA hybrid (R loop) processing and transcription

A rising number of recent studies implicate BRCA1 and BRCA2 in the turnover of R-loops, 

hybrids between RNA and ssDNA that are physiological intermediates during gene 

transcription, but whose unscheduled accumulation may trigger genome instability (Aguilera 

and García-Muse, 2012). The first clues implicating the BRCA proteins in R-loop turnover 

came from the concurrent observations that BRCA2 depletion in cells was found to increase 

R loop accumulation (Bhatia et al., 2014), and that BRCA1 was shown to bind multiple 

proteins involved in transcription, localize to sites of transcription arrest, and exhibit a 

genetic interaction with senataxin (SETX), a helicase implicated in R-loop resolution (Hill et 

al., 2014).
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These clues soon led (Hatchi et al., 2015) to the demonstration that BRCA1 engages R-loops 

that arise physiologically at sites of transcription termination throughout the genome, to 

which it recruits SETX. Disruption of the BRCA1/SETX complex led to R-loop 

accumulation, ssDNA breakage in the untranscribed R-loop strand, and DNA damage 

marked by γ-H2AX. Interestingly, insertion/deletion mutations were found in BRCA1-

deficient breast cancers at the transcription termination regions of certain genes adjacent to 

R-loop mediated BRCA1/SETX binding sites.

Strikingly, replication fork instability and the frequency of structural chromosomal 

aberrations like chromatid breaks or radial chromosomes characteristic of BRCA2-deficient 

cells was reduced (Tan et al., 2017) by Ribonuclease H1, an enzyme that selectively digests 

R-loops. This observation suggests that R-loop accumulation is a proximal cause of 

spontaneous genomic instability during DNA replication following BRCA2 inactivation 

(Tan et al., 2017). Notably, many DNA breaks that occur in cells lacking FANCA or 

FANCD2 are also R loop-dependent, as is the recruitment of FANCD2 to microscopic 

nuclear foci at sites of DNA damage (García-Rubio et al., 2015). Collectively, these 

observations indicate that unscheduled R-loop accumulation may be a major source of the 

endogenous DNA damage that leads to spontaneous chromosomal instability following the 

inactivation of BRCA1 or BRCA2 (Figure 2).

Whereas BRCA1 has been implicated in R-loop turnover at transcription termination sites, 

the origin of R-loop accumulation following BRCA2 inactivation has been less clear. One 

idea (Bhatia et al., 2014) is that BRCA2 might participate in mRNP biogenesis through the 

interaction of its partner protein, DSS1, with PCID2 component of the mRNA transcription 

and export (TREX) complex, but functional evidence to support such a function is quite 

limited. Instead, recent attention has turned to a role for BRCA2 in controlling the release of 

RNA polymerase II (RNAPII) from promoter-proximal pausing (PPP) sites, which has 

emerged as a fundamental regulatory event during transcription elongation in metazoan 

cells.

Human BRCA2 has recently been shown to bind to the RNAPII holoenzyme (Shivji et al., 

2018). BRCA2 inactivation by depletion or cancer-causing mutations was found to trigger 

unscheduled RNAPII accumulation and R-loop accrual at PPP sites in actively transcribed 

genes. DNA breaks marked by γH2AX formation was increased at these genomic sites in 

BRCA2-deficient cells, suggesting that unscheduled R-loops formed at PPP sites may be 

processed into DSBs. Indeed, depletion of the ERCC4 endonuclease, which was shown 

previously to cleave R-loops (Sollier et al., 2014), decreases γH2AX formation at PPP sites 

in BRCA2-deficient cells. Clues to the mechanism by which BRCA2 may control promoter 

proximal pausing of RNAPII have also been found (Shivji et al., 2018). BRCA2 inactivation 

was shown to decrease RNAPII-associated factor 1 (PAF1) recruitment to the holoenzyme, 

which normally promotes RNAPII release from PPP sites. PAF1 depletion was found to 

phenocopy R-loop accumulation at PPP sites in wild-type cells, while its overexpression 

could ameliorate R-loop accumulation and RNAPII pausing after BRCA2 inactivation. 

Intriguingly, BRCA2 inactivation could diminish H2B Lys120 ubiquitination, a chromatin 

mark implicated in transcription elongation. Collectively, these observations provide 

evidence that BRCA2 performs a novel function in the “switching” of RNAPII from 
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promoter-proximal pausing to productive elongation via augmented PAF1 recruitment, and 

that disruption of this function by cancer-causing BRCA2 mutations triggers R-loop-

mediated DNA breakage preferentially at PPP sites in actively transcribed genes (Shivji et 

al., 2018).

Notably, emerging evidence links R-loop accumulation following BRCA1 inactivation to the 

pathogenesis of breast cancers. BRCA1 was previously reported to co-immunoprecipitate 

with RNAPII (Scully et al., 1997b), and specifically to bind (Aiyar et al., 2004) to negative 

elongation factor B (NELF-B, also termed COBRA1), whose release from RNAPII 

promotes the transition from RNAPII pausing to elongation. Recent work (Zhang et al., 

2017) shows that R-loops accumulate preferentially at PPP sites in luminal epithelial cells – 

but not in other cell types – of non-malignant mammary tissues derived from female carriers 

of pathogenic BRCA1 mutations. In a murine model for Brca1-associated mammary 

carcinogenesis, targeted inactivation of NELF-B/COBRA1 was shown to decrease R-loop 

accumulation and significantly suppress mammary tumourigenesis. Thus, this study reports 

a first link between the control by BRCA1 of RNAPII transcription elongation and R-loop 

formation at PPP sites with mammary carcinogenesis.

RNA-DNA hybrid processing in DSB repair

Additional roles ascribed to BRCA1 and BRCA2 in RNA processing may enable DSB 

repair by HR. Prior studies suggest that DNA breakage triggers the synthesis by RNAPII of 

damage-induced long non-coding RNAs (dilncRNAs) (Francia et al., 2016; Michelini et al., 

2017) or shorter transcripts (Wei et al., 2012) from broken DNA ends, which promote the 

sensing, signaling and repair of these lesions. Recent evidence (D’Alessandro et al., 2018) 

suggests that the dilncRNAs anneal with resected ends at DSBs to form RNA-DNA hybrids 

that are recognized by BRCA1, in turn to assist in the recruitment of BRCA2 and RAD51. 

Interestingly, BRCA2 engages RNase H2 and recruits this enzyme to DSBs, where it 

regulates the turnover of RNA-DNA hybrids at the damage sites. Thus, these studies 

collectively suggest that BRCA1 and BRCA2 may - through mechanisms that remain to be 

firmly established - promote the repair of DSBs by HR through the processing of DNA-RNA 

hybrids formed at the lesions.

BRCA1 and oncogenic transcription

Interestingly, emerging evidence suggests that the regulation of RNAPII transcription 

elongation by BRCA1 may provide insight into the long-standing conundrum as to why 

BRCA gene inactivation causes cancer susceptibility in particular tissues like the breast. 

BRCA1 inactivation was found to alter the transcriptional activation of the estrogen receptor 

(ER)α subunit-encoding ESR1 gene via R-loop formation in the ESR1 enhancer region, 

altering enhancer-promoter interactions, and decreasing expression of ESR1 and 

neighbouring gene loci (Chiang et al., 2019). These findings suggest that the normal 

transcription of genes like ESR1 implicated in the differentiation of mammary luminal 

epithelial cells requires R-loop suppression by BRCA1, and thus, that pathogenic mutations 

inactivating BRCA1 may subvert normal differentiation to promote tissue-specific 

carcinogenesis.
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Further new evidence (Herold et al., 2019) speaks to a different role for BRCA1 in tissue-

specific carcinogenesis driven by overexpression of the N-MYC oncogenic transcription 

factor in neuronal and neuroendocrine cells. Recent work indicates that N-MYC-driven 

transcriptional activation is assisted by the recruitment of BRCA1 to PPP sites in MYC-

induced genes, which serves to prevent RNAPII stalling, and enhance transcriptional 

activation. Interestingly, BRCA1 works in the context of N-MYC-driven transcription to 

stabilize mRNA de-capping complexes, and suppress R-loop accumulation at PPP sites. 

These findings raise the possibility that BRCA1 may cooperate more generally with 

transcription-activating oncogenic factors to drive carcinogenesis in different tissues.

Consistent with this idea, Ewing sarcoma cells also exhibit a dependence on BRCA1 activity 

to maintain aberrant transcription (Gorthi et al., 2018). These cells express an oncogenic 

fusion protein in which the N-terminal transactivation domain of the constitutively expressed 

EWSR1 protein is translocated to the C-terminal DNA binding domain of the rarely 

expressed FLI1 protein, forming an oncogenic transcription factor. Ewing sarcoma cells 

were found not only to accumulate R-loops accompanied by enhanced replication stress, but 

also display impaired HR and sensitivity to the topoisomerase inhibitor, etoposide. Indirect 

evidence was found to suggest that the increased engagement of BRCA1 by the 

transcriptional machinery in Ewing sarcoma cells might comprise HR, raising the idea that 

the differential distribution of BRCA1 to different macromolecular complexes may be a key 

facet of its physiology.

How do mutations affecting BRCA1 and BRCA2 promote cancer 

susceptibility?

“Two-hit” tumour suppression by BRCA1 and BRCA2

BRCA1 or BRCA2 mutation carriers typically inherit a single mutant copy in their germline. 

Early work following the discovery of the BRCA genes suggested that the second, wild-type 

copy was lost in evolving malignant cells during carcinogenesis (Collins et al., 1995; 

Gudmundsson et al., 1995; Merajver et al., 1995), such that tumours from mutation carriers 

consistently exhibit “loss-of-heterozygosity” or LOH, marking genetic inactivation of the 

wild-type allele. Furthermore, the expression of wild-type BRCA1 in cancers arising in 

mutation carriers was sometimes found to be silenced by methylation or other epigenetic 

alterations (Press et al., 2008), even when the wild-type allele was intact. These observations 

have led to the prevailing belief that the BRCA genes conform to the so-called “two-hit” 

paradigm for tumour suppression articulated by Knudson (Knudson, 1971), wherein 

germline inheritance of a monoallelic or heterozygous mutant tumour suppressor gene allele 

causes tumour formation only when the second copy is inactivated during carcinogenesis 

through a somatic mutational or epigenetic event.

Niggling but inconclusive evidence has long raised the possibility that heterozygous 

mutations affecting BRCA2, in particular, might suffice for carcinogenesis, even when the 

remaining wild-type allele remains actively expressed. For instance, heterogeneous loss of 

the second allele has been reported in a small group of human BRCA2-linked breast cancer 

cases (King et al., 2007), and studies on samples from three human pancreatic ductal 
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adenocarcinomas suggested that BRCA2 LOH was dispensable for tumour formation 

(Goggins et al., 2000). However, the significance and generality of such findings has until 

recently been difficult to establish.

Mono-allelic BRCA inactivation suffices for carcinogenesis

A clear indication that mono-allelic BRCA2 inactivation suffices for carcinogenesis came 

from studies on a genetically engineered murine model for tissue-specific carcinogenesis in 

the pancreas, which were then extended to human samples (Skoulidis et al., 2010). 

Pancreatic ductal adenocarcinomas arising in mice engineered to express mutant oncogenic 

KRAS selectively in the pancreas alongside a germline, heterozygous, truncating mutation 

in Brca2 that recapitulates human pathogenic mutations were found to consistently retain 

and express a functional, wild-type Brca2 allele. Similar findings were reported in a small 

collection of pancreatic ductal adenocarcinomas from Icelandic carriers of the human 

pathogenic truncating mutation, BRCA2999delC (Skoulidis et al., 2010).

Recent results from genomic studies on large collections of cancers arising in human 

BRCA1 and BRCA2 mutation carriers have provided supporting evidence that a significant 

fraction of cancers arising in mutation carriers do not undergo LOH, and therefore retain a 

functional, expressed wild-type copy. For example, in a group of 160 familial breast and 

ovarian tumors arising in germline carriers of BRCA1 or BRCA2 mutations, retention of the 

wild-type allele was observed in as many as 46% of BRCA2-mutant breast cancers 

(Maxwell et al., 2017). Retention of wild-type BRCA2 occurred less frequently - but in a 

significant fraction (16%) - of BRCA2-mutant ovarian cancers, whereas wild-type BRCA1 

retention was overall less frequent, occurring in only 7-10% of ovarian or breast cancers. 

Notably, cancers retaining the wild-type BRCA allele also retained the capacity for HR as 

indicated by the lack of a characteristic mutational signature, and were less likely to respond 

to platinum chemotherapy, together suggesting that the retained wild-type BRCA gene allele 

remained functional and active (Maxwell et al., 2017).

Consistent with these studies, recent analyses of >10,000 genomes from cancers arising in 

over 30 different tissues report that as many as 8% of these cancers harbor a pathogenic or 

likely pathogenic germline mutation affecting one of 21 different genes (Huang et al., 2018). 

In cancers from different tissues that bear germline BRCA gene mutations, there was no 

evidence for LOH (either through genetic alterations or at the level of RNA expression) in 

~37% of BRCA1-mutant tumors, and in ~53% of BRCA2-mutant tumors, suggesting that a 

functional copy of the wild-type allele has been retained in a significant fraction. Again, 

tissue-specific differences were evident, in that the absence of LOH was more frequent in 

breast than ovarian cancer genomes. Collectively therefore, these studies provide several 

lines of clinical genetic evidence that the BRCA genes need not always conform to the 

Knudson “two-hit” paradigm, in that mono-allelic heterozygous mutations affecting BRCA1 
or BRCA2 suffice for tumour formation in varying contexts. One implication is that a 

significant fraction of BRCA-mutant cancers may exhibit primary resistance to targeted 

therapies such as poly-ADP polymerase inhibitors owing to retention of a wild-type allele. 

Moreover, secondary resistance to such therapies could also occur through the outgrowth of 

tumourigenic cells that bear monoallelic BRCA mutations.
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Heterozygous BRCA1 or BRCA2 mutations in cancer pathogenesis

How, then, might monoallelic, heterozygous BRCA1 or BRCA2 mutations drive cancer 

pathogenesis? Chromosomal instability, increased genotoxin sensitivity and defective HR 

are typically caused by bi-allelic BRCA gene inactivation in murine or human cells, and not 

by heterozygous truncating mutations (Connor et al., 1997; Patel et al., 1998; Skoulidis et 

al., 2010). Moreover, organ development and function is grossly normal in genetically 

engineered mice heterozygous for several mutant BRCA truncating alleles (Connor et al., 

1997; Friedman et al., 1998; Ludwig et al., 1997; Sharan et al., 1997; Suzuki et al., 1997), as 

is homology-directed DNA repair in multiple tissues from heterozygous Brca2-mutant mice 

(Kass et al., 2016). These observations suggest that many pathogenic BRCA gene truncating 

alleles induce neither haplo-insufficiency nor trans-dominant loss-of-function, at least for 

several cellular functions of BRCA1 and BRCA2.

Indeed, primary human mammary epithelial cells or fibroblasts bearing heterozygous 

BRCA1 gene mutations were found (Pathania et al., 2014) to exhibit normal functions in 

mediating DSB repair by HR, in enforcing damage-induced cell cycle checkpoints, and in 

mitotic spindle pole formation. However, when exposed to replication-stressing agents, these 

cells were defective in the reactivation of stalled forks and in their protection from collapse, 

accompanied by defective DSB repair by HR. These observations raise the possibility that 

replication stress may induce genomic instability in heterozygous BRCA1-mutant mammary 

cells to promote carcinogenesis in BRCA1 mutation carriers.

By contrast (Tan et al., 2017), cell lines engineered to harbor pathogenic monoallelic, 

heterozygous BRCA2 truncating mutations, as well as mammary epithelial cells from 

heterozygous carriers of the Icelandic BRCA2999delC founder mutation, exhibit no defect 

in replication tract stability compared to wild-type cells when challenged with the 

replication-stressing agent hydroxyurea. Unexpectedly however, in such heterozygous 

BRCA2 mutant cells, transient exposure to a cellular metabolite and ubiquitous 

environmental toxin, formaldehyde, was shown to stall and destabilize DNA replication 

forks, and provoke structural chromosomal aberrations. Formaldehyde was found to 

selectively deplete BRCA2 protein via proteasomal degradation, through a mechanism that 

may be independent of ubiquitin recognition by the 19S proteosomal subunit. Only about 

30-50 other cellular proteins detected by SWATH-MS were similarly affected, speaking to 

the selectivity of the mechanism. Heterozygous BRCA2 truncating mutations, by lowering 

pre-existing BRCA2 protein expression, rendered cells vulnerable to BRCA2 
haploinsufficiency induced by transient exposure to formaldehyde or acetaldehyde, an 

alcohol catabolite. These observations are consistent with a two-step mechanism wherein 

aldehydes form DNA adducts to induce genome damage and replication stress - whilst also 

impairing DNA repair and replication reactivation through the selective proteolytic depletion 

of BRCA2 (Tan et al., 2017). Thus, the genome-damaging and BRCA2-depleting effects of 

aldehydes may reinforce one another to amplify genome instability.

Intriguingly, emerging evidence suggests that certain forms of genome damage may alter the 

differentiation of mammary epithelial cells. Human mammary epithelial cells depleted of 

BRCA1, or exposed to inter-strand DNA-cross linking agents, undergo an epithelial-to-

mesenchymal transition implicated in malignant transformation, and exhibit signs of altered 
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differentiation (Wang et al., 2016). BRCA1 has very recently been found to engage NUMB 

and HES1 in a protein complex that regulates mammary epithelial cell differentiation after 

DNA damage induced by interstand cross-links (Wang et al., 2019). These findings raise the 

possibility that spontaneously arising forms of DNA damage induced by endogenous 

mutagens like aldehydes, or lesions encountered during replication, may initiate tissue-

specific carcinogenesis.

Tissue-specific carcinogenesis in BRCA mutation carriers

Why BRCA gene mutations should predispose to cancers in specific tissues, when their 

physiological functions relevant to tumour suppression seem ubiquitous, remains a major 

unresolved question. Several recent lines of evidence touched upon in the foregoing open 

new lines of investigation that may help to address this issue. For example, one important 

new insight indubitably comes from the accumulating evidence implicating BRCA1 and 

BRCA2 in transcriptional regulation and R-loop accumulation, since derangements in gene 

expression are a plausible driver of tissue-specific carcinogenesis because they can induce 

changes in cell fate and tissue differentiation. Fresh evidence also implicates the genotoxic 

effects of tissue-specific hormones such as oestrogen active especially in the breast or ovary. 

Evidence that oestrogen metabolites induce DNA damage is longstanding (reviewed for eg. 

in, Liehr, 1990); recent evidence now suggests that R-loop formation is a major source of 

oestrogen-induced genotoxicity (Stork et al., 2016). Another line of enquiry arises from the 

recent observation that endogenous metabolites like aldehydes, which are turned over 

differentially through cellular metabolism in different tissues, are able to trigger DNA 

damage, induce BRCA2 haploinsufficiency accompanied by the outgrowth of genomically 

unstable progeny (Tan et al., 2017), or even cell death (Tacconi et al., 2017) in BRCA-

mutant cells. Aldehyde accumulation may in this way modify tissue-specific cancer 

progression in BRCA mutation carriers. Finally, results indicating that certain forms of DNA 

damage – perhaps arising from endogenous metabolites? – may induce altered 

differentiation in certain BRCA-mutant tissues like the mammary gland (for eg., Wang et al., 

2016) again suggest that the intersecting roles of the BRCA proteins in DNA repair, 

replication reactivation and transcription may conspire to force tissue-specific changes that 

promote carcinogenesis.

Concluding remarks

In conclusion, I have endeavoured here to briefly summarize emerging evidence that 

prompts reconsideration of our understanding of how germline mutations affecting BRCA1 
or BRCA2 cause tissue-specific carcinogenesis. The essential roles of the BRCA proteins as 

custodians of chromosome integrity through distinct functions in the assembly and activity 

of macromolecular complexes that mediate DNA repair, replication reactivation and mitotic 

progression remain centre-stage, but emerging evidence indicates that new functions for 

BRCA1 and BRCA2 in the regulation of transcription and RNA processing may powerfully 

suppress transcription-associated DNA damage to abort events inducing replication stalling 

or DNA breakage (Figure 2). Moreover, whilst biallelic BRCA gene inactivation has long 

been thought to induce carcinogenesis in mutation carriers by triggering genomic instability, 

growing evidence suggests that monoallelic BRCA gene mutations suffice for 
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carcinogenesis in several settings. A significant fraction of cancers arising in BRCA-

mutation carriers may therefore exhibit resistance to new therapies whose therapeutic index 

depends on the idea that biallelic BRCA inactivation is necessary for carcinogenesis. Finally, 

emerging evidence raises several fresh lines of enquiry concerning tissue-specific cancer 

evolution in BRCA mutation carriers. Collectively, these insights engender new models 

summarized here which help to explain how BRCA gene mutations cause cancer 

susceptibility in specific tissues.
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Figure 1. The human BRCA1 and BRCA2 proteins.
The schematics representing human BRCA1 (1863 amino acids) and BRCA2 (3418 amino 

acids) are not to the same scale. Regions depicted as white boxes in BRCA1 include the N-

terminal RING domain, the C-terminal tandem BRCT (tBRCT) domains, and a region 

predicted to encode coiled coil (CC) motifs. Regions depicted in BRCA2 include the 

conserved region of exon 11 encoding 8 repeats of the 30-40 amino acid BRC motif (white 

line), as well as the adjoining helical domain (HD, white box), and OB1-3 folds (white box), 

which together form a DNA-binding domain. The segments binding DSS1 (DSS1-b) and 

encoding the tower domain (TD) are represented as black lines. Proposed mutation cluster 

regions predisposing preferentially to breast (BCCR, green) or ovarian (OvCCR, red) are 

shown, based on data from Rebbeck et al., 2015. Caveats concerning the nature and 

mechanism of the proposed cluster regions are summarized in the main text.
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Figure 2. R-loop accumulation and chromosome instability in BRCA-deficient cells.
The schematic depicts how transcription-associated R loop accumulation in BRCA2-

deficient cells may be a major source of replication stress and DNA damage leading to 

chromosome fragility. Roles are shown for BRCA1 and BRCA2 in R-loop turnover at the 

promoter-proximal pausing (PPP) sites, or at transcription termination (TT) sequences, of 

expressed genes. The RNAPII regulatory factors PAF1 and NELFB work with BRCA2 and 

BRCA1 respectively, in the switch from pausing to elongation. Senataxin (SETX) is 

recruited by BRCA1 to TT sites. The ERCC4/ERCC5 nuclease has been implicated in R-

loop cleavage to form DNA breaks.
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