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BRCA1 and BRCA2 proteins play central roles in homologous 
recombination

• BRCA1 and BRCA2 proteins play central roles in homologous recombination, the 
high-fidelity pathway responsible for the repair of DSBs during DNA replication. 

• They are cancer-susceptibility genes, but at the same time an Achilles’ heel for 
cancer cells.
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HR deficiency (BRCA mutations) increase 
susceptibility to single-stranded base damage

• Defects in HR stemming from BRCA mutations increase susceptibility to single-
stranded base damage.

• Single-strand interruptions or adducts block replication fork progression, leading to 
extended fork stalling or collapse into a DSB–both of which require the proficiency of 
HR mechanisms for successful resolution [16]. 
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DNA damage repair

• (A) Overview of the major DNA repair pathways. The Fanconi anemia core complex consists of FANCA, FANCB, FANCC, FANCD, FANCE, FANCF, FANCG, and FAAP100. The BTR complex 
consists of BLM, TOPOIII, RMI1, and RMI2. (B) Molecular targets within the DDR pathways and available inhibitors. 
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Poly(ADP-ribose) polymerase (PARP)

• Poly(ADP-ribose) polymerase (PARP) proteins catalyze the transfer of an ADP 
(adenosine diphosphate)-ribose subunit of nicotinamide adenine dinucleotide 
(NAD+) onto a broad range of proteins and themselves, forming poly(ADP-
ribose) (PAR) polymers. PARPs are known to function in a large range of 
cellular processes including DNA repair, DNA replication, transcription and 
modulation of chromatin structure. 9



• Poly-ADP-ribosylation (PARylation) is a 
reversible post-translational modification



PARylation of proteins

After DNA dameg, PARylation of histone 
proteins around the damage site remodels the 
surrounding chromatin to allow repair.

When the PARP1 protein level is reduced, either 
by CRISPR knockout or small interfering RNA 
(siRNA) targeting, or catalytic activity is 
impaired, by expression of a catalytically 
inactive mutant or targeting by small molecule 
inhibitors:

• A delayed repair of SSBs is observed leading 
to G2/M arrest, chromosomal instability, and 
cytotoxicity.
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PARP inhibitors
PARPi that have now received FDA approval include:
• Olaparib (AstraZeneca/Merck/KuDOS, Cambridge, 

UK; approved 2014)
• Rucaparib (Clovis, Boulder, CO, USA; approved 

2016)
• Niraparib (GlaxoSmithKline, Brentford, UK; 

approved 2017)

Additional agents veliparib (AbbVie, North Chicago, IL, 
USA) and pamiparib (Beigene, Beijing, China) are 
currently being evaluated in phase III trials. 

• In 2018, the second generation PARPi talazoparib 
(Pfizer, New York, NY, USA) was approved by the 
FDA, offering enhanced potency over its 
predecessors. Talazoparib possessing a trapping 
capacity 100-fold greater than the next most potent 
PARP trapper, niraparib.

• PARPi interact with the binding site of the PARP 
substrate NAD+, reducing PARylation activity. 
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PARP cleavage and apoptosis

• PARP can be cleaved during apoptosis

• The cleavage of PARP by activate 
caspases separates the DNA- binding 
domain from the catalytic domain, 
thereby preventing PARP activation. 

• Whether this is to prevent APRP from 
consuming NAD+ and/or limit 
poly(ADP- ribose) polymer formation 
is not clear.

• If PARP is not inactivated by cleavage, 
then there is a massive activation of 
PARP in response to DNA damage, 
resulting in NAD+ and ATP depletion.
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PARP inhibitors: 
Chemosensitization and 
synthetic lethality

PARPi selectivity for cancer cells 
harboring defects in DNA double strand 
break (DSB) repair was first described in 
concurrent publications by Farmer et al. 
[13] and Bryant et al. [14] in 2005, with 
both groups reporting exquisite PARPi 
sensitivity in BRCA mutated tumors. 

Failure of BRCA-mutant cells to repair 
these PARPi-induced lesions is 
associated with an accumulation of 
cytotoxic DSB damage and the eventual 
activation of apoptotic mechanisms to 
limit the deleterious effects of error-
prone repair [13,14].



“BRCAness” or Homologous Recombination (HR) deficiency

“BRCAness”: the phenotypic traits that some tumors share with cancers that 
have BRCA1/2 mutations

 

BRCA-like tumors are particularly sensitive to 

• DNA-damaging agents (e.g., platinum agents) because of inadequate BRCA-mediated 
DNA repair mechanisms (nucleotide-excision repair and homologous recombination 
(HR))

• Poly(ADP-ribose) polymerase inhibitors, which cause synthetic lethality in HR-
deficient cells
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BRCA mutations are relatively rare:
How we can therapeutically use the concept of Synthetic 
lethality for a larger number of patients

• Synthetic lethality: Two independently non-lethal defects (BRCA mutation and PARP inhibition), combine to 
induce potent cell death.

• This powerful therapeutic strategy allows few off-target complications. 

• However, BRCA mutations are relatively rare

• There is a growing push for the identification of tumors that exhibit ‘BRCAness’, mimicking the defective HR 
phenotype of BRCA mutation and potentially expanding the therapeutic utility of PARPi to a larger subset of 
tumors [18,19]. 16



The BRCAness phenotype has been linked to mutations in other repair factors involved 
in DNA damage response:

• ATM, ATR, RAD51, or the Fanconi Anemia (FA) family

• Altered gene expression by epigenetic silencing or cellular regulatory mechanisms 
[20].
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Detecting tumor BRCAness

A number of methods have been explored to detect tumor BRCAness and predict 
PARPi sensitivity, including 

• Panel sequencing for DNA repair gene mutations

• Repair gene expression microarrays

• Testing for surrogate markers of HR deficiency such as loss of heterozygosity, or 
functional tests of repair capacity such as RAD51 foci formation (recently reviewed in 
[21]).
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BRCAness can be induced in HR 
proficient cancers
• More recently, it has become recognized that BRCAness may be induced using 

therapeutic agents that modulate a variety of molecular pathways, potentially 
providing a novel method for inducing synthetic lethality in cancers that are 
otherwise HR-proficient. 

This review will focus on the therapeutic targeting of major molecular pathways that 
have been implicated in BRCAness, including:

• Epigenetic mechanisms

• Cell cycle checkpoints

• Receptor kinase activity
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Modulation of Epigenetic Pathways

Epigenetics refers to heritable factors that 
influence cellular phenotypes other than 
DNA sequence, including:

• DNA methylation

• Histone modification (methylation and 
acetylation)

• Gene silencing by non-coding RNAs 

Inhibitors of the first two of these 
mechanisms have been linked to the 
induction of BRCAness.
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Figure 1. Induction of BRCAness by pharmacological targeting of 
epigenetic pathways (created with Biorender.com). 

Repression of HR gene expression by:

• Histone deacetylase inhibitors (HDACi)

• Inhibitors of DNA methyltransferase (DNMT) 

• Inhibitors of zeste homolog 2 (EZH2)

• Inhibitors of Bromodomain and extraterminal (BET) family members such as BRD4 
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DNA methylation

• Methylation of DNA is an important component of mammalian epigenetic gene regulation. 

• Aberrations in methylation have been widely implicated in cancer development, progression, and 
response to treatment [24,25], 
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DNMT1

• DNA methyltransferases (DNMTs) are responsible for genome-wide de novo and maintenance 
methylation. 

• DNMT1 transfers methyl groups to cytosine nucleotides of genomic DNA. 

• It is the major enzyme responsible for maintaining methylation patterns following DNA replication 
and shows a preference for hemi-methylated DNA. 

• Variation in this gene has been associated with cerebellar ataxia, deafness, and narcolepsy, and 
neuropathy.
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Main kinds of 
DNMT-including 
complexes. 

• Maintaining (mainly catalyzed by DNMT1: dark blue curve) or de novo (mainly catalyzed by DNMT3A 
and DNMT3B: light blue curve) DNA methylation can be processed by numerous DNMT-including 
complexes which are either not specific (green curve) or specific (yellow curve) of particular DNA 
sequences. Specific complexes included polycomb proteins or transcriptional factor (TF), whereas 
unspecific complexes included heterochromatin readers or replication associated proteins.



Inhibition of DNA Methylation

• DNMT inhibitors (DNMTi) including decitabine and 5-
azacytidine have been developed and are now FDA-approved 
for the treatment of cancer (myelodysplastic syndrome, etc)

• These agents are cytosine analogs that become incorporated 
into replicating DNA, where they are targeted for methylation 
by DNMTs.

• Due to their altered structure, they cannot be released by 
DNMT by -elimination, leading to the covalent entrapment of 
DNMT into the DNA.
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Combination DNMTi-PARPi therapy

• There is evidence of a biological interplay between DNMT1 and PARP1, that provides a 
rationale for combination DNMTi-PARPi therapy. 

• DNMT1 and PARP1 are members of a multiprotein complex that localizes to sites of oxidative 
DNA damage [30], where the presence of PARylated PARP1 inhibits methylation activity by 
DNMT1 [31], possibly to maintain an open chromatin structure to permit repair. 

• Our group has demonstrated that combining low-dose DNMTi treatment with the potent 
PARP-trapping PARPi talazoparib enhances PARP1-DNA binding, synergistically enhancing 
cytotoxicity across a number of BRCA-wild type cancer types with minimal toxicity in in vivo 
models [32–34] or human subjects [35,36].

• Similar synergism has also been observed when talazoparib is combined with the second-
generation DNMTi guadecitabine [37].
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DNMTi and BRCAness phenotype

• Low doses of DNMTi are sufficient to alter methylation patterns across the genome, leading to 
widespread alterations in multiple molecular pathways including the DNA damage response (DDR) 
and apoptosis [40]. 

• Among the myriad of pathways contributing to the Hanahan and Weinberg ‘hallmarks of cancer’ that 
are altered by DNMTi, our recent examination of the DNA repair reactome in non-small cell lung [33], 
breast, and ovarian cancers [34] demonstrated a significant reduction in DSB repair, particularly 
involving the FA pathway. 

• Of note was the downregulation of FANCD2, which is mono-ubiquitinated by other FA pathway 
members in response to DNA damage, leading to colocalization with BRCA1 and BRCA2 during 
homologous recombination repair of DSBs, and resulting in it being ascribed a role as a BRCAness gene 
[42]. 

• In keeping with the loss of these repair roles, DNMTi-induced FANCD2 downregulation was associated 
with a BRCAness phenotype, including increased replication fork stalling, DSB accumulation as 
measured by H2AX foci accumulation, and a reduction in RAD51-mediated DSB repair capacity.

•  
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• DNMTi can reactivate abnormally methylated tumor suppressor gene promoters. 

• One emerging example is Schlafen 11 (SLFN11), which irreversibly inhibits replication in cells 
undergoing replication stress such as DNA-damaging chemotherapy [45]. 

• Schlafen 11 (SLFN11), a putative DNA/RNA helicase that is recruited to the stressed replication 
fork and irreversibly triggers replication block and cell death, has emerged as a promising 
predictor of sensitivity to cytotoxic chemotherapies, specifically DNA-damaging agents (DDA), 
such as topoisomerase (TOP) I and TOP II (irinotecan and etoposide, respectively), DNA synthesis 
inhibitors (e.g. gemcitabine) and DNA cross-linkers and alkylating agents (e.g. cisplatin)

• The suppression of SLFN11 expression is observed in ~50% of cancer cell lines and is correlated 
with a resistance to DNA-damaging agents including PARP inhibitors [47].

• SLFN11 suppression appears to be primarily epigenetic in origin, linked to promoter methylation, 
histone deacetylation, and PRC-mediated histone methylation [45]. 30



These results have led to:

• A dose-finding Phase 1 trial in untreated or relapsed/refractory AML using 
DNMTi decitabine and PARPi talazoparib . 

• A Phase 1 trial in BRCA-proficient breast cancer treated using oral decitabine 
and talazoparib (Table 1).
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2.2. Maintenance of Chromatin 
Repressive States

• Histone deacetylases (HDACs) remove acetyl groups from -N-acetyl lysine residues on histones, leading 
to chromatin condensation and transcriptional repression. 

• Abnormal acetylation resulting from HDAC overexpression can downregulate the expression of various 
tumor suppressive mechanisms, including:

• Certain cyclin-dependent kinases

• Differentiation factors

• Proapoptotic signals

These lead to the uncontrolled proliferation, differentiation, and survival that is characteristic of 
oncogenesis and metastasis [50]. 
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The 18 members of the HDAC family have been classified into four groups:

• Class I

• Class IIa/b

• Class V

• Class III/sirtuins

Compounds with anti-HDAC activity are numerous, and can be divided into:

• Pan-HDAC inhibitors (HDACi), which exhibit activity against all non-sirtuin HDACs

• Selective HDACi, which target specific HDACs.

• FDA approval has been granted for the treatment of various hematological 
malignancies for three pan-HDACi (vorinostat, belinostat, and panobinostat) and 
one HDAC1/2-selective HDACi (romidepsin).
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HDAC and DNA repair

• HDACi have been reported to alter DSB repair capacity [54]. 

• HR proteins including BRCA1, BRCA2, and RAD51 are suppressed by HDACi in a 
variety of cancers [57,58], sensitizing to PARPi [59–65].

• Based on these results, phase I trials combining olaparib with vorinostat are underway 
in advanced lymphoma and breast cancer (Table 1). 
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• HDACi exposure leads to PARP1 hyperacetylation and enrichment in chromatin that resembles PARPi-
induced PARP trapping. 

• When combined with PARPi, HDACi treatment further increases PARP trapping, synergistically 
sensitizing to the PARP-trapping PARPi talazoparib [66]. 

• Synergism has also been observed when HDACi are combined with DNMTi, specifically by enhancing 
the re-expression of genes silenced by abnormal promoter methylation [35,67]. 

• Valdez et al. have reported synergistic inhibition of AML and lymphoma cell proliferation by the triple 
combination of PARPi niraparib, DNMTi decitabine, and HDACi romidepsin or pabinostat, associated 
with the activation of ATM-mediated DDR, increased ROS production, and the induction of apoptosis 
[68]. 36



Enhancer of zeste 
homolog 2 (EZH2)

• Enhancer of zeste homolog 2 (EZH2) is a histone-lysine N-methyltransferase enzyme (EC 2.1.1.43) that 
participates in histone methylation at lysine 27 and transcriptional repression.

• Methylation activity of EZH2 facilitates heterochromatin formation thereby silences gene function.

• EZH2 is the functional enzymatic component of the Polycomb Repressive Complex 2 (PRC2), which is 
responsible for healthy embryonic development through the epigenetic maintenance of genes 
responsible for regulating development and differentiation.

• Mutation or over-expression of EZH2 has been linked to many forms of cancer.

• EZH2 inhibits genes responsible for suppressing tumor development, and blocking EZH2 activity may 
slow tumor growth.
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Polycomb Repressive Complex 2

• EZH2 is the histone methyltransferase subunit of polycomb repressive complex 2 (PRC2).

• PRC2 plays an important oncogenic role through the modulation of the DDR [70].

 

EZH2 overexpression, which is common in many cancers [71]:

• Induces the downregulation of RAD51 homolog expression [72]

• Cytoplasmic BRCA1 retention [73]

• Impaired HR 

• PRC2 appears to play a role in the DSB repair pathway choice, being recruited to DSBs in a Ku-
dependent mechanism to promote efficient NHEJ [74], and accordingly, EZH2 depletion favors HR, 
impairs NHEJ, and sensitizes to irradiation damage [75]. 
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BET Proteins

• A bromodomain is an approximately 110 amino acid protein domain that recognizes 
acetylated lysine residues (mainly H3 and H4).

• Bromodomains, as the "readers" of lysine acetylation. Their affinity is higher for regions 
where multiple acetylation sites exist in proximity.

• They recognize acetylated histones and recruit transcription factors (e.g., RELA) and 
transcription elongation complex (e.g., P-TEFb) to the chromatin, thereby promoting the 
phosphorylation of RNA polymerase II and subsequent transcription initiation and 
elongation.
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• The conserved bromodomain and extraterminal (BET) family of proteins are 
characterized by two tandem bromodomains that bind to activated lysine residues 
on target proteins. Members of this family include BRD2, BRD3, BRD4 and BRDT.

• BET family member BRD4 acts as a transcriptional cofactor, influencing the 
expression of a wide range of genes involved in cell fate determination. 
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Epigenetic 
modulators
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BRD4 activates oncogenes

• The two bromodomains in BRD4, termed BD1 and BD2, consist of 4 alpha-helices linked by 2 
loops.

• The ET domain structure is made up of 3 alpha-helices and a loop.

• The C-terminal domain of BRD4 has been implicated in promoting gene transcription through 
interaction with the transcription elongation factor P-TEFb and RNA polymerase II.

• In cancer, BRD4 has been implicated in the activation of a multitude of oncogenes, co-
occupying a set of promoter super-enhancers associated with prominent oncogenic drivers 
such as c-MYC.

• High affinity small molecules targeting the BET bromodomains demonstrate preclinical 
efficacy in a wide range of cancers associated with transcriptional suppression of key proto-
oncogenes including c-MYC, N-MYC, FOSL1, and BLC2 (reviewed in [79].
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Synergism between BET inhibitors and PARPi

• Drug combination screen testing PARPi olaparib in BRCA-wildtype triple negative 
breast (TNBC), ovarian, and prostate cancer in combination with 20 well-
characterized epigenetic modulators across seven classes, demonstrating synergism 
for all tested BET inhibitors (BETi) [82]. 
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• BETi treatment significantly enhanced PARPi-induced DSB accumulation 
independent of PARP-trapping

• Repression of BRCA1 and RAD51 transcription (suggestive of induced BRCAness)
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Validation of these results in TNBC : 

• BETi-induced repression of 
BRCA1 and RAD51

• Induction of an HR defect

• Sensitivity to PARPi [83].
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