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Aberrant DNA Double-strand Break Repair Threads 
in Breast Carcinoma: Orchestrating Genomic Insult 
Survival

Review
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Breast carcinoma is a heterogeneous disease that has exhibited rapid resistance to treatment in the last decade. Depending genotype 
and phenotype of breast cancer, there are discernible differences in DNA repair protein responses including DNA double strand break 
repair. It is a fact that different molecular sub-types of breast carcinoma activate these dedicated protein pathways in a distinct manner. 
The DNA double-strand damage repair machinery is manipulated by breast carcinoma to selectively repair the damage or insults inflicted 
by the genotoxic effects of chemotherapy or radiation therapy. The two DNA double-strand break repair pathways employed by breast 
carcinoma are homologous recombination and non-homologous end joining. In recent decades, therapeutic interventions targeting one 
or more factors involved in repairing DNA double-strand breaks inflicted by chemo/radiation therapy have been widely studied. Herein, 
this review paper summarizes the recent evidence and ongoing clinical trials citing potential therapeutic combinatorial interventions 
targeting DNA double-strand break repair pathways in breast carcinoma.
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INTRODUCTION

Breast carcinoma is a heterogeneous cancer caused by various 

factors, including genetic, reproductive, environmental and 

lifestyle factors.1-3 These clinical behavioral changes observed in 

breast carcinoma may arise through genetic aberrations, epige-

netic modifications and precise transcriptional regulation.2,3

Currently, the genotoxic effects of chemotherapy and radi-

ation therapy lead to problems with responsiveness and resi-

stance in breast carcinoma. One plausible mechanism for these 

effects is the role of abnormal and compensatory DNA repair 

pathways among genotypically different breast carcinoma 

cells.2,4-7 There are several genes involved in maintaining genomic 

integrity through DNA repair, cell cycle checkpoint control and 

the regulation of key mitotic steps. Experimental data from 

genetic and epigenetic studies of DNA repair genes has revealed 

that slight defects in DNA repair capacities are linked to breast 

cancer risk.8-10 The overexpression of double-strand break (DSB) 

repair enzymes, the absence of surveillance factors and the 

mutation or loss of heterozygosity (LOH) in any of these genes 

contributes to the pathogenesis of sporadic breast cancers.10 

Non-homologous end joining (NHEJ) and homologous recom-

bination (HR) are the two major repair mechanisms for DNA DSBs, 

but the choice between HR and NHEJ is controlled during the cell 

cycle.8-11

Several inhibitors/drugs/silencing approaches are currently 

being used to target DNA DSB repair methods including HR and 

NHEJ in breast carcinoma and other cancer types.8,9,11-16 In this 

review, the authors attempted to summarize the efficacy of 

promising combinatorial therapies in breast carcinoma including 

chemo/radiotherapy combined with specific DNA DSB repair 

protein inhibitors.
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DNA DAMAGE RESPONSE AND 
BREAST CANCER PHENOTYPE

Recently, the molecular characterization of breast tumors has 

shown that breast tumors exhibit significant heterogeneity and 

are endowed with a powerful feature to change their phenotypic 

behavior. The heterogeneous nature of breast carcinoma is 

mostly attributed to genetic and epigenetic contributions.17-19 In 

addition to outside genomic insults, replication and inherent 

processes lead to many unavoidable changes including incorrect 

nucleotide base modifications, DNA strand breaks and chemical 

modifications of nucleotide bases.4-7 There is a growing consensus 

that both normal and carcinoma cells activate strategies to thwart 

conditions of unfavorable genomic instability. These changes to 

the genetic material play a role in stimulating surveillance efforts 

in all cells including normal and breast carcinoma cells.20 The 

DNA repair machinery is described as a built in cellular weapon to 

maintain genomic integrity by repairing DNA damage and 

inducing cell cycle arrest in carcinoma.4-6,15,21-24

Some individuals are genetically predisposed to breast cancer 

due to certain dedicated cellular proliferation and DNA repair 

genes such as BRCA1, BRCA2, and p53. Triple negative breast 

cancer (TNBC), also known as basal-like breast cancer, is reported 

to be caused by a germline mutation in the BRCA1 gene. It is 

understood that mutations in BRCA1 and BRCA2 cause impaired 

HR, inactivation of the base excision repair (BER) pathway and 

epigenetic alterations that may lead to genomic instability.2,25 It is 

commonly known that breast cancers are recognized for their 

abnormalities in DNA damage repair and BRCA1 inactivation 

through mutations or epigenetic modifications. Breast cancer 

phenotypes are also broadly classified as inherited versus 

sporadic. The genetic contributions to breast cancer are inherited 

through autosomal dominant transmission of germline mutations 

in BRCA1 and BRCA2. Based on germline mutations, 5% to 10% of 

breast cancers are classified as hereditary breast carcinoma and 

genes such as BRCA1, BRCA2, CHEK2, BRIP1, RAD51, and ataxia 

telangiectasia mutated (ATM) are associated with breast cancer.26 

Among the DNA repair response players, BRCA1 and BRCA2 are 

key players in the error-free HR DNA repair system and others are 

involved in most DSB repair pathways. BRCA1 and BRCA2 are 

recognized for their clear role in transcription, DSB repair, 

recombination, tumor suppression and the maintenance of 

genomic stability.27 There is evidence of single nucleotide 

polymorphisms (in DNA repair genes including BRCA1, BRCA2, 
RAD50, TP53, ATM, CHEK2, PALB2, and BRIP1, which may be 

linked with the development of breast cancer.28,29

DOUBLE-STRAND DNA BREAK 
REPAIR PATHWAY

In cellular replication, the correct segregation of genomic 

material is intended, which requires coordinated genomic stability 

coupled with precision and a thorough check for DNA damage.20 

Thus, the DNA damage repair machinery in both normal and 

breast carcinoma plays a role in the maintenance of genomic 

integrity and stability to thwart genomic insults.6,7,24 The 

well-crafted DNA damage repair machinery regulates a specific 

family of repair genes that are recruited when particular lesions 

are sensed. The onset of carcinoma changes the DNA damage 

response and enhances genotoxic stress, which is a target for 

therapeutic agents in carcinoma.6,24

In breast carcinoma, a dedicated set of DNA repair pathways 

such as BER, nucleotide excision repair (NER) and mismatch 

repair (MMR) are directed against single-strand DNA damage 

caused by genotoxic drugs and oxidative stress.5,8,30 BER focuses 

on the recognition and removal of misfit or damaged nucleotide 

bases by DNA glycosylase. In the case of NER, DNA repair is 

achieved using a cut and paste model by scanning the whole 

genome for distortions in the DNA double helix.5,30 In MMR, 

mismatches induce a single-stranded incision site where nuclease, 

ligase and protease act to remove the incorrectly placed DNA 

nucleotide base.5,8,30

Improper DNA replication, radiation and radiomimetic chemi-

cals cause DSBs, which are repaired through the HR and NHEJ 

pathways.30-33 According to study findings, DSBs are repaired 

through classical non-homologous end joining (C-NHEJ), micro-

homology-mediated end joining (MMEJ or Alt-MMEJ), and HR 

methods. This joining of DNA strands utilizes various protein 

families to repair the damage.8,13,15,34

The HR-mediated repair pathways are facilitated by identical 

or nearly identical DNA sequences that are used as a template to 

fill in the gap. The set of players dedicated to the HR repair 

process is closely related to the machinery responsible for 

crossing-over during meiosis. DSBs due to aberrant replication 

may cause single-strand breaks or unrepaired lesions, which 

leads to collapse of the replication fork. These breaks are repaired 

through the process of recombination, which is shown in a 

schematic diagram in Figure 1.13,34 DSB repair through HR is 

initiated by a 5’ to 3’ strand resection (DSB resection), with 

nucleases generating the 3’ single-strand DNA (3’ssDNA) at DSB 

sites. In the case of homologous-mediated correction of DNA 

DSBs, the first step is DNA resection. During DNA resection, 

C-terminal binding protein (CTBP)-interacting protein (CTIP) 
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Figure 1. This diagram presents a schematic illustration of the ho-
mologous recombination process in DNA double-strand break (DSB) 
repair. This repair pathway consists of a series of several steps. After 
the formation of the DSB, the meiotic recombination 11 homologue 
A (Mre11)–RAD50–Nijmegen breakage syndrome 1 (NBS1) (MRN) 
complex detects and binds the broken DNA ends, which leads to 
the recruitment of ataxia telangiectasia mutated (ATM) and the ini-
tiation of DSBR. In the next step, resection (cutting back) of 5’ DNA 
end of either side of the DSB occurs, resulting in the exposure of 
the two regions of the single-stranded DNA (ssDNA). Next, RAD51 
binds to the DNA and forms a nucleoprotein filament that has the 
ability to invade the DNA double helix at an intact, homologous 
stretch of DNA. DNA polymerases use the homologous DNA se-
quence as a template and the invaded ssDNA as a primer to synthe-
size new DNA. DNA ligases and endonucleases resolve the complex 
DNA structures that form, which consequently results in the repair 
of the DSB. ATR, ataxia telangiectasia and Rad3-related kinase.

(also known as RB binding protein 8 [RBBP8]) interacts with the 

MRN (comprised of meiotic recombination 11 homologue A 

[Mre11A], RAD50, and Nijmegen breakage syndrome 1 [NBS1]) 

complex to promote DNA end resection and the generation of 

single-stranded DNA.35,36 Several proteins involved in HR 

re-localize into discrete nuclear foci when DNA damage occurs. In 

total, 29 proteins have been identified to co-localize with the 

recombination repair protein Rad52 in response to DNA damage. 

A protein with an unknown function Mte1/Ygr042 has been 

shown to co-localize with Rad52.35-37

In terms of the NHEJ repair pathway, the severed DNA ends are 

directly joined through the help of ligase IV, which is a dedicated 

DNA ligase that forms a complex with the cofactor X-ray repair 

cross complementing 4 (XRCC4). To facilitate NHEJ, short 

homologous sequences, called microhomologies, present on the 

single-stranded tails of the DNA ends serve as a guide sequence 

for repair.13,35-37 The NHEJ pathway can be accurate or error prone 

depending on the availability of the guiding sequence when the 

HR pathways are unable to resolve the DNA break.13,34,35 In 

addition to C-NHEJ, there are reports of alternative 

non-homologous end-joining (Alt-NHEJ), which is also referred to 

as MMEJ. This repair pathway represents one of the dedicated 

mechanisms by which DNA DSBs are repaired. The difference 

between MMEJ and CNEHJ is that MMEJ selects 2-5 base pair (bp) 

micro-homologous sequences during the repair process. 

Simultaneously, MMEJ is also described as a Ku protein and 

DNA-PK-independent repair mechanism.13,38-40 A schematic 

illustration of the NHEJ pathway is depicted in Figure 2.13,34-40 The 

repair of DNA DSBs is believed to be a cell cycle-dependent repair 

mechanism. In the G1 phase, the repair of DSBs occurs through 

NHEJ or MMEJ due to the absence of sister chromatids. The NHEJ 

pathway is believed to be an error-prone pathway and often 

involves the loss of the DNA sequence at the break. In the late S 

and G2 phases, although DNA end-joining pathways remain 

functional, there is an increase in the repair of DSBs through HR, 

which is mostly error-free.13,34-40

SMALL MOLECULE INHIBITION AND 
HOMOLOGOUS RECOMBINATION

HR repairs DSBs to maintain genome integrity. Tumors carrying 

BRCA1- and BRCA2-inactivating mutations have been reported to 

become lethal through RAD52 inhibition either by a specific 

shRNA or a small peptide aptamer.41 To achieve better outcomes 

in breast carcinoma, DNA repair protein inhibition strategies are 

highly necessary. In the same direction, imipramine blue, which 

is an inhibitor of forkhead box protein M1 (FOXM1)-mediated HR 

DNA repair pathways, inhibits breast cancer growth.42 Ataxia 

telangiectasia and Rad3-related kinase, a member of the 

phosphatidylinositol-3-related protein kinases, is the basis for 

strategies to silence several types of cancer because these kinases 

are responsible for the DNA damage response during 

chemotherapy and radiation therapy in cancer patients.43 Few 

drug inhibitors targeting ATM kinases have been reported in 

preclinical studies, which limits their scope of use in cancer 
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Figure 2. This figure illustrates the 
non-homologous end joining (NHEJ) 
DNA double-strand break (DSB) repair
pathway. In the classical NHEJ path-
way, after the formation of the DSB, 
the Ku complex is recruited. Subse-
quently, proteins such as DNA de-
pendent protein kinase catalytic sub-
unit (DNA-PKcs) ultimately lead to 
blunt double-strand ligation through 
the help of DNA ligase IV and X-ray 
repair cross complementing 4 (XRCC4),
which seals the DSB. In the alter-
native NHEJ pathway, the DSB is 
processed by ERCC excision repair 1 
(ERCC1) and DNA polymerase ga-
mma. In the next step, ligation is 
completed by DNA ligase I and DNA 
ligase III to fill the DSB gap.

therapeutic interventions.44 Recently, modulation of the 

chromatin landscape has been highlighted by histone DNA 

methyltransferase inhibitors such as Vorinostat and Chaetocin in 

radio-sensitization of resistant breast carcinoma.45 To breach the 

barriers in radiosensitivity in breast carcinoma, miR-15 has been 

reported to augment cell death in response to radiation treat-

ment.46 There is a growing idea that one of the clinical impli-

cations of inhibiting the DNA cytosine deaminase APOBEC3B 

may be easing the problem of genotoxic drug resistance in breast 

cancers.47

There are reports that the protein Survivin has emerged as a 

potential target of inhibition to increase anthracycline respon-

siveness against breast cancers.48 Consistent with several key 

protein players that protect genomic integrity, RAD51 is engaged 

in DSB repair and has been proposed as a target for improved 

chemotherapy response in breast carcinoma. In recent years, 

authors have reported on the specific role of microRNA 

(miRNA)-155 to decrease the expression of RAD51, which 

enhances radiation sensitivity in breast carcinoma.49 The DNA 

repair protein RAD51, which is overexpressed in many cancer 

types, has been reported to be downregulated by the small 

molecule inhibitor BO2.50 During the G phase of the cell cycle, HR 

leads to the LOH. MiRNAs such as miR-1255b, miR-148b, and 

miR-193b suppress the HR pathway in the G1 phase. These 

miRNAs target the transcripts of HR repair factors such as BRCA1, 

BRCA2, and RAD51. Hence, inhibiting miR-1255b, miR-148b, and 

miR-193b may lead to impaired DSB repair.51 Recently, a targeted 

liposomal-based ATM gene-specific siRNA-based drug therapy 

approach was tested in a breast carcinoma animal model. The 

application of siRNAs targeting ATM has been reported to be 

effective for breast cancer inhibition.52

Targeted approaches to inhibit target proteins, such as 

ribonucleotide reductase 1 and 2 (RRM1 and 2) and checkpoint 

kinase 1 (CHK1), are engaged in DNA repair, proliferation and cell 

cycle process within TNBC. Using siRNA-based approaches, these 

breast carcinoma types demonstrated increased potentiation 

against the genotoxic effects of gemcitabine-based therapies.53 To 

sensitize breast carcinoma against genotoxic drugs such as 

cisplatin and Doxorubicin, approaches such as silencing RAD50 

or exploring potential small molecule inhibitors have been 

discussed.54 In the triple negative MDA-MB-468 breast carcinoma 

study, a new class of inhibitor drugs (ZRBA1) targeting the epi-

dermal growth factor receptor TK domain has been reported to 

increase radiation sensitization.55 The repair response associated 

with ionizing radiation (IR)-induced DNA DSBs is linked to 

sensitization of tumor cells to IR. To induce tumor sensitization, 

an artificial miRNA (amiR) is engineered to target the 3’-un-

translated regions of XRCC2 (an homologous recombinational 
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Table 1. List of clinical trials investigating drugs/inhibitors dedicated to DNA repair abnormalities in breast cancer

Serial No. Title of clinical trial Drugs/inhibitors Intervention Reference

1 PARP-inhibition and CTLA-4 Blockade in 
BRCA-deficient Ovarian Cancer

Olaparib and 
Tremelimumab

To cripple DNA double-strand break repair ability 
via PARP inhibitors in solid tumors such as ovarian 
cancer; the clinical trial of the PARP enzyme.

73

2. Phase II Single Arm Pilot Study of the Chk1/2 
Inhibitor (LY2606368) in BRCA1/2 Mutation 
Associated Breast or Ovarian Cancer, Triple 
Negative Breast Cancer, High Grade Serous 
Ovarian Cancer, and Metastatic Castrate-Re-
sistant Prostate Cancer. 

LY2606368 A Chk1/2 inhibitor in several solid tumors, 
including breast tumors having BRCA1/2 defects.

74 

3. ABT-888 and Temozolomide for Metastatic 
Breast Cancer and BRCA1/2 Breast Cancer

ABT-888 and 
temozolomide

To test PARP inhibitor ABT-188 to enhance the 
potential of chemotherapeutic agents such as 
temozolomide to induce cell death.

75 

4. Veliparib and Atezolizumab Either Alone or in 
Combination in Treating Patients With Stage 
III-IV Triple Negative Breast Cancer

Atezolizumab
Other: 

Laboratory 
Biomarker 
Analysis

Drug: Veliparib

A phase II multiple-arm, open-label, randomized 
study of PARP inhibition (Veliparib; ABT-888) and 
anti-PD-L1 therapy (Atezolizumab; MPDL3280A) 
either alone or in combination in homologous 
DNA repair deficient triple negative breast cancer 

76

repair factor) or XRCC4 (an NHEJ factor). Combining amiR and 

siRNA techniques is suggested to target the gene-coding region, 

which can improve the efficiency of gene silencing to achieve 

more robust radiosensitization.56

SMALL MOLECULE INHIBITION AND 
NON-HOMOLOGOUS END JOINING 

The NHEJ is distinctly involved in the removal of DSBs from 

the genome. Recently, researchers have attempted to block DSB 

repair proteins to retard carcinoma growth and proliferation. In 

line with inhibitor-based therapies, there are several reports on 

the development of the inhibitors SCR-7 and SCR-17, which are 

directed against DNA ligase IV and DNA ligase I in the NHEJ repair 

system.12,16 Reports on the phenotypic screening of drug inhi-

bitors such as ARTIK-52, which is an androgen receptor inhibitor, 

show an enhanced replication-dependent DNA damage repair 

response and p53 activation in breast carcinoma cells.57 Recently, 

two Forkhead transcription factors forkhead box O3 (FOXO3a) 

and FOXM1 have been described for their explicit contribution in 

the DNA damage response. Therefore, ways to explore inhibitors 

against these two transcription factors are being attempted to 

augment senescence and cell death in carcinoma.58 Cell cycle 

checkpoints are potential cellular targets in several carcinomas 

including the DNA damage response and survival strategies in 

breast cancer. There are reports that Palbociclib (PD0332991), a 

specific inhibitor of CDK4 (IC50 = 11 nM) and CDK6 (IC50 = 16 

nM), suppresses growth in estrogen receptor-positive breast 

cancer.59,60

Recently, Phase II clinical studies in estrogen receptor-positive 

breast cancer have been conducted for the CDK4/6-selective 

inhibitors LEE011 (ribociclib) and LY2835219 (abemaciclib), which 

have the potential to retard tumor growth. These inhibitors show 

promise for combinatorial drug therapy with both DNA repair 

protein and cell cycle check point inhibitors to combat the 

problem of chemotherapy and radiation therapy resistance.15,61 

In BRCA1-BER-deficient breast carcinoma, ATM and DNA-PKcs 

may be inhibited as a better treatment strategy. It has been 

suggested that BRCA1-BER-deficient cells may show improved 

sensitivity to treatment when cisplatin is concomitantly admi-

nistered with ATM and DNA-PKcs inhibitors. These types of 

drugs/inhibitors combination treatment options will provide 

better options for personalized therapy.15,62 In preliminary fin-

dings, a new class of drugs, an imidazopyridine derivative, 

targeting the DNA damage response pathway was administered 

in combination with Doxorubicin to assess cytotoxicity in breast 

carcinoma. The results suggested that there is marked improve-

ment in apoptosis in the breast carcinoma MCF-7 cell line.63

In view of the close association between DNA repair and 

genetic instability, there is evidence showing that components of 

the DNA DSBs repair machinery, including BRCA1, BRCA2, CHK1, 

DNA-PKcs, FANCA, and the MRE11/RAD50/NBN complex, are 

targets of Hsp90. Studies are in progress to explore inhibition of 

the functions of Hsp90 using small molecule inhibitors to disrupt 

the stabilization of DDR proteins and to act as a cell-specific and 

tumor-selective radiosensibilizer.64 It is believed that homolo-
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gy-directed repair and NHEJ of DNA DSB are antagonistically 

regulated by BRAC1 and 53BP1. Findings indicate that retention 

of 53BP1 at DSB sites is inhibited by the histone deacetylase 

(HDAC) inhibitor trichostatin A. In addition, another methylated 

histone residue H3K9me2 was identified to be suppressed by the 

histone lysine methyltransferase (HKMT) inhibitor UNC0638, 

which affects retention of the BRCA1/BARD1 complex.65 Recently, 

it is agreed that several cell survival and death pathways combine 

to act as a protective cover against genotoxic and radiation insults 

in cancer. To exploit this idea, an inhibitor (Nutlin-3a) targeting 

the protein-protein interactions of murine double minute 2 

(Mdm2) with several key regulatory proteins in cancer has been 

studied for its potential accentuating effects of the DNA 

damaging drug Carboplatin in a breast carcinoma model.66 In view 

of the implications of signaling pathways, several findings 

indicate the potential of developing inhibitors targeting the 

Hedgehog (Hh) signaling pathway, which is linked to DNA repair 

pathways in human cancer types. The Hh signaling pathway may 

provide carcinoma cells better capabilities in terms of thwarting 

the effects of genotoxic- and radiation-mediated DNA damage.67 

DNA repair strategies in breast carcinoma are strengthened by the 

combination or co-operation of multiple signaling cascade 

pathways. Recent information regarding the mechanism by 

which HDAC inhibitors induce miRNA-182 to target RAD51 

suggests this pathway may be a novel pharmacological strategy to 

prevent acute myeloid leukemia (AML) cells from conducting HR. 

Further, these findings indicate that AML cells are sensitized by 

DNA-damaging agents that activate the HR repair machinery.68 

There are promising reports from some ongoing clinical trials 

evaluating the inhibitors that are directly or indirectly associated 

with aberrant DNA repair. Among the many DNA repair proteins, 

there are reports on clinical trials using the small molecule 

inhibitor BI2536, which targets polo-like kinase 1. According to 

the clinical trial outcomes, these inhibitors demonstrated limited 

antitumor activity; however, studies are investigating other 

derivatives from the same class of inhibitor molecules.69-72 The 

list of reported clinical trials on various drugs/inhibitors are 

presented in Table 1.73-76

CONCLUSION 

In conclusion, current regimens of genotoxic drugs and 

radiation-based therapies are only marginally successful. At the 

same time, failures are widely witnessed in breast cancer 

treatment. In recent decades, several reports citing labora-

tory-based outcomes emphasize the importance of DNA DSB 

repair inhibitors as agents to increase the effectiveness of 

chemotherapy and radiation therapy treatment options in breast 

carcinoma. Further understanding the efficacy of DNA repair 

inhibitors combined with chemotherapy and radiation therapy 

will open the possibility to personalized therapy. 
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