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ABSTRACT 

 

PARP inhibitors (PARPi) have been used to induce synthetic lethality in 

BRCA-deficient tumors in clinical trials with limited success due to the development 

of resistance to PARPi. BRCA-deficient cells are unable to repair DNA double strand 

breaks by the accurate homologous recombination repair (HR), and therefore rely on 

alternative DNA repair pathways for survval. We hypothesized that RAD52-mediated 

DNA repair mechanisms remain active and are thus protecting some PARPi-treated 

BRCA-deficient tumor cells from apoptosis, and that targeting RAD52 should enhance 

the synthetic lethal effect of PARPi. We show here that RAD52 inhibitors (RAD52i) 

attenuated single-strand annealing (SSA) and residual HR activity in BRCA-deficient 

cells. Simultaneous targeting of PARP1 and RAD52 with small molecule inhibitors or 

via expression of dominant-negative mutants induced an accumulation of DSBs and 

selective eradication of BRCA-deficient solid tumor and leukemia cells, while BRCA-

proficient cells were unaffected. Parp1-/-Rad52-/- transgenic mice are healthy and 

indistinguishable from wild-type mice due to the presence of the BRCA-pathway, and 

Parp1-/-Rad52-/- mice with inducible BRCA1-deficient leukemia displayed 

significantly prolonged survival when compared to Parp1-/- and Rad52-/- 

counterparts. Finally, PARPi + RAD52i selectively targeted BRCA1-deficient solid 

tumors in immunodeficient mice with minimal toxicity to normal cells and tissues 

which are protected by the BRCA-pathway, indicating minimal side effects. In 

conclusion, our data indicate that combination treatment of RAD52i and PARPi will 

significantly improve therapeutic outcome of BRCA-deficient malignancies compared 
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to treatment with PARPi monotherapy, while leaving healthy cells and tissues 

unharmed. 
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CHAPTER 1 

INTRODUCTION 

 

Synthetic Lethality 

Cancer cells commonly accumulate high levels of spontaneous and drug-induced 

DNA mutations and small insertions and deletions (indels) that ultimately cause genomic 

instability and inactivate apoptosis/senescence/DNA checkpoint pathways, but they 

survive due to protection provided by enhanced/altered DNA repair pathways1. While 

these compensatory repair pathways may promote tumorigenesis, they also provide a 

distinct weakness that can be therapeutically exploited through a concept known as 

synthetic lethality. Synthetic lethality occurs when the inactivation of one or more genes 

leads to cell death, while a deficiency in only one of the genes does not. This 

phenomenon occurs because the two genes code for proteins that are involved in 

pathways that serve redundant functions and can thus compensate for each other if one of 

the pathways is inactivated by a mutation2. This interaction between two genes was first 

described in 1922 after it was first observed in Drosophila melanogaster that some non-

allelic genes were lethal in combinations in offspring while the parents, who were 

homozygous for both genes, were healthy3. The term “synthetic lethality” was coined in 

1946 when the same observation was made in Drosophila Pseudoobscura4.  

Cancer cells in which one of these gene products is inactivated become dependent 

on the second gene for cell survival, providing a weakness that can be targeted 

therapeutically. This therapeutic approach is particularly advantageous as it provides a  
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Figure 1: Concept of synthetic lethality. Synthetic lethality occurs when two 

redundant pathways promote cell survival in normal cells, but one of these 

pathways is inactivated in cancer cells. Cancer cells rely preferentially on the 

alternative pathway for cell survival. Therefore, targeting this alternative pathway 

(mediated by Gene B) will selectively result in cancer cell death while normal 

cells will be protected by Gene A.  
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way to specifically target cancer cells in a patient while having minimal toxic effects in 

normal, healthy cells. We are interested in using synthetic lethality as an approach to 

develop a combination therapy that will specifically inhibit multiple redundant DNA 

double strand break (DSB) repair pathways in BRCA-deficient cancer cells while leaving 

normal cell unharmed. 

 

BRCA-Deficient Cancers 

BRCA1 and BRCA2 are tumor suppressor genes that were first isolated in 1994 

and 1995, respectively5,6. Both BRCA1 and BRCA2 play crucial roles in the accurate 

repair of DNA DSBs and arrested replication forks via homologous recombination (HR). 

Individuals who carry mutations in either BRCA1 or BRCA2 have an elevated risk of 60-

70% and 45-55%, respectively, of developing breast cancer and a risk of 40% and 20%, 

respectively, of developing ovarian cancer7.   

 

Germline and Spontaneous Mutations in BRCA1 and BRCA2 

Germline mutations in BRCA1 or BRCA2 account for about 10% of breast 

cancers and 15% of ovarian cancers8. These mutations are inherited in an autosomal 

dominant fashion, meaning that only a single copy of the mutated allele is needed for 

disease to develop. The remaining single wild type allele eventually needs to develop 

mutations for cancer to occur, a phenomenon called loss of heterozygosity. Loss of 

heterozygosity at the wild type allele is observed in the majority of breast and ovarian 

cancer patients with germline mutations in either BRCA1 or BRCA29,10. Recent studies 
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have also reported that patients harboring germline mutations in BRCA1 or BRCA2 have 

increased risk in developing other cancers in addition to breast and ovarian cancer, such 

as uterine, cervical, colon, male breast, prostate, pancreatic cancers, and melanoma11. 

BRCA1/2-deficient cancers are typically highly aggressive, high grade cancers that are 

very difficult to eradicate. 

In addition to germline mutations, BRCA1 and BRCA2 mutations may also arise 

spontaneously, resulting in sporadic cancer. Approximately 90% of breast cancers and 

85% of ovarian cancer cases are sporadic and can be caused by a multitude of factors8.  In 

these cases, the patient is not born with a BRCA1/2 mutation, but the mutation instead 

eventually arises from the accumulation of mutations that naturally occur throughout the 

person's lifetime. Other factors such as the individual’s environment can further promote 

the accumulation of cancer-predisposing mutations over time. In the case of spontaneous 

BRCA mutations, while the cause of the mutation may not be known the patient’s tumor 

can still be screened for mutations in these genes.  

 

Epigenetic Downregulation of BRCA1 and BRCA2 

Sporadic breast and ovarian cancers have additionally been reported to be caused 

by aberrant methylation of the BRCA1 promoter. A meta-analysis of 40 individual 

studies reporting aberrant methylation of the BRCA1 promoter in patients with sporadic 

breast cancer found a statistically significant increase in BRCA1 promoter methylation in 

breast cancer patients compared to healthy controls12. Additionally, a study of a cohort of 

256 primary high-grade serious ovarian cancer patients found hypermethylation of the 
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BRCA1 promoter in 14.8% of the patients13. The role of BRCA2 promoter 

hypermethylation in the development of breast cancer was also explored in another study, 

but there was no significant difference between the mean BRCA2 promoter methylation 

rates of the breast cancer and control cohorts14. More studies are needed to further 

determine the impact of epigenetic silencing of BRCA2 in cases of sporadic breast and 

ovarian cancers. 

 

Oncogene-Induced BRCA-Deficient Cancers 

BRCA1/2-deficiency can also be induced in some cancers by the expression of 

certain oncogenes. For example, the oncogene BCR-ABL, which causes chronic myeloid 

leukemia (CML) and is also found in some patients with acute lymphoblastic leukemia 

(ALL) or acute myeloid leukemia (AML), downregulates BRCA1 protein expression via 

inhibition of BRCA1 mRNA translation15. Our lab has previously reported that this 

downregulation is caused by a BCR-ABL-mediated endoplasmic reticulum stress 

response that ultimately results in the cytosolic localization of the mRNA-binding protein 

TIAR, which binds to the 3’UTR region of BRCA1 mRNA and inhibits its translation16. 

The oncogene AML1-ETO, which is expressed in 22% of all AML patients, is associated 

with downregulated expression of BRCA2 mRNA, although the exact mechanism is not 

yet known17,18. Additionally, cancers that are caused by overexpressed c-myc have 

upregulated miR-1245 which subsequently inhibits the translation of BRCA2 mRNA by 

directly binding to the 3’UTR of the BRCA2 transcript19. Recently, Maifrede et al. 

demonstrated that primary human Burkitt lymphoma/leukemia cells carrying the 
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IGH/MYC translocation were deficient in BRCA2 protein expression, which was 

associated with an upregulation of miR-1245 as expected20.  

 

BRCA Pathway-Deficient Cancers 

A tumor exhibits a “BRCA-deficient” phenotype if a mutation occurs in any gene 

in the BRCA-mediated HR pathway (BRCA1-BARD1-CtIP-PALB2-BRCA2-RAD51 

paralogs–RAD54) as the genes in this pathway are epistatic, meaning that the pathway 

can only proceed if all of the proteins are expressed and functioning normally21-27. While 

individual mutations in these genes are rare, germline or somatic mutations collectively 

in genes in the BRCA pathway genes other than BRCA1/2 occur in 7-8% of ovarian 

cancer cases, and the presence of these mutations has been reported to sensitize the tumor 

cells to inhibitors of the DNA repair protein poly (ADP-ribose) polymerase 1 (PARP1)28.  

Female germline mutation carriers in PALB2 have an estimated lifetime risk of 33% in 

developing breast cancer for those with no family history of breast cancer, and 58% for 

those with a family history29. Collectively from studies conducted in populations from 

multiple countries, loss-of-function PALB2 mutations are found in 0.6-3.9% of families 

with a history of breast cancer29. PALB2 has also been linked to male breast, pancreatic, 

and ovarian cancers30. Additionally, germline mutations in the RAD51 paralogs 

RAD51B, RAD51C, RAD51D, and XRCC2 have been linked with a moderate risk of 

breast and/or ovarian cancer31,32. Moreover, it has been reported that 10-12% of lethal 

prostate cancers harbor mutations in genes critical to BRCA-mediated HR including 

BRCA1/2, and PALB233,34. Finally, a retrospective analysis of CtIP expression levels in 
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384 paraffin-embedded breast cancer biopsies found a correlation between low/no CtIP 

expression and high-grade breast cancer35; However, another group was unable to detect 

any germline mutations in CtIP following a screen of 210 probands of breast cancer 

families indicating that the de-regulated CtIP expression associated with high-grade 

breast cancer is caused by another mechanism that remains to be elucidated36. 

 

DNA Repair Pathways 

DSBs are one of the most dangerous types of DNA lesion to a cell. DSBs can be 

generated by exposure to exogenous sources such as ionizing radiation (IR), reactive 

oxygen species, and genotoxic chemical compounds, or they can result from natural 

cellular processes such as V(D)J recombination in the immune system, as intermediates 

during mitotic and meiotic recombination, or as the result of stalled replication forks37. If 

left unrepaired, DSBs can lead to chromosomal loss and/or cell death38. Faulty repair of 

these breaks may give rise to additional mutations, chromosomal translocations, and 

complex chromosomal rearrangements, and eventually lead to the development of cancer. 

Multiple DSB repair pathways have evolved to prevent these detrimental effects from 

occurring, such as HR and non-homologous end-joining (NHEJ).  

 

HR 

HR is an evolutionarily conserved process that is the only DSB repair mechanism 

that relies on DNA from a sister chromatid in mitotic cells or homologous chromosome 

during meiosis as a template for DNA synthesis, allowing for extremely accurate repair 



 

8 

of the break39. Thus, in regards to the cell cycle HR is only active in proliferating cells 

when sister chromatids are available to use as templates. Accordingly, the HR pathway is 

crucial for the repair of DSBs that occur at the replication fork40. DSB repair by HR is 

primary mediated by the BRCA pathway (Figure 2), which consists of a group of proteins 

that work together to ultimately recruit and load RAD51 onto the resected single-stranded 

DNA (ssDNA) ends, described in more detail below.  

HR repair is initiated when the DSB is recognized by the MRE11/RAD50/NBS1 

(MRN) complex, which is a major sensor of DNA damage41. Once a DSB is detected, the 

MRN complex functions by tethering the DNA ends together and by recruiting ATM 

kinase to the DSB41,42.  ATM is essential for the phosphorylation of histone H2AX to 

form γH2AX foci, a rapid and early marker of DSBs that can be seen as early as 30 

minutes after ionizing radiation43. The formation of γH2AX foci promotes the 

recruitment of the BRCA1-BARD1 (BRCA1-Associated RING Domain 1) heterodimer 

to the DSB by interacting with the two consecutive BRCT domains (BRCA1 C-terminal 

domain) on BRCA144,45. BARD1 is the permanent binding partner of BRCA1 and is 

required for BRCA1 to function46.  

BRCA1-BARD1 heterodimer has multiple functions essential to the HR pathway. 

The first is mediating efficient and prolonged end resection of the double stranded DNA 

ends to generate 3’ssDNA ends46. As cells enter the S phase of the cell cycle, CtIP is 

phosphorylated on serine residue 327, which promotes binding by BRCA1 to form the 

BRCA1-C complex46. BRCA1 protects and stabilizes CtIP, allowing CtIP to generate 

longer 3’ssDNA ends than if CtIP were operating alone. The MRN complex has   
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Figure 2. BRCA-mediated homologous 

recombination. The proteins outlined in red are 

essential for the BRCA pathway to facilitate the 

loading of RAD51 onto the free ssDNA ends. 
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exonuclease and endonuclease capabilities via Mre11, so MRN works in concordance 

with BRCA1-CtIP to facilitate end-resection47. Replication Protein A (RPA) then binds to 

and stabilizes the 3’ssDNA ends until displaced when RAD51 recombinase is loaded 

onto the DNA. In addition to its role in promoting stable CtIP-mediated end-resection, 

the second main function of BRCA1 is to recruit the repair machinery needed to 

ultimately recruit and load RAD51 by serving as a scaffold25. BRCA1 promotes the 

recruitment of BRCA2 to DSBs by binding to the scaffold protein PALB2 (partner and 

localizer of BRCA2) which in turn interacts with BRCA2, and RAD51. PALB2 is 

essential for the recruitment of BRCA2 to the repair complex. BRCA2 is crucial for 

loading RAD51 onto the RPA-coated ssDNA ends48.   

After RAD51 is loaded, BRCA2 works in tandem with the RAD51 paralogs 

(RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) to stabilize the RAD51 

nucleoprotein filament during the search for a homologous template and strand invasion. 

The specific functions of the individual RAD51 paralogs at different steps in HR are still 

unclear. It has been reported that they form two main complexes in vivo that are both 

absolutely essential for BRCA-mediated HR: Rad51B-Rad51C-Rad51D-XRCC2 and 

Rad51C-XRCC321,49. It appears that the Rad51B-Rad51C-Rad51D-XRCC2 complex 

specifically functions downstream of BRCA2 but upstream of RAD51 recruitment, and is 

involved in stabilizing the RAD51 nucleoprotein filament21. RAD51C-XRCC3 is 

required for HR to continue after RAD51 is recruited by binding to, remodeling, and 

stabilizing RAD51-ssDNA pre-synaptic nucleoprotein filament so that it is in a more 

“open” and stable conformation to promote efficient RAD51 strand exchange 
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activity50,51.  

Finally, after the RAD51 nucleoprotein filament is formed, RAD54 functions by 

stabilizing the interaction between ssDNA and RAD51 and by transiently unwinding the 

double stranded DNA (dsDNA) to promote RAD51-mediated strand invasion in search of 

a homologous template52,53. Additionally, it has been recently demonstrated that both 

BRCA1 and BARD1 directly interact with RAD51 and enhance its recombinase 

activity25. The stabilized RAD51 nucleoprotein filament catalyzes strand invasion of 

unbroken, homologous DNA to complete the repair process54. As RAD51 recruitment 

and loading onto ssDNA end is required for HR repair, RAD51 nuclear foci formation at 

sites of DNA damage provides a useful biomarker for HR-mediated repair55. 

It is well documented that each protein in the BRCA pathway (Figure 2; proteins 

essential to the BRCA pathway outlined in red) is required for the loading of RAD51, and 

BRCA-mediated HR cannot proceed if any proteins in the pathway are downregulated or 

inactivated. Cell lines knocked down in each of the five RAD51 paralogs have been 

confirmed to behave similarly to cells deficient in BRCA1/256,57. SiRNA-mediated partial 

knockdown of PALB2 in MCF7 cells resulted in approximately 50% inhibition in the 

number of cells forming RAD51 foci in response to 10 Gy of ionizing radiation23. 

Moreover, expression of an oncogenic splice variant of BARD1 not only impairs HR 

activity, but BARD1-null mice are also embryonic lethal58,59. Furthermore, HeLa, 

HCC1937, and U20S cells expressing mutant CtIP were unable to form RAD51 foci60. 

 

 



 

12 

RAD52-Mediated HR 

HR can also proceed through a backup pathway mediated by RAD52, which 

operates independently of the BRCA-pathway. The notion that an additional BRCA-

independent HR pathway may be present in eukaryotes was first made following the 

observation that RAD52 in budding yeast Saccharomyces cerevisiae (scRAD52) is 

imperative for HR, and the absence of scRAD52 is lethal for the organism; however, 

murine embryonic stem cells with inactivated RAD52 showed reduced levels of HR 

activity but they were not hypersensitive to DNA damaging agents61. ScRAD52 mediates 

HR by physically associating with RPA, RAD51, as well as ssDNA and dsDNA and thus 

is thought to facilitate the recruitment and loading of RAD51 onto DNA62.  

BRCA2, which is not present in yeast, appears to have evolved in higher 

organisms to play a major role in this process, mostly likely because more complex  

regulation is needed in higher organisms to respond to the increased level of mutations 

experienced by the genome62. Thus the RAD52-mediated HR pathway remains functional 

as a backup pathway to BRCA-mediated HR. Despite the clear evidence of the 

importance of scRAD52 to RAD51-mediated recombination, reconstituted human 

RAD52 (hRAD52) did not show activity as a recombination mediator in biochemical 

assays, indicating that there may be additional proteins in the pathway and/or 

posttranslational modifications needed that remain to be identified63; however, RAD52 is 

currently the only known essential gene to mediate the redundant HR pathway in cancer 

cells deficient in BRCA1, BRCA2, or PALB2. 
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Figure 3. RAD52-mediated HR pathway. RAD52 is the 

major player in a redundant HR pathway that loads RAD51 

onto ssDNA, ends independent of the BRCA pathway. It is a 

distinct pathway from SSA, which is RAD51-independent. 
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Single-Strand Annealing (SSA) 

SSA is another DSB repair pathway that requires sequence homology, but it is 

otherwise distinct from HR. SSA is a RAD52-dependent pathway that can proceed 

following end resection if there are enough repetitive sequences on both sides of the 

DSB. Similar to HR, the MRN complex detects the DSB, resects the DNA ends to 

generate 3’ssDNA ends, and recruits RPA to stabilize the ssDNA54. In SSA, RAD52 is 

recruited to the DSB site where it promotes the annealing of the complementary sections 

of ssDNA. The ssDNA flaps generated from this step are subsequently trimmed off by 

the ERCC1/XPF endonuclease complex, resulting in a loss of DNA. Unlike HR, SSA is a 

RAD51-independent process despite RAD52 having a RAD1-binding domain64. SSA is 

therefore a mutagenic DSB repair process in comparison to HR, although it is preferable 

when the DSB is not able to be repaired by either HR or NHEJ65. 

 

NHEJ 

There are two NHEJ pathways: canonical-NHEJ (C-NHEJ) and alternative NHEJ 

(ALT-NHEJ) (Figure 4). C-NEHJ is the only DSB repair pathway active during all 

phases of the cell cycle, and it is mediated by a set of proteins that are also important for 

V(D)J recombination during antibody maturation, including Ku70/80 heterodimer, the 

catalytic subunit of DNA-PK (DNA-PKcs), Artemis, and the XRCC4/Ligase IV/XLF 

complex (Figure 4A)66. The process is initiated when Ku70/80 heterodimer binds to DSB 

ends and immediately recruits and binds to DNA-PKcs to form the DNA-PK 

holoenzyme67,68. The DNA-PK holoenzyme works in conjunction with the nuclease 



 

15 

Artemis and additional enzymes to process the DNA ends and catalyze their synapsis, 

which are subsequently ligated by the DNA ligase IV/XRCC4 complex68-70. Since the 

broken ends undergo processing and subsequent ligation, C-NHEJ frequently results in 

small sequence changes resulting in small insertions of at least 1 nucleotide, and between 

1-10 nucleotide deletions, or the generation of point mutations at the junction that makes 

C-NHEJ repair more error prone than HR66. Additionally, C-NHEJ does not have any 

built-in safeguards to ensure the original DSB ends are rejoined, meaning that C-NHEJ is 

more chromosomal translocations67.  

ALT-NHEJ (Figure 4B) is thought to serve in part as a backup pathway following 

the failure of C-NHEJ69. Like C-NHEJ, ALT-NHEJ is error prone because it has no way 

to restore the original DNA sequence in the immediate area surrounding the DSB, but 

ALT-NHEJ is more likely to result in sequence alterations than C-NHEJ and has a much 

higher probability of translocation formation71. The presence of functional PARP1 is 

required for ALT-NHEJ to occur, and it has been reported that PARP1 serves a similar 

function in ALT-NHEJ to the role of DNA-PKcs in C-NHEJ since DNA-PKcs is not 

involved in ALT-NHEJ.  In ALT-NHEJ repair, PARP1 works in conjunction with 

MRE11 of the MRE11-RAD50-NBS1 (MRN) complex, DNA polymerase ϴ, and WRN 

helicase to process the DNA ends, which are subsequently ligated by Ligase I and/or 

Ligase III69,72.   
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Figure 4. NHEJ-mediated repair of DSBs. NHEJ promotes the repair of DSBs by 

directly ligating the broken ends together following minimal end-processing. (A) 

Canonical NHEJ (C-NHEJ). (B) Alternative NHEJ (ALT-NHEJ). 
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Regulation of Choice Between DSB Repair Pathways 

The regulation of choice between DSB repair pathways is largely cell cycle-

dependent. ALT-NHEJ activity is suppressed by both Ku70/80 and DNA-PK, and it is 

significantly elevated in C-NHEJ-deficient cells, which is consistent with reports that 

Ku70/80 and PARP1 directly compete for DSB37,73,74.  ALT-NHEJ also operates at a 

slower rate than C-NHEJ, which supports its role as a backup pathway to both C-NHEJ 

and HR75. Furthermore, PARP1 activity is hyperactivated in the S-phase of HR-deficient 

cells, highlighting the importance of ALT-NHEJ in protecting HR-deficient proliferating 

cells from accumulating a lethal number of DSBs76. 

Despite the relatively error prone nature of both C-NHEJ and ALT-NHEJ in 

comparison to HR, both repair pathways are essential processes when it comes to 

maintaining genomic stability in cells, as they are the only DSB repair mechanisms active 

in both proliferating and quiescent cells. C-NHEJ operates with faster kinetics compared 

to both HR and ALT-NHEJ, solidifying its role as a DSB repair pathway that is 

indispensable in the protection against genomic instability and the prevention of 

carcinogenesis77.  

 

PARP Family of Proteins 

There are 17 members of the PARP family of proteins in humans, but PARP1 is 

the most abundant and best characterized. PARPs are nuclear enzymes that, once 

activated, catalyze the covalent attachment of long polymers of ADP-ribose called 

poly(ADP-ribose) (PAR) on itself and other acceptor proteins, a process called 
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PARylation78. PARP proteins are only considered to be “true PARPs” if they are capable 

of PARylation. Thus, the majority of proteins in the PARP family are not considered true 

PARPs as they can only either transfer a single ADP-ribose moiety onto acceptor proteins 

(mono-ADP-ribosylation) or are catalytically inactive79. Based on this standard, the only 

“true PARPs” in the PARP family of proteins are PARP1, PARP2, PARP3 and 

tankyrase1; however, PARP1, PARP2, PARP3, and Tankyrases 1 and 2 are the main 

PARPs in the DNA damage response80-82.   

Despite the fact that multiple PARP superfamily members are involved in the 

DNA damage response, PARP1 is estimated to be responsible for approximately 90% of 

PARylation in mammalian cells with the remaining 10% mediated mainly by PARP2 and 

to a lesser degree by PARP383,84. PARP1 and PARP2 have highly homologous carboxy-

terminal PARP domains and display genuine polymerase activity, but they have distinct 

DNA binding domains indicating that they may target different substrates85,86. While 

PARP3 does not contain a defined DNA binding domain, it has been reported that 

PARP3 is capable of being activated by DNA; however, its precise role in DNA repair is 

still unknown87. While PARP3 has been reported to be capable of PARylation, the 

majority of its known activity regarding DNA damage at this time involves mono-ADP-

ribosylation88,89; However, it has been demonstrated that PARylation catalyzed by 

PARP3 stimulates the activity of PARP1 in response to DNA damage79. One hypothesis 

is that PARP3 activity may promote ALT-NHEJ repair of DSBs, although there is also 

evidence that PARP3 may promote C-NHEJ87.  

While PARP3 does play some small role in DNA repair that remains to be 
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elucidated, PARP1 and PARP2 play a much more significant role, with PARP1 being the 

primary PARP involved in DNA repair. Parp1-/-Parp2-/- mice are embryonic lethal, 

highlighting the importance of PARylation during embryonic development90. PARP1 

functions by scanning DNA for damage and upon detecting a break it binds with a high 

affinity, resulting in the activation of PARP1. Once activated, PARP1 rapidly catalyzes 

the covalent attachment of long PAR derives the ADP-ribose monomers from 

nicotinamide adenine dinucleotide (NAD+) to itself (auto-PARylation) and onto nearby 

proteins and DNA to recruit such as X-ray repair cross-complementing protein 1 

(XRCC1)91. These polymers signal to DNA repair proteins such as XRCC1 to rapidly 

relocate to the site of the damage92.   

 

Roles of PARP1 and PARP2 in DNA Repair 

As described in more detail earlier, PARP1 mediates the backup, error-prone DSB 

pathway ALT-NHEJ. Interestingly, in addition to its role in ALT-NHEJ, PARP1 binds to 

and is activated by stalled replication forks in dividing cells93. PARP1 activity has been 

found to be required for to protect stalled replication forks from MRE11-mediated 

degradation, as PARP1 inhibition is associated with hyperactivation of MRE11 and a 

subsequent significantly increased degradation at stalled forks94. Additionally, PARP1 

functions in promoting the reactivation of stalled replication forks via the recruitment of 

MRE11 for end resection95.  
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PARP1 in Single Strand Break Repair 

PARP1 also functions in initiating single strand break repair by recruiting proteins 

involved in the base excision repair (BER) pathway. BER functions in repairing bases 

damaged through mechanisms such as oxidation, alkylation, and deamination, all of 

which can commonly be formed by endogenous cellular metabolism92. The overall 

process involves the recognition and excision of the damaged bases by a variety of 

glycosylases depending on the type of damage, generating an apurinic/apyrimidinic (AP) 

site. The AP site is cleaved by an AP endonuclease, resulting in the formation of a SSB 

intermediate. PARP1 scans DNA and is activated when it binds to a SSB, causing rapid 

autoPARylation and swift recruitment of SSB repair proteins, such as the XRCC1 

complex, DNA polymerase β, DNA Ligase III. The nucleotide gap is then either rapidly 

sealed and ligated via short patch repair to repair a single nucleotide, or long patch repair 

to replace two or more nucleotides96.   

PARP2 is also thought to function in the repair of SSBs, although its exact role 

remains to be elucidated. PARP2-/- mice display significantly increased sensitivity to 

alkylating agents and ionizing radiation, and PARP2 has been shown to interact with SSB 

repair proteins such as XRCC1, DNA polymerase β, and ligase III. PARP2 was shown to 

have a delayed recruitment in response to microirradiated damage sites compared to the 

immediate recruitment of PARP1, indicating that PARP2 most likely functions later in 

the SSB repair process97. 
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Additional Roles of PARP1 in Cells 

Notably, PARP1 plays a key role in chromatin modification as core histones, 

histone H1, and polynucleosomes are all substrates for PARylation, allowing for PARP to 

promote chromatin relaxation or condensation depending on type of DNA damage79,98,99. 

This highlights the importance of PARylation on the epigenetic aspect of DNA repair. In 

addition to the role that PARP1 plays in DNA repair, PARP1 also functions in 

transcriptional regulation, mitotic spindle formation, and in pathways that mediate 

apoptosis100. Moreover, PARP1 plays a role in regulating cell cycle checkpoints and 

maintaining the expression genes involved in the stress response101,102.  

 

PARPi-Mediated Synthetic Lethality in BRCA-Deficient Cancers 

The classic and most well-known example of inducing synthetic lethality in 

BRCA-deficient cancer cells involves the use of PARP inhibitors (PARPi) to target 

preferentially PARP1, in addition to PARP2 and PARP3. Within the past decade, PARPis 

have emerged as a promising new class of anti-cancer drugs that specifically targets 

cancers containing mutations in homologous recombination repair. The success of PARPi 

in BRCA1 and BRCA2-deficient breast tumors in preclinical studies has established a 

proof-of-concept for personalized cancer therapy using synthetic lethality103.  

In cells with impaired BRCA-mediated HR, inhibition of PARP1 compromises 

the ability to repair SSBs, resulting in an accumulation of DSBs due to collapsed 

replication forks at SSBs during the S phase of the cell cycle. HR is essential for the 

repair of DSBs that occur at the replication fork, making HR-deficient cells markedly 
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susceptible to PARPi. Moreover, PARPi suppresses the repair of the accumulated DSBs 

via ALT-NHEJ since this pathway is mediated by PARP1. Although the backup RAD52-

mediated HR pathway is still capable of repairing DSBs in BRCA-deficient cells treated 

with PARPi, the overwhelming increase in number of DSBs is toxic to the majority of 

BRCA-deficient cancer cells104. 

Until recently, it was believed that the antitumor activity of PARPi was attributed 

solely to their ability of inhibiting the catalytic activity of PARP1 and to a lesser degree 

PARP2 and PARP3, resulting in an accumulation of SSBs that would become DSBs in 

actively dividing cells. However, it was demonstrated recently that catalytic inactivation 

is not the only mechanism that makes PARP inhibitors cytotoxic; Most PARPi also 

physically trap PARP1, and possibly PARP2, onto the damaged DNA, resulting in fixed 

PARP-DNA complexes that completely block DNA replication and transcription. The 

effect is extremely cytotoxic and exceedingly more potent than catalytic inactivation of 

PARP. The ability to trap PARP to DNA varies among current PARP inhibitors.  

Although this study is focused on targeting cancers deficient in BRCA pathway-

mediated HR, PARPi can also exert a synthetic lethal effect against cancers deficient in 

C-NHEJ proteins. It was recently reported by Czyż et al. that the PARPi olaparib induced 

synthetic lethality in ligase IV-deficient melanomas without exerting any toxic effects on 

normal melanocytes105. Ligase IV is required for C-NHEJ-mediated repair of DSBs, 

which is the main DSB repair pathway in phases of the cell cycle except for the S phase, 

when HR becomes the prominent predominant DSB repair mechanism. They confirmed 

using γ-H2AX immunofluorescence that this synthetic lethal effect observed in ligase IV-
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deficient was associated with a significant accumulation of lethal DSBs105.  

Additionally, our lab used PARPi to induce synthetic lethality in quiescent 

leukemia stem cells deficient in DNA-PKcs106. As described earlier, non-dividing cells 

rely exclusively on NHEJ pathways to repair lethal DSBs since HR is only active during 

S and G2 phases of the cell cycle. Since DNA-PKcs is essential for C-NHEJ-mediated 

repair, DNA-PKcs-deficient quiescent leukemia stem cells must solely rely on PARP1-

mediated ALT-NHEJ for DSB repair. We demonstrated this phenomenon by using a 

precision medicine approach that employed Gene Expression and Mutation Analysis to 

select leukemia patients with DNA-PK based on qRT-PCR and microarrays, who we 

predicted would be sensitive to PARPi. Quiescent DNA-PK-deficient cells were sensitive 

to PARPi in vitro and in vivo, while the DNA-PK-proficient counterparts were 

unaffected106.  

 

PARPis Currently Under Clinical Development 

Currently, the majority of reported PARPis are analogs of nicotinamide and 

function by competing with NAD+ for access to the catalytic site of PARP1, resulting in 

inhibition of PARylation107. In vitro assays measuring PARP1 catalytic activity 

determined that most PARPi are extremely efficacious with highly similar IC50 values, 

with the exception of talazoparib, which is estimated to be between 20-200-fold more 

potent than other currently known PARPi inhibitors108. This increased potency of 

talazoparib is attributed to its remarkable trapping ability, as it is the most effective and 

potent PARP trapper of all currently known PARPi101. Talazoparib is currently being 
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tested in clinical trials in breast cancer patients that harbor germline BRCA mutations in 

addition to other cancer types associated with defective DNA damage response, and was 

found to significantly extend progression-free survival in a phase 3 trial of metastatic 

breast cancer patients109. Velaparib is another orally available PARP inhibitor that is 

currently being tested in clinical trials. It is the most selective PARP inhibitor to date, 

with strong selectivity towards PARPs1-3, though it also is the least effective PARPi at 

trapping PARPs110,111. 

 

FDA Approved PARPis 

Olaparib (Lynparza®) is an oral PARP inhibitor that was the first PARPi to enter 

clinical trials, and it is the most investigated PARPi in BRCA-deficient cancers thus far. 

Olaparib made history in December 2014 by becoming the first PARPi to be approved by 

the U.S. Food and Drug Administration (FDA)112. The FDA specifically approved it for 

the treatment of pre-treated, relapsed ovarian cancer that harbors BRCA mutations112. 

Additionally, the FDA approved olaparib in August 2017 for the maintenance treatment 

for patients with recurrent fallopian tube, peritoneal, or epithelial ovarian cancer, who are 

in a complete or partial response to platinum-based chemotherapy113. In January 2018 

olaparib made history once again when the FDA approved olaparib to treat germline 

BRCA-mutated metastatic breast cancer patients who have undergone chemotherapy, 

making olaparib the first FDA-approved drug to specifically treat patients with inherited 

breast cancer114.  

In 2016, the FDA granted accelerated approval of the intravenous PARP inhibitor 
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rucaparib (Rubraca®) to treat women with advanced ovarian cancer harboring BRCA 

mutations who were also previously treated with two or more chemotherapies115. Finally, 

in March 2017 the FDA approved the oral PARP inhibitor niraparib (Zejula®) as a 

treatment for patients with recurrent ovarian, fallopian tube, or primary peritoneal cancer, 

who are in partial or complete response to platinum-based chemotherapy116 

 

Mechanisms of Resistance to PARPi 

Despite very promising preclinical data using PARPi in BRCA-deficient cancers, 

these therapeutics have had relatively limited success in clinical trials, with patients 

ultimately relapsing despite initially responding to treatment117-124. Additionally, some 

patients eventually develop resistance to PARPi over time. There are multiple 

documented mechanisms by which PARPi resistance can occur. For example, one group 

used BRCA1-methylated breast cancer patient-derived xenograft (PDX) models to 

demonstrate resistance to PARPi through epigenetic re-expression of BRCA1 due to loss 

of methylation in the BRCA1 promoter125. Another mechanism involves increased drug 

export from the cells mediated by P-glycoprotein (P-gp). Rottenberg et al. observed that 

long-term treatment of olaparib in a BRCA1-deficient breast cancer mouse resulted in 

upregulated expression of the Abcb1 a/b genes encoding P-gp, which actively pumps 

olaparib and other drugs out of the cells126. Treatment with the P-glycoprotein inhibitor, 

tariquidar, reversed the resistance to olaparib126. This resistance mechanism only 

develops if the drug is a substrate of P-gp, such as olaparib. Fortunately, additional potent 

PARPi, such as velaparib are emerging that are poor substrates for P-gp127.  



 

26 

PARPi resistance can also be caused through aberrant expression of other proteins 

that regulate the DNA damage response. For example, multiple reports have shown that 

the loss of p53 binding protein 1 (53BP1) caused by truncating mutations TP53BP1 in 

BRCA-deficient breast cancer partially restores the capacity to perform HR by allowing 

CtIP with unobstructed access to DSB breaks, resulting in hyperactivation of DNA end 

resection activity128,129. Loss of 53BP1 expression also significantly attenuates the ATM-

dependent checkpoint response and G2 arrest in response to DNA damage 

accumulation130.  Additionally, loss of 53BP1 expression has been reported to be 

associated with the presence of BRCA1/2 mutations, with triple-negative phenotype, and 

with poorer survival in breast cancer patients130.  

Currently, the most well documented resistance mechanism is the development of 

a secondary in-frame deletion mutation that restores function lost by the original 

BRCA1/2 mutation. The secondary in-frame deletion mutation either corrects the original 

mutation or bypasses it in some way, restoring the capacity of the cell to repair DSBs via 

HR131. Multiple groups have demonstrated the restoration of the BRCA2 open reading 

frame as a prominent resistance mechanism to PARPi in BRCA2-deficient breast, 

pancreatic, and ovarian cancer cell lines132-134. An additional study identified specific 

secondary somatic mutations in both BRCA1 and BRCA2 that restored their function in 

BRCA1- and BRCA2- deficient ovarian cancer cell lines135.  

 

PARPi Resistance in Clinical Trials 

Until recently, the majority of data regarding the various mechanisms behind the 
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development of resistance to PARPi was obtained from in vitro and in vivo studies, as 

opposed to clinical trials. The first observation of clinical resistance to PARPi by 

comparing tumor biopsies taken from the same patient at diagnosis and after developing 

resistance to PARPi was reported in 2013, where tumor-specific BRCA2 secondary 

mutations were identified using massively parallel sequencing in two breast cancer 

patients who had developed resistance to olaparib while still receiving treatments. In both 

patients, the secondary mutations restored the BRCA2 open reading frame136.  

In September 2017, Goodall et al. published a study where they analyzed samples 

obtained from patients participating in the Phase II clinical trial (TOPARP-A) of olaparib 

in metastatic prostate cancer patients that resulted in the FDA awarding olaparib with 

‘Breakthrough Designation’ by the FDA in 2016 for advanced prostate cancer with 

defects in BRCA2/ATM34. They compared tumor biopsy DNA and circulating cell-free 

DNA isolated from each patient in the study, and they found that BRCA2 reversion 

mutations were responsible for restoring the BRCA2 open reading frame as a major cause 

of resistance to talazoparib and olaparib in tumors with germline BRCA2 mutations as 

well as in tumors with somatic loss of BRCA2 and PALB234. Quigley et al. analyzed 

solid and liquid tumor biopsies from the same clinical trial and further identified multiple 

separate BRCA2 reversion mutations in samples from individual patients, highlighting 

the usefulness of circulating cell-free DNA in identifying reversion mutation 

heterogeneity not discernable in solid tumor samples137. In November 2017, Weigelt et 

al. also reported on the utility of circulating cell-free DNA on identifying reversion 

mutations in BRCA1 and BRCA2 in breast and ovarian cancer patients resistant to 
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PARPi and/or platinum therapy138.  

Additionally, in June 2017 a study was published analyzing samples collected 

from patients participating in a Phase II clinical trial (ARIEL2 Part 1) of epithelial 

ovarian carcinomas harboring mutations in BRCA1/2 genes139. After sequencing genes 

involved in the BRCA-mediated HR pathway in twelve patients, they found that six of 

the twelve patients had truncation mutations in BRCA1, or RAD51 paralogs RAD51C or 

RAD51D. In post-progression analyses, five of the six biopsies contained at least one 

secondary mutation that restored the open reading frame. In particular, four separate 

mutations were observed that restored function in RAD51C28.  

It is clear that while PARPi are initially effective at targeting BRCA-deficient 

cancers in clinical trials, they do not target all of the cancer cells and eventually long-

term exposure selects for a population of cancer cells that are resistant to treatment. This 

highlights the need to combine PARPi with drugs that further impairs the DNA damage 

response in this subgroup of cells to more efficiently target all of the cancer cells in the 

population. 

  

RAD52-Mediated Synthetic Lethality 

Synthetic lethality can also be induced in BRCA-deficient cells by targeting 

RAD52. In this case, inhibiting RAD52 completely prevents HR-mediated repair of 

DSBs in BRCA-deficient cancer cells, in addition to repair via SSA, which is entirely 

dependent on RAD52 (Figure 5).  

RAD52-mediated synthetic lethality was first demonstrated in 2011 when Feng et 
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al. reported that RAD52 stimulated the formation of RAD51 nuclear foci in BRCA2-

deficient cell lines, and that the depletion of RAD52 via shRNA in BRCA2-deficient 

cells140. In 2013 the same lab confirmed that inactivation of RAD52 also induces  

  

Figure 5. RAD52-mediated synthetic lethality in BRCA-deficient 

cancers. BRCA-deficient cells are unable to accurately repair DSBs with 

BRCA-mediated HR, but the backup RAD52-mediated error-free HR and 

RAD52-dependent SSA pathways are still active. Inactivation of RAD52 

completely prevents BRCA-deficient cells from repairing DSBs via HR and 

SSA, leading to a lethal accumulation of DSBs. Normal cells have 

functional BRCA-mediated HR and are thus unaffected by inactivation of 

RAD52. 
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synthetic lethality in cell lines deficient in BRCA1 and PALB2, while exerting negligible 

effects on their BRCA1- and PALB2-proficient counterparts23.  Additionally, while 

inactivation of RAD52 show no significant phenotype in mammals, suppression of 

RAD52 is lethal when in combination with mutations in additional genes that cause 

hereditary breast and ovarian cancer like PALB2 and RAD51C141. Inhibition of RAD52 

also prevents the repair of DSBs by the error-prone SSA annealing, as this pathway is 

entirely dependent on RAD52 function. While RAD52 inhibition only prevents HR- and 

SSA-mediated repair, error-prone NHEJ-mediated DSB repair and SSB repair activities 

are still overwhelmed by the cytotoxic effects an accumulation of toxic DSBs following 

DNA replication in the majority of BRCA-deficient cancer cells26,142.  

 

RAD52 Small Molecule Inhibitors 

 Until recently, there were no published RAD52-specific small molecule 

inhibitors. Cramer-Morales et al. was the first to demonstrate synthetic lethality via a 

targeted approach using a peptide aptamer designed to target phenylalanine 79 (F79) 

residue in RAD52 DNA binding domain I in leukemias harboring inactivating mutations 

in BRCA1/226. Between 2015-2016, we along with our collaborators separately published 

three RAD52 small molecule inhibitors of various specificity.   

Our lab performed virtual computer screens of two chemical libraries containing 

FDA-approved drugs, and National Cancer Institute (NCI) drug-like compounds to 

identify candidates to block hRAD52 DNA binding domain I based on the RAD52 

crystal structure.  This screen resulted in the identification of adenosine 5’-



 

31 

monophosphate (A5MP), and also its mimic 5-aminoimidazole-4-carboxamide 

ribonucleotide 5’ phosphate (AICAR/ZMP) as an inhibitor of RAD52 activity in vitro, 

which exerted synthetic lethality against BRCA1 and BRCA2–mutated cancer cell 

lines142; however, the off-target effects of these inhibitors in vivo may be broad as it also 

inhibits autophagy143. While these two hits may not be viable options in vivo due to 

limitations in specificity and in membrane permeability for AICAR/ZMP, they offer a 

starting point for candidate inhibitors that may be further developed into anti-RAD52 

drugs to treat patients with BRCA-deficient tumors142.  

Chandramouly et al. identified the RAD52 inhibitor (RAD52i) 6 hydroxy-DL-

dopa (6-OH-dopa) via high throughput screening of the Sigma Lopac collection of 

pharmacologically active compounds for small molecules that block the interaction 

between RAD52 and ssDNA144. In this case, 6-OH-dopa acts as an allosteric inhibitor of 

the ssDNA binding activity. This allosteric inhibition results in the dissociation of the 

RAD52 undecamer ring structure which is required for RAD52 to bind ssDNA. While 6-

OH-dopa inhibits RAD52 in vitro and in cells, it is not yet known how specific it is at 

targeting RAD52 in vivo. It is a known inhibitor of APE1, a major player in repairing 

SSBs via the BER pathway which may further enhance its effectiveness at targeting 

BRCA-deficient cells 145,146; However, it is structurally similar to the Parkinson’s disease 

treatment L-DOPA and it has been used to treat Parkinson’s disease mouse models in 

vivo, indicating 6-OH-Dopa may have too many off-target effects in vivo to be a viable 

therapeutic option147. 

Additionally, Huang et al. also conducted a high throughput screen of two 
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libraries (Broad’s diversity-oriented synthesis library and a Molecular Libraries Probe 

Center Network library) for compounds capable of blocking the interaction between 

RAD52 and ssDNA148. This led to the identification of multiple candidate inhibitors 

including D-I03 and D-G23, with D-I03 exerting the strongest inhibitory effect on human 

primary BRCA-deficient cells as well as the lowest genotoxicity in BRCA-proficient 

cells; however, in this case more work is needed to elucidate the precise mechanism by 

which D-I03 and D-G23 block the ssDNA annealing activity of  RAD52148.  

 

Inducing Dual Synthetic Lethality in BRCA-Deficient Cancers 

As discussed, PARPis have only had modest success thus far at targeting BRCA-

deficient cells in clinical trials despite showing excellent promise in preclinical studies. 

As a reminder, PARPis induce synthetic lethality by promoting the accumulation of lethal 

DSBs in cells deficient in BRCA-mediated HR via inhibition of BER/SSB repair 

pathways, and ALT-NHEJ-mediated repair of DSBs, culminating in the death of the 

majority of the BRCA-deficient cells. However, a few resilient BRCA-deficient cells 

within a tumor may still survive due to protection from the RAD52-mediated HR back-up 

pathway and RAD52-dependent SSA repair. With the growing number of patients in 

clinical trials developing resistance to PARPi during or shortly after treatment in clinical 

trials, we hypothesized that the backup RAD52-mediated HR pathway in addition to 

RAD52-dependent SSA repair are together preventing PARPi from efficiently 

eradicating a small number of tumor cells.  

It has already been well established that individually targeting PARP1 or RAD52  
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Figure 6. Dual synthetic lethality in BRCA-deficient cancers mediated by 

PARPi and RAD52i. Although RAD52i and PARPi both individually induce 

synthetic lethality in BRCA-deficient cancers, but in both cases some cells are 

still protected from cell death by alternative repair pathways. We hypothesized 

RAD52i will significantly enhance the selective killing of PARPi-treated 

BRCA-deficient cells via inducing dual synthetic lethality.  

Synthetic Lethality 

(Incomplete) 

Synthetic Lethality 

(Incomplete) 

Dual Synthetic Lethality 
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induces at least a partial synthetic lethal effect in cells lacking BRCA-mediated HR. 

Therefore, we propose that simultaneous inhibition of PARP1 and RAD52 will greatly 

improve the clinical effectiveness of PARPi to selectively target BRCA pathway-

deficient cells by inducing dual synthetic lethality (Figure 6). 
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CHAPTER 2 

MATERIALS AND METHODS 

 

Cell Lines 

BRCA1-/- and BRCA1+/+ murine embryonic stem (ES) cells carrying a DR-GFP 

reporter cassette, BRCA2-/- VC8 and BRCA2+/+ V79 hamster cell lines carrying DR-

GFP reporter cassette, and BRCA2+/+ and BRCA2-/- murine ES cell lines carrying SA-

GFP reporter cassette were all obtained from Maria Jasin and Jeremy Stark (Sloan 

Kettering Cancer Center, New York, NY)149-151. The pancreatic carcinoma cell line, 

Capan1, with truncated BRCA2 as well as Capan1 cells with restored BRCA2 expression 

were obtained from Simon Powell140. The human ovarian carcinoma cell line UWB1.289 

carrying a germ-line BRCA1 mutation within exon 11 (2594delC) and a deletion of the 

wild-type allele (BRCA1-null), and UWB1.289 cells in which BRCA1 expression has 

been restored (UWB1.289 BRCA1+) were purchased from ATCC. The BRCA1-null 

breast cancer cell line HCC1937 (5382insC germ-line mutation generating the truncated 

protein and no wild-type allele) and cells with restored BRCA1 expression (BRCA1+) 

were obtained from Ralph Scully152. The triple-negative breast cancer cell line MDA-

MB-436 which contains a BRCA1 5396 + 1G>A mutation in the splice donor site of 

exon 20 that results in a BRCT domain-truncated protein, and MDA-MB-436 cells with 

restored BRCA1 were obtained from Neil Johnson (Fox Chase Cancer Center, 

Philadelphia, PA, USA)153. EUFA423 cells, which are immortalized fibroblasts derived 

from a Fanconi anemia patient with biallelic mutations (7691 insAT and 9900 insA) 
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in BRCA2 that result in two different truncated forms of BRCA2, and EUFA423 cells 

with restored BRCA2 expression were obtained from Simon Powell140.  The human pre-

B cell line Nalm-6 parental and RAD54-/- isogenic cells were purchased from Horizon 

(Cambridge, UK). Burkitt lymphoma-derived Epstein-Barr virus (EBV)-positive B-cell 

lines Mutu and Raji and EBV-immortalized lymphoblastoid cell lines (LCLs) from 

healthy donors as previously described20. 

 

Primary Cells 

FLT3(ITD)-positive AML samples were obtained from the Department of 

Internal Medicine I, Division of Hematology & Hemostaseology, Medical University of 

Vienna, Austria. BCR-ABL1 –positive CML, AML1-ETO –positive AML, IGH/MYC –

positive Burkitt lymphoma primary samples and BRCA1/2 deficient and proficient AML 

samples were characterized before20,106. Samples of normal hematopoietic cells were 

purchased from Cambrex Bio Science (Walkersville, MD, USA). Lin-CD34+ cells were 

obtained from mononuclear fractions by magnetic sorting using the EasySep negative 

selection human progenitor cell enrichment cocktail followed by human CD34 positive 

selection cocktail (StemCell Technologies) as described before106. All primary cells were 

cultured in StemSpan H3000 media supplemented with a cocktail of growth factors (100 

ng/mL stem cell factor, 20 ng/mL interleukin3 [IL-3], 100 ng/mL fms-related tyrosine 

kinase 3 ligand, 20 ng/mL granulocyte colony-stimulating factor, 20 ng/mL IL-6). 
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Transfections 

All transfections were performed using Lipofectamine 2000 reagent (Invitrogen, 

Carlsbad, CA, USA) according to manufacturer’s instructions. MDA-MB-436 and 

EUFA423 cells and their BRCA1 and BRCA2 reconstituted counterparts were 

transfected with pLSXP-GFP-RAD52wt, pLSXP-YFP-RAD52(F79A), pMIG-mCherry-

PARP1wt and pMIG-mCherry-PARP1(E988K). Double-positive cells were sorted 72 h 

after transfection with BD Biosciences Influx™ Sorter, cultured in 96-well plate and 

counted after 14 days. 

 

HR and SSA Reporter Assays 

BRCA2-/- VC8 and BRCA2+/+ V79 hamster cell lines and BRCA1-/- (clone 17) 

and BRCA1+/+ (clone 92B) mES cells carrying DR-GFP reporter cassette and BRCA2-/-

murine ES clone 42E cells (BRCA2-) and BRC21 wild-type clone 40b cells (BRCA2+) 

carrying SA-GFP cassette were co-transfected with pCBASce1 (encoding I-Sce1) and 

pDsRed (transfection efficiency control) plasmids using Lipofectamine 2000 (Invitrogen) 

as previously described66,154. Transfected cells were treated with Olaparib (AZD2281, 

Selleckchem), Talazoparib (Selleckchem), 6-OH-dopa, (Sigma) or vehicle (DMSO) 

immediately after removal of the transfection complexes. The percentage of 

GFP+DsRed+ cells in DsRed+ population was detected after 72 hours by flow cytometry 

to assess HR repair activity. 
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RAD51 Foci 

HCC1937 BRCA1-deficient and –proficient cell lines were plated in six well 

plates containing coverslips coated with gelatin and allowed 24 hours to attach. Once 

attached, the cells were treated for 24 hours with 3 µg/ml cisplatin combined with 5µM 

olaparib (Ola) and/or 10µM 6-OH-dopa (Dopa). To detect RAD51 foci, cells were 

stained with an anti-RAD51 antibody (Thermo Scientific), followed by a secondary 

antibody conjugated with AlexaFluor 594. Negative controls were performed without 

addition of primary antibody. DNA was counterstained with 4’6’-diamidino-2-

phenylindole (DAPI). Nuclei were analyzed and scored as either containing low foci (0-9 

foci) or high foci (>10 foci) per nucleus. Coverslips were mounted onto polylysine-

coated slides using an anti-fade reagent (SlowFade Gold, Invitrogen, Carlsbad, CA). 

Nuclear foci were visualized with an inverted Olympus IX70 fluorescence microscope 

equipped with a Cooke SensiCam QE camera (The Cooke Corp., Auburn Hills, MI). 

Images from at least 100 individual cells were analyzed per experimental group and were 

acquired with Slidebook 3.0 (Intelligent Imaging Innovations, Denver, CO). A series of 

three-dimensional images was converted to a single two-dimensional image. 

Deconvolution was applied using Slidebook 3.0 to each two-dimensional image to 

increase contrast and resolution.  
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Neutral Comet Assay 

MDA-MB-436 BRCA1+ and BRCA1- cells and Nalm6 parental and RAD54-/- 

cells were treated for 24 hours with the indicated concentrations of Ola and/or Dopa. 

Comet assays were performed under neutral conditions using the Oxiselect Comet Assay 

Kit (Cell Biolabs) according to the manufacturer’s instructions. Images were acquired by 

an inverted Olympus IX70 fluorescence microscope using a FITC filter, and the 

percentage of tail DNA of individual cells was calculated using the OpenComet plugin of 

ImageJ. 100-150 cells were used per treatment group. 

 

Transgenic/Knockout Mice 

Rad52-/- mice were obtained from Maria Jasin (Memorial Sloan-Kettering Cancer 

Center, New York, NY, USA), PARP1-/- mice (provided by Roberto Caricchio, Lewis 

Katz School of Medicine at Temple University) and SCLtTA;p210BCR-ABL1 mice (tet-

off model of CML-CP)155 were used before in our lab106,156. Rad52-/- were cross-bred 

with PARP1-/- mice to generate PARP1-/-Rad52-/-, PARP1-/-;wt, Rad52-/-;wt and wt/wt 

mice. These animals were cross-bred with SCLtTA;p210BCR-ABL1 mice to generate 

SCLtTA;p210BCR-ABL1;PARP1-/-Rad52-/-, SCLtTA;p210BCR-ABL1;PARP1-/-, 

SCLtTA;p210BCR-ABL1;Rad52-/-, and SCLtTA;p210BCR-ABL1;wt;wt mice. 

Transgenic/knockout mice were identified by polymerase chain reaction (PCR) of tail 

snip DNA. DNA isolation and purification from mice tails were performed using the 

REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich). Genotyping for the SCLtTA and 

p210BCR-ABL1 transgenes and PARP1 was performed using transgene/knockout-
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specific primers (Operon) and 2X GoTaq polymerase Master Mix (Promega). BCR-

ABL1-specific primers (forward: 5’-GAGCGTGCAGAGTGGAGGGAGAACA-3’; 

reverse: 5’-GGTACCAGGAGTGTTTCTCCAGACTG-3’) amplified a 500 basepair-long 

fragment using amplification conditions of 40 cycles at 94°C for 45 seconds, 55°C for 1 

minute, and 72°C for 1 minute. SCLtTA-specific primers (tTA: 5’-

TTTCGATCTGGACATGTTGG-3’; SCL: 5’-AGAACAGAATTCAGGGTCTTCCTT-

3’) yielded a 750 basepair product using amplification conditions consisting of 40 cycles 

at 94°C for 40 seconds, 60.5°C for 1 minute, and 72°C for 1 minute. PARP1 specific 

primers: forward: 5’-CATGTTCGATGGGAAAGTCCC- ‘3; wild type reverse: 5’-

CCAGCGCAGCTCAGAGAAGCCA- ‘3; mutant reverse: 5’-

CATGTTCGATGGGAAAGTCCC- ‘3. The primers amplified a 112 basepair fragment if 

wild type, a 350 basepair fragment if PARP1 null, and both 112 and 350 basepair 

fragments if heterozygous using amplification conditions consisting of 35 cycles at 94°C 

for 1 minute, 60°C for 1 minute, and 72°C for 3 minutes. The RAD52-specific primers 

were: forward: 5’-AGCCAGTATACAGCGGATG- ‘3; wild type reverse: 5’-

CAACTAGATACATGCCCACG- ‘3; mutant reverse: 5’-

CGCATCGCCTTCTATCGCCT- ‘3. The amplification conditions consist of 35 cycles at 

93°C for 1 minute, 55°C for 1 minute, and 72°C for 3 minutes. PCR products (120 

basepair fragment if wild type, a 320 basepair product if RAD52 null, and both 120 and 

320 basepair fragments if heterozygous for RAD52) were run in a 1.5% agarose gel 

containing ethidium bromide, and visualized using the Gel DocTM XR+ Molecular 

Imager® System (Bio-Rad). Mice were provided with drinking water supplemented with 
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0.5 g/L tetracycline hydrochloride (Sigma-Aldrich) and leukemia was induced by 

withdrawal of tetracycline. CML-CP –like leukemia was characterized by splenomegaly, 

and leukocytosis associated with expansion of mature myeloid cells assessed by 

immunophenotyping as described below. 

 

Immunophenotyping 

To assess for leukocytosis, mouse bone marrow cells (BMCs) and peripheral 

blood mononuclear were isolated and stained with FITC-conjugated GR-1 (granulocyte 

marker), PE-conjugated MAC-1 (macrophage marker), APC-conjugated B220 (pan B 

cell marker) and PE-Cy7-conjugated CD3 (pan T cell marker). To assess for bone 

marrow stem and progenitor cell populations, BMCs were stained with rat anti-mouse 

APC–conjugated anti-lineage antibody cocktail (CD3e, CD11b, CD45R/B220, Ly-76, 

Ly-6G, and Ly6C), PE–conjugated CD117 (c-Kit), and PE-Cy7–conjugated Ly-6A/E 

(Sca-1). All cells were incubated with a murine Fc block (BD Pharmingen) for 10 

minutes prior to staining. Murine immunophenotyping antibodies were all purchased 

from BD Pharmingen. Compensation controls were generated with single stains. Stained 

cells were analyzed by flow cytometry with BD FACSCanto II (BD Biosciences). 

 

In Vitro Treatment 

PARPi olaparib and BMN673 (Selleckchem), RAD51i F79 aptamer26, 6-OH-

dopa144, and I03148, daunorubicin (Selleckchem), and BCR-ABL1 tyrosine kinase 

inhibitor imatinib (Selleckchem) were added to indicated cells for 3-5 days. Cell 
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count/viability was determined by Trypan blue exclusion. Clonogenic activity was 

assessed 7 days after re-plating of treated cells. Cell death and γ-H2AX staining were 

examined by flow cytometry after staining with Fixable Viability Dye eFluor® 780 

(eBioscience) and Alexa Fluor® 647 anti-γ-H2AX (BD Biosciences) as described 

before157. For long-term experiments fresh inhibitors were added every 3-4 days and cells 

were expanded in fresh medium every 7 days. 

 

Clonogenic Assay 

Freshly harvested Lin- murine bone marrow cells were plated in serum-free 

MethoCult-SF H4236 (StemCell Technologies, Vancouver, Canada) supplemented with 

TET System Approved Fetal Bovine Serum (Takara Bio USA) with and without 

10μg/mL tetracycline hydrochloride in the presence of a threshold concentrations (0.1 

unit/ml) of recombinant murine IL-3, IL-6, and SCF as described before158. Colonies 

were counted after 5 to 7 days. 

 

In Vivo Treatment 

NSG mice were total body irradiated (250 cGy) and inoculated i.v. with 1 x 106 

BRCA deficient AML primary leukemia xenograft cells. Two weeks later mice were 

treated with vehicle (control), talazoparib [0.33mg/kg/day by oral gavage for 7 days106], 

F79 aptamer [2.5 mg/kg i.v.26] and a combination of talazoparib + F79 aptamer. 

Leukemia burden was analyzed by flow cytometry 7 days after the end of treatment. 

Human leukemia cells were detected by anti-human CD45 (hCD45) antibody as 
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described before106. Median survival time was determined. Nude mice were injected s.c 

with 5 x 106 BRCA deficient MDA-MB-436 cells. Once tumors reached a volume of 

100mm3, mice were treated with vehicle (control), talazoparib [0.33mg/kg/day by oral 

gavage106], I03 [50mg/kg/day i.p], and a combination of talazoparib and I03 for 7 days. 

Tumors were measured weekly and tumor volumes were calculated using the ellipsoid 

volume formula (π/6 x L x W x H). C57BL/6 mice were treated with vehicle (control), or 

a combination of talazoparib [0.33mg/kg/day by oral gavage106] and I03 [50mg/kg/day 

i.p] daily for 7 days. Peripheral blood and bone marrow cell samples were taken 7 days 

after the end of treatment to assess for potential toxicity. Additionally, the indicated 

organs were fixed and stained with hematoxylin and eosin. 

 

Statistics 

Data are expressed as mean ± standard deviation (SD) and were compared using 

the unpaired Student t test; p values less than 0.05 were considered significant. Mean 

survival time of the mice ± standard error (SE) was calculated by Kaplan-Meier Log-

Rank Survival Analysis. The response additivity approach was used to study the 

synergistic effects159. This approach shows a positive drug combination effect when the 

observed combination effect (EAB) is greater than the expected additive effect by the 

sum of the individual effects (EA + EB). The combination index (CI) was calculated as 

CI= (EA + EB)/EAB. The p-value for the possible synergistic effect is given by the 

significance of the interaction effect in a factorial analysis of variance of the individual 

and combination effects. 
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Study Approval 

Human studies were approved by the appropriate Institutional Review Boards and 

met all requirements of the Declaration of Helsinki. Animal studies were approved by the 

Temple University Institutional Animal Care and Use Committee. 
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CHAPTER 3 

RESULTS 

 

Residual HR activity Attenuated by RAD52i in PARPi-Treated BRCA-Deficient 

Solid Tumor Cell Lines 

To first demonstrate that the RAD52-mediated HR pathway is active in BRCA1- 

and BRCA2-deficient cells treated with PARPi, we assayed for HR activity by using 

BRCA1/2-deficient and proficient cell line pairs with a DR-GFP recombination reporter 

integrated into their genome. DR-GFP consists of two mutated GFP genes: SceGFP and 

Figure 7. DR-GFP and SA-GFP reporter cassette schematics. (A) Ectopic 

expression of ISceI introduces a DSB in the upstream SceGFP of the DR-GFP 

reporter cassette. The DSB can be repaired by HR by using the downstream 

iGFP as a template, resulting in restored expression of GFP. (B) To measure 

SSA activity, ectopically expressed ISceI generates a DSB in SceGFP3’. 5’GFP 

and SceGFP3’ fragments have 266 bp sequence homology, promoting repair of 

ISceI-induced DSB by SSA, restoring functional GFP expression. 
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iGFP (internal GFP) (Figure 7A). HR repair activity is measured following introduction 

of a DSB in the upstream SceGFP gene by the rare-cutting endonuclease ISceI, which 

can be repaired with HR machinery using the downstream iGFP gene as a template. The 

cell lines carrying DR-GFP cassettes were co-transfected with pCBA-Sce1 expression 

plasmid and pDsRed1-Mito as a control for transfection efficiency.  

As expected, BRCA1- and BRCA2- deficient cells exhibited reduced HR activity 

compared to their BRCA1/2-proficient counterparts as measured by percentage of GFP+ 

cells in DsRed+ population (Figure 8A-B). Nevertheless, there was still residual activity 

in BRCA1/2-deficient cells that clearly could not be attributed to the BRCA pathway. 

Treatment with PARPis olaparib and talazoparib did not affect HR activity in either 

BRCA-deficient or proficient cells, which was expected as PARP1 is not involved in HR-

mediated repair; However, the previously described RAD52i 6-hyrodxy-DL-dopa 

(Dopa)144 significantly abrogated residual HR activity in both untreated and PARPi-

treated BRCA-deficient cells while having no effect on their BRCA-proficient 

counterparts.  

Detection of RAD51 foci by immunofluorescence is commonly used as a 

surrogate marker for HR activity since the loading of RAD51 onto ssDNA ends is an 

essential step in HR23. We used BRCA1-deficient HCC1937 cells, in which the formation 

of RAD51 foci is dependent on RAD52, and observed that treatment with RAD52i Dopa 

inhibited the formation of cisplatin-induced RAD51 foci in BRCA1-deficient HCC1937 

but not in their BRCA1-proficient counterparts (Figure 8C). PARPi olaparib had no 

effect on RAD51 foci formation in BRCA-deficient cells as expected, although olaparib  
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Figure 8. RAD52i 6-OH-dopa attenuated HR and SSA in BRCA1/2-deficient 

cells treated with PARPi olaparib. (A) BRCA2-mutated VC8 cells (BRCA2-) and 

BRCA2 wild-type V79 cells (BRCA2+) and (B) BRCA1-/- murine ES clone 17 cells 

(BRCA1-) and BRCA1 wild-type clone 92B cells (BRCA1+) contained DR-GFP 

reporter cassette for HR activity were co-transfected with plasmids encoding ISceI 

and DsRed, followed by treatment with 5µM olaparib (Ola), 5 nM Talazoparib (Tala) 

and/or 10µM 6-OH-dopa (Dopa), or left untreated (Control). Results represent mean 

% of GFP+DsRed+ cells in DsRed+ population ± SD from 3 independent 

experiments; *p<0.05 in comparison to untreated control. (C) BRCA1-mutated 

HCC1937 cells (BRCA1-) and HCC1937 expressing wild-type BRCA1 (BRCA1+) 

were treated with   [continued)  
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did cause increased RAD51 foci formation in BRCA–proficient cells possibly as a result 

of PARPi-mediated accumulation of SSBs converted into DSBs in need of repair in 

dividing cells. Dopa also reduced the ability of the olaparib-treated BRCA1-deficient 

cells to form RAD51 foci, further indicating that RAD52-mediated HR activity is 

functional in these cells and is capable of providing protection from the potentially lethal 

accumulation of DSBs.  

Since RAD52 is essential to SSA-mediated DSB repair in addition to RAD52-

mediated HR, we compared SSA activity in a BRCA2-proficient and –deficient cell line 

pair containing SA-GFP reporter cassette (Figure 6B). The SA-GFP cassette contains two 

GFP fragments with the ISceI endonuclease recognition site situated between two 266 bp 

homologous sequences, which promotes repair by SSA resulting in restored expression of 

functional GFP151. HR-mediated repair of the ISceI-induced DSB is not possible here 

because the SA-GFP reporter cassette does not provide the required homologous 

[Figure 8 continued] ... 3 µg/ml cisplatin (Control), or cisplatin combined with 5µM 

olaparib (Ola) and/or 10µM 6-OH-dopa (Dopa). Results represent percent of cells 

with >10 RAD51 foci from 3 independent experiments (100 cells/experiment were 

evaluated); *p<0.05 in comparison to untreated control. (D) BRCA2-/-murine ES 

clone 42E cells (BRCA2-) and BRC21 wild-type clone 40b cells (BRCA2+) carrying 

SA-GFP cassette were co-transfected with ISceI and DsRed cDNAs followed by 

treatment with 1.25µM Ola and/or 20µM Dopa, or were left untreated (Control). 

Results represent mean % of GFP+DsRed+ cells in DsRed+ population ± SD from 3 

independent experiments; *p<0.05 in comparison to untreated control.  
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template. As expected, RAD52 inhibition significantly reduced repair of DSBs by 

RAD52-dependent SSA in both BRCA-proficient and –deficient cells, confirming that in 

addition to RAD52-mediated HR, SSA also protects BRCA-deficient cells from DSB 

accumulation (Figure 8D).   

Additionally, western blot analyses of BRCA1- and BRCA2-deficient cell lines 

and their BRCA1/2-proficient counterparts were conducted to determine if PARPi or 

RAD52i effected the expression of their target proteins (Figure 9). While RAD52 

expression was downregulated in CAPAN1 BRCA2-defiicent untreated cells compared 

to BRCA2-proficient counterparts, 24-hour incubation with PARPi and/or RAD52 did 

not cause additional downregulation of RAD52 expression. Additionally, any PARPi- or 

RAD52i-associated variability in RAD52 protein expression was only observed in 

BRCA1/2-proficient cells while no variability was observed in BRCA1/2-defiicent cells. 

This indicates that both target proteins are expressed in BRCA1/2-defiicent cell lines 

following exposure to PARPi and/or RAD52i, meaning that the target proteins of both 

PARPi and RAD52i are available as substrates for their individual inhibitors. These 

results verify that neither PARPi nor RAD52i downregulate the expression of either 

target protein compared to untreated controls, indicating functional inhibition of both 

target proteins by their respective inhibitors.  

Overall, we demonstrated here that RAD52 inhibition alone or in combination 

with PARPi selectively decreased residual HR activity in both BRCA1- and BRCA2- 

deficient cancer cells, and decreased SSA activity in both BRCA2-proficient and –

deficient cells, as expected. BRCA-proficient cell are protected from the decreased SSA 
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activity by the BRCA-mediated HR pathway. These observations verified that the 

RAD52-mediated HR pathway is active in BRCA-deficient cells and thus provided 

justification to continue investigating RAD52 as a target in PARPi-treated BRCA-

deficient cells.  

 

RAD52 Inhibition Enhanced the Synthetic Lethal Effect Exerted by PARPi at 

Targeting BRCA-Deficient Solid Tumor Cell Lines 

After verifying that RAD52-mediated HR activity is present and functional in 

BRCA-deficient cells treated with PARPi, we next sought to test the effectiveness of 

Figure 9. PARPi and RAD52i did not affect the endogenous expression of PARP1 

or RAD52. Indicated BRCA-proficient or –deficient cell line pairs (A) MDA-MB-

436, (B) HCC1937, (C) CAPAN1, (D) V79/VC8 were untreated (-) or treated with 

5µM olaparib (O), 10µM Dopa (D), or 5µM olaparib + 10µM Dopa (O+D). After 24 

hrs exposure to treatment, whole cell lysates were analyzed via western blot to detect 

RAD52, PARP1, and actin (loading control). Results represent 2-3 independent 
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using RAD52i in combination with PARPi in a variety of BRCA1- or BRCA2-deficient 

solid tumor cell lines. To assess the effect of the combination on cell viability following 

short-term treatment, we treated BRCA1-deficient ovarian (UWB1.289), and breast 

(MDA-MB-436 and HCC1937) cancer cell lines and the BRCA2-deficient pancreatic 

cancer cell line (Capan-1) cells for five days with PARPi olaparib in combination with 

the previously described F79 peptide aptamer26. The combination of olaparib and F79 

synergistically inhibited cell viability in all four BRCA-deficient cell lines in comparison 

to individual treatments, while having no effect on the growth of BRCA-proficient 

counterparts or on immortalized NIH3T3 cells which are also BRCA-proficient (Figure 

10).  

While the selectivity of F79 at targeting the RAD52 DNA binding domain 

provides a proof-of-concept for the combination of PARPi and RAD52i, peptide 

aptamers are generally not stable enough to be considered as potential therapies for 

patients. Therefore, we tested olaparib in combination with published RAD52is Dopa and 

D-I03, which both selectively inhibited viability of BRCA-deficient cell in the same 

manner as F79 when combined with olaparib (Figure 11). This growth inhibitory effect 

caused by the combination of PARPi + RAD52i correlated with significantly enhanced 

accumulation of DSBs as detected by neutral comet assay and increased levels of γ-

H2AX foci in BRCA1-deficient MDA-MB-436 cells, indicating a selective accumulation 

of DSBs in these cells (Figure 12). Overall, the selective targeting of BRCA-deficient cell 

lines when treated with the combination of PARPi and three RAD52i (F79, Dopa, D-I03) 

was consistent and provides further support for RAD52 as an effective therapeutic target 
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Figure 10. RAD52is enhanced the synthetic lethal effect of PARPi olaparib 

in BRCA-deficient solid tumor cell lines. Indicated BRCA1/2-deficient cells 

and BRCA1/2-reconstituted counterparts were treated with 1µM olaparib (Ola) 

and/or 1µM RAD52 F79 peptide aptamer (F79) added at 0 and 2 days followed 

by trypan blue counting at day 5. Results represent mean % of trypan blue-

negative living cells ± SD relative to untreated counterparts from 3 independent 

experiments. *, p<0.04 and **p=0.06 in comparison to cells treated with 

individual drugs using the response additivity approach.  
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Figure 11. RAD52is Dopa and D-I03 enhanced the synthetic lethal effect of 

PARPi olaparib in BRCA-deficient solid tumor cell lines. (A) MDA-MB-436 

BRCA1-deficient cells and BRCA1-reconstituted counterparts were treated with 1µM 

olaparib (Ola) and 5µM Dopa added on days 0 and 2. Living cells were counted via 

trypan blue exclusion on day 5. Results are represented as mean % of trypan blue-

negative living cells ± SD relative to untreated counterparts from 3 independent 

experiments. *, p<0.04 and **p=0.06 in comparison to cells treated with individual 

drugs using the response additivity approach. (B) MDA-MB-436 BRCA1-deficient 

and BRCA1-proficient cells were treated on days 1 and 3 with increasing 

concentrations of olaparib in absence or presence of 1 μM D-I03. Results represent 

mean % of treated clonogenic cells ± SD relative to untreated counterparts from 3 

independent experiments.  

 

 



 

54 

 

when used in combination with PARPi in for BRCA-deficient cells. 

The lack of success of PARPi in clinical trials is primarily due to patients 

eventually developing resistance to PARPi either during treatment or after the treatment 

regimen ceases. To see if BRCA1- or BRCA2-deficient cancers developed resistance 

following long-term exposure to the combination of PARPi and RAD52i, we exposed 

Figure 12. PARPi and RAD52i caused accumulation of DSBs in BRCA-deficient 

cells. BRCA1-deficient MDA-MB-436 (black bars) cells and BRCA1-reconstituted 

counterparts (gray bars) were treated with µM Ola and/or 5µM Dopa for 24 hrs 

followed by detecting of DSBs by (A) neutral comet assay and (B) γ-H2AX 

immunofluorescence. Results represent mean % of tail DNA ± SD from 100-150 cells 

and mean % of γ-H2AX-positive cells ± SD from triplicate experiment. *p<0.05 in 

comparison to cells treated with individual drugs using the response additivity 

approach. 
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cell lines deficient in BRCA1 (MDA-MB-436 and HCC1937) and BRCA2 (VC8 and 

Capan-1) to continuous treatment for 28 days with olaparib + RAD52i Dopa. 

Importantly, continuous long-term exposure of PARPi + RAD52i led to complete 

eradication of BRCA1 and BRCA2 - deficient cells, while treatments with individual 

inhibitors only partially inhibited the rate of growth (Figure 13). At the end of 28 days of 

continuous treatment, cells exposed to the combination of PARPi and RAD52i were 

Figure 13. RAD52i abrogated the emergence of potentially resistant clones in 

BRCA-deficient solid tumor cell lines treated with PARPi olaparib. Indicated 

BRCA1/2-deficient cells were left untreated (black) or continuously treated with 

2.5µM olaparib (blue), 20µM Dopa (green) and olaparib+Dopa (red) for 28 days. 

Viable cells were identified by Trypan blue exclusion. Results represent mean 

cumulative number of cells ± SD from triplicate experiments. 
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 washed to ensure complete removal of inhibitors and cultured in inhibitor-free medium 

for another 14 days. Remarkably, even after 14 days there were no detectable living cells, 

signifying that they were not able to recover from exposure to the combination. 

 

RAD52i Enhanced the Synthetic Lethal Effect Exerted by PARPi at Targeting 

BRCA-Deficient Hematopoietic Cell Lines 

In addition to testing solid tumor cell lines, we examined the effect of 

simultaneous treatment with PARPi and RAD52i on leukemia and lymphoma cell lines 

deficient in BRCA-mediated HR. For the BRCA-mediated HR pathway to successfully 

recruit and load RAD51 to the DSB site, not only are BRCA1 and BRCA2 required, but 

PALB2, RAD51, RAD51 paralogs and RAD54 are also equally indispensable. 

Accordingly, a cell is will have a BRCA-deficient phenotype if any single one of those 

proteins are knocked down or inhibited. Here, we examined the effect of PARPi and 

RAD52i on the Nalm6 human leukemia cell line deficient in the BRCA HR pathway 

gene, RAD54104.   

Short-term treatment of RAD54-/- Nalm6 cells with PARPi olaparib and RAD52i 

Dopa significantly induced more cell death as determined by both cell viability dye 

staining and trypan blue exclusion. Additionally, we observed an enhanced accumulation 

of DSBs specifically in RAD54-/- cells treated with the combination of PARPi and 

RAD52i as assessed by γ-H2AX immunofluorescence (Figure 14B) and by neutral comet 

assay (Figure 15). The accumulation of DSBs was associated with selectively decreased 

cell viability in RAD54-/- cells (Figure 14A, C-D). Furthermore, RAD54+/+ parental  
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Figure 14. RAD52i enhanced the synthetic lethal effect of PARPi in BRCA 

pathway-deficient malignant hematopoietic cell lines. (A-D) Nalm-6 parental (grey 

bars) and Nalm-6 RAD54-/- (black bars) cells were left untreated (Control) and 

treated with 0.3 µM olaparib, 5 µM Dopa, and olaparib + Dopa for 24 h (A, B) and 48 

h (C, D). (A) Mean number ± SD of dead cells detected as cells positive for fixable 

viability staining. (B) Mean % increase of cellular γ-H2AX  [Continued] 
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Figure 15. PARPi + RAD52i caused enhanced accumulation of DSBs in RAD54-/- 

leukemia cells. Nalm-6 parental (grey bars) and Nalm-6 RAD54-/- (black bars) cells 

were left untreated (Control) and treated with 5 μM olaparib, 20 μM Dopa, and 

olaparib + Dopa for 24 h before DSBs were detected by neutral comet assay. Results 

represent mean % of tail DNA ± SD from 100-150 cells per treatment group. 

[Figure 14 continued] … immunofluorescence ± SD compared to untreated 

counterparts. (C) Mean % of trypan blue-negative living cells ± SD relative to 

untreated counterparts. (D) Representative diagrams illustrate accumulation of γ-

H2AX (right quadrangles) and dead cells (upper quadrangles). 
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cells experienced no significant effects regarding cell viability or DSB accumulation, 

highlighting the specificity of the combination treatment at targeting cells deficient in 

BRCA-mediated HR. 

For a more clinically relevant treatment model, we sought to determine if 

leukemias deficient in the BRCA-pathway developed resistance following extended 

exposure to the combination of PARPi and RAD52i. To test this, we exposed RAD54-/-  

Nalm6 cells to PARPi olaparib and/or the RAD52i Dopa continuously for 35 days.  

Continuous exposure to the combination of olaparib and Dopa resulted in the complete 

elimination of living RAD54-/- cells according to trypan blue exclusion, whereas 

exposure to the individual treatments resulted in initial cell death that the cells eventually 

recovered from over the duration of the experiment (Figure 16). At the end of 35-day 

treatment, the olaparib+Dopa-exposed cells were washed to remove all trace of inhibitors 

and subsequently cultured in fresh inhibitor-free media for an additional 14 days. There 

were no viable RAD54-/- cells detected at the end of the 14-day incubation, 

demonstrating the notable potency of the combination of PARPi and RAD52i at 

preventing the development of resistance in BRCA pathway-deficient leukemia following 

long-term exposure. 
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Figure 16. RAD52i in combination with PARPi abrogated the 

development of potentially resistant clones in BRCA pathway-

deficient leukemia cells. Nalm6 RAD54-/- cells were left untreated 

(black) or continuously treated with 2.5µM olaparib (blue), 20µM 

Dopa (green) and olaparib+Dopa (red) for 35 days. Viable cells were 

identified by Trypan blue exclusion. Results represent mean 

cumulative number of cells ± SD from triplicate experiments Mean 

cumulative number ± SD of trypan blue-negative living cells. 

Results in are from 3 independent experiments. 
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To determine the effect of RAD52i on cells deficient in BRCA-mediated HR that 

have already developed resistance to PARPi, talazoparib-resistant RAD54-/- Nalm6 cells 

were developed by culturing the cells under continuous exposure to increasing 

concentrations of talazoparib until they were fully resistant to 10nM talazoparib. Despite 

being resistant to PARPi, the cells were still sensitive to treatment with RAD52i Dopa 

(Figure 17), indicating that RAD52i may still be partially effective at targeting PARPi-

resistant clones that have potentially already developed in patients before or during 

treatment. 

Next we sought to use a second BRCA pathway-deficient hematopoietic model to 

assess for dual synthetic lethality exerted by PARPi + RAD52i. We compared the effects 

of olaparib and Dopa on BRCA2-deficient Burkitt lymphoma (BL)-derived Epstein-Barr 

virus (EBV)-positive B-cell lines Mutu and Raji, with BRCA2-proficient EBV-

immortalized lymphoblastoid cell lines (LCL1 and LCL2) established from healthy donor 

cells used as BRCA2-proficient controls20.  Mutu and Raji express IGH/MYC 

translocation, which leads to continuous, uncontrolled expression of oncogene MYC, 

ultimately leading to downregulation of BRCA2 expression19,20. Following 72 hours of 

treatment, the combination exerted a much stronger inhibitory effect on Mutu and Raji 

when compared to treatment with the individual inhibitors, as assessed by trypan blue 

exclusion (Figure 18). At the same time, their BRCA2-proficient counterparts were not 

sensitive to the combination of inhibitors.  

To verify that RAD52 inhibition only enhances the effects of PARPi at targeting 

BRCA-deficient cells, we employed MLL-AF9-positive murine leukemia cells that have  
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Figure 17. Talazoparib-resistant RAD54-/- Nalm6 leukemia cells are sensitive to 

RAD52i Dopa. RAD54-/- Nalm6 leukemia cells were continuously exposed to 

growing concentrations of talazoparib (Tala) until fully resistant to 10nM of the 

inhibitor. RAD54-/-Nalm6 resistant (R) and RAD54-/- Nalm6 sensitive (S) cells 

(104/ml) were untreated or treated with the indicated concentrations of Tala and Dopa 

on day 0 and 2. Living cells were counted via trypan blue exclusion on day 5. Results 

represent mean ± SD number of living cells from three individual experiments; 

*p<0.05 when compared to corresponding untreated cells, **p<0.05 when compared 

to the cells treated with individual inhibitor. 
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Figure 18. RAD52i enhanced the synthetic lethal effect of PARPi in 

BRCA pathway-deficient malignant hematopoietic cell lines. BRCA2-

deficient BL-derived B-cell lines Mutu and Raji, and control LCL1 and 

LCL2 cells were treated with 2.5 µM olaparib and/or 5 µM Dopa for 72 h. 

Results represent mean % of trypan blue-negative living cells ± SD relative 

to untreated counterparts from triplicate experiments *P<0.05 and ** 

P<0.03 in comparison to the cells treated with individual drugs using 

Student t test.  
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previously been determined to be proficient in all BRCA pathway proteins, but are 

sensitive to PARPi when used in combination with standard cytotoxic drugs17,160. While 

these cells were sensitive to increasing concentrations of PARPi olaparib as expected, 

they showed no additional sensitivity when treated with the combination of olaparib and 

Dopa (Figure 19). These results support the hypothesis that PARPi + RAD52i selectively 

Figure 19. Inhibition of RAD52 did not enhance the effect of PARPi in BRCA-

proficient MLL-AF9 –positive leukemia cells. MLL-AF9-positive murine bone 

marrow cells were treated for 72 hours with the indicated concentrations of olaparib in 

the absence (vehicle) or presence of 2.5 µM Dopa as assessed by Trypan blue 

exclusion. Results represent mean ± SD of living cells from 2 independent 

experiments. 



 

65 

have a synergistic effect in BRCA pathway-deficient cells. 

 To exclude the possibility that the synergistic effect exerted by the combination of 

PARPi and RAD52i are caused by off-target effects of the small-molecule inhibitors, we  

ectopically co-expressed wild type and/or dominant-negative mutants of PARP1 and 

RAD52 in BRCA1- and BRCA2-deficient cell lines and their BRCA1/2-proficient 

counterparts, and assessed the effect on cell growth via trypan blue exclusion 14 days 

after plating (Figure 20). As predicted, the individual expression of either the catalytically 

inactive PARP1(E988K) mutant or the DNA binding-defective RAD52(F79A) mutant 

specifically reduced the growth of BRCA1-deficient MDA-MB-436 cells and BRCA2-

deficient EUFA423 cells compared to BRCA1/2-deficient cells expressing wild type 

RAD52 and/or PARP1. Importantly, co-expression of PARP1(E988K) and 

RAD52(F79A) mutants exerted a synergistic growth inhibitory effect in both MDA-MB-

436 cells and EUFA423 cells whereas BRCA1/2-reconstituted counterparts were not 

affected, which was consistent with effects observed by the combination of PARPi + 

RAD52i. 

In conclusion, we have demonstrated using two different approaches to inactivate 

PARP1 and RAD52 (via small molecule inhibitors and the expression of dominant 

negative mutants) in a variety of BRCA pathway-deficient and –proficient cell line pairs 

that simultaneous inhibition of PARP1 and RAD52 exerts a dual synthetic lethal effect 

selectively in cells deficient in BRCA-mediated HR by causing a lethal accumulation of 

DSBs. Importantly, we have also confirmed that prolonged exposure to the combination 

of PARPi + RAD52i resulted in the complete eradication of BRCA pathway-deficient  
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Figure 20. RAD52(F79A) DNA binding deficient mutant enhanced the synthetic 

lethal effect of PARP1(E988K) catalytically inactive mutant in both BRCA1- and 

BRCA2-deficient cells. (A) BRCA1-deficient (black bars) and BRCA1 reconstituted 

(gray bars) MBA-MB-436 cells and (B) BRCA2-deficient (black bars) and BRCA2 

reconstituted (gray bars) EUFA423 cells were transfected to stably express PARP1 

and/or RAD52 wild-type or PARP1(E988K) and/or RAD52(F79A) dominant negative 

mutants. The results represent the growth of the cells expressing dominant-negative 

mutant(s) relative to these expressing wild-type proteins from at least 3 independent 

experiments. *p<0.02 when compared to BRCA1/2-proficient counterparts using 

Student t test, and **p≤0.01 when compared to BRCA1/2-deficient cells transfected 

with individual mutants using the response additivity approach. 
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cells, preventing the eventual development of a PARPi + RAD52i -resistant population. 

This effect was selective as the combination did not target BRCA-proficient cells, 

including MLL-AF9-positive BRCA-proficient cells previously determined to be 

sensitive to PARPi due to alternative molecular mechanisms. Our data greatly support the 

approach of simultaneously targeting of PARP1 and RAD52 as a highly robust method 

for the selective eradication of BRCA-deficient cancer cells. 

 

PARPi + RAD52i Eliminated BRCA-Deficient Primary Leukemia Cells More 

Efficiently Than Treatment With Individual PARPi or RAD52i  

To confirm that the combination of PARPi and RAD52i selectively targets 

BRCA-deficient primary cells, we tested the combination in leukemia and lymphoma 

cells obtained from patients that we had previously identified as deficient in BRCA-

mediated HR106. We and others have reported that the BRCA1/2-deficient phenotype can 

be induced by several oncogenes that downregulate the expression of BRCA1/2 proteins, 

such as BCR-ABL1 which downregulates BRCA1 mRNA translation, AML1-ETO 

which downregulates BRCA2 mRNA expression, and IGH-MYC which downregulates 

BRCA2 mRNA translation17-19,106. It has also been previously reported that the resulting 

BRCA-deficiency in cells expressing each of these oncogenes has caused them to be 

significantly sensitized to the synthetic lethal effect induced by individual treatment with 

both PARP1 and RAD52 inhibitors17,20,26,106, leading us to hypothesize that the 

combination of PARPi + RAD52i  would exert a synergistic effect on patient samples 

expressing these oncogenes. To test this, we looked at the effect that PARPi + RAD52i 
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had on the viability and clonogenicity of various oncogene-induced BRCA1/2-deficient 

and proficient primary leukemia and lymphoma patient cells, with FLT3(ITD)-positive 

primary cells used as a BRCA1/2-proficient control since FLT3(ITD) does not inhibit the 

expression of BRCA1 or BRCA2106.  

The combination of olaparib and Dopa exerted a strong inhibitory effect against 

primary lin-CD34+ BRCA1/2-deficient leukemia/lymphoma cells expressing BCR-

ABL1, AML1-ETO or IGH-MYC, but not against BRCA1/2-proficient normal cells and 

FLT3(ITD)+ control cells (Figure 21A). Additionally, highly aggressive BCR-ABL1 –

positive CML-blast phase (CML-BP) primary cells were sensitive to the combination of 

sub-optimal concentrations PARPi talazoparib + RAD52i D-I03 (Figure 20B). 

Importantly, the addition of the BCR-ABL kinase inhibitor imatinib (IM) to the 

combination of talazoparib + D-I03 resulted in complete eradication of clonogenic CML-

BP cells. These results are particularly promising since IM is the current standard care 

treatment for CML, and although it is an exceptionally effective treatment for CML, it 

does not cure the disease and consequently patients risk developing resistance over 

time161.  

We have previously identified primary AML and therapy-related myelodysplastic 

syndrome (t-MDS) patient samples to be individually either BRCA pathway-proficient 

and –deficient via microarray analysis and qPCR26,106. Here we treated these primary 

cells with sub-optimal concentrations of PARPi olaparib and/or RAD52i F79 aptamer, 

and daunorubicin (DNR), a cytotoxic anthracyline drug which is which is commonly 

used to treat AML. The combination of olaparib + F79 exerted a much stronger inhibitory  
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Figure 21. Simultaneous targeting of PARP1 and RAD52 exerted a synergistic 

synthetic lethal effect against primary patient cells with BRCA1/2-deficient 

hematopoietic malignancies. (A) Lin-CD34+ cells obtained from healthy donors 

(n=4-8), BRCA-proficient FLT3(ITD) -positive AML (n=3-4), BRCA1-deficient 

BCR-ABL1 -positive CML-CP (n=3-5), BRCA2-deficient AML1-ETO -positive 

AML (n=3-6) and BRCA2-deficient IGH-MYC –positive BL cells were treated with 

2.5 µM olaparib (Ola) and/or 2.5 µM Dopa. (B) BRCA1-deficient BCR-ABL1 –

positive CML-BP cells were treated with 2.5 nM talazoparib (Tala), 2.5 µM I03 

and/or 1 µM imatinib (Im). (C) BRCA pathway-deficient and  [Continued] 
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effect than individual compounds against AML cells from BRCA pathway-deficient, but 

not BRCA pathway-proficient patients (Figure 21C-D). Importantly, the triple 

combination of DNR + olaparib + F79 aptamer exerted a significantly synergistic 

inhibitory effect on clonogenicity compared to dual combinations of these compounds.  

To further justify RAD52 as a therapeutic target in combination with PARPi, we 

compared the relapse-free survival (RFS) probability of leukemia patients displaying low 

and high mRNA expression levels of RAD52 and BRCA pathway genes (Figure 22). 

When comparing RAD52 mRNA expression levels alone, patients with pediatric B-

precursor ALL that had low RAD52 expression experienced improved RFS with 75% 

showing no signs of cancer recurrence after 5 years compared to 50% RFS for patients 

with high RAD52 levels (Figure 22A). Furthermore, RFS was consistently found to be 

significantly higher in both MDS and pediatric B-precursor ALL patients expressing low  

[Figure 21 continued] -proficient AML primary samples (n=3 of each) were treated 

with 0.125 µg/ml daunorubicin (DNR), 1.25 µM olaparib and/or 1.25 µM F79. (D) 

BRCA pathway -deficient and proficient t-MDS/AML (n=3 of each) were treated 

with 1.25 µM olaparib and/or 1.25 µM F79. Cells were treated on day 0 and day 2, 

followed by counting via Trypan blue exclusion on day 3 (C and BL cells in A) or 

plating in methylcellulose on day 3; colonies were counted 7-10 days after plating. 

Results represent mean % ± SD of surviving colonies/cells. *p<0.05 in comparison to 

single and dual treatments, respectively, using Student t test; **p=0.02 when 

compared to DNR + Ola, DNR+F79, Ola, and F79 using the response additivity 

approach. 
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Figure 22. Prognostic value of the expression levels of RAD52 and/or BRCA1, 

BRCA2, PALB2. (A) Kaplan-Meier estimates of relapse free survival  [Continued] 
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levels of RAD52 and BRCA pathway genes compared to those with leukemias 

expressing high levels of these genes (Figure 22 B-C). Altogether, RAD52 has 

consistently proven to be an important target for therapeutic intervention in BRCA-

deficient tumors individually and in combination with PARPi. 

In conclusion, the combination of PARPi + RAD52i exerted stronger inhibitory 

effect than individual inhibitors specifically in BRCA-deficient primary 

leukemia/lymphoma cells. We showed this using primary samples with oncogene-

induced BRCA-deficiency in addition to samples from patients determined to be BRCA-

deficient based on microarray and qPCR, demonstrating that patients can be predicted to 

be sensitive to certain combination therapies based on their gene expression profiles. 

Critically, the addition of standard therapeutic drugs (e.g., IM for CML-BP and DNR for 

[Figure 22 continued] …(RFS) for patients with pediatric B-precursor ALL based on 

higher or lower than the median gene expression values for RAD52 mRNA expression 

level; p values were calculated from the logrank test. (B) Survival of MDS patients 

displaying downregulation of BRCA2 mRNA (25 percentile) combined with 

downregulation (25 percentile) or upregulation (75 percentile) of RAD52 mRNA. (C) 

Kaplan-Meier estimates of RFS for patients with pediatric B-precursor ALL based on 

simultaneous higher or lower than the median mRNA expression values of the 

indicated pairs of genes. p values were calculated from the logrank test. Analyses 

were performed using previously published arrays: (A, C), and (B) PROGene V2 – 

Pan Cancer Prognostic Database 

(http://watson.compbio.iupui.edu/chirayu/proggene/database/?url=proggene). 
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AML) to the treatment regimen containing sub-optimal doses of PARPi + RAD52i 

further enhanced the effect of PARPi + RAD52i, suggesting a potentially beneficial 

therapeutic application of this approach. 

 

Simultaneous Inhibition of PARP1 and RAD52 Exerted a Synergistic Effect Against 

BRCA-Deficient Mouse Model of Leukemia 

To test the effect of PARP1 and RAD52 inhibition through a genetic approach in 

vivo, we first generated Parp1-/-Rad52-/- mice to look for any possible toxicity in 

comparison to mice expressing the wild-type proteins. Notably, Parp1-/-Rad52-/- mice 

do not display any detectable defects in various inspected parameters, including white 

blood cell (WBC) counts, spleen weight, and immunophenotyping analysis of peripheral 

blood, spleen, and bone marrow cells (BMCs) (Figure 23). Across all parameters, the 

Parp1-/-Rad52-/- mice were indistinguishable from their wild-type counterparts. We also 

specifically compared the lin-sca1+c-kit+ (LSK) hematopoietic stem cell (HSC) 

population between Parp1-/-Rad52-/-  and wild type mice, and observed that the LSK 

population was not affected by simultaneous knock out of Parp1 and Rad52, even when 

under stress from exposure to genotoxic agents such as cisplatin, DNR, and gamma 

irradiation (Figure 23C). This indicates that Parp1-/-Rad52-/- mice do not have a 

deficiency in HSCs compared to wild type mice, and are thus equally capable of 

developing leukemia. These results were further validated when comparing hematoxylin 

and eosin (H&E)-stained tissues from various organs between Parp1-/-Rad52-/- and wild 

type mice, with no notable differences detected between the two (Figure 24). 
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Figure 23. No phenotypic differences between Parp1-/-Rad52-/- mice and 

Parp1-/-, Rad52-/- and wild-type animals. (A) Peripheral blood 

parameters: number of white blood cells (WBC)/µL, and % of differentiated 

myeloid cells and B cells. (B) Spleen parameters: spleen weight, and % of 

differentiated myeloid cells and B cells. (C) Bone marrow parameters: % of 

myeloid cells and B cells, % of Lin-c-Kit+ stem/progenitor  [Continued] 
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Figure 24. Parp1-/-Rad52-/- mice are histologically indistinguishable from 

Parp1-/-, Rad52-/- and wild-type animals. Representative H&E stained tissue 

sections magnified 100x (bone marrow and spleen) and 40x (liver, kidney, brain, 

lung, heart, and intestine).  

[Figure 23 continued] …cells, number of colonies per 5,000 BMCs formed 

by untreated cells and these treated with 1 Gy X-ray, 0.01 µg/ml 

daunorubicin or 0.4 µg/ml cisplatin, and % of LSK cells with DSBs detected 

by γ-H2AX immunofluorescence 24 hrs after LSK cells were treated with 1 

Gy, 0.01 µg/ml daunorubicin, or were left untreated. Results in A-C 

represent mean ± SD from 3-5 mice/group.  
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After confirming there were no toxic effects associated with knocking out both 

Parp1 and Rad52 in vivo, we crossed these mice with a well-established tetracycline- off 

(Tet-off) SCLtTA/p210BCR-ABL1 transgenic mouse model of CML-CP, in which BCR-

ABL expression is induced under the HSC-specific Stem Cell Locus (SCL) enhancer 

upon withdrawal of tetracycline (Figure 25)155. As a reminder, BCR-ABL is an oncogenic 

tyrosine kinase that is found in the leukemia cells of almost all CML patients, and it 

represses the translation of BRCA1 protein while simultaneously promoting its 

degradation, resulting in leukemia cells that are sensitive to both PARPi and 

RAD52i155,162.  

Figure 25. “Tet-off” inducible model of CML-CP. In this model, the tetracycline-

controlled transactivator protein (tTA) is constitutively expressed under the SV40 

promoter only in HSCs and progenitors which express the SCL enhancer. When 

tetracycline is present (+TET) it binds to tTA and prevents it from binding to the 

tetracycline-responsive element (TRE). Removal of tetracycline (-TET) allows tTA to 

bind to TRE, leading to the expression of BCR-ABL in HSCs/progenitors and the 

development of a CML-CP-like disease. 
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  To first confirm in vitro that the tetracycline-off system worked as expected, we 

isolated BMCs from SCLtTA/p210BCR-ABL1 transgenic mice expressing wild type 

Parp1 and Rad52 and exposed them to PARPi olaparib and RAD52i Dopa in the 

presence or absence of tetracycline, before plating in tetracycline-free methylcellulose. In 

the absence of tetracycline, individual treatment of PARPi olaparib and RAD52i Dopa 

resulted in decreased clonogenicity, which was significantly amplified by the 

combination of olaparib + Dopa with less than 20% of clonogenic cells remaining (Figure 

26A). Moreover, this anti-leukemia effect was completely eliminated following 

continuous exposure to tetracycline, which confirms that BCR-ABL expression is 

suppressed as expected in the presence of tetracycline, which allows for the translation of 

BRCA1 to continue unrepressed.  

We next cross-bred the Parp1-/- and Rad52-/- single knockout, and Parp1-/-

Rad52-/- double knockout mice to generate four groups:  SCLtTA/p210BCR-

ABL1/Parp1-/- Rad52-/-, SCLtTA/p210BCR-ABL1/Parp1-/-, SCLtTA/p210BCR-

ABL1/Rad52-/-, and SCLtTA/p210BCR-ABL1. Western blot analysis of BMCs from all 

four groups of mice cultured in the presence or absence of tetracycline confirmed that the 

cells expressed BCR-ABL kinase and displayed downregulation of BRCA1 protein only 

when cultured in the absence of tetracycline, verifying that the Tet-off system was still 

functioning as expecting for each genotype (Figure 26B). Additionally, we assessed for 

the relative BCR-ABL-dependent clonogenic potential for each genotype, which was 

calculated as the difference between number of colonies in the absence (BCR-ABL 

kinase expressed) or presence (BCR-ABL kinase not expressed) after 7-10 days. BMCs  
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Figure 26. Simultaneous inactivation of PARP1 and RAD52 decreased 

leukemogenesis and prolonged survival in BRCA1-deficient BCR-ABL 

transgenic mice. (A) Clonogenicity of bone marrow cells isolated from 

SCLtTA;p210BCR-ABL1 mice (n=3) to 5µM olaparib (Ola) and/or 20µM 6-OH-dopa 

(Dopa) in the absence of tetracycline. Results represent mean percentage of 

clonogenic cells ± SD from 3 mice in triplicates; *p<0.001 in comparison to untreated 

cells using Student t test, **p=0.016 when compared to individual drugs using the 

response additivity approach. (B-D) SCLtTA;p210BCR-ABL1;Parp1-/-Rad52-/- 

(BA;Parp1-/-;Rad52-/-), SCLtTA;p210BCR-ABL1;    [Continued] 
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isolated from SCLtTA/p210BCR-ABL1/Parp1-/-Rad52-/- mice significantly had the 

lowest BCR-ABL-mediated clonogenic potential when compared to those from 

SCLtTA/p210BCR-ABL1/Parp1-/-, SCLtTA/p210BCR-ABL1/Rad52-/-, and 

SCLtTA/p210BCR-ABL1 mice (Figure 26C).  

To assess the effect of Parp1-/-Rad52-/- on the development of CML-CP, we 

induced expression of BCR-ABL1 by replacing tetracycline-water with regular drinking 

water at day 0. Mice were euthanized once a moribund state was reached, and  

immunophenotyping analysis of WBCs were isolated from peripheral blood, bone 

marrow, and spleen to confirm that each mouse included in the survival curve succumbed 

to myeloid leukemia (Figure 27). As expected, Kaplan Meier survival curve indicate that 

in the absence of tetracycline SCLtTA/p210BCR-ABL1 animals succumbed to CML-CP –  

  

[Figure 26 continued] Parp1-/- (BA;Parp1-/-), SCLtTA;p210BCR-ABL1;Rad52-/- 

(BA;Rad52-/-) and SCLtTA;p210BCR-ABL1 (BA) mice were assayed for: (B) protein 

expression of BRCA1, BCR-ABL and actin in the absence (-) or presence (+) of 

tetracycline, (C) clonogenic activity of bone marrow cells from BA;Parp1-/-;Rad52-/-, 

BA;Parp1-/-, BA;Rad52-/- and BA mice (at least 3 mice/group); results show mean ± 

SD number of BCR-ABL1-dependent colonies (“Tet-“ – “Tet+”); *p<0.02 when 

compared to BA and **p<0.05 when compared to BA;Parp1-/- and BA;Rad52-/-, and 

(D) Kaplan-Meier survival curves of BA;Parp1-/-;Rad52-/- (n=19), BA;Parp1-/- 

(n=27), BA;Rad52-/- (n=16) and BA (n=63) mice following induction of CML-CP-like 

disease. 
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Figure 27. Hematological parameters in transgenic mice indicate they 

succumbed to CML-like disease: (A) spleen weight, (B) number of 

peripheral blood mononuclear cells (PBMC)/µL, and (C-E) percent of 

Gr1+/Mac1+ cells in bone marrow (BM), spleen (SP) and peripheral blood 

(PB) of all mice (SCLtTA;p210BCR-ABL1;Parp1-/-Rad52-/- (BA;Parp1-/-

;Rad52-/-), SCLtTA;p210BCR-ABL1;. Parp1-/- (BA;Parp1-/-), 

SCLtTA;p210BCR-ABL1;Rad52-/- (BA;Rad52-/-) and SCLtTA;p210BCR-

ABL1 (BA)) included in Figure 26D. 
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like disease in 73.7 ± 5.6 days (Figure 26D, Figure 27). Single knockout Parp1 and 

Rad52 mice displayed delayed development of lethal CML-CP in comparison to 

SCLtTA/p210BCR-ABL1 animals (p<001 and p=0.03, respectively), with 

SCLtTA/p210BCR-ABL1/Parp1-/- mice succumbing in 120.0 ± 8.4 days and 

SCLtTA/p210BCR-ABL1/Rad52-/- mice in 99.9 ± 17.6 days. Most importantly, 

SCLtTA/p210BCR- ABL1/Parp1-/-Rad52-/- mice had a mean survival time of 148.4 ± 

11.7 days, which was significantly prolonged in comparison to SCLtTA/p210BCR- 

ABL1/Parp1-/- (p<0.04) and SCLtTA/p210BCR-ABL1/Rad52-/- (p<0.05) animals. 

Remarkably, 33% of SCLtTA/p210BCR-ABL1/Parp1-/-Rad52-/- mice did not develop 

detectable leukemia and remained healthy throughout the duration of the 200 days of 

observation, which reveals the ability of dual PARP1 and RAD52 inhibition to outright 

prevent the onset of the disease in some SCLtTA/p210BCR-ABL1/Parp1-/-Rad52-/-  mice 

by overwhelming potential leukemia-initiating cells with lethal DSBs.  

To test if the combination of PARPi + RAD52i exerts a synergistic anti-tumor 

effect in vivo, AML patient cells previously determined via microarray analysis to be 

BRCA-deficient were injected into immunodeficient NSG mice to generate primary 

AML xenografts. The xenografts were subsequently treated with PARPi talazoparib and 

RAD52-specific F79 peptide aptamer once a day for 7 consecutive days as previously 

described26,106. Leukemia burden was measured as the percentage of hCD45+ cells in the 

peripheral blood acquired from tail bleeding at day 35, when the control group was 

visibly approaching moribund stage. Mice treated with talazoparib and F79 aptamer 

individually had a reduced percentage of hCD45+ leukemia cells in peripheral blood, but  
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Figure 28. The effect of a combination of PARPi and RAD52i against BRCA1-

deficient primary AML xenograft, and BRCA1-deficient breast cancer solid 

tumor mouse model. NSG mice were inoculated i.v. with 106 BRCA1-deficient 

primary AML xenograft cells. One week later the animals were treated with vehicle 

(Control), F79 aptamer (F79), talazoparib (Tala) or F79 + Tala (6 mice/group) for 7 

consecutive days (6 mice/group). (A) Representative plots of PBL from treated mice; 

mean percentage ± SD of human CD45+ AML cells in peripheral blood leukocytes 3 

weeks after leukemia injection; *p≤0.005 and **p<0.001 in comparison to Control 

and single compound treatment, respectively, using Student t test. (B) Kaplan-Meier 

survival curves. Results represent mean ± SD fold increase of tumor volume; 

*p<00.05 when compared to individual agents. (C) Nu/nu mice were  [Continued] 
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the combination of talazoparib and F79 aptamer caused an additional 2.6 – 3.8-fold 

reduction in number of leukemia cells (Untreated mice succumbed to leukemia after 37.3 

± 2.9 days, whereas those treated with F79 aptamer or talazoparib survived for 57.2 ± 3.5 

days (p<0.002) and 70.3 ± 2.5 days (p<0.001), respectively (Figure 28A, B). Combined 

treatment with talazoparib + F79 aptamer significantly prolonged the survival of 

leukemic mice to 116.7 ± 9.1 days (p<0.001 compared to individual treatments). 

Additionally, we tested the effect of PARPi talazoparib combined with RAD52i 

D-I03 in a solid tumor model in vivo by subcutaneously injecting BRCA1-deficient 

MDA-MB-436 breast cancer cell lines into nu/nu mice. Pharmacokinetic/toxicity studies 

indicated that maximal tolerated dose of D-I03 is ≥50 mg/kg and t1/2 was 23.4 +/- 17.4 h 

resulting in >1 µM maximal concentration in peripheral blood. Mice bearing 

subcutaneous tumors were treated with talazoparib, D-I03, or talazoparib+D-I03 for 7 

consecutive days. PARPi and RAD52i when used individually reduced tumor growth in 

comparison to control vehicle-treated animals whereas the combination of these 

compounds exerted a stronger effect (Figure 28C). Importantly, talazoparib+D-I03 did  

Figure 28 continued. …inoculated s.c. with 106 BRCA1-deficient MDA-MB-436 

cells. Tumor-bearing animals were treated with D-I03, talazoparib (Tala) or D-

I03+Tala for 7 consecutive days (3-5 mice/group). Results represent mean ± SD fold 

increase of tumor volume; *p<0.05 when compared to individual agents. (C) Nu/nu 

mice were inoculated s.c. with 106 BRCA1-proficient MDA-MB-436 cells. Tumor-

bearing animals were treated D-I03+Tala for 7 consecutive days (3-5 mice/group). 

Results represent mean ± SD fold increase of tumor volume compared to untreated 

controls. 
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Figure 29. Combination of talazoparib + D-I03 was not toxic to major internal 

organs. C57Bl/6 mice were treated with vehicle (Control) and talazoparib + D-I03 as 

described in Figure 26C. Tissue samples were harvested one day after the end of 

treatment, fixed in formalin, and embedded in paraffin for microscopic evaluation. 

Control: H&E sections of: A) kidney (20x), B) liver (20x), C) tibia bone marrow 

(20x), D) heart (20x), E) intestine (20x), F) spleen (20x), and G) lung (20x). 

Talazoparib + D-I03: H&E sections of: A) kidney (20x), B) liver (20x), C) tibia bone 

marrow (20x), D) heart (10x), E) intestine (20x), F) spleen (20x), and G) lung (20x). 

Results are representative of 5 mice/group. 
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Table 1. Talazoparib + D-I03 did not cause toxicity in hematopoietic organs in 

C57Bl/6 mice. C57Bl/6 mice (5 mice/group) were treated with vehicle (Control) 

and talazoparib [0.33mg/kg/day by oral gavage] + D-I03 (50 mg/kg i.p. for 7 days, 

see Figure 27 C-D). Hematological parameters were examined one day after the 

end of treatment. Blood was collected into heparinized syringes by cardiac 

puncture. Peripheral blood parameters (WBC = white blood cells, NE = 

neutrophils, LY = lymphocytes, MO = monocytes, EO = eosinophils, BA = 

basophils, RBC = red blood cells, HB = hemoglobin, HCT = hematocrit, MCV = 

mean red blood cell volume, MCH = mean corpuscular hemoglobin, [Continued]  
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not exert any significant toxicity against normal tissues and organs (Figure 29; Table 1). 

Furthermore, the combination of talazoparib and D-I03 had no effect on the growth of 

BRCA1-proficient MDA-MB-436 tumors in nu/nu mice (Figure 28D), providing further 

support that the combination selectively decreased the tumor volume of BRCA1-deficient 

MDA-MB-436 tumors. 

In conclusion, we have demonstrated using simultaneous genetic and 

pharmacological inhibition of PARP1 and RAD52 that the combination exerted stronger 

effect against BRCA-deficient leukemias and solid tumors in vivo when compared to 

individual inhibitors targeting PARP1 or RAD52. Collectively, these data provide strong 

support for RAD52 as a therapeutic target in PARPi-treated BRCA-deficient cancers. 

 

  

[Table 1 continued] …PLT = platelets) were tested using Hemavet 950FS (Drew) 

as described before180. Lin-cKit+, Lin-Sca1+, and Lin-cKit+Sca1+ cells in bone 

marrow were counted by flow cytometry as described in Materials and Methods. 

*p<0.05 in comparison to Control. 
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CHAPTER FOUR 

DISCUSSION 

 

Patients with BRCA-deficient tumors often initially respond to PARPi in clinical 

trials before eventually developing resistance, which eventually leads to cancer relapse163. 

This issue has become more prevalent recently following the publication of multiple 

studies  focused on the identification of the molecular mechanisms behind the 

development of  clinical resistance in patients treated with PARPis28,136-138  Furthermore, 

PARPis have been reported to increase the probability of accumulation of additional 

chromosomal translocations in BRCA-deficient cells, which ultimately may further 

promote the disease progression128. Altogether, since PARPis have become widely used 

to treat BRCA-deficient cancers, there is an urgent need to develop novel strategies to 

prevent the development of resistance to PARPi, for example through the development of 

combination therapies that kill BRCA-deficient cells more rapidly and robustly before 

resistance mechanisms have the chance to be selected for over time. 

There are very few known therapeutic opportunities to potentially reverse 

acquired resistance to PARPi at this time. These are currently limited to mTOR complex 

1 inhibitor rapamycin, CDK12 inhibitor dinaciclib, and NF-κB inhibitor bortezomid164-

166. Inhibition of P-glycoprotein (P-gp) by  treatment with tariquidar may also reverse 

acquired resistance by preventing the efflux of the PARPi olaparib specifically, as 

olaparib is the only known PARPi that is a substrate of P-gp 126,167. The effectiveness of 

these inhibitors, however, is limited by the molecular mechanisms by which resistance 
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was acquired. For example, since olaparib is the only PARPi that is a substrate of P-gp, 

tariquidar would only be effective in olaparib-resistant tumors that were confirmed to be 

resistant specifically due to upregulated P-gp expression167. Furthermore, each of these 

inhibitors may also aberrantly affect normal cells and thus cause enhanced toxicities and 

side effects. Therefore, the goal of this dissertation was to come up with an effective 

combination of inhibitors that would specifically target BRCA-deficient cancer cells 

while sparing normal, healthy cells, ultimately preventing the development of resistance 

to PARPi from occurring. 

It is well published that PARPis selectively target tumor cells deficient in BRCA-

mediated HR repair by causing a lethal accumulation of DSBs which overwhelms the 

remaining DNA repair pathways in the majority of cells that make up a tumor168,169. 

However, in BRCA-deficient cancers some of these DSBs can still be repaired by both 

the RAD52-RAD51 alternative HR pathway and RAD52-dependent SSA repair, 

potentially weakening the synthetic lethal effect of PARPi in some cells158. Furthermore, 

the role of RAD52-mediated DSB repair mechanisms in protecting cells from the toxic 

accumulation of DSBs is supported by recent reports demonstrating that RAD52 plays an 

essential role in multiple DSB repair functions including RAD52-mediated HR, single-

strand annealing (SSA), break-induced-replication (BIR), and in transcript-RNA-

templated DNA recombination and repair170-173. Therefore, targeting RAD52 in BRCA-

deficient cells will abrogate multiple DNA repair pathways, significantly sensitizing the 

cells to treatment with PARPi. 
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We and others have previously demonstrated that inhibition of RAD52 activity 

caused synthetic lethality to be induced in BRCA-deficient solid tumors and 

leukemia/lymphoma cells, without exerting toxic effects on normal cells and 

tissues23,26,140,148. To provide additional justification for targeting RAD52 therapeutically, 

we employed BRCA1/2-proficient and –deficient cell line pairs harboring a DR-GFP 

reporter cassette to assay for repair of DSBs via HR, which confirmed that RAD52-

mediated HR was still active in BRCA1/2-deficient cells and that this activity could be 

significantly attenuated following exposure to RAD52i. In addition, we confirmed using 

cells containing SA-GFP cassette that RAD52-depedent SSA activity was significantly 

attenuated by Dopa, as expected, which further highlights the effectiveness of RAD52i at 

impairing the ability of BRCA-deficient cells to repair DSBs by targeting multiple repair 

pathways. Furthermore, we analyzed the RFS probability of ALL and MDS patients 

displaying low expression levels of RAD52 and genes essential to the BRCA-mediated 

HR pathway, and found that RFS was significantly higher compared to patients who 

express high levels of these genes. Altogether, it has been well established that RAD52 is 

an important therapeutic target for the selective treatment of BRCA-deficient tumors.  

In this study we employed two different approaches (small molecule inhibitors 

targeting RAD52 and PARP1, and dominant-negative RAD52 and PARP1 mutants) to 

demonstrate in vitro that simultaneous inhibition of the two proteins induced a 

synergistic, dual synthetically lethal effect against a variety of solid tumor and leukemia 

cell lines deficient in BRCA-mediated HR. This inhibitory effect was associated with an 

accumulation of DSBs as measured by RAD51 foci formation, γ-H2AX intensity, and 
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neutral comet tail assays. Not only does the combination of PARPi and RAD52i 

selectively target highly aggressive BRCA-deficient breast and ovarian cancers, but it 

also enhances the effectiveness of treatments for other cancers that are deficient in 

BRCA-mediated repair. We demonstrated that here by using BRCA1/2 -deficient 

pancreatic cancer, CML, AML, ALL, and Burkitt Lymphoma cell lines and/or primary 

cells in addition to breast and ovarian cancer cell lines to validate the concept of PARPi + 

RAD52i-mediated dual synthetic lethality. PARPi + RAD52i was even more selectively 

potent towards BRCA1/2-deficient cells when used in combination with stand care 

chemotherapies, while leaving BRCA1/2-proficient cells unharmed. 

We also verified that the effect of dual synthetic lethality by PARPi + RAD52is is 

selectively triggered in BRCA-deficient cells by testing the combination in PARPi-

sensitive MLL-AF9 leukemia cells that were previously determined to be BRCA-

proficient. Their sensitivity to PARPi is caused by molecular mechanisms unrelated to 

BRCA-mediated HR-deficiency, and is especially evident when combined with standard 

cytotoxic therapies17,160. However, while these cells were sensitive to PARPi as expected, 

they did not respond favorably to the combination of PARPi + RAD52i. This is most 

likely due to the fact that the BRCA pathway is activated in these cells so RAD52-

mediated HR and SSA does not play a major role in their repair of DSBs. 

The development of resistance PARPi is becoming a common phenomenon 

following clinical trials. PARPi + RAD52i –mediated dual synthetic lethality is an 

aggressive therapeutic approach, which may lead to more effective elimination of 

malignant cells thus limiting/preventing time-dependent drug-induced emergence of 



 

91 

resistant clones100. Remarkably, long-term continuous exposure to the combination of 

PARPi + RAD52i completely prevented the development of resistant clones in all four 

BRCA1- or BRCA2-deficient solid tumor cell lines tested in addition to RAD54-/- 

leukemia cell line. Furthermore, sub-optimal doses of PARPi and RAD52i in 

combination with IM completely eradicated clonogenic primary human CML-BP cells, 

an advanced and highly aggressive CM.L. PARPi + RAD52i also significantly eradicated 

clonogenic primary AML cells when used in combination with DNR. The BRCA-

proficient clones were unaffected. This observation is especially promising as it 

demonstrates that the combination of PARPi and RAD52i significantly amplify the effect 

of IM or DNR, which are both current standard care therapies for their respective 

diseases. The synergistic effect exerted by PARPi + RAD52i specifically towards BRCA-

deficient cells allows for the use of smaller doses in combination with each other and 

with current standard care therapies to generate a greater effect at targeting BRCA-

deficient cells while greatly minimizing toxicity towards normal cells which are BRCA-

proficient.  

Importantly, we employed three mouse models (transgenic PARP-/-RAD52-/- 

with inducible CML, BRCA1-deficient AML xenograft, and BRCA1-deficient MDA-

MB-436 solid tumor model) that all confirmed the dual synthetic lethal effect we 

observed in vitro in cell lines and primary cells. The AML and breast cancer in vivo 

models highlight the ability of PARPi + RAD52i to specifically target BRCA-deficient 

cancers in diverse settings, i.e. by targeting a hematopoietic malignancy vs solid tumor.  
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Additionally, the data generated by the transgenic SCLtTA/p210BCR-

ABL1/Parp1-/-Rad52-/- mice are especially promising because it demonstrates DSL by 

knocking out both PARP1 and RAD52 genes. PARPi work by both catalytically 

inactivating PARP1, and by trapping PARP1 to DSB sites which is extremely cytotoxic. 

The Kaplan-Meier survival curve of the transgenic mice only represent the effect 

specifically of PARP1 catalytic inactivation, and the SCLtTA/p210BCR-ABL1/Parp1-/-

Rad52-/- mice still exhibited significantly prolonged survival compared to both 

SCLtTA/p210BCR-ABL1/Parp1-/- and SCLtTA/p210BCR-ABL1/Rad52-/- single knockout 

mice. It is possible that PARP2 compensated for PARP1 in some of the mice which could 

explain why some SCLtTA/p210BCR-ABL1/Parp1-/-Rad52-/- mice still succumbed to 

disease eventually, but Parp1-/-Parp2-/- mice are embryonic lethal so we could not 

generate those mice90. Importantly, cells and tissues isolated from Parp1-/-Rad52-/- mice 

which were proficient in BRCA-mediated HR repair were not significantly affected by 

the combination of PARPi and RAD52i, with no adverse effects even following exposure 

to stressful conditions such as irradiation and treatment with cisplatin, indicating that the 

combination of PARPi and RAD52i are unlikely to cause side-effects in patients. 

One potential limitation of this approach is that due to the heterogeneity of cells 

within a tumor there is chance that a patient may already have a PARPi-resistant cell at 

diagnosis. To investigate this issue further, we conducted single-cell RNAseq 

(scRNAseq) analyses of untreated tumors which did reveal clonal heterogeneity in the 

expression of DSB repair genes in tumor initiating cells and progenitor cell populations, 
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Figure 30. Heterogeneous gene expression patterns of DSB repair genes in single 

tumor cells identified by single-cell RNA sequencing (scRNAseq). Heatmaps show 

gene expression values as Z-scores calculated on log2-transformed (RPKM+1) 

values. (A, B) Expression heatmap for DNA repair genes in 34 cells (A), and in the 

replicate batch of 43 cells (B) from patient-derived xenograft (PDX) of a lung 

adenocarcinoma patient (GSE69405)182. (C) Gene expression profiles in BCR-ABL1-

positive CML stem cells (n = 477) obtained from 18 patients with [continued] 
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suggesting that PARPi-resistant clones may be already present at diagnosis in some 

patients (Figure 30). However, PARPi and RAD52i individually induce synthetic 

lethality in BRCA-deficient cancers by targeting unrelated DNA repair pathways, 

meaning that it is likely that clones resistant to one inhibitor may still be sensitive to the 

other.  In concordance, we generated talazoparib-resistant RAD54-/-Nalm6 leukemia cells 

and found they were still sensitive to RAD52i Dopa, indicating some of these clones 

should still be sensitive to an inhibitor such as RAD52i. Additionally, analysis of RFS 

data of leukemia patients indicated that low RAD52 mRNA expression levels associated 

with increased survival compared to high expression, and the association was even 

stronger in patients with low RAD52 expression in combination with low BRCA1, 

BRCA2, or PALB2 mRNA expression levels. Altogether these data provide further 

support for the necessity to include RAD52i in treatment regimens targeting BRCA-

deficient cancers.   

Furthermore, we are proposing PARPi and RAD52i to be used in combination 

with standard care therapies already in place, as opposed to replacing these therapies. 

This means that PARPi-resistant clones will still be targeted by other mechanisms in 

addition to PARPi and RAD52i, further increasing the likelihood that these clones will be 

[Figure 30 continued] …chronic-phase CML at diagnosis (GSE76312)179. (D) 

Unsupervised hierarchical clustering of selected DNA repair genes for 96 cells from 

the c-Kit+ leukemic splenocytes of two independent Flt3ITD/ITD; Dnmt3afl/flMxCre 

AML mice (GSE77847)181; yellow, macrophage/dendritic/neutrophil precursors; blue, 

hematopoietic stem/progenitor-like cells. 
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eradicated. In concordance, treatment with the combination of RAD52i D-I03 and IM 

decreased the number of clonogenic primary CML-BP cells compared to individual 

treatments of D-I03 or IM.  Thus, using RAD52i in combination with PARPi and 

standard care drugs provides a more effective approach at targeting PARPi-resistant 

clones already present at diagnosis than only combining PARPi and chemotherapy.  

This personalized approach to cancer therapy allows for each patient to receive a 

combination of drugs tailored specifically to target their cancer based on the specific gene 

expression profile of their tumor. The combined use of PARPi and RAD52i may be even 

more effective in patients that express low levels of other possible biomarkers of PARPi-

resistance in addition to genes involved in BRCA-mediated HR. For example, low 

expression levels of MRE11 from the MRN complex have been found to predict 

sensitivity to PARPi in vitro in endometrial carcinomas174. MRE11 expression levels are 

currently being evaluated as a marker for PARPi resistance in clinical trials for prostate, 

ovarian, and endometrial cancers due to its role in sensing DNA damage that is repaired 

by both PARP1- and BRCA-mediated pathways175. Moreover, the addition of  PI3K or 

PKCβ inhibitor enhanced the effectiveness of a PARPi in BRCA-deficient cancer 

cells176,177. 

Another recently identified potential biomarker for resistance to PARPi is 

Schlafen 11 (SLFN11), with loss of SLFN11 activity correlating with resistance to 

PARPi in small cell lung cancer (SCLC)178. SCLC cell lines and PDXs expressing low 

levels of SLFN11 were less sensitive to PARPi than those with high expression levels, 

and that cells with inactivated SLFN11 expression were completely resistant to PARPi. 
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SLFN11 inhibits replication and induces a prolonged cell cycle arrest during S phase 

under treatment with the PARPi talazoparib, allowing for the prolonged existence of 

lethal stalled replication forks, while SLFN11-deficient cells continue cell cycle 

progression until reaching G2 phase178. The identification of additional markers of PARPi 

and/or RAD52i sensitivity will further enhance the ability to most accurately design a 

combination therapy to specifically target and eradicate all cells in an individual patient’s 

tumor, thereby decreasing the risk of disease recurrence and the development of 

resistance over time.   
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

In conclusion, our data strongly indicate that the simultaneous inhibition of 

PARP1 and RAD52 will significantly improve the therapeutic outcome of BRCA 

pathway-deficient malignancies treated with PARPi compared to PARPi monotherapy, 

while causing no/minimal toxic effects to normal cells and tissues. Importantly, the 

addition of standard therapeutic drugs, such as IM for CML-BP and DNR for AML, to 

the treatment regimen containing sub-optimal doses of PARPi + RAD52i further 

enhanced the dual synthetic lethal effect of PARPi + RAD52i, highlighting the beneficial 

therapeutic application of this approach. The use of RAD52 as a therapeutic target in 

PARPi-treated BRCA pathway-deficient cancers was additionally supported in vivo using 

both genetic and pharmacological inhibition of PARP1 and RAD52 in mouse models of 

leukemia and breast cancer. Moreover, prolonged exposure to the combination of PARPi 

and RAD52i resulted in complete eradication of cancer cells deficient in BRCA-mediate 

HR, resulting in the overall prevention of PARPi + RAD52i -resistant clones.  

We were also able to successfully predict which primary leukemia samples would 

be sensitive to the combination of PARPi + RAD52i based on microarray and qPCR 

analysis of the expression of genes in the BRCA-mediated HR pathway. This provides a 

way for patients to receive precise, personalized combination therapy regimes based on 

their unique gene expression profiles. Altogether, our data consistently and clearly 

demonstrate that inducing dual synthetic lethality by combining PARPi + RAD52i is a 
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highly robust approach to selectively target BRCA pathway-deficient cancer cells while 

minimizing toxic effects on normal cells. 

To see this approach implemented in clinical trials, the most important step to 

focus on in the near future is the continued search for and development of specific 

RAD52i that can be fully developed as anti-cancer drugs. Although there are currently 

three published RAD52i, two of the three are highly promiscuous inhibitors that would 

cause too many off-target effects to warrant testing in vivo. D-I03 is the only RAD52i 

thus far to have successfully undergone pharmacokinetic/toxicity studies in vivo. For 

now, additional high throughput screens will need to be conducted to find additional 

potential “hits” specific to RAD52. Currently, the majority of the high throughput screens 

are focused on the DNA-binding domain of RAD52. However, it is possible that the 

RPA-binding domain may also be a useful target for small molecule inhibitors, which is 

something we may explore in the future. We also plan to continue exploring other 

potential therapeutic targets involved in various aspects of the DNA damage response, 

with the ultimate goal of more effectively targeting PARPi-treated BRCA pathway-

deficient carcinomas and suppressing the onset of resistance to PARPi. 
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