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ABSTRACT 

Small molecule disruption of RAD52 rings as a mechanism for precision medicine in 

BRCA deficient cancers 

Suppression of RAD52 causes synthetic lethality in BRCA deficient cells. Yet 

pharmacological inhibition of RAD52, which binds single-strand DNA (ssDNA) and lacks 

enzymatic activity, has not been demonstrated. Here, we identify the small molecule 6-

hydroxy-DL-dopa (6-OH-dopa) as a major allosteric inhibitor of the RAD52 ssDNA 

binding domain. For example, we find that multiple small molecules bind to and 

completely transform RAD52 undecamer rings into dimers, which abolishes the ssDNA 

binding channel observed in crystal structures. 6-OH-dopa also disrupts RAD52 heptamer 

and undecamer ring superstructures, and suppresses RAD52 recruitment and 

recombination activity in cells with negligible effects on other double-strand break repair 

pathways. Importantly, we show that 6-OH-dopa selectively inhibits the proliferation of 

BRCA deficient cancer cells, including those obtained from leukemia patients. Taken 

together, these data demonstrate small molecule disruption of RAD52 rings as a promising 

mechanism for precision medicine in BRCA deficient cancers. 

 

How RNA transcripts coordinate DNA recombination and repair 

Genetic studies in yeast indicate that RNA transcripts facilitate homology-directed DNA 

repair in a manner that is dependent on RAD52. The molecular basis for so-called RNA-

DNA repair, however, remains unknown. Using reconstitution assays, we demonstrate that 

RAD52 directly cooperates with RNA as a sequence-directed ribonucleoprotein complex 
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to promote two related modes of RNA-DNA repair. In a RNA-bridging mechanism, 

RAD52 assembles recombinant RNA-DNA hybrids that coordinate synapsis and ligation 

of homologous DNA breaks. In a RNA-templated mechanism, RAD52 mediated RNA-

DNA hybrids enable reverse transcription dependent RNA-to-DNA sequence transfer at 

DNA breaks that licenses subsequent DNA recombination. Notably, we show that both 

mechanisms of RNA-DNA repair are promoted by transcription of a homologous DNA 

template in trans. In summary, these data elucidate how RNA transcripts cooperate with 

RAD52 to coordinate homology-directed DNA recombination and repair in the absence of 

a DNA donor, and demonstrate a direct role for transcription in RNA-DNA repair. 

 

Characterization of DNA polymerase θ as a reverse transcriptase 

RNA-to-DNA sequence has been observed in human cells, but how the phenomena occurs 

remains unknown. Multiple lines of evidence suggest putative reverse transcriptase (RT) 

activity as a potential mechanism for how RNA sequence can alter chromosomal DNA, 

but the source of this RT remains unknown. Here, we have identified that the unique A-

family DNA polymerase theta (Polθ) displays robust RT activity, a characteristic not found 

in any other human polymerase tested from the A, B, X, and Y families. We propose that 

Polθ may be responsible for the observed RT activity in human cells. 
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CHAPTER 1 

INTRODUCTION 

Causes and types of DNA damage 

 Proper transmission and maintenance of genetic information via DNA replication 

and repair is essential for suppressing tumorigenesis. DNA damage, which occludes the 

proper transmission and maintenance of genetic information, is caused by a variety of both 

endogenous and exogenous sources.  

 Exogenous DNA damaging agents are consequences of common environmental 

factors and chemical byproducts. Ionization radiation (IR) is a type of radiation that can 

directly impair DNA. IR can originate from the natural environment or man-made items 

such as medical devices(1). IR can also indirectly damage DNA, such as by the production 

of hydroxyl radicals. This can lead to the formation of oxidative DNA lesions such as 8-

oxoguanine, thymine glycol, or formamidopyrimidine, which eventually lead to DNA 

breaks. IR directly damages DNA by causing single-strand breaks (SSBs) and double-

strand breaks (DSBs). Interestingly, SSBs caused by IR contain non-ligateable ends and 

therefore require special processing in order to be repaired(1). IR can also cause DNA-

protein crosslinks (DPCs), which are bulky protein-DNA lesions(2). DPCs are caused 

when a normal non-covalent protein-DNA interaction becomes covalent, causing a protein 

to become trapped onto DNA. Unrepaired DPCs may lead to DNA breaks during 

replication or transcription. 

 Ultraviolet radiation (UV) is emitted by the sun and can cause DNA damage via 

direct and indirect mechanisms. UV is composed of three types based on wavelength: UV-

A, UV-B, and UV-C. UV-B and UV-C can directly cause DNA damage and lead to the 
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formation of thymine dimers. The two major thymine dimer DNA lesions found in cells 

are cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone photoproducts (6-

4 PPs), with CPDs occurring more frequently. CPDs are characterized by the covalent 

linkage of two adjacent pyrimidine rings on the same strand of DNA(3). UV-A also leads 

to thymine dimer formation, as well as the formation of reactive oxygen species (ROS). 

UV can also cause DPCs, which, if not repaired, may lead to DNA breaks during replication 

and transcription(2).  

 Alcohol consumption is an exogenous source of DNA damage and evidence 

suggests that chronic consumption increases cancer risk(4). Acetaldehyde, a metabolite 

produced during the breakdown of alcohol, is classified as a carcinogen. For example, 

studies in mice show that acetaldehyde leads to  mutations, sister chromatid exchanges, 

and gross chromosomal aberrations(4)(5)(6). Acetaldehyde can bind DNA or produce 

ROS, which results in the formation of DNA lesions such as N2-ethylidene-2-

deoxyguanosine (N2-EtidG) and α-methyl-γ-OH-propano-deoxyguanosine. If unrepaired, 

these DNA lesions cause may cause DNA breaks or promote the formation of DPCs. 

 Carcinogens found in tobacco products and tobacco smoke are known to promote 

cancer development. Over 10 carcinogens found in tobacco smoke cause cancer in animal 

models(7). One potential explanation as to how these carcinogens promote cancer is 

through the cellular byproducts produced during ‘detoxification’, and thus a delicate 

balance must be struck between tolerance and detoxification. As with many carcinogens, 

cellular response to exposure starts with the addition of an oxygen molecule to the 

carcinogen, making it more water soluble and thus easier to excrete. Many of the 
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intermediates produced in this reaction, such as are reactive and electrophilic, allowing 

them to ‘attack’ negatively charged DNA(7). Aside from DNA damage caused during the 

cellular response to carcinogen exposure, carcinogens can directly induce DNA damage. 

Some of these carcinogens even lead to sequence specific DNA mutations that have been 

found in patients with lung cancer. Among these and their likely mutation are: 

Benzo(a)pyrene (BaP, GCTA), 4-aminobiphenyl (GCTA, GCCG), and NDMA 

NNK (GCAT)(7).  

 Cancer therapeutics are also a major source of intentional and unintentional 

exogenous DNA damaging agents. For example, genotoxic based chemotherapy is used to 

treat a variety of cancers by directly inducing lethal DSBs in proliferating cells. One class 

of chemotherapeutical agents are DNA alkylating agents that directly add a methyl or alkyl 

group to guanine residues in DNA. Alkylating agents are used with the intention of 

irreparably damaging DNA by causing toxic base lesions. DNA alkylating agents have 

been successful in the treatment of solid tumors. Platinum based genotoxic chemotherapy 

cause crosslinking between guanine residues which leads to interstrand (ICL) and 

intrastrand crosslinks(8). Failure to repair ICL induced DSBs leads to apoptosis and cell 

death. This group includes platinum-based chemotherapy agents such as cisplatin, 

carboplatin, and oxaliplatin, and non-platinum-based agents such as doxorubicin and 

daunorubicin (anthracyclines). Antimetabolites are a second class of chemotherapeutical 

agents that work by mimicking cellular molecules and interrupting DNA replication. This 

group includes nucleotide analogs such as 5-fluorouracil (5-FU), gemcitabine, and 

floxuridine(8). After incorporation of these nucleotide analogs by DNA polymerases, 
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replication is either terminated prematurely (i.e. chain terminator nucleotides) or stalled 

during subsequent rounds of replication. Antimetabolites such as methotrexate work by 

blocking nucleotide synthesis, thus depleting nucleotide pools. Topoisomerase inhibitors 

are a third class of chemotherapeutic agents. Topoisomerase inhibitors covalently link 

topoisomerase to DNA resulting in a bulky DPC, which leads to replication and 

transcription dependent DSBs. This group includes etoposide and teniposide, which 

specifically crosslink topoisomerase II to DNA. Recent advances have led to the discovery 

of poly-(ADP-ribose) polymerase (PARP) inhibitors (PARPi) such as olaparib and 

veliparib as chemotherapy agents. Most PARPi covalently trap PARP to DNA, causing 

replication dependent DNA(9). PARPi is described in detail below. 

 DNA damage and mutations may also arise from endogenous sources, such as by-

products of normal cellular metabolism. For example, replication fork arrest, is a major 

source of DNA damage, especially in cancer cells which are typically deficient in proper 

regulation of replication.  

 After the replication fork stalls, such as in the case of a collision with the DNA 

lesions described above, replicative helicases can continue to unwind DNA ahead of the 

fork, which leads to long stretches of single-strand DNA (ssDNA)(10)(11). This can lead 

to DSBs by either intentional nucleic cleavage during replication repair and restart, or by 

unintentional nucleolytic cleavage, such as by APOBEC enzymes, especially at areas of 

extended ssDNA(11). Replication fork arrest and subsequent DSBs leads to mutations and 

deletions via error-prone DSB repair.  
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 There are many causes of replicative stress, such as DNA lesions, nicks or gaps in 

the template DNA, ribonucleotides that were misincorporated into the genome during 

previous rounds of replication, and higher order DNA structures such as G-quadruplexes 

(GC rich DNA secondary structures) or R-loops (three strand RNA-DNA hybrids)(11). 

 Errors during DNA replication can cause mutations. For instance, ribonucleoside 

triphosphates (rNTPs) can be misincorporated by replicative polymerases during 

replication. Replicative DNA polymerases delta (Polδ) and epsilon (Polε) incorporate 

ribonucleotides into DNA during replication at a rate of 1/5000 and 1/1250, 

respectively(12). Genomic rNMPs (ribonucleoside monophosphates) may lead to 

polymerase stalling during later rounds of replication since Polδ and Polε are unable to 

efficiently accommodate rNMPs in their active site as indicated by polymerase stalling(12).  

 Spontaneous cytosine deamination is another commonly occurring DNA lesion. 

Deamination of cytosine gives rise to uracil, while deamination of 5-methylcytidine 

produces thymidine. Uracil can be directly repaired, but the transition from 5-

methylcytidine to thymidine does not trigger DNA repair. Therefore, spontaneous 

deamination of 5-methylcytidine to thymidine leads to a mutagenic base change, which has 

been found in CpG sites of cancer-associated genes such as p53(13)(14). 

 Surprisingly, water can act as an endogenous source of DNA damage since it 

facilitates hydrolysis of a glycosylic bond, resulting in base loss (i.e. abasic site). Failure 

to repair abasic sites before replication leads to GA or AT transversions(13).  

 Endogenous DNA damaging agents are produced frequently as byproducts of 

normal cellular metabolism. Reactive oxygen species (ROS) are a major source of DNA 
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damage. For example, ROS are intermediates that are produced when oxygen is 

metabolized to water during respiration, inflammation, and as a response to steroids and 

drugs(13). ROS include superoxides, likehydrogen peroxides, and hydroxyl radicals, 

which are potentially the most genotoxic. ROS lead to DNA lesions such as 8-oxo-guanine, 

thymine/cytosine glycols, 5-hydroxycytidine, 8-hydroxyadenine, and abasic sites. These 

lesions can stall replication forks or lead to mutagenic DNA synthesis during 

replication(13). 

 Aldehydes, like ROS, are byproducts of cellular metabolism such as lipid 

peroxidation, amino acid metabolism, and vitamin metabolism(15, 16). Interestingly, the 

biotransformation of many drugs into their active form produces reactive aldehydes(15). 

Aldehydes induce many types of DNA lesions. For instance, 4-hydroxynonenal (4-HNE) 

is an endogenously produced aldehyde that reacts with DNA bases to form exocyclic 

adducts. (6S, 8R, 11S)-HNE also causes ICLs. Acrolein is an endogenous aldehyde that 

reacts with DNA to form α- and γ-OH-pdG lesions, which lead to mutations, ICLs, and 

DPCs(15). Formaldehyde is formed by many biological processes and leads to DPC 

formation. 

 

Double-strand break repair pathways 

 Loss of genetic information caused by DNA damage and error-prone DNA repair 

leads to genome instability, which is potentially catastrophic and is a hallmark of cancer 

cells. DSBs are among the most lethal forms of DNA damage and are characterized by 

breaks in both strands of duplex DNA. Failure to repair DSBs, or suppress mutagenic repair 
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of these lesions, leads to genome instability and tumorigenesis(17). Yet, eukaryotes have 

selected for both accurate and inaccurate forms of DSB repair. This suggests that having 

robust and redundant DSB repair mechanisms has outweighed the cost of mutagenic repair 

throughout evolution. The DSB repair pathways described below are briefly illustrated in 

Figure 1. 

 Homologous recombination (HR) is a high fidelity DSB repair pathway that uses a 

homologous sister chromatid as a template to repair DNA to prevent loss of genetic 

information.  HR predominantly occurs in S and G2 phases of the cell cycle when a 

homologous sister chromatid is present to act as a template for DNA synthesis. HR is also 

facilitated during S/G2 because 5’-3’ resection is stimulated by cell-cycle regulated post-

translational modifications of various proteins, such as the phosphorylation of CtIP (CtBP 

interacting protein)(18). For example, HR initiation requires the 5’ ends of DSBs to be 

resected to yield 3’ ssDNA overhangs.  

 Therefore, BRCA1 and 53BP1, both tumor suppressor proteins, are important for 

regulating 5’-3’ DNA resection and strongly influence DNA repair pathway choice(19). 

53BP1 and BRCA1 counteract each other to inhibit or promote DNA end resection, 

respectively, during S/G2. For example, 53BP1 prevents resection by recruiting RIF1 

(replication timing regulatory factor 1), and this complex is alleviated by BRCA1 to 

promote resection(20). BRCA1 interacts with CtIP to promote and accelerate DNA end 

resection(21). The initiation of DNA end resection is a two-step process carried out by the 

MRN complex (MRE11, RAD50, NBS1), which is recruited to DNA ends and acts as a 

sensor for DNA damage. The MRN complex first initiates resection by making a nick 
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upstream of the 5’ strand that will be resected. While not fully understood, CtIP interacts 

with the MRN complex and likely controls its activity(22). When in complex with CtIP, 

MRN can also cleave both strands of the duplex adjacent to the DSB. The MRN complex 

then uses its 3’-5’ nuclease activity to degrade the DNA, yielding 3’ overhangs for HR. 

Once 3’ ssDNA overhangs are produced, they are concomitantly bound by the 

heterotrimeric RPA (replication protein A) to prevent degradation and secondary 

structure(23). The 3’-5’ exonuclease EXO1, along with RPA, is then recruited to perform 

long range resection, if required(22). MRN can also facilitate recruitment of DNA2 and 

BLM, which degrade the 5’ end of DSBs to yield 3’ overhangs(22).  

 For HR to continue, RPA bound to the 3’ ssDNA overhangs must be replaced by 

the recombinase RAD51. This essential function is performed by the tumor suppressor 

BRCA2 and other RAD51 mediators (described below), which load RAD51 onto RPA 

coated ssDNA(24). BRCA2 is recruited to DNA by the BRCA1-PALB2 (partner and 

localizer of BRCA2) complex(25). Interestingly, while BRCA2 is the primary protein 

responsible for loading RAD51 onto RPA coated ssDNA, it has been proposed that the 

highly conserved recombination factor RAD52 acts as a backup RAD51 loader in cells that 

are BRCA2 deficient or mutated(26). RAD51, with the assistance of several other factors 

(i.e. RAD54, PALB2), promotes 3’ ssDNA strand invasion into a homologous sister 

chromatid to form a D-loop (displacement loop), a three strand DNA bubble structure(27). 

This process allows homologous pairing between broken DNA and an identical template 

(sister chromatid), allowing high fidelity DSB repair to occur. Following D-loop formation, 
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DNA synthesis occurs in a manner that is dependent on PCNA (proliferating cell nuclear 

antigen), RPA, Polδ, and DNA polymerase eta (Polη)(28).  

 Many accessory proteins are involved in stabilizing the RAD51 filament and 

promoting homologous pairing. For instance, RAD51AP1 and PALB2 synergistically 

promote D-loop formation by RAD51(29). Recent studies have identified that the BRCA1-

BARD1 complex enhances RAD51 recombinase activity(30). RAD51 paralogs are also 

important contributors during HR. Two complexes, BCDX2 

(RAD51B/RAD51C/RAD51D/XRCC2) and (CX3) (RAD51C/XRCC3), have been 

identified(31). While the role of these complexes remains poorly understood, they may 

play roles in both early and late stages of HR, such as strand invasion and resolution of 

recombination intermediates, respectively(31).  

 D-loop recombination intermediates often lead to the formation of Holliday 

junctions (HJs), which are characterized as four strand recombination intermediates that 

must be processed to complete HR repair. For example, HJs can either be resolved or 

dissolved, which produce different products. HJ dissolution utilizes the BTR complex 

(Bloom’s syndrome helicase (BLM), Topoisomerase IIIα, RMI1, and RMI2) to promote 

the migration of two HJs towards each other where final processing occurs by 

topoisomerase activity. In this scenario, non-crossover products are exclusively 

produced(32). HJ resolution is facilitated by two distinct complexes, SLX4-MUS81-EME1 

complex or GEN1, where these structure specific nucleases cut the HJ, producing crossover 

and non-crossover products that are subsequently repaired via ligation(32)(33).  
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 While HR is considered a high fidelity DSB repair pathway, non-homologous end-

joining (NHEJ) is generally considered to be error-prone. NHEJ is active during all phases 

of the cell cycle but is counteracted by the HR factor BRCA1. Intriguingly, NHEJ is 

responsible for both preventing chromosomal aberrations and inducing potential cancer-

causing mutations(34, 35). NHEJ factors also play an important role in T and B cell 

development, as they are required for V(D)J recombination and class switch 

recombination(36)(37). The cellular decision on whether to initiate DNA resection plays 

an important role in regulating activation of the NHEJ pathway. For example, 53BP1 plays 

a critical role in this decision since it promotes the recruitment of RIF1 to damaged 

chromatin, thereby inhibiting resection and directing the pathway choice towards NHEJ, 

which requires minimal end resection(38). 

 NHEJ is initiated by the binding of Ku70/80, a heterodimeric ring-like protein with 

a high affinity for double-strand DNA (dsDNA) ends. Ku70/80 acts as a sensor for DNA 

damage and is responsible for orchestrating the NHEJ pathway. Since most DSBs are 

contain bulky lesions (dirty breaks) and cannot be repaired by simple ligation, they require 

end processing to generate either ligateable ends or short tracts of microhomology (<4 

nucleotides) that can be used for repair(37). If the ends of the DSB require limited 

resection, Ku70/80 recruits DNA-PKcs (DNA-dependent protein kinase catalytic subunit) 

to tether both ends of the DSB. Once recruited, DNA-PKcs autophosphorylates itself to 

activate the endonuclease Artemis, which can resect (5’-3’ or 3’-5’) short tracts of the DNA 

to form compatible ends for ligation. If presented with a 5’ overhang, Artemis 

preferentially cleaves the overhang to yield a blunt end. If presented with a  3’ overhang, 
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Artemis preferentially cleaves the overhang to yield a 4 nt 3’ overhang(37). This resection 

step is potentially mutagenic and may result deletions. 

 If end processing is required, gaps may be introduced in the DNA, and DNA 

synthesis may be required to fill in these gaps or to generate ligateable ends. This gap filling 

procedure is performed by either DNA polymerase mu (Polμ) or DNA polymerase lambda 

(Polλ), both of which lack proofreading activity and are recruited by Ku70/80(37). This 

step can lead to insertions since both polymerases can incorporate dNMPs in a template 

dependent or independent manner(37). 

 

Figure 1 Types of DSB repair pathways. Upon DSB formation, 5’-3’ resection may occur 

to yield 3’ overhangs. The 3’ overhangs are then used for repair by homologous 

recombination (HR), alternative end-joining (alt-EJ), or single-strand annealing (SSA). If 

no resection occurs, the DSB is repair by non-homologous end-joining (NHEJ). 
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 When the ends are compatible for ligation after end processing, Ku70/80 recruits 

DNA ligase IV and XRCC4 (X-ray repair cross-complementing protein 4). XRCC4 and 

XLF (XRCC4-like factor) form a sleeve-like structure around both ends of the DSB to 

stabilize the DNA and stimulate ligation by DNA ligase IV(37). PAXX (Paralog of XRCC4 

and XLF), a newly discovered protein, also interacts with Ku70/80 and promotes the 

ligation of 5’ incompatible DNA overhangs(37)(39). Sometimes DSB ends require further 

processing before they can be covalently joined by ligase IV. For instance, PNKP 

(polynucleotide 5’ kinase/3’ phosphatase) can phosphorylate the 5’ end of a DSB if a 

phosphate is missing, or remove a 3’ phosphate, which may result from IR(40).  

 Single-strand annealing (SSA) is another error-prone DSB repair. SSA relies on 

long tracts of homology to anneal two 3’ ssDNA overhangs together, which are generated 

at DSBs during S/G2. SSA is considered a highly mutagenic pathway since extensive 

resection is required, and this often leads to large deletions(41). For instance, using a SSA 

reporter system in S. cerevisiae, SSA dependent deletions of over 25 kb have been 

found(42). Even though SSA does not require a sister chromatid like HR, SSA occurs 

predominantly during S/G2 where resection is promoted by phosphorylation of CtIP(18). 

 SSA is thought to share the same resection process as HR, and as such, is inhibited 

by 53BP1 and RIF1(41). After extensive resection to reveal long tracts of sequence 

homology,  RAD52, which is essential for the SSA pathway, promotes annealing of the 

opposing ssDNA overhangs via homology tracts, thus forming a DNA synapse. The 

annealing of homologous ssDNA by RAD52 creates 3’ ssDNA flaps that are degraded by 

the ERCC1/XPF complex, which is stimulated by RAD52(41). 
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 Not only is SSA considered an error-prone pathway characterized by large 

deletions, it can also be responsible for generating chromosomal translocations in both 

yeast and mammalian cells(41). This may be explained by the annealing of highly 

repetitive DNA sequences on different chromosomes when multiple DSBs occur, such as 

following genotoxic chemotherapy treatment (IR, cisplatin).  

 Alternative end-joining (alt-EJ), also referred to as microhomology-mediated end-

joining (MMEJ), is another error-prone DSB repair pathway characterized by insertions 

and deletions (indels). Alt-EJ often utilizes short microhomologies (2-4 nt)  to join DSB 

ends(43). Alt-EJ is dependent on resection by the MRN-CtIP complex, PARP1 (poly(ADP-

ribose) polymerase 1), DNA polymerase theta (Polθ), and ligases 1/3(37). Phosphorylated 

CtIP promotes the endonucleolytic activity of the MRN complex, which enables 3’ ssDNA 

overhang formation via MRE11 3’-5’ exonuclease activity. Evidence indicates that DNA2 

may also promote alt-EJ, suggesting more extensive resection is involved. While not 

completely understood, PARP1 localizes to DSBs and promotes Polθ recruitment by an 

unknown mechanism(43)(44).  

 After Polθ is recruited to 3’ ssDNA overhangs, it then utilizes microhomology 

between opposing 3’ ssDNA overhangs to form a DNA synapse, which is then stabilized 

as a result of the polymerase extending the minimally paired 3’ ends(45). Interestingly, alt-

EJ may not completely depend on microhomology as a single nucleotide of 

microhomology or ends bearing no homology are suitable substrates for alt-

EJ(45)(46)(47). The unique helicase domain of Polθ functions to displace RPA from 

ssDNA overhangs, thus promoting alt-EJ(48). Polθ is an error-prone DNA polymerase that 
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facilitates insertions during alt-EJ via template and nontemplated terminal 

deoxynucleotidyl transferase activity(46). Deletions occurring during alt-EJ vary in size 

but are often 5-10 bp in length, while insertions are typically 1-5 bp in length, but in some 

cases can exceed 100 bp(47). After DNA synapse formation and extension of the paired 

ends, DNA ligases 1/3 are responsible for sealing the DNA likely following removal of 

ssDNA flaps. Alt-EJ is considered highly error-prone due to its propensity for indels and 

chromosome translocations, and likely functions as a last resort for DSB 

repair(44)(46)(48)(49).  

 Recently, a novel DSB repair mechanism has been identified in yeast where RNA 

transcripts are used as a template to repair DNA breaks(50). This is especially interesting 

since, historically, only DNA was considered to act as a donor template during DSB repair. 

Prior to this groundbreaking discovery, studies in yeast, bacteria, and human cells indicate 

that transfected RNA oligos can be used to alter chromosomal DNA sequences, via a 

putative RNA-to-DNA sequence transfer through a mechanism that remains 

unknown(51)(52). Studies in yeast suggest that RNA-templated DNA repair is dependent 

on the recombinase RAD52, though the mechanism is unclear(50). In human cells, RAD52 

is recruited to DSBs at actively transcribed genes during G0 and G1 phases of the cell 

cycle, and its recruitment is dependent on the production of an RNA transcript and CSB 

(Cockayne syndrome protein B)(53). In support of this, RAD52 associates with RNA 

polymerase II(53)(54). A similar study reported that RNA may be used as a donor template 

during NHEJ to promote error-free repair(54).  
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 Interestingly, multiple studies in yeast and mammalian cells propose a role for a 

reverse transcriptase during RNA-templated DNA repair, but the source of reverse 

transcription remains unknown(50)(51)(52)(54)(55)(56). For instance, RNA-to-DNA 

sequence transfer has been shown to occur at DSBs in mouse and human cells(51)(55)(56). 

While RNA-to-DNA sequence transfer was partly inhibited by reverse transcriptase 

inhibitors, this does not fully explain the phenomena. Replicative polymerases Polδ and 

Polε display extremely poor reverse transcription activity and are unlikely to be responsible 

for RNA-to-DNA sequence transfer at DSBs. A recent study demonstrated error-prone Y-

family DNA polymerases eta (Polη) and kappa (Polκ) can accommodate RNA as a 

template during primer extension, but the study used relatively high protein and substrate 

concentrations, and such reverse transcription activities may not reflect physiological 

conditions(57). How RNA transcripts can facilitate DNA recombinational repair, the role 

for RAD52 in this process, and the source of putative reverse transcriptase activities 

remains to be elucidated. 

 

Mutagenic consequences of double-strand break repair 

 While the DNA repair pathways described above are employed to repair DNA 

damage, they also possess the potential to be mutagenic. While often inconsequential, 

mutagenic repair of DNA damage can lead to catastrophic effects in cells, such as various 

diseases and cancers(58).  

 Chromosomal translocations result from parts of different chromosomes being 

joined together following DSB formation. There are two classes of translocations; 
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reciprocal translocations and nonreciprocal (robertsonian) translocations. Chromosomal 

translocations may result in fusion proteins (ABL, NPM-ALK, EWS), proteins under the 

control of their noncanonical promoter (IgH-BCL2, IgH-MYC), or disruption of protein 

regulatory sequences(59)(60). Chromosomal translocations, such as those listed above, 

often lead to cancers, but can manifest as schizophrenia, and may even lead to 

infertility(59).  

 Chromosome translocations have long been associated with hematological cancers. 

For instance, B-ALL (B –cell acute lymphoblastic leukemia), T-ALL (T-cell acute 

lymphoblastic lymphoma) and BL (Burkitt lymphoma) are all caused by translocations 

involving the well-studied oncogene c-MYC(60). CML (chronic myelogenous leukemia) 

is caused by a chromosomal translocation that induces a fusion between BCR and ABL, 

famously called the Philadelphia chromosome(60).  

 While often associated with hematological cancers, chromosome translocations are 

also involved in the etiology of other cancers. Recently, chromosomal translocations have 

been identified in prostate cancers(59). For instance, 5’ ends of transcription factor genes 

such as ERG and ETV1 were found to be replaced with the androgen inducible 5’ UTR 

(untranslated region) of TMPRS22, which is found only in the prostate(60).  In a subset of 

breast cancers, a chromosomal translocation results in a fusion between ETV6 and NTRK3, 

giving rise to an oncogene(60). Chromosomal translocations have been reported in multiple 

cancers including Ewing’s sarcoma, non-small cell lung carcinoma, and thyroid carcinoma, 

and is therefore considered a cancer cell hallmark. 
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 Reciprocal translocations occur when two separate chromosomes undergo a DSB 

leading to four ends that are fused together, resulting in an exchange between two 

chromosomes(61). Analysis of translocation sites in lymphoid cells shows short deletions, 

use of short microhomology, and template independent nucleotide insertions, which are all 

typical of NHEJ, and possible alt-EJ(61). SSA may also drive reciprocal translocations as 

this pathway uses homology to facilitate DSB repair. Given the large amount of repetitive 

DNA sequences in genomes, such as Alu elements, SSA may play a significant role in 

chromosomal translocations(59)(62). Alt-EJ also facilitates chromosomal translocations, 

and studies in NHEJ-deficient mouse cells found that when telomeres are unprotected, alt-

EJ promotes telomere fusions(44). Furthermore, non-telomere chromosomal translocations 

occur in mouse cells that are dependent on Polθ, CtIP, and ligase III, which are all essential 

alt-EJ factors(44). 

 Non-reciprocal translocations occur when only one chromosome receives genetic 

information from another chromosome. One possible mechanism for a nonreciprocal 

translocation is HR, where a non-identical template containing partial homology is used 

for repair, yielding a translocation from one chromosome to another, while not being 

reciprocal(59). Nonreciprocal translocations also lead to developmental disorders. For 

instance, nonreciprocal translocations may not produce viable offspring, but when viable, 

lead to uniparental disomy (UPD) and Down’s syndrome (trisomy 21).  

  

 Another example of mutagenic DSB repair occurs during template switching. 

Template switching can occur when a replication fork encounters a DNA lesion that cannot 
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be bypassed. The replication fork then switches templates and uses newly synthesized 

DNA in the same replication fork as a template for leading and lagging strand synthesis. 

While template switching following fork reversal is a useful mechanism for bypassing 

DNA lesions, it can also be mutagenic by causing amplifications, nucleotide repeat 

expansions, or genome rearrangements(63). In a repeat rich area of the genome, slippage 

during template switching can generate deletions or expansions of the repeats(64). 

Furthermore, misalignment during template switching at repetitive regions may also lead 

to repeat deletion or expansion. Template switching during replication may explain 

rearrangements found in Pelizaeus-Merzbacher diseases (PMD), a disease characterized by 

demyelination(63). Further studies suggest that a 3’ ssDNA overhang may initiate 

replication at another site in the genome, and if that replication fork collapses, it could 

switch templates again to cause complex rearrangements(65). Recent studies indicate that 

template switching may be involved in non-canonical HR termination, leading to complex 

DSBs and genome instability(66). 

  

DNA repair and cancer 

 Proper maintenance of the genome, largely through the DNA repair pathways 

described above, is essential for cell propagation and preservation. Defects in cellular 

processes that promote genome maintenance lead to genome instability, which is a 

hallmark of cancer. For instance, genomic changes in cells, such as mutations and 

translocations, can initiate cancer(67). Somatic mutations, also referred to as acquired 
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mutations resulting in genome instability, provide cancer cells with a growth advantage. 

How DNA damage and defects in DNA repair pathways lead to cancer are described below. 

 Insertions and deletions (indels) occur when nucleotides are inserted or nucleotides 

are deleted from the genome, respectively. Substitutions occur when a nucleotide base is 

changed during a cellular process, such as during DNA replication or repair. Indels and 

substitutions in coding regions not only change the DNA sequence, but may also change 

the encoded amino acids and of proteins. Mutations caused by indels can be characterized 

into two types: somatic mutations, where the mutation is not passed on to the offspring, 

and gametic mutations, which occur in germline cells and therefore can be passed on to the 

offspring(68). Indels and substitutions have the potential to cause destructive genetic 

changes that can both inactivate and activate proteins. With the emergence of low-cost 

high-throughput next-generation sequencing (NGS), the presence of indels and 

substitutions in cancer cells has been widely studied. 

 Indels and substitutions are commonly observed in cancer-associated genes(68). In 

this case, indels and substitutions can be passengers, meaning they are not involved in 

cancer etiology, or drivers, meaning they promote tumorigenesis(69). Complex indels, 

defined as the deletion and insertion of DNA fragments at common genomic locations, are 

found in cancer associated genes such as PIK3R1, TP53, and EGFR(70). Indels and 

substitutions that contribute to cancers and diseases are often nonrandom and frequently 

occur at hotspots. A COSMIC database (Catalogue of Somatic Mutations in Cancer) study 

analyzing 25 cancer genes harboring >100 mutations found that indels and substitutions 

are often correlated, and tend to occur in gene coding regions(68). Over 1,600 BRCA1 
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mutations have been identified and often result in a nonfunctional protein, while over 1,800 

BRCA2 mutations have been identified and often lead to production of a truncated 

protein(71). Germline BRCA1 and BRCA2 mutations occur in 10-18% of ovarian 

cancers(72). Somatic mutations in the tumor suppressor p53 lead to a variety of protein 

changes such as alteration of DNA binding function, change of transcriptional activation 

and repression targets, and a direct change in the activity of associated proteins(73). The 

development of NGS methods will undoubtedly expand our knowledge regarding the 

mutational landscape of cancers and specific mutagenic signatures. 

 Amplifications (gene duplications) arise during DNA replication and repair 

processes. Amplifications occur when a part of a chromosome is repeatedly duplicated, 

increasing the number of genetic copies. Amplifications are found in many cancers and 

cancer associated genes such as MYC, EGFR, and ERBB2(74). At long tracts of highly 

repetitive regions in the genome, amplifications can be facilitated by HR, SSA, and 

template switching(65). For instance, illegitimate recombination (when HR occurs 

between non-homologous or microhomologous sequences) may lead to amplifications(65). 

Template switching may produce amplifications in a scenario where an Okazaki fragment 

anneals to a different replication fork at an already duplicated gene. Duplications may even 

occur without direct repeats through a topoisomerase mediated mechanism(65). 

 In mammalian cells, amplifications are thought to occur through a breakage-fusion-

bridge (BFB) cycle(65). This model postulates that amplifications are initiated when a 

chromosome breaks prior to replication, then one side is fused together to create a dicentric 
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chromosome during replication. This leads to the formation of an inverse duplication that 

is expanded to multiple inverse duplications during future replication events(65).  

 Chromothripsis (shattered chromosomes) is a catastrophic event, often found in 

cancer cells, where a single event is the source of localized rearrangements and 

amplifications(75). The phenomenon of chromothripsis challenges the dogma that 

mutations in a cancer cell accumulate over time by proposing that highly complex 

rearrangements can result from a single catastrophic event that may be linked to replication 

stress and aberrant processes in micronuclei. Chromothripsis also provides an alternative 

hypothesis to the BFB mechanism of amplification and rearrangement formation in 

chromosomes(75). Chromoanasynthesis is another mechanism similar to, but distinct from 

chromothripsis. In chromoanasynthesis, errors during DNA replication initiate template 

switching where the new template belongs to a different part of the genome, leading to 

large insertions of DNA from distal areas of the genome(75). Both chromothripsis and 

chromanasynthesis are triggered by localized catastrophic events that lead to sudden 

localized and complex genome rearrangements.  

 Chromothripsis has been found in multiple cancers such as bone and sarcomas. 

Chromothripsis was originally discovered in CLL (chronic lymphocytic leukemia), where 

a patient harbored 42 unique chromosomal rearrangements(75). Interestingly, the observed 

rearrangements seemed to be random, but displayed changes in DNA copy number, and 

were hypothesized to originate from one catastrophic event. 

 It is still unclear exactly how chromothripsis occurs. It is possible that IR induced 

damage during mitosis triggers chromothripsis, but this event would need to be localized 
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to one chromosome. An attractive hypothesis is that chromothripsis occurs when 

chromosomes are segregated into micronuclei, which are formed when the nuclear 

envelope rebuilds the nucleus during the completion of mitosis(75). If a chromosome or 

piece of a chromosome somehow becomes separated, it could be packaged to a 

micronuclei. Micronuclei have been shown to generate DNA damage during S and G2 

phases of the cell cycle and result from defects in DNA repair, but it is not exactly clear 

how. Data suggests that delayed replication initiation which causes replication initiation 

during G2, micronuclei fragility and rupture, aberrant DNA replication and repair, and 

premature chromosome compaction may all be sources of chromothripsis in 

micronuclei(75). 

 Chromothripsis may directly lead to cancer, possibly through the formation of 

double-minute chromosomes, which are characterized as circular chromosome fragments 

that lack centromeres. Double-minute chromosomes often lead to amplifications of the 

encircled DNA, which may be oncogenic due to positive selection (MYC)(75)(76). While 

double-minute chromosomes are replicated during S phase, the lack of a centromere 

prevents segregation, allowing for amplifications in one daughter cell. Amplifications of 

oncogenes can directly lead to cancer. 

 Loss of heterozygosity (LOH) is a genetic event in many cancers where one allele 

of a gene, often a tumor suppressor, is lost due to mutations or deletions. LOH can be 

characterized as copy number loss (CNL) or copy number neutral (CNN). In CNL-LOH, 

all or part of a gene is deleted, leading to a loss of a copy of the gene(77). In CNN-LOH, 

expression of an allele is lost through error-prone HR (gene conversion) or a previous 
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amplification event is deleted, leading to no change in original copy number(77). LOH may 

occur during error-prone mitotic HR, where an incorrect homologous template is 

chosen(78). Another potential source of LOH is epigenetic silencing, where the promoter 

of one allele is heavily methylated, causing the gene to be silenced(77). In both cases, if 

the wildtype (WT) allele of a tumor suppressor is lost and a mutated allele is solely 

expressed, this could initiate tumorigenesis. This is the case in tumor suppressors such as 

RB1 and BRCA1, which lead to expression of only a single mutated allele in 

retinoblastoma and breast/ovarian cancers, respectively(77).  

 Loss of cellular checkpoints may contribute to the genome instability cancer 

phenotype and proliferative advantages. For instance, the most widely studied tumor 

suppressor, p53, which controls the G1/S and G2/M cellular checkpoints, is mutated in 

over 50% of cancers. p53 acts as a master regulator of cell cycle progression in response 

to DNA damage where it induces apoptosis to prevent cell cycle progression if DNA 

damage is not sufficiently repaired(67). Not surprisingly, loss of the p53 mediated DNA 

damage checkpoint allows genome instability to persist in cancer cells. The mitotic 

checkpoint directs proper assembly of the chromosomal segregation machinery during 

mitosis. Mutations and epigenetic changes in the mitotic checkpoint machinery, such as 

BubR1, Mad2, CENP-E, and Aurora B, are also observed in human cancer cell lines(79). 

Failure to accurately complete mitosis also leads to chromosomal instability. It is unclear 

whether chromosomal instability is an initial driver of cancer, or a product of cancer 

progression(67).  
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 Microsatellite instability is another factor that promotes genome instability in 

cancers. Microsatellites are short repetitive DNA sequences that often cause polymerase 

slippage, resulting in insertion-deletion loops that when unrepaired by the mismatch repair 

pathway, cause genome instability(67). Microsatellite instability is found in many types of 

cancers, but is most common in colorectal cancers, in which mismatch repair genes are 

often mutated(80). An analysis of stomach tumors harboring microsatellite instability 

found high mutation frequencies in ATR, MED1, hMSH3, and hMSH6(81). 

 Telomere defects are also an important factor that promote cancer-associated 

genome instability. Telomeres are repetitive sequences (TTAGGG) at the end of 

chromosomes that prevent chromosomal degradation and fusions. Loss of telomere 

maintenance and protecting proteins leads to degradation, fusions, and cancer 

progression(67).  

 Defects in DNA repair genes promote genome instability in cancer cells and often 

are associated with a variety of solid tumors and those in the blood. 10% of cancers involve 

germline, or inherited mutations. For instance, tumor suppressors BRCA1, BRCA2, and 

PALB2 play important roles in reducing breast and ovarian cancer risk(71). As described 

above, BRCA1, BRCA2, and PALB2 have integral functions in HR. BRCA1 or BRCA2 

are mutated in 5-7% of all hereditary breast cancers(82). A cohort of 22 population based 

studies, where the cases were not selected for family history, found that BRCA1 mutation 

carriers have a 65% and 39% risk of developing breast and ovarian cancer, respectively, 

by the age of 70(71)(83). The same study found that BRCA2 mutation carriers have a 45% 

and 11% risk of developing breast and ovarian cancer, respectively(71)(83). A 2014 study 
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analyzed the risk of breast cancer among 362 members of 154 families harboring 

alterations in PALB2 and found that the cumulative risk of breast cancer was 14% by age 

50, increasing to 35% by age 70(84). While BRCA deficiencies have been historically 

associated with breast and ovarian cancers, BRCA1 and BRCA2 are mutated or defective 

in other cancers such as colorectal, prostate, pancreatic, leukemia, and melanoma. For 

instance, it has been reported that BRCA1 and BRCA2 mutations increase the risk of 

colorectal cancers in high risk families. A prospective study of 7015 women harboring 

BRCA1 or BRCA2 mutations found that BRCA1 mutation carriers harbored a five-fold 

increase in colorectal cancer risk under 50 years of age, but found no significant impact in 

women that harbored BRCA2 mutations(85).  

 Germline mutations are not limited to just BRCA1, BRCA2, and PALB2. For 

example, heritable defects in genes relating to HR/NHEJ (ATM, WRN, MRE11 complex, 

RECQL3, RECQL4), BER (MUTYH), MMR (MSH2, MSH6, MLH1, PMS2), and NER 

(XP genes) increase the risk for a multitude of cancers(86). 

 Leukemia is defined as cancer of the blood cells and may result from germline or 

somatic mutations. Leukemia is classified as chronic; slow developing, or acute; fast 

developing. Though AML (acute myeloid leukemia) is the most common type of leukemia, 

it remains poorly understood. Recent studies have proposed that chromosomal 

translocations and the accumulation of genomic alterations, both resulting from DNA 

repair defects, may be a significant contributor of AML(87). For instance, a RAD51 G135C 

variant has been identified in t-AML (therapy-related AML). The RAD51 G135C variant 

causes overexpression of RAD51 which, counterintuitively, leads to genome instability by 
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proposedly inhibiting HR initiation or causing unwarranted HR(87). Variants in XRCC1 

(R399Q and R194W), a molecular scaffolding protein utilized during base excision repair, 

reduce DNA repair capacity and have been observed at relatively high rates in AML 

patients(87). Defects in MSH2 and MLH1, two proteins involved in DNA mismatch repair, 

have been found in 1/3 of AML cancers and include coding region mutations, promoter 

methylation, or 3’-UTR mutations(87).  

 Interestingly, DNA repair pathways can also be targeted for reduction by 

oncogenes, thus leading to further genome instability. AML1-ETO, an oncogenic fusion 

protein comprised of transcription factor acute myeloid leukemia-1 (AML1) and eight 

twenty one (ETO), has a unique ability to downregulate or inhibit DNA repair factors such 

as POLD2, POLD3, and ATM, which lead to increased DNA damage(87). Among the 

downregulated genes is also 8-oxoguanine DNA glycosylase (OGG1), an important protein 

involved in the repair of oxygen-induced DNA damage, and this has led to speculation that 

ROS are heavily involved in DNA damage occurring during AML(87). PML-RARA, an 

oncogenic fusion protein formed from retinoic acid reporter alpha (RARA) and 

promyelocytic leukemia (PML) downregulates proteins involved in BER (such as LIG3, 

POLD3), HR (such as RPA1, BRCA1), and NHEJ (such as ku80 and DNA-PKc)(87).  

Defects in other DNA repair pathways also predispose to cancer. For instance, biallelic loss 

of MYH, a base excision repair gene, results in increased somatic mutation frequencies in 

colorectal cancers, specifically GCTA transversions(67)(88). Defects in the nucleotide 

excision repair pathway cause cancers such as Xeroderma pigmentosum (XP) and 

Cockayne syndrome (CS)(82). Mutations in ATM cause Ataxia telangiectasia (AT), a 
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neurological disease that predisposes patients to cancer. ATM is also downregulated in 

certain head and neck cancers(82). Fanconi anemia (FA) is a severe early onset disease that 

predisposes patients to a variety of cancers, but predominantly AML. FA is a consequence 

of defects in the FA pathway (16 potential genes), which resolves ICLs and contributes to 

HR (i.e. BRCA1, BRCA2, FANCD2)(82). 

 Cancer mutagenic signatures are a powerful tool for characterizing cancers and for 

diagnostics. Since most of the mutations found in cancers are passenger mutations, they 

provide no positive selection. Thus, these mutations may yield signatures that identify the 

original source of cancer development(89). Certain types of DNA damage display simple 

signatures. For instance, UV damage causes pyrimidine base crosslinking (CC, TC, TT, 

CT). If the lesion is allowed to persist during replication, replicative polymerases will 

follow the ‘A-rule’, where two dATP molecules will be incorporated opposite of the 

lesion(89). While this is not an issue for nucleotides incorporated opposite of T since A 

and T pair normally, it becomes problematic when A is incorporated opposite of C, which 

leads to a CT transversion during later replication. These mutations also have a strand 

bias preference, since the transcribed strand of a gene is repaired at a higher rate. Tobacco 

products also leave a mutagenic signature. For instance, epoxides formed during the 

breakdown of polycyclic aromatic hydrocarbons can induce alkylated guanine adducts. 

Alkylated guanine can mispair with adenine and if unrepaired during replication induce 

GT transversions(89). This is the most common mutagenic signature associated with 

smoking-induced cancers. 
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 While the two signatures described above are derived from exogenous sources of 

DNA damage, spontaneous or endogenous sources of DNA damage also produce particular 

mutagenic signatures. For example, spontaneous deamination of cytosine to U or T (5-

methyl-cytosine deamination) leads to CT transversions.  

 Importantly, DNA repair defects also produce traceable mutagenic signatures. In 

2013, an extensive study found and detailed twenty-one signatures associated with 

mutational processes in thirty human cancers(90). For instance, deficiencies in MMR 

produce a signature CT transversion and microsatellite instability(89)(90). The authors 

also found that in the context of colorectal and uterine cancers, defects in Polε proofreading 

activity produces higher frequencies of both CA and CT transversions. As another 

example, large deletions (50 bp) harboring microhomology were found in breast, ovarian, 

and pancreatic cancers, some of which are deficient in BRCA1 and BRCA2. 

BRCA1/BRCA2 defects are associated with indels, and the mutational spectrum of 

possible mutations is near equal. Such cancer mutagenic signatures are currently used as 

tools to predict HR defects and therapeutic response. 

 

Targeting DNA repair for cancer therapy 

 The main goal of personalized cancer therapy is to employ treatments that 

specifically or preferentially kill a patient’s cancer cells, while having little or no effect on 

healthy, non-cancerous cells. DNA repair pathways play paradoxical roles in preventing 

cancer and allowing cancer to develop. Many cancers are deficient in one or more major 

DNA repair pathways and therefore become hyper dependent on other backup error-prone 
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DNA repair pathways. These error-prone DNA repair pathways can therefore be 

considered as the Achilles heel of particular cancers. Therefore, targeting what are typically 

backup and error prone DNA repair pathways to induce cell death is a proven mechanism 

of precision cancer therapy. 

 DNA repair pathways are often redundant. For example, multiple pathways can 

repair identical DNA lesions. For instance, DSBs can be repaired by HR, NHEJ, SSA, and 

alt-EJ. Since many cancers are deficient HR, targeting another DNA repair pathway in 

which cancer cells are hyper dependent on will call synthetic lethality. In this way, DNA 

repair pathways can be exploited in cancer therapy. 

 Perhaps the most widely studied form of synthetic lethality is PARP1 inhibition in 

HR defective cells. PARP1 is synthetic lethal with major HR factors (i.e. BRCA), thus 

inhibiting PARP1 in HR defective cancers specifically kills BRCA deficient cells while 

having little or no  effect in HR proficient cells(91)(92). Inhibition of PARP causes single-

strand breaks (SSBs) that are later converted to DSBs during replication. Inhibition of 

PARP also inhibits alt-EJ repair of DSBs. Since BRCA deficient cancers are impaired in 

DSB repair by HR and alt-EJ, the accumulation of DSBs induces cellular death. Most 

PARP inhibitors (PARPi) trap PARP on DNA, which likely exacerbates replicative stress. 

Olaparib, the first FDA approved monotherapy PARPi for BRCA deficient breast cancers, 

had overall response rates of 41% and 33% in a phase II breast cancer study and an ovarian 

cancer trial, respectively(93). PARPi has also shown promise in targeting BRCA deficient 

prostate cancers(94). 
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 While PARPi has been relatively successful in the clinic, PARPi resistance is 

common. For instance, BRCA1 deficient cancer cells have acquired resistance by 

inactivating 53BP1 or REV7 in vitro, both of which normally inhibit resection(93). 

Inactivating either of these proteins helps to alleviate the BRCA1 DNA resection 

deficiency. Interestingly, acquired reversion mutations that either restore the reading frame 

of BRCA1 or BRCA2, or express an active truncated protein form have been identified to 

cause PARPi resistance by reactivating HR(93). P-glycoproteins (P-GP) are a group of 

proteins involved in the efflux of PARPi from a cell, effectively removing the inhibitor 

from the cell. P-GP upregulation is another potential form of PARPi resistance(95). With 

the identification of PARPi resistance and lack of PARPi response in some patients, there 

is a clear need for additional targets that when inactivated, are synthetic lethal in BRCA 

deficient cells. 

 Another synthetic lethal target in HR deficient cancers is RAD52. In yeast, RAD52, 

along with associated HR factors such as RAD51 paralogs, facilitates RAD51 loading onto 

RPA coated DNA, a function performed in humans by BRCA2. Recent studies found that 

inactivation of RAD52 is synthetic lethal with BRCA deficiencies and defects in 

PALB2(96)(97). In this scenario, DSBs that are normally repaired by BRCA dependent 

HR are repaired by RAD52 dependent mechanisms. Since RAD52 knockout shows no 

phenotype in normal mammalian cells and mice, RAD52 inhibition should have little or no 

effect in healthy, non-cancerous cells. While targeting BRCA deficient cancers is 

traditionally thought of in the context of breast and ovarian cancer, this also holds true for 
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BRCA deficient leukemias. For instance, RAD52 is also a synthetic target in BRCA 

deficient leukemias(98). 

 Another recently characterized synthetic lethal target is Polθ. 2015 studies 

discovered that Polθ is synthetically lethal with HR defects, and is often overexpressed in 

HR deficient ovarian cancers(99). It is likely that BRCA deficient cancers rely on Polθ 

mediated alt-EJ for their proliferation. These findings highlight Polθ as a promising cancer 

drug target, especially since Polθ is not expressed in most tissues. Suppression of Polθ has 

also been shown to cause super synthetic lethality in HR defective cells treated with low 

doses of PARPi. Thus, Polθ inhibition along with PARPi may be a highly effective 

combination therapy(100). 

 

Structure and function of RAD52 

 RAD52 is a 46 kilodalton (kd) protein composed of 418 amino acids (AA). RAD52 

exists as a heptameric pinwheel shaped ring formed from seven identical subunits (Fig. 

2A). While the N-terminal (1-177AA) portion of RAD52 is highly conserved, the C-

terminal portion harboring RAD51 and RPA interacting domains are divergent(101). The 

DNA binding region of RAD52 lies in the first 209 AA residues. When purified, RAD521-

209 forms an 11-subunit ring that retains SSA activity(102). RAD52 binds both ssDNA and 

dsDNA, though displays a significantly higher affinity for ssDNA. At lower 

concentrations, RAD52 wraps DNA around the outside of a positively charged DNA 

binding channel, while at higher concentrations DNA is stretched out among multiple 
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RAD52 rings, which may explain how RAD52 facilitates homology search during 

SSA(103). 

 In mammalian cells, the primary function of RAD52 is thought to be SSA. SSA is 

an error-prone DSB repair process where long tracts of homologous DNA are annealed 

together via RAD52 (described in depth above).  

 While the role of RAD52 during HR has been described in yeast, it remains unclear 

whether RAD52 performs a similar RAD51 mediation function in mammalian cells. In 

BRCA1 or PALB2 deficient cells, depletion of RAD52 severely impairs RAD51 foci 

formation following IR damage(97). This loss of RAD51 foci results in HR defects, as 

expected. In BRCA2 deficient cells, depletion of RAD52 also leads to loss of RAD51 foci, 

HR defects, and genome instability(96). Thus, RAD52 appears to facilitate BRCA 

independent RAD51 loading to promote HR and cell survival.  

 RAD52 has another role during HR: second end capture. After RAD51 mediated 

strand invasion and D-loop formation, the other end of the DSB is captured via RAD52 

annealing to the D-loop. This allows for formation of double HJs, a major HR 

intermediate(104).  

 Recent groundbreaking studies in yeast found that RAD52 facilitates a previously 

undiscovered mechanism of DNA repair: Transcript-RNA mediated DNA repair(50). 

Here, a RNA transcript was shown to act as a donor template for DNA repair synthesis at 

a homologous DSB.  Previously it was thought that only homologous DNA may serve as 

a template for DNA synthesis during HR. Studies in human cells found that RAD52 was 

recruited to sites of DNA damage at actively transcribed genes during G0/G1, and its 
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recruitment was dependent on active transcription and CSB, a transcription coupled repair 

factor. Additional studies in mammalian cells and S. pombe further highlight roles for RNA 

in facilitating HR and the DNA damage response(105–107). While it is apparent that RNA 

may serve as a template for DSB repair, and this process is dependent on RAD52, the 

mechanism of this form of RNA-mediated DNA repair remains poorly understood and is 

one of the major focuses of this thesis. 

 

Structure and function of DNA polymerase theta (θ) 

 DNA polymerase theta (Polθ) is a unique A-family polymerase member that is 

essential for alt-EJ (Fig. 2B). Intriguingly, Polθ contains a superfamily 2 (SF2) helicase 

domain at its N-terminus. The helicase domain of Polθ exhibits ATPase activity; it also 

contains a nucleotide binding site and DEAH box motif that are highly conserved. The 

helicase domain was shown to dissociate RPA and to promote ssDNA annealing in order 

to facilitate alt-EJ(48). In both the helicase domain and the central unstructured portion of 

the protein, Polθ contains RAD51 binding domains, which are thought to facilitate its anti-

recombinase activity(99). The polymerase domain is located at the C-terminus of the 

protein which likely evolved from bacterial A-family DNA polymerases. Interestingly, 

Polθ contains five unique insertions loops: two in an inactive exonuclease domain and three 

in the polymerase domain(43). These insertion loops are thought to be important for the 

unique activities of Polθ. For instance, loop 2 of the polymerase domain, which is 

disordered in crystal structures, was shown to be important for the DNA nucleotidyl 

terminal transferase and translesion synthesis activities of Polθ(45)(46)(108). 
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 Polθ is involved in many different facets of DNA repair. Bone marrow cells 

deficient in Polθ are sensitive to DSB causing agents such as IR and topoisomerase 

inhibitors(43). In mice, defects in Polθ, specifically a mutation at AA 1932 (Ser to Pro, 

adjacent to the polymerase domain; chaos1 mutation), lead to micronuclei, a marker of 

DNA repair defects(43). Polθ may also be involved in base excision repair (BER), where 

it may act as a back-up polymerase to DNA polymerase beta (Polβ)(43). Polθ is also 

involved in translesion synthesis. In vitro and cellular studies have demonstrated that Polθ 

can replicate through thymine glycol lesions(47). Polθ was also reported to be involved in 

A/T mutation during somatic hypermutation of immunoglobin (Ig) genes during B cell 

development, and A/T mutations in Polθ deficient mice were reduced by up to 20%(109).  

 Perhaps the most well characterized and essential role for Polθ is during alt-EJ, 

where it is thought to facilitate DNA synapse formation of DSBs using short 

microhomologies. A detailed explanation of alt-EJ is described above.   

 Interestingly, Polθ was also reported to play an important role in replication timing. 

For example, Polθ was shown to interact with the Origin recognition complex and limit 

MCM (minichromosome maintenance) loading during G1. Loss of Polθ leads to altered 

replication initiation at certain sites, while overexpression of Polθ leads to delayed 

replication timing(110).  

 Polθ is also involved in DNA integration in multicellular organisms. For instance, 

during infection and transformation of plants by the pathogenic bacterium Agrobacterium 

tumefaciens, T-DNA from the bacterium is integrated into the plant host in a Polθ 

dependent manner, and depletion of Polθ confers host resistance to T-DNA 
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integration(111). Polθ, also promotes ‘random’ exogenous DNA integration into 

mammalian genomes, likely via alt-EJ(112)(113). 

 Intriguingly, the mutagenic nature of Polθ mediated DNA repair appears to 

contribute to genome evolution. Studies in Caenorhabditis elegans (C. elegans) found that 

Polθ dependent alt-EJ was active in germ cells and was solely responsible for indels found 

during C. elegans evolution(114). Polθ mediated repair of DSBs in germ cells, drives 

genetic changes which are inheritable by offspring(114). 

 

 

Figure 2 Structures of RAD52 and DNA polymerase theta. (A) Structure of the N-

terminal DNA binding domain of RAD52 (AA 1-212). RAD521-212 forms an undecamer 

ring, while full length RAD52 forms a heptamer. Each different color represents an 

identical subunit. Structure (1KN0) obtained from RCSB Protein Data Bank(101). (B) 

Structure of C-terminal Polθ domain bound to ddGTP opposite dCMP. Polθ is displayed 

as a dimer. The following colors indicate important domains: Red; unique insertion 
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domains (3), Dark blue; fingers, Light blue; palm domain, Orange; thumb domain. Green 

and yellow represent nucleic acid strands. Structure (4X0Q) obtained from RCSB Protein 

Data Bank(115). 
 

Project aims 

 The growing desire for personalized cancer therapeutics demands the discovery and 

development of cancer drug targets that are essential for cancer cell survival, but 

dispensable for normal cell growth. The first part of this dissertation focuses on 

characterizing a small molecule allosteric inhibitor of RAD52 that specifically kill BRCA 

deficient cancer cells, while having little or no effect on BRCA-proficient cells.  

 

Aim 1. First, we will identify and characterize small molecule inhibitors of RAD52 in vitro. 

We will then test whether a lead compound targets RAD52 in cells, and whether this lead 

compound specifically kills BRCA deficient cancer cells. Finally, we will screen natural 

extracts for additional inhibitors of RAD52. 

 

 Recently, a novel DSB repair mechanism was identified in yeast called RNA-

templated DNA repair, where RAD52 promotes DSB repair by using homologous RNA 

transcripts as a template. This study challenged the notion that homologous DNA is 

exclusively used as a template for DNA repair synthesis. Mounting evidence also suggests 

that RNA-mediated DNA repair mechanisms occur in mammalian cells. The underlying 

mechanisms of so called RNA-DNA repair, however, remain to be elucidated. 
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Aim 2. Using purified proteins in vitro, we will reconstitute two potential mechanisms of 

RAD52 mediated RNA-DNA repair. In the first mechanism, RAD52 uses RNA transcripts 

to bridge together both ends of a homologous DNA break, facilitating ligation of the model 

DNA break. In the second mechanism, RAD52 forms a RNA-DNA half bridge on one end 

of a resected model DSB, where the 3’ overhang is then via reverse transcription. This 

RNA-to-DNA sequence transfer event enables capture of the opposing ssDNA overhang 

via SSA. Reconstitution of these models of RNA-DNA repair could reveal how RNA 

transcripts can be utilized to facilitate DSB repair. 

 

 Recent studies in yeast and human cells have postulated reverse transcription as a 

mechanism for promoting perceived RNA-to-DNA sequence transfer events at DSB sites. 

However, the source of this putative reverse transcription activity remains unknown. Here, 

we report that DNA polymerase theta (Polθ) exhibits reverse transcriptase activity and 

performs RNA-templated repair in vitro. We will characterize Polθ reverse transcriptase 

activity in vitro and compare such activity to known retroviral reverse transcriptases using 

purified proteins.  

 

Aim 3. We will characterize Polθ reverse transcriptase activity in vitro using purified full 

length Polθ. We will also test whether Polθ utilizes RNA as a template for DNA synthesis 

during Polθ dependent alternative end-joining in vitro.  
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CHAPTER 2 

METHODS 

Small molecule disruption of RAD52 rings as a mechanism for precision medicine in 

BRCA deficient cancers 

Protein purification 

 RAD52 WT. A Histidine-tagged RAD52 WT expression vector (pFB581)(116)) 

was transformed into Rosetta2(DE3)/pLysS cells (Stratagene). Freshly grown colonies 

were resuspended in 16 2.8 L Fernbach flasks each containing 1 L of LB broth 

supplemented with 100 μg/ml ampicillin and 34 μg/ml chloramphenicol. The flasks were 

shaken at room temp until the optical density at 600 nm reached 0.5, then 0.8 mM IPTG 

was added for an additional 4 h. The biomass was then collected by centrifugation and 

stored at −80°C. Frozen pellets were thawed on ice and resuspended in lysis buffer (25 mM 

TrisHCl pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole pH 8, 0.05 % (v/v) 

NP-40 substitute (Thermo Scientific), 2 mM DTT, 10 mM PMSF and Complete cocktail 

protease inhibitors (Roche)). Resuspended cells were sonicated on ice with constant 

stirring then spun down twice at 35,000 rpm for 30 min at 4° C. The clarified cell lysate 

was loaded onto a 5 ml His-Trap column (GE Lifesciences) then washed in the following 

steps: 20 column volumes (CV) lysis buffer, 10 CV lysis buffer with 30 mM imidazole, 10 

CV lysis buffer with 60 mM imidazole, and 5 CV lysis buffer with 80 mM imidazole. The 

bound protein was eluted in two steps with 200 mM and 500 mM imidazole, respectively, 

in buffer containing 25 mM TrisHCl pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 0.005% 

(v/v) NP-40 substitute, 1 mM DTT. Fractions containing RAD52 were pooled, dialysed 
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against buffer A (25 mM TrisHCl 7.5, 75 mM NaCl, 10 % glycerol, 1 mM DTT, 0.001% 

NP-40) then loaded onto a 5 ml Q-Sepharose column and washed with the same buffer. 

The bound protein was then eluted in six steps 1 CV each with buffer A containing 

increasing NaCl concentration as follows: 100 mM, 125 mM, 150 mM, 200 mM, 250 mM, 

300 mM. Fractions containing pure RAD52 were dialysed against storage buffer (25 mM 

TrisHCl pH 7.5, 100 mM NaCl, 10% glycerol and 1 mM DTT). RAD52 WT was 

concentrated to 2.5 mg/ml and stored in aliquots at −80° C. All steps were performed at 4° 

C. RAD52 1-209 was purified as described(102). 

 

High-throughput screening 

 2 μl of 350 nM RAD52 WT was added to 384-well plates (Greiner Bio-One) 

containing 16 μl of buffer B (31.3 mM TrisHCl pH 7.5, 1.25 mM DTT, 31.3 mM NaCl, 

0.013% NP-40, 0.63 mM MgCl2, and 0.13 mg/mL BSA) and 18.75 μM of individual 

compounds from a highly diverse 18,304 small-molecule library and the Sigma Lopac 

collection. 2 μl of 100 nM FAM-conjugated ssDNA (RP316FAM) was then added and 

plates were centrifuged at 1,000 rpm for 30 s. After at least 30 min of incubation, 

fluorescence polarization was determined using a BioTek plate reader. High and low signal 

controls included and lacked RAD52, respectively. Reactions were performed at room 

temp and components were added using a Thermo MultiDrop Combi liquid handler.  

 

IC50 determination 
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 40 nM RAD52 WT, 85 nM RAD52 1-209, 280 nM RAD51, or 300 nM RAD59 

was mixed with reaction buffer C (25 mM TrisHCl pH 7.5, 1 mM DTT, 25 mM NaCl, 

0.01% NP-40, 0.5 mM MgCl2, and 0.1 mg/mL BSA), 10 nM FAM-conjugated ssDNA 

(RP316FAM) and indicated amounts of 6-OH-dopa in a total volume of 20 μl, then 

incubated at room temp for 30 min. Reactions with RAD51 additionally contained 1 mM 

ATP. Fluorescence polarization was then determined using a Clariostar (BMG Labtech) or 

BioTek plate reader. IC50 was determined by calculating the concentration of 6-OH-dopa 

required to inhibit ssDNA binding by 50% based on fluorescence polarization. 

 

Dissociation of RAD52-ssDNA complexes 

 40 nM RAD52 WT, reaction buffer C and 10 nM ssDNA (RP316FAM) were 

mixed together in a total volume of 20 μl and incubated for 60 min at room 

temperature. 30 μM 6-OH-dopa was then added and FP was determined after 2 min 

using a using a Clariostar (BMG Labtech) plate reader. 

 

EMSA 

 Initial hit validation. 120 nM RAD52 WT was pre-incubated with 60 µM 

compound then mixed with reaction buffer D (2.5 mM TrisHCl pH 7.5, 0.1 mM DTT, 

3 mM NaCl, 0.001% NP-40, 0.1 mg/mL BSA, 0.5 mM MgCl2, and 10% glycerol). 12 

nM Cy3-conjugated ssDNA (RP334Cy3) was then added and reactions were incubated 

for 60 min on ice. Reactions were then resolved in non-denaturing 5% polyacrylamide 

gels. Cy3-conjugated ssDNA was visualized using a MultiImage III fluorescence 
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imager (Alpha Innotech) using FluorChem Q software. Percent inhibition was 

determined by calculating the relative fluorescence intensity of shifted ssDNA bands. 

ssDNA binding. 120 nM RAD52 WT or 400 nM RAD52 1-209 was pre-incubated 

with 60 µM 6-OH-dopa, then mixed with reaction buffer D and 12 nM Cy3-conjugated 

ssDNA (RP334Cy3) and analyzed as described above. 

Dissociation of RAD52-ssDNA complexes. 120 nM WT RAD52 was incubated with 

12 nM Cy3-conjugated ssDNA (RP334Cy3) for 60 min at room temp in reaction buffer 

D, then indicated amounts of 6-OH-dopa were added for an additional 30 min in a total 

volume of 20 µl. Reactions were then resolved as described above. 

Competition Assay. 120 nM RAD52 WT in reaction buffer D was simultaneously 

mixed with 25 µM 6-OH-dopa and indicated amounts of Cy3-conjugated ssDNA 

(RP334Cy3) for 60 min in a total volume of 20 µl. Reactions were resolved as 

described above. 

Agarose gel analysis. Indicated amounts of RAD52 WT were mixed with 20 nM Cy3-

conjugated ssDNA (RP334Cy3) in 20 µl of reaction buffer D at room temp for 30 min. 

Reactions were fixed with the addition of 2 µl of 2% glutaraldehyde. Reactions were 

resolved in a 0.8% agarose gel containing 10% glycerol. 

 

Single-strand annealing 

 75 nM RAD52 WT was pre-incubated with 60 µM 6-OH-dopa in 10 µl of 

reaction buffer E (50 mM TrisHCl pH 7.5, 1 mM DTT, 0.1 mg/mL BSA, 0.5 mM 
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MgAc, 10% glycerol). 20 nM 5’-32P radio-labeled ssDNA (RP40) was added, then 

after 5 min 20 nM complementary ssDNA (RP40C) was added. After 30 s annealing 

was quenched by the addition of 200 nM of cold (unlabeled) ssDNA (RP40). RAD52 

was then degraded by the addition of 2 µl stop buffer (100 mM TrisHCl pH 7.5, 10 

mg/mL proteinase K, 100 mM EDTA, and 1.5% SDS) and incubated for 15-30 min at 

37° C. Radio-labeled DNA was resolved in 12% non-denaturing polyacrylamide gels 

and visualized by autoradiography. Reactions were performed at 37° C. 

 

Gel filtration 

 4.4 µM RAD52 WT in the presence or absence of 44 µM 6-OH-dopa was 

incubated in 600 µl of buffer containing 20 mM TrisHCl pH 8.0, 200 mM NaCl, 1 mM 

EDTA, and 10% glycerol, then injected into a HiLoad 16/600 Superdex 200 pg column 

(GE Health Sciences) at 4° C using an AKTA L1 Pure (GE Health Sciences) with an 

automated fraction collector and multichannel peristaltic pump. Using a UV monitor 

detecting at 280 nM, protein peaks were plotted versus elution volume. 

 

Native gel analysis 

 2.5 µM RAD52 WT or 3.5 µM RAD52 1-209 with indicated amounts of 6-OH-

dopa, DL-o-tyrosine, or RU- 0098062 was incubated in 20 µl of buffer containing 25 

mM TrisHCl pH 8.8, 0.01% NP-40, 1 mM DTT, 0.675 M NaCl, 0.2% Tween-40, and 

10% glycerol for 60 min at room temperature. Reactions were then resolved in a 4-
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15% Mini-PROTEAN TGX native gel (Bio-Rad) in Tris-glycine buffer pH 8.9. Silver 

staining was used to visualize proteins. 

 

Isothermal calorimetry 

 Isothermal calorimetry was performed using a MicroCal Auto-iTC200 

(Malvern, Worcestershire, UK). Both components, RAD52 1-209 and 6-OH-dopa 

were prepared in identical buffer which consisted of 20 mM TrisHCl pH 7.0, 250 mM 

NaCl, 1 mM DTT, 10% glycerol, and 0.01% Igepal. The 200 µl reaction cell 

equilibrated at 25° C was loaded with 20 µM RAD52 1-209. The titration consisted of 

16 injections of 2.5 µl of a 2 mM solution of 6-OH-dopa every 5 s. A reference titration 

of 6-OH-dopa was performed into the sample cell loaded with reaction buffer to 

account for the heat of dilution and was carried in the same experimental conditions. 

Data were analyzed using Origin 7.0 (OriginLab, Northampton, MA). 

 

Light scattering analysis 

Measurements were made with a Protein Solutions DynaPro temperature-controlled 

microsampler. The RAD52 1-209 protein was prepared in the absence of detergent and 

dialyzed samples were adjusted to the desired concentration (0.6 mg/ml), and 

particulates were removed by centrifugation for 20 min at 14,000 x g at room temp. 

The protein concentration was then determined directly using absorbance at 280 nm 

and a calculated molar extinction coefficient, taking the average of three separate 
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readings. All samples were analyzed under identical conditions of 20° C in a buffer of 

20 mM TrisHCl 8.0, 1 mM DTT, 10% glycerol, and either 1 M NaCl (high salt), or 

0.15 M NaCl (low salt). Identical samples were treated with an 80-fold molar excess 

of 6-OH-dopa for 30 min on ice prior to light scattering analysis. The hydrodynamic 

radius and apparent molecular mass (MW-R) were calculated from dynamic light 

scattering measurements (at least 30 acquisitions per protein sample) using the 

DynaPro software version 5. The regularization graphs, calculated using an isotropic 

spheres model, portray multiple forms in solution as a histogram and percent mass on 

the Y-axis. A monodisperse sample was generally reflected in one or two histogram 

bars, while more polydispersed forms have several bars in the peak. The calculated 

MW-R for each peak was labeled above the histogram peak. 

 

Cell lines and cell culture 

 U2OS cell lines with homologous recombination (DR-GFP), non-homologous 

end joining (EJ2-GFP), single strand annealing reporters (SA-GFP) were a kind gift 

from J. Stark(117, 118). U2OS, MDA-MB236 and VC8 cell lines were grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM). HCC1937 cells were grown in RPMI 

1640 medium (Corning, USA). All media were supplemented with 20% fetal bovine 

serum (FBS), 2mM L-glutamine, 100 µg ml−1 streptomycin and 100 U ml−1 penicillin. 

BCR-ABL1- positive 32Dcl3 cell line was cultured in IMDM plus 10% FBS 

supplemented with 15% WEHI medium as a source of IL-3. Capan-1 cell line was 
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cultured in IMDM plus 10% FBS. AML and CML 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). All cell lines were 

cultured at a constant temperature of 37° C in a 5% carbon dioxide (CO2) humidified 

atmosphere. 

 

DNA repair reporter assays 

 U2OS cells (1 × 105) were plated in triplicates on 24 well plate, treated with 

indicated doses of compounds or DMSO (vehicle control) and transfected 24 hours 

later with 0.8 μg pCMV-3xNLS-I-SceI or 0.8 μg control vector pCMV-3xNLS using 

Lipofectamine 2000 (Invitrogen). GFP+ frequencies were measured 3 days post 

transfection by FACS using GUAVA flow cytometer (Millipore) in triplicates and 

corrected for transfection efficiency and background events. Transfection efficiency 

was measured simultaneously by parallel transfection with 0.05 μg wt GFP expression 

vector (pCMV-3xNLS-GFP). For siRNA experiments, cells were transfected with 20 

pmol siRNA + 0.5 μg of pCMV-3xNLS-I-SceI (or control vector, GFP expression 

vector) per well. 

 

Western blotting 

 For western blotting analysis, a portion of cells from the reporter or survival 
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assays performed with siRNA was used. Whole-cell lysates were prepared by lysing 

the cells in RIPA buffer (25 mM TrisHCl, 125 mM NaCl, 1% Nonidet-P-40, 0.5% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and a Protease Inhibitor 

Cocktail (Pierce)). Equal amounts of cell lysates were separated by SDS–

polyacrylamide gel electrophoresis and then transferred to membrane overnight at 4° 

C, immunoblotted with antibodies against RAD52 (Santacruz) and Actin (Abcam). 

Blots were stained with an enhanced chemi luminescence detection kit (ECL-Plus, 

Amersham Biosciences). In the case of western blot from native gel, purified protein 

incubated with or without 6-OH-dopa was separated by native gel electrophoresis then 

transferred to membrane overnight at 4° C, immunoblotted with antibody against His-

tag (Abcam). 

 

Survival assays 
 
 For the growth assays, cells were plated in 384-well plate at 400 or 800 

cells/well and treated with 6-OH-dopa at the indicated concentration 6 hours later. On 

day 3, cells were lysed with CellTiter-Glo® Luminescent Cell Viability Assay reagent 

(Promega) and luminescence was read using EnVision plate reader. Percent cell 

growth was calculated relative to DMSO treated cells. For clonogenic assays, cells 

were seeded at 1,000 cells per well on 6 well plates in triplicates. Twenty four hours 

later, 0 µM, 2.5 µM, 5 µM, or 10 µM of 6-OH-dopa was added in the case of MDA-

MB-436 cells and 0 µM, 5 µM, 10 µM, or 20 µM in VC8/V79 and CAPAN-1 cells, 
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followed by treatment with the compound every 48 hours. Colonies were fixed with 

Acetic acid/methanol (1:7) and stained with 0.5% crystal violet solution. For the 

HCC1937 viability assay, both BRCA proficient and deficient cells were plated on day 

0 in triplicate at 10,000 cells/well in 24 well plates. On days 1 and 3, cells were treated 

with 0 µM, 2.5 µM, 5 µM, or 10 µM 6-OH-dopa. Cells were counted on day 4 with a 

hemocytometer using Trypan Blue exclusion, and immediately were plated for 

clonogenic assay in 6 well plates at a density of 1,000 living cells/well. After two 

weeks, colonies were fixed/stained with 0.05% of 10mg/ml ethidium bromide in 50% 

ethanol. AML patient cells were previously selected based on having either high 

(BRCA proficient) or low (BRCA deficient) BRCA1/2 expression 

levels(98)(Supplementary Fig. 6). A pool of 3 patient cells, either BRCA proficient or 

deficient, were plated at 10,000 cells per well in 96 well plates on day 0, treated with 

6-OH-dopa (0 µM, 2.5 µM, 5 µM, or 10 µM) or olaparib (0 µM, 1.25 µM, 2.5 µM, or 

5 µM) on days 0 and 2, and living cells were counted on day 4 with Trypan Blue. Lin-

CD34+ primary CML and normal cells were obtained by magnetic sorting using the 

EasySep negative selection human progenitor cell enrichment cocktail followed by 

human CD34 positive selection cocktail (StemCell Technologies). For clonogenic 

assay in HCC1937, AML and CML cells, colonies were visualized with Alphaimager 

gel imager (Alpha Innotech). For the viability assay, CD34+ CML and normal cells 

were plated at 10,000 cells per well in 96 well plates. On days 0 and 2, they were 

treated with 0 µM, 2.5 µM, 5 µM, or 10 µM 6-OH-dopa, and living cells were counted 



48 

 

 

 

on day 4 with Trypan Blue. Immediately following counting, the colony forming cell 

(CFC) assay was performed. In brief, all cells from each subpopulation were plated in 

duplicate in Methocult H4230 (StemCell Technologies). Colonies were counted after 

7 days. 

 

Microscopy and immunofluorescence 

For detection of GFP-RAD52 foci, we used a previously published murine 

hematopoietic BCR-ABL1-positive 32Dcl3 cell line that stably expresses GFP-

RAD52(98) and MDA-BRCA1, 293T cells transiently transfected with GFP-RAD52. 

BCR-ABL1-positive 32Dcl3 cells were plated in 12 well plates at 500,000 cells/ml 

and pretreated for 4 hours with 0, 2.5, 5, or 10 µM 6-OH-dopa. After 4 hours, the cells 

were treated with 3ug/ml cisplatin for 16 hours. Following cisplatin treatment, 

cytospins were prepared using polylysine coated slides (Thermo Scientific). DNA was 

counterstained with DAPI. Foci were visualized with an inverted Olympus IX70 

fluorescence microscope equipped with a Cooke Sensicam QE camera (The Cooke 

Co., Auburn Hills,MI, USA). Staining and images from 30-40 cells/group were 

processed using SlideBook 3.0 (Intelligent Imaging Innovation). MDA-BRCA1 and 

293T cells expressing GFP-RAD52 were treated with 0, 5 or 10 µM 6-OH-dopa for 72 

hours, irradiated with 5 Gy, fixed in 10% formaldehyde solution at room temp for 30 

min, followed by 10 min permeabilization in PBS containing 0.5% Triton X-100. Cells 

were washed in PBS, followed by PBS with 10% FBS to block non-specific binding 
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by antibody. Cells containing GFP-RAD52 were counter stained by DAPI and 

visualized directly after fixation and permeabilization with confocal microscope (Leica 

microsystems). Nuclei containing > 5 RAD52 foci were scored as positive. For γH2AX 

staining, MDA- MB 436 cells were treated with 0, 5 or 10 µM 6-OH-dopa for 72 hours. 

Cells were fixed in 4% formaldehyde solution for 1 hr at room temp, followed by 

permeabilization with 0.1% Triton X-100. Cells were stained for γH2AX with rabbit 

polyclonal antibody (Milipore) overnight at 4° C, followed by incubation with goat 

anti rabbit FITC conjugated secondary antibody (Thermoscientific) and 

counterstaining with DAPI. Cells were visualized by confocal microscopy (Leica 

microsystems). Nuclei containing > 5 γH2AX foci were scored as positive.  

 

RAD52 knockdown 

 U20S/MDA-436 cells (1 × 105) were plated on 6 well plate and 100 pmol of 

siRNA for RAD52 (Dharmacon) was transfected using Lipofectamine (Life 

Technologies) according to manufacturer’s instructions. siRNA treated cells were used 

for assays 24 hours after transfection. 

 

Apoptosis assay 

 VC8 and V79 cells were treated with 0, 5, or 10 µM 6-OH-dopa for six days 

and stained for Annexin V according to manufacturer’s instructions (Affymetrix 

ebioscience). Cells were counterstained with propidium iodide and quantified for 
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Annexin V staining by FACS using GUAVA flow cytometer (Millipore). HCC1937 

and HCC1937 BRCA1 complemented cells were treated with 0, 5, 10 or 20 µM 6-OH-

dopa for six days and stained for Annexin V according to manufacturer’s instructions 

(Affymetrix ebioscience). Cells were counterstained with propidium iodide and 

quantified for Annexin V staining by FACS using GUAVA flow cytometer 

(Millipore). 

 

DNA 

 RP40 was 5’-32P labeled using T4 polynucleotide kinase (NEB) and [γ-32P] 

ATP (PerkinElmer). DNA oligonucleotides (Integrated DNA Technologies) are as 

follows (5’-3’): RP316, FAM-TTTTTTTTTTTTTTTTTTTTTTTTTTTTT; RP334, 

Cy3-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT; RP40, 

TTATCATCGATATTAATACGACTCACTATAGGGAGGAGGGAGGGATGAG

AATATT; RP40C, 

AATATTCTCATCCCTCCCTCCTCCCTATAGTGAGTCGTATTAATATCGATG

ATAA 

 

How RNA transcripts coordinate DNA recombination and repair  

 

Proteins 
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 RAD52, RPA, T7 RNAP, and Lig3 were purified using previously optimized 

methods(119–122). T4 DNA ligase was purchased from New England Biolabs.  

 

RNA-dependent DNA recombination of ssDNA and pssDNA 

 Reactions were performed in 20 μl volume of buffer A (25 mM Tris-HCl pH 7.5, 1 

mM DTT, 10 mM NaCl, 0.01% NP-40, 0.1 mg/ml BSA, 10% glycerol) at 37° C. Various 

concentrations of MgCl2 were used as follows: Figs. 11A, 11B, 11D, 11G, and 11H: 0.5 

mM MgCl2; Figs. 11C, 11E, 11F: 2 mM MgCl2. 20 units RNase inhibitor (Ambion) was 

added to reactions in Figs. 11C and 11E. 30 nM RAD52 was pre-incubated with 4 nM 

RNA (SM44R) for 5 min. Next, equimolar concentrations of indicated 5’-32P-radiolabeled 

ssDNA or pssDNA (4 nM) were added. Reactions were terminated after 1 min or indicated 

times by the addition 0.4 μM cold ssDNA, then treated with 2 μl of stop buffer (5 mg/ml 

proteinase K, 100 mM Tris-HCl pH 7.5, 1.5% SDS, 100 mM EDTA) for 15 min. Nucleic 

acids were resolved in 15% non-denaturing polyacrylamide gels and visualized by 

autoradiography. Reactions containing RAD51 included 1 mM ATP and 4 mM CaCl2 (Fig. 

11F). The time course in Fig. 11C was performed with 30 nM RAD52. For reactions 

containing RPA (Figs. 11D, 11E, 11G, 11H), 150-200 nM RPA and 40 nM ssDNA or 

pssDNA templates were pre-incubated in buffer A for at least 15 min at 37° C. RPA and 

ssDNA/pssDNA were used at final concentrations of 15-20 nM and 4 nM, respectively. 75 

nM RAD52 was pre-incubated with 4 nM RNA for 5 min, then was combined with RPA-

coated ssDNA/pssDNA substrates. Bridging was carried out for 30 min then terminated by 

the addition 0.4 μM cold ssDNA, then treated with 2 μl of stop buffer (5 mg/ml proteinase 
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K, 100 mM Tris-HCl pH 7.5, 1.5% SDS, 100 mM EDTA) for 15 min. Nucleic acids were 

resolved in 15% non-denaturing polyacrylamide gels and visualized by autoradiography. 

The time course in Fig. 11E (containing RPA) was performed with 50 nM RAD52. ssDNA 

substrates: 38 bp homology: SM99, SM100, SM44R; 32 bp homology: SM97, SM98, 

SM44R; 26 bp homology: SM101, SM102, SM44R. pssDNA substrates: SM100/SM16, 

SM99/SM14. 

 

RNA-dependent DNA recombination of dsDNA 

 Reactions were performed in 20 μl volume of buffer A at 37° C. Various 

concentrations of MgCl2 were used as follows: Fig 16B: 0.5 mM MgCl2, Figs. 16A and 

16C: 2 mM MgCl2. All dsDNA bridging reactions contained 20 units RNase inhibitor 

(Ambion) except for Fig. 16B. 200 nM RPA was pre-incubated with left and right flanking 

dsDNA (40 nM each) for 15 minutes and was used in the reaction at final concentrations 

of 20 nM and 4 nM, respectively. 75 nM RAD52 was pre-incubated with 4 nM RNA for 5 

min, then was combined with RPA-dsDNA pre-incubation reactions, and bridging was 

carried out for 30 min. Reactions were terminated by the addition 0.4 μM cold ssDNA, 

then treated with 2 μl of stop buffer (5 mg/ml proteinase K, 100 mM Tris-HCl pH 7.5, 

1.5% SDS, 100 mM EDTA) for 15 min. dsDNA substrates: SM142/SM142C, 

SM143/SM143C, SM44R.  

 

RNA-dependent DNA recombinational repair 
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 RAD52-dependent RNA bridging reactions were performed in 20 μl of buffer A as 

described above (Fig. 11A), followed by ligation with 0.846 μM bacteriophage T4 DNA 

ligase (New England Biolabs) with 0.5 mM MgCl2 (Fig 16A) for 2 hr at 25 °C. Reactions 

were supplemented with 1 mM ATP during ligation. Reactions were terminated by the 

addition of stop buffer (45% formamide, 20 mM EDTA). Reactions were resolved in 12% 

denaturing (urea) polyacrylamide gels and visualized by autoradiography. In the case of 

RNA-templated ligation of RPA-coated substrates (Fig. 14B), reactions were performed in 

20 μl of buffer A as described above (Fig. 11D) and contained 0.5 mM MgCl2. In the case 

of dsDNA ligation (Fig. 16D), RAD52-dependent RNA bridging reactions were performed 

in 20 μl of buffer A as described above (Fig. 16A), contained 2 mM MgCl2, and Ambion 

RNase inhibitor. Reactions were supplemented with 1 mM ATP during ligation. Reactions 

were terminated by the addition of stop buffer (45% formamide, 20 mM EDTA). Reactions 

were resolved in 12% denaturing (urea) polyacrylamide gels and visualized by 

autoradiography. 

 

RNA transcript-dependent DNA recombinational repair 

 Fig. 14C: Reactions were performed in 20 μl of buffer B (25 mM Tris-HCl pH 7.5, 

1 mM DTT, 10 mM NaCl, 0.01% NP-40, 6 mM MgCl2, 0.1 mg/ml BSA, 10% glycerol) 

with RNase inhibitor (Ambion) at 37° C. Reactions contained 448 μM GTP, and 150 μM 

ATP, CTP, UTP. Transcription was initiated on 2 nM of a dsDNA template 

(SM85/SM85C) containing a T7 RNAP promoter by the addition of 10 nM T7 RNAP for 

10 min at 37° C. Next, 200 nM RAD52 was added for 5 min, followed by the addition of 
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RPA coated 5’-32P labeled 4 nM ssDNA template (SM100/SM99P). After 10 min, 

reactions were supplemented with 0.4 μM cold left flanking ssDNA. Ligation was then 

performed at 25° C for 2 hours in the presence of 0.846 μM T4 DNA ligase and an 

additional 1 mM of ATP. Reactions were then terminated by the addition of stop buffer 

(45% formamide, 20 mM EDTA), and resolved in 15% denaturing (urea) polyacrylamide 

gels, and visualized by autoradiography.  

 

RNA transcript-templated DNA recombination 

 Reactions were performed in 20 μl of buffer A containing 2 mM MgCl2, 10 μM 

dNTPs and 20 units RNase inhibitor (Ambion) at 37° C. 100 nM RAD52 was pre-incubated 

with RNA (SM44R) for 5 min. 20 nM of RPA pre-bound to 4 nM of left flanking pssDNA 

(SM100/SM16) was added and RNA-DNA recombination (RNA-bridging) was performed 

for 30 min. Next, 10 units of AMV-RT (New England Biolabs) was added for 1 hr and 

MgCl2 was supplemented to 4 mM (Fig. 18A). Next, 6 nM of the opposing right flanking 

5’-32P labeled pssDNA (SM129/SM130) was added and annealing was performed for 30 

min (Fig. 18B). In the case of co-transcriptional RNA-DNA recombination (Fig. 18C), 

reactions were performed in 20 μl of buffer B and including 300 μM GTP, 100 μM ATP, 

CTP, and UTP, 100 µM dNTPs, 6 mM MgCl2, and 20 units RNase inhibitor (Ambion). 

Transcription was initiated using 4 nM of a dsDNA template (SM85/SM85C) containing a 

T7 RNAP promoter by the addition of 10 nM T7 RNAP at 37° C. After 2 min, 200 nM 

RAD52 was added for 5 min, followed by the addition of 8 nM RPA coated left flanking 

pssDNA template (SM100/SM16). Annealing between transcript RNA and pssDNA was 
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carried out for 30 min. Next, 10 units of AMV-RT (New England Biolabs) was added for 

1 hr to allow for reverse transcription to occur. Finally, 6 nM of 5’-32P labeled right flanking 

pssDNA (SM83/SM84) was added and annealing was performed for 30 min. In Figs. 5B 

and 5C, reactions were terminated by the addition of stop buffer (0.83 mg/ml proteinase K, 

8.3 mM Tris-HCl pH 7.5, 0.125% SDS, 8.3 mM EDTA) for 15 minutes at 37° C. Nucleic 

acids were resolved in 15% non-denaturing polyacrylamide gels and visualized by 

autoradiography. In the case of Figure 18A, reactions were stopped after AMV-RT 

extension by addition of the following stop buffer: 45% formamide, 20 mM EDTA, then 

resolved in 15% denaturing (urea) polyacrylamide gels, and visualized by autoradiography.  

 

Fluorescence polarization 

 Reactions were performed in 25 mM Tris-HCl pH 7.5, 1 mM DTT, 10 mM KCl, 

0.01% NP-40, 0.1mg/ml BSA, 10% glycerol with 10 nM fluorescein-conjugated RNA 

(SM51R). Reactions containing RAD51 were supplemented with 2 mM MgCl2, 4 mM 

CaCl2, and 2 mM ATP. Reactions containing RAD52 were supplemented with 4 mM 

MgCl2. After the addition of RAD51 or RAD52, reactions were incubated for 30 minutes 

at room temperature, then fluorescence polarization was determined using a Clariostar 

(BMG Labtech) plate reader. 

 

RNA-DNA annealing 

 Reactions were performed in 25 mM Tris-HCl pH 7.5, 1 mM DTT, 10 mM NaCl, 

0.01% NP-40, 0.5 mM MgCl2, 0.1 mg/ml BSA, 10% glycerol at 37° C. 30 nM RAD52 was 
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pre-incubated with 4 nM RNA (SM44R) or ssDNA (SM44) for 5 min. Next, 4 nM 5’-32P-

radiolabeled complementary ssDNA (SM44C) was added and annealing occurred for 1 

min. Reactions were terminated by the addition 0.4 μM cold ssDNA. Finally, reactions 

were treated with 2 μl of stop buffer (5 mg/ml proteinase K, 100 mM Tris-HCl pH 7.5, 

1.5% SDS, 100 mM EDTA) for 15 min. Reactions were resolved in 15% non-denaturing 

polyacrylamide gels and visualized by autoradiography. 

 

RNA-dependent DNA recombination of ssDNA and pssDNA 

 Figs 12C, 12D: Reactions were performed in 20 μl volume of buffer A (25 mM 

Tris-HCl pH 7.5, 1 mM DTT, 10 mM NaCl, 0.01% NP-40, 0.1 mg/ml BSA, 10% glycerol) 

at 37° C. Reactions contained 0.5 mM MgCl2. 30 nM RAD52 was pre-incubated with 4 

nM RNA (SM46R) for 5 min. Next, equimolar concentrations of indicated 5’-32P-

radiolabeled 4 nM ssDNA (SM104P and SM105) were added. Reactions were terminated 

after 1 min or indicated times by the addition 0.4 μM cold ssDNA, then treated with 2 μl 

of stop buffer (5 mg/ml proteinase K, 100 mM Tris-HCl pH 7.5, 1.5% SDS, 100 mM 

EDTA) for 15 min. Nucleic acids were resolved in 15% non-denaturing polyacrylamide 

gels and visualized by autoradiography. 

 

RPA EMSA 

 In the case of RPA binding to ssDNA or pssDNA (Fig. 12E), 20 nM RPA was 

incubated with 8 nM ssDNA or pssDNA for 15 min in 25 mM Tris-HCl pH 7.5, 1 mM 

DTT, 10 mM NaCl, 0.01% NP-40, 0.5 mM MgCl2, 0.1 mg/ml BSA, 10% glycerol at 37° 
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C. Reactions were resolved in 5% non-denaturing polyacrylamide gels and visualized by 

autoradiography. In the case of RPA unwinding of dsDNA (Fig. 1G), RPA was incubated 

with 83 bp dsDNA (SM132/SM133)  for 15 min in 25 mM Tris-HCl pH 7.5, 1 mM DTT, 

10 mM NaCl, 0.01% NP-40, 0.5 mM MgCl2, 0.1 mg/ml BSA, 10% glycerol at 37° C. 

Reactions were terminated by the addition 0.4 μM cold ssDNA and treated with 2 μl of 

stop buffer (5 mg/ml proteinase K, 100 mM Tris-HCl pH 7.5, 1.5% SDS, 100 mM EDTA) 

for 15 min. Reactions were resolved in 15% non-denaturing polyacrylamide gels and 

visualized by autoradiography.  

 

RNA-DNA ligation involving human Ligase 3 

 RAD52-dependent RNA bridging reactions were performed in 20 μl of buffer A as 

described above (Fig. 11A), followed by ligation with 50 nM human ligase 3. During 

ligation, MgCl2 was supplemented to 4 mM MgCl2 (Fig. 14A) for 2 hr at 25 °C. Reactions 

were supplemented with 1 mM ATP during ligation. Reactions were terminated by the 

addition of stop buffer (45% formamide, 20 mM EDTA). Reactions were resolved in 12% 

denaturing (urea) polyacrylamide gels and visualized by autoradiography. 

 

In vitro transcription 

 Transcription was performed in 20 mM Tris-HCl pH 8.0, 1 mM DTT, 6 mM MgCl2, 

and 20 units RNase inhibitor (Ambion) for 1 hr. Reactions contained 50 nM T7 RNA 

polymerase and 50 nM transcription template (SM85/SM85C), 400 μM rGTP, rCTP, 

rUTP, and 100 μM rATP. Reactions were visualized by incorporation of [α-32P] rATP. 
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Reactions were terminated by stop buffer (45% formamide, 20 mM EDTA), resolved in 

20% denaturing (urea) polyacrylamide gels, and visualized by autoradiography.  

 

RNA-dependent DNA recombination of dsDNA 

 In the case of testing different RNase inhibitors (Fig. 17A), reactions were 

performed as described in the main text (see main text Fig. 17A) containing 2 mM MgCl2 

and 20 units RNase inhibitor (Ambion) or 20 units of RNase inhibitor I (Invitrogen 

SUPERase-In). In the case of testing RAD52 pre-incubation (Fig. 4B), see methods for 

main text Figure 17C.  

 

DNA and RNA 

 DNA and RNA was 5’-32P labeled with T4 polynucleotide kinase (New England 

Biolabs) and [γ-32P]ATP (PerkinElmer).  

RNA-DNA recombination (RNA-bridging) templates: SM83/SM84 (Fig. 18C), 

SM99/SM14 (Figs. 11G, 11H), SM100/SM16 (Figs. 11G, 11H, 18A, 18B, 18C), 

SM129/SM130 (Fig. 18B), SM142/SM142C (Figs. 17A, 17B, 17C, 17D), 

SM143/SM143C (Figs. 17A, 17B, 17C, 17D). 

Transcription template: SM85/SM85C (Fig. 14C, 18C). 

RNA-DNA recombinational repair templates: SM100+SM99 (Figs. 14A, 14B, 

14C), SM142/SM142C+SM143/SM143C (Fig. 16D).  
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DNA and RNA oligonucleotides (Integrated DNA Technologies) are as follows 

(5’-3’). SM14, GGATCTCGACGCTCTCCCT; SM16, TTGTACACGGCCGCATAAT; 

SM44R, GCUCUGAUGCCGCAUAGUUAAGCCAGCCCCGACACCCG;   

SM44C, CGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGC; 

SM46R, 

GAAGCAUUUAUCAGGGUUAUUGUCUCAUGAGCGGAUACAUAUUUGAAU; 

SM51R, /56-FAM (fluorescein)/UUUUUUUUUUUUUUUUUUUUUUUUUUUUU; 

SM83, GCAAGCTTATGCACGGGGCTCTGATGCCGCATAGTT; SM84, 

/5Phos/CGTGCATAAGCTTGC; SM85, 

ATCGATATTAATACGACTCACTATAGGGCTCTGATGCCGCATAGTTAAGCCA

GCCCCGACACCCG; SM85C, 

CGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCCCTATAGTGAGTCG

TATTAATATCGAT; SM97, GCGGCATCAGAGCAGGGAGAGCGTCGAGATCC; 

SM98, ATTATGCGGCCGTGTACAACGGGTGTCGGGGC; SM99, 

/Phos/AACTATGCGGCATCAGAGCAGGGAGAGCGTCGAGATCC; SM100, 

ATTATGCGGCCGTGTACAACGGGTGTCGGGGCTGGCTT; SM101, 

/Phos/TATGCGGCATCAGAGCAGGGAGAGCGTCGAGATCC; SM102, 

ATTATGCGGCCGTGTACAACGGGTGTCGGGGCTGG; SM104P, 

/5Phos/AGACAATAACCCTGATAAATGCTTCAATTCATGTCCAGCCCAAACTCT

G; SM105, 

AACCAATGGACCATTTAACCAATATTCAAATATGTATCCGCTCATG; SM129, 

GCAAGCTTATGCAGACGGCTCTGATGCCGCATAGTT; SM130, 
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/Phos/CGTCTGCATAAGCTTGC; SM142, AAGCCAGCCCCGAC; SM142C, 

GTCGGGGCTGGCTT; SM132, 

AAATAAACATAAAGTAAGTAAGTATAAGGATAATACACAATAAGTAAATGA

ATAGACATAGAAAATAAAGTAAATTATATAAA; SM133, 

TTTATATAATTTACTTTATTTTCTATGTCTATTCATTTACTTATTGTGTATTATC

CTTATACTTACTTACTTTATGTTTATTT; SM143, 

CTGCTCTGATGCCGCATAGTT; SM143C, 

/5Phos/AACTATGCGGCATCAGAGCAG 

 

Characterization of DNA Polymerase θ as a reverse transcriptase 

Protein purification 

Polδ. PolD1 and PolD234 plasmids were transformed into BL21-Codon Plus (DE3) RIL 

(Agilent) cells, grown to OD600=0.7, supplemented with Ampicillin, Chloramphenicol, and 

Kanamycin, then expression was induced by 0.5 mM IPTG for 12 hr at 16° C. The biomass 

was collected and frozen at -80° C. Frozen pellets were thawed on ice and resuspended in 

lysis buffer (40 mM HEPES pH 7.5, 200 mM NaCl, 10% glycerol, 0.1 mM EDTA, and 10 

mM β-mercaptoethanol), sonicated for 10 min, loaded onto a HisTrap Crude 10 ml column 

(GE Healthcare), washed with 40 mM HEPES pH 7.5, 1 M NaCl, 10% glycerol, 30 mM 

Imidazole, and 10 mM β-mercaptoethanol, then washed with 40 mM HEPES pH 7.5, 1 M 

NaCl, 10% glycerol, 60 mM Imidiazole, and 10 mM β-mercaptoethanol, then eluted with 

40 mM HEPES pH 7.5, 200 mM NaCl, 10% glycerol, 300 mM Imidazole, 10 mM β-

mercaptoethanol, and 0.01% Triton X-100. Fractions containing pure Polδ subunits were 
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collected and dialyzed against storage buffer (40 mM HEPES pH 7.5, 300 mM NaCl, 10% 

glycerol, and 10mM β-mercaptoethanol). 

PolθPol. PolθPol was purified as previously described(123). 

PolθFL. 3XFlag PolQ was transformed into a yeast strain (a leu2 trp1 ura3-52 prb1-1122 

pep4-3 prc1-407 GAL+) as previously described(124). Colonies were picked and grown in 

SC-TRP with 2% raffinose at 30°C. Starter cultures were expanded to 16 L and grown to 

an OD600 of 0.6-0.8. Expression was induced by the addition of 2% galactose for 5 hr at 

30° C. Cells were harvested by centrifugation at 6,000 rpm and washed twice with 50 mM 

HEPES pH 8.0 and 1M Sorbitol then washed with lysis buffer (50 mM HEPES pH8.0, 1M 

NaCl, 10% glycerol, 0.1% Igepal CA630, 1mM EDTA, 1mM DTT, 50mM Arginine, 50 

mM Glutamic acid, 1 mM PMSF, 0.5 mM benzamidine, and Sigmafast inhibitors). Cells 

were crushed in liquid nitrogen freezer mill (SPEX Sample Prep) Cell debris was removed 

by centrifugation at 30,000 rpm at 4° C for 1 hr and 50,000 rpm at 4° C for 1 hr. 3xFlag 

peptide (5 μg/ml) and 2 ml of 50% equilibrated antiFlag M2 resin was added and rotated 

overnight at 4° C. The resin was settled by centrifugation at 1,000 rpm for 5 min, washed 

twice with 10 mL lysis buffer, and centrifuged at 1,000 rpm for 5 min. The resin was 

washed with 10 ml of wash buffer (50 mM HEPES pH 8.0, 1 M NaCl, 10% glycerol, 0.1% 

Igepal CA630, 1 mM DTT, 50 mM Arginine, 50 mM Glutamic acid, 10 mM MgCl2, 1mM 

ATP, 1mM PMSF, and 0.5 mM benzamidine) and centrifuged at 1,000 rpm for 5 min. The 

resin was resuspended in 15 mL was buffer, incubated for 15 min at 4° C, and the resin 

was settled at 1,000 rpm for 5 min. The resin was washed twice with was buffer (50 mM 

HEPES pH 8.0, 1 M NaCl, 10% glycerol, 0.1% Igepal CA630, 1 mM DTT, 50 mM 
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Arginine, 50 mM Glutamic acid, 1 mM PMSF, and 0.5 mM benzamidine) and centrifuged 

at 1,000 rpm for 5 min. The resin was resuspended with wash buffer containing 500 μg/ml 

3xFlag peptide and rotated for 1 hr at 4° C. The resin containing 3x FLAG peptide was 

loaded onto a ThermoFisher disposable column. The resin was washed twice then eluted 

with elution buffer (50 mM HEPES pH 8.0, 1 M NaCl, 10% glycerol, 0.1% Igepal CA630, 

1 mM DTT, 50 mM Arginine, 50 mM Glutamic acid, and 500 μg/ml 3xFlag peptide) then 

dialyzed against 50 mM HEPES pH 8.5, 250 mM NaCl, 10% glycerol, 0.1% Igepal CA630, 

1 mM DTT, and 7.5 mM ATP. 

 

Comparison of RNA and DNA templated primer extension 

Reactions were performed in buffer A (25 mM Tris-HCl pH 7.5, 10 mM KCl, 10 

mM MgCl2, 0.01% NP-40, 1 mM DTT, 0.01 mg/ml BSA, 10% glycerol) at 37° C. 

Reactions contained 10 μM dNTPs and 10 nM 5’-32P-radiolabeled primer:template 

(DNA:DNA SM98/SM44, DNA:RNA SM98/SM44R). Primer extension was performed 

with 100 nM of indicated polymerase, while Polη reactions were performed with 0.492 

μM. Reactions were stopped at the indicated time points by the addition of 45% formamide 

and 20 mM EDTA. Reactions were resolved in denaturing polyacrylamide gels and 

visualized by autoradiography. 

 

Fluorescence Polarization 

Reactions were performed in buffer B (25 mM Tris-HCl pH 8.0, 10 mM MgCl2, 10 

mM KCl, 0.01% NP-40, 1 mM DTT, 0.01 mg/ml BSA) for 30 min at room temperature 
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with the indicated amounts of Polθ. Reactions contained 10 nM of a fluorescein-conjugated 

primer:template (DNA template: SM270FAM/SM271, RNA template: SM270FAM, 

SM271R). Fluorescence polarization was determined using a Clariostar (BMG Labtech) 

plate reader. 

 

Polθ primer extension under physiological conditions 

 Reactions were performed in 25 mM Tris-HCl pH 7.8 (7.5 at 37° C), 2 mM MgCl2, 

4 mM KCl, 6 mM NaCl, 0.01% NP-40, 1 mM DTT, 0.1 mg/ml BSA, 10% glycerol, 750 

μM ATP at 37° C for 45 min. Reactions contained 50 μM dNTPs, 10 nM primer:template 

(DNA template: SM98/SM44, RNA template: SM98/SM44R), and 100 nM of PolθPol or 

PolθFL. 

 

Single dNTP incorporation 

Reactions were performed in buffer B with 10% glycerol and contained 2 nM Polθ 

and 300 μM of a single dNTP. Reactions contained 100 nM primer:template (dCTP DNA 

template: SM270/SM271, dCTP RNA template: SM270/SM271R, dTTP DNA template: 

SM270/SM277, dTTP RNA template: SM270/SM277R, dATP DNA template: 

SM270/SM276, dATP RNA template: SM270/SM276R, dGTP DNA template: 

SM270/SM275, dGTP RNA template: SM270/SM275R). Reactions were performed at 37° 

C and were stopped at the indicated time point by the addition of 45% formamide and 20 

mM EDTA. Reactions were resolved in denaturing polyacrylamide gels and visualized by 

autoradiography. For single dNTP incorporation assays involving full length Polθ (2 nM), 
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reactions were performed in buffer C (25 mM Tris-HCl pH 8.0, 10 mM MgCl2, 4 mM KCl, 

6 mM NaCl, 0.01% NP-40, 1 mM DTT, 0.01 mg/ml BSA, and 10% glycerol) as described 

above. 

 

Comparison of Polθ with retroviral reverse transcriptases 

Polθ and HIV-RT containing reactions were performed in buffer B (25 mM Tris-

HCl pH 8.0, 10 mM KCl, 10 mM MgCl2, 0.01% NP-40, 1 mM DTT, 0.01 mg/ml BSA) 

with 10% glycerol at 37̊ C for 20 min. AMV-RT (20 units, NEB) containing reactions were 

performed in commercial buffer (50 mM Tris-acetate pH 8.3, 75 mM Potassium acetate, 8 

mM Magnesium acetate, 10 mM DTT) and contained 0.01 mg/ml BSA. M-MuLV-RT (400 

units, NEB) containing reactions were performed in commercial buffer (50 mM Tris-HCl 

pH 8.3, 75 mM KCl, 3 mM MgCl2, 10 mM DTT) and contained 0.01 mg/ml BSA. AMV-

RT and M-MuLV-RT reactions were performed at 37° C or 42̊ C for 20 min. All reactions 

contained 100 μM dNTPs and 10 nM 5’-32P-radiolabeled primer:template (SM98/SM44R). 

Reactions were stopped by the addition of 45% formamide and 20 mM EDTA. Reactions 

were resolved in denaturing polyacrylamide gels and visualized by autoradiography. 

Sequencing reverse transcription products 

Polθ reactions were performed in buffer A containing 100 μM dNTPs and 10 nM 

DNA:RNA primer:template at 37° C for 1 hr. AMV-RT (10 units, NEB) reactions were 

performed in buffer B (50 mM Tris-Acetate pH 8.3, 75 mM Potassium Acetate, 8 mM 

Magnesium Acetate, 10 mM DTT) containing 100 μM dNTPs and 10 nM DNA:RNA 

primer:template (SM98/SM44R) at 37° C for 1 hr. Reactions were stopped by the addition 
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of 50 mM EDTA and reverse transcription products were purified using a Zymogen 

purification kit. Reverse transcription products were amplified by PCR (GoTaq Green 

Master Mix, Promega) using primers specific to the reverse transcribed product (SM106, 

SM107). PCR products were TA cloned (ThermoFisher) and transformed into E. coli to 

isolate single clones. Single clones were purified to obtain single reverse transcription 

products. 

 

cDNA synthesis and real-time PCR 

cDNA synthesis reactions were performed in optimal buffers (listed above) with 

100 μM dNTPs. Each synthetic RNA reaction contained 10 ng RNA template (SM44R) 

and 40 ng of DNA primer (SM98), except for no template controls. In the case of bacterial 

ribosomal RNA, total RNA was purified from DH5α (1ml, 0.4 OD) using RNABee. cDNA 

synthesis reactions contained 1 ng total RNA and was performed using SM249. Reactions 

were heated to 65° C for 5 min, then Polθ (100 nM), AMV-RT (20 units), or M-MuLV-RT 

(400 units) was added, except no enzyme controls. Reactions were incubated at 37° C 

(Polθ) or 42° C (AMV-RT and M-MuLV-RT) for 1 hr. Enzymes were heat inactivated at 

85° C for 20 min. 0.1875 ng of cDNA was used for real-time PCR (Power SYBR Green 

Master Mix, ThermoFisher) using primers SM246 and SM247. In the case of bacterial 

RNA, 1 μl of cDNA synthesis reactions were used for real-time PCR using primers SM248 

and SM249. 

 

DNA and RNA 
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 DNA and RNA was 5’-32P labeled with T4 polynucleotide kinase (New England 

Biolabs) and [γ-32P]ATP (PerkinElmer).  

DNA and RNA oligonucleotides (Integrated DNA Technologies) are as follows 

(5’-3’). SM44, GCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCG; SM44R, 

GCUCUGAUGCCGCAUAGUUAAGCCAGCCCCGACACCCG; SM98, 

ATTATGCGGCCGTGTACAACGGGTGTCGGGGC; SM106, 

ATTATGCGGCCGTGTAC; SM107, GCTCTGATGCCGCATAG; SM116, 

CTCTCAGTACAATCTGCTCTG; SM117, 

ATCGATATTAATACGACTCACTATAGGGAGGATTAACUGACCGGCATCAGAG

CAGATTGTACTGAGAG; SM207R, 

CAUCAUGCAGGACAGUAGGGAGGGGCGGGUCGGGUCG; SM217, 

/Phos/CAGCTCGACCAGGATGGGCACC; SM246, ATTATGCGGCCGTGTACAAC; 

SM247, GCTCTGATGCCGCATAGTTAAG; SM248, 

AATTGAAGAGTTTGATCATGGC; SM249, TTCGACTTGCATGTGTTAGG; SM252, 

GACTTATGCGATCCACGAG; SM254, GACTTATGCGATCCACGAGC; SM255, 

GGTGCCCATCCTGGTC; SM270, CGACGTCGCAGCGC; SM270FAM, /56-

FAM/CGACGTCGCAGCGC; SM271, GAGACTCGGCGCTGCGACGTCG; SM271R, 

GAGACUCGGCGCUGCGACGUCG; SM275, GAGACTGCGCGCTGCGACGTCG; 

SM275R, GAGACUGCGCGCUGCGACGUCG; SM276, 

GAGACTCTGCGCTGCGACGTCG; SM276R, GAGACUCUGCGCUGCGACGUCG; 

SM277, GAGACTCAGCGCTGCGACGTCG; SM277R, 

GAGACUCAGCGCUGCGACGUCG. 
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CHAPTER 3 

RESULTS 

Small molecule disruption of RAD52 rings as a mechanism for precision medicine in 

BRCA deficient cancers 

Homologous recombination (HR) is an essential DNA repair pathway due to its 

accurate and predominant role in DNA break repair during S-phase and 

G2(125)(126)(127). Heritable mutations in HR factors, most notably BRCA1 and BRCA2, 

cause genome instability and predispose to breast and ovarian cancer(97)(126). BRCA 

deficiencies are also observed in a variety of other cancers including lung, prostate and 

pancreatic cancers, melanomas, and leukemias(98)(128)(129)(130). BRCA deficient-like 

phenotypes due to spontaneous mutations or defects in HR that are independent of 

BRCA1/2 are also commonly observed in cancer cells(99)(131)(132). Because HR 

defective cells are impaired in their ability to repair DNA breaks during S-phase and G2, 

DNA damage caused during replication causes severe growth defects in these cells, with 

little or no effect in normal cells. Thus, drugs that induce DNA damage or further inhibit 

DNA repair during replication can cause synthetic lethality in BRCA deficient cells while 

sparing normal cells(92)(131).  

The ability to target BRCA deficient cells for killing has received wide attention 

due to the potential development of non-toxic drugs for personalized medicine. A notable 

example includes Poly (ADP-ribose) polymerase 1 (PARP-1) inhibitors, which cause 

replication dependent DNA breaks and thus preferentially kill BRCA deficient 

cells(92)(131). In so far, PARP-1 inhibitors, such as the recently approved drug olaparib, 
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have shown promise in the clinic, barring some side effects(133)(134). However, 

considering that PARP-1 has wide ranging roles in transcription, translation, telomere 

maintenance, chromatin and cellular stress response, in addition to DNA repair, its 

inhibition inevitably causes a large number of short-term, and possibly long-term, side 

effects in normal cells(92)(135)(136)(134)(137). Identifying and characterizing new drug 

targets that exclusively perform DNA repair as a backup to HR during S-phase and G2 will 

lead to the development of personalized medicine for BRCA deficient cancer patients with 

a significantly lower risk of side effects. 

Previous studies demonstrate that cells deficient in BRCA1/2 or associated proteins 

in this pathway (PALB2, RAD51B/C/D, XRCC2/3) combined with a deficiency in 

recombination factor RAD52 are synthetic lethal(138)(96)(97)(139). Cells and mice 

deficient in only RAD52, however, are viable with no apparent phenotypes(96)(139)(140). 

Thus, these studies have revealed a new vulnerability in BRCA deficient cells which may 

be exploited to target these cells for killing. For example, drugs that inhibit RAD52 activity 

are likely to cause synthetic lethality in BRCA deficient cells in a similar manner to PARP-

1 inhibitors, but potentially have no side effects(139). 

Much of our knowledge of how RAD52 functions has been derived from studies in 

the yeast model Saccharomyces cerevisiae. For example, yeast Rad52 plays a major role 

in HR by facilitating loading of Rad51 recombinase onto RPA coated ssDNA which is 

necessary for strand invasion and subsequent steps of HR(141). This function is consistent 

with the ability of Rad52 to bind ssDNA, RPA and Rad51. Since Rad52 plays a prominent 

role in Rad51 loading, yeast deficient in Rad52 are impaired in HR and highly sensitive to 
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genotoxic agents(141). Rad52 in yeast and higher eukaryotes is also essential for the repair 

of DSBs by single-strand annealing (SSA)(101)(141)(102). In this pathway, RAD52 uses 

sequence microhomology along ssDNA exposed by nuclease processing of DSBs to 

recombine broken DNA which results in chromosomal deletions(141). 

In contrast to yeast, RAD51 loading in mammalian cells is primarily performed by 

the BRCA pathway, whereas RAD52 appears to play a backup role(96)(97)(139). For 

example, previous studies have showed that suppression of RAD52 expression has little or 

no effect on HR in BRCA proficient cells(96)(97). Yet, suppression of RAD52 in BRCA 

deficient cells further reduces HR and RAD51 loading, and causes synthetic 

lethality(96)(139). Hence, these studies suggest that RAD52 might promote the survival of 

BRCA deficient cells by facilitating RAD51 dependent HR. Considering that RAD52 is 

also essential for SSA which functions during S-phase, its annealing activity probably also 

contributes to the survival of BRCA defective cells. Although the exact mechanism by 

which RAD52 promotes the survival of BRCA deficient cells remains unclear, a recent 

report showed that its ssDNA binding activity is essential for this role(98). Altogether, 

these studies indicate that small molecule inhibitors of the RAD52 ssDNA binding domain 

are likely to target BRCA deficient cells for killing.  

The crystal structure of the RAD52 ssDNA binding domain, for example residues 

1-209, has been solved by two groups(101)(102). Remarkably, eleven monomers form an 

undecamer ring with a positively charged channel around its outer surface that likely 

interacts with ssDNA(101)(102). Although DNA binding motifs are traditionally 

considered to be “undruggable”, small molecule disruption of protein complexes is a 
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promising strategy for inhibiting multi-subunit DNA binding proteins(142). Here, we 

identify and characterize a small molecule allosteric inhibitor of RAD52 that disrupts ring 

structures of the protein and selectively impairs the growth of BRCA deficient cancer cells. 

 

Identification of RAD52 small molecule inhibitors 

Since recent studies have shown that the proliferation of BRCA deficient cells 

depends on RAD52 ssDNA binding activity(98), we set out to identify inhibitors of the 

ssDNA binding domain. A fluorescence polarization (FP) assay that detects RAD52 

ssDNA binding was optimized and adapted for high-throughput screening as follows (Fig. 

3A, left). A 29 nucleotide (nt) ssDNA probe conjugated with fluorescein (FAM) was 

incubated with increasing concentrations of wild-type RAD52 which forms a 323 kDa 

heptamer ring and higher-order heptamer ring superstructures(143–146). After 30 min FP 

was determined which is inversely proportional to the rotation rate of the ssDNA probe 

(Fig. 3A, middle). RAD52 binding caused an increase in polarization due to slowed 

rotation of the ssDNA probe. FP reactions, with and without RAD52, performed in 384-

well high-throughput format using a liquid handler resulted in a high Z’ score of 0.82, 

demonstrating that the assay was consistent and suitable for high-throughput screening 

(Fig. 3A, right). 

We screened a diverse set of 18,304 drug-like compounds and the Sigma Lopac 

collection of 1,280 pharmacologically active compounds and identified 10 small molecules 

that consistently inhibited RAD52 ssDNA binding by more than 60% and exhibited a 

relatively low IC50 (≤ 5μM) (Fig. 3B,C). The small molecules were confirmed by HPLC-
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mass spectrophotometry or newly purchased. Small molecule inhibition of RAD52 ssDNA 

binding was confirmed using an orthogonal electrophoresis mobility shift assay 

(EMSA)(Fig. 3D). Similar to previous studies, RAD52 shifted the ssDNA probe to the 

wells of the polyacrylamide gel due to its 323 kDa heptamer ring conformation and 

tendency to form higher-order heptamer ring superstructures(116, 145, 147). As a control, 

we showed that these large RAD52-ssDNA complexes were resolved in an agarose gel as 

in previous studies (Supplementary Fig. 1)(116). Select compounds that inhibited RAD52 

by more than 70% were further analyzed in cells. 
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Figure 3 Identification of RAD52 inhibitors by high-throughput screening. (A) 

Schematic of fluorescence polarization (FP) assay (left). Plot showing RAD52 binding to 

ssDNA probe. Kd = 25 nM. Data shown as average ± s.d. from 4 independent experiments 

(middle). Plot showing 176 high signal (RAD52 with ssDNA probe) and 176 low signal 

(ssDNA probe only) FP control reactions performed in 384-well high-throughput format. 

Z’ factor = 0.82, mP = millipolarization. (B) Structures of select identified RAD52 

inhibitors. (C) Plot showing IC50 for RAD52 inhibitors. (D) Schematic of electrophoresis 

mobility shift assay (EMSA)(left). Non-denaturing gel of EMSA showing inhibition of 
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RAD52 by 60 µM of indicated small molecules (middle panels). Plot of EMSA data shown 

as percent inhibition of RAD52. Data shown as average ± s.d. from 3 independent 

experiments (right). 

 

 

Small molecule inhibition of RAD52 activity in cells 

We examined the effects of select small molecules on SSA which is one of the main 

activities of RAD52(101, 102, 141). To measure SSA, a previously characterized GFP 

reporter system was used which detects activation of GFP expression as a result of SSA 

repair of an I-SceI induced DSB(117, 118). As a control, we demonstrated that suppression 

of RAD52 via siRNA inhibited SSA as expected (Fig. 4A). Surprisingly, only one of the 

small molecules, 6-hydroxy-dopa (6-OH-dopa), a precursor of the catecholaminergic 

neurotoxin 6-hydroxydopamine, consistently inhibited SSA (Fig. 4B). The remaining 

compounds showed either no effect, slight inhibition, or stimulation of SSA which was 

probably due to off-target effects. As a control, we showed that the effect of 6-OH-dopa 

was dose dependent (Fig. 4C). Inhibition of SSA by 6-OH-dopa was additionally 

confirmed in vitro (Supplementary Fig. 1), and was dependent on RAD52 expression 

(Supplementary Fig. 2). We also confirmed that 6-OH-dopa does not interact with ssDNA 

(Supplementary Fig. 1). Importantly, we found that small molecules similar in structure to 

6-OH-dopa, including L-DOPS which is in the same catechol chemical class, failed to 

inhibit SSA (Fig. 4D) and RAD52 ssDNA binding (Supplementary Fig. 1). Thus, these 
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data indicate that a specific interaction between 6-OH-dopa and RAD52 is responsible for 

the observed inhibitory effects in vitro and in vivo.  

We further examined the specificity of 6-OH-dopa for RAD52 in cells by 

investigating its effects on other DSB repair pathways. First, we tested whether 6-OH-dopa 

inhibits HR which shares the same upstream DNA damage response and resection 

pathways as SSA. Since HR functions mostly independently of RAD52 in BRCA proficient 

cells, we anticipated that inhibition of RAD52 would have little effect on HR(96, 97). 

Indeed, using a previously characterized HR GFP reporter(117, 118), we found that 6-OH-

dopa treatment resulted in little or no reduction in HR (Fig. 4E), and had no effect on HR 

when RAD52 was suppressed (Supplementary Fig. 2). Thus, these data are consistent with 

the ability of 6-OH-dopa to inhibit RAD52 with a considerable amount of specificity. In 

support of this, we found that 6-OH-dopa had little or no effect on RAD51 (IC = n.d.) 

compared to RAD52 (IC = 1.1 μM) in vitro (Fig.4F). 6-OH-dopa also had a significantly 

higher IC50 for S. cerevisiae RAD59 (IC > 10 μM) which shares 31.5% sequence identity 

with human RAD52 and performs a similar SSA activity (Fig. 4F)(141, 148, 149). We note 

that the small molecules that inhibited HR (RU-0180081, RU-0096909) showed 

stimulation of SSA which is expected based on the ability of HR to suppress SSA (Fig. 4E 

and Fig. 3B)(150, 151). To further analyze the specificity of 6-OH-dopa for RAD52 in 

cells, we tested its effect on NHEJ. Using another previously characterized GFP 

reporter(117, 118), we found that 6-OH-dopa only slightly inhibited NHEJ (Fig. 4G). 

Considering that HR and NHEJ each require a host of proteins involved in nucleic-acid 

processing, signaling, and protein post-translational modification, the ability of 6-OH-dopa 
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to selectively inhibit SSA in cells demonstrates a considerable amount of specificity of the 

small molecule for RAD52(126, 152, 153). Thus, although 6-OH-dopa is a catechol and 

has the potential to interfere with some assays non-specifically, the exhaustive in vitro and 

cell-based data presented herein show that its mechanism on RAD52 is specific. 

We further examined the ability of 6-OH-dopa to inhibit RAD52 activity in cells 

by testing its effects on RAD52 foci formation at DNA damage caused by cisplatin and 

ionizing radiation (Fig. 5). eGFP-RAD52 was stably expressed in BCR-ABL transformed 

murine hematopoietic 32Dcl3 cells, which are known to be deficient in BRCA1(98, 154). 

Previous studies have demonstrated that eGFP-RAD52 is functional in cells(96, 155), and 

we found that the purified protein acts like wild-type RAD52 in vitro (Supplementary Fig. 

1). The eGFP-RAD52 expressing cells were incubated with DMSO or 6-OH-dopa then 

further treated with cisplatin which causes intra- and inter-strand crosslinks that arrest 

replication forks. Consistent with the ability of the small molecule to inhibit RAD52 

ssDNA binding, 6-OH-dopa suppressed eGFP-RAD52 foci formation in a dose dependent 

manner (Fig. 5A; Supplementary Fig. 4). We further investigated the effect of 6-OH-dopa 

on eGFP-RAD52 foci in HEK293T cells exposed to ionizing radiation. The small molecule 

again decreased the number of eGFP-RAD52 foci in a dose dependent manner (Fig. 5B; 

Supplementary Fig. 4). 6-OH-dopa also inhibited eGFP-RAD52 foci in MDA-MB-436 

cells complemented with BRCA1 following exposure to ionizing radiation (Fig. 5C; 

Supplementary Fig. 4). Together, these results demonstrate that 6-OH-dopa effectively 

inhibits RAD52 ssDNA binding in vivo. 
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Figure 4 6-OH-dopa selectively inhibits RAD52 mediated recombination in vivo. (A) 

Plot showing SSA in U20S cells treated with scrambled and RAD52 siRNA. Data represent 

mean ± s.e.m from triplicates. **P = 0.00036; two-tailed Student’s t-test (left). Western 

blots of protein extracts from U20S cells treated with scrambled and RAD52 siRNA (right). 

(B) Plot showing SSA in U20S cells following treatment with 5 µM of the indicated small 

molecules. Data represent mean ± s.e.m. from 3 separate experiments with triplicates in 

each experiment. **P = 0.00154; two-tailed Student’s t-test. (C) Plot showing SSA in 

U20S cells following treatment with 0 µM, 10 µM and 20 µM of 6-OH-dopa. Data 

represent mean ± s.e.m from triplicates. ***P = 0.00039, ****P = 0.00009; two-tailed 

Student’s t-test. (D) Plot showing SSA in U20S cells following treatment with 5 µM of the 

indicated small molecules. 2 = L-DOPS, 3 = DL-o-tyrosine, 4 = Beta-(2-hydroxy-4-

methylphenyl) alanine, 5 = 6-OH-dopa. Data represent mean ± s.e.m from triplicates. *P = 

0.00175; two-tailed Student’s t-test. (E) Plot showing HR in U20S cells following 

treatment with 5 µM of the indicated small molecules. Data represent mean ± s.e.m. from 

3 separate experiments with triplicates in each experiment. (F) Plots showing percent 

inhibition of indicated protein as a function of 6-OH-dopa concentration. Data shown as 

average ± s.e.m. from 3 independent experiments. (G) Plot showing NHEJ in U20S cells 

following treatment with or without 5 µM of 6-OH-dopa. Data represent average ± s.e.m. 

from two separate experiments with triplicates in each experiment. 
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Figure 5 6-OH-dopa inhibits RAD52 foci formation. (A) Cells stably expressing eGFP-

RAD52 were exposed to cisplatin and 6-OH-dopa. Representative images of nuclei 

counterstained with DAPI (blue) and eGFP-RAD52 (green)(left). Plot showing 

quantification of cells with eGFP-RAD52 foci following treatment with cisplatin and 6-

OH-dopa (right). Data represent mean ± s.e.m from triplicates. *P = 0.01, **P = 0.007; 

two-tailed Student’s t-test. (B) Representative fluorescent images of HEK293T cells 

visualizing DAPI stain (blue) and eGFP fluorescence (green) following treatment with 

ionizing radiation (IR)(left). Plot showing percent HEK293T cells with ≥ 5 eGFP-RAD52 

foci following treatment with IR and 6-OH-dopa (right). Data shown as average ± s.e.m. 

from 3 independent experiments. *P = 0.05, **P = 0.03; two-tailed Student’s t-test. (C) 

Representative fluorescent images of MDA-MB-436 BRCA1 complemented cells 

visualizing DAPI stain (blue) and eGFP RAD52 (green) following treatment with or 

without ionizing radiation (IR)(left). Plot showing percent MDA-MB-436 BRCA1 

complemented cells with ≥ 5 eGFP-RAD52 foci following treatment with IR and 6-OH-

dopa (right). Data shown as average ± s.e.m. from 3 independent experiments. *P = 0.03, 

**P = 0.02; two-tailed Student’s t-test. 

 

 

Small molecule dissociation of RAD52-ssDNA complexes 

We next considered whether 6-OH-dopa was capable of dissociating pre-formed 

RAD52-ssDNA complexes. Given that RAD52 bound tightly to ssDNA (Kd = 25 nM; Fig. 

3A), we anticipated that RAD52-ssDNA complexes would be resistant to 6-OH-dopa 
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treatment. To test this, RAD52-ssDNA complexes were formed and allowed to reach 

equilibrium after 30 min of incubation. 6-OH-dopa was then added and FP was measured 

2 min later. Remarkably, the small molecule fully dissociated RAD52-ssDNA complexes 

as indicated by a reduction in mP levels nearly identical to those observed for the DNA 

control (Fig. 6A). 6-OH-dopa dissociation of RAD52-ssDNA complexes was also 

observed by EMSA (Fig. 6B).  

 The ability of the small molecule to rapidly dissociate RAD52-ssDNA complexes 

suggested that it might act as a non-competitive inhibitor. To test this, we investigated 

whether the inhibitory activity of the small molecule was diminished by simultaneously 

adding a large of excess of ssDNA substrate. Strikingly, the small molecule continued to 

inhibit RAD52 in the presence of a ~100-fold excess of the ssDNA substrate (Fig. 6C). 

Hence, these data suggest that the small molecule binds to a different site than the ssDNA 

binding channel and thus acts a non-competitive inhibitor. 

 

Small molecule disruption of RAD52 rings 

 To gain more insight into the mechanism of 6-OH-dopa action, we examined its 

interaction with RAD52. Since the small molecule inhibits RAD52 ssDNA binding, we 

envisaged that it acted on the ssDNA binding domain (residues 1-209; RAD52 1-209). X-

ray crystallographic studies demonstrate that the ssDNA binding domain forms an 

undecamer ring with a large central channel(101, 102). The eleven subunits form a 

symmetrical pinwheel like conformation with a positively charged channel circling the 

outer surface that likely interacts with ssDNA(101, 102). We found that the small molecule  
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Figure 6 6-OH-dopa dissociates RAD52-ssDNA complexes and acts as a non-

competitive inhibitor. (A) Schematic of FP assay (top). Plot showing dissociation of 

RAD52-ssDNA complexes by 30 µM 6-OH-dopa (bottom). Data shown as average ± s.d. 

from 3 independent experiments. mP = milipolarization. (B) Schematic of EMSA (top). 

Non-denaturing gel showing dissociation of RAD52-ssDNA complexes by 30 µM 6-OH-

dopa (bottom). (C) Schematic of EMSA (top). Non-denaturing gel showing 6-OH-dopa 

(25 µM) inhibition of RAD52 in the presence of excess of Cy3-ssDNA substrate (bottom).    

 

 

inhibited RAD52 1-209 with a comparable IC50 (1.6 μM) as wild-type RAD52 (1.1 μM), 

indicating that it interacts with the ssDNA binding domain (Fig. 7A,B). Isothermal 

calorimetry (ITC) confirmed that 6-OH-dopa interacts with the ssDNA binding domain 

with a 17.7 μM Kd (Fig. 7C). Unexpectedly, these data suggested a stoichiometry of 5.04 

small molecules per RAD52 1-209 ring (Fig. 7C). This suggests the possibility that one 

small molecule binds to every other subunit around the ring (Fig. 7C), which is plausible 
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based on the slightly different orientation of subunits(101, 102). Alternatively, the small 

molecule may bind at the interface of every other subunit pair which would also account 

for ~5 binding sites. 

Considering that 6-OH-dopa may inhibit RAD52 by acting at multiple subunit 

interfaces, we wondered whether the small molecule altered the structure or composition 

of the RAD52 1-209 undecamer ring. To test this, the mobility of RAD52 1-209 was 

analyzed in a native gel following incubation with increasing amounts of the small 

molecule. Remarkably, 6-OH-dopa enabled the protein to enter the gel which appeared as 

multiple discrete bands, the smallest of which was in the range of ~50-100 kDa (Fig. 7D, 

left). Western blot analysis of RAD52 1-209 following native gel electrophoresis 

confirmed the identity of the bands as RAD52 1-209 (Fig. 7D, right). Together, these 

results indicate that 6-OH-dopa dissociates RAD52 complexes. As a control, we showed 

that a structurally similar small molecule, DL-o-tyrosine, which failed to inhibit RAD52 

(Supplementary Fig. 1) had no effect on RAD52 1-209 composition (Supplementary Fig. 

1). We also showed that another potent inhibitor of RAD52 1-209 (RU-0098062; Fig. 3B-

D) had no effect on the composition of the protein (Supplementary Fig. 1). Thus, these 

results clearly show that a specific interaction between 6-OH-dopa and the ssDNA binding 

domain facilitates dissociation of RAD52 complexes. 

Light scattering was used to confirm small molecule dissociation of RAD52 

complexes and to determine the size of the resulting protein species. First, light scattering 

was performed under high salt conditions, similar to the reactions resolved in native gels. 

In the absence of the small molecule, the molecular weight of RAD52 1-209 was ~439 kDa 
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which likely includes a mixture of single, double and triple undecamer rings (Fig. 7E, left 

panel). The addition of 6-OH-dopa, however, produced a discrete 48.3 kDa species (Fig. 

7E, right panel) that was not observed in the buffer or small molecule controls 

(Supplementary Fig. 5). We note that the 439 kDa peak slightly increased to 595.6 kDa 

which may be due to some precipitation of RAD52 1-209 by 6-OH-dopa. Considering that 

48.3 kDa is nearly identical in mass to the sum of two monomers of RAD52 1-209 (48 

kDa), these data demonstrate that the small molecule dissociates the undecamer ring into 

dimers (Fig. 7E, right). To confirm this result, we repeated the light scattering experiment 

under low salt conditions which reduce hydrophobic interactions, such as those that 

promote RAD52 superstructures. Indeed, under low salt conditions RAD52 1-209 was 

mostly detected at 270 kDa which closely corresponds to its undecamer form (263 

kDa)(Fig. 7F, left panel). Addition of the small molecule again produced a 48.3 kDa 

species (Fig. 7F, right panel) that was not observed in the buffer or 6-OH-dopa controls 

(Supplementary Fig. 5). Remarkably, under these conditions 100% of the undecamers (270 

kDa) were converted into dimers (48.3 kDa), demonstrating that the small molecule is more 

active when hydrophobic interactions are suppressed by low salt (Fig. 7F, right).  

 Although electron microscopy studies demonstrate that RAD52 WT forms 

heptamer rings and large heptamer ring superstructures(144–146), the atomic structure of 

full-length RAD52 has not been solved. Thus, it remains unknown whether the RAD52 

WT heptamer ring possesses a ssDNA binding channel like that observed in the RAD52 1-

209 undecamer ring. However, considering that 6-OH-dopa exhibits a comparable IC50 

for RAD52 WT (1.1 μM) and RAD52 1-209 (1.6 μM), the ssDNA binding domain is likely 
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to have a similar conformation in the heptamer and undecamer forms. We therefore 

examined whether 6-OH-dopa had similar effects on the composition of RAD52 WT 

heptamer rings. Indeed, the small molecule enabled RAD52 WT to enter a native gel as 

discrete higher molecular weight complexes in a similar manner as observed for RAD52 

1-209 (Compare Fig. 7G and Fig. 7D). The lower molecular weight complex appeared 

slightly larger than 670 kDa which corresponds to a double heptamer and is consistent with 

previous gel filtration studies (Fig. 7G)(156). The higher molecular weight complexes 

likely represent heptamer ring superstructures (Fig. 7G). In contrast to the results obtained 

with RAD52 1-209, 6-OH-dopa failed to produce smaller molecular weight complexes 

from RAD52 WT (Compare Fig. 7G and Fig. 7D). To more accurately determine the size 

of RAD52 WT complexes following incubation with 6-OH-dopa, we analyzed the protein 

by gel filtration. Similar to previous studies, the molecular weight of RAD52 WT in the 

absence of 6-OH-dopa was around 670 kDa, which corresponds to a double heptamer ring 

(Fig. 7H, black line)(156). Notably, only a small fraction of the loaded protein entered the 

column which we attribute to the tendency of RAD52 WT to form large superstructures 

that are excluded from the column. Consistent with this interpretation, most of RAD52 WT 

failed to enter the native gel in the absence of the small molecule (Fig. 7G). Similar to the 

results obtained from native gel analysis, the small molecule enabled a significantly higher 

concentration of RAD52 WT to enter the column as multiple discrete higher molecular 

weight complexes (Fig. 7H, red line). The smaller peak corresponds to a double heptamer,  
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Figure 7 6-OH-dopa targets the RAD52 ssDNA binding domain and disrupts RAD52 

rings. (A) Schematic of EMSA (top). Non-denaturing gel of EMSA showing 6-OH-dopa 
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inhibition of RAD52 1-209 (bottom). (B) Schematic of FP assay (top). Plot showing 

percent inhibition of RAD52 1-209 ssDNA binding as a function of 6-OH-dopa 

concentration. IC50 = 1.6 μM. Data shown as average ± s.d. from 3 independent 

experiments (bottom). (C) Plot of isothermal calorimetry (ITC) data showing 6-OH-dopa 

interaction with RAD52 1-209. Kd = 17.8 μM, n = 5. Model of 6-OH-dopa binding to 

RAD52 1-209 (inset). (D) Silver stained non-denaturing gel of RAD52 1-209 following 

incubation with 6-OH-dopa (left). Western blot of non-denaturing gel of RAD52 1-209 

following incubation with 6-OH-dopa (right). (E) Plots showing light scattering data of 

RAD52 1-209 following incubation with (right panel) and without (left panel) 6-OH-dopa 

with 1 M NaCl. Model of 6-OH-dopa action on RAD52 1-209 with high salt (right). (F) 

Plots showing light scattering data of RAD52 1-209 following incubation with (right panel) 

and without (left panel) 6-OH-dopa with 0.15 M NaCl. Model of 6-OH-dopa action on 

RAD52 1-209 with low salt (right). (G) Silver stained non-denaturing gel of RAD52 WT 

following incubation with 6-OH-dopa. (H) Gel filtration profiles of RAD52 WT following 

incubation with (red line) and without (black line) 6-OH-dopa (left). Model of 6-OH-dopa 

action on RAD52 WT (right).       

 

 

whereas the larger peak migrated as larger superstructures, probably composed of 3-4 

heptamer rings (Fig. 7H, red line). Taken together, these experiments demonstrate that 6-

OH-dopa disrupts RAD52 heptamer and undecamer ring superstructures, and further 

dissociates undecamer rings into dimers. 
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Selective killing of BRCA deficient cells by small molecule inhibition of RAD52 

 Since RAD52 ssDNA binding activity has been shown to be essential for the 

survival of BRCA deficient cells(98), we examined whether 6-OH-dopa selectively 

reduces the viability of cells harboring mutations in BRCA1/2. As a control, we tested 

whether suppression of RAD52 reduced the viability of the BRCA1 deficient triple 

negative breast cancer cell line MDA-MB-436. Similar to previous studies using other 

BRCA1 deficient cells(139), we found that suppression of RAD52 via siRNA 

(Supplementary Fig. 2) resulted in reduced viability after a short 3 day time course (Fig. 

8A). In contrast, suppression of RAD52 caused a slight increase in the viability of the same 

cell line complemented with wild-type BRCA1 (Fig. 8A); scrambled siRNA had negligible 

effects on viability (Fig. 8A). As a further control, we showed that olaparib selectively 

reduced the viability of the BRCA1 mutated cells as expected (Fig. 8A). Remarkably, 6-

OH-dopa treatment resulted in a nearly identical reduction in viability of the BRCA1 

deficient cells (Fig. 8A). 6-OH-dopa also selectively halted the proliferation of the Chinese 

hamster cell line VC8 (Fig. 8B) and the pancreatic cancer cell line CAPAN-1 (Fig. 8C), 

which are both defective in BRCA2 due to truncation mutations. Similar growth defects 

were observed following olaparib treatment (Fig. 8B and Fig. 8C), demonstrating that the 

ability of 6-OH-dopa to selectively inhibit the proliferation of BRCA deficient cells is 

comparable to olaparib. 6-OH-dopa also selectively reduced the viability of the BRCA1 

deficient triple negative breast cancer cell line HCC1937 (Fig. 8D). 

The ability of 6-OH-dopa to target BRCA deficient cells was further examined in 

clonogenic survival assays. We observed that 6-OH-dopa inhibited the survival of BRCA 
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deficient cell lines, while having little or no effect on BRCA proficient cells at the given 

doses (Fig. 8E and Fig. 8F). Considering that previous studies have revealed BRCA 

deficiencies in acute myeloid leukemia (AML) and chronic myelogenous leukemia 

(CML)(98, 154), we examined the ability of 6-OH-dopa to halt the growth of AML and 

CML patient cells that were previously identified as expressing low levels of BRCA1/2 

(Supplementary Fig. 5C)(98, 154). Remarkably, treatment with 6-OH-dopa or olaparib 

resulted in a similar reduction in colony formation by BRCA deficient AML patient cells 

with little effects on AML patient cells expressing normal levels of BRCA1/2 (Fig. 8G). 

We also observed a significant reduction in the survival of BRCA1 deficient CML patient 

cells treated with 6-OH-dopa (Fig. 8H). To rule out the possibility that the selective killing 

of BRCA deficient cells was due to an off-target effect, we examined the effect of 6-OH-

dopa on the viability of cells deficient in both the BRCA pathway and RAD52. For 

example, in the event that 6-OH-dopa selectively halted the proliferation of BRCA 

deficient cells by inhibiting a target other than RAD52, the small molecule would still 

substantially reduce the viability of BRCA deficient cells that lacked RAD52. The small 

molecule, however, lost its ability to significantly reduce the viability of BRCA1 deficient 

cells when RAD52 expression was suppressed (Fig. 8I)(Supplementary Fig. 2). Thus, these 

data indicate that the selective growth inhibition of BRCA deficient cells by 6-OH-dopa 

results from its ability to inactivate RAD52.  
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Figure 8 6-OH-dopa selectively inhibits the growth of BRCA deficient cells. (A-D) 

Plots showing relative viability of BRCA proficient (black) and deficient (grey) cells 

following treatment with 20 µM (A), 75 µM (B), 10 µM (C), 5 µM (D) 6-OH-dopa, 20 µM 
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olaparib (C), or indicated siRNA. Data shown as average ± s.e.m. from triplicates A: ****P 

= 0.0008, *P = 0.02, **P = 0.005, B: ***P = 0.0002, *P = 0.03, C: *P = 0.01, *P = 0.01, 

D: *P = 0.05; two-tailed Student’s t-test. (E-H) Plots showing clonogenic survival of 

indicated BRCA proficient and deficient cells following treatments with 6-OH-dopa or 

olaparib. Data shown as average ± s.e.m. from 3 independent experiments. Data points in 

(G,H) represent 3 different patient cells pooled together. F: *P = 0.03; two-tailed Student’s 

t-test. (I) Plots showing viability of BRCA1 deficient MDA-MB-436 cells following 

transfection with scrambled (black) or RAD52 (white) siRNA and treatment with or 

without 6-OH-dopa. Data shown as average ± s.e.m. from triplicates. *P = 0.0004; two-

tailed Student’s t-test. (J) Plots showing percent increase in γH2AX foci in BRCA1 

proficient (black) and deficient (grey) MDA-MB-436 cells following treatment with 6-OH-

dopa (left). Percent increase was determined from the number of nuclei with greater than 

five γH2AX foci. Data shown as average ± s.e.m. from 3 independent experiments. Cell 

images show DAPI staining (blue) and γH2AX foci (green)(right). **P = 0.002, ***P = 

0.0078; two-tailed Student’s t-test. (K) Plots showing percent of BRCA2 deficient (grey; 

VC8) and proficient (black; V79) cells positive for annexin V following treatment with 6-

OH-dopa. *P = 0.01, **P = 0.003; two-tailed Student’s t-test. 

 

 

Small molecule inhibition of RAD52 causes DNA damage and apoptosis in BRCA 

deficient cells 
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Since RAD52 is recruited to DNA breaks caused by replicative stress (Fig. 

5A)(157, 158), the reduced viability of BRCA deficient cells due to RAD52 inhibition is 

likely caused by insufficient repair of DNA breaks caused by replication stress. Consistent 

with this, we observed that 6-OH-dopa treatment resulted in a substantial increase in DNA 

damage indicated by γH2AX foci, which was significantly more pronounced in BRCA 

deficient cells (Fig. 8J). We also found that 6-OH-dopa specifically increased apoptosis in 

BRCA deficient cells, indicated by annexin V staining (Fig. 8K). Taken together, our data 

indicate that in BRCA deficient cells 6-OH-dopa inactivation of RAD52 causes cell death 

due to insufficient repair of DNA breaks caused by regular replicative stress (Fig. 9A, 

right). In contrast, 6-OH-dopa inactivation of RAD52 in BRCA proficient cells has little 

or no effect on cell proliferation due to efficient HR repair of replication forks by the 

primary BRCA pathway (Fig. 9A, left). 
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Figure 9 Targeting RAD52 in BRCA deficient cancers. (A) Models of 6-OH-dopa 

action. (B) Model of small molecule disruption of RAD52 undecamers. (C) Models of 

small molecule disruption of RAD52 WT heptamer superstructures (left) and stacked 

heptamer superstructures (right). 
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How RNA transcripts coordinate DNA recombination and repair  

Homologous recombination (HR) utilizes a DNA donor as a template for DNA 

repair synthesis and is therefore the most accurate form of double-strand break (DSB) 

repair that is essential for suppressing genome instability and tumorigenesis(126, 159). 

Whether non-canonical forms of recombinational repair exist and contribute to genome 

integrity, in particular within expressed genes, is an important area of investigation. For 

example, recent genetic studies in yeast demonstrate that DSBs can be repaired by RAD52 

in a manner that depends on the use of a homologous RNA transcript as a template(50). 

Specifically, spliced RNA transcripts were implicated in serving as templates for DNA 

repair synthesis at homologous DSBs either in cis or in trans of the transcription site(50). 

This form of RNA transcript-dependent DNA recombinational repair (RNA-DNA repair) 

was shown to be promoted by RAD52 and putative reverse transcriptase (RT) activity, 

while being suppressed by RNase H(50). RAD52 was also shown to promote RNA-DNA 

annealing in vitro(50). Hence, these studies support RAD52-mediated RNA-DNA hybrid 

formation in transcript-dependent RNA-DNA repair. Additional studies suggest a 

conserved role for RAD52 in transcript-dependent DNA repair. For instance, mammalian 

RAD52 was shown to be preferentially recruited to DSBs in a transcription-dependent 

manner during G0 and G1 cell-cycle stages(53), and multiple reports demonstrate that 

RAD52 associates with RNA polymerase II and RNA transcripts in mammalian cells(54, 

160).  

Although it is unknown how RAD52 promotes RNA-DNA repair, we envisaged 

the following two models based in part on yeast genetics(50). In the first, RAD52 is 
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predicted to promote RNA-bridging of a homologous DSB, thus facilitating sequence-

directed DNA synapsis and ligation (Fig. 10A). In the second model, RAD52 is predicted 

to promote annealing between RNA and the 3’ ssDNA overhang of a resected homologous 

DSB, forming a RNA-DNA half-bridge (Fig. 10B). The annealed RNA then serves as a 

template for RT, generating homology for subsequent RAD52 single-strand annealing 

(SSA) of the opposing 3’ overhang. Here, we fully investigate the molecular basis of RNA-

DNA repair involving RAD52 by reconstituting the mechanisms illustrated in Figure 10. 

Our data demonstrate that RAD52 cooperates with RNA as a homology-directed 

ribonucleoprotein complex to facilitate both mechanisms of RNA-DNA repair. We further 

show that these modes of RNA-DNA repair are promoted by transcription of a homologous 

DNA template in trans. Together, these data reveal how RNA transcripts act with RAD52 

to coordinate homology-directed DNA recombination and repair in the absence of a DNA 

donor, and directly demonstrate an essential function for transcription in RNA-DNA repair.  
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Figure 10 Models of RAD52-mediated RNA-DNA repair. (A) RNA-bridging DSB 

repair model. RAD52 utilizes RNA to tether both ends of a homologous DSB which forms 

a DNA synapse for ligation. RNA degradation by RNase H may also occur. (B) RNA-

templated DSB repair model. RAD52 forms a RNA-DNA hybrid along the 3’ overhang of 

a DSB. The RNA is then used as a template for DNA repair synthesis by RT. The RNA is 

then degraded by RNase H and RAD52 promotes SSA of the opposing homologous ssDNA 

overhangs. Final processing of the DSB involves gap filling and ligation. 

 

 

RAD52 promotes RNA-dependent DNA recombination 

To definitively determine a direct role for RNA transcripts in coordinating 

recombinational repair, we reconstituted the RAD52-mediated RNA-DNA repair 

mechanisms illustrated in Figure 10. First, we confirmed that RAD52 exhibits a high 

affinity for RNA (Kd = 97 nM) and efficiently promotes RNA-DNA annealing in a similar 

manner to DNA-DNA annealing, as shown previously (Fig. 12A,B)(50). Consistent with 

prior reports, RAD52 facilitates DNA-DNA and RNA-DNA annealing in the presence and 

absence of the ssDNA binding protein RPA(50, 103, 147, 161–164). Next, the ability of 

RAD52 to promote the RNA-bridging mechanism of RNA-DNA repair was investigated 

(Fig. 10A). This process would require RAD52 to assemble a RNA-DNA hybrid that spans 

both ends of the DNA break, resulting in a RNA-DNA recombinant bridge (Fig. 10A). This 

tri-molecular form of RAD52 annealing, referred to herein as bridging, has not previously 
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been investigated. Initially, we tested whether RAD52 promotes RNA-bridging of various 

model DNA break substrates. RAD52 was pre-incubated with RNA 38 nucleotides (nt) in 

length, then mixed with different radio-labeled left and right flanking ssDNA 

oligonucleotides which respectively share particular lengths of sequence homology at their 

3’ and 5’ regions with the RNA (Fig. 11A). Reactions were terminated by the addition of 

excess unlabeled ssDNA, EDTA, SDS, and proteinase K which degrades protein. Radio-

labeled nucleic-acids were resolved in non-denaturing polyacrylamide gels and visualized 

by autoradiography. Consistent with the RNA-bridging model, RAD52 cooperates with 

RNA to efficiently combine the left and right DNA flanks which share a total of 38 nt of 

sequence homology with the RNA (Fig. 11A, left gel). Pre-annealed radio-labeled 

recombinant RNA-DNA bridges were used as markers (Fig. 12C). Reducing the amount 

of homology between the RNA and left and right DNA flanks to 32 nt and 26 nt resulted 

in corresponding reductions in RAD52-dependent RNA-bridging (Fig. 11A, middle 

panels). As expected, RAD52 fails to promote RNA-bridging of non-homologous DNA 

(Fig. 11A, right panel), and RNA-bridging is not specific to particular sequences (Fig. 

12D). To further confirm that RAD52 assembles the expected RNA-DNA intermediate, 

we assessed whether these structures are susceptible to RNase H which degrades the RNA 

portion of RNA-DNA hybrids. Indeed, RAD52 assembled RNA-DNA bridges are 

hydrolyzed by RNase H (Fig. 11B). This is consistent with yeast genetics showing that 

RNA-DNA repair is inhibited by RNase activity(50). Importantly, we find that this 

mechanism of RAD52-mediated RNA-DNA bridging occurs under various physiological 

concentrations of magnesium (Fig. 13A). RAD52 can also use ssDNA to assemble 
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recombinant DNA-DNA bridges, and these reactions occur on a similar time scale as those 

with RNA (Fig. 11C). Minor DNA bridging is observed in the absence of RAD52 due to 

spontaneous DNA-DNA annealing (Fig. 11C). We observe less spontaneous RNA-DNA 

annealing compared to DNA-DNA annealing, presumably due to more prominent RNA 

secondary structure (Fig. 12B).  

Considering that RAD52 functions with RPA during DNA recombinational repair, 

we tested whether RAD52 promotes RNA-bridging of the ssDNA flanks pre-coated with 

RPA (Fig. 12E)(165). The results show that in the presence of RPA, RAD52 promotes 

RNA-bridging, albeit at a significantly slower rate (Fig. 11D; compare Fig. 11E with Fig. 

11C). As a control, we demonstrate that the bridging reaction with RPA occurs at multiple 

different magnesium concentrations (Fig. 13B). RAD52 also functions with ssDNA to 

facilitate the bridging reaction with RPA present (Fig. 11E). Since RPA suppresses 

spontaneous annealing, no bridging is observed in the absence of RAD52, as expected (Fig. 

11E). Although RAD51 similarly binds to RNA (Fig. 12F), it is unable to efficiently 

promote RNA-bridging like RAD52 (Fig. 11F). Hence, these data along with previous 

genetic studies indicate a specific function for RAD52 in RNA-DNA repair(50). 

Next, we tested whether RAD52 performs RNA-bridging of a model DSB 

harboring short ssDNA overhangs, referred to as partial ssDNA (pssDNA)(Fig. 2G). Short 

ssDNA overhangs can result from so-called ‘dirty’ breaks caused by chemical agents, 

reactive oxygen, and radiation. Endonuclease activity and limited resection by the Mre11-

Rad50-NbsI-CtIP complex can also generate short ssDNA overhangs(166, 167). Similar to 

the reactions with ssDNA, RAD52 promotes RNA-bridging of homologous pssDNA to 
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facilitate DNA synapse formation (Fig. 11G). RNA-bridging also occurs when the pssDNA 

is pre-coated with RPA (Fig. 11H; Fig. 12E). We note that RPA promotes partial 

unwinding of the pssDNA substrate (Fig. 11H). RPA DNA unwinding has previously been 

characterized and confirmed in control experiments (Fig. 12G)(168, 169). 
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Figure 11 RAD52 promotes RNA-dependent DNA recombination. (A) Schematic of 

assay (left). Non-denaturing gels showing RAD52 RNA-DNA recombination (RNA-

bridging of homologous DNA) in the presence of the indicated substrates (right). (B) 

Schematic of assay (left). Non-denaturing gel showing RNase H digestion of a RAD52-

mediated RNA-DNA recombination intermediate (RNA-DNA recombinant bridge)(right). 

(C) Graph showing a time course of RNA-DNA recombination (bridging) compared to 

DNA-DNA recombination (bridging) of left and right flanking ssDNA without RPA and 

in the presence and absence of RAD52. Data shown as average + SD, n=3. (D) Schematic 

of assay (left). Non-denaturing gel showing RAD52 RNA-DNA recombination in the 

presence of the indicated RPA-coated substrates (right). (E) Graph showing a time course 

of RNA-DNA recombination (bridging) compared to DNA-DNA recombination (bridging) 

of left and right flanking RPA-bound ssDNA in the presence and absence of RAD52. Data 

shown as average + SD, n=3. (F) Schematic of assay (left). Non-denaturing gel showing 

RAD51 RNA-DNA recombination (bridging) in the presence of RPA pre-coated substrates 

(right). (G) Schematic of assay (left). Non-denaturing gel showing RAD52 RNA-DNA 

recombination (bridging) of the indicated pssDNA substrates (right). (H) Schematic of 

assay (left). Non-denaturing gel showing RAD52 RNA-DNA recombination (bridging) of 

the indicated RPA-coated pssDNA substrates (right). * = 32P label. % bridging indicated. 
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Figure 12 Controls for RAD52-dependent RNA-DNA recombination. (A) Plot showing 

RAD52 binding to fluorescein-conjugated RNA measured by fluorescence polarization. 

Data shown as average + SD, n=3. (B) Schematic of annealing assay (left). Non-denaturing 

gel showing RAD52 RNA-DNA annealing (top-middle) and RAD52 DNA-DNA 

annealing (bottom-middle). Plot showing % of RNA-DNA and DNA-DNA annealing 

(right). Data shown as average + SD, n=3. (C) Non-denaturing gel showing RAD52 RNA-

DNA recombination in the presence of the indicated substrates with pre-annealed markers 

shown in right most lanes. (D) Non-denaturing gel showing RAD52-dependent RNA-DNA 
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recombination (bridging) using nucleic acid substrates with different sequences than those 

used in Figure 11. (E) Electrophoresis mobility shift assay (EMSA) showing RPA binding 

to ssDNA (left) and pssDNA (right) substrates. (F) Plot showing RAD51 binding to 

fluorescein-conjugated RNA measured by fluorescence polarization. Data shown as 

average + SD, n=3. (G) Non-denaturing gel showing RPA unwinding of DNA. * = 32P 

label. 
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Figure 13 RAD52-dependent RNA-DNA recombination occurs under physiological 

concentrations of magnesium. (A) Schematic of assay (left) Non-denaturing gel showing 

RAD52-dependent RNA-DNA recombination (bridging) of left and right homologous 

ssDNA flanks in the presence of the indicated amounts of MgCl2 (middle). Graph showing 
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% of RNA-DNA recombination (bridging) with the indicated amounts of MgCl2 (right). 

Data shown as average + SD, n=3. (B) Schematic of assay (left) Non-denaturing gel 

showing RAD52-dependent RNA-DNA recombination (bridging) of left and right 

homologous ssDNA flanks pre-bound to RPA in the presence of the indicated amounts of 

MgCl2 (middle). Graph showing % of RNA-DNA recombination (bridging) with the 

indicated amounts of MgCl2 (right). Data shown as average + SD, n=3. (C) Schematic of 

assay (left) Non-denaturing gel showing RAD52-dependent RNA-DNA recombination 

(bridging) of left and right homologous blunt-ended DNA flanks in the presence of the 

indicated amounts of MgCl2 (middle). Graph showing % of RNA-DNA recombination 

(bridging) with the indicated amounts of MgCl2 (right). Data shown as average + SD, n=3. 

* = 32P label. 

 

 

RAD52 promotes RNA transcript-dependent DNA repair 

We proceeded to examine whether RAD52 RNA-DNA bridging facilitates DNA ligation 

which would document an accurate form of RNA-directed DNA recombinational repair 

(Fig. 14A, left). Indeed, RAD52-dependent RNA-DNA bridging generates DNA synapses 

that are sealed by DNA ligase in the presence and absence of RPA (Fig. 14A,B). Human 

DNA ligase 3 and bacteriophage T4 ligase act on these RNA-DNA hybrids (Fig. 14A,B; 

Fig. 15A).  Next, we probed whether RAD52 utilizes bona fide RNA transcripts to 

perform the RNA-bridging mechanism of RNA-DNA repair. Here, T7 RNA polymerase 
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(RNAP) transcription in trans was used to generate homologous RNA transcripts during 

the RNA-DNA repair reaction (Fig. 15B). Transcription was initiated followed by the 

  

Figure 14 RAD52 promotes RNA transcript-dependent DNA recombinational repair. 

(A) Schematic of assay (left). Denaturing gel showing RAD52-dependent RNA-DNA 

repair in the presence of left and right ssDNA flanks and the indicated proteins (right). (B) 

Schematic of assay (left). Denaturing gel showing RAD52-dependent RNA-DNA repair in 

the presence of RPA-coated left and right ssDNA flanks and indicated proteins (right). (C) 

Schematic of assay (left). Denaturing gel showing RAD52-mediated RNA transcript-
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dependent DNA repair in the presence of RPA-coated left and right ssDNA flanks and 

indicated proteins (middle). Graph showing percent of RNA transcript-dependent DNA 

recombinational repair (right). Data shown as average + SD, n=3. *, p = 0.016 (unpaired 

student’s t-test). Sequencing chromatogram of RNA transcript-dependent DNA 

recombinational repair product (bottom). * = 32P label 
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Figure 15 Additional controls for RAD52-dependent RNA-DNA recombinational 

repair. (A) Schematic of assay (left). Denaturing gel showing RAD52 dependent RNA-

DNA recombinational repair in the presence of the indicated proteins and RNA substrate 

(right). (B) Schematic of assay (left). Denaturing gel showing time course of transcription 

by T7 RNAP in the presence of [α-32P]ATP (right). * = 32P label. 

 

 

addition of RAD52, left and right RPA-coated DNA flanks, and finally ligase (Fig. 14C, 

left). The reactions were terminated and resolved in denaturing gels alongside markers. 

While transcripts give rise to some repair products in the absence of RAD52, presumably 

due to the abundance of RNA generated by RNAP, RAD52 clearly enhances transcription-

dependent RNA-DNA repair in a concentration dependent manner (Fig. 14C, right). 

Sequence analysis of the transcription-dependent RNA-DNA repair products confirms the 

illustrated mechanism of RNA transcript-dependent recombinational repair (Fig. 14C, 

bottom). These data demonstrate a RNA-bridging mechanism of RNA-DNA repair that 

can conceivably help preserve genetic integrity in transcribed regions(50). 

 

RAD52 promotes DSB repair via RNA-DNA bridging 

We proceeded to examine whether this mechanism of recombinational repair 

involving RNA-DNA recombinant bridges can facilitate DSB repair as modeled in Fig. 

10A. For example, we tested whether RAD52 promotes RNA-bridging of a model DSB 
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containing blunt ends, which is often referred to as a ‘clean’ break and represents a 

physiologically relevant substrate. Here, the reaction conditions used for pssDNA with 

RPA were repeated with blunt-ended substrates (Fig. 11H, left). Remarkably, the time 

course demonstrates that RAD52 efficiently promotes RNA-bridging of blunt-ended DNA 

as indicated by the appearance of the top band (Fig. 16A). These data additionally show 

that a RNA-DNA half-bridge occurs with increasing time in the absence of RAD52, 

indicating that RNA-DNA hybrids slowly and spontaneously form in the presence of RPA 

(Fig. 16A, lanes 7, 9, and 11). Control experiments show that RNA-bridging of the DSB 

requires RNA and RAD52 (Fig. 16B, left panel), and this reaction also critically depends 

on RPA (Fig. 16B, right panel; Fig. 16C). Additional controls show that the occasional 

appearance of intermediate molecular weight byproducts, such as those in Figure 16B, can 

form due to RNase contamination and are suppressed by the addition of RNase inhibitors 

in our reactions (Fig. 17A). RPA likely stimulates RNA-bridging of duplex DNA by 

facilitating DNA unwinding (see lower bands in Fig. 16A, Fig. 16B (left panel), Fig. 11H, 

and Fig. 12G)(168, 169). As a control, we show that RAD52 RNA-bridging of a DSB is 

compatible with physiologically relevant concentrations of magnesium (Fig. 13C). 

Recent studies suggest RAD52 reverse strand exchange activity may play a role in 

RNA-DNA repair(164). For example, RAD52 pre-bound to double-strand DNA with 

ssDNA overhangs (i.e. pssDNA) was shown to more efficiently promote strand exchange 

between RNA and pssDNA compared to reactions performed with RAD52 pre-bound to 

RNA(164). We assessed whether pre-incubation of RAD52 with duplex DNA versus RNA 

affected the efficiency of our RNA-DNA repair reactions using the model DSB substrate 
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in Fig. 16C. In the absence of RPA, little or no RNA-DNA bridging is observed regardless 

of whether RAD52 is pre-incubated with DNA or RNA; these data are consistent with a 

necessary role for RPA in RNA-bridging of blunt ended DNA (see Fig. 16B and Fig. 

16C)(Fig. 17B). In the presences of RPA, we observe robust RNA-bridging of the DSB in 

a manner that is dependent on RAD52 as shown in Figure 16B (Fig. 16C; Fig. 17B, bottom 

right). Altering RAD52 pre-incubation conditions, for example with DNA versus RNA, 

has little or no effect on the efficiency of RNA-bridging reactions (Fig. 16C, right; Fig. 

17B). In the absence of RPA, we find that RAD52-DNA pre-incubation exclusively 

promotes half bridge RNA-DNA formation with little or no stimulation of full RNA-DNA 

bridge formation (Fig. 17B, bottom left). These data demonstrate that reverse strand 

exchange can occur in our assays, but does so only in the absence of RPA which does not 

support full RNA-DNA bridging of a DSB. 

We next examined whether RAD52-depdendent RNA-bridging of a DSB can serve 

as a recombination intermediate for ligation. Here, we repeated the conditions used in 

Figure 16A, however, ligase was added following the RNA-DNA bridging step and 

reactions were analyzed in a denaturing urea gel in order to detect the expected ligation 

product. Remarkably, the data demonstrate that RAD52 acts with RNA and ligase to 

coordinate recombinational repair of a model DSB as indicated by the identical mobility 

of the top band with the DNA marker corresponding to the ligation product (Fig. 16D). 

Controls show that the ligated DSB repair product is undetectable in the absence of RNA, 

and is greatly diminished when RAD52 is withheld from the reaction (Fig. 16D). Taken 
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together, these data demonstrate a mechanism by which RAD52-RNA complexes promote 

the repair of blunt-ended DSBs in a homology-directed manner.    
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Figure 16 RAD52 promotes RNA-dependent recombinational repair of DSBs. (A) 

Schematic of assay (left). Non-denaturing gel showing a time course of RAD52-dependent 
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RNA-DNA recombination (bridging) of blunt-ended DNA in the presence of RPA 

(middle). Plot showing time course of RAD52-dependent RNA-DNA recombination 

(bridging) of blunt-ended DNA in the presence of RPA (right). Data shown as average + 

SEM, n=3. (B) Schematic of assay (left). Non-denaturing gels showing RAD52-dependent 

RNA-DNA recombination (bridging) of blunt-ended DNA in the presence (left) and 

absence (right) of RPA. (C) Schematic of assays showing RAD52-dependent RNA-DNA 

recombination (bridging) of blunt-ended DNA employing either RAD52-dsDNA pre-

incubation (right schematic) or RAD52-RNA (left schematic) pre-incubation steps, and 

performed either with and without RPA. Graph showing quantification of RAD52-

dependent RNA-DNA recombination (bridging) of blunt-ended DNA utilizing the 

indicated pre-incubation steps and with and without RPA (right). Data shown as average + 

SD, n=3. (D) Schematic of assay (left). Denaturing gel showing RAD52-dependent RNA-

DNA recombinational repair (bridging followed by ligation) of blunt-ended DNA in the 

presence of the indicated proteins and substrates (middle). Graph showing percent of 

RAD52-dependent RNA-mediated recombinational repair of blunt ended DNA (% 

ligation)(right). Data shown as average + SD, n=3. ***, p = 0.0008 (unpaired student’s t-

test). * = 32P label. 
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Figure 17 Controls for RAD52-dependent RNA-DNA recombination of blunt-ended 

DNA. 

(A) Schematic of assay (left). Non-denaturing gel showing RAD52-dependent RNA-DNA 

recombination of blunt-ended DNA in the presence of the indicated RNase inhibitors 

(right). Disappearance of the intermediate molecular weight bands in lanes 5-8 indicates 

suppression of RNase contamination by the Ambion RNase inhibitor. (B) Schematic of 

assays employing either RAD52-RNA or RAD52-dsDNA pre-incubation steps in the 

presence and absence of RPA (top). Non-denaturing gels showing RAD52-dependent 

RNA-DNA recombination employing the indicated pre-incubation steps in the presence 

(right panel) and absence (left panel) of RPA. Little or no difference in RNA-DNA 

recombination is observed in the presence of RPA (right panel). RAD52-dsDNA pre-

incubation stimulates RNA-DNA half-bridge formation exclusively in the absence of RPA 

(left panel). These data are plotted as average + SD in Figure 16, n=3. * = 32P label. 

 

 

RAD52 promotes RNA transcript-templated DNA recombination 

Next, we tested whether RAD52 promotes a mechanism of RNA-DNA repair 

compatible with the model in Figure 10B, which relies on RT activity. Several studies have 

implicated putative RT activity in RNA-templated DNA repair indicated by the transfer of 

RNA sequence information to DNA during DNA repair(53–55, 170, 171). However, the 

RTs involved in this form of repair remain to be elucidated. First, it was tested whether 

RAD52 promotes the formation of a recombinant RNA-DNA half-bridge on a RPA-coated 
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model DSB end harboring a 3’ overhang (left flank), and whether the overhang can then 

be extended by RT in the presence of deoxy-ribonucleoside triphosphates (dNTPs) and 

template RNA (Fig. 18A, left). As predicted by the model in Figure 10B, extension of the 

left flank depends upon homologous RNA and RT, and is significantly stimulated by 

RAD52 (Fig. 18A, middle and right). 

We further tested the model in Figure 1B by fully reconstituting RNA-templated 

repair of a model DSB bearing 3’ overhangs (Fig. 18B, left). The RPA-coated left flank 

was mixed with RAD52 and homologous RNA, enabling formation of a RNA-DNA half-

bridge. Next, the 3’ overhang was extended by the addition of RT along with dNTPs as in 

Figure 18A. Finally, the opposing end of the model DSB containing a 3’ overhang (right 

flank) was added, allowing for RAD52 to recombine the two flanks via SSA which requires 

transfer of the RNA sequence information to the left DNA flank via RT. The results show 

that this process is dependent on RNA, RAD52, RT, and both DNA flanks, which supports 

the model depicted in Figure 10B and previous genetic studies (Fig. 18B, middle and 

right)(50). As further support for RNA transcript-dependent DNA recombinational repair, 

we probed whether this process is promoted by transcription rather than synthetic RNA. 

Here, we again performed transcription in trans to generate homologous RNA transcripts 

during the reaction (Fig. 18C, left; Fig. 15B). Remarkably, the data clearly demonstrate 

that recombination of the model DSB requires RNAP, RT, and RAD52, and thus elucidate 

a templating mechanism by which RNA transcripts coordinate recombination of 

homologous DSBs in the absence of a DNA donor (Fig. 18C, middle and right). 
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Figure 18 RAD52 promotes RNA transcript-templated DNA recombination. (A) 

Schematic of assay (left). Denaturing gel showing reverse transcription of a RNA-DNA 

recombinant half-bridge in the presence of the indicated proteins and RNA (middle). Graph 

showing percent extension of a RNA-DNA recombinant half-bridge by RT in the presence 

and absence of RAD52 (right). Data shown as average + SD, n=4, ***, p < 0.001 (unpaired 

student’s t-test). (B) Schematic of assay (left). Non-denaturing gel showing RNA-

templated DNA recombination in the presence of indicated proteins and RNA and DNA 

substrates (middle). Graph showing percent of RNA-DNA recombination product in the 

presence and absence of RAD52 (right). Data shown as average + SD, n=4, ***, p<0.001 

(unpaired student’s t-test). (C) Schematic of assay (left). Non-denaturing gel showing 

RAD52-dependent RNA transcript-templated DNA recombination in the presence of the 

indicated proteins and DNA substrates (middle). Graph showing percent of RNA-transcript 

templated DNA recombination product in the presence and absence of RAD52 (right). Data 

shown as average + SD, n=3, ***, p < 0.001, (unpaired student’s t-test).  * = 32P label. 

 

 

Characterization of DNA Polymerase θ as a Reverse Transcriptase 

Proper transmission and maintenance of genetic information via DNA replication 

and repair is essential for suppressing tumorigenesis and maintaining genome stability. One 

significant barrier to genome stability is the occurrence of double-strand breaks (DSBs), 

which are primarily repaired using DNA as a template. According to the central dogma of 

gene expression, genetic information has long been predicted to be exclusively transferred 
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from DNA to RNA. Despite this model, recent discovered in eukaryotic cells have 

demonstrated that RNA may serve as a template during DNA repair(50, 51, 53, 55, 172). 

For instance, reverse transcribed pre-mRNA and spliced mRNA sequences have been 

shown to be transferred to sequenced double-strand break (DSB) repair junctions, 

implicating reverse transcription in RNA-to-DNA sequence transfer(55, 173). Similarly, 

reverse transcription was proposed as a mechanism of RNA-templated repair during 

classical non-homologous end-joining (c-NHEJ) in HEK293 cell extracts, but the putative 

reverse transcriptase (RT) was not identified(174). While RT activity has been proposed to 

facilitate RNA-to-DNA sequence transfer at DSBs in both yeast and mammalian cells, the 

identity of RTs involved in this type of process remains unknown. Telomerase RT activity 

is specific to telomeric repeats since it utilizes a specific RNA template within the 

holoenzyme, and thus is not likely involved in repairing DSBs outside of telomeric 

regions(175, 176). 

A second significant barrier to genome stability are ribonucleoside 

monophosphates (rNMPs) that are regularly misincorporated into the genome by 

replicative polymerases(177). Failure to remove misincorporated rNMPs from the genome 

due to defects in RNase H2 causes replication fork arrest, genome instability, and 

autoimmune disorders (e.g. Aicardi-Goutieres syndrome and systemic lupus 

erythematosus)(178, 179). RNase H1 is also involved in removing NMPs from the genome, 

and defects in this enzyme also lead to genome instability. Although RNase H1 and RNase 

H2 likely remove the majority of NMPs from the genome, ribonucleotides are the most 

frequent form of DNA lesion(180, 181). Thus, it is likely that replicative and repair DNA 
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polymerases encounter NMPs in DNA on a regular basis. Consistent with this, eukaryotic 

cells are capable of bypassing template NMPs during replication, such as by utilizing 

translesion DNA polymerase activity (i.e. Polζ) which can accommodate non-canonical 

nucleosides (i.e. 2’-hydroxyl nucleobase) in their active site(181). Whether mammalian 

DNA polymerases are capable of RT activity, and utilize this function during DNA 

replication and repair remains unknown. 

Here, we unexpectedly find that the promiscuous and error-prone A-family DNA 

polymerase theta (Polθ) exhibits proficient RT activity. This activity was not observed in 

any other DNA polymerase tested from the A, B, X, and Y families (Fig. 19A). Here, a 

DNA primer was extended by the purified polymerase domain of Polθ (PolθPol) using RNA 

as a template. Positive controls show that each polymerase is activity on a DNA template 

consisting of the same sequence (Fig. 19A, Fig. 20B). Using a fluorescence anisotropy, we 

confirmed that PolθPol binds primer-templates containing DNA or RNA as a template with 

similar efficiency (Fig. 19B). Using physiological concentrations of magnesium, dNTPs, 

and enzyme, we find that purified full length Polθ (PolθFL), which includes a N-terminal 

super-family 2 (SF2) helicase domain as well as the C-terminal polymerase domain, 

exhibits more efficient RT activity than PolθPol (Fig 19C). For instance, PolθPol results in 

more pausing or pre-maturely termination events. Controls show that PolθPol exhibits RT 

activity under several pH conditions and salt concentrations, and is unaffected by 

manganese, which is known to substantially lower substrate discrimination by polymerases 

(Fig. 20B,C). Since PolθPol and PolθFL were purified from different sources (bacteria and 

yeast, respectively) using different affinity tags, the observed RT activity is unlikely to 
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originate from a contaminating protein. Consistent with this, A-family Klenow fragment 

of E. coli DNA polymerase I, which is related in sequence and structure to Polθ, was shown 

to possess RT activity in prior research(182). 

To further characterize Polθ RT activity, we compared the relative velocities of 

single deoxynucleotide monophosphate (dNMP) incorporation on primer-template 

constructs containing a DNA or RNA template. Remarkably, both PolθPol and PolθFl 

preferentially incorporate nucleotides (dCMP, dTMP, dAMP) opposite RNA compared to 

DNA, which suggests Polθ RT activity was selected for throughout evolution (Figs. 21 and 

22).  

To further characterize and confirm Polθ reverse transcription, we utilized the 

above primer extension assay and compared Polθ RT activity to three commercially 

available retroviral RTs: Moloney Murine Leukemia Virus reverse transcriptase (M-MuLV 

RT), Human Immunodeficiency Virus reverse transcriptase (HIV-RT), and Avian 

Myeloblastosis Virus reverse transcriptase (AMV-RT) using their respective optimal 

conditions (Fig. 23A). For example, PolθPol reverse transcription results in similar pausing 

events as the retroviral RTs, indicating a sequence-specific event. To unequivocally 

demonstrate that Polθ uses the RNA as a template, we sequenced the reverse transcribed 

products generated by Polθ and AMV-RT as a control (Fig. 23B). The results demonstrate 

Polθ RT activity and show that this activity is error-prone, resulting in base substitutions 

and deletions, similar to its activity on DNA(183). Next, we utilized real time PCR (qPCR) 

to compare cDNA synthesis of a 38 nt RNA molecule by PolθPol, M-MuLV-RT, and AMV-

RT. We found that Polθ cDNA products were amplified in a similar manner to M-MuLV-
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RT and AMV-RT (Fig. 23C). PolθPol is able to perform cDNA synthesis of ribosomal 16s 

RNA from total RNA purified from bacterial cells (Fig. 23D), thus further confirming its 

RT activity. Taken together, our findings discover an unprecedented role for Polθ as a bona 

fide RT that preferentially utilizes RNA as a template. 

 

Figure 19 Polθ displays robust RT activity. (A) Schematic showing DNA:RNA 

primer:template (top). Denaturing gels showing a comparison of PolθPol RT activity to 
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polymerases from A, B, X, Y families via primer extension assay (bottom). (B) FP assay 

showing similarity of PolθPol binding to DNA:DNA (black) and DNA:RNA (red) 

primer:templates. Data shown as average + SD, n=3. (C) Denaturing gels showing a 

comparison of PolθPol and PolθFL activity on a DNA:DNA and DNA:RNA primer:template 

under physiological conditions. * = 32P label. 

Figure 20 Further analysis and controls for Polθ RT activity. (A) Schematic showing 

DNA:DNA primer:template (top). Denaturing gels showing DNA:DNA primer extension 

controls for polymerases tested in Figure 19. (B) Denaturing gels showing that manganese 



123 

 

 

 

does not considerably alter RT activity of PolθPol. (C) Denaturing gels showing that PolθPol 

exhibits RT activity under different pH and KCl conditions. * = 32P label. 
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Figure 21 Single dNTP incorporation analysis of PolθPol and PolθFL (Graphs). (A-D) 

Graphs showing PolθPol and PolθFL kinetics of single dNTP incorporation on a DNA vs 

RNA template. Gel electrophoretic analysis for each dNTP is shown in Figure 22. Data 

shown as average + SD, n=3. 
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Figure 22 Single dNTP incorporation analysis of PolθPol and PolθFL (Gels). (A-D) 

Schematic showing DNA:DNA and DNA:RNA primer:template (top). Denaturing gels 

showing PolθPol and PolθFL kinetics of single dNTP incorporation on a DNA vs RNA 

template (bottom). Graphical analysis for each dNTP is shown in Figure 21. 
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Figure 23 Comparison of Polθ to other retroviral reverse transcriptases. (A) 

Schematic showing DNA:RNA primer:template (top). Denaturing gels comparing PolθPol 

to retroviral reverse transcriptases M-MuLV-RT, HIV-RT, and AMV-RT (bottom). (B) 

Sequencing analysis of PolθPol and AMV-RT RNA-templated extension products. 

Red=insertion or substitution, - = deletion. (C) qPCR chromatogram comparing cDNA 

synthesis and amplification of  synthetic RNA by PolθPol, AMV-RT, and M-MuLV-RT. 

(D) qPCR chromatogram comparing cDNA synthesis and amplification of 16s ribosomal 

RNA from total RNA purified from E. coli by PolθPol, AMV-RT, and M-MuLV-RT.  
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CHAPTER 4 

DISCUSSION 

Small molecule disruption of RAD52 rings as a mechanism for precision medicine in 

BRCA deficient cancers 

 Although previous genetic studies have identified RAD52 as a potential drug target 

for personalized medicine in BRCA deficient cancers(96, 139), it remained unknown 

whether RAD52 could be inactivated by a small molecule which is a necessary step 

towards therapeutic development. Here, we identify and characterize 6-OH-dopa as a major 

allosteric inhibitor of RAD52 that selectively halts the growth of BRCA deficient cancer 

cells including those obtained from AML and CML patients. Our findings validate RAD52 

as a therapeutic target for precision medicine in BRCA deficient cancers and showcase a 

novel allosteric mechanism of inhibition. 

Although we initially identified multiple inhibitors of RAD52 in vitro, only 6-OH-

dopa consistently inhibited SSA in cells while having minimal effects on HR and NHEJ. 

Considering that HR and NHEJ each require a host of proteins involved in nucleic-acid 

processing, signaling, and post-translational modifications, these data show that 6-OH-

dopa exhibits a considerable amount of specificity for RAD52 in cells. Consistent with 

this, 6-OH-dopa had no effect on RAD51 which forms a similar heptamer ring structure 

with nearly identical dimensions as RAD52(184). Intriguingly, this characteristic ring-

shape is common among replication and repair proteins including the proto-typical RecA 

recombinase(101, 102, 144, 184, 185). 6-OH-dopa, however, had very little effect on RecA 

(Supplementary Fig. 1) and exhibited a 10-fold higher IC50 for yeast Rad59 which shares 
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31.5% sequence identity with RAD52. Thus, the small molecule also showed a 

considerable amount of specificity for RAD52 in vitro. Importantly, 6-OH-dopa inhibited 

RAD52 foci in multiple cell lines, which unequivocally demonstrates its ability to 

inactivate RAD52 in vivo. Thus, although 6-OH-dopa is a catechol and has the potential to 

interfere with some assays non-specifically, the in vitro and cell data presented herein show 

that its mechanism on RAD52 is specific. 

We discovered an unprecedented allosteric mechanism whereby multiple small 

molecules bind to RAD52 undecamer rings and promote their dissociation into dimers. To 

our knowledge, such a dramatic molecular transformation induced by a small molecule has 

never been reported. Considering that the putative ssDNA binding channel observed in 

crystal structures is constructed from all eleven subunits and encircles the entire undecamer 

ring(101, 102), small molecule dissociation of the ring is certain to abolish the ssDNA 

binding channel. Since a different potent inhibitor of RAD52 (RU-0098062) failed to 

dissociate the undecamer, the allosteric mechanism exhibited by 6-OH-dopa is clearly very 

specific. Small molecule inhibition of Mre11 ssDNA binding by an allosteric mechanism 

has also been reported, demonstrating the success of this inhibitory method(186).  

Since our data suggests that five small-molecules interact with the undecamer, we 

propose a model whereby one small-molecule binds to every other subunit interface (Fig. 

9B). This scheme would account for approximately 5 small-molecule binding sites and 

provide a plausible mechanism by which 6-OH-dopa induces such a dramatic 

conformational change. For example, we propose that 6-OH-dopa binds to a region near 

the subunit interface that is critical for ring formation. This is supported by our data 
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showing that the small molecule completely transforms undecamers into dimers when 

hydrophobic interactions are reduced by low salt. Such an interaction may induce a 

conformational change that inactivates ssDNA binding (Fig. 9B). A total of five small-

molecule binding events at alternating interfaces may then trigger dissociation of RAD52 

rings into dimers (Fig. 9B). In support of this model, previous studies suggest that particular 

residues involved in ssDNA binding also contribute to oligomerization or proper folding 

of the protein(156). Moreover, residues within the ssDNA binding domain promote self-

association of RAD52 proteins in cells(187). Thus, 6-OH-dopa disruption of this region 

may also explain its ability to dissociate superstructures of the protein. A co-crystal 

structure of RAD52 1-209 bound to 6-OH-dopa is needed to identify the precise binding 

site.  

Intriguingly, 6-OH-dopa exhibited a 31% lower IC50 for RAD52 WT (1.1 μM) 

compared to RAD52 1-209 (1.6 μM), indicating that fewer small molecules are required to 

inhibit the wild-type protein. Indeed, these data are consistent with the fact that RAD52 

WT is composed of 36% fewer subunits than RAD52 1-209 and suggest that 36% fewer 

small molecules, for example ~3, bind the heptamer, presumably at alternating subunit 

interfaces (Fig. 9C, left). Since 6-OH-dopa precipitated RAD52 WT at high concentrations, 

we were unable to determine the number of binding sites by ITC.   

Importantly, we found that 6-OH-dopa also altered the composition of RAD52 WT, 

which suggests it induces a similar conformational change as RAD52 1-209. For example, 

6-OH-dopa enabled RAD52 WT to enter a native gel as multiple discrete protein 

complexes in a similar manner to RAD52 1-209. Since a previous report claimed that large 
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RAD52 heptamer ring superstructures prohibit RAD52 WT from entering gel filtration 

columns(145), we examined whether the small molecule affected the gel filtration profile 

of RAD52 WT. Indeed, 6-OH-dopa enabled a significantly higher concentration of RAD52 

WT to enter the column as superstructures and double-heptamers. The small molecule, 

however, showed no evidence of dissociating heptamer rings into smaller complexes, 

which suggests the C-terminal region of RAD52 WT contributes to ring formation or 

stability. Together, these data demonstrate that 6-OH-dopa disrupts large superstructures 

of RAD52 heptamer rings that are normally excluded from native gels and gel filtration 

columns (Fig. 9C, left). Since a double heptamer was the smallest form of RAD52 WT 

detected by gel filtration, the possibility exists that RAD52 WT forms stacked double 

heptamers like RAD51 (Fig. 9C, right)(184). This modified model would explain why 6-

OH-dopa is unable to fully disrupt these structures. Given that RAD52 superstructures and 

high density RAD52 repair centers have been shown to promote DSB repair in vitro and in 

vivo(143, 157, 188), respectively, and human RAD52 has been shown to self-associate in 

cells(187), the ability of the small molecule to disrupt heptamer ring superstructures likely 

contributes to its inhibitory effect in vivo.  

Lastly, we demonstrated that 6-OH-dopa selectively halts the growth of a variety 

of BRCA deficient cancer cells. For example, 6-OH-dopa treatment caused significant 

growth defects in BRCA1 mutated triple negative breast cancer cell lines, but had little or 

no effect in the same cell lines complemented with wild-type BRCA1. Small molecule 

growth inhibition of BRCA2 deficient cells, including the CAPAN-1 pancreatic cancer cell 

line, was also observed. Importantly, 6-OH-dopa also selectively halted the proliferation 
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of BRCA deficient AML and CML patient cells. Moreover, the small molecule caused a 

similar growth defect in these and other BRCA deficient cells as olaparib which was 

recently approved by the FDA. Hence, these data suggest that pharmacological inhibition 

of RAD52 may prove as a successful alternative for treating BRCA deficient cancers. 

Finally, we showed that 6-OH-dopa caused an increase in DNA damage and apoptosis in 

BRCA deficient cells. Considering that RAD52 is heavily recruited to stalled replication 

forks (Fig. 5A)(157, 158), our data support a model whereby 6-OH-dopa selectively kills 

BRCA deficient cells by preventing RAD52 repair of DNA breaks caused by replication 

stress (Fig. 9A). 

In summary, our results demonstrate small molecule disruption of RAD52 rings as 

a promising mechanism for precision medicine in BRCA deficient cancers. Since RAD52 

acts as a backup DNA repair factor in normal cells, and RAD52 null mice show no major 

phenotypes, we anticipate that pharmacological inhibition of RAD52 in patients will enable 

selective killing of BRCA deficient cancer cells while minimizing the risk of side effects 

in normal cells. 

 

How RNA transcripts coordinate DNA recombination and repair 

Although previous genetics supported a role for RNA transcripts in promoting 

DNA recombinational repair along with RAD52, how RNA and RAD52 functioned in this 

process remained unclear(50). Our data demonstrate that RAD52 cooperates with 

transcript RNA as a ribonucleoprotein complex that coordinates homology-directed DNA 

recombination and repair via two related mechanisms. In the first mechanism, RAD52 
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promotes annealing of a single RNA transcript to two ends of a homologous DNA break, 

forming a recombinant RNA-DNA bridge that acts to tether the break ends and facilitate 

DNA synapsis and subsequent ligation (Fig. 10A). We show that this mechanism occurs 

with duplex DNA containing either blunt ends or ssDNA overhangs. In the second 

mechanism, RAD52 promotes annealing of a RNA transcript to a homologous 3’ overhang 

of a resected DSB, generating a RNA-DNA half-bridge (Fig. 10B). The RNA transcript is 

then used as a template for reverse transcription, which generates the necessary DNA 

homology for second end capture of the opposing 3’ overhang via RAD52 SSA (Fig. 1B0). 

Gap filling and ligation are likely required for final processing of the recombination 

intermediate. 

Our studies also directly demonstrate an essential function for transcription in 

homology-directed RNA-DNA repair. For example, although previous cellular studies in 

yeast indicated a role for transcription in DNA recombination, it remained unclear whether 

the transcription machinery directly contributed to the repair process, or simply generated 

the necessary transcripts for RNA-DNA repair. In this report, we reconstituted mechanisms 

of RNA-DNA repair involving transcription of a homologous DNA template in trans to 

the DNA break. In this mode, the transcription complex promotes homology-directed DNA 

repair by synthesizing the necessary homologous transcript in trans which then forms an 

active ribonucleoprotein complex with RAD52. Once formed, the sequence-directed RNA-

RAD52 complex searches for homologous DNA breaks to act upon then assembles the 

necessary recombinant RNA-DNA hybrids that enable downstream RNA-DNA repair 

events.  
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Importantly, our data demonstrate that the initially formed RAD52-RNA 

ribonucleoprotein complex facilitates homology search and subsequent RNA-mediated 

DSB repair by a novel RNA-DNA bridging mechanism (Fig. 10A). In a recent study, 

RAD52 was shown to promote efficient RNA-DNA recombination in vitro via reverse 

strand exchange whereby it first forms a complex with DNA then performs DNA-RNA 

strand exchange(164). Although we confirmed the ability of RAD52 to promote reverse 

strand exchange between double-strand DNA and RNA, this mechanism did not support 

actual RNA-mediated DSB repair in our assays. Instead, we found that reverse strand 

exchange was limited to promoting RNA-DNA recombination at a single DNA end and 

thus failed to facilitate RNA-mediated DNA synapsis and ligation as illustrated in Figure 

1A. Despite these findings, our data do not rule out a potential role for RAD52 reverse 

strand exchange in RNA-templated DSB repair via reverse transcription and subsequent 

SSA (Fig. 10B).  

We note that particular reactions involving transcription in trans as a source of 

homologous RNA resulted in relatively low yields of RNA-DNA recombinational repair. 

Previous studies in yeast demonstrated that RNA-DNA repair is substantially more 

efficient when transcription occurs in cis to the DNA break rather than in trans(50). Thus, 

close proximity (i.e. in cis) of the transcription bubble to the DNA break may provide a 

mechanistic advantage for RNA-DNA repair. For example, transcription complex 

unwinding of DNA near the break could conceivably facilitate RNA-DNA annealing by 

RAD52. In contrast, transcription in trans of the DNA break likely has no direct 
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mechanistic link to the repair process aside from generating the necessary homologous 

transcript.  

An important consideration is whether RNA-mediated DNA repair is widespread 

and important for particular aspects of genome maintenance or plasticity. Multiple lines of 

research in yeast and mammalian cells support the use of RNA in DNA repair, suggesting 

an evolutionary advantage for this non-canonical form of genome repair(50, 54, 170, 189–

191). Although this type of repair process may contribute to genome integrity in transcribed 

regions, it may alternatively facilitate genomic plasticity by enabling promiscuous RNA-

to-DNA sequence transfer events at DSB junctions harboring little or no microhomologous 

sequence to the RNA. Considering that our data demonstrate that RAD52 requires 

relatively long tracts of homology to assemble recombinant RNA-DNA hybrids that direct 

accurate DNA recombination and repair, they suggest RAD52-mediated RNA-DNA repair 

might contribute to genome integrity such as in transcribed regions. Consistent with this 

idea, mammalian RAD52 is recruited to DSBs in a transcription-dependent manner, and 

associates with RNA polymerase II and RNA transcripts(53, 54). Future studies are needed 

to determine whether the transcription-associated functions of RAD52 are conserved and 

involved in genome maintenance specifically within transcribed regions. 

 

Characterization of DNA polymerase θ as a reverse transcriptase 

 Multiple lines of evidence indicate that RNA-to-DNA sequence transfer occurs 

during DSB repair in eukaryotic cells, which implicates the involvement of RT activity in 

the repair of DNA. Here, we demonstrate that Polθ exhibits robust RT activity, which 
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provides a potential explanation for how RNA-to-DNA sequence transfer occurs in 

multicellular organisms. Unexpectedly, we find that Polθ exhibits a higher rate of 

nucleotide incorporation opposite RNA versus DNA. It is possible that Polθ exhibits slower 

kinetics of translocation along RNA versus DNA, which would explain why Polθ displays 

more efficient run-off DNA synthesis when using DNA as a template. Surprisingly, we 

find that PolθFL displays more efficient RT activity than PolθPol, suggesting the helicase 

domain confers processivity onto the polymerase domain, such as via DNA binding or 

ATPase-induced conformational changes.  

 While we show that Polθ RT activity occurs under physiological conditions, the 

cellular functions of this RT activity remains unknown. Polθ RT activity may be important 

when RNA transcripts are used as a template for DNA repair(50, 53–55, 172). Since 

ribonucleotides can be misincorporated by replicative DNA polymerases, Polθ RT activity 

could also be important for replication past template ribonucleotides that stall replicative 

polymerases. Additionally, Polθ RT activity may be important during alt-EJ when 

ribonucleotides are present at DSBs. Alternatively, RNA transcripts can conceivably be 

used as templates during the DNA synthesis step of alt-EJ. Future studies are required to 

determine whether Polθ performs RT in cells, and whether this function is involved in 

DNA replication or repair.  
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Supplementary Figure 1 RAD52 and 6-OH-Dopa Biochemical Controls. (A) 

Resolution of RAD52-ssDNA complexes in an agarose gel. Schematic of assay (top). 

Electrophoresis mobility shift assay (EMSA) showing RAD52-ssDNA complex formation. 

RAD52-ssDNA complexes were resolved in a non-denaturing agarose gel (bottom). (B) 6-

OH-dopa inhibits RAD52 single-strand annealing (SSA). Schematic of assay (left). Non-

denaturing gel showing RAD52 mediated SSA in the presence (lane 3) and absence (lane 

2) of 60 μM 6-OH-dopa (right). * = 32P. (C) 6-OH-dopa has no effect on the mobility of 

ssDNA in the EMSA. Non-denaturing gel showing the mobility of Cy3 conjugated ssDNA 

(lane 1), 6-OH-dopa (lane 2), and Cy3 conjugated ssDNA and 6-OH-dopa combined (lane 

3). (D) Control showing ssDNA binding activity of eGFP-RAD52. Schematic of EMSA 

(left). Non-denaturing gel of EMSA in the presence (lane 3) and absence (lane 2) of 60 μM 

6-OH-dopa. (E) Small molecules similar to 6-OH-dopa do not inhibit RAD52. Schematic 

of EMSA (left). Non-denaturing gel of EMSA in the presence of 60 μM of the indicated 

small molecules. b = 6-OH-dopa; c = Beta-(2-Hydroxy-4-methylphenyl) alanine, d = DL-

o-tyrosine; e = L-DOPS. (F-H) Small molecule effects on RAD52 composition. (F) Silver 

stained non-denaturing gel of RAD52 1-209 following incubation with indicated amounts 

of 6-OH-dopa and DL-o-tyrosine. Lower molecular weight product in lane 4 demonstrates 

6-OH-dopa dissociation of RAD52 1-209 undecamer rings. (G) Silver stained non-

denaturing gel of RAD52 1-209 following incubation with buffer (lane 1), 400 μM of 6-

OH-dopa (lane 2) or RU-0098062 (lane 3). Lower molecular weight product in lane 2 

demonstrates 6-OH-dopa dissociation of RAD52 1-209 undecamer rings. (H) Non-

denaturing gel of EMSA showing small molecule inhibition of RAD52 1-209 ssDNA 
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binding. EMSA was performed in the presence of RAD52 1-209, Cy3-conjugated ssDNA 

and the indicated small molecules. (I) 6-OH-dopa has a small effect on RecA. Plot showing 

percent inhibition of RecA as a function of 6-OH-dopa concentration. Data shown as 

average ± s.d. from 3 independent experiments. 

Supplementary Figure 2 RAD52 and 6-OH-Dopa Cellular Controls. (A) 6-OH-dopa 

has no effect on single-strand annealing or homologous recombination in RAD52 depleted 

cells. U2OS cells harboring the single-strand annealing (left) or homologous 

recombination (right) GFP reporter were treated with DMSO or 5 μM of 6-OH-dopa 

followed by co-transfection with I-Sce I expressing vector and siRAD52 or scrambled 

siRNA as a control. The percentage of GFP positive cells was assessed 72 hours post 

transfection. Data shown as average ± s.e.m. from 3 independent experiments. (B) 

Demonstration of RAD52 knockdown in MDA-MB-436 cells via siRNA. Plots showing 

the ratio of mRNA levels for RAD52 and GAPDH following transfection of MDA-MB-

436 cells (left) and MDA-MB-436 cells complemented with BRCA1 (right) with the 

indicated siRNAs. mRNA levels were determined by real-time quantitative PCR. 
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Supplementary Figure 3 Sequence alignment of Homo sapiens RAD52 and 

Saccharomyces cerevisiae Rad59. The indicated amino-acid sequences were aligned using 

Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/; European Bioinformatics 

Institute) default settings. * = identical residues, : = residues sharing very similar 

properties, . = residues sharing some properties. Red, small and hydrophobic; Blue, acidic; 

Magenta, basic; Green, hydroxyl, sulfhydryl, amine. RAD52 and Rad59 share 31.5% 

sequence identity. 
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Supplementary Figure 4 Representative fluorescent microscopy images showing 6-

OH-Dopa suppression of GFP-RAD52 foci. (A) IR induced GFP-RAD52 foci in BCR-

ABL1-positive 32Dcl3 cells. Cells were transfected with GFP-RAD52, pre-treated with 

indicated amounts of 6-OH-dopa for 4 hours, followed by treatment with 3ug/mL cisplatin 

for 16 hours. DAPI (blue); RAD52 (green). (B,C) IR induced GFP-RAD52 foci formation 

in the presence of indicated amounts of 6-OH-dopa in 293T (B) and MDA-MB-436 

BRCA1 complemented (C) cells. Representative images showing GFP-RAD52 foci at 6h. 

Cells containing at least 5 distinct foci were denoted and counted. Left (DAPI Blue); 

Middle (GFP-RAD52-green); Right (Merged). 
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Supplementary Figure 5 Controls for light scattering analysis and levels of BRCA1 

and BRCA2 mRNA in acute myeloid leukemia (AML) patient. (A,B) Plots showing 

light scattering data of buffer with (A) and without (B) 6-OH-dopa in the presence of 1 M 

(left) and 0.15 M (right) NaCl. (C) Plots showing microarray detection of mRNA for 

BRCA1 and BRCA2. Each circle represents a different patient. Red circles = BRCA1/2 

proficient, blue circles = BRCA1/2 deficient. Data adapted from previous studies(Cramer-

Morales et al., 2013). 
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APPENDIX B: MANUSCRIPT CITATIONS AND PERMISSIONS 

All data and images in this dissertation are used in accordance with journal guidelines. 

Citations for published data are provided below. 

 

Small molecule disruption of RAD52 rings as a mechanism for precision medicine in 

BRCA deficient cancers 

Chandramouly G, McDevitt S, Sullivan K, Kent T, Luz A, Glickman JF, Andrake M, 

Skorski T, Pomerantz RT, Small-Molecule Disruption of RAD52 Rings as a Mechanism 

for Precision Medicine in BRCA-Deficient Cancers. Chemistry and Biology. 22:11(1491-

504)2015 Nov 19 

 

How RNA transcripts coordinate DNA recombination and repair  

McDevitt, S., Rusanov, T., Kent, T., Chandramouly, G., & Pomerantz, R. T. (2018). How 

RNA transcripts coordinate DNA recombination and repair. Nature Communications, 9(1), 

1091. https://doi.org/10.1038/s41467-018-03483-7 

 

Characterization of DNA Polymerase θ as a Reverse Transcriptase 

This data is unpublished. 
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