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ABSTRACT 

 
RAD52 DNA BINDING ACTIVITY CAN BE TARGETED TO ELIMINATE  

CML STEM CELLS  
Kimberly Cramer Morales 

Doctor of Philosophy 
Temple University, 2012 

Doctoral Advisoral Committee Chair:  Dr. Joel Sheffield, Ph.D. 

 

BCR-ABL1 transforms hematopoietic stem cells into leukemia stem cells (LSCs) 

to induce chronic myeloid leukemia in chronic phase.  Expression of BCR-ABL1 

stimulates production of elevated levels of reactive oxygen species (ROS), which induce 

oxidative DNA damage.  CML cells accumulate excessive amounts of ROS-induced 

DNA damage which can be converted to potentially lethal DNA double strand breaks 

(DSBs).  BCR-ABL1 stimulates enhanced Rad51-mediated DSB repair by the 

homologous recombination repair (HRR) pathway.  In these studies we show BCR-

ABL1-transformed cells depend on Rad52-mediated HRR to promote repair of ROS-

induced DSBs and that this activity is dependent on Rad52 binding to single-stranded 

DNA (ssDNA).  Our results show in the absence of Rad52, BCR-ABL1-positive 

hematopoietic cells accumulated elevated numbers of DSBs as detected by enhanced γ-

H2AX foci formation compared to cells with wild-type Rad52 which resulted in a 

decrease in proliferation and expansion of the Rad52-null LSC population.  Expression of 

wild-type Rad52 in Rad52-null cells decreased the accumulation of DSBs and restored 

expansion of the LSC population.  Inhibition of ROS with the antioxidants Vitamin E or 

N-acetyl cysteine exerted similar effects on the LSC population of Rad52-null cells as 

restoration of wild-type Rad52.  Our studies also show Rad52’s ssDNA-binding activity 

is required for the proliferation of CML cells as evidenced by the accumulation of DSBs 

and impairment of clonogenic potential in cells in which the Rad52-F79A ssDNA-

binding deficient mutant was expressed.   Inhibition of Rad52 DNA binding activity by a 
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peptide aptamer targeting Rad52-F79 resulted in a synthetic lethal phenotype in BCR-

ABL1-positive cells due to impairment of the Rad52-dependent HRR pathway, as 

demonstrated by immunofluorescence and HRR repair assays.  Altogether we identify 

Rad52 as a novel target in the treatment of CML, and other BRCA1- and/or BRCA2-

deficient cancers, by showing induction of synthetic lethality in proliferating BCR-

ABL1-positive cells in which Rad52 ssDNA-binding activity is inhibited.
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CHAPTER 1 

INTRODUCTION 

Chronic Myeloid Leukemia 

Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder 

resulting from neoplastic transformation of a hematopoietic stem cell by the Philadelphia 

chromosome (Ph).   The disease typically follows a bi- or tri-phasic course.  Most CML 

patients present in the rather indolent and highly treatable chronic phase (CP) which is 

characterized primarily by an expansion of the granulocytic cell lineage, although all 

blood cell types continue to be produced at this stage.  After three to five years, CP 

patients proceed to blast crisis (BC) where the disease progresses similarly to an acute 

leukemia1.  BC is characterized by a block in normal hematopoietic cell differentiation 

leading to an accumulation of immature blasts as well as changes in proliferation, 

apoptosis, and adhesion2-4.  Patients in BC are typically refractory to therapy.  

Progression to BC is sometimes preceded by an intermediate accelerated phase (AP) that 

is mostly subclinical in presentation and consists primarily of an increase in maturation 

arrest1, 5.  Importantly, definitive reasons for advancement from CP to BC are unknown, 

but progression is associated with clonal evolution in about 70-80% of patients6.  Clonal 

evolution encompasses the cytogenetic and molecular changes that accumulate during 

disease progression and include, but are not limited to, trisomy 8, isochromosome 17 

(associated with loss of p53), and duplication of the Ph chromosome1, 4, 6.   

The annual incidence of CML is approximately 1.5 cases per 100,000 people and 

accounts for 7-15% of all diagnosed leukemias, with roughly 4800 new CML cases 

diagnosed in the United States in 20107.  The median age of patients at diagnosis is 65 
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years3, 5.  CML is exceedingly rare in children and its incidence increases with age8.  No 

known hereditary, ethnic, geographic, or economic conditions are associated with CML; 

therefore the disease is apparently neither preventable nor inheritable.  Mortality has 

declined due to advances in therapy, particularly with the use of small molecule tyrosine 

kinase inhibitors. 

 

Clinical Features and Molecular Pathology 

CML was the first disease associated with a specific chromosomal abnormality 

that was also determined to be the causative agent of the disease.  This abnormality, 

known as the Ph chromosome, was first discovered by Peter Nowell and David 

Hungerford in Philadelphia, Pennsylvania in 1960 and was described as a shortened 

chromosome 229.  The Ph chromosome was further characterized in 1973 by Janet 

Rowley who determined the shortened chromosome 22 was actually the product of a 

balanced reciprocal translocation [t(9;22)] resulting from the transposition of the 3’ 

segment of ABL1 on chromosome 9 to the 5’ segment of BCR on chromosome 225, 10. 

The Ph chromosome is present in up to 95% of patients with CML.  Myeloid, 

monocyte, megakaryocyte, erythrocyte and even B and T cells have been found to harbor 

the Ph chromosome, thus demonstrating the stem cell origin of the disease11, 12.  The 

product of the Ph chromosome is a 190 to 230-kilodalton (kDa), depending on the 

location of the breakpoint within BCR, oncogenic fusion protein known as BCR-ABL1.  

The 210-kDa form of BCR-ABL1 protein is found in CML. 

ABL1 encodes a nonreceptor tyrosine kinase while BCR encodes a 

serine/threonine kinase; only the ABL1 kinase appears to be necessary for leukemic 

transformation.  The juxtaposition of BCR to ABL1 constitutively activates the ABL1 

kinase thereby endowing BCR-ABL1 with increased kinase activity compared to normal 
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ABL1.  BCR-ABL1 can phosphorylate itself as well as a multitude of other proteins.  The 

transforming potential of BCR-ABL1 lies in the unregulated kinase activity of the protein 

resulting in increased cellular proliferation, decreased apoptosis, and growth factor 

independence.  

  

Treatment of CML 

Until the development of imatinib mesylate (IM), the small molecule tyrosine 

kinase inhibitor (TKI) that revolutionized CML treatment, patients suffering from this 

disease were typically treated with interferon α and chemotherapy drugs like busulfan 

and hydroxyurea.  While able to control the white blood cell count of CML patients, 

chemotherapeutic drugs have notable toxic side effects and fail to produce a complete 

cytogenetic response (CCGR) in the majority of patients.  Clinical data has also shown 

BCR-ABL1-positive cells to be resistant to chemotherapy-induced apoptosis13.  

Allogenic stem cell transplant remains the only curative option; patients undergoing this 

procedure have a 50-70% chance of disease free survival, especially if the transplant 

occurs during CP14, 15.  Due to lack of proper matches and a high risk of complications, 

stem cell transplants are not a viable option for most patients.   

IM was the first drug to specifically target a malignancy at the molecular level 

and has become the first line therapy of choice for CML patients due to its low toxicity 

and remarkable activity16.  IM binds to the catalytically inactive conformation of the 

ABL1 kinase domain and blocks ATP binding, which inhibits BCR-ABL1 from 

phosphorylating and subsequently activating its various downstream targets.  Along with 

targeting BCR-ABL1, imatinib also inhibits other kinases, such as c-KIT, platelet-derived 

growth factor α and β, and ABL-related gene16, 17.   
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IM’s efficacy is exemplified by data that shows that after a five year follow-up, 

the overall survival rate of treated patients was 79% and that of those patients more than 

90% achieved a CCGR where detection of BCR-ABL1 transcripts by nested PCR was 

less than 0.05% in 31% of patients and undetectable in 15% of patients18, 19.  While it is 

remarkable that the annual progression rate to BC has declined to 1.5% after four years of 

therapy, there remains looming problems for patients on IM therapy; innate and acquired 

resistance to IM due to mutations in BCR-ABL1’s kinase domain and the maintenance of 

a quiescent pool of BCR-ABL1-positive stem cells refractory to IM treatment both 

prevent IM from providing a cure for CML20. 

New TKI’s such as dasatinib and nilotinib target BCR-ABL1 with increased 

specificity but still harbor the potential for resistance due to kinase domain mutations and 

are therefore unlikely to provide the ultimate cure.  Other agents targeting binding sites 

unrelated to BCR-ABL1’s kinase domain may be able to overcome the problem of 

resistance, but may not be able to eliminate the quiescent stem cell pool that acts as an 

insidious reservoir for the disease.   

 

DNA Damage- Causes and Effects 

Maintenance of life is reliant upon faithful propagation of genetic material to 

daughter cells, yet a cell’s genome faces constant bombardment by both endogenous and 

exogenous sources of DNA damage.  Genomic integrity relies upon quick and accurate 

repair of DNA damage; failure to repair damage, particularly sites of potentially lethal 

double strand breaks (DSBs), may result in cell death by apoptosis or generation of 

detrimental chromosomal rearrangements, including deletions and insertions.  A series of 

highly selective and precise mechanisms have evolved in order to detect DNA damage, 

signal its presence, and initiate its repair. 
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It has been calculated that up to 10,000 DNA lesions occur daily in a 

metabolically active mammalian cell, therefore proper repair of these lesions is required 

for preservation of genomic stability21.  The importance of proper functioning of the 

genome surveillance machinery is underscored by the fact that germline mutations in 

various key DNA repair genes such as Rad51 and BRCA1 are embryonically lethal in 

mice22, 23.   

The causes of DNA damage are diverse but can be grouped into two main sources 

and range from rather mild, in the case of a thymine-thymine dimer due to UV exposure, 

to severe, such as a DSB, since it can result in cell death if unrepaired or generate 

mutations if misrepaired.  First, exogenous damage stemming from environmental 

sources such as UV radiation, ionizing radiation (IR), and genotoxic chemicals can cause 

diverse types of damage ranging from bulky adducts to interstrand crosslinks24.  Second, 

endogenous sources originating from errors in DNA replication, V(D)J recombination, 

and from byproducts of normal cellular metabolism primarily due to generation of 

reactive oxygen species (ROS)24-26.  

Upon detection of damage, the cell’s repair machinery typically activates the cell 

cycle checkpoints, G1/S, intra-S, or G2/M, which provides the cell with time to repair the 

lesion before it becomes permanent.  In the case of significant or irreparable damage, the 

cell may choose to make the ultimate sacrifice and undergo apoptosis at the expense of 

the whole cell.  While apoptosis is not the preferred consequence of DNA damage, in the 

case of excessive or irreparable damage, this mechanism ultimately benefits the organism 

as a whole.  

Major DNA Repair Pathways 

The main pathways that exist to combat accumulating DNA damage include 

nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), 
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homologous recombination repair (HRR), and non-homologous end-joining (NHEJ).  

Each type of lesion is associated with a particular specialized repair pathway.  Proteins 

involved in DNA repair are highly evolutionarily conserved.  Mammalian repair 

pathways exhibit some level of redundancy compared to bacteria and yeast.  Three 

pathways exist to repair damaged bases: 

 
1. Nucleotide-Excision Repair 

  

NER functions primarily to correct a wide class of bulky, helix-distorting lesions, 

including those caused by UV-induced damage, that obstruct normal replication and 

transcription.  Typically lesions utilizing this repair pathway arise from exogenous 

sources and affect only one DNA strand.  NER can most easily be thought of as a “cut 

and paste” repair pathway where the damaged site is excised and the resulting gap is 

filled using the intact complementary strand as a template24, 27, 28.  Two subways of NER 

exist: global genome NER which is used to survey the entire genome for helix distortions 

and transcription-coupled repair which senses lesions blocking elongation by RNA 

polymerases29. 

The process of sensing adducts and initiating their repair is accomplished by 

many proteins with some overlapping functions.  In total, a complex consisting of 

upwards of twenty-five proteins are assembled in a step-wise fashion to initiate NER30.  

Initiation of NER usually proceeds after detection of a stalled polymerase.  Briefly, the 

XPB and XPD helicases associated with the TFIIH transcription factor complex open 

around 30 base pairs around the damage, RPA then stabilizes the open structure by 

binding to the undamaged strand, and the XPG and ERCC1/XPF endonucleases cleave 

the 3’ and 5’ borders of the damaged site which is then filled in by DNA polymerase and 

ligated21, 24, 26, 29, 30. 
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Several human diseases are associated with defects in NER including Cockayne 

syndrome, resulting from mutations in CSA or CSB, which are important in the 

transcription-coupled subpathway of NER, xeroderma pigmentosum resulting from 

mutations in one of seven genes (XPA-XPG) necessary at several different steps of NER, 

and trichothiodystrophy which arises from mutations in TFIIH complex genes 24.  Mainly 

exquisite sun sensitivity and premature aging characterize all these diseases.  Mouse 

models of almost all NER factors have been established and overall these models 

recapitulate human disease states, except that cancer predisposition is more pronounced. 

 
2. Base-Excision Repair 

 

In contrast to NER, BER mainly deals with damage arising from endogenous 

sources, primarily from byproducts of cellular metabolism, such as that produced by 

ROS, including oxidative base lesions, apurinic/apyrimidinic sites, and single strand 

breaks.  BER is relevant in BCR-ABL1-positive cells due to the ability of the pathway to 

remove 8-oxoguanine (8-oxoG) lesions formed as a consequence of ROS production. 

BER is dependent upon a battery of various glycosylases with relatively narrow 

spectrums of operation.  Glycosylases function by flipping out the affected base and 

cleaving it from the sugar-phosphate backbone, which generates an abasic site; this 

process may also occur spontaneously by hydrolysis.  The main BER pathway is then 

initiated by the APE1 endonuclease and new research shows that PARP and PNK may be 

important to protect and trim the broken ends31.  DNA polymerase-β then fills the one 

nucleotide gap and the nick is sealed by the XRCC1-ligase III complex24.   

No known human disorders caused by deficiencies in BER have yet been 

identified; this may be due to both partial redundancies within the many glycosylases that 

participate in this particular repair process as well as the existence of some degree of 

overlap with the transcription-coupled repair subpathways of NER21, 24.  The former 
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theory is exemplified by generation of mouse models that show no severe defects upon 

individual glycosylase knock-out, such as the NTH1-/- model.  NTH1 is responsible for 

cleaving apurinic/apyrimidinic sites and for removal of damage due to thymine glycol.  

Experiments with cells from NTH1-/- mice showed these cells display a slight decrease in 

the rate of glycosylase activity, but ultimately demonstrated there are at least four 

glycosylases capable of performing the same function31. 

 
3. Mismatch Repair 

 

MMR is critical in preventing point mutations predominantly arising from base-

base mismatches and insertion/deletion mispairs stemming from errors during the 3’→ 5’ 

proofreading activity of DNA polymerases32, 33.  These mutations are recognized because 

they do not form traditional Watson-Crick base pairs, but cannot be recognized by NER 

or BER machinery since they do not generate an obvious defect in the DNA helix 

because the suspect base has neither been damaged nor modified.  MMR relies on the 

process of mismatch recognition to detect the mismatched base using two heterodimer 

protein complexes.  In eukaryotes, the mismatch is bound first by the MSH2-MSH6 

heterodimer, which, after undergoing an ATP-dependent conformational change, is 

transformed into a sliding clamp.  After a second ATP-dependent step, the MLH1-PMS1 

heterodimer binds and the entire complex is then capable of translocating along the DNA 

backbone bidirectionally in search of the mismatch33.  Repair is initiated when the 

MSH2-MSH6/MLH1-PMS1 complex encounters a strand discontinuity, such as an 

Okazaki fragment, then the EXO1 exonuclease is loaded onto the nicked strand to initiate 

degradation to a site past the mismatch location and the subsequent gap is then filled in 

with proper bases30, 34. 

Inactivation of MMR in human cells is associated with some hereditary and 

sporadic tumors, mostly of the colon, and generalized genome-wide genetic instability35, 
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36.  As MMR is required for activation of cell cycle checkpoints and/or apoptosis 

induction, defects in the proteins involved in this pathway are obviously detrimental to 

the cell and the organism as a whole.   

 

DSB Repair Pathways: NHEJ and HRR 

DSBs are the most dangerous type of lesion that must be dealt with by a cell.  

Misrepair of these breaks may result in mutations and chromosomal translocations, 

consequently these types of lesions must be repaired accurately and efficiently; failure to 

properly repair DSBs may result in apoptosis.  DSBs can be generated as a result of 

natural cell processes, such as during immune system recombination events, and as a 

result of stalled replication forks or they can result from exogenous sources such as 

genotoxic agents and ROS, as such, DSBs have been shown to be potent inducers of 

recombination.  

Phosphorylation of histone H2A on serine 139 (γ-H2AX) is one of the first 

modifications that signal the presence of a DSB to the cell.  Histone H2A can be 

phosphorylated by three kinases important in DNA repair: ATM, DNA-PK, and ATR37.  

While some repair proteins are able to independently sense the presence of a DSB, such 

as Nbs1, efficient repair requires the presence of γ-H2AX since it seems to act as a 

scaffold to which other repair proteins are recruited and retained38, 39.  Once a DSB is 

detected, two sophisticated mechanisms exist to repair the damage: NHEJ and HRR.  

Which repair pathway is utilized depends on several factors including cell cycle phase, 

cause of the damage, and type of break.  While often viewed as competitive pathways, 

NHEJ and HRR can also be coupled for the repair of a single DSB in mammalian cells40, 

41.  
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As repair by NHEJ does not rely on the presence of an intact sister chromatid, this 

process may occur at any point during the cell cycle, but is generally the preferred repair 

mechanism when cells are in G0, G1, or early S and therefore do not have an intact repair 

template present.  Processing of a DSB by NHEJ requires the presence of little to no 

sequence homology at the break site.  In contrast to HRR, the broken ends are processed 

directly in NHEJ utilizing several different proteins including the binding of the 

Ku70/Ku80 heterodimer to the DSB and recruitment of DNA-PKcs followed by ligation 

by the XRCC4/DNA ligase IV complex42.   

By nature, NHEJ is unfaithful, as most breaks repaired by this pathway are 

marked by small insertions and deletions of 1 to 4 nucleotides27, 43.   NHEJ is an 

important mechanism in maintaining genomic stability; however, this process is also 

capable of generating chromosomal rearrangements after exposure to IR.  Rothkamm et 

al. show that after exposing primary human fibroblasts to high doses of IR, DSB 

misrejoining is detected44.  Importantly, these studies were conducted in primary cells 

that were defective in one of the three major NHEJ repair proteins, Ku80, DNA-PKcs, or 

DNA ligase IV, thereby demonstrating that NHEJ is primarily responsible for repairing 

DSBs induced by IR, but that repair can result in numerous aberrations.  These results are 

in striking contrast to the view of NHEJ as caretaker of the genome45, 46.  NHEJ was 

thought to be the preferred mechanism for DSB repair due to the fact that it does not 

require the presence of a sister chromatid and because most of the mammalian genome is 

composed of non-coding sequence, therefore small sequence changes are able to be 

tolerated by the organism.  However, more recent research points to HRR as an equally 

important repair pathway, especially in the repair of IR-induced breaks with concomitant 

chemotherapy treatment47. 

A second, more error-prone, pathway of NHEJ exists termed alternative-NHEJ 

(alt-NHEJ), but is not yet well defined.  Alt-NHEJ seems to operate in the absence of 

classical NHEJ factors such as Ku, XRCC4, and DNA ligase IV48.  For example, if DNA 
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ligase IV is unavailable or inefficiently recruited, DNA ligase IIIα has been shown to 

function as its possible back up and while the beginning steps of NHEJ and alt-NHEJ 

show similarity in terms of proteins recruited, alt-NHEJ has been shown to be 

mechanistically distinct at later stages of repair49-51.  Genetic rearrangements consistent 

with alt-NHEJ have been described in both spontaneous and therapy-induced cancers51-53.   

HRR requires the actions of the Rad52 epistasis group, including Mre11, part of 

the Mre11-Rad50-Nbs1 (MRN) complex, as well as Rad51, and Rad52.  Proper 

functioning of HRR is critical for suppressing genomic instability; mouse knockout 

models of key HRR proteins such as Rad51 and BRCA1 are embryonically lethal48.  As 

shown in figure 1 (left panel), HRR is a multistep process involving a number of different 

proteins.  Key steps include recognition of the DSB by the MRN complex, binding of the 

ends by RPA and Rad52, recruitment of BRCA1, BRCA2 and Rad51 paralogs, followed 

by strand invasion and homology search by Rad51.  

Reliance upon the presence of a sister chromatid or homologous chromosome for 

repair, a process known as gene conversion, makes HRR a faithful repair process, as 

such, HRR is active during late S and G2 when a suitable template is available for repair 

to occur.  Until recently, HRR was thought to play a supporting role in the repair of DSBs 

in mammalian cells with NHEJ being the repair pathway of choice.  The repetitive nature 

of the mammalian genome lent support to this idea, since it would be expected that 

adverse gross rearrangements and loss of genetic information would result from 

recombination between these different repetitive elements.  This is in fact the case in 

regions of the genome enriched in Alu sequences, which are short interspersed mobile 

DNA elements that are present in copy numbers of up to 1.2 million in the human 

genome54.  Regions rich in Alu elements display genomic instability.55  However, 

experimental evidence using hamster cells to introduce a DSB into one of two 

chromosomal repeats by the rare cutting endonuclease I-SceI shows that HRR repairs 30 

to 50% of DSBs56.  DSBs have also been shown to be highly recombinogenic, inducing 
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recombination by as much as 3-4 orders of magnitude in mouse embryonic stem cells57.  

Therefore, while NHEJ historically has been viewed as the preferentially repair pathway 

for DSBs occurring in mammalian cells, HRR’s role as a major repair pathway has been 

recently elucidated by new experimental data. 

 

 

 

 

 

 

 

 

 

 Single strand annealing (SSA) is a mutagenic Rad52-dependent subpathway of 

canonical HRR (figure 1, right panel).  The SSA pathway can repair a DSB if the break 

Figure 1:  HRR and SSA repair pathways.   During HRR (left panel) the 
DSB is sensed by the MRN complex which recruits RPA and Rad52 to 
bind the free single-stranded DNA ends.  The BRCA1-BRCA2 complex 
recruits the Rad51 recombinase to the DSB site to catalyze strand invasion 
and homology search to complete the repair process. SSA (right panel) 
proceeds similarly, except the DSB occurs between two sequence repeats 
(red boxes) and relies on Rad52 to facilitate repair and the ERCC1/XPF 
endonuclease complex to remove the flaps created by loss of one set of 
sequence repeats. 
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occurs between two repetitive stretches of DNA.  The process of DSB sensing and end 

resection occurs via the MRN complex, which binds to the broken DNA ends and recruits 

RPA to stabilize the single-stranded DNA (ssDNA) ends.  Rad52 is then recruited to the 

break site, which facilitates aligning of homologous sequences on opposite strands.  The 

ERCC1/XPF endonuclease complex removes the extra ssDNA tails that are created by 

alignment of the repetitive sequences.  While SSA is typically not a preferred DSB repair 

pathway given its mutagenic nature, experiments with SSA-deficient Chinese hamster 

ovary (CHO) cells (due to an XPF mutation) show radiosensitivity during S-phase, 

pointing to the utilization of SSA to repair DSBs when the substrate is not appropriate for 

repair by HRR or NHEJ.58  

 

BCR-ABL1 and Genomic Instability 

While CML itself is most likely a product of misrepaired DNA DSBs, current 

studies are looking into whether the BCR-ABL1 protein can cause a mutator phenotype.  

Although there are some common cytogenetic abnormalities found in BC patients, these 

abnormalities do not occur in the overwhelming majority of the patient population; 

therefore, BCR-ABL1 seems to promote a more generalized state of genomic instability 

rather than induce predictable recurrent lesions.  Induction of genomic instability by 

BCR-ABL1 occurs via two steps: first, mostly random mutations are introduced into the 

genome and second, appropriate cell cycle checkpoints fail to become activated or are 

prolonged.  Consequently, DNA is either not properly repaired or excessive damage that 

would trigger apoptosis in a normal cell is repaired during checkpoint prolongation.  

Increasing evidence points to BCR-ABL1 contributing to an inherently unstable genome 

in the hematopoietic stem cell; however, whether genomic instability is the cause or 

result of disease progression is currently not known. 
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Expression of BCR-ABL1 is associated with increased damage to the genome.  

ROS production is increased in BCR-ABL1-positive primary CML cells as well as in 

BCR-ABL1-positive mouse and human cell lines, which results in a constant barrage to 

the genome by free radicals producing chronic oxidative DNA damage29, 31, 33.  In 

addition to increased ROS production and aberrant cell cycle checkpoint regulation 

allowing increased time for DNA repair post-damage, BCR-ABL1 elevates expression of 

anti-apoptotic proteins and facilitates increased, but unfaithful DNA repair via HRR, 

including the mutagenic SSA pathway, and NHEJ pathways which is correlated with 

increased resistance to genotoxic drug-induced apoptosis29, 59-63.   

BCR-ABL1-induced ROS generation is a major contributor of DNA damage in 

CML cells.  Production of ROS primarily occurs in the mitochondria by step-wise 

reductions of molecular oxygen through electron transfer from the superoxide radical to 

hydrogen peroxide to the hydroxyl radical, which can then finally be reduced to water64.  

In normal cells, ROS are important to several cellular functions, including regulation of 

signal transduction, gene expression, and proliferation64.  However, there appears to be an 

imbalance of ROS production and scavenging in many cancers.  Data from our lab and 

others have shown increased ROS levels in primary CML cells compared to normal 

counterparts33, 65.  BCR-ABL1 appears to mainly increase ROS production by activating 

the phosphoinositide 3-kinase (PI3K) pathway, as expression of BCR-ABL1 (Y177F), 

which is partially defective in its ability to activate PI3K, reduced ROS levels in mouse 

and human cell lines whereas activation of PI3K in untransformed cells resulted in ROS 

production66, 67. 

BCR-ABL1 induces chronically high levels of ROS in CML cells, in contrast to 

transiently high levels of ROS produced normally by ligand-stimulated growth factor 

receptors, and is likely due to the activity of BCR-ABL1 itself, since ROS generation can 

be blocked by IM, as shown by data from our lab and others33, 68.  In CML cells, ROS 

appear to oxidize protein tyrosine phosphatases (PTPases).  Oxidation of PTPases inhibits 
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their normal function, which is to dephosphorylate their substrates.  Oxidized PTPases 

are not able to dephosphorylate BCR-ABL1 or its phospho-substrates.  The combination 

of ROS-enhanced activation of signaling pathways and PTPase oxidation contribute to 

amplification of BCR-ABL1 signaling64. 

Of particular relevance to CML is the fact that chronic ROS production in BCR-

ABL1-positive cells contributes to genomic instability.  Oxidative DNA damage is 

abundant in the mammalian genome.  When ROS is quenched by a guanine base, a lesion 

known as 8-oxoG is formed.  These types of lesions are highly mutagenic due to their 

dual coding nature; high fidelity DNA polymerases can code through these lesions and 

often result in guanine to thymine transversions.  8-oxoG lesions are also particularly 

dangerous due to their shear volume; in mammals, up to 1000 oxidative lesions form per 

cell each day69.  BER can repair 8-oxoG lesions, but misrepair can convert these lesions 

to deleterious DSBs and the large amount of DNA damage that occurs in CML cells leads 

to increased misrepair and therefore increased DSB formation.  Additional damage to the 

genome is thought to be a contributing factor in progression of CML from CP to the fatal 

BC phase and can lead to IM resistance.  Data from our lab has shown that BCR-ABL1-

dependent oxidative damage resulted in an increase in DSBs and that these breaks were 

repaired imperfectly via HRR and NHEJ, which led to generation of a high rate of point 

mutations29.  Our lab has also shown that BCR-ABL1 induced ROS led to the 

accumulation of multiple chromosomal aberrations, including aneuploidy, translocations, 

and truncations, and that treatment of cells with antioxidants to reduce ROS led to a 

significant reduction in the number of chromosomal aberrations detected by spectral 

karyotype analysis70.  
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Rad52 

Rad52 was first identified in a yeast genetic screen to identify mutants that were 

sensitive to IR and other agents known to cause DSBs.  Several other proteins were also 

isolated during this initial screening and these proteins became collectively known as the 

yeast Rad52 epistasis group (Rad50-52, 54, 55, 57, 59, Mre11, and XRS2) as all of the 

proteins identified exhibited similar radiation hypersensitivity as well as meiotic and 

mitotic recombination defects71, 72.  Five yeast Rad52 epistasis group members have 

mammalian counterparts: Rad50-52, -54, and Mre11.  After initial cloning experiments 

were completed with murine Rad52, an analysis of Rad52 mRNA expression via 

Northern blot revealed extremely low expression in lung, kidney, heart and liver, but high 

expression in the thymus and testis suggesting a role in recombination during 

immunoglobulin rearrangement and meiosis73.  

Human Rad52 consists of twelve exons and is translated in to a 46 kDa protein 

comprised of 418 amino acids and maps to chromosome 12p12.2-p1374, 75.   Unlike other 

DNA repair proteins, Rad52 shows no clear homology to prokaryotic recombination 

proteins but its importance as a DNA repair gene is underscored by its evolutionary 

conservation; significant homology has been identified between yeast, chicken, mouse 

and human proteins, particularly within the N-terminus76, 77.  Rad52 is a versatile protein 

capable of bringing together many different molecules through the use of five interaction 

domains.  As shown in figure 2, the N-terminus contains DNA binding domain I (DNA 

BD I; aa 39-80) and is used to bind to ssDNA whereas double-stranded DNA (dsDNA) 

binds to DNA binding domain II (DNA BD II; aa 85-159).  Rad52 is also capable of 

forming multimers via a self-association domain (aa 85-159).   An RPA-interaction 

domain (aa 221-280) and a Rad51-interaction domain (aa 290-330) can be found towards 

the C-terminus.  The functional importance of the N-terminal DNA binding domains is 

highlighted by the high degree of homology (70%) of this region between yeast and 
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human Rad52, whereas there is only a limited amount of homology at the C-terminus 

(~7%)78.  Aside from sequence homology, yeast and human Rad52 share many of the 

same activities including DNA strand annealing and stimulation of Rad51-mediated 

recombination activity79. 

 

 

 

 

 

In contrast to yeast, where Rad52 is essential for HRR and Rad52-null cells 

display severe defects in growth and ability to repair DSBs in response to IR, knock-out 

of mouse Rad52 results in only a slight reduction in HRR frequency and no 

hypersensitivity towards agents that induce DSBs76.  The lack of a major phenotype of 

Rad52-/- mice suggests the presence of other DNA repair proteins with overlapping 

functions or the presence of Rad52-dependent and independent HRR pathways.  Until 

recently, HRR was thought to proceed via BRCA1/BRCA2 and Rad51 in a Rad52-

independent manner, but experiments by Feng et al. using shRNA-mediated depletion of 

Rad52 in Capan-1 cells, a pancreatic cancer cell line with a BRCA2 deficiency due to 

truncation of BRCA2 protein, revealed the presence of a second independent HRR 

pathway requiring Rad5280.  These experiments identified Rad52 as a target for 

therapeutic purposes in BRCA2-defective cancers via synthetic lethality, a phenomenon 

that arises when mutations in two or more genes lead to cell death, but mutations in either 

gene alone does not. 

 

Figure 2:  Rad52 functional domains.  Five protein-interaction domains 
are located within Rad52 which are used to interact with a multitude of 
other proteins.   
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Structure of Rad52 

Rad52 is a member of a class of multimeric ring-forming proteins that includes 

RecT and several bacteriophage proteins81.   Scanning transmission electron microscopy 

(STEM) revealed full-length human Rad52 consists of seven subunits forming a ring 

shaped molecule with a central channel82.  Crystallization of the conserved N-terminus 

(aa 1-212) produced a mushroom shaped structure with distinct “stem” and “cap” 

regions.  The N-terminal portion assembles into an undecameric ring, whereas the full-

length protein is required for formation of heptameric rings, suggesting the C-terminus 

plays a role in higher order ring structure formation81.   

Eleven β-β-β-α folds, a common structure in RNA and DNA binding proteins, are 

present in the stem region of the N-terminal undecameric ring and associate with each 

other to form the ring81.   The β-sheets comprising the β-β-β-α folds are aligned next to 

one another thus forming the central channel observed in the original STEM experiments.  

Mapping of the surface potential of the undecameric ring showed distinct spatial 

separation between positive and negative charges, with negative charges concentrated 

near the channel of the ring and positive charges concentrated on the ring’s outer 

surface81.  This charge separation predicts DNA binding would occur at the positively 

charged surface and experiments with ssDNA modeling confirmed that DNA bound to 

the outside of the ring such that the bases were exposed and available for pairing with an 

incoming ssDNA molecule83.  The heptameric form of Rad52 was found to be the active 

form after ssDNA-Rad52 complexes were observed by electron microscopy in which 

these multimeric Rad52-DNA complexes promoted efficient annealing of ssDNA tails84. 
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Rad52: DNA Binding 

Central to Rad52’s function in DSB repair is its ability to bind to both ss- and ds-

DNA.  Rad52 interacts with DNA via two separate binding domains: DNA BD I and II.  

As shown in figure 2, the DNA BD’s are located in the conserved N-terminal portion of 

Rad52 (aa 1-212) and studies with human Rad52 truncation mutants support the 

localization of ssDNA BD I to aa 39-8085.  Scanning alanine mutagenesis of residues 

implicated in ssDNA-binding followed by gel mobility shift assay with each individual 

alanine mutant revealed the presence of four amino acids whose substitution with alanine 

results in severe ssDNA-binding defects (R55A, Y65A, F79A, and Y81A).  Not 

coincidentally, the locations of these residues map to the surface of the ring-shaped 

groove running around the outside of Rad52 where DNA bound during DNA modeling 

experiments.  Alanine mutations of F79 and Y81 in the N-terminal Rad52 truncation 

mutant resulted in loss of ring formation ability, whereas identical experiments with full-

length Rad52 produced no dramatic changes in protein conformation85.  Knight et al. note 

that while their experiments point to F79 and Y81 being in a position to make direct 

contact with ssDNA, the alanine mutants may result in subtle localized structure 

perturbations, rather than overall disassembly of Rad52 structure since oligomerization 

was not inhibited by the presence of the either mutation85.  

In prokaryotes, RecA, the homologue of eukaryotic Rad51, facilitates the search 

for DNA sequence homology and contains two DNA binding sites, one for ssDNA and 

one for dsDNA86, 87.  Kagawa et al. proposed separate binding sites for ss- and dsDNA 

could also be possible in Rad52 and uncovered a secondary DNA BD (aa 85-15; DNA 

BD II) capable of binding only dsDNA88.  After construction of a series of alanine 

mutants, four particular residues (K102, K133, K169, and K173) were defective in 

dsDNA-binding when mutated, but were able to bind to ssDNA, indicating these residues 

comprised a unique second DNA BD. 
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Rad52: Role in HRR 

Rad52 is often referred to as the gatekeeper of recombination because it provides 

a physical link between recombination machinery components thus promoting efficient 

HRR after a DSB.  The activities of Rad52 include binding to and promoting annealing of 

RPA-coated ssDNA, stimulation of strand invasion and homology search by Rad51, and 

mediating the annealing of the DNA end displaced by Rad51 strand invasion84, 89-94.  

Through its diverse interaction domains, Rad52 brings together the major players in 

HRR. 

Consistent with its role as a DNA repair protein, Rad52 expression was found to 

be cell cycle dependent using CHO cells that were synchronized at the G0/G1, G1/S, or 

G2/M boundaries before protein extraction and Western blotting with an anti-Rad52 

antibody95.  Subsequent quantification of Western blot results showed a 5- to 10-fold 

increase in Rad52 expression from G0 to G1 and another 2- to 3-fold increase in 

expression from G1 to G2.  A GFP-Rad52 translational fusion protein expressed in 

primary splenocytes was used by Liu et al. to show Rad52 localized to the nucleus during 

S phase, but was evenly distributed throughout the cell during G1 and during M when the 

nuclear envelope breaks down96.  Also, Rad52 condensed into nuclear foci in CHO cells 

that were treated with 12 gray (Gy) of IR and was shown separately to colocalize with 

Rad50, a component of the MRN complex that senses DSBs, after induction of DNA 

damage by IR96, 97. 

Rad52 also interacts directly with Rad51 via a small region in Rad52’s C-

terminus (aa 291-330) that lacks homology with yeast Rad52, indicating this interaction 

is most likely species specific78.  Rad51 and Rad52 were shown to colocalize in murine 

cells after treatment with 5 Gy IR98.  Phosphorylation of Rad51 on Y315 by c-Abl was 

shown to enhance the association of Rad51 with Rad52 after DNA damage by IR, 

presumably leading to increased DSB repair proficiency97.  Data from our lab shows 
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BCR-ABL1 also phosphorylates Rad51-Y315 thereby likely enhancing complex 

formation between Rad51 and Rad52 in CML cells leading to increased homologous 

pairing during repair by HRR99.  Stimulation of formation of a joint molecule containing 

Rad51, Rad52 and ssDNA occurred when Rad52 was preincubated with ssDNA and 

further enhanced when RPA was present in the preincubation reaction mixture with 

Rad52.  The joint molecule failed to form when Rad52 was eliminated from the reaction 

mixture92.   

RPA is a heterotrimeric ssDNA binding protein that protects ssDNA ends from 

exoonuclease attack and removes secondary structure from DNA ends, allowing invasion 

of the DSB site by other recombination proteins such as Rad51 and Rad52100.  RPA 

interacts with Rad52 via a small domain at Rad52’s C-terminus (aa 221-280).  This 

interaction was shown to promote formation of a Rad51-Rad52-ssDNA complex as well 

as significantly increasing the affinity of Rad52 for ssDNA91, 101.  RPA inhibited 

formation of a Rad51 nucleoprotein complex in the absence of Rad52.  In contrast, Rad52 

promotes Rad51 nucleoprotein complex formation in the presence of RPA.  These results 

suggest interactions between Rad52 and RPA as well as between Rad52 and Rad51 are 

necessary to achieve productive Rad51 nucleoprotein filament formation mediated by 

RPA’s disassembly from ssDNA to facilitate DSB repair.  
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CHAPTER 2 

BCR-ABL1 STIMULATES MUTAGENIC DNA REPAIR THROUGH SINGLE-

STRAND ANNEALING WITHOUT DIRECLY REGULATING                          

RAD52 ACTIVITY 

Introduction 

BCR-ABL1 affects the expression of many proteins, including several DNA 

repair proteins, and also regulates their activity via phosphorylation and protection from 

apoptosis.  Findings from our lab show BCR-ABL1 stimulates overexpression of Mre11 

and Nbs1, two components of the MRN complex which is involved in numerous 

processes including sensing DSBs, activating signaling pathways that regulate the cell 

cycle checkpoints and initiating DSB repair pathways, by inhibiting caspase-3 dependent 

degradation and activating c-myc mediated transcription102.  Importantly, incubating 

BCR-ABL1-transformed cells with IM abrogated Mre11 and Nbs1 overexpression, 

indicating BCR-ABL1 contributes to upregulating expression of these two proteins.  

BCR-ABL1 expression was also found to enhance phosphorylation of Nbs1 on S343 in 

these studies leading to activation and prolongation of the intra-S-phase cell cycle 

checkpoint causing resistance to the genotoxic drugs mitomycin C, hydroxyurea, and 

cisplatin.  BCR-ABL1 was also found by our lab to control the expression, degradation, 

and phosphorylation of Rad51 and several of its paralogs99.  Similarly to Nbs1 and 

Mre11, BCR-ABL1 stimulated Rad51 expression by inhibiting caspase-3 dependent 

degradation and activating Stat5-mediated transcription of Rad51.  Stimulation of Rad51 

and Rad51-paralog overexpression by BCR-ABL1 in leukemia cells led not only to an 

increase in repair via HRR, but also to increased resistance to genotoxic agents, thus the 

enhanced DNA damage response caused by overexpression of these proteins led to 

resistance to genotoxic drugs in BCR-ABL1-positive cells. 
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c-Abl reportedly phosphorylates Rad51 on tyrosine 54 and 315 after DNA 

damage-induced activation of c-Abl97, 103.  In BCR-ABL1-positive cells, Rad51 was 

shown to have a higher basal level of phosphorylation than even genotoxic drug-induced 

Rad51 phosphorylation in untransformed parental cells and that this phosphorylation was 

inhibited by IM treatment in transformed cells99.  Subsequent studies with Rad51-Y54F 

and Y315F phosphorylation-resistant mutants revealed the majority of BCR-ABL1 

phosphorylation of Rad51 occurred on Y315.  The Y315 residue was found to play an 

important role in cytotoxic drug resistance in leukemia cells, as expression of Rad51-

Y315F in BCR-ABL1-transformed cells decreased resistance to cisplatin and mitomycin 

C99.  c-Abl was also reported to phosphorylate Rad52 on tyrosine 104 and mediate IR-

induced Rad52 nuclear foci formation in CHO cells.  Disruption of Y104 by 

phenylalanine substitution abolished Rad52 foci formation after DNA damage in these 

cells104.  Furthermore, construction of a dominant/negative c-Abl mutant also abrogated 

Rad52 nuclear foci formation post-DNA damage, demonstrating post-translational 

modification of Rad52 by c-Abl.  Abl kinase activity is retained by the BCR-ABL1 

kinase; therefore, it is reasonable to expect BCR-ABL1 to perform similar functions in 

leukemia cells as performed by c-Abl in normal cells.  

These aforementioned studies clearly demonstrate BCR-ABL1’s ability to 

mediate the expression level and phosphorylation status of other proteins involved in 

DNA repair as well as the resultant stimulation of HRR activity.  We sought to examine 

the relationship between BCR-ABL1 and Rad52.  We first chose to examine whether 

BCR-ABL1 stimulated repair by single-strand annealing, a Rad52-dependent process.  

We also explored whether Rad52 protein expression and phosphorylation of Rad52-Y104 

was regulated by BCR-ABL1.  In the studies presented here it is clear that BCR-ABL1 

stimulates single-strand annealing, but does not affect Rad52 protein expression and 

despite phosphorylation of Rad52-Y104 BCR-ABL, expression of a Rad52-Y104F 

phosphorylation-resistant mutant does not abolish Rad52 nuclear foci formation after 
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DNA damage by IR, nor does it sensitize BCR-ABL1-transformed 32Dcl3 murine 

hematopoietic cells to the genotoxic drug cisplatin. 

Materials and Methods 

Cells 

Murine growth factor dependent 32Dcl3 hematopoietic cells and their FTK-

transformed counterparts were cultured in Iscove’s Modified Dulbecco’s Medium 

(IMDM) supplemented with 10% fetal bovine serum (FBS) and 15% WEHI-conditioned 

medium as a source of interleukin-3 (IL-3).  Cells were maintained in a humidified 

atmosphere with 5% CO2 at 37° C.   

Western Analysis 

Cells were lysed by adding 1x SDS Laemmli sample buffer (100mM Tris HCl pH 

6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol) to the cell pellet and boiling for 3 

minutes at 100° C, followed by sonication for 10 seconds on ice.  Lysates were resolved 

by SDS-PAGE and examined by Western analysis using anti-Rad52 and anti-β-actin 

(clones H300 and CC4, Rad52 and actin, respectively, both from Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). 

DNA Constructs 

The cDNAs for TEL/ABL and TEL/JAK2, and were obtained from D. Gary 

Gilliland (Brigham and Women's Hospital, Boston, MA) and subcloned into the pMSCV 

retroviral plasmid. The pSRα-TEL/PDGFβR retroviral constructs was obtained from 

Martin Carroll (University of Pennsylvania, Philadelphia, PA.).  pMIG-IRES-GFP and 

pMIG-BCR-ABL1-IRES-GFP retroviral constructs were obtained from Warren Pear 

(University of Pennsylvania, Philadelphia, PA).  pEGFPN1-Rad52 was obtained from 



 

 25 

Zhi-Min Yuan (Harvard School of Public Health, Boston, MA) and site-directed 

mutagenesis was performed to mutate the tyrosine 104 residue to phenylalanine using the 

QuikChange II Site-Directed Mutagenesis kit (Qiagen).  pGSTag-W-hRad52, pGSTag-N-

hRad52, and pGSTag-C-hRad52 were obtained from Alan Tomkinson (University of 

New Mexico, Albuquerque, NM) 

GST Pull-down   

Competent E. coli strain DH5α was transformed by pGSTag constructs and 

grown to OD 600 before induction of GST-fusion protein expression by addition of 

0.5mM IPTG (Sigma, St. Louis, MO) for 4 hours at 37 °C.  Purified GST proteins were 

bound to glutathione-agarose beads (Sigma) for four hours at 4 °C.  One milligram of 

whole cell lysate from BCR-ABL1-transformed 32Dcl3 cells was incubated with whole-

hRad52, N-hRad52, C-hRad52, or empty- GST proteins for 2 hours at 4 °C, washed three 

times with buffer (10mM HEPES, pH 7.5, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 

10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM Na3VO4, and 10 

µg/ml each leupeptin and aprotinin), resuspended in 2x Laemmli sample buffer and 

boiled for 5 minutes.  Pull-down complexes were resolved by SDS-PAGE and analyzed 

by Western blotting with anti-c-Abl antibody (Ab3; Calbiochem, La Jolla, CA). 

Immunoprecipitation 

Whole cell extract from BCR-ABL-transformed 32Dcl3 cells was incubated with 

protein A/G+ agarose beads (Sigma) for 2 hours at 4 °C after pre-clearing the protein 

lysate with 10ug normal rabbit IgG (Cell Signaling, Beverly, MA) for one hour at 4 °C.  

Beads were washed four times with immunoprecipitation buffer (10mM HEPES, pH 7.5, 

150mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 50 mM 

NaF, 1 mM Na3VO4, and 10 µg/ml each leupeptin and aprotinin) at 4 °C before being 
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boiled in 2x Laemmli sample buffer and resolved by SDS-PAGE.  Western analysis was 

performed using anti-GFP (FL; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-

phospho-tyrosine (4G10, Millipore, Billerica, MA) 

Immunofluorescence 

Cells growing in suspension were exposed to 4 Gy IR (RS-2000 Biological-

Research Irradiator, Rad Source Technologies, Inc., Suwanee, GA) and allowed to 

recover for one hour at 37° C.  Cells were then washed in 1x PBS and resuspended in 

1xPBS supplemented with 1% BSA and centrifuged in a Cytospin II centrifuge (Shandon 

Inc., Pittsburgh, PA). Cells were stained with anti-γ-H2AX (Millipore) followed by goat-

anti-mouse secondary antibody conjugated to Alexa Fluor 594 (Molecular Probes, 

Eugene, OR). Negative controls were performed without addition of primary antibody.  

DAPI (4’6’-diamidino-2-phenylindole) was used to counterstain DNA.  Nuclei were 

analyzed and scored as negative (0-4 foci), low-positive (5-20 foci), or high-positive (>20 

foci) per nucleus.  Samples were mounted using an anti-fade reagent (SlowFade Gold, 

Invitrogen, Carlsbad, CA).   Staining was visualized using an inverted Olympus IX70 

fluorescence microscope equipped with a 100x UPlan Apo lens and a Cooke SensiCam 

QE camera (The Cooke Corp., Auburn Hills, MI).  Images from at least 200 individual 

cells were analyzed per experimental group and were acquired with Slidebook 3.0 

(Intelligent Imaging Innovations, Denver, CO).  A series of three-dimensional images 

was converted to one two-dimensional image.   Deconvolution was applied to each two-

dimensional image to increase contrast and resolution.   Images were processed with 

Adobe Photoshop CS5 (Adobe Systems, Mountain View, CA) 
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SSA Assay 

The SA-GFP reporter containing the I-SceI-inducible DSB site was generously 

provided by Maria Jasin (Memorial Sloan-Kettering Cancer Center, New York, N.Y) and 

integrated into the genome of 32Dcl3 cells, which were then transfected with retroviral 

expression constructs containing various FTKs.  Additional cells were transfected with an 

empty neomycin resistance-encoding retroviral construct and selected for resistance to 

G418 to provide control cells.  SSA activity was then examined.  Briefly, cells were 

electroporated with 100µg of pCβA-Sce expression plasmid encoding I-SceI 

endonuclease and 20µg of pDsRed1-Mito (Clontech, Palo Alto, CA). Expression of I-

SceI causes a DSB in the specific restriction site included in the SA-GFP cassette, and 

pDsRed1-Mito encodes red fluorescent protein with a mitochondrial localization signal to 

control the efficiency of transfection (approximately 35%).  SSA activity was determined 

as the number of GFP+/Red1+ cells in 105 Red1+ cells. When indicated, cells were 

incubated with 1µM imatinib mesylate (Novartis Pharma AG, Basel, Switzerland)) 

starting from 24 hours before transfection with I-SceI and continuing until the end of 

experiment. The fragments of the SA-GFP cassette containing DSB repair site were 

amplified by PCR from GFP+ and GFP− cells using the following primers: 1 5’-

ATGGTGAGCAAGGGCGA GGA, 2 5’-AAAGACCCCAACGAGAAGCGCGAT, and 

3 5’-TTACTTGTACAGCTCGTCCAT. The products from GFP+ cells were sequenced to 

confirm restoration of GFP sequence accompanied by the loss of the I-SceI restriction 

site. 

   

Results 

The direct modulation of proteins involved in DNA repair, including Rad51 and 

its paralogs as well as Nbs1 and Mre11, by BCR-ABL1 led us to investigate whether 
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Rad52 was similarly regulated by BCR-ABL1.  We first confirmed the presence of 

increased DNA damage in BCR-ABL1-positive cells.  BCR-ABL1-transformed 32Dcl3 

cells and their parental counterparts displayed increased levels of γ-H2AX foci, an early 

marker of DSBs (figure 3).  There was a significant increase in both the number of nuclei 

classified as containing high levels of γ-H2AX foci (>20 foci per nucleus) as well as an 

increase in average number of foci per cell.  Increased DSBs as detected by γ-H2AX foci 

can likely be attributed to an increase in ROS levels in FTK-transformed 32Dcl3 cells63. 

 

 

 

 

 

 

 

 

 

 

 

Our lab previously reported an increase in DSB repair via HRR in BCR-ABL1-

postiive cells61.  Here we sought to examine whether BCR-ABL1 expression increased 

Figure 3: Enhanced phosphorylation of histone H2AX (γ-H2AX) on 
serine 139 upon spontaneous DNA damage in FTK transformed cells.  
γ-H2AX was detected by immunofluorescence in the nucleus as a marker 
of DSBs in 32Dcl3 parental and in FTK-transformed cell lines. 200 cells 
from each cell line were scored as low-positive (4-20 foci) or high-positive 
(>20 foci) for γ-H2AX foci. Foci counts were scored as either (A) the 
percentage of cells designated as either low-positive or high-positive for 
foci or (B) the average number of foci per positive cell.  (C) 
Representative nuclei from each group designated as low-positive or high-
positive. Nuclear borders are outlined in blue. *P <.05 in comparison to 
other groups.  P value was calculated by Student’s t-test. Results represent 
± SD from three independent experiments. 
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DSB repair through SSA.  We utilized the SA-GFP reporter cassette to study repair by 

SSA in various FTK-transformed 32Dcl3 cells (figure 4). The SA-GFP reporter contains 

two GFP gene fragments, 5′GFP and SceGFP3′, which have 266 bp of homology. The 

DSB is generated by the rare-cutting endonuclease I-SceI, whose 18 bp recognition 

sequence has been incorporated between the two GFP fragments.  Repair by SSA results 

in a functional GFP gene when a DNA strand from SceGFP3’ is annealed to the 

complementary strand of 5’GFP, producing a 2.7 kb deletion in the chromosome after 

successful repair by SSA.  The SA-GFP reporter can also be repaired by HRR, but this 

type of repair does not produce a functional GFP gene105.  After integration of SA-GFP 

in FTK-transformed and parental cells, the SSA assay was performed by electroporating 

the cells with a plasmid encoding the I-SceI endonuclease and a second plasmid encoding 

Red1-Mito, which is a red fluorescent protein with a mitochondrial localization signal 

that was used to control transfection efficiency (~35%).  Only those cells that were 

GFP+/Red1-Mito+ were scored and SSA activity was calculated by counting the number 

of GFP+/Red1-Mito+ in 105 Red1 cells.  As shown in figure 5A, BCR-ABL1 as well as 

other FTKs stimulate repair by SSA.  Restoration of functional GFP was confirmed by 

PCR amplification of genomic DNA isolated from GFP+ cells (figure 5B). Compared to 

normal cells, FTK-transformed cells show a 6- to 16-fold an increase in SSA.  

Importantly, incubating cells prior to the SSA assay with IM abolished the BCR-ABL1-

mediated effect of SSA activation, but had no effect on SSA activity in cells expressing 

the IM-resistant T315I BCR-ABL1 mutant, which further supports the increase in SSA 

observed in transformed cells is dependent on functional BCR-ABL1 kinase.  
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Figure 4: Structure of the SA-GFP reporter cassette.  The cassette 
structure is shown before (top, GFP− cells) and after (bottom, GFP+ 
cells) I-SceI cleavage and SSA. The cassette consists of 5′GFP and 
SceGFP3′ fragments, which have 266 bp of homology and intervening 
sequence encoding puromycin resistance (puroR). The black strip 
represents the I-SceI site in the SceGFP3′ and the large black triangle 
depicts the 3′ end of the cassette. Repair of the I-SceI generated DSB in 
SceGFP3′ by SSA results in a functional GFP gene when a DNA 
strand from SceGFP3′ is annealed to the complementary strand of 
5′GFP followed by appropriate DNA processing steps. Consequently, 
SSA between the homologous sequences in the GFP gene fragments 
produces a 2.7-kb deletion in the chromosome. The SA-GFP reporter 
can also be repaired by HRR and NHEJ but without restoration of a 
functional GFP gene.  Numbers 1-3 represent primer locations used to 
amplify repair products in figure 5B. 
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A current model of SSA implicates Rad52 as indispensable during annealing of 

complementary ssDNA ends and points to involvement of the ERCC1/XPF endonuclease 

complex in strand processing steps106.  In order to determine if the observed increase in 

SSA activity in FTK-transformed cells was mediated by BCR-ABL1 (or other FTKs), 

Figure 5: BCR-ABL1 and other FTKs stimulate SSA.  (A) I-SceI 
and Red1-Mito were expressed in parental (P) and FTK-transformed 
[BCR/ABL1-nonmutated (B/A), BCR/ABL1-T315I mutant (B/A-
T315I), TEL/ABL (T/A), TEL/JAK2 (T/J), and TEL/PDGFβR (T/P)] 
cells containing the SA-GFP reporter cassette and cultured in the 
presence of IL-3 and imatinib (IM) when indicated.  SSA activity was 
determined as the number of GFP+/Red1+ cells (see inset for example 
cell) in 105 Red1+ cells. * P < 10−8, <10−8, <10−8, 10−2, and <10−7, in 
comparison with BCR/ABL nonmutated, BCR/ABL-T315I mutant, 
TEL/ABL, TEL/JAK2, and TEL/PDGFβR, respectively; **, P < 0.03, 
in comparison with BCR/ABL. (B) PCR products from genomic DNA 
of GFP+ and GFP− cells demonstrating intact GFP gene product in 
GFP+ cells.  Primer numbers correspond to primer positions 1-3 in 
figure 4.  Results represent three independent experiments ± SD.  P 
values were calculated by Student’s t-test. 
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protein levels were examined by Western analysis (figure 6).   Expression of neither 

Rad52 nor ERCC1 was affected by BCR-ABL1. 

 

 

 

 

 

 

 

Since Rad52 protein expression does not appear to be modulated by BCR-ABL1, 

we next sought to determine if BCR-ABL1 interacts with Rad52.  A GST-pull down 

assay was performed utilizing full length, as well as N- and C- terminal fragments of 

human Rad52.  BCR-ABL1 appears to interact with full-length Rad52, with a preference 

for its N-terminus (figure 7).  Since we were able to confirm these two proteins interact, 

we next sought to elucidate whether Rad52 activity is affected by phosphorylation on 

tyrosine 104.  Kitao et al. report c-Abl phosphorylates Rad52 on Y104 and that this 

phosphorylation was essential for Rad52’s function104.  We sought to determine if BCR-

ABL1 also interacts with and phosphorylates Rad52 on Y104.  A Y104 phosphorylation-

resistant mutant was first made using site-directed mutagenesis to mutate Y104 to Y104F 

in the pEGFPN1 plasmid encoding a GFP-Rad52 translational fusion protein followed by 

immunoprecipitation with whole cell extract from BCR-ABL1-positive 32Dcl3 cells that 

Figure 6:  BCR-ABL1 and other FTKs do not alter expression of 
Rad52 or ERCC1.  Rad52 and ERCC1 expression was examined in 
parental (non-transformed) or FTK-transformed [BCR-ABL1 (B/A), 
TEL/ABL (T/A), TEL/JAK2 (T/J), and TEL/PDGFRβ (T/P)] 32Dcl3 
cells in the presence of IL-3.  Actin was detected as a loading control.   
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expressed either GFP-Rad52-WT or GFP-Rad52-Y104F.  Immunoprecipitation results 

show BCR-ABL1 indeed phosphorylates Rad52 on Y104 (figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7:  BCR-ABL1 interacts with Rad52.   Glutathione S-
transferase (GST) proteins containing either full-length human Rad52 
(W-hRad52) or C- (C-hRad52) or N- (N-hRad52) terminal fragments 
of Rad52 were incubated with whole cell lysate isolated from 32dCl3 
cells transformed with BCR-ABL1.  Pull-downs were performed 
followed by SDS polyacrylamide gel electrophoresis and analyzed by 
Western blotting using an anti-Abl antibody.  GST-empty was used as 
a negative control.  The membrane used for Western blotting was 
stained with Ponceau red to visualize purified GST proteins (asterisks). 

Figure 8:  BCR-ABL1 phosphorylates tyrosine 104 of Rad52.  GFP-
Rad52-WT or GFP-Rad52-Y104F protein was immunoprecipitated 
from whole cell lysate isolated from BCR-ABL1-positive 32Dcl3 cells 
using an anti-GFP antibody.  Rad52 and phosphorylated tyrosine were 
then detected by Western analysis using anti-GFP (for Rad52 
detection) or anti-phospho-tyrosine (p-Tyrosine).  
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Next we determined whether phosphorylation of Y104 conferred an increase in 

Rad52 activity in CML cells.  32Dcl3 parental and BCR-ABL1-transformed cells were 

transfected with either GFP-Rad52-WT or GFP-Rad52-Y104F and exposed to 4 Gy of 

IR.  In contrast to Kitao et al.’s findings that expression of Rad52-Y104F abrogated IR-

induced Rad52 foci formation, expression of Y104F in BCR-ABL1-transformed 32Dcl3 

cells decreased, but did not abolish Rad52 foci formation after IR exposure, indicating 

this is not the only factor regulating Rad52 expression in cells expressing BCR-ABL1 

(figure 9).  Although BCR-ABL1 phosphorylates Y104, this phosphorylation event does 

not appear to directly regulate Rad52 activity and cannot explain the increase in SSA 

activity observed in CML cells.  

The proliferation rates of cells expressing GFP-Rad52-WT or GFP-Rad52-Y104F 

were also studied to determine if the phosphorylation-resistant mutant negatively affected 

BCR-ABL1-positive cell growth in either the presence or absence of growth factor 

(figure 10).   No difference was observed in growth rate between cells expressing either 

Figure 9:  Expression of Rad52-Y104F reduces but does not abolish 
Rad52 foci formation in BCR-ABL1-positive cells after ionizing 
radiation.  BCR-ABL1-positive 32Dcl3 cells were transfected with 
either pEGFP-Rad52-WT (A) or GFP-Rad52-Y104F (B).  GFP+ cells 
were sorted by flow cytometry and exposed to 4 Gy of IR and rested for 
1 hour.  GFP-Rad52-WT or –Y104F foci were detected in nuclei by 
fluorescence microscopy.  Nuclear borders are outlined in blue.  
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GFP-Rad52-WT or GFP-Rad52-Y104F.  Given that Rad52 plays a role in HRR, we 

determined whether expression of Rad52-Y104F sensitized BCR-ABL1-positive 32Dcl3 

cells to the genotoxic agent cisplatin, which causes DSBs via formation of interstrand 

crosslinks.  GFP-Rad52-Y104F expression did not cause sensitivity to cisplatin compared 

to cells expressing GFP-Rad52-WT (figure 11), indicating phosphorylation of Rad52-

Y104 does not appear modulate Rad52 activity in CML cells.  

 

 

 

 

 

 

 

 

 

Figure 10:  Expression of GFP-Rad52-Y104F does not confer a 
growth advantage to BCR-ABL1-positive 32Dcl3 cells.  BCR-
ABL1-positive 32Dcl3 cells were transfected with either pEGFP-
Rad52-WT (black lines) or pEGFP-Rad52-Y104F (blue lines) 
translational fusion proteins and cultured in either 15% WEHI (+IL-3; 
solid lines) or in 10% FBS (-IL-3; dotted lines).  Cells were counted at 
the indicated time points in trypan blue.  Results represent ± SD of 
three independent experiments. 
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Discussion 

While these studies clearly provide evidence for a relationship between Rad52 

and BCR-ABL1, as there is confirmation of interaction between these two proteins via 

GST pull-down and immunoprecipitation, the increase in SSA observed in BCR-ABL1-

transformed cells cannot be explained by direct modification of Rad52 protein by BCR-

ABL1.  In contrast to the role BCR-ABL1 has in modulating the expression and/or 

phosphorylation status of proteins including Nbs1, Mre11, Rad51, and BLM, BCR-ABL1 

Figure 11:  BCR-ABL1-positive 32Dcl3 cells transfected with 
Rad52-Y104F phosphorylation-resistant mutant do not show 
enhanced sensitivity to cisplatin compared to Rad52-WT.  BCR-
ABL1-positive 32Dcl3 transfected with GFP-Rad52-WT (black circles) 
or GFP-Rad52-Y104F (blue triangles) were cultured in 15% IL-3 and 
incubated for 72 hours with the indicated dose of cisplatin.  Living 
cells were counted by trypan blue exclusion.  Results represent ± SD of 
three independent experiments. 
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does not appear to control Rad52 directly through inhibition of protein degradation, or 

through enhancing Rad52’s activity via phosphorylation.   

Our results are in agreement with Fernandes et al. who report no BCR-ABL1-

dependent changes in Rad52 expression level, despite an increase in SSA activity in 

BCR-ABL1 transformed BaF3 cells containing the SA-GFP reporter construct107.  

Treatment of these cells with IM also reduced SSA frequency, while not affecting SSA in 

parental cells. The exact mechanism by which SSA is used with increased frequency in 

BCR-ABL1-positive cells is not known, but HRR is reportedly used less often in these 

cells compared to normal, therefore it is possible that increased numbers of DSBs, as 

indicated by increased γ-H2AX foci, are repaired by mutagenic SSA rather than by 

canonical HRR107.  BCR-ABL1 seems to promote repair via pathways that are not 

entirely conservative, as repair by NHEJ also occurs more often in CML cells, therefore 

stimulation of SSA by downregulation of conservative HRR is possible29, 108.  Also, our 

lab identified increased nuclear colocalization of Rad52 and ERCC1 in BCR-ABL1-

positive cells, therefore while Rad52 expression may not be upregulated by BCR-ABL1, 

enhanced colocalization of Rad52 and ERCC1 may result in preferential repair by SSA in 

BCR-ABL1-positive cells63.   

Given Kitao et al.’s findings regarding c-Abl-mediated control of Rad52 activity 

via Y104 phosphorylation, mutation of this residue in BCR-ABL-positive cells was 

expected to produce a noticeable phenotype, particularly in regard to increased sensitivity 

to cisplatin due to a large increase in DSB accumulation, since DNA repair would be 

compromised by Rad52 inactivity; however, no noticeable defect was observed in BCR-

ABL1-positive cells expressing the Y104F phosphorylation-resistant mutant.  

Phosphorylation of Y104 may be a cell-type specific event, as experiments conducted by 

Kitao et al. were performed in CHO cells, whereas our experiments utilized 

hematopoietic cell lines.  
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CHAPTER 3 

RAD52-/- BONE MARROW CELLS ACCUMULATE INCREASED ROS-

DEPENDENT OXIDATIVE DNA DAMAGE RESULTING IN PROLIFERATION 

IMPAIRMENT VIA SYNTHETIC LETHALITY 

Introduction 

SSA is, in contrast to Rad51-dependent HRR, a Rad52-dependent DSB repair 

pathway and the increased frequency with which BCR-ABL1-positive cells utilize this 

mutagenic pathway identified Rad52 as a protein deserving of more study in the context 

of CML.  Studies conducted by Feng et al. revealed BRCA2 and Rad52 have redundant 

functions in vertebrates, which explains the paradoxical finding that despite high 

sequence conservation in Rad52, there is little to no phenotype or significant HRR defect 

present in Rad52-/- mice80.  Importantly, depletion of Rad52 via shRNA in Capan-1 cells, 

a human pancreatic cancer cell line with truncated BRCA2, produced a synthetic lethal 

effect upon DSB induction by IR.  A role for Rad52 in mediating localization of Rad51 to 

DSBs and restarting stalled replication forks was confirmed by these studies, but this role 

is masked by the presence of functional BRCA280.   

Traditionally, HRR was thought to proceed via BRCA1-BRCA2 and Rad51 

signaling and repair.  However, Feng et al.’s studies revealed the existence of a Rad52-

Rad51-dependent alternative HRR pathway that was identified by a set of experiments 

showing cell viability was not compromised with inhibition of Rad52 activity.  

Additional experiments demonstrated Rad52 and Rad51 were able to form foci in the 

absence of BRCA2, but synthetic lethality was observed after IR when either BRCA2 or 

Rad52 function was compromised80.  The presence of two separate HRR pathways allows 

cancers that are defective in a protein functioning in one of the pathways, such as Rad52, 

to rely on the second pathway to repair DSBs and avoid apoptosis.  Importantly, this 

finding also allows for the exploitation of a phenomenon known as synthetic lethality 
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whereby mutations in two genes result in cell death, but a mutation in either gene alone 

does not; when one of these mutations is relevant to a type of cancer, the other gene can 

then be targeted to induce synthetic lethality in cancer cells while sparing normal cells. 

During Rad52-independent HRR, BRCA1 forms a complex with BRCA2 and 

together these two proteins function in mediating the DSB repair response109.  In CML 

cells, BRCA1 protein is reportedly downregulated110.  The down-regulation of BRCA1 

by BCR-ABL1 led us to investigate whether synthetic lethality could be achieved in 

Rad52-/- bone marrow cells transformed by BCR-ABL1.  The existence of two 

independent HRR pathways provided us with the opportunity to target Rad52 function in 

an attempt to eliminate proliferating BCR-ABL1-positive cells.  Proliferating cells will be 

most susceptible to the HRR defect that is expected to be displayed by BCR-ABL1-

positive Rad52-/- cells because they rely mainly on HRR, rather than NHEJ for DSB 

repair.  Also, since BCR-ABL1 causes increased DSBs in CML cells compared to normal 

cells, these cells rely heavily on DNA repair mechanisms to evade apoptosis; therefore, 

BCR-ABL1-positive cells are expected to exhibit growth impairment when Rad52 

activity is absent. 

Experiments were performed to study the effect of BCR-ABL1-mediated 

leukemogenesis in Rad52-/- mouse bone marrow cells.  Expression of BCR-ABL1 in 

Rad52-/-, but not in Rad52+/+ bone marrow cells, resulted in an increased accumulation of 

ROS-induced of oxidative DNA damage as well as a severe reduction of proliferation.  

Injection of BCR-ABL1-positive Rad52-/- bone marrow into SCID mice resulted in an 

impairment of leukemogenesis.   

 

 



 

 40 

Materials and Methods 

Cells 

Rad52+/+ and Rad52-/- transgenic mice were a generous gift of Maria Jasin (Sloan 

Kettering Cancer Center, New York, NY).  Bone marrow was harvested and 

mononuclear cells were obtained by centrifugation on Lympholyte-M (Cedarlane, 

Hornby, ON, Canada).  Cells were cultured in IMDM with 10% FBS and were 

maintained in concentrations of IL-3 and SCF necessary to maintain proliferation. 

Immunofluorescence 

Immunofluorescence was performed identically to the procedure described in 

Chapter 1. 

Retroviral Infections 

Viral particles were produced by calcium phosphate-mediated transient 

transfection of Bosc23 cells with pMIG-IRES-GFP or pMIG-BCR-ABL1-IRES-GFP 

retroviral vectors.  Viral supernatants were harvested 36 hours later, filtered, and 

concentrated by centrifugation at 20,000 rpm for 2 hours at 14°C.   Cells were infected 

twice a day for two days with a 1:1 mixture of concentrated virus and medium in the 

presence of 4µg/ml polybrene (Sigma).  GFP+ cells were isolated by flow cytometry and 

used for experiments. 

Cell Cycle Analysis 

Cells (106) were fixed by drop-wise addition of ice cold 70% ethanol for 15 

minutes at 4°C, washed in 1x PBS, and resuspended in 1ml of PBS containing 0.1% NP-

40 and 1mg of DNase-free RNase (Boehringer Manheim Co, Indianapolis, IN) for 10 
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minutes at room temperature.  DNA was stained with propidium iodide (Sigma) and cells 

were analyzed by flow cytometry 24 hours later.   

Bone Marrow Phenotyping 

Mouse bone marrow stem cells were isolated by incubation with PerCP-Cy5.5-

conjugated anti-lineage cocktail (CD3e, CD11b, CD45R/B220, Ly-76, Ly-6G, and 

Ly6C), PE-conjugated anti-c-Kit (CD117), and PE-Cy7-conjugated anti-Sca-1 (LY6A/E).  

Isolation of short-term (ST) or long-term (LT) stem cells was accomplished by addition 

of anti-CD34 antibody to the above mixture.  All antibodies were obtained from BD 

Pharmingen, San Diego, CA.  Briefly, 2x106 cells were incubated with Fc block for 10 

minutes at room temperature followed by staining with a mixture of the antibodies in 1x 

PBS + 1% BSA for 30 minutes at 37°C.  Controls were performed with single stains.  

Cells were washed with 1x PBS and resuspended in ice-cold 1x PBS for flow-cytometric 

analysis.  In experiments where antioxidants were supplemented to cell culture before 

phenotyping or clonogenic assay, Vitamin E (VE, 200µM) or N-acetyl cysteine  (NAC, 

50µM) were added to medium and cells were protected from light (both from Sigma).  

Leukemogenesis in SCID mice 

Rad52+/+ or Rad52-/- murine bone marrow cells were infected with pMIG-BCR-

ABL1-IRES-GFP or pMIG-IRES-GFP retroviral particles and GFP+ cells were sorted by 

flow cytometry.  103 or 104 GFP+ cells were injected via tail vein into NOD/SCID mice.  

Mice were sacrificed when signs of morbidity were apparent and leukemia development 

was confirmed on necropsy.  Median survival time was calculated using the log-rank test. 
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Results 

BCR-ABL1-positive cells accumulate increased DNA damage compared to 

normal cells which contributes to the genomic instability that characterizes CML disease 

progression3, 4, 13, 27, 29, 68, 70.  Since BCR-ABL1-positive cells rely heavily on DNA repair 

pathways to avoid apoptosis despite the presence of large amounts of DNA damage we 

decided to examine the effect of BCR-ABL1 expression in bone marrow cells isolated 

from Rad52-/- mice and determine if these cells display any defects in leukemogenic 

potential in vitro and in vivo. 

First, the cell cycle profile of GFP+ BCR-ABL1-transformed Rad52-/- or Rad52+/+ 

total bone marrow cells was compared after at least 4 weeks of BCR-ABL1 expression 

(figure 12).  Compared to BCR-ABL1 Rad52+/+ cells, the Rad52-/- cells showed a 

significant increase (~7-fold) in apoptotic cells compared to Rad52+/+, which 

corresponded to a decrease in the percentage of cells in S- and G2/M phases.  We then 

examined whether this perturbation in cell cycle profile resulted in proliferation 

impairment of BCR-ABL Rad52-/- cells.  Living GFP+ BCR-ABL1 Rad52+/+ or Rad52-/- 

total bone marrow (TBM) cells were counted by trypan blue exclusion (figure 13A).  

After 7 days in liquid culture, BCR-ABL1-positive Rad52+/+ TBM cells expanded 

approximately 1.5 times faster than Rad52-/- cells.  Methylcellulose plating assessed the 

ability of BCR-ABL1 Rad52+/+ or Rad52-/- TBM to form colonies, which is a more 

accurate representation of proliferation potential.  Colonies were counted after 7 days of 

growth in methylcellulose supplemented with IL-3 and SCF.  Compared to an average of 

400 colonies per 104 BCR-ABL1 Rad52+/+ TBM cells plated, Rad52-/-cells formed only 

an average of 10 colonies (figure 13C).  These experiments were repeated on the 

leukemic stem cell (LSC) population that was isolated by phenotyping GFP+ cells with 

antibodies against lineage [lineage (Lin) cocktail: CD3e, CD11b, CD45R/B220, Ly-76, 

Ly-6G, and Ly6C], c-Kit, and Sca-1 markers.  Only LSCs with the GFP+Lin-c-Kit+Sca-1+ 
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phenotype were used in proliferation and clonogenic assays.  The LSC population 

exhibited a similar defect in proliferation and clonogenic ability.  Expression of BCR-

ABL1 in Rad52-/- LSCs resulted in an almost 2-fold reduction in proliferation (figure 

13B) and a 6-fold reduction in colony formation (figure 13D) by these cells compared to 

BCR-ABL1 Rad52+/+.   

 

 

 

 

 

 

 

 

 

 

Figure 12:  Expression of BCR-ABL1 in Rad52-/- bone marrow 
decreases the percentage of cycling cells.  Rad52+/+ or Rad52-/- 
mouse bone marrow cells were infected with pMIG-BCR-ABL1-
IRES-GFP retroviral particles.  GFP+ cells were sorted after infection 
by flow cytometry.  Cell cycle distribution was analyzed after staining 
with propidium iodide.  *P <.001 and **P =.001 compared to identical 
phase in BCR-ABL1 Rad52+/+.  P values were calculated by Student’s 
t-test. Results represent 3 independent experiments ± SD. 
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Since BCR-ABL1-positive Rad52-/- cells exhibited a severe impairment in colony 

formation in vitro, we next examined whether this proliferation defect had any impact on 

leukemogenesis in vivo.  Rad52-/- and Rad52+/+ mouse bone marrow was transduced with 

pMIG-BCR-ABL1-IRES-GFP retroviral particles and cultured for two weeks in minimal 

growth factors before injection of either 103 or 104 GFP+ cells into NOD/SCID mice.  

Figure 13:  BCR-ABL1 Rad52-/- cells display reduced growth 
capability.    Rad52+/+ (black bars) or Rad52-/- (white bars) bone 
marrow cells were infected with pMIG-BCR-ABL1-IRES-GFP 
retroviral particles.  104 GFP+ (total bone marrow, TBM) or GFP+Lin-

Kit-1+Sca-1+ (leukemic stem cells, LSCs) cells were used to study 
growth potential.  (A, B) TBM cells or LSCs, respectively, were plated 
in liquid medium and counted 7 days post-plating for proliferation 
studies. P = .02 and .01 for  Rad52-/- TBM and LSCs, compared to 
Rad52+/+, respectively.  (C, D) TBM or LSCs, respectively, were plated 
in semisolid medium and counted 7 days post plating for clonogenic 
studies.   P = .001 and .008 for BCR-ABL1 Rad52-/- TBM and LSCs, 
compared to Rad52+/+, respectively.  Results represent three 
independent experiments ± SD.  P values were calculated by Student’s 
t-test. 
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There was a significant difference in survival rate between mice injected with BCR-

ABL1 Rad52-/- or Rad52+/+ cells (figure 14).  Remarkably, 100% (5/5 mice) of mice 

injected with 103 BCR-ABL1 Rad52+/+ cells died [median survival time (MST)=53.6 

days], whereas mice injected with BCR-ABL1 Rad52-/- cells survived until day 150 when 

the experiment was terminated and displayed no signs of leukemia upon necropsy.  A 

marked difference in survival was also observed at the higher dose (104 cells); injection 

of BCR-ABL1 Rad52+/+ cells resulted in an MST of 37.6 days with 100% lethality (5/5 

mice) whereas injection of BCR-ABL1 Rad52--/- cells resulted in an MST of 145 days 

with only 40% lethality (2/5 mice).  

 

 

 

 

 

 

 

 

Figure 14:  Injection of BCR-ABL1 transformed Rad52-/- cells 
impairs leukemogenesis in vivo.  Rad52+/+ or Rad52-/- murine bone 
marrow was infected with pMIG-BCR-ABL1-IRES-GFP retroviral 
particles.  103 or 104 GFP+ cells were injected into NOD/SCID mice.  
Mice were sacrificed when signs of morbidity were exhibited and bone 
marrow was extracted to confirm presence of GFP+ cells.  Median 
survival time (MST) for 104 BCR-ABL1 Rad52+/+ was 37.6 days 
compared to 145 days for Rad52-/-, P <.001 for 104 BCR-ABL1 
Rad52+/+ compared to 104 BCR-ABL1 Rad52-/-.  MST and P value were 
calculated by log-rank test. 
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Next, we investigated the potential cause of the proliferation and leukemogenic 

impairment defect displayed by BCR-ABL1 Rad52-/- bone marrow cells.  We chose to 

focus the next set of studies on the LSC population since it is this cohort of cells that are 

reportedly imatinib resistant and represent the largest hurdle to eradicating CML111.  

Immunofluorescence studies were conducted to detect γ-H2AX foci in untransformed 

bone marrow LSCs as well as in BCR-ABL1 Rad52+/+ or Rad52-/- LSCs (figure 15).  

Compared to untransformed LSCs, BCR-ABL1-transduced Rad52+/+ LSCs displayed 

elevated numbers of cells staining positive for γ-H2AX foci, with detection of 4 or more 

foci per cell constituting positive staining.  However, BCR-ABL1-Rad52-/- cells 

displayed even more LSCs with γ-H2AX foci than Rad52+/+ (~40% Rad52+/+ vs. ~60% 

Rad52-/- LSCs positive for foci, P <.001).  In order to determine the cause of these DSBs, 

LSCs from each group were cultured with two potent antioxidants, Vitamin E (VE; 

200µM), a scavenger of peroxyl radicals or N-acetyl cysteine (NAC; 50µM), a hydroxyl 

radical scavenger.  VE or NAC was supplemented to the cells’ growth medium for 7 days 

prior to staining for γ-H2AX foci.  Treatment with either VE or NAC resulted in a 

significant decrease in the percentage of BCR-ABL1 Rad52-/- cells staining positive for 

foci.  Therefore, we conclude the observed DSBs are ROS-dependent, as antioxidant-

mediated ROS inhibition reduced the percentage of BCR-ABL1 Rad52-/- cells staining 

positive for γ-H2AX foci to levels even below those observed in BCR-ABL1-Rad52+/+ 

LSCs. 
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Figure 15:  BCR-ABL1-positive Rad52-/- stem cells exhibit 
increased ROS-dependent DNA damage.    Rad52+/+ and Rad52-/- 
cells infected with pMIG-BCR-ABL1-IRES-GFP (B/A) or pMIG-
IRES-GFP (untransformed) were sorted specifically for the LSC 
(GFP+Lin-c-Kit+Sca-1+) population.  If indicated, cells were treated 
with 200µM Vitamin E (VE) or 50µM N-acetyl cysteine (NAC) for 7 
days before immunostaining.  Compared to BCR-ABL Rad52+/+ cells, 
BCR-ABL1 Rad52-/- cells accumulate more DSBs as evidenced by an 
increased percentage of cells positive for γ-H2AX foci (>4 foci per 
cell).  Foci formation was reduced when BCR-ABL1 Rad52-/- cells 
were treated with antioxidants (VE or NAC), indicating the DSBs were 
ROS-dependent.  At least 100 nuclei were analyzed from each group.  
P values were calculated by Student’s t-test. 
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Further evidence for accumulation of ROS-induced DNA damage as the cause of 

proliferation impairment of BCR-ABL1 Rad52-/- cells came from results obtained from 

long-term studies during which the LSC populations were phenotyped.  There was no 

difference in the percentage of LSCs in either the Rad52+/+ or Rad52-/- populations after 

one week of BCR-ABL1 expression (figure 16).  However, after four weeks of 

continuous BCR-ABL1 expression, the expansion of the Rad52-/- LSC population was 

significantly impaired by greater than 2-fold and this difference continued to be 

Figure 16:  Antioxidants restore expansion and clonogenic activity 
of BCR-ABL Rad52-/- cells.  (A) Expansion of the LSC population 
(GFP+Lin-c-Kit+Sca-1+) was impaired in BCR-ABL Rad52-/- compared 
to Rad52+/+ cells but was restored when BCR-ABL Rad52-/- cells were 
incubated with 200µM Vitamin E (VE) added to the culture medium 
every other day for 4 weeks.  P =.004, BCR-ABL Rad52-/- compared to 
Rad52+/+. (B) Cells were incubated in the presence of 200µM VE or 
50µM NAC for 7 days before plating in methylcellulose supplemented 
with 200µM VE or 50µ NAC.  Colonies were counted 7 days after 
plating.   P <.001, BCR-ABL Rad52-/- compared to Rad52+/+.  Results 
represent ±SD of 3 independent experiments.  P values were calculated 
by Student’s t-test. 
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reproducible when the experiment was terminated after 8 weeks of BCR-ABL1 

expression.  Confirmation of ROS as the source of DSBs causing growth impairment of 

the BCR-ABL1 Rad52-/- cells was obtained by culturing the BCR-ABL1 Rad52+/+ or 

Rad52-/- populations in 200µM VE immediately after transduction with BCR-ABL1 and 

continuing VE treatment for 4 weeks.   Treatment with VE restored the expansion of the 

Rad52-/- LSC population nearly to Rad52+/+ levels.  Importantly, VE or NAC treatment 

also restored the clonogenic activity of the Rad52-/- LSCs, whereas the Rad52+/+ LSC 

population was unaffected by antioxidant treatment, indicating ROS-induced DNA 

damage does not accumulate to high enough levels in cells with functional Rad52 to 

impair viability. 

Experiments in which the percentages of long-term (LT; Lin-c-Kit+Sca-1+CD34-) 

and short-term (ST; Lin-c-Kit+Sca-1+CD34+) LSCs were quantified in BCR-ABL1 

Rad52+/+ and Rad52-/- populations demonstrate the increased susceptibility of 

proliferating cells to the lack of Rad52-dependent HRR activity.  After four weeks of 

continuous BCR-ABL1 expression, there was a small but significant reduction in the 

percentage of ST LSCs detected in the BCR-ABL1 Rad52-/- population, compared to the 

Rad52+/+ population (figure 17).  However, after at least eight weeks of continuous BCR-

ABL1 expression there was a drastic 10-fold decrease in the percentage of ST LSCs in 

the BCR-ABL1 Rad52-/- population.  The percentage of LT LSCs was also affected by 

absence of Rad52 where small, but significant decreases in this population was observed 

in BCR-ABL1 Rad52-/- compared to Rad52+/+ cells. 
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Figure 17:  Expression of BCR-ABL1 in Rad52-/- cells decreases the 
percentage of short-term and long-term LSCs.  Rad52+/+ cells (black 
bars) or Rad52-/- cells (white bars) were infected with pMIG-BCR-
ABL1-IRES-GFP, sorted to isolate the GFP+ population, and 
phenotyped for long-term (Lin-c-Kit+Sca-1+CD34-) or short-term (Lin-

c-Kit+Sca-1+CD34+) LSCs at 0, 4, or 8 weeks post-infection with BCR-
ABL1 (as indicated).  Expression of BCR-ABL1 in Rad52-/- cells 
resulted in significant decreases in LT LSCs beginning at 4 weeks and 
ST LSCs beginning at 8 weeks after BCR-ABL1 infection.  Results 
represent ±SD of 3 independent experiments.  P values were calculated 
by Student’s t-test. 
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Discussion 

Previous reports from our lab demonstrate the ability of BCR-ABL1 to upregulate 

both HRR, including the mutagenic SSA subpathway, and NHEJ to repair the large 

amounts of DNA damage that accumulates in CML cells29, 62, 63.  Therefore, in order to 

evade apoptosis, which is usually triggered by excessive amounts of DNA damage in 

normal cells, CML cells rely heavily on DNA damage repair pathways.  Since CML cells 

cycle so frequently in order to facilitate their rapid division, these cells utilize the HRR 

pathway often.  Identification of two HRR pathways, one dependent on Rad52 and the 

other not (figure 18, left panel), explains why Rad52-null vertebrates do not display a 

defect in HRR, in contrast to yeast, and in turn identifies Rad52 as an attractive target in 

cancers deficient in proteins involved in the BRCA1-BRCA2-dependent HRR pathway.  

BRCA1- or BRCA2-deficient cancers, such as breast or pancreatic, should therefore be 

susceptible to cell death via Rad52 inhibition.  The fact that Rad52 is not known to be 

mutated in any cancers also contributes to its appeal as a novel target80.  Normal cells 

would be unaffected by Rad52 inhibition, since the primary HRR pathway would still be 

intact. 

Since Rad52 is a DNA repair protein, we speculated that in the absence of Rad52 

excess DNA damage will accumulate in BCR-ABL1-positive cells due to impaired HRR 

resulting in cell death.  BCR-ABL1 downregulates expression of the BRCA1 protein, 

which in turns affects how proficiently the BRCA1-BRCA2 complex is assembled, and 

also dysregulates the expression of Rad51 paralogs (figure 18, right panel).  Since lack of 

Rad52 affects the HRR pathway specifically, we speculated proliferating cells would be 

impacted most severely by the resulting repair defect since HRR is preferentially used 

during S- and G2/M.  Importantly, phosphorylation of Rad51 on Y315 by c-Abl was 

shown to enhance complex formation between Rad51 and Rad5297.   Studies from our lab 

show BCR-ABL1 also phosphorylated Y315 of Rad51, which stimulates homologous 
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pairing through increased interaction with Rad52, consequently, CML cells may be even 

more reliant on the Rad52-dependent HRR pathway99. 

 

 

 

 

 

Data from our lab and others show increased production of ROS by BCR-ABL-

positive cells in both mouse and human cell lines, as well as in primary patient cells29, 63, 

70.  Excessive ROS production can lead to increased DSBs which in turn causes increased 

reliance on HRR for repair of these breaks.  In the studies presented here, it is evident 

Figure 18:  Comparison of HRR pathway function with and without 
Rad52 inhibition.  In normal cells (left panel), HRR proceeds 
predominately via the BRCA1-BRCA2 pathway, but can also proceed 
via the Rad52-dependent pathway.  In CML cells (right panel), BCR-
ABL1 downregulates expression of BRCA1 and dysregulates the 
expression of Rad51 paralogs, therefore the BRCA1-BRCA2-dependent 
pathway is not fully functional.  Phosphorylation of Rad51 on Y315 by 
BCR-ABL1 enhances the interaction between Rad51 and Rad52.  CML 
cells may therefore be more reliant on the Rad52-dependent pathway to 
repair DSBs.  Adapted from Feng et al.80 
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that in cells lacking Rad52 expression, there is an accumulation of DSBs as identified by 

a higher percentage of cells staining positive for γ-H2AX foci.  Confirmation of these 

breaks being ROS-dependent was accomplished by antioxidant treatment.  Treatment 

with either VE or NAC reduced the number of cells displaying DSBs and restored the 

growth defect displayed by BCR-ABL1 Rad52-/- TBM cells as well as the specific LSC 

population. 

Results from phenotyping the ST and LT LSC populations support our hypothesis 

that viability of cycling cells is compromised specifically by lack of Rad52.  This idea is 

supported by the fact that a greater reduction in the ST LSC population occurred in the 

BCR-ABL1 Rad52-/- population compared to BCR-ABL1 Rad52+/+ cells and is further 

bolstered by the smaller reduction in the LT LSC population.  LT stem cells cycle less 

often than ST, therefore the ability of these cells to be eradicated due to the effective 

elimination of functional HRR in BCR-ABL1 Rad52-/- cells is concomitant with how 

often the cells enter S-phase.  The fact that the greatest reduction in the number of ST 

LSCs occurred after eight weeks of continuous BCR-ABL1 expression also supports the 

idea that the accumulation of DNA damage and inability of the Rad52-/- cells to repair 

this damage results in death of cycling cells.  

Impairment of BCR-ABL1-mediated leukemogenesis by Rad52-/- bone marrow 

cells in NOD/SCID mice provides important support for Rad52 as a clinical target to be 

used in the treatment of CML.  While a Rad52 inhibitor is unlikely to usurp IM and other 

TKIs as first-line treatment for CML, it may serve as part of a combination treatment 

with a TKI. 

These results clearly establish that the accumulation of ROS-induced DNA 

damage leads to a growth defect in BCR-ABL-positive cells lacking Rad52 expression.  

These studies also identify Rad52 as an attractive target to eliminate proliferating CML 

cells dependent on HRR for DSB repair.  In the upcoming studies, the effects of 

disrupting Rad52 function in Rad52+/+ cells will be examined.  
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CHAPTER 4 

IDENTIFICATION OF SINGLE-STRANDED DNA-BINDING ACTIVITY OF 

RAD52 AS A REQUIREMENT FOR SURVIVAL OF CML CELLS 

Introduction 

Growing evidence points to CML stem cells being independent of BCR-ABL1 

kinase activity for survival, which explains the persistence of LSCs despite inhibition of 

BCR-ABL1 kinase activity by TKIs.   Despite current disagreements regarding whether 

CML stem cells are refractive to TKI therapy because of increased BCR-ABL transcripts 

in these cells, the presence of drug efflux pumps preventing accumulation of TKIs in the 

stem cell, or lack of dependence on BCR-ABL1 kinase activity for LSC survival, new 

findings by Corbin et al. provide evidence that LSCs are not dependent on active kinase 

for survival; rather, reversion to normal cytokine dependence promotes LSC survival and 

proliferation112.  Clearly, TKI therapy is insufficient to eradicate CML due to the 

maintenance of a reservoir of LSCs that do not depend on BCR-ABL1 for survival111; 

therefore secondary targets are needed to cure CML, particularly in patients harboring 

IM-resistant kinase domain mutations.   

The proliferation impairment exhibited by BCR-ABL Rad52-/- bone marrow 

provided us with an opportunity to explore Rad52 as a target to eliminate proliferating 

bone marrow cells, especially the LSC compartment, in an attempt to provide a new 

CML treatment target.  In order to properly function, Rad52 must first bind to ssDNA at 

the DSB site and then to dsDNA to promote strand invasion of the intact DNA template 

by Rad5188.   Eliminating Rad52’s ability to bind to ssDNA should therefore result in 

inhibition of its activity.   

Structural analysis of Rad52 revealed a unique ssDNA binding site at the N-

terminus (aa 39-80, DNA BD I) and binding studies demonstrated this domain is used to 

bind ssDNA; scanning alanine mutagenesis of DNA BD I revealed mutation of 
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phenylalanine 79 to alanine resulted in inhibition of ssDNA binding by the F79A 

mutant.85  In the following studies, F79 in DNA BD I and K102 in DNA BD II were 

mutated to assess the effect of these mutations on growth of BCR-ABL1-positive cells.  

Confirmation of reduced growth and colony formation in cells with mutated DNA BD I 

or II led us to explore the use of a peptide aptamer targeting F79 of Rad52 in CML-CP 

cells isolated from CML patients.  In these studies, a peptide-based aptamer strategy was 

used to disrupt Rad52 ssDNA binding activity in CML cell lines and patient cells.  

Peptide aptamers are short amino acid (12-22 residues) sequences that are used to 

manipulate protein function and have been used successfully to target the proliferation of 

and sensitize cancer cells to chemotherapeutics during cancer treatment113 114-118. 

 

Materials and Methods 

Cells 

32Dcl3, BCR-ABL1-positive 32Dcl3, and mouse bone marrow cells were 

maintained as previously described.  UT7n11 cells were maintained in IMDM 

supplemented with 10% FBS and 5 ng/ml recombinate human granulocyte-macrophage 

colony-stimulating factor (GM-CSF; PeproTech, Rocky Hill, NJ).  Patient cells were 

obtained from anonymous donors and healthy donor samples were purchased from 

Cambrex BioScience and maintained in StemSpan H3000 medium (StemCell 

Technologies) supplemented with 200 pg/ml SCF, 200 pg/ml GM-CSF, 1 ng/ml G-CSF, 

50 pg/ml LIF, 200 pg/ml MIP-1α and 1 ng/ml IL-6 (PeproTech).  Lin-CD34+ cells were 

obtained from Ficoll separated samples by magnetic sorting using the EasySep negative 

selection human progenitor cell enrichment cocktail followed by human CD34 positive 

selection cocktail (StemCell Technologies).  Clonogenic assays were performed in 

Methocult H4100 semisolid medium supplemented with growth factors as necessary to 
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maintain proliferation (StemCell Technologies).  When indicated, cells were plated in 

methylcellulose supplemented with various concentrations of imatinib mesylate (Novartis 

Pharma AG, Basel, Switzerland).  

DNA Constructs 

pMIG-IRES-GFP or pMIG-BCR-ABL1-IRES-GFP were previously described. 

The pLSXP-GFP-Rad52 retroviral construct was generously provided by Zhiyuan Shen 

(The Cancer Institute of New Jersey, New Brunswick, NJ).   The GFP sequence in 

pLXSP-GFP-Rad52 was mutated to YFP (threonine 203→tyrosine) by the QuikChange 

II Site Directed Mutagenesis kit (Qiagen).  Two point mutations within the Rad52 

sequence were made separately in pLXSP-YFP-Rad52 and pEGFPN1-Rad52 constructs 

(phenylalanine 79→alanine or lysine 102→alanine) using the QuikChange kit. The 

pMSIG1.1-BRCA1-IRES-GFP retroviral construct was a generous gift of Ralph Scully 

(Harvard Medical School, Boston, MA) 

Nucleofection 

CD34+ CML-CP cells were transfected using an Amaxa Nucleofector 2b Device 

(Lonza, Allendale, NJ).  5µg of pMSIG1.1-IRES-GFP-BRCA1 DNA was incubated with 

105 cells and transfected using the Amaxa Human CD34+ Cell Nucleofector Kit (Lonza), 

set to the CD34+ transfection program.   Western blotting was performed with an anti-

BRCA1 antibody (Abgent, San Diego, CA) and anti-lamin B1 (abcam, Cambridge, MA). 

Retroviral Infections 

Retroviral infections were performed as described in Chapter 3, except Phoenix 

Amphoteric packing cells were used in place of Bosc23. 
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Immunofluorescence 

Slides were made in a procedure identical to that described in chapter 1, except 

polylysine coated slides were used in place of plain glass when cytospins of human 

primary cells were made (Thermo Scientific).  Slides were stained with antibodies against 

Rad51, Rad52, or γ-H2AX (anti-Rad51 and anti-Rad52 were obtained from Cell 

Signaling; anti-γ-H2AX was obtained from Millipore).  γ-H2AX foci were scored as 

described previously.  At least 75 individual nuclei were examined per group 

Peptide Aptamers 

Synthetic peptides containing a sequence of 13 amino acids surrounding 

Rad52(F79) were purchased from Genemed Synthesis (San Antonio, TX).  

VINLANEMFGYNG-GGG-YARAAARQARA contained phenylalanine in the position 

corresponding to F79 and in VINLANEMAGYNG-GGG-YARAAARQARA, F79 was 

substituted with A.  A three-residue polyglycine linker was added as well as a protein 

transduction domain  (PTD, derived from the HIV-TAT protein PTD) to facilitate 

passage across lipid bilayers.   The aptamers were also modified by N-terminal 

acetylation and C-terminal amidation to prevent proteolytic degradation and linked to 

rhodamine for uptake analysis.  Aptamers were purified by high performance liquid 

chromatography and mass spectroscopy.  Aptamers were added to liquid or semisolid 

media at a concentration of 5µM, unless otherwise indicated. 

HRR Assay 

The DR-GFP cassette (gift of Maria Jasin, Memorial Sloan Kettering Cancer 

Center, New York, NY) was incorporated into 32Dcl3 parental cells and their BCR-

ABL1-transformed counterparts.  Cells were electroporated with 100µg of pCβA-Sce 

expression plasmid encoding I-SceI endonuclease and 20µg of pDsRed1-Mito (Clontech, 
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Palo Alto, CA). Expression of I-SceI causes a DSB in the specific restriction site included 

in the DR-GFP cassette, and pDsRed1-Mito encodes red fluorescent protein with a 

mitochondrial localization signal to control the efficiency of transfection. Repair of the 

DSB by HRR restores functional GFP expression, which is readily detected by 

fluorescent microscopy 48h after transfection with I-SceI.  GFP/Red1 double-positive 

cells were detected by flow cytometry to assess HRR repair activity. 

Immunophenotyping and Quiescence 

CD34+ patient cells were isolated as described, starved overnight in StemSpan 

H3000 without growth factors, and washed in 1x PBS.  Cells were then resuspended in 

1x PBS  + 0.1% BSA with 2µM of Cell Proliferation Dye eFluor 670 (eBioscience, Inc. 

San Diego, CA) for 10 minutes at 37°C.  Dye was washed out with 1x PBS and cells 

were resuspended in StemSpan H3000 with growth factors.  Cells were incubated for 5 

days after staining and aptamers were added daily.  At the end of day 5, cells were 

immunophenotyped with FITC-conjugated anti-Lin, PE-Cy7-conjugated anti-CD34 and 

PE-conjugated anti-CD38 antibodies (BD Pharmingen). 

   

Results 

Since DNA binding studies conducted with Rad52 revealed F79 and K102 as 

residues important for binding ssDNA and dsDNA85, 88, respectively, we examined the 

effect of mutating F79 and K102 to alanine and expressing these mutant Rad52 proteins 

in BCR-ABL1 Rad52-/- murine bone marrow cells.  Figure 19 shows the locations of 

DNA BDs I and II and models the location of ss- and ds-DNA binding.   
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Compared to cells lacking Rad52 expression, reconstitution of BCR-ABL1 

Rad52-/- bone marrow with wild-type Rad52 reduced DNA DSB formation, as identified 

by a decrease in the percentage of cells staining highly positive (>20 foci per nucleus) for 

γ-H2AX foci (figure 20).  In contrast, reconstitution of BCR-ABL1+ Rad52-/- bone 

marrow with Rad52-F79A or K102A failed to reduce the number of DSBs these cells.  

Therefore, it appears Rad52’s DNA BDs are required to prevent the accumulation of 

DSBs in BCR-ABL1-positive bone marrow cells.   

Expression of wild-type Rad52 in BCR-ABL1 Rad52-/- cells restored the 

clonogenic defect displayed by BCR-ABL Rad52-/- cells (figure 21).  However, 

reconstitution of BCR-ABL1 Rad52-/- with F79A or K102A resulted in a severe 

impairment in the ability of these cells to form colonies.  Reconstitution of BCR-ABL1 

Figure 19: Ternary complex model depicting ssDNA and dsDNA 
sites on the human Rad52 undecameric structure.  (A)  ssDNA 
(yellow) binds in the groove formed between the stem (light brown) 
and cap (light blue) regions of Rad52 whereas dsDNA (orange) binds 
around the outside rim.  DNA binding domain I is colored dark blue 
and DNA binding domain II is highlighted in magenta. (B)  Side view 
of Rad52 depicting the groove in which ssDNA binds.  Image adapted 
from Kagawa et al.88  
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Rad52-/- cells with the phosphorylation-resistant Rad52-Y104F mutant did not result in a 

clonogenic defect.   

 

 

 

 

 

 
Figure 20:  Expression of Rad52 DNA binding domain mutants fail 
to reduce DSB formation.  Rad52+/+ or Rad52-/- cells were infected 
with pMIG-IRES-GFP (control) or with pMIG-BCR-ABL1-IRES-GFP 
(B/A).  GFP+ BCR-ABL1 Rad52-/- cells were subsequently infected 
with pLXSP-YFP-Rad52-WT (WT; wild-type Rad52), pLXSP-YFP-
Rad52-F79A, pLXSP-YFP-Rad52-K102A, or pLXSP-YFP-Rad52-
Y104F as indicated.  Cells were sorted for GFP/YFP double-positive 
cells and used for experiments.  Expression of Rad52 DNA binding 
domain mutants (Rad52-F79A and K102A) failed to reduce DSB 
formation compared to expression of Rad52-WT or Rad52-Y104F in 
BCR-ABL Rad52-/- cells.  At least 200 nuclei were analyzed per group. 
Results represent ±SD of 3 independent experiments.  P values were 
calculated by Student’s t-test. 
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CD34+ primary cells isolated from patients in CML-CP were nucleofected with 

Rad52-wild-type or Rad52-F79A mutant constructs to determine if the effect of Rad52-

F79A observed on cell lines could also be repeated in primary cells.  Cells isolated from 

three different CML-CP patients were nucleofected in three separate experiments with 

pEGFPN1-Rad52-WT, pEGFPN1-Rad52-F79A, or pEGFPN1-Rad52-Y104F encoding 

GFP-Rad52 translational fusion proteins.  Nucleofection results in >95% transfection 

efficiency and GFP+ cells were confirmed by fluorescence microscopy.   Cells were 

plated and viability was assessed by trypan blue exclusion after 5 and 10 days in liquid 

culture.  Expression of the GFP-Rad52-F79A construct exhibited significant growth 

Figure 21:  Expression of Rad52 DNA binding domain mutants fail 
to restore clonogenic defect exhibited by BCR-ABL1 Rad52-/- cells. 
Cells utilized for studying γ-H2AX foci formation (GFP+/YFP+)) were 
also plated in methylcellulose for clonogenic assays.  BCR-ABL1 
Rad52-/- cells reconstituted with Rad52-F79A or K102A DNA binding 
domain mutants failed to restore the defect displayed in colony 
formation by BCR-ABL1 Rad52-/- cells.  In contrast, expression of 
Rad52 wild-type (WT) or Rad52-Y104F fully restored colony 
formation by BCR-ABL1 Rad52-/- cells. Results represent ±SD of 3 
independent experiments.  P values were calculated by Student’s t-test.    
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impairment compared to cells expressing GFP-Rad52-WT or GFP-Rad52-Y104F 

constructs (figure 22A).  These cells were also used in clonogenic assays in which the 

GFP-Rad52-F79A construct again conferred a severe impairment in clonogenic potential 

of CD34+ cells compared to expression of GFP-Rad52-WT or GFP-Rad52-Y104F, which 

exhibited no defect in colony formation (figure 22B).   Cells were plated at densities of 

104, 5x103, or 103 cells per plate and colonies were counted after 7 days in 

methylcellulose with growth factors.   

 

 

 

  

 

 

 

 

 

 

 

Figure 22:  Expression of Rad52-F79A DNA binding-deficient 
mutant in CD34+ cells decreases proliferation and colony formation. 
(A) Proliferation assay with CD34+ CML-CP patient cells showing 
decreased proliferation in cells expressing GFP-Rad52-F79A (blue) 
versus no defect observed upon expression of GFP-Rad52-Y104F 
(green) or GFP-Rad52-WT (black). *P <.001, GFP-Rad52-F79A 
compared to GFP-Rad52-Y104F or GFP-Rad52-WT expression. (B) 
Expression of GFP-Rad52-F79A in CD34+ CML-CP cells resulted in a 
3-fold decrease in colony formation. *P <.001, GFP-Rad52-F79A 
compared to GFP-Rad52-Y104F and GFP-Rad52-WT.  Results 
represent ±SD of 3 independent experiments.  P values were calculated 
by Student’s t-test. 
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Since we observed promising results with ectopic expression of Rad52-F79A in 

cell lines, but more importantly in patient cells, we next pursued a peptide aptamer-based 

strategy in which an aptamer targeting F79 of Rad52 was utilized to disrupt the 

interaction between Rad52 and ssDNA (figure 23A).  The aptamer was designed to 

contain 13 amino acids surrounding the F79 residue in Rad52 followed by a glycine 

linker to facilitate the addition of a protein transduction domain derived from the HIV-

Tat protein, which enhances intracellular delivery of the aptamer.  A second aptamer 

containing the F79A mutation was used as a control.  The F79 aptamer acts a decoy to 

prevent DNA from binding to the Rad52 protein.  Normal and leukemia cells showed 

efficient uptake of both aptamers, as treated cells displayed red nuclear fluorescence after 

one hour of aptamer incubation (figure 23B). 

 

 

 

Figure 23: Sequence and cellular uptake analysis of aptamer 
targeting F79.  (A) Sequence of F79 and F79A aptamers. (B) Uptake 
of the aptamers by normal bone marrow and CD34+ patient CML-CP 
cells was visualized by fluorescence microscopy.  Cells were incubated 
with 5µM of either the F79 or F79A aptamer (red), as indicated, for one 
hour.  DNA was counterstained with DAPI (blue). 
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First, studies to confirm the specificity of the aptamers were conducted.  CD34+ 

CML-CP or AP as well as normal bone marrow cells were used to demonstrate 

proliferation defects conferred by the F79 aptamer are only observable in BCR-ABL1-

positive cells.   Aptamer concentrations ranging from 2.5 to 10µM resulted in a reduction 

in colony formation in cells isolated from CML patients in CP and AP phases, but had no 

effect on normal bone marrow cells (figure 24).   These studies were also conducted with 

CML-BC cells in which some patient samples were sensitive to the F79 aptamer and 

others were not, most likely due to the highly heterogeneous nature of cells isolated from 

patients in BC (data not shown).  Treatment of BCR-ABL1 Rad52+/+ murine bone 

Figure 24:  Growth inhibitory effect of F79 aptamer is specific to 
cells with BCR-ABL1 and Rad52 expression.  (A) CD34+ normal 
(white bars), CML-CP (light gray bars), or CML-AP (dark gray bars) 
cells were incubated in methylcellulose with the indicated concentrations 
of F79A aptamer (solid bars) or F79 aptamer (striped bars).  After 7 
days, colonies were counted. *P =.02 and **P <.001, CML F79 treated 
compared to CML F79A treated cells.  (B) BCR-ABL1 Rad52+/+ (black 
bars) or BCR-ABL1 Rad52-/- cells (white bars) were plated in 
methylcellulose supplemented with 5µM of F79A or F79 aptamer.  
Colonies were counted after 7 days. *P <.001, F79 compared to 
untreated or F79A treated BCR-ABL1 Rad52+/+ cells.  Results represent 
±SD of 3 independent experiments.  P values were calculated by 
Student’s t-test. 
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marrow cells with F79 also reduced colony growth, but had no effect on the clonogenic 

potential of BCR-ABL1 Rad52-/- cells, although colony growth was reduced over all in 

these cells compared to BCR-ABL1 Rad52+/+ cells, as expected, indicating the aptamer 

specifically targets Rad52.   

We then examined the effect of the aptamer on foci formation of proteins 

involved in HRR after spontaneous DNA damage.  In these studies, we link the reduction 

in proliferation of F79-treated cells to a defect in HRR created by the aptamer.  CD34+ 

CML-CP patient cells were incubated with 5µM of the decoy (F79) or control aptamer 

(F79A) for three days with addition of fresh aptamer once per day before being spun onto 

slides.  Formation of γ-H2AX, Rad51, and Rad52 foci was then examined by 

immunofluorescence (figure 25).  Treatment with the F79 aptamer significantly increased 

formation of γ-H2AX foci, but also significantly decreased both Rad51 and Rad52 foci 

formation in CD34+ CML-CP primary cells.  In contrast, CD34+ normal bone marrow 

cells displayed no change in γ−H2AX, Rad51, or Rad52 foci formation compared to 

untreated cells.  Importantly, in normal and CML-CP cells treated with the control F79A 

aptamer there was not a significant difference in foci formation compared to untreated 

cells demonstrating the results observed in CML-CP cells were specific to F79 aptamer 

treatment.  These results confirm HRR is compromised in F79 aptamer treated CML-CP 

LSCs due to a reduction in Rad51 and Rad52 foci formation leading to an accumulation 

of unrepaired DSBs, as indicated by increased γ-H2AX foci formation.   

In order to confirm the presence of an HRR defect identified by the 

immunofluorescence studies in CD34+ CML-CP cells, 32Dcl3 and BCR-ABL1 32Dcl3 

cells transfected with the DR-GFP reporter cassette which measures repair by HRR after 

induction of a DSB by the rare-cutting endonuclease I-SceI were used to study the effect 

of the aptamers on HRR.  After a 72 hour incubation period with 5µM of each aptamer, 

HRR activity was measured by detection of GFP+ cells by flow cytometry (figure 26).    
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Figure 25:  F79 aptamer decreases Rad51 and Rad52 foci 
formation leading to DSB accumulation in CD34+ CML-CP cells.  
F79 aptamer has no effect on formation of γ-H2AX, Rad51, or Rad52 
foci formation in CD34+ healthy donor cells (Normal), but results in 
increased γ-H2AX and decreased Rad51 and Rad52 foci formation in 
CD34+ CML-CP patient cells (CML-CP).  Graphs depict average # of 
foci per cell and immunofluorescence panels depict detection of foci in 
representative nuclei from each experimental group, as indicated 
(nuclear borders outlined in blue).  *P <.001, CML-CP cells treated 
with F79 compared to F79A or untreated.  At least 75 nuclei were 
analyzed per group.  Results represent ±SD of 3 independent 
experiments.  P values were calculated by Student’s t-test. 
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BCR-ABL1-positive cells exhibited increased HRR repair due to the presence of more 

DSBs in these cells than in untransformed 32Dcl3 cells, as expected.  However, in BCR-

ABL1 32Dcl3 cells, a significant reduction in HRR activity was observed in the cells that 

were incubated with the decoy F79 aptamer compared to treatment with F79A or cells 

that were not treated.  This result confirmed our immunofluorescence observations and 

provides evidence that the F79 aptamer decreases repair of DSBs by HRR.  

 

 

Figure 26: F79 aptamer reduces HRR activity in BCR-ABL1-
positive cells.  (A) Schematic of DR-GFP cassette.  A DSB (black bar) 
is introduced in the upstream GFP sequence via I-SceI expression.  A 
GFP+ cell results when the downstream internal GFP (iGFP) sequence 
is used as a template for HRR.  (B) After 72 hours of incubation with 
5µM of F79A (gray bars), F79 (blue bars), or untreated (black bars) 
HRR activity was assayed in 32Dcl3 (32D) or BCR-ABL1 32Dcl3 
(B/A 32D) cells containing the DR-GFP cassette.  Compared to 32D 
cells, B/A 32D display increased HRR, as expected, but treatment with 
F79 significantly reduced HRR, as the percentage of GFP+ cells 
detected by flow cytometry decreased in this population compared to 
untreated or F79A treated cells.  Results represent ±SD of 3 
independent experiments.  P values were calculated by Student’s t-test. 
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New curative strategies focus on combining TKIs with other therapeutics, such as 

PARP inhibitors, to enhance the effect of the TKI.  We examined the effect of combining 

IM treatment with the F79 aptamer (figure 27).  As expected, treatment of CD34+ CML-

CP cells with 1 or 2 µM IM reduced colony growth by 2- and 2.6-fold, respectively.   

Combining IM with F79A had no effect in colony growth compared to single treatment 

with IM.  However, combining IM with F79 resulted in another 2-fold reduction in 

clonogenic potential compared to IM treatment alone.  These results demonstrate F79 

aptamer treatment potentiates the effect of IM.  

Figure 27:  F79 aptamer potentiates the effect of imatinib in CD34+ 
CML-CP cells.  Combining aptamer treatment with IM reduces colony 
growth to a greater extent than treatment with F79 aptamer or IM alone.  
Cells were treated for 3 days with 5µΜ of F79 aptamer and the indicated 
concentrations of IM before plating in methylcellulose supplemented 
with 5µΜ of F79 aptamer and the indicated concentrations of IM.  
Colonies were counted after 7 days. Results represent ±SD of 3 
independent experiments.  P values were calculated by Student’s t-test. 
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IM is extremely effective at stimulating apoptosis in proliferating CML cells by 

blocking anti-apoptotic signaling by BCR-ABL1, and the ability of the aptamer to 

enhance IM’s effect encouraged us to investigate whether the aptamer could be combined 

with IM to eliminate quiescent LSCs.  CD34+ CML-CP cells were incubated with 

eFluor670, a fluorescent cell proliferation dye that binds to cellular proteins containing 

primary amines.  As cells divide, the dye is distributed equally among daughter cells, 

thereby allowing visualization of cell division by tracking halving of fluorescence 

intensity of the dye.  The quiescent population can be isolated because it will fluoresce 

brightest, since the dye will not be diluted by cell divisions.  CD34+ CML-CP cells were 

stained with the dye and incubated for five days.  Fresh aptamer was added each day 

during the incubation period.  As shown in figure 28A, single treatment with either IM or 

F79 aptamer, as well as combination IM and aptamer treatment reduced the percentage of 

proliferating cells (CPDlow), as expected, with the greatest reduction occurring in the 

combination treated cell population.  Importantly, the percentage of quiescent (CPDmax) 

LSCs was significantly reduced by combination treatment with IM and the F79 aptamer 

compared to single treatment alone (figure 28B).  

IM continues to be the first-line treatment of choice for CML patients, but some 

patients harbor IM-resistant mutations either before beginning IM therapy or acquire 

mutations during the course of IM therapy. Therefore, we examined whether the F79 

aptamer reduced growth of BCR-ABL1 32Dcl3 cells harboring IM-resistant mutations 

(P-loop: Y253H and E255K, activation loop: H396P, IM-binding site: T315I). P-loop and 

activation loop mutations occur in the ATP binding loop and preventing the BCR-ABL1 

kinase from assuming the inactive state needed for IM to bind.  Substitution of isoleucine 

for threonine in the T315I mutation eliminates the presence of an oxygen molecule 

needed for critical hydrogen bond formation between IM and the kinase and confers 

resistance to all currently available TKIs except ponatonib, which has only limited 

effectiveness against this mutation.  Treatment of parental or BCR-ABL1-transformed 
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32Dcl3 cells with F79 aptamer significantly reduced colony growth of BCR-ABL1-

positive IM-resistant mutants compared to cells untreated cells or cells treated with the 

F79A aptamer (figure 29). 

 

 

 

 
 Figure 28:  F79 aptamer reduces percentage of quiescent LSCs in 

CD34+ CML-CP cells.  Cells were stained with eFluor670 cell 
proliferation dye (CPD) and phenotyped for the LSC population (Lin-

CD34+CD38-). The LSC population was then isolated into CPDlow 
(proliferating) or CPDmax (quiescent) populations.  Compared to single 
treatment with 1µM IM, combined treatment with 1µM IM and 5µM 
F79 aptamer for 5 days significantly reduced the percentage of 
proliferating (A) and quiescent (B) LSCs.  Results represent ±SD of 4 
independent experiments.  P values were calculated by Student’s t-test. 
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We also sought to broaden the induction of synthetic lethality by using the 

aptamer in other cancers with BRCA protein defects.   We utilized Capan-1, a pancreatic 

cancer cell line with truncated BRCA2 protein as well as Capan-1 cells in which BRCA2 

expression has been restored.  After exposure to 10 Gy IR to induce DSBs, the cells were 

incubated with 5µM of the aptamers for 72 hours and viability of Capan-1 cells with 

truncated or restored BRCA2 was assessed by trypan blue exclusion.   Treatment of 

Capan-1 cells with truncated BRCA2 with F79 resulted in an approximately 8-fold 

reduction in cell viability compared to cells in which BRCA2 was restored, whereas 

Figure 29:  F79 aptamer reduces colony formation in IM-resistant 
mutants. BCR-ABL1 32Dcl3 IM-resistant mutants were incubated 
with 5µM F79 aptamer for 3 days followed by plating in 
methylcellulose supplemented with 5µM aptamer.  Colonies were 
counted 7 days after plating.  P <.001, F79 (blue bars) treated compared 
to F79A (gray bars) treated or untreated (black bars) cells.  Results 
represent ±SD of 3 independent experiments.  P values were calculated 
by Student’s t-test. 

 



 

 72 

treatment of either cell type with the control F79A aptamer had no effect on cell viability 

(figure 30).   

 

 

 

 

 

Figure 30:  F79 aptamer induces synthetic lethality in Capan-1 
cells.  Capan-1 cells containing truncated BRCA2 (BRCA2 mutant) or 
wild-type BRCA2 (BRCA2 restored) were exposed to 10 Gy of IR and 
allowed to recover for 4 hours before being incubated for 3 days with 
either the F79A aptamer (grey bars) or the F79 aptamer (blue bars) 
after which viability was assessed by trypan blue exclusion.  Exposure 
of the BRCA2 mutant cells to F79 resulted in decreased viability 
compared to wild-type BRCA2 cells in which full-length BRCA2 
expression was restored.  Results represent ±SD of 3 independent 
experiments.  P values were calculated by Student’s t-test. 
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The reliance on a BRCA-protein defect in BCR-ABL1-positive cells treated with 

the F79 aptamer to induce synthetic lethality was confirmed with the use of the BCR-

ABL1-positive UT7 human megakaryoblastic cell line (UT7n11), in which BCR-ABLl 

downregulates BRCA1 expression110.  UT7n11 cells were infected with either 

pMSIG1.1-BRCA1-GFP or pMIG-IRES-GFP (empty vector) retroviral expression 

Figure 31:  Restoration of BRCA1 in BCR-ABL1-positive cells 
eliminates aptamer-induced synthetic lethality.  (A) UT7n11 cells 
were retrovirally infected with pMSIG1.1-BRCA1-GFP (BRCA1) or 
pMIG-GFP empty (pMIG-empty) as a control.  Restoration of BRCA1 
expression was confirmed by Western blot.  Lamin B1 served as a 
loading control. (B) UT7n11 cells infected with retroviral particles 
containing BRCA1 or empty vector (pMIG-empty) were left untreated 
(black bars) or treated with 5 µM of either F79A (gray bars) or F79 (blue 
bars) for 3 days prior to plating in methylcellulose supplemented with 5 
µM of F79 or F79A aptamer.  Colonies were counted after 5 days.  Cells 
infected with empty vector were sensitive to the F79 aptamer, whereas 
cells in which BRCA1 expression was restored were insensitive to the 
effects of the F79 aptamer.  Results represent ±SD of 3 independent 
experiments.  P values were calculated by Student’s t-test. 
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vectors and GFP+ cells were sorted and plated in methylcellulose to assay the ability of 

UT7n11 cells reconstituted with BRCA1 or pMIG-empty to form colonies.  As shown in 

figure 31A, BRCA1 expression was restored.  Expression of BRCA1 in UT7n11 cells 

restored clonogenic activity in the presence of F79, compared to cells expressing empty 

vector (figure 31B), which confirmed our hypothesis that synthetic lethality can be 

induced in BCR-ABL1-positive cells in which Rad52 function is inhibited due to lack of 

BRCA1 expression. 

 

Discussion 

Our previous results demonstrated the presence of increased ROS-induced DNA 

damage, evidenced by elevated numbers of DSBs resulting in a proliferation defect in 

BCR-ABL1 Rad52-/- cells.  Mutation of DNA BD I of Rad52 disrupted Rad52 ssDNA 

binding activity resulting in synthetic lethality of BCR-ABL+ cells.  Experiments with 

proliferation and clonogenic activity in mouse bone marrow and patient LSCs containing 

DNA BD mutations recapitulated the results observed in experiments with BCR-ABL1 

Rad52-/- murine bone marrow cells. 

The discovery of a second Rad52-dependent HRR pathway by Feng et al. led us 

to investigate whether we could achieve synthetic lethality in cells with functional Rad52 

protein expression, similar to the results we observed in cells Rad52-null cells80.  We 

began by investigating the steps necessary for Rad52 to mediate DSB repair by HRR.   

Studies have shown once Rad52 is recruited to a DSB site, it must first bind the free 

ssDNA ends of the break before Rad51 can be recruited to promote strand invasion and 

homology search, as experiments with Rad52-dsDNA complexes did not result in 

successful incorporation of Rad51 at the break site79, 84, 90.  These results along with 

findings by Lloyd et al. and Kagawa et al. regarding identification of several residues 
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necessary for ss- or ds-DNA binding by Rad52 revealed two unique means by which 

Rad52-dependent HRR could be disrupted: prevention of ssDNA binding via mutations 

in DNA BD I or prevention of the formation of the Rad51-Rad52-dsDNA complex via 

mutations in DNA BD II85, 88.  We identified binding of ssDNA by Rad52 as the first 

critical step required for activation of downstream HRR and therefore chose to focus the 

majority of our studies on the DNA BD I mutant, Rad52-F79A. 

We first sought to determine the effect of the DNA binding mutants on the 

accumulation of spontaneous DSBs in BCR-ABL Rad52-/- cells reconstituted with 

Rad52-WT, F79A, K102A, or Y104F.  Reconstitution of BCR-ABL Rad52-/- cells with 

Rad52-WT or the Y104F phosphorylation-resistant mutant reduced the accumulation of 

DSBs, since the percentage of cells staining positive for γ−H2AX foci was reduced to 

levels similar to those observed BCR-ABL Rad52+/+ cells.  However, expression of the 

ssDNA binding deficient mutant Rad52-F79A or the dsDNA binding deficient mutant 

K102A in BCR-ABL Rad52-/- cells failed to reduce the number of DSBs that accumulate 

in these cells.  We chose to explore the effects of the Y104F mutant further due to our 

finding that the Y104 residue is phosphorylated by BCR-ABL1 and while no effect was 

observed on the formation of DSBs compared to Rad52-WT, this mutant served to 

confirm the effects observed upon expression of the DNA binding mutants were unique 

to those cells and also served to confirm that Rad52-mediated DSB repair activity should 

not be affected by IM.  

Next, clonogenic studies were performed in which we observed restoration of 

clonogenic potential upon expression of Rad52-WT or Y104F in BCR-ABL1 Rad52-/- 

cells.  In contrast, expression of Rad52-F79A or K102A did not restore the ability of 

these cells to form colonies.  The clonogenic defects observed in the mouse bone marrow 

cells led us to study the effect of the F79A mutant on proliferation and clonogenic 

potential of CD34+ primary patient LSCs.  Expression of the F79A mutant in patient cells 

resulted in decreased survival, as a similar proliferation and clonogenic defect as that 
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observed in mouse bone marrow was observed, and, again as in mouse bone marrow, 

ectopic expression of Rad52-WT or Y104F had no detrimental effect on proliferation or 

colony formation of patient cells.  

Since our results pointed to mutation of DNA BD I causing pronounced DNA 

damage leading to cell death, most likely due to high numbers of unrepaired DSBs in 

BCR-ABL1-positive cells, the next logical question to ask was if we could devise a 

strategy to disrupt non-mutated Rad52 in patient cells to provide a novel therapeutic 

target.  We pursued a peptide aptamer-based strategy to attempt to disrupt Rad52’s 

ssDNA binding activity.  The exact mechanism by which aptamers function is not 

known, but our lab has published data in which an aptamer targeting Rad51-Y315 

reduced unfaithful recombination repair in BCR-ABL1-positive cells by decreasing 

Rad51 foci formation119.   The aptamer used in these studies targeted thirteen amino acids 

surrounding Rad52-F79 and was modified to contain a protein transduction domain to 

facilitate movement of the aptamer across the cell and nuclear membrane and was linked 

to rhodamine to permit visualization of the aptamer by fluorescence microscopy. 

Structural analysis of Rad52 revealed F79 lies within a groove running around the 

perimeter of the protein that may also prove to be a suitable target for a small molecular 

Rad52 inhibitor in the future.    

Immunofluorescence studies conducted on CD34+ normal bone marrow and 

CML-CP cells revealed the aptamer efficiently caused an accumulation of DSBs and 

reduced Rad51 and Rad52 foci formation in CML-CP, but had no effect in parental cells.  

Importantly, HRR repair assays with the DR-GFP reporter cassette revealed HRR activity 

is reduced in aptamer treated CML-CP cells.  These results support our hypothesis that 

inhibition of Rad52 activity leads to the accumulation of unresolved DSBs in BCR-

ABL1-positive cells.  Our results are in consensus with those obtained by Feng et al. in 

which Rad52 was inactivated by shRNA resulting in synthetic lethality in BRCA2-
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deficient cells80, supporting our hypothesis that synthetic lethality occurs in BCR-ABL-

positive cells when Rad52 activity is inhibited by the aptamer targeting F79. 

While IM significantly reduces the leukemic burden in patients, it fails, as a single 

agent, to eliminate every BCR-ABL1-positive cell, as evidenced by the maintenance of a 

Ph-positive pool of quiescent stem cells in patients on IM therapy.   Our results in which 

clonogenicity of patient LSC’s was reduced 2-fold by combination therapy with IM and 

the F79 aptamer demonstrate the aptamer can potentiate the effect of imatinib.  These 

results are most likely due to IM eliminating the anti-apoptotic effect of BCR-ABL1 and 

the fact that the F79 aptamer increases DNA damage, therefore allowing aptamer treated 

cells to trigger apoptosis.  These results are encouraging because the mechanism of action 

of the aptamer is independent from that of IM, and since Rad52 is not reported to be 

mutated in any cancers, it is an attractive secondary treatment target for those patients 

who have failed IM therapy.  The reduction in the percentage of CML-CP quiescent 

LSCs observed when combining IM with F79 aptamer treatment further supports our idea 

that proliferating cells can be eliminated via synthetic lethality by targeting Rad52 DNA 

binding activity.   If Rad52 DNA binding activity is inhibited as BCR-ABL1-positive 

cells enter the cell cycle, repair by HRR is compromised.  Since these cells carry 

excessive amounts of DSBs, the cell is unable to repair all of the damage and apoptosis is 

induced.  Any BCR-ABL-positive cell that cycles is susceptible to death via synthetic 

lethality with Rad52 inhibition; while quiescent LSCs cycle less frequently than 

proliferating CML cells, they do cycle more often than normal quiescent stem cells and 

our results show they can be eliminated with the aptamer strategy.    

Importantly, experiments in which BRCA1 was reconstituted in UT7n11 cells 

confirmed the synthetic lethal effect observed involving Rad52 inhibition in BCR-ABL1-

positive cells is due to the defect in the BRCA1/BRCA2-dependent HRR pathway 

created by down-regulation of BRCA1 by BCR-ABL1 and to a secondary defect in the 
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Rad52-dependent HRR pathway created by the F79 aptamer inhibiting Rad52 DNA 

binding activity.   
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

In this work we have identified Rad52 as a novel target for the treatment of CML. 

Our initial studies with the SA-GFP cassette showed BCR-ABL1 increased DSB repair 

via the Rad52-dependent mutagenic SSA repair pathway.  In additional experiments 

studying the interaction between Rad52 and BCR-ABL1, this stimulation of SSA did not 

appear to be a result of BCR-ABL1 directly stimulating Rad52 activity via enhanced 

protein expression or phosphorylation.  Studies with BCR-ABL1-transformed Rad52-/- 

bone marrow cells revealed the presence of a severe proliferation impairment when 

Rad52 was absent that translated to a significant delay in leukemogenesis in SCID mice 

injected with BCR-ABL1-transformed Rad52-/- cells.  Through subsequent studies with 

Rad52 DNA binding-deficient mutants, we show proliferation of both cell lines and 

primary patient cells is reduced when Rad52 activity is inhibited, indicating this activity 

is essential for proliferation of CML cells.  We also provide evidence for the induction of 

synthetic lethality in BCR-ABL1-positive cells when Rad52 DNA-binding activity is 

inhibited by an aptamer targeting DNA BD I via impairment of the HRR pathway, 

leading to cell death by accumulation of excessive amounts of DNA damage. 

Our results demonstrate inhibition of Rad52’s DNA binding activity results in 

synthetic lethality in Capan-1 cells with truncated BRCA2, indicating our strategy can be 

employed to kill other cancer cells with BRCA-deficiencies, presumably via the same 

mechanism as CML cells, which involves a deficiency in HRR-mediated repair of DSBs. 

In order to validate Rad52 as a treatment target, our future studies aim to 

recapitulate our in vitro results in vivo using SCID mice.  These mice will be injected 

with BCR-ABL-transformed Rad52+/+ bone marrow.  After a period of time to allow 

leukemia to develop, these mice will then be treated with the decoy F79 or control F79A 

aptamers.  The effect of the F79 aptamer on leukemogenesis will be assessed. 
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