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 DNA double strand breaks (DSBs) are considered both mutagenic and 

carcinogenic if left un-repaired resulting in genomic instability and ultimately 

cancer. There are two main pathways for DSB repair: homologous recombination 

(HR) and non-homologous end joining (NHEJ).  Defects in DSB repair have 

already been associated with breast cancer formation and increased breast cancer 

risk.  Breast cancer susceptibility genes, BRCA1 and BRCA2 are largely thought 

to be involved with HR while LIG4, XRCC4, and Ku70 are linked to NHEJ.  

Deficiencies in any one of these genes can predispose individuals to breast cancer.  

In addition to predisposition to breast cancer, altered DNA repair processes can 

influence chemo- and radiotherapy efficacy by creating resistance to therapy.  To 

study NHEJ further, our laboratory has identified a novel Ku70 binding protein #5 

(KUB5) by a yeast two-hybrid screen using Ku70 as bait.  Loss of RTT103, a 

putative yeast homolog of KUB5, resulted in increased sensitivity to IR, similar to 
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that observed in hdf1-deletion yeast, the yeast homolog of Ku70.  Results also 

show that RTT103-deletion yeast are deficient in repairing blunt and non-

compatible DNA ends and re-expression of hKub5 can correct the IR-sensitivity 

and DNA repair deficiency of these deficient yeast demonstrating a strong 

functional model for human KUB5 function in yeast.   

 Analyses of breast cancer cell lines for their KUB5 protein expression 

yielded a strong correlation between KUB5 protein level and sensitivity to DNA 

damage.  These data strongly suggests that KUB5 is a novel repair factor involved 

in NHEJ and endogenous over-expression of KUB5 plays a role in 

chemotherapeutic and/or radio-therapeutic resistance via increasing the capacity 

to facilitate NHEJ repair of DSBs in breast cancer cells. 
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CHAPTER I 

GENERAL INTRODUCTION
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DNA Damage Response.  Cells can accrue DNA damage by endogenous 

means through normal cellular processes, and also by exogenous means, through 

industrial chemicals or radiation.  Though a cell can accrue all types of DNA 

damage ranging from DNA mismatches, double strand breaks (DSBs), single 

strand breaks (SSBs), base modifications, and crosslinks, usually the cell can 

maintain genomic stability through proper repair of this damage.  To do this, the 

cell, upon DNA damage, must undergo a cell-signaling cascade to control cell 

cycle progression to give time for repair to be accurately completed(1).  The main 

DNA DSB damage kinases belong to the PIKK (phosphatidylinositol 3-like 

kinases) (2, 3) family and include, ATM (mutated in ataxia telengiectasia(4))(5), 

ATR (ataxia and Rad3 related)(6), and DNA-PK (DNA dependent protein 

kinase).  These kinases have the ability to phosphorylate p53 as well as many 

other proteins involved in DNA repair and damage signaling, such as histone 

variant H2AX and 53BP1 (BRCT protein p53 binding protein-1).  ATR is 

important in sensing UV and bulky DNA damage, mainly repaired by NER(7, 8).  

ATR is also implicated in replicative DNA damage repair such as that resulting 

from stalled replication forks, or any other DNA modification arising from 

inhibition of DNA synthesis.  ATM, is known to regulate G1 checkpoint by 

phosphorylating and transcriptionally activating p53 and CHK2 (cell cycle 

checkpoint protein)(9, 10).    Both ATM and ATR phosphorylate MDM2, an 
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endogenous ubiquitin ligase that inhibits and degrades p53(10, 11).  

Phosphorylation of MDM2 leads to its degradation, resulting in p53 stabilization 

and transcriptional activation of p21, a CDK inhibitor(12).  ATM also controls 

G2/M check point by phosphorylating CHK2, thus inhibiting CDC25 and 

preventing G2/M transition(13). 

Types of DNA Damage and Repair Pathways.  Exogenous or 

environmental sources of DNA damage include damage from UV radiation.  

Exposure to UV radiation creates two types of DNA lesions, cyclobutane-

pyrimidine dimers  and 6-4 photoproducts (6-4 PPs, which are pyrimidine 

adducts).  Other DNA damaging agents include industrial chemicals, such as 

benzopyrene that can induce DNA damage by intercalating into DNA or 

covalently bond to nucleophilic guanine, creating DNA adducts or bulky bases.  

These types of DNA lesions are usually repaired by nucleotide excision repair 

(NER)(14-18).   Two types of NER exist, including Global Genome Repair 

(GGR) and Transcription Coupled Repair (TCR)(19-23).   The main difference 

between the two types of NER pathways is that transcription-coupled repair 

occurs within regions of actively transcribed genes, whereas global genome repair 

occurs anywhere within the genome at any time, but in a slow and progressive 

manner.  In NER, DNA-damage binding (DDB), and XPC-Rad23B complexes 

are in constant motion scanning the genome to recognize structural 

distortions(24).   Once a damaged site has been identified, XPC-HR23B recruits 
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TFIIH and with the aid of ATP unwinds the DNA helix until XPD encounters the 

modified base.  RPA, XPA and XPG then assemble at the site, allowing XPG, due 

to structure specific endonuclease activity, to make a 3’ incision.  This allows 

ERCC1-XPF to bind and create a 5’ incision.  This dual incision leads to a 25-30 

nucleotide gap.  RPA remains bound to single stranded DNA (ssDNA), allowing 

polymerase eta (ε) to re-synthesize the strand and Ligase I to seal the nick(25-30). 

Hydrogen peroxide, another industrial chemical, leaves single strand DNA 

breaks at low concentrations and double strand breaks at higher concentrations 

due to the combined actions of the Haber-Weiss or Fenton reactions(31, 32).  

Here, hydrogen peroxide and an iron catalyst react to form a hydroxyl radical and 

hydroxide anion.  The resulting hydroxide radical, a highly reactive oxygen 

species, has the ability to induce DSBs. 

Another form of DNA damage, methylation, can occur exogenously by 

actions of DNA damage agents, such as MNNG (N-Methyl-N'-Nitro-N-

Nitrosoguanidine)(33).    MNNG is stable in the anhydrous state, however, when 

in aqueous conditions alkylating moieties are released leaving them able to bind 

DNA covalently.   Not only can these moieties methylate oxygen and nitrogen 

atoms of DNA, but they also form altered bases, such as N7- and O6- 

methylguanine, the latter being the most mutagenic lesion(34).  Replication 

through this damage creates DNA mismatches, which are generally resolved by 

DNA mismatch Repair (MMR).  Here, MutS binds to altered base pairs recruiting 
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MutL and activating MutH.  Activation of MutH cleaves the un-methylated strand 

at the GATC site allowing the mismatch to be removed from the 3’ side by an 

exonuclease.   The gap can then be filled by DNA polymerase III and resealed by 

DNA ligase I(35, 36). 

DNA damage can also occur by endogenous cellular processes, such as 

those resulting from oxidation reactions as a result of intracellular metabolism, 

errors in DNA replication, and hydrolysis.  These types of DNA damage are 

typically repaired by base excision repair (BER)(37-39).  Here, DNA glycosylases 

remove modified or damages bases by cleavage of the N-glycosidic bond between 

the base and the nucleotide.  The type of glycosylase determines the specificity of 

the repair pathway used.    Generally, when the base is removed, the 

apurinic/apyrimidinic (AP) site is removed by AP endonuclease (APE) by nicking 

the DNA strand at the 5’ or 3’ end to the AP site(40, 41).  The remaining 

deoxyribose phosphate residue is excised by a phosphodiesterase and the gap is 

filled by DNA ligase(42). 

 DNA Double Strand Break (DSB) Repair. DSB repair is a tightly regulated 

process critical for cell survival and maintenance of genetic integrity and stability 

with a single non-repaired DSB being lethal to the cell(43).  Most 

chemotherapeutic agents kill by DSB induction.  DNA damaging agents that can 

induce DSBs include Ionizing Radiation (IR), high doses of Hydrogen peroxide, 

as well as several known chemotherapeutic agents, such as the alkylating agents 
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Cisplatin, and Topoisomerase I (irinotecan, topotecan, camptothecin,) and 

Topoisomerase II poisons (etoposide and doxorubicin).  There are two main 

pathways for DSB repair: Homologous Recombination (HR)(44) and Non-

Homologous End joining (NHEJ)(45).  Defects in DSB homologous repair have 

already been associated with breast cancer formation and increased breast cancer 

risk(46).  Breast cancer susceptibility genes, BRCA1 and BRCA2 are largely 

thought to be involved with HR, while LIG4, XRCC4, and Ku70 are linked to 

NHEJ(47, 48).  Deficiencies in any one of these genes can predispose individuals 

to breast cancer.  In addition to predisposition to breast cancer, altered DNA 

repair processes can influence chemo- and radiotherapy efficacy by creating 

resistance to therapy. 

 Homologous Recombination (HR).    HR is only active during late S and 

G2 due to the presence of sister chromatids.  At these phases of the cell cycle it is 

considered an error-free method of DSB repair. Some of the proteins involved in 

this process include Rad51/52/54, BRCA1/2, MRE11, NBS1, and Rad50.  

Rad51/52/54 promotes ATP-dependent homologous DNA pairing and strand 

exchange(49, 50). The MRN complex, composed of MRE11, NBS1 and Rad51, 

has ATP-dependent exonuclease activity and is believed to unwind DNA(51). 

Rad54 his known to have ATPase activity helping Rad51/52 unwind DNA.  This 

process facilitates access of other DNA repair factors to the sites of DNA 

damage(52).  Following sister-chromatid pairing and strand invasion, HR may 
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proceed in a non-cross-over event that results from disengagement of the Holliday 

junction followed by DNA pairing and gap filling.  Conversely, a more classical 

HR pathway may resolve Holliday junctions by endonucleolytic cleavage that can 

result in either a cross-over event or a non-cross over event(53). 

 Non-Homologous End Joining (NHEJ).  In any given population more 

mammalian cells are in G1/G0 of their cell cycles and do not have sister 

chromatids.  Due to this fact, the majority of DSBs are rejoined by NHEJ in 

mammalian cells.  Characterized proteins known to be involved in NHEJ include 

Ku70, Ku80, DNA-PKcs, DNA ligase IV, XRCC4, and Artemis. The Ku70/Ku80 

heterodimer binds to free ends of broken DNA(47, 54). DNA-PKcs can then be 

recruited to form the DNA-PK holoenzyme complex resulting in activation of its 

kinase activity.  If the concentration of DNA breaks is high enough, the kinase 

activity of DNA-PKcs can be initiated in the absence of the Ku heterodimer(55, 

56). The DNA-PK holoenzyme can then phosphorylate a variety of DNA-binding 

proteins, such as the Ku heterodimer (57), XRCC4 (58), Artemis (59), and DNA-

PKcs (60).  DNA-PK holoenzyme and the XRCC4/DNA ligase IV complex are 

able to promote end-to-end association of broken DNA that is mediated by 

contacts between the Ku complex and DNA ligase IV (61), and between DNA-

PKcs and XRCC4 (62). The DNA-PK holoenzyme is then able to sequester 

broken DNA ends and protect them from degradation until end-joining is able to 

take place (63). DNA-PK holoenzyme complexes are believed to phosphorylate 
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each other, dissociating themselves from DNA.  This allows final processing of 

the aligned ends to proceed via Artemis and the XRCC4/DNA ligase IV complex 

(64). 

Identification of novel factors involved in NHEJ.  Within Non-

homologous End joining (NHEJ), and in particular Ku-dependent repair, there 

remains much to be understood.  The function and recruitment of Artemis, as well 

as enzymatic functions involved in repairing difficult DSBs remains largely 

unknown.  To define and discover, in more detail, the mechanisms and proteins 

involved in NHEJ, a yeast two-hybrid screen using Ku70 as bait was performed 

(65, 66).  The isolated Ku-binding proteins (KUBs) were partially characterized 

(66), but KUB5 was found after publication as one of a number of rare (5/495) 

clones isolated.  The majority of Ku70 interacting clones pulled out of the screen 

was nuclear clusterin (nCLU/KUB1), which binds to and inhibits Ku70 causing 

cell death (67).  Ku80 (KUB2) was also isolated.   KUB3 and KUB4 remain 

unknown proteins, although a role of KUB3 in radioresistance in gliomas was 

reported (68).   KUB5, which was later named HERA by our lab, is a highly 

conserved protein with homologs found in insects, yeast and plants and was the 

subject of this work.  At the start of these investigations, KUB5/HERA was 

homologous to the yeast rtt103 gene, which has a domain name of RPR1B by 

Genebank.  Finally, KUB6 was identified as BAX. 
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Hypothesis and Specific Aims.  Due to its interactions with Ku70, I hypothesize 

that KUB5/HERA is a novel DSB repair factor involved specifically in NHEJ 

(Figure 1.1). Alterations in endogenous levels of KUB5/HERA due to genetic 

amplification or loss in specific human breast cancers plays a major role in 

chemotherapeutic and/or radiotherapeutic sensitivity via altered capacity to 

facilitate repair of DSBs in breast cancer cells.  This hypothesis was examined by 

completing three specific aims: 

 

Specific Aim 1:  To characterize RTT103 deficient yeast for sensitivity to 

DNA damage agents and DNA repair capability.  The yeast gene, rtt103, is 

thought to be closely related to KUB5/HERA due to sequence similarity.  Yeast 

experiments using rtt103-deficient yeast and a subsequent hKUB5/HERA 

expression in yeast could yield important insight into redundancy of the repair 

processes across species allowing for us to utilize a model system for the study of 

this novel DNA repair protein. 

 

Specific Aim 2:  To characterize KUB5/HERA interaction with Ku70, 

including determining functional domains required for KUB5/HERA 

function and interaction with Ku70.   KUB5/HERA most likely interacts with 

Ku70 through each protein’s highly conserved coil-coil domains.  This would 
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indicate that KUB5/HERA and hKu70 are a competitive heterodimer to the 

known hKu70-hKu80 heterodimer.  Such data, along with pathway mutagenesis 

in yeast using site-directed mutagenesis of known HR and NHEJ pathways, 

should indicate a novel repair pathway of DSBs directed by KUB5/HERA-

hKu70-Artemis. 

 

Aim 3: To elucidate the role of hKUB5/HERA in drug and ionizing radiation 

(IR) resistance in human breast cancer.  KUB5/HERA regulates the resealing 

of blunt-ended DSBs that are vital lesions to the efficacies of most DNA 

damaging agents, including IR.  We believe that this process could be responsible 

for acquired resistance to chemo- and radiotherapy in breast cancer cells. 
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Figure 1.1 – Model for proposed KUB5/HERA involvement in NHEJ.  
Schematic shows poorly understood areas of non-homologous end joining 
pathway, such as how some of the NHEJ proteins are recruited to the DNA repair 
complex.   It is believed that upon Ku70/Ku80 binding to the break, KUB5/HERA 
stabilizes the complex or recruits other repair proteins.  Evidence in the lab lean to 
the possibility that KUB5/HERA may be needed for stabilization and  recruitment 
of Artemis to this complex to facilitate proper NHEJ repair. 

Artemis 

Artemis 
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CHAPTER II 

RTT103, the yeast homolog of KUB5/HERA/HERA, involvement in DNA 

Double Strand Break repair 
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INTRODUCTION: 

In an attempt to discover novel proteins involved in NHEJ, a yeast two-

hybrid analysis of Ku70 binding proteins was performed using human ku70 as 

bait and a human liver library (65).  Ku70 binding protein 5 (KUB5) was one of 

several proteins isolated as a result of this screen.  Ku80 and nuclear clusterin 

(nCLU) were also isolated and have been largely characterized (66).   

KUB5/HERA was independently isolated in Saccharomyces cerevisiae as the 

RTT103 gene and the deletion yeast (YDR289C) was generated by the 

Saccharomyces Deletion Project (69).   Very few publications exist, and therefore, 

little is known about the true functions of RTT103 in yeast, and even less is 

known about its human homolog, KUB5/HERA, function in mammalian systems.  

Early reports showed that disruption of the rtt103 gene resulted in a 13-fold 

increase in Ty1 retrotransposition (70-73).  This phenomenon appears to be 

similar to that observed in yeast deleted in genes with known involvement in 

DNA end recognition and DNA repair, such as mre11, rad50, and rad57 in yeast 

(23,27).  Yeast Ku70, also known as hdf1, was also reported to inhibit non-

specific Ty1 retrotransposition, thus supporting another link between RTT103 and 

hdf1-mediated repair in yeast.  These data suggested a correlation existed between 

KUB5/HERA and Ku70-mediated DNA Repair in humans. 
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To complicate the elucidation of KUB5/HERA function in mammalian 

cells, RTT103 also reported to have functions in RNA processing. Recently, 

RTT103 was found to directly interact with phosphorylated RNA polymerase II 

C-terminal domain (70).    RTT103 in combination with 5’->3’ exonuclease 

RAT1/Rai1 co-localize at the ends of poly Adenine protein coding mRNA 

transcripts (71).  This complex, including RTT103, is thought be required for 

transcription termination by RNA polymerase II (71).    The Torpedo model of 

transcription termination describes this process, where Rat1 degrades RNA from 

the 5’ end of genes.  Upon catching up to RNA polymerase II, Rat1 (also known 

as Xrn2) acts like a Torpedo to remove RNA polymerase II from DNA.  Here, the 

Rat1, Rai1 and RTT103 complexes are thought to degrade RNA and aid in 

transcription termination.  Mutant RatI can still complex with RTT103 and Rai1, 

however, transcription does not terminate resulting in the elongation complex and 

an intact, approximately ~18 nucleotide, RNA-DNA loop(71-73).  Furthermore,  

Rtt103 and Pcf1, a factor important for mRNA poly-adenylation and transcription 

termination, are shown to act in mRNA termination by interacting with the C-

terminal domain of polymerase II largest subunit, specifically when Ser5 is 

phosphorylated. 

The goal of this work was to utilize the well-documented field of yeast 

genetics to study RTT103 function.  Here, I characterized rtt103 deficient yeast 

for their sensitivity to DNA damage agents and DNA repair capability.  
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Experiments using rtt103 deficient yeast and subsequent rescue by 

hKUB5/HERA expression could yield important insight into redundancy of the 

repair processes across species, allowing us to utilize this model system for the 

study of this novel DNA repair protein. 
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MATERIALS AND METHODS: 

Growth and Synchronization of Yeast in G1. The Saccharomyces Deletion 

Project generated the deletion yeast strains used in these studies.  Haploid yeast 

strains of wild type (wt), rtt103-/- and hdf1-/- were created in background 

BY4741, (MATa his3_1, leu2_0, met15_0, ura3_0) yeast.  For analysis, one 

colony from a plate or frozen culture was inoculated and grown on Yeast Peptone 

Dextrose (YPD) media (For 1 liter; 10 g Dextrose, 10 g Bacto-Peptone, 5 g Yeast 

Extract, 10 g Agar, adjust pH to 6.5 and autoclave.  Add dextrose when cooled to 

~ 55oC).   For alpha factor G1 haploid synchronization, 1 colony/loop of a log 

phase overnight growing culture was inoculated onto 1 ml liquid YPD and grown 

overnight at 32 C, in a shaker 225 RPM.  Add 1 ml to 50 ml YPD media the next 

day and shake at 225 RPM for 2 Hr until OD600 0.8 is reached.  MATa yeast 

secrete “a” factor and MATα secrete “α” factor in order to undergo mating which 

occurs in G1 of the yeast cell cycle.  Upon exposure to pheromone (alpha factor), 

cells arrest in G1 to prepare for mating(74). For this experiment α alpha was 

added to MATa yeast to arrest the haploid yeast in G1 forcing them into NHEJ. α 

Factor (moth mating pheromone purchased from Abersheim) was added to 

cultures to a final concentration of 1 µM and put back on the shaker for 3 hours to 

achieve ~ 98% G1 arrested haploid cells. 
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Survival Assays after treatment with DNA damage agents. G1 arrested haploid 

yeast were treated with various DNA damage agents.  For IR and UV treatment, 

liquid cultures that have been G1 arrested were plated onto YPD media plates.  

After drying for 10 minutes, plates were irradiated and placed in a 32 C growth 

chamber for approximately 6-9 days until colonies form and are large enough to 

count.   For chemical treatment of yeast, 1 ml liquid cultures were inoculated with 

indicated doses of Cisplatin, hydrogen peroxide (H2O2), 4-Nitroquinoline 1-oxide 

(4NQO) and MNNG.  These doses were chosen based on a dose response curve in 

order to determine the optimal concentration range of each agent to use on these 

haploid yeast.  Yeast were then placed in shaker at 225 RPM for 3 Hrs and 

removed.  Yeast were plated onto YPD plates and grown in 32 C chamber for 4-6 

days till colonies were large enough to count. 

 

Plasmid Re-ligation Assays.  DNA substrate pYES with selection marker, URA3, 

was used for all plasmid re-ligation assays.  Here, an intact correctly repaired 

pYes plasmid, upon transformation into the yeast, will express the URA3 gene 

and allow growth on URA- deficient plates.   pYES plasmid was digested by 

various restriction enzymes to create 3’, 5’ and blunt DNA ends.  BAMHI creates 

a 5’ PSS cutting at 5‘- G*GATCC-3’, SACI creates a 3’ PSS cutting at 5’-

GAGCT*C-3’ and PVUII creates a blunt break cutting at 5’-CAG*CTG-3’.  

Digests were incubated for 1 Hr and run on 1% agarose gel and visualized using 
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Ethidium bromide and Ultraviolet light.  Digest bands were excised from the gel, 

digested and purified (Quiagen Gel purification kit) and subsequently used for 

yeast transformation. 

 

Yeast Transformation.  For plasmid re-ligation assays, linearized plasmids were 

transformed into WT, rtt103 deficient, and hdf1 deficient yeast as indicated.  The 

same transformation protocol (modified from Clonetech Laboratories, 

YeastmakerTM Yeast System 2 User Manual) was used for generation of 

hKUB5/HERA expressing rtt103 deficient yeast and the c-terminal mutants 

transformed into rtt103-/- yeast.  Here several solutions are made fresh prior to 

transformation, 1X TE/LiAc (1ml 10X TE buffer, 1 ml 1M LiAc(10X)), 

PEG/LiAc Solution (8ml of 50% PEG 3350, 1 ml 10X TE and 1 ml 1 M LiAc 

(10X)) and 0.9% (m/v) NaCl.  Three day cultures were grown on YPD plates and 

one colony was chosen to inoculate 3 ml of liquid YPD medium.  Incubate at 30 

oC for 8 hrs.  Transfer 5 µl of culture to 50 mls of YPD in a 250 ml flask.  

Incubate at 30 oC overnight (16-20 hrs) shaking at 225 RPM.  OD600 was 

monitored to 0.15-0.3 and cells were centrifuged at 700 x g for 5 min at room 

temperature.  Re-suspend pellet in 100 ml YPD, incubate 3-5 hrs at 30 C till 

(OD600 = 0.4-0.5).  Cells were centrifuged again at 700 x g for 5 min and split 

cultures were resuspended from pellet in 600 µl of 1X TE/LiAc.  Transformation 

tubes containing the following; 0.1-1 µg plasmid DNA and 5 µl Herring testes 
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Carrier DNA were assembled.  Competent cells (50 µl) were added and mixed 

gently by vortex.  Add 0.5 ml PEG/LiAc solution and mix gently by vortex.  As 

20 µl DMSO, mix and place tube in 42 C water bath for 15 minutes vortexing 

every 5 minutes.  Centrifuge to pellet cells high speed 15 sec and re-suspend in 

YPD media.  Plate 100 µl onto selection plate and grow at 32 C for 3-5 days to 

obtain colonies. 

 

Protein Isolation from yeast and analysis by western blot.  Yeast protein extracts 

were prepared using acid washed glass beads as described in the 

MATCHMAKER Yeast manual and used for Western blot.  Protein 

concentrations were determined by using Bio-Rad protein concentration reagent 

and instructions (Bio-Rad Laboratories, Inc. Hercules, CA).   Yeast extracts were 

mixed with SDS-PAGE loading buffer and separated by 10% PAGE gel.  Proteins 

were transferred to PVDF membranes and blocked with 5% non-fat dried milk 

and 1% BSA.   After blocking, membranes were probed with monoclonal 

KUB5/HERA antibody (generated by our lab) and incubated overnight at 4 C.  

After washing the membrane 3X in PBS-T, HRP-conjugated anti-mouse 

secondary antibody was then added and incubated at RT for 1 Hr.  After washing, 

proteins were visualized by ECL and X-ray film.  hKUB5/HERA protein was 

visualized at approximately 34.5 kDa. 
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RESULTS: 
 Our data confirmed that KUB5/HERA interacted with Ku70, a protein 

known to be involved in NHEJ.  Sequence homology of kub5/hera eluded to a 

likely yeast homolog, known as rtt103.  Our hypothesis is that KUB5/HERA and 

RTT103 both have actions in NHEJ like that of hKu70 (hdf1 in yeast), the protein 

known to have direct interaction with KUB5/HERA.  Here, haploid MATa WT, 

Rtt103-/- and hdf1 -/- (hKu70 homolog) S. cerevisiae strains were used to study 

the role of KUB5/HERA in NHEJ.  Due to yeast DNA repair preference they will 

repair the majority of their damage by homologous recombination in S-phase.  In 

the case of budding yeast, such as S. cerevisiae used in this experiment, yeast can 

live with either a haploid or diploid genome.   Haploid cells occur in two different 

mating types, that of “a” or “α”, and is determined by the mating type locus 

(MAT).   Haploid cells can live indefinitely in haploid state, regardless of mating 

type, until the opposite mating type is introduced.  Once this happens the cells 

fuse and enter the diploid phase of the cell cycle (Figure 2.1a).   Using haploid 

yeast deficient in rtt103, we explored the role(s) of this protein.   To examine 

KUB5/RTT103 function in this yeast model it was necessary to generate haploid 

yeast and force them into G1 arrest to examine NHEJ.  To do this, mating factor 

(alpha), which arrests haploid cells in G1, forcing them into NHEJ, was used 

(Figure 2.1b).  After exposure to alpha factor, taking 3-6 hours for 98% G1 arrest, 

cells exhibited an “oblong, protruding” schmoo phenotype, consistent haploid G1 
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arrested yeast (75, 76) (Figure 2.1c).  G1 arrested yeast by α factor mating, 

referred to as synchronized yeast, are dependent on NHEJ.  Alternatively, yeast 

left un-treated, referred to as asynchronous yeast, mainly utilize HR for repair of 

genomic damage.  Figure 2.2, shows the radiation sensitivities of wt, rtt103-/- and 

hdf1-/- asynchronous yeast versus those treated with alpha factor, in which cells 

are dependent on NHEJ exclusively.  Asynchronous or synchronous yeast were 

then treated with IR or chemotherapeutic agents.  Asynchronous wt, rtt103-/- and 

hdf1-/- yeast have similar IR sensitivities (Figure 2.2a).  Note that hdf1-/-, and 

rtt103-/- yeast likely do not play major roles, if any, in HR.  In contrast, 

synchronized, G1-arrested haploid yeast, have significant differences in IR 

sensitivities (Figure 2.2b).  Here, G1-arrested wt yeast display similar IR 

sensitivity to asynchronous WT yeast.  Interestingly, both hdf1-/- and rtt103-/- G1 

arrested yeast appear to have similar IR sensitivities, both significantly more 

sensitive than wt G1-arrested yeast.   Most significantly, after treatment with 200 

Gy, 76% of wt yeast survived, whereas only 8% hdf1-/- or rtt103-/- survived the 

same dose of IR.  High doses of IR are required in yeast compared to sensitive 

mammalian cells due to their smaller genetic material “target” size.  These data 

strongly suggested that RTT103 functions in NHEJ, due to its specific 

hypersensitivity in G1 haploid yeast, as well as its similar sensitivity as hdf1-/- 

yeast. 

 Due to the spectrum of DNA damage caused by IR, which includes DSBs, 
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SSBs as well as altered base damage and DNA-protein cross-links, the next step 

was to treat these yeast with DNA damaging agents that result in specific DNA 

damage that incites specific DNA repair pathways, including NER, BER and 

MMR (Figure 2.3).  Cisplatin, a common chemotherapy drug, creates mono-

alkylation lesions that ultimately give rise to inter- and intra- strand cross-links, 

which after replication, can result in DSBs.  After treatment with Cisplatin, 

haploid G1-arrested yeast showed significant differences in survival.  In particular, 

WT yeast with 150mM cisplatin resulted in 45% survival, whereas similarly 

treated hdf1-/- or rtt103-/- cells resulted in ~13% survival.   Due to the creation of 

a DSB upon treatment and replication through damage, it is expected that rtt103-

/- and hdf1-/- yeast would show sensitivity to this agent supporting the hypothesis 

that rtt103 is a novel NHEJ factor and is likely in a similar pathway as hdf1.  

Further support to this theory came from the data in Figure 2.3c, showing 

sensitivities of the yeast after H202 treatment.  Here, it appears that hdf1-/- and 

rtt103-/- yeast once again mirror each other and show increased sensitivity to 

H202, especially at the higher dose of 10 mM. H202 predominately creates SSBs at 

lower doses, and at higher toxic doses as a result from the Free radical formation 

DSBs can be created.  Yeast cell lines showed no difference in sensitivity from 

exposure to UV irradiation, which creates 6,4-photoproducts and pyrimidine 

dimers that selectively stimulates NER.  These data support the idea that RTT103 

is not involved in NER, the pathway that repairs these base modifications.  
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Treatment of G1 arrested yeast with 4NQO resulted in no significant difference in 

sensitivities between WT, hdf1-/- and RTT103-/- lines. This quinoline derivative 

and UV mimetic, damages DNA by creating purine dimers, and like damage 

created by UV, is preferentially repaired by NER.   Finally, MNNG treatment 

yielded interesting and unexpected results.  MNNG is a methylating agent, which 

upon its interaction with DNA, forms O6-methyl Guanine.  The cell upon 

replication recognizes this base modification as cytidine, creating a DNA 

mismatch, which is repaired by DNA MMR.   In G1 arrested rtt103-/- yeast, there 

was an increased sensitivity to MNNG, even more than hdf1-/- yeast.  Yeast 

responses to DNA damage created by MNNG appear to separate the involvement 

of hdf1 and RTT103.  A possible explanation for this could involve increased 

DSB lesions in rtt103-/- yeast and PARP1 hyper-activation.  Yeast, like 

mammalian cells, have Poly(ADP) ribosylating Protein (PARP1)(77).  The 

normal function of PARP1 is to bind DNA breaks, and poly(ADP) ribosylate 

proteins that are ultimately recruited to the site of damage, including itself.  At 

this point, PARP1 is released from the DNA and recycled(78, 79).  Our 

hypothesis is that in rtt103 deficient yeast treated with MNNG, PARP1 becomes 

hyperactivated due to increasing DNA damage left unrepaired.  This 

hyperactivation releases PARP1 from DNA leaving the damages ends 

unstabilized and preventing efficient repair of the damage, creating increased 

sensitivity to this DNA damage agent. 
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 In addition to studying DNA repair defects by exposure to different DNA 

damage agents and analyzing the sensitivities of the deficient yeast, we examined 

the role of rtt103 and human KUB5/HERA more directly in DNA repair by 

plasmid re-ligation assays.  Yeast are especially useful for this study due to the 

ease of plasmid transformation and selection of recombinant transformants.  Here, 

linearized plasmid DNA digested with various restriction enzymes, each known to 

leave behind a different type of DNA end, were transformed into wt, hdf1-/- and 

RTT103-/- yeast.  The pYES plasmid was digested using (I) BAMHI (for a 5’ 

overhang break), (II) SACI (for a 3’ overhang) or (III) the combination of both 

BAMHI and SACI (for a non-compatible break) and finally with (IV) PVUII 

(generating a blunt break).  Generally, if the plasmid is successfully repaired, 

URA expression will be restored allowing the URA-/- yeast to grow on media 

lacking uracil.   This analysis revealed that wt yeast could repair plasmids 

containing each of the different types of breaks (Figure 2.4), consistent with an 

intact functioning NHEJ DNA repair pathway.  Since haploid G1 arrested yeast 

were used, yeast were reliant on NHEJ for survival.  In contrast, and as expected, 

hdf1-/- yeast could not repair any of the plasmid DNA ends showing the overall 

lowest repair efficiency of the three yeast strains which is consistent with known 

hdf1 literature (80-82).  RTT103-deficient yeast showed significant decreased 

ability to repair the non-compatible DNA ends generated by the combination of 

BAMHI and SACI as well as an inability to repair the blunt DNA breaks formed 
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by PVUII.  This suggests a potential role for RTT103 in the repair of DNA breaks 

requiring specifically NHEJ for repair, consistent with the hypothesis. 

 After rtt103-/- yeast were characterized by specific sensitivities to different 

DNA damage agents and repair capacities, we then examined whether human 

KUB5/HERA expression in rtt103-/- could rescue the yeast RTT103 deficiency.  

Here, KUB5/HERA was cloned into a yeast expression vector, pACT-2, that 

contains a LEU selectable marker allowing successfully transformed yeast 

containing the hKUB5/HERA cDNA to be able to grow on media lacking 

Leucine.  In both IR sensitivity and plasmid re-ligation studies, hKUB5/HERA 

cDNA stably transfected into rtt103-/- yeast, resulted in a complete rescue of IR 

sensitivity compared to responses observed in WT yeast.  More importantly, over-

expression of hKUB5/HERA rescued the repair defect observed in the plasmid re-

ligation assay (Figure 2.5).  It is possible that hKUB5/HERA does not completely 

rescue in the plasmid re-ligation assay due to inherent differences in function of 

hKUB5/HERA in yeast and RTT103 function in yeast (Table 2.1), where a mere 

~23% sequence homology exists between RTT103 and hKUB5/HERA.  

Alternatively, expression of hKUB5/HERA in rtt103-/- yeast was not at an 

optimal level (too high, or not equivalent) compared to the yeast endogenous 

gene.  Combined, these data strongly support the hypothesis that RTT103, and 

therefore hKUB5/HERA are required for repair of blunt DSBs and for fully 

functional NHEJ. 
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DISCUSSION: 

 Yeast genetics have been used to study genes with known homologs in other 

systems due to the simplicity of the system and depth of information and 

experimental protocols available.  Analysis of potential homologs of 

KUB5/HERA resulted in identification of RTT103 in yeast showing the highest 

sequence similarity, ~23%, therefore, making RTT103 a potential functional 

homolog of KUB5/HERA.  Due to known interaction of Ku70 with human 

KUB5/HERA, the hypothesis was formed that KUB5/HERA is, like Ku70, 

involved in the DSB repair pathway NHEJ.  Yeast DNA repair has been 

extensively studied, resulting in the identification of several yeast NHEJ proteins 

that have functional homologs in human NHEJ.  Like in mammalian NHEJ hdf1 

(human Ku70) and hdf2 (human Ku80) bind DNA breaks to stabilize the ends for 

recruitment of other DNA repair proteins.  An important distinction between yeast 

and mammalian NHEJ is the involvement of DNAPKcs.  In the yeast NHEJ 

pathway, there are no known functional homologs of mammalian DNAPKcs, 

which functions in mammalian cells as a recruitment and activation center for 

polymerase, Artemis and Ligase IV for the repair of a DSB.  In addition to yeast 

not having DNAPKcs, they also have no known functional homolog for Artemis, 

which in mammalian cells functions to process the broken DNA ends prior to 

ligation by DNA Ligase IV.   Due to the yeast lacking a known homolog for 
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DNAPKcs and Artemis, reviewers have questioned the significance of studying 

RTT103 function in yeast and correlating it to KUB5/HERA function in 

mammalian NHEJ.  To address this concern, the most significant data in this 

chapter shows hKUB5/HERA is able to rescue the IR sensitivity defect seen in 

G1 arrested yeast (Figure 2.5).  These data support the hypothesis that RTT103 is 

a yeast homolog of human KUB5/HERA, and these proteins functions 

specifically in NHEJ. 

 Plasmid re-ligation results further support the hypothesis of RTT103, and 

therefore hKUB5/HERA involvement in NHEJ by the specific inability of 

RTT103 -/- yeast to repair blunt and non-compatible DNA ends.   Human KUB5 

cDNA expression in RTT103-/- yeast was able to rescue this repair defect, 

however not as efficiently as in the rescue of IR sensitivity.  These results suggest 

RTT103 in yeast may function in several processes, some requiring higher 

specificity of protein structure, where expression of human KUB5 is unable to 

mimic.  The lack of complete sequence homology between RTT103 and 

KUB5/HERA could be the reason for this apparent divergence of function.  

Another possibility for this result could be the re-expression level of human 

KUB5/HERA was either too high, or not enough in order to allow for the efficient 

rescue in the plasmid re-ligation assay.                                 

 Perhaps the most interesting results obtained from RTT103 studies are those 

from MNNG treatment and survival assays.  MNNG was the only DNA damage 
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agent negatively affecting RTT103-/- yeast survival more severely than that of 

hdf1-/- yeast.  A possible explanation for this result could be that RTT103 is 

involved in processes independent of hdf1.  One such process could be that of 

PARP1 hyperactivation.  In addition to creating DNA damage in the form of 

DNA mismatches, MNNG, at high doses, is also known to hyperactivate PARP1, 

resulting in its disassociation from DNA.  Though it is not known exactly how 

RTT103 functions in this process, one theory is that when RTT103 is absent, 

PARP1 takes over to stabilize broken DNA ends in order for DNA repair protein 

to bind and repair the damage.  As higher doses of MNNG are applied to these 

cells, PARP1 becomes hyperactivated, dissociates from DNA and is therefore no 

longer able to stabilize DNA ends, resulting in defective DNA repair, thus 

potentially explaining the specific sensitivity of RTT103-/- yeast to MNNG. 
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Figure 2.1:  Alpha Factor Arrests Yeast Cells in G1.  A)  Schematic of yeast life 
cycle borrowed from Websters Dictionary online.  Here, yeast begin as haploid 
yeast being of one of two mating types, a or alpha.  Once exposed to mating 
hormone, and the two types are mixed together, diploid yeast can arise.  B)  Red 

A 

B 

C 
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hash mark indicates area of cell cycle where Alpha factor acts, G1.  S. cerevisiae, 
“a” mating type, are forced to undergo non-homologous end joining by being 
arrested in G1 phase of cell cycle.  Without the presence of alpha factor the cells 
appear spherical and not necessarily attached to surrounding cells.  After three 
hours of alpha factor treatment the cells begin to show early signs of a “Schmoo” 
phenotype.  The Schmoo phenotype is represented by a change in morphology of 
the cells shifting from spherical, to oblong and pointed.  By 6 hours of alpha 
factor treatment, nearly all cells exhibited the schmoo phenotype, and in many 
cases exist in pairs. 
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Figure 2.2:  Responses of Asynchronous vs. Synchronous rtt103-/- yeast.  
Haploid yeast were either unsynchronized (a) or (b) synchronized by alpha factor.    
Yeast were plated on YPD plates and treated with a range of ionizing radiation 
doses (0, 50, 100, 150 and 200 Gy).  Plated colonies were counted 7-9 days post 
radiation treatment and graphed.   (a) There was no difference in sensitivity to IR 
between wt, hdf1-/- or RTT103-/- asynchronous yeast.  (b) RTT103 and hdf1 
were significantly more sensitive to radiation upon synchronization by alpha 
factor that the wt yeast. (p value < 0.0001). 
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Figure 2.3:  Survival Analysis of wt, RTT103-/-, hdf1-/- and RTT103-/-
(+hKUB5/HERA) yeast after chemotherapeutic or radiation treatments.  G1 
haploid yeast were derived from  alpha factor treatment for 6 hours.  Cells were 
then treated with IR, UV or as indicated.  A) Yeast treated with IR at various 
doses (0, 50, 100, 150, and 200 Gy).  B) Yeast treated with Cisplatin at various 
doses (0, 10, 20, 50, 100 and 150 mM) C) Yeast treated with Hydrogen peroxide 
at various doses (0, .5, 1, 1.5, 2, 5 and 10 mM).  D) Treatment with UV at various 
doses (0, 50, 100, 200, 300, 500, 700 and 1400 J/m2)  E) Treatment with 4NQO at 
various  doses (0, 50, 100, 500, 1000 and 1500 µunits) F) Treatment with MNNG 
at various doses (0, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mM).  
Treatments were performed in triplicate for each experiment, using at least 3 
replicate experiments for each treatment. 
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Figure 2.4:  rtt103-/- and hdf1-/- yeast have an inability to repair several types 
of DNA breaks.  pYES plasmids were linearized by digestion using either 
BAMHI, SACI, BAMHI+SACI or PVUII.  Each restriction enzyme leaves behind 
a specific type of DNA break as indicated.  Linearized plasmids were transformed 
into wt, hdf1-/- or RTT103 -/- yeast and colonies were selected by the ability to 
grow on URA-/- plates, showing that the plasmid was correctly re-ligated allowing 
for expression of the selection marker.  Wt yeast appeared to be able to repair all 
the types of damage.  Hdf1 -/- were unable to repair any of the types of breaks as 
efficiently as wt yeast.  Finally, RTT103-/- yeast were specifically unable to repair 
the non-compatible (BAMHI+SACI digest) ends, as well as the blunt ends 
(generated by PVUII). 
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Figure 2.5:  hKUB5/HERA rescues both IR sensitivity of RTT103 yeast, as 
well as DNA repair defect.  KUB5/HERA was expressed in RTT103 deficient 
yeast.  Several clones were isolated and probed for KUB5/HERA expression as 
indicated by western blot in (a) and subjected to (a) IR and (b) plasmid re-ligation 
assay experiments.  In a, the western blot inlet show varied hKUB5/HERA 
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expression between the clones, with clone 2 expressing the highest 
hKUB5/HERA level.  IR sensitivities of the clones demonstrated that clone 2, 
with the highest KUB5/HERA expression, also showed the greatest rescue of IR 
sensitivity.  In b, clone 2 was used for plasmid religation analyses.  Results 
indicated that clone 2 did partially rescue the inability of these yeast to repair the 
blunt and non-compatible DNA breaks.  
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Table 2.1:  Comparison of Yeast DNA repair proteins and pathways to that of 
Human.  For NHEJ in mammalian cells Ku70 (XRCC4) and Ku80 (XRCC5) 
bind to the break recruiting DNAPKcs (XRCC7), which allow for recruitment and 
processing of the break by Artemis and finally the nick ligated by DNA Ligase IV 
(LIG4).  The process is similar for yeast NHEJ, however, yeast do not possess a 
known homolog for DNA-PKcs or Artemis.  Differences, therefore, exist in the 
repair pathways of the two organisms.  Perhaps NHEJ proteins in yeast are not yet 
fully elucidated, or several proteins in yeast repair have multiple functions yet to 
be discovered in repair processes. 
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CHAPTER III 
 

Biochemical and Functional Analysis of KUB5/HERA 
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INTRODUCTION: 

 hKUB5 (Genbank accession # NM_021215) is located on chromosome 

20q11.21-q12 and the entire gene is  ~60 kbps.  KUB5 contains 7 exons/8 introns 

as determined by BLAST using data in the human genome database.  All KUB5 

homologs contain a highly conserved N-terminal domain (~120 aa).   Within its 

N-terminal region lies an RPR domain that is found in proteins involved in 

regulation of pre-nuclear RNA, as well as in general transcription, potentially by 

mediating protein-protein interaction.  A Ser/Thr-Gln site found within the RPR 

domain is may be a phosphorylation target of ATM or related kinase activity.   

Human KUB5 also contains a leucine-zipper-like coiled-coil domain that appears 

to be similar to the previously published Ku70 binding domain of nuclear 

Clusterin (nCLU) (67).  Within this coiled-coil domain of hKUB5/HERA lies a 

potential nuclear localization sequence (NLS) that is also similar to that found in 

nCLU. 

 To test the hypothesis that KUB5/HERA is involved in DNA DSB repair, 

experiments were performed to study hKUB5 expression level both endogenously 

and after DNA damage.   The dependence of DNA repair processes on 

localization of repair proteins, suggests KUB5 would be localized to the nucleus 

and perhaps to the sites of DNA damage and repair. hKUB5 localization 

experiments were performed both with and without DNA damage in an attempt to 
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differentiate KUB5 function from mere DNA damage detection and signalling 

indicated by early localization to sites of DNA damage, as in the case of 53BP1 

and phosphorylation of H2AX(83, 84).  The second major goal of this chapter 

was to test the hypothesis that KUB5 interacts directly with Ku70 and this 

interaction is necessary for NHEJ.  Experiments were designed to characterize 

KUB5/HERA interaction with Ku70, including determining functional domains 

required for KUB5/HERA function and interaction with Ku70 using a yeast two 

hybrid system to test KUB5/HERA mutants and their ability to interact with 

Ku70.   Conversely, domains of Ku70 important for its interaction with 

hKUB5/HERA will also be elucidated using GST fusion proteins and 

immunoprecipitation (IP) experiments. 
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MATERIALS AND METHODS: 
 
 
Construction of Expression plasmids.  For bacterial purification of hKUB5 

protein the hKUB5 cDNA needed to be cloned into bacterial expression vector 

pQE-80L.  This plasmid contains an Ampicillin restriction marker and 6X His tag 

for protein purification.  hKUB5 was subcloned into the MCS region between 

BamHI restriction and SalI sites. 

 

Sequencing Primers for pQE-80L 

5’-CC CGAAAAGTGC CACCTG-3’  - Promoter Region 

5’-GTTCGAGGTCATTACTGG-3’  - Reverse Sequencing 

Cloning hKUB5 cDNA into PQE-80L 

5’- GCCAGATCTATGTCCTCCTTCTCTGAGTCG-3’ – KUB5 Forward N-

terminal 

5’-CGGCTCGAGCTAGTCAGTTGAAAACAGGTC-3’ KUB5 Reverse C-

terminal 

 

Subcloning KUB5 into PQE-80L 

PCR amplification using primers above were set up as follows.  1 ul template 

KUB5 cDNA in TOPO expression vector, 2 µl 10X pfu buffer, 2 µl of 5mM 

dNTPs, 2 µl of 5µM KUB5 Forward N-terminal primer, 2 µl of 5µM KUB5 
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Reverse C-terminal primer, 0.4 µl Pfu turbo (2.5 µg/µl) and 10.6 µl sterile de-

ionized water (SDW).  PCR cycle [95oC, 2 min > (95oC, 30 sec > 55oC, 30 sec > 

72oC, 1 min 30 sec) 13 cycles > 72oC, 3 min] was used. 

PCR product then digested with Bgl II and XhoI at 37oC for 1 hr.  At the same 

time a sample of pQE-80L vector digested with BAMHI an SALI, also at 37oC 

for 1 hr.  PCR products, digestion products and purified plasmid were run on 

agarose gel.  Bands matching expected molecular weights of PCR products were 

excised from gel and purified from gel using the QIAGEN gel extraction kit, 

following the QIAGEN handbook guidelines and protocol.  Purified PCR 

products were then used in a ligation reaction mixture of 1µl vector (digested 

PQE-80L), 7.5 µl insert (purified KUB5 PCR product), 1 µl 10X T4 ligase buffer 

and 0.5 µl T4 DNA ligase.  Samples were incubated at room temperature (RT) for 

30 minutes.  Resulting ligated plasmids from this reaction were used for 

propagation in DH5-alpha cells.  Transformation of vector into DH5 alpha cells  

was done by heat shock at 42oC for 30 seconds followed by 1 min on ice.  

Transformed E. coli, were spread on LB plates containing Ampicillin for selection 

of positive transformants.  Positive clones were grown and sequenced to verify 

intact KUB5 cDNA insert. 

 

YFP tagged KUB5 Generation.  Generation of YFP tagged KUB5 and CFP 

tagged Ku70 utilized expression vectors pcD3F2-YFP and pcD3.1 F2-CFP.  The 
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KUB5 PCR product from creation of the 6 His KUB5 expression system was also 

used for insertion into the mammalian expression vector for YFP with the 

selection marker conferring neomycin resistance.  For CFP-Ku70, Ku70 was 

digested from PCNA with BamHI and XhoI and ligated into pcD3.1 F2-CFP and 

selected under hygromycin.  Colonies grown from propagation in DH5-alpha 

were sequenced to verify correct homology and orientation. 

 

GFP KUB5 Expression in CHO cells.  Chinese hamster ovary (CHO) cell lines 

used were Y-X4-1, Y-X4-2 and Y-X4.  CHO cells were grown in HYQ media.  

For GFP-KUB5 cells a FUGENE protocol was employed used as stated in 

FUGENE manual.  Transformed cells were selected for on media containing 

Neomycin (200 µg/ml) and selected for 3 days prior to preparation for microbeam 

analysis. 

 

Microbeam Analysis.  Microbeam-laser system was combined with fluorescence 

microscopy in order to visualize DNA damage created by the laser.  Analysis was 

carried out using 63X objective lens and filter #5.  Contrast of camera was set to 

DICII.  Laser energy was set to 75 and pulse centered between 1 and 10 pulse per 

second.   Data acquisition was carried out under multidimensional acquisition, C-

TAG with exposure time 800 ms. 
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hKUB5 expression and isolation for purification.  BL21 bacterial cells were 

used to express and purify His tagged hKUB5.  Here pGEX-6p-1 was used as a 

control plasmid, and pQE-80L-His-KUB5 was used for transformation into BL21 

cells.  50 µl BL21 cells for 5 µl purified plasmid DNA were incubated on ice for 

30 min.  Samples underwent heat shock at 42 oC for 30 seconds and placed back 

on ice for 2 minutes.  Sampled were added to 500 µl SOC media and incubated in 

a 37 oC shaker for 1 hour.  50 µl of sample were plated on media containing 

ampicillin to select for positive transformations.  Expression of KUB5 protein was 

carried out by using 1ml log-phase BL21 cells with IPTG added to a final 

concentration of 5 mM.  Cells were incubated at 37oC for 3 hours.  Protein was 

isolated by spinning down cells and re-suspending in SDS buffer and stored at -20 

oC. 

 

hKUB5 protein purification.  KUB5 protein isolated from BL21 cells contains a 

6X His tag.  Samples can be purified by both Ni-NTA and by HPLC.  For Ni-

NTA, BL21 cells were treated with 0.5 mM IPTG for 6 hours.  Ni-NTA beads 

(200 µl bed volume) were washed 3X with TBS-T.  10 ml of protein isolate from 

BL21 cells, using extraction buffer (50 mM Tris 7.5, 500 mM NaCl, 5 mM 

imidazole, 1% NP-40, protease inhibitors), was added to beads and rotated at 4oC 

for 30 minutes.  Beads were then washed 2X with 500 mM NaCl buffer (50 mM 

Tris 7.5, 150 mM NaCl, 5 mM Imidazole, 0.1 % NP-40), and 1X with 150mM 
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NaCl (50 mM Tris 7.5, 500 mM NaCl, 5 mM Imidazole, 0.1 % NP-40, 10% 

glycerol).  25 µl of 2M solution Imidazole was then added to beads followed by 

600 µl elution buffer (50 mM Tris 7.5, 150 mM NaCl, 200 mM Imidazole, 0.1% 

NP-40, 10% glycerol).  After 5 minutes, samples were spun and supernatant was 

analyzed for protein concentration.  Purified protein samples were stored at -80oC 

after flash-freeze in liquid nitrogen.  Prior to use for interaction studies protein 

samples were dialyzed to remove traces of imidazole in sample using dialysis 

buffer (20 mM Tris 7.5, 150 mM NaCl, 10 mM MgCl2, 10 % glycerol, 0.1% NP-

40.   

 

Size Fractionation by FPLC.  BL21 purified KUB5 protein was adjusted to 

4mg/ml, and 200 µl was loaded onto a Superdex 200 separation column 

(Amersham Biosciences).  Protein was eluted in elution buffer (20mM HEPES, 

pH 7.5, 250 mM NaCl, 1 mM EDTA, o.1% B-mercaptoethanol and 0.01% 

Tween20).  Fractions were collected at 0.5 ml/min in tubes containing 10 µg 

bovine serum albumin (85).  Proteins were precipitated with 1 ml Acetone at -20 

C overnight.  Protein was pelleted at top speed and dried before being re-

suspended in SDS buffer for SDS-PAGE electrophoresis and western blot 

analyses. 
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Gel Shift Assays.  Gel shift assay was employed to confirm direct interaction of 

KUB5 and Ku70 in the presence of DNA.  Here 100 pmol oligos (2, 43-mers) 

were combined in 50 µl water.  Samples were then boiled for 10 minutes and 

cooled.  Protein isolates were run on 12% polyacrylamide gel, visualized under 

UV light and bands excised from gel and placed in a solution containing 0.5 M 

Ammonium acetate and 10 mM Magnesium Acetate.  Samples were rotated 

overnight at RT.  Ethanol precipitation of protein was performed using 0.1 

volume 3M sodium acetate and 3 volumes 100% ethanol.  Precipitation was 

allowed to occur for 20 minutes at -20oC.  Samples were spun and washed in 70% 

ethanol.  Pellets were air-dried and re-suspended in water, or TE.  Oligos were 

then labeled with ATP32 using the following method:  8 µl boiled DNA was added 

to 35 µl water.  5 µl 10X bacteriophage T4 polynucleotide kinase buffer (PKB) 

was added and sample taken to protective radiation hood.  Here 1 µl of 10 mCi/ml 

γ p32/ATP (50 pmoles) was added along with 1 µl T4 polynucleotide kinase (10 

units).  Samples were incubated at 37oC for 1 hr and run through Superdex G-50 

pre-made column.  DNa can then be stored at 4oC until needed. For DNA binding 

reactions reaction buffer (100 mM KCL, 25 mM Tris pH8, 1 mM DTT) was 

made.  Purified Ku70/80 (a generous gift from David Chen laboratory) was added 

to 10 µl reaction buffer with 1 µl labeled oligos.  Solution was left on ice for 30 

mintutes.  When adding multiple proteins the order of application of proteins can 

be varied.    The best interaction of KUB5 and Ku70/80 protein was obtained by 
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first incubating in KU70/80 then after 1 hr adding purified KUB5.  Samples were 

washed in 1X TBE prior to running on acrylamide gel.  Radio-labeled oligos and 

protein complexes were identified by Typhoon Imager (Acquisition mode: storage 

phosphor, orientation R, 200 microns, scan time 6 min).  All gels in this 

experiment were run using TBE buffer (5X TBE buffer – 54 g Tris, 27.5 g,  Boric 

Acid, 20 mM 0.5 M EDTA). 

 

Nuclei Isolation Protocol for protein lysates.  Adherent mammalian cells were 

washed wish PBS and scraped.  Pelleted cells were washed again in PBS and re-

suspended in 400 µl Buffer A (10mM HEPES pH 7.9, 10 mM KCl, 0.1 mM 

EDTA pH 8, 0.1 mM EGTA) and carefully pipetted up and down to avoid 

bubbles.  Cells were allowed to swell on ice for 15 minutes.  25 µl NP-40 (10%) 

was added and samples vortexed and pelleted.  Resulting supernatant was 

removed (cytoplasmic fraction) and pellet was re-suspended in 50 µl ice cold 

Buffer C (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA pH 8 and 1 mM 

EGTA) and rotated for 15 minutes at 4oC.  After top speed spin, supernatant was 

collected as nuclear fraction. 

 

Co-Immunoprecipitation (Co-IP).  Protein isolated from any of the mechanisms 

(RIPA, whole cell, or nuclear fractionation) are all treated equally for Co-IP 

experiments.  Here Protein A/G beads are washed with TBS-T and incubated with 
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antibody, KUB5 monoclonal at 4oC rotating for 1 hours.  Beads are spun and 

washed with TBS-T 3X and suspended in TBS-T with protein lysate added.  

Lysate and beads are rotated again for 2 hrs at 4oC.  After washing another 3X 

beads attached to protein complexes are suspended in SDS buffer and boiled prior 

o running on SDS-PAGE gels. 

 

GST Fusion Proteins and interaction Assay.  Purified GST Ku70 protein, and 

mutants of Ku70 were created from David Chen laboratory.  His KUB5 purified 

protein was used for direct protein-protein interaction studies using glutathione 

conjugated beads.  Here purified protein was generated using lysis buffer (20 mM 

Tis HCl pH 8, 200 mM NaCl, 1 mM EDTA pH 8, 0.5% NP-40 and just prior to 

use adding protease inhibitors at the following concentrations: 2 µg/µl 

apoprotinin, 1 µg/µl leupeptin, 0.7 µg/ml pepstatin and 25 µg/ml 

phenylmethylsulfonyl fluoride (PMSF)).  Purified GST Ku70 fusion protein was 

incubated with 50 µl of a 50% slurry of glutathione agarose beads washed in 

TBS-T,  for 2 hours at 4oC.  Pelleted beads were washed with 1 ml ice-cold lysis 

buffer.  Purified KUB5 protein was added to Ku70-Bead complex suspended in 

lysis buffer and rotated for another 2 hrs at 4oC.  Protein:bead complexes were 

then washed and suspended in 10 µl 2XSDS buffer and run on polyacrylamide 

gel. 
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Yeast Two Hybrid screen for domains responsible for Ku70 and KUB5/HERA 

binding.  AH109 yeast strain (his3,lacZ,trp1,leu2) will be used in two-hybrid 

structure/function analyses as described [MatchMaker Two-Hybrid System 2 

Protocol, Clontech Laboratories (PT1030-1)].  Using this protocol, deletion 

mutants can be inserted into either pGADT7 or pGBKT7 vectors (generous gift 

from Paulo Scaglioni Laboratory, from Clontech Laboratories, Inc., Palo Alto, 

CA) as prey or bait [20].  KUB5/HERA and Ku70 mutant proteins will be 

generated by PCR using splicing by overlapping extension (SOE)(86, 87).  

Human KUB5/HERA cDNA fragments, generated by PCR, encoding aa residues 

in table will be subcloned in-frame into the pGADT7 vector.  Ku70 will form a 

hybrid protein with the GAL4 DNA binding domain (GAL4-DBD) at its N-

terminus.  Once sequenced, GAL4-Ku70 can be co-transfected with various 

GAL4-KUB5/HERA fragments into AH109 yeast using the protocol provided in 

the MATCHMAKER (Clontech Laboratories, Inc., Palo Alto, CA) manual.  

AH109 yeast carry both GAL4-responsive LacZ (for detection) and GAL4-

responsive HIS3 (a selection marker) genes.  Stable transformants grown on 

selection can then be subjected to on-filter -galactosidase assays, with X-gal as a 

substrate yielding a positive reaction when colonies turned blue within first 

120 min of incubation with X-gal.  Negative reactions when blue colonies are not 

observed indicate no association (Yeast MATCHMAKER protocol, clonetech).  

This same experiment will be performed in reverse using full length 
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KUB5/HERA and various mutants of KU70. 

 

Transient down regulation of hKUB5/HERA by siRNA.  Pooled siRNA was 

purchased from Fisher Scientific (SMARTpool MU-013787-00-0005, 5 nmolx4, 

C20orf77).  siGenome duplexes were as follows:  duplex 1 sense sequence 

GAAGAAAUCUCUGAAACGAUU, duplex 2 sense sequence 

GCAAGAUGUUUCUCUAUUGUU, duplex 3 

GACCUGAAUUCACUAGAGAUU and finally duplex 4 sense sequence 

GAACAUCUGGCAAGAACGAUU.  Oligos were suspended in buffer (200 µl 

resuspension buffer and 800 µl RNAse free water) to a final concentration of 100 

µM for stock.  siRNA transient transfection was carried out using ExtremeGene 

protocol for transfection as indicated in manual.  Cells were incubated in 

transfection reagent and oligos overnight and media replaced. 

 

Flow Cytometry Analysis.  Cells were prepared for flow cytometry by washing 

plates with PBS.  Cells were craped into PBS and centrifuged (500xG).  Pellets 

were washed in PBS and re-suspended in 1 ml 95% ethanol and stored overnight 

at -20oC.  Cells were labeled for cell cycle analyses using propidium iodide (PI) 

by re-suspending pelleted cells and washed ethanol fixed cells in PI solution (100 

µg/ml RNAse, 50 µg/ml PI, 2% FBS).  Samples were incubated for at least 1 hr at 
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37oC prior to flow cytometry analyses.  Flow cytometry was performed using a 

flow cytometer as described by (67, 88). 
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RESULTS: 

KUB5/HERA steady state protein levels appear to be highly stable in 

several different cell lines and from genetic backgrounds analyzed (example in 

Figure 3.1a).   The hKUB5/HERA protein resolves at 34.5 KDa and engodenous 

levels of the protein do not appear to change in response to DNA damage 

treatment, such as after IR exposure (Figure 3.1b).   In addition to protein levels 

remaining unchanged after DNA damage, the localization of hKUB5/HERA 

within the nucleus (Figure 3.2a) appears to remain the same, as well as after 

pulsed laser DNA damage (Figure 3.2b).  A possible explanation for this result 

could be the ubiquitous expression of KUB5/HERA within the nucleus similar to 

that documented for Ku70, which also does not accumulate at the sites of DNA 

damage in the form of accumulated foci, however Ku80 is able to localize to sites 

of DNA damage (89, 90). 

 

A. Protein-Protein Interactions using Whole Cell Lysates. 

To study the physical interaction of hKUB5 and Ku70, several methods 

were employed.  First, whole cell protein lysates were collected and 

immunoprecipitated with KUB5/HERA antibody generated in our lab.  Here, the 

KUB5/HERA antibody was able to pull-down both KUB5 and Ku70 protein from 

a whole cell lysate confirming association of the two proteins either directly or 
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within a complex (Figure 3.3).  Interestingly, the reverse immunoprecipitation 

using Ku70 antibody, did not result in KUB5 being pulled down in the reaction.  

A possible theory for this result is that the intracellular level of Ku70 is so much 

greater than that of KUB5 that a very small percentage of Ku70 interacts with 

KUB5.  This could be due to the broad functions of Ku70, since it is known to 

have many interacting partners, such as nuclear clusterin, BAX, and Ku80(65).  It 

is possible that these other protein complexes containing Ku70 are in much 

greater concentration within the cell than that of the KUB5/HERA:Ku70 

complex. 

 

B. Protein-Protein Interactions using Purified Proteins 

Co-immunoprecipitations (Co-IPs) from whole cell lysates may only 

indicate that proteins exist within the same complex, not necessarily that they 

directly interact.  For example, other proteins may be required for complexation 

between Ku70-KUB5/HERA.  In order to test if these proteins directly interacted, 

pure protein from bacteria was generated.  Here, an expression plasmid, PQE-

80L, was used to construct hKUB5 cDNA fused to a 6X-His tag.  Protein 

expression was confirmed in BL21 bacterial cells after IPTG induction by SDS-

PAGE and western blot analyses (Figure 3.4).    Further protein purification was 

also performed by FPLC using a SuperDEX 200 column (Figure 3.5).   In 

collaboration with Drs. Weterings and Chen, gel shift analysis, after FPLC 
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purification, confirmed the interaction of the two proteins in the presence of DNA 

(Figure 3.6).  Further analyses showed that increased magnesium dissociated the 

KUB5/HERA:Ku70 protein complex in the presence of DNA.  Using gel shift 

assays, we also showed that Artemis did not appear to complex with KUB5 and 

Ku70 in the presence of DNA (data not shown).   Further co-IP analyses using 

purified KUB5, Artemis, Ku70/Ku80 heterodimer and Ku70/Ku80(c-terminal 

deleted) revealed insight into the complex (Figure 3.7).  Here, the KUB5 antibody 

pulled down Ku70 and KUB5, however Ku80 was not resolved or present in the 

complex (Figure 3.7, lane 1).  Furthermore, the KUB5 antibody in the absence of 

KU(Ku70:Ku80), did not pull down Artemis, confirming the gel-shift data 

suggesting that KUB5 and Artemis do not directly interact (Figure 3.7, lane 2).  

Thus, the KUB5 antibody, in the presence of KUB5, KU and Artemis purified 

proteins only KUB5 and Ku70 were co-immunoprecipitated. (Figure 3.7, lane 3).   

Using a mutant form of KU, Ku70/Ku80 (c-terminal domain deleted) was used in 

pure protein co-IPs.  Here, the KUB5 antibody in the presence of purified KUB5, 

and Ku70/Ku80(c-terminal domain deleted) resulted in KUB5 and Ku70 being 

pulled out of the reaction (Figure 3.7, lane 4).  These data support the hypothesis 

and previous data suggesting a direct interaction between KUB5 and KU70, and 

this interaction appears to be independent of KU80 (Ku86). 
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C.  GST-Fusion Protein Analysis 

Consistent with data from both endogenous and pure protein co-IPs and 

the original yeast two hybrid screen for Ku70 binding proteins, the data from 

GST-fusion protein analyses supported the notion that KUB5 and KU70 directly 

interact.  It is important to further study this interaction by identification of 

specific residues responsible for KUB5:Ku70 interaction.  Ku70 as been well 

published as a binding partner with many important proteins in DNA damage 

sensing and repair pathways.  Domain analyses of Ku70 revealed a c-terminal 

coiled coil domain that was largely responsible for its interaction with these 

proteins, including nuclear clusterin and BAX.  In order to determine if this is also 

the case with KU70 interacting with KUB5, GST fusion proteins (from Dr. David 

Chen laboratory) were used in binding reactions with KUB5 (Figure 3.8a).  Co-IP 

experiments were performed using glutathione beads mixed with purified GST 

Ku70 fusion proteins, followed by addition of pure KUB5.  Reactions were then 

separated on SDS-PAGE gels and visualized by western blot for KUB5 and 

Ku70.  KUB5 antibody probing of the western blot revealed pure KUB5 protein 

in the control lane.  The fusion proteins corresponding to Ku70(493-575), KU70 

full-length, Ku80 full-length and Ku80(509-732) were unable to interact with 

bacterial purified KUB5 protein.  Importantly, the GST-Ku70(524-609), which 

contains a Ku70 c-terminal domain showed interaction with KUB5 being pulled 

down in the reaction.  These data support the hypothesis that KUB5/HERA, like 
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many other Ku70 interacting proteins, interacted with Ku70 via its C-terminal 

coiled-coil domain.  

 

D.  Yeast Two Hybrid Analyses of KUB5/HERA interaction with Ku70 

S. cerevisiae, in addition to being a simple and versatile model system for 

studying DNA repair, is also useful as a tool to study protein-protein interactions.  

Preliminary data suggested direct interaction of hKUB5/HERA and hKu70, such 

as the original Yeast-2-Hybrid screen using Ku70 as bait where KUB5/HERA 

was discovered.  This same system was employed to study, in more detail, the 

interaction of Ku70 with wild-type and mutant forms of hKUB5/HERA.  Here, 

yeast-2-hybrid analyses were used to study the direct interaction of KUB5/HERA 

with Ku70 (Figure 3.9).  Point mutations and domain deletions of hKUB5/HERA 

(Figure 3.10) were generated by PCR and cloned into pGADT7, the “prey” 

vector.   hKU70 was cloned into pGBKT7, also known as the “bait” vector.  

When both plasmids were successfully transformed into the yeast, they were able 

to grow on –leu, -Trp media (Table 3.1).  Controls were especially important in 

this experiment in order to demonstrate proper functioning of the assay and 

specific selection.  Here, the negative control, pGBKT7 (Lamin) and pGADT7 

(Large T- Antigen), both transformed in yeast allowed for growth on –leu, -trp 

media.  However, these yeast did not grow on the stringent selection on media 

lacking Histidine, nor did the colonies turn blue upon X Gal treatment when 
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grown on –Leu-Trp media.  This is due to the fact that Lamins are known to not 

interact with many proteins, including Large T Antigen.  The positive control, 

pGBKT7 (p53) and pGADT7 (Large T Antigen), was used for the well-known 

ability of p53 to bind Large T-Antigen.  Therefore, when both plasmids were 

transformed into the yeast, they grew on the stringent selection media (-His, -Leu, 

-trp, -ade), and the colonies also turned blue when grown on media containing X 

Gal.    After the conditions for the controls were met, the human KUB5/HERA, 

KUB5/HERA point mutants and domain mutants were analyzed for their ability 

to bind Ku70.   Results indicated that the full-length human KUB5/HERA 

interacted with Ku70 directly in the Y2H system (Table 3.1).  Furthermore, most 

KUB5/HERA mutations generated in this investigation did not affect Ku70 

binding to KUB5/HERA.  The only mutations that showed inhibition of 

interaction were mutants generated with the C-terminal domain deleted, as well as 

the following point mutations; L276A, LL269, 276 AA, L269, 273, 276A as well 

as LL269, 276PP.  The common amino acid present in all the mutants with 

abolished KUB5:Ku70 interaction was L276 within the C-terminal domain of 

KUB5/HERA. (Table 3.1).  These data are consistent with the known 

involvement of the C-terminal coiled-coil domain in protein-protein interaction, 

and therefore important for KUB5/HERA interaction with Ku70. 

 Due to the significance of the KUB5/HERA c-terminal domain in its ability 

to interact with Ku70, we hypothesized that perhaps KUB5/HERA’s interaction 
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with Ku70 is important for proper NHEJ.  To test this, C-terminal deletion 

mutants were analyzed for their sensitivities to IR.  We previously established that 

hKUB5/HERA has the ability to almost completely rescue the IR sensitivity noted 

in the rtt103-/- yeast.  These rtt103-/- were transformed with the PGADT7 vector 

containing hKUB5/HERA (c-terminal del), the same that showed an inability to 

interact with Ku70 by Y2H.    Consistent with our hypothesis, these yeast 

remained sensitive to IR, therefore hKUB5/HERA with the c-terminal domain 

deleted was unable to rescue the IR sensitivity noted in the rtt103-/- yeast (Figure 

3.11).  These data suggest that not only is RTT103 likely involved in NHEJ, but 

in particular, its interaction with Ku70 is important in normal functioning of the 

NHEJ pathway and repair. 

 

 

 

E.  Identification of KUB5 Higher Complexes Using Gel Filtration. 

 These data confirmed my original hypothesis that there is direct interaction 

between KUB5 and Ku70, however, it is still not known how many different 

complexes KUB5 are present in cells before or after cell stress.  To test this, 

whole cell protein lysates were fractionated by FPLC analyses (Figure 3.12).  

Fractionation and subsequent western blotting revealed KUB5 likely exists in 

three different fractions of distinct molecular weights.  The largest KUB5-
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containing fraction corresponded to 1000 KDa fraction.  It is not known yet what 

complexes containing KUB5 could be within this fraction however, a likely 

possibility would be that of transcription complexes, which would be consistent 

with the hypothesis of KUB5 acting in transcription termination.  These fractions, 

in the future, should be analyzed for RNA polymerase and other transcription 

complexes.  The second largest MW fraction containing KUB5 was that 

corresponding to a 115 KDa complex.  Western blotting of this fraction confirmed 

that it contained hKUB5 and Ku70.  Finally, the last fraction containing KUB5 

was eluted at a volume that corresponded to 40 KDa.  Though these data are 

preliminary, they suggest KUB5 exists in more than one MW complex and these 

data support the hypothesis that KUB5 and Ku70 exist in a complex together. 
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DISCUSSION: 

Domain analyses of KUB5/HERA and Ku70 revealed the importance of 

the Ku70 C-terminal coiled-coil domain and the Leucine 276 amino acid of 

KUB5/HERA for interaction of the two proteins.  Though yeast two-hybrid 

results and purified protein IPs confirmed a direct interaction of KUB5/HERA 

and Ku70, the purified GST full length Ku70 alone was unable to bind 

KUB5/HERA.  A likely explanation for this result is illustrated in the SDS-PAGE 

gel shown above the western blot (Figure 3.8b).  Here, the lane with full-length 

Ku70, as well as that of full length Ku80 showed faint banding for the purified 

protein.  Possible structural stability dependence of Ku70 interaction with Ku80 

could be necessary for stable interactions, and when the two are purified 

separately they are unstable and therefore do not interact with their known 

binding partners.  This instability could be preventing Ku70 full-length protein 

from interacting with KUB5. 

Purification of highly concentrated KUB5/HERA in large amounts 

provided the necessary components for performing X-ray crystallization to 

determine the 3-D structure of the protein.  This proved difficult, as the protein 

could not be crystallized by any of the conventional methods.  This inability for 

KUB5 to be crystallized led to the hypothesis that KUB5 is a largely hydrophobic 

protein, and may require interaction with another protein, maybe Ku70, for 
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stability.  In the future, it will be necessary to study KUB5 by purifying and 

crystallizing specific domains alone, rather than the entire protein.  

Gel filtration analyses were performed in order to test the hypothesis that 

KUB5/HERA has the ability to exist in more than one complex.  Preliminary 

results indicate that KUB5 exists in at least three different protein complexes two 

of which could also contain Ku70.  Further analysis will be performed in order to 

test for additional proteins existing in the KUB5 containing fractions, including IP 

experiments to look for proteins directly interacting with KUB5.  Ku80, Artemis, 

RNA polymerase II and DNAPKcs would all be possible candidates that could be 

in a complex with KUB5.  Previous IP experiments showed that KUB5 antibody 

can IP Ku70 with KUB5, however Ku70 antibody does not IP KUB5/HERA with 

Ku70.  These data led us to hypothesize that Ku70 exists in the nucleus at much 

higher levels than KUB5 due to its involvement in several processes and 

complexes, most of which may not rely on KUB5.  The gel filtration analyses 

support this hypothesis due to nearly every fraction containing Ku70 protein, 

therefore providing evidence to support several Ku70 complexes.  Conversely, 

KUB5/HERA only existed in three distinct fractions, significantly fewer than 

Ku70. 
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Figure 3.1 – Endogenous KUB5 protein levels appear tightly regulated across 
cell lines and levels do not change after DNA damage.  A) Western blot 
illustrating a small subset of early screenings of cell lines and their KUB5 levels.  
In most cases KUB5 levels appear to be steady, and at relatively equal expression 
across cell lines, including those that have been altered in cell cycle regulators 
such as p53.  B) After IR treatment KUB5 protein levels remain steady.  Results 
indicate that KUB5 is not an IR inducible protein. 
 

A 
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Figure 3.2 – KUB5 protein expression is localized to the nucleus.  A) KUB5 
antibody was used for immuno-histochemistry analysis yielding KUB5 expression 
solely in the nucleus of cells, co-localizing with DAPI.  B)  Pulse Laser DNA 
damage does not affect KUB5 localization in CHO cells transformed with GFP-
KUB5 expression vector.  Figure is representative, similar results were taken out 
to longer time points, the longest being 3 hours post laser pulse, all with the same 
result of no change in KUB5 localization. 
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Figure 3.3 – Whole cell protein lysate Co-IPs reveal KUB5 interaction with 
Ku70.  A)  Whole cell protein lysates were co-IPed using KUB5 antibody 
resulting in pull-down of KUB5 protein and Ku70.  B)  Whole cell lysate IP using 
Ku70 antibody, pulled down Ku70 however KUB5 was not detected on resulting 
western blot. 
 
 
 
 
 

A 
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Figure 3.4 – hKUB5 protein can be purified by Ni-NTA after expression in 
BL21 cells with high yield and purity.  A) SDS-PAGE showing effect of IPTG 
induction of KUB5 expression in BL21 cells for various clones and mutants of 
KUB5.  The highest induction clone was used for all later purifications.  B)  
Western blot showing KUB5 antibody probing pure protein lysates direct from 
Ni-NTA purification prior to FPLC. 
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Figure 3.5 – KUB5 purification by FPLC successfully purified and 
concentrated KUB5 protein.  FPLC analysis was carried out and monitored by 
UV as indicated in materials and methods.  Fractions were collected after initial 
15 mls excluded.  Protein containing fractions were further analyzed for KUB5 
purity by SDS-PAGE and western blot analyses for KUB5 expression.  Fraction 8 
contained the highest level of purified KUB5 protein and was used in following 
experiments. 
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Figure 3.6 – Gel Shift analysis confirms interaction of KUB5 and KU70 in the 
presence of DNA.  Radiolabeled DNA ends were conjugated to Ku70/Ku80.  
This was then allowed to incubate with purified KUB5 resulting in a MW shift, 
illustrating a DNA bound complex of Ku70/Ku80 and KUB5. 
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Figure 3.7 -  Pure protein Co-IPs reveal KUB5 interaction with Ku70.  
Purified protein obtained from FPLC fractionation was used for 
immunoprecipitation using KUB5 monoclonal antibody.  Purified Ku70, Ku80 
and Artemis were supplied as a generous gift from Dr. David Chen laboratory.  
Proteins were run on SDS-PAGE gel and western blotted for KUB5 (34.5 KDa), 
Artemis (120 KDa), Ku70 (70 KDa) and Ku80 (80 KDa).   Results indicate KUB5 
direct interaction with KU70 and not Ku80 or Artemis by pure protein Co-IPs. 
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Figure 3.8 – GST fusion proteins of Ku70 and Ku80 protein binding reactions 
with purified KUB5 revealed a dependence on Ku70 c-terminal domain for 
interaction of Ku70 and KUB5.  GST fusion proteins shown in A, were 
incubated with glutathione beads followed by incubation with Ni-NTA purified 

A 

B 



 70 

KUB5 protein.  Full-length Ku70 and full-length Ku80 proved too instable for 
interaction assays as proteins couldn’t resolve on SDS-PAGE gel.  In B, western 
blot analysis  probing for KUB5 shows interaction of KUB5 with the c-terminal 
domain of Ku70, and not with any of the other GST fusion proteins. 
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Figure 3.9:  Yeast Two Hybrid Experimental Design. Due to the auto-activation 
phenomenon seen with Ku70, it was necessary to clone human Ku70 into 
pGBKT7 so it would not give false positive readings by X Gal treatment.  
KUB5/HERA was, therefore, cloned into pGADT7.  The carrier yeast, AH109, 
contain both GAL4-responsive LacZ (for detection) and GAL4-responsive HIS3 
(a selection marker) genes.  Upon transformation of both plasmids into AH109, 
growth on (-Leu, -Trp) media indicates successful dual transformation.   Stable 
transformants are then grown on plates containing a more stringent selection of (-
His, -Leu, -Trp, -Ade) and subjected to on-filter β-galactosidase assays, using X-
gal as a substrate yielding a positive reaction when colonies turned blue within 
first 120 min of incubation.  Negative reactions when blue colonies were not 
observed indicate no association. 
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Figure 3.10:  KUB5/HERA Protein motifs of interest.  The KUB5/HERA 
human protein contains a c-terminal coiled-coil domain whose function is 
expected to be important in protein-protein interactions.  Within this c-terminal 
domain also lies a putative nuclear localization sequence (NLS).  Near the N-
terminal region of the protein lies an RPR domain whose function could be 
important in RNA processing and transcription processes.  Within this domain 
there is a Ser/Thr-Gln consensus sequence that could be regulated by PI3-like 
kinases such as ATM, ATR and DNAPK. 
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Table 3.1:  KUB5/HERA c-terminal domain deletion and point mutation 
L276A was sufficient to abrogate binding with Ku70. The final lane in a) 
shows pGBKT7(Ku70) and pGADT7(KUB5/HERA) and the fact that the X Gal 
successfully turned the colony blue indicating direct interaction of the proteins.  
The table on the left b) indicates the different KUB5/HERA mutants and whether 
they appear to interact (+) or not (-) determined by their ability to grow on 
stringent selection media as well as X Gal activity.  Point mutants were generated 
within the region of the coiled-coil such as L276A, L276A, as well as 
combinations of these mutations, LL269,276AA and LL269, 276AA.  According 
to these data amino acid L276 is required for hKUB5 interaction with Ku70.  
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Y2H controls indicated in left showing not only selection on minimal selection 
media (-leu, -trp), but also showing the differential detection by X Gal.  Negative 
controls include Ku70 alone in pGBKT7 and pGADT7-empty, as well as Lamin 
and Large T Antigen.  Both sets of negative controls should not have direct 
interaction, therefore, should not turn blue when grown on X Gal containing 
media.  The positive controls include pGBKT7 containing p53 and pGADT7 
containing Large T Antigen.  Here the proteins are known to interact, and this is 
confirmed by the appearance of the blue color when grown on X Gal-containing 
media. 
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Figure 3.11:  C-terminal domain deletion in hKUB5/HERA also affects IR 
sensitivity.   A) Western blot showing protein expression in some of the Yeast 2 
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Hybrid reactions.  Note Activation domain size of ~ 14 KDa is responsible for the 
offset of predicted molecular weight for hKUB5.  Not all yeast used in experiment 
when probed with KUB5 antibody seemed to express the protein as in the case of 
n-terminal deletion.  This could also possibly be due to antibody no longer 
recognizing protein, due to absence of epitope.  In B) Human KUB5/HERA c-
terminal deletion mutants were transformed into RTT103-/- yeast.    Several 
clones were generated and tested for sensitivity to IR alongside wt, hdf1-/- and 
RTT103-/- yeast.  IR Doses used were 0, 50, 100, 150 and 200 Gy.  WT yeast 
showed relative resistance to IR, whereas the c-terminal deletion mutants, hdf1-/- 
and RTT103-/- mutants all showed similar increased sensitivity to IR. 
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Figure 3.12 – Whole cell lysate factionation reveals KUB5 existance in several 
molecular weight fractions.  Whole cell lysates were prepared and separated into 
fractions by FPLC analysis.   Fractions were collected and run on SDS-PAGE gel 
and western blotted for KUB5 and Ku70.    Volumes collected correspond to MW 
fractions, 9.2 ml being 100 KD, 14 ml being 115 KD and finally 40 KD 
corresponding to  40 KD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 



 79 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

Cells Survive KUB5 loss when p53 is mutant. 
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INTRODUCTION: 

 The p53 transcription factor plays an important role in the cellular 

response to stresses such as DNA damage and oncogene activation.  Once a cell 

encounters DNA damage or stress, p53 is stabilized by phosphorylation allowing 

it to bind DNA resulting in transcriptional regulation of genes involved in DNA 

repair, cell cycle arrest, and apoptosis (91-93).  In mice, loss of a single copy 

number for p53 results in increased cancer predisposition, likely due to loss of 

tumor suppression, which would normally be active to prevent accumulation of 

somatic mutations (94, 95).  The role of p53 in apoptosis and genome protection 

has led to cancer therapies involving re-introduction of p53 in the cancers with 

mutant or loss of p53 function (96).  WT p53 re-introduction into myeloid 

leukemia cells decreased cell viability and showed signs of apoptosis such as 

chromatin condensation and DNA fragmentation.   In addition to lack of p53 

showing importance in cancer formation, it also results in the ability of the cells to 

survive significant genetic mutations, loss of genetic regulation and genomic 

instability.  This is supported by data showing genetic losses with early 

embryonic lethality being rescued by p53 mutation or loss.  In the case of BRCA1 

loss, the early embryonic lethality and cell dependence on this gene, made it 

difficult to study its function until a p53 null mutation was induced concurrently 

in the embryos, allowing partial survival in order to obtain BRCA1-/- MEF cell 
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populations (97).  In this chapter, KUB5 loss in cancer cell lines will be 

investigated for affects on cell survival in order to test the hypothesis that KUB5 

is a necessary gene for cell functioning, and maintenance of genomic stability.  In 

addition to these studies, concurrent transient knockdown of KUB5 in MEFs 

deleted in various DNA repair proteins may be able to suggest a pathway KUB5 

might be involved.       
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RESULTS: 
 

Transient knockdown of KUB5 was achieved by siRNA oligos designed 

to the 5’ un-translated region of the KUB5 gene.  Transfection resulted in efficient 

knockdown of KUB5 protein, in several cell lines as shown by western blot 

(Figure 4.1).  RKO7 parental and several other sublines including RKO7 shp53 

were monitored after transfection for doubling time alterations by growth assays.  

Interestingly, RKO7 parental cells appeared to show a sharp early decline in 

population doubling compared to that of RKO7 shp53, which growth appeared 

unchanged by the knockdown (Figure 4.2).  Further analysis of this phenomenon 

by western blot showed that parental RKO7 cells, after siRNA knockdown of 

KUB5, appeared to show phosphorylated p53 at Serine 15 (Figure 4.3).  This 

stabilization of p53 in these parental cells could be the reason these cells are 

unable to survive upon KUB5 knockdown.  These data show that after KUB5 

knockdown in wild-type p53 background, cells are likely dying through a p53 

dependent pathway.  Conversely, in the RKO7 cells with shp53, the cells survive, 

likely due to a lack of p53 signaling which would have otherwise caused cell 

death(98-102).  This fact, could allow for the possibility of KUB5 modification in 

cancer that would only be possible in cells or tumors where p53 activity is down-

regulated allowing damaged cells, by means of accumulated DNA damage due to 

loss of KUB5, to survive and bypass cell cycle arrest and apoptosis.  
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The immortalization process of generating mouse embryonic fibroblasts 

(MEFs) involves spontaneous mutation within the p53 pathway(103-105).  It is 

due to this, mutant p53 pathway, that siRNA to KUB5 was transfected into wild-

type MEFs and the cells survive (Figure 4.4a).  The laboratory of Dr. Sandeep 

Burma has generated several MEF cell lines with genetic alterations in DNA 

damage sensor and repair proteins.  MEFs treated with siKUB5 and deleted in 

DNAPK as well as those deleted in Ku80 were able to survive knockdown 

(Figure 4.4b and c).  Interestingly, in the ATM-/- MEFs, siKUB5 resulted in 

complete stalling of cell doubling (Figure 4.4d).  The cells appeared to swell and 

maintained adherence to dish throughout the time points selected, however no 

population growth was seen.  ATM deficient cells already display abnormal G1 

and G2 checkpoint response, and are deficient in HR (106), so when the addition 

of a KUB5 knockdown, these cells, have even more trouble in repair.  Also, due 

to the bypass of the checkpoint by both los of ATM and p53, these cells are 

unable to induce apoptosis, and are likely stalled or senesced.  Finally, in MEFs 

deficient in Ku70, concurrent transient knockdown of KUB5 by siRNA resulted 

in a clear cell death (Figure 4.4e).  Here, unlike in the case of ATM-/- with 

siKUB5, the cell growth line turns negative, below that of the starting cell 

number, indicating cell death.  After siKUB5 treatment, the cells can be seen 

floating in the media and are no longer adherent.   This strong response to the dual 

knockdown of Ku70 and KUB5 could be due to the fact that perhaps upon Ku70 
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loss the pathway more depends on Ku70, and conversely upon KUB5 loss, the 

pathway depends more on Ku70.  Therefore, when both proteins are lost, this 

creates a detrimental problem for the cells, with a complete inability to survive 

even in the absence of a functional “apoptosis inducing” p53 pathway. 
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DISCUSSION: 
 

Heterozygous KUB5 +/- mice were purchased and timed mated in order to 

create a colony of homozygous KUB5-/- mice to study the effects of loss of 

KUB5 in vivo.  The hypothesis was that, like other mice with severe DNA repair 

defects, these KUB5 -/- mice would be at an increased risk of developing early 

onset lymphomas due to genomic instability resulting from the accumulation of 

un-repaired DNA damage.  The generation of KUB5-/- mice in this manner 

proved impossible without additional genetic manipulation due to the early 

embryonic lethality of homozygous KUB5 deletion mice.  The lethality occurred 

too early for KUB5-/- MEFs to be isolated, indicating importance and dependence 

of KUB5 expression in early embryonic development.  The data presented in this 

chapter supports these results further by showing that a loss of KUB5 is lethal to 

the cells, unless p53 is mutant, or null.  In these experiments, normal RKO7 cells 

transiently knockdown for KUB5 by siRNA showed significantly decreased 

survival initially, at the time points corresponding to the greatest knockdown of 

KUB5.  Later time points, when KUB5 was beginning to be re-expressed, cells 

overcame lethality and survival improved.  Interestingly, knockdown of KUB5 in 

shp53 RKO7 cancer cell lines did not have the same effect on cell survival, in fact 

there appeared to be no effect and the cells survived.  This is also reported  in the 

case of loss of BRCA1, perhaps KUB5 loss requires concurrent loss of p53 

function in order for the cells to survive.  This is due to the ability of the cell to 
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bypass normal cell cycle checkpoints and apoptosis triggers when p53 is null.  

Unfortunately, in terms of cancer, this could be a reason why tumors are able to 

survive genetic instability and loss of important cellular factors, even those 

involved in DNA repair.  In these cases, losing p53 activity and making the cells 

impermeable to the adverse affects of accumulated DNA damage is a survival 

mechanism.  Under normal functioning p53, DNA damage would normally be 

repaired by functional HR, NHEJ, or even result in apoptosis, all of which would 

be unfavorable to a tumor. 

The experiments involving transient knockdown of KUB5 in MEF cells 

was made possible by the inherent mutant p53 status created during generation of 

the immortalized MEF cell lines allowing the WT MEF cells to survive KUB5 

transient knockdown by siRNA.  As a generous gift from the laboratory of Dr. 

Sandeep Burma, several MEF DNA repair protein knockout MEF cell lines were 

donated including DNAPK-/-, Ku80-/-, ATM -/- and Ku70 -/-.  The hypothesis 

was that KUB5 is involved within the pathway of NHEJ, therefore studying the 

dual KUB5 and NHEJ protein knockdown, could give valuable insight into where 

in the pathway KUB5 is acting.  Interestingly, in Ku70-/- MEFs, KUB5 transient 

knockdown resulted severely decreased cell viability, ultimately resulting in 

complete detachment of cells from plate indicating either apoptosis or necrosis.  

Interestingly, this cell death occurred in a p53 mutant MEF cell line, indicating 

cell death occurred independently of p53.  This result could indicate that KUB5 
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and Ku70 lie in parallel pathways involved in NHEJ, and when both are lost, this 

results in a complete inability for the cells to repair DSBs, resulting in cell death.  

This idea is supported with evidence that loss of NHEJ by inhibition or mutations 

of several known factors including DNA-PKcs, Ku, DNA ligase IV and XRCC4 

results in delayed processing of DNA breaks, however repair still takes place, 

though much slower than traditional NHEJ.  This evidence allows for the 

possibility of an alternative DNA DSB repair pathway (107).  In the case of 

ATM-/- MEFs, upon KUB5 transient knockdown the cells exhibited a senescent 

morphology.  Known results of ATM loss are genomic instability and cancer 

predisposition (108).  This result could be due to an additive effect of loss of both 

detection of DSBs and repair of DSBs, and since p53 is mutant in these cells, they 

undergo a senescent phenotype to avoid apoptosis (109).                
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Figure 4.1 – iRNA to KUB5 sucessfully knocked down KUB5 protein levels. 
Transient transfection of siRNA to 5’ un-translated region of KUB5 gene resulted 
in efficient knockdown of KUB5 protein. A) Schematic representation of siRNA 
design for 5’ untranslated region of KUB5 gene.  B)  Western blot showing 
successful KUB5 knockdown in RKO7 cell lines both parental and shp53.   
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Figure 4.2 – Transient knockdown of KUB5 resulted in death in cells with 
functional p53.  Survival curve post-transfection for A, ROK7 parental and B, 
RKO7 shp53.  Cells could only survive loss of KUB5 if p53 is concurrently lost.  
Transfection reagent alone had no affect on cell survival. 
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Figure 4.3 –  Transient KUB5 knockdown resulted in phosphorylation of p53 
(Ser15) at 72 hours.  Whole cell protein lysates from RKO7 cells treated with 
siRNA and media replaced two days after transfection.  Protein samples were 
taken at the following time points after media replacement: 24, 48, 72, and 96 
Hrs, therefore a sample taken at 24 hours, corresponds to 72 hours post-
transfection with siRNA oligos.  Protein was run on SDS-PAGE and western 
blotted for KUB5 and Phospho-p53(Ser15).  KUB5 blot showed efficient KUB5 
knockdown by 24 hours post- transfection. 
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Figure 4.4 – KUB5 knockdown in MEFs cells lacking Ku70 or ATM result in 
changes in cell survival.   Transient knockdown of KUB5 was carried out using 
siRNA and cells were counted 24, 48, 72, 96 and 120 hours post-transfection. In 
A), siRNA to KUB5 was transfected into wild-type MEFs.  In B), DNAPK -/-
MEFs were treated with siKUB5.  In C), siKUB5 transfected into Ku80 -/- MEFS.  
In D),  ATM-/- MEFs were transfected with siKUB5.  And finally in E),  MEFs 
deficient in Ku70 were transfected with siKUB5 oligos.  Cell survival was 
determined by counting cell number after 0, 24, 48, 72, 96 and 120 hrs post 
siRNA treatment.  Experiments were carried out in triplicate and repeated at least 
three times.  Standard error is reported. 
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CHAPTER V 
 

KUB5/HERA Involvement in Breast Cancer Chemo- and Radio-Resistance 
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INTRODUCTION: 

 Importance of DNA Repair in Disease.  Chemo- and radio-therapies can be 

common and fairly efficacious treatments for most early stage human breast 

cancers, though unfortunately, many patients present with advanced disease. 

Treatment of metastatic breast cancer remains a very challenging goal.  It is, 

therefore, important to understand the molecular events that occur in both the 

tumor and surrounding normal tissues to exploit cancer cell differences that may 

enhance the efficacy of therapy. Comparative genomic hybridization studies 

(CGH) studies in human breast cancers suggested an increase in copy number at 

locus 20q11-13.2.  Since hKUB5/HERA is located within this region (110, 111), 

these data suggested the possibility that KUB5/HERA was amplified in breast 

cancers and derived breast cancer cell lines. Since shRNA or siRNA knockdown 

of KUB5/HERA expression increased sensitivity to IR and other 

chemotherapeutic agents (Chapter 3 and 4), minor changes in copy number 

(provided this correlated well with protein levels) may correspond and correlate 

with sensitivity (low levels) or radio-resistance (elevated levels). Its over-

expression could result in an increased capacity for DSB repair via non-

homologous end joining (NHEJ) due to its interaction with Ku70, and therefore, 

result in resistance to chemotherapy and/or radiation-induced DNA damage.  

Since NHEJ is error-prone, another consequence of altered levels of 

KUB5/HERA could be causative for genomic instability.  The overall goal of my 
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work was to examine KUB5/HERA expression in breast cancer cells and correlate 

the expression of this single gene with radio-sensitivity.  Based on these 

observations, I hypothesized that understanding KUB5/HERA expression and 

functions will be key to the development of new treatments to enhance chemo- 

and radio-sensitivities of breast cancer cells. 

 Drug Resistance and DSB Repair.  Chemotherapy and/or radiation 

therapies play vital roles in the treatment of breast, as well as all cancers.  Several 

drugs are commonly used in the treatment of advanced breast cancer disease.  

These include cisplatin, as well as the drug combinations CMF 

(cyclophosphamide/methotrexate/5-fluorouracil) and more recently, TAC 

(docetaxel/doxorubicin /cyclophosphamide).   These drug combinations benefit 

only 15% of patients with favorable responses, including occasional complete 

remissions.  However, a significant number of women experience relapses, with 

an average survival of 2 years (112).  New treatments involving monoclonal 

antibodies, such as trastuzumab, have been used in the for HER2/neu-positive 

breast cancer, however, these therapies are limited by the fact that only a fraction 

of patients benefit.  This monoclonal antibody treatment, as well as chemo- and 

radiotherapies, have a common problem: the emergence of resistance to therapy 

(112).  Thus, there is a clear need for additional understanding of the molecular 

mechanisms responsible for resistance to therapy, as well as development of 

strategies to modulate resistance to provide more efficient treatment for patients.  
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Breast cancer drug resistance could result from one or a combination of several 

factors, including tumor micro-environmental changes, drug metabolism, drug 

target modifications, apoptotic mechanisms, and finally DNA repair.  The 

hypothesis to be tested by this proposal is that increased or altered DSB repair 

capacity is mediated by over-expression of a novel Ku70 binding protein, 

KUB5/HERA.  Since KUB5/HERA levels appear to be much lower than those of 

Ku70, it is possible that KUB5/HERA levels are rate limiting and determine DSB 

repair capacity in cells.  Thus, expression of KUB5/HERA could be a molecular 

determinant for chemo- and radio-resistance in breast cancer cells and tumors in 

vivo.   

 NHEJ in breast cancer.  Increased breast cancer risk has been reported to 

be associated with single nucleotide polymorphisms (SNPs) in the NHEJ genes 

Ku70 and XRCC4 (46).  Deficiencies in any one of these genes can predispose 

individuals to breast cancer with altered DNA repair processes, creating resistance 

to chemo- and/or radiotherapies.  The tumor suppressor gene, BRCA1, is linked 

to inherited breast cancer and has been documented to participate in several 

cellular processes, including chromatin remodeling, DNA repair (HR and 

NHEJ(in yeast)), cell-cycle control, and apoptosis (113).  There is growing 

evidence to suggest that BRCA1 is involved in, or regulated by, NHEJ and is 

important in maintaining genomic stability in yeast (114-116). Research using 

BRCA1 mutant MEFs indicate a deficiency in end-joining activity, providing 

evidence for the possible contribution of NHEJ to BRCA1-related breast cancer 
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development(117-124).
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MATERIALS AND METHODS: 

Colony Formation Assays (CFAs).   CFAs were performed as described (125, 

126); log-phase breast cancer cell lines were cultured in DMEM supplemented 

with 5% FBS.  Cells were counted and 103 cells plated in 3 cm dishes and allowed 

to adhere overnight.  Treatment by IR, UV or various drugs and DNA damage 

agents were performed 24 h post-plating as indicated below.  The doubling time 

of MDA-231 cells was determined to be ~26 h, therefore, 5-7 days was allowed 

for colonies to form >50 normal appearing cells (in controls) for staining.  After 

7-10 days, plates were washed 2X with phosphate buffered saline (PBS) and 

plates were fixed/stained in crystal violet/methanol as described (125).  Colonies 

were counted under a dissecting microscope to calculate those with >50 normal 

appearing cells.  Large senescent-like colonies were excluded and only viable 

colonies scored.  All experiments were normalized to the untreated controls and 

performed a minimum of three times.  Statistical analyses of the data were 

performed using Student’s T tests and p values reported. 

 

shRNA Transfection:   Media from shKUB5 lenti-virus producing cells and 10 

µg/ml polybrene was added to plates and incubated overnight to improve 

infection efficiency.  Lenti-containing media was removed and replaced with 

fresh DMEM.  Cells were grown 48 h before Puromycin containing selection 

media were added.   Selection was carried out for ~4 days until parental cells (un-
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infected) were killed off.  Colonies were isolated from pooled knockdown pooled 

populations by serial dilution in 96 well dish as needed. Puromycin selection (1 

µg/ml) was maintained on pooled and clonal populations for 3 weeks after 

confirmation of clones (parental cells die off). Responses in pooled populations 

were also examined in CFAs as descried above.  In all experiments, cells were not 

incubated with antibiotics, and cells were grown for at least 24 h prior to initiating 

any experiments with clones or pooled populations.  SCR cells had a doubling 

time of 26 h and shRNA-KUB5/HERA had doubling times only slightly slower of 

28 h for clone 11 and 26 h for clone 2. 

 

Foci formation as a measure of DNA damage using immunohistochemistry 

(IHC):   DNA foci formation for various DSB repair factors was performed using 

log-phase human MDA-231 breast cancer cells grown in DME medium as 

described above as previously described.  Briefly, UV sterilized cover slips in 

dishes were overlaid with approximately 103 cells in 100 µl of media, followed by 

the addition of an additional 3 mls media over top.  Cells were allowed to adhere 

to cover slip overnight.  The next day, cells were treated with 1 Gy ionizing 

radiation using a Mark I cesium X-ray generator.  Covers slips were removed and 

fixed in 2% sucrose and 3% paraformaldehyde in PBS for 5 minutes at room 

temperature at time points 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2 h.  Cover 

slips were washed in PBS 3X and suspended in Permeabilization buffer (0.5% 
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Triton, 20mM HEPES, 50 mM NaCl, 3 mM MgCl2 and 300 mM Sucrose in 

sterile water) and chilled on ice for 30 mins.  Cover slips were washed 3 X in PBS 

and then placed face down in 100 µl blocking buffer (5% FBS in PBS) on 

parafilm and allowed to sit for 20 min at RT.  Cover slips were washed 1X in PBS 

and then turned facedown in 100 µl aliquot of primary antibody H2AX (1:1000 in 

PBS) for 1 Hr.  Cover slips were washed in PBS 3 X and then laid face down in 

100 µl secondary antibody (stock:  2 µl Hoescht, 10 µl fluorescent secondary 

antibody 10 ml PBS) for 30 min in the dark.  Cover slips were washed 3X in PBS 

and mounted face down on microscope slides in vectashield and sealed with clear 

nail polish. Experiments were performed three independent times in duplicate and 

data were analyzed using Student’s T tests.  p values were reported as indicated. 

 

Comet Assays. MDA-MB-231 breast cancer cells (106cells/10 mm dish plate) 

were plated and allowed to grow for 24 h.  Cells were then treated with DNA 

damage agents, UV or IR as indicated.  Low melting point agarose was warmed 

up (1% solution in water) and kept at 37 oC.  Cells after collected at time point 

were scraped and washed with PBS.  Cells were re-suspended in 1 ml PBS and 15 

µl counted.  The calculation Counted cell number/4x10,000=cell number/ml X ml 

= total number was used.  Cells were diluted to 300 cells/µl and 25 µl added to 

250 µl warmed agarose and immediately 75 µl of mixture was added to each 

comet slide circle making sure that no bubbles or gaps remain.  The slides were 
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then places in the dark at 4 oC for 30 minutes or until 0.5 mm clear ring appears 

around edge of agarose on slide.  Slides were immersed in pre chilled lysis 

solution (Trevigen) and kept at 4 oC for 1 h.  Excess buffer was then removed and 

slides were placed in Alkaline solution (300mM NaOH, 1 mM EDTA and 

ddH2O) for 1 hour in dark at RT.  Slides were then washed in 1XTBE buffer and 

placed in a horizontal electrophoresis chamber.  The electric current was supplied 

to the slides for 10 minutes in cold room at 1 volt per cm (23 volts or 4 mA).  

Samples were removed and air-dried overnight in dark at RT.  Before imaging 50 

µl SYBR Green I solution (1 µl in 10 ml TE buffer) was added to each dried 

agarose circle. (TE buffer: 10mM Tris-HCl, 1 mM EDTA) SYBR GreenI’s 

maximum excitation and emission are 494 nm/512nm.   Foci/nuclei were 

calculated and experiments were performed three independent times in duplicate.  

Data were analyzed by Student’s T tests and p values were calculated as 

appropriate. 

 

Isolation of human mammary epithelial cell (HMEC) populations.   Fresh 

patient fibroadenoma samples were obtained from the Tissue Procurement Shared 

Resource (UT Southwestern Simmons Cancer Center) and logged into the 

appropriate database.  Tissue was minced using razor blade and collagenase 

digested (1µg/ml collagenase in MEGM media) overnight at 37 oC under rotation.  

The next part of the protocol used centrifugation to separate fibroblast cells from 
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epithelial.  Here the cells are spun at 80 x G for 30 seconds, this is considered step 

1.  The supernatant is removed and further spun at 200 x G for 3 minutes.  Again 

supernatant is removed and spun at 3500 x G for 5 min.  The pellet from this spin 

is mainly fibroblasts and can be grown in DMEM media with 10% FBS.  The 

pellet resulting from the 200 x G spin is washed in PBS and 1 ml trypsin added 

and incubated for 3 minutes at 37 oC.  10 ml TNS is added and spun at 1000 RPM 

and cells plated on MEGM media (this population is mostly epithelial and minor 

fibroblast mix).  The pellet obtained from the initial spin in step 1 is washed in 

PBS and 3 ml trypsin added.  Similar to the pellet treatment before TNS is added 

and the cells plated on MEGM media.  Over the course of 3-5 weeks the cells will 

be short trypsinized (trypsinization for 30 seconds, monitor by microscopy when 

fibroblast cells begin to pull away from plate) and re-plated in an attempt to 

remove all contaminating fibrobasts from cellular mix as fibroblasts are more 

sensitive to trypsin than epithelial cells. 

 

Subcutaneous Injection of MDA-231 in Mice Using sterile technique, nude mice 

were injected with MDA-MB-231 (SCR and shKUB5) cells. Cells were 

trypsinized and counted into a final volume concentration of 106 cells/ 100 µl.  

70% alcohol was used to sterilize the site of injection and a 23-gauge needle was 

placed just under the upper skin (Sub-cutaneous) to inject 100 µl of the cell 

suspension. Tumor growth was monitored over time by palpation, then by caliper 
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measurements.  Tumor volumes in mm3 were reported over time for 5 animals per 

group (SCR and shKUB5).  Mice were sacrificed when tumor volume reached 10 

mm3 and tumors removed for IHC. 

 

Bioluminescence (BLI).   To image mice they need to be placed in the sleeping 

chamber.  The CO2 tank should be on and the Isofluorane set to 2.5.  Pre-mixed 

luciferin solution was mixed at 2.5mg/100µl concentration in sterile PBS and 

filter sterilized under hood.  Each mouse was injected with 100µl luciferin 

solution behind neck under skin.  Protocol carried out as stated (126, 127).  

 

KUB5 antibody purification for IHC analysis – KUB5 antibody was first 

generated from lab hybridoma strain.  Media from cells was collected and used in 

a Melon Gel Purification Kit to purify KUB5 monoclonal antibody.  4 mls of 

Melon IgG beads were washed in Melon Regenerant buffer.  After spinning at 

1000XG supernatant was removed and hybridoma added to beads.  Beads and 

hybridoma mixture was allowed to rotate at 4 oC for 4 hours.  Beads were spun 

down again at 1000xG and washed with regenerate buffer.  Gel Purification 

buffer was then assed to appropriate volume needed for antibody concentration, 

for KUB5 4 mls.  Solution and beads was rotated at 4 oC for 1 hour and 

supernatant removed and frozen down in 50 µl aliquots to -80oC. 
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RESULTS: 

 Homozygous deletion of KUB5/HERA was early embryonic lethal at less 

than 8 days not permitting the generation of KUB5/HERA-/- MEFs. Since 

KUB5/HERA knockdown cells showed hypersensitivity to IR, I performed 

studies using heterozygote KUB5/HERA murine epithelial fibroblasts 

(KUB5/HERA+/- MEFs).  Figure 5.1a shows a representative western blot 

analyses of KUB5/HERA MEF+/+ and MEF +/- cells with two different amounts 

loaded (30 µg and 15 µg).  KUB5/HERA protein expression in KUB5+/- MEFs 

appeared half the level of wild-type KUB5/HERA (+/+) cells.  Ku70, Ku80 and 

tubulin levels were unchanged with the loss of a single copy of mouse 

KUB5/HERA.  Interestingly, in KUB5/HERA+/- MEFs, p53 was phosphorylated 

at Serine 15, suggesting the presence of endogenous DNA damage and potential 

genomic instability within these cells.   The doubling rate of both 

KUB5/HERA+/+ and KUB5/HERA+/- cells was 18 days.  KUB5/HERA+/+ and 

+/- MEFs were then treated with various doses of IR (0, 1, 2, 3, 4, 5 Gy) and 

survival was measured by cell number count and colony forming assays (CFAs) 

(Figure 5.1b, CFA results).  KUB5/HERA +/- MEFs showed significantly 

increased sensitivity to IR compared to wt KUB5/HERA+/+ cells.  These data 

support our previous findings, and the hypothesis that loss of KUB5/HERA 

confers increased sensitivity to DNA damage from IR.        

 Results from transient KUB5/HERA knockdown in RKO7 parental and 
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RKO7 shp53 summarized in chapter 4, suggested that p53-mediated cell arrest 

and cytotoxicity responses could prevent isolation of stable knockdown cells, 

consistent with the embryonic lethality of KUB5/HERA-/- mice.   To further 

study KUB5/HERA function in human breast cancer cells, mutant p53-expressing 

MDA-MB-231 cells were generated with stable shRNA-KUB5/HERA 

knockdown.  Cells were generated using shRNA generated to the 5’ un-translated 

region of the human KUB5/HERA gene using Lenti-virus with Puromycin-

resistance (PuroR) as a selectable marker (vector made by Tomoyuki Mashimo, 

PhD).   Control cells were transfected with shRNA-Scr under PuroR. PuroR cells 

were analyzed by western bloting for KUB5/HERA expression (Figure 5.2a).   

Clones 2 and 16 showed no significant knockdown, whereas clones 4 and 11 

showed significant KUB5HERA protein knockdown compared to parental and 

scrambled (SCR) MDA-231 cells.  KUB5/HERA knockdown did not affect Ku70 

protein expression similar to data obtained from previous studies of loss of KUB5 

in RKO7 and MEF cells.   CFAs were employed to study the hypersensitivities of 

these clones to IR (Figure 5.2b).  Radiation sensitivity curves of the clones 

indicate that the clones with the highest KUB5/HERA protein knockdown (i.e., 

clones 4 and 11) exhibited the greatest increase in IR sensitivities versus clones 2, 

16, and parental and SCR MDA-MB-231 cells.   This radiation sensitivity was 

similar to that observed previously when studying yeast deficient in RTT103.  

The hypersensitivity could be due to either a higher endogenous DNA damage as 
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a result of improper or lack of repair of normal DNA damage resulting from DNA 

replication, or other normal endogenous processes that, upon damage, becomes 

cumulative and difficult for the cell to repair.  This theory was tested by 

measuring DNA damage by the activation and phosphorylation of DNA damage 

sensors at DNA lesions. Analyses of DNA damage monitored by γ-H2AX foci 

DNA damage detection and repair was carried out as indicated (128). For this 

experiment, DNA damage foci created by γ-H2AX phosphorylation at serine 15 

were imaged by fluorescence microscopy after IR treatment.  These data are 

summarized in Figure 5.3a and 5.3b.  Here, KUB5/HERA knockdown clone 2 

(showing normal KUB5 levels) and clone 11 (showing significant KUB5 protein 

knockdown by western blot) were treated with 1 Gy and fixed for 

immunohistochemical (IHC) analyses at various times (t=0, 0.25, 0.5, 0.75, 1, 2, 

4, 6, 7, 12, 24 h) post-IR treatment.  Cell nuclei were counter-stained with blue 

fluorophore by DAPI.  Green foci corresponded to γ-H2AX, and showed DNA 

damage detection by H2AX phosphorylation as a result of the activation of Ataxia 

telangiectasia mutant kinase (ATM); key images were recorded at time points: 

t=0, 0.5, 2, 8 and 12 h post-IR (Figure 5.3a).   At 2 h post-IR, the number of γ-

H2AX foci in clone 11 (lowest KUB5/HERA protein expression) were elevated in 

number/nuclei compared to those for clone 2 that had levels of KUB5/HERA that 

were identical to parental MDA-MB-231 cells.  Over time, clone 2 appeared to 

repair the DNA damage normally and foci disappear by 2 h post-IR.   In contrast, 
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clone 11 foci persisted up to 8 h post-IR.  These data, summarized in the graph in 

Figure 5.3b, support the hypothesis that hKUB5/HERA is required for normal 

repair of DSBs, since its loss led to higher basal levels and the inability to repair 

damage created by IR. Importantly, loss of KUB5/HERA did not affect the cell’s 

ability to detect DNA damage and activate ATM, as evidenced by the near-

equivalent γ-H2AX phosphorylation foci formed in KUB5/HERA knockdown 

versus irradiated SCR or parental cells. 

 In order to study the DNA damage and repair defect in KUB5/HERA 

knockdown or knockout cells more directly, alkaline comet assays were 

performed.   KUB5/HERA KD or Scr clones were treated with either H2O2 (200 

µM), etoposide (200 ng/ml) or IR (40 Gy) and collected at 15 min intervals for 2 

h.  The theory behind this assay is that damaged DNA within the nucleus loses 

tight association with matrix proteins, resulting in relaxed DNA.  When the cells 

are embedded into soft agarose and lysed in alkaline conditions, the damaged 

DNA protrudes out of the cells into the soft agarose, whereas the undamaged 

DNA remains tightly associated with matrix proteins within the nucleus (129-

131).  An electric current is then passed through the cells allowing visualization of 

cells with damaged DNA by the presence of DNA “comets”.  Under alkaline 

conditions, all DNA lesions are assessed, including AP sites, SSBs and DSBs.  

MDA-MB-231 KD and Scr clones were treated with a positive control, etoposide, 

which is known to create DSBs (132, 133) and H2O2 known to create SSBs at low 
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concentrations and DSBs at high concentrations (134, 135).   Increased number 

and length of comet tails in KUB5/HERA KD clone 11 (low KUB5 protein level) 

cells were noted after 30 mins treatment with etoposide and H2O2 (Figure 5.4).   

Treatment of cells at 4 oC required a dose of 40 Gy in order to visualize comets, 

whose repair could be monitored over time (Figure 5.5).  Cells were placed on ice 

prior to IR treatment, and the initial time point of 15 min post-IR was collected 

from a plate remaining on ice after treatment.  All other time points were 

collected from plates placed in growth chamber after IR treatment.  Initially, DNA 

damage was visualized by the presence of a long comet tail.  Over time, these tails 

rapidly shorten due to DNA repair with biphasic responses as in foci formation 

and repair (Figure 5.5b).  Thus, the kinetics of DNA repair were determined by 

measuring comet tail lengths over time (mins or h).  These data, summarized in 

Figure 5.5a and 5.5b, indicate persistence of DNA damage in KUB5/HERA+/- 

clone 11 cells (low KUB5 protein level) taking nearly 1 h and 15 mins to begin 

resolving DNA damage versus clone 2 (normal KUB5/HERA protein levels) that 

began repairing damage as early as 30 mins post-IR.   In clone 2, the appearance 

of comet tails disappeared by 1 h, where clone 11 comet tails persisted for 1 h and 

45 mins.  These data support the hypothesis that KUB5/HERA was required for 

repair of DNA damage created by IR, and in the absence of KUB5/HERA DNA 

repair was significantly delayed.   

 DNA damage created by IR can leave several types of DNA lesions 
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including both DSBs and SSBs, however, the broad spectrum of damage created 

upon IR treatment makes it difficult to determine specifically which DNA repair 

pathway KUB5 might be working.  To test this, MDA-231 parental, SCR and 

KUB5 knockdown cells were treated with several DNA damage agents including 

those used in breast cancer therapy (Figure 5.6a-f and Figure 5.7a-c).  In Figure 

5.6a, the IR sensitivity of KUB5 knockdown cells supports previous data also 

showing increased IR sensitivity of KUB5 transient and stable knockdown cells.  

In Figure 5.6b, H2O2 treatment is known to create SSBs at low concentrations and 

DSBs at high concentrations(134, 135).  In KUB5 knockdown cells, there 

appeared to be an increased sensitivity to this agent at particularly the higher 

concentrations, where DSBs are likely being formed.  In Figure 5.6c, cells were 

treated with increasing doses of Cisplatin, an agent known to create inter- and 

intra- DNA strand cross-links.  KUB5 knockdown cells showed increased 

sensitivity to this agent, likely due to stalled replication forks resulting in DSB 

formation.  In Figure 5.6d, cells were treated with MNNG, an alkylating agent 

known to create O6 methyguanine, as well as other minor DNA adducts.  The cell 

recognizes this altered base as cytidine, and as a result creates a DNA mismatch 

upon replication (136).  DNA MMR can recognize these mismatches and at high 

doses of MNNG create DSBs in exposed cells.   Interestingly, KUB5/HERA 

knockdown cells showed an increased sensitivity to MNNG, similar to that seen 

in yeast RTT103-/- cells.   These data further support the hypothesis that in both 
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rtt103 deficient yeast and KUB5 deficient mammalian cells, treatment with 

MNNG results in DSB formation at high doses, for which KUB5/HERA was 

required for survival.  High doses of MNNG could also hyperactivate PARP1 if 

not repair, suggesting that KUB5/HERA knockdown cells were hypersensitive to 

this agent due to unrepair damage (78, 79).  The normal function of PARP1 is to 

bind DSBs, and poly(ADP) ribosylate proteins that are recruited to the sites of 

DNA lesions, including itself.  At this point, PARP1 is released from the DNA 

and recycled (78, 79).  This hyperactivation releases PARP1 from DNA leaving 

the damages ends unstabilized and preventing efficient repair of the damage, 

creating increased sensitivity to this DNA damage agent.  In figure 5.6e, cells 

were treated with UV, known to create damage resolved by TCR(137, 138).  In 

contrast to agents that create frank DSBS, there was no difference in survival 

between parental, SCR and KUB5/HERA shRNA-knockdown cells in response to 

UV treatment.  In Figure 5.6f, cells were treated with etoposide, an agent known 

to create DSBs by forming a timeric complex with DNA and Topoisomerase II, 

after cleavage of DNA, therefore, preventing resealing of the break created when 

unwinding the DNA (132, 133).  KUB5/HERA knockdown cells were more 

sensitive to this DNA damage agent compared to parental and SCR 231 cells.  

Figure 5.7a-c, continues this study using common chemotherapeutic drugs 

Doxorubicin, Topotecan and Taxol.  In figure 5.7a, cells were treated with Taxol, 

a clinically effective drug used to treat metastatic breast cancer targeting the 
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tubulin/microtubule system (139-141).  It is suspected that Taxol can also induce 

certain types of DNA damage, including SSBs that can be converted to DSBs 

after DNA replication (142, 143).  Nevertheless, KUB5/HERA knockdown cells 

did not show a significant difference in sensitivity to Taxol compared to parental 

and SCR cells.  In figure 5.7b, cells were treated with increasing doses of 

doxorubicin (aka., adriamycin).  Doxorubicin functions by intercalating into DNA 

and poisons DNA topoisomerase II (Topo II), which unwinds DNA for replication 

and transcription (144-146).  KUB5/HERA knockdown cells show 

hypersensitivity to Doxorubicin versus parental and SCR MDA-MB-231 cells.  In 

figure 5.7c, cells were treated with Topotecan, a compound that forms a trimeric 

complex with topoisomerase I (TOPO-I) and DNA, which poisons TOPO-I).   

Upon DNA replication, a collision occurs between this ternary complex and the 

replication fork resulting in a stalled replication forks and the formation of DSBs 

(147, 148).  KUB5/HERA knockdown cells were more sensitive to topotecan than 

parental or SCR cells.  These combined data support the hypothesis that 

KUB5/HERA is directly involved in DSB repair.    

 KUB5/HERA knockdown cells were generated using an shRNA to 

KUB5/HERA designed to its 5’-untranslated region (5’-UTR), allowing for re-

expression of human KUB5 cDNA to test restoration of function.   KUB5/HERA 

KD clone 11 cells were transfected with a CMV-directed mammalian expression 

vector containing the hKUB5/HERA cDNA, and transformants were selected in 
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Neomycin-containing media.  Western blot analyses showed the re-expression of 

human KUB5 in knockdown clone 11 (Figure 5.8a).  Pooled population 1, 

showing a high level of KUB5 re-expression was then treated with IR and assayed 

for survival at doses 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 Gy (Figure 5.8b).  Re-

expression of KUB5/HERA in clone 11 knockdown cells rescued the radiation 

sensitivity seen in the knockdown cells (Figure 5.6a).  These data confirm that the 

lenti viral shRNA to KUB5 has little to no non-specific activity, and is likely only 

affecting KUB5.      

 Previous data in chapters 2, 3 and the first part of chapter 4, supported the 

hypothesis that KUB5/HERA was a novel DNA repair protein, and that 

alterations in this protein’s expression conferred changes in sensitivity to DNA 

damage agents, such as IR.  The final goal of this thesis was to investigate the 

possibility that KUB5/HERA expression in breast cancers could be correlated 

with sensitivity to IR, potentially setting the framework for KUB5/HERA as a 

biomarker for ‘predictors of response’ to therapy.  Due to known amplifications in 

several cancers at regions at or near the position of the KUB5/HERA locus, a 

screen was performed through a Comparative Genomic Hybridization (CGH) 

database provided by the UT Southwestern SPORE and Dr. John Minna’s 

laboratory.  Results for breast cancer cell lines were summarized in Figure 5.9a.  

Breast cancer cell lines were ordered from left to right, from greatest 

amplification at locus C20orf77 (KUB5/HERA), to greatest loss of copy number 
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at the KUB5/HERA locus.  All samples were normalized to the copy number of 

the KUB5/HERA locus of normal HMECs.  Significant gains or losses are those 

above 0.2, and less than -0.2.  A copy number gain or loss correlating with +/-0.5 

is approximately equal to one copy number gain or loss.  Though most CGH 

values correlated to only a single copy number loss or gain, these data were 

considered significant in light of the subsequent radiation sensitivity and western 

blot data obtained from a single copy number loss in mouse cells heterozygous for 

KUB5/HERA+/- MEFs (Figure 5.1).  The western blot data in Figure 5.9b 

summarizes several breast cancer cell lines used in the CGH analyses and their 

relative KUB5/HERA protein levels.  Figure 5.9c illustrates, by graphing relative 

KUB5/HERA protein levels to CGH, a strong correlation between relative 

KUB5/HERA protein levels and copy number, with a p-value of 0.0013.  

 Breast cancer cell lines chosen from the CGH screen were further analyzed 

for their sensitivities to IR (Figure 5.10a).  Cell lines exhibiting the greatest 

resistance to IR were HCC1419, HTB26 (MDA-231) and HTB122, which 

expressed the highest levels of KUB5/HERA protein and gene copy number by 

western blotting and CGH analyses, respectively.  The cell lines exhibiting the 

greatest sensitivity to IR included HCC202, HCC2185 and SKBR3.  Consistently, 

HCC202 and HCC2185 also had the lowest levels of KUB5/HERA protein and 

the lowest copy number by CGH analyses.  SKBR3 cells appear to be an 

interesting exceptional case, where KUB5/HERA protein levels and copy 
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numbers by CGH amplification are extremely high, but these cells appear to be 

extreme sensitivity to IR.  This inconsistency could be due to other, more 

important, alterations in DNA repair capacity within these cells, perhaps a loss of 

HR factors necessary for repair.  Another option is that KUB5/HERA within these 

cells may alterations, point mutations preventing its action in the efficient repair 

of DNA damage created by IR.  Figure 5.10c illustrates a comparison of LD50 

values of these breast cancer cell lines after exposure to IR, plotted against their 

relative KUB5/HERA protein levels as measured by western blotting (Figure 

5.9b).  Statistical analyses of these data, excluding SKBR3 cells, shows a 

significant p value less than 0.0001.  Thus, it seems possible to correlate 

KUB5/HERA protein levels within cell lines to IR hypersensitivities.  Table 5.1 

shows a summary of these breast cancer cell lines, including CGH copy number 

values, IR responses, p53 statuses, as well as HER2, ER/PR and BRCA1 statuses.  

Within this table there are 4 of 11 cell lines that are known to be triple-negative 

(HER2/ER/PR) and the protein levels of KUB5/HERA correlate well with the IR 

sensitivities of these cells, potentially indicating that KUB5/HERA levels may be 

a sensitive biomarker to use to predict radiation sensitivity in triple-negative 

breast cancers. 

 Analyses of KUB5/HERA expression with sensitivity to radiation to this 

point have only examined breast cancer cell lines, which typically retain several 

other problems that could lead to sensitivity to DNA damage agents.  One of the 
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problems with studying cell lines is the immortalization process, since this can 

affect several processes, most importantly, those controlling the cell cycle (149).  

To determine whether or not the immortalization process had an affect on 

KUB5/HERA expression, primary cells were generated from a normal fibro-

adenoma mass taken from a patient, and analyzed with both immortalized and 

matched non-immortalized cell lines obtained from the laboratory of Dr. David 

Euhus.  Generating primary cell populations from a patient sample requires 

extensive maintenance in order to separate out fibroblast from epithelial cell 

populations (Figure 5.11a).  After successful purification of epithelial HMECs, 

named 4077 and 2424, these primary cells were analyzed with matched 4341 or 

4341 immortalized cells, as well as with 348t HMEC cell lines.  Immortalized cell 

lines were generated from Euhus laboratory by ectopic expression of lentiviral-

mediated cdk4 and telomerase.  Figure 5.11b, shows western blot analyses 

obtained from protein isolates from all HMECs, as well as two breast cancer cell 

lines, MCF-7 and SKBR3.  Results show that the immortalization process did not 

appear affect KUB5/HERA protein expression levels in this brief and limited 

screen.  In addition to the immortalization process having no affect on 

KUB5/HERA expression, it appears that, in general, breast cancer cells have a 

much higher expression level of KUB5/HERA versus normal HMECs.  This 

indicates that changes in KUB5/HERA expression level may allow the tumor to 

survive the series of genomic instabilities caused by carcinogenesis that promote 
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changes in the cell cycle and p53 status.  Radiation treatment of normal HMECs 

showed that these cells were significantly more sensitive to IR than most breast 

cancer cell lines. 

 We confirmed that loss of KUB5/HERA results in hypersensitivity to DNA 

damage agents, specifically those that kill by creating DSBs.  Screening of breast 

cancer cell lines by western blotting demonstrated varied KUB5/HERA 

expression that correlated well with radiation sensitivity.  For this work to have a 

hope of being useful in the clinic, it is necessary to generate a simple means of 

detecting changes in KUB5/HERA protein expression levels, including IHC.  The 

final goal of this breast cancer work was to try to work out conditions to use our 

KUB5/HERA monoclonal antibody in the detection of changes in KUB5/HERA 

expression in tissue slices taken from tumor samples.  For this, MDA-MB-231 

shKUB5 and SCR cells were infected with lentivirus containing a CMV-

luciferase (CMV-luc) vector, and cells were injected subcutaneously in athymic 

nude female mice (18-20 gms).  Tumor growth was measured and quantified by 

bioluminescence (BLI) and direct caliper measurements until tumor volumes 

reached 10 cm3.  At this point, mice were sacrificed to remove tumors and frozen 

tissue was processed for tissue slicing and IHC slide prep.  IHC analyses revealed 

that KUB5/HERA levels could be detected in 231 SCR cells, indicated in red 

nuclear staining (Figure 5.12).  Conversely, in MDA-MB-231 shRNA-KUB5 

knockdown cells, the KUB5/HERA antibody could not detect significant protein 
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staining.   Of note, however, a significant cross-reaction with the KUB5/HERA 

monoclonal antibody occurred along the edge of the tissue, which we believe may 

be due to cross-reactivity with surface epithlium in mouse tissue.  Overall, these 

data provide evidence that KUB5/HERA protein levels could be a predictive 

biomarker to determine radiation sensitivities of tumors, and its expression can be 

detected by IHC.    
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DISCUSSION: 

 Due to the early embryonic lethality of the KUB5/HERA-/- mice, in vivo 

studies were limited to using KUB5/HERA+/- MEFs.  A single copy number loss 

in KUB5+/- MEFs conferred significantly increased IR sensitivity compared to 

WT KUB5/HERA+/+ mice, supporting prior data within this thesis that loss of 

KUB5/HERA resulted in increased radiation sensitivity.  Interestingly, cells and 

tissue from KUB5/HERA+/- mice showed stabilization of p53 levels and 

phosphorylation of p53 at serine 15.  This could be explained by endogenous 

DSBs causing DDR responses, resulting in genomic instability even in the 

absence of DNA damage.  The significance of these data span beyond this model 

into the breast cancer CGH analyses in Figure 5.9a.  Here, a single copy number 

loss in the KUB5/HERA locus by CGH analyses can be directly correlated with 

radiation sensitivities of various breast cancer cell lines.  Combined, these data 

support the hypothesis that KUB5/HERA function within the cell is important and 

necessary in normal cells, as only a single copy number loss appears to be 

required for a significant affect on the cell’s ability to survive through both 

exogenous and endogenous DNA damage.   

 My initial hypothesis was that KUB5/HERA was necessary for efficient 

DSB repair and its loss would lead to increased sensitivity to IR and other DNA 

damaging agents.  This hypothesis appears to be supported by nearly all of the 
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data generated in this thesis.   Here, stable KUB5/HERA knockdown in MDA-

MB-231 cells expressing mutant p53 resulted in significant loss of KUB5 protein 

expression and hypersensitivity to IR as well as all agents that killed via the 

creation of DSBs.  The p53 mutant status likely allowed these cells to survive this 

knockdown, consistent with previous data from chapter 4.  KUB5/HERA 

knockdown also resulted in significant increased sensitivity to other DNA damage 

agents, where DSBs are created in their mechanism of cell killing.  Comet and 

H2AX phosphorylation assays further supported the hypothesis that loss of 

KUB5/HERA resulted in delayed repair of DNA damage. Loss of KLUB5/HERA 

did not, however, affect the initial detection of DNA damage (as monitored by 

γH2AX).  These data supported the hypothesis that KUB5/HERA was involved in 

the repair of DSBs and disruption of its function was not required for the early 

detection of DSBs and downstream DNA damage signaling.  More importantly, 

re-expression of KUB5/HERA cDNA back into the knockdown cells rescued the 

IR sensitivity, confirming that the effect of stable knockdown of KUB5/HERA 

was due to the specific loss of KUB5/HERA protein and not by other non-specific 

effects of clonal selection.  These results were similar to those in yeast, where 

human KUB5/HERA re-expression restored IR hypersensitivity in rtt103-/- yeast. 

 In summary, the data generated throughout my thesis support the overall 

hypothesis that KUB5/HERA is an important, novel factor in DSB repair in 

eukaryotic cells, and appears to play a significant role in human breast cancer 
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radio-resistance.   The significant correlation of KUB5/HERA relative protein 

levels and radiation sensitivity could prove to be an important finding that may 

lead to the development of KUB5/HERA as a biomarker for how a specific tumor 

may respond to DNA damage-inducing therapy.  In order for this to become a 

reality, further analyses and conditioning will need to be done so pathologists 

could be able to screen and quantify KUB5 levels in tumor tissue by IHC 

analyses.   
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Figure 5.1 – Single copy number loss in MEF cells results in significantly 
decreased protein expression and increased radiation sensitivity.  In A) 
protein was extracted by whole cell RIPA extraction in MEF +/+ and +/- cell lines 
and western blotted to KUB5 expression as well as other DNA repair proteins 
(Ku70, Ku80, total p53, phosphorylated p53 (ser15).  In B) MEF +/+ and +/- cell 
lines were treated with doses or IR including 1, 2, 3, 4, 5 Gy and growth assays 
performed to determine survival of cells after treatment.  Statistics indicate R2 
value for MEF +/+ = 0.78 and for MEF +/- = 0.92 with an overall p value < 
0.0001. 
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Figure 5.2 – Stable knockdown of KUB5 protein by shRNA resulted in 
increased sensitivity to IR.  In A), shKUB5 knockdown clones were isolated and 
total protein extracted using RIPA extraction buffer.  Lysates were separated by 
SDS-PAGE and western blotted for KUB5, Ku70 and loading control GAPDH.  
In B), shKUB5 knockdown clones, parental and SCR lines were treated with IR 
and colony formation assays performed to analyze growth and survival.  The 

B 
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curve for parental and clone 11 (clone showing least KUB5 expression by western 
blot analysis) were shown to be statistically significantly different with p-
value<0.0001.
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Figure 5.3 – KUB5 shRNA treatment results in increased basal H2AX 
phosphorylation and persistence of foci compared to untreated.  In A), γ-
H2AX foci were quantified over time after treatment with 1 Gy IR.  Foci were 
counted at time points 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 4, 8, 12 and 14 

B 



 125 

hours post IR treatment (not all data shown).  Only panels taken from time points 
0, 0.5, 2, 8 and 12 hours post IR treatment are shown to summarize the results.  
Clone 2, showing normal KUB5 expression level is shown in the top two lanes of 
panels with DAPI on top and the corresponding γ-H2AX shown under.  Clone 11, 
known to express KUB5 protein at very low levels is shown in the bottom two 
lanes of panels.  DAPI represented in 3rd lane and γ-H2AX represented in forth 
lane.  In B), results from counting the foci of 100 cells, in three different 
experiments are summarized in the graph.  Here, clone 2 γ-H2AX foci appear to 
disappear quickly after IR treatment and are mostly gone by 2 hours post IR 
treatment.  Clone 11 appears to be delayed in γ-H2AX foci disappearance with 
high levels of foci persisting through 8 hours and resovled by 12 hours post IR 
treatment.  
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Figure 5.4 – Comet assay shows KUB5 knockdown cells have more DNA 
damage foci 30 minutes after treatment with either hydrogen peroxide, 
etoposide  or IR.  Comet assay panels on the left summarize data from treatment 
with each agent for clone 2, the clone showing normal KUB5 expression levels.  
Comet assay panels on the right summarize data from treatment with each agent 
for clone 11, the clone showing decreased KUB5 protein expression, and also 
showing increased radiation sensitivity.  The top panels represent the untreated 
cells after comet assay is performed showing intact, mostly undamaged DNA.  
The second set of panels represents treatment with H2O2 at 200 µM for 30 

A B 
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minutes.  Here, clone two shows roughly 54% cells with comets, and clone 11 
shows 67% cells with comets.  The third row of panels represents the comet assay 
after treatment with 200 ng/ml etoposide for 30 minutes.  Clone 2 shows only 
46% comets and clone 11 shows 74% comets.  The final row represents comet 
assay 30 minutes after treatment with 40 Gy IR.  Here clone 2 shows 87% cells 
with comets, and clone 11 shows 96% cells with comets. 
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Figure 5.5 -  Comet Assay shows repair of DNA damage over time, with loss 
of KUB5 resulting in persistent DNA damage.   In A), Panels were chosen from 
several time points taken every 15 minutes after IR treatment up to 2 hours.  
Panels on the left correspond to the time points for clone 2, and on the right for 
clone 11.   For clone 2, panels represent UT, 15 min, 1 Hr and 1.25 Hr post IR 
treatment.  15 minutes after IR treatment there are approximately 96% of the cells 
containing comet tails, by 1 hr this number is diminished to only 12 % cells 
containing comets and by 1.25 hours post-IR treatment all the comets tails have 
disappeared.  For clone 11, 15 minutes after IR treatment, 97% of the cells 
contain comets tails, and at 1 hour post treatment 40% of the cells contain comets.  
And by 1.25 hours still 13% of cells contain comets.  In panel B), the graph 
represents the comet tail length over time, which corresponds to DNA repair.  As 
the comet tails shrink, the DNA is being repaired.  For clone 2, where KUB5 
expression is normal, the comet tails resolve by 1 hr post treatment.  Conversely, 
in clone 11, where KUB5 levels have been significantly knocked down, the comet 
tail length persists until 1 hour, where it begins to shorten.  Results were collected 
from 3 independent experiments, with each experiment in duplicate. 
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Figure 5.6 -  KUB5 loss affects the survival of cells upon treatment with 
several different types of DNA damage agents.  In A), cells were treated with 
doses of IR ranging from 0, 0.1, 1, 1.5, 2, 2.5, 3, 3.5 and 4 Gy.  Colony formation 
assays measured the ability of the cells to survive this damage.  Results support 
previous data collected showing clone 11, where KUB5 expression is low, are 
more sensitive to IR than parental and SCR cells.  In B), cells were treated with 
H2O2 at doses 0, 10, 20, 30, 40, and 50 µM.  In C), cells were treated with 
Cisplatin at doses 0, 20, 40, 60, 80, and 100 µM.   In D), cells were treated with 
MNNG at doses 0, 5, 10, 15, 20, 25 and 30 mM.  In E), cells were treated with 
UV at doses 0, 25, 50, 75, 100 and 125 J/m2.  In F), cells were treated with 
etoposide at doses 0, 25, 50, 75, 100, 125, 150, 175 ng/ml.  Each colony forming 
experiment was performed in triplicate.  The experiment was repeated at least 3 
times, and in the case of MNNG treatment was repeated 5 times.  
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Figure 5.7 – KUB5 deficient cells are sensitive to some common 
chemotherapeutic agents.  In A), cells were treated with TAXOL at doses 0, 10, 
25, 50, 100 and 500 µM and colony formation assay performed.  There appeared 
to be no difference in KUB5 knockdown cells and parental and SCR in sensitivity 
to this agent.  In B), cells were treated with Doxorubicin at doses 0, 50, 100, 150, 
200, 250 and 300 ng/ml.  KUB5 knockdown cells appeared to be more sensitive 
to Doxorubicin with an LD50 of 250 ng/ml where parental LD50 was 300 ng/ml.  
In C), cells were treated with Topotecan at doses 0, 25, 50, 75, 100, 150, 200, 300 
and 500 µM.  KUB5 knockdown cells appeared to be more sensitive to topotecan 
with an LD50 of 150 µM whereas parental cells had an LD50 of 200 µM. 
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Figure 5.8 – hKUB5 transfected into shKUB5 231 cells resulted in rescue of 
IR sensitivity.  In A), western blot shows pooled population isolated after several 
weeks on Neomycin selection.  hKUB5 rescue pool 1 and 3 showed re-expression 
of KUB5 protein whereas pool 2 did not.  In B), Colony formation assay was 
performed using clone 11 + pool 1.  Results indicate rescue of IR sensitivity seen 
in KUB5 knockdown cells. 
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Figure 5.9 – Comparative Genomic Hybridization Analysis and Western blot 
protein analysis illustrate endogenous KUB5 levels in Breast Cancer Cell 
Lines.  In A), CGH analysis performed by Dr. John Minna Laboratory show copy 
number loss or gain in 31 breast cancer cell lines.  An amplification of 0.5 or 
above indicates over 1 copy number amplificaton.  In B) Western blot analysis of 
whole cell lysates indicates endogenous protein levels in breast cancer cell lines 
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studied.  In C), A strong correlation between copy number gain/loss and relative 
protein amount in cells is noted.  Statistics results yield an R2 value of 0.7452 and 
a p-value = 0.0013. 
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Figure 5.10 – A strong correlation exists between relative protein level in 
breast cancer cell lines and radiation sensitivity.  In A), Colony formation 
studies were performed on several of the breast cancer cell lines after increasing 
doses of IR.  Nine of the cells lines were able to form colonies and are 
summarized in the graph.  HCC202 appeared to be the most sensitive to IR, and 
HCC1419 appeared to be the most resistant.  In B), relative protein levels 
determined by western blot are plotted against LD50 values for IR.  The outlier 
SKBR3 was excluded from the graph and calculations yielding a p-value < 
0.0001. 
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Table 5.1 – KUB5 loss and radiation sensitivity does not seem to correlate 
with HER2, ER, PR or BRCA1 status of the cells.  Eleven cell lines are 
represented with their corresponding CGH level of KUB5 and IR LD50.  The cell 
lines are ranked from most resistant to IR down to most sensitive to IR.  p53 
mutations are listed for each cell line.  HER2, ER/PR and BRCA1 loss or gains 
are summarized in the last 3 columns.  Data used for this table was extracted from 
the SPORE database from Dr. John Minna’s laboratory.
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Figure 5.11 – Analysis of primary HMECs both un-imortalized and 
immortalized shows low  basal KUB5 expression level.  In A), microscope 
photo represents the distinction of epithelial cells from fibroblast cells from the 
initial isolate from a non-cancerous human breast mass.  Here epithelial cells were 
distinguished as tightly clustered spherical cells.  Fibroblasts can be differentiated 
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C 
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from epithelial cells by their characteristic long extended cellular bodies and their 
inability to form tight colonies.  In B), Western blot analysis shows normal un-
imortalized HMECs in lanes 1, 2 and 3 and normal immortalized HMECs in lanes 
4 and 5.  The final two lanes are loaded with two breast cancer cell lines MCF-7 
in lane 6 and SKBR3 in lane 7.  Overall KUB5 expression level in normal 
HMECs is considerably lower than that seen in most breast cancer cell lines.  In 
C), the IR sensitivity of the HMECs is shown.  Here all the HMECs are 
considerably more sensitive to IR than the breast cancer cell lines from figure 
4.10. 
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Figure 5.12 – Immunohistochemistry of 231 subcutaneous tumor specimens 
showed decreased KUB5 expression in knockdown cells.   MDA-231-
Luciferase SCR and shKUB5 cells were implanted subcutaneously at density 106 
cells per injection site.  Tumor formation was monitored by bioluminescence 
imaging.   Mice were sacrificed when tumors reached 10 cm3 and tumors 
extracted and frozen.  Frozen tissue was sectioned and probed for KUB5 
expression with KUB5 monoclonal antibody.  231 SCR cells showed highest 
KUB5 expression, though non-uniformly likely due to permeabilization procedure 
of tissue.  In KUB5 knockdown tumor tissue KUB5 expression levels were not 
detected in central tumor slice, however along the edges of the tumor there 
appeared to be KUB5 expression, likely due to mouse tissue contamination.
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 The central hypothesis of this thesis is that KUB5/HERA is a novel factor 

involved in DSB repair.  Cells hyper-sensitive to DNA damage agents creating 

DSBs show increased death as observed in rtt103-/- yeast, KUB5/HERA deficient 

mice as well as mouse or human KUB5/HERA knockdown cell lines.  More 

specifically and importantly, G1 arrested haploid yeast, that were forced to 

undergo NHEJ for survival, were hypersensitive to these agents, whereas log-

phase yeast that prefer HR showed no significant increase in sensitivity to any 

DNA damaging agents.  These data were strongly supported by plasmid re-

ligation results showing that RTT103 loss in yeast results in the specific inability 

to repair blunt and non-compatible DNA ends.  These data strongly suggest that 

KUB5/HERA is specifically involved in NHEJ.   

      Although these data are extremely supportive of a role for RTT103 in NHEJ 

in yeast, data in support of a specific involvement of human KUB5/HERA in 

NHEJ are not as strong, simply because direct experiments in human cells have 

not been performed.  Data that appear to support an involvement of human 

KUB5/HERA in the NHEJ system, include hypersensitivities to DNA damage 

agents, resulting in delayed foci formation and an increase in DSBs.  The data 

showing association with Artemis and Ku70 further support this theory.   It will 

be important to perform similar studies, as performed in yeast, with plasmid re-

ligation assays, in mammalian systems to confirm KUB5/HERA’s involvement in 
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mammalian NHEJ.  Studies using G0 arrested cells should also be performed 

since these cells would not have the capacity to perform HR.  If mammalian cells 

lacking KUB5/HERA also show a deficiency in their ability to repair blunt and 

non-compatible DNA ends, evidence would strongly support a unique 

KUB5/HERA function in NHEJ.  Our data, however, do suggest that 

KUB5/HERA functions are fairly well conserved, since re-expression of 

KUB5/HERA cDNA in yeast resulted in almost complete rescue of IR sensitivity 

and restoration in the capacity to re-ligate complex DSB ends,  These findings 

support KUB5/HERA’s role in NHEJ, yet they are difficult to explain if one 

proposes KUB5/HERA is only involved in termination of transcription. 

 Some of the data presented in this thesis does not fit the classical model of 

characteristics of a NHEJ protein.  One example, of a characteristic not usual for 

proteins involved in NHEJ, is the early embryonic lethality upon homozygous 

KUB5 loss.  Typically, loss of classical DNA repair proteins, e.g., Ku70, Ku80, 

DNAPKcs, and Artemis, do not result in early embryonic lethality.  Ku70 and 

Ku80(Ku86) deficient mice display premature ageing and low neuronal apoptosis 

(150, 151).  DNAPKcs and Artemis deficient mice have no obvious abnormalities 

(152, 153).  The only case where a known NHEJ protein is early embryonic lethal 

is for DNA Ligase IV (150).  This is interesting in the respect that DNA Ligase 

IV is involved in an end joining event, much like KUB5 is expected to be in 

reference to plasmid re-ligation assays.  Based on data suggesting that the half-life 
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of artemis was affected by KUB5/HERA knockdown and IP data showing KUB5 

binding in complex with Artemis, Dr. Julio Morales proposed that KUB5/HERA 

may be responsible for Artemis’ recruitment to the site of DNA damage in order 

for end processing to take place.  His data showed that upon KUB5/HERA loss, 

Artemis disappears, or is de-localized in cells lacking KUB5 (data not shown, 

western blot and fluorescence microscopy); perhaps indicating that KUB5/HERA 

was necessary to bring this factor to DNA damage, or important in Artemis 

transcription (data unpublished).  If the sole function for KUB5/HERA was to 

recruit Artemis to the site of damage in order for end processing to take place for 

NHEJ, it would be expected that since Artemis deficient mice survive, so too 

would KUB5/HERA deficient mice.  To complicate matters more, our NHEJ data 

showing that RTT103 was necessary for resealing blunt and non-compatible DNA 

ends, and specifically for NHEJ, was only confirmed in yeast, a repair system 

notably different than that of mammalian NHEJ (Table 2.1).  If RTT103 is 

functioning in yeast as KUB5/HERA would in mammalian cells, then one would 

expect a loss of RTT103 to be lethal in yeast, contrary to this hypothesis the 

RTT103 deficient yeast survive.   

 It is possible that KUB5/HERA’s main function in cells could be as a 

transcription termination factor.  Several yeast papers have been published 

showing the role of RTT103 in RNA transcription termination, including an in-

depth domain analysis showing direct interaction with the phosphorylated C-
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terminal domain of RNA polymerase II (70).  In addition to published work by 

other labs supporting RTT103 involvement in transcription termination, this thesis 

shows RTT103 and KUB5/HERA loss resulted in hypersensitivity to DNA 

damage agents, and I report the observation that Kub5/Hera-/- knockout mice 

exhibit early embryonic lethality.  All these responses are typical of cells 

defective in transcription termination.  One model for how KUB5/HERA could be 

functioning within this pathway could involve transcription termination, as 

suggested for RTT103 function (70-73).  Transcription of a gene by RNA 

polymerase results in creation of mRNAs with a 7-methyl-guanosine cap (m7G) at 

one end and a polyadenosine (poly(A)) tail at the other (Figure 6.1).  The 

carboxy-terminal domain (CTD) of RNA polymerase II, which is known to 

interact directly with RTT103 carrying the serine 2 phosphorylation, moves along 

the mRNA until it associates with the Rat1 (Xrn2 in humans) and Rai1.  The  

poly(A) site undergoes cleavage where Rat1 binds and eats away the free end of 

RNA, until it reaches polymerase (eta), where transcription is then halted(70-73).  

If RTT103 is lost, the Rat1 cannot bind and carry out its function, creating an R-

loop, DNA/RNA hybrid, which remains attached.  Transcription cannot be 

properly terminated, and therefore, may result in DNA damage as it collides with 

other replication or DNA repair machinery.   The general idea would be that more 

DSBs are being formed in the absence of KUB5/HERA than can be repaired due 

to R-loop-mediated genomic instability. 
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       Some of my data shown in this thesis do not, however, seem to support such a 

model.  One example is the inability of RTT103-/- yeast to specifically repair 

blunt and non-compatible ends, and the specificity of the yeast being in a growth 

arrested haploid state that forces them into NHEJ in order for increased IR 

hypersensitivity.  Also, KUB5/HERA loss resulted in specific hypersensitivity to 

DSB-inducing agents, whereas it would be expected that a deficiency in 

transcription termination would result in sensitivity to all agents causing DNA 

damage. Finally, KUB5/HERA direct interaction with Ku70 does not fit the 

model, as Ku70 is not implicated in transcription termination.  That is, unless 

KUB5/HERA complex formation has a separate function when interacting with 

Artemis versus RNA polymerase. 

 Another possible role for KUB5/HERA could more global and I 

hypothesize that KUB5/HERA may have the ability to act as a molecular 

matchmaker.  Traditionally the definition of a molecular matchmaker is that 

which increases the affinity of two or more molecules for each other.    

Supporting this idea is are the data and observations that KUB5/HERA and Ku70 

appear to be tightly interacting.  Given Ku70 involvement in several cellular 

processes, KUB5 acting in unison with Ku70 as a matchmaker could aid in 

efficient Ku70 processes by aiding in Ku70 affinity.  KUB5/HERA could act to 

stabilize Ku70 interactions with other proteins, such as those involved in NHEJ 

and/or DNA repair.  Another theory, closely related to KUB5 function as a 
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molecular matchmaker, is that of a role of KUB5/HERA in stabilizing Ku70 when 

not interacting with Ku80.  Co-IP data supports this theory due to Ku80 being 

absent from all IPs showing Ku70 and KUB5/HERA interaction.  Since Ku70 is 

known to have a highly unstable C-terminal region, perhaps when Ku70 is free, it 

needs to associate with KUB5/HERA in order to be stabilized, or possibly 

KUB5/HERA helps Artemis bind and stabilize Ku70.  These data are supported 

by the biochemical domain analyses showing KUB5/HERA interacting with 

Ku70 C-terminal domain.  Finally, KUB5/HERA could also have a possible dual 

role in both DNA repair and transcription termination.  Though there have not 

been any previous reports of such a bi-functional protein, combined data from 

RTT103 and KUB5/HERA studies support this hypothesis.  The fact that gel 

filtration indicated separate higher molecular weight complexes containing 

KUB5/HERA, associated with KU70 and separate complexes that are consistent 

with association with RNA polymerase (and that co-IPs have indicated associated 

of KUB5/HERA with xrn2 and pms (two RNA termination factors), strongly 

suggests that KUB5/HERA may form separate complexes with separate functions. 

 Biochemical and functional analyses of both RTT103 and KUB5/HERA 

have generated more questions than answers on the specific function of this novel 

protein.  Results obtained from cells where KUB5/HERA was knocked down, 

showed hypersensitivity to a wide range of DNA damage agents and suggested 

that KUB5/HERA could be used as a marker for DNA damage responses.  
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Clinically, this could be incredibly important as KUB5 expression level in tumors 

could be indicative of amount of DNA damage agent needed to effectively kill the 

tumor.  For example, a tumor with very low KUB5 protein expression, could be 

treated with the smallest dose of radiation or DNA damage agent; whereas a 

tumor showing higher or normal KUB5 expression would need to be treated with 

much higher doses in order to obtain efficient killing of the cancer.   Results 

summarized in figure 4.10, support the possibility of KUB5 being used clinically 

in this way.  Though these data are preliminary, a much larger screen would need 

to be performed both in cancer cell lines as well as patient tumor samples, in order 

to push this finding into a position where it could be used to clinically improve 

the treatment of cancer.  Another important step in making this a functional 

testing system for doctors and patients, would be continued testing of the KUB5 

antibody.  It would be necessary to determine the best conditions for 

immunohistochemistry (IHC) so pathologists could have an easily re-producible 

system of screening patient samples for KUB5 expression levels.  This would 

require not only perfecting the conditions for KUB5 antibody use in IHC, but 

would also require a standardized method of grading KUB5 expression and 

correlating that expression level to radiation or DNA damage agent 

responsiveness of the tumor.   

 In summary, the data presented in this thesis begin to outline the importance 

of KUB5/HERA in not only embryonic development, but also maintenance of 
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genomic stability.  KUB5/HERA could be functioning in several different 

pathways, such as embryonic development, Transcription Termination, NHEJ and 

genomic stability.  The unifying evidence suggests that KUB5/HERA is necessary 

for efficient DNA DSB repair.  Without this factor the cells repair DNA damage 

inefficiently or not at all and cannot survive, unless p53 is mutant.  Interestingly, 

the majority of breast cancers are mutant for p53, allowing them to accumulate 

genomic instability and survive when KUB5 is lost.  KUB5/HERA has proven 

more complex than originally thought, and understanding its complex function(s) 

in cells will prove increasingly more important with each new discovery along the 

way. 
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Figure 6.1: Published model of transcription termination in yeast (154). Here 
Transcription of a gene by RNA polymerase results in creation of mRNAs with a 
7-methyl-guanosine cap (m7G) at one end and a polyadenosine (poly(A)) tail at 
the other.  The carboxy-terminal domain (CTD) of RNA polymerase II, which is 
known to interact directly with RTT103 carrying the serine 2 phosphorylation, 
moves along the mRNA until it associates with the Rat1 (Xrn2 in humans) and 
Rai1.  The  poly(A) site undergoes cleavage where Rat1 binds and eats away the 
free end of RNA, until it reaches polymerase (eta), where transcription is then 
halted.
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