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Abstract 

DNA Double strand breaks (DSBs) are the most deleterious form of DNA damage.  

Improper repair of DSBs can result in genomic instability and failed repair of even a single DSB 

results in cell death.  Homologous recombination (HR) and Non-homologous end-joining (NHEJ) 

are the two major pathways of DSB repair and both are highly conserved from yeast to mammals.  

The choice between these pathways is largely based on 5’ to 3’ resection of DNA at the break site.  

Resection inhibition favours NHEJ, while extensive resection facilitates HR.  The MRX complex, 

which plays a role in both HR and NHEJ in yeast, promotes the initiation of end-resection at the 

broken ends, while YKu70/80 rapidly binds DSB ends to prevent the initiation of 5’resection.  

Nej1 and Lif1 are two NHEJ proteins shown previously to promote the ligation of DSB ends by 

stimulating Dnl4 ligase activity.  The Nej1-Lif1 interaction is also required for additional functions 

in NHEJ, except these functions were previously uncharacterized.   

Using nej1-F335A and nej1-V338A mutants that are unable to interact with Lif1, I show 

that the Nej1-Lif1 interaction plays a role in preventing end-resection initiation at broken ends in 

a manner epistatic with YKu70/80.  Specifically, I demonstrate that Nej1-Lif1 prevents the Sgs1-

Dna2 dependent initiation of end-resection to promote NHEJ pathway choice.  I also show that the 

Nej1-Lif1 interaction plays a role in preventing genomic stability during DSB repair in a redundant 

manner with the end-bridging function of the Rad50 subunit of the MRX complex.   

Finally, the effect of Rad50 and Nej1 mutants on the nuclear periphery re-location of 

persistent DSB ends to either Mps3 or the nuclear pore complex (NPC) were studied.  I show that 

cells lacking RAD50 absolutely require the NPC to survive even endogenous DNA damage, while 

cells harboring nej1∆, yku70∆, nej1-F335A or nej1-V338A mutants preferentially require Mps3 

to promote cell survival and prevent genomic instability during the repair of persistent DSBs. 
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Preface 

This thesis is presented in three major parts.  In the first part, I elucidate novel roles for the 

Nej1-Lif1 interaction including its roles in DSB repair pathway choice and in promoting genomic 

stability during NHEJ.  This section includes a general overview of DNA damage, genomic 

instability and DSB repair pathways with a focus on NHEJ repair in chapter 1, and in chapter 2, 

the materials and methods utilized in this thesis are outlined.  In chapters 3 and 4, a more detailed 

summary of DNA repair pathway choice is provided, along with a more complete overview of the 

many protein-protein interactions that are required to regulate the accurate and efficient 

completion of NHEJ repair.   

The second part of this thesis, in chapter 5, describes the important role of the nuclear 

envelope, specifically two distinct sites, Mps3 and the NPC, in the repair of persistent or chronic 

DSBs.  In this section, I compare and contrast the characteristics of broken ends that re-locate to 

these distinct sites and the types of alternative pathways that are activated at these sites to repair 

DSBs while protecting the ends from extensive mutations and instability.   

Finally, in the third part of this thesis, in chapter 6, I provide an overview and draw 

conclusions from my work and suggest future work including the use of human cells to confirm 

the conservation of these novel functions of Nej1-Lif1 in higher eukaryotes.   

A version of chapter 3 is being prepared for submission as: Sorenson K, Mahaney BL, 

Lees-Miller SP & Cobb JA. Nej1 inhibits Sgs1-Dna2 mediated resection at DNA double strand 

breaks. 
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Chapter One: Introduction 

1.1 Genomic Instability, Mutation, and Cancer 

1.1.1 Genomic Instability and Mutation 

Each day, human cells are subject to tens of thousands of DNA lesions (1, 2).  If left 

unrepaired or improperly repaired, these lesions can cause permanent mutations in the genome (3).  

Mutations that occur within genes, promoters, regulatory regions or other functionally important 

DNA regions may result in devastating consequences for the cell.  In fact, some form of genomic 

instability and mutation is observed in essentially all cancer cells (4, 5).  Mutations in genes 

important for cell cycle regulation and DNA repair, like p53 and BRCA1 can be observed in cancer 

cells and can also predispose towards future cancer development when inherited.  For these 

reasons, genome instability and mutation was recognized as one of the ten hallmarks of cancer in 

the second edition of the seminal review by Dr Douglas Hanahan and Dr Robert Weinberg in 2011 

(6).  DNA double-strand breaks (DSBs) are the most serious type of DNA lesion a cell can 

encounter.  Although this type of damage accounts for few of the total DNA lesions a cell 

experiences, DSBs are especially harmful as even one DSB left unrepaired can result in cell death 

(1).  Furthermore, DSBs that are repaired improperly are prone to result in severe gross 

chromosomal rearrangements that can alter normal cell function. 

1.1.2 Genomic Instability and Cancer 

In 1971, Alfred Knudson’s studies on childhood retinoblastoma demonstrated that 

individuals can be predisposed to this cancer by inheriting a single mutated copy of the 

retinoblastoma (Rb) gene (7).  This observation drove further research to identify cancer driving 

genes that when mutated promote cancer initiation and progression.  From this research two major 
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categories of cancer promoting genes have been identified, oncogenes and tumour suppressor 

genes.   

Oncogenes drive aberrant cell proliferation by promoting cell cycle progression and 

evading cell cycle checkpoints.  These proteins are often constitutively expressed or activated 

leading to mis-regulation of progression through the cell cycle and promote the uncontrolled 

growth and proliferation of cancer cells.  Examples of oncogenes include Rb and members of the 

Ras superfamily.  One function of Rb is in promoting cell cycle arrest at G1/S by inhibiting the 

activity of the E2F transcription factor (8).  Ras family proteins are GTPases involved in signaling 

pathways that can drive cancer progression due to their roles in regulating cell proliferation, 

survival and other cellular events (9).  Tumour suppressor genes function in the opposite manner.  

These genes often negatively control the cell cycle, maintain cell cycle arrest checkpoints or are 

involved in DNA repair.  Tumour suppressors maintain the fidelity of the genome and prevent 

genomic mutation and instability.  Their normal activity ensures that cell cycle progression is 

coupled with complete and accurate DNA replication and DNA repair.  Deletion or mutation of a 

tumour suppressor gene can lead to incomplete DNA repair before cell cycle progression and 

division, increasing the risk of driving additional mutations and their propagation into daughter 

cells.  p53 is the most commonly mutated cell cycle regulation specific tumour suppressor gene 

(10, 11), while BRCA1 is an example of a DNA damage response (DDR) factor that is linked with 

hereditary breast cancers (12).   

Inhibition of DNA repair and aberrant cell cycle progression may increase mutation levels 

in daughter cells over many proliferative cycles, which may predispose affected individuals to 

cancer development.  In fact, cancer cells typically experience increased levels of point mutations, 

translocations and other mutations over time compared to normal cells (13).  This demonstrates 
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the importance of the integrity of cell cycle regulation and DNA repair to promote genomic 

stability and drives researchers to better understand the DNA damage response and other related 

pathways to more accurately and efficiently predict, prevent, diagnose and treat cancers.   

1.1.3 DNA Damage Response, a cause of cancer and target for cancer treatment 

As discussed, mutations in DDR and DNA repair factors can result in the mutagenic repair 

of DNA lesions causing the initiation and progression of cancer as mutations accumulate within 

cells.  By understanding the DNA damage response and repair pathways, we learn how DNA 

damage is recognized, interpreted and targeted by specific repair pathways depending on the type 

of lesions that occur.  Research has already identified many specific genes that, when mutated, 

increase the likelihood of developing specific types of cancer.  For example, females that inherit 

key mutations in BRCA1 have an 80% risk of developing breast cancer during their lifetime (14).  

Early screening and recognition of the presence of cancer susceptible mutations like BRCA1 could 

allow clinicians to engage in preventative measures with the goal of reducing the risk of cancer.   

Furthermore, intentional DNA damage induction is widely used in cancer treatment.  

Radiation therapy utilizes ionizing radiation (IR) or protons to specifically target and penetrate 

tumours to induce large levels of DNA damage directly to them (15, 16).  Additionally, 

chemotherapy agents such as cisplatin (a DNA crosslinking agent) and doxorubicin (a 

topoisomerase II inhibitor) induce general DNA damage in all cells throughout the body, with the 

greatest cytotoxic effects on actively dividing cells including cancer cells (17–19).  Therefore, a 

strong understanding of DDR and repair pathways may also prove to enhance the effectiveness of 

these DNA damaging treatments.   

Identifying the repair pathways and proteins activated by a specific DNA damaging drug 

can yield the development of protein specific inhibitors that suppress the repair of the lesions the 
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drug induces to improve its effectiveness.  In fact, Poly(ADP-ribose) polymerase protein 1 

(PARP1) inhibitors have recently been utilized to improve the effectiveness of radiation therapy 

(20, 21).  PARP1 is essential to repair single strand breaks (SSBs) that are induced by radiation 

therapy (22), and  one function of PARP1 inhibitors is to prevent this PARP1 activity.  The 

persistence of SSBs as a cell enters S phase leads to replication fork stalling and possibly the 

formation of a DSB.  As these DSBs build up in PARP inhibited cells, DSB repair pathways may 

be overwhelmed resulting in tumour cell death.   

In conclusion, knowledge about proteins involved in DDR pathways is important for three 

major reasons.  First, elucidation of these pathways provides a general understanding for how DNA 

repair and genomic stability can be affected when a repair factor is disrupted.  Second, knowledge 

of these pathways will enable the development of therapeutic strategies when known cell cycle 

regulation and DNA repair proteins are mutated.  Third, the proteins that are involved in DNA 

repair pathways may provide useful and effective drug targets to enhance the effectiveness of 

established cancer treatments by inducing DNA damage with one drug, while simultaneously 

inhibiting the proteins required to repair it with another. 

1.2 DNA Damage Response (DDR) 

1.2.1 Sources of DNA Damage 

Different types of DNA damage of variable severity are induced by factors endogenous or 

exogenous to a cell, and a number of pathways have evolved to resolve the vast array of DNA 

lesions.  An endogenous source of damage includes DSBs arising from collapsed replication forks 

during S-phase (23).  Additionally, errors in replication can result in aberrant nucleotide 

incorporation causing point mutations in the daughter strand.  Replication errors can also result in 

insertions or deletions most commonly in highly repetitive sequences of the genome.  A common 
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example is the HTT gene where large CAG repeats causes the aggregation and disrupted function 

of the protein product resulting in Huntington’s disease (24, 25).  Furthermore, products of normal 

cellular metabolism, if not efficiently cleared, can result in the formation of reactive oxygen 

species (ROS) that can damage the DNA backbone and bases (26).  Aberrant repair through 

canonical DNA repair pathways is rare, but can result in missing or incorrect base pairings, small 

insertions or deletions, chromosome fusions, telomere additions and other gross chromosomal 

rearrangements (27, 28).  Each of these types of damage, if not properly resolved, results in the 

permanent transfer of mutations to daughter cells.  The accumulation of mutations over many cell 

divisions can lead to cancer initiation and progression (6).  In addition to endogenous DNA 

damage, genomic DNA can be damaged by a vast array of exogenous sources.  Sunlight, for 

example, exposes cells to UV radiation, which commonly induce the formation of 6,4-

photoproducts in the DNA (29, 30).  The alpha particles emitted from radon gas and ionizing 

radiation cause damage to the DNA backbone resulting in the formation of SSBs and DSBs (31).  

Individuals exposed to radon gas have an increased rate of lung cancer as inhalation is its main 

entry point into the body causing the lungs to take the brunt of its DNA damaging effects (32–34). 

Importantly, many strategies to treat cancer involve the induction of DNA damage in the 

hopes of overwhelming the repair pathways of a cancer cell to shrink or eliminate tumours.  

Radiation therapy involves the specific targeting and exposure of tumours to high energy gamma 

rays or protons.  This can be done by shooting the gamma rays and protons directly into the tumour 

by an external machine.  Alternatively, radioactive material can be placed within the tumour to 

locally release DNA damaging radioactive energy at very high doses.  Radiation therapy works by 

either directly inducing DNA damage when particles collide with the DNA backbone or bases or 

indirectly by creating ROS that induce damage to the DNA (35).  As mentioned, a large variety of 
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chemotherapy drugs also induce general DNA damage that specifically hinders rapidly 

proliferating cells.  As a side effect, these drugs often also destroy rapidly dividing normal human 

cells like hair cells and immune cells and are the primary cause of hair loss, lethargy, anemia and 

immunodeficiency during cancer treatment regimes (36).  Some examples of chemotherapy agents 

commonly used are cisplatin (DNA crosslinking agent), doxorubicin (topoisomerase II inhibitor), 

temozolamide, (adds alkyl groups to DNA bases) and camptothecin and etoposide (inhibits 

topoisomerase I, to induce SSB formation leading to replication fork collapse in S-phase and 

topoisomerase II, to form DSBs respectively) (37). 

1.2.2 Types of DNA Damage and DNA Repair Pathways 

DNA repair pathways have evolved to address specific types of DNA lesions.  The 

importance of each of these pathways to maintain genomic stability and improve the overall fitness 

of the organism is highlighted by the conservation of many of these pathways across eukaryotes 

and even prokaryotes.  The DNA damage response (DDR) regulates the selection of a specific 

pathway dependent on a specific lesion to promote the most accurate and efficient repair possible.  

This careful pathway selection also prevents undesired pathways from being activated that could 

have mutagenic and deleterious effects on the cell (37).   

Occasionally, DNA replication will insert an incorrect nucleotide into the newly replicated 

daughter strand.  This incorrect base pairing will produce a slightly distorted and bulkier pairing 

due to improper alignment and interactions between the paired nucleotides.  The majority of these 

mismatches are easily recognized and corrected by the DNA polymerase machinery itself; 

however, some escape detection and require the mismatch repair (MMR) pathway to detect and 

correct them (38, 39).  MMR is also implicated in the repair of DNA crosslinks induced by 

cisplatin, 6’4’-photoproducts caused by UV induced damage and DNA adducts caused by other 
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exogenous carcinogens (38, 40).  MMR is heavily conserved from E. coli to humans, and prevents 

spontaneous replication induced mutations from being permanently passed to daughter cells.  In 

humans, this pathway recognizes DNA methylation on the parental DNA to distinguish the 

template strand from the newly synthesized strand and uses MMR specific proteins like MSH2, 

MSH3, MSH6, MLH1, PMS2 and PMS1 along with the Exo1 exonuclease, PCNA and DNA 

polymerase δ to remove the incorrectly added nucleotide and replace it with the correct one (38). 

Base excision repair (BER) recognizes nucleotide alterations that do not cause distortions 

in the helix, such as the deamination of cytosine to uracil, as well as bases altered by oxidation or 

alkylation (41).  Various glycosylases exist, each with the ability to specifically recognize and 

remove an altered nucleotide from the DNA backbone (42, 43).  Next, other proteins including AP 

endonuclease, DNA polymerase β, the FEN1 flap endonuclease and DNA ligase remove the a-

basic DNA backbone and replace the damaged region with the proper sequence (41).   

Another pathway called nucleotide excision repair (NER) recognizes lesions that result in 

an alteration in the regular helical pattern of the DNA backbone (1).  Intra-strand crosslinks, like 

those induced by cisplatin treatment, and pyrimidine dimers caused by exposure to UV light are 

both examples of DNA backbone altering mutations targeted by NER for repair (37).  The NER 

pathway has two major sub-pathways known as transcription coupled NER and global-genome 

NER.  The major difference between these pathways is the proteins initially involved in the 

recognition of the helix altering lesions.  In transcription coupled NER, RNA polymerase II is 

blocked by a lesion as it transcribes a gene of interest (44).  This signals the presence of a DNA 

lesion resulting in the recruitment of NER proteins to assess and repair the damage.  In the case of 

global-genome NER, the UV-DDB and XPC-Rad23B protein complexes constantly scan the 

genome in search of lesions (44).  Once found, these complex initiate the NER response by 
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recruiting the other NER factors which remove the crosslinked region and replace it with new 

nucleotides.   

Inter-strand crosslinks are a more complex type of lesion that require components of 

multiple repair pathways for resolution.  Fanconi anemia is an inherited disease caused by 

mutations in proteins involved in interstrand crosslink repair (45).  Fanconi anemia proteins such 

as FANCD2 and FANCI function to organize and oversee the activity of the NER, translesion 

synthesis (TLS) and HR pathways as they collaborate to repair these complex breaks (46, 47).   

Single strand breaks (SSBs) are repaired by the same pathway as BER except without the 

need for the initial glycosylase step (48).  Finally, double strand breaks (DSBs) can be repaired by 

a variety of pathways including homologous recombination, non-homologous end-joining and 

other alternative pathways that will be discussed in detail later.   

1.2.3 DSB Response 

The DNA damage response (DDR) senses DSBs and other forms of DNA damage and 

signals checkpoint activation to halt cell cycle progression and promote the proper repair of a DNA 

lesion.  There are three major steps, and protein groups, in the DDR pathway.  First, a DNA lesion 

is recognized by a sensor, which then signals through phosphorylation to one or more transducer 

proteins recruiting them to the lesion.  Finally, these transducers activate effector pathways and 

proteins to initiate cell cycle arrest and DNA repair (49–51).  Following the induction of a large 

region of single strand DNA (ssDNA) at the DSB ends, ATR-interacting protein (ATRIP) recruits 

ataxia telangiectasia and Rad3 related protein (ATR) to the lesion by binding the ssDNA coating 

protein RPA (37, 52–55).  In the case of a DSB, both MRN and Ku70/80 are rapidly recruited to 

the broken ends in seconds.  These proteins initiate the DDR by recruiting and activating the 

transducer proteins ataxia-telangiectasia mutated (ATM) and DNA protein kinase catalytic subunit 
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(DNA-PKcs) respectively (50, 56–60).  ATR can also be recruited to play a role in DDR at DSBs 

in S/G2 phase when the DSB ends have undergone resection (60).  ATM has many substrates and 

targets to regulate many aspects of the DDR, while DNA-PKcs is more specific to Non-

homologous end-joining (37).  Notably, ATM activation is usually not necessary for rapid DSB 

repair via NHEJ (60).  ATR, ATM and DNA-PKcs are members of the Phosphatidylinositol 3-

kinase related kinase (PIKK) protein family (61).  The PIKK protein family also contains the 

mammalian target of rapamycin (mTOR) kinase involved in regulation of cellular metabolism and 

nutrient sensing among others (61).  PIKK kinases are related to phosphatidylinositol kinases that 

play an important role in various pathways including cell growth and proliferation, survival and 

intracellular trafficking.  Recruitment of both ATM and ATR to DNA lesions upon damage sensing 

results in the activation of their protein kinase activity where they specifically phosphorylate 

SQ/TQ sites on their targets (62, 63).   

The first major effector pathway activated by ATM and ATR is the cell cycle checkpoint.  

This important function prevents cells from completing cell division while lesions persist.  ATM 

does this by activating Chk2, a cell cycle regulatory kinase that then phosphorylates Cdc25A to 

inhibit its normal function (Fig. 1.1) (64).  Cdc25A activates cyclin dependent kinase 2 (CDK2), 

an important driver of G1/S transition and S phase progression.  However, when Cdc25A is 

phosphorylated by Chk2, its phosphatase activity is stifled and CDK2 is not activated resulting in 

cell cycle arrest in G1/S or at the intra-S checkpoint (Fig. 1.1) (64).  Furthermore, both ATM and 

Chk2 can phosphorylate p53 (65).  p53 is an important tumour suppressor gene (TSG) and 

mutations altering its function are commonly observed in many types of cancer.  p53 promotes 

cell cycle arrest by using its transcription factor activity to promote p21 expression which then 

inhibits the activity of CDK2, adding a second layer of cell cycle arrest at G1/S or intra-S phase  
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Figure 1.1 The DNA Damage Response in mammals 

A model of the DNA damage response in mammalian cells.  This model demonstrates the major 

factors involved in delaying cell cycle progression in various stages of the cell cycle to allow DSB 

repair to proceed and remain as error free as possible. 

 

 

 

 

(Fig. 1.1) (66).  When lesions are unable to be repaired, especially DSBs, p53 also plays a role in 

activating the apoptosis pathway to induce cell death.  This prevents the cell from aberrantly 

replicating with genomic damage. (Fig. 1.1) (67, 68).  Loss of function mutations in the gene 

encoding p53 are cancer driving as cells reduce both their ability to arrest properly in response to 

lesions and to activate cell death pathways when lesions are left unrepaired resulting in the rapid 

accumulation of mutations and genomic instability.  Mdm2 is an E3 ubiquitin ligase and functions 

to guide E2 ubiquitin ligases to p53 to ubiquitinate it and target p53 for proteasome dependent 

degradation.  ATM also phosphorylates Mdm2 to inhibit this activity, thus stabilizing p53 in the 

cell to allow it to carry out its roles in cell cycle arrest (69).   
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ATR is the major responder to the ssDNA regions revealed by collapsed replication forks 

and subsequent DNA end resection, and most often is activated to arrest cells in the G2/M 

checkpoint.  Briefly, ATR phosphorylates Chk1, which in turn phosphorylates Wee1, and Wee1 

inhibits CDK1 activity arresting the cells in G2/M phase (70–72).  Chk1 also phosphorylates 

Cdc25C to inhibit this protein that normally activates CDK1 (73).  Thus, the combination of effects 

from both of these events, results in the inhibition of CDK1 activity and cell cycle arrest at the 

G2/M checkpoint (Fig. 1.1).   

In the case of S. cerevisiae, cell cycle arrest occurs in a similar manner and at similar points 

to that of human cells (Fig 1.2).  Both Mec1 (ATR) and Tel1 (ATM) in yeast activate Rad53 

(Chk2) and Chk1 (Chk1) (50, 55, 74–76).  As yeast spend much of their time in S/G2 phase of the 

cell cycle and prefer the use of a homologous template for repair, DNA end resection is highly 

favored in these cells.  Due to the high levels of DNA end resection in yeast, Mec1 is the primary 

activator of checkpoint signaling rather than Tel1 at DSB ends (Fig. 1.2).  Rad53 is the major 

target of Mec1 phosphorylation activity, although Mec1 can also activate Chk1.  Once activated 

Rad53 plays a major role in regulating the checkpoint activity of yeast cells at each of its cell cycle 

checkpoints.  At the G1/S checkpoint, Rad53 phosphorylates Swi6 to inhibit its transcription factor 

activity, thus preventing it from promoting the expression of the cyclins required for G1/S cell 

cycle progression (77).  Rad53 also activates Dun1, which activates ribonucleotide reductase 

(RNR) to delay cells at the intra-S checkpoint.  Finally, Rad53 also plays a role in activating the 

G2/M checkpoint following DNA damage recognition by inhibiting the anaphase promoting 

complex (APC) dependent degradation of Pds1 (securin), thus preventing cell cycle progression 

through mitosis until time is allowed for the DNA lesions to be resolved (Fig. 1.2).   
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Figure 1.2 The DNA Damage Response in budding yeast 

A model of the DNA damage response in budding yeast.  This model demonstrates the major 

factors involved in delaying cell cycle progression in various stages of the cell cycle to allow DSB 

repair to proceed and remain as error free as possible. 

 

 

 

 

Following cell cycle arrest, the DDR also initiates a signaling cascade that will recruit the 

effector proteins required to select the proper DNA repair pathway to resolve the lesion.  From 

here, I will focus on the ATM response to DSBs.  Upon MRN mediated recruitment to a DSB, 

ATM phosphorylates H2AX at S139 (γH2AX) on both of the broken ends (Fig. 1.1).  The 
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phosphorylation of H2AX can spread up to 1-2MB in both directions in human cells and for 50kb 

in budding yeast and serves as a marker of DNA damage (37, 78, 79).  In humans, the H2AX 

variant of H2A makes up about 10% of all H2A nucleosome subunits for this important role in 

marking sites of DNA damage to promote further histone modifications in these regions and to 

recruit DNA repair machinery to DSBs.  The γH2AX modification promotes the recruitment of 

many proteins to the DSB including INO80, TIP60 and MDC1.  MDC1 binds at the DSB through 

interactions of its BRCT domain with phosphorylated γH2AX, and it is subsequently 

phosphorylated by ATM allowing it to recruit RNF8, an E3 ubiquitin ligase (80).  RNF8 guides 

the E2 ubiquitin ligase UBC13 to ubiquitinate histone H1 at lysine 63 (K63) (81–84).  RNF168 is 

recruited to ubiquitinated K63 and RNF168-UBC13 ubiquitination of histone H2A at lysine 15 

can promote the recruitment of 53BP1 to DSB ends (84).  The ubiquitination cascade mediated by 

RNF8/168 can also recruit BRCA1 to DSBs (85).  53BP1 and BRCA1 play antagonistic roles at 

the DSB and are involved in DSB repair pathway choice.  Specifically, 53BP1 uses its tudor 

domains to bind H4K20me2 and H3K79me2 sites that are exposed during RNF8/168 

ubiquitination.  53BP1 accumulation on the chromatin adjacent to the DSB inhibits end resection, 

thus promoting repair via NHEJ (86).  BRCA1, an E3 ubiquitin ligase itself, plays an antagonistic 

role to 53BP1, to promote resection in a manner independent of its ubiquitin ligase activity (86).   

As mentioned, in yeast, Mec1 is most commonly required for signaling at DSBs, except 

Tel1 also plays an important but less significant role in the DDR.  Tel1 is recruited to the broken 

ends in a similar fashion as ATM, by binding the C-terminal region of MRX subunit Xrs2 (50, 

76).  Tel1 and Mec1 are then both involved in phosphorylating yeast H2A at S129 (Fig. 1.4).  In 

yeast, Rad9, the functional homolog of human 53BP1, BRCA1 and MDC1, binds H3K79 sites or 

S129 phosphorylated H2A to promote the activation of the effector kinases Rad53 and Chk1 (87).  
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Similar to MDC1 in humans, Rad9 is also involved in the recruitment of many downstream DDR 

factors to the DSB to promote regulated repair of the lesions (87).  In both human and yeast cells, 

cell cycle arrest can be avoided if DSBs are repaired rapidly.   

The chromatin context surrounding a DNA lesion also plays an important role in the DDR.  

DSB induction results in the recruitment of a variety of factors to promote a general relaxation of 

the chromatin surrounding the lesion (88).  For example, in humans, acetylation of the tail of 

histone H4 by the acetyltransferase TIP60 promotes chromatin relaxation to improve the 

accessibility of DNA repair enzymes to the lesion (89).  Furthermore, differences in repair exist 

between DSBs induced in euchromatin and heterochromatin.  DSBs that form in euchromatin 

generally repair rapidly through NHEJ.  On the other hand, although repair factors arrive at DSB 

ends in heterochromatic regions, they often cannot function immediately resulting in delayed DSB 

repair kinetics.  Furthermore, γH2AX formation is often refractory within heterochromatin in both 

mammals and yeast (90).  The induction of DSBs in both euchromatin and heterochromatin results 

in similar levels of de-condensation of the chromatin around the break site, which helps to promote 

the repair of the lesion (91).  DSBs induced within heterochromatin have also been shown at times 

to re-locate to the periphery of the heterochromatic region where repair is then completed (60).  

Thus, the DDR plays an essential role in maintaining genomic stability in a cell undergoing DNA 

repair by preventing cell cycle progression during repair while promoting an ideal environment 

for the recruitment and activation of the proper DNA repair proteins at the correct time.  Once the 

DDR has provided an adequate environment for DNA repair, it is up to the DNA repair pathways 

to efficiently and accurately carry out their roles in lesion repair to ensure the fidelity of the genome 

and health of the cell following repair.   
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1.3 Double Strand Break Repair (DSBR) 

1.3.1 Two Major DSB repair Pathways 

Two major DNA repair pathways, Homologous Recombination (HR) and Non-

Homologous End-Joining (NHEJ) have evolved to promote efficient DSB repair in the most 

accurate manner possible.  Both HR and NHEJ are highly conserved between budding yeast and 

mammalian cells suggesting the importance of both of these pathways for DSB repair in a cell.  

DNA mutations resulting from improper DSB repair include point mutations, telomere fusions, 

translocations and even the loss of large regions of a chromosome. 

Homologous recombination requires a homologous template, preferably in the form of a 

sister chromatid following DNA replication, for repair of a DSB (27).  The homologous 

chromosome may also be used as the DNA template in diploid cells, except this is not preferred 

as it will result in a loss of heterozygosity within the region being repaired (27).  The homologous 

template ensures DSB repair via HR remains essentially “error free” and heavily reduces the 

likelihood of mutations, deletions and other genomic alterations from occurring during repair.  As 

a sister chromatid is heavily favoured for repair of DSBs by HR, this pathway is reserved for cells 

in S/G2 phase of the cell cycle and is inhibited in G1 cells.   

NHEJ, on the other hand, is active in all phases of the cell cycle, and repairs DSBs by 

directly ligating the broken ends, not requiring a homologous DNA template.  Due to the lack of a 

homologous template, NHEJ is more error-prone than HR but rapid DSB recognition and careful 

organization and regulation of repair factors facilitate the most precise repair possible to avoid 

devastating gross chromosomal rearrangements like translocations (92).   

HR is the most common pathway used to repair DSBs in S. cerevisiae, while mammalian 

cells predominantly use NHEJ.  The main reason for this difference can simply be attributed to the 
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amount of time that the cells of these organisms spend in different phases of the cells cycle.  

Budding yeast, are rapidly dividing cells especially in ideal growth conditions, and spend the 

majority of their time and resources promoting cell proliferation.  Thus, these yeast spend much 

of their time in S/G2 phase of the cell cycle and therefore are often able to repair a lesion via the 

more accurate HR pathway.  Mammalian cells on the other hand spend most of their time in G1 

phase of the cell cycle.  In fact, many somatic cells in adult mammalian organisms have halted cell 

division completely and enter into the G0 phase.  Thus, NHEJ is the predominant repair pathway 

used to resolve DSBs in these cells.  Furthermore, mammalian cells have a large genome and only 

2% of this genomic sequence encodes known genes.  Yeast, on the other hand, have a much smaller 

genome and more dense coding regions.  This is another reason the more rapid and less energy 

consuming NHEJ pathway may be favoured in mammalian cells where small mutations induced 

by NHEJ are much less likely to affect the function of a coding gene and protein product while 

HR is preferred in budding yeast to avoid potentially damaging mutations in coding regions.  As 

this work uses S. cerevisiae to study DSB repair, the HR and NHEJ pathway of budding yeast will 

be explained. 

1.3.1.1 Homologous Recombination 

Following the recognition of a DSB in S/G2, the HR pathway is activated by the 5’ to 3’ 

resection of the 5’ DNA strand on the DSB ends, leaving a 3’ ssDNA overhang (Fig. 1.3A-C).  

There are two major steps in DNA end resection requiring different protein factors known as 

resection initiation and resection elongation.  Resection initiation is induced by the binding of Sae2 

to the heterotrimeric Mre11-Rad50-Xrs2 (MRX) complex.  This interaction activates the MRX 

complex, specifically the endonuclease activity of Mre11, which cleaves 100-300 bps from both 

ends of the DSB leaving a small 3’ overhang (Fig. 1.3B) (93).  The resection of the extreme ends 
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of a DSB results in the loss of yKu70/80, a factor important for preventing resection and recruiting 

proteins required for NHEJ dependent DSB repair (94).  Once yKu70/80 is lost, other DNA 

resection factors including Dna2-Sgs1-Top3-Rmi1 and Exo1 gain access to the DNA ends 

(Fig.1.3C).  These enzymes both contribute to the continuation of end resection until a homologous 

template is found for HR repair (95, 96).  The resected ends are rapidly bound by RPA to protect 

them from degradation by a variety of nucleases (Fig. 1.3D).  RPA also prevents the newly formed 

ssDNA from forming hairpin loops and other secondary structures that may be mistakenly targeted 

by MRX for further cleavage (97).  The prevention of ssDNA secondary structure formation by 

RPA also primes the resected ends for Rad51 binding.  Rad52, is an HR factor that interacts with 

both RPA and Rad51 and facilitates the simultaneous removal of RPA and formation of the Rad51 

filament on the resected ends (Fig. 1.3E) (98, 99).  Other proteins such as Rad55 and Rad57 are 

also important for the recruitment and stabilization of Rad51 filaments to the DSB ends (100).  

These Rad51 filaments enable homology search, where the resected ends scan the DNA on the 

nearby sister chromatid and other chromosomes in search of a homologous region to use as a 

template for DSB repair.  When a region of homology is found HR can proceed via three distinct 

pathways, DSB repair (DSBR), Synthesis-dependent strand annealing (SDSA) and Break-induced 

replication (BIR) (Fig. 1.4A-C).  

DSBR is the most common pathway used to complete repair via HR (Fig. 1.4A).  One of 

the resected DSB ends invades the homologous template strand to form a D-loop, which then 

anneals with the other resected DSB end.  Polymerase activity fills the resected area on both of the 

broken strands of DNA and depending on how the DNA is cleaved during ligation, non-crossover 

or crossover repair can result between the template and damaged strands (101). 
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Figure 1.3 Homologous Recombination in Budding Yeast 

The homologous recombination DSB repair pathway is outlined from DSB recognition to Rad51 

filament formation. Following DSB induction (A), the MRX complex along with Sae2 initiates 5’ 

end resection leaving a 100-300 nucleotide long 3’ overhang on each of the broken ends (B).  Sgs1-

Dna2 and Exo1 carry out long range resection through their endonuclease and exonuclease activity 

respectively (C).  RPA binds and protects ssDNA ends (D) until Rad52 passes along the ssDNA 

ends removing RPA and laying down Rad51 filaments (E).  The DSB ends are now ready for 

homology search. 
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Figure 1.4 Completion of HR repair through DSBR, SDSA or BIR 

Once the resected ends locate a homologous template, HR repair can be completed via three 

distinct pathways.  (A) DSBR, uses both strands of the homologous chromatid as a template to 

extend the 3’ ends of both broken strands of DNA.  (B) SDSA uses one strand of the homologous 

chromatid as a template to extend the 3’ end of one broken strand.  The 3’end of the other broken 

end is extended later. (C) BIR occurs when a homologous template can only be found for one of 

the broken ends.  The 3’end is extended to the end of the template chromosome and often results 

in a large loss of heterozygosity on the broken chromosome as a result of repair. 
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In SDSA repair, a single resected DSB end invades the template strand and following 

polymerase activity to extend the 3’ region, it dissociates from the template and anneals with the 

3’resected end of the other DSB end resulting in the completion of HR repair (Fig. 1.4B) (101).   

BIR is a rare form of HR that occurs when a long region of homology is only found for one 

of the broken ends (Fig. 1.4C) (102).  In BIR, one resected DSB end invades a region of homology 

and polymerizes to the end of the template chromosome.  Thus, BIR repair results in a large loss 

of heterozygosity (LOH) in the chromosome that was broken as the rest of the chromosome on 

one side of the DSB is lost during repair (102).  Except in the case of BIR, HR repair is a favourable 

form of repair that results most times in the accurate and efficient repair of a DSB utilizing a 

homologous template to ensure the fidelity of the genome. 

1.3.1.2 Non-Homologous End-Joining (NHEJ) 

In a recent review article, the laboratory of Dr Susan Lees-Miller organized NHEJ repair 

into three basic steps, DSB detection and tethering, end-processing, and ligation (Fig. 1.5A-C) 

(103).  First, detection and end tethering occur as yeast Ku (yKu70/80), a protein conserved from 

bacteria to humans, rapidly binds to the DSB ends (104).  MRX is also rapidly recruited to the 

DSB and is involved in tethering the broken ends (Fig. 1.5A) (105–107).  The major difference 

between yeast and mammalian NHEJ occurs in this tethering step.  In mammalian cells Ku70/80 

and DNA-PKcs interact at the broken ends to form the DNA-PK complex.  This complex tethers 

the broken ends and promote DNA-PKcs kinase activity to regulate the activity of DNA repair 

proteins (108).  There is no homolog for DNA-PKcs in yeast and as mentioned tethering is instead 

initiated by MRX.  DSB end tethering is an important step during NHEJ to maintain the ends in 

close proximity for rapid and accurate repair, to protect ends from undesired resection and  
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Figure 1.5 Non-Homologous End-Joining in budding yeast 

Non-Homologous End-Joining in budding yeast proceeds via three major steps.  (A) DSB 

recognition results from the binding of both YKu70/80 and the MRX complex at the DSB ends.  

YKu70/80 prevents end resection, while MRX initially tethers the DSB ends.  (B) End processing 

requires various enzymes including the polymerase (Pol4) and the FLAP endonucleases Rad27 

and Pol2 depending on the complexity of the lesions to achieve ligatable ends with 5’ phosphate 

and 3’ hydroxyl groups.  (C) End ligation is performed via the Dnl4 ligase once it is activated by 

both Nej1 and Lif1.   
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degradation and to promote end alignment to accurately ligate the lesion.  yKu70/80 also prevents 

resection at the DSB ends and recruits many of the other proteins involved in NHEJ to the break 

including Nej1 and Dnl4-Lif1 (109, 110). 

Once the ends are tethered, various end processing enzymes are recruited to the broken 

ends (Fig. 1.5B).  End processing is the least understood step in NHEJ as it requires different 

factors dependent on the complexity of the break and the recruitment of these factors is much less 

organized.  In order for ligation to occur, the DNA ends must be aligned and processed to display 

a 5’ phosphate and a 3’ hydroxyl group.  It can be non-existent if the break is clean and displays a 

5’ phosphate and 3’ hydroxyl group at each broken end or extensive if the ends are in disarray.  

Proteins such as Pol4, a 3’ gap filling polymerase, Rad27, a 5’ flap endonuclease, Pol2, a 3’flap 

endonuclease and Exo1, a 5’ exonuclease to expose regions of homology, are some of the major 

known end processing enzymes in yeast (111).   

Finally, Dnl4, a NHEJ specific ligase recognizes the DSB ends and ligates them (Fig. 

1.5C).  Dnl4 ligase activity requires the binding of a AMP molecule through a process known as 

adenylation.  In the adenylation reaction, an ATP molecule loses its gamma and beta phosphates 

(a pyrophosphate group) and the resulting AMP binds to the ligase (112).  Once adenylated, Dnl4 

can interact with the DNA ends.  The Dnl4-DNA interaction puts the Dnl4 bound AMP into contact 

with the 5’ phosphate group of the DNA ends under repair.  Dnl4 is a flexible molecule allowing 

it to change conformation to promote AMP contact with the 5’ phosphate group of the DNA ends.  

This activates the 5’ phosphate which is then attacked by the 3’ hydroxyl group on the adjacent 

DNA end to form a new bond to anneal the DNA ends, while displacing the AMP-Dnl4 molecule.  
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Nej1 and Lif1 are required to promote Dnl4 activity by promoting Dnl4 de-adenylation  (Fig. 1.5C) 

(113, 114).   

Interestingly, XLF and XRCC4, the mammalian homologs of Nej1 and Lif1 respectively 

also play an essential role in the activation of the mammalian NHEJ ligase LIG4, but do so by 

instead promoting LIG4 re-adenylation (113).  Additionally, XLF and XRCC4 both form 

homodimers which interact with one another in an alternating manner to form long helical XLF-

XRCC4 filaments in vitro (115–117).  Recent studies suggest that these XLF-XRCC4 and Nej1-

Lif1 interactions may also be required to promote additional roles for these factors in NHEJ and 

DSB repair pathway choice.   

1.3.2 Alternative DSB Repair Pathways 

When both NHEJ and HR fail to repair a DSB, an alternative repair pathway can be 

activated to attempt to repair the lesion at the expense of genomic integrity at the site of damage.  

I will briefly outline two of the main alternative repair pathways to repair a DSB, namely, 

microhomology mediated end-joining (MMEJ) and single strand annealing (SSA).   

1.3.2.1 Microhomology Mediate End-Joining (MMEJ) 

Microhomology mediated end-joining (MMEJ), also known as alternative end-joining or 

alternative non-homologous end-joining, was initially discovered by studies performed in yeast 

and mammalian cells that demonstrated an alternative form of end-joining repair remained 

possible even with a non-functional NHEJ pathway (118, 119).  MMEJ can occur in the absence 

of yKu70/80, MRX, Dnl4 and other NHEJ factors and is independent of Rad52 (101, 118, 120–

122).  It also occurs at a higher rate in the absence of RPA, the ssDNA binding protein that plays 

a role in preventing DNA secondary structure formation and aberrant annealing of ssDNA ends 

(123, 124).   
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The MMEJ pathway is initiated after cells fail to repair via HR or NHEJ and the DSB ends 

have begun to resect using various nucleases including MRX/Sae2, Dna2/Sgs1 and/or Exo1 (93, 

125, 126).  The two resected DSB ends scan one another until a region of at least five nucleotides 

of homology are detected.  MMEJ is most successful when regions of homology are between 5-

25bps in length (127, 128).  Interestingly, mammalian cells have been shown to require only one 

nucleotide of homology to repair via MMEJ (129).  Srs2 is recruited to a DSB by Nej1 and 

promotes MMEJ by removing Rad51 filaments from the DSB ends allowing them to anneal (127, 

130).  Once homology is found and the ssDNA ends anneal at the sites of homology two yeast 

polymerases Pol32 and Pol4 fill the resected gaps and the NER flap endonuclease Rad1-Rad10 is 

implicated in removing any 3’ flaps from the annealed ends (127, 131).  Ligation of the gaps by 

Dnl4 completes repair of the lesion via MMEJ.   

Interestingly, cells lacking Dnl4 or one of its activators, Nej1 or Lif1 have reduced MMEJ, 

except repair still occurs due to the activity of the second DNA ligase in yeast, Cdc9 (Lig1 in 

mammals) (127, 132).  MMEJ repair is always error prone and mainly results in small insertions 

or deletions forming at the DSB site following repair.  This pathway is also prone to more serious 

genomic alterations such as inversions and translocations as fusions between chromosomes can 

also occur at these resected ends (133–135).     

1.3.2.2 Single Strand Annealing (SSA) 

SSA is a more deleterious and unstable form of alternative DSB repair requiring homology 

of greater than 30 nucleotides to bridge DSB ends and always results in large deletions at the break 

site as a result of repair (136).  SSA begins in a very similar manner to HR and likely is the resultant 

pathway following extensive resection and failed HR.  It requires the resection of DSB ends, the 

recognition of a region of homology and the subsequent annealing of complementary strands in 
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this region, and finally end processing and ligation (137).  Resection is carried out by MRX-Sae2, 

Dna2-Sgs1 and Exo1.  Next Rad52 promotes the annealing of the 30 or more base pair region of 

homology found between the two 3’ ssDNA ends (138).  Similar to MMEJ, Srs2 also plays a role 

in removing Rad51 filaments and Rad1-Rad10 is required to remove the large 3’ ssDNA flaps that 

extend from the annealed region resulting in the large loss of genetic information at the DSB 

following its repair (127, 130, 139).  The nicks are then ligated by Dnl4 or Cdc9 to complete SSA 

repair of the lesion.  SSA always results in the loss of genetic material from the deletion of a few 

nucleotides to the deletion of hundreds.  Thus it is an unfavourable form of DSB repair and is only 

activated when HR has failed and since the DSB ends are heavily resected, repair via NHEJ is not 

an option.  This pathway is a last resort to achieve cell survival at the cost of genomic integrity. 

1.4 DSB Repair Pathway Choice 

Many factors function together to ensure that a DSB is repaired via the most efficient and 

accurate mechanism possible.  Here, I will discuss three main regulators of repair pathway choice, 

cell cycle phase, resection and nuclear periphery re-localization.   

First, cell cycle phase plays an important role in determining the DSB repair pathway 

selected to repair a lesion.  As previously described, HR requires a homologous template, 

preferably in the form of a recently replicated sister chromatid to accurately repair a lesion without 

the loss of heterozygosity that results from the use of a homologous chromosome instead.  Thus, 

HR will only be favored in S/G2 phase of the cell cycle when a homologous sister chromatid is 

readily available.  Cdk1 plays an important role in DSB repair by its involvement in both the DNA 

damage checkpoint and in DSB repair pathway choice.  First, Cdk1 has been shown to regulate 

Rad9 activity by phosphorylating this important checkpoint factor (140).  As discussed, Rad9 

activity is important to delay cell cycle progression at all checkpoints including the Intra-S phase 
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checkpoint and the G2/M checkpoint in budding yeast.  Furthermore, Cdk1 plays a role in 

regulating the choice between HR and NHEJ by promoting resection at DSB ends in S/G2 cells.  

In fact, cells lacking CDK1 experience a reduction in DSB end resection and HR repair.  Upon the 

recognition of a DSB, Cdk1 phosphorylates various target proteins including MRX and Sae2 to 

promote resection initiation at DSB ends and Dna2 to enhance the long range resection activity of 

the Sgs1-Top3-Rmi1-Dna2 complex (141–143).  Furthermore, Cdk1 enhances end resection by 

directly targeting other factors including the chromatin remodeler complex Fun30, which 

especially enhances long range resection by de-condensing the chromatin surrounding the DSB 

(144).  In G1, when Cdk1 levels are low, or when Cdk1 is knocked down, DSB end resection is 

heavily reduced (141, 142, 145).   

Regulating resection is the key step in determining the pathway that will be used to repair 

a DSB as preventing resection promotes NHEJ, while extensive resection promotes HR.  In G1 

cells, yKu70/80 is rapidly recruited to DSB ends within seconds of their induction to block 

nucleases like MRX, Sgs1/Dna2 and Exo1 from accessing the DNA ends (109, 146).  Resection 

is tightly regulated as DSB ends that are allowed to resect, yet fail to repair via HR, are heavily 

susceptible to gross chromosomal rearrangements and must be repaired via an error prone 

alternative pathway such as MMEJ or SSA.  Recent studies have found that even in these unideal 

situations, the cell still has safeguards to minimize chromosomal instability during repair by 

relocating the DSB ends to the nuclear periphery (147, 148).   

Persistent DSBs in yeast, resulting from failed repair or the chronic induction of the lesion, 

are shifted to monopolar spindle protein 3 (Mps3) or the nuclear pore complex (NPC) at the nuclear 

envelope in order to regulate their repair and reduce translocations and other gross chromosomal 

rearrangements.  This process will be discussed later in greater detail.   
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1.5 Nuclear Periphery Localization of DSB ends 

1.5.1 Nuclear Periphery Localization of Telomeres 

An understanding of the localization of free and unbound DNA to the nuclear periphery in 

budding yeast originated with telomere studies.  Haploid yeast cells contain 16 chromosomes, thus 

giving them a total of 32 telomeres, one on the end of each chromosome.  Telomeres contain long 

regions of DNA repeats including a region of ssDNA at their immediate ends.  The general 

consensus sequence of these repeats is TG in yeast and TTAGGG in higher vertebrates, including 

humans (149).  The repeats at telomere ends fold back on themselves and interact with various 

proteins and protein complexes including shelterin forming a T-loop (150).  These structures 

protect telomere ends from being recognized as DNA damage and prevent the activation of an 

aberrant DNA damage response.  They also protect chromosome ends from degradation by a 

variety of nucleases and other factors.   

Another way that budding yeast has evolved to protect telomere ends is by localizing these 

ends to the nuclear periphery of the nucleus at the inner nuclear membrane (151).  One major 

function of telomere clustering at the nuclear periphery is to protect the telomere ends from being 

recognized as DSB ends and to prevent the activation of a DSB repair pathway such as NHEJ or 

HR to aberrantly repair these telomere ends and cause chromosomal instability in cells.  This 

periphery re-localization also protects the ends from aberrant resection.  Telomere ends are 

recruited to the nuclear periphery through the interactions of various proteins beginning with 

Cdc13, a ssDNA binding protein, that binds to the ssDNA TG repeats on yeast telomeres with 

incredibly high affinity (Fig. 1.6) (152).  Cdc13 then recruits the yeast telomerase complex to the 

telomere ends (153).  The telomerase complex is made up of Est1, Est2, Est3, Sm proteins and the 

TLC1 RNA in yeast (154).  Est1 is a structural protein that directly interacts with Cdc13 allowing 



 

28 

the telomerase complex to interact with the telomere ends and the catalytic subunit Est2 promotes 

the extension of TG repeats at telomere ends using TLC1 RNA as the template for this TG addition 

(151, 155).  In addition to its role in promoting telomerase activity to extend the TG repeats on 

telomere ends, Est1 also plays a role in the nuclear periphery localization of telomeres through its 

direct interaction with Mps3 (Fig. 1.6) (152, 156).  Mps3 is an inner nuclear membrane tethered 

protein that is responsible for the formation of telomere clusters at the nuclear periphery.  Thus, 

telomere tethering requires the membrane spanning N-terminal region of Mps3 (157).  Mps3 is 

found throughout the inner nuclear membrane and binds telomeres at the periphery in 6-8 distinct 

clusters on average (157).  Interestingly, the nuclear pore complex (NPC) has been shown to be a 

second site for the nuclear periphery localization of telomere ends (Fig. 1.6) (158).  The 

recruitment of telomere ends to the NPC requires Cdc13 in addition to other factors such as DNA 

damage checkpoints like Mec1 and Tel1, RPA and Rad52 (159, 160).  Thus, telomeres can relocate 

to two distinct sites at the nuclear periphery depending on their characteristics as healthy telomeres.  

Telomeres with long ssDNA TG repeats preferentially cluster at Mps3 while critically short 

telomeres having short ssDNA ends are shifted to the NPC (Fig. 1.6) (159).  The protection and 

maintenance of telomeres is essential for the health and viability of a cell and nuclear periphery 

localization is one of the many ways that yeast cells increase the stability of telomeres along with 

telomerase dependent telomere maintenance, end capping and shelterin protein mediated end 

protection.   

1.5.2 Nuclear Periphery Localization of DSBs 

Normally DSBs are rapidly repaired by either NHEJ or HR, depending on the cell cycle 

stage and availability of a homologous template in budding yeast without the need for extensive 

re-localization of the lesion (147, 160–162).  However, the manner by which DSBs are resolved  
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Figure 1.6 Nuclear Envelope recruitment of Telomeres and persistent DSBs 

Cdc13 binds the ssDNA of telomeres and DSBs and recruits the telomerase complex to the DNA 

ends by direct binding to Est1.  Est1 recruits the DNA ends to the nuclear periphery, specifically 

through direct interactions with Mps3 to tether the ends to this site.  Un-resected ends, critically 

short telomeres and DSB ends induced in G1 are shuttled from the Mps3 to the NPC to activate 

different pathways of lesion repair. 

 

 

when they fail to repair via NHEJ or HR remains poorly understood.  Recent studies have shown 

that these persistent DSB ends follow a pattern of nuclear periphery recruitment very similar to 

telomeres to promote their repair via alternative DSB repair pathways (Fig. 1.6) (163, 164).  In 

fact, persistent DSBs re-locate to the nuclear periphery within 1-2 hours following their induction 

(151).  Relocation to the periphery is believed to promote cell survival and genomic stability by 

sequestering the DSB ends to prevent translocations and other gross chromosomal rearrangements 

while providing time for alternative pathways to repair DSB lesions in this more secluded and 

controlled periphery environment (147, 148, 165).   

DSB ends are recruited to the nuclear periphery in a very similar manner to telomeres in a 

process requiring Rad51, Rad52, Cdc13, Mps3, intact cell cycle checkpoints (Mec1 and Tel1) and 
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sumoylation of various proteins including H2AZ (147, 160, 161).  DSB ends that attempt repair 

via HR are heavily resected and even those that fail to repair through NHEJ and persist experience 

some degree of resection over time.  This results in the recruitment of ssDNA binding protein RPA 

and the subsequent formation of Rad51 filaments on the broken ends.  Previously, Cdc13, the 

ssDNA binding protein required to recruit telomerase to telomeres was believed to have ssDNA 

binding affinity only to TG repeats on telomeres, but more recently it was also shown to bind to 

ssDNA ends in general, but with lower affinity (151).  Although Cdc13 binds ssDNA at DSBs 

with lower affinity than it binds telomere TG repeats, it binds ssDNA at DSBs with an affinity 

similar to that of RPA (151).  Cdc13, once bound to DSB ssDNA ends recruits Est1, which in turn 

interacts with Mps3 to promote DSB re-localization to the nuclear periphery (Fig. 1.6) (151).  Once 

at the nuclear periphery, the DSBs can remain bound to Mps3 or shift to the NPC depending on 

the characteristics of the DNA DSB ends (Fig. 1.6) (147, 151, 160, 161, 165).   

There are many other proteins and modifications that affect DSB re-localization to the 

nuclear periphery, including factors involved in chromatin remodeling and sumoylation.  Briefly, 

the INO80 complex is one such ATP-dependent chromatin remodeler that has a role in DSB 

nuclear periphery localization specifically to Mps3.  INO80 is recruited to a DSB at high levels in 

the S/G2 phases of the cell cycle following the initial steps of HR and its recruitment is inhibited 

by NHEJ repair machinery (166).  INO80 has 3’-5’ helicase activity and acts as a chromatin 

remodeler to shift nucleosomes (167).  It also functions to remove the modified histone H2A.Z 

from nucleosomes at active promoters and DSB ends in a manner antagonistic to the SWR-C 

complex which adds H2A.Z and promotes NHEJ by allowing the recruitment of yKu70/80 to 

DSBs (168–170).  Together with the MRX complex, INO80 promotes H2A.Z removal at DSBs to 
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allow resection and promote HR mediated repair of DSBs and also the recruitment of persistent 

DSBs to Mps3 (167, 170, 171).   

Sumoylation, the covalent binding of small ubiquitin-like modifier protein (SUMO) to 

other proteins to modify their function, and sumo-ligase protein activity also play a major role in 

the re-localization of DSBs to the periphery, and contribute to whether the ends are recruited to 

Mps3 or the NPC.  For example, the SUMO-ligase Mms21, a protein associated with the SMC5/6 

complex and Rad52 SUMOylation is required to shift DSBs induced in the nucleolus to the nuclear 

periphery (172).  Siz1 and Siz2 are two other E3 sumo-ligases in yeast and are homologs of the 

PIAS sumo-ligase in humans.  Siz2 and Mms21 are both recruited to DSBs and play a role in mono 

and poly-sumoylating many DSB repair proteins including Rad52, Rfa1 and YKu70 (173–176).  

Recent studies demonstrate that the loss of both Siz1 and Siz2 or the loss of Mms21 results in the 

abolishment of DSB recruitment to the nuclear periphery (148).  This outlines the importance of 

SUMO ligases and their activity in the periphery localization of DSBs.   

Thus, many proteins and factors work together in a coordinated manner to recruit persistent 

DSBs to either Mps3 or the NPC at the nuclear periphery (147, 165).  Recruitment to these 

complexes is essential to better control DNA ends and promote genomic stability (147, 148, 165).  

Telomere ends cluster at the nuclear envelope to prevent their recognition as DNA damage and the 

activation of DNA repair pathways, replication forks stalled within trinucleotide repeats are also 

shuttled to the periphery to prevent expansions or contractions in repetitive sequence during 

replication fork restart and DSBs shift to the periphery during repair via alternative pathways to 

reduce aberrant repair events like translocations and other gross chromosomal rearrangements 

(163, 164, 177, 178).  Although many factors including telomerase, sumo-ligases and DDR 

proteins have been studied for their role in nuclear periphery localization, this phenomenon is still 
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not well understood.  In chapter 5 I focus on better understanding the role of NHEJ and HR proteins 

and interactions, specifically the Nej1-Lif1 interaction in nuclear periphery localization.   

1.6 Thesis Summary 

In chapter 3 of this thesis the role of Nej1 and more specifically the role of the Nej1-Lif1 

interaction in NHEJ were further characterized.  The Nej1-Lif1 interaction is known to play an 

important role in NHEJ and likely has functions separate to the role of Nej1 and Lif1 in promoting 

Dnl4 activity.  Here, the hypothesis that the Nej1-Lif1 interaction may play a role in preventing 

DNA resection at DSB ends possibly by promoting YKu70/80 stability was studied.  In chapter 4, 

the Nej1-Lif1 interaction was further characterized along with the recruitment and interactions 

between Nej1 and other NHEJ factors at DSBs.  This was to determine whether functional 

redundancy exists between Nej1, the Nej1-Lif1 interaction and other NHEJ proteins and 

complexes in cell survival and the maintenance of genomic stability at lesions during NHEJ repair.  

Finally, chapter 5 extended these studies to look at the effect of the Nej1-Lif1 interaction and the 

inhibition of NHEJ on the nuclear periphery recruitment of chronic DSBs.  The recruitment of 

DSB ends to the two nuclear envelope sites known to recruit DSB and telomere ends, Mps3 and 

NPC, were both carefully considered in this analysis.   
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Chapter Two: Materials and Methods 

2.1 Yeast Strains 

The yeast strains used in these studies are listed in Table 2.1.  All strains were created using lithium 

acetate transformation (179), or by performing crosses between MATα and MATa yeast strains. 

Table 2.1 Yeast strains used in these studies 

Strain Genotype Reference 

JC727 MATα; hml::ADE1 hmr::ADE1 ade3::GAL-HO ade1-100 leu2-3, 112 

lys5 trp1::hisG ura3-52 

JKM179, 

[(180)] 

JC1280 MATα; leu2::proLEU2-lexAop6 his3 trp1 ura3-52  [(181)] 

JC1342 JC727 with nej1Δ::KanMX6 MAV015, 

[(182)] 

JC1343 JC727 with lif1Δ::KanMX6 [(182)] 

JC1687 JC727 with NEJ1-13Myc::TRP1 [(183)] 

JC2648 JC727 with nej1Δ::KanMX6; nej1-F335A::URA3 [(183)] 

JC2659 JC727 with nej1Δ::KanMX6; nej1-V338A::URA3 [(183)] 

JC2665 JC727 with LIF1-6HA::TRP1 This study 

JC2884 JC2665 with nej1Δ::KanMX6 This study 

JC3108 JC3135 with nej1Δ::KanMX6 This study 

JC3133 JC1342 with nej1-F335A-13Myc::TRP1 This study 

JC3135 JC717 with LIF1-13MYC::TRP1 This study 

JC3160 JC1342 with nej1-V338A-13Myc::TRP1 This study 

JC3293 JC727 with dnl4Δ::KanMX6 This study 

JC3306 JC727 with RAD50-6HA::TRP1 This study 

JC3307 JC3306 with nej1Δ::KanMX6 This study 

JC3313 JC727 with rad50Δ::URA3 This study 

JC3314 JC3313 with nej1Δ::KanMX6 This study 

JC3315 JC3313 with lif11Δ::KanMX6 This study 

JC3316 JC3313 with dnl41Δ::KanMX6 This study 

JC3347 JC3306 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3358 JC1342 with lif11Δ::URA3 This study 

JC3367 JC3135 with dnl41Δ::KanMX6 This study 

JC3585 MATa; hml::ADE1 hmr::ADE1 ade3::GAL-HO ade1 leu2-3, 112 lys5 

trp1::hisG ura3-52 

This study 

JC3587 JC727 with rad50sc::hphMX4 This study 

JC3593 JC2659 with rad50sc::hphMX4 This study 

JC3594 JC2648 with rad50sc::hphMX4 This study 

JC3631 JC3585 with rad52Δ::NatRMX4 This study 

JC3632 JC3585 with yku70Δ::KanMX6 This study 
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JC3688 JC1280 with rad50Δ::KanMX6 This study 

JC3722 JC727 with Mps3∆65-145 This study 

JC3745 Mata:  hml::ADE1 hmr::ADE1 ade3::GalHO VII::TRP1-HO (near 

SRM1) LacI-GFP::URA3 LacO::LYS5 (~273,000bp X7) 

LacO::KanMX6 (374,100bp X7) can1 lys5 ade2 trp1 his3 ura3 leu2 

[(106)] 

JC3747 JC3745 with nej1Δ::hphMX4 This study 

JC3748 JC3745 with lif1Δ::hphMX4 This study 

JC3750 JC3745 with rad50∆::hphMX4 This study 

JC3754 JC3585 with sgs1Δ::NatRMX4 This study 

JC3755 JC3585 with exo1Δ::NatRMX4 This study 

JC3757 JC727 with sgs1Δ::NatRMX4 This study 

JC3759 JC1342 with sgs1Δ::NatRMX4 This study 

JC3760 JC3313 with sgs1Δ::NatRMX4 This study 

JC3761 JC3314 with sgs1Δ::NatRMX4 This study 

JC3762 JC2659 with sgs1Δ::NatRMX4 This study 

JC3763 JC2648 with sgs1Δ::NatRMX4 This study 

JC3764 JC3587 with sgs1Δ::NatRMX4 This study 

JC3765 JC3593 with sgs1Δ::NatRMX4 This study 

JC3766 JC3594 with sgs1Δ::NatRMX4 This study 

JC3767 JC727 with exo1Δ::NatRMX4 This study 

JC3768 JC1342 with exo1Δ::NatRMX4 This study 

JC3769 JC3313 with exo1Δ::NatRMX4 This study 

JC3770 JC3314 with exo1Δ::NatRMX4 This study 

JC3771 JC2659 with exo1Δ::NatRMX4 This study 

JC3772 JC2648 with exo1Δ::NatRMX4 This study 

JC3773 JC3587 with exo1Δ::NatRMX4 This study 

JC3774 JC3593 with exo1Δ::NatRMX4 This study 

JC3775 JC3594 with exo1Δ::NatRMX4 This study 

JC3784 JC3747 with rad50Δ::NatRMX4 This study 

JC3785 JC3748 with rad50Δ::NatRMX4 This study 

JC3805 JC727 with RFA1-6HA::TRP1 This study 

JC3806 JC3805 with nej1Δ::KanMX6 This study 

JC3810 JC3805 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3812 JC3805 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3816 JC2665 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3817 JC3306 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3828 JC2665 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3831 JC1342 with rad50sc::hphMX4 This study 

JC3832 JC2648 with rad50Δ::URA3 This study 

JC3833 JC2659 with rad50Δ::URA3 This study 

JC3835 JC3848 with rad50Δ::URA3 This study 

JC3840 JC3835 with sgs1Δ::NatRMX4 This study 

JC3841 JC3835 with exo1Δ::NatRMX4 This study 

JC3842 JC3831 with sgs1Δ::NatRMX4 This study 

JC3843 JC3831 with exo1Δ::NatRMX4 This study 
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JC3844 JC3832 with sgs1Δ::NatRMX4 This study 

JC3845 JC3832 with exo1Δ::NatRMX4 This study 

JC3846 JC3833 with sgs1Δ::NatRMX4 This study 

JC3847 JC3833 with exo1Δ::NatRMX4 This study 

JC3848 JC727 with yku70Δ:: KanMX6 This study 

JC3850 JC3632 with sgs1Δ::NatRMX4 This study 

JC3877 JC3632 with exo1Δ::NatRMX4 This study 

JC3878 JC3632 with rad50Δ::URA3 This study 

JC3880 JC3878 with exo1Δ::NatRMX4 This study 

JC3881 JC3882 with exo1Δ::NatRMX4 This study 

JC3882 JC3585 with rad50Δ::URA3 This study 

JC3884 JC3585 with nej1Δ::KanMX6 This study 

JC3885 JC3884 with sgs1Δ::NatRMX4 This study 

JC3886 JC3884 with exo1Δ::NatRMX4 This study 

JC3887 JC3884 with rad50Δ::URA3 This study 

JC3888 JC3887 with sgs1Δ::NatRMX4 This study 

JC3889 JC3887 with exo1Δ::NatRMX4 This study 

JC3890 JC3585 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3891 JC3890 with rad50Δ::URA3 This study 

JC3892 JC3890 with sgs1Δ::NatRMX4 This study 

JC3893 JC3890 with exo1Δ::NatRMX4 This study 

JC3894 JC3891 with sgs1Δ::NatRMX4 This study 

JC3895 JC3891 with exo1Δ::NatRMX4 This study 

JC3896 JC3585 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3897 JC3896 with rad50Δ::URA3 This study 

JC3898 JC3896 with sgs1Δ::NatRMX4 This study 

JC3899 JC3896 with exo1Δ::NatRMX4 This study 

JC3901 JC3897 with exo1Δ::NatRMX4 This study 

JC3906 JC3585 with lif1Δ::KanMX6 This study 

JC3907 JC3906 with rad50Δ::URA3 This study 

JC3928 JC3632 with nej1Δ::KanMX6 This study 

JC3951 JC727 with nup120Δ::NatRMX4 This study 

JC3952 JC3951 with yku70Δ::KANMX6 This study 

JC3953 JC3951 with nej1Δ::KANMX6 This study 

JC3954 JC727 with arp8Δ::NatRMX4 This study 

JC3961 JC3951 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3962 JC3951 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3972 JC3722 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 

JC3973 JC3722 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC3976 JC3722 with yku70Δ::KANMX6 This study 

JC3977 JC3954 with yku70Δ::KANMX6 This study 

JC3978 JC3954 with nej1Δ::KanMX6 This study 

JC3982 JC3722 with nej1Δ::KANMX6 This study 

JC3992 JC3954 with nej1Δ::KanMX6; nej1-V338A::URA3 This study 

JC4003 JC3954 with nej1Δ::KanMX6; nej1-F335A::URA3 This study 
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JC4010 JC3585 with mre11-3::URA3 (184) 

JC4047 JC4010 with sgs1Δ::NatRMX4 This study 

JC4048 JC4010 with exo1Δ::NatRMX4 This study 

JC4049 JC4010 with nej1Δ::KANMX6 This study 

JC4050 JC4010 with yku70Δ::KANMX6 This study 

JC4051 JC4049 with sgs1::NATMX4 This study 

JC4052 JC4049 with exo1::NATMX4 This study 

JC4067 MATa-inc, lys2::NatMX4 AVT2::lys-HOcs::KanMX6 (Ch V about 

30kb left arm) ERV46::TRP1-ys2 (Ch I 60kb donor) ade3::GAL-HO 

URA3::TK 

BAR1::LEU ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 

(W303) 

(185) 

JC4068 JC4067 with pol32Δ::hphMX4 (185) 

JC4069 JC4067 with nej1Δ::hphMX4 This study 

JC4070 JC4067 with nej1-V338A::hphMX4 This study 

JC4096 JC4067 with sgs1Δ::hphMX4 This study 

JC4097 JC4069 with sgs1Δ::hphMX4 This study 

 

2.2 Media 

YPAD media contained 1% (w/v) Bacto yeast extract (BD, Sparks, MD, USA), 2% (w/v) Bacto 

peptone (BD), 2% (w/v) dextrose (EMD, Mississauga, ON, Canada), and 40 g/mL adenine 

(Fisher).  Solid media also contained 2% (w/v) agar.  For experiments involving the induction of 

a HO DSB, YPLG media is used containing 1% (w/v) Bacto yeast extract (BD), 2% (w/v) Bacto 

peptone (BD), 2% (v/v) lactic acid (Sigma-Aldrich), 3% (v/v) glycerol (Sigma-Aldrich) and 0.05% 

(w/v) glucose (EMD).  HO endonuclease expression was induced by adding 2% (w/v) galactose 

(Sigma-Aldrich).  For the continuous DSB assay, YPA plates are used containing 1% (w/v) Bacto 

yeast extract (BD, Sparks, MD, USA), 2% (w/v) Bacto peptone (BD) and 40 g/mL adenine 

(Fisher) supplemented with either 2% (w/v) glucose (EMD) or 2% (w/v) galactose (Sigma-

Aldrich).  For yeast 2-hybrid assays, standard amino acid drop out media (Hartwell’s complete 

media) lacking histidine, tryptophan and uracil (SC-His/-Trp/-Ura) is used with 2% (w/v) raffinose 
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as the carbon source for the cells.  Protein expression was induced by adding 2% (w/v) galactose, 

or 2% (w/v) glucose (EMD), as a control. 

2.3 Plasmids 

The LacZ reporter plasmid, pSH18034, containing LexAgal1-LacZ, was used in the yeast 2-hybrid 

experiments to provide a read out of protein interactions between the proteins fused to the bait and 

prey vectors.  Nej1, nej1-F335A and nej1-V338A bait vectors, pGal-LexA, previously published 

(183) were used with prey vectors created by ligating Mre11, Rad50 and Xrs2 into the pJG4-6 

vector.  Mammalian XLF was integrated into the p414-ADH plasmid (J-731) under the TRP 

marker and mammalian XRCC4 was integrated into the p415-ADH plasmid (J-732) under the 

LEU marker. 

2.4 Primers 

The primers used for the ChIP and qPCR based resection assays are outlined in Table 2.2.  ChIP 

assay primer sets were HO2 (0.5kb from the break site on chromosome III), HO6 (to measure HO 

endonuclease cleavage efficiency) and SMC2 (a negative control region on chromosome VI).  

Primer sets used for the qPCR based resection assays include MAT1 (0.15kb from the break site 

on chromosome III), MAT2 (4.8kb from the break site on chromosome III) and PRE1 (a negative 

control region on chromosome V).   

Table 2.2 ChIP and resection qPCR primers used in these studies 

Primer Name Primer Sequence (5’-3’) 

HO2 Forward Primer TTGCCCACTTCTAAGCTGATTTC 

HO2 Reverse Primer GTACTTTTCTACATTGGGAAGCAATAAA 

HO2 Probe FAM-ATGATGTCTGGGTTTTGTTTGGGATGCA-TAMRA 

HO6 Forward Primer AATATGGGACTACTTCGCGCAACA 

HO6 Reverse Primer CGTCACCACGTACTTCAGCATAA 

HO6 Probe FAM-CCTGGTTTTGGTTTTGTAGAGTGGTTGACGA-

TAMRA 

SMC2 Forward Primer AATTGGATTTGGCTAAGCGTAATC 

SMC2 Reverse Primer CTCCAATGTCCCTCAAAATTTCTT 
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SMC2 Probe FAM-CGACGCGAATCCATCTTCCCAAATAATT-TAMRA 

MAT1 Forward Primer CCTGGTTTTGGTTTTGTAGAGTGG 

MAT1 Reverse Primer GAGCAAGACGATGGGGAGTTTC 

MAT2 Forward Primer ATTGCGACAAGGCTTCACCC 

MAT2 Reverse Primer CACATCACAGGTTTATTGGTTCC 

PRE1 Forward Primer CCCACAAGTCCTCTGATTTACATTCG 

PRE1 Reverse Primer ATTCGATTGACAGGTGCTCCCTTTTC 

 

2.5 qPCR Based Resection Assay 

Cells were grown in overnight cell cultures to a concentration of 1x107 cells/mL in 10 mL YPLG 

media.  15 g/mL α-factor was added to arrest cells in G1.  1 hr post α-factor addition a second 

dose of 15 g/mL α-factor was added for an additional 1 hr.  The cells were pelleted and 

resuspended in 1mL ddH2O.  0.5 mL of the cells were pelleted and stored at -20°C (t=0hrs sample).  

The remaining 0.5 mL of the cells were re-suspended in 10mL fresh YPLG media now 

supplemented with 2% (w/v) galactose and with 15 g/mL α-factor to maintain G1 arrest.  15 

g/mL α-factor was added every 1.5 hrs post galactose addition to maintain cells in G1 for the 

duration of the experiment.  6 hrs after galactose addition to the media the cells were pelleted and 

stored at -20°C with the t=0 hrs samples until genomic DNA purification.  Genomic DNA was 

purified using standard genomic DNA preparation methods and re-suspended in 100 mL ddH2O.  

Genomic DNA was treated with 0.005 g/L RNAseA (Sigma-Aldrich) for 45 min at 37°C.  2 L 

of gDNA from each of the t=0 hrs and t=6 hrs samples was added to tubes containing Cut Smart 

buffer with or without RsaI restriction enzyme (New England BioLabs) and incubated at 37°C for 

2 hrs.  Quantitative PCR was performed using the Applied Biosystem QuantStudio 6 Flex machine.  

PowerUp SYBR Green Master Mix (Applied Biosystems) was used to quantify resection at MAT1 

(0.15kb from DSB) and MAT2 (4.8kb from DSB).  PRE1 was used as a negative control.  RsaI 
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cut DNA was normalized to uncut DNA as previously described to quantify the %ssDNA / total 

DNA (186) 

2.6 Mating Type Assay 

Although HR is the most common pathway to repair yeast cells, the NHEJ pathway and many of 

the proteins involved remain heavily conserved with humans.  Thus, yeast studies of NHEJ can be 

very informative and provide clues as to how NHEJ functions in higher eukaryotes.  The laboratory 

of Dr. James Haber created a yeast strain (JKM179), to specifically study NHEJ in budding yeast 

(Fig. 1.5) (180).  This strain takes advantage of many of the unique characteristics of yeast to allow 

for the robust study of NHEJ.  The yeast mating type locus is found on chromosome III.  The 

mating type locus (MAT) can be occupied by one of two alleles known as “MATα” or “MATa”.  

This “active” mating type locus is flanked by silent HMLα and HMLa mating type loci.  The active 

MAT locus contains a single HO endonuclease cut site which is recognized and cleaved by an HO 

endonuclease enzyme expressed by the yeast cell.  Only one HO cut site is found in the yeast 

genome at this active MAT locus.  Cleavage at this site results in the induction of a clean DSB 

containing a 3’, 4 nucleotide overhang on each DSB end (Fig. 1.5).  This DSB is repaired via HR 

and uses the silent HMLα or HMRa sites as repair templates allowing the cell to switch its mating 

type once per cell cycle.  The JKM179 strain takes advantage of this endogenous HO restriction 

enzyme and cut site for NHEJ studies.  The endogenous HO endonuclease was placed under the 

expression of a galactose inducible promoter to allow the controlled induction of a single DSB at 

a known site in the yeast genome.  The HMLα and HMRa were deleted from this strain in haploid 

yeast cells to prevent the rapid repair of these lesions by HR.  These modifications create a situation 

by which yeast cells must repair via NHEJ or an alternative form of NHEJ as no template exists  
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Figure 2.1 Chromosome III of Budding Yeast including the Mating Type Locus 

The mating type locus is represented on chromosome III.  The HO endonuclease cut site is shown 

including the sequence of the 3’, four nucleotide overhangs that result following HO endonuclease 

cleavage and DSB induction.  The JKM179 strain contains the HO Endonuclease under a 

Galactose inducible promoter for controlled expression and DSB induction.  The HMLα and 

HMRa sites used for recombination during mating type switch are also represented.  These two 

loci are deleted in the JKM179 background preventing repair via HR using these sites as 

homologous templates following HO endonuclease dependent DSB induction.  The site of the 

centromere of chromosome III is represented by the black circle between the DNA strands.   

 

 

for repair via HR thus allowing for the study of NHEJ specific repair using yeast as a model 

organism.  I will use this yeast background in the majority of my work. 

Surviving colonies from the continuous DSB assay (described in 2.8) were re-streaked onto YPAD 

plates and incubated at 30°C for 1-2 days.  The YPAD plates were replica plated onto two fresh 

YPAD plates also containing either JC158 or JC159 to test for α and a-like survivors respectively.  

These plates were incubated at 30°C O/N and then replica plated onto standard amino acid drop 

out media (Hartwell’s complete media) plates lacking the addition of any amino acids and 

incubated at 30°C for 1 day.  Colonies growing on the JC158 plate were labeled “α” survivors and 

contained no mutation at the HO cut site, but rather in the HO endonuclease itself (a lack of 

mutations at HO cut site was confirmed by sequencing around the HO cut site of 6 nej1 survivors).  

Colonies growing on the JC159 plate were labeled “a-like” survivors and repaired through the 

formation of large deletions at the HO cut site greater than 700 bps in length.  Colonies that did 
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not grow on either JC158 or JC159 plates were defined as “sterile” survivors and repaired through 

the formation of small insertions or deletions which altered the sequence of the HO cut site.  The 

percentage of each of the three repair types was determined for each strain after analyzing between 

80-120 colonies in each replicate.   

2.7 Chromatin Immunoprecipitation (ChIP) Assay 

Cells were cultured O/N in YPLG media at 25°C.  The cells were then diluted to 5x106 cells/mL 

and were cultured to one doubling to obtain 1x107 cells/mL cultures (3-4 hrs) at 30°C in 200 mL 

YPLG media.  100 mL aliquots were removed (t=0 hrs) and fixed with 1% (w/v) formaldehyde 

(Sigma-Aldrich) for 15 minutes at RT.  The crosslinking reaction was quenched by adding 5 mL 

of 2.5 M glycine for 5 minutes.  Finally, the cells were washed with 50 mL ice cold PBS, pelleted 

and stored at -80°C.  2% galactose was added to the remaining 100 mL of cells and the cultures 

were incubated an additional 3 hrs.  The cells at the t=3 hrs time point post galactose treatment 

were then fixed with 1% (w/v) formaldehyde, quenched with glycine, washed with PBS and stored 

as described for the t=0 hrs cells.  The pellets were re-suspended in lysis buffer (50 mM Hepes pH 

7.4, 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton, 0.1% (w/v) Na-deoxycholate, 1 mM PMSF 

and protease inhibitor pellet cocktail (Complete pellet, Roche) and cells were lysed by silica bead 

beating.  Chromatin fractionation was performed to enhance the chromatin bound nuclear fraction 

by centrifugation at 16 000 x g for 15 min and discarding the supernatant.  The pellet was re-

suspended in 2.6 mL lysis buffer and sonicated (15 sec on 45 sec off, for 12 rounds), to yield DNA 

fragments ~500 bps in length.  The sonicated cell lysates were then incubated in anti-mouse 

Dynabeads® with or without either anti-HA antibody (F7, Santa Cruz) or anti-MYC antibody 

(9E10, Abcam) for 2 hrs at 4°C.  Reverse crosslinking was performed by incubating the samples 

in Tris-EDTA (10 mM Tris pH 8.0, 1 mM EDTA pH8.0; TE) at 65°C O/N.  Proteinase K treatment 



 

42 

for 2 hrs at 37°C followed by DNA isolation via phenol-chloroform-isoamyl alcohol and ethanol 

precipitation prepared the gDNA for analysis.  Quantitative PCR was performed using the Applied 

Biosystem QuantStudio 6 Flex machine.  PerfeCTa qPCR SuperMix, ROX (Quanta BioSciences 

Inc.) was used to visualize enrichment at HO2 (0.5kb from DSB).  SMC2 was used as an internal 

control and HO6 (primer on either side of HO cut site) was used to measure the cut efficiency.  

The HO2 and SMC2 primer sequences can be found in Table 2.2.  The enrichment of each protein 

at the DNA probes tested was calculated by comparing the difference in cycle threshold (Ct) values 

between the antibody-couple beads and the uncoupled beads using the equation: enrichment = 

2(Ct(Ab)-Ct(Beads)).  Relative enrichment was determined by dividing the enrichment at HO2 by the 

enrichment at SMC2.  The cut efficiency was calculated using the equation: cut efficiency = 1-

2(Ct(0hrs)-Ct(3hrs)).  The cut efficiency was above 96% in all of the strains tested.   

2.8 Continuous DSB Assay 

Cells were grown overnight in 3-5 mL of YPLG media at 25°C.  Cell pellets were washed and re-

suspended in ddH2O.  Cells were spread on YPA plates supplemented with either 2% glucose 

(1x103 total cells) or 2% galactose (1x106 – 1x107 total cells).  The plates were incubated for 3-4 

days at RT and colonies were counted on each plate.  Survival was determined by normalizing the 

number of surviving colonies on the galactose plates to number of colonies on the glucose 

(uninduced) plates.   

2.9 BIR Assay 

Cells were grown O/N in 3-5 mL of YPLG.  Cell pellets were washed and re-suspended in ddH2O.  

1x103 total cells were spread on YPA plates supplemented with either 2% glucose or 2% galactose.  

Cells were incubated for 3-4 days at RT and colonies counted on each plate. The cells were then 

replica plated onto YPAD plates containing geneticin or synthetic complete (SC) medium lacking 
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lysine (SC-lys).  Cells on each plate were counted after 1-2 days and the percentage of cells that 

repaired by BIR was calculated by dividing the number of cells growing on the SC-lys plates by 

the number of colonies that formed on the YPA plates containing 2% galactose, followed by 

normalization to the number of colonies that formed on the YPA plates containing 2% glucose.  

Colonies that are Lys+and geneticins repaired via BIR, those that are Lys- and geneticinr repaired 

via NHEJ with no recombination events. 

2.10 Transient DSB Assay 

Cells were grown overnight in 3-5 mL of YPLG media at 25°C.  Cell pellets were washed and re-

suspended at a concentration of 1x106 cells/mL in 10 mL YPLG.  1x103 cells were then plated 

onto YPAD (t=0 hrs).  2% galactose was added to the remaining cells and the cells were incubated 

for 3 hrs to induce HO endonuclease expression and subsequently the expression of a single HO 

DSB.  1x103 cells were then plated onto YPAD (t=3 hrs).  The plates were incubated for 2 days at 

30°C and colonies were counted on each plate.  Survival was determined by normalizing the 

number of surviving colonies on the t=3 hrs post galactose YPAD plates to the number of colonies 

on the t=0 hrs (uninduced) YPAD plates.   

2.11 Drop Assay 

Cells were grown O/N in 3-5 mL of YPAD media at 25°C.  Cells were washed 1x in ddH2O and 

resuspended in 1 mL ddH2O.  Cells were counted and diluted to 1x107 cells/mL.  Serial 10x 

dilutions were then prepared from the 1x107 cells/mL stocks to give a range of dilutions from 

1x103 cells/mL to 1x107 cells/mL.  4 µL of cells were plated from each dilution on YPAD plates 

and drug plates (containing 10-20 mM HU, 0.002-0.005% MMS or 2 µg/mL phleomycin) and 

these plates were incubated at 30°C for 2-3 days before imaging.   
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2.12 Yeast 2-hybrid Assay 

Reporter, bait and prey plasmids were transformed into JC1280.  Cells were cultured O/N in SC-

URA/–HIS/–TRP media with 2% raffinose.  The next day, cells were transferred into SC-URA/–

HIS/–TRP media with either 2% glucose or 2% galactose and cultured for 6 hrs at 30°C.  Cells 

were permeabilized and β-galactosidase activity measured.  Relative β-galactosidase units were 

determined by normalizing to total cell number. 

2.13 Transient DSB Assay with XLF and XRCC4 

Plasmids containing mammalian XLF and XRCC4 were transformed into cells and cultured on 

SC-media lacking TRP and LEU respectively.  Cells were grown O/N in 3-5 mL of SC-media 

supplemented with 2% raffinose lacking TRP, LEU or both as required to maintain growth of only 

cells containing the transformed plasmids at 25°C.  Cell pellets were washed and re-suspended in 

ddH2O.  The cells were diluted to 5x105 cells/mL in 10 mL of YPLG.  The cells were incubated at 

30°C for 3-4 hours until 1x106 cells/mL is obtained.  10 µL of this t=0 hrs post galactose culture 

was removed and diluted into 990 µL of ddH2O.  100 µL of this dilution was plated on the 

appropriate SC selection plates in triplicate.  2% galactose was added to the YPLG cultures and 

the cells were incubated at 30°C for an additional 3 hrs (to induce DSBs is >96% of the cells).  10 

µL of this t=3 hrs post GAL addition was removed and diluted in 990 µL of ddH2O.  100 µL of 

this dilution was plated on the appropriate SC selection plates in triplicate.  The t=0 hrs and t=3 

hrs YPAD plates were incubated at 30°C for 2 days and colonies were counted on each plate.  

Survival was determined by normalizing the number of surviving colonies on the t=3hrs post 

galactose plates to the number of colonies on the t=0hrs post galactose plates. 
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2.14 Tetrad Dissection 

Cells from the two strains (one of “α” mating type and one of “a” mating type) to be crossed were 

grown 1-2 days on YPAD plates at 30°C.  The cells were mixed on a YPAD plate and incubated 

at 30°C for 24 hrs.  Next, the now diploid cells from the YPAD plate were re-streaked onto a 2% 

potassium acetate (KAc) sporulation plate.  This plate was left at 25°C for 3-5 days until spores 

could be observed under a light microscope.  A small amount of cells from the sporulation plate 

were mixed into an Eppendorf tube containing 50 µL of 2M Sorbitol. 50 µL of ZL buffer (0.1M 

NaPO4 pH6.5, 1.2M Sorbitol, 40% glycerol and 5mg/mL zymolase) was mixed into the Eppendorf 

tube and left at RT for 1-3 minutes.  11 µL of cells in ZL buffer were placed on one end of a YPAD 

plate and the plate was tilted to allow the drop to travel to form a line to the other side of the plate.  

Tetrad dissection was performed to separate the four spores of 8-10 tetrads and the plates were 

incubated at 30°C for 2-3 days until colonies were visible from the single cell spores.  The plates 

were imaged and then replica plated onto new plates to test for the various markers in the strain.  

These plates were analyzed after incubation to determine the combinations of deletions that were 

viable and those that were not. 

2.15 Nuclear Periphery Microscopy 

Cells were grown in O/N cultures in 7.5 mL of YPLG media to 1x107 cells/mL at 25°C.  The next 

day, galactose was added to the tubes to a final concentration of 2%.  The cells were incubated at 

30°C for 3 hrs.  Cells were then pelleted and all but 50 µL of YPLG media was aspirated.  100 µL 

of 4% PFA was added to the cells and incubated at RT for 5 min.  The cells were pelleted and 

washed 3x with 300 mL PBS pH 7.4.  The cells were then washed 1x in SK buffer (1.2M Sorbitol, 

KH2PO4, K2HPO4) and then re-suspended in 100 µL of SK buffer.  10 µL of the cells were added 

to slides coated with agarose medium and imaging was performed using a Zeiss LSM 880 confocal 
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microscope.  Z-stack images were collected with 7-15 stacks z=0.39µm apart.  During analysis, 

cells were first binned as either G1 or budded and the center stack with both the GFP-LacI DNA 

foci and the CFP-Nup120 nuclear periphery staining visible were analyzed.  In the JC3014 

background, the cells were analyzed using ImageJ to bin each cell into one of three zones 

determined by the distance of the DNA foci to the nuclear periphery.  In the JC3015 background, 

the cells were analyzed using ImageJ to bin each cell into one of four groups depending on whether 

the GFP-LacI foci representing the DSB end was, not touching, touching, partially overlapping or 

completely overlapping the NPC cluster at the nuclear periphery. 
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Chapter Three: Role of the Nej1-Lif1 Interaction in Blocking DSB End-Resection 

3.1 Background 

Nej1 was first discovered as a protein required to promote NHEJ in budding yeast (187).  

In diploid yeast cells, both the MATα and MATa mating type genes are expressed.  Two of these 

resulting proteins, Mata1 and Matα2 interact to form a transcription factor complex that represses 

the expression of haploid specific genes (187, 188).  The gene encoding Nej1 is one such haploid 

specific gene, repressed by Mata1-Matα2 in diploid cells.  The loss of Nej1 results in the total 

inhibition of NHEJ similar to the effects seen in cells lacking Dnl4 or YKu70/80 (187).  NHEJ is 

inhibited in diploid yeast cells to promote cross-over events to diversify the genome of these cells 

before they return to haploid form, similar to meiosis in mammals.   

Nej1 has a mammalian homolog, XLF, which also plays an essential role in mammalian 

NHEJ.  XLF was first discovered as a gene mutated in a patient group displaying microcephaly 

and immunodeficiency, and is required for V(D)J recombination and NHEJ (189, 190).  At the 

same time, using yeast 2-hybrid (Y2H), XLF was also found to interact with XRCC4, the 

mammalian homolog of Lif1 (191).  Shortly after, a direct interaction between Nej1 and Lif1 was 

also established using Y2H and co-immunoprecipitation (192).  Both Nej1 and Lif1, along with 

their mammalian homologs XLF and XRCC4, are required to promote the activation of the DNA 

ligase required to complete NHEJ repair.  More recent work that will be discussed in detail later 

suggests that there may be additional roles for Nej1-Lif1 and XLF-XRCC4 during yeast and 

mammalian NHEJ (116).   

3.1.1 What is already known about the Nej1-Lif1 interaction? 

NHEJ mediated repair of a DSB requires the recruitment and interaction of many proteins 

to the ends of DNA at the break in a highly organized and coordinated fashion.  Here, I will focus 
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only on the Nej1-Lif1 interaction.  However a full overview of these recruitment and interaction 

patterns will be provided in chapter 4.  Nej1 and Lif1 are both essential for NHEJ and the loss of 

either of these proteins reduces NHEJ to levels similar to the loss of YKu70/80 or the Dnl4 ligase 

(114, 182, 187, 193).  XLF and XRCC4 are similarly essential for mammalian NHEJ (194, 195) 

The structure and protein-protein interactions of XLF and XRCC4 are much more 

established than those of Nej1 and Lif1.  Briefly, the tertiary structure of XLF and XRCC4 are 

very similar although they have low sequence similarity.  Both proteins have a globular N-terminal 

head domain, a central coiled-coil region with both buried and exposed regions and a highly 

flexible C-terminal region (192).  XLF and XRCC4 both form highly stable homodimers to 

promote their interaction with one another (192, 196, 197).  These homodimers come together 

allowing XLF and XRCC4 to interact transiently upon binding to DSBs (115, 116, 198, 199).  

More specifically XLF interacts with XRCC4 using three important residues, R64, L65 and L115 

(200).  The L115 residue is the most essential and enters a hydrophobic pocket between the 

residues 59-108 in the N-terminal globular head region of XRCC4 to form a stable interaction that 

is further enhanced by additional interactions (115).   

In yeast, Nej1 and Lif1 are predicted to form a structure very similar to XLF and XRCC4 

also with a globular N-terminal head domain, central coiled-coil region and flexible C-terminal 

region.  Nej1 and Lif1 form homodimers with high stability and these homodimers also interact 

upon arrival at a DSB (183, 192).  The major difference between the mammalian and yeast 

interaction is that the Nej1 and Lif1 interaction requires the N-terminal region of Lif1 and the F335 

and V338 residues at the extreme C-terminal of the 342 amino acid Nej1 protein (183, 192).  Due 

to the non-polar characteristics of phenylalanine and valine it is possible that they insert into a 

hydrophobic region in the N-terminal of Lif1 similar to L115 of XLF.  Similar to mammalian 
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NHEJ, Nej1 and Lif1 are recruited independently of each other and interact upon their arrival at 

the DSB (201).  Although interactions between Nej1-Lif1 and XLF-XRCC4 are well established, 

their functional significance in NHEJ remains poorly understood. 

More recently, a series of in vitro studies in mammalian cells demonstrated that XLF and 

XRCC4 homodimers can not only interact with one another to form hetero-complexes, but they 

can form long helical filaments composed of alternating homodimers of XLF and XRCC4 at DNA 

ends to promote bridging between these broken ends (115–117, 195, 202, 203).  This exciting 

discovery suggested that XLF-XRCC4 filaments and their end-bridging function may play 

additional roles in NHEJ including: protecting DNA ends from resection, promoting enhanced 

end-alignment, protecting the DNA ends from aberrant fusion to prevent genomic instability, and 

maintaining the ends in close proximity for accurate and efficient NHEJ following the loss of 

DNA-PK and its end bridging role during NHEJ end processing (116, 189, 190, 204).  In fact, 

recent studies using a XLF L115A mutant (that is unable to form filaments with XRCC4) has 

shown that this interaction is not required for LIG4 ligase activity and is not required for the repair 

of plasmids or in V(D)J recombination although NHEJ is reduced in some cell lines (203, 205).  

Of note, another XLF mutant, L115D, had both reduced NHEJ and reduced LIG4 activity (198), 

although it is unclear what the increased severity of this mutant is attributable to.  However, it 

seems that the L D mutation would introduce a larger amino acid of negative charge and may 

alter XLF to appear more like a XLF knock down (203).   

It is unknown whether the interaction between Nej1 and Lif1 results in filaments.  Early 

studies using Nej1 mutants that were unable to interact with Lif1 share similar phenotypes with 

the XLF L115A and L115D mutants.  As mentioned, Y2H has demonstrated that two amino acids 

in Nej1, F335 and V338, are essential for its interaction with Lif1.  nej1-F335A and nej1-V338A 
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mutants were created and characterized to study the effects of the Nej1-Lif1 interaction on various 

facets of NHEJ and DNA repair pathway choice.  In this chapter, I will focus my attention on the 

nej1-V338A mutant.  The nej1-F335A mutant will be discussed in detail as part of my studies in 

Chapter 4.  Previous findings using the nej1-V338A mutant in budding yeast were very similar to 

those using the XLF L115A mutant in human cells.  For example, although the Nej1-Lif1 

interaction is abolished, Nej1V338A is still recruited to DSB ends at levels similar to wild type Nej1 

(183).  Furthermore, cells lacking NEJ1 fail to re-circularize linear plasmids in plasmid repair 

assays while cells harbouring the nej1-V338A mutant repair plasmids similar to wild type cells, 

providing evidence in yeast that Dnl4 ligase activity is not dependent on the Nej1-Lif1 interaction 

(183).  Finally, cells lacking NEJ1 have highly reduced NHEJ with survival levels at 2% compared 

to wild type in continuous DSB repair assays while nej1-V338A mutant cells have only partially 

reduced survival at 19% (183).  This result provides strong evidence that although the Dnl4 ligase 

activity remains intact in this mutant, another function of Nej1, requiring its interaction with Lif1, 

is still required to repair in vivo DSBs via NHEJ.  This partial reduction in NHEJ differs from 

mammalian studies using XLF L115A where in vivo NHEJ remained intact in most cell lines (203).  

This may be explained by the fact that mammalian cells typically exhibit more functional 

redundancy than budding yeast perhaps making budding yeast a better model system in this case 

to elucidate the intricacies of the Nej1-Lif1 interaction in NHEJ.  Taken together, this data suggests 

that a previously uncharacterized role for the Nej1-Lif1 interaction may exist in addition to the 

role of these individual proteins in promoting Dnl4 ligase activity.  

3.1.2 Nej1-Lif1 stabilizes YKu70/80 at DSB ends 

YKu70/80 is intricately involved in and essential for pathway choice and NHEJ due to its 

previously mentioned roles in preventing end resection and recruiting other NHEJ factors to DSB 
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ends (109, 146, 192).  Although YKu70/80 is recruited to DSB ends independently of other factors, 

non-crosslinked ChIP experiments have shown that Nej1, Lif1 and Dnl4 may play a role in 

maintaining YKu70/80 stability at the DSB ends after its initial recruitment (114, 206).  It remains 

unknown whether interactions between Nej1 and Lif1 are required for YKu70/80 stability.  

YKu70/80 is well established for its role in preventing end resection at DSB ends (207), and more 

recent studies measuring the enrichment of the ssDNA binding proteins Rfa1 and Rad51 at HO 

induced DSBs using ChIP showed a subtle but significant increase in their enrichment in strains 

lacking NEJ1 or LIF1 as well, although the enrichment was less than that of cells lacking YKU70 

(114, 206).  These results provide the first evidence in yeast of a potential role for the Nej1-Lif1 

interaction in preventing end resection, possibly through YKu70/80 stabilization.   

3.1.3 DSB end resection and its nucleases 

As discussed in detail in Chapter 1, DSB end resection is an essential regulatory step to 

determine whether DSBs will be repaired by NHEJ or HR.  Resection is prevented in G1 partially 

due to the inhibitory effects of YKu70/80 binding to the DSB ends to promote NHEJ (109, 208), 

while extensive resection occurs in S/G2 phase cells to initiate HR mediated repair.  There are 

three major enzymes that contribute to the extensive end resection required for HR: the MRX 

complex, Sgs1-Dna2 and Exo1.   

3.1.3.1 MRX mediated short range resection: 

In yeast, the MRX complex consists of three protein subunits, Mre11, Rad50 and Xrs2 

(209, 210).  This complex plays multiple roles in DSB repair including tethering of DSB ends to 

promote NHEJ in G1 and regulating the initiation of 5’ end resection to promote HR repair in 

S/G2.  To initiate end resection, MRX requires the concerted action of Xrs2 to localize the MRX 

complex in the nucleus (211), the ATPase activity of the walker A and B motifs of Rad50 (212), 



 

52 

the endonuclease activity of its Mre11 subunit and the binding of Sae2 (213, 214).  Upon 

activation, the MRX complex uses its Mre11 endonuclease activity to cleave one strand of DNA 

100-300 nucleotides upstream of the DNA ends (93).  MRX is believed to have 3’ to 5’ 

exonuclease activity to remove this 100-300 nucleotide segment from the DSB ends, destabilizing 

YKu70/80 in the process while leaving a 3’ ssDNA overhang on each of the broken ends (215).  

The absence of one component of the MRX complex results in the abrogation of all MRX functions 

and the failure of the remaining complex components to be recruited to DNA ends.  The loss of 

MRX complex recruitment to broken ends results in a reduction in end resection, establishing the 

importance of MRX mediated short range resection for resection initiation and HR pathway choice 

(186, 216–220).  Following this initial resection the ssDNA ends are now accessible to the long 

range resection enzymes Sgs1-Dna2 and Exo1.   

3.1.3.2 Sgs1-Dna2 and Exo1 mediated long range resection: 

Following MRX mediated resection initiation, Sgs1-Dna2 and Exo1 act on parallel 

pathways to continue to extend the ssDNA ends of the DSBs to provide long stretches of ssDNA 

for homology search.  Resection mediated by the Dna2 endonuclease requires the Sgs1 helicase 

along with two other structural components, Top1 and Rmi1.  Top1 and Rmi1 both play a structural 

role to enhance the stability of Sgs1 at DSB ends and are required for Sgs1-Dna2 endonuclease 

activity (96, 221).  Sgs1 is recruited to DSB ends by interacting with MRX or RPA and uses its 

helicase activity to separate the two dsDNA strands adjacent to the already resected region to 

provide the Dna2 nuclease a ssDNA strand to cleave (96, 221, 222).  This allows for the continued 

extension of resection to give longer 3’ ssDNA ends for homology search during HR.  Importantly, 

the MRX complex is essential for the recruitment of Sgs1-Dna2 to the break site by either directly 

interacting with Sgs1, or by initiating resection to create a small 3’ ssDNA region for Sgs1 to bind 
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once it is coated with RPA (96, 222, 223).  The loss of Dna2 is lethal due to its essential and Sgs1-

independent role in Okazaki fragment processing during replication; however, Sgs1 is required for 

Dna2 activity at DSBs (224).  Therefore, Sgs1 is commonly deleted to study the effects of Sgs1-

Dna2 mediated resection at DSBs in vivo.   

Exo1 is a 5’-3’ exonuclease that works to extend the length of the 3’ ssDNA overhangs of 

DSB ends (225).  Although Exo1 does not interact directly with MRX or Sae2, it is recruited to 

and preferentially resects DNA ends already containing ssDNA (226).  Exo1 functions 

independently of other co-factors (227).   

Following resection initiation, long range resection occurs at a rate of 4kb per hour until 

homology is found and HR repair proceeds (228).  In the absence of the MRX complex, resection 

initiation is delayed at DSB ends (229).  Exo1 is capable of initiating resection at DSB ends, but 

only in the absence of YKu70/80 as this complex is inhibitory to Exo1 by preventing it from 

gaining access to the broken ends (109).  Sgs1-Dna2 can also initiate resection, but only when 

YKu70/80 is absent and MRX is present at the DSB ends (109).  Of note, Sgs1-Dna2 can initiate 

resection at DSB ends containing a nuclease dead Mre11 when the MRX complex is intact, 

suggesting that it is the MRX dependent recruitment of Sgs1-Dna2 required to initiate resection 

and not only its resection initiation activity (109).  Resection then proceeds at a rate of 4kb per 

hour even after delayed resection initiation by either Exo1 or Sgs1-Dna2 (228).   

Sgs1-Dna2 and Exo1 function in parallel pathways in a redundant manner to extend DNA 

end resection following MRX resection initiation.  For example, cells lacking SGS1 can still carry 

out long range resection but at a reduced rate of 1kb per hour (96).  This data suggests that although 

the rate of resection is reduced, long range DSB end resection can still occur in cells lacking either 

Sgs1-Dna2 or Exo1.  However, the loss of both SGS1 and EXO1 results in the inhibition of long 
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range end resection and DSB ends remain with ssDNA of only a couple of hundred nucleotides in 

length after MRX dependent resection initiation (96).  Thus, MRX can only initiate end resection 

and cannot extend resection in the absence of Sgs1-Dna2 and Exo1, while Sgs1-Dna2 and Exo1 

are redundant in their roles in promoting long range resection at DSB ends.   

3.1.3.3 The Influence of Resection on Genomic Stability during Alternative NHEJ 

Interestingly, wild type cells and cells lacking any component of the MRX complex repair 

a chronic HO endonuclease induced DSB primarily by inducing small insertions or deletions at 

the break site suggestive of repair via imprecise NHEJ or MMEJ, two pathways requiring limited 

to no end resection at the break site.  The loss of either NEJ1 or YKU70/80, on the other hand, 

results in a significant increase in large deletions and gene conversions at the break site in many 

cells.  This is suggestive of repair via alternative pathways that increase genomic instability at the 

break such as SSA which requires extensive resection at DSB ends (135, 187).   Thus, determining 

a role for Nej1 in regulating DSB pathway choice by controlling resection initiation at DSB ends 

in a parallel or epistatic manner with YKu70/80 may provide further insights to predict the cause 

of this interesting phenotype. 

3.1.4 Aims 

Here, I characterized a novel role for the Nej1-Lif1 interaction in DSB repair pathway 

choice by protecting DSB ends from resection, using both cells lacking NEJ1 and cells harbouring 

the nej1-V338A mutation.  My aim was to determine whether the Nej1-Lif1 interaction played a 

role with YKu70/80 in promoting NHEJ pathway choice at DSBs by preventing end resection at 

the DNA ends (Fig. 3.1).  I also sought to identify the specific nucleases that were inhibited by the 

presence of a functional Nej1-Lif1 interaction at DSB ends, and compared the levels of  
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Figure 3.1 A model of the nucleases that may be inhibited at DSB ends by Nej1-Lif1 

A model demonstrating the DNA resection nucleases that may be inhibited by the Nej1-Lif1 

interaction.  In this section, I characterize the effect of Nej1-Lif1 on each nuclease using genetic 

studies and qPCR resection assays 

 

 

mutagenic repair, specifically repair that resulted in the loss of large regions of genetic information 

at the break site between various mutant combinations (Fig. 3.1).  

3.2 Results 

3.2.1 Nej1-Lif1 interactions at DSB prevent 5’ resection in G1  

To study resection at a single induced DSB, I utilized a yeast strain (JKM179) containing 

the endogenous HO endonuclease cut site in a hml hmr background, which lacks the 

homologous template required for canonical HR repair (Fig. 3.2A).  DNA processing at the DSB 

was measured by a quantitative PCR-based approach after break formation (186).  Cleavage was 

> 96% in all strains and resection was measured 6 hours after induction, as this was the earliest 

time point where the levels of ssDNA was reproducible in the different mutant backgrounds. Two 
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RsaI cut sites are located 0.15kb and 4.8kb from the DSB (Fig. 3.2A).  If 5’ resection proceeded 

beyond the recognition site, then the region would not be cut by RsaI and could be amplified by 

PCR. As HR is the favoured DSB repair pathway for asynchronous budding yeast, I performed 

these resection assays in G1 arrested cells to specifically study the role of Nej1-Lif1 in pathway 

choice and resection inhibition in conditions favoring NHEJ.   

The level of resection in yku70nej1and nej1-V338A mutant cells significantly 

increased at both distances from the DSB as compared to wild type cells (Fig. 3.2B-C), with cells 

lacking YKU70 showing the greatest increase. YKu70/80 was previously shown to promote NHEJ 

by protecting DSB ends from resection (109), and our findings implicate Nej1-Lif1 in end 

protection as well. 

Interestingly, cells lacking LIF1 only showed a slight, but statistically significant increase 

in resection at DSB ends as compared to cells lacking NEJ1 (0.15kb lif1∆ p-value=0.000633; 4.8kb 

lif1p-value=0.0312), which was particularly notable at the 4.8kb site from the DSB (Fig. 3.2B-

C). These data suggest that not only is the interaction between Lif1 and Nej1 important to prevent 

short and long–range resection, but that the integrity of Nej1, independent of Lif1, is also 

important.  

The strongest evidence that Nej1 contributes to YKu70/80 functionality comes from the 

increase in Rad51 levels at a DSB in nej1 mutant cells (114).  To address if there is a YKu70/80-

independent role for Nej1 in resection, NEJ1 and YKU70 were both disrupted.  Resection was 

indistinguishable between yku70 single and yku70 nej1 double mutant cells (Fig. 3.3A-B), 

which supports the model that Nej1 does indeed prevent resection via a pathway epistatic with 

YKu70/80. 
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Figure 3.2 The Nej1-Lif1 interaction prevents end resection at an HO induced DSB 

(A) Schematic showing regions around the HO cut site on chromosome III. MATα1 and MATα2 

loci are labeled and relevant for the mating type assay. The ChIP probe used in this study is 0.6kb 

from the DSB.  The RsaI sites used in the qPCR resection assays, 0.15kb and 4.8kb from the DSB, 

are also indicated.  (B-C) Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as 

measured by %ssDNA, 0hrs and 6hrs post DSB induction in G1 cells in wild type (JC3585), nej1∆ 

(JC3884), nej1-V338A (JC3896), yku70∆ (JC3632) and lif1∆ (JC3906).  Error bars represent the 

standard error of three replicates.  Significance was determined using 1-tailed, unpaired Student’s 

t test.  All mutants were compared with wild type cells (P<0.05*; P<0.01**).  
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Figure 3.3 Nej1 and YKu70/80 are epistatic in protecting DSB ends from resection 

(A-B) Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as measured by % ssDNA at 

0 and 6 hrs. post DSB induction in G1 cells in wild type (JC3585), yku70∆ (JC3632), nej1∆ 

(JC3884), and yku70∆ nej1∆ (JC3928). Error bars represent standard error of three replicates.   

 

 

3.2.2 MRX dependent resection events 

In the absence of YKU70, end protection is lost and resection increases at both 0.15kb and 

4.8kb from the break 6 hours after induction (Fig. 3.2B-C) (114, 206). The initial resection of 100-

300 nucleotides is regulated by MRX. Consistent with previous reports, rad50 mutant cells show 

a decrease in resection that was restored back to wild type levels in yku70 rad50 double mutants 

(Fig. 3.4A-B, 3.5A-B) (20, 22–25, 27, 35, 36). However, when the deletion of RAD50 was 

combined with either nej1 or nej1-V338A, the resection levels in double mutant cells remained 

below wild type and was indistinguishable from rad50(Fig. 3.4A-B).  A similar decrease in 

resection was also observed when rad50 was combined with lif1 Fig. 3.5C-D).  Thus, there is  
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Figure 3.4 Neither nej1∆ nor nej1-V338A rescue the resection defect in rad50∆ mutant cells 

(A-B) Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as measured by % ssDNA, 0 

and 6 hrs. after DSB induction in wild type (JC3585), rad50∆ (JC3882), nej1∆ rad50∆ (JC3887), 

nej1-V338A rad50∆ (JC3897) and yku70∆ rad50∆ (JC3878) cells in G1 stage of the cell cycle.  

Error bars represent standard error of three replicates.  Significance was determined using 1-tailed, 

unpaired Student’s t test where mutants were compared with wild type cells for changes in 

resection levels (P<0.01**). 
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Figure 3.5 Deletion of YKU70, but not LIF1, rescues resection lost in rad50∆ 

Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as measured by % ssDNA at 0 and 

6 hrs. post DSB induction in G1 cells in  (A-B) wild type (JC3585), yku70∆ (JC3632), rad50∆ 

(JC3882) and yku70∆ rad50∆ (JC-3878), and in (C-D) (JC3585), rad50∆ (JC3882) and lif1∆ 

rad50∆ (JC3907).  Error bars represent standard error of three replicates.  Significance was 

determined using 1-tailed, unpaired Student’s t test (P<0.05*).   
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a distinction when combining rad50 with the loss of YKU70 compared to the loss of factors that 

support its stability, as the resection level in yku70 rad50 is similar to wild type but resection 

in nej1 rad50 is similar to the level observed in rad50(Fig. 3.4A-B).  In line with previous 

studies, I also observed that the restoration of resection in yku70 rad50 to the level observed in 

wild type cells was Exo1-dependent as Exo1 initiates resection from DNA ends in the absence of 

YKu70/80 (Fig. 3.6A-B) (20).  As DNA ends at the DSB in nej1 rad50 and nej1-V338A rad50 

mutants are not recognized substrates for Exo1 (Fig. 3.4A-B), a level of end-protection by 

YKu70/80 likely remains when Nej1-Lif1 interactions are disrupted. 

3.2.3 In nej1 mutants extended resection defects are mediated by the Dna2-Sgs1 nuclease  

As Nej1-Lif1 is required to inhibit end resection in a manner independent of MRX 

mediated resection, a role for Nej1-Lif1 in preventing the activity of the long range resection 

enzymes Sgs1/Dna2 and Exo1 was studied next. First, in line with previous reports and in side-

by-side comparison, I observed resection defects in rad50 cells at both 0.15kb and 4.8kb from 

the DSB (Fig. 3.7A-B). In both sgs1 and exo1 mutant cells, resection levels decreased 4.8kb 

from the DSB, which is consistent with their role in long-range resection (96, 220, 230) (Fig. 3.7A-

B).  

  At 4.8kb, the loss of SGS1 significantly reversed the increased level of resection observed 

in nej1 mutants to an intermediate level between nej1 and sgs1 single mutant cells and similar 

to wild type cells (Fig. 3.7C).  The pattern in nej1-V338A sgs1double mutant cells was 

indistinguishable from wild type and was above the level measured in sgs1 mutants (Fig. 3.7C-

D). One interpretation of these data is that Nej1 inhibits Sgs1-dependent long range resection as  
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Figure 3.6 Loss of EXO1 lowers resection levels to that of rad50∆ in rad50∆ yku70∆ 

(A-B) Resection 0.15kb and 4.8kb away from the HO DSB, as measured by % ssDNA at 0 and 6 

hrs. post DSB induction in G1 cells in wild type (JC3585), exo1∆ rad50∆ (JC3881), exo1∆ rad50∆ 

nej1∆ (JC3889), exo1∆ rad50∆ yku70∆ (JC3880) and exo1∆ rad50∆ nej1-V338A (JC3901).  Error 

bars represent standard error of three replicates.   
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Figure 3.7 Sgs1 stimulates increased resection in nej1∆, and nej1-V338A 

(A-F) Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as measured by %ssDNA at 

0 and 6hrs post DSB induction in G1 cells in wild type (JC3585), rad50∆ (JC3882), sgs1∆ 

(JC3754), exo1∆ (JC3755), nej1∆ (JC3884), nej1∆ sgs1∆ (JC3885), nej1-V338A (JC3896), nej1-

V338A sgs1∆ (JC3898), nej1∆ exo1∆ (JC3886), nej1-V338A exo1∆ (JC3899), yku70∆ sgs1∆ 

(JC3850) and yku70∆ exo1∆ (JC3877).  Error bars represent standard error of three replicates.  

Significance was determined using 1-tailed, unpaired Student’s t test.  Mutants in A and B were 

compared with wild type cells and double mutants in C-F were compared with the indicated single 

mutants for changes in resection levels (not significant (ns); P<0.05*; P<0.01**).  
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the marked increase in resection observed upon the disruption of NHEJ factors is reversed when 

SGS1 is also deleted.  

A different pattern emerged with the loss of EXO1 (Fig. 3.7E).  The resection levels in 

nej1 exo1 and nej1-V338A exo1 double mutant strains were reduced to less than 50% of wild 

type levels and not significantly different from exo1 single mutants at the 4.8kb site (Fig. 3.7E-

F). Thus, in contrast to cells harboring the sgs1 mutation, long range resection was decreased in 

all cells lacking EXO1 to below wild type levels. Consistently, similar changes were observed 

when exo1 or sgs1 were combined with yku70 (Fig. 3.7D,F and Fig. 3.8).  In all, our data 

support Exo1 as the central nuclease for extended long-range resection with the redundant 

functionality of Dna2-Sgs1 being less penetrant following the loss of NEJ1.  

3.2.4 Nej1- Lif1 interactions inhibit Dna2-Sgs1 mediate resection at the DSB site  

I sought to determine if the differences in long range resection stemmed from differences in short 

range resection between sgs1 and exo1 mutants. I wanted to determine what was regulating the 

increased resection at 0.15kb in nej1 mutant cells as well as determine if the differences in long 

range resection between sgs1and exo1 mutants stemmed from differences in short range 

resection.   Our data show that, in the absence of RAD50, Exo1 does not initiate 5’ resection in the 

absence of NEJ1 as it does in the absence of YKU70 (Fig 3.4A and 3.6A).  The absence of MRX 

promotes additional YKu70/80 binding, perhaps countering the defects of nej1 mutants.  Thus, I 

assessed the contribution of Exo1 and Dna2-Sgs1 to increased resection at 0.15kb in the nej1 

mutants of RAD50+ cells.  

In marked contrast to resection at 4.8kb from the DSB (Fig. 3.7E-F), the deletion of EXO1 

did not decrease the level of resection at 0.15kb (Fig. 3.9A-B).   Overall, the levels of resection  
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Figure 3.8 Hyper-resection in yku70∆ is suppressed by the loss of Sgs1 

Resection 4.8kb away from the HO DSB as measured by % ssDNA at 0 and 6 hrs. post DSB 

induction in G1 cells in wild type (JC3585), yku70∆ (JC3632), sgs1∆ (JC3754), yku70∆ sgs1∆ 

(JC3850), exo1∆ (JC3755) and yku70∆ exo1∆ (JC3877).  Error bars represent standard error of 

three replicates.  Significance was determined using 1-tailed, unpaired Student’s t test (P<0.05*; 

P<0.01**).   
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Figure 3.9 Exo1 is not required for short range resection initiation in nej1-V338A, nej1∆ and 

yku70∆ cells 

(A-B) Resection of DNA 0.15kb away from the HO DSB is measured by % ssDNA at 0 and 6hrs 

after DSB induction in wild type (JC3585), exo1∆ (JC3755), nej1-V338A (JC3896), exo1∆ nej1-

V338A (JC3899), nej1∆ (JC3884), exo1∆ nej1∆ (JC3886), yku70∆ (JC3632), and exo1∆ yku70∆ 

(JC3877) cells in G1 phase of the cell cycle.  Error bars represent standard error of three replicates.  

Significance was determined using 1-tailed, paired Student’s t test (P<0.05*). (C-D) Resection of 

DNA 0.15kb away from the HO DSB is measured by % ssDNA at 0 and 6hrs after DSB induction 

in (C) exo1∆ nej1∆ (JC3886), exo1∆ nej1-V338A (JC3899), exo1∆ yku70∆ (JC3877), and (D) in 

wild type (JC3585), exo1∆ (JC3755), rad50∆ (JC3882), exo1∆ rad50∆ (JC3881), exo1∆ rad50∆ 

nej1∆ (JC3889), exo1∆ rad50∆ nej1-V338A (JC3901) and exo1∆ rad50∆ yku70∆ (JC3880).  Error 

bars represent standard error of three replicates. 
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remained high when nej1, nej1-V338A and yku70 were combined with exo1 and the increase 

above wild type was Rad50 dependent (Fig. 3.9C-D). 

The high level of resection in the single mutants nej1-V338A, nej1 and yku70at the 

0.15kb site was significantly reduced in all double mutants carrying sgs1 (Fig. 3.10A-B).  

Moreover, like at 4.8kb, there was no significant difference in resection between nej1-V338A 

sgs1 double mutants and wild type cells at 0.15kb, (Figs. 3.7C and 3.10A). In all, our data 

suggests Nej1 is inhibitory to Dna2-Sgs1–mediated resection at the DSB as the hyper resection 

both close and far from the DSB in nej1 cells can be reversed by deleting SGS1.  

Lastly, the resection changes in any mutant combination involving nej1 is dependent on 

MRX and, when RAD50 is also disrupted, resection is reduced to below wild type levels, becoming 

indistinguishable from rad50 single mutant cells (Fig. 3.11A-B).  To determine the role of the 

Mre11 nuclease activity in this process, I utilized mre11-3 (nuclease dead), a mutant engineered 

by disrupting the conserved phosphoesterase motif III of Mre11 (184, 231). Cells harboring mre11-

3 show DSB repair defects, but no disruption in the ability of Mre11 to interact with Rad50 (184, 

231).  I compared resection in mre11-3 and rad50 in a background where NEJ1 has been deleted 

(Table 3.1 and Fig. 3.12A-B). The most notable difference in resection at 0.15kb was observed 

when nej1 exo1 was combined with mre11-3 (26.4% +/- 0.94) compared to rad50 (4.24% +/- 

0.92) (Table 3.1).  The resection level in nej1 exo1 mre11-3 triple mutants, when Sgs1-Dna2 is 

the only functional nuclease, is very similar to levels in wild type cells (21.9% +/- 1.7) (Table 3.1).  

Thus, in line with previous work, the presence of MRX, regardless of its nuclease activity promotes 

resection that is largely dependent on Sgs1 (Table 3.1) (231). 
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Figure 3.10 Increased resection in nej1∆, nej1-V338A and ku70∆ at 0.15kb from the HO DSB 

is dependent on Sgs1-Dna2 

(A-B) Resection of DNA 0.15kb away from the HO DSB is measured by % ssDNA at 0 and 6hrs 

after DSB induction in wt (JC3585) sgs1∆ (JC3754), nej1-V338A (JC3896), sgs1∆ nej1-V338A 

(JC3898), nej1∆ (JC3884), sgs1∆ nej1∆ (JC3885), yku70∆ (JC3632) and sgs1∆ yku70∆ (JC3850) 

cells in G1 phase of the cell cycle.  Error bars represent standard error of three replicates.  

Significance was determined using 1-tailed, paired Student’s t test (P<0.05*; P<0.01**). 
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Figure 3.11 Sgs1 dependent resection in nej1∆ background is dependent on RAD50 

(A-B) Resection 0.15kb and 4.8kb away from the HO DSB as measured by %ssDNA at 0 and 6hrs 

post DSB induction in G1 cells in wild type (JC3585), nej1∆ (JC3884), rad50∆ (JC3882), nej1∆ 

rad50∆ (JC3887), sgs1∆ (JC3754), nej1∆ sgs1∆ (JC3885) and nej1∆ rad50∆ sgs1∆  (JC3888) .  

Error bars represent standard error of three replicates. 
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Figure 3.12 Resection levels with mre11-3 (nuclease dead) in different background mutants 

(A-B) Resection 0.15kb and 4.8kb away from the HO DSB as measured by % ssDNA at 0 and 

6hrs post DSB induction in G1 cells in wild type (JC3585), mre11-3 (JC4010), sgs1∆ mre11-3 

(JC4047), exo1∆ mre11-3 (JC4048), nej1∆ mre11-3 (JC4049), yku70∆ mre11-3 (JC4050), nej1∆ 

exo1∆ mre11-3 (JC4052), nej1∆ sgs1∆ mre11-3 (JC4051), rad50∆ (JC3882), and nej1∆ rad50∆ 

(JC3887). Error bars represent standard error of three replicates. 
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Table 3.1 Percentage of ssDNA 0.15kb from the DSB (+/-SEM) 

 

 

 

 

 

 

 

 

 

 

 

 

 
% ssDNA  after 6 hrs induction of the HO endonuclease (+/- SEM) .  
 

 

 

3.2.5 Nej1-Lif1 prevents Sgs1 and Exo1 dependent large deletions during DSB repair 

One irreparable DSB is lethal; therefore, cell survival when the endonuclease is 

continuously expressed is a measure of imprecise repair where the HO site is not recognized for 

further cleavage. In all cells, wild type and mutant, survival is extremely low when HO is 

continuously expressed (232); however, determining the mating type of surviving cells provides 

information about the pathway of repair around the break site.  The type of genome alterations 

arising during repair can be detected by changes in the mating type, which is regulated by MAT1 

and MAT2, factors that activate α-type genes and inhibit a-type genes respectively (Fig. 3.13A).  

Mutations near the break impact their expression and mating type, and I determined mating type 

in the survivors of various backgrounds.  Survivors with an α- mating type result from mutations 

inactivating the HO endonuclease and not from mutations at the recognition cut site (confirmed by 

sequencing HO cut site of 6 nej1 survivors) (232).  The majority of repair events in wild type  

  0.15kb    4.8kb  

 wt mre11-nd rad50Δ  wt mre11-nd rad50Δ 

wt 21.9% 
+/-  1.7 

7.68% 
+/- 1.7 

11.4% 
+/- 2.1 

 18.7% 
+/- 1.3 

5.62% 
+/- 0.43 

9.46% 
+/- 0.43 

nej1Δ 42.8% 
+/- 3.6 

14.6% 
+/- 4.1 

10.9% 
+/- 1.7 

 37.6% 
+/- 2.1 

10.9% 
+/- 3.0 

8.57% 
+/- 1.8 

sgs1Δ 21.0% 
+/- 3.0 

15.4% 
+/- 1.4 

10.8% 
+/- 2.4 

 9.81% 
+/- 4.0 

17.9% 
+/- 2.7 

10.7% 
+/- 1.3 

exo1Δ 27.1% 
+/- 6.6 

9.85% 
+/- 0.17 

6.6% 
+/- 1.2 

 6.19% 
+/- 3.8 

2.91% 
+/- 0.17 

8.78% 
+/- 1.2 

nej1Δ  sgs1Δ 30.4% 
+/- 0.48 

11.8% 
+/- 3.0 

7.91% 
+/- 1.4 

 26.6% 
+/- 1.3 

9.35% 
+/- 4.3 

8.05% 
+/- 1.5 

nej1Δ  exo1Δ 50.1% 
+/- 0.70 

26.4% 
+/- 0.94 

4.24% 
+/- 0.92 

 6.98% 
+/- 0.71 

3.0% 
+/- 0.35 

5.99% 
+/- 1.7 
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Figure 3.13 Mating phenotype of chronic HO DSB survivors  

(A) Schematic showing regions around the HO cut site on chromosome III. MATα1 and MATα2 

loci are labeled and relevant for the mating type assay. (B-D) Mating type analysis of survivors 

from persistent DSB induction assays.  As shown in Fig. 1A, disruption of the MATα1 gene results 

in a sterile phenotype and disruption of the MATα2 gene (~700bps upstream of HO cut site) results 

in an “a-like” phenotype in the mating type assays.  The mating phenotype is a readout for the type 

of repair: α survivors (mutated HO endonuclease), sterile survivors (small insertions and deletions) 

and “a-like” survivors (>700bps deletion).  The mating phenotype of survivors was determined in 

wild type (JC727), rad50∆ (JC3313), nej1∆ (JC1342), nej1-V338A (JC2659), rad50∆ nej1∆ 

(JC3314), rad50∆ nej1-V338A (JC3833), sgs1∆ (JC-3757), rad50∆ nej1∆ sgs1∆ (JC-3761), 

rad50∆ yku70∆ (JC-3835), rad50∆ yku70∆ sgs1∆ (JC-3840) and rad50∆ nej1-V338A sgs1∆ (JC-

3846).  Error bars represent standard deviation of at least 3 replicates.  Significance was determined 

using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 
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survivors arise from a small 2-bp insertion that alters the HO cut site and expression of MAT1 

(Fig. 3.13B-D) resulting in a sterile mating-type (232).  As I observed different levels of resection 

in our various mutant backgrounds, I sought to determine whether differences existed in the 

phenotype of these survivors at the HO DSB.  From three independent experiments, I determined 

the mating type of >300 independent survivors in each mutant background.  Compared to wild 

type, nej1and lif1 survivors exhibited an increase in large deletions (>700bps), as ~13% and 

18% respectively had an ‘a-like’ mating type, which indicates a disruption in both 1 and 2 (Fig 

3.13B & Fig. 3.14A-B).  The loss of YKU70 also resulted in survivors that had ~9% ‘a-like’ mating 

type (Fig. 3.14A-B).  Interestingly, the majority of nej1-V338A survivors were sterile like wild 

type, but a significant increase in ‘a-like’ survivors to the levels of nej1 was observed in rad50 

nej1-V338A doubles (Fig. 3.13C & Fig. 3.14C).  This difference may be due to a reduced 

efficiency of direct ligation by Dnl4-Lif1 due to the loss of MRX tethering activity at the DSB 

ends (233, 234).  Furthermore, the level of large deletions detected in the nej1-V338A 

rad50double mutants was above the level of the rad50 single mutant (232) (Fig. 3.13B), and 

similar to the level measured in cells lacking NEJ1 and nej1 rad50 (Fig.3.13B and Fig. 3.14C). 

Overall, these data suggest that, in the absence of RAD50, and when the cell relies on Sgs1 or Exo1 

for resection at the DSB, deletions of >700bp are more frequent.  I suggest that inhibition of Dna2-

Sgs1 or Exo1 activity during resection initiation and elongation is an important control to prevent 

chromosomal loss or rearrangements and promote NHEJ at the break.  To test this interpretation, 

I disrupted SGS1 or EXO1 in double mutants where RAD50 was lost in combination with the nej1 

mutants. In nej1 rad50 sgs1 and nej1-V338A rad50 sgs1 I observed a significant 

suppression in the level of large deletions with loss of SGS1 and this was also observed for yku70  
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Figure 3.14 Loss of the core NHEJ factors YKU70, NEJ1 and LIF1 result in increased large 

deletions during chronic DSB repair 

(A-C) Mating type analysis of survivors of chronic DSB induction assays as in Fig 4D-E.  Mating 

type of survivors was determined and interpreted as follows: α survivors, (mutated HO 

endonuclease), sterile survivors (small insertions and deletions) and “a-like” survivors (>700bps 

deletion) in wild type (JC727), lif1∆ (JC1343), nej1∆ (JC1342), nej1-V338A (JC2659), yku70∆ 

(JC3848), rad50∆ (JC3313), nej1∆ rad50∆ (JC3314) and nej1-V338A rad50∆ (JC3833).  Error 

bars represent standard deviation of at least 3 replicates.  Significance was determined using 2-

tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 
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rad50 sgs1 mutant cells (Fig. 3.13C-D).  I observed similar effects when EXO1 was lost from 

these strains as well demonstrating the importance of long range resection inhibition in the 

prevention of genomic instability when NHEJ is not possible (Fig. 3.15A-B). 

As mentioned in Chapter 1, BIR is an undesirable pathway that is activated when a homologous 

template is only available for one of the broken ends.  Thus, replication extends to the end of the 

template chromosome resulting in a large loss of heterozygosity as a result of repair.  BIR assays 

were performed to determine whether Nej1 had role in this aberrant HR pathway.  BIR was 

abolished in cells lacking POL32, a factor previously deemed essential for this pathway, but the 

Nej1 and the Nej1-Lif1 interaction had no role in BIR (Fig. 3.16).  As Nej1 was shown to be 

required to inhibit Sgs1-Dna2 mediated resection in chapter 3, I also tested whether aberrant BIR 

repair was affected by the loss of SGS1 alone or in combination with the loss of NEJ1 and 

determined that BIR frequency was not changed in these cells as compared with wild type either 

(Fig. 3.16). 

3.3 Discussion 

In nej1-V338A mutant cells, hyper 5’ resection was observed at levels similar to those 

measured in nej1 and yku70 mutants (Fig. 3.2B, C).  These data underscore the importance of 

Nej1 integrity for end protection and repair pathway choice, as NHEJ is no longer an option if 

resection has been initiated.  Previous work shows that mammalian XLF and XRCC4, the 

homologs of Nej1 and Lif1 respectively, can form long helical filaments capable of aligning DNA 

ends in vitro and in vivo (115–117, 195, 202, 235). The XLF-XRCC4 interaction is not essential 

for DNA ligase IV activity (203). This is also observed in yeast, as repair via Dnl4 can proceed 

even when Lif1 and Nej1V338A interactions are disrupted (183).  The physiological function of 

these filaments requires further investigation; however, it has been suggested that they play a role  
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Figure 3.15 Exo1 is required to promote ‘a-like’ survivors in nej1∆, nej1-F335A, nej1-V338A 

and ku70∆ cells lacking RAD50 

(A-B) Mating type analysis of survivors of chronic DSB induction assays as in Fig 4D-E.  Mating 

type of survivors was determined and interpreted as follows: α survivors, (mutated HO 

endonuclease), sterile survivors (small insertions and deletions) and “a-like” survivors (>700bps 

deletion) in wild type (JC727), exo1∆ (JC3767), rad50∆ (JC3313), rad50∆ nej1∆ (JC3314), 

rad50∆ nej1∆ exo1∆ (JC3770), rad50∆ yku70∆ (JC3835), rad50∆ yku70∆ exo1∆ (JC3841), 

rad50∆ nej1-V338A (JC3833) and rad50∆ nej1-V338A exo1∆ (JC3847).  Error bars represent 

standard deviation of at least 3 replicates.  Significance was determined using 2-tailed, unpaired 

Student’s t test (P<0.05*). 
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Figure 3.16 Nej1 and Nej1-Lif1 play no role in BIR 

Frequency of BIR in wt (JC4067), pol32∆ (JC4068), nej1∆ (JC4069), nej1-V338A (JC4070), 

sgs1∆ (JC4096) and nej1∆ sgs1∆ (JC4097). Error bars represent standard deviation of at least 3 

replicates.  Significance was determined using 2-tailed, unpaired Student’s t test as compared to 

wt cells (P<0.01*). 

 

 

 

in tethering DNA ends, end alignment, and resection inhibition (116).  It remains to be determined 

whether similar filaments form in yeast, but work here supports a model whereby Nej1 

functionality extends beyond stimulating Dnl4 ligase activity in DSB repair. 

Dna2-Sgs1 and Exo1 are the two nucleases known to promote long range resection at DSBs 

and both can initiate resection at the break site in the absence of RAD50, albeit with delayed 

kinetics and low efficiency (96).  As an increase in 5’ resection was observed in nej1-V338A 

mutant cells, I assessed whether Dna2-Sgs1 and Exo1- dependent resection were impacted by 
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mutation of NEJ1. I considered short-range (0.15kb) and long-range (4.8kb) resection, the 

presence of MRX, and the nuclease activity of Mre11. In RAD50+ cells, deletion of either SGS1 

or EXO1 reversed hyper resection 4.8kb from the break site in nej1-V338A mutant cells (Fig 3.7C-

F).  In all mutant combinations where EXO1 was deleted, there was a marked reduction in long-

range resection below the levels in wild type cells (Fig. 3.7E-F).  Resection was also down in 

sgs1 single mutant cells; however, at 4.8kb the loss of SGS1 did not impact resection to the same 

extent that exo1did.  In nej1-V338A or nej1 mutants also carrying sgs1mutation, Exo1 would 

be the functional nuclease 4.8kb from the DSB, and resection was similar to levels in wild type 

cells.  Alternatively, in nej1-V338A exo1double mutant cells, where Sgs1-Dna2 mediates 

resection, levels were less than half that measured in wild type cells (Fig. 3.7E). In all, these data 

demonstrate that Exo1 is the primary nuclease 4.8kb from the break as resection was diminished 

at 4.8kb from the break when EXO1 was lost in any combination.  On the other hand, Nej1-Lif1 is 

required to prevent Sgs1-Dna2 hyper-resection by partially inhibiting the initiation of resection by 

this protein complex at DSBs (Fig. 3.17).  Interestingly, cells lacking both NEJ1 and SGS1 in 

combination also experience hyper-resection at 0.15kb and 4.8kb from the DSB as compared to 

cells lacking SGS1 alone suggesting that Nej1-Lif1 likely also partially inhibits hyper-resection 

dependent on MRX (Fig. 3.17) 

The level of resection at 4.8kb was not merely an extension of resection dynamics closer 

to the break site in cells where EXO1 was deleted.  For example, in nej1-V338A exo1and nej1 

exo1 double mutant cells resection levels at 0.15kb remained elevated above wild type and 

similar to levels in nej1-V338A and nej1 single mutants (Fig. 3.9A-C).  In contrast, the level of 

resection in double mutant cells containing the deletion of SGS1 was indistinguishable from wild  
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Figure 3.17 Nej1-Lif1 inhibits Sgs1-Dna2 and MRX dependent hyper-resection at DSBs 

A model to show a novel function for Nej1-Lif1 in inhibiting Sgs1-Dna2 and MRX dependent 

hyper-resection at HO endonuclease induced DSB ends in budding yeast.  Nej1-Lif1 prevents 

hyper-resection at 0.15kb and 4.8kb from DSB ends suggesting a role for this complex in 

preventing excessive and aberrant resection initiation dependent on Sgs1-Dna2 and MRX in G1 

arrested cells. 

 

 

 

 

type cells (Fig. 3.10A-B).  Importantly, 5’ resection at 0.15kb was heavily dependent upon the 

presence of MRX, as the loss of RAD50 significantly decreased resection below wild type in all 

mutant combinations (Fig. 3.6A, 3.9D, 3.11A). These data are consistent with previous work that 

showed MRX initiates resection at DNA DSBs.  MRX has also been shown to stabilize Dna2-Sgs1 

recruitment to the break through direct interactions (109, 223). Therefore, to determine the level 

of resection mediated specifically by Dna2-Sgs1, I compared resection between rad50 and 

mre11-3 in combination exo1When Sgs1 was the sole nuclease present, resection at 0.15kb was 

significantly reduced in exo1mre11-3 and exo1rad50double mutants compared to wild type 
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cells (Table 3.1). The level of resection was restored similar to wild type levels in nej1 

exo1mre11-3 triple mutant cells, but not nej1 exo1rad50mutants revealing that Nej1 

inhibits Dna2-Sgs1 functionality at the break site.  Furthermore, this data also confirms that 

although its nuclease activity is disrupted, the physical presence of MRX at the DSB is important 

to improve the efficiency of resection initiation by Sgs1-Dna2, likely through its stabilizing effects 

on Sgs1-Dna2 (Table 3.1) (109, 223).  Surprisingly, the level of resection at 0.15kb in nej1 

exo1mre11-3 triple mutant cells was not maintained 4.8kb from the break, suggesting the 

efficiency of Dna2-Sgs1 decreases between 0.15kb and 4.8kb (Table 3.1, Fig. 3.12A-B).  The 

regulation of Dna2-Sgs1 requires further characterization; however, these results highlight the 

importance of Exo1 in resection at a distance 4.8kb from the break even when Dna2-Sgs1 can 

initiate resection.  

In order for cells to survive chronic HO-induced DSBs, the break must be repaired 

imprecisely to prevent further cleavage.  This can occur through imprecise NHEJ, MMEJ, or by 

SSA, which requires long regions of homology and results in the loss of a large amount of genetic 

material during repair.  The loss of NEJ1 resulted in increased ‘a-like’ survivors, which repaired 

with large deletions of >700bps (Fig. 3.13B, 3.14A).  Repair in nej1-V338A single mutants is 

similar to wild type cells with small insertions or deletions (Fig. 3.13B, 3.14A).  This may be 

explained by the fact that Dnl4 ligase activity remains proficient in these cells (183).  Thus, the 

vast majority of survivors repair quickly via error prone direct ligation through Dnl4 rather than 

an alternative pathway such as SSA.  In contrast, further deletion of RAD50 in nej1-V338A led to 

an increase in ‘a-like’ survivors that was similar to the levels found in nej1 and nej1rad50 

cells (Fig. 3.13B).  The difference between nej1-V338A and nej1-V338A rad50could be 
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attributed to DNA end tethering by MRX (233).  One model is that the untethered DNA ends 

would be unable to repair efficiently via direct ligation, resulting in an increase in repair via SSA 

and large genomic loss from an overall increase in end resection by the time DSB ends rejoin (147, 

148).  Lastly, I characterized whether Sgs1 activity contributed to the formation of large genomic 

deletions during repair.   The number of ‘a-like’ survivors was significantly reduced in mutant 

cells when SGS1 was also deleted (Fig. 3.13C-D).  Thus, the Nej1-Lif1 interaction and the stable 

association of NHEJ factors at the DSB prevent large genomic rearrangements in part by inhibiting 

Sgs1-Dna2 dependent resection at the break site.  

In summary, our results demonstrate an integral role for Nej1 in promoting NHEJ. NHEJ 

factors have proven to be inter-related for their stability and activity at DSB, and all the changes 

in resection I observed in cells harbouring the nej1-V338A mutation were similar in cells where 

YKU70 was deleted. Whether Nej1-Lif1 binding is impacted by Dnl4, independently of its ligase 

activity or whether higher-level Nej1-Lif1 filaments form are not known. However, I demonstrate 

that V338 in the C-terminus of Nej1, which is important for Nej1-Lif1 to associate, is critical in 

NHEJ mediated repair.  
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Chapter Four: Redundancy between Nej1-Lif1 and MRX in NHEJ 

4.1 Background 

The overall focus of this chapter is to better characterize and understand interactions 

between various NHEJ factors and the functions of these interactions in the recruitment and 

stability of one another to the nucleus and to DSBs and also to identify redundancies between these 

factors in NHEJ.  It became apparent with the knowledge that Nej1-Lif1 interactions prevent end 

resection, that a full understanding of how NHEJ proteins function in repair and repair pathway 

choice remains incomplete. 

4.1.1 Physical Interactions between NHEJ proteins 

Here, I will describe the known interactions between NHEJ proteins in budding yeast.  A 

basic overview of these interactions can also be found in Fig. 4.1.  YKu70/80 is a stable 

heterodimer that forms a ring structure (236).  Its recruitment to a DSB is rapid (within seconds) 

and stable following DSB induction and is independent of other factors (114, 206).  As described, 

YKu70/80 is required to recruit many other NHEJ factors to the broken ends.  Specifically, the N-

terminal region of Nej1 interacts with YKu70/80 in a manner requiring both the YKu70 and 

YKu80 subunits.  The BRCT domain of Dnl4 also directly interacts with the CTR of YKu80 to 

promote the recruitment of Dnl4-Lif1 to the DSB ends (114, 130, 237).  The MRX complex is also 

rapidly and independently recruited to DSB ends and binds directly to DNA.  Surface Plasmon 

Resonance (SPR), an assay which measures the binding of purified proteins to immobilized 

dsDNA fragments, has shown that MRX binding to DSB ends is much less stable and more 

transient than YKu70/80 (206).  Although the recruitment of YKu70/80 and MRX to broken ends 

is independent of one another, the enrichment of YKu70/80 at DSBs is enhanced in the absence of  
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Figure 4.1 Physical interactions between NHEJ proteins at DSBs 

The known physical interactions between various NHEJ related factors at DSBs are outlined.  

These physical interactions were identified in previous studies through the use of co-

immunoprecipitation and yeast 2-hybrid experiments.  Solid lines represent known interactions 

between factors.  Dashed lines represent interactions that I will test in this Chapter. 
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MRX complex components (206).  Notably, ChIP demonstrates that cells lacking YKU70/80 have 

reduced MRX enrichment even 30 minutes after DSB induction (206).  One interpretation of this 

data together is that the loss of MRX results in reduced end resection and increased Ku retention 

while the loss of YKu70/80 allows nucleases such as MRX, Sgs1-Dna2 and Exo1 to access the 

break site to rapidly initiate end resection resulting in the rapid destabilization of MRX on the 

ssDNA ends (109).  SPR studies also demonstrate that MRX binding is reduced at DNA ends pre-

incubated with YKu70/80 (206).  Lif1 and Dnl4 have also been studied to determine their effects 

on Rad50 enrichment and retention at DSB ends and vice versa.  The absence of LIF1 or DNL4 

results in a reduction in MRX enrichment at DSB ends using ChIP to similar levels observed in 

cells lacking YKu70/80 (206).   

On the other hand, Lif1 enrichment, similar to YKu70/80, is higher in cells lacking MRX 

as compared to wild type controls (206).  However, SPR experiments suggest that Dnl4-Lif1 

binding impairs MRX binding to DNA ends while MRX binding enhances Dnl4-Lif1 binding to 

the DNA ends already bound by YKu70/80 (206).  The apparent discrepancy between the ChIP 

and SPR assays may be due to the difficulty of distinguishing between the NHEJ and pathway 

choice functions of MRX when using ChIP assays and also due to the fact that the oligonucleotides 

used in SPR are not similar to the chromatin that proteins must bind to in vivo.  SPR may be better 

suited to analyse the initial binding characteristics of proteins to free DNA ends, while ChIP also 

accounts for changes that occur over time at the broken ends related to the recruitment of proteins 

and also other factors such as resection at the broken ends.  Taken together, these data seemingly 

suggest that MRX plays a role in recruiting Dnl4-Lif1 to DSBs, and the loss of MRX results in the 

enrichment of Dnl4-Lif1 and other NHEJ factors over time likely due to a reduction in end 

resection and the maintenance of NHEJ pathway choice.  This is consistent with other ChIP data 
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showing that YKu70/80 and MRX play a redundant role in recruiting Dnl4-Lif1 to DSB ends 

through their direct interaction with these proteins respectively (237).  In fact, Lif1, specifically its 

T233 residue, directly interacts with the FHA domain of Xrs2 to promote the recruitment of Dnl4-

Lif1 to DSB ends in a redundant manner with YKu80 (130, 237).   

Key interactions also exist between proteins involved in the final ligation step of NHEJ as 

well.  As discussed, a region in the extreme C-terminal of Nej1, specifically the F335 and V338 

residues, interact with the N-terminal globular head domain of Lif1 upon arrival at a DSB.  Dnl4 

and Lif1 also form a stable heterodimer as the exposed portion of the coiled-coil domain on the C-

terminal half of Lif1 binds Dnl4 in a region between its two C-terminal BRCT domains (116, 192, 

238, 239). 

Various processing enzymes are also recruited to DSB ends depending on the complexity 

of the broken ends.  The mode of recruitment for many of these proteins remain poorly understood 

due to the transient nature and inconsistency of their recruitment to DSB ends, except most are 

believed to be recruited to DSB ends through interactions with other NHEJ factors.  For example, 

Pol4 is recruited to some DSB ends by binding Dnl4 using its N-terminal BRCT domain (240).  

Dnl4 and Pol4 also directly interact with Rad27 (241).  More recently, Nej1 was also shown to 

recruit Pol4 and Rad27 to DSB ends independent of Dnl4 suggesting that redundancy may exist in 

the recruitment of end processing factors to the DSB (242).   

Finally, Nej1 also directly interacts with Srs2, a protein that removes Rad51 filaments on 

the ssDNA ends of DSBs, in a manner enhanced by the Dun1 dependent phosphorylation of Nej1 

at S297/S298 (130).  The recruitment of Srs2 to DSBs by Nej1 seems to promote alternative DSB 

repair pathways like MMEJ and SSA (130).  Many of the physical interactions between NHEJ 

factors have been defined (Fig. 4.1), except potential interactions between some factors remain 
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untested.  For example, it remains unknown whether Nej1 directly interacts with the MRX 

complex.  Identifying and understanding these interactions is important to fully appreciate the 

complex relationships and redundancies that exist between these factors during NHEJ to 

orchestrate the accurate and efficient resolution of DSBs.   

4.1.2 Redundancy and End Tethering in NHEJ 

Functional redundancy, when a molecular function can be carried out by more than one 

gene product, is an important evolutionary derived trait commonly observed in many essential 

cellular pathways and processes especially in higher eukaryotes, such as humans (243).  

Redundancy helps maintain the health and survival of cells and organisms as a whole by permitting 

the completion of a molecular event even when a gene important for the event is disrupted by 

mutation or deletion (243, 244).  Additionally, the availability of more than one protein to perform 

a specific molecular event also enhances the efficiency of the event in normal conditions as well.  

The prevalence of redundancy in cellular processes is much more common in higher eukaryotes 

than single cell organisms, partially due to the fact that it requires a lot of energy to create and 

maintain the health and survival of these multi-cellular and more complex organisms.  Thus 

redundancies evolve to protect the integrity of many of their essential pathways, like immune 

function and DNA repair (243, 244).  Although more rare, redundancy is also observed in various 

processes and pathways within budding yeast.  For example, the recruitment of Dnl4 to DSB ends 

and its activation is essential to promote the final ligation step of NHEJ in G1 cells.  Thus, it is not 

surprising that Xrs2 and YKu70/80 both play a redundant role in recruiting this essential protein 

to the break site to ensure Dnl4 is present to ligate the ends (237). 

DNA end bridging keeps the broken ends of DSBs in close proximity to allow rapid and 

efficient repair (116).  This end bridging also promotes accurate repair as separated broken ends 
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may aberrantly fuse with other DNA ends resulting in translocations.  Untethered ends may also 

result in a delay in repair and the activation of alternative pathways (238).  These alternative 

pathways can induce an array of mutations from small insertions or deletions to gross 

chromosomal rearrangements, like large deletions and de-novo telomere additions during the 

resolution of the DSB (118, 245).  Thus, the integrity of DNA end bridging is another essential 

step during NHEJ.  It would not be surprising if DNA end bridging was regulated by functionally 

redundant factors, given its importance in NHEJ and preventing genomic instability.   

In yeast, MRX has been implicated with a role in DNA end-bridging.  The Rad50 

component of MRX has a long helical filament region that ends in a hook domain with a conserved 

CXXC motif that interacts with the CXXC motif of other proteins through a zinc cation 

intermediate (105, 233).  Upon MRX binding to the break site, the Rad50 coiled-coil region 

undergoes a conformational change causing it to extend outward to a length of over 100 angstroms.  

This allows one Rad50 molecule to interact with the hook domain of a separate Rad50 molecule 

on the adjacent broken end to tether the DNA (105, 233).  The function of this end bridging activity 

is believed to be similar to that of Ku70/80-DNA-PKcs in mammals, to protect the ends and keep 

them in close proximity for efficient and accurate repair.  As XLF-XRCC4 filaments have been 

shown to bridge DNA ends using super resolution microscopy and in vitro assays, I sought to 

determine whether the Nej1-Lif1 interaction was redundant with MRX in NHEJ in yeast and if 

this redundancy could be linked to a role for both complexes in bridging DSB ends (115–117, 195, 

203).  Although it is unknown whether Nej1 and Lif1 interact to form filaments in yeast, their 

interaction is required for novel roles during NHEJ.   
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4.1.3 Aims 

Here, I have investigated whether Nej1 and Lif1 are redundant with the MRX complex in 

NHEJ using two mutants, nej1-V338A, and nej1-F335A (183), to determine whether any observed 

redundancy between Nej1 and MRX is due to the Nej1-Lif1 interaction.  I also performed a 

complete characterization of the nej1-F335A mutant, providing further insight about the 

importance of the Nej1-Lif1 interaction in NHEJ.  Additionally, Rad50sc, a mutant lacking the 

end bridging function (105) was utilized to determine whether any observed redundancy between 

Nej1-Lif1 and MRX is due to the Rad50 end bridging specific function of this complex. 

Although the interactions and organization of NHEJ proteins with one another at DSB ends 

are becoming better understood, much more work is also required to completely characterize these 

functions and redundancies.  I expand on previously established interactions between NHEJ factors 

by identifying a direct interaction between Nej1 and Mre11. 

4.2 Results 

4.2.1 Nej1 has no redundancy with MRX in HR 

To study NHEJ and the repair of a single DSB in budding yeast, I used the previously 

described JKM179 strain background where a site specific HO endonuclease DSB can be induced 

in cells lacking the homologous sequence required for lesion repair via HR (Fig. 2.1).  I first 

confirmed that the JKM179 background was, in fact, dependent upon NHEJ and not HR for the 

repair of an HO DSB.  I deleted rad52∆, a protein essential for HR but not NHEJ, and yku70∆, a 

protein required for NHEJ but not HR and performed HO DSB assays and drop assays exposing 

the cells to 0.001% MMS to induce NHEJ and HR dependent repair, respectively.  Compared to 

wild type cells, yku70∆ survival was highly reduced in cells following transient and chronic HO 

DSB induction (Fig. 4.2A-B).  The transient DSB assay measures the ability of a cell to precisely  
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Figure 4.2 Transient and Chronic HO induced DSBs depend on NHEJ, but not HR for repair 

A-B) Survival of wt (JC3585), rad52∆ (JC3631) and yku70∆ (JC3632) cells following the transient 

(3hr induction) (A) and Continuous (B) induction of the HO endonuclease.  The survival is 

normalized to the number of colonies on glucose (uninduced) plates.  This graph represents one 

replicate of this assay.  (C) Survival of wt (JC3585), rad52∆ (JC3631) and yku70∆ (JC3632) cells 

following treatment with 0.001% methyl methanesulfonate (MMS).  Cells were also grown on 

YPAD media as a control.  This graph represents one replicate of this assay. 
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repair a single HO endonuclease induced DSB following the induction of HO endonuclease for 

3hrs.  Cell survival in the chronic DSB assay depends on the induction of a mutation at the HO cut 

site during repair preventing the HO endonuclease from further cleaving the DNA or by a 

spontaneous mutation to inactivate the HO endonuclease itself.  Cells lacking RAD52 had slightly 

reduced survival compared to wild type following chronic HO DSB induction, but overall survival 

was very similar to wild type in both conditions. On the other hand, MMS treatment strongly 

impaired the survival of cells lacking RAD52, while cells lacking YKU70 survived similar to wild 

type (Fig. 4.2C).  Overall, this preliminary assessment confirms that the repair of HO DSBs 

requires NHEJ and not HR.  Although Nej1, Lif1 and Dnl4 have no known function in HR repair, 

for completeness I determined whether redundancy exists between these proteins and Rad50 in 

HR repair.  As expected, compared to wild type cells, the loss of RAD50 resulted in reduced 

survival following treatment with hydroxyurea (HU), methyl methanesulfonate (MMS) and 

phleomycin, while cells lacking NEJ1, LIF1 or DNL4 survived at levels similar to wild type (Fig. 

4.3).  HU scavenges the tyrosyl radicals required to synthesize nucleotides resulting in reduced 

ribonucleotide reductase activity, reduced nucleotide pools and replication fork stalls during 

replication.  MMS methylates DNA specifically at N7-G and N3-A, which also stalls replication 

forks.  Phleomycin binds DNA and induces breaks in the backbone through the formation of free 

radicals in a process also requiring oxygen, metal ions and dithiothreitol (246–249).  Thus, each 

of these drugs results in the formation of DSBs which mainly require HR for their repair in yeast.  

Cells harboring double deletions, lacking RAD50 along with either NEJ1, LIF1, or DNL4, had 

reduced survival in the presence of each of these drugs to levels indistinguishable from rad50∆ 

cells (Fig. 4.3).  This confirms that Nej1, Lif1 and Dnl4 have no detectable role in HR and are not 

redundant with Rad50 and the MRX complex in this pathway.     
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Figure 4.3 Drop assays to study whether redundancy exists between Rad50 and either Nej1, 

Lif1 or Dnl4 in HR 

(A) Survival of wt (JC727), rad50∆ (JC3313),  nej1∆ (JC1342), lif1∆ (JC1343), dnl4∆ (JC3293), 

rad50∆ nej1∆ (JC3314), rad50∆ lif1∆ (JC3315) and rad50∆ dnl4∆ (JC3316) cells following 

treatment with 10mM and 20mM hydroxyurea (HU), 0.002% and 0.005% methyl 

methanesulfonate (MMS) and 2mg/mL phleomycin.  Cells grown on YPAD were used as controls.  

This graph represents one replicate of this assay. 
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4.2.2 Nej1-Lif1 and Rad50 end-bridging are redundant in preventing genomic instability during 

NHEJ 

Next, I used continuous HO DSB survival assays and mating type assays (as described in 

chapter 2) to determine whether possible redundancy could be observed between Nej1, Lif1 and 

Dnl4 and MRX in NHEJ, and in the severity of chromosome loss as a result of aberrant DSB repair 

respectively.  The individual loss of RAD50, NEJ1, LIF1 and DNL4 all severely inhibited NHEJ 

repair down to 1% as compared to wild type cells (Fig. 4.4A).  Interestingly, double deletions of 

rad50∆ nej1∆, rad50∆ lif1∆ and rad50∆ dnl4∆ each further reduced cell survival down to 0.3-

0.4% as compared to wild type cells (Fig. 4.4A).  Although the heavily reduced repair observed 

following the deletion of a single NHEJ factor alone makes it difficult to definitively conclude that 

the reduced survival observed in the double mutants is biologically significant, it is important to 

note that this reduction was consistently observed between experimental replicates and following 

the combination of many different deletions and mutants, as will be described next.  In fact, the 

reduction in survival of all three of the double mutant combinations were reduced in a manner 

statistically significant with both of their single deletion counterparts for Rad50, Nej1, Lif1 and 

Dnl4.  Mating type assays were performed using the surviving colonies from each background to 

analyze the types of aberrations that were induced in the cells during their repair.  Wild type cells 

repair mainly by small insertions or deletions, which is consistent with previously published results 

(Fig. 4.4B-C), likely induced by the imprecise alignment of ends during NHEJ (232).  The loss of 

RAD50 no significant changes in a-like survivors, due to the deletion of a large region of 

nucleotides (>700bps) at the break site, compared to wild type cells.  I demonstrated that these 

rad50∆ cells, like wild type, mainly repaired with small insertions or deletions, similar to 

previously published work (Fig. 4.4B-C) (232).  The loss of NEJ1, LIF1 and DNL4 resulted in a  
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Figure 4.4 Survival and repair phenotype between different combinations of rad50∆ and 

nej1∆, lif1∆ or dnl4∆ mutant cells 

(A) Survival of wt (JC727), rad50∆ (JC3313),  nej1∆ (JC1342), lif1∆ (JC1343), dnl4∆ (JC3293), 

rad50∆ nej1∆ (JC3314), rad50∆ lif1∆ (JC3315) and rad50∆ dnl4∆ (JC3316) cells following 

continuous induction of the HO endonuclease.  The survival is normalized to the number of 

colonies on glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 

replicates. Significance was determine using 2-tailed, unpaired Student’s t test compared to wt 

cells (P<0.05*; P<0.01**).  (B-C) Mating type analysis of survivors from persistent DSB induction 

assays. The mating phenotype is a readout for the type of repair: α survivors (mutated HO 

endonuclease), sterile survivors (small insertions and deletions) and “a-like” survivors (>700bps 

deletion).  The mating phenotype of survivors was determined in wt (JC727), rad50∆ (JC3313),  

nej1∆ (JC1342), lif1∆ (JC1343), dnl4∆ (JC3293), rad50∆ nej1∆ (JC3314), rad50∆ lif1∆ (JC3315) 

and rad50∆ dnl4∆ (JC3316) cells.  Error bars represent standard deviation of at least 3 replicates.  

Significance was determined using 2-tailed, unpaired Student’s t test (P<0.01*). 
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different pattern of repair than wild type and rad50∆, with the majority of survivors having a 

mutation in the HO endonuclease itself preventing further DSB induction, and not due to mutations 

induced at the break site during repair.  Importantly, these cells also had a significant increase in 

a-like survivors as compared to wild type cells, suggesting increased genomic instability resulting 

from the activity of an alternative repair pathway, like SSA in these cells (Fig. 4.4B-C).   

 Interestingly, rad50∆ nej1∆ and rad50∆ lif1∆ cells have a repair phenotype with an 

increase in large deletions similar to nej1∆ and lif1∆ singles, while rad50∆ dnl4∆ cells experienced 

a significant increase in a-like survivors as compared to dnl4∆ cells (Fig. 4.4B-C).  Due to the low 

levels of survival seen in even the single full deletion strains, I proceeded with additional survival 

analysis using combinations of my various mutant strains, which had only partial survival defects 

compared to the full deletions to see if similar trends could be replicated. 

First, I proceeded to perform continuous DSB survival assays and mating type assays using 

the two Nej1 mutants with reduced ability to interact with Lif1.  nej1-V338A was previously 

described in chapter 3.  Briefly, it is recruited similar to wild type Nej1 to DSB ends.  It also has 

reduced survival following HO DSB induction, except it is able to re-circularize linear plasmids 

with similar efficiency to cells with wild type Nej1 expression (183).  Thus, nej1-V338A does not 

seem to inhibit the activation of Dnl4.  The nej1-F335A mutant is similar to nej1-V338A in its 

inability to interact with Lif1 and its ability to recruit to HO DSBs, except this mutant inhibits 

repair of continuous DSBs more severely than nej1-V338A, and although survival is still higher 

than that of nej1∆, it also has reduced efficiency in repairing linear plasmids (but not to the extent 

of the abrogated plasmid repair seen in nej1∆) (183).  This suggests that, in addition to disrupting 

the Nej1-Lif1 interaction, this mutant may also alter the protein structure of Nej1 or disrupt the 

activity of other important domains within the protein, as the activation of Dnl4 is also impaired 
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to an extent in this mutant (183, 203).  Consistent with previous work, both mutants, nej1-F335A 

and nej1-V338A, had reduced survival to 2.9% and 17% respectively compared to wild type cells 

upon continuous HO induction (Fig. 4.5A) (183).  Similar to cells carrying nej1∆, when these point 

mutants were combined with rad50∆, the double mutants had a further reduction in survival to 

levels significantly lower than rad50∆ and the nej1-F335A and nej1-V338A single mutant strains 

(Fig. 4.5A).  Rad50sc, a mutant lacking the hook domain required for end bridging and a portion 

of the filament of Rad50, was also used to specifically study the role of MRX end bridging rather 

than the complete loss of all MRX functions (Fig. 4.5B) (105).  Although deficient in end bridging, 

this mutant is believed to remain proficient in many of the other functions of the MRX complex.  

It is capable of interacting with the other MRX components Mre11 and Xrs2 and the complex can 

still bind DNA ends (Fig. 4.5B) (105).  The Rad50sc mutant also has a diminished ability to repair 

continuous DSBs underlying the importance of Rad50 mediated end bridging during NHEJ (Fig. 

4.5C) (105).  The loss of NEJ1 in combination with Rad50sc results in a further reduction in 

survival compared to the single mutants, that is also statistically significant (Fig. 4.5C).  This 

suggests that some slight redundancy may exist between the function of the Nej1-Lif1 interaction 

and that of the MRX complex and also between the function of Rad50 end bridging and that of 

Nej1 during NHEJ repair.   

Mating type assays also provided interesting insights into how the DSBs in these various 

mutants were repairing.  nej1-F335A and nej1-V338A single mutants both repaired with an overall 

phenotype very similar to that of wild type cells mainly through small insertions or deletions, with 

very few a-like survivals (Fig. 4.6A-B).  One possible interpretation of this result is that although 

survival is reduced in the Nej1 mutants, they are still able to promote repair via imprecise NHEJ 

rather than shifting to an alternative and more mutagenic repair pathway.  This also suggests that  
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Figure 4.5 Survival between different combinations of RAD50 and NEJ1 mutants and full 

deletions 

(A) Survival of wt (JC727), rad50∆ (JC3313), nej1-F335A (JC2648), nej1-V338A (JC2659), 

rad50∆ nej1-F335A (JC3832) and rad50∆ nej1-V338A (JC3833) cells following continuous 

induction of the HO endonuclease.  The survival is normalized to the number of colonies on 

glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 replicates. 

Significance was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (B) 

Model of the effects of rad50∆ and rad50sc in end-bridging.  The top panel shows Rad50 end-

tethering in wild type cells. The middle panel shows the loss of Rad50 end-tethering and MRX 

recruitment to the DSB in rad50∆ cells.  The bottom panel shows the loss of Rad50 end-tethering 

and the maintenance of MRX at the DSB ends in rad50sc cells. (C) Survival of wt (JC727), nej1∆ 

(JC1342), rad50sc (JC3587) and nej1∆ rad50sc (JC3831) cells following continuous induction of 

the HO endonuclease.  The survival is normalized to the number of colonies on glucose 

(uninduced) plates.  Error bars represent standard deviation of at least 3 replicates. Significance 

was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 
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Figure 4.6 Repair phenotype of different combinations of RAD50 and NEJ1 mutants and full 

deletions 

(A-B) Mating type analysis of survivors from persistent DSB induction assays. The mating 

phenotype is a readout for the type of repair: α survivors (mutated HO endonuclease), sterile 

survivors (small insertions and deletions) and “a-like” survivors (>700bps deletion).  The mating 

phenotype of survivors was determined in wt (JC727), rad50∆ (JC3313), nej1-F335A (JC2648), 

nej1-V338A (JC2659), rad50∆ nej1-F335A (JC3832) and rad50∆ nej1-V338A (JC3833) cells.  

Error bars represent standard deviation of at least 3 replicates.  Significance was determined using 

2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (C-D) Mating type analysis of survivors 

from persistent DSB induction assays. The mating phenotype is a readout for the type of repair: α 

survivors (mutated HO endonuclease), sterile survivors (small insertions and deletions) and “a-

like” survivors (>700bps deletion).  The mating phenotype of survivors was determined in wt 

(JC727), nej1∆ (JC1342), rad50sc (JC3587) and nej1∆ rad50sc (JC3831) cells.  Error bars 

represent standard deviation of at least 3 replicates.  Significance was determined using 2-tailed, 

unpaired Student’s t test (P<0.05*; P<0.01**). 
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the reduced ability of nej1-F335A to repair linearized plasmids may be due to a reduced, but not 

completely abolished, ability of this mutant to stimulate Dnl4 ligase activity.  Very interestingly, 

when these mutants were integrated into cells also lacking RAD50, the overall repair phenotype 

changed dramatically to appear very similar to cells lacking NEJ1 (Fig. 4.4B-C, Fig. 4.6A-B).  In 

fact, there was a significant increase in a-like survivors as compared to the singles alone for both 

of the Nej1 mutants (Fig. 4.6A-B).  The Rad50sc mutant repaired mainly via a sterile phenotype 

with few large deletions nearly identical to rad50∆ cells (Fig. 4.6C-D).  nej1∆ rad50sc double 

mutants had an increase in a-like survivors and an overall repair phenotype similar to nej1∆ (Fig. 

4.6C-D).   

As I observed an additive loss of viability in double mutant combinations consistently, I 

decided to test whether this was due to the Nej1-Lif1 interaction and the end bridging function of 

Rad50 in NHEJ.  As survival in these Nej1 and Rad50 mutants was slightly higher than their 

corresponding full deletions, I hoped that differences in the survival of the double mutants would 

also be more apparent.  Notably, survival of both nej1-F335A rad50sc and nej1-V338A rad50sc 

doubles was significantly reduced, as compared to both of the corresponding single mutants (Fig. 

4.7A).  As well, the mating type assay also showed a synergistic effect of the combination of nej1-

F335A or nej1-V338A and rad50sc in the repair of DSBs via large deletions (Fig. 4.7B-C).  

Notably, the nej1-F335A mutant in combination with rad50sc resulted in higher levels of a-like 

survivors as compared to the nej1-V338A rad50sc combination (Fig. 4.7B-C).  One possible 

interpretation of this data is that the F335A mutant seems to result in a greater impairment in Dnl4 

ligase activity than the V338A mutant in addition to their shared roles in preventing hyper-

resection at the broken ends.  These data demonstrate that the Nej1-Lif1 interaction and Rad50 

end bridging potentially act in a slightly redundant manner in end-bridging to prevent genomic 



 

99 

instability during the repair of DSBs via NHEJ or an alternative pathway.  Differences in the 

double mutants would also suggest that the potential redundancy previously observed with other 

combinations was likely directly due to a function of the Nej1-Lif1 interaction and the end bridging 

role lost in the rad50sc mutant.   

4.2.3 Further evidence Nej1-Lif1 prevents Sgs1-Dna2 mediated end resection 

I performed qPCR resection assays using the nej1-F335A mutant to further validate the hyper-

resection phenotypes that I observed following the loss of the Nej1-Lif1 interaction in chapter 3.  

Briefly, the nej1-F335A mutant further confirmed the importance of the Nej1-Lif1 interaction in 

DSB repair pathway choice and end resection regulation.  Cells harboring nej1-F335A exhibited 

hyper resection compared to wild type cells at both 0.15kb and 4.8kb from the break site (Fig. 

4.8A-B).  Using this mutant, I was also able to further confirm that the Nej1-Lif1 interaction 

prevents Sgs1-Dna2, but not Exo1 mediated end resection in a manner also dependent on Rad50, 

in the same pattern observed using nej1-V338A and nej1∆ in chapter 3 (Fig. 4.8A-D).  The nej1-

F335A mutant also failed to rescue resection in the absence of Rad50 (Fig. 4.8C-D).   

4.2.4 Genomic instability from loss of Nej1-Lif1 and Rad50 end-bridging is Sgs1-Dna2 and 

Exo1 dependent 

Next, I studied the effects of Sgs1-Dna2 and Exo1 on survival and repair phenotype in combination 

with my Nej1 and Rad50 mutants.  Cells lacking either SGS1 or EXO1 are able to repair HO DSBs 

similar to wild type cells, likely due to the fact that these proteins, which are important for end-

resection, are not required and in fact are preferentially inhibited during NHEJ repair (Fig. 4.9A).  

Furthermore, nej1∆ sgs1∆ and nej1∆ exo1∆ double mutants survived at levels similar to nej1∆ 

(Fig. 4.9B).  When either sgs1∆ or exo1∆ were combined with rad50∆, nej1-F335A or nej1-

V338A, double mutants survived HO induced DSBs at levels similar to their respective single  
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Figure 4.7 Survival and repair phenotype of different combinations of RAD50 and NEJ1 

mutants 

(A) Survival of wt (JC727), rad50sc (JC3587),  nej1-F335A (JC2648), nej1-V338A (JC2659), 

rad50sc nej1-F335A (JC3594) and rad50sc nej1-V338A (JC3593) cells following continuous 

induction of the HO endonuclease.  The survival is normalized to the number of colonies on 

glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 replicates. 

Significance was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (B-C) 

Mating type analysis of survivors from persistent DSB induction assays. The mating phenotype is 

a readout for the type of repair: α survivors (mutated HO endonuclease), sterile survivors (small 

insertions and deletions) and “a-like” survivors (>700bps deletion).  The mating phenotype of 

survivors was determined in wt (JC727), rad50sc (JC3587),  nej1-F335A (JC2648), nej1-V338A 

(JC2659), rad50sc nej1-F335A (JC3594) and rad50sc nej1-V338A (JC3593) cells.  Error bars 

represent standard deviation of at least 3 replicates.  Significance was determined using 2-tailed, 

unpaired Student’s t test (P<0.05*; P<0.01**). 
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Figure 4.8 The Nej1-Lif1 interaction prevents end resection at a HO induced DSB 

(A-B) Resection of DNA 0.15kb and 4.8kb away from the HO DSB, as measured by % ssDNA, 0 

and 6 hrs. after DSB induction in wild type (JC3585), nej1-F335A (JC3890), sgs1∆ (JC3754), 

exo1∆ (JC3755), nej1-F335A sgs1∆ (JC3892) and nej1-F335A exo1∆ (JC3893) cells in G1 stage 

of the cell cycle.  Error bars represent standard error of three replicates.  Significance was 

determined using 1-tailed, unpaired Student’s t test where mutants were compared with wild type 

cells for changes in resection levels (P<0.01**).  (C-D) Resection of DNA 0.15kb and 4.8kb away 

from the HO DSB, as measured by % ssDNA, 0 and 6 hrs. after DSB induction in wild type 

(JC3585), rad50∆ (JC3882), nej1-F335A rad50∆ (JC3891), nej1-F335A rad50∆ sgs1∆ (JC3894) 

and nej1-F335A rad50∆ exo1∆ (JC3895) cells in G1 stage of the cell cycle.  Error bars represent 

standard error of three replicates.  Significance was determined using 1-tailed, unpaired Student’s 

t test (P<0.05*) 
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Figure 4.9 Survival and repair phenotype of Nej1 mutants in various combinations with 

rad50∆, sgs1∆ and exo1∆ 

(A) Survival of wt (JC727), sgs1∆ (JC3757),  exo1∆ (JC3759), rad50∆ (JC3313), sgs1∆ rad50∆ 

(JC3760), exo1∆ rad50∆ (JC3769), nej1-F335A (JC2648), sgs1∆ nej1-F335A (JC3763), exo1∆ 

nej1-F335A (JC3772), nej1-V338A (JC2659), sgs1∆ nej1-V338A (JC3762) and exo1∆ nej1-

V338A (JC3771) cells following continuous induction of the HO endonuclease.  The survival is 

normalized to the number of colonies on glucose (uninduced) plates.  Error bars represent standard 
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deviation of at least 3 replicates. Significance was determine using 2-tailed, unpaired Student’s t 

test (P<0.05*; P<0.01**).  (B) Survival of wt (JC727), nej1∆ (JC1342),  nej1∆ sgs1∆ (JC3759), 

nej1∆ exo1∆ (JC3768), nej1∆ rad50∆ (JC3314), nej1∆ sgs1∆ rad50∆ (JC3761) and nej1∆ exo1∆ 

rad50∆ (JC3770) cells following continuous induction of the HO endonuclease.  The survival is 

normalized to the number of colonies on glucose (uninduced) plates.  Error bars represent standard 

deviation of at least 3 replicates. Significance was determine using 2-tailed, unpaired Student’s t 

test (P<0.05*; P<0.01**).  (C) Mating type analysis of survivors from persistent DSB induction 

assays. The mating phenotype is a readout for the type of repair: α survivors (mutated HO 

endonuclease), sterile survivors (small insertions and deletions) and “a-like” survivors (>700bps 

deletion).  The mating phenotype of survivors was determined in wt (JC727), sgs1∆ (JC3757),  

exo1∆ (JC3759), nej1∆ (JC1342), sgs1∆ nej1∆ (JC3759) and exo1∆ nej1∆ (JC3768) cells.  Error 

bars represent standard deviation of at least 3 replicates.  Significance was determined using 2-

tailed, unpaired Student’s t test compared to wild type cells (P<0.05*; P<0.01**).  (D) Survival of 

wt (JC727), nej1-F335A rad50∆ (JC3832), nej1-V338A rad50∆ (JC3833), nej1-F335A rad50∆ 

sgs1∆ (JC3844), nej1-F335A rad50∆ exo1∆ (JC3845), nej1-V338A rad50∆ sgs1∆ (JC3846) and 

nej1-V338A rad50∆ exo1∆ (JC3847) cells following continuous induction of the HO 

endonuclease.  The survival is normalized to the number of colonies on glucose (uninduced) plates.  

Error bars represent standard deviation of at least 3 replicates. Significance was determine using 

2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (E) Mating type analysis of survivors 

from persistent DSB induction assays. The mating phenotype is a readout for the type of repair: α 

survivors (mutated HO endonuclease), sterile survivors (small insertions and deletions) and “a-

like” survivors (>700bps deletion).  The mating phenotype of survivors was determined in wt 

(JC727), rad50∆ (JC3313),  nej1-F335A (JC2648), rad50∆ nej1-F335A (JC3832) and rad50∆ 

nej1-F335A exo1∆ (JC3845) cells.  Error bars represent standard deviation of at least 3 replicates.  

Significance was determined using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 

 

 

 

 

mutants (Fig. 4.9A).  Using mating type assay to study the mutations induced in these survivors, I 

found that the nej1∆ sgs1∆ and nej1∆ exo1∆ double mutants had similar levels of a-like survivors 

as nej1∆ cells (Fig. 4.9C).  Mating type assays were not performed using sgs1∆ or exo1∆ combined 

with rad50∆, nej1-F335A or nej1-V338A, as a-like survivors in each of these strains was already 

low or negligible.  Next, the survival of triple mutants lacking NEJ1, RAD50 and either SGS1 or 

EXO1 were analyzed as mating type assay showed that these triple mutants had reduced a-like 

survivors as compared to nej1∆ rad50∆ cells (Fig. 3.13D, 3.15B).  These triple mutants with either 

sgs1∆ or exo1∆ had significantly increased survival compared to the nej1∆ rad50∆ doubles, as 
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well as survival increased from 0.7% compared to wild type cells in the double up to 1.3% and 

9.7% when SGS1 and EXO1 were lost respectively (Fig. 4.9B).  A similar increase in survival was 

also observed in triple mutants lacking RAD50 and either nej1-F335A or nej1-V338A along with 

SGS1 or EXO1 (Fig. 4.9D).  In all cases survival was significantly increased, except for the nej1-

V338A rad50∆ exo1∆ strain, where survival remained reduced to the levels of the nej1-V338A 

rad50∆ double (Fig. 4.9D).  Mating type assays also demonstrated that these triple mutants lacking 

RAD50 and either nej1-F335A or nej1-V338A, along with SGS1 or EXO1, also had a reduction in 

a-like survivors from levels similar to nej1∆ cells down to levels similar to rad50∆ cells (Fig. 

3.13D, 3.15B and 4.9E).   

Next, I performed survival and mating type assays using the rad50sc mutant instead of 

rad50∆, to further elucidate the role of Rad50 end bridging and the Nej1-Lif1 interaction in the 

promotion of NHEJ and the prevention of genomic instability during repair.  The survival of 

rad50sc cells was not statistically different from the survival of rad50sc sgs1∆ or rad50sc exo1∆ 

double mutants (Fig. 4.10A).  Furthermore, when nej1∆, nej1-F335A, or nej1-V338A were 

incorporated into the double mutants, the resulting triple mutants all experienced a general increase 

in survival as compared to the double mutants (Fig. 4.10B-C).  The level of cell survival in these 

mutants inversely correlates with the percentage of a-like survivors that were observed from the 

survivors of the continuous HO DSB assay as all of the triple mutant strains used in Figure 4.10A-

B had a strong and significant reduction in a-like survivors as compared to their corresponding 

double mutant strains (Fig. 4.10D-E).  Taken together, one interpretation of this data is that Rad50 

end bridging and the Nej1-Lif1 interaction play a redundant role in promoting NHEJ through 

preventing Sgs1 and Exo1-dependent resection, which leads to genomic instability and cell death. 
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Figure 4.10 Survival and repair phenotype of rad50sc in various combinations with Nej1 

mutants, sgs1∆ and exo1∆ 

(A) Survival of wt (JC727), rad50sc (JC3587), rad50sc sgs1∆ (JC3764) and rad50sc exo1∆ 

(JC3773) cells following continuous induction of the HO endonuclease.  The survival is 

normalized to the number of colonies on glucose (uninduced) plates.  Error bars represent standard 

deviation of at least 3 replicates. Significance was determine using 2-tailed, unpaired Student’s t 

test (P<0.05*; P<0.01**).  (B) Survival of wt (JC727), rad50sc nej1∆ (JC3831), rad50sc nej1∆ 

sgs1∆ (JC3842) and rad50sc nej11∆ exo1∆ (JC3843) cells following continuous induction of the 

HO endonuclease.  The survival is normalized to the number of colonies on glucose (uninduced) 
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plates.  Error bars represent standard deviation of at least 3 replicates. Significance was determine 

using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (C) Survival of wt (JC727), sgs1∆ 

(JC3757), exo1∆ (JC3759), rad50sc nej1-F335A (JC3594), sgs1∆ rad50sc nej1-F335A (JC3766), 

exo1∆ rad50sc nej1-F335A (JC3775), rad50sc nej1-V338A (JC3593), sgs1∆ rad50sc nej1-

V338A (JC3765) and exo1∆ rad50sc nej1-V338A (JC3774) cells following continuous induction 

of the HO endonuclease.  The survival is normalized to the number of colonies on glucose 

(uninduced) plates.  Error bars represent standard deviation of at least 3 replicates. Significance 

was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (D) Mating type 

analysis of survivors from persistent DSB induction assays. The mating phenotype is a readout for 

the type of repair: α survivors (mutated HO endonuclease), sterile survivors (small insertions and 

deletions) and “a-like” survivors (>700bps deletion).  The mating phenotype of survivors was 

determined in wt (JC727), rad50sc nej1∆ (JC3831), rad50sc nej1∆ sgs1∆ (JC3842) and rad50sc 

nej1∆ exo1∆ (JC3843) cells.  Error bars represent standard deviation of at least 3 replicates.  

Significance was determined using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (E) 

Mating type analysis of survivors from persistent DSB induction assays. The mating phenotype is 

a readout for the type of repair: α survivors (mutated HO endonuclease), sterile survivors (small 

insertions and deletions) and “a-like” survivors (>700bps deletion).  The mating phenotype of 

survivors was determined in wt (JC727), sgs1∆ (JC3757), exo1∆ (JC3759), rad50sc nej1-F335A 

(JC3594), sgs1∆ rad50sc nej1-F335A (JC3766), exo1∆ rad50sc nej1-F335A (JC3775), rad50sc 

nej1-V338A (JC3593), sgs1∆ rad50sc nej1-V338A (JC3765) and exo1∆ rad50sc nej1-V338A 

(JC3774) cells.  Error bars represent standard deviation of at least 3 replicates.  Significance was 

determined using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 

 

 

 

4.2.5 Interactions between Nej1 and Lif1 at DSBs 

As demonstrated above, the controlled interaction, recruitment and regulation of each 

NHEJ factor is important during DSB repair to ensure the most accurate and efficient NHEJ repair 

possible and to avoid the activation of sometimes heavily mutagenic alternative pathways that can 

result in large deletions and other forms of genomic instability in the genome.  Now, I will study 

the enrichment and interactions between an array of NHEJ proteins in an effort to better understand 

the function of known interactions and in an effort to identify novel protein-protein interactions 

between NHEJ factors.  In vitro work determined that Lif1 binding to YKu70/80 bound DNA was 

not dependent on Nej1, but that the interaction was enhanced with the addition of Nej1 (114); 

however, a role for Nej1 in Lif1 recovery at the DSB site in vivo has not been reported.  Thus, we 
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measured the recovery of both Lif1 and Nej1 at the DSB in cells carrying the nej1-F335A or nej1-

V338A mutations. Upon HO-induction, Lif1HA is enriched at the break site in wild type cells over 

the non-tagged control (Fig. 4.11A,C).  Consistent with in vitro work, there was no significant 

difference in the recovery of Lif1HA in nej1 mutants compared to wild type cells, and there was 

no difference in Lif1HA levels at the break in cells harboring nej1 compared to the point mutants 

nej1-F335A and nej1-V338A (Fig. 4.11A).  When comparing Lif1HA recovery in wild type and 

the nej1-V338A mutant, there was a slight decrease of statistical significance (Fig. 4.11A).  The 

levels of expression for nej1-F335A and nej1-V338A are indistinguishable from wild type Nej1 

(183).  To determine if the mutant protein is properly recruited to the DSB, ChIP was performed 

on nej1-F335AMyc and nej1-V338AMyc.  Its recovery level was similar to wild type Nej1Myc, 

suggesting the resection defect with nej1-F335A and nej1-V338A is not attributable to failed 

recruitment but rather its functionality after localization (Fig. 4.11B-C).  We conclude that Nej1 is 

enriched at the DSB independently of its interaction with Lif1, and that Nej1 may maximize Lif1 

retention at a DSB through their interactions.    

4.2.6 Interactions between Nej1-Lif1 and MRX 

Next, molecular interactions between Nej1-Lif1 and MRX were studied further.  Ku 

stabilizes MRX at the break (206); but, it also inhibits 5’ end degradation by MRX. In turn, 

resection initiation by MRX promotes Ku removal from unrepaired DSBs, driving HR (110, 146, 

250).  Thus, Ku and MRX are believed to function antagonistically in repair pathway choice (110, 

251).  Even though Lif1 and Nej1 enhance Ku stability at the break site, in opposition to MRX 

(206), interactions between Lif1 and Xrs2 enhance the binding of these factors to Ku-bound DNA 

(234, 237, 239).  Previous work demonstrated that the level of Rad50 at the site of damage slightly 

decreased in cells lacking LIF1 (206) and we wanted to investigate if Nej1 had a function in this  
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Figure 4.11 The effect of the Nej1-Lif1 interaction on the enrichment of these factors at DSBs 

(A) The enrichment of Lif1-6HA in wild type (JC2665), nej1∆ (JC2884), nej1-F335A (JC3816) 

and nej1-V338A (JC3828) cells or (B) Nej1-13Myc (JC1687), Nej1-F335A-13Myc (JC-3133) and 

Nej1-V338A-13Myc (JC-3160) cells was determined at 0.6kb from DSB. The fold enrichment is 

normalized to recovery at the SMC2 locus.  Error bars represent the standard deviation of three 

replicates.  Significance was determined using 2-tailed, unpaired Student’s t test (P<0.05*). (C) 

The non-tagged control wild type (JC727), nej1∆ (JC1342), nej1-F335A (JC-2648) and nej1-

V338A (JC-2659) cells. 
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process. I performed ChIP on Rad50HA and observed recovery levels were similar for wild type, 

nej1and nej1-F335A mutant cells (Fig. 4.12). Rad50HA enrichment was reduced by ~50% in 

nej1-V338A mutant cells compared to wild type (Fig. 4.12).  This data suggests that overall the 

enrichment of Rad50 at DSB ends is not heavily affected by the complete loss of NEJ1, but the 

disruption of the Nej1-Lif1 interaction may affect Rad50 stability to some extent at DSB ends.   

A physical interaction between Nej1 and MRX was also assessed.  Interactions between 

Xrs2 and Lif1 have previously been established and characterized for their importance in recruiting 

Dnl4-Lif1 to DSB ends in a redundant manner with YKu70/80 (237).  I performed yeast two-

hybrid (Y2H) analysis to identify whether physical interactions existed between MRX and Nej1.  

Interaction between Lif1 and Nej1 served as a positive control (183), and Nej1 displayed a 

significant interaction with Mre11, and no interaction with Rad50 or Xrs2 (Fig. 4.13).  As Lif1 is 

known to interact with both Nej1 and Xrs2, I also performed Y2H with nej1-F335A and nej1- 

V338A mutants to ensure that the observed Nej1-Mre11 interaction were not the result of an 

indirect interaction caused by low levels of endogenous Lif1 bridging the interaction.  Y2H showed 

that both the nej1-F335A and nej1-V338A mutants maintained the Mre11 interaction at the same 

level as wild type Nej1, suggesting that this observed interaction is independent of Lif1 (Fig. 4.14).  

Additionally, cells lacking RAD50 were used to determine whether the formation of a stable MRX 

complex was required to put Mre11 into a favorable conformation for its interaction with Nej1.  In 

this scenario, the Nej1-Mre11 interaction was still detectable, but was reduced to significantly 

lower levels than when the experiment was performed in wild type cells (Fig. 4.14).  This suggests 

that although Nej1 can interact with Mre11 independent of other MRX complex components, 

Mre11 in complex with the MRX complex is better able to interact with Nej1 than free Mre11.   
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Figure 4.12 The effect of the Nej1-Lif1 interaction on MRX enrichment at a DSB 

The enrichment of Rad50-3HA 0.6kb in wild type (JC3306), nej1∆ (JC3307), nej1-F335A cells 

(JC3817) and nej1-V338A cells (JC3347) was determined at 0.6kb from DSB. The fold enrichment 

is normalized to recovery at the SMC2 locus.  Error bars represent the standard deviation of three 

replicates.  Significance was determined using 2-tailed, unpaired Student’s t test (P<0.05*). 
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Figure 4.13 Physical interaction exists between Nej1 and Mre11 of the MRX complex 

Measuring interactions between Nej1 and MRX in the yeast 2-hybrid background (JC1280). 

Interactions between Nej1 bait (J125) and empty (p1493), Lif1 (J126), Mre11 (J196), Rad50 

(J198) and Xrs2 (J183) prey was quantified by measuring the relative β-galactosidase activity 6hrs 

post induction of bait and prey expression. Error bars represent the standard deviation of 3 

replicates. Significance was determined using 1-tailed, unpaired Student’s t test (P<0.05*). 
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Figure 4.14 Further characterization of the physical interaction between Nej1 and Mre11 

Measuring interactions between Nej1, nej1-F335A and nej1-V338A with Mre11 in the wt 

(JC1280) and rad50∆ (JC3688) yeast 2-hybrid backgrounds.  Interactions between empty vector 

(p965), Nej1 (J125) nej1-F335A (J) and nej1-V338A (J) bait, and Mre11 (J196) prey was 

quantified by measuring the relative β-galactosidase activity 6hrs post induction of bait and prey 

expression. Error bars represent the standard deviation of 3 replicates. Significance was 

determined using 1-tailed, unpaired Student’s t test (P<0.05*). 

 

 

4.2.7 XLF and XRCC4 cannot replace Nej1 and Lif1 function during NHEJ in budding yeast 

Yeast and mammalian NHEJ is highly conserved, as are the functions of the majority of 

the proteins that make up these pathways.  We sought to determine if budding yeast could be used 

as a model to continue to study the function of human XLF and XRCC4 filament formation and 

end bridging in vivo.  In order to perform these studies, XLF and XRCC4 needed to first be shown 

to maintain a functional role in budding yeast in NHEJ.  Cells lacking NEJ1 and cells lacking LIF1 
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were transfected with full length XLF and XRCC4, respectively.  Western blots were performed 

and confirmed the expression of XLF and XRCC4 in these cells, although I did not compare the 

levels of XLF and XRCC4 expression with the normal levels of Nej1 and Lif1 expression in wild 

type cells (data not shown).  Transient HO DSB survival assays were performed and demonstrated 

that NHEJ was reduced to approximately 50% of wild type levels in cells lacking NEJ1 or LIF1.  

NHEJ was not rescued following the addition of XLF and XRCC4, respectively (Fig. 4.15A-B).  

As XLF interacts with XRCC4 via the NTR of both proteins while the CTR of Nej1 is required to 

interact with the NTR of Lif1 and the residues required for this interaction are not completely 

conserved between yeast and mammals, survival was next tested by transfecting XLF and XRCC4 

into the cells simultaneously.  XLF and XRCC4 were both introduced into cells lacking NEJ1 and 

LIF1.  The survival of nej1∆ lif1∆ cells was significantly reduced compared to wild type and the 

presence of both XLF and XRCC4 failed to rescue NHEJ in these cells (Fig. 4.15C).  This suggests 

that although Nej1 and Lif1 function is relatively conserved with XLF and XRCC4, these proteins 

are not transferrable between budding yeast and mammals.  Due to the differences in sequence and 

interacting regions between these proteins, it is likely that XLF and XRCC4 are unable to 

functionally interact with all of the yeast proteins required to carry out NHEJ, including Dnl4, 

Xrs2, Mre11 and YKu70/80. 

4.3 Discussion 

The results presented in this chapter demonstrate an important and slightly redundant role 

between the Nej1-Lif1 interaction and the end-bridging function of MRX in preventing Sgs1-Dna2 

and Exo1 dependent genomic instability during DSB repair, via NHEJ, and alternative pathways 

like MMEJ and SSA.  Disruption of the Nej1-Lif1 interaction or the end-bridging activity of the 

MRX complex using nej1-F335A or nej1-V338A and the rad50sc mutant respectively, or by the  
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Figure 4.15 XLF and XRCC4 are not functional in budding yeast NHEJ 

(A) Survival of wt (JC727) and nej1∆ (JC1342), lif1∆ (JC1343) and nej1∆ lif1∆ (JC3358) cells 

expressing empty vector (J731/J732), XLF, and/or XRCC4 following the transient (3hr) induction 

of the HO endonuclease.  The survival is normalized to the number of colonies on glucose 

(uninduced) plates. Error bars represent standard deviation of at least 3 replicates. Significance 

was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**). 

 

 

complete loss of NEJ1, LIF1 or RAD50 alone resulted in a significant reduction in DSB repair.  

However, the loss of both the Nej1-Lif1 interaction and MRX end-bridging simultaneously further 

reduced NHEJ proficiency and cell survival in these cells (Fig. 4.4A, Fig. 4.5A,C and Fig 4.7A).  

Taken together, these data suggest the potential for functional redundancy between the Nej1-Lif1 

interaction and the end-tethering role of Rad50 in NHEJ.  The analysis of mutations induced during 

repair of the DSBs provided more important insights to the importance of these functions and 

interactions on the maintenance of genomic instability during repair.  First, cells lacking NEJ1 



 

115 

have a significantly higher levels of a-like survivors (deletions of >700bps) than cells harboring 

the nej1-F335A or nej1-V338A mutations (Fig. 3.13B and Fig. 4.6B).  I propose that this 

difference is due to the fact that the ability of the mutant cells to stimulate Dnl4 remains intact or 

is only partially disrupted, while the complete loss of NEJ1 fully abrogates its other role in 

promoting the activation of Dnl4 during NHEJ (183).   

These findings in yeast provide insight on the potential roles for XLF-XRCC4 filament 

formation and end-bridging in mammals.  In mammals, the physiological function of this end 

bridging activity remains largely obscure; however, in vitro assays have provided evidence that 

end bridging may play a role in stabilizing Ku70/80-DNA-PKcs end synapsis, improving end 

alignment to reduce the risk of even small mutations during repair and to move the DNA ends into 

proper configuration for ligation via Lig4 (195, 202, 235).  Future studies could determine whether 

redundancy also exists between XLF-XRCC4 and the bridging function of Ku70/80-DNA-PKcs 

during NHEJ in humans.   

As Dnl4 is the only ligase capable of completing NHEJ repair, the complete loss of its 

function results in failed NHEJ repair and the activation of alternative and highly mutagenic DSB 

repair pathways such as SSA.  The disruption of the Nej1-Lif1 interaction on the other hand, still 

favors at least the partial activation of Dnl4 to repair un-resected DNA ends at DSB.  Interestingly, 

the repair of cells harboring the nej1-F335A, nej1-V338A and rad50sc mutations is very similar 

to that of wild type cells, although survival is reduced in these cells (Fig. 4.7A-C).  These single 

mutant cells repair mainly by small insertions and deletions and few a-like survivors are found 

(Fig. 4.7A-C).  This suggests that repair occurs mainly through NHEJ at mis-aligned DSB ends or 

via MMEJ, an alternative repair pathway that induces small insertions or deletions and requires 5-

25bps of homology between the broken ends.  I propose a model whereby disruption of the Nej1-
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Lif1 interaction reduces DSB repair and thus cell survival (as compared to wild type cells) by 

failing to adequately protect DSB ends from the initiation of 5’ end resection, causing the cells to 

revert to highly inefficient alternative repair pathways resulting in high levels of cell death (Fig. 

4.16).  The similarity to wild type cells and Nej1-Lif1 mutant cells in the mating type assay is 

likely due to the fact that most of the survivors are able to repair via mis-aligned NHEJ using Dnl4, 

which remains at least partially active in these cells, while cells lacking NEJ1 must repair via a 

mutagenic path, likely SSA, resulting in severe genomic instability and a further reduction in 

survival (Fig. 4.16).  Comparing the minor differences between nej1-F335A and nej1-V338A 

further supports this model, as the nej1-V338A mutants maintain wild type levels of linearized 

plasmid repair and have higher survival in continuous DSB assays than the nej1-F335A mutant, 

which is more deficient in both types of repair (Fig. 4.5A and (183)).  The reduction of repair in 

rad50sc mutant cells, lacking Rad50 end-bridging function, can be explained by the importance of 

end-tethering in efficient NHEJ repair.  Loss of RAD50 significantly increases the levels of 

untethered DSB ends.  The loss of end-tethering separates the broken ends, preventing their 

ligation and results in cell death when these lesions persist.  DSB ends that are ligated rapidly 

before they become separated and ends that come back into contact over time and remain protected 

from resection by YKu70/80 and Nej1-Lif1 can still be repaired via mis-aligned NHEJ or MMEJ 

resulting in only small insertions or deletions at the break site (Fig. 4.16).  The loss of the Nej1-

Lif1 interaction and rad50 end-bridging simultaneously results in a significant reduction in 

survival and an increase in a-like survivors as compared to the singles alone (Fig. 4.7A-C).  I 

showed that the combined loss of the Nej1-Lif1 interaction resulted in increased levels of 5’ end 

resection unfavorable for NHEJ.  The loss of Rad50 mediated end-bridging results in an increase 

in untethered and separated DSB ends.  The loss of Nej1-Lif1 and Rad50 end bridging together  
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Figure. 4.16 Model outlining a potential manner by which the Nej1-Lif1 interaction and 

MRX end-bridging function to promote NHEJ and prevent genomic stability during DSB 

repair 

(A) In wild type cells, MRX tethers the broken ends and Nej1-Lif1 prevents resection to promote 

accurate and efficient repair of the DSB.  (B) The loss of the Nej1-Lif1 interaction results in 

increased end-resection which reduces NHEJ except MRX end tethering remains intact to promote 

repair via imprecise NHEJ or MMEJ.  (C) The loss of Rad50 end tethering results in reduced NHEJ 

except the Nej1-Lif1 interaction promotes NHEJ pathway choice by preventing resection to allow 

the rapid repair of DSB ends in close proximity and to prevent large deletions. (D) The loss of the 

Nej1-Lif1 interaction and Rad50 end-tethering results in the formation of heavily resected and 

separated ends.  These cells have reduced survival as compared to the single mutants and are prone 

to large deletions. (E) The loss of either SGS1 or EXO1 in cells lacking the Nej1-Lif1 interaction 

and Rad50 end tethering results in separated ends that seem to be deficient in resection as compared 

to nej1-F335A rad50sc or nej1-V338A rad50sc doubles.  These cells have increased survival and 

increased genomic stability during repair similar to the levels of nej1-F335A, nej1-V338A and 

rad50sc single mutant cells. 
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resulted in a further reduction in NHEJ success and cell survival as compared to their individual 

loss.  Thus, the combined loss of both of these functions is slightly redundant during the repair of 

HO endonuclease induced DSBs.  The increase in a-like survivors that seems to be due to a 

redundant role for Nej1-Lif1 and MRX end-bridging likely results from the fact that the delayed 

repair that results from untethered ends results in an increase in long range resection at these ends 

causing the increased activation of SSA or other pathways resulting in large deletions as a result 

of the eventual repair of these lesions (Fig. 4.16).  This model is further supported by the fact that 

the observed survival defects and increase in large deletions observed in cells defective in both the 

Nej1-Lif1 interaction and end-bridging depends on Sgs1-Dna2 and Exo1 activity (Fig. 4.9A-E and 

4.10A-E).  This implicates the requirement for 5’ resection and the function of both Sgs1-Dna2 

and Exo1 in this process.  Cells lacking either SGS1 or EXO1 with either nej1-F335A and nej1-

V338A and rad50sc have increased survival that is at least rescued back to the levels of the double 

Nej1-Lif1 and rad50sc mutants in most cases (Fig. 4.10C).  One interpretation of this data is that 

when Sgs1 or Exo1 activity is also disrupted, the effects of the disrupted Nej1-Lif1 interaction are 

cancelled out, as long-range resection is reduced even though it is more heavily favoured.  Thus, 

survival and repair phenotype in these cells is more similar to that expected in a rad50sc single 

mutant strain (Fig. 4.16).   

ChIP and other assays were informative to study the importance of interactions between 

Nej1 and other NHEJ factors.  Although the Nej1-Lif1 interaction was not required for the 

recruitment and retention of Nej1 to DSBs 3 hours post galactose treatment, levels of Lif1 

enrichment were slightly reduced in the absence of NEJ1 or the presence of nej1-F335A or nej1-

V338A, a reduction that was significantly significant in nej1-V338A cells (Fig. 4.11A-B).  This 

suggests that although Nej1 and Lif1 do not depend on one another for their recruitment to DSBs, 
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the retention of at least Lif1 at the broken ends appears to partially require its interaction with Nej1 

for stability over time.   

Finally, Y2H assays suggest a direct interaction exists between Nej1 and Mre11 in a 

manner independent of Lif1 but stabilized by an intact MRX complex (Fig. 4.13 and Fig. 4.14).  

This exciting discovery further expands the list of intricate physical interactions that occur between 

NHEJ proteins to regulate NHEJ repair.  Future studies using truncations and point mutants will 

further characterize the regions of Nej1 and Mre11 required for this interaction and characterize 

the importance of this interaction in budding yeast NHEJ.   
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Chapter Five: Nuclear Periphery Localization of Persistent DSBs in Cells Lacking HR or 

NHEJ Factors 

5.1 Background 

5.1.1 Nuclear Periphery Localization of DSBs 

As discussed in detail in chapter 1, DSBs are preferentially repaired via either HR or NHEJ 

to promote cell survival and maintain genomic stability.  However, the unsuccessful repair of 

DSBs by one of these two pathways due to the lack of a homologous template, failed end ligation 

or failed homology search results in the activation of alternative mutagenic repair pathways, such 

as BIR, MMEJ or SSA.  The activation of these alternative pathways is heavily regulated by many 

factors including but not limited to cell cycle phase, the extent of end resection and by the re-

localization of the broken ends to specific sites at the nuclear periphery (176).  Here, I will focus 

on the role of the nuclear periphery re-localization of DSB as a mode to regulate alternative repair 

pathway choice.  The inability to repair a DSB in yeast results in its eventual shift to the nuclear 

periphery (147, 148).  In fact, persistent DNA breaks unable to repair due to the lack of a 

homologous template or by the repeated induction of the DSB following each ligation cycle re-

localize to the nuclear periphery within 2hrs of their initial induction (160).   DSBs are relocated 

to two distinct sites at the nuclear periphery, Mps3 (147, 161) or the nuclear pore complex (NPC) 

(160, 177).  Below, I will provide an overview of the general functions of Mps3 and the NPC and 

then describe specifically what is known about these factors regarding their role in the nuclear 

periphery localization of unrepaired DSBs.   

5.1.1.1 Mps3  

Mps3 is the only known Sad1p UNC-84 (SUN) domain containing protein in budding yeast 

(151, 161).  The SUN domain of Mps3 inserts into the nuclear envelope and interacts with other 

proteins between the outer and inner nuclear membrane to embed and stabilize Mps3 on the inner 
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nuclear membrane while it carries out its specific functions (252).  Early studies of Mps3 

demonstrated that this protein plays an essential role in spindle pole body (SPB) duplication (253, 

254).  The SPB is the major microtubule organizing center in budding yeast (254).  This structure 

in yeast has a very similar function to the centrosome in mammalian cells and is involved in 

nucleating both cytoplasmic microtubules required for nuclear positioning within the cytoplasm 

and also in nucleating spindle microtubules required for chromosome alignment and segregation 

during mitosis (255).  Mps3 is a component of a SPB structure known as the half bridge, and has 

important roles in the early steps of SPB duplication during mitosis (253, 256).  Although Mps3 

has an established role in promoting SPB duplication, it is unknown whether this protein also has 

a direct role in the nuclear positioning and in the mitotic/meiotic functions of the SPB.  The 

visualization of EGFP-tagged Mps3 under the microscope shows that Mps3 is heavily localized at 

the SPB, except it is also independently dispersed around the inner nuclear membrane suggesting 

Mps3 also has SPB independent functions at the nuclear envelope as well (165, 257).  One such 

function is a role for Mps3 in ribosome maturation and biosynthesis.  Due to the rapid growth and 

proliferation of budding yeast cells, the synthesis and maturation of a large number of functional 

and constantly available ribosomes is essential (258).  Ribosomes are made up of ribosomal RNAs 

and many ribosomal proteins and function to translate peptides and proteins from mRNA in the 

cytoplasm (258).  Mps3 interacts with two proteins, Rrs1 and Ebp2, which promote the assembly 

and maturation of the 25S and 60S ribosomal subunits in budding yeast (259, 260).  This 

interaction with Mps3 enhances Rrs1 and Ebp2 activity to increase the efficiency and rate of 

ribosome maturation and subsequently protein translation (257, 260, 261).  Interestingly, Mps3 

also plays another distinct, yet non-essential role independent of the SPB in regulating 

chromosome organization within the nucleus.  Specifically, Mps3 is involved in sequestering 
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telomeres and persistent DSBs with long single stranded ends to the nuclear periphery in a Rad51 

and telomerase dependent manner during S/G2 phase of the cell cycle (151, 161, 178, 262).  

Gaining a better understanding of this function of Mps3 is the major focus of this chapter. 

5.1.1.2 Nuclear Pore Complex (NPC) 

In yeast, the nuclear pore complex (NPC) consists of around 30 protein subunits (known 

as Nups) including the outer ring components, Nup84, Nup120 and Nup133 (159, 160, 263).  

These subunits come together to form a 40 nm diameter, eight sided, symmetrical transport channel 

through the nuclear envelope to promote the transport of nearly all of the molecules, RNAs and 

proteins that require shuttling between the nucleoplasm and cytoplasm in both directions (264).  

The transport of small molecules through the NPC can occur via simple diffusion (265).  

Macromolecules, including maturing ribosomes and nuclear proteins, on the other hand, travel 

through the NPC via regulated transport pathways and require chaperones such as importins (265).  

This important and essential function of the NPC promotes the regulated transport of specific 

macromolecules between the nucleoplasm and cytoplasm while preventing the uncontrolled 

passage of others.  In addition to this macromolecule transport function, the NPC has also been 

shown to have other functions involved in regulating chromosome architecture and gene 

expression by anchoring specific DNA regions at the periphery (147, 148, 157, 266).   

The NPC can transiently tether highly active gene regions, critically short telomeres and 

persistent DSB ends to the nuclear periphery (159, 263, 265, 267).  These binding interactions are 

believed to sequester specific DNA regions and allow for the controlled recruitment and 

enrichment of enzymes and other factors to the nuclear periphery to increase the efficiency and 

accuracy of many cellular processes.  For example, the NPC transiently recruits both highly active 

genes and transcriptional machinery to the nuclear periphery to increase the rate and efficiency of 



 

124 

the transcription of these important and abundant genes (263, 265).  There is evidence that this 

function of the NPC is also conserved in higher eukaryotes (268).  Many NPC components have 

also been shown to directly interact with various RNA-processing enzymes and RNA-export 

machinery to further promote the rapid maturation and export of mRNA into the cytoplasm for 

protein translation following its transcription (269).  As budding yeast grow and proliferate rapidly, 

this role for the NPC in enhancing the transcription of highly active genes makes sense to provide 

the cells with an abundance of the proteins they require to carry out these functions at a higher rate 

of speed.     

The NPC also plays a role in promoting the repair of DNA damage (267).  In fact, the loss 

of NPC components such as NUP120, NUP84 and NUP133 results in cell sensitivity to DNA 

damaging agents such as MMS (270).  The DNA ends of replication forks that stall have also been 

shown to preferentially localize to the NPC and failure to relocate results in an increase in the 

expansion or contraction of triplet repeat sequences during fork restart.  The function of Mps3 and 

the NPC in the re-localization of DSB ends to the nuclear periphery is a relatively newly discovered 

event and is not well characterized; however, I will outline what is currently known regarding this 

function.   

5.1.2 Factors affecting nuclear periphery re-localization of DSBs in budding yeast 

I will compare and contrast various factors responsible for the Mps3 and NPC specific re-

localization of persistent DSBs.  Upon induction of a DSB, the damaged regions experience a 

general increase in mobility within the nucleus dependent on the presence of DDR and HR 

machinery including Mec1 and Rad52 to facilitate homology search (271, 272).  DSB mobility is 

also enhanced at chronic or non-ligatable DSBs to promote their recruitment to the nuclear 

periphery.  This process requires various proteins including Cdc13, Est1 of the telomerase 
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complex, and the HR proteins Rad51 and Rad52, as outlined in chapter 1.  YKu70/80 may also be 

involved in an alternative pathway to recruit telomeres and DNA lesions to the nuclear periphery 

through direct interactions with telomerase (151).   

Upon arrival at the nuclear envelope all DSBs are first transiently bound by Mps3.  From 

here, the broken ends are either maintained at this site or are shuttled to the NPC (165).  Various 

factors play a role in the determining the final site of DSB re-location including cell cycle phase 

and the levels of end resection at the break site.  For example, retention of DSB ends at Mps3 

requires extensive resection and occurs only in S/G2 phase cells (147, 165, 273, 274).  Thus, it is 

not surprising that un-resected DSBs ends favor re-localization to the NPC and shuttle past Mps3 

to these pores.  DSBs induced in G1 phase of the cell cycle also preferentially re-localize to the 

NPC; however, the NPC can transiently tether un-resected DSB ends in any phase of the cells 

cycle (159, 160, 273).  Interestingly, telomeres also display similar nuclear envelope binding site 

preferences.  Yeast telomeres form clusters at the nuclear periphery to protect them from aberrant 

translocations and the DSB repair response.  Healthy telomeres, containing long ssDNA ends are 

preferentially clustered at Mps3 during S/G2, while telomeres with critically short ends are 

shuttled from Mps3 to the NPC (147, 157, 159, 178).  Overall, these studies suggest that HR and 

NHEJ factors may play a role in the preference of DSB ends to Mps3 and the NPC due to the role 

of these proteins in regulating end resection during DSB repair pathway choice.  However, the role 

of HR and NHEJ factors and factors involved in DSB repair pathway choice are poorly understood 

in their direct relationship with the recruitment patterns of DSBs to the nuclear envelope. 
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5.1.3 Persistent DSB recruitment to Mps3 or the NPC results in different alternative DSB repair 

outcomes 

Telomere ends normally localize to Mps3 in S/G2 phase of the cell cycle to protect them 

and prevent DDR proteins from recognizing them as DSB ends.  This prevents aberrant 

chromosome fusions and other highly mutagenic forms of repair from aberrantly being initiated at 

telomeres (147, 157, 178).  On the other hand, eroded telomere ends are recruited to the NPC 

(159).  Components of the NPC are believed to directly interact with alternative DSB repair factors 

including those required for BIR.  These BIR factors use healthy telomeres as a template to extend 

the telomere ends of the critically short telomeres at the NPC (176).  Thus, while Mps3 protects 

normal telomere ends from aberrant repair pathways that could results in telomere fusions or 

deletions, the NPC functions to activate aberrant repair pathways to promote the elongation of 

critically short telomeres in budding yeast (148).   

More recently, the broken ends of persistent DSBs were also shown to be recruited to Mps3 

and the NPC at the nuclear envelope in a similar manner to telomeres, and this differential 

recruitment also results in varied repair responses depending on the site of DSB re-localization.  

For example, the re-localization of resected DSB ends to Mps3, after failing to repair via HR, 

results in the inhibition of aberrant repair events such as SSA and reduces the rate of recombination 

events to maintain the integrity of the genome at the break site while the cell continues to attempt 

repair via less mutagenic pathways (148, 165, 273, 275).  However, the precise alternative repair 

pathways activated upon localization of DNA ends to Mps3 are not well established.  On the other 

hand, aberrant repair pathways like imprecise end-joining, MMEJ and BIR are activated upon 

recruitment of un-resected DSB ends to the NPC (273, 275, 276).    Thus, NHEJ and HR proteins 

and their role in DSB repair pathway choice by regulating resection may have a profound impact 
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on the re-localization of DSB ends in chronic or persistent DSBs.  This would also likely influence 

the alternative repair pathways selected to repair these DNA lesions.   

5.1.4 Aims 

Here, I have sought to elucidate the link between NHEJ and HR factors with the nuclear 

envelope factors Mps3 and the NPC in the recruitment of DSB ends to the periphery and the 

successful repair of lesions in the combined absence of these factors (Fig. 5.1).  I studied the role 

of Rad50, a subunit of the MRX complex, which is required to initiate DSB end-resection during 

HR.  rad50∆ deleted in combination with Mps3 or NPC complex components to study the role of 

both of these periphery sites in the repair of persistent and poorly resected DSB ends.   

I also compared differences in recruitment and survival between wild type and nej1∆, nej1-

F335A or nej1-V338A to determine whether defects in resection inhibition affect nuclear envelope 

recruitment to specific sites, cell survival and repair phenotype following chronic HO DSB 

induction (Fig. 5.1).  Overall, I was able to elaborate on the links between NHEJ and HR repair 

pathway choice, DSB end resection, Mps3 and NPC nuclear envelope re-localization and cell 

survival and repair phenotype in response to a chronic HO endonuclease induced DSB.   

5.2 Results 

In chapter 3, I demonstrated that the loss of NEJ1 or the Nej1-Lif1 interaction (using the 

nej1-V338A mutant) resulted in an increase in overall resection at DSB ends in G1 arrested cells 

compared to wild type.  Furthermore, in chapter 4, I showed that both nej1∆ and nej1-V338A cells 

have reduced NHEJ.  Loss of RAD50 has the opposite effects on resection, as this protein is part 

of the MRX complex required to initiate DSB end resection to promote HR.  I decided to utilize 

these mutant strains to compare and contrast DSB periphery localization at Mps3 and the NPC to 

better understand the manner by which DSB lesions are repaired in heavily and poorly resected  
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Figure 5.1 The potential sites of persistent DSB periphery recruitment in cells lacking NEJ1 

or cells deficient in the Nej1-Lif1 interaction 

Persistent DSBs re-localize to either Mps3 or the NPC at the nuclear periphery in budding yeast.  

This model outlines the potential sites of persistent DSB location in cells lacking NEJ1.  Deletion 

of ARP8 prevents DSB re-localization to Mps3, while deletion of NUP120 prevents re-localization 

to the NPC.  Various mutant combination will be used to study the role of these periphery sites in 

the repair and maintenance of genomic stability in cells lacking NEJ1. 

 

 

 

 

cells in both G1 and S/G2 phases of the cell cycle.  rad50∆, nej1∆, nej1-V338A and nej1-F335A 

cells were crossed with cells harbouring nup120∆, mps3∆65-145 and arp8∆ to create double 

mutants in order to study whether additive or synergistic effects could be observed between these 

mutants in survival and repair phenotype in the presence of a single chronic HO DSB.   

Nup120 is a component of the NPC and is essential for the recruitment of DSBs to this 

complex, but has no effect on DSB recruitment to Mps3 (270).  The mps3∆65-145 mutant 

maintains the N-terminal region of Mps3 required to integrate the protein into the inner nuclear 

membrane but lacks the region that extends from the membrane into the nucleoplasm.  This mutant 

prevents persistent DSBs from interacting with either Mps3 or the NPC.  Previous work has 
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demonstrated that one function of the INO80 complex is to allow DSBs to be recruited to Mps3 

without affecting DSB recruitment to the NPC (165).  Arp8 is a member of the INO80 comlex that 

promotes INO80 ATPase activity and chromatin remodeling.  Due to the fact that ino80∆ is lethal 

in many strain backgrounds, arp8∆ was used instead to directly study the role of DSB recruitment 

to Mps3.  Interestingly, the loss of ARP8 results in cell sensitivity to DNA damage (171).   

5.2.1 Rad50 and Nup120 are synthetic lethal 

When creating the strains described above, I was unable to create a rad50∆ nup120∆ 

double deletion as Rad50 and Nup120 were synthetic lethal in combination (Fig. 5.2).  Previous 

studies have shown that components of the Rad52 complex involved in HR repair were also 

synthetic lethal with components of the NPC (270).  This data also demonstrates the importance 

of the NPC in the activation of alternative DSB repair pathways to repair lesions when end 

resection and HR are inhibited.  The synthetic lethality observed between Rad50 and Nup120 

suggests that the recruitment of broken ends to the NPC, when resection is inhibited, is essential 

for the repair of the lesion and the survival of these cells.  Interestingly, rad50∆ mps3∆65-145 

double mutants were viable, except that the four independent colonies that I obtained through this 

cross grew abnormally quickly for cells harboring rad50∆, and may contain suppressor mutations 

facilitating their survival.  A full characterization of this double mutant strain to test whether its 

growth is suppressed in the presence of HU, MMS or phleomycin is incomplete, although I would 

expect that this double mutant may also be inviable as the mps3∆65-145 mutation prevents DSB 

re-localization to both Mps3 and the NPC.  If this strain is truly viable, it is possible that re-

localization of DSBs to the NPC is not completely deficient in the mps3∆65-145 mutant cells.  It 

is also possible that un-resected ends unable to localize to the NPC are segregated at Mps3 instead 

in nup120∆ cells resulting in their inability to aberrantly repair in the nuclear interior, while un- 
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Figure 5.2 Viability of spores following tetrad dissection 

The viability of spores following between a cross between JKM179 strains containing nup120∆ 

(JC3951) and rad50∆ nej1∆ (JC3887) were imaged following tetrad dissection.  The mutations 

within each viable colony were determine by selection plating to identify colonies containing 

nup120Δ::NatRMX4 and rad50Δ::URA3.  The colonies containing each of the deletions are 

labeled; wt (square), rad50∆ (diamond), nup120∆ (triangle) and rad50∆ nup120∆ (pentagon).    

    

 

 

resected DSB ends unable to re-localize to both the NPC and Mps3 in the mps3∆65-145 mutant 

background maintain some level of aberrant repair in the interior of the nucleus allowing some 

level of survival.   

5.2.2 Nup120 is not heavily required for survival and genomic stability in nej1∆, yku70∆, nej1-

F335A or nej1-V338A mutant cells 

Next, I characterized the survival and general repair phenotype of cells containing nej1∆, 

yku70∆, nej1-F335A or nej1-V338A.  Double mutant cells in combination with nup120∆, 

mps3∆65-145, or arp8∆ were viable.  First, single mutant cells containing either nup120∆, 

mps3∆65-145 or arp8∆ survive the induction of a single, chronic HO DSB with similar efficiency  
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Figure 5.3 Survival of nup120∆, mps3∆65-145 and arp8∆ compared to wild type cells 

following exposure to a chronic HO DSB 

Survival of wt (JC727), nup120∆ (JC3951),  mps3∆65-145 (JC3722) and arp8∆ (JC3954) cells 

following continuous induction of the HO endonuclease.  The survival is normalized to the number 

of colonies on glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 

replicates. 

 

 

to wild type cells (Fig. 5.3).  Most of these cells likely repair via imprecise NHEJ without the 

requirement for nuclear periphery localization.  Single mutant cells containing nej1∆, yku70∆, 

nej1-F335A or nej1-V338A all have reduced NHEJ and survival following continuous DSB 

induction similar to the levels expected from chapter 4 (Fig. 5.4A).  The survival of cells lacking 

both NEJ1 and NUP120 was significantly reduced as compared to nej1∆ cells from 0.8% to 0.3% 

survival levels compare to wild type cells.  However, the survival of nej1∆ cells was so low alone, 

that differences between the single and double deletions are likely not biologically significant.  For  
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Figure 5.4 Survival and repair phenotype of cells lacking NHEJ components or the Nej1-

Lif1 interaction and NPC nuclear periphery re-localization 

(A) Survival of wt (JC727), nup120∆ (JC3951), nej1∆ (JC1342), nup120∆ nej1∆ (JC3953), 

yku70∆ (JC3848), nup120∆ yku70∆ (JC3952), nej1-F335A (JC2648), nup120∆ nej1-F335A 

(JC3961), nej1-V338A (JC2659) and nup120∆ nej1-V338A (JC3962) cells following continuous 

induction of the HO endonuclease.  The survival is normalized to the number of colonies on 

glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 replicates. 

Significance was determine using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (B) 

Mating type analysis of survivors from persistent DSB induction assays. The mating phenotype is 

a readout for the type of repair: α survivors (mutated HO endonuclease), sterile survivors (small 

insertions and deletions) and “a-like” survivors (>700bps deletion).  The mating phenotype of 

survivors was determined in wt (JC727), nup120∆ (JC3951), nej1∆ (JC1342), nup120∆ nej1∆ 

(JC3953), yku70∆ (JC3848), nup120∆ yku70∆ (JC3952), nej1-F335A (JC2648), nup120∆ nej1-

F335A (JC3961), nej1-V338A (JC2659) and nup120∆ nej1-V338A (JC3962) cells.  Error bars 

represent standard deviation of at least 3 replicates.  Significance was determined using 2-tailed, 

unpaired Student’s t test (P<0.01*). 

 

 

this reason nej1-F335A and nej1-V338A mutants were also used as their survival is higher than 

that of nej1∆ cells which I reason will make determining biological significance more effective 

between strains.  Of note, the survival of the remaining NHEJ single mutants, yku70∆, nej1-F335A 

or nej1-V338A did not change when combined with nup120∆ (Fig. 5.4A).  This suggests that when 
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resection is not hindered, and is in fact potentially increased, there is no obvious requirement for 

the NPC in the repair of these HO DSBs.  Additionally, the levels of large deletions in these double 

mutants is similar to that which is observed in the single NHEJ deletions (Fig. 5.4B).   

5.2.3 Mps3 is required for survival and genomic stability following HO DSB induction in nej1∆, 

yku70∆, nej1-F335A or nej1-V338A mutant cells 

Next, I studied the effects on cell survival and repair phenotype using nej1∆, yku70∆, nej1-

F335A or nej1-V338A mutants in combination with the mps3∆65-145 mutant background that 

prevents DSB re-localization to both Mps3 and the NPC.  yku70∆ mps3∆65-145 double mutants 

had no change in survival, as compared to yku70∆ cells (Fig. 5.5A).  However, cell survival 

following continuous DSB induction was significantly reduced in nej1∆ mps3∆65-145, nej1-

F335A mps3∆65-145 and nej1-V338A mps3∆65-145 double mutants as compared to their 

respective single mutants (Fig. 5.5A).  It is interesting to note a potential link between the 

requirement for Mps3 to repair HO endonuclease induced DSBs when Nej1 is absent or the Nej1-

Lif1 interaction is disrupted.  A measurement of the percentage of a-like survivors in nej1∆ 

mps3∆65-145 cells also showed a significant increase in a-like survivors as compared to nej1∆ 

cells from 13% to 30% of the surviving cells (p-value = 0.014) (Fig. 5.5B).  However, the 

percentage of a-like survivors remained at very low levels in nej1-F335A mps3∆65-145 and nej1-

V338A mps3∆65-145 double mutants, even though they had significantly reduced survival as 

compared to the Nej1 mutant singles.  Overall, this data suggests that the nuclear periphery 

localization of DSBs to either Mps3 or the NPC is partially required to enhance cell survival in 

cells lacking NEJ1 or in cells deficient in the Nej1-Lif1 interaction and to help maintain genomic 

stability in cells lacking any Nej1 functionality. 

 



 

134 

 

Figure 5.5 Survival and repair phenotype of cells lacking NHEJ components or the Nej1-

Lif1 interaction and NPC and Mps3 nuclear periphery re-localization 

(A) Survival of wt (JC727), Mps3∆65-145 (JC3722), nej1∆ (JC1342), Mps3∆65-145 nej1∆ 

(JC3982), yku70∆ (JC3848), Mps3∆65-145 yku70∆ (JC3976), nej1-F335A (JC2648), Mps3∆65-

145 nej1-F335A (JC3972), nej1-V338A (JC2659) and Mps3∆65-145 nej1-V338A (JC3973) cells 

following continuous induction of the HO endonuclease.  The survival is normalized to the number 

of colonies on glucose (uninduced) plates.  Error bars represent standard deviation of at least 3 

replicates. Significance was determine using 2-tailed, unpaired Student’s t test (P<0.05*; 

P<0.01**).  (B) Mating type analysis of survivors from persistent DSB induction assays. The 

mating phenotype is a readout for the type of repair: α survivors (mutated HO endonuclease), 

sterile survivors (small insertions and deletions) and “a-like” survivors (>700bps deletion).  The 

mating phenotype of survivors was determined in wt (JC727), Mps3∆65-145 (JC3722), nej1∆ 

(JC1342), Mps3∆65-145 nej1∆ (JC3982), yku70∆ (JC3848), Mps3∆65-145 yku70∆ (JC3976), 

nej1-F335A (JC2648), Mps3∆65-145 nej1-F335A (JC3972), nej1-V338A (JC2659) and 

Mps3∆65-145 nej1-V338A (JC3973) cells.  Error bars represent standard deviation of at least 3 

replicates.  Significance was determined using 2-tailed, unpaired Student’s t test (P<0.01*).  

 

 

 

 

Finally, this set of experiments was performed in cells lacking ARP8, a mutant that specifically  

prevents the transient recruitment of DSBs to Mps3, but allows DSB ends to re-localize to the 

NPC.  Impressively, the loss of ARP8 resulted in a significant reduction in survival as compared 

to the single mutants when combined with any of nej1∆, yku70∆, nej1-F335A and nej1-V338A.  
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In fact, the decrease in survival in these double mutants was the most severe of any of the 

combinations suggesting that the recruitment of DSBs to Mps3 in strains lacking these NHEJ 

factors and mutants is important for their successful repair via an alternative pathway (Fig. 5.6A).  

An analysis of the relative repair phenotype of the surviving cells showed a general 

increase in a-like survivors in the full deletions when combined with arp8∆ but this increase was 

only statistically significant in nej1∆ arp8∆ cells (Fig. 5.6B).  For example, 13% of cells lacking 

NEJ1 that survived continuous DSB induction survived with an a-like phenotype, while the levels 

of a-like cells increased to 40% in cells lacking both NEJ1 and ARP8 (p value = 0.0044) (Fig. 

5.6B).  However, there was no statistically significant increase in a-like survivors when arp∆ was 

combined with yku70∆, nej1-F335A or nej1-V338A as compared to these respective single 

mutants (Fig. 5.6B).  It remains elusive why a significant increase in genomic instability is 

observed in cells lacking NEJ1 and ARP8 but not in cells lacking ARP8 in combination with either 

yku70∆, nej1-F335A or nej1-V338A.  I cannot discount the possibility; however, that the increased 

genomic observed in cells lacking NEJ1 are due to failed NHEJ rather than the direct effects of 

hyper-resection at the DSB ends as this increase in instability was not observed in nej1-F335A or 

nej1-V338A cells in combination with arp8∆.  

Overall, these continuous DSB induction assays and mating type assays provide evidence 

to suggest that the re-localization of persistent DSBs to Mps3, but not the NPC, may be important 

both in promoting overall cell survival and in preventing the large deletion of DNA around the 

break site during DSB repair in these NHEJ mutant cells that are partially deficient in NHEJ and 

in preventing end resection at DSB ends.  These effects are more severe in the arp8∆ cells as 

compared to the mps3∆65-145 cells, which may suggest that heavily resected ends unable to 

remain tethered at Mps3 may be shuttled to the NPC and repaired via alternative pathways here  
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Figure 5.6 Survival and repair phenotype of cells lacking NHEJ components or the Nej1-

Lif1 interaction and Mps3 nuclear periphery re-localization 

(A) Survival of wt (JC727), arp8∆ (JC3954), nej1∆ (JC1342), arp8∆ nej1∆ (JC3978), yku70∆ 

(JC3848), arp8∆ yku70∆ (JC3977), nej1-F335A (JC2648), arp8∆ nej1-F335A (JC4003), nej1-

V338A (JC2659) and arp8∆ nej1-V338A (JC3992) cells following continuous induction of the 

HO endonuclease.  The survival is normalized to the number of colonies on glucose (uninduced) 

plates.  Error bars represent standard deviation of at least 3 replicates. Significance was determine 

using 2-tailed, unpaired Student’s t test (P<0.05*; P<0.01**).  (B) Mating type analysis of 

survivors from persistent DSB induction assays. The mating phenotype is a readout for the type of 

repair: α survivors (mutated HO endonuclease), sterile survivors (small insertions and deletions) 

and “a-like” survivors (>700bps deletion).  The mating phenotype of survivors was determined in 

wt (JC727), arp8∆ (JC3954), nej1∆ (JC1342), arp8∆ nej1∆ (JC3978), yku70∆ (JC3848), arp8∆ 

yku70∆ (JC3977), nej1-F335A (JC2648), arp8∆ nej1-F335A (JC4003), nej1-V338A (JC2659) and 

arp8∆ nej1-V338A (JC3992) cells.  Error bars represent standard deviation of at least 3 replicates.  

Significance was determined using 2-tailed, unpaired Student’s t test (P<0.01*). 

 

 

which results in a further reduction in survival and increased genomic instability as a result of 

chronic HO induction.   

5.3 Discussion and Future Directions 

The nuclear periphery localization of persistent DSBs to promote their repair through 

alternative pathways while protecting them from gross chromosomal rearrangements is a relatively 
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newly characterized event in the DSB repair field.  My findings support the work done in previous 

studies, while extending this knowledge to better understand the role of failed NHEJ in the 

facilitation of nuclear periphery localization.  Previously, heavily resected and persistent DSB ends 

were shown to re-localize to Mps3, while un-resected or poorly resected ends were shown to 

shuttle to the NPC (147, 159–161, 165, 273).  I have confirmed this trend using various HR and 

NHEJ mutants that result in a general decrease and increase in end resection in G1 cells as 

compared to wild type cells respectively.  I demonstrate that cells lacking both RAD50 and 

NUP120 are inviable.  This synthetic lethality suggests that endogenous DSBs induced in cells 

lacking RAD50, a mutant that results in diminished DSB end-resection, and HR and NHEJ activity 

must be shuttled to the NPC specifically to promote the activation of alternative pathways to 

promote at least minor levels of repair and cell survival (Fig. 5.7).  This synthetic lethality may 

also be partially caused by other effects as well, for example.  For example, MRX is important for 

telomere length maintenance and the NPC plays a role in tethering critically short telomere ends.  

The combined loss of both of these functions may also contribute to the lethality observed in cells 

lacking both RAD50 and NUP120, except due to the lethality observed, I was unable to test these 

functions.  The alternative pathways activated at the nuclear periphery include BIR, imprecise end-

joining and MMEJ and do not require extensive end-resection at the break site (273, 275, 276).  

Thus, due to the reduced DSB end-resection in cells lacking RAD50 and the fact that imprecise 

end-joining and MMEJ both repair lesions typically via the induction of small insertions or 

deletions rather than by large chromosomal loss, it is not completely surprising that the repair of 

chronic HO DSBs in rad50∆ cells mainly results in a sterile, rather than an a-like mating type (Fig. 

3.10E).  On the other hand, continuous DSBs induced in cells containing nej1∆, yku70∆, nej1-

F335A or nej1-V338A seem to preferentially require Mps3 to promote their repair and genomic  
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Figure 5.7 Mps3 is important for cell survival and some level of genomic instability when in 

nej1∆, yku70∆, nej1-F335A or nej1-V338A cells 

A model showing the requirement for Mps3 re-location of persistent DSBs to promote cell survival 

and genomic stability in cells lacking NEJ1 or the Nej1-Lif1 interaction.  The NPC may be more 

important for the survival of cells lacking Rad50. 

 

 

 

 

stability (Fig. 5.7).  This conclusion is made based on survival data demonstrating that double 

mutants containing nej1∆, yku70∆, nej1-F335A or nej1-V338A in combination with two mutations 

preventing the recruitment of DSB ends to Mps3, mps3∆65-145 and arp8∆, generally results in a 

reduction in survival as compared to the singles alone except for in the case of the yku70∆ 

mps3∆65-145 double mutant.  The combined loss of these NHEJ factors with nup120∆ experience 

no further reduction in survival as compared to the single mutants alone.   Due to the fact that 

survival is so low in nej1∆ cells, it is difficult to determine whether the further decrease in survival 

that results from mutations preventing relocation of DSBs to Mps3 is physiologically significant.  

However, as the survival of nej1-F335A and nej1-V338A unable to relocate to Mps3 is also 
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reduced as compared to the single mutants, which survive much better than nej1∆, I conclude that 

Nej1-Lif1 and Mps3 may both be important to promote survival in a redundant manner.  YKu70/80 

and now Nej1-Lif1 have both been implicated with a role in promoting NHEJ pathway choice at 

DSBs by preventing end-resection at the break site, specifically in G1 arrested cells favouring 

NHEJ (109, 277).  Therefore, it makes sense that DSBs in cells lacking these factors would favour 

localization to Mps3, as the inhibition of end-resection would be at least partially dysfunctional 

resulting in increased levels of ssDNA at the broken ends.   

Overall, this data together further strengthens the findings of previous work that suggest 

that un-resected DSB ends preferentially re-localize to the nuclear periphery while heavily resected 

ends remain tethered at Mps3 after their initial recruitment to the periphery.  Furthermore, my 

findings also specifically implicate various HR and NHEJ proteins in this process, likely due to 

the role of these proteins in regulating resection during DSB repair pathway choice.   

An important role for the Mps3 dependent localization of heavily resected DSB ends in 

preventing genomic instability and large deletions was further established as the levels of a-like 

survivors were significantly increased for nej1∆ in combination with mps3∆65-145 or arp8∆.  

Although this increase in a-like survivors was not significant in cells lacking both YKU70 and 

ARP8, the percentage of a-like survivors in these cells trended upward as compared to yku70∆ 

cells.  The nuclear localization of persistent and heavily resected DSBs to Mps3 has been 

previously demonstrated to play a role in protecting the ends from aberrant translocation and 

highly mutagenic repair while allowing time for other less mutagenic, yet undefined, repair 

pathways to resolve these lesions (148, 165, 273, 275).  Thus, taken together with my findings, I 

suggest that the increase in a-like survivors from 1% in wild type cells to >10% in both nej1∆ and 

yku70∆ cells is possibly a result of the less than 100% efficiency of this DSB periphery re-
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localization.  In fact, although persistent DSBs begin to proceed to the nuclear periphery within 2 

hrs, only 50-60% of DSB foci are observed at the periphery after 2hrs (165).  Thus, many DSBs 

remain in the nuclear interior where repair pathways such as SSA can be activated and where 

aberrant translocations may occur with higher efficiency, resulting in an increase in genomic 

instability in cells deficient in NHEJ even with the added protection provided by Mps3.  However, 

the increase in a-like survivors observed in these nej1∆ and yku70∆ cells when other mutations 

also prevent the re-localization of persistent DSBs to Mps3 outlines the importance of this complex 

in preventing massive levels of genomic instability in the face of persistent DSBs (Figs. 5.5B and 

5.6B). 

In this chapter, I have demonstrated that persistent DSBs induced in cells lacking NHEJ 

factors and interactions such as Nej1, YKu70/80 and Nej1-Lif1 require Mps3 to improve the 

efficiency of their repair and to maintain genomic instability at these break sites, while cells lacking 

RAD50 instead require the NPC to promote their survival from even endogenous DSBs.  However, 

I have not yet conclusively demonstrated that cells harbouring these various mutations specifically 

and preferentially target DSBs to Mps3 and the NPC respectively.  Future studies using two 

distinct techniques will begin to address this question and further enhance the significance of the 

data I have presented here.  First, I will perform live cell microscopy using two strains derived 

from JKM179 to measure the levels of DSB re-localization to the nuclear envelope and also re-

localization specifically to the NPC following HO DSB induction (160).  Both of these strains 

contain LacO repeats 4.4kb away from the HO DSB cut site.  GFP-LacI is constitutively expressed 

to label this DNA site, which appears as a single focus under the microscope.  Additionally, Nup49, 

a component of the NPC, is endogenously tagged with CFP, to visualize the NPC at the nuclear 

envelope.  In the first strain variant Nup49 diffusely stains the entire nuclear periphery and the 
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movement of DSB ends to the nuclear envelope can be measured by dividing the nucleus into three 

concentric zones of equal volume and measuring the percentage of DNA foci that are localized in 

the outermost zone following galactose mediated HO DSB induction.  The second strain variant 

also contains nup133∆, a deletion that results in the clustering of the NPC at one site on the nuclear 

periphery.  This strain allows for the indirect quantification of the percentage of DSBs that re-

localize specifically to the NPC at the nuclear envelope in different backgrounds.  I am currently 

developing this experiment in collaboration with Dr. Jessica Sarthi in my laboratory.  We will also 

determine whether we can predict the levels of DSB re-localization to Mps3 by developing a 

calculation which involves the subtraction of the percentage of DSBs that localize to the nuclear 

envelope by the percentage of DSBs that localize to the NPC in each of the above strains 

respectively.   

In combination with the microscopy described above, ChIP will also be performed to 

measure the level of DSB enrichment to HA-Mps3 and the NPC in cells containing, rad50∆, nej1∆, 

yku70∆, nej1-F335A or nej1-V338A.  Taken together, these microscopy and ChIP data will further 

establish the site specific re-localization of DSBs in G1-arrested and asynchronous cells in various 

strains deficient in HR and NHEJ to corroborate with my other findings in this chapter related to 

cell survival and genomic stability.   
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Chapter Six: Conclusions and Future Directions 

Within this thesis, I extensively characterized novel functions of Nej1 in NHEJ, 

specifically those related to its direct interaction with Lif1.  The relevance and importance of this 

thesis project became evident following three major findings in human cells and budding yeast.  

First, human XLF and XRCC4 homodimers were found to interact to form helical filaments 

composed of alternating XLF and XRCC4 homodimers on DNA ends that enabled the bridging of 

two DNA ends in vitro (115–117, 195).  Second, point mutants of XLF/Nej1 disrupting either the 

XLF-XRCC4 or the Nej1-Lif1 interaction were not required for the repair of all types of DSBs 

suggesting that these protein interactions are not completely necessary for the activation of the 

NHEJ ligase Lig4/Dnl4 (183, 203).  Finally, although not required for the repair of all DSBs, 

disruption of the XLF-XRCC4 or Nej1-Lif1 interactions did reduce NHEJ proficiency in some 

human cell types and in the repair of HO DSBs in budding yeast (183, 203).  This data suggested 

that the Nej1-Lif1 interaction plays a novel and important role in NHEJ repair that had not been 

characterized, in addition to the role of Nej1 and Lif1 in stimulating Dnl4 activity independent of 

their interaction.  Due to the high conservation in the NHEJ pathway between human and budding 

yeast cells, and due to the increased ease of utilizing yeast for in vivo genetic studies, I used 

budding yeast as a model system to identify the novel functions of the Nej1-Lif1 interaction in 

NHEJ.  Now, future studies can be used to confirm the conservation of these novel functions in 

more complex organisms.   

As mentioned, following the discovery of the filament forming and end bridging functions 

of XLF-XRCC4 in vitro, many hypotheses were suggested to describe potential roles of this 

interaction in NHEJ (116).  Some of these hypotheses predicted a role for XLF-XRCC4 and Nej1-

Lif1 in DSB repair pathway choice.  For example, higher-order filament formation would bridge 
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DNA ends to maintain them in close proximity for accurate and efficient NHEJ mediated repair 

and promote genomic stability by protecting the broken ends from resection and aberrant fusions 

(116).  My work in Chapter 3 demonstrates the interaction between Nej1 and Lif1 is critical in 

preventing the resection of DSB ends in G1 arrested cells in a manner epistatic with YKu70/80.  

Specifically, Nej1-Lif1 prevented the initiation and long range resection mediated by Sgs1-Dna2 

in a manner that also depended on the presence of Rad50.  The dependence of Sgs1-Dna2 on Rad50 

for its activity at DSB ends is also consistent with previous literature that has shown that Sgs1 

requires either direct binding to the MRX complex or direct binding to RPA on ssDNA ends 

resulting from MRX dependent end resection for its recruitment to DSBs (96, 221, 222).  The 

Nej1-Lif1 interaction also plays a role in preventing genomic instability during DSB repair and 

cells lacking NEJ1 repaired chronic DSBs via a pathway whereby large deletions resulted.  As 

cells lacking DNL4 resulted in only a moderate increase in repair via large deletions, as compared 

to cells lacking NEJ1 or LIF1, it is apparent that the additional role of Nej1-Lif1 in preventing end 

resection also plays an important factor independent of Dnl4 to promote genomic stability during 

DSB repair.  Due to the high levels of cell death observed after the complete loss of NHEJ factors 

including Nej1, Lif1, Dnl4 and Rad50, nej1-F335A, nej1-V338A and rad50sc mutants were 

introduced to my studies to specifically decipher whether redundancy existed between the Nej1-

Lif1 interaction and the DSB end-bridging specific activity of the MRX complex during NHEJ.  

Interestingly, using these mutants, the increased genomic instability in cells harboring nej1-F335A 

or nej1-V338A was only observed at resolved DSBs when the cells also contained rad50sc.  Cells 

lacking both the Nej1-Lif1 interaction and Rad50 end bridging function also had reduced survival 

following chronic DSB induction as compared to either of the single mutants alone.  These data 

suggest that potential redundancy exists between Nej1-Lif1 and the end bridging function of the 
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MRX complex in the prevention of genomic instability at DSB ends.  The role of Nej1-Lif1 in 

preventing end resection at the broken ends likely prevents this genomic instability as the 

additional loss of either SGS1 or EXO1 resulted in the rescue of survival and genomic stability in 

cells also harboring any of the NEJ1 and RAD50 mutants in most cases.   

I remain interested in determining whether a role for Nej1-Lif1 in tethering DSB ends also 

exists, and whether this end bridging occurs in a manner redundant with the MRX complex.  To 

investigate this possible function of the Nej1-Lif1 interaction our laboratory has entered into a 

collaboration with the laboratory of Dr Karine Dubrana.  This laboratory has developed a strain 

where a TetO DNA sequence has been integrated 5kb from one side of a HO cut site and a LacO 

site was integrated 9kb from the other side of the HO cut site.  These sites can be visualized as 

distinct foci under the microscope by the expression of TetR-GFP and LacI-mCherry respectively.  

Their preliminary experiments using this strain have shown promise with untethered ends being 

detected at minimal levels in un-induced cells and in wild type cells at a rate of only 2-7.5% 2 

hours after galactose mediated DSB induction (data not shown).  I have integrated nej1-F335A 

and nej1-V338A mutants in wild type and rad50∆ backgrounds to further study whether Nej1-

Lif1 plays a role in tethering DSB ends and whether this function is epistatic or additive to the 

similar role of the MRX complex.  End-tethering will also be measured in cells lacking NEJ1, 

LIF1, DNL4, YKU70 and RAD50 to more fully characterize the influence of various NHEJ factors 

on this important NHEJ function.   

I also identified a novel physical interaction between Nej1-Mre11 that was independent of 

Lif1 (through the use of nej1-F335A and nej1-V338A mutants) and that partially required the 

formation of a functional MRX complex (rad50∆).  In future studies, I would also be interested in 

further characterizing the residues on each protein responsible for this interaction.  To do this I 
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will perform yeast 2-hybrid first using truncated mutants of both proteins followed by the mutation 

of individual amino acid residues to map the sites of interaction.  Next, to elucidate whether the 

loss of this physical interaction affected the recruitment and enrichment of these factors at DSBs I 

will utilize SPR, EMSA and ChIP.  This discovery also demonstrates that the additional 

characterization of NHEJ factors is still required to fully understand the complex and often 

transient interactions that exist between them to promote the accurate and efficient ligation of DSB 

ends.       

Re-location of persistent DSBs to the nuclear periphery in yeast is required to activate 

specific alternative DSB repair pathways when canonical pathways fail.  As previously discussed 

in chapter 5, heavily resected ends in S/G2 to relocate to Mps3 and un-resected ends shuttle to the 

NPC in all phases of the cell cycle.  Here, I made the first attempt to study the localization of DSB 

ends to the periphery in cells lacking NHEJ factors, including NEJ1 and YKU70.  My findings 

support many of the early DSB periphery re-localization studies as cells lacking RAD50, resulting 

in reduced end-resection absolutely require the NPC for repair of even endogenous DNA damage 

while cells lacking NEJ1, resulting in increased resection at the broken ends seem to rely on the 

Mps3 to promote survival and prevent highly mutagenic repair.  As mentioned in Chapter 5, ChIP 

and live cell imaging microscopy are still required to demonstrate that DSBs are preferentially 

recruited to these specific sites at the periphery dependent on the loss of the above mentioned 

factors that have different effects on end-resection regulation.  In conclusion, these findings 

provide exciting and novel insights into this process by demonstrating distinctive differences in 

DSB periphery re-localization in the absence of factors that promote HR pathway choice, as 

compared to the absence of factors required for NHEJ pathway choice.   
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Understanding the regulation of DNA repair in multiple model organisms such as budding 

yeast is interesting; however, these organisms mainly serve as a model system to provide clues as 

to how basic cellular pathways and processes are carried out in humans.  Much of the findings that 

I have collected in these studies have not yet been characterized in human cells; thus, in future 

studies, I would be most interested in corroborating my findings in human cells.   

As mentioned, using super-resolution microscopy, XLF-XRCC4 was shown to initially 

form filaments rapidly on both sides of a DSB in vivo (195).  The filaments on adjacent sides 

overlapped over time to tether the DSB ends, except this occurred after DNA-PKcs-Ku70/80 end 

bridging was already apparent (195).  It remains unknown, however, whether XLF-XRCC4 

bridging is redundant with DNA-PKcs-Ku70/80 or if XLF-XRCC4 bridging is only possible after 

the initial establishment of Ku dependent end tethering to further improve end alignment before 

ligation or to promote bridging when DNA-PKcs is removed from the ends to allow access to other 

factors involved in DSB end processing.  For these reasons, it would be interesting to perform 

these experiments again in cells lacking Ku70/80 or in cells where this protein was heavily 

downregulated to determine whether XLF-XRCC4 end-tethering was possible in the absence of 

an already established bridge formed by DNA-PKcs-Ku70/80.     

Additionally, our laboratory is in the process of developing a system to measure end 

tethering in human U2OS osteosarcoma cells. In this system, two variants of a DNA sequence 

(<1kb in length) involved in mitotic segregation in bacteria (referred to as ANCH1 and ANCH2 

in our strains) are integrated into a plasmid 1-2kb on either side of an I-SceI inducible DSB cut 

site.  This plasmid DNA was then integrated randomly into the U2OS genome.  In bacteria, many 

ParB proteins bind specifically to these sites to form a DNA-protein complex to activate mitotic 

segregation.  Here two ParB variants have been synthesized and can be transfected into the U2OS 
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cells.  These variants bind specifically to either ANCH1 or ANCH2.  A plasmid containing the I-

SceI endonuclease gene is also transfected into the cells and the expression of I-SceI can be rapidly 

induced by the addition of doxycycline to the media.  One of the ParB variants has been tagged 

with GFP and the other with mCherry to distinguish them under the microscope.  I propose future 

studies that will utilize this unique DNA labelling system to determine whether the different 

functions of the Nej1-Lif1 interaction I have outlined in this thesis are conserved in humans.  Using 

CRISPR/Cas9 gene editing, this I-SceI cut site and ANCH1/2 containing plasmid could be 

integrated at known locations within euchromatic and heterochromatic regions, along with any 

other regions of interest that our laboratory identifies.  First, I will collaborate with my colleagues 

in the Robson DNA Science Centre, University of Calgary to determine the most ideal human cell 

lines to use in my studies.  Next, I will integrate plasmids containing ANCH1 and ANCH2 on the 

same side of the I-SceI DSB at 0.5kb and 10kb from the DSB into these human cells, similar to 

previous studies using these DNA sequences and proteins in budding yeast (228).  These cells will 

be used to determine whether XLF and XRCC4 play a role in preventing end resection at DSBs in 

G1 and S/G2 phase cells.  Following the induction of I-SceI expression and subsequent DSB 

induction, live cell imaging will be employed to measure the loss of these two fluorescent foci 

over time in cells lacking various HR and NHEJ factors including RAD50, MRE11, XLF, XRCC4 

and KU70 or in cells containing the xlf-L115A or xlf-L115D mutants unable to interact with 

XRCC4 (203).  The extension of resection past the ANCH1 and ANCH2 sites results in the 

disappearance of these foci as the ParB variants require dsDNA to bind to these sites.  Thus, the 

kinetics of end resection can be measured in these mutant cells in specific regions within the 

mammalian genome.  As the sites of integration into the genome would be known in these cells, a 

qPCR resection assay similar to the one I used in chapter 3 will also be employed to measure 
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general resection at both close and far sites from the DSB on a larger scale.  These experiments 

will determine whether the XLF-XRCC4 interaction has a function in resection inhibition in 

various conditions, by arresting the cells in various phases of the cell cycle and by measuring 

resection in different regions of the genome.  Multiple knockdowns could also be performed to 

determine whether any observed changes were due to XLF-XRCC4 inhibitory effects on the MRN 

complex, Exo1 or BLM-DNA2. 

Briefly, mammalian cells, unlike budding yeast, repair the majority of their lesions through 

NHEJ, partially due to the fact that these cells spend a large amount of their time in G1 phase 

where a homologous chromatid for HR repair is unavailable.  Interestingly, the chromatin context 

surrounding a DSB also can play an important role in determining its repair pathway choice.  DSBs 

in euchromatic regions are readily accessible and these lesions are rapidly bound by the repair 

factors required to resolve them in a timely manner, majorly through NHEJ.  Heterochromatic 

DSBs, on the other hand, are more confined and typically repair lesions with slower kinetics and 

may re-localize the DSBs to the periphery of the HC.  Although end resection may begin rapidly 

at these confined ends, Rad51 filament formation does not usually occur until the broken ends 

have re-localized to the periphery of the heterochromatic region and escaped the highly compacted 

region where they were induced.  Many of these DSBs now preferentially repair via HR in S/G2 

(278).  Although the mechanisms remain poorly understood, some DSBs in human cells re-localize 

to nuclear pores and LaminA/C sites at the periphery and there the HR pathway and other 

alternative DSB repair pathways are activated to promote their repair and maintain genomic 

stability (279).  Importantly, mutations within Lamin A can result in reduced DNA repair and an 

inability to maintain telomere homeostasis (280).  Additionally, cells cultured from the mouse 

model of progerin and human fibroblasts collected from progerin patients, a disease resulting in 
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premature aging due to mutations in lamin A, are susceptible to genomic instability and have 

increased sensitivity to DNA damaging agents (281, 282).  Furthermore, in Drosophila and 

humans, DSBs in highly repetitive sequences in pericentric and heterochromatic regions are 

shuttled to the nuclear pores for repair via HR to prevent aberrant recombinations (278, 283).  Due 

to their repetitive nature these sequences are much more susceptible to mutation during repair and 

this periphery re-localization may promote genome stability by promoting the controlled activation 

of HR at a protected site away from the repeated sequence (148, 165, 278, 283).  Restarting 

replication after the stalling of a replication fork also occurs preferentially at the nuclear periphery 

in mammalian cells, to promote genomic stability during this potentially mutagenic situation (284).  

Re-localization to the NPC was found to preferentially promote repair via HR in human cells, 

while laminA/C re-localization allowed repair via NHEJ and other alternative pathways including 

MMEJ (285).  It is not well understood, however, how persistent DSBs resulting from an inability 

to locate a homologous template or due to deficiencies in NHEJ or HR are resolved in humans.  It 

would be interesting to perform studies similar to my yeast studies to map the mobility and 

potential nuclear periphery localization of site specific (ISceI) DSBs in human cells lacking 

various NHEJ and HR factors to determine whether inhibiting these repair pathways promotes 

DSB periphery re-localization to specific sites in G1 and S/G2 phase human cells as well.  ISceI 

results in the induction of a clean and temporally regulated DSB in human cells, similar to HO 

endonuclease induced DSBs in yeast. 

To study whether the integrity of the NHEJ and HR pathways affects the nuclear periphery 

localization of DSB ends to the NPC and laminA/C, the human cells containing an ISceI cut site 

could also be utilized.  For these experiments, a single ANCH1 site could be integrated 5-20kb 

from the I-SceI cut site and this sequence integrated into the cells.  Following the induction of I-
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SceI expression and subsequent DSB induction cells lacking various HR and NHEJ factors 

including RAD50, MRE11, XLF, XRCC4 and KU70 or containing the xlf-L115A or xlf-L115D 

mutants can be fixed at various time points.  GFP-ParB expression allows for the visualization of 

the broken end, while staining the cells with antibodies specific to the NPC or laminA/C will allow 

for the visualization of the nuclear periphery.  These experiments can also be performed in cells 

following the knock-down of NPC components or LaminA/C to determine whether DSBs in HR 

or NHEJ deficient cells preferentially localize to one of these sites over the other, following the 

knockdown of various HR and NHEJ proteins.  When NPC is downregulated, LaminA/C staining 

will be used to visualize the nuclear periphery and vice versa.  Zoning assays similar to those 

explained in the discussion of Chapter 5 can be used to determine whether the DSBs have re-

localized to the nuclear periphery.  These experiments could determine whether the HR and NHEJ 

mutants used have a role in nuclear periphery localization to specific sites in various conditions, 

by arresting the cells in various phases of the cell cycle and by measuring the re-localization of 

DSB induced in different regions of the genome.  As the location of the ISceI cut site would be 

known, ChIP could also corroborate these findings using antibodies specific to the NPC and 

LaminA/C.  Furthermore, survival assays could also be performed following the combined 

depletion of the above HR and NHEJ factors with the knock down of NPC or Lamin A or by using 

progerin mutants.   

By determining whether XLF-XRCC4 plays a role in NHEJ pathway choice, preventing 

end-resection, promoting genomic stability at DSBs and in the nuclear re-localization patterns of 

human DSBs we will gain a more complex understanding of this interaction and its importance in 

NHEJ.  This work may also promote future research to study these NHEJ factors as potential drug 

targets to enhance the effectiveness of DNA damaging cancer drugs in a personalized manner.  As 
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NHEJ is the most prevalent form of DSB repair in human cells drugs blocking XLF from 

stimulating Lig4 ligase activity or to prevent its functional interaction with XRCC4 may prove 

useful.  This area of study is likely distant; however, as there are few if any drugs currently in use 

that target structural DNA response factors.  If the disruption of functions of XLF or XRCC4 can 

be achieved by a molecule targeting these proteins this may result in increased resection at DSB 

ends, preventing NHEJ pathway choice, thus resulting in the activation of inefficient alternative 

repair pathways that are also mutagenic to cells.  The accumulation of a large number of DSBs 

that cannot be repaired efficiently or at all by NHEJ, will likely overwhelm these already inefficient 

alternative pathways and could decrease the survival of cancer cells when administered in concert 

with DNA damaging cancer drugs. 
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