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Abstract
DNA double strand breaks (DSBs) are a toxic and dangerous form of DNA damage repaired
primarily by non-homologous end joining (NHEJ) in mammals. The Ku70/80 heterodimer
rapidly responds to DSBs, stimulating recruitment of downstream NHEJ factors to protect,
process, and ligate broken DNA ends. Work in our lab has shown that a D192A/D195R
mutation in helix five of the Ku70 von Willebrand A (vWA) domain leads to an NHEJ
defect. However, little is known about the function of this region in NHEJ. We hypothesized
that helix five of the Ku70 vWA domain mediates a protein-protein interaction that is crucial
for DNA repair. We optimized a laser microirradiation protocol and used microirradiation
and in vitro binding assays to assess helix five’s ability to recruit and interact with a variety
of NHEJ factors. Surprisingly, the D192A/D195R mutation did not prevent recruitment of
NHEJ factors to laser-induced DNA damage, nor did it impede several protein-protein
interactions that we assessed in vitro. Overall, while the role of helix five of the Ku70 vWA
domain in DNA repair remains unknown, our investigations have ruled out several possible
binding partners and suggest that this helix could interact with a yet unidentified DNA repair
factor.
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CHAPTER 1: INTRODUCTION
This chapter provides an introduction to DNA double strand breaks (DSBs), the
mammalian DSB repair process of non-homologous end joining (NHEJ), and the Ku
heterodimer. Techniques in studying DNA repair protein recruitment to DSBs will be
outlined. This section will also introduce the newly identified yet poorly understood
importance of helix five of the Ku70 von Willebrand A domain in NHEJ. The overall goal
of my project was to characterize the function of this helix and its ability to recruit NHEJ
factors to DNA damage.

1.1

DNA double strand breaks

Throughout their lifetime, many, if not all, cells experience DNA damage. While damage
is common, it can cause mutations and chromosomal aberrations that have negative
impacts on cells, tissues, and organisms as a whole1. Failure to repair DNA lesions results
in a multitude of conditions including immunodeficiency, aging, cancer, and
neurodegenerative disorders2. To prevent these affects, several repair mechanisms have
evolved for the various types of DNA damage that can occur. The work herein will focus
on the DNA double strand break (DSB) and its repair.
DSBs, which can lead to chromosomal rearrangements, mutations, and DNA loss, occur
when both strands of a DNA helix are broken3. They are thought to be particularly toxic,
with one DSB having potential to yield a 100 million base pair loss, and if unrepaired,
they can lead to cell death or cancer4,5. DSBs can arise from exogenous sources or natural
cellular processes. Ionizing radiation (IR), which occurs naturally in the atmosphere or
can arise from X-rays, is a major external source of DSBs6. Ionizing radiation is defined
as energy that increases electron energy levels in atoms within a given tissue to the extent
that electrons are released from the atoms7. The released electrons can interact with DNA
directly to alter and damage it or they can form radicals that indirectly oxidize DNA.
Several medical applications including plane X-rays, X-ray computed tomography scans,
and radiation therapy used for cancer involve tissue exposure to IR8. Since use of these
techniques is fairly common, understanding cells’ ability to respond to and repair the IR-
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induced DNA damage that these applications can yield is of fundamental importance in
current healthcare.
X-rays are frequently used to induce DNA damage in cells for the study of DNA damage
and repair. In X-ray machines, groups of electrons are accelerated towards a tungsten or
gold medium with an electric current7. Collision between the electrons and the medium
results in a rapid conversion of the electrons’ kinetic energy to waves of electric or
magnetic energy, or photons. These photons interact with target tissue to excite its
electrons and create DNA damage as discussed above.
Additional DSB sources exogenous to the cell include chemotherapeutic drugs, such as
topoisomerase inhibitors, rare cutting endonucleases, and radiomimetic drugs9. While
these agents can be useful in cancer treatment, the genetic instability that occurs as a side
effect must be acknowledged and understood. Risks of these drugs in eliciting genetic
instability and tumorigenicity was exemplified in the case of mitoxantrone, a
topoisomerase II inhibitor which is thought to have caused acute promyelocytic leukemia
in four patients who had used the drug as a breast cancer treatment10. Each patient’s
leukemia appeared to stem from a chromosome translocation at the same position. This is
thought to be a side effect of the drug. Refining therapies to prevent side effects like
secondary cancers requires improved knowledge of cellular responses and adaptations to
DSBs.
DSBs can also arise from sources within the cell. Like free radicals produced by IRinduced electron excitation, free radicals and reactive oxygen species produced inside of
cells through processes such as cellular respiration can generate DNA damage sites
referred to as oxidative clustered DNA lesions11. These sites contain several forms of
DNA damage, including DSBs.
Single strand breaks (SSBs), another form of DNA damage, can also lead to DSB
formation12. Like DSBs, SSBs can arise from reactive oxygen species, drugs, and
ionizing radiation. SSBs occur at a higher frequency than DSBs, with approximately 10
SSBs estimated to occur for every 1 DSB induced by IR, and they are repaired by single
strand break repair13. This process is different than DSB repair and is initiated by

3

recruitment of PARP1 to damage
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. PARP1 promotes chromatin remodeling for repair

and recruits XRCC1, a scaffold for several repair proteins, including PNKP, Aprataxin,
and DNA Polymerase β, which process and fill gaps in the broken DNA. The DNA can
then be ligated by DNA Ligase 1 or DNA Ligase 3α. When two SSBs occur within one
helical turn of one another on opposite strands of the DNA helix, a DSB will result12.
Furthermore, replication forks can be stalled upon encountering a base lesion or single
strand break in DNA5. This is thought to be a major cause of DSB formation within cells
and exemplifies their vulnerability to internal sources of DNA damage.
Some natural cellular processes rely on DSB formation and without it, many cellular
systems would not be able to function normally. In development, DSBs are required for
recombination between parental chromosomes15. DSB formation is also critical in
topoisomerase II-mediated topological modification of DNA, which prevents physical
strain on DNA16. Furthermore, the process of V(D)J recombination, which leads to
production of T-cell receptors and immunoglobulins, relies on DSB formation by
recombination activation gene (RAG) proteins17,18. Thus, while DNA DSBs can be
detrimental and affect genomic integrity, their occurrence is a normal part of cellular and
human physiology.
Regardless of their source, repair of DSBs is crucial for cell survival and function.
Response to and repair of DSBs is accomplished by several mechanisms and processes.
With particular relevance to this work are the DNA damage response and nonhomologous end joining.

1.2

The DNA damage response and DSB repair

1.2.1 The DNA damage response
The DNA damage response (DDR), a signaling cascade initiated by DSBs, can pause cell
cycle progression to allow cells to commence in DNA repair, cell death, or senescence
depending on the severity of damage2. It begins with recruitment of kinases Ataxia
telangiectasia mutated (ATM) kinase and ataxia telangiectasia and Rad3-related protein
(ATR) to broken DNA ends. These proteins activate additional kinases, checkpoint
kinase 1 (CHK1) and checkpoint kinase 2 (CHK2) to inhibit cyclin dependent kinases
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(CDKs) and arrest the cell cycle while also stimulating DNA repair factor recruitment.
This is accomplished through phosphorylation, ubiquitation, or acetylation of repair
proteins. In result, this response prevents damaged DNA from being replicated until it is
repaired.

1.2.2 DSB repair
The two main processes of DNA DSB repair are homologous recombination (HR) and
non-homologous end joining (NHEJ). HR occurs during the S and G2 phases of the cell
cycle while non-homologous end joining (NHEJ) is required for cells in G119. Recent
work has sought to gain insights into the mechanisms by which cells “choose” between
undergoing NHEJ and HR. While much is still unknown regarding DSB repair pathway
choice, it is clear that 53BP1 and BRCA1 play a major role in this avenue of repair, with
BRCA1 promoting HR and 53BP1 activating NHEJ4. Additionally, it is expected that the
first proteins recruited in HR, the MRN complex (Mre11, Rad50, and Nbs1) and CtIP,
compete with Ku70, the first factor recruited in NHEJ in order to mediate pathway
choice. Consistent with this theory, CtIP was shown to be upregulated in stages of the
cell cycle where HR is favoured. This could lead to end resection outcompeting Kubinding to DNA ends and consequently a switch from NHEJ to HR, indicating that
activity of molecules influencing repair pathway choice is highly cell-cycle dependent.
Interestingly, initiation of HR can be reversed and there is evidence that Ku can be
cleaved from the DNA ends by HR machinery, suggesting that a “choice” can still be
made after these proteins bind the broken DNA20,21.
When neither NHEJ nor HR can occur, perhaps due to mutation, repair is carried out by a
third pathway known as alternative NHEJ (aNHEJ)20. aNHEJ is thought to use short
regions of microhomology at either end of the DSB to align and ligate broken ends. Little
is understood about aNHEJ and although PARP1 and the MRN complex are said to be
major players in the process, it is currently unclear whether aNHEJ is a single pathway or
a subset of smaller, independent, repair mechanisms. However, aNHEJ is thought to be
highly error-prone and elicits chromosome translocation20,22. Thus, while aNHEJ is active
throughout the cell cycle, NHEJ and HR predominate. Detailed descriptions of HR and
NHEJ are provided below.
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Homologous recombination
During phases of the cell cycle where DNA has been replicated for mitosis, cells can
undergo homologous recombination19. This process uses a sister chromatid template for
repair of broken DNA20. Thus, HR is considered to have relatively high fidelity, as
compared to the other DSB repair processes. HR is initiated by binding of MRN (a
complex comprised of (Mre11, Nbs1, and Rad50) to the DNA ends23. This complex
resects the ends, yielding a 3' OH overhang. Rad51 associates with the overhang and
scans the template sister chromatid for regions of homology, forming a D-loop with
template sister chromatid DNA by invading it with the overhang. Next, DNA polymerase
I elongates the broken DNA using the homologous DNA as a template. The result is a
Holliday junction.
Following formation of the Holliday junction, two models are proposed for HR: the
double strand break repair (DSBR) model and the synthesis-dependent strand-annealing
model24,25. In the DSBR model, overhangs from either side of the DSB form Holliday
junctions24. Junctions are then cleaved by endonucleases and ligated by DNA ligase I23,24.
Depending on the site of cleavage, this can result in crossing over and this model is thus
considered to be favored in meiosis24. In the synthesis-dependent strand-annealing model,
strand invasion by the 3' OH overhang on one side of the DSB and the consequent
formation of a Holliday junction leads to synthesis of enough DNA that the newly
synthesized strand can be annealed to the 3' OH overhang on the opposite end of the DSB
and used as a template for repair25. Unlike DSBR, this model does not result in crossing
over.
Non-homologous end joining
NHEJ, which is thought to be the major DNA repair process for mammalian cells, will be
the focus of our work and is outlined in Figure 1-126.
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Figure 1-1: Non-homologous end joining. Following DSB formation, NHEJ is initiated
by binding of the Ku heterodimer to broken DNA (dsDNA) ends. Ku recruits DNA-PK,
which tethers the broken ends to protect them from degradation. Several accessory
factors then process the ends, removing non-ligateable groups and filling in gaps in the
DNA such that the ends can be re-ligated by XRCC4-XLF-DNA Ligase IV complex. As
a result of this process the DNA ends are rejoined, restoring DNA integrity.
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Non-homologous end joining begins with recruitment of the Ku70/80 heterodimer to
broken DNA ends27. The heterodimer translocates along the DNA, making space for two
DNA-PK molecules to associate with the break. DNA-PK transphosphorylates the DNA
ends and is thought to regulate its own activity through autophosphorylation. The
association of Ku70/80 and DNA-PK ultimately yields tethered DNA ends that cannot be
degraded by endonucleases within the cell27.
Following tethering of the DNA ends, the ends can be processed28. Small nucleotide gaps
in the broken DNA are repaired by DNA polymerases µ and λ and non-ligateable groups
are removed from the DNA ends by the DNA 3’ phosphatase/ 5’kinase polynucleotide
phosphatase kinase (PNKP), as well as tyrosyl-DNA phosphodiesterase 1 (TDP1) and
possibly aprataxin (APTX). Nucleases such as Mre11, Artemis, exonuclease 1 (Exo1),
and Werner syndrome helicase/exonuclease (WRN) are thought help align broken DNA
ends by detecting regions of the ends with microhomology. The ultimate goal of this
processing step is to make the DNA ends ligateable.
Following processing, the DNA ends can be ligated by the X4-L4 complex, which
contains x-like complementing gene 4 protein (XRCC4), XRCC4-like factor (XLF), and
DNA ligase IV27. This complex is recruited to the DSB in the presence of Ku70/80 and
its ligation function is carried out by DNA ligase IV while XRCC4 is thought to serve as
a scaffolding protein. The overall result is the restoration of the DNA double helix.
While many of the key players in NHEJ are recognized, it has been postulated that
additional factors involved in the NHEJ complex exist and have yet to be identified. This
principle was exemplified in the recent identification of paralog of XRCC4 and XLF
(PAXX), a protein similar in structure to XRCC4 and XLF which was shown to be
required for NHEJ and to directly interact with Ku29,30. Further characterization of NHEJ
and factors involved in the process is needed.
NHEJ is considerably error prone. Processing of broken DNA ends can cause nucleotide
losses or alterations28. Furthermore, the X4-L4 complex is more tolerant of mispairings
and nucleotide damage at DNA ends than other ligases31. While the low fidelity of NHEJ
could result in loss of genetic information and jeopardized genomic integrity, the process
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restores DNA’s structural integrity, preventing chromosome aberrations and overall more
severe cellular and genetic consequences.
DSB repair has long been considered as a potential target process for cancer therapeutics.
NHEJ inhibiting drugs like Garcinol, which does not allow chromatin remodeling for
NHEJ after IR, are promising for use with radiation therapy since NHEJ is the main
repair process to occur after IR32. Another drug, SRC7, inhibits DNA ligase IV in NHEJ
to slow tumor growth in mice and increase mouse tumor sensitivity to radiation or DSBforming chemotherapeutic drugs33. By developing an understanding of DSB repair and
the proteins involved, we create potential for identifying new therapeutic targets.

1.3

The Ku Heterodimer

The focus of this work was Ku70, a component of the Ku70/80 heterodimer, which is the
first complex recruited to DSBs in NHEJ27. Overall, Ku is highly conserved from yeast to
mammals highlighting the importance of Ku-mediated DNA repair in even simple
organisms34. Here, I will discuss basic features of Ku as well as its role in repair and
signaling.

1.3.1 The Ku heterodimer: A brief history and overview
Ku was first identified more than thirty years ago in an immunological study of
antibodies in a patient with polymyositis-scleroderma overlap, a connective tissue
disease35. The objective of this study was to find biomarkers for the disease and at this
time, the role of Ku in repair was not apparent. However, antibodies designed for Ku
indicated that it was localized to the nucleus. Later work from the same group showed
that double stranded DNA precipitated with anti-Ku antibodies36. The DNA-binding
ability of Ku was found to be dependent on the availability of free DNA ends while Ku
dimerization was DNA-independent in vitro37. However, the role of Ku in repair was not
elucidated for over 10 years following its initial discovery until a DNA repair defect in
radiosensitive hamster cells was attributed to Ku deficiency38. Several studies have since
shown a link between Ku-deficiency and impaired DNA repair in multiple cell lines and
the significance of Ku for repair, particularly in NHEJ is well-documented34.
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1.3.2 Ku in DNA repair
A.) NHEJ
Ku’s primary roles in NHEJ are to act as a sensor to breaks, as well as a scaffold for
recruitment of other NHEJ factors. As discussed in section 1.2.2, Ku is the first repair
factor to be recruited in the process of NHEJ27. Ku binds to double stranded DNA, but
not single stranded DNA, with a high affinity (approximately 2nM), with Ku80
interacting with the DNA minor groove and Ku70 interacting with the major groove39.
Ku encircles the DNA such that Ku80 faces the length of the DNA while Ku70 faces the
break40. Upon binding, Ku translocates along the DNA by approximately one turn of the
helix such that the DNA-PK catalytic subunit (DNA-PKcs) can bind the broken DNA
ends41. Together, Ku and DNA-PKcs form the DNA-PK complex. DNA-PKcs subunits
on either end of the DSB can interact to tether the broken ends, protecting them from
nuclease degradation27. It has also been suggested that Ku itself is directly involved in
DNA end bridging34. In addition to its protective function, Ku is important in recruiting
several members of the NHEJ complex that carry out downstream functions (see 1.2.2 for
an overview of NHEJ). Among the NHEJ factors that interact with Ku are DNA
polymerases µ and λ, XRCC4, XLF, DNA ligase IV, APLF, and WRN39.
Following NHEJ, Ku is removed from repaired DNA via polyubiquitination of Ku80. In
a Xenopus system, Ku removal was shown to be mediated by a Skp1-Cul1-Fbox (SCF)
E3 ubiquitin ligase complex containing the F box protein F-box and leucine-rich repeat
protein 12 (FBxl12), which recognizes Ku80 as a substrate42. Truncation experiments
indicate that the E3 recognition site within Ku80 is located within the DNA-binding core
domain. In humans, Ku removal via ubiquitination is attributed to RING finger protein 8
(RNF8), a ubiquitin ligase43. Additionally, a recent study suggested that Ku
ubiquitination and removal is mediated through Ku neddylation by NEDD844. While it is
suspected that DNA-bound Ku70 is also degraded or removed by ubiquitination, regions
of Ku70 required for this have not been identified39. It has also been argued that Ku could
be removed by nicking by members of the HR complex MRX (Mre11-Rad50-Xrs2)
followed by end resection21,45. Overall, the molecular mechanisms underlying Ku
removal from the break are not yet clear.
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B. Other repair roles of Ku
The primary repair functions of Ku lie in the heterodimer’s role in NHEJ. However, Ku
has been implicated in various types of DNA repair. Several studies have identified an
interaction between Ku and base excision repair intermediates called AP sites46. A recent
study suggested that Ku80-deficient cells displayed impairments in the initial steps of
base excision repair and that the absence of Ku80 yielded vulnerability to single-strand
break (SSB)-inducing reactive oxygen species and alkylating agents47. Surprisingly,
deletion of Ku70 did not affect base excision repair. Consistent with the idea that Ku80 is
more important for base excision repair than Ku70 is the observation that Ku80-depleted
cells are more sensitive than Ku70-depleated cells to the SSB-inducing agents
streptonagrin and paraquat48. However, these results should be interpreted cautiously and
may be the result of deficient cells’ background phenotypes, as Ku is thought to exist
primarily in its heterodimeric state and depletion of Ku70 or Ku80 respectively has been
shown to lead to absence of the other member of the heterodimer49,50.
Additionally, Ku may play a role in ribosomal DNA repair. Ku was shown to interact
with ABH2, a protein linked to protection of ribosomal DNA (rDNA) in response to
alkylating damage51. Repair of rDNA, which encodes ribosomal RNA and is highly
transcribed in the nucleolus, is not yet well-understood and it could be possible that Ku
plays a novel role here.
Beyond its involvement in particular repair processes, Ku also plays a key role in
suppressing other repair pathways when NHEJ is favorable. By outcompeting members
of the HR complex during the G1 phase of the cell cycle as well as the alternative end
joining player PARP1 when aNHEJ is not favorable, Ku ensures that NHEJ predominates
over the other pathways34.

1.3.3 Additional functions of Ku
A.) Ku in telomere function
Ku is essential for normal telomere function34. Telomeres, as the linear double stranded
end components of chromosomes, pose the problem of being recognized as DSBs by
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NHEJ machinery52. Recognition and “repair” of telomere ends could have dire
consequences for the cell, such as chromosome fusions and overall genetic instability.
Comprised of telomeric repeat binding factor 1 (TRF1), telomeric repeat binding factor 2
(TRF2), Ras-proximate-1 (Rap1), TERF1-interacting nuclear factor 2 (TIN2), tripeptidyl
peptidase I (TPP1), and protection of telomeres protein 1 (POT1), the shelterin complex
protects DNA ends from this fate53. Specifically, TRF2 is thought to inhibit NHEJ at the
telomere52. Surprisingly, Ku plays a key role in this by interacting with TRF2, despite its
function in NHEJ, and it is also involved in preventing HR and alternative end joining at
telomeres52,54,55.
In addition to downregulating repair at telomeres to maintain telomere integrity, Ku may
be involved in recruiting telomerase to lengthen telomeres, a function proposed to act
through the Ku80 vWA domain56. The implications of Ku-deficiency in terms of
telomere length vary across organisms34. However, structural disruptions and loss of
telomeres occur in human cells that do not express Ku suggesting that Ku’s role in
telomere maintenance is physiologically relevant57. It is not clear whether Ku binds
telomeres directly via its DNA binding domain or whether it indirectly interacts with
telomeres via a protein-protein interaction, but reported binding partners of Ku within the
telomere include telomeric repeat binding factor 1 (TRF1), telomeric repeat binding
factor (TRF2), and Ras-proximate-1 (Rap1)34.
B.) DNA damage signaling and apoptosis
The DNA damage response (DDR) is a signaling cascade mediated mainly by members
of the PIKK family that modifies chromatin to prepare DSBs for repair and signals for
cell cycle arrest and apoptosis58. The latter is carried out through ATM and ATRregulated phosphorylation of p53 and Chk1/2. Ku’s link to the DDR is through ATM.
ATM activity is regulated by Ku and cells lacking Ku70 were impaired in ATMmediated ATR activation while cells without Ku80 display increased ATM activity and
consequently inability to enter S phase59,60.
Work in our lab has shown a role for S155 within the Ku70 von Willebrand A domain in
DNA damage signalling61. An alanine substitution at S155 led to increased cell survival
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after IR, accelerated growth, and abnormal expression of genes related to DNA damageinduced apoptosis61,62. Further investigation indicated that the S155A substitution led to
misregulation of activating transcription factor 2 (ATF2) and its targets61. Conversely, an
S155D phosphomimetic substitution led to increased IR sensitivity and activation of
ATF2, suggesting that S155 could be phosphorylated to mediate DNA damage signaling.
This was confirmed by mass spectrometry analyses (Fell et al., submitted).
Characterization of the S155D mutant revealed upregulation of the apoptotic and G2/M
checkpoint regulator XAF-1 along with downregulation of cell cycle progression proteins
Cyclin D1, cyclin dependent kinase 6 (CDK6), and protein phosphatase 1 (PP1). This
suggests that phosphorylation of Ku70’s S155 mediates cell cycle progression. A largescale screen suggested that Ku could interact with Aurora B, a kinase that mediates G1/S
and G2/M progression. S155D-expressing cells displayed arrest in these stages and gene
expression in cells treated with an Aurora B inhibitor was comparable to that of S155D
mutant-expressing cells. Considering the similarities between the Aurora B inhibition and
S155D phenotypes, as well as the interaction between Ku and Aurora B, it was proposed
that phosphorylation of S155 in Ku70 inhibits Aurora B activity. This could promote cell
cycle arrest during DNA repair and, in cases of more severe damage, lead to senescence
and apoptosis.
Beyond our studies in the role of S155 in Ku-mediated DNA damage signaling, other
groups have considered the role of Ku in apoptosis through its binding to Bcl-2associated X protein (Bax)34. However, these studies are limited in that Bax is a
cytoplasmic protein whereas Ku is localized to the nucleus.

1.3.4 Localization of the Ku heterodimer
Ku is localized to the nucleus throughout the lifetime of a cell. Ku70’s nuclear
localization signal (NLS) is a bipartite basic sequence comprised of amino acids 539 to
55663. Within this, two basic clusters from 542-544 and 553-556 are essential for nuclear
localization. A Ku80 NLS was reported at residues 561-569 and its import is thought to
occur via PTAC58 and PTAC97, two proteins within the nuclear pore-targeting
complex64. Ku NLS mutants, when co-expressed with wild-type binding partners (for
example a Ku70 NLS mutant co-expressed with wild-type Ku80), can localize to the
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nucleus suggesting that NLS integrity in only one member of the heterodimer is sufficient
to promote nuclear localization of the full Ku heterodimer 63.

1.3.5 Medical relevance of the study of Ku
There is evidence that Ku could be linked to immune system disorders, aging, and
cancer34. Although there is no Ku-deficient human phenotype, studies in Ku-deficient
mice have provided insights into the adverse effects of Ku dysfunction in mammals. In
the context of the immune system, Ku80-deficient mice are incapable of T cell and B cell
maturation by V(D)J recombination65,66. Ku70-deficient mice display low levels of
mature T cells, with poor overall T cell development67. They are also impaired in B cell
development and class switch recombination68. The Ku80-deficient phenotype is thought
to be more similar to recombination activating gene (RAG) deficient mice as lymphocytes
cannot mature within the animals’ thymus65. While DJ junctions form in the mice, at low
levels, V(D)J recombination cannot be completed. These data imply that Ku plays a vital
role in the immune system.
In the context of aging and cancer, it has been reported that Ku70/80 double knockout
mice display an increased aging phenotype69. There have also been reports that Ku70deficient mice are predisposed to thymic tumors67. However, these data must be
interpreted cautiously as double knockout experiments did not indicate an increased
likelihood of tumor growth in Ku70 and Ku80-deficient mice raised in the same
environment and genetic background69. Nevertheless, abnormal Ku expression has been
reported in cancers and Ku80-deficiency, in combination with p53 deficiency leads to
tumor development34,70.
In addition to being causative in tumor formation, Ku deficiency could be exploited by
cancer therapies. This was exemplified in a study showing that Imatinib, a drug whose
functions include inhibition of homologous recombination, could be used to sensitize Kudeficient bladder cells71. The authors of this study argued that since muscle invasive
bladder cancer is deficient in Ku (and therefore NHEJ) whereas healthy tissue maintains
normal Ku expression, inhibiting HR could specifically sensitize bladder cancer cells.
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However, this work was highly preliminary and sensitization of muscle invasive bladder
cancer cells by Imatinib has not yet been illustrated in vivo.

1.3.6 Structural characteristics of Ku70/80
Ku70/80 is a heterodimer and removing either subunit of the dimer likely compromises
the stability of the other component. This is exemplified by low Ku80 expression in Ku70
knockout cells and by low Ku70 levels in cells harboring Ku80 loss of function
mutations49,50. The crystal structure of the Ku heterodimer, which is depicted in Figure 12, has provided important insights into how Ku binds DNA and how Ku70 and Ku80
interact to achieve this72. Ku70 and Ku80 interact with one another via three beta hairpins
from each of the two proteins73. The binding domains of Ku70 and Ku80, which connect
the two proteins together, deviate from one another in sequence to ensure that they form
heterodimers, rather than homodimerizing72. However, Ku70 and Ku80 have a
considerable degree of structural similarity. Although the two proteins diverge in their Ctermini, which for Ku70 contains a SAP domain and for Ku80 contains a domain thought
to bind DNA-PK, they share similarity in their core domains74. These have beta barrel
structures which form grooves that facilitate the proteins’ DNA binding72. In addition to
this, the two proteins share the similarity of having N-terminal Von Willebrand A (vWA)
domain-like motifs75.
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Figure 1-2: Structure of the Ku70/80 heterodimer with front (A) and side (B) views
and a linear representation of both Ku subunits (C). In A and B, D192 (right) and
D195 (left) are indicated in green and K182 (right) and K189 (left) are indicated in cyan.
Crystal structure images are adapted from the crystal structure solved by Walker et al.
using the PyMOL Molecular Graphics System Version 1.3 (Schrödinger LLC, USA)72.
(Adapted by permission from Macmillan Publishers Ltd: [Nature] (72), copyright 2001).
(See Appendix C). In C, domains of Ku70 and Ku80 are colour-coded, with the von
Willebrand A domains in blue, the DNA binding cores in purple, and the NLS signals in
yellow. The SAP domain of Ku70 is depicted in orange and the C-terminal/DNA-PK
binding domain of Ku80 is shown in green.
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1.3.7 Function of von Willebrand A-like domains in the Ku70/80
heterodimer
Generally, vWA domains are thought to be sites of protein-protein interactions76. The
Ku80 vWA-like domain is involved in yeast telomere function and there is evidence that
it interacts with aprataxin and PNK-like factor (APLF), whose recruitment was recently
shown to stabilize the NHEJ complex40,77. Additionally, Werner’s syndrome
helicase/exonuclease (WRN) interacts with the region of Ku80 containing the vWA
domain78. Despite the discovery of these roles of Ku80’s vWA domain, the function of
the Ku70 vWA domain is not well-understood.
Recent evidence suggests that helix five of the Ku70 vWA domain may be important in
DNA repair. This helix displays high conservation across organisms, suggesting that it
could be key for survival (Figure 1-3A). In fact, a study searching for significant residues
in Ku indicated that the helix five was conserved in a manner comparable to Ku70’s
critical DNA-binding region, suggesting it could have functional significance40. The
authors mutated D195 and D198 in helix five of the yeast Ku70 vWA domain and indeed,
this led to impaired NHEJ, as evaluated by in vivo plasmid repair assays40 (yeast Ku70’s
D195 is homologous to human Ku70’s D192, and yeast D198 corresponds to human
D195). While both D195A and D195R substitutions led to a repair defect, a D198A
substitution did not impair repair while repair was affected by a D198R substitution. This
work prompted our lab to study the effects of mutating the acidic residues of helix five in
mammalian cells. Ku70 D192A/D195R in a retroviral expression vector was introduced
into Ku70 knockout mouse embryonic fibroblasts (MEFs)61. This resulted in cells stably
expressing Ku70 D192A/D195R and no wild-type Ku70. Using clonogenic cell survival
assays, the authors found that compared to Ku70 knockout MEFs expressing wild-type
Ku70, Ku70 knockout MEFs expressing Ku70 D192A/D195R showed impaired survival
in response to IR (Figure 1-3B). Levels of survival were similar to those measured for
Ku70 knockout MEFs expressing an empty retroviral vector. Ku70 knockout mice and
Ku70 knockout embryonic stem cells are radiosensitive and have NHEJ defects, and
consistently the Ku70 knockout MEFs displayed impaired DNA repair50,68. The similarity
of survival levels between Ku70 knockout MEFs and MEFs with the Ku70
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D192A/D195R mutation indicates that Ku70 D192A/D195R had lost its function in
conferring cell survival following IR. Pulsed-field gel electrophoresis (PFGE), which
measured DNA repair at various time points, indicated that the Ku70 D192A/D195R
mutant had impaired DNA repair, suggesting that the mutant was deficient in NHEJ
(Figure 1-3C)61. This indicates that helix five of the Ku70 vWA domain, in which
residues D192 and D195 are located, may be important for DNA repair. However, the
function of this helix in repair is unknown.
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Figure 1-3: Conserved helix five of the Ku70 vWA domain is important for NHEJ.
Sequence alignment of several eukaryotic organisms indicates high conservation in helix
five of the Ku70 vWA domain in mammals (A). The alignment was performed using the
COBALT alignment tool and formatted in Jalview software, Version 2 (Barton Group,
University of Dundee, Scotland)79,80. Residues are colour-coded, with dark purple
indicating residues with the highest percent identity and brighter colour intensity
indicating a higher degree of residues’ conservation. D192, D195, K182, and K189
within helix five are indicated with green arrows. Clonogenic cell survival assays with
Ku70 knockout MEFs expressing wild-type Ku70 (WT), Ku70 D192A/D195R
(D192A/D195R), or the pMSCV puro empty vector (pMSCV) indicate that Ku70
knockout MEFs expressing Ku70 D192A/D195R have impaired survival as a function of
IR, as compared to wild-type Ku70-expressing cells (B)61. Pulsed field gel
electrophoresis confirmed that the mutant displayed impaired DNA repair as a function of
time (C)61. FAR=fraction of activity released, a ratio of unrepaired DNA to total DNA
loaded in the experiment. Panels B and C were obtained from61 in the journal Molecular
Cell Biology with permission from the editors, the American Society for Microbiology
(see Appendix C).
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A recent study reported that the Ku70 vWA domain might contribute to Ku70’s
association with the shelterin complex, which prevents the DNA damage response from
occurring at telomeric ends52. The authors also argued that Ku70 self-associates in a
tetramer via helix five of the Ku70 vWA domain. They suggested Ku tetramerization
could bridge DNA ends and that this bridging function could define the helix’s role in
repair. However, this study was not conduced in the context of DNA damage. Thus, it
remains a mystery whether Ku tetramerizes in DSB repair and whether this is truly
dependent on helix five of the Ku70 vWA domain.

1.4

Covalent modification of helix five of the Ku70 vWA
domain

Helix five of the Ku70 vWA domain contains two conserved lysines at positions 182 and
189 (Figure 1-3A). The conservation of these residues indicates that they may have an
important function and as they are located within a helix important for repair, we
considered the possibility of their involvement in NHEJ. In support of the idea that these
lysines could be sites of signaling or modification, several proteins have been shown to
modify lysines in the Ku heterodimer in past studies, discussed herein.
A. Ku ubiquitination
There is evidence that ubiquitination of Ku80 is integral for effective NHEJ and this
could be true of Ku70 as well. MDC1, a DNA damage response factor, recruits the E3
ubiquitin ligase RNF8 to DSBs where it ubiquitinates Ku8043,81. Work by Feng and Chen
(2012) indicated that RNF8-mediated ubiquitination of Ku80 may be important for
removing Ku80 from broken DNA ends43. In support of this Postow et al. developed an
assay showing Ku80 dissociation from DNA is dependent on ubiquitination and showed
that removal of Ku80 from DNA may be mediated by the proteasome82.

Furthermore,

siRNA silencing of RNF8 led to prolonged retention of Ku80 at sites of DNA damage
and an NHEJ defect was observed in RNF8 knockout MEFs43,83.
Considering the key role of Ku80 ubiquitination as well as the high structural and
functional similarities of Ku70 and Ku80, it is possible that like Ku80, Ku70 is
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ubiquitinated in NHEJ. This ubiquitination may occur at K182 or K189 of helix five of
the Ku70 vWA domain. If this is the case, the Ku70 D192A/D195R repair defect
mutation could prevent this ubiquitination by reducing the availability of these sites for
modification or by preventing recruitment of factors responsible for their ubiqutination,
such as RNF8 or the upstream MDC1. The possibility of Ku70 ubiquitination is
supported by a global ubiquitination study which indicated that K182 of Ku70 can be
ubiquitinated84.
B. Ku acetylation
It is also possible that Ku70 is acetylated at the conserved K182 and K189 residues.
Some evidence suggests that Ku70 is acetylated in response to ionizing radiation and this
is thought to be dependent on CREB binding protein (CBP)85. Such acetylation may lead
to cell death in response to IR. The specific residues that are acetylated by CBP have not
been identified and it is possible that this role is assumed by K182 and K189 in helix five
of the Ku70 vWA domain.

1.5

Involvement of helix five of the Ku70 vWA domain in a
protein-protein interaction

Helix five of the Ku70 vWA domain is positioned in the Ku70/80 heterodimer such that
the helix protrudes from the dimer, making it an ideal site for protein-protein interactions.
The helix’s surface is predicted to be altered by the D192A/D195R mutation, which
affects both the charge and surface morphology of helix five (Figure 1-4). Because of the
repair-deficient phenotype observed in the Ku70 D192A/D195R mutant, it was suspected
that helix five might recruit a factor involved in NHEJ or the DNA damage response. No
protein-protein interactions have been reported between helix five and NHEJ factors, but
Ku80’s vWA domain interacts with NHEJ accessory factors Werner syndrome
recombinase/exonuclease (WRN) and APLF77,78. With this in mind, it is possible that the
structurally similar Ku70 vWA domain is involved in a similar interaction. To understand
the role of helix five of the Ku70 vWA domain in protein-protein interactions, factor
recruitment in the Ku70 D192A/D195R mutant must be analyzed.
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Figure 1-4: Comparison of helix five of the Ku70 vWA domain in WT Ku70 and
Ku70 D192A/D195R. D192 (right) and D195 (left) are indicated in yellow. Images were
adapted from Walker et al. using PyMOL Molecular Graphics System Version 1.3
(Schrödinger LLC, USA)72. (Adapted by permission from Macmillan Publishers Ltd:
[Nature] (72), copyright 2001). (See Appendix C).
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1.6

Candidate factors that may be recruited via the Ku70
vWA domain

1.6.1 DNA-PKcs
Ku70 and the DNA-PK catalytic subunit (DNA-PKcs) form the DNA-PK complex,
which bridges DNA ends and phosphorylates various NHEJ factors at the DSB27. While
there is evidence that DNA-PKcs’s recruitment is mediated by the C-terminus of Ku80, it
is possible that the Ku70 vWA domain strengthens the interaction86. Cells with Ku80
lacking its C-terminal domain cannot recruit DNA-PK to DSBs and display a
radiosensitive phenotype, as observed with the Ku70 D192A/D195R mutant and it is
possible that both phenotypes result from impaired DNA-PK recruitment61,86.

1.6.2 DNA-processing NHEJ factors
Several proteins and accessory factors, including Artemis, DNA polymerases µ and λ,
WRN, APLF, and PNKP have been implicated in processing DNA ends for repair27.
Artemis is thought to act as an endonuclease that becomes active in cleaving overhangs in
broken DNA in the presence of DNA-PK87. DNA polymerase µ and λ are thought to fill
in small gaps in the broken DNA ends27. Pol µ’s ability to form a complex with DNA
was found to be Ku-dependent and perhaps the region of Ku important for this
association is the vWA domain88. While pol λ’s association with broken DNA is thought
to be Ku-independent, it is possible that Ku70’s vWA domain facilitates its recruitment
through a protein-protein interaction, as well89. As mentioned previously, Werner’s
syndrome recombinase helicase (WRN) and APLF are accessory factors whose
association with NHEJ complexes relies on the Ku80 vWA domain77,78. Since the Ku70
vWA domain is structurally similar to that of Ku80, it is possible that it shares this
function in binding these proteins, as well. Finally, PNKP, which is thought to process
non-ligatable end groups of broken DNA by acting as a 3’ phosphatase and 5’ kinase,
may be recruited to the Ku70 vWA domain27. In the absence of this protein, cells display
radiosensitivity as observed in the Ku70 D192A/D195R mutant, although there is little
evidence that the association of PNKP with DSBs is Ku-dependent27,90.
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1.6.3 Proteins of the X4-L4 complex
Recruitment of the X4-L4 complex to DSBs for ligation of DNA ends was reported to be
dependent on the presence of Ku in vitro91. Furthermore, studies using laser-induced
DNA damage showed that Ku80 colocalized with XRCC4 and a direct interaction
between Ku70/80 and XRCC4 was confirmed using immunoprecipitation92. Helix five of
the Ku70 vWA domain may play a role in this interaction or may be involved in
stabilizing the complex.

1.6.4 PAXX
PAXX was recently characterized as a novel NHEJ factor within the same structural
superfamily as XLF and XRCC429. PAXX depletion by siRNA knockdown or knockout
by CRISPR-Cas9 gene editing led to radiosensitivity and GFP-PAXX was recruited to
sites of laser microirradiated damage, suggesting that the protein is involved in DSB
repair. Furthermore, GFP pulldown assays identified Ku70 and 80 as PAXX binding
partners and mutagenesis studies revealed that the Ku-PAXX interaction is mediated via
the PAXX C-terminus. Re-expression of PAXX in PAXX-deficient cells led to rescued
survival after IR while reexpressing PAXX without its C-terminus did not, implying that
the PAXX-Ku interaction may be key for DSB repair. However, the regions of Ku
involved in the Ku-PAXX interaction have not been characterized and it is possible that
this interaction occurs via helix five of the Ku70 vWA domain.

1.7

Qualitative analysis of DNA repair factor recruitment

DNA repair factor recruitment can be analyzed qualitatively using immunofluorescence.
Following IR-induced DNA damage, some proteins form foci, clusters that can be
observed with microscopy, at the broken DNA ends93. One such factor is phosphorylated
histone H2AX, (γ-H2AX), which forms one nuclear focus per DSB94. These foci can be
used to quantify DNA damage derived from sources like X-rays. γ-H2AX foci are thus
often considered to be markers for DNA damage and can be observed with
immunofluorescence, minutes after IR treatment94,95. Additional foci-forming proteins
related to the DNA damage response include p53 binding protein 1 (53BP1) and ataxia
telangiectasia mutated protein (ATM)94.
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Limitations arise in the X-ray-immunofluorescence approach for visualizing protein
recruitment to DNA damage as only low levels of NHEJ proteins accumulate at the
break. As a result, protein recruited to damage cannot always be distinguished from free
protein in the nucleus (see example in Figure 1-5A).96 Thus, while X-ray induced DNA
damage, which creates DSBs throughout the nucleus, can be used to visualize factors that
form foci at DSBs, an alternative means of visualizing factor recruitment to DSBs must
be used in observing NHEJ factors.
Microirradiation, a technique that induces DNA damage using lasers, has allowed
effective visualization of proteins involved in NHEJ and the DDR at DSBs, regardless of
whether the factors form foci96. Laser-induced DNA damage is stimulated in pre-defined
regions, with relatively high levels of damage localized to a specified area. This results in
a concentration of repair proteins at microirradiated sites, such that the damageassociated protein can be resolved and distinguished from protein that is not associated
with DSBs in immunofluorescence and live-imaging studies (see example in Figure 15C). In addition to laser microirradiation, a study has suggested that Ku foci can be
observed by immunofluorescence when cells are treated with a pre-extraction method
that removes non-DSB associated Ku from the nucleus (Figure 1-5B). We considered
both Ku visualization methods in our study.
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Figure 1-5: Methods for visualizing Ku. Images of Ku80 in cells treated with 10Gy IR
(A), 10Gy IR and preextraction with cytoskeleton buffer and RNase A (CSK+R) (B), or
laser microirradiation (C). Images in panels A and B were adapted from97 in the Journal
of Cell Biology with permission from the RUP permissions department (see Appendix C)
and C was taken in our lab under conditions described in Chapter 2. Without preextraction or concentration of damage to predefined sites by microirradiation, Ku stains
diffusely throughout the nucleus and Ku localized to breaks cannot be distinguished from
Ku throughout the nucleus.
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1.7.1 Mechanisms for laser-induced DNA damage
Laser-induced DNA damage is thought to occur by four mechanisms reviewed by Kong
et al96. These mechanisms are outlined below.
1. Increased temperature due to photon absorption
DNA is thermally denatured in temperatures above 66.85°C98. Laser microirradiation of
nuclei leads to photon absorption which, in turn, can lead to a rise in temperature96. For
laser systems that deliver multiple pulses to target DNA, the heat from subsequent pulses
can be retained and thus, the DNA will be heated not only by each pulse, but by the
cumulative effect of multiple pulses96. This will generate multiphoton absorption that can
further increase temperature to damage DNA.
2. Thermo-eleastic stress
Thermo-elastic stress is a form of physical stress influenced by the length of laser pulses
irradiating the DNA as well as the time needed for thermal stress induced by the laser to
move through the DNA96. It can be generated from laser systems using multiple pulses
due to the short time interval between pulses and has potential to affect DNA integrity.
However, thermo-elastic stress generated by the laser parameters used to induce DNA
damage is thought to be relatively low and overall, thermo-elastic stress is considered a
minor player in formation of damage induced by lasers with multiple pulses.
3. Oxidative and crosslinking damage generated by photochemical processes following
photon absorption
Photon absorption can lead to reactive oxygen species and free radical formation which
can, in turn, cause damage96. This source of damage is particularly significant for UVA
lasers. For these lasers, DNA damage is not limited to DSBs, but also to pyrimidine
dimers due to the photochemical effects of UV light99. Other lasers, such as NIR lasers
can also create photochemical damage in a manner similar to that formed by UV lasers as
a result of UV effects created by non-linear multiphoton absorption of laser energy96.
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4. Plasma formation
NIR lasers’ irradiances result in the production of plasma, free electrons which can
become involved in DNA-damaging reactions. Multiphoton processes and ionization
processes can occur as a result of plasma and plasma is thought to trigger thermal,
mechanical, and chemical DNA damage.

1.7.2 Laser systems used for inducing DNA DSBs
Microirradiation is generally performed with lasers coupled to confocal microscopes.
These lasers vary in wavelength and type and different laser wavelengths can be used to
achieve specific types of damage. Thus, when choosing a laser system for a study one
must consider the types of damage that a given laser can induce and which DNA repair
pathways will be stimulated by this damage. Ideal for our study was a system that could
effectively create DSBs while keeping UV-induced damage, which could stimulate other
repair pathways, minimal. Highlighted below are three commonly used laser types for
microirradiation studies.
1. UVA lasers
UVA lasers can be used to induce DSBs in cells pretreated with photosensitizing
compounds such as BrdU, IdU, or Hoechst with or without thymidine analogues100.
Increasing the laser dose allows DNA damage without use of these compounds96. UVA
lasers induce damage at a relatively long pulse width and are thought to do so via
temperature and chemical changes to DNA. While such lasers have been used in several
studies to observe protein recruitment to DSBs, caution must be used in interpreting
results obtained with these lasers101,102. Because these lasers use UV light, they can form
UV-induced DNA damage to a greater extent than other damage-inducing laser
systems96.
2. Green lasers
DNA DSBs can also be induced by nanosecond-green lasers at wavelengths of
approximately 535nm. It can be used with pulse widths at the nanosecond or picosecond
time range, with less formation of 6-4 photoproducts, products of UV-induced DNA
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damage, at the picosecond time range96. These lasers are able to induce DNA damage and
can be used to visualize factor recruitment to DSBs via two-photon absorption by DNA
molecules that cause thermal and chemical DNA alterations.
3. fs Ti: sapphire near infrared lasers
Femtosecond Ti: Sapphire near infrared (NIR) laser systems are able to induce damage to
which Ku can be recruited with lower 8-oxoguanine production than UVA laser
systems96. Prior to damage, cells can be sensitized with the DNA dye Hoechst which is
excited by the laser light to stimulate damage.103 However, the necessity of Hoechst for
damage induction is debated and some studies have produced damage in the absence of
Hoechst92. NIR lasers are thought to induce damage through plasma formation and
multiphoton processes. They employ rapid, repetitive, short (50-300fs) pulses of light
with a high peak intensity within a targeted region in a cell at relatively low power
whereas UV-based lasers require use of higher power that can lead to cytotoxicity103.
UV-wavelength laser light can be absorbed by cellular components, but NIR lasers avoid
this due to their relatively long wavelengths. This system thus creates well-localized
damage to the target region in a cell without the confounding effects of damage to other
portions of the cell103. Live imaging of the recruitment of NHEJ factors has been welldocumented and reviewed using the NIR system with a variety of proteins including
Ku92,104. Due to the many benefits of NIR systems, microirradiation discussed herein was
performed using a 750nm NIR laser.

1.7.3 Kinetics of Ku and NHEJ protein recruitment to laser-induced
DNA damage
Work by Reynolds et al. assessing Ku recruitment to sites of NIR laser-induced damage
showed that Ku, XRCC4, and DNA-PK are rapidly recruited to the DSB, with
fluorescence at sites of microirradiation peaking within one minute of damage. The
amount of Ku localized to breaks declines rapidly within 10-15 minutes until about 30%
of damage has been repaired, and then it slowly declines for approximately one hour
during what is thought to be repair of more complex damage. XRCC4 fluorescence at
sites of damage declines in a similar manner, although slightly slower, as its activity
occurs following Ku association with DSBs. DNA-PK declines steadily, without a
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differentiation between complex and simple damage evident in its kinetics104. γ-H2AX, a
marker of DSBs, also appears rapidly following damage, but its fluorescence peaks after
30 minutes to one hour103.

1.7.4 Pre-extraction of non-DSB associated Ku
In a recent study, treating irradiated cells with a solution of sucrose, detergent, and
RNAse A (CSK+R) was presented as an alternative to microirradiaton97. It was argued
that Ku associated with chromatin via RNA, so treating cells with the pre-extraction
solution prior to immunofluorescence would remove background Ku70 from the nucleus,
allowing resolution of Ku foci using 3D structured illumination super-resolution
microscopy (SIM). Use of the technique was demonstrated with both X-ray induced
DSBs and laser-induced damage and we tested the technique in our study. However, it
has not been widely used or replicated.

1.8

Hypothesis and objectives

Previous work in our lab and a yeast study conducted by Ribes-‐Zamora	
   et	
   al	
   implicated
helix five of the Ku70 vWA domain in repair40,61. However, the molecular mechanisms
underlying this role are unclear. Helix five of the Ku70 vWA domain is located on the
outer surface of the Ku heterodimer, with D192 and D195 oriented such that their side
chains face outward from the protein’s surface. Due to the residues’ surface position, it
has been speculated that they could mediate a protein-protein interaction40. Furthermore,
von Willebrand A domains are often involved in protein-protein interactions and the
Ku80 vWA domain has been implicated in interacting with the NHEJ factors APLF and
Wrn77,78. Taking this into consideration, it could be possible that Ku70’s vWA domain
has a similar function.
Helix five of the Ku70 vWA domain could mediate a protein-protein interaction with an
NHEJ factor in several ways. One possibility was that the helix could mediate a proteinprotein interaction via conserved lysines 182 and 189 within the same helix or recruit a
factor that modifies these residues. Recent studies have suggested that lysine
modifications such as ubiquitination and neddylation are important for Ku removal from
DSBs and ubiquitination of K182 has been reported in a global mass spectrometry
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study43,44,84. Furthermore, lysine residues in the Ku N-terminus have recently been
suggested to be involved in lyase activity to remove abasic sites close to DNA ends105. It
is therefore plausible that K182 and K189 are involved in Ku function. Alternatively the
helix could be involved in Ku self-association, as a recent study has implicated helix five
in Ku tetramerization, a process that may occur to bridge DNA ends prior to DNA-PKcs
binding after damage52. Another possibility is that helix five is involved in interacting
with the newly identified NHEJ factor PAXX. PAXX and Ku are thought to interact and
while the region of PAXX involved in this interaction has been established, the region of
Ku needed for its association with PAXX has yet to be identified29. Finally, we also
considered the possibility that helix five interacts directly with another NHEJ protein
which may or may not have been identified as part of the NHEJ complex in the past.
Overall, we hypothesized that helix five of the Ku70 vWA domain is involved in a proteinprotein interaction and that the D192A/D195R mutation prevents this interaction from
occurring. To address this hypothesis, we investigated the possibilities that: 1. The
protein-protein interaction mediated by helix five could be regulated by signaling at
conserved K182 and K189 residues within the same helix. 2. The interaction could occur
directly between helix five and an NHEJ factor. 3. The helix could mediate Ku
tetramerization and 4. The helix could interact with the newly identified NHEJ factor
PAXX. Our objectives were to:
1. Test the significance of K182 and K189 in cell survival in response to IR to determine
whether these residues play a role in helix five’s repair function
2. Using GST pulldowns, test the ability of the Ku N-terminus and specifically helix five
to mediate Ku tetramerization and binding to PAXX
3. Identify novel factors that interact with and contribute to the function of helix five
using a GST pulldown
4. Optimize laser microirradiation with a 750nm infrared multiphoton laser to assay
NHEJ factor recruitment to DNA damage in live cells.
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5. Using microirradiation, compare recruitment of known conserved NHEJ factors in WT
Ku70 and Ku70 D192A/D195R expressing cells. This could allow us to identify a factor
that cannot be recruited in the repair mutant
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CHAPTER 2: METHODS
2.1

Chemicals and reagents

Cell Culture Reagents
Trypsin, phosphate buffered saline (PBS), L-glutamine, sodium pyruvate, and Dubecco’s
modified eagle medium (DMEM) were purchased from Wisent Inc. (St. Bruno, Quebec,
Canada). DMEM and PBS were purchased from Gibco by Life Technologies Inc.
(Burlington, Ontario, Canada) as well. Puromycin was purchased from BioShop Inc.
(Burlington, ON, Canada).
Immunofluorescence reagents
Triton X-100, PIPES, and RNase A were purchased from BioShop Inc. (Burlington, ON,
Canada). Sucrose was purchased from ThermoFisher Scientific Inc (Rockford, Illinois,
USA). Paraformaldehyde (PFA) and sodium dodecyl sulfate (SDS) were purchased from
Wisent Inc. (St. Bruno, Quebec, Canada). Hoechst 33342, Trihydrochloride, Trihydrate
and ProLong Gold antifade reagent with DAPI and DAPI-free mounting medium were
purchased from Life Technologies, ThermoFisher Scientific Inc (Rockford, Illinois,
USA).
In vitro assay reagents
Sodium chloride (NaCl), hydroxymethyl piperazineethanesulfonic acid (HEPES),
potassium

chloride

(KCl),

Tris-hydroxymethyl

amino

methane

(Tris),

ethylenediaminetetraacetic acid (EDTA), and sodium dodecyl sulfate (SDS) were
purchased from Wisent Inc. (St. Bruno, Quebec, Canada). Glycerol was purchased from
Caledon Laboratory Chemicals Ltd. (Georgetown, ON, Canada). Dithiothreitol (DTT),
pheylmethylsulfonyl fluoride (PMSF), pepstatin, leupeptin, aprotinin, sodium fluoride
(NaF), Sodium orthovanadate (Na3VO4) and Nonidet P-40 (NP-40) were obtained from
BioShop Inc. (Burlington, ON, Canada). Glutathione-agarose beads were acquired from
Sigma-Aldrich (Oakville, Ontario, Canada) and Pierce Protein G magnetic beads were
acquired from ThermoFisher Scientific Inc. (Rockford, Illinois, USA). Polyvinylidene
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fluoride membranes, Bio-Rad Protein Assay Dye Reagent Concentrate (used for Bradford
Assays) and Clarity Western ECL substrate were purchased from Bio-Rad (Mississauga,
Ontario, Canada). Crystal violet was purchased from Sigma-Aldrich (Oakville, Ontario,
Canada).
Cloning and bacterial work reagents
Restriction enzymes were purchased from New England Biolabs Inc. (Ipswich,
Massachusetts, USA) and Fermentas Thermo Fisher Inc. (Waltham, Massachusetts,
USA). KOD hot start DNA Polymerase was purchased from EMD Millipore Corporation
(Billerica, Massachusetts, USA). Primers were purchased from Integrated DNA
Technologies Inc. (Coralville, Iowa, USA), UWO Oligo Factory (London, Ontario,
Canada)

and

Sigma-Aldrich

(Oakville,

Ontario,

Canada).

Isopropyl

β-D-1-

thiogalactopyranoside (IPTG) was purchased from BioShop Inc. (Burlington, ON,
Canada).

2.2

Antibodies

Primary Antibodies
Ku70 (N3H10) and GST (B-14) antibodies were purchased from Santa Cruz
Biotechniology Inc. (Santa Cruz, California, USA). The GFP antibody (A6455) was
purchased from Life Technologies, ThermoFisher Scientific Inc (Rockford, Illinois,
USA). The rabbit phosphoserine 139 H2AX (20E3) antibody was purchased from Cell
Signalling (Beverly, Massachusetts, USA). Mouse HA (H9658) and Mouse AntipolyHistidine (H1029) antibodies were purchased from Sigma-Aldrich (Oakville,
Ontario, Canada). Mouse phosphoserine 139 H2AX (953) was purchased from Abcam
Inc. (Cambridge, Massachusetts, USA). Table 2-1 summarizes primary antibody dilutions
used in this work.
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Table 2-1: Summary of primary antibodies used herein. Primary antibodies used for
experiments are indicated along with the dilution at which they were used and the
applications that they were used for.
Antibody

Species

Application

Dilution

Ku70 (N3H10)

Mouse

Western Blot

1:200-1:500

Ku70 (N3H10)

Mouse

Immunofluorescence

1:100

GST (B-14)

Mouse

Western Blot

1:500

GFP (A6455)

Rabbit

Western Blot

1:100000

Phosphoserine 139
H2AX (20E3)

Rabbit

Immunofluorescence

1:1000

Phosphoserine 139
H2AX (953)

Mouse

Immunofluorescence

1:1000

PolyHistidine, Clone
HIS-1 (H1029)

Mouse

Western Blot

1:5000
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Secondary Antibodies
For Western blot analyses, secondary antibodies used were Peroxidase-conjugated
AffiniPure Goat anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories Inc.,
West Grove, Pennsylvania, USA) and Blotting Grade Goat anti-Rabbit IgG (H+L)
(Human IgG Adsorbed) Horseradish Peroxidase Conjugate (Bio-Rad Laboratories Inc.,
Mississauga, Ontario, Canada). These were used at a 1:5000 dilution. For
immunofluorescence, anti-mouse 488, anti-mouse 647, anti-rabbit 488, or anti rabbit 647
Alexa antibodies (ThermoFisher Scientifc Inc., Rockford, Illinois USA) were used at a
1:1000 dilution.

2.3

Cloning and plasmids

Restriction enzymes were used as directed in the manufacturers’ protocols. To generate
Ku70 K182R/K189R in pMSCV Puro, a Ku70 K182R substitution was introduced to
wild-type Ku70 in pEGFP-C1 using the KOD hot start DNA Polymerase (EMD Millipore
Corporation, Billerica, Massetuches, USA) in accordance with the manufacturer’s
protocol with forward (5'CAATGACAGTGCCAGAGCCAGCCGGG3') and reverse
primers (5'CCCGGCTGGCTCTGGCACTGTCATTG3'). A K189R substitution was
then introduced to the same DNA with KOD hot start DNA polymerase and forward
(5'GGCCAGGACCAGAGCCGGTGATCTC3') and reverse (5'GAGATCACCGGCTCT
GGTCCTGGCC3') primers. The pMSCV-Puro vector containing wild-type Ku70 was
cut with XhoI and PsiI, removing the Ku N-terminus from the vector. It was then
replaced by Ku70 K182R/K189R isolated from pEGFP-C1 with the same enzymes. Ku70
(1-219) was isolated from pEGFP-C1 using BamHI and EcoRV and then introduced to
the BamHI and SmaI sites of pGEX-4T-1 to generate Ku70 (1-219) in pGEX-4T-1. Ku70
D192A/D195R (1-219) in pGEX-4T-1 was generated from this plasmid using sitedirected mutagenesis with the forward primer 5'CCAAAGCCGGTGCTCTCCGACGTA
CAGGCATCTTCC3' and the reverse primer 5'GGAAGATGCCTGTACGTCGGAGAG
CACCGGCTTTGG3'. GST-Ku70 (1-252) and GST-Ku70 D192A/D195R (1-252) in
pGEX-4T-1 were generated through PCR amplification of residues 1-252 of Ku70 in
pEGFP-C1

or

Ku70

D192A/D195R

in

pEGFP-C1.

The

forward

primer

(5'CGAATTCTGCAGTCGACGGTAC3') included the BamHI site in pEGFP-C1 and
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reverse

primer

(5'GCTTATCTCGAGTTACCTGGTCTCCTTGGCGCGAA3')

was

designed to introduce a stop codon at residue 252 followed by a XhoI site. The amplified
region was digested with BamHI and XhoI and ligated into BamHI and XhoI-digested
pGEX-4T-1. Sequences of these plasmids were verified by DNA sequencing at the
London Regional Genomics Center, (London, Ontario, Canada).
Wild-type Ku70, Ku D192A/D195R, Ku70 K182A, and Ku70 K189A in pMSCV were
generated in our lab by Victoria Fell and Jorge Georgakopoulous. GFP-XRCC4 was
obtained from A. Yasui (Institute of Development, Aging and Cancer, Tohoku
University, Sendai Japan). Parp1-GFP was obtained from M. J. Hendzel (Department of
Oncology, University of Alberta, Edmonton, Alberta, Canada). EGFP-Ku80 and EGFPDNA Ligase IV were obtained from D. van Gent (Department of Genetics, Erasmus MC,
Rotterdam, the Netherlands). GFP-NPM1 was received from P. Hordjik (Sanquin Blood
Supply, Department of Molecular Cell Biology, Amsterdam, the Netherlands). YFP-XLF
was obtained from D. Chen (Department of Radiation Oncology, UT Southwestern
Medical Center, Dallas Texas). His-PAXX was provided by M. Junop (Department of
Biochemistry, Western University, London, Ontario, Canada) in collaboration with M.
Modesti (Centre de Recherche en Cancérologie de Marseille, Marseille, France). GFPAurora B was provided by G. Pfeifer (Beckman Research Institute, City of Hope, Duarte
California).
Sequences of plasmids cloned in our lab and the plasmids containing GFP-DNA ligase
IV and EGFP-Aurora B respectively were verified by DNA sequencing at the London
Regional Genomics Center, (London, Ontario, Canada). For other GFP-repair protein
containing plasmids received from collaborators, protein identity was confirmed by
Western blotting with a GFP antibody that also recognizes YFP (see Appendix A, Figure
A-1).

2.4

Cell culture and treatments

All cell lines used were cultured at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum, 1% sodium pyruvate and
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1% glutamine. Cell lines expressing Ku70 via retroviral infection were maintained in
media supplemented with 2.5µg/mL puromycin.
A Faxitron RX-650 X-ray cabinet (Faxitron X-ray LLC, Lincolnshire, IL, USA) was used
for X-ray irradiation treatments. The machine’s dose rate was 1.42 Gy per minute.
Transfections were conducted with JetPrime transfection reagent (PolyPlus Transfection,
Illkrich, France) according to the manufacturer’s protocol. To encourage uniform
transfection in microirradiation experiments, the vector pBS-SK (Agilent Technologies,
Santa Clara, CA, USA) was transfected along with DNA used for experiments with a 1:3
ratio of pBS-SK DNA to experimental DNA. pBS-SK was not used with GFP-Ku80.

2.5

Retroviral infection to generate stable cell lines

Phoenix Ampho retroviral packaging cells were transfected with 8-10µg of pMSCV Puro
vector alone or containing the various mutated forms of Ku discussed herein using
calcium phosphate transfection with 0.13M CalCl2 in HBS (140mM NaCl, 0.75mM
Na2HPO4, 6mM Dextrose, 5mM KCl, 25mM HEPES pH 7.4). Viral medium was
harvested 48 hours after transfection, filtered with a 0.45µm filter, and used to infect
Ku70 knockout MEFs obtained from S. Matsuyama (Case Western, Cleaveland USA).
Cells infected with pMSCV Puro were selected in media supplemented with 2.5µg/mL
puromycin. Expression of retrovirally-introduced proteins was confirmed by Western
blotting (see Appendix A, Figure A-2).

2.6

Clonogenic cell survival assays

Ku70 knockout MEFs expressing wild-type Ku70, Ku70 K182A, Ku70 K189A, Ku70
K182R/K189R, or the pMSCV empty vector respectively were seeded to single-cell
density on 6cm plates (approximately 1000-3000 cells per plate). When cells had adhered
to the plate, they were treated with 0, 2, 4, 6, or 10 Gy of IR (see 2.5). Six to nine days
after irradiation (when colonies had grown), cells were fixed and stained with 0.5%
crystal violet in 20% methanol. Colonies were counted manually. Plates were seeded,
treated, and fixed in triplicate such that three sets of colonies were counted per IR dose
for each experiment.
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2.7

Extracts

2.7.1 Nuclear extracts
Nuclear extracts were prepared as previously described106. Briefly, cells were lysed in
Buffer A (10mM Hepes pH 7.9, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT, 0.2mM
PMSF, and 0.2% NP-40). Nuclei were then pelleted and lysed in Buffer C (20mM Hepes
pH 7.9, 25% glycerol, 450mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM DTT,
0.2mM PMSF supplemented with 2µg/mL leupeptin, 1µg/mL pepstatin, 10µg/mL
aprotonin, 1mM NaF, and 1mM Na3VO4). Lysed nuclei were centrifuged and the
recovered supernatant served as a nuclear extract for experimental purposes. Nuclear
extracts were quantified using a Bradford assay.

2.7.2 Bacterial protein expression and extracts
For bacterial protein expression, constructs were transformed into E. coli BL21DE3.
Transformants were grown in Luria Bertani (LB) medium for 16 hours and then diluted
1:100 in fresh LB. Depending on the construct and the protein’s tendency to precipitate in
bacterial extracts, cells were grown to an appropriate OD600 and then induced with IPTG
in amounts that, again, varied with the construct. Table 2-2 summarizes that OD600 for
induction, the concentration of IPTG used for induction, the induction temperature, and
the duration of induction for each construct used in this thesis.
Following induction, cells were centrifuged at 4000rpm for 20 minutes at 4°C and then
suspended in 1mL of Lysis buffer (10mM KCl, 25mM HEPES pH 7.4, 2mM EDTA,
20% glycerol, and 0.1% NP-40 with 10 µg/mL aprotinin, 2µg/mL leupeptin, 2.5µg/mL
pepstatin, 1mM DTT, 2mM NaF, 2mM Na3VO4, and 0.1mM PMSF) for every 50mL of
culture volume prior to centrifugation. They were then sonicated up to six times on ice,
until the suspension became translucent, for five seconds using a Sonic Dismembrator
Model 100 (ThermoFisher Scientifc Inc., Rockford, Illinois USA). To remove cellular
debris, the sonicated samples were centrifuged at 13000rpm for 10 minutes at 4 degrees
Celsius. Supernatant extracts were then collected and stored at -80 degrees Celsius prior
to experimental use. Expression of each protein was assessed by Western blotting with a
GST antibody for GST and GST-tagged proteins and a His tag for His-PAXX.
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Table 2-2: Conditions for bacterial protein expression. Conditions for expression of
proteins isolated from bacterial extracts for this work are outlined.
Protein

OD at Induction

[IPTG] for
Induction
0.1mM

Induction
Temperature
(degrees Celsius)
37

Duration
of
Induction
2h

GST

0.3-0.4

GST-Ku70
(1-219)

0.3-0.4

0.05mM

23

4h

GST-Ku70
D192A/D195R
(1-219)

0.3-0.4

0.05mM

23

4h

GST-Ku70
(1-252)

0.3-0.4

0.1mM

23

4h

GST-Ku70
D192A/D195R
(1-252)

0.3-0.4

0.1mM

23

4h

His-PAXX

0.3-0.4

1mM

37

4h

40

2.8

Binding GST-tagged proteins to glutathione-agarose
beads

Glutathione-Agarose beads were washed three times with binding buffer (15mM HEPES
pH 7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol) supplemented with 0.1% NP-40
with 10 µg/mL aprotinin, 2µg/mL leupeptin, 2.5µg/mL pepstatin, 1mM DTT, 2mM NaF,
2mM Na3VO4, and 0.1mM PMSF. Bacterial extracts containing GST-tagged proteins in
binding buffer (15mM HEPES pH 7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol)
supplemented with 0.1% NP-40 with 10 µg/mL aprotinin, 2µg/mL leupeptin, 2.5µg/mL
pepstatin, 1mM DTT, 2mM NaF, 2mM Na3VO4, and 0.1mM PMSF were then added to
the beads and rotated for two hours at 4°C. Following rotation, the beads were washed
three times in binding buffer and a small fraction of the beads was subjected to SDSPAGE and staining with Coomassie Blue stain (0.25% Coomassie Blue R-250, 50%
methanol, 10% Glacial Acetic Acid, 40% H2O) in parallel with 200ng, 500ng, or 1µg of
BSA. Densitometry was performed with reference to BSA with Image Lab Software
(Bio-Rad, Mississauga, Ontario, Canada) to calculate the approximate amount of GSTtagged protein present per microliter of glutathione-agarose beads.

2.8.1 GST pulldowns
GST pulldown for Ku tetramerization with HeLa extracts
GST, GST-Ku70 (1-219), and GST-Ku70 D192A/D195R (1-219) respectively were
bound to glutathione-agarose beads and protein bound to the beads was quantified (see
2.11.1). HeLa cells were treated with 10Gy of IR and incubated for 30 minutes at 37°C.
Nuclear extracts were then harvested. 1.25µg of each GST-tagged protein bound to beads
was then incubated with 750µg of the nuclear extracts in Nuclear Extract Pulldown
Buffer (20mM Hepes pH 7.9, 1.5mM MgCl2, 0.2mM EDTA, 112.5mM NaCl, and 6.25%
glycerol supplemented with 0.5mM DTT, 0.2mM PMSF, 2µg/mL leupeptin, 1µg/mL
pepstatin, 10µg/mL aprotonin, 1mM NaF, and 1mM Na3VO4). Beads were then washed
three times with binding buffer (15mM HEPES pH 7.4, 6mM KCl, 1.2mM EDTA, and
12% glycerol) and analyzed by SDS-PAGE followed by Western blotting for GST and
Ku70.
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Ku70 N-terminus-NPM1 GST pulldown
HeLa cells were grown on 10cm plates to 60-80% confluence and then transfected with
2.25µg of GFP-NPM1 DNA and 0.75µg of PBS-SK plasmid carrier DNA. Twenty-four
hours later, nuclear extracts were isolated from transfected cells. GST, GST-Ku70 (1252), and GST-Ku70 D192A/D195R (1-252) respectively were bound to glutathioneagarose beads and protein bound to the beads was quantified (see 2.11.1). 200µg of HeLa
extract in Nuclear Extract Pulldown Buffer (20mM Hepes pH 7.9, 1.5mM MgCl2, 0.2mM
EDTA, 112.5mM NaCl, and 6.25% glycerol) supplemented with 0.5mM DTT, 0.2mM
PMSF, 2µg/mL leupeptin, 1µg/mL pepstatin, 10µg/mL aprotonin, 1mM NaF, and 1mM
Na3VO4 was pre-cleared with glutathione-agarose beads and then rotated with 1 µg of
glutathione-agarose-bound GST peptides and the molecular equivalent of GST for two
hours at 4°C. Beads were then washed three times with binding buffer (15mM HEPES
pH 7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol) and analyzed by SDS-PAGE
followed by Western blotting for GST and GFP.
GST pulldown for Ku tetramerization with MEF extracts
GST, GST-Ku70 (1-252), and GST-Ku70 D192A/D195R (1-252) respectively were
bound to glutathione-agarose beads and protein bound to the beads was quantified (see
2.11.1). Nuclear extracts were isolated from Ku70 knockout MEFs expressing wild-type
Ku70 or Ku70 D192A/D195R. 1µg of each GST-tagged protein and the molecular
equivalent of GST was bound to beads was then incubated with 250µg of the nuclear
extract in Nuclear Extract Pulldown Buffer (20mM Hepes pH 7.9, 1.5mM MgCl2, 0.2mM
EDTA, 112.5mM NaCl, and 6.25% glycerol) supplemented with 0.5mM DTT, 0.2mM
PMSF, 2µg/mL leupeptin, 1µg/mL pepstatin, 10µg/mL aprotonin, 1mM NaF, and 1mM
Na3VO4. Beads were then washed three times with binding buffer (15mM HEPES pH
7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol) and analyzed by SDS-PAGE followed
by Western blotting for GST and Ku70.
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GST pulldown assessing the Ku-PAXX interaction
GST, GST-Ku70 (1-219), and GST-Ku70 D192A/D195R (1-219) respectively were
bound to glutathione-agarose beads and protein bound to the beads was quantified (see
2.11.1). Bacterially expressed His-PAXX was quantified from bacterial extracts through
comparison with known amounts of BSA using densitometry. 1µg His-PAXX was
diluted to 15mM HEPES pH 7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol and
supplemented with 0.1% NP-40 with 10 µg/mL aprotinin, 2µg/mL leupeptin, 2.5µg/mL
pepstatin, 1mM DTT, 2mM NaF, 2mM Na3VO4, and 0.1mM PMSF and then combined
with 1µg GST-Ku70 (1-252), GST-Ku70 D192A/D195R (1-252), or the molecular
equivalent of GST bound to glutathione-agarose beads. The mixture was rotated for two
hours at 4°C and then washed with binding buffer (15mM HEPES pH 7.4, 6mM KCl,
1.2mM EDTA, and 12% glycerol). This was followed by analysis by SDS-PAGE and
Western blotting for GST and His tags.
Large-scale GST pulldown
17.5µg of GST, GST-Ku70 (1-219), and GST Ku70 D192A/D195R (1-252) bound to
glutathione-agarose beads was quantified (see 2.11.1) and added to 4mg of nuclear
extracts from Ku70 knockout MEFs expressing wild-type Ku70 that had been irradiated
with 10 Gy IR and then incubated at 37 degrees for 30 minutes. The mixture was
incubated for two hours at 4°C in 20mM Hepes pH 7.9, 1.5mM MgCl2, 0.2mM EDTA,
112.5mM NaCl, and 25% glycerol and then washed in binding buffer (15mM HEPES pH
7.4, 6mM KCl, 1.2mM EDTA, and 12% glycerol). Results were analyzed by SDS-PAGE
followed by silver staining. Proteins of interest were then identified by Maldi-TOF/TOF
mass spectrometry at the London Regional Proteomics Center (London, ON) with an AB
Sciex 5800 TOF/TOF System, (Sciex, Framingham, MA, USA).

2.9

Immunoprecipitation and binding of Ku to His-PAXX

HeLa nuclear extracts in IP buffer (20mM HEPES pH 7.9, 150mM NaCl, and 10%
glycerol supplemented with 0.5mM DTT, 0.5% Trition X-100, 0.2mM PMSF, 2µg/mL
leupeptin, 1µg/mL pepstatin, 10µg/mL aprotonin, 1mM NaF, and 1mM Na3VO4) were
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pre-cleared with Pierce Protein G magnetic beads. 200µg of extract was incubated with
2µg of a mouse anti-Ku70 antibody overnight and 200µg of extract was incubated with
2µg mouse IgG in parallel, as a control. The incubated mixtures were then bound to
Pierce Protein G magnetic beads for thirty minutes. Beads were washed with IP buffer
and then incubated for two hours with 1mg of bacterial extract containing His-PAXX
diluted in IP buffer supplemented with 0.5% NP-40, 0.5% Triton X-100, 10 µg/mL
aprotinin, 2µg/mL leupeptin, 2.5µg/mL pepstatin, 1mM DTT, 2mM NaF, 2mM Na3VO4,
and 0.1mM PMSF for two hours at 4°C. Beads were washed three times in IP buffer and
results were analyzed by Western blotting.

2.10 Western blotting
For Western blot experiments, proteins were subjected to SDS-PAGE on 8-12.5%
polyacrylamide gels, depending on protein size and desired resolution of proteins. They
were then transferred to polyvinylidine difluoride (PVDF) membranes, blocked in 5%
milk in TBS-T, and hybridized with appropriate antibodies overnight at 4°C Celsius of
for one hour at room temperature, depending on antibody hybridization efficiency.
Membranes were then washed in PBS, hybridized with secondary antibody for one hour
at room temperature, washed, and developed using the Clarity Western ECL substrate. A
Molecular Imager ChemiDoc TM XRS system (Bio-Rad, Mississauga, Ontario, Canada)
was used to image the blots.

2.11 Immunofluorescence
Cells were grown on 22 by 22mm 1.5 thickness coverslips in 6-well plates. Following
experimental treatments (for example, IR), they were washed three times in phosphate
buffered saline (PBS) and then fixed with 4% paraformaldehyde for 10-15 minutes at
4°C. Again, cells were washed in PBS, permeablized in 0.5% Triton X-100, then washed.
Samples were blocked in 5% fetal bovine serum (FBS) for at least one hour and then
incubated overnight with primary antibodies at dilutions given in Table 2-1. Hybridized
samples were washed with PBS and hybridized with Alexa secondary antibodies,
followed by mounting to slides with ProLong Gold Antifaide 4´,6´-diamidino-2phenylindole (DAPI)-containing mounting medium. For microirradiation experiments
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involving immunofluorescence, DAPI-free medium was used for mounting as
microirradiated nuclei contained Hoechst 33342, which acts as a nuclear stain as well as a
sensitizing agent for microirradiation.
For analysis of samples where CSK+R pre-extraction was performed, cells were treated
with 10 Gy of IR, incubated for five minutes at room temperature, and then washed three
times with PBS. They were then treated with CSK+R (10mM Pipes pH 7.0, 100mM
NaCl, 300mM sucrose, 3mM MgCl2, 0.7% Triton X-100, and 0.3mg/mL RNase A) twice
for three minutes97. They were then washed three times and fixed in 2% PFA in CSK
(10mM Pipes pH 7.0, 100mM NaCl, 300mM sucrose, and 3mM MgCl2). This was
followed by permeablization in 0.2% Triton X-100 in PBS for five minutes at room
temperature, blocking with 5% FBS, and hybridization with antibodies as described in the
previous paragraph.

2.12 Microscopy
2.12.1 Confocal microscopy
Confocal images were acquired with a Zeiss Axiovert 200 Motorized LSM 510 META
NLO confocal microscope with AIM 4.2 software (Zeiss, Oberkochen, Germany) for
microirradiation and a Zeiss LSM 510 META microscope with the Zen software (Zeiss,
Oberkochen, Germany) for foci experiments. Images for microirradiation were acquired
with a 488nm Argon laser (Zeiss, Oberkochen, Germany) with a 505nm long-pass filter.
Images for foci experiments were obtained using a 405nm Diode laser (Lasos, Jena,
Germany) with a BP 420-480 filter, a 488nm Argon laser (Zeiss, Oberkochen, Germany)
with a BP 505-530 filter, and a 633nm HeNe2 laser (Lasos, Gena, Germany) with an LP
650 filter.

2.12.2 Fluorescence microscopy
Fluorescence microscopy images were acquired with an Olympus BX51 microscope
(Olympus Corporation, Tokyo, Japan) at 40X magnification with Image-Pro Plus
software (Media Cybernetics, Rockville, Maryland, USA).
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2.13 Laser microirradiation
Cells were grown to 60-80% confluence on 22mm by 22mm 1.5 thickness coverslips in a
six-well plate and transfected with plasmids containing each fluorescently-tagged repair
protein. Twenty-four hours after transfection, cells were sensitized with 1µg/mL Hoechst
33342. Microirradiation was conducted in a magnetic chamber (Chamlide, Seoul, South
Korea) containing 1mL of media and set on a 37°C heated stage (Zeiss, Jena, Germany)
on a with a Zeiss Axiovert 200 Motorized LSM 510 META NLO confocal microscope
with a 63X Plan-Apochromat oil objective. (A 40X C-Apochromat W objective was used
during optimization, but the 63X objective was later employed for NHEJ factor
recruitment experiments because it allowed improved resolution and visualization of
factors that were recruited at low levels).
For live imaging experiments nuclei were microirradiated with a 750nm titaniumsapphire laser (Coherent, Santa Clara, California, USA) with 20% power and 20
iterations. Imaging zoom was set to 2.9 such that 10 pixels in a 1024 X 1024 pixel image
corresponded to 0.5µm. This allowed use of consistent parameters when defining a region
to be damaged. For experiments with GFP-tagged proteins, damage was induced in 0.5 X
24µm rectangles across target nuclei. The same rectangle size was used for every nucleus
treated as this kept damage time consistent from cell to cell and ensured that imaging of
protein recruitment to laser tracks began at the same time point following damage. For γH2AX immunofluorescence experiments, it was important to damage as many cells as
possible and multiple 0.5µm-wide rectangles were defined across the length of the entire
field of view and then microirradiated under the same conditions described above. Within
10 minutes of microirradiation, the treated cells were subjected to immunofluorescence
staining for γ-H2AX and imaged with fluorescence microscopy.

2.14 Construction of X-Ray irradiation standard curve and
calculation of DSB equivalence of microirradiation
Ku70 knockout MEFs expressing wild-type Ku70 were irradiated with 0, 2, 4, 6, or 10
Gy of IR, immunostained for γ-H2AX, and imaged with fluorescence microscopy.
Corrected total nuclear fluorescence of γ-H2AX in cells treated with each IR dose was
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then computed in the same manner as corrected total cell fluorescence, which has been
described previously, but with only nuclear fluorescence measured using ImageJ software
(ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA)107. To account
for non-specific primary antibody background, corrected total nuclear fluorescence at 0
Gy was subtracted from the fluorescence value at each IR dose. The corrected values
were plotted (see Figure 3-10 in Results) and an equation for the linear relationship
between γ-H2AX fluorescence and IR dose was determined:
𝑦 = 321282𝑥 + 446147

(1)

Where y is the corrected total nuclear γ-H2AX fluorescence and x is the IR dose in Gy.
Corrected total nuclear fluorescence of three microirradiated cells fixed and
immunostained for γ-H2AX within 10 minutes of microirradiation was measured and
averaged. Only cells containing one laser “line” of damage were considered in this
calculation. Again, the average corrected total nuclear fluorescence of 20 nonmicroirradiated cells in the same field of view was subtracted from the average corrected
total nuclear fluorescence of the microirradiated cells to account for antibody
background. The normalized corrected total nuclear fluorescence value was substituted
into Equation 1 to calculate the gray equivalence of damage.

2.15 Statistical analyses
Graphed data are represented by the mean of all experimental n’s with error bars
representing the standard error of the mean (SEM). Graphs with error bars were
generated using Microsoft Excel for Mac Version 14.2.0 (Microsoft Corporation, USA)
and GraphPad Prism software (GraphPad Software Inc., La Jolla, California USA). Oneway analysis of variance (ANOVA) and post-hoc Tukey HSD (Honest Significant
Differences) analyses were conducted with SPSS software (IBM, USA).
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CHAPTER 3: RESULTS
3.1

Integrity of K182 and K189 within helix five of the Ku70
vWA domain is not necessary for cell survival after IR

K182 and K189 within helix five of the Ku70 vWA domain display high conservation in
mammals and a mass spectrometry study has implicated K182 as a ubiquitination
target84. Additionally, there is evidence that Ku function is regulated by lysine
modification43,85. This led us to believe that these residues may contribute to the function
of helix five in NHEJ. To evaluate the roles of K182 and K189 in NHEJ, we first
introduced Ku70 K182A and K189A mutant Ku70 in Ku70 knockout MEFs using a
pMSCV retroviral method used previously to characterize the D192A/D195R mutant’s
repair defect61. This yielded Ku70 knockout cells re-expressing retrovirally-introduced
Ku70. Therefore, there was no endogenous Ku70 background present in this system and
we could study the effects of the K182 and K189 mutations without interference from
endogenous wild-type Ku70. Cells were irradiated and subjected to clonogenic survival
assays alongside wild-type and empty retroviral vector controls to determine survival at
various IR doses. Comparison of survival curves for wild-type, mutant, and Ku-deficient
cells by one-way analysis of variance (ANOVA) indicated that the survival of K182A
and K189A mutants was not significantly different (p>0.05) than that of wild-type at
each IR dose (Figure 3-1). Conversely, Ku-deficient cells displayed impaired survival as
compared to cells expressing wild-type and mutant forms of the protein and this was
significant at each IR dose (p<0.031). An exception was at 10Gy, when the K189A
mutant’s survival was not significantly different than that of Ku-deficient cells (p<0.044)
but was significantly different than the survival of the wild-type and other mutant cell
lines (p>0.05). However, this could be attributed to low amounts of colonies present after
10Gy of irradiation, which was the highest IR dose used in this assay. The
D192A/D195R mutant’s survival had been similar to that of Ku-deficient cells in
previous work61. Clearly, the K182A and K189A substitutions did not confer the same
profound effect on cell survival as the D192/D195R mutation.
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Figure 3-1: Mutation of K182 and K189 of helix five of the Ku70 vWA domain does
not impact cell survival in response to IR. Ku70 knockout MEFs stably expressing
wild-type Ku70, Ku70 K182A, Ku70 K189A, Ku70 K182R/K189R, or the empty
pMSCV Puro vector were subjected to clonogenic cell survival assays. Cell survival is
plotted as a function of IR dose. Data is plotted with a logarithmic scale with error bars
representing the standard error of the mean (SEM). Experiments were performed in
triplicate with n=3. One-way analysis of variance (ANOVA) analysis and post-hoc Tukey
HSD (Honest Significant Differences) was used to identify differences between wild-type
Ku70, Ku70 K182A, Ku70 K189A, Ku70 K182R/K189R, and pMSCV Puro expressing
cells’ survival at each IR dose.
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As K182 and K189 are close together, we considered the possibility that the two residues
could have an interchangeable role in helix five’s function (ie. if one lysine were mutated,
the other could take its place in acting to mediate the helix’s function). We therefore
repeated experiments with a Ku70 K182R/K189R double mutant in which both residues
were substituted. Again, mutation of the lysines in helix five did not impair cell survival
in response to IR and mutant cell survival did not significantly differ from wild-type
(p>0.05) while survival of Ku-deficient cells was significantly lower than that of the
mutant (p>0.044). These results suggest that K182 and K189 in helix five, alone or
together, do not affect sensitivity to radiation and overall this implied that helix five’s
repair function is independent of K182 and K189.

3.2

Helix five of the Ku70 vWA domain alone is not sufficient
for Ku tetramerization in a GST pulldown system

Some evidence has suggested that helix five of the Ku70 vWA domain allows Ku
tetramerization and that this could bridge the DNA ends in NHEJ52. To evaluate the
ability of helix five to mediate Ku tetramerization, we conducted two experiments using a
GST pulldown system. We began by comparing the ability of Ku70 from irradiated and
non-irradiated HeLa cell extracts to bind GST-tagged Ku70 (1-219) and GST-Ku70
D192A/D195R (1-219) using a GST pulldown. This region comprises the majority of the
Ku N-terminus. The pulldown was analyzed by SDS-PAGE followed by Western blotting
for Ku70 and GST. Minimal association occurred between the GST-tagged Ku N-termini
and HeLa Ku70, regardless of whether cells had been irradiated and whether the
D192A/D195R mutation was present (Figure 3-2A). Although Ku signal could be
observed under high exposures on the Western blot, levels were much lower than in a
0.05% HeLa nuclear extract input control, suggesting that this interaction was nonspecific and that Ku70 could not bind the GST-tagged Ku70 N-termini.
We performed a similar experiment to determine whether Ku tetramerization would
occur with nuclear Ku from Ku70 knockout MEFs expressing wild-type Ku70 or Ku70
D192A/D195R. The ability of wild-type Ku70 from nuclear extracts to bind to the wildtype Ku N-terminus was assessed, as was the ability of Ku70 D192A/D195R from
nuclear extracts to bind the D192A/D195R mutant N-terminus. For these experiments, a
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GST-Ku70 N-terminus peptide, which contained the entire N-terminus (1-252), was
generated to decrease the likelihood that our negative results arose form misfolding of the
Ku N-terminus. Again, we did not observe evidence of nuclear extract Ku binding to
bacterially-expressed GST-Ku70 (1-252), despite clear presence of Ku in 5% inputs
(Figure 3-2B). These results indicate that the Ku N-terminus peptides alone were not
sufficient for Ku tetramerization, regardless of whether helix five was mutated.
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Figure 3-2: Helix five of the Ku70 vWA domain alone is not sufficient for Ku
tetramerization. A.) GST, GST-Ku70 (1-219), and GST-Ku70 D192A/D195R (1-219)
were bound to glutathione-agarose beads. The bead-bound GST and GST-tagged peptides
were then incubated with irradiated (IR) or non-irradiated (no IR) HeLa cell extracts. The
ability of full-length Ku from the HeLa extracts to bind to each GST peptide was assayed
by SDS-PAGE and Western blotting with Ku70 and GST antibodies. The Ku70 antibody
does not recognize the GST-tagged Ku N-terminus, so Ku70 signal corresponds to fulllength nuclear Ku70 from HeLa extracts. Representative experiment is shown, n=3. B.)
GST, GST-Ku70 (1-252), and GST-Ku70 D192A/D195R (1-252) were bound to
glutathione-agarose beads and incubated with nuclear extracts from Ku70 knockout
MEFs stably expressing wild-type Ku70 (GST+WT and WT (1-252)+WT) or nuclear
extracts from Ku70 knockout MEFS stably expressing Ku70 D192A/D195R
(GST+D192A/D195R) and (D192A/D195R (1-252)+D192A/D195R). Ability of fulllength Ku from the nuclear extracts to associate with the GST-tagged Ku peptides was
analyzed with SDS-PAGE and Western Blotting for Ku70 and GST. Representative
experiment is shown, n=3.
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3.3

Assessment of PAXX’s interaction with the Ku70 vWA
domain

The recently identified NHEJ factor PAXX has been shown to interact with Ku29, but the
region of Ku70 required for this interaction has yet to be identified. We tested the
possibility that the PAXX-Ku interaction is mediated by helix five of the Ku70 vWA
domain. Bacterially expressed, His-tagged, PAXX was subjected to a GST pulldown with
GST-tagged Ku70 (1-252) and Ku70 D192A/D195R (1-252). Results were analyzed with
SDS-PAGE followed by Western blotting. These analyses did not present evidence of
interaction between PAXX and the Ku70 N-terminus, as His-PAXX was not pulled down
with the Ku70 N-terminus regardless of whether D192 and D195 were mutated (Figure 33). This suggests that if involved at all, the Ku70 N-terminus is not sufficient for the KuPAXX interaction.
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Figure 3-3: The Ku70 N-terminus is not sufficient for binding PAXX. GST, GSTKu70 (1-252), and GST-Ku70 D192A/D195R (1-252) bound to glutathione-agarose
beads and incubated with bacterial extracts from cells expressing His-PAXX. Western
blot analysis with antibodies for GST and a His tag was used to evaluate the ability of
bacterially expressed PAXX to interact with the GST-tagged Ku peptides or with a GST
control. Representative image is shown, n=3.
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To confirm that the bacterially expressed PAXX used herein could bind to Ku, we
immunoprecipitated Ku from HeLa cells and incubated the immunoprecipitated Ku with
bacterial extracts containing His-PAXX (Figure 3-4). Indeed, His-PAXX bound Ku,
supporting the idea that while Ku can interact with PAXX, a region of Ku beyond the
Ku70 vWA domain is needed for this interaction to occur.
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Figure 3-4: Bacterially-expressed histidine-tagged PAXX binds to human Ku. Ku70
was immunoprecipitated from nuclear extracts of HeLa cells (IP denoted as “Ku70 IP”
with a 5% input from the immunoprecipitation denoted as “5% HeLa Input”) alongside
an IgG control (IgG). Immunoprecipitated protein on beads was incubated with
bacterially expressed His-PAXX (5% input from binding is shown, denoted as “5%
PAXX Input”) and washed. Results were analyzed by Western blotting for Ku70 and a
histidine tag (to detect His-PAXX). Representative experiment, n=3.
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3.4

Identifying novel factors that interact with the Ku Nterminus

We next examined the possibility that a yet unknown NHEJ factor could interact with
helix five of the Ku70 vWA domain. To identify such a factor, we performed a largescale GST pulldown. GST-Ku70 (1-219) and GST-Ku70 D192A/D195R (1-219) peptides
were expressed in bacteria. Expression of GST-tagged Ku70 N-termini was confirmed by
Western blotting (Figure 3-5A). Coomassie Blue staining of GST-Ku70 (1-219) and
GST-Ku70 D192A/D195R (1-219) extracts from bacteria that had been grown and
induced in parallel did not show an obvious difference in stability or expression levels of
GST-Ku70 D192A/D195R (1-219) as compared to wild-type GST-Ku70 (1-219) (Figure
3-5B). Nuclear extracts of irradiated Ku70 knockout MEFs expressing wild-type Ku70
were incubated with GST-Ku70 (1-219) and GST-Ku70 D192A/D195R (1-219)
respectively on glutathione-agarose beads. Upon completion of the pulldown, proteins
bound to the Ku70 N-termini were subjected to SDS-PAGE and silver staining (Figure 35C). This allowed comparison of proteins pulled down for the wild-type and mutant
Ku70 N-termini. Bands of interest on the silver stained gel were identified by Maldi
TOF/TOF mass spectrometry with an AB Sciex 5800 TOF/TOF System (Sciex,
Framingham, MA, USA). See Appendix B for analysis.
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Figure 3-5: GST pulldown comparing protein-protein interactions between the wildtype and D192A/D195R mutant Ku70 N-termini. Expression of the GST-tagged Ku Ntermini (1-219) was confirmed by Western blotting (A) and GST-Ku70 (1-252) and GST
Ku70 D192A/D195R (1-252) stability was assessed by Coomassie Blue staining (B).
Cells expressing the two constructs were grown and induced in parallel and then lysed
before induction (labeled “Uninduced”) and after induction (“Induced”) for SDS-PAGE
analysis. Extracts isolated from the cells (labeled “Extract”) were bound to glutathioneagarose beads. 1, 5, and 10µL of isolated protein bound to beads were subjected to SDSPAGE. A large-scale GST pulldown was then performed with GST-tagged wild-type
Ku70 (1-219) and GST-Ku70 D192A/D195R (1-219) respectively incubated with nuclear
extracts from Ku70 knockout MEFs expressing wild-type Ku70 that had been irradiated
with 10Gy IR. Bound proteins were resolved by SDS-PAGE with silver staining (C).
Proteins that appeared to bind uniquely to the wild-type Ku N-terminus were identified
with Maldi TOF/TOF mass spectrometry. Of particular interest was nucleophosmin
(NPM1) which is indicated with an asterisk in (C).
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The initial intent of this pulldown was to identify factors that associate with the wild-type
Ku70 N-terminus, but not the Ku70 D192A/D195R N-terminus. However, the
experiment showed uneven levels of GST-Ku70 (1-219) as compared to GST-Ku70
D192A/D195R (1-219), with a lower amount of protein present in the mutant N-terminus
pulldown (Figure 3-5C). Since the wild-type and mutant N-terminus were expressed at
similar levels (Figure 3-5B), we attributed the relatively low levels of the GST-tagged
mutant N-terminus in the pulldown to a loading error in the experiment, rather than a
stability issue that could arise from the D192A/D195R mutation. Due to this loading
problem, it was difficult to compare proteins that pulled down with the wild-type and
mutant N-termini.
However, we observed a band on the silver stained gel that appeared to be specific to the
wild-type Ku70 N-terminus as compared to the GST control and this was identified as
nucleophosmin (NPM1) with a score of 52 where a score of 65 is significant (p<0.05)
(see Appendix B). While the score was below the threshold for significance, the protein
ran at the appropriate size of NPM1 and relatively low abundance of the protein on the
gel suggested that perhaps the low score was due to a small amount of protein in the
sample, rather than a poor identity match. We thus considered nucleophosmin a candidate
binding partner for the Ku N-terminus and possibly helix five.
To assess whether the interaction between the Ku N-terminus and NPM1 was legitimate,
and not an artifact of the large-scale pulldown, we performed a small-scale pulldown with
GST-Ku70 (1-252) and GST-Ku70 D192A/D195R (1-252) respectively and nuclear
extracts of HeLa cells transfected with GFP-NPM1. Initially, GFP-NPM1 appeared to
interact with GST, GST-Ku70 (1-252) and GST-Ku70 D192A/D195R (1-252). The GSTNPM1 interaction was likely indicative of non-specific binding between NPM1 and the
glutathione-agarose beads used for the pulldown. Upon pre-clearing HeLa extracts with
glutathione-agarose beads, such that non-specific binding with beads was minimized,
GFP-NPM1 was not pulled down with the Ku N-terminus, as indicated by Western blot
analysis (Figure 3-6). This suggested that the NPM1 identified in the large-scale
pulldown was a non-specific artifact, rather than a true binding partner for the Ku Nterminus.
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Figure 3-6: The Ku70 vWA domain does not interact with NPM1 in an in vitro
binding assay. Extracts of HeLa cells transfected with GFP-NPM1 were subjected to a
GST-pulldown with GST, GST-tagged Ku70 (1-252), and GST-Ku70 D192A/D195R (1252). Samples were analyzed by Western blotting with antibodies for GST and GFP.
Representative image is shown, n=3.
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Overall, use of a large-scale pulldown to identify factors that interact with helix five was
limited in that it was highly time-consuming and resource-intensive. Furthermore, there
was no guarantee of outcome from this type of experiment. Thus, we chose to instead
pursue a targeted approach for comparing factor recruitment in wild-type Ku70 and Ku70
D192A/D195R expressing cells.

3.5

Developing a targeted approach for assaying factor
recruitment in wild-type and D192A/D195R expressing
cells

We postulated that mutation of helix five of the Ku70 vWA domain could result in a
defect in NHEJ complex formation. To test known NHEJ factors’ recruitment to DSBs in
wild-type and D192A/D195R expressing cells, we used two methods for observing Ku
recruitment to DNA damage. While many proteins accumulate in large amounts at sites
of damage and some form foci that can be visualized by indirect immunofluorescence
and microscopy, NHEJ factors do not. To surpass this issue, we employed two methods
for assaying Ku recruitment to DSBs in cells: a newly developed pre-extraction approach
and the more established approach of laser microirradiation. These are discussed herein.

3.5.1 The CSK + R pre-extraction approach to observing repair protein
foci is not a reliable method for the purposes of our experiments
The first method we explored for testing NHEJ factor recruitment to sites of DNA
damage was a recently developed pre-extraction technique97. Briefly, X-ray irradiated
cells are treated with a mixture of detergent, sucrose, and RNAse A (CSK+R) prior to
fixing and immunofluorescence. Presumably, CSK+R removes non-DSB bound Ku and
Ku associated with chromatin via RNA, leaving only Ku bound to DSBs for
immunostaining in the nucleus. Ku foci can then be resolved by microscopy.
We tested this method in Ku70 knockout MEFs stably expressing wild-type Ku70.
Irradiated and non-irradiated cells were subjected to pre-extraction and indirect
immunofluorescence with antibodies for Ku70 and the DNA damage marker γ-H2AX.
Cells were then imaged with confocal microscopy. CSK+R removed a large amount of
Ku from the nucleus and surrounding area, as indicated by a decrease in Ku staining after
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CSK+R treatment in both irradiated and non-irradiated cells (Figure 3-7A). The small
amount of staining that remained occurred in small, punctate structures fitting the
description of Ku foci. However, these structures only partially localized with γ-H2AX
after IR and several Ku “foci” were not in close proximity to γ-H2AX at all, suggesting
that they did not occur at sites of DNA damage. Furthermore, amounts of Ku “foci” did
not increase greatly in irradiated cells as compared to non-irradiated cells, leading us to
question whether the signal we observed truly represented Ku bound to DNA DSBs.
To determine whether Ku “foci” were an artifact of immunostaining, we immunostained
irradiated Ku70 knockout MEFs that had been treated with CSK+R pre-extraction or
conventional immunofluorescence for Ku70 and γ-H2AX (Figure 3-7B) and ran no
primary antibody controls for both wild-type Ku70-expressing cells and Ku-deficient
cells (Figure 3-7A and B). While secondary antibody background was low, as indicated
by absence of staining in the no primary antibody controls, a small amount of nonspecific signal appeared in Ku-deficient cells hybridized with the Ku70 antibody. This
was indicative of non-specific binding of the Ku antibody to structures within the cells.
While CSK+R pre-extraction greatly reduced the non-specific signal, some staining was
still present and this signal took the form of punctate, spherical structures in the nucleus
similar to foci. There did appear to be a reduction of Ku staining in the CSK+R-treated
Ku-deficient control, as compared to CSK+R-treated cells expressing wild-type Ku70,
but distinguishing non-specific signal and noise in the image from foci was not possible
because both non-specific and foci signals appeared as small spheres within the nucleus.
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Figure 3-7: Ku and γ-H2AX staining by CSK+R pre-extraction removes background
Ku but does not generate convincing Ku foci. Irradiated and non-irradiated Ku70
knockout MEFs expressing wild-type Ku70 were subjected to immunofluorescence with
CSK+R pre-extraction, conventional immunofluorescence, or CSK + R pre-extraction
with a no primary antibody control (A). Irradiated Ku70 knockout MEFs treated with or
without CSK+R were immunostained along with a no primary antibody control (B).
Scale bars=10µm.
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Overall, we anticipated difficulty in distinguishing NHEJ factor foci from antibody
background when using this method for visualizing Ku recruitment to breaks, particularly
when immunostaining for factors with poor-quality antibodies. Background staining
could easily create false positives in experiments comparing NHEJ factor recruitment in
wild-type and D192A/D195R-expressing cells. Furthermore, NHEJ factors are known to
be recruited rapidly, within one minute, to DSBs104. As the pre-extraction process lasts 6
minutes before fixing, using this technique would not allow us to observe NHEJ factor
recruitment at the time when it is expected to peak (one minute). Because of these
limitations, as well as knowledge that this technique is not yet well established in the
community, we turned our attention to the more common method for analyzing NHEJ
factor recruitment, microirradiation.

3.5.2 Optimizing microirradiation with a multiphoton NIR laser system
Microirradiation was performed with a 750nm infrared laser coupled to a Zeiss LSM 510
Meta NLO confocal microscope. A microirradiation protocol provided by the Hendzel
lab (University of Alberta, Canada) was optimized with Ku70 knockout MEFs expressing
wild-type Ku70. 24 hours prior to microirradiation, cells were transfected with PARP1GFP (provided by Dr. M. Hendzel, University of Alberta). This protein is known to be
recruited to laser-induced DNA damage and the confocal microscope to which the
infrared laser was coupled could be used to image PARP1-GFP directly after damage. As
a result, a “trial and error” approach could be used to optimize the system and damage
formation could be observed immediately after laser treatment. Overall, this greatly
simplified optimization of the system.
We began using the system with a 40X objective. Prior to microirradiation, zoom was set
in the confocal software such that one pixel in the acquired image corresponded to 0.05
µm. The zoom was kept constant, allowing the user to specify regions of interest (ROI’s)
for microirradiation corresponding to a known size. The level of damage induced by the
laser could be adjusted by changing the laser power and the number of iterations (or
repetitions) of the laser pulses. Strong recruitment of PARP1-GFP was evident at 20%
power with 20 iterations in a 0.5 µm-wide region (Figure 3-8A).
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PARP1 can respond to multiple types of DNA damage. To confirm that the described
conditions were truly stimulating DSB formation, microirradiated cells were subjected to
immunofluorescence staining for the DSB marker γ-H2AX within 10 minutes of damage
induction. γ-H2AX foci accumulated along laser tracks implying DSB formation (Figure
3-8B). Finally, stimulation of NHEJ DNA repair under these conditions was confirmed
by monitoring recruitment of GFP-Ku80 to laser-induced damage (Figure 3-8C).
Presence of GFP-Ku80 at the laser line indicated that NHEJ proteins responded to laserinduced damage and suggested that repair was active. Overall, we had reasonable
evidence to conclude that the system was effective in stimulating both DSBs and NHEJ.

65

Figure 3-8: Optimization and validation of a near infrared laser system for
microirradiation. Conditions for microirradiation with a 750nm NIR laser were
optimized in Ku70 knockout MEFs re-expressing wild-type Ku70 and transfected with
PARP1-GFP. PARP1-GFP’s recruitment to laser lines immediately after damage was
imaged using the confocal microscope to which the damage-inducing NIR laser was
coupled (A). Damage was induced at 40X magnification with 0.5µm-wide rectangles
defined across the length of each cell with 20% laser power and 20 iterations. Formation
of DSBs was confirmed by γ-H2AX immunostaining and fluorescence microscopy (B).
Activation of NHEJ was assessed by observing GFP-Ku80 recruitment to laser tracks
(C). GFP-Ku80 was imaged with the same microscope coupled to the laser used for
inducing DNA damage. In C, Ku80 recruitment was visualized after only 4 laser
iterations at 20% laser power. Scale bars=10µm.
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While these conditions were effective for inducing damage and stimulating Ku
recruitment, visualizing other fluorescently tagged repair factors’ recruitment proved to
be surprisingly difficult under a 40X objective. While GFP-Ku80 recruitment was easily
visualized, it was more difficult to observe recruitment of GFP-XRCC4, GFP-DNA
Ligase IV, and YFP-XLF, possibly because endogenous versions of each protein in the
cells outcompeted the heavier fluorescently tagged proteins used in these experiments. To
improve resolution of these proteins’ recruitment, we increased the mean scan number of
the microscope to improve image quality and also moved from a 40X objective to the
63X objective. The zoom was adjusted such that 0.05 µm corresponded to one pixel. This
allowed visualization of each protein’s recruitment in microirradiated cells (Figure 3-9).
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Figure 3-9: EGFP-Ku80, GFP-XRCC4, YFP-XLF, and EGFP-DNA Ligase IV are
recruited to laser-induced DNA damage. Ku70 knockout MEFs stably expressing wildtype Ku70 were transfected with EGFP-Ku80, GFP-XRCC4, YFP-XLF, and EGFP-DNA
Ligase IV. They were then microirradiated with a 750nm NIR laser with 20% power and
20 iterations at 63X magnification. Fluorescently tagged protein recruitment was imaged
within 30 seconds of damage using an Argon laser coupled to the same microscope. Cells
are shown before and after microirradiation. Representative images are shown, n=10.
Scale bars=5µm.
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With the system at optimal settings for visualizing all of the repair proteins we intended
to observe, we next sought to determine a quantitative amount of damage induced by our
system. To approximate the amount of DSBs induced by microirradiation, we measured
corrected total nuclear fluorescence in cells treated with various doses of IR and
immunostained for the DNA damage marker γ-H2AX107. The linear relationship between
IR dose and γ-H2AX fluorescence was plotted to generate a line of best fit (Figure 3-10)
expressed by Equation 1 (see Methods).
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Figure 3-10: Standard curve used for calculating IR dose equivalence of laserinduced DNA damage. Ku70 knockout MEFs expressing wild-type Ku70 were
irradiated with X-rays at various doses and then immunostained for γ-H2AX. γ-H2AX
was imaged with fluorescence microscopy. Corrected total nuclear fluorescence of γH2AX at each IR dose was quantified from these images. For each data point, n=20 cells.
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Total γ-H2AX fluorescence was then measured in nuclei of microirradiated cells
containing one laser line of microirradiated damage. The average γ-H2AX fluorescence of
microirradiated cells was substituted into Equation 1. Solving for x, we found that the
level of γ-H2AX fluorescence generated from one line of microirradiated damage in a cell
corresponded to the amount of γ-H2AX fluorescence generated by approximately 5.28Gy
of IR. As 1Gy of IR corresponds to about 35 DSBs, we estimate that in this study a
microbeam spanning the length of a nucleus yields approximately 185 DSBs108.
With an effective system for visualizing repair protein recruitment to damage, we began
experiments comparing factor recruitment in Ku70 knockout MEFs expressing WT Ku70
and Ku70 D192A/D195R respectively, as well as Ku70-deficient control MEFs.

3.6

The Ku70 D192A/D195R mutation does not impair Ku
recruitment to DNA DSBs

Before we could compare the recruitment of NHEJ factors expected to associate with
helix five of the Ku70 vWA domain to laser-induced DNA damage in WT Ku70 and
Ku70 D192A/D195R-expressing cells, it was first important to confirm that the Ku70
D192A/D195R mutation does not impair recruitment of Ku itself to laser-induced DNA
damage. We thus performed a control experiment with GFP-tagged Ku80-transfected
cells assaying recruitment of GFP-Ku80 to laser-induced DNA damage in cells
expressing wild-type Ku70, cells expressing Ku70 D192A/D195R, and Ku-deficient
cells. Ku70/80 binds DSBs as a heterodimer and is not functional in absence of either
member of the heterodimer49,50, so recruitment of Ku80 is dependent on

Ku70

expression. The GFP-Ku80 construct used in these experiments yielded protein that had
been recruited to laser-induced damage in a previous study and thus we were confident
that it was able to associate with damage92.
Both wild-type Ku70 and Ku70 D192A/D195R expressing cells displayed GFP-Ku80
recruitment to microirradiated sites, indicating that the D192A/D195R mutation does not
prevent Ku recruitment to DSBs (Figure 3-11). Conversely, Ku70-deficient cells, which
lack Ku heterodimer function due to the absence of Ku70 did not display GFP-Ku80
recruitment to damage, as expected. These results suggest that our laser-induced DNA
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damage method triggers specific recruitment of NHEJ factors and that D192A/D195R
mutant Ku70 can be recruited normally to DNA damage.
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Figure 3-11: D192A/D195R mutation does not affect Ku recruitment to laserinduced DNA damage. Ku70 knockout MEFs (KO), Ku70 knockout MEFs expressing
wild-type Ku70 (WT), and Ku70 knockout MEFs expressing Ku70 D192A/D195R
(D192A/D195R) transfected with GFP-Ku80 were microirradiated. GFP-Ku80
recruitment to breaks was observed by live imaging. Scale bars=5µm.
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3.7

Members of the XRCC4-XLF-DNA Ligase IV complex
are recruited to laser-induced DNA damage in Ku70
D192A/D195R-expressing cells

Having shown that the Ku70 D192A/D195R mutant can be recruited to DNA damage, we
next assayed recruitment of EGFP-DNA Ligase IV, GFP-XRCC4, and YFP-XLF in
Ku70 knockout MEFs expressing wild-type Ku70 and Ku70 knockout MEFs expressing
Ku70 D192A/D195R. All tagged proteins used in these experiments had been shown to
be recruited to laser-induced damage in previous studies92,109,110. XRCC4, XLF, and DNA
Ligase IV form a complex responsible for rejoining the broken DNA ends in the final
step of repair27. It was expected that if one of these factors’ or an upstream factor’s
recruitment were perturbed by the Ku70 D192A/D195R mutation, at least one member of
the complex would not be recruited in the repair mutant. Surprisingly, all three NHEJ
factors were recruited similarly in wild-type and mutant cells (Figure 3-12). Recruitment
of XLF and DNA Ligase IV was Ku-dependent, as indicated by their absence at laser
tracks in Ku70 knockout MEFs, although in some cases GFP-XRCC4 recruitment was
observed in the absence of Ku, likely as an artifact of overexpression. Overall, these
results suggested that mutation of helix five did not abolish recruitment of the XRCC4XLF-DNA Ligase IV complex to the DSB.
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Figure 3-12: Members of the ligation complex are recruited to laser-induced DNA
damage in the D192A/D195R repair mutant. Ku70 knockout MEFs (labeled “Ku70
KO”) and Ku70 knockout MEFs expressing wild-type Ku70 (“Ku70-/- + WT”) and Ku70
D192A/D195R (“Ku70-/- + D192A/D195R”) respectively were transfected with GFPXRCC4, GFP-DNA Ligase IV, or YFP-XLF and then microirradiated with an NIR laser.
Fluorescently tagged factors were imaged before and after microirradiation with the
confocal microscope to which the NIR laser was coupled. Representative images are
shown, n=10 for each. Scale bars=5µm.
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3.8

Use of microirradiation to demonstrate recruitment of a
previously uncharacterized NHEJ factor to DNA damage

In addition to using microirradiation for characterizing the role of helix five of the Ku70
vWA domain in NHEJ factor recruitment, we employed laser microirradiation to evaluate
recruitment of the Aurora B kinase to DSBs. Work in our lab has indicated that Aurora B
is regulated via S155 of the Ku70 vWA domain62. Following DNA damage,
phosphorylation of this residue inhibits Aurora B’s activity in stimulating mitosis and cell
cycle progression such that, presumably, cells will be given ample time to repair their
DNA prior to mitosis. Using microirradiation we showed that Aurora B is recruited to
sites of laser-induced DNA damage in both HeLa cells and wild-type Ku70 expressing
cells (Figure 3-13A). Quantification of Aurora B recruitment indicated rapid recruitment
of the protein to DNA damage within 15 seconds (Figure 3-13B). This is the first
demonstration of Aurora B recruitment to damage in living cells and illustrates the utility
of microirradiation in assaying recruitment of uncharacterized factors to damage.
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Figure 3-13: Aurora B is recruited to laser-induced DNA damage. Microirradiation
was used to illustrate the recruitment of GFP-Aurora B, a kinase implicated by work in
our lab to be involved in DNA damage signaling, to DNA damage in HeLa cells (n=5)
and Ku70 knockout MEFs expressing wild-type Ku70 (n=10) that had been transfected
with GFP-Aurora B DNA. Representative images are shown in A. Scale bars=10µm.
Relative intensity of fluorescence at microirradiated sites, calculated as previously
described111, is plotted for both cell lines in B.
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CHAPTER 4: DISCUSSION
4.1

Summary of results

We sought to characterize the function of helix five of the Ku70 vWA domain in nonhomologous end joining, with the hypothesis that it is involved in mediating a proteinprotein interaction. Within this, we explored the possibilities that helix five mediates an
interaction via K182 and K189, that the helix mediates Ku tetramerization, that it is
involved in the PAXX-Ku interaction, or that it directly interacts with another NHEJ
factor.
Clonogenic cell survival assays indicated that K182 and K189 of helix five were not
essential for DNA repair. Unlike the D192A/D195R mutant, which displays a profound
survival defect as compared to wild-type Ku70-expressing cells when treated with IR61,
K182A, K189A, and K182R/K189R mutant expressing cells had similar survival after IR
to cells expressing wild-type Ku70. This led us to reject the hypothesis that helix five’s
repair function is dependent on the two lysine residues and the remainder of our work
focused on the possibility that helix five mediates a direct protein-protein interaction.
Two major candidates for interacting with helix five were the newly identified NHEJ
factor PAXX and Ku itself, with the latter possibility being that Ku could tetramerize via
helix five as previously suggested52. These sub-hypotheses were tested in a GST
pulldown system. Neither PAXX nor Ku70 were pulled down with the Ku N-terminus,
regardless of whether helix five was mutated. This suggested that these interactions occur
independently of helix five and the Ku N-terminus or may require additional regions of
the Ku heterodimer to occur.
We next considered the possibility that helix five of the Ku70 vWA domain interacts with
yet unidentified NHEJ factors. To identify such factors, we performed a large-scale GST
pulldown with GST-tagged wild-type and mutant Ku70 N-termini and nuclear extracts
from irradiated cells. This pulldown identified few candidate binding partners for the Ku
N-terminus or helix five. The exception was nucleophosmin, NPM1 and this result could
not be reproduced in pulldown experiments followed by Western blotting. Having had
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little success in our non-targeted approach, we moved on to a targeted approach of
assaying NHEJ factor recruitment in cells.
We tested two methods for observing NHEJ factor recruitment. The first method was a
newly developed technique for resolving Ku foci at sites of laser-induced damage. While
this appeared to be somewhat effective, in that it removed a large amount of Ku from the
nucleus and left behind small, spherical, focus-like structures, there were several
uncertainties in its use. Ku and γ-H2AX foci did not colocalize and there was not a large
difference in the appearance of Ku staining in irradiated and non-irradiated cells, leading
us to question whether what we observed was truly Ku associated with damage, rather
than antibody background. As the technique requires treatment of cells with preextraction solution prior to fixing, it limits the scope of kinetic studies, especially as Ku is
known to be recruited at maximal levels within one minute of damage104. For this reason,
we explored a more established technique, laser microirradiation.
We optimized a microirradiation system to observe recruitment of GFP-tagged NHEJ
factors to sites of laser-induced DNA damage using a near infrared laser system coupled
to a confocal microscope. We showed that our system was effective in stimulating DSBs
and NHEJ and calculated the approximate amount of DSBs formed by our system. We
confirmed that Ku is recruited to damage in both wild-type and Ku70 D192A/D195R
expressing cells using GFP-Ku80 and then observed recruitment of members of the
ligation complex: XRCC4, XLF, and DNA ligase IV. We expected that if the
D192A/D195R mutant were defective in recruiting an NHEJ factor, the ligation complex,
which is the last player in NHEJ, would not be recruited for repair in the mutant.
Surprisingly, XRCC4, XLF, and DNA Ligase IV each displayed recruitment in
microirradiated cells. This led us to conclude that despite its repair defect, the Ku70
D192A/D195R mutant is able to recruit NHEJ factors involved in end ligation. Finally,
we employed microirradiation to show that Aurora B, which our lab showed was
involved in mediating DNA damage signaling, is recruited to laser-induced DNA
damage.
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4.2

Role of K182 and K189 in NHEJ

We had considered the possibility that K182 and K189 within helix five of the Ku70
vWA domain are important for the helix’s repair function. To evaluate this, we
substituted the residues and assayed cell survival in response to IR using clonogenic
survival assays. These indicated that Ku70 knockout MEFs expressing Ku70 K182A,
K189A, or K182R/K189R did not display impaired survival after IR, as compared to
wild-type expressing cells. Past work has shown that the D192A/D195R mutation in
helix five of the Ku70 vWA domain led to impaired cell survival after IR61, so had K182
and K189 been important for repair, we would have expected the K182A, K189A, and
K182R/K189R mutations to lead to decreased cell survival, as well. Overall, our results
suggest that K182 and K189 do not affect cell survival after IR, which implies that they
do not affect DNA repair.
We used a K182R/K189R double mutant to ensure that K182 and K189 did not have an
interchangeable function. However, we cannot completely rule out the possibility that
other lysines could play an interchangeable role with K182 and K189 or act
independently to signal in the function of helix five of the Ku70 vWA domain. The
nearest lysines, apart from K182 and K189, to D192 and D195 are residues 164 and 206,
which are both beyond the structural boundaries of helix five. K206 is located on the side
of helix five opposite to D192 and D195 and its side chain faces the opposite direction to
those of D192 and D195, making it unlikely that this residue’s integrity is important for
helix five’s function. However, K164, which is located within a beta sheet in close
proximity to helix five is fairly close to D192 and D195, with a side chain extending
towards D192 and D195 (Figure 4-1). This conserved residue could act interchangeably
with K182 and K189, or alone to mediate the function of helix five and its role should be
investigated. Additionally, recent work showed that two lysines in the Ku70 vWA
domain at positions 31 and 160 confer lyase activity of Ku31. This function allows
removal of abasic sites from DNA lesions. K31 is not a part of the known crystal
structure of Ku70, but K160 is within close proximity to helix five of the Ku70 vWA
domain (Figure 4-1) and we cannot rule out the possibility that the Ku70 vWA domain’s
repair function is also related to the protein’s lyase activity, even if K182 and K189 are

80

not important in this function. As outlined in the introduction, lysine signaling via
ubiquitination, acetylation, and neddylation has been implicated in several Ku functions
and further study is needed for a complete understanding of these signals and their overall
effects on DNA repair43,44,85.
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Figure 4-1: Structural representation D192, D195, and surrounding lysine residues
within helix five of the Ku70 vWA domain. K182 and K189, which were studied, are
indicated in purple. K164 (pink) is located beyond helix five of the Ku70 vWA domain.
However, it is located within close physical proximity to D192 and D195 (blue), based on
the protein’s crystal structure. K160 (green) has been implicated in Ku’s lyase activity
and is somewhat close to D192 and D195, as well. Images are adapted from the crystal
structure solved by Walker et al. using the PyMOL Molecular Graphics System Version
1.3 (Schrödinger LLC, USA)72. (Adapted with permission from Macmillan Publishers
Ltd: [Nature] (72), copyright 2001). (See Appendix C).
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While K182 and K189 alone do not appear to play an apparent role in NHEJ, we cannot
conclude that signaling via these residues is not important for Ku function, especially
beyond repair. As outlined in the introduction, several studies have pointed to lysine
modifications in various functions of Ku, particularly its removal from the break43,44.
K182 and K189 may be modified not for repair, but for Ku removal as part of the
aftermath of repair. However, prolonged Ku retention leads to impaired NHEJ, so we do
not expect that K182 and K189 are involved in Ku retention43.
Overall, our work has shown that lysines 182 and 189 in helix five of the Ku70 vWA
domain, alone or together, do not play a role in conferring cell survival after IR.
However, we do not rule out the possibility that these lysines act interchangeably with
additional residues or function beyond repair.

4.3

Imaging Ku: A review of two techniques

To assay recruitment of NHEJ factors to DNA damage, we considered two techniques.
The first technique involved pre-extraction of background Ku from the nuclei of X-ray
treated cells with a solution of sucrose, detergent, and RNase A (CSK+R)97. This was
thought to remove free protein in the nucleus as well as protein associated with chromatin
via RNA, leaving behind only Ku associated with damage. The authors of the study
where the technique was first demonstrated utilized the technique to visualize GFP-Ku70,
GFP-XRCC4, Nijmegen breakage syndrome protein 1 (Nbs1), and untagged Ku70 foci
through immunofluorescence. It was shown to be effective in the context of DSBs
induced by nucleases, chemicals, X-rays, and microirradiation. However, concern was
expressed in the publication regarding the presence of fewer foci than theoretical amounts
of breaks at a given IR dose, suggesting that there were limitations to the pre-extraction
technique.
When replicating this method, we found that we were able to see nuclear staining of
structures fitting the description of Ku foci following CSK+R pre-extraction. There was
an obvious difference in pre-extracted and non-pre-extracted cells, with the majority of
Ku removed from CSK+R treated cells. However, it was not clear that what was left
behind following pre-extraction was truly Ku bound to DSBs. γ -H2AX staining and
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Ku70 staining did not fully colocalize despite the fact that γ-H2AX is a known DSB
marker112. Britton et al. also observed this using the CSK+R pre-extraction technique97.
They argue that Ku and γ-H2AX do not colocalize because γ-H2AX is a histone
modification and histones are not present directly at the DSB while Ku associates directly
with broken DNA ends. However, we observed foci far from any γ-H2AX staining and
even if γ-H2AX foci were truly forming at the periphery of Ku foci, rather than directly
colocalizing with them, we would have expected to see some degree of localization to the
same region of the nucleus. Furthermore, previous reports indicate that phosphorylated
DNA-PK foci, which would be present directly at DSBs, colocalize with γ-H2AX foci
and therefore Ku foci would be expected to do the same113.
The low difference in Ku signal between non-irradiated and irradiated cells, despite a
clear signal difference in the DNA damage marker γ-H2AX between non-irradiated and
irradiated cells suggested that much of what was observed was simply antibody
background or noise that occurs during image acquisition, rather than IR-induced foci.
Due to the fact that non-specific immunostaining is inherent to many antibodies in
immunofluorescence, this places a great limitation to the pre-extraction technique. This
can be surpassed if pre-extraction is performed in conjunction with microirradiation,
which was shown to be possible in the original study by Britton et al.44,97.
Microirradiation would restrict foci to a defined pattern along a laser track in the nucleus,
rather than dispersing the foci throughout the cell like X-rays. Thus, it could be easier for
an observer to distinguish foci from non-specific signal in microirradiated cells.
To truly validate that Ku and other NHEJ factors localize to foci resolvable by preextraction, CSK+R pre-extraction would need to be carried out with GFP-tagged
proteins. This would eliminate concerns of antibody background. While Britton et al.
used GFP-tagged Ku and XRCC4 in some pre-extraction experiments, they used a GFP
antibody and immunofluorescence to strengthen their signal97. Even with GFP-tagged
protein, it could be difficult to prove definitively that the sites to which proteins have
localized truly correspond to DSBs. Colocalization experiments with cotransfected
fluorescently-tagged repair proteins known to interact only at the break (with tags that are
excited at non-overlapping wavelengths) would be an effective means of confirming this.
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Assuming that the limitations of non-specific staining could be overcome in the use of
CSK+R pre-extraction, the technique still poses a major limitation in kinetic studies. Ku
is recruited rapidly to DNA damage and recruitment is thought to peak within one minute
of damage induction104. However, CSK+R pre-extraction takes six minutes to perform
before cells are fixed97. Thus, recruitment of Ku and other NHEJ factors cannot be
observed within critical recruitment time points using this technique and this is its
primary limitation. Overall, there were several concerns with using the CSK+R preextraction method in the context of this study and this led us to consider the alterative
option for observing repair protein recruitment to damage: microirradiation.
We found microirradiation to be a more effective technique than pre-extraction. In
addition to being more established than pre-extraction in literature, laser microirradiation
with a near infrared laser yielded clear NHEJ factor recruitment to DNA DSBs in predefined regions within the nucleus. The damage was induced in high levels to a relatively
small region in the cell and this created a visible signal of factor recruitment, leaving little
doubt as to whether the technique and protein recruitment to the regions in question were
stimulated by DNA damage. Furthermore, damaging conditions could be easily validated
with staining of γ-H2AX, which localized clearly to laser tracks. Another major
advantage of microirradiation was that the laser used for inducing DNA damage was
coupled to a confocal microscope and GFP-tagged protein recruitment in treated cells
could be imaged immediately after laser-induced damage. This allowed observation of
factor recruitment at several time points through continuous imaging and would permit
kinetic studies in the future, since images could be acquired immediately after damage.
One limitation of this technique was that recruitment of NHEJ factors to laser lines was
generally apparent, but contrast between the treated and untreated regions was sometimes
poor. This could be attributed to competition between GFP-tagged proteins used in this
study with endogenous proteins. As GFP tags add substantial weight to proteins as well
as potential for disruption of regions close to the tag, it is possible that the GFP-tagged,
transfected, repair proteins observed in this study were being outcompeted by their
endogenous counterparts. Several microirradiation experiments in past studies were
conducted in cells deficient in the GFP-tagged protein being studied and this could
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explain why the recruitment signals observed in some papers are stronger than the signal
observed in our own work. For example, Mari et al. used DNA Ligase IV-deficient and
Ku80-deficient cells respectively when studying the proteins’ recruitment to
microirradiated sites using a laser system similar to our own92. This yielded a stronger
recruitment signal than the signal we observed with the same constructs. However, Yano
et al. observed a similar signal to that observed in our study with YFP-XLF in cells with
endogenous XLF109. Furthermore, GFP-XRCC4 recruitment to laser-induced damage
showed higher contrast between irradiated and non-irradiated regions in XRCC4deficient cells than in epithelial cells that expressed endogenous XRCC4114,115. Thus, the
low contrast that we observed between treated and untreated regions in GFP-NHEJ
factor-expressing cells is common for cells expressing endogenous repair proteins and
was anticipated.
It is also possible that studies with stronger recruitment induced more DNA damage to
targeted cells. In a past study, laser-induced damage created with a system similar to ours
caused more visible recruitment to damage, but also induced between 1000 and 1500
DSBs within a 2.5µm squared region92. We estimated that our technique induced only
about 185 DSBs across the entire cell (or about 185 DSBs in a 5µm squared region,
assuming that MEFs used for the study have a nuclear diameter of about 10µm), making
our technique much less damaging than microirradiation described in some previous
reports. While this was a limitation to our ability to clearly observe protein recruitment to
damage, it was advantageous in that it ensured treated cells were exposed to tolerable
levels of damage. Higher levels of damage could lead to sample burning and our methods
ensured that repair machinery did not become saturated. Furthermore, a study that we
used to model the gray equivalence calculation for our system’s laser-induced DNA
damage reported a microirradiation dose equivalent to 2.5 Gy of X-ray induced damage
in 7.08µm squared regions108. This level of damage is similar to what we observed with
our system, indicating that damage at the levels we used is not unprecedented in
microirradiation studies.
Another explanation for relatively weak recruitment observed in our study is that overtransfection of a given fluorescently-tagged protein prevented clear resolution of damage-
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associated protein simply because there were very high levels of protein in the nucleus.
This, in combination with the addition of the large GFP tag, could alter recruitment
efficiency.
Another limitation of microirradiation was efficiency. Only a small amount of cells could
be treated at one time and the process of inducing damage to many cells could be time
consuming. Thus, indirect immunofluorescence following microirradiation with our
system can be difficult as one must find a small amount of treated cells among hundreds
of thousands of untreated cells. However, this was not an issue for us as we used GFPtagged repair proteins and live imaging for the majority of our experiments.
Additional limitations to microirradiation were that treating cells was more time and
resource-consuming the CSK+R pre-extraction method. As well, the NIR laser system
used for this study is considerably rare, with only one laser available at our university. A
very specific setup with this instrumentation was necessary. Furthermore, the system is
delicate and broke down several times during this study. In the end, this prevented us
from conducting kinetic studies to compare factor recruitment in wild-type and
D192A/D195R-expressing cells. Future work should address this. Overall, despite these
limitations, microirradiation appeared to be a much more reliable and convincing
technique with more potential applications than the pre-extraction method. For this
reason, we employed microirradiation in our study.

4.4

Helix five of the Ku70 vWA domain and the NHEJ
complex

4.4.1 The Ku-PAXX interaction
We considered several possible roles of helix five of the Ku70 vWA domain in the
assembly of the NHEJ complex, including its ability to interact with the recently
identified NHEJ factor PAXX. PAXX, paralog of XRCC4 and XLF, is structurally
similar to XRCC4 and XLF at the N-terminus, and promotes DNA DSB repair29,30.
PAXX does not directly bind DNA but rather, associates with Ku and is required for
assembly of the NHEJ complex29. This interaction occurs via the PAXX C-terminus,
which diverges from XRCC4 and XLF, and is impaired by the mutation of PAXX
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F20130. Although the region of PAXX required for the Ku-PAXX interaction has been
characterized, the domain of Ku required for this is unknown and thus we considered the
possibility that helix five of the Ku70 vWA domain could be involved in the Ku-PAXX
interaction.
To test this, we assessed the ability of PAXX to bind the Ku70 N-terminus in vitro using
a GST pulldown. An interaction between the Ku70 N-terminus and PAXX was not
observed, regardless of whether the D192A/D195R mutation was present in the GSTtagged Ku N-terminus. However, full-length Ku immunoprecipitated from mammalian
cells displayed binding with His-PAXX. These data suggest that while the Ku
heterodimer interacts with PAXX, the Ku70 vWA domain is not sufficient for the KuPAXX interaction and that the role of helix five of the Ku70 vWA domain is likely not
related to the Ku-PAXX interaction.
It is not surprising that PAXX interacts with a region of Ku beyond helix five of the
Ku70 vWA domain. It is known that helix five of the Ku70 vWA domain is highly
conserved and mutation of D195 in yeast, which is homologous to residue to D192 in
human Ku70, results in a repair defect40. Thus, it is likely that helix five of the Ku70
vWA domain, if involved in a protein-protein interaction, would interact with a protein
that is also conserved in yeast. A yeast or invertebrate homologue of PAXX has not been
identified thus far30.
This work has shed light on the PAXX-Ku interaction, suggesting for the first time that
this interaction is independent of the Ku70 N-terminus. It could be possible that the Ku
N-terminus plays a role in PAXX’s binding to the heterodimer, but that additional
components of Ku are required for the interaction to occur. Many of Ku’s interaction
interfaces with NHEJ factors, such as XRCC4 and XLF have not been characterized,
likely because Ku70 and Ku80 are unstable without their respective binding partners,
making it difficult to study (and map interactions within) certain regions of Ku70 and
Ku80 independently49,50. Overall, future research in characterizing the Ku-PAXX
interaction can be conducted with knowledge that the Ku70 N-terminus is not sufficient
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for the interaction and regions beyond this in Ku70 and Ku80 should be the focus in
future interaction studies.

4.4.2 Helix five and nucleophosmin
Another possibility that we explored was that helix five could mediate a protein-protein
interaction with a yet uncharacterized NHEJ factor. Using a large scale GST pulldown
with GST-tagged wild-type and D192A/D195R Ku N-termini followed by mass
spectrometry identification of proteins, we attempted to identify an NHEJ factor that
associated with the wild-type, but not the mutant Ku N-terminus. The only factor of note
that we identified was nucleophosmin (NPM1) and this was limited in that we faced
uneven loading in the pulldown from which it was identified. Nevertheless, we
considered the possibility that Ku and NPM1 interact, as NPM1 has been implicated in
DNA repair in a number of past studies116–119.
NPM1 was initially characterized for its role in ribosome biosynthesis and transport120.
However, a potential role for nucleophosmin in DNA repair or damage signaling was
suggested when NPM1 was identified as a phosphorylation target by mass spectrometry
following DNA damage116. It has since been implicated in base excision repair, repair of
ribosomal DNA (rDNA), and p53 signaling in response to DNA damage117,119. In the
context of double strand breaks, nucleophosmin was found to be recruited to IR-induced
foci in an RNF8-dependent manner121. Interestingly, Ku removal from the break is
RNF8-dependent, as well43. Nucleophosmin’s interaction with RNF8 is mediated by
phosphorylation of T199 and a substitution mutation at this position conferred a
decreased capacity for DSB repair and prolonged presence of the HR protein Rad51 at
damage foci121. Furthermore, a radiosensitizing drug, YTR107, was shown to prevent
NPM1 from localizing to damage foci, again implicating the protein in repair118. This
evidence supports the notion of an important DSB repair role for NPM1. However, the
link between NPM1 and NHEJ has not been clearly established and having pulled down
NPM1 with the Ku N-terminus, we considered an interaction with NPM1 to be a
potential role of helix five of the Ku70 vWA domain.

89

However, when we attempted to validate the results in a small-scale pulldown using the
GST tagged wild-type and mutant Ku70 N-termini along with GFP-tagged NPM1 that
had been transfected into HeLa cells, we did not observe and Ku-NPM1 interaction.
While it is possible that the GFP tag used in this experiment interfered with the KuNPM1 interaction or that GFP-NPM1 was outcompeted by endogenous protein, the
complete absence of signal generated by NPM1 suggested that the NPM1 identified in
the original pulldown was an artifact. Thus, we were unsuccessful in identifying a
candidate binding partner for helix five using the large-scale GST pulldown approach,
but it should be repeated.

4.4.3 Helix five and Ku tetramerization
A recent study has implicated helix five of the Ku vWA domain in Ku heterodimer
tetramerization52. This was proposed to have an end bridging function in repair. To
validate this, we performed GST pulldowns with GST-tagged Ku70 N-termini and
nuclear extracts containing full-length Ku from irradiated and non-irradiated HeLa cells
or wild-type Ku70 and Ku70 D192A/D195R-expressing MEFs respectively. We did not
observe Ku tetramerization. This discrepancy with the literature could be explained by
our use of only the Ku N-terminus for the pulldowns, as the previous Ku tetramerization
study used full-length Ku52. It is possible that while Ku tetramerization is dependent on
helix five, as presented in the past study, it could also require regions beyond the Ku Nterminus to be intact for a stabilizing effect. A docking model of tetramerized Ku
generated in the past study shows the Ku70 N-terminus in close proximity with regions of
Ku80 and it is possible that two Ku80 molecules are required for tetramerization to
occur52. Since our pulldown only included the Ku N-terminus, it may have lacked a Ku80
molecule necessary for tetramerization. Therefore, while our data show that the Ku Nterminus is not sufficient for Ku tetramerization, we cannot completely rule out the
possibility of Ku tetramerization.
Alternatively, tetramerization may not occur at all or may function beyond NHEJ. The
original study showing Ku tetramerization posed several limitations, the major being that
none of the experiments demonstrating Ku tetramerization were conducted in the context
of DNA damage. A second issue with these experiments was that the primary evidence
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for Ku tetramerization was an immunoprecipitation system involving differentially
tagged Ku peptides with or without a mutation in helix five. These tagged peptides had
been cotransfected into cells and thus, the system was highly artificial. Saturation of the
system due to overtransfection could have stimulated aggregation or teteramerization of
Ku that would not occur naturally. Neither this study, nor our own, answer the question
of whether full-length Ku can tetramerize in response to DNA damage and only when
this question is answered can the repair function of Ku tetramerization be elucidated.
Thus, further work is needed for a full understanding of this potential function of helix
five of the Ku70 vWA domain.

4.4.4 Recruitment of the ligation complex in the helix five mutant
We used a targeted microirradiation approach to assay recruitment of known members of
the NHEJ complex to laser-induced DNA damage in live cells. Ku recruitment to
microirradiated sites was observed in wild-type Ku70 and Ku70 D192A/D195R
expressing cells, consistent with previous reports that mutation of helix five does not
affect Ku localization to damage in yeast40. It was expected that the D192A/D195R
mutation could abolish recruitment of an NHEJ factor. Since the D192A/D195R repair
defect is conserved in yeast, we expected that the NHEJ factor whose recruitment is helix
five dependent would also be conserved in yeast and that it would be a major player in
NHEJ40. A DNA-PK homologue has not been identified in yeast. Therefore, it was not
considered a likely candidate for interacting with helix five122. Thus, we turned our
attention to members of the XRCC4-XLF-DNA Ligase IV complex. A Ku-DNA ligase
IV interaction was previously reported, but the region of Ku required for this was not
mapped123. We therefore considered the possibility that helix five of the Ku70 vWA
domain is important for the Ku-DNA ligase IV interaction. Additionally, the ligation
complex carries out the final ligation step of NHEJ, so we expected that if an NHEJ
factor’s recruitment were disrupted by the Ku70 D192A/D195R mutation, these proteins
would not be recruited in the mutant.
Surprisingly, the D192A/D195R mutation did not prevent ligation complex members’
recruitment to microirradiated damage. This indicated that while the mutant harbored a
repair defect, repair proteins could still be recruited in the presence of the D192A/D195R
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mutation -even those involved in final steps of the NHEJ cascade. Overall, we concluded
that helix five is not necessary in recruiting the ligation complex to DSBs. However, as
pulsed field gel electrophoresis showed impaired DNA repair as a function of time in the
D192A/D195R mutant, it is likely that while the ligation complex is recruited in the
repair mutant, it or an upstream step in repair does not function normally61. NHEJ is often
perceived as a stepwise process, but it has been purported that while Ku stimulates
recruitment of downstream NHEJ factors, the recruitment order of proteins downstream
of Ku is not well-defined and can vary with damage complexity124. Thus, while we
observed recruitment of proteins involved in the final step of NHEJ in the Ku70
D192A/D195R mutant, we cannot conclude that all NHEJ factors are recruited normally
in the mutant.
Repair factors may be recruited to a lesser degree than normal in the D192A/D195R
mutant, or not be retained normally at damage. Our work was limited in that we did not
study recruitment kinetics of each tagged NHEJ factor and a kinetic study is needed to
fully assess the D192A/D195R mutant’s ability to recruit NHEJ factors. This will provide
insights into factor recruitment levels and retention. Images taken in this study were taken
with a slow scan speed, in order to visualize tagged NHEJ factor recruitment, which was
sometimes low due to competition with endogenous proteins. While slow scan speed
improved resolution of factor recruitment, image acquisition took approximately 30
seconds. At this time point, factor recruitment had already peaked and we were not able
to measure a buildup of NHEJ factor recruitment over time to compare across wild-type,
knockout, and D192A/D195R expressing cells.
Unexpectedly, we observed recruitment of GFP-XRCC4 in Ku-deficient cells. It has been
reported that XRCC4’s recruitment is Ku-dependent in a past microirradiation study and
we had anticipated an absence of XRCC4 recruitment to damage in Ku-deficient cells92.
However, this work relied on indirect immunofluorescence and it is possible that our GFP
system was slightly more sensitive than immunofluorescence, allowing visualization of
low levels of protein recruitment. As XRCC4 has been shown to associate with DNA
ends independently of Ku in vitro125, it is possible that Ku is not required for XRCC4’s
recruitment to breaks. However, it was surprising to see recruitment of XRCC4, but not
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other members of the ligation complex, to damage since these proteins normally act
together in repair. While it could be argued that Ku is important for the interaction
between XLF and XRCC4126, which explains the absence of XLF recruitment despite
XRCC4 recruitment in Ku-deficient cells, we expect that XRCC4’s recruitment here was
likely an artifact of overexpression of the protein. XRCC4 is more abundant in cells than
DNA-Ligase IV, which could explain why the system saturated for XRCC4, but not
DNA ligase IV127.

4.5

Potential for additional roles of helix five of the Ku70
vWA domain

With the importance of helix five of the Ku70 vWA domain in repair documented in both
yeast and mammalian cells, it is clear that this region of Ku has an important role in DNA
repair function52,61. However, our work has shown that this lies beyond recruitment of the
ligation complex, the Ku-PAXX interaction, signaling via lysine residues within the
helix, and likely Ku tetramerization. Furthermore, as Ku itself is recruited normally in the
D192A/D195R mutant it is doubtful that the D192A/D195R mutation is a structure
breaking mutation that completely destabilizes the protein. Additional roles if helix five
must be explored to understand its repair function.
We attempted to characterize unidentified NHEJ factors that interact with helix five using
a GST pulldown approach. However, this technique posed several limitations. A large
amount of time, as well as protein, was required for the experiment. Furthermore, the
GST pulldown was technically difficult because the GST-tagged Ku70 N-termini bound
to glutathione-agarose beads with relatively low affinity, as compared to GST alone and
this resulted in the need for use of large amounts of glutathione-agarose beads in the
experiment. Large elution volumes were then needed to isolate pulled down proteins
from the beads and this was impractical for loading samples on an SDS-PAGE gel.
Despite quantifying the protein bound to beads prior to the pulldown, we faced uneven
loading in the experiment, suggesting that our quantification was inaccurate or that not all
of the protein used in the pulldown was loaded in the SDS-PAGE gel, possibly due to
loss of beads during washes. Overall, the pulldown failed to identify any strong candidate
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binding partners for helix five, apart from nucleophosmin which was not reproducible in
a small-scale experiment.
It is still possible that helix five could interact with an NHEJ factor that has yet to be
characterized and that our screen simply did not identify this factor. Although the basics
of NHEJ are well-understood, it is a complex pathway and new, important, proteins
involved in NHEJ continue to be identified, as exemplified by the recent characterization
of PAXX as an NHEJ factor29. To identify novel NHEJ factors that interact with helix
five, other techniques beyond our GST pulldown for characterizing protein-protein
interactions should be pursued. A potential method for this would be the Bio-ID
system128. Using Bio-ID, one could create wild-type Ku70 and Ku70 D192A/D195R Ntermini fused with the biotin ligase BirA and transfect this into cells. In Bio-ID, BirA
biotinylates proteins in close proximity to (and likely interacting with) BirA-fused
proteins or peptides. Biotinylated proteins are then purified and identified by mass
spectrometry. This technique would be favorable over a GST pulldown as it is more
physiologically relevant and does not rely on in vitro binding.
It is also possible that helix five of the Ku70 vWA domain recruits an NHEJ accessory
factor. The accessory factors Artemis and PNKP are conserved in yeast129,130, like the
helix five repair defect and therefore could be candidate binding partners for helix five.
However, the D192A/D195R mutation is fairly severe suggesting that its role involves
major NHEJ proteins, rather than accessory factors61. Thus, we favor the idea that an
unknown yet essential NHEJ factor is recruited to helix five.
Alternatively, helix five’s interaction with TRF2 could promote DNA repair. There have
been mixed reports about TRF2’s role in repair. While TRF2 has been implicated as a
downstream phosphorylation target in ATM signalling and is recruited to microirradiated
sites, there is some evidence that only complex damage stimulates TRF2
recruitment131,132. However, Tbf1, a yeast protein with homology to TRF1 and TRF2 has
been implicated in DSB repair133. TRF2 has been identified as a binding partner for helix
five of the Ku70 vWA domain within the shelterin complex and while this work focused
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on the TRF2-Ku interaction in the context of telomeres, it is possible that TRF2 is
mediating the helix’s repair function in a yet uncharacterized mechanism52.
Alternatively, helix five of the Ku70 vWA domain may be involved in promoting Ku
removal from DNA DSBs, rather than recruiting an NHEJ factor. Perhaps the helix is
involved in recruiting factors that stimulate Ku removal from the break, such as MDC1 or
RNF8. This could affect repair if prolonged Ku retention at breaks led to absence of free
Ku to repair newly formed breaks.
It is also possible that helix five is involved in mediating the cell’s DNA repair pathway
choice. The primary DSB repair processes in mammals are NHEJ and homologous
recombination, with the latter permitted in S and G2 phases of the cell cycle when a
homologous chromosome can act as a template for repair19. However, Ku is able to bind
DSBs, regardless of cell cycle stage and it has been proposed that Ku removal or loss of
Ku affinity for DNA as a result of end resection, which yields single-stranded DNA, is
required for HR to occur134,34. It is possible that mutation of helix five of the Ku70 vWA
domain prevents Ku removal from DNA or that it prevents recruitment of a factor
involved in this removal, leading to aberrant regulation of DSB repair pathway choice.
Additionally, a third process, called alternative NHEJ (aNHEJ) is employed in cases
where NHEJ is dysfunctional. Pathway choice between classical NHEJ and aNHEJ is Ku
dependent135 and it is possible that helix five of the Ku70 vWA domain interacts with a
key protein involved in repressing aNHEJ or stimulating classical NHEJ when classical
NHEJ is functional.
In summary, although we have not identified the function of helix five of the Ku70 vWA
domain, several possibilities remain for the helix’s role in repair. Whether this is via a
protein-protein interaction, as we hypothesized, or a signaling interaction is unclear and
further investigation is needed to fully characterize the function of this region despite our
efforts.
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4.6

Insights into Ku-mediated inhibition of Aurora B

While the primary focus of this project was characterizing the function of helix five of
the Ku70 vWA domain, this was a sub-objective within one of our lab’s major goals: to
identify functions of the poorly-characterized Ku70 vWA domain as a whole. Beyond
helix five of Ku70’s vWA domain, work in our lab has focused on S155 within helix four
of the Ku70 vWA domain. We have shown that phosphorylation of S155 is important for
DNA damage signaling61.
Phosphorylation of this residue in response to DNA damage leads to inhibition of the
kinase Aurora B, which is involved in mitosis and cell cycle progression62. Aurora B’s
regulation of Ku is thought to prevent cells from replicating damaged DNA by pausing
the cell cycle and giving cells time to repair their DNA. Major, irreparable damage would
lead to constitutive Ku70 S155 phosphorylation and senescence of cells that have
undergone severe DNA damage. A Ku-Aurora B interaction had been demonstrated by
immunoprecipitation and by an immunofluorescence proximity ligation assay (PLA),
which generates a signal in fixed cells where two probed proteins exist in close
proximity136,62. However, we wanted to show evidence of Aurora B being recruited to
damage in living cells and microirradiation gave us the ability to do so.
Using this technique, we were able to observe recruitment of Aurora B to laser-induced
DNA damage and measure kinetics of this recruitment through live imaging. As a result,
we were able to demonstrate, for the first time, that Aurora B is recruited to DNA damage
in living cells62. While this work stretched beyond the major goal of this project, it
illustrates the usefulness of a technique that we optimized in the lab and the wide scope
of applications that the technique could be used for.
This work was limited, however, in that we could not fully characterize accumulation
kinetics of Aurora B to laser-induced DNA damage. Like other GFP-tagged NHEJ
factors used in this study, the GFP-Aurora B in our experiments competed with
endogenous protein for DNA damage and the recruitment signal was weak. It could only
be detected when relatively high-quality images were acquired through use of a slow scan
speed (approximately 16s). As Aurora B was recruited rapidly to damage, protein
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recruitment peaked during acquisition of the first image and increasing accumulation of
Aurora B at the break over time was not captured. To perform a stronger kinetic study,
these experiments should be performed in Aurora B-deficient cells. Without endogenous
Aurora B competition, the GFP-Aurora B recruitment signal would be stronger and we
would be able to resolve recruitment at a higher scan speed (despite higher scan speed
generating lower-quality images), allowing us to capture increasing Aurora B
accumulation at earlier time points. However, as Aurora B is involved in cell cycle
regulation, Aurora B-deficiency would be problematic in cultured cells and to our
knowledge, an immortalized Aurora B-deficient cell line is not available.

4.7

Future directions

We have ruled out several possibilities for the function of helix five of the Ku70 vWA
domain. Our work has indicated that mutation of helix five does not affect Ku
recruitment to DSBs, does not appear to mediate Ku tetramerization on its own, does not
rely on lysine signaling through K182 and K189 alone or together to function in repair,
does not mediate the Ku-PAXX interaction, and does not abolish recruitment of members
of the ligation complex. However, despite identifying a multitude of things that helix five
does not do, we have yet to identify the true function of the helix and this is the primary
limitation in this study.
Laser microirradiation provided us with insights into NHEJ complex formation in living
Ku70 knockout, wild-type, and D192A/D195R cells. However, recruitment of the GFPtagged proteins sometimes appeared to be weak and this was another limitation of our
work. This occurred despite the fact that damage induction was evident with γ-H2AX
immunostaining. This low level of recruitment can be attributed, to some extent, to high
levels of protein transfection. However, using GFP tagged proteins was preferable to
immunofluorescence as it allowed live imaging of protein recruitment to DSBs. Another
reason for poor recruitment was likely the presence of endogenous protein within cells.
Endogenously expressed protein would compete with heavier GFP-tagged protein and
reduce the signal at laser-induced damage. If necessary, to surpass this issue, each protein
could be depleted from wild-type or mutant-expressing cells by siRNA. However, this
would be very time and resource-consuming. Another option would be to increase the
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laser power or iterations of the laser to increase levels of damage, as our system induced
relatively low amounts of breaks as compared to some studies92,111. However, we found
that recruitment to laser-induced DNA damage could usually be observed in treated cells,
even though levels of protein accumulation did not produce an extremely powerful
signal.
While microirradiation yielded information regarding recruitment of NHEJ factors to
laser-induced DNA damage, it did not provide us with insights into the activities of each
NHEJ factor at the break. We can conclude that the Ku70 D192A/D195R mutation does
not abolish NHEJ factor recruitment. However, our system does not provide information
beyond recruitment and cannot provide us with insights into each NHEJ factor’s activity
at the break. Furthermore, as we did not conduct a kinetic study of factor recruitment, we
cannot rule out the possibility that an NHEJ factor, although recruited in the
D192A/D195R mutant, is recruited to a lesser degree or that a factor is not retained at
damage. A kinetic study of NHEJ factor recruitment would greatly strengthen our results
and this is highly recommended for future studies.
Another useful future study that could be accomplished by microirradiation would be
assessing the retention of GFP-tagged Ku at laser-induced DSBs in wild-type and mutant
expressing cells. This would require imaging of GFP-tagged Ku at various time points
following damage. As Ku dissociates from damage rapidly within the first 15 minutes of
damage and more slowly afterwards, a reasonable time frame for imaging the
microirradiated cells would be every ten to fifteen minutes for two hours104. If the
D192A/D195R mutation conferred a Ku removal defect, this would be made evident by
persistence of Ku70 D192A/D195R at the DSB as compared to wild-type Ku70 after
fifteen minutes as well as at later time points.
We were unable to identify unknown factors that associated with helix five of the Ku70
vWA domain using a GST pulldown approach. However, this should be further explored.
The GST pulldown approach used herein was time-consuming and reagent-heavy and we
recommend that a different system, such as the BioID system should be employed for
future work128.
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Another aim of future work should be to investigate a potential repair function of the
helix five-TRF2 interaction. This could be accomplished using our system of comparing
NHEJ factor recruitment to microirradiated sites in wild-type and D192A/D195Rexpressing

Ku70

knockout

MEFs

using

GFP-tagged

TRF2

or

indirect

immunofluorescence.

4.8

Conclusion

The purpose of this thesis was to characterize the function of helix five of the Ku70 von
Willebrand A domain in non-homologous end joining. We evaluated the possibility that
two lysine residues within the helix could be involved in repair, finding that they did not
play a role in cell survival in response to IR. We also tested the previously reported
observation that helix five mediates Ku tetramerization. Surprisingly, we did not observe
Ku binding to a GST-tagged Ku N-terminal peptide which suggested that the Ku Nterminus alone, regardless of the integrity of helix five, was not sufficient for Ku
tetramerization. We also evaluated the ability of helix five of the Ku70 vWA domain to
mediate an interaction between Ku and the newly identified DSB repair protein PAXX.
This interaction was found to occur independently of helix five and the Ku70 N-terminus
was not sufficient for this interaction to occur, implying that PAXX likely associates with
a region of Ku beyond the Ku70 vWA domain. A targeted microirradiation assay
revealed that members of the ligation complex, as well as Ku itself, were recruited to
DNA DSBs in cells with a D192A/D195R DNA repair mutation in helix five. Since
known conserved and essential NHEJ proteins appeared to be recruited normally, this
suggested that an uncharacterized repair factor could be involved in helix five’s repair
function. We were unable to identify novel NHEJ factors that interacted with wild-type,
but not mutant, helix five in a large-scale GST pulldown and suggest using a new system
to screen for unknown factors that could interact with helix five.
Overall, while we were unable to fully characterize helix five’s function in repair, we
explored several potential roles of the helix and have narrowed the search for its function.
This will simplify future studies in characterizing the role of the helix. This work will
provide insights into the mechanisms through which Ku promotes NHEJ and formation
of the NHEJ complex, thus aiding in the knowledge of the universal eukaryotic process
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of DSB repair. An understanding of DNA DSB repair, in turn, could lead to improvement
in cancer therapeutics targeting this processes, allowing for development of alternative
strategies to target tumor cells.
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CHAPTER 6: APPENDICES
Appendix A: Confirmation of protein expression by Western
blot for constructs used in our studies.
Figure A-1 shows expression of fluorescently tagged proteins used for microirradiation in
this study after transfection into HeLa cells. All proteins ran at approximately the
predicted size.

Figure A-1: Expression of fluorescently-tagged DSB repair proteins and candidate
repair proteins. HeLa cells were transfected with the indicated fluorescently-tagged
proteins. Nuclear extracts were obtained and subjected to analysis by Western blotting for
GFP and β-actin.
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Figure A-2 illustrates expression of Ku70, the empty pMSCV puro vector, and mutant
forms of Ku70 used for this study in infected Ku70 knockout MEFs. Panel A represents
single mutants and their expression in comparison to wild-type and empty vectorexpressing cells and Panel B represents a double mutant and its expression in comparison
to wild-type and empty vector-expressing cells.

Figure A-2: Expression of Ku70 in Ku70 knockout MEFs infected with various
pMSCV-Puro constructs. Ku70 knockout MEFs were infected with the indicated forms
of Ku70 or the pMSCV Puro empty vector. Nuclear extracts were collected and subject to
Western blotting for Ku70 and for β-actin.
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Appendix B: Mass spectrometry results from GST Pulldown
with the Ku70 and Ku70 D192A/D195R N-terminus showing
nucleophosmin as a candidate Ku70 N-terminus binding
partner
We used MALDI TOF/TOF mass spectrometry to identify proteins pulled down with the
Ku70 N-terminus from irradiated mammalian cell extracts. One of the proteins pulled
down was identified as nucleophosmin. Analysis is summarized here:
Concise Summary Report (Project: MALDI_2014, Spot Set: MALDI_2014\… H14, Spot Id: 222732, Peak List Id: 332070, MS Job Run Id: 14022)
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http://www.matrixscience.com/cgi/master_results.pl?file=../data/20140527/FTneIeswR.dat

5.

gi|26354550
Mass: 102759
Score: 25
unnamed protein product [Mus musculus]

Expect: 6.1e+02

Matches: 8

gi|26345726
Mass: 11917
Score: 30
unnamed protein product [Mus musculus]

Expect: 1.7e+02

Matches: 4

Search Parameters
Type of search
Enzyme
Fixed modifications
Variable modifications
Mass values
Protein Mass
Peptide Mass Tolerance
Peptide Charge State
Max Missed Cleavages
Number of queries
Selected for scoring

:
:
:
:
:
:
:
:
:
:
:

Peptide Mass Fingerprint
Trypsin
Carbamidomethyl (C)
Oxidation (M)
Monoisotopic
Unrestricted
± 50 ppm
1+
1
99
30

Mascot: http://www.matrixscience.com/
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