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ABSTRACT
Precise replication of genetic material and the maintenance of genome integrity
by DNA repair mechanisms are critical processes in all organisms. The inaccurate repair
or accumulation of unrepaired errors can overwhelm the cell resulting in senescence,
apoptosis or cancer development. DNA lesions must be identified and efficiently repaired
in the context of a highly compartmentalized nucleus, consisting of discrete chromosome
territories interspersed among many specialized, functionally distinct subnuclear
domains. Disruption of some of these domains or of nuclear structural components is
known to result in increased genomic instability. To further understand the contributions
of nuclear architecture and organization to the maintenance of genomic integrity, I
investigated the roles of polymerized nuclear actin, the nuclear lamina and PML nuclear
bodies on DNA repair efficiency.
I identified a novel role for nuclear actin in the non-homologous end-joining
pathway of DNA repair. Altering the polymerization state of nuclear actin was found to
negatively impact the retention of the GFP-tagged damage-sensing protein Ku80 at sites
of DNA damage in live cells. Additionally, I examined DNA repair efficiency at the
nuclear lamina in relation to chromatin ultrastructure using electron microscopy, finding
that the delay in DNA repair at this nuclear compartment was due to associated
heterochromatin. Finally, I investigated the role of PML isoforms and PML nuclear
bodies in DNA repair. Using genome engineering, I created versatile cell lines containing
a single copy of a DNA repair reporter integrated at defined nuclear locations. Using
these cell lines, homologous recombination was found to be decreased when a DNA
break occurred within chromatin significantly associated with PML nuclear bodies
compared to an unassociated DNA break. Additionally, using these cell lines along with
wild-type U2OS and a U2OS PML knockout cell line, I demonstrated that PML isoform
overexpression, notably that of PML I, II and IV, leads to significant inhibition of both
homologous recombination and non-homologous end joining, suggesting an early role for
PML/PML nuclear bodies in DNA repair.
Collectively, these results demonstrate a complex involvement of nuclear
organization and DNA repair, and that the maintenance of genomic stability is intimately
linked to nuclear architecture.
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CHAPTER 1. INTRODUCTION

This chapter contains material (section 1.3, 1.3.1, 1.3.5) originally published in:
“Pinder JB, Attwood KM, and Dellaire G. 2013. Reading, writing, and repair: the role of
ubiquitin and the ubiquitin-like proteins in DNA damage signaling and repair. Frontiers
in Genetics. 4:45”

1.1 Endogenous and exogenous sources of DNA damage
DNA is the carrier of genetic information and as such its structural maintenance
and faithful replication are critical processes in all organisms. However, DNA integrity is
continuously being threatened by insults arising from both exogenous (environmental)
and endogenous (metabolic) sources. The result can be a variety of DNA lesions
including damaged or modified bases, inter- and intra-strand cross-links, as well as
single-strand breaks (SSBs) and double-strand breaks (DSBs) (1).
DNA can be damaged by exposure to a variety of exogenous physical and
chemical agents. Ionizing radiation (IR) for instance, causes extensive base damage and
produces free radicals that attack the sugar-phosphate backbone, generating SSBs and, at
high doses, DSBs, while ultraviolet (UV) radiation can induce a variety of bulky
chemical adducts in addition to strand breaks. Some other well-characterized exogenous
DNA damaging agents are chemotherapeutic drugs, including DNA cross-linking agents
such as mitomycin C and cisplatin, DNA alkylating agents like methyl methanosulfonate
(MMS), and topoisomerase inhibitors such as camptothecin and etoposide (2).
Although exogenous agents can cause extensive difficult-to-repair lesions, the
majority of DNA damage arises intrinsically as a result of normal cellular metabolism.
Metabolic byproducts such as reactive oxygen and nitrogen species, estrogen metabolites,
lipid peroxides, endogenous alkylating agents and reactive carbonyl species all cause
damage to DNA (3). Most notable are reactive oxygen species (ROS), which produce one
of the most common oxidative DNA adducts 8-oxoguanine as well as a multitude of other
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oxidative base and sugar products. Hydroxyl free radicals can also react with DNA to
cause SSBs and, if two such lesions are in close proximity on different strands, DSBs (3).
Another major endogenous source of DNA damage is spontaneous hydrolysis, a direct
consequence of the chemical instability of DNA in an aqueous environment. The
glycosidic bond in DNA is particularly labile, and hydrolytic cleavage can lead to abasic
sites (3). DNA bases are also susceptible to hydrolytic deamination, although at a much
lower frequency (1).
These assaults on the genome can result in a cell suffering up to 105 DNA lesions
per day (4), with one of the most cytotoxic being DSBs. DSBs can be caused directly by
some of the exogenous agents listed above, however more commonly they occur
indirectly as a result of endogenous sources like ROS or replication-associated errors,
such as collapsed replication forks. DSBs are also intentionally generated in a sitespecific manner during several physiologically and developmentally important processes
such as V(D)J recombination in immune system development (5) and the generation of
genetic diversity in meiosis (6). Failure to properly sense or repair these breaks can lead
to loss of sequence information around the break site, or large-scale genomic
rearrangements which can in turn fuel senescence, apoptosis or carcinogenesis (7).
Therefore, DSBs present a unique challenge to cells in that their formation is required for
physiologically vital processes, yet misrepair can promote genome instability.

1.2 Mechanisms of DSB repair
To prevent the potentially cytotoxic effects of unwanted DSBs while promoting
the constructive effects of programmed breaks, two major repair pathways have evolved
in eukaryotes: non-homologous end-joining (NHEJ) and homologous recombination
(HR). NHEJ and HR are mechanistically distinct pathways that function in both a
competitive and collaborative manner to maintain genomic stability by repairing DSBs.
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1.2.1 Non-homologous end-joining
NHEJ is a highly efficient pathway that plays an essential role in repairing not
only pathologic DSBs but also intentional DSBs created during V(D)J and class-switch
recombination (8). As such, patients lacking, or carrying mutations in certain NHEJ
components are not only sensitive to DNA-damaging agents like IR, but are also severely
immunodeficient (9). NHEJ mediates the direct ligation of two broken DNA strands,
irrespective of the sequence at either end, and without the use of a repair template (10).
Due to the fact that NHEJ requires no sequence homology to direct repair, it is active at
all stages of the cell cycle and is the predominant DSB repair pathway in mammalian
cells (10, 11). Frequently, nucleotides next to the broken ends are damaged or lost and the
two broken ends are directly ligated which can lead to small deletions, and therefore loss
of sequence information at the break site. Consequently, NHEJ although efficient, is a
more error-prone form of DSB repair. This is in direct contrast to HR, which requires
extensive regions of DNA homology in the form of a sister chromatid to accurately repair
DSBs and is primarily limited to the S and G2 phases of the cell cycle when such
homologous templates are available (11).
The canonical NHEJ pathway consists of four key steps: i) DNA-end binding and
NHEJ complex assembly ii) DNA-end juxtaposition iii) DNA-end processing and iv)
DNA ligation and NHEJ complex dissolution (Figure 1.1). As a first step in NHEJ, the
broken DNA ends are recognized and bound by a heterodimer of two highly related
subunits, Ku70 and Ku80 (also known as Ku86). The Ku heterodimer is one of the first
proteins recruited to DNA breaks, being shown to localize within seconds to tracks of
DNA damage caused by laser-induced micro-irradiation (12, 13). The rapid response of
Ku to DSBs is likely due to its high abundance (estimated at 400,000 molecules/cell) and
its ability to bind DNA ends in a sequence-independent manner with strong affinity
(binding constant of 2 x 109 M-1) (14-17). The crystal structure of Ku70/80 reveals that
the heterodimer forms a ring, allowing it to slide onto broken DNA ends. After binding to
DSBs, the Ku heterodimer then serves as a scaffold for the recruitment or retention of
several key NHEJ factors to the damage site including the catalytic subunit of DNAdependent protein kinase (DNA-PKcs) (18), X-ray cross-complementing protein 4
(XRCC4), DNA ligase IV (LIG4) (12, 19, 20), XRCC4-like factor (XLF), (21)
3

Aprataxin-and-PNK-like factor (APLF) (22-24), and the newly identified paralog of
XRCC4 and XLF (PAXX) (25, 26).
The interaction of Ku70/80 with DNA-PKcs in particular is of note. DNA-PKcs is
a member of the phosphatidylinositol 3-kinase-related kinase family (PIKK) which also
includes two other key members of the DNA damage response, ataxia-telangiectasia
mutated (ATM) and ATM and Rad3-related (ATR) kinases (27). DNA-PKcs binding to
DSBs causes the Ku heterodimer to move one helical turn inward from the break,
allowing access of other factors to the break ends to conduct repair (28). In addition,
DNA-PKcs itself appears to form a distinct structure with a large central channel through
which DNA is threaded, mediating the formation of a synaptic complex that bridges and
stabilizes the two broken ends (29, 30). Binding to DSBs also results in activation of the
serine/threonine kinase activity of DNA-PKcs. Important phosphorylation targets of
DNA-PKcs include itself (DNA-PKcs contains more than 15 autophosphorylation sites),
Artemis endonuclease as well as XRCC4 and LIG4 (which form a complex at DSBs)
(27).
DSBs, depending on how they were generated, can vary with respect to the
chemical composition of the DNA ends. For instance ROS can cause base and sugar
damage while IR generates DNA ends that are not in a directly ligatable form (do not
contain 3’-hydroxyl and 5’-phosphate groups). Therefore, once the DNA ends have been
brought together and stabilized by the combined action of Ku70/80 and DNA-PKcs, the
next step, if necessary, is processing of the DNA ends to create a substrate suitable for
LIG4 (7). Depending on the nature of the break, several different types of DNA endprocessing enzymes may be required. Damaged nucleotides or incompatible ends can be
resected back by nucleases such as Artemis, Werner syndrome RecQ-like
helicase/nuclease (WRN) and APLF, with each enzyme being capable of processing an
array of different types of damaged overhangs and possessing various nucleolytic
activities. (31-34). Additional end-processing factors include polynucleotide
kinase/phosphatase (PNKP), which is both a kinase and phosphatase dually capable of
removing 3’ phosphates and adding phosphate to 5’ hydroxyl groups (35), and Aprataxin,
which catalyzes the removal of adenylate groups at DNA ends (36). Finally, three
different DNA polymerases are implicated in NHEJ end processing: terminal
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deoxynucleotidyl transferase, DNA polymerase μ and DNA polymerase λ, capable of
adding untemplated nucleotides to DNA ends or filling any gaps that may exist following
processing (37). Each of these enzymatic components exhibits remarkable flexibility in
the diverse range of substrate DNA upon which they can act. In fact, the NHEJ nucleases,
polymerases and ligase are the most multifunctional and mechanistically flexible
enzymes in each of their respective classes (10).
Once DNA ends have been sufficiently processed (if required), the final step in
the repair of a DSB by NHEJ is ligation of the broken ends by LIG4. LIG4 is recruited to
DSBs by Ku70/80, and forms a complex with a dimer of XRCC4. This XRCC4 dimer
and an XRCC4-like protein, XLF (also known as Cernunnos), are required to stabilize
LIG4 at the break site and stimulate its adenylation and ligase activity (38, 39). Following
ligation, NHEJ components must dissociate from the former break site. DNA-PKcs
autophosphorylation likely leads to its release from DNA, while the Ku heterodimer
(which is thought to remain on DNA ends throughout the entire repair process) may be
released via ubiquitination and be subsequently degraded (10).
The prevailing model of NHEJ has been this sequential recruitment of repair
factors to the break site: Ku70/80 end binding followed by DNA-PKcs recruitment and
activation resulting in end juxtaposition, processing and finally ligation by LIG4.
However, while it was once thought that DNA-PKcs was the secondary factor at DNA
breaks and was required for subsequent localization of NHEJ factors, it has been shown
that XRCC4, LIG4 and XLF can be localized to breaks independently of DNA-PKcs
(40). It was also demonstrated that a number of factors besides just Ku70/80 and DNAPKcs, namely XRCC4 and APLF, may play a role in NHEJ complex assembly and
retention of LIG4 and XLF at breaks (22, 41). The repair pathway appears to be far more
flexible than previously thought, and the order of repair factor recruitment after the Ku
heterodimer (which is unequivocally the first factor at DSBs) may depend on the actual
complexity of the DNA damage (42). Simple DNA breaks may only require the action of
Ku and the XRCC4-LIG4-XLF complex, while more complicated breaks may require
DNA-PKcs and a variety of processing enzymes. Additionally, each end of the DSB may
have different processing requirements, potentially leading to a unique assembly of NHEJ
components at either break end. This complexity leads to the idea that there may be a
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rapid exchange of NHEJ factors at DSBs, with Ku functioning as a “tool belt,” recruiting
or stabilizing interactions between only those enzymes whose activities are necessary for
the repair of a specific break (10).

6

Figure 1.1. The canonical NHEJ pathway of DSB repair. Following a DSB, broken
ends are bound by a heterodimer of Ku70 and Ku80, leading to recruitment and
activation of DNA-PKcs and end juxtaposition. If no end-processing is required, NHEJ
can proceed with just the core components Ku70/80, DNA-PKcs, XRCC4, XLF, LIG4
and the newly identified PAXX. If one or both broken DNA ends are damaged or
modified, a combination of versatile end-processing factors is recruited to create ligatable
ends for LIG4. However, the NHEJ pathway may be more versatile than previously
thought, with the order of factor recruitment to the break site being flexible and
dependent on the nature of the break itself. Ku is proposed to function as a “tool belt,”
recruiting and retaining only those factors necessary for the repair of a specific break.
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1.2.2 Homologous recombination
The HR pathway uses information encoded on undamaged sister chromatids as a
template to direct repair of DNA DSBs. This method of DSB repair is highly accurate, as
identical or highly homologous sequences are used as templates, allowing the original
undamaged sequence to be restored (43). HR thus maintains genomic integrity by
repairing deleterious lesions like DSBs and inter-strand crosslinks, as well as damaged
replication forks and incomplete telomeres. HR also plays a critical role at Spo11induced DSBs during meiosis, ensuring proper chromosome segregation (43, 44).
Mutations in genes encoding key HR factors lead to extreme sensitivity to DNAdamaging agents, and increased cancer predisposition (45). Due to reliance on sequence
homology, HR occurs predominantly in the S and G2 phases of the cell cycle, peaking in
mid-S phase (46) when sister chromatids are more readily available. HR therefore
represents the less predominant DSB repair pathway relative to NHEJ in mammalian
cells (11).
HR can be divided into three major stages: pre-synapsis, synapsis and postsynapsis. During pre-synapsis, regions around the 5’ end of the break are resected to
generate stretches of 3’ single-stranded DNA. A protein complex comprising meiotic
recombination 11 (MRE11), RAD50 and Nijmegen breakage syndrome 1 (NBS1) (the
MRN complex) is one of the earliest repair factors present at a DSB and is responsible for
tethering the two DNA ends together and for initiating this 5’-to-3’ nucleolytic
processing (47-49). The MRN complex further recruits the main endonuclease
responsible for resection, carboxy-terminal binding protein-interacting protein (CtIP)
(50). Additionally, a key HR component, breast cancer 1, early onset (BRCA1) has been
shown to interact with both MRN and CtIP at break sites (51, 52). Although its exact role
in HR has not been elucidated, it is thought that BRCA1 serves to accelerate CtIPmediated DNA end resection (53). If more extensive resection is required, this is carried
out by the combined action of the exonucleases EXOI and DNA2 along with the Bloom
syndrome helicase (BLM) (54). DNA end resection serves as a key control point for DSB
repair pathway determination during S/G2 phase, as NHEJ components cannot be
assembled on single-stranded DNA (43). A critical function of the Ku heterodimer may
be to physically protect the DNA ends from the resection machinery, with the XRCC48

LIG4 complex aiding in its stabilization at break sites (55). Consistent with this notion,
mutation of Ku or XRCC4-LIG4 results in increased resection intermediates and
increased levels of overall HR (56).
The single-stranded DNA generated following resection is a target for binding by
replication protein A (RPA). RPA is a heterotrimeric complex (RPA1, RPA2, RPA3)
with an extremely high affinity for single-stranded DNA that plays both a stimulatory and
inhibitory role in HR (57). RPA stimulates early stages of HR by removing secondary
structure in single-stranded DNA to allow recombinase-coated nucleoprotein filament
formation. Additionally at later stages of HR, RPA serves to bind and sequester singlestranded DNA generated during homologous DNA pairing and strand exchange (58, 59).
However, for HR to proceed, RPA must first be replaced by a recombinase protein
(homolog of bacterial RecA, RAD51, for somatic DSBs and DMC1 for meiotic DSBs) to
form a nucleoprotein filament (known as the presynaptic filament), which then facilitates
HR by searching for regions of DNA homology (43). RAD51 is a DNA-dependent
ATPase and serves as the main mediator of HR by catalyzing homology search and
DNA-strand exchange. RAD51 assembles cooperatively on resected single-stranded
DNA, forming a right-handed helical filament with a stoichiometry of one RAD51
protomer per three or four nucleotides (60). However, RAD51 has a lower affinity and
specificity for single-stranded DNA than does RPA (61), making the removal of RPA in
favour of RAD51 onto single-stranded DNA a rate-limiting process. Several RAD51
cofactors, collectively termed recombination mediators, are involved in enhancing
presynaptic filament formation and stability. An important recombination mediator is
breast cancer 2, early onset (BRCA2). The C-terminal end of BRCA2 has a singlestranded DNA-binding motif (akin to that in RPA), as well as a helix-turn-helix doublestranded DNA-binding motif, and may therefore play a role in presynaptic filament
assembly by binding at single- to double-stranded DNA transitions and aiding RAD51
nucleation (62, 63). Five human paralogs of RAD51 (RAD51B, RAD51C, RAD51D,
XRCC2 and XRCC3) have also been identified as recombination mediators, functioning
in different subassemblies to support RAD51 filament formation. Although the exact
mechanisms are unknown, the potential functions of RAD51 cofactors include binding
and anchoring the non-growing filament end, or binding the filament laterally (64, 65).
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Following formation of the presynaptic filament, the next stage of HR, synapsis,
proceeds.
Synapsis is characterized by homology search and strand invasion leading to
displacement loop (D-loop) formation by displacement of the identical strand and basepairing with the complementary donor strand (43). The exact mechanism of homology
search has yet to be elucidated but it is thought that the presynaptic filament is stretched
to an extended conformation, with a double-stranded DNA-binding site being made
available to contact and test potential templates for homologous sequence (66-68). This
homology search is greatly stimulated through another recombination mediator, RAD54.
RAD54 is a double-stranded DNA translocase that may enhance homology search
through the topological opening of the target DNA duplex or by sliding the presynaptic
filament along the target duplex (69-71). Once a suitable homologous sequence has been
identified, the presynaptic filament then invades the undamaged duplex generating a Dloop with the invading 3’ end providing a primer for repair synthesis (43). Following
strand invasion, depending on the type of initial DSB substrate and intermediates
encountered by the recombination machinery, repair can be channeled into one of three
related post-synaptic subpathways: double-strand break repair (DSBR), synthesisdependent strand annealing (SDSA) or break-induced replication (BIR) (43) (see Figure
1.2 for a depiction of pre-synapsis and synapsis and Figure 1.3 for the post-synaptic
subpathways).
In DSBR, following strand invasion and repair synthesis, the second end of the
DSB is captured through DNA annealing to the extended D-loop, or by a second invasion
event. This results in the formation of two crossed strands, or Holliday junctions (HJs).
Resolution of HJs by the combined action of BLM helicase and TOPOIIIα topoisomerase
leads to non-crossover products while dissolution of double HJ structures by the
structure-specific endonucleases GEN1, MUS81/EME1 or SLX1/SLX4 leads to
crossover products (a process that occurs predominantly during meiotic recombination)
(72-76). SDSA is the major sub-pathway for repair of somatic DSBs. Following DNA
synthesis, the D-loop is dissolved by the combined action of BLM and WRN helicases,
the invading strand is displaced and reannealed with the second resected DSB end,
leading to the generation of non-crossover products exclusively (73, 77, 78). This is a key
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aspect for repair in somatic cells, as crossover products can lead to genomic
rearrangements and large-scale loss of heterozygosity (LOH). Lastly, BIR is a subpathway for the repair of one-sided DSBs formed at broken replication forks or
telomeres. Here, the DSB ends are resected as in the other HR sub-pathways; however,
invasion by the pre-synaptic filament on a homologous DNA template is followed
directly by extensive DNA synthesis that may continue as far as the next replication fork
(79). While the pre-synaptic filament can invade a homologous sequence such as a sister
chromatid, it can sometimes also invade a repeated sequence on a different chromosome
which can result in non-reciprocal translocation or LOH (73).
These HR sub-pathways working in concert are critical in maintaining genomic
stability by repairing deleterious DSBs, supporting replication after fork collapse and
maintaining telomeres.
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Figure 1.2. Pre-synaptic and synaptic stages of homologous recombination. In presynapsis, following DSB formation, MRN complex recruitment leads to DNA end
tethering and initiation of 5’-3’ nucleolytic processing. The resulting single-stranded
DNA is stabilized by RPA, which is then replaced by RAD51 recombinase with
assistance of various recombination mediators, forming the pre-synaptic filament. In
synapsis, the pre-synaptic filament in conjunction with RAD54 undergoes DNA
homology search, strand invasion and D-loop formation. From here HR branches into 3
distinct post-synaptic subpathways: DSBR, SDSA and BIR.
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Figure 1.3. Post-synaptic subpathways of HR. DSBR, SDSA, and BIR subpathways all
undergo end-resection, RAD51 pre-synaptic filament formation, homology search and
strand invasion, but diverge when it comes to resolution of the resulting D-loop structure.
In DSBR, second-end capture leads to double HJ formation. Alternate D-loop resolution
(indicated by the blue arrows) can lead to either crossover or non-crossover products. In
SDSA the invading strand is displaced from the D-loop and reannealed with the second
resected DSB end. Ligation then leads to the formation of non-crossover products. BIR is
primarily used to repair one-ended breaks resulting from replication-fork collapse. Strand
invasion is followed by extensive DNA synthesis, which may continue as far as the next
replication fork. Newly synthesized DNA is depicted as dashed lines in the same colour
as the template; arrowheads indicate 3’ ends.
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1.3 The DNA damage response
DSBs are among the most cytotoxic DNA lesions. If not properly repaired by
either NHEJ or HR, DNA DSBs can lead to a spectrum of mutations that can trigger cell
death if normal checkpoint function is intact, or induce cellular transformation by
activating oncogenes or disrupting tumor suppressor function (7). As a consequence, to
maintain genomic stability a multi-branched, highly coordinated signaling cascade is
initiated following the induction of even a single DNA DSB (80). This signaling cascade,
termed the DNA damage response (DDR) integrates several cellular responses including
DNA repair, chromatin remodeling, cell cycle checkpoint activation, transcriptional
regulation, or apoptosis if damage proves too severe (81).

1.3.1 DNA repair foci
One of the hallmarks of the cellular response to DNA DSBs is the focal
accumulation of many of the DDR proteins at the break site. This assembly of repair
factors on DNA DSBs occurs in a highly regulated manner according to a strict hierarchy
resulting in the formation of cytologically distinct foci in the nucleus, termed repair foci
(82). The assembly of DDR factors to form repair foci is achieved using a broad spectrum
of post-translational modifications including phosphorylation, ubiquitination,
sumoylation, acetylation, poly(ADP-ribosyl)ation and methylation that regulates proteinprotein interactions at the break site (83). These post-translational modifications not only
promote assembly of repair factors into foci after DNA damage but also regulate protein
stability and activity without the need for significant transcriptional upregulation of DDR
factors (82). Formation of repair foci at DSBs is reliant on the phosphorylation of the key
histone variant H2AX (termed γ-H2AX) (84, 85). Following DNA DSB induction,
H2AX is rapidly phosphorylated by a set of kinases, ATM, ATR or DNA-PK (86, 87),
and is crucial for rapid amplification of the DNA damage signal. Mediator of DNA
damage checkpoint 1 (MDC1), a key mediator of the DDR, binds directly to γ-H2AX and
recruits the MRN complex to break sites (88, 89). The MRN complex in turn can further
stimulate ATM activity leading to rapid spreading of γ-H2AX up to 1-2 megabases
around the DNA break in mammalian cells (90-92), and therefore the amplification of the
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DDR signal (93, 94). In addition, γ-H2AX is crucial for the effective recruitment and
retention of many DNA repair factors at DNA DSBs, including p53-binding protein 1
(53BP1), BRCA1, and RAD51 (95, 96) as well as chromatin-remodeling complexes such
as NuA4, SWR1 and INO80 (97-99), resulting in the accumulation of a high
concentration of repair factors in the vicinity of a break, as discussed in greater detail in
the following sections. Repair foci can therefore be viewed as affinity platforms, bringing
together a variety of DDR factors that work in a combinatorial manner to elicit certain
cellular responses to DNA damage (82). In fact it has been demonstrated that even in the
absence of DNA damage, tethering of certain DDR components to chromatin is sufficient
to form repair foci and mount a full DDR (100, 101).

1.3.2 DDR initiation - sensing DNA damage
The DDR is a complex signaling cascade, requiring the coordinated actions of
various proteins. At the molecular level its constituents can be grouped into three major
categories: 1) sensors that recognize the lesion and initiate the signaling response 2)
mediators that transduce and amplify the damage signal and 3) effectors that are
responsible for carrying out various cellular responses to damage including DNA repair,
cell cycle checkpoint activation and chromatin remodeling.
The first proteins at DSBs are molecular sensors of DNA damage: proteins
capable of directly recognizing breaks and binding broken DNA in a sequenceindependent manner. These sensors include the Ku70/80 heterodimer, the MRN complex
and the poly(ADP-ribose) polymerases-1 and -2 (PARP1 and PARP2) (83). As discussed
in section 1.2.1, the Ku heterodimer is responsible for initiating NHEJ by binding DNA
non-discriminately through a ring-shaped structure capable of sliding onto broken DNA
ends. Ku competes for DNA-end binding with PARP1, PARP2 and the MRN complex.
PARP1 and PARP2 are very early sensors of DNA damage, being able to directly
recognize both SSBs and DSBs. Binding to breaks triggers the enzymatic activities of
PARP1 and PARP2, resulting in the synthesis of large amounts of poly(ADP-ribose)
(PAR) polymers in the vicinity of the break. PARP1 and PARP2 have been shown to be
important for initial recruitment of MRE11 of the MRN complex to DNA breaks (102).
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The MRN complex is a major sensor of DNA breaks, binding DNA through a dimer of
MRE11, while a dimer of RAD50 serves to stabilize the two DNA ends (47). As
discussed in section 1.2.2, the MRN complex is important for initiating end resection in
the early stages of HR; however, it also plays a critical role in DDR-signal initiation by
recruiting the main DDR kinase ATM to DNA breaks (93,94).
The DDR signaling cascade is primarily coordinated by the serine/threonine
protein kinases of the PIKK family: ATM, ATR and DNA-PK (83). ATM and DNA-PK
are both activated in response to DSBs with ATM being considered the master kinase of
the DDR, targeting hundreds of substrates (103). ATM is primarily recruited to DSBs
through an interaction at the C-terminal end of the MRN component NBS1, promoting
ATM autophosphorylation, monomerization and activation (93,94). However, there is
evidence that ATM can also be activated in response to disrupted chromatin structure
caused by break formation (104). DNA-PK catalytic activity is stimulated by Ku70/80mediated DNA binding and primarily regulates a small group of proteins involved in
DNA end-joining (27). Unlike ATM and DNA-PK, ATR is activated in response to
single-stranded DNA generated at stalled replication forks during S phase or following
HR-mediated DNA-end resection of DSBs that occur during S or G2 phase (105).
Specifically, RPA bound to single-stranded DNA recruits and activates ATR through its
interaction partners ATR-interacting partner (ATRIP) and topoisomerase-binding partner
1 (TOPBP1) (106, 107). In the case of DSBs that are destined for repair by HR, ATM is
the initial kinase activated immediately after break formation; however, the RPA-coated
single-stranded DNA generated during end resection eventually promotes a switch to
ATR activation (108) (see Figure 1.4A). Together these three kinases are responsible for
phosphorylating a wide range of target proteins to effectively signal the presence of DNA
breaks.
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Figure 1.4. The signaling cascade of the DNA damage response. (A) Initial sensing
and downstream signaling of a DNA break is dependent on the nature of the break and
the cell cycle phase in which it occurs. Breaks can be sensed by the Ku heterodimer,
signaled by ATM or DNA-PK and repaired by NHEJ in all cell cycle phases. Breaks that
occur as a result of collapsed replication forks in S phase are sensed by RPA, signaled by
ATR kinase and repaired by HR. DSBs occurring in S/G2 phases are sensed by either
Ku70/80 or the MRN complex and, depending on the resection state of the two DNA
ends, are repaired by either NHEJ or HR. (B) The amplification of the DNA damage
signal. For simplicity, signaling through ATM kinase only is shown. A key event in
signaling a DSB is phosphorylation of histone H2AX on serine 139 by one of the kinases
of the PIKK family. MDC1 binding in turn leads to recruitment of the MRN complex
through an interaction with NBS1. NBS1 in turn promotes the recruitment and activation
of additional copies of ATM resulting in amplification of the DNA damage signal. (C) A
secondary wave of protein accumulation at DSBs is reliant on post-translational
modification by ubiquitination and sumoylation. ATM phosphorylates MDC1, generating
a binding site for the E3 ubiquitin ligase RNF8. The ligase activity of RNF8 is required
for RNF168 localization to DSBs through an unknown mechanism (depicted by a
question mark). RNF168 monoubiquitinates H2A type histones on lysine 13 and 15.
RNF8 then catalyzes the addition of lysine 63-linked ubiquitin chains through association
with the E2 ubiquitin-conjugating enzyme UBC13. Interaction between RNF8 and
UBC13 is stabilized by HERC2, which is phosphorylated by ATM following DNA
damage. 53BP1 or BRCA1 are then differentially recruited to DNA breaks to promote
repair by either NHEJ or HR, respectively.
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1.3.3 Amplification of the DNA damage signal during the DDR
A critical early step in the DDR is the phosphorylation of the H2AX on serine
139, forming γ-H2AX. H2AX is a variant of histone H2A, comprising 10-15% of total
cellular H2A in mammalian cells (84, 85). Phosphorylation of H2AX is carried out
largely by ATM although functional redundancy exists with ATR and DNA-PK (87). γH2AX provides a high-affinity binding site for a key mediator protein of the DDR,
MDC1 (89). MDC1 is constitutively phosphorylated by casein kinase 2 at multiple
conserved acidic sequence motifs near its N terminus. These motifs allow MDC1 to
interact with the N-terminal phospho-binding motif on NBS1, the forkhead-associated
(FHA) domain, resulting in the additional recruitment of MRN and hence activated ATM
to DSBs (109). This recruitment results in a positive feedback loop as additional copies
of ATM lead to extension of γ-H2AX outwards from the break site and amplification of
the DDR signal (83, 91, 92, 110) (illustrated in Figure 1.4B).
This MRN-ATM- γ-H2AX-MDC1 recruitment loop represents the first wave of
protein accumulation at repair foci induced by phosphorylation-mediated protein
interactions. MDC1 then serves as a binding platform for what is considered the second
wave of protein recruitment- one that is mediated by ubiquitination and sumoylation (83).
Once recruited to DSBs, MDC1 is phosphorylated within a conserved motif by ATM or
related kinases, generating a binding site for the FHA domain of ring finger protein 8
(RNF8) E3 ubiquitin ligase (111, 112). The ligase activity of RNF8 is required to recruit
another ubiquitin ligase, ring finger protein 168 (RNF168), which is responsible for
initiating a non-proteolytic ubiquitin cascade by mono-ubiquitinating histones H2A or
H2AX at lysine residues 13 and 15 (113-116). RNF8 then catalyzes the addition of lysine
63-linked ubiquitin chains to H2A/H2AX following this initial ubiquitination by
RNF168, through association with the E2 ubiquitin-conjugating enzyme UBC13 (115117). Recently, another E3 ubiquitin ligase, HECT and RLD domain containing E3
ubiquitin protein ligase 2 (HERC2), had been identified as playing a crucial role in
promoting histone poly-ubiquitination at DSBs. HERC2 is an extremely large (460 kDa)
protein that is phosphorylated by ATM and related kinases on its C terminus following
DNA damage, providing a strong binding site for the FHA domain of RNF8 (118). RNF8
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has an intrinsic ability to dimerize or oligomerize, allowing it to simultaneously interact
with MDC1 and HERC2, resulting in the formation of a ternary MDC1-RNF8-HERC2
complex at break sites (118). Due to its large size, attempts at addressing whether the E3
ligase activity of HERC2 itself is required for DDR signaling have been unsuccessful.
However, HERC2 has been shown to play a role in stabilizing the interaction between
RNF8 and UBC13, thereby ensuring formation of lysine 63-linked ubiquitin chains at
sites of DNA damage (118).
The ubiquitination of the H2A type histones is critical for the recruitment of a
variety of other DDR factors to the DNA break, chief among these being 53BP1,
BRCA1, and BRCA1-associated RING domain 1 (BARD1) (119). Recruitment of 53BP1
to DSBs involves binding of its tudor domain to dimethylated histone H4 (H4K20me2)
(120). This is a constitutive histone modification and in the absence of DNA damage is
bound by Jumonji domain 2A (JMJD2A) with a higher affinity than 53BP1. Following
DNA damage, RNF8 and RNF168 can trigger proteasomal degradation of JMJD2A by
catalyzing the addition of lysine 48-linked ubiquitin chains (121). Additionally, recent
studies have shown that 53BP1 can also bind to RNF168-ubiquitinated H2A at DSBs
(116). 53BP1 promotes the NHEJ pathway of break repair through a number of
mechanisms that include blocking 5’-end resection, mediating synapsis of DNA ends and
increasing mobility of damaged chromatin to allow DNA ends to find each other for
productive ligation (122-125). In contrast to 53BP1, recruitment of BRCA1 to DSBs
promotes DNA-end resection and therefore the HR pathway of break repair as discussed
in section 1.2.2. BRCA1 is recruited to breaks through one of its interaction partners,
receptor-associated protein 80 (RAP80), which binds directly to lysine 63-linked
ubiquitin chains generated by RNF8 and RNF168 (112, 119, 126) (as depicted in Figure
1.4C). Therefore a competitive relationship exists between 53BP1 and BRCA1, with
53BP1 promoting DNA repair by NHEJ and BRCA1 stimulating HR repair. The
mechanisms promoting preferential recruitment of 53BP1 over BRCA1 or vice versa to
DSBs are not fully understood and remain an area of intense research.
More recently, yet another layer of regulation in the DDR cascade has emerged:
sumoylation (81). Small ubiquitin like-modifier (SUMO) E3 ligases, termed protein
inhibitor of activated STAT1 and STAT4 (PIAS1 and PIAS4) have been shown to be
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recruited to repair foci where they were found to be required for recruitment and retention
of BRCA1 and 53BP1. PIAS4 was reported to stimulate the ubiquitin ligase activity of
RNF8, while PIAS1 has been shown to directly sumoylate BRCA1 (127, 128).

1.3.4 Integration of the DNA damage signal with cell cycle control
To maintain genomic stability, DNA repair must be tightly coordinated with cell
cycle progression. In response to DNA damage, the cell cycle must be temporarily
paused at important stages such as before or during DNA replication (the G1/S and intraS checkpoints respectively) and before cell division (the G2/M checkpoint). This pausing
grants the cell time to properly repair DNA thereby preventing duplication or segregation
of damaged DNA (129). Transition from one cell cycle phase to the next is governed by
the temporal activation of cyclin-dependent kinases (CDKs), which promote cell cycle
progression by inducing degradation of cell cycle inhibitory proteins in association with
specific partner cyclins. CDK activation is dependent on cycles of phosphorylation and
dephosphorylation: specifically, inhibitory phosphorylation of CDKs by the WEE1
protein kinase family and CDC25-mediated dephosphorylation of WEE1-mediated
phosphorylation events (130). In parallel to contributing to the focal accumulation of
repair factors at DNA damage sites, ATM and ATR kinases are also responsible for
activating key cell cycle checkpoint effector kinases in response to damage. ATM
responds to non-resected DSBs and is responsible for the phosphorylation and activation
of the serine/threonine checkpoint effector kinase 2 (CHK2), while ATR responds to
RPA-coated single-stranded DNA and activates checkpoint effector kinase 1 (CHK1)
with assistance from two mediators, TOPBP1 and Claspin (131-136). Once activated,
CHK1 and 2 dissociate from sites of damage and disperse throughout the nucleus where
they phosphorylate substrates involved in CDK activation, promoting their degradation,
CDK inhibition and cell cycle arrest (137). In this fashion, through ATM and ATR
kinases, the cell integrates DNA repair with cell cycle regulation in response to DNA
damage.
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1.3.5 Integration of the DNA damage signal with chromatin remodeling
The recruitment of DDR factors to the site of DNA DSBs is complicated by the
fact that the physiological substrate upon which repair must occur is not naked DNA, but
rather DNA complexed with histone proteins in the form of chromatin. Furthermore, the
compaction of eukaryotic chromatin is variable, with DNA being packaged as either
euchromatin or heterochromatin (81). Euchromatin represents loosely packed,
transcriptionally active gene-rich regions, while heterochromatin is generally
characterized by highly repetitive regions that are tightly compacted and are
transcriptionally silent (138). The differential compaction of DNA into either
euchromatin or heterochromatin thus serves to control access of various proteins to the
underlying DNA, regulating key cellular processes such as transcription, DNA
replication, and repair (139, 140). Accordingly, the interplay between chromatin and
DNA repair factors plays a central role in the cellular response to DSBs, and modulation
of chromatin structure is critical for mediating access of repair proteins to underlying
DNA lesions. To overcome the physical barrier posed by chromatin structure, a variety of
histone-modifying enzymes and chromatin-remodeling complexes are recruited to break
sites following DNA damage to facilitate binding of DNA repair proteins (141). Histones
are also subject to a vast array of post-translational modifications including
phosphorylation, methylation, acetylation, ubiquitination, and sumoylation (142).
Together, these modifications can influence the structure of chromatin directly, for
example by impacting the stability of individual nucleosomes, or indirectly by creating or
eliminating binding sites for non-histone proteins, such as ATP-dependent chromatin
remodelers that can in turn facilitate changes in chromatin organization (143).
As discussed above, one of the most well-characterized DNA damage-induced
histone modifications is the massive phosphorylation of H2AX surrounding DSBs.
Another critical early event for the cellular response to DNA damage is the rapid
acetylation of histones H2A and H4 at DSBs by Tip60 acetyltransferase, a component of
the NuA4 remodeling complex (144-146). Tip60 as well as other components of the
NuA4 complex are recruited to DSBs immediately following damage where they can
extend the acetylation of H2A and H4 along chromatin in a similar manner to γ-H2AX
spreading (145-148). This increase in acetylation promotes chromatin relaxation to a less
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compact conformation which is more permissive to DNA repair. In fact, inactivation of
Tip60 prevents the formation of open chromatin structures at DSBs and subsequently
impairs accumulation of repair factors at breaks (146). Another component of the NuA4
complex, the ATPase p400, when recruited to DNA breaks (through interaction with
MDC1), plays a role in regulating nucleosome stability and RNF8-mediated chromatin
ubiquitination (149). p400 mediates a decrease in nucleosome stability by promoting the
exchange of H2A with the histone variant H2AZ in an active process that requires the
ATPase activity of p400 in addition to the histone-acetylation activity of Tip60 (150).
This histone exchange, in addition to acetylation events in the vicinity of DNA breaks,
combines to create an even more relaxed, flexible chromatin structure at DSBs (151).
This open conformation exposes RNF8 ubiquitination targets as well as histonemethylation sites such as H4K20me2, facilitating recruitment of PIAS1/PIAS4, BRCA1,
and 53BP1 to DNA DSBs (81, 149, 152).
These histone modifications and chromatin restructuring are typically associated
with DNA repair in euchromatic regions. The situation differs however, in the highly
compact and often highly repetitive heterochromatic regions of the genome. DSBs
occurring in heterochromatin generally display slower repair kinetics than those
occurring in euchromatin (153, 154). Several studies have demonstrated that γ-H2AX
foci assemble preferentially in euchromatin or localize at the boundary of
heterochromatin but can rarely be detected microscopically within actual heterochromatic
regions (153-155). Additionally, the genomic distribution of H2AX does not appear to be
equal, with H2AX showing a marked preference for gene-rich areas and a lower overall
distribution in heterochromatin, which may explain the inability to detect γ-H2AX in
these regions (91, 92, 156). For effective repair to occur within heterochromatin, dynamic
alterations to chromatin structure are required. A main contributor to chromatin
remodeling in heterochromatin is KRAB domain-associated protein 1 (KAP1). KAP1 is a
transcriptional co-repressor involved in the maintenance of heterochromatin structure in
conjunction with the nucleosome-remodeling deacetylase (NuRD) complex. NuRD is a
multi-subunit complex that couples ATPase chromatin-remodeling activities (through
chromodomain helicase DNA-binding proteins 3 and 4 (CHD3 and CHD4)) with histone
deacetylation (through histone deacetylase 1 and 2 (HDAC1/HDAC2) subunits),
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interacting with KAP1 through the CHD3 component (81, 157, 158). Due to its role in
chromatin compaction, KAP1 poses a substantial barrier to DNA DSB repair in
heterochromatin. Phosphorylation of KAP1 on serine 824 by ATM has been shown to be
essential for DSB repair in heterochromatic regions (153), and to enhance cellular
survival following IR (154, 159). Following DNA damage, ATM induces the
phosphorylation of KAP1, resulting in dispersion of CHD3 from DNA DSBs, and also
triggering a relaxation of chromatin structure (158).
It is clear that the context in which a break occurs can impact its subsequent
repair, and an important aspect of the DDR is the initiation of multiple chromatinremodeling events in response to DNA DSBs. Whether they all function simultaneously
or are evoked in response to different stimuli to mediate alternative repair pathways
(NHEJ or HR for instance) remains to be determined (81).

1.4 DNA repair in the context of nuclear architecture
As discussed above, DNA within eukaryotic cells is highly organized and
compacted into chromatin. Likewise, there is a strict spatial organization of chromatin
within the nucleus as a whole. The nucleus itself is a highly compartmentalized structure
consisting of discrete chromosome territories interspersed among many specialized,
functionally distinct subnuclear compartments (160). These subnuclear compartments or
domains are important parts of the nuclear landscape as they serve to structurally
organize the nucleus by each occupying a discrete position, creating distinct
environments to perform specific nuclear functions (161). It has been shown that the
structure, behavior and biochemical constituents of many of these subdomains can be
altered following genotoxic stress and as such many have been implicated as playing
roles in DNA damage signaling and repair (162).

1.4.1 Nuclear actin
Actin is one of the most abundant cellular proteins. It is found predominantly in
the cytoplasm where it plays critical roles in cell motility, division and signaling as well
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as in the maintenance of cellular structure. However, actin is also present in the nucleus,
and although nuclear actin does not form a nuclear body or domain per se, it has been
found to participate in an ever-growing number of nuclear functions (163). Actin can
exist in two forms: free monomeric G-actin (globular) or as part of polymeric
microfilament known as F-actin (filamentous) which is a highly dynamic, flexible
structure. Like cytoplasmic actin, nuclear actin serves as an important structural
component, existing in both G- and F-actin forms (163). Nuclear actin interacts with
components of the nuclear lamina: lamin A and emerin (which is discussed in further
detail in the following section) (164, 165). It has been suggested that a protein complex
consisting of actin, emerin and lamin A at the nuclear periphery provides structural
support to the nucleus and stabilizes the nuclear membrane against mechanical stress
(166, 167). In addition, similar to actin in the cytoplasm, actin in the nucleus plays a role
in motility. Specifically, actin has been implicated in the intra-nuclear movement of
certain chromosomal loci as well as in the movement of nuclear subdomains such as
promyelocytic leukemia (PML) nuclear bodies (which are discussed extensively in
following sections) (168-170). Besides structural support and intra-nuclear motility,
nuclear actin, either alone or in association with a variety of actin-related proteins, is also
involved in a diverse array of nuclear processes. Actin promotes transcription through an
interaction with all three eukaryotic RNA polymerases, and also regulates the activity of
specific transcription factors (171-176). Additionally, actin is involved in chromatinremodeling, as actin and actin-related proteins are components of various chromatinremodeling and modifying complexes. For instance, actin was shown to be necessary for
the chromatin remodeling activity of the SWI/SNF complex and to be involved in its
association with various nuclear structures (177-179). Nuclear actin has also been shown
to participate in pre-mRNA splicing and export (180). Finally, nuclear actin has been
implicated in DNA repair. For instance, junction-mediating and regulatory protein
(JMY), a protein cofactor that promotes nuclear actin filament assembly, has been shown
to be a DNA damage responsive protein, accumulating following damage induction and
promoting p53-induced apoptosis. In addition, over-expression of an actin
depolymerization factor, cofilin, was shown to alter nuclear actin dynamics following
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DNA damage and to sensitize cells to IR (181-183).

1.4.2 The nuclear lamina
The nuclear lamina is a dense fibrillar meshwork closely associated with the inner
nuclear membrane in mammalian nuclei, where it not only provides mechanical support
to the nuclear envelope, but also facilitates overall genome organization (184). The major
structural components of the nuclear lamina are the type V intermediate-filament
proteins, the nuclear lamins. Lamins are composed of a short N-terminal ‘head’ domain, a
long central α-helical coiled-coil rod domain and a globular C-terminal ‘tail’ domain
(185, 186). Lamins self-assemble into higher order filamentous structures, with the rod
domain mediating lamin dimerization and the N- and C-terminal domains facilitating
head-to-tail polymer assembly (184). Lamins are classified as either A or B types based
on their biochemical and functional properties. There are four A-type lamins (A, C, C2,
and a minor isoform AΔ10) that are derived by the alternative splicing of a single gene,
LMNA. A-type lamins are expressed in a tissue-specific manner, and only after the onset
of cell differentiation (187-189). In contrast, two B-type lamins (B1 and B2) have been
characterized, each encoded by different genes (LMNB1 and LMNB2, respectively). Btype lamins are essential for cell viability and are expressed in all cells throughout all
stages of development (190, 191).
In addition to providing the structural framework of the nuclear lamina, lamins
also act as a scaffold for organizing chromatin at the nuclear periphery. Lamins make
direct contact with DNA, specifically gene-poor heterochromatic regions, leading to the
accumulation of a thick layer of chromatin and creation of a transcriptionally repressive
environment at the nuclear lamina (160, 192-194). Lamins are important for overall
genomic organization and integrity, as evidenced by the fact that LMNA-/- cells lack this
dense chromatin layer at the nuclear periphery and consequently exhibit increased
genomic instability (195-197). In addition to chromatin, the A- and B-type lamins interact
directly or indirectly with many known inner nuclear membrane proteins including
emerin, lamin-B receptor, and lamin-associated polypeptides 1 and 2β as well as a variety
of other nuclear proteins including several components of the RNA polymerase II
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transcriptional machinery and DNA replication complexes (184). Therefore, by providing
binding sites for a wide variety of different proteins spanning a broad functional
spectrum, the nuclear lamina has been implicated as playing roles in cell proliferation and
differentiation, transcription, DNA replication, chromatin-remodeling, and DNA repair,
to name a few (184, 197-200).
In terms of DNA repair, as mentioned above, cells defective in A-type lamins
exhibit an increased level of genomic instability. This genomic instability is characterized
by a higher level of chromatid breaks, increased sensitivity to IR, and defects in repair
foci assembly. Additionally, the repair foci that do form have a greatly reduced positional
stability in these cells (197, 201). It has also been demonstrated that depletion of A-type
lamins results in transcriptional repression of BRCA1 and RAD51 genes, suggesting a
possible regulatory role in HR. Interestingly, it was postulated that this decrease in
BRCA1 and RAD51 transcription may be due to altered chromosomal positioning in a
LMNA-/- background (202). It is therefore postulated that a role of the nuclear lamina and
lamins may be through regulation of chromatin movement in the nucleus. Chromatin
movement could be restricted to avoid inappropriate recombination events such as those
that could easily occur in the highly repetitive heterochromatin associated with the
lamina; or conversely, repositioning of certain DNA damage sites to more favorable
repair environments could be promoted (203).

1.4.3 Promyelocytic leukemia nuclear bodies
PML nuclear bodies are nuclear matrix-associated proteinaceous domains that are
present in most mammalian cell lines and tissues. PML nuclear bodies range in size
between 0.1-1.0 μm and typically number between 5 and 30 bodies per nucleus
depending on tissue and cell type, cell cycle phase and differentiation stage. Many
proteins (in the range of 100) are known to be recruited to PML bodies, associating either
constitutively or transiently (but more often transiently) (204). As such, PML bodies are
structurally dynamic and functionally heterogeneous subnuclear domains (205). Due to
the diversity of associated proteins, PML bodies have been implicated in a wide range of
cellular functions, including induction of apoptosis, activation of cell cycle checkpoints
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and senescence, inhibition of proliferation, transcriptional regulation, antiviral responses,
hormone signaling, protein degradation and post-translational modification, chromatinremodeling, DNA damage response and DNA repair (162, 205-209).
The primary structural component of PML bodies is the PML protein itself. PML
is not essential for cell survival; however, PML-null mice display an increased risk of
tumor development, and decreased PML expression has been linked to tumor progression
in several cancer types, all of which may be tied to the diverse tumor-suppressing roles of
PML nuclear bodies (210-212). PML is a member of the tripartite motif (TRIM) family
of proteins (213, 215). The PML gene is comprised of nine exons that are alternatively
spliced to produce seven isoforms (PMLI-VII) (215, 216). All isoforms share an N
terminus that consists of a RING finger domain, two B-boxes and an α-helical coiled-coil
(RBCC region) but vary in the central and C-terminal regions, differences which confer
each isoform with specific protein-binding capabilities (see Figure 1.5) (215). All but
one PML isoform (PMLVII) contain a nuclear localization signal (NLS), while only
PMLI contains a nuclear export signal that allows all isoforms to shuttle between the
nucleus and cytoplasm through heterodimer formation (217, 218). Upon individual PML
isoform expression in PML -/- cells, PML nuclear bodies vary in size and in composition,
demonstrating that isoform-specific sequences are responsible for contacting specific
nuclear components, influencing body formation (217-219). However, the identity of
exact PML isoform interaction partners, as well as the cellular function of each individual
isoform remains poorly understood (218).
PML is subject to a variety of post-translational modifications, but arguably the
most significant is sumoylation, a modification that is important for both nuclear body
biogenesis and subsequent protein recruitment (220). PML directly binds the SUMO E2
ligase UBC9 that permits conjugation of SUMO on three lysine residues in the Nterminal RBCC region of PML (221). PML also contains a SUMO-interacting motif
(SIM), which allows SUMO-mediated PML multimerization and nuclear body
biogenesis. This also allows PML to interact with a variety of seemingly unrelated
proteins that are either sumoylated themselves, or contain a SIM, thereby contributing to
nuclear body formation, diversity and integrity (205, 222). This is illustrated by the fact
that expression of a PML mutant incapable of being sumoylated fails to recruit
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constitutively associated PML nuclear body proteins such as the transcriptional regulators
Sp100 and death domain-associated protein (DAXX), and that sumoylation-defective
UBC9-/- cells show defects in PML nuclear body formation (206, 223).
The overall structure of PML nuclear bodies consists of an outer shell of PML
protein, with the various PML interaction partners residing within the interior. PML
bodies are proteinaceous in nature and in general do not contain nucleic acids (224).
However, electron-microscopic studies have demonstrated that PML bodies make
extensive contact with chromatin fibers at their periphery (225). The position of PML
nuclear bodies in the nucleus as well as the chromatin sequences that they contact are not
random. Immunofluorescence in situ hybridization experiments have shown that PML
bodies associate preferentially with several particularly gene-rich and transcriptionally
active genomic regions including the major histocompatibility complex (MHC) class 1
gene-cluster region and the p53 gene locus (226-230). This may point to a necessary role
of PML bodies in the transcriptional regulation of these regions (228). These chromatin
contacts at the periphery of PML nuclear bodies are mediated through protein-based
threads emanating from the body core and are important for maintaining both the
positional stability and structural integrity of PML bodies in the nucleus (205, 225). Due
to the intimate association of PML bodies with chromatin, PML nuclear body number
and structural integrity are highly sensitive to any topological changes in chromatin
structure, such as those occurring during the cell cycle. For instance, in early S phase
when DNA is being replicated, PML nuclear bodies become distorted and eventually
undergo a fission event, being pulled apart into what are termed ‘PML microbodies.’
Consequently, the number of PML-containing structures roughly doubles during G2
phase before finally being fully restored in both size and number upon cell division and
completion of the cell cycle (231-233). It should be noted that the increase in PML body
number during G2 is not due to an increase in PML protein level in G2; instead, it is due
to loss of structural integrity owing to altered chromatin structure during the previous S
phase (231). Similarly, alterations in chromatin structure resulting from various genotoxic
stresses like heat shock, heavy metals, and DNA damaging agents such as UV and
cisplatin have all been demonstrated to cause dispersal of PML nuclear bodies into
numerous PML microbodies (234-238). PML nuclear bodies, in addition to their various
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other potential functions, have been postulated as being sensors of cellular stress,
monitoring the topological state and integrity of chromatin and releasing appropriate
protein factors in response.
In addition to the increase in body number and subcellular distribution observed
following DNA damage, several lines of evidence have pointed to PML and PML nuclear
bodies as being heavily involved in the DNA damage response. Firstly, many DDR
factors have been shown to display altered subcellular distributions with respect to PML
nuclear bodies following DNA damage. Several DDR factors associate with PML bodies
in unstressed cells (ATR, BLM, RAD51, MRE11, RPA) with some of them (ATR and
MRE11) dissociating from bodies at early time points after DNA damage with
subsequent relocalization at later time points. Additionally, some DDR proteins are not
found in association with PML bodies in unstressed cells but are recruited specifically in
response to DNA damage (ATM, WRN, TOPBP1, BRCA1) (236, 239, 240). The exact
mechanism of this DDR factor sequestration to or release from PML bodies is not well
characterized for many of these factors, but may rely on post-translational modification
(particularly sumoylation and phosphorylation) of participating proteins (205, 241). The
PML protein itself has also been implicated in DNA repair, as it has been shown to be
phosphorylated by several DNA damage-activated kinases including ATM, ATR and
CHK2 (205, 242). This DNA damage-dependent phosphorylation event is thought to
regulate PML protein stability, PML nuclear body integrity and partner association. In
this way PML and PML nuclear bodies may play a role in the temporal regulation of the
DDR, sequestering or releasing specific DDR factors as needed following DNA damage.
Exactly how this is accomplished is not fully understood. In addition to this, it is now
becoming increasingly clear that PML and PML bodies may be playing a more active
role in the actual process of DNA repair. This has come from observations that following
damage, PML bodies often partially colocalize with DNA repair foci as well as with
regions of single-stranded DNA (236, 243). PML has also been found to be required for
the proper localization of RAD51 to repair foci following DSB induction (244-246).
Additionally, PML -/- cells display high rates of sister chromatid exchange and
demonstrate an inability to progress through S phase in the presence of DNA damage,
implying that PML plays some type of regulatory role in HR (243, 247). Despite these
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observations, the extent to which HR is dependent on the PML protein itself or PML
nuclear bodies is not fully understood, nor are the individual contributions of specific
PML isoforms to DNA repair. Additionally the role of PML on the NHEJ pathway of
DSB repair has not been extensively examined.
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Figure 1.5. Schematic diagram of the PML gene and PML isoforms. (A) The PML
gene consists of 9 exons. (B) All PML isoforms share an N-terminal domain consisting of
a RING finger (R) motif, two B-box zinc finger motifs and an α-helical coiled-coil.
Alternative splicing at the C-terminus yields seven different PML isoforms. All isoforms
except for PML VII have an NLS. Adapted from (270).
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1.5 Overview
In this thesis, I present the results of my studies aimed at understanding the
influence of nuclear architecture on DSB repair. I demonstrate a role for nuclear actin in
NHEJ, showing that polymeric nuclear actin is important for retention of the sensor
protein Ku80 at DNA break sites. I show that delay in DSB repair at the nuclear lamina
by HR is due to the compact heterochromatin structure associated with this nuclear
subdomain. Additionally, I created versatile cell lines containing single defined insertions
of either NHEJ or HR reporter DNA using a combination of different genomic
engineering techniques. Using these cell lines, the effect of DSB position with respect to
PML nuclear bodies on repair is examined, finding that HR is impacted when DSBs
occur in close proximity to PML bodies. I also investigate the impact of individual PML
isoforms on DNA repair, demonstrating a role in early stages of repair by both NHEJ and
HR. Collectively these findings demonstrate a complex interaction between DNA repair
and the nuclear environment, as the specific location of a DNA break within the nucleus
can impact subsequent repair.
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CHAPTER 2. MATERIALS AND METHODS
2.1 Cell culture
All cell lines used or generated in this study are based on human osteosarcoma
U2OS cells (American Type Culture Collection) and are listed in Table 2.1. All cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Thermo Fisher Scientific) under various selection conditions at
37°C with 5% CO2.

Table 2.1. Cell lines used and/or generated in this study
Cell line(s)

Selection

Source

U2OS

None

ATCC

U2OS CRISPR PML knockout (ΔPML) clone 4

None

J. Salsman*

U2OS pFlexible PB 1:2 col.1-12

1μg/mL puromycin

This study

U2OS pFlexible PB 1:5 col.1-12

1μg/mL puromycin

This study

U2OS pFlexible PB 1:10 col.1-12

1μg/mL puromycin

This study

U2OS Chr15 5' px330 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS Chr15 3' px330 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS Chr15 5' 3' px335 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS TAP 5' px330 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS TAP 3' px330 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS TAP 5'3' px335 pFlexible col.1-6

1μg/mL puromycin

This study

U2OS Chr15 5'px330 pFlexible col.6 FLP

5μg/mL ganciclovir

This study

U2OS TAP 5' px330 pFlexible col.1 FLP

5μg/mL ganciclovir

This study

U2OS Chr15 pFlexible Cre-NHEJ col.1-6

200μg/mL G418

This study

U2OS Chr15 pFlexible Cre-HR col.1-6

1μg/mL puromycin

This study

U2OS TAP pFlexible Cre-NHEJ col.1-6

200μg/mL G418

This study

U2OS TAP pFlexible Cre-HR col.1-6

1μg/mL puromycin

This study

U2OS Chr15 pFlexible CRISPR NHEJ col.1-6

200μg/mL G418

This study

U2OS Chr15 pFlexible CRISPR HR col.1-6

1μg/mL puromycin

This study

U2OS TAP pFlexible CRISPR NHEJ col.1-6

200μg/mL G418

This study

U2OS TAP pFlexible CRISPR HR col.1-6

1μg/mL puromycin

This study

*Dalhousie University
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2.2 Microscopy
2.2.1 Microirradiation and live cell imaging
U2OS cells were grown to a confluency of 60-70% on sterile glass coverslips
(Thermo Fisher Scientific) and co-transfected with 100 ng of a Ku80-GFP expression
vector and either 100 ng of NLS-actin wild-type or NLS-G13R actin expression vectors
along with 1800 ng pBluescript (BSK) as a carrier (2 μg total DNA). Each vector was
driven by a cytomegalovirus (CMV) promoter. Transfections were performed with
lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s protocol.
For live-cell imaging, cells were visualized on a custom-built Zeiss Axioobserver Z1
inverted microscope (Intelligent Imaging Innovations), equipped with a 37°C incubator
(ASI, USA), a CSU-M1 spinning-disk confocal scanner and 4 laser lines (405, 488, 560
and 633 nm). The cells were observed using a 40X objective (1.3 N.A) lens and images
were recorded using an Evolve cooled charge-coupled device (CCD) camera
(Photometrics) and Slidebook 5.0 software (Intelligent Imaging Innovations). UV-laser
induced DNA damage was performed as described by Kruhlak et al., 2006 (248). Briefly,
24 h post-transfection, U2OS cells were photosensitized with 2 μM Hoechst 33342
(Thermo Fisher Scientific) for 5 min and in the case of cytochalasin D treatment, cells
were incubated with 1 μg/mL cytochalasin D (Sigma-Aldrich) for 2 h prior to Hoechst
treatment. Coverslips were then washed three times in PBS for 5 min per wash and
immediately imaged. For the duration of imaging, cells were incubated in phenol red-free
Roswell Park Memorial Institute (RPMI) media (Thermo Fisher Scientific) supplemented
with 10% FBS and maintained at 37°C. DNA DSBs were induced in transfected cells
using a 405 nm UV laser and the recruitment of GFP-tagged Ku80 to sites of damage was
followed in real time. Images were processed and analyzed using Slidebook and Adobe
Photoshop. Quantification of fluorescence intensity was measured within laser track
regions and compared to regions outside of the laser track for 30 cells at every time point
in a 40 sec time course. Statistical analyses (two-tailed t-test) were conducted using Excel
2007 software (Microsoft).
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2.2.2 Electron spectroscopic imaging (ESI) of chromatin structure and
variation
U2OS cells were grown to 80-90% confluence on 18-mm glass coverslips
(Thermo Fisher Scientific) and were treated with either vehicle (0.1% dimethyl sulfoxide
(DMSO) (Sigma-Aldrich)) or with 500 nM trichostatin A (TSA) (InvivoGen) for 4 h
before being fixed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) for 10
min at room temperature. Cells were washed three times in PBS for 5 min, permeabilized
in 0.5% Triton X-100 (Sigma-Aldrich) for 5 min, and washed again in PBS. Cells were
then “post-fixed” in 1% glutaraldehyde (Electron Microscopy Sciences) for 5 min at
room temperature to maintain chromatin structure during resin embedding. Following
fixation, cells were washed three times in PBS for 5 min each wash, followed by three 10
min washes with electron microscopy (EM) grade water (Gibco). Cells were then
dehydrated in an ethanol series (2 h in 30%, 1 h in 50%, 1 h in 70%, 1 h in 90% and 20
min in 100% anhydrous ethanol) and embedded in Quetol 651 (Electron Microscopy
Sciences) before being processed, sectioned and imaged by ESI as previously described
(249) using a Tecnai 20 transmission electron microscope (FEI) equipped with an energyfiltering spectrometer (Gatan). Energy-filtered electron micrographs of nitrogen (N) and
phosphorus (P) were collected, and non-chromosomal protein was segmented by
subtracting the N from the P ESI micrograph, which was then false coloured in cyan and
combined in a composite image with the P ESI micrograph false colored in yellow in
Adobe Photoshop to highlight chromatin. The composite elemental maps of N-P (cyan)
and P (yellow) were then analyzed for thickness of nuclear-lamina-associated chromatin
using Image J v1.48k software (NIH). Pixel measurements (50 measurements taken from
10 cells) were converted into microns (μm) and then averaged per cell, and the data was
represented as mean chromatin thickness ± standard error of the mean (SEM) (n=10).
Statistical significance between cell lines was generated using the Student's t test in Excel
(Microsoft). The mean coefficient of variation (CV) in chromatin density was calculated
for chromatin within the nucleus of vehicle- and TSA-treated U2OS cells (n=5), using
phosphorus-enriched 155 keV electron micrographs as previously described by the
Dellaire lab (251). Briefly, the mean and standard deviation (SD) pixel intensities were
first determined from 5 X 10 pixel-wide line scans per cell using Image J. Then for each
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cell the CV was determined by dividing the mean pixel intensity by the SD, after which
the CVs were averaged for vehicle- or TSA-treated cells and represented as a percentage
± SEM.

2.3 Generation of cell lines

2.3.1 Cloning
All plasmids used and/or generated in this study are listed in Table 2.2.

Table 2.2. Plasmids used and/or generated in this study. Intermediate as well as final
constructs are noted.
Plasmid

Notes

Source

pBluescript II KS (-)
(pBSK)
pFlexible Purotk 10X
P/FRT
pJRC49

Empty cloning vector

Addgene

FRT/loxP recombination sites with
selectable puroΔTK marker
128X LacO array

(251)

pBLR5

PB TR sites

Sanger Institute

pBLR5-AflII

pBLR5 with added AflII site

This study

pBLR5-LacO

This study

BSK-loxP

Intermediate-128XLacO flanked by
PB TRs
Intermediate-loxP site in BSK

BSK-loxPM

Intermediate-loxPM site in BSK

This study

pFlexible-loxPM

Intermediate-loxPM in place of 3'
loxP site in pFlexible
Intermediate-I-SceI recognition
site between 5' FRT and PGK
promoter
Final construct-modified
pFlexible sequence and 128X LacO
array flanked by PiggyBac TRs
NHEJ reporter

This study

Intermediate-2184bp fragment of
pEJ
Intermediate- loxP site 5' to
fragment 1 of pEJ
Intermediate-loxP site 5' to full
NHEJ reporter sequence from pEJ
Final-NHEJ reporter flanked by
loxP-loxPM sites
Empty cloning vector

This study

pFlexible-SceI-loxPM
pFlexible-LacO-pBLR5
pEJ
BSK-pEJ1
BSK-pEJ1-loxP
BSK-loxP-pEJfull
Floxed-pEJ
pcDNA3.1(-)
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J. Chubb‡

This study

This study
This study
J. Dahm-Daphi¥

This study
This study
This study
Addgene

Plasmid

Notes

Source

pGC

HR reporter

J. Dahm-Daphi¥

pcDNA3.1-loxPM

Intermediate-loxPM site in
pcDNA3.1
Intermediate-loxP and loxPM sites
in pcDNA3.1
Intermediate-2868bp pGC fragment
flanked by loxP-loxPM sites
Final-HR reporter flanked by
loxP-loxPM sites
5' and 3' Chr15 homology arms
separated by AflII/MluI
restriction sites
5' and 3' TAP homology arms
separated by AflII/MluI
restriction sites
Chr15 pFlexible-LacO-pBLR5 CRISPR
donor vector
TAP1 pFlexible-LacO-pBLR5 CRISPR
donor vector
5' and 3' pFlexible homology arms
separated by SalI/SacII
restriction sites
5' and 3' pFlexible homology arms
separated by AvrII/SspI
restriction sites
pFlexible-LacO-pBLR5 NHEJ CRISPR
donor vector
pFlexible-LacO-pBLR5 HR CRISPR
donor vector
Cas9/gRNA expression vector

This study

Cas9 nickase/gRNA expression
vector
Chr15 Cas9/5'gRNA

Addgene

px330-Chr15 3' gRNA

Chr15 Cas9/3'gRNA

This study

px335-Chr15 5' gRNA

Chr15 Cas9nickase/5'gRNA

This study

px335-Chr15 3' gRNA

Chr15 Cas9nickase/3'gRNA

This study

px330-TAP 5' gRNA

TAP1 Cas9/5'gRNA

This study

px330-TAP 3' gRNA

TAP1 Cas9/3'gRNA

This study

px335-TAP 5' gRNA

TAP1 Cas9nickase/5'gRNA

This study

px335-TAP 3' gRNA

TAP1 Cas9nickase/3'gRNA

This study

px330-pFlex gRNA

pFlexible-LacO-pBLR5 Cas9/gRNA

This study

pPGK-FLPobpA

FLP recombinase expression

Addgene

mPB

PB recombinase expression

(252)

pBS513 EF1 alpha-cre

Cre recombinase expression

Addgene

px330-Lamin 5' gRNA

Lamin Cas9/5'gRNA

J. Pinder*

Clover-lamin donor

Clover-lamin CRISPR donor

EJ5-GFP

NHEJ reporter

J. Pinder*
Addgene

β-actin SceI

I-SceI expression

M. Jasin†

pKu80-GFP

GFP tagged Ku80 expression

M. Hendzel ∆

pcDNA3.1-loxP-loxPM
pcDNA3.1-loxP-pGC1loxPM
Floxed-pGC
Chr15-TOPO4
TAP-TOPO4
Chr15-pFlexible-LacOpBLR5-TOPO4
TAP-pFlexible-LacOpBLR5-TOPO4
pFlexible-TOPO2.1 (N)
pFlexible-TOPO2.1 (H)
pFlexible-pEJ-TOPO2.1
pFlexible-pGC-TOPO2.1
px330-U6-Chimeric_BBCBh-hSpCas9
px335-U6-Chimeric_BBCBh-hSpCas9n(D10A)
px330-Chr15 5' gRNA
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This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Addgene

This study

Plasmid

Notes

Source

NLS-actin WT

WT actin expression

M. Hendzel ∆

NLS-G13R actin

G13R mutant actin expression

M. Hendzel ∆

pNLS-IRFP670

far-red protein expression

Addgene

pMD35

M. Dobson*

CMV-FLAG-J1

Southern blot high-copy control
probe: human telomere-associated
repeat
FLAG-tag expression

FLAG-PMLI-J1

FLAG-tagged PMLI expression

J. Salsman*

FLAG-PMLII-J1

FLAG-tagged PMLII expression

J. Salsman*

FLAG-PMLIII-J1

FLAG-tagged PMLIII expression

J. Salsman*

FLAG-PMLIV-J1

FLAG-tagged PMLIV expression

J. Salsman*

FLAG-PMLV-J1

FLAG-tagged PMLV expression

J. Salsman*

FLAG-PMLVI-J1

FLAG-tagged PMLVI expression

J. Salsman*

J. Salsman*

‡MRC Laboratory for Molecular Cell Biology University College of London
¥University Medical Centre Hamburg-Eppendorf
*Dalhousie University
†Memorial Sloan Kettering Cancer Center
∆University of Alberta

2.3.1.1 Generation of the 14-kb plasmid construct pFlexible-LacO-pBLR5
The pBLR5 vector containing the terminal repeats (TR) for PiggyBac (PB)
transposition was used as the backbone for the generation of a large targeting construct to
be integrated into human cells (Figure 2.1A). To facilitate future cloning, an AflII
restriction site was inserted into EcoRV/NheI-digested (unless otherwise indicated all
restriction enzymes were from New England Biolabs) pBLR5 (near the 5’ TR) as an
annealed oligonucleotide linker with compatible ends (AflII linker- see Table 2.3 for the
oligonucleotide sequences). A 128x Lac operator array (LacO) was then isolated from the
plasmid pJRC49 (Figure 2.1B) as a BamHI/XhoI fragment and ligated into
BamHI/XhoI-digested pBLR5 (between the two TRs) to generate pBLR5-LacO.
pFlexible is a generic targeting vector containing FLP recombinase target (FRT) and
locus of X(cross)-over in P1 (loxP) recombination sites as well as the positive/negative
selectable marker puroΔTK (Figure 2.1C). To modify this vector for directional Cre-lox
recombination, the asymmetric 8-bp spacer region of the 3’ canonical loxP site was
mutated to generate the alternate loxP2272 site (253). A 500-bp fragment containing the
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loxP site was amplified from pFlexible by polymerase chain reaction (PCR) using loxP
EcoRI and loxP R primers (primer sequences are presented in Table 2.4) and subcloned
between EcoRI and NotI sites in pBSK to generate BSK-loxP. BSK-loxP was then
digested with XbaI and PstI and an oligonucleotide linker containing the alternative
loxP2272 sequence (termed loxPM in this study) and was inserted with compatible
overhangs (loxPM linker- see Table 2.3 for oligonucleotide linker sequence; base pairs
differing from canonical loxP are indicated in bold). The loxPM site was then re-cloned
into pFlexible using BclI and NotI to generate pFlexible-loxPM. The 18-bp recognition
site for the homing endonuclease I-SceI was subsequently incorporated as an
oligonucleotide linker (I-SceI linker, Table 2.3) into HindIII/PacI-digested pFlexibleloxPM between the 5’ FRT site and the phosphoglycerate kinase 1 (PGK) promoter,
generating pFlexible-SceI-loxPM. The entire region of pFlexible-SceI-loxPM between
loxP and loxPM (approximately 2700 bp) was amplified with flanking AflII and NheI
restriction sites by PCR using primers pFlex AflII F and pFlex NheI R (Table 2.4), and
cloned into pBLR5-LacO between the 5’ TR and 128x LacO array to generate the final
14-kb targeting construct pFlexible-LacO-pBLR5 (Figure 2.1D).
PCR amplifications were performed using Phusion high-fidelity DNA polymerase
(New England Biolabs). PCR reaction mixtures were set up according to the
manufacturer’s protocol and the amplification protocol was as follows: denaturation
(95°C for 5 min), 30 amplification cycles (95°C for 30 s; 60°C for 30 s (annealing
temperature varied slightly depending on primer composition); 72°C for 30 s) and final
extension (72°C for 10 min). For amplification of longer products (greater than 2000 bp)
the GC-rich Phusion protocol was followed. Briefly, PCR reactions were prepared as
above with the addition of 3% (final concentration) DMSO. The amplification protocol
was composed of: denaturation (98°C for 1 min), 5 preliminary amplification cycles
(98°C for 30 s, 58°C for 30 s, 72°C for 1.3 min), 25 amplification cycles (98°C for 30 s,
60°C for 30 s (annealing temperature varied slightly depending on primer composition),
72°C for 1 min) and a final extension (72°C for 10 min). All cloning steps to generate
pFlexible-LacO-pBLR5 were done in MAX efficiency Stbl2 competent E. coli cells
(Thermo Fisher Scientific) to prevent recombination across highly homologous
sequences in this vector. All cloning intermediates as well as the final product were
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verified at every stage by Sanger sequencing (Genewiz, South Plainfield, NJ).

Table 2.3. Sequence of oligonucleotides annealed to create linkers used in this study
Linker
AflII linker

loxPM linker

I-SceI linker

pEJ loxP linker

Oligonucleotide sequence (5'-3')
F

ATCGATCATGGCATCTTAAGCCATGAACAG

R

CTAGCTGTTCATGGCTTAAGATGCCATGATCGCT

F

CTAGAAAGTATAGGAACTTCATAACTTCGTATAAAGTATCCTATACGAAGTTATATGCA

R

TATAACTTCGTATAGGATACTTTATACGAAGTTATGAAGTTCCTATACTTT

F

AGCTTAGTTACGCTAGGGATAACAGGGTAATATAGTTAAT

R

TAACTATATTACCCTGTTATCCCTAGCGTAACTA

F

CGCAAGTATAACTTCGTATAATGTATGCTATACGAAGTTATGCTTACATGCA

R

TGTAAGCATAACTTCGTATAGCATACATTATACGAAGTTATACTTGCGGGCC

pEJ loxPM linker F
R

GGTAGACCATAACTTCGTATAAAGTATCCTATACGAAGTTATGGACTTGAGCT
CAAGTCCATAACTTCGTATAGGATACTTTATACGAAGTTATGGTCTACCGC

pGC loxPM linker F

AATTCTAGACCATAACTTCGTATAAAGTATCCTATACGAAGTTATGGACTTA

R

AGCTTAAGTCCATAACTTCGTATAGGATACTTTATACGAAGTTATGGTCTAG

F

AATTGGCAAGATAACTTCGTATAATGTATGCTATACGAAGTTATGCTTACTCG

R

CGAGTAAGCATAACTTCGTATAGCATACATTATACGAAGTTATCTTGCC

pGC loxP linker

* base pairs in the loxPM oligonucleotide sequences differing from canonical loxP are indicated in bold
F and R oligonucleotides were annealed to create double-stranded linkers
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Table 2.4. Primers used for cloning in this study
Primer

Sequence (5'-3')*

loxP EcoRI F

CTGAGGAATTCGCTCGCTGATCAGCCTCGACT

loxP R

CGACTCACTATAGGGCGAATTGG

pFlex AflII F

TTACGCCTTAAGCAAGCTCGAAATTAACCCTCACTA

pFlex NheI R

GCGCCGCTAGCCGTGACCGCTACACTTGCCA

pEJ1 ApaI F

GCAATAGGGCCCGTGGATAACCGTATTACCGCCAT

pEJ1 R

CGTGACCGCTACACTTGCCA

pEJ2 F

CTGAGCAAAGACCCCAACGA

pEJ2 EcoRV R

GCCTACGATATCCGAGGTATGTAGGCGGTGCT

pGC1 NruI F

ACCATGTCGCGAGGCTGCGTTATCCCCTGATTCTGT

pGC1 MluI R

GCATTAACGCGTGACCCACACCTTGCCGAT

pGC2 F

CCCAGTTCCGCCCATTCT

pGC2 MluI R

GGTATCACGCGTCGTCCCATTCGCCATTCA

C15 5H FWD2

GGCTCTGATGACCACCTGAACC

C15 5H REV

TACGCGTTTTGTGCGACTTAAGAAGGAATAGGCTGGGATCCCCAC

C15 3H FWD

TCTTAAGTCGCACAAAACGCGTAGTTCTCCCTGAGCCTGTGGATAC

C15 3H REV1

ATCCAAGCCCATTCCTCAGC

TAP 5H FWD2

TCTCGCCGACTGGGTGCT

TAP 5H REV1

TACGCGTTTTGTGCGACTTAAGAGTTTTCGCTCTTGGAGCCAA

TAP 3H FWD3

TCTTAAGTCGCACAAAACGCGTACGAGAGCTGATCTCATGGGGA

TAP 3H REV2

AAGCCGACGCACAGGGTTT

pFlex 5H FWD1

CAAGCTCGAAATTAACCCTCACT

pFlex pEJ 5H REV1

TCCGCGGTTTGTGCGAGTCGACAGCGCCTTTTTTGTTTAAACTTTT

pFlex pGC 5H REV1

TCCTAGGTTTGTGCGAAATATTAGCGCCTTTTTTGTTTAAACTTTT

pFlex pEJ 3H FWD1

TGTCGACTCGCACAAACCGCGGACGCCCTATAGTGAGTCGTATTACAA

pFlex pGC 3H FWD1

TAATATTTCGCACAAACCTAGGACGCCCTATAGTGAGTCGTATTACAA

pFlex 3H REV1

CTTACAATTTCCATTCGCCATT

pEJ SalI F

GTAACTGTCGACCCCTGATTCTGTGGATAACCGT

pEJ SacII R

CCATGACCGCGGGTATTGTCTCCTTCCGTGTTTCAGT

*5’ primer extensions that do not match template are underlined
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Figure 2.1. Linearized depiction of pBLR5, pJRC49, pFlexible and pFlexible-LacOpBLR5 vectors. (A) pBLR5 contains two identical PB TRs for genomic insertion of
intervening sequence by PB transposition (B) pJRC49 contains 128 repeats of a Lac
operator sequence (C) pFlexible contains a puroΔTK positive/negative selectable marker
under the control of a PGK promoter flanked by FRT and loxP recombination sites. All
components of the pFlexible vector were used and/or modified in the creation of
pFlexible-LacO-pBLR5 (D) pFlexible-LacO-pBLR5 is a 14-kb targeting vector created
for integration into human U2OS cells. The PB vector pBLR5 was used as a backbone for
the generation of this construct. pFlexible-LacO-pBLR5 contains a puroΔTK
positive/negative selectable marker flanked by FRT sites and an I-SceI recognition
sequence. These components are flanked by a canonical loxP site and a mutated version
of loxP, termed loxPM. A 128x LacO array is located upstream to the loxPM site.
Flanking this entire region are the PB TR sequences. The actual length of the construct
integrated into the genome is 11082 bp.
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2.3.1.2 NHEJ and HR reporter plasmids
Well-characterized reporter plasmids based on the reconstitution of a defective
GFP gene were used to study DNA repair by NHEJ and HR. pEJ and EJ5-GFP reporter
plasmids were used in the generation of cell lines or to study extrachromosomal DNA
repair by NHEJ as previously described (254, 255). Briefly, these NHEJ reporters consist
of two 18-bp I-SceI recognition sites separating a GFP gene from a CMV promoter by
either an out-of-frame start codon (pEJ) or a puromycin-resistance gene (EJ5-GFP).
When the I-SceI endonuclease is expressed, it cleaves DNA on either side of the out-offrame start codon or puromycin-resistance gene, generating a DSB. Direct re-ligation of
broken DNA ends by NHEJ results in GFP expression (see Figure 2.2A; only the pEJ
reporter is depicted for simplicity). The pGC reporter plasmid was used in the generation
of cell lines to study DNA repair by HR (254). This reporter contains two truncated GFP
fragments separated by a puromycin-resistance gene, with the upstream GFP fragment
containing an I-SceI recognition site (Figure 2.2B). Upon I-SceI expression, a DSB is
created which, when repaired by HR using homologous sequence from the 3’ truncated
GFP fragment as a template to direct repair, results in full reconstitution of the GFP gene.
HR repair events are then be detected by measuring fluorescence due to GFP expression.
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Figure 2.2. Linearized depictions of reporter plasmids used to study DNA repair.
(A) The NHEJ reporter plasmid pEJ. An out-of-frame start codon placed between two
recognition sites for I-SceI separates a CMV promoter from a GFP gene. I-SceI
expression results in DSB formation and removal of the codon. DSB repair by NHEJ
leads to GFP expression. The G418-resistance gene allows for selection of cells
containing stably integrated NHEJ reporter DNA through treatment with the protein
synthesis inhibitor G418 (B) The HR reporter plasmid pGC. Two GFP fragments, one
containing an I-SceI recognition site, are separated by a puromycin-resistance gene. The
puromycin-resistance gene allows for selection of cells containing stably integrated HR
reporter DNA through treatment with the protein synthesis inhibitor puromycin. I-SceI
expression creates a DSB that, if repaired by HR using homologous sequence from the 3’
truncated GFP fragment, results in reconstitution of the GFP gene and GFP expression.
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2.3.1.3 Flanking NHEJ and HR reporters with loxP-loxPM sites
To create an NHEJ reporter flanked with loxP and loxPM sites, a 2184-bp
fragment (termed pEJ fragment 1) spanning the CMV promoter, I-SceI sites and the GFP
gene was amplified from pEJ using a forward primer containing an ApaI restriction site
(pEJ1 ApaI F and pEJ1R; see Table 2.4 for primer sequences). The PCR product was
digested with ApaI and HincII and cloned into ApaI/HincII-digested BSK to generate
BSK-pEJ1. A linker oligonucleotide containing a loxP site was then introduced into
ApaI/NsiI-digested BSK-pEJ1 (upstream to the CMV promoter) to create BSK-pEJ1loxP (pEJ loxP linker; see Table 2.3 for oligonucleotide sequences). A second 2943-bp
fragment (termed pEJ fragment 2), spanning the kanamycin/neomycin-resistance gene
and overlapping with pEJ fragment 1 (past the HincII restriction site) was then PCR
amplified from pEJ using a reverse primer containing an EcoRV site (pEJ 2F and pEJ2
EcoRV R; Table 2.4). The pEJ fragment 2 PCR product was then digested with HincII
and EcoRV, and ligated into HincII/EcoRV-cut BSK-loxP-pEJ1 to generate BSK-loxPpEJfull. The loxPM site was introduced into SacII/SacI-digested BSK-loxP-pEJfull (3’ to
the kanamycin/neomycin-resistance gene) through an oligonucleotide linker (pEJ loxPM
linker; Table 2.3) to generate the final loxP-flanked, or Floxed-pEJ (Figure 2.3A).
To flank the HR reporter from the pGC vector with loxP and loxPM sites,
oligonucleotide linkers containing each lox site were sequentially integrated into an
empty pcDNA3.1(-) vector. The loxPM linker was incorporated into EcoRI/HindIIIdigested pcDNA3.1(-) (pGC loxPM linker; see Table 2.3 for oligonucleotide linker
sequences) to generate pcDNA3.1-loxPM. The loxP site was then incorporated as an
annealed oligonucleotide linker upstream of loxPM in MunI/NruI-digested pcDNA3.1loxPM (pGC loxP linker; Table 2.3), creating pcDNA3.1-loxP-loxPM. A 2868-bp
fragment (termed pGC fragment 1) was then PCR amplified from the pGC vector with
primers containing NruI and MluI sites (pGC1 NruI F and pGC1 MluI R; Table 2.4).
pGC fragment 1 (spanning a region containing the CMV promoter, I-SceI site and the 5’
GFP sequence) was digested with NruI and MluI and ligated into NruI/MluI-digested
pcDNA3.1-loxP-loxPM between the lox sites. A second fragment of 1867 bp, which
slightly overlapped in sequence with pGC fragment 1, up to an SfII restriction site
(spanning the puromycin-resistance gene and the 3’-truncated GFP sequence), was then
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PCR amplified from the pGC vector using a reverse primer containing an MluI restriction
site (pGC2 F and pGC2 MluI R; Table 2.4). The pGC fragment 2 PCR product was
digested with SflI and MluI and cloned into SflI/MluI-cut pcDNA3.1-loxP-pGC1-loxPM
to generate the final loxP flanked, or Floxed-pGC (Figure 2.3B).
PCR amplifications were performed as described in section 2.3.1.1. All cloning
steps to generate Floxed-pEJ and Floxed-pGC were done in MAX efficiency Stbl2
competent E. coli cells and all cloning intermediates as well as the final products were
verified at every stage by sequencing to ensure all sequences were correct and in frame.

2.3.1.4 Generation of pFlexible-LacO-pBLR5 clustered regularly interspaced
short palindromic repeats (CRISPR) donor plasmids for pre-determined
locus targeting
Homology arms for targeting an intergenic region of Chromosome 15 (Chr15)
and exon 1 of the human transporter associated with antigen processing (TAP1) gene
(Figures 2.4 and 2.5) were amplified from U2OS genomic DNA using primers shown in
Table 2.4. The reverse primers for the 5’-homology arms as well as the forward primers
for the 3’-homology arms were designed to include AflII and MluI restriction sites,
respectively, to allow the pFlexible-LacO-pBLR5 construct to be cloned between the two
arms. These primers also contained compatible overhangs long enough to be annealed
together, allowing the 5’-and 3’-homology arms to be joined in a second round of PCR
amplification. All Chr15 and TAP1 homology arms were PCR amplified as described in
section 2.3.1.1 and cloned into pCR4-TOPO using a TOPO-TA Cloning Kit (Thermo
Fisher Scientific). pFlexible-LacO-pBLR5 was digested with AflII and MluI and the 11kb targeting construct isolated and ligated between the 5’ and 3’ homology arms of
AflII/MluI-digested Chr15-TOPO4 or TAP-TOPO4 to generate the final pFlexible-LacOpBLR5 CRISPR donor plasmids for Ch15/TAP targeting (termed Chr15-pFlexible-LacOpBLR5-TOPO4 and TAP-pFlexible-LacO-pBLR5-TOPO4, respectively). All PCR
amplicons and final donor plasmids were verified by sequencing.
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Figure 2.3. Linearized depictions of loxP-loxPM flanked (floxed) pEJ and pGC
vectors. (A) The Floxed-pEJ vector contains a reporter for DNA repair by NHEJ. The
NHEJ reporter is flanked with a loxP and a loxPM site. (B) The Floxed-pGC vector
contains a reporter for DNA repair by HR. The HR reporter is flanked with a loxP and a
loxPM site. The reporters from Floxed-pEJ and Floxed-pGC can be exchanged with the
pFlexible-LacO-pBLR5 construct present in the U2OS genome through Cre-lox
directional recombination across matching lox sites.
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Legend:
Blue Text = Sequence used for 5’-homology template
Red Text = Sequence used for 3’-homology template
Yellow Highlight = Sequence of guide RNAs
Underlined Text = Sequenced PCR amplicon from wild-type

U2OS genomic DNA

GGACAAAGATTAGATGCATCTTTTTGTTGTGAAATTTTGGTAAACTACTTACTCTTTCTCAGCCTCAGTTC
TTTGAACTATGAAATGGAGACAATAGTAATAGTATCAACCTCAAAGGGCTGGTGAGAAAACTAACCAAGAC
AATTCACACAAAGTTTCAGAACAGTCCCGGGCAGGTGCGTGACTTACGCATTTGGCTTTTGTTCACCACTA
TTACTACTTGCTTATTGAAGCTGAGCCAGGTGGCTGAGCAATGTCCCTTTCTGGCAAGGAGGGTGGAGGCA
AGTGTCACATTTCAGAAAGATCCCTGGGCTCCTGTTGAATCTGTCCCCACACCAAAACATGCCCGTGGGGG
CTCTAGCTCCTGCCCCAGCAGCGAAAGGGGCTCCTCCTTCTCTGGTGCCCAGTCCTAGCTCACCTGCTCTT
CACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTGAACAGGGAGCA
GGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACTCCAGGGCAGGA
CAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAACCCTGGGACACC
AGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGGGGCCTCATCTG
GCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGGACGTCCAGCCT
CCAGCTTTCTGTGGGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCCTCCCTCTGGGGCCTC
CTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGGACCACCAGGAA
GAGCATCAGGAGGGGAAGGAGCCAGAGAGCCCTCCAGGCCAGTGCACTGCTAACTCAACATCTCATCTTCC
TATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGGCAGGTTATGAT
GGCCCAGAGATCCCCACCAGAGTCCCAGATATCAGTGGGGATCCCAGCCTATTCCTCCAAGCTCCCAGTTG
CCAGTGACAGGGAGGCAGAAACAGCCTGGAAATTAACTGTGGGTTCTCCCTGAGCCTGTGGATACATGGAA
AGAGAGCTTCACCACCACCCCCTTCTCTGAATATACATACAGGATCTGAGGAGGGAGGATTCTGTGTGGAT
GCATGTGTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGTCCCATGTGC
CCACCTGTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGAGAGAAATAG
GAACAAGGAGAGACAGAGAGAGAGAGAATAGAAACAGAGACCAACAGGGAAACAGAATGAGACTGAGACAG
AGAACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCTGCCAAGGCAGA
CAACTCTCCTCTCACTTCATTGATGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGTTCAGGAAAGG
ATGTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGCCCTCTGCAGGGGCTGCCA
TTTCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGGGCGCTCCCAGTGACT
GGGCTCTTGTGGTGGCTGGGGAGGGGGAGCTCCTCTGACAGGCCCCATGCTGGGGGAAACGTCCTGAGACT
GACCTATCACGGGCTGACATGCACACCAAGGAGGTCTCACATCTGCTGGGAAATGAGGGGCTGGTGGAGGT
GAGAAAACCTCAAGTTCTAATGCCTTCCCAACACCTTCACCTCACCTGAGAAGCTTCTAGATTCCACCCAC
CCCTGTTTCCTTGGGGGAGGGTGTTGTGTGGAGGTGGGAAGAGGCAGGAGTCCAGGTTCTAGGCCAGGCTC
TGAAGGGGCAGGTAGCTCAG

Figure 2.4. Reference sequence for a 2079-bp intergenic region of Chr15 targeted
for CRISPR genome editing. Genomic Location: (GRCh37.p.13 primary assembly
chr15:74696007-74698086). Guide RNAs targeting Chr15 are highlighted in yellow. The
sequences used to generate the homology arms of the donor vectors are shown in blue (5’
homology) and red (3’ homology). Underlined text denotes the region of the PCR
amplicon from wild-type U2OS genomic DNA that was verified through Sanger
sequencing.
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Legend:
Blue Text = Sequence used for 5’-homology template
Red Text = Sequence used for 3’-homology template
Yellow Highlight = Sequence of guide RNAs
Underlined Text = Sequenced PCR amplicon from wild-type

U2OS genomic DNA

GGTGCTGCGGGGCTGCTTTGCGCGCGGCGCTAACGTGTGTAGGGCAGATCTGCCCCGAGACAAGTGACGAG
GCAGCCCCGCCCTGAGGCTGGGGTGGGAAAACTGGTGCAAGTGGAAAGGCAGGAGGCAGGGAGAGGCGAGA
AGGGTGTGCGTGATGGAGAAAATTGGGCACCAGGGCTGCTCCCGAGATTCTCAGATCTGATTTCCACGCTT
GCTACCAAAATAGTCTGGGCAGGCCACTTTTGGAAGTAGGCGTTATCTAGTGAGCAGGCGGCCGCTTTCGA
TTTCGCTTTCCCCTAAATGGCTGAGCTTCTCGCCAGCGCAGGATCAGCCTGTTCCTGGGACTTTCCGAGAG
CCCCGCCCTCGTTCCCTCCCCCAGCCGCCAGTAGGGGAGGACTCGGCGGTACCCGGAGCTTCAGGCCCCAC
CGGGGCGCGGAGAGTCCCAGGCCCGGCCGGGACCGGGACGGCGTCCGAGTGCCAATGGCTAGCTCTAGGTG
TCCCGCTCCCCGCGGGTGCCGCTGCCTCCCCGGAGCTTCTCTCGCATGGCTGGGGACAGTACTGCTACTTC
TCGCCGACTGGGTGCTGCTCCGGACCGCGCTGCCCCGCATATTCTCCCTGCTGGTGCCCACCGCGCTGCCA
CTGCTCCGGGTCTGGGCGGTGGGCCTGAGCCGCTGGGCCGTGCTCTGGCTGGGGGCCTGCGGGGTCCTCAG
GGCAACGGTTGGCTCCAAGAGCGAAAACGCAGGTGCCCAGGGCTGGCTGGCTGCTTTGAAGCCATTAGCTG
CGGCACTGGGCTTGGCCCTGCCGGGACTTGCCTTGTTCCGAGAGCTGATCTCATGGGGAGCCCCCGGGTCC
GCGGATAGCACCAGGCTACTGCACTGGGGAAGTCACCCTACCGCCTTCGTTGTCAGTTATGCAGCGGCACT
GCCCGCAGCAGCCCTGTGGCACAAACTCGGGAGCCTCTGGGTGCCCGGCGGTCAGGGCGGCTCTGGAAACC
CTGTGCGTCGGCTTCTAGGCTGCCTGGGCTCGGAGACGCGCCGCCTCTCGCTGTTCCTGGTCCTGGTGGTC
CTCTCCTCTCTTGGTAAGGGGAACGCAGGGCAAGAGGGGAGGACACAAGGGGACTGGGACAGGAATCAAAG
GTAATTGTCAGTAAGGTAGAGTAGCGTGGGTTCTGGGAAATGTGGAGCAGGAGAAGGACTCCTAGCGTGGG
TCTTGGAACACCACTTCGGTGTAGAAGAAACGGCACTGGACTGGCGGGGGCCAGAGGTTCTGGGCTCCATT
GCTGACCGGGTCTTGATTCTTTGGGCCACGCCGGAAGCGGGGAAATCCTTTGCTCTGGGGCCGAAGGGCGG
GGCATCCTCATCTCTAACAGGAGGCTTTTCTACTTCATGATCTCCAGCCTTCCTAATAAAATCCTGAAAGT
TCTGGTAGAGCAACCACAGGGTAGTGAGTTCCAGGGCAGCCTATTTAGGTTCGGGATTGAGACGTCAGTGT
TTCCTTTCTGCTGATGCCCTCCAGGATAATGGTGAGGGGGAGGAGGCGTGGTGGGGCCAGT

Figure 2.5. Reference sequence for a 1552-bp region around exon 1 of the human
TAP1 gene targeted for CRISPR genome editing. Genomic Location: (GRCh37.p.13
primary assembly chr6:32821893-32823445). Guide RNAs targeting TAP1 are
highlighted in yellow. The sequences used to generate the homology arms of the donor
vectors are shown in blue (5’ homology) and red (3’ homology). Underlined text denotes
the region of the PCR amplicon from wild-type U2OS genomic DNA that was verified
through Sanger sequencing.
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2.3.1.5 Generation of NHEJ/HR CRISPR donor plasmids for targeting
genome-integrated pFlexible-LacO-pBLR5
To target the NHEJ and HR reporters into the pFlexible-LacO-pBLR5 construct
that had been integrated into U2OS cells at Chr15 or TAP1 loci, 5’-and 3’-homology
arms were amplified by PCR using the pFlexible plasmid as a template (see Figure 2.6
and Table 2.4 for primer sequences). The reverse primers for the 5’-homology arms as
well as the forward primers for 3’-homology arms were designed to include either
SalI/SacII or AvrII/SspI restriction sites to allow the NHEJ reporter from pEJ or the HR
reporter from pGC, respectively, to be cloned between the pFlexible homology arms.
These primers also contained compatible overhangs long enough in sequence to be
annealed together, allowing the 5’-and 3’-homology arms to be joined in a second round
of PCR amplification. pFlexible homology arms were PCR amplified using Phusion highfidelity DNA polymerase (as described above) and cloned into pCR2.1-TOPO using a
TOPO-TA Cloning Kit (Thermo Fisher Scientific). The NHEJ reporter was PCR
amplified from the pEJ vector using primers containing SalI and SacII restriction sites
and cloned into SalI/SacII-digested pFlexible-TOPO2.1(N) to create a CRISPR NHEJ
donor plasmid termed pFlexible-pEJ-TOPO2.1. The HR reporter was isolated from the
pGC vector through a digest with AvrII and SspI and ligated into AvrII/SspI-digested
pFlexible-pGC-TOPO2.1(H) to generate a CRISPR HR donor plasmid termed pFlexiblepGC-TOPO2.1. All PCR amplicons and final donor plasmids were verified by
sequencing.
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Legend:
Blue Text = Sequence used for 5’-homology template
Red Text = Sequence used for 3’-homology template
Yellow Highlight = Sequence of guide RNAs
Green Highlight = I-SceI restriction site
Blue Highlight = loxP and loxPM sites
TTAACCCTAGAAAGATAGTCTGCGTAAAATTGACGCATGCATTCTTGAAATATTGCTCTCTCTTTCTAAAT
AGCGCGAATCCGTCGCTGTGCATTTAGGACATCTCAGTCGCCGCTTGGAGCTCCCGTGAGGCGTGCTTGTC
AATGCGGTAAGTGTCACTGATTTTGAACTATAACGACCGCGTGAGTCAAAATGACGCATGATTATCTTTTA
CGTGACTTTTAAGATTTAACTCATACGATAATTATATTGTTATTTCATGTTCTACTTACGTGATAACTTAT
TATATATATATTTTCTTGTTATAGATATCGATCATGGCATCTTAAGCAAGCTCGAAATTAACCCTCACTAA
AGGGAACAAAAGCTGGTACCGGGCCCCCCCTCGAGGTCGAGACGGTATCGATGGCGCGGAATTCAAAAAGT
TTAAACAAAAAAGGCGCGCCATAACTTCGTATAATGTATGCTATACGAAGTTATAAGCTTAGTTACGCTAG
GGATAACAGGGTAATATAGTTAATTAAGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAA
CTTCGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCATAACTTCGTATAAAGTAT
CCTATACGAAGTTATATGCAGGGCGGCCGCAAAAAAAAGGCCAAAAAGGCCAAAAAAAAGGCCGGCCAAGG
CCGCCACCGCGGTGGAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACA
ACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCT
GGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGAAA
TTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAG
GCCGAAA

Figure 2.6. Reference sequence for a 1000-bp region of pFlexible-LacO-pBLR5
integrated at Chr15 or TAP1 in U2OS cells. U2OS cells containing pFlexible-LacOpBLR5 integrated at Chr15/TAP1 had previously undergone FLP recombination to
remove the puroΔTK selectable marker prior to CRISPR genome editing to introduce the
NHEJ or HR reporter. Guide RNAs targeting pFlexible-LacO-pBLR5 are highlighted in
yellow. Guide RNAs were designed to target the 5’ end of pFlexible-LacO-pBLR5
adjacent to the I-SceI restriction site (green highlight) and the lox sites (blue highlight).
The sequences used to generate the homology arms of the donor vectors are shown in
blue (5’ homology) and red (3’ homology).

53

2.3.1.6 CRISPR guide RNA design and cloning
Guide RNA (gRNA) sequences used in this study were selected and analyzed
using the COSMID (CRISPR Off-target Sites with Mismatches, Insertions and Deletions)
website (http://crispr.bme.gatech.edu/) to check for any potential off-target sites (256)
and are listed in Table 2.5. For the expression of CRISPR guide RNAs targeting various
protospacer sequences in the genome of U2OS cells, oligonucleotides were annealed
(oligonucleotides termed A and B in Table 2.5 were annealed together, creating a duplex
with BbsI restriction enzyme-compatible overhangs) and cloned into BbsI-digested
px330-U6-Chimeric_BB-CBh-hSpCas9 (CRISPR-associated protein-9 (Cas9) nuclease
expression vector, termed px330) or BbsI-cut px335-U6-Chimeric_BB-CBhhSpCas9n(D10A) (Cas9 nickase expression vector, termed px335). Cas9/gRNA
expression vectors were verified by sequencing.

Table 2.5. CRISPR gRNA oligonucleotide sequences
CRISPR gRNA

Oligonucleotide sequence (5'-3')

Chr15 5' Oligo A

CACCGTCACTGGCAACTGGGAGCT

Chr15 5' Oligo B

AAACAGCTCCCAGTTGCCAGTGAC

Chr15 3' Oligo A

CACCGAACAGCCTGGAAATTAACTG

Chr15 3' Oligo B

AAACCAGTTAATTTCCAGGCTGTTC

TAP 5' Oligo A

CACCGTCAAAGCAGCCAGCCAGCCC

TAP 5' Oligo B

AAACGGGCTGGCTGGCTGCTTTGAC

TAP 3' Oligo A

CACCGGGCACTGGCTTGGCCCTGC

TAP 3' Oligo B

AAACGCAGGGCCAAGCCCAGTGCCC

pFlex Oligo A

CACCGTCAAAAAGTTTAAACAAAAA

pFlex Oligo B

AAACTTTTTGTTTAAACTTTTTGAC
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2.3.2 Transfection of targeting constructs for cell line generation

2.3.2.1 PiggyBac (PB) transposition
For the random integration of the pFlexible-LacO-pBLR5 construct into the
genome of U2OS cells using PB transposition, cells were co-transfected with pFlexibleLacO-pBLR5 and the PB transposase expression vector, mPB (252). A total of 12 μg of
DNA was transfected with lipofectamine 2000 (Thermo Fisher Scientific) according to
manufacturer’s protocol at a ratio of 1:2, 1:5 or 1:10 of pFlexible-LacO-pBLR5 construct
to transposase. Cells were allowed to recover for 48 h before selection with 1 μg/mL
puromycin (Thermo Fisher Scientific). Cells were seeded at a low density to allow
individual colony formation with 12 puromycin-resistant clones for each transfection
ratio being picked for characterization (see Table 2.1 for list of cell lines generated).

2.3.2.2 CRISPR/Cas9 genome editing of Chr15 and TAP1 loci
To target the pFlexible-LacO-pBLR5 construct to the Chr15 or TAP1 locus using
CRISPR/Cas9, a total of 12 μg of DNA consisting of equal parts Chr15/TAP1 pFlexibleLacO-pBLR5 donor vectors and CRISPR Cas9/gRNA vectors were transfected into a
total of 2 x 106 U2OS cells using the Neon transfection system (Thermo Fisher Scientific)
according to manufacturer’s protocol for U2OS cells (see Table 2.6 for transfection
details). Cells were allowed to recover for 48 h before selection with 1 μg/mL puromycin.
Cells were seeded at a low density to allow individual colony formation with 6
puromycin-resistant clones for each transfection condition being picked for
characterization (for a total of 24 clones-see Table 2.1).
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Table 2.6. Transfections for the CRISPR/Cas9 mediated integration of pFlexibleLacO-pBLR5 at specific genomic loci in U2OS cells. CRISPR donor vectors carrying
the pFlexible-LacO-pBLR5 construct flanked by homology arms targeting a specific
locus on Chr15 or the TAP1 gene were co-transfected with Cas9/Cas9D10A nickase
(px330/px335, respectively) expression vectors (which also contain locus-specific
gRNAs) into U2OS cells. For the Cas9D10A nickase, two gRNA-containing vectors
were transfected simultaneously to achieve effective targeting.
Transfection
1
2
3
4
5
6

CRISPR donor vector
6 μg Chr15-pFlexibleLacO-pBLR5-TOPO4
6 μg Chr15-pFlexibleLacO-pBLR5-TOPO4
4 μg Chr15-pFlexibleLacO-pBLR5-TOPO4
6 μg TAP-pFlexible-LacOpBLR5-TOPO4
6 μg TAP-pFlexible-LacOpBLR5-TOPO4
4 μg TAP-pFlexible-LacOpBLR5-TOPO4

Cas9/gRNA
vector 1
6 μg px330-Chr15
5’ gRNA
6 μg px330-Chr15
3' gRNA
4 μg px335-Chr15
5' gRNA
6 μg px330-TAP
5' gRNA
6 μg px330-TAP
3' gRNA
4 μg px335-TAP
5' gRNA

Cas9/gRNA
vector 2
4 μg px335-Chr15
3' gRNA
4 μg px335-TAP
3' gRNA

2.3.2.3 FLP /FRT and Cre/lox recombination
One Chr15 and one TAP1 clone (U2OS Chr15 5’ px330 pFlexible col. 6 and
U2OS TAP 5’ px330 pFlexible col. 1) were selected for DNA repair reporter integration.
For the removal of the puroΔTK selectable marker, these cells were transfected with a
human-codon-optimized FLP recombinase expression vector, pPGK-FLPobpA (6 μg
pPGK-FLPobpA and 6 μg BSK as a carrier for a total of 12 μg DNA) using
lipofectamine 2000. Cells were allowed to recover for 48 h before selection with 5 μg/mL
ganciclovir (Sigma-Aldrich). These cells were termed U2OS Chr15 5’ px330 pFlexible
col. 6 FLP and U2OS TAP 5’ px330 pFlexible col. 1 FLP. Ganciclovir-resistant cells
were then co-transfected with 6 μg of a Cre recombinase expression vector (pBS513 EF1
alpha-Cre) and either 6 μg of Floxed-pEJ or Floxed-pGC (as above). Cells were allowed
to recover for 48 h before selection with either 1 μg/mL puromycin (for cells transfected
with Floxed-pGC) or 400 μg/mL G418 (for cells transfected with Floxed-pEJ). Cells
were seeded at a low density to allow individual colony formation with six drug-resistant
clones for each transfection being picked for characterization. These cells were termed:
U2OS Chr15 pFlexible Cre-NHEJ col. 1-6; U2OS Chr15 pFlexible Cre-HR col 1-6;
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U2OS TAP pFlexible Cre-NHEJ col 1-6; U2OS TAP pFlexible Cre-HR col 1-6 (see
Table 2.1).

2.3.2.4 CRISPR/Cas9 genome editing of Chr15/TAP1-integrated pFlexibleLacO-pBLR5
Alternatively, the NHEJ and HR reporters were integrated into the pFlexibleLacO-pBLR5 construct of U2OS Chr15 5’ px330 pFlexible col. 6 FLP and U2OS TAP 5’
px330 pFlexible col. 1 FLP cell lines using CRISPR/Cas9 targeting. A total of 2 x 106
cells from each cell line were co-transfected using Neon with 6 μg of either pFlexiblepEJ-TOPO2.1 or pFlexible-pGC-TOPO2.1 CRISPR donor vector (which carry the NHEJ
or HR reporter respectively, flanked by homology arms targeting pFlexible-LacOpBLR5) and 6 μg of a Cas9/gRNA vector (see Table 2.7 for transfection details). Cells
were allowed to recover for 48 h before selection with either 1 μg/mL puromycin (for
cells transfected with pFlexible-pGC-TOPO2.1) or 400 μg/mL G418 (for cells transfected
with pFlexible-pEJ-TOPO2.1). Cells were seeded at a low density to allow individual
colony formation with six drug-resistant clones for each transfection being picked for
characterization. These cells were termed: U2OS Chr15 pFlexible CRISPR-HR col 1-6;
U2OS Chr15 pFlexible CRISPR-NHEJ col 1-6; U2OS TAP pFlexible CRISPR-HR col 16; U2OS TAP pFlexible CRISPR-NHEJ col 1-6 (see Table 2.1).
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Table 2.7. Transfections for the CRISPR/Cas9 mediated integration of NHEJ and
HR DNA repair reporters into U2OS cells containing the pFlexible-LacO-pBLR5
construct at Chr15/TAP1. CRISPR donor vectors carrying either the NHEJ or HR
reporter flanked by homology arms targeting pFlexible-LacO-pBLR5 were co-transfected
with a Cas9/gRNA expression vector into U2OS Chr15 5’ px330 pFlexible col.6 FLP and
U2OS TAP 5’ px330 pFlexible col. 1 FLP cell lines.
Transfection
1
2
3
4

Transfected cell
line

CRISPR donor vector

Cas9/gRNA vector

U2OS Chr15
pFlexible 5'
px330 col. 6
U2OS Chr15
pFlexible 5'
px330 col. 6
U2OS TAP
pFlexible 5'
px330 col. 1
U2OS TAP
pFlexible 5'
px330 col. 1

6 μg pFlexible-pEJTOPO2.1

6 μg px330-pFlex
gRNA

6 μg pFlexible-pGCTOPO2.1

6 μg px330-pFlex
gRNA

6 μg pFlexible-pEJTOPO2.1

6 μg px330-pFlex
gRNA

6 μg pFlexible-pGCTOPO2.1

6 μg px330-pFlex
gRNA

FLP
FLP
FLP
FLP

2.4 Cell line characterization

2.4.1 Southern blot analysis
Southern blot analysis was used to determine the number of copies of pFlexibleLacO-pBLR5 integrated in U2OS pFlexible PB clones. A 300-bp fragment of the
puromycin-resistance gene was amplified by PCR using the pFlexible plasmid as a
template (using primers: PuroF: 5’-CACATCGGCAAGGTGTGGGT-3’ and PuroR: 5’CGCTCGTAGAAGGGGAGGTT-3’) to serve as the probe to detect pFlexible-LacOpBLR5 insertions. A 560-bp high-copy-number telomere-associated repeat control probe
(detecting a series of fragments ranging from 29 to 1.5 kb in EcoRI-digested human
genomic DNA; M. Dobson, Dalhousie University, personal communication) was isolated
from the pMD35 plasmid through digestion with EcoRI and SacI.
For Southern blot analysis, genomic DNA was isolated from each U2OS
pFlexible PB cell line using the Wizard Genome DNA Purification Kit (Promega)
according to the manufacturer’s protocol. A total of 50 μg genomic DNA from each cell
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line along with a Lambda DNA/HindIII Marker (Thermo Fisher Scientific) were digested
with 20 units of EcoRI overnight at 37°C. Following digestion, DNA was phenol
extracted and ethanol precipitated to ensure high DNA quality and quantity for analysis.
Briefly, DNA was diluted 5-fold by addition of TE buffer (10 mM Tris, pH 8.0, 1 mM
ethylenediaminetetraacetic acid (EDTA)), mixed and centrifuged at 11000 rpm for 10
min at room temperature. An equal volume of TE-saturated phenol was added and each
sample was mixed and centrifuged again (as above). The aqueous layer was removed and
1/10 volume of 3 M sodium acetate pH 5.2 along with 2.5 volumes of 100% ethanol was
added, mixed by inversion and samples incubated at -20°C for 1 h. Samples were
centrifuged at 14000 rpm for 15 min at 4°C, pellets were washed in 70% ethanol and
centrifuged at 15000 rpm for 5 min at 4°C. Pellets were then air dried and resuspended in
20 μL TE and concentrations determined on an Eppendorf BioPhotometer D30. A total of
20 μg purified EcoRI-digested genomic DNA per lane along with 100 ng of Lambda
DNA/HindIII Marker (ladder) were resolved in 0.8% agarose gels (25 x 20 cm) in
duplicate, using a Horizon gel apparatus (Biometra), to allow hybridization with a singlecopy or high-copy probe. Gels were run at 25 mA, 43 V overnight (16-24 h) at 4°C. The
following day, gels were stained with 0.5 μg/mL ethidium bromide with shaking for 30
min and imaged on a VersaDoc imaging system MP4000 (BioRad) to visually confirm
complete digestion. Gels were subsequently destained in distilled water (dH2O) for 1 h,
followed by depurination in 0.25 M HCl for 15 min with shaking. Gels were rinsed for 5
min in dH2O, denatured for 30 min in 1.5 M NaCl, 0.5 M NaOH, rinsed again in dH2O
and neutralized for 30 min in 1.5 M NaCl, 0.5 M Tris HCl pH 7.5 all while shaking.
Finally, gels were rinsed briefly in dH2O and incubated in 20X saline sodium citrate
(SSC) transfer buffer (3 M NaCl, 300 mM Na3C6H5O7 pH 7.0). Resolved DNA was then
transferred to pre-cut Zeta-Probe GT Charged Nylon membranes (BioRad) (that had been
pre-rinsed in dH2O for 10 min followed by 10 min in 10X SSC) overnight by Southern
blotting (257). The following day, membranes were dried for 30 min and DNA
crosslinked using a UV-Stratalinker 1800 (Stratagene) (1200 x 100 μJoule for 1 min). To
prepare for probe hybridization, membranes were neutralized for 15 min in 2X SSC and
then incubated for 1-2 h at 65°C in 6X saline-sodium phosphate-EDTA pre-hybridization
solution (3 M NaCl, 200 mM NaH2PO4, 20 mM EDTA pH 7.4, 5x Denhardt’s (Thermo
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Fisher Scientific), 10% sodium dodecyl sulphate (SDS), 100 mg/mL denatured salmon
sperm DNA (Thermo Fisher Scientific)).
To generate radioactively-labeled probes, probe DNA (described above) was
boiled at 95°C for 10 min and placed on ice. Probes were immediately labeled with P32dCTP (Perkin Elmer) using a Random-Primed DNA Labeling Kit (Roche) according to
the manufacturer’s protocol. The labeling reaction was stopped with EDTA and the
probes diluted 10-fold in TE buffer. Probe mixtures were then loaded onto a spin column
consisting of packed dry Sephadex G50 beads (Sigma-Aldrich) and centrifuged for 5
min. One mL of pre-hybridization solution was added to the eluted labeled DNA which
was then boiled for 10 min at 95°C. Probes were then added to the pre-hybridization
solution containing the membrane and incubated overnight at 65°C with shaking. The
following day, membranes were washed twice in 2X SSC for 30 min, exposed for 24-72
h at -80°C to autoradiographic film (Thermo Fisher Scientific) with Kodak intensifier
screens, and then developed on a Kodak X-OMAT processor.

2.4.2 Inverse PCR
Inverse PCR was used to map the integration sites of pFlexible-LacO-pBLR5 in
U2OS pFlexible PB clones. First, genomic DNA was extracted from each clone as
described in section 2.4.1. Purified genomic DNA was then digested with either EcoRI
(which cuts the pFlexible-LacO-pBLR5 insert 50 times starting at the 414th nucleotide
from the 5’ end and ending at the 10820th nucleotide) or PstI (which cuts the pFlexibleLacO-pBLR5 insert 18 times starting at the 1100th nucleotide from the 5’ end and ending
at the 10792nd nucleotide) for 2 h at 37°C, followed by heat inactivation for 20 mins
(65°C for EcoRI digests and 80°C for PstI digests). Digested genomic DNA was then
self-ligated using T4 DNA ligase (New England Biolabs) according to the manufacturer’s
protocol and subsequently used as a template for inverse PCR. Eight sets of primers were
designed to amplify the genomic sequence flanking both sides of the insertion site
separately (see Table 2.8 for inverse PCR primer sequences and binding positions within
pFlexible-LacO-pBLR5). PCR amplification was performed as described in section
2.3.1.1 (with various primer combinations and various adjustments made to annealing
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temperature).

Table 2.8. Primers for mapping integration sites of U2OS pFlexible PB clones using
inverse PCR.
Primer name

Sequence (5'-3')

Binding position*

EcoRI 5A R

CAAGCGGCGACTGAGATGT

118-100

EcoRI 5B R

CAGTGACACTTACCGCATTGACA

161-139

EcoRI 5C F

GGCATCTTAAGCAAGCTCGAA

320-340

EcoRI 5D F

CACTAAAGGGAACAAAAGCTGGTA

350-373

EcoRI 3A F

CACAATATGATTATCTTTCTAGGG

100056-10079

EcoRI 3B F

GATATACACACCGATAAAACACAT

9996-10019

EcoRI 3C R

AAAACTCAAAATTTCTTCTATAAAG

10880-9856

EcoRI 3D R

GTAACAAAACTTTTAACTAGTATGTCG

9856-9830

PstI 5C F

CTCGCACACATTCCACATCCA

822-845

PstI 5D F

CAAATGGAAGTAGCACGTCTCACT

688-708

*As measured from the 5’ end of the pFlexible-LacO-pBLR5 construct

2.4.3 Fluorescence in-situ hybridization (FISH) and immuno-FISH
FISH and 3D immuno-FISH protocols were adapted from Zinner et al., 2007 and
Ching et al., 2013 (230, 258). Cells were seeded onto sterile frosted glass microscope
slides (Thermo Fisher Scientific) so that they would be at a confluency of 70-80% the
next day. Slides were rinsed twice in PBS at 37°C and cells fixed in 4% PFA for 10 min
at room temperature. Cells were washed three times in 0.01% Triton X-100 for 3 min,
followed by a 15 min wash in 0.5% Triton X-100 and an overnight incubation in 20%
glyercol, all at room temperature. The next day, slides were frozen in liquid nitrogen for
30 s, allowed to thaw completely, and then immersed back into 20% glycerol; this was
repeated four times. Cells were subsequently washed three times in PBS for 10 min at
room temperature followed by a 5 min incubation in 0.1 M HCl. Cells were then washed
twice in 2X SSC for 3 min and incubated overnight in a 50% formamide-SSC solution,
all at room temperature.
In preparation for probe hybridization, 0.5 μg Spectrum Orange-labeled Chr15,
TAP1 or BCL2 probe (BAC reference: RP11105M14, RP111A19 and RP11-160M23,
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respectively) along with 0.5 μg pFlexible-LacO-pBLR5 digoxigenin (DIG)-labeled probe
(Sick Kids Centre for Applied Genomics, Toronto) was mixed in a 2:1 ratio with human
Cot1 DNA (Thermo Fisher Scientific) in 10 μL pre-hybridization buffer (50%
formamide, 10% dextran sulfate, 50 mM sodium phosphate buffer, pH 7.0 in 2X SSC).
The probe mixture was added to a coverslip, placed onto the target area of the slide and
sealed with rubber cement (Fixogum). Cellular and probe DNA was denatured for 3 min
at 75°C and probe hybridization was performed at 37°C for 3 days. Following
hybridization, coverslips and rubber cement were gently removed and slides were washed
three times in 2X SSC for 5 min at 37°C followed by three washes in 0.1X SSC for 5 min
at 65°C, all with shaking. Cells were rinsed briefly in SSC/Tween (4X SSC, 0.2% Tween
20), blocked in 4% (w/v) (bovine serum albumin) BSA (BioShop) in SSC/Tween for 15
min at 37°C. Cells were subsequently incubated with mouse anti-DIG antibodies
(Abcam) (to detect the pFlexible-LacO-pBLR5 specific probe) diluted to 0.8 μg/mL final
concentration or for immuno-FISH, with rabbit-anti-PML antibodies (Bethyl) diluted
1:1000 in 1% BSA SSC/Tween for 1 h at 37°C. Following incubation with the primary
antibody, cells were washed 3 times in SSC/Tween for 3 min each wash at 37°C with
shaking and incubated with Alexa Fluor 488 donkey anti-mouse or donkey anti-rabbit
antibody (Thermo Fisher Scientific) diluted 1:1000 in 1% BSA SSC/Tween for 45 min at
37°C. Cells were washed 3 times in SSC/Tween for 3 min at 37°C and incubated with
4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) at a final concentration of 1
μg/mL in PBS for 10 minutes at room temperature to visualize nuclei, followed by three
5 min room temperature washes in PBS. Coverslips were then mounted on slides using
VECTASHIELD antifade mounting medium (Vector Laboratories). Fluorescent images
were captured on a Zeiss Axioobserver Z1 inverted microscope (as described above)
under a 63x immersion oil objective lens and processed using Slidebook and Adobe
Photoshop CS8. For 3D immuno-FISH, image stacks were exported to Imaris software,
where quantification of distances between PML nuclear bodies and the Chr15, TAP1 and
BCL2 FISH probes were determined. The 3D positions of the nuclei were first defined
using DAPI fluorescence signal, while the 3D positions of PML nuclear bodies in the
nuclei were defined using Alexa Fluor 488 signal from the anti-PML immunostaining and
the 3D positions of the Chr15/TAP1/BCL2 locus defined using signal from the Spectrum
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Orange-labeled probes. The distances between the centres of the defined FISH probe
objects and closest PML body in each defined nucleus were calculated and exported to
Excel for analysis. At least 50 nuclei were analyzed for TAP1 and BCL2 probes while 9
were analyzed for Chr15. The average closest distance between a PML nuclear body and
FISH signal was calculated for each probe. Statistical analyses (two-tailed t-test) were
conducted using Excel.

2.4.4 Genomic PCR
PCR was used to confirm that the pFlexible-LacO-pBLR5 construct was
integrated as predicted at the Chr15 or TAP1 locus of U2OS cells. Each end of the
integrated construct was mapped separately by PCR. To map the 5’ end of the construct,
forward primers were designed to bind in the Chr15 or TAP1 locus upstream of the
edited region and reverse primers were designed to bind within the 5’ end of pFlexibleLacO-pBLR5 (see Table 2.9 for primer sequences). Similarly, to map the 3’ end of the
construct, forward primers were designed to bind within the extreme 3’ end of pFlexibleLacO-pBLR5 and reverse primers were designed to bind in the Chr15 or TAP1 locus
downstream of the edited region (see Figure 2.7A). Genomic DNA was isolated from
each U2OS Chr15/TAP1 pFlexible clone (as described in section 2.4.1) and used as a
template for PCR amplification (as described in section 2.3.1.1). Genomic DNA isolated
from wild-type U2OS cells was used as a control. Resulting PCR amplicons of the
correct size were then gel purified and verified by Sanger sequencing.
To confirm correct integration of the NHEJ or HR reporter into U2OS Chr15 5’
px330 pFlexible col. 6 FLP or U2OS TAP 5’ px330 pFlexible col. 1 FLP cells, a forward
primer was designed to bind the 5’ end of pFlexible-LacO-pBLR5 (5’ to the edited
region) and a reverse primer designed to bind within the CMV promoter of the NHEJ/HR
reporter as shown in Figure 2.7B (refer to Table 2.9 for primer sequences). Genomic
DNA was isolated from each U2OS Chr15 pFlexible CRISPR NHEJ/HR or U2OS TAP
pFlexible CRISPR NHEJ/HR set of clones and used as a template for PCR amplification.
Genomic DNA isolated from wild-type U2OS cells as well as from U2OS Chr15 5’
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px330 pFlexible col. 6 FLP and U2OS TAP 5’ px330 pFlexible col 1 FLP cells were used
as controls. Resulting PCR amplicons of the correct size were then gel purified and
verified by sequencing.

Table 2.9. Primers used for genomic PCR verification of CRISPR/Cas9 generated
cell lines.
Primer name

Sequence (5'-3')

C15 SEQ 5 F1

CTGGGCTCCTGTTGAATCTGT

TAP SEQ 5 F5

CGCATATTCTCCCTGCTGGT

pFlex SEQ 5 R1

TGGATGTGGAATGTGTGCGA

C15 SEQ 3 R1

CTCCACCAGCCCCTCATTT

TAP SEQ 3 R1

ACCTTTGATTCCTGTCCCAGTC

pFlex SEQ 3 F1

CGTACGTCACAATATGATTATCTTTCTA

pFlex N/H F

GCTCGAAATTAACCCTCACTAAAG

CMV Pro N/H R

CGTTACTATGGGAACATACGTCATT
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Region used to verify
5'end of Chr15 pFlexible-LacOpBLR5 insertion
5'end of TAP1 pFlexible-LacOpBLR5 insertion
5'end of Chr15/TAP1 pFlexibleLacO-pBLR5 insertion
3'end of Chr15 pFlexible-LacOpBLR5 insertion
3 end of TAP1 pFlexible-LacOpBLR5 insertion
3'end of Chr15/TAP1 pFlexibleLacO-pBLR5 insertion
Insertion of NHEJ/HR reporter
in pFlexible-LacO-pBLR5
Insertion of NHEJ/HR reporter
in pFlexible-LacO-pBLR5

Figure 2.7. Strategy for verifying CRISPR insertions in U2OS cells by genomic
PCR. (A) To verify correct insertion of pFlexible-LacO-pBLR5 at the Chr15 or TAP1
locus in U2OS cells, primers (depicted by half arrows) were designed to sequence both
sites of the insertion separately as shown. (B) To verify correct insertion of NHEJ or HR
reporter DNA within integrated-pFlexible-LacO-pBLR5, a forward primer was designed
to bind the pFlexible-LacO-pBLR5 sequence downstream of the 5’ homology arm and a
reverse primer was designed to bind within the CMV promoter of NHEJ/HR reporter
DNA as shown.
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2.4.5 I-SceI assays
To test the functionality of integrated NHEJ/HR reporters in U2OS Chr15
pFlexible CRISPR NHEJ/HR and U2OS TAP pFlexible CRISPR NHEJ/HR clones, 3 μg
of an I-SceI expression vector, β-Actin-SceI, was transfected along with 3 μg of a FarRed protein expression vector, pNLS-IRFP670 (transfection control) and 6 μg BSK
(carrier) into each clone using the Neon transfection system. Cells were then analyzed for
GFP expression by flow cytometry (section 2.5.2) 72 h post-transfection.

2.5 DNA repair assays
HR repair assays were performed as previously described (259). Briefly, a total
of 2 x 106 U2OS and U2OS PML knockout (ΔPML) cells were transfected with equal
amounts of Clover-lamin CRISPR donor, empty FLAG vector (CMV-FLAG-J1) or a
plasmid that would express a single FLAG-tagged PML isoform (PML I-VI) along with
one expressing Far-Red protein fused to an NLS (pNLS-IRFP670; transfection control)
+/- px330-lamin 5’ gRNA (12 μg total DNA) using the Neon transfection system. In
transfections without px330-lamin 5’ gRNA, BSK was used as a replacement. Cells were
plated into separate 9-cm plates (each containing a sterile coverslip) and harvested for
flow cytometry (an aliquot was removed for cell cycle analysis) and immunofluorescence
analysis after 72 h.
For NHEJ repair assays, a total of 2 x 106 U2OS and U2OS ΔPML cells were
transfected with equal amounts of the NHEJ repair reporter vector EJ5-GFP, empty
FLAG vector (CMV-FLAG-J1) or an individual FLAG-tagged PML isoform (I-VI)
expression vector and pNLS-IRFP670 +/- a β-Actin-SceI expression vector (12 μg total
DNA) using Neon. In transfections without β-Actin-SceI, BSK was used instead. Cells
were plated and harvested as above.
For chromosomal HR/NHEJ repair assays, a total of 2 x 106 U2OS Chr15
pFlexible CRISPR HR col.2, U2OS TAP CRISPR HR col. 6 and U2OS TAP pFlexible
CRISPR NHEJ col. 4 cells were transfected with equal amounts of an empty FLAG
vector (CMV-FLAG-J1) or an individual FLAG-tagged PML isoform (I-VI) expression
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vector, pNLS-IRFP670 (transfection control) and BSK (carrier) +/- a β-Actin-SceI
expression vector (12 μg total DNA) using Neon. In transfections without β-Actin-SceI,
additional BSK was added to achieve 12 μg total DNA. Cells were plated and harvested
as described above.

2.5.1 Immunofluorescence
Cells were transfected and plated as described above. On the day of analysis,
coverslips were removed from each 9-cm plate, placed into an individual well of a 6-well
dish and washed briefly with PBS. Cells were fixed in 2% PFA for 10 min, washed 3
times for 5 min each wash in PBS, permeabilized in 0.5% Triton X-100 for 5 min and
washed again 3 times in PBS for 5 min. Cells were blocked in 3% BSA in PBS for 20
min followed by a 1 h incubation with antibodies specific for PML (rabbit anti-PML) and
FLAG (mouse anti-FLAG M2, Sigma-Aldrich), both diluted 1:1000 in 3% BSA in PBS.
Following incubation with the primary antibody, cells were washed 3 times in PBS for 5
min per wash and incubated for 30 min with Alexa-Fluor 649 donkey anti-rabbit and
Alexa-Fluor 555 donkey anti-mouse (Thermo Fisher Scientific) secondary antibodies
both diluted 1:1000 in 3% BSA in PBS. Cells were washed again three times in PBS for 5
min, nuclei were stained with DAPI for 10 min at a final concentration of 1 μg/ml, and
washed again 3 times in PBS for 5 min. Coverslips were mounted on frosted glass
microscope slides using Dako fluorescent mounting medium (Dako Agilent Pathology
Solutions) and fluorescent images were captured as described in section 2.4.3.

2.5.2 Flow cytometry
For determining the percent of Clover- or GFP-positive cells, cells were
trypsinized from 9-cm plates and resuspended in PBS. Cell suspensions were fixed in 2%
PFA for 20 minutes at room temperature with constant inversion. Cells were then pelleted
by centrifugation at 2000 rpm for 5 minutes at 4°C, washed in 25 mM ammonium citrate
in PBS, centrifuged (as above) and resuspended in 1 mL PBS.
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For cell cycle analysis, cells were trypsinized from 9-cm plates and 1 x 106 cells
were pelleted by centrifugation at 1200 rpm for 6 minutes at room temperature. Pellets
were resuspended in 0.5 mL PBS and fixed with the dropwise addition of 4.5 mL of 70%
ice-cold ethanol with mild vortexing. Ethanol-fixed cell suspensions were incubated for
at least 24 h at -20°C. On the day of cell cycle analysis, samples were pelleted by
centrifugation at 1200 rpm for 5 min at room temperature, washed in PBS, collected by
centrifugation, and resuspended in 0.5 mL of a PBS-propidium iodide (PI) solution (0.1%
Triton X-100, 0.2 mg/mL RNaseA, 1mg/mL PI) for 30 minutes at room temperature.
Flow cytometry was performed using a FACSCalibur flow cytometer (BD
Biosciences) and analysis performed using Flowing Software (Cell Imaging Core, Turku
Centre for Biotechnology, Finland; version 2.5.1). For DNA repair assays, cells were first
gated for intact cell population using forward-scatter versus side-scatter plots and then
gated for transfected cells based on the expression of the transfection control, Far-Red
protein IRFP-670 using side-scatter versus IRFP-670 plots. Transfected cells were then
gated for GFP or Clover-positive cells on the side-scatter versus GFP/Clover plots such
that the percentage of IRFP-670-transfected control cells (cells transfected with a specific
PML isoform but without β-Actin-SceI or px330-lamin 5’ gRNA) that were designated as
GFP/Clover positive was 1%. The mean and standard deviation from three independent
replicates were calculated. Statistical analyses (two-tailed t-test) were conducted using
Excel 2007 software. For cell cycle analysis, cells were gated for intact cell population
(as above) and percentage of cells in each cell cycle phase determined from plots of
counts versus PI. Cell cycle analysis was done in triplicate for each experimental
condition in each cell line. Statistical analysis was performed as above.
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CHAPTER 3. RESULTS
This chapter contains material (Figures 3.1, 3.2) originally published in:
“Andrin C, McDonald D, Attwood KM, Rodrigue A, Ghosh S, Mirzayans R, Masson JY,
Dellaire G, and Hendzel MJ. 2012. A requirement for polymerized actin in DNA doublestrand break repair. Nucleus 3:384-395”
and material (Figure 3.3) originally published in:
“Lemaitre C, Grabarz A, Tsouroula K, Andronov L, Furst, A, Pankotai, T, Heyer V,
Rogier M, Attwood KM, Kessler R, Delliare G, Klaholz, B, Reina-San-Martin B, and
Soutoglou E. 2014. Nuclear position dictates DNA repair pathway choice. Genes and
Development 28:2450-2463”

3.1 The role of polymerized nuclear actin in DNA repair
As discussed in section 1.4.1, nuclear actin, particularly in the polymerized state,
has been implicated in the cellular response to DNA damage. Specifically,
overexpression of an actin-depolymerization factor was found to alter nuclear actin
dynamics and to consequently sensitize cells to IR (182, 183). However the exact
contribution of polymeric nuclear actin to DNA repair or the DDR was never examined.
In collaboration with Dr. Michael Hendzel and his group at the University of Alberta, I
investigated the role of polymerized nuclear actin in DSB repair (13).
As an initial determination of whether a relationship exists between actin
polymerization and DSB repair, Dr. Hendzel’s group examined the dynamics of several
DDR factors after IR-induced DNA damage in cells pre-treated with the actin-disrupting
drug latrunculin. It was found that certain DDR proteins, notably Ku70/Ku80, MRE11,
NBS1, ATM and CHK2, displayed a lower association with chromatin in nuclei extracted
from these cells, compared to nuclei extracted from irradiated but untreated cells.
However, not all of these factors were found to associate with polymeric actin in vitro.
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Using an F-actin pull-down assay, which separates polymeric actin and its interaction
partners from monomeric actin and other smaller complexes by high-speed
centrifugation, it was shown that Ku70/Ku80, MRE11 and RAD51, but not CHK2,
associate with polymeric actin. While this assay cannot separate direct interactions with
nuclear actin from indirect associations mediated by other factors, it was interesting to
note that polymeric actin was found to associate specifically with proteins involved in the
recognition and processing of DSBs (Ku80, MRE11, RAD51) rather than DSB signaling
(CHK2). This was the initial suggestion that actin plays a role at the level of DNA repair
itself, as opposed to downstream DDR signaling events. To determine whether
polymerized actin does in fact impact the DNA repair process, Dr. Hendzel’s group used
an in vitro NHEJ assay based on the repair of a linearized plasmid containing nonhomologous ends. Briefly, nuclear soluble extracts from control or latrunculin-treated
cells were incubated with plasmid DNA and repair, as visualized by bands of increasing
size on an agarose gel, was evaluated. Through this assay, it was determined that
disruption of actin polymerization by latrunculin treatment did in fact result in a
reduction of DNA repair by NHEJ. To extend these results and determine if polymerized
actin plays a physiologically relevant role in DNA repair, two in vivo DNA repair assays,
the comet assay and the fraction-of-activity released (FAR) assay, were used to determine
repair efficiency in the presence or absence of latrunculin. The comet and FAR assays are
similar, highly sensitive methods used to measure the amount of DNA damage (both
DSBs and SSBs) present in a cell at various time points following irradiation, thus
serving as an indicator of the overall level of DNA repair (260). Both in vivo assays
revealed a delay in the repair of IR-induced DSBs when actin polymerization was
disrupted by treatment with latrunculin. Subsequent western blot analysis revealed that
disruption of actin polymerization does not affect the overall phosphorylation of H2AX
in irradiated cells, nor does it impact the phosphorylation and thus activation of ATM or
CHK2. DNA damage signaling and checkpoint pathways therefore appear to be
unaffected following disruption of actin polymerization, reinforcing the notion that
polymeric actin is important during the DNA repair process itself.
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3.1.1 Altering the polymerization state of nuclear actin affects retention of the
DNA repair factor Ku80 at DNA breaks
Given the data showing that polymeric actin interacts with the Ku70/Ku80
heterodimer, and in an attempt to further understand the manner in which polymeric actin
contributes to DNA repair, I examined the effects of altering actin polymerization on
Ku80 recruitment and retention kinetics at UV laser-induced DNA damage sites. Human
osteosarcoma U2OS cells were co-transfected with plasmids that would express GFPtagged Ku80 and either a polymerization-incompetent actin mutant, NLS-actin G13R
(261), or NLS-wild-type actin. Cells were then subjected to UV laser micro-irradiation,
generating tracks of DNA damage across transfected nuclei (248). Ku80-GFP recruitment
to these laser tracks was then followed by live-cell fluorescent imaging. As a control,
cells transfected with Ku80-GFP alone were micro-irradiated to establish baseline Ku
recruitment kinetics without any alterations to the nuclear actin pool (Figure 3.2A).
Ku80-GFP was recruited rapidly (within seconds) to DNA damage tracks, consistent with
previously published results (12). Importantly, co-transfection with nuclear-targeted wildtype actin did not appear to alter Ku80-GFP recruitment kinetics (compare Figure 3.1A
top panel with Figure 3.2A top panel). Co-transfection with the NLS-actin G13R mutant
also had no discernible effect on Ku80-GFP recruitment to UV laser-induced DNA
damage tracks; however, Ku80-GFP retention at damage sites was significantly reduced
as determined by measuring fluorescence intensity within the damage track relative to an
outside nuclear region (Figure 3.1A bottom panel and B). To further support these
results, Ku80-GFP transfected cells were treated with another actin-disrupting drug,
cytochalasin D. In the presence of cytochalasin D, Ku80-GFP was rapidly recruited to
DNA damage tracks, and its retention at damage sites was reduced to a similar degree as
in NLS-actin G13R transfected cells (Figure 3.2A bottom panel and B). Therefore it
appears that polymerized nuclear actin is playing an important role in the repair process
itself by facilitating the retention of the Ku heterodimer to DNA break sites during NHEJ.
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Figure 3.1. Recruitment and retention of Ku80-GFP to sites of micro-irradiationinduced DNA damage in the presence actin mutants. (A) UV laser micro-irradiated
U2OS cells expressing Ku80-GFP and either wild-type or G13R mutant actin. Cells were
imaged every second for 40 s by live-cell spinning-disc confocal microscopy. (B) Fold
increase of GFP fluorescence intensity within UV laser-induced DNA damage tracks
relative to nuclear regions outside of the tracks. Relative fluorescence intensity was
measured for each wild-type or G13R actin-transfected cell every second for 40 s. Error
bars represent standard error. n = 30. Two-tailed t-test indicates the differences in fold
increase of GFP fluorescence intensity in wild-type versus G13R actin-transfected cells
were significant (p < 0.02).
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Figure 3.2. Recruitment and retention of Ku80-GFP to sites of micro-irradiationinduced DNA damage in the presence of the actin-polymerization inhibitor
cytochalasin D. (A) UV laser micro-irradiated U2OS cells expressing Ku80-GFP with
and without cytochalasin D treatment. Cells were imaged every second for 40 s by livecell spinning-disc confocal microscopy. (B) Fold increase of GFP fluorescence intensity
within UV laser-induced DNA damage tracks relative to nuclear regions outside of the
tracks. Relative fluorescence intensity was measured for each untreated or cytochalasin
D-treated cell every second for 40 s. Error bars represent standard error. n = 30. Two
tailed t-test indicates the differences in fold increase of GFP fluorescence intensity in
untreated versus cytochalasin D treated cells were significant (p < 0.02).

73

3.2 DNA repair at the nuclear lamina
As discussed in section 1.4, the nuclear location in which a DNA break occurs
with respect to particular nuclear subdomains has the potential to influence its subsequent
repair. In collaboration with Dr. Evi Soutoglou and her group at the Institut Génétique
Biologie Moléculaire Cellulaire, I investigated DNA repair at the nuclear periphery,
specifically the nuclear lamina (262).
To study DNA repair at the nuclear lamina, Dr. Soutoglou’s group created U2OS
cells in which a single DSB could be induced in a temporally and spatially defined
manner. Specifically, these U2OS cells contained a stably integrated restriction site for
the rare-cutting endonuclease I-SceI, flanked by a 256x LacO array. The LacO/I-SceI
chromosomal locus could then be visualized in the nucleus through expression of a GFPtagged Lac repressor (LacI). Additionally, to allow temporal control of DSB induction,
these cells were engineered to express I-SceI under the control of a doxycycline-inducible
promoter. Sequestration of the LacO/I-SceI locus to the nuclear lamina could then be
induced in these cells through expression of an emerin C-terminal deletion (ΔEMD)
protein that has been previously shown to localize to the nuclear lamina (264), fused to
GFP-LacI (GFP-LacI-ΔEMD). Relocalization of the LacO/I-SceI locus to the nuclear
periphery is confirmed by its colocalization with the nuclear lamina component, lamin B
through immuno-FISH. To assess the impact of the nuclear lamina on DDR efficiency,
the kinetics of γ-H2AX formation were compared at the I-SceI-induced DSB in cells
expressing either GFP-LacI (nuclear interior), or GFP-LacI-ΔEMD (nuclear lamina) by
immuno-FISH. Delayed γ-H2AX accumulation at the I-SceI-induced DSB was observed
in GFP-LacI-ΔEMD expressing cells, with maximal γ-H2AX colocalization with the
LacO/I-SceI locus occurring at 24 h after doxycycline addition, relative to only 14 h in
cells expressing GFP-LacI. A similar delay in recruitment of another DDR factor, 53BP1,
was also observed in these cells, suggesting that the nuclear lamina is generally a
repressive microenvironment for DDR. To investigate if this delay in the DDR at the
nuclear lamina is related to DNA repair itself, the degree of colocalization of two key
NHEJ factors, Ku80 and XRCC4, with the LacO/I-SceI locus in GFP-LacI or GFP-LacIΔEMD expressing cells was examined. No observable difference in Ku80 or XRCC4
recruitment was found following DSB induction at the nuclear interior relative to the
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nuclear lamina, suggesting that NHEJ can occur with equal efficiency in both
compartments. However, when the recruitment kinetics of HR factors such as BRCA1
and RAD51 were examined, there appeared to be a marked defect in factor recruitment
when the DSB was localized at the nuclear periphery, suggesting that the nuclear lamina
is a particularly repressive environment for HR but not NHEJ.

3.2.1 Histone deacetylase inhibitor trichostatin A alleviates homologous
recombination repression at the nuclear lamina
As discussed in section 1.4.2, the nuclear lamina is one of the main sites of
heterochromatin in mammalian nuclei. Therefore, one possible explanation for the delay
in HR and DDR factor recruitment to DSBs at the nuclear periphery is that the highly
structured nature of the chromatin normally associated with this nuclear compartment is
acting as a barrier for effective HR. To investigate this possibility, cells were treated with
the HDAC inhibitor TSA to increase histone acetylation and subsequently induce global
chromatin decondensation. TSA treatment was confirmed to cause relaxation of
chromatin structure at the nuclear periphery as visualized by EM (Figure 3.3) and to
alleviate the delay in DDR (γ-H2AX) and HR (BRCA1 and RAD51) factor recruitment
to DSBs induced in GFP-LacI-ΔEMD expressing cells (without impacting sequestration
of the LacO/I-SceI locus to the nuclear lamina). This finding therefore points to an
inhibitory role of heterochromatin in HR and the DDR occurring at the nuclear lamina.
This effect was also confirmed by Dr. Soutoglou’s group through direct tethering of the
chromatin remodeler BRG1 to the LacO/I-SceI locus by expressing it as a fusion protein
with cherry-LacI (cherry-LacI-BRG1). Tethering BRG1 to the LacO/I-SceI array in GFPLacI-ΔEMD expressing cells induced chromatin relaxation around the break site and
alleviated the defect in DDR and HR factor recruitment to a similar degree as TSA
treatment. Altogether these results demonstrate that the reduced DDR and HR occurring
at the nuclear lamina is due to the highly compacted chromatin associated with this
nuclear compartment.
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Figure 3.3. Chromatin ultrastructural changes following DMSO or TSA treatment.
U2OS cells were treated with (A) vehicle (0.1% DMSO) or (B) with 500 nM TSA for 4 h
before fixation and processing for ESI. In each row a low magnification phosphorusenriched (155 KeV) electron micrograph is shown at the left, a line-scan of phosphorus
intensity across the cell nucleus (between the white arrows) is shown in the middle panel,
and on the far right a high magnification ESI electron micrograph is shown of the region
outlined by a dashed box in the low-magnification micrograph. The CV is also shown for
the phosphorus intensity across the nuclei of vehicle- and TSA-treated cells (n=5; ±
SEM), and represents the degree of variability in chromatin density as a percentage,
where a lower percentage indicates a more homogeneous chromatin density. The ESI
micrographs have been false coloured such that chromatin appears yellow and nonchromosomal protein (e.g. nucleopores, marked by white asterisks) appears cyan. The
thickness of the nuclear lamina-associated chromatin is demarcated by white arrowheads,
N = nucleoli, and the scale bars = 1 micron. (C) The mean thickness of condensed
chromatin associated with the nuclear lamina for cells treated with vehicle or with 500
nM TSA and depicted as a bar graph. Error bars = SEM, n=10. *p < 0.001.
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3.3 Generation of cell lines containing reporters to study DSB repair at single
defined nuclear positions
The major aim of this study was to follow the repair of single defined DSBs
induced at various nuclear positions to further our understanding of the influence of
nuclear architecture on DNA repair. As a means of monitoring DNA repair, reporter
plasmids based on the reconstitution of a defective GFP gene (as described in section
2.3.1.2 and Figure 2.2) were used to measure DNA repair by either NHEJ or HR at a
single defined DSB induced by the I-SceI endonuclease. To study DNA repair in
differing nuclear positions, an initial strategy was devised using a combination of
directional Cre/loxP recombination and PiggyBac transposition to randomly integrate a
single copy of either the NHEJ or HR reporter into the genome of U2OS cells. Cellular
clones containing reporter DNA integrated in different chromosomes and chromatin
environments would then be selected. An alternative strategy was later employed to
specifically target reporter DNA to pre-determined genomic loci by CRISPR/Cas9
genome editing. In both strategies, a 128x LacO array integrated adjacent to reporter
DNA would allow locus visualization in these cells. The effect of nuclear position on
DNA repair could then be determined by directly comparing rates of DNA repair (as
measured by detecting GFP fluorescence following I-SceI DSB induction) between
different cell lines.

3.3.1 PiggyBac transposition
The PiggyBac transposon is a mobile genetic element originally isolated from the
genome of the cabbage looper moth Trichoplusia ni. PiggyBac transposase efficiently
transposes a DNA sequence flanked by PiggyBac terminal repeat sequences by a “cut and
paste” mechanism, inserting the DNA at target sites containing TTAA sequences, with
only modest preference for gene-rich genomic regions (264, 265). The PiggyBac
transposon system was chosen as the means for engineering the cell lines in this study
due to its ability to mediate stable, long-term expression in mammalian cells and its
capacity to transpose large-size cargo (up to 100 kb) (265, 266). To generate these cell
lines, the following strategy was initially devised (see Figure 3.4). Firstly, a 14-kb
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targeting construct termed pFlexible-LacO-pBLR5 that contains the LacO array as well
as the components for FLP/FRT and Cre/lox recombination in addition to the terminal
repeats required for PiggyBac transposition, was created (see section 2.3.1.1 and Figure
2.1). The pFlexible-LacO-pBLR5 construct can then be integrated into the genome of
U2OS cells by expressing a human-codon-optimized PiggyBac transposase, with
integration being selected for by cellular resistance to puromycin. Individual puromycinresistant colonies can then be screened for pFlexible-LacO-pBLR5 integration number
and genomic position, with only those colonies containing a single integration selected
for further genome engineering. Transfection of these cells with a FLP recombinase
expression vector results in recombination across FRT sites and ultimate deletion of the
intervening puroΔTK selectable marker (which is selected for by cellular resistance to
ganciclovir). Removal of puroΔTK is crucial, as the HR reporter contains a puromycinresistance gene that is used to select for its subsequent integration. Finally, cotransfection of a Cre recombinase expression vector, along with vectors containing loxP
flanked or “floxed” NHEJ or HR reporter DNA (Floxed-pEJ and Floxed-pGC,
respectively; Figure 2.3), results in directional insertion of reporter DNA into the U2OS
genome adjacent to the LacO array. Resistance to G418 selects for integration of the
NHEJ reporter, while resistance to puromycin selects for integration of the HR reporter.
Ultimately this strategy leads to the generation of a series of cell lines containing NHEJ
and HR reporters integrated at the exact same genetic locus, allowing rates of DNA repair
by both pathways to be followed in parallel. In addition, comparison of DNA repair rates
between cell lines containing reporters in different chromosomes and nuclear positions
allows the contribution of nuclear architecture on DNA repair to be studied.
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Figure 3.4. Strategy for cell line generation by PiggyBac transposition. (i) The
pFlexible-LacO-pBLR5 construct is integrated into the genome of U2OS cells by
PiggyBac transposition, with integration being selected for by resistance to puromycin.
Clones generated from cells containing a single integration of this construct are then
selected for further engineering. (ii) FLP recombinase expression results in
recombination across FRT sites and deletion of the puroΔTK selectable marker. (iii)
Transfection with a Cre recombinase expression vector and floxed NHEJ or HR reportercontaining vectors results in recombination across loxP sites and directional integration
of reporter DNA adjacent to the LacO array in the U2OS genome. Dashed lines indicate
genomic sequence flanking the construct integration site.
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3.3.1.1 Characterization of U2OS pFlexible PB colonies by Southern blot
analysis
U2OS cells were co-transfected with the pFlexible-LacO-pBLR5 targeting
construct and a PiggyBac transposase expression vector at varying ratios (1:2, 1:5 and
1:10). This was done to determine the optimal ratio required to promote a single
integration event per cellular genome. Resistance to puromycin was then used to select
for cells with genomic integration of pFlexible-LacO-pBLR5. A total of 36 individual
puromycin-resistant U2OS pFlexible PB colonies (12 colonies per transfection ratio-see
Table 2.1) were selected for characterization by Southern blot (integration number) and
inverse PCR (genomic position). To determine pFlexible-LacO-pBLR5 integration
number, genomic DNA was isolated from individual U2OS pFlexible PB colonies,
digested with EcoRI and subjected to Southern blot analysis using a probe against a
portion of the puromycin-resistance gene from pFlexible-LacO-pBLR5. Additionally, a
high-copy number probe that would recognize a telomere-associated repeat in the human
genome generated from pMD35 plasmid DNA was used as a control to ensure DNA
quality and protocol effectiveness. A representative autoradiograph from Southern blot
analysis of three U2OS pFlexible PB colonies is presented in Figure 3.5 (additional
results are presented in Appendix Figure 1). Through Southern blot analysis, a total of
11 U2OS pFlexible PB colonies were determined to contain a single genomic integration
of pFlexible-LacO-pBLR5, while 7 others were found to have multiple (two or more)
integrations. It was also determined that a ratio of 1:2 (construct to PB transposase
expression plasmid) was optimal for achieving single genomic integration.
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Figure 3.5. Southern blot analysis of genomic DNA isolated from three U2OS
pFlexible PB colonies. Genomic DNA was isolated from U2OS pFlexible PB 1:2
colonies 4, 5 and 8, digested with EcoRI and hybridized with (A) a high-copy number
control probe generated from pMD35 plasmid DNA or (B) a probe against a portion of
the puromycin-resistance gene from pFlexible-LacO-pBLR5 plasmid DNA. HindIII λ
phage DNA ladder resolved in the first lane of each blot was detected by hybridization
with radiolabeled lambda DNA. A single hybridization fragment is observed in DNA
derived from U2OS pFlexible PB colonies 4 and 8 (approximately 1800 bp and 4000 bp
in size, respectively; denoted by arrows), indicating a single integration of pFlexibleLacO-pBLR5 in each of these cell lines. Two faint hybridization fragments are observed
in DNA derived from U2OS pFlexible PB 1:2 col. 5 (approximately 4000 bp and 1500 bp
in size; denoted by arrows), indicating two integrations of pFlexible-LacO-pBLR5.

81

3.3.1.2 Characterization of U2OS pFlexible PB colonies by inverse PCR
To determine the genomic integration position in colonies with single pFlexibleLacO-pBLR5 insertions, genomic DNA from each colony was digested with either EcoRI
or PstI and self-ligated to form circular DNA containing a portion of the pFlexible-LacOpBLR5 construct and a portion of adjacent genomic DNA. This external flanking
genomic DNA was then amplified by inverse PCR using primer sets listed in Table 2.8,
and the resulting products were sequenced and compared to the NCBI human nucleotide
database to map the integration site. Due to the large size of the integrated pFlexibleLacO-pBLR5 construct (approximately 11 kb) the 5’ and 3’ ends of the integration site
were mapped in separate inverse PCR reactions. Representative inverse PCR agarose gels
for several U2OS pFlexible PB clones are presented in Appendix Figure 2. This
technique proved to be extremely challenging, as PCR reactions often yielded no
discernible products and were particularly susceptible to contamination. While tentative
genomic integration locations were identified for two colonies, these could not be
effectively confirmed by repeat sequencing. Ultimately, it was decided that this was an
ineffective technique and overall strategy for cell line generation. As an alternative,
CRISPR/Cas9 genome engineering was used to integrate the pFlexible-LacO-pBLR5
construct into U2OS cells. However, unlike PiggyBac transposition, pFlexible-LacOpBLR5 integration would be at pre-determined genomic positions.

3.3.2 CRISPR/Cas9 genome engineering
The bacterially-derived CRISPR/Cas9 system is a powerful tool for targeted
genome editing. It makes use of the Cas9 nuclease from Streptococcus pyrogenes to
introduce DSBs at precise genomic locations using complementary gRNAs. HR using a
repair template containing sequences that are homologous to regions flanking the break
site then leads to insertion of the repair template (267). In this manner, the CRISPR/Cas9
system can be used to effectively generate targeted genomic deletions, base substitutions
and insertions. One limitation with CRISPR/Cas9 is the potential for off-target effects
caused by promiscuous gRNA binding. To minimize off-target mutations and enhance
CRISPR/Cas9 specificity, a Cas9D10A nickase mutant can be used as an alternative.
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Expression of Cas9D10A along with two gRNAs that bind in close proximity to one
another but target opposite DNA strands create a DSB at the target site, while individual
gRNAs would only create single nicks in off-target locations, thereby minimizing offtarget DNA DSBs and unintended insertions or mutations (268).
The CRISPR/Cas9 system was used to integrate the pFlexible-LacO-pBLR5
construct into U2OS cells into pre-determined genomic loci. The same overall strategy as
that presented in Figure 3.4 was adopted for cell-line generation, with the exception of
the use of CRISPR/Cas9 for initial integration of pFlexible-LacO-pBLR5 instead of
PiggyBac transposition. Two genomic loci were chosen to target with CRISPR/Cas9: an
intergenic region of chromosome 15 (GRCh37.p.13 primary assembly chr15:7469600774698086; Figure 2.4) and exon 1 of the human TAP1 gene (GRCh37.p.13 primary
assembly chr6:32821893-32823445; Figure 2.5). The TAP1 gene is located within the
MHC class 1 gene-cluster region, which as discussed in section 1.4.3 has been found to
be significantly associated with PML nuclear bodies (227). 3D immuno-FISH was then
used to measure the respective distance between PML nuclear bodies and either the
Chr15 or TAP1 locus. It was confirmed that the TAP1 locus is significantly associated
with PML bodies when compared to a known unassociated locus, BCL2. In contrast,
Chr15 was found to be significantly unassociated with bodies (Figure 3.6). By choosing
these two genomic regions, a comparison of DNA DSB repair can be made between
chromatin known to be associated with PML nuclear bodies (TAP1) and chromatin
unassociated with bodies (Chr15).
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Figure 3.6 3D immuno-FISH measuring association of the BCL2, Chr15 and TAP1
loci with PML nuclear bodies. Distances between PML nuclear bodies and the BCL2,
Chr15 and TAP1 FISH probes were measured from 3D immuno-FISH image stacks. The
3D positions of the nuclei were defined using DAPI fluorescent signal, while the 3D
positions of PML nuclear bodies in the nuclei were defined using signal from PML
immunostaining, and 3D positions of the BCL2/Chr15/TAP1 were loci defined using
signal from Spectrum Orange-labeled probes. The distance between the centres of the
defined FISH probe objects and closest PML body (depicted by arrows) in each defined
nucleus was calculated. At least 50 nuclei were analyzed for TAP1 and BCL2 probes
while 9 were analyzed for Chr15 and are presented in a box-and-whisker plot. The
average closest distance between a PML nuclear body and FISH signal was calculated for
each probe. Two tailed t-test indicates the differences in PML nuclear body association
between TAP1/BCL2 and TAP1/Chr15 are significant ** p<0.01.
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3.3.2.1 Characterization U2OS Chr15/TAP pFlexible clones by FISH
The pFlexible-LacO-pBLR5 construct was cloned into a CRISPR donor vector
containing homology arms for targeting Chr15 or TAP1 (termed Chr15-pFlexible-LacOpBLR5-TOPO4 and TAP-pFlexible-LacO-pBLRT5-TOPO4, respectively). Two separate
gRNAs were designed to target each locus (Chr15 5’ oligo A+B, Chr15 3’ oligo A+B.
TAP 5’ oligo A+B, and TAP 3’ oligo A+B) to maximize the effectiveness of
CRISPR/Cas9 targeting. U2OS cells were then co-transfected with Chr15/TAP1
pFlexible-LacO-pBLR5 donor vectors and either wild-type Cas9 or Cas9D10A nickase
expression vector (termed px330 and px335, respectively) carrying different gRNAs (see
Table 2.6 for transfection details). Both wild-type and nickase Cas9 were used to
determine which version of Cas9 would result in the most accurate genomic editing
events. Cellular resistance to puromycin was then used to select for genomic integration
of pFlexible-LacO-pBLR5. A total of 18 individual puromycin-resistant U2OS Chr15
pFlexible clones and 18 U2OS TAP pFlexible clones (6 clones per transfection condition:
see Table 2.1 and Table 2.6) were selected for characterization by FISH and genomic
PCR.
To confirm successful pFlexible-LacO-pBLR5 targeting to the Chr15 or TAP1
locus, individual clones were analyzed by FISH using Spectrum Orange-labeled Chr15 or
TAP1 DNA probes and a DIG-labeled LacO array probe. FISH revealed exact colocalization of the LacO array of pFlexible-LacO-pBLR5 with the Chr15 locus in U2OS
Chr15 pFlexible cells and with the TAP1 locus in U2OS TAP pFlexible cells (Figure
3.7). U2OS cells are aneuploid and contain three copies of chromosomes 6 and 15, and it
was therefore expected that pFlexible-LacO-pBLR5 would be integrated at all three
alleles. Interestingly, in the majority of clones analyzed by FISH, only a single LacO
hybridization spot was observed. The exception seemed to be the clones generated by the
Cas9D10A nickase, some of which had two hybridization spots detected by FISH. In no
cellular clone was the pFlexible-LacO-pBLR5 construct observed to have been integrated
at all three Chr15 or TAP1 alleles. The integration of pFlexible-LacO-pBLR5 at one or
two alleles as opposed to all three present in the U2OS genome may be due to the
inefficiency of integrating such a large construct (approximately 11 kb) by HR.
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Figure 3.7. Representative FISH of U2OS Chr15 pFlexible and U2OS TAP pFlexible
clones. Immuno-FISH single-Z confocal images of the LacO array of the pFlexibleLacO-pBLR5 construct at the CRISPR/Cas9-targeted Chr15 or TAP1 loci of U2OS cells.
The DIG-labeled LacO array probe is detected by an anti-DIG antibody (green), and
Chr15 and TAP1 loci are detected using BAC DNA probes (red) specific to each locus.
Nuclei are stained blue with DAPI. Three hybridization spots are observed for Chr15 and
TAP1 loci (the third spot in the Chr15 image is outside of the focal plane). A single LacO
hybridization spot is observed that co-localizes exactly with one of the Chr15 alleles in
the U2OS Chr15 pFlexible clone and one of the TAP1 alleles in the U2OS TAP pFlexible
clone.
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3.3.2.2 Characterization of U2OS Chr15/TAP pFlexible clones by genomic
PCR
As further confirmation, the pFlexible-LacO-pBLR5 integration sites within the
Chr15 and TAP1 loci in U2OS Chr15/TAP pFlexible clones were mapped by genomic
PCR. Primers were designed to bind outside of the edited genomic region of the Chr15 or
TAP1 locus as well as within the pFlexible-LacO-pBLR5 sequence (see Table 2.9). Due
to the large size of pFlexible-LacO-pBLR5, the 5’ and 3’ ends of the insertion site were
mapped in separate PCR reactions. Genomic PCR mapping of U2OS Chr15 pFlexible
clones is shown in Figure 3.8A-B and that of U2OS TAP pFlexible clones is shown in
Figure 3.9A-B. Genomic DNA isolated from the majority of clones yielded 5’ and 3’
PCR amplification products of the expected size (in the cases where some clones yielded
a product only in one of the two PCR reactions, this was likely due to a PCR failure
rather than incorrect integration). PCR amplification products were then verified by
Sanger sequencing (representative sequences are presented in Appendix Figure 3A-B
and Appendix Figure 4A-B). Additionally, a control PCR was performed using the
external PCR primers that bind outside of the edited genomic region of Chr15 and TAP1.
If pFlexible-LacO-pBLR5 had been integrated at all three alleles, no PCR product would
be expected using these primers, as the large size of pFlexible-LacO-pBLR5 makes PCR
amplification impossible. However, if pFlexible-LacO-pBLR5 had been integrated at one
or two alleles, leaving at least one site unedited, PCR amplification products of
approximately 1700 bp for Chr15 and 500 bp for TAP1 would be expected. Products
consistent with this were observed (Figure 3.8C and Figure 3.9C), which is in full
correlation with FISH data. At these unedited alleles, although the donor plasmid is not
incorporated, Cas9 still makes a DSB that requires repair, which is expected to be
primarily through NHEJ. As discussed in section 1.2.1, NHEJ is inherently error prone,
often resulting in nucleotide deletions at the break site. Sequencing of these amplification
products confirmed this expectation. Sequencing revealed that the unedited allele(s) of
these clones had deletions at the predicted break site ranging in size from 12 bp up to
several hundred (which is observed most visibly in the U2OS Chr15 pFlexible clones of
Figure 3.8C), consistent with repair by NHEJ. As a control in these PCR reactions, DNA
isolated from wild-type U2OS was used (Figure 3.8D and Figure 3.9D). No
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amplification products were observed using the primers designed to map the 5’ and 3’
integration sites of pFlexible-LacO-pBLR5, as expected, while a product of correct size is
observed in PCR amplifications using the external set of primers.
Ultimately, the unexpected result of obtaining clones with just a single genomic
integration of pFlexible-LacO-pBLR5 at the Chr15 or TAP1 locus was in line with the
initial aim of this study, which was to create cell lines containing single copies of reporter
DNA. One Chr15 clone (U2OS Chr15 5’ px330 pFlexible col. 6) and one TAP1 clone
(U2OS TAP 5’ px330 pFlexible col. 1) that contained a single genomic pFlexible-LacOpBLR5 integration as determined by FISH, and that had the smallest deletion in the
unedited alleles (12 bp for Chr15 and 28 bp for TAP1- see Appendix Figures 3C and
4C, respectively) as determined by genomic PCR and subsequent sequencing were
chosen for further engineering (insertion of DNA repair reporters).
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Figure 3.8. Confirmation of successful CRISPR/Cas9 Chr15 targeting by genomic
PCR. PCR amplification of template DNA isolated from 18 individual U2OS Chr15
pFlexible clones or wild-type U2OS cells using various primer sets. (A) PCR
amplification of the 5’ integration junction. PCR using a forward primer designed to bind
externally to the CRISPR/Cas9 edited region and a reverse primer designed to bind the 5’
end of pFlexible-LacO-pBLR5 is expected to yield products of 1100 bp in size. (B) PCR
amplification of the 3’ integration junction. PCR using a forward primer designed to bind
the 3’ end of pFlexible-LacO-pBLR5 and a reverse primer designed to bind externally to
the CRISPR/Cas9 edited region is expected to yield products of 800 bp in size. (C)
External PCR amplification. PCR using forward and reverse primers designed to bind
externally to the CRISPR/Cas9 edited genomic region is expected to yield products of
1700 bp in size. (D) Control PCR amplification. 5’ junction, 3’ junction and external
PCR amplifications using wild-type U2OS genomic DNA as a template. The primerbinding regions and expected product sizes are depicted in the cartoon adjacent to each
agarose gel. The grey bars represent integrated pFlexible-LacO-pBLR5 while the bold
black bars represent homology arms used in Chr15 genomic targeting, and the thin black
bars represent Chr15 genomic sequence external to the edited region. 5’ px330 and 3’
px330 are the wild-type Cas9 expression plasmids containing the 5’ Chr15 gRNA and 3’
Chr15 gRNA, respectively. 5’ 3’ px335 is the nickase mutant Cas9D10A expression
plasmid containing both 5’ and 3’ Chr15 gRNAs. The red arrow indicates the clone used
for further engineering.
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Figure 3.9. Confirmation of successful CRISPR/Cas9 TAP1 targeting by genomic
PCR. PCR amplification of template DNA isolated from 18 individual U2OS TAP
pFlexible clones or wild-type U2OS cells using various primer sets. (A) PCR
amplification of the 5’ integration junction. PCR using a forward primer designed to bind
externally to the CRISPR/Cas9 edited region and a reverse primer designed to bind the 5’
end of pFlexible-LacO-pBLR5 is expected to yield products 200 bp in size. (B) PCR
amplification of the 3’ integration junction. PCR using a forward primer designed to bind
the 3’ end of pFlexible-LacO-pBLR5 and a reverse primer designed to bind externally to
the CRISPR/Cas9 edited region is expected to yield products 300 bp in size. (C) External
PCR amplification. PCR using forward and reverse primers designed to bind externally to
the CRISPR/Cas9 edited genomic region is expected to yield products 500 bp in size. (D)
Control PCR amplification. 5’ junction, 3’ junction and external PCR amplifications
using wild-type U2OS genomic DNA as a template. The primer binding regions and
expected product sizes are depicted in the cartoon adjacent to each agarose gel. The grey
bars represent integrated pFlexible-LacO-pBLR5 while the bold black bars represent
homology arms used in TAP1 genomic targeting, and the thin black bars represent TAP1
genomic sequence external to the edited region. 5’ px330 and 3’ px330 are the wild-type
Cas9 expression plasmids containing the 5’ TAP1 gRNA and 3’ TAP1 gRNA,
respectively. 5’ 3’ px335 is the nickase mutant Cas9D10A expression plasmid containing
both 5’ and 3’ TAP1 gRNAs. The red arrow indicates the clone used for further
engineering.
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3.3.2.3 FLP/FRT and Cre/loxP recombination
As a next step in cell line generation, following the strategy presented in Figure
3.4, U2OS Chr15 5’ pFlexible px330 col. 6 and U2OS TAP 5’ px330 pFlexible col. 1
cells were transfected with a FLP recombinase expression vector. FLP/FRT
recombination results in deletion of the puroΔTK selectable marker, the removal of
which is selected for by cellular resistance to ganciclovir. Ganciclovir-resistant cells were
then co-transfected with a Cre recombinase expression vector and either Floxed-pEJ or
Floxed-pGC vectors (carrying a loxP-flanked NHEJ or HR reporter, respectively).
Integration of the NHEJ or HR reporter vector into the genome of U2OS Chr15 5’ px330
pFlexible col. 6 FLP and U2OS TAP 5’ px330 pFlexible col. 3 FLP cells was then
selected for by cellular resistance to G418 or puromycin, respectively. A total of 12
individual puromycin-resistant U2OS Chr15 pFlexible Cre-HR and U2OS TAP pFlexible
Cre-HR clones (6 clones each: see Table 2.1) were screened for successful HR reporter
integration. Likewise, a total of 12 individual G418-resistant U2OS Chr15 pFlexible CreNHEJ and U2OS TAP pFlexible Cre-NHEJ clones (6 clones each: see Table 2.1) were
screened for successful NHEJ reporter integration.
Genomic PCR was then used to confirm successful Cre/lox-mediated insertion of
NHEJ or HR reporter DNA in these clones. Forward and reverse primers specific to the
NHEJ or HR reporter sequence were used to detect the presence of reporter DNA in
genomic DNA isolated from individual clones. In addition, to confirm reporter DNA had
been inserted at the correct genomic position (between the loxP/loxPM sites of pFlexibleLacO-pBLR5 at the Chr15 or TAP1 locus), the insertion site was mapped using a reverse
primer specific to NHEJ/HR reporter DNA and a forward primer specific to Chr15 or
TAP1 genomic DNA. While PCR using primers specific to NHEJ and HR reporter DNA
yielded amplicons of the correct size and sequence, PCR to confirm successful insertion
of reporter DNA within the pFlexible-LacO-pBLR5 construct at either Chr15 or TAP1
did not yield any discernible products. Furthermore, when individual clones were
transfected with an I-SceI expression vector to test reporter functionality there was no
detectable green fluorescence in these cells. Therefore, although genomic DNA isolated
from these clones contained NHEJ or HR reporter DNA, the lack of green fluorescence
suggest these reporters may have been misincorporated by Cre/lox recombination,
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ultimately impacting reporter function. Therefore, rather than integrating NHEJ or HR
reporter DNA using Cre/lox recombination another strategy was adopted, again based on
CRISPR/Cas9 genome editing. Briefly, a gRNA was designed to target the 5’ end of the
pFlexible-LacO-pBLR5 construct and CRISPR donor vectors carrying NHEJ or HR
reporter DNA flanked by homology arms targeting pFlexible-LacO-pBLR5 were
constructed (Figure 2.6).

3.3.2.4 Characterization of U2OS Chr15 pFlexible CRISPR NHEJ/HR and
U2OS TAP CRISPR NHEJ/HR clones by genomic PCR
NHEJ and HR reporters were integrated into the pFlexible-LacO-pBLR5
construct present in U2OS Chr15 5’ px330 pFlexible col. 6 FLP and U2OS TAP 5’
px330 pFlexible col. 1 FLP cell lines. This was achieved through co-transfection with
CRISPR donor vectors carrying reporter DNA flanked by homology arms targeting
pFlexible-LacO-pBLR5 along with a wild-type Cas9/gRNA expression vector (see Table
2.7 for transfection details). Integration of the NHEJ or HR reporter vector was then
selected for by cellular resistance to G418 or puromycin, respectively. A total of 12
individual puromycin-resistant U2OS Chr15 pFlexible CRISPR HR and U2OS TAP
pFlexible CRISPR HR clones (6 clones each- see Table 2.1) were screened for HR
reporter integration. Likewise, a total of 12 individual G418-resistant U2OS Chr15
pFlexible CRISPR NHEJ and U2OS TAP pFlexible CRISPR NHEJ clones (6 clones
each- see Table 2.1) were screened for NHEJ reporter integration.
Genomic PCR was used to verify successful CRISPR/Cas9-mediated insertion of
NHEJ or HR reporter DNA within the pFlexible-LacO-pBLR5 construct of each
individual clone. A forward primer was designed to bind within the pFlexible-LacOpBLR5 sequence and a reverse primer was designed to bind within the CMV promoter of
reporter DNA. Proper insertion of NHEJ or HR reporter DNA results in an amplification
product of approximately 350 bp. Genomic DNA isolated from two U2OS Chr15
pFlexible CRISPR NHEJ clones and five U2OS Chr15 pFlexible CRISPR HR clones
yielded amplification products of the expected size (Figure 3.10A and B, left panels),
while DNA isolated from three U2OS TAP pFlexible CRISPR NHEJ clones and five
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U2OS TAP pFlexible CRISPR HR clones also yielded correctly sized PCR products
(Figure 3.11A and B, left panels). All PCR amplicons were sequenced, confirming that
reporter DNA had been correctly integrated within pFlexible-LacO-pBLR5 in these
clones (representative sequences are presented in Appendix Figures 5, 6, 7 and 8).
Genomic DNA isolated from unedited U2OS Chr15 5’ px330 pFlexible col. 6 FLP and
U2OS TAP 5’ px330 pFlexible col. 1 FLP cells along with wild-type U2OS served as
negative controls in these PCR amplifications.
For further confirmation, I wanted to verify that these clones still contained the
pFlexible-LacO-pBLR5 construct stably integrated at the correct genomic position
(Chr15 or TAP1). As described in section 3.3.2.2, primers were designed to amplify the
5’ and 3’ genomic insertion site of pFlexible-LacO-pBLR5 within Chr15 or TAP1. As
expected, PCR using genomic DNA from each clone as a template, resulted in
amplification products of the correct size and sequence (Figures 3.10 and 3.11, middle
and right panels; Appendix Figures 5, 6, 7, and 8).
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Figure 3.10. Characterization of U2OS Chr15 pFlexible CRISPR NHEJ and U2OS
Chr15 pFlexible CRISPR HR clones by genomic PCR. (A) PCR amplification of
genomic DNA isolated from 6 individual U2OS Chr15 pFlexible CRISPR NHEJ clones,
U2OS Chr15 5’ px330 pFlexible col. 6 FLP cells and wild-type U2OS cells using various
primer sets. Binding locations of the primer pairs used in each PCR reaction, as well as
the expected product sizes, are depicted below each agarose gel. The blue bar represents
NHEJ or HR reporter DNA integrated within the pFlexible-LacO-pBLR5 construct (grey
bar). The bold black bars represent homology arms used in Chr15 genomic targeting,
while the thin black bars represent Chr15 genomic sequence external to the edited region.
(B) PCR amplification of template DNA isolated from 6 individual U2OS Chr15
pFlexible CRISPR HR clones, U2OS Chr15 5’ px330 pFlexible col. 6 FLP cells and
wild-type U2OS cells using various primer sets. Primer pairs and expected product sizes
are same as those in (A). The red arrow indicates the final clone used in all further
experiments.
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Figure 3.11. Characterization of U2OS TAP pFlexible CRISPR NHEJ and U2OS
TAP pFlexible CRISPR HR clones by genomic PCR. (A) PCR amplification of
genomic DNA isolated from 6 individual U2OS TAP pFlexible CRISPR NHEJ clones,
U2OS TAP 5’ px330 pFlexible col. 1 FLP cells and wild-type U2OS cells using various
primer sets. Binding locations of the primer pairs used in each PCR reaction, as well as
the expected product size, are depicted below each agarose gel. The blue bar represents
NHEJ or HR reporter DNA integrated within the pFlexible-LacO-pBLR5 construct (grey
bar). The bold black bars represent homology arms used in TAP1 genomic targeting,
while the thin black bars represent TAP1 genomic sequence external to the edited region.
(B) PCR amplification of template DNA isolated from 6 individual U2OS TAP pFlexible
CRISPR HR clones, U2OS TAP 5’ px330 pFlexible col. 1 FLP cells and wild-type U2OS
cells using various primer sets. Primer pairs and expected product sizes are same as those
in (A). The red arrows indicate the final clones used in all further experiments.
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3.3.2.5 Characterization of U2OS Chr15 pFlexible CRISPR NHEJ/HR and
U2OS TAP CRISPR NHEJ/HR clones by I-SceI assays
As a final validation, to test reporter functionality these clones were transfected
with an I-SceI expression vector and analyzed by fluorescence microscopy for GFP
expression. Based on these I-SceI assays, two suitable TAP1 clones (U2OS TAP
pFlexible CRISPR HR col. 6 and U2OS TAP pFlexible CRISPR NHEJ col. 4, which will
be called U2OS TAP HR 6 and U2OS TAP NHEJ 4 from now on for simplicity) and one
Chr15 clone (U2OS Chr15 pFlexible CRISPR HR col.2, henceforth called U2OS Chr15
HR 2 for simplicity) were chosen for all future experiments (Figure 3.12). Unexpectedly
however, despite PCR supporting integration of the NHEJ reporter at the correct genomic
location, the Chr15 NHEJ clones that were tested did not produce GFP upon I-SceI DSB
induction. This lack of response may have been due to unforeseen errors during
CRISPR/Cas9 reporter integration that could have impacted reporter functionality. More
U2OS Chr15 pFlexible CRISPR NHEJ clones need to be selected and screened to
identify those containing a functional NHEJ reporter. For this study however, I proceeded
with the three clones that had been successfully characterized (Figure 3.12; Appendix
Figures 5, 6, 7 and 8).
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Figure 3.12. Representative I-SceI assays to determine DSB repair reporter
functionality. U2OS Chr15 HR 2, U2OS TAP HR 6 and U2OS TAP NHEJ 4 cells were
transiently transfected with a vector encoding the I-SceI endonuclease. Seventy-two
hours post-transfection, cells were fixed and examined by confocal fluorescence
microscopy for GFP expression. Nuclei were stained blue with DAPI.
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3.4 Effect of PML nuclear bodies and PML isoforms on rates of DSB repair
As discussed in section 1.4.3, PML nuclear bodies have been implicated as
playing a role in DSB repair, particularly HR (244-246). To determine the effect of PML
nuclear bodies on DNA repair, rates of HR repair were compared between the Chr15 and
TAP1 HR cell lines as well as between wild-type U2OS cells and U2OS cells in which
PML had been stably knocked out. The contribution of the PML protein itself to DSB
repair by both NHEJ and HR was examined by monitoring DNA repair levels following
overexpression of individual PML isoforms in the Chr15, TAP1, wild-type U2OS and
PML-knockout cell lines.

3.4.1 HR at the TAP1 locus is significantly lower than at Chr15
The cell lines generated in this study were used to compare rates of HR at DSBs
induced within chromatin more-closely associated with PML nuclear bodies (TAP1) and
chromatin unassociated with bodies (Chr15). U2OS Chr15 HR 2 and U2OS TAP HR 6
cells were transiently transfected with an I-SceI expression vector to induce a DSB in HR
reporter DNA, along with a vector expressing IRFP as a transfection control. Cells were
then analyzed by flow cytometry to determine the percentage of transfected cells (red)
that were GFP positive (green) and had therefore undergone repair by HR (Figure
3.13A). Spontaneous HR repair events were corrected for by normalizing to cells
transfected with IRFP alone. The percentage of transfected cells expressing GFP was
higher in cells in which the HR reporter was integrated at Chr15 (approximately 9% of
transfected cells) relative to TAP1 (5% of transfected cells) (Figure 3.13A). DSB repair
by HR is cell cycle dependent, occurring in S or G2 phases. To determine if the
difference in HR repair rates observed between these two cell lines was due to differences
in cell cycle distribution, I analyzed cell cycle profiles of each cell line by flow cytometry
(Figure 3.13B). No significant differences in cell cycle profiles were observed between
the two cell lines, indicating that the difference in HR can likely be attributed to the
difference in nuclear positioning of the reporter DNA.
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Figure 3.13. Comparison of HR rates and cell cycle profiles of Chr15 and TAP1 cell
lines. (A) U2OS Chr15 HR 2 and U2OS TAP HR 6 cells were transfected with an IRFP
expression vector with or without an I-SceI endonuclease expression vector. Seventy-two
hours post-transfection, cells were fixed and analyzed by flow cytometry. Shown are
representative IRFP versus GFP plots and the mean percentage of GFP-positive cells
from three independent experiments (± s.d.) counting at least 50 000 events per
experiment. Data are normalized to cells expressing IRFP alone. Two-tailed t-test
indicates the difference in percentage of transfected Chr15 versus TAP1 cells expressing
GFP is significant (**p < 0.01). (B) Cell cycle analysis of U2OS Chr15 HR 2 and U2OS
TAP HR 6 cells using PI staining and flow cytometry. Data represent the mean values of
three replicate experiments (± s.d.) counting at least 10 000 events per experiment.
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3.4.2 HR is decreased in stable PML-knockout cells
Due to the observed decrease in HR when a DSB occurs in chromatin
significantly associated with PML nuclear bodies, I wanted to determine whether the
absence of PML nuclear bodies also impacted the process of HR. To accomplish this, I
compared the rates of HR in wild-type U2OS and a U2OS cell line in which the PML
coding region had been deleted by CRISPR/Cas9 gene editing (termed ΔPML). These
cells do not express PML or form PML nuclear bodies (Figure 3.15A, bottom panel, leftmost image). To measure HR in these cells, a novel assay developed by our laboratory
(described in detail in reference 259) based on CRISPR/Cas9 gene targeting was used.
Briefly, cells were co-transfected with a CRISPR donor vector carrying the gene for a
GFP variant, Clover, along with a vector expressing Cas9 and a gRNA targeting the
second codon of the LMNA gene. Productive incorporation of Clover by CRISPR/Cas9mediated homology-directed repair results in cells expressing fluorescent nuclear lamin
A/C and thus a green nuclear lamina (see Figure 3.14A).
U2OS and ΔPML cells were transfected with the Clover-lamin CRISPR donor
plasmid with or without the Cas9/gRNA expression vector, along with a vector
expressing IRFP as a transfection control. Cells were then analyzed by flow cytometry to
determine the percentage of transfected cells (red) that were Clover positive (green) and
had therefore undergone CRISPR/Cas9-mediated HR (Figure 3.14B). Background
fluorescence was corrected for by normalizing to cells transfected with the Clover-lamin
CRISPR donor plasmid alone. The percentage of transfected, Clover expressing cells was
slightly lower in ΔPML cells relative to wild-type U2OS, but significant, indicating a
decrease in HR when PML is absent. Importantly, there was also no difference in cell
cycle profiles between wild-type U2OS and ΔPML cells indicating that eliminating the
PML protein does not impact cell cycle position and consequently HR capacity (Figure
3.14C).
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Figure 3.14. Comparison of HR rates and cell cycle profiles of wild-type U2OS and
ΔPML cells. (A) CRISPR Clover lamin ‘knock-in’ HR assay. Wild-type U2OS and
ΔPML cells were co-transfected with a Clover-lamin CRISPR donor plasmid and a
Cas9/gRNA expression vector. Seventy-two hours post-transfection cells were fixed and
examined by confocal fluorescence microscopy for fluorescent nuclear lamina structures.
(B) Wild-type U2OS and ΔPML cells were transfected with a Clover-lamin CRISPR
donor plasmid with or without the Cas9/gRNA expression vector, along with a vector
expressing IRFP as a transfection control. Seventy-two hours post-transfection, cells were
fixed and analyzed by flow cytometry. Shown are representative IRFP versus Clover
plots and the mean percentage of Clover-positive cells from three independent
experiments (± s.d.) counting at least 50 000 events per experiment. Data are normalized
to cells expressing Clover-lamin CRISPR donor without Cas9/gRNA. Two-tailed t-test
indicates the difference in percentage of transfected U2OS versus ΔPML cells expressing
Clover is significant (*p < 0.05). (C) Cell cycle analysis of wild-type U2OS and ΔPML
cells using PI staining and flow cytometry. Data represent the mean values of three
replicate experiments (± s.d.) counting at least 10 000 events per experiment.
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3.4.3 Effect of individual PML isoform overexpression on rates of DSB repair
by HR and NHEJ
The positioning of a DNA break in close proximity to PML nuclear bodies
appears to impact HR (Figure 3.13), but there is only a minor effect on HR levels when
PML nuclear bodies are absent from cells by deletion of PML (Figure 3.14). Since it is
known that individual PML protein isoforms may differentially affect cellular processes
including cell fate decisions following DNA damage (269), I decided to further explore
the role of PML on DNA repair by investigating the effects of each PML isoform. To
accomplish this, I individually overexpressed each of the six nuclear PML isoforms
(PMLI-VI) in wild-type U2OS, ΔPML cells and in each of the three cell lines generated
in this study (U2OS Chr15 HR 2, U2OS TAP HR 6, U2OS TAP NHEJ 4; sections
3.3.2.4, 3.3.2.5). PMLVII has a primarily cytoplasmic localization and as such was not
chosen for use in these experiments.

3.4.3.1 PML overexpression is inhibitory to HR in an isoform-specific manner
To determine the effects of PML isoform overexpression on rates of
CRISPR/Cas9-mediated HR, U2OS and ΔPML cells were transiently co-transfected with
the Clover-lamin CRISPR donor plasmid and either an empty FLAG vector or an
individual FLAG-tagged PML isoform expression vector, either with or without the
Cas9/gRNA expression vector. Again, IRFP served as a transfection control. PML
isoform overexpression was confirmed by immunofluorescence microscopy using antiPML and anti-FLAG antibodies (Figure 3.15A). As previously reported, PML isoform
overexpression results in changes in PML body size and number that are isoform specific
(217-219), as can be seen in Figure 3.15A and Figure 3.16A. Additionally, in a PMLknockout background, overexpression of individual PML isoforms is sufficient to cause
de novo nuclear body formation (270), as can be seen in ΔPML cells (Figure 3.15A,
bottom panel). Cells were then analyzed by flow cytometry to determine the percentage
of transfected cells that were Clover positive and thus the levels of HR following
individual PML-isoform overexpression (Figure 3.15B). The levels of Clover
fluorescence were normalized to those of cells transfected without the Cas9/gRNA
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vector. In both U2OS and ΔPML cells, PML isoform overexpression resulted in an
overall reduction in HR to varying degrees. The most notable effect on HR was observed
upon overexpression of PMLI, II and IV. Importantly, these effects on HR were not due
to alterations in cell cycle caused by PML isoform overexpression (Figure 3.15C).
To further analyze the possible effects of PML isoform overexpression on HR, I
used the U2OS Chr15 HR 2 and U2OS TAP HR 6 cells generated in this study that
contain a chromosomal copy of the HR reporter. These cells were transfected with an
empty FLAG vector or an individual FLAG-tagged PML-isoform expression vector
either with or without a vector expressing I-SceI, to initiate chromosomal HR. PML
isoform overexpression was confirmed by immunofluorescence microscopy (Figure
3.16A). Similar to the results of the Clover-lamin HR assay, the chromosomal HR assay
in U2OS Chr15 HR 2 cells indicated that PML isoform overexpression produced an
overall reduction (Figure 3.16B), which was not due to alterations in cell cycle profiles
(Figure 3.16C). Interestingly however, in U2OS TAP HR 6 cells, HR levels did not
significantly differ upon PML isoform overexpression, with the exception of PMLI
(Figure 3.16B).
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Figure 3.15. PML isoform overexpression leads to a decrease in HR in wild-type and
ΔPML cells that is not related to changes in cell cycle. (A) Wild-type U2OS and
ΔPML cells were transfected with vectors expressing individual FLAG-tagged PML
isoforms. Transfected cells were fixed and analyzed by immunofluorescent staining with
anti-PML and anti-FLAG polyclonal antibodies, followed by Alexa-Fluor 649conjugated (red) or Alexa-Fluor 555-conjugated (artificially coloured yellow) secondary
antibodies, respectively. Cell nuclei were stained with DAPI. (B) Wild-type U2OS and
ΔPML cells were co-transfected with the Clover-lamin CRISPR donor plasmid and an
empty FLAG vector or an individual FLAG-tagged PML-isoform expression vector,
either with or without Cas9/gRNA. Cells were also transfected with an IRFP expression
vector as a transfection control. Seventy-two hours post-transfection, cells were fixed and
analyzed by flow cytometry. Shown are representative IRFP versus Clover plots and the
mean percentage of Clover-positive cells from three independent experiments (± s.d.)
counting at least 50 000 events per experiment. Data are normalized to cells expressing
Clover-lamin CRISPR donor and specific PML isoforms without Cas9/gRNA. Twotailed t-tests indicate the differences in percentage of Clover-expressing cells between
empty-FLAG and FLAG-tagged PML isoform vector-transfected cells is significant (** p
<0.01, for wild-type U2OS cells and * p <0.05 for ΔPML cells) (C) Cell cycle analysis of
wild-type U2OS and ΔPML cells using PI staining and flow cytometry. Data represent
the mean values of three replicate experiments (± s.d.) counting at least 10 000 events per
experiment.

109

110

C

111

Figure 3.16. PML isoform overexpression leads to a decrease in HR in U2OS Chr15
HR 2 cells but not U2OS TAP HR 6 cells, with the exception of PMLI. (A) Cells were
transfected with vectors expressing individual FLAG-tagged PML isoforms. Transfected
cells were fixed and analyzed by immunofluorescent staining with anti-PML and antiFLAG polyclonal antibodies, followed by Alexa-Fluor 649-conjugated (red) or AlexaFluor 555-conjugated (artificially coloured yellow) secondary antibodies, respectively.
Cell nuclei were stained with DAPI. (B) U2OS Chr15 HR 2 and U2OS TAP HR 6 cells
were co-transfected with an empty FLAG vector or an individual FLAG-tagged PMLisoform expression vector, either with or without an I-SceI expression vector. Cells were
also transfected with an IRFP expression vector as a transfection control. Seventy-two
hours post-transfection, cells were fixed and analyzed by flow cytometry. Shown are
representative IRFP versus GFP plots and the mean percentage of GFP-positive cells
from three independent experiments (± s.d.) counting at least 50 000 events per
experiment. Data are normalized to cells expressing specific PML isoforms without ISceI. Two-tailed t-tests indicate the differences in percentage of GFP-expressing cells
between empty-FLAG vector and FLAG-tagged PML isoform vector-transfected U2OS
Chr15 HR 2 cells are significant (* p <0.05). Two-tailed t-tests indicate the differences
in percentage of GFP-expressing cells between empty-FLAG and FLAG-tagged PML
vetor-transfected U2OS TAP HR 6 cells, with the exception of PMLI (* p <0.05), were
non-significant. (C) Cell cycle analysis of U2OS Chr15 HR 2 and U2OS TAP HR 6 cells
using PI staining and flow cytometry. Data represent the mean values of three replicate
experiments (± s.d.) counting at least 10 000 events per experiment.
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3.4.3.2 PML overexpression is inhibitory to NHEJ in an isoform-specific
manner
Having observed an inhibitory effect of PML isoform overexpression on HR
efficiency in wild-type U2OS, ΔPML and U2OS Chr15 HR 2 cell lines, I next assessed
the effect of PML isoform overexpression on DSB repair by NHEJ. Wild-type U2OS and
ΔPML cells were transiently co-transfected with the EJ5-GFP NHEJ reporter vector
(255) and an empty FLAG vector or individual FLAG-tagged PML-isoform expression
vector, either with or without an I-SceI expression vector. Similar to what was seen for
HR, there was an overall reduction in levels of DSB repair by NHEJ upon PML isoform
overexpression, in particular PML isoforms II and IV, (Figure 3.17) as measured by flow
cytometry. However, this effect appeared to be less prominent in ΔPML cells compared
to wild-type U2OS cells, suggesting that other PML isoforms might contribute together
to the observed inhibition of NHEJ. Finally, in contrast to the inhibitory effect of PML
loss on HR (Figure 3.15), knockout of PML appeared to modestly enhance NHEJ
(Figure 3.17).
To further assess the inhibitory effects of PML isoform overexpression, I
employed the U2OS TAP NHEJ 4 cell line carrying a single copy of the NHEJ reporter
integrated into the TAP1 locus. Using these cells, PML isoform overexpression also
resulted in reduced NHEJ efficiency, with the most pronounced effect being again in cells
transiently overexpressing PMLII and IV (Figure 3.18). This serves as an indication that
PML, notably isoforms I, II and IV may be playing an early role in DSB repair, being
involved in both major pathways, NHEJ and HR.
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Figure 3.17. PML overexpression leads to a decrease in NHEJ levels in wild-type
and ΔPML cells. Wild-type U2OS and ΔPML cells were transiently co-transfected with
the EJ5-GFP NHEJ reporter vector and empty FLAG vector or individual FLAG-tagged
PML-isoform expression vectors, either with or without an I-SceI endonuclease
expression vector. Cells were also transfected with an IRFP expression vector as a
transfection control. Seventy-two hours post-transfection, cells were fixed and analyzed
by flow cytometry. Shown are representative IRFP versus GFP plots and the mean
percentage of GFP-positive cells from three independent experiments (± s.d.) counting at
least 50 000 events per experiment. Data are normalized to cells expressing the NHEJ
plasmid and specific PML isoform without I-SceI. Two-tailed t-tests indicate the
differences in percentage of GFP-expressing cells between empty-FLAG vector and
FLAG-tagged PML isoform vector-transfected wild-type U2OS cells are significant (* p
<0.01). Two-tailed t-tests indicate the differences in the percentage of GFP-expressing
cells between empty-FLAG vector and FLAG-tagged PML isoform vector-transfected
ΔPML cells (* p <0.05) were non-significant.
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Figure 3.18. Effects of PML isoform overexpression on levels of NHEJ in U2OS
TAP NHEJ 4 cells. U2OS TAP NHEJ 4 cells were transiently co-transfected with an
empty FLAG vector or individual FLAG-tagged PML-isoform expression vector, either
with or without an I-SceI endonuclease expression vector. Cells were also transfected
with an IRFP expression vector as a transfection control. Seventy-two hours posttransfection, cells were fixed and analyzed by flow cytometry. Shown are representative
IRFP versus GFP plots and the mean percentage of GFP-positive cells from three
independent experiments (± s.d.) counting at least 50 000 events per experiment. Data are
normalized to cells expressing a specific PML isoform without I-SceI. Two-tailed t-tests
indicate the differences in percentage of GFP-expressing cells between empty-FLAG
vector and FLAG-tagged PML isoform vector-transfected U2OS NHEJ TAP 4 cells are
significant (* p<0.05).
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CHAPTER 4. DISCUSSION

4.1 General overview
In this thesis, I have investigated DSB repair in the context of nuclear
architecture. I determined how a major contributing factor to nuclear organization and
mechanical stability (polymerized nuclear actin) is involved in DNA DSB repair.
Specifically, I identified a novel role for polymeric nuclear actin in NHEJ, through
retention of the Ku heterodimer at DNA break sites. I also investigated the reason behind
the delay in HR observed at the nuclear lamina, finding that it is the structure of the
chromatin associated with the nuclear periphery that is responsible. Finally, I generated
cell lines to study NHEJ and HR in a biologically-relevant context. One cell line
contained reporter DNA inserted within a locus that is significantly associated with PML
nuclear bodies and in another, the reporter DNA was integrated in a locus not associated
with bodies. I investigated the impact of a DNA break at these loci on repair efficiency,
finding that HR is decreased at the locus more closely associated with PML bodies. I also
examined the role of individual PML isoforms on DNA DSB repair, finding that PML
isoform overexpression, notably of PML I, II and IV, resulted in decreased levels of both
HR and NHEJ, suggesting a role for PML early in the DNA repair process.

4.2 A novel role for polymerized nuclear actin in DNA repair
Nuclear actin had previously been implicated in DNA repair, but a precise role
had not been elucidated. In collaboration with Dr. Hendzel’s group I demonstrated a role
of polymerized nuclear actin in DNA repair, specifically in NHEJ. Dr. Hendzel’s group
found that several DNA repair proteins, including the Ku70/80 heterodimer, MRE11 and
RAD51, interact with nuclear actin in vitro. Additionally, they demonstrated that
disruption of actin polymerization inhibits DNA repair in vitro and in vivo. Importantly,
this inhibition was not due to altered H2AX, CHK2 or ATM phosphorylation, implying
that polymeric nuclear actin exerts its effects on the DNA repair process itself rather than
at the level of DDR signaling.
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To further understand the contributions of polymeric nuclear actin to DNA repair,
I investigated its role in the recruitment and retention of one of its newly identified
interaction partners, Ku80, to DNA damage sites in live cells. I demonstrated that
disruption of actin polymerization, either through introduction of a polymerizationincompetent actin mutant or treatment with the drug cytochalasin D, significantly reduced
retention of GFP-tagged Ku80 to UV laser-induced DNA damage tracks (Figure 3.1 and
Figure 3.2). Notably, however, initial Ku80 recruitment to damage sites was unaffected
by these alterations to the polymeric nuclear actin pool.
The Ku heterodimer is one of the earliest factors recruited in response to a DSB
and is extremely important in mediating DSB repair through NHEJ (12, 13, 271). Upon
DSB formation, Ku70/Ku80 binds the damaged DNA ends, helping to maintain end
stability while simultaneously facilitating exposure of DNA ends to the end-processing
and ligation machineries (28). In fact, the Ku heterodimer is proposed to function as a
“tool belt,” remaining associated with DNA breaks throughout the entire repair process
and facilitating recruitment of a variety of factors to DNA ends, depending on the break
complexity (10, 42). Following DNA damage, broken DNA ends have been shown to
remain relatively stationary within the nucleus (248, 272). Importantly, it has been
demonstrated that Ku80 specifically is responsible for restricting the mobility of damaged
DNA ends (272) yet the exact manner in which Ku80 acts in maintaining DSB positional
stability is largely unknown.
In this study it was demonstrated that the polymerization state of nuclear actin
impacts Ku80 retention at DNA damage sites. These findings indicate that nuclear actin
may be the factor responsible for the immobilization of DNA breaks mediated by Ku80.
Nuclear actin serves a well-established structural role in the nucleus, contributing to the
stabilization of several nuclear compartments (163, 166-170). Another such role may be
in providing structural integrity and support through maintaining the Ku heterodimer at
DNA break sites. It would then be expected that loss of polymeric nuclear actin could
lead to increased levels of chromosomal translocations and overall genomic instability.
Interestingly, a recent study has found that levels of polymerized nuclear actin increased
in cells subjected to DNA damage by MMS and IR, and that these actin filaments
promote DSB repair (273). Increasing the pool of polymeric actin in response to DNA

119

damage may be a way to ensure proper stability of broken DNA ends, thereby preventing
inappropriate end-joining and genomic instability. In line with this idea, it has previously
been found that over-expression of an actin-depolymerization factor increases cellular
sensitivity to IR (182). Overall, these findings provide the first evidence of a direct role
of nuclear actin in DNA repair: maintaining the key NHEJ factor Ku80 at DNA damage
sites. Whether nuclear actin also plays a role in other aspects of the repair process
remains to be determined.

4.3 DDR and HR delays at the nuclear lamina are due to nuclear peripheryassociated heterochromatin
Early evidence from yeast suggested that following damage, DNA migrates to
dedicated nuclear repair centres that provide an optimal environment for DNA repair
(274). A similar situation was postulated to occur in mammalian cells; however, it has
since been demonstrated that DSBs are repaired individually and DNA break ends remain
immobile in the nucleus (272). Restricting DNA DSB motility may be an important
strategy for protecting genomic integrity, as spatial proximity has been proven to be a key
determinant of chromosomal translocation frequency in mammalian cells (275, 276).
Moreover, increasing evidence has suggested a role of nuclear compartmentalization in
the maintenance of genomic stability (277). This then leads to the question of whether
DNA breaks occurring throughout the nucleus are repaired with equal efficiency, or
whether their repair is position specific. To further understand the contributions of
nuclear architecture to DNA repair, Dr. Soutoglou’s group investigated DNA repair at the
nuclear lamina. In conjunction with their group, I specifically examined the role of
chromatin structural changes with respect to HR efficiency at the nuclear periphery.
Using a U2OS cell line containing a stably integrated I-SceI restriction site flanked
by a 256x LacO array, Dr. Soutoglou’s group was able to sequester the I-SceI/LacO locus
to the nuclear lamina through expression of a GFP-LacI-ΔEMD fusion protein, and then
induce DSBs and study repair at this position relative to that in the nuclear interior.
Delayed γH2AX and 53BP1 recruitment kinetics were observed when a DSB was
induced at the nuclear lamina relative to the nuclear interior, suggesting an overall
reduction in DDR signaling. However, when the two major DSB repair pathways were
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investigated, it was found that I-SceI/LacO relocalization to the nuclear lamina did not
impact recruitment of NHEJ proteins Ku80 and XRCC4, but rather significantly delayed
the recruitment of HR factors BRCA1, RAD51, and RAD54. This data suggested that the
nuclear lamina is generally a repressive microenvironment for the DDR, and specifically
for DNA repair by HR. Treating cells with TSA resulted in decondensation of chromatin
associated with the nuclear lamina (Figure 3.3) with subsequent alleviation of the delay
in DDR and HR factor recruitment to nuclear lamina-associated DSBs. These results
suggest that the reason for the reduced DDR and HR in particular is due to the highly
condensed heterochromatin associated with the nuclear lamina.
Increasing evidence points to chromatin and its compaction state as playing a key
role in the regulation of the DDR and DSB repair (278-281). The findings that laminaassociated heterochromatin is responsible for the observed delay in DDR and HR factor
recruitment at the nuclear periphery is in agreement with other studies that have found
that DSBs formed within heterochromatin are processed with slower kinetics than those
in euchromatin (153, 282). The delay in HR within heterochromatin may be due to
altered accessibility of the underlying DNA DSB to repair factors. Alternatively,
repressing HR in favor of NHEJ may represent a means to prevent inappropriate
recombination events that could easily occur across highly repetitive heterochromatic
sequences, a mechanism proposed for heterochromatin DSB repair in Drosophila cells
(203, 283).
Based on the findings presented in section 3.2 it can be suggested that the nuclear
lamina may be functioning to sequester highly repetitive heterochromatin at the nuclear
periphery, thereby playing a role in maintaining genome stability. In agreement with this,
the heterochromatin associated with the nuclear lamina has been shown to be particularly
immobile in the nucleus, in part due to the actions of the A-type lamins (201, 284).
Additionally, depletion of A-type lamins leads to increased sensitivity to IR, defects in
repair foci assembly and an overall increase in genomic instability (197, 201). Therefore,
the nuclear lamina may not only play a role in the structural integrity of the nucleus but
also in maintaining genomic stability by compartmentalizing certain heterochromatic
regions.
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4.4 The use of diverse genetic engineering techniques in cell line generation
Much of my doctoral work was focused on generating cell lines containing single
genomic insertions of NHEJ or HR reporter DNA adjacent to a 128x LacO array to study
DNA DSB repair at varying nuclear locations. Several genetic engineering techniques
were employed, with varying degrees of efficacy, in the generation of these cell lines,
including PiggyBac transposition and CRISPR/Cas9 targeted gene editing in conjunction
with FLP/FRT and Cre/loxP recombination (Figure 3.4).
Initially, PiggyBac transposition was used to randomly integrate the pFlexibleLacO-pBLR5 construct, created for cell-line generation in this study, into the genome of
U2OS cells. The PiggyBac transposon is a mobile genetic element that transposes DNA
flanked by specific terminal repeat sequences into target TTAA sequences by a “cut and
paste” mechanism. PiggyBac transposition is also reversible: DNA can be excised from
the genome without leaving ‘footprint’ mutations at the excision site (285). The high
transposition efficiency exhibited by PiggyBac in a wide range of cell lines and
organisms, in addition to its propensity for mediating stable, long-term expression of
large DNA cargo, have led to its broad use for a variety of genetic engineering
applications (265). For these reasons, the PiggyBac transposon system was initially
chosen as the major method for cell line engineering in this study.
Following transposition of the pFlexible-LacO-pBLR5 construct into the genome
of U2OS cells, 11 colonies were shown by Southern blot analysis to contain a single
genomic integration. While the random transposition of pFlexible-LacO-pBLR5 DNA
was at one point thought to be beneficial for the creation of cell lines in which DNA
repair could be studied at an array of diverse genomic locations, ultimately it was this
exact feature of PiggyBac that proved most problematic. Due to the fact that the
integration sites of pFlexible-LacO-pBLR5 were unknown, their genomic position had to
be mapped by inverse PCR. This technique is particularly challenging, as it is unknown
which restriction enzyme will be most appropriate to generate recircularized products of a
size amenable to PCR amplification, and as such multiple enzymes must be tried for each
individual cell line. Additionally, if no products are generated following PCR
amplification, it is unknown if this absence is due to inefficiency in the self-ligation
reaction, or if the primer pairs utilized are simply not optimal. Consequently, the
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pFlexible-LacO-pBLR5 integration location could not be effectively determined, which
was a vital criterion for studying the effects of genomic positioning of DNA breaks on
repair.
As a result of these limitations, the newly available CRISPR/Cas9 technique for
targeted gene editing was employed as an alternative strategy. The CRISPR/Cas9 system
is a means of introducing precise DSBs in the genome by targeting the Cas9
endonuclease to specific loci using complementary gRNAs (267). These breaks can be
repaired by NHEJ resulting in deletions at the break site and locus disruption, or they can
be repaired by HR using a homology-containing donor repair template, resulting in
precise replacement mutations. This method of genetic engineering was employed to
target the pFlexible-LacO-pBLR5 construct to two specific loci that were strategically
chosen to study the influence of PML nuclear body proximity on DNA repair efficiency
(Chr15 and TAP1).
Integration of pFlexible-LacO-pBLR5 at either the Chr15 or TAP1 locus in U2OS
cells was verified by FISH and genomic PCR (Figures 3.7-3.9). In my studies, two
different Cas9 endonucleases were employed, the wild-type and D10A nickase mutant
(268). Both were used for cell line generation as it was uncertain which would result in
the most effective targeting. Use of wild-type Cas9 yielded individual clones containing
pFlexible-LacO-pBLR5 integrated at a single Chr15/TAP1 allele rather than at all three
alleles present in the U2OS genome. Sequence data from PCR amplicons revealed small
deletions of 12-43 bp at the Chr15/TAP1 loci not targeted by HR in these clones.
Conversely, Cas9D10A nickase yielded individual clones containing pFlexible-LacOpBLR5 integrated primarily at two of the three Chr15/TAP1 alleles in the U2OS genome.
Sequence data also revealed significantly larger deletions in non-HR targeted alleles (up
to several hundred base pairs). The increased insertional efficiency of Cas9D10A is likely
due to the fact that an increased amount of Cas9D10A, as compared to wild-type Cas9,
was used in each transfection, as the two gRNAs required to make a DNA DSB are
expressed from individual Cas9D10A expression vectors (Table 2.6). While there is
increased potential for off-target effects using wild-type Cas9 (286), ultimately Chr15
and TAP1 clones generated by wild-type Cas9 were chosen for further engineering. This
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is because they contained a single genomic integration of pFlexible-LacO-pBLR5, and
had the smallest deletions in unedited alleles as determined by FISH and PCR.
There are specific benefits but also significant disadvantages to each of the major
genetic engineering techniques used in this study. The PiggyBac system, which encodes
its own DNA transposase, is extremely efficient for integrating DNA sequences into
cellular genomes, much more so than CRISPR/Cas9. This difference might arise in part
from the fact that CRISPR/Cas9 relies on host-cell machinery and HR for DNA
integration, and as such is cell cycle dependent. Additionally, on a surface level,
PiggyBac transposition appears to be less labour intensive; all that is required is to flank
donor DNA by terminal repeat sequences and to perform a single transfection. PiggyBac
is also reversible: at any time, any desired construct can be eliminated from the genome
with no excision footprint mutation by simple re-transfection with the transposase. In
experiments where integration number and location are unimportant PiggyBac is a
powerful technique. However, in the context of this study, knowledge of the exact
genomic position was vital, making the PiggyBac system less desirable: mapping
integration sites is extremely time consuming and must be performed with great care, as
each step of inverse PCR must be meticulously tested and optimized.
Targeted integration at pre-determined genomic sites by CRISPR/Cas9 editing is
extremely powerful. Confirmation of successful integration is achieved with greater ease;
however, integration efficiency is not as high as with PiggyBac, and despite being precise
there is still the potential for off-target mutations. Additionally, as was found in this
study, non-HR targeted genomic loci (depending on the type of Cas9 endonuclease used)
can have deletions up to a few hundred base pairs, which may result in unintended locus
disruption (286). Finally, while screening for successful integration is faster and easier, in
the context of this study the cloning steps required for CRISPR/Cas9-mediated HR are
initially more time consuming than using PiggyBac to integrate DNA into a genome. For
example, individual gRNAs targeting each desired locus must be designed and cloned
into individual Cas9 expression vectors. In addition, DNA homology arms flanking
desired donor DNA must be constructed for each targeted locus and multiple separate
transfections are required to generate individual cell lines. Due to this complexity, I
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strategically focused on only two genomic loci (Chr15 and TAP1) for CRISPR/Cas9mediated HR integration of pFlexible-LacO-pBLR5.
Other genome engineering techniques used in this study for cell line generation
were FLP/FRT and Cre/loxP site-specific DNA recombination. FLP and Cre
recombinases catalyze DNA exchange reactions between short recombinase-specific
target sequences (287). FLP-catalyzed recombination across identical FRT sites resulted
in the successful removal of the puroΔTK selectable marker within the pFlexible-LacOpBLR5 construct integrated at either the Chr15 or TAP1 locus of U2OS cells. The
Cre/lox system, which was designed in this study to mediate directional recombination
across heterospecific loxP sites, was then used to incorporate floxed reporter DNA
between the lox sites of the pFlexible-LacO-pBLR5 construct. While FLP/FRT
recombination worked well, Cre/loxP directional recombination was problematic: correct
integration of reporter DNA could not be confirmed by genomic PCR.
While Cre/loxP recombination is a widely used technique, caution must be taken
as mammalian genomes have been found to contain multiple cryptic lox sites, which can
lead to inappropriate recombination (288). Several groups have demonstrated a relatively
high frequency of non-specific recombination events when using similar heterospecific
loxP sites to those used in this study (289, 290). Additionally, to obtain recombination
efficiencies similar to those of wild-type loxP sites, mutant loxP sites have to be exposed
to much greater concentrations of Cre recombinase, which can be cytotoxic (291).
Finding an appropriate balance between the level of Cre expression and recombination
frequency is extremely important when using this system for genome engineering.
Equally important is accurately screening for inappropriate recombination events.
Due to the inefficiency experienced incorporating NHEJ and HR reporter DNA
using Cre/loxP recombination, I again employed CRISPR/Cas9 to target reporter DNA to
the previously integrated pFlexible-LacO-pBLR5 construct. Incorporation of reporter
DNA sequences was confirmed by genomic PCR and by transfection with I-SceI
(Figures 3.10-3.12). This strategy worked well for the TAP1 locus, but I had more
difficulty with the Chr15 locus. Although genomic PCR indicated the presence of NHEJ
reporter DNA in a few Chr15 cellular clones, no GFP expression was detectable upon ISceI transfection. Thus, more clones will need to be selected and screened to identify one
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containing a functional NHEJ reporter.
Overall, several different genome engineering techniques were used in this study
for cell line generation, each offering specific advantages and disadvantages. The original
aim of this study was to produce a series of cell lines, each one containing a single copy
of a NHEJ or HR repair reporter adjacent to a LacO array integrated at a different distinct
genomic position to study DNA repair throughout the nucleus. Several different genome
engineering techniques were employed to varying degrees of success, ultimately yielding
three different cell lines: two containing the NHEJ and HR reporter/LacO array integrated
at the TAP1 locus and one containing the HR reporter/LacO array at the Chr15 locus.
These cell lines are versatile tools for studying DNA repair. The NHEJ and HR reporters
described in this study can be used as a sensitive and highly quantitative assay for the
measurement of DNA DSB repair efficiency. Genomic integration of reporter DNA
provides the advantage of analyzing DNA repair in a chromosomal context. Furthermore,
having reporter DNA integrated at single defined nuclear locations allows direct
comparison between NHEJ and HR efficiencies at the exact same genetic locus.
Additional versatility is provided by the 128x LacO array located adjacent to reporter
DNA in these lines. Although useful for locus visualization by FISH, the LacO array can
also be used in a manner similar to that described in section 3.2 to sequester reporter
DNA to different subnuclear compartments through expression of a nuclear domaintargeting peptide fused to LacI. Alternatively, different proteins can be fused to LacI and
recruited and tethered to the LacO array to determine their influence on NHEJ or HR
repair pathways. Beyond simply addressing the question of whether DSB positioning
relative to PML nuclear bodies influences DNA DSB repair, these cell lines represent
versatile tools allowing a number of different aspects of DNA repair to be examined in
the future.

4.5 The role of PML and PML nuclear bodies on DSB repair
PML nuclear bodies and, to a lesser extent, the PML protein itself have long been
implicated as playing a role in the cellular response to DNA damage. Several DDR
factors are known to associate constitutively with PML bodies, while others associate
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only transiently, being specifically recruited to or released from bodies after damage
(236). These include DNA damage sensing and transducing factors such as the MRN
complex, ATM, ATR, TOPBP1 and CHK2 and multiple proteins involved in HR
(RAD51, BLM, RPA, WRN, BRCA1) (234, 237, 238). The PML protein itself is a target
of phosphorylation by ATM, ATR and CHK2, an event that is thought to regulate protein
stability and nuclear body integrity in response to DNA damage (204, 240). One of the
many theorized functions for PML bodies is as a cellular storage depot (292). In the
context of DNA repair, bodies may play a temporally important role, sequestering or
releasing factors as necessary following damage. Due to the large number of repair
factors associated with bodies it is thought that DNA breaks occurring close to bodies
may be repaired with increased efficiency, as PML nuclear bodies may be providing a
favorable environment for DNA repair. However, repair within PML body-associated
DNA has not been investigated. Additionally while the PML protein has been implicated
in DNA repair, its specific role, as well as the contribution of individual PML isoforms,
has not been extensively examined. To study the role of PML nuclear bodies in DNA
repair, specifically HR, the levels of repair were compared between the two cell lines
generated in this study containing the HR reporter integrated at Chr15 or the TAP1 locus
(U2OS Chr15 HR 2 and U2OS TAP HR 6 cell lines). Additionally, a novel assay based
on CRISPR/Cas9-mediated HR developed in our laboratory (259) was used to compare
rates of HR between wild-type and PML-depleted cells. Furthermore, the effects of
individual PML isoforms on both HR and NHEJ were investigated through transient
overexpression in U2OS Chr15 HR 2, U2OS TAP HR 6, U2OS TAP NHEJ 4, wild-type
U2OS and a PML-knockout cell line.

4.5.1 Association of a DNA break with PML nuclear bodies can impact its
repair by HR
The TAP1 locus has been previously shown to be significantly associated with
PML nuclear bodies (225). This was confirmed in this study by measuring TAP1 locus
proximity to PML bodies by immuno-FISH. Importantly, when proximity of the Chr15
locus to bodies was examined, Chr15 was found to be significantly unassociated with
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PML bodies, at a level higher than the known negative control locus, BCL2 (Figure 3.6).
Analysis of I-SceI transfected U2OS TAP HR 6 cells revealed a significant decrease in
GFP expression, and hence HR, in cells where the HR reporter was integrated at TAP1
compared to U2OS Chr15 HR 2 cells (Figure 3.13A). This effect was not due to
differences in cell cycle distribution between these two cell lines (Figure 3.13B). This
marks the first time the effect of DSB location relative to PML nuclear bodies on DNA
repair efficiency has been examined. As a variety of repair factors are known to be
located constitutively or transiently with PML bodies, this is somewhat of a surprising
finding. If this apparent decrease in HR is really due to proximity of the break to PML
bodies, an important experiment would be to physically sequester the HR reporter in
U2OS Chr15 HR 2 cells to PML bodies. This can be done using the adjacent LacO array
in a similar manner to that described in section 3.2. Briefly, expression of a known PML
nuclear body component protein such as SP100 (292), fused to LacI, would result in
relocalization of the LacO array and adjacent HR reporter in Chr15 to PML bodies.
Levels of HR could then be compared in cells expressing SP100, SP100-LacI or LacI
alone followed by I-SceI DSB induction. This will be an important future experiment to
confirm the observations of this study and to determine if PML nuclear bodies are
somehow creating local environments that are repressive to HR.

4.5.2 HR is dependent on the presence of PML/PML nuclear bodies
To determine if HR is affected when PML nuclear bodies are completely absent, a
CRISPR-based assay was used to compare levels of HR between wild-type and PML
knockout (ΔPML) U2OS cells (demonstration of PML knockout is found in Figure
3.15A, bottom panel, left). A modest but significant decrease in HR was observed in
ΔPML cells relative to U2OS wild-type cells (10.5% in wild-type and 8.4% in ΔPML
cells) (Figure 3.14B), which was not attributed to differences in cell cycle distributions
between these two cell lines (Figure 3.14C). This is in relative agreement with what was
observed in two previous studies (243, 244). Both studies reported a drastic inhibition of
HR upon PML knockdown. However, based on the observations in this study the effect
of PML depletion on HR may be subtler than what has been previously reported (245,
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246). For instance, Biochuk et al, 2011 (245) transiently knocked down PML and
followed HR through a similar I-SceI-based HR reporter assay. They reported a decrease
in GFP-positive cells, from 3.82% to 0.29%, after PML knockdown as measured by flow
cytometry (245). However, they did not correct for transfection efficiency in these
experiments, which may have affected their error calculations and thus the significance of
their results. Yeung et al, 2012 (246) used a similar I-SceI-based HR reporter assay with
the exception that reconstitution of a puromycin-resistance gene rather than a fluorescent
gene was being measured. Puromycin-resistant cellular colony formation following ISceI DSB induction then served as an indication of HR, with shRNA-mediated PML
knockdown resulting in 3-fold or 21-fold reduction in HR events (depending on the
shRNA used) (246). This method is very low throughput and can be biased by clonal
expansion in tissue culture, which may lead to amplification of HR events scored in the
assay. Depletion of PML does indeed impact HR repair efficiency; however, the data
presented in this study suggest this decline may not be to the extent previously described.
Based on the data presented here, closer association of a DNA DSB with PML nuclear
bodies appears to negatively influence HR, yet ultimately PML or PML nuclear bodies
are required in at least some capacity for DNA repair by HR.

4.5.3 PML isoforms are inhibitory to both HR and NHEJ
Although the PML protein has been implicated in DNA repair (205, 242), the
contribution of each individual PML isoform has not been investigated. The effect of
individually overexpressing each of the six nuclear-located PML isoforms on HR was
examined in wild-type U2OS, ΔPML, U2OS Chr15 HR 2 and U2OS TAP HR 6 cells.
Transient overexpression of PML isoforms induced formation of bodies that are altered in
size and number, and an overall repression of HR, but did not significantly affect cell
cycle progress (Figures 3.15 and 3.16). This is in agreement with Yeung et al, 2012
(246) who overexpressed PML isoforms IV and VI only, finding that both lead to a
reduction in HR. The most notable decrease in this study was observed upon
overexpression of PMLI, II and IV, an effect that was consistent across wild-type, ΔPML
and U2OS Chr15 HR 2 cell lines. It is interesting to note that the isoforms whose
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overexpression results in a drastic increase in PML body number: PMLI and IV, and to a
lesser extent PMLII (Figures 3.15A and 3.16A), resulted in the highest HR inhibition.
Based on the findings that HR was decreased at a locus significantly associated with
PML nuclear bodies, an increase in PML body number could therefore lead to an
increased likelihood of a DSB occurring in proximity to a body, negatively impacting its
repair. Along these lines, it is intriguing that PML isoform overexpression (with the
exception of PMLI) in TAP HR 6 cells did not result in a significant change in HR levels.
This begs the question as to whether the pre-existing proximity of the DSB to PML
bodies in these cells precludes additional inhibitory effects of PML overexpression on
HR.
To gain a more complete understanding of the role of PML in DNA repair, the
effect of PML on NHEJ was examined. Yeung et al, 2012 suggested that PML does not
play a role in NHEJ, as only a modest increase in NHEJ was observed following PML
knockdown (246). That finding was confirmed in this study, as NHEJ reporter assays in
ΔPML cells resulted in a slight increase in percentage of GFP-expressing cells compared
to wild-type U2OS cells. However, I decided to further extend these studies by
investigating the role of individual PML isoforms on NHEJ in U2OS, ΔPML and U2OS
TAP NHEJ 4 cells. Due to the apparent inhibitory role of PML isoforms on HR, one
would expect a compensatory increase in NHEJ. Surprisingly, however, this was not
what was observed. NHEJ levels were decreased in all three cell lines in a similar
fashion, with the greatest inhibitory effect being due to PML isoforms II and IV (Figures
3.17, and 3.18), the same isoforms with the greatest impact on HR when overexpressed.
The exact role of PML and PML nuclear bodies on DNA repair is not fully
understood. Previous studies have focused on primarily linking PML/PML bodies
specifically to HR, with conflicting reports as to the exact involvement of PML. Biochuk
et al, 2011 (245) demonstrated a potential role of PML in early stages of HR.
Knockdown of PML was found to cause a decrease in HR with subsequent loss of RPA,
RAD51, and BRCA1 in DNA repair foci, suggesting that PML is required for DNA break
processing (245). However, Yeung et al, 2012 (246) also found PML depletion to be
inhibitory to HR, yet found no effect on RAD51 foci formation and demonstrated a
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normal induction of γ-H2AX, indicating PML involvement at later steps in the HR
pathway (246).
In my studies, I have demonstrated that PML and/or PML nuclear bodies are
playing a role not only in HR but also NHEJ. Due to the fact that PML overexpression
has been found to be inhibitory to both repair pathways, it is likely that PML is playing a
role at a very early stage in repair, possibly through sequestration and/or inactivation of
damage-sensing proteins. Important future work will be to investigate through
immunofluorescence whether PML overexpression leads to increased sequestration of
early DDR factors such as MRE11 or NBS1 within PML bodies. Moreover, PML may
have a hitherto unexplored association with NHEJ factors. Experiments, similar to those
described in section 3.1, could be used to examine the effect of PML overexpression on
Ku80 recruitment or retention to laser tracks of DNA damage.
An important caveat of these experiments is that U2OS cells are alternative
lengthening of telomeres (ALT)-positive. ALT is a mechanism that enables cancerous
cells to become immortalized by circumventing the process that leads to telomere
shortening at every cell division (293). The molecular mechanism of ALT is not fully
understood, but in a portion (5-10%) of ALT-positive cells, PML nuclear bodies associate
with telomeres, forming what are called ALT-associated PML nuclear bodies (APBs)
(294, 295). These bodies are composed of regular PML nuclear body components such as
PML, SP100 and SUMO, but also contain a significantly higher proportion of DDR
factors such as γ-H2AX, BLM, RPA, RAD51, BRCA1 and the MRN complex (293, 296299), presumably aiding in regulating recombination at telomeres. Thus the observations
in this study of decreased HR upon PML knockout or isoform overexpression may be due
in some capacity to the effects attributed to the ALT pathway and APBs. It will be
important to repeat DNA repair assays with PML knockdown or overexpression in nonALT cells such as normal human diploid fibroblasts.
Overall in this study, the role of PML and PML nuclear bodies in DNA repair has
been investigated in multiple ways. Repair was studied in the context of PML knockout,
PML isoform overexpression, as well as DSB-PML body proximity. PML depletion was
found to be inhibitory to HR but not NHEJ, while PML isoform overexpression was
found to be repressive to both pathways. Additionally, decreased HR repair was observed
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at a DNA break located within chromatin significantly associated with PML bodies.
Investigating the role of PML can be complicated. PML nuclear bodies are complex
subnuclear domains that are associated with a large number of seemingly unrelated
proteins, spanning a broad functional spectrum. It can be difficult to separate the
activities attributed to the PML protein with those associated with PML nuclear bodies,
as the formation and function of PML bodies is greatly impacted when the intracellular
levels of PML protein are altered through depletion or overexpression (222). Even when
PML is knocked out and then reintroduced as a single isoform, de novo PML bodies are
formed. It is clear through this study that PML and PML nuclear bodies have a complex
relationship with both DSB repair pathways, a relationship that requires further
investigation.

4.6 Concluding remarks
Despite some recent advances, we still know very little about how nuclear
structure affects DNA repair in mammalian cells. Using advanced microscopy techniques
and a combination of genetic engineering systems, I examined the role of polymerized
nuclear actin, the nuclear lamina and PML nuclear bodies in DNA repair.
First I investigated the role of the important structural protein polymeric nuclear
actin on DNA repair. I found that when actin polymerization was disrupted, the retention
of the key NHEJ factor Ku80 to DNA damage sites was impaired, which led to a
corresponding decrease in NHEJ. I also examined DNA DSB repair efficiency at the
nuclear lamina in relation to chromatin ultrastructure using electron microscopy. These
results contributed to the findings that the DDR, and specifically HR, is delayed at the
nuclear periphery due to the dense heterochromatin associated with that compartment.
I also examined the role of PML isoforms and nuclear bodies in DNA DSB repair.
Using genome engineering, I created cell lines containing a single copy of an HR or
NHEJ DNA DSB reporter integrated at a chromosomal locus significantly associated
with PML nuclear bodies (TAP1) or at a locus unassociated with bodies (Chr15). In
addition to the DNA repair reporter, these cell lines contain an adjacent array of Lac
repressor binding sites that permits locus visualization and provides a manner for targeted
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locus relocalization upon expression of the Lac repressor fused to nuclear domain
structural proteins. These cell lines are valuable and versatile tools for studying DSB
repair in a biologically relevant context. Using these cell lines, I determined that HR is
significantly decreased at the PML nuclear body-associated TAP1 locus compared to
Chr15. Additionally, using these cell lines along with wild-type U2OS and a U2OS PML
knockout cell line, I demonstrated that PML isoform overexpression, notably that of PML
I, II and IV, leads to significant inhibition of DNA DSB repair by HR and, for the first
time, NHEJ. These data, and recent studies in the literature, suggest an early role for
PML in DNA repair.
Disruption of nuclear domains such as the nuclear lamina, or PML nuclear bodies,
as well as depletion of structural protein components of the nucleus such as polymeric
nuclear actin, can lead to impaired DNA repair and increased genomic instability.
Overall, my findings enable a further understanding of how nuclear architecture and
organization contribute to DNA repair, and as such, to the maintenance of genomic
integrity.
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APPENDIX A: Supplementary Data

Appendix A Figure 1. Southern blot analysis of genomic DNA isolated from U2OS
pFlexible PB colonies. Genomic DNA was isolated from U2OS pFlexible PB colonies,
digested with EcoRI and hybridized with probe against a portion of the puromycinresistance gene from pFlexible-LacO-pBLR5 plasmid DNA. HindIII λ phage DNA
ladder resolved in the first lane of each blot was detected by hybridization with
radiolabeled lambda DNA. Arrows denote position of hybridization bands.
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Appendix A Figure 2. Representative inverse PCR to map genomic pFlexible-LacOpBLR5 integration position of U2OS pFlexible PB colonies. Agarose gel of 5’ end
inverse PCR carried out on (A) EcoRI digested or (B) PstI digested, recircularized
genomic DNA isolated from U2OS pFlexible PB colonies. The bottom cartoons depict
where EcoRI and PstI cleave within the pFlexible-LacO-pBLR5 construct and arrows
indicate the primers used for amplification.
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Appendix A Figure 3. Sequenced PCR amplicons from U2OS Chr15 pFlexible 5’
px330 col. 6. (A) PCR amplicon sequence confirming the 5’ end of the pFlexible-LacOpBLR5 integration site at the Chr15 locus. (B) PCR amplicon sequence confirming the
3’end of the pFlexible-LacO-pBLR5 integration site at the Chr15 locus. (C) PCR
amplicon sequence of unedited Chr15 loci. A 12 bp deletion resulting from NHEJ repair
of CRISPR/Cas9 induced DSBs was found when this sequence was compared to wildtype U2OS and its location is indicated by a slash mark (/). Sequence of the Chr15 locus
is highlighted in grey, with the sequences used to generate the homology arms of the
pFlexible-LacO-pBLR5 donor vector shown in blue (5’ homology) or red (3’ homology).
pFlexible-LacO-pBLR5 sequence is shown in bold text, with its various components
being highlighted in different colours.
Legend:
Grey highlight = Chr15 genomic sequence
Blue text = Sequence used for Chr15 5’ homology template
Red text = Sequence used for Chr15 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence
Green highlight = loxP site of pFlexible-LacO-pBLR5
Yellow highlight = I-SceI site of pFlexible-LacO-pBLR5
Blue highlight = FRT site of pFlexible-LacO-pBLR5
Pink highlight = PGK Pro of pFlexible-LacO-pBLR5

(/) = Deletion
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A
GGGGGCTCTAGCTCCTGCCCCAGCAGCGAAAGGGGCTCCTCCTTCTCTGGTGCCCAGTCCTAGCTCACCTG
CTCTTCACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTGAACAGG
GAGCAGGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACTCCAGGG
CAGGACAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAACCCTGGG
ACACCAGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGGGGCCTC
ATCTGGCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGGACGTCC
AGCCTCCAGCTTTCTGTGGGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCCTCCCTCTGGG
GCCTCCTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGGACCACC
AGGAAGAGCATCAGGAGGGGAAGGAGCCAGAGAGCCCTCCAGGCCAGTGCACTGCTAACTCAACATCTCAT
CTTCCTATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGGCAGGTT
ATGATGGCCCAGAGATCCCCACCAGAGTCCCAGATATCAGTGGGGATCCCAGCCTATTCCTTCTTAAGCAA
GCTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGTACCGGGCCCCCCCTCGAGGTCGAGACGGTATC
GATGGCGCGGAATTCAAAAAGTTTAAACAAAAAAGGCGCGCCATAACTTCGTATAATGTATGCTATACGAA
GTTATAAGCTTAGTTACGCTAGGGATAACAGGGTAATATAGTTAATTAAGAAGTTCCTATTCCGAAGTTCC
TATTCTCTAGAAAGTATAGGAACTTCAGCTTGATATCGAATTAATTCTACCGGGTAGGGGAGGCGCTTTTC
CCAAGGCAGTCTGGAGCATGCGCTTTAGCAGCCCCGCTGGGCACT

B
ATGATTATCTTTCTAGGGTTAATCTAGTATACGCGTAGTTCTCCCTGAGCCTGTGGATACATGGAAAGAGA
GCTTACCACCACCCCCTTCTCTGAATATACATACAGGATCTGAGGAGGGAGGATTCTGTGTGGTAGCATGT
GTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGTCCCATGTGCCCACCT
GTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGAGAGAAATAGGAACAA
GGAGAGACAGAGAGAGAGAGAGAATAGAAACAGAGAGACCAAGAGGGAAACAGAATGAGACTGAGACAGAG
AACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCTGCCAAGGCAGACA
ACTCTCCTCTCACTTCATTGTTGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGTTCAGGAAAGGAT
GTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGCCCTCTGCAGGGGCTGCCATT
TCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGGGCGCTCCCAGTGACTGG
GCACTTGTGGTGGCTGGGGAGGGGGAGCTCCTCNGACAGGCCCCATGCTGGGGGAAACGTCCTGAGACTGA
CCTATGACGGGCTGACATGCACACCAAGGAGGTCTCACATCTGCTGGGAAATGAGGG

C
CACCTGCTCTTCACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTG
AACAGGGAGCAGGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACT
CCAGGGCAGGACAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAAC
CCTGGGACACCAGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGG
GGCCTCATCTGGCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGG
ACGTCCAGCCTCCAGCTTTCTGTGGGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCCTCCC
TCTGGGGCCTCCTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGG
ACCACCAGGAAGAGCATCAGGAGGGGAAGGAGCCANATAGCCCTCCAGGCCAGTGCACTGCTAACTCAACA
TCTCATCTTCCTATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGG
CAGGTTATGATGGCCCAGAGATCCCCACCANANTCCCAGATATCAGTGGGGATCCCAGCCTATTCCTCCAA
GCTCCCAGTTGCCAGTGACANGGAGGCAGAAACAGC(/)CTGTGGGTTCTCCCTGAGCCTGTGGATACATG
GAAAGAGAGCTTCACCACCACCCCCTTCTCTGAATATACATACAGGATCTGAGGAGGGAGGATTCTGTGTG
GATGCATGTGTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGTCCCATG
TGCCCACCTGTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGAGAGAAA
TAGGAACAAGGAGAGACAGAGAGAGAGAGAATAGAAACAGAGACCAACAGGGAAACAGAATGAGACTGAGA
CAGAGAACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCTGCCAAGGC
AGACAACTCTCCTCTCACTTCATTGATGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGTTCAGGAA
AGGATGTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGCCCTCTGCAGGGGCTG
CCATTTCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGGGCGCTCCCAGTG
ACTGGGCACTTGTGGTGGCTGGGGAGGGGGAGCTCCTCNGACAGGCCCCATGCTGGGGGAAACGTCCTGAG
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Legend:
Grey highlight = TAP1 genomic sequence
Blue text = Sequence used for TAP1 5’ homology template
Red text = Sequence used for TAP1 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence

(/) = Deletion

A
CAGTACTGCTACTTCTCGCCGACTGGGTGCTGCTCCGGACCGCGCTGCCCCGCATATTCTCCCTGCTGGTG
CCCACCGCGCTGCCACTGCTCCGGGTCTGGGCGGTGGGCCTGAGCCGCTGGGCCGTGCTCTGGCTGGGGGC
CTGCNGGGTCCTCAGGGCAACGGTTGGCTCCAAGAGCGAAAACTCTTAAGCAAGC

B
GATTATCTTTCTAGGGTTAATTCTAGTATACGCGTACGAGAGCTGATCTCATGGGGAGCCCCCGGGTCCGC
GGATAGCACCAGGCTACTGCNCNGGGGAAGTCACCCTACCGCCTTCGTTGTCAGTTATGCAGCGGCACTGC
CCGCAGCAGCCCTGTGGCACAAACTCGGGAGCCTCTGGGTGCCCGGCGGTCAGGGCGGCTCTGGAAACCCT
GTGCGTCGGCTTCTAGGCTGCCTGGGCTCGGAGACGCGCCGCCTCTCGCTGTTCCTGGTCCTGGTGGTCCT
CTCCTCTCTTGGTAAGGGG

C
GACAGTACTGCTACTTCTCGCCGACTGGGTGCTGCTCCGGACCGCGCTGCCCCGCATATTCTCCCTGCTGG
TGCCCACCGCGCTGCCACTGCTCCGGGTCTGGGCGGTGGGCCTGAGCCGCTGGGCCGTGCTCTGGCTGGGG
GCCTGCNGGGTCCTCAGGGCAACGGTTGGCTCCAAGAGCGAAAACGCAGGTGCCCAGGGCTGGCTGGCTGC
TTTGAAGCCATTAGCTGCGGCACTGGGC(/)GAGAGCTGATCTCATGGGGAGCCCCCGGGTCCGCGGATAG
CACCAGGCTACTGCNCNGGGGAAGTCACCCTACCGCCTTCGTTGTCAGTTATGCAGCGGCACTGCCCGCAG
CAGCCCTGTGGCACAAACTCGGGAGCCTCTGGGTGCCCGGCGGTCAGGGCGGCTCTGGAAACCCTGTGCGT
CGGCTTCTAGGCTGCCTGGGCTCGGAGACGCGCCGCCTCTCGCTGTTCCTGGTCCTGGTGGTCCTCTCCTC
TCTTGGTAAGGGGAA

Appendix A Figure 4. Sequenced PCR amplicons from U2OS TAP pFlexible 5’
px330 col. 1. (A) PCR amplicon sequence confirming the 5’ end of the pFlexible-LacOpBLR5 integration site at the TAP1 locus. (B) PCR amplicon sequence confirming the
3’end of the pFlexible-LacO-pBLR5 integration site at the TAP1 locus. (C) PCR
amplicon sequence of unedited TAP1 loci. A 28 bp deletion resulting from NHEJ repair
of CRISPR/Cas9 induced DSBs was found when this sequence was compared to wildtype U2OS and its location is indicated by a slash mark (/). Sequence of the Chr15 locus
is highlighted in grey, with the sequences used to generate the homology arms of the
pFlexible-LacO-pBLR5 donor vector shown in blue (5’ homology) or red (3’ homology).
pFlexible-LacO-pBLR5 sequence is shown in bold text.
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Appendix A Figure 5. Sequenced PCR amplicons from U2OS Chr15 HR 2. (A) PCR
amplicon sequence confirming the integration of HR reporter DNA within the pFlexibleLacO-pBLR5 construct (B) PCR amplicon sequence confirming the 5’ end of the
pFlexible-LacO-pBLR5 integration site at the Chr15 locus. (C) PCR amplicon sequence
confirming the 3’end of the pFlexible-LacO-pBLR5 integration site at the Chr15 locus.
Sequence of the Chr15 locus is highlighted in grey, with the sequences used to generate
the homology arms of the pFlexible-LacO-pBLR5 donor vector shown in blue (5’
homology) or red (3’ homology). pFlexible-LacO-pBLR5 sequence is shown in bold text,
and the CMV promoter of the HR reporter in pink highlight.
Legend:
Grey highlight = Chr15 genomic sequence
Blue text = Sequence used for Chr15 5’ homology template
Red text = Sequence used for Chr15 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence
Pink highlight = CMV Pro of HR reporter
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A
CCGGGCCATGGTCGAAAACAAGGGAAATCACTCCCAATTAAAGCTCCCCCCCTCGAGGTCGAGACGGTATC
GATGGCGCGGAATTCAAAAAGTTTAAACAAAAAAGGCGCTAATATTATTGAAGCATTTATCAGGGTTATTG
TCTCATGAGCGGATACATATTTGAATGTATTTAGTAGTAATCAATTACGGGGTCATTAGTTCATAGCCCAT
ATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA
TTGACGTCAATAATGACGTATGTTCCCATAGTAACGACGTATGTTCCC

B
GGGGCTCTAGCTCCTGCCCCAGCAGCGAAAGGGGCTCCTCCTTCTCTGGTGCCCAGTCCTAGCTCACCTGC
TCTTCACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTGAACAGGG
AGCAGGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACTCCAGGGC
AGGACAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAACCCTGGGA
CACCAGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGGGGCCTCA
TCTGGCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGGACGTCCA
GCCTCCAGCTTTCTGTGGGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCCTCCCTCTGGGG
CCTCCTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGGACCACCA
GGAAGAGCATCAGGAGGGGAAGGAGCCAGAGAGCCCTCCAGGCCAGTGCACTGCTAACTCAACATCTCATC
TTCCTATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGGCAGGTTA
TGATGGCCCAGAGATCCCCACCAGAGTCCCAGATATCAGTGGGGATCCCAGCCTATTCCTTCTTAAGCAAG
CTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGTACCGGGCCCCCCCTCGAGGTCGAGACGGTATCG

C
CGTACGTCACAATATGATTATCTTTCTAGGGTTAATTCTAGTATACGCGTAGTTCTCCCTGAGCCTGTGGA
TACATGGAAAGAGAGCTTCACCACCACCCCCTTCTCTGAATATACATACAGGATCTGAGGAGGGAGGATTC
TGTGTGGATGCATGTGTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGT
CCCATGTGCCCACCTGTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGA
GAGAAATAGGAACAAGGAGAGACAGAGAGAGAGAGAATAGAAACAGAGACCAACAGGGAAACAGAATGAGA
CTGAGACAGAGAACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCTGC
CAAGGCAGACAACTCTCCTCTCACTTCATTGATGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGTT
CAGGAAAGGATGTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGCCCTCTGCAG
GGGCTGCCATTTCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGGGCGCTC
CCAGTGACTGGGCTCTTGTGGTGGCTGGGGAGGGGGAGCTCCTCTGACAGGCCCCATGCTGGGGGAAACGT
CCTGAGACTGACCTATCACGGGCTGACATGCACACCAAGGAGGTCTCACATCTGCTGGGAAATGAGGGGCT
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Appendix A Figure 6. Sequenced PCR amplicons from U2OS Chr15 NHEJ 5. (A)
PCR amplicon sequence confirming the integration of NHEJ reporter DNA within the
pFlexible-LacO-pBLR5 construct (B) PCR amplicon sequence confirming the 5’ end of
the pFlexible-LacO-pBLR5 integration site at the Chr15 locus. (C) PCR amplicon
sequence confirming the 3’end of the pFlexible-LacO-pBLR5 integration site at the
Chr15 locus. Sequence of the Chr15 locus is highlighted in grey, with the sequences used
to generate the homology arms of the pFlexible-LacO-pBLR5 donor vector shown in blue
(5’ homology) or red (3’ homology). pFlexible-LacO-pBLR5 sequence is shown in bold
text, and the CMV promoter of the NHEJ reporter in pink highlight.
Legend:
Grey highlight = Chr15 genomic sequence
Blue text = Sequence used for Chr15 5’ homology template
Red text = Sequence used for Chr15 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence
Pink highlight = CMV Pro of NHEJ reporter
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A
GGCCATGGTCGAAAACAAGGGAAATCACTCCCAATTAAAGCTCCCCCCCTCGAGGTCGAGACGGTATCGAT
GGCGCGGAATTCAAAAAGTTTAAACAAAAAAGGCGCTAATATTATTGAAGCATTTATCAGGGTTATTGTCT
CATGAGCGGATACATATTTGAATGTATTTAGTAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATA
TGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTG
ACGTCAATAATGACGTATGTTCCCATAGTAACGACGTATGTTCCCATAGTA

B
GGGGCTCTAGCTCCTGCCCCAGCAGCGAAAGGGGCTCCTCCTTCTCTGGTGCCCAGTCCTAGCTCACCTGC
TCTTCACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTGAACAGGG
AGCAGGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACTCCAGGGC
AGGACAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAACCCTGGGA
CACCAGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGGGGCCTCA
TCTGGCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGGACGTCCA
GCCTCCAGCTTTCTGTGGGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCCTCCCTCTGGGG
CCTCCTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGGACCACCA
GGAAGAGCATCAGGAGGGGAAGGAGCCAGAGAGCCCTCCAGGCCAGTGCACTGCTAACTCAACATCTCATC
TTCCTATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGGCAGGTTA
TGATGGCCCAGAGATCCCCACCAGAGTCCCAGATATCAGTGGGGATCCCAGCCTATTCCTTCTTAAGCAAG
CTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGTACCGGGCCCCCCC

C
ACGTCACAATATGATTATCTTTCTAGGGTTAATTCTAGTATACGCGTAGTTCTCCCTGAGCCTGTGGATAC
ATGGAAAGAGAGCTTCACCACCACCCCCTTCTCTGANTATACATACAGGATCTGAGGAGGGAGGATTCTGT
GTGGATGCATGTGTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGTCCC
ATGTGCCCACCTGTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGAGAG
AAATAGGAACAAGGAGAGACAGAGAGAGAGAGAATAGAAACAGAGACCAACAGGGAAACAGAATGAGACTG
AGACAGAGAACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCTGCCAA
GGCAGACAACTCTCCTCTCACTTCATTGATGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGTTCAG
GAAAGGATGTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGCCCTCTGCAGGGG
CTGCCATTTCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGGGCGCTCCCA
GTGACTGGGCTCTTGTGGTGGCTGGGGAGGGGGAGCTCCTCTGACAGGCCCCATGCTGGGGGAAACGTCCT
GAGACTGACCTATCACGGGCTGACATGCAC
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Legend:
Grey highlight = TAP1 genomic sequence
Blue text = Sequence used for TAP1 5’ homology template
Red text = Sequence used for TAP1 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence
Pink highlight = CMV Pro of HR reporter

A
TGGTCGAAAACAAGGGAAATCACTCCCAATTAAAGCTCCCCCCCTCGAGGTCGAGACGGTATCGATGGCGC
GGAATTCAAAAAAGGCGCTAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATT
TGAATGTATTTAGTAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACAT
AACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTAT
GTTCCCATAGTAACGACGTATGTTCCCATAGTAA

B
AGTACTGCTACTTCTCGCCGACTGGGTGCTGCTCCGGACCGCGCTGCCCCGCATATTCTCCCTGCTGGTGC
CCACCGCGCTGCCACTGCTCCGGGTCTGGGCGGTGGGCCTGAGCCGCTGGGCCGTGCTCTGGCTGGGGGCC
TGCGGGGTCCTCAGGGCAACGGTTGGCTCCAAGAGCGAAAACTCTTAAGCAAGCTCGAAATTAACC

C
CACAATATGATTATCTTTCTAGGGTTAATTCTAGTATACGCGTACGAGAGCTGATCTCATGGGGAGCCCCC
GGGTCCGCGGATAGCACCAGGCTACTGCNCNGGGGAAGTCACCCTACCGCCTTCGTTGTCAGTTATGCAGC
GGCACTGCCCGCAGCAGCCCTGTGGCACAAACTCGGGAGCCTCTGGGTGCCCGGCGGTCAGGGCGGCTCTG
GAAACCCTGTGCGTCGGCTTCTAGGCTGCCTGGGCTCGGAGACGCGCCGCCTCTCGCTGTTCCTGGTCCTG
GTGGTCCTCTCCTCTCTTGGTAAGGGGAACGCAGGGCAAGAGGGGAGGACACAAGGGG

Appendix A Figure 7. Sequenced PCR amplicons from U2OS TAP HR 6. (A) PCR
amplicon sequence confirming the integration of HR reporter DNA within the pFlexibleLacO-pBLR5 construct (B) PCR amplicon sequence confirming the 5’ end of the
pFlexible-LacO-pBLR5 integration site at the TAP1 locus. (C) PCR amplicon sequence
confirming the 3’end of the pFlexible-LacO-pBLR5 integration site at the TAP1 locus.
Sequence of the TAP1 locus is highlighted in grey, with the sequences used to generate
the homology arms of the pFlexible-LacO-pBLR5 donor vector shown in blue (5’
homology) or red (3’ homology). pFlexible-LacO-pBLR5 sequence is shown in bold text,
and the CMV promoter of the HR reporter in pink highlight.
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Legend:
Grey highlight = TAP1 genomic sequence
Blue text = Sequence used for TAP1 5’ homology template
Red text = Sequence used for TAP1 3’ homology template
Bold text = pFlexible-LacO-pBLR5 sequence
Pink highlight = CMV Pro of NHEJ reporter

A
CATGGTCGAAAACAAGGGAAATCACTCCCAATTAAAGCTCCCCCCCTCGAGGTCGAGACGGTATCGATGGC
GCGGAATTCAAAAAGTTTAAACAAAAAAGGCGCTAATATTATTGAAGCATTTATCAGGGTTATTGTCTCAT
GAGCGGATACATATTTGAATGTATTTAGTAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGG
AGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACG
TCAATAATGACGTATGTTCCCATAGTAACGACGTATGTTCCCATAG

B
GCTACTTCTCGCCGACTGGGTGCTGCTCCGGACCGCGCTGCCCCGCATATTCTCCCTGCTGGTGCCCACCG
CGCTGCCACTGCTCCGGGTCTGGGCGGTGGGCCTGAGCCGCTGGGCCGTGCTCTGGCTGGGGGCCTGCGGG
GTCCTCAGGGCAACGGTTGGCTCCAAGAGCGAAAACTCTTAAGCAAGCTCGAAATTAACC

C
GATTATCTTTCTAGGGTTAATTCTAGTATACGCGTACGAGAGCTGATCTCATGGGGAGCCCCCGGGTCCGC
GGATAGCACCAGGCTACTGCNCNGGGGAAGTCACCCTACCGCCTTCGTTGTCAGTTATGCAGCGGCACTGC
CCGCAGCAGCCCTGTGGCACAAACTCGGGAGCCTCTGGGTGCCCGGCGGTCAGGGCGGCTCTGGAAACCCT
GTGCGTCGGCTTCTAGGCTGCCTGGGCTCGGAGACGCGCCGCCTCTCGCTGTTCCTGGTCCTGGTGGTCCT
CTCCTCTCTTGGTAAGGGGAACGCAGGGCAAGAGGGGAGGACACAAGGGGACTGGGACAGGAATCAA

Appendix Figure 8. Sequenced PCR amplicons from U2OS TAP NHEJ 4. (A) PCR
amplicon sequence confirming the integration of NHEJ reporter DNA within the
pFlexible-LacO-pBLR5 construct (B) PCR amplicon sequence confirming the 5’ end of
the pFlexible-LacO-pBLR5 integration site at the TAP1 locus. (C) PCR amplicon
sequence confirming the 3’end of the pFlexible-LacO-pBLR5 integration site at the
TAP1 locus. Sequence of the TAP1 locus is highlighted in grey, with the sequences used
to generate the homology arms of the pFlexible-LacO-pBLR5 donor vector shown in blue
(5’ homology) or red (3’ homology). pFlexible-LacO-pBLR5 sequence is shown in bold
text, and the CMV promoter of the NHEJ reporter in pink highlight.
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