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ABSTRACT

DNA REPAIR PROTEINS METNASE AND PARP1 REGULATE DNA INTEGRATION

DNA integration occurs naturally in various formats and plays important roles in
evolution. DNA integration also affects human and animal health. VVarious genome-editing tools
have been developed based on site-specific DNA integration. In mammalian cells, DNA
integration is largely random. The mechanism of random DNA integration is not fully
understood but has close association with repair of double-strand DNA damage. There are two
major pathways to repair double-strand breaks (DSBs), homologous recombination (HR) and
non-homologous end joining (NHEJ). In mammalian cells, NHEJ occurs more frequently than
HR, possibly explains why random integration is more efficient than homology-directed
integration or gene targeting. Proteins function in DSB repair pathways often engage in DNA
integration.

Metnase is a fusion protein that only expresses in higher primates, including humans.
Metnase contains a SET methyltransferase domain and a transposase domain. Metnase promotes
efficiency and accuracy of NHEJ and promotes DNA integration. The SET domain dimethylates
histone H3K36 at DSB sites, and the transposase domain binds to the human Mariner transposon
Hsmarl terminal inverted repeat (TIR) sequence specifically. Both domains have been shown to
be important for the role of Metnase in NHEJ. In this study, we tested the role of Metnase in
promoting plasmid integration. We hypothesized that Metnase promotes plasmid integration
through its functions in the NHEJ pathway. Metnase enhances the efficiency and accuracy of

NHEJ, we predict that overexpression of Metnase can prevent integrating plasmid and genomic



DNA at integration sites from large deletions. Besides, if the specific TIR binding of Metnase
can direct more DNA integration into the TIR sequence in the human genome, overexpression of
Metnase would increase the ratio of DNA integration found at or nearby TIR region. To test this
hypothesis, we mapped plasmid integration in the human cell line HEK293T at low and high
levels of Metnase expression. Our results demonstrated that Metnase promotes plasmid DNA
integration independently of TIR sequence in the human genome. Overexpression of Metnase
suppressed microhomology-mediated DNA integration, supporting our hypothesis that Metnase
promotes DNA integration through classical NHEJ (CNHEJ).

In contrast to cNHEJ, alternative NHEJ (aNHEJ) utilizes a different set of core proteins
to rejoin broken ends. Compared to cNHEJ, aNHEJ is more error-prone and considered as the
major generator of chromosomal translocations. Initiation of aNHEJ requires end resection.
PARP1 plays an important role in initiating aNHEJ by recruiting end resection factors to DSBs.
PARP1 has also been shown to promote DSB-induced chromosomal translocations. Based on the
structural similarity between chromosomal translocations and DNA integration, we hypothesized
that PARP1 may promote a sub-set of DNA integration, possibly through aNHEJ. We tested the
effects of two PARPL1 inhibitors PJ34 and Olaparib on DNA integration. Surprisingly, the two
inhibitors showed opposite effects on DNA integration. PJ34 suppressed DNA integration, while
Olaparib promoted DNA integration. We then confirmed PARP1 promoted DNA integration in a
stable PARP1 knockdown cell line. Future studies are needed to understand the engagement of

PARP1 in DNA integration and interpret the result where Olaparib promotes DNA integration.
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CHAPTER 1

INTRODUCTION

DNA INTEGRATION:
ROLES IN HUMAN HEALTH AND APPLICATIONS IN RESEARCH

DNA integration is the process of a foreign fragment of DNA inserting into DNA within
a cell, typically a chromosome. Integrated foreign DNA becomes part of the genome and is
replicated along with the host DNA and passed down to daughter cells. If the genetic information
in the foreign DNA is expressed, the host cell that accepts the foreign DNA may gain new
properties (reviewed in Johnsborg et al., 2007). In addition, insertion of foreign DNA can cause
modifications to the recipient genome in various ways. In some cases, the integrated foreign
DNA interrupts the coding sequences of the host genome, resulting in silencing of certain genes
(Covarrubias et al., 1986; Covarrubias et al., 1987). In other cases, integration of foreign DNA
causes rearrangement of the recipient chromosome. These rearrangements include DNA
deletions, insertion of extra bases, duplication of integration sites, and chromosomal
translocations (Covarrubias et al., 1986; Covarrubias et al., 1987; Hamada et al., 1993; Kato et
al., 1986; Mahon et al., 1988; Mark et al., 1992; Robins et al., 1981; Wilkie and Palmiter, 1987).
Work from Doerfler group has revealed de novo methylation of integrated foreign DNA and the
recipient genome at both the integration site and at sites remote from the integration site; and this
may underlie altered transcription patterns of the recipient genome due to integration of foreign
DNA (reviewed in Doerfler, 2011, 2012). As a result, DNA integration can disrupt genome
stability of the recipient cell. Interruption of genome stability by integrated foreign DNA

increases mutation rates, and can play an important role in evolution. In natural settings, DNA



integration can be observed in several different situations (Figure 1). Transposable elements,
including transposons and retrotransposons compose about 45% of the human genome (Cordaux
and Batzer, 2009). Retroviruses, such as human immunodeficiency virus (HIV), reverse
transcribe their RNA genome into DNA, which then integrates into the genome of the infected
host genome (Craigie and Bushman, 2012). Plasmids are small circular double-strand DNAs that
can transfer from host to host. Plasmids are most common in bacteria, and have been extensively
engineered to express genes of interest in eukaryotes. Certain plasmids are able to self-replicate
independent of the host chromosomal DNA, if they have a functional replication origin, or they
may integrate into the host genome and replicate along with the host DNA. Transposable
elements, retroviral DNAs, and plasmid DNAs have been extensively investigated and
engineered for many purposes, including construction of transgenic cell lines and animals, and to
deliver therapeutic DNA in gene therapy, as described in the following sections.
Integration of transposable elements

The first transposable element, or transposon, was identified by Barbara McClintock in
maize (McClintock, 1953), which earned her Nobel prize in 1983. Transposons are short DNA
fragments that can move from one site of chromosome to another site. Transposable elements are
classified into two classes based on the mechanism of transposition. Class | transposable
elements move in a “copy and paste” fashion and are referred to as retrotransposons (Figure 1A
and 1B). DNA of retrotransposons is first transcribed into RNA, the RNA then anneals to the
nicked target DNA and primes reverse transcription and synthesis of the first strand of
complementary DNA (cDNA), followed by synthesis of the second strand of cDNA and
complete insertion of the newly synthesized double-strand cDNA into the new locus in the

genome (reviewed in Boeke and Chapman, 1991; Eickbush and Jamburuthugoda, 2008). Class Il



transposable elements move in a “cut and paste” fashion (Figure 1C). They encode genes for
transposases, which make staggered cuts at the ends of transposons and the target site. Each end
of the transposon then covalently links to a single-strand overhang of the target site by DNA
ligase. Gaps left on the overhang sequences are then filled by DNA polymerases, resulting in
short repetitive sequences flanking the transposon at the new locus (Hallet and Sherratt, 1997).
We will revisit these short repetitive sequences in future discussion, and refer to them as terminal
inverted repeats (TIRs). Class Il transposons do not require RNA intermediates, therefore are
referred as DNA transposons.

Class I transposable elements, or retrotransposons are important in shaping the human
genome (Lander et al., 2001), and some are associated with human diseases (reviewed in Jung et
al., 2013). There are two categories of retrotransposons, autonomous and non-autonomous.
Autonomous retrotransposons encode reverse transcriptases in their sequences, while non-
autonomous retrotransposons depend on cellular source of reverse transcriptase to move.
Autonomous retrotransposons are further classified as long terminal repeats (LTRs)-containing
(Figure 1A) and LTRs-lacking retrotransposons (Figure 1B). LTRs generally serve as the primer
for transcription into retrotransposon RNA and reverse transcription into cDNA (reviewed in
Havecker et al., 2004). The most abundant LTR-containing members are human endogenous
retroviruses (HERVSs). HERVs make up about 8% of the human genome but all HERVs have
been inactivated due to deletions and other mutations (Belshaw et al., 2005; Belshaw et al., 2004;
Jha et al., 2009). The most common LTR-lacking retrotransposons in the human genome are
long interspersed elements (LINESs) (Lander et al., 2001). The LINE-1 (L1) element and its
associated short interspersed elements (SINE) partner Alu are the only known active

retrotransposons in humans, comprising 22% of the human genome (Beck et al., 2011b). SINEs



are a type of non-autonomous retrotransposon that lack reverse transcriptase encoding ability.
SINEs are associated with disease as well, and contribute to genome diversity (Batzer and
Deininger, 2002; Goodier and Kazazian, 2008; Nystrom-Lahti et al., 1995; Ostertag et al., 2003).
Endogenous retrotransposons integrated into the human genome during evolution still have
potential to induce chromosomal rearrangement though recombination between different copies.
Activities of endogenous retrotransposons have been associated with various genetic diseases
(reviewed in Belancio et al., 2008; Belancio et al., 2010; Carreira et al., 2014; Kassiotis, 2014;
Katoh and Kurata, 2013; Thomas et al., 2012). In the human genome, SINEs are moved by L1-
encoded protein. L1 elements encode an endonuclease, which is critical for targeting new loci by
L1. The L1 endonuclease cleaves at 5’-TTAAAA-3’ sites on chromosomes and produces 3’
overhangs (Feng et al., 1996). This small fragment of single-strand DNA (ssDNA) serves as
primer to synthesize cDNA using L1 transcript as a template (Christensen and Eickbush, 2005;
Cost et al., 2002; Luan et al., 1993). The complete mechanisms of cDNA synthesis and
incorporation of the newly synthesized double-strand cDNA into chromosomes remain to be
elucidated. Both L1 endonuclease-dependent and -independent transpositions are known to occur
(reviewed in Beck et al., 2011b).

Class Il transposable elements, or DNA transposons move around genomes without an
RNA intermediate (Figure 1C). DNA transposons make up about 2-3% of human genome
(Lander et al., 2001). Mariner-like elements, or Mariner transposons have attracted a lot
attention because they have the ability for horizontal transmission among species (Lawrence and
Hartl, 1992; Overbeek et al., 1991; Robertson, 1993; Robertson and MacLeod, 1993). Mariner
was first identified in Drosophila (Jacobson et al., 1986) and later found in many insects and

vertebrates species including human (Lampe et al., 2003; Lohe et al., 1995; Mandal and



Kazazian, 2008; Plasterk et al., 1999). The typical structure of Mariner transposons includes
sequences that encode transposase, framed by TIRs of <100 bp (Lampe et al., 1996; Vos and
Plasterk, 1994). Mariner transposase is responsible for full excision of a Mariner transposon
from its original locus and integration at new locus (Lampe et al., 1996; Vos et al., 1996). The
TIR contains a binding site of transposase (Vos and Plasterk, 1994). Mariner transposons belong
to 1S630-Tcl-mariner superfamily of transposable elements whose transposases share a common
D(Asp)DE(Glu) motif (Doak et al., 1994; Plasterk et al., 1999). These transposases are related to
the integrase of retroviruses such as HIV (Capy et al., 1996). In Mariner transposons, the actual
structure is DDD and converting this DDD motif into DDE inactivates the transposase (Lohe et
al., 1997). Proteins with a DDE motif are able to make a single-strand scission on double-strand
DNA (dsDNA) molecules, exposing a reactive 3” hydroxyl (Craig, 1995), allowing scission of
the entire transposable element from the host chromosome. Most transposons of the 1S630-Tcl
family reintegrate into TA dinucleotide (Doak et al., 1994), although the precise integration
mechanism remains unclear. To date, two types of Mariner transposons have been identified and
characterized in the human genome, named Hsmarl and Hsmar2 (Oosumi et al., 1995;
Robertson and Martos, 1997; Robertson and Zumpano, 1997). Both are inactive pseudogenes
that are no longer moving around the human genome. Hsmar2 transposons are inactive due to
accumulated mutations, copies of Hsmar?2 are present near homologous recombination hotspots
in various regions where large deletions or repeated sequences have been linked to genetic
disorders such as Prader-Willi and Angelman syndromes, Williams Syndrome, and Charcot-
Marie-Tooth syndrome (Christian et al., 1995; Kiyosawa and Chance, 1996; Urban et al., 1996).
Thus, even though these repeated elements are no longer able to move around the human

genome, they continue to contribute to genome instability, because repeated sequences are



unstable and could cause chromosome rearrangement through replication slippage, sister-
chromosome exchange-associated slippage, single-strand anneal and other mechanisms (Bzymek
and Lovett, 2001). For example, instability of simple repeated sequences has been linked to
colorectal tumorigenesis (lonov et al., 1993; Perucho et al., 1994; Shibata et al., 1994; Thibodeau
et al., 1993), ovarian carcinoma (Dodson et al., 1993), and Barrett’s esophageal adenocarcinoma
(reviewed in Shammas, 2011).
Integration of viral DNA

Viruses are small infectious agents that infect all types of living organisms, from archaea,
bacteria, to plants and animals (Koonin et al., 2006). The structure of a virus is very simple. Most
viruses only contain genetic material made of RNA or DNA, wrapped in a protein coat. Viruses
only propagate utilizing the transcription and translation machinery of the host cell they infect.
Infection of a virus in the host cell causes mild to severe effect on the host, including death. In
addition to directly inducing diseases in humans and animals, several types of virus infection
have been associated with carcinogenesis. Human papillomavirus is present in more than 95% of
cervical cancer tissues and is well accepted as a causal agent of cervical cancer (zur Hausen,
2009). Heptitis B virus and Heptitis C virus contribute to up to 80% of hepatocellular carcinoma
(Perz et al., 2006). Integration of Merkel cell polyomavirus sequence in the host genome is
associated with Merkel cell carcinoma (Feng et al., 2008). Overall, it is estimated that viral
infection accounts for about 20% of malignancies (reviewed in Damania, 2007). Some tumor-
associated viruses are present in 100% of the tumor tissue, and have been determined to be the
causative agent of that tumor, such as human papillomavirus in cervical cancer, Epstein-Barr
virus in lymphoproliferative disease, hepatitis B virus in hepatocellular carcinoma and others

(reviewed in Pagano et al., 2004). Virus-induced carcinogenesis share common general features.



In one way, expression of oncogenes encoded in viral sequence interrupts the regulation of cell
division and leads to uncontrolled proliferation. In another way, integration of viral sequence and
expression of some viral proteins disrupt the infected host genome and cause accumulation of
mutations and genomic instability in the host genome, possibly result in activation of
prooncogenes or disruption of tumor suppressor genes (reviewed in Chen et al., 2014).

Although not required for all viruses, many viruses are able to integrate their genetic
materials into the host genome. Retroviruses are a family of RNA viruses where integration of
their genetic material into the host genome is part of their life cycles. The genome of a retrovirus
is a single-strand RNA. After retrovirus enters a host cell, retrovirus RNA is reversed transcribed
into double-strand DNA, which is then integrated into the genome of the host by virus-coded
integrase. The host will transcribe and translate the integrated genomic information of the
retrovirus along with its own genome. Expression of genes within the integrated DNA produces
viral components that are assembled into new virus particles, which are released from the host
cell to initiate another round of infection. Therefore, integration of retroviral DNA into the host
genome is a critical step for retroviruses to propagate.

Retroviruses infect a wide range of animals. In humans, retrovirus infection is associated
with various diseases, including malignancies, immunodeficiencies, and neurological disorders
(reveiwed in Rosenberg and Jolicoeur, 1997). For example, human immunodeficiency virus
(HIV) is a member of the retrovirus family. The integration process of HIV proviral DNA was
investigated extensively (reviewed in Krishnan and Engelman, 2012). Integrase plays a key role
in integration of retroviral DNA into host genome (Figure 1D). Integrase is related to transposase
of DNA transposons as it catalyzes attack of the phosphodiester bond of target genomic DNA by

the 3’-OH groups of viral DNA (reviewed in Asante-Appiah and Skalka, 1997). Similar to LTR-



containing retrotransposons, HIV genome also has LTR sequences at each end. HIV integrase
processes the LTR sequences and joins it to target genomic DNA. Integration of the proviral
DNA into the infected genome is a critical step in the life cycle of HIV. Therefore, integrase is a
proven target for acquired immunodeficiency syndrome (AIDS) drug development (Gu, 2014).
Integrated retroviruses are domesticated to become part of the recipient genome and passed on to
the daughter cells. It is estimated that about 4.7% of human genome is made up of human
endogenous retroviruses (Lander et al., 2001).
Integration of plasmid DNA

Plasmids are small circular double-strand DNAs capable of replication independent of
chromosomal DNA. Plasmids are most commonly found in bacteria, where they usually confer a
new phenotype, such as drug resistance. Plasmids can easily transfer from one bacterium cell to
another, and are therefore, major factor in horizontal gene transfer. Plasmids are very important
tools in molecular biology. They are widely used to introduce foreign genes or modified genes
into cells through integration of plasmid in the recipient genome. Although plasmids are
generally capable of epichromosomal replication in bacteria, when transferred to other cells such
as yeast or mammalian cells, their replication often requires integration into the host
chromosome, allowing stable expression of the foreign or modified genes. For example, yeast
integrative plasmids are designed in a way that the plasmids rely on integration into the yeast
chromosome to replicate. Including replication origin that function in host eukaryotic cells
permits “shuttle” plasmid replication independent of integration into the host genome. In
mammalian cells, such autonomous plasmids are called “episomes”. Integration of plasmid DNA
into yeast or mammalian genome can be random or targeted (Figure 1E). Targeted plasmid

integration to a specific locus on the host chromosome can be achieved by including homologous



sequence of the target chromosome in the plasmid, using techniques developed for both yeast
and mammalian cells during the 1970s and 1980s (Boone et al., 1986; Scherer and Davis, 1979;
Smithies et al., 1985; Thomas et al., 1986). In general, targeted plasmid integration in yeast is
much more efficient than in mammalian cells (Ruff et al., 2014). The mechanism of plasmid
integration in yeast and mammalian cells is not well understood. It is generally accepted that
integration of plasmid into chromosomes occurs as part of DNA damage repair. This will be
further discussed in later sections.
Other types of natural DNA integration

DNA integration can also occur through several less common mechanisms. When tumor
cells undergo apoptosis induced by chemotherapy or radiation therapy, DNA of tumor cells is
fragmented and recycled by surrounding cells through apoptotic bodies. Integration and
amplification of tumor oncogenes in normal cells may transform the recipient cells into new
tumor cells (Bergsmedh et al., 2001; Ehnfors et al., 2009; Holmgren, 2010). In an effort to
sequence the breakpoint junctions of reciprocal chromosomal translocations, Willett-Brozick et
al. found that mitochondrial DNA was inserted at some translocation junctions (Willett-Brozick
et al., 2001). Analysis of the rice genome revealed that ancient mitochondrial DNA has been
integrated into chromosomes, with interruptions by foreign DNA (Ueda et al., 2005).
Conversely, it is found that extrachromosomal plasmid DNA captured pieces from chromosomes
as the plasmid is repaired (Little and Chartrand, 2004). Thus, DNA integration plays an
important role in evolution and continues to alter the genomic landscapes of modern organisms.

In summary, DNA integration into a recipient genome occurs frequently under natural
situations via various mechanisms. Most sources of integrative DNA are foreign DNAs that

previous not reside inside the recipient cell, while internal sources of integrative DNA are less



common. The integrated DNA could disrupt the intact structure of host genome, mutate or
completely shut down essential genes as well as tumor suppressor genes and promote oncogene
activation. Copy number and location of integrated expression vector potentially affect protein
expression level (Fukushige and Sauer, 1992; Lacy et al., 1983), and cause non-targeted effects
in the recipient cell, such as alternation of the DNA methylation and transcription patterns of the
host genome (Lichtenberg et al., 1988; Liu et al., 2004; Muller et al., 2001; Remus et al., 1999).
Therefore, integration of viral DNA and transposons in the human genome are closely associated
with human health. On another hand, natural DNA integration events create mutations and
provide new opportunities for organisms to adapt to environmental changes. Integration of
engineered transposons, retroviruses, and plasmids with special sequences are important tools for
manipulating genome for research and therapeutic purposes.
Application of DNA integration

Introduction of foreign genes with functional promoters into cells provide new features to
the recipient cell. Foreign genes are typically delivered to the host cell via a plasmid or viral
vectors. Integration of the vectors into the cell genome allows stable and long-term expression of
foreign genes, and therefore has wide application in the fields of life science research,
biotechnology and biomedical science. For example, extra copies of genes can be integrated into
a cell to achieve overexpression of the corresponding gene products. This strategy is commonly
used to study the function of the gene products. In gene therapy, therapeutic vectors that
integrate (lentivirus, adenovirus, etc.) into the recipient genome can provide long-term
therapeutic effects.

In many cases, integration site and copy number of integrated genes are not examined as

long as the gene is stably expressed. However, in some cases targeted integration of foreign
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DNA into a specific sequence is preferred. In mammalian cells, the efficiency of gene targeting
varies. For example, wild type Adeno-associated virus integrates specifically into human
chromosome 19 at the 19913.3-gter (AAVS1) locus (Giraud et al., 1994). Proviral cDNA of HIV
integrates preferentially into active transcription units and favors regions with histone
modifications that facilitate transcription (Schroder et al., 2002; Wang et al., 2007). Plasmid
DNA s tend to integrate randomly without site preferences (Bushman et al., 2005; Narezkina et
al., 2004).

Homologous sequences are sometimes included in plasmid- or viral- based vectors to
target specific loci via homologous recombination. However, the efficiency of homology-
directed DNA integration is very low with just homologous sequences as the guide, and this has
led to the development of several methods to enhance targeted DNA integration in mammalian
cells (reviewed in Garrels et al., 2012; Wang, 2015). Various DNA modifying enzymes are
employed to enhance precise integration of foreign DNA into target loci. Transposases encoded
by transposon facilitates transposon-based vectors to integrate into specific sites. For example,
site-specific recombinases Cre and FLP are commonly used system to create gene knockin and
knockout to modify specific genome loci (O'Gorman et al., 1991; Sauer and Henderson, 1990).
Zinc-finger nucleases (ZFN) and Transcription-activator like endonucleases (TALENS) are
artificial restriction enzymes engineered to contain a DNA-binding domain fused with a DNA-
cleavage domain. The DNA-binding domain can be engineered to recognize a specific sequence
and guide the DNA-cleavage domain to cleave at a specific sequence targeted by the
homologous sequence carried by the integrating plasmid to facilitate homologous recombination
between the plasmid and the target site (Cermak et al., 2011; Li et al., 2011a; Li et al., 2011b;

Mani et al., 2005; Miller et al., 2007; Miller et al., 2011; Morton et al., 2006; Porteus, 2008;
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Wright et al., 2005). The recent development of Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-Cas9 system is an exciting advantage in precise editing of
eukaryotic genomes (Cong and Zhang, 2015). The CRISPR-Cas9 system uses guide RNAs to
guide site-specific cleavage of the target chromosome. Repair of the cleavage results in
mutagenic deletions or insertion at the target site, or homology-directed replacement of the target
site. These technologies are important for production of genetically modified cell lines or
organisms for research purposes, and for production of cells with special properties in the
biotech industry.

Various types of natural DNA integration (transposons, viruses, and others) have
contributed to evolution and continue to impact stability and integrity of the human genome. As
a commonly used genome engineering technology, DNA integration is wildly applied in
biological research, and biotechnology and biopharmaceutics industry to product transgenic
organisms that produce medicines, biofuels, biomaterials, and other products. For these reasons,
it is important to understand the mechanisms of DNA integration, both for random and targeted
DNA integrations, to allow more control in genome engineering.

DNA integration is closely related to DNA damage repair. Accumulated data indicates
that various types of DNA damaging agents (UV, ionizing radiation (IR), restriction enzyme,
Topoisomerase inhibitors, and others) promote the efficiency of DNA integration (reviewed in
Wourtele et al., 2003). Therefore, it is reasonable to assume that the process of DNA integration is
closely related to DNA damage and DNA repair. It has been shown that proteins involved in
DNA repair affect the efficiency of foreign DNA integration. For example, transient knockdown
of KU70 or X-ray repair cross-complementing protein 4 (XRCC4) suppressed random

integration and increased targeted DNA integration in human cells (Bertolini et al., 2009). In
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Neurospora, homology-directed foreign DNA integration requires the yeast Rad51 homolog
MEI3, while non-homologous integration requires MUS-52 (a yeast KU80 homolog) and MUS-
53 (a human Ligase IV homolog) (Ishibashi et al., 2006). The low gene targeting efficiency in
mammalian cells is attributed to the relatively low efficiency of homologous recombination (HR)
and relatively high efficiency of non-homologous end joining (NHEJ) pathways of double-strand
break (DSB) repair. Therefore, it is necessary to discuss the mechanisms of DNA repair.
DNA DOUBLE-STRAND BREAK REPAIR

DNA is constantly subjected to damage caused by extracellular and intracellular DNA
damaging agents. UV exposure from sunlight induces the formation of pyrimidine dimmers.
Exposure to carcinogenic chemicals prevails everywhere in the modern industrial world.
Exposure to large dose of IR in rare events, such as the Fukushima nuclear power plants
explosion, can put millions of people at risk of DNA damage. Reactive oxygen species (ROS)
produced during oxygen metabolism causes single-strand breaks (SSBs). When replication forks
encounter damaged DNA, progression of is stalled and will not proceed until damage is repaired.
Sustained damage results in collapse of replication forks, producing DSBs. It was estimated that
about 1% of SSBs can be converted to DSBs per cell per cycle in human cells (Vilenchik and
Knudson, 2003). Cells possess several types of DNA damage repair mechanisms to deal with
different types of DNA damage. These mechanisms are highly conserved from bacteria to
mammals.

Base excision repair (BER) corrects base damage arising through oxidation, alkylation, or
deamination by replacing the nucleotide with damaged base and filling in the gap with the
correct nucleotide (Figure 2A) (reviewed in Dianov and Hubscher, 2013; Robertson et al., 2009).

Nucleotide excision repair (NER) repairs bulky DNA adducts and crosslinked DNA that result in
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distortion of DNA double helix structure by removing the damaged strand and resynthesizing it
using the complementary strand as a template (Figure 2B) (reviewed in Nouspikel, 2009).
Mismatch repair (MMR) fixes non-Watson-Crick base pairing caused by polymerase error or
base damage in the process of DNA synthesis by removing the error-containing newly
synthesized strand and filling in the gap with the correct sequence (Figure 2C) (reviewed in
Fukui, 2010; Kunz et al., 2009).

Base damage, base mismatches, and stabilized topoisomerase decatenation intermediates
inhibit progression of replication forks. When not resolved in a timely manner, stalled replication
forks collapse to produce DSBs. Direct attack on DNA deoxyribose backbone by IR is another
source of DSBs. Among all types of DNA damage, DSBs are the most lethal. Failure to repair
DSBs leads to chromosomal abnormality, genome instability, and even cell death. Pre-existing
DNA damage is not a prerequisite for DNA integration, but DNA damage, such as DSBs
induced by topoisomerase Il inhibitors and endonucleases have been shown to increase the
efficiency of foreign DNA integration (Fujimaki et al., 1996; Jin et al., 2005), suggesting that
DNA integration and DSB repair share similar machinery or pathways. HR (Figure 2D) and
NHEJ (Figure 2E) are the two major DSB repair mechanisms. In mammalian cells, HR is mainly
active in S and G2 cell cycle phases where sister chromatids serve as template for repair, NHEJ
is active throughout the cell cycle.

Homologous recombination

Homologous recombination repairs broken ends using homologous sequence as a
template, the basic steps in HR are 1) resection of 5’- ended DNA; 2) formation of RAD51
nucleoprotein filament, homolog search, and strand invasion; 3) synthesis of new strand using

homologous sequence as a template; 4) resolution of recombination intermediate and completion
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of repair DNA by filling small gaps or nicks. Depending on the availability of homologous
sequence and whether both ends of the break sites are present, repair through HR can occur in
different ways: synthesis-dependent strand-annealing (SDSA), classical double-strand break
repair (DSBR), single-strand annealing (SSA) and break-induced replication (BIR) (reviewed in
Pardo et al., 2009). In mammalian cells, broken ends are recognized and bound immediately by
the Mrel1-Rad50-NBS1 (MRN) complex (reviewed in Paull and Lee, 2005). MRN initiates
limited end resection and recruits C-terminal-binding protein interacting protein (CtIP) and
exonuclease 1 (EXO1) that are responsible for extensive end resection (Nimonkar et al., 2011;
Peterson et al., 2013). Resection exposes stretches of sSSDNA, which are immediately bound and
protected by replication protein A (RPA). Recombinase Rad51 displaces RPA to form a
nucleoprotein filament on sSDNA that conducts the search for homologous template. Rad51
catalyzes invasion of the nucleoprotein filament into homologous template and forms
heteroduplex structures (Baumann and West, 1998). The heteroduplex can expand and form a
Holiday junction (HJ). New DNA sequence is synthesized using homologous sequence as
template. HJs are resolved by coordinated action of helicases, endonucleases, polymerases and
topoisomerases. Sister chromatids, homologous chromosomes, and repetitive sequences can be
used as templates in homologous recombination. Repair by HR can restore the original genetic
information with the possibility of gene conversion and crossover.

Foreign DNA integration via HR requires a stretch of homology between the integrating
foreign DNA and the recipient genome. To a certain extent, efficiency of HR and homology-
directed foreign DNA integration positively correlate with the length of homology (Fujitani and
Kobayashi, 1995; Fujitani et al., 1995; Hasty et al., 1991; Rubnitz and Subramani, 1984; Shen

and Huang, 1986). In the commonly used model organism yeast Saccharomyces cerevisiae, HR
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is the dominant pathway for DSB repair. Therefore, homology-directed DNA integration in yeast
is fairly efficient. However, in mammalian cells, efficiency of homology-directed DNA
integration is low. In gram-negative Acinetobacter, it has been reported that efficiency of DNA
integration can be significantly increased when one end of the integrating DNA contains
homologous sequence with the recipient genome, compared to integration in the absence of any
homology. The homologous sequence serves as an anchor to facilitate the illegitimate integration
on the other end. This type of DNA integration is termed homology-facilitated illegitimate
recombination (HFIR) (de Vries and Wackernagel, 2002). In Acinetobacter, the efficiency of
DNA integration via HFIR is 10,000 times less frequent than fully homologous recombination,
but 100,000-fold more frequent than integration with no homology (de Vries and Wackernagel,
2002; Hulter and Wackernagel, 2008). Foreign DNA acquisition through HFIR is suppressed by
various nucleases including RecBCD, ShcCD, and RecJ, particularly when the homology is
short, suggesting that longer homology is more efficient in stabilizing the integration
intermediate and escaping degradation by nuclease, thus promoting DNA integration (Harms and
Wackernagel, 2008). After the integrating DNA is anchored to the recipient genome via the
homologous end, the other end integrates in a homology-independent manner. This last step in
the process should be same as fully homology-independent integration, which shares certain
features with DSB repair by NHEJ.
Non-homologous end joining

Non-homologous end joining pathway repairs DSBs independent of homologous
sequence (reviewed in Waters et al., 2014). DSBs are recognized by MRN complex, which
recruits DNA damage signaling protein Ataxia Telangiectasia Mutated (ATM). ATM

phosphorylates histone variant H2AX at serine 139 at a restricted region of the damaged DNA.
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The phosphorylated H2AX, or gamma (y)-H2AX recruits more ATM, which then
phosphorylates more H2AX flanking both sides of the DSB and newly phosphorylated H2AX
recruits more ATM. This positive feedback loop extends y-H2AX signal to megabases on both
sides of the DSB (reviewed in Bekker-Jensen and Mailand, 2010; Kinner et al., 2008; Kuo and
Yang, 2008). KU70 and KUB80 heterodimers bind to broken ends, protecting the ends and serving
as the docking site of DNA-dependent protein kinase (DNA-PK) complex (reviewed in Grundy
et al., 2014). DNA-PK binds to each end and tethers the ends to form a bridge domain.
Formation of bridge domain triggers phosphorylation and activation of DNA-PK. Activated
DNA-PK phosphorylates downstream repair proteins (reviewed in Davis et al., 2014; Pawelczak
etal., 2011; Weterings and Chen, 2007). The scaffold protein XRCC4 facilitates recruitment of
Ligase IV to rejoin the two ends (Chen et al., 2000; Critchlow et al., 1997). Often, ends are
processed by exonucleases Artemis and meiotic recombination 11 (MRE11) to prepare ends for
efficient ligation, particularly for chemically diverse ends at DSBs created by IR (reviewed in
Kurosawa and Adachi, 2010; Sung et al., 2014). NHEJ repairs DSBs independent of homologous
sequences. However, ends may be resected before rejoining and additional bases are sometimes
added to ends prior to rejoining. KU, DNA-PKCcs, Ligase 1V dependent rejoining of blunt ends is
referred as the classical non-homologous end joining (cNHEJ), to differentiate from alternative
non-homologous end joining (aNHEJ) (Bennardo et al., 2008).

Alternative NHEJ is less efficient and more error prone than cNHEJ. Alternative NHEJ is
inhibited by Ligase IV and has been considered as the main generator for chromosomal
translocations (Byrne et al., 2014; Simsek et al., 2011; Wray et al., 2013). However, some argue
that different from murine cell, in human genome, the main generator of translocations is cNHEJ

(Ghezraoui et al., 2014). In aNHEJ, a subset of HR proteins, including MRE11 and CtIP are used
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to initiate end resection (Badie et al., 2015; Della-Maria et al., 2011; Lee-Theilen et al., 2011;
Zhang and Jasin, 2011). The purpose of end resection is to exposure pre-existing microhomology
(5-25 nucleotides) between two ends. Ligase 11 anneals ends at microhomology. As a backup,
Ligase | can anneal ends independent of pre-existing micronomology (Simsek et al., 2011).
Because cNHEJ does not utilize microhomology to anneal ends, microhomology is often
considered an indication of aNHEJ (Pannunzio et al., 2014).

In contrast to targeted integration, either homology-directed or site-specific integration
such as Cre-Lox and FLP, most DNA integration is random as it is not sequence or locus
specific. Sometimes, random integration is referred to as illegitimate DNA integration. Analysis
of random DNA integration sites in various species reveal several common features typically
found at foreign DNA-recipient genome junctions, including deletions of various lengths on both
the foreign DNA and the recipient genome, extra nucleotides inserted at the junction, and
rearrangement of the recipient genome. These features resemble the outcomes of NHEJ
(reviewed in Wurtele et al., 2003). Deficiency in key cNHEJ proteins, KU, XRCC4, Ligase IV
have been shown to suppress foreign DNA integration (Bertolini et al., 2009; Ishibashi et al.,
2006). Transient knockdown of key cNHEJ proteins KU70 and XRCC4 suppressed random
integration and promoted homology-directed gene targeting (Bertolini et al., 2009; liizumi et al.,
2008; Tanaka et al., 2010). In mammalian cells, cNHEJ dominates DSB repair, as it is active
across all phases of cell cycle. This explains why random integration is more efficient than
targeted integration in mammalian cells. Classical NHEJ does not require microhomology to
anneal broken ends, but microhomology is often found at integration junctions (de Vries and
Wackernagel, 2002; Dubose et al., 2013; Hamada et al., 1993; Merrihew et al., 1996; Rohan et

al., 1990), raising the possibility that aNHEJ has a role in a significant fraction of integration
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events. However, little work has been done to investigate DNA integration via aNHEJ. It is
possible that the large amount of free ends upon entering of foreign DNA into cytoplasm may
exceed the capacity of cNHEJ, and if true, aNHEJ proteins may be responsible for a portion of
DNA integration.

We hypothesized that both cNHEJ and aNHEJ pathways are utilized in the process of
foreign DNA integration. To test this hypothesis, we studied the roles two DNA repair proteins
Metnase and PARP1 in DNA integration. Metnase functions to promote Ligase 1\VV-mediated
cNHEJ and may suppress aNHEJ. PARP1 has important roles in BER, SSB repair (SSBR), HR,
and aNHEJ. Metnase is known to promote both NHEJ and DNA integration (Hromas et al.,
2008; Lee et al., 2005; Williamson et al., 2008a). PARP1 is important for DSB-induced
chromosomal translocations (Wray et al., 2013). Considering structural similarities between
chromosomal translocation and DNA integration, we hypothesized that PARP1 promotes DNA
integration through aNHEJ pathway. The overall purpose of this thesis research is to generate a
more comprehensive understanding of cellular machineries that contribute to DNA integration.
METNASE

Metnase was first identified as an expressed sequence tag (EST) and originally named
SETMAR, for its SET (Su(var)3-9, Enhancer of Zeste, Trithorax) domain and Mariner
transposase domain. The Metnase gene is 13 kb long and the protein has 671 amino acids. The
Metnase gene is located on chromosome 3 at 3p26.1. This region is frequently abnormal in non-
Hodgkin’s lymphoma, acute and chronic lymphocytic leukemia, myeloma, myelodysplasia,
hereditary prostate cancer and breast cancer (Lee et al., 2005). Metnase is only expressed in
higher primates (Cordaux et al., 2006). In humans, Metnase is universally expressed in all tissues,

with higher expression in liver, ovary and placenta tissues, and lower expression in skeletal
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muscle (Lee et al., 2005). Intriguingly for unknown reasons, cells transformed by T-antigen do
not express Metnase at a detectable level by western blotting and real-time polymerase chain
reaction (Williamson et al., 2008b). Metnase derived from fusion of a Mariner transposable
element, with its transposase/nuclease domain, to a SET protein during primate evolution about
40 million years ago. After fusion, the SET and nuclease domain each retain methyltransferase
activity and nuclease activity respectively, and contribute to the overall function of Metnase in
DNA dynamic processes.
Metnase promotes DNA integration and NHEJ

Metnase has multiple cellular functions; one of the first functions discovered was that it
promotes plasmid and viral DNA integration (Lee et al., 2005; Williamson et al., 2008a).
Metnase was also shown to promote NHEJ (Hromas et al., 2008; Lee et al., 2005). Because
NHEJ is a critical mammalian DSB repair pathway, it is not surprising that Metnase
overexpression increases cellular resistance to IR, and promotes removal of IR-induced y-H2AX
foci, suggesting that Metnase also promotes repair of chromosomal DSBs (Hromas et al., 2008;
Lee et al., 2005). HR repairs DSBs as well, but Metnase appears to not function in HR (De Haro
et al., 2010; Hromas et al., 2008). The enhancement of NHEJ by Metnase may be in part due to
its interaction with key NHEJ proteins (LiglV, XRCC4) and its ability to recruit NHEJ proteins
to DSBs (Fnu et al., 2011; Hromas et al., 2008). Efficient NHEJ is important for rejoining broken
chromosomes and preventing chromosomal translocations. Although mouse cells do not express
Metnase, overexpression of Metnase in mouse cells suppressed DSB-induced chromosomal
translocations, indicating that Metnase can operate within the evolutionarily conserved cNHEJ
pathway (Wray et al., 2010). Chromosomal translocations are common in acute myeloid

leukemia (AML) (Gauwerky and Croce, 1993). A recent study of Metnase expression in healthy
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individuals and AML patients revealed that full length Metnase is overexpressed in chromosomal
translocation negative AML patients compared to chromosomal translocation positive AML
patients (Jeyaratnam et al., 2014), which raised the possibility that Metnase has a role in
suppressing chromosomal translocations.
Metnase promotes replication fork restart

Treatment with the DNA replication inhibitor hydroxyurea (HU), the topoisomerase
inhibitor camptothecin (CPT) or UV-B exposure stops replication fork from progression.
Metnase knockdown sensitizes cells to these three reagents at different levels, with highest
sensitivity to HU. The DNA fiber assay indicated that Metnase promotes restart of stalled
replication forks after HU treatment (De Haro et al., 2010). In response to DSB, Metnase is
phosphorylated by checkpoint kinase 1 (Chk1) at Serine 495; and phosphorylation of Metnase
suppresses its ability to promote restart of stalled replication forks and enhances its ability to
enhance DSB repair (Hromas et al., 2012). The role of Metnase in DNA replication has another
aspect. Decatenation of supercoiled DNA by topoisomerase | and Il ensures progression of
replication forks. Metnase interacts with Topoisomerase Ila (Topo lla), enhances Topo lla-
mediated decatenation (Williamson et al., 2008b; Wray et al., 2009b), and confers resistance to
Topo Il inhibitors in breast cancer cells (Wray et al., 2009a). This ability is suppressed by
automethylation of Metnase (Williamson et al., 2008b). The mechanisms underlying the multiple
functions of Metnase are mostly unknown. However, understanding the activities of its SET and
transposase domains provide clues to this mystery.
Functions of the SET and nuclease domain of Metnase

The SET domain of Metnase is encoded by the first two exons and belongs to a large

family of evolutionarily conserved family of SET methyltransferases (Cordaux et al., 2006; Qian
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and Zhou, 2006). In Metnase, a short deletion at the end of the second exon of the Metnase-
specific-SET gene removed its stop codon, allowing extension of the second exon and fusion
with the Hsmarl element that integrated downstream of this SET gene around 40-58 million
years ago (Cordaux et al., 2006). The SET domain of Metnase retains methyltransferase activity.
Four residues (K9, K27, K36, K79) of histone H3 and two residues (K20, K79) of histone H4 are
targeted by Metnase, among these, H3K36 appears to be targeted most efficiently (Lee et al.,
2005). Metnase dimethylates histone H3K36 at DSBs (Fnu et al., 2011). Activity of Metnase
SET domain is important for Metnase-enhanced foreign DNA integration, NHEJ and suppression
of chromosomal translocations (Fnu et al., 2011; Lee et al., 2005; Wray et al., 2010). The SET
domain of Metnase is also important for interaction with human psoralen 4 (hPso4) protein,
which recruits Metnase to DSBs and is critical for Metnase-mediated plasmid end joining and
integration (Beck et al., 2008). Through interaction with hPso4, the SET domain contributes to
Metnase binding of DNA in a sequence-independent manner. The methylation of histones may
contribute to functions of Metnase by modifying chromosome configuration, providing better
access for the Metnase transposase domain and other repair factors to broken ends.

The third exon of the Metnase gene encodes the transposase domain, which derived from
the Mariner transposase (Cordaux et al., 2006). Two distinct features of this domain, the helix-
turn-helix (HTH) motif and the D(Asp)DE(Glu)-like (DD(Asn)) motif, are responsible for its
DNA binding and DNA cleavage activities respectively. The HTH motif of Metnase binds to
dsDNA and is responsible for specific binding to the 19-mer core sequence of human transposon
Hsmarl TIR (Kim et al., 2014; Liu et al., 2007; Roman et al., 2007). The family of Mariner
transposases shares a conserved DDD domain, which is responsible for DNA cleavage and

transposition. In Metnase, the third conserved aspartic acid (D) residue is mutated to asparagine
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(N). As a result, the transposase domain no longer catalyzes transposition, but it does retain DNA
nicking and cleavage activities (Liu et al., 2007). Despite the specific TIR binding conferred by
the HTH motif, DNA cleavage is sequence independent (Roman et al., 2007). Biochemical
characterization reveals that the transposase domain of Metnase cleaves certain DNA structures
preferentially. For partial duplex DNA with a 5° overhang, Metnase tends to cut the sSDNA,
while partial duplex DNA with a 3° overhang, is cleaved at both dsDNA and ssDNA regions
(Beck et al., 2011a). The endonuclease activity of Metnase appears to be important for
supporting NHEJ (Beck et al., 2011a; Rath et al., 2014). Efficient NHEJ reduces the time that
broken DNA ends are subjected to degradation, limiting base deletions and mis-joining of ends.
Indeed, overexpression of Metnase prevents large end deletions during NHEJ and foreign DNA
integration (Hromas et al., 2008; Williamson et al., 2008a). It is possible that limited end
trimming by Metnase prepares the ends for ligation by Ligase IV. Besides, methylation of
histones (for example, H3K36me2) by the SET domain of Metnase also promotes NHEJ by
recruitment of other NHEJ components, including Nibrin (NBS1) and KU70 (Fnu et al., 2011;
Lee et al., 2005). As a result, Metnase promotes NHEJ to prevent extensive degradation of
broken chromosomes, at the cost of small deletions due to its end endonuclease trimming activity.
In summary, Metnase acts as a general enhancer of multiple cellular functions related to
DNA metabolism. Metnase enhances efficiency of NHEJ through its DNA binding and
processing activity, DSB-induced histone methylation activity, and its interaction with KU70,
XRCC4, and Ligase IV. Overexpression of Metnase suppresses chromosomal translocations in
murine cells and in AML patients. Foreign DNA that enters a cell may be linear or circular, but
even circular DNA is often damaged during transit into the nucleus and in either case the broken

ends are detected by DNA repair system (Nickoloff et al., 1998). If foreign DNA integrates into
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the cellular genome through NHEJ, it is not surprising that Metnase promotes both NHEJ and
DNA integration, and in both situations, overexpression of Metnase protects ends from large
deletions.

We hypothesized that Metnase promotes foreign DNA integration through its ability to
interact with DNA and with components of the cNHEJ system. The DNA binding activity of
Metnase displays at two levels: specific TIR binding through its transposase domain and non-
specific DNA binding activity through its interaction with hPso4 (Beck et al., 2008; Roman et al.,
2007). The actual DNA binding pattern of Metnase in a cell may differ from what has been
observed in vitro. If Metnase has the same DNA binding activity in vivo, could Metnase
preferentially stimulate DNA integration into TIR remnants in the recipient genome via its TIR
binding ability? In the human genome, it is estimated that about 7000 Mariner remnants (with
TIR sequence) remain following millennia of Mariner transposition (Liu et al., 2007). By
estimation, the sequences of all TIR-containing Mariner remnants account about 0.02% of the
entire human genome (3.3 billion base pairs). If Metnase preferentially stimulates DNA
integration into TIR or TIR-adjacent region, a significant portion of TIRs should be found nearby
integration junctions. Metnase enhances assembly of NHEJ machinery through its interaction
with both DNA and NHEJ enzymes, including KU, XRCC4, and Ligase IV. As a result, broken
ends are held together rather than drifting apart so they can be rejoined quickly. Hence, under
Metnase overexpression, broken ends are rejoined with less deletion on average (Hromas et al.,
2008). If Metnase promotes DNA integration through cNHEJ pathway, we predicted that
overexpression of Metnase would prevent large deletions of both the integrating foreign DNA
and the genome sequence at the integration sites. However, it is important to keep in mind that

DNA integration differs from NHEJ in at least two aspects. In NHEJ, both ends are
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chromosomal and hence occur in the context of histones (chromatin), while with DNA
integration, the integrating DNA enters the cell in a pure state, although foreign DNA usually
interacts with histones and form nucleoprotein complexes prior to integration (Hebbar and
Archer, 2008; Reeves et al., 1985). In fact, proper chromatinization of transfected plasmid
enhances expression of transgenes in mammalian cells (Fukunaga et al., 2012; Kamiya et al.,
2007; Kamiya et al., 2013; Nishikawa et al., 2003; Sumida et al., 2006). In addition, NHEJ
rejoins two broken ends, while in DNA integration, for example, linear plasmid integration, the
two ends are present on the foreign DNA but these somehow join to genomic DNA. Attempt to
investigate the mechanism of Metnase-stimulated DNA integration will be further described in
Chapter 2.
PARP1

PARP1 is a member of the Poly (ADP-ribose) polymerase (PARP) family. PARP1
participates in the DNA damage response and plays important roles in maintaining genomic
stability. PARP1 interacts with a large profile of cellular proteins. PARP1 catalyzes addition of
ADP- ribose polymers (PAR) to its targets. Proteins that interact with PARP1 are involved in
multiple cellular functions, including DNA damage signaling and repair, chromatin modification,
transcription and RNA metabolism, replication, cell death, cell cycle regulation and mitosis
(Gagne et al., 2008). PARP1 has confirmed functions in HR and aNHEJ, and may also be
involved in cNHEJ (reviewed in Beck et al., 2014). Using three different chromosomal
translocation assays, Wray et.al demonstrated that PARP1 inhibition with Olaparib or rucaparib,
and knockdown of PARP1 via small-interfering RNA (siRNA) significantly reduced

chromosomal translocations in murine cells and human cells (Wray et al., 2013). Considering the
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structural similarity between translocations and DNA integration, we predicted that PARP1 may
also participate in DNA integration.

In PARP1, the three zinc finger domains (Znl, Znll, Znlll) constitute the DNA binding
domain (Figure 3B). Znl and Znll are essential for DNA damage recognition. Binding of Znl and
Znll to DNA induces recruitment and dimerization of the DNA binding domain to DNA (Gagne
et al., 2008; Langelier et al., 2011). This is required for recruitment and activation of PARP1 at
DNA damage sites. PARP1 is able to recognize both single-strand and double-strand damage
(Eustermann et al., 2011). PARP1 interacts with a subset of DNA repair proteins in both
BER/SSBR and DSB repair pathways to promote repair of DNA damage and maintain genome
stability.

PARP1 in BER and SSBR

The engagement of PARP1 in BER and SSBR has long been established by evidence
showing the PARP1 knockdown mice and cells are hypersensitive to SSDNA damage generating
agents, such as alkylating agent, y-irradiation, methyl methanesulfonate (MMS), in company
with slow growth, cell cycle arrest and chromosome instability due to impaired DNA damage
repair (Dantzer et al., 2000; de Murcia et al., 1997; Trucco et al., 1998). Further investigations
attribute the roles of PARPL1 to interaction with BER/SSBR components at both early and late
phases of repair (Dantzer et al., 2000; Frouin et al., 2003; Harris et al., 2009; Heale et al., 2006;
Langelier et al., 2011; Noren Hooten et al., 2011). PARP1 may modify these proteins and
facilitate recruitment and activations of these key components of BER and SSBR. However,
some have argued that engagement of PARP1 is not essential for BER (Strom et al., 2011;
Vodenicharov et al., 2000). Therefore, more investigation is required to clarify the roles of

PARP1 in BER/SSBR.
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PARP1 in DSB repair and chromosomal translocations

PARP1 interacts with many proteins that contribute to DSB repair, ATM, DNA-PK, KU,
MRE11, NBS1, and others (Gagne et al., 2008). PARP1 is involved in resolving HU-induced
stalled replication forks through HR (Bryant et al., 2009; Hochegger et al., 2006; Yang et al.,
2004; Ying et al., 2012). Current understanding states PARP1 is recruited to the stalled fork,
initially to protect fork degradation by MRE11,; if the stalled fork cannot be reactivated, the fork
collapses to form a DSB, then PARP1 promotes restart of fork through HR (Bryant et al., 2009;
Ying et al., 2012). In addition, PARP1 has to be released from DSBs to allow RPA binding and
efficient HR (Illuzzi et al., 2014; Ray Chaudhuri et al., 2012; Yang et al., 2004).

PARP1 is known to interact with KU70 and DNA-PK in the absence of DNA (Gagne et
al., 2008; Ray Chaudhuri et al., 2012). Both KU70 and DNA-PK are key factors for cNHEJ. In
vitro, DNA-PK phosphorylates PARP1, which in turn adds PAR units to DNA-PK and
stimulates the activities of DNA-PK. The interactions with key cNHEJ proteins suggest that
PARP1 may be involved in cNHEJ as well, but more work is needed to elucidate the mechanism.
The involvement of PARP1 in NHEJ is mostly in the aNHEJ pathway (Audebert et al., 2004;
Paddock et al., 2011; Wang et al., 2006; Wray et al., 2013). Different from the cNHEJ pathway
that relies on KU, DNA-PK, and XRCC4-Ligase IV complex, the aNHEJ pathway is operated by
the PARP1, XRCC1-Ligase Il or Ligase I core (Audebert et al., 2004; Simsek et al., 2011). It is
likely that cNHEJ and aNHEJ are capable of operating in parallel and the decision between the
two pathways in controlled by the competition between PARP1 and KU70 for DSB binding
(Boboila et al., 2010; Cortizas et al., 2013; Paddock et al., 2011; Wang et al., 2006; Wray et al.,
2010). In vitro experiments showed that KU70 has higher affinity for DSBs than PARP1 (Wang

et al., 2006). It is possible that the same reason partially leads to the in vivo dominance of cNHEJ.
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Plus, proteins such as Metnase function in a way to promote assembly of cNHEJ complex and
enhance efficiency of cNHEJ, as a result, aNHEJ and aNHEJ-generated chromosomal
translocations appear to be suppressed by cNHEJ components (Bennardo et al., 2008; Boboila et
al., 2010; Hromas et al., 2008). PARP1 is required by aNHEJ (Mansour et al., 2010). PARP1
binds to both ssDNA and dsDNA break, and recruits MRE11 and NBS1 to DSBs (Haince et al.,
2008). MRE11 catalyzes 3’ to 5° end resection and promotes recruitment of CtIP to DSBs
(Limbo et al., 2007; Williams et al., 2008). Both MRE11 and CtIP are important for aNHEJ, very
likely for their ability of end processing (Rass et al., 2009; Zhang and Jasin, 2011). Therefore,
PARPL1 is an initiator of aNHEJ and contributes to DSB-induced chromosomal translocations
(reviewed in Byrne et al., 2014).

Both linear and circular plasmid DNA transfected into cells is often damaged during
transit into the nucleus and appears as free ends to the cell (Nickoloff et al., 1998). Linear DNA
is toxic to cells as the ends of linear DNA fragments appear to be DSBs to the cells. Therefore,
linear DNA must be removed either by degradation or by integration into the chromosomes to
prevent cell death. It is reasonable to assume that both KU and PARP1 are recruited to bind to
these double-strand free ends and engage them into DSB repair processes. We hypothesized that
the plasmid DNA ends bound by PARP1 would integrate into the recipient genome through the
aNHEJ pathway. To test this, we examined the effects of PARP1 inhibitors on DNA integration,
and we created stable PARP1 knockdown cell line and compared DNA integration efficiency in
both wild type and PARP1 negative cells. Our findings will be discussed in Chapter 3.
SUMMARY

The process of foreign DNA integration is closely related to DSB repair. The mechanism

of homology-independent foreign DNA integration remains mysterious. Does foreign DNA
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integrate randomly into genomic DNA because of a requirement for existing spontaneous DNA
lesions? Do the abundance of cellular DNA binding proteins capture foreign DNA and bring it to
existing DNA lesions through protein-protein interaction? In the absence of homology between
the foreign DNA and recipient genome, does foreign DNA integrate completely randomly? Or
do sequence-specific DNA binding proteins stimulate foreign DNA integration into specific sites
in the genome? Previous studies have established a strong connection between homology-
independent DNA integration and DSB repair through NHEJ. There are two branches of NHEJ:
cNHEJ depends on Ku, DNA-PK, XRCC4, and Ligase 1V and other proteins; while aNHEJ
involve PARP1, XRCC1, Ligase Il or Ligase | and others.

Metnase is a higher-primate only protein that promotes both DNA integration and NHEJ.
Metnase retains histone modification activity and DNA processing activity. Does Metnase
promote DNA integration partially due to its ability to nick the chromosome DNA and its histone
modification ability? Inherited from its transposase ancestor, Metnase has specific TIR binding
activity. Despite the fact that Metnase no longer catalyzes complete transposition (Roman et al.,
2007), would its TIR binding direct more foreign DNA integrating into the >7000 remnants of
Mariner transposon remnants in human genome (Liu et al., 2007)? Metnase interacts with
cNHEJ proteins and promotes efficiency of end joining, would Metnase promote foreign DNA
integration via the cNHEJ pathway and its DNA binding activities? If Metnase promotes DNA
integration via the cNHEJ pathway, Metnase overexpression will protect the integrating DNA
and recipient genome from large deletions; if the TIR-binding activity of Metnase stimulates
integration into the Mariner TIR remnants in the human genome, overexpression of Metnase will
result in increased portion of integration site near a TIR sequence. To test this hypothesis, we

transfected a linear plasmid into cultured human cell lines with different Metnase expression
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levels, isolated integration products and sequenced plasmid/genome junctions. Isolated junctions
were identified by BLAST analysis to identify individual integration sites. Integration site
patterns and modifications of the recipient genome were analyzed. The results will be discussed
in Chapter 2.

PARP1 is important for initiating end resection that leads to aNHEJ, which is considered
an important pathway for generating chromosomal translocations. Since chromosomal
translocations share structural similarity with DNA integration, it is possible that aNHEJ is also
involved in DNA integration. To test if PARP1-mediated aNHEJ is responsible for a portion of
DNA integration, we tested plasmid integration efficiency under PARP1 inhibitors and in

PARP1 knockdown cells. The results will be discussed in Chapter 3.
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Figure 1. Examples of natural DNA integration (adopted from Hansson, 2014; Levin and
Moran, 2011; Suzuki and Chew, 2012)

(A) LTR retrotransposons encode reverse transcriptase, integrase and other enzymes, flanked by
two LTRs (black arrows). The 5’ LTR contains a promoter for transcription by the host RNA
polymerase I1. Reverse transcription produces double-strand cDNA, which is inserted into new
target site by integrase (purple circles).

(B) Non-L TR retrotransposons lack LTRs and transposite by target-site-primed reverse
transcription.

(C) DNA transposons encode a transposase (purple circles), flanked by TIRs (black arrows), and
mobilize via a ‘cut and paste’ mechanism

(D) Retrovirus DNA integration is catalyzed by integrase. Integration of virus DNA results in
duplication of target site

(E) Plasmid (HPRT targeting vector) has a neo' gene flanked by HPRT homology. In gene
targeting (left) results in interruption of cellular HPRT gene via homologous recombination. In
random integration (right), the vector integrated in non-targeted site.

31



A Base Excision Repair

B Nucleotide Excision Repair

C Mismalch Repair

‘TT'I"I'&-I'I'TTT_ Base 4_’_ Bulky P o, S—
TR damage lesion Mlsmatch
Glycosylasel XPA 1 MSHo/Bl
HHHHRHHHHHG i iR—
PARP11 APE1 dRpase XPF.'ERCC1 1 XPG MLHa
ST ek et ‘—_.:
XPRIXPD | Helicase EXO1
DNApol.l Ligase
T T l ._/;
T —— R
EEEEEEEEE ST -~ —
—_—
DNA pol lngase DNA pol. l Ligase
— g —_— ——
—_— ————————— »—>

D Homologous recombination

E Non-homologous end joining
DSB8

DSB
_’ v
PARP1/MRN/CIP| - Extensive Kutorsg/ \ PARPY
BLM/EXO/Dna2 resection cNHEJ aNHEJ
—
» DNA-PKcs / Align ends MRN.‘Cn}\ Limited resection
RPA/BRCA2 oy . £
Invasion/Synthesis — Xpose
::ggl : — Microhomology
paralogs - s
£ — Artemis/Metnase 1 End trimming s P
F\_ — l Align ends
— —
DNA poi./Ligase l Annealing/synthesis Hioiv l Ligation ; '
e IR XRCC4/XLF
——b e l Trim flaps
Lig/XRCC1}  Ligation
Error-free/minor efrors M ——
Inaccurate

Figure 2. DNA repair pathways (adopted from Nickoloff, 2015)

(A) BER repairs damaged base and results in short patch repair.

(B) NER repairs bulky lesion by removing a ~30 nucleotides single-strand oligonucleotide
carrying the lesion.

(C) MMR involves long-patch excision and resynthesis initiated at nicks distant from the
mismatch.

(D) HR catalyzed by RAD51 (green oval) repairs DSBs using homologous templates, which is

generally accurate.
(E) NHEJ includes relatively accurate cNHEJ, and inaccurate aNHEJ pathways distinguished by

the extent of end resection, requirement for microhomology (blue boxes). KU70/80 and PARP1
compete for DSB binding and initiate cNHEJ and aNHEJ respectively.
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Figure 3. Schematic diagram of human Metnase and PARP1

(A) Metnase is composed of SET domain and Transposase domain. The SET domain methylates
histones at DSBs. The transposase domain retains DNA nicking and cleavage activity. The DDN
motif of transposase domain is important for the DNA binding activity of Metnase.

(B) PARP1 contains DNA binding domain, automodification domain, and catalytic domain. The
DNA binding domain is composed of three zinc-finger domains (Znl, Znll, Znlll). The
automodification domain contains a BRCT domain that is important for protein-protein
interactions. The catalytic domain has a WGR domain with unknown function, and a conserved

catalytic domain for PAR synthesis
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CHAPTER 2
METNASE PROMOTES DNA INTEGRATION VIA CLASSICAL NON-HOMOLOGOUS

END JOINING

INTRODUCTION

DNA integration is involved in many important biological processes. Integration of viral
DNA into the infected host genome allows replication of the viral genome and transcription of
viral genes for virus proliferation. Therefore, targeting the integration step is a promising
strategy for anti-virus therapy development, including human immunodeficiency virus (HIV)
(reviewed in Hazuda, 2012). Inhibition of HIV integrase, the enzyme that catalyzes integration of
viral DNA, displayed good result in HIV treatment (reviewed in Gu, 2014; Li et al., 2014).
Transposase, which is related to integrase, catalyzes the transposition of transposons from one
locus to another. Remnants of transposable elements comprise an estimated two-thirds of typical
mammalian genomes. Although most transposons are inactive, the presence of these mobile
elements still influences genomic stability (Solyom and Kazazian, 2012). Less commonly, viral
DNA from apoptotic infected cells can be transferred to uninfected cells via apoptotic bodies
(Holmgren, 2010). Similarly, when tumor cells undergo apoptosis induced by chemotherapy or
radiation therapy, DNA of dying tumor cells is fragmented and recycled by surrounding cells
through apoptotic bodies. Integration and amplification of tumor oncogenes into normal cells
potentially transform the recipient cells into new tumor cells (Bergsmedh et al., 2001; Ehnfors et
al., 2009; Holmgren, 2010).

DNA integration also allows stable expression of a particular gene of interest into

recipient cells. This is frequently used to make stable transgenic cell lines or organisms.
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Integration of therapeutic genes is the preferred result of gene therapy as it provides sustained
therapeutic effects. Transposon-based vectors provide an opportunity to stably integrate
therapeutic genes while minimizing risk of virus-related responses (Li and Huang, 2000).
Although safe delivery of gene therapy has been challenging, major advances have been made
(Limberis, 2012). In the failed cases of early gene therapy attempts, integration of therapeutic
DNA into a certain locus was associated with subsequent tumor development in the patient.
Deep understanding of integration site selection of therapeutic vectors would have helped to
avoid this kind of tragedy. For these reasons, it is important to understand the mechanisms of
foreign DNA integration into eukaryotic genomes and the global impact on the recipient
genomes to better utilize DNA integration in research and clinical settings.

Integration of foreign DNA can occur in a homology-directed or homology-independent
manner. Homology-directed integration, often referred to as “gene targeting”, involves exchange
of homologous sequences between the delivery vector and the targeting site in the recipient
genome, as a result, the genomic DNA of the targeting site is replaced by the vector sequence.
This process relies on homologous recombination (HR) between the homologous sequence
between the vector and the targeting site. Integration of foreign DNA into the yeast genome is
efficiently mediated by homologous sequence between the foreign DNA and targeted integration
sites. Therefore, manipulation of yeast genome using plasmids with homologous sequences is
relatively easy. By contrast, targeting specific loci in a mammalian genome via homology-
directed integration is very inefficient. Increasing the length of homologous sequence between
the foreign DNA and the targeted integration locus can improve targeting efficiency to a certain

extent (Rubnitz and Subramani, 1984). The inefficiency of homology-mediated gene targeting in

53



mammalian cells could reflect less efficient HR and/or more efficient homology-independent
repair, such as non-homologous end joining (NHEJ).

Before the birth of the CRISPR/Cas9 system, which utilized the clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein-9 nuclease
(Cas9) to conduct site-specific genome editing (Cong et al., 2013; Ran et al., 2013), zinc finger
nuclease, transposase and other engineered nucleases are promising tools for locus-specific
genome editing. Despite the variations of their working mechanisms, they share commonality in
that cleavage at the target locus is used to direct incorporation of foreign DNA at a specific site.
The close association between repair of double-stranded breaks (DSBs) and integration of
foreign DNA inspired us to investigate the mechanism of DNA integration by examining
functions of DSB repair proteins.

Metnase is a DSB repair protein only expressed in higher primates (Cordaux et al., 2006).
Metnase promotes both NHEJ and DNA integration (Saleh-Gohari et al., 2005; Williamson et al.,
2008a), linking DNA integration to DSB repair through NHEJ. Metnase is a fusion protein with
multiple cellular functions. Metnase comprises a SET (Su(var)3-9, Enhancer of Zeste, Trithorax)
methyltransferase domain and a transposase (nuclease) domain. The SET methyltransferase
domain catalyzes methylation of histones, including H3K36 dimethylation at DSB sites, which
enhances recruitment of early NHEJ proteins KU and NBS1 to the DSB, as a result,
dimethylation of H3K36 at DSB site by Metnase enhances repair through NHEJ (Fnu et al.,
2011). The transposase domain is a lineage of Mariner transposase, and shares homology with
human transposon Hsmarl and HIV integrase (Liu et al., 2007a). The transposase domain retains
Hsmarl terminal inverted repeat (TIR) specific binding and DNA cleavage activities, but no

longer catalyzes complete transposition of transposons. Formation of Metnase foci at DSB sites
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depend on the human psoralen 4 (hPso4) protein, which forms complex with Metnase and allows
Metnase to interact with non-TIR DNA (Beck et al., 2008). Aside from recruiting Metnase to
DSB sites, hPso4 protein engages in multiple cellular functions, including RNA splicing, repair
of interstrand cross-linking DNA damage and hydroxyurea-induced stalled replication fork
(Abbas et al., 2014; Mahajan and Mitchell, 2003; Zhang et al., 2005). Metnase protects plasmid
DNA from large deletions during NHEJ (Hromas et al., 2008) and prevents large deletions
during viral DNA integration into human cells (Williamson et al., 2008a). Metnase also interacts
with the key NHEJ protein Ligase IV. This interaction has been shown to enhance the efficiency
and accuracy of NHEJ (Hromas et al., 2008). Therefore, the current model for Metnase
promotion of NHEJ is as follows: Metnase is recruited to DSB sites, likely through interaction
with hPso4 protein (Beck et al., 2008). Metnase dimethylates H3K36 to enhance recruitment of
NHEJ factors KU70 and MRN to DSBs (Fnu et al., 2011). In addition, Metnase facilitates
recruitment of Ligase IV and its DNA binding partner X-ray repair cross-complementing protein
4 (XRCC4), probably through direct binding to Ligase IV (Hromas et al., 2008). Overall,
Metnase facilitates holding broken ends together and speeding up the kinetics of end joining. As
a result, the time that broken ends are exposed to cellular nucleases that degrade DNA is reduced,;
hence ends are protected from large deletions.

DNA integration is closely related to NHEJ. Metnase may promote DNA integration
through a similar mechanism, by increasing the efficiency of end-joining between the integrating
DNA and the recipient chromosome. We hypothesized that Metnase promotes foreign DNA
integration through its functions in NHEJ. As Metnase protects ends from large resection during
NHEJ, Metnase may similarly protect the ends of integrating DNA and the recipient genome

during integration. DNA damage sites are slightly preferred during retroviral and non-homology
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directed integration in general (Desfarges and Ciuffi, 2010; Wurtele et al., 2003). Metnase
retains Mariner TIR-specific binding activity and DNA cleavage activity. If these activities
result in sequence-specific cleavage by Metnase, increased integration into TIR sequences in
Mariner remnants would be observed under Metnase overexpression.

In this study, we isolated integration sites of a plasmid in HEK293T cells under low or
high level of Metnase expression. We found that transient overexpression of Metnase did not
alter the distribution of plasmid integration sites in the human genome. To be more specific,
Metnase did not promote integration into or nearby TIR sequences. Microhomologies and
insertions are common features found at the junctions between plasmid and chromosome
sequences. Overexpression of Metnase did not change the frequency of DNA integration via
microhomology, but reduced the length of microhomology. Longer microhomology is a feature
of DSB repair through alternative non-homologous end joining (aNHEJ), implying that DNA
integration mediated by longer microhomologies may occur via aNHEJ. Our data suggests that
Metnase promotes DNA integration through classical non-homologous end joining (cNHEJ) and
suppresses DNA integration through aNHEJ.

EXPERIMENTAL PROCEDURES
Cell cultures

HEK293T cells were chosen for this study because the Metnase expression level in these
cells is below detectable level via western blotting and reverse transcription polymerase chain
reaction (RT-PCR) (Williamson et al., 2008b). HEK293T cells are generated by integration of
the SV40 large T- antigen into HEK293 cell (Lebkowski et al., 1985), which was generated by

transformation of human embryonic kidney cells with sheared adenovirus 5 DNA. Later,
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HT1080 cells were used because it is a male human fibrosarcoma cell line that have realtively
stable karyotype and only 1 copy of X-chromosome (Wei et al., 1998).

HEK293T cells were cultured in DMEM (Life Technologies) supplemented with 10%
fetal bovine serum (Sigma) and Penicillin-Streptomycin at 100 units/ml, and incubated at 37<C
with 5% CO,. HEK293 and HT1080 cells were cultured in the same conditions except growth
medium was a-MEM (Life Technologies) supplemented with 10% fetal bovine serum (Atlas
Biologicals).

Isolation of integration products

Puromycin resistance expressing plasmid pPUR (Figure 1A) was linearized at AIwNI site
and concentrated by ethanol precipitation. Metnase overexpressing pcDNA vector ()cDNA-
Metnase) as well as the empty pcDNA vector were purified from E.coli using a QIAGEN
plasmid maxi kit. AlwNI-digested pPUR (0.033 ng) and circular pcDNA or pcDNA-Metnase
(0.33 ng) were cotransfected into HEK293T cell seeded into each well of 6-Well dishes using
Lipofectamine2000 (Life Technologies). Transfected cells in each well were split into three 10
cm dishes 24 h after transfection, with 10 ml DMEM. Cells were incubated for 2 h before
puromycin was added to a final concentration of 1 pg/ml. Puromycin resistant colonies were
detached with 0.25% trypsin and transferred to 96-well plate 11~12 days later. Isolated single
colonies were expanded in growth medium containing puromycin in 10 cm dishes. Genomic
DNA of puromycin resistant integration products was extracted with a QIAGEN DNeasy Blood
& Tissue Kit.

Rapid Amplification of Genomic Ends (RAGE)
Genomic DNA (30 ul) of individual integration product was digested with Nlalll, and

purified with QIAEX Il Gel Extraction Kit (QIAGEN). Purified DNA was eluted into 30 pl of
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dH.0. Poly-cytosine (PolyC) tails were added to genomic DNA fragments using terminal
deoxynucleotidyl transferase (TdT) reaction (1X terminal transferase buffer, 0.25 mM CoCI2,
0.05 mM dCTP, 10 U terminal transferase, 30 ul of fragmented genomic DNA in 50 pl reaction,
incubated at 37 <C for 30 min, heat inactivated at 75<C for 20 min). Two rounds of PCR were
conducted to amplify the integration junction. In the first round PCR, 5ul of TdT reaction was
used as the template, selective anchor primer (SAP) was paired with two pPUR specific primers
(pPURNIalllLeft or pPURNIallIRight, sequences of primers are list below) complementary to
sequences approximately 300 bp flanking the AlwNI site on pPUR (Figure 1B). The first PCR
was diluted 1:5 and 1 pl of the dilution was used as the template in a second round PCR.
Universal amplification primer (UAP) was paired with nested pPUR specific primers
(pPURNIalllLeft2 and pPURNIallIRight2, sequences of primers are list below) in a second PCR
(Figure 1B). Products from the second round PCR were analyzed on 0.7% agarose gels. A DNA
band is selected if the band only appeared in integration product but not in non-transfected parent
HEK293T. Selected bands were extracted with Corning Costar Spin-X plastic centrifuge tube
filter and concentrated with DNA clean & concentrator-5 (Zymo Research) for sequencing or
using QIAEX 1l Gel Extraction Kit and prepared for sequencing using pPURNIalllLeft2 or
pPURNIalllRight2. PCR primers and conditions are listed as follows:

SAP: 5'- GGAGACTGACATGGACTGAAGGAGTAAAGGGIIGGGIIGGGIIGGGCATG -3
UAP: 5- GGAGACTGACATGGACTGAAGGAGT -3' (Liu and Baird, 2001)
pPURNIalllLeft: 5'- TTTCGTTCCACTGAGCGTCAGACC -3'

pPURNIallIRight: 5'- ACGCTCAAGTCAGAGGTGGCGAAA -3

pPURNIalllLeft2: 5- TTTCTGCGCGTAATCTGCTGCTTG -3'

pPURNIallIRight2: 5'- CCCGACAGGACTATAAAGATACCAGGCGT -3
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First PCR: 95<C for 1 min; 20 cycles of 95<C for 30 s, 70<C (decrease 0.3<C for each cycle) for
30s, 72<C for 1 min; 20 cycles of 95<C for 30 s, 63<C for 30 s, 72<C for 1 min; 72<C for 10 min.
Second PCR: 95<C for 1 min, 35 cycles of 95<C for 30 s, 63<C for 30 s, 72<C for 1 min; 72<C
for 10 min.
Identification of genomic integration sites by Basic Local Alignment Search Tool (BLAST)

Sequencing results were compared to the pPUR plasmid sequence using the BLAST
program of the National Center for Biotechnology Information (NCBI) to identify the plasmid
component in the junction. The rest of the sequence (including the last 15 bases of the plasmid
component) was then BLAST to the reference human genome to locate the genomic component.
In cases of multiple hits, the hit with the lowest expect threshold was chosen.
Karyotyping by G-banding

HEK293T cells were cultured in DMEM medium to 70% confluent. Colcemid solution
(Life Technologies) was added to a final concentration of 0.05 pg/ml for 30 min. Cells were then
harvested into the 15 ml conical tube, centrifuged at 200 xg for 10 min, supernatant was removed
and cell pellet was resuspended in 1 ml of 0.075M KCI. Cells are fixed by adding 1 ml of
Carnoy’s Fixative (3:1 ratio of methanol : glacial acetic acid) hypotonic solution and incubate for
30 min at room temperature. Cells were then centrifuged at 300 xg for 5 min and supernatant was
removed and cell pellet was resuspended in 300-500 pl of fixative. To prepare metaphase spread,
25-35 ul of cell suspension was evenly distributed onto a clean glass slide placed above the hot
water bath (60-70 <C) for 10 s then face the slide down in the steam from the hot water for 1~3's,
and dry on a hot metal plate. Slides were incubated in a 60 < oven for 16 h, then treated with
Trypsin from bovine pancrease Type | (Sigma) for 5 s and Giemsa staining for 5 min. A total of

20 metaphase spreads were analyzed for karyotype. Karyotype analysis was done in accordance
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with recommendations of the International System for Human Cytogenetic Nomenclature (ISCN
2013).
RESULTS

To determine if Metnase stimulates DNA integration into TIR sequences of the Mariner
remnants in the human genome, and if Metnase protects the integration DNA and recipient
genome from large deletions, we mapped integration sites of a linear plasmid in HEK293T cells.
AlwNI-digested pPUR plasmid was co-transfected with circular pcDNA or pcDNA-Metnase into
HEK293T cells and puromycin-resistant colonies were scored. Metnase overexpression induced
by pcDNA-Metnase transfection has been verified via western blotting and RT-PCR (Lee et al.,
2005). Consistent with previous findings (Lee et al., 2005; Williamson et al., 2008a),
cotransfection of Metnase expression vector pcDNA-Metnase led to 7-fold increase of pPUR
integration compared to empty pcDNA vector (Figure 2).

Single puromycin resistant colonies were isolated as integration products. Integration
junctions were amplified and sequences using RAGE. For convenience, integration products
from pPUR/pcDNA co-transfection are referred to as PCD products and integration products
from pPUR/pcDNA-Metnase co-transfection are referred to as MET products. A total of 105
PCD products and 108 MET products were analyzed using RAGE, and integration junctions
were successfully obtained from 35 PCD products and 31 MET products. This is primarily due to
the technical limitations of RAGE. For example, non-specific amplification of genomic fragment
outcompetes amplification of the integration junction; integrated plasmid may be resected
beyond the primer sites; plasmid concatemers were common despite we reduced the amount of
pPUR DNA to 0.033 ug per well, amplification of plasmid-plasmid junctions sometimes

outcompetes amplification of plasmid-chromosome junctions. To locate the integration site on
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the human genome, the DNA sequences were first compared to pPUR by BLAST. Sequences not
related to pPUR were then analyzed by BLAST to the reference human genome. Junctions that
returned unique BLAST results to the human genome are shown in Figure 9, and the results are
summarized in Figure 4-8.

Each integrated pPUR plasmid produces two plasmid-chromosome junctions, referred to
as left or right junction respective to the AlwNI cut site. In about 64% of the products, only one
junction was obtained. In the rest, both left and right junctions were identified. However, the two
junctions did not always map to the same chromosome. If the two junctions mapped on two
different chromosomes, they were classified as separately integrated plasmids. If the two
junctions mapped on the same chromosome, the start and end nucleotides of the two junctions
were lined up to determine whether they come from the same integrated plasmid (Figure 3). If
the two junctions belonged to the same plasmid, deletion of the genomic DNA was calculated.
The products (35 PCD products and 31 MET products) were sorted according the number and
type of junctions obtained and shown in Table 1. Together, 47 PCD junctions (21 left junctions
and 26 right junctions) and 43 MET junctions (16 left junctions and 28 right junctions) were
included for further analysis (Figure 9). The average length of sequenced junctions was 416 base
pairs. If the left end of pPUR was involved, the sequenced junction typically contained 150-180
bp of pPUR sequence; this number was typically 200-250 bp if the right end was involved
(Figure 1B). The length of genomic DNA amplified ranges from 17 to 448 base pairs. Analysis
of these 90 plasmid-genome junctions provided information about potential integration “hot
spots”, deletions on plasmid ends and the host genome, microhomologies and insertions (non-

templated or captured) between plasmid and the integration sites.
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Metnase overexpression did not alter distribution of plasmid integration sites

The distribution of integrated plasmid in HEK293T cells did not appear to be random. A
total of 46 integrated plasmids were scored from PCD products and 41 from MET products. In
both sets, a high frequency of X-chromosome integration was observed: 37.0% of control PCD
products and 34.1% of MET products integrated in the X-chromosome (Figure 4A). According
to the current human genome assembly, the X-chromosome accounts for 5% of the human
genome. Integration into X-chromosome is significantly higher (p-value<0.0001) than the
calculated frequency assuming random integration. No significant difference was observed
between with and without Metnase overexpression. This indicates that Metnase does not
influence the chromosomal distribution of plasmid integration.

No homology was found between pPUR and any human chromosome, including the X-
chromosome. Besides, integration sites on X-chromosome distributed sparsely along the
chromosome without displaying any preferred region. Therefore, the high frequency of X-
chromosome integration should not be due to HR between pPUR and X-chromosome. Possible
biases caused by PCR primers are also eliminated, as none of the RAGE primers had significant
alignment with these X-chromosome. Using the same method, a small number of pPUR
integration junctions were isolated from HEK293 cells and HT1080 cells. A total of 10 junctions
were isolated from HEK?293 cells and HT1080. If the high frequency (35.6% on average) of X-
chromosome integration is also true in these two cell lines, 3 or 4 X-chromosome integration was
expected. But none of their integration sites were on the X- chromosome. The high frequency of
X-chromosome integration in the HEK293T data set may be specific to this cell line.

We recognized the fact that HEK293T cells do not have a normal karyotype.

Transforming kidney embryonic cells with sheared adenoviral DNA generated HEK293 cells.

62



HEK?293T cells were generated by expressing SV40 large T-antigen in HEK293 cells
(Lebkowski et al., 1985). HEK?293 cells are hypotriploid and generally contain 3 copies of X-
chromosome, the expression of T-antigen allows more than one round of replication in each cell
cycle, very likely to cause more aneuploidy (Friedrich et al., 1992). To test if the high frequency
of integration into X-chromosome is because 293T cells gain extra copies of X-chromosomes,
we then karyotyped the HEK293T cells by G-banding. According the recommended standard by
the International System for Human Cytogenetic Nomenclature, A total of 20 metaphase spreads
were analyzed. The karyotype is summarized as 65~70, XX, add(X)(g28),
der(1)t(1;15)(q44;q21)x2, +der(1)t(1;?)(p12;?), +2, del(3)(g21), -4, der(4)t(4;?)(q33;?),
+der(5)t(5;?), -8, -9, i(9)(q10), -13, der(13)t(13;?)(q34;?), -15, del(17)(p12), -18, +21, -22,
+3~6mar [cp20]. Typically, HEK293T cell are also hypotriploid, with number of chromosomes
ranging from 65 to 70. All hypotriploid HEK293T cells have 3 copies of X-chromosome, and
several derivative chromosomes (Figure 4B). Besides, HEK293T cells typically have 4 copies of
chromosome 1, 2, 5, and 21. HEK293T cells are generated from female human embryonic
kidney cells, which normally have 2 copies of X-chromosome. Since the ratio of X-chromosome
in HEK293T is not higher than normal diploid, the high frequency of X-chromosome integration
should not related to copies numbers of X-chromosome.

It is estimated that 25~30% of the human genome comprises protein-coding genes
(Strachan and Read, 1999), while only less than 2% of the human genome is coding sequences
(exons) (Lander et al., 2001). Transcription induces local decondensation of chromosomes and
this may enhance access for foreign DNA and proteins contributing to DNA integration.
Integration of plasmid DNA into mouse embryonic stem cells showed preference into genes

(Suzuki et al., 2010). In our dataset, 52.2% (24 of 46) of integrated plasmid in PCD products and
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65.1% (27 of 42) of integrated plasmid in MET products were inside gene sequences. The
percentage of integration into gene sequences is slightly higher in MET products, but difference
is not statistically significant (Fisher’s exact test, P=0.28).
Metnase promotes DNA integration independently of its TIR binding activity

The nuclease domain of Metnase derived from Mariner transposase (Cordaux et al.,
2006). Metnase cannot catalyze full transposition, but it retains specific binding to TIR elements
of human transposon Hsmarl (Roman et al., 2007). To examine whether Metnase-TIR
interaction promotes DNA integration into TIR sequences or related sequences in the ~7,000
Hsmarl remnants in the human genome (Liu et al., 2007b), we analyzed 50,000 bp on each side
of each integration junction by BLAST for sequences related to full length TIR
(TATTAGGTTGGTGCAAAAGTAATTGCGGTTTT), as well as the 19-mer Metnase TIR
binding site (GGTGCAAAAGNNNTTGCGG). None of the PCD products displayed significant
homology to TIR; only in one MET product the integration site was near TIR sequence. And
interestingly, that integration site was in the Metnase gene. In another two MET products,
integration into the Metnase gene was also observed but later verified to be the sequence of
pcDNA-Metnase (which contains the cDNA sequence of Metnase) rather than the genomic copy
of Metnase gene. These two junctions were excluded from the dataset. We cannot determine if
the one MET product kept in the dataset also represents integrated pcDNA-Metnase, so it is hard
to conclude this was an event where Metnase stimulated pPUR integration into the Metnase gene
or TIR-related sequence. Another feature of transposition mediated by the Hsmarltransposase,
which is the ancestor of Metnase-specific transposase, is that the transposon integrates into either
side of TA dinucleotide sequences (Liu et al., 2007b). However, preference of integration next to

TA dinucleotide was not observed in with overexpression of Metnase (Figure 4C). We conclude
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that TIR-specific binding activity of Metnase does not direct plasmid integration into TIR-related
sequences in the human genome. Therefore, sites of DNA integration remain random with
overexpression of Metnase.

Metnase did not protect plasmid ends from large deletions

Previous work demonstrated that overexpression of Metnase protects lentiviral DNA
from large deletions during integration into mammalian genome (Williamson et al., 2008a). This
was attributed to its ability to promote NHEJ and therefore limit end processing. In the present
PCD and MET integration product sets, more than half of the integrated plasmids exhibited
deletions (Figure 5B). The maximum deletion was 288 bp among PCD products, and 192 bp
among MET products. However, the average length of plasmid deletions was not significantly
different between PCD and MET products (Figure 5A) and the distribution of deletion sizes were
similar between PCD and MET products (Figure 5B). It is not clear why results with viral and
plasmid DNA integration differ (see Discussion).

The left and right integration junctions in each integration products were amplified in
separate PCR reactions and to determine if they belong to the same integrated plasmid (Figure
3). Genomic deletion at integration was calculated by subtracting the positions of the first base of
its two junctions (Figure 3A). Due to technical limitations, we were only able to uncover both
left and right junctions from three plasmids, one from PCD products, two from MET products.
The one plasmid in PCD product caused a 16 bp deletion at the integration site. The two
plasmids in MET products caused 28 bp and 4,564 bp deletions. With this limited data set,
definitive conclusions cannot be drawn about whether Metnase affects deletions of genomic
DNA during plasmid integration. In addition, karyotyping of HEK293T cells suggested that

chromosomal translocations are common in these cells. Therefore, it will be helpful to further
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explore this question using a cell line with a defined and more stable karyotype; or use an
integration site mapping method that captures both junctions of the same plasmid without
separation, for example, by digesting genomic DNA containing integrated plasmid DNA with
restriction enzymes such that the plasmid origin of replication and selectable marker can be
recovered along with segments of flanking genomic DNA on either side of the integrated
plasmid, and amplifying these fragments by recircularizing and rescuing these new plasmids via
transformation of E.coli, and then sequencing the plasmid-genomic DNA junctions.
Metnase suppresses use of microhomology during plasmid integration

To analyze the features of integration junctions, we defined junctions as one of three
types. Tight junctions were those with precise joining of plasmid end to the chromosome;
insertions had additional sequences between the plasmid and chromosome; and microhomology
refers to short sequences shared between the plasmid and chromosome at the integration junction
(identified by BLAST analysis) (Figure 6A). Insertions were the most common. The next most
abundant type was microhomology-mediated junctions. Tight junctions only comprised less than
10% of mapped junctions (Figure 6B). These distributions were approximately the same among
the PCD and MET products, indicating that Metnase does not significantly alter the ratio of tight,
microhomology, and insertion junctions (Figure 6B).

Microhomology is a feature of DSB repair through aNHEJ. Microhomology-mediated
DNA integration may be related mechanistically to the aNHEJ pathway. Metnase promotes
cNHEJ and suppresses aNHEJ (Fnu et al., 2011; Wray et al., 2010). For the purpose of our
project, we define microhomology as 1-25 nucleotides. In our dataset, although the fractions of
products exhibiting microhomology at integration junctions were similar (Figure 6B), MET

products displayed significantly smaller microhomologies, with the majority having only 1 base
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of microhomology (Figure 7), and these junctions with this minimal level of microhomology
may arise by cNHEJ rather than aNHEJ (see Discussion).

Insertions can arise by three distinct mechanisms (Figure 8C). First, if ends are resected
(either in the plasmid or at DSBs in chromosomes into which plasmids integrate), ends may align
imperfectly via short microhomologies, leaving gaps to be filled; and gap filling can create
insertions (Lee and Lee, 2007; Ma et al., 2003; Simsek et al., 2011; Yu and McVey, 2010).
Second, insertions can arise by sequence capture, for example, fragments of plasmid or other
DNA may join to plasmid or chromosomal DNA prior to the final joining of plasmid and
chromosomal DNA (Lin and Waldman, 2001; Little and Chartrand, 2004). The third mechanism
is via non-templated addition of bases to plasmid or chromosomal ends by enzymes like TdT
(Cabaniols et al., 2001; Landau et al., 1987; Purugganan et al., 2001). In our dataset, the length
of insertions varied from 1 base to 91 bases. Overall, no significant difference was observed
between PCD and MET products regarding the average length of insertions (Figure 8A). The
longest insertion in PCD products was 91 bases and the longest insertion in MET products was
56 bases. Suspecting that these long insertions may result from DNA fragment capturing at the
integration junctions, we then BLAST these two insertions against the National Center for
Biotechnology Information (NCBI) Nucleotide collection. The 91 bases long insertion could not
be aligned to any known sequence in the NCBI nucleotide collection database. But the 56 bases
long insertion was BLAST to Bos mutus (Yak) SMAD3 mRNA, but not any target in human
genome. Besides, one of the insertions from PCD product came from capture of pcDNA
sequence. Since most insertions were shorter than 32 bases, these junctions were plotted
separated and fitted with linear line (Figure 8B). Both fitting from PCD and MET products

showed that frequency of appearance decreased as the length of insertion increased. But the
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slopes of the two fitted lines were not significantly different (P= 0.2862). In conclusion, Metnase
overexpression did not have significant effect on the size or composition of insertions.
DISCUSSION
Metnase promotes plasmid integration independent of genomic sequence

Illegitimate DNA integration in mammalian cells constantly challenges the integrity and
stability of the genome. DNA repair systems play important roles in maintaining genomic
stability and preventing cancer development. It has been shown that both exogenous and
genomic DNA fragments can be captured and patched at DSB sites during repair (Little and
Chartrand, 2004). Metnase is a multi-functional fusion protein that promotes both DNA
integration and DSB repair through NHEJ. To investigate the role of Metnase in DNA
integration, we collected integration products of a plasmid in HEK293T cells with low and high
levels of Metnase expression and mapped the integration sites. In our dataset, pPUR integration
significantly preferred the X-chromosome (p-value<0.0001). Generation of HEK293T cells
included two steps. Transforming embryonic kidney cells with sheared adenoviral DNA
generated HEK?293 cells. Then transforming HEK293 cells by SV40 large T- antigen generated
HEK293T cells. (Lebkowski et al., 1985). Both transformation steps could introduce aneuploidy
to the cell (Friedrich et al., 1992). Karyotyping of HEK293T cells showed that HEK293T cells
are typically hypotriploid with 3 copies of the X-chromosome. The ratio of X-chromosome in
HEK293T cells is not higher than its ancestor human embryonic kidney cells, which are female
cells. Therefore, the high frequency of the X-chromosome integration was not due to abnormal
copy number. Besides, we did not see any biased plasmid integration into X-chromosome in our
HEK?293 integration products. The high frequency of X-chromosome integration may be specific

to HEK293T cells.

68



Previous work in mouse embryonic stem cells showed preference of illegitimate DNA
integration into genes (Suzuki et al., 2010). Our data displayed the same pattern. The high
frequency of integration into genes suggests a connection between plasmid integration and active
transcription, where chromatin structure is “loosened”, allowing better access of transcription
factors. This is consistent with previous studies showing that transcription units are favored by
foreign DNA integration (Alonso et al., 2003; Devine and Boeke, 1996), although some evidence
argues that accumulation of transcription proteins hinders integration of retroviral DNA
(Maxfield et al., 2005). Therefore, more work is needed to explain the preference of plasmid
integration into genes. In our data, there was no significant difference between PCD and MET
products in terms of integration into genes, consistently supporting the conclusion that Metnase
enhances plasmid integration without site or sequence specificity.

In vitro, the nuclease domain of Metnase displays strong binding specificity toward TIR
sequence. We predicted an increased ratio of DNA integration at Mariner remnants in the human
genome with Metnase overexpression, mimicking the transposition process. However, search for
TIR sequences nearby integration junctions did not yield significant alignment. The TIR specific
binding of Metnase may be tempered due to interactions with other proteins. For example, Beck
et al. (Beck et al., 2010) showed that hPso4 protein forms stable complex with Metnase, together,
the Metnase-hPso4 complex binds to DNA in a sequence-independent manner, probably
reflecting the non-selective binding activity of hPso4. Further studies using chromatin
immunoprecipitation may reveal Metnase binding sites that could be compared with the
integration sites described herein.

Furthermore, the transposase domain of Metnase is derived from human Hsmarl

transposase, which belongs to the Mariner transposase family. Using an in vitro transposition
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assay, it has been shown that Metnase transposase domain can mediate integration of a
precleaved transposon, and the integration sites were flanked by TA dinucleotide, a shared
feature of the Mariner family transposases (Liu et al., 2007b). In our data, overexpression of
Metnase did not increase integration into TA dinucleotide (Figure 4C). This further supports the
idea that Metnase promotes DNA integration independently of its TIR binding activity.

It is likely that DNA integration occurs at endogenous DSB sites. Endogenous DNA
damage occurs due to attack of the DNA backbone by DNA damaging agents generated during
normal cellular metabolism, such as reactive oxygen species, lipid peroxides, reactive chemicals
and others, or by DNA instability such as depurination and deamination, or as an intermediate
during repair of base or nucleotide damages, as part of the DNA backbone excised prior to repair
of the damaged site (reviewed in De Bont and van Larebeke, 2004). Single-strand DNA damage
may be converted to DSBs if two single-strand breaks (SSBs) happen to occur near each other on
opposite strands, or SSBs block progression of replication forks leading to collapse of stalled
forks. It was estimated that about 50 endogenous DSBs are generated from conversion of SSBs
during each cell per cycle in human cells (Vilenchik and Knudson, 2003). Integration of foreign
DNA could be coordinated with repair of these endogenous DSBs. It has been shown that the
transposase domain is important for the activity of Metnase in promoting NHEJ by trimming the
single-strand overhangs from DSBs, as blunt ends are more suitable substrates for Ligase IV
(Beck et al., 2011; Lee et al., 2005). At present, there is no direct evidence that DNA nicking and
cleavage activity of Metnase creates damage on chromosomes to promote DNA integration.
Despite its TIR-specific binding, cleavage of DNA by Metnase-specific transposase is sequence-
independent (Roman et al., 2007). Therefore, Metnase appears to promote DNA integration by

its ability to enhance overall efficiency of DSB repair.
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Metnase promotes microhomology-independent DNA integration

Deletions of DNA ends during integration are common. Previous work showed that
Metnase reduced end deletions during NHEJ and viral DNA integration (Hromas et al., 2008;
Williamson et al., 2008a). We expected that Metnase overexpression would prevent large
deletions of plasmid DNA during plasmid integration but this was not observed. Deletions over
100 bp were found at low frequency among integration products both with and without Metnase
overexpression, and the deletion length was not affected by Metnase overexpression (Figure 5).
The difference in deletion outcome between the prior viral DNA integration experiments
(Williamson et al., 2008a) and plasmid DNA integration in the present study may reflect any of
several differences in the experimental systems, including mode of DNA entry (infection vs.
lipofection), cell type (HEK293 vs HEK293T), and stable vs transient Metnase overexpression.
With lipofection, plasmid DNA is incorporated into liposomes that traverse plasma and nuclear
membranes, and the DNA may be damaged and/or processed by lysosomal or other cellular
factors prior to its interaction with chromosomal DNA; in a co-transfection system as used here,
such processing may occur before Metnase is expressed, hence if the goal is to use Metnase to
protect plasmids from deletions during integration, it is probably best to express Metnase prior to
plasmid transfection, preferably via stable overexpression.

Microhomology is commonly found at illegitimate integration junctions (Suzuki et al.,
2010; Yan et al., 2010). Microhomology was found in more than 30% of the integration
junctions in the present study. When Metnase was overexpressed, the average length of
microhomology was reduced (Figure 7). End joining through Ligase 1V-mediated cNHEJ does
not require microhomology, but Ligase I11-mediated aNHEJ requires end processing to expose

microhomology (Pannunzio et al., 2014). DNA integration may occur by mechanisms that
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employ cNHEJ and aNHEJ proteins. Metnase has been shown to promote end joining through
cNHEJ and suppresses aNHEJ-mediated chromosomal translocations (Hromas et al., 2008; Wray
et al., 2010). The shorter microhomologies (1-3 bases) found in integration products when
Metnase was overexpressed in consistent with the function of Metnase in promoting cNHEJ.
Ligase Il catalyzes microhomology-dependent chromosomal translocation (Simsek et al., 2011).
It is possible that Ligase 111 also contributes to microhomology-dependent DNA integration, and
if this is the case, Metnase overexpression may shift events toward the cNHEJ pathway, thus
reducing the dependence on microhomology.

The last feature of integration junctions examined in this project was non-templated
insertions between plasmid and chromosomes. Junctions with insertions were the most common
outcome in our dataset (Figure 6B). Most insertions were around 30 bases or shorter. There was
a trend that Metnase overexpression resulted in shift towards shorter insertions. About 77.2% of
insertions with Metnase overexpression were no longer than 10 bases, compared to 56.7%
without Metnase overexpression. However, this difference was not statistically significant, but
with a larger dataset this trend may become clearer. Most of the insertions appeared to be non-
templated, but one insertion appeared to come from the Bos mutus (Yak) genome, which may
have occurred from contamination, for example of the fetal bovine serum supplement in the cell
culture medium.

Overall, data collected from HEK293T cells partially support our hypothesis that
Metnase promotes plasmid integration by promoting NHEJ. Overexpression of Metnase
decreased length of microhomology between integrated plasmid and the integration site.
Extensive deletions and usage of microhomology are features of DSB repair through aNHEJ.

While Metnase mainly functions in cNHEJ, our data are consistent with overexpression of
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Metnase promoting cNHEJ-mediated DNA integration, therefore reducing microhomology usage
during integration. Our effort to examine the involvement of aNHEJ in DNA integration will be
discussed in Chapter 3. We predicted that overexpression of Metnase will protect plasmid end
and genomic DNA from large deletions during plasmid integration. However, our data showed
that large deletions were not avoided in MET products. Some of the deletions may be a result of
liposome-mediated transfection. Plasmid DNA may be damaged during this process. Therefore,
it is possible that large deletions occurred before the plasmid entered the nucleus when Metnase
could exert its effects. On the other hand, the genomic DNA is not subject to enzymatic
digestions therefore deletions at the integration sites should only due to insertion of the plasmid.
So far, we have not collect sufficient data to draw confirmative conclusions regarding if Metnase
protects genomic DNA from large deletions during plasmid integration. A different method such

as plasmid rescue could improve the frequency of capturing paired integration junctions.
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Table 1. Overview of integration products

Type of integration PCD products MET products
# of products % # of products %

1 end of 1 plasmid 23 65.7 19 61.3
1 end of 2 plasmids on 7 20 5 16.1
different Chr.

1 end of 2 plasmids on 4 114 5 16.1
the same Chr.

2 ends of 1 plasmid 1 2.9 2 6.5
Total 35 100 31 100
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Figure 1. Maps of pPUR plasmid

(A) Structure of circular pPUR plasmid. The AlwNI site indicates where the plasmid was
linearized before transfection.

(B) Schematic diagram of linear pPUR plasmid. Important features of pPUR plasmid are laid out
as boxes or arrow shaped boxes, the arrows indicate the direction of the ORFs on the plasmid.
Upstream side of AIwNI site is defined as the left end and downstream side is defined as the
right side. Plasmid specific primers and the distances from the start of second set specific primers
to the AlwNI cut site are indicated at the bottom.
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Figure 2. Metnase promotes integration of plasmid

Same number of HEK293T cells were transfected with linear pPUR, linear pPUR and circular
pcDNA, or linear pPUR and circular pcDNA-Metnase. Integration efficiency of pPUR was
measured as number of puromycin resistant colonies. * P=0.0007
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Left junction Right junction

1 plasmid 2 plasmids

e S

Chr. X

Figure 3. Standard to determine whether two junctions on the same chromosome (eg. Chr.
X) belong to the same plasmid

Sequence of pPUR is shown in orange line, genomic DNA is shown in green rectangle boxes.
Lower case letter a, b, ¢, d represents the position of the start and end nucleotide of genomic
DNA in the reference human genome. If the genomic DNA of the two junctions line up on the
chromosome as in (A), then they are the two junctions from one single integrated plasmid,
number of base deletion on genomic DNA can be calculated by subtracting a from c; If they line
up as in (B), then they are from two plasmids.
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Figure 4. Landscape of integration sites

(A) Percentage of integration junctions found on each chromosome was plotted for transfection
without Metnase expression (cyan bars) and with Metnase expression (blue bars).

(B) Karyotype of HEK293T cell by G-banding. In this cell, the karyotype is 65<3n>, XXX,
der(1)t(1;15)(q44;921), +der(1)t(1;?)(p12;?), +2,del(3)(g21), -4, -4, der(5)t(5;?), -7, -8, -13, -13, -
17,-18, +21, -22, +3mar. A total of 7 derivative chromosomes exist in this cell, 4 of them can be
identified (marked with green) and the other 3 are marker chromosomes (marked with red)
whose components cannot be identified.

(C) Percentage of the first residue of integration sites as A, T, C, G was plotted for transfection
without Metnase expression (cyan bar) and with Metnase expression (blue bar).

78



300- o
250+
—_ 200' a
8 150 -
- 100:I ° ..
2 50+
£
-
o 404 o
5
% 30‘ o
ke
% 20- ©]
(1]
ccB 10" 0080 ....
0000 =
0 0088200 .=-'..

PCDNA PCDNA-METNASE

B =1 PCDNA
= PCDNA-METNASE

°

& 40

©

Q.

- 301

)

© 201

3

s, I il I

I BN NN (e mom

X

s o o Q N N N N N
N / i e 2 S S

¥ %)
\§\,\\®° Base loss on plasmid (bp)

Figure 5. Modifications of plasmid ends

(A) Base loss at the end of pPUR plasmid was plotted. P=0.3057, t-test.

(B) The size of deletions of the end of the plasmid was sorted into bins, and the percentage in
each deletion size range was plotted.
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Figure 6. Categories of integration junctions
(A) Schematic diagram of three categories of integration junctions.
(B) Percentage of each type of integration junctions of transfection without Metnase (cyan bar)

and with Metnase (blue) was plotted.
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Figure 7. Microhomology between plasmid and integration site
Length of microhomology junctions with microhomology was plotted as circles for transfection
without Metnase and squares for transfection with Metnase. * P=0.0075, t-test.
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Figure 8. Insertion between plasmid and integration site
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(A) Length of insertions with insertions at plasmid-chromosome junctions was plotted as circles
for transfection without Metnase and squares for transfection with Metnase.

(B) Junctions with insertions less than 30bp were plotted with length of insertion on the X- axis
and percentage on the Y-axis. Junctions from PCD and MET products were fitted with linear

line.

(C) Mechanisms of insertion at end joining or integration junction. 1) Imperfect alignment of two
ends is followed by gap filling, resulting in extra bases at the integration junction. 2) Cellular
DNA or plasmid DNA could be captured that the junction. 3) Terminal transferase (TdT)
catalyzes non-templated addition of nucleotides to ends.
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Plasmid sequence:
Left boundary— TCTETAGCRC CGCCTACATR CCTCGCTCTG CTAATCCTGET TACCAGTGG 37
Right boundary- TCGTICITGRGTCCRRCCCEGTARGRCRCGACTTATCGCCACTGECAGCRAGOCA 37

PCD1L GCACCGOCTACATACCTCGCTCT GCTAATCCTGITACCAGTIGSE 37
CERTT
TCARRRRCTOEGCARARGATAT GAGCAGACACTTCTCAARAGAAGACATTTATGTTGCOCAA (K]

PCD3L CACCGCCTACATACCTOGCTCT GCTARTCCTGTITACCAGTGE 3
CCCACCTIGGCITATGATGCTAGACCCTC TACCACTGTTGCTGTGCTGAAAGCCACACAGCAC (1)

PCD4L CAGTGGCTG. _ GCAGGGTCGEAACAGGAGAGCGCACGAGGERGCTT CCAGEGGSE CG
ARAATATCTGGAGCT
GEEEARRGECAG T A CTTT I TTA L GACACTCARTATCTATTGGCCCTGORAAAAA ARTTAT (3]

PCD4R ACTTATCGCCACTGGCAGCAGCCE 37
CTAGCTGCT
AGGITAATTTIGAAGCTTATGGCATCALA A TGCCGETGOTGTT TATACATCTAGCTTTCCTGA (X))

PCD6L CACCGCCTACATACCTOGCTCT GCTARTCCTGTITACCAGTGE 3
CCCACCTIGGCITATGATGCTAGACCCTC TACCACTGTTGCTGTGCTGAAAGCCACACAGCAC (1)

PCD11R = ACTTATCGCCACTGGCAGCAGCCS 37
CTGTAACA
CITGAGCCTIGEGAGECARAGGT TREAGT GACCTGAGATTGTGCCTCTGCACTCCAACCTGE (13)

PCD13E CGACTTATCGCCACTGGCAGCAGECE 3
GTCGCCACTGGGACTTAA
ARRATTAGCCCAGCGTGETAAT GRAAGGCCCATAGT CCTTTCTACTCAGGAGGCTGAGGTGLE (X))

PCD14L CACCGCCTACATACCTOGCTCTGCTAATCCTGTTACCAGTES 37
CCCACCTIGGCITATGATGCTAGACCCTCTACCACTGTTGCTGTGCTGAAAGCCACACAGCAC (1)

PCD14B AGAGGTGGCGARA  TTACCAGTGES 37
GGCGAAGAGTCCTAGCTTGGGATT
GETGGCERARAT CCTGAGGGGCTTCTCCTCCTAGACCGACTGTCCTCCCTTTTCTTTGAAATC (4)

PCD16lL CACCGCCTACATACCTOGCTCTGCTARTCCTGTTACCAGTGS 37
CCCACCTGGCTTATGATGCTAGACCCTC TACCACTGTTGCTGTGCTGAAAGCCACACAGCAC (1)

PCDI1SL  CACCGCCTACATACCTCGOTCTGCTARTCCTGTTACCAGTGS 37
CCCACCTIGGCITATGATGCTAGACCCTCTACCACTGTTGCTGTGCTGAAAGCCACACAGCAC (1)

PCD31L CACTTCAAGAACTCTGTAGC A CE A T CCT G TC TG TARTCCTGI TACCAGTIGEE "
TGGEIGCTCTCCAT CCCAGGAAGAAATTAGAACTCTGT TGGCTATAGGACACAAGTGGGEGT (X))

PCD3IE  TGAGTCCAACCCGCGTAAGACACGACTTATCGCCACTGLCAGCAGECS 37
CATATTA
IGIITIITIICITTARAGCTTCTAL TTTCCATATTGCTATCTGAT TTCAACACTGCAGCACT (7))
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PCD33L

PCD34R

PCD3SE

PCD41ER

PCD45R

PCD49L

PCDSOR

PCDSZR

PCDSSL

PCDSSR

PCD5SEL

PCDS8R

PCD6ZR

PCD&4E

TGCTAATCCTGTTACCAGTGSE 37
TATG
AGCIGCAGAGRGCCACAGCTCCCAATCAGCCACGT GATCAG (4]

ATCGCCACTGLCAGCAGECHA 37
TATGTATATGTATATGAAA
TATTCCAGTGLTAGTGGTARATARTCTATATCCTITTGETCAATAACACCTGATTTCATGTA (X))

ACTTATCGCCACTGGCAGCAGOCRE 37
CTAGCTGCT
AGGTAATTTIGAAGCTTATGGCATCARL A TGOCGETGETGTT TATACATCTAGCTTTCCTGA (X))

TCTTGAGT CCAACCCGOTAAGRCACGACTTATCGCCACT GRCAGEAGECA 37
ATGATAAGGGCTTCTAGRRA R TAAAACCTCAGCAGACAGGARACTGCCTTCAAACTTCAGCAA (1)

CACGACTTATCGCCACTGGCAGCRGOCR 3
TATGCTTGAACT
AT CAGET AT C TG TT GO CT CGGCCT CCCARAGTGOTCOCATTACAGACATGooCgeCCe (8)

ACATACCTCGCTCTGCTARTCCTGTTACCAGTGE 37
TTAATARATAGCTACTGTARTGCTATAAT GACACA (&)

TAACTATCGTCTTGAGTCCARCCOGGTARGACACEACTIATCGOCACTGGCAGCAGEEE 37
AAACCCAARRCCAGAAGCAATCAAATATTTACCTTTTCCTAGTCACTCACAAATCGAAAGGOT (X)

GACTTATCGCCACTGGCAGCLAGECR 37
TG
CCGCTAGCTTGTCCCCGECCCAGCGATGCCTGCTTGCCE [22)

CATACCTCGCTCTGCTAATCCTSTTACCAGTSS 37
GCCARAGRLGTGAGRTACTCACTATGAATTTCCAAGCCT TAAAAATCCAGGTGLGAGRAATTA (X))

GOTAAGACACGACTTATCGCCACTOGCAGCAGECA 3
A
TAGTGAGTATCTCACTTCTT TOOCT TAAACGTAGTCATGCCAAATATATTTCAACTTCTCACT (X)

AGGTATCCGGTAAGCGGCAG
CTCCAGRATTAATEATTCAGTGCCCCAGACAAAGGTGGCATAGTGTGCAGCCACAGGAAGCA (7]

AGACACGACTTATCGCCACTGECAGCAGECE 37
TGTT
TGEAGCTGECATAGETCCCT CTI GCACCAGGCACAA GG TGLGCCTTTCCCATG (7]

TGTAGGTCGTTCGCTCCAAGCT . GCAGCAGECAE 37
GCIGCTGCTITTARACATARGTTGATTTCT TCCAAAGACC TGAGGCAGCAGCAGTGGGCTATC (1)

ATCGCCACTGLCAGCAGCCA 37
GTGATTTCTTATGCTATAAR
CAGATTAGGGTTAGRT CTCTIGIGCAT GCCACT GEI GACAT TTATCTATTAGGCAACATTCTT (X)
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PCDeeR  ATCGTCTTGAGTCCAACCCGETALGACACGACTTATCGCCACTEECAGCAGECE 31
ATAAGTCGTGTCTTACTTACTCTGAGTTT
AGTITCTITALAGTACTITGATATCACTCAATAL A TRCAGTTARACTCAGAGTTTTACATTT (X)

PCDT7I1L TGTTACCAGTGS 3°
GTCATTGACCGTCAATAGGGGGCGTACTT GG
ITICITICITITITIIIITIITITITTARAGAGST CTCACTCTGTTGCCCAGGCTGRAGTGCA (13)

PCDTIE GGTAAGACACGACTTATCGCCACTGECAGCAGECE 37
ARG TGO GG CT CGGAR AR CTCCTTT TCT COTC TEgACGCARGATCTTCCCTGEAGAA (15)

PCDT74L CAGTGGCTG..  GUAGGGTCGGAACAGGAGAG
A
AATATCTATTGCTCCTGLGGAARRAACTTA (3]

PCDE3L TACCTCGCTCTGUTAATCCTOTTACCAGTGE 3°
CAATTAAAAGGCTCTGCTAAGT
ARTGTCTITTCRAAGT T TAT TTAGAGCCCCAGRRCACTCCAACACTCAATEAAMRGGOTTACCA (3)

PCDE3E AGACACGACCTATCGCCACTEECAGCAGECE 3
TGTT
ACCAGGCACAAGGTGGCCTTTCCCATG (7]

PCDATE  TtoTCTTGAGTCCAACCCGGTARGECACGACTTATCGOCACT GECAGCAGCCE 37
GTARACCCTTTICCAGGACGRATCGACTGGGEAACAGGCATCCGGCTTCCAGGGGTAGCCCCC (7))

PCDS3L CTGCTAATCCTGTTACCAGTSS 3f
ARTGTGATCTGAGAGGCAGTTTGTT TACATCTATACCCTTTTTAAAGTCACARGTACAATTA (X)

PCDS3E  CGACTTATCGCCACTGGCAGCRAGOCR 37
TGGCGCCATATATATA
AR TACCATTTEACCCAGCCATCCCATTACT GG TATATACCCAAATGAGTATAAATCAT (3]

PCDS4L TCGCTCTGCTAATCCTGTTACCAGTGE 3°
CATCCTCITCCIGACTITIATTCCTTACACAAATTTTACT TTGTCATAATCTATAATGTTTA (1)

PCDS4R  CTTATCGCCACTGGCAGCAGICE 37
ARGGRATTCAGTGTCAGCARGHGOCGCCAGACTGLCCAGACGTCCCAARGTETTTACACTCCE (1)

PCDSTL  CTAATCCTGTTACCAGTGE 37
AAGTGGCGOCAAG
CCIGTAATCCCAGCACTT COGLAGGCTGAGEL GG GEATCACCTGAGEGTCAGGAGTTCAA (17)

PCDSTR  ACTTATCGCCACTGGCAGCAGCCR 37
AGT
GCCACTACAGACACAAGCTTARAGATTGCCCCAGTGTACTCAGGTCACAGGAACCCTCAAGT (X))
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PCDSAL

PCDSSE

GCTCTGCTAATCCTGTTACCAGTGS 2f

ATEAGTICITCTIIGGGTTACCTTTTACTTGACATG (X)

CTTATCGOCACTGGCAGCAGOCE 37

Al
GTARARAATATGET TGAACTCARCCACTAGTTCC LCATTAGAACAGACTTTCCCACGTGTACTG (x)

PCD10ZL AGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGITACCAGIGE 37

CTGAGAGGGCGGGCCTGOCCTCTGOGCCCCCCTGCCCTCCGA

GECCTGCCAGCCTCCAGGTGAGGTCGGCCGAGGCOCCGCCTCTTTGCATC

GGCCGCAGCTCAT CeCAGCC CAGAGGAGGE CEGEL CCAGCACCOTCEOAAAgACTTEEOT

GCCgGCCAGGETETEGCCCC (22)

PCD10ZE

PCD108L

PCD11&R

PCD1159L

PCD127L

BCD127TR

PCD160L

PCD175L

AGTCCAACCCGGTAAGACACGRCTTATCGCCACTGGCAGCAGCCE 37
TAAARACTGTTTTTTAT
AGGCAACCCCTCCCACARRRCARAGGAGRAARRLLD AR AACARARAAACTGTTTTTTAAARAAT (2)

CCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGSE 2
G
TGTCCGTTCOCATTTCCOGACTGTEAGATGAAGCT TCTGGAAGCTCCCTCTGATTTCAGCTC (8)

ACCGACTTATCGCCACTGGCAGCAGCECE 37
TA
TCTGTGTATAATARGATACATT TAGGTC TGAATCTAACCTAAACTGGCAATTTTGECATTRA ()

TACATACCTOGCTCTGCTAATCCTGTTACCAGTIGE 37
CACGGTTAGC
GEETTGEEGRAGT GEGCAGGAST GG TGLGAAGGLEETGAAGAGETGAGCCATAATGGETGEA (X))

CTCGCTCTGCTAATCCTGTTACCAGTES 37

AGGCAGTGGAATTAGCTIGTIGTTTTCTCCTTCCTT GGAGCAGGGT TATTATGTCATG (&)
CTTATCGOCACTGGCAGCAGECE 37
ATTITGACAGTARAGRATARATCGAAGTGGTCCTTTTAG (20)

TCTGCTAATCCTGTTACCAGTIGS 37
CRonGCAGGCTTCACTTAREAARATAAGATTTTCTCTTTACATTTAAAATATATCCCACTAC (X))

CCTCGCTCTGCTAATCCTGTTACCAGTGE 37
GGAC
ACTATAGRA LA AT A TTICTATATGTTTTATAATCAGTAAAAAGTTATTCCTTATGATT (X)
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METIR

METI18L

MET18E

METZ23L

METZ3E

METZ6R

METZ28L

METZ8E

MET30R

MET3ZL

MET3ZR

MET33L

MET33E

MET36L

MET3EE

AGACACCGACTTATCGCCACTGECAGCAGECE 3"end
CTCATGAGGCACCCACTTATCGAGC T T TTCACCTTTCCAATTTGC TTCARAATGOC GARCGA

TCGCTCTGCTAATCCTGTTACCAGTGSG 3 end
GITACCRAAGECACACARTAGTCTTTAGGTTTTTCTGET TAATGGT GAT TGAAAACGGAGCT

CACGACTTATCGCCACTGGCAGCRAGECR 3'end

(3]

%)

T LA TG T T AT GAT GT TTGGT TAT TCATTCAT T TT CAAGAGTGAGGTCCTTAAGCCTA (10

CAGTGGCTG. . GGAACAGGAG

CGA
GCAGTARACTTTTTTAAGACACTCAATATCTATTGGCCCTGEGAAAGTAATTATTGGATCCC

AGTCCARACCCGGTAAGACACGRCTTATCGECACTEGCAGCAGECE 3 end

ARTGARCRRARTATTTGAGAAATATGGEATTATATATAGCAACCARAAATGTGAATTTTTGEC

CTTATCGCCACTGGCAGCAGOCE 37

ITTATTTCTCACTGGCARR A A TG TCTTCATTCTAATGGTTCCTATT TTGATAA

GCTCTGCTAATCCTGTTACCASTGS 3° end

IGTCTTICIGICATAATCACCTATGGAAGTGCC TGO CAGGTTCCAGACTATTTTATCTTCCAT

TTATCGCCACTGGCAGCAGCCR 37

CCTGAGGCAGGTGEAT CACCTCAGG TCAGGCG T TCGAGACCAGCC TGO TAACATG

TAAGRACACGACTTATCGCCACT GGCAGCAGECA 37 end

AGRGCARGAGTGTCTCARRAAAATAAAATAAAATAAATAATAACT GGELACAGTGGCTCACG

TAGCACCGCCTACATACCTCGCTCTGCTARTCCTGTTACCAGTGE 3 end

TCAAGTA
GETGCERAATCCC TGO TGrAGRA A RCAGGUTGAGGAAAGAAAGCGAC LCAGGATGTTGTCTGE

TATCGCCACTGGCAGCAGCCE 3" end

ITTGCTCAGGCTGEAGT GCACTGOTHCGATCAT GECTCACT GCAGCCTCTATC TCCT GG TGA

CGOCTACATACCTCGOTCTGCTARTCCTGTTACCAGT G 37 end
ARRGTCARGTGTARLGAR GCAC TETAAATATCATGAATARARCGCCcCCTCCTCACAGTATTA

CTTGAGTCCAACCCGOTAAGRCACGRACTTATCGCCACTEGGCAGCAGECE 3 end

TGATA
CARCACCAGTTAGRATGGCALTCATTAAARACGTCAGGAAACAACAGGTGCTGLAGAGGATGCG

TCGCTCTGCTAATCCTGTTACCAGTGE 31

ACAGCCTGTTACA
CTATGGGETTAATCCAGCAGCAGCATGTACCCT GRAAAAAGGAGEAGETGACAACAGGAAAS

TTATCGCCACTGGCAGCAGCCR 37

TAATTAACTGCTAATCCTGTACAGCTAAGCCT
GTAATCCCAGCACTTTAGGAGECCALGECGEET GEACCACCT GAAGT CAGEAGT TTGAT GAA
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MET38E

MET40R

METSIL

METSIER

METSEE

METSEE

MET&EE

METTOR

METT3E

METT5SE

METTTER

MET8ZL

MET8ZR

METS84L

ACTTATCGCCACTGGCAGCAGOCE 37
CTAGCTGCT
AGGITAATTTIGAAGCTTATGGCATCARA A TGOCGCTGETGTT TATACATCTAGCTTTCCTGA

TCTAGGTCGTICGCTCCAAGCT GCT L. GCAGCAGCCE 37
GCTGCTGOITTARACATRAGTTGAT TTCTTCCARAGACCTGAGGCAGCAGCAGTGGGCTATC

CTACATACCTCGCTCTGCTALT CCTGTTACCAGTGE 3
GIGATGGEACTATTTITICTACAGCCGAGTTGGTCAGGCCAGT TTCCCAACGACTTGTATCAG

COOTAAGACACGACT TATCGCCACTGGCAGCAGEOCAE 37
ITTGGARATCATCATTCTCCGTAAACTATCGCAAGAACARAAAACCAAACACCGCATATTCTC

GACTTATCGCCACTGGCAGCLAGCCR 37
TCAC
AGIGGTGCTIGCCTIGTAGT CCCAGC TGO TGCAGGAGGCT GAGGTGERAGGEGAGETCACGGCT

ACACGACTTATCGCCACTGGCAGCAGECE 37
ATAAGTCACTGGATAAGTCACGT
ATCIGILGEGCTGATITTARGCRACCTCTGATAT GLACAT CTGACACGGAT TGACGT GAGGAT

TCGCCACTGGCAGCAGOCA 37
CAGGCGGLAGTAGATCACGTGEEGEAGCCCCTTCCGETGGRAC

ACCTGCAGCCGGCC
TCATTCTATTGT GTATACATACCACACTTTCTTTATCCAT TCATCAACTGAT GGACACACAG

TTATCGCCACTGGCAGCAGCCR 37
Gc
AGRAACGCTTIGAACCCGEGAGHCAGAGETTGCAGTAAGC TGAGATCATGCC

CACGACTTATCGCCACTGGCAGCAGECE 37
ITTATCAGIGIAACCCTGICCTTCTCTCTCTCACCACCTCCACCTTAACTGATTCTAAACTTG

ACCCGOTAAGRCACGACTTATCGCCACTOGCAGCAGECE 3" end
AAATCTGT
ARTTTGAGGATATATAGRGTATATGGARATTTCCTTGAAGTTGGAGAAAGTAGTGCTTTGTA

COGACTTATCGCCACTGLGCAGCAGECS 37 end
GOCATAACCCCCCATTTT

(%)

(1)

%)

(%)

(1"

(1)

(7}

TTTCCTAT AT T T T GG GGG CAT A AT TATCAT TTAT T TTAATACTCAAATGOTACTAAA (15)

TACTGTOCTTCTAGTGTAGC..  TTACCAGTGE 3f
ARGCoanARA R AR GTACTAATATTTCACATAGTATTGEGATACAGGAAAATTAACTARALC

CTTTCTCATAGCTCACGCTGTAGGTATCTCAGTT.  GCAGCAGECA 37
ATTITTITCITCARCCCAGRAGCAGATTGCATTCCAGACAATAGTAT TACACAGCGATTTTT

ACCTCGCTCTGCTAATCOCTGTTACCAGTEE 37
A
CTCAGCCTCCCARGTGECT GLGACTACAGGCACGT GCCACCACGCCTGGCAAGTT
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METS84R ACACGACTTATCGCCACTGGCAGCAGECE 37
ITGEGAGECTGAGGCAGGAGAATCGCTT GAACCCAGGAGGCGGAGGTTGCAGTGAGCCGAGA (X))

MET85L _CCTACATACCTCGCTCTGCTAATCCTGITACCAGIGE 37
GAAGCCAG
GACTAGGAARAGGTAAATATTTGATTGCTTCTGCTTTTGGGTTTTTTTTTTAACAGCTTTAT (X)

METS85E ACGACTTATCGCCACTGGCAGCAGECA 37 end
CEGCATCGGICCCAACTCTAAAGTACGCGT TAGACGGGCC TGO CAGRAGT GGGCCATG (1)

MET86R CTGTCCG. TGGCAGCAGECA 3'
TAC
GEGEACAACAAGAGAT TCTTAACCAGGCAATCTGCTCTGRAAAGA AGAATGCAGAGRAAGTG (X)

MET109L GCTAATCCTGTTACCAGTGG 37
T
CCATGGTTTACTAGCAAGT CACTTTACCATGCCACACC (15)

MET114L CACCGCCTACATACCTCOGCTCIGCTAATCCTIGTTACCAGTGS 37
CCCACCTGGECTTATGATGCTAGACCCTCTACCACTGTTGC TG TG TGAAAGCCACACAGCAC (1)

MET116L GCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGES 3fend
GAACAGTGGAT CCAGACAGGCAGCATTCAGOGC TG TCGATCAACTCTCTTTTCTCTGETAGE (5]

MET116R CTTATCGCCACTGGCAGCAGCOCAE 37 end
GITGACCCTACTTATATAGGAAATATTGGAAGATTCCTTAATCATTCTTGTGAGCCAAACCT (3]

METI118L GATACCAAATACTGTCCTTC. . TTACCAGTIGSE 3'end
CTTTGA
TTGCATTT T TAGTAGA A TGLGATT TCACTGT TGAAACTATGGOCAGGC TG TCTGGAACTC (11 )

MET118R TTATCGCCACTGGCAGCAGCCE 37
GTTTC
TTCATACAATTTTTAAARGATGACAGTAAATGCTGCTTAAATT (10}

MET1Z8R TAACTATCGTCTTGAGTCCARCCCGGTARGACACGACTTATCGCCACTGGCAGCAGCCE 37
TCG
ARRCCCARLNCCAGRAGCRATCAAATATTTACCTT TTCCTAGTCACTCACAAATGAAAGGET (X)

MET142L TCTGCTAATCCTGTTACCAGTGESG 3°
GATTATTTAARAAAGTAAAATATT
CCTCCCACCEAGTICTITCCARAGRCATGT GEEARGTGAGARTTATGERAGTTACAATTCAAG (4]

MET142E ACTTATCGCCACTGGCAGCAGCICE 37
CCAACGATCA
TCCCTCTATAGTTTIGEATTAGGGI TAACCAGGCGAGTTACATG (2]

MET146L TGCTAATCCTGTTACCACTEGE 37
T
TATCATCAGCCACGTCAT (20)

Figure 9. Complete list of integration junctions

Sequenced junctions are shown with bold underlined letters. Plasmid sequences are shown in red
for the left boundary and green for the right boundary. Genomic sequences are shown in purple.
Insertions between plasmid and chromosome are shown in black. Overhangs of AlwNI cut site
are highlighted in gray. Microhomologies are highlighted in yellow. The * indicates the target
genomic sequence belongs to repetitive sequence that exist in multiple chromosomes.
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CHAPTER 3

PARP1 REGULATES DNA INTEGRATION

INTRODUCTION

Integration of foreign DNA into the mammalian genome is an important yet poorly-
understood biological process. DNA integration occurs in various natural formats and has been
adopted for various genome editing tools (Chapter 1). For the most part, integration of foreign
DNA in mammalian cells tends to be random. Various methods have been developed to improve
targeted integration (or “gene targeting”) in mammalian cells. However, non-targeted integration
of genomic editing vectors cannot be completely avoided (reviewed in Ain et al., 2014).
Integration of foreign DNA into the recipient genome can inactivate genes at the integration sites,
and may disrupt the overall stability of the recipient genome (reviewed in Waurtele et al., 2003).
Therefore, it is important to better control the integration process of various vectors. A thorough
understanding of the mechanisms of foreign DNA integration will greatly improve our ability to
precisely edit genomes.

DNA integration efficiency increases in the presence of DNA damage. In mammalian
cells, random DNA integration likely utilizes the cellular non-homologous end joining (NHEJ)
machinery (reviewed in Wurtele et al., 2003). The dominant NHEJ pathway repairs double-
strand breaks (DSBs) independent of end resection or microhomology (5-25 nucleotides). This
pathway initiates with binding of the broken ends by KU70/80, followed by DNA-dependent
protein kinase (DNA-PK) binding and formation of a bridge-like structure to keep the ends
adjacent to each other, and ligation by Ligase IV (Chapter 1), and is referred to as classical non-

homologous end joining (cCNHEJ). Deficiency of key cNHEJ proteins, such as Ligase IV or , X-
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ray repair cross-complementing protein 4 (XRCC4), does not completely abort rejoining of
broken chromosomes, leading to the discovery of the alternative non-homologous end joining
(aNHEJ) pathway (Delacote et al., 2002; Deriano and Roth, 2013; Kabotyanski et al., 1998;
Liang and Jasin, 1996; Liang et al., 1996). There are two major differences between classical and
alternative NHEJ. First, aNHEJ relies on limited end resection to expose microhomologies
between the two ends. Microhomologies serve as anchor points for the two ends to anneal
together, while cNHEJ can rejoin the ends with minimal or no end processing. Second, Ligase 111
and Ligase | catalyze end ligation in aNHEJ instead of Ligase IV in cNHEJ (Simsek et al., 2011).
Alternative NHEJ is considered the major pathway of generating chromosomal
translocations. Analysis of chromosomal translocations in leukemia cells reveals high frequency
of microhomologies at translocation junctions, suggesting a connection between aNHEJ and
chromosomal translocations (Jeyaratnam et al., 2014; Mattarucchi et al., 2008; Zhang and
Rowley, 2006). Key cNHEJ proteins KU, XRCC4, Ligase IV are not required for chromosome
translocations (Simsek and Jasin, 2010), in fact, overexpression of cNHEJ proteins KU or
Metnase suppresses translocations in murine cells (Weinstock et al., 2007; Wray et al., 2010).
Such evidence leads to the model that cNHEJ repairs broken chromosomes efficiently and
therefore prevents broken ends from drifting apart and misjoining with the wrong ends, while
aNHEJ repairs the broken chromosomes less efficiently and less accurately (Boboila et al., 2010a;
Boboila et al., 2010b), hence aNHEJ mediates chromosomal translocations. However,
chromosomal translocation analysis in several cNHEJ-deficient human cells showed that
chromosomal translocation efficiency was reduced compared to control cell, suggesting that
cNHEJ also play an important role in generating translocations in human cells; the same study

also showed that translocation junctions in these cNHEJ-deficient human cells had increased
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ratio of microhomologies longer than 3 nucleotides, which indicates increased portion of end
joining via aNHEJ that utilizes microhomology to joining broken ends (Ghezraoui et al., 2014).
More work is required to resolve the different roles of cNHEJ on generating chromosomal
translocations in mice and humans. The importance of aNHEJ in chromosomal translocations is
well supported by current publications (reviewed in Byrne et al., 2014).

Alternative NHEJ is distinct from cNHEJ in early stage in terms of requirement of end
resection. In cNHEJ, KU binds to DSB to protect ends from resection; in aNHEJ, meiotic
recombination 11 (MRE11) and C-terminal-binding protein interacting protein (CtIP) resect the
ends to expose limited microhomology. Endonuclease CtIP plays an essential role in mediating
chromosomal translocations through aNHEJ (Lee-Theilen et al., 2011; Zhang and Jasin, 2011).
Knockdown of CtIP results in shifting translocation junctions towards shorter deletions and
microhomologies, emphasizing the key roles of end resection in initiating aNHEJ. Initiation of
end resection for aNHEJ requires PARP1, which competes with KU for DSB binding and
promotes recruitment of MRE11-RAD50-NBS1 (MRN) complex and CtIP for end resection
(Della-Maria et al., 2011; Haince et al., 2008; Wang et al., 2006).

PARP1 is the founding member of the poly (ADP-ribose) polymerase (PARP) family, a
large protein family with 18 members (reviewed in Ame et al., 2004). PARP1 catalyzes addition
of ADP-ribose units to target proteins (Vyas et al., 2013). PARP1 has a large profile of targets,
including histones and multiple DNA repair proteins (Gagne et al., 2008). PARP1 is activated by
various types of DNA damage and has important roles in repair of both single-strand and double-
strand DNA damage, and DNA damage response signaling (reviewed in Beck et al., 2014; De
Vos et al., 2012; Sousa et al., 2012). In murine cells, inhibition of PARP1 with the small

molecule Olaparib significantly suppressed chromosomal translocations following DSB
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induction with different nucleases (Wray et al., 2013). Joining of broken ends from different
chromosomes is a process similar to DNA integration. Because PARP1 has a significant role in
initiating chromosomal translocations, it is very likely that independent from cNHEJ, PARP1also
mediates some part of DNA integration, possibly via the aNHEJ pathway. If PARP1-mediated
aNHEJ is responsible for part of DNA integration, inhibition of PARP1 would reduce DNA
integration efficiency. To test this hypothesis, we tested the effects of PARP1 inhibitors on
plasmid integration efficiency. Surprisingly, the two PARPL1 inhibitors we used yielded opposite
effects on DNA integration. We further examined the involvement of PARP1 in DNA integration
in a stable PARP1 knockdown cell line. Our data confirmed the engagement of PARP1 in DNA
integration, but more work is required to uncover the underlying mechanisms and to resolve the
opposite effects of PARP1 inhibitors on DNA integration.
EXPERIMENTAL PROCEDURES
Cell cultures and PARP1 knockdown

HT1080 is a male human fibrosarcoma cell line with a stable karyotype (Wei et al.,
1998). HT1904 is a derivative of HT1080 that contains an integrated a single integrated copy of
an 1-Scel site which allows induction of a single, specific DSB in the genome (Fnu et al., 2011).
These cell lines were chosen for this project to avoid issues with data interpretation due to
unstable karyotype and multiple copies of X-chromosome encountered in HEK293T cells
(Chapter 2). Unlike HEK293T cells, which do not express Metnase (Williamson et al., 2008) and
are resistant to G418 due to the presence of a neomycin gene, HT1080 and HT1904 cells express
normal level of Metnase (Fnu et al., 2011), and are not resistant to G418. Therefore, plasmids
carrying neomycin or other antibiotic resistance cassettes can be used to study DNA integration

efficiency assay in HT1080 and HT1904 cells.
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HT1080 and HT1904 cells were maintained in a-MEM (Life Technologies)
supplemented with 10% fetal bovine serum (Atlas Biologicals) under 5% CO,at 37 <C. PAPR1
short hairpin RNA (shRNA) (5'CTTCGTTAGAATGTCTGCCTT’3) lentiviral suspension was
purchased from Functional Genomics Shared Resource of University of Colorado. Transduction
was performed as follows: HT1080 cells were seed in 6-well tissue culture plate at 2.5X10° cells
per well with 2 ml culture medium and incubate for 16 h. When ready for transduction,
polybrene was added into each well to a final concentration of 8 jg/ml and rocked gently to mix
well. Lentiviral suspension of ShRNA was thawed in 37 <C waterbath and added to cells
immediately. At 20 h post transduction, culture medium was aspirated and replaced with fresh
culture medium with puromycin at 10 pg/ml. Cells were maintained in puromycin-containing
medium and single puromycin resistant clones were isolated.

Western blotting and antibodies

Individual puromycin resistant clones from PARP1 shRNA lentivirus transduction were
expanded into 90% confluence in 10 cm culture dishes. Whole cell extracts were extracted with
M-PER Mammalian Protein Extraction Reagent (Thermo Pierce) and quantified using BCA
Protein assay (Thermo Pierce). Cell extracts from each single clone were fractionated on 10%
SDS-PAGE gel and transferred to PVDF (polyvinyl difluoride) membranes in transfer buffer
(0.58% Tris base, 0.29% glycine, 0.037% SDS, 20% methanol) at 300 mA for 45 min. After
blocking in 5% milk in PBST (1X Dulbeccos’s phosphate buffered saline (Fisher Scientific) with
0.1% Tween-20) at room temperature for 1 h, the membrane was incubated overnight with
primary antibodies diluted in 5% milk at 4 <C. The membrane was washed in PBST twice for 15
min and twice for 5 min. Membranes were incubated for 2 h with horseradish peroxidase (HRP)-

conjugated secondary antibodies diluted in 5% milk at room temperature, then washed in PBST
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twice for 10 min. After developing with Clarity Western ECL substrate (Bio-Rad), membranes
were imaged using the ChemiDoc XRS+ System (Bio-Rad). Antibodies and their working
dilutions are listed as follows:
Primary:
Rabbit-anti-PARP1 (Abcam Cat. ab6079), 1:400
Mouse-anti-GAPDH (Abcam Cat. Ab9484), 1:1,000
Secondary:
Goat-anti-rabbit IgG-HRP (Santa Cruz Biotechnology Cat. sc-2054), 1:1,000
Donkey-anti-mouse IgG-HRP (Santa Cruz Biotechnology Cat. sc-2314), 1:1,000
Integration efficiency assay

Cells were seeded in 24-well plates at 5X10* cells per well and cultured overnight to
reach 80-90% confluence. Linear plasmid was transfected using Lipofectamine 2000
Transfection Reagent (Life Technologies) according to manufacturer protocol. Transfection
reagent was removed from cells 4 h after transfection, and 24 h post-transfection incubation,
cells were detached using 0.25% typsin-EDTA (Life Technologies) and suspended in 1 ml a-
MEM and aliquoted as follows: 1) 900 ul of cell suspension was transfered into 10 cm dishes for
drug selection, 2) 10 pl of cell suspension was diluted into 1 ml a-MEM and 100 pl of the
dilution were seeded into 10 cm dishes. After incubating for 24 h, antibiotics were added to final
concentrations of 1 pg/ml puromycin (Tocris Bioscience), 450 pg/ml G418 (Gold
Biotechnology). Dishes were stained using 0.5% crystal violet (Sigma) and colonies with > 50
cells were scored. Integration efficiency was calculated as the number of antibiotic resistant
colonies per live cell seeded in selective medium. When PARP1 inhibitors were used, drugs were

added 16 h before transfection and maintained in cultures for 24 h after transfection.
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PARPL1 inhibitors

PJ34 hydrochloride (N-(5,6-Dihydro-6-oxo-2-phenanthridinyl)-2-acetamide
hydrochloride) inhibits activity of PARP1 with an 1Csy of 600 nM and PARP2 with 1Cs, of 1000
nM (Pellicciari et al., 2008; Soriano et al., 2001). Olaparib (4-[[3-[4-
(cyclopropanecarbonyl)piperazine-1-carbonyl]-4-fluorophenyl]methyl]-2H-phthalazin-1-one)
inhibits the activity of PARP1 with ICsq of 5 nM, PARP2 with ICs, of 1 nM, tankyrase-1
(TNKS1) with 1Csq of 1,500 nM (Menear et al., 2008). Olaparib is used as a selective PARP1
inhibitor in research and clinical trials, but it actually has 5-fold selectivity for PARP2 compared
to PARP1 (Menear et al., 2008).
RESULTS
PARP1 inhibitors PJ34 and Olaparib have different effects on plasmid integration

To test the hypothesis that PARP1 inhibition suppresses DNA integration, HT1080 and
its derivative HT1904 cells were mock treated, or treated with 50 uM of PJ34 (gift from K.
Luger) or 3 uM of Olaparib (Selleck Chemicals) for 16 h before and 24 h after transfection of
linear AlwNI-digested pPUR plasmid (Chapter 2 Figure 1). Integration efficiency was scored as
number of puromycin resistant colonies per live cell seeded in selective medium. Olaparib
reduced cell viability (measured as cfu after drug treatment and transfection) by ~50% compared
to transfection alone, and PJ34 reduced viability by >90% (Figure 3B). This result suggests that
the two inhibitors have different toxicity to cells and may work through different mechanisms.
PJ34 inhibition of PARPL1 significantly reduced integration efficiency in both HT1080 and
HT1904 cells (Figure 3A). In contrast, inhibition of PARP1 with Olaparib resulted in a modest
(~2-fold) increase in integration efficiency (Figure 3C). Similar increase in integration was also

seen with Olaparib treatment of HT1080 cells transfected with Bglll-digested pEGFP-N1-yHIS1
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(Figure 1) and selected with G418 (Figure 3D). It is surprising that the two inhibitors had
opposite effects on DNA integration. This data implies that the mode of action of the two PARP
inhibitors is different, and/or one or both inhibitors may have off target effects on other proteins
that also affect DNA integration.
PARP1 promotes plasmid integration

To further investigate the role of PARP1 in DNA integration and help resolve the
contrasting results between Olaparib and PJ34, we used shRNA to establish PARP1 knockdown
cell line in HT1080 cells. Single clones of HT1080shPARP cells were isolated and knockdown
of PARP1 was confirmed using western blotting (Figure 4A). Two PARP1 knockdown colonies
(HT1080shPARP-C4, C5) were selected because they showed the greatest reduction in PARP1
expression, ~30-40% of parent HT1080 cells (Figure 4B). Linear pPEGFP-N1-yHIS1 plasmid
(Figure 1) was transfected into HT1080 and PARP1 knockdown cells using Lipofectamine 2000
and selected in 450ug/ml of G418. Integration efficiency was scored as number of G418 resistant
colonies per live cell. The integration efficiency of pPEGFP-N1-yHIS1 in the two HT1080
shPARP1 clones was similar, ~50% of the parent HT1080 cells (Figure 4C). The reduced DNA
integration in PARP1 knockdown cells supports our hypothesis that PARP1 promotes DNA
integration.
DISCUSSION

PARP1 mediates generation of DSB-induced chromosomal translocations through
aNHEJ pathway in murine cells (Wray et al., 2013). Chromosomal translocation connects two
ends from different broken chromosomes. This process is similar the DNA integration where
ends of foreign DNA insert into a chromosome, very likely at a site with an existing DNA lesion.

We hypothesized that PARP1-mediated aNHEJ is also responsible for a portion of DNA
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integration. To test this hypothesis, we first examined if PARP1 inhibitors suppresses DNA
integration in human cells as they suppressed chromosomal translocations in murine cells (Wray
et al., 2013). Surprisingly, we found that the two PARP1 inhibitors selected had opposite effects
on DNA integration: PJ34 suppressed plasmid integration as expected, while Olaparib
moderately promoted plasmid integration. To resolve this conflict, we established a stable
PARP1 knockdown cell line via PARP1-specific ShRNA and tested plasmid integration. The
result demonstrated that PARP1 knockdown resulted in decreased plasmid integration compared
to parent cells. We conclude that PARP1 promotes DNA integration and that PARP1 inhibitors
may have off target effects that result in altered effects on DNA integration.

Both knockdown of PARP1 with shRNA and PARP1 inhibitor PJ34 suppressed plasmid
integration (Figure 4C and 3A), supporting our hypothesis that PARP1 promotes DNA
integration, possibly via its role in aNHEJ. PARP1 accumulates at DSBs and interacts with
(Nibrin) NBS1 and MRE11, and this is required for rapid assembly of the MRN complex at DSB
sites (Haince et al., 2008). MRE11 is an endonuclease required for initial end processing in
aNHEJ (Rass et al., 2009) and homologous recombination (HR) (Williams et al., 2008). MRN
complex regulates recruitment of CtIP and its binding partner BRCA1 (breast cancer 1, early
onset) (Chen et al., 2008). MRN-CtIP-BRCA1 forms important end resection machinery to
regulate aNHEJ and HR (Badie et al., 2015; Chen et al., 2008; Hu et al., 2014; Li and Yu, 2013;
Limbo et al., 2007; Nakamura et al., 2010; Rass et al., 2009; Yu and Chen, 2004; Zhang and
Jasin, 2011). PARP1 interacts with X-ray repair cross-complementing protein (XRCC1) and
Ligase Il and is required for end annealing step of aNHEJ (Audebert et al., 2004; Mansour et al.,
2010; Masson et al., 1998). Alternative NHEJ is originally thought to be back up repair pathway

when the cNHEJ is defective or compromised, but now considered active even when cNHEJ is
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active, albeit less efficient than cNHEJ (Bennardo et al., 2008; Cortizas et al., 2013; Iliakis, 2009;
Iliakis et al., 2004; Mladenov and Iliakis, 2011). The competition between KU and PARP1 for
DSB binding and the type of DSB are likely to determine repair by cNHEJ or aNHEJ (Bennardo
et al., 2008; Cortizas et al., 2013; Wang et al., 2006). It is likely that upon entering the cytoplasm,
the linear plasmid appears to be DSBs to the cell. The large amount of “DSBs” activate both
classical and alternative NHEJ to “repair” these broken ends. Binding of KU leads to integration
through cNHEJ, while binding of PARPL1 leads to integration through aNHEJ by initiating end
resection (Mansour et al., 2010; Robert et al., 2009). In our data, the shRNA reduced PARP1
expression to 30-40% of the parent cells (Figure 4B). The 50% reduction of DNA integration in
HT1080shPARPL1 cells may be largely due to the attenuation of alternative NHEJ pathway
related to PARP1 knockdown. Treatment of PJ34 resulted in more reduction on DNA integration
(Figure 3A), implying that PJ34 may have other effects other than inhibition of poly (ADP-
ribose) synthesis by PARP1. For example, ShRNA is only specific to PARP1, but PJ34 is equally
potent to PARP1 and PARP2. The role of PARP2 in DSB repair is poorly understood, but it has
been shown that PARP2 suppresses IgH and c-myc translocation during immunoglobulin class
switch recombination (Robert et al., 2009). PJ34 causes mitotic catastrophe in cancer cells with
extra centrosomes by preventing the bi-polar clustering of extra centrosomes, which facilitates
chromosome segregation of cancer cells (Castiel et al., 2011); attenuates AKT-associated
phosphorylation of FOXO3A transcription factor (Wang et al., 2011); and partially inhibits
expression of tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6) and intercellular
adhesion molecule-1 (ICAM-1) (Haddad et al., 2006). Therefore, more work is needed to gain

comprehensive understanding of pathways and cellular processed affected by PJ34 treatment.
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Unlike PJ34 or PARP1-specific ShRNA, Olaparib treatment surprisingly increased
plasmid integration (Figure 3C and 3D). Cell survival was not impacted by PARP1 knockdown,
but markedly reduced by PJ34 and moderately reduced by Olaparib treatments (Figure 3B).
Literature that directly compares dose effect of PJ34 and Olaparib was not found. In our project,
we tried both 10 uM and 50 uM of PJ34. The lower concentration (10 uM) did not have effect on
cell survival or DNA integration (data not shown). The higher concentration (50 uM) resulted in
severe cell death and significant decrease in DNA integration (Figure 3A and 3B). PJ34 inhibits
PARRP activity in dose-dependent and cell-dependent manner. It has been shown that at 40 uM,
PJ34 reduced PARP activity to 10% of its normal level in neuroblastoma cells and to 40% in its
normal tissue counterpart (McCluskey et al., 2012). The HT1080 cells used in this project are
fibrosarcoma cells. It is rational to reason that at 50 uM PJ34 was able to reduce PARP activity
to about 10% of untreated cells, if not lower than that. This may results in lower poly (ADP-
ribose) synthesis than in PARP1 knockdown cells (Figure 4B). This is consistent with the lower
level of DNA integration observed with PJ34 treatment. The concentration and treatment
protocol of Olaparib was chosen based on published work showing 3 uM of Olaparib suppressed
PARP1 activity about 3-fold and significantly reduced chromosomal translocations (Wray et al.,
2013). According to others, 3 uM of Olaparib is sufficient to bring PARP activity to below 10%
(Murai et al., 2014).

With the discussion above, it is reasonable that under our experimental conditions, both
PJ34 and Olaparib suppressed PARP1 catalytic activity to less than 10%, the opposite outcomes
of DNA integration implies that mode of action and off target effects of the two inhibitors should
help us interpret this puzzling result. As an ADP-ribosyltransferases (ART), PARP1 cleaves

nicotinamide adenine dinucleotide (NAD™) to produce ADP-ribose (PAR) units and continuously
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transfer PAR units to the acceptor residue of target proteins. The catalytic domain of PARP1 is
highly conversed among the PARP family. The catalytic domain contains a conserved ART
domain that includes a donor site and an acceptor site; the donor site binds to NAD™ and the
acceptor site is where PAR polymer chains are extended. The nicotinamide-binding pocket (NI
site) in the donor site is the major target for most PARP inhibitors, including PJ34 and Olaparib
(reviewed in Steffen et al., 2013). Nicotinamide inhibits poly(ADP-ribosyl)ation activity of
PARPs by competing for the binding site with NAD™; for PARP inhibitor development,
nicotinamide derivatives are designed to bind sites outside of the NI site or the donor site to
improve potency and selectivity of the drug (reviewed in Ferraris, 2010; Steffen et al., 2013).
PJ34 is a phenanthridine-based chemical (Figure 2A) and Olaparib is a pthalazinone-based
chemical (Figure 2B); both classes of chemicals are bicyclic lactam derivatives that mimick
nicotinamide (reviewed in Ferraris, 2010). Both PJ34 and Olaparib inhibit PARP1 and PARP2,
as the structures of their donor sites are very similar (Pellicciari et al., 2008; Steffen et al., 2013).
PJ34 inhibits PARP1 with an 1Cso of 600 nM and PARP2 with an 1Cso of 1000 nM (Pellicciari et
al., 2008; Soriano et al., 2001); Olaparib inhibits PARP1 with an ICs, of 5 nM, PARP2 with an
ICso of 1 nM (Menear et al., 2008). Therefore, PJ34 and Olaparib have different selectivity
towards PARP1 and PARP2.

Aside from catalytic inhibition of PARP1 and PARP2, Olaparib traps PARP1 and PARP2
on DSBs, in fact, trapping of the enzymes to DSBs is more cytotoxic to cells than unrepaired
single-strand damage caused by catalytic inhibition of PARP1 activity (Murai et al., 2012; Murai
et al., 2014). The stabilized DNA-PARP1 complexes have to be repaired for cell survival. Repair
of this type of damage requires several repair pathways (Murai et al., 2012). It is possible that the

stabilized DNA-PARP1 complexes stimulated DSB repair-mediated DNA integration. We
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speculate that both PJ34 and Olaparib treatment cause partial reduction of DNA integration due
to loss of PARP1-mediated aNHEJ. But with Olaparib treatment, not PJ34, more DNA
integration is stimulated by DNA-PARP1 stabilization-induced damage. The overall outcome
represents balanced result between these two opposite effects, hence moderate increase of DNA
integration was observed under Olaparib treatment. It is unknown whether PJ34 also traps
PARP1 to DSB as does Olaparib. Further experiments need to be performed to determine if this
model also applies to PJ34.

In summary, we have presented evidence that PARP1 is involved in DNA integration.
However, more work is needed to reveal the mechanisms underneath the different impacts of
PARP1 knockdown and different PARP inhibitors on DNA integration. With the newly
developed CRISPR technology, it is possible to examine effects of PARP1 knockout on various
biological end points, including DNA integration. To better interpret the data, it is necessary to
better understand effects of PARP1 inhibitors other than catalytic inhibition of PARP1. This can
be achieved by treating PARP1 knockdown or knockout cells with PARP inhibitors of interest. It
is also helpful to examine if cellular PARPL1 is activated upon entering of foreign DNA. PARP1
is mainly involved in the initial steps of aNHEJ by facilitating end resections. It would be
interesting to map integration sites of integration products (methods described in Chapter 2)
under PARP1 inhibition or depletion to confirm if the ratio of DNA integration junctions with
microhomology, particularly microhomology longer than 3 nucleotides would be reduced or
even eliminated. Besides, it would be informative to determine if knockdown of other key
aNHEJ proteins MRE11, CtIP, Ligase 11 would suppress DNA integration and reduce
microhomology usage at integration junctions. These experiments would provide more

confirmative evidence for aNHEJ-mediated DNA integration.
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PEGFP-N1-HIS1
5658 bp

3000

Figure 1. Structure of pEGFP-N1-yHIS1 plasmid

The plasmid was constructed by inserting HIS1 gene from yeast into pEGFP-N1 plasmid. This
extra piece of DNA provides a buffering region to protect important features on the plasmid
during integration. The Bglll site indicates the site where the plasmid was linearized before

transfection.
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Figure 2. Chemical structure of PJ34 and Olaparib
(A) PJ34 hydorchloride belongs to phenanthridine family. It inhibits PARP1 and PARP2 with

undefined selectivity.
(B) Olaparib belongs to pthalazinone family. It inhibits PARP1, PARP2 and tankyrase 1 with 5

fold selectivity for PARP2 vs. PARP1.
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Figure 3. Effects of PARP1 inhibitors on integration efficiency

(A) HT1080 and HT1904 cells were treated with 50uM PJ34 16 hours before and 24 hours after
transfection of linear pPUR. Integration efficiency was measured as number of PUR' colonies
per live cell. *P-value<0.0001 for HT1080 cells, **P-value=0.0218 for HT1904 cells (n=3 per
group).

(B) HT1080 and HT1904 cells were plated without drug selection 24 hours after transfection.
Cell viability (cfu) were calculated.

(C) HT1080 and HT1904 cells were treated with 3uM Olaparib 16 hours before and 24 hours
after transfection of linear pPUR. Integration efficiency was measured as in (A). *P-
value=0.0027 for HT1080 cells, **P-value=0.0047 for HT1904 cells (n=3 per group).

(D) HT1080 cells were treated with 3uM of Olaparib 16 hours before and 24 hours after
transfection of linear pPEGFP-N1-yHIS1. Integration efficiency was measured as number of
G418' colonies per live cell. *P-value=0.0198 (n=3 per group).
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Figure 4. Integration efficiency in PARP1 knockdown cells

(A) and (B) PARP1 knockdown in each clone of HT1080shPARP was confirmed using western
blotting (A). Intensity of bands were quantified using ImageLab (B).

(C) Integration efficiency of pPEGFP-N1-yHIS1 plasmid was measured as number of G418
colonies per live cell in HT1080 and HT1080shPARP1. *P-value=0.0310 comparing
HT1080shPARP-C4 to HT1080, **P-value=0.0417 comparing HT1080shPARP-C5 to HT1080
(n=3 per group).
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CHAPTER 4

DISCUSSION AND FUTURE DIRECTIONS

DNA INTEGRATION IS MEDIATED BY DNA REPAIR

As discussed in Chapter 1, various formats of naturally occurring DNA integration alter
the recipient genomes, bring new phenotypes to the recipient organism, facilitate spread of virus,
disrupt genomic stability and contribute to evolution of new species. For example, in the human
genome, about 45% of bases come from activities of ancient transposable elements (Cordaux and
Batzer, 2009). Most of these endogenous transposable elements are inactive, but some remains
mobile and have been associated with tumorigenesis (reviewed in Kassiotis, 2014; Mullins and
Linnebacher, 2012). Integration of viral DNA into the infected host genome is part of the life
cycle of some viruses and retroviruses. Incorporation of some viral DNA has been associated
with tumorigenesis (reviewed in Chen et al., 2014). Natural formats of DNA integration have
been adapted to edit genomes in lab. Integrative vectors were engineered from plasmid, virus
DNA, transposon and other mobile DNAs for various purposes. Applications of integrative
vectors have contributed enormously to basic research, biotechnology development, gene therapy
and other areas. Despite the commonness and importance of DNA integration, its mechanism,
particularly integration of vectors that do not contain extensive homologous sequence to the
recipient genome, remains to be elucidated.

Early studies revealed that a functional connection between DNA integration and repair
of DNA damage. Integration of plasmid DNA can be enhanced by pretreating the plasmid with
DNA damaging reagents (Hsiung et al., 1980; Spivak et al., 1984; Spivak et al., 1988), or by

introducing DNA damage to recipient cells (Bodley et al., 1993; Debenham and Webb, 1984;
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Fujimaki et al., 1996; Leadon et al., 1987; Manivasakam et al., 2001; Nagata et al., 1984,
Nakayama et al., 1998; Perez et al., 1985; Perez and Skarsgard, 1986; Postel, 1985; Rubin, 1988;
Shcherbakova and Filatov, 2000; van Duin et al., 1985; Vos and Hanawalt, 1989). These early
studies showed that DNA damage introduced by endonucleases, ultraviolet light, X-rays, y-rays,
DNA crosslinking chemicals, Topoisomerase | and Il inhibitors and others enhanced integration
of plasmid DNA to mammalian cells. Transfection of foreign DNA into cells is similar to
introducing DNA damage to cells. In plasmid transfection or virus infection, plasmid or virus
DNA traverse the cell membrane and cytoplasm, directly or in vesicles such as lysosomes that
are loaded with digestive enzymes. Then DNA has to traverse the nuclear membrane to reach
vicinity to DNA lesions by chance or are recruited by DNA binding proteins, and gets inserted
into the chromosome as part of the repair process (reviewed in Wurtele et al., 2003). Plasmid or
viral DNA is often damaged by digestive enzymes in the lysomsomes or in the cytoplasm before
entering the nucleus and integrating into the host chromosomes (Nickoloff et al., 1998). The free
ends of foreign DNA could be detected as double-strand breaks (DSBs) and activate the cellular
DNA damage response (DDR) pathways. The DDR system senses DNA damage and activates
cascades of signaling pathways to activate checkpoint for cell cycle arrest, and recruit repair
factors to damaged DNA. The DDR system ensures that cells with severely damaged DNA are
eliminated from the population or stay senescence. Therefore, the DDR system plays a critical
antitumor role by maintaining genome stability. Virus infection activates DDR signaling. Viruses
use some DDR components for their early replication steps, and then inhibit DDR in later parts
of their life cycles (reviewed in Chaurushiya and Weitzman, 2009; Lilley et al., 2007). The
(MRE11-RAD50-NBS1) MRN complex can recognize the inverted terminal repeats of adeno-

associated virus and redistribute to viral replication center and restrict viral DNA replication
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(Schwartz et al., 2007). The MRN complex senses infected viral DNA as DSB and activates
Ataxia telangiectasia mutated (ATM)-dependent G2/M checkpoint (Carson et al., 2003). DNA
repair proteins used in homologous recombination (HR) and non-homologous end joining (NHEJ)
have been shown to redistribute to the replication center of herpes simplex virus, among them,
KU has been shown to prevent viral replication (Taylor and Knipe, 2004). MRN and KU are
likely to promote viral DNA concatenation through NHEJ (Araujo et al., 2005; Schwartz et al.,
2007; Stracker et al., 2002; Taylor and Knipe, 2004), as a cellular defense mechanism of virus
infection. It is possible that DNA repair proteins interact with transfected or infected DNA in the
cytoplasm and escort it to the nuclear target. Requirement of DNA repair system for DNA
integration was confirmed in yeast, plant and mammalian cells (Bertolini et al., 2009; Ishibashi
et al., 2006; Manivasakam et al., 2001; Rubin, 1988; Tanaka et al., 2010). Key HR or NHEJ
proteins have been shown to play important roles in DNA integration. In Neurospora, homology-
directed integration requires MEI-3 (yeast RAD51 homolog) and homology-independent
integration requires MUS-53 (human Ligase IV homolog) (Ishibashi et al., 2006). In yeast,
RAD52 and RAD 59 are required for RAD51-independent integration through recombination
between direct repeats via single-strand annealing (SSA) mechanism (Mott and Symington,
2011). Deficiency of KU70, X-ray repair cross-complementing protein 4 (XRCC4) or Ligase IV
increased ratio of targeted integration in human cells and plant cells (Bertolini et al., 2009;
Tanaka et al., 2010). In Chinese hamster ovary cells, restriction enzyme-induced DSBs stimulate
DNA integration, a process dependent on functional KU80 proteins (Manivasakam et al., 2001).
Therefore, DSB repair systems are the major machinery that mediates DNA integration.

In correspondence to the two types of DSB repair pathways, HR and NHEJ, DNA

integration can be divided into homology-directed integration and homology-independent
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integration. HR-mediated homology-directed integration is favored for genome editing or gene
therapy. Technologies were developed to integrate foreign DNA at specific sites by introducing
site-specific DSBs (reviewed in Ain et al., 2014). Until the development of mammalian genome
editing with CRISPR/Cas9 system, precise targeting was accessible only in yeast and a few other
organisms, because of the dominance of random (NHEJ-like) integration in mammalian cells.
CRISPR/Cas9 system goes a long ways toward eliminating that hurdle-about 3 decades after
routine use in yeast. Even though CRISPR/Cas9 increases targeting efficiency, it does not
suppress NHEJ. So genome editing will always be plagued by random integration. Deep
understanding of the mechanisms of DNA integration allows us to improve genome editing by
enhancing targeted DNA integration and suppressing random integration.

In this dissertation, we investigated the roles of two DNA repair proteins Metnase and
PARP1 in DNA integration. Metnase was first discovered as an NHEJ and DNA integration
promoting protein in 2005 (Lee et al., 2005), later was shown to function in multiple cellular
functions, including decatenation and replication fork restart (reviewed in Shaheen et al., 2010)
and as a downstream effector of checkpoint kinase 1 (Chk1) in response to DNA damage
(Hromas et al., 2012). PARP1 is another DNA repair protein that involve in repair of multiple
types of DNA damages (reviewed in Javle and Curtin, 2011). PARP1 defects cause single-strand
damage to accumulate, increasing fork collisions with lesions/fork collapse to DSBs which are
natural substrates for integration of foreign DNA, and it regulates alternative non-homologous
end joining (aNHEJ), one of several mechanisms by which DNA might integrate. This work
expands our knowledge on roles of Metnase and PARP1 in random plasmid integration, and

generates insights on involvement of classical non-homologous end joining (cNHEJ) and aNHEJ
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in DNA integration. With further work, it is possible to improve targeted DNA integration or
gene targeting by manipulating the activities of proteins such as Metnase and PARP1.
METNASE PROMOTES THE OVERALL EFFICIENCY OF DNA INTEGRATION

Metnase is a fusion protein that is only expressed in higher primates, including human
(Cordaux et al., 2006; Lee et al., 2005). Metnase possesses automethylation, histone methylation,
human transposon Hsmarl terminal inverted repeat (TIR)-specific DNA binding, and DNA
cleavage activities (Beck et al., 2008; Cordaux et al., 2006; Lee et al., 2005; Liu et al., 2007;
Roman et al., 2007). Metnase interacts with NHEJ proteins and promotes NHEJ and DNA
integration (Hromas et al., 2008; Lee et al., 2005; Williamson et al., 2008a). Metnase binds to
Topoisomerase Il and confers resistance to etoposide inhibition (Ponder et al., 2011; Williamson
et al., 2008b; Wray et al., 2009a; Wray et al., 2009b). Metnase is a target of Chk1 and involved
in checkpoint regulation in response to DNA replication stress (De Haro et al., 2010; Hromas et
al., 2012). The functions of Metnase in DNA integration, DSB repair, DNA replication and
checkpoint regulation link multiple DNA dynamic processes within the DDR. DDR proteins play
critical roles in DNA dynamic processes, and signaling pathways that determine cell fate, under
both non-threatening, and genotoxic conditions. Cell fates include apoptosis, senescence, cell
cycle arrest, and mutagenesis broadly defined as genome instability, which takes many forms as
it includes any sequence change to DNA, from point mutations to chromosomal translocations
and whole chromosome gain/loss. Metnase and PARP1 as important DDR actors, require further
study on all fronts because genome instability is a major contributing factor to carcinogenesis, as
well as cancer progression to more lethal, metastatic states (reviewed in Hanks et al., 2004;

Morgan and Shilatifard, 2015).
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With regard to its functions in NHEJ and DNA integration, both the SET (Su(var)3-9,
Enhancer of Zeste, Trithorax) and the nuclease domains of Metnase are required. The SET
domain methylates histones close to DSBs and stimulates recruitment of Nibrin (NBS1) and
KU70 (Fnu et al., 2011). The nuclease domain participates in trimming the 3’ overhangs of
broken ends, as blunt ends are preferred substrates of Ligase IV (Beck et al., 2011; Mohapatra et
al., 2013). In addition, as a derivative of Mainer transposase, the nuclease domain of Metnase
retains specific TIR binding activity (Beck et al., 2008; Roman et al., 2007). TIRs are short
repetitive sequences flanking Mariner transposons. They are often left behind or get amplified as
a result of transposition. There are an estimated 7000 copies of Mariner TIR sequences in the
human genome due to ancient transposon movement (Liu et al., 2007). We mapped integration
sites of a pPUR plasmid in HEK293T cells under low and high levels of Metnase expression. No
evidence supported that Metnase employs TIR binding to stimulate integration. In vitro, Metnase
binds specifically to the TIR sequence of human transposon Hsmarl (Roman et al., 2007). Based
on this, we predicted Metnase would promote integration in or near Mariner remnants. We found
instead that Metnase enhances overall plasmid integration independent of TIR sequences. This
indicates that Metnase does not display TIR-specific binding in vivo, probably because TIR-
specific binding is blocked or inhibited by its interaction with hPso4, which binds DNA in a
sequence-independent manner (Beck et al., 2008). Metnase binds to hPso4 and forms a stable
complex, which binds to DNA nonspecifically largely driven by hPso4 DNA binding (Beck et al.,
2010). Itis likely that in vivo, Metnase does not interact with free ends of plasmid or
chromosomes directly, but in the context of one or more protein complexes. Therefore, the TIR-
specific DNA binding of Metnase does not contribute to its function in DNA integration. There

are other ways Metnase could stimulate integration. Metnase is recruited to DSBs by hPso4 and
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dimethylates histone H3K36, which promotes recruitment of KU70 and NBS1 for NHEJ (Beck
etal., 2008; Fnu et al., 2011). Recruitment of KU to ends of foreign DNA may help to bring
foreign DNA to DSB sites on chromosomes, followed by DNA-PKcs binding and cNHEJ to
integrate foreign DNA at DSB site. Metnase binds to blunt DSB and DSB with overhangs (Kim
et al., 2014; Mohapatra et al., 2013). Trimming of the 3° overhang of DSB by the transposase
domain of Metnase promotes rejoining of broken ends by Ligase IV (Mohapatra et al., 2013).
Metnase also interacts with Ligase 1V, likely enhancing recruitment of Ligase 1V to DSBs
(Hromas et al., 2008). Metnase may promote DNA integration via the same or similar
mechanisms.

To further explore the mechanism of integration, we analyzed plasmid-chromosome
junctions, defining junction features such as microhomology use, size of plasmid and/or
chromosome deletion, and size identity, and source of insertions. In general, the integration
junctions in our dataset demonstrated features that have been reported by others (Dubose et al.,
2013; Merrihew et al., 1996; Uh et al., 2006; Wang et al., 2004; Yan et al., 2013; Zheng et al.,
2001). Most ends of pPUR were resected during integration. We predicted that Metnase
overexpression would protect the plasmid end from large deletion, similar to previous
observations that Metnase promotes NHEJ and prevents large deletions of viral DNA during
integration (Hromas et al., 2008). However, we did not observe this effect (Chapter 2). It is
possible that end resection or other end-processing occurred during plasmid-transit to the nucleus,
before it reached and interacted with chromosomes. Only about 10% of the junctions featured
precise joining of plasmid and chromosome DNA. Approximately 40% of the junctions featured
microhomology between plasmid and chromosome, and about 50% of junctions captured extra

pieces of DNA, either from other sources, or non-templated. Metnase overexpression resulted in
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shorter microhomologies (<3 bp) at integration junctions (Chapter 2). Repair through cNHEJ
utilizes Ligase 1V, and does not require microhomology. Repair through aNHEJ mainly utilizes
Ligase 111, which acts on ends that anneal via microhomologies. However, this does not mean
that all microhomology-mediated end joining occurs through aNHEJ. V(D)J recombination is a
well accepted model of cNHEJ. During V(D)J recombination in human cells, about 60% of
joining sites have 1 or 2 bp of microhomology (Gauss and Lieber, 1996). Ends joined
independent of microhomology annealing could appear to be microhomology-mediated by
chance. Computational simulation of 1000 end joining events showed that microhomologies of
1-3 bp appeared in about 40% of the junctions by chance (Newman et al., 2015). Therefore,
microhomologies less than 3 bp are common outcomes of cNHEJ. It is challenging to estimate
the ratio of repair through cNHEJ versus aNHEJ, since aNHEJ is usually measured in cNHEJ
deficient systems. One proposal is that aNHEJ often uses extent microhomology (>4 bp)
(reviewed in Pannunzio et al., 2014). In our data, microhomology over 4 bases was only found in
transfection without Metnase overexpression. This observation supports our hypothesis that
Metnase promotes DNA integration via cNHEJ and agrees with the previous report that Metnase
suppresses aNHEJ-mediated chromosomal translocations (Wray et al., 2010).
PARP1 MEDIATES DNA INTEGRATION VIA ALTERNATIVE NHEJ

We showed that Metnase overexpression reduced the use of microhomologies longer than
4 bp at integration junctions. Microhomologies over 4 bp are likely to arise by aNHEJ, which is
initiated by limited end resection, a process mediated by C-terminal-binding protein interacting
protein (CtIP), the MRN complex, PARP1 and other factors (Deriano and Roth, 2013; Zhang
and Jasin, 2011). PARP1 was shown to have an important role in chromosomal translocations,

due to its role in promoting aNHEJ (Wray et al., 2013), which is the major pathway of
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chromosomal translocation, whereas cNHEJ prevents translocations (reviewed in Byrne et al.,
2014; Deriano and Roth, 2013). However, one recent study suggested that cNHEJ is the major
generator of chromosomal translocation in human cells (Ghezraoui et al., 2014). Clearly, more
work is required to define the mechanism(s) of chromosomal translocation. Nonetheless,
chromosomal translocation does share structural similarity with DNA integration, as both
processes involve joining of two ends previously distant from each other. Our data and other
integration junction studies are consistent with integration resulting from both cNHEJ and
aNHEJ, with Metnase promoting cNHEJ (Chapter 2), and PARP1 promoting aNHEJ. Based on
the idea that aNHEJ is an important pathway for DNA integration, and that PARP1 depletion or
inhibition suppresses DSB-induced chromosomal translocations in three different translocation
assays (Wray et al., 2013), we hypothesized that depletion or inhibition of PARP1 would
suppress DNA integration.

To test this hypothesis, we employed two PARP inhibitors, PJ34 and Olaparib, and
assessed DNA integration. Consistent with our expectation, PJ34 treatment greatly reduced
integration efficiency. Surprisingly, Olaparib treatment increased integration by about 2-fold, a
result verified with two different plasmids. To better interpret this result, we examined DNA
integration efficiency in stable PARP1 knockdown HT1080 cells and found plasmid integration
reduced about 50% compared to parent HT1080 cells (Chapter 3).

To account for these disparate PARP1 inhibitor results, we considered various features of
cNHEJ and aNHEJ pathways. PARP1 is known to compete with KU for binding to DSB ends,
and these proteins promote distinct repair pathways (Mansour et al., 2010; Paddock et al., 2011;
Wang et al., 2006). KU and PARP1 are known to have opposite effects on DNA end resection:

PARP1 promotes recruitment of MRN and CtIP which initiate limited end resection, while KU
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protects ends from resection. As a result, KU binding to ends leads to cNHEJ and PARP1
binding to ends leads to aNHEJ (reviewed in Byrne et al., 2014; Oh et al., 2014). Our findings
that microhomology is frequently seen at integration junctions, and that PARP1 knockdown and
PARP1 inhibition with PJ34 significantly reduce DNA integration supports a model in which
aNHEJ plays an important role in DNA integration. It is interesting that PJ34 treatment
suppressed DNA integration much more than knockdown by shRNA. This could be explained by
two not mutually exclusive ways. In one, because the sShRNA did not achieve100% knockdown
of PARP1, aNHEJ-mediated DNA integration was only partially compromised. Alternatively,
PJ34 may have other targets in cells besides PARP1 that contribute to DNA integration; or PJ34
could suppress integration by affecting other unknown pathways.

When tested in chromosomal translocation assays, Olaparib showed similar suppression
as PARP1 knockdown (Wray et al., 2013). PARP1 is very important for initiating translocation
as translocation is mainly mediated by aNHEJ, which depends on PARP1. DNA integration is
fundamentally similar to chromosomal translocation. But cNHEJ instead of aNHEJ should
account for a large portion of DNA integration. Thus, we predicted that Olaparib would suppress
DNA integration, but not as much as chromosomal translocation. Surprisingly, our data showed
that Olaparib promoted DNA integration. As a PARP1linhibitor, Olaparib is effective in treating
cancers with HR deficiency, but it is relatively non-toxic to normal tissues (Chen et al., 2013;
Kaufman et al., 2015; Ledermann et al., 2012). PARP1 is important for repair of single-strand
breaks (SSBs) and other types of single-strand damage. Inhibition of PARP1 results in
accumulation of SSBs. When not resolved efficiently, SSBs hinder progression of replication
forks. HR proficient cells are able to survive by resolving the stalled forks through HR, while HR

deficient cells die via apoptosis. For more information of the synthetic lethality between PARP
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and HR pathway, see these recent reviews (Hosoya and Miyagawa, 2014; Lee et al., 2014; Lupo
and Trusolino, 2014; O'Neil et al., 2013). In addition, alternative models were proposed to
explain the synthetic lethality of PARP inhibitor in HR-deficient cells. Patel et al. presented
evidence that PARP inhibitors enhance phosphorylation of DNA-PK targets, as a result, PARP1
inhibitors induce genome instability and sensitize cells to DNA damage by promoting error-
prone NHEJ in HR-deficient cells (Patel et al., 2011). Olaparib does not prevent DNA binding of
PARP but traps PARP proteins on DNA (Murai et al., 2012; Murai et al., 2014). We propose the
following interpretation for the enhanced DNA integration under Olaparib treatment. On one
hand, inhibition of catalytic domain of PARP1 suppresses aNHEJ, which should result in
decreased DNA integration; on the other hand, Olaparib induces more DNA lesions by trapping
PARP1 and PARP2 on DNA, inhibiting BER, and blocking replication forks. At the same time,
DNA-PK activity and cNHEJ are enhanced. As a result, DNA integration was enhanced both by
accumulated DNA lesions, which provides more sites for transfected DNA to integrate into,
mediated by enhanced cNHEJ. In this view, the effects of increased lesions and enhanced cNHEJ
overcome the effect of diminished aNHEJ, giving a net increase in DNA integration with
Olaparib treatment.

It is also possible that the two PARP inhibitors, PJ34 and Olaparib inhibit PARP by
different mode of action. It is not surprising different chemicals inhibit the same protein through
different mechanisms. For example, BMNG673, Olaparib, and rucaparib showed similar inhibitory
effect to the catalytic domain of PARP1 and PARP2, but BMNG673 has much higher ability in
trapping PARP on DNA (Murai et al., 2014). This is analogous to the situation with
topoisomerase [la and Metnase. The topoisomerase Ila inhibitor etoposide binds to the same

pocket where Metnase binds, but neoamphimedine binds to a different site. As a result, Metnase
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confers resistance to etoposide but not to neoamphimedine (Ponder et al., 2011; Williamson et
al., 2008b; Wray et al., 2009b). The difference between PJ34 and Olaparib should not be that
distinct as both are nicotinamide-mimicking derivatives that bind to the nicotinamide-binding
site in the donor pocket of PARP1 and PARP2 (Steffen et al., 2013). They probably bind to
distinct residues outside of the donor pocket and result in different potency and selectivity.
PROPOSED MODEL OF PLASMID INTEGRATION VIA NHEJ

Transfected plasmid DNA typically enters the cell through endocytosis, except when
foreign DNA is delivered directly to nucleus by electroporation (Nickoloff et al., 1998). If DNA
traverses the cell membrane through the endocytic route, DNA is subjected to degradation by
lysosomal nucleases (Bai et al., 2013; Howell et al., 2003). Due to degradation, even circular
DNA may be released from lysosomes as linear DNA. This could also explain that even with
overexpression of Metnase, longer deletions from plasmid was not prevented. Upon entering the
nucleus, the free ends of linear plasmid DNA the activate DSB repair pathways. Spontaneous
DNA damage may be preferred sites for integration. DNA binding proteins bind to these ends
and attempt to “repair” these ends. MRN, KU, PARP1 engage in early steps of DNA integration
and likely determine if the integration occurs through KU/DNA-PK-initiated cNHEJ or
PARP1/CtIP-initiated aNHEJ by regulating end resection (Figure 1). KU and PARP1 compete
for DSB binding (Paddock et al., 2011; Wang et al., 2006), this may play an important role in
determining the pathway of random plasmid DNA integration. If KU binds to the ends, DNA
integration then occurs via cNHEJ. In the cNHEJ pathway, Metnase enhances the overall
integration efficiency, likely by enhancing assembly of cNHEJ complex through its interactions
with KU and Ligase 1V, and by trimming the ends to favor ligation by Ligase IV. If PARP1

binds to the ends, DNA integration occurs via aNHEJ. In the aNHEJ pathway, PARP1 is
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important in promoting recruitment of MRN complex and CtIP for end resection, which is
essential for exposing microhomologies to favor Ligase 111 ligation. Deficiency in either pathway
results in decreased DNA integration, but does not eliminate integration as long as the other
pathway still functions normally. In terms of the effects of PARP inhibitors, inhibition of PARP1
suppresses the aNHEJ-mediated DNA integration. But it could also result in accumulation of
DNA damage due to defect in base excision repair (BER) as a result of PARPL1 inhibition. The
resulting increase of DNA damage may promote DNA integration through other repair pathways,
such as cNHEJ. Through unknown mechanisms, PARP inhibitors enhance the activity of DNA-
PK and promote phosphorylation of DNA-PK targets (Patel et al., 2011). This could result in
increased DNA integration through cNHEJ.
SIGNIFICANCE

In this dissertation research, we examined the functions of two DNA repair proteins,
Metnase and PARP1, in DNA integration. The results demonstrated that Metnase promotes DNA
integration via the cNHEJ pathway, which does not depend on microhomologies; PARP1 also
promotes DNA integration, and more work is required to determine if PARP1 promotes DNA
integration via the aNHEJ pathways. Overexpression of Metnase promotes cNHEJ-mediated
DNA integration and suppresses use of microhomology at integration junctions, suggesting that
manipulation of Metnase expression level can shift DNA integration pathway choice. It has been
demonstrated that knockdown of two other cNHEJ proteins, KU and XRCC4, enhance efficiency
of targeted (homology-directed) DNA integration by suppressing NHEJ-mediated random DNA
integration (Bertolini et al., 2009). Because Metnase and PARP1 knockdown and inhibition are

not lethal (Apostolou et al., 2014; De Haro et al., 2010; de Murcia et al., 1997), manipulating the
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activity of these proteins may provide new opportunities to improve the efficiency of gene
targeting.
RECOMMENDATIONS FOR FUTURE EXPERIMENTATION

For future study, it would be interesting to pursue the opposite effect on integration of
PARP1 knockdown vs Olaparib treatment and investigate if Metnase and PARP1 promote DNA
integration independently through distinct NHEJ pathways. We speculated that the opposite
effects of PARP1 knockdown and Olaparib result from increased DNA damages induced by
Olaparib. This can be tested by monitoring formation of y-H2AX foci under both conditions. We
suspected that PJ34 has off target effects that impact efficiency of DNA integration, therefore,
PJ34 treatment resulted in higher level of suppression of DNA integration than PARP1
knockdown. Applying PJ34 and other PARP inhibitors to PARP1 knockdown will help to clarify
off target effects that influence DNA integration and DNA repair. If PARP1 promotes DNA
integration through microhomology-dependent aNHEJ, we predict that DNA integration in
PARP1 knockdown or knockout cells would result in reduced extent microhomologies (>4 bp) at
the integration junctions. This can be tested by comparing integration junctions in PARP1
proficient and deficient cells. It would also be interesting to test if knockdown of other key
aNHEJ proteins would suppress DNA integration similar to PARP1 knockdown. Metnase is
thought to prevent aNHEJ by promoting the less error-prone cNHEJ. As a result, Metnase
suppresses chromosomal translocations (Wray et al., 2010). In contrast, PARP1-initiated aNHEJ
leads to chromosomal translocations (Wray et al., 2013). Some argue that cNHEJ instead is the
major generator of translocations (Ghezraoui et al., 2014). It is possible that both cNHEJ and
aNHEJ contribute to generation of translocations, or there is early phase crosstalk between the

two pathways that remains to be defined. As one future direction following our project, it would
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be interesting to test DNA integration under Metnase/PARP1 double knockdown or double
inhibition conditions. If DNA integration occurs through cNHEJ and aNHEJ independently,
double knockdown or double inhibition of Metnase and PARP1 should suppress DNA

integration more than each single knockdown.
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Figure 1. Proposed model for random plasmid integration through NHEJ

Plasmid DNA (linear or circular, orange lines) forms complex with Lipofectamine reagent (pink)
and enters the cell membrane (burgundy line) through endocytosis. Cellular digestive enzymes
cause deletions to foreign DNA, which is likely to be released as linear DNA. In the nucleus
(green line), DNA is bound by DNA repair proteins. Binding of DNA by KU leads to integration
through cNHEJ pathway, binding by PARP1 leads to integration through aNHEJ. Base deletions
could occur during end processing by digestive enzyme in the cytoplasm or during integration.
Insertion of extra bases at the junction could result from both cNHEJ and aNHEJ mediated
integration. Microhomologies between the plasmid DNA and integration sites help the end-

joining step.
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