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Abstract

The human genome contains over 500,000 copies of the retrotransposon LINE-1.
Although only a limited number remain active they still represent a potent source of
genetic instability in the form of insertions and the formation of DNA double strand
breaks. As a result of the deleterious effects of LINE-1 activity the cell has evolved
multiple mechanisms to control LINE-1 including methylation, RNA processing, and
DNA repair. Here we describe two new DNA repair mechanisms involved in the control
of LINE-1.

By creating cell lines that express LINE-1 constitutively we show that cells adapt
to the chronic exposure to the LINE-1 endonuclease created DSBs by increasing the rate
of DSB repair. The increase in DSB repair also leads to a reduction in retrotransposition
of both LINE-1 and Alu. This response represents a protective mechanism utilized by the
cell to limit the deleterious effects of LINE-1.

The insertion mechanism of LINE-1 and Alu involves a priming of the
retroelement A-tail to a thymidine-rich endonuclease target site in the genome. The
LINE-1 endonuclease cleaves sites that contain non-T bases, allowing for the creation of
mismatches between the A-tail and the genomic target site, creating a subswate for the
mismatch repair (MMR) pathway. Using isogenic cell lines that differ in their expression
of MLH]1, we show that MMR deficiency leads to an increase in LINE-1
retrotransposition. By sequencing de novo insertions from MMR negative cells we find

an increased frequency of guanine in the target sites, making the target sites more closely



resemble the spectrum of sequences capable of being cleaved by the LINE-1
endonuclease. Using an oligo-based capture assay we determined the G/A mismatch
created by an A-tail priming on a target site containing a G can be recognized by MMR,
indicating the mechanism of repression by MMR involves direct recognition of

mismatches.
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Chapter 1: An introduction to mobile elements

A majority of the human genome is made up of repetitive DNA (Lander et a/,
2001). Repetitive DNA can be grouped into four distinct categories: 1) transposable
elements, 2) low complexity simple repeats, 3) large duplications and 4) processed
pseudogenes. Of these four classes, transposable elements are the largest group,
contributing over 1200 mega bases (Mb) to the human genome. Although mobile DNA
already makes up a significant portion of the genome, its contribution is most likely
underestimated because old, divergent mobile elements harboring enough mutations may
not resemble any current consensus element (De Koning ef al, 2011).

Mammalian genomes contain four classes of transposable elements. First,
sequences belonging to the Long INterspersed Element (LINE) family account for just
over 20% of the human genome. Short INterspersed Elements (SINEs), the second
largest group of transposable elements, comprising approximately 13% of the genome.
The last two groups are Long Terminal Repeat (LTR) elements and DNA transposons,
which contribute approximately 8% and 3% respectively to the human genome.

LINEs, SINEs, and LTR elements are mobilized throughout the genome utilizing
a “copy-and-paste” mechanism that occurs through an RNA intermediate. Each
successful mobilization event leads to an increase in copy number of the respective class
of transposable element. DNA transposons, however, do not progress through an RNA
stage in their mobilization, and instead employs a “cut-and-paste” mechanism where the

DNA transposon sequence is excised from the DNA and inserted in another location.



This mechanism allows the copy number of DNA transposons to remain steady, unlike
RNA-based transposable elements.. Currently, there is no evidence that demonstrate
DNA transposons are actively mobilizing in the human genome. To date, the only
documented, active mobile elements are LINE-1, Alu, and SINE-VNTR-Alu elements
(SVA) (Belancio et al, 2009).

The four classes of mobile elements can be further subdivided into autonomous
and nonautonomous classifications. Autonomous elements encode for key factors
required for their mobilization. Nonautonomous elements do not contribute to their
mobilization machinery, instead relying on another autonomous element to provide the
required proteins. LINE-1 is a non-LTR autonomous retroelement that also mobilizes
Alu, SVA, and processed pseudogenes.

LINE-1 sequence makes up approximately 17% of the human genome. However,
when the contribution of other sequences that use the LINE-1 retrotransposition
machinery for mobilization are added, the proportion of the genome that can be attributed
to LINE-1 activity jumps to over one third (Lander ef af, 2001). LINE-1 activity
continues to shape the human genome, with an estimated 1 in every 1000 diseases caused
by an insertion being LINE-1-mediated (Kazazian & Moran, 1998).

LINE-1 replication cycle overview

LINE-1 retrotransposition (Figure 1) begins with the transcription of a full length,
genomic element. The resulting messenger RNA (mRNA) then travels to the cytoplasm
where its two open reading frames are translated into their respective proteins. Because

of the strong cis preference of LINE-1 proteins, the mRNA that encodes these proteins is
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Figure 1: LINE-1 replication cycle

The LINE-1 replication cycle begins with transcription of a genomic LINE-1
element. The resulting mRNA then moves from the nucleus into the cytoplasm to be
translated. An RNP is then formed and moves back to the nucleus where a new copy of

LINE-1 can be inserted into a new genomic locus.



Kasahara (Kubo ef al, 2006), which demonstrates that retrotransposition of a transfected
LINE-1 element does not require a cell division. Without the breakdown of the nuclear
membrane during cell division, the LINE-1 mRNA would be unable to escape the
nucleus and therefore could not translate its protein machinery. Therefore, another
mechanism must be utilized during the LINE-1 life cycle to allow the LINE-1 mRNA to
translocate out of the nucleus and return with its associated proteins after translation. A
transport mechanism would explain the ability of LINE-1 to propagate in non-dividing
cells, as the RNP formed would be too large to cross the nuclear membrane. However, a
specific transport system has not yet been identified.
Translation

The LINE-1 mRNA is unique because it contains two open reading frames
(ORFs). Bicistronic mRNAs commonly possess an internal ribosomal entry site (IRES)
that functions to facilitate ribosome initiation onto the mRNA before the second open
reading frame. This ensures the proper translation of the downstream open reading
frame. Studies of the mouse LINE-1 element have suggested that an IRES element is
responsible for the translation of both ORFs (Li, 2006). Initially, translation of ORF2
protein was though to use a similar IRES-dependent mechanism (McMillan & Singer,
1993). However, it appears that ORF2 in humans is not translated by an IRES-dependent
mechanism. Several mutations to the 62 bp inter-ORF spacer have been shown to reduce
LINE-1 retrotransposition, as measured by a cell culture-based colony-forming assay.
The first AUG codon in ORF2 has also been shown to be dispensable for translation. In
the context of a full-length element, ORF2 translation requires an upstream ORF. The

lack of an IRES and the requirement of an upstream ORF support a ribosome retention



and reinitiation model as the most likely mechanism of ORF2 protein translation.
Evidence in support of this method include: the introduction of a hairpin in the inter-
ORF spacer leading to a significant decrease in ORF2 protein translation and the
introduction of a premature stop codon within ORF1 that abolishes ORF2 protein
translation (Alisch et al, 2006). Additionally, human ORF1 translation is not driven by
the presence of an IRES sequence, but is instead dependent on a 5° cap in human cells.
Furthermore, it is possible to delete large portions of the 5° UTR and retain high levels of
translation initiation (Dmitriev ef al, 2007). High levels of cap-dependent translation,
coupled with suboptimal translation of ORF2, helps to explain the large difference
observed in the ratio of ORF1 protein to ORF2 protein.
LINE-1 RNP

Human LINE-1 proteins and RNA were first shown to form a large complex by
Hohjoh and Singer (Hohjoh & Singer, 1996). Differential centrifugation experiments
allowed these researchers to conclude that both ORF1 and LINE-1 mRNA were found in
a complex together in the cytoplasmic fraction containing microsomes, polysomes and
large macromolecules. They also described the role RNA plays in stabilizing the LINE-1
RNP and speculated that ORF1 dimers, or perhaps even higher order multimers, are
formed in the RNP complex. The formation of this complex is required for
retrotransposition (Kulpa & Moran, 2005). Although the other components of the RNP
have yet to be elucidated, studies using a GFP-tagged ORF1 demonstrated a
colocalization between complexes containing ORF1 protein with polyadenylated RNA
and cellular stress granules (Goodier et al, 2007). Putative RNPs were also detected in

the nucleus as well as the nucleolus (Goodier, 2004). These previous reports relied on



reverse transcriptase (RT) activity as a surrogate for the presence of ORF2 protein.

Using an immunofluorescence-based approach, tagged versions of ORF1 protein, ORF2
protein, and LINE-1 mRNA were found to colocalize into what the Goodier group termed
the “basal RNP.” These RNPs also colocalized with markers of cellular stress granules,
agreeing with past findings (Doucet et al, 2010). However, it is not known if the RNPs
seen colocalizing at stress granules and in the nucleolus are actually retrocompetent or if
they represent a molecular dead end.

LINE-1 proteins exhibit a cis preference (Wei ef al, 2001); proteins that are
encoded by an mRNA molecule tend to associate with that mRNA. Evidence supporting
the cis preference of LINE-1 proteins consists of several lines of reasoning. First, disease
causing insertions can usually be traced back to a near identical source element. If LINE-
1 proteins were highly functional in trans, the older, mutated copies of LINE-1 would be
mobilized and able to cause disease. Second, studies have shown that the LINE-1 reverse
transcriptase preferentially works on LINE-1 substrates, despite the high abundance of
several cellular RNAs in the RNP preparations (Kulpa & Moran, 2006). In these assays
the LINE-1 RNP was enriched and collected from cells transfected with LINE-1 by
sucrose gradient centrifugation. The RNPs were then incubated with nucleotides in a
modified reverse transcription reaction using a primer containing an anchor at the 5’ end
and a stretch of thymidine bases at the 3’ end. After the RT step the resulting cDNA was
then be used as a template for PCR with primers specific for the anchor from the RT
primer to an internal LINE-1 primer. Sequencing of the resulting products revealed that
it was indeed LINE-1 sequence that was being reverse transcribed. This group found that

when they targeted abundant cellular RNAs with the second internal primer, very smail



amounts of products were formed from only three of the non-LINE-1 RNAs that were
tested, even though those RNAs were thought to be present at a higher level than the
LINE-1 mRNA. Western blotting for ORF1 protein confirmed that the RT activity found
in the RNP could be attributed to LINE-1. Later, direct evidence of the interaction of
ORF1 and ORF?2 proteins associating with LINE-1 mRNA in cells was demonstrated
using immunofluorescence. In that study, the RNA binding activity of ORF1 protein, but
not its ability to form protein multimers, was important in the formation of cytoplasmic
foci (Goodier et al, 2010).

Given the unconventional translation method of ORF2 protein, it is unsurprising
that only one or two molecules of ORF2 may be present in each LINE-1 RNP and,
therefore, it is advantageous for the element of those proteins to remain closely associated
with the LINE-1 RNA. Although LINE-1 exhibits a strong cis preference, other RNAs
can also be mobilized. For these RNAs to be mobilized they must gain access to the
LINE-1 proteins. The mechanism by which they disrupt the LINE-1 RNP and “highjack™
the retrotransposition machinery is yet unknown.

L1 5 UTR/Promoter

The 5° UTR contains binding sites for pol Il as well as for a variety of factors.
Minakami ef al. identified a region at the immediate 5° end of the LINE-1 5° UTR that
was required for transcription. He went on to describe a cellular factor that bound to that
segment through a series of footprinting, band shift, and mutation assays. Those data led
to the finding that the first 155 bp were responsible for the promoter activity of the
element, and that the first 40 bp were the most critical (Minakami et af, 1992). This

agreed with the previous studies by Swergold ef al. that mapped the core LINE-1



promoter element to the first 100 bp, with the subsequent ~700 bp providing sequences
that assisted in LINE-1 transcription.

The protein factor that Minakami described binding to the first 40 bp of the LINE-
1 5° UTR was the transcription factor yin yang 1 (YY1) (Becker ef al, 1993). In their
analysis, deletion of the YY1 binding site decreased the expression of LINE-1 by 5-fold.
They also presented data depicting the direct binding of YY1 utilizing electromobility
shift assays coupled with Western blot analysis. YY1 also directs proper transcription
initiation to an unconventional string of guanine nucleotides (Athanikar ef al, 2004).
Interestingly, that study also found that mutation of the YY1 site in the context of the full
length 5° UTR did not decrease overall transcription or the ability of the retroelement to
jump. However, when those mutations were introduced in the context of the 150 bp
minimal promoter both transcription and retrotransposition potential were significantly
reduced. From these results the authors concluded that downstream factors contributed to
transcription and that YY1 served to maintain the full-length internal promoter in the 5°
UTR. The conservation of this site is important for the element, as mRNAs which do not
initiate far enough upstream will gradually erode their promoter with every mobilization,
eventually leading to an element that does not contain a promoter and will therefore be
unable to transcribe, Other factors, such as the sex-determining region Y (SRY) family
of transcription factors (Tchénio et al, 2000) and runt-related transcription factor 3
(RUNX3) (Yang et al, 2003) have also been shown to have an effect on LINE-1 promoter
activity through binding sites located in the 5° UTR.

In addition to the internal promoter that drives LINE-1 expression, the 5" UTR

also contains an antisense promoter (ASP) located within the first 700 bp (Speek, 2001).
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The role of this ASP is unclear at this time. It is speculated that it could interfere with
transcription and therefore silences nearby genes. It is also thought that at least some of
the chimeric mRNAs derived from the LINE-1 ASP may be fully functional and code for
novel proteins. Searches in expressed sequence tag (EST) databases have uncovered
multiple chimeric transcripts with cellular genes, including the proto-oncogene c-MET
(Nigumann et al, 2002). There are also examples of the ASP of an upstream LINE-1
element driving transcription of a full-length cellular gene (Mitlik et al, 2006). In these
cases the regulation of the gene is hypothesized to be more flexible, with the presence of
an alternate promoter allowing for another level of control, and possibly contributing to
the tissue-specific expression of certain genes.

With the LINE-1 sense promoter driving transcription from the +1 position and
antisense transcript initiating near the +400-500 position, there is the possibility for the
creation of double-stranded RNA (dsRNA) products that could become substrates for
RNA interference (RNAi). Work by Yang and Kazazian described evidence of these
dsRNAs being created and that they acted to limit LINE-1 retrotranspostion (Yang &
Kazazian, 2006). They also demonstrated that the dSRNAs produced led to the
degradation of LINE-1 mRNA though a Dicer-dependent mechanism.

The 5’ UTR contains a CpG island that is subject to methylation at canonical CpG
dinucleotides as well as at several non-CG sites (Woodcock et al, 1997). This
methylation is thought to repress transcription of LINE-1 and is important for limiting
LINE-1 associated genomic damage. The preservation of this mechanism of repression

seems to be important because of the conservation of CpG sites within the LINE-1
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promoter compared to the relative lack of CpG sites throughout the genome and the A/T
rich nature of sequence into which LINE-1 preferentially inserts.
ORF1 protein

ORF1, the first of the two proteins encoded by LINE-1, is a 40 kDa polypeptide
that has nucleic acid binding ability. It was first visualized from NTera2D1 and E21-2Ep
teratocarcinoma cells, and was expressed at very high levels. In contrast, small amounts
of ORF1 are expressed in 293 and HeLa cell lines (Leibold er al, 1990). Structural
studies have revealed that ORF1 has a coiled-coil domain at the N-terminus (Holmes ef
al, 1992) which functions in the formation of higher order structures, and as an atypical
RNA-recognition motif (RRM) (Khazina & Weichenrieder, 2009) that functions in the
binding of nucleic acids (Hohjoh & Singer, 1996). The C-terminal domain of ORF1 is
also thought to assist in nucleic acid binding (Khazina ef a/, 2011).

ORF]1 proteins carry a positive charge at a neutral pH (Loeb et al, 1986), a
common characteristic of nucleic acid binding proteins. This positive charge is capable
of interacting with the negatively charged phosphate groups of nucleic acid backbones.
However, there have been conflicting reports on the nucleic acid binding activity of
ORF1 protein in regards to its sequence specificity. Using human ORF1 protein from
cancer cell line extracts, Hohjoh and Singer described two fragments of LINE-1 RNA
that shared some sequence homology that coprecipitated with ORF1 protein. There was
no evidence of ORF1 protein binding if the target sequence was part of either a duplex of
total RNA or an RNA/DNA hybrid duplex (Hohjoh & Singer, 1997). In contrast,
Kolosha et al. found that mouse ORF1 protein purified from bacteria bound both the

sense and antisense RNA from LINE-1, as well as a control transcript with no LINE-1
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sequence generated from the tryptophan synthase alpha chain gene. These researchers
then went on to determine that ORF1 protein was also capable of binding single-stranded
DNA (ssDNA) independent of sequence, and double-stranded DNA (dsDNA), although
the affinity for dsSDNA was greatly reduced compared to single-stranded templates
(Kolosha & Martin, 1997).

In addition to high affinity single-strand sequence binding, ORF1 protein also has
nucleic acid chaperone activity. Addition of ORF1 protein to complementary
oligonucleotides accelerates reannealing. It also facilitates the formation of the most
thermodynamically stable duplex via strand exchange between oligonucleotides that
contain single-strand DNA at one terminus or between oligonucleotides that contain
internal mismatches (Martin & Bushman, 2001). The chaperone activities are
concomitant with an increase in the melting temperature (Tm) of perfect duplexes and a
decrease in the Tm of mismatched duplexes.

At this time the role that ORF1 plays in the lifecycle of mobile elements is
unclear. ORF1 is absolutely required for the mobilization of LINE-1, (Moran et al, 1996)
but not for Alu (Dewannieux ef al/, 2003). Attempts to elucidate the function of ORF1
have relied mostly on the analysis of point mutations, but from those experiments we
have learned that the RNA binding activity of ORF1 protein contributed to the formation
of the RNP. Disturbing its binding activity has a negative effect on LINE-1
retrotransposition.

ORF2 protein
ORF2 is the 150 kDa product of the second open reading frame of LINE-1. It

consists of three conserved domains, an endonuclease (EN) domain, a reverse
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transcriptase (RT) domain, and a cysteine-rich (Cys) domain. The endonuclease domain
was characterized based on its homology to apurinic/apyrimidinic endonucleases,
especially the critical active residues (Feng ef al, 1996). The endonuclease activity is
localized within the first 26 kDa of ORF2 and has the ability to create single-strand
breaks at an A-T rich target site, as shown by the creation of relaxed circle DNA from a
supercoiled substrate, leaving the cut DNA strand with a 3’ hydroxyl group. The A-T rich
nature of the target site specificity closely resembles the sites at which LINE-1 integrates
into the genome. Longer incubations with supercoiled DNA and purified LINE-1
endonuclease domain led to the production of linear DNA, but the turnover time of the
enzyme was quite low (Feng er al, 1996). Additionally, the EN domain can be inhibited
by the presence of a poly-guanosine tract located in the 3° UTR of the LINE-1 mRNA
(Cost et al, 2002). The ability to cut both strands of the target DNA has also been
demonstrated by the formation of DNA double-strand breaks (DSBs) in vitro after
transfection and/or with high levels of expression of LINE-1. The formation of the DNA
DSBs was measured by the formation of y-H2A histone family, member x (H2AX) foci.
Formation of foci was dependent on the presence of ataxia telangiectasia mutated (ATM)
and a functional LINE-1 endonuclease domain (Gasior ef al, 2006). While the first strand
is nicked at a consensus site of 3’-AA/TTTT-5’, the second nick is made, on average, 7-
20 bp away (Symer et al, 2002) with no apparent nucleotide specificity. The creation of
DSBs by the LINE-1 endonuclease appears to be much more efficient than an actual
insertion event. On average, 10-fold more breaks per cell can be seen, but almost all of

those sites will be repaired without an insertion (Gasior ef a/, 2006). Based on results
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from tagged LINE-1 retrotransposition assays, it is rare for more than one event to occur
per cell.

The second conserved domain found in ORF2 contains reverse transcriptase (RT)
activity and shares homology with reverse transcriptases from other retroelement families
(Hattori et al, 1986; Malik ef al, 1999; Xiong & Eickbush, 1988). Given the similarity to
other reverse transcriptases, it is unsurprising that nucleoside analogue reverse
transcriptase inhibitors suppress LINE-1 retrotransposition (Dai et al, 2011; Jones et al,
2008). Unlike other related retroviral RTs, the LINE-1 RT lacks RNase H activity. The
ORF2 reverse transcriptase uses the exposed 3’ hydroxyl to prime reverse transcription of
LINE-1 (or another) RNA. The processivity of an RT refers to the amount of cDNA that
can be retrocopied before the protein dissociates from the template. When compared to
the Moloney Murine Leukemia Virus (MMLV) RT, LINE-1 RT was more processive,
copying 620 nt per binding event. In the same study, the MMLV RT was only able to
create products up to 120 nt long (Piskareva & Schmatchenko, 2006). For reference, the
human immunodeficiency virus (HIV) RT is only able to synthesize products ranging in
size from 50-100 nt before dissociating from its template (DeStefano et al, 1991).
Template dissociation can occur due to several reasons. Most often, a thermostable
hairpin or a homopolymer run of nucleotides stalls the RT and terminates the elongating
chain. Both of these features were found at strong pause sites near the 3’ end of the
LINE-1 mRNA (Piskareva & Schmatchenko, 2006). An excess of enzyme facilitates the
melting of secondary structure and the reinitiation of chain elongation. Even taking into

account the high level of processivity, the low levels of ORF2 protein expression and
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abundance of possible pause sites can help explain why full-length retrotransposons are
rare.

The third and final domain found in ORF?2 is a cysteine-rich domain (Cys)
(Fanning & Singer, 1987). Although very little is known about this domain, it does
contain a region that resembles a CCHC-type zinc knuckle. Nearly all retroviral
nucleocapsid proteins contain a CCHC zinc knuckle; other proteins that contain the same
structure have been shown to bind RNA (Muriaux & Darlix, 2010). It is possible that the
Cys domain of LINE-1 functions in the same manner. Mutations in the Cys domain
greatly reduce retrotransposition (Moran er al, 1996), but rigorous studies have yet to be
completed to definitively attribute a mechanism of action to this domain.

3' UTR

Copies of LINE-1 end in a 3* UTR that contains a weak polyadenylation signal,
as well as a run of adenine nucleotides that is most likely the result of reverse
transcription of the LINE-1 mRNA polyadenine tail. Skipping of the LINE-1
polyadenylation signal and using one located downstream results in a transduction of
genomic sequence located 3° of the element. Approximately 9% of genomic LINE-1
insertions have shown evidence of a 3° transduction event (Szak ef al, 2002) ranging in
size from a few bp to multiple kb (Goodier ef al, 2000; Pickeral et al, 2000; Szak et al,
2003). These transduction events have the ability to mobilize regulatory sequences or
even copy protein coding sequence to a unique location in the genome (Ejima, 2003;
Moran, 1999). A stretch of guanine nucleotides in the 3’ UTR is a potent inhibitor of the
LINE-1 endonuclease. It is unknown if the inhibitory stretch of guanines serves a

function during retrotransposition, but it has been speculated that it may inhibit a second
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molecule of ORF2 until reverse transcription displaces the mRNA, delaying the creation
of the DSB. Limiting DSB formation may serve two purposes. First, the damaging
effect of DSBs to the cell would be lessened, and, second, by delaying the second strand
nick, the ends of the DNA would remain in close proximity until reverse transcription
was completed, possibly facilitating the resolution of the insertion (Cost et al, 2002).

While the 3’ UTR is not required for retrotransposition (Moran ef al, 1996) it may
play a role in transporting the LINE-1 mRNA out of the nucleus. A binding site for
nuclear export factor 1 (NXF1) is located within the 3 UTR (Lindtner ef al, 2002).
When the NXF1 binding element (NBE) found in LINE-1 was inserted into an RNA it
was readily exported from the nucleus in Xenopus oocytes as well as mammalian cells.
Target Primed Reverse Transcription

LINE-1 is thought to insert into the genome by a process termed Target Primed
Reverse Transcription (TPRT; Figure 2). This process has been most studied in the
Bombyx mori R2 element, a non-LTR element that inserts into the 28s ribosomal RNA
gene (Burke ef al, 1987). Like LINE-1, the R2 element contains EN and RT activities
(Burke et al, 1987; Xiong & Eickbush, 1988). A series of elegant experiments by Luan
and colleagues first showed that the R2 element created a single-strand break at a precise
location in the 28S gene and initiated reverse transcription from the 3’-OH that was
created. They also demonstrated that the second strand break occurred after reverse
transcription, creating a branched, DNA/RNA hybrid intermediate (Luan ef al, 1993).
While the complete TPRT reaction has not been biochemically demonstrated using
LINE-1, three lines of reasoning point to insertion of LINE-1 elements via TPRT. First,

LINE-1 insertions are flanked by target site duplications (TSDs), which arise during
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Figure 2
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Figure 2: Target Primed Reverse Transcription

The proposed mechanism for LINE-1 insertion is TPRT. During TPRT the
moblilized sequence anneals to a thymidine-rich stretch at an endonuclease cleavage site.
The RT activity of ORF2 creates a cDNA copy of the element. A second strand break is
created through an unknown mechanism, the second strand is synthesized, and the DSB

is sealed, resulting in a new copy of the element.
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TPRT due to the staggered nature of the DSB. These TSDs are a hallmark of TPRT
resulting from the filling in of the single-stranded portions of the DSB. Second, there is
complementarity between the thymidine-rich target site and the LINE-1 polyadenine tail,
suggesting a priming event that leads to the reverse transcription of LINE-1 sequence.
Lastly, and most compelling, partial TPRT reactions can be produced using purified
OREF2 protein (Cost et al, 2002). In those assays, they detected the formation of branched
molecules consisting of 3° LINE-1 sequence and the DNA target site that provides the 3°-
OH for reverse transcription. Additionally, endonuclease cleavage of an A-T rich target
site by the LINE-1 endonuclease domain (Cost et al, 2002) and reverse transcription of
the LINE-1 mRNA (Kulpa & Moran, 2006) was demonstrated in vitro using purified
proteins. Despite the growing evidence pointing to TPRT being the mechanism by which
LINE-1 inserts, several steps of the process remain poorly understood. Second strand
cleavage, the synthesis of the second strand of DNA, and the steps leading to the final
integration require more study.

The current model of the TPRT reaction can be simplified to three steps:
initiation, elongation, and resolution. During the initiation phase the A-T rich target site
is nicked and the polyadenine tail of the LINE-1 mRNA anneals to the T rich portion of
the target site. Although there is no direct evidence of annealing being required, the
presence of an A-tail increases retrotransposition efficiency and internal initiation of
reverse transcription is more comumon at sites containing a run of thymidine nucleotides.
(Cost et al, 2002). A cDNA copy is made during the elongation phase using the 3°-OH
created at the single-strand break. This copy can either proceed to the end of the mRNA,

creating a full-length insertion, lose a variable portion of its 5° end, creating a truncation,
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or there can be a twin priming event (Ostertag, 2001), leading to an inversion of the
mRNA sequence (Figure 3).
LINE-1 Mutagenesis

LINE-1 is an element of genomic change. Its activity can lead to mutation
through several different processes, potentially causing disease as a consequence (Figure
4). The most obvious source of mutation caused by LINE-1 is direct insertional
mutagenesis, either by inserting a copy of itself, or one of the other sequences that utilize
the LINE-1 retrotransposition machinery. Insertion of sequence into a gene can introduce
nonsense codons, leading to truncated gene products or exon skipping. The LINE-1
sequence contains multiple splice donor and acceptor sites (Belancio ez af, 2006), as well
as premature polyadenylation signals (Perepelitsa-Belancio & Deininger, 2003; Roy-
Engel et al, 2005). Aberrant gene products result from the use of these cryptic splice
sites and spurious polyadenylation signals. Alternative gene products can also be created
through the use of the sense and antisense LINE-1 promoters. Transcripts originating
from the LINE-1 promoters are also capable of creating double-stranded RNA (dsRNA)
and downregulating genes through the RNAi pathway. Other sequences mobilized by
LINE-1 (Alu, SVA, pseudogenes) can also affect the genome in similar ways. Processed
pseudogenes retrocopied by LINE-1 have, on occasion, been functional (Esnault ef al,
2000; Maestre et al, 1995).

The first reports of disease caused by LINE-1 insertions were two cases of
hemophilia caused by insertions into the Factor VIII gene (Kazazian et al, 1988).
Currently, insertions into the dystrophin (Narita et al, 1993), adenomatous polyposis coli

(APC) (Miki ez al, 1992), B-globin (Divoky ef al, 1996), retinitis pigmentosa 2 (RP2)
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Figure 3
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Figure 3: Alternate finishes of a LINE-1 insertion

Most LINE-1 insertions are not full length, The majority are 5° truncated. The
truncated copies tend to have microhomology between the 5° truncation site and the
flanking genomic region. A subset of insertions involves the inversion of LINE-1
sequence, In this model, a second priming occurs and when the insertion is resolved
there is an inversion of the 5’ sequence. Blue represents retrocopied sequence while

yellow represents mRNA. Black is genomic DNA.
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Figure 4: Mutagenesis caused by a LINE-1 insertion

LINE-1 insertions can affect genes in a number of ways. The splice sites and
polyadenylation signals found within LINE-1 can cause abarrent splicing and premature
polyadenylation of genes. The antisense promoter (ASP) can drive expression of novel
gene products or deregulate a gene. Introduction of a nonsense codon can lead to a
truncation of the gene product. Exons are represented by orange squares, LINE-1 by the
blue rectangle. Splice sites are triangles; premature polyadenylation sites are red

octagons. Opposing arrows mark the promoter and ASP.
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(Schwahn et a/, 1998), fukutin (FKTN) (Kondo-lida et al, 1999), cytochrome b-245, beta
(CYBB) {Meischl et al, 2000), V-Myc avian myelocytomatosis viral oncogene homolog
(MYC) (Morse ef al, 1988), and Factor IX (Li ef al, 2001) genes have also been
described. In the case of B-globin and RP2, the insertions were full-length copies of
LINE-1, while the remainders were 5’ truncated. Both of these full-length elements
retained the ability to retrotranspose when placed upstream of a reporter cassette,
indicating that multiple generations of LINE-1 insertions have the ability to be mutagenic
(Kimberland et al, 1999).

LINE-1 can shape the genome without the insertion of sequences. The majority
of double-strand breaks caused by LINE-1 endonuclease activity are most likely repaired
through nonhomologous end joining (NHEJ) (Belancio et a/, 2008). The other major
DSB repair pathway in cells is homologous recombination, which repairs a smaller subset
of LINE-1 induced breaks. DSBs repaired by NHEJ are prone to mutations stemming
from inaccurate repair of the break site (Lieber, 2010). The damage done to the genome
in this fashion may in fact be greater than those caused by insertional mutagenesis as the
number of DSBs caused by a LINE-1 element transfected into cells is estimated to be an
order of magnitude higher than the number of actual insertion events that occur in those
same cells (Gasior ef al, 2006).

The high numbers of similar sequences that make up mobile element families are
very prone to recombination. The SINE Alu in particular has been implicated in a host of
genomic rearrangements (Babcock, 2003; Belancio ef al, 2010a) resulting in large-scale

deletions (Gilbert et al, 2002) and duplications. These illegitimate recombination events
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can be triggered by the activity of the LINE-1 endonuclease creating DSBs (Morales,
personal communication).
Controlling LINE-1

Because of the numerous deleterious effects that LINE-1 can have on a cell, it is
beneficial to limit its activity; cells have multiple methods of controlling LINE-1.
Foremost, LINE-1 transcription is restricted in most cell types with the highest
expression of LINE-1 occurring in the germ line. This repression is thought to stem from
the fact that LINE-1 is normally heavily methylated at the CpGs located in its internal
promoter (Woodcock et al, 1997). The methylation of the 5’ UTR in inversely correlated
to expression of ORF1 protein in a number of cell lines (Thayer ef al, 1993). Four
critical CpG sites are sufficient to silence LINE-1 (Hata & Sakaki, 1997). DNA
methyltransferase I (DNMTI) is responsible for maintaining the repressive marks on CpG
sites in the 5 UTR of LINE-1 (Kimura ef al, 2003), and the position of these methylation
sites appears to be more important than the overall level of methylation, indicating that
the inhibition of LINE-1 by methylation occurs by the blocking of transcription factors at
these four critical CpGs sites (Hata & Sakaki, 1997).

Although expression of LINE-1 can be seen in somatic cells (Belancio et al,
2010b), it is usually much less than that seen in the germ line. Cells that have undergone
transformation also show high levels of LINE-1 expression. But even then there are a
gradient of expression levels across different cancer cell lines (Belancio e al, 2010b).
Recently it was shown that LINE-1 expression was derepressed during the
reprogramming of fibroblasts to pluripotent stem (iPS) cells (Wissing ef a/, 2011). The

authors of this study concluded that it was a decrease in methylation of the CpGs in the
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promoter that led to an increase in expression. Although the methylation data supported
their claim, they did not rule out a direct stimulation of LINE-1 transcription by one of
the factors used to induce pluropotency in the fibroblasts.

Another method to regulate transcription is through the RNAi pathway. The
activity of the ASP creates double-stranded RNA that is fed into the RNAi pathway. This
induces LINE-1 mRNA degradation and a decrease in retrotransposon potential (Yang &
Kazazian, 2006). The ASP is also thought to limit expression by competing with the
sense promoter for transcription factors and the basal transcription machinery (Speek,
2001).

The presence of multiple polyadenylation and splice sites along the length of
LINE-1 could also play a role in limiting the levels of retrotranspositionally competent
LINE-1 mRNA. Northern blots performed with a probe to either the 5’ UTR or the
reporter cassette positioned at the 3’ end of the element show a broad spectrum of LINE-
1 mRNA species. When polyadenylation sites are mutated, nearby polyadenylation sites
are used with greater frequency. LINE-1 containing ESTs also contain a variety of
prematurely polyadenylation mRNA species (Perepelitsa-Belancio & Deininger, 2003).
The other major process that limits the amount of full-length LINE-1 mRNA in the cell is
splicing. Several splice donor and acceptor sites are utilized along the length of LINE-1,
creating less than full-length mRNAs. There is evidence that spliced mRNAs are active
in both humans and mice, demonstrated by insertions flanked by TSDs whose sequence
matches that of the predicted spliced product (Belancio et al, 2006).

Although several different mechanisms act to limit the transcription of LINE-1

elements, many loci are capable of producing mRNA (Rangwala et al, 2009). The level
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of expression of each individual locus is unlikely to be high, but the sum total of all the
expression is meaningful. It is also worthwhile to note that expression of LINE-1 differs
from person to person, and can potentially differ from cell to cell within the same
individual.

In addition to limiting the amount of LINE-1 mRNA produced, cellular factors
can influence LINE-1 directly. Members of the apolipoprotein B mRNA editing enzyme,
catalytic polypeptide-like (APOBEC) family were first shown to inhibit murine
endogenous retroviruses MusD and intracisternal A-particle (IAP) (Esnault et a/, 2005).
The findings were advanced to show that APOBEC proteins A3A, A3B, A3C (although
the inhibition is reduced), A3F, and A3G inhibit both LINE-1 and Alu retrotransposition
(Bogerd et al, 2006; Lovsin & Peterlin, 2009; Niewiadomska et al, 2007). The APOBEC
proteins are part of the innate antiretroviral defense mechanism and inhibit HIV by
deaminating cytosine residues to uracil in the nascent proviral minus strand. Uracil
containing viral DNA is then degraded in the cell (Mangeat ef a/, 2003). Some
controversy surrounds these findings, as the inhibitory effect of the APOBECs does not
rely on their subcellular localization or their deaminase activity (Bogerd et al, 2006;
Niewiadomska et al, 2007). To date, the mechanism of the repression of LINE-1 by the
APOBEC family of proteins is unknown,

Because LINE-1 causes DNA damage and associated genetic instability, it is easy
to envision ways in which the DNA repair machinery would come into contact with
retrotransposition intermediates. Cells deficient in excision-repair, complementing
defective, in Chinese hamster, 1 (ERCC1) support LINE-1 to a greater level than cells

that express ERCC1 (Gasior ef al, 2008). ERCC1 functions in the nucleotide excision
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repair (NER) pathway. It forms a heterodimer with xeroderma pigmentosum,
complementation group F (XPF) and has two known functions, 5’ bubble endonuclease
and 3’ flap endonuclease. It is probable that the 3’ cDNA flap created as an intermediate
of TPRT can be recognized by the ERCC1/XPF heterodimer. The excision of the flap
would lead to the decrease seen in retrotransposition rate.

Other DNA repair proteins appear to facilitate LINE-1 retrotransposition. The
first demonstration of a cellular protein being co-opted by the LINE-1 machinery to
facilitate integration was ATM. LINE-1 could not undergo retrotransposition in cells
devoid of ATM, but an isogenic cell line in which ATM was expressed allowed for
retrotransposition (Gasior et al, 2006). The authors speculated that either ATM was
required for the processing of the DSB intermediate formed during retrotransposition or
that the kinase activity of ATM was required to phosphorylate either ORF1 or ORF2 and
that modification was required for retrotransposition. Recently, contradictory data have
been published that argue that ATM actually inhibited LINE-1 retrotransposition (Coufal
et al,2011). By crossing ATM knockout mice with mice containing a GFP tagged LINE-
1 reporter cassette, the investigators concluded that ATM deficiency led to increased
retrotransposition in the brain. They also documented the same effect in neural
progenitor cells and colon cancer cells transduced using lentiviral hairpins to reduce
ATM expression levels. The discrepancy between these two sets of data may be because
the requirements for LINE-1 retrotransposition differ from cell to cell, where it is
required for retrotransposition in fibroblasts and dispensable in neuronal and colon cancer
cells. It is also possible that the hairpins used to decrease ATM expression in the latter

study are causing off-target effects unrelated to LINE-1 and ATM. Toxicity due to



27

LINE-1 may also be higher in the fibroblast lines lacking ATM, leading to the death of
the cells before selection of the LINE-1 retrotransposition event.

Other cellular proteins have also been shown to modulate LINE-1
retrotransposition. Using DT40 chicken B-cell lines, Suzuki et al. established that
proteins in the NHEJ pathway assisted LINE-1 retrotransposition. In addition to a
decrease in rate in NHEJ mutant cells, the authors of the study also described an increase
in the average length of insertions in Ku70 -/- and Artemis -/- cells. Inhibition of NHEJ
by addition of the DNA-dependent protein kinase, catalytic subunit (DNA-PKcs)
inhibitor, NU7026, to HeLa cells also decreased LINE-1 retrotransposition (Suzuki ez al,
2009). Because the level of retrotransposition in the mutant cells did not drop to zero,
NHEJ was not absolutely required for retrotransposition, but appeared to play a role in
the ultimate resolution of a subset of insertion events.

LINE-1, DSBs, and toxicity

The cell faces constant assault from the LINE-1 EN, creating DNA double-strand
breaks. DSBs are one of the most cytotoxic lesions, which can lead to cellular
senescence and apoptosis, as well as promote chromosomal rearrangements (Kass &
Jasin, 2010). Two major pathways govern DSB repair in the cell, homologous
recombination (HR) and NHEJ. HR is considered to be the more faithful repair pathway,
conserving genetic information by using a homologous sequence as a template, whereas
NHEJ has the potential to be non-mutagenic, but often results in small deletions at the
break site (Jackson & Bartek, 2009).

Not surprisingly, the DSBs created by LINE-1 endonuclease cleavage led to an

accumulation of cells in G2/M, induction of the pro-apoptotic gene Bax, and activation of
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caspase 3 in a breast cancer cell line (Belgnaoui ef al, 2006). The combination of those
three factors strongly suggested that apoptosis was triggered in cells expressing LINE-1.
Apoptosis is only one possible response to genomic damage. Cells can also respond to
genetic damage by entering senescence, a permanent removal from the cell cycle
(Jackson & Bartek, 2009). Expression of LINE-1, both full length and ORF2 alone, can
cause cells to enter into a senescent state (Wallace et al, 2008) as measured by the
expression of a senescence-specific B-galactosidase (Itahana et al, 2007).
Tools for studying LINE-1 retrotransposition

The sheer number of highly homogeneous LINE-1 elements in the human genome
makes their study technically challenging. An important breakthrough in the study of
retroelements occurred when a vector system was designed to allow for the selection of a
single LINE-1 insertion event. This system involved the cloning of a reporter cassette at
the 3’ end of a LINE-1 element. The reporter gene is in the reverse orientation compared
to the LINE-1 sequence and is interrupted by an intron in the sense orientation (Moran et
al, 1996). Only upon successful transcription, splicing, and reverse transcription will a
functional reporter gene be created (Figure 5). Expression of the reporter gene allows for
the selection of cells harboring a new event with antibiotics. The system has also been
adapted for use with Fluorescence-Activated Cell Sorting (FACS) protocols by
interrupting a GFP gene with an intron. Successful retrotransposition events lead to GFP
expression and green fluorescence.

The inclusion of a bacterial origin of replication between the reporter gene and the
poly-A tail, combined with the use of a dual prokaryotic/eukaryotic promoter to drive

expression of the reporter gene allows for the rescue of individual LINE-1 insertion
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Figure 5: The tagged LINE-1 retrotransposition assay

To study retrotransposition a system was developed (Moran, Cell, 1996) that
utilized an inverted neomycin resistance gene located 3’ of the LINE-1. The neomycin
resistance gene is interrupted by an intron in the sense orientation. Upon transcription,
splicing, and successful retrotransposition, the resistance gene becomes active, conferring
resistance to Geneticin. Arrows represent transcription start sites. SD and SA mark the

locations of a splice donor and splice acceptor, respectively.
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events. By digesting the genomic DNA with a restriction endonuclease that does not cut
within the LINE-1 reporter coding region and then recircularizing the resulting DNA, a
functional plasmid is created that can be subsequently transformed into bacteria and
sequenced (Gilbert et al, 2002).

While insertions of these “tagged” LINE-1 elements do show all of the typical
hallmarks of retrotransposition (TSDs, truncations, target site preference, etc.), they do
represent an artificial system. For an insertion event to be scored, the entirety of the
reporter gene must be reverse transcribed, and the element must land in a spot in the
genome that is amenable to transcription. The rescue of insertion events might also be
plagued by bias, with shorter insertions and insertions occurring nearer to restriction sites
being overrepresented.

Hypothesis and direction

With the observed DNA damage caused by the LINE-1 endonuclease and the
probable interactions with DNA damage sensor and repair proteins, we believe there is
potential for other DNA repair pathways to regulate LINE-1. The current accepted model
of the TPRT reaction creates DNA double-strand breaks that need to be repaired for
survival. We found that cells that were stably transformed with LINE-1 ORF2 were
subjected to the chronic presence of DNA DSBs. This constant genomic assault caused
an increase in the rate of DSB repair and led to a reduction in LINE-1 and Alu
retrotransposition.

TPRT also has the potential to create multiple insertion intermediates may be
recognized as “abnormal” structures by the cell. One such intermediate is a branched

molecule creating a small stretch of DNA/RNA hybrid duplex (Figure 2). The annealing
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of the RNA on the DNA target site can create mismatches and as such possibly create a

substrate recognizable by the mismatch repair (MMR) pathway.
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Chapter 2: Feedback inhibition of LINE-1 and Alu retrotransposition through
altered double strand break repair kinetics
Introduction

Of the 500,000 copies of LINE-1 in the genome, approximately 80 to 100 are full
length and contain complete open reading frames. The second open reading frame of
LINE-1 (ORF2) contains endonuclease (EN) and reverse transcriptase (RT) domains.
Both of these domains are required for successful mobilization of LINE-1 and the
sequences co-mobilized by the LINE-1 retrotransposition machinery. These sequences
increase in copy number throughout the genome through a “copy-and-paste” mechanism
termed Target Primed Reverse Transcription (TPRT). One required element for
successful insertion through TPRT is the creation of a DNA double strand break (DSB).
Multiple tissues and cell lines express LINE-1 and are therefore subjected to constant
exposure to ORF2 protein (Belancio et al, 2010b), which has been shown to cause DNA
DSBs (Gasior et al, 2006) and lead to multiple types of toxicity (Belgnaoui ef al, 2006;
Haoudi er al, 2004; Wallace et al, 2008). DSBs are highly toxic to cells and their repair
is carried out through a combination of homologous recombination (HR) and non-

homologous end joining (NHEJ). When cells are treated with low doses of the radiation

mimetic drug Zeocin they experience persistent DSBs. The cells that survive the
treatment have a reduced potential for HR and an increased NHEJ activity (Delacéte ef
al,2007). Increased NHEJ allows the cell to repair DSBs more quickly, as it is active in

all cell cycles, whereas HR requires homologous sequence and is most active in
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late S phase and early G2 (Kass & Jasin, 2010). However, repair by NHEJ can lead to
mutations. A DSB that cannot be ligated must be processed. This can lead to nucleotide
deletions, insertions, or substitutions (Kuhfittig-Kulle ez al, 2007).

The correlation between the rates of LINE-1 retrotransposition and DNA damage
and repair system has already been established. Although the nucleotide excision repair
flap endonuclease ERCC1/XPF is known to have a limiting effect on LINE-1
retrotransposition (Gasior et al, 2008), LINE-1 EN generates more DSBs than actual
retrotransposition events. Combined with its constitutive expression in multiple tissues
and cell lines, it is possible that long term exposure to the LINE-1 EN and its associated
DSBs may cause changes to the DNA damage response.

By creating stable cell lines that express either active or inactive ORF2 protein we
have shown that cells have the ability to adapt to the constant creation of DSBs caused by
the LINE-1 EN domain. This adaptation reduced the retrotransposition potential of both
LINE-1 and Alu and abrogated the LINE-1-associated toxicity usually seen as a result of
the acute overexpression of ORF2 protein. The cells also displayed an increase in the
rate of DSB repair, indicating a possible mechanism by which the repression of
retrotransposition and the reduction in toxicity occurred (Wallace et al, 2010).

Results
LINE-1 expression inversely correlates with retrotransposition potential

LINE-1 retrotransposition requires a full-length RNA. Spliced and prematurely
polyadenylated RNAs are inactive. In order to quantify full-length, active LINE-1
mRNAs, we performed Northern blot analyses using HeLa, HCT116, and MCF7 cells.

The highest expression of LINE-1 mRNA was in MCF7 cells and the amount of full-
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length LINE-1 expression in HeLa cells was only 15% of that seen in MCF7 cells. No
full-length LINE-1 mRNA was detected in the HCT116 cells (Figure 6).

We next measured the relative retrotransposition potential of each cell line using a
transient transfection of a “tagged” LINE-1 element. Successful retrotransposition was
determined by cell resistance to the antibiotic G418 (Moran et al, 1996). In contrast to
our Northern blot findings; we were unable to visualize any retrotransposition events in
the MCF7 cell line. Conversely, HeLa cells displayed an intermediate rate of LINE-1
retrotransposition and HCT116 cells produced twice as many colonies as the HeLa cells
(Figure 7). One interpretation of these data suggests that the level of LINE-1 expression
inversely correlated with retrotransposition potential. However, direct comparison of
these different cell lines was problematic. While the correlation between the expression
of LINE-1 and retrotransposition potential did not support the idea that cells can adapt to
constitutive LINE-1 expression, there are other innate differences between these cells
lines that may also have an effect on LINE-1 retrotransposition.

To address this concern we generated isogenic HeLa cell lines that differ only in
their expression of full-length LINE-1 or the ORF2 protein. As a control, we also
generated HeLa cell lines that express a mutant form of ORF2 protein, incapable of both
endonuclease cleavage and reverse transcription, or the unrelated control protein,
luciferase. To confirm expression of functional ORF2 protein in these cell lines, we
assayed for the presence of p53 binding protein 1 (53BP1) foci, which are indicative of
DNA double strand breaks, by immunofluorescence. Cells that expressed functional

ORF2 protein showed significantly increased levels of 53BP1 foci compared to control
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Figure 6
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Figure 6: Northern blot of endogenous LINE-1 mRNA in cancer cell lines
Polyadenylated RNA was collected from HCT116, HeLa and MCF7 cancer cell
lines and fractionated. LINE-1 mRNA was visualized using a probe specific to the 5’
UTR. Full length LINE-1 mRNA is marked with an arrow. The bracket denotes smaller
molecular weight products created by splicing or the premature polyadenylation of the

LINE-1 transcript.
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Figure 7: Inverse correlation between full-length LINE-1 expression and LINE-1
retrotransposition potential

Comparison of the level of full length LINE-1 mRNA and the retrotransposition
potential of the three cancer cell lines: HCT116, HeLa and MCF7. The indicated cell
lines were transfected with LINE-1 tagged with a neomycin reporter gene. Successful
retrotransposition grants resistance to G418. Full-length RNA measurements are

densitometry of the Northern blot in Figure 6. Error bars indicate standard deviations.
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cells (Figure 8). We further confirmed that ORF2 protein was overexpressed in the cell
lines by Western blot analysis (Figure 9).

To examine the effects of chronic LINE-1 expression on retrotransposition, we
measured the retrotransposition rates of both LINE-1 (Moran et al, 1996) and Alu
(Dewannieux et al, 2003) when driven by transient expression of ORF2 protein. In HeLa
cells chronically expressing functional ORF2 protein, both LINE-1 and Alu
retrotransposition were significantly reduced compared to cells expressing the mutated
ORF?2 protein or luciferase. The magnitude of repression was greater for Alu (8.6% of
control vs 50.6%) (Figure 10).

We next tested if increased expression of LINE-1 would result in even further
repression. To generate cells that expressed LINE-1 at an increased level we used a
codon-optimized LINE-1 (OptL1) (Wallace ef a/, 2008). When LINE-1 and Alu
retrotransposition were tested in these cells, both elements were almost completely
inhibited (Figure 10).

Further analysis of the repression of Alu retrotransposition revealed that the
repression is not specific to a single source of ORF2. When Alu retrotransposition was
driven by either full-lengh LINE-1 or just ORF2 alone in HeLa ORF2 or Hela mutant
ORF?2 cells, the repression remained similar (Figure 11).

To ensure that the repression of retrotransposition by the chronic expression of
LINE-1 was not cell type specific we also generated HCT116 cell lines expressing either
OREF?2 or luciferase. LINE-1 and Alu retrotransposition were also suppressed in the

ORF2 expressing HCT116 cells compared to the luciferase control (Figure 12).
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Figure 8: HeLa cells constitutively expressing active ORF2 have increased numbers
of DNA DSBs

53BP1 foci were quantified in cells that have either ORF2 or mutant ORF2
(ORF2 ER--) stably integrated by immunofluorescence. Error bars represent standard
deviation. The cell lines differ significantly in the number of 53BP1 foci present

(p<0.05, two-tailed Student’s t-test).
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Figure 9
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Figure 9: Stable integration of ORF2 leads to overexpression

Western blot analysis was performed on total cell lysates of Hel a cells transiently
transfected with an ORF2 expression construct (M), stably transformed with mutant
ORF2 (Lane 1), stably transformed with an ORF2 expression construct (Lane 2), stably
transformed with a codon optimized full-length LINE-1 vector (Lane 3), or untransfected
HeLa cells (Lane 4), using an antibody to the N-terminal portion of ORF2. The

membrane was also probed with an actin antibody, which served as a loading control.
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Figure 10
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Figure 10: Constitutive expression of LINE-1 leads to reduced LINE-1 and Alu
retrotransposition

LINE-1 and Alu retrotransposition assays were performed in the stably
transformed HeLa cell lines indicated along the x-axis. ORF2ER-- is a mutant ORF2.
The ORF2 cell line has been stably transformed with an ORF2 expression construct. L1
refers to HeLa cells stably transformed with a full-length LINE-1 construct. The OptL1
cell line is transformed with a LINE-1 construct that has been codon optimized. Error
bars represent standard deviation and asterisks signify a significant difference from the

mutant ORF2 control cell line (p<0.05) measured by the two-tailed Student’s t-test.
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Figure 11
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Figure 11: The repression of Alu retrotransposition is not specific to a single source
of ORF2

Alu retrotransposition was driven by cotransfection of either full-length LINE-1
(L1) or by a construct containing only ORF2. ORF2 ER-- denotes the mutant ORF2
transformed HeLa cells. HeLa cells stably transformed with ORF2 are labeled ORF2
Stable. Successful Alu retrotransposition generates G418 resistance in the cell. Error

bars represent standard deviation.
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Figure 12
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Figure 12: Repression of retrotransposition by chronic expression of LINE-1 is not
cell type specific

HCT116 cell lines were generated stably expressing either ORF2 or luciferase.
LINE-1 and Alu retrotransposition assays were catried out in these cells. Error bars

represent standard deviation.
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Constitutive LINE-1 expression leads to decreased toxicity of high levels of transient
ORF?2 expression

The constitutive expression of ORF2 protein led to persistent occurrence of DSBs.
As a result, the cells expressing ORF2 may grow at a reduced rate or be less fit than cells
not exposed to ORF2 protein and, therefore, display an apparent decrease in
retrotransposition. We then observed the growth kinetics of HeLa ORF2 and HeLa
ORF2 mutant cell lines by measuring cell densities over three days. Although the HeLa
cell line expressing ORF2 was subjected to the constant generation of LINE-1 induced
DSBs, its growth rate was not significantly different from cells expressing mutant ORF2
(Figure 13). These results indicate that the decrease seen in retrotransposition was not
due to a decrease in the overall growth rate of the cells.

High levels of expression of LINE-1 can be extremely toxic to cells, resulting in a
reduction of proliferation, senescence (Wallace et a/, 2008), and apoptosis (Belgnaoui et
al, 2006), which stems from the generation of DSBs (Gasior ef al, 2006). An increase in
sensitivity to LINE-1 expression may explain the reduction in retrotransposition seen in
the ORF2 protein-expressing cell lines. To address this possibility, we measured the
toxicity of transfected LINE-1 by cotransfecting it with a construct that confers resistance
to G418. Cotransfection of ORF2 and the neomycin resistance vector resulted in
significantly reduced numbers of colonies in the HeLa cells stably transfected with
mutant ORF2 compared to the HeLa cell line stably expressing functional ORF2 (Figure
14). These results imply that the decrease in retrotransposition of the HeLa-ORF?2 cells

was not due to an increase in LINE-1 mediated toxicity. Instead, these findings suggest
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Tigure 13: Chronic expression of LINE-1 ORF2 does not affect HeLa cell
wroliferation

5x10° HeLa ORF2 or HeLa ORF2 mutant (ER--) were seeded in T-75 tissue
ulture flasks. One, two, and three days after seeding, independent flasks were
ypsinized and stained with trypan blue to mark dead cells. Live cells were counted
sing a hemocytometer. The number of live cells on day one was set to 100. Error bars

present standard deviations.
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‘igure 14
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igure 14: Persistent expression of LINE-1 ORF2 reduces toxicity associated with
‘ansient LINE-1 expression

To measure LINE-1-associated toxicity, a neomycin resistance plasmid, pIRES-
GFP, was cotransfected into HeLa ORF2 and HeLa ORF2 mutant (ER--) cells with an
tpression construct containing either full length LINE-1 (L1) or ORF2. Cells were
'own in the presence of G418 for 14 days. Colony formation was then used as a

easure of LINE-1 related toxicity. Error bars represent standard deviation.
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Figure 15
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Figure 15: Long-term expression of ORF2 does not alter the sensitivity to ionizing
radiation in HeLa cells

HeLa cells expressing ORF2 or a mutant ORF2 were exposed to variable levels of
jonizing radiation. After a three-day recovery period the number of viable ceils was
counted using trypan blue exclusion and a hemocytometer. Error bars represent standard

deviation.
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Figure 16
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Figure 16: Constitutive ORF2 expression does not affect HeLa cell sensitivity to
ionizing radiation

HeLa ORF2 and HeLa ORF2 mutant cell lines were exposed to one gray of
ionizing radiation (IR) and then transfected with a neomycin resistance construct to
measure colony-forming ability following IR-induced DSBs. Error bars represent

standard deviation.
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Figure 17: Alignment of three ORF2s differing in nucleotide sequence

The three ORF2 sequences (A, B, and C) were aligned with CLUSTALW.
Nucleotides that are conserved between all three constructs are highlighted in green.
Nucleotides that differ are highlighted in yellow if they match the consensus sequence
and teal if they do not. BOXSHADE was used to color the alignment using Workbench

3.2 (workbench.sdsc.edu).
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expressing HeLa cells was approximately 12-fold when driven by ORF2 A, and 33-fold
and 5-fold when driven by ORF2 B and C respectively when compared to HeLa
expressing mutant ORF2 (Figure 18). The ability of a cell, which has adapted to
constitutive expression of LINE-1, to repress the activity of other ORF2 sequences
differing by up to 22% indicates that the mechanism of repression is not based on the
reduction of LINE-1 mRNA through RNA.i.

We next sought to determine if the repression on LINE-1 and Alu extended to
other elements mobilized by the LINE-1 retrotransposition machinery. U6 and 7SL RNA
can be retrotransposed by ORF2 protein (Buzdin ef al, 2002; Weber, 2006).

Additionally, a LINE-1 related synthetic psuedogene consisting of ORF1 tagged with the
retrotransposition reporter cassette has been shown to retrotranspose when driven by
ORF2 (Alisch ef al, 2006). Therefore, we used tagged versions of each element to
determine if the repression of retrotransposition was specific to LINE-1 and Alu, or if the
cells had a global repression of all retrotransposition. Retrotransposition assays in HeLa
ORF2 and HeLa ORF2 mutant cells revealed that only the LINE-1-derived ORF1
pseudogene was inhibited. ORF1 was inhibited 27-fold in the HeLa ORF2 cells
compared to the ORF2 mutant cells while both U6 and 7SL showed no significant change
in retrotransposition (Figure 19).

Constitutive LINE-1 ORF2 expression results in alterations in DSB repair kinetics

LINE-1 creates DNA DSBs as an intermediate in the TPRT process (Gasior ef al,
2006). Cells that are exposed to persistent, low levels of DSBs, alter their DSB repair
pathways and cells with altered DSB repair kinetics gain a growth advantage (Delacéte et

al, 2007). Additionally, several DSB repair pathways have been implicated in the
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Figure 18
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Figure 18: Repression of retrotransposition is not altered by driving Alu with
LINE-1 ORF2s differing in nucleotide sequence

Three synthetic LINE-1 ORF2 constructs were used to drive Alu
retrotransposition. The three constructs vary at the nucleotide level, but their amino acid
sequences are identical. Error bars represent standard deviation. Asterisks signify

statistical significance {p<0.05, two-tailed Student’s t-test).
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Figure 19: Persistent LINE-1 expression does not reduce the retrotransposition of
all elements mobilized by LINE-1

Retrotransposition of neomycin reporter tagged 7SL, U6, and an ORFI
pseudogene constructs were measured in HeLa ORF2 and HeLa ORF2 mutant (ER--) cell
lines. The retrotransposition of each construct was driven by cotransfection with an

ORF2 expression construct. Error bars represent standard deviation.
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retrotransposition life cycle (Gasior et al, 2008; Gasior et al, 2006; Suzuki et al, 2009).
Given the intimate relationship between LINE-1 and the DNA damage response
pathways we wanted to determine if DSBs created by chronic LINE-1 expression could
also alter the DNA damage response. To study this we chose to examine the formation
and disappearance of 53BP1 foci, an early indicator of DSBs and their repair, after the
induction of DSBs by hydrogen peroxide (H,0,) treatment. Both HeLa ORF2 and HeLa
ORF2 mutant cells had similar numbers of 53BP1 foci 45 minutes after treatment, as
measure by immunofluorescence. However, S3BP1 foci formation in the HeLa ORF2
cell line returned to background levels after only 75 minutes, whereas the HeLa ORF2
mutant cell line required 135 minutes (Figure 20).

The increase in DSB repair kinetics in H>O, treated cells led us to determine if
DSBs from LINE-1 would also be repaired with increased kinetics. DSBs arise from a
transfected LINE-1 once they have had a chance to be expressed and translated (Kroutter
et al, 2009). Because of this lag period, we had to alter the timing of the 53BP1
immunofluorescence staining after transient transfection of LINE-1 ORF2 into HeLa
ORF2 and HeLa ORF2 mutant cells. At 16 hours post transfection there were very few
53BP1 foci in either cell line. Twenty hours after transfection we observed a large
increase in DSBs which returned to near background levels by 48 hours in the HeLa
ORF?2 cells, but remained high in HeLa ORF2 mutant cells (Figure 21). These data
indicate that the increase in DSBs repair potential from persistent LINE-1 expression was
not specific to LINE-1-induced breaks, but appeared to be a general increase in the ability

of the cell to repair DSBs from multiple sources.
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Figure 20
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Figure 20: HeLa cells persistently expressing LINE-1 ORF2 show increased repair
of DSBs created by H,0»

HeLa cells expressing ORF2 or mutant ORF2 (ER--) were treated with H;O; for
10 minutes to create double strand breaks. Cells were fixed and permeabalized at 45, 75,
and 135 minutes after exposure. Immunofluorescent S3BP1 foci were visualized to
examine the rate of DSB repair. Average number of 53BP1 foci per cell is plotted with

error bars representing standard deviation. (p<0.05, two-tailed Student’s t-test).
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Figure 21
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Figure 21: Altered kinetics of DSB repair after transient LINE-1 expression in
HeLa cells that have persistent LINE-1 expression

At 16, 20, and 48 hours post transfection with ORF2, immunofluorescence-
labeled 53BP1 foci were quantified in HeLa ORF2 and HeLa ORF2 mutant cells. The
average number of 53BP1 foci per cell is plotted. Error bars represent standard deviation,
Asterisks represent statistical significance between the two groups (two-tailed Student’s

t-test, p<0.05).



60

Discussion
Repression of retrotransposition from chronic exposure to LINE-1

Our data indicate that cells have the ability to adapt to persistent expression of
LINE-1 elements, specifically ORF2, and that this adaptation is dependent on the dose of
LINE-1. The chronic exposure to LINE-1 induced DSBs resulted in a strong repression
of both LINE-1 and Alu retrotransposition as well as faster DSB repair kinetics all of
which were dependent on the activity of ORF2. This decrease in retrotransposition
potential correlated with our observation that the level of expression of full length LINE-
1 mRNA in a cell is inversely proportional to its ability to support retrotransposition.
Previous studies have found other mechanisms that control mobile elements, including
methylation, RNA processing, APOBEC proteins, and the ERCC1/XPF endonuclease
(Belancio et al, 2006; Gasior et al, 2008; Hata & Sakaki, 1997; Muckenfuss et al, 2006;
Perepelitsa-Belancio & Deininger, 2003). The high copy number of LINE-1 may
necessitate the large number of mechanisms to control its deleterious effects, and the
wide range of pathways involved most likely reflects the importance of inhibition of
LINE-! in a variety of settings.

The feedback inhibition of LINE-1 serves as a fail-safe mechanism to counter the
negative activity of ORF2. If LINE-1 expression is increased, perhaps due to a global
hypomethylation, the cell is then able to increase the DSB repair to reduce the toxicity
associated with LINE-1 expression. The inhibition of retrotransposition also minimizes
the potential of insertional mutagenesis. It is possible that the increase in DSB repair also
leads to an increase in mutation from error prone NHEJ.

Mechanism of repression by chronic LINE-1 expression
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We initially postulated that an RNAi mechanism was leading to the decrease in
retrotransposition by reducing the amount of full-length LINE-1 mRNA available in the
cell. However, this was not the case because Alu retrotransposition was repressed even
when driven by ORF2 constructs with altered nucleotide sequences. Additionally, we did
not observe the repression of retrotransposition with a LINE-1 sequence that differed by
only a few point mutations that inactivated both the endonuclease and reverse
transcriptase domains. It is highly unlikely that an RNAi mechanism would not affect
such a highly similar sequence.

The most likely mechanism of repression is a response to the DSBs created by the
LINE-1 endonuclease. Constitutive expression of LINE-1 is comparable to chronic
exposure to DSB inducing chemicals, which results in an increase in DSB repair
(Delacdte et al, 2007), without altering the sensitivity to IR or changing the growth rate
of the cells. We speculate that the repression of retrotransposition stems from the
clearing of retrotransposition intermediates before they can come to completion. A
similar mechanism of controlling LINE-1 has also been suggested for proteins in the
NHEJ pathway (Suzuki ef al, 2009), where retrotransposition was limited by repairing the
DSB before the LINE-1 can finish its insertion, thus inhibiting full-length insertions.

We have shown that constitutive LINE-1 expression induces a celtular change
that both decreases the ability of both LINE-1 and Alu to undergo retrotransposition and
increases the rate at which DSBs are repaired. This relationship between LINE-1 and the
DNA damage response could serve to limit the toxicity caused by ORF2 activity and
limit the LINE-1s mutation potential.

Methods
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Cell lines and culture conditions

HeLa, HCT116, and MCF7 cell lines were maintained in minimum essential
medium (Gibco) supplemented with 10% fetal bovine serum (Atlanta Biologicals), 1X
sodium pyruvate (Invitrogen), and 1X non-essential amino acids (Invitrogen). Cells were
maintained in humidified incubator at 37 °C and 5% CO,.

Stable ORF2 expressing cell lines were created by transfecting 1 ug of untagged
LINE-1, ORF2, mutant ORF2, or luciferase construct using Lipofectamine with Plus
reagent according to manufacturer protocols (Invitrogen). Integration of the plasmid was
selected for using 125 pg/mL hygromycin b (Invitrogen). Cells were grown in the
presence of hygromycin b until colonies were visible. Colonies were then trypsinized,
pooled, and expanded under selection to generate the stable cell lines.

Northern blots

The contents of four confluent T75 tissue culture flasks of each cell type were
combined and total mRNA was extracted (TRIzol Reagent, Invitrogen). We then
performed a chloroform extraction followed by isopropanol precipitation before poly-A
selection (PolyATract mRNA Isolation System III, Promega). The poly-A selected RNA
was precipitated, resuspended, and fractionated on a 2% agarose-formaldehyde gel.

We transferred RNA to a nylon membrane (Hybond-N; Amersham Biotech) by
capillary transfer overnight at room temperature in a standard 5X sodium
chloride/sodium citrate (SSC) solution. We crosslinked the RNA to the membrane with
ultraviolet light and prehybridized it in 30% formamide, 1X Denhardt’s solution, 1%
SDS, 1M NaCl, 100 pg/ ml salmon sperm DNA and 100 pg/ml yeast tRNA at 60°C for at

least 6 hours. Hybridization with a strand-specific probe was carried out overnight in the
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same solution at 60°C. Several washes were done in high stringency conditions (0.1x
SSC, 0.1% SDS) at 60°C for 10 minutes. We generated the strand specific probe from
the 5° UTR of LINE-1 (MAXIscript T7 system; Ambion Inc.). The membrane was
visualized using a Typhoon Phosphoimager (Amersham Biosciences) and quantified with
the ImageQuant software (GE Healthcare).
Retrotransposition assays

Cells were seeded into T75 tissue culture flasks at a density of 5x10° cells/flask.
Transfections were performed the following day using Lipofectamine and Plus reagent
(Invitrogen) according to manufacturer protocols using 1 pg of IM101/L1.3 (Drombroski,
1993) for LINE-1 retrotransposition analysis or 2 pg Alu-neo-tet (Dewannieux, Nat Gen,
2003) with 1 pg of the indicated source of ORF2 for Alu retrotransposition analysis.
Retrotransposition events were selected for with 400 pg/mL Geneticin (Fisher Scientific)
for 14 days. Colonies were then fixed and stained using 2.5% isopropanol, 5% acetic
acid, and 0.5% crystal violet. Stained flasks were counted by hand.
53BP1 foci visualization

1x10* cells were plated onto a 96-well imaging plate (BD Falcon) 16 hours before
visualization. After treatment cells were fixed with 3.7% formaldehyde in PBS for 10
minutes at room temperature and then permeabilized with 90% cold methanol for 10
minutes. After washing with PBS, cells were blocked with 1% BSA-PBS for 30 minutes
at 4 °C and incubated with 2 pg/mL of 53BP1 antibody (Novus Biologicals) diluted in
1% BSA-PBS for one hour. After washing, cells were then incubated with 5 pg/mL
Alexa 488 conjugated anti-rabbit secondary antibody (Molecular Probes) in 1% BSA-

PBS and Sug/mL Hoechst dye (Molecular Probes) for one hour at room temperature in
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Colony formation assay

Cells were seeded into T75 tissue culture flasks at a density of 5x10° cells/flask.
The next day, 1 pg of a neomycin resistance plasmid (pIRES-EGFP, BD Biosciences)
was transiently transfected (Lipofectamine and Plus reagent, Invitrogen). Cells were
grown under 400 pg/mL Geneticin (Fisher Scientific) for 14 days. Colonies were then
fixed and stained using 2.5% isopropanol, 5% acetic acid, and 0.5% crystal violet.
Stained flasks were counted by hand.
Ionizing radiation colony formation assay

After exposure to one gray of ionizing radiation from a cesium-137 source, the
colony formation assay described above was conducted.
Ionizing radiation cellular proliferation assay

The growth rate of cells exposed to ionizing radiation was performed as described
above with minor alterations. The cell growth was measured at seven days after seeding
instead of at 1, 2, and 3 days after seeding.
Vectors and sequences

The LINE-1 expression vectors used to create the stable cell lines and drive Alu
retrotransposition were cloned into pBud CE 4.1 (Invitrogen) by ligation after HinDIII
and BamHI digestion. The LINE-1s were driven by the CMV promoter and contained an
SV40 polyadenynation signal.

The ORF2 sequence has been optimized to use the maximally efficient codons
while retaining the amino acid sequence using the Codon Adaptation Index calculator
found at www.evolvingcode.net.

Statistical analysis
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In all cases, p-values were calculated using the two-tailed Student’s t-test to
compare experimental values to control values in each experiment using the statistical
package in Microsoft Excel. Experiments were routinely done in triplicate with multiple

repetitions.
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Chapter 3: Mismatch repair limits retrotransposition
Introduction
TPRT can create mismatched bases

The TPRT model of retrotransposition relies on RNA annealing to a genomic
DNA sequence with a free 3* hydroxyl group to prime reverse transcription. It is clear
from studies of the LINE-1 EN domain that sites other than AA/TTTT are cleaved by this
enzyme (Repanas et al, 2007). However, the spectrum of sequences capable of being
cleaved do not match the sequences actually utilized at insertion sites (Szak et al, 2002).
The LINE-1 EN tolerates guanine in the target site, but guanine appears to be selected
against when insertion sites from the genome are analyzed. We have previously shown
that disruptions in an Alu A-tail hindered retrotransposition, especially guanine
disruptions (Comeaux et al, 2009). It is surprising that guanine was the most disruptive,
as G/T mismatches are predicted to be the least disruptive to base pairing (Ke & Wartell,
1993). Deviations from the stretch of thymidine nucleotides would create a mismatch
between the RNA and DNA target site, potentially generating a substrate for the
mismatch repair machinery. Both the twin priming and microhomology-mediated
truncation models of TPRT resolution also predict priming events that can create
base/base mismatches and insertion/deletion (indel) loops (Figure 3).
Mismatch repair

The mismatch repair (MMR) system protects the cell from replication errors,

spontaneous mutation, microsatellite instability (MSI) (Parsons et al, 1993), and lesions
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direction. However, to date no helicases and only a single exonuclease have been found
to be involved in eukaryotic MMR.

The MMR-associated exonuclease, Exol, is a 5’ to 3’ exonuclease that also
displays 5° flap endonuclease (Lee & Wilson, 1999) and RNaseH (Qiu ef al, 1999)
activities. Interaction of Exol with MSH2 indicated that Exol has a role in MMR. This
interaction was first shown in yeast (Tishkoff ef al, 1997) and then subsequently in
humans (Schmutte et al, 1998). Later, Exol was shown to interact with MLH1, PMS2
and MSH3, further identifying it as a critical part of an MMR-associated higher order
complex (Schmutte et al, 2001).

With only one 5° to 3’ exonuclease found to be participating in MMR reactions,
the ability of the reaction to proceed in both directions was perplexing. Genschel et al.
reported that Exol mediated excision of a heteroduplex containing a break located 5° to
the mismatch required only MutSa. However, when the single strand break was located
3” of the mismatch both MutSa and MutLa were required for resection (Genschel et al,
2002). In either case, Exol was required for resection of the mismatched DNA. It was
believed that there was either an undefined 3’ to 5° exonuclease associated with MMR
that required activation or recruitment by Exol, or that Exol contained cryptic 3° to 5’
exonuclease activity. This disconnect of polarity would later be clarified by the
discovery that the human MutLa complex contains endonuclease activity. This activity
was dependent on the presence of a mismatch, MutS, PCNA, RFC, ATP, and a
preexisting single strand break. In this model, MutLa cleaves upstream of the mismatch
on the strand that already contains a break (Kadyrov et al, 2006). This meant that in the

case of a preexisting 3’ break, the mismatch would then be flanked by single strand
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breaks on the same strand. Exol could then resect the mismatch containing strand in a 5°
to 3” direction.

Resection of a DNA strand by Exol is controlied by interactions with MutS,
MutL, and RPA. After binding a mismatch, MutS stimulates the exonuclease activity of
Exol. The creation of long stretches of single stand DNA recruits RPA, which then
displaces the Exol complex from the DNA. After the resected area proceeds past the
mismatched DNA, MutS and MutL are no longer recruited to the site, further suppressing
Exol activity (Genschel & Modrich, 2003). This mechanism explains how Exol can
remove hundreds of base pairs on the 5’ side of a mismatch, and why the resection
terminates within a short stretch of nucleotides on the 3’ side. In the case of a single
strand break located 3’ of the mismatch, PCNA acts to suppress Exol activity from
removing DNA sequence away from the mismatch (Dzantiev et al, 2004).

Multiple pathways have been shown to interact with the MMR system. Both of
the major DSB repair pathways, HR and NHE], are influenced by MMR. During HR,
MMR can mediate the recombination reaction by rejecting annealing between substrates
that contain mismatches (Elliott & Jasin, 2001). Disruptions in the MMR pathway lead
to increases in recombination between heterologous substrates. The MMR components,
MutSa, MutSB, and MutLa, were all shown to directly interact with Werner syndrome,
RecQ helicase-like (WRN), with MutS heterodimers stimulating the helicase activity of
WRN. The observed stimulation was even greater in the presence of a mismatch in the
DNA substrate (Saydam et al, 2007). Another RecQ family helicase, RECQ1, was also
found to interact with MMR proteins by unwinding mismatched DNA. In addition to the

MutS stimulated helicase activity, RECQI stimulated the activity of Exol (Doherty er al,



74

2005). Based on these data, the rejection of HR of divergent sequences by MMR occurs
via the action of helicase proteins through the unwinding and possible degradation of the
mismatched substrates. The initial annealing step in a TPRT reaction closely resembles
that of strand invasion during HR. This structural similarity might be recognized through
the same mechanism and, thus, act to limit retrotransposon activity.

In NHEJ, the interaction between MSH6 and Ku70, as well as the accumulation
of MSHS6 foci colocalized with y-H2AX suggests a role for MMR in the repair of DSBs
(Shahi et al, 2011). There is also evidence of direct association between MLH1 and
mitotic recombination 11 (MRE11) (Her et al, 2002), a component of the Mrel 1-Rad50-
Nbsl (MRN) protein complex that is involved in NHEJ.

Hong et al. has previously presented evidence describing the recruitment of MMR
factors to sites of DNA damage. They found that MSH3 and MSH2, in addition to
MSHS6, were recruited to sites of DNA damage induced by laser micro-irradiation. The
recruitment of these proteins was dependent on interactions with PCNA. Additionally,
MLH]1 was also recruited to sites of DNA damage, but its recruitment was mediated by
interaction with MSH2. This group subsequently showed that MSH2 and MSH3 were
also recruited to sites of DNA damage caused by ultraviolet radiation. In those
experiments, the presence of the nucleotide excision repair factor xeroderma
pigmentosum, complementation group A (XPA) was necessary for MSH2 and MSH3
foci formation (Hong et al, 2008).

MMR is also thought to be involved in initiating the signaling of downstream
effectors when DNA damage is present, triggering both the arrest of the cell cycle and

apoptosis (Wu et al, 1999; Zhang et al, 1999). The mechanism of action is yet unknown,
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but it is thought to signal through the ATM, ataxia-telangiectasia and rad3-related (ATR)
kinase pathways and have both p53-dependent and p53-independent branches (Toft ef al,
1999).

There is a clear connection between DNA repair pathways and the contro! of
mobile elements (Gasior et al, 2008; Gasior ef al, 2006; Suzuki ef al, 2009).
Additionally, there are multiple steps in the TPRT reaction that have the potential to
create mismatches. Using isogenic cell lines that differ in their expression of MLHI1, and
ability to perform mismatch repair by extension, we show that the MMR pathway can
regulate mobile element activity. By rescuing de novo insertion events we found that the
repression occurs at the initial priming step of TPRT, therefore changing the frequency of
non-thymidine bases found at insertion sites. Finally, using oligonucleotides that mimic
preinsertion complexes, we demonstrate that the mismatch repair sensor protein MSH2
binds at DNA/RNA duplex sites containing a mismatch, further implicating MMR in the
control of retroelements.

Results
A-tail disruptions at the 3’ end of Alu inhibit retrotransposition

We have previously shown that Alu elements with disrupted A-tails
retrotranspose at a lower rate than Alus with perfect, homogenous A-tails (Comeaux et
al, 2009). New Alu insertions preferentially prime near the 3’ terminus of the RNA
(Wagstaff, submitted), thus disruptions near the 3’ end will create mismatches between
the RNA and DNA target site. By inserting the sequence (GAA)4G near the 5° end, in
the middle, and near the 3’ end of the A-tail (Figure 23) we wished to determine if the

location of the disruption could affect Alu retrotransposition. As the disruption was
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Figure 23

A30 | Alu____ | AAAAAAAAAAAAAAAAAAAAAAAAAAARAA

(AAG)5A15 L Alu | AAGAAGAAGAAGAAGAAAAAAAAARAAAAA

A9(GAA)5A6 [ Au | AAAAAAAAAGAAGAAGAAGAAGAAAAAAAA

A15(GAA)5 [ Au ] AAAAAAAAAAAAAAAGAAGAAGAAGAAGAA

Figure 23: Disruptions in an Alu A-tail
To determine if the position of disruptions has an affect on Alu retrotransposition
we created Alu expression constructs with disruptions in the 5°, middle, and 3’ end of the

A-tail. Areas of heterogeneity are underlined.
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moved further toward the 3’ end of the RNA, there was a decrease in the rate of Alu
retrotransposition in Hela cells. Having a disruption near the 5’ end of the A-tail
reduced retrotransposition 2.4-fold (+/- 0.13) compared to an Alu with an A-tail
consisting of 30 adenines. Disruptions in the middle and at the 3’ end of the A-tail
reduced retrotransposition 10.5-fold (+/- 0.01) and 8.6-fold (+/- .06) respectively (Figure
24).
MLH]1 deficiency in HCT116 colon cancer cells allows for increased LINE-1
retrotransposition

HCT116 cells are a colon cancer cell line that is naturally deficient in MLHI1 (as
well as the binding partner PMS2) (Papadopoulos ef al, 1994). These cells have been
shown to exhibit microsatellite instability and an increased mutation rate as well as an
inability to carry out mismatch repair (Parsons et al, 1993). Two separate pairs of
isogenic cells lines were used to examine the effect of MLH1 on LINE-1
retrotransposition in HCT116 cells. HCT116+MLHI cells have been complemented with
MLH! cDNA and show a 4.3-fold (+/- 0.15) decrease in the LINE-1 retrotransposition
potential of the HCT116+Vector control cells (p=0.0009) (Figure 25). A western blot
probing for MLH1p confirms that the HCT116+Vector cell line does not express
detectable levels of MLH1 whereas the HCT116+MLH]1 cell line does express MLH1
protein (Figure 26).

Because MMR proteins are known to interact with and signal checkpoints (Wu et
al, 1999; Zhang et al, 1999), we wished to assess the relative colony forming potential of

each cell line. We measured colony formation after transfection with a G418 resistance
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Figure 24: Disruptions near the 3’ end of an Alu A-tail are disruptive to Aln
retrotransposition

Hela cells were seeded and cotransfected with the indicated Alu
retrotransposition construct tagged with the neomycin reporter gene and an ORF2
expression construct. Cells harboring a retrotransposition event are selected for using
G418. After 14 days, colonies are stained with crystal violet and the colonies are
counted. Error bars represent standard deviation. Asterisks represent statistical

significance (p<0.05, two-tailed Student’s t-test).
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Figure 25
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Figure 25: LINE-1 retrotransposition is reduced in HCT116 cells complemented
with MLH1 cDNA

Cells were seeded and transfected with LINE1.3CMV-neo. After selection for 14
days with G418 the resulting colonies were stained with crystal violet and counted. Error
bars represent standard deviation. Astericks represent statistical significance (p<0.05,

two-tailed Student’s t-test).
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Figure 26: Only HCT116+MLHI1 cells express MLHI1

Whole cell extract from approximately 1x10° cells was collected in Laemmli
buffer. 30 uL of extract was subjected to Western blot analysis of MLHI1 and Actin,
which served as a loading control, using Alexa-fluor conjugated secondary antibodies and

the Li-Cor Odyssey Pro IR scanner.
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Figure 27
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Figure 27: Colony formation in HCT116+Vector and HCT116+MLHI1 cell lines
Colony formation was measured by transfecting pIRES, which contains a

neomycin resistance gene. After transfection, cells containing the plasmid were selected

for using G418 for 14 days. Cell were fixed, stained with crystal violet, and counted.

Error bars represent standard deviation.
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construct (Figure 27). On average the HCT16+Vector cell line formed 1040 +/- 106
colonies while the HCT116+MLH1 cell line formed 1121 +/- 256 (p=0.39).

Transient, high-level expression of LINE-1 is toxic to cells (Wallace et a/, 2008).
Due to this fact we sought to determine if the reduction in LINE-1 retrotransposition
could be attributed to an increase in cell death after introduction of LINE-1. By
cotransfecting a LINE-1 construct with a neomycin containing plasmid, we assessed the
LINE-1-related toxicity between the MLH1 positive and negative cell lines. LINE-1 was
slightly more toxic to HCT116+Vector cells (Figure 28). An average of 277 +/- 39
colonies formed in the HCT116+Vector cells whereas the HCT116+MLH1 cell line
formed and average of 417 +/- 76 colonies. These results indicated that the lack of MMR
did not lead to an increased sensitivity to LINE-1-induced toxicity and that the observed
decrease in retrotransposition could not be explained by cell death. In fact, the increased
toxicity in HCT116+Vector cells meant the level of repression in HCT116+MLHI cells
was actually underestimated.

To confirm the HCT116+MLHI1 cell line was in fact exhibiting a MMR positive
phenotype, we utilized a previously published microsatellite instability (MSI) assay (Vo
et al, 2005). This assay takes advantage of the instability of dinucleotide repeats in
MMR negative cells by fusing an out of frame GFP coding region with a (CA)17
dinucleotide repeat preceding it. If the cells exhibit no MSI the GFP coding region
remains out of frame and is not expressed. A mutation in the microsatellite restores the
reading frame and leads to GFP expression. The cells containing MLH1 exhibited less

MSI than the vector-containing cells (75 +/- 18 vs 266 +/- 33) (Figure 29).
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Figure 28

600 - BHCT116+MLH1
HCT116+Vector

500 -
400 -
300 1

200 -

Relative G418r Colonies

100 -

0 -

Figure 28: LINE-1 toxicity is similar in HCT116+Vector cells and HCT116+MLH1
cells

Untagged LINE-1 was cotransfected with pIRES. After transfection, cells that
integrated the vector and survived the LINE-1 mediated toxicity were selected for using
G418 for 14 days. Cells are fixed, stained with crytal violet and counted to determine

relative toxicity of LINE-1. Error bars are standard deviation.
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Tigure 29: HCT116+MLH]1 cells display reduced MSI
Microsatellite instability was measured by transfection of an out of frame GFP
sonstruct preceded by a (CA)17 dinucleotide repeat. Mutations that placed GFP back

nto frame lead to fluorescence. Error bars are standard deviation.
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It has been reported that overexpression of MLH1 can lead to a dominant negative
sffect and increased mutation frequency (Shcherbakova et al, 2001), ultimately leading to
woptosis (Zhang et al, 1999). To rule out the possibility of increased mutation frequency
eading to a secondary mutation in the cDNA complemented cell lines controlling the
jecrease in LINE-1 retrotransposition, we performed the assay in HCT116 cells that have
seen complemented with chromosome 3 (Koi et al, 1994). The expression of
shromosome 3, which contains MLH1 and its endogenously associated regulatory
sequences, most likely results in normal expression of MLH1 and not overexpression.
3ecause this cell line is resistant to neomycin, we could not use the standard tagged
_INE-1 construct. Instead we utilized a LINE-1 construct tagged with blasticidin in the
same manner as the neomycin tag. Correcting the MLH1 deficiency using a chromosome
ed to a 3.3-fold (+/- 0.16) decrease in the frequency of LINE-1 retrotransposition
p=2.08x10-6) (Figure 30).

MEFs deficient in MLH1 show increased retrotransposition

To ensure that the observed difference in retrotransposition was not due to clonal
selection in the HCT116 cell lines, we further tested the effect of MLH1 deficiency in an
isogenic pair of mouse embryonic fibroblast (MEF) cell lines. Both copies of MLH1
have been knocked out by gene targeting in the MEF cell line MC2 (Prolla et al, 1998).
The complementary cell line MC2+WT contains a full-length cDNA copy of the hMLH1
gene (Buermeyer et al, 1999). The MEF cell lines yielded poor colony formation when
using the standard drug-resistance tagged LINE-1 retrotransposon vectors. To investigate
the LINE-1 retrotransposition rate in the MEF, we utilized a LINE-1 construct tagged

with EGFP followed by FACS analysis at six days post transfection. The cells were



86

“igure 30

ki) HCT116

BHCT116+Ch3

0.8 1

0.6 1

0.4 1

Relative L1 Retrotransposition
*

0.2 1

Figure 30: Retrotransposition is reduced in HCT116 cells complemented with
hromosome 3

Uncomplemented HCT116 cells or HCT116 cells complemented with
hromosome 3 (HCT116+Ch3) were transfected with a LINE-1 construct tagged with a
slasticidin reporter cassette. After 14 days of selection the colonies were stained and
sounted. Error bars represent standard deviation. An asterisk signifies statistical

significance (p<0.05, two-tailed Student’s t-test).
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naintained under puromycin selection after transfection to select for the presence of the
etrotransposition vector. At six days post transfection we observed a 3.5-fold (+/- 0.3)
eduction in EGFP positive cells in the MEFs that expressed MLH1 compared to cells
hat did not express MLH1 (p=0.025) (Figure 31).
VILH]1 expression can be modulated in 293T-L cells

The 293T-La cell line contains the MLH1 gene under the control of a
etracycline-regulated promoter (Cejka et a/, 2003). In the presence of tetracycline
VILH1 gene expression is turned off. By maintaining specific amounts of doxycycline in
he media, the level of MLH1 protein can be tightly regulated. We maintained cells in
30, 0.8, 0.2 and 0.0 ng/mL doxycycline. These levels resuited in a gradient of MLH1
yrotein expression (<1%, 4%, 21%, and 100% expression respectively) (Figure 32,
“igure 33).
VILH1 inhibits L1 retrotransposition in a dose-dependant manner

Because this cell line is resistant to G418, the LINE-1 retrotransposition rate
:xperiments were carried out using a LINE-1 construct tagged with reporter cassette that
rrants resistance to blasticidin upon successful retrotransposition. In the absence of
loxycycline the cells fully express MLH1 protein and LINE-1 retrotransposition is
nhibited 2.6-fold (+/- 0.04). The cells cultured in the presence of 0.2 ng/mL of
loxyeycline showed a 2.3-fold (+/- 0.02) reduction in LINE-1 retrotransposition
sotential. Culturing cells in 0.8 ng/mL doxycycline led to only a slight 1.3-fold (+/- 0.15)
lecrease in retrotransposition as compared to the cells treated with 50 ng/mL of

loxycycline in which MLH1 expression was undetectable (Figure 34).
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‘igure 31
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Yigure 31: MEF complemented with hMLH1 show decreased LINE-1
‘etrotransposition

Retrotransposition was measured using LINE-1 tagged with EGFP in MLHI
iegative (MC2) and MLH1 complemented (MC2+MLH1) MEFS. Cells not containing
he vector were selected against for 6 days. Cells were then subjected to FACS analysis
o determine LINE-1 retrotransposition frequency. Error bar represents standard

leviation. Asterisk signifies statistical significance (p<0.05, two-tailed Student’s t-test).
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Figure 32
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Figure 32: Western blot of doxycycline regulation of MLH1 in 293T-La
293T-La cells were cultured in the presence of the indicated amount of
doxycycline (dox). Whole cell extracts were loaded on a polyacrylamide gel and probed

for MLHI, with actin serving as a loading control.
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Figure 33
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Figure 33: Quantification of MLHI1 expression in 293T-La with doxycycline
MLH1 Western blot images from 293T-La doxycycline gradient cell lines were
quantified using ImageJ. The untreated cell line was set to a relative density of 1 and

actin was used to normalize signals across all blots. Error bars are standard deviation.
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Figure 34: LINE-1 retrotransposition in 293T-La cells after doxycycline treatment
293T-La cells were cultured in the indicated amount of doxycycline for 8 days to
modulate MLH]1 expression. Retrotransposition was measured with LINE-1 tagged with
a blasticidin reporter cassette. Cells were reseeded into blasticicin-containing medium
after transfection to select for retrotransposition events until colonies formed. Colonies
were stained with crystal violet and counted. Error bars represent standard deviation.
Asterisks represent statistical significance when compared to the 0 ng (p<0.05, one-way

ANOVA, Tukey’s multiple comparison test).
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Characteristics of rescued LINE-1 insertions

The inclusion of a bacterial origin of replication and a dual prokaryotic/eukaryotic
promoter on the neomycin resistance gene in the 3’ UTR of the LINE-1 construct allows
the rescue of new insertions. The genomic DNA can be digested with an enzyme that
does not cut within the LINE-1 sequence and then religated to create a functional
plasmid. Rescuing de nove insertions allows us to examine several different
characteristics of new LINE-1 insertions. By taking advantage of islands of differential
sequence between the synthetic LINE-1 rescue construct and endogenous LINE-1 we can
design sequencing primers along the entire length of the element to locate the 5° end of
the insertions. To sequence the 3’ end of the insertion the data from the 5” end is used to
estimate the probable genomic insertion site and a primer is designed to flank it.

Studies of the LINE-1 endonuclease domain have show that many different
thymidine-rich target sites are capable of being cleaved (Repanas et al, 2007) (Figure 35).
However, the cleavage sites utilized for insertion do not match the spectrum of possible
LINE-1 endonuclease cleavage sites, with guanine in the target site being
underrepresented at insertion loci in both endogenous insertions (Symer et al, 2002; Szak
et al, 2002) (Figure 36) and tagged insertions (Gilbert ef al, 2005) (Figure 37). To
determine if mismatches could be leading to the repression of LINE-1 insertions by the
MMR machinery we rescued (Gilbert et al, 2005) de novo insertions from the genomes of
HCT116+MLH1 and HCT116+Vector cells as well as analyzed a previously published
data set of LINE-1 insertions rescued from HCT116 cells (Symer ef al, 2002). If MMR is

capable of recognizing and removing insertion initiation complexes that contain a
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Figure 35
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Figure 35: LINE-1 endonuclease cleavage site preference

A WebLogo (weblogo.berkley.edu) of the published (Repanas et al, 2007)
preference of the LINE-1 endonuclease. Only the four bases that comprise the priming
site are shown. The frequency of each nucleotide at each position is represented by its

height. Guanine residues are shown in red.
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Figure 36: Endogenous LINE-1 insertion site preference
A frequency WebLogo (weblogo.berkley.edu) was created using TSD data from
1794 LINE-1 insertion sites (Szak et al, 2002). Only the four bases thought to be

involved in priming are shown. Guanine residues are colored red.
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Figure 37
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Figure 37: Tagged LINE-1 insertion site preference in HeLa cells

Data from tagged LINE-1 insertion sites were mined (Gilbert et al, 2005) to
determine the priming site. A frequency WebLogo of the four priming bases was created

using weblogo.berkely.edu. Guanine residues are colored red.
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mismatch, rescues from cell lines that have functional MMR should show a decrease in
the proportion of deleterious mismatches at the priming site.

LINE-1 insertion sites rescued from MMR negative HCT116 and
HCT116+Vector cells exhibited an increased proportion of insertion sites containing a
guanine when compared to insertion sites rescued from MMR competent HeLa cells
(Gilbert et al, 2005) or the complemented HCT116+MLH]1 cells (7/45 vs 2/107 vs 0/15
respectively). The frequency of other non-thymidine bases found within insertion sites
did not differ significantly between the two HCT116 cell lines or from what was
previously reported in tagged LINE-1 insertions from HeLa cells (Figure 38).

Sequencing both the 5’ and 3” junctions of the insertions also allowed us to
measure total insert length, A-tail length, target site duplication (TSD) size, and the
proportion of inserts that are full-length, inverted, or truncated. The average insert length
did not differ significantly between the HCT116+Vector and HCT116+MLHI cells
(1495 +/- 1785 and 1356 +/- 1063 respectively) (Figure 39). The lengths of the HCT116
inserts did also not differ significantly from insertions previously rescued in HeLa cells
(1092 +/- 1643). The length of the A-tails of new inserts was also not significantly
different between HCT116+Vector, HCT116+MLH]1, and HeLa (72 +/- 40, 61 +/- 45,
and 66 +/- 32) (Figure 40). TSD size was also similar in each cell line. TSDs from
HCT116+Vector cells averaged 8 +/- 7 base pairs. HCT116+MLH1 TSDs were 6 +/- 7
base pairs (Figure 41). Lastly, there was no appreciable change in the proportion of
truncated, full-length, or inverted elements (Table 1). Insertions from both
HCT116+Vector and HCT116+MLH]1 exhibited all of the hallmarks of standard LINE-1

retrotransposition event with the exception of an increase in guanine in the target site.
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Figure 38: Analysis of non-T bases in rescued target sites

LINE-1 retrotransposition events were rescued and sequenced. The insertion site

was determined by examining the filled and empty genomic sites. The frequency of each

non-T base is plotted independently. Error bars represent 95% confidence intervals

around each proportion. An asterisk represents statistical significance (p<0.05, Fisher’s

exact test).
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Figure 39: Amount of LINE-1 sequence retrotranscribed
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The length of each rescued insertion was calculated by subtracting the length of

the neomycin resistance gene and bacterial origin of replication. The resulting length

represents just LINE-1 sequence. Error bars are standard deviation.
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Figure 40: A-tail length of rescued insertions

The length of the A-tail was determined from either sequencing out from near the
LINE-1 polyadenylation signal or from sequencing in from genomic sequence 3’ of the
insertion site. An A-tail was defined as the longest stretch of uninterrupted adenine

residues. Error bars are standard deviation.
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Figure 41
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Figure 41: Target site duplication size of rescues from HCT116+Vector and
HCT116+MLH1

Sequencing both ends of de novo LINE-1 insertions allowed us to determine the
size of the target site duplications created by the staggered nature of the DSB. Only the

areas of perfect homology were counted as the TSD. Error bars are standard deviation.
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Table 1

Full-length | Truncated | Inverted Total Cell Line Reference

6 75 19 /100 HeLa (Gilbert et
al, 2005)

2 22 6 /30 HCT116 (Symer et
al, 2002)

2 15 1 /18 HCT116+Vector | This study

0 14 1 /15 HCT116+MLH1 | This study

Table 1: Proportions of different classes of LINE-1 insertions

Each insertion was quantified as full-length, truncated, or inverted. Full-length
insertions had to start at the +1 nucleotide of the LINE-1 construct. Inverted elements
had to contain enough inverted sequence to unambiguously describe the inversion.
Truncated elements were any that did not reach the +1 nucleotide or did not contain an

inversion.
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MSH2 recognizes RNA/DNA structures that mimic LINE-1 retrotransposition
intermediates

Our data point to the cellular MMR machinery being able to recognize
mismatches between the retroelement RNA and the DNA at the endonuclease target site.
Repression of retrotransposition by the mismatch repair pathway would presumably
require the recognition of mismatches by one of the two MutS heterodimers, which both
contain MSH2. MSH2 is the most abundantly expressed MMR protein in HeLa cells
(Chang, 2000), and complexes containing MSH2 directly recognize mismatched bases
(Palombo et al, 1996). Direct surveillance of the priming step is the most straightforward
mechanism of detection by MMR. To determine if the MMR sensor proteins are capable
of recognizing LINE-1 initiation structures, we developed a LINE-1 Associated Bead-
Oligo Capture Assay (LABOCA). The assay involves creating DNA/RNA duplexes
containing a biotin tag. After incubation with HeLa cell nuclear extracts, we probed for
MSH?2 binding (Figure 42). MSH2 did not bind to a perfect DNA/DNA duplex (Lane 1)
but can be seen bound to the DNA/DNA duplex containing a A/G mismatch (Lane 2).
Binding was also observed to a DNA/RNA duplex that did not contain a mismatch (Lane
3). DNA/RNA duplexes containing a G/A mismatch displayed increased binding
compared to the perfect duplex DNA/RNA construct, but were less than that of a
mismatch DNA/DNA duplex (Lane 4).
Discussion

This study collectively demonstrated that mismatch repair acts to limit both
LINE-1 and Alu retrotransposition. The repression of retrotransposition appeared to be at

the priming stage of TPRT, where non-T/A base pairs can be formed. Alu elements
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Figure 42
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Figure 42: LINE-1 Associated Bead-Oligo Capture Assay

&)

Oligos were designed to either contain a G/A mismatch or be perfect duplexes.
After annealing they were bound to streptavidin magnetic beads and incubated with HeLa
cell nuclear extract. Bound proteins were separated on a polyacrylamide gel and probed
for MSH2 via western blotting. Blue lines are DNA oligos and contain a 5° biotin tag

(B), red lines are RNA oligos. Mismatches are represented by x.
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insert into the genome with their A-tail intact. This allows for the creation of different
base/base mismatches. The most detrimental mismatch in an Alu A-tail creates a G/T
mispair. These results agree with previous studies in the mismatch repair field that have
shown a G/T mismatch is very well recognized and quickly repaired (Bishop et al, 1989).
Target sites for LINE-1 integration in MMR negative cells contained more
guanines in the priming strand than MMR positive cells. Because LINE-1 elements are
polyadenylated, this creates a G/A mismatch at the priming site. The change in target site
composition makes it more closely resemble the spectrum of target sites capable of being
cleaved by the LINE-1 endonuclease (Repanas et al, 2007). The difference in the
magnitude of repression between LINE-1 and Alu can be explained by the ability of the
mismatch repair pathway to have a differential response to mismatches (Bishop et al,
1989). Studies using purified MSH2/MSH6 have demonstrated that the repair of G/T and
C/T mismatches is twice that of an A/G mismatch in duplex DNA (Genschel et al, 1998).
Previous work examining the mismatch repair pathway has been focused on the
recognition and elimination of mismatches arising in DNA/DNA duplexes. The ability of
human MSH2-containing complexes to recognize DNA/RNA duplexes represents a new
substrate for the MMR machinery. Recently it was shown that MMR in bacteria and
yeast act on duplexes containing mispaired ribonucleotides (Shen ef al, 2011). This
ability to recognize these duplexes across very different organism indicates that sensing
mismatches in RNA/DNA duplexes is an important mutation-avoidance mechanism.
Regulation at the priming step is advantageous for the cell as endonuclease
mediated insertion events begin with priming and faithful repair at this step would leave

no trace of the attempted retroelement insertion. We did not find evidence of
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microhomology mediated truncation or twin priming being regulated by MMR, but we
cannot completely rule out possible MMR surveillance of those insertion intermediates.
MSH2 binding to perfectly matched DNA/RNA duplexes opens the possibility that all
retroelement insertions can be recognized by mismatch repair. It is possible that all
retroelement insertions can be recognized and acted on by the mismatch repair
machinery, not just those containing a mismatch.

The ability to repress LINE-1 insertion limits mutagenesis, but probably has no
effect on the creation of DNA DSBs. However, “old” Alu elements that have been
previously rendered incapable of retrotransposition by mutations in their A-tails
(Comeaux ef al, 2009) may become reactivated in cells lacking MMR activity. The high
copy number of Alu makes this possibility an even greater threat to the cells.

The mechanism of MMR surveillance of retrotransposition is unknown at this
time, but based upon our data we present two possibilities. First is a steric inhibition
model where the formation of the mismatch between the DNA and RNA recruits
mismatch repair factors and blocks access of ORF2 to the free 3° hydroxy! group and

thus obstructs reverse transcription. Because we observed the repression in MLH1
»ositive and negative cells we believe that an alternate model of repression is more
zasible. In an alternative model, the mismatch is recognized by an MSH2-containing
sterodimer and recruits MutL. The endonuclease activity of MutL could then create a
1gle strand break 5’ of the endonuclease cleavage site, removing the initiation complex
ogether. Alternatively, the recruitment of Exol could then degrade the target site or

lize the RNaseH activity of Exol and destroy the LINE-1 mRNA (Figure 43).
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Figure 43
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Figure 43: Model of repression of LINE-1 and Alu by MMR

The creation of a mismatch at the priming site recruits a MutS heterodimer. MutS
recruits MutL, which may create a single strand break upstream of the LINE-1 induced
break, causing the pre-insertion complex to dissociate from the DNA. Alternatively, the
exonuclease activity of Exol can degrade the small DNA flap created or truncate the

RNA through its RNaseH activity.



107

Genetic instability is a hallmark of HNPCC tumors. Cells that lack the control of
MMR have an increased mutation rate and display MSI (Parsons et al, 1993). In addition
to their already high mutation rate, we showed that HNPCC tumors lacking in MMR
might have an increased retrotransposition rate, further increasing the genetic burden. It
remains to be seen if HNPCC tumors lacking MMR do display increased levels of
retrotransposition compared to surrounding, MMR-containing tissues.
Methods
Cells and culture conditions: HCT116 cell lines were maintained in MEM (Gibco)
containing 10% FBS (Gibco). The MEF celi lines were grown in DMEM (Gibco)
supplemented with 10% FBS (Gibco). 293T-La cells were grown in DMEM
supplemented with 10% tetracycline screened FBS (Clontech), hygromycin, zeocin, and
penicillin/streptomycin. All cell lines were grown in a humidified incubator at 37 °C and
5% COa.
Retrotransposition analysis: HCT116 — cells were seeded at a density of 5x10° per T-
75 culture plate. 1 pg of tagged LINE-1 vector (L1.3CMV-neo) was transfected using
Lipofectamine2000 (Invitrogen) according to manufacturer directions. Twenty-four
hours after transfection LINE-1 retrotransposition events were selected for using 400
pg/mL G418 (HCT116+MLH1 and HCT116+Vector) or 5 ug/mL blasticidin
(HCT116+Ch3 and HCT116) and maintained until colonies formed. 293T-Lo. - cells
were seeded at a density of 4x10° and transfected with 4 pg LINE-1-Blasticin construct
using Lipofecatmine2000. Two days post transfection 5x10° cells were reseeded and
insertions were selected for using 5 pg/mL blasticidin until colonies formed. Colonies

were fixed, stained with crystal violet, and counted. Alu — HeLa cells were seeded at a
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ug of HeLa cell nuclear extract (CelLytic NuCLEAR Extraction Kit, Sigma) was
incubated with the duplexes in assay buffer (20 mM Tris pH 8, 2 mM MgCl2, 100 mM
NaCl, poly dl:dC, protease inhibitor cocktail) at room temperature with gentle rotation
for 45 minutes. After incubation, the complexes were washed via magnetic separation
with assay buffer three times. The bound proteins were separated from the oligos by
boiling in Laemmli buffer and subjected to Western blot analysis for MSH2
(Calbiochem). MSH2 antibodies were diluted 1:1000 in blocking buffer and incubated at
4 °C overnight. Alexa-fluor-800CW conjugated secondary antibodies were used for
visualization using a Li-Cor Oddessy Pro IR scanner at a dilution of 1:5000 in blocking
buffer. The sequences of the oligos are shown in Table 4.

Microsatellite instability assay: HCT116+MLH1 and HCT116+Vector cells were
transfected with pCA-OF18 which contains an out of frame EGFP preceded by (CA)17.
Two days post transfection the cells were subjected to FACS analysis on a BD LSR II
using the FACS Diva 6.1.3 software platform. 5x10* cells per experiment were analyzed.
Weblogo creation: Frequency Weblogos (http://weblogo.berkeley.edw/logo.cgi) were
created using only the four base pairs used for priming the TPRT reaction. The
endonuclease target site data was simulated using data from Repanas et al. The priming
sites of genomic LINE-1s were compiled from analysis performed by Szak er al.
Statistical analysis: Two-tailed Student’s t-tests were performed using Microsoft
Excel’s built in statistical package. One-way ANOVA was done in Prism 5 for
Windows. Fisher’s exact tests were completed using GraphPad’s online calculator found
at http://www.graphpad.com/quickcalcs/contingencyl.cfm. Experiments were routinely

done in triplicate with multiple replicates.
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Primer Name | Sequence
L1opt-neo-rescue related primers

Neo TCGCCTTCTTGACGAGTTCT
4960 TATTCCCCTTCCTGTGTCCA
4590 GGGTCAAATGGTATTTCTAGTTCA
4388 TTCTCTGATGGCCAGTGATG
4139 TGCAGAAGCTCTTTAGCTTGA
3915 GTTTTCCCAGCACCACTTGT
3474 CCATTTGTTTGTCTCCTCTTTG
3043 CCAGTTTTTGCCCATTCAGT
2730 TTCGGTTTGCCAGTATCTTG
2273 TCCCCTTTATCATTTTTGATCG
2240 ATCAGTCTTGCAAGCGGTCT
1217 CAGCACACTGATGGGTCTTG
815 TCCTTCAGGATGTTGAAGATTG
397 CGTTCATCTCGTCCTCCATT

Genomic sequencing primers for insertions in HCT116+MLHI cells
ml7-18 TGGCAAATGCTAAAACATGG
m21-09 CGGGCTCAAGTAATCTGCTC
m21-10 TGTTCAATGGGTGCTTGAAA
m21-16 TGATGGCATCCACTCTGAAG
mill-1 TGTCATTACGGAATAGATGCTG
mlll-2 AGGCCCCATTAACCACTACC
m2il-1 GCTCAAAGAGGGTGAGCAAT
m211-2 TTCCACCCATATCAAATAATTCAA
m211-4 CCAAGGTGGCCTAGATTCAA
m316-4 GGGCTTCTTCAATCTGTGGA
m316-6 CACTTTCTCCTGCCTCAACC
m720-4 TGTTAAACAGAGACCTCATTCCTG
m720-§ CAAAGCTATGATGCCCAACTT
m215-8 GTGCAGTGTGCTTTTGGTGT
m215-11 CATCATTCTCATTCCTTCTTTTGA

Genomic sequencing primers for insertions in HCT116+Vector cells
v18-07 TTTGCCTTTAGGGAAATTTAACA
v18-09 TGTGAAAATGCTTCAAATCTGC
v18-23 CGTAAAGTTGTTGTGGGTCAAA
v19-03 TTTTGTGGAATGCTCCTTCA
v1020-02 TGTGTTAGGCAGCAGTCAGG
v1020-14 CCACTGAATTCAAAGGTTTTCA
v1020-15 GAAGACTCTTITCCATCAATTTCTTT
v1020-16 GCCACATTTTCTTTAACCATTCA
v1020b-09 TATTGAACCAGCCTTGCATC
v1i020b-12 GGAAACATGCACCACCTCAT
v1020b-16 CCTCACAGCCAAGCACATTA
v1020b-19 ACCCAAGAATCATTCAGGAGCAGGT
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v1112-01 TTCCTTCTTGCCTCATTGCT 1
v211-01 CACTCAGGTTTTTGGGCAAT |
v811-01 | TGCAGAAGCTCTTTAGCTTGA ‘

v1020-10 CATTTTACTCAATCTGAGCAATACAA

Table 2: Primers used for sequencing rescued LINE-1 insertions

L1opt-neo-rescue primers are specific for the LINE-1 rescue construct and take
advantage of sequence changes from the consensus sequence of a genomic L1HS
subfamily element where possible. These primers sequence L1opt-neo-rescue from 3’ to

5°, The HCT116 related primers are specific to the genomic locus of each insertion.



113

Table 3

Clone Target Site Duplication_|TSD Size |5 junction|Primi A tail [Breakpoint location [Notes _

mi7-18 0 4610 TTAR/ 0 10:104346443 EN Independent, 19 bp deletion (GTTGGGGAAGATGAAAAAC)

m21-09 % 0 3719 TTAT/AA 154 2:157123835 untempiated TG, 3 bp deletion (AAA)

m21-10 - 0 3849 TTTATT 80 5:20678726 & bp homology (TTGTCA)

m21-16 AACAAATATT 10 4728 TATT/AA 51 13:44693563 untemplated CC

mill-1 CCCCTCCCTTITC 13 4943 TITC/AC 29 6.18633816 duplication (6485-6133}, template switch to U6 with homolegy at each end
mi11-2 TTAGAGTCTTTITTITITIT 20 5011 TTTI/AA 153 19;31042032 1 bp homology (T)

m211-1 ACATCTGAGAATTTTCT 17 4761 TICT/AT 47 12:77557039 S bp homology with 1 mismatch (ACATCT)

m211-2  CATATTTCTT 10 4322 TCTI/GT 130 3:96850778 S bp homology (CATAT), G->C mutation in TSD

m211-4 ” ] 4028 TCTT/AA 57 1:241635186 8 bp deletion (AAAAAATA), 2 bp homology (TA)

m316-4 £ ] 3120 TTCT/AT 50 7:127121885 S bp deletion (ATCGT), 2 bp homology (GA)

m316-6 r 0 3499 TTTT/AA 54 8:61490873 355 bp deletion (see data sheet)

m720-4 ATGAAATCTT 10 5007 TCTT/AA 87 4:30621241

m720-5 4 0 3254 TITT/CA 68 12:96976267 8 bp homology (CAAAGAAA)

m215-8  TTA 3 4542 TTTA/AT 30 chr1:8080929 2 bp homology (TT)

m215-11  AACTTCCTATTT 12 4550 ATTT/AA 36 chr2:182863284 1 bp homology (A)

v18-07 TTAAATAATT 10 4265 AATT/AA 71 §;82029091 1 bp homology (T)

vi8-09 ATAAAGTTCATTTTIT 16 4723 TTTT/AC 98 5:91733754 Inversion (4722,4705-4723)

vi8-23 TTTAATTTCTTIT 12 4404 CTTT/AA 37 8:117725585

v19-03 r "] 4318 TCAG/TT 11 5:169213298 2 bp homology (TT), 7 bp deletion (ACTTCAG)

v1020-02 GGGACACAGCCTITCT 16 53 TICT/AA 141 3:154513109

v1020-14 E [ 61 TTTT/AA 61 7:120267247 TITIT DR?

v1020-15  TATATTGAAAATCTT 15 1 TCTT/AT 85 6:153029357

v1020-16  TTGTATGTCTTCTTIT 16 3553 TTTT/GA 119 4:43303665 151 bp of Ch2 seq at 5* end, template switch, DNA repair, artifact of rescue?
v1020b-09 " 0 4511 TTCT/AA 73 4:54459805 Chimera assoclated with 23 kb deletion, 34 bp homology, GG in A-tail
vig20b-12 293 bp 293 5047 TTIT/CT 84 14:39491780 10 bp homology

v1020b-16 = 0 4842 AGTT/AT 0 7:116163466 no A-tail, y on both ends, 2 bp deletion {(TT) at 5' end
v10200-19 e 0 4704 TTCT/GA 22 3:98627672 5 bp deletion (GATGA), 4 bp homology (TGTG)

vi112-01 CTTITCCTTTATTITAT 17 1 TTAT/AG 70 8:100896695

v211-01 TGGTTTTGTTACTITG 16 5035 TITG/AA 101 5:97522576 6 bp homology (TGGTTT)

vB11-01 v [} 4051 TGTT/AA 65 1:109513130; 12:65935479  Rearrangement between Chl and Ch12, untemplated at 3' end (TTAATATATA), 3 bp homology (CTT)
v1020-10 GAATTTATTTICTT 13 3754 TCTT/AA 103 6:94673422

v1020-05 4304 6:71782543 untemplated CAAT, extra plece of Ch & ligated during cloning
v1020b-07 4487 8:132782353 translocation In 5' Nank

Table 3: Rescued insertions from HCT116+MLH1 and HCT116+Vector
Shown are the characteristics of each rescued LINE-1 insertion from HCT116+MLH1 (clones that start with m) and

+~= katwaan the 5° end of the element and the flanking genomic DNA is
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Table 4

Oligo name Sequence (5’ -> 3”)

Biotin-T-DNA | /Biotin/cgcgtagatcatgttttttttticgcpcagagetegege
DNA-comp gegegagcetgtgcgegaaaaaaaaaacatcgatctacgeg
Biotin-G-DNA | /Biotin/cgcgtagatcgatgttittGtittcgcgeagagetcgege
RNA-comp gcgegageucugeecgaaaaaaaaaacaucgaucuacgeg

Table 4: Oligonucleotides used to create LABOCA substrates
The biotin tag is labeled as /Biotir/. The nucleotide that creates a mismatch is in

bold uppercase.
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Chapter 4
Discussion
Constant LINE-1 expression alters DSB repair

The mutagenic potential of LINE-1 is two fold. First, LINE-1, as well as other
sequences mobilized by LINE-1, can insert into genes or into gene regulatory elements.
This can lead to both disrupted gene expression and mutated gene products (Figure 4).
The second mechanism of genomic instability associated with LINE-1 expression is the
creation of DNA DSBs (Gasior ef al, 2006). DSBs are a toxic lesion that must be
repaired by the cell in order to survive (Wallace et al, 2008). However, even the repair
process can introduce mutations in the form of non-allelic HR or nucleotide deletions at
sites of NHEJ. It is critical for the cell to maintain genetic integrity; therefore controlling
LINE-1 activity is of utmost importance.

The repression of retrotransposition (Wallace et al, 2010) represents a cellular
protective measure to limit the damage caused by LINE-1 expression. This mechanism
explains why normal cells can tolerate high levels of LINE-1 expression without
succumbing to either senescence or apoptosis. It also allows cells to resist mutations that
might otherwise push them toward transformation and cancer progression.

It has been reported that constant exposure to low levels of the antibiotic zeocin
subjects the cell to prolonged DSBs (Delactte et al, 2007). These zeocin-treated cells

display increased DSB repair kinetics, which concurs with our observation of the same
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phenomenon in cells that chronically express LINE-1. An increase in DSB repair also
protects the integrity of the genome.

It is possible that in the cell’s attempt to limit LINE-1-associated damage, it
permits an increased number of smaller mutations. NHE] is associated with mutations,
usually in the form of small deletions, occurring when the ends of DSBs cannot be
precisely ligated back together (Kass & Jasin, 2010). In this case, small deletions might
be less deleterious to the cell than multiple kbs of inserted sequence.

MMR limits LINE-1 and recognizes insertion intermediates

Based on the observation that disruptions located near the 3° terminus of an Alu
element inhibited retrotransposition, and that Alu elements preferentially prime near their
3’ end, we speculated that mismatches could be formed at the TPRT initiation site. As
such, we reasoned that those mismatches could become a substrate for the MMR
pathway.

We demonstrated in multiple cell lines lacking MLH1, and therefore MMR
deficient, an increased rate of LINE-1 retrotransposition. Insertion sites rescued from
cells lacking MMR displayed an increased frequency of guanine nucleotides at the
priming site. The presence of guanines in the priming site would create a mismatch
between the DNA and the poly-A tail of the element. It is unclear why guanine residues
would be selected against specifically, as MMR displays similar repair affinities for C/A
and G/A mismatches (Bishop et al, 1989), yet cytosine and adenine at the priming site are
tolerated (Figure 38). The presumed G/T mismatch formed in our Alu retrotransposition
assays, however, is strongly recognized by MMR (Fang & Modrich, 1993; Genschel ef

al, 1998).
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The inclusion of guanine in the LINE-1 insertion sites makes the insertion site
preference more closely resemble the endonuclease site preference. The A-T richness is
maintained, but sites with guanine are clearly capable of being cleaved by the LINE-1
endonuclease at an intermediate level (Repanas et a/, 2007). The removal of LINE-1
insertion complexes at these sites could help explain the order of magnitude difference
between the number of DSBs created per cell and the number of insertion events.

Only recently has it been shown that MMR could recognize mispaired
ribonucleotides in a DNA strand in bacteria and yeast (Shen ef al, 2011). The ability of
MSH?2 to recognize DNA/RNA duplexes represents a new substrate for MMR in human
cells.

It is also advantageous for the cell to limit LINE-1 insertions at the priming step.
Regulation early in the TPRT process would allow for a greater chance of limiting
mutation by removing pre-insertion complexes before they had a chance to complete.
Again, if a DSB is formed at these sites, the repair by NHEJ may lead to small deletions,
so the mutation would not be completely avoided. It is also possible in this case that
MMR can limit the size of the insertion, creating small insertions that would be
undetectable in our system unless they were large enough to allow for the expression of
the resistance tag.

The data presented here address the possibility that the genetic instability of
tumors lacking MMR has been wholly underestimated. In addition to the increased
mutation rate associated with MMR deficiency, we have shown an increase in the rate of
LINE-1 insertions. This could, in turn, lead to even more mutations and possibly

contribute to carcinogenesis and cancer progression. As more mutations occur, the cell
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could become even more unstable, creating a positive feedback loop. It is interesting to
note that if MMR deficiency allows for mismatches at retroelement insertion sites, it is
possible that inactive Alu elements with battered A-tails (Comeaux et al, 2009) could be
reactivated, adding to the mutation rate (Figure 44).

A unified model of DNA repair and LINE-1

DNA repair plays a vital role in the control of LINE-1. In Chapter 2 we showed
that by exposing cells to LINE-1 we could elicit a response that increased the rate of DSB
repair and decreased the rate of retrotransposition, likely due to the chronic exposure to
DSBs created by the LINE-1 endonuclease. This represents a cellular protective measure
to maintain genomic integrity under conditions of high LINE-1 expression. In Chapter 3
we showed that mutations in DNA repair genes, in this case MMR, could lead to an
increase in LINE-1 retrotransposition by tolerating insertions that contain a mismatch at
their initial priming site.

Together these data expand on the previous studies involving DNA repair and
LINE-1 and present two related branches of regulation. First is the simple observation
that an increase in DSB repair leads to the repression of LINE-1. The specific pathway(s)
involved are as yet undefined, but the repression is reliant on the formation of DSBs
(Wallace er al, 2010). Here, a comparison can be made between our study and the work
by Delacote et al that showed an increase in NHE] activity in cells exposed to chronic
DSBs (Delacéte et al, 2007).

The second branch involves the opposite response. Cells with decreased DNA
repair displayed an increase in LINE-1 activity. In addition to the work presented here

involving MMR, previous studies have shown disruptions in both NER (Gasior ef al,
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2008) and NHEJ (Morrish ef al, 2002) led to an increase in LINE-1 retrotransposition.
The correlation between NER dysfunction and increased rates of LINE-1
retrotransposition is further strengthened by recent work showing that six out of twenty
non-small cell lung cancers contained somatic LINE-1 insertions (Iskow et al, 2010).
Lung cancers commonly have defects in the NER pathway (Cheng et al, 2000) and loss
of NER correlates with increased predisposition to cancer (Friedberg ef al, 2000; Ide et
al, 2000) and a poor outcome (Matakidou ef al, 2007).

Additionally, the work presented in Chapter 3 provides an explanation for why
exposure to heavy metals causes a stimulation of LINE-1 (Kale ef a/, 2005). DNA repair
pathways are frequent targets of heavy metals (Beyersmann & Hartwig, 2008). In
particular, cadmium binds to the MSH2/MSH6 heterodimer and inhibits DNA binding
(Wieland ez al, 2009). Expression of MSH6 is downregulated by exposure to cadmium,
possibly through the inhibition of transcription factors (Hsu et al, 2010). Cadmium also
disrupts the NER pathway by disrupting the binding of capability of XPA (Hartmann &
Hartwig, 1998) and the celiular localization of XPC (Schwerdtle et a/, 2010).

Stimulation, or loss of repression, of LINE-1 presents a double-edged sword. In
one case increased LINE-1 expression can lead to an increase in mutation rate. This
could accelerate disease progression or aid in cellular transformation. Alternatively, cells
with increased LINE-1 activity could be subject to cell death stemming from the creation
of DSBs (Wallace et al, 2008). The dose of LINE-1 and the time course of expression
would be major determining factors in the cellular response.

As an interesting contrast to the model presented above, treatment with IR leads

to an increase in LINE-1 insertions (Farkash et al, 2006). If the formation of DSBs alone
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were enough to cause a decrease in LINE-1 retrotransposition then IR would be thought
to decrease instead of stimulate activity. However, the DSBs created by IR are more
acute than the DSBs created by long term expression of LINE-1 and their quick repair
does not allow for the required cellular changes to modulate LINE-1 activity (Figure 45).
Future directions

We have demonstrated that an increase in retrotransposition rate is associated
with MMR deficiency in vitro. Translating our results in vivo will require the deep
sequencing of cancer genomes deficient in MMR and comparing the rate of
retrotransposition to normal tissues. The use of both LINE-1-targeted and whole genome
second-generation sequencing techniques will be instrumental in accomplishing this goal.
This will also allow us to examine whether MMR acts to limit retrotransposition by
creating very short insertions that would be undetectable in our present tagged LINE-1
retrotransposition system.

While the selection against guanine residues in the priming site is evident, the
mechanism behind the repression is not. Further work will aim to assess whether the
MMR pathway has the same base/base mismatch affinities for DNA/RNA duplexes as it
does for DNA/DNA duplexes.

Testing the effect of MMR on Alu retrotransposition directly is also of
importance. Creating MMR-deficient cell lines that lack neomycin resistance will allow
the same assays completed here with LINE-1 to be repeated using Alu. A novel Alu
rescue vector has also recently been developed to allow the characterization of the

insertions sites (Wagstaff, submitted).
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This dissertation has outlined two new mechanisms employed by cells in the
control of retroelements. This adds to the already impressive list of pathways involved in
repressing the activity of LINE-1 and illustrates the importance of limiting LINE-1

activity.
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Figure 45
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Figure 45: DNA repair and LINE-1

DNA repair is linked to LINE-1 through several pathways. The cell can regulate
LINE-1 by increasing DNA repair in response to chronic exposure to LINE-1 induced
DSBs. Cells also increase DNA repair in response to chronic DSBs created by treatment
with zeocin. When DNA repair is impaired either through mutations or exposure to
environmental toxins the cells experiences a decrease in DNA repair potential affecting
several different pathways. This decrease in DNA repair leads to an increase LINE-1
retrotransposition. Increases in LINE-1 activity can lead to increased mutation rates or

cell death.
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