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Abstract
LINE-1 (L1) retrotransposons represent one of the most successful families of autonomous
retroelements, accounting for at least 17% of the human genome. The expression of these
elements can be deleterious to a cell. L1 expression has been shown to result in insertional
mutagenesis, genomic deletions and rearrangements as well as double-strand DNA breaks. Also,
L1 expression has been linked to the induction of apoptosis. These recent discoveries, in addition
to correlations of L1 expression with cancer progression, prompted us to further characterize the
effect of L1 expression on cellular viability. We show a marked decrease in the overall cellular
vitality with expression of the L1 that was primarily dependent on the second open reading frame
(ORF2). Both the endonuclease and reverse transcriptase domains of ORF2 can individually
contribute to the deleterious effects of L1 expression. L1 decreases cellular viability both by the
previously reported apoptotic signaling, but also by inducing a senescence-like state.
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1. Introduction
Long INterspersed Element 1 (LINE 1 or L1), the most abundant and only autonomously
active family of non-LTR retrotransposons in the human genome, comprises about 17% of
the human genome (Lander et al, 2001). However, due to truncations and mutations, only 80
to 100 of the more than 500,000 copies (Kazazian, Jr. 2004) are still capable of
retrotransposition (Sassaman et al, 1997). The few retrotransposition-competent L1s are not
likely to facilitate retrotransposition of defective copies as L1 proteins have been shown to
display a strong cis-preference, acting primarily on the RNA from which they were
translated (Wei et al, 2001).

A fully functional L1 element encodes two proteins, ORF1p and ORF2p. ORF1 encodes a
40 kDa protein with RNA-binding and RNA chaperone activity (Moran et al, 2001; Kolosha
and Martin, 1997; Martin and Bushman, 2001; Kolosha and Martin, 2003), while the ORF2
encodes a 150 kDa protein with endonuclease (Feng et al, 1996) and reverse transcriptase
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(Mathias et al, 1991; Moran et al, 1996) domains. These ORF2 domains play essential roles
in Target Primed Reverse Transcription (TPRT), the proposed mechanism for the
retrotransposition of L1 and other non-LTR elements (Luan et al, 1993; Luan and Eickbush,
1995; Cost et al, 2002). The expression of L1 proteins, also, has many deleterious effects on
cells, initially through insertional mutations (Kazazian Jr., 1998), and later by introducing
genome instability through deletions and genomic rearrangements (Gilbert et al, 2002;
Ostertag and Kazazian Jr., 2001; Han et al, 2005).

In addition to these deleterious effects, these domains appear to make a large excess of
double-strand DNA breaks, DSBs, intermediates expected based on the TPRT model of L1
insertion (Gilbert et al, 2002; Ostertag and Kazazian Jr., 2001; Jurka, 1997). L1 expression
results in surprisingly high levels of γ-H2AX foci, an indirect indication of DSBs. Also,
Neutral Comet assays more directly show DSB induction upon expression of L1 proteins
(Gasior et al, 2006a). Not surprisingly, damage caused by L1 was found to cause an increase
in apoptosis in cells in which they are expressed (Belgnaoui et al, 2006).

DSBs have been described as one of the most deleterious types of genomic damage that can
occur to eukaryotic genomes. Their repair has a high rate of error leading to the loss of
genetic information as well as chromosomal rearrangements (Longhese et al, 2006). DSBs
can lead to apoptosis, and it has been hypothesized that this is how L1 expression leads to
apoptosis (Haoudi et al, 2004). However, genomic damage can also be associated with other
types of cellular response, such as cellular senescence, a cellular endpoint of permanent cell
cycle arrest (Gire et al, 2006; Houtgraaf et al, 2006).

An increase in DSBs is also a marker of tumor progression (Bartkova et al, 2005). The
DSBs induce the ATM DNA damage response pathway. A study by Bartek et al. (Bartkova
et al, 2005) shows an increase in activation of Chk2, an effector kinase in the ATM pathway,
in advanced lung and breast cancers (DiTuliio et al, 2002; Lukas et al, 2003; Kastan et al,
2004; Shiloh, 2003). After showing that this induction preceded p53 mutations during the
progression of human bladder tumors, Bartek et al. hypothesized that induction of the ATM
pathway acted as a selective pressure promoting mutations like those commonly seen in p53
in order to avoid its pro-apoptotic signals (Bartkova et al, 2005). Because mutations of p53
are typically associated with human cancer progression, the induction of this DNA damage
response associated with L1 expression may play a role in human cancer progression
(Gasior et al, 2006a; Haoudi et al, 2004). While evidence of the deleterious nature of L1
expression is widespread, the exact domains of L1 contributing to the various cellular
responses, as well as the full range of cellular responses to L1 have been only poorly
characterized to date.

2. Materials and Methods
2.1. Cell Lines, Culture Conditions

MCF7 and MCF7-Bcl2 (Burow et al, 2001) cells were grown in eMEM media supplemented
with 5.0% Fetal Bovine Serum (Atlanta Biologicals), 0.5% non-essential amino acids
(Invitrogen), 0.5% amino acids (Invitrogen), 0.5% L-glutamine (Invitrogen), and 0.5%
sodium pyruvate (Invitrogen) at 37° in a 5% carbon dioxide environment. HeLa cells were
grown in eMEM media supplemented with 5.0% Fetal Bovine Serum, 0.5% non-essential
amino acids, and 0.5% sodium pyruvate at 37° C in a 5.0% carbon dioxide environment.

2.2. Transfection Conditions
Approximately 500,000 cells were seeded in each T75 flask. The following day, the cells
were transfected with appropriate plasmids, using Lipofectamine and Plus reagent following
the manufacturer’s protocol was conducted. The transfection solution was left on the cells
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for three hours before being replaced with normal growth media, and the cells were allowed
to grow for 24 hours. Following this growth period, selection was carried out using the
standard growth media with the addition of G418 (400 μg/ml) or Zeocin (200 μg/ml) as
appropriate. G418 selection was maintained for 14 days and Zeocin selection was
maintained for 7 days to select for G418 resistant colonies or zeocin resistant cells,
respectively.

2.3. Plasmid Construction
Expression vectors were created by utilizing a PCR reaction to add a 5′ Hind III site and a
3′ BamH I site to the end of each of the open reading frames to be expressed. These
products were then subcloned into TOPO-TA (Invitrogen) before being digested with Hind
III and BamH I. The appropriately sized piece was then isolated and ligated into similarly
digested pBud vector under control of the CMV promoter.

The sequence used to create the vectors expressing both L1 and L1 ORF2 were generated
synthetically and has previously been described (Gasior et al, 2006a; Gasior et al, 2006b).

All primers used in the study are listed in supplemental table 1.

2.4. Site-Directed Mutagenesis
We used the QuikChange Site-Directed Mutagenesis kit (Stratagene) to insert mutations into
two previously characterized (Feng et al, 1996; Mathias et al, 1991; Moran et al, 1996),
highly conserved domains of the L1 second open reading frame. Endonuclease mutants were
made by changing amino acid number 205 in the second open reading frame, from Asp to
Ala. Reverse transcriptase mutants were created by changing amino acid number 702 in the
second open reading frame, from Asp to Ala.

All primers used in the study are listed in supplemental table 1.

2.5. Cellular Proliferation Assay
Cells were transfected with 3 ug of DNA. Following one week of zeocin selection, cells
were collected from the T75 flask by trypsin digestion. 200 μl of this cell solution was
added to 800 μl of trypan blue. 10 μl aliquots of the resulting solution were counted in a
hemocytometer to determine the relative number of viable cells. All cellular proliferation
assays experiments were repeated minimally in triplicate.

2.6. Apoptosis Inhibition
Caspase activity was inhibited using a broad spectrum caspase inhibitor, zVad-Fmk, which
binds irreversibly to the caspase active site. Following transfection, cells were grown in
appropriate growth or selection media supplemented with 20 μM zVad-Fmk. zVad-Fmk was
maintained at this concentration up until the cells were harvested for analysis.

MCF7 cells stably expressing of Bcl2 or co-transfection of 3ug of Bcl2 expression vector in
HeLa was also used to inhibit apoptosis.

2.7. Senescence Assay
Senescence assays were conducted using the senescence detection kit from BioVision using
recommended protocols. Cells were incubated in Staining Solution Mix for 6 hours instead
of overnight. All cellular proliferation assays experiments were repeated minimally in
triplicate.
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2.8. L1 retrotransposition assay
106 cells were seeded per T75 flask 15–20 hours before transfection. Cells were transfected
with 1 μg of DNA (either wild-type L1 tagged or an empty (pCEP) expression vector) 9 μl
of Plus Reagent and 4.5 μl of Lipofectamine (Invitrogen). After 3h the transfection cocktail
was replaced with the growth media. Selection was added 24h post-transfection and
maintained for 3 weeks.

3. Results
3.1. L1 Expression and Toxicity in MCF7 and HeLa Cells

Previous work has shown that L1 retrotransposition rates correlated to p53 status in various
cell lines. This work goes on to suggest that this diminished retrotransposition is the result of
Bax-induced apoptosis (Haoudi et al, 2004). Indeed, it has also been shown that L1
expression can induce apoptosis in MCF7 cells, a cell line with wild type p53 (Gasior et al,
2006a; Shiloh 2003; Haoudi et al, 2004). As expected, we observe very little
retrotransposition when a tagged L1 retrotransposition cassette is transfected into MCF7
cells, despite relatively high transfection and colony-forming efficiencies as measured by
parallel transfection of a hygromycin resistance cassette (Figure 1B). In an effort to establish
a direct link between apoptosis and reduced retrotransposition in MCF7 cells, assayed L1
retrotransposition using an isogenic MCF7 cell line carrying an expression cassette for Bcl2,
an anti-apoptotic protein that would be expected to suppress Bax-induced apoptosis (Zinkle
et al, 2006). Despite seeing similar levels of full length L1 mRNA between the cell lines
[data not shown], we saw greatly increased retrotransposition in the cells expressing Bcl2.
These data from isogenic cell lines suggest that MCF7 are likely capable of undergoing
retrotransposition, but that the process of retrotransposition is toxic inducing high levels of
apoptosis, and possibly other forms of toxicity. This highly toxic cellular response results in
fewer observed retrotransposition events due to loss of vitality in cells where L1 is
expressed. However, Bcl2 expression (Figure 1B) did not show full relief from L1-induced
toxicity, never raising the number of hygromycin resistant colonies in the L1 expression
vector to the number of hygromycin resistant colonies in the pCEP4A vector. This may be
because the Bcl2 expression cannot fully repress the apoptosis, or that other forms of
toxicity also contributed. In order to better understand the toxic response of some cell types
to L1 activity, we wished to explore the influence of the various components of L1 and
whether all of the negative consequences of L1 expression are due to the endonuclease
activity.

Induction of double stranded DNA breaks (DSBs) has been observed with the expression of
both full length L1 and L1 ORF2 (Gasior et al, 2006a). Because studies on the splicing of L1
mRNA show that many cells express a splice product capable of expressing only L1 ORF2
(Belancio et al, 2006), we measured the effect of both L1 and L1 ORF2 in a cellular
proliferation assay (Figure 2A). A zeocin resistance-expressing plasmid, along with L1-
related or control plasmids are cotransfected. These transfected cells are then selected with
zeocin, to ensure that only cells transfected with L1 are assayed, followed by a
quantification of viable cells. Thus, anything that leads to cell death, or alters the cellular
proliferation rate, will be measured as a reduction of viable cells. Using vectors, which
confer Zeocin resistance, designed to optimize expression of L1 (Figure 2B), we saw a
reduction in viable MCF7 cells for L1 (68 +/− 11%) that was similar to that seen with the L1
ORF2 (50 +/− 10%).

The highly conserved endonuclease and reverse transcriptase domains of L1 ORF2p have
been demonstrated to be necessary for L1 retrotransposition (Feng et al, 1996; Mathias et al,
1991; Moran et al, 1996). We hypothesized that mutation of conserved residues within these
domains would diminish the deleterious effect of L1 expression. The effect of mutations in
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the endonuclease (D205A) and reverse transcriptase (D702A) domains of L1 ORF2 were
measured using the cellular proliferation assay (Figure 2A). The mutation in the
endonuclease domain (ORF2 EN-) resulted in a significantly increased number of viable
cells, while mutations in the reverse transcriptase domain (ORF2 RT-) yielded only a
modest increase in viable cells. Neither of these mutations alone reduced the effect of L1
ORF2 to background levels. However, the effect of a double mutant of both the
endonuclease and reverse transcriptase (ORF2 ER--) was not significantly different from an
empty vector control (Figure 2B).

Having seen evidence of L1 expression-related toxicity in MCF7 cells, we wanted to
determine if this effect was specific to this cell line or if it occurred in other cells commonly
used to assay L1 activity. The cellular proliferation assay measuring the effect of expression
of L1 (68 +/− 17%) and L1 ORF2 (63 +/− 11%) in HeLa cells showed a marked decrease in
cellular proliferation (Figure 2C). In addition the decrease in cellular proliferation found in
HeLa cells with both L1 and L1 ORF2 were similar to our observations in MCF7 cells. In
HeLa cells, mutations to either the endonuclease or reverse transcriptase domains greatly
increased the levels of viable cells. However, cellular proliferation was again only returned
to background levels with mutations to both domains (Figure 2C).

3.2. LINE-1 Expression Induces Multiple Cellular End Points
It has previously been shown that L1 expression has the ability to induce apoptosis in MCF7
cells by increased Bax levels as well as Caspase 3 activation (Belgnaoui et al, 2006). We
confirmed and extended this result by co-transfecting a Bcl2 expression vector along with
either L1 or L1 ORF2 in both HeLa and MCF7 cells to demonstrate a partial increase in
cellular proliferation compared to co-expression of an empty vector. Bcl2 expression in both
cell lines did not completely relieve the depression of cellular proliferation to background
levels with the expression of either L1 (MCF7: 30 +/− 9% to 28 +/− 7% and HeLa: 42 +/−
7% to 64 +/− 2%) or L1 ORF2 (MCF7: 50 +/− 9% to 73 +/−10% and HeLa: 37 +/− 11% to
75 +/− 2%) (Figure 3A, B). Indeed, inhibition of apoptosis by Bcl2 was only able to return
cell proliferation rates to background levels when a mutation to functional domains of L1
ORF2 was introduced [Supplemental Figure 1].

A previous study (Belgnaoui et al, 2006) also showed an induction of caspase 3, a cell-death
protease (Zhivotovsky et al, 1996), with L1 expression. Having seen an incomplete
reduction of the effect of L1 expression on cellular proliferation with the co-expression of
Bcl2, we wished to inhibit the pro-apoptotic activities of the cellular caspases to see if we
could restore cellular proliferation to background levels. To test the role of cellular caspases
in the L1 related decline in cellular proliferation, we tested the effect of L1 expression in the
presence of 20 μM zVad-Fmk, a strong broad spectrum caspase inhibitor (Martinet et al,
2006). Following the pattern seen with the expression of Bcl2, zVad-Fmk’s inhibition of
caspase activity significantly reduces the effect of L1 expression. It does not return the
cellular proliferation levels to background in either cell line with L1 (MCF7: 29 +/− 9% to
65 +/− 29% and HeLa: 21+/− 15% to 67 +/− 6%) or L1 ORF2 (MCF7: 22+/− 3% to 68 +/−
22% and HeLa: 37+/− 21% to 81 +/− 10%) (Figure 3C, D). In a fashion similar to Bcl2
inhibition of L1-induced apoptosis, the inhibition of caspase activity, by zVad-Fmk, was
able to restore cellular proliferation rates to wild type levels with a mutation to the
endonuclease domain of L1 ORF2 [Supplemental Figure 1].

Because two independent approaches to inhibit apoptosis did not return cellular proliferation
to background levels and because other sources of DNA damage and DSBs have previously
been shown to also induce cellular senescence (Gire et al, 2004;, Houtgraaf et al, 2006), we
wished to determine whether L1 expression could be contributing to the lowered
proliferation by inducing a senescence-like state. To test for this effect, we assayed for
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expression of a senescence specific β-galactosidase (Figure 4A, B). Utilizing this assay in
both MCF7 and HeLa cell lines, we measured the ability of L1 or L1 ORF2 expression to
induce a senescence-like state, as indicated by expression of senescence-specific β-
galactosidase. When compared to an empty vector control (100%), senescence-specific β-
galactosidase levels seen with both L1 expression (MCF7: 135% +/− 18% and HeLa: 276%
+/− 36%) and ORF2 expression (MCF7: 123 +/− 22% and HeLa: 236 +/− 58%) were
significantly higher (Figure 4C, D).

4. Discussion
Mobile elements have long been known to be responsible for genomic mutations and
rearrangements through their insertion in dispersed genomic loci (Kazazian Jr., 1998).
Several recent studies have suggested that expression of the human L1 mobile element can
have even more immediate, negative consequences for the cell (Gasior et al, 2006a;
Belgnaoui et al, 2006; Haoudi et al, 2004). These cellular impacts include cell cycle arrest
and apoptosis (Gasior et al, 2006a; Belgnaoui et al, 2006) and seem to be at least partially
dependent on the endonuclease activity of the L1 ORF2 protein. This endonuclease activity
has been demonstrated to cause a large excess of DNA DSBs in the cell that might be
expected to contribute to both cell cycle arrest and apoptosis (Gasior et al, 2006a). However,
there were also some indications that the negative consequences to cell growth and viability
were not solely associated with the endonuclease activity (Gasior et al, 2006a).

Most previous studies have measured the influence of expression of both L1 proteins
simultaneously from an intact L1 element. This left the question as to whether
consequences, such as apoptosis, were induced by genomic disruptions associated with the
retrotransposition process, or whether L1 might supply ORF2 separately from the active L1
complex to cause damage. We have confirmed that over expression of ORF2 alone inhibited
the level of viable cells by 60% and 50% in cellular proliferation in HeLa and MCF7 cell,
respectively (Figure 2). Because an ORF2 expression construct by itself is a very poor
substrate for retrotransposition (Wei et al, 2001), this demonstrates that retrotransposition
itself is not needed to cause toxicity. The level of ORF2 expression is almost certainly much
higher when expressed by itself instead of as the second ORF in a bicistronic L1 RNA.
Thus, our data suggest that, while toxic by itself, ORF2 is probably more toxic when
expressed as part of the full-length L1. One likely explanation is that the full-length L1
incorporates the ORF2p into a particle that is more efficiently transported to the nucleus, or
is more active than when it is expressed by itself. This is likely due to an association with
the ORF1 product in the complex.

Mutation of the ORF2 endonuclease domain only partially removed the negative influence
of this protein on cell growth. The RT domain had a slightly smaller, but significant impact
in the viability (Figure 2). Mutation of both the endonuclease and the RT domains removed
essentially all the negative consequences of ORF2 expression. These data are consistent with
the anecdotal evidence that high levels of ORF2 could only be expressed in cells when both
domains were mutated (Goodier et al, 2004). The negative consequences of the
endonuclease domain are almost certainly due to the excess DNA DSBs caused by this
activity. It is more difficult to assess why the RT domain would be detrimental to cells, but
evidence has shown that L1 elements can interact with random genomic breaks (Morrish et
al, 2002); Sen et al, 2007). Perhaps, the interaction of L1 RT with random genomic breaks
inhibits their repair.

One of the important implications of the damage caused by ORF2 expression alone is that
studies of the splicing of L1 RNA have demonstrated that alternative RNA forms are
produced that splice out the ORF1 region and would be capable of expressing only ORF2
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(Belancio et al, 2006). Proteins translated from these spliced RNAs are also capable of
driving Alu retroposition [VP Belancio Unpublished Data]. These splice products would be
expected to have negative consequences for the cell while still having little if any capability
of driving L1 retrotransposition. Thus, even L1 elements with defective ORF1 coding
regions might make an RNA that splices to express a functional ORF2 with a number of
negative consequences for the cell.

Our studies on the loss of cellular viability caused by L1 expression confirm and extend
previous studies (Belgnaoui et al, 2006; Haoudi et al, 2004) that L1 can trigger apoptosis. In
addition, our finding that Bcl2 expression greatly decreased the loss of viability is consistent
with studies suggesting apoptosis through a Bax-induced apoptosis. However, we also found
that Bcl2 expression was not able to completely inhibit the loss of viability from L1
expression. Furthermore, zVAD-FMK, a broad spectrum caspase inhibitor (An et al, 1996),
was also unable to completely return cells to control levels of growth. The evidence gathered
utilizing the cellular proliferation assay in the presence of these anti-apoptotic proteins
suggests that L1 might be reducing cellular proliferation by a means other than apoptosis.

Cellular senescence represents a cellular endpoint where the cell enters a permanent cell
cycle arrest, which can be triggered by DSBs (Gire et al, 2004; Houtgraaf et al, 2006). We
tested for expression of senescence-specific β-galactosidase to estimate the number of
senescent cells after L1 expression. Both HeLa and MCF7 cells showed a significant
increase in senescence-specific β-galactosidase levels with both L1 and ORF2 expression. In
HeLa cells, these levels were approximately three-fold greater than the control. Thus, the
induction of a senescence-like state is likely to explain most of the loss of viability that was
not due to apoptosis.

An indirect sign of the potential for cellular damage caused by L1 elements is the myriad of
strategies cells use to protect themselves from its activity. This includes extensive
transcription repression by methylation [(Roman-Gomez et al, 2005); (Bourc’his et al,
2004); (Webster et al, 2005), as well as post-transcriptional regulation by premature poly-
adenylation (Perepelitsa et al, 2005), aberrant splicing (Belancio et al, 2006) and RNAi
(Yang et al, 2006). In addition, there are other cellular proteins, such as the APOBEC3
family of proteins that appear to inhibit L1 retrotransposition (Stenglein and Harris, 2006;
Bogerd et al, 2006; Muckenfuss et al, 2006; Kubo et al, 2006).

Figure 5 summarizes the pathways induced by the deleterious nature of L1 expression and
some of the means by which L1 can induce these pathways. L1 expression results in
genomic deletions, rearrangements, and double stranded breaks in DNA (Kazazian Jr., 1998;
Gilbert et al, 2002; Ostertag and Kazazian Jr., 2001; Belgnaoui et al, 2006; Longhese et al,
2006). It is very likely that different cells will have widely different responses to L1 activity,
with different propensities to either tolerate L1 activity, or respond with apoptosis or cellular
senescence. In each of the latter cases, the cellular response would result in a minimization
of the negative (i.e. mutagenic) consequences of the mobile element activity on the viability
of the organism. Thus, these responses may be among the natural defenses used by the
organism to minimize damage from either germ line or somatic (Kubo et al, 2006; van den
Hurk et al, 2007) expression of L1 elements. It is interesting that even in cancer cell lines,
that are both resistant to apoptosis and growth immortalized, L1 is still capable of inducing
both apoptosis and a senescence-like state. Because L1 expression is often increased in
transformed cells, these mechanisms may remain important in minimizing genetic instability
due to L1 activity even in tumors.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. L1 Toxicity Reduces Retrotransposition in MCF7 cells
A. Rationale of Retrotransposition Assay: A blasticidin resistance cassette at the 3′ end of
the L1 is used to score retrotransposition events. During the retrotransposition, the splice
donor and acceptor interrupting the expression of the blasticidin resistance cassette will be
spliced out, conferring blasticidin resistance to cells where a retrotransposition event has
taken place. Blasticidin resistant colonies resulting from the growth of these cells will be
used to score retrotransposition.
B. MCF7 and MCF7 Bcl2 cells were transiently transfected with a vector expressing wild-
type L1 tagged with the blasticidin resistance cassette (L1 WT Blast) or an empty vector
(pCEP4). Both of these vectors confer resistance to Hygromycin. The Blasticidin resistant
colonies represent L1 retrotransposition events. Hygromycin resistant colonies represent
cells that have been successfully transfected with either L1 Blast or pCEP4. Hygromycin
colony formation was used to evaluate colony formation ability and to determine plasmid
toxicity in each cell line.
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FIGURE 2. L1 Expression has a Deleterious Effect on HeLa and MCF7 cells
A: Cellular Proliferation Assay: 5.0×105 cells are seeded in a T75 flask. These flasks are
transfected with either an empty vector containing zeocin resistance or a plasmid expressing
both L1 protein(s) and zeocin resistance. The day following transfection, the cells are
maintained under zeocin selection for one week to eliminate untransfected cells. After one
week, the cells are harvested and Trypan Blue negative cells were counted to determine the
number of viable cells.
B: L1 Expression Lowers Cellular Viability in MCF7 cells: The relative level of viable cells
was measured with the expression of L1, ORF2 and ORF2 with mutations in the
endonuclease (EN-) and/or reverse transcriptase (RT-) domains. * denotes a significant
difference from the control with a p value ≤ 0.05. Δ denotes a significant difference from
ORF2 with a p value ≤ 0.05.
C: L1 Expression Lowers Cellular Viability in HeLa cells: The relative level of viable cells
was measured with the expression of L1, ORF2 and its mutants. * denotes a significant
difference from the control with a p value ≤ 0.05. Δ denotes a significant difference from
ORF2 with a p value ≤ 0.05. All statistical differences determined by both student t-test and
ANOVA analysis with Tukey post hoc test. Displayed error bars represent standard
deviations in this figure.
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FIGURE 3. Inhibition of Apoptosis Partially Relieves L1 Expression Related Toxicity
A: Bcl2 Does Not Completely Relieve L1 Expression Related Toxicity in MCF7 cells: The
relative viable cells were measured with the expression of L1 or ORF2 in the presence and
absence of Bcl2 expression. * denotes a significant difference from the control with a p
value ≤ 0.05.
B: Bcl2 Does Not Completely Relieve L1 Expression Related Toxicity in HeLa cells: The
relative viable cells were measured with the expression of L1 or ORF2 in the presence and
absence of Bcl2 expression. * denotes a significant difference from the control with a p
value ≤ 0.05. Vector refers to the pBluescript vector used as a transfection control.
C: zVad-Fmk Treatment Does Not Completely Relieve L1 Expression Related Toxicity in
MCF7 cells: The relative viable cells were measured with the expression of L1 or ORF2 in
the presence and absence of zVad-Fmk treatment. * denotes a significant difference from the
control with a p value ≤ 0.05.
D: zVad-Fmk Treatment Does Not Completely Relieve L1 Expression Related Toxicity in
HeLa cells: The relative viable cells were measured with the expression of L1 or ORF2 in
the presence and absence of zVad-Fmk treatment. * denotes a significant difference from the
control with a p value ≤ 0.05. All statistical differences determined by both student t-test and
ANOVA analysis with Tukey post hoc test. Displayed error bars represent standard
deviations in this figure.
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Figure 4. L1 Expression Induces Cellular Senescence
A: L1 Expression Induces Cellular Senescence in MCF7 cells: The senescence detection
assay was utilized to stain the nuclei of senescent cells. Images of these cells were then
collected at 200x magnification.
B: L1 Expression Induces Cellular Senescence in HeLa cells: The senescence detection
assay was utilized to stain the nuclei of senescent cells. Images of these cells were then
collected at 200x magnification.
C: Quantification of L1-Induced Cellular Senescence in MCF7 cells: The senescent cells
seen in the images collected from MCF7 were quantified and set relative to an empty vector
control. Zeo represents treatment with Zeocin, a DNA damaging agent used as a positive
control for DNA damage-induced senescence. Cells were placed in appropriate media
containing 200 μg/ml zeocin, a DNA damaging agent. Cells expressing a cellular
senescence specific β-galactasidase were stained, and scored visually. No Treat signifies
cells which were not transfected or treated with Zeocin. * denotes a significant difference in
stained cells from the control with a p value ≤ 0.05.
D: Quantification of L1-Induced Cellular Senescence in Hela cells: The senescent cells seen
in the images collected from HeLa were quantified and set relative to an empty vector
control. Zeo represents treatment with Zeocin, a DNA damaging agent used as a positive
control for DNA damage-induced senescence. Cells were placed in appropriate media
containing 200 μg/ml zeocin, a DNA damaging agent. Cells expressing a cellular
senescence specific β-galactasidase were stained, and scored visually. * denotes a significant
difference from the control with a p value ≤ 0.05. All statistical differences determined by
both student t-test and ANOVA analysis with Tukey post hoc test. Displayed error bars
represent standard deviations in this figure.
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Figure 5. Summary of L1 Induced Pathways to Decreased Cellular Proliferation
Flow chart of L1 expression and subsequent cellular endpoints. In this diagram, the circles
represent cells growing in a flask both before and after L1 expression with a listing of the
factors that may influence the cell viability and proliferation.
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