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Abstract
LINE-1 elements represent a significant proportion of mammalian genomes. The impact of their
activity on the structure and function of the host genomes has been recognized from the time of their
discovery as an endogenous source of insertional mutagenesis. L1 elements contain numerous
functional internal polyadenylation signals and splice sites that generate a variety of processed L1
transcripts. These sites are also reported to contribute to the generation of hybrid transcripts between
L1 elements and host genes. Using northern blot analysis we demonstrate that L1 splicing, but not
L1 polyadenylation, is delayed during the course of L1 expression. L1 splicing can also be negatively
regulated by EBV SM protein known to alter mRNA splicing. These results suggest a potential for
L1 mRNA processing to be regulated in a tissue- and/or development-specific manner. The delay in
L1 splicing may also serve to protect host genes from the excessive burden of L1 interference with
their normal expression via aberrant splicing.
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1. Introduction
Long Interspersed Element-1, LINE-1 or L1, is a long-term resident of mammalian genomes
that occupies up to 17% of the total DNA (Lander et al., 2001; Waterston et al., 2002).
Insertional mutagenesis of L1 and its parasites, Small Interspersed Elements (SINEs) and SVA
elements, has long been recognized to contribute to human disease and cancer origins and
progression (Deininger et al., 2003; Kazazian and Goodier, 2002; Ostertag et al., 2003).

The majority of the L1 inserts in mammalian genomes are 5’ truncated (Grimaldi et al.,
1984; Lander et al., 2001; Waterston et al., 2002). Full-length L1 (FL1) elements contain an
internal polymerase II promoter that drives expression of a bicistronic mRNA terminating at
the polyadenylation (polyA) site located at the 3’ end of the L1 sequence (Belancio et al.,
2007; Kazazian et al., 1988; Swergold, 1990). The L1 mRNA encodes two open reading frames
ORF1 and 2 that are essential for successful integration (Moran et al., 1996). Insertional
mutagenesis associated with L1 activity relies on the production of the FL1 mRNA, ORF1 and
ORF2 proteins for L1 integration (Moran et al., 1996), and only functional L1 ORF2 protein
for mobilization of SINEs (Dewannieux et al., 2003; Moran et al., 1996).

Multiple mechanisms exist to control retrotransposition and expression of L1 elements.
Cellular factors involved in retroviral defense, such as the APOBEC family of proteins are

*Corresponding author Tulane Cancer Center, SL66 Department of Epidemiology Tulane University Health Sciences Center 1430 Tulane
Ave. New Orleans, LA 70112 504−988−6385 pdeinin@tulane.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Gene. Author manuscript; available in PMC 2009 March 31.

Published in final edited form as:
Gene. 2008 March 31; 411(1-2): 38–45.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



known to modulate L1 integration (Bogerd et al., 2006; Muckenfuss et al., 2006; Stenglein and
Harris, 2006). L1 promoter strength and methylation serve as a first limiting factor in the
production of the functional full-length L1 mRNA (Hata and Sakaki, 1997; Matlik et al.,
2006; Swergold, 1990). However, efficient transcription from the L1 promoter does not
manufacture high levels of the FL1 due to the complex and extensive processing of L1 RNA
via premature polyadenylation at the internal polyA sites and splicing (Belancio et al., 2006;
Perepelitsa-Belancio and Deininger, 2003). These processes restrain L1 expression even in
cancer cells where L1 promoter methylation is lessened (Belancio et al., 2006; Ehrlich, 2002;
Perepelitsa-Belancio and Deininger, 2003).

RNA processing by splicing and polyadenylation is often regulated in a developmental and
tissue-specific manner, and altered upon malignant transformation (Kalnina et al., 2005;
Wallace et al., 1999; Yeo et al., 2004). There is also a complex interplay between the two
processes (Tian et al., 2007). Most of the splice and polyadenylation sites subjected to such
regulation are weak (Batt et al., 1994; Garg and Green, 2007). The majority of the sites
(functional and predicted) present within the L1 sequence fall into this category (Belancio et
al., 2006; Perepelitsa-Belancio and Deininger, 2003). We have previously reported variation
in the L1 processing in cancer cell lines of different origin (Belancio et al., 2006). This variation
suggests a possibility that L1 mRNA splicing and polyadenylation could be regulated not only
in normal cells but also in malignances.

Cis- signals for splicing and premature polyadenylation present in the L1 RNA sequence can
also contribute to pre-mRNA processing of host genes that contain L1 elements. Multiple
examples of the hybrid transcripts generated by splicing between L1 and human genes have
been reported (Belancio et al., 2006; Matlik et al., 2006; Wheelan et al., 2005). We demonstrate
that L1 RNA splicing is delayed, while premature polyadenylation of the L1-related transcripts
occurs rapidly. This is likely to be due to the inefficient recognition/processing of the L1 splice
sites. We propose a model in which this delay minimizes the negative impacts of L1 sequences
residing within the introns of mammalian genes.

2. Materials and methods
2.1. Cell culture

NIH 3T3 (ATCC CRL-1658) and HeLa (ATCC CCL2) cells were maintained as described
(Belancio et al., 2006; Perepelitsa-Belancio and Deininger, 2003).

2.2. Transient transfections
5×106 NIH 3T3 or HeLa cells were plated per T75 tissue culture flask (CORNING) and
transiently transfected with 6 μg of L1.3 or L1Neo expression vectors 17−20 hours after plating
using Lipofectamine Plus Reagent (InVitrogen) as described before (Perepelitsa-Belancio and
Deininger, 2003). For co-transfection experiments with EBV SM protein the same number of
cells was transfected with 5 μg of the L1.3 expression cassette and 3μg of vector expressing
EBV SM protein in either reverse or forward orientations using Lipofectamine Plus Reagent
(InVitrogen). For the experiments that test the effect of the L1-related products on the onset
of L1 splicing, 2.5×106 cells were transfected with 2 μg of L1 ORF2, L1spa, or L15’UTRluc
expression vectors using Lipofectamine Plus Reagent (InVitrogen). 24 hours later cells were
transfected again with 6μg of the L1 expression cassette and 1 μg of the expression vectors
mentioned above using Lipofectamine Plus Reagent (InVitrogen). RNAs were harvested 9 and
24 hours post transfection. Note that the post-transfection time is indicated as the time after
the transfection cocktail was added to the cells. The pBudCE4.1 basic expression vector was
used as a negative control for transfections with L1 ORF2, and L1spa expression vectors.
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Firefly luciferase driven by SV40 promoter (pGL3-Promoter, Promega) was used as a negative
control for the pGL3 vector expressing Firefly luciferase driven by the L1.3 5’ UTR.

2.3. Northern blot analysis
RNA extractions and northern blot analysis was performed as previously described (Belancio
et al., 2006; Perepelitsa-Belancio and Deininger, 2003).

2.4. Plasmids
JM101/L1.3 (L1.3) (Wei et al., 2001) and JM101/L1.3 (L1.3Neo) vectors are a gift from Dr.
J. Moran (Sassaman et al., 1997). L1spa expression vector is a gift from Dr. Kazazian (Naas
et al., 1998). EBV aSM and SM expression vectors are a gift from Dr. S. Swaminathan (Ruvolo
et al., 1998). pBudORF2opt (Gasior et al., 2006) was created using the codon optimized
L1RP as a source for the ORF2 coding sequences. The open reading frames were cloned into
the expression vector pBudCE4.1 (Invitrogen), under control of the CMV promoter. The 5’-
UTR expression vector was constructed by subcloning L1.3 5’ UTR sequence into pGL3-basic
vector (Promega) to drive the expression of the Firefly luciferase gene (El Sawy et al., 2005).

3. Results
3.1. LINE-1 polyadenylation and splicing are differentially regulated

Multiple L1 loci likely undergo de-repression by the loss of promoter methylation during
embryogenesis and carcinogenesis (Ehrlich, 2002; Lees-Murdock et al., 2003; Mays-Hoopes
et al., 1986) or activation due to altered transcription factor availability (Tchenio et al., 2000;
Yang et al., 2003). To analyze RNA species produced during progression of L1 expression,
we performed a northern blot analysis of the time course of the transiently transfected wild-
type L1.3 expression vector in HeLa cells (Figure 1A) with a strand-specific RNA probe. This
probe is complementary to the first 100 bp of the L1 5’ UTR (5’ UTR 100 probe) and therefore
detects both spliced and prematurely polyadenylated L1 transcripts (Figure 1A) (Belancio et
al., 2006). This northern blot analysis demonstrated a steady accumulation of the full-length
L1 mRNA (1, 1.31, and 2.15 relative units at 6, 9, and 24 hours post transfection, respectively)
and the previously characterized prematurely polyadenylated L1-related products (1, 1.26, and
2.3 relative units at 6, 9, and 24 hours post transfection, respectively) between 6 and 24 hours
after the addition of the transfection cocktail post. Intriguingly, spliced L1-related mRNAs
were almost undetectable in the early time points (under 10% of the polyadenylated L1
mRNAs) but accumulated to amounts similar to those of the prematurely polyadenylated
mRNAs (86%) by 24 hours (Figure 1B). The L1 RNA profiles produced by the transiently
transfected L1 expression cassette at 24 hours are very similar to those observed for the
endogenously expressed L1 elements in HeLa cells (Figure 1B, End). The similarity of the
RNA processing between the transiently transfected and endogenous L1 elements in HeLa
cells indicates that the delay in L1 splicing is likely to be due to the kinetics of splice site
recognition and/or processing rather than due to any potential imbalance of the cellular factors
associated with transfection. A similar delay in L1 mRNA splicing was also observed in mouse
cells when the human L1.3 expression cassette was transiently transfected in NIH 3T3 cells
(Figure 1C) indicating conservation of the process between the species.

3.2. Strong splice signals constitutively used in human genes are not subject to regulation
observed for the L1 splice sites

To determine whether the observation of delayed splicing is specific to L1 processing, we
transiently transfected NIH 3T3 cells with an L1.3 expression cassette tagged with the
neomycin resistance gene that is interrupted by the γ-globin intron (L1Neo) (Sassaman et al.,
1997). Northern blot analysis of the mRNA profiles produced by the L1Neo construct (Figure
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2A) demonstrated that splicing of the γ-globin intron is observed by 9 hours after the addition
of the transfection cocktail (Figure 2B), while the splicing of the L1-specific products is
detected only at later time points much like it is in the case of the L1 without the Neo tag (Figure
1). This observation indicates that the delay in recognition and/or processing of L1 splice sites
is specific to L1 sequences. We have previously reported that the L1.3Neo expression vector
produces a hybrid splice product that is the result of the usage of the L1 splice donor site at
position 97 and a splice acceptor site located in the beginning of the Neo cassette (Figure 2A
and C, L1/Neo splice) (Belancio et al., 2006). Figure 2 shows that the production of this product
is also delayed indicating that L1 sequences dictate the onset of L1 splice site utilization even
when they are used in conjunction with the non-L1 splice sites.

3.3.Regulation of L1 RNA processing is independent of L1 proteins or 5’ UTR RNA expression
L1 elements are distant relatives of retroviruses (Nakamura and Cech, 1998) that share some
aspects of their biology (reverse transcription, integration etc). Retroviruses are known to have
regulatory mechanisms that control specific steps of their life cycle, such as regulation of RNA
splicing by viral and cellular proteins (Kammler et al., 2006; Ropers et al., 2004; Stoltzfus and
Madsen, 2006). In light of recent discoveries indicating that L1 proteins most likely interact
with a broad spectrum of cellular proteins (Bogerd et al., 2006; Gasior et al., 2006; Grimaldi
et al., 1984; Muckenfuss et al., 2006; Stenglein and Harris, 2006) we wished to investigate any
potential involvement of the L1 proteins in the regulation of L1 splicing. To investigate this
possibility HeLa or NIH 3T3 cells were transfected with expression constructs that produce
large amounts of ORF2 proteins 24 hours prior to transfection with the human L1 expression
cassette. Expression of the L1 ORF1 protein with the L1 expression cassette had no effect on
the kinetics of the L1 splice products (data not shown). Northern blot analysis of the L1 RNA
profiles in both human and mouse cell lines demonstrated that expression of either of the L1
ORFs preceding the expression of the full-length L1 elements had no influence the onset of
L1 splicing (Figure 3A and D).

The most frequently used L1 splice sites are located in the L1 5’ UTR (Belancio et al., 2006).
To rule out the involvement of any potential signals within the L1.3 5’ UTR that might influence
L1 processing in trans, HeLa cells were transiently transfected with the expression vector
containing Firefly luciferase reporter gene driven by either the SV40 promoter or the L1 5’
UTR 24 hours prior to transient transfection with the L1.3 expression vector. Northern blot
analysis of the mRNA species demonstrated the same pattern and onset of L1 processing in
the presence or absence of the L1 5’ UTR (Figure 3B). This result indicates that L1 proteins
or 5’ UTR sequence do not alter L1 processing in trans suggesting that accumulation of L1
proteins or L1 RNA does not influence L1 processing.

To determine whether overexpression of a transcript that requires extensive pre-mRNA
processing may perturb the balance of cellular proteins and lead to aberrant splicing events,
human and mouse cells were pre-transfected with the mouse L1spa expression cassette that
also undergoes extensive processing (Perepelitsa-Belancio and Deininger, 2003). 24 hours later
the same cells were transfected with L1spa and L1.3 expression vectors. Northern blot analysis
of the L1.3 mRNAs with the 5’ UTR 100 strand-specific RNA probe demonstrated no alteration
in the timing of the L1 splicing or profiles of the L1-related products (Figure 3C and D).

These data indicate that the observed splice-timing phenomenon is not a mere result of
saturation of the cellular splicing machinery but rather a process intrinsic to the sequence
environment of the L1 splice sites that dictates their recognition and/or processing.
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3.4. LINE-1 splicing is regulated by the Epstein-Barr virus (EBV) SM protein
EBV SM protein has multiple functions (Ruvolo et al., 1998; Swaminathan, 2005)and it is
reported to influence splicing of various cellular transcripts by preferentially decreasing
splicing efficiency of the weak splice sites (Buisson et al., 1999). To determine whether L1
splicing can be regulated by the EBV SM protein we used northern blot analysis of the L1
mRNAs in HeLa and NIH 3T3 cells transiently transfected with the human L1.3 expression
vector and a cassette expressing EBV SM protein in the reverse (aSM) or forward (SM)
orientation (Ruvolo et al., 1998). This analysis demonstrated a dramatic effect of the SM
expression on the production of the full-length L1 mRNA and almost completely abolished L1
splicing (undetectable levels) but did not alter L1 polyadenylation (relative units 1 and 0.5 and
1 and 1.6 in HeLa and NIH 3T3 cells, respectively) (Figure 4). In addition to the regulation of
cellular mRNA splicing, the SM protein is also known to alter some mRNA stabilities and
influence subcellular localization of unspliced cellular transcripts. We speculate that the
reduced levels of the full-length L1 mRNA in the presence of the SM protein could be due to
one or both of these effects. These data indicate that expression of a single protein can
drastically change the processing of L1 RNAs suggesting the possibility that cellular proteins
involved in regulation of RNA splicing may play a role in regulation of L1 expression and
retrotransposition. Expression of cellular proteins influencing RNA splicing often exhibit some
degree of tissue specificity suggesting that L1 processing can vary among different tissues.

4. Discussion
Our data indicate that, even though both premature polyadenylation and splicing of L1 elements
contribute almost equally to the limitation of the full-length L1 mRNA production (Belancio
et al., 2006), the onset of the production of the spliced species varies greatly from the
accumulation kinetics of the prematurely polyadenylated mRNAs. Prematurely
polyadenylated L1 transcripts (Perepelitsa-Belancio and Deininger, 2003) are detected rather
early post-transfection and accumulate steadily in the following hours. In contrast, splicing of
the L1 mRNA is significantly delayed. This phenomenon of the delayed splicing is specific to
the L1-encoded splice sites because the processing of the constitutive splice sites defining γ-
globin intron placed in the L1 3’UTR is observed very early.

L1 sequence contains numerous splice sites, the majority of which are predicted to be weak
(Belancio et al., 2006). Weak splice sites are more likely to be used for regulated splicing (Batt
et al., 1994; Garg and Green, 2007). In addition to the strength of a particular splice site, its
usage is often controlled by the surrounding sequences that may contain auxiliary cis-
regulatory elements (Soret et al., 2006; Watakabe et al., 1993). A-richness of the L1 sequence
provides ample amount of predicted recognition sites for the variety of splice proteins (Belancio
et al., 2006). These ‘weak’ splice sites may also be manifested in terms of RNA molecules that
take longer to assemble an effective splicing complex.

Splicing of cellular RNAs has been well established to regulate gene expression during
development and in a tissue-specific manner (Elliott and Grellscheid, 2006; Yeo et al., 2004).
Previous data indicate that there is some degree of variation in the processing of the
endogenously expressed L1 mRNA in cancer cell lines (Belancio et al., 2006). The data
presented here provide experimental evidence that non-L1 proteins known to alter splicing of
cellular mRNAs can negatively influence L1 splice site usage. Expression of EBV SM protein
results in the complete abolishment of the L1 splice products leaving prematurely
polyadenylated mRNAs at relatively unchanged levels. EBV SM protein can regulate RNA
splicing through a direct interaction with RNA thus masking cis-acting signals from the splicing
machinery (Ruvolo et al., 2004) or through down-regulation of splicing factors such as SC35
(Chen et al., 2001). Either one of these possibilities suggests that the extent of L1 RNA
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processing may fluctuate significantly in various tissues depending on the composition and/or
availability of the regulatory proteins.

Delayed L1 splicing may play a role in protecting the host from post-insertional L1 damage.
Multiple reports indicate that splicing of cellular mRNAs is intimately linked to RNA transport
to the cytoplasm so that unprocessed mRNAs are recognized for retention in the nucleus. L1
splicing, therefore, may serve to lower the load of L1 insertional damage in two complementary
ways. First, the nuclear transport machinery may recognize the full-length L1 mRNA as an
intron containing unprocessed mRNA making L1 export to the cytoplasm rather inefficient
and make L1 mRNA a potential target for degradation. Trapping of the full-length L1 mRNA
in the nucleus would translate into lower amount of RNP complexes in the cytoplasm destined
for retrotransposition. Second, the delay in L1 splicing could be due to either inefficient
recognition of the splice sites during the early stages of L1 expression followed by their
proficient identification and processing later or due to the very slow processing of the splice
sites throughout the time course of L1 expression. The former model would imply some sort
of saturation or alteration in the composition of the splice factors during the course of L1
expression. Because pre-transfection of the extensively processed heterologous (L1spa) or L1
5’ UTR RNAs that could have saturated splicing machinery did not influence the onset of L1
splicing we believe that the latter model is a more likely one. If true, very inefficient splicing
of the L1 mRNA would be halting production of the full-length L1 mRNA ultimately leading
to less efficient retrotransposition.

Additionally, delayed L1 splicing may decrease the negative impact of L1 sequences on the
expression of some genes. L1 interference with the normal gene expression by causing
alternative, L1-hybrid splicing has been reported (Belancio et al., 2006; Matlik et al., 2006;
Wheelan et al., 2005). Clearly the negative impact of the intronic full-length L1 insertions in
the forward orientation on gene expression can be dramatic (Chen et al., 2006) and, therefore,
it is expected that those inserts would be eliminated in utero or in a relatively short period of
time during evolution. As a result there is a significant bias against the L1 inserts in the forward
orientation within and near genes (Chen et al., 2006; Medstrand et al., 2002). Even then, it is
intriguing that L1 interference with the normal gene expression via splicing is not as dominant
as expected given the fact that there are copious amounts of intronic L1 inserts in mammalian
genes (Lander et al., 2001; Waterston et al., 2002). We hypothesize that slow recognition and/
or processing of the weak L1 splice sites during the transcription of cellular genes allows proper
recognition of the intron/exon boundaries of cellular genes promoting normal splicing. This
affect is likely to be variable with different genes, depending on the strength of their splice
signals and regulatory elements. Under this scenario efficient processing of the strong splice
sites identifying gene introns would leave no time for recognition of the L1 splice sites in the
context of pre-mRNA producing predominantly properly spliced cellular transcripts despite
the presence of the intronic L1 insert (Figure 5, bottom). Only in the instances where gene
introns are defined by the weak splice sites, would there be sufficient time for the L1 splice
sites to compete and interfere with the proper splicing leading to the production of a significant
proportion of aberrantly spliced mRNAs containing L1 sequences (Figure 5, top). This may
translate into a tissue-specific effect of L1 sequences on gene expression. For example, brain
and testes are reported to support the highest amount of alternative splicing compared to other
tissues (Yeo et al., 2004). The same applies to the L1 mRNA processing during the
developmental process, tissue differentiation, or upon malignant transformation.
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Glossary
APOBEC, cytidine deaminases family of proteins
EBV SM protein, Epstein-Barr virus SM protein
FL1, Full-length L1
LINE-1, L1, Long interspersed element-1
L1.3, one of the active human L1 elements
L1spa, one of the active mouse L1 elements
ORF1, open reading frame 1
ORF2, open reading frame 2
PolyA, polyadenylation site
SINE, Short interspersed element
SC35, splicing factor
UTR, untranslated region
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Figure 1. L1 mRNA splicing is delayed during the course of L1 expression
A. A schematic representation of the human L1 element and RNA species produced during L1
transcription. PRO, ORF1, and ORF2 designate internal polymerase II promoter in the 5’ UTR,
and Open Reading Frames 1 and 2, respectively. FL1 corresponds to the full-length L1 mRNA,
pA stands for prematurely polyadenylated L1 products that utilize internal polyA sites, and Sp
refers to the spliced L1 transcripts. Solid black lines represent the different L1 transcripts,
where the dashed lines represent the L1 sequences removed by splicing. A black horizontal
arrow indicates relative position of the strand-specific RNA probe (5’ UTR 100 probe) in the
L1 sequence. Black vertical arrows above the L1 schematic mark the positions of the splice
donor (SD), splice acceptor (SA), and polyadenylation (pA) sites that generate the described
L1 products. A scale bar indicates relative sizes of the depicted L1 products. B. Northern blot
analysis of the transiently transfected wild-type L1.3 expression vector in HeLa cells with the
strand-specific RNA probe complementary to the first 100 bp of the L1.3 sequence (5’ UTR
100) at 6, 9, and 24 hours post transfection. Note that the post-transfection time is indicated as
the time after the transfection cocktail was added to the cells. mRNA profiles of the transiently
transfected L1 element at 24h post transfection match well those of the endogenous (End.) L1
expressed in HeLa cells. Actin marks endogenously expressed actin mRNA. Numbers at the
bottom of the northern blot represent relative ratios of the full-length L1 (FL1) mRNA to actin
normalized to the FL1/actin ratio detected at 6h. Note that the levels of the endogenous L1
expression cannot be directly compared to the levels of the transiently transfected L1 mRNA
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because the blots were not carried out in parallel. C. Northern blot analysis of the transiently
transfected wild-type L1.3 expression vector in NIH 3T3 cells with the 5’ UTR 100 probe at
3, 6, 9, and 24 hours after addition of the transfection cocktail. Right panel in C is a longer
exposure of the same blot shown in the left panel. Full-length L1 mRNA (FL1), prematurely
polyadenylated L1 mRNAs (pA), and spliced and prematurely polyadenylated L1 products
(Sp) are indicated.
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Figure 2. L1 but not neomycin gene splicing is delayed during the course of L1 expression
A. A schematic representation of the neomycin tagged human L1.3 element expression cassette
(L1Neo) and some of the relevant mRNA products that it makes. PRO, ORF1, ORF2, and 5’
UTR 100 probe are designated as in Figure 1. L1.3pA and SV40pA indicate the position of
the respective polyadenylation signals. Stippled arrow indicates the position and orientation
of the neomycin (NeoR) gene, which is interrupted by an intron (IN) in the same orientation
as the L1 ORFs. Solid black lines correspond to the portions of the L1Neo expression cassette
that are included into the mature mRNA product. Dashed black lines indicate sequences that
are removed by splicing. Black horizontal arrow indicates relative position of the strand-
specific RNA probe (5’ UTR100) used to detect both spliced and polyadenylated products. A
scale bar and splice donor, acceptor, and polyadenylation sites are indicated as in 1A.B.
Northern blot analysis of the transiently transfected L1Neo expression vector in NIH 3T3 cells
with the 5’ UTR 100 probe at 6, 9, 24, 48 and 72 hours after the addition of the transfection
cocktail. FL1NeoUnsp and FL1NeoSp indicate unspliced and spliced (intron positioned in the
Neo cassette) full-length L1Neo mRNAs, respectively. pA labels prematurely polyadenylated
mRNA. L1 splice products and L1/NeoRNA indicate spliced and prematurely polyadenylated
mRNAs and a hybrid splice between the L1 sequence and the Neo gene as depicted in 2A
(Belancio et al., 2006). C. A northern blot analysis of the transiently transfected tagged L1.3
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(L1Neo) and wild-type L1.3 (L1.3) expression vectors in NIH 3T3 cells probed with the strand-
specific RNA probe (5’ UTR 100). L1/Neo splice product is a hybrid mRNA formed by splicing
of L1 and Neo sequences (Belancio et al., 2006). FL1.3 marks the full-length L1 mRNA
produced by the wild-type L1.3 expression vector.
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Figure 3. Delay in L1 splicing is not affected by L1 proteins, 5’ UTR, or L1spa
A. Northern blot analysis of the wild-type L1.3 expression vector expressed in HeLa cells with
the 5’ UTR 100 probe at 9 and 24 hours post transfection. HeLa cells were first transfected
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with the empty vector or a vector expressing codon optimized human L1 ORF2 protein then
24h later transfected with the L1.3 expression vector and the empty vector or the ORF2
expression vector. B. Northern blot analysis of the HeLa cells transiently transfected with the
L1.3 expression vector and a Firefly luciferase expression vector driven by either the SV40
promoter (SV40, left lane) or by the L1 5’ UTR (5’ UTR, right lane) 24h after they were
transfected with the Firefly luciferase expression vectors. FLIPLuc denotes mRNA produced
by the Firefly luciferase expression vector driven by the L1 5’ UTR. C. Northern blot analysis
of HeLa cells transiently transfected L1.3 expression vector and a vector expressing mouse
L1spa element 24h after the cells were transiently transfected with the L1spa expression vector.
D. Northern blot analysis of the RNA from the NIH 3T3 cells transiently transfected with L1.3
expression vector and either an empty vector or vectors expressing codon optimized human
L1 ORF2 protein or mouse L1spa element. 24h before the transfection the same cells were
transfected with the empty vector or vectors expressing codon optimized human L1 ORF2
protein or mouse L1spa element. 5’ UTR 100 probe was used to detect RNA isolated at 6 and
24 hours post transfection.
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Figure 4. The effect of EBV SM protein on L1 splicing
Northern blot analysis of the transiently transfected wild-type L1.3 expression vector co-
transfected with the vectors expressing EBV SM protein in either antisense (aSM) or sense
(SM) orientations in HeLa and NIH 3T3 cells with the 5’ UTR 100 probe at 24 hours after the
addition of the transfection cocktail. L1-related mRNAs are labeled as above. SpFL1 is a
spliced L1 that contains both ORFs (Belancio et al., 2006). The numbers at the bottom of the
figure indicate relative pA to actin ratios in each cell line normalized to the pA/actin ratio
produced by the L1.3 vector co-transfected with the control (aSM) vector.
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Figure 5. A model of the intronic L1 inserts interference with the normal gene expression
The central part of the figure depicts a gene containing exons (black, diagonally striped, and
gray boxes) and introns (solid black lines separating the exons). Vertically striped rectangle
represents a L1 insertion into the first intron of the gene. A scenario represented at the bottom
indicates production of predominantly correctly processed mRNA transcripts despite the
presence of the L1 insert. This is possible when the splice sites used by the gene are strong and
the L1-specific splice sites are weak. Efficient utilization of the strong genomic splice sites
would not leave enough time for the processing of the weak L1 sites in the context of pre-
mRNA resulting in the production of the normal gene transcript. A scenario represented at the
top of the figure reflects a situation when genomic splice sites are weak. Under this scenario
recognition and processing of genomic splice sites requires a longer period of time, which may
allow for the L1 splice sites to interfere with the normal RNA processing resulting in
predominantly aberrant transcripts.
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