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ABSTRACT:

Short interspersed DNA elements (SINEs) and long interspersed DNA elements (LINEs)
represent two families of transposable elements (TEs) within mammalian genomes. About
45% of the human genome consists of TE derived sequences. SINEs do not encode protein,
so they cannot be autonomously propagated and require additional cellular machinery, most
likely LINE proteins (ORF1p and ORF2p), for their mobilization, which has been supported
by a cell culture-based retrotransposition assay. SINEs are ancestrally derived from either
the 7SL RNA gene or from various tRNA genes. Sequence data support the co-evolution of
some tRNA-derived SINEs with LINEs. This study involved testing whether or not tRNAderived SINEs could mobilize in the absence of LINE ORF1p, as well as assessing a coevolution of both SINEs and LINEs using the retrotransposition assay. A series of SINE
constructs containing Alu, B2, and B1 elements were created and analyzed. No evidence to
support a co-evolution of SINEs and LINEs was found; however, it was discovered that
tRNA-derived SINEs do not require ORF1p to mobilize. Interestingly, both tRNA and 7SL
RNA-derived SINEs mobilize more effectively in the absence of ORF1p.

iv

TABLE OF CONTENTS:

APPROVAL……………………………………………………………………….....ii
ACKNOWLEDGEMENTS………………………………………….….….………..iii
ABSTRACT……………………………………………………………………….....iv
LIST OF TABLES…………………………………………………..……….………vi
LIST OF FIGURES………………………………………………….………..….…..vii
INTRODUCTION………………………………………………………………........1
MATERIALS AND METHODS…………………………………….…………….....15
RESULTS…………………………………………………….....................................38
DISCUSSION AND CONLCUSIONS………………………………….………..….57
LITERATURE CITED……………………………………………………...……..…64
BIBIOLOGRAPHY………………………………………………………………..…68

v

LIST OF TABLES:
Table

Page

1

Summary of SINEs for which experimental constructs were designed.….18

2

Primers for PCR amplification of specific SINE-containing loci………...20

3

Nested PCR primers used to isolate the SINE from the specific loci…….21

4

Media for the retrotransposition assay……………………………………28

5

Generic Schedule of 15-day Retrotransposition Assay…………………..28

6

Number of wells within a 6-well plate used for each control plasmid
in each assay………………………………………………………….31

7

Number of T75 flasks used for each co-transfection condition
in each assay………………………………………………………….32

8

Summary of SINE-Specific Loci PCR Products and
Nested PCR Products…………………………………………………38

9

Diagnostic nucleotides and positions used to distinguish B1 subfamilies..42

10

UV spectrophotometry measurements to assess quality and
concentration of plasmid DNAs………………………………………46

11

Results of the cis controls for the Retrotransposition Assay……………...50

12

Results of the trans controls for the Retrotransposition Assay…………...51

13

The average number of G418 resistant colonies counted for the
experimental co-transfections for the retrotransposition assay……….52

14

The average retrotransposition frequency observed for the
experimental co-transfections for the retrotransposition assay……….53

vi

LIST OF FIGURES:
Figure

Page

1

Diagram of a generic LINE…………………………………………….....2

2

Diagram of a generic SINE……………………………………………….4

3

Diagram of a generic tRNA-derived SINE……………………………….4

4

Diagram of an Alu element………………………………………………..6

5

Target Primed Reverse Transcription (TPRT) of a retrotransposon……...7

6

A retrotransposition assay using a SINE construct……………………….9

7

A retrotransposition assay using a LINE construct……………………….10

8

Overview of entire project………………………………………………...14

9

Overall nested PCR strategy and illustration of built-in
restriction enzyme sites……………………………………………….22

10

Restriction enzyme digested pBSNF1 construct and SINE Insert………..23

11

Ligation of restriction enzyme digested pBSNF1 construct
and SINE Insert……………………………………………………….25

12

Analysis of SINE-specific loci PCR products and nested PCR products by
separation on a 1% agarose gel and stained with ethidium bromide….39

13

Analysis of double restriction enzyme digested SINE PCR products and
pBSNF1 using a 1% agarose gel stained with ethidium bromide…….40

14

Analysis of large-scale preparation of plasmid DNA by double restriction
enzyme digestion using BshTI and Bst1107I size-fractionated on a 1%
agarose gel and stained with ethidium bromide………………………41

15

Aligned sequencing results of Mouse B2FL from pBSB2FL…………….43

16

Aligned sequencing results from Hamster B2 from pBSHamB2…………44

17

Aligned sequencing results from Mouse B1 Subfamilies A through D from
plasmids pBSB1:A, pBSB1:B, pBSB1:C, and pBSB1:D……….........45

vii

Figure

Page

18

Undigested plasmid DNA electrophoresed on a 1% agarose gel and stained
with ethidium bromide………………………………………………..47

19

FACS analysis of GFP-transfected HeLa cells (Positive) and
mock-transfected HeLa cells (Control).................................................48

20

Examples of the cis controls for the Retrotransposition Assay……….......50

viii

INTRODUCTION:

Retrotransposable Elements:
Transposable elements (TE) are fragments of DNA that can insert into a chromosome and are
also able to relocate elsewhere within the genome. TEs are able to duplicate by various
mechanisms and can be passed on through the germ line, which allows for the number of TEs
to increase over time. The majority of the TEs in the human genome come from two families
of retrotransposons: long and short interspersed DNA elements (LINEs and SINEs), which
constitute more than 40% of the human genome (Lander et al., 2001).

Retrotransposons are TEs that utilize reverse transcriptase to generate copies via an RNA
intermediate. Retrotransposons can “jump” within the genome by a process called
retrotransposition in which the retrotransposon “master gene” is copied into an RNA
intermediate, reverse transcribed into DNA, and inserted into the genome of its host at a new
location (Deininger et al., 1992). Therefore the number of individual retrotransposons within
a genome increases over time. These continue to be active and recent retrotransposon
integrations have led to a variety of human diseases (reviewed in Kass, 2001).

LINEs are autonomously replicating transposable elements that are typically 4 to 7 kilobasepairs (kb) in length (Dewannieux and Heidmann, 2005). A generic LINE includes a 5’
untranslated region (UTR) containing an internal promoter region (for RNA polymerase II),
two open reading frames (ORFs), a 3’ UTR, and an adenine-rich (A-rich) 3’ tail (Kass,
2001). In most cases, full-length LINEs have flanking direct repeat sequences of varying
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lengths (9-20 bp) found at their 5’ and 3’ ends, which are not part of the LINE itself, merely
a byproduct of the integration process (Figure 1).

Figure 1: Diagram of a generic LINE. UTR refers to untranslated regions of the LINE, ORF
refers to open reading frames of the LINE, poly-A represents the A-rich 3’ tail.
The two proteins derived from the ORFs of LINEs are ORF1 encoded protein (ORF1p) and
ORF2 encoded protein (ORF2p); functional copies of both proteins are required in order for a
LINE to be capable of mobilizing itself (Moran et al., 1996). ORF1p and ORF2p tend to
favor the mobilization of the same LINE from which they were transcribed, in a cis fashion
(Wei et al., 2001).

ORF1p has been shown to have characteristics of an RNA-binding protein; however, its
precise function is currently unknown (Hohjoh and Singer, 1996). ORF1p may play a role in
binding to and stabilizing the RNA transcribed from LINEs so that the RNA transcript may
be reverse transcribed and then inserted into the chromosomal DNA (Hohjoh and Singer,
1997; Dewannieux and Heidmann, 2005).

ORF2p encodes an endonuclease and a reverse transcriptase, two key functions that are
absolutely essential for retrotransposition (Moran et al., 1996). The endonuclease domain
“nicks” the target site in the chromosomal DNA to generate a location from which reverse
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transcription can initiate (Feng et al., 1996). The reverse transcriptase domain is responsible
for reverse transcription of the LINE messenger RNA (mRNA) into its complementary DNA
(cDNA) (Hattori et al., 1986). ORF2p alone is able to “nick” double-stranded DNA and
release a 3’ end of single-strand DNA to be used as a primer for the initiation of first strand
synthesis of cDNA in the process of reverse transcription (Luan et al., 1993; Cost et al.,
2002).

A LINE is considered to be an autonomous unit because it contains all of the elements
necessary for its own retrotransposition; however, SINEs lack any proteins that could enable
retrotransposition. It has been hypothesized that SINEs retrotranspose by hijacking and
utilizing the protein machinery generated by LINEs (Boeke, 1997). LINE proteins
predominantly act in a cis fashion, retrotransposing the RNA element that encodes them;
however, they can also act in a trans fashion, although much less efficiently, to promote
retrotransposition of mutant LINEs (Wei et al., 2000 and 2001). More recently it has been
shown that SINEs can utilize LINEs for own their propagation (Dewannieux et al., 2003;
Dewannieux and Heidmann, 2005).

SINEs are nonautonomous replicating retrotransposons, typically 80 to 400 bp in length
(Dewannieux and Heidmann, 2005). SINEs are ancestrally derived from either a 7SL RNA
gene (e.g. primate Alu and rodent B1) or, more commonly, from tRNA genes (e.g. rodent B2
and rodent ID). A generic SINE includes a bipartite internal promoter (A box and B box)
region for RNA polymerase III and an A-rich 3’ tail (Figure 2). SINEs, like LINEs, also
have flanking direct repeats at their 5’ and 3’ ends.
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Most tRNA-derived SINEs have 3’ end sequences that typically resemble the 3’ end
sequence of a specific “partner” LINE within the same species (Ohshima and Okada, 2005)
(Figure 3). Additionally, the nucleotide sites where enzymatic cleavage occurs prior to
reverse transcription, presumably by ORF2p, are highly similar in both SINEs and LINEs
(Jurka, 1997). This has been cited as further evidence that SINEs use the enzymatic
machinery from LINEs and suggests a possible co-evolution of SINEs with LINEs, that is,
the SINE is a parasite of the LINE “genomic parasite” (Kajikawa and Okada, 2002).

Figure 2: Diagram of a generic SINE. A box and B box represent the internal pol III
promoter regions, poly-A represents the A-rich 3’ tail.

Figure 3: Diagram of a generic tRNA-derived SINE. A box and B box represent the internal
pol III promoter regions, poly-A represents the A-rich 3’ tail, the shaded region represents
the 3’ end with significant homology to a “partner” LINE.
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Three of the most analyzed rodent SINEs to date includes the B2, B1, and ID elements.
Rodent B2 elements are ancestrally tRNA-derived elements approximately 180-200 bp in
length. B2 elements have amplified to approximately 80,000 copies within the rodent
genome and are actively amplifying (Kass et al., 1997 and Roy et al., 1998). The 3’ region
of B2 elements does not have a high degree of sequence homology to the 3’ region of any
particular “partner” LINE. However, hamster B2 elements have approximately 40 bp within
their 3’ region, which is significantly different from that of mouse B2 elements (Kass et al.,
1997). ID elements are also tRNA-derived, but interestingly have amplified to various levels
between and within different rodent families and subfamilies (Kass et al., 1996).

The Alu element is approximately 300 bp in length. The Alu element is actually a fusion of
two similar but distinct Alu monomers in a head-to-tail fashion, as can be seen in its dimeric
structure (Quentin, 1992) (Figure 4). The Alu monomer is ancestrally derived from a fusion
event of the 5’ and 3’ ends of the 7SL RNA gene (Ullu and Tschudi, 1984). Alu elements are
the most abundant type of repeated DNA elements within the human genome and are still
quite active with an estimated new Alu integration in 1 out of every 100 live births
(Deininger and Batzer, 2002).
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Figure 4: Diagram of an Alu element. The shaded A box and B box represent the internal pol
III promoter regions and hash marks represent the internal, A rich-stretch, and the poly-A, Arich 3’ tail.
Rodent B1 elements are ancestrally derived from the 7SL RNA gene and are approximately
150 bp in length. B1 elements are similar in sequence to the full-length Alu monomers
(Zietkiewicz and Labuda, 1996). B1 elements have amplified to approximately 564,000
copies in the mouse genome and are actively amplifying (Lander et al., 2001; Gilbert et al.,
2004). Their overall structure is similar to the generic SINE (Figure 2), as they do not have a
dimeric structure like the Alu element.

Retrotransposons are thought to move via a multi-step process termed target-primed reverse
transcription (TPRT) (Luan et al., 1993; Ostertag and Kazazian, 2001) (Figure 5). The
retrotransposon endonuclease cleaves the first strand of DNA at its target site (or in an A-rich
region for L1). The retrotransposon RNA then anneals to the complementary DNA available
at this “nicked” site. The nicked DNA serves as the primer for reverse transcription by the
retrotransposon reverse transcriptase, which begins from the free 3’ hydroxyl of the nicked
DNA strand. As the complimentary DNA to the retrotransposon RNA is reverse transcribed,
the second strand of DNA is cleaved to allow the integration of the hybrid RNA/DNA
6

sequence. The RNA is then removed and replaced with newly synthesized DNA. The TPRT
process produces 9-20 bp flanking direct repeats (FDRs) or target site duplications (TSDs) at
the ends of the newly integrated retrotransposon.

Figure 5: Target Primed Reverse Transcription (TPRT) of a retrotransposon (Ostertag and
Kazazian 2001). Reprinted with permission from Dr. Haig H. Kazazian Jr.
Overview of the Retrotransposition Assay:
Detailed diagrams of the retrotransposition assay are shown below to demonstrate how HeLa
cells that have undergone a successful retrotransposition event can acquire resistance to the
drug G418 following co-transfection of two different constructs (Figures 6 and 7). Initially a
HeLa cell must be successfully co-transfected with specifically designed constructs
containing a LINE with a non-functional mneoI cassette (the Driver) and another construct
containing a SINE and a functional mneoI cassette (the Reporter). Primary transcripts for the
reporter (SINE) constructs are produced from the 7SL RNA promoter, and from the CMV
7

promoter for the driver (LINE) constructs (Figures 6 and 7). The full-length transcript from
the Reporter construct containing a SINE undergoes splicing within the HeLa cell and the
intron IVS 2, that prevents the functional expression of the NEOR gene, unless it is removed
(Figure 6). In the case of full length transcripts expressed from the Driver construct
containing a LINE, the intron IVS 2 is not removed due to a mutation which results in a nonfunctional mneoI cassette (Figure 7). The spliced transcript product from the Reporter
construct, containing a SINE, undergoes reverse transcription mediated by the reverse
transcriptase domain of LINE-derived ORF2p and becomes successfully integrated into the
chromosomal DNA of the HeLa cell (Figure 6), most likely by the TPRT process (Figure 5).
The newly integrated SINE and functional NEOR gene can now be expressed. The transcript
products produced from the SV40 promoter region of the mneoI cassette allows the HeLa cell
to survive when grown in a medium containing the drug G418. Transfected cells are grown
in a medium containing G418 to select for the survival of cells that have taken up the
plasmids and had a successful retrotransposition event resulting in the integration and
expression of the NEOR gene (Figure 6). HeLa cells that have successful retrotransposition
of the LINE and non-functional mneoI cassette will not gain G418 resistance and are
therefore not selected for in this assay. The surviving cells represent successful
retrotransposition events of SINEs using the enzymatic machinery of LINEs.
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Figure 6: A retrotransposition assay using a SINE construct. Detailing the integration and
expression of the mneoI cassette which confers resistance to the drug G418 in HeLa cells,
which have undergone a successful retrotransposition event.
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Figure 7: A retrotransposition assay using a LINE construct. Detailing the integration of a
non-functional mneoI cassette which does not confer resistance to the drug G418 in HeLa
cells even if they have undergone a successful retrotransposition event.
Current Findings Based Upon the Retrotransposition Assay:
A cell culture-based assay has been developed to detect actual retrotransposition events
(Moran et al., 1996). This is the most powerful tool currently available for investigating
mechanisms of the retrotransposition process. This assay has demonstrated that LINE ORF1
and ORF2-encoded proteins are essential for retrotransposition (Moran et al., 1996), that
LINEs are cis-acting (i.e. ORF2p preferentially utilizes its own encoding RNA as a template
for reverse transcription (Wei et al., 2001; Kulpa and Moran, 2006), and that LINEs can
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mediate the retrotransposition of SINEs (Dewannieux et al., 2003; Dewannieux and
Heidmann, 2005).

Heidmann and colleagues have been analyzing SINEs in the retrotransposition assay and
assessing their dependence on LINEs for mobilizing. One important feature appears to be
the presence of a long poly A-tail at the 3’ region the SINE for efficient retrotransposition
(Dewannieux et al., 2003). Additionally, they demonstrated that LINE ORF1p is not
necessary for efficient retrotransposition of the Alu element (a 7SL RNA gene-derived
retrotransposon) (Dewannieux et al., 2003). Dewannieux and Heidmann (2005) also
demonstrated that the mouse LINE can retrotranspose both human Alu and mouse B2 with
equivalent efficiencies. Surprisingly, the mouse B1 was less efficient than Alu at
retrotransposition with the mouse LINE (Dewannieux and Heidmann, 2005). However, it
was discovered that the B1 elements had a T at position 24 instead of the highly conserved G,
which both active Alu elements and conserved 7SL RNA domains have at the analogous
position, and when the T at position 24 of the B1 element was changed to a G, a twenty fold
increase in retrotransposition frequency was observed (Dewannieux and Heidmann, 2005).
This showed that a single nucleotide change in the sequence could produce a great difference
in retrotransposition frequency. This particular nucleotide is critical in the interaction of 7SL
RNA with the subunits of the signal recognition particle (SRP) (Chang et al., 1997),
therefore, once it was changed it most likely allowed the B1 RNA to be targeted to the
ribosome or another ribonucleoparticle where it could more easily interact with the nascent
LINE proteins (Dewannieux and Heidmann, 2005).
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Factors Affecting Retrotransposition of SINEs and LINEs:
The length of the A-tail has been cited on numerous occasions to be predictive of the
retrotransposition rates of both SINEs and LINEs (Roy-Engel et al., 2002; Dewannieux et al.,
2003; Odom et al., 2004). However it is unlikely that it is the sole predictor, as it has been
shown that the internal sequence of a SINE can also play a significant role, as demonstrated
by a single base pair change in B1 elements cited above (Dewannieux and Heidmann, 2005).
It has also been shown that SINEs can incorporate LINE-related 3’ regions to more
efficiently target themselves to a specific “partner” LINEs that shares the same 3’ region
(reviewed in Ohshima and Okada, 2005). Most recently it was shown that SINEs can acquire
the LINE-related 3’ region from other SINEs in addition to acquiring the 3’ region from a
“partner” LINE (Matveev et al., 2007). Another factor that may greatly affect the
mobilization rates of retrotransposons is the quantity of RNA transcribed by either a SINE or
LINE. In this situation the implications are obvious: a greater abundance of RNA transcripts
may correspond to a greater retrotransposition rate of the retroposon being examined.

Purpose of the Study:
SINEs continue to retrotranspose in mammalian genomes and, depending on the integration
site, have been shown to generate a variety of disorders. This study will provide further
insights into SINE proliferation. Although Alu elements have been observed to jump
efficiently using either a human or mouse LINE, tRNA-derived SINEs have been proposed to
co-evolve with specific LINEs. Therefore, by using a mouse LINE or human LINE as the
donors of the retrotransposition enzymatic machinery, we can contrast the relative
retrotransposition efficiencies of various mouse and hamster tRNA-derived SINEs.
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Additionally, this investigation will assess the importance of ORF1p in the retrotransposition
of tRNA-derived SINEs. See Figure 8 for an overview of the entire retrotransposition assay
project.
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Figure 8: Overview of entire project
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MATERIALS AND METHODS:

Plasmids for use in the Retrotransposition Assay:
Plasmids JM101/L1.3, JM105/L1.3, L1.3Δneo, TGF21Δneo, pCEP5’UTRORF2Δneo,
ORF1mneoI, pBSNF1, p1933NF1, p1933B1ji, and GFP were donated by the Dr. John Moran
Laboratory at the University of Michigan. The experimental plasmids pBSB2FL,
pBSHamB2, pBSB1:A, pBSB1:B, pBSB1:C, and pBSB1:D were generated as part of this
study. Each of the plasmids utilized in this study is categorized, and its function in the
retrotransposition assay is briefly detailed below.

Control Plasmids:
• The vector plasmid pCEP4 (Invitrogen) and the GFP sequence from pEGFP-N1 (Clontech
B&D) were used to create a pCEP-EGFPN1 construct containing a green fluorescent
protein (GFP) gene and was used to test the overall transfection efficiency of HeLa cells
via fluorescence activated cell sorting (FACS).
• Plasmids that contain a full human LINE and the mneoI cassette (JM101/L1.3) were used
as a positive (cis) control to show that LINEs can actively undergo retrotransposition in
HeLa cells.
• Plasmids that contain a full human LINE with a nonfunctional ORF2p and the mneoI
cassette (JM105/L1.3) were used as a negative (cis) control to show that without the
endonuclease and reverse transcriptase functions of ORF2p, no retrotransposition events
are possible. This also demonstrates that there is no endogenous reverse transcriptase
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available within the HeLa cells, which could potentially complement the deficiency
caused by the absence of ORF2p.

Driver Plasmids:
Driver plasmids were co-transfected with “reporters”. They consist of a functional LINE
containing a minimum of ORF2 and a non-functional reporter cassette mneoI used to “drive”
the retrotransposition of SINEs. Even if the transcript products of these plasmids
retrotranspose and integrate within a host cell, that host cell will not survive G418 selection
due to the presence of a defective mneoI cassette.
• Plasmids containing a full human LINE with a defective mneoI cassette (L1.3Δneo) act as a
human-derived “SINE driver”. This SINE driver was co-transfected with the various
experimental plasmids (Alu, B1’s, and B2’s).
• Plasmids containing a full mouse LINE with a defective mneoI cassette (TGF21Δneo) act
as a mouse-derived “SINE driver”. This SINE driver was co-transfected with the various
experimental plasmids (Alu, B1’s, and B2’s).
• Plasmids containing a partial human LINE lacking ORF1 with a defective mneoI cassette
(pCEP5’UTRORF2Δneo) act as an optimal human-derived “SINE driver”. This SINE
driver expresses only ORF2p.

Reporter Plasmids:
Reporter plasmids were co-transfected with “drivers”. They consist of a modified
nonautonomous LINE or an experimental SINE with a functional reporter mneoI cassette
used to “report” surviving cell colonies that have had a successful retrotransposition event.
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When the transcript products of this plasmid successfully retrotranspose and integrate within
a host cell, it enables that HeLa cell to survive G418 selection due to the presence of a
functional mneoI cassette. A summary of the SINE-based plasmids generated in this study is
provided in Table 1.
• Plasmids containing a partial human LINE lacking ORF2 with a mneoI cassette
(ORF1mneoI) are unable to retrotranspose because they lack the endonuclease and
reverse transcriptase functions of ORF2p, thus making this partial LINE analogous to a
SINE. When co-transfected with a driver, it results in the successful retrotransposition of
ORF1mneoI because the functional protein machinery of the driver (ORF2p) can be used
to promote the retrotransposition of ORF1mneoI. This provides evidence that functional
LINEs (the driver) can cause the retrotransposition of otherwise non-functional LINEs in
a trans fashion; essentially it is another positive control.
• Plasmids with an Alu element and mneoI cassette (pBSNF1 and p1933NF1). These were
co-transfected with drivers.
• Plasmids with a B1 element and mneoI cassette (p1933B1ji, pBSB1:A, pBSB1:B,
pBSB1:C, and pBSB1:D). These were co-transfected with drivers.
• Plasmids with a B2 element and mneoI cassette (pBSB2FL and pBSHamB2). These were
co-transfected with drivers.

Generation of Experimental Plasmids, Methodology:
I generated constructs for the mouse B2 element, the hamster B2 element, the mouse B1:A
element, the mouse B1:B element, the mouse B1:C element, and the mouse B1:D element
(Table 1) using the previously developed experimental plasmid containing an Alu element
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(pBSNF1) as a template. This involved finding a locus that contained a “young” copy of the
SINE of interest. The SINE of interest was then isolated using nested PCR. The isolated
SINE of interest was then placed within a “reporter” construct and then utilized in the
retrotransposition assay. An outline of the steps needed for construct development is shown
in Figures 9, 10, and 11.

Table 1: Summary of SINEs for which experimental constructs were designed.
Plasmid
Designation

SINE type

pBSB2FL

mouse B2 element

pBSHamB2

hamster B2 element

pBSB1:A
pBSB1:B
pBSB1:C
pBSB1:D

mouse B1 subfamily
A element
mouse B1 subfamily
B element
mouse B1 subfamily
C element
mouse B1 subfamily
D element

Organism SINE is Isolated
From
Mouse, Mus musculus
(BALB/c strain)
Chinese Hamster,
Cricetulus griseus
Mouse, Mus musculus
(ICR strain)
Mouse, Mus musculus
(ICR strain)
Mouse, Mus musculus
(ICR strain)
Mouse, Mus musculus
(ICR strain)

Locus

Accession
Number

MUSGUSB

J02836

X96664

X96664

AF030883

AF030883

MMWHNGENE

Y12488

AC002121

AC002121

MMU39442

U39442

In order to identify young SINEs, that is, those that recently integrated into the genome, I
used those that had been predetermined to be young elements according to published reports.
When young SINEs could not be found within published research, I screened the GenBank
database for sequences that most closely resembled a young SINE. More recently integrated
SINEs have had less time to accumulate mutations and therefore would have greater
similarity to the “master gene” sequence from which they were created. Therefore these
would be most representative of active master genes. The mouse B1 and B2 elements
selected for incorporation into the retrotransposition assay were shown to recently integrate
into the mouse genome (mouse B1 subfamilies-Kass et al., 2000; mouse B2-Roy et al.,
18

1998). The hamster B2 element was found by querying the GenBank database via BLAST
search, using the 169 bp consensus sequence for the hamster B2 element (Kass et al., 1997)
and choosing sequences with the greatest similarity.

Genomic DNA:
Genomic DNA for Mus musculus laboratory strains BALB/c Mouse (Mouse B2) and ICR
Swiss Mouse (B1:A, B1:B, B1:C, and B1:D) were obtained from previously generated DNA
stocks within the Dr. David Kass Laboratory at Eastern Michigan University. Genomic
DNA for Cricetulus griseus (Hamster B2) was obtained from previously generated DNA
stocks within the Dr. John Moran Laboratory at the University of Michigan.

Primer Design:
Primers were selected using Primer3 (Rozen and Skaletsky, 2000) and checked for alternate
binding sites using a BLAST search. Primers are listed in Tables 2 and 3 along with
annealing temperatures and expected fragment sizes. Primers for the second round of the
nested PCR had additional nucleotides added near the 5’ ends (Table 3). This was done to
add a restriction enzyme site for BshTI (Fermentas) into the forward (F) primers and a
restriction enzyme site for Bstz1107I (Fermentas) into the reverse (R) primers. These
restriction enzyme sites were specifically designed so that the PCR products amplified using
these designed primers could be readily ligated into a specifically designed reporter plasmid
that had also been digested with the identical restriction enzymes.
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PCR Conditions:
All PCR amplifications were performed in 25-μl volumes containing 1X GoTaq buffer
(Promega), 3.0 mM of MgCl2, 0.20 mM of dNTPs, 0.25 mM of each primer (Tables 2 and 3),
1 U GoTaq DNA polymerase (Promega), and 50 ng of template DNA. Reactions were
performed using an MJ Research thermal cycler with various annealing temperatures for the
different loci (Tables 2 and 3) under the following conditions: 94°C for 2 min, 1X; 94°C for
30s, T1°C for 30s, and 72°C for 30s, 5X; 94°C for 30s, T2°C for 30s, and 72°C for 30s, 25X;
72°C for 2 min. Amplification products were analyzed by 1% agarose gel electrophoresis,
stained with ethidium bromide, and visualized/photographed by UV illumination (UV transilluminator, Ultra-LUM).

Table 2: Primers for PCR amplification of specific SINE-containing loci.
Accession
Number

SINE
Type

Primer Sequence (5' to 3')

J02836

Mouse
B2
Hamster
B2
Mouse
B1:A
Mouse
B1:B
Mouse
B1:C
Mouse
B1:D

F: CTAATGTGGAGCAAGACATC
R: GTTCGCTGCCCTGCACAGAA
F: CTTCGGAGGGATTACTTGGGTGAC
R: CTCTATCTCAGGGCCCTTGTTTGT
F: TTCGGTGAGTTGGAGGCTAG
R: CCAAGTAGCTCCCAACGAGA
F: GCCCTGCTTCTTTGTGAACT
R: TGCCTGGACAATCTTCAGAAC
F: AACTGTAACGCAAGGCTGTG
R: CCCTTCATCCTGAAGACTCG
F: GCCACGTATTGCTCTGGTCTA
R: CACATCACATCCTTGCCACT

X96664
AF030883
Y12488
AC002121
U39442

Annealing
Temp. 1

Annealing
Temp. 2

Expected
Fragment
Size (bp)

62°C

54°C

670

58°C

53°C

499

60°C

57°C

595

53°C

49°C

640

53°C

49°C

712

58°C

55°C

485

Note: Annealing temperatures and expected amplicon sizes are provided.
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Table 3: Nested PCR primers used to isolate the SINE from the specific loci.
SINE
Type

Primer Sequence (5' to 3')

Mouse
B2
Hamster
B2
Mouse
B1:A
Mouse
B1:B
Mouse
B1:C
Mouse
B1:D

F: CCGA-CCGGTAGGGGCTGGTGAGATGGCTCAG
R: GCCAAATAAGTA-TACTAAAGATTTATTTATTTATTATATG
F: CCGA-CCGGTAGGGGCTGGTGAGATGGCTCAG
R: GCCGTA-TACATTTATTGTGAATACAACATTCTGC
F: CCGA-CCGGTAGCCGGGCATGGTGGCGCA
R: GCCAAATAAGTA-TACGAGACAGGGTTTCTCTGT
F: CCGA-CCGGTAGCCGGGCATGGTGGCGCA
R: GCCAAATAAGTA-TACGAGACAGGGTTTCTCTGT
F: CCGA-CCGGTAGCCGGGCATGGTGGCGCA
R: GCCAAATAAGTA-TACGAGACAGGGTTTCTCTGT
F: CCGA-CCGGTAGCCGGGCATGGTGGCGCA
R: GCCAAATAAGTA-TACGAGACAGGGTTTCTCTGT

Annealing
Temp. 1

Annealing
Temp. 2

Expected
Fragment
Size (bp)

62°C

54°C

193

62°C

60°C

182

60°C

57°C

135

60°C

57°C

135

60°C

57°C

135

60°C

57°C

135

Note: The portion in bold indicates the restriction enzyme recognition site and the “-“
denotes the actual cut site. The restriction enzyme BshTI recognizes and cuts the sequence
5’ A-CCGGT 3’ and its complementary DNA and Bstz1107I recognizes and cuts the
sequence 5’ GTA-TAC 3’and its complementary DNA.

Purification of DNA from Gel Slice:
Specific PCR fragments corresponding to the desired fragment length were removed from
agarose gel using a UV illuminator and sterile razor blade. The resulting agarose gel slice
was purified using the Wizard SV Gel and PCR Clean-up System (Promega). Gel slices
were melted in 10-μl of Membrane Binding Solution (Promega) per 10-mg of agarose gel
slice for 5-10 minutes at 65°C and then passed through a DNA capture column membrane by
centrifugation at 16,000 x g for 1 minute. DNA bound to the column membrane was washed
with a 95% ethanol Membrane Wash Solution (Promega) per the manufacturer’s instructions
and resuspended in 50-μl nuclease-free water for immediate use or stored for future use
within a -20°C freezer.
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Nested PCR:
Nested PCR was performed to properly amplify and isolate the SINE of interest (Figure 9).
PCR amplicons obtained from the first round of PCR using primers specific for SINEcontaining loci (Table 2) were purified from gel slices (described above) and used for the
template in the second round of PCR using primers to isolate the SINE from the specific loci
(Table 3). PCR amplicons obtained from the second round of PCR were purified from gel
slices (described above) and used in the development of constructs (described below). PCR
conditions are provided above and specific annealing temperatures are provided in Tables 2
and 3.

Figure 9: Overall nested PCR strategy and illustration of built-in restriction enzyme sites
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Removal of the Alu Element from the reporter pBSNF1:
Placing the SINE of interest into the reporter construct was accomplished by removing the
Alu element from its original construct (designated pBSNF1, which is a modified version of
the pBluescript II SK+ ([Stratagene] vector) and inserting the SINE of interest in its place.
Restriction enzyme digest reactions were performed in 30-μl volumes for the digestion of
pBSNF1 to remove the Alu element and generate overhangs for the insertion of a SINE of
interest (Figure 10). Approximately 1000-ng of pBSNF1 DNA was digested in 1X buffer O
(Fermentas) using 1 U of BshTI (Fermentas) and 1U of Bst1107I (Fermentas) at 37°C for 3
hours. The restriction enzymes were inactivated by heating at 65°C for 15 minutes.
Digested fragments were analyzed by 1% agarose gel electrophoresis and stained with
ethidium bromide. Fragments corresponding to the cut vector (pBSNF1 lacking an Alu
element) were removed from the gel using a sterile razor blade, and gel slices were melted
and cleaned using the Wizard SV Gel and PCR Clean-up System (Promega).

Figure 10: Restriction enzyme digested pBSNF1 construct and SINE Insert.
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Restriction Enzyme Digest of SINE Specific PCR Products:
Restriction enzyme digest reactions were performed in 50-μl volumes for the digestion of
PCR amplicons from the second round of amplification via nested PCR (Figure 10).
Approximately 1000-ng of PCR amplicons were digested in 1X buffer O (Fermentas) using 1
U of BshTI (Fermentas) and 1U of Bst1107I (Fermentas) at 37°C for 3 hours. The restriction
enzymes were inactivated by heating at 65°C for 15 minutes. Digested fragments were
analyzed by 1% agarose gel electrophoresis and stained with ethidium bromide. Fragments
corresponding to the cut PCR amplicons were removed from the gel using a sterile razor
blade, and gel slices were melted and cleaned using the Wizard SV Gel and PCR Clean-up
System (Promega).

Development of Constructs from Double Digested SINE PCR Products:
Ligation reactions were performed in 20-μl volumes containing 1X Rapid Ligation Buffer
(Fermentas), 1 U T4 DNA Ligase (Fermentas), 50-ng of vector DNA (cut pBSNF1 DNA)
and 10-ng of insert DNA (cut PCR amplicons from nested PCR). This resulted in a newly
created reporter with the SINE of interest taking the place of the previously removed Alu
element (Figure 11). Reactions were incubated at room temperature for 30 minutes and then
placed at 4°C overnight. 5-μl of each ligation reaction was transformed within 50-μl of
Subcloning Efficiency DH5-α Chemically Competent Cells (Invitrogen) and incubated on ice
for 30 minutes, heat shocked at 37°C for 45 seconds, and incubated on ice for 5 minutes.
Transformed cells were amplified in 950-μl of room temperature sterile SOC medium
(Invitrogen) in a shaking water bath at 37°C, 150 rpm, for 1.5 hours. 200-μl of transformed
cells were plated onto warmed LB/Ampicillin plates and incubated for 16-18 hours in a 37°C
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incubator. Transformed colonies were selected and grown on a larger scale followed by the
isolation and purification of the plasmid DNA.

Figure 11: Ligation of restriction enzyme digested pBSNF1 construct and SINE Insert.

Purification of Plasmid DNA:
Transformed colonies were grown in 50-ml of sterile LB broth for 16-18 hours using a
shaking water bath at 37°C and 150 rpm. Plasmid DNA was isolated from the grown,
transformed cells using the Pureyield Plasmid Midiprep System (Promega). All steps were
carried out according to the manufacturer’s instructions using the DNA purification by
vacuum protocol. Bacterial cells containing plasmid DNA were pelleted by centrifugation at
10,000 x g for 5 minutes, and supernatant was removed. The pellet was resuspended in
Resuspension Solution (Promega) and bacterial cells were lysed using Cell Lysis Solution
(Promega) for 3 minutes at room temperature; then Neutralization Solution (Promega) was
added to inactivate the lysing reagent. The following steps of the protocol were
accomplished using a Vac-Man® vacuum manifold (Promega) at 15 psi. The lysate was
passed through a lysate clearing column membrane and then a DNA capture column
membrane with the plasmid DNA becoming bound it. The membrane-bound plasmid DNA
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was washed with an Endotoxin Removal Wash (Promega) and a 95% ethanol Column Wash
Solution (Promega). Plasmid DNAs stocks were then resuspended in 700-μl nuclease-free
water and stored at -20°C.

UV Spectrophotometry and Plasmid Quantity and Quality:
Quantity and quality of plasmid DNAs obtained using the Pureyield Plasmid Midiprep
System (Promega) were determined by UV Spectrophotometry (Beckman Coulter Inc.,
Micro Cell 8-mm High 100-μl) using absorption peaks for wavelengths of 260-nm (A260)
and 280-nm (A280). An optical density of 1.0 (at A260) corresponding to 50-ng/μl for
double-stranded DNA was used to calculate the concentration of DNA, using a 1:20 dilution
factor. The A260:A280 ratio was used to determine the purity of DNA samples with ratios
between 1.6 and 2.0 representing acceptable levels of purity for the purposes of this study.
Samples outside of these limits were discarded. Plasmid DNAs were also checked for
superhelicity by electrophoresis on a 1% agarose gel and stained with ethidium bromide.

Sequencing Conditions:
Plasmid DNA for each of the experimental plasmids was sequenced by Functional
Biosciences, Inc. (www.functionalbio.com) to ensure that each SINE was isolated and cloned
into the restriction enzyme digested pBSNF1 plasmid. 12-μl of plasmid DNA at a
concentration of 100-ng/μl was sent along with 20-μl of the sequencing primer (5’CCTCGAGGTCGACGGTATCG-3’) specifically designed to accurately amplify the insert
portion for the reporter constructs created from the pBSNF1 plasmid at a concentration of 10picomoles/μl.
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Cell Culture Conditions:
Adherent HeLa cells for use in the retrotransposition assay were generously donated by the
Dr. John Moran Laboratory at University of Michigan. HeLa cells were grown and
maintained in T175 tissue culture flasks (BD Falcon) at 37°C in a 5% CO2 environment.
These cells were fed with a complete medium made up of 1X Minimal Essential Medium
containing Earle’s salts (Invitrogen) and supplemented with 1% of 100X PenicillinStreptomycin-Glutamine (Invitrogen), 1% of 100X MEM Non-Essential Amino Acids
Solution (Invitrogen), and 10% of Qualified US Fetal Bovine Serum (Invitrogen). Cells were
grown until greater than 90% confluent and passaged at a 1:10 split ratio. During each split,
confluent cells were first washed with 10-ml of 1X Phosphate-Buffered Saline Solution
(PBS) (Invitrogen) before being trypsinized. 0.05% Trypsin-EDTA (Invitrogen) was used to
passage confluent cells. Excess stocks of HeLa cells were preserved using Recovery Cell
Culture Freezing Media (Invitrogen) and placed into an isopropanol 1°C freezing apparatus
(“Mr. Frosty”, Nalgene Labware) and placed at -70°C for two days prior to transfer to liquid
nitrogen for long term storage.

A separate medium, complete medium + G418 (Geneticin®), was used when beginning the
G418 exposure period of the retrotransposition assay. The aforementioned complete medium
mixture was supplemented with 50 mg/ml Geneticin Solution (Invitrogen) for a final
concentration of 400-μg/ml. A cytotoxicity assay was performed to empirically determine
the concentration of G418 required for the assay (400-μg of G418 per ml of medium was
used herein). An easy-to-reference chart for the creation of complete medium and complete
medium + G418 is included below for convenience (Table 4).
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Table 4: Media for the retrotransposition assay
Complete Medium

Complete Medium + G418

1000 ml

1000 ml

100X Penicillin/Streptomycin/Glutamine

11 ml

11 ml

100X MEM Non-Essential Amino Acids

11 ml

11 ml

Fetal Bovine Serum, US Qualified

110 ml

110 ml

0 ml

9 ml

1X MEM

Geneticin (50 mg/ml)

Retrotransposition Assay Schedule:
A general protocol of the retrotransposition assay is provided in Table 5. Assays 1 and 2
were run on a 15-day schedule. Assay 3 was lengthened to a 21-day schedule by adding
three additional media changes with G418 prior to fixing and staining. The procedure was
lengthened for assay 3 in an effort to diminish colonies that were thought to be false
positives.

Table 5: Generic Schedule of 15-day Retrotransposition Assay
Day Number

Action Required

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Seed all T75 flasks and 6-well plates required
Transfect and Co-transfect cells (no later than 18-24 hours after seeding)
Feed cells complete medium (24 hours post-transfection)
Trypsinize and view GFP transfection efficiency via flow cytometry
Feed cells complete medium + G418 (Begin G418 selection period)
No Action Required
Feed cells complete medium + G418
No Action Required
Feed cells complete medium + G418
No Action Required
Feed cells complete medium + G418
No Action Required
Feed cells complete medium + G418
No Action Required
Fix and Stain all cells
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Experimental Co-Transfections:
HeLa cells were co-transfected with the experimental reporter plasmid containing Alu, B1, or
B2 along with a driver plasmid (mouse LINE, human LINE, or human LINE lacking ORF1)
in the following manner to test the objectives of the study:
1.) Human Alu Reporter (pBSNF1) with a human Driver (L1.3Δneo)
2.) Human Alu Reporter (pBSNF1) with a mouse Driver (TGf21Δneo)
3.) Human Alu Reporter (pBSNF1) with a human Driver lacking ORF1
(pCEP5’UTRORF2Δneo)
4.) Mouse B1 Reporter (p1933B1ji), all subfamilies as well (pBSB1:A, pBSB1:B, pBSB1:C,
and pBSB1:D), with a human Driver (L1.3Δneo)
5.) Mouse B1 Reporter (p1933B1ji), all subfamilies as well (pBSB1:A, pBSB1:B, pBSB1:C,
and pBSB1:D), with a mouse Driver (TGf21Δneo)
6.) Mouse B1 Reporter (p1933B1ji), all subfamilies as well (pBSB1:A, pBSB1:B, pBSB1:C,
and pBSB1:D), with a human Driver lacking ORF1 (pCEP5’UTRORF2Δneo)
7.) Mouse B2 Reporter (pBSB2FL) with a human Driver (L1.3Δneo)
8.) Mouse B2 Reporter (pBSB2FL) with a mouse Driver (TGf21Δneo)
9.) Mouse B2 Reporter (pBSB2FL) with a human Driver lacking ORF1
(pCEP5’UTRORF2Δneo)
10.) Hamster B2 Reporter (pBSHamB2) with a human Driver (L1.3Δneo)
11.) Hamster B2 Reporter (pBSHamB2) with a mouse Driver (TGf21Δneo)
12.) Hamster B2 Reporter (pBSHamB2) with a human Driver lacking ORF1
(pCEP5’UTRORF2Δneo)
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Seeding T75 Flasks and 6-Well Plates:
At the start of a retrotransposition assay, an appropriate number of T75 flasks were seeded
with 5 x 105 HeLa cells in 10-ml of complete media. Assay 1 had six 6-well plates and
twelve T75 flasks, assay 2 had six 6-well plates and thirty-nine T75 flasks, and assay 3 had
six 6-well plates and forty-six T75 flasks. Replicate T75 flasks for each experimental cotransfection reaction were used in assays 2 and 3; only a single flask was used for each cotransfection in assay 1. Control sets for each retrotransposition assay were created using six
6-well plates. 6-well plates were seeded at concentrations of 2 x 105 HeLa cells per well for
two plates, 2 x 104 HeLa cells per well for another two plates, and 2 x 103 HeLa cells per
well for an additional two plates. Each well had cells seeded in 2-ml of complete media.
T75 flasks and 6-well plates were seeded with HeLa cells in complete medium, 10-ml per
T75 flask and 2-ml per well, and allowed to incubate for 18-24 hours at 37°C in a 5% CO2
environment.

Components Tested within Assays 1, 2, and 3:
Three separate full length retrotransposition assays were conducted and are referred to as
assay 1, assay 2, and assay 3. Assay 1, the first assay performed, was mainly conducted as a
trial run to learn all of the intricacies involved in the retrotransposition assay. Assay 1 ran for
a period of 15 days and consisted of all controls and a limited number of the experimental
plasmids; it did not include any replicates. Assay 2 ran for a period of 15 days and was
scaled up to include all of the controls and nearly all of the experimental plasmids (with the
exception of pBSB1:C and pBSB1:D, due to a limited number of HeLa cells available for
seeding flasks), along with replicate flasks for the experimental reporters. Additional
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controls consisting of flasks transfected with reporter plasmids only (and no driver) were also
included. Assay 3 ran for a period of 21 days and included all of the controls and all of the
experimental plasmids, along with replicate flasks for the experimental reporters, and
reporter only controls. A complete listing of the numbers of wells within 6-well plates used
for each control plasmid in each assay (Table 6) and the numbers of T75 flasks used for each
co-transfection condition in each assay (Table 7) can be found below.

Table 6: Number of wells within a 6-well plate used for each control plasmid in each assay.
cis controls

Assay 1

Assay 2

Assay 3

JM101/L1.3
(positive, funtional LINE)

2 x 10^3 cells
2 x 10^4 cells
2 x 10^5 cells

3
3
3

3
3
3

3
3
3

JM105/L1.3
(negative, non-functional LINE)

2 x 10^3 cells
2 x 10^4 cells
2 x 10^5 cells

3
3
3

3
3
3

3
3
3

GFP
(transfection efficiency)

2 x 10^3 cells
2 x 10^4 cells
2 x 10^5 cells

3
3
3

3
3
3

3
3
3

Untransfected

2 x 10^3 cells
2 x 10^4 cells
2 x 10^5 cells

3
3
3

3
3
3

3
3
3
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Table 7: Number of T75 flasks used for each co-transfection condition in each assay.
Driver
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
NONE
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
NONE
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
NONE
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo
L1.3Δneo
TGF21Δneo
pCEP5'UTRORF2Δneo

Reporter
ORF1mneo1
ORF1mneo1
ORF1mneo1
pBSNF1
pBSNF1
pBSNF1
pBSNF1
p1933B1ji
p1933B1ji
p1933B1ji
p1933B1ji
pBSB2FL
pBSB2FL
pBSB2FL
pBSB2FL
pBSHamB2
pBSHamB2
pBSHamB2
pBSB1:A
pBSB1:A
pBSB1:A
pBSB1:B
pBSB1:B
pBSB1:B
pBSB1:C
pBSB1:C
pBSB1:C
pBSB1:D
pBSB1:D
pBSB1:D
TOTAL
FLASKS
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Assay
1
1
1
1
1
1
1
0
1
1
1
0
1
1
1
0
0
0
0

Assay
2
1
1
1
2
2
2
1
2
2
2
0
2
2
2
1
2
2
2

Assay
3
1
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1

0
0
0

2
2
1

2
2
1

0
0
0
0
0
0
0
0
0

2
2
1
0
0
0
0
0
0

2
2
1
2
2
1
2
2
1

12
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Transfection of HeLa cells:
Transfection and co-transfection reactions of HeLa cells were performed no later than 18-24
hours after initially being seeded within T75 flasks and 6-well plates so that transfections
occur while the HeLa cells are in a log growth phase. Transfection of controls required 1-μg
of the appropriate plasmid DNA per well within a 6-well plate. Each T75 flask required a
co-transfection of 1-μg of the appropriate driver plasmid DNA and 3-μg of the appropriate
reporter plasmid DNA, for a total of 4-μg of DNAs.

Fugene 6 Transfection Reagent (Roche Applied Sciences) and 1X Opti-MEM I ReducedSerum Medium (Invitrogen) were used for the transfection and co-transfection reactions. For
the 6-well plate controls, 970-μl of Opti-MEM were added to a 1.5-ml microcentrifuge tube;
30-μl of Fugene 6 was pipetted directly into the Opti-MEM, vortexed briefly, and incubated
at room temperature for 5 minutes. Four 1.5-ml tubes were prepared for each new
retrotransposition assay, one for each control plasmid (1-JM101/L1.3, 2-JM105/L1.3, 3-GFP,
and 4-a set to which no plasmid is added to represent an untransfected control). 10-μg of the
appropriate control plasmid DNA was added to the Fugene 6 and Opti-MEM, vortexed
briefly, and incubated at room temperature for 20 minutes. 100-μl aliquots of the
transfection reaction were then added to each of the three wells running length-wise for each
6-well plate seeded at a varying concentration of cells (2 x 105, 2 x 104, and 2 x 103 cells per
well). A total of nine wells were transfected in this manner or three wells on three separate
6-well plates. One set of three 6-well plates had three wells running length-wise transfected
with JM101/L1.3, and on the other side of the same 6-well plate, three wells running lengthwise were transfected with JM105/L1.3, one plate at 2 x 105 cells per well, one plate at 2 x
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104 cells per well, and one plate at 2 x 103 cells per well. The next set of three 6-well plates
was transfected in a similar manner; only this set was transfected with GFP in three wells on
one side running length-wise and the untransfected control containing no plasmid DNA in
three wells on the other side running length-wise. Transfected 6-well plates were then
returned to the 37°C, 5% CO2 environment incubator.

For the T75 flasks, 776-μl of Opti-MEM were added to a 1.5-ml microcentrifuge tube; 24-μl
of Fugene 6 was pipetted directly into the Opti-MEM, vortexed briefly, and incubated at
room temperature for 5 minutes. 4-μg of the appropriate plasmid DNAs (3-μg of reporter
plasmid DNA and 1-μg of driver plasmid DNA) was added to the Fugene 6 and Opti-MEM,
vortexed briefly, and incubated at room temperature for 20 minutes. The entire contents of
this co-transfection reaction was then slowly pipetted directly into the T75 flask seeded the
previous day at a density of 5 x 10^5 cells. Transfected T75 flasks were then returned to the
37°C, 5% CO2 environment incubator.

For convenience, appropriate quantities of plasmid DNAs for the control transfections and
the experimental co-transfections were prepared in advance of the Fugene 6 Transfection
Reagent (Roche Applied Sciences) and 1X Opti-MEM I Reduced-Serum Medium
(Invitrogen) incubation periods.

Analysis of Transfection Efficiency (GFP):
Following the transfection step, all cells had their media replaced with complete medium
(without G418) approximately 24 hours post-transfection and were allowed to grow for an
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additional day, 10-ml per T75 flask and 2-ml per well in each 6-well plate. On day 4 of the
retrotransposition assay, the cells transfected with GFP were analyzed. GFP transfected cells
were trypsinized, and those cells plated at similar densities were pooled into a single 15-ml
tube; the 3 wells at 2 x 105 cells per well were pooled, the 3 wells at 2 x 104 cells per well
were pooled, and the 3 wells at 2 x 103 cells per well were pooled. All cells were centrifuged
at 300 x g for 5 minutes to pellet the cells. Cells were then suspended in 5-ml of 1X PBS
with 1% BSA (Bovine Serum Albumin). Cells were pelleted again and resuspended in a
solution of 1X PBS with 2% paraformaldehyde at a concentration of 1 x 10^6 cells per ml.
All samples were kept on ice as much as possible prior to analysis. Samples of 1-ml of the
pooled HeLa cells suspended in the PBS/paraformaldehyde solution at a concentration of 1 x
106 cells per ml were then used for analysis via flow cytometry on a fluorescence activated
cell sorting (FACS) machine to accurately determine the transfection efficiency of each
sample.

G418 Selection:
On day 5 of the retrotransposition assay the cells were subjected to 400-μg/ml of G418. All
T75 flasks and 6-well plates had complete medium + G418 added to them every other day for
the remainder of the retrotransposition assay schedule (Table 5), 10-ml per T75 flask and 2ml per well in each 6-well plate.

Fixing and Staining HeLa cells:
At the conclusion of the retrotransposition assay schedule, between 15-21 days, surviving
cell colonies were fixed and stained in order to observe the number of HeLa cell colonies that
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had a successful retrotransposition event. After media was aspirated from each T75 flask and
6-well plate, all cells were treated with a cell fixative. Cell fixative was composed of 1X
PBS, with 2% (vol/vol) formaldehyde (of a 37% stock solution in water) and 0.2%
gluteraldehyde. 10-ml of cell fixative was applied to coat the bottom of each T75 flask and
2-ml for each well on a 6-well plate and then incubated at 4°C for 30 minutes. Following
incubation, each flask and plate was gently washed with distilled water to remove the fixative
and then stained with a 0.1% crystal violet solution in deionized water, for 10 minutes. The
stain was then aspirated and reused for future staining. The remainder of the stain was
removed by gently washing each flask and plate three times with distilled water and allowing
them to dry inverted overnight.

Determining Retrotransposition Frequency:
Once all of the flasks and plates were stained and dried, the number of purple colonies was
counted to determine the overall retrotransposition frequency. To calculate the
retrotransposition frequency, the number of purple colonies counted was divided by the
product of the overall transfection efficiency determined by fluorescence-activated cellsorting (FACS) of GFP transfected cells and the initial number of cells that were seeded in
the T75 flask (5 x 105 cells) or 6-well plate (either 2 x 103 cells, or 2 x 104 cells, or 2 x 105
cells, depending on the concentration of the plate). Retrotransposition frequency for T75
flasks is calculated as follows: the number of colonies counted / ([5 x 105 cells seeded] x
[Average transfection efficiency of GFP]). This number is the most frequently reported
figure for reports that utilize the retrotransposition assay. The retrotransposition frequency
figures were reported in scientific notation as the number multiplied by 10-6.
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Small purple dots (less than 1-mm in diameter), much smaller than those representing actual
surviving colonies (between 1 and 10-mm in diameter), were observed within T75 flasks that
were untransfected or only transfected with a reporter plasmid. These small colonies were
not counted as actual retrotransposition events as they were assumed to be false positives that
most likely resulted from clusters of dead or dying cells, which were not removed during the
final aspiration step prior to fixing and staining. By lengthening the G418 exposure period,
these false colonies were diminished (as observed in the differences between assays 2 and 3).
Also, adding an additional 1X PBS wash step prior to fixing and staining helped to greatly
reduce their number (this step was not incorporated into assays 1, 2, or 3, and was conducted
after data had already been collected on a limited test of three T75 flasks).
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RESULTS:

Isolation of Young SINEs by Nested PCR for use in generation of constructs:
SINEs of interest were isolated by nested PCR. Initial amplification of a portion of the
primary locus in which the SINE of interest resides was performed using locus specific
primers. The initial locus was then used as a template for a second round of PCR using SINE
specific primers to isolate the SINE of interest. SINE-specific nested PCR products for
B2FL, HamB2, B1:A, B1:B, B1:C, and B1:D were derived from the SINE-specific loci Gus,
GNAT2, Loci A, Loci B, Loci C, and Loci D, respectively (GenBank Loci and Accession
Numbers are provided in Table 8). The PCR products for the SINE-specific loci and the
nested PCR products containing the SINE of interest were consistent with the sizes observed
by analyzing a 1% agarose gel stained with ethidium bromide (Figure 12).

Table 8: Summary of SINE-Specific Loci PCR Products and Nested PCR Products.
SINE-Specific Loci
PCR Product
(and size)

Nested PCR
Product
(and size)

SINE Type

Locus

Accession
Number

Gus
(670 bp)

B2FL
(193 bp)

mouse B2 element

MUSGUSB

J02836

GNAT2
(499 bp)

HamB2
(182 bp)

hamster B2 element

X96664

X96664

Loci A
(595 bp)

B1:A
(135 bp)

mouse B1 subfamily
A element

AF030883

AF030883

Loci B
(640 bp)

B1:B
(135 bp)

mouse B1 subfamily
B element

MMWHNGENE

Y12488

Loci C
(712 bp)

B1:C
(135 bp)

mouse B1 subfamily
C element

AC002121

AC002121

Loci D
(485 bp)

B1:D
(135 bp)

mouse B1 subfamily
D element

MMU39442

U39442
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Figure 12: Analysis of SINE-specific loci PCR products and nested PCR products by
separation on a 1% agarose gel and stained with ethidium bromide. 1-Gus (670 bp), 2-B2FL,
from Gus (193 bp), 3-GNAT2 (499 bp), 4-HamB2, from GNAT2 (182 bp), 5-Loci A (595
bp), 6-Loci B (640 bp), 7-Loci C (712 bp), 8-Loci D (485 bp), 9-B1:A, from Loci A (135
bp), 10-B1:B, from Loci B (135 bp), 11-B1:C, from Loci C (135 bp), and 12-B1:D, from
Loci D (135 bp).
Analysis of Double Restriction Enzyme Digested PCR Products and pBSNF1
PCR products obtained using nested PCR were subjected to a double restriction enzyme
digest using BshTI and Bst1107I (Figure 13, lanes 1-6) to prepare them for ligation into a cut
pBSNF1 construct with the Alu fragment removed (Figure 13, lane 7).
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Figure 13: Analysis of double restriction enzyme digested SINE PCR products and pBSNF1
using a 1% agarose gel stained with ethidium bromide. Lane: 1-B2FL PCR amplicons, 2HamB2 PCR amplicons, 3-B1:A PCR amplicons, 4- B1:B PCR amplicons, 5-B1:C PCR
amplicons, and 6-B1:D PCR amplicons. Lane 7 contains the digested pBSNF1, Alucontaining, reporter plasmid.
Development of SINE Reporter Constructs:
The restriction enzyme digested PCR products were ligated into the double restriction
enzyme digested pBSNF1 vector. The resultant construct was amplified within transformed
DH5-α cells. Plasmid DNA was then isolated from the DH5-α cells using the Pureyield
Plasmid Midiprep System (Promega). To ensure that ligation, transformation, and plasmid
isolation was successful, the isolated plasmid DNA was subjected to restriction enzyme
digest by BshTI and Bst1107I and electrophoresed on a 1% agarose gel and stained with
ethidium bromide (Figure 14). This was done to ensure that the inserts contained within the
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vector corresponded to the appropriate SINE of interest. Plasmid inserts were subsequently
sequenced for verification (see below).

Figure 14: Analysis of large-scale preparation of plasmid DNA by double restriction enzyme
digestion using BshTI and Bst1107I size-fractionated on a 1% agarose gel and stained with
ethidium bromide. DNA near the top of each lane corresponds to the remainder of the
digested plasmid vector and each fragment near the bottom of the lane corresponds to the
digested SINE fragment. 1-pBSB2fl, 2-pBSHamB2, 3-pBSNF1, 4-pBSB1:A, 5-pBSB1:B, 6pBSB1:C, and 7-pBSB1:D.
To further verify that the proper SINE was placed within each of the experimental plasmids
(pBSB2FL, pBSHamB2, pBSB1:A, pBSB1:B, pBSB1:C and pBSB1:D), they were
sequenced to ensure accuracy. DNA sequencing was performed by Functional Biosciences,
Inc. (www.functionalbio.com) and aligned by MegAlign (DNAStar) using the ClustalW
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method (Figures 15, 16, and 17). Sequencing results verified constructs contained the
intended sequences and were ready for use in the retrotransposition assay, with the exception
of plasmid pBSB1:C (described below; see Figure 17, pBSB1:C Sequence Data).

Four key nucleotide positions serve as a diagnostic tool for determining the subfamily of a
B1 element (Table 9). The B1 element sequenced from pBSB1:C had only two of the four
diagnostic positions common to most B1 elements within subfamily C. The sequenced B1
element from pBSB1:C lacked the critical G insertion at nucleotide position 9 (Figure 17,
pBSB1:C Sequence Data) that disqualified it from subfamily C. The source of this error is
most likely Taq polymerase during nested PCR. This B1 element is similar to B1 elements
of subfamily B since it has a T at position 116; however, it also resembles subfamily D since
it has a G at position 89 instead of an A (Figure 17, pBSB1:C Sequence Data). pBSB1:C
was still used in the retrotransposition assay, even though it did not possess all of the
diagnostic nucleotides characteristic of B1 elements within subfamily C. The B1 element
within p1933B1ji is a member of subfamily C and has all the sequence characteristics of
subfamily C. This was verified by sequencing (not reported herein) prior to the donation of
the plasmid by the John Moran Laboratory at University of Michigan.

Table 9: Diagnostic nucleotides and positions used to distinguish B1 subfamilies.
Subfamily A
Subfamily B
Subfamily C
Subfamily D

Position 9
none
none
G insertion
none

Position 60
T
T
T
T
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Position 89
A
A
G
G

Position 116
C
T
C
C

Figure 15: Aligned contiguous sequencing results of Mouse B2FL from pBSB2FL. Asterisks
(*) are used to indicate identity whereas dashes (-) are used for maximal alignment.
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Figure 16: Aligned contiguous sequencing results from Hamster B2 from pBSHamB2.
Asterisks (*) are used to indicate identity whereas dashes (-) are used for maximal alignment.
N refers to a nucleotide which was non-discernable by sequencing.
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Figure 17: Aligned sequencing results from Mouse B1 Subfamilies A through D from
plasmids pBSB1:A, pBSB1:B, pBSB1:C, and pBSB1:D. Highlighted areas represent the
four diagnostic nucleotide positions that distinguish each B1 subfamily (Table 9).
Differences from the diagnostic nucleotide positions are indicated using a boxed character.
Asterisks (*) are used to indicate identity whereas dashes (-) are used for maximal alignment.
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All plasmid DNAs were measured by UV spectrophotometry to determine the quantity and
quality of plasmid DNA. The A260:A280 ratio was used to determine the purity of DNA
samples with ratios between 1.6 and 2.0 representing acceptable levels of purity for the
purposes of this study (Table 10). Samples outside of these limits were discarded. An
optical density of 1.0 (at A260) corresponds to 50-ng/μl for double-stranded DNA and was
used to calculate the concentration of plasmid DNA, using a 1:20 dilution factor
(concentration of DNA = A260 x 20 dilution factor x 50-ng/μl) (Table 10).

Table 10: UV spectrophotometry measurements to assess quality and concentration of
plasmid DNAs.
Plasmid DNA
JM101/L1.3 (positive, functional LINE)
JM105/L1.3 (negative, non-functional LINE)
L1.3Δneo (Human LINE)
TGF21Δneo (Mouse LINE)
pCEP5'UTRORF2Δneo (Human LINE ORF2 only)
GFP (Green Fluorescent Protein)
ORFmneo1 (non-functional LINE)
pBSNF1 (Human Alu)
p1933B1ji (Mouse B1)
pBSB2FL (Mouse B2)
pBSHamB2 (Hamster B2)
pBSB1:A (Mouse B1:A)
pBSB1:B (Mouse B1:B)
pBSB1:C (Mouse B1:C)
pBSB1:D (Mouse B1:D)
pER6 (Deer Mouse BC1/ID)
pER7 (Deer Mouse BC1/ID)
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A260

A280

A260/A280

0.261
0.293
0.229
0.201
0.129
0.442
0.249
0.205
0.303
0.442
0.305
0.337
0.425
0.255
0.317
0.219
0.193

0.144
0.166
0.136
0.124
0.079
0.249
0.142
0.122
0.167
0.244
0.169
0.189
0.237
0.145
0.179
0.126
0.114

1.813
1.765
1.684
1.621
1.633
1.775
1.754
1.680
1.814
1.811
1.805
1.783
1.793
1.759
1.771
1.738
1.693

Concentration
(ng/μl)
0.261
0.293
0.229
0.201
0.129
0.442
0.249
0.205
0.303
0.442
0.305
0.337
0.425
0.255
0.317
0.219
0.193

Quality of Plasmid DNA:
To ensure plasmid quality and superhelicity, undigested plasmid DNAs were electrophoresed
on a 1% agarose gel and stained with ethidium bromide (Figure 18). A single intense band at
a high base pair range is representative of a single large piece of plasmid DNA. The
presence of multiple bands or an elongated smear is indicative of plasmid DNA that has been
cleaved or sheared, and these samples were discarded.

Figure 18: Undigested plasmid DNA electrophoresed on a 1% agarose gel and stained with
ethidium bromide. Lanes: 1-JM101/L1.3, 2-JM105/L1.3, 3-L1.3Δneo, 4pCEP5’UTRORF2Δneo, 5-TGF21Δneo, 6-ORFmneo1, 7-pBSNF1, 8-p1933B1ji, 9pBSB2FL, 10-pBSHamB2, 11-pBSB1:A, 12-pBSB1:B, 13-pBSB1:C, and 14-pBSB1:D.
Analysis of Transfection Efficiency for the Retrotransposition Assay:
To determine the relative transfection efficiency for the HeLa cells, a control set of cells was
transfected with Green Fluorescent Protein (GFP) and analyzed by flow cytometry on a
fluorescent-activated cell-sorter (FACS), BD FASCalibur System (BD Biosciences). The
average transfection efficiency calculated from the average of the pooled samples of GFP
transfected HeLa cells was 84.36%. The FACS analysis of GFP transfected cells (positive)
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and mock transfected cells (control) is shown below (Figure 19). This verified that the
method of transfection using Fugene 6 Transfection Reagent (Roche Applied Sciences) was
successful and also revealed the transfection efficiency.

Figure 19: FACS analysis of GFP-transfected HeLa cells (Positive) and mock-transfected
HeLa cells (Control).
Analysis of Size Variability of Surviving HeLa cell colonies:
Upon the completion of the G418 exposure period, all surviving HeLa cell colonies were
fixed and stained, and each purple dot representing a G418 resistant HeLa-cell colony present
in each 6-well plate or T75 flask was counted by hand three times to minimize the chance of
a miscount. Two separate counts for each assay were conducted when it was observed that
two different types of stained cell colonies were present. Stained T75 flasks were observed
to contain large (between 1-mm and 10-mm diameter) stained cell colonies and small (less
than 1-mm diameter) stained cell colonies. The small cell colonies were less prevalent in the
positive trans controls (a driver and ORFmneo1) and more prevalent in the negative controls
(a reporter only). It was thought that these small cell colonies may reflect an endogenous
reverse transcriptase present within the HeLa cells or, more likely, were simply the remnants
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of dying or dead HeLa cells that did not acquire resistance to G418 and were not adequately
washed away prior to the fixative and staining procedures. An additional rinsing step using
10-ml of 1X PBS was performed in limited follow-up tests (using three T75 flasks with
negative controls) following the completion of assays 1, 2, and 3 and seems to remove all
traces of the small cell colonies. This offers support that the small cell colonies were not
actually the result of retrotransposition events that conferred G418 resistance, but were most
likely cellular debris from dying, or dead, HeLa cells that remained within the flasks prior to
the fix and stain procedure.

Analysis of the cis Controls:
The cis controls for the retrotransposition assay showed that numerous retrotransposition
events occurred in the HeLa cells transfected with the positive control plasmid JM101/L1.3,
while relatively few to zero retrotransposition events occurred in the HeLa cells transfected
with the negative control plasmid JM105/L1.3 (Figure 20 and Table 11). The plasmid
JM105/L1.3 lacked ORF2 and therefore did not have the endonuclease and reverse
transcriptase capabilities of a fully functional LINE. These results are consistent with those
expected, but there was some variation in the numbers of surviving colonies observed within
the negative controls. Ideally the negative controls should have resulted in absolutely zero
G418 resistant colonies; however, in some instances, a very small number of colonies were
observed (Figure 20 and Table 11). The numbers of stained colonies observed within the
negative controls were very small (between 0 and 2 on average) when compared to those
within the positive controls (between <46 and <1000 on average).
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Figure 20: Examples of the cis controls for the Retrotransposition Assay. HeLa cells were
seeded at increasing concentrations of 2 x 103 cells per well in the six-well plate on the left
followed by 2 x 104 and 2 x 105 cells per well respectively. Accurate colony counts for
concentrations above 2 x 103 cells per well were impossible to achieve and a quantitative
estimate was provided (see Table 11).
Table 11: Results of the cis controls for the Retrotransposition Assay.
2 x 10^3 cells/well
2 x 10^4 cells/well
2 x 10^5 cells/well

Assay
1
21.6
>1000
>1000

Assay
2
76.3
>1000
>1000

Assay
3
16.6
>1000
>1000

2 x 10^3 cells/well
2 x 10^4 cells/well
2 x 10^5 cells/well

0
2
0.5

0
2
0.33

0
0
5

cis Controls

Conc. of Cells

JM101/L1.3
(positive, funtional LINE)

JM105/L1.3
(negative, non-functional LINE)

Average
38.2
>1000
>1000
0
1.33
1.94

Note: Categorized based upon the number of cells per well and subdivided according to assay
number. The numbers reported are the average number of stained colonies counted from 3
wells transfected with the same plasmid and concentration of cells, along with the overall
average. Accurate colony counts for concentrations above 2 x 103 cells per well were
impossible to achieve and a quantitative estimate was provided.
The source of the G418 resistant colonies within the negative controls is unknown. Some
conditions that could have led to their presence are; 1. A contamination of the JM105/L1.3
DNA stocks by JM101/L1.3 during pipetting of midi-prepped DNAs; 2. A contamination of
JM101/L1.3 transfected HeLa cells by a contaminated aspiration tip during medium changes
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while the assay was ongoing; 3. The presence of complimentary ORF2p from an active
endogenous LINE within the HeLa cells, which would enable retrotransposition of the ORF2
deficient JM105/L1.3 construct; 4. The presence of a non-LINE associated reverse
transcriptase that enabled mobilization of the JM105/L1.3 construct; and 5. The ability of
small numbers of HeLa cells to resist the effects of G418 due to an inadequate concentration
of the drug. The most likely source is contamination from the positive controls during the
aspiration process since there are numerous media changes during the course of a
retrotransposition assay.

Analysis of the trans Controls:
The trans controls showed that numerous retrotransposition events occurred in the HeLa cells
that were co-transfected with each of the driver plasmids and the positive control plasmid
ORF1mneo1 (Table 12). The results are consistent with those expected, but the cotransfection involving the driver TGF21Δneo consistently produced fewer numbers of
retrotransposition events than the drivers L1.3Δneo and pCEP5'UTRORF2Δneo.

Table 12: Results of the trans controls for the Retrotransposition Assay
trans Controls
Drivers
L1.3Δneo (Human LINE)
TGF21Δneo (Mouse
LINE)
pCEP5'UTRORF2Δneo
(Human LINE ORF2
only)

Reporters
ORF1mneoI
(Human LINE
ORF1 only)
ORF1mneoI
(Human LINE
ORF1 only)
ORF1mneoI
(Human LINE
ORF1 only)

Assay
1

Assay
2

Assay
3

Average

232

310

297

279.67
±41.79

74

107

91

90.67
±16.50

441

703

739

627.67
±162.66
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Analysis of the trans Experimental Co-Transfections:
The plasmids used within the trans experimental co-transfections portion of the
retrotransposition assay were specifically designed and selected for use, in an effort to
address the two specific aims of this study: (1) do SINEs co-evolve with LINEs? And (2) is
the LINE ORF1p necessary for tRNA-derived SINEs to mobilize?

The results in Tables 13 and 14 summarize both the number of G418 resistant colonies
counted and calculations of average retrotransposition frequency for each set of experiments.

Table 13: The average number of G418 resistant colonies counted for the experimental cotransfections for the retrotransposition assay.

6.2
±2.95
3.4
±1.14
15.25
±2.36
0

17
±9.59
4.5
±1.29
46.66
±9.07
NA

2.25
±2.06
1
±0.82

3
±1
1
±2

6
NA

pBSB1:D
(Mouse B1:D)

9.4
±6.58
0.6
±0.89
24
±7.75
0

pBSB1:C
(Mouse B1:C)

23.25
±14.55
4
±5.23
22
±14.76
0

pBSB1:B
(Mouse B1:B)

pBSB1:A
(Mouse B1:A)

pCEP5'UTRORF2Δneo
(Human LINE ORF2 only)
Reporter ONLY (no Driver)

pBSHamB2
(Hamster B2)

TGF21Δneo (Mouse LINE)

pBSB2FL
(Mouse B2)

L1.3Δneo (Human LINE)

p1933B1ji
(Mouse B1)

Drivers:

pBSNF1
(Human Alu)

Reporters:

trans Experimental
Co-Transfections

2

0

0

1.5
±0.71

1

4

0

NA

NA

NA

Note: NA refers to not available; the “reporter only” transfections were only conducted on
three representative SINEs.
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Table 14: The average retrotransposition frequency observed for the experimental cotransfections for the retrotransposition assay.

NA

14.70
±6.99
8.06
±2.7
36.15
±5.6

Reporter ONLY (no Driver)

0

0

0

NA

Reporters:

22.29
±15.6
1.42
±2.11
56.90
±18.37

L1.3Δneo (Human LINE)
TGF21Δneo (Mouse LINE)

pBSB1:D
(Mouse B1:D)

pBSB1:B
(Mouse B1:B)

14.23

pCEP5'UTRORF2Δneo
(Human LINE ORF2 only)

55.12
±34.5
9.48
±12.4
52.16
±34.99

Drivers:

pBSB1:C
(Mouse B1:C)

pBSB1:A
(Mouse B1:A)

7.11
±2.37
2.37
±4.74

pBSB2FL
(Mouse B2)

5.33
±4.88
2.37
±1.94

p1933B1ji
(Mouse B1)

40.30
±22.74
10.67
±3.04
110.62
±21.5

pBSNF1
(Human Alu)

pBSHamB2
(Hamster B2)

trans Experimental
Co-Transfections

4.74

0

0

3.56
±1.68

2.37

9.48

0

NA

NA

NA

Note: Retrotransposition frequency is calculated as follows: the number of colonies counted /
((5 x 105 cells seeded) x (.8436, the average transfection efficiency of GFP)) =
Retrotransposition Frequency. All results reported as the retrotransposition frequency x 10-6.
NA refers to not available; the “reporter only” transfections were only conducted on three
representative SINEs.
Analysis of pBSNF1:
The human-derived Alu element within pBSNF1 was the second most effective at
retrotransposition among the SINEs examined within this study (Tables 13 and 14). It did
not mobilize very effectively when paired with the mouse-derived LINE (TGF21Δneo).
When paired with the ORF1 deficient LINE (pCEP5’UTRORF2Δneo), it mobilized
approximately five times better than it did with TGF21Δneo. The Alu element within
pBSNF1 mobilized only slightly better when paired with the human-derived LINE
(L1.3Δneo) than it did when paired with pCEP5’UTRORF2Δneo.

Analysis of Retrotransposition of the B2 Elements (pBSHamB2 and pBSB2FL):
The hamster-derived B2 element within pBSHamB2 was the most effective at
retrotransposition, and the mouse-derived B2 element within pBSB2FL was the fourth most
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effective at retrotransposition among the SINEs examined within this study (Tables 13 and
14). Neither mobilized very effectively when paired with the mouse-derived LINE
(TGF21Δneo). When paired with the human-derived LINE (L1.3Δneo), the mouse-derived
B2 element mobilized approximately two times better than it did when paired with
TGF21Δneo, and the hamster-derived B2 element mobilized almost four times better. Both
B2 elements mobilized far more effectively when paired with the ORF2 deficient LINE
(pCEP5’UTRORF2Δneo). The mouse-derived B2 element mobilized more than three times
better than it did when paired with L1.3Δneo, and the hamster-derived B2 element mobilized
almost three times better.

Analysis of Retrotransposition of Various B1 Elements (p1933B1ji, pBSB1:A, pBSB1:B,
pBSB1:C, and pBSB1:D):
The B1 elements from pBSB1:A, pBSB1:B, pBSB1:C, and pBSB1:D did not retrotranspose
very effectively when compared to the other SINEs examined within this study, with the
exception of p1933B1ji, which retrotransposed at rates comparable to Alu and the B2
elements. There was a great disparity between the retrotransposition rates of p1933B1ji and
the remainder of the B1’s, which may be explained by the different vectors used to generate
these constructs. The constructs with the prefix pBS were all constructed using the
pBluescript II SK+ (Stratagene) vector and p1933B1ji was constructed using the pCRII
(Invitrogen) vector.

All of the B1 elements retrotransposed least effectively when paired with the mouse-derived
LINE (TGF21Δneo), with the exception of pBSB1:D, which mobilized only when paired
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with the mouse-derived LINE (TGF21Δneo) (Tables 13 and 14). There was a two- to threefold improvement in retrotransposition frequency when pBSB1:A, pBSB1:B, and pBSB1:C
were paired with the human-derived LINE (L1.3Δneo) (Tables 13 and 14). The construct
p19333B1ji mobilized more than fifteen times better when paired with L1.3Δneo than
TGF21Δneo (Tables 13 and 14). The B1 elements within pBSB1:A, pBSB1:C, and
p1933B1ji mobilized most effectively when paired with the ORF1 deficient LINE
(pCEP5’UTRORF2Δneo), two to three times better than they did when paired with
L1.3Δneo, with the exceptions of pBSB1:B, which mobilized the best when paired with
L1.3Δneo and again pBSB1:D (Tables 13 and 14).

Analysis of the LINE-based Drivers (L1.3Δneo, TGF21Δneo, and
pCEP5’UTRORF2Δneo):
The driver pCEP5’UTRORF2Δneo produced the highest number of retrotransposition events
on average when paired with each of the experimental SINEs (Tables 13 and 14). The
exceptions to this include pBSNF1, which jumped slightly better on average when paired
with L1.3Δneo; pBSB1:B, which jumped slightly better on average when paired with
L1.3Δneo; and pBSB1:D, which mobilized only when paired with TGF21Δneo (Tables 13
and 14).

The human-derived driver L1.3Δneo consistently resulted in a 2-10-fold increase in the
number of retrotransposition events when compared to its counterpart mouse-derived driver
TGF21Δneo, with the exception of pBSB1:D, which only mobilized with TGF21Δneo
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(Tables 13 and 14). This study offers support that the human-derived L1.3Δneo mobilizes
SINEs more effectively than the mouse-derived TGF21Δneo.

Analysis of the Co-evolution of SINEs and LINEs:
The co-transfections involving the TGF21Δneo driver consistently produced a lesser number
of G418 resistant cell colonies, which corresponds to a smaller number of retrotransposition
events occurring within transfected cells. The transfections involving the drivers L1.3Δneo
and pCEP5’UTRORF2Δneo consistently had a greater number of retrotransposition events
regardless of the types of reporters that were used to make the comparison. This adequately
demonstrates that the LINE within the mouse-derived TGF21Δneo is not as effective at
mobilizing SINEs as the LINE within the human-derived L1.3Δneo. Since retrotransposition
frequency of mouse SINEs do not increase with the mouse LINE versus a human LINE, then
co-evolution of these elements is not supported.

Analysis of the LINE ORF1p and tRNA-gene derived SINEs:
Co-transfections of pCEP5’UTRORF2Δneo and nearly all of the experimental SINEs
showed significant numbers of G418 resistant cell colonies that correspond to multiple
retrotransposition events (Tables 13 and 14). Therefore, ORF1p does not appear necessary
for any class of SINE. Additionally, the majority of co-transfections involving
pCEP5’UTRORF2Δneo actually resulted in a greater number of retrotransposition events,
possibly suggesting either that ORF1p interferes with SINE retrotransposition or SINEs have
greater access to LINE machinery in the absence of ORF1p.
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DISCUSSION AND CONCLUSIONS:

Co-evolution of SINEs and LINEs:
It has been shown in previously published studies that SINEs can utilize the enzymatic
machinery produced by LINEs in order to accomplish retrotransposition (Dewannieux et al.,
2003; Dewannieux and Heidmann, 2005). When the domain that encodes the endonuclease
and reverse transcriptase functions, ORF2, is removed from a LINE, there is no
retrotransposition of SINEs or LINEs. It would seem likely that a co-evolutionary
relationship may exist between SINEs, which seem to rely solely upon LINEs for their own
propagation and expansion within the genome, and LINEs. This study sought to test whether
or not such a relationship might exist by examining the retrotransposition frequencies of
various human and rodent derived SINEs when co-transfected with a human or rodent
derived LINE.

By comparing the results obtained from co-transfections with the human-derived LINE
(L1.3Δneo) and the experimental SINEs and the results from co-transfections with the
mouse-derived LINE (TGF21Δneo) and the experimental SINEs, an overall assessment was
made. The results from this study do not offer support for the co-evolution of the SINEs and
LINEs derived from the same species. The evidence for this comes from a lack of an
increase in retrotransposition frequency when a co-transfection using a mouse LINE and a
mouse SINE is compared with a co-transfection using the same mouse SINE paired with a
human LINE (Tables 17 and 18 in Results).
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It was initially thought that the organism from which a LINE and SINE had originated would
influence the number of retrotransposition events reported. SINEs and LINEs derived from
the same organism were anticipated to retrotransposed at a higher rate. As to remain an
efficient “jumper” the SINE would co-evolve with the LINE. However, the rates achieved
by co-transfecting the same SINE with a LINE originating from a different species did not
support the hypothesis.

It was thought that LINEs derived from mice (TGF21Δneo) would mobilize SINEs also
derived from mice (B2’s and B1’s) more effectively than the LINEs derived from humans
(L1.3Δneo). This was not observed in the majority of experimental co-transfections (Tables
17 and 18 in Results), with the sole exception being pBSB1:D, which mobilized only when
co-transfected with TGF21Δneo (the mouse-derived LINE). The result for pBSB1:D may be
anomalous due to the small number of flasks (only two) used to test this experimental
condition. For all other co-transfections, the drivers L1.3Δneo and pCEP5’UTRORF2Δneo
(both human-derived LINEs) consistently produced a greater number of retrotransposition
events, regardless of the species from which the SINE of interest was derived (Table 1 in
Methods and Tables 17 and 18 Results). Therefore, the results obtained from the LINEs and
SINEs tested within this study do not provide evidence to support a co-evolution of SINEs
and LINEs.

One explanation for the lack of evidence for the co-evolution of the particular SINEs and
LINEs examined within this study pertains to the type of LINEs. The LINEs used within this
study are all members of the L1 subfamily. These LINEs do not exhibit any specific
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sequence similarity to the 3’ regions of other SINEs, other than the 3’ A-rich tail region
common to many SINEs and LINEs. L1 LINEs have been shown to mediate the
retrotransposition of human Alu’s, rodent B1’s, and rodent B2’s in other published reports
(Dewannieux et al., 2003; Dewannieux and Heidmann, 2005). The current hypothesis
proposes that L1’s recognize the 3’ A-rich tail region of these SINEs and promote reverse
transcription from these sequences rather than recognizing a specific 3’ LINE-related
sequence, as reported in numerous relationships between tRNA-derived SINEs and “partner”
LINEs (reviewed in Ohshima and Okada, 2005). Therefore the A-tail length was
standardized for all of the SINEs examined within this study. An artificial A-tail containing
thirty adenine nucleotides was added after the mneoI cassette; this entire SINE + mneoI
cassette and A-tail transcript is retrotransposed within the HeLa cells. This creates a more
artificial SINE as it adds a significant amount of sequence to the retrotransposing transcript;
however, it is done in the same manner for each SINE being studied so that comparisons
between SINEs can accurately assessed.

Another factor to consider is the level of transcription of the SINE + mneoI cassette + A-tail
transcript products being produced within the HeLa cells. The expression of each of the
SINEs is not dependent upon the internal promoters of the SINEs themselves; rather, a 7SL
RNA domain promoter has been added upstream of each SINE, so that all SINEs are
transcribed at equivalent rates. Likewise the constructs expressing LINEs have had a CMV
promoter added upstream of the LINE, so that all LINEs are also transcribed at equivalent
rates.
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By controlling both the length of the A-tail and level of transcription within the SINE
constructs, the only real factor to consider is the sequence of the SINEs themselves. The
retrotransposition frequency of the hamster B2 element was the greatest among the SINEs
being studied. This element has significant 3’ sequence difference from the mouse B2
element (twenty-eight nucleotide differences in the final forty 3’ nucleotides) and these
sequence differences seemed to translate into a difference of retrotransposition rates, with the
hamster B2 mobilizing almost three times more effectively than the mouse B2. It would
seem that there should be a greater number of the B2 elements found within hamsters, given
their increased effectiveness in “jumping” when compared to the mouse B2. However, the
copy numbers of mouse and hamster B2’s found within each organism are roughly
equivalent, approximately 80,000 in both (Kass et al., 1997). What factors may cause a
SINE that has a better retrotransposition frequency to jump worse? There may be fewer L1
LINEs available for use by the hamster B2’s, or perhaps there are specific repressors that
inhibit the expression of L1 LINEs or a specific SINE or the presence or absence of an
unknown element associated with the retrotransposition pathway.

When making comparisons among the differing B1 elements for each subfamily, a lesser
degree of difference was observed. None of the B1 elements being studied contained the
highly influential G24 nucleotide (Dewannieux and Heidmann, 2005), which may explain the
relative lack of retrotransposition among the B1 subfamilies. The B1 within p1933B1ji was
a member of subfamily C, and it mobilized far more effectively than any of the other B1’s
being studied; however, it did not contain the G24 nucleotide. The relative youth of this B1
element may explain its effectiveness as it was discovered within the Atcay gene in a jittery
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mouse in 2003 (Gilbert et al., 2004). The p1933B1ji construct was developed in a separate
laboratory using a different vector, most likely pCRII (Invitrogen), as opposed to pBluescript
II SK+ (Stratagene), which was used for the remainder of the SINE constructs used in this
study. Perhaps this vector difference may be the source of the relatively large differences
between p1933B1ji and the remaining B1 elements.

This retrotransposition assay was conducted using HeLa cells as opposed to using a cell type
from a mouse or rodent source. This may help to explain the relatively reduced effectiveness
of the mouse LINE (TGF21Δneo) when compared to the human LINEs (L1.3Δneo and
pCEP5’UTRORF2Δneo). The human LINEs may simply be more effective at mobilizing
retrotransposons within human cells, in general. This seems to offer support that LINEs may
be better adapted to mobilizing within a particular cell type; however, this assertion cannot
be made because this assay has not been replicated within a rodent cell type. This may be
another explanation for the rather large differences observed between the mouse and human
LINEs. In future studies it may be beneficial to repeat all of the experimental cotransfections in a cell line derived from a mouse to see if any changes are observed that favor
the retrotransposition of SINEs and LINEs derived from rodents.

LINE ORF1p and tRNA-derived SINEs:
Dewannieux et al. (2003) have shown that the Alu element does not require ORF1 in order to
retrotranspose. They also reported that a slight increase in retrotransposition frequency was
observed when Alu was co-transfected with LINE elements lacking ORF1. Other reports
have shown that Alu RNA is capable of associating with the SRP9/14 proteins of the SRP.
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Dewannieux et al (2003) proposed that Alu elements retained enough of the sequence
characteristics of 7SL RNA so that it could still associate with the SRP9/14 proteins of the
SRP which functioned to stabilize the Alu RNA and perhaps aid in targeting it towards the
nascent LINE proteins at or near the ribosome. Perhaps all SINEs of 7SL RNA origin
(including Alu and B1) are able to retrotranspose in the absence of ORF1p via this proposed
model. SINEs which are derived from tRNA cannot retrotranspose via this model since they
possess none of the sequence features necessary for interaction with the SRP9/14 proteins.
Therefore the ability of tRNA-derived SINEs to retrotranspose in the absence of ORF1 was
also tested during the course of this study.

All of the SINEs examined in this study, specifically the mouse B2 and hamster B2, which
are both tRNA-derived SINEs, retrotransposed in the absence of ORF1p, supporting that this
protein is not necessary for retrotransposition. Additionally, the absence of ORF1 within a
LINE actually resulted in an overall increase in the number of retrotransposition events for
both 7SL RNA-derived and tRNA-derived SINEs, as reflected in the co-transfections using
the driver pCEP5’UTRORF2Δneo. It had been demonstrated prior to this study that a 7SL
RNA-derived SINE (Alu) did not require ORF1p in order to retrotranspose; however, it was
shown to be essential for LINE retrotransposition (Dewannieux et al., 2003; Moran et al.,
1996).

ORF1p is therefore not required for SINEs to retrotranspose. It may actually interfere
directly or indirectly with the SINE retrotransposition pathway. When ORF1p is present, it is
most likely used by the same LINE that it was transcribed from and also results in the
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recruitment of ORF2p to promote retrotransposition of that same LINE. Therefore, this same
ORF2p would be unavailable for use by a competing SINE that is also vying for the ORF2
encoded enzymatic machinery. When ORF1 is absent from a LINE, it effectively makes that
LINE retrotransposition incompetent, and perhaps the absence of ORF1p effectively diverts
all of the enzymatic machinery within ORF2p away from the mobilization of LINEs and
becomes even more readily available to promote SINE mobilization.

In conclusion, this study examined the possibility of a co-evolution between SINEs and
LINEs and whether or not tRNA-derived SINEs required ORF1p to mobilize using a HeLa
cell culture based retrotransposition assay. The results obtained from the LINEs and SINEs
tested within this study did not provide evidence to support a co-evolution of SINEs and
LINEs; however, there was conclusive evidence to demonstrate that neither 7SL RNAderived nor tRNA-derived SINEs require ORF1p in order to mobilize and may compete
better for ORF2p in the absence of ORF1p.
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