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Abstract

interfere with L1 retrotransposition.
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Background: Long Interspersed Element 1 (LINE-1) is a retrotransposon that is present in 500,000 copies in the
human genome. Along with Alu and SVA elements, these three retrotransposons account for more than a third
of the human genome sequence. These mobile elements are able to copy themselves within the genome via an
RNA intermediate, a process that can promote genome instability. LINE-1 encodes two proteins, ORF1p and
ORF2p. Association of ORF1p, ORF2p and a full-length LT mRNA in a ribonucleoprotein (RNP) particle, LT RNP, is
required for L1 retrotransposition. Previous studies have suggested that fusion of a tag to L1 proteins can

Results: Using antibodies detecting untagged human ORF1p, western blot analysis and manipulation of ORF1
sequence and length, we have identified a set of charged amino acids in the C-terminal region of ORF1p that are
important in determining its subcellular localization. Mutation of 7 non-identical lysine residues is sufficient to
make the resulting ORF1p to be predominantly cytoplasmic, demonstrating intrinsic redundancy of this
requirement. These residues are also necessary for ORF1p to retain its association with KPNA2 nuclear pore
protein. We demonstrate that this interaction is significantly reduced by RNase treatment. Using co-IP, we have
also determined that human ORF1p associates with all members of the KPNA subfamily.

Conclusions: The prediction of NLS sequences suggested that specific sequences within ORF1p could be responsible
for its subcellular localization by interacting with nuclear binding proteins. We have found that multiple charged amino
acids in the C-terminus of ORF1p are involved in ORF1 subcellular localization and interaction with KPNA2 nuclear pore
protein. Our data demonstrate that different amino acids can be mutated to have the same phenotypic effect on ORF1p
subcellular localization, demonstrating that the net number of charged residues or protein structure, rather than their
specific location, is important for the ORF1p nuclear localization. We also identified that human ORF1p interacts with all
members of the KPNA family of proteins and that multiple KPNA family genes are expressed in human cell lines.

Background

Long interspersed element 1 (L1) is a non-long terminal
repeat retrotransposon that accounts for approximately
21% of the human genome [1]. L1 has colonized the
genome for millions of years via an autonomous
copy-and-paste mechanism [2]. L1 is also responsible for
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the mobilization of non-autonomous retrotransposons
such as Alu and SVA elements [3]. Although L1 has
been found in an evolutionarily diverse range of species,
its proteins show conservation of specific functional
domains and residues [4]. While the majority of L1 in-
sertions are severely 5’ truncated, an estimated 80—100
L1 elements per genome are full-length, thus still cap-
able of independent retrotransposition [5].

The full length L1 is a 6 kb retrotransposon that con-
sists of a 5’UTR, ORF1, ORF2, and a 3" UTR [6]. The 5’
UTR includes an internal polll promoter and the 3’
UTR contains a terminal poly-a sequence [7, 8]. ORF1
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encodes ORF1 protein (ORF1p), a homotrimeric protein
with nucleic acid chaperone activities [9, 10]. ORF2 en-
codes ORF2 protein (ORF2p), which contains reverse
transcriptase and endonuclease activities necessary for
insertion of the element [11, 12].

ORF1p and ORF2p interact with their own mRNA in
cis to form a ribonucleoprotein (RNP) particle in the
cytoplasm [6, 13-15]. This acts as a likely intermediate
for retrotransposition. How the L1 RNP accesses gen-
omic DNA is poorly understood. Published work sup-
ports the possibility of both passive and active nuclear
transport mechanisms [16—22]. Once access to the gen-
omic DNA is gained, ORF2p functions to copy the L1
mRNA for integration into a new location in the host
genome, a process termed target-primed reverse tran-
scription (TPRT) [23, 24].

Recent research has indicated that retrotransposition
events can promote genomic instability relevant to can-
cer origin and/or progression [25-27]. Global L1 DNA
hypomethylation, along with a corresponding increase in
L1 expression, has been reported in many cancer types
as compared to benign tissue [28-32]. An increase in
overall ORF1p expression has been detected in a wide
variety of patient tumor types, including bladder urothe-
lial carcinoma [33], Barrett’s esophagus [34], and others
[35—37]. Nuclear ORFlp, specifically, is seen to correlate
with poor prognostic outcomes in breast cancer patients
[38, 39]. Consistent with in vivo findings, in vitro studies
have shown that overexpressed untagged ORF1p local-
izes to both the nucleus and cytoplasm in human cell
lines [40-44].

ORFlp is a 338 amino acid protein that is necessary
for L1 retrotransposition [13, 45]. It contains four
domains (Fig. 1a). The N-terminal domain (NTD, AAs
1-54) is intrinsically disordered and has a putative role
in RNA binding [9]. It also contains two conserved resi-
dues, phosphorylation of which is necessary for retro-
transposition in cultured cells [46]. The coiled coil
domain (CCD, AAs 55-157) contains 14 heptad repeats
that facilitate ORF1p trimerization [9, 47]. The RNA rec-
ognition motif (RRM, AAs 157-255) and the C-terminal
Domain (CTD, AAs 256-338) bind directly to RNA [9].
ORF1p binds both DNA and RNA in a nonsequence-
specific manner, showing a preference for single
stranded over double stranded nucleic acids [48, 49].
ORFlp also has chaperone activities involving melting,
annealing, and strand exchange of nucleic acids [50, 51].
After translation, ORFlp trimers bind to their parental
mRNA [6], potentially providing stability to the RNP as
it continues through the retrotransposition process. Each
ORFl1p trimer occupies approximately 50 nucleotides
during RNP formation [52], indicating that ORF1p could
be abundant in RNP complexes. Purification of L1 RNPs
confirmed higher content of ORFlp compared to the
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amount of ORF2p [22]. Although there is a strong cis
preference for L1 proteins to associate with their nascent
mRNA to form RNPs [15], ORFlp is also used in trans
during SVA mobilization [53] and has been shown to
improve Alu retrotransposition [54]. In vitro and cell
culture-based analyses have shown that ORFlp mole-
cules made from different mRNAs can associate in trans
and that certain C-terminally truncated ORFlp con-
structs can suppress L1 retrotransposition in vitro [41].
Conserved groups of amino acids in the CTD have
been previously shown to be necessary for L1 retro-
transposition, as mutation of these amino acids into
alanine reduces L1 retrotransposition to < 1% of wild
type [9, 11, 55].

Subcellular localization of L1 proteins during the L1
replication cycle or non-specific ORFlp complexes
present during ectopic expression of ORFlp is poorly
understood as conflicting results regarding the require-
ment of cellular division for L1 retrotransposition have
been reported [16-22]. Recent studies indicate that L1
may access the nucleus passively during breakdown of
the nuclear membrane [16]. However, reports that L1
retrotransposition occurs in nondividing cells support
the potential role of active transport for L1 and ORF1p,
which is often used as a proxy for L1 RNPs [17, 18]. This
is further supported by the findings that L1 ORF1p asso-
ciates with nuclear pore proteins [19, 22, 56] and by the
recent finding that ORF1lp nuclear localization is not
affected by cell cycle arrest [44]. Recent findings show
the existence of distinct nuclear and cytoplasmic RNP
complexes with ORF1p-rich RNPs being found predom-
inantly in the cytoplasmic fraction. However, previous
studies in HeLa cells show that overexpression of
flag-tagged ORF2p is only detected in the nucleus when
co-expressed with ORF1p, indicating a role for ORFlp
on L1 RNP subcellular localization [57]. Studies done in
143B TK-cells, however, only show a slight increase in
nuclear flag-tagged ORF2p when co-expressed with
ORFl1p [58]. Thus, it remains unclear whether active
nuclear import of ORFlp (and possibly, by extension,
the L1 RNP) occurs during retrotransposition and
whether cell-type specific differences in regards to
ORFlp localization exist. Therefore, determining
requirements for subcellular localization of L1 proteins
remains an unresolved, but important, problem because
of its clinical significance and relevance to basic L1 (and
its parasites - SINEs and SVA elements) biology.

Although the presence of a functional nuclear
localization signal (NLS) in the human ORFlp has not
been documented, ORFlp in a non-LTR retrotrans-
poson, SART1 from Bombyx mori, contains a NLS
required for the nuclear import of its RNP [59]. A puta-
tive NLS was predicted in the human L1 ORF2p, but
mutagenesis studies of this motif have shown no
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antibodies (hORF1). Calregulin (cytoplasmic marker) and Lamin A/C (nu

transfected with empty plasmid. b Western blot analysis of truncated h
into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein wa

Fig. 1 Truncated ORF1 proteins require the RRM domain for their nuclear localization. a (top) ORF1 domains are indicated as an N-terminal

approximate. The antibody symbols (name above) denote approximate location of antibodies on the ORF1p. Putative bipartite nuclear
localization signal (Bipartite) is shown in green and putative monopartite nuclear localization signal (monopartite) is shown in brown. (bottom)
Schematic of the ORF1 truncation approach. The expected molecular weight of each construct is listed to the right as well as detection of the
protein generated from the construct (Detected column). The numbers listed on the left represent the position of the site of truncation based on

Proteins are separated into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was detected with human-specific ORF1 polyclonal

used to control for cytoplasmic stress granules. Positions of molecular markers are indicated on the right in kDa. Control indicates cells

Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker) are used as loading and cell fractionation controls. Positions of molecular markers
are indicated on the right in kDa. Control indicates cells transfected with empty plasmid. d Western blot analysis of truncated human ORF1
transiently transfected in Hela cells. Proteins are separated into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was detected with
T7 tag polyclonal antibodies (T7). GAPDH (cytoplasmic marker) and Lamin A/C (nuclear marker) are used as loading and cell fractionation controls.
Positions of molecular markers are indicated on the right in kDa. Control indicates cells transfected with empty plasmid

M) and a C-terminal domain (CTD). Positions of domains shown are

analysis of truncated human ORF1 transiently transfected in Hela cells.
clear marker) are used as loading and cell fractionation controls and elF3 is

uman ORF1 transiently transfected in Hela cells. Proteins are separated
s detected with human-specific ORF1 polyclonal antibodies (hORF1 201).

significant effect on localization of the ORF2p fragments
containing this sequence [60] A nucleolar localization
signal (NoLS), however, has been identified in ORF2p
[58]. Mass spectrometry analysis of flag-tagged human
ORFl1p identified association with nuclear pore proteins
KPNA2 and KPNB1 in HEK293T cells [56], suggesting
that this protein contains a functional NLS. KPNA2 typ-
ically binds to a protein’s NLS and serves as an adaptor
for KPNBI1 association, which provides the import activ-
ity of the complex [61, 62]. Multiple classes of NLSs
have been identified. Canonical (or classical) NLSs are
specific sequences that bind to KPNA family of proteins.
These NLSs can be mono- or bipartite [63]. Bipartite

NLSs are typically comprised of two imperfect monopar-
tite NLSs separated by 10-12 amino acids [61]. KPNA
family proteins have both major and minor binding
grooves. Monopartite NLSs bind to just one of the two
grooves. Bipartite NLSs bind to both grooves [63]. An-
other class are noncanonical NLSs that, instead of being
specific sequences, are composed of charged, basic
amino acids (typically arginines or lysines) that bind to
the nuclear pore proteins. All noncanonical NLSs bind
to only the minor binding groove of KPNA [64, 65]. Sev-
eral NLS prediction programs have been developed
using yeast and/or human proteins and various algo-
rithms to identify putative NLSs [66—68]. While the
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previously published mass spectrometry analysis strongly
supports the association of ORF1p with the nuclear im-
port complex [56], the sequence requirements within
ORF1p that facilitate this association remain unknown.

Many experimental studies of ORF1p localization have
previously relied on the use of tags for detection [40, 41,
56, 57, 69, 70] because, in the past, it was the only ap-
proach available at the time. GFP-tagged ORFlp is de-
tected primarily in the cytoplasm by IHC, and
subcellular localization of this tagged protein has been
shown to be affected by truncations of ORFlp [69].
However, the GFP-tag has since been shown in some in-
stances to interfere with authentic subcellular
localization of ORF1p and other proteins (Author’s re-
sponse of [16]) [71]. ,Using ORFlp-specific antibodies,
more recent publications reported direct detection of
untagged human (transiently expressed or endogenous)
ORFlp providing more biologically relevant findings for
the purposes of localization studies [39-41, 44, 70, 72].

Here, using untagged human ORFlp, western blot
approach, and cultured human cells, we demonstrate
that the RRM domain of ORFlp is a crucial determinant
for the nuclear localization of the full-length and trun-
cated human ORF1 proteins. We utilized mutation and
deletion analyses to identify specific amino acids that are
necessary for ORF1p nuclear localization and association
with the KPNA family of nuclear pore proteins. Using
co-IP approach, we demonstrate that human ORF1p as-
sociates with all members of the KPNA family tested in
this study. These findings support the presence of a non-
canonical NLS and redundancy in the ORF1p interaction
with the nuclear pore machinery.

Results

N-terminal and C-terminal truncations of ORF1p require
RRM for nuclear localization in transiently transfected
cells

We used human ORFlp sequence and the following
NLS prediction programs: Machine Learning and Evolu-
tion Laboratory (MLEG), ¢NLS Mapper, or NLStrada-
mus [66-68] to identify putative nuclear localization
signals (NLSs). Approximate locations of putative Bipart-
ite (green) and Monopartite (brown) nuclear localization
signals are illustrated in Fig. 1a. The bipartite NLSs are
located from amino acids 6 to 34, 19 to 48, and 202 to
237 and the monopartite NLSs are located from amino
acids 135 to 138, 210 to 215, and 235-238 (Fig. 1a).

We used deletion analysis to determine which
NLS-containing domains are necessary for nuclear
localization of untagged human ORF1p. The N-terminal
and C-terminal truncated ORF1 proteins were generated
based on the breakpoints of previously identified
functional domains, as well as position of putative NLSs
(Fig. 1a). Most of the resulting truncated ORF1 proteins
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were stable as they were detectable by either custom
ORF1p specific antibodies labeled hORF1 or hORF1 201
(Fig. 1a-c) [40, 41, 72] or T7-specific antibodies (Fig. 1a
and d). However, many of the smaller ORF1p fragments,
such as ORF1 1-54 that contains only the NTD, and all
N-terminally truncated proteins lacking the CCD of ORF1p
were undetectable under used experimental conditions.

This deletion analysis revealed that the subcellular dis-
tribution of some of the truncated ORF1 proteins dif-
fered from that of the full-length ORF1p. Our method of
separating the nuclear and cytoplasmic fractions has pre-
viously shown that calregulin (endoplasmic reticulum
marker) affiliates with the cytoplasmic fraction [40],
which can also be seen in this study (Figs. 1, 2, 3, 4).
Additionally, elF3, a component of cytoplasmic stress
granules [73, 74], is detected in the cytoplasmic fraction.
The 1-132 protein containing the NTD and part of the
CCD was detected predominantly in the cytoplasmic
fraction (Fig. la and b) [41]. A noticeable increase in
their nuclear localization was observed for the 1-157
and 1-255 proteins, the latter of which was detected
almost exclusively in the nuclear fraction similar to the
full-length ORF1p (Fig. 1a and b). To test the contribu-
tion of the NTD to this pattern of subcellular
localization, a 53-255 construct was generated (Fig. 1a).
Its subcellular localization was identical to that of the 1—
255 protein (Fig. 1b and c). However, an N-terminally
truncated ORF1 protein lacking the NTD, 53-338, was
detected more strongly in the cytoplasmic compared to
the nuclear fraction (Fig. la and ¢, Additional file 1:
Figure S1). Similarly, an ORF1 protein containing only
the CCD was detected more efficiently in the cytoplas-
mic fraction (Fig. 1a and d, 53-157). In all cases, ORFlp
fragments cannot efficiently localize to the nucleus with-
out the RRM domain. These findings suggest that the
RRM domain may contain sequences influencing subcel-
lular distribution of human ORFlp (Fig. 1b).

Truncated and full-length ORF1 proteins have different

sequence requirements for their subcellular localization

To identify the sequences dictating the varying subcellu-
lar localization of the truncated ORFlp (Fig. la), we
generated a subset of C-terminally truncated ORF1 pro-
teins containing different length of the RRM domain in
order to determine whether the putative NLSs predicted
within the RRM are involved in subcellular localization
of these proteins (Fig. 2a). The two putative monopartite
NLSs are located between AAs 210-215 and 235-238
and overlap with the predicted bipartite NLS that is
located between AAs 202-237. Western blot analysis of
the truncated proteins shows that the removal of the
monopartite pNLS present within aa 235-238 resulted in
minimal change in subcellular localization of the 1-215
protein compared to the 1-239 protein (Fig. 2b, 1-215
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Fig. 2 The nuclear localization of the truncated ORF1 proteins is narrowed down to a 29 amino acid region within the RRM domain. a (top) ORF1
domains are indicated as an N-terminal domain (N), a coiled-coil domain (CCD), and RNA recognition motif (RRM) and a C-terminal domain (CTD).
Positions of domains shown are approximate. The antibody symbol (name above) denotes approximate location of the antibody on the ORF1p.
Putative bipartite nuclear localization signal (Bipartite) is shown in green and putative monopartite nuclear localization signal (monopartite) is
shown in brown. (bottom) Schematic of the truncated and full-length ORF1 constructs. The expected molecular weight of each construct is
listed to the right. The numbers listed on the left represent the position of the site of truncation based on a full-length ORF1p. b Western blot
analysis of truncated human ORF1 transiently transfected in Hela cells. Proteins are separated into nuclear (N) and cytoplasmic (C) fractions.
Human ORF1 protein was detected with human-specific ORF1 polyclonal antibodies (hORF1). Calregulin (cytoplasmic marker) and Lamin A/C
(nuclear marker) are used as loading and cell fractionation controls. Positions of molecular markers are indicated on the right in kDa. Control
indicates cells transfected with empty plasmid

versus 1-239). However, removal of the RRM sequences
containing pNLSs resulted in predominantly cytosolic
localization of the 1-188 protein (Fig. 2b). As partial
removal of the putative bipartite and one of the predicted
monopartite NLSs did not have any effect on subcellular
localization of the 1-239 protein compared to the
full-length ORF1p, we concluded that theses sequences
are not functional NLSs.

To test the contribution of the pNLS at AAs 210-215
to the observed shift in localization, we mutated both
arginines (AAs 210/211) within this putative NLS along
with the adjacent arginine at AA 206 into alanines in
both full length (ORF1IM) and truncated (1-215M)
ORF1p constructs (Fig. 3a). Arginines were chosen for
mutagenesis because they represent conserved amino
acids of a monopartite NLS [63] and because mutation
of all three of these arginines combined has previously
been shown to abolish RNA binding of the full-length
ORFlp [9]. Western blot analysis of the resulting

proteins demonstrated that the mutant 1-215 M protein
with mutations at aa positions 206/210/211 was detected
predominantly in the cytoplasmic fraction compared to
the wildtype 1-215 protein, which is detected in the
nuclear fraction (Fig. 3 b, 1-215 versus 1-215 M). These
findings are consistent with pNLS at AAs 201-215 func-
tion as a monopartite NLS in the context of the trun-
cated 1-215 protein. In contrast, the same mutations in
the full-length ORF1p had no effect on its subcellular
localization (Fig. 3c). Mutations of other putative mono-
partite NLSs beginning at AAs 135 and 235, individually
or in combination in the context of the full-length
ORFlp, did not have any effect on the subcellular
localization of the full-length protein (Additional file 2:
Figure S2). It is important to note that mutation of the
arginine at amino acid 235 has been previously shown to
abolish RNA binding of ORF1p [9]. These findings dem-
onstrate that truncated ORF1 proteins lacking RRM do-
main have different sequence requirements than the
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Fig. 3 Mutation of the putative nuclear localization signal results in a shift of the truncated ORF1p into the cytoplasmic fraction. a (top) ORF1
domains are indicated as an N-terminal domain (N), a coiled-coil domain (CCD), and RNA recognition motif (RRM) and a C-terminal domain (CTD).
Positions of domains shown are approximate. The antibody symbol (name above) denotes approximate location of the antibody on the ORF1p.
Putative bipartite nuclear localization signal (Bipartite) is shown in green and putative monopartite nuclear localization signal (monopartite) is
shown in brown. The red “X" (X) denotes the mutation of the ORF1 R206/R210/R211 amino acid positions into alanine residues. (bottom)
Schematic of the truncated and full-length ORF1 constructs. The expected molecular weight of each construct is listed to the right. The numbers
listed on the left represent the position of the site of truncation based on a full-length ORF1p. b Western blot analysis of truncated and full-
length human ORF1 transiently transfected in Hela cells. Proteins are separated into nuclear (N) and cytoplasmic (C) fractions. Human ORF1
protein was detected with human-specific ORF1 polyclonal antibodies (hORF1). Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker)
are used as loading and cell fractionation controls. Positions of molecular markers are indicated on the right in kDa. Control indicates cells
transfected with empty plasmid. ¢ Western blot analysis of full-length human ORF1 transiently transfected in Hela cells. Proteins are separated
into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was detected with human-specific ORF1 polyclonal antibodies (hORF1).
Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker) are used as loading and cell fractionation controls. Positions of molecular markers
are indicated on the right in kDa. Control indicates cells transfected with empty plasmid

full-length ORFlp for their subcellular localization
and that, although a monopartite pNLS at position
210-215 is sufficient for nuclear localization of a
truncated ORF1 protein, sequences other than pNLSs
must be involved in the nuclear localization of the

Conserved lysines in the RRM and CTD play a role in the
subcellular localization of the full-length ORF1p

In an attempt to determine the redundant amino acid
sequences responsive for full-length ORFlp subcellular
localization (beyond the above characterized pNLSs), we

full-length ORF1p. They also suggest potential redun-
dancy in the sequence requirement for this process in
the full-length ORFlp.

aligned the human and mouse ORFlp to identify con-
served lysine residues. This approach is based on the fact
that charged amino acids such as lysines and arginines
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Fig. 4 Mutation of charged residues in the RRM and CTD of the full-length ORF1 results in a shift of the truncated ORF1p into the cytoplasmic
fraction. a Schematic of part of the RNA recognition motif (RRM) and C-terminal domain (CTD) of ORF1. Positions of domains shown are
approximate. Human ORF1p (top) is aligned to mouse ORF1p (bottom) using Lipman-Pearson method. Black arrows denote the amino acid
position of the lysine residues that were mutated to alanine residues in the human ORF1. The lysine mutant contains all 14 lysine residues (all
black arrows) mutated to alanine residues. b Western blot analysis of full-length human ORF1 transiently transfected in Hela cells. Proteins are
separated into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was detected with human-specific ORF1 polyclonal antibodies
(hORF). Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker) are used as loading and cell fractionation controls. Positions of molecular
markers are indicated on the right in kDa. Control indicates cells transfected with empty plasmid. ¢ Schematic for (d) and (e). Green arrows
denote the amino acid position of the lysine residues that were mutated to alanine residues in the human ORF1. Human ORF1p (top) is aligned
to mouse ORF1p (bottom) using Lipman-Pearson method. Black arrows denote the amino acid position of the lysine residues that were mutated
to alanine residues in the human ORF1. “(5KA)" denotes a construct in which the five residues listed (227,229, 237, 243 and 245) were mutated
from lysine to alanine residues. d Western blot analysis of full-length human ORF1 transiently transfected in Hela cells. Proteins are separated into
nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was detected with human-specific ORF1 polyclonal antibodies (hORF1). Calregulin
(cytoplasmic marker) and Lamin A/C (nuclear marker) are used as loading and cell fractionation controls. Positions of molecular markers are
indicated on the right in kDa. Control indicates cells transfected with empty plasmid. “(5KA)" denotes a construct in which the five residues
(227,229, 237, 243 and 245) were mutated from lysine to alanine residues (227,229, 237, 243 and 245). e Western blot analysis of full-length
human ORF1 transiently transfected in Hela cells. Proteins are separated into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was
detected with human-specific ORF1 polyclonal antibodies (hORF1). Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker) are used as
loading and cell fractionation controls. Positions of molecular markers are indicated on the right in kDa. Control indicates cells transfected with
empty plasmid. “(5KA)” denotes a construct in which the five residues (227,229, 237, 243 and 245) were mutated from lysine to alanine residues
(227,229, 237, 243 and 245) in addition, other residues that were also mutated in the construct are listed above each lane
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are characteristic of non-canonical NLSs that typically
rely on charge rather than sequence. Mouse and human
ORF1p were chosen because they have been previously
demonstrated to share structural and functional similar-
ities [75, 76]. This analysis identified 14 lysines within
the RRM and CTD that are conserved between mouse
and human ORF1 proteins (Fig. 4a). These lysines iden-
tified in in the human ORFlp are conserved in the
mouse ORF1p as either lysines or a biochemically simi-
lar amino acid [77]. We chose to mutate these residues
because stretches of charged amino acids are typical of
noncanonical NLSs [63—65]. Mutation of all 14 lysines
into alanines dramatically shifted ORF1p localization
from the nucleus to the cytoplasm (Fig. 4b). In order to
assess the involvement of these lysine residues in the
subcellular localization of ORFlp, we successively mu-
tated 5 lysines within the RRM domain of a WT ORFlp
into alanines to determine the effects of accumulated
mutations (Fig. 4d). ORF1 proteins containing up to 5
mutated lysine residues (a group of mutants entitled
“2-5KA”) exhibited little difference in subcellular
localization relative to the wild type full-length ORF1p
(Fig. 4c and d). However, 5KA ORF1 proteins containing
additional mutations in either and/or both downstream
mutant pairs (K272/274A, K295/300A) were detected
predominantly in the cytoplasmic fraction and were
expressed at significantly reduced levels compared to the
wild type or 2-5KA ORF1 proteins (Fig. 4e). The fact
that mutation of five lysines had no effect on the subcel-
lular localization of the full-length ORF1p, but introduc-
tion of two independent sets of additional lysine
mutations did, demonstrates redundancy in lysines
required for ORF1lp nuclear localization. This finding
also suggests that there may be a critical number of
charged amino acids needed for ORFlp localization to
the nucleus.

Analysis of the residues crucial for ORF1p localization
show high conservation. Alignment of the ORF1 RRM
and CTD between L1PA1-8 and mouse L1 ORF1 show
high conservation of the three arginine (Fig. 3) and 14
lysine (Fig. 4) residues shown to be crucial for truncated
ORF1p and full-length ORFlp subcellular localization,
respectively (Additional file 3: Figure S3). Two of the
three arginines (human ORF1p aa 206 and 211) are con-
served between L1PA1-8 and mouse L1s and the third
arginine (human ORFlp aa 210) is conserved among L1
subfamilies and appears as a lysine in the mouse ORF1
protein (Additional file 3: Figure S3). Additionally, seven
out of 14 lysines are conserved within L1 subfamilies
and seven out of 14 lysines are conserved in mouse L1
ORF1. All arginine and lysine substitutions are for bio-
chemically similar amino acids [77]. Additionally, an
analysis of ORF1 sequences from genomic full-length
L1s [78] (primarily L1Hs subfamily) not surprisingly
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show high conservation of these residues among differ-
ent L1Hs loci (Additional file 1).

The lysine residues of RRM and CTD of the human ORF1p
are involved in its interaction with flag-tagged KPNA2

To determine whether mutation of lysine residues abol-
ishes previously reported ORFlp association with
nuclear pore complex proteins, specifically KPNA2 [56],
we performed co-immunoprecipitation experiments.
We confirmed the previously reported interaction
between flag-tagged ORFlp and untagged KPNA2
(Additional file 4: Figure S4A). Flag-tagged ORFl1p as-
sociates with both endogenous and overexpressed
KPNA2. As expected, flag-tagged ORFlp associates
with endogenous KPNB1 as well (Additional file 4:
Figure S4A). Co-immunoprecipitation analysis of over-
expression of both flag-tagged ORF1p and wild type
KPNBI1 further confirms this association (Additional
file 4: Figure S4B). Overexpression of KPNA2 in-
creased the KPNA2 (but not KPNB1) signal in the
co-IP fraction.

Co-immunoprecipitation using lysates from cells tran-
siently transfected with plasmids containing sequences
to express flag-tagged KPNA2 protein and untagged,
wildtype or mutant, ORF1 proteins demonstrates that
the loss of 14 lysines resulted in a 5-fold reduction in
the levels of pulled ORF1 protein compared to the wild
type ORF1p (Fig. 5a and b, ttest, p = 0.026).

RNase treatment significantly decreases the extent of
interaction between human ORF1p and flag-tagged
KPNA2

In order to determine whether the KPNA2-ORFlp
interaction is RNA-mediated, we performed a co-immu-
noprecipitation assay of transiently co-transfected
FLAG-tagged KPNA2 and ORFlp followed by RNase
treatment as previously described [56] (Fig. 5¢). The
RNase treatment greatly diminishes the KPNA2-ORF1p
interaction, consistent with previous reports [56]. How-
ever, over 10% of these interactions persist even in the
presence of RNase (Fig. 5d).

Overexpression of both KPNA2 and KPNB1 increases L1
retrotransposition in Hela cells

After identifying specific amino acids in the human
ORFlp that influenced ORFlp subcellular localization
and are involved in association with KPNA2 and
KPNBI, we sought to determine the effects of these pro-
teins on L1 retrotransposition in HeLa cells as it was
previously reported in HEK293T cells [56]. We used an
engineered L1 reporter construct containing a reverse
complimentary neomyocin-resistance reporter gene to
detect de novo L1 insertion events [11]. In parallel, we
transfected these test proteins in separate flasks to
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determine the effect of these proteins on cell viability
(Additional file 5: Figure S5). These results are then
adjusted to account for any resulting negative impact
on cell viability. Though transfection of either
KPNA2 or KPNB1 alone with the L1 reporter
construct did not produce a notable change in L1
retrotransposition, co-transfection of both import
proteins significantly increases L1 retrotransposition
(Fig. 6, ttest, p value=<.0001). This is consistent
with our co-IP result demonstrating that overexpres-
sion of KPNA2 alone did not increase the signal
from endogenous KPNB1 (Additional file 4: Figure S4A).
This is in accordance with their biological functions, as
these proteins function as interacting partners for nuclear
localization of the complex [62]. Though a greater than 2x
increase in retrotransposition is seen between wildtype
and co-transfection of both import proteins, these results
are likely dulled by the high amounts of endogenous
KPNA2 and KPNB1 in HeLa cells (Additional file 4:
Figure S4A, CONTROL input lane).

Because a statistically significant decrease in L1 retro-
transposition upon overexpression of KPNA2 in
HEK293T cells was reported [56], but our studies detected
an increase in retrotransposition in HeLa cells, we sought
to compare mRNA expression of nuclear pore genes
between the two cell lines. A comparison of RNA seq per-
formed using RNA from the HeLa cell line used in the
above retrotransposition assays [79] and publicly available
RNA seq data for HEK293T cells shows a variation in the
levels of KPNA2 and KPNB1 mRNA expression (FPKM)
between these cell lines. The levels of these KPNA2
transcripts corresponded to the reported KPNA2 protein
levels in these cell lines (https://www.novusbio.com/
PDFs3/NBP2-52501.pdf). This analysis also determined
that other members of KPNA family are expressed in both
cell lines suggesting a possibility of a complex, potentially
tissue-specific, interplay in their involvement in nuclear
transport. Based on our RNA-seq analysis, we were unable
to make informative conclusions as to whether the com-
position of expressed KPNA genes is directly responsible
for the observed differences in L1 retrotransposition upon
KPNA2 and KPNBI1 overexpression. As many differences
between cell lines exists, it is possible that the observed
effect on L1 retrotransposition in each cell line is not due
to the increase in the direct interaction between ORF1p
with the nuclear pore proteins, but rather because of a
secondary effect of KPNA2/KPNB1 overexpression on
nuclear transport of host proteins that may facilitate or
suppress L1 mobilization.

ORF1p interacts with other members of the KPNA family
of proteins

Analysis of RNA-Seq datasets generated using HeLa or
HEK 293 T cells determined that these cells support
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expression of KPNA1-6 mRNA (Additional file 6: Table
S1). To investigate whether other KPNA family members
associate with human ORFlp (Fig. 6), we performed
co-immunoprecipitation using cells co-transfected with a
plasmid expressing one of the flag-tagged KPNA1-6
proteins and a plasmid expressing untagged ORFlp.
Although the flag-tagged KPNA proteins were expressed
at different levels, they all associated with the human
ORF1p to varying degrees (Fig. 7).

Discussion

L1 retrotransposition requires L1 mRNA and its associ-
ated proteins to function in both the nuclear and cyto-
plasmic cellular compartments [6]. The
retrotransposition process begins with L1 mRNA tran-
scription in the nucleus and continues with its transla-
tion in the cytoplasm [80, 81]. The two resulting
proteins, ORF1p and ORF2p, associate with their paren-
tal mRNA (termed cis preference) in the cytoplasm,
forming the L1 RNP [11, 14, 15], which is considered to
be a retrotransposition intermediate. The L1 RNP gains
access to DNA through a poorly understood mechanism
and undergoes TPRT, a process of reverse transcribing
L1 mRNA and creating a novel L1 insert in the genome
[23, 24]. We have previously reported the existence of
L1 loci in the human genome that contain stop codons
in their ORF1 sequence. We demonstrated that
full-length ORF1p as well as several of these truncated
proteins suppress retrotransposition of engineered hu-
man L1. These findings support that in addition to un-
derstanding of ORFlp contribution to the subcellular
localization of L1 RNPs, there is also a need to under-
stand subcellular trafficking of non-specific ORFlp
complexes.

Understanding the function of L1 proteins in different
cellular compartments is complicated by the fact that
endogenous L1 expression is very low, thus L1 proteins
are rarely detected in normal cells [37, 82]. However, a
recent publication reported detection of endogenous L1
ORFlp in the nucleus [44]. An increase in expression of
L1 ORF1 protein is detected in some human cell lines,
germ cells, and in a variety of tumor samples from
cancer patients [28, 33-37]. Specifically, it has been re-
ported that nuclear ORFlp signal correlates with poor
prognosis in breast cancer patients [38, 39]. These find-
ings support that discovering mechanisms involved in
trafficking of L1 ORFlp inside host cells may be useful
for better understanding its contribution to the steps of
the L1 life cycle that take place in different cellular com-
partments. Studies using western blot analysis and
immunohistochemistry have shown that ORFlp
localization, both endogenous and overexpressed, could
vary depending on cell lines and tumor types, implying a
possibility that these differences may be important for
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L1 progression through its amplification steps [40—44].
Tagged ORF1p has been shown to vary in its localization
patterns from the untagged ORFlp [40, 41, 69] and sev-
eral tagged ORF1p versions significantly reduced or even
abolished L1 retrotransposition in human cell lines [22].
Results collected using immunohistochemistry and tran-
sient transfections of C-terminally GFP-tagged ORFlp
(ORF1p-GFP) in 143Btk- and 293 T cells, show that a
GFP-tagged full length ORFlp is largely cytoplasmic.
Truncation analysis of ORF1p-GFP determined that the
N-terminal third of the human ORF1p (consisting of the
NTD and part of the CCD) is important for cytoplasmic
retention of the protein. The same analysis indicated
that a sequence downstream of the N-terminal third of
ORF1p may be important for nuclear localization of the
ORF1p-GFP protein [69].

With the development of antibodies that directly de-
tect ORFlp, it is now possible to study subcellular
localization of untagged ORF1p [39-41, 44, 70, 72]. We
and others have reported that untagged human and
mouse ORFlp transiently transfected in human or
mouse cells are detected in both the cytoplasmic and
nuclear fractions [16, 40, 42, 44]. Additionally, we have
reported a difference in the subcellular localization of
the full-length and some C-terminally truncated ORF1
proteins [41], suggesting that it is possible to identify se-
quences within the ORF1 protein that may be dictating
its subcellular localization without any potential interfer-
ence from a tag. Interestingly, untagged truncated
ORF1p protein containing only the NTD, the RRM, or
the CTD were not stable in our system (Fig. 1), suggest-
ing that the addition of a tag in previous studies may
stabilize certain ORFlp fragments. Using a truncation
approach similar to the previously reported one [69],
combined with systematic mutation analysis of putative
NLSs predicted in the human ORFlp sequence, we de-
termined that charged amino acids in the RRM and
CTD of the human ORFlp are required for its detection
in the nuclear fraction of HeLa cells. In addition, our re-
sults show a substantial difference in the amino acid

requirements for nuclear localization of the full length
ORF1p and the truncated 1-215 proteins. The wild type
full-length ORF1p and the 1-215 proteins are predom-
inantly nuclear (Figs. 3 and 4). The fact that the two
arginine residues at positions 261 and 262 that are
essential for RNA binding are missing in the 1-215 pro-
tein supports that its subcellular localization is not
dependent on RNA-binding. The difference in the
behavior of mutant forms of these two proteins is exem-
plified by the cytoplasmic localization of the 1-215M
protein and the nuclear localization of the ORF1M pro-
tein (Fig. 3b vs c), both containing the triple arginine
mutation within the RRMThis difference could be
explained by the redundancy of the sequences contribut-
ing to the nuclear localization of the full-length construct,
which is most likely present in the ORF1p portion that is
absent within the 1-215 construct (Fig. 3a). This portion
of the protein contains multiple charged amino acids that
could be important for nuclear localization. It is also
possible that structural changes due to truncation may be
a contributing factor to the differences in subcellular
localization, as the truncated 1-215 construct is unlikely
to bind RNA.

This observation, combined with the fact that muta-
tions introduced to disrupt putative canonical NLSs
identified in the ORF1p sequence did not result in any
changes in ORF1p subcellular localization, led us to
consider a possibility that noncanonical NLSs within
the RRM and/or CTD may be involved. A noncanoni-
cal NLS depends on regional charge and 3D structure
as opposed to amino acid sequence specificity. While
canonical NLS sites contain a rigid amino acid se-
quence, a nonspecific cluster of basic residues that
comprise a noncanonical NLS can also bind to import
proteins [63—65].

Guided by this information, we determined that muta-
tion of 14 lysines present in the RRM and CTD is suffi-
cient to eliminate detection of ORFlp in the nuclear
fraction of HeLa cells. Site-directed mutagenesis of five
of these amino acids (K227, K229, K237, K243, and
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K245) in the RRM domain, individually or in combin-
ation, determined that mutation of this initial cluster of
lysines does not substantially affect subcellular
localization of human ORFlp. Mutation of these 5
lysines and two additional non-identical downstream
lysines severely inhibits nuclear localization of ORFlp
(Fig. 4), suggesting there may be a critical number of
these charged amino acids that confer ORFlp presence
in the nuclear fraction. Additionally, as discussed above,
elimination of three arginines in the 1-125 construct,
R206, R210, and R211, led to detection of the truncated,
but not the full-length, ORFlp predominantly in the
cytoplasmic fraction of Hela cells (Fig. 3b). Interestingly,
our previous work demonstrated that cytoplasmic vari-
ants of truncated ORF1p could be shuttled into the nu-
cleus by the wild type full-length ORFlp [41],
suggesting that they are incorporated into the ORF1p
trimers or there is some form of cooperation between
trimers composed of the full-length ORF1p and those
formed by the truncated proteins that facilitates their
excess to the nucleus.

Identification of sequences within the human ORFlp
that alter its subcellular localization and that are consist-
ent with the features of a non-canonical NLS supports is
consistent with the reported interaction between ORF1p
and nuclear pore proteins. While ORFlp interaction
with KPNA2 has been previously shown with mass
spectrometry and co-immunoprecipitation [56], our re-
sult has identified ORF1p sequence requirements for this
interaction. ORF1p containing mutations of 14 lysines
and exhibits cytoplasmic localization also loses its inter-
action with import proteins KPNA and KPNB as
demonstrated by co-IP analysis (Fig. 5). We also demon-
strate that co-transfection of both KPNA2 and KPNB1
significantly increases L1 retrotransposition in Hela cells,
though it is unclear as to whether this effect is due
exclusively to their impact on ORF1lp or other cellular
factors that may influence L1 retrotransposition (Fig. 6).
Our co-IP approach also demonstrates an association of
ORF1p with other KPNA family proteins (Fig. 7) and
RNA-seq analysis determined that different members of
the KPNA family are co-expressed, suggesting that there
may be redundancy or a cell type-specificity in the
ORFl1p interaction with the nuclear pore complexes.

Previous immunoprecipitation studies have shown a
significant decrease in interaction between flag-tagged
ORF1p and KPNA2 after RNase treatment, indicating a
role for nucleic acid binding for the association between
ORF1p and the KPNA family of import proteins [56].
The three conserved arginines within the RRM (AAs
206/210/211) that were mutated in our study have been
previously shown to abolish RNA binding of the
full-length ORFlp, but their mutation does not affect
subcellular localization of the protein (Fig. 3C).
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Mutation of the arginine at position 235 within the
RRM has also been previously shown to abolish RNA
binding [9], however, a full-length ORF1p containing this
mutation, as well as mutation of amino acids 236-238,
behaves similar to the wild type protein regarding its
subcellular localization (Additional file 2: Figure S2B).
Additionally, many amino acids essential for ORFlp
RNA binding are removed in the truncated 1-215 con-
struct, yet this truncated protein is detected in the nu-
cleus. Combined, these findings support that RNA
binding ability of the human ORFlp may not be re-
quired for its nuclear localization, but rather suggest the
possibility that both RNA bound and unbound ORFlp
can interact with the nuclear pore proteins [9, 50, 83,
84].

To test this possibility experimentally, we used RNase
treatment that was previously reported to disrupt ORF1p
interactions with some cellular factors, including
KPNA2. The significant loss of KPNA2 ORFlp inter-
action upon RNase treatment (Fig. 5¢ and d) is in agree-
ment with the previous report [56]. This result supports
a possibility that the interaction between these two
proteins is indirect and completely RNA-dependent with
an incomplete RNA digest being an explanation for the
remaining ORF1p signal. This is, however, unlikely as
our method of RNase treatment has been previously
shown to completely diminish RNA-mediated interac-
tions [56]. Alternatively, the abundance of ORF1p within
ORF1p:RNA complexes with only some ORF1p mole-
cules interacting with KPNA2 at any given time may
explain the observed significant loss of KPNA2-ORFlp
interaction. If a small fraction (10% based on Fig. 5¢ and
d) of ORFlp trimers mediate a direct KPNA2-ORFlp
interaction at any given time, it is likely that the entire
ORF1p-RNA-containing complex is then pulled down
with KPNA2 in our experiment. Based on this possibil-
ity, RNase treatment would decrease the ORFlp signal
by leaving only trimers directly bound to KPNAZ2.
Therefore, it is possible that it is these trimers that are
bound directly to KPNA2 that we detect in the RNase
treated FLAG-tagged KPNA2 pulldown.

High conservation of the residues mediating ORF1p
localization is seen in alignments of human/mouse inter-
species ORF1 sequences, L1PA1-8 subfamilies, and 134
L1Hs loci sequences (Fig. 5, Additional file 3: Figure S3,
Additional file 7). This suggests a possible selective
pressure in conserving the three arginine (Fig. 3) and 14
lysine (Fig. 4) residues shown to be crucial for truncated
ORFlp or full-length ORFlp subcellular localization,
respectively. The high conservation seen throughout the
RRM and CTD (Fig. 4a) could be due to the importance
of these domains for both previously identified RNA
binding [9] and herein reported nuclear localization.
Our finding that as many as seven lysine residues need
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to be mutated in order to affect full-length ORF1p sub-
cellular localization, while mutations of only two or
three charged amino acids abolish ORF1p RNA binding
support that there may be a positive selection for these
lysines due to their involvement functionally or structur-
ally in nuclear localization of ORFlp present either in
the L1 RNPs or non-specific ORF1p complexes.

Conclusions

The prediction of NLS sequences suggested that specific
sequences within ORFlp could be responsible for its
subcellular localization by interacting with nuclear bind-
ing proteins. The authors have identified specific
charged amino acids in the C-terminal end of ORFlp
that mediate this property (functionally or structurally),
show high conservation between human and mouse
ORF1p, and interact with KPNA2 protein, which is a key
component of the cellular nuclear pore complex.
Mutated ORF1p with cytoplasmic localization constructs
lose their interaction with nuclear pore proteins, a find-
ing consistent with these charged residues functioning
as a noncanonical NLS or introduce structural changes
that prevent proper protein-protein interactions. Muta-
tion and deletion analyses demonstrate that the full
length ORFlp and truncated ORFlp have different
amino acid requirements for subcellular localization,
which may have differential impact on non-specific
ORF1p complexes. An increase in L1 retrotransposition
upon overexpression of KPNA2 and KPNB1 in HeLa cells
combined with our finding of a novel association between
ORF1lp and other KPNA family proteins suggest that
some redundancy in ORFlp nuclear pore interactions
may exist in a tissues- or cell type-specific manner.

Materials and methods

Generation of ORF1-containing plasmids

The 1-54 (54co), 1-132 (132co), 1-157 (157co), 1-255
(255co0) and CCD (53-157co) constructs were previously
described [41], Lysine mutant (ORF1 ub) construct was
previously described [72]. These sequences were sub-
cloned into the pBud plasmid (Invitrogen) using HindIII
and BamHI restriction endonucleases.

Cell culture
HeLa cells were cultured as previously described [85].

Transfection

HeLa cells were seeded at 2 x 10° cells per T75 flask and
transfected 16-18h later with 3pg of expression
plasmids containing codon-optimized ORF1 sequence.
Plus reagent (6 pl) (Invitrogen) and lipofectamine (12 pl)
(Invitrogen) were used in the transfection reaction in
serum-free media. Serum-free media was replaced with
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serum-containing media 3 h after transfection and cells
were harvested 24 h later.

Protein harvest for western blot analysis

Cells were washed with 1X PBS (137 mM NaCl
(Sigma S9888), 2.7nM KCl (Sigma P4505), 10 mM
Na2HPO4 (Sigma S3264) and 2 mM KH2PO4 (Sigma
P9791), pH =7.4) and harvested using 500 pl of TLB
(50 mM Tris, 150 mM NaCl, 10 mM EDTA, TritonX-
100 0.5% v/v, Halt Protease inhibitor 10 pl/mL,
phosphatase inhibitors 2 and 3 (Sigma), pH=7.2)
buffer per T75 flask. The samples were centrifuged
at 21130xg for 15min at 4-degrees Celsius. The
supernatant was transferred to a new microcentri-
fuge tube (this is the cytoplasmic fraction). The
remaining nuclear pellet in the microcentrifuge was
gently washed three times with 200ul of TLB buffer.
The nuclear pellets were lysed with TLB SDS, (50 mM
Tris, 150 mM NaCl, 10 mM EDTA, 0.5% sodium dode-
cyl sulfate, TritionX 0.5%, pH =7.2) and the nuclear
lysate samples were sonicated three times for 10s at
12 watts RMS using a 3 mm wide Qsonica Microson
homogenizer with Microson ultrasonic cell disruptor
XL2000 (Microson). Samples were centrifuged at
21130xg for 15 min at 4-degrees Celsius. The resulting
supernatant was transferred to a new microcentrifuge
tube. This supernatant is the nuclear fraction. The
protein concentration for each sample was determined
using 595 nm wavelength OD values against a Bovine
Serum Albumin (BSA) standard.

Western blot analysis

15-40 pg of protein for each sample was combined
with 2x Laemmli buffer to obtain the final concentra-
tion of 1X, 1.6 ul P-mercaptoethanol and heated at
100-degrees Celsius for 5min prior to loading.
Equivalent amounts of protein were loaded in the nu-
clear and cytoplasmic fractions when applicable. Sam-
ples were fractionated on a Bis-Tris 4-12% Midi gel
(Invitrogen) and transferred to a nitrocellulose mem-
brane (iBlot2 system: Invitrogen). The membrane was
first incubated for 1h in the 5% milk/PBS-Tween buffer
(0.1% v/v Tween 20 (Sigma P2287), 137 mM NaCl (Sigma
S9888), 2.7 nM KCI (Sigma P4505), 10 mM Na2HPO4
(Sigma S3264) and 2 mM KH2PO4 (Sigma P9791), pH =
74), and then overnight at 4-degrees Celsius with 1:5000
dilution of hORF1 (custom polyclonal rabbit antibody:
TGNSKTQSASPPPK) antibody or 1:5000 dilution of
hORF1 201 (custom polyclonal rabbit antibody:
QRTPQRYSSRRATP) antibody or 1:15000 T7-tag (Cell Sig-
naling; D9E1X) or 1:1000 elF3n antibody (Santa Cruz;
sc-16,377) or 1:10000 FLAG antibody (Cell Signaling;
#2368) or 1:1000 KPNB antibody (Cell Signaling; E1F1E)



Freeman et al. Mobile DNA (2019) 10:20

antibody in 3% milk/PBS-Tween buffer. Following the over-
night incubation, the membranes were washed for 5 min 3
times with PBS-Tween buffer, and incubated at room
temperature for 1h with 1:5000 dilution of horseradish
peroxidase-conjugated secondary antibodies (HRP-donkey
anti-rabbit (Santa Cruz: sc2317) or HRP-goat anti-mouse
(Santa Cruz: sc2031)) in 3% milk/PBS-Tween buffer. The
membranes were washed one time for 15min with
PBS-Tween buffer then twice for 5min with PBS-Tween
buffer. The development was done using a 5-min incuba-
tion with a Bio-Rad Clarity Kit (Bio-Rad 1,705,061). The
signal was detected using a Chemi-Doc XRS+ Molecular
Imager (Bio-Rad). GAPDH antibodies (Santa Cruz:
sc-25,778, 1:5000 dilution) and Lamin A/C (Santa Cruz
7293, 1:1000 dilution) were used as a fractionation and
equal loading controls.

Co-immunoprecipitation

Adapted from Sokolowski et al. [41] Transfection for
Co-immunoprecipitation: 2 x 10° HeLa cells per T75
flask were seeded 16—-18h prior to transfection. The
cells were co-transfected with 3 pg of either a control
(pBud) or a test plasmid and 3 pg of either control
(pBud) or another test plasmid using 12 pl of Plus re-
agent in the total volume of 200 pl of serum-free media.
After 10 min of incubation at room temperature, 24 ul of
Lipofectamine mixed with 76 pl of serum-free DMEM/
High Glucose media was added to the reaction. The
transfection cocktail was incubated for 15 min at room
temperature and transferred into individual flasks con-
taining 6 mL of serum-free DMEM/High Glucose media.
3 h post transfection, the media was replaced with 8 mL
of serum containing media. Cells were harvested ap-
proximately 24 h post transfection. Protein harvest for
Co-immunoprecipitation: Cells were washed with 1X
PBS (137 mM NaCl (Sigma S9888), 2.7 nM KCl (Sigma
P4505), 10 mM Na,HPO, (Sigma S3264) and 2mM
KH,PO, (Sigma P9791), pH =7.4) and harvested using
500 ul of TLB lysis buffer (50 mM Tris, 150 mM NaCl,
10 mM EDTA, TritonX-100 0.5% v/v, Halt Protease in-
hibitor 10 pl/mL, phosphatase inhibitors 2 and 3
(Sigma), pH =7.2) per T75 flask. Samples were centri-
fuged at 18407xg for 15 min at 4-degrees Celsius. The
resulting supernatant was transferred to a new micro-
centrifuge tube (input). When applicable, input was split
in two tubes, one of which contained 2 pl of RNaseA
(ThermoFisher EN0531). The following steps were car-
ried out at 4-degree Celsius. 40 pl of flag resin (Anti-Flag
M2 Affinity Gel Sigma A2220) was centrifuged at
8200xg for 30's, and 1 min incubation prior to removing
the supernatant of the resin. The resin was washed twice
using 500 ul of TBS (50 mM Tris HCL,150 mM NaCl, 1
mM EDTA, 1% Triton X-100 v/v, pH = 7.4). 200 ul of the
protein sample was combined with 800 ul of TBS buffer
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incubated with the prepared flag resin overnight at
4-degrees Celsius on a revolving platform. The following
day, the mixture was centrifuged at 8200xg for 30 s. The
supernatant was removed and the resin was washed
three times with 500 ul of TBS. After the washes, the
remaining protein was eluted by incubation at
100-degrees Celsius for 3 min in 20 pl of 2X sample buf-
fer (125mM Tris HClL, 4% SDS, 20% (v/v) glycerol,
0.004% bromophenol blue, pH = 6.8). The eluted samples
were centrifuged for 30 s at 8200xg and the supernatant
was used for western blot analysis (the co-IP fraction).

L1 Retrotransposition assay

Adapted from Sokolowski et al. [41] 5x 10°> HeLa cells
per T75 flask were seeded 16—-18 h prior to transfection.
The cells were co-transfected with 0.1 pug of L1Neo plas-
mid and 0.2 ug of KPNA2 and/or KPNB1 plasmid and
control plasmid (pBud) up to 0.5pg total using 4 pl of
Plus reagent in the total volume of 200 pl of serum free
media. In parallel, results were normalized to toxicity of
test plasmids by setting up identical transfection
replacing 0.1 ug of L1Neo plasmid with 0.1 pg of control
plasmid. After 10min of incubation at room
temperature, 8 pl of Lipofectamine mixed with 92 ul of
serum-free DMEM/High Glucose media was added to
the reaction. The transfection cocktail was incubated for
15 min at room temperature and transferred into indi-
vidual flasks containing 6 mL of serum-free DMEM/
High Glucose media. 3h post transfection, the media
was replaced with 10 mL of serum containing media.
400 pg/mL of G418 (Geneticin, Invitrogen: 10131-027)
was administered 24 h post transfection and maintained
for up to 14 days with media changes every 2-3 days.
The flasks were stained with 3 mL of crystal violet stain-
ing solution (0.2% crystal violet (Sigma C6158), 5% acetic
acid (Fisher Scientific A38-212), 2.5% isopropanol
(Fisher Scientific BP2632-4)) per flask.

RNA-Seq data generation
HeLa cells RNA seq data comes from data set as previ-
ously described [79]. HEK293T cells RNA seq data
comes from data set publically available through NCBI
SRA (SRR1182596). RSEM analysis was used to calculate
FPKM expression values.

ORF1p amino acid alignment

Amino acid sequence alignment performed using MegA-
lign software (DNASTAR v. 10.0.1). Sequences aligned
using either Lipman-Pearson method (Fig. 4 and Additional
file 3: Figure S3) or clustal W method (Additional file 7)
relative to the human ORF1p L1PA1 sequence.
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Additional files

Additional file 1: Figure S1. Quantification of Fig. 1. Quantification of
Fig. 1C. Error bars show standard deviation determined using data from 2
independent experiments (¥, p <.05). (TIF 83 kb)

Additional file 2: Figure S2. Mutation of the putative monopartite
nuclear localization signal in ORF1. AORF1 domains are indicated as an
N-terminal domain (N), a coiled-coil domain (CCD), and RNA recognition
motif (RRM) and a C-terminal domain (CTD). Positions of domains shown
are approximate.The antibody symbol (name above) denotes
approximate location of the antibody on the ORF1p. Putative bipartite
nuclear localization signal (Bipartite) is shown in green and putative
monopartite nuclear localization signal (monopartite) is shown in brown.
The red “X" (X) denotes the mutation of the listed amino acid positions,
on the left, into alanine residues. The expected molecular weight of each
construct is listed to the right. B. Western blot analysis of full-length
human ORF1 transiently transfected in Hela cells. Proteins are separated
into nuclear (N) and cytoplasmic (C) fractions. Human ORF1 protein was
detected with human-specific ORF1 polyclonal antibodies (hORF1).
Calregulin (cytoplasmic marker) and Lamin A/C (nuclear marker) are used
as loading and cell fractionation controls. Positions of molecular markers
are indicated on the right in kDa. Control indicates cells transfected with
empty plasmid. (TIF 219 kb)

Additional file 3: Figure S3. Conservation of residues important for
ORF1p localization between mouse and human L1 subfamilies. Schematic
of part of the RNA recognition motif (RRM) and C-terminal domain (CTD)
of ORF1. Positions of domains shown are approximate. Human ORF1p
LTPA1-8 (top) is aligned to mouse ORF1p (bottom) using Lipman-
Pearson method. Yellow stars denote the amino acid position of the
arginine residues and purple stars denote the amino acid position of the
lysine residues that were mutated to alanine residues in the human
ORF1. Boxed residue indicate amino acids different from L1PAT ORF1. (TIF
971 kb)

Additional file 4: Figure S4. Flag-tagged ORF1p forms import complex
with KPNA2 and KPNB1 import proteins. A. HeLa cells were transiently co-
transfected with plasmids containing FLAG-ORF1p and/or KPNA2. Co-
Immunoprecipitation was performed with Anti-FLAG beads. Western blot
analysis was performed using KPNA2 antibodies, KPNB1 antibodies, Anti-
FLAG antibodies, and GAPDH loading control antibodies. Red boxes
indicate FLAG-tagged proteins. Control indicates transfection with an
empty plasmid. B. Hela cells were transiently co-transfected with
plasmids containing FLAG-ORF1p and/or KPNA2. Co-Immunoprecipitation
was performed with Anti-FLAG beads. Western blot analysis was performed
using KPNB1 antibodies, Anti-FLAG antibodies, and GAPDH loading control
antibodies. Red boxes indicate FLAG-tagged proteins. Control indicates
transfection with an empty plasmid. Three micrograms of each plasmid was
transfected unless otherwise indicated by (#). (TIF 512 kb)

Additional file 5: Figure S5. Toxicity assay of KPNA2 and/or KPNBT in
Hela cells. Toxicity determined by co-transfection of KPNA2 and/or
KPNB1 with a plasmid expressing neomycin resistance gene. Average
number of colonies are indicated for each transfection condition. Error
bars show standard deviation determined using data from 3 independent
experiments (**, p <.01; ****, p <.0001). (TIF 55 kb)

Additional file 6: Table S1. Expression profile of import genes in
HEK293T cells and Hela cells. Expression profiles for Hela cells were
determined using RNA-seq dataset79. Expression profiles for HEK293T
cells were determined using RNA-seq data publically available through
NCBI SRA (SRR1182596). Data calculated as fragments per kilobase of
transcript per million mapped reads (FPKM). (TIF 140 kb)

Additional file 7: Alignment of ORF1 sequences from genomic L1s.

Alignment performed using clustal W method relative to the human
ORF1p L1PA1 sequence. (PDF 75 kb)

Abbreviations

CCD: Coiled coil domain; CTD: C-terminal domain; L1 or LINE- 1: Long
interspersed element 1; NLS: Nuclear localization signal; NTD: N-terminal
domain; ORF: Open reading frame; RNP: Ribonucleoprotein; RRM: RNA
recognition motif; TPRT: Target-primed reverse transcription

Page 15 of 17

Acknowledgements

The authors would like to thank all members of the Consortium of Mobile
Elements at Tulane (COMET), especially Dawn deHaro, for advice, guidance,
and critical thinking.

Funding

This work was supported in part by the Louisiana State Board of Regents
Graduate Research Fellowship to BF and MS; VPB is supported by RO1
AG057597 (NIH/NIA), R21AG055387 (NIH/NIA), R21 ES027797 (NIH/NIEHS),
and Brown Foundation.

Availability of data and materials
The dataset(s) supporting the conclusions of this article is(are) included
within the article (and its additional file(s)).

Authors’ contributions

VPB and MS conceived the idea; VPB, MS, MES, and BF designed and
performed experiments and analyzed collected data. MS, BF, and ARE
generated ORF1p mutants. BF, MS, and VPB wrote the manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Structural and Cellular Biology, Tulane University School of
Medicine, Tulane Cancer Center, Tulane Center for Aging, New Orleans, LA
70112, USA. “Department of Epidemiology, School of Public Health and
Tropical Medicine, Tulane Cancer Center, Tulane University, New Orleans,
Louisiana 70112, USA.

Received: 20 October 2018 Accepted: 10 April 2019
Published online: 06 May 2019

References

1. Treangen TJ, Salzberg SL. Repetitive DNA and next-generation sequencing:
computational challenges and solutions. Nat Rev Genet. 2011;13(1):36-46.
https://doi.org/10.1038/nrg3117.

2. Cordaux R, Batzer MA. The impact of retrotransposons on human genome
evolution. Nat Rev Genet. 2009;10(10)691-703. https://doi.org/10.1038/nrg2640.

3. Belancio VP, Hedges DJ, Deininger P. Mammalian non-LTR retrotransposons:
for better or worse, in sickness and in health. Genome Res. 2008a;18:343-58.

4. Ivancevic AM, Kortschak RD, Bertozzi T, Adelson DL. LINEs between
species: evolutionary dynamics of LINE-1 retrotransposons across the
eukaryotic tree of life. Genome Biol Evol. 2016;8(11):3301-22. https://doi.
0rg/10.1093/gbe/evw243.

5. Brouha B, Schustak J, Badge RM, et al. Hot L1s account for the bulk of
retrotransposition in the human population. Proc Natl Acad Sci U S A. 2003;
100(9):5280-5. https.//doi.org/10.1073/pnas.0831042100.

6. Ostertag EM, Kazazian HH Jr. Biology of mammalian L1 retrotransposons.
AnnuRevGenet. 2001;35:501.

7. Swergold GD. Identification, characterization, and cell specificity of a human
LINE-1 promoter. Mol Cell Biol. 1990;10(12):6718-29.

8. Moran JV, DeBerardinis RJ, Kazazian HHJ. Exon shuffling by L1
retrotransposition. Science. 1999;283:1530-4.

9. Khazina E, Truffault V, Buttner R, Schmidt S, Coles M, Weichenrieder O.
Trimeric structure and flexibility of the LIORF1 protein in human L1
retrotransposition. Nat Struct Mol Biol. 2011;18(9):1006-14.

10. Martin SL. Nucleic acid chaperone properties of ORF1p from the non-LTR
retrotransposon, LINE-1. RNA Biol. 2010;7(6):706-11. https://doi.org/10.4161/
ma.7.6.13766.


https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1186/s13100-019-0159-2
https://doi.org/10.1038/nrg3117
https://doi.org/10.1038/nrg2640
https://doi.org/10.1093/gbe/evw243
https://doi.org/10.1093/gbe/evw243
https://doi.org/10.1073/pnas.0831042100
https://doi.org/10.4161/rna.7.6.13766
https://doi.org/10.4161/rna.7.6.13766

Freeman et al. Mobile DNA

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2019) 10:20

Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD, Kazazian HH. High
Frequency Retrotransposition in Cultured Mammalian Cells. Cell. 1996,87(5):
917-27 ISSN 0092-8674.

Feng Q, Moran JV, Kazazian HH, Boeke JD. Human L1 retrotransposon
encodes a conserved endonuclease required for Retrotransposition. Cell.
1996,87(5):905-16 ISSN 0092-8674.

Hohjoh H, Singer MF. Cytoplasmic ribonucleoprotein complexes containing
human LINE-1 protein and RNA. EMBO J. 1996;15:630-9.

Kolosha VO, Martin SL. In vitro properties of the first ORF protein from
mouse LINE-1 support its role in ribonucleoprotein particle formation
during retrotransposition. Proc Natl Acad Sci U S A. 1997,94(19):10155-60.
Wei W, Gilbert N, Ooi SL, et al. Human L1 Retrotransposition: cis preference
versus trans complementation. Mol Cell Biol. 2001;21(4):1429-39. https.//doi.
0rg/10.1128/MCB.21.4.1429-1439.2001.

Mita P, Wudzinska A, Sun X, et al. LINE-1 protein localization and functional
dynamics during the cell cycle. Goff SP, ed. eLife. 2018;7:€30058. https.//doi.
org/10.7554/eLife.30058.

Macia A, Widmann TJ, Heras SR, et al. Engineered LINE-1 retrotransposition
in nondividing human neurons. Genome Res. 2017;27(3):335-48. https://doi.
0rg/10.1101/gr.206805.116.

Kubo S, del Carmen Seleme M, Soifer HS, et al. L1 retrotransposition in
nondividing and primary human somatic cells. Proc Natl Acad Sci U S A.
2006;103(21):8036-41. https.//doi.org/10.1073/pnas.0601954103.

Idica A, Sevrioukov EA, Zisoulis DG, Hamdorf M, Daugaard |, Kadandale P,
Pedersen IM. MicroRNA miR-128 represses LINE-1 (L1) retrotransposition by
down-regulating the nuclear import factor TNPO1. J Biol Chem. 2017;292:
20494-508.

Shi X, Seluanov A, Gorbunova V. Cell divisions are required for L1
retrotransposition. Mol Cell Biol. 2007,27:1264-70.

Xie Y, Mates L, Ivics Z, Izsvék Z, Martin SL, An W. Cell division promotes

efficient retrotransposition in a stable L1 reporter cell line. Mob DNA. 2013;4:

10. https://doi.org/10.1186/1759-8753-4-10.

Taylor MS, LaCava J, Mita P, et al. Affinity proteomics reveals human host
factors implicated in discrete stages of LINE-1 retrotransposition. Cell. 2013;
155(5):1034-48. https://doi.org/10.1016/j.cell.2013.10.021.

Luan DD, Korman MH, Jakubczak JL, Eickbush TH. Reverse transcription of
R2Bm RNA is primed by a nick at the chromosomal target site: a
mechanism for non-LTR retrotransposition. Cell. 1993;72:595-605.
Whitcomb JM, Hughes SH. Retroviral reverse transcription and integration:
progress and problems. Annu Rev Cell Biol. 1992;8:275-306.

Gasior SL, Wakeman TP, Xu B, Deininger PL. The human LINE-1
retrotransposon creates DNA double-strand breaks. J Mol Biol. 2006;357(5):
1383-93. https://doi.org/10.1016/jjmb.2006.01.089.

Solyom S, Ewing AD, Rahrmann EP, et al. Extensive somatic L1
retrotransposition in colorectal tumors. Genome Res. 2012,22(12):2328-38.
Scott EC, Devine SE. The role of somatic L1 Retrotransposition in human
cancers. Garfinkel DJ, Purzycka KJ, eds. Viruses. 2017,9(6):131. https://doi.org/
10.3390/v9060131.

Florl AR, Lower R, Schmitz-Drager BJ, Schulz WA. DNA methylation and
expression of LINE-1 and HERV-K provirus sequences in urothelial and renal
cell carcinomas. Br J Cancer. 1999,80:1312-21.

Chalitchagorn K, Shuangshoti S, Hourpai N, Kongruttanachok N,
Tangkijvanich P, Thong-ngam D, Voravud N, Sriuranpong V, Mutirangura A.
Distinctive pattern of LINE-1 methylation level in normal tissues and the
association with carcinogenesis. Oncogene. 2004,23:8841-6.

Tsutsumi Y. Hypomethylation of the retrotransposon LINE-1 in malignancy.
Jpn J Clin Oncol. 2000;30:289-90.

Szpakowski S, Sun X, Lage JM, Dyer A, Rubinstein J, Kowalski D, Sasaki C,
Costa J, Lizardi PM. Loss of epigenetic silencing in tumors preferentially
affects primate-specific retroelements. Gene. 2009;448(2):151-67.

Kreimer U, Schulz WA, Koch A, Niegisch G, Goering W. HERV-K and LINE-1 DNA
methylation and reexpression in urothelial carcinoma. Front Oncol. 2013;3:255.
Whongsiri P, Pimratana C, Wijitsettakul U, et al. LINE-1 ORF1 protein is up-
regulated by reactive oxygen species and associated with bladder urothelial
carcinoma progression. Cancer Genomics Proteomics. 2018;15(2):143-51.
Doucet-O'Hare TT, Rodi¢ N, Sharma R, Darbari |, Abril G, Choi JA, Young Ahn
J, Cheng Y, Anders RA, Burns KH, et al. LINE-1 expression and
retrotransposition in Barrett's esophagus and esophageal carcinoma. Proc
Natl Acad Sci U S A. 2015;112:E4894-900.

Rodi¢ N, Sharma R, Sharma R, Zampella J, Dai L, Taylor MS, Hruban RH,
lacobuzio-Donahue CA, Maitra A, Torbenson MS, et al. Long interspersed

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

55.

56.

57.

Page 16 of 17

element-1 protein expression is a hallmark of many human cancers. Am J
Pathol. 2014;184:1280-6.

Philippe C, Vargas-Landin DB, Doucet AJ, van Essen D, Vera-Otarola J, Kuciak
M, Corbin A, Nigumann P, Cristofari G. Activation of individual L1
retrotransposon instances is restricted to cell-type dependent permissive
loci. Elife. 2016;5:13926.

Erglin S, Buschmann C, Heukeshoven J, Dammann K, Schnieders F, Lauke H,
Chalajour F, Kilic N, Strétling WH, Schumann GG. Cell type-specific
expression of LINE-1 open reading frames 1 and 2 in fetal and adult human
tissues. J Biol Chem. 2004;279(26):27753-63.

Harris CR, Normart R, Yang Q, Stevenson E, Haffty BG, Ganesan S, Cordon-
Cardo C, Levine AJ, Tang LH. Association of nuclear localization of a long
interspersed nuclear element-1 protein in breast tumors with poor
prognostic outcomes. Genes Cancer. 2010;1:115-24.

Chen L, Dahlstrom J, Chandra A, Board P, Rangasamy D. Prognostic value of
LINE-1 retrotransposon expression and its subcellular localization in breast
cancer. Breast Cancer Res Treat. 2012;136:129-42.

Sokolowski M, deHaro D, Christian CM, Kines KJ, Belancio VP.
Characterization of L1 ORF1p self-interaction and cellular localization using
a mammalian two-hybrid system. Batzer MA, ed. PLoS One. 2013;8(12):
€82021. https://doi.org/10.1371/journal.pone.0082021.

Sokolowski M, Chynces M, deHaro D, Christian CM, Belancio VP. Truncated
ORF1 proteins can suppress LINE-1 retrotransposition in trans. Nucleic Acids
Res. 2017,45(9):5294-308. https://doi.org/10.1093/nar/gkx211.

Sharma R, Rodi¢ N, Burns KH, Taylor MS. Immuno-detection of human LINE-
1 expression. Methods Mol Biol. 2016;1400:261-80. https://doi.org/10.1007/
978-1-4939-3372-3_17.

Kirilyuk A, Tolstonog GV, Damert A, et al. Functional endogenous LINE-1
retrotransposons are expressed and mobilized in rat chloroleukemia cells.
Nucleic Acids Res. 2008;36(2):648-65. https://doi.org/10.1093/nar/gkm1045.
Pereira GC, Sanchez L, Schaughency PM, et al. Properties of LINE-1 proteins
and repeat element expression in the context of amyotrophic lateral
sclerosis. Mob DNA. 2018;9:35. https://doi.org/10.1186/513100-018-0138-z
Published 2018 Dec 15.

Holmes SE, Singer MF, Swergold GD. Studies on p40, the leucine zipper
motif-containing protein encoded by the first open reading frame of an
active human LINE-1 transposable element. J Biol Chem. 1992,267:19765.
Cook PR, Jones CE, Furano AV. Phosphorylation of ORF1p is required for L1
retrotransposition. Proc Natl Acad Sci U S A. 2015;112(14):4298-303. https://
doi.org/10.1073/pnas.1416869112.

Martin SL, Branciforte D, Keller D, Bain DL. Trimeric structure for an essential
protein in L1 retrotransposition. Proc Natl Acad Sci U S A. 2003;100:13815-
20.

Kolosha VO, Martin SL. High-affinity, non-sequence-specific RNA binding by
the open reading frame 1 (ORF1) protein from long interspersed nuclear
element 1 (LINE-1). J Biol Chem. 2003;278:8112-7.

Hohjoh H, Singer MF. Sequence specific single-strand RNA-binding protein
encoded by the human LINE-1 retrotransposon. EMBO J. 1997;16:6034-43.
Martin SL, Li J, Weisz JA. Deletion analysis defines distinct functional
domains for protein-protein and nucleic acid interactions in the ORF1
protein of mouse LINE-1. J Mol Biol. 2000;304(1):11-20.

Martin SL, Cruceanu M, Branciforte D, Li PW-L, Kwok SC, Hodges RS,
Williams MC. LINE-1 retrotransposition requires the nucleic acid chaperone
activity of the ORF1 protein. J Mol Biol. 2005;348:549-61.

Basame S, Li PW-I, Howard G, Branciforte D, Keller D, Martin SL. Spatial
assembly and RNA binding stoichiometry of a protein essential for LINE-1
retrotransposition. J Mol Biol. 2006;357:351-7.

Ostertag EM, Goodier JL, Zhang Y, Kazazian HH Jr. SVA elements are
nonautonomous retrotransposons that cause disease in humans. Am J Hum
Genet. 2003;73:1444-51.

Wallace N, Wagstaff BJ, Deininger PL, Roy-Engel AM. LINE-1 ORF1 protein
enhances Alu SINE retrotransposition. Gene. 2008419:1-6.

Martin SL. The ORF1 protein encoded by LINE-1: structure and function
during L1 Retrotransposition. J Biomed Biotechnol. 2006,2006:45621. https://
doi.org/10.1155/JBB/2006/45621.

Goodier JL, Cheung LE, Kazazian HH. Mapping the LINET ORF1 protein
interactome reveals associated inhibitors of human retrotransposition.
Nucleic Acids Res. 2013;41(15):7401-19. https://doi.org/10.1093/nar/gkt512.
Taylor MS, Altukhov I, Molloy KR, et al. Dissection of affinity captured LINE-1
macromolecular complexes. Goff SP, ed. eLife. 2018;7:€30094. https//doi.
org/10.7554/eLife.30094.


https://doi.org/10.1128/MCB.21.4.1429-1439.2001
https://doi.org/10.1128/MCB.21.4.1429-1439.2001
https://doi.org/10.7554/eLife.30058.
https://doi.org/10.7554/eLife.30058.
https://doi.org/10.1101/gr.206805.116
https://doi.org/10.1101/gr.206805.116
https://doi.org/10.1073/pnas.0601954103
https://doi.org/10.1186/1759-8753-4-10
https://doi.org/10.1016/j.cell.2013.10.021
https://doi.org/10.1016/j.jmb.2006.01.089
https://doi.org/10.3390/v9060131.
https://doi.org/10.3390/v9060131.
https://doi.org/10.1371/journal.pone.0082021.
https://doi.org/10.1093/nar/gkx211
https://doi.org/10.1007/978-1-4939-3372-3_17
https://doi.org/10.1007/978-1-4939-3372-3_17
https://doi.org/10.1093/nar/gkm1045
https://doi.org/10.1186/s13100-018-0138-z
https://doi.org/10.1073/pnas.1416869112
https://doi.org/10.1073/pnas.1416869112
https://doi.org/10.1155/JBB/2006/45621
https://doi.org/10.1155/JBB/2006/45621
https://doi.org/10.1093/nar/gkt512
https://doi.org/10.7554/eLife.30094.
https://doi.org/10.7554/eLife.30094.

Freeman et al. Mobile DNA

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2019) 10:20

Goodier JL, Ostertag EM, Engleka KA, Seleme MC, Kazazian HH. A potential
role for the nucleolus in L1 retrotransposition. Hum Mol Genet. 2004;13(10):
1041-8. https://doi.org/10.1093/hmg/ddh118.

Matsumoto T, Takahashi H, Fujiwara H. Targeted nuclear import of open
Reading frame 1 protein is required for in vivo Retrotransposition of a
telomere-specific non-long terminal repeat retrotransposon, SART1. Mol Cell
Biol. 2004;24(1):105-22. https://doi.org/10.1128/MCB.24.1.105-122.2004.
Kines KJ, Sokolowski M, deHaro DL, Christian CM, Belancio VP. Potential for
genomic instability associated with retrotranspositionally-incompetent L1
loci. Nucleic Acids Res. 2014;42(16):10488-502. https://doi.org/10.1093/nar/
gku687.

Goldfarb DS, Corbett AH, Mason DA, Harreman MT, Adam SA. Importin a: a
multipurpose nuclear-transport receptor. Trends Cell Biol. 2004;14(9):505-14.
https.//doi.org/10.1016/j.tcb.2004.07.016 ISSN 0962-8924.

Conti E, Uy M, Leighton L, Blobel G, Kuriyan J. Crystallographic analysis of
the recognition of a nuclear localization signal by the nuclear import factor
Karyopherin a. Cell. 1998;94(2)):193-204 ISSN 0092-8674.

Kosugi S, et al. Six classes of nuclear localization signals specific to different
binding grooves of importin. J Biol Chem. 2009;284:478-85.

Sankhala RS, Lokareddy RK, Begum S, Pumroy RA, Gillilan RE, Cingolani G.
Three-dimensional context rather than NLS amino acid sequence
determines importin a subtype specificity for RCC1. Nat Commun. 2017;8:
979. https//doi.org/10.1038/541467-017-01057-7.

Korlimarla A, Bhandary L, Prabhu J, et al. Identification of a non-canonical
nuclear localization signal (NLS) in BRCAT that could mediate nuclear
localization of splice variants lacking the classical NLS. Cell Mol Biol Lett.
2013;18(2):284-96.

Lin J-R, Mondal AM, Liu R, Hu J. Minimalist ensemble algorithms for
genome-wide protein localization prediction. BMC Bioinf. 2012;13(1):157.
Kosugi S, Hasebe M, Tomita M, Yanagawa H. Systematic identification of
yeast cell cycle-dependent nucleocytoplasmic shuttling proteins by
prediction of composite motifs. Proc Natl Acad Sci U S A. 2009;106:10171-6.
Nguyen Ba AN, Pogoutse A, Provart N, Moses AM. NLStradamus: a simple
hidden Markov model for nuclear localization signal prediction. BMC Bioinf.
2009;10:202. https;//doi.org/10.1186/1471-2105-10-202.

Goodier JL, Zhang L, Vetter MR, Kazazian HH. LINE-1 ORF1 protein localizes
in stress granules with other RNA-binding proteins, including components
of RNA interference RNA-induced silencing complex. Mol Cell Biol. 2007;
27(18):6469-83. https://doi.org/10.1128/MCB.00332-07.

Dai L, LaCava J, Taylor MS, Boeke JD. Expression and detection of LINE-1
ORF-encoded proteins. Mob Genet Elem. 2014;4:229319. https://doi.org/10.
4161/mge.29319.

Skube SB, Chaverri JM, Goodson HV. Effect of GFP tags on the localization
of EB1 and EB1 fragments in vivo. Cytoskeleton. 2010;,67(1):1-12. https://doi.
0rg/10.1002/cm.20409.

deHaro D, Kines KJ, Sokolowski M, et al. Regulation of L1 expression and
retrotransposition by melatonin and its receptor: implications for cancer risk
associated with light exposure at night. Nucleic Acids Res. 2014;42(12):7694-
707. https://doi.org/10.1093/nar/gku503.

Kedersha N, Chen S, Gilks N, et al. Evidence that ternary complex (elF2-GTP-
tRNA(i)(met))-deficient preinitiation complexes are core constituents of
mammalian stress granules. Mol Biol Cell. 2002;13(1):195-210.

Ohn T, Kedersha N, Hickman T, Tisdale S, Anderson P. A functional RNAI
screen links O-GlcNAc modification of ribosomal proteins to stress granule
and processing body assembly. Nat Cell Biol. 2008;10(10):1224-31.

Martin SL, Branciforte D. Synchronous expression of LINE-1 RNA and protein
in mouse embryonal carcinoma cells. Mol Cell Biol. 1993;13(9):5383-92.
Martin SL, Li PW-I, Furano AV, Boissinot S. The structures of mouse and
human L1 elements reflect their insertion mechanism. Cytogenet Genome
Res. 2005;110:223-8.

Betts MJ, Russell RB: Amino acid properties and consequences of
substitutions. Bioinformatics for Geneticists. Edited by: Barnes MR, Gray IC.
2003, Wiley.

Penzkofer T, Jager M, Figlerowicz M, Badge R, Mundlos S, Robinson PN,
Zemojtel T. L1Base 2: more retrotransposition-active LINE-1s, more
mammalian genomes. Nucleic Acids Res. 2017;45(D1):D68-73. https://doi.
0rg/10.1093/nar/gkw925.

Deininger P, Morales ME, White TB, et al. A comprehensive approach to
expression of L1 loci. Nucleic Acids Res. 2017;45(5):e31. https://doi.org/10.
1093/nar/gkw1067.

Cullen BR. Nuclear RNA export pathways. Mol Cell Biol. 2000,20:4181-7.

81.

82.

83.

84.

85.

Page 17 of 17

McMillan JP, Singer MF. Translation of the human LINE-1 element, L1Hs.
Proc Natl Acad Sci U S A. 1993;90:11533-7.

Doucet AJ, Hulme AE, Sahinovic E, Kulpa DA, Moldovan JB, Kopera HC,
Athanikar JN, Hasnaoui M, Bucheton A, Moran JV, et al. Characterization of
LINE-1 ribonucleoprotein particles. PLoS Genet. 2010;6. https://doi.org/10.
1371/journal.pgen.1001150.

Martin SL, Bushman D, Wang F, Li PWL, Walker A, Cummiskey J, et al. A
single amino acid substitution in ORF1 dramatically decreases L1
retrotransposition and provides insight into nucleic acid chaperone activity.
Nucleic Acids Res. 2008;18:5845-54.

Khazina E, Weichenrieder O. Non-LTR retrotransposons encode
noncanonical RRM domains in their first open reading frame. Proc Natl
Acad Sci U S A. 2009;106(3):731-6. https://doi.org/10.1073/pnas.0809964106.
Perepelitsa-Belancio V, Deininger P. RNA truncation by premature
polyadenylation attenuates human mobile element activity. Nat Genet.
2003;35(4):363-6. https://doi.org/10.1038/ng1269.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/hmg/ddh118
https://doi.org/10.1128/MCB.24.1.105-122.2004
https://doi.org/10.1093/nar/gku687
https://doi.org/10.1093/nar/gku687
https://doi.org/10.1016/j.tcb.2004.07.016
https://doi.org/10.1038/s41467-017-01057-7
https://doi.org/10.1186/1471-2105-10-202
https://doi.org/10.1128/MCB.00332-07
https://doi.org/10.4161/mge.29319
https://doi.org/10.4161/mge.29319
https://doi.org/10.1002/cm.20409
https://doi.org/10.1002/cm.20409
https://doi.org/10.1093/nar/gku503
https://doi.org/10.1093/nar/gkw925
https://doi.org/10.1093/nar/gkw925
https://doi.org/10.1093/nar/gkw1067
https://doi.org/10.1093/nar/gkw1067
https://doi.org/10.1371/journal.pgen.1001150
https://doi.org/10.1371/journal.pgen.1001150
https://doi.org/10.1073/pnas.0809964106
https://doi.org/10.1038/ng1269

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	N-terminal and C-terminal truncations of ORF1p require RRM for nuclear localization in transiently transfected cells
	Truncated and full-length ORF1 proteins have different sequence requirements for their subcellular localization
	Conserved lysines in the RRM and CTD play a role in the subcellular localization of the full-length ORF1p
	The lysine residues of RRM and CTD of the human ORF1p are involved in its interaction with flag-tagged KPNA2
	RNase treatment significantly decreases the extent of interaction between human ORF1p and flag-tagged KPNA2
	Overexpression of both KPNA2 and KPNB1 increases L1 retrotransposition in HeLa cells
	ORF1p interacts with other members of the KPNA family of proteins

	Discussion
	Conclusions
	Materials and methods
	Generation of ORF1-containing plasmids
	Cell culture
	Transfection
	Protein harvest for western blot analysis
	Western blot analysis
	Co-immunoprecipitation
	L1 Retrotransposition assay
	RNA-Seq data generation
	ORF1p amino acid alignment

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

