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ABSTRACT

Long interspersed element 1 (L1) is an autonomous
non-LTR retroelement that is active in mammalian
genomes. Although retrotranspositionally incom-
petent and functional L1 loci are present in the
same genomes, it remains unknown whether non-
functional L1s have any trans effect on mobiliza-
tion of active elements. Using bioinformatic analy-
sis, we identified over a thousand of human L1 loci
containing at least one stop codon in their ORF1
sequence. RNAseq analysis confirmed that many
of these loci are expressed. We demonstrate that
introduction of equivalent stop codons in the full-
length human L1 sequence leads to the expression
of truncated ORF1 proteins. When supplied in trans
some truncated human ORF1 proteins suppress hu-
man L1 retrotransposition. This effect requires the N-
terminus and coiled-coil domain (C-C) as mutations
within the ORF1p C-C domain abolish the suppres-
sive effect of truncated proteins on L1 retrotrans-
position. We demonstrate that the expression lev-
els and length of truncated ORF1 proteins influence
their ability to suppress L1 retrotransposition. Taken
together these findings suggest that L1 retrotrans-
position may be influenced by coexpression of de-
fective L1 loci and that these L1 loci may reduce ac-
cumulation of de novo L1 integration events.

INTRODUCTION

Long interspersed element 1 (LINE-1, L1) is an au-
tonomous, non-long terminal repeat retrotransposon that
has contributed to the structural variability of mammalian
genomes (1). L1 has a 5 untranslated region (UTR) fol-
lowed by an open reading frame 1 (ORF1), an inter-ORF
region, an open reading frame 2 (ORF2) and a 3’ UTR with
a polyA site and an associated polyA tail (2,3). L1 tran-
scription generates full-length mRNAs that produce two

proteins, ORF1p and ORF2p (4). The ORF1p and ORF2p
interact with their parental L1 mRNA in cis to form a ri-
bonucleoprotein particle (RNP) (5,6). All three RNP com-
ponents are required for successful L1 retrotransposition
(5-7). Strong cis preference of L1 proteins for their mRNA
is beneficial for L1 retrotransposition and genome stability
(8.,9). This cis preference minimizes the possibility for func-
tional L1s to rescue retrotranspositionally incompetent L1s
(8.,9), which are much more abundant than the active L1
loci (8,9). It also minimizes nonspecific mobilization of cel-
lular mRNAs (8,9). However, L1-generated proteins do op-
erate in frans when they mobilize non-autonomous human
retroelements such as Alu and SINE/VNTR/Alu (SVA)
(10-12). Although ORF2p alone is sufficient to mobilize
Alu, ectopic L1 ORF1p expression enhances Alu mobiliza-
tion through an unknown mechanism (12). Whether there is
any trans effect of ORF1p expression on retrotransposition
of human or mouse L1 elements remains unknown.
ORFlp has four recognized domains: an N-terminal
domain, which contains two highly conserved phospho-
rylation sites critical for retrotransposition (13), a coiled-
coil domain (C-C) containing a leucine zipper motif, an
RNA recognition motif (RRM) and a C-terminal do-
main (14). These domains are present in both mouse and
human ORF1 proteins (13,15-17). Mouse and human
ORFT1 proteins function as homotrimers, which are formed
through the C-C domain (15-20). The ORF1p also binds to
RNA and has nucleic acid chaperone activity (6,8,9,15,21).
ORFlp is generated in excess of the ORF2p (16-18,22).
Although ORFl1p expression has been used as a correla-
tive measure of L1 activity (23-26), it remains unknown
whether the amount of endogenous ORF1p adequately re-
flects L1 retrotransposition in vivo. Existing experimental
data demonstrated that codon optimization of mouse and
human L1 elements resulted in a substantial boost in L1
mRNA and protein expression of both L1 elements. This
increase led to a dramatic increase in retrotransposition of
the mouse L1 (27), but only a modest increase in the human
L1 mobilization (28-30). Recently published data support
that the relative ratio of L1 proteins may influence retro-
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transposition (22), with L1 RNPs containing few ORF1p
potentially being more efficient at integration relative to
those containing abundant ORF1p trimers. It is also not
known whether all generated ORF1p molecules retain strict
cis preference for their parental L1 mRNA. The trans ef-
fect of the ORF1p on Alu retrotransposition (10,12) and
its requirement for SVA and host mRNA mobilization (11)
demonstrates that some ORF1p is available to act in zrans
of their parental L1 mRNA.

L1 ORF1 protein homotrimerization has been observed
in vitro (15-19). An interaction between mouse L1Tf and
L1A ORF1 proteins has been observed using a yeast two
hybrid system (20). It has been proposed that ORFIp
molecules generated from the same parental mRNA as-
sociate to form ORF1p homotrimers that are involved in
retrotransposition in mammalian cells (8,9). We have pre-
viously reported that ORF1p generated from different ex-
pression plasmids can form heterocomplexes in mammalian
cells (31). This ability to heterotrimerize is species-specific,
i.e. human L1 ORF1 proteins can heterodimerize with hu-
man (but not mouse) ORF1p in either mouse or human cells
(31). This finding suggested the possibility that in mam-
malian cells, ORF1p produced from different L1 loci may
have a trans effect on L1 retrotransposition in a manner sim-
ilar to the effect of ORF1p on Alu mobilization (10,12). The
ability of defective L1 loci to trans-complement each other to
restore efficient L1 retrotransposition was previously tested
and was ruled out (9,32). However, the possibility of the
full-length ORF1p or truncated ORF1 proteins to affect
retrotransposition of active L1s has not been investigated.
The human genome contains thousands of full-length L1
loci (33), many of which have acquired premature stop
codons within their ORF2 sequence (33-40). L1 mRNAs
uniquely mapping to some of these retrotranspositionally-
incompetent L1 loci were recovered from human cell lines
(35,40) supporting the potential for expression of truncated
ORFlp.

RNAseq analysis of authentic endogenous L1 mRNAs
from three human cell lines confirmed that L1 loci contain-
ing stop codons in their ORF1 sequence are expressed (41).
Our data demonstrate that transient or stable expression
of the full-length or truncated human ORF1 proteins sup-
presses human L1 retrotransposition in human and mouse
cells. This suppressive effect is species-specific, as expression
of the full-length or truncated mouse ORF1p has no effect
on human L1 mobilization. The dominant negative effect
of the truncated human ORF1p on human L1 mobilization
requires the N-terminus and an intact C-C domain of the
ORF1p. We demonstrate that mutagenesis of key leucine
residues in the C-C domain of the truncated human ORF1
protein abolishes its ability to form heterocomplexes and
suppress L1 retrotransposition in trans. Confirmation of en-
dogenous mRNA expression from L1 loci containing stop
codons in their ORF1 sequence combined with our obser-
vations that stably expressed defective L1 elements suppress
retrotransposition of transiently transfected active L1 in
HeLa cells suggest that L1 loci expressing truncated ORF1
proteins may have a suppressive effect on retrotransposi-
tion of endogenously expressed functional L1 loci. These
findings suggest that the unique spectrum of expressed non-
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functional L1 loci may differentially influence the efficiency
of retrotransposition of functional L1s.

MATERIALS AND METHODS
Cells

HeLa (ATCC CCL2)and NIH 3T3 (ATCC CRL 1658) cells
were maintained as previously described (42).

Plasmids

hLIwt is a plasmid expressing a full-length human wild-
type (wt) L1.3 element (L1.3 plasmid as reported in (9)).
L1Neo (pJM101/L1.3) (5,43) is a plasmid designed to ex-
press a full-length human wt L1 element tagged with a
neomycin resistance cassette, which enables detection of
retrotransposition events upon transient transfection in
mammalian cells. 119Stop (pJM108) (5) plasmid is designed
to express a full-length untagged human L1.3 element con-
taining a stop codon at the amino acid position 119 in
ORFI1. hORF1 (pBudORFlopt) (12) is a plasmid contain-
ing codon-optimized human L1 ORF1 sequence designed
to express a full-length ORF1p. mORF1 (pBudORF1yy,)
(27) is a plasmid containing codon-optimized mouse L1
ORF1 sequence designed to express a full-length mORF1p.
mL1wt is a plasmid designed to express a full-length mouse
wt Llspa element tagged with a neomycin resistance cas-
sette, which enables detection of retrotransposition events
upon transient transfection in mammalian cells (44). pBud
(Invitrogen) was used as the empty plasmid control. pCEP
(Invitrogen) was used as the empty control for Figures 7B,
C, 8B and C. ‘pIRES’ is pIRES2-GFP expression plas-
mid that was used in the toxicity assays (Supplementary
Figure S2) and as a transfection efficiency control (Fig-
ure 8C and Supplementary Figure S16B) (45). L1 ‘H1
H2’ (L1PA1 Neo) (28), L1 ‘H1 M2’ (pBS-L1-1H,2Mmineo)
(28), L1 ‘M1 H2’ (pBS-L1-1M,2Hmneo) (28) and L1 ‘M1
M2’ (pBS syn mL1mneo) (28) are plasmids containing hu-
man and/or mouse codon-optimized ORF1 and ORF2 se-
quences. GAL4-fused ORF1 plasmid is designed to ex-
press a full-length human ORF1p containing a N-terminal
GALA4 tag (31).

The DNA sequence of the 132M construct was synthe-
sized (GenScript) to express a protein in which the leucine
residues at positions 55, 73, 87, 90, 93, 100, 107 and 114 of
human ORF1p were replaced with proline residues (CTG
to CCC changes). The DNA sequence was subcloned into
the pBud plasmid using HindIII and BamHI restriction en-
donucleases.

The DNA sequence of the mNhC-C construct was syn-
thesized (GenScript) to contain codon-optimized sequences
of the mouse ORF1 (corresponding to amino acids 1-46),
human ORF1 (corresponding to amino acids 53-156) and
a T7-tag. The DNA sequence of the hNmC-C construct
was synthesized (GenScript) to contain codon-optimized
sequence of the human ORF1 (corresponding to amino
acids 1-52), mouse ORF1 (corresponding to amino acids
47-192), and a T7 tag. These sequences were subcloned into
the pBud plasmid (Invitrogen) using HindIII and BamHI
restriction endonucleases.
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The previously reported consensus L1PA2 and L1PA3
ORF1 sequences (46) were used to synthesize (GenScript)
full-length and truncated L1PA2 and L1PA3 ORF1 DNA
sequence. The sequence AAG for lysine 14 was mutated to
ACC to encode a threonine residue in order to match the
epitope sequence of our hORF1p antibodies (custom rab-
bit polyclonal, epitope: TGNSKTQSASPPPK) (31). The
truncated ORF1 sequences corresponding to endogenous
(e) L1 ORFI1 €259 (L1PA2 subfamily, chromosome 13,
position 37724090-37730119 of UCSC genome browser
hg19 build), 207 (L1PA2 subfamily, chromosome 1, posi-
tion 174812365-174818381 of UCSC genome browser hgl19
build) and €127 (L1PA2 subfamily, chromosome 12, posi-
tion 96709723-96715749 of UCSC genome browser hgl9
build) were codon-optimized using Primo Optimum 3.4
(http://www.changbioscience.com/primo/primoo.html) and
commercially synthesized (GenScript). The numbers in the
names of these constructs (259, 207 and 127) correspond
to the amino acid position of the stop codons present in en-
dogenous L1 loci. Full-length and truncated L1PA2, L1PA3
as well as endogenous L1 sequences were subcloned into
the pBud plasmid using HindIII and BamHI restriction en-
donucleases.

Unless specifically mentioned otherwise, truncated con-
structs were generated by polymerase chain reaction (PCR)
amplification of either wt (non-codon-optimized) or codon-
optimized ORF1 DNA sequence. The resulting PCR prod-
ucts were subcloned into the pBud expression plasmid us-
ing HindIII and BamHI restriction endonucleases. See Sup-
plementary Materials and Methods for primer sequences
and generation of L1 expression plasmids containing stop
codons.

Transfections

L1 retrotransposition assay. Adapted from (5), specific de-
tails for plasmid amounts, number of cells and transfection
conditions for each figure are listed in the Supplementary
Materials and Methods.

Total protein extraction

The cellular lysates were processed as previously described
(31). See Supplementary Materials and Methods for details.

Toxicity assay

Adapted from (47). See Supplementary Materials and
Methods for details.

Nuclear/cytoplasm fractionation

The processing of nuclear and cytoplasmic fractions was
performed as previously described (31). See Supplementary
Materials and Methods for details.

Western blot analysis

The western blot analysis was performed as previously de-
scribed (31,48). See Supplementary Materials and Meth-
ods for details. The antibodies were diluted as listed below

in a 3% milk (Bio Rad: 170-6404) in PBS-Tween: HRP-
donkey anti-rabbit (Santa Cruz; sc-2317), HRP-donkey
anti-goat (Santa Cruz; sc-2020) or HRP-goat anti-mouse
(Santa Cruz; sc-2031) at 1:5000 dilution. GAPDH anti-
bodies (Santa Cruz: sc-25778, 1:5000 dilution) and Lamin
A/C (Santa Cruz 7293, 1:1000 dilution) were used as a
fractionation and equal loading controls. anti-hORFIp
is a custom rabbit polyclonal antibody (epitope: TGN-
SKTQSASPPPK, dilution 1:5000) (31), anti-mORFIp is
a custom goat-polyclonal antibody (epitope: YRTPN-
RLDQKRNSS, dilution 1:1000) (31), T7-tag antibody
(Cell Signaling; D9E1X, 1:10000 dilution) and 1:10000 dilu-
tion of Flag tag (Sigma Monoclonal Anti-Flag M2: F3165)
antibody.

Sucrose cushion of the cytoplasmic extract

See Supplementary Materials and Methods for protocol de-
tails adapted from (28,32,49,50).

Co-immunoprecipitation

Adapted from (49). See Supplementary Materials and
Methods for protocol details.

Bioinformatic analysis

L1Base (51) was used for analysis in Figure 6A and Sup-
plementary Figure S10. L1Base (51) was utilized to identify
full-length L1 loci containing stop codons in their ORF1
sequence. Human full-length >4500 nt LINE-1 elements
Ens38.36 was used as the database to identify the L1 loci
containing no gaps or frameshifts in ORF1 and contain-
ing one or more stop codons in ORF1, query start sites
within 50 bp. This search identified 1474 L1 loci, which were
then analyzed using the amino acid FASTA output for each
of the ORF1 sequences to identify a methionine residue
as the first amino acid of ORF1p. This approach identi-
fied 1244 L1 loci containing ORF1p with a start codon,
which were further analyzed for the first stop codon po-
sition within the amino acid FASTA sequence. The fre-
quency of stop codons at each ORF1 amino acid position
was plotted (Figure 6A). The same approach was utilized
for the mouse L1 loci using L1Base mouse full-length >5k
nt LINE-1 elements Ens38.35 (51). The first 10 L1 loci en-
tries identified on each mouse chromosome (a total of 198
loci) were subjected to the first stop codon position analysis.
The frequency of stop positions at each amino acid of the
mouse ORF1 protein was plotted (Supplementary Figure
S10). Data from (Deininger et al.) (41) was used for Supple-
mentary Figure S13A and B. See Supplementary Materials
and Methods for additional details.

RESULTS

Full-length human ORF1p suppresses human L1 retrotrans-
position in trans

We have previously reported that ORF1 proteins gener-
ated from different mRNA molecules can trimerize in a
species-specific manner in mammalian cells (31). Based on
these observations (31) and the report that the levels of


http://www.changbioscience.com/primo/primoo.html

2 120
$ 100
s
g 80
©
4 % 60
£ %
A
p 40 *
2
k] 20
[
€ 9

Control hORF1 mORF1

120

NIH 3T3
Relative G418R colonies, %

» ©» ®» o

Qo o o o

n
=]

o

Control hORF1 mORF1

Figure 1. Full-length human ORF1p suppresses human L1 retrotranspo-
sition in frans. Results of L1 retrotransposition assay in HeLa (A) or NIH
3T3 (B) cells using neomycin-tagged, full-length, wild-type (wt) human L1
cotransfected with an empty (control), hORF1 or mORF1 expression plas-
mids. The number of G418 resistant colonies was normalized to the Con-
trol flask (L1 construct cotransfected with empty plasmid) for each inde-
pendent experiment. Asterisks (*) denote statistical significance between
listed constructs and the control (n = 3, r-test, P < 0.05).

ORFl1p may influence L1 retrotransposition (22), we hy-
pothesized that transient expression of the full-length hu-
man ORF1p may have a trans effect on retrotransposition
of human L1. This hypothesis was tested using HeLa cells
transiently cotransfected with plasmids expressing human
neomycin-tagged L1 (L1Neo) and full-length human or
mouse ORF1 proteins (hORF1p or mORF1p). The L1Neo
expression plasmid contained wt L1 sequence. The ORF1
expression plasmids contained codon-optimized human or
mouse L1 sequence (28). This approach demonstrated that
when expressed in trans human, but not mouse, ORF1p
suppressed human L1 retrotransposition (Figure 1A and
Supplementary Figure S1). The same experiment was car-
ried out in NTH 3T3 cells to test the possibility of a human-
specific host factor being involved in the effect. Similar to
human cells, human L1 retrotransposition was suppressed
when this element was coexpressed with hORF1p, but not
mORF1p, in NIH 3T3 cells (Figure 1B).
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Figure 2. A full-length human ORFlp suppresses retrotransposition
of chimeric L1s containing human ORF1 sequence. (A) Schematic of
neomycin-tagged, full-length chimeric Lls containing human and/or
mouse codon-optimized ORF1 and ORF2 sequences. Human ORF1 and
human ORF?2 are designated as Hl and H2, mouse ORF1 and mouse
ORF?2 are designated as M1 and M2, respectively. (B) Results of L1 retro-
transposition assay in HeLa cells using plasmids expressing H1 H2, H1
M2, M1 H2 or M1 M2 L1s cotransfected with an empty (control), hORF1
or mORF1 expression plasmids. (C) Results of L1 retrotransposition as-
say performed as in (B) using NIH 3T3 cells. The number of G418 resistant
colonies was normalized to the control flask (L1 construct cotransfected
with an empty plasmid) for each independent experiment. Asterisks (*) de-
note statistical significance between listed constructs and the control (n =
3, t-test, P < 0.05).

To assess which of the L1-encoded proteins may be in-
volved in the response to ORFl1p trans effect on L1 retro-
transposition we used previously reported chimeric L1 con-
structs containing codon-optimized ORF1 and ORF2 se-
quences of either human or mouse origin (Figure 2A)
(28). Specifically, we used the HIH2 and M1M2 Lls,
which contain only human or mouse sequences, respec-
tively, the HIM2 L1, which contains human ORF1 and
mouse ORF2 sequences, and the M1H2 L1 that contains
mouse ORF1 and human ORF2 sequences. Transient trans-
fections of HeLa cells with these plasmids and with ei-
ther an empty plasmid (control), or plasmids expressing
hORF1 or mORFI1 proteins demonstrated that hORF1p
suppressed mobilization of L1 constructs containing hu-
man ORF1 sequence (Figure 2B, black bars: HIH2 and
H1M2). mORF1p had no negative trans effect on retro-
transposition of human, mouse, or chimeric L1s (Figure 2B,
dark gray bars).

The same experiment was also carried out in NTH 3T3
cells. Consistent with the results obtained in HeLa cells, co-
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transfection of hORF1 expression plasmid with the HIH2
or HIM2 L1 constructs containing human ORF1 sequence
suppressed their retrotransposition (Figure 2C, black bars:
HIH2 and HIM?2). Expression of hORFI1p did not have
any effect on retrotransposition of M1M2 or M1H2 L1 ele-
ments. Cotransfection of the mORF1p expression plasmid
with the MIM?2 or HIM2 L1 constructs containing mouse
ORF2 (mORF2) sequence resulted in a significant (5-6-
fold) increase in their retrotransposition in NIH 3T3 cells
relative to the control plasmid (Figure 2C, dark gray bars
versus light gray bars).

Toxicity associated with human ORF1p expression, an
increase in L1 toxicity in the presence of trans ORFI1p
or ORF1p trans effect on retrotransposition through pro-
tein interactions with L1 or host proteins could explain
the ORFlp-mediated decrease in L1 retrotransposition.
ORFlp expression in trans did not have any adverse effect
on cell viability when the full-length ORF1p was transiently
expressed alone (Supplementary Figure S2A and B) or in
combination with human L1 using a previously reported
toxicity assay (29,45) (Supplementary Figure S2C). In com-
bination with the results shown in Figure 2, these findings
support the involvement of the L1-encoded ORF1 protein
in the trans effect of ORF1p on human L1 retrotransposi-
tion.

The ORF1p fragment containing the N-terminus and C-C do-
main is sufficient to suppress human L1 retrotransposition

To identify which region(s) of the hORF1p is responsi-
ble for the suppression of LI retrotransposition and to
test the possibility that truncated ORF1 proteins may also
suppress retrotransposition, we generated five plasmids de-
signed to produce C-terminally truncated human ORFlp,
with the construct name indicating the amino acid position
at the site of truncation (Figure 3A). Plasmids 54, 157 and
255 are designed to produce truncated human ORF1 pro-
teins containing the N-terminus, N-terminus/C-C, or N-
terminus/C-C/RNA binding domains, respectively. Plas-
mids 98 and 132 are designed to produce truncated human
ORF1 proteins containing the N-terminus and 6 or 11 out
of the 14 heptads of the C-C domain, respectively. A plas-
mid termed C-C domain is designed to express a T7-tagged
C-C domain of the human ORF1p because it is involved in
the ORF1p trimerization (15-18). Western blot analysis us-
ing anti-ORF1p polyclonal antibodies recognizing an epi-
tope in the N-terminus of the human ORF1p (31) or anti-
T7 antibodies determined that other than the 54 construct,
all plasmids expressed detectable levels of truncated ORF1
proteins in HeLa cells (Figure 3B). The 98 expression plas-
mid produced the lowest steady-state protein levels.

To assess the trans effect of these truncated human ORF1
proteins on human L1 retrotransposition, HeLa cells were
transiently cotransfected with L1Neo and each of the above
plasmids as described in Figure 1. This approach demon-
strated that when expressed in trans, the 54 and C-C do-
main proteins did not suppress L1 retrotransposition (Fig-
ure 3C). Cotransfection of the 98, 132, 157 or 255 expres-
sion constructs with the human L1Neo significantly re-
duced L1 mobilization. The 132 construct reduced L1 retro-
transposition to the lowest levels at 4% of the control, which
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Figure 3. Analysis of truncated ORF1 proteins expression and their po-
tential to suppress L1 retrotransposition. (A) ORF1p domains are indi-
cated as an N-terminal domain (N), a coiled-coil domain (C-C), an RNA
recognition motif (RRM) and a C-terminal domain (CTD). The numbers
listed on the left indicate the amino acid position of truncation. Expected
molecular weights corresponding to each truncated protein are listed on
the right. The approximate position of the epitope for the anti-ORF1p
polyclonal antibodies is shown (purple triangle). The C-C construct has
a T7 tag (T7). (B) (Left) Western blot analysis of truncated ORF1 proteins
transiently expressed in HeLa cells. Control lane indicates cells transfected
with an empty plasmid. Numbers listed on the right correspond to molec-
ular weight markers in kDa. Detection of GAPDH was used as a loading
control. (Right) Western blot analysis of C-C domain protein expression
using anti-T7 tag polyclonal antibodies (anti-T7p). (C) Results of L1 retro-
transposition assay in HeLa cells using a plasmid expressing a Neo-tagged,
full-length human wt L1 cotransfected with an empty (control), hORFI,
mORF1, 54, 98, 132, 157, 255 or C-C domain expression plasmids. The
number of G418 resistant colonies was normalized to the control flask (L1
construct cotransfected with an empty plasmid) for each independent ex-
periment. Asterisk (*) denotes statistical significance between listed con-
structs and the control (n = 3, t-test, P < 0.05). (D) (Left) A schematic of
the expected banding pattern resulting from the coexpression of the full-
length (hORF1, blue) and 132 (132, yellow) ORF1 proteins when analyzed
using non-reducing conditions. Blue and purple M, D, T letters and num-
bers (black) on the right correspond to monomers, dimers, trimers and
their expected molecular weights. ORF1p 132 lane illustrates an appear-
ance of a novel band with a unique molecular weight, if the coexpressed
proteins form heterodimers (green band and arrow (55.5 kDa)). (Right)
Western blot analysis of proteins generated from codon-optimized 98, 132,
157, 255 and hORF]1 constructs transfected individually or cotransfected
in HeLa cells (non-reducing conditions, anti-ORF1p polyclonal antibod-
ies (anti-ORF1p)). Green arrows indicate expected heterodimers between
hORFl1p and 98 (51.3 kDa), 132 (55.5 kDa), 157 (58.7 kDa) and 255 (70
kDa). M, D, T on the left of each lane indicate monomers, dimers and
trimers (black is 98, blue is ORF1, purple is 132, gray is 157 and 255 is red).
Control lane indicates cells transfected with an empty plasmid. Numbers
on the right of the image are molecular weight markers in kDa. GAPDH
was used as a loading control.



surpassed the extent of inhibition observed with the full-
length ORF1p expression plasmid (Figure 3C).

A potential mechanism that could explain this negative
trans effect of the truncated ORF1 proteins on L1 retro-
transposition is through a direct interaction between the
truncated ORF1p and the full-length ORF1p, which would
produce ORF1p trimers containing one or two defective
monomers. To test whether frans interactions between the
truncated and full-length ORF1 proteins exist, HeLa cells
were transiently cotransfected with plasmids containing
truncated ORF1 sequences and an expression plasmid con-
taining full-length ORF1 sequence. Cotransfection of these
plasmids allows for an assessment of the ability of the pro-
teins they produce to heterodimerize using a previously re-
ported western blot analysis carried out under non-reducing
conditions (31). The premise is that the cysteine residues
present in the C-C domain of the human ORF1 protein
cross link interacting ORF1 proteins upon oxidation dur-
ing protein harvest resulting in bands with unique molec-
ular weights corresponding to these heterodimers (Figure
3D, a green band). Consistent with their ability to suppress
L1 mobilization in trans, the 132, 157 and 255 truncated
ORFT1 proteins formed heterodimers of expected molecular
weights with the full-length ORF1p (Figure 3D, green ar-
rows). Because the 98 construct expressed significantly less
protein than the 132, 157 or 255 constructs (Figure 3B), our
anti-ORF1p antibodies were not sensitive enough to detect
monomers, dimers, trimers and heterodimers formed by this
truncated protein under non-reducing conditions (Figure
3D). The C-C construct did not form heterodimers with the
full-length ORF1p when coexpressed in HeLa cells, con-
sistent with its inability to suppress L1 retrotransposition
(Supplementary Figure S3).

Combined, these data demonstrate that the ORF1p frag-
ment containing the N-terminus and the heptads of the C-
C domains of the human ORF1 protein is sufficient to sup-
press human L1 retrotransposition in trans. Our results also
demonstrate that the inclusion of the RRM domain reduces
the suppressive effect of truncated ORF1p on L1 mobiliza-
tion. Also, our finding that the C-C domain alone does not
suppress L1 retrotransposition in trans, suggests that the N-
terminus may be important for this effect (Figure 3C).

Truncated chimeric ORF1 proteins composed of human and
mouse sequences do not suppress human L1 retrotransposi-
tion

The fact that a truncated ORF1p containing only the N-
terminal sequence of the ORF1 protein is not stable in
HeLa cells prevented us from testing its sole effect on the
suppression of L1 retrotransposition. To test the contri-
bution of the N-terminal domain to the ORF1p-mediated
trans effect on retrotransposition by other approaches, we
generated constructs designed to express chimeric proteins
hNmC-C and mNhC-C. The hNmC-C protein contains the
N-terminal sequence of the human ORF1p and the C-C do-
main of the mouse ORF1p. The mNhC-C protein contains
the N-terminus of the mouse ORF1p and the C-C domain
of the human ORF1p (Supplementary Figure S4A). Both
chimeric constructs contain a T7 tag to allow for their detec-
tion by western blot analysis. Western blot analysis of total
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cellular lysates collected from HeLa cells transiently trans-
fected with the chimeric plasmids detected chimeric pro-
teins of expected molecular weights (Supplementary Fig-
ure S4A). Western blot analysis using non-reducing condi-
tions demonstrated that the mNhC-C protein did not het-
erodimerize with the full-length hORF1p when coexpressed
in HeLa cells (Supplementary Figure S4B). These chimeric
NC-C constructs had no effect on L1 retrotransposition
when cotransfected with the Neo-tagged human L1 expres-
sion plasmid in HeLa cells (Supplementary Figure S4C).
These findings, combined with the lack of the suppressive
effect of the truncated C-C domain protein on L1 retro-
transposition, support that the N-terminus as well as the
C-C domain of the human ORF1p are needed to reduce L1
retrotransposition in trans.

Mutations within the C-C domain of the truncated human
ORF1p abolish its ability to suppress human L1 retrotrans-
position

The confirmation that the N-terminal half of the human
L1 ORFlp protein is sufficient to suppress L1 retrotrans-
position in frans prompted genetic manipulations to iden-
tify the requirements for this effect. To test the hypothesis
that efficient heterodimerization through the C-C domain
is required for the ORF1p suppressive effect on L1 retro-
transposition, 8 leucine (L) amino acids present in the C-
C domain of the human ORF1p were mutated into pro-
line (P) amino acids to generate the 132 mutant construct
(132M) (Figure 4A). This approach was chosen based on
the previously published work demonstrating that the L
to P mutations within C-C domains or leucine zipper mo-
tifs of other proteins abolished their interactions (52-54).
Western blot analysis using anti-ORF1p polyclonal anti-
bodies confirmed that the 132M protein was expressed in
HeLa cells (Figure 4B, 132M lane in the right panel). West-
ern blot analysis of cellular lysates harvested using non-
reducing conditions demonstrated that the 132M protein
was unable to form heterodimers with the hORF1p when
both proteins were coexpressed in HeLa cells (Figure 4B,
hORF1/132M lane in the right panel). The heterodimeric
complexes formed by the wt 132 and full-length ORF1
proteins was readily detected using the same experimen-
tal conditions (Figure 4B, green arrows). To further con-
firm the loss of interaction between the 132M and full-
length ORF1 proteins, we utilized a coimmunoprecipita-
tion (co-IP) approach. We generated a C-terminally fused
Flag-tagged ORF1 construct and confirmed that the pro-
tein generated from this construct heterodimerizes with the
protein generated from a construct containing GAL4-fused
ORF1 sequence in Hela cells using non-reducing west-
ern blot approach (Supplementary Figure S5). HeLa cells
were cotransfected with this Flag-tagged ORF1p expres-
sion plasmid and either the wt or mutant 132 expression
plasmids. The resulting protein lysates were subjected to a
pull down using anti-Flag antibody. The input and pull-
down protein fractions were analyzed by western blot analy-
sis using ORF1-specific polyclonal antibodies (31). This ap-
proach demonstrated that that the wt 132 protein co-1Ped
with the full-length human ORF1p, while the 132M protein
did not (Figure 4C).
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Figure 4. Mutations in the C-C domain of truncated ORF1 protein abol-
ishes its suppressive effect on L1 retrotransposition. (A) A schematic of the
132 construct (N-terminus and C-C) and alignment of functional (132) and
mutant (132M) protein sequences. The positions of eight leucine residues
mutated to proline residues are indicated by purple bars. (B) (Left) A
schematic of the expected band pattern resulting from heterodimerization
of the full-length ORF1p and truncated 132 ORF1p (green band). Num-
bers indicate molecular weights (kDa) for monomers (M), dimers (D) and
trimers (T) and heterodimers (green band). (Right) Western blot analysis
using anti-ORF1p polyclonal antibodies (anti-ORF1p) of proteins gener-
ated from codon-optimized 132, hORF1 and 132M constructs transiently
transfected in HeLa cells (non-reducing conditions). Green arrows indi-
cate the expected position of the heterodimer (55.5 kDa). Numbers on
the right of the image are molecular weight markers. GAPDH is used as
a loading control. (C) Co-immunoprecipitation of the Flag-tagged full-
length ORF1p (ORF1F) with the wt (132) or mutant (132M) truncated
ORFl1p. Western blot analysis was performed using anti-ORF1p poly-
clonal antibodies (anti-ORF1p). Control lane indicates cells transfected
with an empty plasmid. GAPDH is used as a loading control. Positions
of molecular markers are indicated on the right in kDa. (D) Western blot
analysis (reducing conditions, human-specific ORF 1p polyclonal antibod-
ies) of nuclear (N) and cytoplasmic (C) fractions collected from HeLa cells
expressing hORF1, 132co or 132Mco proteins. GAPDH and Lamin A/C

To further characterize the 132p/ORFI1p interactions
we determined their subcellular localization. Western blot
analysis using anti-ORF1p polyclonal antibodies demon-
strated that the full-length ORF1p was observed in the nu-
clear fraction of HeLa cells transfected with the human
ORF1 expression plasmid, consistent with our previous
observations (31). The truncated, functional and mutant
132 proteins were detected predominantly in the cytoplas-
mic fraction of HeLa cells transfected with their respec-
tive expression plasmids (Figure 4D, lanes 132 and 132M).
Cotransfection of the wilf-type 132 and full-length ORF1
plasmids in HeLa cells resulted in the detection of the
wt 132 protein in the nuclear fraction (Figure 4D, com-
pare lanes 132 and ORF1+132). In contrast, the 132M
protein remained cytoplasmic in the presence of the full-
length ORF1p (Figure 4D, compare lanes ORF1+132 and
ORF1+132M). Consistent with its inability to heterodimer-
ize with the full-length ORF1p as detected by western blot
analysis, co-IP and subcellular localization, the 132M pro-
tein had no effect on L1 mobilization when transiently co-
expressed with the L1Neo in HeLa cells (Figure 4E).

Expression levels and combination of truncated ORF1 pro-
teins influence their 7rans effect on human L1 retrotransposi-
tion

To determine whether expression levels alter the efficiency
with which the truncated ORF1 proteins suppress L1 retro-
transposition in trans, we generated C-terminally truncated
157,132 and 98 ORF1p expression constructs shown in Fig-
ure 3A utilizing human non-codon-optimized wt ORF1 se-
quence (Figure 5A). Western blot analysis with anti-ORF1p
polyclonal antibodies detected reduced steady-state levels
of all proteins produced by the wt constructs compared to
the corresponding constructs containing codon optimized
L1 ORF1 sequences (Figure 5B and Supplementary Fig-
ure S6). Very low 98 and 157 wt protein expression resulted
in the corresponding loss of their suppressive trans effect
on L1 retrotransposition using 1:1 ratios of the transfected
plasmids (Figure 5C). Despite its reduced expression, the
132 wt construct still significantly suppressed L1 retrotrans-
position (Figure 5C, 132 wt).

It has been previously reported that both functional and
retrotranspositionally-incompetent L1 loci are coexpressed
(35,40). These published results suggest that the relative ra-
tio of the functional and non-functional L1 loci as well
as the make-up of truncated ORF1p expressed from non-
functional L1 loci may vary among cells. To test the effect
of coexpression of different amounts and forms of trun-
cated ORF1 proteins on L1 retrotransposition, 0.2 or 0.4
g of the 98 and 157 wt plasmids were cotransfected in-
dividually or together with the Neo-tagged human L1 in

were used as loading controls. (E) Result of L1 retrotransposition assay
using a Neo-tagged, full-length human wt L1 expression plasmid cotrans-
fected with an empty (control), hORF1, 132, 132M or mORF1 expression
plasmids. The number of G418 resistant colonies was normalized to the
Control flask for each independent experiment. Asterisk (*) denotes sta-
tistical significance between listed constructs and the control (n = 3, ¢-test,
P < 0.05).
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Figure 5. Expression and effect of truncated ORF1 proteins generated
from plasmids containing wt L1 sequence on L1 retrotransposition. (A) A
schematic of the C-terminally truncated ORF1 expression constructs con-
taining wt L1 sequence (98wt, 132wt and 157wt). (B) Western blot anal-
ysis using ORF1-specific antibodies of truncated ORF1 proteins gener-
ated from codon-optimized (co) or wt 98, 132, 157 constructs transiently
transfected in HeLa cells. Control lane indicates cells transfected with an
empty plasmid. GAPDH is used as a loading control. Positions of molecu-
lar weight markers are indicated on the right in kDa. (C) Result of L1 retro-
transposition assay using a Neo-tagged, full-length, human wt L1 expres-
sion plasmid cotransfected with an empty (control), hORF1, 98wt, 132wt,
157wt or mORF1 constructs. The number of G418 resistant colonies was
normalized to the control flask for each independent experiment. Asterisk
(*) denotes statistical significance between listed constructs and the control
(n =3, t-test, P < 0.05).

HelLa cells (Supplementary Figure S7A). The coexpression
of 98 and 157 wt truncated ORF1 proteins with the Neo-
tagged human L1 suppressed L1 retrotransposition when
compared to the individual effects of each truncated ORF1
protein under the same transfection conditions (98 or 157
wt) (Supplementary Figure S7B). The same result was ob-
served when truncated ORF1 proteins produced from the
plasmids containing codon-optimized sequences were coex-
pressed (98co and 157co). As with the wt proteins, the co-
expression of 98co and 157co proteins resulted in a greater
suppression of L1 retrotransposition than their individual
ability to limit L1 mobilization under the same transfection
conditions (Supplementary Figure S7B). These results sup-
port that a specific combination of truncated ORF1 pro-
teins expressed from multiple L1 loci as well as the levels of
their expression may differentially influence L1 retrotrans-
position.

Bioinformatic analysis of genomic L1 loci identifies species-
specific distribution of stop codon positions

It has been previously reported that retrotranspositionally
incompetent L1 loci are expressed (35,40). However, it has
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Figure 6. Bioinformatic analysis of stop codon positions in
retrotranspositionally-incompetent human L1 loci. (A) Positions
and frequencies of stop codons identified in the ORF1p sequence of
1244 full-length human L1 loci. The most frequent stop codon positions
corresponding to amino acids 49, 98, 110 and 130 of the full-length
human ORF1p are indicated. (B) Western blot analysis using anti-ORF1p
Ab of full-length and truncated (130) ORF1 proteins generated from
expression plasmids containing consensus sequences corresponding to
L1PA1-3 subfamilies or sequences representing endogenously expressed
L1s (207, e127 or €259). Control lane indicates cells transfected with an
empty plasmid. Positions of molecular markers are indicated on the right
in kDa. (C) Results of L1 retrotransposition assay using a Neo-tagged,
full-length human wt L1 expression plasmid cotransfected with an empty
(Control), L1PAI1-3 full-length or truncated (130, €207, e127 or e259)
human ORF1 expression plasmids or a mORF1 expression plasmid. The
number of G418 resistant colonies was normalized to the Control flask for
each independent experiment. Asterisk (*) denotes statistical significance
between listed constructs and the Control (n = 3, #-test, P < 0.05).

not been determined how many full-length L1 loci contain-
ing stop-codons in their ORF1 sequence are present in the
human genome. We analyzed the human genome to iden-
tify full-length L1 loci harboring stop codons within their
ORF1 sequence that would have the potential to gener-
ate truncated ORF1 protein. Using L1Base (51), we iden-
tified 1244 human L1 loci containing ORF1 with one or
more stop codons. These 1244 L1 loci were further ana-
lyzed to identify the position of their first stop codon in the
ORF1 sequence. This analysis determined that the major-
ity of identified human L1 loci (59%) contained their first
stop codon at amino acid positions 49, 98, 110 or 130 (Fig-
ure 6A). The distribution of codons that can give rise to stop
codons within the human ORF1 sequence via a single point
mutation is shown in the Supplementary Figure S8. Out of
the 1244 total L1 loci containing at least one stop codon
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Figure 7. Human L1 retrotransposition is suppressed by full-length hu-
man L1s containing ORF1p stop codons. (A) A schematic of the L1 con-
structs generated to contain stop codons corresponding to amino acid po-
sitions 110, 119, 130 and 132 within the human L1 ORF1. (B) Western blot
analysis (anti-ORF1p polyclonal antibodies) of ORF1 proteins generated
from plasmids expressing full-length wt L1 (hL1wt) or full-length L1s con-
taining stop codons (110Stop, 119Stop, 130Stop, 132Stop) in HeLa cells. A
transfection with an empty plasmid was used as control (Control). Detec-
tion of GAPDH was used as a loading control. Molecular weight markers
are shown on the right in kDa. (C) Result of L1 retrotransposition assay in
HeLa cells using a Neo-tagged full-length human wt L1 expression plas-
mid co-transfected with an empty (control), hORF1, mORF1, 110Stop,
119Stop, 130Stop or 132Stop L1 expression plasmids. The number of G418
resistant colonies was normalized to the number of colonies determined
for the Control flask for each independent experiment. Asterisk (*) de-
notes statistical significance between listed constructs and the control (n =
3, t-test, P < 0.05).

in their ORF1 sequence 375 L1 loci harbored a stop codon
within the sequence corresponding to the 99-132 amino acid
region of the full-length ORF1p. Based on our experimen-
tal data, ORF1 proteins truncated within this region could
be the most efficient in suppressing L1 retrotransposition in
HelLa cells (Figures 3D and 5C). Bioinformatic analysis of
these 375 loci determined that over 75% of them belonged to
the three youngest L1 subfamilies (L1PA1-3). Specifically,
8.5% of loci belonged to the L1 HS subfamily, 35.7% be-
longed to the L1PA2 subfamily and 32.8% belonged to the
L1PA3 subfamily (Figure 6A). Using the UCSC browser,
we also identified that in four out of randomly chosen 50
full-length L1 loci, the presence of the stop codon in the
ORF1 sequence was polymorphic (Supplementary Figure
S9). The estimated allele frequencies of the L1 variants con-
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Figure 8. L1 retrotransposition is suppressed in HeLa cells constitutively
expressing a full-length human L1 or full-length human Lls contain-
ing stop codons in their ORF1 sequence. (A) Schematic of experimen-
tal design. (B) Western blot analysis (anti-ORF1p polyclonal antibod-
ies) of ORF1 proteins in engineered HeLa cells harboring full-length L1
(hL1wt), full-length L1s with stop codons (119Stop, 130Stop or 132Stop)
or an empty (Control) expression plasmids. Molecular weight markers are
shown on the right in kDa. Black arrows denote expected molecular weight
of truncated or full-length ORF1 proteins generated from their respective
expression plasmids. (C) Results of the wt human Neo-tagged L1 retro-
transposition in HeLa cells constitutively expressing functional wt L1 or
full-length wt L1s containing stop codons in their ORF1 sequence. Total
number of G418 resistant colonies resulting from L1 retrotransposition
was divided by the number of G418 resistant colonies resulting from the
transfection efficiency control (transfection with the pIRES plasmid con-
taining neomycin resistance) was normalized to the Control/pIRES ratio
for each independent experiment. Asterisk (*) denotes statistical signifi-
cance between the Control and L1 (n = 3, t-test, P < 0.05).

taining the stop codon ranged from 0.1 to 0.58 (Supplemen-
tary Figure S9).

The above described approach was also utilized to iden-
tify mouse L1 loci fitting the same criteria. We chose the
first 10 L1 loci entries identified on each mouse chromo-
some, which resulted in the total of 198 loci. These L1 loci



were used for further analysis of the position of the first
stop codon in their ORF1 sequence. Among mouse L1 loci,
the most common position for the first stop codon was at
amino acid 251 (Supplementary Figure S10). Collectively,
our bioinformatic analysis of the mouse and human L1
loci demonstrates that many full-length human and mouse
L1 loci present in their respective genomes contain prema-
ture stop codons at specific dominant positions within their
ORF1 sequence and that these prevalent positions differ
between the mouse and human elements. All of these full-
length L1 loci are retrotranspositionally incompetent, yet
they have the potential to be transcribed and translated to
generate truncated ORF1 proteins with a possible suppres-
sive effect on retrotransposition of functional L1 loci.

In the above described experiments (Figures 3—5 and Sup-
plementary Figure S7), we determined that various trun-
cated human ORF1 proteins suppress human L1 retro-
transposition. However, whether truncated mouse ORF1
proteins behave in a similar manner is not known. Based
on the L1Base analysis of selected mouse L1 loci shown
in the Supplementary Figure S10, we generated a con-
struct designed to express a 250 amino acid long mouse
ORF1 protein tagged with a T7 sequence (m251) (Supple-
mentary Figure S11A). Western blot analysis using poly-
clonal anti-mORFI1p (31) or anti-T7 antibodies detected
truncated m251 protein expression in HeLa cells (Supple-
mentary Figure S11B). To test its ability to frans-interact
with the full-length mORF1p, the m251 expression plasmid
was cotransfected with the full-length mORF1 plasmid in
HeLa cells. Western blot analysis using non-reducing con-
ditions and either anti-mORF1 (31) or anti-T7 tag poly-
clonal antibodies detected a unique band that was consis-
tent with the expected molecular weight of a m251/ORF1
protein heterodimer (Supplementary Figure S11C, green
arrows). Transient cotransfection of HeLa cells with the
neomycin-tagged mouse L1 and the m251 expression con-
structs demonstrated that when expressed in trans, the m251
protein significantly suppressed mouse L1 retrotransposi-
tion (Supplementary Figure S11D, m251). As expected, co-
expression of the m251 protein with the Neo-tagged human
L1 did not affect human L1 retrotransposition (Supplemen-
tary Figure S12). Combined these data demonstrate that,
when coexpressed in trans, specific truncated mouse and hu-
man ORF1 proteins have a similar suppressive ‘dominant-
negative’ effect on the retrotransposition of their respective
full-length L1 elements.

L1 loci containing one or more stop codons within the ORF1
sequence are expressed in human cell lines

In order to determine whether any of the L1 loci contain-
ing stop codons in their ORF1 sequence identified in the
human genome are expressed in human cells, we utilized
an RNAseq approach that identifies individual endogenous
L1 loci expressed in HeLa and HEK 293 cells (41). We de-
termined the subfamily of the top 50 endogenous L1 loci
identified to be expressed in HEK 293 or Hel a cells (41),
and analyzed them for the presence of stop codons in their
ORF1 sequence. This analysis determined that the majority
(49/50) of the expressed L1 loci identified in HEK 293 cells
belonged to the three youngest L1 subfamilies (the L1 HS

Nucleic Acids Research, 2017, Vol. 45, No. 9 5303

16/50, L1PA2 23/50 and L1PA3 10/50) (Supplementary
Figure S13A). The endogenous L1 loci expressed in HeLa
cells belonged to the PA1-PA6 subfamilies (L1HS 1/50,
L1PA24/50, L1PA39/50, L1PA4 16/50, L1PAS 15/50 and
L1PA65/50) (Supplementary Figure S13B). We determined
that the majority of endogenously expressed L1 loci con-
tain stop codons in the 99 through 132 aa region of the
ORF1p belonged to the L1PA2 or L1PA3 subfamilies (Sup-
plementary Tables S1 and S2). In agreement with RNAseq
results identifying endogenous L1 mRNA expression, west-
ern blot analysis using anti-ORF1p polyclonal antibodies
detected a band consistent with the expected size of the
full-length ORF1 protein in HEK 293 cells (Supplementary
Figure S14). No bands consistent with truncated ORF1
proteins were detected. Analysis of protein sequence corre-
sponding to the top 50 L1 loci identified by RNAseq (41)
determined that 66% of these loci code for proteins that
have one or more subsititutions within the epitope recog-
nized by our Abs. Most of the L1 loci containing no stop
codons within the ORF1 sequence had a perfect match with
the epitope. These findings demonstrate that retrotranspo-
sitionally competent L1 loci and L1 loci containing stop
codons in their ORF1 sequence are coexpressed in mam-
malian cells.

ORF1p generated from L1PA2 and L1PA3 suppress L1 retro-
transposition in trans

The RNAseq analysis determined that many endogenously
expressed L1 loci harboring stop codons in their ORF1
sequence belong to the LIPA2 and L1PA3 subfamilies
(Supplementary Table S1). To determine whether trun-
cated ORF1 proteins generated by the L1PA2 and L1PA3
subfamilies can suppress L1 retrotransposition as effec-
tively as the modern L1 ORFI, we generated plasmids
containing commercially synthesized full-length or trun-
cated ORF1 consensus sequences representing the L1PA2
and L1PA3 clements (46). We also generated three addi-
tional plasmids containing ORF1 sequences corresponding
to specific endogenous L1PA2 loci identified in our anal-
ysis of the RNAseq expression data from HEK 293 cells
(41). These plasmids referred to as endogenous (e) €207,
€259, and el27 constructs are expected to produce trun-
cated ORF1 proteins of 206, 258 or 126 amino acid long,
respectively (Supplementary Table S1). Western blot anal-
ysis using anti-ORFIp polyclonal antibodies determined
that all plasmids expressed detectable levels of ORF1 pro-
teins of the expected molecular weights when transiently
transfected in HeLa cells (Figure 6B). Western blot anal-
ysis of cellular lysates harvested using non-reducing condi-
tions demonstrated that the full-length L1PA2 and L1PA3
ORF1p readily formed heterodimers with the GAL4-fused
L1PA1 ORFl1p when coexpressed in HeLa cells (Supple-
mentary Figure S15A, green arrows). The truncated L1PAT1,
L1PA2, LIPA3 ORFl1p also formed heterodimers with the
full-length L1PA1 ORF1p when coexpressed in HeLa cells
(Supplementary Figure S15B, green arrows). Consistent
with these findings, both the full-length and truncated (130
aa) PA1, 2 and 3 proteins efficiently suppressed modern L1
mobilization when transiently coexpressed with the L1Neo
in HeLa cells (Figure 6C).
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The e259, 207, and ¢127 proteins produced by their
respective plasmids were expressed at lower levels than
the L1PA1-3 130 proteins (Figure 6B). They formed het-
erodimers with the full-length modern ORF1p when coex-
pressed in HeLa cells (Supplementary Figure S15C, green
arrows) and suppressed L1 mobilization with various ef-
ficiencies (Figure 6C). The very efficient suppression of
the L1.3 retrotransposition by the €127 protein compared
to the statistically significant, but inefficient, suppression
of L1 retrotransposition by the ¢207 and €259 proteins is
consistent with our data shown in Figures 3B, C, 5B and
C. These results show that truncated ORF1 proteins with
lower expression levels and longer truncated ORF1 proteins
are less efficient at suppressing L1 retrotransposition than
the ORF1p truncated around the amino acid position 130.
These data demonstrate that the full-length and truncated
ORF1 proteins representing L1PA2 and L1PA3 subfamilies
are able to efficiently interact with the modern L1 ORF1p
and suppress L1 retrotransposition in trans.

Full-length wt human L1 elements containing stop codons in
their ORF1 sequence suppress human L1 retrotransposition
in trans

Based on the bioinformatic analysis of human L1 loci, we
generated human L1.3 expression plasmids containing mu-
tations that introduce stop codons at positions correspond-
ing to amino acid 110 (110Stop), 130 (130Stop) or 132
(132Stop) of the human ORF1p (Figure 7A). A previously
reported L.1.3 plasmid containing a stop codon at position
119 of the ORF1p (119Stop) (5) was also included in the
study (Figure 7A). Western blot analysis with anti-ORF1p
polyclonal antibodies demonstrated that all L1 stop con-
structs expressed detectable levels of truncated ORF1p with
expected molecular weights (Figure 7B). The 110Stop L1
produced the lowest steady-state levels of truncate ORF1
protein (Figure 7B). We next tested the effect of these L1
elements on L1 retrotransposition using transient cotrans-
fections of HelLa cells. Consistent with the expression re-
sult, the 110 L1Stop construct had no significant impact on
L1 retrotransposition (Figure 7C). Consistent with the pre-
viously published data (5) the 119Stop construct reduced
L1 retrotransposition to about 80% of the control. The
130Stop and 132Stop containing L1 elements had the most
suppressive effect on retrotransposition of the cotransfected
human L1Neo in HeLa cells (Figure 7C). L1 was previously
shown to have an antisense promoter (55,56) and to express
ORFO protein (56). A plasmid supporting luciferase expres-
sion driven by the L1 5UTR was used to control for a po-
tential effect of the antisense mRNA generated by the 5
UTR (57,58). Cotransfection of the L1Neo plasmid with
this L1 5UTR construct demonstrated that the trans L1
5" UTR had no negative effect on L1 mobilization (Figure
7C).

wt L1 retrotransposition is suppressed in HeLa cells consti-
tutively expressing full-length wt L1 elements containing pre-
mature stop codons in their ORF1 sequence

To assess the effect of truncated ORF1 proteins on L1 retro-
transposition in a more biologically relevant manner, we

generated HeLa cell lines each harboring either untagged
functional human L1 (hL1wt) or one of the above-described
L1 Stop elements (119Stop, 130Stop or 132 Stop) (Figure
8A). All constitutively expressed truncated ORF1 proteins
were detected at low levels in these engineered HelLa cells
using western blot analysis with anti-hORF1p antibodies
(Figure 8B). To assess L1 retrotransposition, human L1Neo
plasmid was transiently transfected into each HeLa cell line
(harboring a control plasmid, the L1 Stop or wt L1 ele-
ments) (Figure 8C). Equal transfection efficiency for each
cell line was confirmed using pIRES, a neomycin express-
ing plasmid, that was transiently transfected into each en-
gineered HeLa cell line under the same experimental con-
ditions (Figure 8C, transfection efficiency control row). All
engineered HeLa cell lines harboring the L1 Stop constructs
supported less L1 retrotransposition relative to the control
HeLa line (Figure 8C). This effect depended on the expres-
sion of truncated ORF1 proteins because the suppressive
effect was reversed when the expression of truncated ORF1
proteins was lost in these engineered cell lines (Supplemen-
tary Figure SI6A and B).

DISCUSSION

In human genomes, retrotranspositionally incompetent
full-length L1 loci outnumber functional L1 loci by about
50-fold (33,39,59). Our bioinformatic analysis of the human
genome identified 1244 full-length human L1 loci contain-
ing a stop codon in their ORF1 sequence (Figure 6A and
Supplementary Figure S10). Many of these L1 loci (59%)
contain stop codons corresponding to amino acid positions
49, 98, 110 or 130 of the ORFI1p. In contrast, the majority
of mouse L1s contain a stop codon corresponding to the
amino acid position 251 of the mouse ORF1p. This bias is
most likely due to the presence of CpGs which results in
C to T mutations caused by spontaneous deamination. Re-
gardless of the mechanism underlying the origin of these
stop codons, these results demonstrate that the human and
mouse genomes contain L1 loci that, if expressed, have the
potential to generate truncated ORF1 proteins.

Despite their inability to further propagation in the host
genome, many inactive L1s may retain their ability to ex-
press because they contain a functional promoter present in
the L1 5 UTR (Supplementary Figure S13 and Supplemen-
tary Tables S1 and 2). It has been reported that L1 mRNAs
mapping to retrotranspositionally incompetent L1 loci were
detected in human cells (35,40). However, the approaches
utilized to identify these mRNAs are limited in their abil-
ity to discriminate between authentic L1 mRNA and L1
sequences included in cellular transcripts (60). Analysis of
recently published data sets generated by strand-specific
paired-end RNAseq and 5’RACE/Pacbio approaches that
unambiguously identify individual expressed human L1 loci
determined that multiple L1 loci containing stop codons at
different positions of their ORF1 sequence are expressed in
human cells (41). These L1 loci are not only expressed in
HEK 293 and HeLa cells, but their mRNA is likely trans-
lated because it is detected in the polyribosomal fraction of
analyzed cells (8,32,41). Western blot analysis of the polyri-
bosomal fraction extracted from HEK 293 cells demon-
strated that it contained a band consistent with the size of



the full-length ORF1 protein (Supplementary Figure S14).
This band was not detected in HeLa cells most likely be-
cause of the difference in the levels of endogenous L1Hs
expression detected between the two cell lines with HEK
293 cells supporting higher expression of L1Hs Ll1s (41).
The same approach did not detect any specific bands con-
sistent with the presence of truncated ORF1p proteins in ei-
ther HEK 293 or HeLa cells. Manual analysis of the protein
sequence encoded by the expressed L1 loci containing stop
codons in their ORF1 sequence demonstrated that the ma-
jority of them contain one or more amino acid substitutions
in the epitope sequence (9-22 aa of LIPA1 ORF1) recog-
nized by our anti-ORF1p antibodies. Additionally, because
expressed L1 loci harbor stop codons at different positions
within their ORF1 sequences, truncated proteins generated
from different L1 mRNAs would not produce a cumula-
tive signal like the one generated by the full-length ORF1
proteins translated from different L1 transcripts. Finally,
some truncated ORF1 proteins exhibit lower steady state
levels than others and the full-length ORF1p (Figures 3B,
5B, 6B and 7B). Combined, these data demonstrate that
mRNA expression of functional L1 loci and those L1 loci
containing stop codons in their ORF1 sequence occurs in
mammalian cells. Further, the band detected with the anti-
ORFIlp antibodies in HEK 293 is consistent with endoge-
nous L1 ORF1p expression, which varies between human
cell lines analyzed here. This observation is consistent with
the previous finding that various levels of ORF1p expres-
sion have been detected in cancerous and normal human
tissues using immunohistochemistry (23,24,61-64) and hu-
man cell lines using western blot analysis (65).

The finding that non-functional L1 loci (including those
containing stop codons in the ORF1 sequence) are ex-
pressed in mammalian cells along with functional L1 loci
raises questions regarding the impact of this coexpression
on L1 retrotransposition. It has been previously reported
that retrotransposition of non-functional L1 loci is not ef-
ficiently rescued by functional L1 loci due to cis preference
(8,9). However, both L1 proteins can function in trans of
their parental mRNA as demonstrated by retrotransposi-
tion of SINEs and SVA elements that utilize L1 proteins
(10-12). Although, ORF1p molecules produced from dif-
ferent mRNAs can assemble heterotrimers (31), it is not
known whether non-functional L1 loci, specifically those
that may produce truncated ORF1 proteins, have an im-
pact on retrotransposition of active L1 elements. The con-
ventional thinking assumes that L1 mRNA and/or ORF1
protein levels serve as a direct indicator of L1 retrotranspo-
sition (23-26). Consistent with this line of thinking, several
examples of an increase in L1 mRNA and protein expres-
sion and corresponding upregulation in L1 retrotransposi-
tion upon elimination of suppressors of L1 expression have
been reported (22,42,66—77). Further supporting a correla-
tion between ORF 1p expression and L1 retrotransposition,
codon optimization of the mouse L1 dramatically (100-
fold) increased its mRNA, protein expression and retro-
transposition (27). Deviating from this straight forward re-
lationship is the observation that codon optimization of
the human L1s significantly increased its mRNA and pro-
tein expression, but this increase resulted in a modest 3-5-
fold increase in the human L1 mobilization (27-30). Ad-
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ditionally, recently published data suggest that the ratio of
ORF1/0ORF2 proteins may influence L1 retrotransposition
(22). Therefore, the expression levels of ORF1p may not al-
ways directly correlate with L1 retrotransposition. A rela-
tionship between the levels of endogenous L1 (mRNA or
ORFlp) expression and L1 retrotransposition in vivo is fur-
ther complicated by the fact that typically the total levels of
these molecules are produced by multiple expressed L1 loci
(41,65). Some of these L1 loci are functional and some are
defective. Therefore, a specific spectrum of expressed func-
tional and non-functional L1 loci contributing to the to-
tal mRNA and protein signal may be important for under-
standing the resulting impact on the host genome from ac-
tive L1 loci. Our data suggest the possibility that the levels
of the ORF1p detected in any given tissue may not always
directly correspond to the amount of L1 retrotransposition,
and that an inverse relationship between L1 retrotransposi-
tion and the relative amount of the total ORF1p may exist.
This scenario is based on the observations that both the full-
length and C-terminally truncated ORF1 proteins suppress
retrotransposition of active human L1 in transient assays
(Figures 3C, 5C, 6C, 7C and Supplementary Figure S7), as
well as in engineered cells harboring the full-length wt L1 or
L1s containing stop codons in their ORF1 sequence (Figure
8C). These data support that expression of non-functional
L1 loci containing stop codons in their ORF1 sequence may
be beneficial to the host genome as it may reduce accumu-
lation of de novo L1 inserts.

While both the full-length and the truncated ORF1 pro-
teins suppress human L1 retrotransposition when supplied
in trans, the underlying mechanisms of their effects are
likely different. One piece of experimental evidence that
supports this likelihood is that the full-length human and
mouse ORF1 proteins have contrasting effects on retro-
transposition of their respective elements. While the full-
length human ORF1p suppressed mobilization of the hu-
man L1 and chimeric L1s containing human ORFI se-
quence, mouse full-length ORF1p increased retrotransposi-
tion of the codon-optimized mouse L1 and the chimeric L1s
containing mouse ORF2p in NIH 3T3 cells (Figure 2). This
differential effect of the mouse and human ORF1 proteins
on L1 mobilization could be a factor contributing to the
differences in retrotransposition rates of mouse and human
L1 elements containing codon-optimized sequences (28—
30). The suppressive trans effect of the human ORF1p on
human L1 retrotransposition is also opposite from its stim-
ulatory impact on Alu mobilization (12). Although under-
standing the underlying mechanism and species-specific dif-
ferences of the full-length ORF1 effect on L1 retrotranspo-
sition is beyond the scope of this manuscript, our results are
consistent with the recent observation that ORF1p/ORF2p
ratio may influence human L1 integration (22). In conjunc-
tion with previously published results, our data regarding
the trans effect of the full-length ORF1p on L1 retrotrans-
position are consistent with the proposed hypothesis that
the ORF1p content within .1 RNPs may impact retrotrans-
position (22).

In contrast to the opposing effects of the full-length
ORF1 proteins on human and mouse L1 retrotranspo-
sition, truncated ORF1 proteins from both species sup-
press mobilization of their respective full-length L1 ele-
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ments (Figures 3C, 5C, 6C, 7C, Supplementary Figures S7TB
and S11D). Our results demonstrate that the minimal unit
of the human ORFlp that is able to suppress L1 retro-
transposition in trans consists of the N-terminal and C-C
domains. The effect of truncated ORF1 proteins is consis-
tent with a dominant negative mechanism of their action,
as it depends on the ability of these proteins to form het-
erodimers with the full-length ORF1p (Figure 3D and Sup-
plementary Figure S15). Genetically engineered disruption
of the C-C domain function abolished the ability of trun-
cated ORF1p to form heterodimeric complexes with the
full-length ORF1p. These changes also eliminated the sup-
pressive effect of the 132 protein on L1 retrotransposition
(Figure 4B and E). The fact that longer truncated human
ORF1 proteins are less efficient at suppressing L1 retro-
transposition than those containing only the N-terminus
and C-C domain is also consistent with the dominant neg-
ative mechanism of their interference. Although it is not
known whether the truncated ORF1 proteins could be in-
corporated into L1 RNPs and interfere with L1 integra-
tion, our data demonstrate that the full-length ORFl1p
can ferry truncated wt 132 protein into the nucleus (Fig-
ure 4D, hORF1+132). In contrast, the C-C domain mu-
tant 132 protein remains cytoplasmic in the presence of the
full-length ORF1p (Figure 4D, hORF1+132M). This re-
sult also demonstrates that the full-length and truncated
ORF1 proteins have different subcellular localization. This
may explain some observed variability in localization of the
ORFlp signal detected by immunohistochemistry in hu-
man samples (23,24,61,78), if the ORF1p-specific antibod-
ies can recognize both the full-length and truncated ORF1
proteins generated by expressed L1 loci. This result also
supports that the RRM/C-terminal portion of the protein
is important for its nuclear localization and that having two
(or potentially one) full-length ORF1 molecules within the
trimer may be sufficient for gaining access to the nucleus.
The experimental evidence presented here supports that
the efficiency of the dominant negative effect of the trun-
cated L1 ORFlp proteins on retrotransposition is influ-
enced by the levels of their expression and the extent of their
truncation (Figures 3B, D, 5B, C, 6B, C, 7B, C and Supple-
mentary Figure S7B). These findings have important bio-
logical implications, if the rules we have identified here apply
in vivo. Analysis of endogenously expressed L1 loci harbor-
ing stop codons in their ORF1 sequence showed that their
spectrum varies among different human cell lines (HeLa
versus HEK 293) (Supplementary Tables S1 and 2). The
expression levels, positions of stop codons and the compo-
sition of specific expressed L1 loci are therefore expected
to influence the resulting amount of DNA damage gener-
ated from endogenous active L1s. For example, based on
the results obtained using transient transfections of L1 loci
with stop codons roughly corresponding to amino acid po-
sitions 110-130 of the human ORF1p may be optimal for
guarding against accumulation of de novo L1 events. How-
ever, generation of engineered HelLa cells stably expressing
different L1Stop elements supports that, even at low levels,
truncated ORF1 proteins are able to suppress L1 retrotrans-
position when constitutively expressed in human cells (Fig-
ure 8). This outcome could be pointing to some biologically
relevant differences related to the ORF1p life cycle during

transient versus constitutive expression. It is worth noting
that our findings demonstrate that the negative effect of L1
elements containing stop codons in their ORF1 sequence on
L1 retrotransposition is reversible because the loss of con-
stitutive expression of the full-length or truncated ORF1
proteins lead to the loss of suppression of L1 retrotrans-
position (Supplementary Figure S16A and B). This finding
suggests that the protective effect from expression of L1s
with ORF1 stop codons could be gained or lost following
epigenetic changes due to aging, environmental exposures
or cellular differentiation or transformation. Additionally,
these results combined with the recently reported cell-type
specific expression of L1 loci (41) suggest that the protec-
tive effect of L1 stop loci may be tissue specific. Further-
more, the impact of L1Stop loci on L1 retotransposition
may be influenced by the fact that the presence of some of
these stop codons within fixed L1 loci is polymorphic in the
human population (Supplementary Figure S9).

Numerous cellular factors and pathways have been iden-
tified to suppress L1 expression and integration, establish-
ing the existence of significant redundancy in mechanisms
downregulating L1 retrotransposition (22,42,66-77). The
suppressive trans effect of hORF1p on human L1 retro-
transposition is another potential mechanism that may
influence L1-induced damage in vivo. Our findings sup-
port that coexpression of retrotranspositionally incompe-
tent L1s containing stop codons in their ORF1 sequence
with functional L1 loci may slow down accumulation of
de novo L1 integration events. Our data, along with other
recent reports (22,30,79), suggest that the relationship be-
tween detected ORF1p levels may not always be propor-
tional to the extent of L1 retrotransposition, and that an in-
verse correlation between ORF1p expression levels and L1
retrotransposition may exist under certain circumstances.
The factors influencing L1 retrotransposition in any given
cell may include the relative ratios of the functional full-
length ORF1p and truncated proteins, as well as the length
of truncated ORF1 proteins expressed in a given cell.
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