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Poly(A) binding proteins (PABPs) specifically bind the polyadenosine tail of mRNA and have been shown to be important for
RNA polyadenylation, translation initiation, and mRNA stability. Using a modified L1 retrotransposition vector, we examined
the effects of two PABPs (encoded by PABPN1 and PABPC1) on the retrotransposition activity of the L1 non-long-terminal-re-
peat (non-LTR) retrotransposon in both HeLa and HEK293T cells. We demonstrated that knockdown of these two genes by RNA
interference (RNAi) effectively reduced L1 retrotransposition by 70 to 80% without significantly changing L1 transcription or
translation or the status of the poly(A) tail. We identified that both poly(A) binding proteins were associated with the L1 ribonu-
cleoprotein complex, presumably through L1 mRNA. Depletion of PABPC1 caused a defect in L1 RNP formation. Knockdown of
the PABPC1 inhibitor PAIP2 increased L1 retrotransposition up to 2-fold. Low levels of exogenous overexpression of PABPN1
and PABPC1 increased L1 retrotransposition, whereas unregulated overexpression of these two proteins caused pleiotropic ef-
fects, such as hypersensitivity to puromycin and decreased L1 activity. Our data suggest that PABPC1 is essential for the forma-
tion of L1 RNA-protein complexes and may play a role in L1 RNP translocation in the host cell.

Long interspersed element 1s (L1s or LINE-1s) are the most
abundant autonomous non-long-terminal-repeat (non-LTR)

human retrotransposons, accounting for �17% of human DNA
(45). Although most L1 copies are functionally inactive, there are
�80 to 100 retrotransposition-competent L1s in the human ge-
nome (9). L1s have had a great impact on shaping the human
genome by their own retrotransposition and by mobilization of
nonautonomous elements (Alu, SVA, and processed pseudo-
genes) in trans (17, 18, 21, 32, 60, 64). Full-length L1 elements are
�6 kb long and contain a 5= untranslated region (5=UTR) and two
nonoverlapping open reading frames (ORF1 and ORF2), followed
by a short 3=UTR ending in a polyadenosine tail encoded, at least
in part, in the DNA (5, 20, 23, 24, 31, 66). The product of ORF1 is
a 40-kDa protein (ORF1p) with nucleic acid binding and chaper-
one activities (35, 36, 39, 40, 51). ORF2 encodes an �150-kDa
multifunctional protein (ORF2p) with endonuclease (EN) (26)
and reverse transcriptase (RT) activities (53, 62) and a cysteine-
rich domain of unknown function (22).

L1 proliferates through a complex life cycle beginning with
RNA polymerase II (Pol II) transcription of its mRNA, which is
then exported to the cytoplasm for translation. Both ORFs are
translated in the cytoplasm and exhibit a strong cis preference,
presumably via direct association with the mRNA molecule en-
coding them (21, 44, 72). They form a ribonucleoprotein (RNP)
particle likely to be a direct retrotransposition intermediate that is
then presumed to enter the nucleus in some form (34, 43, 50).
Several lines of evidence suggest that L1 transposes via the mech-
anism known as target-primed reverse transcription (TPRT) (13,
26), which is utilized by other retrotransposons, such as the dis-
tantly related R2 elements of invertebrates (46) and the even more
distantly related mobile group II introns (80).

L1 activity is often measured by use of a cell culture-based
retrotransposition assay (56). Typically, an L1 element is cloned
into a pCEP-based vector (Invitrogen) behind the cytomegalovi-
rus (CMV) promoter and tagged with a retrotransposition indi-
cation marker in the 3=UTR. This marker (also called a retrotrans-

position indicator gene) contains its own promoter, open reading
frame, and poly(A) signal and is placed in the reverse complemen-
tary orientation relative to L1 transcription. This marker is inter-
rupted by a gamma globin intron which is in the same orientation
as L1 transcription, i.e., it is designed to be spliced out of the
retrotransposition transcript but not the marker transcript. Thus,
the marker is inactive on the plasmid and becomes active only
once the intron is spliced and the whole reverse-transcribed cas-
sette becomes part of a chromosome. Depending on the type of
marker, L1 activity can be calculated by applying a colony forma-
tion assay (antibiotic resistance marker) or fluorescence cell sort-
ing (enhanced green fluorescent protein [EGFP] marker).

As a streamlined parasitic element, L1 requires host functions,
in addition to the L1-encoded proteins, to complete its life cycle.
For example, several tissue-specific transcription factors can bind
the internal promoter in the L1 5=UTR and promote L1 transcrip-
tion by host-encoded Pol II (4, 25, 70, 76). Recent studies suggest
that proteins involved in DNA repair can affect L1 retrotranspo-
sition, most likely through affecting the TPRT process (69). On
the other hand, the host cell has evolved mechanisms to restrict L1
expression and activity to minimize the harmful effects of L1 retro-
transposition. These machineries include DNA methylation (33),
various RNA interference pathways (68, 75), and the APOBEC3
family of cytidine deaminases (8, 11, 38, 57, 59). However, the
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involvement of host functions in L1 expression and retrotranspo-
sition is far from completely understood.

A common property of functional L1 elements is the DNA-
encoded poly(A) sequence located at the 3= end of the RNA, which
is a candidate binding substrate for poly(A) binding proteins
(PABPs). Three classes of PABPs are found in the human genome:
the cytoplasmic PABPs, i.e., PABPC1, PABPC3, and iPABP; the
nuclear PABP (PABPN1); and the X-linked PABP (PABPC5) (48).
They all contain one or more RNA recognition motifs (RRMs)
that interact with poly(A) tails. By binding nascent tracts of
poly(A) sequence synthesized by poly(A) polymerase (PAP),
PABPN1 together with the cleavage and polyadenylation specific-
ity factor (CPSF) stimulates processive synthesis of poly(A) tails
by PAP (41, 42). When a poly(A) tail reaches a critical length
(�250 nucleotides [nt]), binding of PABPN1 no longer promotes
or may even disrupt the interaction between CPSF and PAP and
thereby terminates processive elongation of poly(A) tails (41, 42).
Once a poly(A)� mRNA enters the cytoplasm, PABPC1 binds the
poly(A) tail and promotes efficient translation initiation by inter-
acting with the cap-binding factor eIF4G and forming a “closed
loop” mRNA structure (27, 42, 48). PABPC1 also plays an impor-
tant role in mRNA stability, although the mechanism for this is
less well defined. Several lines of evidence suggest that PABPC1 is
involved in a deadenylation-dependent decapping pathway (5=-
to-3= exoribonuclease XRN1 and/or exosome-mediated 3=-to-5=
degradation) (15). Although the proteins are referred to as
PABPN1 and PABPC1, several studies indicate that both proteins
can shuttle between the nucleus and the cytoplasm, suggesting
that they may promote nucleocytoplasmic RNA trafficking (1, 10,
37). PABPC1 was found to bind to mouse BC1 SINE element
RNPs, but there is no prior evidence that PABPs are associated
with L1 RNP complexes (58, 73).

In this study, we modified an L1 retrotransposition construct
to allow facile incorporation of short hairpin RNA (shRNA) cas-
settes from the TRC (The RNAi Consortium) collection of
�75,000 anti-human gene constructs (54) and evaluated candi-
date genes that may affect the L1 retrotransposition pathway by
RNA interference (RNAi) screening. Knockdown of either
PABPN1 or PABPC1 reduced L1 activity by 70 to 80% without
significantly affecting L1 RNA abundance and translation levels.
The reduced PABPC1 levels in these experiments did not detect-
ably affect cell viability, poly(A) tail length, intron splicing ability,
or the activity of the retrotransposition reporter gene used to mea-
sure transposition efficiency. Knockdown studies indicated that
PABPC1 was responsible for efficient formation of the L1 RNP
complex, providing an explanation for a specific role in retro-
transposition. Low-level exogenous expression of both poly(A)
binding proteins increased L1 retrotransposition, but overexpres-
sion of PABPs had a negative effect. Our data suggest that in ad-
dition to their known “generic” functions, PABPs may have novel
properties important for retrotransposon proliferation.

MATERIALS AND METHODS
Plasmids. The pCEP-puro plasmid (61) was first modified by inserting a
ligation-independent cloning (LIC) adaptor cassette into the SalI site,
between the puro gene and the CMV promoter. A synthetic human L1
element (ORFeus-Hs) (2) tagged with either the neoAI or eGFPAI retro-
transposition reporter was cloned between the NotI and BamHI sites to
generate pLD108 or pLD190, respectively. pCEP-puro GFP was made by
cloning the EGFP gene into the NheI and BamHI sites of pCEP-puro. To

construct plasmids expressing the human PABPN1 and PABPC1 genes,
PCRs were performed to amplify cDNA copies of these two genes by using
primers JB13474 (5=-CTAGCTAGCCGGGAATTCGGCCATTACGGCC
GGG-3=) and JB13469 (5=-ATAAGAATGCGGCCGCTTAGTAAGGGG
AATACCATGATGTC-3=) for PABPN1 and primers JB13470 (5=-CTAG
CTAGCATGAACCCCAGTGCCCCCAGCTACCC-3=) and JB13471 (5=-
ATAAGAATGCGGCCGCTTAGCCCATCTGCTGGCCGCCGGTCAT
GCTGGCCATAACAGTTGGAACACCGGTGGCA-3=) for PABPC1. The
templates for these were from the Ultimate ORF collection of sequence-
verified human ORFs (Invitrogen, Carlsbad, CA). The amplicons were
digested with NheI and NotI and cloned between the NheI and NotI sites
of pcDNA3.1 to generate plasmids pLD141 (pcDNA-PABPN1) and
pLD142 (pcDNA-PABPC1), respectively. pLD289 was generated from
pLD190 by replacing the CMV promoter and wild-type ORF1 with the
TRE promoter and ORF1-FLAG sequence. The detailed behavior of these
Tet-L1 plasmids will be described in detail elsewhere (K. O’Donnell, W.
An, C. T. Schrum, E. S. Davis, S. J. Wheelan, and J. D. Boeke, unpublished
data). pLD437 was generated by inserting a hammerhead ribozyme-
aptamer after the eGFPAI marker in pLD289. The pLKO.1 plasmid, all
shRNA clones, and lentiviruses containing shRNA were purchased from
Sigma-Aldrich (St. Louis, MO).

Antibodies. Full-length human L1 ORF1p (tagged with an N-terminal
6�His tag) was overexpressed in Escherichia coli BL21 and purified under
denaturing conditions. Four hens were immunized using purified ORF1
protein as antigen, with eggs collected 3 months later, by Invitrogen
(Carlsbad, CA). Chicken anti-ORF1 IgY antibody was isolated and puri-
fied from egg yolks by Gallus Immunotech Inc. (Ontario, Canada; http:
//www.gallusimmunotech.com/pages.php?page�instruction) and was
then resuspended in phosphate-buffered saline (PBS) at �10 mg/ml.
Anti-human PABPN1, anti-human PABPC1, and anti-p53 were pur-
chased from Abcam (Cambridge, MA). Anti-human P62 (nucleoporin
62) antibody was purchased from Covance (Denver, PA). Monoclonal
antitubulin and anti-FLAG antibodies were purchased from Sigma-Al-
drich (St. Louis, MO). Polyclonal rabbit anti-human ORF1 antibody was
a gift from Gerald Schumann (Paul Ehrlich Institut, Germany).

Ligation-independent cloning. A modified L1-shRNA plasmid
(pLD108 or pLD190) was first digested with BstZ17I at 37°C overnight
and then purified by phenol extraction and ethanol precipitation. About 3
�g of digested plasmid was treated with T4 DNA polymerase (10 units;
NEB, Ipswich, MA) in the presence of 1� NEB buffer 2 and 1 mM dCTP
at room temperature for 1 h in a volume of 100 �l. The T4 polymerase was
heat inactivated by incubation at 75°C for 20 min. The treated plasmid
was diluted with water to a final concentration of 3 ng/�l. PCR was per-
formed to amplify the U6-shRNA cassette from individual TRC shRNA
clones, using primers JB13303 (5=-ATTGGATTGGAAGTAGTACGCGG
CCGCCCCCTTCACCGAGGGCCTATTTC-3=) and JB13304 (5=-AATA
GGTGAAGGTTAGTACGCGGCCGCAAAATTGTGGATGAATACTGC
CATTTGTCT-3=). The PCR products were first gel purified using a
QIAquick gel extraction kit (Qiagen, Carlsbad, CA) and then treated with
T4 DNA polymerase (3 units) for 1 h at room temperature in a total
volume of 20 �l with 1 mM dGTP added. The T4 polymerase was then
heat inactivated. Each insert was diluted with water to a final volume of
100 �l. For each cloning reaction, 2 �l each of vector (�6 ng) and insert
(�1 to 10 ng) was combined and incubated at room temperature for 1 h.
The entire 4-�l mixture was used for transformation.

Infection with lentiviruses expressing shRNAs. HeLa cells were
seeded in 24-well plates (10,000 cells/well) the day before infection. On
day 1, 5-�l lentivirus aliquots at �3 � 108 transduction units/ml (Sigma-
Aldrich, St. Louis, MO) were added to cells in growth medium containing
Polybrene (8 �g/ml). The next day, the cells were transferred to 10-cm
plates with fresh growth medium containing puromycin (2.5 �g/ml) and
selected for 2 weeks until stable Puror cell pools were acquired.

Cell culture and L1 retrotransposition assay. HeLa and HEK293T
cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
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(high glucose) supplemented with 10% fetal bovine serum, 4 mM L-glu-
tamine, and 100 U/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA).

L1 retrotransposition assays were conducted in either HeLa or
HEK293T cells as described previously (56, 72). Briefly, HeLa or
HEK293T cells were seeded into 6-well plates (2 � 105 cells/well) the day
before transfection. The next day, each well was transfected with 1 �g
plasmid by use of Fugene 6 (Roche Applied Science, Indianapolis, IN)
according to the manufacturer’s protocol. The day after transfection, cells
were trypsinized and transferred to a 6-cm plate with 4 ml DMEM con-
taining puromycin (2.5 �g/ml for HeLa cells and 1 �g/ml for HEK293T
cells). After 3 days of puromycin selection, the L1 retrotransposition fre-
quency of constructs with the eGFPAI reporter (pLD190 backbone) was
evaluated by fluorescence-activated cell sorter (FACS) analysis using a
Becton, Dickinson LSR II flow cytometer. For plasmids containing the
neoAI reporter (pLD108 backbone), puromycin-resistant cells were
trypsinized and seeded in 10-cm plates with G418 (0.5 mg/ml). Two weeks
later, G418r colonies were fixed and stained with crystal violet. For retro-
transposition assays with the cell pools generated by lentivirus infection,
plasmid JM101/L1.3 (with a Hygr gene in the vector and the neoAI retro-
transposition marker) (56) was used. L1 retrotransposition assays using
plasmids pLD289 and pLD437 were done in HEK293T-tet-onLD cells,
generated from HEK293T cells by integration of a linearized vector carrying
the tet transactivator. The day after transfection, puromycin (1 �g/ml), doxy-
cycline (500 ng/ml), and theophylline (various final concentrations) were
added. Five days after transfection, retrotransposition efficiency was mea-
sured by FACS analysis.

Real-time RT-PCR. Three days after puromycin selection, total RNA
was extracted using an RNeasy minikit (Qiagen, Valencia, CA) according
to the manufacturer’s protocol. One microgram of RNA was used for
cDNA synthesis in a 20-�l reaction mix, using a Superscript III reverse
transcription kit (Invitrogen, Carlsbad, CA). Real-time PCR was per-
formed using a 1-�l cDNA sample as the template in a 20-�l reaction mix
on a Step One Plus instrument (Applied Biosystems, Carlsbad, CA). Prim-
ers used for real-time PCR were as follows: for the beta-actin gene,
JB12931 (5=-GCTCGTCGTCGACAACGGCT-3=) and JB12932 (5=-CAA
ACATGATCTGGGTCATCTTCTC-3=); for the puro gene, JB13421 (5=-G
ACATCGGCAAGGTGTGG-3=) and JB13422 (5=-AGGCCTTCCATCTG
TTGCT-3=); for ORFeus-Hs L1 ORF1, JB13415 (5=-GCTGGATGGAGAA
CGACTTC-3=) and JB13416 (5=-TTCAGCTCCATCAGCTCCTT-3=); for
ORFeus-Hs L1 ORF2, JB13417 (5=-CTGATCAGCCGCATCTACAA-3=)
and JB13418 (5=-TGGTCTTGATCTGCATCTCG-3=); for PABPN1,
JB13371 (5=-CTCGAGTCAGGGAGATGGAG-3=) and JB13372 (5=-ACA
CGGTTGACTGAACCACA-3=); for PABPC1, JB13377 (5=-TTGGAGCT
AGGGCAAAAGAA-3=) and JB13378 (5=-TTTGCGCTTAAGTTCCGTC
T-3=); and for PAIP2, JB13892 (5=-AAGATCCAAGTCGCAGCAGT-3=)
and JB13893 (5=-CCTCTTCCAGCATTTCTTGG-3=). The gene knock-
down efficiency was calculated by the 2���CT method after normalization
to the beta-actin mRNA level. A minimum of three biological and three
technical replicates for each gene was included, and the standard error was
calculated.

Poly(A) tail length assay. The poly(A) tail length assay was performed
using a poly(A) tail length assay kit (Affymetrix, Cleveland, OH) accord-
ing to the manufacturer’s protocol. G/I tailing was performed with 1 �g
total RNA, 4 �l 5� tail buffer mix, 2 �l 10� tail enzyme mix, and water to
a total volume of 20 �l, and the reaction mix was incubated at 37°C for 60
min. Next, 2 �l 10� tail stop solution was added to stop the G/I tailing
reaction. For reverse transcription, 2 �l G/I-tailed RNA sample, 4 �l 5�
RT buffer mix, and 2 �l RT enzyme mix were mixed in a total of 20 �l and
incubated at 44°C for 60 min and 92°C for 10 min, after which the mix was
held at 4°C. The reverse transcription sample was diluted with water to 40
�l, and then 2 �l diluted RT sample was used in a 25-�l PCR mixture
containing 5 �l 5� PCR buffer mix, 1 �l 10 �M universal PCR reverse
primer, 1 �l 10 �M gene-specific forward primer, and 1.25 units Hot-
Start-IT Taq DNA polymerase. PCR conditions were as follows: 94°C for
2 min; 35 cycles of 92°C for 10 s, 58°C for 30 s, and 72°C for 30 s; 72°C for

5 min; and a hold at 4°C. Five microliters of PCR product was resolved in
a 2% agarose gel and stained with ethidium bromide.

The primers used were as follows: for L1 RNA, the gene-specific for-
ward primer JB14067 (5=-GGATCCAGACATGATAAGATACATTGAT
GA-3=); for actin RNA, the actin forward primer included in the kit; for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA, JB11565
(5=-GACCCTCACTGCTGGGGAGTCC-3=); and for keratin RNA,
JB11568 (5=-CCGCCGGATAGTGGATGGCAAAGTG-3=). Additional
primers included the following: A0 primer for L1 RNA, JB14398 (5=-GT
TGTTAACTTGTTTATTGCAGCTT-3=); A0 primer for actin, JB15084
(5=-AAGGTGTGCACTTTTATTCAACTGGTCTCAA-3=); A0 primer for
GAPDH, JB14399 (5=-GTTGAGCACAGGGTACTTTATTGAT-3=); and
A0 primer for keratin RNA, JB14401 (5=-GAACTCTGAACTTTTTATTG
GCCTC-3=).

Coimmunoprecipitation. HEK293T cells were transfected with 1 �g
pLD108 by use of Fugene HD (Roche, Indianapolis, IN) according to the
manufacturer’s manual. The day after transfection, cells were trypsinized,
transferred to a 6-cm plate, and selected with puromycin (1 �g/ml) for 3
days. After the puromycin selection, �106 cells were collected and lysed in
0.5 ml M-PER buffer (Thermo Scientific, Minneapolis, MN). Cell lysate
was obtained by centrifugation for 15 min at 13,000 � g. One hundred
microliters of cell lysate was diluted to 500 �l with PBS, and then 5 �l
anti-ORF1 IgY, 20 �l protease inhibitor (25�) (Roche, Indianapolis, IN),
and 10 �l donkey anti-IgY agarose beads (Gallus Immunotech Inc., On-
tario, Canada) were added. The immunoprecipitation (IP) mix was incu-
bated at 4°C overnight with rotation. The next day, the beads were washed
3 times with PBS and resuspended in 30 �l SDS-PAGE loading buffer. The
sample was boiled for 10 min, and 5 �l was loaded on the gel. For treat-
ment with nuclease, nuclease was first added to the diluted cell lysate and
incubated at 37°C for 30 min before adding the antibody and agarose
beads.

Immunoblot assays. After a 3-day puromycin selection, transfected
HEK293T cells were lysed in M-PER buffer (Thermo Scientific, Rockford,
IL) and centrifuged for 15 min at 13,000 � g to clarify the cell lysate.
Clarified cell lysate (10 �l) was mixed with 10 �l 2� loading buffer (0.1 M
Tris-HCl, pH 6.8, with 4.0% SDS, 20% glycerol, 5% �-mercaptoethanol,
and 0.2% bromophenol blue), and samples were separated in 4% to 20%
SDS-PAGE gels. After transfer to nitrocellulose membranes, membranes
were probed with anti-ORF1p IgY antibody. Western blots were devel-
oped with ECL-Plus detection reagent (GE Healthcare, Piscataway, NJ),
which was detected using an imaging system (LAS3000 instrument [Fuji-
film] and Image Reader LAS-3000 software) on the “high” setting. The
signals in the electronic file were quantified using Multi-Gauge software
(Fujifilm), a program based on band density. Only nonsaturated signals
were quantified, and the background was subtracted. Results were nor-
malized by using the tubulin controls as a reference and are presented as
fold differences relative to the control. A minimum of two Western blots
were performed, and a representative blot is shown.

LEAP assay. The L1 element amplification protocol (LEAP) was per-
formed according to the method of Kulpa and Moran (44). Briefly,
HEK293T cells were transfected with L1 expression plasmid (1 �g/
400,000 cells) by use of Fugene HD (Roche Applied Science, Indianapolis,
IN) according to the manufacturer’s protocol. The day after transfection,
cells were trypsinized and then selected on puromycin at 1 �g/ml for 2
weeks. On the day of harvest, �800 million cells were washed with PBS
three times and then resuspended in 10 ml cold PBS. Cells were pelleted at
3,000 � g for 5 min in a swinging-bucket rotor and then lysed with 1 ml
buffer (1.5 mM KCl, 2.5 mM MgCl2, 5 mM Tris-HCl, pH 7.5, 1% deoxy-
cholic acid, 1% Triton X-100, 1� protease inhibitor cocktail) for 5 min on
ice. The lysate was clarified by centrifugation at 3,000 � g for 5 min at 4°C,
and the supernatant was transferred to an 8.5% to 17% sucrose cushion (4
and 6 ml, respectively). The gradient was spun at 39,000 rpm (SW40.1
rotor; 178,000 � g) for 2 h at 4°C. The pellet was resuspended in 5 mM
Tris-HCl (pH 7.5) with 1� protease inhibitor, with glycerol added to a
final concentration of 50%. RNP preparations were stored at �80°C.
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For the LEAP reaction, various amounts of RNP were added to
50-�l reaction mixes containing 50 mM Tris-HCl, pH 7.5, 50 mM KCl,
5 mM MgCl2, 10 mM dithiothreitol, 0.4 �M 3= LEAP primer (JB11560
[5=-GCGA2GCACAGAATTAATACGACTCACTATAGGTTTTTT
TTTTTT-3=]), 20 units RNasin, a 0.2 mM concentration of each deoxy-
nucleoside triphosphate (dNTP), and 0.05% Tween 20 and incubated at
37°C for 1 h. The LEAP reaction product (1 �l) was used as the template in
a 50-�l PCR mix with 5 �l 10� PCR buffer (Roche Applied Science,
Indianapolis, IN), 5 �l dNTPs (2.5 mM concentration of each), 1 �l each
of primers JB11564 (5 �M) (5=-GCGAGCACAGAATTAATACGACTC-
3=) and JB14067 (5 �M) (5=-GGATCCAGACATGATAAGATACATTGA
TGA-3=), and 1 �l FastStart Taq polymerase (Roche Applied Science,
Indianapolis, IN). The reaction was carried out with an initial denatur-
ation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 56°C for 30
s, and 72°C for 30 s and a final extension at 72°C for 7 min. An aliquot (10
�l) of each PCR product was loaded onto a 1.5% agarose gel. Band density
was quantified using Multi-Gauge software.

Puromycin sensitivity assay. HEK293T cells were cotransfected with
L1 expression plasmid and PABP expression plasmid in six-well plates (1
�g L1 plasmid plus 1 �g PABP plasmid plus 10 ng pCAG-eGFP/40,000
cells). The following day, cells were treated with trypsin, and an equal
number of cells was plated in a 96-well plate (�10,000 cells/well) with
puromycin at 2 �g/ml or without puromycin selection. Another portion
of the cells was analyzed by FACS analysis to determine the transfection
efficiency. Three days later, 20 �l cell viability solution (CellTiter-Blue;
Promega, Madison, WI) was added to each well. The plate was incubated
at 37°C for 2 h and then read using a microplate reader with an excitation
wavelength of 550 nm and an emission wavelength of 600 nm. The values
obtained from coexpression of L1 and empty pcDNA were set as 100%.
Four independent transfections were performed for each construct, and
all values were normalized to the transfection efficiency acquired by FACS
analysis.

Cell fractionation. Nuclear and cytoplasmic fractions were prepared
using NE-PER reagent (Thermo Scientific, Minneapolis, MN) according
to the manufacturer’s instructions.

RESULTS
shRNA screening for host functions involved in L1 retrotrans-
position. To evaluate host functions involved in the L1 life cycle,
we knocked down individual genes by using shRNA in an estab-
lished cell culture-based L1 retrotransposition assay. To make
such screening efficient, we first engineered our pCEP4-based L1
retrotransposition vector by cloning an LIC adaptor sequence be-
tween the puro gene and the CMV promoter (3).

As illustrated in Fig. 1A, a unique BstZ17I restriction site is
located in the middle of this adaptor fragment, containing two
“C-less” 18-bp sequences (blue and green). These two sequences
can be removed upon BstZ17I digestion and the action of the
(3=-to-5=) exonuclease activity of T4 DNA polymerase in the pres-
ence of dCTP. Similarly, two 18-bp overhangs can be produced on
the PCR insert in the presence of T4 DNA polymerase and dGTP.
We PCR amplified the U6 promoter and shRNA cassette from
various TRC shRNA clones by using a pair of universal primers
(Fig. 1A). The U6-shRNA fragments were subcloned into a mod-
ified L1 retrotransposition vector by ligation-independent clon-
ing, with a 	95% success rate (see Materials and Methods for
details). Using this strategy, the L1 element and shRNA are deliv-
ered in a single plasmid throughout the L1 retrotransposition as-
say, and the cells maintain a constant ratio of shRNA to L1 expres-
sion cassette (and thus, presumably, gene products) in every cell.
The insertion of a control empty U6 cassette (no shRNA cloned
between U6 and the terminator) had no or minimal effects on the
activity of either native L1 (L1.3) or a synthetic human L1 element

(ORFeus-Hs) (2) (Fig. 1B). shRNA cassettes cloned in this manner
were capable of efficiently knocking down the eGFP gene shortly
after transfection into both HeLa and HEK293T cells (Fig. 1C).

In this study, we used the synthetic human L1 element ORFeus-Hs
in all subsequent analyses, because its elevated expression of RNA and
proteins compared to that with native L1 gave a broader dynamic
signal range for investigation (2). Since the ORFeus-Hs sequence is
comprehensively recoded (40% different from L1RP at the DNA se-
quence level), it eliminates the background signal from endogenous
L1 RNA. We also performed immunoblots to probe L1 ORF1p in cell
lysates collected from untransfected and transfected HEK293T cells.
Cells transfected with the L1 expression plasmid produced	100-fold
more ORF1p than that in untransfected cells, a background easily
subtracted from our strong signal (data not shown).

Two poly(A) binding proteins affect LINE-1 retrotransposi-
tion. In the process of screening a number of candidate genes, we
identified two poly(A) binding proteins, “nuclear” poly(A) bind-
ing protein 1 (PABPN1) and “cytoplasmic” poly(A) binding pro-
tein 1 (PABPC1), as important for L1 retrotransposition. As
shown in Fig. 2A, three of four shRNA clones targeting PABPN1
effectively reduced L1 retrotransposition efficiency (in the neoAI
reporter assay) to 20 to 30% of that for the control sample
(pLD108-anti-eGFP), which contains an shRNA targeted against
eGFP. Similarly, knocking down the PABPC1 gene decreased L1
activity to 15 to 25% of the control level (Fig. 2B). Similar results
were obtained using pLD190 (eGFPAI marker) in HEK293T cells
(data not shown) when pLD190-scramble shRNA was used as a
control. To evaluate the knockdown efficiency of shRNA, we ex-
tracted RNAs from cells after 3 days of puromycin selection and
performed real-time RT-PCR to measure endogenous mRNA lev-
els of PABPN1 and PABPC1 in the transfected cells. As seen by
comparing Fig. 2C and D to Fig. 2A and B, respectively, L1 trans-
position activity was consistently well correlated with the mRNA
levels of these two genes. We chose shRNA 2 (TRCN0000000121)
for PABPN1 (N1#2) and shRNAs 3 (TRCN0000074640) and 4
(TRCN0000074641) for PABPC1 (C1#3 and C1#4) for further
analyses, since they most effectively knocked down their tar-
gets. Immunoblot results from the same batch of cells indicated
that cells transfected with these three constructs had reduced
levels of PABPN1 (69% of wild-type level) and PABPC1 (19%
of wild-type level for C1#3 and 24% of wild-type level for
C1#4) (Fig. 2E and F).

For validation, we also preinfected HeLa cells with lentivirus
preparations containing the same set of shRNA clones against
PABPN1 and PABPC1 and then obtained individual cell pools.
Transductants were selected in the presence of puromycin, which
tags the pLKO.1 vector used. Similar L1 retrotransposition assays
were done using individual preinfected cell pools, except that a
hygromycin marker was used in the L1 retrotransposition con-
struct (JM101/L1.3) (56). L1 retrotransposition was inhibited in
these transductants, and the extent of knockdown was correlated
with the data acquired in the plasmid assay (compare Fig. 2G and
H to Fig. 2A and B, respectively). Interestingly, overall, the shRNA
cassettes cloned into the plasmid produced a substantially larger
impact on the L1 retrotransposition activity than the lentivirally
transduced/integrated shRNA copies, presumably due to the fact
that the pCEP4-based plasmid maintains multiple copies in each
cell (71).

Since PABPs may be associated with a large number of cellular
mRNAs and potentially affect their expression, we evaluated
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whether knocking down these two genes had any effect on cell
viability, intron splicing, or integrated marker expression rather
than L1 activity. We transfected the cells with L1-shRNA coex-
pression constructs and selected transfectants with puromycin. At
3 days posttransfection, we seeded the same number of Puror cells
in puromycin-containing medium and counted the colonies 2
weeks later (Table 1). With various numbers of starting Puror cells
seeded, no defect in efficiency of plating (viability) was found
when the two PABP genes were knocked down.

To examine whether knockdown of PABPs had any effect on
the capability of the cells to generate neomycin-resistant colonies,
we first generated a neomycin-resistant cell pool by an L1-neoAI
retrotransposition assay using JM101/L1.3 (56), which is hygro-
mycin resistant but carries no shRNA. This pool was amplified
and subsequently transfected with L1-shRNA coexpression plas-
mids. After a 3-day puromycin selection, the same number of
Puror cells were seeded for colony formation in G418 medium
(Table 2). The same analysis was done using a cell pool pretrans-
fected with an L1 eGFPAI reporter (L1RP/eGFPAI) in HEK293T
cells (Fig. 3A). We found that knockdown of PABPN1 had a neg-

ative effect on the ability of the cells to generate Neor colonies
(�1/3 of the control level) but not eGFP expression. A decreased
level of PABPC1 did not interfere with either retrotransposition
reporter gene postintegration.

The gamma globin intron interrupting the L1 reporter genes
ensures that L1 retrotransposition events occur only through an
RNA intermediate (56). Polyadenylation and splicing are known
to be correlated processes in some cases and are both thought to
occur on the C-terminal domain of Pol II immediately cotrans-
criptionally (63). We therefore examined whether poly(A) bind-
ing proteins might have negative effects on intron splicing effi-
ciency, which could decrease the number of observed G418r

colonies as an artifact. We designed a real-time RT-PCR strategy
to evaluate the splicing efficiency of this intron when the PABPN1
or PABPC1 gene was knocked down. As shown in Fig. 3B, the
splicing ability was decreased by �30% when PABPN1 was
knocked down and �5 to 15% when PABPC1 was knocked down.
In summary, knockdown of PABPN1 had negative effects on col-
ony formation ability (neo) and intron splicing ability that may
account for the decreased “apparent” L1 retrotransposition activ-

FIG 1 (A) (Top) Strategy of subcloning U6-shRNA cassette from TRC shRNA plasmid into L1 retrotransposition vector. Blue and green lines represent the
adaptor sequences for LIC cloning. (Bottom) Sequence of LIC adaptor sequence used in this study. The adaptor includes sequences highlighted with blue and
green and a BstZ17I site (underlined). Residues in red represent the boundaries of overhangs after T4 polymerase treatment. (B) Relative L1 retrotransposition
efficiencies, with and without U6-shRNA cassette, for native human L1.3 and synthetic human L1 (ORFeus-Hs). The absolute value of L1 activity from the vector
without the U6-shRNA cassette was 8% and was arbitrarily set at 1 for comparison. Six independent experiments were done, and standard errors are shown. (C)
(Top) Subcloned anti-eGFP shRNA efficiently knocked down eGFP expression in HeLa cells. (Bottom) Subcloned anti-eGFP shRNA efficiently knocked down
eGFP expression in HEK293T cells. Cells were cotransfected with pCEP-puro GFP (0.5 �g) and pLD108-shRNA (1.0 �g) plasmids, and eGFP expression was
monitored at different time points until 96 h posttransfection. The numbers at the bottom represent relative fluorescence signals of the bottom row (with
anti-eGFP shRNA) compared to the top row (with scrambled shRNA).
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ity. PABPC1 knockdown had no effect on cell viability and marker
expression. Although intron splicing ability was affected by
PABPC1 knockdown, this effect (5 to 15%) cannot account for a
4-fold change of retrotransposition activity, suggesting a more
specific involvement of this factor in the L1 life cycle.

PABP knockdown has minimal effects on L1 poly(A) tail
length or expression. We extracted total RNA from Puror (5 days)
cells and measured the L1 mRNA poly(A) tail length by using a
poly(A) tail length assay kit. As shown in Fig. 4A, the poly(A) tail
lengths of the genes of interest were determined as the sizes of

FIG 2 PABPN1 and PABPC1 affect L1 retrotransposition in HeLa cells. (A) Relative L1 retrotransposition with the PABPN1 gene knocked down. Control, pLD108-
anti-eGFP shRNA. shRNAs 1 to 4, pLD108-antiPABPN1 shRNAs. The absolute value of the L1 retrotransposition level of the control was 5% and was arbitrarily set at
1 for comparison. (B) Relative L1 retrotransposition with the PABPC1 gene knocked down. Control, pLD108-anti-eGFP shRNA. shRNAs 1 to 4 are vector pLD108-
antiPABPC1 shRNAs. The absolute value of the L1 retrotransposition level of the control was 5% and was arbitrarily set at 1 for comparison. (C) Relative PABPN1 mRNA
levels in cells transfected with the constructs used for panel A. After 3 days of puromycin selection, RNAs were extracted and PABPN1 mRNA levels were measured by
real-time RT-PCR and normalized by the simultaneous measurement of the beta-actin gene. (D) Relative PABPC1 mRNA levels in cells transfected with the constructs
used for panel B. After 3 days of puromycin selection, RNAs were extracted and PABPC1 mRNA levels were measured by real-time RT-PCR. The mRNA levels were
normalized by the simultaneous measurement of the beta-actin transcript. (E) PABPN1 protein level in cells transfected with pLD108-antiPABPN1#2. Cell lysates were
obtained after 3 days of puromycin selection and probed with anti-PABPN1 antibody. (F) PABPC1 protein levels in cells transfected with pLD108-antiPABPC1#3 and
pLD108-antiPABPC1#4. Cell lysates were obtained after 3 days of puromycin selection and probed with anti-PABPN1 antibody. (G) L1 retrotransposition efficiencies
in HeLa cell pools preinfected with lentiviruses containing anti-PABPN1 shRNAs 1 to 5. The absolute value of the L1 retrotransposition level in the control was 5% and
was arbitrarily set at 1 for comparison. (H) L1 retrotransposition efficiencies in HeLa cell pools preinfected with lentiviruses containing anti-PABPC1 shRNAs 1 to 5. The
absolute value of the L1 retrotransposition level in the control was 5% and was arbitrarily set at 1 for comparison. All data represent the averaged results for at least three
independent experiments. Error bars represent standard deviations.

Dai et al.

4328 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


PCR-amplified poly(A) products minus the calculated length
from the gene-specific forward primer to the putative polyadenyl-
ation start site (A0) and the length of the universal primer (35 nt).
For L1 mRNA, all samples tested showed a minimum poly(A) tail
length of �28 to 40 nt, seen as a strong band in each lane of Fig. 4B.
This could account for mRNA that has gone through the transla-
tion and deadenylation processes, making it especially favorable
for PCR amplification. The smears above the major band repre-
sent L1 mRNAs with a longer poly(A) tail. No obvious shortening
of the poly(A) tail was observed when either PABP was knocked
down in the cell. We also evaluated the poly(A) tails of three
housekeeping genes (actin, GAPDH, and keratin), using the same
set of RNA samples. Most beta-actin mRNA transcripts contained
poly(A) tails of �35 nt (bottom bracket) to �112 nt (top bracket),
with a peak at �112 nt. For GAPDH, there was a distinct popula-
tion of mRNAs that contained an �13-nt poly(A) tail (bottom
bracket), and the majority of transcripts contained a poly(A) tail
with a length of �80 nt (middle bracket) to �200 nt (top bracket).
The poly(A) tail length for keratin mRNA started at �32 nt (bot-
tom bracket) and displayed a strong band at �317 nt (top
bracket). There were also two populations of mRNAs containing
poly(A) tails of �115 nt (second bracket from bottom) and �161
nt (third bracket from bottom). Importantly, we did not observe
any change in the poly(A) tail lengths of any of these genes when
PABPs were knocked down (Fig. 4B).

Next, we examined whether knocking down PABPs affected L1
expression. We measured the steady-state RNA levels of puro,
ORF1, and ORF2 expressed from the plasmid by using real-time
RT-PCR. No defect in L1 transcription was observed in cells with
PABPN1 or -C1 knocked down (Fig. 5A). Given the fact that
PABPC1 binds the poly(A) tail in the cytoplasm and is important
for translation initiation, we probed for ORF1p in whole-cell ly-
sates prepared from Puror cells transfected with various L1-
shRNA coexpression plasmids. We found that knockdown of both
PABPs decreased L1 ORF1p expression by 13 to 30% (for N1#2,
�20%; for C1#3, �30%; and for C1#4, �13%) (Fig. 5B, top
panel). For PABPC1, the level of ORF1p produced in the cell was
lower than its own knockdown efficiency (81% and 76%, respec-
tively) (Fig. 2F).

PABPC1 is important for L1 RNP formation. We prepared L1
RNP complexes from PABP knockdown cells and evaluated
whether PABPs were important for RNP formation. As shown in
Fig. 5B (middle panel), the relative level of ORF1p in the RNP
complex was not changed by PABPN1 knockdown but was dimin-
ished by a greater degree than in the whole-cell lysate (�64%
compared to �30% for C1#3 and 38% compared to �13% for
C1#4) when the PABPC1 level was knocked down. We could not

obtain quantifiable data for ORF2p by immunoblotting. To assess
ORF2’s endogenous reverse transcription function, we conducted
LEAP assays using the same RNP preps. As shown in Fig. 5B, RNPs
prepared from HEK293T cells with PABPC1 knocked down pro-
duced about 50% of the signal seen with the control when equal
amounts of RNP (2 �g) were added to the reaction mixture (for
PANPN1#2, 114%; for PABPC1#3, 53%; and for PABPC1#4,
47%). We cloned and sequenced 5 clones of LEAP products from
each lane. Sequencing results revealed that they had the expected
structure (i.e., they were derived from L1 RNA) and contained a
poly(A) tail of 27 to 43 A’s.

These results prompted us to investigate the subcellular local-
ization of ORF1p. We separated the nucleus-associated and solu-
ble cytosolic fractions and detected the distribution of ORF1p. As
shown in Fig. 5D, the ORF1 protein was distributed about equally
in both fractions of the PABPN1 knockdown cells, just like the
wild-type control. Thus, PABN1 levels do not appear to affect
ORF1p intracellular localization. Conversely, in the PABC1
knockdown cells, ORF1p was underrepresented in the nucleus-
associated fraction, possibly because its association with the RNP
complex is required for translocation to or across the nuclear en-
velope. The ORF1p level in the cytosolic fraction was not notice-
ably changed when PABPC1 was knocked down.

We performed a co-IP experiment using anti-ORF1p antibody
and identified that both poly(A) binding proteins are associated
with the L1 RNP complex. This binding appears to be mediated by
RNA, presumably L1 RNA, as it was reversed by prior addition of
RNase to the IP reaction mix (Fig. 5C). These findings strongly
support the notions that both PABPs are components of L1 RNP
complexes and that the PABPC1 protein is critical for RNP for-
mation and may be involved in its nuclear import.

Poly(A) tail length is important for L1 RNP formation. To
validate the results mentioned above, we introduced an aptamer-
controlled self-cleaving ribozyme into an L1 retrotransposition
construct (Fig. 6A). As shown by Win and Smolke, this ribozyme
becomes active and cleaves at a specific location when the ligand
(theophylline) is present (74). We included 10 A’s before the
cleavage site so that the cleaved L1 mRNA would contain an
oligo(A) tail that was �1/4 to 1/3 as long as the wild-type poly(A)
tail determined by our LEAP assay data (Fig. 5B). While the ret-
rotransposition ability of the control construct (pLD289 without
the ribozyme) was largely unchanged by theophylline treatment,
the L1 construct with the ribozyme cassette (pLD437) showed
decreased activity with increasing concentrations of theophylline
(Fig. 6B). We collected the cells (transfected with pLD437) at var-
ious theophylline concentrations and measured the L1 mRNA
level by real-time PCR. The L1 mRNA level was not decreased

TABLE 1 HeLa cell colony formation ability with PABPs knocked down

shRNA

Mean no. of colonies 
 SEb

1,000 cells 500 cells 200 cells

Controla 373 
 31 215 
 10 99 
 5
Anti-PABPN1 shRNA#2 368 
 20 236 
 11 95 
 6
Anti-PABPC1 shRNA#3 397 
 25 212 
 14 107 
 12
Anti-PABPC1 shRNA#4 487 
 10 362 
 38 174 
 17
a pLD108-anti-eGFP shRNA.
b For the indicated total number of Puror cells seeded on the plate. Data are for three
independent experiments.

TABLE 2 neo marker gene expression with PABPs knocked down

shRNA

Mean no. of colonies 
 SEb

1,000 cells 500 cells

Controla 306 
 14 163 
 10
Anti-PABPN1 shRNA#2 113 
 8 66 
 15
Anti-PABPC1 shRNA#3 315 
 14 158 
 14
Anti-PABPC1 shRNA#4 387 
 19 244 
 18
a pLD108-anti-eGFP shRNA.
b For the indicated total number of Neor cells seeded on the plate. Data are for three
independent experiments.
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using either an oligo(dT) primer (Fig. 6C) or a random hexamer
primer (not shown) for reverse transcription.

We then evaluated the RNP formation ability of L1 RNA with
a shorter poly(A) tail. Two cell pools were first generated by trans-
fecting pLD289 and pLD437 into Tet-on HEK293T cells. Both
plasmids contained ORFeus-Hs with a FLAG tag at the C terminus
of ORF1, which does not interfere with retrotransposition (data
not shown). These two pools were amplified for 5 days in the
presence of puromycin (1 �g/ml) and doxycycline (500 ng/ml),
which induced L1 repression. Fresh medium containing theoph-
ylline only (10 mM), with no doxycycline, was then added to in-
duce ribozyme cleavage and shut down L1 transcription. Two days
later, cell lysate and RNPs were prepared according to the method
of Kulpa and Moran (44) and probed with anti-FLAG antibody.
As shown in Fig. 6D, the ability of L1 without ribozyme (pLD289)
to form an effective RNP complex was decreased by 15% by add-
ing theophylline (presumably this modest decrease was due to a
nonspecific effect of the theophylline). In contrast, in the presence
of both ribozyme and theophylline [pLD437, resulting in L1
mRNA with a shorter poly(A) tail], the RNP formation ability was
reduced to 48% of the no-theophylline control level.

Effect of PABP overexpression on L1 retrotransposition. To
further probe interactions between the L1 element and poly(A)
binding proteins, we cloned PABPN1 and PABPC1 cDNAs into
the pcDNA3.1 vector and cotransfected the resulting plasmids
with an L1 construct (1 �g:1 �g per 200,000 cells) into HEK293T
cells. We found that the protein levels of PABPN1 and -C1 in-
creased by 5- and 25-fold, respectively (Fig. 7B), but overexpres-
sion of either protein dramatically and paradoxically decreased
the L1 retrotransposition ability, to �20% to 50% (Fig. 7A). We
then titrated the amounts of PABP expression plasmids from 20 to
500 ng, with a fixed amount of L1 plasmid (1 �g). As shown in
Fig. 7A, moderate exogenous expression of the PABP gene (20
ng of PABPN1 or 20 to 50 ng of PABPC1) increased L1 retro-
transposition, and this effect was reversed with increased
amounts of PABP DNAs (Fig. 7A). The ORF1p expression re-
mained unchanged in response to increased amounts of
poly(A) binding proteins (Fig. 7C).

In high-level overexpression experiments, we observed what
we interpret to be a pleiotropic effect, namely, extensive cell death

upon puromycin selection for coexpression of poly(A) binding
proteins (	200 ng) and L1, a behavior not seen when L1 was
expressed alone. Thus, the observed reduction in transposition
efficiency with a high level of PABPs was presumably a result of
this nonspecific hypersensitivity to puromycin. To investigate this
phenomenon, we cotransfected PABP expression plasmids and
various L1 vectors, including wild-type L1 and mutant forms, fol-
lowed by assessment of cell viability under puromycin selection.
As shown in Table 3, cells containing retrotransposition-defective
L1 mutants and PABPs had the same sensitivity to puromycin,
indicating that the effect we observed above was due to unregu-
lated expression of poly(A) binding proteins instead of the com-
bination of L1 and PABPs.

We then attempted to increase PABPC1 activity in a more
physiological way by knocking down the expression of poly(A)
binding protein interacting protein 2 (PAIP2), an inhibitor of
PABPC1 (16, 77). Such knockdown of PAIP2 resulted in an ele-
vated level of L1 retrotransposition, to up to 200% of the control
level, presumably due to increased activity of PABPC1 (Fig. 7D).

DISCUSSION

Interactions between transposons and the host involve a compli-
cated and dynamic relationship that is just beginning to be under-
stood. Previous studies suggested that L1 retrotransposition may
be influenced by host factors such as proteins in DNA repair path-
ways, cytidine deaminase, and retinoblastoma proteins (11, 28, 29,
55, 57, 69). However, these findings were obtained using different
L1 elements within various backgrounds (i.e., cell types). In this
study, we developed a system to examine candidate genes affecting
L1 retrotransposition by using a modified L1 plasmid that allows
consistent coexpression of an L1 element with either of two dis-
tinct retrotransposition reporters and an shRNA of interest. Com-
pared to traditional RNAi screening methods, this strategy fits well
with the goal of this study. For example, the standard protocol for
TRC shRNA delivery involves lentivirus packaging followed by
individual cell pool generation by puromycin selection (2 weeks),
requiring an extensive amount of work prior to transfection.
Transient knockdown using small interfering RNA (siRNA) re-
quires cotransfection of siRNA and an L1 retrotransposition plas-
mid. Moreover, the short intracellular half-life of siRNAs is limit-

FIG 3 (A) Effect of shRNA cassette on expression of integrated eGFP marker. A pool of HEK293T cells that had an integrated eGFP marker was first acquired by
L1 retrotransposition using L1RP-eGFP. The cells were then transfected with pLD108 containing different shRNA cassettes and analyzed by FACS analysis 1 week
after transfection. eGFP expression of the control (pLD108-scramble) was set at 100%. A total of six independent experiments were done, and standard errors are
shown. (B) Effect of shRNA on the splicing ability of the globin intron within the neo marker. Total RNAs were extracted from HeLa cells transfected with
different vectors after 3 days of puromycin selection. Real-time RT-PCR was performed using two exon primers (JB13424 and JB13426) or exon-intron primers
(JB13424 and JB13425) for the neoAI reporter. The ratio of unspliced RNA and total RNA was calculated. Three experiments were performed, and standard errors
are shown.
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FIG 4 Effects of knocking down PABPs on the poly(A) tail length of L1 and other genes. (A) Scheme of poly(A) tail length assay, redrawn from the user protocol of a
poly(A) tail length assay kit (Affymetrix). The A0 primer represents the reverse primer located just before the poly(A) tail for each gene of interest. (B) Poly(A) tail lengths
measured for L1, actin, GAPDH, and keratin mRNAs. Total RNAs were extracted from HeLa cells (after 5 days of puromycin selection) transfected with pLD108-anti-
eGFP, pLD108-antiPABPN1#2, pLD108-antiPABPC1#3, and pLD108-antiPABPC1#4, and poly(A) tail lengths were measured by use of a poly(A) tail length assay kit. A0
products are unique-sequence PCR products which correspond to the appropriate mRNA and lack any 3= poly(A) tail. The exact sizes of A0 products are as follows: for
L1, 142 bp; for actin, 223 bp; for GAPDH, 153 bp; and for keratin, 122 bp. “An” represents PCR products containing mRNAs with different poly(A) tail lengths. The
inferred length of the poly(A) tail was determined as the length difference between An and the sum of the lengths of A0 and the universal reverse primer (35 nt).
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ing, as some retrotransposition assays take more than 2 weeks to
carry out. Having the L1 element and shRNA on the same plasmid
completely avoids the preinfection step, simplifies the transfection
procedure, and minimizes variation between experiments. Given
the fact that pCEP4-based plasmids replicate at �30 copies per cell
(71), the cloned shRNA is expressed continuously at high levels in
the cell throughout the L1 retrotransposition assay period (up to 2
to 3 weeks). Also, even if the copy number varies between individ-
ual cells, the ratio of shRNA to L1 RNA and proteins should re-
main constant, providing an intrinsic normalization. Further-
more, our data indicate that shRNAs cloned into the plasmid
produce a more efficient knockdown effect than those integrated
into the chromosome by lentivirus infection (Fig. 2G and H). All
PCR and LIC cloning steps can easily be done in a 96-well plate
format, a method we hope to apply to future high-throughput
screening.

In an attempt to identify host factors affecting L1 retro-
transposition, two poly(A) binding protein genes (PABPN1

and PABPC1) were discovered. We did not observe significant
generic growth or expression defects in the cells when these two
genes were knocked down by shRNA. Interestingly, the poly(A)
tail length of L1 transcripts was not affected by knockdown of
either of the PABPs. Knockdown (by 76% to 81%) of PABPC1
resulted in �13 to 30% inhibition of L1 ORF1p expression.
This finding is consistent with results obtained by Yoshida et
al., who observed a 10 to 15% decrease of reporter gene (lucif-
erase) translation when PABPC1 was knocked down by RNAi
(77). It is believed that PABPC1 is regulated by the stability of
its interacting protein, PAIP2. Depletion of PABPC1 induces
PAIP2 ubiquitylation and degradation, and this in turn releases
free PABPC1 molecules originally bound by PAIP2. It is appar-
ent from our work that reducing the amount of PABPC1 asso-
ciated with L1 mRNA causes a severe and specific defect in L1
RNP formation and cellular localization of ORF1p, either di-
rectly or (perhaps) indirectly, by recruiting other host factors
less efficiently (30, 78).

FIG 5 Effects of knocking down PABPs on expression of L1. (A) Relative mRNA levels of Puro transcript; L1 ORF1 and ORF2 levels were measured by real-time
RT-PCR. White bars, Puro; light gray bars, ORF1; dark gray bars, ORF2. The mRNA level of pLD108-anti-eGFP was used as a control and set at 1. (B) Expression
of L1 ORF1p. Whole-cell lysates prepared from HEK293T cells (after 5 days of puromycin selection) transfected with different L1-shRNA coexpression vectors
were probed with anti-ORF1 antibody. The RNP samples were prepared from the same amount (500 �l) of whole-cell lysate, and the pellets were resuspended
in 50 �l PBS. Ten-microliter RNP samples were loaded and probed with the anti-ORF1 antibody. The same amount of RNP sample (2 �g) was used in the LEAP
assay, and 10 �l of PCR product from each reaction was loaded onto a 1.5% agarose gel. The nucleolin mRNA panel represents the SuperScript RT-PCR product
of this cellular mRNA marker for all RNP preparations. The LEAP signal is shown as a semiquantitative readout of the ability of the L1 RNP to produce its own
cDNA. Sequences of LEAP products indicated that the cloned products contained poly(A) tails of 27 to 43 nt. (C) Both PABPN1 and PABPC1 bind to ORF1p
through L1 RNA. Cell lysate prepared from HEK293T cells transfected with pLD108 was immunoprecipitated with anti-ORF1 IgY and probed with rabbit
anti-ORF1p, anti-PABPN1, and anti-PABPC1 antibodies. Lane 1, input; lane 2, anti-ORF1 IgY was used for co-IP; lane 3, preimmune IgY antibody was used for
co-IP; lane 4, cell lysate was pretreated with RNase before co-IP with anti-ORF1 IgY; lane 5, cell lysate was pretreated with Benzonase before co-IP with anti-ORF1
IgY. (D) Localization of ORF1 protein. Nucleus-associated and cytosolic fractions were prepared from HEK293T cells (after 5 days of puromycin selection)
transfected with different L1-shRNA coexpression plasmids and probed for anti-ORF1 antibody. Alpha-tubulin and p62 (nucleoporin 62) were used as quality
control markers for cell fractionations, and p53 was used as a loading control. The numbers under the top panels represent the relative ORF1p abundance in each
lane compared to the control. All experiments were performed at least twice, and representative gels are shown.
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Increased L1 retrotransposition by moderate expression of
exogenous PABPs strengthens our conclusion that poly(A) bind-
ing proteins are important for the L1 life cycle. Interestingly, un-
regulated overexpression of PABPN1 and PABPC1 caused an ap-
parent decrease in L1 retrotransposition activity. Using wild-type
and mutant L1 constructs, we demonstrated that excessive over-
expression of both PABPs caused hypersensitivity to puromycin.
This is consistent with previous studies which showed that the
consequences of unregulated overexpression of PABPN1 and
PABPC1 included an increased cell doubling time, a reduced clon-
ing efficiency, and a significantly changed expression level for at
least 202 different genes (12, 14, 47, 49).

To test whether moderate and presumably more physiologic
increases of PABPs (or their activities) could upregulate L1 activ-
ity, we knocked down the PABPC1 inhibitor PAIP2 gene (77) or
overexpressed modest amounts of PABPs. As a result of this ma-
neuver, we observed increased L1 retrotransposition. On the other
hand, knockdown of another PABPC1-interacting protein, PAIP1
(a protein that stimulates translation [52]), decreased L1 activity
(data not shown). Thus, at least for PABPC1, we have clear evi-
dence both that low levels of the protein interfere with L1 retro-
transposition and that moderate increases in its level can stimulate
L1 retrotransposition.

Proposed function of poly(A) binding proteins in L1 life cy-
cle. Co-IP experiments indicated that both poly(A) binding pro-
teins are associated with L1 RNP complexes, presumably via the
ability of both proteins to bind to L1 mRNA. PABPC1 is known to
be generically important to translation initiation. But our study
revealed unexpected results: knocking down PABPC1 by shRNA
can interfere with retrotransposition, with minimal effects on L1
protein abundance, suggesting novel functions of the PABPC1
protein specific to the L1 life cycle. Less functional RNP was as-
sembled with reduced levels of PABPC1, even though excess
ORF1p molecules were produced in the cytoplasm. Since PABPC1
can shuttle between the cytoplasm and the nucleus (1, 37), our
data suggest that it may provide a direct trafficking function for L1
RNP nuclear translocation. We speculate that the remaining free
L1 proteins and RNA might be degraded in the cytoplasm (30,
67, 79).

The mechanism by which PABPN1 affects L1 retrotransposi-
tion is not clear. Based on the data we presented, PABPN1 has a
negative effect on neo expression and intron splicing. Since
PABPN1 knockdown caused no L1-specific defect, PABPN1 pos-
sibly affects L1 activity indirectly through influences on the ex-
pression of the neo marker and/or other genes.

Nonautonomous retrotransposition Alu elements rely on the

FIG 6 Reduced poly(A) tail length affects L1 RNP formation. (A) Diagram of an L1 retrotransposition construct with a hammerhead ribozyme-aptamer
controlled by theophylline. A self-cleavage ribozyme-aptamer (74) was inserted between the eGFPAI marker and the simian virus 40 (SV40) poly(A) signal that
normally specifies polyadenylation in this construct. Upon adding theophylline to the medium, the ribozyme cleaves off the SV40 poly(A) signal and therefore
leaves only a short oligo(A) tail (A10). Orange circle, theophylline; TRE, tetracycline-regulated promoter; FLAG, FLAG epitope tag at C terminus of ORF1p;
pLD289, L1 construct without the ribozyme cassette inserted; pLD437, L1 construct with the ribozyme cassette inserted. (B) Retrotransposition ability of pLD289
and pLD437 in HEK293T-tet-on cells with different concentrations of theophylline. The absolute activity of pLD289 (�8%) was set at 1. (C) Relative mRNA
levels of L1 ORF1 and ORF2 in Tet-on HEK293T cells (transfected with pLD437) with various concentrations of theophylline. Tet-on HEK293T cells were
transfected with pLD437. The next day, doxycycline (final concentration, 500 ng/ml) and theophylline were added to the medium. At 5 days posttransfection,
total RNA was prepared and real-time RT-PCR was performed. Both the beta-actin and puromycin genes were used as internal controls. All data represent
averaged results for at least three independent experiments. Error bars represent standard deviations. (D) A shorter poly(A) tail affects L1 RNP formation. Tet-on
HEK293T cells were transfected with pLD289 and pLD437. Transfected cells were selected in DMEM containing 1 �g/ml puromycin and 500 ng/ml doxycycline
for 5 days. Theophylline was added to a final concentration of 10 mM and incubated for 2 more days. L1 RNPs were prepared from each cell pool and probed with
anti-FLAG antibody. The signals were quantified using Multi-Gauge software (Fujifilm), based on band densitometry. For each sample pair, the signal with
theophylline was compared to the signal without theophylline (assigned as 1), with normalization to signals from the total cell lysate (upper panel). The
experiment was done twice from two independent transfections and cell cultures.
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L1 machinery for their mobilization. Since no structural similarity
between L1 and Alu RNAs is known, we previously proposed that
Alu’s poly(A) sequence resembles the L1 RNA poly(A) tail and
thus hijacks L1 ORF2 for mobilization (7). Studies have shown
that poly(A) tail length is very important to the retrotransposition
ability of Alu (6), and poly(A) binding proteins are hypothesized
to play an important role in Alu retrotransposition (19, 65). In-
deed, we saw decreased Alu retrotransposition with both PABPN1
and PABPC1 knocked down (data not shown), suggesting a more
general involvement of poly(A) binding proteins in retrotrans-
poson proliferation.

In summary, our study provides a simple and efficient sys-
tem for evaluating candidate genes involved in L1 retrotrans-
position by RNAi and has the potential for use in high-
throughput screening. Other than the known functions of
binding the poly(A) sequence and initiating translation,

FIG 7 Effects of overexpression of PABPN1 and PABPC1 on L1 retrotransposition. (A) pLD190 (L1-eGFPAI) (1 �g) was cotransfected with different
amounts of pcDNA-PABPN1 (pLD141) or pcDNA-PABPC1 (pLD142), and the retrotransposition efficiency was compared with the result of cotrans-
fection of pLD190 and the same amount of pcDNA3.1 empty vector in HEK293T cells, which was set at 100%. (B) Overexpression of PABPs in HEK293T
cells transfected with pcDNA-PABPN1 and pcDNA-PABPC1. Cell lysates were prepared at 3 days posttransfection and probed with anti-PABPN1 and
anti-PABPC1 antibodies. Alpha-tubulin was used as an internal control. (C) ORF1p expression was unchanged with PABP overexpression. Cell lysates
were prepared at 3 days posttransfection and probed with anti-ORF1 IgY. Alpha-tubulin was used as an internal control. (D) Effect of knocking down
PAIP2 on L1 retrotransposition. Control, pLD190-scramble shRNA; anti-PAIP2 shRNA#5, pLD190-antiPAIP2 shRNA#5 (TRCN0000153678). (Left)
Relative L1 retrotransposition frequency; (right) relative mRNA level of PAIP2 in the cells. mRNA levels were normalized by the simultaneous measure-
ment of the beta-actin gene.

TABLE 3 Effects of coexpression of L1 and PABPs on cell sensitivity to
puromycin

L1 construct

Cell viability under puromycin selection
relative to control levela

pcDNA-PABPN1 pcDNA-PABPC1

ORFeus-Hsb 0.62 
 0.07 0.62 
 0.08
ORFeus-Hs EN�c 0.61 
 0.07 0.63 
 0.07
ORFeus-Hs RT�d 0.60 
 0.03 0.52 
 0.04
ORFeus-Hs EN� RT�e 0.60 
 0.06 0.55 
 0.08
a The value for coexpression of L1 and empty pcDNA was set at 1. Data are means 

standard errors for three independent experiments.
b Wild-type ORFeus-Hs cloned into pCEP-puro.
c ORFeus-Hs H230A mutant cloned into pCEP-puro.
d ORFeus-Hs D702A mutant cloned into pCEP-puro.
e ORFeus-Hs H230A D702A mutant cloned into pCEP-puro.
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PABPC1 appears to play a role in L1 RNP formation and cel-
lular localization of ORF1p.
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