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LINE-1 retrotransposons constitute one-fifth of human DNA and have helped shape our genome. A full-
length L1 encodes a 40-kDa RNA-binding protein (ORF1p) and a 150-kDa protein (ORF2p) with endonuclease
and reverse transcriptase activities. ORF1p is distinctive in forming large cytoplasmic foci, which we identified
as cytoplasmic stress granules. A phylogenetically conserved central region of the protein is critical for
wild-type localization and retrotransposition. Yeast two-hybrid screens revealed several RNA-binding proteins
that coimmunoprecipitate with ORF1p and colocalize with ORF1p in foci. Two of these proteins, YB-1 and
hnRNPA1, were previously reported in stress granules. We identified additional proteins associated with stress
granules, including DNA-binding protein A, 9G8, and plasminogen activator inhibitor RNA-binding protein 1
(PAI-RBP1). PAI-RBP1 is a homolog of VIG, a part of the Drosophila melanogaster RNA-induced silencing
complex (RISC). Other RISC components, including Ago2 and FMRP, also colocalize with PAI-RBP1 and
ORF1p. We suggest that targeting ORF1p, and possibly the L1 RNP, to stress granules is a mechanism for
controlling retrotransposition and its associated genetic and cellular damage.

During the course of human evolution, the LINE-1 retro-
transposon has expanded to over 500,000 copies composing
approximately 18% of the mass of the genome. In addition, the
L1 retrotransposition machinery has been responsible for
genomic insertion of over a million nonautonomous retro-
posons, including Alus and SVA elements, and approximately
8,000 processed pseudogenes (35, 86). L1 expansion has
slowed dramatically, and only 19 recent disease-causing human
insertions have been identified. Most L1 insertions are trun-
cated, rearranged, or mutated and hence incapable of further
retrotransposition. Nevertheless, there are 6,000 full-length
human elements, among which roughly 80 to 100 are poten-
tially capable of retrotransposition (7), but many more can be
transcribed and translated.

The 6.0-kb full-length human L1 has a 906-nucleotide (nt) 5�
untranslated region (UTR) with an internal promoter, two
open reading frames (ORF1 and ORF2) separated by a 63-bp
intergenic spacer, and a 206-nt 3� UTR which ends in a poly(A)
signal and tail. L1 ORF2 encodes a 149-kDa protein (ORF2p)
with endonuclease and reverse transcriptase activities. Unlike
the ORF1 product, translation of ORF2p is suppressed, and its
low copy number has made ORF2p difficult to find in most
tissues and cell lines, even when it is overexpressed (16, 25).

ORF1 protein (ORF1p) is a nucleic acid-binding protein
that lacks sequence similarity with any other known protein.

Mutational analysis has shown it to be essential for retrotrans-
position (64), but its exact function remains unclear. The N-
terminal one-third of both human and mouse ORF1p contains
an �-helical coiled-coil domain, which is predicted to form a
leucine zipper in humans (30). In mouse ORF1p, this region is
necessary and sufficient for stable trimerization. The C-termi-
nal-third of the protein is responsible for low sequence speci-
ficity and high-affinity binding of RNA and single-stranded
DNA, and mouse ORF1p can act as an RNA chaperone (60–
62). In sucrose gradients, both human and mouse ORF1
protein cofractionates with L1 RNA in a large ribonucleo-
protein (RNP) complex, and reverse transcriptase activity
linked to the presence of ORF2p in this RNP has been
detected (29, 46, 58).

It is believed that L1s retrotranspose by a process termed
target primed reverse transcription (56). According to this
model, ORF2-encoded endonuclease nicks the bottom strand
of target DNA and exposes a 3�-hydoxyl that primes reverse
transcription of L1 RNA. Evidence from human insertions and
cell culture indicates that L1 proteins have cis preference,
binding their own encoding RNA (17, 82). To date, no non-L1
proteins have been identified as components of the L1 RNP.
Almost certainly, however, other cellular factors bind the RNP
and participate in the complex process of retrotransposition.

Here we focused on the subcellular distribution of human
ORF1p and some of its associated non-L1 proteins. Both
mouse and human ORF1 proteins are predominantly cytoplas-
mic when assayed by subcellular fractionation or immunoflu-
orescence (29, 59). We previously reported that ORF2p,
when overexpressed in a modified vaccinia virus Ankara/T7
RNA polymerase (MVA/T7RP) hybrid system, is also pre-
dominantly cytoplasmic and that both ORF1p and ORF2p
are present in the nucleoli of some cells (25). A distinctive
feature of ORF1p localization is its presence in large cyto-
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plasmic foci similar in appearance to stress granules (SGs)
or processing bodies (PBs).

Stress granules are discrete cytoplasmic aggregates which
can be induced by a range of stress conditions, including heat
shock, hypoxia, osmotic shock, oxidative stress, viral infection,
and the overexpression of some cellular proteins (reviewed in
references 1 and 14). Stalled preinitiation complexes are found
in SGs and include the small, but not large, ribosomal subunits
bound to translation eukaryotic initiation factors such as eIF2
and eIF3. Also present are poly(A)-binding protein (PABP),
Ras-GAP SH3 binding protein (G3BP), and T-cell intracellu-
lar antigen 1 (TIA-1), as well as some other RNA-binding
proteins that distinguish SGs from processing bodies (24, 40,
42, 78).

Processing bodies (PBs or GW bodies) are dynamic cyto-
plasmic compartments containing high concentrations of mol-
ecules involved in mRNA decay and translation inhibition.
These include decapping proteins DCP1 and DCP2, exonucle-
ase Xrn1, deadenylase CCR4, translation initiation factor
eIF4E, and enzymes in the nonsense-mediated decay pathway
(1). In mammalian cells, components of the RNA-induced
silencing complex (RISC) have been found in PBs, including
miRNAs, argonaute (Ago2), and GW182, an RNA-binding
protein necessary for miRNA silencing (55, 69). PBs and SGs
are related compartments, frequently overlap, and share and
swap some components depending upon stress conditions in
the cell. These observations have given rise to the concept of
SGs as triage points where decisions are made as to whether
dormant mRNPs will be transferred to processing bodies for
degradation or returned to polysomes and the cytoplasmic
pool of translating RNAs (42).

Here we demonstrate that ORF1p foci colocalize with mark-
ers of cytoplasmic SGs in both stressed and unstressed cells.
Additionally, we show by mutation analysis that sequence mod-
ifications throughout ORF1p can profoundly change its local-
ization, causing the protein to shift from the cytoplasm to the
nucleus or nucleolus or altering the morphology or completely
eliminating cytoplasmic foci. Based on interaction and colocal-
ization studies, we also identified candidate non-L1 protein
components of the L1 RNP. Most of these proteins are present
with ORF1p in cytoplasmic foci. The discovery of L1 ORF1p
together with polyadenylated RNA in stress granules suggests
a mechanism whereby the cell may mitigate the potential mu-
tagenic effects of retrotransposition by sequestering L1 RNPs
and possibly targeting them for degradation.

MATERIALS AND METHODS

Cloning of plasmid constructs. Open reading frames for DCP1b (NM_152640),
eIF3B (NM_003757), glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
NM_002046), G3BP (NM_005754), HuR (NM_001419), PABPC1 (NM_002568),
TIA-1 (NM_022173), and Xrn1 (NM_019001) were amplified by PCR from a hu-
man placental retroviral cDNA library (Clontech) and cloned into BamHI/SalI sites
of pDsRed-Express-NI (Clontech). Coding sequences for DNA-binding protein A
(DBP-A), DBP-B (YB-1), hnRNPA1, HSP70t, translocated-in-liposarcoma (TLS/
FUS) protein, URH49, and 9G8 were amplified from pMyr two-hybrid cDNAs and
cloned either with an N-terminus FLAG tag and three-residue linker (MDYKDD
DDKAAG) into BamHI or NheI and PmeI sites of vector pcDNA6myc/hisB (In-
vitrogen) or as an N-terminal fusion to red fluorescent protein (RFP) in pDsRed-
Express-NI. L1-RP ORF1 sequence (7) was cloned as either an N- or C-terminus
fusion with green fluorescent protein (GFP) in SalI/BamHI sites of pEGFP-N1 or
pC1-EGFP (Clontech), respectively, or with a C-terminal T7 tag and linker (AAG
GMASMTGGQQMG) in pcDNA6myc/hisB, or a C-terminal tandem affinity puri-

fication (TAP) tag in the SalI/BamHI sites of pCMV-C-term-TAP. Tagged ORF1
sequences were also incorporated into full-length L1-RP and cloned in NotI/PmeI
sites of the vector pcDNA6myc/hisB to generate constructs used in the immunopre-
cipitation experiments of Fig. 4, below. ORF1 truncation and point mutants were
constructed by PCR techniques and cloned in pEGFP-N3. To generate pGEX
6P-ORF1-FL, ORF1 was cloned in BamHI/SalI sites of the pGEX 6P-1 glutathione
S-transferase (GST) expression vector (Amersham Biosciences).

To construct the L1 reporter cassette construct 99-PUR-RPS-pBlaster1, the
blasticidin S deaminase gene (bsd) from pcDNA6myc/hisA (Invitrogen) was
excised with EspI-blunted XmnI and cloned in a modified pBS KS- vector lacking
PvuII recognition sites. This construct was cut with SpeI and blunted, and into
this site was inserted a minimal TK-poly(A) signal excised from the vector
pOG-44-Cre (RsrII-blunted/SpeI-blunted). Intron 2 of the �-globin gene was
cloned in opposite orientation at the PvuII site within bsd, and this cassette was
excised (EcoRV/SalI blunted) and inserted into a SmaI site introduced near the
3� end of L1-RP within vector pBS KS- (JCC5-RPS). The L1-RP/bsd cassette was
excised (NotI/ApaI blunted) and cloned into the vector 99-PUR (NotI/Sfi
blunted). 99-PUR was constructed by combining an EcoRI/TthIII-blunted frag-
ment from a modified version of vector pCEP4 (Invitrogen), lacking the cyto-
megalovirus (CMV) promoter, with an EcoRI-BamHI fragment from pPUR
(Clontech). This hybrid construct contains the puromycin resistance gene.

GFP-GW182 (312-1709) was a gift from D. Bloch (Harvard Medical School),
and pCMV-C-term-TAP was from E. Izaurralde (European Molecular Biology
Laboratory). The Swimmer 1 (SW1) retrotransposon used to generate SW1
ORF1-EGFP was from D. Duvernell (Southern Illinois University).

Cell culture. Human embryonic kidney HEK 293T cells and osteosarcoma
143Btk- cells (ATCC) were grown in high-glucose Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum–glutamine–penicillin-streptomycin. Te-
ratocarcinoma cell lines nTERA 2D1 and 2102Ep were gifts of J.V. Moran
(University of Michigan) and P. K. Andrews (University of Sheffield, United
Kingdom), respectively, and were grown in Dulbecco’s modified Eagle’s medium
with minimal amino acids (Invitrogen). PERK/PKR/GCN2�/� mouse embryonic
fibroblast (MEF) cells were a gift from D. Cavener (Penn State University). S/S
and A/A MEFs were from R. Kaufman (University of Michigan). MEF wild-type
and TIA-1�/� cell lines were a gift of N. Kedersha (Harvard University). All
transfections used FuGENE6 (Roche).

Retrotransposition assay. The retrotransposition cell culture assay was mod-
ified from reference 64. Wild-type L1 reporter construct 99-PUR-RPS-pBlaster1
(containing a blasticidin S deaminase gene reporter cassette) and mutant vari-
ants were transfected in 143Btk- cells in six-well plates. Antibiotic selection with
puromycin (5 �g/ml) was begun 48 h posttransfection. On day 6 posttransfection,
cells were expanded from six-well plates to T75 flasks. One week later, cells were
trypsinized, counted, and reseeded in new T75 flasks in medium with blasticidin
S (5 �g/ml). On day 22 posttransfection, cells were fixed and stained with
Giemsa, colony numbers were scored, and the retrotransposition frequency was
determined as the number of blasticidin-resistant colonies per number of trans-
fected (puromycin-resistant) cells.

This lab and others have assayed full-length L1 reporter constructs containing
ORF1 with C-terminal tags and have found them to retain retrotransposition
competence in cell culture. Tagging ORF1 at the N terminus abolishes retro-
transposition (46; unpublished data).

Antibodies. Purified AH40.1 polyclonal antibody against ORF1 protein was a
gift from T. Fanning (Armed Forces Institute of Pathology, MD) and M. Singer
(Carnegie Institution of Washington). Affinity tag antibodies included anti-T7
tag (Novagen), anti-TAP tag (Open Biosystems), and anti-FLAG tag (Sigma).
Other primary antibodies and their sources were anti-Ago2 (Z. Mourelatos,
University of Pennsylvania), anti-DBP-A and anti-DBP-B (YB-1; K. Kohno,
University of Occupational and Environmental Health, Japan), anti-eIF3� (N-
20; Santa Cruz Biotechnology, Inc.), anti-FMRP (clone 1C3; Chemicon), anti-
GW182 (M. Fritzler, University of Calgary), anti-hnRNPA1 (clone 4B10; G.
Dreyfuss, University of Pennsylvania), anti-LAMP2 (H4B4; Developmental
Studies Hybridoma Bank, University of Iowa), anti-PABPC1 (clone 10E10; G.
Dreyfuss), anti-plasminogen activator inhibitor RNA-binding protein 1 (PAI-
RBP1; J. Peluso, University of Connecticut), anti-PDI (Stressgen Bioreagents),
anti-TIA-1 (C-20; Santa Cruz), anti-TLS (BD Transduction Laboratories), and
anti-UAP56 (M. Green, University of Massachusetts Medical Center). Donkey
Cy2- or Cy3-conjugated and horseradish peroxidase-conjugated anti-mouse and
anti-rabbit secondary antibodies were from Jackson ImmunoResearch Labs.
Horseradish peroxidase-conjugated anti-chicken immunoglobulin Y (IgY) anti-
body was from GenWay Biotech. Lysotracker Red DDN-99 is a product of
Molecular Probes, Invitrogen.

Immunofluorescence. Cells grown on poly-L-lysine-treated coverslips were
washed twice with Dulbecco phosphate-buffered saline (DPBS) for 5 min and
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fixed with cold 3% DPBS-paraformaldehyde (pH 7.3) for 20 min at 4°C, followed
by washing and permeabilization for 10 min at 4°C in DPBS–0.2% Triton-X.
Cells were incubated with protein blocking agent (Immunotech) for 15 min and
overnight at 4°C with primary antibodies in DPBS–5% donkey serum–0.1%
Triton-X. The next day, cells were washed three times with DPBS and incubated
for 2 h with donkey Cy2- or Cy3-conjugated secondary antibodies. Coverslips
were mounted with mounting medium (KPL Laboratories).

For polyadenylated mRNA detection, following paraformaldehyde fixation,
cells on coverslips were incubated overnight in 70% ethanol at 4°C, dehydrated
through a 80%, 90%, 100% ethanol series, and dried on a heat block. Coverslips
were incubated overnight at 37°C with 100 ng of a 45-nt Cy3-conjugated poly(dT)
probe or Cy3-labeled antisense DNA probe recognizing a region of the L1 3�
UTR (Integrated DNA Technologies). Hybridization buffer contained 10% dex-
tran sulfate, 2 mM vanadyl-ribonucleoside complexes, 40 �g Escherichia coli
tRNA, 25 �g salmon sperm DNA, 2� SSC (1� SSC is 0.15 M NaCl plus 0.015
M sodium citrate), 15% formamide, and 1 �l RNasin (Promega). Cells were
washed twice for 30 min in 2� SSC–15% formamide at 37°C, followed by
primary antibody (1 h) and secondary antibody (2 h) incubation as required.

Slides were examined with either a Leica DR RE microscope with a TCS SP
confocal imaging spectrophotomer using Leica TCSNT version 1.6.587 software
or a Nikon E600 microscope equipped with bright-field, Nomarski, and fluores-
cence optics (Fast 1934 CCD camera; QImaging, QICAM, Canada) and IP Lab
imaging software (Scanalytics Corp., BD Biosciences).

Immunoprecipitation. Cells were harvested in DPBS–2 mM EDTA, and the
cell membrane was lysed on ice for 20 min (20 mM HEPES, 20% glycerol, 200
mM KCl, 0.5 mM EDTA, 0.1% NP-40, with protease inhibitor cocktail [Sigma],
1 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol). Total cell
lysates were obtained by sonication. Lysate was cleared by centrifugation at
11,000 rpm. Extracts were treated in the presence or absence of 20 �g/ml RNase
A (Roche). All TAP tag immunoprecipitations were single round. Following
overnight incubation at 4°C with cross-linked IgG beads (Sigma), elution was by
cleavage with tobacco etch virus protease (Invitrogen) in cleavage buffer (10 mM
Tris-Cl, pH 8, 150 mM KCl, 0.1% NP-40, 0.5 mM EDTA, 1 mM dithiothreitol).

For the GST pull-down assay (see Fig. 4E, below), construct pGEX 6P-
ORF1-FL was induced in BL21-CodonPlus(DE3)-RIPL (Stratagene) bacteria,
the pellet was lysed, and recombinant ORF1p protein was purified on gluta-
hione-Sepharose 4B resin according to the manufacturer’s protocols (Amersham
Biosciences). Nine �l of FLAG-tagged hnRNPA1 protein labeled with 35S (TNT
T7 coupled reticulocyte lysate system; Promega) was incubated for 3 h with

bound GST-tagged ORF1p, washed five times with PBS, and eluted with 20 mM
glutathione.

Two-hybrid analysis. A Stratagene Cytotrap system human testis library was
screened according to the manufacturer’s instructions with the full-length ORF1
sequence in pSOS vector. Approximately 1.2 � 1010 plasmids were used to
transform the CDC25� yeast strain. Putative ORF1p-interacting library clones
were tested for noninteraction with control expression constructs pSOS alone,
pSOS MAFB, and pSOS ColI.

RESULTS

L1 ORF1 protein is predominantly cytoplasmic and concen-
trates in discrete foci. Previously we reported that both ORF1
and ORF2 proteins were predominantly cytoplasmic when
overexpressed in the MVA/T7RP system but also targeted
nucleoli in some cells (25). Here we detected ORF1p, tagged
on either its N or C terminus with GFP and expressed either
alone or together with ORF2p, in nucleoli in about 5% of cells
(Fig. 1A; see also Fig S1A in the supplemental material). Faint
general nuclear staining was also seen, but only a small number
of cells showed nuclear concentration.

A dominant feature of ORF1p was its concentration in cy-
toplasmic foci that fluoresced intensely against a background
of diffuse cytoplasmic expression. These phase-dense particles
varied in size and number, although there were usually 	10
per cell. This pattern is well-conserved through evolution, since
GFP-tagged ORF1 protein from SW1, a related non-long ter-
minal repeat (non-LTR) retrotransposon found in some
teleost fish species (15), was similarly distributed (Fig. 1B).
Martin and Branciforte (59) also reported punctate cytoplas-
mic staining of endogenous mouse L1 ORF1p in F9 cells and
proposed that the speckles were RNP aggregates. Human
ORF1p with a C-terminal T7 epitope tag showed the same
pattern of distribution as ORF1p-GFP when assayed by im-
munofluorescence.

FIG. 1. (A) ORF1p tagged on the C terminus with enhanced GFP
is predominantly cytoplasmic but is also present in nuclei and nucleoli
of some cells. (B) GFP-tagged ORF1p from the fish retrotransposon
SW1 is cytoplasmic with punctate foci in human 143Btk- cells. Nucle-
olar localization of this protein was not observed. (C) Phylogenetic
alignment of internal sequence from ORF1p and the location of point
mutations. Mutations were also introduced into a retrotransposition-
competent L1 (L1-RP) and tested in a cell culture retrotransposition
assay. Retrotransposition rates were compared with that of wild-type
L1-RP (right).

TABLE 1. Subcellular localization patterns of ORF1p-GFP
truncation and point mutants expressed in untreated

143Btk- and 293T cells

Mutant
Localizationa

Cytoplasmic Cytoplasmic foci Nuclear Nucleolar

1–339 (wild type) *** *** * *
1–130 *** X * X
1–168 ***/* X */*** ND
1–270 *** *(1) * *
51–339 *** *** * X
89–339 *** ** * X
51–168 * X *** Ex
89–270 * * *** Ex
131–339 * * *** Ex.
169–270 * X *** Ex/*
195–270 * X *** Ex/*
225–339 ** X *** Ex/*
R155A/N157A *** *** * *
N157A/R159G *** X ** *
R159G *** *(1) * X
E165G *** *** * ***
L93/100/114A *** **(1) * *
R261/262A *** **(1) * X

a Symbols: X, not observed; Ex, excluded; (1), foci altered in morphology from
wild type; ***, predominant; **, less frequent; *, infrequent; ND, not deter-
mined.
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A central region of ORF1p is important for cytoplasmic
distribution. To identify domains responsible for subcellular
localization, we generated a series of truncation and point
mutants of ORF1p, fused these upstream of GFP, and assayed
for expression following plasmid transfection in human osteo-
sarcoma 143Btk- and embryonic kidney 293T cells. Our data
(summarized in Table 1; see also Fig. S1 in the supplemental
material) indicate that the N-terminal-third of the protein con-
tributes to cytoplasmic retention of ORF1p, since residues 1 to
130 were largely cytoplasmic but did not form foci. Fragment
1–168 also failed to form foci but was cytoplasmic in some cells
and nuclear in others, suggesting that sequence downstream of

the zinc finger domain (residues 90 to 130) can direct ORF1p
to the nucleus but not necessarily the nucleolus. Hence, nu-
clear and nucleolar localization can be uncoupled. Removing
portions of both the N and C termini unmasked this activity
and caused the truncated fragments to enter the nucleus.

Our data also indicate that a domain that overlaps residue
168 affects foci formation. While fragments 51–168 and 169–
270 were exclusively nuclear without foci, longer constructs
89–270 and 131–339 were nuclear but also retained foci rem-
nants in some cells. We next tested the effects of point muta-
tions introduced between residues 154 to 167, a sequence
highly conserved between human L1, mouse L1, and fish SW1

FIG. 2. ORF1p colocalizes with marker proteins of stress granules. Fluorescent-tagged ORF1p was coexpressed in 143Btk- or 293T cells with
fluorescence-tagged control proteins (A and B), marker proteins for PBs (C to E), and marker proteins for SGs (F to J). (G) Cells were
cotransfected with TIA1-RFP and ORF1p-GFP containing a double point mutation, N157A/R159G, that prevents formation of cytoplasmic foci.
Cells were imaged by confocal microscopy at �100 magnification. Bar, 10 �m.
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retrotransposons (Fig. 1C). Foci formation was affected by
changes within this central domain. While the double point
mutation R155A/N157A had no obvious effect on ORF1p lo-
calization, N157A/R159G completely abolished foci, while the
single mutation R159G severely reduced their number and
altered their morphology, being paler and larger in size. Inter-
estingly, point mutation E165G did not inhibit foci formation
and cytoplasmic staining but increased the percentage of 143B
and 293T cells having visible nucleolar staining by four- to
fivefold. Introducing these residue changes in a full-length
retrotransposition-competent L1 containing a blasticidin resis-
tance gene reporter cassette eliminated its retrotransposition
in a cell culture assay (64) (Fig. 1C).

We also considered that the leucine zipper domain might be

important for foci formation. Changing three leucines to ala-
nines (L93/100/114A) did not affect cytoplasmic localization,
but foci were observed in fewer cells and often differed in
morphology. We observed a similar foci pattern for R261A/
R262A, a double point mutation known to abolish retrotrans-
position in cell culture (64). Mutating leucines of the leucine
zipper also inactivated L1 in cell culture.

We failed to identify cis-acting cytoplasmic, nuclear, or nu-
cleolar localization signal sequences in ORF1p. No nuclear
localization signal was predicted in ORF1 by either the Pre-
dictNLS or WoLF PSORT server (12, 32). Moreover, despite
the presence of a strong nuclear export signal predicted by the
program NetNES (residues 213 to 221 [47]), export of ORF1p
is independent of the chromosomal region maintenance 1

FIG. 2—Continued.
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(CRM1) pathway, as determined by its lack of sensitivity to the
CRM1 inhibitor leptomycin B (25; unpublished data). Al-
though such signals may exist, we suggest that protein second-
ary structure, likely mediating protein or RNA binding, is crit-
ical for wild-type distribution of ORF1p. This protein structure
may be easily disrupted by mutation throughout the length of
the protein, altering macromolecule binding and normal tar-
geting of the ORF1p RNP. For example, data suggest that
RNA binding is required for nucleolar targeting. Treating
143B or 193T cells with the transcription inhibitor actinomycin
D abolished visible nucleolar localization of both GFP-tagged
wild-type ORF1p and the E165G mutant. Cytoplasmic pattern-
ing and foci formation remained unchanged (not shown).

ORF1p cytoplasmic foci localize with markers of stress
granules. Martin and Branciforte (59) reported that punctate
cytoplasmic staining of endogenous mouse ORF1p was not
associated with the Golgi apparatus, lysosomes, or endoplas-
mic reticulum (ER). Similarly, cytoplasmic foci generated by
tagged human ORF1p did not align with endogenous markers
for ER or lysosomes (see Fig. S2 in the supplemental material).

ORF1p was cotransfected with fluorophore-tagged marker
proteins and examined for colocalization in 143Btk- and 293T
cells. As expected, GFP-tagged ORF1p did not colocalize in
cytoplasmic foci with coexpressed red fluorescent protein
alone (not shown), RFP-tagged GAPDH, or RFP-tagged heat
shock protein 70 homolog HSP70t (Fig. 2A and B).

We next considered that ORF1p foci might be cytoplasmic
RNA granules, either processing bodies or stress granules (Ta-
ble 2). To test for PB localization, we examined fluorophore-
tagged ORF1p coexpressed with GFP-tagged GW182 (Fig.
2C) or RFP-tagged decapping protein DCP1 (Fig. 2D), both
bona fide markers of PBs (1). Foci formed by these PB marker
proteins tended to be smaller and did not generally overlap,
although they were frequently juxtaposed with ORF1p foci.
PBs and SGs are often found in close proximity (42). Close
association of foci formed by RFP-tagged Xrn1 and ORF1p-
GFP was more evident than that seen for DCP1 and GW182
(Fig. 2E). Kedersha et al. (42) have reported that Xrn1 is
found in PBs in unstressed cells but partially or completely
relocalizes to SGs in stressed cells.

We next tagged protein markers of SGs and coexpressed
these with ORF1p-GFP. RFP-tagged TIA-1, G3BP, and HuR
(ELAV1), an AU-rich element-binding protein (21), all colo-

calized with ORF1-EGFP protein in many 143B cells under
normal conditions (Fig. 2F and H; Table 2). Colocalization was
even more dramatic in 293T cells, in which protein expression
was higher and foci were larger (Fig. 2I and J). No colocaliza-
tion to foci was seen when the point mutant N157A/R159G-
GFP was expressed with these stress granule marker proteins
(Fig. 2G).

It has been reported that simply overexpressing the stress
granule-associated proteins G3BP or TIA-1 causes their self-
aggregation and triggers SG formation (24, 78). We considered
that this might also be the case for endogenous L1 ORF1p and
determined its localization in germ cell-derived cell lines that
express L1 RNA and ORF1p at high levels (29, 48). The
well-characterized AH40.1 polyclonal antibody detects endog-
enous ORF1 protein strongly as a single dominant band in
cytoplasmic extracts from the human embryonal germ cell te-
ratocarcinoma-derived cell lines nTERA 2D1 and 2102Ep but
very weakly in extracts from non-germ cell lines when assayed
by Western blotting (48) (see Fig. S3A in the supplemental
material). We now report that in 2103Ep and nTERA cells this
antibody detects a general cytoplasmic localization of endog-
enous ORF1 protein with concentrations in cytoplasmic aggre-
gates similar to those seen with transfected constructs (Fig. 3;
see also Fig. S3B in the supplemental material).

We examined the expression of endogenous marker proteins
and ORF1p under both unstressed and stressed cell condi-
tions. To examine association with PBs, endogenous ORF1p
was costained with an antibody against GW182 (Fig. 3A). As
previously reported, arsenite-induced oxidative stress signifi-
cantly increased the number of cytoplasmic PBs (42). We did
not find general overlap of ORF1p and GW182 protein under
either stressed or unstressed conditions, although frequent jux-
taposition of ORF1 aggregates and PBs was evident (Fig. 3B
and enlarged images).

TIA-1 is a predominantly nuclear protein that rapidly local-
izes to cytoplasmic stress granules when cells are treated with
arsenite or with thapsigargin, a compound that blocks calcium
uptake into the ER lumen and triggers the unfolded protein
response. Colocalization of endogenous TIA-1 with both GFP-
tagged and endogenous ORF1p in many unstressed cells was
obvious but faint (Fig. 3C and enlarged images). Upon chem-
ical treatment of teratocarcinoma cells, a dramatic realignment
of TIA-1 with ORF1p in large cytoplasmic granules occurred

TABLE 2. Exogenous or endogenous PB and SG marker proteins and their colocalization with ORF1p in unstressed and stressed cells

Marker group and
name Protein function

Exogenousa Endogenousa

Unstressed Stressed Unstressed Stressed

PB marker proteins
GW182 miRNA-mediated mRNA decay N N N N
DCP1/2 mRNA decapping and decay N N ND ND
Xrn1 5�–3� exonuclease, mRNA decay N/y N/y ND ND

SG marker proteins
TIA-1 Splicing modulation, translation repression Y Y y Y
G3BP Signal transduction, RNA metabolism Y Y ND ND
eiF3 complex 40S binding, translation initiation Y Y y Y
HuR RNA transport and stability Y Y ND ND
PABPC1 Translation initiation, mRNA decay ND ND N Y

a Symbols: N, no significant overlap; Y, colocalization in a majority of cells; y, colocalization faint or present in a small number of cells; ND, not determined.
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(Fig. 3D). However, TIA-1 expression is not required for foci
formation, as no obvious differences in localization patterns
were seen for GFP-tagged ORF1 transfected in mouse embry-
onic fibroblast cell lines derived from wild-type and TIA-1
knockout mice (51).

As with TIA-1, colocalization of ORF1p and endogenous
elongation initiation factor 3 (eIF3) (Fig. 3E to G) was seen in
both unstressed and, to a greater degree, in stressed cells. On
the other hand, colocalization of ORF1p with PABP, another
bona fide marker of SGs, was not obvious in unstressed cells
(not shown) but increased dramatically under stress conditions
(Fig. 3H). Similarly, a Cy3-conjugated 45-nt poly(T) DNA
probe clearly detected polyadenylated RNA in ORF1p (Fig. 3I
to K) or TIA-1 (not shown) foci only under induced stress
conditions. Probe signal disappeared when cells were pre-
treated with RNase A (not shown). This suggests that the
amount of polyadenylated mRNA present in ORF1p foci is
low under normal cellular conditions but that significant pop-
ulations of RNPs are shunted to these sites following stress.
We failed to specifically detect L1 transcripts using a Cy3-
conjugated DNA probe recognizing sequence within the L1 3�
UTR. The tendency of ORF1p to bind its own encoding tran-
script (cis preference) and its predicted ability to coat L1 RNA
(reviewed in reference 2) likely mean that L1 RNA is far less
abundant than ORF1p in stress granules and more difficult to
detect.

Inhibition of translation is not a prerequisite for ORF1p
aggregate formation. Stress granule formation occurs follow-
ing initiation of cell stress and is usually preceded by phosphor-
ylation of translation initiation factor eIF2�. Phosphorylation
at Ser51 increases the binding affinity of eIF2� for eIF2B, a
guanine nucleotide exchange factor that charges the eIF2-
GTP-tRNAMet ternary complex. This prevents eIF2B recycling
and blocks polysome assembly and further rounds of transla-
tion. We assayed whether phosphorylation of the translation
initiation factor eIF2� is necessary for ORF1p foci formation.
GFP-tagged ORF1p was expressed in MEF TKO cells carrying
deletions of three of the four known eIF2� kinases: the ER-
localized kinase PERK, the double-stranded RNA-activated
protein kinase PKR, and GCN2, the mammalian homolog of
yeast Gcn2p (36). (A fourth kinase, heme-regulated inhibitor
kinase HRI, is most abundant in erythroid cells.) No obvious
difference in ORF1p distribution was seen between MEF TKO
cells and parental MEF �/� cells (see Fig. S4A and B in the
supplemental material). On the other hand, MEF TKO cells
would not form stress granules when treated with arsenite or
thapsigargin (see Fig. S4E and F in the supplemental mate-
rial). Similarly, while A/A MEF cells containing a mutant non-
phosphorylatable form of eIF2� could not generate SGs when
exposed to chemical stress (63) (data not shown), ORF1p-GFP
localization in this mutant line was not obviously different from
that seen in wild-type MEF S/S cells (see Fig. S4C and D in the
supplemental material). Thus, ORF1p forms SGs independent
of eIF2� phosphorylation. Other authors have also reported a
similar phenomenon. As noted above, some proteins, such as
TIA1 and G3BP, act downstream of eIF2 phosphorylation and
cause stress granule formation when expressed at high levels
(24, 78). Furthermore, pateamine A, a translational inhibitor
that targets eIF4A activity, has been shown to induce SGs
independently of eIF2� (13).

Cells treated with arsenite and other inducers of stress fail to
assemble SGs in the presence of emetine or cycloheximide,
drugs which stabilize polysomes and prevent translation (41).
However, ORF1p remained unaffected under the same condi-
tions, further evidence that general inhibition of cellular trans-
lation is not a precondition for their formation (see Fig. S4G
and H in the supplemental material).

RNA-binding proteins colocalize with ORF1p in stress gran-
ules. To identify proteins associated with L1 retrotransposons,
we employed the yeast two-hybrid CytoTrap system (Strat-
agene) to screen a human testes plasmid cDNA library using
full-length ORF1p as bait. This system has the advantage over
conventional GAL4 and LexA two-hybrid systems of assaying
for interactions in the cytoplasm, the main site of ORF1p
localization. Most proteins identified were RNA-binding pro-
teins and were confirmed for interaction in the Cytotrap sys-
tem by individual screening against ORF1p bait and several
control proteins. Seven interacting proteins were selected for
further analysis by ORF1p coimmunoprecipitation and colo-
calization (Fig. 4A).

Clones most frequently isolated from the two-hybrid screen
were DBP-B (YB-1) and DBP-A, two “cold shock domain”
nucleic acid-binding proteins involved in a wide range of cel-
lular functions, including DNA repair, regulation of transcrip-
tion and translation, and stress response. Both are predomi-
nantly cytoplasmic, and while DBP-B is ubiquitously expressed
in many somatic and cancer tissues, DBP-A expression is gen-
erally limited to heart and skeletal muscle, decidual cells, sper-
matocytes, and some carcinomas (44). Multiple clones were
also isolated for URH49 (also called DDX39), a DExD/H-box
protein that is 90% identical to the nuclear RNA helicase
UAP56, which plays important roles in both mRNA splicing
and nuclear export. It is likely that these two proteins share
similar roles in the cell, although URH49 is expressed at sig-
nificantly higher levels in testes (68). The CytoTrap system also
identified as potential interactors with ORF1p several clones
for TLS/FUS protein and single clones for hnRNPA1, the
SR (arginine/serine-rich) shuttling protein 9G8, and plasmin-
ogen activator inhibitor RNA-binding protein 1 (PAI-RBP1).
hnRNPA1 is an abundant RNP protein that associates with
pre-mRNA, nuclear-spliced mRNA, and cytoplasmic mRNA.
9G8 functions in the export of both spliced and intronless
RNA and operates in the same NXF1/TAP-dependent export
pathway as UAP56 (33). TLS/FUS plays roles in both spliceo-
some assembly and transcription. PAI-RBP1 was originally
identified as binding PAI1 mRNA and playing a role in its
stability (28). Subsequently, its Drosophila melanogaster ho-
molog, VIG (encoded within an intron of the Vasa gene), was
identified as part of RISC in that species (9).

Antibodies directed against either a TAP tag or a T7 tag
fused to the C terminus of ORF1p coimmuniprecipitated en-
dogenous DBP-A, YB-1, hnRNPA1, and PAI-RBP1 from
293T cells (Fig. 4B and C). These associations diminished
when cell lysates were pretreated with RNase A, suggesting
that RNA forms a scaffold upon which these other proteins are
assembled in RNPs with ORF1p. When tagged ORF1p was
expressed from a full-length L1, coprecipitated proteins were
still detected, although in significantly lower amounts. Dimin-
ished levels of ORF1p were expressed from a bicistronic RNA
(Fig. 4C, lower panel), and this may be due in part to cellular
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toxicity of overexpressed ORF2p (22, 25). Similarly, when T7-
tagged ORF1p was coexpressed with FLAG-tagged DBP-A or
YB-1 and analyzed with anti-FLAG antibody, coimmunopre-
cipitated proteins were isolated, and this interaction was abol-
ished with RNase A treatment (Fig. 4D). GST-tagged ORF1p
was also able to precipitate hnRNPA1 protein that had been
translated and labeled with 35S in reticulocyte lysate (Fig. 4E).

TAP-tagged ORF1p selectively coimmunoprecipitated an
endogenous protein product slightly smaller than expected for
URH49 and UAP56 proteins when assayed with the UAP56
polyclonal antibody generated by Fleckner et al. (19) (Fig. 4C).
This minor band is also visible in the Western blot analyses

presented by those authors. The nature of this smaller product
is unknown, although splicing variants and posttranslational
modifications of URH49 have been reported (76). Both the
efficiency of ORF1p-TAP purification and the amount of co-
immunoprecipitate increased slightly in the presence of RNase
A, suggesting both that removing bound RNA may alter the
conformation of ORF1p and that ORF1p interacts directly
with a UAP56-related protein. Similarly, exogenous FLAG-
tagged URH49 was coimmunoprecipitated by TAP-tagged
ORF1p, and this association was not altered by incubation with
RNase A (Fig. 4D).

Next, proteins detected by the two-hybrid screen were

FIG. 3. ORF1p is targeted to stress granules in both unstressed and stressed teratocarcinoma cells. The distribution of tagged or endogenous ORF1p
in teratocarcinoma cells was compared with that of endogenous marker proteins of PBs (A and B) and SGs (C to H) and a Cy3-labeled poly(dT) probe
that detects polyadenylated RNA (I to K). Enlarged images of individual cytoplasmic foci are shown beside panel B and above panel C. The poly(dT)-Cy3
probe clearly detects polyadenylated RNA in stressed (J and K) but not unstressed (I) cells. Some cell groups were chemically stressed by treatment with
sodium (meta)arsenite (0.75 mM; 50 min) or thapsigargin (1.5 �M; 2 h) immediately prior to fixation. Bar, 10 �m.
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tagged on their C termini with RFP and coexpressed with
ORF1p-GFP to assay for coalignment (results are summarized
in Fig. 4A). DBP-A–RFP colocalized with ORF1-GFP in foci
that tended to be larger and more diffuse than those formed by
ORF1p-GFP alone (Fig. 5A). Similarly, ORF1-GFP colocal-
ized with endogenous DBP-A (not shown) and YB-1 (Fig. 5F)
in large foci in a significant proportion of teratocarcinoma
cells. This alignment was apparent in both stressed and
unstressed cells. Gallois-Montbrun (20) recently reported
that YB-1, in association with the antiretroviral factor
APOBEC3G, relocalizes from PBs to SGs when cells are sub-
jected to heat shock stress.

Guil et al. (26) reported that hnRNPA1 relocalizes from the
nucleus to cytoplasmic stress granules, but not processing bod-
ies, in 100% of HeLa or murine 3T3 cells subjected to osmotic
(sorbitol-induced) stress and 40% of cells subjected to heat
shock or oxidative (arsenite-induced) stress. Sorbitol treatment
also induced close alignment of ORF1p and hnRNPA1 when
either flourophore-tagged or endogenous proteins were as-
sayed (Fig. 5B and G). On the other hand, URH49 is a pre-
dominantly nuclear protein and when tagged with RFP, or
assayed endogenously, it was not generally found in the cyto-

plasm with ORF1p, even when cells were stressed (not shown).
Similar to the cold shock domain proteins, RFP-tagged 9G8, a
nucleo-cytoplasmic shuttling protein, was frequently found in
foci formed by ORF1p-GFP in 293T and 143B cells, whether
cells were chemically stressed or not (Fig. 5C). On the other
hand, although transfected RFP-tagged TLS/FUS, another
shuttling protein, was present with ORF1p-GFP in foci of
some unstressed 143B and 293T cells (Fig. 5D), endogenous
TLS/FUS was almost exclusively nuclear in unstressed nTERA
cells and not observed in foci formed by ORF1p (not shown).
When nTERA cells were treated with thapsigargin, a small
number of cells (less than 0.5%) showed distinctive aggrega-
tion of TLS/FUS with ORF1p proteins (Fig. 5H). The signif-
icance of this rare alignment is unclear.

PAI-RBP1 was detected in the nucleus, perinuclear region,
nucleoli, and cytoplasm, as reported by Lemos and Kobarg
(49). Those authors have also identified nuclear colocalization
with p80-coilin-positive coiled bodies. In both stressed and
untreated cells, tagged and endogenous PAI-RBP1 aggregated
in densely staining cytoplasmic foci that colocalized with both
plasmid-expressed and endogenous ORF1p (Fig. 5E, I, and J).

We next examined expression of endogenous argonaute 2

FIG. 3—Continued.
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(Ago2) protein in 2102Ep and nTERA 2D1 cells using a well-
characterized antibody (65). Ago2 is a component of RISC and
mediates RNA cleavage targeted by miRNAs and siRNAs.
Ago proteins and miRNAs localize to processing bodies (54,
55, 67, 70), but under stress conditions Argonaute proteins also
undergo miRNA-dependent localization to stress granules
(50). We found that Ago2 colocalized with ORF1p in thapsi-
gargin-treated cells but not obviously in untreated cells (Fig.
5K). Under untreated conditions, Ago2 was generally distrib-
uted throughout the cytoplasm, and discrete foci consistent
with P-bodies were not evident in many teratocarcinoma cells.
This is not surprising, since it has recently been reported that
only 1.3% of Ago2 resides in P-bodies and that these may
disappear under some serum conditions (50, 80).

We also tested colocalization of ORF1p and the human
fragile X protein FMRP, which has been reported to translo-
cate from polyribosomes to SGs following arsenite treatment
(43, 62a). Both VIG and the Drosophila FMRP ortholog,
dFMR, associate with RISC and miRNAs in S2 cells (9). In
mammalian cells, FMRP has been reported to be part of a
complex containing Ago2 protein and miRNAs (37). Like PAI-
RBP1, FMRP colocalized with ORF1p in both unstressed and
stressed cells, although the number of cells in which this asso-
ciation was apparent increased significantly upon chemical
treatment. Interestingly, under both conditions a minor frac-
tion of cells displayed numerous small foci that did not align
with ORF1p granules (Fig. 5L). FMRP also aligns with TIA-1
foci under stress conditions (Fig. 5M).

In summary, L1 ORF1p forms cytoplasmic aggregates
whether cells are artificially stressed or not. Most of the pro-
teins identified in the two-hybrid screen also associate with

FIG. 4. ORF1 protein associates with other cellular RNA-binding
proteins. (A) Interaction of clones isolated from a human testes yeast
Cytotrap two-hybrid library were confirmed by cotransfection in yeast
with pSOS ORF1 or the following negative control plasmids: pSOS
vector (containing the human Sos gene only), pSOS Col I (hSos gene
and amino acids 148 to 357 of murine 72-kDa type IV collagenase),

and pSOS MAFB (fusion of hSos gene and MAFB transcription fac-
tor). In some cases cotransfection with pSOS MAFB gave background
growth. No interaction was detected when pSOS ORF1 was cotrans-
fected with the following control plasmids: pMyr SB (myristylation
signal fused with the Sos-binding protein gene), pMyr lamin C (myri-
stylation signal fused with human lamin C, amino acids 67 to 230), and
pMyr MAFB. Accession numbers for each isolated protein are shown.
At right is a summary of data for colocalization with ORF1p in stress
granules in unstressed and arsenite- or thapsigargin-stressed cells.
Symbols: N, no significant overlap; Y, colocalization in a majority of
cells; y, colocalization faint or obvious in only a small percentage of
cells; ND, not determined. (B) T7-tagged ORF1p coimmunoprecipi-
tates endogenous cold shock domain proteins YB-1 (DBP-B) and
DBP-A and also hnRNPAI from 293T cytoplasmic extracts in an
RNA-dependent manner. Although YB-1 has a predicted size of 36
kDa, it typically runs near 50 kDa, possibly due to posttranslational
modifications (18). Construct FL-L1/ORF1p-T7 contains a full-length
L1 with tagged ORF1 sequence. (C) TAP-tagged ORF1p coimmuno-
precipitates endogenous PAI-RBP and a UAP56-related protein from
293T whole-cell lysates. Recovery of proteins from the affinity matrix
was by TEV protease cleavage. The lower panel shows recovered TAP
tag protein alone and TAP-tagged ORF1p recovered following TEV
cleavage. (Prior to cleavage, ORF1p fused with full-length TAP-tag is
61 kDa.) FL-L1/ORF1-Tap is TAP-tagged ORF1 in full-length L1-RP.
(D) Exogenously expressed FLAG-tagged YB-1 (DBP-B) and DBP-A
coprecipitate with TAP-tagged ORF1p in an RNA-dependent manner.
Coimmuniprecipitation of FLAG-tagged URH49 is not dependent
upon RNA. (E) FLAG-tagged hnRNPA1 protein was labeled in re-
ticulocyte lysate, incubated in vitro with Sepharose-bound GST-tagged
ORF1p, and eluted with glutathione. Lysates were treated with 20
�g/ml RNase A or left untreated.
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ORF1p in stress granules in chemically stressed and in some
cases unstressed cells. Some proteins present with ORF1p in
foci are integral components of the RNA interference RISC
pathway.

DISCUSSION

Both ectopically expressed and endogenous ORF1p in-
tensely accumulate in cytoplasmic foci. ORF1p is also faintly
present in the nucleus, and a small percentage of cells show
nucleolar targeting. In double-labeling experiments, the cyto-
plasmic foci costain with protein markers of stress granules in
both stressed and unstressed conditions, but chemical induc-
tion of stress significantly increases the intensity of costaining.
Furthermore, due to the presence of both PABP and polyade-
nylated RNA (Fig. 3H to K), we infer that ORF1p cosegre-
gates with a large pool of mRNAs in SGs under stress condi-
tions. Although we have yet to detect L1 transcripts, the
presence of ORF1p in SGs and its cis preference for binding its
own encoding RNA (17, 82) suggest that L1 RNA is also in
stress granules.

Subcellular distribution of proteins is determined either by
specific signal sequences or by interactions with other macro-
molecules. We have failed to isolate short specific cis-acting
sequences within the ORF1 protein that control nucleocyto-
plasmic localization or stress granule formation. Rather,
changes throughout the protein, and especially in its central
conserved region, profoundly affect localization. This is dra-
matically demonstrated by the fact that a point mutation,
R159G, abolishes foci formation, while E165G greatly in-
creases nucleolar targeting. These data suggest that protein
secondary structure and the ability to bind other macromol-
ecules may be key determinants of ORF1p distribution in
the cell.

Both L1 ORF1 and ORF2 proteins localize to nucleoli.
What role might the nucleolus play in L1 retrotransposition?
In addition to ribosome biogenesis, the nucleolus is associated
with RNP assembly and RNA export for some viruses and
LTR retrotransposons. Perhaps this is also the case for L1
RNPs. In yeast, the integrase protein of Ty3 and the Gag
protein of Tf1 retrotransposons target the nucleolus (52, 77).
One class of non-LTR elements, the site-specific R1 and R2
retrotransposons of arthropods, have evolved to insert into 28S
rRNA genes at nucleoli (83).

We previously suggested (25) that transit of L1 RNPs
through nucleoli might explain the unexpected discovery by
Buzdin et al. (8) of numerous chimeras between L1s and small
RNA gene sequences in the human genome, including L1
fused with U3, U5, U6, and 5S sequences, as well as 5S-Alu,
7SL-Alu, Alu-mRNA, and U6-mRNA hybrids. All derive from
small RNAs known to traffic the nucleolus. A de novo insertion
of an L1/U6 chimera was isolated from the retrotransposition
cell culture assay and was likely generated by RNA template
switching of ORF2p during reverse transcription (23). Re-
cently, hundreds of small nucleolar RNA-derived retrogenes
having the hallmarks of L1-mediated insertion were identified
in mammalian genomes (57, 81).

Using two-hybrid screens we isolated seven RNA-binding
proteins that associate with ORF1p. Of those tested in coim-
munoprecipitation assays, only interaction with the DEAD-box

protein URH49 was retained following treatment with RNase
A, showing that the other proteins were detected because they
simultaneously bind the same RNA transcript with ORF1p. All
except URH49 were found with ORF1p in large cytoplasmic
foci. Two of the ORF1p-interacting proteins, hnRNPA1 and
YB-1, have recently been identified in stress granules (20, 26).
The associations of DBP-A, PAI-RBP1, 9G8, and TLS/FUS
with these granules are reported here for the first time. We
speculate that a number of stress granule proteins, including
but not limited to those discovered here, play a role in the L1
life cycle. These proteins may accompany L1 RNPs to stress
granules.

Many of the proteins isolated from the two-hybrid screens
mutually interact and have roles in mRNA transport. For ex-
ample, hnRNPA1 is an abundant nuclear protein involved in
splicing and export of several mammalian and viral pre-
mRNAs. TLS/FUS associates in vivo with hnRNPA1 and
YB-1, as well as some SR shuttling proteins, and likely plays
roles in pre-mRNA splicing and export of processed mRNA to
the cytoplasm (10, 87). Sugiura et al. (76) have also shown that
TLS/FUS binds proliferation-associated cytokine-inducible
protein CIP29, a protein that interacts with URH49. DEAD-
box RNA helicase UAP56 (and probably its paralog, URH49)
binds the adaptor protein REF/Aly and recruits it to mRNA in
the nucleus. Nuclear export factor 1 (NXF1/TAP) then binds
REF/Aly, displacing UAP56, and targets the mRNA to the nu-
clear pore complex for export to the cytoplasm (39, 75, 76). The
SR protein 9G8 also interacts with NXF1/TAP and promotes
export of both intronless and spliced mRNAs from the nucleus
(34). Significantly, Lindtner et al. (53) demonstrated that the L1
3� UTR contains a novel sequence element that binds NXF1/
TAP. Exploring connections between these proteins and L1 RNP
transport from the nucleus, and possibly its reimport to the nu-
cleus for retrointegration in the genome, should be possible with
improved methods for visualizing L1 RNA in cells.

PAI-RBP1 was also found to interact with L1 ORF1p in an
RNA-dependent manner. This protein was first isolated by its
ability to bind PAI-1 mRNA and play an important role in its
cyclic nucleotide-mediated stability (28). Significantly, VIG,
the Drosophila homolog of PAI-RBP1, together with Fragile X
protein dFMR1, was consistently copurified with the Drosoph-
ila RISC (9). A role for VIG in RNA interference has yet to be
determined. Interestingly, disruption of the last exon of VIG,
which is encoded within an intron of the DEAD-box RNA
helicase Vasa gene, affected retrotransposon silencing in Dro-
sophila. Unfortunately, this study did not ascertain if the effect
was caused by Vasa or VIG (79).

Several lines of evidence suggest a direct role for RNA
interference in L1 retrotransposon silencing. Small endoge-
nous L1-related RNA products of a size consistent with
siRNAs have been detected in human cell lines. Knockdown of
Dicer 1, the RNase that processes siRNAs, caused an increase
in the rate of retrotransposition of a tagged L1 in cell culture
(84). Cotransfecting diced L1 siRNAs with an active L1 also
decreased retrotransposition (72). Elevated transcription of
murine L1s and IAP elements (an LTR retrotransposon) was
observed in embryonic stem cells derived from Dicer-null mice
(38). We have now presented further evidence for a connection
between L1s and RNA interference by identifying L1 ORF1p
in stress granules together with Ago2 and Fragile X protein
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FMRP, two known components of human RISC, as well as
PAI-RBP1, a candidate RISC member.

Recently, stress granules have been linked with another
mechanism that inhibits retrotransposition. Gallois-Montbrun
et al. (20) reported that APOBEC3G relocalizes from PBs to
SGs when cells are subjected to heat shock stress. Members of
the APOBEC3 family of adenosine deaminases were originally
defined by their ability to hypermutate reverse transcripts
of human immunodeficiency virus RNA. Although only
APOBEC3A, -B, -C, and -F have been reported to inhibit L1
retrotransposition (5, 66, 74), APOBEC3G inhibits L1-depen-

dent retrotransposition of tagged Alu retroelements in cell
culture (11). Interestingly, YB-1 (DBP-B) interacts with both
APOBEC3F and APOBEC3G in an RNA-dependent manner
and is found together with APOBEC3G in stress granules (20,
45). YB-1 also colocalizes with ORF1p in SGs and, along with
the related protein DBP-A, was most frequently isolated
from our two-hybrid interaction screens. A connection be-
tween YB-1 and SGs is not surprising since, among its many
functions, the protein is thought to be involved in storing
mRNAs in a translationally repressed state (reviewed in
reference 73).

FIG. 5. ORF1p colocalizes with other RNA-binding proteins in stress granules. (A to E) GFP-tagged ORF1p was coexpressed in 143Btk- or
293T cells with RFP-tagged proteins identified from the two-hybrid screen. Cells were treated with 600 mM sorbitol or left untreated. (F to L)
Localization of endogenous, GFP-fused, or T7 epitope-tagged ORF1p with endogenous proteins in teratocarcinoma cells. Cells were left untreated
or treated with thapsigargin or sorbitol 2 h prior to fixation. In panel L, yellow arrows show alignment of FMRP with ORF1 protein in SGs. White
arrows show smaller foci formed by FMRP, presumably PBs, which do not align with ORF1p. (M) Coexpression of endogenous FMRP and TIA-1
proteins in treated and untreated teratocarcinoma cells. Cells were imaged with a Nikon E600 microscope at �60 magnification or confocal
microscopy at �100 magnification. Bar, 10 �m.
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Retrotransposition has been a driving force of mammalian
evolution over tens of millions of years. Approximately 100 L1
retrotransposons remain potentially active in humans and pose
an ongoing threat to the integrity of the genome (7). Negative
impacts are not limited to gene disruption by insertion or to
recombination between dispersed repeat elements. L1 inser-
tion can compromise gene function by introducing novel reg-
ulatory sequences having promoter/enhancer effects or that
alter normal polyadenylation and splicing (reviewed in refer-
ence 27). Furthermore, recent studies have revealed that over-
expressing L1 RNA and proteins may have deleterious conse-
quences for cells, including induction of double-strand
chromosomal breaks (22), apoptosis (3), and tumorigenesis
(71). Faced with the potential damage L1s can cause, it is
logical that the cell has evolved several mechanisms to hold
retrotransposition in check. In addition to RNA interference
and APOBEC-mediated suppression, promoter silencing by
DNA methylation likely plays a major role. More than 90%
of the methylated cytosines in the human genome occur in
retrotransposons, and it has been proposed that DNA meth-

ylation evolved primarily as a defense mechanism against
transposable elements (85).

We now speculate that cells have devised another retrotrans-
poson defense: the sequestration of L1 RNPs in stress gran-
ules. By recognizing high levels of ORF1p as a stress, and
targeting the protein and its bound RNA to SGs, the cell would
reduce the number of L1 RNA molecules available for trans-
lation and nuclear import and thereby reduce retrotransposi-
tion. From SGs, ORF1p-bound RNA may be targeted to pro-
cessing bodies for degradation. Furthermore, sequestering
ORF1 protein in stress granules for degradation may prevent it
from promiscuously binding non-L1 mRNAs, which might in-
terfere with their proper trafficking or translation, or facilitate
their retrotransposition into the genome as processed pseudo-
genes. This ORF1p sequestration would be most important in
germ line precursor cells in which L1 protein and RNA have
been detected in significantly higher levels than in somatic cells
(6, 16).

On the other hand, stress granules may not be the end of the
line for their resident mRNAs, which may escape degradation

FIG. 5—Continued.
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and return to the polysome fraction for reinitiation following
stress recovery (41). In the absence of stress induction, we did
not detect significant colocalization of ORF1p with either
PABP or polyadenylated mRNA. This indicates that a large
amount of non-L1 mRNA is present with ORF1p in cytoplas-
mic aggregates mainly when the cell is stressed. This influx of
RNA to SGs likely increases the chance that L1 RNPs will
capture non-L1 RNAs and, if released, possibly carry these to
the nucleus for insertion in the genome. One might therefore
predict that the rate of L1-mediated processed pseudogene
creation would be higher in cells subjected to bouts of stress.

Furthermore, stress granules could play a role in the life
cycle of L1s, rather than their death. For example, Beliakova-
Bethell et al. (4) have shown that Ty3 LTR retrotransposons
target yeast PBs where their RNA is sequestered away from
translation and permitted to package in virus-like particles.
Perhaps association with cytoplasmic RNA granules is involved
in L1 RNP assembly and maturation in an analogous manner.
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