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Li, or LINE-1, is a repetitive DNA family found in all mammalian genomes that have been examined. At
least a few individual members of the Li family are functional transposable elements. Expression of these active
elements leads to new insertions of Li into the genomic DNA by the process of retrotransposition. We have
detected coexpression of full-length, sense-strand Li RNA transcripts and Ll-encoded protein in mouse

embryonal carcinoma cell lines. Both of these Li expression products are candidates for intermediates in the
retrotransposition process. Li protein is found in what appear to be cytoplasmic aggregates and is not localized
to any known cytoplasmic organelles. The six embryonal carcinoma cell lines tested were chosen to represent
commitment to different developmental pathways in early mouse embryogenesis. The only two cell lines that
express Li are unique among the six in that they have a strong predilection to differentiate into extraembryonic
endoderm. This observation is consistent with LI expression and transposition in primordial germ cells of the
mouse. An important implication of these studies is that Li expression may provide a new marker for use in
determining the origin of primordial germ cells during mouse embryogenesis.

Li, or LINE-1, has achieved its status as a middle
repetitive DNA family in mammalian genomes by the pro-
cess of duplicative transposition. For LINEs, duplicative
transposition appears to proceed via an RNA intermediate
and reverse transcription; hence, it is termed retrotranspo-
sition (see reference 17 and references therein). Little is
known about the process of retrotransposition in any of the
LINE-like elements, although they are widely distributed
throughout eucaryotic phyla and appear to have an ancient
evolutionary origin (6, 49). Unlike retroviruses and long
terminal repeat-containing retrotransposons such as Ty,
which also use RNA intermediates and reverse transcription
in their replication cycle, LINE-like elements have no long
terminal repeat structures. For this reason, only the general
features of the intermediates involved in Li retrotransposi-
tion may be accurately modeled on these more familiar
systems.

Retrotransposition of Li must begin with a full-length
sense-strand transcript that moves to the cytoplasm for
translation. Proteins are translated from both open reading
frames (ORFs), and these proteins are hypothesized to
preferentially associate with their own mRNA (7, 27, 29),
forming a ribonucleoprotein (RNP) complex. The RNA is
then converted into cDNA, which is integrated into the
genome, most often as a truncated product of the original
RNA. Among the details missing from this model are the
following: the specifics of the interaction of Li-encoded
proteins with Li "genomic" RNA, where on the RNA
template and how cDNA synthesis is primed, where in the
cell cDNA synthesis occurs, how the RNA or cDNA gets
back into the nucleus, and how integration occurs (28).
There are essentially two models that address the site of
reverse transcription: in situ at breaks in chromosomal DNA
(see reference 17 and references therein) or in cytoplasmic
RNPs, as with long terminal repeat-containing retrotrans-
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posons and retroviruses (1, 47). Recent evidence in support
of the in situ model has been provided by using the ORF
from the LINE-like element of Bombyx mon, R2Bm (25).
However, previous experiments provide evidence for re-

verse transcriptase in a virus-like particle containing human
Li RNA (4). These results are not necessarily contradictory;
in eucaryotic cells, either the cDNA or the RNA template
and reverse transcriptase must return to the nucleus follow-
ing translation in the cytoplasm before completion of the
retrotransposition cycle by integration into chromosomal
DNA. Therefore, all of the necessary components may be
packaged into a cytoplasmic particle which is an intermedi-
ate in retrotransposition, regardless of whether reverse

transcription occurs in that cytoplasmic particle or following
translocation to the nucleus.

Studies of the intermediates involved in the process of Li
transposition in mammalian cells have been hindered by two
aspects of the intrinsic biology of the system: the high copy
number of Li elements in the genome and the low expres-
sion of potential functional intermediates in most cell types.
The copy number of Li elements in the mouse genome, for
example, approaches 105, although most (>90%) of the
copies are truncated versions of the full-length >6.5-kb
element. Since a large proportion of the full-length Li
element is apparently protein encoding (Fig. 1) and those
proteins are likely to be important for the retrotransposition
process, all of the truncated Li elements are presumed to be
defective for subsequent transposition. In addition to the
obvious loss of protein-coding function because of trunca-
tion, most of the elements have frameshift and/or termina-
tion codons in the two ORFs encoded by Li. Thus, Li is
best thought of as a large multigene family which is com-
posed of primarily truncated pseudogenes and a small num-
ber of functional, active, transposable elements (13, 14, 17).

Full-length copies of Li (-6.5 kb in length) with intact
ORFs have been isolated and characterized from both mouse
and human cells (5, 24, 41). For mouse Li, comparison of
several such elements led to the prediction of a consensus
functional sequence which has been used to reconstruct a
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putative parental (active) element. This ancestral sequence
was used to provide preliminary evidence in support of the
long-held hypothesis that Li transposes via an RNA inter-
mediate (8); similar experiments have also been reported for
rat Li (40). An active human element was identified and
isolated by working backwards from an Li insertional mu-
tagenesis event in a patient with hemophilia. In this case, the
full-length progenitor of a truncated Li that recently landed
in the factor VIII gene was found by taking advantage of a
sequence polymorphism that distinguished the particular
copy of Li causing the hemophilia from the high background
of Li copies in the human genome (5). A sequence taken
from this element was used to provide direct evidence that
ORF 2 in human Li encodes a reverse transcriptase (31).

Largely on the basis of arguments regarding the pattern of
sequence evolution among individual elements belonging to
the Li family, it is believed that Li retrotransposition must
occur in germ cells or early embryos (44). In the case of the
human patient, the Li transposition event that gave rise to
hemophilia must have occurred in the germ line or early
embryo leading to the affected individual, because neither
parent carried a factor VIII gene with an Li insertion (20).
The difficulty of studying biochemical events in mammalian
germ cells and early embryos has prompted the use of
embryonal carcinoma (EC) cells as a model system for the
study of Li RNA and protein expression and, hence, the
necessary intermediates in Li retrotransposition.
A screen of several human cell lines, representing a

variety of cell types, revealed that full-length Li transcripts
were detected only in an EC line, NTera2D1. Furthermore,
the full-length Li transcripts disappeared when the cells
were differentiated with retinoic acid (44). These transcripts
were characterized further and found to contain a subset of
the genomic Li sequences that belong to the same subfamily
as the active Li that caused hemophilia (5, 43). The ORF 1
protein product of human Li is also detected in these cells
(23), as is a complex that may include full-length Li RNA,
ORF 1 protein, and reverse transcriptase (4). Full-length,
sense-strand transcripts of mouse Li have been found in an
EC line, F9, in an RNP particle (27). In an independent
study, Li transcripts isolated from F9 were found to contain
only the youngest (active) subfamily of Li sequences that
are present in the mouse genome (39). Taken together, these
results are consistent with the hypothesis that the full-length
Li transcripts and protein products seen in EC cells repre-
sent intermediates in Li transposition. Furthermore, the
unique expression patterns seen in EC cells may provide
important clues regarding Li expression during develop-
ment.

In order to explore these ideas further, in this study we
examined six different mouse EC lines for the expression of
Li RNA and ORF 1 protein. These cell lines were chosen
because they possess and express different developmental
potentials. Although all cell types express RNA with Li-
homologous sequences as detected by Northern (RNA) blot
analysis, only two of the six lines tested were found to
express a full-length, sense-strand Li RNA. Significantly,
the same two cell lines were also the only ones found to
express Li ORF 1 protein. In both of these cell lines, Li
ORF 1 protein is located primarily in the cytoplasm. Immu-
nolabelling of cells and examination by both light and
electron microscopy reveal an unusual, punctate staining
pattern that distinguishes Li from cytoplasmic organelles
including the endoplasmic reticulum, Golgi apparatus, lyso-
somes, and the mitochondria. This pattern is consistent with
our previous finding that ORF 1 protein and full-length Li

RNA form a cytoplasmic RNP and the expectation that this
RNP complex contains several ORF 1 protein molecules for
each RNA (27). Finally, the differential expression of Li in
these different mouse EC cell lines is discussed in light of the
implications of these results for Li expression and transpo-
sition during mouse development.

MATERIALS AND METHODS

Cell lines. F9, C44, P19, ECa247, 1003, and PCC4 mouse
cell lines were obtained from E. Barry Pierce, Department of
Pathology, University of Colorado School of Medicine. All
lines except C44 were grown as monolayers in modified
Eagle's medium (GIBCO) supplemented with 10% fetal
bovine serum (HyClone) at 37°C in 5% Co2; F9 and ECa247
were maintained on gelatin-coated (0.1%) tissue culture
dishes. C44 grows as embryoid bodies and was maintained in
the ascites of strain 129 mice as previously described (34).

Extraction and analysis of RNA. Cells were removed from
the culture dishes by scraping with a rubber policeman and
washed once with ice-cold PBS (10 mM phosphate, [pH
7.4]-0.15 M NaCl). RNA was prepared from either whole
cells or cytoplasmic extracts (27) by acid-phenol extraction
(2). Agarose formaldehyde gels (1%) (38) were run with 5 ,ug
of RNA. Following electrophoresis, the RNA was trans-
ferred to nitrocellulose. Northern blots were hybridized
either to random-primed 32P-labelled (Boehringer Mann-
heim) human ,-actin fragment (12) or to in vitro transcripts
corresponding to various regions of Li (Fig. 1) made with
SP6 RNA polymerase (Boehringer Mannheim). Blots were
hybridized at 42°C by using standard conditions (48) with
either 40% (actin) or 50% formamide (Li) and then washed
in 2x SSC (2x SSC is 0.3 M NaCl-30 mM sodium citrate)-
0.1% sodium dodecyl sulfate (SDS) three times for 5 min
(each) at room temperature and two times for 15 min (each)
at either 42°C in 0.8x SSC-0.1% SDS (actin) or 55°C in 0.1x
SSC-0.1% SDS (Li).

Affinity-purified antibody. Two independent affinity-puri-
fied antibodies against either the entire ORF 1 or its carboxy-
terminal two-thirds were prepared (Fig. 1). FP1 contains
nearly all of ORF 1 (note that ORF 1 contains 22 codons 5'
of the first AUG). An 1,845-bp NheI-NcoI restriction frag-
ment from LlMd-A2 (24) was cloned into a modified pET-3
vector (45) for expression in Escherichia coli. The mobility
of this fusion protein by SDS-polyacrylamide gel electro-
phoresis (PAGE) is in good agreement with its predicted
molecular weight of 44,623. The protein contains 24 amino
acids from the vector fused to 364 amino acids from Li ORF
1, beginning six amino acids upstream of the first methionine
codon in the sequence of LlMd-A2. The construct express-
ing FP2 contains-a 2,232-bp BglII fragment of LlMd-A2 (24)
cloned into pET-3a (45) and leads to production of a trun-
cated version of ORF 1. This fusion protein contains 12
amino acids from the vector and the last 237 amino acids of
ORF 1 from Li; it has a predicted molecular weight of
29,800. Both of these fusion proteins are expressed at high
levels in induced E. coli and both are purified from the
insoluble, inclusion body fraction by a detergent wash
procedure (32). For affinity purification of antibodies, the
fusion protein was further purified after solubilization in
buffer containing 25 mM Tris-HCl (pH 8.0), 10 mM EDTA,
10 mM dithiothreitol, and 8 M urea by chromatography on
carboxymethyl Sepharose (Pharmacia). Proteins were eluted
with a 60 to 270 mM NaCl gradient in the same buffer. For
immunization, the proteins were further purified by prepar-
ative SDS-PAGE (22) and electroelution (Elutrap; Schlei-
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cher & Schuell). Rabbits were immunized with 200 ,ug of
protein in Freund's complete adjuvant and boosted with 100
,ug of protein in Freund's incomplete adjuvant (15). The
immunoglobulin G (IgG) fraction was prepared from preim-
mune serum from the same rabbits by using Affi-Gel Blue
chromatography (Bio-Rad). For Li antibodies, crude serum
was purified on antigen affinity columns containing the
appropriate (FP1 or FP2) fusion proteins coupled to agarose
(AminoLink; Pierce). Antibodies were eluted from the anti-
gen columns with 0.1 M glycine, pH 2.8.

Extraction and analysis of protein. Cells were harvested by
scraping, and cytoplasmic extracts were prepared as de-
scribed previously (27). Protein (20 ,ug) (bicinchoninic acid
assay; Pierce) was fractionated by SDS-PAGE in 10% acry-
lamide gels (22) and then electrophoretically transferred to
nitrocellulose (Novablot; Pharmacia LKB). Li ORF 1 pro-
teins were detected by using the affinity-purified FP1 and
FP2 antibodies. Blots were incubated in TBST (10 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) contain-
ing 2% bovine serum albumin for 15 min at room tempera-
ture, and then antibody (or preimmune IgG) was added to a
final concentration of 1.02 ,ug/ml. The antibody was allowed
to bind for 2 h at room temperature, and then blots were
washed three times for 5 min (each) in an excess of TBST
and incubated 1 h in goat anti-rabbit IgG conjugated to
alkaline phosphatase. The conditions used for secondary
antibody binding and detection were as described by the
manufacturer (Promega).

Immunofluorescence microscopy. F9 cells were grown in
eight-chamber Permanox slides (Nunc) by seeding them onto
a thin coating of Matrigel (Collaborative Research). The
Matrigel was diluted 1/10 in serum-free medium, applied to
the wells, and then allowed to gel for 10 min at room
temperature prior to adding the cells. At 70 to 100% conflu-
ence, the cells were washed in PBS and then fixed in 4%
paraformaldehyde-0.1 M phosphate, pH 7.4, for 20 min.
Cells were permeabilized in ice-cold PBS containing 0.1%
Triton X-100-10 mM ethylene glycol-bis(O-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA) for 4 min and
then washed three times for 10 min (each) in PBS. Li
antibodies were added at a concentration of 10 ,ug/ml in PBS
containing 2% normal goat serum and incubated with the
cells 1 h at room temperature. After being washed in PBS,
the secondary antibody, Texas Red-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories) was
added at a concentration of 10 ,ug/ml in PBS with 2% normal
goat serum. Following a 1-h incubation at room temperature,
the cells were washed and mounted in Mowiol 4.88 (Cal-
biochem) with 2% N-propyl gallate (Sigma) added as an
antibleaching agent. Cells were observed and photographed
with an Axiophot (Zeiss) microscope by using T-Max 400
(Kodak) film. Identical procedures were used to stain pro-
teins localized to the Golgi apparatus (TGN-38 [26]), the
endoplasmic reticulum (protein disulfide isomerase [9, 46]),
or the lysosome (LGP-120 [21]). These three polyclonal
antisera were used at a 1/100 dilution and were the generous
gift of K. Howell.
C44 embryoid bodies were isolated from mouse ascites

fluid by sequential centrifugation at 20 x g for 5 min; the cell
pellet was washed until the supernatant was clear. Embryoid
bodies were resuspended in PBS and transferred to 1.5-ml
microcentrifuge tubes for subsequent processing; all solution
changes were accomplished by a 5-min centrifugation at 20
x g and removal of the supernatant by aspiration. The
embryoid bodies were fixed in solution as described for F9
cells above, by adding an equal volume of 8% paraformal-

dehyde in 0.2 M phosphate, pH 7.4, to the cell suspension.
Embryoid bodies were washed three times for 5 min (each)
in PBS and once for 10 min and then incubated with antibody
at 10 ,ug/ml in PBS with 1.5% normal goat serum and 0.08%
saponin for 1 h at room temperature. The cells were washed
with PBS and then incubated with secondary, Texas Red-
conjugated goat anti-rabbit IgG, washed, mounted, and
photographed on a Zeiss Axioskop equipped for difference
interference microscopy.
Immunogold labelling of ultrathin cryosections and electron

microscopy. F9 cells were removed from dishes with trypsin-
EDTA (Sigma; 37°C, 1 min) and transferred into 30 ml of
fresh medium in T-50 flasks and then incubated in suspen-
sion for 2 h to allow recovery from trypsinization. The cells
were pelleted, and the medium was removed. Procedures
described by Griffiths et al. (11) were modified as follows.
The cell pellet was resuspended in 1.0 ml ofPHEM buffer (60
mM piperazine-N,N'-bis(2-ethanesulfonic acid [PIPES], 25
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES], pH 7.0, 10 mM EGTA, 2 mM MgCl2), transferred
to a 1.5-ml microcentrifuge tube, and pelleted again. Without
resuspending the cells, the supernatant was removed and
replaced with 8% paraformaldehyde-5% sucrose in PHEM
buffer. Cells were fixed for 24 h at 4°C, and then the pellet
was removed, infiltrated with 2.1 M sucrose, transferred to a
copper specimen stub, and frozen rapidly in liquid nitrogen.
Thin cryosections (90 to 100 nm) were cut on a Reichert-Jung
Ultramicrotome equipped with an FC4-D cryostage. Sec-
tions were transferred to Formvar- and carbon-coated cop-
per grids.
For immunolabelling, all procedures were carried out at

room temperature. Grids were treated for 10 min with 5%
calf serum to block nonspecific antibody binding sites and
then reacted with primary antibody at 10 p,g/ml for 30 min.
The grids were washed in PBS and then reacted for an
additional 30 min with 10-nm colloidal gold-protein A (100
ng/ml; E-Y Laboratories). Grids were stained for 20 min with
0.2% uranyl acetate in 2% methylcellulose, picked up in wire
loops, and allowed to air dry. Specimens were viewed and
photographed with a Philips CM-10 transmission electron
microscope.

RESULTS

The structure of a typical Li element from the mouse
genome is shown in Fig. 1. The locations of the hybridization
probes and the fusion proteins that were used for antibody
production are indicated.
LI RNA expression in mouse EC cells. In RNA extracted

from the cytoplasm of six mouse EC cell lines and screened
for Li expression by Northern hybridization, only F9 and
C44 clearly express a full-length, sense-strand RNA. A
hybridization signal that corresponds to an RNA of -7.5 kb
is observed with both the 5' (8.1) and 3' (5.1) sense-strand-
specific probes (Fig. 1) for Li with RNA isolated from F9
and C44 cells (Fig. 2). A species of this size is not detected
with either the 8.2 or the 5.2 (antisense-specific) probes and
is not detected in RNA prepared from any of the other four
cell lines. This signal is readily detected above a background
smear that is visible in all of the RNA preparations with the
same two sense-strand probes as well as in their antisense
counterparts (Fig. 2). Although cytoplasmic extracts are
shown for all cell types, total cell RNA extracts were
prepared and examined for Li RNA expression as well. As
shown for C44 cells in Fig. 2, all of the full-length, sense-
strand Li RNA appears to be in the cytoplasm. Some of the
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FIG. 1. Structure of mouse Li and locations of probes. Typical
full-length genomic copies of Li in the mouse genome contain two
ORFs (ORF 1 and ORF 2). The 3' end of the elements are
characterized by an A-rich tail (An), and both ends are bounded by
duplications of several bases of target site DNA (vertical bar). Both
of these features are presumed to be the result of retrotransposition.
Construction of fusion proteins 1 and 2 (FP1 and FP2) is described
in detail in Materials and Methods. The single-stranded probes 8.1
and 8.2 and 5.1 and 5.2 are transcribed from clones of an 800-bp
BamHI fragment from LlMd-A9 (41) or a 500-bp BamHI fragment
of LlMd-A2 (24).

larger, hybridizing material at the top of the gels is due to a
small amount of contamination of the RNA preparations
with genomic DNA. However, the majority of the smear that
is observed with all Li probes is most likely due to fortuitous
transcription originating from non-Li promoters in the vi-
cinity of individual, defective, variously truncated elements.
In contrast, transcription giving rise to the discrete, full-
length, sense-strand-specific signal on the Northern blot is a
candidate for bona fide Li expression and thus the first
intermediate in Li retrotransposition.
Li ORF 1 protein expression in mouse EC cells. Protein

extracts from the same six cell lines were examined for Li
ORF 1 protein expression by Western blot (immunoblot)
analysis. Four specific protein bands with an apparent
molecular weight of -41,500 to 44,000 are detected with
anti-FP1 on Western blots of extracts prepared from F9
cells. Two of these proteins are also readily detected in the
C44 extract, and the other two are present, but in lesser

8.1 8.2

amount. None of them, however, are seen in extracts from
P19, ECa247, 1003, or PCC4 (Fig. 3). Identical results were
obtained with an antibody to the truncated form of ORF 1,
FP2, that was independently prepared (data not shown).
None of the protein extracts showed any reactivity with the
preimmune serum (Fig. 3). A larger band, corresponding to
a molecular weight of -53,000, is variably observed (see
PCC4, P19, and F9 in Fig. 3). This protein varies in intensity
from experiment to experiment and is blocked by the addi-
tion of 2% milk to the antibody-binding solution. Therefore,
the 53,000-apparent-molecular-weight protein is not consid-
ered to be a bona fide Li ORF 1 product.

Translation of ORF 1 from the published nucleotide se-
quence of LlMd-A2 (24) predicts a protein with a molecular
weight of 41,226 if translation begins with the first methio-
nine in ORF 1. Since the smallest of the quartet of polypep-
tides reacting with the anti-ORF 1 antibody in F9 and C44
cells has an apparent molecular weight of -41,500, ORF 1
apparently is translated from the first methionine through the
TAA termination codon and not further processed by pro-
teolytic cleavage into smaller polypeptides. The multiple
forms of ORF 1 protein are always seen in F9 and C44
extracts, but the relative intensity of the four bands is
variable in different extracts and with storage of the same
extract. Although experiments have not been done specifi-
cally to address this point, it appears that at least one of the
lower bands intensifies at the expense of the upper bands.
Significantly, as with the full-length, sense-strand RNA, only
F9 and C44 cell lines show evidence of expression of ORF 1
protein.
LI RNA and ORF 1 protein cosediment in sucrose gradi-

ents. Previous studies have shown that full-length, sense-
strand Li RNA is found in a RNP particle in the cytoplasm
of F9 cells and that Li ORF 1 protein cosediments with the
Li RNP in sucrose gradients (27). Similar fractionation
experiments have been done with cytoplasmic extracts from
C44 cells, shown above to be positive on Northern (Fig. 2)
and Western (Fig. 3) blots for Li RNA and ORF 1 expres-
sion, as well as on extracts from ECa247 cells, negative for
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FIG. 2. Northern blots of EC RNAs. Total cellular RNA (5 1lg) from C44 (C44T, left set only) and cytoplasmic RNA (5 ,g) from each cell
line were loaded onto two gels. Lanes are labelled by the name of the cell line; 247 is ECa247. Following electrophoresis, the RNA was
transferred to nitrocellulose and each blot was hybridized three times in succession to three probes: 8.2, 8.1, and actin (left set) or 5.2, 5.1,
and actin (right set). Blots were washed and exposed to film; autoradiograms are shown here. The positions of rRNA are indicated. Arrows
mark the positions of the expected and/or detected RNA species for each probe.
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FIG. 3. Westemn blots of EC proteins. Protein (20 ~i.g) from the
cell lines indicated at the tops of the lanes (247 is ECa247) was
fractionated by electrophoresis and blotted to nitrocellulose. Affin-
ity-purified antibody prepared against EPi or the preinmmune IgG
from the same rabbit was used to locate the ORF 1 protein(s). The
positions of protein size standards are indicated along with their
molecular masses (in kilodaltons). The position of the Li fusion
protein, EP, in lane EP, with a calculated molecular mass of 44.6
kDa, is indicated by an arrow. The bracket delineates the position of
the cluster of ORE 1 protein bands in C44 and F9 extracts; the
smallest is -41.5 kDa.

both Li RNA (Fig. 2) and ORE 1 (Fig. 3) expression.
Extracts prepared from the C44 cell line behaved as those
prepared previously from F9 cells. That is, Li RNA is found
in an RNP complex in the cytoplasm of C44 cells, and ORE
1 protein cofractionates with the full-length, sense-strand
RNA in sucrose gradients. Fractionated material from
ECa247 cells showed no evidence of full-length Li RNA or

ORF 1 protein, as expected from the results with unfraction-
ated extracts with this cell line (data not shown).

Immunolocalization of ORF 1 protein in F9 cells and C44
embryoid bodies. On the basis of the results of Northern and
Western blot analysis, both full-length, sense-strand Li
RNA (Fig. 2) and ORF 1 protein (Fig. 3) are found in the
cytoplasm of F9 cells. Localization of Li ORF 1 protein in
the cytoplasm by indirect immunofluorescence confirms
these results. As shown in Fig. 4, the cytoplasm of F9 cells
shows the identical, punctate distribution of Li ORF 1
protein when labelled with affinity-purified antibodies made
against either FP1 or FP2. Neither of the preimmune anti-
body preparations shows this staining pattern, indicating
that it is specific to Li ORF 1.

In an effort to assess whether this punctate staining
pattern is due to the association of Li ORF 1 protein with
known cytoplasmic organelles, F9 cells were fixed and
stained as described above, with antibodies that recognize a
specific protein in the Golgi apparatus (TGN-38), the endo-
plasmic reticulum (protein disulfide isomerase), and the
lysosome (LGP-120). As shown in Fig. 5, none of these
antigens, when detected by indirect immunofluorescence,
colocalizes with the staining pattern of Li ORF 1 protein in
F9 cells. These data indicate that Li ORF 1 is not uniformly
distributed throughout the Golgi apparatus, the endoplasmic
reticulum, or the lysosomes. However, these immunofluo-
rescence results do not rule out a nonuniform distribution of
Li ORF 1 protein in the endoplasmic reticulum. Another
noteworthy aspect of Li ORF 1 staining that is apparent
from the results presented in Fig. 5 is the marked variation in
the intensity of staining with the anti-Li antibodies from cell
to cell. This intensity variation does not appear to be
correlated with cell morphology but could be due to subtle
differences in the differentiation state or position in the cell
cycle that are not detectable morphologically. In spite of this
variation in amount of Li ORF 1 protein in different cells,
the pattern of staining is always the same: punctate and

I

FIG. 4. Specific cytoplasmic staining of F9 cells with antibodies against FP1 and FP2. Micrographs were taken of indirect immunofluo-
rescence (a, c, e, and g) or the corresponding fields in phase (b, d, f, and h), with affinity-purified antibodies against FP1 (a and b), its
preimmune IgG (c and d), FP2 (e and f), or its preimmune IgG (g and h). Magnification, x2,652.
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FIG. 5. Comparison of the localization of Li ORF 1 in F9 cells to other cytoplasmic organelles. Localization of Li (affinity-purified FP1

antibody) within the cytoplasm of F9 cells is compared with the indirect immunofluorescence staining pattern observed with antibodies against
proteins localized to the Golgi apparatus (Golgi, TGN-38), the endoplasmic reticulum (ER; protein disulfide isomerase), or the lysosome
(LGP-120). Magnification, x1,860.

cytoplasmic. This indicates that the expression of Li ORF 1
protein varies considerably within the population of F9 cells,
in contrast to the other three organellar markers, where the
intensity of staining (and thus their expression) is relatively
uniform from cell to cell. The intense punctate staining
observed with antibodies against Li ORF 1 suggests that
ORF 1 proteins are present as aggregates that contain
multiple copies of the protein in the cytoplasm of F9 cells.
Such aggregates could be the Li RNPs (or clumps of RNPs)
that fractionate in sucrose gradients and may be a complex
containing multiple copies of Li ORF 1 protein in associa-
tion with each other and full-length, sense-strand Li RNA.
Immunogold labelling was performed on ultrathin cryosec-

tions to visualize and further define the cytoplasmic struc-
ture that is labelled by the Li antibodies, using the electron
microscope. As shown in Fig. 6, Li labelling is characterized
by clustering of the gold-labelled protein A. This clustering is
not seen in cells similarly labelled with the preimmune IgG,
although the density of single gold particles in the sections is
the same. For this reason, we attribute the clusters of gold to
aggregates of Li ORF 1 protein. It is often possible to
distinguish an electron-dense structure in association with
the clusters of antibody labelling (Fig. 6A, D, E, and F). This
electron-dense structure appears to have a roughly spherical
shape, ranging between 37 and 50 nm in diameter, and is
consistent with the appearance of RNA-protein complexes.
Finally, the results of immunoelectron microscopy confirm
and extend the results obtained by indirect immunofluores-
cence; the Li ORF 1 protein is not specifically associated
with known cytoplasmic organelles, including the mitochon-
dria or the endoplasmic reticulum, and appears as dispersed
aggregates consistent with the appearance of RNP particles
that are randomly distributed throughout the cytoplasm.

Li ORF 1 antibodies did not stain P19, 1003, ECa247, or
PCC4 cells by indirect immunofluorescence. This result is in
good agreement with the results obtained by Western blot-
ting (Fig. 3) analysis of extracts prepared from these four cell
lines. In contrast, C44 embryoid bodies showed strong
specific staining with the Li antibodies when examined by
indirect immunofluorescence, again consistent with the
Western blotting results from extracts of these cells (Fig. 3).
As with F9 cells, Li ORF 1 is localized to the cytoplasm in
individual cells and leads to a punctate staining pattern, and
none of the cells are labelled with preimmune antibodies
(Fig. 7). The embryoid bodies recovered from C44 ascites
are either solid or cystic aggregates of tumor cells and
resemble mouse embryos at either the morula or blastocyst
stage (34). The inner cells in either of these multicelled
structures resemble the corresponding inner cells in normal
morula and blastocysts (the inner cell mass) and also EC
cells, while the outer cells are more differentiated (often
primitive endoderm), heterogeneous, and difficult to identify
(34). Significantly, only the inner cells of the embryoid
bodies contain Li ORF 1 protein (Fig. 7), indicating that
expression of Li ORF 1 is highly dependent upon the
differentiation state of the cells.

DISCUSSION

These data demonstrate synchronous expression of full-
length, sense-strand Li RNA and ORF 1 protein in two EC
cell lines, F9 and C44. ORF 1 protein expressed from both of
these lines has an apparent molecular weight by SDS-PAGE
that is consistent with expression of the entire ORF 1 protein
from the first AUG and no further processing by proteolysis
as is the rule with the gag proteins of retroviruses (47).
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FIG. 6. Detection of Li ORF 1 expression in F9 cells by immunolabelling on ultrathin cryosections. Series of panels showing electron
micrographs of a number of regions from F9 cells that demonstrate small clusters of labelling. (B) Lower magnification for orientation of two
clusters (circled) visible on either side of the nucleus; these two are shown at higher magnifications in the adjacent panels (A and C). (E and
F) Representative labelling from different cells. Magnification, x 139,650 (bar, 25 nm) in panels A, C, E, and F; x 21,280 (bar, 250 nm) in panel
B; and x 106,400 (bar, 25 nm) in panel D.

Similar findings have been reported for the ORF 1 protein
from human (23) and rat Li (18); in no case is there evidence
for a fusion protein with ORF 2. Both of the ORF 1
antibodies bind to a cluster of bands by Western analysis,
rather than a single protein species. The apparent molecular
weights of the individual bands within this cluster of proteins
are similar to, but slightly larger than, the size predicted by
translation of the ORF 1 protein sequence from LlMd-A2
(24) that react with the antibody. Further studies will be
needed to ascertain whether they result from a cytoplasmic
posttranslational modification of a single type of Li, such as
phosphorylation, or expression of different-size polymorphic

subtypes of Li. We think the former explanation is more
likely, because characterization ofcDNA sequences from F9
cells has demonstrated that the phylogenetically young
LlMd-A2 subtype predominates in the mRNA population
(39); the ORF 1 proteins produced from such an RNA
population would not be expected to show the observed size
heterogeneity. Also, the variation in intensity that we ob-
serve between different extracts and over time with the same
extract is suggestive of a labile modification, like phospho-
rylation.
The process of Li retrotransposition must require a full-

length, sense-strand Li RNA as a transposition intermedi-

FIG. 7. Restricted expression of Li ORF 1 protein in C44 embryoid bodies. Micrographs of indirect immunofluorescence of Li ORF 1
antibody (FP1 [A]) and the preimmune IgG (C) and the corresponding embryoid bodies viewed by differential-interference contrast
microscopy (B and D). Magnification, ca. x2,000.
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ate. By analogy with other retrotransposons, it is also
probable that the protein products of ORF 1 and ORF 2 are

essential intermediates in the transposition process and that
they associate with the RNA intermediate. Previous studies
using sucrose gradient fractionation have shown that the
full-length, sense-strand Li RNA in F9 cells is present in a
complex with protein or an RNP. There is cofractionation of
ORF 1 protein with the RNA, although absolute proof of a
physical association between the two remains elusive (27).
Treatment of C44 extracts in the same way provides the
same evidence of packaging of Li RNA into a cytoplasmic
RNP and cofractionation of this RNP with ORF 1 protein.
The immunofluorescence and immunoelectron micros-

copy results presented here are consistent with the presence
of a cytoplasmic Li RNP. These data indicate that Li ORF
1 protein is not uniformly distributed throughout the cyto-
plasm of F9 or C44 cells but, rather, is present in aggregates
of multiple protein molecules associated with one another.
Furthermore, there may be a tendency for these smaller
aggregates or particles to cluster together within the cell.
This is suggested by the larger spots observed by indirect
immunofluorescence (Fig. 4) as well as in Fig. 6A and D. The
aggregates of ORF 1 protein in conjunction with an electron-
dense structure are consistent with expectations based on
sucrose gradient fractionation of an Li RNP in which many
copies of ORF 1 protein appear to be associated with each
Li RNA. The clusters of these aggregates may explain the
presence of a significant amount of Li RNA and ORF 1
protein that can be recovered from a pellet following sucrose

gradient fractionation. The aggregates could be organized by
protein-protein interactions between molecules ofORF 1, by
RNA-protein interactions between full-length, sense-strand
Li RNA and ORF 1 protein, or by a combination of the two.
In addition, protein products of Li ORF 2 and/or other
cellular proteins may be present in the Li RNP complexes.
We hypothesize that the coexpression of full-length,

sense-strand Li RNA and ORF 1 protein and their cosedi-
mentation through sucrose density gradients under condi-
tions in which Li RNA is present as an RNP complex (27)
provide our first glimpse of the early intermediates involved
in Li transposition. If this is the case, then it is not surprising
that EC cells appear to be the best natural source of these
putative intermediates (44). The argument for this is largely
based on evolutionary considerations and can be summa-
rized as follows: the Li multigene family is known to
undergo concerted evolution (19, 30), and this concerted
evolution is largely the result of retrotransposition events
(reviewed in reference 17); therefore, retrotransposition
must occur in cells that are passed to the next generation. In
mammals, this means that retrotransposition must occur in
germ cells or their predecessors, the primordial germ cells,
or in the early embryo prior to differentiation and commit-
ment. Evidence that Li retrotransposition occurs during
development is provided directly by the human patients
whose hemophilia was caused by Li insertion into the factor
VIII gene (20).

Interestingly, in this study of Li RNA and protein expres-
sion in six mouse EC cell types, two of the lines were
positive (F9 and C44), but the other four cell types examined
(PCC4, ECa247, P19, and 1003) gave no evidence for expres-
sion of either the full-length, sense-strand Li RNA or ORF
1 protein. Although this result was surprising at first, the
differential expression in the different lines examined here
may provide useful clues about the timing of expression of
these Li products during mouse development. It has been
proposed that EC cells represent a window of normal

TABLE 1. Characteristics of the mouse EC cell lines used in
this study

Cell line Developmental Differentiation Refer-potential ence

F9 Unipotent Extraembryonic endoderma 16, 37
C44 Unipotent Proximal and distal endoderm" 34
P19 Multipotent Three germ layers 36, 37C
1003 Multipotent Neural ectoderm 33, 42
ECa247 Multipotent Pretrophectodermd 34, 35
PCC4 Multipotent Ectoderm 3

a There are reports that F9 can differentiate into neural ectoderm, but the
line used was never observed to do this; it only made endoderm (34a).

b Makes endodermal vesicles (proximal and distal) in vitro (34a).
c Never differentiates into extraembryonic endoderm.
d ECa247 only expresses trophectodermal potential when injected into

blastocysts. It has not been observed to make endoderm (34a).

embryo development, such that each independent line is a
caricature of a certain cell type of a normal embryo (34, 37).
Care was taken throughout this study to ensure that the cells
were maintained such that they retained their EC phenotype.
This was necessary because earlier work with the human
NTera2D line had demonstrated that induction of differenti-
ation abolished expression of the full-length Li RNA (44). At
the outset of this study, we tested all of the mouse EC cell
lines for the expression of full-length, sense-strand RNA and
found no expression in any of the lines that were differenti-
ated with retinoic acid, including F9.
The fact that all six of the lines were maintained in their

undifferentiated, EC phenotype intimates that these cells are
similar. On the basis of a number of criteria, however, these
different EC cell lines almost certainly represent different
stages or levels of commitment towards different develop-
mental pathways. For example, C44 has been described as a
line that represents a late inner cell mass that has expressed
endodermal potential. This characterization contrasts to
ECa247, which is more like early inner cell mass cells with
trophectodermal potential (34). A list of the EC lines used for
this study and some of their relevant characteristics appear
in Table 1. The one obvious link between the two lines that
express Li, C44, and F9, is the close relationship of both of
these to primitive endoderm. F9 cells, when induced to
differentiate in culture, form the two cell types derived from
primitive endoderm, visceral and parietal endoderm (16).
C44 has cells characteristic of endoderm on the outer cell
layer of the embryoid bodies (34). It is worth emphasizing
that products of Li expression are not detected in these
differentiated derivatives of the EC phenotype in either of
the two lines. Thus, Li is expressed in mouse EC cells with
the potential to make early endoderm and its derivatives.
The restriction of expression of Li to these EC cells is

intriguing in light of normal mouse development, because the
primordial germ cells of the mouse are detected first in
extraembryonic mesoderm on about day 7 of gestation (10).
It has not yet been possible to trace the origin of the eight
cells seen at this stage to even earlier stages; thus, it is not
possible to be certain of their origins. In light of the require-
ment for Li expression and transposition in cells that are
destined for the next generation and these results demon-
strating that Li expression is restricted to EC cells with the
potential to make extraembryonic endoderm, it is tempting
to suggest that the primordial germ cells of the mouse arise
from the inner cell mass of the blastocyst from cells with the
potential to make extraembryonic endoderm and that Li
expression will provide a valuable marker for these cells. A
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further prediction of these results is that Li expression, and
hence transposition, occurs in the subset of cells in the early
mammalian embryo that are destined to form the primordial
germ cells.
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ADDENDUM IN PROOF

Since the submission of this article, Packer et al. (A. I.
Packer, K. Manova, and R. F. Bachvarova, Dev. Biol.
157:281-283, 1993) have reported the detection of an 8-kb
sense-strand Li RNA in mouse blastocysts.
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