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Summary

The viral genomes of a- and y-retroviruses follow an
outbound route through the cytoplasm before assem-
bling with the budding particle at the plasma mem-
brane. We show here that murine leukemia virus (MLV)
RNAs are transported on lysosomes and transferrin-
positive endosomes. Transport on transferrin-positive
vesicles requires both Gag and Env polyproteins. In
the presence of Env, Gag is rerouted from lysosomes
to transferrin-positive endosomes, and virion produc-
tion becomes highly sensitive to drugs poisoning ve-
sicular and endosomal traffic. Vesicular transport of
the RNA does not require prior endocytosis, indicating
that it is recruited directly from the cytosol. Viral pre-
budding complexes containing Env, Gag, and retroviral
RNAs are thus formed on endosomes, and subse-
quently routed to the plasma membrane. This may
allow retroviruses to hijack the endosomal machinery
as part of their biosynthetic pathway. More generally,
tethering to vesicles may provide an efficient mecha-
nism for directed RNA transport.

Introduction

A number of RNAs adopt specific localizations in the
cytoplasm of eukaryotic cells, thus allowing the delivery
of newly synthesized polypeptides in particular intracel-
lular areas. RNA localization plays critical roles in asym-
metrical cell division and in specifying properties of cy-
toplasmic areas in a wide variety of cells (for reviews,
see Kloc et al., 2002; Saxton, 2001). The role of RNA
localization is not limited to the modulation of local
translation, since noncoding or untranslated RNA spe-
cies can also be found in specific cytoplasmic compart-
ments. A variety of mechanisms has been shown to
govern subcytoplasmic mRNA localization. In most
cases, directional RNA transport mechanisms are at
play, which use diverse types of molecular motors. For
instance, in yeast, Ash1 mRNA particles are transported
to the bud site on actin cables by a specific myosin
motor (Bertrand et al., 1998). In Drosophila, movements
of RNA particles toward the apical side of blastocyst
cells require microtubules and dynein motors (Wilkie
and Davis, 2001). In oligodendrocytes, MBP mRNA

*Correspondence: bertrand@igm.cnrs-mop.fr

movements toward cellular processes require microtu-
bules and kinesin motors (Carson et al., 1997). Interest-
ingly, RNA localization usually involves transport of mac-
romolecular aggregates containing a large number of
RNA molecules, often referred to as “particles.” The
detailed composition of these large structures is not
known, and in particular, the cellular compounds that
embark with these RNA-containing aggregates have not
yet been identified.

During the retrovirus replication cycle, the genomic
viral RNA serves both as a protein synthesis template
and as a viral genome when packaged. As observed by
electron microscopy, «- and y-retroviruses, as well as
lentiviruses such as HIV-1 and -2, assemble at the
plasma membrane where virion budding occurs (Freed,
1998; Garoff et al., 1998; and references therein). Com-
pletion of virion production therefore requires the geno-
mic viral RNA to migrate to the cell surface. The mecha-
nisms involved in this RNA transport are still unknown
(for a discussion, see Ploubidou and Way, 2001), and a
specific process is likely at play, sihnce mRNAs have
relatively low mobilities in the cytoplasm (Fusco et al.,
2003).

Production of infectious retroviral particles requires
that viral genomic RNAs are present at the budding
sites on the plasma membrane but also requires the
concomitant presence of a number of other viral mole-
cules, including Gag and Env polyproteins. Env is a
transmembrane protein that reaches the plasma mem-
brane via the secretory pathway. Gag is a cytosolic pro-
tein that directly binds cellular membranes through a
myristoyl or other amino-terminal anchor (for reviews,
see Freed, 1998; Garoff et al., 1998). Gag expressed
alone reaches the cell surface independently of mem-
brane trafficking (Suomalainen et al., 1996) and is suffi-
cient to assemble budding virion-like particles at the
plasma membrane (Gheysen et al., 1989). However, MLV
and HIV envelope proteins confine viral budding to the
basolateral side of polarized epithelial cells (Lodge et
al., 1997), and at least in rat neurons, they also modulate
Gag localization (Weclewicz et al., 1998). Gag might
therefore utilize different trafficking pathways when ex-
pressed in the context of a whole virus. These data also
suggest an interaction between Env and Gag within the
cell. The location of this interaction, and whether it is
specific to polarized cells, remains unknown. More gen-
erally, it is not clear how Gag, Env, and the viral genomic
RNA reach common sites at the plasma membrane to
assemble, bud, and form virions.

We have addressed these questions with an MLV
model system. By imaging single RNA molecules in living
cells, we show that Env and Gag tether the RNA onto
endosomal vesicles, allowing the resulting complex to
be routed to the cell surface.

Results

Visualization of Single Molecules

of MLV RNA in Living Cells

To directly visualize retroviral RNA movements in living
cells, we used a technique that we recently developed
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Figure 1. Visualization of Single Molecules of
MLV Retroviral RNA in Living Cells
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for visualization of single mRNA molecules (Bertrand et
al., 1998; Fusco et al., 2003). The technique uses a nu-
clear MS2-GFP fusion protein and a reporter RNA
tagged with 24 MS2 binding sites (ms2). In this case,
the viral RNA reporter was based on MLV and contained
Mo-MuSV LTRs, the Mo-MLV V¥ packaging signal, and
the puromycin gene followed by the ms2 repeats (pLP-
W-Puro-24; Figure 1A). To verify that binding of MS2-
GFP molecules to the reporter RNA would not affect its
packaging into viral particles, we transfected 293T cells
with a Mo-MLV Gag-Pol expression vector, the ms2-
tagged reporter construct, and an MS2-GFP expression
vector (pMS2-GFP). Controls included transfection with-
out the MS2-GFP vector, or with an ms2 reporter that

combinations of pCMV-GagPol, pMS2-GFP,
and the ms2 reporter containing or not the
¥ packaging sequence (pLP-¥-Puro-24 and
pLP-AV-Puro-24, respectively). Cellular and
viral fractions were prepared, and proteins
and RNA were analyzed by Western blotting

aGFP and RNase protection, respectively. An anti-

body against GFP («GFP) recognized the
MS2-GFP fusion (arrow MS2). An aCA anti-
body (aCA panel) recognized the capsid in
virions (arrow CA) and the Gag polyprotein in

oCA cells (arrow Pr). The RNA probe (285 nt long,

lane P) protected fragments of 240 and 225
nt, on the W-containing and AV constructs,
respectively (RPA panel). Lane C, control
yeast RNA.

(C) In situ detection of packaged retroviral

BEA RNAs. Fly E packaging cells were cotrans-
fected with pMS2-GFP and pLP-V-Puro-24,
and observed live. Left, GFP fluorescence;

pMS2-GFP right, phase contrast. Bottom panels are en-

pLP-¥-Puro-24
pLP-AY-Puro-24

largements of the boxed area. Extracellular
fluorescent dots correspond to viral RNAs
that have been packaged into virions and re-
leased from cells. Bar, 10 pm.

lacked V. Supernatants from transfected cells were col-
lected, viral particles were purified by high-speed cen-
trifugation, and protein and RNA contents were analyzed
by Western blotting and RNase protection assays, re-
spectively. All transfected cells produced similar
amounts of viral particles, as shown by the amount of
Gag-derived capsid protein in the supernatant (Figure
1B, panel aCA). In contrast, the MS2-GFP protein was
detected only in virions produced from cells that ex-
pressed the ms2 reporter containing V¥ (Figure 1B, panel
aGFP). This data demonstrated that the incorporation
of the MS2-GFP protein into virions was specifically due
to V-dependent packaging of the viral reporter RNA. In
addition, similar amounts of ms2-tagged viral RNA was
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packaged in cells whether or not the MS2-GFP fusion
protein was expressed (Figure 1B, panel RPA), demon-
strating that the presence of MS2-GFP did not adversely
affect packaging of the viral RNA reporter.

When Fly E packaging cells stably expressing Gag
and Env genes were cotransfected with pMS2-GFP and
the retroviral RNA reporter and examined in situ, small
fluorescent dots were readily detected around the trans-
fected cells (Figure 1C). Extracellular GFP dots were
never observed in transfected cell lines which do not
harbor Gag, suggesting that these dots corresponded
to the ms2-tagged virions released from the cells. Alto-
gether, these results suggested that MS2-GFP could be
used to monitor the transport of retroviral RNAs to the
plasma membrane and out of the cell.

MLV RNAs Display Directed Movements in
Chronically Infected and Packaging Cells

To record movements of MLV genomic RNA in living
cells, 3T3 cells chronically infected with replication com-
petent MLV were cotransfected with the ms2-tagged
retroviral reporter and pMS2-GFP. The use of chronically
infected cells precluded viral reinfection and ensured
that only late phases of the viral cycle were observed.
Notably, rectilinear movements of the reporter RNA were
often observed (Figure 2A). These directed movements
transported the RNA over long distances (5.6 = 3 um
on average) at velocities of approximatively 1 nm/s
(0.8 = 0.4 um/s on average), similar to the speed of fast
microtubule-dependent transport. This suggested an
active mechanism of RNA transport (Figure 2A). This
frequent directional transport over long distances was
dependent on the presence of ¥ (Figure 2B), since its
frequency decreased about 50 times when ¥ was de-
leted, from 4.1 += 2.4 movements per minute, to 0.08 =
0.28. This indicated that directed motions were likely
associated with RNA packaging. To test the influence
of viral proteins in this process, we analyzed viral RNA
transport in human HT1080 cells that expressed no MLV
proteins, or in derivatives of these cells that expressed
either Gag/Gag-Pol alone (HT-Fly cells) or both Gag/
Gag-Pol and Env (Fly E cells). We chose this heterolo-
gous human system because it is devoid of endogenous
rodent retroviruses that could potentially interfere with
MLV RNA transport. In addition, stable cell lines mimic
chronically infected cells that constantly express viral
proteins, and their use diminishes the risk of artifacts
due to protein overexpression as often observed with
transient transfections. In HT1080 cells with or without
Env, and in HT-Fly cells expressing Gag/Gag-Pol in the
absence of Env, the viral reporter RNA behaved similarly
to a standard mRNA (Bertrand et al., 1998; Fusco et al.,
2003): the RNA was homogeneously distributed in the
cytoplasm, and the movements were neither fast nor
directional (Figure 2C; data not shown). In contrast, in
Fly E cells concomitantly expressing Gag/Gag-pol and
Env polyproteins, retroviral RNA molecules concen-
trated on undefined cytoplasmic structures (Figure 2D),
and many also moved rapidly across the whole cell. The
mean distance travelled by RNA particles was 4.5 + 1.5
wm, and their mean velocity was 1.2 = 0.57 um/s, similar
to the values found in chronically infected 3T3 cells. The
frequency of movement was higher than in chronically

infected cells (13.6 = 5.7 movements per minute), possi-
bly due to intrinsic differences between the two cell
types or to the lack of competition with wild-type retrovi-
ral RNAs for viral proteins. About 20% of the RNA parti-
cles displayed abrupt turns or stopped and then moved
again. We also noted that movements occurred with a
bias toward the cell periphery (68% of the cases). Finally,
colcemid or nocodazole, two agents that disassemble
microtubules, abolished directed movements, and two-
color imaging showed that the RNA was moving on
microtubular tracks (Figure 2E; see Supplemental Data
at http://www.developmentalcell.com/cgi/content/full/
5/1/161/DC1). Thus, when expressed together, Env and
Gag directed the retroviral RNA to a cellular transport
system. This observation was not particular to Fly E
cells, since similar results were obtained with other
packaging systems, including murine 3T3-GPE and hu-
man TE-A9 cells (data not shown).

MLV RNA Reporters Are Transported on

Lysosomes and Transferrin-Positive Vesicles

Env is atransmembrane protein that reaches the plasma
membrane via the secretory pathway, while Gag is
myristoylated and binds both cellular membranes and
the retroviral RNA (for reviews, see Freed at al., 1998;
Garoff et al., 1998). Thus, these molecules could link the
RNA with vesicular traffic. Upon close examination of
RNA localization and transport in chronically infected
3T3 cells and in Fly E cells, the viral RNA indeed ap-
peared to be transported on vesicles (Figures 2A and
2D, inset). In order to define the nature of the vesicles
involved in this process, chronically infected 3T3 cells
or packaging Fly E cells were transfected with a pMS2-
GFP expression vector (pMS2-GFP) and the retroviral
RNA reporter, and specific membrane markers were si-
multaneously labeled in living cells. In both cell lines,
the RNA reporter colocalized and was cotransported
with markers of the endosomal compartment. This oc-
curred with internalized fluorescent human transferrin,
a marker that is endocytosed and transfered to early
and recycling endosomes, and with lysotraker, a vital
dye that stains late endosomes and lysosomes (Figure
3). Quantitation of the frequency of cotransport in Fly E
cells showed that the RNA was predominantly trans-
ported on transferrin-positive endosomes (90% of the
cases). Live cell imaging also showed that the RNA mol-
ecules which colocalized with the vesicles at steady
state were attached to them, as indicated by their con-
comitant movements (Figure 3). Furthermore, at high
resolution, it was apparent that the RNA surrounded the
vesicles and thus localized on their cytoplasmic face.
This demonstrated that these RNAs molecules were not
associated with viral particles that were already formed,
but rather with nascent virions at an early stage of as-
sembly, well before completion of budding.

Gag and Genomic MLV RNAs Are Associated with
Lysosomes and Transferrin-Positive Endosomes

in Chronically Infected Cells

To confirm the results obtained with the ms2-tagged
reporter RNA, we analyzed the trafficking of the wild-
type genomic RNA in chronically infected cells. The
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Figure 2. MLV Retroviral RNAs Are Actively Transported in Chronically Infected and Packaging Cells

Cells were transfected with pMS2-GFP and the reporter containing or not the ¥ packaging sequence (pLP-¥-Puro-24 or pLP-AV-Puro-24),
and observed live. Images were recorded at a rate of three images per second (for movies, see Supplemental Data at http://www.
developmentalcell.com/cgi/content/full/5/1/161/DC1), and maximal image projection of stacks corresponding to about 10 s of the original
movies are shown. The tracks of RNA molecules are visible, and directed movements appear as rectilinear lines (see [A] and [D]). The amount
of MS2-GFP remaining in the nucleus varies from cell to cell and is not related to the cytoplasmic RNA movements. Bar, 10 um.

(A and B) The movements of LP-¥-Puro-24 (A) and LP-AW-Puro-24 (B) RNAs in 3T3 cells chronically infected with MLV are displayed. Only
the W-containing RNA displays long-distance rectilinear movements. Inset of (A), RNA molecules clustered around a vesicle. (A1) shows an
enlargement of the boxed area of (A), while (A2) display the position of RNA molecules at specific times. Position of an RNA molecule is
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localization of the RNA was determined by in situ hybrid-
ization in fixed cells, together with either a resident lyso-
somal protein, cystinosin, or fluorescent internalized
transferrin. It should be noted that we used a combina-
tion of six fluorescent oligonucleotide probes, which
together allow for a reliable detection of single RNA
molecules. Consistent with the results obtained in living
cells, we detected MLV genomic RNAs both on lyso-
somes and transferrin-positive endosomes (Figures 4A
and 4B). Because Gag is responsible for the specific
recognition of the viral RNA, our results implied that
Gag should also be found on endosomal membranes.
Indeed, in fixed, chronically infected 3T3 cells, Gag was
frequently found on lysosomes and less frequently on
transferrin-positive endosomes (Figures 4C and 4D).
Quantitative imaging revealed that 12% of intracellular
Gag localized on lysosomes (and nearly all lysosomes
contained detectable Gag molecules), while 4% was on
transferrin-positive endosomes (only a fraction con-
tained Gag; Figure 6C). The rest of the signal was distrib-
uted throughout the cell, including at the plasma mem-
brane. It is important to note here that these values
represent the steady-state localization of the protein
and that a much larger fraction of the protein likely transit
through endosomes during its lifetime. Indeed, blocking
endosomal traffic with monensin leads to a strong accu-
mulation of Gag on endosomes (see below).

To confirm the results obtained by microscopy, we
undertook a biochemical approach. Vesicular extracts
were prepared from chronically infected 3T3 cells, and
the material containing Gag or the viral RNA were immu-
noisolated with anti-Gag antibodies or biotinylated oli-
gonucleotides specific for MLV sequences, respec-
tively. Bound vesicles were then identified by Western
blotting with antibodies specific for different endosomal
compartments (Figure 5A). In agreement with the mi-
croscopy, lysosomes were immunoisolated with both
anti-Gag antibodies and anti-MLV oligonucleotides. The
amount of vesicles recovered with the oligonucleotides
was much less than with the antibodies, probably re-
flecting the smaller number of molecules of RNA bound
to the vesicles. The isolation was however specific since
an oligonucleotide complementary to a snoRNA and that
had a similar T, did not allow recovery of any of the
markers analyzed. In addition to lysosomes, vesicles
containing the transferrin receptor, a plasma membrane
protein that constantly cycles through early and recy-
cling endosomes, were also efficiently isolated. It should
be noted that broken pieces of the plasma membrane
should not be isolated by this procedure since they
predominantly generate vesicles with Gag located at
their inside and inacessible to antibodies (Suomalainen
et al,, 1996). Furthermore, we also isolated large amounts

of vesicles containing cellubrevin, a SNARE protein in-
volved in membrane fusion events and localized on recy-
cling endosomes (Galli et al., 1994). Altogether, these
data unambiguously demonstrated the tight physical
association of Gag and the viral RNA with the endosomal
compartment in chronically infected cells. This also
demonstrated that these viral complexes were at an
early stage of assembly since they were accessible to
antibodies and hybridization.

Env Sensitizes Exit of Viral Particles to Drugs
Poisoning Vesicular Traffic

To gain direct evidence that vesicular traffic was impor-
tant for viral RNA transport and packaging, we tested
the effects of well-characterized inhibitors of membrane
trafficking. 3T3 cells chronically infected with MLV were
treated with the following drugs: colcemid or nocoda-
zole, which depolymerize microtubules and block mo-
torized vesicular transport; monensin, a monovalent ion-
selective ionophore that neutralizes acidic intracellular
compartments such as the trans-Golgi apparatus cister-
nae, lysosomes, and endosomes, leading to defects in
vesicular budding; and brefeldin A (BFA), which inhibits
Arf GTPase cofactors and leads to Golgi disassembly
as well as perturbation of the endosomal system. Virions
were purified, and the amount of retroviral RNA present
in the viral fraction was determined by RNase protection
assays. Colcemid, nocodazole, monensin, and BFA all
decreased by 70%-80% the amount of retroviral RNAs
released from cells (Figure 5B, panel RPA). In contrast,
the amount of retroviral RNA within the cells remained
the same or even increased, suggesting that a signifi-
cant fraction of the viral RNA utilized a vesicular pathway
to exit chronically infected cells.

We then analyzed the trafficking of Gag. In chronically
infected 3T3 cells, as well as in Fly E packaging cells,
colcemid and monensin reduced the amount of Gag
released in the viral fraction (Figures 5B and 5C, panels
«CA). This result indicated that, similar to the RNA, Gag
required vesicular transport to exit the cells. Surprisingly
however, in HT-Fly cells that express Gag but not Env,
colcemid and monensin had only a very modest effect
on Gag release (Figure 5C). These results were consis-
tent with previous reports showing that when expressed
alone, Gag can reach the plasma membrane by diffusing
through the cytosol (Suomalainen et al., 1996). In addi-
tion, this was also coherent with the inhibitory effect of
monensin that was previously observed in Psi2 packag-
ing cells expressing a Gag-p-galactosidase fusion pro-
tein (Hansen et al., 1990). The fact that Env sensitized
viral release to drugs blocking vesicular traffic sug-
gested that the retroviral RNA and Gag were transported
in a complex with Env to the cell surface. In agreement

indicated at t = 0 (white arrowhead) and at the indicated time points (black arrowhead).

(C and D) The movements of LP-¥-Puro-24 RNA in HT-Fly cells (C) and Fly E cells (D) are displayed. Only Fly E cells expressing both Gag
and Env show a high frequency of long-distance directed movements. In (D), the inset shows an enlargement of the upper box, with RNA
molecules clustered around a vesicle. (D1) shows an enlargement of the bottom box of (D), while (D2) displays the position of RNA molecules

at specific times.

(E) Fly E cells have been treated with 10 .M colcemid for 1 hr, and no rectilinear long-distance movement is observed. Note that the nucleus
of Fly E cells is often not round but takes a multilobular shape (see also the other figures).
(F) Fly E cells have been treated with monensin (10 uM for 3 hr), and RNAs accumulate on enlarged vesicles. (F1) shows an enlargment of

the boxed area in (F).
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with this idea, we found that in chronically infected cells,
Env localized to early and recycling endosomes, as well
as on lysosomes, similar to the localization of the viral
RNA and Gag (see Supplemental Data at http://www.
developmentalcell.com/cgi/content/full/5/1/161/
DC1). Taken together, our data suggested that viral com-
plexes used vesicular traffic to exit cells.

To further document the action of the drugs, we ana-
lyzed their effect on the localization and movements of
the retroviral RNA reporter. Colcemid and nocodazole
both blocked motorized RNA movements (Figure 2E;
data not shown); while upon monensin treament, the
RNA accumulated around intracellular vesicles (Figure
2F). Similarly, in chronically infected 3T3 cells, monensin
induced a drastic relocalization of the viral components
since both Gag and Env became strongly enriched on
lysosomes (Figure 6C; see Supplemental Data at http://
www.developmentalcell.com/cgi/content/full/5/1/161/
DC1 Data). Indeed, as much as 65% of the total amount
of cellular Gag colocalized with lysosomes in this case
(compared to 12% in untreated cells). In addition, the
colocalization with lysosomes was specific since a
Rab11-GFP did not colocalize with either Gag or Env in
the same conditions. Thus, the drugs not only inhibited
the exit of the virus but also had a direct effect on viral
RNA transport and on the trafficking of the other viral
components.

Env Relocalizes Gag from Lysosomes

to Transferrin-Positive Endosomes

To gain further insights into the trafficking of Gag, we
studied its localization by immunofluorescence in HT-
Fly and Fly E cells. In HT-Fly cells, Gag was highly en-
riched on lysosomes and only rarely detected on trans-
ferrin-positive endosomes (Figure 6A). In contrast, in Fly
E cells, Gag was readily detected on transferrin-positive
endosomes and less frequently on lysosomes (Figure
6B). To exclude a clonal variation between the two cell
lines, we transiently expressed Env in HT-Fly cells, to-
gether with a cystinosin-GFP plasmid, to identify trans-
fected cells. We found that indeed Env expression was
sufficient to relocalize Gag out of lysosomes (Figure 6A).
Quantitative imaging showed that in HT-Fly cells, 62%
of the intracellular Gag localized on lysosomes and only
2% on transferrin-positive endosomes (Figure 6C). In
contrast, in Fly E cells or in HT-Fly cells expressing Env,
only 6.5% and 11% of Gag was found on lysosomes,
respectively, while as much as 9% localized on trans-
ferrin-positive endosomes in Fly E cells. Thus, Env in-
duced a redistribution of Gag from lysosomes to trans-
ferrin-positive endosomes.

MLV Reporter RNAs Are Frequently Transported

on Rab11-Positive Vesicles

At least two routes exist to go from transferrin-positive
endosomes to the plasma membrane. Membrane-
bound proteins can exit early sorting endosomes via a
Rab4 route or can leave recycling endosomes via a
Rab11 pathway (Somsel Rodman and Wandinger-Ness,
2000). To define more precisely the route taken by the
retroviral RNA, we labeled it with MS2-YFP while the
Rab proteins were tagged with CFP. In live Fly E cells,
the RNA colocalized and was often transported with
Rab11-positive vesicles (Figure 7A). In contrast, the RNA
rarely colocalized with Rab4-positive vesicles and was
excluded from these vesicles during its transport (see
Supplemental Data at http://www.developmentalcell.
com/cgi/content/full/5/1/161/DC1). Quantification of the
number of cotransport events showed that 75% oc-
curred on Rab11-positive vesicles (n = 16). Thus, the
RNA likely reached the plasma membrane via the Rab11
route.

To gain functional insights into the trafficking of the
viral RNA through the recycling endosomal compart-
ment, we specifically perturbed membrane fusion
events of this compartment with tetanus neurotoxin
(TeNT). Indeed, the light chain of TeNT is a highly specific
protease that cleaves cellubrevin, a SNARE protein lo-
calized on the recycling endosomal compartment in
nonneuronal cells (Galli et al., 1994). TeNT also cleaves
VAMP-1 and -2, but expression of these proteins is lim-
ited to a few cell types (neural cells, muscle cells, and
adipocytes). Transfection of Fly E cells with a plasmid
expressing TeNT light chain showed that it inhibited
about 2-fold the exit of an MLV reporter RNA (Figure
5D). Thus, the RNA molecules traveling on recycling
endosomes were on their way out of the cell.

Vesicular Transport of MLV RNAs Precedes

Binding to the Plasma Membrane

Association of retroviral RNAs with vesicles could result
from either direct recruitment from the cytosol, routing
from the Golgi network, or endocytosis of RNAs already
localized at the plasma membrane. To discriminate be-
tween these possibilities, we first tested whether we
could detect retroviral RNAs associated with the Golgi
apparatus. No significant association could be detected
between a Rab6-CFP marker and the viral RNA in Fly E
cells, and the reporter was in fact most often excluded
from the Golgi area (see Supplemental Data at http://
www.developmentalcell.com/cgi/content/full/5/1/161/
DC1). We then analyzed the effect of inactivation of
the endocytic machinery. To this aim, Fly E cells were

Figure 3. MLV RNA Reporters Are Transported on Endosomal Vesicles

Cells transfected with pMS2-GFP and pLP-¥-Puro-24 were labeled with fluorescent Cy3-transferrin (A and B), or with Lysotracker (C), and
imaged live in two wavelengths (for movies, see Supplemental Data at http://www.developmentalcell.com/cgi/content/full/5/1/161/DC1). Green,
RNA reporter (LP-¥-24); red, fluorescent transferrin (Tfr) or Lysotracker (Lyso).

(A) Fly E cells. Top panels correspond to a single movie frame. Bottom panels show the trajectories of seven RNA particles transported by
transferrin-positive vesicles during a 5 min movie. The dots represent the position of the objects at each time point. Bar, 10 wm. The apparent
frequency of RNA-directed movements is lower than in Figure 2 due to the slower frame rate used for bicolor imaging. Indeed, only the slowest

and longest movements can be identified in these conditions.

(B and C) RNA transport on transferrin-positive endosomes (B) and lysosomes (C) in chronically infected 3T3 cells. The arrowhead points to

actively transported RNA particles.
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Figure 4. Gag and the Genomic Retroviral RNA Are Associated with Lysosomes and Transferrin-Positive Endosomes in Chronically Infected

3T3 Cells

Gag was labeled by immunofluorescence with aCA antibody (Gag panels, red), and the genomic RNA by in situ hybridization (RNA panels,
red). Lysosomes were labeled by stable transfection of a cystinosin-GFP fusion (Lyso panels, green), while transferrin-positive endosomes
were labeled with fluorescent transferrin (Tfr panels, green). Insets show magnifications of the boxed areas. Bar, 10 um.
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Figure 5. Gag and the Viral RNA Exit Cells via an Endosomal Pathway

(A) Immunoisolation of endosomal vesicles with anti-Gag antibodies (Ip «MA panels) or oligonucleotides complementary to MLV genome (Ip
Oligo panels). Chronically infected cells were transiently transfected with a cellubrevine-GFP vector, or were stably transfected with a cystinosin-
GFP plasmid, and Western blots of affinity-isolated vesicles were probed with anti-transferrin or anti-GFP antibodies. Sup, supernatant; Pt,
pellet. The amount of supernatant loaded corresponded to 20% of the pellet for the transferrin receptor and cellubrevine-GFP, and to 80%
for cystinosin GFP. Protein G beads were coated with «MA antibody («MA lanes) or used directly (C lanes). Streptavidin beads were coated
with oligonucleotides complementary to MLV (MLV lanes), or to a snoRNA (Sno lanes). 3T3, extract of nontransfected cells; M, marker. The
two dots indicate nonspecific bands that were also obtained with protein G beads alone.

(B and C) Pharmacological inhibition of vesicular traffic inhibits virion release. 3T3 cells chronically infected with MLV (B) and Fly E or HT-Fly
cells (C) were treated with the indicated drugs (colc, colcemid; noc, nocodazole; mon, monensin; BFA, brefeldin A; mock, duplicates of
untreated cells). The viral and cellular fractions were purified and analyzed by RNase protection (RPA panel) or Western blotting («CA panels).
P, probe; C, control yeast RNA. Viral capsid protein, arrow CA; polyprotein Gag, arrow Pr. In 3T3 cells treated with BFA, glycoGag accumulated
(star) due to disruption of Golgi functions. This viral protein is not expressed in HT-Fly and Fly E cells, but a Gag degradation product was
present (open circle).

(D) Inhibition of RNA packaging by the catalytic subunit of tetanus toxin. Fly E cells were transfected with a packaged MLV reporter (pLNCX)
and a plasmid expressing the catalytic subunit of tetanus toxin. RNAs in the viral fraction were quantified 24 and 48 hr following transfection,
normalized to that of the cellular fraction, and plotted as percent of control transfections with a plasmid devoid of the toxin (TeNT, toxin; C,
control). Numbers are averaged from two experiments done in triplicate. Bars are the standard deviation.
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Figure 6. Env Relocalizes Gag out of Lysosomes and on Transferrin-Positive Endosomes

(A) HT-Fly cells were labeled by immunofluorescence with «CA antibody (Gag panels, green). Upper panels, lysosomes were labeled with
Lysotracker (Lyso panels, red). Lower panel, HT-Fly cells were cotransfected with a cystinosin-GFP vector (Lyso panels, red) and a vector
expressing Env.

(B) Fly E cells were labeled with «CA antibody (Gag panels, green). Transferrin was labeled with Cy3 (Tfr panels, red), and lysosomes with
Lysotracker (Lyso panels, red). Insets show magnifications of the boxed areas. Bar, 10 um.

(C) Quantification of the amount of intracellular Gag on various endosomal compartments (percent of total intracellular Gag). Cont, control
(see Experimental Procedures). Standard deviation in parenthesis.
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transfected with a dominant-negative version of Eps15
that inhibits clathrin-mediated endocytosis (Benmerah
et al., 1999). To identify cells in which endocytosis was
effectively blocked, cells were incubated with fluores-
cent transferrin before imaging. Importantly, the retrovi-
ral RNA reporter displayed rapid, directed movements
over long distances in cells that had a strong inhibition
of transferrin internalization, indicating that it was still
tethered to vesicles (Figure 7B). Thus, RNAs were di-
rectly recruited from the cytosol to endosomal mem-
branes without prior binding of the plasma membrane.

Discussion

A Vesicular Model for the Transport of Genomic
Retroviral RNAs to the Plasma Membrane

Our data reveal a model for the intracellular transport
of MLV RNA (Figure 7C). In this model, a complex be-
tween Env and Gag formed at the level of endosomal
or lysosomal membranes recruits MLV genomic RNA
directly from the cytosol. This occurs by direct binding
of vesicular Gag to the W-containing RNA, or by recruit-
ment of a preformed cytosolic Gag-RNA complex
through Gag-Gag interactions. The resulting complex is
then routed by vesicular traffic to the plasma membrane,
where nascent virions complete assembly and bud. In-
tracellular routing appears to involve Rab11 and the
recycling endosomal compartments, and transit through
this compartment is dependent on Env. In support of this
model, we have observed that: (i) vesicular RNA transport
precedes binding to the plasma membrane, indicating that
RNAs are recruited on endosomes directly from the cyto-
sol; (i) the RNAs are present on the cytoplasmic side of
vesicles, and thus correspond to virions at an early stage
of assembily; (iii) retroviral RNAs are transported in a Gag-
and Env-dependent manner on Rab11-positive endoso-
mal vesicles; (iv) Env relocalizes Gag from lysosomes to
transferrin-positive endosomes, and in this context, virion
production is highly dependent on vesicular transport; and
(v) perturbation of membrane fusion events at the interface
between recycling endosomes and the plasma membrane
inhibits exit of the viral RNA.

Several possible scenarios could account for the lo-
calization of Gag and Env on lysosomes and transferrin-
positive endosomes (Figure 7C). Env could be routed
to endosomes directly from the Golgi apparatus or endo-
cytosed from the plasma membrane. Specific targeting
signals may also allow Env to travel back and forth
between the Golgi, the plasma membrane, early and
recycling endosomes, and lysosomes (Lippincott-
Schwartz and Fambrough, 1987; Somsel Rodman and
Wandinger-Ness, 2000). Gag likely reaches lysosomes
independently of Env, either by direct binding from the
cytosol or following endocytosis at the plasma mem-
brane. Indeed, Gag accumulates to high levels in lyso-
somes when expressed alone (62% of the total cellular
Gag, compared to 6% in cells expressing Env). This lyso-
somal fraction of Gag may be degraded. Alternatively, it
may return to the cell surface by direct fusion of lysosomes
with the plasma membrane (Reddy et al., 2001). Impor-
tantly, our results show that Env has an important role in
routing Gag out of lysosomes and toward the recycling
endosomal compartment. This route could involve either
the Golgi or the plasma membrane (Figure 7).

Indirect evidence has suggested that MLV Gag can
traffic on vesicles and that Gag and Env can interact
within the cell (Hansen et al., 1990; Lodge et al., 1997;
Weclewicz et al., 1998). Our data show that Env and
Gag can indeed interact on lysosomes and transferrin-
positive endosomes. Because both Gag and the enve-
lope proteins of SIV and HIV-1 and -2 possess endoso-
mal targeting signals (Egan et al., 1996; Garrus et al.,
2001), itis very likely that in these cases as well, assem-
bly of early viral complexes occurs on endosomes, with
subsequent routing toward the cell surface. Assembly
of Gag and Env on endosomes could allow Env to sort
Gag within the cell and to control polarized budding
(Lodge et al., 1997; Weclewicz et al., 1998), which is
known to be very important for viral spreading in animals
(Perotti et al., 1996). It is also interesting to note that
MLV Env does not appear to increase the number of
viral particles produced. This suggests that its role is
rather qualitative: to produce virions in the right place
and thus increase the chances to encounter target cells.

Virion Biogenesis on Endosomal Membranes

It is likely that the transport of genomic RNAs and Gag
by endosomal vesicles functions not only to bring the
viral RNA to the plasma membrane but also reflects a
more intimate relationship with endosomes. Indeed, the
PTAP and PPPY motifs of several Gag proteins are re-
quired for late events in virion release and have been
shown to function by interacting with proteins involved
in endosomal targeting, such as Tsg101 and Nedd4
(Garrus et al., 2001; Strack et al., 2000). It is thought
that these interactions allow Gag to divert the budding
machinery of multivesicular bodies to the plasma mem-
brane (Garrus et al., 2001). The finding that both Gag
and the retroviral RNA depend on endosomes for their
transport to the plasma membrane suggests that retrovi-
ruses hijack endosomes as part of their biosynthetic
pathway. In particular, Gag could recruit the budding
machinery of multivesicular bodies by passing through
the relevant endosomal membranes, in agreement with
our finding that a sizeable fraction of Gag is found on the
surface of late endosomes and lysosomes in chronically
infected cells. Similarly, budding HIV-1 particles have
been found in MHC IlI-maturing compartment in macro-
phages, a specialized compartment related to multive-
sicular bodies (Raposo et al., 2002). The fact that both
Env and Gag become blocked on lysosomes following
monensin treatment suggest that transit through this
compartment is indeed important.

Vesicles as RNA Carriers

Intracellular membranes have developed highly sophis-
ticated mechanisms both to define intracytoplasmic
compartments and to efficiently transport molecules to
these compartments. Membrane trafficking could there-
fore be a powerful mean to mediate cytoplasmic RNA
localization. An interesting illustration of this potential
is the Vg1 mRNA in Xenopus oocytes, which is trans-
ported to the vegetal pole with a specialized region of
the endoplasmic reticulum (for review, see Kloc et al.,
2002). Another example is the recent finding that Rab11
is required for the posterior localization of Oskar mMRNA
in Drosophila oocytes. In this case, Rab11 maintains a
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specialized membranous domain at the posterior pole,
even in the absence of microtubules (Jankovics et al.,
2001). The data presented here reinforce the link be-
tween RNA localization and membrane trafficking, and
reveal an unexpected way to achieve RNA transport,
in which adaptor proteins link the RNA to a vesicular
transport system.

Utilization of cellular transport machineries by patho-
gens, including viruses, is a recurrent theme. Indeed, a
number of viruses were shown recently to use microtu-
bule-based systems to move within the cell (reviewed
in Smith and Enquist, 2002). In the case of retroviruses,
it is important to note that this can occur both during
cellular exit, as proposed here, and during infection,
as shown recently by the finding that HIV-1 genome is
transported on microtubular tracks by dynein (McDon-
ald et al., 2002). The dependency of retroviral particles
release on the exocytic machinery could open new ave-
nues for the control of viral infections.

Experimental Procedures

Plasmids

pLP-V¥-Puro-24 was generated by blunt-end cloning of the ms2x24
repeat (from pSL-ms2x24) (Bertrand et al., 1998; Fusco et al., 2003),
between the Ncol and Bam Hl sites of pLNCX (Clontech, Palo Alto,
CA). Plasmid pLP-AW¥-Puro-24 was obtained by deleting the se-
quences of pLP-V-Puro-24 comprised between the Msc | sites.
Nuclear pMS2-NFP plasmids were described previously (Bertrand
et al., 1998; Fusco et al., 2003), as well as the Moloney MLV Gag
and Env expression vectors. Eps15 mutant EA95/295 was a gift
of A. Benmerah (Benmerah et al., 1999), but the GFP moeity was
removed. Plasmid pLNCX is from Invitrogen. The synthetic gene
encoding the tetanus toxin light chain TeNT-LC was already de-
scribed (Eisel et al., 1993).

Cells and Viruses

Human HT1080 cells and their derivatives expressing Moloney MLV
Gag (HT-Fly), or both Gag and the ecotropic Moloney MLV Env gene
(Fly E), were a gift of F.-L. Cosset and grown as described previously
(Cosset et al., 1995). Chronically infected 3T3 cells were obtained
by cultivating 3T3 cells infected with Friend MLV viruses for more
than 15 days. Cells were transfected by the calcium-phosphate
method or with LT1 (Mirus, Madison, WI), and split once before
analysis. To label early and recycling endosomes, cells were incu-
bated in DMEM containing 1% serum for 4 hr at 37°C, and then in
the same media containing 20 wg/ml of Cy3-labeled transferrin for
45 min at 37°C. To label lysosomes, cells were incubated for 1 hr
at 37°C with 0.2 uM Lysotracker-Red (Molecular Probes, Leiden,
The Netherlands).

Viruses were prepared by 0.45 pm filtration of cell culture superna-
tant, followed by high-speed centrifugation (20,000 X g, 2 hr). RNAs
were purified with Trizol (Invitrogen) or proteinase K/SDS treatment
followed by phenol extraction and ethanol precipitation. They were
analyzed by slot-blot hybridization or RNase protection assays. The
probes were specific for either pLNCX or Friend MLV. For protein

analysis, cells or viruses were resuspended in Laemmli buffer and
subjected to Western blotting.

The drugs were used at the following concentration: colcemide,
10 uM; nocodazole, 10 wM; monensin, 5 pM; and BFA, 10 pg/ml.
Results shown in Figure 5 were obtained following overnight treat-
ment of the cells, but similar results were obtained after 3 hr of
incubation with 30 min of pretreatment (data not shown). Kinetic
analysis in Fly E cells also showed that virion exit was blocked 1 hr
after addition of monensin (data not shown).

Live Cell Imaging
Using a nonfluorescent cell-culture media (Fusco et al., 2003), cells
were plated on a gelatin-coated glass coverslip and mounted in an
FCS2 chamber (Bioptechs, Butler, PA). Observations were per-
formed with a Leica DMRA upright microscope equiped for epifluo-
rescence. Images were captured with CCD cameras: either ORCA-
100 (Hamamatsu Photonics) or Cool-snap HQ (Roper Scientific).
When required, a high-speed wavelength changer was used (DG4;
Roper Scientific). Two-dimensional time series and three-dimen-
sional images were deconvolved using Huygens2 (Bitplane).
Motion analysis was done as previously described (Fusco et al.,
2003), except that we concentrated on directed movements. Move-
ment frequency was calculated by counting the number of directed
motion per minute. Only movements longer than 3 um were taken
into consideration, and the total movie time was 10-20 min (about
15 cells), with a frame rate higher than three images per second.
The standard deviation is given from a cell to cell basis. For bicolor
movies, we counted the number of cotransport events versus the
total number of directed motions.

Antibodies and In Situ Detection of Molecules
Cells were washed once in PBS, fixed for 20 min in PBS containing
4% paraformaldehyde, and permeabilized for 5 min at 4°C in PBS
containing 0.05% Triton. Antibody «CA was diluted 1:100 in PBS
containing 1% BSA before use. Incubation was performed for 1 hr
at 37°C, and unbound molecules were removed by two washes in
PBS for 15 min. «-GFP was purchased from Roche Diagnostics;
«CA (monoclonal R187 against the capsid part of Gag), monoclonal
a-Env (H48), and polyclonal «-Env (805-24) were kind gifts of B.
Chesebro.

Detection of RNA in fixed cells was performed by in situ hybridiza-
tion as previously described (Fusco et al., 2003), with a mixture of
six Cy3-conjugated oligonucleotides.

Quantitative Fluorescent Imaging

A series of 3D, deconvolved images of Gag in fixed cells were taken
together with a marker for either transferrin-positive endosomes or
lysosomes. The images of the marker were then used to create
3D masks, and the masks were used to create a novel 3D image
containing only the fraction of Gag associated with the marker. The
percent of Gag on the given compartment was then calculated by
dividing the total fluorescent of Gag in the masked image by the
one contained in the original image. To ensure reliability, we used
an automated procedure with identical values of background and
threshold between comparable sets of images. In each case, about
ten cells were counted. As controls, we did a similar analysis with
images of Gag and markers originating from different cells, and
which give the degree of colocalization obtained by chance.

Figure 7. Endosomal MLV RNAs Are Recruited from the Cytosol and Transported on Rab11 Vesicles

(A) Retroviral RNA movements on Rab11 vesicles. Fly E cells were cotransfected with pMS2-YFP, pLP-V-Puro-24, and pRab11-CFP. Cells
were imaged live in two wavelengths (for movies, see Supplemental Data at http://www.developmentalcell.com/cgi/content/full/5/1/161/DC1).
Green, RNA reporter; red, Rab11. The dashed line draws the shape of the cell and of the nucleus. Top panels correspond to a single movie
frame. Bottom panels show the trajectories of three RNA particles transported with Rab11 vesicles.

(B) Inhibition of endocytosis does not block RNA transport. Fly E cells were cotransfected with pMS2-YFP, pLP-¥-Puro-24, and a dominant-
negative mutant of Eps15. Cells were also labeled with fluorescent Cy3-transferrin. Left two panels correspond to transferrin and to the
maximal projection of an 8 s movie of the RNA, respectively. Right panels show a time series of an actively transported viral RNA and
correspond to the boxed area on the panel “LP-¥-24.” Arrows point to the initial position of the tracked RNA and at the indicated time points.

Bars, 10 pm.

(C) A model for the biogenesis and trafficking of MLV (see text). Violet star, budding machinery of internal vesicles of multivesicular bodies.
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Immunoisolation of Vesicles

Cells were resuspended in TG buffer and broken with a ball-bearing
cell-cracker (15 million cells per immunoisolation). Following centrif-
ugation at 800 X g for 10 min, vesicles in the supernatant were
purified by centrifugating at 100,000 X g for 1 hr on a cushion of
TG buffer containing 20% sucrose. Vesicles were then resuspended
in TG buffer containing 5% FBS and incubated at 4°C for 1-4 hr
with either protein-G dynabeads (Dynal, Oslo, NO) coated with a
goat anti-MA antibody, or with streptavidine dynabeads coated with
biotylinated oligonucleotides (same as those used with in situ hy-
bridization experiments, or with a control oligo that had a similar
Tm). Unbound material was removed by three washes in TG buffer
containing 1% BSA and two washes in TG buffer alone. Bound
vesicles were then eluted in 1% SDS and adjusted in 1X Laemli
buffer. TG is 10 mM HEPES-KOH, pH 7.2, 250 mM sucrose, 1 mM
EDTA, and 1 mM Mg(OAc),.
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