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The host has developed during evolution a variety of “restriction factors” to fight retroviral infections. We
investigated the mechanisms of a unique viral block acting at late stages of the retrovirus replication cycle. The
sheep genome is colonized by several copies of endogenous retroviruses, known as enJSRVs, which are highly
related to the oncogenic jaagsiekte sheep retrovirus (JSRV). enJS56A1, one of the enJSRV proviruses, can act
as a restriction factor by blocking viral particles release of the exogenous JSRV. We show that in the absence
of enJS56A1 expression, the JSRV Gag (the retroviral internal structural polyprotein) targets initially the
pericentriolar region, in a dynein and microtubule-dependent fashion, and then colocalizes with the recycling
endosomes. Indeed, by inhibiting the endocytosis and trafficking of recycling endosomes we hampered JSRV
exit from the cell. Using a variety of approaches, we show that enJS56A1 and JSRV Gag interact soon after
synthesis and before pericentriolar/recycling endosome targeting of the latter. The transdominant enJS56A1
induces intracellular Gag accumulation in microaggregates that colocalize with the aggresome marker GFP-
250 but develop into bona fide aggresomes only when the proteasomal machinery is inhibited. The data argue
that dominant-negative proteins can modify the overall structure of Gag multimers/viral particles hampering
the interaction of the latter with the cellular trafficking machinery.

The host has developed a variety of mechanisms during
evolution, beside conventional innate and acquired immunity,
to fight retroviral infections (4). For example, the constitutive
expression of several proteins, known as “restriction fac-
tors,” such as Fv-1, Fv-4, TRIM5�, and APOBEC3G, inhibit
retrovirus replication (2, 3, 5, 15, 18, 31, 39, 41, 48). Some of
these proteins are cellular in origin while others, such as
Fv-1 and Fv-4, derive from inherited endogenous retrovi-
ruses (ERVs) (6).

ERVs derive from ancient retroviral infections of the germ
line of the host and are transmitted vertically to subsequent
generations according to Mendelian rules, due to the stable
integration of the retroviral genome (known as “provirus”)
into the genomic DNA of the host cell. One of the biological
roles attributed to ERVs is the protection of the host against
incoming pathogenic retrovirus infections (3, 5, 28).

Studies on restriction factors, both of cellular and viral ori-
gin, are important to devise new antiretroviral strategies and to
further understand viral replication and virus-host coevolution.
The majority of restriction factors discovered thus far act at the
early stages of the retrovirus replication cycle such as at entry
or around reverse transcription and therefore are effective on
newly infected cells.

We have described a potentially unique mechanism of viral
interference between a transdominant ERV of sheep (enJS56A1)
and the exogenous pathogenic jaagsiekte sheep retrovirus
(JSRV) (23). JSRV is the causative agent of ovine pulmonary

adenocarcinoma, one of the main viral diseases of sheep and a
large animal model for lung cancer (25, 29).

The sheep genome is colonized by several copies of ERVs
highly related to JSRV and known as enJSRVs (10, 26, 27).
enJSRVs are abundantly expressed in the reproductive tract of
the ewe and are essential in the early development of the sheep
conceptus (11, 12, 26–28). In addition, enJSRVs can interfere
with JSRV replication (23, 28, 40). enJS56A1, one of the en-
JSRV proviruses, can block viral particle release by the exog-
enous JSRV by a unique mechanism of viral interference
acting at a late step of the replication cycle. For simplicity,
we refer to this viral block as “JLR” for JSRV late restric-
tion (23, 45).

The transdominant enJS56A1 has intact open reading
frames for all its major structural genes, including gag that
encodes the polyprotein forming the retroviral capsid. We have
shown that enJS56A1 expression in vitro results in the produc-
tion of abundant intracellular Gag that assembles (at least
partially) considering that intracellular viral particles are visi-
ble by electron microscopy (23, 27). enJSRVs/JSRV are Beta-
retroviruses such as Mason-Pfizer monkey virus (M-PMV) and
mouse mammary tumor virus that assemble in the cytoplasm
(“type B-D assembly”), while human immunodeficiency virus
(HIV) and other retroviruses assemble at the cell membrane
(“type C assembly”) (17, 38, 42).

enJS56A1 cannot release viral particles in the supernatant of
transfected cells, and this defect is transdominant over the
related exogenous JSRV (24). The main determinant of JLR is
a tryptophan residue (W21) in position 21 of the matrix (MA)
domain of the enJS56A1 polyprotein Gag, which substitutes an
arginine (R21) conserved in JSRV and in all known betaret-
roviral MAs.

We have recently demonstrated that enJSRV-20, another
provirus in the sheep genome, displays W21 in Gag and in-
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duces JLR. Most interestingly, both enJS56A1 and enJSRV-20
have acquired the R21W substitution in Gag in two temporally
distinct events during evolution of the domestic sheep (Ovis
aries), suggesting that this trait has been positively selected
(Arnaud et al., unpublished).

JLR depends on Gag-Gag interactions between JSRV and
enJS56A1 (24). Expression of enJS56A1 Gag appears to alter
the pattern of localization of the JSRV Gag staining within
cells, resulting in a reduction of the number of cells showing
Gag accumulation at the microtubule organization center
(MTOC)/pericentriolar region (24).

In the present study, we dissected JSRV and enJS56A1 Gag
kinetics and intracellular trafficking in order to better under-
stand this unique mechanism of viral restriction. Our results
indicate that in the absence of enJS56A1 expression, JSRV
Gag targets initially the MTOC in a dynein- and microtubule-
dependent fashion and then colocalizes with the pericentriolar
recycling endosomes, which are used to reach the cell mem-
brane and exit from the cell. Using a variety of approaches, we
show that enJS56A1 interacts with JSRV Gag soon after syn-
thesis and before MTOC/recycling endosome targeting of the
latter. The transdominant enJS56A1 determines intracellular
Gag accumulation in microaggregates that will develop in an
aggresome only when the proteasomal machinery is inhibited.
The data argue that mutations in the matrix domain can induce
overall alterations in Gag conformation, resulting in defective
particles and/or multimers that cannot interact with the cell
trafficking machinery but accumulate in the cytoplasm and are
degraded by the proteasome.

MATERIALS AND METHODS

Plasmids. Plasmids pCMV4JS21, pCMV2en56A1, JSRVHA-MA, enJS56A1
FLAG-MA, and JSRV-G2A have been described previously (23, 24, 27, 29).
pCMV4JS21 and pCMV2en56A1 express the full-length JSRV21 molecular clone
and the endogenous provirus enJS56A1. JSRVHA-MA and enJS56A1FLAG-MA
express JSRV and enJS56A1 with Gag tagged, respectively, with the Ha and FLAG
epitopes in the matrix domain. JSRV-G2A expresses the full-length JSRV but
contains a G2A mutation in Gag, resulting in a defect of myristoylation. JSRV-
G2AR21W and enJS56A1-G2A were obtained by site-directed mutagenesis, using
QuikChange (Stratagene) as suggested by the manufacturer. E�95/295 is a green
fluorescent protein (GFP)-tagged Eps15 dominant-negative mutant that inhibits
clathrin-dependent endocytosis. DIII�2 derives from Eps15 but does not inhibit
endocytosis and is used as a negative control for E�95/295. Both plasmids were
kindly provided by A. Benmerah (1). GFP-250 is an aggresome marker and was a gift
from E. S. Sztul (14). p50-GFP expresses the dynamitin subunit of the dynactin
complex fused with GFP and blocks specifically the dynein-dependent transport.
p50-GFP was kindly provided by Richard Vallee (13).

Cell cultures, transfections, and viral preparations. 293T, HeLa, and COS
cells were cultured in Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum at 37°C, 5% CO2, and 95% humidity. For Western blot
analysis, virus was produced by transient transfection of 293T cells using the
Calphos mammalian transfection kit (Clontech) according to the manufacturer’s
instructions. Cell supernatants were collected at 24 h posttransfection, and viral
particles were concentrated by ultracentrifugation. For analysis of intracellular
proteins, cells were lysed by standard techniques as already described (23). In
order to inhibit cell endocytosis and dynein-dependent transport, Eps dominant-
negative/control mutants and p50-GFP, respectively, were cotransfected with
pCMV4JS21 expression plasmid. The cellular proteasomal machinery was
blocked by treating cells with 100 �M lactacystin (Sigma; from a stock solution
solubilized in ethanol [EtOH]) for 12 h.

siRNA experiments. Small interfering RNA (siRNA) analysis was performed
by using double-stranded validated Stealth RNA (Invitrogen) oligonucleotides
against Rab11a and Rab11b. Cells were incubated in OptiMEM (Invitrogen)
with 30 nM concentrations of each siRNA duplex and Lipofectamine 2000
transfection reagent (Invitrogen) according to the manufacturer’s instructions
for 24 h. BLOCK-iT fluorescent oligonucleotides (Invitrogen) was used as a

control of transfection efficiency and 60 nM concentrations of a scrambled
Stealth RNA as negative control. After 24 h, 2 �g of JSRV expressing plasmid
was transfected with Rab11 or control siRNAs for 4 h, medium was replaced, and
supernatants were collected 3, 6, and 12 h after transfection.

Western blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting were performed as previously described on
concentrated viral particles and cell lysates (50 �g of protein extracts) (29). Gag
proteins were detected with a rabbit polyclonal sera against the JSRV major
capsid protein (CA) (24). Rab11a (Abcam) and �-tubulin (Sigma) proteins were
detected with specific rabbit polyclonal antibodies. Membranes were exposed to
the appropriate peroxidase-conjugated secondary antibodies and further devel-
oped by chemiluminescence using ECL Plus (Amersham). When necessary,
Western blots were quantified by scanning membranes and measuring chemi-
fluorescence in a Molecular Dynamics Storm 840 imaging system using Image-
Quant TL software (Molecular Dynamics). Experiments (from transfections to
Western blotting) were performed independently at least three times and are
presented as the mean value for each sample (� the standard error).

Confocal microscopy. Most experiments were performed both in HeLa and
COS cells. Both cell lines were plated onto two well-chambered glass slides
(Lab-Tek; Nalge Nunc International) and transfected with Lipofectamine (In-
vitrogen) according to the manufacturer’s instructions. In some experiments,
cells were treated 24 h posttransfection with the microtubule inhibitor nocoda-
zole (Sigma) at 50 �M for 4 h or with the proteasome inhibitor lactacystin
(Sigma) at 100 �M for 6 to 12 h solubilized in dimethyl sulfoxide or EtOH,
respectively. Cells were washed with phosphate-buffered saline (PBS) and fixed
with 3% formaldehyde for 15 min. After fixation, cells were processed essentially
as already described (23, 38). Gag proteins were detected using a rabbit anti-
serum toward JSRV MA (p23) preadsorbed with HeLa cell extracts to minimize
background. Gag proteins differentially tagged with either the hemagglutinin
(HA) or FLAG epitopes were detected with mouse monoclonal anti-HA (Co-
vance) antibodies or rabbit polyclonal FLAG (Sigma) antiserum. Mouse mono-
clonal antibodies to �-tubulin (Abcam), Rab11a (Abcam), calnexin (Abcam),
TGN38 (Abcam), CD63 (Abcam), EEA1 (Abcam), and Dcp1a (gift of J. Lykke-
Andersen) were used as markers for, respectively, the centrosome, recycling
endosomes, endoplasmic reticulum, trans-Golgi bodies, late endosomes, early
endosomes, and processing bodies. Lyso Tracker Red DND-99 (Molecular
Probes), Dcp1a-GFP (a gift from G. Hannon) and GFP-G3BP (a gift from J.
Tazi) were used as markers for, respectively, lysosomes, processing bodies, and
stress granules. Polyubiquitinylated residues were stained with the mouse mono-
clonal antibody Fk1 (Affinity Research Products). An anti-vimentin-labeled Cy3
antibody (Molecular Probes) was used to detect the vimentin network. Goat
anti-mouse and anti-rabbit immunoglobulin G conjugated, respectively, with
Alexa Fluor 594 and Alexa Fluor 488 (Molecular Probes) were used as secondary
antibodies. Slides were mounted with medium containing DAPI (4�,6�-dia-
midino-2-phenylindole; Vectashield, Vector Laboratories) and analyzed with a
Leica TCS SP2 confocal microscope. Single sections from confocal optical sec-
tions along the z axis were analyzed.

Time course experiments with JSRV, enJS56A1, and JSRV-G2A were per-
formed as follows. Cells were transfected with Lipofectamine and fixed after 3 h
(experimental time zero) and then after 2, 4, 6, 8, 12, and 24 h. Immunofluores-
cence was performed as described above.

Transferrin uptake experiments were performed 24 h after transfection with
the appropriate plasmids as described in Results. Cells were serum starved for
1 h and then incubated for 30 min in serum-free medium containing 60 �g of
transferrin/ml conjugated with Alexa Fluor 568. Cells were then washed and fixed
in 3% formaldehyde as described above.

RESULTS

Kinetics of JSRV/enJS56A1 Gag trafficking. The first ques-
tion we wanted to address was at what point of the replication
cycle enJS56A1 blocks JSRV. We initially assessed the kinetics
of Gag localization and intracellular trafficking in JSRV- and
enJS56A1-expressing cells. In previous studies, we have shown
that cells expressing JSRV display three different patterns of
Gag staining as revealed by confocal microscopy using an an-
tiserum toward JSRV MA: uniformly “diffused,” “dispersed”
in discrete intracytoplasmic dots, or prevalently “concen-
trated” in a perinuclear region (23, 24). Intermediate pheno-
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types were also evident, especially in cells displaying both dif-
fused and dispersed pattern of staining (24). Cells expressing
enJS56A1 Gag also show staining patterns similar to the ones
described above, although in general the staining is more in-
tense than in cells expressing JSRV Gag. In addition, concen-
trated Gag staining is localized at the MTOC in cells express-
ing JSRV but not in those expressing enJS56A1 (24).

In all our previous studies we analyzed cells 24 to 48 h after
transfection by confocal microscopy. In order to better corre-
late the staining pattern observed with the kinetics of Gag
intracellular trafficking, we analyzed cells transfected with
JSRV or enJS56A1 expression plasmids at 3 h posttransfection
(taken as time zero for these experiments) and at various time
points up to 24 h (Fig. 1A and B).

No positive cells expressing JSRV or enJS56A1 were de-
tected at time zero. Both cells expressing JSRV and enJS56A1
showed �90% of the positive cells with a uniformly diffused
Gag staining pattern after 2 h. Cells with a diffused phenotype
decreased rapidly at later time points, although enJS56A1
reached a plateau of 30 to 40% of Gag-positive cells at 8 h.
Conversely, we observed that the relative fraction of Gag-
positive cells with a dispersed phenotype increased over time in
both JSRV- and enJS56A1-expressing cells. We also noticed
that the number of cells with a mixed diffused-dispersed Gag
staining pattern increased with time. Consequently, we
grouped these cells with the dispersed category since both
groups showed the same kinetics in these assays.

The concentrated phenotype in JSRV-expressing cells in-
creased in the first 8 h and then decreased slightly. Again, we
found intermediate phenotypes at later time points especially
in cells displaying both dispersed and concentrated phenotypes
and here we counted as “concentrated” also cells with a
“mixed” phenotype as far as concentrated Gag staining was

clearly visible. The number of cells expressing enJS56A1 with
a concentrated Gag staining pattern increased slowly with time
but remained lower than the JSRV-expressing cells.

In a previous study we showed that JSRV and enJS56A1
Gag colocalize when coexpressed within the same cell (24).
Here we extended our previous observations and determined
that JSRV and enJS56A1 Gag colocalize at very early time
points when cells with a dispersed phenotype begin to appear
(4 h; Fig. 1C).

JSRV Gag myristoylation-defective mutant accumulates at
the MTOC region. Previous studies have shown that a M-PMV
mutant with a myristoylation-defective Gag assembles nor-
mally but does not reach the cell membrane (34). We have
shown that similar to M-PMV, mutant JSRV-G2A (residue G2
in Gag is essential for myristoylation) is defective and does not
exit the cell (24).

Here, we first established that JSRV-G2A Gag staining con-
centrates at the MTOC (Fig. 2A). Next, we determined the
kinetics of JSRV-G2A (Fig. 2B). The relative number of cells
expressing JSRV-G2A with a diffuse Gag staining pattern was
basically identical to the one of JSRV-expressing cells. Cells
with a dispersed phenotype increased at 4 h but remained
more or less constant until 24 h. On the contrary to JSRV
expressing cells, the number of cells expressing JSRV-G2A
with a concentrated Gag staining pattern increased steadily
over a 24 h period when they reached 60 to 70% of the total
positive cells. Thus, myristoylation-defective Gag completes
only part of the normal intracellular trafficking by reaching the
MTOC and accumulating in this region. Therefore, JSRV-
G2A can be a useful experimental tool to understand at which
point of the replication cycle JLR occurs.

We introduced the R21W mutation into JSRV-G2A and
determined that the resulting double mutant (JSRV-G2AR21W)

FIG. 1. Kinetics of JSRV/enJS56A1 Gag staining pattern. (A and B) Quantification of JSRV and enJS56A1 Gag staining pattern in confocal
microscopy of HeLa cells at various time points posttransfection. The number of cells in which Gag accumulation was observed diffused, dispersed,
and concentrated was counted. Approximately 100 cells were evaluated at each time point. Graphs represent the average of two independent
experiments. (C) HeLa cells expressing JSRVHA-MA and enJS56A1Flag-MA were fixed at the 4-h time point and analyzed by confocal
microscopy using antibodies to the Flag (green) and Ha (red) epitopes and appropriate secondary conjugated antibodies. Scale bars, 10 �m.
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did not accumulate at the MTOC, unlike the parental mutant
JSRV-G2A. Thus, the transdominant phenotype conferred by
the R21W mutation is dominant over Gag myristoylation and
impairs JSRV Gag MTOC targeting (Fig. 2C). Most impor-
tantly, in cotransfection assays we determined that enJS56A1
blocks centrosome targeting of JSRV-G2A (Fig. 2C and D).
Indeed, the relative number of cells expressing JSRV-G2A
displaying a concentrated Gag staining is reduced more than
10 times in the presence of enJS56A1. In addition, an enJS56A1
myristoylation-defective mutant did not accumulate at the
MTOC but was able to block JSRV exit as efficiently as wild-type
enJS56A1, stressing the point that the myristoylation signal does
not influence JLR (Fig. 2D).

Altogether, these data highlighted two postintegration
events of JSRV Gag trafficking that can be described as “pre-
centrosomal” and “postcentrosomal” depending on whether
they take place before or after Gag reaches the MTOC. JLR
occurs before JSRV Gag targets the MTOC.

JSRV Gag targeting of the MTOC requires dynein and an
intact microtubule network. Microtubules direct intracellular
organization by providing a dynamic structure in which motor
proteins carry their cargo to specific compartments within the
cell (9). Free movement of molecules with sizes over 20 nm is
difficult within the cytoplasm (21). Given their size, intracellu-
lar Gag multimers and newly formed virions must use cellular
motors to traffic within the cytoplasm (19) as, for example,
suggested for M-PMV (38). We tested whether the microtu-

bule network was required for JSRV and enJS56A1 Gag lo-
calization. To address this point, we first performed confocal
microscopy on cells transfected with expression plasmids for
the viruses indicated below and determined the staining pat-
tern of Gag-expressing cells in the presence or absence of the
microtubule-disrupting agent nocodazole. As shown in Fig. 3A,
nocodazole induced a reduction in the relative number of cells
with concentrated Gag staining in JSRV, JSRVHA-MA, and
JSRV-G2A, whereas no effect was seen in cells expressing
enJS56A1 or coexpressing JSRVHA-MA plus enJS56A1 (al-
though the relative number of enJS56A1-expressing cells with
a concentrated phenotype is very low even in the absence of
nocodazole).

Altogether, our data indicate that JSRV Gag localization
depends on intact microtubule network unless enJS56A1 is
expressed within the same cell. Protein targeting toward the
MTOC involves the dynein/dynactin motor protein complex
(44). Dynein-dependent transport toward the minus end of
microtubules can be specifically blocked by overexpression
of dynamitin, the p50 subunit of dynactin (13). Expression of
p50-GFP induced a drastic reduction of cells expressing JSRV
or JSRV-G2A displaying a concentrated Gag phenotype (Fig.
3B). More importantly, overexpression of p50-GFP greatly re-
duced the release of JSRV viral particles (Fig. 3C), strongly
suggesting that MTOC Gag targeting is an important step for
JSRV to complete its replication cycle.

FIG. 2. Effects of myristoylation in Gag intracellular distribution and enJS56A1-induced restriction. (A) HeLa cells expressing JSRV-G2A were
fixed at 24 h posttransfection and stained with anti-JSRV MA (green) and anti-�-tubulin (red) antibodies. Scale bars, 10 �m. (B) Quantification
of Gag staining patterns in confocal microscopy of HeLa cells expressing JSRV-G2A at various times posttransfection. Approximately 100 cells
were evaluated at each time point. Graphs represent the average of two independent experiments. (C) Quantification of Gag staining pattern in
JSRV and enJS56A1 myristoylation-defective mutants by confocal microscopy in HeLa cells at 24 h posttransfection. The graph represents the
number of cells in which Gag staining was observed concentrated as opposed to diffused and dispersed. The number of cells counted in each
experiment is represented on top of the bars. (D) SDS-PAGE and Western blotting of viral pellets (upper panel) and cell lysates (lower panel)
of cells transfected with the indicated plasmids. Filters were incubated with antibodies to the JSRV CA.
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Trafficking of pericentriolar recycling endosomes is critical
for JSRV exit. We next assessed the fate of JSRV Gag after
reaching the MTOC. M-PMV Gag has been shown to colocal-
ize with pericentriolar recycling endosomes (37). We won-
dered whether pericentriolar localization of JSRV Gag was a
required step for this virus to exit exploiting the recycling
endosome machinery. We detected in transiently transfected
cells, by confocal microscopy, colocalization of the JSRV (and
not enJS56A1) Gag with transferrin and Rab11 (Fig. 4). Trans-
ferrin is a general marker for recycling endosomes, while
Rab11 is a small GTPase involved in pericentriolar recycling

endosome trafficking and used as a specific marker for these
organelles (22, 43).

JSRV Gag did not colocalize with any other cellular marker
used in the present study, such as those for the endoplasmic
reticulum, trans-Golgi bodies, late endosomes, lysosomes, pro-
cessing bodies, and stress granules (data not shown). Minimal
colocalization was found occasionally with early endosomes
using antibodies to EEA1 (data not shown).

In order to assess the biological relevance of the data pre-
sented above, we tested whether the block of clathrin-depen-
dent endocytosis by the GFP-tagged Eps15 dominant-negative
mutant E�95/295 (1) affected virus exit. E�95/295 inhibited, as
expected, endocytosis of fluorescence labeled transferrin, un-
like the Eps-derived GFP fusion protein DIII�2 that was used
as a negative control (Fig. 5A). More importantly, E�95/295,
and not DIII�2, strongly inhibited JSRV exit in cotransfection
assays (Fig. 5B).

These data indicate that vesicle trafficking is necessary for
the efficient release of JSRV viral particles. Vesicle traffick-
ing includes early endosomes, which traffic from the cell
surface back to the plasma membrane in a fast recycling
step, and a slow recycling pathway in which (recycling) en-
dosomes traffic from the MTOC back to the cell surface.
Rab11 is one of the major proteins involved in pericentriolar
recycling endosome trafficking (43). Given the colocaliza-
tion of JSRV Gag with Rab11, we assessed whether the slow
recycling pathway was important for JSRV exit. To this end,
we assessed JSRV exit in cells previously transfected with
specific siRNAs for Rab11 or scrambled siRNAs. As shown
Fig. 5C, Rab11 expression was efficiently decreased in all
our experiments compared to control siRNAs. More impor-
tantly, JSRV exit was significantly decreased at 3, 6, and 12 h
posttransfection in cells where Rab11 expression was almost
completely blocked (Fig. 5C and D). However, other mech-
anisms that are Rab11 independent may be important for
JSRV exit considering that Rab11 knockdown did not ab-
rogate completely viral exit.

By confocal microscopy of JSRV-expressing cells we ob-
served that both expression of E�95/295 and inhibition of
Rab11 by siRNAs increased the relative number of cells with
concentrated Gag in the MTOC region (data not shown).
Thus, Gag trafficking toward the MTOC appears to be inde-
pendent from vesicle trafficking since E�95/295 also blocks
endosome trafficking toward the MTOC. This interpretation is
supported by another set of experiments in which we inhibited
endocytic and secretory pathways by incubating cells at 20°C.
At this temperature, endocytosis and transport of transferrin
from the cell surface to the MTOC are permitted, while recy-
cling of the endosomes toward the cell membrane is disrupted
(32). Cells expressing JSRV and incubated at 20°C displayed a
fourfold increase of JSRV Gag accumulation to the MTOC
(concentrated phenotype). On the other hand, enJS56A1 con-
centrated Gag localization within the cell was not affected by
incubation at low temperatures (data not shown). These results
suggest once again that JSRV and not enJS56A1 use the ve-
sicular trafficking.

enJS56A1 Gag forms microaggregates developing into an
aggresome in the presence of lactacystin. The results thus far
have indicated that enJS56A1 and JSRV Gag localization and
trafficking within the cell are different. By confocal microscopy,

FIG. 3. The targeting of the JSRV Gag to the centrosomal region
is dependent on dynein and intact microtubule network. (A) Quanti-
fication of JSRV, JSRV-G2A, enJS56A1, and JSRVHA-MA Gag
staining patterns by confocal microscopy in HeLa cells after treatment
with nocodazole or with the solvent dimethyl sulfoxide used as a
negative control. Gag proteins were detected by using antibodies to
JSRV MA or HA. The graph represents the number of cells in which
Gag staining was observed concentrated as opposed to diffused or
dispersed. The number of Gag-positive cells counted in each experi-
ment is indicated above each bar. Note that the use of anti-HA anti-
bodies, compared to polyclonal anti-JSRV-MA serum, results nor-
mally in a relatively higher percentage of cells with concentrated Gag
staining and a lower percentage of cells displaying diffuse Gag. These
differences are probably due to the different sensitivity of the two
antisera. (B) The effect of p50-GFP on Gag staining pattern was
evaluated as in panel A. The number of Gag-positive cells counted in
each experiment is indicated above each bar. Note that only cells
double positive for Gag and p50-GFP were counted. (C) Graph rep-
resenting the quantification of three independent SDS-PAGE and
Western blotting experiments of viral particles released in the super-
natant of 293T cells transfected with a JSRV expression plasmid in the
presence or absence of p50-GFP. Filters were incubated with an anti-
serum to the JSRV CA. Signals were quantified by chemifluorescence
as described in Materials and Methods. Bars indicate the standard
errors.
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we could not colocalize enJS56A1 Gag with any of the cellular
organelle markers used, including those for the endoplasmic
reticulum, trans-Golgi bodies, late endosomes, early endo-
somes, recycling endosomes, lysosomes, processing bodies, and
stress granules (data not shown).

However, we observed extensive colocalization between
enJS56A1 Gag and the aggresome marker GFP-250 in micro-
aggregates dispersed throughout the cytoplasm. GFP-250 is a
misfolded GFP protein that forms small aggregates dispersed
within the cytoplasm before being transported to the MTOC.
Reorganized intermediate filaments of vimentin normally
surround aggresomes (14). enJS56A1 (but not JSRV) Gag
colocalized with the dispersed microaggregates of GFP-250
proteins but not with the one accumulated at the MTOC
(Fig. 6A). Microaggregates are usually formed by misfolded
or unfolded proteins that can be polyubiquitinylated (14).
Indeed, enJS56A1 Gag colocalized with polyubiquitinylated
proteins using an antibody against polyubiquitin residues
(Fk1) (Fig. 6B).

The data shown above suggest that enJS56A1 Gag forms
microaggregates, dispersed in the cytoplasm, that do not
progress to form a proper aggresome. The most likely expla-
nation for this phenomenon is that enJS56A1 Gag (in the
presence or absence of JSRV Gag) is degraded by the protea-
some machinery and never reaches the threshold necessary to

induce the formation of aggresomes. Indeed, in the presence of
the proteasome inhibitor lactacystin, enJS56A1 (but not
JSRV) Gag accumulated at the MTOC in a microtubule-de-
pendent manner and colocalized with GFP-250 in this area
(Fig. 7A and B). Negative controls included cells treated with
EtOH, which was used to solubilize lactacystin. Cells with
enJS56A1 concentrated at the MTOC display vimentin reor-
ganization typical of aggresomes (Fig. 7C). We observed, by
Western blotting of lysates of cells expressing enJS56A1 and
treated with lactacystin, an increase of the cleaved (“mature”)
Gag compared to control untreated cells (Fig. 7D). In addition,
longer exposures of Western blots revealed small amounts of
viral particles in the supernatants of enJS56A1 cells treated
with lactacystin. Thus, enJS56A1 can form (at least partially)
viral particles considering that cleavage of the immature Gag
precursor can occur only upon assembly. These data are in
agreement with our previous observations of enJS56A1 viral
particles by electron microscopy (23). JLR is not abrogated by
lactacystin, indicating that proteasomal degradation is neces-
sary to eliminate excess Gag from the cells but is not per se the
cause of restriction (data not shown). Thus, enJS56A1 Gag
disrupts JSRV Gag trafficking by sequestering it into microag-
gregates that are then likely degraded by the proteasome ma-
chinery.

FIG. 4. JSRV Gag colocalizes with pericentriolar Rab11-positive endosomes. (A) HeLa cells were transfected with JSRV- or enJS56A1-
expressing plasmids. At 24 h posttransfection, cells were transferred to serum-free medium for 1 h and incubated with fresh medium containing
transferrin conjugated to Alexa Fluor 568 (red). After 30 min of incubation, the cells were fixed and analyzed by confocal microscopy using
antibodies to the JSRV MA and a secondary antibody conjugated with Alexa Fluor 488. (B) HeLa cells transfected with JSRV or enJS56A1
expression plasmids were fixed and analyzed by confocal microscopy using antibodies to JSRV MA and Rab11a with the appropriate conjugates.
Panels in black and white show colocalization using the plug-in of the Image J program. Scale bars, 10 �m.
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FIG. 5. JSRV exit from the cells is facilitated by functional recycling endosomes. (A) HeLa cells were transfected with plasmids expressing
the GFP-tagged DIII�2 or E�95/295. At 24 h posttransfection, cells were transferred to serum-free medium for 1 h. Cells were then washed
and incubated in fresh medium containing transferrin conjugated to Alexa Fluor 568 (Red). After 30 min of incubation, cells were fixed and
images acquired. Scale bars, 10 �m. (B) Western blot analysis of JSRV in presence of D3�2 or E�95/295. Viral pellets of cells transfected
with the indicated plasmids were resolved by SDS-PAGE and immunoblotted with an antiserum to JSRV CA. The graph shows the
quantification by chemifluorescence of three independent Western blotting experiments as described in Materials and Methods. (C) Western
blot analysis of Rab11 expression after siRNA treatment. Lysates of cells transfected with a scrambled siRNA or Rab11a and Rab11b
siRNAs were resolved by SDS-PAGE and immunoblotted with antibodies to Rab11a (upper panel) or �-tubulin (lower panel). Three
independent experiments were quantified as in panel B. (D) Western blot analysis of JSRV viral particles release in cells treated with the
indicated siRNAs using antibodies to the JSRV CA. The graph shows the quantification of signal intensities given by the virus pellets in three
independent experiments as described in Materials and Methods (bars indicate the standard errors).
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DISCUSSION

In this study, we have investigated the mechanisms of JSRV
late restriction. Our data show that enJS56A1 blocks JSRV by
inhibiting Gag trafficking to the pericentriolar/MTOC area.
enJS56A1 Gag accumulates in microaggregates that colocalize
with GFP-250, an aggresome marker. However, the colocaliza-
tion between enJS56A1 Gag and GFP-250 occurs only in dis-
persed areas throughout the cytoplasm and not within an ag-
gresome at the MTOC, unless the proteasomal machinery is
inhibited by lactacystin.

Thus, enJS56A1 Gag displays properties of misfolded pro-
teins forming aggregates dispersed in the cell, which are sub-
sequently degraded by the proteasome. During folding, pro-
teins exposing hydrophobic domains or residues can lead to the
formation of aggregates (46). The substitution of an arginine
residue in the JSRV Gag at position 21 with the highly hydro-
phobic tryptophan in enJS56A1 might alter the overall surface
conformation of Gag resulting in multimers and/or particles
that cannot traffic and are subsequently degraded by the pro-
teasome. However, inhibition of the proteasomal machinery
did not allow JSRV exit in the presence of enJS56A1, indicat-
ing that JLR is due to the inability of Gag to traffic properly

within the cytoplasm rather than the targeting of the protea-
some per se. In vivo, a tight balance between enJS56A1 Gag
synthesis, aggregation and proteasome degradation might be
important since accumulation of aggregates may be toxic for
the cell.

The degradation of enJS56A1 Gag by the proteasome is
reminiscent of the action of Trim5�, a cellular restriction fac-
tor (20). Trim5� blocks retroviruses at postentry steps, but it
has been shown recently that it can also induce Gag degrada-
tion during late phases of the replication cycle (36). Trim5�
can accumulate in cytoplasmic bodies that form an aggresome
in the presence of proteasome inhibitors (47). The functional
properties of these cytoplasmic bodies are not completely
clear; nevertheless, they are highly dynamic structures moving
along the microtubule network (7, 30). From our studies, it
appears that enJS56A1 Gag localization is not dependent on
the microtubule network/dynein. However, we cannot rule out
the possibility that enJS56A1 Gag aggregates are dynamic
rather than a dead-end structure. Live fluorescence microscopy
would address this issue, but thus far we have not been able to
obtain functional JSRV/enJS56A1 Gag-GFP fusion proteins.

Interestingly, expression of the C-terminal half of the ESCRT

FIG. 6. enJS56A1 Gag colocalizes with GFP-250 and polyubiquitin-rich residues. (A) HeLa cells were cotransfected with plasmids expressing
either enJS56A1 or JSRV with the aggresome marker GFP-250. At 24 h after transfection, cells were fixed and analyzed by confocal microscopy
using an antiserum to the JSRV MA and the appropriate conjugate. Black and white pictures showing colocalization were obtained with the Image
J program. (B) HeLa cells were transfected with JSRV- or enJS56A1-expressing plasmids. At 24 h after transfection, cells were fixed and analyzed
by confocal microscopy using antibodies to the JSRV MA and polyubiquitin residues (Fk1) with the appropriate fluorescent conjugates. Black and
white pictures showing colocalization were obtained with the Image J program. Scale bars, 10 �m.
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FIG. 7. enJS56A1 Gag forms an aggresome in the presence of lactacystin. (A) HeLa cells were cotransfected with GFP-250 and either
JSRV or enJS56A1 expression plasmids. At 24 h posttransfection cells were treated with lactacystin for 6 h and then fixed and analyzed by
confocal microscopy using an antiserum to JSRV MA with the appropriate labeled secondary antibody. Colocalization between enJS56A1
Gag and GFP-250 is shown also in black and white images obtained with the plug-in of the Image J program. (B) Quantification of JSRV
and enJS56A1 Gag staining patterns by confocal microscopy in HeLa cells after treatment with lactacystin (6 h) (L), lactacystin plus
nocodazole (L�N) for 4 h, or EtOH. EtOH was used as a solvent for lactacystin and was also used as a negative control. Gag was detected
by using antibodies to JSRV MA and the appropriate conjugate. The graph represents the number of cells in which Gag staining was
observed concentrated as opposed to diffused and dispersed. The number of Gag-positive cells counted in each experiment is indicated above
each bar. (C) HeLa cells were transfected with plasmids expressing GFP-250 or enJS56A1. At 24 h after transfection, some of the cells (as
indicated) were treated with lactacystin or ethanol as a negative control for further 12 h. Cells were then fixed and analyzed by confocal
microscopy using antibodies to vimentin antibody labeled with Cy3 (Red), �-tubulin, or JSRV Gag in the presence of appropriate secondary
antibodies. Scale bars, 10 �m. (D) SDS-PAGE and Western blotting analysis of cells expressing JSRV and enJS56A1 in the presence or
absence of lactacystin. Two different exposures of the same gel (indicated as “Long” and “Short”) are shown in the figure to better appreciate
the different levels of Gag in the presence or absence of lactacystin. Filters were incubated with antibodies to the JSRV CA or �-tubulin to
control for loading uniformity.
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I protein TSG101 induces sequestration of Rous sarcoma virus
Gag into intracellular structures that colocalize with GFP-250
and are enriched in ubiquitin but do not form proper aggre-
somes (16). Thus, it appears that retroviral Gag trafficking can
be efficiently blocked by different proteins resulting in similar
outcomes.

We have arbitrarily divided the posttranslational mecha-
nisms of JSRV replication into “precentrosomal” and “post-
centrosomal.” JSRV Gag is targeted to the MTOC by a pro-
cess dependent on dynein and an intact microtubule network.
We speculate that JSRV Gag multimerizes before MTOC tar-
geting, given that we observed the presence of dispersed dots
of Gag staining in the cytoplasm by confocal microscopy, be-
fore the appearance of concentrated Gag at the MTOC. Once
Gag reaches the MTOC, it needs an intact endocytic pathway
and slow recycling endosomes trafficking to exit efficiently from
the cell (Fig. 8). We speculate that the myristoyl group of
JSRV Gag needs to interact with the membranes of the recy-
cling endosomes (rather than the cell membrane such as in
retroviruses with a type-C assembly) in order for the virus to
exit efficiently. Indeed, we observed that myristoylation-defec-
tive Gag is defective for virus exit and accumulates at the
MTOC area.

Some betaretroviruses, such as M-PMV, possess an 18-amino-
acid sequence within the MA domain, known as the cytoplas-
mic targeting/retention signal (CTRS), that is a dominant sig-
nal for intracytoplasmic assembly of immature capsids. A
single arginine-to-tryptophan substitution in position 55 of the
CTRS abrogates its dominant activity and allows M-PMV to
follow a C-type morphogenic pathway (33, 35). Conversely,
insertion of the CTRS of M-PMV into the murine leukemia
virus results in intracytoplasmic assembly of an otherwise type
C retrovirus (8). Previous work has shown that the subcellular
site of M-PMV assembly is the pericentriolar region. Gag
MTOC targeting occurs cotranslationally via dynein-mediated
transport, is determined by the CTRS, and depends on intact
microtubules (37, 38). Our results suggest that the R21W mu-
tation in enJS56A1 Gag does more than just disrupt a CTRS-
like function because enJS56A1 does not exit the cells at all.
However, overall, the data presented in this study suggest that

JSRV and M-PMV have remarkably similar morphogenesis
and intracellular trafficking pathways (37, 38).

Unfortunately, JSRV does not grow in tissue culture, and
our assays have to be performed in transfected cells. Transient
transfections could lead in some cases to misleading results if
proteins are overexpressed. However, in our case, enJS56A1
blocks JSRV exit despite overexpression of the latter. Indeed,
we have shown that enJS56A1 can still block JSRV when
expression plasmids driven by the same promoter are trans-
fected at a ratio of 1 (for enJS56A1) to 10 (for JSRV) (23). In
addition, in the same assays, an enJS56A1 mutant with a de-
letion in the major homology region (required for retroviral
assembly) of the CA did not interfere with JSRV (23, 24).
Furthermore, dominant-negative properties to JSRV are con-
ferred only by mutations of the arginine residue in position 21
in Gag such as the R21W substitution present in enJS56A1 (23,
24). For example, JSRV L- or M-domain mutants are defective
for virus exit but are not transdominant in our assays (23, 24).

Finally, we have recently discovered in the sheep genome a
second provirus (enJSRV-20) with the same transdominant
properties of enJS56A1. The critical R21W substitution in Gag
for both enJS56A1 and enJSRV-20 has been acquired during
evolution in two temporally distinct events (which are now
fixed in the domestic sheep) suggestive of positive selection.
Importantly, we have discovered the occurrence of newly inte-
grated proviruses escaping JLR, suggesting that this mecha-
nism of viral evolution is shaping the coevolution of sheep and
sheep betaretroviruses (Arnaud, unpublished).
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