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Foamy viruses (FVs) are nonpathogenic, widely spread complex retroviruses which have been isolated in
nonhuman primates, cattle, cats, and more recently in horses. The equine foamy virus (EFV) was isolated from
healthy horses and was characterized by molecular cloning and nucleotide sequence analysis. Here, to further
characterize this new FV isolate, the location of the transcriptional cap and poly(A) addition sites as well as
the main splice donor and acceptor sites were determined, demonstrating the existence of the specific sub-
genomic pol mRNA, one specific feature of FVs. Moreover, similar to what has been described for the human
foamy virus (HFV), the prototype of FVs, a replication-defective EFV genome was identified during persistent
infection. At the protein level, the use of specific antibodies allowed us to determine the size and the subcellular
localization of EFV Gag, Env, and Tas, the viral transactivators. While EFV Gag was detected in both the
cytoplasm and the nucleus, EFV Env mainly localized in the Golgi complex, in contrast to HFV Env, which is
sequestered in the endoplasmic reticulum. In addition, electron microscopy analysis demonstrated that EFV
budding occurs at the plasma membrane and not intracellularly, as is the case for primate FVs. Interestingly,
EFV Tas was detected both in the nucleus and the cytoplasm of Tas-transfected cells, in contrast to the strict
nuclear localization of other FV Tas but similar to the equine infectious anemia virus Tat gene product. Taken
together, our results reveal that this new FV isolate exhibits remarkable features among FVs, bringing new
insights into the biology of these unconventional retroviruses.

Foamy viruses (FVs) are complex retroviruses with unique
features among the retroviral family (15, 21). The most evident
of them lies in their name, since they induce the formation of
multinucleated giant cells which present numerous vacuoles,
giving the monolayer culture a foam aspect. In contrast, FVs
establish a persistent innocuous infection in their natural hosts
(20). The mechanisms of viral persistence are not elucidated
yet, but in contrast to the case for lentiviruses, genetic vari-
ability probably does not constitute the basis of this equilib-
rium (39). In the case of the so-called human foamy virus
(HFV), the prototype of FVs, it has been suggested that a
defective variant (named AHFV or HFVATas) negatively in-
terferes with the replication of the parental counterpart (20,
34, 36). HFVATas is generated by alternative splicing of the
wild-type pregenomic RNA and contains a 301-bp deletion in
the gene of the viral transactivator, leading to the formation of
an intronless auxiliary bet gene. Another feature of FVs is the
synthesis of a specific subgenomic mRNA for the expression of
viral enzymatic products. Indeed, in retroviruses, Pol is synthe-
sized as a Gag-Pol fusion protein derived either from a frame-
shift event or through stop codon suppression. Instead, in FVs,
Pol is expressed from a spliced mRNA by translational initia-
tion at the first AUG in the pol gene independently of Gag
expression (42). This particularity, together with the late-oc-
curring reverse transcription which leads to incorporation of
infectious viral DNA into virions, is more reminiscent of hep-
adnaviruses than of retroviruses (15, 42).

FVs are highly prevalent in nonhuman primates, and three
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nonprimate FVs have been isolated to date: the bovine foamy
virus (BFV), the feline foamy virus (FFV), and the equine
foamy virus (EFV). This latter was recently isolated from
blood samples of naturally infected healthy horses after cocul-
ture of phytohemagglutinin (PHA)-activated lymphocytes de-
rived from seropositive horses with permissive human
U373-MG cells (40). Nucleotide sequence analysis reveals that
EFV is phylogenetically the most distant FV compared to the
HFV prototype, but it presents the classical FV genomic or-
ganization. In particular, EFV codes for auxiliary proteins lo-
cated downstream of the env gene. FV Tas (for transactivator
of spumaviruses, originally called Bell) is encoded by ORFI
and transactivates viral gene expression by direct binding to the
viral DNA on specific sequences in the long terminal repeat
(LTR) and in an internal promoter (IP), another specific fea-
ture of FVs (13, 23). The transcriptional unit in the 5" LTR
directs the synthesis of mRNAs giving rise to structural (Gag
and Env), enzymatic (Pol), and auxiliary (Tas, Bet) proteins,
whereas the IP, located within the 3’ end of the env gene,
allows the expression of auxiliary proteins. Transcriptional ac-
tivity of both promoters depends on the presence of the ho-
mologous viral transactivator Tas, although the basal activity of
the IP is constantly higher (22). These two promoters were
previously identified in EFV and were found to be sensitive to
the presence of the homologous Tas (40). Finally, sequence
analysis revealed that the EFV envelope (Env) glycoprotein
does not harbor the characteristic endoplasmic reticulum (ER)
retrieval motif located in the C terminus of primate FV Env
(12). Since this dilysine motif has been shown to be responsible
for the budding of HFV from the membranes of the ER (11),
its absence in EFV Env should lead to a change in the viral
budding site.
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Here, to further characterize this new isolate, the transcrip-
tional cap sites in the 5" LTR and the IP as well as the poly(A)
addition site in the 3" LTR were determined by primer exten-
sion and reverse transcription (RT)-PCR analysis. The main
splice sites were mapped by RT-PCR, demonstrating the exis-
tence of the characteristic subgenomic pol mRNA. We have
also identified a Tas-defective EFV genome which has been
detected mainly during persistent infections. Subcloning of the
EFV gag, env, and tas genes allowed us to determine the size
and the subcellular localization of the corresponding viral
products by radioimmunoprecipitation assay and confocal mi-
croscopy. While EFV Gag harbors a nucleocytoplasmic distri-
bution, similar to other FVs, EFV Env is mainly detected in the
Golgi complex but not in the ER. In line with these observa-
tions, electron microscopy analysis demonstrated that EFV
buds at the plasma membrane. Interestingly, EFV Tas was
detected both in the nucleus and the cytoplasm, in contrast to
the strict nuclear localization of other known FV transactiva-
tors but similar to the subcellular localization of Tat from the
equine infectious anemia virus (EIAV). Despite this similarity,
EFV Tas was unable to transactivate the EIAV LTR.

MATERIALS AND METHODS

Cells and virus. Mycoplasma-free EFV stocks were produced on ED cells, a
horse fibroblast cell line, maintained in RPMI medium supplemented with L-
glutamine (2 mM), penicillin (100 pwg/ml), streptomycin (50 pg/ml), HEPES (240
mM), and 8% heat-inactivated fetal calf serum. Simian Cos6 and hamster
BHK21 cells were maintained in Dulbecco’s modified Eagle medium (Gibco-
BRL) supplemented with L-glutamine (2 mM), penicillin (100 wg/ml), strepto-
mycin (50 wg/ml), HEPES (240 mM), and 5% fetal calf serum. Following EFV-
induced cell lysis, BHK21 cells were maintained in culture to establish a
persistent infection, an approach already employed to generate cell lines persis-
tently infected with HFV (34).

Nucleic acids analysis. For Southern blotting, genomic DNA was extracted
with the QIAamp Tissue Kit (Qiagen), digested by Nhel, and separated in a 0.8%
agarose gel. Hybridization was carried out overnight at 42°C with a radiolabeled
(Prime-a-Gene labeling system; Promega) Nhel probe (nucleotides 9445 to
11078) derived from an NEMBL3 clone harboring a full-length EFV genome
(ArEFV) (40) in a solution containing 5X SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), 5X Denhardt’s
solution, and 50% formamide. Washings were performed in 0.1X SSC-0.1%
SDS buffer at 50°C for 30 min.

For Northern blotting, total RNAs from EFV-infected cells were extracted by
Trizol (Invitrogen) according to the manufacturer’s instructions. About 10 ug of
RNA was loaded on a 1% formaldehyde-agarose gel, blotted to a nitrocellulose
filter according to the method of Fourney et al. (8), and hybridized as described
above with a a-*?P-labeled U3-R-specific probe, amplified from A\rEFV (sense,
5'-CAGAAAGGGATTAAAGGA-3'; antisense, 5'-GCAGAGCAAATTAAGT
GC-3").

Splice and polyadenylation signal. Viral RNAs were reverse transcribed with
the OneStep RT-PCRv Kit (Qiagen) performed on total RNAs extracted from
EFV-infected cells. Primers used for determination of the EFV splicing pattern
are available on request. RT-PCR performed to determine the polyadenylation
signal was performed with the primer 5'-CCAAGCGTGACGCATTCTGT-3’
(U3-specific oligonucleotide) and a 20-nucleotide poly(dT) primer. RT-PCR
products were cloned into the pGEMT vector (Promega) and were sequenced.

Primer extension. Primer extensions were carried out by using Superscript RT
(Invitrogen) on total RNA extracted from EFV-infected ED cells. Minus-strand
primers (LTR, ;, GAGCAAATTAAGTGCATC; 1P, ,;, CAGGCCAGATGTC
TTCTA) were end-labeled in a reaction mixture containing 100 pmol of primer,
1% kinase buffer, 2.8 pM [y-*2P]JATP (NEG-035C; NEN), and 5 U of T4
polynucleotide kinase (New England Biolabs) for 45 min at 37°C. The reaction
was stopped by incubation at 55°C for 5 min and then was purified on a G50
column. Sequences were determined with the ThermoSequenase kit (United
States Biochemicals).

Recombinant DNA. A\rEFV was the source of viral DNA for the following
constructs. The EFV Gag expression plasmid was generated by insertion of a
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2.6-kb Stul-Bglll fragment into the Smal site of pPSG5M (provided by Libin Ma,
Leiden, The Netherlands). The EFV Env expression plasmid was PCR cloned
from ArEFV (primers are available on request) into the pTarget vector (Pro-
mega). Note that the pSGEFV-Tas and pSGEFV-Bet vectors, expressing Tas
and Bet, respectively, have been already described (16, 40). The vector
pSGHFV-Env, coding for HFV Env, was described by Giron et al. (10) and was
given the name plEnvABel.

Transactivation experiments. The EIAV LTR was extracted from pEIAV/
eTAR/CAT (kindly provided by P. Bieniasz and B. Cullen) with BarmHI and
HindIII and was inserted in the promoterless pGL3basic upstream of the firefly
luciferase gene (Promega). The EIAV Tat-expressing vector was provided by P.
Bienasz and B. Cullen. Plasmids directing the expression of EFV Tas (pSVEFV-
Tas) and of the firefly luciferase under the control of the EFV LTR (pEFV-LTR)
were already described (40). The pRL-CMYV vector, directing the expression of
the renilla luciferase under the control of the cytomegalovirus immediate-early
promoter, was used for normalization (Dual-Luciferase Reporter Assay System;
Promega).

Antibodies. Polyclonal antibodies against EFV were generated following in-
fection of two male New Zealand White rabbits (R77 and R98, 8 months of age)
with a single subcutaneous dose of EFV as already described (35). These anti-
bodies, as well as polyclonal anti-HFV antibodies (35), were diluted at 1/400. To
generate mouse polyclonal antibodies against EFV Gag and EFV Env, mice were
DNA immunized. Briefly, mice were first treated with cardiotoxin (10 wM;
Sigma), and 100 wg of Gag- or Env-expressing plasmids diluted in phosphate-
buffered saline (PBS) was injected bilaterally into each quadriceps muscle 1 week
later. Plasmid injection was repeated twice during the two following weeks, and
sera were collected 20 days after the last DNA injection (a precise procedure is
described at the web site http://www.dnavaccine.com/).

Antibodies used also included a monoclonal antibody against a centriolar
protein, diluted at 1:50 (CTR910; provided by M. Bornens [1]), a monoclonal
antibody against GM130, diluted at 1:100 (provided by F. Perez), and a goat
anti-lactate dehydrogenase (LDH) antibody (used at a 1:2,000; Sigma). These
antibodies were detected with anti-immunoglobulin G fluorescein isothiocyanate
(FITC) or Texas Red-coupled antibodies (Biosys) or anti-mouse or anti-rabbit
peroxidase-conjugated antibodies (diluted at 1:8,000; Sigma). When used alone,
these secondary antibodies gave no staining on infected or transfected cells.

Protein analysis. For transfection experiments, about 5 X 10° cells were
transfected with 1 wg of recombinant plasmid and the Lipofectin reagent (Gibco-
BRL) as specified by the manufacturer. All plasmids used for transfection were
purified on anion-exchange resin columns (Qiagen).

For immunofluorescence, 48 h posttransfection cells were fixed with 4% para-
formaldehyde at 4°C for 10 min, permeabilized with methanol at 4°C for 5 min,
and then washed in PBS-0.1% Tween-0.2% bovine serum albumin. Nuclei were
revealed with 4',6'-diamidino-2-phenylindole (DAPI) (Sigma) at 250 ng/ml. For
confocal analysis cells were embedded in Mowiol (Calbiochem) and were exam-
ined with a Bio-Rad MRC-1024 confocal imaging system (Hertforshire, United
Kingdom) and an inverted Diaphot 300 Nikon microscope. Images were col-
lected with an oil immersion lens (60X, NA 10.4 plan Apochromat). For fluo-
rescein, a krypton/argon ion laser (Ion Laser Technology Inc., Salt Lake City,
Utah) operating with a 488-nm line was used. Texas Red-X was excited at 568
nm, and fluorescence above 590 nm was captured. For DAPI excitation, an
Enterprise ion laser (Coherent Laser Group, Santa Clara, Calif.) operating with
a 353-nm nonline was used. FITC, Texas Red, and DAPI images were pseudo-
colored green for FITC, blue for DAPI, and red for Texas Red.

For immunoprecipitation, 36 h posttransfection or 72 h postinfection cells
were labeled with [**S]methionine-cysteine (75 wCi/ml, 1.175 Ci/mmol specific
activity; Dupont NEN) for 7.5 h. Cells were harvested by being scraped into cold
PBS and then lysed in a solution containing 50 mM Tris-HCI (pH 7.4), 100 mM
NaCl, 5 mM MgCl,, 1% Triton X-100, 0.5% sodium deoxycholate, 0.05% SDS,
and 1 mM phenylmethylsulfonyl fluoride for 30 min at 4°C. Nuclei were sepa-
rated from the lysate by centrifugation at 12,000 X g for 5 min at 4°C and were
lysed in the same buffer containing 1 M NaCl. Immune complexes with Protein
A Sepharose were centrifuged and washed four times in lysis buffer and analyzed
by SDS-5 to 15% polyacrylamide gel electrophoresis, followed by autoradiogra-
phy.

For Western blot analysis, 48 h posttransfection cells were heat disrupted at
100°C for 5 min in Laemmli sample buffer. About 30 g of protein extracts were
resolved by SDS-polyacrylamide gel electrophoresis, transferred by electroblot-
ting onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore), and
revealed by enhanced chemiluminescence (Amersham).

Electron microscopy. Monolayers were fixed in situ with 1.6% glutaraldehyde
(Taab Laboratory Equipment Ltd., Reading, United Kingdom) in 0.1 M S6-
rensen phosphate buffer, pH 7.3 to 7.4, for 1 h at 4°C. Cells were scraped from
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FIG. 1. Characterization of the transcriptional cap and poly(A) ad-
dition sites of EFV. (A) Primer extension performed on total RNA
from EFV-infected ED cells revealed that the LTR cap site (1) is
located at position 1127 (left panel), whereas the IP cap site (2) is
located at position 9256 (right panel). These sites are represented on
a schematic diagram (B). The polyadenylation signal has been located
at position 11860 on the basis of sequence analysis and the poly(A) ad-
dition site at position 11890 on the basis of RT-PCR results. (C) Se-
quence alignment reveals that the EFV IP cap site is more distant from
the TATA box than other described FV cap sites (the TATA box is in
bold lettering, and cap sites are underlined).

their plastic substratum and were centrifuged. The resulting pellets were succes-
sively postfixed with 2% aqueous osmium tetroxide for 1 h at room temperature,
dehydrated in ethanol, and embedded in Epon. Ultrathin sections were collected
on 200-mesh copper grids coated with Formvar and carbon and stained with
uranyl acetate and lead citrate prior to being observed with a Philips 400 trans-
mission electron microscope at 80 kV and 2,800X to 36,000X magnification.

RESULTS

Characterization of the transcriptional cap and poly(A) ad-
dition sites. Besides the 5" LTR, an internal promoter located
at the 3" end of the env gene was also described for EFV (40).
To further characterize these transcriptional units as well as
the 3" LTR poly(A) addition site, total RNA extracted from
EFV-infected horse ED cells was analyzed in primer extension
reactions and by RT-PCR, respectively. Sequence analysis was
performed by using radiolabeled specific antisense primers lo-
cated downstream of the putative transcriptional cap sites pre-
dicted by DNA sequence alignment (Fig. 1A) (40). As shown
in Fig. 1B, the transcriptional cap site in the LTR is located at
position 1127. The 5’ end of EFV transcripts initiated at the IP
is mapped to a cytosine at position 9256, which is 79 nucleo-
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tides 3’ of the TATA box, 53 bp downstream of known FV IP
cap sites (Fig. 1C). Concomitantly, RT-PCR analysis using
specific U3 and poly(dT) primers allowed us to locate the
poly(A) addition site at position 11890 (Fig. 1B).

RT-PCR analysis reveals a complex EFV splicing pattern.
To assess the presence of the specific subgenomic pol tran-
script and to build a splicing map of EFV transcriptional ex-
pression, total RNA from EFV-infected horse ED cells were
collected and first analyzed by Northern blot. As shown in Fig.
2A, the different viral mRNA species can be readily detected
by using a radiolabeled U3-R probe. To identify the splice
donor and acceptor sites, RT-PCR analysis was performed
with distinct sets of primers, and the corresponding products
were subcloned into the pGEM-T vector and sequenced. After
this procedure the main splice donor and acceptor sites were
identified, each splice being confirmed in three independent
clones. The EFV splicing pattern was finally drawn (Fig. 2B),
demonstrating the existence of a specific transcript coding for
the recently described Env-Bet fusion protein (10, 19) and also
the existence of a subgenomic pol mRNA, one characteristic of
FVs. For the latter, comparison with other FVs confirmed the
previously highlighted consensus flanking the splice sites (Fig.
2C). Note that the EFV leader sequence (LS) is 58 nucleotides
long, the shortest LS discovered among retroviruses, in agree-
ment with what has been reported for other FVs. Interestingly,
we have isolated in one clone a splice donor site in the R
region of the LTR which is located 72 bp from the consensual
one (position 1257) and which fuses to the acceptor splice site
at position 9431. Similarly, a single clone (SD;;g5-SAggss), al-
lowing the synthesis of a putative ORF2 product, has been
isolated. Whether this mRNA is efficiently translated into a
viral polypeptide remains to be determined.

EFV generates a Tas-defective genome. In the case of HFV,
several lines of evidence suggest that a defective molecular
form harboring a deletion in the fas gene (HFVATas) could
participate in the establishment of viral persistence (2, 34, 35).
Therefore, we sought to determine whether EFV generates
such a defective viral genome. For that purpose genomic DNA
was extracted from acutely or persistently infected BHK21
cells and was digested with the Nhel enzyme; those sites flank
the bel region (Fig. 3). The pSVEFV-Tas and pSGEFV-Bet
plasmids, which were digested by the same enzyme, were used
as size controls. Using the 1,633-bp Nhel fragment as a probe,
a single band can be detected in acutely infected cells. This
band comigrates with the fragment derived from pSVEFV-Tas
and thus likely represents the wild-type EFV DNA genome
(40). Interestingly, in persistently infected BHK21 cells two
signals were detected, one band corresponding to the wild-type
virus and a second, shorter band of approximately 300 bp. The
plasmid coding for EFV Bet, which harbors a 297-bp deletion
in the tas gene (16), gave rise to a band of a similar size.
Therefore, the shorter form detected during EFV persistent
infections likely represents a defective EFV genome harboring
a deletion in the fas gene (Fig. 3). This was further confirmed
by the lack of hybridization of the shorter band when using the
297-bp Bet intron as a probe (data not shown). These results
demonstrated that a nonprimate FV generates a fas-defective
genome during persistent infection.

Characterization of EFV proteins. To characterize the EFV
proteins, polyclonal antibodies against EFV antigens were gen-
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FIG. 2. EFV splicing pattern. (A) The different viral mRNA species from EFV-infected ED cells are detected by Northern blot with a specific
radiolabeled U3-R probe. N.I., not infected. (B) RT-PCR assays performed on total RNA from EFV-infected cells with distinct sets of primers
(black arrowheads) reveal a complex pattern of viral mRNA expression. The splice donor (SD) and splice acceptor (SA) sites are indicated for
each viral mRNA species. Note the presence of a second SD site at the R region of the 5" LTR (position 1257). A putative ORF2-encoding mRNA
was also isolated. These two mRNA species were found in a single clone (*). (C) Alignment of the pol mRNA splice junctions of HFV, BFV, FFV,

and EFV. SD and SA are indicated in bold lettering. nt, nucleotides.

erated following infection of two rabbits with one unique dose
of EFV stock. As early as 5 weeks postinfection their sera were
unambiguously found positive against the main EFV polypep-
tides (data not shown). This method was successfully employed
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FIG. 3. Characterization of a Tas-defective EFV DNA genome.
Genomic DNA from BHK21 cells acutely or persistently infected with
EFV was analyzed by Southern blot using a probe encompassing the
bel region. Plasmids coding for EFV Tas (pSVEFV-Tas) or EFV Bet
(pPSGEFV-Bet, harboring a 297-bp deletion in the tas gene) were used
as size controls. A Tas-defective DNA genome is detected in cells
persistently infected with EFV.

to raise powerful rabbit polyclonal antibodies against HFV
(35). Moreover, specific antisera against EFV Gag and Env
were raised by DNA immunization of mice following injection
of their respective expressing vectors.

As shown in Fig. 4A, specific bands from EFV-infected ED
cells were immunoprecipitated with the sera from EFV-in-
fected rabbits, while no reactivity was observed on protein
extracts from mock-infected cells or when using sera from
uninfected rabbits (data not shown). The sizes of the main viral
products, predicted on the basis of sequence analysis (40), have
been confirmed here, as the characteristic Gag doublet was
detected at 66 and 62 kDa, the Env precursor at 130 kDa, and
the Bet protein at 56 kDa (16). The use of specific sera con-
firmed these observations and allowed the specific detection of
the transmembrane (TM) and surface (SU) subunits of Env,
detected at 46 kDa and as a smear between 76 and 80 kDa,
respectively, (Fig. 4A). A band at 160 kDa can also be detected
with anti-EFV antibodies and with anti-Env antiserum, which
likely represents an Env-Bet fusion protein (10, 19) (Fig. 4A).
To further characterize the EFV structural proteins, the sub-
cellular distribution of Gag and Env proteins was studied by
immunoprecipitation on nuclear and cytoplasmic fractions of
Cosb cells transfected with either pSGEFV-Gag or pSGEFV-
Env. The Env glycoprotein was mainly detected as the 130-kDa
precursor in the cytoplasm, while Gag was also detected in the
nucleus, consistent with the data reported previously for HFV
Gag (9, 38) (Fig. 4A). Note that only the Env precursor can be
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FIG. 4. Characterization of the EFV proteins. (A) Proteins ex-
tracted from EFV-infected ED cells were immunoprecipitated with a
rabbit anti-EFV antiserum or mouse anti-Gag or anti-Env antibodies.
The EFV Gag doublet is detected at 66/62 kDa, whereas the Env
precursor is detected at 130 kDa and the TM and SU subunits are
detected near 46 and 76 to 80 kDa, respectively. EFV Bet is detected
at 56 kDa. A 160-kDa protein which is detected with both anti-EFV
and anti-Env antisera likely represents an Env-Bet fusion glycoprotein.
Immunoprecipitation of nuclear (N) and cytoplasmic (C) fractions of
Env- or Gag-expressing BHK?21 cells revealed that, while Env is mainly
detected in the cytoplasm, Gag is distributed in both the cytoplasm and
the nucleus. The efficiency of the subcellular fractionation is assessed
by Western blot by using a monoclonal antibody directed against the
LDH. (B) Confocal analysis of Gag-transfected BHK21 cells per-
formed 20 h posttransfection (top) or 48 h posttransfection (bottom).
Whereas Gag is detected at the vicinity of the centrosome (detected
with an anti-centriole antibody, CTR910) early after transfection, its
localization is mainly nuclear 48 h posttransfection. Nuclei were re-
vealed with DAPI.

detected when Env is expressed alone. The efficiency of the
subcellular fractionation was controlled by Western blot by
using a monoclonal antibody directed against the LDH, a sol-
uble protein, strictly confined into the cytoplasm.

J. VIROL.

Finally, EFV Gag subcellular localization was further ex-
plored by immunofluorescence on pSGEFV-Gag-transfected
Cos6 cells with rabbit anti-EFV sera. Confocal analysis re-
vealed that, early after transfection (Fig. 4B, top), EFV Gag
was detected at the vicinity of the centrosome, as described for
HFV Gag (37; C. Petit, M. L. Giron, J. Tobaly-Tapiero, P.
Bittoun, E. Réal, Y. Jacob, N. Tordo, and A. Saib, unpublished
data) and suggested for FFV (3), and later it was detected in
the nucleus (Fig. 4B, bottom).

EFYV buds at the plasma membrane. Since HFV Env harbors
an ER retrieval motif responsible for its sequestration in the
ER (11, 12), we wondered whether EFV Env, lacking this
motif, could target the plasma membrane by following the
classical route of a viral glycoprotein (28). Cos6 cells were
transfected with either pPSGEFV-Env or pSGHFV-Env, and 2
days later immunofluorescence analysis of fixed and perme-
abilized transfected cells was performed with rabbit anti-HFV
or anti-EFV sera. Confocal microscopy showed that at the
steady state EFV Env mainly colocalized with GM130, a cis-
Golgi matrix protein (25), whereas HFV Env harbored a pe-
rinuclear staining corresponding to the ER (Fig. 5A). Given
that the proteolytic maturation of retroviral glycoproteins oc-
curs in the distal frans-Golgi network (28), this observation is in
agreement with our biochemical data showing that EFV Env is
not cleaved into SU and TM subunits when expressed alone.
Moreover, in a fusion assay EFV Env does not yield enhanced
cell fusion activity (data not shown). Finally, to determine
whether the absence of the dilysine motif in EFV Env could
direct viral budding to the plasma membrane, electron micros-
copy analysis was performed on EFV-infected BHK21 cells.
Figure 5B reveals that EFV virions bud exclusively from the
plasma membrane, whereas HFV budding mainly occurs from
intracellular membranes, demonstrating that this new FV iso-
late follows a distinct pathway to exit the cell.

The EFV transactivator is not strictly confined to the nu-
cleus. One common feature of all cloned FV Tas is their strict
nuclear localization, which is required to achieve their trans-
activation function (27). To study the subcellular distribution
of EFV Tas, Cos6 cells were transfected with pSVEFV-Tas
and pSVHFV-Tas, which was used as a control. Forty-eight
hours posttransfection, nuclear and cytoplasmic fractions were
analyzed by Western blot with rabbit anti-EFV or anti-HFV
sera. Figure 6A shows that whereas HFV Tas was mainly
detected in the nucleus, EFV Tas was present in both the
nucleus and the cytoplasm of transfected cells. The use of a
monoclonal antibody directed against LDH assessed the effi-
ciency of the subcellular fractionation (data not shown). This
result was further confirmed by confocal microscopy using
anti-EFV and anti-HFV polyclonal sera, revealing nuclear and
cytoplasmic perinuclear stainings for EFV Tas, whereas HFV
Tas is solely detected in the nucleus (Fig. 6B). Similar obser-
vations were obtained with hamster BHK21 or human
U373-MG cells (data not shown). Interestingly, a similar sub-
cellular distribution was also reported for Tat from EIAV,
which also constitutes an exception from the lentiviral family
(4, 33). Given that EFV Tas and EIAV Tat share a similar
subcellular distribution and that HFV Tas was shown to trans-
activate the LTR of human immunodeficiency virus type 1 (14,
17), we sought to investigate a possible transcriptional inter-
action between EFV and EIAV. For that purpose, Cos6 cells
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FIG. 5. Subcellular distribution of the EFV glycoprotein. (A) Con-
focal microscopy of pSGEFVEnv- or pSGHFVEnv-transfected Cos6
cells reveals that EFV Env mainly localized in the cis-Golgi complex
stained with anti-GM130 antibodies. Nuclei are stained with DAPI in
merge images. (B) Electron micrographs of ultrathin sections of EFV-
or HFV-infected BHK21 cells. Images represent budding of viral par-
ticles at the plasma membrane for EFV and at internal membranes for
HFV. The bars correspond to 1 pum.

were transfected with an EIAV Tat- or an EFV Tas-expressing
vector together with a vector carrying a luciferase reporter
gene under the control of either the EIAV or the EFV LTR.
As shown in Table 1, whereas EIAV Tat and EFV Tas trans-
activated their homologous promoters, EFV Tas was unable to
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FIG. 6. Subcellular distribution and transactivation properties of
EFV Tas. (A) Western blot analysis of nuclear and cytoplasmic frac-
tions of pSVEFV- and pSVHFV-Tas-transfected Cos6 cells. EFV Tas
is distributed both in the nucleus and the cytoplasm, whereas HFV Tas
is mainly nuclear. (B) Confocal microscopy of cells expressing EFV
Tas or HFV Tas confirms the biochemical data and reveals that EFV
Tas is mainly perinuclear. Nuclei are stained with DAPI.

transactivate the LTR of EIAV. Similar results were obtained
with hamster BHK21, canine Cf2Th, and horse ED cells (data
not shown).

DISCUSSION

EFV presents the main characteristics defining the FV ret-
roviral genus, such as the induction of specific cytopathic ef-
fects in cell culture and major sequence homologies with other
FVs (40). Here we demonstrated the existence of the specific
spliced pol mRNA giving rise to Pol independently of Gag
synthesis, one feature of FVs. The locations of other donor and
acceptor splice sites described in this report are consistent with
what has been defined for other FVs (29). Interestingly, we
were able to identify a Tas-defective genome only in BHK21
cells persistently infected with EFV and not during acute in-
fection, in agreement with previous reports on HFV (20, 26,
30, 34, 36). Further experiments are needed to determine

TABLE 1. Cross-transactivation experiments between EFV and
EIAV fail to detect a transactivation of the EIAV LTR by EFV Tas

Transactivation fold increase for:

Vector
EFV LTR EIAV LTR
Mock transfection 1+04 1+0.5
EFV Tas 218 =70 0.8 0.3
EIAV Tat 5802 275+ 8.6
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whether EFVATas is free or integrated during chronic infec-
tion. Also, whether EFVATas is implicated in viral persistence,
as has been suggested for HFVATas (34), remains to be elu-
cidated.

Construction of expression vectors coding for the main viral
products and the generation of specific antibodies against the
main EFV proteins allowed us to determine the molecular
sizes and to determine the subcellular localizations of EFV
Gag, Env, and Tas. Note that the molecular characterization of
EFV Bet has been described elsewhere (16). As for other FVs,
EFV Gag is detected in both the nucleus and the cytoplasm of
Gag-transfected cells but concentrates in the nucleus 48 h
posttransfection, consistent with previous reports on HFV Gag
(38). However, soon after transfection Gag exclusively local-
izes in the cytoplasm, close to the microtubule organizing cen-
ter, as reported for HFV (37; C. Petit et al., unpublished data)
and suggested for FFV (3). The situation is quite different
concerning the Env glycoprotein. In the case of HFV Env,
sequestration in the ER prevents its cleavage by a subtilisin-
like endoprotease into mature TM and SU subunits which
occurs in the distal trans-Golgi apparatus (12, 28). Strikingly,
EFV Env, which lacks this retrieval motif, is only detected as
an immature precursor when expressed alone and localized in
the cis-Golgi complex. However, despite this uncommon Env
subcellular distribution, electron microscopy studies have
shown that EFV mainly buds at the plasma membrane. There-
fore, interaction of Env with another viral component seems to
be required for its progression through the secretory pathway.
Several lines of evidence support the idea that Gag could play
such a role for HFV. First, syncytia formation and therefore
cell surface expression of HFV Env, requires coexpression of
Gag (32). Moreover, an interaction between Gag and its ho-
mologous envelope is absolutely required to allow FV virus
egress, which is in contrast to what has been described for
other retroviruses (7, 18, 27, 31, 41). Our results support the
idea that intracellular trapping of FV Env is not essentially due
to the presence of an ER retrieval dilysine motif as previously
suggested (12) but rather seems to require other Env domains.
Finally, note that EFV Gag, like other FV Gag, harbors no
obvious membrane targeting motif, such as a myristylation
signal (40). Instead, a conserved Arg residue located in a re-
gion resembling the cytoplasmic targeting and retention signal
of the Mason-Pfizer monkey virus (5) has been described in the
N terminus of EFV Gag (7). Although this domain has been
shown to be responsible for intracellular HFV capsid assembly,
whether this motif plays a similar role for EFV remains to
established.

The particular subcellular localization of EFV Tas consti-
tutes another specific feature of this new FV isolate. Indeed, in
contrast to all described FV Tas which are strictly nuclear (3,
21), EFV Tas also localizes in the cytoplasm of transfected
cells. This situation is unique among FVs and is rather intrigu-
ing, since transactivation of the viral promoters should occur in
the nucleus following proviral integration. Interestingly, the
transactivator of the equine lentivirus EIAV shares a similar
subcellular distribution (4, 33). In that case also, the situation
appears to be unique among lentiviruses. The reason for this is
not particularity well understood, but it has been suggested
that cellular cofactors involved in Tat-mediated transactivation
of the EIAV LTR are recruited by Tat in the cytoplasm prior
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to nuclear migration (4). In the case of EFV Tas and in regards
to all FV Tas, it could be interesting to identify such cellular
cofactors which might be involved in the regulation of their
subcellular distribution and therefore in the modulation of
LTR and/or IP transcription. Nucleocytoplasmic distribution
of EFV Tas may constitute a new mechanism to regulate viral
gene expression, as reported for several viral or cellular tran-
scription factors (reviewed in reference 6). However, despite a
similar subcellular distribution of their transactivator, no cross-
transactivation has been pointed out between these two equine
retroviruses, once again in contrast to what has been reported
between HFV and human immunodeficiency virus (14, 17, 24).

Taken together, the results presented in this report show
that EFV presents unusual properties among FVs. Whether
theses characteristics are shared by all nonprimate FVs re-
mains to be determined.
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