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Jaagsiekte sheep retrovirus (JSRV) envelope (Env) is an active oncogene responsible for neoplastic transforma-
tion in animals and cultured cells. In this study, we used syncytium induction and fluorescence-based cell fusion
assays to investigate JSRV Env fusion and its modulation by the cytoplasmic tail (CT). We found that JSRV Env
induced syncytia in cells overexpressing the receptor for JSRV and that a low pH was required for this process to
occur. Fusion kinetics studies revealed that cell-cell fusion by JSRV Env at neutral pH was poor, taking up to a day,
in sharp contrast to fusion at low pH, which peaked within 2 min following a low-pH trigger. Deletion of the
C-terminal 7 or 16 amino acids of the JSRV Env CT had no or little effect on fusion, yet additional truncation toward
the membrane-spanning domain, resulting in mutants retaining as little as 1 amino acid of the CT, led to
progressively increased syncytium formation at neutral pH that was further enhanced by low-pH treatment.
Notably, the severely truncated mutants showed elevated levels of surface subunits in culture medium, suggesting
that the CT truncations resulted in conformational changes in the ectodomain of Env that impaired surface subunit
associations. Taken together, this study reveals for the first time that the fusion activity of the JSRV Env protein is
dependent on a low pH and is modulated by the CT, whose truncation overcomes, at least partially, the low-pH
requirement for fusion and enhances Env fusion activity and kinetics.

Fusion of enveloped viruses with host cells is a fundamental
process essential for viral replication and productive infection.
It occurs either at the plasma membrane at a neutral pH or in
the intracellular compartments, where an acidic pH is required
(17). Retroviral fusion is generally believed to be triggered by
specific interactions between the viral envelope (Env) protein
and its cognate cell entry receptor, as well as coreceptors in
some cases. Upon receptor binding, the Env protein undergoes
a series of conformational changes on the surface (SU) and
transmembrane (TM) subunits, leading to insertion of the Env
fusion peptide into the cell membrane and subsequent forma-
tion of trimers of hairpin structures (also referred to as six-
helix bundles) that complete virion-cell fusion (18). Recent
studies indicate that for five retroviruses, ecotropic murine
leukemia virus (ecotropic MLV) (36, 42), avian sarcoma and
leukosis virus subgroups A and B (15, 40), mouse mammary
tumor virus (48, 51), foamy virus (44), and equine infectious
anemia virus (5, 26), fusion occurs in endosomes or other
intracellular compartments and requires an acidic pH. More-
over, depending on viral strains and cell types, some retrovi-
ruses may use both pH-dependent and -independent pathways
for fusion and cell entry (27, 36, 42).

The fusion activity of retroviral Env is controlled by viral and
host factors at multiple levels. In addition to the universal
cleavage of a precursor Env protein into SU and TM subunits
by cellular proteases in the Golgi complex, which converts the

Env protein to a metastable state, a portion of the cytoplasmic
tail (CT) of many retroviruses is removed by viral protease
cleavage after virion assembly (10). For example, the Env pro-
teins of Moloney MLV (MoMLV) (25, 37, 45, 49), gibbon ape
leukemia virus (9), and several other simple retroviruses (7, 50)
contain a �16-amino-acid (aa) segment at the C terminus of
the CT, termed the R peptide, that modulates Env fusogenic-
ity. The R peptide must be removed to fully activate the Env
fusogenicity after new viral particles are released (21, 22, 25,
49, 62). This mode of regulation by the Env CT is believed to
be important for viral fitness, because it potentially prevents
syncytium formation in infected cells while activating Env on
newly assembled viral particles so that they are competent to
infect naive host cells.

Jaagsiekte sheep retrovirus (JSRV) is a simple betaretrovi-
rus that causes a contagious pulmonary adenocarcinoma in
sheep (19). Inoculation of concentrated JSRV virions into
newborn lambs induces rapid lung tumor formation in as little
as 2 weeks (57), showing JSRV is an acutely transforming
retrovirus. It is now well established that Env of JSRV is an
active oncogene that is responsible for JSRV oncogenesis (2, 8,
12, 13, 33, 35, 47, 60). Of particular interest, the CT of JSRV
Env is essential for cell transformation, since replacement of
this domain with those of other retroviruses completely abro-
gates cell transformation (32, 43). The JSRV Env CT is a 44-aa
segment, relatively long compared to those of other simple
retroviruses, and harbors several sequence motifs and resi-
dues known to be crucial for cell transformation and possi-
bly for intracellular trafficking (34). Importantly, the N-
terminal 18-aa segment of its CT is predicted to form an
amphipathic alpha-helix structure, the hydrophobic side of
which has a tendency to interact with the cellular membrane
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(23). Exactly how this structure might modulate cell trans-
formation and other functions of JSRV Env, including fu-
sion, is currently unknown.

The receptor for JSRV has been identified as hyaluronidase
2 (Hyal2), a glycosylphosphatidylinositol-anchored cell surface
protein (47). Hyal2 belongs to the hyaluronidase gene family
yet interestingly has a low hyaluronidase activity, which nor-
mally degrades the hyaluronic acid present in the extracellular
matrix of cells (28, 29, 47, 59). A recent study suggests that the
hyaluronidase activity of Hyal2 is not associated with the re-
ceptor activity (58). JSRV infects cells derived from many
species, including human, ovine, bovine, and canine, but nota-
bly not from rodents, and this host range correlates with the
receptor activities of Hyal2 isolated from these species (16, 38,
46, 47).

While the transforming properties of JSRV Env have been
studied extensively, its fusion characteristics have not been
investigated. In this study, we developed syncytium induction
and cell-cell fusion assays to use with JSRV Env and per-
formed a series of experiments to test the hypothesis that
JSRV Env-mediated fusion may require an acidic pH and may
be negatively regulated by its relatively long CT. Our results
provide evidence that JSRV entry is pH dependent, and they
indicate that JSRV Env employs multiple control mechanisms
to regulate its fusion activity.

MATERIALS AND METHODS

Env constructs. The parental JSRV Env gene derived from the JS7 strain (14)
was tagged with a FLAG sequence at the N terminus of SU and was initially
cloned into a MoMLV long-terminal-repeat-driven expression vector, pSX2neo
(the resulting construct was referred to as pSX2neo-FLAG-Jenv [32]). In the
present study, the Env-coding region was subcloned into pCIneo (Sigma, St.
Louis, MO), a cytomegalovirus-driven expression vector, in order to achieve a
higher level of expression in 293 and 293T cells (the resulting construct was
referred to as pCIneo-FLAG-Jenv). To create the JSRV Env truncation mutants,
PCR was carried out using a common upstream primer, 5�-GCCTGGTATGA
TGAAACTGC-3�, paired with the individual unique downstream primers listed
below to amplify the TM subunits of truncation mutants: CT608, 5�-GCATAG
ATCTTCACCTCTCTTTATTTTTTAAAAGC-3�; CT599, 5�-GCATAGATCT
CTAAAGATGTTGGTGCTGTA-3�; CT589, 5�-GCATAGATCTCTATTTCA
TATGCAGCATTTC-3�; CT574, 5�-GCATAGATCTTCACATGCCACGAAC
GAGGCAAGG-3�; CT572, 5�-GCATAGATCTTCAACGAACGAGGCAAGG
AAA-3�; CT571, 5�-GCATAGATCTTCAAACGAGGCAAGGAAATATAAG-
3�. The PCR products were either directly cloned into a pCIneo-FLAG-Jenv
backbone or were shuttled first into the pSX2neo-FLAG-Jenv vector and sub-
sequently into the pCIneo-FLAG-Jenv vector. The 10A1 amphotropic Env-
expressing vector was generated by cloning the 10A1 Env-encoding sequence
from pSX2 (39) into the pCIneo vector (referred to as pCIneo-10A1). The
vesicular stomatitis virus glycoprotein (VSV-G) expression vector (pMD.G) has
been previously described (41).

Retroviruses and cell lines. The green fluorescent protein (GFP)-encoding
retroviral pseudotypes bearing different Env proteins were produced by cotrans-
fection of 293T cells with plasmids encoding individual Env or VSV-G proteins,
a packaging plasmid encoding MoMLV Gag-Pol (pCMV-gag-pol-MLV), and a
transfer vector encoding GFP (pCMV-GFP-MLV) (the two latter plasmids were
kind gifts of François-Loı̈c Cosset, Lyon, France). The human immunodeficiency
virus type 1 (HIV-1) lentiviral vector encoding GFP was generated by cotrans-
fection of 293T cells with pMD.G (41), pCMV-HIV� 8.2 (41), and pHIV-eGFP
(a gift from Eric Cohen, Institut de Recherches Cliniques de Montréal, Mon-
tréal, Canada). Viral pseudotypes were harvested 48 to 72 h posttransfection and
were filtered through 0.45-�m-pore-size filters or centrifuged at 2,500 � g to
remove the cell debris. The Hyal2-encoding retroviral vector was produced from
a PT67/LH2SN producer cell line (47).

293/LH2SN and HTX/LH2SN cells were generated by infection of 293 or
HTX cells with PT67/LH2SN viral stocks in the presence of 5 �g/ml polybrene
(Sigma), similar to the generation of 3T3/LH2SN as previously described (47).

The 293T/GFP cells were generated by infection of 293T cells with the GFP-
encoding HIV-1 vectors bearing VSV-G, followed by ring cloning and flow
cytometry to confirm GFP expression. All cells were grown in Dulbecco’s mod-
ified Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 5 or 10%
fetal bovine serum and were maintained at 37°C in a 10% CO2-air atmosphere
at 100% relative humidity.

Antibodies and reagents. The anti-FLAG monoclonal antibody, EZview Red
anti-FLAG affinity gel, and the secondary anti-mouse immunoglobulin G (IgG)
coupled to fluorescein isothiocyanate (FITC) or phycoerythrin were purchased
from Sigma (St. Louis, MO). Anti-human IgG coupled to FITC was purchased
from DAKO Cytometer (Glostrup, Denmark). The JSRV SU (JSU) fusion
protein (JSU-hFc) for detection of cell surface receptor levels was produced and
purified as described previously (31). The fluorescent dye 5-(and-6)-([{4-chlo-
romethyl} benzoyl] amino)tetramethylrhodamine (CMTMR) and Lipofectamine
2000 were purchased from Invitrogen (Carlsbad, CA). FuGENE HD was pur-
chased from Roche (Indianapolis, IN), and bafilomycin A1 (BafA1) was pur-
chased from Sigma (St. Louis, MO). Pro-Mix 35S cell labeling mix was purchased
from Amersham (Amersham, Buckinghamshire, England).

Syncytium induction assay. Cells seeded in six-well plates were transfected
with 2 �g of plasmid DNAs encoding each individual Env protein plus 0.5 �g of
plasmid encoding GFP (to monitor transfection efficiency) using the calcium-
phosphate method for 293, 293/LH2SN cells or FuGENE HD (Roche, India-
napolis, IN) for the other cell lines. The medium was changed 6 to 9 h following
transfection, and syncytium formation was determined 12 to 24 h posttransfec-
tion under a light microscope. The numbers of syncytia formed per field and the
numbers of nuclei per syncytium were quantified and were averaged from at least
four different fields. Cells were subsequently treated with phosphate-buffered
saline (PBS)–10 mM HEPES–10 mM morpholineethanesulfonic acid (Sigma)
(pH 5.0) for 1 min; syncytium formation was evaluated under a microscope over
a period of 5 min to 24 h.

Cell-cell fusion assay. Effector 293T/GFP cells were transfected with 2 �g of
DNA encoding individual Env using Lipofectamine 2000 (Invitrogen). Twelve to
twenty-four hours posttransfection, cells were washed with Hanks balanced salt
solution (5.4 mM KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3,
5.6 mM glucose, 137 mM NaCl, pH 7.4) and then detached using PBS containing
5 mM EDTA. Target cells expressing endogenous Hyal2 or overexpressing hu-
man Hyal2 were labeled with 3.5 �M CMTMR (Invitrogen) in media without
serum at 37°C for 30 min and then were incubated at 37°C for 30 min in fresh
medium containing serum, followed by three washes with regular medium. Ef-
fector cells and target cells were then plated on 24-well plates at a ratio of 1:1 or
1:3, depending on experiments, and were cocultured at 4°C or 37°C for 1 h. Cells
were then treated with PBS–10 mM HEPES and 10 mM morpholineethanesul-
fonic acid (pH 7.4 or pH 5) for 1 min and were incubated with normal growth
medium at 37°C or different temperatures for various periods of time. Cell-cell
fusion was examined under a fluorescence microscope (Carl Zeiss, Goettingen,
Germany) and photographed. Alternatively, cells were washed with PBS, de-
tached using 0.05% trypsin–0.02% EDTA (Invitrogen), and analyzed by flow
cytometry using FACSCalibur (BD Bioscience, Mississauga, Ontario, Canada).

Determination of JSRV Env and Hyal2 surface expression by flow cytometry.
Cells were washed with Hanks balanced salt solution, detached using PBS plus 5
mM EDTA, and resuspended in wash buffer (PBS plus 2% fetal bovine serum).
Cells (5 � 105) were incubated on ice with anti-FLAG antibody for 1 h, washed
twice with wash buffer, and incubated with anti-mouse IgG coupled to FITC for
293 cells or phycoerythrin for 293T-GFP cells for 1 h. Cells were then washed and
analyzed by flow cytometry. Hyal2 expression on the cell surface was analyzed
similarly except that cells were incubated with the purified JSU-hFc fusion
protein for 4 h on ice, followed by incubation with anti-human IgG Fc antibody
coupled to FITC (31).

Retroviral vector transduction and BafA1 treatment. Cells (105) seeded in
12-well plates on day 0 were pretreated with 10 or 25 nM BafA1 on day 1 for 2 h,
followed by transduction with JSRV/MoMLV pseudotypes in the presence of 5
�g/ml polybrene plus 10 or 25 nM BafA1 at 37°C for 6 h. Noninternalized viral
particles were inactivated for 1 min with citrate buffer (40 mM sodium citrate, 10
mM KCl, 135 mM NaCl, pH 3.15). Cells were washed three times with PBS and
then grown for an additional 2 days before GFP titers were determined by flow
cytometry.

Metabolic labeling. 293T cells were transiently transfected with plasmids en-
coding JSRV Env using the calcium-phosphate coprecipitation method. Twenty-
four hours posttransfection, cells were starved in Dulbecco’s modified Eagle
medium without cysteine and methionine (Invitrogen) for 30 min and pulse-
labeled with a 62.5-�Ci mixture of cysteine plus methionine (Amersham) for 1 h,
followed by chase-labeling for 4 h in the presence of complete growth medium.
Cells were then washed with cold PBS once and lysed in lysis buffer (PBS
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containing 50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100)
in the presence of 10 �g/ml aprotinin (Sigma), 10 �g/ml leupeptin (Sigma), and
1 mM phenylmethylsulfonyl fluoride (Sigma). Env proteins in cell lysates and in
the culture medium were immunoprecipitated using anti-FLAG beads, and the
proteins in the immune complexes were resolved by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis, the dried gels were submitted to au-
toradiography, and band intensities were quantitated using Quantity One (Bio-
Rad, Hercules, CA) image analysis software.

RESULTS

JSRV Env induces syncytium formation at low pH. We first
sought to determine if JSRV Env induces syncytium formation
in cells overexpressing human Hyal2, a standard fusion assay
not yet applied to JSRV Env. 293/LH2SN cells were trans-

fected with plasmids encoding JSRV Env, 10A1 amphotropic
MLV Env, or VSV-G or left untransfected, along with a plas-
mid encoding GFP as a transfection control. Twelve to twenty-
four hours posttransfection, cells were examined for possible
syncytium formation under microscopy and then exposed to
either pH 7.4 or pH 5 solution and again examined for syncytia.
VSV-G-mediated fusion has been shown to be pH dependent,
while negative control amphotropic 10A1 MLV Env does not
induce cell fusion at acidic or neutral pH (20, 36). At neutral
pH, no syncytium formation was observed in any of the trans-
fected cells (Fig. 1A, upper panels). By contrast, a 1-min in-
cubation at pH 5 resulted in substantial levels of syncytium
formation for JSRV Env (Fig. 1A, lower panels). The JSRV

FIG. 1. JSRV Env protein induces syncytium formation at low pH in cells overexpressing human Hyal2. 293/LH2SN (A) or HTX/LH2SN
(B) cells were transfected with plasmid DNA encoding JSRV Env, VSV-G, 10A1 MLV Env, or none of these (No Env); 12 to 24 h posttransfection,
cells were examined for syncytium induction at neutral pH and phase contrast micrographs of representative fields captured (pH 7.4, top panels).
Cells were then treated with a pH 5.0 buffer for 1 min, after which the pH was brought back to neutral and cells were examined for syncytium
induction under a light microscope over a period of 5 min to 24 h after the low-pH pulse. Images shown are representative phase-contrast
micrographs captured at the 1-h time point (pH 5.0, bottom panels). Arrows indicate syncytia induced by JSRV Env in HTX/LH2SN cells.
(C) Hyal2 surface expression in cells used in syncytium induction assays. 293 (solid line), 293/LH2SN (broken line), HTX (solid line), or
HTX/LH2SN cells (broken line) were incubated with purified JSRV SU-human IgG Fc fusion protein, followed by an incubation with FITC-
labeled anti-human Fc antibody, and were analyzed by flow cytometry. Filled areas represent 293/LH2SN or HTX/LH2SN cells incubated with
secondary antibody alone. Representative results of three independent experiments are shown.
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Env-induced syncytium formation appeared at approximately
10 min after the low-pH trigger, while that of VSV-G induced
massive syncytia within 5 min of low-pH treatment. The dif-
ference between results for JSRV Env and for VSV-G was not
distinguishable after 30 min of low-pH treatment, since virtu-
ally all cells fused for both proteins. These data clearly dem-
onstrate that JSRV Env induces syncytium formation in 293
cells overexpressing human Hyal2 and that a low-pH treatment
is required for this process to occur.

We next examined syncytium induction in 293T and 293 cells
that express an endogenous level of human Hyal2. These two
cell lines are highly susceptible to JSRV vector transduction,
although the titers of JSRV in these cells were approximately
fivefold lower than that in 293/LH2SN cells (data not shown).
While syncytium formation by JSRV Env was occasionally
observed in these two cell lines at pH 5 but not at pH 7.4, the
efficiency was extremely low, as reflected by the very low num-
bers of syncytium formation (�2 per dish) and the small sizes
of syncytia (�4 nuclei per syncytium) (data not shown). To
determine if this was a cell-type-specific effect, we next per-
formed syncytium formation assays with human HTX cells and
HTX cells overexpressing human Hyal2 (referred to as HTX/
LH2SN cells hereafter). Even more surprisingly, only two to
three syncytia per field were observed in HTX/LH2SN cells at
pH 5 (Fig. 1B, lower panels), and none was detected in HTX
cells (data not shown) even though they are as susceptible as
293 cells to JSRV vector transduction (46). In vitro binding
assays showed the Hyal2 expression level on the surface of
HTX/LH2SN cells was equivalent to that in 293/LH2SN cells
(Fig. 1C), suggesting that the low efficiency of syncytium for-
mation by JSRV Env in HTX/LH2SN cells was not due to a
difference in Hyal2 expression. While the transfection effi-
ciency of HTX/LH2SN cells (�60%; Roche FuGene HD
method) was not as high as that of 293/LH2SN cells (�100%),
this resulted in a small reduction in JSRV Env expression in
HTX/LH2SN cells relative to that in 293/LH2SN cells (data
not shown). Furthermore, VSV-G invariably induced large and
comparable numbers of syncytia in both HTX/LH2SN (Fig.
1B) and HTX cells (data not show), with efficiencies similar to
that in 293/LH2SN cells, suggesting that the low syncytium
formation efficiency for JSRV Env in HTX/LH2SN cells was
not solely due to its relative low transfection efficiency. There-
fore, syncytium formation by JSRV Env not only is determined
by the levels of Hyal2 expression in the indicator cells but
appears to be affected by the cell lines used in the experiments.

Development of cell-cell fusion assay for measurement of
JSRV Env fusogenicity. To better understand JSRV Env fuso-
genicity and kinetics, we next developed a cell-cell fusion assay
that could measure the redistributions of cytoplasmic contents
once cells became fused. To facilitate this assay, we first used
lentiviral vector transduction to establish a 293T effector cell
line that stably expressed a GFP. One clone that expressed an
intermediate level of GFP (referred to as 293T/GFP) was cho-
sen as the effector cell line for the cell-cell fusion assay de-
scribed below.

293T/GFP cells were transfected with plasmids encoding
individual Env proteins; 24 h posttransfection, cells were cocul-
tured with target HTX/LH2SN cells preloaded with CMTMR,
an orange fluorescent dye that is activated by cellular esterases
and retained in the cytoplasm. The conditions for CMTMR

labeling were optimized so that the orange fluorescent cyto-
plasmic content signals in the target cells were comparable to
that of GFP in the Env-expressing effector cells in order to
facilitate fluorescence-activated cell sorting (FACS) analysis.
Cocultured cells were subjected to either neutral pH or pH 5.0
for 1 min, rapidly brought to neutral pH, and further incubated
at 37°C for 1 h, after which cell-cell fusion was analyzed by
fluorescence microscopy and flow cytometry. Similar to the
case with syncytium formation (Fig. 1A), no obvious cell-cell
fusion was observed at neutral pH for JSRV Env or for VSV-G
and 10A1 Env (Fig. 2A, left panels). Interestingly, FACS anal-
ysis reproducibly showed low levels of cell-cell fusion at neutral
pH for VSV-G and JSRV Env (two- to threefold above that for
the no-Env control) (Fig. 2B). Coculturing of effector and
target cells at 4°C for 1 or 2 h did not reduce the low levels of
fusion activities at neutral pH but rather yielded similar results
(data not shown), indicating that the observed fusion at neutral
pH was not due to coculturing at 37°C.

Importantly, a pH 5.0 treatment markedly enhanced cell-cell
fusion by both JSRV Env and VSV-G but not by 10A1 MLV
Env, as evidenced by the appearance of giant cells fluorescing
both green and orange that appear yellow in the merged fluo-
rescent images (Fig. 2A, right panels) and by significantly in-
creased percentages of GFP-positive (GFP�)/CMTMR-posi-
tive cells examined by FACS (Fig. 2B, bottom panels). These
results indicated that JSRV Env fusion is greatly enhanced by
low pH.

Cell-cell fusion induced by JSRV Env is Hyal2 specific.
Given the low yet detectable level of cell-cell fusion activity
induced by JSRV Env at neutral pH, we next determined if the
fusion by JSRV Env was Hyal2 specific. NIH 3T3 (TK�) cells
that do not express functional Hyal2 and NIH 3T3/LH2SN
(TK�) cells that were engineered to express human Hyal2 (47)
were used as target cells. At neutral pH, no apparent cell-cell
fusion (�1%) was observed for either cell line (Fig. 3A). A
brief exposure to pH 5 resulted in approximately 5% of NIH
3T3/LH2SN cells fusing but did not give 3T3 cell fusion (Fig.
3A). The relatively low percentages of fusion induced by JSRV
Env in NIH 3T3/LH2SN cells were in a sharp contrast to that
for VSV-G, which induced 20 to 25% cell-cell fusion with both
the NIH 3T3 and NIH 3T3/LH2SN cell lines (Fig. 3A).

We next performed the assay using HTX and HTX/LH2SN
cells as target cells, in parallel with that using NIH 3T3 and
NIH 3T3/LH2SN cells. To ensure comparability, exactly the
same Env-transfected 293T/GFP dishes were split and used for
coculturing with these four different target cell lines. Cell-cell
fusion was detected for JSRV Env in HTX/LH2SN cells, but
not in HTX cells, at pH 5 (Fig. 3B), consistent with the results
of the syncytium formation assay (Fig. 1B). In contrast, VSV-G
induced substantial and comparable levels of cell-cell fusion in
both cell lines at low pH but not at neutral pH (Fig. 3B). These
results for VSV-G were apparently different from what was
observed in NIH 3T3 and NIH 3T3/LH2SN cells (Fig. 3A),
suggesting that the VSV-G-induced fusion at neutral pH in
NIH 3T3 cells was cell type specific. Importantly, these data
confirmed that an overexpression of Hyal2 was required for
JSRV Env fusion in HTX cells.

Progressive truncation of JSRV Env CT renders syncytium
formation at neutral pH, which is further enhanced by low-pH
treatment. We next investigated a possible role of the CT of
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JSRV Env in fusion using the newly developed syncytium for-
mation assay. A series of mutants truncated at the C terminus
of JSRV Env was created, namely, CT608, CT599, CT589,
CT574, CT572, and CT571, according to the position of the
terminal amino acid (Fig. 4A). All mutants were tagged with a
FLAG sequence at the N terminus of SU (31), and their
surface expression levels were determined by an anti-FLAG
antibody using flow cytometry. As shown in Fig. 4B, all of these
mutants were efficiently expressed on the surfaces of 293/
LH2SN cells, the cell line used for syncytium formation, and

expression was roughly comparable among the mutants and
the wild type.

The syncytium-forming activities of these truncation mu-
tants were then assessed in 293/LH2SN cells. At neutral pH,
CT608 and CT599 showed no apparent syncytium formation,
similar to that of the wild type (Table 1; also data not shown).
Intriguingly, mutants with further truncation toward the mem-
brane spanning domain (MSD) of JSRV Env exhibited pro-
gressively increased syncytium formation at neutral pH (Table
1; also data not shown). Yet the complete truncation of the CT

FIG. 2. The JSRV Env protein induces cell-cell fusion at low pH. Effector 293T/GFP (green) cells were transfected with plasmid DNA encoding
JSRV Env, VSV-G, or none (No Env); 16 to 24 h posttransfection, cells were counted and cocultured at 37°C for 1 h with HTX/LH2SN target
cells prelabeled with CMTMR (red). Cells were then treated with pH 7.4 or pH 5.0 buffers for 1 min and cultured in regular medium for an
additional 1 h, and cell-cell fusion was analyzed by fluorescence microscopy (A) or flow cytometry (B). Arrows indicate fused cells (orange-yellow
in the overlay images) induced by JSRV Env or VSV-G. Numbers shown in the upper-right quadrant of cytometry profiles represent percentages
of fused cells.
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in mutant CT571 resulted in a background level of fusion
similar to that of the wild type (Table 1). Mutants CT574 and
CT572, in particular, induced approximately five- to eightfold
more syncytia (Table 1), of larger size, than wild-type Env
(data not shown). A pH 5 treatment substantially enhanced the
syncytium formation of all Env constructs, including CT571,
whose fusion activity at low pH was apparently lower than that
of wild-type Env and other truncation mutants (Table 1).
Again, the two severe truncation mutants, CT574 and CT572,
exhibited faster kinetics within the first 10 min of pH 5 treat-
ment than wild-type Env and other mutants (Table 1). Taken
together, these results indicate that progressive truncation of
JSRV Env renders syncytium formation at neutral pH, which is
further enhanced by a low-pH treatment.

Cell-cell fusion activities of JSRV Env truncation mutants.
The cell-cell fusion assay allowed us to quantitatively measure
the fusion activities of JSRV Env truncation mutants. At neu-
tral pH, low levels of cell-cell fusion activities were detected for
all mutants, with no significant differences observed among
these mutants and the wild type (Fig. 5A). A pH 5 treatment
resulted in substantially increased cell-cell fusion activities for
all those mutants, including CT608 and CT571, whose fusion
activities were low compared to those of other mutants (Fig.
5A). Under fluorescence microscopy, significant numbers of
yellow GFP and CMTMR double-positive cells were detected
at pH 5 (data not shown). While it was difficult to accurately
quantify fused cells using fluorescence microscopy, it was no-
ticeable that the sizes of cell-cell fusion induced by the severe
truncation mutants, in particular CT574 and CT572, were con-
sistently greater than those of the wild type and CT571 (data

not shown). These results were in agreement with those of
syncytium formation assays (Table 1).

The surface expression of JSRV Env truncation mutants on
293T/GFP cells ranged from 50 to 75% of the level seen for

FIG. 3. Cell-cell fusion induced by the JSRV Env protein is receptor
dependent and requires an overexpression of Hyal2. Cell-cell fusion was
performed as described in the legend to Fig. 2, except that NIH 3T3 and
NIH 3T3/LH2SN (A) or HTX and HTX/LH2SN (B) cells were used as
target cells, respectively. Percentages of CMTMR-GFP double-positive
cells, indicative of fusion, were determined by flow cytometry using the
FlowJo program. Values are the means of results from representative
experiments performed in duplicate. These experiments were repeated
three or four times, with similar results.

FIG. 4. CT sequences and surface expressions of JSRV Env wild
type and truncation mutants. (A) CT sequences of JSRV Env wild type
(WT) and truncation mutants. Amino acid numbering of the JSRV
Env WT is according to that of the JS7 strain (14), and truncation
mutants were named according to the positions of their terminal amino
acids. Note that all constructs were tagged with a FLAG tag sequence
at the N terminus of SU. (B) Env surface expression in 293/LH2SN
cells. Cells transfected with plasmids encoding the JSRV Env WT or
truncation mutants were incubated with an anti-FLAG antibody and
examined for Env expression by flow cytometry. The fluorescence
intensities (geometric means) of truncation mutants were normalized
relative to that of the WT (%). Values are the means of results from
four independent experiments 	 standard deviations.

TABLE 1. Syncytium induction by JSRV Env and truncation
mutantsa

Env protein

Syncytium formation (per field)

pH 7.4b
pH 5.0c

10 min 15 min

None 0.5 	 0.6
WT 1.5 	 0.6 � ���
CT608 1.3 	 0.5 � ���
CT599 2.8 	 1.2 �� ����
CT589 7.3 	 1.0 ��� �����
CT574 11.5 	 1.9 ���� �����
CT572 13.8 	 3.1 ���� �����
CT571 1.5 	 0.6 	 ��
VSV-G 3.0 	 1.1 ����� �����

a 293/LH2SN cells transfected with plasmids encoding the JSRV Env wild type
(WT), truncation mutants, or VSV-G were evaluated for syncytium induction at
pHs 7.4 and 5. Transfection efficiencies were similar for all constructs as deter-
mined by the GFP signals encoded by a cotransfected plasmid.

b Number of syncytia per field at pH 7.4; averaged results from at least four
fields; syncytia with four nuclei or greater were counted.

c Percentage of syncytium formation per field 10 or 15 min after a pH-5.0
treatment. �, 10 to 20%; ��, 20 to 40%; ���, 40 to 60%; ����, 60 to 90%;
�����, 
90%. Results are from a representative experiment. Experiments
were repeated at least four times, with similar results.
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wild-type Env, as judged in terms of mean fluorescence inten-
sity per cell (Fig. 5B). The low level of surface expression
detected was particularly apparent for CT608, CT574, CT572,
and CT571. To address this issue, we transfected 293T/GFP
cells with different amounts of plasmid DNA encoding the
JSRV Env wild type or some of these mutants, ranging from
0.5 to 4 �g, and found that the more the Env protein was
expressed, the higher the level of fusion activity detected (Fig.
5C). Importantly, despite similarly low levels of surface expres-
sion, mutant CT574 exhibited an overall two- to threefold-
higher level of fusion activity than wild-type Env, while the
CT608 fusion activity was similar to that of the wild type and
CT571 had an approximately twofold-reduced fusion activity
compared to that of the wild type (Fig. 5C). A graph of the
relative surface expression versus relative fusion activity ap-
peared to be linear, with a squared correlation coefficient (r2)
up to 
0.9 for most of the constructs tested (Fig. 5C). The
correlation clearly demonstrated that the fusion activity of
JSRV Env was linearly dependent on the surface expression
and indicated that severe truncation of JSRV Env CT did
enhance its cell-cell fusion activity at low pH.

Fusion kinetics of JSRV Env at neutral pH is slow and is
enhanced by CT truncations. Noting that some of the JSRV
Env CT truncations, in particular those proximal to the MSD,
resulted in apparent syncytium formation at neutral pH (Table
1) but failed to show enhanced cytoplasmic content transfer
relative to that of the wild type (Fig. 5A), we investigated
whether this apparent discordance was due to experimental
conditions used in our cell-cell fusion assays. The period of
coculture was expanded from the original 1-h period to 2, 5, 10,
20, or 30 h. While an extension of coculture to 2 or 5 h had no
significant effect on the fusion activities of constructs tested at
neutral pH (Fig. 6A; also data not shown), prolonged coculture
revealed that after the initial few hours, the truncation mutants
CT589, CT574, and CT572 induced more rapid and extensive
fusion that did not peak even by 30 h. This was in spite of the
fact the surface expression levels of these constructs were 25 to
50% lower than that of the wild type (Fig. 5B). By contrast,
fusion by VSV-G and wild-type JSRV Env peaked by 20 h at
levels that were about half that of the two most active trunca-
tion mutants. These results were confirmed by fluorescence
microscopy, where a substantial proportion of GFP�/CMTMR-
positive double-positive cells were observed, with sizes of fused
cells increasing over time (data not shown). Collectively, these
results demonstrate that progressive truncation of the JSRV
Env CT enhanced the cell-cell fusion activity of JSRV Env at
neutral pH, although a prolonged coculture was required.

Kinetics of JSRV Env-mediated fusion at low pH is rapid.
The fusion kinetics of JSRV wild-type Env and representative
truncation mutants were also determined at low pH. In this
case, the effector and target cells were cocultured at 37°C for
1 h and were subjected to pH 5 for 1 min as in the standard
assay described above, and cell-cell fusion was analyzed fol-
lowing various periods of neutralization or recovery time, i.e.,
5 min, 15 min, 30 min, 1 h, and 2 h. Surprisingly, even within 5
min of pH 5 treatment, fusion reached peak levels, with only
small changes afterwards for all constructs (Fig. 6B). These
results suggested that fusion by JSRV Env and truncation
mutants at pH 5 occurred rapidly and was almost complete
within 5 min of the pH 5 trigger.

FIG. 5. Cell-cell fusion activities of JSRV Env CT truncation mu-
tants. Cell-cell fusion assays were performed as described in the legend
to Fig. 2, except that different JSRV Env CT truncation mutants were
used for transfection of 293T/GFP cells. (A) Relative fusion efficiency
measured by flow cytometry. Cell-cell fusion was performed as de-
scribed for Fig. 2. The fusion activities of CT truncation mutants were
compared to that of wild-type (WT) Env at pH 5 (which was set to
100%). Results are averages from three independent experiments per-
formed in duplicate 	 standard deviations. An asterisk represents a P
value of �0.05, indicating that the difference between the truncation of
interest and the WT was statistically significant. (B) Relative Env
surface expression of JSRV Env CT truncation mutants in 293T/GFP
cells. A portion of transfected 293T/GFP cells was incubated with an
anti-FLAG antibody to determine the Env surface expression by flow
cytometry. The average fluorescence intensities per cell (geometric
means) of truncation mutants were normalized to that of the WT (%);
values are averages for four independent experiments 	 standard
deviations. An asterisk indicates a P value of �0.05. (C) Correlations
between Env surface expression and cell-cell fusion activity at low pH.
293T/GFP cells were transfected with various amounts of plasmid
DNA encoding JSRV Env WT, CT608, CT574, or CT571, ranging
from 0.5 to 4 �g. Env surface expression and cell-cell fusion activity at
pH 5 were determined by flow cytometry. For analysis, the highest
surface expression of the JSRV Env WT and its corresponding fusion
activity were set to 100% in the x axis and the y axis, respectively, and
were used to normalize the other data. Values are averages for two
independent experiments 	 standard deviations; the r2 value was cal-
culated for each experiment and was averaged.
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We next shortened the recovery period to 0, 1, 3, or 4 min
and determined the effects on the fusion kinetics of JSRV Env
and truncation mutants. Surprisingly, again, a pH 5 treatment
alone, even in the absence of a recovery time (time point 1 in
Fig. 6C), resulted in approximately 80% of the maximal fusion
activities for all of the JSRV Env proteins tested, including
CT571, which showed the lowest fusion activity at all time
points examined (Fig. 6C). An additional 1-min recovery incu-
bation at 37°C (time point 2 in Fig. 6C) substantially increased
their fusion activities to peak levels, yet to comparable extents
for all constructs except for CT571, which exhibited a much
smaller increase than the others (Fig. 6C). Of note, here also,
despite their overall low levels of surface expression compared
to that of wild-type Env, the fusion activities and kinetics of
CT574 and CT572 were comparable to that of JSRV wild-type

Env (Fig. 6C). These results, together with those shown in Fig.
6B, strongly suggested that cell-cell fusion induced by JSRV
Env and truncation mutants at low pH occurred very rapidly,
almost within the first 2 min after a pH 5 trigger. For compar-
ison, fusion by VSV-G peaked at 1 min (�37% in fusion
activity), followed by a decline at 2 min (�35%) and 4 min
(�24%), respectively, and with a plateau at 5 min (23%) (data
not shown).

BafA1 inhibits transduction by JSRV Env-coated pseudoviri-
ons. The ability of JSRV Env truncation mutants to induce
syncytium formation and to enhance cell-cell fusion at neutral
pH prompted us to examine whether infection was affected by
the endosomal proton pump inhibitor BafA1, an assay com-
monly used to determine the pH dependence of virus entry.
MoMLV pseudovirions bearing wild-type JSRV Env or indi-
vidual truncation mutants were titered on 3T3/LH2SN cells by
quantifying the GFP-transducing units per ml (Fig. 7A). The
infectivities of truncation pseudotypes and the wild type were
comparable (Fig. 7A).

BafA1 strongly inhibited transduction by the wild-type JSRV
pseudotypes (Fig. 7B), consistent with the pH-dependent fu-
sion by JSRV Env observed above and with the results we
report in the accompanying article (4). Interestingly, transduc-
tion by the CT574 and CT572 pseudotypes was also strongly,

FIG. 6. Fusion kinetics of JSRV Env and truncation mutants. Cell-
cell fusion assays were performed as described in the legend to Fig. 2,
except that different JSRV Env truncation mutants were used for
transfection of 293T/GFP cells and that different periods of recovery
time were applied to cocultured cells after a pH 7.4 or pH 5 pulse.
(A) Fusion kinetics at neutral pH. Following 1-min treatment with a
pH 7.4 solution, cocultured cells were incubated at 37°C for 2, 5, 10, 20,
or 30 h, and cell-cell fusion activity was measured for each construct.
(B and C) Fusion kinetics at low pH. Following a 1-min treatment with
a pH 5 solution, cocultured cells were incubated with regular medium
at 37°C for the indicated time periods, and fusion activity was deter-
mined by flow cytometry. Results are from a representative experiment
performed in duplicate; experiments were repeated at least three times
with similar results. Note that the Env surface expression of CT574,
CT572, and CT571 in these experiments was approximately 25 to 50%
lower than that of the WT (similar to the results shown in Fig. 5B) and
that fusion activities presented here were not normalized by their
expression levels.

FIG. 7. MoMLV pseudovirions bearing the JSRV Env wild type
(WT) and CT truncations are sensitive to BafA1 treatment. (A) NIH
3T3/LH2SN cells were infected with GFP-encoding MoMLV pseudoviri-
ons bearing JSRV Env WT or truncation mutants, and percentages of
GFP� cells were determined by flow cytometry 48 h postinfection. Titers
are expressed as GFP transducing units (TU) per ml. (B) NIH 3T3/
LH2SN cells were pretreated with indicated concentrations of BafA1 for
2 h and infected by MoMLV pseudovirions bearing different Env (mul-
tiplicity of infection � 0.1 to 0.5) in the presence of the drug for 6 h.
Noninternalized viral particles were inactivated by citrate buffer at pH
3.15 for 1 min, and percentages of GFP positive cells were determined
48 h postinfection by flow cytometry. Values are percentages of transduc-
tion relative to that of untreated cells and are the averages of two inde-
pendent experiments 	 standard deviations.
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and almost equally, inhibited by the BafA1 treatments, either
at a 10 nM or 25 nM concentration of BafA1 (Fig. 7B) and at
different multiplicities of infection (0.1 to 0.5) (data not
shown). Similar results were also obtained using pseudovirions
transducing alkaline phosphatase (data not shown). To explore
if BafA1 might have any effect on the entry kinetics of JSRV
pseudovirions bearing the wild-type or mutant Env protein,
NIH 3T3/LH2SN cells were prebound by pseudovirions at 4°C
for 2 h, followed by an incubation at 37°C for 4 to 6 h in the
presence of 25 nM BafA1 added at 0, 1, 2, and 3 h following the
temperature switch. Again, the extents of inhibition by BafA1
for the wild type and these truncation mutants at every time
point were similar (data not shown). Taken together, we con-
cluded that while progressive truncation of JSRV Env en-
hanced cell-cell fusions at neutral pH, the cell entry by
pseudovirions bearing these truncations was still predomi-
nantly pH dependent.

Secretion of JSRV SU into culture medium is enhanced by
CT truncations. As an initial effort to understand possible
mechanisms by which truncation of JSRV Env CT enhances its
fusogenicity, we examined the synthesis, processing, and re-
lease of SU into the culture medium in metabolic labeling
experiments. 293T cells transiently transfected with plasmids
encoding individual Env proteins were pulse-labeled with
[35S]Met/Cys for 1 h, and then the label was chased for 4 h. Cell
lysates and culture medium were separately subjected to im-
munoprecipitation with an anti-FLAG antibody that recog-
nizes the FLAG sequence tagged at the N terminus of SU,
followed by SDS-polyacrylamide gel electrophoresis and auto-
radiography. All of the JSRV Env truncation mutants were
efficiently synthesized and processed, with efficiencies approx-
imately similar to that of the wild type (Fig. 8A). Strikingly,
release of SU into culture medium was markedly greater for
CT574, CT572, and CT571, by almost 10-fold compared to
that of the wild type and other mutants (Fig. 8B). Noticeably,
the associations between the SU and TM subunits of these
three truncation mutants decreased relative to those of the
wild type and other mutants, although it was difficult to quan-
tify these differences because of overall low intensities of TM
(Fig. 8A). Nonetheless, these results demonstrated that secre-
tion of JSRV SU was enhanced by the CT truncations, possibly
resulting from conformational changes of the ectodomain
of TM.

DISCUSSION

We and others have previously attempted to investigate
JSRV Env-mediated fusion with little success, largely because
of insufficient levels of Hyal2 expression in the target cells and
low transfection efficiencies of effector cells used in these as-
says. In the present study, we overcame these problems by
generating the 293/LH2SN and HTX/LH2SN cell lines that
overexpress human Hyal2. Using these cell lines, we developed
an effective syncytium formation assay and a fluorescence-
based cell-cell fusion assay that quantifies cytoplasmic content
transfer, and we employed them to investigate the fusogenicity
of JSRV Env. We demonstrated that rapid activation of JSRV
Env fusion activity requires a low-pH treatment and is Hyal2
specific (Fig. 1, 2, and 3; Table 1).

In this study, we discovered that the CT of JSRV Env mod-

ulates its fusion activity and that the fusion-regulating region
within its CT appears to differ in location from the fusion-
modulating R peptide found in many other retroviral Env CTs
(7, 9, 25, 37, 45, 49, 50). Our results strongly argue that the
N-terminal and central regions of the CT (aa 572 to 599) of
JSRV Env, rather than its C terminus (aa 600 to 615), are
critical for fusion modulation. Truncation of the last 16 aa of
JSRV Env (CT599) had no significant effect on syncytium
formation and cytoplasmic transfer activity (Table 1; Fig. 4 and
5). Further truncations to within one residue of the MSD, e.g.,
CT589, CT574, and CT572, progressively enhanced fusion (Ta-
ble 1; Fig. 4, 5, and 6). In contrast, others have shown that
truncation of the CT of ecotropic MoMLV (25, 37, 56) and
Mason-Pfizer monkey virus (6, 54) to within one residue of the
MSD does not increase fusion, and fusion is not enhanced by
progressively truncating its CT to lengths shorter than the
natural R peptide cleavage site. We noticed also that the tail-
less CT571 exhibited a reduced fusion activity, which was pos-
sibly due to a disruption of the Env membrane structure re-
sulting from the loss of an arginine (R572) residue adjacent to
the MSD. It has been previously shown that the positively
charged amino acids located either in the membrane-proximal
CT or within the MSD of some enveloped viruses can influence
Env fusion activities (3, 30, 52).

More intriguingly, several JSRV Env CT truncations, in par-
ticular those proximal to the MSD (e.g., CT574 and CT572),
induced syncytia (Table 1; Fig. 5C) and enhanced cytoplasmic
transfer at neutral pH (Fig. 6A), although the fusion activity at

FIG. 8. Severe truncation of the JSRV Env CT results in an in-
creased release of SU into the culture medium. 293T cells transfected
with plasmid DNA encoding the JSRV Env wild type (WT) or CT
truncation mutants were pulse-labeled with [35S]Met/Cys for 1 h and
chased for 4 h. Cell lysates and culture medium were harvested and
immunoprecipitated using anti-FLAG beads. The immunoprecipitated
products were resolved by SDS-PAGE, and analyzed by autoradiog-
raphy. (A) Synthesis and processing of JSRV Env proteins in cell
lysates. Positions of radiolabeled JSRV Env precursor (Env), SU, and
TM that were recovered in the immune complexes precipitated by
antibody against the FLAG tag on SU are indicated by arrows. An
unrelated JSRV Env mutant having a FLAG sequence at both the N
terminus of SU and the C terminus of TM (first lane, F-Jenv-F) was
also included in these experiments in order to indicate the positions of
TM. (B) Release of JSRV SU in the wild type and truncation mutants
into cell culture medium. The radiolabeled SU recovered in the im-
mune complexes from each culture medium sample was quantified
from densitometric scans of the autoradiographs using Quantity One
software. The band intensity of SU recovered from the WT sample was
set to 1, and the relative intensity of each CT mutant was calculated as
the ratio of the intensity of the mutant SU band to that of the WT
sample. Results shown are the averages for two independent experi-
ments. No Env, samples from parental, nontransfected 293T cells.
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neutral pH required a much longer incubation period than did
fusion at an acidic pH (Fig. 6B and C). Hence, progressive
truncation of the JSRV Env CT not only enhanced Env-me-
diated cell-cell fusion but also appeared to render it less de-
pendent on low pH. This unexpected finding raised the possi-
bility that low pH might be the trigger that relieves JSRV Env
from the fusion modulation imposed by this CT region. That is,
exposure to low pH might be providing the same function for
JSRV Env as viral protease cleavage of the C-terminal R
peptide does for many other retroviral Env proteins.

This possibility predicted that the CT truncations should
render virus infection less dependent on low pH. To test this
concept, we examined the effect of the proton pump inhibitor
BafA1 on infection of MoMLV pseudovirions bearing these
truncated JSRV Env proteins. Interestingly, these viruses were
still as sensitive to BafA1 treatments as virus containing wild-
type Env (Fig. 7B). Two interpretations occur to us: the first is
that the modulation of fusion by the CT is not relieved by an
acidic pH; the second is that a low pH relieves the modulation
of fusion by the CT but an acidic pH is also required to trigger
the initial conformation changes that expose the fusion pep-
tide. We favor the latter case as the reason because this pos-
sibility seems most in line with the observation that a low pH
rapidly triggers syncytium formation and cell-cell fusion by
JSRV Env (Table 1; Fig. 1, 2, and 6B and C) and that the
syncytium formation and cytoplasmic transfer induced by the
JSRV truncation mutants at neutral pH were still strongly
enhanced by low-pH treatment (Table 1; Fig. 5).

One demonstrable effect of the CT truncations was al-
tered conformations in the ectodomain of TM that may
directly promote fusion. Release of SU from CT574, CT572,
and CT571 into culture medium was markedly greater than
that for wild-type Env and other mutants (Fig. 8B). Others
have shown that deletion of the R peptide of MoMLV Env
or truncation of the HIV-1 or simian immunodeficiency
virus Env CT induces conformational changes in the ectodo-
main of TM and can result in increased SU shedding and
cell fusion (1, 55, 61). It is possible that the secreted SU may
function as a soluble receptor-binding domain that pro-
motes Env fusion at neutral pH, and in the case of JSRV,
this may partially relieve the low-pH requirement. However,
conditioned medium of cells expressing truncation mutants
that fuse at neutral pH did not show an enhancement in the
fusion activity of wild-type JSRV Env at neutral pH, and a
purified soluble SU did not render the JSRV entry less
sensitive to BafA1 treatment (data not shown). Alterna-
tively, the unconstrained TM on the surface of cells may
directly enhance Env fusion activity, as has been demon-
strated for HIV-1 and other retroviruses (18). Characteriza-
tion of the conformational changes induced by the CT trun-
cations should provide important clues for a better
understanding of the mechanisms of JSRV Env-mediated
fusion and its regulation.

We propose two mechanisms that may explain an inhibitory
effect of the JSRV Env CT on fusion. First, similar to the case
with several other retroviruses (53, 54, 56), the N terminus of
the JSRV Env CT preferentially folds into an alpha-helical
structure (23) that facilitates coiled-coil formation (Y.-M.
Zheng and S.-L. Liu, unpublished results) and as such may
greatly stabilize the multimeric structure of the prefusion Env

trimer. Whether or not the truncations presented here affect
JSRV Env multimerization remains to be investigated. Second,
any cellular factor(s) that binds to the Env CT to trigger in-
tracellular signaling and thereby induce oncogenic transforma-
tion (34) may also be involved in regulation of fusion, directly
or indirectly. In fact, the severely truncated JSRV Env mutants
that exhibited enhanced fusogenicities, i.e., CT589, CT574, and
CT572, were incapable of inducing cell transformation in vitro
(Y.-M. Zheng and S.-L. Liu, unpublished results). Alterna-
tively, an independent cellular factor(s) unrelated to transfor-
mation might be responsible for fusion regulation by the Env
CT. Work is ongoing to identify cellular binding partners of the
JSRV Env CT, and these molecules, once identified, will be
tested for their roles in cell fusion.

Members of the betaretrovirus family, to which JSRV be-
longs, differ in their pH dependence and in the presence or
absence of a cleavable R peptide in the CT of their TM. Mouse
mammary tumor virus entry is pH dependent, and the CT of its
TM is not cleaved by the viral protease (54), whereas MPMV
entry is pH independent and its Env has a C-terminal 16-
residue R peptide that is cleaved off by the viral protease after
budding (6, 7). While our current data showing the pH depen-
dence of JSRV Env-mediated fusion and its negative regula-
tion by the CT do not imply a role or a presence of the R
peptide in the JSRV Env CT, they do not rule out this possi-
bility either, and it will have to be critically addressed in future
studies. One essential question that remains to be addressed is
the evolutional and functional role of the JSRV Env CT in
vivo, particularly from the viral replication and oncogenesis
perspectives. In this respect, it is of interest to note that the pH
of human and likely other mammals’ lung fluids is relatively
acidic (24) and that JSRV MoMLV pseudovirions are quite
resistant to the denaturing environment of lung fluids (11) and
to low-pH inactivation (4). Whether or not the pH-dependent
entry of JSRV reported here is also important for viral repli-
cation in vivo remains to be investigated.
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