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Enzootic nasal tumor virus (ENTV) induces nasal epithelial cancer in infected sheep, but it is a simple
retrovirus lacking a known oncogene. ENTYV is closely related to jaagsiekte sheep retrovirus (JSRV), which also
causes cancer in sheep but in the epithelial cells of the lower airways and alveoli. Here we show that as with
JSRYV, the envelope (Env) protein of ENTYV can transform cultured cells and thus is likely to be responsible for
oncogenesis in animals. In addition, the ENTV Env protein mediates virus entry using the same receptor as
does JSRV Env, the candidate tumor suppressor Hyal2. However, ENTV Env mediates entry into cells from a
more restricted range of species than does JSRV, and based on this finding we have identified amino acid
regions in the Env proteins that are important for virus entry. Also, because ENTV does not efficiently use
human Hyal2 as a receptor, we cloned the ovine Hyal2 cDNA and show that the encoded protein functions as
an efficient receptor for both ENTV and JSRYV. In summary, although ENTV and JSRV use the same cell
surface receptor for cell entry and apparently transform cells by the same mechanism, they induce cancer in
different tissues of infected sheep, indicating that oncogenesis is regulated at some other level. The transcrip-
tional regulatory elements in these viruses are quite different, indicating that tissue-specific oncogenesis is
likely regulated at the level of viral gene expression.

Enzootic nasal tumor virus (ENTV) is a simple retrovirus
that is transmitted horizontally and induces nasal adenocarci-
noma in sheep (4, 10) and goats (8, 9). ENTV can be found in
the nasal fluid of animals with intranasal tumors, which even-
tually progress and cause severe cranial deformations and re-
spiratory blockage, resulting in death (41). ENTV is closely
related to jaagsiekte sheep retrovirus (JSRV) (>95% overall
amino acid similarity) (4), which is the causative agent of ovine
pulmonary adenocarcinoma (also called sheep pulmonary ad-
enomatosis or jaagsiekte) (30). Unlike tumors caused by
ENTYV, which arise from nasal epithelial cells, JSRV-induced
tumors arise from epithelial cells in the lower airway, including
type II alveolar and bronchiolar epithelial cells (27). The
mechanism of oncogenesis by ENTV and its relationship to
that caused by JSRV are unknown. Both of these viruses are
present in many countries worldwide and have a significant
economic and animal health impact. In addition, the disease
induced by JSRV exhibits histological features similar to those
of many human pulmonary adenocarcinomas, including bron-
chioloalveolar carcinoma (28, 33). Thus, study of adenocarci-
noma induced by JSRV and ENTV may provide insights into
the etiology of human lung cancer. While ENTV and JSRV do
not appear to cause lung cancer in humans having occupational
exposure to these viruses, a recent study shows that antiserum
directed against the JSRV capsid protein cross-reacts with
30% of human pulmonary adenocarcinoma samples but not
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with nontumorous lung lesions, normal lung tissue, or many
adenocarcinoma samples from other tissues (7) indicating that
related viruses may be involved in human lung cancer.

Recent progress in understanding JSRV biology provides
clues for the study of ENTV-induced oncogenesis. First, Hyal2
has been identified as the cell surface receptor that mediates
JSRV entry (36), and Hyal2 mRNA is widely expressed in
different tissues of mice and humans (6, 16, 40). Furthermore,
many different sheep cell lines and tissues are permissive to
JSRYV entry, indicating that the JSRV receptor is expressed in
multiple cell types in sheep (14, 29, 31). However, it is not
known whether variation in receptor expression in particular
cells influences the tissue specificity of JSRV oncogenesis, or
whether ENTV uses a different receptor, which could explain
the different tissue specificities of oncogenesis by ENTV and
JSRV. Second, the JSRV Env protein induces transformation
in cultured cells (17, 36), thus identifying it as the oncogenic
factor in JSRV pathogenesis. The mechanism of transforma-
tion by ENTV is unknown, and differences between the onco-
genic mechanisms of ENTV and JSRV could help explain the
tissue-specific oncogenesis exhibited by these viruses. Last,
productive infection by JSRYV is restricted by the preferential
activity of the JSRV long terminal repeat (LTR) in type II
pneumocytes and Clara cells (26). Sequence analysis of the
ENTV LTR shows that ENTV transcriptional regulators differ
from those found in JSRV (4), and differences in promoter
activity between JSRV and ENTV could explain the tissue
specificity of disease induction by the two viruses.

To determine the cell surface receptor used by ENTV, we
constructed a retrovirus packaging cell line that produces ret-
rovirus vectors bearing the ENTV envelope (Env) protein to
monitor ENTV Env-mediated virus entry. The ENTV vector
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transduced cells from a restricted range of species compared to
that of a JSRV vector, ENTV vector transduction being effec-
tively limited to sheep cells. Interference analysis performed
with sheep cells indicated that both vectors used the same
receptor for entry, presumably ovine Hyal2 (oHyal2). Indeed,
we have cloned the oHyal2 cDNA and show that the encoded
protein mediates efficient entry of JSRV and ENTV vectors.
We also cloned the closely related bovine Hyal2 (bHyal2)
cDNA, but bHyal2 and the human Hyal2 protein (hHyal2)
function poorly as receptors for ENTV and must be overex-
pressed to show receptor function. These differences allowed
us to identify residues within Env that are important for virus
entry. Last, we show that the env gene of ENTV transforms
cultured fibroblasts, thus identifying Env as the likely onco-
genic factor in ENTV pathogenesis. These results indicate that
the tissue specificity of oncogenesis by ENTV and JSRV is not
mediated at the level of virus entry or mechanism of transfor-
mation but is likely due to differences in virus expression gov-
erned by the divergent enhancer/promoters in these viruses.

MATERIALS AND METHODS

Cell culture. Mammalian cells including SSF-123 primary sheep skin fibroblast
(SSF) cells (a gift from William Osborne, University of Washington, Seattle),
HT-1080 human fibrosarcoma cells (ATCC CCL-121), 293 human kidney epi-
thelial cells (ATCC CRL 1573), IB3 human bronchial epithelial cells (44), HeLa
cervical carcinoma cells (ATCC CCL-2), NIH 3T3 thymidine kinase-deficient
mouse embryo fibroblasts (42), D17 canine osteosarcoma cells (ATCC CRL-
6248), 208F rat embryo fibroblasts (34), MDBK bovine kidney epithelial cells
(ATCC CCL-22), Vero African green monkey kidney epithelial cells (ATCC
CCL-81), and RbTE immortalized rabbit tracheal epithelial cells (a gift from
Christine Halbert, Fred Hutchinson Cancer Research Center, Seattle, Wash.)
were grown in Dulbecco’s modified Eagle medium with 10% fetal bovine serum
(HyClone). RbTE cells have been immortalized by transduction with the retro-
virus vector LXSN16E6E7, which expresses the human papillomavirus E6 and
E7 genes (13). G355 feline embryonic brain cells (11) were grown in McCoy’s
medium with 15% fetal bovine serum. A23 hamster cells (39) were grown in
minimal essential medium-a with 10% fetal bovine serum.

Plasmid expression vectors. The JSRV Env expression plasmid pSX2.Jenv has
been described (35). The JSRV Env coding region in this plasmid was derived
from JSRV strain JS7 (GenBank accession no. Y18301). The ENTV Env ex-
pression plasmid pSX2.Eenv is similar in structure and was made by inserting an
1881-bp MsiI-to-Ecl136 fragment of ENTYV that contains the Env coding region
into a BsaAl-to-MscI-cut fragment of pSX2 in place of the 10A1 env present in
the pSX2 plasmid (20). pSX2.EEJ was made from pSX2.Eenv by replacing the
1,116-bp EcoNI-to-Hpal fragment at the 3’ end of the ENTV env gene with that
of JSRV. pSX2.JEJ and pSX2.EJJ were made by replacing the 446-bp BsrG1-
to-AhdI fragment or the 520-bp AhdI-to-EcoNI fragment, respectively, of ENTV
env sequences in pSX2.EEJ with the corresponding fragments from JSRV.

Retrovirus vectors and virus production. LAPSN is a Moloney murine leuke-
mia virus (MoMLV)-based vector that encodes human placental alkaline phos-
phatase (AP) and neomycin phosphotransferase (24). A retrovirus vector that
expresses the JSRV Env protein, pLJeSN, was constructed by inserting an
1,883-bp MslI-to-Ecl136 fragment of JSRV containing the JSRV Env coding
region into the EcoRI site of the retrovirus expression vector LXSN (22).

LAPSN vectors bearing JSRV, ENTV, 10A1, or RD114 Env protein were
produced using the PJ4 (35), PN172 (described in this paper), PT67 (20), and
FLYRD (3) packaging cell lines, respectively. All of these packaging lines pro-
duce vectors with Gag-Pol proteins from MoMLV. LAPSN vectors bearing
hybrid ENTV/JSRV Env proteins were made by transient CaPO,-mediated
transfection of the Env expression plasmids into NIH 3T3 cells that express
MOoMLYV Gag-Pol proteins (NIH 3T3/LGPS cells) (21) and that contain the
LAPSN vector. The cells were fed the day after transfection, and vector-con-
taining medium was collected from confluent dishes 2 days after feeding. All
vector preparations were filtered through 0.45-wm-pore-size filters and were
stored at —70°C. Vector infections were done in the presence of 4 pg of Poly-
brene (Sigma)/ml, and transduction was quantitated by fixing cells with 0.5%
glutaraldehyde, staining the cell monolayers for AP expression, and counting foci
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of AP-positive cells as described previously (12) or by exposing cells to G418 and
counting G418-resistant colonies.

Cloning of bHyal2 and oHyal2 ¢cDNAs. Several IMAGE consortium expressed
sequence tag (EST) clones (obtained from BACPAC Resources, Oakland, Cal-
if.) were sequenced to obtain the full-length bHyal2 cDNA sequence (GenBank
accession no. AF411973). The entire bHyal2 coding region was PCR amplified
from an EST clone (GenBank accession no. BE487753) and cloned into the
mammalian expression vector pCR3.1 (Invitrogen, Carlsbad, Calif.), and the
correct sequence was verified.

The oHyal2 cDNAs were obtained by reverse transcription-PCR from SSF cell
mRNA using a cDNA Cycle Kit (Invitrogen). Primers used in the reverse transcrip-
tion-PCR were designed from bHyal2 cDNA sequences. Primers bLuca2F135 (5'-
CCAGCATGTGGACAGGCCTG-3") and bLuca2R600 (5'-TACACATCCTTGT
CCTGCCAG-3") produced a 5’ fragment of ~0.4 kb. Primers bLuca2F390 (5'-AC
CGGCTGGGCATGTATCCAC-3") and bLuca23UA (5'-CCAGACTCTGGTTT
GTCCAC-3") produced a 3' fragment of ~1.2 kb. The two overlapping
fragments (5" and3’) contained the complete Hyal2 coding region. Each frag-
ment was then separately cloned into the pCR3.1 vector in the sense orientation.
The Pmil/Xbal fragment from the 5’ clone was replaced by that of the 3’ clone,
resulting in a full-length expression construct. The oHyal2 cDNA sequence in
this construct was determined (GenBank accession no. AF411974) and was
confirmed by PCR sequencing of the genomic region from SSF cell DNA that
covered the coding region.

RESULTS

Production of a retrovirus vector with an ENTV pseudotype.
We previously showed that the JSRV Env can be incorporated
into virions with a vector and Gag-Pol proteins derived from
MoMLYV, and we used a similar strategy here to generate
vectors bearing the ENTV Env protein. We obtained two un-
characterized molecular clones of the ENTV Env coding re-
gion that had been amplified by PCR from tumor tissue of
affected sheep (gift from Christina Cousens and Mike Sharp)
(4) and inserted these coding regions into the pSX2 expression
vector in place of the 10A1 Env coding region present in this
plasmid (20). Transient transfection of the resultant plasmids
into cells that express MoMLV Gag-Pol proteins and the ret-
rovirus vector LAPSN, followed by an assay for LAPSN vector
production using SSF cells as targets for transduction, revealed
that transfection of either clone mobilized the LAPSN vector.
Tests of several plasmid clones containing the two ENTV env
genes showed that one of the genes was clearly more active
(>30-fold-higher vector titer), and we used this clone in fur-
ther studies. We sequenced this clone (GenBank accession no.
AF401741) to compare it to the previously determined se-
quence of cDNAs made from ENTV viral RNA (GenBank
accession no. Y16627) and found 55 nucleotide differences in
the 1,854-nucleotide Env coding region. However, these re-
sulted in only two conservative amino acid changes. It is not
known if the originally sequenced env gene is functional.

We next generated an ENTV packaging cell line by using the
same technique as was used for generating JSRV packaging
cells (35). Briefly, we transfected the ENTV Env expression
plasmid into NIH 3T3/LGPS cells (21), which express MoMLV
Gag-Pol proteins, along with a bacterial hygromycin phospho-
transferase gene as a selectable marker. The cells were selected
in hygromycin, and drug-resistant clones were screened for
packaging function. The most active clone was PN172. We
introduced the LAPSN vector into these cells to generate a
stable cell line for production of ENTV-pseudotype virus for
further studies.

The host range of an ENTV vector is restricted compared to
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TABLE 1. The host range of an ENTV vector is restricted
compared to that of a JSRV vector?

Species Target cells ENTV vector titer JSRV vector titer
Sheep SSF 5% 10° 6 X 10°
Human HT-1080 <10° 3 x 10*

1B3 <2 4 x 10*

293 5% 107 4 x 10*

HelLa <2 10
Monkey Vero <2 1x10°
Dog D17 <2 1% 10*
Bovine MDBK <2 2% 10°
Rabbit RbTE <2 2% 10°
Cat G355 <2 20
Rat 208F <2 <2
Hamster A23 <2 <2
Mouse NIH 3T3 <10° <10°

¢ Target cells were exposed to the LAPSN vector with an ENTV pseudotype
(produced from PN172/LAPSN cells) or with a JSRV pseudotype (produced
from PJ4/LAPSN cells). Vector titers are expressed in AP* FFU per except for
HeLa cells, for which titers are expressed in G418-resistant CFU per ml due to
the high level of endogenous heat-stable AP in HeLa cells, which precludes
detection of vector-encoded AP. Results are means of at least two experiments.
b Low-level transduction was detected in some assays.

that of a JSRYV vector. The ENTV-pseudotype LAPSN vector
was used to measure the ability of ENTV Env to promote virus
entry into a variety of mammalian cells in comparison to a
JSRV-pseudotype LAPSN vector (Table 1). Of the cell types
tested, only SSF cells and human 293 cells were transduced by
the ENTV vector. The titer of the ENTV vector measured on
SSF cells was ~100-fold lower than that of the JSRV vector.
Low-level sporadic transduction of human HT-1080 cells and
murine NIH 3T3 cells was detected, but the titer of the ENTV
vector was >500-fold lower than that found on SSF cells. In
contrast, the JSRV-pseudotype vector transduced cells from
many species, including monkey, dog, bovine, rabbit, and cat.
All of the cell types that exhibited low to undetectable trans-
duction by either the ENTV- or JSRV-pseudotype vector (<10
focus-forming units[FFU]/ml) could be transduced with a
10A1-pseudotype LAPSN vector at titers of >10° FFU/ml
(data not shown). These results indicate that the LAPSN vec-
tor and MoMLYV Gag-Pol proteins are functional in these cells,
as expected, and that the block to transduction by ENTV or
JSRV vectors was at the level of virus entry mediated by the
ENTYV or JSRV Env proteins.

Expression of JSRV Env in SSF cells blocks subsequent
transduction by ENTV and JSRYV vectors. Most retrovirus Env
proteins bind their receptors and interfere with entry of viruses
that use the same receptor but have no effect on entry by
viruses that use other receptors. To test whether ENTV and
JSRV Env proteins mediate entry using the same cell surface
receptor, we performed interference assays using SSF cells and
SSF cells transduced with the retrovirus vector LJeSN that
expresses JSRV Env (Fig. 1). Cells were exposed to LAPSN
vectors pseudotyped with the JSRV, ENTV, 10A1, or RD114
envelope proteins, and transduction was measured by staining
cells for AP™ foci. 10A1 vectors use Pit1 and/or Pit2 (20) and
RD114 vectors use RDR (37) as receptors for cell entry; thus,
transduction by these vectors should not be affected by JSRV
Env expression. The titers of the ENTV and JSRV vectors
were >5,000-fold lower on SSF/LJeSN cells than on SSF cells,
a strong interference indicating that both viruses use the same
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receptor. In contrast, there was only a sixfold reduction in
transduction by the RD114-pseudotype vector and a 50-fold
increase in transduction by the 10A1l vector in SSF cells ex-
pressing the JSRV Env in comparison to unmodified SSF cells.
Thus, expression of JSRV Env did not significantly interfere
with entry of 10A1- or RD114-pseudotyped vectors as ex-
pected. We hypothesize that the unexpected increase in 10A1
vector transduction in cells expressing the JSRV Env protein is
due to its oncogenic properties, which stimulate metabolism
and thus may stimulate phosphate uptake by increasing expres-
sion of phosphate transporters, two of which (Pitl and Pit2)
are receptors for 10A1 murine leukemia virus (20).

The hHyal2, oHyal2, and bHyal2 proteins function as recep-
tors for JSRV and ENTV. Because many human cell types were
not transduced by the ENTV vector, indicating that hHyal2 is
a poor receptor for ENTV, we cloned an oHyal2 ¢cDNA and
tested whether it encoded a functional receptor for ENTV and
JSRV when expressed in HT-1080 human cells and NIH 3T3
mouse cells. In addition, we cloned and tested a bHyal2 cDNA
to explore the finding that bovine cells are permissive to JSRV
vectors but not to ENTV vectors. oHyal2 functioned best as a
receptor for ENTV and JSRYV vectors (Fig. 2). hHyal2 also
functioned well as a receptor for the JSRV vector but showed
a lower level of activity for the ENTV vector (Fig. 2), in
agreement with the different host ranges of these viruses (Ta-
ble 1). bHyal2 functioned poorly as a receptor for either JSRV
or ENTV vectors; it showed some activity for the ENTV vector
in human cells but not in mouse cells and showed activity for
the JSRV vector in mouse cells but not in human cells (Fig. 2).
In summary, the oHyal2, hHyal2, and bHyal2 proteins can
function as receptors for ENTV and JSRYV vectors with activ-
ities that parallel the host ranges of these viruses.

Sequence alignments of Hyal2 from five species show that
the ovine and bovine receptors are closely related. Alignment
of ovine, bovine, human, rat, and mouse Hyal2 proteins shows
that the ovine and bovine proteins are 99% identical and are
more closely related to each other than any of the other Hyal2
proteins (Fig. 3). Although the mature ovine and bovine re-
ceptors differ by only seven residues, two of which are conser-
vative changes (note that the divergent C termini of these

Envelope: [JSRV MENTV #10A1 [ORD114
108 — —
5 10°
SE 10°1 7 7
<7 1044 Y / ﬁ 8‘%
1 2| % | | 57
Target cells: SSF SSF/LJeSN c8 SSF/LJeSN c9

FIG. 1. JSRV Env expression blocks transduction by ENTV and
JSRV vectors in SSF cells. SSF cells and two clonal SSF cell lines
(SSF/LJeSN c8 and ¢9) which contain the JSRV Env expression vector
LJeSN were exposed to LAPSN vectors made with the indicated en-
velope proteins. Transduction was measured 3 days after vector expo-
sure by staining the cells for AP" foci. Results are means of two to
three independent experiments with duplicate determinations per-
formed in each experiment.
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FIG. 2. Evaluation of hHyal2, oHyal2, or bHyal2 proteins as recep-
tors for ENTV and JSRV. HT-1080 and NIH 3T3 cells were seeded at
a density of 5 X 10°%/dish in 60-mm-diameter dishes. After 24 h, the
cells were transfected with expression plasmids encoding hHyal2,
oHyal2, or bHyal2 or an empty expression plasmid (none). The fol-
lowing day, the transfected cells were trypsinized (1.5 ml of trypsin),
and 100-pl aliquots of each preparation were seeded in the wells of
six-well dishes. SSF cells were also seeded at a density of 10°/well in
six-well dishes. After 24 h, the cells were exposed to the ENTV or
JSRV vectors. Two days after vector exposure, the cells were stained
for AP™ foci. Results are means of data from two to four experiments,
each done in duplicate. nd, not done.

proteins are removed during glycosylphosphatidylinositol an-
chor addition), the bovine ortholog functions poorly as a re-
ceptor for both JSRV and ENTV. In contrast, the human and
ovine receptors share only 86% identity, but the human recep-
tor mediates transduction by JSRV and ENTYV vectors at rates
that are at least an order of magnitude better than those of the
bovine receptor. Mouse Hyal2 and rat Hyal2 proteins exhibit
high sequence identity (91%), which in this case correlates with
the observations that cells from either species are not trans-
duced by either JSRV or ENTV.

Analysis of differences between ENTV and JSRV Env pro-
teins that affect vector titer and species tropism. The titer of
the LAPSN vector produced by the ENTV packaging cell line
PN172 is about 100-fold lower than that of the JSRV packag-
ing cell line PJ4 when measured on SSF cells (Table 1). The
JSRV and ENTV Env proteins are most divergent within their
membrane spanning and cytoplasmic domains (52% identity)
(Fig. 4B), and we tested whether the TM subunit of ENTV
Env, which contains these domains and which mediates Env
incorporation into virions and participates in virus entry fol-
lowing receptor binding, might be responsible for the reduced
vector titer (Fig. 4A). Replacement of the TM subunit of the
ENTYV Env with that of JSRV (construct EEJ) improved the
titer (measured on SSF cells) of the LAPSN vector bearing the
chimeric Env ~100-fold compared to that of the LAPSN vec-
tor bearing the ENTV Env and was equivalent to that of the
LAPSN vector made with the JSRV Env. However, EEJ main-
tained a strong preference for infection of sheep cells.

To determine the regions responsible for the species tropism
of the JSRV and ENTV Env proteins, we made the exchanges
within the surface (SU) region of the EEJ Env using shared
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restriction sites found in both ENTV and JSRV env genes and
tested their functionality (Fig. 4). JEJ and EJJ refer to Env
proteins containing amino acids 56 to 204 (10 amino acid
differences) or amino acids 205 to 377 (7 amino acid differ-
ences) of JSRV Env, respectively. All vector pseudotypes had
about the same titer on SSF cells, whereas only the JSRV
vector and the JEJ vector were capable of transducing HT-
1080 cells well, showing that the 10 residues at positions 59, 62,
63, 75, 174, 177, 180, 191, 195, and 196 of JSRV Env mediate
interaction with the human receptor. However, residues 59, 62,
63, and 75 are not expected to be involved in receptor binding
because they lie within the predicted endoplasmic reticulum
signal sequence (amino acids 1 to 76) (4), and a deletion of the
first 71 amino acids of the JSRV envelope protein, which
contains most of the signal sequence, did not affect its ability to
promote transduction of human or sheep cells (data not
shown). Therefore, ENTV Env residues 174, 177, 180, 191,
195, and 196 are responsible for the relatively poor infectivity
of human cells by the ENTV vector in comparison to the JSRV
vector.

The ENTV env gene can transform rodent fibroblasts. To
evaluate whether the ENTV Env protein has oncogenic prop-
erties, we tested its ability to transform a morphologically flat
variety of NIH 3T3 mouse cells (Fig. 5). ENTV env, JSRV eny,
and the fos oncogene all produced transformed foci which
were similar in size range. The numbers of foci induced by the
ENTV and JSRV env genes were similar, while the number
produced by the fos gene was about fivefold higher (data not
shown). The 10A1 env gene did not induce transformed foci
and served as a negative control in this experiment. These
results show that the ENTV Env protein can transform cells
and has activity similar to that of the JSRV Env protein.

DISCUSSION

Studies of ENTV and JSRV have been difficult because of
the lack of an in vitro cell culture system for growing the
viruses. In the case of JSRV, it has been shown that the LTR
is inactive in most cell types tested (26). Production of JSRV in
culture has been accomplished by transfecting 293T cells with
a recombinant JSRV genome in which the U3 region of the
upstream JSRV LTR is replaced with a strong human cyto-
megalovirus promoter (30). However, while virus produced in
this manner can infect various ovine cell lines, it replicates
poorly and little virus is produced (31). To circumvent these
difficulties, we constructed an MoMLV-based packaging line
that expresses the JSRV Env protein and showed that JSRV
Env is incorporated into virions with MoMLV Gag-Pol and
MoMLV-based retroviral vectors (35). We later used this to
determine the host range of the JSRV Env (35) and to identify
the JSRV cell surface receptor (36). Here we have used the
same approach for ENTV and show that the ENTV Env pro-
tein can pseudotype MoMLV-based retrovirus vectors, thus
allowing us to study the properties of the ENTV Env protein.

We provide strong evidence that JSRV and ENTV use the
same cell surface receptor, Hyal2. Nonpermissive cells were
rendered susceptible to transduction by both ENTV and JSRV
vectors when Hyal2 from ovine, bovine, or human species was
expressed in the cells. Furthermore, expression of JSRV Env in
sheep cells blocked entry by ENTV and JSRV vectors, showing
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that ENTV uses a subset of the receptor(s) used by JSRV.
Although we cannot entirely rule out the possibility that ENTV
and JSRV use multiple receptors, previous studies indicate
that at least in human cells, JSRV utilizes only one receptor.
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FIG. 3. Comparison of Hyal2 proteins from different species.
(A) Comparison of human (U09577), mouse (AF302843),
(AF034218), ovine (AF411974), and bovine (AF411973) Hyal2 protein
sequences (GenBank accession numbers in parentheses). Amino acid
identity (*), strong similarity (:), and weaker similarity (.) and amino
acid differences between oHyal2 and bHyal2 () are indicated.
(B) Dendrogram of receptor similarity plotted using ClustalW. Scale
bar indicates 5% sequence divergence.

Thus, analysis of JSRV entry into radiation hybrid cells shows
that only a small region of human chromosome 3 that contains
the hyal2 gene can render hamster cells permissive to trans-
duction by a JSRV vector (35, 36). Additionally, while two
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FIG. 4. Transduction of human and sheep cells by vectors bearing
chimeric ENTV/JSRV Env proteins. (A) LAPSN vectors bearing the
indicated Env proteins were made by transient transfection as de-
scribed in Materials and Methods. SSF and HT-1080 cells were seeded
at 10° cells per well of six-well plates, exposed to the vectors 1 day later,
and stained to detect AP™ foci 2 days after vector exposure. Results
are means of data from two independent experiments with duplicate
determinations performed in each experiment. (B) Sequence align-
ment of JSRV and ENTV Env proteins. Dots indicate identical amino
acids, and the dash indicates a gap. The cleavage sites for restriction
enzymes are indicated by vertical lines. The predicted locations of the
endoplasmic reticulum signal sequence, the cleavage site between the
Env protein surface (SU) and TM subunits, the membrane-spanning
domain, and the cytoplasmic tail are shown.

E.R. Signal Sequence
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.......... e s e
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paralogs of hiyal2 that might encode JSRV receptors, hyall and
hyal3, map to the same region, the proteins they encode do not
function as receptors for JSRV, nor do those of the other Ayal2
paralogs, hyal4 and spaml, that are located on human chro-
mosome 7 (6, 36). The findings that both ENTV and JSRV use
oHyal2 as a receptor and that Hyal2 is ubiquitously expressed
in different tissues of other mammals including mice and hu-
mans (6, 16, 40) argues that the tissue-specific oncogenesis by
these viruses is not determined at the level of receptor-medi-
ated virus entry. Furthermore, JSRV can enter and integrate
into cell types from many tissues in culture and in animals,
including nasal turbinate cells, the target for ENTV oncogen-
esis (14, 29, 31), yet JSRV oncogenesis is limited to cells of the
lower airway, again indicating that oncogenesis is not regulated
at the receptor level.

The ENTYV vector titers were lower for all cell types, includ-
ing sheep cells, compared to the JSRV vector titers. By ex-
changing the TM domain of the ENTV Env with that of the
JSRV Env, we were able to produce a vector that transduced

sheep cells as efficiently as a JSRV vector without changing its
restricted tropism for cells from other species. This particular
clone of the ENTV Env may have a general defect in this
region, or perhaps the ENTV Env is less able to interact with
MoMLYV Gag proteins and pseudotype MoMLYV vectors than
is the JSRV Env protein.

While both the JSRV and ENTV Env proteins can mediate
efficient vector entry using the sheep Hyal2 receptor, they
differ in their ability to use the Hyal2 orthologs from other
species. This property has been observed previously for other
viruses that utilize the same receptor; for example, both
MoMLV and the closely related PVC211 retrovirus use the
cationic amino acid transporter Catl from mouse and rat as a
receptor, but only PVC211 can use hamster Catl as a receptor
(19). Thus, a difference in host range conferred by different
Env proteins does not necessarily imply the use of unrelated
receptors for Env-mediated cell entry. This apparent paradox
can be explained by postulating differences in the abilities of
the JSRV and ENTV Env proteins to efficiently bind specific
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FIG. 5. The ENTV and JSRV env genes induce transformed foci in cultured mouse cells. A morphologically flat subline of NIH 3T3 mouse
cells (originally from Doug Lowy) was seeded at 5 X 10° cells per 6-cm-diameter dish. One day later, the cells were transfected with 10 pg each
of the plasmids pSX2.Eenv (ENTV env), pSX2.Jenv (JSRV env), pSX2 (10A1 env) or pFBJ/R (viral fos oncogene) (23) plus 1 pg of pLAPSN (to
measure transfection efficiency) by using the CaPO, coprecipitation method. One day after transfection, the cells were trypsinized and divided in
a 1:5 ratio into new dishes. Four days after transfection, the medium was changed to medium containing 5% fetal bovine serum, and the cells were
refed with this medium every 3 days thereafter. Eleven days after transfection, the cells were fixed and stained for AP. Representative foci are
shown; no foci were observed in the 10A1 env dish. Two AP™ cells are visible at the lower right in the 10A1 env panel.

Hyal2 orthologs from different species. Interestingly, while the
ENTYV vector was unable to transduce bovine cells, it was able
to transduce cells transfected with a bHyal2 expression con-
struct, presumably because overexpression of bHyal2 can offset
the binding inefficiency of ENTV Env and promote virus entry.
Along these lines, we found that ENTV vectors transduce 293
cells but not other human cells and hypothesize that 293 cells
express more Hyal2 than do the other cell types. By exchanging
a few residues within the SU domain of ENTV with equivalent
residues of JSRV, we were able to create a chimeric Env that
uses the endogenous human receptor, thus identifying the dif-
ferences in JSRV Env that allow it to efficiently interact with
Hyal2 orthologs.

Mechanisms of retroviral oncogenesis have previously been
divided into two major categories: insertional mutagenesis,
which typically involves proviral integration in or near a cellu-
lar proto-oncogene, such as c-myc (32), leading to increased
expression of an oncogenic protein, and virus expression of

oncogenes derived from cellular genes, as in the case of v-src or
v -sis (2). ENTV provides a new example of a third mechanism
of retroviral oncogenesis that involves the presence of onco-
genic viral proteins that are not derived from cellular genetic
material. JSRV and avian hemangioma virus are recent addi-
tions to the latter category, and as we have shown for ENTV,
the Env proteins from these viruses all exhibit transforming
activity (1, 17, 36). Spleen focus-forming virus is an early ex-
ample of a retrovirus with an oncogene derived from viral env
sequences, but in this case the Env protein is nonfunctional,
and spleen focus-forming virus is replication defective (25, 38,
43). Last, human T-cell leukemia virus type 1 and bovine leu-
kemia virus are complex retroviruses that exhibit characteris-
tics of the latter category due to the oncogenic properties of
Tax, a viral protein that normally transactivates the viral LTR
and which can also interact with cellular transcription factors,
leading to the activation of many cellular genes, including
those that stimulate growth (5, 15). These results provide in-
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creasing evidence that retroviral proteins can evolve oncogenic
properties, as have the proteins of viruses in many other virus
families.

ENTYV and JSRV use the same receptor for cell entry, and
both express Env proteins with transforming activity, indicating
that some other factor governs their tissue-specific tumorigen-
esis. JSRV and ENTV have markedly different enhancer re-
gions within their LTRs, suggesting that tissue specificity of
disease might be controlled at the transcriptional level. Indeed,
the JSRV LTR is specifically active in cells from the lower
airway, including type II pneumocytes and Clara cells (26), the
targets for JSRV oncogenesis. The sequence of the U3 region
of the JSRV LTR reveals potential binding sites for transcrip-
tion factors hepatocyte nuclear factor 3 (HNF-3), NF-1, and
SP-1 (26), which have been shown to function synergistically in
regulating expression of lung-specific genes, such as the sur-
factant genes (18). Biochemical analysis shows that HNF-3
strongly transactivates the JSRV LTR when overexpressed in
NIH 3T3 cells, whereas other transcription factors that are
expressed in the epithelial cells of the lung did not cause
transactivation (26). The U3 region of the ENTV LTR (4) is
dramatically different from the JSRV LTR in that it contains
only the SP-1 site and lacks many of the other regulatory
sequences that are found in JSRV, including the NF-1 site and
the two HNF-3 sites. The ENTV LTR contains a binding site
for the nuclear transcription factor Y which is not found in the
JSRV LTR. Identification of the factors involved in ENTV
transcriptional regulation will help to clarify how ENTV and
JSRV cause tissue-specific transformation. However, such
studies are complicated because it has been difficult to identify
candidate transcription factors that transactivate the ENTV
LTR and cells which comprise the nasal epithelium are quite
diverse, making it difficult to identify the correct lineage of
cells for such studies. A good approach to addressing these
questions would be to study induction of disease in animals
infected with hybrid viruses that contain the structural genes of
ENTV or JSRV under the control of the LTR from the other
virus. Direct evidence for the transcriptional regulation of
ENTV will help to better define the mechanism by which
ENTYV and JSRYV induce tissue-specific cancers.
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