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S tudies of oncogenic retroviruses pro-
vided much of the intellectual founda-

tion for our current understanding of the
molecular mechanisms of carcinogenesis.
The now well-established role of protein
tyrosine kinases and Ras in growth stimu-
lation and the myriad ways by which dys-
regulated expression of growth control
genes can lead to tumor development are
concepts deeply rooted in retrovirology. In-
deed, more than 50 oncogenes now known
to be involved in human cancers were first
discovered and studied in retroviral models
(1). Nonetheless, only one retrovirus, hu-
man T cell lymphotrophic virus (HTLV),
is oncogenic in
humans, and,
as we enter the
21st century,
retroviral onco-
genesis models
may seem to be
of largely his-
torical interest.
However, anal-
yses of jaagsiekte sheep retrovirus (JSRV)
by Maeda et al. (2) and Rai et al. (3) in this
issue of PNAS reveal that oncogenic retro-
viruses still hold important secrets that may
be directly relevant to human cancer.

JSRV is the causative agent of ovine
pulmonary carcinoma (OPC), a conta-
gious tumor that aff licts sheep in the
United Kingdom, South Africa, and sev-
eral other countries, posing a significant
veterinary problem in some flocks (4, 5).
In addition, OPC shares clinical, and his-
tologic features with human bronchioal-
veolar carcinoma (BAC), an important,
non-smoking-related lung cancer that ac-
counts for about 25% of all lung tumors in
the United States (5, 6). Although the
retroviral etiology of OPC has been
suspected for more than 20 years, the
absence of an in vitro culture system and
the difficulties inherent in dealing with a
large animal tumor model in which retro-
viruses had not been thoroughly studied
slowed research. However, the cloning of
JSRV from a primary lung tumor and
subsequent demonstration that this agent
was necessary and sufficient to induce

OPC in new-born lambs (7) paved the way
for experiments addressing the pathogen-
esis of the disease. The present studies
imply a novel mechanism of transforma-
tion involving interaction of the viral Env
protein with the cellular receptor used to
mediate viral entry. The first of the papers
used screening of Stanford G3 panel of
whole human genome radiation hybrids to
identify the cellular receptor as the sheep
homolog of human HYAL2 (3), a protein
encoded by a gene contained within a
deletion found in a significant proportion
of human lung cancer (8, 9). The second
report used immortalized rodent cell

lines to demon-
strate that Env
is the trans-
forming gene
of JSRV (2).
Similar results
have been ob-
tained by using
an immortal-
ized chicken fi-

broblast cell line (J. C. DeMartini, per-
sonal communication).

The finding that the JSRV env gene
product is capable of transforming cells is
unexpected. OPC is a multifocal tumor
that arises rapidly in experimentally in-
fected lambs. This pattern of disease is
almost always characteristic of retrovi-
ruses that carry oncogenes, viral versions
of highly conserved cellular genes that
play key roles in growth and development
(1). However, JSRV lacks an oncogene,
containing only gag, pol, and env, the three
genes typically found in simple, replicating
retroviruses (7). These genes encode
virion structural proteins, enzymes in-
volved in the replication cycle and the
envelope protein, all of which normally do
not alter cellular growth. Oncogenic vi-
ruses of this type are typically associated
with tumors that arise after a long latent
period. Invariably, such tumors contain an
integrated provirus that alters the expres-
sion of cellular proto-oncogenes (1).

Retroviral Env proteins mediate viral
entry by interacting with a cell surface
receptor. In virtually all instances, this

interaction does not affect cell growth,
and most known retroviral receptors do
not play an obvious role in growth signal-
ing (10). Nonetheless, ligand–surface re-
ceptor interaction is a common way in
which growth signals are transmitted to
cells, and a recent report indicates that the
env gene product of avian hemangioma
virus, a retrovirus that induces vascular
endothelial cell tumors, can also stimulate
proliferation of monkey epithelial cells
and the NIH 3T3 mouse cell line (11).
Until these reports, the classic instance of
Env-mediated cell proliferation involved
spleen focus-forming virus (SFFV), an
agent that induces rapid erythroleukemias
in mice. This virus stimulates erythroid
precursor cells through interactions be-
tween Env and the erythropoietin recep-
tor (12). However, in contrast to JSRV
and the hemangioma virus, the SFFV Env
protein is a truncated recombinant mole-
cule that no longer interacts with the
receptor that mediates viral infection.

The JSRV receptor gene, HYAL2, is con-
tained within a region on human chromo-
some 3p21.3 that is deleted in a substantial
frequency of lung and breast tumors, sug-
gesting that it may have tumor suppressor
functions (9, 13). Although a possible role
for a hyaluronidase in oncogenesis (perhaps
through effects on angiogenesis or cell–cell
interaction) can be envisioned, the protein
encoded by HYAL2 appears atypical, in that
it has very low hyaluronidase activity or
lacks this function completely (3, 14). None-
theless, HYAL2 is a cell surface GPI-
anchored protein with the potential to par-
ticipate in cell signaling interactions (3).
However, analyses have so far failed to
clearly assign the putative tumor suppressor
function associated with 3p21.3 to a partic-
ular gene. Nineteen candidates map to this
region, and HYAL2 is not among the small
subset that display mutational patterns char-
acteristic of the classical pattern of loss of
tumor suppressor function (9). However,
the possibility that haplo-insufficiency plays
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an important role in the tumor suppressor
function cannot yet be excluded.

The way in which env expression stim-
ulates cell growth will be an active topic of
future studies. Rodent cells similar to
those used for the transformation studies
are not susceptible to JSRV infection (15),
in large part because they do not express
an Hyal2 protein that is competent to
mediate entry (3, 16). The murine and rat
Hyal2 genes have been cloned, but why
these proteins fail to support viral entry is
not known. In addition, neither the viral
nor HYAL2 sequences required to medi-
ate entry into human cells have been
elucidated. This information, along with
additional transformation experiments,
should determine which of several possi-
ble mechanisms is responsible for growth
stimulation. For example, if HYAL2 is a
tumor suppressor and functions to limit
cell growth, interaction with the JSRV
Env protein may block this suppression,
leading to a growth stimulatory signal
(Fig. 1a). Alternatively, the JSRV Env
protein may mediate transformation by
interacting with HYAL2 and sending a
growth stimulatory signal as part of the
adsorption process (Fig. 1b). A third
model predicts that the protein interacts
with another cellular protein, either at the
surface or on the inner face of the plasma
membrane, and stimulates growth (Fig.
1c). Oncogenic strains of JSRV differ
from highly related endogenous, nonon-
cogenic sheep retroviruses within the
transmembrane portion of the Env pro-
tein (17, 18), suggesting that this part of
the protein, which does not interact with
the cellular receptor, could be involved in
growth signaling. Because cell division is
required for simple retroviruses to gain
entry into the nucleus and establish infec-
tion (19), stimulation of cell division dur-
ing entry could allow the virus access to
cell types that are less actively cycling.
Interestingly, the type II pneumocysts and
Clara cells that make up the tumors in
OPC and BAC are not actively dividing
cells under normal circumstances.

Despite the compelling in vitro experi-
ments, and the demonstration that chicken
cells transformed by JSRV env can form
tumors in nude mice (J. C. DeMartini, per-
sonal communication), it is prudent to re-
member that tumor induction in normal
lung cells may be more complex than trans-
formation of immortalized cell lines in vitro.
Unlike normal lung cells, immortalized cell
lines have undergone genetic changes that
make them acutely sensitive to transforma-
tion. Although JSRV is sufficient to induce
OPC, newborn lambs inoculated with tumor
homogenates develop tumors much faster
than those injected with cloned virus pro-
duced in vitro (7). In addition, most naturally
infected sheep display a much longer course
of tumor development (4, 5). Some of these

differences may relate to virus titers that are
difficult to standardize, differences in strains
of sheep, or differences among JSRV strains
(18). All JSRV strains retain an ORF called
orfx within the pol gene that is not required
for transformation in vitro (2), but could
play some part in tumor development in
vivo. Based on sequence similarity, the orfx
product may be related to the G-protein-
coupled receptor family (18).

Although analyses of different env mu-
tants is clearly an important next step, direct
testing of mutants in vivo is complicated
because sheep and goats are currently the

only models for monitoring tumor induc-
tion. Transgenic mice expressing the
HYAL2 receptor may allow infection of
mice and analysis of JSRV mutants. The
lung is the primary site of JSRV replication
in infected sheep (20), suggesting that tar-
geting the receptor to the appropriate lung
cells may allow the disease process to be
recapitulated. Targeting expression of the
JSRV env gene to the lung by using an
appropriate promoter may also facilitate the
development of a more tractable animal
model. However, in this instance, screening
mutants will be somewhat more cumber-
some. Future work will determine whether
these approaches recapitulate events in the
natural host.

A second important aspect of the analysis
of JSRV that should not be overshadowed
by the novel transformation aspect is that
further understanding of this virus may lead
to the development of important vectors to
target cells within the lung. JSRV is unique
among retroviruses in its target cell speci-
ficity in vivo, a feature that partly reflects the
ability of the virus to maintain infectivity in
the presence of lung fluids. In addition, the
promoter and enhancer sequences con-
tained within the viral long terminal repeat
are highly active in at least some lung cell
lines that resemble the in vivo target cell of
the virus (21). Thus, depending on the se-
quences required to target these cells for
infection and those required to stimulate
transformation, vectors based on JSRV may
be particularly useful for treating diseases
such as cystic fibrosis.

The ability of the human HYAL2 pro-
tein to mediate JSRV entry raises the
possibility that JSRV infection might be
involved in some human cases of BAC.
However, no evidence of human infection
has been presented, and an epidemiologic
connection between individuals with non-
smoking-related lung cancer and exposure
to infected sheep has never been made.
Reliable reagents to screen for the pres-
ence of antibodies and JSRV-related pro-
teins are still lacking. However, material
that reacts with anti-JSRV Gag antisera
was detected in some lung cancer speci-
mens in one recent study (22). Certainly a
careful PCR analyses of lung cancer and
other specimens by using primers that
detect sequences related to JSRV is mer-
ited. Irrespective of the outcome of these
analyses, experience with other oncogenic
retroviruses has taught us that the likeli-
hood of shared pathways in OPC and BAC
is extremely high, suggesting that the JSRV
model may reveal significant insights into an
important human malignancy.
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Fig. 1. Possible mechanisms of transformation
mediated by the JSRV Env protein. (a) HYAL2 nor-
mally functions to suppress cell growth. The mech-
anism by which suppression is mediated is not
known, but one possibility is that Env-HYAL2 bind-
ing and virus entry blocks interaction with a ligand
that could be soluble (as illustrated by the purple
diamond) or cell-associated. (b) Env-HYAL2 inter-
action stimulates cell growth and mediates virus
entry. (c) Env-HYAL2 interaction mediates virus en-
try, and Env interaction with another cellular pro-
tein stimulates cell growth. Although interaction
with a cell surface molecule is illustrated, this in-
teraction need not occur at the cell surface.
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