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Jaagsiekte sheep retrovirus (JSRV) is the causative agent of a transmissible lung cancer of sheep known as
ovine pulmonary carcinoma. Recently, we have found that the expression of the JSRV envelope (Env) is
sufficient to transform mouse NIH 3T3 cells in classical transformation assays. To further investigate the
mechanisms of JSRV oncogenesis, we generated a series of envelope chimeras between JSRV and the JSRV-
related endogenous retroviruses of sheep (enJSRVs) and assessed them in transformation assays. Chimeras
containing the exogenous JSRV SU region and the enJSRV TM region were unable to transform NIH 3T3 cells.
Additional chimeras containing only the carboxy-terminal portion of TM (a region that we previously identified
as VR3) of the endogenous envelope with SU and the remaining portion of TM from the exogenous JSRV were
also unable to transform NIH 3T3 cells. The VR3 region includes the putative membrane-spanning region and
cytoplasmic tail of the JSRV TM glycoprotein; this suggested that the cytoplasmic tail of the JSRV Env
mediates transformation, possibly via a cell signaling mechanism. Mutations Y590 and M593 in the cytoplas-
mic tail of the JSRV envelope were sufficient to inhibit the transforming abilities of these constructs. Y590 and
M593 are part of a Y-X-X-M motif that is recognized by the phosphatidylinositol 3-kinase (PI-3K). PI-3K
initiates a cell signaling pathway that inhibits apoptosis and is required for a number of mitogens during the
G1-to-S-phase transition of the cell cycle. PI-3K activates Akt by phosphorylation of threonine 308 and serine
473. We detected by Western blot analysis phosphorylated Akt in serum-starved MP1 cells (NIH 3T3 cells
transformed by JSRV) but not in the parental NIH 3T3 cells. These data indicate that the cytoplasmic tail of
the JSRV TM is necessary for cell transformation and suggest a new mechanism of retroviral transformation.
In addition, the ability to dissociate the function of the JSRV envelope to mediate viral entry from its
transforming capacity has direct relevance for the design of JSRV-based vectors that target the differentiated
epithelial cells of the lungs.

Jaagsiekte sheep retrovirus (JSRV) is the etiological agent
of a contagious lung cancer of sheep known as ovine pulmo-
nary carcinoma (OPC) or sheep pulmonary adenomatosis (4,
16, 30, 36). OPC is a naturally occurring disease in most coun-
tries of the world and is characterized by the transformation of
the differentiated epithelial cells of the lungs, type II pneumo-
cytes and Clara cells (17, 33). OPC is being extensively studied
for its similarities with a particular type of human lung cancer
known as bronchioloalveolar carcinoma (BAC) (17, 21, 23, 33).
The causes of BAC are unknown. BAC is not strongly associ-
ated with cigarette smoking, and its incidence appears to be
increasing in the United States (1, 5, 6, 51). Thus, the JSRV/
OPC model can offer a foundation for understanding the mo-
lecular mechanisms of type II pneumocytes and Clara cell
transformation, especially considering the role played by ret-
roviruses in the discovery of cellular oncogenes (46).

Cell transformation by JSRV is offering a new paradigm for
retroviral oncogenesis (45). The JSRV genome does not con-
tain a cell-derived oncogene, which would suggest that JSRV

induces cell transformation by insertional activation of proto-
oncogenes (46). However, the incubation period in experimen-
tally inoculated lambs can be as short as 2 to 3 weeks (47, 52),
which appears too short for insertional activation to occur. Our
recent study showed that the expression of the envelope (Env)
protein of JSRV is able to transform rodent fibroblasts in vitro
(27). Thus, besides mediating viral entry through the interac-
tion with the cellular receptor, the JSRV Env might also func-
tion directly as a viral oncogene. Recently, the cellular receptor
for JSRV has been identified as the hyaluronidase-2 (Hyal-2)
(42), a glycosylphosphatidylinositol-anchored protein whose
function is not completely known (25). Interestingly, Hyal-2 is
contained within a region on human chromosome 3p21.3 that
is deleted in a substantial frequency of lung tumors, which
suggests that it might function as a tumor suppressor gene (26).

In this study we initially mapped the determinants of cell
transformation of the JSRV envelope. We approached this
task by generating a series of chimeric constructs between the
envelopes of JSRV21 (an infectious JSRV molecular clone)
(36) and of two JSRV-related endogenous retroviruses of
sheep (enJS56A1 and enJS5F16) (34). The results indicated
that the cytoplasmic tail of the transmembrane (TM) protein
of the JSRV Env is essential for transformation. Further ex-
periments indicated that a YXXM motif in the cytoplasmic tail
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is necessary for transformation and that in JSRV-transformed
cells the PI-3K pathway is activated. These results suggest a
new mechanism of retroviral transformation.

MATERIALS AND METHODS

Plasmids. A diagram of the plasmids employed in this study is shown in Fig.
1. Molecular cloning and mutagenesis were performed by established procedures
(2). Plasmid pCMV3JS21�GP expressing the JSRV21 envelope under the con-
trol of the cytomegalovirus (CMV) immediate-early promoter has been de-
scribed previously (27).

To facilitate cloning procedures described below, we generated pCMV3J
S21�GP2 by removing most of the cellular 3�-flanking sequences present in the
pCMV3JS21�GP plasmid. pEnvEn and pEnvEn2 have the CMV immediate-
early promoter, R, U5, and the splice donor and splice acceptor sites of
pCMV3JS21�GP but express the entire env of the enJSRV clones en56A1 and
en5F16, respectively (34). The other chimeric plasmids were derived from
pCMV3JS21�GP2 and pEnvEn. The chimeras were named by identifying the
envelope region followed by either “x” for the exogenous pCMV2JS21�GP or
“en” for the endogenous plasmid. For example, pSUxTMen has the surface (SU)
region from the exogenous envelope and the transmembrane (TM) from the
endogenous clone, while pSUenTMx is the opposite chimera. pSUxTMxVR3en
has the SU and most of TM from the exogenous envelope and the VR3 from the
endogenous one, while pSUenTMenVR3x is the reciprocal chimera. pSUxTMx-
NruIen has SU, TM, and the first portion of the VR3 from the exogenous
envelope and the last portion of the VR3 from the endogenous envelope.
Single point mutations of the JSRV Env in the pCMV3JS21�GP construct
were performed by site-directed mutagenesis using standard PCR-based pro-
cedures (2). By conventional nomenclature, pCMV3JS21�GPY590D and
pCMV3JS21�GPY590F have a single point mutation changing the tyrosine at
position 590 to aspartic acid and phenylalanine, respectively.

Transformation assays and development of JSRV-transformed cell lines.
Transformation assays were performed as previously described (27). Briefly, NIH

3T3 cells (3 � 105 per 10-cm tissue culture plate) were grown at 37°C and 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) and 10% calf serum.
Cells were transfected with 28 �g of plasmid DNA using the CalPhos mamma-
lian transfection kit (Clontech) as recommended by the manufacturer. Each
plasmid was tested in at least three independent transformation assays, with two
independent plasmid preparations for each construct. Approximately 12 h after
transfection, cells were washed three times with phosphate-buffered saline
(PBS), and fresh medium was added. Cells were maintained in culture for 4 to 5
weeks, with the medium replaced every 3 days, and monitored microscopically.
Foci of transformed cells were counted 1 month after transfection. Two trans-
formed foci (MP1 and MP2, from two separate transformation assays) were
picked and expanded to give JSRV-transformed cell lines.

mRNA analysis. To analyze the pattern and level of expression of some of the
plasmids used in this study, 293T cells (approximately 106 cells per 10-cm plate)
were transfected with 28 �g of plasmid DNA and the CalPhos mammalian
transfection kit (Clontech) as recommended by the manufacturer. Forty-eight
hours after transfection, total RNA was extracted using the RNAqueous-Midi kit
(Ambion). RNA preparations were treated with RNase-free DNase (Qiagen).
From 6 to 10 �g of total RNA was denatured with glyoxal-dimethyl sulfoxide, run
in a 1% agarose gel in 10 mM sodium phosphate, and blotted to nylon mem-
branes (Hybond-N Plus; Amersham) using established methods (2). Membranes
were hybridized with 32P-labeled JSRV env probes and subjected to autoradiog-
raphy by exposure to X-ray film (28).

Entry assays. Entry mediated by the mutant and chimeric envelopes was
assessed by the ability of the JSRV envelope to pseudotype murine leukemia
virus (MLV)-based vectors (41). A 293-based cell line expressing MLV Gag and
Pol and an MLV luciferase vector (GP-293-luc; Clontech) was transfected as
described above with various JSRV env expression plasmids. Supernatants were
collected and stored at �70°C. Subsequently, serial dilutions of the vector su-
pernatants were used to infect NIH 3T3 cells stably expressing the human Hyal-2.
These cells were prepared by infection of NIH 3T3 cells with an MLV-based
vector expressing the human Hyal-2 protein (provided by Dusty Miller), followed

FIG. 1. Schematic of the chimeric and some of the mutant JSRV Env constructs used in this study. The restriction sites that facilitated the
cloning strategy are indicated. All the constructs have the same promoter, splice donor, and splice acceptor.
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by selection for the drug resistance marker in the vector (M. Palmarini and H.
Fan, unpublished results).

Experiments were performed twice, with duplicate experiments for each dilu-
tion. Cells were lysed after 72 h, and luciferase assays were performed using the
luciferase assay kit as recommended by the manufacturer (Promega).

Western blot analysis. For the detection of Akt, cells were grown at 37°C and
5% CO2 in DMEM and 10% calf serum until they reached approximately 80%
confluence. Cells were then washed twice with PBS and grown for another 16 h
in DMEM lacking calf serum. Cells were then lysed in lysis buffer containing
0.5% NP-40, 50 mM HEPES buffer (pH 7.8), 100 mM sodium fluoride, 10 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfo-
nyl fluoride, and 1 protease inhibitor cocktail tablet (Roche) per 50 ml of lysis
buffer. From 5 to 10 �g of cell lysate was subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE)-Western blotting following
standard procedures (2). Filters were incubated with polyclonal rabbit antiserum
to either Akt (cell signaling), Akt phosphorylated in serine 473 (cell signaling),
or Akt phosphorylated in threonine 308 (cell signaling) and detected with a
donkey anti-rabbit immunoglobulin labeled with horseradish peroxidase (Amer-
sham), followed by an enhanced chemiluminescence detection system (Super-
signal; Pierce) as recommended by the manufacturers.

RESULTS

TM region of JSRV envelope is a determinant of cell trans-
formation in vitro. The JSRV envelope precursor (as for all

retroviruses) is cleaved by cellular proteases into two proteins,
surface (SU) and transmembrane (TM). SU is primarily re-
sponsible for the interaction with the cell surface receptor,
while TM anchors the complex to the virion envelope and is
involved in later steps of viral entry (e.g., fusion). The exoge-
nous JSRV envelope is highly related to its known endogenous
counterparts (3, 34). Between the exogenous and the endoge-
nous envelopes used in this study, there is 96% identity in the
SU region and 86% identity in the TM, but only approximately
50% identity in VR3 (Fig. 2). We therefore reasoned that the
VR3 might be important for viral transformation. To this end
we generated a series of chimeric envelopes between the ex-
ogenous JSRV21 and the related endogenous enJS56A1 in the
context of the pCMV2JS21�GP envelope expression plasmid
(Fig. 1). These plasmids were tested in the standard NIH 3T3
cell focus formation assay.

As expected, pCMV3JS21�GP transformed NIH 3T3 cells
(23.7 � 12.7 foci [mean � standard deviation]), while pEnvEn
and pEnvEn2 did not. The chimeric constructs pSUxTMen,
pSUxTMxVR3en, and pSUxTMxNruIen, containing, respec-
tively, the TM, the VR3, or only the carboxy-terminal 36 amino

FIG. 2. Amino acid sequences of the TM region of JSRV and enJSRV. (A) Alignment of the amino acid sequence of the TM region of the
exogenous JSRV21 and the endogenous enJS56A1 and enJS5F16 clones. A dash (–) indicates lack of an amino acid. In bold are the amino acids
mutated in this study. The VR3 region is underlined, and the putative PI-3K docking site is indicated by a double arrow. (B) The putative PI-3K
docking site is conserved among various JSRV isolates (double arrow). GenBank accession numbers for the exogenous sequences are AF105220
(JSRV21), AF357971 (JS7), NC001494 (JSRV-SA), Y18302 (809T), Y18303 (83R52), Y18304 (84R52), Y18305 (92K3), and Y16627 (ENTV).
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acids from the endogenous loci, were not able to transform
NIH 3T3 cells. This indicated that sequences downstream from
the NruI site in the VR3 of JSRV are necessary for transfor-
mation, in agreement with our initial hypothesis.

However, the reciprocal chimeras pSUenTMx and pSUen
TMenVR3x also did not transform NIH 3T3 cells. These re-
sults could reflect an additional requirement for exogenous SU
to transform NIH 3T3 cells, or they could simply reflect dif-
ferences in expression and/or mRNA stability. To address this,
we carried out Northern blot analysis for env RNA from 293T
cells transiently transfected with pCMV2JS21, the exogenous
JSRV21 molecular clone driven by the CMV immediate-early
promoter (36), and with pen56A1 (34), a full-length endoge-
nous molecular clone also driven by the CMV immediate-early
promoter (Fig. 3A). The results showed a great difference in
expression of the spliced env mRNA, but there was no differ-
ence in the levels of full-length unspliced viral RNAs. Thus,
either the endogenous spliced env mRNA is relatively unstable
or its expression is repressed. This was supported by Northern
blot analysis of 293T cells transfected with either pEnvEn,
pCMV2JS21�GP, or pSUxTMxNruIen. These constructs are
all driven by the same CMV promoter and have the same
splice donor and splice acceptor. However, spliced env mRNA
from pEnvEn was not expressed as efficiently as
pCMV2JS21�GP or pSUxTMxNruIen, which contain various
amounts of exogenous JSRV env sequences (Fig. 3B). Simi-

larly, spliced env mRNA from the chimera containing the en-
dogenous env with the exogenous VR3 was expressed at much
lower levels than the full-length exogenous counterpart; the
latter is instead expressed as efficiently as the wild-type
pCMV2JS21�GP (Fig. 3C). A full description of the JSRV
mRNA splicing patterns and of the relative instability of the
endogenous mRNA transcripts will be discussed elsewhere (M.
Palmarini, C. Murgia, and H. Fan, submitted for publication).
Briefly, all chimeras that contained endogenous SU sequences
showed substantially lower levels of spliced env mRNA. There-
fore, the failure of these chimeras to transform could be simply
attributed to low levels of env mRNA, and they were not
informative with regard to env domains for transformation.

Tyrosine residue in cytoplasmic tail of TM is necessary for
transformation. The preceding experiments pointed to the
VR3 of JSRV as a main determinant of viral oncogenesis. The
VR3 region includes the cytoplasmic tail of the JSRV TM
glycoprotein. Thus, the cytoplasmic tail of the JSRV Env might
mediate transformation by a cell signaling mechanism. It was
noteworthy that the VR3 region from all exogenous strains of
JSRV sequences contains a tyrosine residue (Y590 in JSRV21)
(Fig. 2B), while the two endogenous envelopes do not (Fig.
2A). Moreover, Y590 is in an amino acid sequence that could
potentially bind SH2 domain-containing proteins (see below).
To test if Y590 might be important for JSRV transformation,
we mutated Y590 in pCMV2JS21�GP to either phenylalanine
(pCMV2JS21�GPY590F) or aspartic acid (pCMV2JS21�GP
Y590D). Both the Y590 mutants were completely unable to
transform cells (Table 1). This indicated that Y590 is essential
for transformation.

There are five tyrosine residues in the TM protein of JSRV.
To test if the requirement for Y590 for transformation was
specific, the other tyrosines were also individually mutated to
phenylalanines in the context of pCMV2JS21�GP (Y419F,
Y443F, Y468F, and Y478F). All of these mutants resulted in
transformation (Table 1). Thus, mutation of only Y590 abol-
ished transformation, indicating that the requirement for Y590
for transformation was quite specific.

Docking site for PI-3K but not Grb-2 is essential for trans-
formation. The amino acid sequence surrounding the Y590 in
the JSRV TM cytoplasmic tail is YRNM. This sequence con-
tains potential binding sites for two classes of SH2 domain-
containing proteins: YXXM for the regulatory alpha subunit of
PI-3K (p85) and YXN for the growth factor receptor binding
protein 2 (Grb-2) (9, 43). Both of these proteins are at the
beginning of important signal transduction cascades. Mutation

FIG. 3. Northern blotting analysis of exogenous JSRV21 full-length
clone, endogenous en56A1 full-length clone, and some chimeric Env
constructs. 293T cells were transiently transfected with the plasmids
indicated below, and total RNA was obtained 48 h after transfection
and analyzed by Northern blotting as described in Materials and Meth-
ods. (A) Comparison of full-length exogenous pCMV2JS21 and
pen56A1 clones. Three main transcripts are visible in the pCMV2JS21
lane: a 7.5-kb band corresponding to the canonical full-length mRNA,
a 2.4-kb band corresponding to the spliced mRNA encoding Env, and
a 1.2-kb band corresponding to the prematurely polyadenylated tr-env
transcript (28). In the pen56A1 lane, the full-length mRNA band has
approximately the same intensity as the equivalent band of the exog-
enous pCMV2JS21 clone, but no spliced env mRNA is visible. (B and
C) Western blotting as above using various Env constructs. In panel B,
note the difference in expression between the endogenous pEnvEn
(first lane) and the exogenous pCMV3JS21�GP (last lane). The chi-
meric construct pSUxTMxNruIen is expressed at a level comparable to
that of the exogenous pCMV3JS21�GP. pCMV2JS21�GP�StuI ex-
presses the prematurely polyadenylated env transcript and is not rel-
evant for this study. (C) Difference in expression between the chimera
pSUxTMxVR3en and pSUenTMenVR3x. pSUenTMenVR3x is not an
informative construct because its expression is downregulated or the
resulting mRNA is unstable. pSUxTMxVR3en has a level of expres-
sion comparable to that of the exogenous pCMV2JS21�GP.

TABLE 1. Transformation assays with JSRV Env constructs
carrying various tyrosine mutations in TM

Plasmid
No. of foci observed

Expt 1 Expt 2 Expt 3

pCMV3JS21�GP 32 22 31
pCMV3JS21�GPY590D 0 0 0
pCMV3JS21�GPY590F 0 0 0
pCMV3S21�GPY419F 25 34 16
pCMV3JS21�GPY443F 17 20 15
pCMV3JS21�GPY468F 10 17 13
pCMV3JS21�GPY478F 8 5 6
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of the methionine at position 593 (M593T) completely abol-
ished transformation, while mutation of the asparagine at res-
idue 592 (N592T) did not. These results indicated that binding
of Grb-2 and signaling through the Ras/Raf/mitogen-activated
protein kinase (MAPK) pathway was not essential for JSRV
transformation, although we cannot rule out that the Ras/
MAPK pathway could still be activated in a different manner at
some other level. In contrast, the results also supported the
possibility that docking of PI-3K to the cytoplasmic tail of
JSRV TM protein is essential for transformation.

Mutations of Y590 do not abolish ability of JSRV Env to
bind receptor and mediate viral entry. We next considered
whether the mutations abolishing the transforming phenotype
of the JSRV envelope were merely causing conformational
changes in the JSRV envelope protein that might prevent the
correct expression and/or interaction with the cellular recep-
tor. To address this, we tested the capacity of the critical Y590
envelope mutants to mediate viral entry. Entry assays were
performed using MLV-based vectors expressing the luciferase
genes pseudotyped with various envelope constructs. The viral
pseudotypes were then used to infect 3T3 cells stably express-
ing the JSRV cellular receptor (M. Palmarini and H. Fan,
unpublished results), and luciferase activity was measured 3
days postinfection (Fig. 4). In the same experiment we used the
wild-type pCMV2JS21�GP and plasmids pSUxTMxNruIen,
pEnvEn, and pSUxTMen.

No significant differences were observed in the luciferase
values between the wild-type pCMV2JS21�GP, pCMV2JS2
1�GPY590D, and pSUxTMxNruIen. pCMV2JS21�GPY590F
showed decreased luciferase values with respect to the wild-
type pCMV2JS21�GP. pSUenTMex and pEnvEn showed no

luciferase activity; this was presumably due to the inability of
these constructs to be expressed efficiently. However, it is also
possible that the endogenous envelope does not bind the same
cellular receptor as the exogenous counterpart. In any event,
these experiments show that the putative docking site for
PI-3K in the JSRV VR3 region is absolutely necessary for
transformation but not for the viral envelope interaction with
the cellular receptor and subsequent entry into the cell. This
also indicates that the Y590F or Y590D mutations did not have
global effects on envelope conformation.

We also tested the functionality of the Y590 envelope mu-
tants in viral replication. The Y590F mutation was cloned into
the pCMV2JS21 plasmid, which contains a complete provirus
under control of the CMV immediate-early promoter. We
generated Y590F mutant virus by transfection of 293T cells, as
described previously (36). The resulting virus was then used to
infect sheep choroid plexus (CP) cells in vitro, as described
previously (37). PCR tests of the infected CP cells indicated
that the Y590F mutant virus was capable of replication (not
shown). However, due to the nature of the PCR-based assay
(the only one available for assaying JSRV infectivity in vitro),
quantitative assessment of the relative infectivity of the mutant
virus was not possible.

Phosphorylated Akt is present in JSRV-transformed but not
parental NIH 3T3 cells. The results in Table 2 strongly sug-
gested that JSRV Env protein transforms cells by docking
PI-3K to the cytoplasmic tail of TM. The Akt protein kinase is
an important intermediate in the PI-3K signaling pathway.
PI-3K activates Akt by phosphorylation of serine 473 and thre-
onine 308 via the intermediate PDK-1 (14). If JSRV trans-
forms cells via the PI-3K pathway, transformed cells would be
expected to show activation of intermediates in this pathway.
Therefore we tested two JSRV-transformed cell lines (MP1
and MP2) for phosphorylation of Akt by Western blotting with
Akt antibodies specific for S473 and T308 phosphorylation
(Fig. 5). Phosphorylated Akt was detected in serum-starved
MP1 cells but not in the parental NIH 3T3 cells. Akt in MP1
cells is in its fully active form, because we could detect both
phosphorylated serine 473 and phosphorylated threonine 308
(Fig. 5). Similar results were shown in MP2 cells (not shown).
These results strongly support the hypothesis that the cytoplas-
mic tail of the JSRV envelope mediates transformation via the
PI-3K/Akt cell signaling pathway.

DISCUSSION

Our previous work has established that the JSRV envelope
has the capacity to transform NIH 3T3 cells in classical trans-
formation assays. In this study we have demonstrated that (i)

FIG. 4. Entry assays employing MLV-luciferase vectors pseudotyp-
ing some of the chimeric and mutant constructs described in this study.
Values are expressed as relative light units (RLU); threefold dilutions
were used in this experiment. PCMV3JS21�GP, pCMV3JS21�GPY
590D, and pSUxTMxNruIen all gave comparable values. pCMV3JS
21Y590F gives values approximately 50% of those of the above plas-
mids but well above the background given by pSUenTMx and pEnvEn,
which, as expected, represent the baseline close to zero (considering
that these constructs are not efficiently expressed, as established by
Northern blotting). The values are the averages of duplicate experi-
ments for each dilution. The experiments were repeated once with a
different DNA plasmid preparation and gave essentially the same
results (not shown).

TABLE 2. Transformation assays with JSRV Env constructs
carrying mutations in the SH-2 site of the cytoplasmic tail

Plasmid
No. of foci observed

Expt 1 Expt 2 Expt 3

pCMV3JS21�GP 12 N.T.a 56
pCMV3JS21�GPN592T 40 38 105
pCMV3JS21�GPM593T 0 0 0

a N.T., not tested.
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the cytoplasmic tail of the transmembrane region of the JSRV
envelope is critical for mediating virus-induced transformation
of NIH 3T3 cells and (ii) the PI-3K/Akt pathway is activated in
JSRV-transformed NIH 3T3 cells. These conclusions have
been drawn by abolishing the transforming phenotype of JSRV
through single point mutations (Y590F or Y590D and M593T)
in a putative PI-3K docking site (Y-X-X-M) of the TM cyto-
plasmic tail. In some cells, PI-3K initiates a cell signaling path-
way that appears to inhibit apoptosis and be required for a
number of mitogens during the G1-to-S-phase transition of the
cell cycle (43). Akt (also known as protein kinase B) is a central
effector of the PI-3K pathway. PI-3K activates Akt by phos-
phorylation of serine 473 and threonine 308 via the interme-
diate PDK-1 (14). We detected phosphorylation of Akt both in
serine and in threonine in JSRV-transformed cells but not in
the parental NIH 3T3 cells (Fig. 5).

These results suggest that a central event in JSRV-induced
transformation of NIH 3T3 cells is the activation of the PI-3K/
Akt pathway resulting from the expression of the JSRV enve-
lope and the phosphorylation of Y590 in the cytoplasmic tail of
the transmembrane region (Fig. 6). This would furnish a novel
mechanism of transformation for retroviruses. However, the
PI-3K/Akt pathway has been implicated in retrovirus-induced
cell transformation in other systems. Both PI-3K and Akt have
been described as retrovirus-transduced oncogenes. The cata-
lytic subunit of PI-3K has been transduced by avian sarcoma
virus 16 (11), while Akt has been transduced by an ecotropic
MLV (7, 49). In addition, the PI-3K/Akt pathway has recently
been found to be involved in the induction of erythropoietin
independence of erythroid cells following infection with Friend
spleen focus-forming virus (29). Thus, it is plausible that the
PI-3K/Akt pathway could be the cause of the transformation
events that occur in JSRV-transformed cells. Moreover, PI-
3K/Akt cell signaling has been shown to be activated in a
number of solid human tumors, including lung cancers (24, 28,
38, 48).

Akt promotes cell survival by inhibiting apoptosis by phos-
phorylating several targets, primarily the proapoptotic BCL-2
family member BAD (10), forkhead transcription factors (8),
and the cell death pathway enzyme caspase-9 (44). In addition,
Akt activates the ribosomal S6 kinase (p70S6K) (13) via FRAP
(also known as mTOR) phosphorylation. Activation of p70S6K

regulates a wide variety of cellular processes involved in the
mitogenic response (12, 15, 18).

One impediment to this research is the fact that no effective
antibodies specific for JSRV envelope protein have been de-
veloped yet. The development of such reagents will be neces-
sary in order to further dissect the cell signaling activated in
JSRV-transformed NIH 3T3 cells and to establish if indeed the
JSRV Env is phosphorylated. A first priority will be to test if
the tyrosine at 590 is in fact phosphorylated in transformed
cells, a prerequisite for docking of PI-3K. Other important
issues to address in the future are to identify the particular
proteins that interact with the JSRV Env (e.g., PI-3K) and to
determine if interaction with the JSRV cellular receptor
Hyal-2 is also necessary for JSRV-induced transformation. The
murine Hyal-2 does not mediate efficient JSRV entry (41);
however, this does not necessarily imply that there is not an
interaction between JSRV Env and murine Hyal-2 that could
be necessary for transformation. Abundant JSRV Env expres-
sion appears to be necessary for transformation of NIH 3T3
cells. Indeed, if the JSRV Env is driven by the JSRV long
terminal repeat (LTR), which is a relatively weak promoter in
NIH 3T3 cells, transformation is inefficient (27). An analogous
situation might pertain to in vivo infection. In OPC-affected
animals, JSRV infects a wide variety of lymphoid tissues and
cells (20, 22, 35), but viral antigen is consistently easily de-
tected only in differentiated lung epithelial cells (32). This is
because the JSRV LTR is specifically active in the target cells
for viral transformation (31). Thus, activation of the PI-3K/Akt
pathway will preferentially occur in lung epithelial cells, where
the JSRV LTR is efficiently expressed.

Recent data suggest that in type II pneumocytes, surfactant
protein A (SP-A) regulates the production of pulmonary sur-
factant secretion via activation of the PI-3K/Akt pathway (53).
In turn, SP-A increases transcription of another surfactant
protein, SP-B, by enhancing the activity of lung-specific tran-
scription factors like hepatocyte nuclear factor HNF-3 (50).
Thus, it might be envisaged that JSRV expression in trans-

FIG. 5. Activation of Akt in MP1 cells. Cell lysates of serum-
starved MP1 and NIH 3T3 cells were analyzed by SDS-PAGE–West-
ern blotting as described in Materials and Methods. Akt phosphory-
lated both in serine and in threonine is visible in MP1 cells but not in
the parental NIH 3T3 cells. The same lysates were analyzed by using
an antiserum to Akt as a loading control. FIG. 6. Model of JSRV-induced transformation of NIH 3T3 cells.

The cytoplasmic tail of JSRV mediates transformation of NIH 3T3
cells possibly via activation of the PI-3K/Akt pathway. Y590 in the
cytoplasmic tail of the JSRV Env needs to be phosphorylated in order
to activate the PI-3K pathway. It is not yet clear which interactions at
the membrane and/or at the cytoplasmic level are necessary in order
for transformation to occur.
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formed type II pneumocytes involves an autocrine loop in
which lung-specific transcription factors activate the JSRV
LTR; the resulting Env expression leads to constitutive activa-
tion of the PI-3K/Akt pathway, which in turn enhances expres-
sion of lung-specific transcription factors. Activation of the
PI-3K/Akt pathway might be only one of several hits required
for transformation in vivo, particularly in naturally occurring
OPC, where the incubation period can be several months or
even years. There are other examples of retroviral oncogenesis
that would support this view. For instance, Abelson MLV
induces cell transformation in vitro by the expression of a
Gag-Abl fusion protein (19). In vivo, however, it has been
shown that insertional activation by a Moloney MLV helper
virus is also required to induce leukemia (39, 40). Experimen-
tal inoculation of newborn lambs with replication-competent
JSRV Y590/M593 mutants will directly address whether acti-
vation of the PI-3K/Akt pathway is also essential for transfor-
mation in vivo. Furthermore, studies on OPC tumor-derived
cell lines might help to address this issue.

Given the unique tropism for the differentiated epithelial
cells of the lungs, JSRV is also being considered as a potential
vector for gene transfer in lung cells. However, the ability of
JSRV envelope protein to induce transformation is clearly a
point of concern for development of JSRV-based vectors. This
study provides a way to uncouple the unwanted transforming
properties of the JSRV envelope from the desired ability to
mediate viral entry.
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