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Friend spleen focus-forming virus (SFFV) causes rapid erythroleu-
kemia in mice due to expression of its unique envelope glycopro-
tein, gp55. Erythroid cells expressing SFFV gp55 proliferate in the
absence of their normal regulator erythropoietin (Epo) because of
constitutive activation of Epo signal transduction pathways. Al-
though SFFV infects many cell types, deregulation of cell growth
occurs only when SFFV infects erythroid cells, suggesting that
these cells express unique proteins that the virus requires to
mediate its biological effects. Not only do erythroid cells express
the Epo receptor (EpoR), but those from mice susceptible to
SFFV-induced erythroleukemia also express a short form of the
receptor tyrosine kinase Stk (sf-Stk). In erythroid cells, SFFV gp55
interacts with the EpoR complex and sf-Stk, leading to activation
of the kinase and constitutive activation of signal transducing
molecules. In this study, we demonstrate that SFFV gp55 can also
deregulate the growth of nonerythroid cells when it is coexpressed
with sf-Stk. Expression of SFFV gp55 in rodent fibroblasts engi-
neered to express sf-Stk induced their transformation, as demon-
strated by focus formation and anchorage-independent growth in
vitro. This transformation by SFFV gp55 requires the kinase activity
of sf-Stk and the presence of its extracellular domain but not
expression of the EpoR or the tyrosine kinase Jak2, which is
required for activation of signal transduction pathways through
the EpoR. Thus, expression of SFFV gp55 in nonerythroid cells
coexpressing sf-Stk results in their uncontrolled growth, demon-
strating a previously unrecognized mechanism for retrovirus trans-
formation of rodent fibroblasts and providing insight into SFFV-
induced disease.

fibroblast transformation � retroviral envelope protein

The Friend spleen focus-forming virus (SFFV) is a highly
pathogenic retrovirus that exclusively induces erythroleuke-

mia in susceptible strains of mice within weeks of inoculation (for
review, see ref. 1). The primary pathogenic determinant for this
virus is localized to the env gene, which encodes a 55-kDa protein
(gp55) that interacts with the erythropoietin receptor (EpoR)
complex at the surface of erythroid cells and other hematopoi-
etic cells engineered to express murine EpoR, abrogating Epo
dependence (1). Susceptibility to SFFV-induced erythroleuke-
mia is strain-specific and depends on several different host genes
(2). These genes include those that interfere with viral entry and
integration as well as the Fv-2 gene, which functions at the level
of the erythroid target cell. The Fv-2 gene encodes the receptor
tyrosine kinase Stk�RON, a member of the Met family of
receptor tyrosine kinases (3). Susceptibility to SFFV-induced
disease is associated with expression of a short form of Stk,
termed sf-Stk, that is transcribed from an internal promoter
within the Stk gene of susceptible mice (Fv-2ss), but not resistant
mice (Fv-2rr) (3), and is abundantly expressed in erythroid cells
(4). Infection of Fv-2ss erythroid cells with the polycythemia-
inducing strain of SFFV (SFFV-P) induces Epo-independent
proliferation and differentiation, whereas erythroid cells in-
fected with the anemia-inducing strain of SFFV (SFFV-A)
proliferate in the absence of Epo but still require Epo for

differentiation (5). We recently demonstrated that sf-Stk inter-
acts with SFFV-P gp55 in hematopoietic cells that express the
EpoR and that this interaction induces sf-Stk activation (6).
Furthermore, exogenous expression of sf-Stk, but not a kinase-
inactive mutant of sf-Stk, in bone marrow cells from Fv-2rr mice
can restore Epo-independent erythroid colony formation in
response to SFFV infection (7, 8). Thus, SFFV appears to exert
its biological effects on erythroid cells by activating sf-Stk.

The erythroid specificity of SFFV-induced disease is not due
to the failure of the virus to infect or replicate in nonerythroid
cells but may be due to the lack of expression in other cell types
of cooperating cellular proteins, such as the EpoR or sf-Stk, that
the virus needs to exert its biological effects. In this study, we
demonstrate that SFFV can transform fibroblasts when it is
coexpressed with sf-Stk. Both strains of SFFV have this property,
and neither the EpoR nor Jak2, the tyrosine kinase responsible
for phosphorylation of the EpoR, are required. These results
demonstrate a unique mechanism for retrovirus-induced fibro-
blast transformation and suggest that SFFV may be capable of
altering the growth of cells from multiple lineages if they express
sf-Stk.

Materials and Methods
Plasmids. pMXsf-Stk-IRES-EGFP, pMXgp55-IRES-sf-Stk, and
pMXgp55-IRES-K190M are described in refs. 6 and 8. A
bicistronic vector with the tyrosines within the sf-Stk multifunc-
tional protein docking site (Y429 and Y436) mutated to phe-
nylalanine was generated by using the QuikChange site-directed
mutagenesis kit (Stratagene) with the primer (mutated codons
are italicized) 5�-TGGGGACCACTTTGTGCAGCTGACAG-
CAGCTTTTGTGAACGTAGG-3� (sense Y429F and Y436F).
Sf-Stk (6) and sf-Stk K190M (8) were PCR-amplified and cloned
into the pEF6 vector (Invitrogen), which contains the elongation
factor-1� promoter and the blasticidin resistance gene, gener-
ating sf-Stk WT and sf-Stk KD, respectively. The following
deletion constructs of sf-Stk were generated by PCR using the
following forward primers: sf-Stk TM�C (extracellular se-
quences of sf-Stk are deleted), 5�-ACGGATCCAACATGGC-
CTCACAGAGGATACTCCTTATTGC-3�; sf-Stk C (extracel-
lular and transmembrane sequences of sf-Stk are deleted), 5�-
ACGGATCCAACATGAACTCCCGAAGACGGAAAAA-
GCAGCTAGG-3�. The reverse primer 5�- TGAATTCCAAGT-
GGGCAGGGGTGGCTCTGAGAGAGGC-3� was used. Each
BamHI and EcoRI fragment was cloned into the pEF6 vector.

Cell Lines. NIH 3T3 cells, NIH 3T3�SFFV-P, and NIH 3T3�
SFFV-A were maintained in DMEM supplemented with 10%
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FBS. To establish NIH 3T3�sf-Stk cells, NIH 3T3 cells were
transfected with pMX sf-Stk-IRES-EGFP (6) and sorted with a
FACS to select those cells expressing EGFP. NIH 3T3 cells
stably expressing sf-Stk WT, sf-Stk TM�C, sf-Stk C, and sf-Stk
KD were established after transfection with each plasmid as
described above and selection with blasticidin.

Viruses. SFFV-P- and SFFV-A-containing virus preparations
were obtained from SFFVAP–L and SFFVA–L transfected NIH
3T3 cells, respectively, that had been superinfected with Friend
murine leukemia virus (F-MuLV) (9). A SFFV BB6-containing
virus preparation was obtained by infecting SFFV BB6 clone 13
NIH 3T3 cells (10) with F-MuLV. F-MuLV- and Friend mink
cell focus-inducing MuLV-containing virus preparations were
obtained from productively infected NIH 3T3 cells. Infectious
stocks of the pMXgp55-sf-Stk bicistronic vector were obtained as
described in ref. 8.

Protein Analysis. Cell lysates were prepared by resuspending cells
in lysis buffer (20 mM Tris�HCl, pH 7.5�150 mM NaCl�10%
glycerol�1% Triton X-100�2 mM EDTA�0.5 mM phenylmeth-
ylsulfonyl f luoride�1 mM Na3VO4�1 �g each of aprotinin and
leupeptin per ml) followed by incubation on ice for 20 min.
Insoluble components were removed by centrifugation, and
protein concentrations were determined with a protein assay kit
(Bio-Rad). Immunoprecipitations were performed as described
in ref. 11 by using anti-Stk polyclonal rabbit antibody. Immuno-
precipitated proteins or whole-cell lysates were separated by
electrophoresis on Tris-glycine or Bis-Tris minigels (Invitrogen)
and then transferred electrophoretically to nitrocellulose filters
for Western blotting with rat anti-SFFV gp55 (12), rabbit
anti-Stk, or goat anti-R-MuLV gp70 antiserum, followed by
visualization using enhanced chemiluminescence (ECL) (Am-
ersham Pharmacia Biotech).

Jak2-Deficient Fibroblasts. Jak2�/� mice (13) were obtained from
Klaus Pfeffer (Technical University of Munich, Munich) and
maintained at the National Cancer Institute–Frederick by breed-
ing with C57BL�6 mice. To obtain Jak2-deficient embryo fibro-
blasts, we mated Jak2 heterozygotes and harvested embryos
after 12.5 days of gestation. The genotype of the embryos was
determined by PCR as described in ref. 14 by using the primers
5�-CCACAAGCTTTAGAAGCAGC-3�, 5�-CTTTGTACGCT-
GTCCACCCAG-3�, and 5�-TCGCCTTCTATCGCCT-
TCTTG-3� and Jak2�/� and Jak2�/� fibroblasts prepared from
the appropriate embryos. The cells were maintained in DMEM
with 20% heat-inactivated FBS at 37°C in a humidified atmo-
sphere with 5% CO2. Fibroblasts at second passage were used in
transformation assays.

Transformation Assay. Cells plated in 60-mm dishes were trans-
fected with 4 �g of plasmid DNA with or without 0.6 �g of
pSV2neo plasmid DNA using lipofectamine 2000 reagent (In-
vitrogen). Approximately 48 h after transfection, cells were
replated in 60-mm dishes and maintained in the presence of
G418 or blasticidin for 4 wk, with the media replaced every 3–4
days, before transformed foci were counted.

Colony-Formation Assays. Cells were seeded in agar suspension in
60-mm dishes as described in ref. 15. Dishes were incubated for
3 wk before colonies were counted.

Results
Coexpression of SFFV and sf-Stk Results in Transformation of Rodent
Fibroblasts. It has previously been shown that infection of rodent
fibroblasts with SFFV does not result in their transformation
(16). However, unlike erythroid cells, fibroblasts do not express
sf-Stk, which is essential for induction of erythroleukemia by

SFFV. To determine whether SFFV could transform fibroblasts
in cooperation with sf-Stk, we first established NIH 3T3 cells that
stably express sf-Stk (NIH 3T3�sf-Stk). These cells express high
levels of sf-Stk (Fig. 1C, lane 2) and do not show any obvious
morphological changes in comparison with NIH 3T3 cells (com-
pare Fig. 1 A1 with Fig. 1B). We did not detect endogenous Stk
or sf-Stk in NIH 3T3 cells by Western blot analysis (Fig. 1C, lane
1) or by RT-PCR (data not shown). When NIH 3T3�sf-Stk cells
were infected with F-MuLV pseudotypes of SFFV-P and
SFFV-A and observed 2–3 wk later, they became morphologi-
cally transformed, as recognized by their fusiform shape, the loss
of contact inhibition, and focus formation (Fig. 1 A 3 and 4). The
transformed cells showed anchorage-independent properties, as
witnessed by their capacity to grow in soft agar (Fig. 2 and Table
1). Infection of NIH 3T3�sf-Stk cells with F-MuLV alone did not
result in transformation (Fig. 1 A2 and Table 1). Transfection of
expression plasmids containing only the gp55 coding sequences
from SFFV-P or SFFV-A also resulted in transformation of NIH
3T3�sf-Stk cells (data not shown), indicating that the envelope
proteins of these viruses were responsible for fibroblast trans-
formation of sf-Stk-expressing NIH 3T3 cells. In contrast, in-
fection of NIH 3T3�sf-Stk cells with BB6 SFFV, a variant of
SFFV-P that activates the EpoR but not sf-Stk (6), failed to

Fig. 1. Coexpression of SFFV and sf-Stk causes transformation of NIH 3T3
cells. (A) NIH 3T3 cells were stably transfected with sf-Stk (NIH 3T3�sf-Stk) and
then left uninfected (1) or infected with F-MuLV (2), F-MuLV�SFFV-P (3),
F-MuLV�SFFV-A (4), F-MuLV�SFFV mutant BB6 (5), or Friend mink cell focus-
inducing MuLV (6). The cells were observed over 3 wk for morphological
changes and are shown at �100 magnification. (B) NIH 3T3 cells shown for
comparison. (C) Western blot analysis of extracts from NIH 3T3 (lane 1) or NIH
3T3�sf-Stk (lane 2) cells with anti-Stk antiserum.
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induce their transformation (Fig. 1 A5 and Table 1), suggesting
that activation of sf-Stk by SFFV is necessary for fibroblast
transformation. Friend mink cell focus-inducing MuLV, which
expresses an envelope protein highly related to SFFV gp55 (1),
did not induce any morphological changes in NIH 3T3�sf-Stk
cells (Fig. 1 A6 and Table 1). Also, infection of NIH 3T3�sf-Stk
cells with other MuLV strains, including amphotrophic MuLV,
PVC-211 MuLV, CasBrM MuLV, FB29 MuLV, or 10A1 MuLV,
failed to transform these cells (data not shown). These results
indicate that both SFFV-P and SFFV-A, unlike other MuLVs,
can transform rodent fibroblasts in cooperation with sf-Stk.

Our previous studies showed that SFFV gp55 interacts with
sf-Stk in BaF3 cells expressing the EpoR (BaF3-EpoR) and that
the EpoR, sf-Stk, and SFFV gp55 form a complex at the cell
surface, resulting in activation of sf-Stk signal transduction
pathways (6). To determine whether SFFV gp55 was interacting
with sf-Stk in NIH 3T3 cells, cell lysates from NIH 3T3�sf-Stk
cells infected with SFFV-P or SFFV-A were immunoprecipi-
tated with anti-Stk antiserum and then immunoblotted with
anti-SFFV gp55 (7C10) or anti-phosphotyrosine antibody
(4G10). As shown in Fig. 3A, when anti-Stk immunoprecipitates
were immunoblotted with anti-gp55 antiserum, bands corre-
sponding to SFFV gp55-P (lane 3) and SFFV gp55-A (lane 4) as
well as the surface forms of these proteins (gp55s) were detected.
When anti-Stk immunoprecipitates were immunoblotted with
anti-phosphotyrosine antibody, a large number of phosphoty-
rosine-containing proteins were detected only in lysates from
NIH 3T3 cells coexpressing sf-Stk and gp55 (Fig. 3B, lanes 3 and
4). NIH 3T3 cells expressing sf-Stk in the absence of SFFV gp55
did not result in the detection of tyrosine-phosphorylated pro-
teins associated with sf-Stk (Fig. 3B, lane 2).

The Kinase Domain of sf-Stk Is Required for Fibroblast Transformation
by SFFV. To test whether the kinase activity of sf-Stk is required
for fibroblast transformation by SFFV, we carried out transfor-

mation assays on NIH 3T3 cells transfected with a bicistronic
plasmid that coexpresses SFFV gp55 and sf-Stk (pMXgp55-
sfStk) (8) as well as bicistronic plasmids expressing SFFV gp55
and various mutants of sf-Stk (Fig. 4A). As shown in Fig. 4B,
transfection of NIH 3T3 cells with the bicistronic vector express-
ing gp55 and WT sf-Stk (gp55�WT sf-Stk) resulted in their
transformation, with an average of 35.5 foci per 60-mm plate
(SE � 3.3) at 4 wk posttransfection. In contrast, a vector
expressing SFFV gp55 and a kinase-inactive mutant of sf-Stk
(gp55-KD sf-Stk) was unable to induce foci formation in NIH
3T3 cells, although the cells expressed gp55 and sf-Stk protein
(Fig. 4B Inset, lane 3). Transfection of NIH 3T3 cells with a
plasmid expressing WT sf-Stk alone did not induce foci forma-
tion. Identical results were obtained when the rat embryonic
fibroblast cell line 208F was used (data not shown). Further-
more, as shown in Fig. 4B, a bicistronic plasmid expressing gp55
and a sf-Stk mutant that has both Y429 andY436 in the multi-
functional docking site changed to phenylalanine (gp55-MDS
sf-Stk) caused significantly fewer foci in NIH 3T3 cells (an
average of 8.5 foci; SE � 1.9), although the cells express high
levels of sf-Stk and gp55 (Fig. 4B Inset, lane 4). Also, foci induced
by gp55-MDS sf-Stk were much smaller in size than those
induced by gp55-WT sf-Stk (data not shown). The same results
were obtained from transformation assays using the rat fibro-
blast line 208F (data not shown). The results obtained indicate
that kinase activity of sf-Stk and the subsequent activation of
sf-Stk signal transduction pathways are required for transforma-
tion of fibroblasts in conjunction with SFFV.

Extracellular Sequences of sf-Stk Are Required for Transformation of
Fibroblasts in Conjunction with SFFV. We constructed deletion
mutants of sf-Stk in which the extracellular domain (55 aa)
(sf-Stk TM�C) or both the extracellular and transmembrane
domains (81 aa) (sf-Stk C) were deleted (see Fig. 4C) to
determine whether these sequences are crucial for induction of
fibroblast transformation in conjunction with SFFV. Compared
with WT sf-Stk, sf-Stk TM�C, and sf-Stk C were unable to induce
foci when transfected into NIH 3T3 cells infected with F-MuLV
pseudotypes of SFFV-P or SFFV-A (Table 2). WT sf-Stk was
able to transform SFFV-P- and SFFV-A-infected NIH 3T3 cells
equally well. These results indicate that the extracellular se-
quences of sf-Stk are crucial for efficient transformation of
fibroblasts by SFFV.

Fig. 2. Anchorage-independent growth of sf-Stk-expressing NIH 3T3 cells
after infection with SFFV. NIH 3T3 cells and NIH 3T3�sf-Stk cells infected with
F-MuLV�SFFV-P were grown in soft agar and photographed after 3 wk at �10
magnification.

Table 1. Anchorage-independent growth of sf-Stk-expressing
NIH 3T3 cells after infection with SFFV

Cells

Colonies per dish, 3 wk

250 cells
per dish

500 cells
per dish

NIH 3T3 0 0
NIH 3T3�sf-Stk 0 0
NIH 3T3�sf-Stk plus F-MuLV 0 0
NIH 3T3�sf-Stk plus F-MuLV�SFFV-P 27 � 3 63 � 5
NIH 3T3�sf-Stk plus F-MuLV�SFFV-A 28 � 2 48 � 8
NIH 3T3�sf-Stk plus F-MuLV�BB6 SFFV 0 0
NIH 3T3�sf-Stk plus F-MCF MuLV 0 0

NIH 3T3 cells or NIH 3T3�sf-Stk cells infected with the various MuLVs were
grown in soft agar at 250 cells or 500 cells per 60-mm dish, and after 3 wk, the
number of colonies was counted. F-MCF, Friend mink cell focus-inducing.

Fig. 3. SFFV gp55 and sf-Stk interact in NIH 3T3 cells, resulting in tyrosine
phosphorylation of multiple proteins. (A and B) Lysates from NIH 3T3 (lanes 1),
NIH 3T3�sf-Stk-F-MuLV (lanes 2), NIH 3T3�sf-Stk-F-MuLV�SFFV-P (lanes 3), and
NIH 3T3�sf-Stk-F-MuLV�SFFV-A (lanes 4) were immunoprecipitated (IP) with
anti-Stk antibody, and then Western blot (WB) analysis was performed with
anti-SFFV gp55 (A) or anti-phosphotyrosine (PY) (B) antibody.
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Jak2 Is Not Required for Transformation of Fibroblasts by SFFV
gp55-Activated sf-Stk. Jak2 is thought to be a key kinase in EpoR
signaling (17). We investigated whether fibroblast transforma-
tion by SFFV gp55-activated sf-Stk is Jak2-dependent. For this

study, we used primary cultures of Jak2�/� fibroblasts and
Jak2�/� fibroblasts and infected them with a virus expressing
bicistronic gp55-sf-Stk (8). Cells were passaged several times to
allow for virus spread and were shown to express high levels of
both sf-Stk and gp55 (Fig. 5A). Over the next few weeks, the
cultures were observed for transformation. As shown in Fig. 5B,
fibroblasts from both Jak2�/� and Jak2�/� mice showed foci of
transformation after infection with the gp55-sf-Stk virus. In
contrast, neither Jak2�/� nor Jak2�/� cells infected with SFFV
alone or with a virus encoding only sf-Stk showed any signs of
transformation (data not shown). These results indicate that
Jak2 is dispensable for fibroblast transformation by SFFV gp55-
activated sf-Stk.

Discussion
Unlike retroviruses carrying classical oncogenes, the erythro-
leukemia-inducing Friend SFFV cannot transform rodent fibro-
blasts (16). However, as demonstrated in this study, SFFV can
transform NIH 3T3 cells when they are engineered to express a
short form of the receptor tyrosine kinase Stk, a kinase previ-
ously shown to be essential for mediating the biological effects
of the virus in vivo (3). Infection of NIH 3T3 cells stably
expressing sf-Stk with either the polycythemia-inducing variant
(SFFV-P) or the anemia-inducing variant (SFFV-A) of the virus
induced transformed foci and caused their anchorage-
independent growth in soft agar. In studies not shown, fibro-
blasts expressing both SFFV gp55 and sf-Stk were also able to
grow as s.c. tumors in nude mice. Infection of sf-Stk-expressing
NIH 3T3 cells with viruses expressing only the envelope proteins
of SFFV-P or SFFV-A or infection of NIH 3T3 cells with a
bicistronic vector expressing SFFV-P gp55 and sf-Stk also re-
sulted in their transformation, indicating that gp55, the unique
envelope protein encoded by SFFV, is responsible. Furthermore,
primary embryonic mouse fibroblasts and the rat embryonic cell

Fig. 4. The kinase and extracellular domains of sf-Stk are required for
transformation of fibroblasts in conjunction with SFFV. (A) Diagrams of the
retroviral vectors used in B. (B) NIH 3T3 cells were transfected with the
indicated plasmids along with pSV2neo as described in Materials and Meth-
ods. After 4 wk, transformed foci were counted. Four independent experi-
ments were performed, and the average number of colonies � SE is shown.
(Inset) Sf-Stk and gp55 expression was detected by Western blot analysis at 3
days posttransfection. Lane 1, mock; lane 2, gp55�WT sf-Stk; lane 3, gp55�KD
sf-Stk; lane 4, gp55�MDS sf-Stk; lane 5, WT sf-Stk. (C) Diagrams of the plasmids
used in Table 2.

Table 2. The kinase and extracellular domains of sf-Stk are
required for transformation of fibroblasts in conjunction
with SFFV

Transfected cells

Colonies per dish

sf-Stk WT sf-Stk TM�C sf-Stk C sf-Stk KD

SFFV-P-NIH 3T3
Experiment 1 62, 61 0,0 0,0 0,0
Experiment 2 53, 48 0,0 0,0 0,0
Experiment 3 57, 55 0,0 0,0 0,0

SFFV-A-NIH 3T3
Experiment 1 38, 46 0,0 0,0 0,0
Experiment 2 16, 10 0,0 0,0 0,0
Experiment 3 78, 44 0,0 0,0 0,0

NIH 3T3 cells infected with SFFV-P or SFFV-A were transfected with the
indicated plasmids (Fig. 4C), and after 4 wk, transformed foci were counted.
Three independent experiments were performed.

Fig. 5. Jak2 is not required for transformation of fibroblasts by SFFV-
activated sf-Stk. Primary embryo fibroblasts prepared from Jak2�/� and
Jak2�/� mice were infected with pMXgp55-sf-Stk virus and observed after 4
wk. (A) Expression of SFFV envelope protein and sf-Stk by Western blot
analysis in the transformed cells. (B) Photomicrographs of fibroblasts infected
with pMXgp55-sf-Stk virus or left uninfected. Magnification is �100.
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line 208F also became transformed when SFFV was coexpressed
with sf-Stk. In contrast, infection of NIH 3T3�sf-Stk cells with
BB6 SFFV, a variant of SFFV that does not interact with sf-Stk
(6), or with various ecotropic, amphotropic, and polytropic
MuLVs did not alter their cellular morphology. We did not
detect transformation of NIH 3T3 cells, 208F cells, or primary
embryonic fibroblasts by sf-Stk alone, whether we used expres-
sion vectors driven by a retroviral LTR, the elongation factor-1�
promoter, or the CMV immediate early promoter (data not
shown). We also failed to see foci when a constitutively activated
point mutant of sf-Stk (M330T) (8) was expressed in NIH 3T3
cells. Unlike sf-Stk, full-length Stk, which does not interact with
SFFV gp55 (6), was unable to cooperate with SFFV to induce
transformation of rodent fibroblasts (data not shown). These
results indicate that SFFV is a fibroblast-transforming virus
when it is coexpressed with sf-Stk and demonstrate a previously
unrecognized mechanism by which a retrovirus lacking an
oncogene can transform rodent fibroblasts. We recently re-
ported that mice infected with a bicistronic virus coexpressing
SFFV gp55 and sf-Stk developed clinical signs not previously
associated with SFFV-induced disease (8). That observation,
combined with those presented here, suggests that SFFV may be
capable of transforming other cell types that it infects, provided
that the cell expresses sf-Stk.

We previously demonstrated that SFFV gp55-P physically
interacts with sf-Stk in hematopoietic cells expressing the EpoR,
SFFV gp55, and sf-Stk (6). In this study, we show that in NIH 3T3
cells, both the intracellular and cell surface forms of SFFV gp55
interact with sf-Stk and that this interaction induces sf-Stk
activation, resulting in tyrosine phosphorylation of multiple
proteins and transformation. Sf-Stk kinase activity is essential
for SFFV transformation of fibroblasts, and maximal transfor-
mation occurs when the multifunctional docking site within the
kinase is tyrosine-phosphorylated. By using deletion mutants of
sf-Stk, we were able to conclude that the extracellular sequences
of sf-Stk are critical for induction of transformation in conjunc-
tion with SFFV gp55, suggesting that the extracellular domain of
the kinase interacts with SFFV gp55. Consistent with this idea
are data obtained with the SFFV variant BB6, which does not
cause transformation of sf-Stk- expressing NIH 3T3 cells. The
envelope protein of BB6 SFFV has a transmembrane domain
identical to SFFV gp55 but contains a 53-aa deletion in its
extracellular domain (10). Our previous studies indicated that
the BB6 envelope protein fails to activate sf-Stk (6), suggesting
that the deleted extracellular sequences in BB6 SFFV are those
that interact with sf-Stk.

It is interesting that both SFFV-P and SFFV-A transform
fibroblasts expressing sf-Stk with similar efficiency, because the
two viruses differ in their biological effects on erythroid cells.
Erythroid cells infected with SFFV-P either in vitro or in vivo can
proliferate and differentiate in the absence of Epo, whereas
those infected with SFFV-A can only proliferate, suggesting that
the two viruses differ in their ability to activate differentiation
signals in erythroid cells. Furthermore, SFFV-P, but not
SFFV-A, can render BaF3-EpoR cells, which do not express
sf-Stk, factor-independent, a difference that is thought to be due
to disparities in the quality of the interaction between the
envelope proteins and the EpoR (18). Our present study sup-
ports this idea. Because both SFFV-P and SFFV-A gp55 can
interact with sf-Stk to activate proliferation signals in the absence
of the EpoR, the failure of SFFV-A to induce Epo-independent
erythroid cell differentiation is more likely due to its inefficient
interaction with the EpoR than with its ability to interact with
sf-Stk.

SFFV gp55-activated sf-Stk transformed rodent fibroblasts,
but a constitutively activated mutant of sf-Stk did not, even
though a constitutively activated mutant of full-length Stk�RON
has been shown to transform NIH 3T3 cells (19). However,

unlike full-length Stk�RON, sf-Stk lacks signal sequences to
direct it to the cell surface, where it could function to activate
signal transduction pathways (4). Interaction of the cell surface
form of SFFV gp55 with sf-Stk, as shown in Fig. 3A, could
efficiently carry sf-Stk to the cell surface, where it can interact
with other signaling proteins to cause transformation. Our
previous data demonstrated that interaction between SFFV
gp55 and sf-Stk increases the stability of sf-Stk, (8) and this
stabilizing interaction may also be important for assuring suffi-
cient levels of sf-Stk in the cell to cause transformation.

The tyrosine kinase Jak2 is a key molecule for signaling
through the EpoR (17), and a recent study suggested that
full-length Stk is downstream of the EpoR and Jak2 (20). In this
study, we demonstrated that Jak2 is not required for transfor-
mation of rodent fibroblasts by SFFV-activated sf-Stk. Thus,
SFFV infection of primary murine erythroid cells that abun-
dantly express sf-Stk could induce a proliferative signal, leading
to Epo-independent erythroid burst formation, without activa-
tion of EpoR�Jak2. It will be interesting to determine which
signal transduction pathways are activated in sf-Stk-expressing
NIH 3T3 cells infected with SFFV and which of these are
required for transformation.

Three putative models for how SFFV gp55 may activate
proliferative signals in cells are shown in Fig. 6. Model 1 is
represented by the induction of Epo independence by SFFV-P
or BB6 SFFV in BaF3-EpoR cells, which express the EpoR but
not sf-Stk. In this model, dimers of SFFV gp55 or BB6 gp42
interact with the EpoR, which may cause homodimerization of
the receptor and activation of Jak2 and various Epo signal
transducing molecules. SFFV-A does not induce factor indepen-
dence in BaF3-ER cells, suggesting that SFFV-A gp55 cannot
sufficiently activate the EpoR (18). Model 2 is represented by
erythroid cells infected with SFFV-P or SFFV-A. In this model,
dimers of SFFV gp55 interact with the EpoR and�or sf-Stk,
causing the activation of the EpoR�Jak2 and�or sf-Stk and their
associated signal transduction pathways. SFFV-P, which can
interact with both the EpoR and sf-Stk, would be expected to
activate both EpoR signaling pathways and pathways down-
stream of sf-Stk, whereas SFFV-A, which is not efficient in
activating the EpoR, would be expected only to activate sf-Stk
signaling pathways. Model 3 is represented by nonerythroid cells,
such as rodent fibroblasts expressing both sf-Stk and SFFV gp55.
In this model, SFFV-P or SFFV-A gp55 interacts with sf-Stk to
activate sf-Stk signal transduction pathways, an event that should

Fig. 6. Putative models for the induction of Epo independence and fibro-
blast transformation by SFFV. Model 1 shows induction of Epo-independent
growth of BaF3-EpoR cells by SFFV-P or BB6 SFFV. Model 2 shows induction of
Epo-independent growth of erythroid cells by SFFV-P or SFFV-A. Model 3
shows transformation of rodent fibroblasts by sf-Stk and SFFV-P or SFFV-A or
Epo-independent growth of erythroid cells infected with SFFV-P or SFFV-A.
White, EpoR; gray, SFFV gp55; black, sf-Stk.
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also occur in erythroid cells from mice infected with SFFV-P or
SFFV-A.

It is well established that retroviruses carrying oncogenes can
transform rodent fibroblasts. However, data are accumulating to
indicate that envelope proteins encoded by retroviruses may
have transforming capacities. Expression of the envelope protein
of JSRV (Jaagsiekte sheep retrovirus) in rodent fibroblasts can
result in their transformation (21, 22), as can expression of the
envelope protein of the avian hemangioma retrovirus (23), and
a recent study demonstrated that the envelope protein of the
mouse mammary tumor virus can transform mammary epithelial
cells in culture (24). We demonstrate that another retroviral
envelope protein, SFFV gp55, can also transform fibroblasts,
provided that the cells express a particular protein, sf-Stk, which

can be activated by the viral envelope protein. A short form of
RON, the human counterpart of Stk, has recently been detected
in human cancer cells (25). It is possible that this short form of
RON may interact with a partner like SFFV gp55 in human
cancer cells and contribute to their transformation.

In conclusion, our study demonstrates a unique mechanism for
retrovirus-induced transformation and provides insight pertain-
ing to the biological effects of Friend SFFV.
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