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The Friend spleen focus-forming virus (SFFV) encodes a unique envelope glycoprotein, gp55, which allows
erythroid cells to proliferate and differentiate in the absence of erythropoietin (Epo). SFFV gp55 has been
shown to interact with the Epo receptor complex, causing constitutive activation of various signal-transducing
molecules. When injected into adult mice, SFFV induces a rapid erythroleukemia, with susceptibility being
determined by the host gene Fv-2, which was recently shown to be identical to the gene encoding the receptor
tyrosine kinase Stk/Ron. Susceptible, but not resistant, mice encode not only full-length Stk but also a
truncated form of the kinase, sf-Stk, which may mediate the biological effects of SFFV infection. To determine
whether expression of SFFV gp55 leads to the activation of sf-Stk, we expressed sf-Stk, with or without SFFV
gp55, in hematopoietic cells expressing the Epo receptor. Our data indicate that sf-Stk interacts with SFFV
gp55 as well as gp55P, the biologically active form of the viral glycoprotein, forming disulfide-linked complexes.
This covalent interaction, as well as noncovalent interactions with SFFV gp55, results in constitutive tyrosine
phosphorylation of sf-Stk and its association with multiple tyrosine-phosphorylated signal-transducing mol-
ecules. In contrast, neither Epo stimulation in the absence of SFFV gp55 expression nor expression of a mutant
of SFFV that cannot interact with sf-Stk was able to induce tyrosine phosphorylation of sf-Stk or its association
with any signal-transducing molecules. Covalent interaction of sf-Stk with SFFV gp55 and constitutive tyrosine
phosphorylation of sf-Stk can also be detected in an erythroleukemia cell line derived from an SFFV-infected
mouse. Our results suggest that SFFV gp55 may mediate its biological effects in vivo by interacting with and
activating a truncated form of the receptor tyrosine kinase Stk.

The Friend spleen focus-forming virus (SFFV) causes an
acute erythroleukemia in susceptible strains of mice (for a
review, see reference 37). SFFV encodes a unique envelope
glycoprotein, gp55, that associates specifically with the eryth-
ropoietin receptor (EpoR) at the cell surface (4, 10, 21, 45),
allowing erythroid cells to proliferate in the absence of eryth-
ropoietin (Epo), the normal regulator of erythropoiesis. Epo
stimulation of the EpoR activates a number of signal transduc-
tion pathways, including the Jak-Stat, the Ras/Raf-1/mitogen-
activated protein kinase (MAPK), and the phosphatidylinositol
3-kinase (PI3-kinase) pathways (for a review, see reference
46). Using the Epo-dependent erythroleukemia cell line HCD-
57, we have previously demonstrated that infection with SFFV,
which abrogates the Epo dependence of these cells (36), con-
stitutively activates Stat DNA-binding activity (30); Ras (27);
Raf-1, MEK, and MAPK (26); PI 3-kinase and Akt kinase (29);
and protein kinase C (27).

Although interaction of the SFFV envelope glycoprotein
with the EpoR complex is essential for inducing the biological
effects of the virus, other factors must also be involved, since
not all strains of mice are susceptible to SFFV-induced eryth-
roleukemia. A number of polymorphic mouse genes have been
identified that affect susceptibility to Friend SFFV-induced

erythroleukemia. Most of these host genes interfere with viral
entry or integration, or they control immune responses against
the virus-infected cells (for a review, see reference 7). How-
ever, the Fv-2 gene (22), which is located on mouse chromo-
some 9, acts at the level of the erythroid target cell for the virus
(2, 3, 9, 13, 39). Mice carrying at least one copy of the Fv-2s

allele are susceptible to SFFV-induced erythroleukemia, and
their erythroid cells will form Epo-independent erythroid
bursts when infected in vitro with SFFV. In contrast, mice
homozygous for the Fv-2r allele fail to develop SFFV-induced
erythroleukemia, and SFFV infection of erythroid cells from
these mice does not result in the formation of Epo-indepen-
dent erythroid bursts. Thus, erythroid cells from Fv-2-resistant
mice appear to lack a component necessary for mediating the
biological effects of SFFV infection. Although earlier studies
suggested that there were differences between Fv-2-susceptible
and -resistant erythroid cells in cell cycling (42), it was unclear
how this affected the ability of SFFV to alter the growth of
these cells. Recently, however, it was shown that the Fv-2 gene
is identical to the gene encoding the Met-related tyrosine ki-
nase Stk/Ron (33). Mice that carry the Fv-2s allele express both
a full-length Stk and a truncated form of the kinase, sf-Stk,
which is expressed from an alternate promoter. sf-Stk lacks
almost the entire extracellular domain but retains the trans-
membrane and tyrosine kinase domains. In contrast to Fv-2s

mice, mice that are homozygous for the Fv-2r allele express
only full-length Stk due to a 3-nucleotide deletion in the alter-
nate promoter. Transfer of bone marrow cells expressing sf-Stk
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to Fv-2rr mice confers susceptibility to SFFV-induced erythro-
leukemia, while targeted disruption of the Stk gene in Fv-2s

mice results in resistance to disease (33). Thus, expression of
sf-Stk in erythroid cells appears to play a critical role in deter-
mining the biological consequences of SFFV infection in the
mouse. We, therefore, carried out studies to determine if
SFFV gp55 interacts with sf-Stk and whether this interaction
results in the activation of this truncated kinase and the down-
stream activation of signal transduction pathways.

MATERIALS AND METHODS

Plasmids. The gp55-encoding sequence from SFFVA-FC, which exerts effects
identical to SFFVp (5), was PCR amplified and cloned into the PCR-Script
plasmid (Stratagene, La Jolla, Calif.). The BamHI-NotI fragment was inserted
into the pMX retroviral vector (kindly provided by T. Kitamura, University of
Tokyo, Tokyo, Japan) to create pMX-A-FC. To achieve high levels of expression
of the sf-Stk protein that can be followed by fluorescence-activated cell sorting
(FACS), we generated a bicistronic retroviral vector, pMX-IRES-EGFP, by
inserting the encephalomyocarditis virus internal ribosome entry sequence
(IRES) in front of the gene encoding enhanced green fluorescent protein
(EGFP). sf-Stk was amplified on an Stk cDNA template (kindly provided by A.
Danilkovich, National Cancer Institute, Frederick, Md., with permission of T.
Suda) by PCR amplification with the following primer pairs: 59-TGTGGCAGA
CTGTGTGACTGTG-39 and 59-CTAGTGCCTGTGGCCTACTCAGGGC-39.
The PCR product was cloned into the pCR-Blunt II-TOPO vector (Invitrogen,
Carlsbad, Calif.), and the BamHI-NotI fragment of sf-Stk was inserted in front of
the IRES sequence in the pMX-IRES-EGFP vector.

Cell lines. The erythroleukemia cell lines DS19 and HCD-57 were maintained
as previously described (36). BaF3-EpoR cells, which are BaF3 cells engineered
to express the murine EpoR (BER28C kindly provided by H. Amanuma,
RIKEN, Tsukuba, Japan) (50), were maintained in RPMI 1640 medium supple-
mented with 10% fetal calf serum (FCS), 50 mM 2-mercaptoethanol, and 2 U of
Epo/ml. BaF3-EpoR cells expressing SFFV gp55 or sf-Stk were obtained by
infecting these cells with supernatants from BOSC 23 cells (32) (American Type
Culture Collection, Manassas, Va.) that had been transfected 48 to 72 h earlier
using Lipofectamine (Gibco/BRL, Gaithersburg, Md.) with 3 mg of plasmid
DNA encoding SFFV gp55 or sf-Stk. Expression of SFFV gp55 or sf-Stk in the
BOSC 23 cells was verified by Western blot analysis using an anti-SFFV gp55
monoclonal antibody (7C10) (47) or an anti-Stk polyclonal antibody. BaF3-
EpoR cells infected with the SFFV gp55-expressing virus (pMX-A-FC) were
grown in medium without Epo for selection of factor-independent cells. For
establishing BaF3-EpoR cells expressing the mutant SFFV BB6, BaF3-EpoR
cells were first infected with a mixture of SFFV BB6 clone13 (25) (kindly
provided by R. Geib, Terre Haute, Id.) and Friend murine leukemia virus
(MuLV) helper virus and then maintained in medium without Epo for selection
of factor-independent growth. Cells infected with the sf-Stk-expressing virus
(pMX-SF-STK-IRES-EGFP) were sorted by FACS to select those cells express-
ing high levels of EGFP. This technique allowed the isolation of cells stably
expressing high levels of the sf-Stk protein.

Generation of polyclonal antibodies against Stk. An antiserum against Stk was
raised in rabbits by immunization with a keyhole limpet hemocyanin (KLH)-
conjugated synthetic polypeptide corresponding to the C-terminal 16 amino
acids (RSTSKPRPLSEPPLPT; amino acids 1363 to 1378) of the Stk protein.

Protein analysis. To prepare cell lysates, cells were washed and resuspended
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 phenylmethylsulfonyl fluoride, 1 mM Na3 VO4,
and aprotinin and leupeptin at 1 mg/ml each). For some experiments, cells were
starved in RPMI 1640 plus 0.5% bovine serum albumin for 7 h and either
stimulated for 15 min with 10 U of Epo/ml or left unstimulated before being
washed and resuspended in lysis buffer. Cell extracts were subjected to immu-
noprecipitation as described previously (29) with either anti-Stk (see above), an
anti-phosphotyrosine antibody (4G10) cross-linked to protein A-agarose (Up-
state Biotechnology, Lake Placid, N.Y.), anti-EpoR (SC-697, from Santa Cruz
Biotechnology, Santa Cruz, Calif.), anti-Shc (S14630 or S68020, from Transduc-
tion Laboratories, Lexington, Ky.), anti-SHIP (SC-1964, from Santa Cruz) or
anti-Cbl (SC-170, from Santa Cruz). Western blot analysis was conducted using
anti-phosphotyrosine (4G10; Upstate Biotechnology), an anti-gp55 monoclonal
antibody (7C10) (47), or the antibodies listed above. An anti-PU.1 antibody
(SC-352, from Santa Cruz) was used as a control. Immunoprecipitated proteins
were separated by electrophoresis on 8% or 10% Tris-glycine minigels (Invitro-

gen) under reducing conditions (with 3.52 3 1022 M 2-mercaptoethanol) or
nonreducing conditions (without 2-mercaptoethanol). Separated proteins were
then transferred electrophoretically to nitrocellulose filters for Western blotting
with specific antisera and visualization using enhanced chemiluminescence (Am-
ersham Pharmacia Biotech, Piscataway, N.J.).

RT-PCR analysis. To examine Stk expression, we obtained total RNA from
DS19, HCD-57, and BaF3-EpoR cells using RNA STAT-60 (Tel-Test, Inc.,
Friendswood, Tex.). Reverse transcription and PCR analysis (RT-PCR analysis)
were performed with the Titan One Tube RT-PCR System (Boehringer Mann-
heim Corp., Indianapolis, Id.). PCR primers for Stk were 59-CAGCAGTGGA
CAGCCTGTTCA-39 and 59-ATGCCTTCCACTCGGAAGTGC-39. sf-Stk-spe-
cific primers were 59-TCTGGCTGATCCTTCTGTCTG-39 and 59-GCAGCAG
TGGGACACTTGTCC-39 (33). PCR primers for b-actin were obtained from
Stratagene.

RESULTS

Expression of full-length and truncated Stk in EpoR-ex-
pressing hematopoietic cell lines. It has previously been dem-
onstrated that infection with SFFV induces factor indepen-
dence in the Epo-dependent erythroleukemia cell line HCD-57 as
well as in BaF3 and other interleukin-3 (IL-3)-dependent he-
matopoietic cell lines engineered to express the EpoR (19, 20,
36). In order to determine whether these cells express full-
length Stk (Stk/Ron) and/or sf-Stk, we performed RT-PCR
using specific primer pairs. As shown in Fig. 1, both full-length
and truncated Stk can be detected in DS19 cells, an erythro-
leukemia cell line derived from an SFFV-infected mouse, con-
sistent with the findings of an earlier study (16). HCD-57 cells
were also shown to express sf-Stk, although full-length Stk
could not be detected in these cells. In contrast, BaF3-EpoR
cells failed to express either full-length Stk or sf-Stk. This
finding was confirmed by Southern blot analysis using an Stk
probe (data not shown). Since BaF3-EpoR cells fail to express
either full-length Stk or sf-Stk, we used this cell line to express
these proteins and study their potential interaction with SFFV
gp55.

Analysis under reducing and nonreducing conditions of
BaF3-EpoR cells engineered to express sf-Stk and/or SFFV
gp55. To determine whether SFFV gp55 interacts with sf-Stk,
we engineered BaF3-EpoR cells to stably express sf-Stk in the
absence or presence of SFFV gp55. Expression of sf-Stk did
not change the growth requirements of BaF3-EpoR cells,
which require Epo or IL-3 to proliferate, or those of BaF3-
EpoR cells expressing SFFV gp55, which grow in the absence

FIG. 1. Expression of full-length and truncated Stk in EpoR-ex-
pressing cell lines. Total RNA was obtained from DS19, an erythro-
leukemia cell line derived from an SFFV-infected mouse; HCD-57, an
Epo-dependent mouse erythroleukemia cell line; and BaF3-EpoR, an
IL-3-dependent pro-B-cell line engineered to express the EpoR. RT-
PCR using specific primer pairs was then carried out to examine
expression of full-length Stk (Stk/Ron) or truncated Stk (sf-Stk).
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of Epo. As shown in Fig. 2A, when cell lysates from BaF3-
EpoR cells expressing sf-Stk and from BaF3-EpoR cells coex-
pressing sf-Stk and SFFV gp55 were electrophoresed under
reducing conditions and then immunoblotted with an anti-
serum against the C-terminal region of Stk, sf-Stk migrated as
a 52-kDa protein. In contrast, when the proteins were sepa-
rated under nonreducing conditions, an anti-Stk antiserum
also detected 100- and 120-kDa proteins, but only in BaF3-
EpoR cells coexpressing sf-Stk and SFFV gp55 (Fig. 2B). Den-
sitometer scans of this lane of Fig 2B indicate that the majority
(72%) of the sf-Stk detected in BaF3-EpoR cells coexpressing
sf-Stk and SFFV gp55 is present in these high-molecular-

weight complexes, which disappeared under reducing condi-
tions (Fig. 2A).

Cell lysates separated under reducing and nonreducing con-
ditions were also immunoblotted with a monoclonal antibody
that specifically detects SFFV gp55. Under reducing conditions
(Fig. 2C), the unprocessed monomer of gp55 was detected in
BaF3-EpoR cells expressing SFFV gp55 and in BaF3-EpoR
cells coexpressing sf-Stk and SFFV gp55. In addition, the pro-
cessed plasma membrane form of SFFV gp55 (gp55P) was
detected in these cells. Under nonreducing conditions (Fig.
2D), a band corresponding to the disulfide-bonded form of
gp55, [gp55]2, was detected in SFFV gp55-expressing cells

FIG. 2. Analysis of BaF3-EpoR cells engineered to express sf-Stk and SFFV gp55. Cell lysates from BaF3-EpoR cells, BaF3-EpoR cells
expressing sf-Stk, BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55, and BaF3-EpoR cells expressing SFFV gp55 were separated by
electrophoresis under reducing (A and C) or nonreducing (B and D) conditions. After transfer to nitrocellulose filters, the proteins were
immunoblotted with an antiserum against the C-terminal region of Stk (A and B) or against 7C10, a monoclonal antibody specific for SFFV gp55
(C and D). Asterisks indicate 100- and 120-kDa complexes.
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(right two lanes). Interestingly, the SFFV gp55-specific anti-
body also detected 100- and 120-kDa proteins, but only in
BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55 (Fig.
2D), suggesting that they may be heterodimers of SFFV gp55
and sf-Stk. Densitometer scans of this lane of Fig. 2D indicate
that approximately 20% of the SFFV gp55 was present in 100-
and 120-kDa complexes, which disappeared under reducing
conditions (Fig. 2C). When the blot was stripped and reprobed
with an anti-Stk antiserum, the same 100- and 120-kDa pro-
teins were detected (data not shown). In contrast to the results
obtained by coexpressing SFFV gp55 and truncated Stk, coex-

pression of SFFV gp55 and full-length Stk did not result in
formation of a complex between the two proteins (data not
shown).

Interaction between SFFV gp55 and sf-Stk. In order to de-
termine whether or not SFFV gp55 and sf-Stk physically inter-
act, cell lysates from BaF3-EpoR cells expressing both proteins
were immunoprecipitated with an anti-Stk antiserum and then
immunoblotted with the anti-SFFV gp55 monoclonal antibody
7C10. As shown in Fig. 3A, when the proteins are separated
under reducing conditions, a band corresponding to SFFV
gp55P was detected only in the anti-Stk immunoprecipitate

FIG. 3. Interaction between SFFV gp55 and sf-Stk. Cell lysates from BaF3-EpoR cells, BaF3-EpoR cells expressing sf-Stk, BaF3-EpoR cells
coexpressing sf-Stk and SFFV gp55, and BaF3-EpoR cells expressing SFFV gp55 were immunoprecipitated (IP) with an antiserum against the
C-terminal region of Stk and then separated by electrophoresis under reducing (A) or nonreducing (B and C) conditions. After transfer to
nitrocellulose filters, the proteins were immunoblotted with an antiserum against 7C10, a monoclonal antibody specific for SFFV gp55 (A and B),
or with an anti-Stk antiserum (C). Asterisks indicate 100- and 120-kDa complexes.
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from the BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55.
A shorter exposure showed that the unprocessed form of gp55,
which migrates with the heavy chain band of immunoglobulin,
was also precipitated from these cells with the anti-Stk anti-
serum (data not shown). Under nonreducing conditions (Fig.
3B), 100- and 120-kDa proteins which specifically react with
the SFFV gp55 monoclonal antibody were detected in the
anti-Stk immunoprecipitate from BaF3-EpoR cells coexpress-
ing sf-Stk and SFFV gp55. The 100- and 120-kDa proteins
disappeared under reducing conditions (Fig. 3A). Cell lysates
were also immunoprecipitated with an anti-Stk antiserum and
after electrophoresis under nonreducing conditions, they were
immunoblotted with the anti-Stk antiserum. As shown in Fig.
3C, in addition to a 52-kDa sf-Stk protein, bands correspond-
ing to 100- and 120-kDa complexes were also detected by the
anti-Stk antiserum in BaF3-EpoR cells coexpressing sf-Stk and
SFFV gp55. Densitometer scans indicated that 96% of the
sf-Stk precipitated from these cells was present in high-molec-
ular-weight complexes. These complexes disappeared under
reducing conditions (data not shown). Blotting with normal
rabbit serum or an antiserum against an irrelevant protein
(rabbit anti-PU.1) failed to detect 100- or 120-kDa proteins in
BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55 (data not
shown).

Association of sf-Stk with the EpoR. It has previously been
demonstrated that SFFV gp55 interacts with the EpoR (4, 10,
20, 49). In order to determine if sf-Stk also interacts with the
EpoR, we carried out Western blot analysis using an EpoR
antiserum. Cell lysates were immunoprecipitated with either
anti-EpoR or anti-Stk antisera and then immunoblotted with
an anti-EpoR antibody. As shown in Fig. 4, the EpoR antibody
(far-right lane) precipitates 62- and 64-kDa EpoR proteins in
BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55. An an-
tiserum against Stk precipitated a small amount of EpoR pro-
teins from BaF3-EpoR cells expressing only sf-Stk, but it pre-
cipitated a large amount of EpoR proteins, as much as the
anti-EpoR antiserum did, from BaF3-EpoR cells coexpressing
sf-Stk and SFFV gp55. Thus, sf-Stk clearly associates, either
directly or indirectly, with the EpoR in cells coexpressing
SFFV gp55. Unlike the association between sf-Stk and SFFV
gp55, the association between sf-Stk and the EpoR does not
appear to be covalent, since we failed to detect a high-molec-
ular weight complex containing the EpoR when lysates were
analyzed under nonreducing conditions (data not shown).

Tyrosine phosphorylation of sf-Stk. In order to determine if
sf-Stk was tyrosine phosphorylated in the BaF3-EpoR cells in
which it was expressed, proteins were precipitated from cell
lysates with an anti-phosphotyrosine antibody cross-linked to
protein A-agarose (4G10), separated by electrophoresis under
reducing or nonreducing conditions, electrophoretically trans-
ferred to filters, and then immunoblotted with an anti-Stk
antiserum. Under reducing conditions (Fig. 5A), tyrosine-
phosphorylated sf-Stk was detected in BaF3-EpoR cells coex-
pressing sf-Stk and SFFV gp55, but not in cells expressing only
sf-Stk. The molecular size of tyrosine phosphorylated sf-Stk is
slightly higher (by approximately 3 kDa) than that of unphos-
phorylated sf-Stk. Under nonreducing conditions (Fig. 5B), a
120-kDa tyrosine-phosphorylated protein was detected with
the anti-Stk antiserum only in BaF3-EpoR cells coexpressing
sf-Stk and SFFV gp55. This high-molecular-weight tyrosine-

phosphorylated protein disappeared under reducing condi-
tions (Fig. 5A). Although most of the tyrosine-phosphorylated
sf-Stk was present in a high-molecular-weight complex (72%,
as determined by densitometer scans of the third lane of Fig.
5B), we could also detect a 55-kDa tyrosine-phosphorylated
protein corresponding to uncomplexed sf-Stk. A 120-kDa ty-
rosine-phosphorylated protein could also be detected in BaF3-
EpoR cells coexpressing sf-Stk and SFFV gp55 when the blots
were reacted with a monoclonal antibody specific to SFFV
gp55 (Fig. 5D). This tyrosine-phosphorylated 120-kDa protein
disappeared under reducing conditions (Fig. 5C), and could
not be detected with a control antiserum (rabbit anti-PU.1).

Sf-Stk associates with multiple tyrosine-phosphorylated
proteins only in cells coexpressing SFFV gp55. In order to
determine if tyrosine-phosphorylated sf-Stk associates with
specific substrates in BaF3-EpoR cells coexpressing sf-Stk and
SFFV gp55, the cells were starved and then either left unstimu-
lated or stimulated with Epo for 15 min. Cell lysates were then
immunoprecipitated with an anti-Stk antiserum and immuno-
blotted with an anti-phosphotyrosine antibody. As shown in
Fig. 6, tyrosine-phosphorylated sf-Stk constitutively associates
with multiple tyrosine-phosphorylated proteins only in BaF3-
EpoR cells coexpressing sf-Stk and SFFV gp55. In contrast, we
could detect tyrosine-phosphorylated proteins in all of these
cells after Epo stimulation using an antiserum to the EpoR
(data not shown). Anti-Stk-associated bands included those
with molecular masses of 150, 145, 110, 100, 74, 68, 58, 53, 49,
39, 34, 31, 28, and 24 kDa. Stimulation of these cells with Epo
did not change the density and number of tyrosine-phosphor-
ylated bands precipitated with the anti-Stk antiserum. More-

FIG. 4. Association of sf-Stk with the EpoR. Cell lysates from
BaF3-EpoR cells, BaF3-EpoR cells expressing sf-Stk, and BaF3-EpoR
cells coexpressing sf-Stk and SFFV gp55 were immunoprecipitated
(IP) with an antiserum against the C-terminal region of Stk or an
antiserum against the EpoR (lane 4) and then separated by electro-
phoresis under reducing conditions. After transfer to nitrocellulose
filters, the proteins were immunoblotted with an antiserum against the
EpoR.
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over, Epo stimulation of BaF3-EpoR cells expressing sf-Stk in
the absence of SFFV gp55 did not result in the tyrosine phos-
phorylation of sf-Stk or its association with any tyrosine-phos-
phorylated proteins (Fig. 6).

Phosphorylated sf-Stk forms complexes with known signal-
ing molecules. In order to identify tyrosine-phosphorylated
proteins detected in Fig. 6 that are associated with sf-Stk in
SFFV gp55-expressing cells, we carried out a Western blot
analysis on anti-Stk immunoprecipitates using antibodies spe-
cific to signal-transducing molecules of similar molecular
weights. As shown in Fig. 7A, SHIP (150 kDa), Cbl (110 kDa),
and Shc (53 kDa) were coimmunoprecipitated with an anti-Stk

antiserum in BaF3-EpoR cells expressing both SFFV gp55 and
sf-Stk. To determine the tyrosine phosphorylation level of
these proteins in cells expressing SFFV gp55 or coexpressing
sf-Stk and SFFV gp55, lysates from cells left unstimulated or
stimulated with Epo were immunoprecipitated with anti-SHIP,
anti-Cbl, or anti-Shc antisera and then immunoblotted with an
anti-phosphotyrosine antibody. As shown in Fig. 7B to D,
SHIP, Cbl, and Shc were tyrosine phosphorylated in BaF3-
EpoR cells in response to Epo (leftmost two lanes) but were
constitutively phosphorylated in BaF3-EpoR cells expressing
SFFV gp55 in the presence (middle two lanes) or absence
(rightmost two lanes) of sf-Stk. However, the levels of these

FIG. 5. Tyrosine phosphorylation of sf-Stk. Cell lysates from BaF3-EpoR cells, BaF3-EpoR cells expressing sf-Stk, BaF3-EpoR cells coex-
pressing sf-Stk and SFFV gp55, and BaF3-EpoR cells expressing SFFV gp55 were immunoprecipitated (IP) with the anti-phosphotyrosine antibody
4G10 (anti-PY) and then separated by electrophoresis under reducing (A and C) or nonreducing (B and D) conditions. After transfer to
nitrocellulose filters, the proteins were immunoblotted with an antiserum against the C-terminal region of Stk (A and B) or 7C10, a monoclonal
antibody specific for SFFV gp55 (C and D). Asterisks indicate the 120-kDa tyrosine-phosphorylated complex.
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tyrosine-phosphorylated proteins were always appreciably
higher in BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55.

A mutant SFFV, BB6, does not induce the tyrosine phos-
phorylation of sf-Stk. It was previously shown that a variant of
SFFV, BB6, encodes an envelope glycoprotein, gp42, that is
deleted in a cysteine-containing region that could be involved
in the interaction of SFFV gp55 with sf-Stk (19, 25). To test
whether the BB6 virus can induce the tyrosine phosphorylation
of sf-Stk, we established BaF3-EpoR cells expressing sf-Stk
with and without BB6 virus. Lysates from these cells were
immunoprecipitated with an anti-Stk antiserum and then im-
munoblotted with an anti-phosphotyrosine antibody (Fig. 8).
In contrast to BaF3-EpoR cells coexpressing sf-Stk and wild-
type SFFV (see Fig. 6), we failed to detect the tyrosine phos-
phorylation of sf-Stk or any tyrosine-phosphorylated proteins
associated with sf-Stk in cells coexpressing sf-Stk and BB6 virus
(Fig. 8, left lane). Consistent with this result, we could not
detect an interaction between the BB6 envelope protein and
sf-Stk when cell lysates were immunoprecipitated with an anti-
Stk antiserum and then immunoblotted with an antiserum that
detects both wild-type SFFV gp55 and the envelope protein of
BB6 virus (data not shown).

Sf-Stk associates with SFFV gp55 in an erythroleukemia cell
line derived from an SFFV-infected mouse. In addition to
studying BaF3-EpoR cells engineered to express sf-Stk and
SFFV gp55, we also examined DS19, an erythroleukemia cell
line derived from an SFFV-infected mouse (Fig. 9). These cells
naturally express both SFFV gp55 (35) and sf-Stk (Fig. 1 and
9A). As in BaF3-EpoR cells coexpressing sf-Stk and SFFV
gp55, the sf-Stk in DS19 cells migrates as 100- and 120-kDa
bands under nonreducing conditions (Fig. 9B, left lane). The
same bands are detected using an antiserum against SFFV
gp55 (data not shown), indicating that sf-Stk and SFFV gp55
covalently interact in these erythroleukemia cells. When the
level of sf-Stk in DS19 cells was reduced by inducing the cells
to differentiate with chemicals (16), the level of SFFV gp55–
sf-Stk dimers was also greatly reduced (data not shown). As
previously shown with BaF3-EpoR cells coexpressing sf-Stk
and SFFV gp55, the sf-Stk in DS19 cells is constitutively ty-
rosine phosphorylated (Fig. 9C).

DISCUSSION

The development of erythroleukemia in mice by Friend
SFFV requires expression of the viral envelope glycoprotein at
the surfaces of erythroid cells as well as expression of the Fv-2s

gene. Previous studies have indicated that the SFFV envelope
glycoprotein, gp55, interacts with the EpoR complex at the cell
surface, causing constitutive activation of signal transduction
pathways and Epo-independent erythroid hyperplasia (4, 10,
21, 26, 27, 29, 30). The product of the Fv-2s gene was unknown
until recently, when it was shown that this gene encodes both
a full-length and a truncated version of the receptor tyrosine
kinase Stk (33). Since resistant mice carry an allele of the Fv-2
gene that encodes only full-length Stk, truncated Stk appears
to be required for the induction of SFFV-induced disease. The
purpose of this study was to gain a better understanding of how
SFFV gp55 and sf-Stk may cooperate to induce erythroleuke-
mia. Our studies demonstrate that SFFV gp55 can covalently
interact with sf-Stk, leading to its constitutive activation and
the subsequent tyrosine phosphorylation of signal-transducing
molecules.

For these studies, we expressed sf-Stk in hematopoietic cells
expressing the EpoR and then examined the cells before and
after introduction of SFFV gp55. Our results indicate that
SFFV gp55 constitutively binds to sf-Stk, forming disulfide-
linked heterodimers of 100 and 120 kDa. Previous studies have
shown that the envelope glycoprotein of SFFV is synthesized
as a 55-kDa glycoprotein, most of which remains in the endo-
plasmic reticulum as a monomer containing high-mannose
type oligosaccharide chains. However, a small proportion of
gp55 is modified by the addition of O-linked and complex
N-linked oligosaccharide chains and processed as a disulfide-
bonded dimer to the cell surface as gp55P (35, 38, 40), the
biologically relevant form of the viral envelope glycoprotein
that is transported to the cell surface. Our data suggest that
both gp55 and gp55P interact with sf-Stk, forming het-
erodimers of 100 and 120 kDa, respectively. Consistent with
this, the level of SFFV gp55 homodimers is decreased in BaF3-
EpoR cells expressing both SFFV gp55 and sf-Stk. The major-
ity of the sf-Stk expressed in cells coexpressing sf-Stk and
SFFV gp55 is present in heterodimers with the SFFV envelope

FIG. 6. Association of tyrosine-phosphorylated sf-Stk with other
tyrosine-phosphorylated proteins. BaF3-EpoR cells, BaF3-EpoR cells
expressing sf-Stk, BaF3-EpoR cells coexpressing sf-Stk and SFFV
gp55, and BaF3-EpoR cells expressing SFFV gp55 were left unstimu-
lated or stimulated with Epo for 15 min. Cell lysates were then immu-
noprecipitated (IP) with an antiserum against the C-terminal region of
Stk and separated by electrophoresis under reducing conditions on 8%
(upper panel) and 10% (lower panel) polyacrylamide gels. After trans-
fer to nitrocellulose filters, the proteins were immunoblotted with the
anti-phosphotyrosine antiserum 4G10 (anti-PY). Tyrosine-phosphory-
lated proteins immunoprecipitated with the anti-Stk antiserum are
indicated by arrows.
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proteins, and the interaction of sf-Stk with SFFV gp55P results
in the constitutive tyrosine phosphorylation of sf-Stk. We failed
to detect any activation of sf-Stk in the absence of SFFV gp55
expression. Although most of the tyrosine-phosphorylated sf-
Stk is disulfide linked with SFFV gp55P, some of the phosphor-
ylated kinase is not. Thus, activation of sf-Stk by SFFV gp55P

can result from both covalent and noncovalent interactions
between the two proteins. Like BaF3-EpoR cells coexpressing
sf-Stk and SFFV gp55, erythroleukemia cell lines derived from
SFFV-infected mice also express heterodimers of SFFV gp55
and sf-Stk and show constitutive tyrosine phosphorylation of
sf-Stk.

Further studies using BaF3-EpoR cells indicated that SFFV-
activated sf-Stk associates with multiple tyrosine-phosphory-
lated proteins, including SHIP, Cbl, and Shc, each of which has
been shown to be associated with activated Met family kinases
(11, 18, 41). Interaction of SFFV gp55 with the EpoR in the
absence of sf-Stk also leads to the tyrosine phosphorylation of
these signal-transducing molecules, but the level of expression
is greatly amplified in BaF3-EpoR cells expressing both SFFV
gp55 and sf-Stk. We previously reported that infection of the

erythroid cell line HCD-57 with SFFV results in the constitu-
tive tyrosine phosphorylation of Shc and SHIP (27, 29), but this
study is the first demonstration that SFFV infection leads to
the constitutive phosphorylation of Cbl. We are currently car-
rying out studies to characterize the other tyrosine-phosphor-
ylated proteins associated with sf-Stk in SFFV gp55-expressing
cells, which may include Gab proteins, PI 3-kinase, and Grb2,
each of which has been shown to be constitutively activated by
SFFV infection (27, 29) and to interact with activated Met
family kinases (18, 28). It will be important to determine
whether sf-Stk kinase activity is required for the tyrosine phos-
phorylation of signal-transducing molecules associated with
sf-Stk in BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55.

We could also detect a strong physical, but noncovalent,
interaction between sf-Stk and the EpoR in BaF3 cells coex-
pressing SFFV gp55. However, this interaction was weak in
cells lacking SFFV gp55 and did not result in detectable ty-
rosine phosphorylation of sf-Stk or its association with ty-
rosine-phosphorylated signal-transducing molecules. This sug-
gests that SFFV gp55 may stabilize the interaction of sf-Stk

FIG. 7. Association of phosphorylated sf-Stk with known signal-transducing molecules and their tyrosine phosphorylation. (A) Lysates from
BaF3-EpoR cells and BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55 were immunoprecipitated (IP) with an antiserum to the C-terminal
region of Stk and separated by electrophoresis under reducing conditions. After transfer to nitrocellulose filters, the proteins were immunoblotted
with antisera to SHIP, Cbl, Shc, or Stk. (B to D) BaF3-EpoR cells, BaF3-EpoR cells coexpressing sf-Stk and SFFV gp55, and BaF3-EpoR cells
expressing SFFV gp55 were left unstimulated or stimulated with Epo for 15 min. Lysates were immunoprecipitated (IP) with an antiserum against
SHIP (B), Cbl (C), or Shc (D) and then separated by electrophoresis under reducing conditions. After transfer to nitrocellulose filters, the proteins
were immunoblotted with the anti-phosphotyrosine antiserum 4G10 (anti-PY) (B to D) or an antiserum to SHIP (B), Cbl (C), or Shc (D).
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with the EpoR or that SFFV gp55 brings sf-Stk to the cell
surface, where it can interact with the EpoR complex.

The interaction between SFFV gp55 and sf-Stk is a covalent
linkage mediated by disulfide bonds. gp55 contains 12 cysteine
residues, 8 in the polytropic N-terminal domain and 4 in the
ecotropic C-terminal domain (1, 6, 48). The eight cysteine
residues in the polytropic domain have been shown to be
involved in intrachain disulfide bonds within the envelope gly-
coproteins of MuLVs (23, 24), suggesting that they would not
be available for dimer formation. This suggests that cysteines
in the ecotropic C-terminal domain of SFFV gp55 at positions
306, 309, 337, and 338 may be involved in the interaction with
sf-Stk. The mutant SFFV BB6 (25), which we show fails to
interact with sf-Stk, contains a deletion that includes two of
these cysteines, C337 and C338. Thus, the covalent linkage be-
tween SFFV gp55 and sf-Stk may be occurring between the
cysteines at positions 337 and 338 in SFFV gp55 and two of the
four cysteine residues present in the extracellular domain of
sf-Stk, the only cysteines retained in the truncated protein (16).
Studies are in progress to specifically mutate the cysteine res-
idues in both SFFV gp55 and sf-Stk in order to determine their
importance to the formation of heterodimers of the two mol-
ecules.

Although sf-Stk appears to be essential for the development
of Epo-independent erythroid bursts after in vitro infection
with SFFV (3, 14) and for the development of SFFV-induced
erythroleukemia (22), it was surprising to find that it is not
required for the induction of Epo independence by SFFV gp55
in BaF3-EpoR cells. This suggests that BaF3-EpoR cells,
which are pro-B cells (31), express another tyrosine kinase that
can be activated by SFFV gp55. Such a kinase may not be
expressed in primary erythroid cells, which require expression
of sf-Stk to be rendered Epo independent by SFFV infection.
Alternatively, induction of Epo independence by SFFV in

BaF3-EpoR cells may require a lower threshold of induction of
signal transduction pathways than that required to sustain the
Epo-independent proliferation of primary erythroid cells in-
fected with SFFV, which may also require the activation of
sf-Stk-activated pathways. Consistent with this idea are data
obtained using the mutant SFFV BB6. We showed in this study
that the envelope gene of BB6 SFFV does not interact with
sf-Stk, most likely due to the deletion of a cysteine-containing
region in its envelope glycoprotein (25). BB6 SFFV is very
efficient, often better than wild-type SFFV, in inducing factor
independence after infection of BaF3-EpoR cells (15) or
HCD-57 cells (our unpublished data). However, BB6 SFFV is
a poor inducer of Epo-independent erythroid bursts in vitro (S.
Ruscetti, unpublished data) and is weakly pathogenic when
injected into either Fv-2-susceptible or -resistant strains of
mice (25). Thus, the role of sf-Stk in mediating the biological
effects of SFFV may be clear only when erythroid precursors
are infected in vitro or after mice are injected with the virus. It
is not known whether SFFV-activated sf-Stk generates signals
that are distinct from those activated by the interaction of Epo
or SFFV gp55 with the EpoR or whether it serves to raise the
level of common signal-transducing molecules above a thresh-
old needed to sustain a biological effect in primary erythroid
cells.

Although SFFV gp55 can form a covalent complex with
truncated Stk, it does not interact with full-length Stk. Full-
length Stk, which is the receptor for macrophage-stimulating
protein (MSP) (12, 43, 44), is synthesized as a precursor and
cleaved to a- and b-chains that are disulfide linked at the cell
surface (34, 43). Thus, the a-chain of Stk may compete with
SFFV gp55 for binding the b-chain of Stk. Alternatively, en-
gagement of the Stk receptor by its ligand, MSP, which is
present in the FCS used to grow BaF3-EpoR cells (17), may
alter the conformation of the receptor so that it can no longer
bind SFFV gp55. Since sf-Stk does not encode an a-chain and
cannot bind MSP, either of these possibilities may account for
the lack of interaction between full-length Stk and SFFV gp55.
In contrast to BaF3-EpoR cells, whose growth is not altered by
expression of full-length Stk, we observed that overexpression
of full-length Stk in the mouse erythroleukemia cell line DS19
or in the Epo-dependent erythroid cell line HCD-57 leads to
the death of these cells by apoptosis. This is consistent with
data from a previous report using a mouse erythroleukemia
cell line (18) and indicates that the activation of sf-Stk by
SFFV results in different biological consequences compared
with activation of full-length Stk by MSP.

The role of sf-Stk in normal erythropoiesis is unknown. Stk
was first isolated from murine hematopoietic stem cells (16),
and both the full-length and short form can be detected in
mouse erythroleukemia cell lines (16) as well as in primary
fetal liver cells (33). In both cases, sf-Stk is the major expressed
form of the gene. Stk does not appear to be essential for
erythropoiesis, since Stk-deficient mice which have normal
erythropoiesis can be generated (8), although the mice may be
slower to respond to erythropoietic stress (33). Furthermore,
Fv-2rr mice, which do not express sf-Stk, have no obvious de-
fects in erythropoiesis, although their erythroid cells may
progress more slowly through the cell cycle than those of their
Fv-2s counterparts (42). Thus, sf-Stk may be activated in ery-
throid cells only under conditions that require rapid red blood

FIG. 8. The mutant SFFV BB6 does not induce the tyrosine phos-
phorylation of sf-Stk. Cell lystates from BaF3-EpoR cells expressing
sf-Stk, BaF3-EpoR cells expressing sf-Stk and then infected with the
BB6 virus, and BaF3-EpoR cells infected with the BB6 virus were
immunoprecipitated (IP) with an antiserum to the C-terminal region
of Stk and separated by electrophoresis under reducing conditions.
After transfer to nitrocellulose filters, the proteins were immunoblot-
ted with the anti-phosphotyrosine antiserum 4G10 (anti-PY) or the
anti-Stk antiserum.
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cell replenishment, such as during hemorrhage or when oxygen
levels are low. As shown in this study, sf-Stk can be activated by
interacting with the envelope glycoprotein of SFFV, and this
appears to contribute to the development of erythroleukemia.
Studies are in progress to determine if sf-Stk is also activated
in response to erythropoietic stress, perhaps by endogenous
retroviral envelope proteins.
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