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Friend virus induces an erythroleukemia in susceptible mice that is initiated by the interaction of the Friend
virus-encoded glycoprotein gp55 with the erythropoietin (Epo) receptor and the product of the host Fv2 gene,
a naturally occurring truncated form of the Stk receptor tyrosine kinase (Sf-Stk). We have previously dem-
onstrated that the activation of Sf-Stk, recruitment of a Grb2/Gab2/Stat3 signaling complex, and induction of
Pu.1 expression by Stat3 are required for the development of the early stage of Friend disease both in vitro and
in vivo. Here we demonstrate that the interaction of gp55 with Sf-Stk is dependent on cysteine residues in the
ecotropic domain of gp55 and the extracellular domain of Sf-Stk. Point mutation of these cysteine residues or
deletion of these domains inhibits the ability of gp55 to interact with Sf-Stk, resulting in the inability of these
proteins to promote the Epo-independent growth of erythroid progenitor cells. We also demonstrate that the
interaction of gp55 with Sf-Stk does not promote dimerization of Sf-Stk but results in enhanced phosphory-
lation of Sf-Stk and the relocalization of Sf-Stk from the cytosol to the plasma membrane. Finally, we
demonstrate that a constitutively active form of Sf-Stk (Sf-StkM330T), as well as its human counterpart,
Sf-Ron, promotes Epo-independent colony formation in the absence of gp55 and that this response is also
dependent on the cysteines in the extracellular domains of Sf-StkM330T and Sf-Ron. These data suggest that
the cysteines in the extracellular domains of Sf-Stk and Sf-Ron may also mediate the interaction of these
truncated receptors with other cellular factors that regulate their ability to promote cytokine-independent
growth.

Since Friend disease was first reported in 1957 (19), the
acute erythroleukemia induced by the various strains of Friend
virus have provided an excellent model to study multistage
carcinogenesis (5). In the first stage, the virus infects erythroid
progenitor cells and a viral glycoprotein, gp55, interacts with
both the erythropoietin receptor (EpoR) and a naturally oc-
curring truncated form of the stem cell-derived tyrosine kinase
(Stk), Sf-Stk, resulting in the Epo-independent (Epoind) expan-
sion of erythroid progenitor cells. The late stage of erythroleu-
kemia in Friend disease is marked by inactivation of the p53
locus (6, 28, 38, 39, 51) and proviral integration into the Spi-1
locus (36, 43, 44), resulting in enhanced expression of Pu.1,
which causes a block in erythroid differentiation and promot-
ing the onset of acute erythroleukemia.

Friend virus is a complex of two viruses, the spleen focus-
forming virus (SFFV), which is a replication-defective C-type
retrovirus, and the ecotropic Friend murine leukemia virus
(F-MuLV). SFFV is responsible for the rapid splenomegaly
and acute erythroleukemia induced by Friend virus infection

(7, 64, 65, 67), while F-MuLV provides helper function and can
be substituted for by other murine leukemia viruses (35). Spe-
cifically, the glycoprotein gp55, encoded by the SFFV env gene,
acts as the transforming viral oncoprotein (2, 65).

Several loci in the mouse genome that control Friend virus
susceptibility have been identified. Fv1, Fv3, and Fv4 affect the
ability of Friend virus to infect early erythroid progenitor cells.
The Fv1 gene product inhibits Friend virus infection by inter-
acting with the viral capsid protein (60). The Fv3 gene encodes
cytidine deaminase Apobec3, which broadly inhibits retrovirus
infection (42, 53, 57). The Fv4 gene product affects viral bind-
ing by competing for receptors on the cell membrane (59).
Another set of genes, W, Sl, f, and Fv2, are required for the
development or expansion of infected progenitor cells. Our
previous work demonstrated that W, Sl, and f, which encode
the kit receptor, its ligand SCF, and Smad5, respectively, also
play key roles in the BMP4-dependent stress erythropoiesis
pathway(46, 47, 55). Analysis of those mutants showed that
Friend virus activates this pathway, leading to acute amplifica-
tion of stress progenitors, which are targets of Friend virus in
the spleen, and resulting in rapid onset of disease.

The Friend virus susceptibility gene Fv2 encodes the stem
cell-derived tyrosine kinase (Stk) receptor (48). A naturally
occurring N-terminally truncated form of Stk, short-form Stk
(Sf-Stk), is required for Friend virus susceptibility. Fv2r/r mice,
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including C57BL/6, lack expression of Sf-Stk and are resistant
to Friend virus infection, while full-length Stk expression is
unaffected in these mice. An internal promoter within the Stk
locus drives Sf-Stk expression, and Fv2r/r mice harbor muta-
tions in the internal promoter. Sf-Stk lacks the N-terminal
ligand binding domain of full-length Stk but retains the trans-
membrane and tyrosine kinase domains. In vitro and in vivo
expression of Sf-Stk in C57BL/6 bone marrow cells has been
shown to confer Friend virus susceptibility to Fv2r/r mice (18).

Sf-Stk covalently interacts with gp55, resulting in constitutive
activation of Sf-Stk (41). However, the mechanism by which
this occurs is currently unknown. Here, we identify cysteines in
the extracellular domains of Sf-Stk and gp55 that mediate this
interaction. Furthermore, we demonstrate that while the asso-
ciation with gp55 is not required for the dimerization of Sf-Stk,
the interaction of gp55 with Sf-Stk promotes tyrosine phosphor-
ylation of Sf-Stk. In addition, while the extracellular cysteines
in Sf-Stk promote retention of Sf-Stk in the cytoplasm in the
absence of gp55, the interaction of Sf-Stk with gp55 through
these cysteines results in enhanced cell surface localization of
Sf-Stk. These changes in receptor activation and subcellular
localization mediate the ability of Sf-Stk to induce gene ex-
pression and promote the Epoind growth of primary erythro-
blasts.

MATERIALS AND METHODS

Antibodies and cell culture reagents. HEK 293 cells and CHO cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). The Mirus-293 and TransIT-CHO transfec-
tion reagents were purchased from Mirus Bio, LLC (Madison, WI). The dual-
luciferase reporter assay system was purchased from Promega Corporation
(Madison, WI). Antibodies against the myc tag, hemagglutinin (HA) tag, phos-
photyrosine, phospho-Erk1/2, Erk1/2, and horseradish peroxidase (HRP)-linked
anti-rat IgG were purchased from Cell Signaling (Danvers, MA). Antibody
against actin and HRP linked anti-mouse IgG were purchased from Sigma-
Aldrich, Inc (St. Louis, Mo). Mouse True Blot Ultra HRP–anti-mouse IgG was
purchase from eBiosciences (San Diego, CA). HRP-linked anti-rabbit IgG was
purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Rat antiserum
against gp55 was kindly provided by Sandra Ruscetti (National Cancer Institute).
Murine interleukin-3 (IL-3) was purchased from Peprotech (Rocky Hill, NJ).
Erythropoietin (Epo) was purchased from R&D Systems (Minneapolis, MN).
Methocult medium M3234 was purchased from Stem Cell Technologies (Van-
couver, British Columbia, Canada). All PCR primers were ordered from
OpeRon Biotechnologies, Inc. (Huntsville, AL). Restriction enzymes and pro-
tein G magnetic beads were purchased from New England Biolabs (Ipswich,
MA). PfuTurbo DNA polymerase was purchased from Stratagene (La Jolla,
CA). ECL Plus Western blotting detection reagents were purchased from GE
Healthcare (Piscataway, NJ). The Pierce cell surface protein isolation kit was
purchased from Thermo Fisher Scientific Inc. (Rockford, IL).

Gene construction and mutagenesis. Murine stem cell virus (MSCV)-myc-Sf-
StkC8A mutagenesis was generated from MSCV-myc-Sf-Stk by using the primers
5�-GTGGGTGGTGAGGTCGCCCAACATGAGCTCCG-3� and 5�-CGGAGC
TCATGTTGGGCGACCTCACCACCCAC-3�. MSCV-myc-Sf-StkC19A and
MSCV-myc-Sf-StkC8,19A mutageneses were generated from MSCV-myc-Sf-Stk
and MSCV-myc-Sf-StkC8, respectively, by using the primers 5�-GGGGATGTG
GTGATCGCCCCCCTGCCCCCTTC-3� and 5�-GAAGGGGGCAGGGGGG
CGATCACCACATCCCC-3�. MSCV-myc-Sf-StkC37A mutagenesis was gener-
ated by using the primers 5�-GTCCCATTGCAGGTCGCTGTAGACGGTGG
GTG-3� and 5�-CACCCACCGTCTACAGCGACCTGCAATGGGAC-3�. MSCV-
myc-Sf-StkC42A mutagenesis was generated by using the primers 5�-CTGTGT
AGACGGTGGGGCTCACATCCTGAGCC-3� and 5�-GGCTCAGGATGTG
AGCCCCACCGTCTACACG-3�. MSCV-myc-Sf-StkC37,42A mutagenesis was
generated from Sf-StkC37A by using the primers 5�-CGCTGTAGACGGTGG
GGCTCACATCCTGAGCC-3� and 5�-GGCTCAGGATGTGAGCCCCACCG
TCTACAGCG-3�. MSCV-myc-Sf-StkC4A mutagenesis was generated from Sf-
StkC37,42A by using the primers for Sf-StkC8A and Sf-StkC19A mutations.
MSCV-myc-Sf-StkM330T and MSCV-myc-Sf-StkC4AM330T mutageneses were

generated from MSCV-myc-Sf-Stk and MSCV-myc-Sf-StkC4A by using the
primers 5�-CCTGCCAGTCAAATGGACGGCACTGGAGAGCCTGC-3� and
5�-GCAGGCTCTCCAGTGCCGTCCATTTGACTGGCAGG-3�. To construct
MSCV-myc-Sf-Stk�19, the Sf-Stk�19 fragment was PCR amplified from MSCV-
myc-Sf-Stk by using the primers 5�-GGGAATTCCCCCCTGCCCCCTTCCCT
G-3� and 5�-GAGACGTGCTACTTCCATTTGTC-3�. The Sf-Stk�19 PCR frag-
ment was then digested with EcoRI and cloned into EcoRI-digested MSCV-
myc-Sf-Stk vector. To construct MSCV-myc-Sf-Stk�42, the Sf-Stk�42 fragment
was PCR amplified from MSCV-myc-Sf-Stk by using the primers 5�-GGGAAT
TCTCACATCCTGAGCCAAGTGC-3� and 5�-GAGACGTGCTACTTCCATT
TGTC-3�. the Sf-Stk�42 PCR fragment was then digested with EcoRI and
cloned into EcoRI-digested MSCV-myc-Sf-Stk vector. To construct MSCV-myc-
Sf-Stk�E, the Sf-Stk�E fragment was PCR amplified from MSCV-myc-Sf-Stk by
using the primers 5�-GGGAATTCGATACTCCTTATTGCTCTTCTGG-3� and
5�-GAGACGTGCTACTTCCATTTGTC-3�. The Sf-Stk�E PCR fragment was
then digested with EcoRI and cloned into EcoRI-digested MSCV-myc-Sf-Stk
vector. To construct MSCV-myc-Sf-Stk�ETM, the Sf-Stk�ETM fragment was
PCR amplified from MSCV-myc-Sf-Stk by using the primers 5�-CGGAATTCT
AACTCCCGAAGACGGAAAAAGC-3� and 5�-GAGACGTGCTACTTCCAT
TTGTC-3�. The Sf-Stk�ETM PCR fragment was then digested with EcoRI and
cloned into EcoRI-digested MSCV-myc-Sf-Stk vector. To construct MSCV-Sf-
Stk-HA, the Sf-Stk fragment was PCR amplified from MSCV-myc-Sf-Stk by
using the primers 5�-GGCAGATCTTGTGACTGTGAACATG-3� and 5�-AGT
GGGCAGGGGTGGCTCTG-3�. The PCR SfStk fragment was then purified
and inserted into the EcoRV site of pcDNA3.1-HAc. The Sf-Stk-HA fragment
was cut out using BglII/XhoI and ligated into BglII/XhoI-digested MSCV-neo
vector. To construct MSCV-myc-Sf-Ron, the Sf-Ron fragment was PCR ampli-
fied from pCDNA-Ron by using the primers 5�-CCGGAATTCCATGGTTGT
CTGCCCCCTGCCC-3� and 5�-GAACGAATTCAAGTGGGCCGAGGAGGC
TC-3�. The Sf-Ron PCR fragment was then digested with EcoRI and cloned
into EcoRI-digested MSCV-myc-Sf-Stk vector. To construct MSCV-myc-Sf-
RonC3A, MSCV-myc-Sf-RonC4thA mutagenesis was first generated by using
the primers 5�-CTTGAATTCCATGGTTGTCGCCCCCCTGCCCCATCCCTG
C-3� and 5�-GCAGGGATGGGGGCAGGGGGGCGACAACCATGGAATTC
AAG-3�. MSCV-myc-Sf-RonC4,27A mutagenesis was then generated from
MSCV-myc-Sf-RonC4thA by using the primers 5�-GGTCTGCGTAGATGGTG
AAGCTCATATCCTGGGTAGAGTGG-3� and 5�-CCACTCTACCCAGGAT
ATGAGCTTCACCATCTACGCAGACC-3�. MSCV-myc-Sf-RonC3A muta-
genesis was then generated from MSCV-myc-Sf-RonC4,27A by using the
primers 5�-GGTGCCCCATTGCAGGTCGCCGTAGATGGTGAAGCTCAT
ATC-3� and 5�-GATATGAGCTTCACCATCTACGGCGACCTGCAATGGG
GCACC-3�. MSCV-gp55C306A mutagenesis was generated by using the primers
5�-CCCTGATAAAATTCAAGAGGCCTGGTTATGCCTAGTGTCTGG 3� and 5�-
CCAGACACTAGGCATAACCAGGCCTCTTGAATTTTATCAGGG-3�. MSCV-
gp55C309A mutagenesis was generated by using the primers 5�-CAAGAGTGC
TGGTTAGCCCTAGTGTCTGGACCCCCC-3� and 5�-GGGGGGTCCAGAC
ACTAGGGCTAACCAGCACTCTTG-3�. MSCV-gp55C306,309A mutagenesis
was generated by using the primers 5�-CAAGAGGCCTGGTTAGCCCTAGT
GTCTGGACCCCCC-3� and 5�-GGGGGGTCCAGACACTAGGGCTAACCA
GGCCTCTTG-3�. MSCV-gp55C337A mutagenesis was generated by using the
primers 5�-GCCCTAAAAGAAAAAGCTTGTTTCTATGCTGACCATACAG
GCC-3� and 5�-GGCCTGTATGGTCAGCATAGAAACAAGCTTTTTCTTTT
AGGGC-3�. MSCV-gp55C338A mutagenesis was generated by using the prim-
ers 5�-GCCCTAAAAGAAAAATGTGCTTTCTATGCTGACCATACAGGC
C-3� and 5�-GGCCTGTATGGTCAGCATAGAAAGCACATTTTTCTTTTAG
GGC-3�. MSCV-gp55C337,338A mutagenesis was generated by using the
primers 5�-GCCCTAAAAGAAAAAGCTGCTTTCTATGCTGACCATACAG
GCC-3� and 5�-GGCCTGTATGGTCAGCATAGAAAGCAGCTTTTTCTTTT
AGGGC-3�. MSCV-gp55C4A mutagenesis was generated from MSCV-gp55
C306,309A by using the same primers for MSCV-gp55 C337, 338A mutagenesis.
To construct pCDNA-YFP1-gp55, pCDNA-YFP2-gp55, pCDNA-YFP1-gp55C4A, and
pCDNA-YFP2-gp55C4A, the gp55 and gp55C4A fragments were PCR amplified from
MSCV-gp55-HA and MSCV-gp55C4A-HA by using the primers 5�-GTTCCGGAAT
GGAAGGTCCAGCGTCCTC-3� and 5�-GCTCTAGACTGCCTTGGGAAAAGCG
CCTC-3�. The PCR-amplified gp55 and gp55C4A fragments and pCDNA-YFP1 and
pCDNA-YFP2 plasmids were double digested with BspEI and XbaI and ligated.

Cell transfection and luciferase assay. A total of 5 � 104 HEK 293 cells were
plated into 24-well plates. Twenty hours later, a designated mixture of 20 ng
Sf-Stk or gp55, 20 ng of AP.1 luciferase reporter plasmid, and 0.5 ng Renilla
reporter plasmid was used for transient transfection in each well with the Mirus-
293 transfection reagent according to the manufacturer’s protocol. For a control
vector, 20 ng MSCV-neo plasmid was used in transfection of each well. At 48 h
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after transfection, luciferase assays were performed according to the manufac-
turer’s instructions.

Immunoprecipitation and Western blot analysis. A total of 3 � 105 HEK 293
cells/well were plated into six-well plates. Twenty hours later, the cells were
transiently transfected with a 300-ng mixture of the designated plasmids per well,
and two wells were transfected for every set of samples. At 40 to 48 h posttrans-
fection, cells were suspended in 500 �l ice-cold cell lysis buffer containing 150
mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1% NP-40, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM Na3VO4, and 10 mM NaF. Cell lysates were
centrifuged at 1,500 rpm for 20 min. Following centrifugation, the supernatant
lysates were transferred to prechilled tubes. Forty microliters of cell lysate was
mixed with 4� denaturing SDS loading buffer and heated at 100°C for 5 min.
Eight hundred microliters of lysate was used for immunoprecipitation as follows.
Cell lysates were incubated with the appropriate amount of primary antibody at
4°C for 30 min, incubated with protein G magnetic beads for 2 h, and washed
with ice-cold phosphate-buffered saline (PBS) three times. Beads were resus-
pended in 40 �l 1� SDS denaturing loading buffer and heated at 100°C for 5
min. Samples for Western blotting and immunoprecipitation were separated by
SDS-PAGE and then transferred to polyvinylidene difluoride membranes. Mem-
branes were then blocked with 5% nonfat milk in Tris-buffered saline with Tween
20 (TBST) for 1 h and probed with primary antibody at 4°C overnight. Mem-
branes were washed three times in TBST and incubated with horseradish per-
oxidase-conjugated IgG for another hour. Membranes were washed three times
in TBST before ECL plus Western blotting detection reagents were applied for
visualization. For reprobing, membranes were stripped with 62.5 mM Tris-HCl
(pH 6.8), 2% SDS, and 0.7% �-mercaptoethanol at 55°C for 30 min.

Retrovirus generation and in vitro infection of primary murine bone marrow
cells. To generate MSCV retroviral supernatants, 3 � 105 293T cells/well were
plated into six-well plates. Twenty hours later, the cells were transiently trans-
fected with 300 ng pEco and 700 ng MSCV plasmid for each well. At 40 to 48 h
posttransfection, viral supernatants were collected and filtered through 0.45-�m
sterile syringe filters (Pall Life Sciences, Ann Arbor, MI) before use. For Friend
polycythemia virus (FVP) supernatant generation, FP63 cells (a kind gift from
Alan Bernstein, Mount Sinai Hospital, Toronto, Ontario, Canada) were cultured
in DMEM with 10% FBS. The FVP supernatants were collected and filtered
through 0.45-�m sterile syringe filters, aliquoted, and stored at �80°C. For in
vitro infection of primary bone marrow, cells were harvested from femurs of
8-week-old mice and resuspended in DMEM with 40% FBS. The bone marrow
cells were infected by incubation with retroviral supernatants for 20 h along with
10 ng/ml interleukin-3. For Epo-independent erythroid burst-forming unit
(BFU-E) colony assays, the bone marrow cells were resuspended with FVP
supernatants and incubated on ice for 1 h. The cells were then added to
Methocult medium M3234, along with 2.5 ng/ml IL-3, in triplicate with or
without 1 U/ml Epo. Cultures were incubated for 5 days with 5% CO2 at 37°C.
Erythroid colonies were visualized by acid-benzidine staining.

Cell transfection and cell surface protein isolation. A total of 1 � 106 to 2 �
106 CHO cells per ml were plated into 10-cm plates. Twenty hours later, a
designated mixture of 1 to 2 �g plasmid was used for transient transfection in
each plate with the Mirus-CHO transfection reagent according to the manufac-
turer’s protocol. For a control vector, 1 to 2 �g MSCV-neo plasmid was used in
transfection of each plate. At 48 h after transfection, cell surface biotinylation
and protein isolation were performed according to the manufacturer’s instruc-
tions. Prepared cell surface and cytosolic proteins were directly subjected to
standard Western blot assay.

Flow cytometry. A total of 3 � 105 293 cells per well were plated into six-well
plates. Twenty hours later, the cells were transiently transfected with a 300-ng
mixture of the designated plasmids per well. At 40 to 48 h posttransfection, cells
were treated with EDTA-trypsin for 20 s and resuspended in 2 ml ice-cold
washing buffer containing PBS and 2% FBS. One million cells were transferred
to new tubes and centrifuged for 5 min at 1,500 rpm. For 293 cells transfected
with yellow fluorescent protein (YFP), cells were resuspended in 1 ml ice-cold
washing buffer for analysis by flow cytometry. Cells requiring staining were
resuspended in 100 �l washing buffer and incubated with 10 �l Alexa Fluor
647-conjugated myc tag mouse antibody (Cell Signaling) for 30 min on ice. Cells
were then washed and centrifuged twice before being resuspended in 1 ml
washing buffer. YFP and Alexa Fluor 647 were analyzed with excitation at 647
nm, while enhanced green fluorescent protein (EGFP) was analyzed at 488 nm.

RESULTS

gp55 oligomerization is regulated by cysteines in the eco-
tropic domain. Homo-oligomerization is believed to be an

intrinsic feature of the gp55 protein (68). Detailed sequence
studies have revealed 12 cysteine residues in the gp55 peptide:
eight in the dualtropic N-terminal domain and four in the
ecotropic C-terminal domain (3, 10, 66). The eight cysteine
residues within the gp55 dualtropic domain are homologous to
those in the envelope glycoprotein gp70 of Friend mink cell
focus-forming virus (F-MCFV) and gp71 of F-MuLV, which
share the same evolutionary origin (1). The cysteine residues in
gp70 and gp71 are responsible for intrachain disulfide bond
formation (32, 33). After replacement of the 3� region of gp70
with that of gp55, the recombined F-MCFV exhibited patho-
genic activity similar to that of F-SFFV (62). This finding
suggests that cysteine residues in the gp55 dualtropic domain
similarly form intrachain disulfide bonds and are not available
for interchain disulfide bond formation. This leaves the possi-
bility that gp55 dimerization is mediated by interchain disulfide
bond formation between cysteines at positions 306, 309, 337,
and 338 in the ecotropic C-terminal domain of gp55.

In order to address this hypothesis, we generated cysteine-
to-alanine mutations in the ecotropic domain of gp55. These
mutants were transiently transfected either alone or in the
presence of Sf-Stk into 293 cells, and their expression was
examined by Western blot analysis under both reducing and
nonreducing conditions (Fig. 1A). Wild-type gp55 and gp55
harboring cysteine-to-alanine substitutions at two of the four
cysteines (gp55C306,309A and gp55C337,338A) were detected
as 55-kDa monomers, 95-kDa dimers, and 170-kDa multimers
under nonreducing Western blotting conditions in both the
presence and absence of Sf-Stk. However, gp55 harboring cys-
teine-to-alanine substitutions at all four cysteines in the eco-
tropic domain (gp55C4A) was detected only as a monomeric
band. Our results indicate that the level of the gp55 dimer is
very low compared to that of the monomeric form. This is
consistent with previous studies which demonstrated that cor-
rect folding and dimerization of gp55 is inefficient and that
only 3 to 5% of the total gp55 is correctly processed and
localized on the cell surface(20, 21, 68), where it is believed to
be essential for pathogenesis.

In order to further address the role of these cysteines in gp55
homodimerization, a yellow fluorescent protein (YFP) frag-
ment complementation assay was performed (24). Plasmids
expressing the fusion proteins YFP1-gp55, YFP2-gp55, YFP1-
gp55C4A, and YFP2-gp55C4A were constructed and trans-
fected into 293 cells, and 48 h later, cells were collected and
sorted by flow cytometry for YFP fluorescence (Fig. 1B). Using
this approach, we demonstrated the presence of dimers of
wild-type gp55 but not of gp55C4A. Taken together, these
results support the hypothesis that the four cysteines in the
gp55 ecotropic domain are essential for g55 homodimeriza-
tion.

gp55 promotes tyrosine phosphorylation, but not dimerization,
of Sf-Stk. Previous work from our laboratory demonstrated that
Sf-Stk kinase activity is required for Friend virus-induced
Epoind erythroid colony formation (18). A widely accepted
model of receptor tyrosine kinase activation is one in which
ligand binding to the receptor promotes the dimerization of
the receptor, resulting in phosphorylation of the activation
loop in the tyrosine kinase domain of the receptor in trans (54).
In order to determine whether gp55 promotes Sf-Stk oligomer-
ization, plasmids encoding myc- or HA-tagged Sf-Stk (myc-Sf-
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Stk and Sf-Stk-HA), were constructed and cotransfected into
293 cells with or without gp55; 48 h later, cells were lysed and
oligomerization was assessed by coimmunoprecipitation of the
myc and HA tags (Fig. 2B). To our surprise, myc-tagged Sf-Stk
coimmunoprecipitated with HA-tagged Sf-Stk in the absence
of gp55, and this interaction was not significantly altered in the
presence of gp55, suggesting that Sf-Stk oligomerization is
independent of gp55. In order to map the region of Sf-Stk
responsible for promoting oligomerization, we generated N-
terminally truncated forms of Sf-Stk lacking the extracellular
domain sequences (Sf-Stk�E) or the extracellular and trans-
membrane domains (Sf-Stk�ETM) (Fig. 2A). As shown in Fig.
2B, myc- and HA-tagged versions of both Sf-Stk�E and Sf-
Stk�ETM were also found to coimmunoprecipitate. These
data demonstrate that the Sf-Stk extracellular and transmem-
brane domains are not required for Sf-Stk homo-oligomeriza-

tion, which suggests that the intracellular juxtamembrane and
kinase domains are responsible for homo-oligomerization.

The fact that Sf-Stk oligomerization is independent of gp55
prompted us to further investigate whether gp55-independent
Sf-Stk oligomerization is sufficient to promote Sf-Stk tyrosine
phosphorylation. myc-Sf-Stk and Sf-Stk-HA were transfected
into 293 cells in the presence of increasing concentrations of
gp55. Sf-Stk tyrosine phosphorylation and oligomerization
were assessed by immunoprecipitation and Western blot anal-
ysis (Fig. 3). Consistent with our previous results, gp55 did not
enhance the coimmunoprecipitation of myc-Sf-Stk and Sf-Stk-
HA. However, gp55 expression strongly induced the phosphor-
ylation of Sf-Stk in a dose-dependent manner, suggesting that
gp55 is required for efficient Sf-Stk tyrosine phosphorylation.
These results suggest that rather than promoting dimerization
of Sf-Stk, gp55 likely induces a conformational change in Sf-
Stk oligomers resulting in enhanced tyrosine kinase activity
and receptor autophosphorylation.

The interaction of gp55 with Sf-Stk is regulated by cysteines
in the extracellular domain of Sf-Stk. Previous studies dem-
onstrated that gp55 is capable of transforming rodent fibro-
blasts in the presence of Sf-Stk and that this transformation is
dependent upon the extracellular domain of Sf-Stk (40). In
order to map the region of Sf-Stk responsible for the interac-
tion of Sf-Stk with gp55, myc-tagged Sf-Stk, Sf-Stk�19 (in
which the first 19 amino acid residues of the extracellular
domain are deleted), and Sf-Stk�42 (in which the first 42
amino acid residues of the extracellular domain are deleted)
were transfected into 293 cells with gp55. The interaction be-
tween gp55 and the Sf-Stk deletions was investigated by coim-
munoprecipitation and Western blot analysis (Fig. 4B). The
results demonstrate that gp55 coimmunoprecipitates with Sf-
Stk. While Sf-Stk�19 retains partial ability to coimmunopre-
cipitate with gp55, this interaction is completely abrogated with
Sf-Stk�42. This indicates that the first 42 amino acid residues
of Sf-Stk extracellular domain are essential for its interaction
with gp55. There are four cysteine residues located at amino
acids 8, 19, 37, and 42 of the Sf-Stk extracellular domain. In
order to determine whether these cysteines mediate the inter-
action of Sf-Stk with gp55, we introduced cysteine-to-alanine
mutations into Sf-Stk individually or in combination. These
Sf-Stk mutants were transfected into 293 cells with gp55, and
the interaction between Sf-Stk mutants and gp55 was assessed
by coimmunoprecipitation and Western blot analysis (Fig. 5B).
The results from these studies demonstrate that while the
double cysteine mutants, Sf-StkC8,19A and Sf-StkC37,42A,
retain partial ability to coimmunoprecipitate with gp55, the
interaction with gp55 of Sf-Stk in which all four cysteines are
mutated to alanine, Sf-StkC4A, is diminished.

Cysteines in the ecotropic domain of gp55 mediate its inter-
action with Sf-Stk but not with the EpoR. To determine
whether the cysteines in the ecotropic domain of gp55 promote
the interaction of gp55 with Sf-Stk, we coexpressed Sf-Stk or
Sf-StkC4A with gp55 or gp55C4A in 293 cells and assessed
their ability to coimmunoprecipitate (Fig. 5B and C). Our data
clearly indicate that both the cysteines in the extracellular
domain of Sf-Stk and the cysteines in the ecotropic domain of
gp55 are required for the interaction between gp55 and Sf-Stk.
gp55 mutants in which two of the four cysteines are mutated to
alanine, gp55C306,309A and gp55C337,338A, retain the ability

FIG. 1. Cysteines in the ecotropic domain mediate gp55 homo-
oligomerization. (A) 293 cells were transfected with wild-type gp55 or
gp55 in which two or four cysteine residues in the ecotropic domain
were mutated to alanine in the absence or presence of Sf-Stk, and 48 h
later, cell lysates were separated by SDS-PAGE electrophoresis under
nondenaturing and denaturing conditions. Membranes were stained
with anti-gp55 antiserum. (B) 293 cells were cotransfected with plas-
mids expressing the fusion proteins YFP1-gp55 and YFP2-gp55 or
YFP1-gp55C4A and YFP2-gp55C4A. Plasmids expressing YFP1-gp55
and YFP2-gp55 were also transfected individually. Forty-eight hours
later, the cells were analyzed by flow cytometry for YFP fluorescence.
*, P � 0.05. Error bars indicate standard deviations.
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to coimmunoprecipitate with wild-type Sf-Stk (Fig. 5C). The
interaction of these double cysteine-to-alanine mutants with
Sf-StkC8,19A and Sf-StkC37,42A are significantly reduced, but
not abrogated, indicating that the interchain disulfide bonds
formed between gp55 and Sf-Stk are not limited to specific
cysteines but that the Sf-Stk/gp55 interaction can be promoted
through the formation of different cysteine pairs between gp55
and Sf-Stk.

Two forms of Friend virus exist: FVP, which promotes ery-
tholeukemia and polycythemia, and FVA, which also promotes
erythroleukemia but with which the mice are anemic. The
transmembrane domain of gp55P mediates the interaction of
gp55 with the EpoR (11, 13) and is essential for promoting
Epoind signaling downstream of the EpoR. In contrast, gp55A

cannot effectively activate the EpoR due to sequence differ-

ences in the transmembrane domain (16). We introduced these
changes into gp55P (gp55M390IdLL) and demonstrated that
gp55M330IdLL can still efficiently bind and promote signaling
through Sf-Stk (22). These studies support the conclusion that

FIG. 2. Sf-Stk oligomerization is independent of gp55 and mediated by the cytoplasmic domain of Sf-Stk. (A) Schematic representation of myc-
or HA-tagged Sf-Stk, Sf-Stk�E, and Sf-Stk�ETM used in this experiment. TM, transmembrane domain; TK, tyrosine kinase domain. (B) 293 cells
were transfected with the indicated wild-type or mutant forms of Sf-Stk in the presence or absence of gp55. Cell lysates were immunoprecipitated
with anti-myc antibody and blotted with anti-HA antibody.

FIG. 3. gp55 promotes Sf-Stk tyrosine phosphorylation in a dose-
dependent manner. 293 cells were cotransfected with myc-Sf-Stk and
Sf-Stk-HA in the presence of increasing concentrations of gp55. Cell
lysates were immunoprecipitated with anti-HA and blotted with an-
tiphosphotyrosine and anti-myc antibodies.

FIG. 4. The first 42 amino acid residues in the Sf-Stk extracellular
domain are required for the interaction of Sf-Stk with gp55. (A) Sche-
matic representation of myc-tagged Sf-Stk, Sf-Stk�19, and Sf-Stk�42
used in this experiment. (B) 293 cells were transfected with wild-type
or deletion forms of myc-Sf-Stk and gp55. Cell lysates were immuno-
precipitated with anti-myc and blotted with anti-gp55 antiserum.
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sequences in the extracellular domain of gp55, rather than in
the transmembrane domain, mediate the interaction of gp55
with Sf-Stk. Conversely, we also tested whether the cysteines in
gp55 regulate its interaction with the EpoR (Fig. 5D). Wild-
type gp55 and gp55C4A were cotransfected into 293 cells with
a myc-tagged EpoR. Cell lysates were immunoprecipitated
with anti-myc and blotted for gp55. The results from these studies
demonstrate coimmunoprecipitation of both wild-type gp55 and
gp55C4A with the EpoR, indicating that the cysteines in gp55 are
not required for its ability to interact with the EpoR.

Cysteines in the extracellular domain of Sf-Stk and the
ecotropic domain of gp55 are required to promote downstream
signaling and Epoind BFU-E colony formation. Our data
clearly demonstrate that the cysteines in the extracellular do-
main of Sf-Stk and the ecotropic domain of gp55 mediate the
interaction of Sf-Stk with gp55. In order to determine whether
these cysteines are required for the enhanced phosphorylation
of Sf-Stk observed in the presence of gp55, 293 cells were
cotransfected with wild-type or mutant forms of gp55 and
wild-type or mutant forms of Sf-Stk. Cell lysates were immu-
noprecipitated with antiphosphotyrosine and immunoblotted

with anti-myc (Fig. 6A). Consistent with the coimmunoprecipi-
tation results, these results indicate that cysteines in both the
extracellular domain of Sf-Stk and the ecotropic domain of
gp55 are required for the enhanced phosphorylation of Sf-Stk
by gp55. While double cysteine-to-alanine mutants of both
gp55 and Sf-Stk partially retained this activity, mutation of all
four cysteines on gp55 or Sf-Stk reduced Sf-Stk tyrosine phos-
phorylation to near-baseline levels. Erk1/2 phosphorylation
and AP-1 activity were also examined in 293 cells transiently
transfected with gp55 and Sf-Stk. While the levels of Erk phos-
phorylation in the presence of Sf-Stk alone were low, the pres-
ence of gp55 dramatically enhanced Erk phosphorylation. This
enhanced Erk phosphorylation was dependent on the cysteines
in both Sf-Stk and gp55 (Fig. 6B). Similarly, AP-1-driven lu-
ciferase activity was induced in these cells only in the presence
of both gp55 and Sf-Stk, and this activity was dependent on the
cysteines in both gp55 and Sf-Stk (Fig. 6C).

FVP infection of primary erythroblasts promotes the Epoind

formation of BFU-E colonies, due to the ability of gp55 to
activate both Sf-Stk and the EpoR. To determine whether the
cysteines in Sf-Stk that mediate the interaction of Sf-Stk with

FIG. 5. Sf-Stk interacts with gp55 through cysteine residues in the extracellular domain. (A) Schematic representation of gp55 and Sf-Stk. The
locations of the cysteine residues are indicated. (B) 293 cells were transfected with wild-type gp55 and myc-tagged wild-type or mutated Sf-Stk.
Cell lysates were immunoprecipitated with anti-myc antibody and blotted with anti-gp55 antiserum. (C) 293 cells were transfected with myc-tagged
wild-type or mutated Sf-Stk and wild-type or mutated gp55. Cell lysates were immunoprecipitated with anti-myc antibody and blotted with
anti-gp55 antiserum. (D) 293 cells were transfected with myc-tagged EpoR and wild-type gp55 or gp55C4A. Cell lysates were immunoprecipitated
with anti-myc antibody and blotted with anti-gp55 antiserum.
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gp55 are required for the ability of FVP to induce Epoind

colony formation, BFU-E colony assays were performed using
bone marrow from C57BL/6 Fv2r/r mice, which lack Sf-Stk
expression, transduced with wild-type or mutant forms of Sf-
Stk followed by infection with FVP (Fig. 7A). Consistent with
our previous studies, FVP induced Epoind colony formation by
cells expressing wild-type Sf-Stk at levels comparable to those
induced by Epo. While single cysteine mutants retained partial
ability to promote Epoind colony formation induced by FVP,
Sf-StkC4A failed to support Epoind colony formation.

Expression of gp55 alone in primary erythroblasts of Fv2s/s

mice is sufficient to induce Epoind colony formation. In order
to determine whether the cysteines in gp55 are required for
its ability to promote Epoind colony formation, we transduced
BALB/c Fv2s/s bone marrow cells, which express endogenous
Sf-Stk, with wild-type and mutant forms of gp55 and assessed
BFU-E colony growth (Fig. 7B). While expression of wild-type
gp55 was capable of promoting Epoind colony growth in Fv2s/s

bone marrow, gp55C4A failed to support Epoind colony forma-
tion. As we observed with Sf-Stk, single cysteine mutants of gp55
retained partial activity in this assay. Taken together, these data
verify a crucial role for the cysteines in the ecotropic domain of

gp55 and the extracellular domain of Sf-Stk in the phenotypic
response of primary erythroblasts to infection with Friend virus.

gp55 promotes the localization of Sf-Stk to the plasma mem-
brane. Although the bulk of gp55 and EpoR is found to coim-
munoprecipitate in the rough endoplasmic reticulum (ER)
(69), a productive interaction between EpoR and gp55 re-
quires localization on the cell membrane (17, 31). To investi-
gate the effect of gp55 on the subcellular location of Sf-Stk,
myc-tagged Sf-Stk was cotransfected with gp55 or empty vector
into CHO cells, and 48 h later, the cells were biotinylated and
cell surface proteins were isolated. Western blotting of isolated
cell surface proteins confirmed that Sf-Stk cell surface local-
ization was increased upon cotransfection with gp55 (Fig. 8A).

Using wild-type and mutant forms of Sf-Stk tagged at the N
terminus with a myc tag, we employed flow cytometry to fur-
ther evaluate the surface expression of Sf-Stk in the presence
and absence of gp55. Plasmids expressing an N-terminal myc-
tagged Sf-Stk were cotransfected into 293 cells with EGFP and
gp55, gp55C4A, or empty vector; 48 h later, cells were col-
lected and stained with Alexa Fluor 647-conjugated myc tag
antibody without permeabilizing the cells in order to visualize
myc-Sf-Stk located on the plasma membrane. EGFP-positive

FIG. 6. The cysteine residues in Sf-Stk and gp55 are required for Sf-Stk activation and mitogen-activated protein (MAP) kinase signaling.
(A) 293 cells were transfected with myc-tagged wild-type or mutant forms of Sf-Stk with wild-type or mutant gp55. Cell lysates were immuno-
precipitated with antiphosphotyrosine antibody and blotted with anti-myc antibody. (B) 293 cells were transfected with myc-tagged wild-type Sf-Stk
or Sf-StkC4A with wild-type gp55 or gp55C4A. Cell lysates were blotted with anti-phosho-Erk1/2 antibody, stripped, and reprobed with anti-Erk1/2
antibody. (C) 293 cells were transfected with myc-tagged wild-type Sf-Stk or Sf-StkC4A and wild-type gp55 or gp55C4A in the presence of Ap-1
luciferase and Renilla reporter plasmids. At 48 h after transfection, luciferase assays were performed according to the manufacturer’s instructions.
*, P � 0.01; **, P � 0.01. Error bars indicate standard deviations.
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cells were gated, and myc expression was detected on the
surface of the EGFP-positive cells (Fig. 8B). In cells cotrans-
fected with empty vector (panel 1) or with gp55C4A (panel 9),
basal levels of myc-Sf-Stk cell surface localization were de-
tected. However, in the presence of gp55 (panel 5), the myc-
Sf-Stk distribution at the plasma membrane was significantly
enhanced. Surprisingly, Sf-StkC4A was able to localize to the
plasma membrane, even in the absence of gp55 (panel 4).
These data indicate that the cysteines in the extracellular do-
main of Sf-Stk that mediate the interaction of Sf-Stk with gp55
also play a role in regulating the subcellular localization of
Sf-Stk in the absence of gp55. However, since our data indicate
that Sf-StkC4A is not tyrosine phosphorylated or capable of
supporting Epoind BFU-E formation in response to FVP, it
appears that cell surface localization alone is not sufficient to
activate Sf-Stk signaling.

Cysteines in the extracellular domain of Sf-Stk are required
for Epoind growth of primary erythroblasts induced by a con-
stitutively active form of Sf-Stk. We have shown that the cys-
teines in the extracellular domain of Sf-Stk promote the phos-
phorylation of the receptor by mediating its interaction with
gp55. In order to assess other potential roles for these cys-
teines, we utilized a constitutively active form of Sf-Stk con-
taining an M330T mutation in the kinase domain which was
reported to induce Epoind colony formation in the absence of
FVP (27). We introduced the M330T mutation into both Sf-
Stk and Sf-StkC4A (Sf-StkM330T and Sf-StkC4AM330T) and
transfected these constructs into 293 cells in the presence or
absence of gp55. We then tested the ability of gp55 to promote
tyrosine phosphorylation of the Sf-Stk mutants. Consistent
with previous studies, Sf-StkM330T exhibits a higher level of
tyrosine phosphorylation than wild-type Sf-Stk when gp55 is
not present However, this tyrosine phosphorylation is signifi-
cantly increased when gp55 is coexpressed with Sf-StkM330T.
Alternatively, introduction of the M330T mutation in the con-
text of Sf-StkC4A, which localizes to the plasma membrane,
resulted in full phosphorylation of the receptor (Fig. 9A). In
order to determine whether the cysteines in the extracellular
domain of Sf-Stk are required for the Epoind growth of in-

fected erythroblasts in the context of a constitutively active
form of Sf-Stk, BFU-E colony assays were performed with
bone marrow from C57BL/6 Fv2r/r mice (which lack Sf-Stk
expression) transduced with the indicated Sf-Stk mutants,
followed by infection with FVP (Fig. 9B). Interestingly,
Sf-StkM330T was fully capable of promoting Epoind BFU-E
colony formation even in the absence of gp55, while Sf-
StkC4AM330T failed to induce Epoind BFU-E colony forma-
tion in the absence of gp55, suggesting that the cysteines in the
extracellular domain of Sf-Stk may interact with other cellular
proteins in the absence of gp55 to elicit this response.

Cysteines in the extracellular domain of Sf-RON mediate its
interaction with gp55 and promote Epoind colony formation in
the absence of gp55. The Ron tyrosine kinase is the human
homolog of murine Stk. Overexpression of Ron and its splice
variants has been implicated in the progression of multiple
cancers (8, 15, 61). Like Sf-Stk, a 55-kDa N-terminally trun-
cated form of Ron (Sf-Ron) is generated from an internal
promoter within the Ron locus. Sf-Ron lacks most of the ex-
tracellular domain, while the transmembrane and cytoplasmic
domains remain intact. Expression of Sf-Ron has been ob-
served in both normal human tissues and malignant human
tissues such as ovarian and breast cancer tumors. Overexpres-
sion of Sf-Ron demonstrated intrinsic kinase activity, and a
T47D breast cancer cell line expressing Sf-Ron exhibited faster
growth and motility (4). Sf-Ron shares structural similarities
with Sf-Stk, including the presence of three cysteines (Cys4,
Cys22, and Cys27) located in the extracellular domain of Sf-
Ron. To determine whether Sf-Ron can interact with gp55 in a
manner dependent on the cysteines in the extracellular do-
main, all three cysteines were mutated to alanine in Sf-Ron
(Sf-RonC3A). Sf-Ron or Sf-RonC3A was cotransfected with
gp55 in 293 cells, and the interaction of gp55 and Sf-Ron was
assessed by coimmunoprecipitation (Fig. 10A). As expected,
Sf-Ron, but not Sf-RonC3A, coimmunoprecipitated with gp55.
The tyrosine phosphorylation of Sf-Ron and Sf-RonC3A was
also tested by using the anti-phospho-Ron Tyr1238/1239 anti-
body (Fig. 10B). Coexpression of Sf-Ron with gp55 signifi-
cantly enhanced Sf-Ron tyrosine phosphorylation; however,

FIG. 7. The cysteine residues in Sf-Stk and gp55 are required for Epoind BFU-E colony formation. (A) 293 cells were transfected with MSCV
expressing myc-tagged wild-type or mutant forms of Sf-Stk and pEco. At 48 h posttransfection, viral supernatants were collected and incubated overnight
with bone marrow cells harvested from C57BL/6 mice. MSCV-infected bone marrow cells were then incubated with FVP on ice for 1 h and plated in
methylcellulose medium containing IL-3 (2.5 ng/ml). On day 5, BFU-E colonies were stained with acid-benzidine and counted. *, P � 0.01. Error bars
indicate standard deviations. (B) 293 cells were transfected with MSCV expressing wild-type or mutant forms of gp55 and pEco. At 48 h posttransfection,
viral supernatants were collected and incubated overnight with bone marrow cells harvested from BALB/c mice. Virus-infected bone marrow cells were
then plated in methylcellulose medium containing IL-3 (2.5 ng/ml). On day 5, BFU-E colonies were stained with acid-benzidine and counted. *, P � 0.01.
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Sf-RonC3A exhibited elevated levels of tyrosine phosphoryla-
tion, and gp55 did not enhance the tyrosine phosphorylation of
Sf-RonC3A. We further tested whether Sf-Ron can induce
Epoind erythroblast growth in bone marrow cells from C57BL/6
Fv2r/r mice (Fig. 10C). As we observed with Sf-StkM330T, Sf-Ron
promotes Epoind colony formation even in the absence of gp55,
and this response requires the cysteines in the extracellular do-
main of Sf-Ron. This conservation in function between the mu-
rine and human receptors suggests that the cysteines in the ex-
tracellular domain of Sf-Stk and Sf-Ron likely play important
roles in regulating their normal physiologic functions.

DISCUSSION

The predominance of a transcript encoding an N-terminally
truncated form of the Stk receptor tyrosine kinase, compared
with the full-length transcript, in cells of hematopoietic origin
has long been observed (25). However, the function of Sf-Stk

remained unexplored until its identification as the product of
the Fv2 gene, which is responsible for restriction of Friend
virus susceptibility in C57BL/6 mice (48). It has since become
clear that Friend virus-induced erythroleukemia is initiated by
the ability of the SFFV-encoded viral glycoprotein gp55 to
interact with the Epo receptor and Sf-Stk, expressed by host
hematopoietic cells. However, it has remained unclear how the
interaction between gp55 and Sf-Stk results in the activation of
Sf-Stk signaling. The studies described here shed light on the
mechanism by which gp55 promotes the activation of Sf-Stk
and may further provide clues to the mechanism by which
Sf-Stk activity is regulated in uninfected cells.

Here we demonstrate that the covalent interaction be-
tween gp55 and Sf-Stk is regulated through four cysteines
located in the ecotropic domain of gp55 and four cysteines
located in the extracellular domain of Sf-Stk. Our data fur-
ther demonstrate that the cysteines in the ecotropic domain
also mediate gp55 oligomerization, confirming previous

FIG. 8. gp55 and cysteines regulate the cell surface localization of Sf-Stk (A) CHO cells were transfected with myc-Sf-Stk and gp55 or empty
vector. Forty-eight hours later, cell surface proteins were biotinylated and isolated. The cell surface proteins were separated by SDS-PAGE.
Membranes were blotted with anti-myc antibody. (B) 293 cells were transfected with EGFP, myc-Sf-Stk, and gp55, gp55C4A, or empty vector.
Forty-eight hours later, cells were resuspended and stained with Alexa Fluor 647-conjugated myc tag antibody. Cells were washed and analyzed
by flow cytometry. EGFP expression populations were gated as transfected cells.
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studies showing that gp55 oligomerization is mediated by
intermolecular disulfide bond formation (68). However, not
all four cysteines are required for gp55 oligomerization, as
demonstrated by the ability of the double cysteine-to-ala-
nine mutants, gp55C306,309A and gp55C337,338A, to form
dimers. This flexibility in the ability of alternate cysteines to
promote gp55 oligomerization likely provides a means by
which cysteines in gp55 are also free to form hetero-oligo-
mers in the presence of Sf-Stk via disulfide bond formation.
However, while gp55C306,309A and gp55C337,338A interact
with Sf-Stk to a similar extent as wild-type gp55, we observed
a much lower level of Sf-Stk tyrosine phosphorylation in these
complexes than in wild-type gp55. These experiments suggest
that through intermolecular disulfide bond formation, the cys-
teines in the ecotropic domain of gp55 could form molecular
clusters of gp55 and Sf-Stk, which further enhance Sf-Stk phos-
phorylation. While gp55 has also been shown to interact with
the EpoR through the dualtropic and transmembrane domains
(11, 13, 14), our data showed that the gp55C4A mutant still
effectively interacts with the EpoR, supporting a model in
which gp55 could simultaneously form complexes with both
EpoR and Sf-Stk molecules.

There is increasing evidence that some receptor tyrosine
kinases can form homo- or heterodimers in the absence of
ligand and that ligand binding stabilizes the dimer and drives a
conformational change in the receptor which promotes recep-
tor activation. Using bimolecular fluorescence complementa-
tion (BiFC) assays, Tao and Maruyama demonstrated that all
epidermal growth factor receptor (EGFR) family receptors
form inactive ligand-independent dimers in the ER which then
translocate to plasma membrane (58), and a two-hybrid assay
suggests that intracellular domains are responsible for this
spontaneous dimerization. Further, EpoR is found to form an
inactive dimer mediated by the transmembrane domain in the
absence of Epo (12). Scanning cysteine mutagenesis in EGFR

and EpoR juxtamembrane and transmembrane domains dem-
onstrated that the conformation of the receptor dimers is a
critical determinant of receptor activation (34, 37). These data
are consistent with our results demonstrating that Sf-Stk spon-
taneously dimerizes in the absence of gp55 and supporting the
hypothesis that gp55 may induce a conformational change in
the Sf-Stk dimers that promotes kinase activation.

Previous studies have shown that gp55 homodimerization
and glycosylation are required for gp55 to be efficiently trans-
located to the cell surface (29, 49, 50) and that this transloca-
tion is required for pathogenesis. Our data demonstrate that
Sf-Stk localizes primarily in the cytosol and that plasma mem-
brane localization is enhanced through its association with
gp55. It is reported that an N-terminally truncated EGFR
cannot be expressed on the cell surface but that its cell surface
localization can be rescued by coexpression of full-length EGFR
(30). However, we failed to detect enhanced cell surface local-
ization of Sf-Stk in the presence of full-length Stk (data not
shown). We were surprised to find that mutation of all four
cysteines in the extracellular domain of Sf-Stk resulted in en-
hanced cell surface localization of Sf-Stk in the absence of
gp55, suggesting that these cysteines may play a role in sub-
cellular trafficking of Sf-Stk, either by promoting the interac-
tion of Sf-Stk with other cellular proteins or by promoting
inhibitory intramolecular interactions. Binding of gp55 to these
sites could displace these inhibitory interactions, thus promot-
ing cell surface localization of Sf-Stk.

A constitutively activating point mutation in the tyrosine
kinase domain of Ret (RetM918T) was first observed in pa-
tients with multiple endocrine neoplasia type 2B (MEN 2B)
(9, 23). The analogous mutation was later shown to result in
the constitutive activation of Met and Ron (MetM1268T,
RonM1254T) (26, 63). Generation and expression of the
M1231T mutation in Stk (StkM1231T) resulted in enhanced
receptor phosphorylation and increased metastasis compared

FIG. 9. The cysteine residues in the extracellular domain of a constitutively active Sf-Stk are required for Epoind BFU-E colony formation.
(A) 293 cells were transfected with gp55 and myc-tagged wild-type or mutated Sf-Stk. Cell lysates were immunoprecipitated with anti-tyrosine
phosphorylation antibody and blotted with anti-myc antibody. (B) 293 cells were transfected with wild-type or mutated MSCV-myc-Sf-Stk and
pEco. At 48 h posttransfection, viral supernatants were collected and incubated overnight with bone marrow cells of C57BL/6 mice. The infected
bone marrow cells were plated in methylcellulose medium containing IL-3 (2.5 ng/ml) or incubated with FVP on ice for 1 h prior to plating in
methylcellulose medium containing IL-3 (2.5 ng/ml). On day 5, BFU-E colonies were stained with acid-benzidine and counted. *, P � 0.01. Error
bars indicate standard deviations.
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with wild-type Stk (45), and an Sf-StkM330T mutant was re-
ported to promote Epoind colony formation in the absence of
gp55 (52). Our data support this report and further demon-
strate that the cysteines in the extracellular domain of Sf-Stk
are critical for the ability of Sf-StkM330T to promote Epoind

colony growth in the absence of gp55. Further, we demonstrate
that Sf-Ron can also induce Epoind colony formation in Fv2r/r

mice in the absence of gp55 and that this response also re-
quires the cysteines in the extracellular domain of Sf-Ron. This
is consistent with previous research demonstrating that Sf-Ron
exhibits constitutive tyrosine kinase activity. The conservation
in the functions of the murine and human receptors highlights
the possibility that Sf-Stk and Sf-Ron may play important roles
under normal physiologic conditions.

It is of interest to note that while Sf-RonC3A and Sf-
StkM330TC4A are highly phosphorylated, they fail to induce
Epoind colony formation in the absence of gp55. These results
underscore the possibility that other cellular signals interact
with Sf-Stk and Sf-Ron through these cysteines, resulting in the
ability of Sf-Stk and Sf-Ron to promote rapid erythroblast
expansion. We have shown previously that Friend virus hijacks
the BMP4-dependent stress erythropoiesis pathway(55, 56). It
is therefore plausible that Sf-Stk or Sf-Ron could promote
expansive erythropoiesis during times of acute erythropoietic
need, and this response could be mediated, in part, by the
cysteines in the extracellular domain of Sf-Stk or Sf-Ron with
host proteins. These studies highlight the importance of un-
derstanding how Sf-Stk activity is regulated, not only by gp55
but also by other cellular factors. The studies described here
will lay the foundation for addressing this important biological
question.
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