
JOURNAL OF VIROLOGY,
0022-538X/98/$04.0010

Feb. 1998, p. 919–925 Vol. 72, No. 2

Copyright © 1998, American Society for Microbiology

Both the Polycythemia- and Anemia-Inducing Strains of Friend
Spleen Focus-Forming Virus Induce Constitutive Activation of

the Raf-1/Mitogen-Activated Protein Kinase Signal
Transduction Pathway

KAREN W. MUSZYNSKI,1 TAKASHI OHASHI,2† CHARLOTTE HANSON,1

AND SANDRA K. RUSCETTI2*

Intramural Research Support Program, SAIC Frederick,1 and Basic Research Laboratory, DBS,2 National Cancer
Institute-Frederick Cancer Research and Development Center, Frederick, Maryland 21702-1201

Received 5 August 1997/Accepted 16 October 1997

The erythroleukemia-inducing Friend spleen focus-forming virus (SFFV) encodes a unique envelope glyco-
protein which allows erythroid cells to proliferate and differentiate in the absence of erythropoietin (Epo). In
an attempt to understand how the virus causes Epo independence, we have been studying signal transduction
pathways activated by Epo to determine if SFFV exerts its biological effects by constitutively activating any of
these pathways in the absence of Epo. We previously demonstrated that Stat proteins, the downstream
components of the Epo-induced Jak-Stat pathway, are constitutively activated in SFFV-infected cells. In this
study, we demonstrate that SFFV also activates Raf-1, MEK and mitogen-activated protein (MAP) kinase, the
downstream components of the Raf-1/MAP kinase pathway. This pathway was activated in cells infected with
the polycythemia-inducing strain of SFFV, which induces both proliferation and differentiation of erythroid
cells in the absence of Epo, as well as in cells infected with the anemia-inducing strain of the virus, which still
require Epo for differentiation. Inhibition of Raf-1 by using antisense oligonucleotides led to a partial
inhibition of the Epo-independent proliferation of SFFV-infected cells. Expression of the transcription factors
c-Jun and JunB, but not c-Fos, was induced in SFFV-infected cells in the absence of Epo, suggesting that
constitutive activation of the Raf-1/MAP kinase pathway by the virus may result in deregulation of AP-1
activity. We conclude from our studies that infection of erythroid cells with SFFV leads to the constitutive
activation of signal transduction molecules in both the Jak-Stat and Raf-1/MAP kinase pathways and that both
of these pathways must be activated to achieve maximum proliferation and differentiation of erythroid cells in
the absence of Epo.

Friend spleen focus-forming virus (SFFV) is a replication-
defective retrovirus that induces a rapidly occurring erythro-
leukemia in susceptible strains of adult mice (for a review, see
reference 52). Proliferation and differentiation of normal ery-
throid cells require stimulation with erythropoietin (Epo);
however, infection with SFFV induces erythroid cell growth in
the absence of Epo (37, 38, 51, 53, 54, 64). Although all strains
of the virus cause erythroleukemia, variants of the virus differ
in their effects on erythroid cell growth. Infection of mice with
the polycythemia-inducing strain of SFFV (SFFVP) induces
Epo-independent proliferation and differentiation of erythroid
cells (22, 26, 35). In contrast, erythroid cells from mice infected
with the anemia-inducing strain of SFFV (SFFVA) proliferate
in the absence of Epo but still require Epo for differentiation
(22, 31, 61, 65).

Previous studies have shown that the unique glycoprotein
encoded by the SFFV envelope gene is responsible for the
effects of the virus on erythroid cell growth (9, 33, 68, 69).
Differences in the biological effects of SFFVP and SFFVA have
been attributed to small sequence differences in the transmem-
brane region of the envelope glycoproteins of these two viruses

(50, 68). Further studies indicated that the SFFV envelope
protein associates with the Epo receptor complex at the cell
surface and that only cells expressing an Epo receptor capable
of transducing a mitogenic signal are rendered factor indepen-
dent by the virus (3, 12, 25, 29, 70). These results suggest that
SFFV may affect erythroid cell growth by activating signal
transduction pathways that are normally activated by interac-
tion of Epo with its cell surface receptor.

Studies have shown that binding of Epo to the Epo receptor
activates two distinct signal transduction pathways: the Jak-
Stat pathway (13, 27, 39) and the Raf-1/mitogen-activated pro-
tein kinase (MAPK) pathway (4, 8, 11, 23, 40). Epo activation
of the Jak-Stat pathway induces phosphorylation of Jak kinases
(27) and activates the DNA-binding activity of Stat family
proteins (13, 57). Using the Epo-dependent HCD-57 erythro-
leukemia cell line, we previously demonstrated that infection
with SFFVP abrogates Epo dependence in HCD-57 cells (53)
and induces constitutive Stat DNA-binding activity in the ab-
sence of Epo (46). In this study, we sought to determine if
infection with SFFV also induces constitutive activation of the
Raf-1/MAPK signaling pathway.

The Raf-1/MAPK pathway is a growth factor-activated sig-
nal transduction pathway that also transduces signals from the
cell surface to the nucleus (49). Ligand stimulation of growth
factor receptors, including the Epo receptor, induces phos-
phorylation and activation of the Raf-1 serine/threonine kinase
by activating Ras GTP-binding activity (17, 34, 58). Ras-GTP
then recruits Raf-1 to the cell membrane, where it is phosphor-
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ylated and activated by other kinases (62). Activated Raf-1
phosphorylates and activates MAPK kinase (MEK) (16, 32),
which phosphorylates and activates MAPK (10). The targets of
activated MAPK include transcription factors that regulate the
expression or activity of immediate-early response genes in-
cluding c-myc (21) and components of the AP-1 transcription
factor complex, c-fos (20, 63), c-jun (7, 48), and junB (24).

To determine if SFFV activates the Raf-1/MAPK pathway,
we evaluated the effect of SFFV on Raf-1, MEK, and MAPK
activity in HCD-57 cells infected with SFFVP or SFFVA. In
addition, we analyzed the virus-infected cells for expression of
immediate-early response genes whose transcription is induced
by Epo or whose activity is regulated by MAPK-mediated
posttranslational control. Our results indicate that infection of
erythroid cells with SFFV induces constitutive activation of the
downstream components of the Raf-1/MAPK pathway and
deregulates expression of the Jun component of the AP-1
transcription factor complex. In addition, using c-raf antisense
oligonucleotides to inhibit Raf-1 expression, we have also de-
termined that Epo-independent activation of the Raf-1/MAPK
pathway alone is not sufficient to induce growth factor-inde-
pendent proliferation of SFFV-infected erythroid cells.

MATERIALS AND METHODS

Cell lines. HCD-57 cells are Epo-dependent erythroleukemia cells derived
from an NIH Swiss mouse infected with Friend murine leukemia virus at birth
(53, 60). HCD-57 cells were maintained in Iscove’s modified Dulbecco minimal
essential medium (DMEM) supplemented with 30% fetal calf serum (FCS), 5 3
1025 M 2-mercaptoethanol, penicillin (100 U/ml), streptomycin (100 mg/ml),
L-glutamine, (3 mg/ml) and Epo (0.3 U/ml) in 5% CO2 at 37°C. HCD-57 cells in
which Epo dependence had been abrogated by infection with SFFVP or SFFVA
(53) were maintained in the same medium without Epo. The Epo used was a
tissue culture supernatant from fibroblasts that had been transfected with the
human Epo gene as previously described (53).

Cell lysates and immunoprecipitation. To prepare cell lysates, cells grown to
a density of 106 cells/ml in DMEM were washed twice in medium without serum
and incubated in medium plus 1.5% serum at 37°C in 5% CO2 overnight (12 to
15 h). The next day, cells were centrifuged at 1,200 3 g for 5 min and resus-
pended in fresh medium plus 1.5% serum and starved for an additional 2 h at
37°C in 5% CO2. Epo was added to the Epo-stimulated cells at a concentration
of 0.3 U/ml for 15 min. Cells were then centrifuged at 1,200 3 g for 5 min, and
the pellet was washed twice with ice-cold phosphate-buffered saline containing
1.0 mM Na3VO4. Cells were resuspended in 1 ml of lysis buffer (20 mM Tris [pH
7.4], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 2 mM NaPPi,
2 mM NaF, 0.5 mM phenylmethylsulfonyl fluoride, 1 mg each of aprotinin and
leupeptin per ml, 1 mM Na3VO4). Insoluble material was removed by centrifu-
gation at 12,000 3 g at 4°C for 20 min, and protein concentrations were deter-
mined by using a Bio-Rad Laboratories (Hercules, Calif.) protein assay kit. For
immunoprecipitation, 1 mg of protein was incubated for 2 h at 4°C with a
Raf-1-specific monoclonal antibody (Transduction Laboratories, Lexington,
Ky.), anti-MEK purified polyclonal antibody (C-18; Santa Cruz Biotechnology,
Inc., Santa Cruz, Calif.), or purified Erk-2 polyclonal antibody (C-14; Santa Cruz
Biotechnology). The antigen-antibody complexes were collected with protein
A-agarose beads (Gibco-BRL, Gaithersburg, Md.).

Western blot analysis and Raf-1 coupled-kinase assay. The phosphorylation-
induced shift in the molecular weight of Raf-1 was assayed by Western blot
analysis. Specifically, immunoprecipitated Raf-1 conjugated to protein A-agarose
beads was washed three times with TBST (50 mM Tris-HCl [pH 7.3], 150 mM
NaCl, 0.05% Tween 20), resuspended in protein loading buffer, and boiled for 5
min at 95°C. Proteins were resolved by electrophoresis on a sodium dodecyl
sulfate (SDS)–7.5% polyacrylamide gel and blotted onto nitrocellulose. Blots
were blocked with 5% nonfat milk in TBST plus 2% Tween 20 for 30 min and
incubated with anti-Raf antibody at room temperature for 1 h. Blots were then
washed three times with TBST plus 2% Tween 20 and incubated with an anti-
mouse immunoglobulin G antibody conjugated to horseradish peroxidase (Am-
ersham Corp., Arlington Heights, Ill.) for 30 min at room temperature. Blots
were washed three times with TBST plus 2% Tween 20, and protein bands were
detected by enhanced chemiluminescence (Amersham).

The coupled-kinase assay was performed as described by Alessi et al. (1), with
minor modifications. Briefly, Raf-1 immunoprecipitates were washed as previ-
ously described (1) and incubated for 30 min at 30°C in kinase reaction buffer (50
mM Tris-HCl [pH 7.4], 0.03 Brij 35, 0.1 mM EGTA, 0.1% 2-mercaptoethanol,
0.66 mM okadaic acid, 0.27 mM Na3VO4, 13.3 mM magnesium acetate, 0.33 mM
ATP) containing 0.4 mg of glutathione S-transferase (GST)–MEK (Upstate
Biotechnology, Inc. [UBI], Lake Placid, N.Y.) and 1.5 mg of GST-MAPK (UBI).
Two microliters of this reaction mixture was added to a second kinase reaction

buffer (25 mM Tris-HCl, pH 7.0, 0.1 mM EGTA, 10 mM magnesium acetate)
containing 10 mCi of [g-32P]ATP and 3.3 mg of myelin basic protein (MBP;
Gibco-BRL) and incubated for 10 min at 30°C. Two control reactions were
carried out in which either GST-MEK or the Raf-1 immunoprecipitates were
replaced with kinase buffer. The reaction was stopped by pipetting 40 ml of the
reaction onto phosphocellulose filters. The filters were washed twice with 0.8%
phosphoric acid and twice with H2O. The incorporation of 32P into MBP was
measured by scintillation counting. To determine the amount of Raf-1 in the
reaction, a 20-ml aliquot of the immunoprecipitated protein was taken after the
wash steps, resuspended in protein loading buffer, resolved on a 7.5% gel, and
detected by Western analysis using the anti-Raf-1 antibody as described above.

Immune complex kinase assays. Immunoprecipitated proteins conjugated to
protein A-agarose beads were washed twice in lysis buffer and twice in kinase
buffer (20 mM Tris-HCl [pH 7.4], 20 mM NaCl, 10 mM Mg2Cl, 1 mM dithio-
threitol). For Raf-1 kinase assays, immunoprecipitated Raf-1 was resuspended in
35 ml of kinase buffer containing 10 mM ATP, 20 mCi of [Y-32P]ATP, and 2 mg
of GST–kinase-inactive (K97A) MEK (MEK2) (UBI). MEK and MAPK activ-
ities were assayed in 35 ml of kinase buffer containing 10 mM ATP, 20 mCi of
[Y-32P]ATP, 1 mg of leupeptin per ml, and 1 mM okadaic acid. As substrates, 5
mg of GST–kinase-inactive (K71A) MAPK (MAPK2) (UBI) was added to the
MEK kinase reaction mixture and 4 mg of MBP was added to the MAPK kinase
assay. Reaction mixtures were incubated for 30 min at 30°C. The reactions were
stopped with protein loading buffer, and reaction mixtures were boiled for 5 min
at 95°C. Proteins were resolved on SDS-polyacrylamide gels and transferred to
nitrocellulose. Phosphorylated substrate bands were visualized by autoradiogra-
phy. Proteins were analyzed by Western blot analysis as described above.

Western blot analysis of MAPK. For Western blot analysis of MAPK, cells
starved and stimulated with Epo as described above were resuspended in 100 ml
of SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM
dithiothreitol, 0.1% bromophenol blue) and sonicated for 10 to 15 s to reduce
sample viscosity. Samples were then heated at 95°C for 5 min and cooled on ice.
Proteins were resolved on a 4 to 20% gel by SDS-polyacrylamide gel electro-
phoresis and transferred electrophoretically to nitrocellulose membranes. The
blots were blocked with 5% nonfat milk in TBST buffer at room temperature for
2 h and then incubated overnight at 4°C with a phosphospecific p42/44 MAPK
antibody (New England Biolabs, Inc., Beverly, Mass.). The blot was washed three
times with TBST and incubated with anti-mouse immunoglobulin G conjugated
to horseradish peroxidase for 1 h at room temperature. The blot was washed
three times with TBST, and protein bands were detected by using a Phototope
Western detection kit (New England Biolabs). The blot was stripped and re-
probed with an antibody that recognizes both phosphorylated and unphosphor-
ylated p42/44 MAPK (New England Biolabs).

Northern analysis. For Northern analysis of RNA, total RNA was extracted
from cells by using RNA STAT-60 (Tel-Test “B,” Friendswood, Tex.) according
to the manufacturer’s protocol. Twenty micrograms of RNA was subjected to
formalin-agarose gel electrophoresis, transferred to a nitrocellulose filter, and
hybridized with probes specific for c-myc (1.5-kb fragment containing exons 2
and 3, from L. Wolff, National Cancer Institute, Bethesda, Md.), c-fos (1.7-kb
fragment cloned into pUC18, from D. Blair, National Cancer Institute, Freder-
ick, Md.), c-jun (mouse oligonucleotide ON254; Oncogene Research Products,
Cambridge, Mass.), or junB (American Type Culture Collection, Rockville,
Md.). Hybridization was carried out at 68°C for 1 h in a hybridization oven, using
Stratagene’s Quik Hybe solution. Filters were washed two times at 68°C for 10
min in 23 SSC (13 SSC is 0.15 M NaCl plus 0.15 M sodium citrate) plus 0.1%
SDS. The filters were then stripped and reprobed with a b-actin probe (mouse
oligonucleotide ON365; Oncogene Research Products) under the same condi-
tions with two additional washes.

Antisense assay. Cells were treated with a phosphorothioate antisense (59-T
CCCTGTATGTGCTCCAT-39) or sense (59-ATGGAGCACATACAGGGA-
39) oligonucleotide synthesized by the phosphoramadite method on an auto-
mated synthesizer (Applied Biosystems, Foster City, Calif.), and the effect of
each oligonucleotide on cell proliferation was analyzed by using [3H]thymidine
incorporation assays as previously described (42, 43). Briefly, SFFV-infected and
uninfected HCD-57 cells were washed twice, and 5 3 103 cells/well were seeded
in 96-well plates in 100 ml of DMEM plus 10% FCS and incubated for 8 h in the
presence of 2.0 mM c-raf antisense or sense oligonucleotide at 37°C in 5% CO2.
Cells growing in medium alone or in medium plus Epo were used as controls.
After 8 h, a second 2.0 mM aliquot of oligonucleotides was added, and cells were
either stimulated with Epo (0.3 U/ml) or grown in the absence of Epo for 42 h
at 37°C in 5% CO2. Cells were then pulsed with 1 mCi of [3H]thymidine for 6 h.
Cells were harvested onto glass filters, and [3H]thymidine incorporation was
measured by scintillation counting.

RESULTS

Infection with SFFV constitutively activates Raf-1 in
HCD-57 cells. It has been previously demonstrated that Raf-1
is activated by phosphorylation in response to Epo stimulation
of HCD-57 cells (8). Phosphorylation of Raf-1 induces a
change in its molecular weight which can be detected by a shift
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in the electrophoretic mobility of the protein (41). To deter-
mine if infection with SFFV activates the Raf-1/MAPK path-
way, we initially evaluated the effect of the virus on the elec-
trophoretic mobility of Raf-1 purified from HCD-57 cells
infected with either SFFVP or SFFVA (53). Uninfected
HCD-57 cells and HCD-57 cells infected with either SFFVP or
SFFVA were starved for growth factor overnight and then
stimulated in complete medium with or without Epo for 15
min. As shown in Fig. 1, the electrophoretic mobility of Raf-1
was shifted in SFFVP- and SFFVA-infected cells after starva-
tion (lanes 2 and 6) or incubation in complete medium without
Epo (lanes 3 and 7). Stimulation with Epo did not induce any
additional changes in the mobility of Raf-1 (lanes 4 and 8). In
comparison, only the unshifted lower-molecular-weight form
of Raf-1 was detected in unstimulated HCD-57 cells which did
not express the virus (lanes 1 and 5).

To determine if the SFFV-induced shift in Raf-1 mobility
was associated with an increase in Raf-1 kinase activity, Raf-1
activation was first evaluated in immune complex kinase assays
using GST-MEK2 as a substrate. In contrast to Epo-induced
activation of Raf-1 in uninfected HCD-57 cells, Raf-1 was
constitutively activated in HCD-57 cells infected with either
SFFVP or SFFVA (Fig. 2A). The addition of Epo did not result
in a reproducible increase in Raf-1 kinase activity in the SFFV-
infected cells (Fig. 2A).

Growth factor-induced activation of Raf-1 initiates a kinase
cascade in which Raf-1 phosphorylates and activates MEK (16,
32), which in turn phosphorylates and activates MAPK (10).
To determine if the SFFV-induced phosphorylation of MEK
observed in the immune complex kinase assays (Fig. 2A) was
coupled to activation of downstream subtrates in the kinase
cascade, Raf-1 activity was further evaluated in a linked kinase
cascade assay measuring phosphorylation of MBP in the pres-
ence of GST-MEK and GST-MAPK (Fig. 2B). Consistent with
results from the immune complex kinase assays (Fig. 2A),
immunoprecipitates of Raf-1 from both unstimulated and
Epo-stimulated SFFV-infected cells induced phosphorylation
of MBP in the coupled kinase assay, while Raf-1-induced phos-
phorylation of MBP was observed only in uninfected HCD-57
cells following stimulation with Epo (Fig. 2B). These results
indicate that unlike uninfected HCD-57 cells, Raf-1 is consti-
tutively activated in HCD-57 cells infected with SFFV. There
was no detectable difference between the effects of SFFVP and
SFFVA on Raf-1 activation.

MEK is constitutively activated in SFFV-infected cells. Al-
though the coupled kinase assay demonstrates that SFFV-

induced activation of Raf-1 is sufficient for activation of the
downstream substrates in the Raf-1/MAPK pathway in vitro, it
does not prove that Raf-1 constitutively activates the down-
stream substrates in this pathway in SFFV-infected cells.
Therefore, we evaluated MEK kinase activity in the virus-
infected cell lines in immune complex kinase assays using
MAPK2 as a substrate (Fig. 3). Consistent with SFFV-induced
activation of Raf-1, MEK was constitutively activated in
SFFVP- and SFFVA-infected HCD-57 cells, while uninfected
HCD-57 cells required Epo to activate MEK (Fig. 3). Stimu-
lation of SFFVA-infected cells with Epo consistently induced a
two- to fivefold increase in MEK kinase activity above consti-
tutive levels of activation (Fig. 3), while MEK kinase activity in
SFFVP-infected cells was not significantly enhanced by the
addition of Epo (Fig. 3).

MAPK is constitutively phosphorylated and activated in
SFFV-infected cells. Recent studies have demonstrated that
activated Raf-1 induces activation of MAPK through MEK-
mediated phosphorylation of both tyrosine and serine/threo-

FIG. 1. Infection with SFFV alters the electrophoretic mobility of Raf-1 in
HCD-57 cells. Raf-1 was immunoprecipitated from uninfected (lanes 1 and 5),
SFFVP-infected (lanes 2 and 4), or SFFVA-infected (lanes 6 and 8) HCD-57 cells
after starvation in 1.5% FCS overnight or after incubation of the starved cells for
15 min in complete medium with (lanes 3 and 7) or without (lanes 4 and 8) Epo.
The immunoprecipitated proteins were resolved by electrophoresis on an SDS–
7.5% polyacrylamide gel and detected by Western blotting using an anti-Raf-1
monoclonal antibody.

FIG. 2. Infection with SFFV leads to constitutive activation of Raf-1 in
HCD-57 cells. Raf-1 immunoprecipitates from uninfected and SFFV-infected
HCD-57 cells that had been starved overnight in 1.5% FCS and either left
unstimulated (2) or stimulated with Epo for 15 min (1) were assayed for Raf-1
kinase activity. (A) Immune complex kinase assay measuring incorporation of
32P into GST-MEK2. Phosphorylation of MEK2 was detected by autoradiogra-
phy. The filter was then probed with an anti-Raf-1 antibody to visualize the total
amount of Raf-1 present in the kinase reaction. (B) Coupled-kinase assay mea-
suring Raf-1 activation of MAPK, using exogenous GST-MEK and GST-MAPK
as substrates. Activation of GST-MAPK by Raf-1 was assayed by phosphoryla-
tion of MBP. Specific incorporation of 32P into MBP was measured by scintil-
lation counting. Results are reported after substraction of values obtained from
control reactions in which either the MEK substrate or Raf-1 was not included
in the reaction mixture. The amount of Raf-1 in the assay was visualized by
Western blot analysis of the immunoprecipitated protein with anti-Raf-1 anti-
body.
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nine residues (5, 10). Therefore, we evaluated the effect of
SFFV infection on phosphorylation and activation of MAPK
by using antiphosphotyrosine blotting (Fig. 4A) and immune
complex kinase assays (Fig. 4B). A Western blot was probed
with an anti-MAPK antibody which specifically recognizes the
tyrosine-phosphorylated form of the 42/44-kDa species of
MAPK (Fig. 4A). The anti-MAPK-phosphotyrosine antibody
detected a tyrosine-phosphorylated 42/44-kDa protein in both
unstimulated and Epo-stimulated HCD-57 cells infected with
either SFFVP or SFFVA. However, MAPK was detected by
this antibody in uninfected HDC-57 cells only when the cells
were stimulated with Epo (Fig. 4A). To determine if MAPK
was expressed in unstimulated HCD-57 cells, the blot was
reprobed with an anti-MAPK antibody which recognizes both
phosphorylated and unphosphorylated forms of the protein,
and MAPK was readily detected in all of the cell lines (Fig.
4A). Phosphotyrosine-induced activation of MAPK was fur-
ther evaluated in an immune complex kinase assay using MBP
as a substrate (Fig. 4B). MAPK was activated in response to
Epo stimulation of uninfected HCD-57 cells; however, MAPK
was constitutively activated in the SFFV-infected cell lines
(Fig. 4B). Consistent with the enhanced activity of MEK ob-
served when SFFVA-infected cells were stimulated with Epo, a

one- to twofold increase in MAPK activity was detected in
Epo-stimulated cells infected with SFFVA.

Expression of c-Jun and JunB but not c-Fos and c-Myc is
altered by SFFV infection. Epo-induced early-response genes
encoding the transcription factors c-Myc (6, 40, 59) and c-Fos
(40, 47, 66) have been identified as targets for receptor tyrosine
kinase-mediated regulation by MAPK (21, 28, 56). Therefore,
we evaluated the expression of c-myc and c-fos in HCD-57 cells
infected with SFFV by Northern analysis (Fig. 5). Transcripts
for c-myc were detected in both SFFV-infected and uninfected
HCD-57 cells in the absence of Epo (Fig. 5), indicating that
c-myc mRNA is constitutively expressed in HCD-57 cells and is
not induced by infection with SFFV. In contrast, c-fos was
constitutively expressed at low levels in both uninfected and
SFFV-infected HCD-57 cells, and stimulation with Epo in-
duced an increase in the level of c-fos mRNA in all three cell
lines (Fig. 5). Interestingly, the level of c-fos transcription in-
duced by Epo was significantly less in SFFV-infected cells than
in uninfected cells stimulated with Epo (Fig. 5).

c-Fos is a component of the AP-1 transcription factor com-
plex, which is composed of a variety of Jun and Fos homo- and
heterodimers which induce transcription from response ele-
ments activated by tetradecanoyl phorbol acetate and other
stimuli, including Epo (15, 28, 47). Since an active AP-1 com-
plex requires expression of jun family genes (2, 45, 55), we also
evaluated expression of c-jun and junB in virus-infected and
uninfected HCD-57 cells. Previous experiments have indicated
that expression of c-jun is not induced by Epo (6, 47), while
Epo-induced expression of junB has not been evaluated in
erythroid cells. Consistent with previous results, c-jun was not
expressed in unstimulated HCD-57 cells, and transcription was
not induced by Epo (Fig. 6). However, c-jun mRNA was ex-
pressed in both unstimulated and Epo-stimulated SFFV-in-
fected cells (Fig. 6). Furthermore, expression of junB mRNA,
which was induced by Epo in HCD-57 cells, was constitutive in
SFFV-infected cells (Fig. 6). These results demonstrate dereg-
ulated expression in SFFV-infected cells of the genes encoding
the c-Jun and JunB components of the AP-1 complex.

c-raf antisense oligonucleotides inhibit growth factor-inde-
pendent proliferation of SFFV-infected HCD-57 cells. Previous
studies using c-raf antisense oligonucleotides to inhibit expres-
sion of Raf-1 have demonstrated that Raf-1 is required for
growth factor-induced proliferation of factor-dependent cell
lines, including HCD-57 cells (8, 43). Therefore, we used pre-
viously characterized c-raf antisense oligonucleotides (8, 42,
43) to evaluate the requirement for Raf-1 in SFFV-induced
growth factor-independent proliferation of HCD-57 cells (Fig.
7). Identical to the results of our previous study (43), c-raf

FIG. 3. MEK is constitutively activated in SFFV-infected cells. MEK was
immunoprecipitated from uninfected and SFFV-infected HCD-57 cells that had
been starved overnight in 1.5% FCS and either left unstimulated (2) or stimu-
lated with Epo for 15 min (1). Immunoprecipitates were assayed for MEK
kinase activity by immune complex kinase assays measuring incorporation of 32P
into GST-MAPK2. Phosphorylation of MAPK2 was detected by autoradiogra-
phy, and the filter was then probed with anti-MEK antibody to visualize the
amount of MEK present in the kinase reaction.

FIG. 4. MAPK is constitutively phosphorylated and activated in SFFV-in-
fected cells. (A) Uninfected and SFFV-infected HCD-57 cells starved overnight
in 1.5% FCS and either left stimulated (2) or stimulated with Epo for 15 min
(1) were resuspended in SDS lysis buffer and analyzed by Western blot analysis
using a phosphospecific anti-MAPK (p42/44) antibody to detect tyrosine-phos-
phorylated MAPK (MAPK-PTYR). The blot was then stripped and reprobed
with a p42/44-specific anti-MAPK antibody that detects both the phosphorylated
and unphosphorylated forms of MAPK. (B) Immunoprecipitated MAPK was
assayed in immune complex kinase assays measuring incorporation of 32P into
MBP. Phosphorylation of MBP was detected by autoradiography, and the filter
was then probed with anti-MAPK antibody to visualize the amount of MAPK
present in the kinase reaction. IgG, immunoglobulin G.

FIG. 5. Infection with SFFV does not alter c-fos or c-myc expression in
HCD-57 cells. Uninfected and SFFV-infected HCD-57 cells were starved over-
night in 1.5% FCS and either left unstimulated (2) or stimulated for 15 min with
Epo (1). RNA was extracted and analyzed by Northern blotting as described in
Materials and Methods. The filter was sequentially stripped and reprobed with
radiolabeled cDNA probes specific for c-fos, c-myc, or actin mRNA.
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antisense oligonucleotides inhibited Epo-induced proliferation
of uninfected HCD-57 cells by 87%, while sense oligonucleo-
tides had little or no effect on cell growth (Fig. 7). Treatment
with c-raf antisense oligonucleotides inhibited the Epo-inde-
pendent proliferation of HCD-57 cells infected with SFFVP by
58% and inhibited proliferation of HCD-57 cells infected with
SFFVA by 65%, while sense oligonucleotides had no significant
effect (Fig. 7). In contrast to SFFVP-infected cells, cells in-
fected with SFFVA proliferate better in the presence of Epo
(48). Therefore, we also evaluated the effect of c-raf antisense
oligonucleotides on Epo-induced proliferation of SFFVA-in-
fected HCD-57 cells. As shown in Fig. 7, c-raf antisense oligo-
nucleotides inhibited the Epo-induced proliferation of SFFVA-
infected cells by 60%, similar to their effect on unstimulated
cells. These results demonstrate that the requirement for Raf-1
in Epo-induced proliferation of HCD-57 cells is partially ab-
rogated by infection with SFFV.

DISCUSSION

In this study, we have determined that infection of the mu-
rine erythroleukemia cell line HCD-57 with SFFV induces
constitutive activation of the major downstream components of
the Raf-1/MAPK signal transduction pathway. Raf-1 kinase
activity, which is activated by Epo in uninfected HCD-57 cells,
is constitutively activated in HCD-57 cells infected with either
the SFFVP or SFFVA variant of the virus. Consistent with this

result, MEK, a direct substrate of Raf-1, and MAPK, the
downstream effector molecule in this pathway, were also con-
stitutively activated in both SFFVP- and SFFVA-infected
HCD-57 cells.

Although erythroid cells infected with SFFVP and SFFVA
differ in the ability to differentiate in the absence of Epo, both
viruses were shown in this study to constitutively activate the
Raf-1/MAPK pathway in HCD-57 cells, a result that we have
recently confirmed in studies using spleen cells from virus-
infected mice (46a). This finding suggests that constitutive ac-
tivation of the Raf-1/MAPK pathway is not sufficient to induce
Epo-independent differentiation of erythroid cells. In contrast,
constitutive activation of the Jak-Stat pathway by SFFV ap-
pears to be required to achieve differentiation of erythroid cells
in the absence of Epo (46a).

Since growth factor activation of the Raf-1/MAPK pathway
has been linked to activation of the immediate-early gene re-
sponse, we also evaluated the effect of SFFV infection on
expression of several immediate-early genes, including c-myc,
c-fos, c-jun, and junB. The c-myc gene was constitutively ex-
pressed in both uninfected and SFFV-infected HCD-57 cells;
however, only SFFV-infected HCD-57 cells were growth factor
independent. These results are consistent with those of previ-
ous studies demonstrating that coexpression of v-myc and a
constitutively activated v-raf gene renders erythroid cells
growth factor independent, while constitutive expression of
either gene alone is insufficient for the abrogation of growth
factor dependence (30).

The Raf-1/MAPK pathway is thought to regulate c-fos gene
expression by inducing MAPK-mediated phosphorylation of
Elk-1, a ternary-complex transcription factor that activates the
c-fos promoter (20, 63). However, no differences were seen in
the level of c-fos expression in uninfected or SFFV-infected
HCD-57 cells, despite the fact that the Raf-1/MAPK pathway
was constitutively activated in the latter cells. This finding
suggests that the Raf-1/MAPK pathway is not involved in reg-
ulating c-fos expression in HCD-57 cells. Activation of the
Jak-Stat pathway also does not appear to be regulating c-fos
expression in these cells since previous data indicated consti-
tutive binding of Stat proteins to the sis-inducible element
from the c-fos promoter in HCD-57 cells infected with SFFVP
(46). Recent studies have identified several other MAPK-re-
lated kinases that are involved in the regulation of growth
factor-induced activation of c-fos transcription (28), and these
kinases may be activated in SFFV-infected HCD-57 cells.

The active form of the AP-1 transcription factor consists of
hetero- or homodimers of Fos and Jun family proteins. Jun
family proteins can form homodimers or heterodimers with
other Jun family members, but c-Fos alone cannot dimerize
and does not bind DNA or activate transcription in the ab-
sence of Jun (2). In contrast to uninfected HCD-57 cells, which
failed to express c-jun and expressed junB only after Epo
stimulation, SFFV-infected cells constitutively expressed both
c-jun and junB, suggesting that SFFV may affect AP-1 activity
by deregulating expression of jun family genes. Studies are in
progress to evaluate this possibility.

Transcriptional activation of c-jun is autoregulated, and a
distinct signal transduction pathway has recently been identi-
fied which leads to the activation of Jun kinases (JNKs), which
in turn phosphorylate and activate c-Jun (32, 36). The pathway
leading to JNK activation has been called the stress-activated
protein kinase (SAPK) pathway because it is primarily acti-
vated by cell stressors such as UV irradiation, which are poor
activators of the Raf-1/MAPK pathway (32). However,
the JNK/SAPK pathway is also activated by a variety of
growth factors, including Epo (15, 18, 44). In addition, con-

FIG. 6. Infection with SFFV activates transcription of c-jun and junB in
HCD-57 cells. Uninfected and SFFV-infected HCD-57 cells were starved over-
night in 1.5% FCS and either left unstimulated (2) or stimulated with Epo for
15 min (1). RNA was extracted and analyzed by Northern blotting as described
in Materials and Methods. The filters were sequentially probed with radiolabeled
cDNAs specific for either c-jun and actin (A) or junB and actin (B).

FIG. 7. c-raf antisense oligonucleotides inhibit Epo-independent prolifera-
tion of HCD-57 cells infected with SFFV. Uninfected and SFFV-infected
HCD-57 cells were not treated (h) or treated with 4.0 mM c-raf antisense (o) or
sense (u) oligonucleotide in the presence or absence of Epo and assayed for
[3H]thymidine incorporation as described in Materials and Methods.
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stitutively activated MEK can activate JNK and stimulate
c-Jun-mediated-transcription (19), suggesting that there is
cross talk between the Raf-1/MAPK and the JNK/SAPK signal
transduction pathways. Since c-jun and junB are constitutively
expressed in SFFV-infected cells, we are currently evaluating
the effect of SFFV infection on activation of the JNK/SAPK
signal transduction pathway in HCD-57 cells.

The requirement for an intact Raf-1/MAPK pathway in
growth factor-induced proliferation has been demonstrated in
a number of different experimental systems (14). As previously
shown (8, 43), c-raf antisense inhibition of Raf-1 expression in
HCD-57 cells almost completely inhibited their proliferation in
response to Epo. However, SFFV-infected HCD-57 cells
treated with c-raf antisense oligonucleotides could still prolif-
erate in the absence of Epo, although at reduced levels. Our
data suggest that Raf-1 is not essential for the Epo-indepen-
dent proliferation of SFFV-infected HCD-57 cells per se but
rather cooperates with other signal transduction pathways to
achieve maximum proliferation of SFFV-infected HCD-57
cells in the absence of Epo. One such cooperating pathway is
likely to be the Jak-Stat pathway, since our previous studies
demonstrated constitutive activation of Stat transcription fac-
tors in SFFV-infected erythroid cells (46). Studies are in
progress to assess the effects of inhibiting Stat activation on
Epo-independent proliferation of SFFV-infected cells.

We conclude from our studies that infection of erythroid
cells with SFFV leads to the constitutive activation of the
Raf-1/MAPK pathway and that activation of this pathway is
required to achieve maximum proliferation of erythroid cells in
the absence of Epo. Studies are in progress to examine SFFV-
infected erythroid cells for activation of upstream components
in the Raf-1/MAPK pathway to better understand how inter-
action of the SFFV envelope glycoprotein with the Epo recep-
tor leads to activation of the downstream components of this
pathway. In addition, we have initiated studies to determine if
there is convergence between SFFV-induced activation of the
Raf-1/MAPK and Jak-Stat signal transduction pathways.
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