
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Apr. 2000, p. 3037–3045 Vol. 74, No. 7

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Erythroid Cells Rendered Erythropoietin Independent by Infection
with Friend Spleen Focus-Forming Virus Show Constitutive Activation

of Phosphatidylinositol 3-Kinase and Akt Kinase: Involvement
of Insulin Receptor Substrate-Related Adapter Proteins

KAZUO NISHIGAKI,1 CHARLOTTE HANSON,2 TAKASHI OHASHI,3 DELORES THOMPSON,1

KAREN MUSZYNSKI,2 AND SANDRA RUSCETTI1*

Basic Research Laboratory1 and SAIC-Frederick,2 Frederick Cancer Research and Development Center, National
Cancer Institute, Frederick, Maryland, and Tokyo Medical and Dental University, Tokyo, Japan3

Received 26 October 1999/Accepted 4 January 2000

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 effort to understand how SFFV causes Epo independence, we have been examining erythroid cells rendered
factor independent by SFFV infection for constitutive activation of signal-transducing molecules. Previous
studies from our laboratory showed that various signal-transducing molecules known to be activated by Epo,
including Stat proteins and components of the Raf-1/MAP kinase pathway, are constitutively activated in
SFFV-infected erythroid cells in the absence of Epo. Since another signal transduction pathway involving
activation of phosphatidylinositol 3-kinase (PI 3-kinase) after Epo stimulation plays an important role in
erythroid cell proliferation and differentiation, we carried out studies to determine if this pathway was also
activated in SFFV-infected cells in the absence of Epo. Our studies show that PI 3-kinase is constitutively
activated in erythroid cells rendered factor independent by infection with SFFV and that PI 3-kinase activity,
but not Epo receptor tyrosine phosphorylation, is required for the proliferation of these cells in the absence of
Epo. We further show that in SFFV-infected erythroid cells grown in the absence of Epo, PI 3-kinase associates
with the insulin receptor substrate (IRS)-related adapter molecules IRS-2, Gab1, and Gab2, which are
constitutively tyrosine phosphorylated in SFFV-infected cells. Finally, Akt, a protein kinase that is one of the
downstream effectors of PI 3-kinase, and SHIP, a lipid phosphatase that is important for Akt activation
through PI 3-kinase, are both tyrosine phosphorylated in SFFV-infected cells grown in the absence of Epo. Our
results indicate that induction of Epo independence by SFFV requires the activation of PI 3-kinase and suggest
that constitutive activation of this kinase in SFFV-infected cells may occur primarily through interaction of PI
3-kinase with constitutively phosphorylated IRS-related adapter molecules.

The proliferation and differentiation of erythroid cells are
controlled by the binding of erythropoietin (Epo) to its cell
surface receptor, resulting in the activation of various signal
transduction pathways. The major pathways known to be acti-
vated through the Epo receptor (EpoR) are the Jak-Stat and
the Ras/Raf-1/mitogen-activated protein kinase (MAPK) path-
ways. When Epo binds to the EpoR, the receptor-bound ty-
rosine kinase Jak2 becomes rapidly activated (41, 68), most
likely through receptor dimerization (66), and is thought to
phosphorylate itself and tyrosine residues located in the cyto-
plasmic region of the EpoR (17, 39). Specific phosphotyrosine
residues on the receptor then serve as docking sites for Stat
proteins, in particular Stat5, which become phosphorylated
and translocated to the nucleus (11, 21, 22, 30, 48, 49, 52, 65).
The tyrosine-phosphorylated sites on the Epo receptor also
serve as docking sites for adapter molecules Shc and Grb2 (3,
9), which link the receptor to the Ras/Raf-1/MAPK pathway
(5, 42, 62). Epo stimulation also leads to the activation of a
third signal transduction pathway involving the lipid kinase
phosphatidylinositol 3-kinase (PI 3-kinase). PI 3-kinase can be
activated either through direct binding of its 85-kDa regulatory

subunit to a specific tyrosine-phosphorylated site on the EpoR
(10, 12, 26, 38, 40) or through binding to insulin receptor
substrate (IRS)-related adapter molecules that are tyrosine
phosphorylated after Epo stimulation (35, 63, 67). Activation
of PI 3-kinase leads to the activation of the serine/threonine
kinase Akt (2, 4, 18, 19) and various isoforms of protein kinase
C (1, 44, 46, 61), and recent studies indicate that this pathway
plays an important role in the proliferation, differentiation, and
survival of erythroid progenitor cells (25, 31).

The Friend spleen focus-forming virus (SFFV) encodes a
unique envelope glycoprotein which allows erythroid cells to
proliferate in the absence of Epo, resulting in the development
of erythroleukemia (for a review, see reference 53). In an
attempt to understand how SFFV alters the growth and dif-
ferentiation of erythroid cells, we have been studying signal
transduction pathways known to be activated by Epo to deter-
mine if SFFV exerts its biological effects by activating any of
these pathways. We previously showed that SFFV infection
leads to the Epo-independent activation of Stat proteins (48)
as well as the downstream components of the Raf-1/MAPK
pathway (45). In this study, we have focused our investigation
on determining the effects of SFFV infection on the activation
of PI 3-kinase and its downstream effectors. Our results indi-
cate that both PI 3-kinase and Akt kinase are constitutively
activated in SFFV-infected cells growing in the absence of Epo
and that activation of PI 3-kinase, but not EpoR tyrosine phos-

* Corresponding author. Mailing address: Basic Research Labora-
tory, Bldg. 469, Room 205, NCI-FCRDC, Frederick, MD 21702-1201.
Phone: (301) 846-5740. Fax: (301) 846-6164. E-mail: ruscetti@ncifcrf
.gov.

3037



phorylation, is required for the Epo-independent proliferation
of SFFV-infected cells. Further studies suggest that PI 3-kinase
is constitutively activated in SFFV-infected erythroid cells, pri-
marily by interaction with the IRS-related adapter molecules
IRS-2, Gab1, and Gab2, all of which are constitutively phos-
phorylated in these cells.

MATERIALS AND METHODS

Cell lines. HCD-57 cells, an Epo-dependent erythroleukemia cell line (54),
were maintained in Iscove’s modified Dulbecco minimal essential medium
(IMDM) supplemented with 30% fetal calf serum (FCS), 5 3 1025 M 2-mer-
captoethanol, and Epo (0.3 U/ml). HCD-57 cells in which Epo dependence had
been abrogated by infection with either SFFV-P or SFFV-A, two different vari-
ants of SFFV (54), were maintained in the same medium without Epo. Ba/F3
cells expressing the wild-type EpoR (BaF3/WT-ER) or a mutant EpoR devoid of
intracellular tyrosine residues (BaF3/ZERO-ER) (20), a generous gift from
Patrick Mayeux (Université Rene Descartes, Paris, France), were maintained in
RPMI 1640 medium supplemented with 10% FCS and Epo (1 U/ml). They were
infected with an amphotropic murine leukemia virus pseudotype of SFFV-P and
selected for Epo independence as previously described (54).

Cell lysates and immunoprecipitation. To prepare cell lysates, uninfected and
SFFV-infected HCD-57 cells were starved in IMDM plus 1.5% fetal calf serum
for 12 h, while uninfected and SFFV-infected BaF3/WT-ER and BaF3/ZERO-
ER cells were starved in RPMI 1640 plus 0.5% bovine serum albumin for 7 h.
Cells were then stimulated for various periods of time with 10 U of Epo/ml (or
the concentrations indicated in Fig. 9) or left unstimulated. Cells were then
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 phenylmethylsul-
fonyl fluoride, 1 mM Na3VO4, 1 mg each of aprotinin and leupeptin/ml). Immu-
noprecipitations were performed at 4°C overnight with the following antibodies:
anti-IRS-2 (06-506), anti-Gab1 (06-579), anti-Gab2 (06-967), anti-PI 3-kinase
p85 (06-195 and 05-212), and antiphosphotyrosine (05-321) (Upstate Biotech-
nology, Lake Placid, N.Y.); anti-EpoR (SC-697), anti-SH-PTP2 (SC-280), and
anti-SHIP (SC-1964) (Santa Cruz Biotechnology, Santa Cruz, Calif.); and anti-
Shc monoclonal antibody (S14630) (Transduction Laboratories, Lexington, Ky.).
The immune complexes were collected with protein A-agarose (Upstate Bio-
technology) or protein A/G-agarose beads (Santa Cruz Biotechnology).

Western blot analysis. Immunoprecipitates were washed three times with
phosphate-buffered saline containing 1% Triton X-100, 0.5% deoxycholic acid,
and 0.1% sodium dodecyl sulfate, resuspended 1:2 in Laemmli sample buffer,
and boiled for 5 min at 100°C. Immunoprecipitated proteins were separated by
electrophoresis on 8% Tris-glycine minigels (Novex, San Diego, Calif.) and then
transferred electrophoretically to nitrocellulose filters. The filters were incubated
at room temperature for 1 h in blocking buffer (2% bovine serum albumin in
Tris-buffered saline containing 0.2% Tween 20 [TBS-T]), followed by the addi-
tion of antiphosphotyrosine antibody (4G10; 05-321; Upstate Biotechnology) or
specific antibodies to Akt (9272) or to Akt phosphorylated on serine 473 (9270;
New England BioLab, Inc., Beverly, Mass.). After incubation at 4°C overnight,
the filters were washed three times with TBS-T and then incubated for 30 min at
room temperature with anti-mouse, anti-rabbit, or anti-goat immunoglobulin G
antibody conjugated to horseradish peroxidase (Amersham Corp. Arlington
Heights, Ill.). Blots were washed three times with TBS-T, and protein bands
bound to the antibody were then detected by enhanced chemiluminescence using
the ECL Western blotting analysis system (Amersham Corp.). In some cases, the
filters were stripped and reprobed with another antibody.

PI 3-kinase assay. PI 3-kinase activity was assayed as follows. Immunoprecipi-
tates from cell lysates were washed once in buffer containing 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5 mM phenylmeth-
ylsulfonyl fluoride, and 1 mM Na3VO4; once in 20 mM Tris-HCl (pH 7.5)
containing 0.5 M LiCl; and twice in PI 3-kinase buffer (20 mM Tris-HCl [pH 7.5],
100 mM NaCl, 0.5 mM EGTA). Immunoprecipitates were then resuspended in
PI 3-kinase buffer. Sonicated phosphoinositides (PI) (Sigma Chemical Corp., St.
Louis, Mo.) were added to a final concentration of 0.2 mg/ml, and phosphory-
lation was initiated by the addition of 10 mCi of [g-32P]ATP plus cold ATP and
MgCl2 to final concentrations of 20 mM and 20 mM, respectively. After incuba-
tion at room temperature for 20 min, the lipids were extracted into chloroform
and then methanol–1 N HCl (1:1). The extracts were then separated on thin-
layer chromatography plates (silica gel 60; Merck, Darmstadt, Germany) in
an atmosphere saturated with chloroform-methanol-NH4OH (28%)-water
(215:190:25:35) for 2 h and then visualized by autoradiography. Quantitation of
signals after autoradiography was performed by densitometry utilizing NIH-
Image software.

Cell proliferation assay. Uninfected or SFFV-infected HCD-57 cells were
starved in IMDM containing 1.5% FCS for 12 h and then resuspended in
medium containing 20% FCS with or without Epo (0.3 U/ml) and with or without
PI 3-kinase inhibitor LY294002 (various concentrations; Sigma). Cells were then
plated at a concentration of 5 3 104 cells/well in 96-well microtiter plates and
incubated for 24 h before the addition of the cell proliferation reagent WST-1
(Boehringer GmbH, Mannheim, Germany). After incubation for 4 h in a hu-
midified atmosphere, the absorbances of the samples were measured at 450 nm

against background controls using an enzyme-linked immunosorbent assay
reader. Relative proliferation was determined as a percentage by dividing the
absorbance in the presence of inhibitor by the absorbance in the absence of
inhibitor and multiplying by 100. Uninfected and SFFV-infected BaF3/WT-ER
and BaF3/ZERO-ER cells were plated at a concentration of 104 cells/well in
RPMI 1640 medium plus 10% FCS with or without Epo at various concentra-
tions. After incubation for 72 h, WST-1 was added for 4 h and the absorbance
was measured as described above. Relative proliferation of each line was deter-
mined as a percentage by dividing the absorbance for each point by the absor-
bance obtained when the cells were grown in 0.36 U of Epo/ml and multiplying
by 100.

RESULTS

PI 3-kinase is constitutively activated in SFFV-infected ery-
throid cells. It has previously been demonstrated that PI 3-ki-
nase is activated in erythroid cells in response to Epo. In order
to determine if PI 3-kinase is constitutively activated in SFFV-
infected cells, Epo-dependent HCD-57 cells or HCD-57 cells
that had been rendered factor independent following infection
with SFFV were left unstimulated or were stimulated with Epo
for various amounts of time. Cell lysates were then immuno-
precipitated with antiphosphotyrosine antibody, and PI 3-ki-
nase activity was determined by an in vitro kinase assay using
PI as a substrate. As shown in Fig. 1, there is a very low level
of PI 3-kinase activity in unstimulated HCD-57 cells and it is
greatly increased (13-fold) within 5 min after Epo stimulation.
In contrast, HCD-57 cells infected with SFFV showed a high
level of PI 3-kinase activation even in the absence of Epo
stimulation.

Association of the 85-kDa regulatory subunit of PI 3-kinase
with tyrosine-phosphorylated proteins in SFFV-infected cells
grown in the absence of Epo. PI 3-kinase can be activated after
Epo stimulation by direct association of its 85-kDa regulatory
unit with tyrosine-phosphorylated EpoR molecules (10, 12, 26,
38, 40) or by association with one of the tyrosine-phosphory-
lated IRS adapter molecules IRS-2 (63), Gab1 (35, 67), and
Gab2 (67). In order to examine the tyrosine-phosphorylated
proteins associated with constitutively activated PI 3-kinase in
SFFV-infected cells, we precipitated extracts of these cells with
antiserum to PI 3-kinase p85 and then carried out Western
blotting with antiphosphotyrosine antibodies. As shown in Fig.
2, Epo stimulation of both uninfected and SFFV-infected
HCD-57 cells resulted in the association of PI 3-kinase with a
number of tyrosine-phosphorylated proteins, including those
with molecular masses of 180, 97, 78, and 57 kDa. These
proteins were subsequently identified as IRS-2, Gab1 or -2,
EpoR, and Shc, respectively (data not shown). In SFFV-in-
fected cells grown in the absence of Epo, the p85 regulatory
subunit of PI 3-kinase specifically associated with several of
these tyrosine-phosphorylated proteins, but not detectably

FIG. 1. PI 3-kinase is constitutively activated in SFFV-infected erythroid
cells. Uninfected or SFFV-infected HCD-57 cells were left unstimulated or were
stimulated with Epo for the indicated periods of time. Cell lysates were then
immunoprecipitated (IP) with antiphosphotyrosine (aPY) antibody. PI 3-kinase
activity was determined by an in vitro kinase assay using PI as a substrate. PI
phosphate (PIP) was separated by thin-layer chromatography, and the plate was
exposed to film for 24 h. PI 3-kinase activity was quantitated, and the results were
expressed as fold activation relative to that for unstimulated HCD-57 cells.
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with the 78-kDa protein corresponding to the EpoR. We failed
to detect tyrosine phosphorylation of the EpoR in SFFV-in-
fected cells unless they were stimulated with Epo (data not
shown), and that may explain our failure to detect its associa-
tion with the p85 subunit of PI 3-kinase in the absence of Epo.
Although PI 3-kinase does not appear to directly bind to ty-
rosine-phosphorylated EpoR molecules in SFFV-infected cells
grown in the absence of Epo, it does appear to be associated
with the EpoR complexes in these cells. As shown in Fig. 2B,
we were able to detect constitutive PI 3-kinase activity in ly-
sates from SFFV-infected HCD-57 cells, but not from unin-
fected HCD-57 cells, after immunoprecipitation with anti-
serum to the EpoR.

IRS-2, Gab1, and Gab2 are constitutively phosphorylated in
SFFV-infected cells and associate with PI 3-kinase activity.
Since our data indicated that tyrosine-phosphorylated proteins
corresponding in molecular weight to the IRS-related adapter
proteins IRS-2, Gab1, and Gab2 were constitutively associated
with the regulatory subunit of PI 3-kinase in SFFV-infected
cells, we carried out further studies with specific antisera to
these adapter molecules to determine if the activation of PI
3-kinase that occurs in SFFV-infected cells in the absence of
Epo is primarily mediated through these adapter molecules. As
shown in Fig. 3A, uninfected HCD-57 cells show a low level of
constitutive IRS-2 tyrosine phosphorylation, perhaps due to
the presence of insulin or insulin-like growth factors in the
medium, and this level is greatly increased after Epo stimula-

tion. The level of IRS-2 tyrosine phosphorylation was not in-
creased by stimulation of HCD-57 cells with stem cell factor
(data not shown). However, HCD-57 cells infected with SFFV
show a significantly higher level of IRS-2 tyrosine phosphory-
lation in the absence of Epo than uninfected HCD-57 cells. To
determine if the tyrosine-phosphorylated IRS-2 present in
SFFV-infected cells in the absence of Epo was involved in the
constitutive activation of PI 3-kinase in these cells, we carried
out an in vitro PI 3-kinase assay using immunoprecipitates
from cell lysates treated with an antiserum specific for IRS-2.
As shown in Fig. 3B, a low level of PI 3-kinase activity associ-
ates with IRS-2 in uninfected HCD-57 cells before Epo stim-
ulation and this level is greatly increased (approximately five-
fold) after the cells are exposed to Epo for 5 min. In contrast,
SFFV-infected HCD-57 cells showed high levels of IRS-2-
associated PI 3-kinase activity in the absence of Epo stimula-
tion.

SFFV-infected cells show constitutive phosphorylation of, in
addition to IRS-2, the related adapter molecules Gab1 and
Gab2. As shown in Fig. 4A, Gab1 is tyrosine phosphorylated in
uninfected HCD-57 cells only after Epo stimulation but is
constitutively phosphorylated in SFFV-infected cells in the ab-
sence of Epo. Furthermore, as shown in Fig. 4B, Gab1 immu-
noprecipitates from SFFV-infected cells grown in the absence
of Epo contained significantly more PI 3-kinase activity (4- to
14-fold) than immunoprecipitates from uninfected HCD-57
cells, where PI 3-kinase activity was negligible in the absence
of Epo. Gab2 is also tyrosine phosphorylated in uninfected
HCD-57 cells after Epo stimulation (Fig. 5A), but, like Gab1,
it is constitutively phosphorylated in SFFV-infected HCD-57
cells. Furthermore, as shown in Fig. 5B, Gab2 constitutively

FIG. 2. Association of PI 3-kinase p85 with tyrosine-phosphorylated proteins
and detection of PI 3-kinase activity in the EpoR complex in SFFV-infected
HCD-57 cells in the absence of Epo. (A) Uninfected and SFFV-infected
HCD-57 cells were left unstimulated or were stimulated with Epo for the indi-
cated periods of time. PI 3-kinase p85-associated proteins were detected by
immunoprecipitation (IP) with anti-p85 antiserum, followed by immunoblotting
with antiphosphotyrosine (aPY) or anti-p85 antiserum. (B) Anti-EpoR immu-
noprecipitates were tested for PI 3-kinase activity by an in vitro PI 3-kinase assay
using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chroma-
tography, and the plate was exposed to film for 24 h. PI 3-kinase activity was
quantitated, and the results were expressed as fold activation relative to that for
unstimulated HCD-57 cells.

FIG. 3. IRS-2 is tyrosine phosphorylated in SFFV-infected erythroid cells in
the absence of Epo and constitutively associates with PI 3-kinase. Uninfected and
SFFV-infected HCD-57 cells were left unstimulated or were stimulated with Epo
for the indicated periods of time. (A) IRS-2 was detected by immunoprecipita-
tion (IP) with anti-IRS-2 antiserum followed by blotting with antiphosphoty-
rosine (aPY) or anti-IRS-2 antibodies. (B) Anti-IRS-2 immunoprecipitates were
tested for PI 3-kinase activity by an in vitro PI 3-kinase assay using PI as a
substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and
the plate was exposed to film for 24 h. PI 3-kinase activity was quantitated, and
the results were expressed as fold activation relative to that for unstimulated
HCD-57 cells.
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associates with PI 3-kinase activity in SFFV-infected HCD-57
cells, whereas it does not significantly associate with PI 3-ki-
nase in uninfected HCD-57 cells unless the cells are stimulated
with Epo.

Previous studies have shown that the protein tyrosine phos-
phatase SHP-2 associates with tyrosine-phosphorylated Gab1
and Gab2 after stimulation with certain growth factors, result-
ing in the tyrosine phosphorylation of SHP-2 (35, 47, 58, 67).
As shown in Fig. 4A and 5A, SHP-2 becomes tyrosine phos-
phorylated and associates with Gab1 and Gab2 in both un-
infected and SFFV-infected HCD-57 cells after Epo stimu-
lation. However, Epo-independent tyrosine phosphorylation
of SHP-2 and its association with Gab1 and Gab2 can only be
detected in SFFV-infected HCD-57 cells. The same results
were obtained when anti-SHP-2 immunoprecipitates were ex-
amined (data not shown). In addition to SHP-2, Shc is also
coprecipitated with Gab1 and Gab2, both in response to Epo
and constitutively in SFFV-infected cells (note the 57-kDa
tyrosine-phosphorylated proteins in Fig. 4A and 5A).

Inhibition of PI 3-kinase activity blocks Epo-independent
proliferation of SFFV-infected cells. In order to determine if
activation of PI 3-kinase is required for the Epo-independent
proliferation of SFFV-infected cells, we studied the effect of
the specific PI 3-kinase inhibitor LY294002 (64) on the prolif-
eration of uninfected and SFFV-infected HCD-57 cells. As
shown in Fig. 6, treatment with LY294002 of both uninfected
and SFFV-infected HCD-57 cells growing in the presence of
Epo resulted in a dose-dependent inhibition of proliferation at
doses that are known to block PI 3-kinase activity. Importantly,
the Epo-independent proliferation of SFFV-infected cells was

severely inhibited by the drug (reduced by 94 to 95% at 40
mM), even more than was the Epo-dependent proliferation of
uninfected HCD-57 cells (reduced by 72% at 40 mM). These
results demonstrate that the Epo-independent proliferation of
SFFV-infected cells is dependent on PI 3-kinase activation.

Akt kinase and the lipid phosphatase SHIP are tyrosine
phosphorylated after Epo stimulation and SFFV infection.
The protein kinase Akt is a downstream effector of activated PI
3-kinase in many systems, and it was recently shown to be
activated in response to Epo (2). In order to determine if this
kinase is constitutively activated in SFFV-infected cells, cell
lysates were immunoblotted with an antiserum that specifically
detects Akt phosphorylated on serine 473. As shown in Fig. 7,
a very low level of phosphorylated Akt is detected in unin-
fected HCD-57 in the absence of Epo but the addition of Epo
leads to a significant increase, with maximum levels of phos-
phorylated protein detected after a 30-min stimulation. In con-
trast, HCD-57 cells infected with SFFV express high levels of
phosphorylated Akt in the absence of Epo, indicating that Akt
is constitutively phosphorylated in SFFV-infected cells.

It has previously been shown that Akt is activated by only
one of the three lipid products of PI 3-kinase, phosphatidyl-
inositol 3,4-bisphosphate (19, 32). The levels of this product
are thought to be regulated by specific inositol polyphosphate
59-phosphatases such as SIP and SHIP (13, 29). Since SHIP is
tyrosine phosphorylated in response to Epo (13), we examined
HCD-57 cells and their virus-infected counterparts for the
tyrosine phosphorylation of SHIP in the presence or absence
of Epo. As shown in Fig. 8, SHIP is activated by tyrosine
phosphorylation in uninfected HCD-57 cells only after Epo
stimulation but is phosphorylated in SFFV-infected HCD-57
cells in the absence of Epo. Furthermore, SHIP can be coim-
munoprecipitated with PI 3-kinase and Gab1 both after Epo

FIG. 4. Gab1 is tyrosine phosphorylated in SFFV-infected erythroid cells in
the absence of Epo and constitutively associates with PI 3-kinase activity. Unin-
fected and SFFV-infected HCD-57 cells were left unstimulated or were stimu-
lated with Epo for the indicated periods of time. (A) Tyrosine-phosphorylated
Gab1, total Gab1, and Gab1-associated SHP-2 were detected by immunopre-
cipitation (IP) of cell lysates with antiserum to Gab1, followed by immunoblot-
ting with either antiphosphotyrosine (aPY), anti-Gab1, or anti-SHP-2 antibod-
ies. (B) Anti-Gab1 immunoprecipitates were tested for PI 3-kinase activity by
an in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was
separated by thin-layer chromatography, and the plate was exposed to film for
24 h. PI 3-kinase activity was quantitated, and the results were expressed as fold
activation relative to that for unstimulated HCD-57 cells.

FIG. 5. Gab2 is tyrosine phosphorylated in SFFV-infected erythroid cells in
the absence of Epo and constitutively associates with PI 3-kinase activity. Unin-
fected and SFFV-infected HCD-57 cells were left unstimulated or were stimu-
lated with Epo for the indicated periods of time. (A) Tyrosine-phosphorylated
Gab2, total Gab2, and Gab2-associated SHP-2 were detected by immunopre-
cipitation (IP) of cell lysates with antiserum to Gab2, followed by immunoblot-
ting with either antiphosphotyrosine (aPY), anti-Gab2, or anti-SHP-2 antibod-
ies. (B) Anti-Gab2 immunoprecipitates were tested for PI 3-kinase activity by an
in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was
separated by thin-layer chromatography, and the plate was exposed to film for
48 h. PI 3-kinase activity was quantitated, and the results were expressed as fold
activation relative to that for unstimulated HCD-57 cells.
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stimulation and in SFFV-infected cells grown in the absence of
Epo (data not shown).

Induction of Epo independence by SFFV does not require
EpoR tyrosine phosphorylation. Activation of PI 3-kinase in
erythroid cells can occur either by the direct binding of PI
3-kinase to phosphorylated tyrosine sites on the EpoR or by its
binding to tyrosine-phosphorylated IRS-related adapter mole-
cules, and our data suggest that activation of PI 3-kinase by
SFFV occurs primarily by its binding to IRS adapter mole-
cules. In order to determine if SFFV could render cells factor
independent in the absence of EpoR tyrosine phosphorylation,
we took advantage of a cell line expressing a mutant EpoR
devoid of intracellular tyrosines. This line, designated BaF3/
ZERO-ER (20), expresses an EpoR that lacks the last 109
amino acids and that contains a mutation of Tyr343 to Phe. As
shown in Fig. 9, BaF3/ZERO-ER cells proliferate in response
to Epo, but less efficiently than a line expressing the wild-type
EpoR (BaF3/WT-ER). When BaF3/WT-ER and BaF3/ZERO-
ER cells were infected with SFFV-P, they were both rendered
factor independent and proliferated to high levels in the ab-
sence of Epo (Fig. 9). Further analysis of the Epo-independent
SFFV-infected BaF3/ZERO-ER cells indicated that PI 3-ki-
nase was constitutively associated in these cells with high levels
of tyrosine-phosphorylated proteins corresponding to Gab pro-
teins and IRS-2 (Fig. 10A). Like SFFV-infected HCD-57
cells, BaF3/WT-ER and BaF3/ZERO-ER cells rendered fac-
tor independent by SFFV showed constitutive tyrosine phos-

phorylation of both Gab1 (Fig. 10B) and Gab2 (Fig. 10C) and
the constitutive association of SHP-2 with these adapter mol-
ecules. Thus, SFFV can induce Epo independence as well as
the constitutive activation of IRS adapter proteins and their
association with PI 3-kinase in cells expressing truncated EpoR
molecules lacking intracellular tyrosine residues.

DISCUSSION
Previous studies from our laboratory have shown that infec-

tion of erythroid cells with the erythroleukemia-inducing
Friend SFFV leads to the Epo-independent activation of com-
ponents of the Jak-Stat and the Raf-1/MAPK pathways. In this
study we show that PI 3-kinase is also constitutively activated in
SFFV-infected erythroid cells and that its activity is required
for the Epo-independent proliferation of these cells. We fur-
ther show that both the Epo-independent proliferation of
SFFV-infected cells and the activation of PI 3-kinase in these
cells can occur in the absence of EpoR tyrosine phosphoryla-
tion and involves the activation of IRS-related adapter mole-
cules. Finally, we demonstrate that Akt kinase, one of the
downstream targets of PI 3-kinase, is also constitutively acti-
vated in SFFV-infected cells.

PI 3-kinase, which is rapidly activated in response to Epo,
plays an essential role in the proliferation and differentiation of
normal erythroid cells (10, 12, 25, 26, 28, 31, 38, 40). PI 3-ki-
nase can be activated by Epo in one of several ways. The
regulatory subunit of the kinase, p85, can bind directly to
tyrosine 479 in the carboxyl terminus of the EpoR after it has
been tyrosine phosphorylated in response to Epo (12). Alter-
natively, p85 can bind to adapter molecules, such as IRS-2
(63), Gab1 (35, 67), and Gab2 (67), which become tyrosine
phosphorylated after Epo stimulation. It is not known which of
these mechanisms is primarily used by erythroid cells to acti-
vate PI 3-kinase in response to Epo, although it is likely that
maximum proliferation occurs when both of these mechanisms
are intact. In contrast to Epo-induced activation of PI 3-kinase,
Epo-independent activation of PI 3-kinase in SFFV-infected
erythroid cells appears to occur primarily through activation of
IRS-related adapter molecules. When we examined SFFV-
infected erythroid cells, we were unable to detect the associa-
tion of PI 3-kinase with tyrosine-phosphorylated EpoR pro-
teins unless Epo was present, although PI 3-kinase activity
could be immunoprecipitated with antiserum to the EpoR,
indicating that PI 3-kinase activity was associated with the
EpoR complex. In contrast, we could clearly detect the asso-
ciation of PI 3-kinase with the tyrosine-phosphorylated adapter
molecules IRS-2, Gab1, and Gab2 in SFFV-infected erythroid
cells grown in the absence of Epo. These IRS-related adapter
molecules, which are tyrosine phosphorylated in normal ery-
throid cells only after Epo stimulation, are constitutively ty-
rosine phosphorylated in SFFV-infected erythroid cells, and PI
3-kinase activity could be immunoprecipitated with antisera
specific to each of these adapter molecules. Thus, the Epo-

FIG. 7. Akt kinase is constitutively phosphorylated in SFFV-infected ery-
throid cells in the absence of Epo. Uninfected or SFFV-infected HCD-57 cells
were left unstimulated or stimulated with 10 U of Epo/ml for the indicated
periods of time. Cell lysates were then immunoblotted with either anti-phospho-
Akt (Ser 473) or anti-Akt antiserum.

FIG. 6. PI 3-kinase activity is required for the Epo-independent proliferation
of SFFV-infected erythroid cells. Uninfected or SFFV-infected HCD-57 cells
were grown with or without Epo for 24 h in medium containing various concen-
trations of the PI 3-kinase inhibitor LY294002. The level of cell proliferation was
measured as described in Materials and Methods. Relative proliferation was
determined as a percentage by comparing proliferation of the cells in the pres-
ence of the drug with proliferation in its absence. The means 6 standard devi-
ations of triplicate measurements are shown. The levels of proliferation of the
cell lines in the absence of the drug were similar (relative proliferation levels
were 1 for uninfected HCD-57 cells, 1.2 for SFFV-A-infected HCD-57 cells, and
1.5 for SFFV-P-infected HCD-57 cells). Uninfected HCD-57 cells, in the absence
as well as in the presence of inhibitor, failed to proliferate unless Epo was added
(data not shown).
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independent activation of PI 3-kinase in SFFV-infected cells
appears to be mediated preferentially through the binding of
PI 3-kinase to tyrosine-phosphorylated IRS adapter molecules
associated with the EpoR complex rather than through its
direct binding to tyrosine-phosphorylated sites on the EpoR.
This idea is supported by the fact that a hematopoietic cell line
that expresses mutant EpoRs devoid of intracellular tyrosine
residues, including the PI 3-kinase binding site, could be ren-
dered factor independent after infection with SFFV. Impor-
tantly, PI 3-kinase constitutively associates with IRS adapter
molecules in these cells, and Gab1 and Gab2 are constitutively
phosphorylated. Thus, induction of Epo independence and
activation of the PI 3-kinase pathway by SFFV do not require
the phosphorylation of intracellular tyrosine residues in the
EpoR.

The physiological relevance of constitutive activation of PI
3-kinase in SFFV-infected cells is demonstrated by the fact
that we can completely inhibit the Epo-independent prolifer-
ation of these cells using low concentrations of LY294002, a
specific inhibitor of PI 3-kinase. Interestingly, the Epo-inde-
pendent proliferation of SFFV-infected HCD-57 cells was
more sensitive to low doses of the PI 3-kinase inhibitor than
that of uninfected HCD-57 cells or of SFFV-infected HCD-57
cells grown in the presence of Epo. This suggests that the
Epo-independent growth of SFFV-infected cells is more de-
pendent on activation of the PI 3-kinase pathway than the
Epo-dependent growth of normal erythroid cells. Thus, it may
be possible to use low concentrations of PI 3-kinase inhibitors
to specifically block the proliferation of SFFV-infected ery-
throid cells in vivo without inhibiting the growth of normal
cells.

For these studies, we examined HCD-57 cells infected with
two different variants of SFFV: SFFV-P and SFFV-A. Al-
though infection of HCD-57 cells with these variants does not
cause any obvious difference in biological phenotype, infection
of primary erythroid cells demonstrates that SFFV-P and
SFFV-A have different effects on the growth and differentia-
tion of erythroid cells (for a review, see reference 53). Cells
infected with SFFV-P can both proliferate and differentiate in
the absence of Epo, while those infected with SFFV-A still
require Epo for differentiation and are hypersensitive to Epo
for proliferation. It is, therefore, interesting to note that
HCD-57 cells infected with SFFV-A, either in the absence or
presence of Epo, consistently show higher levels of tyrosine-
phosphorylated IRS-related adapter molecules and constitu-

tive PI 3-kinase activity than cells infected with SFFV-P. Fur-
thermore, SFFV-A-infected HCD-57 cells are more sensitive
than SFFV-P-infected cells to growth inhibition by low doses
of the PI 3-kinase inhibitor LY294002. The biological differ-
ences between these two variants are attributed to a subtle
difference in the transmembrane regions of their envelope
glycoproteins (7, 8), and this may alter how the viral proteins
interact with the EpoR and, consequently, the signals that

FIG. 9. Induction of Epo independence by SFFV does not require EpoR
tyrosine phosphorylation. Ba/F3 cells expressing wild-type EpoR (WT) or a
mutant EpoR that contains no intracellular tyrosine residues (ZERO) were
infected with SFFV-P, and Epo-independent clones were selected and desig-
nated WT/SFFV and ZERO/SFFV. Cells were grown without Epo or with
various concentrations of Epo for 72 h, and the level of proliferation was mea-
sured as described in Materials and Methods. Relative proliferation was deter-
mined as a percentage of the absorbance at each point relative to the absorbance
when the cells were grown in 0.36 U of Epo/ml.

FIG. 8. SHIP is constitutively phosphorylated in SFFV-infected cells. Uninfected and SFFV-infected HCD-57 cells were left unstimulated or stimulated with Epo
for the indicated periods of time. Cell lysates were then immunoprecipitated (IP) with antiserum to SHIP, followed by immunoblotting with antiphosphotyrosine (aPY)
or anti-SHIP antiserum.
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emanate from the receptor to control cell growth and differ-
entiation. For example, interaction of the SFFV-A envelope
glycoprotein, but not that of SFFV-P, with the EpoR may
block the binding of a negative regulatory factor, allowing the
cells to become hypersensitive to both Epo and SFFV and
leading to higher levels of PI 3-kinase activity and higher levels
of other signal-transducing molecules. Higher levels of PI 3-ki-
nase may be required for the Epo-independent activation of
cell proliferation by SFFV-A-infected cells because interaction
of the SFFV-A envelope glycoprotein with the EpoR may be
unable to activate a complementary signal transduction path-
way activated by SFFV-P. This may explain why SFFV-A-
infected HCD-57 cells are more sensitive to growth inhibition
by low doses of the PI 3-kinase inhibitor LY294002.

Our previous studies showed that components of the Raf-1/
MAPK pathway are constitutively activated in SFFV-infected
cells (45), and this may be mediated by the activation of the
IRS/PI 3-kinase pathway. In SFFV-infected erythroid cells, we
observed the constitutive association of Gab1 and Gab2 with
SHP-2, Shc, and SHIP, and formation of such multimolecular
complexes could lead to the activation of Ras and the Raf-1/
MAPK pathway (3, 47, 58, 59). Alternatively, MEK or MAPK
may be directly phosphorylated in SFFV-infected cells by one
of the isoforms of protein kinase C (16, 23, 31), another down-
stream effector of PI 3-kinase that we find constitutively acti-
vated in SFFV-infected cells (unpublished data). We also de-
tect constitutive activation of Stat proteins in SFFV-infected

erythroid cells (48), but it is unclear whether this is also me-
diated by activation of the IRS/PI 3-kinase pathway. In normal
erythroid cells, Stat proteins are primarily activated after bind-
ing to specific tyrosine-phosphorylated sites on the EpoR, but
they can also be activated at low levels in the absence of EpoR
tyrosine phosphorylation (11, 21, 30), and this may occur by the
direct binding of Stat proteins to phosphorylated IRS-related
adapter molecules. However, we have been unable to detect
the association of IRS-related adapter proteins with Stat pro-
teins in SFFV-infected cells either in the absence or presence
of Epo (data not shown).

It is not known how IRS-2, Gab1, and Gab2 become tyrosine
phosphorylated in SFFV-infected HCD-57 cells grown in the
absence of Epo. Epo stimulation leads to the activation of the
tyrosine kinase Jak2 (41, 68), and it has been suggested that
Jak kinases may phosphorylate IRS adapter molecules in other
systems (58, 70). However, we have been unable to detect the
constitutive phosphorylation of Jak2 or of any other Epo-in-
duced kinase, including Fes, Lyn, and Tec (6, 24, 37, 60), in
SFFV-infected cells (data not shown). Since interaction of the
SFFV envelope glycoprotein with the EpoR may lead to acti-
vation of a tyrosine kinase not activated by Epo, we are also
examining SFFV-infected cells for the constitutive activation
of other tyrosine kinases. We have failed to detect the consti-
tutive activation of Jak1, Jak3, or Tyk-2 (data not shown) and
are currently examining SFFV-infected erythroid cells for the
constitutive activation of Stk, a receptor tyrosine kinase that

FIG. 10. Phosphorylation of IRS adapter molecules and their association with PI 3-kinase do not require EpoR tyrosine phosphorylation. Uninfected or
SFFV-infected BaF3/WT-ER or BaF3/ZERO-ER cells were left unstimulated or stimulated with Epo for 20 min. (A) PI 3-kinase p85-associated proteins were detected
by immunoprecipitation (IP) of cell lysates with anti-p85 antiserum followed by immunoblotting with antiphosphotyrosine (aPY) or anti-p85 antiserum. ZERO,
uninfected BaF3/ZERO-ER cells; ZERO/SFFVp, BaF3/ZERO-ER cells infected with SFFV-P. (B) Tyrosine-phosphorylated Gab1, total Gab1, and Gab1-associated
SHP-2 were detected by immunoprecipitation of cell lysates with antiserum to Gab1, followed by immunoblotting with either antiphosphotyrosine, anti-Gab1, or
anti-SHP-2 antibodies. WT, uninfected BaF3/WT-ER cells; WT/SFFVp, BaF3/WT-ER cells infected with SFFV-P. (C) Tyrosine-phosphorylated Gab2, total Gab2, and
Gab2-associated SHP-2 were detected by immunoprecipitation of cell lysates with antiserum to Gab2, followed by immunoblotting with either antiphosphotyrosine,
anti-Gab2, or anti-SHP-2 antibodies.
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was recently implicated in susceptibility to SFFV-induced eryth-
roleukemia (50).

In addition to demonstrating that PI 3-kinase is constitu-
tively activated in SFFV-infected cells, we also show that one
of its downstream targets, the serine/threonine kinase Akt (4,
18, 19), is also constitutively activated in SFFV-infected cells
grown in the absence of Epo. Our studies further suggest that
activation of Akt by PI 3-kinase is promoted by the constitutive
activation in these virus-infected cells of the lipid phosphatase
SHIP, whose activity leads to the generation of phospholipid
products known to specifically activate Akt (19, 32). Activation
of Akt is thought to promote cell survival by blocking apopto-
sis, primarily thorough phosphorylation of BAD (14, 15), a
Bcl-2 family member whose death-promoting function is inac-
tivated by phosphorylation. It is not known whether any Bcl-2
family members are phosphorylated in response to Epo. How-
ever, the levels of Bcl-2 and Bcl-XL dramatically drop after
Epo withdrawal (2, 27, 56), suggesting that these Bcl-2 family
members are the primary repressors of apoptosis in erythroid
cells. Studies are, therefore, in progress to determine if BAD
or any other Bcl-2 family members are phosphorylated or
altered in expression level in SFFV-infected cells grown in the
absence of Epo.

This study provides strong evidence that induction of Epo
independence in vitro by SFFV is mediated by the constitutive
activation of the PI 3-kinase/Akt pathway and suggests that
deregulation of this pathway in vivo may be a critical step in the
development of SFFV-induced erythroleukemia in mice. Re-
cent studies have suggested that constitutive activation of the
PI 3-kinase/Akt pathway may also play an important role in the
development of hematopoietic malignancies and solid tumors
in humans. Chronic myelogeneous leukemia and acute lym-
phoblastic leukemia associated with activation of the Bcr/Abl
oncogene are associated with activation of the PI 3-kinase/Akt
pathway (57), and PI 3-kinase or Akt or both have been shown
to be constitutively activated, or their levels enhanced, in a
number of solid human tumors (33, 43, 51, 55). IRS-2 has also
been shown to be overexpressed in human pancreatic cancer
cell lines (34), and this may lead to deregulation of the PI
3-kinase/Akt pathway in these cells. In many of these studies,
inhibitors of PI 3-kinase have been shown to block the prolif-
eration of the malignant cells, suggesting that constitutive ac-
tivation of the PI 3-kinase pathway is critical for tumor cell
growth. Consistent with this idea are recent studies showing
that the tumor suppressor gene PTEN functions as a negative
regulator of the PI 3-kinase/Akt pathway and that mutations in
this gene can increase susceptibility to cancer (36, 69). Thus,
constitutive activation of the PI 3-kinase/Akt pathway may be
a common event leading to leukemia and cancer, making it an
attractive target for therapeutic intervention.
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