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Infection of mice with Friend spleen focus-forming virus (SFFV) results in a multistage erythroleukemia. In
the first stage, the SFFV envelope glycoprotein interacts with the erythropoietin receptor and a short form of
the receptor tyrosine kinase sf-Stk, resulting in constitutive activation of signal transducing molecules and the
development of erythropoietin (Epo)-independent erythroid hyperplasia and polycythemia. The second stage
results from the outgrowth of a rare virus-infected erythroid cell that expresses nonphysiological levels of the
myeloid transcription factor PU.1. These cells exhibit a differentiation block and can be grown as murine
erythroleukemia (MEL) cell lines. In this study, we examined SFFV MEL cells to determine whether their
transformed phenotype was associated with a block in the activation of any Epo signal-transducing molecules.
Our studies indicate that Epo- or SFFV-induced activation of STAT1/3 DNA binding activity is blocked in SFFV
MEL cells. The block is at the level of tyrosine phosphorylation of STAT1, although Jak2 phosphorylation is
not blocked in these cells. In contrast to Epo, alpha interferon can induce STAT1 phosphorylation and DNA
binding in SFFV MEL cells. The SFFV-transformed cells were shown to express elevated levels of the
hematopoietic phosphatase SHP-1, and treatment of the cells with a phosphatase inhibitor restored STAT1
tyrosine phosphorylation. MEL cells derived from Friend murine leukemia virus (MuLV) or ME26 MuLV-
infected mice, which do not express PU.1, express lower levels of SHP-1 and are not blocked in STAT1/3
DNA-binding activity. Our studies suggest that SFFV-infected erythroid cells become transformed when
differentiation signals activated by STAT1/3 are blocked due to high SHP-1 levels induced by inappropriate

expression of the PU.1 protein.

The Friend spleen focus-forming virus (SFFV) is a highly
pathogenic retrovirus that induces erythroleukemia in suscep-
tible strains of mice (47). Friend SFFV, a replication-defective
retrovirus, carries a unique env gene encoding a 55-kDa gly-
coprotein which is responsible for its pathogenicity. The first
stage of the disease induced by the polycythemic strain of
Friend SFFV (SFFV-P) is characterized by splenomegaly and
polycythemia and is due to the polyclonal expansion and dif-
ferentiation of erythroid cells in the absence of the erythroid
hormone erythropoietin (Epo). This Epo-independent eryth-
roblastosis is due to the cell surface interaction of the SFFV
envelope protein with the erythropoietin receptor (EpoR) and
a short form of the receptor tyrosine kinase Stk (sf-Stk) (3, 12,
22, 35). The second stage of the disease consists of the out-
growth of Friend SFFV-infected erythroid cells that have be-
come transformed due to integration of the virus into the
Sfpi-1 locus (29, 39, 40). This leads to inappropriate expression
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of the Sfpi-1 gene product, PU.1, in erythroid cells, causing a
block in their differentiation and the outgrowth of transformed
erythroleukemia cells that can be grown as murine erythroleu-
kemia (MEL) cell lines (50).

The Epo-independent erythroid hyperplasia and polycythe-
mia observed in the first stage of the disease induced by Friend
SFFV-P results from the constitutive activation of signals from
the EpoR due to its interaction with SFFV gp55 and sf-Stk.
Components of most of the signal transduction pathways in-
duced in erythroid cells by Epo, including the Jak-STAT path-
way (30, 31, 34, 37), are constitutively activated in SFFV-
infected cells in the absence of Epo. It is not known which of
these signals are required for erythroid cell differentiation, but
studies with a variant of SFFV that can induce Epo-indepen-
dent erythroid hyperplasia but not polycythemia suggest that
activation of STAT proteins by SFFV gp55 may be involved (S.
Ruscetti, unpublished data). Previous studies have shown that
both Epo and SFFV can induce STAT 1, 3, and 5 DNA binding
activity in erythroid cells (7, 14, 15, 19, 20, 37, 41, 43). Since
erythroid cells transformed by SFFV in the second stage of the
disease are blocked in differentiation, we carried out studies to
determine if either Epo or SFFV could still activate STAT
proteins in these cells. Our studies indicate that activation of
STAT1/3 DNA binding activity by either Epo or SFFV, but not
by alpha interferon (IFN-a), is blocked in transformed MEL
cell lines from SFFV-infected mice. This block in STAT DNA
binding activity, which is directly correlated with expression of
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the PU.1 protein, is associated with a block in phosphorylation
of STAT1 and expression of high levels of the hematopoietic
phosphatase SHP-1.

MATERIALS AND METHODS

Cell lines and primary erythroleukemia cells. The erythroleukemia cell lines
DS19, C19, NP1, NP4, NP5, NP7, and NP13 (54) were established from mice
infected with Friend SFFV and were maintained in Dulbecco minimal essential
medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 5 X 107>
M 2-mercaptoethanol (2-ME). The Epo-dependent erythroleukemia cell line
HCD-57, which was derived from an NIH Swiss mouse infected with Friend
murine leukemia virus (MuLV) (48), was maintained in Iscove’s modified Dul-
becco minimal essential medium (IMDM) supplemented with 30% FCS, 5 X
107> M 2-ME, and 2 U/ml of Epo. TP3, HB22.2, and CB7 (1, 38, 52), Epo-
independent erythroleukemia cells lines derived from mice infected with Friend
MuLV, were maintained in DMEM supplemented with 10% FCS and 5 X 1073
M 2-ME. SR15, SR7, SR40, and SR54 (46), which are Epo-dependent hemato-
poietic cell lines established from mice injected with the gag-myb-ets-containing
ME26 virus (62), were maintained in IMDM supplemented with 30% FCS, 5 X
107° M 2-ME, and 2 U/ml of Epo.

Primary leukemic erythroid cells (designated SFFV spleen) were obtained
from the spleens of SFFV-P-infected BALB/c mice after one passage in vivo.
After culturing the primary cells for 2 weeks in vitro, transformed erythroleuke-
mia cell lines (designated SFFV MEL) were obtained.

Protein analysis. Cell lysates were prepared by resuspending cells in lysis
buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10% glycerol, 1% Triton X-100,
2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovana-
date, 1 pg [each] of aprotinin and leupeptin/ml) followed by incubation on ice for
20 min. Insoluble components were removed by centrifugation, and protein
concentrations were determined with a protein assay kit (Bio-Rad Laboratories,
Hercules, Calif.). For some experiments, cells were starved for 16 h (HCD-57
and SR lines in IMDM with 1.5% FCS; MEL cells in DMEM with 1.5% FCS)
and then stimulated with either Epo (50 to 100 U/ml) or IFN-a (500 U/ml) for
20 min or left unstimulated before being washed and resuspended in lysis buffer.
In other experiments, cells were treated for 24 h with 70 pwmol/liter of activated
sodium orthovanadate (Sigma, St. Louis, Missouri) before being stimulated with
Epo. Proteins were separated by electrophoresis on Tris-glycine gels (Invitrogen,
Carlsbad, Calif.) and then transferred electrophoretically to nitrocellulose filters
for Western blotting with anti-phospho-STAT1 (Cell Signaling Technology, Bev-
erly, Mass.), anti-STAT1 (Santa Cruz Biotechnology, Santa Cruz, Calif.), an-
tiphosphotyrosine (4G10; Upstate Biotechnology, Lake Placid, New York), anti-
SHP-1 (Upstate Biotechnology), or anti-PU.1 (Santa Cruz), followed by
visualization using enhanced chemiluminescence (Amersham Pharmacia Bio-
tech, Piscataway, N.J.). To detect phosphorylated Jak2, cell extracts were sub-
jected to immunoprecipitation as described previously (34) with Jak2 antibody
(Upstate Biotechnology) and Western blotting carried out using antiphosphoty-
rosine antibody (4G10; Upstate Biotechnology).

Nuclear extracts. Cells were rinsed in phosphate-buffered saline, resuspended
in ice-cold hypotonic buffer (20 mmol/liter HEPES [pH 7.9], 10 mmol/liter KCI,
1 mmol/liter MgCl,, 10% glycerol, 0.5 mmol/liter dithiothreitol, 1X protease
inhibitor cocktail containing 500 .M AEBSF, 1 mM leupeptin, 150 nM aproti-
nin, 1 pM E-64, 0.5 mM EDTA) (Calbiochem, La Jolla, Calif.) with 0.2%
Nonidet P-40 (NP-40), and centrifuged for 5 min at 3,000 X g to remove excess
salt. The supernatant was discarded, and packed cells were resuspended in
hypotonic buffer with 0.2% NP-40 to a final volume of three times the original
packed volume of cells. The suspension was swelled on ice for 10 min and then
transferred to microcentrifuge tubes and homogenized using disposable 1.5-ml
pestles (Research Products International Corp., Mt. Prospect, Illinois) with 20
up and down strokes. Nuclei were collected by centrifugation at 2,000 X g for 10
min. The supernatant was removed, and nuclei were resuspended in an equal
volume of hypotonic buffer with 300 mM NaCl and homogenized with several
strokes of the micro-Dounce homogenizer to prevent clumping. Suspensions
were kept on ice for 20 min with occasional vortexing. Residual nuclei were
removed by centrifugation at 14,000 X g for 20 min at 4°C, and supernatants were
collected as nuclear extracts.

Electrophoretic mobility shift assays. Nuclear extracts were used in an elec-
trophoretic mobility shift assay (EMSA). Twenty micrograms of nuclear extract
was incubated with a [y->’P]ATP-labeled double-stranded DNA fragment cor-
responding to the consensus binding site for STAT5 (SC-2565; Santa Cruz)
(sense strand, 5'-AGATTTCTAGCAATTCAATCC-3") or [a-*?P]CTP double-
stranded oligonucleotides corresponding to the high-affinity STE (m67) sequence
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FIG. 1. Comparison of SIE DNA binding activity and PU.1 protein
levels in primary leukemic splenocytes and transformed erythroleuke-
mia cell lines from SFFV-infected mice. Primary SFFV-infected eryth-
roleukemia cells (SFFV spleen) and transformed erythroleukemia cell
lines derived from them (SFFV MEL) were prepared as described in
Materials and Methods. (A) Cells were starved for 2 h and then left
unstimulated (C) or stimulated with Epo (100 U/ml) (E) for 15 min.
EMSA for STAT1/3 DNA binding activity was performed on nuclear
extracts using an SIE probe. (B) Total cell lysates were immunoblotted
with anti-PU.1 or anti-STAT1 antibody. Primary and transformed cells
from two independent mice were examined.

(5'-GTCGACATTTCCCGTAAATC-3") at room temperature for 30 min in the
presence of binding buffer (13 mM HEPES [pH 7.9], 65 to 120 mM NaCl, 0.15
mM EDTA, 8% glycerol, and 1 mM dithiothreitol), 1 pg bovine serum albumin,
0.25X protease inhibitor cocktail, 0.05% NP-40, and 3 pg of poly(dI-dC). Sam-
ples were then subjected to electrophoresis using a 6% polyacrylamide gel con-
taining 5% glycerol with 0.5 Tris-borate buffer. Gels were dried and exposed to
Kodak XR-5 film at —80°C.

RESULTS

Transformation of erythroid cells by SFFV is associated
with a block in STAT1/3 DNA binding activity. The first stage
of Friend SFFV-P-induced disease is characterized by Epo-
independent proliferation and differentiation of infected ery-
throid precursors in the spleens of susceptible mice. Because of
their ability to differentiate, the majority of these virus-infected
leukemic cells are unable to grow as transformed erythroleu-
kemia cells in vitro. However, a small percentage of these
virus-infected cells express high levels of the transcription fac-
tor PU.1 due to SFFV integration, and after in vivo and in vitro
selection, they can be grown as immortal erythroleukemia cell
lines. These transformed cells represent the second stage of
SFFV-induced disease. The erythroid hyperplasia and polycy-
themia occurring in the first stage of SFFV-induced disease is
associated with constitutive activation of STAT proteins and
their DNA binding activity (37). This is evident in Fig. 1A,
where primary SFFV-infected erythroleukemia cells (desig-
nated SFFV spleen) are shown to exhibit constitutive binding
to an SIE probe, which detects STATSs 1 and 3, as confirmed by
a supershift with specific antisera (data not shown). This is in
contrast to results obtained from transformed cell lines derived
from these SFFV-infected spleens (designated SFFV MEL)
after 2 weeks in culture. As shown in Fig. 1A, SIE binding
failed to be activated by either Epo or SFFV in the SFFV MEL
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FIG. 2. Analysis of SIE DNA binding activity in erythroleukemia
cell lines induced by SFFV and other retroviruses. SFFV-transformed
erythroleukemia cell lines (A) and erythroleukemia cell lines derived
from mice infected with F-MuLV or ME26 virus (B) were starved
overnight and then left unstimulated (C) or stimulated with Epo (50
U/ml) (E) or IFN-a (500 U/ml) (I) for 15 min. EMSA for STAT1/3
DNA binding activity was performed on nuclear extracts using an SIE
probe.

cells, although both SFFV spleens and MEL cells express
equivalent levels of total STAT1 protein (Fig. 1B). The block
in signal transduction pathways observed in the SFFV-trans-
formed cells is specific for STAT1/3, since STATS and other
Epo signal-transducing molecules, including mitogen-activated
protein kinase and Akt, are still activated by both Epo and
SFFV in these cells (data not shown). As previously reported,
expression of the PU.1 protein was undetectable in the non-
transformed SFFV-P-infected splenic erythroblasts constitut-
ing the first stage of disease but was highly expressed in trans-
formed cell lines derived from these spleens (Fig. 1B). Thus,
the block in Epo-induced differentiation that occurs in SFFV-
transformed erythroleukemia cells strongly correlates with
both expression of PU.1 and a block in STAT1/3 DNA binding
activity.

The block in STAT1/3 DNA binding activity is specific to
erythroleukemia cell lines derived from SFFV-infected mice.
To confirm that a block in STAT1/3 DNA binding was a gen-
eral property of erythroleukemia cells transformed by SFFV,
seven independent erythroleukemia cell lines derived from
SFFV-infected mice were examined. As shown in Fig. 2A, we
failed to detect constitutive (lanes C) or Epo-induced (lanes E)
SIE DNA binding activity in any of these lines. However,
stimulation of each SFFV-transformed erythroleukemia cell
line with IFN-« (lanes I) resulted in SIE DNA binding activity.
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FIG. 3. Analysis of STATS DNA binding activity in erythroleuke-
mia cell lines induced by SFFV and other retroviruses. SFFV-trans-
formed erythroleukemic cells (A) and erythroleukemia cell lines de-
rived from mice infected with F-MuLV or ME26 virus (B) were starved
overnight and then left unstimulated (C) or stimulated with Epo (50
U/ml) (E) or IFN-a (500 U/ml) (I) for 15 min. EMSA for STAT5 DNA
binding activity was performed on nuclear extracts using a STATS-
specific probe.

To determine whether this block in STAT1/3 DNA binding
activity was common among erythroleukemia cell lines or
unique to those induced by SFFV, we examined erythroleuke-
mia cells lines derived from mice infected with Friend MuLV
or the gag-myb-ets-expressing ME26 virus. Unlike SFFV-in-
duced erythroleukemia cell lines, those induced by Friend
MuLV (F-MuLV) or ME26 virus, which do not express PU.1
(data not shown), fail to show a block in SIE DNA binding
activity in response to Epo. As shown in Fig. 2B, erythroleu-
kemia cell lines derived from F-MuLV-infected mice (HCD-
57, TP3, HB22.2, and CB7 cells) or mice infected with ME26
virus (SR7, SR15, SR40, and SR54) showed SIE DNA binding
after stimulation with either Epo (lanes E) or IFN-« (lanes
I). These results indicate that the block in Epo-induced SIE
DNA binding activity is unique to SFFV-transformed eryth-
roleukemia cells and that SFFV-transformed cells are capa-
ble of activating STE DNA binding activity in response to
other inducers.

Erythroleukemia cell lines from SFFV-infected mice show
constitutive STATS DNA binding activity. Because we did not
detect STAT1/3 DNA binding in SFFV-transformed erythro-
leukemia cells either in the absence or presence of Epo,
STATS activation was also examined. As shown in Fig. 3A, all
of the SFFV-transformed erythroleukemia cell lines examined
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FIG. 4. Analysis of tyrosine phosphorylation of STAT1 in SFFV-transformed erythroleukemia cell lines. (A) SFFV-transformed erythroleu-
kemia cells were left unstimulated (C) or stimulated with Epo (100 U/ml) (E) or IFN-a (500 U/ml) (I) for 15 min. Total cell lysates were then
immunoblotted with either anti-phospho-STAT1 (tyrosine 701) (upper panel) or anti-STAT1 antibody (lower panel). Asterisks indicate nonspecific
bands. HCD-57 cells (far right), derived from an F-MuLV-infected mouse, were used as a positive control. (B) To demonstrate that the nonspecific
band marked by an asterisk in panel A was not STAT1, SFFV-transformed C19 and DS19 cells were left unstimulated (C) or stimulated with Epo
(100 U/ml) (E) for 15 min, and then total cell lysates were immunoprecipitated with anti-STAT1 antibody. The immunoprecipitated proteins were
then separated by electrophoresis, transferred to nitrocellulose, and immunoblotted with anti-phospho-STAT1 antibody. HCD-57 cells were used

as a positive control.

showed activation of STATS5 DNA binding activity in response
to Epo (lanes E) and most showed constitutive activation of
STATS (lanes C). STATS DNA binding activity was also in-
duced in all F-MuLV- and ME26-transformed erythroleuke-
mia cells after stimulation with Epo (Fig. 3B, lanes E). Inter-
estingly, stimulation with IFN-a strongly induced STAT 5
DNA binding activity in many of the erythroleukemia cell lines
examined (Fig. 3B, lanes I). These results indicate that induc-
tion of STATS DNA binding activity by SFFV or Epo is not
impaired in SFFV-transformed erythroleukemia cells.

STAT1 « and B are not tyrosine phosphorylated in SFFV-
transformed erythroleukemia cell lines before or after stimu-
lation with Epo. STAT proteins are phosphorylated in the
cytoplasm and then transported to the nucleus where they bind
DNA. To test whether the block in STAT1 activation in SFFV-
transformed erythroleukemia cells occurs at the level of DNA
binding or phosphorylation of the protein, we performed
Western blot analysis using anti-phospho-STAT1 antibody,
which detects phosphorylated tyrosine 701 of the « and
isoforms of STAT1. As shown in Fig. 4A, STAT1 « and B are
strongly tyrosine phosphorylated in the F-MuLV-transformed
cell line HCD-57 (far right) after stimulation with Epo (lane E)

as well as IFN-a (lane I). In contrast, we failed to detect either
constitutive (lanes C) or Epo-induced (lanes E) STAT1 o and
B tyrosine phosphorylation in SFFV-transformed erythroleu-
kemia cell lines (Fig. 4A), although IFN-« stimulation (lanes I)
induced tyrosine phosphorylation of STAT1 « and B in these
lines. One band in the Epo-stimulated cells in Fig. 4A is a
nonspecific band, as indicated by its failure to be precipitated
by anti-STAT1 antibody (Fig. 4B). Unlike STAT1, STATS was
constitutively tyrosine phosphorylated in all of the SFFV-trans-
formed erythroleukemia cell lines examined (data not shown).
Because of the difficulty in detecting tyrosine-phosphorylated
STATS3 even in cells that show high SIE DNA binding activity,
such as HCD-57 cells, we were unable to draw any conclusions
about the phosphorylation status of STAT3 in SFFV-trans-
formed erythroleukemia cells.

Jak2 is constitutively activated in SFFV-transformed eryth-
roleukemic cell lines. Jak2 is the major regulator of STAT
protein tyrosine phosphorylation in erythroid cells (58). Al-
though STATS is phosphorylated in SFFV-transformed ery-
throid cells, its phosphorylation is not dependent upon Epo
and may be Jak2 independent. To determine whether the block
in STAT1 phosphorylation in SFFV-transformed cells was due
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FIG. 5. Analysis of Jak2 phosphorylation in SFFV-transformed erythroleukemia cell lines. SFFV transformed erythroleukemia cells were left
unstimulated (—) or stimulated with Epo (100 U/ml) (+) for 15 min, and total cell lysates were immunoprecipitated with anti-Jak2 antibody. The
immunoprecipitated (IP) proteins were then separated electrophoretically, transferred to nitrocellulose, and immunoblotted with antiphospho-
tyrosine (anti-PY) antibody or anti-Jak2 antibody. HCD-57 cells were used as a positive control.
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FIG. 6. Comparison of SHP-1 expression in erythroleukemia cell lines from mice infected with SFFV and other retroviruses. Total cell lysates
prepared from erythroleukemia cell lines from SFFV-infected, F-MuLV-infected, or ME26 virus-infected mice were immunoblotted with
anti-SHP-1 antibody. The membranes were stripped and then reimmunoblotted with antitubulin antibody.

to a block in Jak2 activation, we tested these cells for phos-
phorylation of Jak2 in response to Epo. Cell lysates from
SFFV-transformed cells were immunoprecipitated with anti-
Jak2 antibody, and Western blot analysis was carried out using
antiphosphotyrosine antibody. As shown in Fig. 5, Jak2 ty-
rosine phosphorylation could be detected after Epo stimula-
tion in all of the SFFV-transformed erythroleukemia cell lines
examined and was actually constitutive in many of the lines.
However, the level of tyrosine-phosphorylated Jak2 in SFFV-
transformed erythroleukemia cells was generally lower than
that detected in the F-MuLV-transformed erythroleukemia
cell line HCD-57, which shows high levels of STAT1 phosphor-
ylation upon Epo stimulation (Fig. 4). These results indicate
that the failure of STAT1 to be phosphorylated in Epo-stim-
ulated SFFV-transformed erythroid cells is not due to the
failure of Epo to activate Jak2 in these cells.
SFFV-transformed erythroleukemia cell lines show high ex-
pression of SHP-1. To determine whether the failure of STATT to
be phosphorylated in SFFV-transformed erythroleukemia cells
was due to activation of a negative regulator of Jak/STAT
signaling, we examined the cells for expression of the tyrosine
phosphatase SHP-1, which has previously been shown to neg-
atively regulate erythroid signal transduction pathways (21, 51,
60). Using Western blot analysis with an SHP-1 antibody, we
observed that SHP-1 is highly expressed in all SFFV-trans-
formed erythroleukemia cell lines (Fig. 6). On the other hand,
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FIG. 7. Tyrosine phosphorylation of STAT1 is induced in SFFV-
transformed erythroleukemia cell lines treated with a tyrosine phos-
phatase inhibitor. The SFFV-transformed erythroleukemia cell lines
NP4 and NP5 cells were treated with 70 wmol/liter sodium orthovana-
date (Na;VO,) for 24 h (+) or left untreated (—). Cells were left
unstimulated (—) or stimulated with Epo (50 U/ml) for 15 min (+).
Cell lysates were immunoblotted with either anti-phospho-STAT1 or
anti-STAT1 antibody. Asterisks represent nonspecific bands (see leg-
end to Fig. 4).

F-MuLV- or ME26-transformed erythroleukemia cell lines
(Fig. 6) and primary erythroleukemic spleens from SFFV-in-
fected mice (data not shown) exhibited relatively lower levels
of expression of SHP-1. Treatment with Epo or IFN-a did not
alter the level of expression of SHP-1 in SFFV-transformed
cells (data not shown). When we treated the SFFV-trans-
formed erythroleukemia cell lines NP4 and NP5 with the ty-
rosine phosphatase inhibitor sodium orthovanadate (70 wmol/
liter) for 48 h (Fig. 7), tyrosine phosphorylation of STAT1a
and B was strongly induced either in the presence or absence of
Epo. However, treatment with sodium orthovanadate was un-
able to restore STAT1/3 DNA binding activity in these cells
(data not shown), perhaps because PU.1 levels remained high.
These results suggest that the failure to detect tyrosine-phos-
phorylated STAT1 in SFFV-transformed erythroleukemia
cells may be due to dephosphorylation of STAT1 by a tyrosine
phosphatase such as SHP-1.

DISCUSSION

Binding of Epo to the Epo receptor results in the tyrosine
phosphorylation of STATSs 1, 3, and 5 (15, 37, 41, 57), which
then form dimers, move to the nucleus, and bind specific DNA
sequences. We previously showed that infection of the Epo-
dependent erythroleukemia cell line HCD-57 with SFFV re-
sulted in constitutive activation of these STATSs (36, 37), and in
this study, we show that primary virus-infected leukemic
splenocytes from the first stage of SFFV-induced erythroleu-
kemia also exhibit constitutive activation of STATs 1, 3, and 5.
However, when these primary SFFV-infected leukemic spleno-
cytes are transplanted to syngeneic mice and grown in vitro to
select for the second stage of erythroleukemia, the resulting
transformed erythroleukemia cell lines fail to show STAT1/3
DNA binding, even after stimulation with Epo (Fig. 1 and 2).
Although none of the SFFV-transformed erythroleukemia cell
lines that we examined exhibited STAT1/3 activation in re-
sponse to Epo, they all showed Epo activation of STATS, with
all but one of the lines showing constitutive activation of
STATS. Furthermore, we could detect constitutive activation
of mitogen-activated protein kinase and Akt in these cells
(data not shown). Thus, a failure to activate STAT1/3 in SFFV-
transformed erythroleukemia cells does not appear to be the
result of defective Epo signaling from the EpoR in these cells.
A block in the activation of STAT1/3 DNA-binding is not a
general property of erythroleukemia cell lines, since those de-
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rived from mice infected with Friend MuLV or ME26 virus did
not exhibit this block. Compared with erythroleukemia cell
lines derived from mice infected with F-MuLV and ME26
virus, SFFV-transformed erythroleukemia cells represent a
later stage of hematopoietic cell differentiation (38, 46, 52)
and, unlike the other erythroleukemia cell lines, express high
levels of the Ets-related transcription factor PU.1 (50).

Our data indicate that the defect in Epo activation of STAT
1/3 DNA binding activity in SFFV-transformed erythroleuke-
mia cells is specifically at the level of tyrosine phosphorylation,
since STAT1 was not tyrosine phosphorylated in response to
either SFFV or Epo stimulation in these cells. In contrast,
IFN-« stimulation of SFFV-transformed erythroleukemia cells
induced STAT1 tyrosine phosphorylation, suggesting that the
STAT1 proteins in these cells are not dysfunctional. Rather,
the SFFV transformed erythroleukemia cells appear to express
inhibitors that interfere with Epo-induced STAT1 tyrosine
phosphorylation. A number of inhibitors of STAT signaling
have previously been identified. These include SOCS (suppres-
sors of cytokine signaling) (17, 24, 27, 32, 55, 61), SS1 (STAT-
induced STAT inhibitors) (27, 32), and JAB (Jak binding)
(11, 49) proteins, which indirectly exert negative regulation
on STAT proteins by specifically binding to and inhibiting the
tyrosine kinase activity of cytoplasmic Jaks, preventing STAT
phosphorylation. Since we could detect constitutive or Epo-
induced Jak2 phosphorylation in all of the SFFV-transformed
erythroleukemia cells, SOCS/SS1/JAB proteins do not appear
to be responsible for the failure of STATI1 to be phosphory-
lated in SFFV-transformed erythroid cells. Also, the PIAS
(protein inhibitor of activated STATs) family of STAT inhib-
itors, which inhibit STAT signaling by binding to phosphory-
lated dimers of STAT proteins (6, 23), would not be respon-
sible for the failure of STAT1 signaling in SFFV-transformed
erythroleukemia cells, since we failed to detect phosphorylated
STAT1 in these cells. Thus, known inhibitors of STAT signal-
ing do not appear to be involved in blocking STAT1 and 3 from
binding DNA in SFFV-transformed erythroleukemia cells.

Based on these observations, we looked at expression of
other negative regulators of EpoR signaling. One such protein
is the hematopoietic tyrosine phosphatase SHP-1. SHP-1 is
predominantly expressed in hematopoietic cells and epithelial
cells (42) and is known to be recruited to a number of cytokine
receptors, including the EpoR and the IFN-a/p receptor (8, 21,
60). Although SHP-1 has been shown to inhibit EpoR signaling
associated with cell proliferation (21, 60), it also plays a signif-
icant role in erythroid cell differentiation, since its overexpres-
sion is associated with inhibition of erythroid cell differentia-
tion and its inhibition with enhanced hemoglobinization (2,
51). Furthermore, motheaten mice, which contain a loss-of-
function mutation in SHP-1, show high numbers of the late
erythroid precursor CFU-E (53), and members of a Finnish
family who have a mutation in the EpoR gene that prevents
binding of SHP-1 express elevated levels of mature red blood
cells (10). When we compared various mouse erythroleukemia
cell lines for expression of SHP-1, those from SFFV-infected
mice showed much higher levels than those from F-MuLV-
and ME26 virus-infected mice, and treatment of the SFFV-
transformed erythroleukemia cell lines with sodium orthovana-
date, a specific tyrosine phosphatase inhibitor, restored STAT1
tyrosine phosphorylation. These data suggest that SHP-1 may
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be interfering with the activation of STAT1/3 in SFFV-trans-
formed erythroleukemia cells. Consistent with this idea are
studies using SHP-1-deficient mice, which showed that STAT1
phosphorylation increases in cells from these mice in response
to IFN-a/B (8). Also, our recent studies using the SFFV MEL
cell line DS19 showed that when PU.1 and SHP-1 levels are
reduced in conjunction with chemically induced differentiation
of these cells, Epo-dependent STAT1/3 DNA binding activity
is restored (data not shown). Previous studies have shown that
SHP-1 can dephosphorylate Jak2 (18), which in turn could
block STAT phosphorylation. However, in SFFV-transformed
erythroleukemia cells, SHP-1 does not appear to be dephos-
phorylating Jak2 because we detected high levels of tyrosine-
phosphorylated Jak2 in these cells. Thus, SHP-1 may be di-
rectly dephosphorylating STAT1 in the SFFV-transformed
erythroleuekemia cells. This idea is supported by a study show-
ing that, in liver cells stimulated with growth hormone, SHP-1
binds to and may be directly dephosphorylating tyrosine-phos-
phorylated STATSb (44). A recent study using STAT1-defi-
cient mice demonstrated that STAT1 plays an important role
in the regulation of erythropoiesis (16). Thus, dephosphoryla-
tion of STAT1 in SFFV-transformed erythroleukemia cell
lines cells due to high SHP-1 expression may contribute to
their block in erythroid cell differentiation. Although high ex-
pression of SHP-1 is associated with the lack of Epo-induced
STAT1 tyrosine phosphorylation in SFFV MEL cells, it does
not alter STAT1 tyrosine phosphorylation induced in these
cells by IFN-a, suggesting that Epo- and IFN-a-induced mod-
ifications of STAT1 proteins are different, resulting in differ-
ences in sensitivity to SHP-1. Overexpression of SHP-1 has
been shown to occur in many types of cancer (28, 56, 59), and
this may contribute to the transformed phenotype by blocking
differentiation.

Unlike normal erythroid cells, SFFV-transformed erythro-
leukemia cells express high levels of the transcription factor
PU.1, and among the erythroleukemia cells that we examined
in this study, we observed a direct correlation between the
expression of PU.1, the high expression of SHP-1, and a block
in STAT1/3 DNA binding activity. A recent paper showed that
SHP-1 expression is significantly reduced in PU.17/~ erythroid
cells using microarray analysis (13), suggesting that SHP-1 may
be regulated by the PU.1 transcription factor. A number of
reports (33, 45, 63, 64) have shown that PU.1, when it is
overexpressed in erythroleukemia cell lines, blocks erythroid
terminal differentiation by physically interacting with and
blocking the action of the erythroid transcription factor
GATA-1, which positively regulates numerous erythroid-re-
stricted genes. Our results suggest that PU.1’s mechanism of
action may also extend to activation of SHP-1 and inhibition of
STAT 1/3 DNA binding activity. Inhibition of cyclin-depen-
dent kinases by activation of CDK inhibitors appears to be
essential for the induction of cell cycle arrest and the initiation
of terminal erythroid differentiation (25, 26), and roles for
STAT proteins in negatively regulating the cell cycle have been
demonstrated. For example, STAT3 induced by granulocyte
colony-stimulating factor has been shown to transactivate the
cyclin-dependent kinase inhibitor p27%™! through a putative
STAT-binding site in its promoter (9), and activation of
STAT1 in response to IFN-y correlates with upregulation of
the cyclin-dependent kinase inhibitor p21WAFVCIFL (4 5),
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Thus, inhibition of STAT1/3 DNA binding in SFFV-trans-
formed erythroleukemia cells may prevent the upregulation of
cyclin-dependent kinase inhibitors that are required for cell
cycle arrest and the initiation of terminal differentiation.

This study suggests a potential new mechanism by which

inappropriate expression of the PU.1 transcription factor in
erythroid cells can alter specific signal transducing molecules,
STATs 1 and 3, to block terminal differentiation and favor the
outgrowth of transformed cells. Mechanisms to restore STAT1/3
DNA binding in these cells may, therefore, favor differentiation
and the extinction of the transformed phenotype.
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