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STAT (signal transducers and activators of transcription) proteins are transcription factors which are
activated by phosphorylation on tyrosine residues upon stimulation by cytokines. Seven members of the STAT
family are known, including the closely related STATSA and STATSB, which are activated by various cytokines.
Except for prolactin-dependent 3-casein production in mammary gland cells, the biological consequences of
STATS activation in various systems are not clear. We applied PCR-driven random mutagenesis and a
retrovirus-mediated expression screening system to identify constitutively active forms of STATS. By this
strategy, we have identified a constitutively active STATS mutant which has two amino acid substitutions; one
is located upstream of the putative DNA binding domain (H299R), and the other is located in the transacti-
vation domain (S711F). The mutant STATS was constitutively phosphorylated on tyrosine residues, localized
in the nucleus, and was transcriptionally active. Expression of the mutant STATS partially dispenses with
interleukin 3 (IL-3) as a growth stimulant of IL-3-dependent cell lines. Further analyses of the mutant STATS
have demonstrated that both of the mutations are required for nuclear localization, efficient transcriptional
activation, and induction of IL-3-independent growth of an IL-3-dependent cell line, Ba/F3, and have indicated
that a molecular basis for the constitutive activation is the stability of the phosphorylated form of the mutant

STATS.

Stimulation of cytokine receptors leads to activation of mul-
tiple signal transduction pathways, including the Ras-Raf-
MEK-mitogen-activated protein kinase (MAPK) and the JAK-
STAT pathways (14, 28, 34, 42, 44). The latter signaling
pathway was originally found downstream of the interferon
receptors and is now recognized as a common pathway down-
stream of most cytokine receptors. Upon stimulation with cy-
tokines, receptor-associated JAKs are activated and phosphor-
ylate STAT factors on tyrosine residues. The phosphorylated
STAT molecules then form homo- or heterodimers through
SH2-mediated interactions and translocate into nuclei to acti-
vate transcription of various target genes. Seven members of
the STAT family (STATI1 through 4, -5A, -5B, and -6) are
known; STATSA and STATSB are closely related. With the
exception of STAT4 and STAT6, which were shown to be
specifically activated by only one or two cytokines, interleukin
12 (IL-12) or both IL-4 and IL-13, respectively (13, 15), most
of the other STATs are activated by multiple cytokines. In
particular, both STAT5A and STAT5B are activated by nu-
merous cytokines, including prolactin, IL-2, IL-3, IL-5, IL-7,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
G-CSF, M-CSF, erythropoietin (Epo), thrombopoietin, and
growth hormone (GH).

Using the receptor for the human GM-CSF as a model
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system, members of our group previously showed that activa-
tion of the Ras-Raf-MEK-MAPK pathway inhibits apoptosis
while the region of the GM-CSF receptor, which is responsible
for activation of JAK2 and STATS5 and induction of c-myc
expression, plays a role in DNA synthesis (18, 41). Members of
our group also demonstrated that a dominant negative STATS
protein partially inhibited IL-3-induced cell proliferation in
Ba/F3 cells, suggesting that STATSA is involved in cell prolif-
eration (29). A similar conclusion was reached by others who
observed that IL-2 and Epo receptors defective in STATS
activation (5, 7, 9) were also deficient in supporting a prolif-
erative signal. In contrast, others have concluded that STATS
is not involved in cell proliferation since mutant IL-2 (8) and
Epo receptors (37) which cannot activate STATS are still ca-
pable of transmitting an attenuated proliferative signal. These
differing interpretations of generally similar data indicate a
point of controversy. Recently, mice nullizygous for STATSA
and STATS5B have been generated (24, 45). Since these mice
exhibit apparently normal hematopoiesis, the contribution of
STATS activation to proliferation or to any other biological
function, such as differentiation in normal hematopoietic tis-
sues, remains unclear.

In this paper, we report the identification and characteriza-
tion of a constitutively active form of STATS by PCR-driven
mutagenesis followed by retrovirus-mediated expression
screening. The mutant STATS protein is constitutively phos-
phorylated on its tyrosine residues, is localized in the nucleus,
and is transcriptionally active in the absence of growth factor
stimulation. Expression of the mutant STATS in IL-3-de-
pendent cells is capable of inducing cytokine-independent
growth.
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MATERIALS AND METHODS

Cell lines. Mouse IL-3 (mIL-3)-dependent Ba/F3 cells were maintained in
RPMI 1640 medium containing 10% fetal calf serum (FCS) and 1 ng of recom-
binant mIL-3 produced in silk worm/ml (26). An ecotropic retrovirus packaging
cell line, BOSC23 (35), was maintained in Dulbecco’s modified Eagle’s medium
containing 10% FCS and guanine phosphoribosyltransferase (GPT) selection
reagents (Specialty Media). The cells were transferred into Dulbecco’s modified
Eagle’s medium-10% FCS without GPT selection reagents 2 days before trans-
fection.

Retrovirus vectors. A retrovirus vector, pMX, was constructed as previously
described (31). Its derivative pMX-puro vector harbors a simian virus 40 early
promoter-driven puromycin resistance gene between the multicloning site and
the 3’ long terminal repeat of the pMX vector (16). cDNAs for mouse STAT5A
and STATS5B (28) were inserted into the EcoRI and NotI sites of the pMX and
the pMX-puro vectors.

Production of retroviruses carrying STATSA sequences with random muta-
tions and infection with these viruses. To introduce random mutations into the
STATS5A sequence, a PCR was run for 35 cycles (1 min at 94°C, 2 min at 58°C,
and 3 min at 72°C) under standard conditions described previously (31) except
that the deoxynucleoside triphosphate concentration was 400 WM. The pMX-
STATSA plasmid was used as a template, and a 5" vector primer, pMX5' (1)
(5'CCCGGGGGTGGACCATCCTCT3'), and a 3" vector primer, pMX3' (1)
(5'CCCTTTTTCTGGAGACTAAAT3'), were used to amplify the full-length
sequence of STATSA. The average frequency of point mutations ranged from
1/600 to 1/1,200 under these conditions (data not shown). The PCR product was
digested with restriction endonucleases EcoRI and Notl, and the excised 2.4-kbp
STATSA sequences harboring the PCR-generated mutations were ligated to the
EcoRI and Notl sites of the pMX vector. The mixture of ligated plasmids was
amplified in Escherichia coli DH5a, and plasmid DNA was prepared with a Maxi
prep kit (Qiagen) to be used as a library of mutated STATSA sequences in the
pMX vector. High-titer retroviruses containing the randomly mutated STAT5A
sequences were produced from the library DNA with a transient retrovirus
packaging cell line, BOSC23 (35), as described previously (19). For infection,
Ba/F3 cells (2 X 10°) were incubated with 5 ml of the retroviruses harboring the
mutated STATSA sequence library in the presence of 10 pg of Polybrene/ml and
10 ng of mIL-3/ml. After 8 h, 5 ml of fresh growth medium was added to the
culture, and the incubation was extended for 16 h. Twenty-four hours after
infection, cells were washed, refed with growth medium, and allowed to grow for
one more day before being subjected to selection in the absence of mIL-3 in
96-well plates. Under these conditions, the efficiency of infection of Ba/F3 cells
was 20 to 40% as assessed by parallel infections with the test construct pMX-
hIL-3Ra (31).

Recovery and reintroduction of the integrated retroviruses. In order to re-
cover retrovirally transduced STATSA sequences, genomic DNA was isolated
from each factor- independent (FI) clone, and the integrated STATS sequences
were amplified from 10 ng of genomic DNAs by PCR with the retroviral vector
primers described above. The PCR was run for 35 cycles as described above with
Taq polymerase (Perkin-Elmer Cetus) under standard conditions with 100 pM
deoxynucleoside triphosphates. The recovered PCR fragments were purified
from the gel with QiaexII (Qiagen), digested with EcoRI and Notl, and inserted
into the EcoRI and Norl sites of the pMX vector. The STATSA sequence
subcloned into the pMX vector was analyzed with Tag DyeDeoxy Terminator
(Applied Biosystems) on an Applied Biosystems model 373A sequencer. The
STATS5A sequences recovered from FI Ba/F3 cells were subcloned into pMX and
reintroduced into parental Ba/F3 cells via retrovirus infection to confirm the
ability of the integrated STATS5A sequences to induce FI in Ba/F3 cells.

Cell proliferation assay. A cell proliferation assay was performed with cells
(either bulk population or subclones) which had been stably transduced with the
wild-type or the mutant STATS sequences and then selected by puromycin
resistance, except for one experiment whose results are shown in Fig. 2. In the
experiment whose results are shown in Fig. 2, we examined FI proliferation of
the Ba/F3 cells in the bulk population after the transduction of STATS constructs
via retrovirus infection (infection efficiency was 30 to 50%) without drug selec-
tion. In this particular experiment, after transducing with the wild-type and the
mutant STAT5A and STAT5B sequences by using retrovirus constructs, we
seeded the transduced Ba/F3 cells in the absence of mIL-3 and the growth curves
were determined. Cell proliferation was quantitated either by counting the cells
(see Fig. 1B and D, Fig. 2, and Fig. 6B) or by using the Alamar blue assay (see
Fig. 6A) as described previously (1). For the Alamar blue assay, 2 X 10* Ba/F3
cells were suspended in 100 pl of medium and were cultured in 96-well microtiter
plates for 48 h at 37°C in the presence or absence of mIL-3. Ten microliters of
Alamar blue solution (Alamar Biosciences Inc.) was then added to each well, and
the incubation was extended for another 24 h. The optical density was measured
with an enzyme-linked immunosorbent assay microplate reader (Bio-Rad) with
a test wavelength of 570 nm and a reference wavelength of 600 nm.

Immunoprecipitation and Western blotting. Immunoprecipitation, gel elec-
trophoresis, and immunoblotting were performed according to methods de-
scribed previously (46), with minor modifications. Exponentially growing cells
were washed free of serum and growth factors and incubated in RPMI 1640
supplemented with 0.5% bovine serum albumin (BSA) for 12 h at 37°C. After the
depletion period, cells were resuspended in the same medium at a concentration
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of 4 X 10°/ml and were stimulated with mIL-3 or FCS at 37°C for 10 min. Cells
were lysed in lysis buffer (4 X 10° cells/ml) and incubated on ice for 30 min. Cell
lysates were clarified by centrifugation for 15 min at 20,000 X g before incubation
with the anti-STATSA polyclonal antibody (R & D Systems) or the anti-Flag
antibody (Eastman Kodak) and protein A-Sepharose at 4°C overnight. The
immunoprecipitates were washed three times with lysis buffer, subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and electrophoreti-
cally transferred onto Immobilon filters (Millipore). After blocking in solution
containing 3.0% BSA, the filters were probed with anti-phosphotyrosine anti-
body 4G10 (Upstate Biotechnology Inc.), stripped, and reprobed with the anti-
STATS antibody to verify the loading amount. The filter-bound antibody was
detected by the enhanced chemiluminescence system (Amersham).

Luciferase reporter assay. Ba/F3 cells were transiently transfected by electro-
poration at 960 pF and 300 V with 10 wg of a reporter plasmid carrying a
luciferase gene under the control of the B-casein promoter, 3 pg of a B-galac-
tosidase reporter plasmid with the Rous sarcoma virus long terminal repeat
promoter, and 10 pg of test DNAs at room temperature in RPMI 1640 supple-
mented with 10 pg of DEAE-dextran/ml. After a 12-h recovery period in the
IL-3-containing medium, cells were incubated in RPMI 1640 supplemented with
0.5% BSA for 12 h, or stimulated with 10 ng of mIL-3/ml for the last 6 h before
cell lysates were prepared. Cell lysates were then subjected to luciferase (Pro-
mega) and B-galactosidase (Tropix) assays. Transduction efficiency under each
condition was normalized with B-galactosidase activity.

EMSA. Nuclear extracts, prepared by the Nonidet P-40 method, were mixed
with radiolabeled double-stranded oligonucleotides corresponding to the prolac-
tin-responsive element (PRE) in the bovine B-casein promoter as described
previously (46). Electrophoretic mobility shift analysis (EMSA) was performed
with 8 pg of nuclear extracts in 20 pl of a reaction mixture containing 12 mM
HEPES (pH 7.9), 5% glycerol, 75 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40,
1 mg of BSA/ml, 1 mg of poly(dI-dC)/ml, and 10 fmol of radioactive PRE. The
mixture was incubated at room temperature for 30 min, and 5 pl was placed onto
a polyacrylamide gel (0.25 X Tris-borate-EDTA). For supershift experiments, 1
wg of the anti-STATS5 polyclonal antibody (R & D Systems) was added to the
reaction mixture.

Construction and expression of STATSA-EGFP fusion molecules in NIH 3T3
cells. A mutant green fluorescent protein (GFP), EGFP, was fused to the C
termini of the wild-type STATSA, STAT5A1, STAT5A6, and STAT5A1%6 with
pEGFP-N1 (Clontech), and the EcoRI-NotI fragment encoding the STAT5-GFP
fusion molecule was inserted into the pMX vector. The resulting constructs
(pMX-STATSA-EGFP, pMX-STAT5A1-EGFP, pMX-STAT5A6-EGFP, and
pMX-STAT5A1*6-EGFP) were expressed in NIH 3T3 cells via retrovirus infec-
tion as described previously (19). Two days after infection, the NIH 3T3 cells
were observed under a fluorescence microscope (IX 70; Olympus).

Stability of phosphorylated wild-type and mutant STATS5 proteins in Ba/F3
transfectants expressing Flag-tagged wild-type and mutant STAT5A. To distin-
guish the endogenous and the transduced STATS molecules, the Flag tag was
added to the C termini of the wild-type and the mutant STATSs. The sequences
for the Flag-tagged STATSs were inserted into the EcoRI and NotI sites of the
pMX-neo vector with a construct by Wang et al. (47), and Ba/F3 stable trans-
fectants expressing the Flag-tagged STATSs were established after gene trans-
duction via retrovirus infection followed by selection in the presence of 1 mg of
G418 (Gibco-BRL)/ml. The Ba/F3 transfectants expressing the STAT51%6-Flag
were cultivated in the absence of IL-3 after the establishment of transfectants
because the expression of the STAT51*6-Flag decreased over time in the media
containing IL-3, probably due to a growth-inhibitory effect of the STAT51%*6-
Flag when stimulated with IL-3 (30). The stable transfectants were deprived of
mIL-3 for 12 h in the presence of 10% FCS, stimulated with 10 ng of IL-3/ml for
30 min, washed with medium, and cultured for various time periods. The cell
lysates were prepared before IL-3 stimulation and 0, 0.5, 1, 2, 4, and 8 h after
the stimulation. The cell lysates were subjected to immunoprecipitation and
Western blotting to examine the stability of the phosphorylated STATS mol-
ecules.

Establishment of Ba/F3 transfectants expressing both an inducible form of
Raf, ARaf-ER, and either the wild-type or the mutant STAT5A. We first at-
tempted to establish Ba/F3 transfectants expressing an inducible form of Raf,
ARaf-ER (40). This protein consists of the catalytic domain of human c-Raf-1
(ARaf) and the hormone-binding domain of the estrogen receptor (ER). Addi-
tion of B-estradiol or its analog ICI 182 780 (ICI) (33) to cells expressing
ARaf-ER leads to immediate activation of the Raf-MAPK cascade. We intro-
duced ARaf-ER with a retrovirus construct harboring the G418 resistance gene
and established several clones in the presence of 1 mg of G418 (Gibco-BRL)/ml.
We chose two clones (BR4 and BR6) in which the expression of ARaf-ER and
the activation of MAPK by ICI were confirmed by Western blot analysis with
anti-Raf antibodies (Signal Transduction Lab) and the MAPK assay with the
myelin basic protein as a substrate (data not shown). We then introduced pMX-
puro-STATS5A or pMX-puro-STAT5A1%6 into BR4 cells via retrovirus infection
and isolated several clones as well as bulk cells expressing the transduced
STATSA sequences in the presence of 1 ug of puromycin/ml.
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FIG. 1. Isolation and characterization of a constitutively active STATS5A. (A)
Positions of point mutations of the mutant STATSA. A constitutively active form
of STAT5A1*6 was constructed from subclones 5-1, 5-2, and 5-3, which had been
derived from FI Ba/F3 clone 5. Among these subclones, only 5-1 induced IL-3-
independent growth of Ba/F3 cells. (B) Proliferation of Ba/F3 cells expressing
subclone 5-1 or STAT5A1%6 in the absence of IL-3. BaF/5-1 and BaF/5A1%6
transfectants, which had been selected in the presence of puromycin and mIL-3,
were cultured in the absence of mIL-3, and the cells were counted at the
indicated times. The response of parental Ba/F3 cells in the presence or absence
of mIL-3 is also shown. The results shown are the averages * the standard
deviations of triplicate cells. (C) Phosphorylation of STATS5A in parental Ba/F3
cells and Ba/F3 cells expressing subclone 5-1 with or without IL-3 stimulation.
Stimulation with FCS had no effect on phosphorylation of STATSA. STATSA
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RESULTS

Identification of mutant STATSs which induce FI growth of
Ba/F3 cells. We attempted to identify constitutively active
forms of STAT5A by PCR-mediated mutagenesis followed by
a high-efficiency retrovirus expression screening system (19,
32). Briefly, random mutations were introduced into the
STATSA sequence by PCR, and the mutated STATSA se-
quences were expressed in an mIL-3-dependent cell line (Ba/
F3) with retrovirus vector pMX (31) and a transient retrovirus
packaging cell line, BOSC23 (35). Ba/F3 cells infected with
these viruses were then screened for IL-3-independent growth,
and 13 IL-3-independent clones were isolated. The integrated
STAT5A-coding sequences in FI clones were recovered by
PCR with vector primers. To confirm the ability of the mutant
forms of STATS5A to induce IL-3-independent proliferation of
Ba/F3 cells, the PCR fragments were subcloned into pMX,
reintroduced into Ba/F3 cells, and analyzed for their ability to
confer FI growth. The recovered STATSA sequences from six
FI clones but not the other seven FI clones efficiently repro-
duced the FI phenotype in Ba/F3 cells. Clone 5 showed the
best phenotype and was chosen for further experiments. Sev-
eral point mutations were found in the STATSA sequence
recovered from Ba/F3 FI clone 5; three independent PCR-
recovered DNA subclones designated 5-1, 5-2, and 5-3 are
shown in Fig. 1A. Of these subclones, only 5-1 induced FI when
reintroduced into naive Ba/F3 cells (Fig. 1B and data not
shown). The other two clones (5-2 and 5-3) had several point
mutations in common with subclone 5-1 (i.e., point mutations
1 and 6); however, 5-2 and 5-3 also harbored additional point
mutations, including a nonsense mutation, which were proba-
bly generated during the recovery of the integrated STATSA
sequence by PCR (Fig. 1A). Common point mutation 1 was
located in the STAT transactivation domain and caused an
amino acid change from serine to phenylalanine (S711F).
Point mutation 6, on the other hand, was located upstream of
the putative DNA binding domain and resulted in an amino
acid change from histidine to arginine (H299R). In the Ba/F3
stable transfectant expressing the mutant STAT5A (5-1), the
mutant STATSA was constitutively phosphorylated at tyrosine
residues (Fig. 1C), but constitutive activation of JAK2 and
MAPK were not observed (data not shown).

Two mutations were required for constitutive activation of
STAT5A. To clarify which of the point mutations observed in
subclone 5-1 was responsible for IL-3-independent growth of
Ba/F3 cells, we constructed retroviruses encoding STATSA
with each single point mutation alone and assessed their ability
to promote IL-3-independent proliferation of Ba/F3 cells. The
sequences for these STATSA mutants were subcloned into the
pMX-puro retrovirus vector, and Ba/F3 cells transduced with
these constructs (infection efficiency was 30 to 50%) were
selected with 1 pg of puromycin/ml for a week. The STATSA
mutants harboring either mutation 1 (STAT5A1) or 6
(STAT5A6) alone could not support long-term growth of
Ba/F3 cells (data not shown). Since the original subclone 5-1
gave rise to the FI phenotype, we reconstructed the double
mutant STAT5A1%6 to examine the effect of combining the

was immunoprecipitated by the anti-STATSA antibody (R & D Systems) and
blotted with the antiphosphotyrosine (P-Tyr) (Upstate Biotechnology Inc.) or
with the anti-STATSA antibody. (D) Long-term IL-3-independent proliferation
of BaF/5A1%6 cells. BaF/5A1%6 cells were cultured in the absence of mIL-3 for
the indicated periods and were counted. To exclude the possibility of autocrine
growth, the growth curve of the parental Ba/F3 cells in the supernatant (BaF3 +
1%6 sup) of BaF/5A1*6 was also determined. The results shown are the aver-
ages * the standard deviations of triplicate wells.
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FIG. 2. A mutant STAT5B harboring mutations homologous to those in
STAT5A1%6 induces IL-3-independent growth of Ba/F3 cells. Proliferation after
transduction of the sequences for the wild-type STATSA (5A WT) or STAT5B
(5B WT) or mutated STATSA (5A 1*6) STATSB (5B 1%6) was examined with
bulk populations of Ba/F3 cells after retrovirus-mediated transduction with these
constructs. The infection efficiency in this experiment was 30 to 50%. Prolifera-
tion of parental Ba/F3 cells without IL-3 is also shown.

two point mutations. Interestingly, expression of the double
mutant STAT5A1%6 in Ba/F3 cells induced IL-3-independent
proliferation in Ba/F3 stable transfectants (BaF/5A1%6) (Fig.
1B) and was able to support long-term growth of the transfec-
tants in the absence of IL-3 (Fig. 1D). In Fig. 1B, continuous
proliferation of the BaF/5A1%6 transfectant, which is similar to
that of the Ba/F3 transfectant expressing the original subclone
5-1 (BaF/5-1), is shown. Expression of STAT5A1%*6 also in-
duced FI growth of other IL-3-dependent cell lines, such as
TF-1 (20) and OTT-1 (12) (data not shown). In contrast, in-
troduction of the wild-type STATSA never gave rise to FI
growth (Fig. 2). To exclude the possibility that the growth of
BaF/5A1%6 cells was mediated through an autocrine mecha-
nism, we examined whether growth-promoting activity was
present in the supernatant of BaF/5A1%6 cells. As shown in
Fig. 1D, the supernatant of BaF/5A/1%6 cells did not have any
growth-promoting activity for the parental Ba/F3 cells.

The same mutations in STAT5SB have similar biological
effects. STATSB is 95% identical to STATS5A at the amino acid
level (22, 23, 28), and although expression of STAT5B has
been shown to be critical in the GH-GH receptor system (45),
little is known regarding the functional difference between
STATSA and STATSB in hematopoietic cells. Since the amino
acid sequences surrounding the mutations (mutations 1 and 6)
were conserved in STATSA and STATSB but not in other
STAT proteins, we introduced the same mutations into
STATSB and examined the ability of the mutant STATSB to
induce FI. As shown in Fig. 2, expression of the mutant forms
of STATSA or STATSB rendered Ba/F3 cells FI with the same
efficiency, suggesting functional similarity between STATSA
and STATSB. This result also confirms the efficacy of these
mutations in the constitutive activation of STATS molecules.

Characterization of the mutant STATSA molecules. To ex-
amine the mechanistic basis of STATSA activation by the two
mutations, we characterized the biochemical properties of the
mutant STATS5As expressed in bulk populations of puromycin-
selected Ba/F3 cells transduced with sequences for wild-type
STATSA, STAT5A1, STAT5A6, or STATSA1%6. In cells de-
pleted of mIL-3 and serum for 12 h, tyrosine phosphorylation
was detected on STATSAL and STATS5A1%6 but not on the
wild-type or STAT5A6 protein. The level of phosphorylation
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FIG. 3. Characterization of the mutant STAT5As. (A) Tyrosine phosphor-
ylation of STATSA in Ba/F3 cells expressing the wild-type (WT) or the mutant
STATS5As (1, 6, and 1%6) with (+) and without (—) IL-3 stimulation for 10 min.
(B) DNA binding activities, without IL-3-stimulation, were examined by EMSA
of the nuclear extracts derived from Ba/F3 cells expressing the wild-type
STAT5A (WT) and the mutant STAT5As (1, 6, and 1*6). As a positive control,
nuclear extracts were also prepared from Ba/F3 cells expressing the mutant
STAT5A1%6 after stimulation with 10 ng of IL-3/ml for 10 min. The EMSA
complexes were confirmed to contain STATS5A by supershift analysis with anti-
STATSA antibody. Arrows indicate the positions of the STATSA bands as well
as the supershifted complexes. Ab, antibody. (C) Transcriptional activation by
the mutant STATSAs. Luciferase activities in the lysates of Ba/F3 cells trans-
fected with the pMX vector (V), the sequence for the wild-type STATSA (WT),
and the sequence for the mutant STAT5As (1, 6, and 1*6) with or without IL-3
stimulation are shown. Transactivation observed in the control experiment (V)
was derived from endogenous STATSA and -5B. The results shown are the
averages + the standard deviations of three independent experiments.
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FIG. 4. Nuclear localization of the mutant STATSA. The fusion molecules
STAT5A-EGFP (A), STAT5A1-EGFP (B), STAT5A6-EGFP (C), and
STAT5A1*6-EGFP (D) were expressed in NIH 3T3 cells and observed under a
fluorescence microscope. The photographs were taken with an automatic micro-
scopic camera system (PM30; Olympus). Bars, 30 pm.
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was, however, much weaker than that resulting from IL-3 stim-
ulation (Fig. 3A). Consistent with these results, STAT5A1 and
STATS5A1%6, but not the wild-type STATSA or STAT5A6,
exhibited weak but significant DNA binding activity without
IL-3 stimulation, as assessed by EMSA (Fig. 3B). Interestingly,
in a transactivation assay in which Ba/F3 cells were cotrans-
fected with various STATS constructs and a STATS-responsive
luciferase reporter plasmid (46), all three mutant STATS5As
were able to induce luciferase activity in the absence of IL-3
stimulation (Fig. 3C). Transactivation by the mutant
STATS5A1*6 was strongest, and its constitutional transcrip-
tional activity was even stronger than that of the wild-type
STATSA stimulated by IL-3 (Fig. 3C).

Subcellular localization of the wild-type and the mutant
STATS5As was also assessed by using STATS-EGFP fusion
constructs (Fig. 4). While the wild-type STATSA-EGFP as well
as STATSA1-EGFP and STAT5A6-EGFP did not show any
particular localization in most NIH 3T3 cells (except for a few
in which STATS-GFP proteins localized to the nucleus) (Fig.
4A to C), the mutant STATSA1*6-EGFP localized to the nu-
cleus in most NIH 3T3 cells (Fig. 4D).

Stability of the phosphorylated forms of the wild-type and
the mutant STAT5As. To further elucidate the molecular basis
for the activation of the mutant STATS5s, we established Ba/F3
transfectants expressing Flag-tagged wild-type STATSA,
STATS5A1, STAT5A6, and STATS5A1*6. These cells were de-
prived of mIL-3 for 12 h and stimulated with 10 ng of mIL-3/ml
for 30 min, and the tyrosine phosphorylation was chased for
8 h. As shown in Fig. 5, phosphorylation of STAT5A1%*6 after
IL-3 stimulation was much stronger and more stable than that
of the wild-type STATSA, STAT5A1, and STAT5A6, whose
tyrosine phosphorylation started to decrease 2 h after IL-3
stimulation and returned to the basal level in 4 h. Significant
tyrosine phosphorylation of the Flag-tagged STATS was ob-
served only in the cells expressing the Flag-tagged STAT51%6
before IL-3 stimulation (Fig. 5, lower right panel, first lane).
The result shown in Fig. 5 is inconsistent with the result shown
in Fig. 3A, where STAT5A1%*6 as well as STAT5A1 mutants
showed constitutive phosphorylation. This inconsistency may
be due to the addition of the Flag-tag to STATS in the exper-
iment whose results are shown in Fig. 5.

Cooperation between the mutant STATSs and the Raf-1
protein. Although both mutant STAT5SA and STATSB in-
duced IL-3-independent growth of Ba/F3 cells, these cells still
required FCS for proliferation. This observation indicates that
an additional signal(s) supplied by the serum is required to
support cell proliferation. Since previous results suggested that
both the JAK-STAT and the Raf-MAPK pathways are neces-
sary to stimulate cell proliferation (18, 29), we reasoned that
the signal missing under the serum-free conditions may be
complemented by the activation of the Raf-MAPK pathway.
To test this possibility, we expressed an inducible form of Raf,
ARaf-ER (40), together with the wild-type or mutant
STATS51%6 in Ba/F3 cells.

The biological effects of coexpression of ARaf-ER and
STATSA were assessed both in clones (Fig. 6A) and in bulk
cultures (Fig. 6B) of drug-selected Ba/F3 cells transduced with
ARaf-ER and either the wild-type or mutant STATSA. A
Ba/F3 clone expressing only ARaf-ER, designated BR4, did
not exhibit IL-3-independent growth in response to ICI treat-
ment. However, BR4 subclones expressing relatively higher
levels of the mutant STAT5A1*6 (M2, M3, M4, and M6)
proliferated without IL-3 and serum in the presence of ICI (in
a dose-dependent manner), while clones (M1 and MS5) which
expressed lower levels of the mutant STAT5A1%6 failed to
proliferate (Fig. 6A). On the other hand, expression of the
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FIG. 5. Stability of the phosphorylated forms of the wild-type and the mutant STAT5As. Phosphorylation of the wild-type and the mutant STAT5As was examined
in the transfectants (bulk population) expressing the wild-type STAT5A-Flag (wild type), STAT5A1-Flag (1), STAT5A6-Flag (6), and STATSA1*6 (1*6). The cells were
depleted of IL-3 for 12 h (—), stimulated with 10 ng of mIL-3/ml for 10 min, and cultured in the absence of mIL-3 for the indicated time periods, and lysates were
prepared from the cells. The cell lysates were immunoprecipitated (IP) by the anti-Flag antibody and then blotted with 4G10 (« pY) or the anti-STATS5A antibody (a

STATSA). Arrows indicate positions of phosphorylated STAT5A-Flag.

wild-type STATSA at levels much higher than that observed
for clones expressing the highest levels of mutant STATSA
(compare W1 and W2 with M2, M3, M4, and M6) did not
proliferate in response to ICI (Fig. 6A). To address the possi-
bility of clonal differences among the infected BR4 subclones,
we also tested bulk cultures of puromycin-selected cells for
ICI-dependent, IL-3-independent growth (Fig. 6B). A bulk
population of BR4 cells transduced with the sequence for the
mutant STAT5A1*6 followed by selection with puromycin pro-
liferated in the presence of ICI. However, ICI did not stimu-
late the proliferation of BR4 cells and BR4 cells expressing the
wild-type STATSA. Similar results were obtained in the exper-
iment with another ARaf-ER-transduced Ba/F3 clone, BR6
(data not shown). These results showed that activation of nei-
ther the Raf-MAPK pathway nor the mutant STATSA by itself
can support proliferation of Ba/F3 cells under serum-free con-
ditions but that activation of the two together induces cyto-
kine- and serum-independent proliferation of Ba/F3 cells.
Activation of Raf had no effect on DNA binding activity of
the mutant STAT5A. To test the direct effects of the activation
of the Raf-MAPK pathway on the DNA binding activity of the
wild-type and the mutant STATSA, we examined nuclear ex-
tracts prepared from BR4, W1, and M6 cells in an EMSA with
the PRE as a probe (46) (Fig. 7). Nuclear extract from M6 cells
contained DNA binding activity, albeit at a lower level than
that observed in IL-3-stimulated extracts, which was super-
shifted by anti-STATSA antibody. Activation of ARaf-ER by
ICI had no detectable effect on DNA binding activity of the
double mutant, M6, suggesting that activation of the Raf-
MAPK pathway is not important for DNA binding activity of
the mutant STATS. Similar results were obtained when bulk
selected cells were used for the experiment (data not shown).

DISCUSSION

Using PCR-driven random mutagenesis followed by retro-
virus-mediated expression screening, we identified a constitu-
tively active form of STATS harboring two point mutations. In
addition to being constitutively phosphorylated at tyrosine res-
idues, the mutant STATSA1%6 is capable of binding a target
DNA sequence, stimulating transcription of a reporter plas-

mid, and supporting FI proliferation of IL-3-dependent cell
lines (summarized in Table 1). Constitutive activation of the
mutant STATSA is also associated with nuclear translocation
of the molecule, as demonstrated by the experiment in which
the mutant STAT5A1*6-EGFP fusion molecule was expressed
in NIH 3T3 cells. The observation that a constitutively active
STATS5A mutant promotes cell proliferation is consistent with
the previous observation that a dominant negative form of
STATS partially inhibits IL-3-driven cell proliferation (29).
However, the property of the mutant molecule does not nec-
essarily reflect that of the wild-type molecule. For instance,
while v-abl and bcr-abl are highly mitogenic, there is no evi-
dence to suggest that c-abl is required for proliferation (38).
Thus, it is possible that the constitutively active mutation de-
tected in STATSA is a gain-of-function mutation. Therefore,
whether STATS activation is physiologically involved in cell
proliferation is still open to question.

Previous studies of cytokine receptor signaling have defined
at least two pathways important for proliferation: the JAK-
STAT and the Raf-MAPK pathways (18, 41). It was also shown
that serum by itself weakly stimulated the Raf-MAPK pathway
(18). On the other hand, in sharp contrast to the mutant
STATS, the constitutively active form of MPL which was able
to stimulate both the JAK-STAT and the Raf-MAPK pathways
could induce FI growth even in the absence of FCS (32). From
these results, we predicted that the mutant STAT5A would
collaborate with the Raf-MAPK pathway to support cell
growth. To test this possibility, we transduced either the wild-
type STATSA or the mutant STATSA1*6 in BR4 cells express-
ing the ARaf-ER construct. As expected, estrogen-induced Raf
activation synergized with expression of the mutant
STAT5A1%6, but not with the wild-type STATSA, to induce
cell proliferation in the absence of both IL-3 and serum.

Although it is generally accepted that both Myc and Ras-Raf
are required for cell proliferation, the mutant STATSA in
concert with Raf was apparently able to stimulate cell prolif-
eration without significant induction of the Myc protein. The
doubling time of proliferation driven by the mutant STATSA
and Raf (24 h), however, is longer than that of IL-3-driven
proliferation (12 h). One possible explanation for this differ-
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FIG. 6. Cooperation of Raf and the STATS5 mutant in supporting IL-3-
independent proliferation of Ba/F3 cells. (A) IL-3-independent proliferation of
BR4 clones expressing the wild-type STATSA (W1 and W2) and STAT5A1%6
(M1 through M6). BR4 clones which express both ARaf-ER and either the
wild-type STATSA or the mutant STAT5A1%*6 were cultured in 96-well plates
(10® cells/well) in RPMI 1640 medium supplemented with 0.5% BSA in the
presence or absence of increasing concentrations of ICI for 3 days and subjected
to an Alamar blue assay. Growth of parental BR4 cells (BR4) and the original
Ba/F3 cells (P) are shown as controls. The results shown are the averages * the
standard deviations of triplicate wells (upper panel). O.D., optical density. To
examine the expression level of STAT5A and ARaf-ER, total lysates (10 pg)
from each clone were blotted with anti-STATSA antibody and anti-ER antibody,
respectively (lower panel). (B) Proliferation of BR4 cells expressing the wild-type
(BR4/W) or the mutant STAT5A1%6 (BR4/M) in the absence of serum. Cells
were cultured in 24-well plates (5 X 10*well) in RPMI 1640 medium containing
0.5% BSA, with (+) or without (—) 125 nM ICI, and were counted at the
indicated times. The results shown are the averages = the standard deviations of
triplicate wells.

ence is inadequate expression of c-myc in Ba/F3 cells express-
ing the mutant STATSA and/or ARaf-ER. Since the expression
of c-myc is tightly correlated with proliferation in many systems
and is efficiently induced by IL-3, it will be interesting to test
whether ectopic Myc expression can complement activation of
STATSA and Raf to yield maximal proliferation.

The same two point mutations in the corresponding region
of STATSB also induced IL-3-independent proliferation of
Ba/F3 cells. This result further substantiates the significance of
these mutations. In order to investigate how these two muta-
tions constitutively activate STATS, we constructed mutant
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STATSA molecules possessing each mutation (mutation 1 or
6). Mutation 1, but not 6, was by itself able to induce consti-
tutive phosphorylation of STATSA and constitutive binding of
STATSA to the target DNA sequence. However, for efficient
transcriptional activation, nuclear localization, and cell growth,
both mutations were required (summarized in Table 1). The
fact that mutation 1 (S711F) results in constitutive DNA bind-
ing activity is reminiscent of the behavior of C-terminally trun-
cated STATSs (2, 27, 47) that exhibited delayed dephosphor-
ylation and sustained DNA binding. The phenotype displayed
by proteins with these different alterations in the C-terminal
region may thus be mechanistically related, but it is important
to note that these C-terminal truncations resulted in an overall
dominant negative phenotype. Alternatively, mutation 1 may
somehow facilitate dimerization of STATS because of its close
proximity to the C-terminal tyrosine (Y694 of STATSA or
Y699 of STAT5B), which becomes phosphorylated in response
to cytokine stimulation and mediates STATS dimerization
(10). These two possibilities are not mutually exclusive, be-
cause dimerization of STATS5 should facilitate DNA binding.
On the other hand, it is mysterious that the N-terminal muta-
tion 6 (H299R) is also capable of inducing constitutive tran-
scriptional activity although this mutant lacks constitutive
phosphorylation at tyrosine residues and did not show DNA
binding activity without IL-3 stimulation. This discrepancy may
be explained by the difference in the sensitivities of the assay
systems (luciferase assay versus Western blotting and EMSA).
We hypothesized that mutation 6 was involved in stabilization
of the phosphorylated form of STATS since it was reported
that the N-terminal part of STAT1 was required for its de-
phosphorylation (43). In addition to inhibiting dephosphoryla-
tion, mutation 6 may also interfere with other mechanisms of
down-regulation, such as ubiquitin-proteasome-mediated deg-
radation (17) or proteasome- and p53-dependent protein
masking (39); these mechanisms were shown to be involved in
regulation of activated STAT1 or STAT3 and STATS, respec-
tively. To test this hypothesis, we expressed Flag-tagged wild-
type STATS and mutant STATSs. However, STATSAG6 did not
show any difference in the stability of phosphorylated STATSA
after IL-3 stimulation, and both mutations 1 and 6 are required
for the stability of the phosphorylated STATS. The extremely
high degree of transcriptional activation by the mutant
STATS1%6 after IL-3 stimulation (Fig. 3C) is probably due to
the stability of the phosphorylated STAT5A1*6 (Fig. 5). In
summary, the present data strongly indicate that the mecha-
nism of constitutive phosphorylation and activation of the mu-
tant STATSA1%6 is the stability of the phosphorylated mutant
STATS5A1*6.

Constitutive activation of STATS in patients’ leukemic cells
has been reported by several groups (11, 48). STAT activation

TABLE 1. Summary of biological characteristics of the wild-type
and mutant STATS5As

Protein TP z_md' DNA Trangcriptional Nu_clee}r FH
binding” activation” localization®

STATSA (wild type) - - - -

STATS5A1 + + - -

STATSA6 - + - -

STATS5A1%6 + ++ + +

“ Tyrosine phosphorylation (TP) and DNA binding in the absence of IL-3
stimulation were assessed by Western blotting and EMSA, respectively.

® Transcriptional activation in the absence of stimulation was assessed by the
luciferase assay.

¢ Nuclear localization in NIH 3T3 cells.

4 Induction of FI proliferation.
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FIG. 7. Raf activation did not increase the DNA binding capability of either the wild-type or the mutant STATSA. Nuclear extracts from the BR4 clones expressing
the wild-type STATSA (W1) and the mutant STATSA (M6) and the parental BR4 cells were tested for DNA (PRE) binding by EMSA. The arrows indicate bands
showing DNA binding and bands supershifted by the anti-STATS antibody. I, stimulated with ICI; 3, stimulated with IL-3. The M6 cells showed weak but significant
DNA binding which was supershifted by the anti-STATSA antibody but not by the control antibody (Ab).

has also been demonstrated in transformed cells, such as hu-
man T-cell leukemia virus type 1-infected cells (25) and cells
expressing v-src (3), v-abl (6), or ber-abl (4). While activation of
STATS is usually associated with concomitant activation of
JAKSs or other kinases, we observed phosphorylation of mutant
STATS without detectable activation of JAKs. Recently, a
TEL-JAK2 fusion protein has been implicated in leukemogen-
esis in three patients with leukemia (21, 36). Lacronique et al.
have also shown that the TEL-JAK2 fusion protein can induce
constitutive activation of STATS in Ba/F3 cells (21). There-
fore, it would be interesting to test whether mutation of
STATS could also be involved in leukemogenesis. Experiments
with patients’ leukemic cells and transgenic mice expressing
the STAT5A1*6 mutant are in progress.

We have shown in this paper the mechanism by which the
mutant STATS is activated. To clarify whether STATS activa-
tion is involved in cell proliferation as well as in other biolog-
ical processes, such as differentiation, it is necessary to identify
the target gene(s) whose expression can promote cellular pro-
liferation.
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