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Thrombopoietin (TPO) is a newly cloned cytokine
which is the major regulator of circulating platelet
levels, acting on both proliferation and differentiation
of megakaryocytes. We have investigated the ability of
TPO to activate the JAK/STAT pathway in megakaryo-
cytic cell lines. We used either the granulocyte-macro-
phage colony-stimulating factor (GM-CSF)- and/or
erythropoietin (EPO)-dependent UT?7 cell line in which
the murine TPO receptor (mumpl) had been trans-
fected (mumpl-UT?7 transfectants) or the MO7E and
DAMI cells which express endogenous human TPO
receptors. We demonstrated that TPO activates the
kinase JAK2 and a STAT5-like transcriptional factor
but not STAT1, STAT2, STAT3 or STAT4, in a very
rapid and transient manner. In order to better ascertain
the specificity of the activation of STATS-related factor
by TPO, we investigated the effect of other cytokines/
growth factors. Both GM-CSF and EPO activated
the STATS5-like factor. In contrast, neither interferon
(IFN)-y nor the mitogenic stem cell factor (SCF)
activated STATS, although IFN-y did activate STAT1
in those cells. The hematopoietic DNA binding activity
related to STATS was identified as a p97 tyrosine-
phosphorylated protein band which exhibited identical
gel mobility to the mammary STATS. Because v-mpl,
a truncated form of the TPO receptor c-mpl, was
shown to be oncogenic, we tested the activity of v-mpl
on STATS5 and found STATS constitutively activated
in two different v-mpl-expressing cells, the transiently
transfected Cos7 cells and the stable v-mpl-UT7 trans-
fectants. Overall, our data indicate that STATS is
widely expressed in hematopoietic cells and activated
by a number of cytokines, including TPO, GM-CSF
and EPO, but not by IFN-y or SCF.
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Introduction

Thrombopoietin (TPO) is the major regulator of circulating
platelet levels. The existence of this cytokine had been
suspected for a long time, but it was only recently cloned.
This glycoprotein was shown to stimulate both murine
and human megakaryocytopoiesis and to increase platelet

production in vivo (Bartley et al., 1994; de Sauvage et al.,
1994; Kaushansky et al., 1994; Lok et al., 1994; Wendling
et al., 1994). TPO exhibits significant homology with
erythropoietin (EPO), the main regulator of red blood cell
levels. The TPO receptor, the proto-oncogene c-mpl, is a
member of the cytokine receptor superfamily that includes
the receptors for EPO, granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), growth hormone (GH),
prolactin (PRL), interleukin (IL)-2-IL7 and others (Bazan,
1990; Cosman et al., 1990). In humans, expression of
c-mpl appears to be restricted to CD34cells and to cells
of megakaryocytic lineage (Methia et al., 1993; Debili
et al., 1994). c-mpl was first isolated as an oncogene
(v-mpl) being transduced as a truncated receptor in the
envelope gene of the myeloproliferative leukemia retro-
virus (MPLV) (Souyri et al., 1990). The proto-oncogene
is characterized by the presence of two cytokine motifs
in its extracellular domain, in contrast to v-mpl which has
lost nearly all the extracellular sequence of the proto-
oncogene except the 43 juxtamembrane amino acids
(Souyri et al., 1990; Vigon er al., 1992, 1993; Skoda
et al., 1993). In vitro, expression of v-mpl in hematopoietic
cells induces growth factor-independent proliferation,
suggesting that this truncated receptor functions as a
constitutively activated receptor (Wendling et al., 1989;
Bénit et al., 1994).

Biochemical events triggered by ligand-activated cyto-
kine receptors—including the related and well known
cytokine EPO—are the induction of tyrosine phosphoryla-
tion of the receptor itself and of a number of transducing
molecules such as shc or the phosphatidyl inositol 3 kinase
and other cellular proteins. The activation of several
tyrosine kinases as well as serine/threonine kinases such as
c-raf, B-raf and MAP kinase has been reported (reviewed in
Kishimoto et al, 1994). A recent signal transduction
pathway which involves Janus tyrosine kinases (JAK) and
proteins known as signal transducers and activators of
transcription (STATs) has recently been found to be
regulated by a number of hematopoietic cytokine receptors
(reviewed in Darnell et al., 1994; Ihle et al., 1994).

JAK proteins are cytoplasmic kinases of molecular
weight ~130 kDa lacking both SH2 and SH3 domains.
Four JAKs are presently known: TYK2, JAKI1, JAK2
(reviewed in Ihle et al., 1994) and the new JAK3 (Johnston
et al., 1994; Witthuhn et al., 1994). By genetic analysis,
members of this tyrosine kinase family were shown to be
absolutely required for ligand-activated interferon (IFN)
receptors to signal the regulation of gene expression and
to transmit the activation of the specific STATs (rewiewed
in Pellegrini and Schindler, 1993; Darnell et al., 1994).
These kinases were also shown to be activated by a
number of cytokines including EPO, GH, GM-CSF, PRL,
G-CSF, IL-3, IL-6-related cytokines, IL-2, -4, -7, -9, and
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to bind to their respective receptors (reviewed in Ihle
et al., 1994; Johnston et al., 1994; Miyazaki et al., 1994;
Russell et al., 1994). JAKs were shown to be strictly
required for transducing the proliferative signal of EPO,
IL-3 or IL-2 (Miyazaki et al., 1994; Zhuang et al., 1994).

The STATs are cytosolic transcriptional factors which
contain SH2 and SH3 domains and are tyrosine phos-
phorylated following ligand activation. They dimerize
(homo- or heterodimerization) and translocate into the
nucleus where they bind and activate specific DNA
sequences (reviewed in Pellegrini and Schindler, 1993;
Shuai et al., 1994; Darnell et al., 1994). Six STATs are
now characterized. The first STATs originally identified
(p91-STAT1 and p113-STAT2) were shown to be involved
in the IFN signaling pathway. STAT1 and STAT2 are
components of the IFN-stimulated gene factor 3 (ISGF3)
(Fu, 1992) which binds to IFN o-stimulatable response
elements (ISRE) upstream of IFN-a-inducible genes
(Schindler et al., 1992). STAT1 but not STAT2 is involved
in the IFN-y signaling pathway, forming tyrosine-phos-
phorylated homodimers which bind to IFN-y activation
sequences (GAS) (Shuai et al., 1994). STAT3 was identi-
fied as a transcriptional factor induced by IL-6 in hepato-
cytes (Akira et al., 1994), while STAT4 was discovered
by virtue of its homology to STAT1 with no known
activator so far (Yamamoto et al., 1994; Zhong et al.,
1994). The MGF-STATS was identified by its ability to
activate the transcription of casein genes under the control
of PRL (Wakao et al., 1994) while STAT6 was identified
as an IL4-activated STAT in monocytic cells (Hou et al.,
1994). In addition, a number of cytokine-responsive
proteins seem to be related to STATs based on tyrosine
phosphorylation and related DNA binding specificity,
without further precise identification (Kotanides and Reich,
1993; Larner et al., 1993; Ruff-Jamison et al., 1993;
Sadowski et al., 1993, Silvennoinen et al., 1993; David
et al., 1994, Finbloom et al., 1994; Gilmour and Reich,
1994; Meyer et al., 1994; Sliva et al., 1994).

STATS, originally identified as a transcriptional factor
activated by PRL in the lactating mammary gland, was
shown to be strictly required for the induction of transcrip-
tion of milk caseins. However, it has been reported to be
more widely expressed, being present in spleen and thymus
as well as in other tissues (Wakao et al., 1994). STATS is
activated by the JAK2 tyrosine kinase in vitro (Gouilleux
et al., 1994). This transcriptional factor recognizes a
specific palindromic sequence, TTCxxxGAA (Standke
et al., 1994; Gouilleux et al., 1995) which is found in the
B-casein promoter but also in a number of promoters of
genes other than mammary genes, such as genes coding
for the rat serine protease inhibitor 2.1-2.2, human inter-
stitial cell adhesion molecule (ICAM), high affinity immu-
noglobin G Fc receptor gene (FcyR1), interferon consensus
sequence binding protein (ICSBP), rat a2-macroglobulin
and IFN regulatory factor-1 (IRF-1) (Yoshimura and Oka,
1989; Harada et al., 1994; Pine et al., 1994; Sliva et al.,
1994). These findings suggest that STATS could play other
role(s) than solely induction of milk proteins in the
mammary gland. Preliminary data indicated that STAT5
was activated by PRL not only in mammary epithelial
cells but also in PRL receptor (PRL-R)-transfected hemato-
poietic cells (BAF-3) (Pallard et al., submitted).

In this study, we have investigated the ability of TPO
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Fig. 1. TPO induces the proliferation of mumpl-UT7 cells. Cells
5X IO3/point) were incubated with the indicated concentration of
either murine TPO (U/ml) or GM-CSF (pg/ml) for 36 h and
[3H]thymidine added for the next 4 h. The amount of [3H]thymidine
incorporated in the cells was determined (c.p.m.).

to activate the JAK/STAT pathway in hematopoietic cells.
We used either the GM-CSF- and/or EPO-dependent UT7
cell line in which we introduced the murine TPO receptor
(mumpl) and established clones (mumpl-UT?7) that
proliferate in the presence of TPO, or MO7E and DAMI
cells expressing their endogenous human TPO receptors.
We demonstrated that TPO activates the JAK?2 kinase and
a STATS5-like transcriptional factor rapidly and transiently,
but not STAT1, STAT2, STAT3 or STAT4. In addition,
because v-mpl was shown to be oncogenic, we tested its
activity on STATS and found that v-mpl constitutively
activates STATS in two different cellular contexts.

Results

TPO induces proliferation and tyrosine
phosphorylations on various proteins including
JAK2

UT?7 is a human leukemic cell line derived from a patient
with a megakaryoblastic leukemia. It is stricly dependent
on the presence of GM-CSF or EPO for its growth and
survival (Komatsu et al., 1991). We introduced the murine
mpl cDNA (mumpl) cloned in the pJZenTKneo retroviral
vector (Chang and Johnson, 1989) in UT7 cells maintained
with GM-CSF and selected for neomycin resistance. As
shown in Figure 1, mumpl-transfected cells (mumpl-UT?7)
were able to proliferate in response to murine TPO with
a half-maximal rate obtained at 100 U/ml. Similarly to
the parental cells, mumpl-UT7 cells also proliferate in
the presence of GM-CSF. However, even using high doses
of TPO, the cells did not reach the same proliferative rate
as the one obtained in the presence of optimal doses of
GM-CSF, due to the very low level of TPO receptors
expressed in these cells selected for their neomycin resist-
ance only (not shown). These mumpl-UT7 cells were
deprived of growth factors for 18 h and next incubated
with TPO for 2 -30 min. Total cellular phosphotyrosyl
proteins were immunoprecipitated and resolved on PAGE.
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Fig. 2. TPO induces the tyrosine phosphorylations of cellular proteins
including JAK2. mumpl-UT7 cells (1-2X 107/1ane) were incubated
with TPO (1000 U/ml) for the indicated times and total tyrosine-
phosphorylated proteins (lanes 1-3) or JAKI, JAK2 and TYK2 were
immunoprecipitated and analyzed by PAGE and Western blotting using
a monoclonal anti-phosphotyrosine antibody. Molecular weight
markers are indicated in the middle (kDa). The major bands whose
tyrosine phosphorylations were increased or decreased by TPO
treatment are shown by large arrows and stars, respectively.
Immunoglobulin G heavy chains present in immunoprecipitates are
indicated (Igy). (Bottom) The blot was stripped and further incubated
with anti-JAKI1 (lanes 4-5), anti-JAK2 (lanes 6-7) and anti-TYK2
(lanes 8-9).

As shown in Figure 2 lanes 1-3, TPO induced the rapid
tyrosine phosphorylation of a number of proteins (see
arrows) as well as rapid dephosphorylation of other bands
(see stars). Interestingly, among those, one band at M,
130 000 was rapidly and transiently tyrosine phosphoryl-
ated. This was reminiscent of members of the JAK family.
These kinases were immunoprecipitated with anti-JAK
antibodies from cells treated with TPO and analyzed by
Western blotting using anti-phosphotyrosine antibodies.
Among the four JAKSs presently known, only JAK1, JAK2
and TYK?2 were expressed in UT7 cells. JAK3 was not
detected in UT7 cells although, using the same anti-JAK3
antibody, we found JAK3 present in Jurkat cells (data not
shown). As indicated in Figure 2 lanes 4-9, TPO induced
the rapid tyrosine phosphorylation of JAK2 but not of
JAKI or TYK2.

TPO, GM-CSF and EPO induce a similar and
transient DNA binding activity in hematopoietic
cells

STAT proteins act downstream of JAK kinases in regulat-
ing gene expression. Therefore electrophoretic mobility
shift assays (EMSA) were performed with oligonucleotides
known to bind STATs. Since STATS is highly expressed
in spleen and thymus (Wakao et al., 1994) and is a direct
substrate for JAK2 in vitro (Gouilleux et al., 1994), we
focused our research on STATS5. We first used the STATS
binding sequence from the PB-casein promoter (Wakao
et al., 1994). As shown in Figure 3, nuclear extracts
prepared from TPO-treated mumpl-UT7 cells (lanes 2—6)
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Fig. 3. TPO induces the activation of a DNA binding complex.
mumpl-UT7 cells (2X 10%/point) were incubated with TPO

(1000 U/ml, lanes 2-6) for the indicated times, or with GM-CSF
(lane 1) (2.5 ng/ml) for 30 min, or with medium from untransfected
BHK cells (lane 7) (volume equivalent to 1000 U/ml) for 30 min.
Nuclear extracts were prepared and analyzed in band shift assays
(EMSA) using the B-casein promoter STAT5 binding site as a probe.
Shifted complexes are indicated by an arrow. The radioactivity at the
bottom of the gel corresponds to free probe.

possessed DNA binding activity with the B-casein probe.
The shifted oligonucleotide complex resolved as a single
band in EMSA detected as soon as 1 min after TPO
treatment (not shown). This complex was relatively
transient, becoming almost absent after 60 min of TPO
incubation (lane 6). Because the TPO used was a serum-
free culture medium from TPO-transfected BHK cells,
mumpl-UT7 cells were incubated with medium from
untransfected BHK cells as a control: no DNA binding
activity was found with the B-casein probe (lane 7).

To assess further the induction of a STATS-like DNA
binding activity in TPO-treated cells, the EMSA experi-
ments were extended to another STATS DNA binding
sequence, the GAS of the IRF-1 (Harada et al., 1994; Pine
et al., 1994). This IRF-1 GAS contains the palindromic
TTCxxxGAA motif that was shown to be required for
STATS binding (Standke et al., 1994; Gouilleux et al.,
1995). As shown in Figure 4 lanes 1-8, TPO-treated cells
possessed a DNA binding activity with the IRF-1 GAS
oligonucleotide. The complex bound to IRF-1 GAS
migrated with exactly the same mobility as the complex
bound to the B-casein probe and was induced with similar
kinetics (not shown). Concentration analyses of the TPO-
activated DNA binding complexes revealed that they were
induced at concentrations as low as 20 U/ml (lanes 3-8).
This TPO concentration is similar to the concentration of
TPO required for cells to start proliferating (see Figure 1).
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Fig. 4. TPO activates a DNA binding activity in various
megakaryocytic cell lines. mumpl-UT7 cells (1-8), DAMI cells (lanes
9-11) or MOTE cells (lanes 12-14) were incubated with TPO for 20
min at the concentrations indicated. Nuclear extracts were analyzed by
EMSA using an IRF-1 GAS probe.

The nuclear extracts positive for DNA binding activity
with the B-casein probe possessed the same binding activity
with the IRF-1 GAS probe, i.e. kinetics, concentration-
dependence and migration patterns of the nuclear com-
plexes; we used either probe in the next experiments.

We had already observed that the human megakaryocytic
cell lines DAMI and MO7E expressed an endogenous 84
kDa mpl protein on their cell surface (Debili et al., 1994
and data not shown). To extend the data obtained on the
mumpl-UT7 cells, DAMI or MO7E cells were incubated
in the presence of murine TPO. Analysis of the nuclear
extracts by EMSA indicated that TPO induced a DNA
binding activity with the IRF-1 probe in both cells (Figure
4, lanes 9-14). The complexes migrated exactly as the
complex induced in TPO-treated mumpl-UT?7 cells (lanes
1-8). Similar results were obtained with the B-casein probe
(not shown), indicating that TPO-dependent activation of
a STATS-like DNA binding activity was not restricted to
the transfected cell line but also occurred in human cells
expressing endogenous c-mpl.

Nuclear extracts from GM-CSF- and EPO-treated
mumpl-UT7 cells were also prepared. Both cytokines
induced a similar rapid and transient DNA binding com-
plex with the B-casein probe (Figure 5), which migrated
at the same position and with mobility identical to the
TPO-induced complex (compare Figure 3, lanes 1 and 3).

TPO, GM-CSF and EPO induce the activation of a
p97 STAT5-like protein in hematopoietic cells

To investigate further the TPO-induced DNA binding
complex, competition studies were performed with a
variety of GAS-containing sequences. In these experi-
ments, nuclear extracts from TPO-treated cells were co-
incubated with a 50-fold molar excess of the unlabeled
competitor oligonucleotide and the labeled probe. The
TPO-induced complex was competed effectively by the
IRF-1 GAS (Figure 6, lane 6), the B-casein (lane 2) and
the FCYR GAS (lane 8) oligonucleotides, partly by the
acute phase responsive element (APRE) (lane 3), weakly
by the Ly6E GAS (lane 9) but not by the guanylate

2850

GM-CSF EPO

0 10’ 20’ 30°60’ O 10’20’ 30’ go’

- . ———

UV

1.2 3 4 5 6

7 8 9 10

Fig. 5. GM-CSF and EPO activate a similar DNA binding activity in
mumpl-UT7 cells. Cells were treated with GM-CSF (2.5 ng/ml) or
EPO (10 U/ml) for the indicated times. Nuclear extracts were analyzed
by EMSA using the B-casein probe.

binding protein (GBP) GAS (lane 4), ISRE (lane 5) or
sis-inducible element (SIE) (lane 7). These last three
oligonucleotides do not contain any related TTCxxxGAA
motif required for STATS binding. Competition studies
were also done using the P-casein probe and nuclear
extracts from lactating mammary gland or from Cos 7
cells co-expressing the mammary STATS and the PRL
receptor (Gouilleux et al., 1994, 1995) and identical results
were obtained, indicating that the DNA binding activity
induced in the TPO-treated mumpl-UT?7 cells or by PRL
in mammary epithelial cells had similar DNA binding
specificities.

To extend the above data, supershift experiments were
performed with antibodies raised against the different
STATs (except STAT6) to determine whether any of
these STATs were actually present in the TPO-induced
complexes. As shown in Figure 7, the supershift assays
demonstrated that the TPO-induced complex did not react
with either STAT1, STAT2, STAT3 or STAT4 antisera: the
presence of the antisera in the binding reactions did not
alter the mobility of the complexes (lanes 10-13). How-
ever, the presence of a STATS antiserum or a pan-STAT
antiserum reactive to all known STATs (Raz et al., 1994)
(lanes 14-15) did alter the apparent mobility of the
DNA binding complex, indicating the presence of an
immunologically related STAT5 protein in the TPO-
induced extracts. Identical results were obtained in nuclear
extracts from cells treated with GM-CSF (lanes 3-8) or
EPO (not shown).

No data have been reported on the expression of
a STATS protein in hematopoietic cells. Therefore we
characterized further the DNA binding factor induced by
TPO. In addition, as activation of STATs is known to
depend on tyrosine phosphorylation (Darnell et al., 1994;
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Fig. 6. TPO-induced DNA binding protein binds to a precise subset of
GAS elements. Nuclear extracts from TPO-treated mumpl-UT?7 cells
were analyzed by EMSA with the IRF-1 probe in the presence of a
50-fold excess of the indicated oligonucleotides. The shifted
complexes are shown by a large arrow. One non-specific band which
was not displaced by an excess of unlabeled probe was visible in this
particular experiment (ns).

Gouilleux et al., 1994), the tyrosine phosphorylation
of the hematopoietic STAT5-like protein was examined.
Nuclear extracts from TPO-, GM-CSF- (Figure 8) or EPO-
treated (not shown) mumpl-UT7 cells were incubated
with Sepharose beads coupled to multimerized STATS
binding sites (Wakao et al., 1994). Bound proteins were
eluted, analyzed by SDS-PAGE, blotted onto filters and
developed with either anti-phosphotyrosine antibodies
(Figure 8, lanes 1-2 and 5-6) or anti-STATS antiserum
(lanes 3—4). A single tyrosine-phosphorylated band, of M,
97 kDa, was identified in nuclear extracts from TPO-
(lane 2), GM-CSF- (lane 6) or EPO- (not shown) treated
cells that bound STATS binding oligonucleotide. Similarly,
a single band reacted with the anti-STATS5 antiserum
(lane 4). The p97 band exhibited the same migration
mobility as the mammary STATS expressed in transfected
Cos7 cells (Gouilleux et al., 1994, 1995). This band was
totally absent in untreated cells (lanes 1, 3, 5). The doublet
band at ~50-60 kDa appearing in lane 6 was often detected
in unstimulated cells and should correspond to non-specific
binding on the Sepharose beads. These results indicate
that hematopoietic cells express a protein highly related,
if not identical, to the sheep mammary STATS.

IFN-y and SCF do not activate a STAT5-like protein
In order to ascertain better the specificity of STATS
activation in TPO-, GM-CSF- and EPO-treated cells, we
investigated the effect of other cytokines/growth factors.
Mumpl-UT7 cells, like the parental ones, express IFN-y
receptors. These cells did not proliferate in the presence
of IFN-y. Nuclear extracts from IFN-y-treated cells were
assayed for the presence of DNA binding activity using

TPO activates STAT5 in hematopoietic cells
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Fig. 7. TPO and GM-CSF, but not IFN-y, activate a STATS-like factor
which binds IRF-1 probe. Nuclear extracts from mumpl-UT7 cells
treated either with no factor (Ust, lane 1), GM-CSF (2.5 ng/ml, lanes
2-8), TPO (1000 U/ml, lanes 9-15) or IFN-y (1000 U/ml, lanes
16-20) for 20 min were analyzed by EMSA in the absence (-) or
presence of the indicated antibodies. S1, S2, S3, S4, S5 and pS are
abbreviations for antibodies against STAT1, STAT2, STAT3, STAT4,
STATS and pan-STAT, respectively. ssA and ssB indicate the
supershifted complexes from complex A and B, respectively, and ns is
the non-specific band.

the same IRF-1 GAS probe as before. As shown in
Figure 7 lanes 16-20, IFN-y induced a DNA binding
activity with the IRF-1 GAS (complex B) which migrated
faster than the one induced by TPO or GM-CSF (complex
A), indicating that a different DNA binding complex was
induced. Supershift assays showed that this complex
reacted with STAT1 antiserum (lane 17) and the pan-
STAT antiserum (not shown), but not with STAT2, STAT3
(lanes 18-19), STAT4 (not shown) or STATS antisera
(lane 20), indicating that IFN-y only induced STAT1 in
UT7 cells. Similar results were obtained with the B-casein
probe using extracts from either mumpl or parental UT7
cells.

We extended these experiments further. A subclone of
the parental UT7 cells that proliferated in the presence of
stem cell factor (SCF) with kinetics similar to GM-CSF
or EPO had been established. Half-maximal proliferation
rate was obtained at ~2 ng/ml SCF, while full proliferation
was obtained at 10 ng/ml SCF (V.Duprez and P.Mayeux,
personal communication). Nuclear extracts from these
cells treated with GM-CSF, EPO, TPO or SCF were tested
for DNA binding activity with the B-casein probe. As
shown in Figure 9, although GM-CSF- or EPO-treated
cells induced a STATS-like activity (lanes 1-5), SCF did
not (lanes 8-11). Concentrations as high as 50 ng/ml of
SCF were tested: SCF did not induce STATS activation
(lane 11), even after shorter (10 min) or longer incubation
(60 min) (not shown). Those cells did not proliferate in
the presence of TPO and, as expected, TPO did not
activate STATS (lanes 6-7).

v-mpl constitutively activates STATS

Since v-mpl is an oncogenic form of mumpl, we tested
whether the constitutively active receptor permanently
activates STAT5. We performed transient co-transfection
assays in the Cos7 cells which contain undetectable levels
of STATS. However, when introducing the mammary
STAT5 cDNA together with the PRL-R (Gouilleux et al.,
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Fig. 8. Purification and identification of the TPO- and GMCSF-
induced STATS-like protein in the mumpl-UT7 cells. Nuclear extracts
from 3X107cells treated with either no factor (-, lanes 1, 3, 5), TPO
(1000 U/ml, lanes 2, 4) or GM-CSF (2.5 ng/ml, lane 6) for 20 min
were incubated with multimerized STATS5 binding oligonucleotides
coupled to Sepharose beads. Bound proteins were eluted and analyzed
by SDS-PAGE followed by blotting with the indicated antibodies and
detection by chemiluminescence. Molecular weight markers are
indicated on the left of the figure.

1994), GH-R or EPO-R (Gouilleux et al., 1995), the ligand-
dependent activation of STATS was clearly detected. v-mpl
c¢DNA was introduced in Cos7 cells, with or without the
mammary STATS cDNA, and the presence of a DNA
binding activity was tested with the B-casein or IRF-1
GAS probe. As shown in Figure 10A lanes 5-6, v-mpl
did not activate any endogenous STAT protein that bound
the B-casein or IRF-1 GAS oligonucleotide. However, in
the v-mpl and STATS co-transfected Cos cells, the mam-
mary STATS was clearly activated in the absence of TPO
(lanes 3—4). As expected, the transfection of the mumpl
cDNA together with mammary STATS triggered the activa-
tion of STATS only in the presence of TPO (lanes 1-2).
To strengthen these data, we extended these experiments
further. v-mpl had been subcloned previously in an expres-
sion vector, introduced in the parental UT7 cells, and cells
expressing v-mpl were selected as stable transfectants.
These v-mpl-expressing UT7 cells (v-mpl-UT7) were able
to grow in the absence of added growth factor and no
longer required the presence of GM-CSF or EPO for their
survival (Bénit et al., 1994). Nuclear extracts from two
clones expressing v-mpl (clone 2 and clone 8) were
assayed for DNA binding activity with the B-casein probe
and compared with extracts from mumpl-UT7 cells. In
contrast to unstimulated mumpl-UT?7 cells (Figure 10B,
lane 7), in the absence of added growth factor v-mpl-
UT7 cells contained a DNA binding activity with the
B-casein probe (lanes 1-6). This complex migrated with
exactly the same mobility as the complex induced in TPO-
treated mumpl-UT7 cells (lane 8). Supershift experiments
with anti-STATS or anti-STAT1 antibodies indicated that
B-casein-bound complexes from v-mpl-UT7 cells con-
tained an activated STATS-like protein (lanes 2 and 5) but
no STATI (lanes 3 and 6). As mentioned above, such a
complex was never detected in mumpl-UT?7 cells in the
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Fig. 9. The mitogenic factor SCF does not induce the activation of a
STATS5-like factor. Nuclear extracts from a subclone of the parental
UT?7 cells (UT7-S) were prepared from GM-CSF (2.5 ng/ml,

lanes 1-2)-, EPO (10 U/ml, lanes 3-5)-, TPO (1000 U/ml, lanes 6-7)-
or SCF (1-50 ng/ml, lanes 8-11)-treated cells and were analyzed by
EMSA using the B-casein probe.

absence of TPO, even after prolonged exposure of the
gels (see Figure 4 lane 1 versus lane 8).

Discussion

The present data demonstrate that in hematopoietic cells
the TPO-R (c-mpl) activates a DNA binding complex that
was indistinguishable from the PRL-induced mammary
STATS previously identified, in that: (i) the TPO-induced
DNA binding complex bound to STATS binding sites
derived from the mammary B-casein and from the IRF-1
promoter; (ii) the DNA binding complex was competed by
the same oligonucleotides used to displace the interaction
between the mammary STAT5 and the B-casein promoter,
i.e. by FCYRI GAS but not by ISRE, GBP GAS or SIE;
(iii) the DNA binding complex was reactive in supershift
assays with anti-STATS antibody but not with antibodies
to STAT1, STAT?2, STAT3 or STAT4; (iv) the DNA binding
protein was tyrosine phosphorylated, migrated as a single
band of 97 kDa, as does the mammary STATS5, and reacted
with STATS antiserum in Western blot; (v) these results
were found in several human TPO-responsive cells
(mumpl-UT7, MO7E, DAMI cells) expressing exogenous
murine or endogenous human c-mpl, indicating that the
activation of the hematopoietic STATS by TPO was not
merely a characteristic of a particular cell line. Moreover,
using the IRF-1 GAS oligonucleotide that contained
STAT1 and STAT3 binding sites, we did not detect any
activation of STAT1, STAT2, STAT3 or STAT4 by TPO.
In addition, c-mpl activated the mammary STAT5 when
both were co-transfected in Cos7 cells. To our knowledge,
this is the first demonstration for the activation of a STAT
by TPO. Although the hematopoietic STAT5-like factor
activated by TPO is presently indistinguishable from the
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Fig. 10. v-mpl constitutively activates STAT5. (A) Cos cells were co-transfected with c-mpl (lanes 1-2) or v-mpl (lanes3-6) in the presence (+) or
absence (-) of mammary STATS expression vector. After 48 h, cells were incubated with or without TPO (1000 U/ml) for 20 min, as indicated.
Nuclear extracts were analyzed by EMSA using the B-casein probe. Shifted complexes are indicated by arrows. (B) UT7 cells expressing v-mpl
(clone 2, lanes 1-3, or clone 8, lanes 4-6) or mumpl (lanes 7-10) were incubated with (+) or without (=) TPO (1000 U/ml) for 20 min. Nuclear
extracts were analyzed by EMSA with the B-casein probe in the absence () or presence (+) of an excess of the indicated antibodies (Ab). S1 and
S5 are abbreviations for antibodies against STAT1 or STATS, respectively. Shifted complexes are indicated by an arrow; ns, non-specific band.

PRL-induced mammary STATS, we cannot exclude that
it could be encoded by a new STATS5-like gene.

Our experiments have also established that the activation
of the hematopoietic STATS by TPO was shared by
GM-CSF and EPO, but not with IFN-y, although in the
same cells IFN-y triggered the activation of STAT1 which
binds to the same GAS-containing probe used (IRF-1
GAS). Therefore, although multiple STATs are present in
a cell, only one or a few will specifically be activated by
a precise ligand-activated receptor, introducing a first level
of specificity in cytokine signal transduction pathways.
These results are in agreement with others on the detection
of tyrosine phosphorylation of undefined STATs by EPO
(Finbloom et al., 1994; Yamamoto et al., 1994), GM-CSF
(Larner et al., 1993), IL-2 (Beadling et al., 1994), GH
(Sliva et al., 1994) or PRL (O’Neal and Yu-Lee, 1994)
in hematopoietic cells. All these reports used various
oligonucleotide probes (FcyRI GAS, IRF-1 GAS, Spil
GAS) to detect the induction of DNA binding activities.
Interestingly, all these GAS oligonucleotide sequences did
contain the palindromic STATS binding motif TTCxxx-
GAA. Since we also demonstrated the activation of
a STATS-like protein by PRL, EPO and IL-3 in the
hematopoietic murine BAF-3 cell line (Pallard et al.,
submitted), we suggest that the unknown STATs activated
in the above reports may all be related to STATS. If this
is confirmed, it would indicate that activation of STATS
is not solely induced by JAK2-activating ligands (TPO,
GM-CSF, IL-3, EPO, PRL, GH), but could also occur
through the activation of JAK3/JAK1 (IL-2) (Beadling
et al., 1994; Johnston et al., 1994; Miyazaki et al., 1994).

Our data suggested that the three cytokines TPO, GM-
CSF and EPO, activate similar JAK/STATs pathway in
the same cell, since all activate JAK2 and not JAK1 (this
report; Ihle et al., 1994) and all three activate STATS and

not STAT1-4 (this report; Larner et al., 1993; Finbloom
et al., 1994; Yamamoto et al., 1994). Since these three
cytokines induce cell proliferation of the UT7 cells but
trigger different differentiation programs (Hermine et al.,
1992; and unpublished data), our results would be con-
sistent with a role of JAK2/STATS in cell proliferation
rather than in cell differentiation. This hypothesis is further
strengthened by our findings that PRL and IL-3—which
mainly allow the hematopoietic BAF-3 cells to prolifer-
ate—also activate STATS5 in BAF-3 cells, and by the
possible activation of STATS by a number of other
cytokines (see above). However, SCF did not activate
STATS in a UT7 subclone, although these cells proliferate
at exactly the same rate and had the same doubling time
in the presence of SCF or EPO. Therefore, if the activation
of STATS is responsible for the induction of mitosis by
the above cytokines, an alternative pathway triggered by
SCF should exist. Whether this alternative pathway is
activated by other growth factors and/or involves other
unidentified STATs or unrelated transcriptional factors
remains to be established. Because SCF binds to a receptor
with intrinsic tyrosine kinase activity, it seems worth
knowing whether other growth factors acting through
tyrosine kinase receptors do activate STATS or not.
Alternatively, differential activation(s) of the hemato-
poietic STATS5 leading to a transcriptional factor with
variable transactivating potencies could be triggered by
different cytokines independently of only tyrosine
phosphorylation; serine/threonine phosphorylations are
already known to be essential for the activity of a number
of transcriptional factors (Hunter and Karin, 1992). Lastly,
the common activation of STATS by TPO, GM-CSF and
EPO might be associated with differential activation(s) of
other interacting transcriptional factors forming specific
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transcriptional complexes leading to differential regulation
of gene transcription.

In contrast to Finbloom et al. (1994) or Larner et al.
(1993) using the human erythroleukemic cell line TF1
and human monocytes, we only detected one band of
tyrosine-phosphorylated nuclear proteins associated with
the GAS-beads from EPO- or GM-CSF-treated UT?7 cells:
only a 97 kDa band was detected and no proteins at 80—
84 kDa were visible even after prolonged exposure of the
Western blots. Wakao et al. (1994), using nuclear extracts
from sheep mammary gland, reported the purification of
two proteins bound to the P-casein STATS5-responsive
element, of 92 and 84 kDa respectively. This suggests
that, depending on the cellular context and the cytokine
used, either multiple STATs can be activated and/or
different proteolytic, and/or partially spliced, and/or
partially processed forms of STATS can be expressed and
triggered.

Our findings raise questions about the gene targets
whose expression might be modified by the activated
STATS in hematopoietic cells. A good candidate for
regulating the cell cycle could be the IRF-1 gene. The
IRF-1 gene contains a STATS binding site/GAS and
encodes a DNA binding factor that recognizes a sequence
in the promoter of some genes activated by IFNs (Harada
et al., 1994; Pine et al., 1994). However, IRF-1 was also
reported to be involved in growth regulation: its activity
was tightly regulated during the cell cycle or during
differentiation (Abdollahi et al., 1991; Harada et al., 1993;
Kirchhoff et al., 1993; Tanaka et al., 1994). Loss of the
IRF-1 gene is a frequent occurrence in human myelodys-
plastic syndromes and therefore it may function as an anti-
oncogene (Willman et al., 1993). In addition, expression of
the IRF-1 gene is stimulated by a variety of cytokines
including IL-1, IL-2, IL-3, IL-6, leukemia inhibitory factor,
tumor necrosis factor, PRL and IFNs (Levy et al., 1988;
Fujita et al., 1989; Abdollahi et al., 1991; Schwarz et al.,
1992; O’Neal and Yu-Lee, 1994). Taken together, these
observations suggested that IRF-1 may be a critical tumor
suppressor involved in the regulation of the normal cell
cycle. Whether the induction of IRF-1 is involved in the
cellular response to TPO, GM-CSF and EPO is currently
under investigation.

Our data also indicated that STATS5 protein can be
constitutively activated in cells expressing the oncogenic
receptor v-mpl, either in the non-hematopoietic Cos7 cells
transiently transfected with v-mpl or in the hematopoietic
UT7 cells stably transfected with v-mpl (v-mpl-UT?7).
This is the first evidence of a permanent activation of a
transcriptional factor from the STAT family by an onco-
gene. Since v-mpl was shown to induce proliferation
without blockage of differentiation processes in MPLV-
infected hematopoietic cells, the constitutive activation of
STATS further strengthens a possible role of STATS in
mitogenesis and/or inhibition of apoptosis. Whether or
not this activation occurred directly remains to be deter-
mined. This constitutive activation of STATS5 should
provide a simple assay to determine which region(s) of
v-mpl are critically involved in STATS activation.

Overall, our data demonstrate that STAT5-like proteins
are ubiquitous factors which are expressed in hemato-
poietic cells and activated by a number of cytokines
including TPO, GM-CSF and EPO, but not by IFN-y
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or SCF. Moreover, these transcriptional factor can be
constitutively activated in cells expressing the oncogenic
form of a cytokine receptor such as v-mpl.

Materials and methods

Cell culture

Parental (Komatsu et al., 1991) or mumpl-transfected UT7 cells and
MOT7E cells (Avanzi et al., 1988) were maintained in o-medium
supplemented with 10% fetal calf serum (FCS) and 2.5 ng/ml recombinant
GM-CSF. The cells were arrested in a quiescent state by washing three
times in phosphate-buffered saline (PBS) and replacing in Iscove medium
supplemented with transferrin (20 pg/ml) and bovine serum albumin
(0.4%) in the absence of cytokine for 18 h, as described by Dusanter-
Fourt ez al. (1994). Alternatively, cells were maintained in 10% FCS in
the absence of cytokine for 18 h prior induction. Similar results were
obtained under both conditions. Cells were induced in the presence of
the indicated cytokine/growth factor for 1-60 min at 37°C. A subclone
of the parental UT7 cells which had acquired the ability to proliferate
in response to SCF with a similar doubling time to that in response to
GM-CSF or EPO had been established (UT7-S). This clone was
maintained in o-medium-10% FCS supplemented with either EPO (20
U/ml) or SCF (50 ng/ml). DAMI cells (Greenberg et al., 1988) were
maintained in o-medium with 10% FCS and were deprived of serum
for 6 h prior to stimulation with TPO. UT7 cells expressing v-mpl
(clones 2 and 8) (Bénit et al., 1994) were maintained in a-medium with
10% FCS. Cos7 cells were maintained in Dulbecco’s modified minimal
medium with 10% FCS.

Murine TPO was kindly provided by Zymogenetics Inc. (Seattle,
USA) and obtained as a serum-free medium from stably transfected
BHK cells expressing TPO (Lok et al., 1994). Ten units was defined as
the amount of TPO inducing half-maximal proliferation of BAF-3 cells
stably expressing the transfected murine mpl. As a control, serum-free
medium from untransfected BHK cells was also used. Recombinant
EPO was from Boerhinger Mannhein, SCF was obtained from Amgen
and recombinant human IFN-y was a gift from Roussel Uclaf.

Plasmids

Murine mpl ¢cDNA (Vigon et al., 1992) or v-mpl were subcloned into
the retroviral vectors pJZen TkNeo (Chang and Johnson, 1989) or
pBabeNeo (Morgenstern and Land, 1990), as described (Bénit et al.,
1994). UT7 cells were electroporated (107 cells) in the presence of 50 g
of the mumpl-pJZenTkNeo plasmid or 50 pg of the v-mpl-pBabeNeo
plasmid and were selected for their resistance to 800 pg/ml G418 during
20 days. Cos7 cells were transfected using the DEAE—dextran method.
5 pg of the pBabeNeo containing either mumpl or v-mpl and 5 pg of
the pXM-STATS (Gouilleux et al., 1994) were used for each transfection.
Cos7 cells were collected 2 days later, as described (Gouilleux et al.,
1994).

Immunoprecipitation and Western blot

Cells were lysed in 1% NP-40 buffer and extracts were immunoprecipi-
tated as described (Dusanter-Fourt et al., 1994). The antibodies used
were directed against the following: JAK1 C-terminal fusion protein
(Witthuhn et al., 1994) (gift from A.Ziemiecki); JAK2 C-terminal peptide
(aa 758-776 of murine JAK2, Upstate Biotechnology Inc.); JAK3
C-terminal peptide (aa 1105-1124 of human JAK3, Santa Cruz Biotech-
nology Inc); TYK2 fusion protein (Barbieri et al., 1994) (gift from
S.Pellegrini, Paris); STAT1 N-terminal domain (anti-ISGF3 p91/p84
monoclonal antibody, Transduction Laboratories, UK); STAT2 (gift from
C.Shindler, New York); STAT3 C-terminal peptide (30C, gift from
D.Levy, New York University Medical Center) (Raz et al., 1994); STAT4
C-terminal peptide (C-20, Santa Cruz Biotechnology Inc.); STATS
N-terminal fusion protein containing amino acids 6-160 of sheep
mammary STATS (Gouilleux et al., 1995); STAT3 N-terminal peptide
which recognizes all STATs presently known (Riaz ez al., 1994) (30N,
named thereafter pan-STAT, gift from D.Levy); and anti-phosphotyrosine
monoclonal 4G10 (gift from B.Drucker, Portland). Anti-STATS antiserum
was shown to be specific for STATS, with no recognition of STATI, 2,
3 or 4 (Gouilleux et al., 1995). Immunoreactive bands were visualized
by chemiluminescence (Amersham).

Electrophoretic mobility shift assays
Nuclear extracts were prepared by a brief lysis of the cells in a mild
buffer (50 mM Tris-HCI pH 7.9, 10 mM KCl, 0.2% NP-40, 10%



glycerol, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.1 mM Na,VO,)
followed by extraction of the pelleted nuclei with a hypertonic buffer
containing 400 mM NaCl, 20% glycerol, 20 mM HEPES pH 7.9, 10 mM
KCl, 1 mM EDTA, 1| mM PMSF, 1 mM Na,VO,. The extracts were
centrifuged at 20 000 g for 5 min and supernatants were immediatly frozen
in liquid nitrogen and stored at —80°C before use. The oligonucleotide
sequences used were derived from the bovine P-casein promoter
(5'-AGATTTCTAGGAATTCAAATC-3') and the human IRF-1 GAS
(5'-GATCCATTTCCCCGAAATGA-3'). Probes were end-labeled with
[y-32P]ATP and 40 000 c.p.m. were used per reaction (16 fmol). Extracts
(from 1x10° cells/point) were incubated for 30 min at 4°C in 20 ul of
binding buffer with 2 ng poly(dl-dC). Complexes were separated on
4% non-denaturating polyacrylamide gels in 0.25X TBE and detected
by autoradiography. For competition assays, unlabeled oligonucleotides
(02-macroglobulin-APRE, 5'-GATCCTTCTGGGAATTCCTA-3'; GBP
GAS, 5'-AAGTACTTTCAGTTTCATATTACTCTAAATA-3'; interferon-
stimulated Ly6E GAS, 5'-CATGTTATGCATATTCCTGTAAGTG-3';
ISG15 ISRE, 5'-GATCGGGAAAGGGAAACCGAAACTGAAGCC-3';
FcyR1 GAS, 5'-GTATTTCCCAGAAAAGGAAC-3'; SIE from the c-fos
promoter, 5'-GTCGACAGTTCCCGTCAATC-3') were added at 50X
molar excess with the probe. For supershifts assays, nuclear extracts
were incubated with an excess of the indicated antibodies and the probe.

DNA binding proteins were isolated from nuclear extracts of 20—
30X 106 cells. Extracts were first checked for the presence of STATS-
like complexes by EMSA, then diluted and incubated at 4°C for 45 min
in binding buffer [10 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT,
50 mM NaCl, 0.1% NP-40, 5% glycerol, 20 pg poly(dI-dC)] in the
presence of double-stranded 5’ oligonucleotides from the STATS binding
site of the B-casein promoter coupled to Sepharose beads, as described
(Wakao et al., 1994). Complexes were washed twice in binding buffer
and separated by SDS-PAGE. Bound proteins were detected by Western
analysis as above.
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