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Interleukin-9 (IL-9), a T-cell-derived cytokine, interacts with a specific receptor associated with the IL-2
receptor vy chain. In this report, we analyze the functional domains of the human IL-9 receptor transfected into
mouse lymphoid cell lines. Three different functions were examined: growth stimulation in factor-dependent
pro-B Ba/F3 cells, protection against dexamethasone-induced apoptosis, and Ly-6A2 induction in BW5147
lymphoma cells. The results indicated that a single tyrosine, at position 116 in the cytoplasmic domain, was
required for all three activities. In addition, we observed that human IL-9 reduced the proliferation rate of
transfected BW5147 cells, an effect also dependent on the same tyrosine. This amino acid was necessary for
IL-9-mediated tyrosine phosphorylation of the receptor and for STAT activation but not for IRS-2/4PS
activation or for JAK1 phosphorylation, which depended on a domain closer to the plasma membrane. We also
showed that JAK1 was constitutively associated with the IL-9 receptor. Activated STAT complexes induced by
IL-9 were found to contain STAT1, STAT3, and STATS transcription factors. Moreover, sequence homologies
between human IL-9 receptor tyrosine 116 and tyrosines of other receptors activating STAT3 and STATS5 were
observed. Taken together, these data indicate that a single tyrosine of the IL-9 receptor, required for activation
of three different STAT proteins, is necessary for distinct activities of this cytokine, including proliferative responses.

Interleukin-9 (IL-9) is a multifunctional cytokine secreted by
activated T cells (35). Biological targets for IL-9 include mast
cells, B lymphocytes, T-cell clones, hematopoietic progenitors,
and immature neuronal cell lines (27, 28). In addition, IL-9
seems to be involved in both human and murine tumorigenesis.
In vitro, IL-9 induces proliferation of T-cell lymphomas and
protects them against dexamethasone-induced apoptosis (30).
In vivo, IL-9 transgenic mice spontaneously develop lympho-
mas and are highly susceptible to chemical mutagenesis (29).
Finally, the existence of an IL-9-mediated autocrine loop in
Hodgkin’s disease has been suggested (9, 21).

IL-9 activities are mediated through a receptor that belongs
to the hematopoietin receptor superfamily (26). Like other
members of this family, the cytoplasmic part of the human IL-9
receptor (hIL-9R) does not bear any consensus sequence for
tyrosine kinase domains and was only characterized by a high
percentage of proline and serine residues. Several observations
have stressed similarities between IL-9R and IL-2R. The in-
tracellular juxtamembrane region of hIL-9R, which contains
the box 1 consensus sequence (24), shows a significant homol-
ogy with the IL-2 receptor B chain (IL-2RB). Moreover, al-
though hIL-9R is sufficient for high-affinity binding of IL-9, it
was recently shown to interact with the IL-2R -y chain (vy,) (17,
31). On the basis of this observation, IL-9 was associated with
the IL-2 cytokine family, which includes IL-2, IL-4, IL-7, and
IL-15.

These cytokines share common signal transduction path-
ways. They indeed involve the same JAK tyrosine kinases,
namely, JAK3, which was shown to associate with vy, and
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JAKI, which interacts with IL-2Rp and IL-4R (30, 37). Fur-
thermore, IL-2, IL-7, and IL-15 activate a similar set of STAT
transcription factors, including STATS (12, 20), whereas IL-4
activates STAT6 (11). Depending on the cell lines used, dis-
tinct STAT proteins, including STAT1 (39), STAT3 (38), and
STATS (18), have been shown to be activated in response to
IL-9. In addition, both IL-9 and IL-4 were found to activate an
insulin receptor substrate 1 (IRS-1)-related protein (38).

In the present work, we analyzed the structure-function re-
lationship of the hIL-9R by using a set of mutated human
receptors. We demonstrated that a single tyrosine was required
for IL-9-mediated Ly-6A2 gene induction and antiapoptotic
activity as well as both positive and negative growth regulation.
We showed that this tyrosine was phosphorylated after IL-9
binding and mediated STAT1, STAT3, and STATS activation
but not IRS-2/4PS phosphorylation. Finally, we showed that
JAK1 was constitutively associated with the IL-9R and that its
activation depended on a region more proximal to the plasma
membrane. In contrast with previous reports with IL-2Rf and
IL-4R (7, 10, 11, 34), our data suggest that a STAT-binding
tyrosine of the hIL-9R is necessary for growth regulation and
protection against apoptosis.

MATERIALS AND METHODS

Cells and cell culture. BW5147, a murine lymphoma cell line, was cultured in
Iscove-Dulbecco’s medium supplemented with 10% fetal calf serum, 0.24 mM
asparagine, 1.5 mM glutamine, 0.55 mM arginine, and 50 wM 2-mercaptoetha-
nol. Ba/F3 is a pro-B cell line (kindly donated by R. Palacios, Basel Institute for
Immunology, Basel, Switzerland [25]) maintained in Dulbecco’s modified Eagle
medium containing 10% fetal calf serum and IL-3 (250 U/ml, produced in CHO
transfected cells; kindly donated by A. Burgess, Ludwig Institute, Melbourne,
Australia). The human macrophage cell line THP1 was cultured in RPMI me-
dium supplemented with 10% fetal calf serum. Recombinant hIL-9, mouse IL-4
(mIL-4), mIL-6, and mIL-9 were produced in the baculovirus system and purified
as previously described (6, 13). Recombinant mouse gamma interferon (IFN-y)
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and hIL-4 were kindly provided by W. Fiers (University of Ghent, Ghent, Bel-
gium) and J. Banchereau (Schering-Plough, Dardilly, France), respectively.

Production of anti-hIL-9R antibodies. P815 mastocytoma cells transfected
with hIL-9R ¢DNA in the pEF-BOS plasmid were injected into DBA/2 mice.
These cells initially formed a tumor that was ultimately rejected. The sera of
these mice had high titers of anti-hIL-9R antibodies and were used in immuno-
blot experiments. Several hybridomas specific for the hIL-9R were derived from
these immunized animals. Two such hybridomas, AH9R1 [immunoglobulin E(k)]
and AH9R?2 [immunoglobulin G2a(k)], were used in the present experiments.

Plasmid constructions, DNA transfection, and analysis of transfected cells.
For stable transfections, the hIL-9R cDNA h9RAG6 was subcloned in the pEF-
BOS plasmid (22), in which a puromycin resistance gene for the selection of
transfectants has been inserted. Mutagenesis was performed by PCR as de-
scribed previously (1), and the coding sequence of each mutant was checked with
a ATaq sequencing kit (Amersham, Arlington Heights, IIl.). Plasmid DNA was
prepared with a Nucleobond kit (Macherey-Nagel).

BW5147 and Ba/F3 were transfected by electroporation (1,200 wF, 74 (), and
260 V and 1,500 pF, 74 Q, and 300 V, respectively) with 50 pg of sterile DNA.
Clones and pools of transfected cells were selected with puromycin (1.5 and 3
wg/ml for BW5147 and Ba/F3, respectively), and hIL-9R expression was checked
by fluorescence-activated cell sorter (FACS) analysis with biotinylated anti-
hIL-9R antibody AH9R1 followed by phycoerythrin-conjugated streptavidin
(Becton Dickinson). Pools corresponding to ~100 transfectants were used for
most experiments described here. For BW-h9R and BW-phel16 transfectants
(BW5147 cells expressing the wild-type hIL-9R and the hIL-9R with Tyr-116
mutated to Phe, respectively), pools and four independent clones were used with
similar results in every bioassay and further analysis was performed with clones.

Tritiated-thymidine incorporation, propidium iodide staining, and hexosea-
minidase assays were performed as previously described (30). Ly-6A2 induction
was monitored after a 24-h stimulation by FACS analysis with biotinylated
anti-Ly-6A/E antibodies (Pharmingen, San Diego, Calif.) followed by phyco-
erythrin-conjugated streptavidin.

Immunoprecipitations and immunoblot analysis. For JAK1 phosphorylation
analysis, cells (5 X 107) were stimulated with 1,000 U of IL-9 per ml for 5 min in
25 ml of medium. JAK1 was then immunoprecipitated according to the antibody
manufacturer’s recommendations (Upstate Biotechnology Inc., Lake Placid,
N.Y.). Briefly, cells were lysed in 1 ml of modified ice-cold RIPA buffer (1%
Nonidet P-40, 0.25% deoxycholate, 50 mM Tris [pH 8], 150 mM NaCl, 1 mM
EDTA, 1 mM Na;VO,, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride, apro-
tinin and leupeptin [both 10 pg/ml]). Cell debris was removed by centrifugation,
and supernatants were incubated for 1 h with 4 pl of anti-JAKI antiserum.
Protein A-linked agarose (30 pl; Gibco-BRL, Gaithersburg, Md.) was added to
the lysate before overnight incubation at 4°C. After extensive washing of the
beads, proteins were eluted with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer, boiled for 3 min, separated on a
precast SDS-PAGE (6% polyacrylamide) gel (Novex) and transferred to Hy-
bond-polyvinylidene difluoride (Amersham). The membranes were first immu-
noblotted with antiphosphotyrosine antibody 4G10 (1 pg/ml; Upstate Biotech-
nology Inc.) and then reprobed with anti-JAK1 antiserum (1/1,000) under
incubation conditions recommended by Amersham for visualization by enhanced
chemiluminescence detection (ECL kit; Amersham). IRS-2/4PS tyrosine phos-
phorylation in transfected Ba/F3 cells was analyzed by a similar protocol. These
cells were starved for 6 h in Dulbecco’s modified Eagle medium containing
bovine serum albumin (5 mg/ml) before stimulation with hIL-9 (1,000 U/ml).
Anti-IRS-2 antiserum (Upstate Biotechnology Inc.) was used at 4 pg/ml for
immunoprecipitation and 1 pg/ml for immunodetection.

In coimmunoprecipitation experiments, 2 X 108 stimulated cells were lysed in
the same buffer as that used for JAK1 immunoprecipitation, except that deoxy-
cholate was replaced by 0.8% Brij 96 (Sigma) and the Nonidet P-40 concentra-
tion was reduced to 0.2%. Cell lysates were first treated for 1 h with 50 pl of
protein A-agarose (Gibco-BRL) and centrifuged. Supernatants were incubated
for 2 h with 10 pg of anti-hIL-9R antibody AHIR2 and for 2 additional h with
30 pl of protein A-agarose. Immunoblotting was performed with anti-JAK1
antiserum, and membranes were reprobed with anti-hIL-9R antiserum (1/500) as
a control.

In order to check for IL-9R phosphorylation, we incubated the cells (10%) for
5 min with or without hIL-9 (1,000 U/ml) at 37°C and then for 1 h at 4°C with 5
g of AH9R2 monoclonal antibodies in 10 ml of buffer (Hanks balanced salt
solution, 3% fetal calf serum, 0.02% sodium azide). Subsequently, cells were
washed and processed as described for JAK1 phosphorylation analysis. Immu-
noprecipitation was controlled by reprobing the membrane with anti-IL-9R an-
tiserum (1/500).

Electrophoretic mobility shift assay. Nuclear extracts were obtained as de-
scribed previously (32), with minor modifications. Briefly, cells (1.5 X 107) were
stimulated for the indicated period with IL-9, IFN-y, IL-6, or IL-4 (1,000 U/ml
except for IL-6 [50,000 U/ml] and hIL-4 [200 U/ml]), washed with phosphate-
buffered saline (PBS), and resuspended in 1 ml of ice-cold hypotonic buffer A (10
mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid] buffer [pH
7.5] containing 10 mM KCl, 1 mM MgCl,, 5% glycerol, 0.5 mM EDTA, 0.1 mM
EGTA [ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid], 0.5
mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, aprotinin [10 pg/ml], 1
mM Na;VO,, and 5 mM NaF) for 15 min. The cells were lysed by adding 65 .l
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FIG. 1. hIL-9R expression in transfected cells. Cells were incubated sequen-
tially with biotinylated AH9R1 antibody and phycoerythrin-labeled streptavidin
before FACS analysis. For autofluorescence controls, the antibody was omitted
(dashed line). wt, wild type.

of 10% Nonidet P-40 and vortexing. Nuclei were pelleted (30 s at 20,000 X g) and
extracted over 30 min in 100 pl of hypertonic buffer B (buffer A supplemented
with 20 mM HEPES, 20% glycerol, and 420 mM NaCl). Nuclear debris was
removed by a 15-min centrifugation. Analysis of DNA binding activity was
performed as described previously (5) with a 3?P-labeled oligonucleotide probe
based on the 3’ 18 bp of the gamma response region (GRR) of the FcyRI gene
(8): upper strand, 5'-ATGTATTTCCCAGAAA-3'; lower strand, 5'-CCTTTTC
TGGGAAATAC-3'. In brief, 5-pl volumes of nuclear extracts were preincu-
bated in binding buffer [12 mM HEPES (pH 7.6), 10 mM KClI, 0.5 mM EDTA,
2.5% glycerol, 0.1 mg of poly(dI-dC) - poly(dI-dC) (Sigma) per ml] for 5 min.
Radiolabeled GRR probe (10° cpm; ~0.5 ng) was added, and the incubation was
continued for 25 min before loading on a 5% polyacrylamide gel. For gel shift
inhibition, phosphopeptide TLAYPLPQEDWA (superscript P indicates that Y is
phosphorylated) and the unphosphorylated control peptide were synthesized, ac-
cording to the 9-fluorenylmethoxycarbonyl method, and added to the nuclear extract
30 min before incubation with the oligonucleotide as described previously (11).
Analysis of GRR-binding activity by immunoblotting. Cells (10%) were stimu-
lated by cytokines for 15 min as described above, washed, and incubated for 10
min on ice in 1 ml of hypotonic buffer (10 mM HEPES [pH 7.8], 10 mM KCI, 1.5
mM MgCl,, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 1 mM
Na;VO,, 1 mM NaF). After Dounce homogenization, nuclei were pelleted (15
min, 3,300 X g) and incubated for 30 min in 500 pl of extraction buffer (20 mM
HEPES [pH 7.8], 420 mM NaCl, 25% glycerol, 0.2 mM EDTA, 1.5 mM MgCl,,
1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 1 mM Na;VO,, 1
mM NaF). Nuclear extracts were clarified by centrifugation, diluted with 1 ml of
electrophoretic mobility shift assay binding buffer, and incubated first for 1 h with
agarose-linked streptavidin (Pierce) to remove nonspecific material and then
overnight with immobilized GRR oligonucleotide (obtained by incubating 40 .l
of agarose-linked streptavidin with 0.2 ug of double-stranded GRR oligonucle-
otide biotinylated at the 5’ end of the upper strand [Eurogentec, Licge, Bel-
gium]). Agarose-bound materials were washed and immunoblotted as described
above with antiphosphotyrosine 4G10, anti-STAT1« (Santa Cruz Biotechnology,
Santa Cruz, Calif.), anti-STAT3, anti-STAT4, anti-STATS or anti-STAT6 monoclo-
nal antibodies (Transduction Laboratories, Lexington, Ky.), all at 1 pg/ml in PBS.

RESULTS

A single tyrosine of the hIL-9R is involved in protection
against apoptosis and Ly-6A2 induction. In a previous report,
we showed that transfection of the hIL-9R ¢cDNA into mouse
cells conferred responsiveness to hIL-9 (26). To dissect the
functional domains of the cytoplasmic part of the hIL-9R, we
chose to use a similar approach with mouse T-lymphoma
BW5147, whose response to mIL-9 includes Ly-6A2 up-regu-
lation (20a) and protection against dexamethasone-induced
apoptosis (30). BW5147 cells were stably transfected with the
wild-type hIL-9R and with a series of C-terminally truncated
receptors including 1C134, IC121, IC115, and IC21, which re-
tain 134, 121, 115, and 21 of the 231 cytoplasmic hIL-9R amino
acids, respectively. hIL-9R expression was monitored by FACS
analysis with biotinylated monoclonal anti-IL-9R antibody
AHOYRI1, and similar expression levels were found in each
transfectant tested (Fig. 1).

Next, we assessed whether these cells could respond to
hIL-9. We observed (Fig. 2) that hIL-9, like its murine ho-
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FIG. 2. IL-9-induced antiapoptotic activity and Ly-6A2 expression in
BW5147 cells expressing wild-type or mutant hIL-9R. (A) Schematic represen-
tation of the wild-type and mutated hIL-9Rs transfected into BW5147 cells.
Numbers refer to the amino acids remaining in the intracytoplasmic domain (IC)
of the truncated receptors. The tryptophan-serine motif (WSXWS) and the
transmembrane domain are depicted by solid boxes. The serine-rich domain and
box 1 are indicated by shaded boxes. All five tyrosines (Y) located in the
cytoplasmic tail of the receptor and the phenylalanine (F) mutation are indi-
cated. hIL-9R expression in transfected cells is shown in Fig. 1, except for
BW-phel16, which expressed a similar level of hIL-9R (data not shown). (B)
BW5147 and derived transfected cells (30,000 cells per well) were incubated for
24 h in the presence of dexamethasone (100 ng/ml) and cyclosporine (500 ng/ml)
(which enhances apoptosis [30]) with or without (—) hIL-9 (500 U/ml). Cell
viability was measured by FACS analysis after staining with propidium iodide.
One significant experiment out of three is shown (error bars, standard deviations
measured from triplicate cultures). (C) Ly-6A2 induction was assessed by FACS
analysis after a 24-h incubation with IL-9. A ratio (expressed as a percentage)
was obtained by dividing the mean channel increase in response to hIL-9 (500
U/ml) by the mean channel increase in response to mIL-9 (500 U/ml). Typical
Ly-6A2 induction in BW-h9R by mIL-9 was 2.2-fold *+ 0.2-fold. Data presented
here correspond to the means of at least three independent experiments =
standard errors of the means (error bars).

molog, conferred protection against dexamethasone and up-
regulated Ly-6A2 gene transcription in cells expressing the
wild-type hIL-9R (called BW-h9R). The 97 C-terminal amino
acids, including the serine-rich motif, could be deleted without
affecting hIL-9 activity (mutant IC134 in Fig. 2). When the
receptor was further truncated (IC121), removing a proline-
rich sequence (Pro-124...Pro-130-Ala—Pro-Pro), IL-9-medi-
ated Ly-6A2 induction was slightly diminished but the anti-
apoptotic effect was not modified. Finally, cells transfected
with shorter receptors such as IC115 and IC21 no longer re-
sponded to hIL-9 (Fig. 2), thereby underlining the importance
of residues 116 to 121 (Tyr-116-Leu—Pro-GIn-Glu-Asp).
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FIG. 3. Growth inhibition of BW5147 transfectants by hIL-9. Cells were
seeded in microtiter plates (1,000 cells per well) in the presence of the indicated
concentrations of hIL-9. Cell proliferation was assessed by measuring [°H]thy-
midine incorporation into DNA after 4 days of culture. Results are representa-
tive of three independent experiments. Standard deviations were calculated from
triplicate cultures and were less than 10%. Typically, addition of hIL-9 on
BW-h9R resulted in an increase in doubling time from 12 to 24 h (data not
shown).

Since phosphorylated tyrosines are known to play a key role
in cytokine receptor signal transduction, we mutated tyrosine
116 into phenylalanine. The response to hIL-9 in cells trans-
fected with this modified receptor (BW-phell6) was greatly
diminished (Fig. 2), demonstrating the importance of this sin-
gle tyrosine in these two bioassays.

Both growth inhibition and stimulation by IL-9 are depen-
dent on the same tyrosine. BW5147 lymphoma cells spon-
taneously proliferate in culture, irrespective of any cytokine
addition. Unexpectedly, we observed that the BW-h9R prolif-
eration rate diminished in the presence of hIL-9. Furthermore,
when our series of mutant hIL-9Rs were tested in this assay, we
found that the effect was dependent on the presence of ty-
rosine 116 in the transfected receptor (Fig. 3). However, we
observed that IC121 receptor was less efficient, suggesting that
the proline-rich sequence deleted in this receptor may play a
significant role in this process.

Inhibition of BW-h9R proliferation by hIL-9 contrasted with
the previously described growth-promoting activity of IL-9 for
a number of factor-dependent cell lines (28, 35, 36). To deter-
mine whether transfection of the hIL-9R could also confer
IL-9-dependent proliferation, we transfected the IL-3-depen-
dent pro-B cell line Ba/F3, which has been successfully used by
several groups for similar receptor studies (4, 7, 24, 34). As
shown in Fig. 4, hIL-9 could indeed replace IL-3 when Ba/F3
expressed the wild-type hIL-9R, IC134, or IC121, although
IC121 conferred a weaker IL-9 responsiveness. By contrast, in
cells transfected with IC115, IC21, or phell6 receptor, the
response to IL-9 was very low or absent (Fig. 4). Taken to-
gether, these experiments demonstrated that tyrosine 116 was
not only important for IL-9-mediated gene induction and pro-
tection against apoptosis but also paradoxically required for
both positive and negative regulation of growth by hIL-9.

IL-9R tyrosine 116 is required for receptor phosphorylation.
The requirement of a tyrosine for receptor function suggested
that this residue could be phosphorylated in response to IL-9.
To test this hypothesis, we immunoprecipitated the hIL-9R
with a specific monoclonal antibody, AH9R2, and subse-
quently performed an immunoblot assay with an antiphospho-
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FIG. 4. Proliferative responses of Ba/F3 cells expressing wild-type or mutant
IL-9R. Cells were seeded in microtiter plates (3,000 cells per well) in the pres-
ence of the indicated concentrations of hIL-9. Cell numbers were evaluated after
3 days by measuring hexoseaminidase activity. Shown are the means of duplicate
cultures, which varied by less than 10%. All transfectants responded equally to
IL-3 (data not shown). Results are representative of three independently per-
formed experiments.

tyrosine antibody (Fig. 5). In the absence of ligand, no ty-
rosine-phosphorylated receptor was detected in BW-h9R cells.
Following the addition of IL-9, an early phosphorylation of
the receptor was observed. By contrast, we did not detect
any phosphorylated receptor in BW-phel16 cells, suggesting
that tyrosine 116 is the only phosphorylated tyrosine of the
hIL-9R.

JAKI1 is activated by IL-9 and constitutively associated with
IL-9R. The IL-9R does not contain any tyrosine kinase con-
sensus sequence, but IL-9 was recently shown to activate JAK1
and JAK3 tyrosine kinases (31, 39). In the IL-2R and IL-4R
complexes, JAK3 is associated with vy, a common component
also interacting with hIL-9R. On the other hand, JAK1 has
been shown to associate with IL-4R (39) and IL-2RB (31),

BW BW-h9R BW-phe116
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FIG. 5. Tyrosine 116 is necessary for IL-9R phosphorylation. Cells were
incubated for 3 min with 1,000 U of IL-9 per ml. hIL-9R was immunoprecipitated
as described under Materials and Methods, analyzed by SDS-PAGE, and sub-
jected to Western blotting with 4G10 monoclonal antiphosphotyrosine antibody.
The membrane was reprobed with anti-IL-9R antiserum. A control experiment
was performed with nontransfected BW5147 cells (BW), demonstrating the
specificity of anti-hIL-9R antibodies. Similar results were obtained after up to 30
min of IL-9 stimulation (data not shown).
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FIG. 6. JAK1 kinase phosphorylation in response to IL-9 and association
with hIL-9R. BW5147 cells not transfected or expressing the indicated receptor
were stimulated for 5 min with 1,000 U of IL-9 per ml. (A) hIL-9R was immu-
noprecipitated as described under Materials and Methods. Immunoblots were
performed sequentially with anti-JAK1 and with anti-hIL-9R antisera. (B and C)
Jak1 was immunoprecipitated from stimulated cells and sequentially subjected to
Western blotting with antiphosphotyrosine and with anti-JAK1 antiserum.

which have partial homology with hIL-9R. We therefore tested
whether JAK1 could coimmunoprecipitate with hIL-9R. As
shown in Fig. 6A in BW-h9R, JAK1 was detected after anti-
IL-9R immunoprecipitation, independently of IL-9 stimula-
tion, thereby demonstrating its constitutive association with
the IL-9R. JAK1 activation, however, required IL-9 binding to
the receptor (Fig. 6B). To determine which region of the
hIL-9R was responsible for interaction with JAK1, we tested
receptors with deletions, including two additional truncated
forms, IC34 and IC98 (which were not functional in all tests
described above [data not shown]), for JAK1 activation. As
illustrated in Fig. 6C, hIL-9 induced phosphorylation of JAK1
neither in BW-IC21, which includes the boxl homology se-
quence, nor in BW-IC34, which contains the domain homolo-
gous to IL-2RB. However, JAK1 was activated in BW-IC98
and BW-phel16. In conclusion, the mutation of tyrosine 116
did not affect JAK1 activation, which was dependent on amino
acids 34 to 98 of the hIL-9R cytoplasmic domain.
IL-9-induced GRR-binding activity depends on tyrosine 116
and contains STAT1, STAT3, and STATS. It is well established
that phosphotyrosines constitute docking sites for SH2 do-
main-containing proteins, including the STAT transcription
factors, which are substrates for JAK kinases (8, 14). In this
study, we analyzed the IL-9-induced STAT activation by elec-
trophoretic mobility shift assays using a >?P-labeled oligonu-
cleotide derived from the GRR of the FcyRI gene promoter.
This motif is known to avidly bind STAT factors, including
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FIG. 7. IL-9-induced GRR-binding activity in BW5147, BW-h9R, and BW-
phel16. (A) Gel shift assays were performed with nuclear extracts prepared from
wild-type BW5147 cells treated or not with mIL-9 or IFN-vy (both treated for 30
min) or IL-6 or IL-4 (both treated for 15 min). IL-9-induced DNA-binding
complex was selectively inhibited by a cold competitor excess (data not shown).
(B) The same experiment was performed with BW5147 cells expressing wild-type
hIL-9R or phell6 mutant receptor after stimulation with hIL-9.

STATI, -3, -4, -5, and -6 (8, 11, 12, 15, 20). As illustrated in Fig.
7A, nuclear proteins from mlIL-9-stimulated BW5147 cells
were able to associate with the GRR oligonucleotide. Stimu-
lation of BW5147 cells with IFN-y, IL-6, or IL-4 resulted in
slightly different band shifts (Fig. 7A). A GRR-binding activity
was also observed in BW-h9R stimulated with hIL-9, but not in
BW-phel16 (Fig. 7B), indicating that tyrosine 116 is involved
in STAT activation. To further confirm this hypothesis, we
tested the ability of a phosphorylated peptide corresponding to
this region of the hIL-9R to disrupt activated STAT dimers
and thereby GRR binding. As shown in Fig. 8A, the phos-
phopeptide completely abolished all IL-9-induced band shifts,
while the control nonphosphorylated peptide had no effect. By
contrast, the STAT6-mediated band shift induced by IL-4 in
THP1 cells (11) was not affected by this phosphopeptide (Fig.
8B). Moreover, other phosphorylated peptides, corresponding
to the other tyrosines of the IL-9R, did not affect IL-9-induced
band shift (data not shown). These observations indicate that,
upon phosphorylation, tyrosine 116 specifically interacts in
vitro with IL-9-activated STAT proteins.

In order to determine further which STAT proteins were
activated by IL-9 in BW-h9R cells, we used immobilized bioti-
nylated GRR oligonucleotide, which allowed us to partially
purify IL-9-induced GRR-binding complexes from nuclear ex-
tracts. We then tested the presence of particular STAT pro-
teins in these complexes by Western blot (immunoblot) anal-
ysis. These experiments demonstrated the activation of
STATl1a, STAT3, and STATS in response to IL-9 (Fig. 9). As
expected, these factors are likely to be phosphorylated on
tyrosine, as shown when antiphosphotyrosine 4G10 antibody is
used (Fig. 9). We also noticed that STAT3 and STAT6 factors
were weakly preactivated in BW-h9R cells. Taken together,
these results indicate that tyrosine 116 was required for IL-9-
induced GRR-binding activity, which contained STATlq,
STAT3, and STATS.

IL-9-induced IRS-2/4PS activation does not depend on ty-
rosine 116. Previous reports indicate that both IL-4 and IL-9
induce the phosphorylation of IRS-2/4PS (39), an adapter pro-
tein reportedly involved in several activation pathways (16).
Moreover, IRS-2/4PS has been shown to be a major mediator
of the IL-4R signal transduction, particularly regarding prolif-
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FIG. 8. A phosphopeptide corresponding to IL-9R tyrosine 116 inhibits IL-
9-induced GRR-binding activity. (A) Nuclear extracts from IL-9-treated
BW5147 cells (1,000 U of mIL-9 per ml, treated for 30 min) were incubated with
the indicated concentrations of the phosphopeptide corresponding to hIL-9R
tyrosine 116 (p-Y116) prior to the binding assay with a labeled GRR oligonu-
cleotide. A control experiment was performed with the nonphosphorylated pep-
tide (Y116). (B) The same experiment was performed with BW5147 cells stim-
ulated by IL-9 and THP1 cells treated with IL-4. The phosphopeptide
concentration was 33 pM.

eration (16). We therefore tested if tyrosine 116 of the hIL-9R
plays any role in IRS-2/4PS activation. As shown in Fig. 10, a
similar IRS-2/4PS phosphorylation was induced by IL-9 in
Ba/F3 cells transfected either with the wild-type hIL-9R or
with the mutated receptor lacking tyrosine 116. This experi-
ment indicates that IRS-2/4PS activation is sufficient neither
for inducing Ba/F3 cell proliferation nor for the other activities
of IL-9 analyzed above.

DISCUSSION

The results presented in this work underscore the impor-
tance of hIL-9R tyrosine 116 in IL-9 signal transduction. In-
deed, deletion or mutation of this amino acid suppressed re-
ceptor tyrosine phosphorylation, STAT activation, and all the
IL-9 biological activities that were examined, namely, Ly-6A2
induction, antiapoptotic activity, and both negative and posi-
tive growth regulation. On the other hand, JAK1 phosphory-

hiL-9 - + - + - + - + - + = + kDa
-200

-116

-66
-45

Blot: pTyr Statila Stat3 Stat4 Stats5 Staté

FIG. 9. STAT1, STAT3, and STATS are present in IL-9-induced GRR-
binding proteins. GRR-binding complexes were isolated from nuclear extracts of
10® untreated or IL-9-stimulated BW-h9R cells, using immobilized GRR oligo-
nucleotide. DNA-bound proteins were analyzed by Western blotting with an-
tiphosphotyrosine-, anti-STAT1a-, anti-STAT3-, anti-STAT4-, anti-STAT5-, or
anti-STAT6-specific monoclonal antibodies.
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FIG. 10. IL-9 induces IRS-2/4PS phosphorylation independently of hIL-9R
tyrosine 116. Ba/F3 cells expressing the indicated receptor were starved for 6 h
before IL-9 stimulation (1,000 U/ml). IRS-2/4PS was immunoprecipitated with a
specific antiserum and subjected to Western blot analysis sequentially with an-
tiphosphotyrosine and anti-IRS-2/4PS antibodies.

lation did not depend on this tyrosine, which is compatible with
a role of JAK1 kinase upstream of tyrosine 116 phosphoryla-
tion and STAT activation. Furthermore, we demonstrated the
constitutive association of JAK1 with the IL-9R. A similar
observation has been made with IL-2RB (31) but not with
IL-4R, which fixes JAK1 only after ligand binding (38). We
further analyzed requirements for JAK1 activation and showed
that it depended on the first 98 amino acids of the cytoplasmic
part, whereas the box 1 and the IL-2RB homology regions were
not sufficient.

Accumulating data indicate that JAK kinases directly phos-
phorylate STAT transcription factors bound to phosphoty-
rosine residues of activated cytokine receptors (14). In contrast
with that of the majority of the cytokine family receptors (8,
33), hIL-9R phosphorylation was found to be dependent on
only one of its five cytoplasmic tyrosines. In addition, we
showed that mutation of this single amino acid or in vitro
competition with the corresponding phosphopeptide abolished
IL-9-induced GRR-binding activity, which included STATI,
STAT3, and STATS. This suggests that tyrosine 116, phos-
phorylated upon IL-9 binding, acts as a docking site for at least
three distinct STAT proteins.

STATS activation in response to IL-9 is an additional fea-
ture shared by IL-9, IL-2, IL-7, and IL-15 in signal transduc-
tion. In line with this observation, we found a significant ho-
mology in the amino acids surrounding hIL-9R tyrosine 116
and other tyrosines involved in STATS activation by IL-2, IL-7,
prolactin, and erythropoietin (Fig. 11A). This raises the possi-
bility that the Ala-phosphotyrosine-Leu sequence, surrounded
by negatively charged amino acids (Asp or Glu), could be
important in STATS5 recognition. In addition, this region of the
hIL-9R also fits the consensus sequence for STAT3 binding
site YXPQ (33), deduced from IL-6R component gp130 and
leukemia inhibitory factor receptor (Fig. 11B). Taken together,
these observations suggest that positions —1 and +1 relative to
the tyrosine, with negative charges in the vicinity, could deter-
mine STATS recruitment, whereas positions +2 and +3 would
be important for STAT3.

Besides the key role of tyrosine 116, the downstream region
could also cooperate in signal transduction. Although the trun-
cated receptor IC121 retained tyrosine 116, IC121-transfected
cells presented a response to hIL-9 slightly diminished relative
to those of wild-type and IC134 receptors. This was particularly
clear for Ba/F3 proliferation and BW5147 growth inhibition,
but Ly-6A2 induction was also significantly lowered. The re-
gion from position 121 to 134 of the receptor cytoplasmic tail
includes a proline-rich sequence flanked by an arginine (Arg-
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FIG. 11. Homology within amino acids surrounding hIL-9R tyrosine 116 and
receptor tyrosines involved in STAT3 or STATS activation. Shown is the align-
ment of the hIL-9R sequence containing tyrosine 116 with the regions of cyto-
kine receptors known to mediate STATS activation in IL-2RB (20), IL-7R (20),
prolactin receptor (PrIR) (19, 37), and erythropoietin receptor (mEpoR) (4) (A)
and with tyrosines involved in STAT3 activation (2, 33) (B). The numbers refer
to the positions of the critical tyrosines in the cytoplasmic domain of the recep-
tors. Boxes denote the conserved amino acids. Positive and negative residues are
represented in open and solid circles, respectively. Abbreviations for tyrosines:
hgp130, human glycoprotein 130; hLIFR, human leukemia inhibitory factor
receptor; G-CSFR, granulocyte colony-stimulating factor receptor; hEGFR, hu-
man epidermal growth factor receptor.

128-Pro—Ala-Pro-Pro), a feature shared by SH3-binding do-
mains (3). Since the STAT proteins contain a putative SH3
domain (14), it is possible that this proline-rich region of
hIL-9R stabilizes the interaction with STAT proteins, thus
enhancing signal transduction.

We observed that STAT activation correlates with IL-9-
mediated proliferation, protection against apoptosis, and Ly-
6A2 induction, suggesting that STAT factors could be involved
in these effects. This has been demonstrated for Ly-6A2 induc-
tion. Indeed, STAT proteins bind to the IFN-y activation site
element, which was found to be necessary for the IL-9-depen-
dent activation of the promoter of this gene (20a). The role of
STAT proteins in the regulation of proliferation by cytokines is
still ill-defined. Mutagenesis of IL-2R(, IL-4R, and other cy-
tokine receptors has shown that STAT-binding tyrosines could
be deleted without affecting growth-promoting activity, at least
in Ba/F3 or related models (7, 10, 11, 17). By contrast, recent
reports have shown that expression of dominant negative
STATS can partially inhibit IL-3-dependent Ba/F3 growth (23)
and that erythropoietin receptor tyrosine 343 is involved in
both STATS activation and proliferation at low erythropoietin
concentrations (4). Our data indicate that STAT proteins may
play a key role in IL-9-induced proliferation of Ba/F3 cells,
although we do not rule out the possibility that other pathways
might cooperate with STAT factors. In this respect, the role of
IRS-2/4PS activation in response to IL-9 remains to be deter-
mined. Here, we show that IRS-2/4PS phosphorylation is not,
by itself, sufficient for inducing proliferation and does not
depend on hIL-9R tyrosine phosphorylation. The latter finding
indicates that the IL-9R and IL-4R activate IRS-2/4PS through
distinct mechanisms since IRS-2/4PS is known to associate
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with IL-4R through a tyrosine-phosphorylated motif called I4R
(16).

Finally, we showed that IL-9 could induce opposite prolif-
erative responses through the same phosphorylated tyrosine of
the hIL-9R. This observation suggests an indirect regulation of
cell growth by IL-9 and is in line with previous reports indi-
cating that thymocytes, mast cells, and erythroid progenitors
only proliferate in response to IL-9 in synergy with other cy-
tokines (27) and that IL-9 is much more efficient as an anti-
apoptotic factor than as a growth-promoting agent for thymic
lymphomas (30). Moreover, the observation that hIL-9 simul-
taneously protected BW-h9R cells against dexamethasone-in-
duced apoptosis and down-regulated its proliferation demon-
strated that the antiapoptotic activity of this cytokine is
completely independent from any growth-promoting effect.
This experimental model thereby provides us with an attractive
tool to analyze the mechanisms by which cytokines regulate
apoptosis independently from their proliferative activity.
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