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Interleukin 9 induces expression of three cytokine signal inhibitors :
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(SOCS)-2 and SOCS-3, but only SOCS-3 overexpression suppresses
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Interleukin 9 (IL-9) is a cytokine preferentially produced by T

helper type 2 lymphocytes and active on various cell types such

as T- and B-lymphocytes, mast cells and haemopoietic pro-

genitors. The IL-9 receptor (IL-9R) belongs to the haemopoietic

receptor superfamily and its signal transduction involves mainly

the Janus kinase}signal transducer and activator of transcription

(JAK}STAT) pathway. Here we studied the implication of a

novel family of suppressors of cytokine signalling (called CIS, for

cytokine-inducible SH2-containing protein, and SOCS, for sup-

pressor of cytokine signalling) in IL-9 signal attenuation. In

BW5147 T-cell lymphoma, IL-9 induced the rapid expression of

CIS, SOCS-2 and SOCS-3 with a peak after 2 h of stimulation.

Using IL-9R mutants, we showed that STAT activation is

required for CIS}SOCS induction: CIS and SOCS-2 expression

was induced either via STAT1 and}or STAT3 or via STAT5 but

INTRODUCTION

Interleukin 9 (IL-9) is a T-helper type 2 cytokine originally

characterized as a factor produced by activated T-cells and able

to support the long-term growth of some T-helper clones [1]. IL-

9 activities now extend to various cell types including mast cells,

B-lymphocytes, haemopoietic progenitors, eosinophils, lung epi-

thelial cells, neuronal precursors and T-lymphocytes [2]. In-

creased IL-9 production seems to be implicated in major

pathologies such as lymphomagenesis and asthma. Indeed, IL-9

stimulates the growth of murine thymic lymphomas [3] and an

autocrine loop has been suggested in Hodgkin lymphoma [4]. In

addition, IL-9 protects T-cell lymphomas from dexamethasone-

induced apoptosis [5]. The involvement of IL-9 in asthma has

been suggested by genetic studies [6–8] and is supported by its

effects on IgE production [9], mucus production [10], mast cell

differentiation [11], eosinophil activation [12] and bronchial

hyper-responsiveness [13,14]. Finally, IL-9 is required for an

efficient immune response against intestinal parasites such as

Trichuris muris [15].

This cytokine exerts its effects through a receptor that belongs

to the haemopoietic receptor superfamily and consists of two

chains, the IL-9-specific α chain of IL-9 receptor (IL-9Rα)

associated with γ
c
, also involved in IL-2, IL-4, IL-7, and IL-15

signalling [16–18]. As with all haemopoietic receptors, signal

transduction through IL-9R involves Janus kinase (JAK) tyrosine

kinases and signal transducer and activator of transcription
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transducer and activator of transcription.
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only STAT1 and}or STAT3 were involved in SOCS-3 expression.

The effect of these three proteins on IL-9 signal transduction was

assessed by transient transfection in HEK-293 cells expressing

the components of the IL-9 signalling pathway and a STAT-

responsive reporter construct. These experiments showed that

only SOCS-3 is able to inhibit IL-9-induced signal transduction;

neither CIS nor SOCS-2 exerted any effect. Stable transfection of

CIS and SOCS-3 in BW5147 lymphoma cells showed that only

overexpression of SOCS-3 had an inhibitory activity on STAT

activation, gene induction and the anti-apoptotic activity of IL-

9. By contrast, CIS failed to affect the IL-9 response.

Key words: interleukin 9 receptor, signal regulator, signal

transduction.

(STAT) proteins. IL-9Rα and γ
c
are associated respectively with

JAK1 and JAK3, which become activated on binding of IL-9.

This results in the phosphorylation of the IL-9R on a single

tyrosine residue, Tyr-116, creating a docking site for STAT1,

STAT3 and STAT5 [19]. These factors are essential for most IL-

9 activities, such as cell differentiation and proliferation and the

inhibition of corticoid-induced apoptosis [19,20]. In parallel,

stimulation with IL-9 involves the recruitment of insulin receptor

substrate 1 and phosphoinositide 3-kinase, which might also

have a role in the biological activities of this factor [21].

Even though the signal transduction of IL-9 seems to be well

understood, the mechanisms for signal attenuation and ter-

mination are still unknown. A previous comparison of STAT5

activation by IL-9 and erythropoietin has shown that erythro-

poietin but not IL-9 signalling was rapidly down-regulated by

phosphatases, leading to a distinct gene expression pattern for

these two STAT5-activating cytokines [22]. A family of signalling

inhibitors has been identified [23–28]. Expression of these proteins

is induced by several cytokines and negatively controls signal

transduction [29]. So far, eight members of this family have been

identified: CIS (for cytokine-inducible SH2-containing protein)

and SOCS-1 to SOCS-7 (for suppressor of cytokine signalling

[30,31]). Alternative names for SOCS include SSI (for STAT-

induced STAT-inhibitor) [24] and JAB (for JAK-binding protein)

[23]. All these proteins contain a central SH2 domain [23,26] and

a conserved C-terminal domain named the SOCS box, which

might be involved in protein stabilization [32].
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Two distinct mechanisms by which these proteins might inhibit

cytokine signalling have been proposed. CIS negatively regulates

STAT5-activating cytokines through interaction with the

phosphorylated tyrosine of the receptor that recruits STAT5,

thereby competing with this transducer [33]. By contrast, SOCS-

1 inhibits signalling by binding to JAK kinases through its SH2

domain, thus inhibiting their kinase activity [23]. SOCS-3 is the

only member to be phosphorylated after stimulation by cytokines

and might act by both mechanisms [34,35]. In IL-6 signalling,

SOCS-3 exerts its negative effect through the SHP2 recruitment

site of gp130 [36]. The function of the other members of the

SOCS family, particularly SOCS-4 to SOCS-7, remains to be

elucidated.

Here we show that IL-9 induces the expression of CIS, SOCS-

2 and SOCS-3 through the JAK}STAT pathway. This induction

is rapid and transient. Using transient transfection in HEK-293-

EBNA cells, we demonstrated that SOCS-3 affects IL-9 signalling

but neither CIS nor SOCS-2 has an effect. In stably transfected

BW5147C2 cells, we observed a negative effect of SOCS-3 on

several activities of IL-9, such as STAT activation, Bcl-3 in-

duction and protection against corticoid-induced apoptosis. By

contrast, CIS did not interfere with IL-9 activities, suggesting a

role in cytokine signalling cross-talk rather than feedback in-

hibition.

EXPERIMENTAL

Cytokines, cells and cell cultures

Recombinant human IL-9 (2¬10( units}mg) and mouse IL-9

(5¬10( units}mg) were produced in the baculovirus system in

our laboratory and purified as described previously [37]. Recom-

binant mouse interferon γ (IFNγ) was provided by Dr W. Fiers

(University of Gent, Gent, Belgium). Cytokines were added to

the cultures at the following concentration: 400 units}ml for

human and mouse IL-9, and 250 units}ml for IFNγ.

BW5147.C2 cells, a dexamethasone-sensitive subclone of the

murine T-lymphoma cell line BW5147 [5], were cultured in

Iscove–Dulbecco’s medium supplemented with 10% (v}v) foetal

calf serum, 0.24 mM -asparagine, 1.5 mM -glutamine,

0.55 mM -arginine and 50 µM 2-mercaptoethanol. BW5147.C2

cells were transfected with wild-type human IL-9R cDNA and its

Phe-116 mutant, as described previously [19], and cultured in the

presence of 1.5 µg}ml puromycin. Two additional mutated IL-

9R cDNA species, mut6 (activating STAT1 and STAT3) and

mut7 (activating STAT5), were similarly transfected in

BW5147.C2 [20]. HEK-293 human embryonic kidney cells were

cultured in Iscove–Dulbecco’s medium containing 10% (v}v)

foetal calf serum.

mRNA preparation and Northern blotting

Total RNA was extracted from 10( cells with 1 ml of Trizol

solution, in accordance with the manufacturer’s instructions

(Gibco BRL, Gaithersburg, MD, U.S.A.). Total cellular RNA

(10 µg) was fractionated by electrophoresis in a 1.2% (w}v)

agarose gel containing 2.2 M formaldehyde, before transfer

to a Hybond-C Extra nitrocellulose membrane (Amersham,

Arlington Heights, IL, U.S.A.). A cDNA insert coding for CIS

was retrieved from pEFBos}puro plasmid, then labelled with
$#P using the Rediprime kit (Amersham). The SOCS-2 probe

was a reverse-transcriptase-mediated PCR (RT–PCR) product

purified by QIAEx (Qiagen, Chatsworth, CA, U.S.A.) and $#P-

labelled with the Rediprime kit. Hybridization and washes were

performed as described [38]. After autoradiography, all blots

were reprobed with a β-actin probe to control for uniform

loading of RNA.

RT–PCR analysis and Southern blotting

Reverse transcription was performed on 10 µg of Trizol-purified

total RNA with an oligo(dT) primer. cDNA corresponding to

100 ng of total RNA was amplified for 27 cycles by PCR with

specific primers as follows: mouse CIS sense, 5«-TCCGACT-

CTCGAGCCGCC-3« ; mouse CIS anti-sense, 5«-GGGACTGT-

GTTCCCTCCAGG-3« ; mouse SOCS-1 sense, 5«-GCAGCCG-

ACAATGCGATCTC-3« ; mouse SOCS-1 anti-sense, 5«-GTAG-

TCACGGAGTACCGGGT-3« ; mouse SOCS-2 sense, 5«-CAT-

CTCCCATGACCCTGCGG-3« ; mouse SOCS-2 anti-sense,

5«-CAGTTATCCAGAGGAGGGCCT-C-3« ; mouse SOCS-3

sense, 5«-CGTGCGCCATGGTCACCC-3« ; mouse SOCS-3 anti-

sense, 5«-GCCTCGGAGGAGAGGCGA-3« ; mouse Bcl-3 sense,

5«-CCTGCGCAGCGGCTGCGACGT-3« ; mouse Bcl-3 anti-

sense, 5«-CATCCGTCTCAGCTGCTTCCT-3« ; β-actin sense,

5«-ATGGATGACGATATCGCTGC-3« ; β-actin anti-sense, 5«-
GCTGGAAGGTGGACAGTGAG-3«.

Each 50 µl PCR reaction was performed with 1 µl of cDNA,

0.25 µl (1.25 units) of Taq polymerase (Takara Shuzo Co., Shiga,

Japan), 1 µl of each oligonucleotide (10 µM), 4 µl of dNTPs

(2.5 mM), 5 µl of buffer [100 mM Tris}HCl (pH 8.8)}500 mM

KCl}15 mM MgCl
#
}1% (v}v) Triton X-100].

The post-PCR products were analysed in ethidium-bromide-

stained 1% (w}v) agarose gel. Specific amplification was con-

firmed by blotting (Zeta-Probe membrane; Bio-Rad, Hercules,

CA, U.S.A.) and hybridization with internal radioactive probes.

The internal probes were 5«-GTCCACGACATCATGCTAC-

TG-3« for β-actin, 5«-CCAGTCCCTGGAGCTGCCCG-3« for

CIS and 5«-CAGCCTGCGCCTCAAGACCT-3« for SOCS-3.

Radioactive signals were quantified by PhosphorImager (Mol-

ecular Dynamics, Sunnyvale, CA, U.S.A.) and the ratios of CIS

to actin or SOCS-3 to actin were calculated.

Plasmid constructions, DNA transfections and analysis of
transfected cells

For stable transfection of CIS and SOCS-3 expression plasmids

in BW5147.C2 cells, the CIS and SOCS-3 cDNA species were

cloned into pEFBos}puro plasmid [19], which contains a re-

sistance gene to puromycin. BW5147.C2 cells were transfected by

electroporation (270 V, 1500 µF, 74 Ω) with 50 µg of DNA, then

selected with puromycin (1.5 µg}ml) (Sigma, Bornem, Belgium).

Puromycin-resistant bulk populations and clones of cells were

used as indicated.

For stable transfection of IL-9R in HEK-293 cells, hIL-9Rα

cDNA was cloned into pEFBos}puro plasmid under the control

of the EF-1α promoter [19,39] and the γ
c

human cDNA (gift

from Dr K. Sugamura, Sendai, Japan) was cloned into pcDNA3

plasmid (Invitrogen, Leek, The Netherlands), under the control

of the cytomegalovirus promoter. Cells were seeded in six-well

plates (Nunc, Rochester, NY, U.S.A.) at 8¬10& cells per well

1 day before transfection. Transfections were performed with the

AMINE method (Gibco BRL), in accordance with the

manufacturer’s recommendations with 1 µg of each plasmid

DNA. After transfection, cells were incubated in 2 ml of normal

medium for 24 h; 1 day after transfection, cells were cultured in

normalmedium with puromycin (2 µg}ml) and G418 (0.5 mg}ml)

(Sigma) until confluent populations had been obtained. Human

IL-9R expression was similar in transfected cells, as tested by
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FACS analysis with biotinylated anti-IL-9R antibody AH9R1

[19] followed by phycoerythrin-conjugated streptavidin (Becton

Dickinson, San Jose, CA, U.S.A.).

For transient transfection of HEK-293 cells, the CIS, SOCS-

2 and SOCS-3 cDNA species were cloned, under the control of

the CMV promoter, into pcDNA3 or pcDNAI}Amp plasmids

(Invitrogen). The JAK3 cDNA (received from Dr T. Taniguchi,

Tokyo, Japan) was cloned into pEFBos}puro plasmid, under the

control of the EF-1α promoter [19,39]. The reporter plasmids

used were pGRR5–luciferase (gift from Dr P. Brennan, Imperial

Cancer Research Fund, London, U.K.) and pRL-TK (Promega,

Madison, WI, U.S.A.). Cells were seeded in 12-well plates (Nunc)

at 4¬10& cells per well 1 day before transfection. Transfections

were performedwith the AMINEmethod, in accordance

with the manufacturer ’s recommendations, with a total of 2 µg

of plasmid DNA; the mixture contained 500 ng of JAK3 cDNA,

100 ng of pGRR5, 100 ng of pRL-TK, various quantities of CIS

and SOCS cDNA species and empty vector to 2 µg. At 5 h after

transfection, cells were treated with or without stimulation by

human IL-9 (400 units}ml) for 24 h. Luciferase assays were

performed with the dual luciferase reporter assay kit (Promega).

Staining with propidium iodide was performed to measure cell

viability, as described previously [5]. In brief, BW5147.C2 cells as

a control, together with transfectant BW-CIS.0 and BW-SOCS,

were cultured for 24 h under various conditions: in the presence

or not of IL-9 (100 units}ml), dexamethasone (100 ng}ml), or a

combination of cyclosporin (500 ng}ml) and dexamethasone.

Cells were then incubated for 30 min with propidium iodide

(125 µg}ml) at room temperature before FACS analysis with a

FACScan flow cytometer (Becton Dickinson, Franklin Lakes,

NJ, U.S.A.). Under these conditions, dead cells are brightly

stained but live cells are not. A minimum of 5000 cells were

counted per sample.

Western blotting

CIS and SOCS-2 expression were assayed by Western blotting

after transient transfection of HEK-293 cells. Cells were seeded

in 6-well plates at 8¬10& cells per well 1 day before transfection.

Transfection was performed the day afterwards, as described

above. On the third day, cells were lysed in 100 µl of SDS sample

buffer. Proteins were fractionated on precast Novex (Carlsbad,

CA, U.S.A.) SDS}PAGE [12% (w}v) gel] and transferred

electrophoretically to nitrocellulose (Hybond-C; Amersham).

Membranes were blocked in 5% (w}v) non-fat dried milk,

washed and probed with diluted (1:500) affinity-purified goat

polyclonal antibody directed against mouse CIS (Santa Cruz

Biotechnology, Santa Cruz, CA, U.S.A.) or with rabbit poly-

clonal antibody raised against a recombinant protein corre-

sponding to residues 89–162 of human SOCS-2 (Santa Cruz

Biotechnology). Membranes were then probed with a secondary

antibody: horseradish-peroxidase-linked donkey anti-goat Ig

antibody (diluted 1:2000; Santa Cruz Biotechnology) for CIS or

horseradish-peroxidase-linked goat anti-rabbit Ig antibody

(diluted 1:5000; Transduction Laboratories, Lexington, KY,

U.S.A.) for SOCS-2. An ECL2 kit (Amersham) was used for

detection by enhanced chemiluminescence.

STAT activation in BW5147 and in stable transfectants for

CIS and SOCS-3 was also tested by Western blotting with the use

of the same protocol. The anti-(phospho-STAT1) (Y701), anti-

(phospho-STAT3) (Y705) and anti-(phospho-STAT5) (Y694)

affinity-purified rabbit antibodies (New England Biolabs,

Beverly, MA, U.S.A.) were diluted 1:1000. The β-actin affinity-

purified polyclonal mouse antibody (Sigma, St Louis, MO,

U.S.A.) was used at 1:3000 dilution.

RESULTS

IL-9 induces CIS, SOCS-2 and SOCS-3 expression

To study the role of SOCS family members in IL-9 signalling, we

first examined their induction by RT–PCR. For this experiment,

BW5147 lymphoma cells were stimulated in the presence of

murine IL-9 (400 units}ml) for 2 h and mRNA expression was

analysed by RT–PCR. As shown in Figure 1, CIS, SOCS-2 and

SOCS-3, but not SOCS-1, were expressed on stimulation with

IL-9. As a control for SOCS-1 amplification, we stimulated

BW5147 cells with IFNγ (250 units}ml) for 2 h because it has

previously been shown that IFNγ induces SOCS-1 in mouse

myeloid leukaemia cells [40].

To determine the kinetics of induction, BW5147 cells were

stimulated with IL-9 for various periods. We examined CIS

expression with Northern blot hybridization. As shown in Figure

2(A), IL-9 rapidly induced CIS expression, reaching a maximum

after 2 h of stimulation. The expression subsequently declined

but remained detectable after 24 h. For SOCS-2 and SOCS-3 we

used a more sensitive RT–PCR strategy. The kinetics of induction

was similar for SOCS-2 and SOCS-3: the expression was maximal

after 2 h and was maintained to a lower level for up to 24 h after

stimulation (Figure 2B).

CIS and SOCS are induced by IL-9 through the JAK/STAT
pathway

To determine the pathway used by IL-9 to induce these genes, we

took advantage of BW5147 cells stably transfected with various

mutants of the human IL-9R. In addition to the wild-type

receptor (IL-9R), mutated IL-9R cDNA species, called Phe116,

mut6 and mut7, have been obtained by mutagenesis and allowed

to discriminate between the three STAT factors activated in

response to IL-9 [19]. The Phe116 receptor does not activate any

STAT; mut6 receptor activates STAT1 and STAT3; and mut7

receptor activates only STAT5. The corresponding BW5147

stable transfectants were cultivated in control medium, with

human IL-9 (400 units}ml) or with murine IL-9 (400 units}ml)

Figure 1 IL-9 induces CIS, SOCS-2 and SOCS-3 expression

BW5147 cells were cultured for 2 h in control medium or in the presence of murine IL-9

(400 units/ml) or murine IFNγ (250 units/ml) as a positive control for SOCS-1. RNA was

isolated and a RT–PCR was performed with primers for CIS, SOCS-1, SOCS-2, SOCS-3 and

β-actin. PCR products were analysed by ethidium bromide agarose-gel electrophoresis.

Abbreviation : N.D. : not done.
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Figure 2 Induction of CIS, SOCS-2 and SOCS-3 by IL-9 is rapid and
maintained for up to 24 h

BW5147 cells were cultured in control medium or with murine IL-9 (400 units/ml) for various

periods between 15 min and 24 h before the isolation of RNA. (A) Northern blot analysis was

performed with a cDNA probe for CIS or β-actin. (B) RT–PCR was performed with primers for

SOCS-2, SOCS-3 or β-actin.

Figure 3 CIS expression is induced through IL-9R mutants that activate
either STAT1 and STAT3 or STAT5

BW5147 transfectant cells were cultured for 2 h with control medium, human IL-9 (400 units/ml)

or murine IL-9 (400 units/ml). RNA was isolated for RT–PCR, followed by Southern blotting

and hybridization with an internal oligonucleotide for CIS or β-actin.

as a control. Parental BW5147 cells express the murine IL-9R

and the stimulation of each transfectant with murine IL-9 should

still lead to the expression of CIS and SOCS. As shown in Figure

3, CIS expression was induced by human IL-9 in BW-h9R but

not in BW-Phe116 cells, in which IL-9 does not activate STAT

factors. By contrast, both the mut6 and mut7 mutants allowed

CIS induction, indicating that IL-9 redundantly regulated CIS

expression via the activation of STAT1 and STAT3 (as in BW-

mut6) or via STAT5 (as in BW-mut7). SOCS-2 followed the

same pattern of induction (Figures 4A and 4B). By contrast,

Figure 4 SOCS-2 expression is induced through IL-9R mutants that
activate either STAT1 and STAT3 or STAT5

BW5147 transfectant cells were cultured for 2 h with control medium, human IL-9 (400 units/ml)

or murine IL-9 (400 units/ml). RNA was isolated and a Northern blot with cDNA probes (A)
and a RT–PCR with oligonucleotides for SOCS-2 or β-actin (B) were performed.

Figure 5 SOCS-3 expression is induced through STAT1 and STAT3 but not
STAT5-activation

BW5147 transfectant cells were cultured for 2 h with control medium, human IL-9 (400 units/ml)

or murine IL-9 (400 units/ml). RNA was isolated for RT–PCR with SOCS-3 and β-actin

oligonucleotides. PCR products were analysed by ethidium bromide agarose-gel

electrophoresis.

SOCS-3 is induced by human IL-9 in BW-mut6 (activating

STAT1 and STAT3) and in BW-h9R (activating STAT1, STAT3

and STAT5) but is not induced in BW-mut7 (activating only

STAT5) or in BW-Phe (deficient in STAT activation) (Figure 5).

This suggested that SOCS-3 induction was mediated by STAT1

and STAT3 but not by STAT5.

Only SOCS-3 inhibits IL-9-induced signalling

Having demonstrated the induction of SOCS family members by

IL-9, we investigated the potential role of these genes in IL-9

signal attenuation. We stably transfected HEK-293 cells with the

IL-9Rα and γ
c

cDNA. Then we transiently introduced JAK3,

different amounts of CIS or SOCS cDNA and, as a reporter

plasmid, the pGRR5–luciferase construct that is regulated by
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Figure 6 SOCS-3, but not CIS nor SOCS-2, inhibits IL-9 signal transduction

HEK-293 cells expressing IL-9R and γc were transfected with JAK3 and two reporter plasmids

(pGRR5 and pRL-TK) in the presence or the absence of 500 ng of the pcDNA3 expression

vector containing CIS (A), SOCS-2 (B) or SOCS-3 (C) cDNA. After transfection, cells were

cultured for 24 h in control medium or with human IL-9 (400 units/ml) before measurement

of luciferase activity. Similar results were obtained in five independent experiments. For CIS-

transfected and SOCS-2-transfected cells, expression of the respective proteins was confirmed

by Western blot analysis (D).

five copies of a STAT-binding sequence recognizing at least

STAT1, STAT3 and STAT5. Under these conditions, stimulation

with IL-9 for 24 h induced a 3-fold increase in luciferase activity.

As shown in Figure 6(A), SOCS-3 completely inhibited IL-9

signalling. By contrast, neither transfection with CIS nor trans-

fection with SOCS-2 had any significant effect on IL-9 signal

transduction (Figures 6B and 6C) although the proteins were

produced, as shown by Western blotting after transfection with

CIS and with SOCS-2 in HEK-293 cells (Figure 6D). These

experiments indicated that SOCS-3, but not CIS or SOCS-2,

might have a role in the attenuation of IL-9 signal transduction.

Only SOCS-3 inhibits IL-9-induced activities

To study the effect of the CIS and SOCS-3 proteins on the

response to IL-9, we stably transfected into BW5147 expression

plasmids encoding for CIS or SOCS-3 cDNA species. We first

controlled the expression of these genes. For CIS, Northern

blotting showed a high level of expression in bulk transfectant

population (BW-CIS.0) (Figure 7A), higher than the induction

by IL-9 in parental BW5147 cells (results not shown). The

Northern blot showed two mRNA species for CIS, one transcript

of 2 kb and another one of approx. 4 kb, as described previously

[25]. We next examined the effect of this protein on several well-

known effects of IL-9: the induction of Bcl-3, the activation of

STATs, and protection against dexamethasone-induced apop-

tosis. To test for Bcl-3 induction by IL-9, cells were cultured with

or without IL-9 for 12 h and RT–PCR reactions were used. As

shown in Figure 7(B), IL-9 induced Bcl-3 in BW-CIS.0 as well as

in BW5147. To study the activation of STATs in response to IL-

Figure 7 Stable CIS expression does not affect IL-9 activities on BW5147
cells

(A) CIS expression in BW5147 parental cells and BW-CIS.0 cells. RNA from BW5147 and BW-

CIS.0 cells was isolated and Northern blotting with a CIS probe was performed. (B) Induction

of Bcl-3 by IL-9 in BW5147 cells or cells stably transfected with CIS. Cells were cultured in

control medium or with murine IL-9 (400 units/ml) for 12 h. RNA was isolated and RT–PCR

was performed, followed by Southern blotting and hybridization with an internal probe for Bcl-

3 or β-actin. (C) STATs activation in response to IL-9. BW5147 and BW-CIS.0 cells were

stimulated for 15 min in the absence or the presence of IL-9 (400 units/ml) and analysed by

Western blotting with anti-(phospho-STAT) antibodies or anti-(β-actin) antibody. (D) Effect of

CIS expression on protection against dexamethasone-induced apoptosis. BW5147 and BW-

CIS.0 cells were stimulated for 24 h in the absence (open bars) or the presence (filled bars)

of murine IL-9 (100 units/ml), either in control medium (ctl) or with dexamethasone

(100 ng/ml) and cyclosporin (500 ng/ml) (dex). Cyclosporin was added because it accelerates

the effect of dexamethasone in this system [5]. Cells were analysed by flow cytometry after

30 min of incubation with propidium iodide. The graph shows percentages of dead cells. Similar

results were obtained in three independent experiments.

9, we treated the cells without or with stimulation by IL-9 for

15 min; we then performed Western blotting with anti-(phospho-

STAT) antibodies or with anti-(β-actin) antibodies. Figure 7(C)

shows that IL-9 was still able to activate the STATs in BW-

CIS.0. Finally we examined the effects of this protein on IL-9-

induced protection against apoptosis. Dexamethasone induces

the apoptosis of T lymphomas such as BW5147; IL-9 protects

against this effect [5]. As shown in Figure 7(D), CIS did not

inhibit the protective effect of IL-9 on dexamethasone-induced

apoptosis.

For SOCS-3 we focused on two transfectant clones, BW-

SOCS3.1 and BW-SOCS3.2, which showed different levels of

expression (Figure 8A): although they both overexpressed SOCS-

3, BW-SOCS3.2 cells expressed this gene at a higher level than

BW-SOCS3.1 cells. This allowed us to investigate the potential

relationship between SOCS-3 protein expression level and its

inhibitory activity. As shown in Figure 8(B), IL-9 induced Bcl-3

in BW-SOCS3.1 as well as in parental BW5147 cells but Bcl-3

was no longer induced in BW-SOCS3.2 cells. STAT acti-

vation was also tested by Western blotting. Figure 8(C) shows

that IL-9 induced a normal STAT activation in BW-SOCS3.1

cells but, in BW-SOCS3.2 cells, STAT3 activation was strongly
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Figure 8 Effect of stable SOCS-3 expression on IL-9 activities in BW5147
cells

(A) SOCS-3 expression by BW5147 cells and stably transfected BW-SOCS3.1 and SOCS3.2

cells. Cells were cultured for 12 h in the absence or the presence of murine IL-9 (400 units/ml).

RNA was isolated and RT–PCR was performed with primers for SOCS-3 or β-actin. (B)

Induction of Bcl-3 by IL-9 in BW5147 cells or cells stably transfected with SOCS-3. Cells were

cultured in medium or with IL-9 (400 units/ml) for 12 h ; RNA was isolated and RT–PCR was

performed, followed by Southern blotting and hybridization with an internal probe for Bcl-3 or

β-actin. (C) STATs activation in response to IL-9. BW5147, BW-SOCS3.1 or BW-SOCS3.2 cells

were stimulated for 15 min in the absence or the presence of murine IL-9 (400 units/ml) and

analysed by Western blotting with anti-(phospho-STAT) antibodies or with anti-(β-actin)

antibody. (D) Effect of SOCS-3 on protection against dexamethasone-induced apoptosis.

BW5147.C2, BW-SOCS3.1 and BW-SOCS3.2 cells were stimulated for 24 h in the absence (open

bars) or the presence (filled bars) of murine IL-9 (100 units/ml), either in control medium (ctl)

or with dexamethasone (100 ng/ml) and cyclosporin (500 ng/ml) (dex). They were analysed by

flow cytometry after 30 min of incubation with propidium iodide. The graph shows percentages

of dead cells. Similar results were obtained in two independent experiments.

decreased and STAT1 and STAT5 activation was abolished.

Finally we analysed the effect of SOCS-3 on IL-9-induced

protection against apoptosis. With the same conditions as those

described above, only the high level of SOCS-3 expressed in BW-

SOCS3.2 cells was able to inhibit the protection exerted by IL-9

(Figure 8D).

DISCUSSION

Genes of the CIS}SOCS family are induced by a wide range of

cytokines, including IL-1, IL-3, IL-4, IL-6, erythropoietin, IFNγ,

leukaemia inhibitory factor (LIF), granulocyte colony-stimu-

lating factor, granulocyte}macrophage colony-stimulating factor

and growth hormone (GH) [26,29,41]. They are induced mainly

by the JAK}STAT pathway and inhibit signal transduction

either by binding to activated receptors and thus competing with

STATs [33] or by inhibiting the kinase activity of JAKs [23]. In

this paper we have shown that, in thymic lymphoma cells, IL-9

induces the expression of three genes of this family : CIS, SOCS-

2 and SOCS-3. This rapid and transient induction is most

probably mediated by the JAK}STAT pathway because a point

mutation of the IL-9R that abolishes STAT activation also

prevents CIS}SOCS induction. Using mutant IL-9Rs that selec-

tively lost the ability to activate either STAT5 or STAT1 and

STAT3, we found that CIS and SOCS-2 could be induced by IL-

9 in both conditions. This contrasts with the initial paper

suggesting that CIS might be specifically regulated by STAT5

[33] but is in line with the observation that GH induces CIS

expression in STAT5b-deficient mice [42]. By contrast, SOCS-3

was found to be induced by IL-9 through an IL-9R mutant that

activates STAT1 and STAT3, but not with a mutant receptor

that activates only STAT5. This observation contrasts with a

recent paper showing that STAT5 mediates the GH-induced

expression of SOCS-3 in the liver [42]. This discrepancy might

reflect tissue-specific differences as shown for GH, which induces

CIS and SOCS-2 expression in liver and mammary gland but

SOCS-3 only in the liver [42]. Another potential explanation

would be a distinct regulation of STAT5 activity by IL-9 and GH

through serine phosphorylation because, unlike many other

cytokines, IL-9 does not induce serine phosphorylation of STAT

factors [43–45].

Because of their ability to attenuate signal transduction from

several cytokines, we focused on the possible role of these genes

in a negative feedback loop for IL-9 signalling. We showed that

only overexpression of SOCS-3 was able to inhibit signal

transduction from IL-9, whereas CIS and SOCS-2 do not have

such an effect. This might reflect the mode of action of CIS.

Indeed, CIS has been shown to associate to tyrosine-

phosphorylated erythropoietin receptors and phosphorylated

β subunits of the IL-3 receptor [25]. This binding is thought to

prevent association of STAT5, thereby inhibiting downstream

signal transduction. As with IL-9R, one could hypothesize that

its STAT5-binding motif has a weak affinity for the SH2 domain

of CIS that might therefore be unable to interfere with IL-9

signalling. Little is known about the activity of SOCS-2 on

cytokine signalling. Interestingly, it was shown previously that

SOCS-2 is able to suppress the signal of LIF [30] but SOCS-2 was

also shown to fail to inhibit prolactin signal transduction [46].

SOCS-3 activity might be mediated by two distinct mechanisms:

on the one hand, it could bind to phosphorylated receptors such

as gp130 [36] ; on the other hand, SOCS-3 is thought to inhibit

signalling by binding to JAK kinases through its SH2 domain,

thereby inhibiting their kinase activity [34,35]. The experiments

reported here do not permit discrimination between these modes

of action for the IL-9R.
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The observation that CIS, SOCS-2 and even lower levels of

SOCS-3 failed to have a negative feedback activity on IL-9

signalling raises the question of the actual role of these proteins

in the IL-9 response. Because a negative activity has been

demonstrated for other cytokines such as IL-3 [25], erythropoietin

[33] for CIS, and LIF for SOCS-2 [30], the induction of these two

genes could inhibit the cell response to other cytokines and

confer on IL-9-stimulated cells a resistant state to various signals.

Alternatively, these proteins might have other roles than that of

inhibitors of signalling. In this regard, it should be stressed that

most reports of inhibitory activity, including the present one,

involved the overexpression of these genes. For instance, the loss

of the IL-9 response in stable SOCS-3 transfectants was seen only

with cells expressing SOCS-3 mRNA levels that were much

higher than those induced by IL-9. However, studies of mice

deficient in SOCS-1 and in SOCS-3 point to a negative regulatory

role for these genes in the development of T-cells and in

haemopoiesis in foetal liver respectively, supporting the in-

hibitory hypothesis [47,48]. In IL-6 signal transduction, it has

been recently shown that the recruitment site for SOCS-3 on

gp130 corresponds to the consensus recruitment site for SHP2

[36]. The fact that the IL-9R sequence does not seem to include

any related motif could explain why IL-9 signalling is relatively

resistant to SOCS-3 inhibition. Further studies examining the

IL-9 response of SOCS-3-deficient cells might shed some light on

these questions.

We thank Dr W. Fiers, Dr K. Sugamura, Dr T. Taniguchi and Dr P. Brennan for
generous gifts of reagents, and Monique Stevens and He! le' ne Schoemans for their
help in this work. This work was supported in part by the Belgian Federal Service
for Scientific Technical and Cultural Affairs, the Ope! ration Te! le! vie and the Actions de
recherche concerte! es, Communaute! Française de Belgique, Direction de la recherche
scientifique. D. L. is a research assistant, J.-B. D. is a senior research assistant and
J.-C. R. is a research associate with the Fonds National de la Recherche Scientifique,
Belgium.

REFERENCES

1 Uyttenhove, C., Simpson, R. and Van Snick, J. (1988) Functional and structural

characterization of P40, a mouse glycoprotein with T cell growth factor activity. Proc.

Natl. Acad. Sci. U.S.A. 85, 6934–6938

2 Renauld, J.-C. and Van Snick, J. (1998) Interleukin-9. In The Cytokine Handbook

(Thompson, A. ed.), ch. 11, pp. 313–331, Academic Press, London

3 Vink, A., Renauld, J.-C., Warnier, G. and Van Snick, J. (1993) Interleukin-9 stimulates

in vitro growth of mouse thymic lymphomas. Eur. J. Immunol. 23, 1134–1138

4 Merz, H., Houssiau, F. A., Orscheschek, K., Renauld, J.-C., Fliedner, A., Herin, M.,

Noel, H., Kadin, M., Mueller-Hermelink, H. K., Van Snick, J. and Feller, A. C. (1991)

IL-9 expression in human malignant lymphomas : unique association with Hodgkin’s

disease and large cell anaplastic lymphoma. Blood 78, 1311–1317

5 Renauld, J.-C., Vink, A., Louahed, J. and Van Snick, J. (1995) IL-9 is a major anti-

apoptotic factor for thymic lymphomas. Blood 85, 1300–1305

6 Nicolaides, N., Holroyd, K. J., Ewart, S. L., Eleff, S. M., Kiser, M. B., Dragwa, C. R.,

Sullivan, C. D., Grasso, L., Zhang, L. Y., Messler, C. J. et al. (1997) Interleukin 9 : a

candidate gene for asthma. Proc. Natl. Acad. Sci. U.S.A. 94, 13175–13180

7 Holroyd, K. J., Martinati, L. C., Trabetti, E., Scherpbier, T., Eleff, S. M., Boner, A. L.,

Pignatti, P. F., Kiser, M. B., Dragwa, C. R., Hubbard, F. et al. (1998) Asthma and

bronchial hyperresponsiveness linked to the XY long arm pseudoautosomal region.

Genomics 52, 233–235

8 Marsh, D. G., Neely, J. D., Breazeale, D. R., Ghosh, B., Freidhoff, L. R., Ehrlich-

Kautzky, E., Schou, C., Krishnaswamy, G. and Beaty, T. H. (1994) Linkage analysis of

IL4 and other chromosome 5q31.1 markers and total serum IgE concentrations.

Science 264, 1152–1156

9 Dugas, B., Renauld, J.-C., Pe' ne, J., Bonnefoy, J. Y., Petit-Fre' re, C., Braquet, P.,

Bousquet, J., Van Snick, J. and Mencia-Huerta, J.-M. (1993) Interleukin-9 potentiates

the interleukin-4-induced immunoglobulin (IgG, IgM and IgE) production by normal

human B lymphocytes. Eur. J. Immunol. 23, 1687–1692

10 Louahed, J., Toda, M., Jen, J., Hamid, Q., Renauld, J.-C., Levitt, R. C. and Nicolaides,

N. C. (2000) Interleukin-9 upregulates mucus expression in the airways. Am. J.

Respir. Cell Mol. Biol. 22, 1–9

11 Godfraind, C., Louahed, J., Faulkner, H., Vink, A., Warnier, G., Grencis, R. and

Renauld, J.-C. (1998) Intraepithelial infiltration by mast cells with both connective

tissue-type and mucosal-type characteristics in gut, trachea, and kidneys of IL-9

transgenic mice. J. Immunol. 160, 3989–3996

12 Dong, Q., Louahed, J., Vink, A., Sullivan, C. D., Messler, C. J., Zhou, Y., Haczku, A.,

Huaux, F., Arras, M., Holroyd, K. J. et al. (1999) Interleukin-9 induces chemokine

expression in lung epithelial cells and baseline airway eosinophilia in transgenic

mice. Eur. J. Immunol. 29, 2130–2139

13 McLane, M. P., Haczku, A. H., van de Rijn, M., Weiss, C., Ferrante, V., MacDonald,

D., Renauld, J. C., Nicolaides, N. C. and Levitt, R. C. (1998) Interleukin-9 promotes

allergen-induced eosinophilic inflammation and airway hyperresponsiveness in

transgenic mice. Am. J. Resp. Cell. Mol. 19, 713–720

14 Temann, U. A., Geba, G. P., Rankin, J. A. and Flavell, R. A. (1998) Expression of

interleukin 9 in the lungs of transgenic mice causes airway inflammation, mast cell

hyperplasia, and bronchial hyperresponsiveness. J. Exp. Med. 188, 1307–1320

15 Richard, M., Grencis, R. K., Humphreys, N. E., Renauld, J.-C. and Van Snick, J.

(2000) Anti-IL-9 vaccination prevents worm expulsion and blood eosinophilia in

Trichuris muris-infected mice. Proc. Natl. Acad. Sci. U.S.A. 97, 767–772

16 Renauld, J.-C., Druez, C., Kermouni, A., Houssiau, F., Uyttenhove, C., Van Roost, E.

and Van Snick, J. (1992) Expression cloning of the murine and human interleukin 9

receptor cDNAs. Proc. Natl. Acad. Sci. U.S.A. 89, 5690–5694

17 Russell, S. M., Keegan, A. D., Harada, N., Nakamura, Y., Noguchi, M., Leland, P.,

Friedmann, M. C., Miyajima, A., Puri, R. K., Paul, W. E. and Leonard, W. J. (1993)

Interleukin-2 receptor γ chain : a functional component of the interleukin-4 receptor.

Science 262, 1880–1883

18 Demoulin, J.-B. and Renauld, J.-C. (1998) Signalling by cytokines interacting with the

interleukin-2 receptor γ chain. Cytokines Cell. Mol. Ther. 4, 243–256

19 Demoulin, J.-B., Uyttenhove, C., Van Roost, E., de Lestre! , B., Donckers, D., Van

Snick, J. and Renauld, J.-C. (1996) A single tyrosine of the interleukin-9 (IL-9)

receptor is required for STAT activation, antiapoptotic activity, and growth regulation

by IL-9. Mol. Cell. Biol. 16, 4710–4716

20 Demoulin, J.-B., Van Roost, E., Stevens, M., Groner, B. and Renauld, J.-C. (1999)

Distinct roles for STAT1, STAT3 and STAT5 in differentiation gene induction and

apoptosis inhibition by interleukin-9. J. Biol. Chem. 274, 25855–25861

21 Yin, T., Keller, S., Quelle, F., Witthuhn, B., Lik-Shing Tsang, M., Lienhard, G., Ihle, J.

and Yang, Y.-C. (1995) Interleukin-9 induces tyrosine phosphorylation of insulin

receptor substrate-1 via JAK tyrosine kinases. J. Biol. Chem. 270, 20497–20502

22 Imbert, V., Reichenbach, P. and Renauld, J.-C. (1999) Duration of STAT5 activation

influences the response of interleukin-2 receptor alpha gene to different cytokines.

Eur. Cytokine Netw. 10, 71–78

23 Endo, T., Masuhara, M., Yokouchi, M., Suzuki, R., Sakamoto, H., Mitsui, R.,

Matsumoto, A., Tanimura, S., Ohtsubo, M., Misawa, H. et al. (1997) A new protein

containing an SH2 domain that inhibits JAK kinases. Nature (London) 387, 921–924

24 Naka, T., Narazaki, M., Hirata, M., Matsumoto, T., Minamoto, M., Aono, A.,

Nishimoto, N., Kajita, T., Taga, T., Yoshizaki, K. et al. (1997) Structure and function

of a new STAT-induced STAT inhibitor. Nature (London) 387, 924–929

25 Yoshimura, A., Ohkubo, T., Kiguchi, T., Jenkins, N. A., Gilbert, D. J., Copeland, N. G.,

Hara, T. and Miyajima, A. (1995) A novel cytokine-inducible gene CIS encodes an

SH2-containing protein that binds to tyrosine-phosphorylated interleukin 3 and

erythropoietin receptors. EMBO J. 14, 2816–2826

26 Starr, R., Willson, T., Viney, E., Murray, L., Rayner, J., Jenkins, B., Gonda, T.,

Alexander, W., Metcalf, D., Nicola, N. and Hilton, D. (1997) A family of cytokine-

inducible inhibitors of signalling. Nature (London) 387, 917–921

27 Ohya, K., Kajigaya, S., Yamashita, Y., Miyazato, A., Hatake, K., Miura, Y., Ikeda, U.,

Shimada, K., Ozawa, K. and Mano, H. (1997) SOCS-1/JAB/SSI-1 can bind to and

suppress Tec protein-tyrosine kinase. J. Biol. Chem. 272, 27178–27182

28 Gisselbrecht, S. (1999) The CIS/SOCS proteins : a family of cytokine-inducible

regulators of signaling. Eur. Cytokine Netw. 10, 463–470

29 Yasukawa, H., Sasaki, A. and Yoshimura, A. (2000) Negative regulation of cytokine

signaling pathways. Annu. Rev. Immunol. 18, 143–164

30 Minamoto, S., Ikegame, K., Ueno, K., Narazaki, M., Naka, T., Yamamoto, H.,

Matsumoto, T., Saito, H., Hosoe, S. and Kishimoto, T. (1997) Cloning and functional

analysis of new members of STAT induced STAT inhibitor (SSI) family : SSI-2 and

SSI-3. Biochem. Biophys. Res. Commun. 237, 79–83

31 Hilton, D. J., Richardson, R. T., Alexander, W. S., Viney, E. M., Wilson, T. A., Sprigg,

N. S., Starr, R., Nicholson, S. E., Metcalf, D. and Nicola, N. A. (1998) Twenty

proteins containing a C-terminal SOCS box form five structural classes. Proc. Natl.

Acad. Sci. U.S.A. 95, 114–119

32 Narazaki, M., Fujimoto, M., Matsumoto, T., Morita, Y., Saito, H., Kajita, T., Yoshizaki,

K., Naka, T. and Kishimoto, T. (1998) Three dinstinct domains of SSI-1/SOCS-1/JAB

protein are required for its suppression of interleukin 6 signaling. Proc. Natl. Acad.

Sci. U.S.A. 95, 13130–13134

# 2001 Biochemical Society



116 D. Lejeune, J.-B. Demoulin and J.-C. Renauld

33 Matsumoto, A., Masuhara, M., Mitsui, K., Yokouchi, M., Ohtsubo, M., Misawa, H.,

Miyajima, A. and Yoshimura, A. (1997) CIS, a cytokine inducible SH2 protein, is a

target of the JAK–STAT5 pathway and modulates STAT5 activation. Blood 89,
3148–3154

34 Cohney, S. J., Sanden, D., Cacalano, N. A., Yoshimura, A., Mui, A., Migone, T. S. and

Johnston, J. A. (1999) SOCS-3 is tyrosine phosphorylated in response to interleukin-2

and suppresses STAT5 phosphorylation and lymphocyte proliferation. Mol. Cell. Biol.

19, 4980–4988

35 Matsumoto, A., Seki, Y., Kubo, M., Ohtsuka, S., Suzuki, A., Hayashi, I., Tsuji, K.,

Nakahata, T., Okabe, M., Yamada, S. and Yoshimura, A. (1999) Suppression of

STAT5 function in liver, mammary glands, and T cells in cytokine-inducible SH2-

containing protein-1 transgenic mice. Mol. Cell. Biol. 19, 6396–6407

36 Schmitz, J., Weissenbach, M., Haan, S., Heinrich, P. C. and Schaper, F. (2000)

SOCS3 exerts its inhibitory function on interleukin-6 signal transduction through the

SHP2 recruitment site of gp130. J. Biol. Chem. 275, 12848–12856

37 Druez, C., Coulie, P., Uyttenhove, C. and Van Snick, J. (1990) Functional and

biochemical characterization of mouse P40/IL-9 receptors. J. Immunol. 145,
2494–2499

38 Van Snick, J., Goethals, A., Renauld, J.-C., Van Roost, E., Uyttenhove, C., Rubira,

M. R., Moritz, R. L. and Simpson, R. J. (1989) Cloning and characterization of a

cDNA for a new mouse T cell growth factor (P40). J. Exp. Med. 169, 363–368

39 Mizushima, S. and Nagata, S. (1990) pEF-BOS, a powerful mammalian expression

vector. Nucleic Acids Res. 18, 5322

40 Sakamoto, H., Yasukawa, H., Masuhara, M., Tanimura, S., Sasaki, A., Yuge, K.,

Ohtsubo, M., Ohtsuka, A., Fujita, T., Ohta, T. et al. (1998) A Janus kinase inhibitor,

JAB, is an interferon-γ-inducible gene and confers resistance to interferons. Blood

92, 1668–1676

Received 5 July 2000/22 September 2000 ; accepted 24 October 2000

41 Adams, T. E., Hansen, J. A., Starr, R., Nicola, N. A., Hilton, D. J. and Billestrup, N.

(1998) Growth hormone preferentially induces the rapid, transient expression of

SOCS-3, a novel inhibitor of cytokine receptor signaling. J. Biol. Chem. 273,
1285–1287

42 Davey, H. W., McLachlan, M. J., Wilkins, R. J., Hilton, D. J. and Adams, T. E. (1999)

STAT5b mediates the GH-induced expression of SOCS-2 and SOCS-3 mRNA in the

liver. Mol. Cell. Endocrinol. 158, 111–116

43 Wen, Z., Zhong, Z. and Darnell, J. (1995) Maximal activation of transcription by

STAT1 and STAT3 requires both tyrosine and serine phosphorylation. Cell 82,
241–250

44 Zhang, X., Blenis, J., Li, H. C., Schindler, C. and Chen-Kiang, S. (1995) Requirement

of serine phosphorylation for formation of STAT–promoter complexes. Science 267,
1990–1994

45 Gotoh, A., Takahira, H., Mantel, C., Litz-Jackson, S., Boswell, H. S. and Broxmeyer,

H. E. (1996) Steel factor induces serine phosphorylation of Stat3 in human growth

factor-dependent myeloid cell lines. Blood 88, 138–145

46 Tomic, S., Chughtai, N. and Ali, S. (1999) SOCS-1, -2, -3 : selective targets and

functions downstream of the prolactin receptor. Mol. Cell. Endocrinol. 158, 45–54

47 Marine, J. C., Topham, D. J., McKay, C., Wang, D., Parganas, E., Stravopodis, D.,

Yoshimura, A. and Ihle, J. N. (1999) SOCS1 deficiency causes a lymphocyte-

dependent perinatal lethality. Cell 98, 609–616

48 Marine, J. C., McKay, C., Wang, D., Topham, D. J., Parganas, E., Nakajima, H.,

Pendeville, H., Yasukawa, H., Sasaki, A., Yoshimura, A. and Ihle, J. N. (1999) SOCS3

is essential in the regulation of fetal liver erythropoiesis. Cell 98, 617–627

# 2001 Biochemical Society


