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Naturally ligand independent constitutively active gp130 variants were described to be responsible for inflammatory
hepatocellular adenomas. Recently, we genetically engineered a ligand-independent constitutively active gp130 variant
based on homodimerization of Jun leucine zippers. Because also heterodimeric complexes within the gp130 family may
have tumorigenic potential, we seek to generate ligand-independent constitutively active heterodimers for all known
gp130-receptor complexes based on IL-15/IL-15R�-sushi fusion proteins. Ligand-independent heterodimerization of
gp130 with WSX-1, LIFR, and OSMR and of OSMR with GPL led to constitutive, ligand-independent STAT1 and/or
STAT3 and ERK1/2 phosphorylation. Moreover, these receptor combinations induced transcription of the STAT3 target
genes c-myc and Pim-1 and factor-independent growth of stably transduced Ba/F3-gp130 cells. Here, we establish the
IL-15/IL-15R�-sushi system as a new system to mimic constitutive and ligand-independent activation of homo- and
heterodimeric receptor complexes, which might be applicable to other heterodimeric receptor families. A mutated IL-15
protein, which was still able to bind the IL-15R�-sushi domain, but not to �- and �-receptor chains, in combination with
the 2A peptide technology may be used to translate our in vitro data into the in vivo situation to assess the tumorigenic
potential of gp130-heterodimeric receptor complexes.

INTRODUCTION

The IL-6 family consists of the ten cytokines interleukin
(IL)-6, IL-11, IL-27, IL-31, CNTF, CT-1, neuropoctin (NP),
leukemia inhibitory factor (LIF), NNT-1, and OSM. Only
IL-6 and IL-11 induce the formation of a gp130 ho-
modimer, whereas signaling by CNTF, CT-1, NP, LIF, and
NNT-1 results in the formation of a glycoprotein 130 kDa
(gp130)/leukemia inhibitory factor receptor (LIFR) het-
erodimer. OSM can induce the formation of a dimer of
gp130 with LIFR or the related protein, oncostatin M
receptor (OSMR; Taga and Kishimoto, 1997). IL-27 exclu-
sively signals via a heterodimer comprising gp130 and the
WSX-1 receptor (Pflanz et al., 2004). The cytokine IL-31
induces the formation of a heterodimer of GPL (gp130-
like receptor) and OSMR (Dillon et al., 2004).

The formation of heterodimeric receptor complexes con-
taining the gp130/WSX-1 (interleukin 27 receptor with a

WSX signature motif: W-S-X-W-S), gp130/LIFR, gp130/
OSMR, or GPL/OSMR receptors leads to intracellular acti-
vation of Janus kinase (JAK) /Tyk tyrosine kinases as well as
the signal transducer and activator of transcription (STAT)
family of transcription factors such as STAT1 and STAT3.
Furthermore, the activation leads to stimulation of the RAS/
RAF/mitogen-activated protein (MAP) kinase pathways
(Hibi et al., 1996; Heinrich et al., 2003).

The extracellular parts of gp130, WSX-1, LIFR, OSMR, and
GPL receptors consist of combinations of cytokine binding
and/or immunglobulin-like domains and three fibronectin-
like domains (Scheller et al., 2006). Although the binding of
the cytokine is achieved by the cytokine-binding and the
immunglobulin-like domains (Boulanger et al., 2003), the
role of the three fibronectin-like domains is less clear. Trun-
cation of these domains results in gp130 molecules devoid of
signaling capacity of homodimeric gp130 (Kurth et al., 2000).
For gp130 it has been speculated that after ligand binding
these domains are needed to position the transmembrane
domains of the receptor complexes in close proximity and to
induce signaling (Skiniotis et al., 2005). Importantly, no crys-
tal structural information is available for signal induction of
the full-length homodimeric and heterodimeric receptor
complexes of gp130/gp130, gp130/WSX-1, gp130/LIFR,
gp130/OSMR, and GPL/OSMR. 3D reconstruction of the
full-length gp130/LIF-R/CNTF-R�/CNTF-complex and the
gp130/IL-6R/IL-6-complex using crystal structural and
electron microscopy data showed a close juxtaposition of the
intracellular domains of the LIFR/gp130-heterodimer and
the gp130/gp130-homodimer, respectively (Skiniotis et al.,
2008).
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Recently, we demonstrated leucine zipper–mediated li-
gand-independent dimerization of gp130 (Stuhlmann-Laeisz
et al., 2006). Interestingly, a marked activation of the IL-6
signaling pathway in inflammatory hepatocellular adeno-
mas was directly caused by gain-of-function mutations
within the gp130 receptor chain, which led to ligand-inde-
pendent constitutively active gp130 molecules (Rebouissou
et al., 2008). The leucine zippers used to ligand-indepen-
dently activate gp130 are naturally found in transcription
factors, such as Fos and Jun, which form the AP1 transcrip-
tion complex. Naturally, Fos and Jun leucine zippers form
heterodimers, but the Jun leucine zipper can also form stable
homodimers, albeit with significantly lower stability. The
Fos leucine zipper forms an unstable homodimer, which
provides a thermodynamic driving force for preferential
heterodimer formation with Jun leucine zipper (O’Shea et al.,
1989; Patel et al., 1996). However, we found that Fos leucine
zippers formed homodimers, which are sufficient to induce
ligand-independent signaling in murine cytokine-depen-
dent cells stably transduced with a cDNA coding for an
Fos-gp130 construct.

IL-15 is a member of the small four �-helix bundle family
of cytokines. IL-15 was discovered by its ability to mimic
IL-2–mediated T-cell proliferation. IL-15 targets the specific
�-chain receptor IL-15R� (Bulfone-Paus et al., 2006). The
exceptionally high-affinity binding of IL-15 to IL-15R� is
mediated by the sushi domain of IL-15R� (IL-15R�-sushi), in
which a large interface of ionic interactions facilitates the
interaction of the IL-15 and IL-15R�, whereas interactions
within the gp130 cytokine/cytokine receptor family are fa-
cilitated by hydrophobic interaction (Wang et al., 2005;
Lorenzen et al., 2006).

We reasoned that this type of interaction, which explains
the exceptionally high affinity of the IL-15/IL-15R� complex,
is well suited for forced heterodimerization of the gp130
receptor with LIFR, OSMR, and WSX-1 as well as GPL with
OSMR. We show ligand-independent receptor complex ac-
tivation of gp130/WSX-1, gp130/LIFR, gp130/OSMR, and
GPL/OSMR heterodimers by replacing the entire extracel-
lular portion of gp130, WSX-1, LIFR, OSMR, and GPL with
IL-15 and/or the IL-15R�-sushi domain. Our data indicate
that all heterodimeric gp130-type receptor complexes are
activated by a similar mechanism in which close juxtaposi-
tion of the intracellular receptor domains is sufficient for
signal induction.

MATERIALS AND METHODS

Cells and Reagents
Ba/F3-gp130 cells were obtained from Immunex (Seattle, WA; Gearing et al.,
1994), COS-7 cells were from the American Type Culture Collection (Rock-
ville, MD/Manassas, VA) and Phoenix-Eco cells from U. Klingmüller (DKFZ,
Heidelberg, Germany). All cells were grown in DMEM high-glucose culture
medium (PAA Laboratories, Marburg, Germany) supplemented with 10%
fetal calf serum, penicillin (60 mg/l), and streptomycin (100 mg/l) at 37°C
with 5% CO2 in a water-saturated atmosphere. For cultivation of Ba/F3-gp130
cells the standard DMEM medium was supplemented with 10% FCS, peni-
cillin (60 mg/l), streptomycin (100 mg/l), and 10 ng/ml Hyper-IL-6. Hyper-
IL-6 is a fusion protein of IL-6 and the sIL-6R, which is a mimic of IL-6
trans-signaling (Fischer et al., 1997). Hyper-IL-6 was expressed and purified as
described previously (Fischer et al., 1997). Recombinant IL-27 was a kind gift
of Christoph Hölscher (Borstel, Germany). Mouse anti-IL-15 mAbs were
purchased from Peprotech, Cell Concepts (Umkirch, Germany). Rabbit poly-
clonal anti-IL-15 Abs were from Morphosys AbD (Düsseldorf, Germany).
Anti-Myc-tag (71D10), anti-phospho-tyrosine (P-Tyr-100), anti-STAT1/3, anti-
phospho STAT1/3, anti-phospho-extracellular signal-regulated protein kinase
1/2 (ERK1/2), and anti-ERK1/2 Abs were purchased from Cell Signaling,
New England Biolabs (Schwalbach, Germany). Anti-c-myc (9E10) and anti-
gp130 (C-20) Abs were from Santa Cruz Biotechnology (Heidelberg, Ger-
many). Anti-FLAG-tag (M2) mAbs were purchased from Sigma-Aldrich
(Taufkirchen, Germany). Anti-GFP mAbs (clones 7.1 and 13.1) were pur-

chased from Roche Applied Science (Mannheim, Germany). All restriction
enzymes were obtained from Fermentas (St. Leon-Rot, Germany). The perox-
idase conjugated secondary antibodies were purchased from Pierce (Thermo
Scientific–Pierce, Perbio, Bonn, Germany). The allophycocyanin conjugated
anti-mouse antibody was purchased from Dianova (Hamburg, Germany) and
the Alexa Fluor 488–conjugated anti-rabbit antibody was purchased from
Molecular Probes (Invitrogen, Karlsruhe, Germany). Murine IL-6 ELISA Duo
Set was purchased from R&D (Wiesbaden-Nordenstadt, Germany). Recom-
binant IL-15 and IL-15R� sushi domain were produced as previously de-
scribed (Lorenzen et al., 2006). The plasmid pcDNA3-BACE was a kind gift of
Andrea Rittger (Kiel, Germany).

Construction of IL-15-gp130, IL-15-WSX-1, IL-15-LIFR,
and IL-15-OSMR and sushi-gp130, sushi-WSX-1, sushi-GPL,
and FUSIO Expression Plasmids
The IL-15-fusion receptors pBSK-IL-15-gp130, pBSK-IL-15-WSX-1, pBSK-IL-
15-LIFR, and pBSK-IL-15-OSMR were assembled as followed: bovine prepro-
lactin (bPPL) signal peptide (MDSKGSSQKAGSRLLLLLVVSNLLL-
CQGVVSTTR), human IL-15 protein fragment (Bernard et al., 2004), and the
N-terminally truncated receptor proteins (15 aa of the extracellular domain,
transmembrane domain, and cytoplasmic domain). For construction of IL-15
fusion receptors, we used pBSK-PPL-IL-15, which was a kind gift of Yannick
Jacques (Nantes, France; Bernard et al., 2004). pBSK-PPL-IL-15 encodes hu-
man IL-15, which consists of an alternative signal peptide from the bPPL and
was used as a template to amplify the coding sequence by PCR (5� primer:
5�-3�: GATCCTCGAGCCACCATGGACAGCAAAGGTTCG and 3� primer:
5�-3�: GATCGAATTCAGAAGTGTTGATGAACATTTG). The purified PCR
product was digested with XhoI and EcoRI and subcloned into pBSK-gp130
(�N-term). The resulting plasmid was named pBSK-IL-15-gp130, which was
subsequently used to generate the remaining IL-15 fusion receptors by diges-
tion of pBSK-IL-15-gp130 with EcoRI and BamHI and subcloning of PCR
produced truncated WSX-1 (cDNA of Ba/F3 cells: 5� primer 5�-3�: GACT-
GAATTCTCACTTCACCTACCAGATAATAGG and 3� primer 5�-3�: GACT-
GGATCCTCAGACTAGAAGGCCCAGCTCCTC; amino acids 500-623), LIFR
(template: p409-hLIFR; Kallen et al., 1999; 5� primer: 5�-3�: GAATTCCCG-
GAGAAGAGTATGTATGTG and 3� primer: 5�-3�: GGATCCTTAATCGTTT-
GGTT TGTTCTG; amino acids 820-1097), OSMR (template: p409-hOSMR;
Cichy et al., 1998 5� primer: 5�-3�: GAATTCCCCAGTGCTACGTTCACG and 3�
primer: 5�-3�: GGATCCTTAG CAGTAGTGTT CACC; amino acids 723-979) or
receptor coding sequences (15 aa of extracellular domain, transmembrane
domain, and cytoplasmic domain). The resulting plasmids were named
pBSK-IL-15-WSX-1, pBSK-IL-15-LIFR, and pBSK-IL-15-OSMR. To determine
the transmembrane regions of the receptors the programs DAS (Dense Align-
ment Surface; www.sbc.su.se/�miklos) or TMHMM (Tied Mixture Hidden
Markov Model; Technical University of Denmark, Lyngby, Denmark; www.
cbs.dtu.dk/services/TMHMM) were used.

The IL-15R�-sushi-fusion receptors IL-15R�-sushi-gp130, IL-15R�-sushi-
WSX-1, and IL-15R�-sushi-GPL were assembled as followed: gp130 signal
peptide (MLTLQTWLVQALFIFLTTESTG), Myc-tag (EQKLISEEDL), human
IL-15R�-sushi protein fragment (Lorenzen et al., 2006) and the same N-
terminally truncated receptor proteins. We used pQE30-IL-15R�-sushi
(Lorenzen et al., 2006) as a template for the PCR amplification of the cDNA
coding for IL-15R�-sushi (5� primer: 5�-3�: AGCGAGGAGGACCTGATCA-
CATGCCCTCCCCCC and 3� primer: 5�-3�: GATCGAATTCGTCTCTAATG-
CATTTGAG). The coding sequence of the gp130 signal peptide and Myc-tag
was amplified by using the plasmid pBSK- Jun-gp130 as a template (5� primer:
5�-3�: GATCCTCGAGCCACCATGTTGACGTTGCAGACTTG and 3� primer:
5�-3� CAGGTCCTCCTCGCTGATCAGCTTCTGCTCACCTGTAGATTCAGT-
GG). Both PCR products were used for a subsequent PCR, because the coding
sequence for IL-15R�-sushi contains a 5� overhang, which primes the coding
sequence of the Myc-tag (5� primer: 5�-3�: AGCGAGGAGGACCTGATCA-
CATGCCCTCCCCCC and 3� primer: 5�-3� CAGGTCCTCCTCGCTGAT-
CAGCTTCTGCTCACCTGTAGATTCAGTGG). The resulting PCR product
was purified, digested with XhoI and EcoRI and ligated into pBSK-gp130(�N-
term), also digested with XhoI and EcoRI. The resulting plasmid was named
pBSK-IL-15R�-sushi-gp130. To generate the plasmids pBSK-IL-15R�-sushi-
WSX-1, and pBSK-IL-15R�-sushi-GPL, the gp130-receptor portion was ex-
changed by digestion of the plasmid pBSK-IL-15R�-sushi-gp130 with EcoRI
and BamHI and subcloning of the fragments coding for N-terminally trun-
cated WSX-1 or GPL obtained from the plasmid pBSK-IL-15-WSX-1 or gen-
erated by PCR (digested, purified, and ligated) in the case of GPL (template:
pcDNA3.1-GPL; 5� primer: 5�-3�: GAATTCGGGACCAGCATAAATTTC and
3� primer: 5�-3�: GGATCCTTAGACTTCTCCCTTGG; amino acid 500-727),
respectively. The vector pcDNA3.1-GPL was a kind gift of Hugues Gascan
(Unité Mixte INSERM, Angers, France). To determine the transmembrane
regions of GPL the program TMHMM was used.

The FUSIO cDNA encoding signal peptide from bPPL, FLAG-tag, and �-
and �-receptor chains binding deficient hIL-15, murine WSX-1 (15 amino
acids of the extracellular domain, transmembrane domain, and cytoplasmic
domain), furin cleavage site, 2A peptide, signal peptide of human gp130,
Myc-tag, and murine gp130 (15 amino acids of the extracellular domain, trans-
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membrane domain, and cytoplasmic domain) was synthesized by GeneArt (Re-
gensburg, Germany) and delivered in pMk plasmid.

The retroviral plasmid pMOWS encodes the puromycin resistance gene
(Ketteler et al., 2002). For this study we modified the plasmid pMOWS by
replacing the puromycin resistance gene with a hygromycin resistance gene.
The hygromycin gene from the plasmid pCEP4 was amplified by PCR (5�
primer: 5�-3�: GATCAAGCTTCCACCATGAAAAAGCCTGAACTCACC and
3� primer 5�-3�: GATCGTCGACTCAGTTAGCCTCCCCCATC-3�). The puri-
fied PCR product was digested with HindIII and SalI and subcloned into
pMOWS. The resulting plasmid was named pMOWS-hygromycin. The
IL-15 fusion receptors and IL-15R�-sushi fusion receptors were subcloned
into pMOWS and pMOWS-hygromycin as described in the Supplemental
Materials and Methods. The resulting plasmids were named pMOWS-IL-
15-gp130, pMOWS-IL-15-WSX-1, pMOWS-IL-15-LIFR, and pMOWS-IL-15-
OSMR, as well as pMOWS-hygromycin-IL-15R�-sushi-gp130, pMOWS-hygro-
mycin-IL-15R�-sushi-WSX-1, and pMOWS-hygromycin-IL-15R�-sushi-GPL.

The FUSIO cDNA was subcloned into pMOWS. In brief pMOWS was
digested with XagI and BamHI, and blunt ends were generated by Klenow
fragment. The FUSIO cDNA was digested with EcoRV. Plasmid and FUSIO
were purified and subcloned. The resulting plasmid was named pMOWS-
FUSIO. The cDNAs coding for IL-15-WSX-1, IL-15-gp130 and sushi-gp130
were subcloned into p409 as described in the Supplemental Materials and
Methods. The resulting plasmids were named p409-IL-15-WSX-1, p409-IL-15-
gp130, and p409-sushi-gp130.

The cDNAs coding for IL-15-gp130 and sushi-gp130 were additionally
subcloned into pEYFP-gp130. The resulting plasmids were named pEYFP-IL-
15-gp130 and pEYFP-sushi-gp130.

Transfection, Transduction, and Selection of Murine
Ba/F3-gp130 Cells
Ba/F3-gp130 cells were retrovirally transduced with the retroviral expression
plasmids derivatives of pMOWS and pMOWS-hygromycin. pMOWS-IL-15-
gp130, pMOWS-IL-15-WSX-1, pMOWS-IL-15-LIFR, pMOWS-IL-15-OSMR, as
well as pMOWS-hygromycin-IL-15R�-sushi-gp130, pMOWS-hygromycin-IL-
15R�-sushi-WSX-1 or pMOWS-hygromycin-IL-15R�-sushi-GPL, pMOWS-
FUSIO and the control vector pMOWS-GFP or pMOWS-hygromycin-GFP (5
�g each) were transiently transfected in 8 � 105 Phoenix-Eco cells using
Lipofectamine 2000 according to manufacturer’s instructions (Invitrogen).
The transfection efficiency was typically �50%, which was estimated by green
fluorescent protein (GFP) expression 24 h after transfection (Axiovert 200
microscope, Zeiss, Jena, Germany). Retroviral supernatants were produced as
described (Ketteler et al., 2002). Retroviral supernatant, 250 �l, was applied to
1 � 105 Ba/F3-gp130 cells and mixed, and the solution was centrifuged at
1800 rpm for 2 h at 25°C. Transduced cells were grown in standard medium
supplemented with 10 ng/ml Hyper-IL-6. Forty-eight hours after transduc-
tion, transduced Ba/F3-gp130 cells were selected in 1.5 �g/ml puromycin
and/or 1 mg/ml hygromycin (PAA Laboratories) for at least 2 wk. After 2 wk
of antibiotic selection, Hyper-IL-6 was washed away and the cells were
screened for cytokine-independent growth.

Transfection of COS-7 Cells
COS-7 cells, 5 � 105, were transiently transfected with polymeric enhanced
yellow fluorescent protein (pEYFP) and/or p409 expression plasmids using
Turbofect (Fermentas) according to the manufacturer’s instructions. The
transfection efficiency was typically �50–70%, which was estimated by YFP
expression 48 h after transfection (Axiovert 200 microscope, Zeiss). After 48 h,
cells were lysed and coimmunoprecipitation, and/or Western blot experi-
ments were performed.

Pervanadate Treatment of COS-7 Cells
Sodium orthovanadate solution, 500 �l at 100 mM, was incubated with 2.8 �l
of 30% H2O2 to obtain pervanadate. Immediately after preparation of per-
vanadate COS-7 cells were treated with 1 mM pervanadate for 15 min at 37°C
before lysis.

Preparation of Primary Murine Dendritic Cells
Murine bone marrow–derived dendritic cells were prepared as described
(Lutz et al., 1999).

Coculture Experiments of Murine Dendritic Cells with
Ba/F3-gp130 Cells
Murine dendritic cells were plated (2 � 105 cells) into a 12-well plate and
stimulated with lipopolysaccharide (LPS; 10 ng/ml) overnight. The day after,
the cells were washed three times with PBS to wash away LPS and Ba/F3-
gp130 cells expressing either IL-15-gp130, IL-15-WSX-1 � sushi-gp130, Fos-
gp130, or FUSIO were cocultured (2 � 106 cells) at a ratio of 1:10. After 24 h
of coculturing the supernatants were analyzed for mIL-6 protein secretion.
Murine IL-6 secretion was normalized to different Ba/F3-gp130 cell numbers
obtained after 24 h by ELISA.

Detection of Target Gene Transcription by RT-PCR
For detection of target gene transcription (murine c-myc and murine Pim-1),
retrovirally transduced Ba/F3-gp130 cells were washed three times in sterile
PBS and starved for 6 h in serum-free DMEM. The cells were centrifuged, and
total RNA was isolated using Nucleospin RNA II (Macherey-Nagel, Düren,
Germany) according to the manufacturer’s instructions. RNA concentration
was determined at 260 and 280 nm with the Nanodrop ND-1000 spectropho-
tometer (Peqlab, Erlangen, Germany) and cDNA was prepared using 2 �g of
total RNA, oligo(dT) primer, dNTPs, and RevertAid H Minus M-MuLV
Reverse Transcriptase (Fermentas) following the manufacturer’s instructions.
The PCR was performed with 35 cycles of 95°C for 60 s, 55°C for 60 s, and
72°C for 60 s. Primer sequences to detect the target genes murine c-Myc and
murine Pim-1 were described previously (Owaki et al., 2008).

Flow Cytometry Staining and Analysis
To detect the surface expression of the fusion receptors containing IL-15 and
IL-15R�-sushi, cells were washed with FACS buffer (PBS, 1% BSA) and
incubated at 3 � 105 cells/100 �l FACS buffer containing 2 �g/ml anti-IL-15
mAb (Peprotech, Cell Concepts) or 1:100 diluted anti-Myc-tag (71D10) mAb
(Cell Signaling) in fluorescent-activated cell sorting (FACS) buffer for 60 min
on ice, respectively. After a single wash in FACS buffer, cells were incubated
at 3 � 105 cells/100 �l FACS buffer containing a 1:100 dilution of allophyco-
cyanin-conjugated anti-mouse mAb (Dianova) or Alexa Fluor 488–conju-
gated anti-rabbit mAb (Molecular Probes), respectively. Cells were washed
once with FACS buffer, resuspended in 500 �l FACS buffer, and analyzed by
flow cytometry (Becton-Dickinson, Heidelberg, Germany; FACS-Canto and
FACS DIVA software).

Proliferation Assays
Ba/F3-gp130 cells expressing the leucine zipper, IL-15, and/or IL-15R�-sushi
fusion receptors were washed three times with sterile PBS and resuspended
in DMEM containing 10% FCS at 5 � 103 cells per well of a 96-well plate. The
cells were cultured for 3 d in a final volume of 100 �l with or without
additional cytokines as indicated. For inhibition studies with soluble IL-
15R�-sushi domain, the recombinant protein was added as indicated. The
CellTiter-Blue Cell Viability Assay (Promega, Mannheim, Germany) was
used to determine the cell number following the manufacturer’s instruc-
tions and measured on a Lambda Fluoro 320 fluorimeter (ex-filter 530/25,
em-filter 590/35, sensitivity 75, Software KC4). Relative light units (RLU)
values were normalized by subtractions of negative control values (not stim-
ulated Ba/F3-gp130 cells) from all other values. All values were measured in
quadruplicates.

Coimmunoprecipitation and Western Blotting
For coimmunoprecipitation transiently transfected COS-7 cells were washed
with ice-cold PBS, collected by scraping, and subsequently lysed in 200 or 250
�l immunoprecipitation buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
�-glycerophosphate, and 1 mM Na3VO4). The immunoprecipitation buffer
was supplemented with complete protease inhibitor cocktail tablets (Roche
Diagnostics, Mannheim, Germany). Fifty microliters of each lysate was frozen
and used as input controls if needed. The remaining 200 �l of the cell lysates
was separated into two fresh tubes, which were filled up with immunopre-
cipitation buffer to a total volume of 200 �l. Anti-green fluorescent protein
(GFP)-specific mAbs (2 �g) or anti-gp130–specific Abs (1 �g) were added to
one reaction tube, and the mixture was incubated overnight at 4°C under
gentle agitation. The second reaction tube was left untreated. Alternatively
the complete 200 �l of lysate was used for immunoprecipitation. Fifty micro-
liters of protein A or protein G agarose was added to each reaction tube, and
the mixture was incubated for 4 h at 4°C under gentle agitation. The agarose
was washed five times with 500 �l immunoprecipitation buffer and afterward
was boiled in 50 �l 2.5� Laemmli buffer (92.5 mM Tris-HCl, pH 6.8, 25%
glycerol, 5% SDS, 2.5% �-mercaptoethanol, and 0.025% bromphenol blue).
The immunoprecipitation supernatant was separated by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membrane (GE Healthcare,
Munich, Germany). The membrane was blocked with 5% skim milk powder
in TBST (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 1% Tween 20) and
probed with primary antibodies against GFP, Myc-tag, c-myc, gp130, IL-15, or
phospho-tyrosine (PY) at 4°C overnight. After washing with TBST the mem-
branes were incubated with the appropriate secondary antibodies conjugated
to horseradish peroxidase (Thermo Scientific) and protein bands were visu-
alized with the ECL detection system (GE Healthcare) according to the
manufacturer’s instructions.

For detection of Fos-gp130 dimers, COS-7 cells were washed with ice-cold
PBS and collected by scraping and subsequently lysed in 300 �l mild lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, supplemented
with the complete protease inhibitor cocktail tablets) The protein concentra-
tion of the cell lysates were determined by BCA Protein Assay kit (Thermo
Scientific) according to the manufacturer’s instructions. Equal amounts of
proteins were separated by SDS-PAGE under reducing conditions. Western
blotting and ECL detection were performed as described above.

Ligand-independent gp130 Heterodimers
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For detection of phospho-STAT1/3 and phospho-ERK1/2, Ba/F3-gp130
cells, retrovirally transduced with cDNAs coding for the IL-15 and/or IL-
15R�-sushi fusion receptors, were washed three times with sterile PBS and
starved for 6 h in serum-free DMEM. Cells were centrifuged, and the pellet
was directly frozen in liquid nitrogen. Cells were lysed in lysis buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1%
IGEPAL [NP-40], and 1% Trition-X-100, supplemented with the complete
protease inhibitor cocktail tablets; Roche Diagnostics). Determination of pro-
tein concentration, Western blotting, and ECL detection were performed as
described above. The membranes were first probed with primary antibodies
against phosphorylated STAT1, STAT3, and ERK1/2. After detection the
membranes were stripped in stripping buffer (62.5 mM Tris-HCl, pH 6.8, 2%
SDS, 0.1% �-mercaptoethanol for 30 min at 65°C, washed three times in TBST,
blocked again, and probed for unphosphorylated STAT1, STAT3, and
ERK1/2 proteins).

RESULTS

Ligand-independent IL-15/sIL-15R�-sushi–induced gp130-Type
Heterodimeric Receptors Are Constitutively Active
To achieve heterodimerization of gp130 with LIFR, OSMR,
and WSX-1 and of GPL with OSMR, we decided to use the
interaction of IL-15/IL-15R�-sushi. The IL-15/sIL-15R�-
sushi proteins were chosen because of the high binding
affinity of IL-15 to the IL-15R�-sushi domain (hereafter re-
ferred to as sushi domain; Wang et al., 2005; Lorenzen et al.,
2006). As shown in Supplemental Figure 1, A–F, we found
that the Fos/Jun-leucine zippers (O’Shea et al., 1989) were
not suitable to induce specific heterodimerization of gp130-
type receptors. This was due to the unexpected finding that
Fos-gp130-proteins are able to form biologically active, li-
gand-independent Fos-gp130-homodimers.

We substituted the entire extracellular portion of gp130
and WSX-1 and additionally of LIFR, and OSMR by the
148-amino acid sequence of IL-15 (PPL-IL-15) and the entire
extracellular portion of gp130, WSX-1, and GPL by the 66-
amino acid sequence of the sushi domain of the IL-15R� as
schematically illustrated in Figure 1A. To ease immuno-
chemical detection of the chimeric proteins, a Myc-tag was
placed immediately NH2-terminal of the sushi domain se-
quence. No immunotag was used in case of IL-15. The
transmembrane and cytoplasmic domains of the receptors
were left intact. The resulting chimeric proteins were
named IL-15-gp130, IL-15-WSX-1, IL-15-LIFR, and IL-15-
OSMR, as well as sushi-gp130, sushi-WSX-1, and sushi-GPL.
The cDNAs coding for all receptors were transduced in
Ba/F3-gp130 cells. Additionally double transduced Ba/F3-
gp130 cells were generated for IL-15-gp130 � sushi-gp130,
IL-15-gp130 � sushi-WSX-1, IL-15-WSX-1 � sushi-gp130, IL-
15-LIFR � sushi-gp130, IL-15-OSMR � sushi-gp130, and IL-
15-OSMR � sushi-GPL. Retrovirally transduced cell lines
were analyzed by RT-PCR and FACS analysis, indicating
expression of the respective mRNAs and surface expression
of all receptor chimeras (Supplemental Figure 2 and Figure
1B). Ba/F3 cell were described not to be responsive to IL-15,
because of lack of IL-2R� expression. Ba/F3 cells genetically
complemented with IL2R� were able to proliferate in the
presence of IL-15 (Demirci and Li, 2004). However, we stim-
ulated Ba/F3-gp130 cells with Hyper-IL-6 (fusion protein of
IL-6 and sIL-6R, 10 ng/ml), IL-15, or IL-15 in combination
with soluble IL-15R�-sushi domain, which has been shown
to act agonistically on cells that express only IL-2R� and
IL-2R� (Mortier et al., 2006).

As depicted in Supplemental Figure 3A only Hyper-IL-6,
but not IL-15 or IL-15 in combination with soluble IL-15R�-
sushi domain induced proliferation of Ba/F3-gp130 cells.
Additionally, we performed coculture experiments using
Ba/F3-gp130 cells transduced with a cDNA coding for GFP
and Ba/F3-gp130 cells transduced with IL-15-gp130, IL-15-

WSX-1 � sushi-gp130 or Fos-gp130. Depletion of Hyper-IL6
in our coculture experiments led to the death of the Ba/F3-
gp130-GFP cells within 96 h, which could not be rescued by
coculture with IL-15–presenting Ba/F3-gp130 cells (Supple-
mental Figure 3B). We conclude from these control experi-
ments that Ba/F3-gp130 cells cannot be self-stimulated with
IL-15 as part of our chimeric receptor chains.

Next, we asked whether IL-15/IL-15R�-sushi hetero-
dimerization of chimeric receptors is sufficient to induce
ligand-independent cell growth. Therefore, all retrovirally
transduced Ba/F3-gp130 cell lines were cultured in medium
lacking Hyper-IL-6. Surprisingly, we found that cells trans-
duced with IL-15-gp130 alone were able to proliferate in the

Figure 1. Schematic organization, idealized activation and surface
expression of gp130/WSX-1, gp130/LIFR, gp130/OSMR wild type
and gp130/WSX-1, gp130/LIFR, gp130/OSMR, and OSMR/GPL.
(A) Scheme of the gp130 and WSX-1 receptors with the extracellular
domains comprising immunglobulin-like domain (Ig, light green),
cytokine binding domain (CBD, dark green), three fibronectin-like
domains (FNIII, green), transmembrane domain (TM) and cytoplas-
mic domain (CD, black line). Dimerization is induced after binding
of IL-27. All receptors were truncated 15 amino acids above the
transmembrane domain and replaced by IL-15 or the sushi domain
of IL-15R�. (B) Cell surface expression of gp130, WSX-1, LIFR,
OSMR, and GPL chimeric receptor in various stably transduced
Ba/F3-gp130 cell lines analyzed by flow cytometry. The cell lines
were labeled as described in Materials and Methods. Untransduced
Ba/F3-gp130 cells were used as negative controls (unfilled histo-
grams).
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absence of Hyper-IL-6, indicating that this chimeric receptor
forms active IL-15-gp130 homodimeric complexes (Figure
2A). To demonstrate the physical interaction of two IL-15-
gp130 proteins, we performed coimmunoprecipitation ex-
periments using lysates containing IL-15-gp130 and IL-15-

gp130-EYFP. We used single- or double-transfected cells
(IL-15-gp130 or IL-15-gp130 � IL-15-gp130-EYFP) and anti-
GFP-antibodies for the coimmunoprecipitation of IL-15-
gp130. As indicated in the left panel of Figure 2B, IL-15-
gp130 was not detected after coimmunoprecipitation from

Figure 2. Biological activity of IL-15 and IL-
15R�-sushi gp130, WSX-1, LIFR, OSMR, and
GPL chimeric receptor proteins. (A) Equal
numbers of Ba/F3-gp130 cells stably trans-
duced with IL-15-gp130, sushi-gp130, IL-15-
WSX-1, sushi-WSX-1, IL-15-gp130 � sushi-
gp130, IL-15-gp130 � sushi-WSX-1, and IL-15-
WSX-1 � sushi-gp130 were cultured for 3 d in
the absence of Hyper-IL-6. As a control Ba/F3-
gp130 were cultured in the presence or absence
of 10 ng/ml Hyper-IL-6 or IL-27. Prolifera-
tion was measured as indicated in Materials
and Methods. (B) Detection of IL-15-gp130 ho-
modimers by coimmunoprecipitation. COS-7
cells were transiently transfected with p409-
IL-15-gp130 or p409-IL-15-gp130 and pEYFP-
IL-15-gp130. Forty-eight hours after transfec-
tion cells were lysed and IL-15-gp130-EYFP
was immunoprecipitated with anti-GFP
mAbs. As a control lysates were incubated
only with protein G agarose. Input, immuno-
precipitation supernatant and protein G aga-
rose control supernatant were separated by
SDS-PAGE. Proteins were detected with anti-
GFP mAbs and visualized by ECL detection.
The membrane was stripped and probed
with anti-gp130 Abs, and proteins were visu-
alized by ECL detection. (C) Equal numbers
of Ba/F3-gp130 cells stably transduced with
IL-15-LIFR, IL-15-LIFR � sushi-gp130, IL-15-
OSMR, IL-15-OSMR � sushi-gp130, sushi-GPL,
and IL-15-OSMR � sushi-GPL were cultured
for 3 d in the absence of Hyper-IL-6. Prolifera-
tion was measured as indicated in Materials and
Methods. (D) Detection of heterodimeric inter-
action between IL-15-WSX-1 and sushi-gp130
by coimmunoprecipitation. COS-7 cells were
transiently transfected with p409-IL-15-WSX-1
or p409-IL-15-WSX-1 and p409-sushi-gp130.
Forty-eight hours after transfection cells were
lysed and sushi-gp130 was immunoprecipi-
tated with anti-gp130 Abs. As a control lysates
were incubated only with protein G agarose.
Input, immunoprecipitation supernatant and
protein A agarose control supernatant were
separated by SDS-PAGE. Proteins were de-
tected with anti-c-myc mAbs and visualized by
ECL detection. The membrane was stripped
and probed with IL-15-gp130 Abs, and proteins
were visualized by ECL detection. Detection of
sushi-gp130 homodimers by coimmunoprecipitation. (E) COS-7 cells were transiently transfected with p409-sushi-gp130 or p409-sushi-gp130 and
pEYFP-sushi-gp130. Forty-eight hours after transfection cells were lysed and sushi-gp130-EYFP was immunoprecipitated with anti-GFP mAbs. As
a control, lysates were incubated only with protein G agarose. Input, immunoprecipitation supernatant and protein G agarose control supernatant
were separated by SDS-PAGE. Proteins were detected with anti-GFP mAbs and visualized by ECL detection. The membrane was stripped and
probed with anti-gp130 Abs, and proteins were visualized by ECL detection. (F) Specificity of coimmunoprecipitation analysis. COS-7 cells were
transiently transfected with pcDNA3-BACE and pEYFP-sushi-gp130. Forty-eight hours after transfection cells were lysed, and sushi-gp130-EYFP
was immunoprecipitated with anti-GFP mAbs. As a control lysates were incubated with only protein G agarose. Input, immunoprecipitation
supernatant and protein G agarose control supernatant were separated by SDS-PAGE. Proteins were detected with an anti-Myc-tag mAbs and
visualized by ECL detection. (G) Tyrosine-phosphorylation of IL-15-gp130 and sushi-gp130. COS-7 cells were transiently transfected with
p409-IL-15-gp130 or p409-sushi-gp130 or p409-IL-15-gp130 and p409-sushi-gp130 and starved for the last 20 h before lysis. Forty-eight hours after
transfection, COS-7 cells were treated with pervanadate as described in Materials and Methods and lysed rapidly. The gp130 chimeric proteins were
immunoprecipitated with anti-gp130 Abs. Immunoprecipitation supernatant was separated by SDS-PAGE. Proteins were transferred onto PVDF
membrane and were detected with an anti-phosphotyrosine (PY) mAbs and visualized by ECL detection. To confirm immunoprecipitation of
IL-15-gp130 and sushi-gp130, Western blots against IL-15 or c-myc were also performed. (H) Equal numbers of Ba/F3-gp130 cells stably transduced
with IL-15-gp130, IL-15-gp130 � sushi-gp130, IL-15-gp130 � sushi-WSX-1, and IL-15-WSX-1 � sushi-gp130 were cultured for 3 d in the absence
of Hyper-IL-6 and increasing amounts of the soluble sushi domain. Proliferation was measured as indicated in Materials and Methods.
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lysates of single-transfected cells, indicating that IL-15-
gp130 did not unspecifically interacted with anti-GFP-anti-
bodies or protein G agarose. However IL-15-gp130 was co-
immunoprecipitated with IL-15-gp130-EYFP as indicated on
the right panel of Figure 2B. We conclude that IL-15-gp130
can form homodimers on the cell surface that induce gp130-
dependent but cytokine-independent signaling. The unex-
pected IL-15-gp130 receptor activation could be explained
by the tendency of IL-15 to form dimers and higher molec-
ular aggregates as shown by size exclusion chromatography
(Supplemental Figure 4A). This tendency to form dimers of
IL-15 was also recently observed by others (Hanick et al.,
2008).

Importantly, Ba/F3-gp130 cells retrovirally transduced
with sushi-gp130 or the IL-15 chimeras IL-15-WSX-1, IL-15-
OSMR, and IL-15-LIFR showed no cytokine-independent
proliferation (Figure 2A and C). These results may indicate
that sushi-gp130 on its own does not form homodimers or
�inactive� homodimers and that homodimers of WSX-1,
OSMR, and LIFR induced by IL-15 homodimerization are
not functionally active in terms of cytokine-independent
induction of proliferation and STAT phosphorylation of the
respective stably transduced Ba/F3-gp130 cells. Therefore
we used Ba/F3-gp130 cells retrovirally transduced with
sushi-gp130 and IL-15-WSX-1. Ba/F3-gp130-IL-15-WSX-1 �
sushi-gp130 cells were able to proliferate cytokine-indepen-
dently, indicating the formation of a biologically functional
IL-15-WSX-1 and sushi-gp130 receptor complex. As expected,
cells stably transfected with IL-15-gp130 and sushi-gp130 or
with IL-15-gp130 and sushi-WSX-1 also proliferated cyto-
kine-independently. Because the IL-15-gp130 receptor chi-
mera was already able to induce cytokine-independent
growth, we were not able to decide if the proliferation of
these cells is dependent on homo- or heterodimerization of
the fusion receptors. However, we concluded that the pro-
liferation of Ba/F3-gp130-IL-15-WSX-1�sushi-gp130 was
based on the formation of a functional ligand-independent
receptor heterodimer consisting of IL-15-WSX-1 and sushi-
gp130, because none of the Ba/F3-gp130 cell lines neither
transduced with sushi-gp130 nor IL-15-WSX-1 showed cy-
tokine-independent proliferation (Figure 2A).

Ba/F3-gp130 cells retrovirally transduced with sushi-
gp130 were used to introduce the cDNAs coding for IL-15-
LIFR or IL-15-OSMR, respectively. Importantly, only the dou-
ble- but not the single-transduced cells lines were able to grow
cytokine-independently (Figure 2C). IL-31 was shown to in-
duce the formation of a GPL/OSMR heterodimer (Dillon et al.,
2004). Here we show that sushi-GPL and IL-15-OSMR alone
were biologically inactive, indicating that the cytokine-inde-
pendent proliferation of Ba/F3-gp130 cells retrovirally
transduced with both cDNAs coding for sushi-GPL and
IL-15-OSMR was due to functional heterodimerization of
sushi-GPL and IL-15-OSMR (Figure 2C).

To demonstrate the physical interaction of sushi-gp130
and IL-15-WSX-1 proteins, we performed coimmunoprecipi-
tation experiments using lysates containing sushi-gp130 and
IL-15-WSX-1. Again, we used single- or double-transfected
cells (IL-15-WSX-1 or sushi-gp130�IL-15-WSX-1) and anti-
gp130 antibodies for coimmunoprecipitation of sushi-gp130.
As indicated in the left panel of Figure 2D, IL-15-WSX-1 was
not detected after coimmunoprecipitation from lysates of
single-transfected cells, indicating that IL-15-WSX-1 did not
unspecifically interact with anti-gp130 antibodies or protein
A agarose. IL-15-WSX-1 was coimmunoprecipitated with
sushi-gp130 as indicated on the right panel of Figure 2D.
However, sushi-gp130 could also be coimmunoprecipitated
with sushi-gp130-EYFP (Figure 2E), even though this chi-

meric receptor combination does not induce cytokine-inde-
pendent cell proliferation (Figure 2A) and STAT-phosphor-
ylation (Figure 3A) and was not expected to interact with
each other. We have performed a series of additional coim-
munoprecipitation experiments with sushi-gp130 and �cys-
Fos-gp130 or IL-15-gp130 and �cys-Fos-gp130. These pro-
teins were also expected not to interact with each other.
However, in all combinations applied, we could coimmuno-
precipitate the other gp130 chimeric receptor chain (Supple-
mental Figure 4, B–E). Finally, we chose the transmembrane
protein BACE, which does not belong to the gp130-super-
family, for coimmunoprecipitation experiments (Vassar et
al., 2009). As depicted in Figure 2F, BACE does not interact
with sushi-gp130. We conclude that in our experimental

Figure 3. Activation of STAT and ERK proteins and transcription
of the STAT3 target genes c-myc and Pim-1 in Ba/F3-gp130 cells
stably transduced with chimeric gp130-type receptors. (A) After 6-h
serum starvation Ba/F3-gp130 cells stably transduced with IL-15-
WSX-1, IL-15-gp130, sushi-WSX-1, sushi-gp130, IL-15-gp130 �
sushi-gp130, IL-15-gp130 � sushi-WSX-1, IL-15-WSX-1 � sushi-
gp130, IL-15-LIFR, IL-15-LIFR � sushi-gp130, IL-15-OSMR, IL-15-
OSMR � sushi-gp130, sushi-GPL, and IL-15-OSMR � sushi-GPL
were left untreated. Subsequently, cells were lysed and separated by
SDS/PAGE. Proteins were transferred onto PVDF membranes. Pro-
teins were detected with anti-phospho-STAT1, anti-STAT3, or anti-
ERK1/2 Abs and visualized by ECL detection. The membranes were
stripped, probed with anti-STAT1, anti-STAT3, or anti-ERK1/2 Abs,
and proteins were visualized by ECL detection. (B) Analysis of
STAT3 target gene expression of c-myc and Pim-1 in Ba/F3-gp130
cells stably transduced with IL-15-WSX-1, IL-15-gp130, sushi-
WSX-1, sushi-gp130, IL-15-gp130 � sushi-gp130, IL-15-gp130 �
sushi-WSX-1, IL-15-WSX-1 � sushi-gp130, IL-15-LIFR, IL-15-LIFR �
sushi-gp130, IL-15-OSMR, IL-15-OSMR � sushi-gp130, sushi-GPL,
and IL-15-OSMR � sushi-GPL by RT-PCR.
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setting, coimmunoprecipitation of gp130 chimeric receptor
proteins is specific and is not caused by overexpression,
because overexpression does not lead to coimmunoprecipi-
tation of sushi-gp130 and BACE. Previously, it has been
shown that gp130 can form preformed dimers with gp130
and other receptors of the gp130-superfamily such as LIFR
(Tenhumberg et al., 2006). The current view is that dimer-
ization of the preformed gp130-receptor molecules is medi-
ated by extracellular interaction of the receptors. Our data
also point out that the intracellular part or the transmem-
brane domain of gp130 receptor chains can interact with
each other.

We analyzed the phosphorylation status of gp130-recep-
tor chains in “nonactive” (sushi-gp130/sushi-gp130) versus
“active” (IL-15-gp130/sushi-gp130 or IL-15-gp130) receptor
combinations. We define active receptor chain combinations
that induce cytokine-independent proliferation and STAT
activation. We precipitated the gp130 chimeric proteins with
anti-gp130 antibodies and analyzed tyrosine phosphoryla-
tion of gp130-chimeric receptor chains after pervanadate
treatment, which blocks dephosphorylation. Our results
clearly showed that only active receptor combinations lead
to phosphorylation of gp130-receptor chains (Figure 2G).
Only a faint phosphorylation signal was found in nonactive
receptor combination, which also did not lead to subsequent
STAT-phosphorylation (Figure 3A). We conclude that all
chimeric gp130 receptor chains can form dimers/multimers
independent of the extracellular part but dependent on the
intracellular or transmembrane domain. Importantly, simple
interaction of the intracellular or transmembrane domain
does not lead to sustained receptor activation. This is illus-
trated by the cases of sushi-gp130 homodimers, which are
inactive receptor chains, and of extracellular IL-15/sushi or
IL-15/IL-15 dimerization, which leads to active receptor
chains.

Next, we asked, whether the soluble IL-15R�-sushi do-
main was able to inhibit the proliferation of Ba/F3-gp130
cells stably transduced with IL-15-gp130, IL-15-gp130 �
sushi-gp130, IL-15-gp130 � sushi-WSX-1, or IL-15-WSX-1 �
sushi-gp130. As shown in Figure 2H, the proliferation of
cells stably transduced with IL-15-gp130 alone was inhibited
by soluble IL-15R�-sushi domain in a concentration-depen-
dent manner. The proliferation of the other tested cell lines
was not inhibited by soluble IL-15R�-sushi domain. These
data indicated that the proliferation of Ba/F3-gp130 cells
stably transduced with IL-15-gp130 is mediated by IL-15
homodimerization, which was competed by soluble IL-
15R�-sushi to abrogate gp130 signaling. Interestingly, we
could not inhibit the growth of cells stably transduced with
a combination of IL-15- and sushi-receptor chimeras
(gp130/gp130 and gp130/WSX-1). Duitman et al. (2008)
showed that IL-15 formed complexes with the IL-15R� al-
ready within the cell. The high-affinity constant of an IL-15/
IL-15R�-complex (Kd: 38 pM) is achieved by an electrostatic
interface characterized by a very low dissociation rate (Koff:
1.4 � 10�5 s�1) (Mortier et al., 2006). Therefore it can be
assumed that once formed complexes between IL-15 and
IL-15R�-sushi cannot be dissociated even by high molar
excess of soluble IL-15R�-sushi domain.

We tested whether the coexpression of the IL-15-sushi
chimeras resulted in activation of the signaling proteins
STAT1/3 and ERK1/2 in stably transduced Ba/F3-gp130
cells. For this purpose, cell lysates were analyzed by West-
ern blot with anti-phospho STAT1, anti-phospho STAT3,
and anti-phospho ERK1/2 specific antibodies. As depicted in
Figure 3A, expression showed STAT3 and ERK1/2-phosphor-
ylation and no STAT1-phosphorylation (Chattopadhyay et al.,

2007). In contrast, cells only expressing IL-15-WSX-1, sushi-
WSX-1, sushi-gp130, IL-15-LIFR, or IL-15-OSMR showed no
STAT1, STAT3, and ERK1/2 phosphorylation (Figure 3A).

The transcription of the genes c-myc and Pim-1 has been
shown to be dependent on STAT3 activation (Owaki et al.,
2008). To ask whether the homo- and heterodimeric receptor
complexes could activate target genes of IL-6-type cytokines,
the cell lines were analyzed for c-myc and Pim-1 transcrip-
tion by RT-PCR. As depicted in Figure 3B, only those cell lines
that were able to proliferate in a cytokine-independent manner
and that showed STAT1 and/or STAT3 and ERK1/2 phos-
phorylation also transcribed measurable amounts of c-myc and
Pim-1 mRNAs.

To facilitate the application of our system in vivo, we
generated a second generation expression cDNA coding for
human-IL-15/murine-WSX-1 and human-sushi/murine
gp130. First of all we mutated the cDNA coding for human
IL-15 at two sites, which led to two amino acid exchanges at
IL-15/D8S and IL-15/Q108S, resulting in a lack of binding to
the �- and �-receptor subunits, respectively (Pettit et al.,
1997). Moreover, both cDNAs coding for IL-15-WSX-1 and
sushi-gp130 were combined in one transcript, separated by a
2A peptide coding sequence and a furin cleavage site. The
2A peptide from the foot-and-mouth-disease virus is a self-
processing sequence to achieve expression of at least two
separate proteins from a single open reading frame (Fang et
al., 2005). The cleavage of the two proteins is thought to
happen in a cotranslational process. We called the resulting
single reading frame cDNA FUSIO, which consisted of a
FLAG-tagged human IL-15 mutant, transmembrane and cy-
toplasmic region of murine WSX-1, furin cleavage site, 2A
peptide, c-myc–tagged human IL-15R�-sushi domain, and
transmembrane and cytoplasmic region of murine gp130
(Figure 4A). Stably transduced Ba/F3-gp130 cells with the
cDNA coding for FUSIO expressed both chimeric receptor
chains on the cell surface (Figure 4B) and showed cytokine-
independent proliferation and STAT3 phosphorylation,
whereas control cells stably transduced with a cDNA coding
for GFP were not able to proliferate in the absence of Hyper-
IL-6 and did not show any STAT3 phosphorylation (Figure
4, C and D), demonstrating the functionality of our ap-
proach. However, stably transduced Ba/F3-gp130 cells with
the cDNAs coding for IL-15-WSX1 and sushi-gp130 from
separate genes showed stronger cytokine-independent pro-
liferation than cells stably transduced with the combined
IL15-WSX-1/sushi-gp130-FUSIO cDNA, even though inten-
sity of STAT3 phosphorylation was comparable (Figure 4, C
and D).

Primary dendritic cells were described to produce IL-6
after stimulation with IL-15 (Brandt et al., 2003). Therefore,
we analyzed whether our cell membrane–located IL-15-chi-
meric receptors would induce IL-6 production in primary
murine dendritic cells through IL-15-trans-signaling via di-
rect cell–cell contacts. Here we used the cell lines Ba/
F3-gp130-IL-15-gp130, Ba/F3-gp130-IL-15-WSX-1 � sushi-
gp130, Ba/F3-gp130-Fos-gp130, and Ba/F3-gp130-FUSIO.
As depicted in Figure 4E cocultures of primary murine
dendritic cells with Ba/F3-gp130-IL-15-gp130, Ba/F3-gp130-
IL-15-WSX-1 � sushi-gp130 cells but not with Ba/F3-gp130-
Fos-gp130, induced a strong induction of IL-6 protein ex-
pression, indicating that the membrane located IL-15 protein
is biologically active and induces IL-15-trans-signaling. In-
terestingly Ba/F3-gp130-FUSIO cells, which expressed an
IL-15 mutant, which cannot bind to the �- and �-receptor
subunits, did not induce IL-6 protein expression via IL-15-
trans-signaling. These results indicate that the FUSIO cDNA
could potentially be used for the analysis of in vivo conse-
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quences of cytokine-independent, constitutive gp130/WSX-1
receptor activation.

We concluded from these experiments that the presence of
the IL-15/IL-15R�-sushi domain system is useful for the
ligand-independent heterodimerization of all known gp130-
type receptor complexes, leading to long-term cytokine-in-
dependent cell proliferation and constitutive activation of
associated intracellular gp130-type receptor signaling path-
ways and target gene activation.

DISCUSSION

Here we describe a novel strategy to enforce cytokine-inde-
pendent, constitutive signaling of heterodimeric gp130 re-
ceptor complexes. Our study reveals three major findings.
First, replacing the extracellular domain of gp130, LIFR,
OSMR, WSX-1, and GPL by IL-15/IL-15R�-sushi domain is
sufficient to heterodimerize gp130 with LIFR, OSMR, and
WSX-1 as well as GPL with OSMR and as a consequence
leading to sustained STAT1 and/or STAT3 and ERK1/2
phosphorylation and transcriptional activation of the gp130-
type receptor target genes c-myc and Pim-1. Second, intro-
duction of functional combinations of the chimeric receptor
proteins into IL-6/sIL-6R–dependent Ba/F3-gp130 pre-B-
cells confers sustained and long-term factor-independent
growth of these cells, suggesting permanent activation of the
heterodimeric receptor complexes. Third, exploiting the
higher stability of an IL-15/sushi-IL-15R� heterodimer
when compared with IL-15 homodimers alone, we demon-
strate that soluble sushi protein can be used to destabilize
homodimeric IL-15-gp130 complexes, thereby interfering
with the constitutive signaling activity of IL-15-gp130 but
not with IL-15/IL-15R�-sushi domain complexes, again
demonstrating the exceptionally high affinity between IL-15
and IL-15R�-sushi domain. These findings indicate that once
formed IL-15/sushi complexes could not be dissociated by
soluble IL-15R�-sushi domain. Interestingly, IL-15 was re-
cently described as a cytokine that can only leave the cell in
complex with its IL-15R� receptor (Duitman et al., 2008).
Here, surface expression of IL-15 was detected in the ab-
sence of IL-15R� (e.g., IL-15-gp130), demonstrating that
IL-15 fused to a truncated gp130 can also leave the cell and
that the driving force of IL-15 secretion is not its specific
association with IL-15R� but its fusion or association with a
membrane receptor.

The approach taken assumes that the activation of gp130-,
WSX-1–, LIFR-, OSMR-, and GPL-associated JAK kinases are

Figure 4. Biological Activity of FUSIO. (A) Scheme of the FUSIO
protein containing signal peptide from bovine preprolactin (bPPL),
FLAG-tag, �- and �-receptor-binding–deficient hIL-15, murine WSX-1
(15 amino acids of the extracellular domain, transmembrane domain,
and cytoplasmic domain), furin cleavage site, 2A peptide, signal pep-
tide of human gp130, Myc-tag, and murine gp130 (15 amino acids of
the extracellular domain, transmembrane domain, and cytoplasmic
domain). (B) Cell surface expression of gp130 and WSX-1 chimeric
receptor encoded by FUSIO in stably transduced Ba/F3-gp130 cells
analyzed by flow cytometry. The cell lines were labeled as described in
Materials and Methods. Untransduced Ba/F3-gp130 cells were used as
negative controls (unfilled histograms). (C) Equal numbers of Ba/F3-
gp130 cells stably transduced with GFP, FUSIO, or IL-15-WSX-1 �
sushi-gp130 from two cDNAs were cultured for 3 d in the absence
of Hyper-IL-6. Proliferation was measured as indicated in Materials and

Methods. (D) Activation of STAT-3 proteins in BaF/3-gp130 cells
stably transduced with GFP, FUSIO, or IL-15-WSX-1 � sushi-gp130
from two cDNAs. After 6-h serum starvation Ba/F3-gp130 cells
stably transduced with GFP, FUSIO, or IL-15-WSX-1 � sushi-gp130
were left untreated. Subsequently, cells were lysed, and 50 �g was
separated by SDS/PAGE. Proteins were transferred onto a PVDF
membrane and were detected with anti-phospho-STAT3 mAbs and
visualized by ECL detection. The membrane was stripped and
probed with anti-STAT3 mAbs, and proteins were visualized by
ECL detection. (E) Coculture experiment of murine dendritic cells
with Ba/F3-gp130 cell lines expressing different fusion receptors
and quantification of IL-15–mediated murine IL-6 secretion. Murine
dendritic cells were stimulated with LPS (10 ng/ml) overnight. The
day after murine DCs were washed and cocultured with Ba/F-
gp130 cells expressing either IL-15-gp130, IL-15-WSX-1 � sushi-
gp130, FUSIO, or Fos-gp130 for 24 h. As a control murine dendritic
cells were stimulated with 1, 10, and 100 ng/ml recombinant IL-15
or left untreated. After 24 h supernatants were analyzed for mIL-6
secretion.
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triggered by close juxtapositioning of the cytoplasmic tails
within gp130-type heterodimeric receptor complexes. gp130,
like other cytokine receptors has two cytokine-binding do-
mains (CBD) and additional subdomains such as an immun-
globulin-like domain and fibronectin-like (FNIII) domains. It
is believed that during activation, cytokine ligands reorga-
nize their receptor complexes in such a way that the JAKs
are correctly juxtaposed allowing their activation by cross-
phosphorylation. There is increasing evidence that many
cytokine receptors appear to exist as inactive, preassembled
complexes at the cellular surface. This has been demon-
strated for the receptors for erythropoietin (Livnah et al.,
1999; Remy et al., 1999; Constantinescu et al., 2001), growth
hormone (Frank, 2002), interferon � (Krause et al., 2002), the
�c signaling component in the receptors for IL-3, IL-5, and
granulocyte-macrophage colony-stimulating factor (Carr et
al., 2001), IL-6R (Schuster et al., 2003), and also gp130 (Giese
et al., 2005; Tenhumberg et al., 2006). These data implied that
ligand binding induces a local reorganization within the
receptor complex, thereby triggering intracellular signaling.

The contact between IL-6-type cytokines and their gp130-
type �-receptors occurs via the site II and site III on the
respective cytokine. IL-6, IL-11, IL-27 (p28-subunit), CLC,
CNTF, and NNT-1 require additional �-receptors such as
IL-6R, IL11-R, EBI3, and CNTFR to mediate gp130-type �-re-
ceptor homo- or heterodimerization. This interaction occurs
via site I of the cytokine. gp130-type receptors contact the
sites II and III via cytokine-binding domains and/or the
immunglobulin-like domains, which are separated from
the plasma membrane by three fibronectin-like domains. At
least for gp130 it is clear that deletion of one or more of the
fibronectin-like domains leads to receptor molecules, which
can still bind their ligands but fail to activate intracellular
signal transduction cascades (Kurth et al., 2000). Single par-
ticle electron microscopy was used to visualize the entire
extracellular hexameric IL-6/IL-6R/gp130 complex, contain-
ing the immunglobulin-like domain, the cytokine-binding
domain and the three fibronectin-like domains (Skiniotis et
al., 2005). The authors showed that the COOH terminal
portions of the cytokine binding domain are �100 Å apart
after ligand binding. At the same time the COOH terminal
portions of the membrane proximal fibronectin-like domains
are dimerized, which would lead to close juxtaposition of
the transmembrane domains of the cell expressed receptor.
In this view, the functional role of the fibronectin-like do-
mains would be to assemble the transmembrane domains in
close proximity. However, the molecular mechanism how
cytokine binding is coupled to JAK and STAT activation is
not understood. Currently no structural information for full-
length cytokine receptors containing transmembrane or in-
tracellular domains is available. Preformed receptor dimer-
ization can be mediated by extracellular, transmembrane, or
intracellular domains. Here, we present evidence that inac-
tive dimerization of gp130 can be mediated by transmem-
brane or intracellular domains, which formally did not ex-
clude that preformed dimer formation is mediated by the
extracellular domains in vivo. Here, we have used gp130
chimeric proteins �cys-Fos-gp130, IL15-gp130, and sushi-
gp130, because a completely extracellular truncated gp130
molecule was not transported to the cell surface (Stuhlmann-
Laeisz et al., 2006). Importantly, in our experimental setting,
simple interaction of the intracellular or transmembrane
gp130 receptor domains of does not lead to sustained recep-
tor activation. Although we have not addressed this point in
our study directly, our results imply that a functional active
gp130-type receptor dimer needs to be positioned not only
in close proximity to allow for full activation of the receptor,

but also to be aligned in a specific manner (Greiser et al.,
2002).

Recently, a molecular model based on crystal structure
and electron microscopy data of the functional CNTF recep-
tor has shown that most likely this receptor complex consists
of a tetramer of CNTF, CNTF-R, gp130, and LIFR (Skiniotis
et al., 2008). In contrast, the functional IL-6 receptor complex
is believed to be formed of two molecules of IL-6, two
molecules of IL-6R, and two molecules of gp130, thus form-
ing a hexamer (Skiniotis et al., 2008). These two receptor
complex set-ups are geometrically very different and it is
therefore remarkable that the forced dimerization of all pos-
sible gp130 family receptor complexes leads to activation of
intracellular signaling.

Our approach to heterodimerize gp130-type receptor
complexes with the help of the IL-15/IL-15R�-sushi domain
is the first successful strategy to confer constitutive het-
erodimeric gp130-type receptor activation in the complete
absence of any extracellular stimulation. Our findings add
support to the current view that all IL-6-type cytokines
induce conformational changes within the extracellular do-
mains of heterodimeric gp130 receptor complexes that is
necessary for optimal alignment and binding of the amino
acids in the heterodimerization domain. Finally, this rear-
rangement stabilizes the heterodimerized receptor in a con-
formation that holds gp130-type receptor–associated JAK
kinases in close proximity thereby facilitating signaling.

Constitutive activation of STAT3, the gp130-dependent
transcription factor has been implicated in many human
neoplastic malignancies including multiple myeloma (Catlett-
Falcone et al., 1999; Rawat et al., 2000), prostate cancer, mela-
noma, ovarian cancer, renal carcinoma (Bromberg, 2002),
and gastric cancer (Jenkins et al., 2005). Artificially dimerized
and therefore constitutively active STAT3 was shown to
possess oncogenic potential, and STAT3 was therefore des-
ignated as an oncogene (Bromberg et al., 1999). So far it is not
understood which processes lead to the observed constitu-
tive activation of STAT3. It is not unlikely that in such
malignancies, constitutive activation of homodimeric
gp130 receptor complex or a heterodimeric gp130/WSX-1,
gp130/LIFR, gp130/OSMR, or GPL/OSMR receptor com-
plex either by an autocrine or paracrine loop of stimulat-
ing cytokines or by genetic alterations causes the activa-
tion of STAT3 (Selander et al., 2004). In fact, recently,
Rebouissou et al. (2008) described the discovery of marked
activation of the IL-6 signaling pathway in inflammatory
hepatocellular adenomas, which was directly caused by
gain-of-function somatic mutations within the gp130 recep-
tor chain. The gain-of-function gp130 variants were active in
a ligand-independent manner, which is highly comparable
to our homo- and heterodimeric receptor complexes. These
data may directly connect the long-time observed STAT3
activation in various cancers with constitutive gp130-recep-
tor signaling (Rebouissou et al., 2008). Our study might be
the starting point to study the oncogenic potential of per-
manently activated heterodimeric gp130 receptor complexes
resulting in constitutively activated STAT1/3 and ERK1/2,
which in turn activate the RAS/RAF/mitogen-activated
protein kinase (MAPK) pathway in vivo. Moreover, consti-
tutively active heterodimeric gp130-type receptor complexes
would provide novel molecular tools to establish animal
models of diseases in which activated STAT1/3 is believed
to play a role. To avoid IL-15–mediated responses of our
receptor chimeras in vivo, we have used an IL-15 mutant,
which cannot bind to the �- and �-receptor chains of the
IL-15 receptor signaling complex, but was still able to bind
the IL-15R�-sushi domain to induce cytokine-independent
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signaling of the chimeric receptor proteins (Pettit et al., 1997).
Therefore, our constitutively active heterodimeric receptor
molecules in combination with the 2A peptide technology
(Fang et al., 2005) may be used to generate animal models to
assess the consequences of constitutive pathophysiologic
activation of gp130 heterodimeric receptor complexes at a
cell autonomous level.

There are several potential advantages of using models
based on ligand-independent, constitutive heterodimeric
gp130-type receptor complexes rather than to rely on a
constitutively active STAT3 mutant or to transgenic mice
overexpressing the respective cytokines. First, activation of
STAT3 does not reflect the activation pattern after het-
erodimeric gp130-type receptor activation because the RAS/
MAPK pathway and the PI3K pathway is not activated.
Second, systemic cytokine supply does not reflect situations
in which chronic activation of the receptors is achieved only
in certain tissues or areas of the body. Our receptor chimeras
could now be used to induce gp130-type receptor signaling
in a cell autonomous manner and if combined with tissue
specific promoters in tissue specific transgenic mouse mod-
els. The use of the receptor chimeras therefore will provide
novel insights into the consequences of uncontrolled activa-
tion of heterodimeric gp130-type receptor complexes and
the resulting signaling cascades in vivo.
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