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Background: Activation of STAT3 is the major signaling pathway of IL-23.
Results: The study provides detailed characterization of IL-23-dependent signal transduction with the focus on STAT3
phosphorylation.
Conclusion:Canonical tyrosine-dependent and non-canonical tyrosine-independent STAT3 activation sites are locatedwithin
the IL-23R.
Significance: This may be the first step in elucidating the signal transduction of IL-23, an important cytokine for TH17 cell
development.

Signaling of interleukin 23 (IL-23) via the IL-23 receptor (IL-
23R) and the shared IL-12 receptor �1 (IL-12R�1) controls
innate and adaptive immune responses and is involved in the
differentiation and expansion of IL-17-producing CD4� T
helper (TH17) cells. Activation of signal transducer and activa-
tor of transcription 3 (STAT3) appears to be themajor signaling
pathway of IL-23, and STAT binding sites were predicted in the
IL-23R but not in the IL-12R�1 chain. Using site-directed
mutagenesis and deletion variants of the murine and human
IL-23R, we showed that the predicted STAT binding sites
(pYXXQ; including Tyr-504 and Tyr-626 in murine IL-23R and
Tyr-484 and Tyr-611 in human IL-23R) mediated STAT3 acti-
vation. Furthermore, we identified two uncommon STAT3
binding/activation sites within the murine IL-23R. First, the
murine IL-23R carried theY542PNFQsequence,which acts as an
unusual Src homology 2 (SH2) domain-binding protein activa-
tion site of STAT3. Second,we identified a non-canonical, phos-
photyrosine-independent STAT3 activation motif within the
IL-23R.A thirdpredicted site, Tyr-416 inmurine andTyr-397 in
human IL-23R, is involved in the activation of PI3K/Akt and the
MAPKpathway leading to STAT3-independent proliferation of
Ba/F3 cells upon stimulation with IL-23. In contrast to IL-6-
induced short term STAT3 phosphorylation, cellular activation
by IL-23 resulted in a slower but long term STAT3 phosphory-
lation, indicating that the IL-23Rmight not be a major target of
negative feedback inhibition by suppressor of cytokine signaling
(SOCS) proteins. In summary, we characterized IL-23-dependent
signal transduction with a focus on STAT3 phosphorylation and
identified canonical tyrosine-dependent and non-canonical tyro-
sine-independent STAT3 activation sites in the IL-23R.

The interleukin (IL)-12 type cytokine family consists of the
heterodimeric cytokines IL-12, IL-23, IL-27, and IL-35 (1). The
�-subunits (p19, p28, and p35) share the IL-6 type cytokine fold
and can pair with �-subunits (p40 and Ebi3) that are structur-
ally similar to themembrane-bound receptor for IL-6 cytokines
but lacking the transmembrane domain (2). The non-signaling
�-receptor p40 subunit is covalently attached to the p35 and
p19 cytokine chain to form IL-12p70 (p35/p40) (3) and IL-23
(p19/p40) (4), respectively. The �-chain Ebi3 pairs with p28 to
form IL-27 (5). The newest member of the IL-12 family, IL-35,
is a heterodimer composed of the non-covalently bound sub-
units p35 (cytokine subunit of IL-12) and Ebi3 (�-receptor sub-
unit of IL-27) (6). Thereby, IL-35 bridges the IL-6 and the IL-12
cytokine families.
Some of the proinflammatory functions of IL-23 are related

to the induction of terminal differentiation and proliferation of
IL-17-producingCD4�Thelper (TH17) cells (7). TH17 cells are
involved in the pathogenesis of inflammatory autoimmune dis-
eases, including rheumatoid arthritis, multiple sclerosis, psori-
asis, and inflammatory bowel disease (8). Consequently, IL-23
(p19)- or IL-23 receptor (IL-23R)-deficient mice are resistant
to autoimmune and inflammatory disorders, such as experi-
mental autoimmune encephalomyelitis (9), collagen-induced
arthritis (10), and inflammatory bowel disease (11, 12). Accord-
ingly, targeting IL-23 signal transduction pathways has become
a promising therapeutic strategy. However, clinical trials with
the anti-p40 antibody ustekinumab, which neutralizes both
IL-23 and the related IL-12, have not been reproducibly effec-
tive in patients with Crohn disease (13, 14). IL-23 also appears
to promote tumor incidence and growth (15), but at least one
report indicates that IL-23 has also anti-tumorigenic activity
against pediatric B-acute lymphoblastic leukemia (B-ALL) cells
(16), demonstrating (e.g. for Crohn disease and opposing roles
in cancer development) that the biology of IL-23 is still incom-
pletely understood. IL-23 is mainly produced by myeloid den-
dritic cells after Toll-like receptor activation (17–19) and by
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activated proinflammatory type 1 macrophages (20). Little is
known about regulation of IL-23 receptor expression, but a
number of cell types have been described to express IL-23
receptor chains, including CD4� T cells of the TH17 lineage, ��
T cells,macrophages, dendritic cells, and innate lymphoid cells,
although these cells are often almost unresponsive to IL-23 due
to low expression of the IL-23-specific IL-23R (21, 22).
Signaling within the IL-12 family occurs via receptor chains

that are structurally homologous to the gp130 family. IL-23
induces dimerization of the IL-12R�1 receptor, which is also
one receptor for IL-12, and the IL-23-specific IL-23R (23).
Binding of IL-23 to signal-transducing type I transmembrane
�-receptors induces the activation of noncovalently �-recep-
tor-bound Janus kinases (JAKs) and subsequent signaling path-
ways, including signal transducers and activators of transcrip-
tion (STAT) transcription factors (23), phosphoinositide
3-kinase (PI3K) (24), and NF-�B (24). So far, there are no data
about the involvement of MAPK in IL-23 signal transduction.
Cho et al. (24) investigated the effect of a MEK inhibitor on the
induction of IL-17 but did not find any influence. STAT and
SHP2 phosphorylation by Janus kinases depends on the ability
of the Src homology 2 (SH2)2 domain of the STAT factors and
the SHP2 interaction domain to interact with phosphorylated
tyrosines embedded in factor-specific binding sites of the cyto-
kine receptor. The IL-23R is regarded as the only signal-trans-
ducing component of the IL-23 receptor complex, and, similar
to IL-12 signaling, IL-12R�1 is required for high affinity bind-
ing (25). The murine and human IL-23R proteins are 644- and
629-amino acid residue-long type I transmembrane proteins,
respectively, with a 66% identity on the amino acid level. The
intracellular domains of murine and human IL-23R comprise
247 and 252 amino acid residues, respectively. It has been sug-
gested that IL-23 signaling is mediated through three of seven
intracellular tyrosine residues of the IL-23R (Tyr-416, Tyr-504,
and Tyr-626 in mice and Tyr-397, Tyr-484, and Tyr-611 in
humans). The Ym416/h397EDI sequence was predicted to be a
potential SHP2 binding site (23, 26), and Ym626/h611FPQ was
predicted to be a potential STAT1 and STAT3 binding site (23,
27, 28). The postulated SHP2 binding site within the IL-23R
might lead to the activation of theMAPK and the PI3K cascade,
as is knownfor IL-6 signal transduction (29).TheGYm504/h484KPQIS
sequence has similarities in the IL-12R�2 known to bind to
STAT4 (GY(L/V)PS (30, 31)). The STAT phosphorylation pat-
terns (STAT1, STAT3, STAT4, and STAT5) of IL-12 and IL-23
are similar. However, IL-23-induced STAT4 phosphorylation
is much weaker compared with IL-12 (23). For IL-23 signaling,
STAT3 appears to be the primary mediator (23). Therefore, we
focused on the analysis of STAT3 and MAPK/PI3K activation
by murine and human IL-23R. Whereas the predicted MAPK/
PI3K activation site was verified, STAT3 activation is far more
complex than expected, with canonical tyrosine-dependent
and non-canonical tyrosine-independent activation modes.

EXPERIMENTAL PROCEDURES

Cells and Reagents—Ba/F3-gp130 cells transduced with
human gp130 were kindly provided by Immunex (Seattle, WA)
(32), HeLa cells (ACC-57) were purchased from the Leibniz
Institute DSMZ-German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany), and the packaging cell
line Phoenix-Eco was from U. Klingmüller (DKFZ, Heidelberg,
Germany) (33). All cell lineswere grown inDMEMhigh glucose
culture medium (Invitrogen) supplemented with 10% fetal calf
serum (Invitrogen), 60 mg/liter penicillin, and 100 mg/liter
streptomycin (Genaxxon Bioscience GmbH, Ulm, Germany) at
37 °C with 5% CO2 in a water-saturated atmosphere. For culti-
vation of Ba/F3-gp130 cell lines, the above-mentionedmedium
was supplemented with 10 ng/ml Hyper-IL-6 (HIL-6), a fusion
protein of IL-6 and the soluble IL-6R, which is a mimic of IL-6
trans-signaling (34). After selection and proliferation analysis,
Ba/F3-gp130 cells expressing murine IL-23R variants and
murine IL-12R�1 were cultured in the respective medium
containing 10 ng/ml recombinant mouse IL-23 as described
(eBioscience, San Diego, CA) or Hyper-IL-23 (HIL-23) instead
of HIL-6. HIL-23 is a fusion protein of murine p40 followed by
a synthetic linker (RGGGGSGGGGSVE) and murine p19 as
described previously (4) with anN-terminal FLAG and a C-ter-
minal His tag. 0.2% of conditioned cell culture medium from a
stable CHO-K1 cell line secretingHIL-23 orHIL-6was used for
cell culture, proliferation, and stimulation assays. The concen-
tration of HIL-23 in the conditioned cell culture medium was
about 5.5 �g/ml, as determined by ELISA (data not shown).
Phospho-STAT3 mAb (Tyr-705) (D3A7), STAT3 mAb
(124H6), phospho-STAT1 (Tyr-701) antibody, STAT1 anti-
body, phospho-p44/42 MAPK (Erk1/2) (Thr-202/Tyr-204)
(D13.14.4E) mAb, p44/42 MAPK (Erk1/2) antibody, phospho-
Akt (Ser-473) (D9E) mAb, and Akt antibody were purchased
from Cell Signaling Technology (Frankfurt, Germany). Anti-c-
Myc monoclonal antibody (9E10) was precipitated from
hybridoma cell culture supernatant using ammonium sulfate,
dissolved in PBS, and used for immunoblotting (1:50). The per-
oxidase-conjugated secondary antibodies were purchased from
Pierce. Biotinylated anti-mouse IL-23R antibody (BAF1686)
and anti-mouse IL-12R�1 antibody (BAF1998), streptavidin-
HRP, phycoerythrin (PE)-conjugated anti-mouse IL-12R�1,
and monoclonal anti-mouse IL-23R antibody were from R&D
Systems (Minneapolis, MN). Alexa Fluor 647 mouse anti-Stat3
(Tyr(P)-705) and PE-conjugated mouse anti-Stat3 were pur-
chased from BD Biosciences. Alexa Fluor 647-conjugated Fab
goat anti-rat IgG was from Dianova (Hamburg, Germany).
Construction of Expression Plasmids—cDNAs coding for

murine IL-23R (gene ID 209590) and IL-12R�1 (gene ID 16161)
were amplified from total RNA extracts derived from mouse T
cells and cloned into the pcDNA3.1 expression vector (Invitro-
gen). A C-terminal c-Myc tag was added for detection in cell
lysates by Western blot. To create a murine/human chimeric
IL-23R with human IL-23R signal transduction, named hIL-
23R(mET/hC), the intracellular part of the human receptor
(amino acids 377–629) was amplified by polymerase chain
reaction (PCR) from a cDNA clone (IMAGE ID 4132295, Source
BioScience LifeSciences (Berlin, Germany)) and inserted into

2 The abbreviations used are: SH2, Src homology 2; mIL, mouse IL; hIL, human
IL; HIL-6 and -23, Hyper-IL-6 and -23, respectively; PE, phycoerythrin; G-CSF,
granulocyte colony-stimulating factor; G-CSFR, G-CSF receptor.
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pcDNA3.1-mIL-23R, where the appropriate coding sequence
(amino acids 396–644) had been removed.Mutations of tyrosine
to phenylalanine in murine IL-23R and the chimera were gener-
ated by PCRs using Phusion� high fidelity DNA polymerase
(FINNZYMES, Thermo Scientific) followed by DpnI digestion
of methylated template DNA. Deletion variants of the murine
IL-23 receptor (mIL-23R) and the chimera were cloned into
pcDNA3.1 using standard PCR. The sequences of the oligonu-
cleotides used in this study will be provided upon request. Fur-
ther, all cDNAs were subcloned into the eukaryotic expression
vector p409 (35) for transient transfection of HeLa cells. For
retroviral transduction of Ba/F3-gp130 cells, two retroviral
plasmids with different resistance genes have been used. The
plasmid pMOWS encodes the puromycin resistance gene
(pMOWS-puro (33)), whereas pMOWS-hygromycin mediates
hygromycin resistance (pMOWS-hygro (36)). Expression cas-
settes coding for IL-23R variants were inserted into pMOWS-
puro, and those for themurine IL-12R�1 were inserted into the
pMOWS-hygro plasmid. All generated expression plasmids
have been verified by sequencing.
Transfection, Transduction, and Selection of Cells—HeLa

cells (1 � 106) were transiently transfected as indicated with
either p409-mIL-23R, p409-mIL-23R deletion or mutation
variants, hIL-23R(mET/hC), or appropriate deletions or muta-
tions along with p409-mIL-12R�1 using TurboFect transfec-
tion reagent (Fermentas, Thermo Scientific) according to the
manufacturer’s instructions. Ba/F3-gp130 cells were retrovi-
rally transduced with the expression plasmid pMOWS-hygro-
mIL-12R�1 followed by an additional transduction with
pMOWS-puro plasmid derivatives coding for IL-23R variants.
As a control, single transduced Ba/F3-gp130 cell lines express-
ing onlymouse IL-12R�1,mouse IL-23R, or hIL-23R(mET/hC)
were generated. The pMOWS expression plasmids (5 �g) were
therefore transiently transfected in 8 � 105 Phoenix-Eco cells
using TurboFect transfection reagent. Retroviral supernatants
were produced as described (33), and 250�l were applied to 1�
105 Ba/F3-gp130 cells. The solution was centrifuged at 1,800
rpm for 2 h at 21 °C in the presence of 8 �g/ml Polybrene (Sig-
ma-Aldrich). Transduced cells were grown in standard DMEM
as described above supplemented with 10 ng/ml HIL-6. 48 h
after transduction, transduced Ba/F3-gp130 cells were selected
in 1.5 �g/ml puromycin or 1 mg/ml hygromycin B (PAA Labo-
ratories, Marburg, Germany) or both for at least 2 weeks. After
2 weeks of antibiotic selection, HIL-6waswashed away, and the
generated Ba/F3-gp130 cell lines were screened for HIL-23-de-
pendent growth.
StimulationAssays—Fordetection of phospho-STAT3 in co-

transfected HeLa cells, 24 h after transfection, cells were
washed with PBS and cultured for 16 h in serum-free DMEM.
Afterward, cells were incubated in the absence or presence of
HIL-23 as indicated and lysed in 50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 2 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1% Nonidet
P-40, and 1% Triton X-100, supplemented with complete pro-
tease inhibitor mixture tablets (Roche Applied Science). For
detection of phospho-STAT3, phospho-STAT1, phospho-
Erk1/2, and phospho-Akt, Ba/F3-gp130 cells, retrovirally trans-
duced with cDNAs for mouse IL-12R�1 and IL-23R variants,
werewashed three timeswith sterile PBS and starved for at least

4 h in serum-free DMEM. Cells were stimulated withHIL-23 as
indicated and harvested by centrifugation, and the pellet was
directly frozen in liquid nitrogen. For analysis of phospho-
Erk1/2 and phospho-Akt, cells were pretreated for 1 h with
signaling pathway inhibitors, such as PD98059 (MEK inhibitor)
and LY294002 (PI3K inhibitor). Cells were lysed as described
above. The protein concentrations of the cell lysates were
determined by a BCA protein assay (Pierce) according to the
manufacturer’s instructions. Activation of STAT3, Erk1/2, and
Akt was determined by immunoblotting using antibodies
against the phosphorylated proteins.
SDS-PAGE and Western Blot—Equal amounts of proteins

from cell lysates were separated by SDS-PAGE under reducing
conditions and transferred to a PVDFmembrane using aTrans-
Blot Turbo transfer system (Bio-Rad). The membrane was
blocked in 5% fat-free dried skimmed milk in TBS-T (10 mM

Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% Tween 20) and probed
with the primary antibody in 5% fat-free dried skimmedmilk in
TBS-T (STAT3, STAT1, c-Myc, Erk1/2, and Akt) or 5% BSA in
TBS-T (phospho-STAT3, phospho-STAT1, phospho-Erk1/2,
phospho-Akt, mIL-23R, and mIL-12R�1) at 4 °C overnight.
The blots were washed and incubated with the secondary per-
oxidase-conjugated antibody or streptavidin-HRP for 1 h
before applying the ECL PrimeWestern blotting detection rea-
gent (GEHealthcare). TheChemoCam Imager (INTASScience
Imaging Instruments GmbH, Göttingen, Germany) was used
for signal detection according to the manufacturer’s instruc-
tions. Membranes were stripped in 62.5 mM Tris-HCl (pH 6.8),
2% SDS, and 0.1% �-mercaptoethanol for 30 min at 60 °C,
blocked again, and reprobed with another primary antibody.
Surface and Intracellular STAT3 Staining—To detect sur-

face expression of the IL-23R variants, cells were washed with
FACS buffer (PBS containing 1%BSA) and incubated at 5� 105

cells/100�l of FACS buffer supplementedwith 2.5�g ofmono-
clonal anti-mouse IL-23R antibody (R&D Systems) for 2 h on
ice. After a single wash with FACS buffer, cells were incubated
in FACS buffer containing a 1:100 dilution of Alexa Fluor 647-
conjugated Fab goat anti-rat IgG (Dianova) for 1 h at 4 °C.
Finally, cells were washed once with FACS buffer, resuspended
in 500 �l of FACS buffer, and analyzed by flow cytometry (BD
FACSCanto II flow cytometer, BD Biosciences). The resulting
data were evaluated using the FCS Express software (De Novo
Software, Los Angeles, CA). To detect surface expression of the
mouse IL-12R�1, cells were prepared as described above and
incubated with 100 �l of FACS buffer containing 10 �l of PE-
conjugated anti-mouse IL-12R�1 (R&DSystems) for 2 h at 4 °C.
For intracellular staining of phosphorylated STAT3, 1 � 106

Ba/F3 cells were washed three times with sterile PBS, starved
for at least 4 h in serum-free DMEM, and stimulated with
HIL-23 as indicated. Cells were harvested by centrifugation and
fixed in 2% (w/v) paraformaldehyde at 37 °C for 15 min, fol-
lowed by permeabilization in 90% (v/v) methanol for 30min on
ice. Cells were washed (PBS containing 0.5% BSA) and stained
for phospho-STAT3 and STAT3 using Alexa Fluor 647 mouse
anti-Stat3 (Tyr(P)-705) and PE-conjugated mouse anti-Stat3
antibodies (BD Biosciences) according to the manufacturer’s
instructions. Flow cytometry was performed using a BD FAC-
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SCanto II flow cytometer (BD Biosciences), and data were ana-
lyzed using FACS DIVA software (BD Biosciences).
Proliferation Assay—Ba/F3-gp130 cell lines were washed

three times with sterile PBS and resuspended in DMEM con-
taining 10% FCS at 5� 104 cells/ml. The cells were cultured for
2 days in a final volume of 100 �l with or without cytokines, as
indicated. The CellTiter-Blue� cell viability assay (Promega,
Karlsruhe, Germany) was used to estimate the number of viable
cells following themanufacturer’s protocol. Fluorescence (exci-
tation 560 nm, emission 590 nm) was recorded using the Infi-
nite M200 PRO plate reader (Tecan, Crailsheim, Germany)
immediately after the addition of the 20�l/well CellTiter-Blue�
reagent (time point 0) and up to 1 h after incubation under
standard cell culture conditions. Fluorescence values were nor-
malized by subtraction of time point 0 values. For comparison
of independent Ba/F3-gp130 cell lines, the n-fold proliferation
was calculated by setting the negative control (cells growing

without cytokines) of each Ba/F3 cell line to a value of 1. All of
the values were measured in triplicate per experiment.

RESULTS

IL-23 Induces Long Term STAT3 Activation—The cytoplas-
mic region of mIL-23R contains seven tyrosine residues; six are
conserved between mIL-23R and hIL-23R. Mouse Tyr-416,
Tyr-504, and Tyr-626 and human Tyr-397, Tyr-484, and Tyr-
611 were defined as potential SH2 domain-binding sites for
binding of SHP2, STAT4, and STAT1/3, respectively (23) (Fig.
1A). Tyr-542 is unique inmIL-23R, whereas Tyr-463 only exists
in hIL-23R. Both tyrosines are not embedded in classical SH2
domain-binding sites (YXXQ) with Y542PNFQ and Y463PQ,
respectively (Fig. 1A). Here, we concentrated on the activation/
phosphorylation of STAT3 by the IL-23R. To study the func-
tional role of the tyrosine residues of the murine and human
IL-23R in STAT3 activation, IL-23-responsive Ba/F3-gp130

FIGURE 1. The cytoplasmic domains of mouse and human IL-23R induce STAT3 activation. A, the mouse IL-23 receptor complex consists of IL-12R�1,
containing one tyrosine residue, box 1 and box 2 motifs, and the unique IL-23R with seven tyrosine residues. Six tyrosines are conserved in mice and humans,
and putative binding sites for SHP2, STAT4, and STAT1/3 have been postulated. Tyrosine residues are indicated and numbered in IL-23R. The non-conserved
tyrosines Tyr-542 (mouse) and Tyr-463 (human) are underlined. B, proliferation of stably transduced Ba/F3-gp130 cells with cDNAs coding for murine IL-23R,
hIL-23R(mET/hC) containing the cytoplasmic domain of the human receptor, murine IL-12R�1, and co-transduced Ba/F3 cells. Equal numbers of cells were
cultured for 2 days in the presence of 10 ng/ml HIL-6, 0.2% HIL-6 conditioned cell culture supernatant, or 0.2% HIL-23 or without cytokine. Ba/F3-gp130 cells
were used as a control. Proliferation was measured using the colorimetric CellTiter-Blue� cell viability assay. C, stably transduced Ba/F3 cells were washed three
times, starved, and stimulated with 0.2% HIL-23 for 10 min. Cellular lysates were prepared, and equal amounts of proteins (50 �g/lane) were loaded onto SDS
gels. Western blots were performed using antibodies specific for phospho-STAT3 and STAT3. For positive control, Ba/F3-gp130 cells were stimulated for 10 min
with 0.2% HIL-6 and analyzed. Western blots are shown for one representative experiment. Error bars, S.D.
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cell lines have been generated, expressing the murine receptor
chains on their cell surface (supplemental Fig. 1, A and B). Fur-
ther, a murine/human chimeric IL-23R with hIL-23R signal
transduction has been constructed, in which the extracellular
and transmembrane region (ET domain) of the mIL-23R was
fused to the cytoplasmic region (C) of hIL-23R, named hIL-
23R(mET/hC) (Fig. 1A). Proliferation of Ba/F3 cells depend on
IL-3 and activation of STAT5. After stable transfection with a
gp130 cDNA, proliferation of Ba/F3-gp130 cells depends on
IL-6 and soluble IL-6R or Hyper-IL-6 and activation of STAT3
(34) (Fig. 1B). After stable transduction of the IL-23 receptor
chains mIL-12R�1 and mIL-23R or hIL-23R(mET/hC), Ba/F3-
gp130-mIL-12R�1-mIL-23R, and Ba/F3-gp130-mIL-12R�1-
hIL-23R(mET/hC), cells were able to proliferate in the presence
of HIL-23, whereas Ba/F3-gp130 cells expressing either mIL-
23R, the hIL-23R(mET/hC), or the mIL-12R�1 did not grow
(Fig. 1B). The dependence on IL-23 of these Ba/F3 cells was
confirmed by analysis of STAT3 phosphorylation. HIL-23
induced STAT3 phosphorylation only in cells expressing mIL-
23R or hIL-23R(mET/hC) plus mIL-12R�1 (Fig. 1C). Next, a
time course experiment was carried out to investigate the
dynamics of STAT3 phosphorylation in Ba/F3-gp130-mIL-
12R�1-mIL-23R cells stimulated with HIL-23 or HIL-6 for up to
240min. STAT3phosphorylationwas analyzedby flowcytometry
andWestern blotting at the indicated timepoints (Fig. 2,A andB).
Interestingly, induction of STAT3 phosphorylation in Ba/F3-
gp130-mIL-12R�1-mIL-23R cells upon HIL-23 stimulation is
slowwith a peak at 60min, but it is prolonged in comparisonwith
HIL-6 stimulation, which leads to amaximal induction after 5–10
min and a decline after 60min (Fig. 2,A and B).
As a second cellular model to investigate IL-23-dependent

STAT3 phosphorylation, we chose HeLa cells. Recently, it was
shown that STAT3 was activated in HeLa cells co-transfected
with hIL-12�1 and hIL-23R (37). In co-transfection experi-

ments, we first examined expression and signaling of mIL-
12R�1 and mIL-23R in HeLa cells (supplemental Fig. 2A).
IL-23-induced STAT3 phosphorylation was only observed in
HeLa cells co-transfected with mIL-12R�1 and mIL-23R but
not after transfection of only one receptor chain (supplemental
Fig. 2A). Surface expression of mIL-23R and mIL-12R�1 was
demonstrated by FACS analysis with the use of antibodies
directed against the extracellular domains of mouse IL-12R�1
and mouse IL-23R (supplemental Fig. 2B). IL-23-induced
STAT3 phosphorylationwas also detected inHeLa cells co-trans-
fected with mIL-12R�1 and hIL-23R(mET/hC) (supplemental
Fig. 2C). Taken together, our results indicate that Ba/F3 and
HeLa cells are good cellular systems to investigate the biological
function of themIL-23R and the hIL-23R chimera hIL-23R(mET/
hC) with respect to proliferation and STAT3 phosphorylation.
IL-23-induced STAT3 Activation Is Not Restricted to the Pre-

dicted Tyr-626 SH2-binding Site Motif in Murine IL-23R and the
Predicted Tyr-611 SH2-binding Site Motif in Human IL-23R—
Two potential STAT binding sites (pYXXQ) in the cytoplasmic
region of the IL-23R have been postulated (STAT4, mouse Tyr-
504 and human Tyr-484; STAT1/3, mouse Tyr-626 and human
Tyr-611 (23)). To examine the role of these individual tyrosine
motifs inmIL-23R and hIL-23R(mET/hC), receptormutantswith
Tyr3 Phe substitutions were generated (Fig. 3A). The non-con-
served tyrosine residues ofmouse (Tyr-542) andhuman (Tyr-463)
IL-23R have been included because they are part of motifs similar
to the STAT binding motif (mouse Y542PNFQ, human Y463PQ)
and also the potential SHP2binding sites (mouseY416EDI, human
Y397EDI).
STAT3 phosphorylation was detected for mIL-23R, the sin-

gle mutant variants of mIL-23R (Y416F, Y504F, Y542F, and
Y626F), the hIL-23R(mET/hC), and the mutants thereof
(Y397F, Y463F, and Y611F) upon stimulation with HIL-23 in
Ba/F3 and HeLa cells co-transfected with mIL-12R�1 (Fig. 3B).

FIGURE 2. Kinetics of IL-23-induced STAT3 activation. A, Ba/F3-gp130 cells stably transduced with cDNAs for murine IL-23R and murine IL-12R�1 were
washed three times with PBS and starved for 2 h in serum-free DMEM. 1 � 106 cells were stimulated for the times indicated with 0.2% HIL-6 or HIL-23, harvested
by centrifugation, fixed in 2% (w/v) paraformaldehyde, and permeabilized in 90% (v/v) methanol. Cells were stained for phospho-STAT3 and STAT3 overnight
and analyzed by flow cytometry. B, in parallel, cellular lysates of the respective Ba/F3-gp130 cells, stimulated for the times indicated with 0.2% HIL-6 or HIL-23,
were prepared and analyzed by Western blot using antibodies specific for phospho-STAT3 and STAT3.
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Expression of the receptor chains was verified by immunoblot-
ting in transiently transfectedHeLa cells and by flow cytometry
in stably transduced Ba/F3 cells (supplemental Fig. 3, A and B).
Proliferation of Ba/F3-gp130-mIL-12R�1-mIL-23R (and deri-
vates thereof) and Ba/F3-gp130-mIL-12R�1-hIL-23R(mET/
hC) (and derivates thereof) was induced by stimulation with
HIL-23 (Fig. 3C). These results indicate that IL-23-mediated
STAT3 activation does not rely on one single tyrosine motif
within murine and human IL-23R.
Tyr-542 and Tyr-626 in Murine IL-23R Are Important for

SH2 Domain-dependent STAT3 Activation—To investigate
which other Src homology 2 (SH2) domain-binding site(s)
apart from Tyr-626 in murine IL-23R and the Tyr-611 motif in
human IL-23R are responsible for the activation of STAT3,
double and triple IL-23RTyr3 Phemutants and combinations
thereof were generated, Y416F/Y504F, Y416F/Y542F, Y416F/
Y626F, Y504F/Y542F, Y504F/Y626F, Y542F/Y626F, Y416F/
Y504F/Y626F, andY504F/Y542F/Y626F formurine IL-23R and
Y463F/Y611F and Y463F/Y484F/Y611F for human IL-23R in
hIL-23R(mET/hC) (Fig. 4A). Expression of the receptor chains
was either confirmed by immunoblotting in HeLa cells or by

flow cytometry in Ba/F3 cells (supplemental Fig. 4, A and B).
The mutants were analyzed after co-transfection with mIL-
12R�1 in humanHeLa cells and stimulation with HIL-23. Only
the mIL-23R variants mIL-23R/Y542F/Y626F and mIL-23R/
Y504F/Y542F/Y626F showed no activation of STAT3 after
HIL-23 stimulation (Fig. 4B), indicating that the non-conserved
and atypical SH2-binding motif surrounding tyrosine 542 in
combination with the postulated STAT3 binding motif (Tyr-
626) is responsible for the STAT3 phosphorylation of the
murine receptor in human cells. UsingmurineBa/F3 cells, anal-
ysis of the IL-23 signal transduction pathway, however, gave a
different picture. After stimulation with HIL-23, phosphoryla-
tion of STAT3 and induction of cellular proliferation with
apparently no differences fromBa/F3-gp130-mIL-12R�1-mIL-
23R cells were still detected in the Ba/F3-gp130-mIL-12R�1-
mIL-23R cell lines carrying double and triple Tyr3 Phe sub-
stitutions in the intracellular domain of mIL-23R, including
Ba/F3-gp130-mIL-12R�1-mIL-23R/Y542F/Y626F and Ba/F3-
gp130-mIL-12R�1-mIL-23R/Y504F/Y542F/Y626F (Fig. 4, B
and C). We repeated these experiments with HeLa and Ba/F3
cells several times with the same results, and we are not able to

FIGURE 3. Analysis of postulated STAT3 binding site within the cytoplasmic region of the murine IL-23R. A, IL-23R mutants (mouse Y426F, Y504F, Y542F,
and Y626F; human Y397F, Y463F, and Y611F) were generated by site-directed mutagenesis. A scheme of the positions of the resulting tyrosine (Y) to
phenylalanine (F) substitutions introduced in the wild-type IL-23R cytoplasmic domain is shown. The second receptor of the IL-23 signaling complex, IL-12R�1,
remains unmodified. B, p409 expression vectors containing the cDNAs were co-transfected into HeLa cells as indicated. Cells were starved overnight, followed
by stimulation with 0.2% HIL-23. Whole cellular lysates have been prepared, and equal amounts of proteins (50 �g/lane) were loaded onto SDS gels. Western
blots were performed with antibodies specific for phospho-STAT3. Membranes were reprobed after stripping with STAT3 antibodies. Corresponding stably
transduced Ba/F3-gp130 cells were washed three times with PBS and starved for 5 h, followed by stimulation with 0.2% HIL-23 for 10 min. Whole cellular lysates
have been prepared and subjected to Western blot analysis as described for HeLa experiments. The presented Western blots originate from different mem-
branes and are therefore separated by black lines. Data are representative of at least two independent experiments. C, stably transduced Ba/F3-gp130 cells
were analyzed in a proliferation assay. After 48 h of stimulation with 0.2% HIL-23, proliferation of cells was measured using the colorimetric CellTiter-Blue� cell
viability assay. Values represent the mean value of three repetitions and were normalized by subtraction of time point 0 values. For comparison of the
independent stably transduced Ba/F3-gp130 cell lines, n-fold proliferation was calculated by setting the negative control of each Ba/F3 cell line to a value of 1.
Data are representative of at least two independent experiments. Error bars, S.D.
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explain the differences between HeLa and Ba/F3 cells concern-
ing STAT3 phosphorylation. One possible explanation could
be that there is only a minimal phosphorylation of STAT3 in
HeLa cells upon IL-23 stimulation due to themutations of Tyr-
542 and Tyr-626, which is not distinguishable from the back-
ground STAT3 activation.
To assess STAT3 activation more quantitatively, intracellular

staining of STAT3 and phospho-STAT3 was performed using
Ba/F3-gp130-mIL-12R�1-mIL-23R/Y626F, Ba/F3-gp130-mIL-
12R�1-mIL-23R/Y504F/Y542F/Y626F, and Ba/F3-gp130-mIL-
12R�1-mIL-23R cells (Fig. 4D).Mutation of the predicted binding
siteTyr-626didnot reducephosphorylationof STAT3,butTyr3
Phe substitutions of both potential STAT binding sites (Tyr-504
and Tyr-626) and the non-conserved tyrosine residue Tyr-542
resulted in a major reduction of STAT3 phosphorylation.
As seen for the murine IL-23R, the appropriate double and

triple mutants of the hIL-23R(mET/hC) (Y463F/Y611F and
Y463F/Y484F/Y611F) clearly led to phosphorylation of STAT3
and proliferation of Ba/F3-gp130-mIL-12R�1-hIL-23R(mET/
hC) cells upon stimulation with HIL-23 (Fig. 4, A and B). Con-
trary to the mIL-23R, stimulation of HeLa cells co-transfected
with mIL-12R�1 and the double or triple mutant of hIL-
23R(mET/hC) with HIL-23 still led to STAT3 phosphorylation
(supplemental Fig. 4B). Because IL-23R that did not carry any
SH2-binding motif was still able to induce STAT3 phosphoryla-
tion, we were not able to determine which tyrosine within the
human IL-23Rwas responsible for STAT3phosphorylation in this
experiment.We could, however, conclude that an additional non-
canonical activation mechanism other than classical and atypical
SH2-binding sites within the murine and human IL-23R must
induce STAT3 phosphorylation after IL-23 stimulation.
Besides STAT3, IL-23 stimulation led to phosphorylation of

STAT1 (23). To analyze whether the non-canonical activation of
STAT3 also accounts for STAT1, we used Ba/F3-gp130-mIL-
12R�1-mIL-23R(mutant) cells, with Y416F, Y626F, or Y416F/
Y504F/Y542F/Y626F (Fig. 4E). Here, IL-23-induced phosphoryla-
tion was only detectable in Ba/F3-gp130-mIL-12R�1-mIL-23R
and Ba/F3-gp130-mIL-12R�1-mIL-23R/Y416F cells and only
weakly in Ba/F3-gp130-mIL-12R�1-IL-23R/Y626F and Ba/F3-
gp130-mIL-12R�1-IL-23R/Y416F/Y504F/Y542F/Y626F cells,
indicating that a canonical tyrosine-dependent SH2-binding site is
needed for phosphorylation of STAT1 in IL-23 signal transduction.
Phospho-STAT3-independent Cellular Proliferation of IL-23-

responsive Ba/F3 Cells Is Dependent on PI3K/Akt and Erk1/2
Phosphorylation—To identify the tyrosine-independent
STAT3-phosphorylation site, to further identify tyrosine resi-
dues within SH2 domains needed for STAT3 phosphorylation,

and to exclude the involvement of the three tyrosine residues
that are not found in SH2 domain-binding sites of the IL-23R
(mouse Tyr-448, Tyr-469, and Tyr-496; human Tyr-429, Tyr-
450, and Tyr-476), we cloned intracellular region deletion vari-
ants of the mIL-23R, which were truncated at positions 415
(�415), 434 (�434, plus Y416F), 503 (�503), and 503 (�503,
plus Y416F) (Fig. 5A). Tyr-416 was predicted tomediate SHP2-
binding and MAPK and PI3K activation but might also affect
the binding of JAKs, because this tyrosine is located in a puta-
tive JAK2 binding site (38). Therefore, MAPK and PI3K activa-
tion via Tyr-416 was analyzed. The smallest deletion was mIL-
23R/�503, which included the non-SH2-binding domain
tyrosines (Tyr-448, Tyr-469, and Tyr-496) but lacked the SH2-
binding domain tyrosines (Tyr-504, Tyr-542, and Tyr-626).
Additionally, we generated mIL-23R/Y416F/Y504F/Y542F/
Y626F, with mutations in all tyrosine residues predicted to be
involved in any signal transduction plus Tyr-542, found in this
study tomediate STAT3 phosphorylation (Fig. 5A). Expression
of the receptor chains in transiently co-transfected HeLa cells
and stably transduced Ba/F3 cells was visualized by Western
blot and flow cytometry, respectively (Fig. 5B and supplemental
Fig. 5A). IL-23-induced STAT3 phosphorylation of all deletion
variants was abrogated in HeLa and Ba/F3 cells, indicating that
the non-SH2 domain tyrosines (Tyr-448, Tyr-469, and Tyr-
496) were not needed for STAT3 phosphorylation and that an
additional motif located C-terminally from amino acid residue
503 within the mIL-23R intracellular region apart from the
SH2-binding domain tyrosines is involved in STAT3 phospho-
rylation (Fig. 5B). The deletion variants mIL-23R/�415, mIL-
23R/Y416F-�434, and mIL-23R/Y416F-�503 failed to induce
proliferation of the respective Ba/F3 cells dependent of HIL-23
(Fig. 5C). Furthermore, Ba/F3-gp130-mIL12R�1-mIL-23R/
�503 cells did not show any obvious differences in IL-23-in-
duced proliferation compared with Ba/F3-gp130-mIL-12R�1-
mIL-23R cells.
Next we analyzed Ba/F3-gp130-mIL-12R�1 cell lines stably

transduced with deletion variants of the hIL-23R(mET/hC),
including hIL-23R(mET/hC)-�476 lacking the SH2-binding
site tyrosines Tyr-484 and Tyr-611 but not the Tyr-463, hIL-
23R(mET/hC)/Y463F-�476 and hIL-23R(mET/hC)/Y397F/
Y463F-�476. Surface expression of the IL-23 receptorswas ver-
ified by flow cytometry in stably transduced Ba/F3 cells
(supplemental Fig. 5B). Ba/F3-gp130-mIL-12R�1 cells stably
transduced with any of these deleted and mutated IL-23R
chains failed to induce STAT3 phosphorylation after stimula-
tionwithHIL-23, indicating that Tyr-463 andTyr-397were not
involved in STAT3 phosphorylation and that also in the IL-23R

FIGURE 4. Differences in IL-23-mediated STAT3 activation in HeLa and Ba/F3-gp130 cells. A, IL-23R variants containing two or three mutations were
generated by site-directed mutagenesis to define STAT3 recruitment sites within the cytoplasmic domain. B, p409 expression vectors containing the cDNAs as
indicated were co-transfected into HeLa cells, and analysis was performed as described in the legend to Fig. 3B. Respective stably transduced Ba/F3-gp130 cells
were generated as described and analyzed as mentioned. The presented Western blots originate from different membranes and are therefore separated by
black lines. Data are representative of at least two independent experiments. C, proliferation of stably transduced Ba/F3 cells based on the colorimetric
CellTiter-Blue� Cell viability assay was performed as described. Values represent the mean value of three repetitions and were normalized. For comparison of
the independent stably transduced Ba/F3-gp130 cell lines, n-fold proliferation was calculated by setting the negative control of each Ba/F3 cell line to a value
of 1. Data are representative of at least two independent experiments. D, IL-23R variants containing mutations of mouse Tyr-626 were washed three times with
PBS and starved for 2 h in serum-free DMEM. 1 � 106 cells were stimulated for 30 min with 0.2% HIL-6 or HIL-23, harvested by centrifugation, fixed in 2% (w/v)
paraformaldehyde, and permeabilized in 90% (v/v) methanol. Cells were stained for phospho-STAT3 and STAT3 overnight and analyzed by flow cytometry. E,
stably transduced Ba/F3 cells were washed three times, starved for 4 h, and stimulated with 0.2% HIL-23 for 60 min. Cellular lysates were prepared, and equal
amounts of proteins (50 �g/lane) were loaded onto SDS gels. Western blots were performed using antibodies specific for phospho-STAT1 and STAT1. Western
blot data are shown for one representative experiment. Error bars, S.D.
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an additional site C-terminal from amino acid residue 476 but
distinct from Tyr-484 and Tyr-611 must be involved in STAT3
phosphorylation. Although Ba/F3-gp130-mIL-12R�1-hIL-
23R(mET/hC)-�476 cells did not exhibit STAT3 phosphoryla-
tion, IL-23-induced proliferation was comparable with Ba/F3-
gp130-mIL-12R�1-hIL-23R(mET/hC) cells. Additional mutation
of Tyr-397 was sufficient to abrogate IL-23-induced proliferation,
again indicating thatMAPK/PI3K activation was needed and suf-
ficient for cellular proliferation of Ba/F3 cells (Fig. 5C).
As an additional control, IL-23-induced STAT3 phosphory-

lation was also detected in Ba/F3-gp130 cells stably transduced
with mIL-12R�1 and mIL-23R/Y416F/Y504F/Y542F/Y626F
but with an apparently lower STAT3 phosphorylation com-
pared with Ba/F3-gp130-mIL-12R�1-mIL-23R cells (Fig. 5B).
To exclude a cell line-specific effect of these observations, we
investigated activation of STAT3 upon HIL-23 stimulation in
two independently generated stably transduced Ba/F3-gp130
cell lines (clones 36 and 38) by immunoblotting of phosphory-
lated and unphosphorylated STAT3 (Fig. 6A). Furthermore,
differences in the kinetics of STAT3 phosphorylation in Ba/F3-
gp130-mIL-12R�1 cells expressing the mIL-23R or the mutant
mIL-23R variant (Y416F/Y504F/Y542F/Y626F) were detected
by intracellular STAT3 staining, indicating that STAT3 phos-
phorylation is lower for the mIL-23R variant (Y416F/Y504F/
Y542F/Y626F) (Fig. 6B). Because Tyr-416 is not directly

involved in STAT3 phosphorylation but is located in a putative
JAK2 binding site (38), this might indicate that Tyr-416 is
needed for efficient binding of JAKs to the mIL-23R chain.
However, the involvement of Tyr-416 in JAK binding has to be
analyzed in future studies.
Our data indicate that STAT3 phosphorylation is not man-

datory for IL-23-induced proliferation of Ba/F3 cells. Accord-
ingly, Ba/F3-gp130-mIL-12R�1 cells stably transduced with
mIL-23R, mIL-23R/Y416F, mIL-23R-�503, mIL-23R/Y416F/
Y504F/Y542F/Y626F, or mIL-23R/Y416F-�503 were stimu-
lated with HIL-23 and analyzed for Erk1/2 and PI3K/Akt phos-
phorylation. HIL-23 increases the phosphorylation of Erk1/2
andAkt in Ba/F3-gp130-IL-12R�1-mIL-23R and Ba/F3-gp130-
IL-12R�1-mIL-23R-�503 but not in Ba/F3-gp130-IL-12R�1-
mIL-23R/Y416F/Y504F/Y542F/Y626F cells (Fig. 7). Erk phos-
phorylation was also detected in Ba/F3-gp130-IL-12R�1-mIL-
23R/Y416F but not in Ba/F3-gp130-IL-12R�1-mIL-23R/
Y416F-�503 cells, indicating that the predicted SHP2 binding
site Y416EDI and an additionalmotif within the C-terminal part
of the IL-23R are needed for phosphorylation of Erk1/2. In con-
trast, Tyr-416 seems to be responsible for activation of PI3K/
Akt because only Ba/F3-gp130-mIL-12R�1 cells containing
non-mutated Tyr-416 showed phosphorylated Akt (Ba/F3-
gp130-IL-12R�1-mIL-23R, Ba/F3-gp130-IL-12R�1-mIL-23R-
�503). Phosphorylation of Erk1/2 and PI3K/Akt was clearly

FIGURE 5. STAT3 activation is independent of tyrosine residues and not sufficient for cell proliferation. A, deletion variants of the murine IL-23R were
generated by PCR. The first amino acid of the missing part of the IL-23R cytoplasmic domain is mentioned (e.g. �415). The postulated SHP2 binding site Tyr-416
or Tyr-397 was deleted, and a mutant variant with four Tyr3 Phe substitutions was made. B, respective stably transduced Ba/F3-gp130 cells were generated
as described and analyzed as mentioned. The Western blot data derived from different membranes and are therefore separated by black lines. Data are
representative of at least two independent experiments. C, the colorimetric CellTiter-Blue� cell viability assay was used to determine the proliferation of the
stably transduced Ba/F3-gp130 cell lines as mentioned. Values represent the mean value of three repetitions and were normalized. For comparison, n-fold
proliferation was calculated by setting the negative control of each Ba/F3 cell line to a value of 1. Data are representative of at least two independent
experiments. Error bars, S.D.
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suppressed by pretreatment with MEK inhibitor PD98059 or
PI3K inhibitor LY294002 (Fig. 7). For control of Erk and Akt
stimulation assays, appropriate Ba/F3 cell lines were further
analyzed according to STAT3 activation in the absence or pres-
ence of Jak inhibitor P6. Comparable Western blot data were
obtained for mIL-23R-�415 containing no tyrosine residue
within the IL-23R (data not shown). Our results imply that pro-
liferation of Ba/F3-gp130-mIL-12R�1-mIL-23R (mutant) cells
that fail to induce STAT3 phosphorylation after HIL-23 stim-
ulation, such as mIL-23R-�503, is maintained by activation of
Erk1/2 and PI3K/Akt.
Identification of a Non-canonical STAT3 Activation Motif in

the Intracellular Domain of the IL-23R—To identify the non-
canonical motif within the cytoplasmic domain of the IL-23R,
which is responsible for the SH2-binding site-independent
STAT3 phosphorylation, we generated C-terminally truncated
mIL-23R proteins with mIL-23R/Y416F/Y504F/Y542F/Y626F
as backbone, resulting in the deletion variantsmIL-23R/Y416F/

Y504F/Y542F/Y626F-�630, mIL-23R/Y416F/Y504F/Y542F-
�625, mIL-23R/Y416F/Y504F/Y542F-�615, mIL-23R-Y416F/
Y504F/Y542F-�597, mIL-23R/Y416F/Y504F/Y542F-�571,
mIL-23R/Y416F/Y504F/Y542F-�554, and mIL-23R/Y416F/
Y504F-�541 (Fig. 8A). The deletion variant mIL-23R/Y416F-
�503 was also included. All mIL-23R deletion variants were
expressed on the cell surface of stably transduced Ba/F3-gp130-
mIL-12R�1-mIL-23R cells (supplemental Fig. 6A). No IL-23-
induced STAT3 phosphorylationwas detected for themIL-23R
variants mIL-23R/Y416F/Y504F-�541 and mIL-23R/Y416F-
Y504F/Y542F-�554, whereas phosphorylation of STAT3 was
rescued for the mIL-23R variants from mIL-23R/Y416F/
Y504F/Y542F-�571 to mIL-23R/Y416F/Y504F/Y542F/Y626F-
�630 (Fig. 8A). To clearly detect STAT3 phosphorylation in
mIL-23R variants carrying the Y416F mutation, the Western
blots were overexposed compared with the mIL-23R and the
STAT3 phosphorylation intensity of the mIL-23R/Y416F
variant shown in Fig. 5. Furthermore, whereas Ba/F3-gp130-
mIL-12R�1-mIL-23R/Y416F/Y504F/Y542F-�571 cells still
proliferated dependent on HIL-23, Ba/F3-gp130-mIL-12R�1-
mIL-23R/Y416F/Y504F/Y542F-�554 showed no IL-23-depen-
dent proliferation. However, proliferation of all cell lines was
inducible by HIL-6 (Fig. 8B). Analysis of STAT3 phosphoryla-
tion and cellular proliferation of the differentmIL-23R deletion
variants revealed a motif of 17 amino acids, which is hypothe-
sized to be involved in non-canonical phosphorylation of
STAT3 independently of SH2-binding site proteins (supple-
mental Fig. 6B). Interestingly, this motif is highly conserved in
IL-23 receptors in mammalian species (supplemental Fig. 6B).
Additional mIL-23R mutants either containing the 554–570
motif fused to non-STAT3 activating deletion variant mIL-
23R/Y416F-�503 (Y416F-�503�543-582) or lacking the 17-a-
mino acid motif (Y416F/Y504F/Y542F/Y626F-�554–570)
were generated for further characterization (Fig. 9A). Cell sur-
face expression of the receptor chains was verified by flow
cytometry (supplemental Fig. 6C). Deletion of these 17 amino
acids led to an almost complete disappearance of STAT3 phos-
phorylation upon IL-23 stimulation. A faint band for pSTAT3
was, however, detected by chemiluminescence in Ba/F3-gp130-
mIL-12R�1-mIL-23R/Y416F/Y504F/Y542F/Y626F-�554–570
cells. Deletion variants lacking the 17 amino acids (Y416F/
Y504F/Y542F-�554) as well as the variant containing the motif
(Y416F/Y504F/Y542F-�571) were included as controls (Fig.
9A). Furthermore, the 17-amino acid deletion variant prolifer-
ated in the presence of IL-23 (Fig. 9B). Therefore, we independ-
ently quantified STAT3 phosphorylation by flow cytometry.
Surprisingly, quantitative intracellular staining by flow cytom-
etry revealed no activation of STAT3 upon IL-23 stimulation for
Ba/F3-gp130-mIL-12R�1-mIL-23R/Y416F/Y504F/Y542F/Y626F-
�554–570 cells (Fig. 9C). The deletion variants Y416F/Y504F/
Y542F-�554 and Y416F/Y504F/Y542F-�571 were included as
controls, and two different passages (medium containing either
HIL-6 (I) or HIL-23 (II)) of Y416F/Y504F/Y542F/Y626F-�554–
570 cells have been investigated. These data support our hypoth-
esis that the 17-amino acidmotif within theC terminus ofmurine
IL-23R is important for STAT3 activation. However, the amino
acid motif is not sufficient to mediate STAT3 activation because
adding to the deletion variant Y416F-�503 did not induce activa-

FIGURE 6. Tyrosine phenylalanine substitutions resulted in altered kinet-
ics of STAT3 activation. A, two independent stable transduced Ba/F3-gp130
cell lines (36 and 38) containing the IL-12R�1 and mutated IL-23R (Y426F/
Y504F/Y542F/Y626F) cDNA were starved in serum-free medium and subse-
quently stimulated with 0.2% HIL-23 for 10 min. Cells were harvested, and
whole cell lysates were prepared and analyzed by Western blot using anti-
bodies specific against phospho-STAT3 and STAT3. B, STAT3 activation was
evaluated by intracellular staining. Ba/F3-gp130 cells and the FFFF Ba/F3 cell
line containing mutated IL-23R (Y426F/Y504F/Y542F/Y626F) were washed
three times with PBS and starved in serum-free DMEM. 1 � 106 cells were
stimulated for the times indicated with 0.2% HIL-23, harvested by centrifuga-
tion, fixed in 2% (w/v) paraformaldehyde, permeabilized in 90% (v/v) metha-
nol, stained, and analyzed by flow cytometry.
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tion of STAT3 upon IL-23 stimulation. Proliferation of Ba/F3 cell
Y416F-�503�543-582 was comparable with the non-STAT3 ac-
tivating deletion variant (Y416F-�503) (Fig. 9B). Proliferation of
cell lines was inducible by HIL-6 but with different intensity. Val-
ues for deletion variants Y416F-�503 and Y416F-�503�543-582
were�4-foldhigher thanWTandY416F/Y504F/Y542F/Y626Fas
well as Y416F/Y504F/Y542F/Y626F-�554–570 cells. Accord-
ingly, direct comparison of IL-23-mediated proliferation of these
cell lines is not possible.

DISCUSSION

Receptors that activate STAT3 are characterized by one or
more YXXQmotifs (39, 40). Mutation of the tyrosine or gluta-
mine residue of this consensus sequence from receptors such as
gp130 and IL-9R abrogated canonical STAT3 recruitment and
phosphorylation, demonstrating that the recognition by the
SH2domain of STAT3 is critical for its activation (40, 41).Here,
we have identified the tyrosine-dependent canonical and tyro-
sine-independent non-canonical STAT3 activation sites within
the murine and human IL-23R. Our study reveals three major
findings. First, the tyrosine Ym416/h397EDI motif is involved in
the activation of MAPK/PI3K pathway. Second, the Ym626FPQ

motif was confirmed as the canonical STAT3 binding site in
murine IL-23R, and we identified an additional STAT3 binding
site, which slightly deviates from the consensus SH2-binding
site YXXQ, because it contains three instead of two amino acids
between the tyrosine and the glutamine (YXXXQ). Thismotif is
only found in murine IL-23R (YPNFQ) and not in the rat
(YPNFT) and other organisms and accordingly also not in the
human IL-23R (HPNFA) (supplemental Fig. 6B). To the best of
our knowledge, it has not been described so far that an SH2-
binding site can contain three amino acids between Tyr and
Gln. Third, we identified an additional motif between amino
acid residues 554 and 570 in the murine IL-23R that facilitates
non-canonical tyrosine-independent STAT3 phosphorylation
after IL-23 stimulation. Deletion of this 17-amino acid motif
depleted STAT3 phosphorylation, as was demonstrated by
immunoblotting and intracellular staining. However, complete
abrogation of STAT3 activationwas only shown by flow cytom-
etry. Ba/F3 cells containing four Tyr3 Phe mutations and the
deletion of the non-canonical tyrosine-independent motif still
proliferated in the presence of IL-23, perhaps indicating that
IL-23 signal transduction is a complex network not only involv-

FIGURE 7. IL-23-mediated proliferation of stably transduced Ba/F3-gp130 cells involves PI3K/Akt activation. The indicated Ba/F3 cell lines were washed
three times with PBS, starved for 4 h in serum-free medium, and pretreated for 60 min with P6 (1 �M), PD98059 (20 �M), or LY294002 (20 �M) before exposure
to HIL-23 (0.2%) for 1 h. Cell lysates were analyzed for STAT3, Erk1/2, and Akt by Western blot analysis of total and phosphorylated STAT3, Erk1/2, and
phosphorylated Akt using specific Abs. A representative example of two separate experiments is shown.
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ing Jak/STAT, MAPK, and PI3K/Akt. Previous studies also
revealed the involvement of NF-�B in IL-23 signaling (24). Our
experiments and homology alignments indicate that this motif
is conserved and accordingly also present in the human IL-23R.
Protein motif analysis did not lead to the identification of a
general motif between positions 553 and 571 (plus 10 amino
acid residues surrounding this core sequence). Further, we
failed to detect any apparent amino acid sequence identity
between the identified 17-amino acid residue sequence, needed
to mediate tyrosine-independent activation of STAT3, and
other cytokine receptors. Two amino acid residues N-terminal
of position 554 (Leu), a putative CK1 phosphorylation site
(S548ASS) was identified, which is highly conserved within the
IL-23Rs of all species analyzed. However, this site is N-terminal
from the deletion�554 and therefore not likely to be involved in
STAT3 activation. The relatedCK2has recently been described
to be mandatory for STAT signaling of oncostatin M (OSM)
(42), which is an IL-6 type cytokine. A general involvement of
CK2 in signaling of the IL-6/IL-12 type cytokine family cannot
not be excluded at the moment. Thus far, CK1 has not been
described as being involved in STAT3 signaling. Moreover, the
motif for CK1 (SXX(S/T)) is frequently observed in proteins,
and putative CK1 sites do not necessarily represent real target
sites. Further, it was suggested that PI3K/Akt may be involved
in STAT3 phosphorylation (24). However, we showed that the
PI3K/Akt-mediated STAT3 activation is not related to the here

described non-canonical tyrosine-independent STAT3 phos-
phorylation, because this also occurs in a mutant (Y416F/
Y504F/Y542F/Y626F) that was not able to activate PI3K/Akt
after IL-23 stimulation, and stimulation of Ba/F3-gp130-
mIL12R�1-mIL-23R cells with IL-23 in the presence of the
PI3K inhibitor LY294002 did not deplete STAT3 phosphoryla-
tion (data not shown).
Tyrosine-/SH2-independent STAT activation has been

reported previously for the granulocyte colony-stimulating fac-
tor receptor (G-CSFR; STAT3) (43), IL-22 receptor (IL-22R;
STAT3) (44), and interferon-�/� receptor �-chain (IFNAR2;
STAT2) (45), and it was speculated that other cytokine recep-
torsmay use a similarmode of STAT3 recruitment (44). IL-23R
is the first member of the gp130 type receptor family that pos-
sesses such a non-canonical STAT3 activation modus.
In the case of the G-CSFR, a mutant lacking all intracellular

tyrosines was shown to recruit and activate STAT3 via an
unknownmechanism, albeit at higher concentrations of G-CSF
compared with tyrosine-dependent activation (43). The
authors did not detect a constitutive association of STAT3with
the G-CSFR. They speculate that an intermediate molecule,
interactingwith the C-terminal region of the receptor, contains
a phosphotyrosine binding site for the SH2 domain of STAT3
(43). In the case of IL-23R, we were also not able to co-immu-
noprecipitate STAT3 and IL-23R (data not shown), indicating
that STAT3 and IL-23R are, as in the case of G-CSFR, not con-

FIGURE 8. A part of the C-terminal domain of IL-23R is sufficient for STAT3 activation. A, a series of deletion variants starting from Y416F-�503 to the
mutant Y426F/Y504F/Y542F/Y626F were generated and stably transduced into Ba/F3-gp130 cells containing the IL-12R�1. Resulting Ba/F3 cell lines were
washed three times with PBS, starved, and stimulated for 10 min with 0.2% HIL-23. Equal amounts of protein were loaded onto SDS gels. Western blotting was
performed using antibodies specific for phospho-STAT3 and STAT3. Data are representative for at least two experiments. Presented Western blots originate
from different membranes and are therefore separated by black lines. B, equal numbers of stably transduced Ba/F3 cells were cultured for 2 days in the presence
of 0.2% HIL-6 or 0.2% HIL-23 or without cytokine. Proliferation was measured with the colorimetric CellTiter-Blue� cell viability assay. Values represent the mean
value of three repetitions and were normalized. For comparison, n-fold proliferation was calculated by setting the negative control of each Ba/F3 cell line to a
value of 1. Data are representative of at least two independent experiments. Error bars, S.D.
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stitutively associated. Recently, Dumoutier et al. (44) demon-
strated that the C-terminally located 84 amino acid residues of
IL-22R contain a thus far undefinedmotif, which allows consti-
tutive association with STAT3, most likely via the coiled-coil
domain of STAT3. Importantly, IL-22-induced tyrosine-inde-
pendent activation of STAT3 is facilitated by this 84-amino acid
sequence, and mutation of all cytoplasmic tyrosine residues of
the IL-22R only partially affects STAT3 activation. The authors
speculated that receptor preassociation with STAT3 assures a
faster response or efficient STAT3 activation in cells with lower
endogenous STAT3 expression. Association of STAT3 with
IL-23R to enable fast STAT3 activation is also not supported by
our finding that IL-23-induced activation of STAT3 is slow
compared with IL-6-induced activation of STAT3 via gp130.
Therefore, we assume that binding of STAT3 to the receptor
for both canonical and non-canonical STAT3 activation is
cytokine-induced. However, the detailed mechanism has to be
elaborated in further studies. SH2-independent recruitment of
STAT3might serve to avoid negative feedback by proteins such
as suppressor of cytokine signaling 3 (SOCS3), which can com-
pete with STAT factors for phosphotyrosines (46). IL-6-gp130-
STAT3 activation is rapidly switched off by SOCS3-negative
feedback regulation (47). We and others showed that IL-23-
induced STAT3 activation is not switched off (48), suggesting
that SOCS3 is not a negative regulator of IL-23 signaling. How-
ever, these data were obtained after overexpression of the
IL-23R. Chen et al. (49) reported that SOCS3 negatively regu-
lates IL-23 signaling during TH17 development in primary T
cells. Therefore, it remains to be seen whether the non-canon-
ical STAT3 activation plays a role in escape from negative
SOCS3 feedback inhibition. STAT3 plays a major role during
differentiation and proliferation of TH17 cells. The frequency of
TH17 cells was reduced in experimental autoimmune enceph-
alomyelitis (EAE)-resistant mice with a conditional deletion of
STAT3 (50, 51), and deletion of SOCS3 increased the number
of TH17 cells (49). It has been demonstrated that IL-6 is needed
for STAT3 activation during the initial but not late phase of
TH17 differentiation and not for TH17 proliferation (7). It
might be speculated that the rapid SOCS3-mediated negative
feedback down-regulation of IL-6-mediated STAT3 activation
provokes the need for second line cytokines such as IL-23 to
ensure prolonged STAT3 activation during late phase of TH17
differentiation and proliferation that is not completely nega-
tively regulated by SOCS proteins. Sustained STAT3 activation
can contribute to tumor development (52), and the IL-6/gp130
signaling pathway is a candidate for constitutive STAT3 activa-
tion in tumors (53). Therefore, STAT3 activation has to be
strictly regulated, which might not be properly ensured by IL-6
signaling because the responsible receptors are more com-
monly expressed. IL-23R expression is very limited and not
found, for example, on naive T cells. However, during differen-
tiation ofT cells toTH17 cells, these cells start to express IL-23R

FIGURE 9. Characterization of the non-canonical STAT3 activation motif
in the intracellular domain of IL-23R. A, two IL-23R variants either with a
deletion of 17 amino acids (Y416F/Y504F/Y542F/Y626F-�554 –570) or with
the addition of the respective motif (Y416F-�503�543-582) were generated
and stably transduced into Ba/F3-gp130-mIL-12R�1 cells. Resulting Ba/F3 cell
lines were washed three times with PBS, starved, and stimulated for 10 min
with IL-23. Equal amounts of protein were loaded onto SDS gels. Western
blotting was performed using antibodies specific for phospho-STAT3 and
STAT3. Data are representative for two experiments. The presented Western
blots originate from different membranes and are therefore separated by
black lines. B, equal numbers of stably transduced Ba/F3 cells were cultured
for 2 days in the presence of 0.2% HIL-6 or 0.2% HIL-23 or without cytokine.
Proliferation was measured with the colorimetric CellTiter-Blue� cell viability
assay. Values represent the mean value of three repetitions and were normal-
ized. For comparison, n-fold proliferation was calculated by setting the neg-
ative control of each Ba/F3 cell line to a value of 1. Data are representative of
at least two independent experiments. C, IL-23R variants were washed three
times with PBS and starved for 2 h in serum-free DMEM. 1 � 106 cells were

stimulated for 30 min with 0.2% HIL-6 or HIL-23, harvested by centrifugation,
fixed in 2% (w/v) paraformaldehyde, and permeabilized in 90% (v/v) metha-
nol. Cells were stained for phospho-STAT3 and STAT3 overnight and analyzed
by flow cytometry. Two Ba/F3-gp130-mIL-12R�1-mIL-23R/Y416F/Y504F/
Y542F/Y626F-�554 –570 cell passages were analyzed, cultivated in the pres-
ence of either HIL-6 (I) or HIL-23 (II). Error bars, S.D.

STAT3 Activation in IL-23 Signal Transduction

19398 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 27 • JULY 5, 2013



and become a target for IL-23 to enable target-oriented and
sustained activation of STAT3. However, it remains to be seen
whether the non-canonical STAT3 activation motif is needed
for efficient TH17 differentiation.
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