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Persistent Stimulation with Interleukin-17
Desensitizes Cells Through SCFb-TrCP-Mediated
Degradation of Act1
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The proinflammatory cytokine interleukin-17 (IL-17) is important for the immune response to pathogens
and also contributes to the pathogenesis of various inflammatory diseases. To avoid persistent inflam-
mation, signaling by the IL-17 receptor (IL-17R), which involves the adaptor protein Act1, must be tightly
controlled. Here, we report that persistent stimulation of HeLa cells with IL-17 resulted in degradation of
Act1 and desensitization of IL-17R signaling. IL-17 stimulated the Lys48-linked polyubiquitination and degra-
dation of Act1, which was phosphorylation-dependent, similar to the IL-17–dependent degradation of in-
hibitor of nuclear factor kB a. Act1 was recruited to SCF (Skp1–cullin-1–F-box)–type E3 ubiquitin ligase
complexes containing b-transducin repeat–containing protein 1 (b-TrCP1) or b-TrCP2 in a phosphorylation-
dependent manner upon stimulation of cells with IL-17. Dominant-negative b-TrCP or knockdown of b-TrCP1
and b-TrCP2 markedly reduced IL-17–induced, phosphorylation-dependent ubiquitination and degrada-
tion of Act1. Thus, our studies identify a previously uncharacterized desensitization mechanism, involv-
ing the SCFb-TrCP-mediated degradation of Act1, that occurs during persistent stimulation with IL-17.
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INTRODUCTION

T helper 17 (TH17) cells are a recently identified T cell subset that has a
specific differentiation program different from those of TH1 and TH2 subsets
of cells (1–5). TH17 cells secrete the characteristic cytokine interleukin-17
(IL-17) (6–8). Although TH17 cells and IL-17 are critical for host defense
against bacterial and fungal infections, they play proinflammatory roles in
the pathogenesis of various inflammatory diseases (6, 9–16). Genetic inves-
tigations of IL-17– or IL-17 receptor (IL-17R)–deficient mice have shown
that the IL-17 pathway contributes to the development of autoimmune dis-
eases (11, 17). IL-17 is increased in concentration in patients with inflam-
matory disorders such as rheumatoid arthritis, multiple sclerosis, or asthma
(8, 18–20) compared to that in normal individuals, whereas blockage of
IL-17 by neutralizing antibodies provides some relief in cases of the auto-
immune pathology of arthritis, psoriasis (21), or experimental autoimmune
encephalomyelitis (EAE), a mouse model of multiple sclerosis (22).
These findings suggest that the targeting of IL-17 signaling might pro-
vide a potentially efficient strategy for the clinical treatment of auto-
immune diseases (23).

The IL-17R is widely found in various cell types, including fibroblasts,
epithelial cells, endothelial cells, and astrocytes. Stimulation of cells with
IL-17 activates many common signaling pathways, including those involv-
ing the mitogen-activated protein kinases (MAPKs) and the transcription
factor nuclear factor kB (NF-kB) (4, 8, 24, 25), which results in the pro-
duction of inflammatory cytokines, such as IL-1, tumor necrosis factor
(TNF), and IL-6; chemokines, such as CXCL1 (also known as KC),
CCL2 [monocyte chemotactic protein 1 (MCP-1)], CXCL2 [macrophage
inflammatory protein 2 (MIP-2)], and CCL20 (MIP-3a); and matrix metal-
loproteinases (MMPs), such as MMP1, MMP3, and MMP13, to recruit
1The Key Laboratory of Stem Cell Biology, Institute of Health Sciences, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences and Shanghai
Jiao Tong University School of Medicine, Shanghai 200025, China. 2Depart-
ment of Molecular Biology and Howard Hughes Medical Institute, University of
Texas Southwestern Medical Center, Dallas, TX 75390, USA.
*To whom correspondence should be addressed. E-mail: ycqian@sibs.ac.cn
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inflammatory cells to local sites to amplify inflammatory pathology (26).
IL-17R–proximal signaling mechanisms have been recently elucidated.
TNF receptor (TNFR)–associated factor 6 (TRAF6), an E3 ubiquitin li-
gase and scaffold protein, is required for IL-17–mediated activation of
NF-kB and c-Jun N-terminal kinase (JNK) pathways (27); however, struc-
tural analysis failed to show an obvious TRAF6-binding site within the
IL-17R, which suggested the existence of an unknown adaptor protein (6).
Subsequently, it was found that Act1, an adaptor involved in the inhibition
of B cell survival through CD40 and B cell–activating factor (BAFF) sig-
naling pathways, recruited TRAF6 to the IL-17R, likely by interactions
through the SEFIR domain, a protein domain named for SEFs [similar ex-
pression to fibroblast growth factor (FGF) genes] and IL-17R, that is found
in both Act1 and IL-17R (28–31). Act1 is required for IL-17–induced ex-
pression of genes that encode proinflammatory factors, including cytokines,
chemokines, and MMPs. Thus, Act1-deficient mice, similar to IL-17R–
deficient mice, are resistant to the induction of EAE (31–33). Although ad-
vances in our understanding of IL-17–dependent signaling have been made
(27, 30, 31, 34–36), mechanisms whereby IL-17 signaling is inhibited re-
main poorly characterized (6, 16, 36, 37).

Protein ubiquitination is a posttranslational modification critically in-
volved in the regulation of physiological and pathological processes, including
cell cycle, cancer, and autoimmune diseases (38). The protein ubiquitination
process is sequentially catalyzed by three enzymes: a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin protein
ligase (E3) (38). The E3 ubiquitin ligases, which determine substrate spec-
ificity, are generally classified into three main groups on the basis of their
structural similarities. These include the really interesting new gene (RING)
finger proteins, the homology to the papillomavirus E6–associated protein
C terminus (HECT) domain proteins, and U-box–type proteins (38). Pro-
teins “marked” by Lys48-linked polyubiquitination are usually targeted for
proteasomal degradation, whereas proteins conjugated to Lys63-linked
polyubiquitin chains are involved in nonproteolytic functions (39).

The Skp1–cullin-1–F-box (SCF) protein complex is the best-characterized
mammalian RING finger ubiquitin ligase, which targets proteins for
SCIENCESIGNALING.org 1 November 2011 Vol 4 Issue 197 ra73 1
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ubiquitin-mediated degradation through the 26S proteasome (38, 40). The
cullin subunit, CUL1, acts as a scaffold to link the adaptor subunit, Skp1, to
bind to the F-box protein, and a RING finger protein, such as RING-box
protein 1 (RBX1), to bind to the E2 enzyme, to form a multisubunit en-
zyme complex. The F-box protein associates with Skp1 through the F-box
domain and with its substrate through a different interaction domain that
is usually located at the C terminus of the F-box protein. b-Transducin
repeat–containing protein (b-TrCP), one of the best-characterized F-box
proteins, exists as two distinct paralogs, b-TrCP1 and b-TrCP2. The SCF com-
plex that contains the F-box protein b-TrCP is referred to as SCFb-TrCP.
One of the most important targets degraded by the SCFb-TrCP complex
is the inhibitor of NF-kB a (IkBa) protein (41–45). NF-kB is a proinflam-
matory transcription factor that is normally retained in the cytosol through
its association with IkBa. Various stimuli, including inflammatory cyto-
kines such as TNF-a and IL-1, lead to the degradation of IkBa through
the SCFb-TrCP complex, which enables the translocation of the NF-kB
p50:p65 heterodimer into the nucleus, where it regulates gene transcrip-
tion. The binding of b-TrCP to its substrates requires specific phosphoryl-
ation of the substrates by certain kinases, such as IkB kinases (IKKs), to
mediate the ubiquitination and degradation of IkBa (43, 44).

IL-17 exerts inflammatory effects through induction of genes that en-
code inflammatory proteins, and it works in synergy with other inflam-
matory cytokines, including TNF-a and IL-1, to amplify inflammation
(6, 8); however, the manner in which IL-17–mediated signaling is in-
hibited to prevent inflammatory pathogenesis is still largely unknown.
Here, we found that continuous stimulation of cells with IL-17 led to de-
sensitization through Lys48-linked polyubiquitination and degradation
of the essential signaling adaptor protein Act1. The SCFb-TrCP complex
interacted with Act1 and was responsible for its ubiquitination. Thus,
we have identified a mechanism of desensitization that prevents per-
sistent inflammatory responses during prolonged stimulation of cells
with IL-17.
 on D
ecem

ber 13, 2011 
RESULTS

Persistent stimulation of cells with IL-17 leads to loss of
Act1 through ubiquitin-mediated degradation
Previously, we and others reported that Act1 and TRAF6 are required for
immediate early signaling of IL-17–mediated pathways, including those
leading to the activation of NF-kB and JNK (27, 30, 31). Unexpectedly,
we found that the abundance of Act1 protein was reduced, whereas that of
TRAF6 was not substantially changed, in HeLa cells during prolonged
stimulation with IL-17 (Fig. 1A). Moreover, the abundance of Act1 re-
mained low for the duration that IL-17 was present (fig. S1A). To de-
termine whether the continuous loss of Act1 was a result of persistent
exposure to IL-17 or due to an IL-17–induced secondary effect, we per-
formed experiments in which we incubated cells during prolonged ex-
posure to IL-17 with a blocking antibody against IL-17 that effectively
inhibited IL-17–induced IkBa phosphorylation and loss of Act1 (fig. S1,
B and C). First, we stimulated cells with IL-17 continuously for 12 hours,
which induced loss of Act1 protein (and may have induced potential
secondary effectors), and then we incubated the cells with IL-17 together
with its blocking antibody for another 12 hours. We found that the amount
of Act1 protein returned to normal after the antibody blockade of IL-17
signaling (fig. S1D), suggesting that IL-17–induced degradation of Act1
was probably not due to IL-17–induced secondary effects. We did not
observe degradation of Act1 in HeLa cells after they were exposed to
TNF-a (fig. S2A). Continuous stimulation with IL-17 resulted in the
degradation of Act1 in a number of cell lines and primary cells, includ-
www.
ing human primary fibroblast–like synoviocytes (Fig. 1B), human primary
umbilical cord mesenchymal stem cells (HUMSCs) (fig. S2B), the human
lung epithelial cell line A549 (fig. S2C), and mouse embryonic fibroblasts
(MEFs) (Fig. 1C).

To determine whether IL-17 could induce Act1 degradation in vivo,
we injected C57BL/6 mice intravenously with recombinant mouse IL-17
protein. We found that CXCL1 (KC) was produced in the kidney (fig.
S3A), which indicated that the injected IL-17 was functional. Immuno-
histochemical analysis of mouse kidney with an antibody against Act1
showed that the abundance of Act1 in glomeruli was markedly decreased
6 hours after injection with IL-17 compared to that in mice injected with
phosphate-buffered saline (PBS) (Fig. 1D and fig. S3B).

Although the abundance of Act1 protein was reduced in response to
chronic exposure to IL-17, quantitative real-time polymerase chain re-
action (qPCR) analysis revealed almost no change in the abundance of
TRAF3IP2 mRNA (TRAF3IP2 encodes Act1) in HeLa cells after stim-
ulation with IL-17, whereas the abundance of CXCL1 mRNAwas sub-
stantially increased compared to that in untreated cells (fig. S2D). Thus,
it is likely that IL-17 controlled the abundance of Act1 through a post-
transcriptional mechanism. One such mechanism that controls protein
abundance in eukaryotic cells is ubiquitin-dependent proteasomal turnover
(46). To examine the potential involvement of the proteasome in IL-17–
induced Act1 degradation, we treated HeLa cells with the specific proteasome
inhibitor MG-132. In cells preincubated with MG-132, IL-17–induced
degradation of Act1 was abolished, suggesting that a proteasome-mediated
degradation pathway was mainly responsible for the degradation of Act1
(Fig. 1E). Although we repeatedly observed the total blockage of IL-17–
induced Act1 degradation by freshly prepared MG-132 (Fig. 1E), MG-132
derived from older stocks usually had a partial blocking effect on Act1 deg-
radation, as indicated by the increased intensity of a band corresponding
to Act1 that had decreased mobility (fig. S2E). Proteasomal degrada-
tion of target proteins depends on their polyubiquitination (46). Indeed,
stimulation of MG-132–pretreated HeLa cells with IL-17 resulted in the
appearance of polyubiquitinated forms of Act1 (Fig. 1F). Polyubiquitina-
tion through Lys48 (K48) is often coupled to the degradation of tagged
proteins by the 26S proteasome, whereas polyubiquitination through
Lys63 (K63) regulates nonproteolytic cellular functions, such as protein ki-
nase activation and membrane trafficking (47). Consistent with this, en-
dogenous Act1 was not conjugated to the ubiquitin mutant K48R, in which
only the lysine at position 48 was mutated to arginine (R), but was ro-
bustly conjugated to the K48-only ubiquitin mutant (K48), in which only
the arginine at position 48 was retained, whereas all of the other lysines
were mutated to arginine, upon exposure to IL-17 (Fig. 1G). Thus, IL-17
led to Act1 degradation in a ubiquitin K48–linked, proteasome-dependent
pathway.

IL-17–induced Act1 degradation is
phosphorylation-dependent
In addition to the degradation of Act1 at time points beyond 30 min that
we observed, Western blotting analysis revealed a band corresponding to
Act1 with a slower mobility in SDS–polyacrylamide gel electrophoresis
(SDS-PAGE) gels at early time points (15 and 30 min) after stimulation
with IL-17 (Fig. 2A). We then confirmed that the shifted band corre-
sponded to Act1 because the extent of the shift was reduced similarly
to that of the nonshifted Act1 band after lentiviral-mediated knockdown
of Act1 through short hairpin RNA (shRNA) (Fig. 2A). To better charac-
terize the more slowly migrating form of Act1 that appeared upon IL-17
treatment, we examined whether the shift in the mobility of the Act1
band occurred because of phosphorylation of the protein. To that end,
we stimulated HeLa cells with IL-17 for 30 min. We subjected cell lysates
SCIENCESIGNALING.org 1 November 2011 Vol 4 Issue 197 ra73 2
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to immunoprecipitation with an antibody
against Act1 and then treated the immuno-
precipitates with shrimp alkaline phos-
phatase (SAP) or left them untreated (Fig.
2B). We found that the presence of the
slower-migrating band was lost after treat-
ment with SAP (Fig. 2B). These results
indicated that stimulation with IL-17 re-
sulted in the phosphorylation of endoge-
nous Act1. In addition, pretreatment of
cells with MG-132 led to the accumulation
of phosphorylated Act1 (pAct1) (Fig. 2C).
This was reminiscent of IkBa degradation
(42), which occurs through a phosphorylation-
dependent proteasomal pathway, and this
prompted us to investigate the possible par-
ticipation of phosphorylation in the degra-
dation of Act1.

IL-17 induces the phosphorylation of
IkBa presumably through the IKK com-
plex. Thus, we tested whether IKK was
responsible for phosphorylation of Act1.
We found that, whereas IKKg, a critical
adaptor in the IKK complex, was not re-
quired for IL-17–induced phosphorylation
of Act1, it was essential for phosphoryl-
ation of IkBa (fig. S4A). We then screened
a panel of kinase inhibitors for their ef-
fects on IL-17–induced phosphorylation of
Act1. These included the phosphoinositide
3-kinase (PI3K) inhibitor LY294002 (fig.
S4B); the MAPK inhibitors SB203580,
U0126, and SP600025 (fig. S4C); the glyco-
gen synthase kinase 3a (GSK-3a) and GSK-
3b inhibitors BIO and CHIR99021 (fig. S4,
D and E); and the nonspecific kinase in-
hibitor staurosporine (Fig. 2D). We found
that only pretreatment with staurosporine
inhibited the IL-17–induced phosphoryl-
ation of Act1 in HeLa cells (Fig. 2D and
fig. S4, B to E).

To determine whether phosphorylation
was required for Act1 degradation, we pre-
incubated HeLa cells with staurosporine or
left them untreated and then stimulated the
cells with IL-17 to induce Act1 degrada-
tion. We found that the kinase inhibitor
markedly blocked IL-17–induced degrada-
tion of Act1 (Fig. 2E), suggesting that
phosphorylation of Act1 was likely critical
for its degradation. We showed earlier that
stimulation with IL-17 led to Lys48-linked
polyubiquitination of Act1 (Fig. 1G). We
next asked whether Act1 phosphorylation
was also critical for its polyubiquitination.
Cells transfected with plasmid encoding
the K48-only mutant ubiquitin were left un-
treated or were treated with staurosporine,
and then analyzed for IL-17–induced poly-
ubiquitination of Act1. Indeed, we found that
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Fig. 1. Simulation of cells with IL-17 leads to Act1 degradation through a ubiquitination-dependent protea-
somal pathway. (A to C) (A) HeLa cells, (B) human primary fibroblast-like synoviocytes, and (C) MEFs were

treated with IL-17 for the indicated times. Samples were subjected to Western blotting analysis with anti-
bodies against the indicated proteins (IB). Graphs below the Western blots show the relative abundances
of Act1 over time. Data are representative of three experiments, except for (B), which is representative of
two experiments. (D) Sections of kidneys from 5-week-old C57BL/6 mice that were injected intravenously
with mIL-17 (1 mg per mouse) or PBS and were analyzed 6 hours after injection by immunohistochemistry
with an antibody against Act1. Brown color represents Act1 staining. The panels on the right show mag-
nifications of the boxed areas in the panels on the left. Scale bars, 50 mm (left panels) and 25 mm (right
panels). Arrowheads indicate the glomerulus. Data are representative of three experiments. (E and F)
HeLa cells were left untreated or were pretreated with MG-132 for 2 hours and then stimulated with
IL-17 for the indicated times. (E) Samples were analyzed by Western blotting for the indicated proteins.
DMSO, dimethyl sulfoxide. (F) In addition, cell lysates were subjected to immunoprecipitation (IP) with
antibody against Act1 and analyzed by Western blotting for the indicated proteins. The graph below
the Western blot in (E) shows the relative abundance of Act1 protein over time. The arrow in (F) in-
dicates the slower-migrating form of Act1. Data are representative of at least three experiments. (G)
HeLa cells transfected with plasmids encoding the HA-tagged K48 only or the K48R ubiquitin mutants
were left untreated or were treated with IL-17 for 45 or 75 min. Cell lysates were subjected to immuno-
precipitation with an antibody against Act1 and analyzed by Western blotting with an antibody against
the HA tag to detect ubiquitin. Data are representative of at least three experiments.
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the kinase inhibitor substantially suppressed the
IL-17–induced, Lys48-linked polyubiquitination
of Act1 (Fig. 2F). Together, our data suggested
that stimulation of cells with IL-17 resulted in
phosphorylation-dependent polyubiquitination
and degradation of Act1.

Act1 inhibits CD40 and BAFF receptor
(BAFFR) signaling in B cells (29). We inves-
tigated whether Act1 became phosphorylated
or was degraded upon stimulation of cells with
CD40 ligand (CD40L) or BAFF. We found that
stimulation of SU-DHL-4 and IM-9 human B
cell lines with either ligand did not result in
either the modification or the degradation of
Act1, whereas both ligands led to the degrada-
tion of TRAF3 (fig. S5, A to E), which indi-
cated that the phosphorylation and degradation
of Act1 were specific for IL-17 signaling.

Act1 is recruited to the SCFb-TrCP

complex in response to IL-17
The SCFb-TrCP E3 ubiquitin ligase complex plays
critical roles in the degradation of many target
proteins, including IkBa, in a phosphorylation-
dependent manner. Because IL-17 induces
IkBa phosphorylation, it presumably induces
degradation of IkBa through the SCFb-TrCP

complex. We showed earlier that IL-17 in-
duced the phosphorylation-dependent poly-
ubiquitination and degradation of Act1, similar
to the phosphorylation, polyubiquitination, and
degradation of IkBa in response to IL-1 or
TNF-a. Therefore, we next investigated wheth-
er SCFb-TrCP was the E3 ubiquitin ligase that
was responsible for Act1 ubiquitination in re-
sponse to IL-17. In general, an E3 ubiquitin
ligase directly associates with its target pro-
teins to promote their ubiquitination and pro-
teolytic degradation. We thus tested whether
Act1 bound to the TrCP complex. b-TrCP1
and b-TrCP2 are the important E3 ubiquitin
ligase subunits in the SCFb-TrCP complex that
ubiquitinates IkBa. We found that Act1 inter-
acted with both b-TrCP1 and b-TrCP2 when
they were overexpressed in transfected human
embryonic kidney (HEK) 293T cells (Fig. 3, A
and B). The WD40 repeat domain of b-TrCP1
was required for its interaction with Act1 (Fig.
3C); the same domain is required for the bind-
ing of b-TrCP1 to IkBa (44).

We then investigated the signal dependen-
cy of the interaction between Act1 and either
b-TrCP1 or b-TrCP2. We transfected HeLa
cells with plasmids encoding hemagglutinin
(HA)–tagged b-TrCP1 (HA–b-TrCP1) or HA–b-
TrCP2 and then treated the cells with IL-17
for different times. Whole-cell lysates were
subjected to immunoprecipitation with an anti-
body against Act1 and then analyzed by West-
ern blotting with an antibody against the HA
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Fig. 2. Requirement for phosphorylation of
Act1 for its IL-17–induced degradation. (A)
HeLa cells were infected with a control lenti-
virus (pLSLG) or with a lentivirus expressing
Act1-specific shRNA (shAct1) and were then
treated with human IL-17 (hIL-17). Cell lysates
were analyzed by Western blotting for the indi-
cated proteins. Data are representative of three
experiments. (B) HeLa cells were stimulated
with hIL-17 for 30 min. Cell lysates were sub-
jected to immunoprecipitation with antibody
against Act1. Immunoprecipitates were then

left untreated or were treated with SAP for
1 hour at 37°C and then analyzed with antibody against Act1. Data are representative of two ex-
periments. (C and D) HeLa cells were left untreated or were pretreated with MG-132 alone for
2 hours or with staurosporine for 20 min and then were left untreated or were stimulated with IL-17
for 1 hour. Cell lysates were analyzed by Western blotting for the indicated proteins. Data are
representative of two (C) or three (D) experiments. (E) HeLa cells were left untreated or were pre-
treated with staurosporine and then stimulated with IL-17. The right panel shows the quantification
of the amounts of Act1 detected by Western blotting, as represented in the left panel, top row.
Data are representative of three experiments. (F) HeLa cells transfected with plasmid encoding
the HA-tagged K48-only ubiquitin mutant were left untreated or were pretreated with staurosporine
and then stimulated with IL-17. Cell lysates were subjected to immunoprecipitation with antibody
against Act1 and analyzed by Western blotting with antibody against the HA tag (HA-Ub). Data
are representative of two experiments. Arrows in (A) to (D) indicate the slower-migrating form of
Act1. L.E., long exposure; S.E., short exposure.
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tag. We found that stimulation of cells with IL-17 led to signal-dependent
recruitment of endogenous Act1 to b-TrCP1 (Fig. 3D) or b-TrCP2 (Fig.
3E), although we also observed some constitutive binding between
Act1 and the F-box proteins, presumably because of their overexpres-
sion. We also detected IL-17–induced interactions between endogenous
Act1 and b-TrCP1 and b-TrCP2 in HeLa cells (Fig. 3F). Similarly to
www.
the phosphorylation-dependent binding of IkBa to TrCP complex, the as-
sociation of Act1 with the TrCP complex was phosphorylation-dependent
because staurosporine efficiently impaired IL-17–induced binding of en-
dogenous Act1 to HA-tagged b-TrCP2 (Fig. 3G) or endogenous b-TrCP
(Fig. 3H). These results suggest that Act1 was likely to be the target of the
SCFb-TrCP complex.
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Fig. 3. Act1 associates with b-TrCP1 and
b-TrCP2 in a signal-dependent manner. (A
to C) Cell lysates from HEK 293T cells trans-
fected with plasmids encoding (A) FLAG-
tagged Act1 and HA-tagged b-TrCP1, (B)
FLAG-tagged Act1 and HA-tagged b-TrCP2
or (C) FLAG-tagged Act1 and HA-tagged
b-TrCP1 or one of its deletion mutants, in-
cluding DF-box (D190–228 amino acids)
and DWD-40 (D303–581 amino acids)
were subjected to immunoprecipitation with
an antibody against the FLAG epitope and
then analyzed by Western blotting with an
antibody against HA. Whole-cell lysates
(WCL) were also analyzed by Western blot-
ting for the indicated proteins. Data are
representative of two (C) or three (A and
B) experiments. (D to F) HeLa cells were
transiently transfected with (D) plasmid
encoding HA-tagged b-TrCP1 or (E) plas-
mid encoding HA-tagged b-TrCP2, or (F)
cells were left untransfected. After 48 hours
cells were left untreated or were treated
with IL-17 for the indicated times. Samples
were subjected to immunoprecipitation with
antibody against Act1 and then analyzed
by Western blotting for the indicated anti-
bodies. Whole-cell lysates were also ana-
lyzed by Western blotting for the indicated
proteins. Data are representative of two (D) or
three (E and F) experiments. (G and H)
HeLa cells were (G) transiently transfected
with plasmid encoding HA-tagged b-TrCP2
or (H) were not transfected, and then were
left untreated or pretreated with staurosporine
before stimulation with IL-17 stimulation. Ly-
sates were immunoprecipitated with anti-
body against Act1 and then analyzed by
Western blotting for the indicated proteins
Graphs below the Western blots show the
relative abundances of HA-tagged protein
for (D), (E), and (G) or b-TrCP1 for (F) and
(H) associated with Act1 in response to
IL-17. *P < 0.05. Data are representative
of two (G) or three (H) experiments.
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Because Act1 is recruited to the IL-17R in an IL-17–dependent man-
ner (31), we investigated whether b-TrCP was also recruited to the plasma
membrane to interact with Act1 or whether Act1 dissociated from the
IL-17R to bind to b-TrCP in the cytosol. We prepared membrane frac-
tions (P100) and cytosolic fractions (S100) from HeLa cells and deter-
mined the purities of the fractions by measuring the relative amounts
of the membrane marker b-catenin and cytosolic marker a-tubulin. Im-
munoprecipitations and Western blotting analysis showed that Act1 was
degraded in both membrane and cytosolic fractions (Fig. 4A), whereas
IkBa was degraded only in the cytosolic fraction (Fig. 4B). Coimmuno-
precipitations showed that endogenous b-TrCP1 and b-TrCP2 bound to
endogenous Act1 in an IL-17–dependent manner, but only in the mem-
brane fraction and not in the cytosol (Fig. 4B). IL-17–induced phospho-
rylation of Act1 also appeared only in the membrane fraction and not in
the cytosol (Fig. 4B, long exposure). These data suggest that the b-TrCP1
or b-TrCP2 was recruited to the membrane to interact with and degrade
pAct1. One possible explanation could be that the recruitment of Act1 and
its subsequent degradation by b-TrCP in the membrane was a continuous
process and that eventually Act1 was degraded at the membrane and in the
cytosol. Unexpectedly, we found Act1 in the membrane fraction as well as
in the cytosolic fraction, whereas IkBa was found mainly in the cytosolic
fraction in the absence of IL-17, suggesting the existence of preassembled
complexes of IL-17R and Act1; however, because we found that Act1 was
recruited to IL-17R upon exposure of cells to IL-17, it is likely that some
Act1 and IL-17R remain in separate membrane compartments and are
brought together in response to IL-17.

b-TrCP is responsible for the phosphorylation-dependent
ubiquitination and degradation of Act1 during
IL-17R signaling
Having shown that Act1 was recruited to the b-TrCP complex, we next
tested whether Act1 was a target of the complex. Because cullin-1 is an
essential adaptor for the assembly of the SCFb-TrCP complex, we first
studied the function of cullin-1 in IL-17–induced degradation of Act1.
Lentiviral-expressed short interfering RNA (siRNA) specific for cullin-1
www.

cem
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efficiently knocked down the protein in HeLa cells (Fig. 5A). We then
treated these cullin-1 knockdown cells with IL-17 for different times
and analyzed cell lysates by Western blotting for the presence of Act1.
We found that only the IL-17–induced pAct1 (corresponding to the
slower-migrating band by SDS-PAGE) was stabilized when cullin-1 was
knocked down (Fig. 5B), consistent with our earlier experiments that
showed that IL-17 induced the phosphorylation-dependent degradation
of Act1. Similar results have been reported for the TNF-a–induced degrada-
tion of IkBa, in which a b-TrCP F-box deletion mutant (DF-box) functioned
as a dominant-negative regulator to inhibit the phosphorylation-dependent
degradation of IkBa (42, 44). Indeed, we found that transient overexpres-
sion of the DF-box mutant of b-TrCP stabilized the phosphorylated form
of IkBa (pIkBa) upon stimulation with TNF-a (fig. S6). This was also
the case in terms of the stabilization of pIkBa in the IL-17 pathway (Fig.
5C). Similarly, transient overexpression of the DF-box mutant b-TrCP sub-
stantially stabilized pAct1 that was induced by IL-17 (Fig. 5C).

Because we had shown earlier that Act1 was recruited in a signal-
dependent manner to b-TrCP1 and b-TrCP2, we next checked the func-
tions of b-TrCP1 and b-TrCP2 in experiments involving siRNA-mediated
gene silencing. The abundances of both b-TrCP1 and b-TrCP2 were effi-
ciently knocked down by lentiviral-mediated gene silencing (Fig. 5D).
These knockdown cells were then stimulated with IL-17, and we then ana-
lyzed the phosphorylation-dependent degradation of Act1. After knockdown
of the TrCPs, only the phosphorylated forms of Act1 were increased in
abundance in response to IL-17, which was likely because of the reduced
extent of their ubiquitination and degradation (Fig. 5E). To further prove
that b-TrCPs were important for the IL-17–induced ubiquitination of
Act1 and, thus, for its subsequent degradation, we transfected cells in
which b-TrCP1 and b-TrCP2 had been efficiently knocked down with a
plasmid encoding the K48-only mutant ubiquitin, and then subjected whole-
cell lysates to immunoprecipitation with an antibody against Act1 and
Western blotting analysis with an antibody against HA to detect the poly-
ubiquitination of endogenous Act1 (Fig. 5F). Indeed, knockdown of the
b-TrCPs markedly reduced the extent of Lys48-linked polyubiquitination
of Act1 in response to IL-17 compared to that in cells transduced with con-
trol lentivirus, indicating that the b-TrCP complex was required for the
IL-17–induced, phosphorylation-dependent polyubiquitination of Act1
and for its subsequent degradation.

Persistent stimulation of cells with IL-17 results
in desensitization of signaling
To explore the role of Act1 degradation in the IL-17 signaling pathway,
we established two HeLa cell lines transduced with lentiviruses that en-
coded Act1-specific shRNAs to mimic the selective degradation of Act1.
As determined by real-time PCR (fig. S7A) and Western blotting analysis
(fig. S7B), Act1 was reduced to different amounts in cells expressing the
different shRNAs. Upon treatment of Act1 knockdown HeLa cells with
IL-17, the phosphorylation of IkBa was greatly impaired compared to that
in cells transduced with control lentivirus, as was the degradation of IkBa.
With this shRNA approach, we found that the abundance of Act1 cor-
related with the strength of IL-17R signaling, as was demonstrated by the
phosphorylation of IkBa (fig. S7C) and by the expression of the genes en-
coding CXCL1 and CXCL2 (fig. S7D). Furthermore, the presence of Act1
enhanced the IL-17–dependent response, as was demonstrated by the phos-
phorylation and degradation of IkBa (fig. S7E).

Because the amount of Act1 determined the strength of IL-17–induced
signaling and gene expression, whereas prolonged IL-17 stimulation led
to Act1 degradation, we reasoned that persistent stimulation with IL-17
would result in desensitization of the cells. To test this hypothesis, we pre-
treated HeLa cells with IL-17 for 12 hours to induce degradation of Act1
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Fig. 4. Act1 is associated with
b-TrCP1 and b-TrCP2 in mem-
brane fractions of cells stimu-
lated with IL-17. (A and B) HeLa
cells were left untreated or were
treated with IL-17 for the indicated
times and then fractionated into

membrane (P100) and cytosolic (S100) fractions. The fractions were then
subjected to immunoprecipitation with antibody against Act1 followed
by Western blotting analysis for the indicated proteins. The arrow indi-
cates the slower-migrating form of Act1. b-Catenin and a-tubulin served
as loading controls for the P100 and S100 fractions, respectively. Data
are representative of two (A) or three (B) experiments.
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and then stimulated the cells with IL-17 for
various short time periods to determine the
responsiveness of the cells to IL-17. We
found that the cells after pretreatment with
IL-17 were no longer sensitive to IL-17, as
was determined by measuring the increase
in the abundance of pIkBa and the extent
of degradation of IkBa, compared to the
cells that were not pretreated with IL-17
(Fig. 6A). Consistent with this, pretreat-
ment with IL-17 also blocked IL-17 re-
sponsiveness in terms of induction of the
expression of genes encoding CXCL1 and
CXCL2 (Fig. 6B). These data suggest that
prolonged stimulation with IL-17 results in
Act1 degradation, which results in subse-
quent desensitization of IL-17R signaling.

DISCUSSION

IL-17 is a proinflammatory cytokine in-
volved in the pathogenesis of various inflam-
matory disorders and autoimmune diseases,
including multiple sclerosis, rheumatoid ar-
thritis, systemic lupus erythematosus, and
inflammatory bowel disease. Studies have
begun to unveil the mechanisms of IL-17R
signaling (6, 27, 30, 31, 34, 35, 48). Act1
links TRAF6 to the IL-17R for proximal
receptor signaling, whereas TRAF3 sup-
presses IL-17R signaling by interfering with
the IL-17R–Act1–TRAF6 signaling com-
plex (31, 37). Although the amount of
IL-17R on the cell surface is reduced by gc
cytokines through the PI3K pathway in T
cells (49), it is still not known whether stim-
ulation with IL-17 affects IL-17R abundance
at the cell surface or leads to its internali-
zation. Another report showed that IL-17–
stimulated extracellular signal–regulated
kinase (ERK)andGSK-3b sequentiallyphos-
phorylated the transcription factor C/EBPb,
leading to its inactivation (36). However,
whether IL-17–mediated signaling during
prolonged stimulation is critically controlled
to prevent chronic inflammatory pathology
is unclear. Here, we report that persistent
stimulation of cells with IL-17 resulted in
their desensitization. IL-17 stimulated the
phosphorylation-dependent, Lys48-linked
polyubiquitination and degradation of the
essential signaling adaptor protein Act1 so
that IL-17–mediated signaling and inflam-
matory responses could not continue during
persistent stimulation.Whereas the SCFb-TrCP

complex was responsible for IkBa degra-
dation during IL-17–mediated activation of
NF-kB, itwasalso required for IL-17–induced
Act1 degradation to impede signaling. This
finding suggests that IL-17–mediated signaling
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Fig. 5. SCF–b-TrCP1 and SCF–b-TrCP2
are responsible for IL-17–induced ubiqui-
tination and degradation of Act1. (A) HeLa
cells were infected with control lentivirus
(pLSLG) or with lentivirus expressing cullin-
1–specific shRNA (shCul1). After 4 days, cell
lysates were analyzed by Western blotting for
the indicated proteins. (B) The infected cells shown in (A) were left untreated or were stimulated with hIL-17 for
the indicated times. Cell lysates were analyzed by Western blotting for the indicated proteins. (C) HeLa
cells were transiently transfected with empty vector (vec) or with plasmid encoding HA-tagged TrCP1-DF-
box (DF-box) and then were left untreated or were treated with hIL-17 for 60 min. Cell lysates were ana-
lyzed by Western blotting for the indicated proteins. (D) HeLa cells were infected with control lentivirus
(pLSLG) or with lentivirus expressing b-TrCP1– and b-TrCP2–specific shRNA (shTrCP). After 4 days,
cell lysates were analyzed by Western blotting for the indicated proteins. (E) The infected cells shown
in (D) were left untreated or were stimulated with hIL-17 for the indicated times. Cell lysates were ana-
lyzed by Western blotting for the indicated proteins. (F) The infected cells shown in (D) were trans-
fected with plasmid encoding HA-tagged K48-only mutant ubiquitin. After 48 hours, the cells were
left untreated or were stimulated with hIL-17 for the indicated times. Cell lysates were subjected to
immunoprecipitation with antibody against Act1 and analyzed by Western blotting with antibody
against the HA tag to detect ubiquitinated Act1. The arrows in (B), (C), and (E) indicate the slower-
migrating form of Act1. n.s., nonspecific band. Data are representative of two (C) or at least three
[(A), (B), and (D) to (F)] experiments.
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and its inhibition are tightly coordinated through the same protein degrada-
tion machinery (fig. S8).

We demonstrated that IL-17–induced down-regulation of Act1 oc-
curred through a proteasome-mediated degradation pathway in experi-
ments that showed that the proteasomal inhibitor MG-132 blocked Act1
degradation, whereas the abundance of Act1 mRNA was unchanged in
response to IL-17. We further found that stimulation of cells with IL-17
resulted in Lys48-linked polyubiquitination of Act1, which marked it for
degradation. Activation of the NF-kB signaling cascade requires the deg-
radation of IkBa, which enables the translocation of NF-kB to the nucleus
where it induces transcription (50). NF-kB activates expression of the gene
that encodes its own repressor, IkBa. Newly synthesized IkBa then inhibits
NF-kB and thus forms an autofeedback loop, which results in oscillating
levels of NF-kB activity (50, 51). We found, however, that Act1 was con-
tinuously degraded while IL-17 was present. The differential regulation of
the inhibitory protein IkBa and the positive signalingmoleculeAct1may help
the host to efficiently control unnecessary inflammatory responses through
both feedback control of IkBa and continuous degradation of Act1.

Although it was recently reported that overexpressed Act1 is phos-
phorylated (52), we found that endogenous Act1 was modified through
phosphorylation and ubiquitination. Similar to the polyubiquitination
and degradation of IkBa, IL-17–induced degradation of Act1 was also
phosphorylation-dependent. The kinase inhibitor staurosporine, which
inhibited the phosphorylation of Act1, also impaired IL-17–induced poly-
ubiquitination and degradation of Act1. Staurosporine suppressed the
phosphorylation of Act1 more efficiently than it did the polyubiquitination
and degradation of Act1 (Fig. 2, D to F), indicating that Act1 may also
www.
be degraded through phosphorylation-independent ubiquitination. How-
ever, our data showing that only the phosphorylated form of Act1 accu-
mulated in cells treated with MG-132 (Figs. 1E and 2, C and D) suggest
that IL-17 induced the degradation of pAct1. We further showed that ki-
nases that are involved in IL-17R signaling, including IKK, PI3K, ERK,
JNK, p38, and GSK-3, were not responsible for IL-17–induced phospho-
rylation and degradation of Act1 (fig. S4, A to E). Furthermore, Act1 does
not have the DpSGxxpS motif that is typically recognized by b-TrCP and
is found in IkBa. Thus, other kinases must be responsible for the IL-17–
induced phosphorylation of Act1, and they and their phosphorylation sites
on Act1 remain to be discovered.

SCFb-TrCP is the E3 ubiquitin ligase complex responsible for the
phosphorylation-dependent ubiquitination and degradation of IkBa. Our
data showed that Act1 also interacted in an IL-17–dependent manner with
b-TrCP1 and b-TrCP2, whereas this interaction was impaired by pretreat-
ment with staurosporine, which suggests that the SCFb-TrCP complex was
likely responsible for the ubiquitination of Act1. We further confirmed
this with experiments that showed that siRNA-mediated knockdown of
cullin-1 or b-TrCP as well as overexpression of a dominant-negative mu-
tant of b-TrCP resulted in an increase in the extent of IL-17–induced Act1
phosphorylation, which was probably as a result of reduced ubiquitination
and degradation of Act1. Consistent with the phosphorylation-dependent
nature of the degradation of Act1, only the phosphorylated form of
Act1 was increased in abundance in cells with compromised SCFb-TrCP

activity. However, the amount of pAct1 that accumulated was reduced
at 90 to 180 min after stimulation (Fig. 5, B and E). This may be a result
of residual cullin-1 and b-TrCP that were not knocked down in the cells.

Although the stability of the phosphorylated form of IkBa was detected
by Western blotting (Fig. 5C and fig. S6), neither IL-17– nor TNF-induced
degradation of IkBa was efficiently blocked by the dominant-negative
mutant b-TrCP, as was shown by Western blotting and as was similarly re-
ported for TNF signaling (42, 44). The same situation was true for Act1. In
cells containing dominant-negative TrCP or in which the TrCP complex was
knocked down through siRNA, only the phosphorylated form of Act1 was
stabilized, as detected by Western blotting analysis with an antibody against
Act1. Currently, there is no available antibody against pAct1. Although we
cannot exclude the possible involvement of other E3 ubiquitin ligases, our
data suggest that the SCFb-TrCP complex is responsible for the ubiquitination
of Act1.

Inflammation plays important roles in the pathogenesis of various
diseases. The concentration of IL-17 in the serum of patients with in-
flammatory disorders is greater than that of normal individuals. IL-17
stimulates inflammatory responses by itself as well as through synergy
with other inflammatory cytokines, such as TNF and IL-1, to induce
the expression of genes that encode inflammatory factors, including cyto-
kines, chemokines, and MMPs, to recruit inflammatory cells. Therefore,
IL-17 signaling must be tightly controlled to prevent inflammatory pathol-
ogy from occurring. Here, we observed an efficient control mechanism of
desensitization of IL-17 signaling through degradation of Act1, which is
an essential component for IL-17–mediated signaling, induction of in-
flammatory genes, and the pathogenesis of inflammatory autoimmune dis-
eases (31). This mechanism may be beneficial for the host because quick
and transient IL-17–mediated immune responses are important for phys-
iological functions such as host defense, whereas prolonged IL-17–
mediated inflammatory responses are harmful and need to be controlled.

In summary,wedemonstrated IL-17–induced,phosphorylation-dependent
polyubiquitination and degradation of the essential signaling adaptor Act1,
which resulted in desensitization of IL-17–mediated signaling and function.
We further found that the SCFb-TRCP complex was responsible for the
ubiquitination of Act1 during continuous stimulation with IL-17, which
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Fig. 6. Persistent stimulation of cells with IL-17 leads to desensitization of
IL-17R signaling through the degradation of Act1. HeLa cells were treated

with medium (–) or hIL-17 for 12 hours and then stimulated with hIL-17 for
the indicated times. (A) Cell lysates were analyzed by Western blotting for
the indicated proteins. (B) RNA was isolated from the cells and used to
analyze the relative extents of expression of the indicated genes by real-
time PCR. Data are the means ± SEM. *P < 0.05. Data are representative of
three (A) or four (B) experiments.
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MATERIALS AND METHODS

Reagents, cell lines, and constructs
Recombinant human IL-17, recombinant mouse IL-17, and recombinant
mouse TNF-a were purchased from R&D Systems. Recombinant soluble
human CD40L (sCD40L) was obtained from BioSource. Recombinant hu-
man BAFF was obtained from PeproTech. Antibodies against the FLAG ep-
itope (M2; F7425 ), a-tubulin (T5168 ), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (G9545), and actin (A4700) were obtained from
Sigma. Antibody against the HA epitope (MMS-101R) was obtained from
Covance. Antibody against b-catenin (C19220) was from BD Transduction
Laboratories. Antibody against cullin-1 was from Epitomics. Antibody
against pIkBa and the PI3K inhibitor LY294002 were from Cell Signaling.
Antibodies against IkBa, Act1, b-TrCP/HOS (C18), normal mouse immuno-
globulin G (IgG), and ubiquitin (P4D1) were from Santa Cruz Biotechnology.
Purified, functional-grade antibody against human IL-17A and an iso-
type control were from eBioscience. MG-132, the p38 inhibitor SB203580,
the MEK1/2 (mitogen-activated or ERK protein kinase kinase) inhibitor
U0126, the JNK inhibitor SP600125, and the GSK-3 inhibitor (2′Z,3′E)-
6-bromoindirubin-3′-oxime (BIO) were purchased from Calbiochem. Stauro-
sporine was obtained from Gibco. CHIR99021 was from Stemgent. SAP
was purchased from Fermentas. Protein A Sepharose 6MB was from GE
Healthcare. HEK 293T cells, HeLa cells, A549 cells, wild-type and IKKg−/−

MEFs, and fibroblast-like synoviocytes were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS; Hyclone), penicillin G (100 mg/ml), and streptomycin (100 mg/ml).
HUMSCs were maintained in DMEM (low-glucose) supplemented with
10% FBS, 1 mM glutamine, basic FGF (10 ng/ml), penicillin G (100 mg/ml),
and streptomycin (100 mg/ml). SU-DHL-4 cells were maintained in RPMI
1640 supplemented with 10% FBS. IM-9 cells were maintained in RPMI
1640 supplementedwith 10%FBSand 50 mM2-mercaptoethanol. Constructs
encoding FLAG-tagged human Act1 and HA-tagged b-TrCP1 and b-TrCP2
were generated byPCRand cloned into the expressionvector pcDNA3.The
primers used for TRAF3IP2 amplification are 5′-ATCGGAATTCAT-
GAACCGAAGCATTCCTG-3′ and 5′-TATTGCGGCCGCTCACAAG-
GGAACCACCTG-3′; the primers used for b-TrCP1 amplification are
5′-CGGGATCCATGGACCCGGCCGAGGCGGTGCTG-3′ and 5′-
TCCGCTCGAGTTATCTGGAGATGTAGGTGTATG-3′; and the primers
used for b-TrCP2 amplification are 5′-CGGGATCCATGGAGCCCGAC-
TCGGTG-3′ and 5′-GGAATTCTTATCTAGAGATGTAAGTG-3′. The de-
letion mutants of HA-tagged b-TrCP1 were generated by PCR. The primers
used for amplification of the sequence encoding b-TrCP1 DF-box are 5′-
CCAGCTCGGGGATTGATCGAGAGAATGGTC-3′ and 5′-GACCAT-
TCTCTCGATCAATCCCCGAGCTGG-3′; the primers used for b-TrCP1
DWD40 amplification are 5′-TGCCGAAGTGAAACATTCCTAAATGAT-
CCA-3′ and 5′-TGGATCATTTAGGAATGTTTCACTTCGGCA-3′.

Lentiviral-delivered siRNA
Double-stranded oligonucleotides corresponding to the appropriate target
sequences were cloned into the pLSLG lentiviral vector. The sequences
targeting human Act1 are 5′-GCTTCAGAACACTCATGTCTA-3′ (#1)
and 5′-GCTGAAACCAATCCCAGAATA-3′ (#2); the sequence targeting
human b-TrCP1/2 is 5′-GTGGAATTTGTGGAACATC-3′; the sequence
targeting human cullin-1 is 5′-AACGAAGAGTTCAGGTTTACC-3′.
HEK 293FT cells were transfected with the respective lentiviral vectors
www.
and packaging vectors to ensure proper viral packaging. Sixty hours after
transfection, virus was collected, which was then used to infect target cells
in the presence of polybrene (10 mg/ml; Sigma). After 4 days, the cells
were used in the experiments as described.

Treatment of cells with IL-17
In experiments in which cells were stimulated with IL-17, cells were
treated over the longest time period first and the shortest time period
last so that all of the samples could be collected at the same time for
RNA isolation, coimmunoprecipitations, and Western blotting analysis.

Subcellular fractionations
HeLa cells were left untreated or were treated with IL-17 (50 ng/ml) for
different time periods, after which they were resuspended in 10 packed
cell volumes of ice-cold hypotonic buffer [10 mM Hepes (pH 7.6),
1.5 mM MgCl2, 10 mM KCl, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.5 mM dithiothreitol (DTT)] and homogenized on ice with
30 strokes of a Dounce homogenizer. Intact cells, nuclei, and cell debris
were pelleted by centrifugation at 1000g for 5 min. Soluble (supernatant,
S100) and particulate (pellet, P100) fractions were generated by centrifuga-
tion at 100,000g for 1 hour at 4°C.

Antibody-mediated neutralization of IL-17
IL-17 (50 ng) was preincubated with antibody against human IL-17A
(1 mg) or isotype control (IgG) at 37°C and 5% CO2 in a humidified in-
cubator for 2 hours before addition to the HeLa cells.

Immunohistochemistry
Mouse kidney sections were deparaffinized in xylene and rehydrated with
a series of ethanol dilutions (100, 100, 90, 90, 80, 70, and 0% in distilled
water) for 5 min each. Epitope retrieval was performed in a microwave oven
[30 min, 95°C, in 10 mM sodium citrate (pH 6.0)]. The sections were then
transferred to tris-buffered saline (TBS). Tissue peroxidase activity was
quenched by incubation with 0.3% hydrogen peroxide for 20 min. The sec-
tions were then rinsed with tris buffer, which was followed by a repeated
protein blocking step. Sections were then incubated with a primary anti-
body against Act1 or with normal mouse IgG at a 1:50 dilution at 4°C over-
night. For detection, a standard avidin biotinylated complex (ABC) method
was used (Vector Laboratories).Counterstainingwas donewith hematoxylin.

Coimmunoprecipitations
HEK 293T cells were transfected with plasmids with a calcium phosphate
transfection method, whereas HeLa cells were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Untreated
cells and cells treated with IL-17 at the indicated time points were har-
vested by washing with cold PBS and then lysed with immunoprecipita-
tion buffer [0.5% Triton X-100, 20 mM Hepes (pH 7.6), 150 mM NaCl,
12.5 mM b-glycerophosphate, 1.5 mM MgCl2, 2 mM EGTA, 10 mM
NaF, 1 mM Na3VO4, 1 mM PMSF, and protease inhibitor cocktail tablets].
The lysates were then rotated at 4°C for 30 min, after which they were cen-
trifuged at 16,100g for 20 min. The supernatants were then incubated with
the appropriate antibody (0.5 mg) and protein A Sepharose beads (20 ml).
After overnight incubation, the protein A Sepharose beads were pelleted
and washed four times with immunoprecipitation buffer. The precipitates
were resolved by SDS-PAGE and subjected to Western blotting analysis
with indicated antibodies.

Western blotting analysis
Cells were directly lysed in immunoprecipitation buffer as described
earlier and resolved by SDS-PAGE after boiling in sample loading buffer.
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Western blotting analysis was performed by the initial transfer of proteins
onto polyvinylidene difluoride (PVDF) filters with a Mini Trans-Blot sys-
tem (Bio-Rad), after which they were blocked with TBS containing 0.1%
Tween-20 and 5% nonfat dried milk for 1 hour at room temperature. The
filters were then incubated with primary antibody overnight and subse-
quently washed. The blots were then incubated with a secondary antibody
conjugated to horseradish peroxidase (HRP) for 1 hour at room tempera-
ture. After extensive washing of the blots, signals were visualized with
Chemiluminescent HRP Substrate (Millipore). Occasional blots were
chosen to be stripped of bound antibodies and then reincubated with other
antibodies to analyze their protein content.

Ubiquitination assays
HeLa cells were transfected with plasmid (3 mg) encoding HA-tagged
ubiquitin mutants as indicated. After 24 hours, the cells were subcultured
into six-well plates. On the following day, some cells were pretreated with
MG-132 and then stimulated with IL-17 for the indicated times. Cells
were harvested by washing with cold PBS and then were lysed with im-
munoprecipitation buffer (containing 20 mM N-ethylmaleimide). The lysates
were then rotated at 4°C for 30 min after which they were centrifuged at
16,100g for 20 min. The supernatants were then combined with protein A
Sepharose (20 ml) preincubated with antibodies against Act1, after which
they were rotated at 4°C overnight. The protein A Sepharose beads were
then pelleted and washed four times with immunoprecipitation buffer. The
precipitates were resolved by SDS-PAGE and subjected to Western blot-
ting analysis with antibodies against HA, ubiquitin, or Act1.

Real-time reverse transcription–PCR
Total RNAwas extracted from HeLa cells with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized with PrimeScript RT reagent Kit (TaKaRa). The expres-
sion of the genes encoding CXCL1, CXCL2, and Act1 was quantified by
real-time PCR with SYBR Premix ExTaq kit (TaKaRa). All gene expression
results were normalized to that of the gene encoding Rpl13a. Amplifica-
tion of cDNAwas performed on an ABI Prism 7900 HT cycler (Applied
Biosystems) and with the following primers: 5′-GGATAGAATCCGAGG-
CATTG-3′ and 5′-GCTACGATTATCATCACGGTCTT-3′ for human
TRAF3IP2; 5′-TCCTGCATCCCCCATAGTTA-3′ and 5′-CTTCAGGAA-
CAGCCACCAGT-3′ for human CXCL1; 5′-CATCGAAAAGATGCT-
GAAAAATG-3′ and 5′-TTCAGGAACAGCCACCAATA-3′ for human
CXCL2; 5′-CGAGGTTGGCTGGAAGTACC-3′ and 5′-CTTCTCGGC-
CTGTTTCCGTAG-3′ for human RPL13A.

Statistical analysis
Two-tailed Student’s t test was used to analyze the differences between two
groups. One-way or two-way analysis of variance (ANOVA) was initially
performed to determine whether an overall statistically significant change
existed among multiple groups before using the two-tailed Student’s t
test for each two groups. A P value of <0.05 was considered statistically
significant.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/197/ra73/DC1
Fig. S1. Persistent degradation of Act1 is mediated by continuous stimulation with IL-17.
Fig. S2. IL-17 stimulates Act1 degradation through a ubiquitin-dependent proteasomal
pathway.
Fig. S3. Simulation with IL-17 may lead to Act1 degradation in vivo.
Fig. S4. The kinase responsible for Act1 phosphorylation remains unknown.
Fig. S5. Stimulation with either BAFF or CD40L does not lead to the phosphorylation and
degradation of Act1.
www.S
Fig. S6. Overexpression of the DF-box mutant TrCP1 enables TNF-a–stimulated accumu-
lation of pIkBa.
Fig. S7. The abundance of Act1 protein correlates with the strength of the IL-17–
dependent response.
Fig. S8. Proposed model for the intrinsic mechanisms that control the IL-17 signaling
pathway.
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