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Abstract

The proinflammatory cytokine interleukin-17 (IL-17) is the signature cytokine of the T helper 17

(TH17) subset of CD4+ T cells, and antibodies targeting IL-17 or the IL-17 receptor (IL-17R)

show clinical efficacy in several autoimmune diseases. Although important for protective

immunity against microorganisms, IL-17 causes collateral damage in inflammatory settings.

TNFAIP3 encodes the deubiquitinase A20 and is genetically linked to numerous autoimmune

syndromes. A20, a potent inhibitor of tumor necrosis factor–α signaling, removes ubiquitin from

signaling intermediates upstream of nuclear factor κB (NF-κB), thereby dampening NF-κB–

mediated inflammation. We demonstrated that IL-17 stimulates TNFAIP3 expression. Enhanced

IL-17–mediated induction of genes encoding proinflammatory factors, including IL-6 and various

chemokines, occurred upon knockdown of A20 with short inhibitory RNA or in A20−/− cells. A20

associated with the E3 ubiquitin ligase TRAF6 (tumor necrosis factor receptor–associated factor

6) in an IL-17–dependent manner and restricted the IL-17–dependent activation of NF-κB and

mitogen-activated protein kinases. A20 interacted directly with the distal domain of IL-17RA, a

previously defined inhibitory domain. Together, these data describe a mechanism of restraining

IL-17 signaling and reveal an aspect of A20 activity that may help to explain its role in

autoimmunity in humans.
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INTRODUCTION

Inflammatory cytokines, such as tumor necrosis factor–α (TNF-α), have long been

recognized to promote the pathogenesis of devastating autoimmune diseases, such as

rheumatoid arthritis (RA), among many others (1). It is not an exaggeration to say that

biologic therapies targeting TNF-α and other inflammatory cytokines revolutionized the

clinical management of many of these diseases. Despite these advances, many patients fail

to respond to TNF-blocking drugs. In the last several years, interleukin-17 (IL-17; also

known as IL-17A) emerged as a key player in autoimmune inflammation, and clinical trial

data indicate exciting promise for anti–IL-17 drugs in treating psoriasis and other

autoimmune conditions (2–5). IL-17 is produced by a subset of CD4+ T cells termed T

helper 17 (TH17) cells, and a fast-moving body of literature has described the many

mechanisms by which TH17 cells are generated and regulated (6, 7). In addition, it is

increasingly apparent that IL-17 is produced by many innate cell types that bear marked

similarities to classic TH17 cells and participate in mediating autoimmune inflammation (8).

In contrast to the efforts focused on investigating the immunology of TH17 cells, there has

been far less emphasis on understanding how IL-17 activates downstream signaling

pathways. IL-17 is the founding member of a distinct subclass of cytokines and receptors

that exhibit distinct signaling properties compared to those of the better-defined cytokine

receptors, such as the TNF receptor (TNFR) superfamily or the IL-1 receptor (IL-1R) and

Toll-like receptor (TLR) families (9). However, IL-17 shares similar signaling end points

with those of other inflammatory cytokines, particularly in terms of activation of nuclear

factor κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling, as well as

induced expression of genes encoding proinflammatory cytokines [such as IL-6 and G-CSF

(granulocyte colony-stimulating factor)], antimicrobial peptides [including lipocalin 2 (also

known as 24p3), S100A proteins, and β-defensins], and chemokines (including CXCL1,

CXCL5, and CCL20) (10). The net effect of IL-17 signaling is effective host defense against

bacterial and, especially, fungal infections. Indeed, in humans, mutations in the gene

encoding IL-17R or in genes whose products control TH17 development, such as signal

transducer and activator of transcription 3 (STAT3) or STAT1, cause increased

susceptibility to infections by the commensal fungus Candida albicans (11, 12). Conversely,

excess IL-17 is associated with numerous autoimmune diseases, and many genes identified

as risk loci for autoimmunity in genome-wide association studies (GWAS) (for example,

IL23R and STAT3) are associated with regulation of IL-17 or the TH17 differentiation

pathway (13, 14).

IL-17 mediates signaling through a heterodimeric receptor composed of the IL-17RA and

IL-17RC subunits (15). Both subunits contain a signaling motif unique to the IL-17R family

known as a SEFIR (for SEF/IL-17R) domain (16). The SEFIR domain provides a platform

for the binding of Act1 (also known as CIKS), a SEFIR-containing adaptor protein and E3

ubiquitin ligase (16–20). IL-17 engagement of the IL-17R recruits Act1 to the receptor

complex. In turn, Act1 recruits and activates TNF receptor–associated factor 6 (TRAF6),

ultimately leading to the activation of transcription factors, such as NF-κB, C/EBPβ, and C/

EBPδ, as well as of MAPKs (21, 22). The C-terminal domain of IL-17RA, in contrast, is
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required for activation of C/EBPβ and is linked to inhibitory signaling through glycogen

synthase kinase 3β (GSK-3β) and TRAF3 (23–26).

Ubiquitination is a posttranslational modification that is essential for modulating

proinflammatory pathways (27). Ubiquitination involves covalent linking of ubiquitin

moieties to target proteins through specific lysine residues, and it is regulated by a cascade

of E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin-ligase) enzymes.

Of the seven lysines in ubiquitin, Lys48 (K48) andLys63 (K63) are most commonly used to

form polyubiquitin chains. K48-linked ubiquitin generally targets proteins for proteasomal

degradation, whereas K63-linked ubiquitin triggers non-degradative functions, such as

protein-protein interactions and cell signaling events (28). Notably, many of the currently

identified IL-17R–proximal proteins are E3 ubiquitin ligases. For example, the E3 ligase

activity of Act1 is required for the K63 ubiquitination of TRAF6, which is also an E3

ubiquitin ligase (17, 29, 30). Ubiquitination of TRAF6 is a key event in the downstream

activation of the NF-κB and MAPK signaling pathways (15, 17, 31).

The reversal of ubiquitination is equally important in regulating inflammation, particularly

to keep potentially damaging signals in check (32–34). A20 is a deubiquitinase (DUB) and

tumor suppressor encoded by TNFAIP3 (TNF-α–induced protein 3) and was first identified

as an inhibitor of the TNFR signaling pathway (35, 36). Subsequent studies identified roles

for A20 in inhibiting the TLR, IL-1R, and Nod-like receptor (NLR) pathways (32, 37, 38).

In the TNFR pathway, the E3 ubiquitin ligase and adaptor protein TRAF2 and the ribosome

interacting protein kinase 1 (RIP1) are targets of A20, whereas in IL-1R and TLR signaling,

TRAF6 is a key A20 target. Deubiquitination of these adaptors restricts the activation of the

NF-κB and MAPK pathways (28, 32, 39). Confirming its essential role in restraining

inflammation, A20-deficient (A20−/−) mice develop spontaneous multiorgan inflammation

and die shortly after birth (39), and mice with cell type–specific knockout of A20 are prone

to multiple autoimmune diseases (38, 40–42). Moreover, polymorphisms in the TNFAIP3

locus are associated with increased susceptibility to RA, lupus, systemic sclerosis, Crohn’s

disease, and psoriasis (41, 43). Here, we show that A20 is a feedback inhibitor of the IL-17

signaling pathway. IL-17 increased the abundance of TNFAIP3 mRNA and the subsequent

production of A20 protein, which inhibited IL-17–mediated activation of TRAF6, NF-κB,

and MAPKs, as well as downstream gene expression. Furthermore, A20 bound to a domain

of IL-17RA that is associated with inhibiting receptor signaling (23). Thus, these findings

expand the known regulatory role of A20 in regulating inflammatory signaling and lend new

insight into how IL-17–dependent inflammation is controlled.

RESULTS

A20 inhibits IL-17 signaling

As its name implies, TNFAIP3 was first identified as a TNF-α–induced gene (44), and its

gene product A20 serves as a feedback inhibitor of NF-κB (39). On the basis of similarities

in the downstream pathways regulated by IL-17 and TNF-α, we hypothesized that A20

might also participate in inhibition of the IL-17 signaling pathway. Although produced

primarily by T cells, IL-17 exerts its biological effects primarily in the nonhematopoietic

compartment, particularly on mesenchymal cell types such as fibroblasts and stromal cells
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(45). Accordingly, we stimulated ST2 cells (a murine stromal cell line) with IL-17 over a

time course of 24 hours and assessed endogenous TNFAIP3 mRNA abundance by real-time

reverse transcription polymerase chain reaction (PCR) [hereafter termed quantitative PCR

(qPCR)]. IL-17–induced expression of TNFAIP3 occurred within 15 min of stimulation (Fig.

1A). Expression peaked at 30 min after treatment and remained increased at four- to fivefold

above baseline for at least 24 hours. These kinetics are similar to those reported for TNF-α–

induced expression of TNFAIP3 (39). We verified that the production of endogenous A20

protein was also stimulated by IL-17 with slightly delayed kinetics compared to that of

mRNA expression (Fig. 1A). The expression of TNFAIP3 is regulated at the promoter by

various transcription factors, including NF-κB (44). Consistently, we found that an inhibitor

targeting the inhibitor of κB (IκB) kinase (IKK) blocked the IL-17–mediated increase in

TNFAIP3 mRNA in ST2 cells, implicating NF-κB in this pathway (Fig. 1B).

Because inhibitory molecules are often induced by the cytokines that they suppress, we

hypothesized that A20 would inhibit IL-17–mediated signaling. We transfected ST2 cells

with short interfering RNA (siRNA) specific for A20 or with a nontargeting scrambled

siRNA as a negative control. As a positive control, we used siRNA specific for Act1, an

adaptor protein required for IL-17R signaling (18, 19). Forty-eight hours after transfection,

we stimulated the cells with IL-17 for 1.5 or 3 hours and then measured IL-6 in culture

supernatants by enzyme-linked immunosorbent assay (ELISA) and Il6 mRNA transcripts by

qPCR (Fig. 1C and fig. S1). As expected, IL-6 protein and mRNA production increased

even in untreated cells after transfection with A20-specific siRNA, indicating that A20

controls the tonic expression of genes encoding proinflammatory cytokines (36). Stimulation

with IL-17 in combination with A20 knockdown led to a statistically significant (P < 0.001)

increase in IL-6 production compared to that by stimulation with IL-17 alone, revealing an

inhibitory role for A20 in the IL-17 pathway (Fig. 1C). Il6 mRNA was similarly affected

(fig. S1). We also verified that A20 was efficiently knocked down in these experiments (Fig.

1, D and E). To determine whether the stimulation of A20 production by IL-17 led to

termination of IL-6 generation, we evaluated the kinetics of Il6 mRNA induction after

treatment with IL-17. We found that there was a slight reduction in Il6 mRNA abundance at

the 1- and 1.5-hour time points, which coincided with the time when A20 protein was

increased in abundance, but generally, Il6 mRNA was maintained at steady state for at least

4 hours (fig. S2). This finding supports a model in which A20 serves to keep IL-17 signaling

in check but does not cause complete signal termination.

To further evaluate the role of A20 in IL-17 signaling, we analyzed the expression of a panel

of additional well-defined IL-17 target genes in the context of A20 silencing (46–48).

Consistent with an increase in IL-6 protein abundance, transfection with A20-specific

siRNA enhanced IL-17–dependent induction of Il6 expression (Fig. 2A and fig. S1).

Similarly, knockdown of A20 enhanced IL-17–induced expression of Ccl20, Lcn2 (which

encodes lipocalin 2), Csf3 (which encodes G-CSF), Cxcl1, and Cxcl5 (Fig. 2A and fig. S1).

Although the magnitude by which A20-specific siRNA enhanced the expression of IL-17

target genes was variable, the extent of expression of all of these genes was statistically

significantly and reproducibly increased. However, there was no change in the expression of
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Ikbz in response to A20 knockdown (Fig. 2A and fig. S1), suggesting that there may be

distinct modes of regulation for some IL-17–induced genes.

Increased amounts of IL-17 and an increase in the extent of expression of IL-17–induced

genes are associated with pathology in RA (49). Accordingly, we tested the effect of A20

knockdown in human primary fibroblast-like synoviocytes (FLSs), a cell type that mediates

pathogenesis in the inflamed joint. Transfection of FLS cells with A20-specific siRNA led

to enhanced IL-17–dependent IL-6 production compared to that in FLS cells transfected

with control siRNA (Fig. 2B). Therefore, we conclude that A20 mediates feedback

inhibition of IL-17 signaling and that this regulation has the potential to be relevant in a

disease in which IL-17 plays a well-documented role.

Overexpression of A20 inhibits activation of IL-17 target promoters

NF-κB is required for the activation of many IL-17 target genes, including those encoding

lipocalin 2 (also known as 24p3) and IL-6 (46, 50). To determine whether A20 affected NF-

κB–dependent promoters regulated by IL-17, we cotransfected ST2 cells with luciferase

(Luc) constructs driven by the Lcn2 or Il6 promoters together with increasing amounts of

plasmid encoding A20 (46, 50). IL-17 triggered a ~2.5-fold increase in Lcn2-Luc activity

over baseline in the absence of A20 (Fig. 3A). Cotransfection with plasmid encoding A20

resulted in a dose-dependent reduction in Lcn2-Luc activity, supporting a model in which

A20 inhibits IL-17–dependent activation of this gene at the promoter level. A mild

suppression in luciferase activity was also seen in cells that were not treated with IL-17,

consistent with the effect of A20 on tonic signaling (noted in Fig. 1). We obtained similar

results in parallel experiments with the Il6 promoter construct (Fig. 3A). Further evidence of

a role for A20 in suppressing target promoter activation came from the observation that

IL-17–mediated induction of the Lcn2 promoter was more strongly enhanced in A20-

deficient (A20−/−) cells than in cells reconstituted with A20 (Fig. 3B). Together, these data

support the concept that A20 inhibits IL-17 signaling by modulating NF-κB–regulated gene

expression.

Reconstitution of A20−/− murine embryonic fibroblasts with A20 reverses IL-17–dependent
target gene expression

To independently verify that A20 inhibited the IL-17 pathway and to rule out possible

nonspecific or off-target effects of siRNAs, we transfected A20−/− murine embryonic

fibroblasts (MEFs) with either an EV or a plasmid encoding murine A20. Cells were

stimulated with IL-17 for 4 hours, and IL-6 in culture supernatants was assessed by ELISA.

A20−/− MEFs transfected with EV showed an IL-17–dependent increase in IL-6 production,

which was reduced upon reconstitution with A20 (Fig. 4A). Production of CCL20 was

similarly affected by reconstitution of the A20−/− MEFs with A20 (Fig. 4A). We next

determined the effect of reconstituting A20−/− MEFs with A20 on the expression of a panel

of IL-17 target genes. We found that IL-17–induced expression of Il6, Ccl20, Cxcl1, Cxcl5,

Csf3, and lcn2 in A20−/− cells was repressed upon reconstitution with A20 (Fig. 4B). Similar

to the findings in our siRNA-based experiments (Fig. 2A), we found that there was only a

mild effect of A20 reconstitution on Ikbz expression (Fig. 4B), indicating that A20 represses

the expression of most, but not all, IL-17 target genes.

Garg et al. Page 5

Sci Signal. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A20 inhibits activation of the IL-17–mediated TRAF6–NF-κB pathway

NF-κB is activated when IκBα is phosphorylated, ubiquitinated, and degraded, which

results in the unmasking of the nuclear localization signal of NF-κB and its subsequent

nuclear translocation. Expression of the gene encoding IκBα is, in turn, dependent on NF-

κB in a feedback loop. To determine whether A20 inhibited IL-17–mediated activation of

NF-κB, we monitored IL-17–dependent IκBα degradation in A20−/− MEFs that were

reconstituted with EV or with A20. Lack of A20 resulted in continued IL-17–dependent

degradation of IκBα, suggesting prolonged NF-κB activation. However, in cells

reconstituted with A20, this degradation was inhibited very rapidly, suggesting inhibition of

NF-κB activity (Fig. 5A). These data support a model in which A20 blocks the IL-17–

dependent NF-κB pathway.

Because TRAF6 is essential for IL-17–induced NF-κB activation (31), we asked whether

IL-17 stimulated an association between A20 and TRAF6. We stimulated A20−/− MEFs that

were or were not reconstituted with A20 with IL-17 over a 2-hour time course. Cell lysates

were subjected to immunoprecipitation with antibody against TRAF6 and analyzed by

Western blotting to detect coimmunoprecipitated A20. We could not detect an association

between A20 and TRAF6 under basal conditions (Fig. 5B, lane 5); however, A20 associated

with TRAF6 60 min after treatment with IL-17. These kinetics are very similar to those of

the association of A20 with TRAF6 and TRAF2, which is stimulated by IL-1β and TNF-α,

respectively (Fig. 5B) (32, 51, 52). To determine whether the activation of A20 was

associated with the deubiquitination of TRAF6, we treated reconstituted A20−/− cells with

IL-17, immunoprecipitated Act1 from cell lysates, and assessed the ubiquitination status of

TRAF6 by Western blotting analysis. Consistent with an association between A20 and

TRAF6, TRAF6 exhibited sustained ubiquitination after stimulation of the A20−/− cells with

IL-17 for 90 to 120 min, as evidenced by the increased intensity of the larger migrating

forms reactive to the anti-TRAF6 antibodies (Fig. 5C, lanes 1 to 3). In contrast,

reconstitution of A20−/− cells with A20 was associated with the reduced appearance of the

larger migrating forms of TRAF6 (Fig. 5C, lanes 4 to 6). Although the signals were weak,

they were reproducible and are consistent with findings from another study (53). These data

probably also reflect the fact that IL-17–mediated activation of NF-κB is typically less

substantial than that by classical inflammatory cytokines, such as IL-1β and TNF-α (46,

54).

A20 inhibits the IL-17–dependent activation of MAPK signaling, particularly the c-Jun N-
terminal kinase pathway

In the IL-17 signaling pathway, TRAF6 is required for the activation of MAPKs (15).

Although there is some variation among cell types, all three major MAPK signaling

pathways, those activated by extracellular signal–regulated kinase (ERK), p38, and c-Jun N-

terminal kinase (JNK), are activated in response to IL-17. To determine whether A20

suppressed MAPK activation, we transfected A20−/− cells with empty plasmid or with

plasmid encoding A20 and assessed the IL-17–dependent phosphorylation of JNK, ERK,

and p38 by Western blotting. A20 prevented the prolonged phosphorylation of JNK, as

indicated by the absence of detectable phosphorylated JNK (pJNK) at the 30- and 60-min

time points in A20-transfected cells compared to cells transfected with EV (Fig. 5D,
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compare lanes 3 and 4 with lanes 7 and 8). A similar, although less pronounced, pattern was

observed for phosphorylated ERK (pERK) and phosphorylated p38 (pp38) (Fig. 5D).

Therefore, we conclude that A20 suppresses the activation of MAPK signaling, particularly

that of JNK.

Inhibition of IL-17 signaling is mediated through the OTU and zinc finger domains of A20

Multiple subdomains of A20 contribute to its inhibitory capacity (Fig. 6A and fig. S3) (32),

the best characterized of which is the N-terminal OTU (ovarian tumor) domain, which

encodes DUB activity and is proposed to be important for the association of A20 with

TRAF6 (55, 56). In addition, the seven C-terminal zinc finger (ZnF) domains are important

for A20 activity (32, 55, 57, 58). In particular, ZnF4 and ZnF5 exhibit ubiquitin binding

activity, which facilitates adaptor recruitment and substrate recognition (59, 60). To

determine the roles of these domains in IL-17 reconstituted A20−/− MEFs with wild-type

A20 or its OTU domain or ΔZnF4–5 mutants (Fig. 6A). Twenty-four hours later, cells were

stimulated with IL-17, and supernatants were evaluated for IL-6 by ELISA. Neither mutant

A20 protein inhibited IL-17–dependent IL-6 secretion as effectively as did wild-type A20

(Fig. 6B). Similarly, neither mutant detectably suppressed Il6 expression (Fig. 6B).

Although in some experiments the OTU mutant mediated a mild suppressive effect on

IL-17–induced IL-6 production (Fig. 6), this was not always reproducible (fig. S3) and may

have been a result of the higher abundance of the mutant proteins compared to that of wild-

type A20 (fig. S3A). To further confirm the roles of the OTU and ZnF domains, we

reconstituted A20−/− MEFs with a construct encoding only the terminal four ZnF domains

(fig. S3B). This mutant also failed to inhibit IL-17–induced IL-6 production. We conclude

that A20-mediated inhibition of IL-17 signaling involves its catalytic OTU domain and its

ZnF domains.

A20 associates with IL-17RA at the C-terminal inhibitory domain of the receptor

To determine whether IL-17R and A20 interacted directly, we cotransfected human

embryonic kidney (HEK) 293T cells with plasmids encoding A20 and murine IL-17RA

(tagged at the C terminus with Myc). Lysates were subjected to immuno-precipitation with

anti-Myc antibodies to pull down the IL-17R, and its physical association with A20 was

determined by Western blotting. We found that A20 associated with IL-17RA in response to

IL-17 in a dose-dependent manner (Fig. 7A). Although A20 restricts the TNFR, IL-1R, and

NLR pathways, it is not known whether A20 binds directly to any of these receptors.

IL-17RA contains several functional subdomains (Fig. 7B). The SEFIR domain is conserved

among IL-17R family members and serves as a platform for its association with Act1, which

in turn interacts with TRAF6 (19). A large, nonconserved extension of the SEFIR, termed

the SEFEX, is also required for signaling in response to IL-17 (23, 24, 61). A point mutation

within the SEFEX region (V553H) renders IL-17RA nonfunctional and impairs activation of

the NF-κB and MAPK pathways (23, 25). Because A20 restricts the activation of both NF-

κB and MAPK, we initially predicted that the SEFIR or SEFEX region would be the site of

interaction with A20. Unexpectedly, we found that A20 associated with the

IL-17RAΔSEFIR and IL-17RA.V553H mutants (Fig. 7C), indicating that A20 binds to

IL-17RA in a SEFIR- and SEFEX-independent manner. Moreover, A20
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coimmunoprecipitated with IL-17RA in TRAF6-deficient cells (fig. S4A), consistent with

the lack of a requirement for the SEFIR or SEFEX regions in the recruitment of A20 to

IL-17RA.

In addition to the SEFIR and SEFEX regions, IL-17RA contains a C-terminal domain

located downstream of residue 665 that does not overlap with the SEFIR or SEFEX regions.

This region is required for the IL-17–dependent activation of C/EBPβ and, hence, is termed

the C/EBPβ activation domain (CBAD) (23). To determine whether A20 interacted with the

CBAD of IL-17RA, we cotransfected HEK 293T cells with plasmid encoding A20 and with

plasmids encoding a range of C-terminal truncations of IL-17RA. Binding of A20 to

IL-17RAΔ800 was not significantly reduced compared to that of full-length IL-17RA.

IL-17RAΔ665 and all of the larger truncation mutants were impaired in their ability to

coimmunoprecipitate with IL-17RA (Fig. 7D). The CBAD contains a TRAF binding motif

that is required for its interaction with TRAF3 (26); thus, we tested the association of A20

with an IL-17RA mutant lacking this site (IL-17RA.PSAA). We found that A20

coimmunoprecipitated with the IL-17RA.PSAA mutant similarly to wild-type IL-17RA (fig.

S4B). We and others showed that the CBAD is an inhibitory domain because IL-17RA

truncation mutants lacking this region exhibit enhanced IL-17–dependent signaling (23–26).

The association of this region with A20 may explain the underlying basis for how the CBAD

inhibits IL-17–dependent signaling.

DISCUSSION

The IL-17 family is the most recently discovered and least understood of the cytokine

subclasses (15). Consisting of the ligands IL-17A to IL-17F and binding to the receptors

IL-17RA to IL-17RE, the IL-17 family of cytokines has many unique structural and

functional features. Since the discovery of the TH17 subset of helper T cells in 2005,

considerable attention has been paid to how TH17 and other IL-17–producing cells are

generated and maintained but far less to how IL-17 mediates downstream signaling (6, 62).

Although IL-17 is vital for host defense against certain pathogens, it has high potential for

inducing pathological damage to inflamed tissue. Hence, it is not surprising that there are

numerous mechanisms in place to constrain the activities of IL-17 and TH17 cells (63, 64).

To list a few examples, the TH1- and TH2-specific cytokines interferon-γ (IFN-γ) and IL-4

and IL-2 block the differentiation of TH17 cells (65–67). TH17 cells often convert to

regulatory T cells (Tregs) or TH1-like cells in vivo, tempering their inflammatory activity

(68–70). Immunoregulatory cytokines, such as IL-25, IL-27, and IL-10, limit TH17-

mediated pathology (71–74). At the level of the IL-17R signaling pathway, TRAF3 inhibits

IL-17 by binding to IL-17RA and displacing Act1 (26). A report also implicates the

microRNA miR-23b in limiting IL-17 activity (75). IL-17–inducible degradation of Act1

follows engagement of the IL-17R,mitigating the signaling response (76). In studying the

activation of the C/EBP transcription factors, we found that IL-17–dependent

phosphorylation of C/EBPβ by GSK-3β inhibits the expression of IL-17 target genes (25).

Additionally, IL-17A exists either as a homodimer or as a heterodimer with IL-17F, and in

the latter state, it has a reduced signaling capacity that probably moderates its activity in
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vivo (77–79). A report identified the DUB ubiquitin-specific protease 25 (USP25) in

targeting TRAF5 and TRAF6 for deubiquitination and limiting IL-17 signaling (53).

Similarly to other inflammatory effectors, IL-17 activates the canonical NF-κB pathway,

albeit far more modestly than does TNF-α or TLR ligands (15). The NF-κB pathway is

intricately regulated by ubiquitination and deubiquitination reactions (28). A20 dampens

TNFR-induced signaling (39) and is the gene product of a well-known susceptibility locus

for autoimmunity. The primary enzymatic function of A20 is to serve as a DUB, although it

can also act as a ubiquitin ligase and inhibit signaling independently of its catalytic activity

(32, 36,55, 80). In the IL-17 pathway, both Act1 and TRAF6 are E3 ubiquitin ligases that

target transforming growth factor β–activated kinase 1 (TAK1) and the IKK complex,

ultimately causing degradation of IκBα and nuclear import of NF-κB (17, 22). In IL-1 and

TLR signaling, A20 limits MAPK activation by targeting TRAF6 for degradation (39). Our

work reveals that A20 is both a gene target and a potent feedback inhibitor of IL-17

signaling, acting through TRAF6, NF-κB, and MAPK. Therefore, regulation of

ubiquitination is emerging as a central feature of IL-17 signaling (Fig. 7E).

Using RNA-silencing and A20−/− cells, we showed that the expression of various IL-17

target genes was inhibited by A20 (Figs. 1 to 3). As expected, nearly all of these genes are

regulated by NF-κB, including genes encoding IL-6 and Lcn2, whose proximal promoters

require an intact NF-κB element for their induction by IL-17 (46, 50). There were, however,

some exceptions. For example, Ikbz expression was largely unaffected by A20 (Figs. 1E and

4B). The basis for this difference is not clear; however, IL-17 also regulates the stability of

many target mRNAs (81). Best studied in the context of the gene Cxcl1, which encodes the

chemokine KC (also known as Groα), and this event is mediated in a noncanonical manner

by activation of splicing factor 2 (SF2) through TRAF2 and TRAF5 (82). A20 does not

appear to influence mRNA stability, which perhaps explains its modest effect on some genes

but not others (Figs. 1 and 2). Similar to the TNF pathway, A20 also inhibits IL-17–

mediated activation of MAPK pathways, particularly that of JNK (Fig. 5D). MAPK

activation leads to AP-1 activation, and AP-1 binding sites are statistically overrepresented

in the promoters of IL-17 target genes (50); however, at least for the Il6 promoter, the AP-1

binding site is dispensable for IL-17–induced activation (46). In addition, MAPK signaling

may participate in the regulation of mRNA stability, although it is not clear to what extent

this is the case for IL-17 target genes.

We found that A20 bound directly to IL-17RA, which supports a direct model of inhibition

of IL-17 (Fig. 7). Like most receptors, IL-17RA contains discrete functional subdomains

(16, 23). Unexpectedly, A20 bound to the distal domain of IL-17RA, and not the SEFIR or

SEFEX regions that are the sites of engagement for Act1 and TRAF6 (19, 24). This distal

domain (the CBAD) was initially identified and defined by its ability to regulate the

alternative translation and phosphorylation of C/EBPβ (23, 25). Phosphorylation of C/EBPβ
by GSK-3β is mediated through the CBAD and is associated with dampened IL-17R

signaling (25). ATRAF consensus site within the CBAD is an interaction site for TRAF3,

but not TRAF6, which is thought to inhibit IL-17 signaling by competing with Act1. Here,

we showed that A20 also bound to the CBAD, although not through the TRAF consensus
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site (Fig. 7 and fig. S3B), indicating that the CBAD may serve as a platform for the binding

of multiple inhibitory proteins.

There are still many open questions regarding the details of how A20 restrains IL-17

signaling. In other systems, A20 cooperates with the Itchy E3 ubiquitin protein ligase (Itch),

human T cell leukemia virus type I binding protein 1 (Tax1BP1), and Ring finger protein 11

(RNF11) to form a functional ubiquitin-editing complex (35), but it is not known whether

any or all of these factors are required to inhibit IL-17R signaling. It is also not known

whether A20 blocks other IL-17 family members that signal through IL-17RA, such as

IL-17E (IL-25) or IL-17C. Because IL-17 has repeatedly been shown to use noncanonical

pathways and signaling intermediates, it is likely that surprises will emerge regarding how

this pathway is controlled.

The A20 gene locus, TNFAIP3, is strongly associated with many autoimmune diseases.

Clearly, this is related in part through the inhibition of TNF-dependent signaling by A20

(83); however, A20 also constrains TLR and NLR signaling, which are increasingly

recognized as important in mediating autoimmunity (84, 85). We now add IL-17 signaling to

the list of proinflammatory pathways governed by A20. This finding dovetails well with the

role for IL-17 in mediating at least some forms of autoimmune disease, as illustrated by the

clinical success of biologic therapies targeting this cytokine (86). Consistently, silencing of

A20 led to enhanced IL-17 signaling in human RA FLS cells (Fig. 1G), supporting its

potential relevance in human cells. Nonetheless, more work is certainly needed to determine

how much of the effect of A20 on IL-17 contributes to disease in vivo compared to the

effect of A20 on other inflammatory stimuli. Defining molecular signaling intermediates,

especially enzymes such as A20, has the potential to reveal strategies for developing small-

molecule therapeutics that target IL-17 signaling (87, 88). Drugs that enhance A20 function

could theoretically help to restrain IL-17 and other inflammatory cytokines that promote

autoimmunity. Alternatively, blocking A20 might be useful in stimulating the host defense

response in settings in which IL-17 activity is beneficial, such as during fungal or bacterial

infections (10).

MATERIALS AND METHODS

Cell cultures, reagents, and luciferase assays

A20−/− and TRAF6−/− MEFs were cultured in α-MEM (minimum essential medium, Sigma)

containing 10% fetal bovine serum (FBS) supplemented with L-glutamine and antibiotics

(Invitrogen) (39). ST2 stromal cells, HEK 293T cells, and human FLS cells were cultured in

α-MEM with 15% FBS, L-glutamine, and antibiotics. HEK 293T cells were transfected by

the calcium phosphate method, whereas ST2 cells and A20−/− MEFs were transfected with

FuGENE 6 (Roche) or FuGENE HD (Promega). Within each transfection experiment, three

replicate samples were transfected and assayed separately. Luciferase assays were

performed as previously described (50) with the Dual-Luciferase Reporter Assay System

(Promega). Recombinant murine and human IL-17 proteins were purchased from PeproTech

and were used at a final concentration of 200 ng/ml. The IKK Inhibitor VII (EMD

Millipore) was used at a final concentration of 0.1 µM. Human subject research was
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performed in accordance with protocols approved by the Institutional Review Board (IRB)

of the University of Pittsburgh.

siRNA and DNA plasmids

ON-TARGETplus SMARTpool siRNA targeting A20 (tnfaip3) and Act1 (traf3ip2) and

scrambled controls were obtained from Dharmacon/Thermo Scientific. ST2 cells were

seeded overnight in antibiotic-free medium and transfected the next day with 50 nM siRNA

with DharmaFECT Reagent 1 (Dharmacon/Thermo Scientific). Twenty-four hours later, the

culture medium was changed, and after a further 24 hours, cells were stimulated with IL-17

for the times indicated for each experiment. For each experiment, three replicate samples

were analyzed separately. Plasmids encoding murine IL-17RA, its point mutants, and

truncation mutants were constructed as described previously (23, 24, 26). Plasmids encoding

murine A20 and its mutants were obtained from the plasmid repository at BCCM/LMBP

(Belgian Coordinated Collections of Micro-organisms/Laboratory of Molecular Biology–

Plasmid collection) (Belgium) (60).

RNA isolation and qPCR analysis

Total RNA was isolated from cells with an RNeasy Mini Kit (Qiagen). Complementary

DNA synthesis was performed with SuperScript III First-Strand (Invitrogen). The extent of

expression of Il6, Ccl20, 24p3, Csf3, Cxcl1, Cxcl5, IκBζ, and Tnfaip3 was determined by

qPCR analysis with PerfeCTa SYBR Green FastMix ROX (Quanta BioSciences). The PCRs

were performed on a 7300 Real-Time PCR System (Applied Biosystems). The abundances

of the mRNAs of interest were normalized to that of Gapdh. Primers were purchased from

Super Array Biosciences (Qiagen). For each experiment, three replicates were analyzed

separately.

ELISAs and immunoprecipitations

Western blotting analysis and immunoprecipitations were performed as described previously

(23, 61), and bands on blots corresponding to proteins of interest were analyzed by ImageJ

software or on a ProteinSimple FluorChem E instrument. Anti-A20, anti-pJNK, anti-JNK,

anti-pERK, anti-ERK, anti-pp38, anti-p38, and anti-Myc antibodies were from Cell

Signaling Technology; anti-IκBα, anti-TRAF6, and anti-Act1 antibodies were from Santa

Cruz Biotechnology; anti-tubulin antibody was obtained from Invitrogen; and anti-HA

antibody was from Sigma. Western blots were developed with a FluorChem E imager

(ProteinSimple). Murine and human IL-6 ELISA kits were from eBioscience, and the

CCL20 ELISA kit was from R&D Systems. For each experiment, each sample was analyzed

in duplicate or triplicate, and a minimum of three replicate samples were included per

experiment.

Statistics

To assess statistical significance, we used Student’s t test (for pairwise comparisons) or

ANOVA with post hoc Tukey’s analysis (for more than two comparisons in an experiment).

P < 0.05 was considered statistically significant. Error bars reflect the means ± SEM of
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biological replicates within individual experiments. All experiments were repeated a

minimum of two times to ensure reproducibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IL-17 induces TNFAIP3 expression and production of A20, which suppresses IL-17–
induced gene expression
(A) Left panel: Rapid induction of endogenous TNFAIP3 mRNA expression by IL-17. ST2

cells were treated with IL-17 (200 ng/ml) for the indicated times, and TNFAIP3 mRNA

abundance was assessed by qPCR. Data are presented as the fold induction in TNFAIP3

(A20) mRNA abundance in IL-17–treated cells compared to untreated cells. *P < 0.05 by

analysis of variance (ANOVA) with post hoc Tukey’s test compared to untreated (at 0 min);

n = 3 experiments. Middle panel: Endogenous A20 and β-tubulin (β-Tub.) proteins were

assessed by Western blotting analysis of whole-cell lysates of ST2 cells treated with IL-17

for the indicated times. Right panel: Relative band intensities from pooled independent

experiments were determined by densitometry and are presented as means ± SEM (n = 3

experiments). (B) IL-17 induction of endogenous A20 is mediated by the NF-κB pathway.

ST2 cells were treated with IL-17 for 30 min in the presence of dimethyl sulfoxide (DMSO)

or of an IKK inhibitor (IKK Inhib.) (0.1 µM), and TNFAIP3 mRNA abundance was assessed

by qPCR analysis. *P < 0.05, ANOVA with post hoc Tukey’s test compared to untreated (at

30 min); n = 3 experiments. (C) Knockdown of A20 enhances the production of IL-6

protein. ST2 cells were transfected with siRNA specific for Act1 or A20 or with a scrambled

siRNA control, and the amount of IL-6 in the culture medium was assessed at 1.5 hours (left
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panel) and 3 hours (right panel) after treatment with IL-17 (200 ng/ml). Black bars indicate

IL-17–treated samples, and white bars indicate untreated samples. *P < 0.05, ANOVA with

post hoc Tukey’s test compared to cells transfected with control siRNA and treated with

IL-17; n = 3 experiments. (D) Successful knockdown of TNFAIP3 mRNA. TNFAIP3

mRNA abundance in cells treated with siRNA was assessed by qPCR. *P < 0.05, ANOVA

with post hoc Tukey’s test compared to control samples treated with IL-17. (E) Successful

knockdown of A20 protein. After siRNA-mediated knockdown of TNFAIP3 expression, the

indicated cell lysates were analyzed by Western blotting with antibodies specific for A20

protein (top) or β-tubulin (bottom) as a loading control. n = 2 experiments.
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Fig. 2. Knockdown of A20 suppresses IL-17–mediated gene expression
(A) Knockdown of A20 enhances the expression of most, but not all, IL-17 target genes.

ST2 cells transfected with the indicated siRNAs and left untreated or treated with IL-17 for

3 hours were analyzed for the expression of the indicated genes by qPCR. *P < 0.05,

ANOVA and post hoc Tukey’s test compared to cells transfected with control siRNA and

treated with IL-17; n = 3 experiments. (B) Knockdown of A20 enhances IL-17R signaling in

human FLS cells. FLS cells were transfected with the indicated siRNAs, and IL-6 secretion

after 4 or 24 hours of IL-17 stimulation was assessed by ELISA. *P < 0.05, ANOVA and
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post hoc Tukey’s test compared to cells transfected with control siRNA and treated with

IL-17; n = 2 experiments.
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Fig. 3. A20 suppresses IL-17–mediated activation of NF-κB–dependent gene promoters
(A) Ectopic expression of A20 suppresses IL-17–dependent activation of the promoters of

the genes encoding Lcn2 and IL-6. ST2 cells were transfected with luciferase (Luc.)

constructs encoding the Lcn2 promoter (48) or the Il6 promoter (46) together with increasing

concentrations of plasmid encoding A20. After 8 hours of treatment with IL-17, luciferase

activity was assessed and was normalized to that of samples that were transfected with

control DNA and were not treated with cytokines. *P < 0.05, ANOVA with post hoc

Tukey’s test compared to untreated samples transfected with control DNA; n = 3
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experiments. (B) Deficiency in A20 leads to enhanced IL-17–dependent activation of the

Lcn2 promoter. A20−/− MEFs were transfected with the Lcn2-Luc construct and either an

empty vector (EV) or a plasmid encoding A20. After 8 hours of treatment with IL-17,

luciferase activity was assessed and was normalized to that of samples that were transfected

with control DNA and were not treated with cytokines. *P < 0.05, ANOVA and post hoc

Tukey’s test compared to unstimulated EV sample; n = 2 experiments.
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Fig. 4. Reconstitution of A20−/− cells with A20 suppresses IL-17–dependent signaling
(A and B) A20−/− MEFs were transfected with EV or with plasmid encoding murine A20

and were treated with IL-17 for 4 hours. (A) Culture supernatants were evaluated for IL-6 or

CCL20 by ELISA. (B) Cell lysates were evaluated for the indicated mRNAs by qPCR. *P <

0.05, ANOVA and post hoc Tukey’s test compared to IL-17–treated samples transfected

with EV; n = 3 experiments.
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Fig. 5. A20 targets IL-17–stimulated TRAF6–NF-κB and MAPK pathways
(A) A20 promotes IκBα degradation. A20−/− cells were transfected with EV (lanes 1 to 4)

or plasmid encoding A20 (lanes 5 to 8), treated with IL-17 for the indicated times, and then

assessed by Western blotting to determine IκBα abundance (top blot). Loading of A20

(middle blot) and β-tubulin (bottom blot) is shown. Bar graph: Relative band intensities

from independent experiments were determined by densitometry and are shown as means ±

SEM. *P < 0.05, ANOVA and post hoc Tukey’s test compared to the unstimulated time

point for each condition; n = 3 experiments. n.s., not significant. (B) A20 associates with
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TRAF6 in an IL-17–dependent manner. A20−/− cells were transfected with EV (lanes 1 to 4)

or with plasmid encoding A20 (lanes 5 to 8), and cell lysates were subjected to

immunoprecipitation (IP) with antibody against TRAF6. Immunoprecipitated samples were

analyzed by Western blotting (WB) with antibodies against A20 (top blot) and TRAF6

(middle blot). Samples of whole-cell lysates (WCLs) were analyzed by Western blotting

with antibody against A20 (bottom blot) to verify transfection efficiency. n = 3 experiments.

(C) A20 mediates the deubiquitination of TRAF6 in response to IL-17 signaling. A20−/−

cells were transfected with EV (lanes 1 to 3) or plasmid encodingA20 (lanes 4 to 6), and cell

lysates were subjected to immunoprecipitation with antibody against Act1. Lysates were

analyzed by Western blotting with antibody against TRAF6. The arrowhead indicates the

approximate migration of TRAF6 (band is obscured by immunoglobulin heavy chain). Note

that lanes 1 to 3 and 4 to 6 are from the same gel, but the TRAF6 gel was subjected to

different exposure times to optimize visualization of the larger, ubiquitinated TRAF6 bands.

n = 3 experiments. (D) A20 suppresses IL-17–dependent activation of MAPK. A20−/− cells

were transfected with EV (lanes 1 to 4) or plasmid encoding A20 (lanes 5 to 8), stimulated

with IL-17 for the indicated times, and the cell lysates were analyzed by Western blotting

for the indicated MAPK family members or A20. n = 2 experiments.
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Fig. 6. Inhibition of IL-17 signaling is mediated through the OTU and zinc finger domains of
A20
(A) Schematic diagram of A20 subdomains. OTU, DUB domain. The locations of the ZnF

are shown. (B) ZnF mutants of A20 impair its ability to regulate IL-17 signaling. A20−/−

cells were transfected in triplicate with EV or with plasmids encoding wild-type A20 or the

indicated mutants and were treated with IL-17 for 4 hours. IL-6 in the culture medium was

assessed by ELISA measurements performed in triplicate (top panel), and the abundance of

Il6 mRNA was assessed by qPCR (bottom panel). *P < 0.05, ANOVA and post hoc Tukey’s

test compared to samples transfected with EV and treated with IL-17. ‡P < 0.05, ANOVA

and post hoc Tukey’s test compared to samples transfected with A20 and treated with IL-17;

n = 3 experiments.
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Fig. 7. A20 binds to IL-17RA through the CBAD
(A) IL-17RA binds to A20 in a dose-dependent manner. HEK 293T cells were transfected

with plasmid encoding IL-17RA (tagged at the C terminus with Myc) together with

decreasing concentrations of plasmid encoding A20 (1.5 to 0.06 µg). Anti-Myc antibody was

used to immunoprecipitate IL-17RA, and the immunoprecipitates were analyzed by Western

blotting with antibodies against A20 (top blot) or Myc (middle blot) to detect IL-17RA.

WCLs from samples taken before immunoprecipitation were analyzed by Western blotting

with antibody against A20 (bottom blot). n = 2 experiments. (B) Schematic diagram of

IL-17RA mutants. ECD, extracellular domain. The locations of the SEFIR and SEFEX

regions, the point mutants (V553H, PSAA), and the CBAD are indicated. (C) A20 binds to

IL-17RA in a SEFIR- and SEFEX-independent manner. HEK 293T cells were cotransfected

with plasmids encoding wild-type IL-17RA or the indicated mutants [tagged at the C

terminus with hemagglutinin (HA)] together with plasmid encoding A20. Anti-HA antibody

was used to pull down IL-17RA, and immunoprecipitates were analyzed by Western blotting

with antibodies against A20 (top blot) or HA (middle blot) to detect IL-17RA. The presence

of A20 in WCLs was determined (bottom blot). n = 3 experiments. (D) A20 binds to

IL-17RA through the CBAD. HEK 293T cells were transfected with plasmids encoding full-

length (FL) IL-17RA or the indicated IL-17RA constructs (tagged at the C terminus with

Myc) as well as plasmid encoding A20. Anti-Myc antibodies were used to pull down

IL-17RA, and immunoprecipitates were analyzed by Western blotting with antibodies

against A20 (top blot) or Myc (middle blot) to detect IL-17RA. The presence of A20 in

WCLs was also determined (bottom blot). *P < 0.05, ANOVA and post hoc Tukey’s test
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compared to FL; n = 3 experiments. (E) Schematic diagram of IL-17RA–mediated signaling

and of the role of A20 in restricting this process.
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