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Protein Kinase Serine/Threonine Kinase 24 Positively Regulates Interleukin 17-Induced Inflammation by Promoting IKK Complex Activation
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Interleukin 17 (IL-17) is a key inflammatory cytokine that plays a critical role in tissue inflammation and autoimmune diseases. However, its signaling remains poorly understood. In this study, we identified serine/threonine kinase 24 (Stk24) as a positive modulator of IL-17-mediated signaling and inflammation. Stk24 deficiency or knockdown markedly inhibited IL-17-induced phosphorylation of NF-κB and impaired IL-17-induced chemokines and cytokines expression. Stk24 overexpression greatly enhanced IL-17-induced NF-κB activation and expression of chemokines and cytokines in a kinase activity-independent manner. The IL-17-induced inflammatory response was significantly reduced in Stk24-deficient mice. In addition, the severity of experimental autoimmune encephalomyelitis was markedly reduced in mice with a deficiency of Stk24 in non-hematopoietic cells. We further demonstrated that Stk24 directly interacts with TAK1 and IKKβ and promotes the formation of TAK1/IKK complexes, leading to enhanced IKKβ/NF-κB activation and downstream cytokines and chemokines induction. Collectively, our findings suggest that Stk24 plays an important role in controlling IL-17-triggered inflammation and autoimmune diseases and provides new insight into the therapeutic targets of IL-17-mediated inflammatory disease.
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INTRODUCTION

The interleukin 17 (IL-17) family is a recently emerged subset of cytokines secreted by innate and adaptive immune cells, including iNKT cells, δγ T cells, LTi-like cells, NK cells, and myeloid cells, and participate in both acute and chronic inflammatory responses (1). This family contains six members: IL-17A, IL-17B, IL-17C, IL-17 D, IL-17E (also named IL-25), and IL-17F. IL-17A (commonly referred to as IL-17), a founding member of the IL-17 family, is the most widely investigated cytokine of this family and its biological function and regulation are best understood. IL-17F shares high homology with IL-17A and resembles IL-17A in both its cellular sources and regulatory functions (2, 3). IL-17 acts on multiple cell types, including endothelial cells, fibroblasts, epithelial cells, and astrocytes, and coordinates local tissue inflammation by promoting the generation of pro-inflammatory and neutrophil-mobilizing cytokines and chemokines (4, 5). IL-17 has been linked to the pathogenesis of autoimmune diseases, including multiple sclerosis (MS). IL-17 levels are increased in patients with MS (6). Moreover, studies using an animal model of MS [experimental autoimmune encephalomyelitis (EAE)] have showed that IL-17 is responsible for disease development (7).

Interleukin 17 family receptors, which consist of IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE, contain a fibronectin III-like domain in their extracellular region and an SEF/IL-17R (SEFIR) domain in their intracellular region. IL-17R signaling transduces via a heteromeric receptor complex composed of two receptor chains: IL-17RA and IL17-RC (2, 8). Adaptor protein NF-κB factor 1 (Act1) is recruited to the receptor complex via homotypic interactions of the SEFIR domains upon IL-17 stimulation (9). In turn, Act1 recruits TRAF6 and mediates the Lys63 ubiquitination of TRAF6 (10, 11). Poly-ubiquitinated TRAF6 further activates TAK1, which mediates the activation of NF-κB, MAPK cascades, and the transcription factor C/EBP, resulting in the upregulated expression of various pro-inflammatory chemokines and cytokines and subsequent myeloid cell recruitment to inflamed tissue (12). In addition to the activation of TRAF6, Act1, which is phosphorylated by IKKi, also recruits TRAF2 and TRAF5 to prolong the half-life of IL-17-stimulated mRNA (13, 14). Recently, more and more molecules were shown to participate in IL-17R signaling. USP25 directly removes the IL-17-induced ubiquitination of TRAF5 and TRAF6 and consequently suppresses both NF-κB activation and mRNA stabilization pathways (15). TPL2 binds to TAK1 and mediates the phosphorylation and catalytic activity of TAK1, thereby promoting IL-17-stimulated gene expression (16). TRAF3 binds to IL-17R directly and interferes with the IL-17R–Act1–TRAF6 complex, thus restraining the activity of IL-17R signaling (10). We recently identified that nuclear Dbf2-related kinase 1 (NDR1, stk38) functions as a positive regulator of IL-17R signal transduction and IL-17-induced inflammation by competitively binding to TRAF3 (17). However, details on other molecular functions regarding the regulation of downstream pathways linked to IL-17R signaling remain unclear.

Serine/threonine kinase 24 (Stk24), also known as mammalian STE20-like kinase 3, belongs to the Ste20 serine/threonine protein kinase family and subfamily of germinal center kinase III kinases (18, 19) and is involved in a wide range of basic cellular processes. Stk24 positively regulates the cell cycle, cell growth, migration, and synapse development in a kinase activity-dependent manner (20–23). In addition, Stk24 promotes proliferation and tumorigenicity via the VAV2/Rac1 signaling axis as an adapter (24). Using Stk24h/h mouse in which the Stk24 gene was disrupted by an insertion, Zhang et al. have demonstrated that the interaction complex of Stk24 and CCM3 as being an important regulator of neutrophil degranulation by coordinating UNC13D-driven vesicle exocytosis in neutrophils (19). However, the function and signal transduction of Stk24 in inflammation is poorly illustrated.

Here, we report that Stk24 positively modulates IL-17-mediated signaling and inflammation. Stk24 promotes IL-17-triggered phosphorylation of the NF-κB P65 subunit and induction of pro-inflammatory cytokines and chemokines in a kinase-independent manner. Stk24-deficient mice are resistant to IL-17-mediated inflammation and MOG-induced EAE. An additional study showed that Stk24 directly binds with TAK1 and IKKβ and promotes the formation of the TAK1/IKK complex, resulting in enhanced activation of the IKKβ/NF-κB pathway and downstream inflammatory factor production.

MATERIALS AND METHODS

Reagents and Antibodies

Recombinant IL-17A (mouse and human) were purchased from PeproTech (PeproTech, Rocky Hill, NJ, USA); human IL-17F (11855-HNAE), IL-1β, and TNF-α were purchased from Sino Biological Inc.; Primary antibodies against P-P65 (3033S), P-P38 (4511S), P-ERK1/2 (4370S), P-JNK (9251S), P-IκBα (2859), P-IKKα/β (2697), P-TAK1 (4508), IκBα (4814), P65 (8242), P38 (8690), and ERK1/2 (4695) were purchased from Cell Signaling Technology. Primary antibodies for Stk24 were purchased from Abcam (ab155198), IKKα/β (sc-7607), IKKγ (sc-8330), and mouse control IgG were purchased from Santa Cruz Biotechnology. Anti-Flag (M2) beads were purchased from Sigma. Antibodies against Flag, HA, Myc, and anti-HA beads were purchased from Abmart. Antibody for GADPH (M130718) was purchased from Huabio. PEI was purchased from Polyscience. INTERFERin@ was purchased from Polyplus Transfection.

Mice

Stk24h/+ mice were kindly provided from Dr. Dianqing Wu in Yale University and maintained in the specific pathogen free facility of The University of Zhejiang. The Stk24h/+ mice were crossed to get age- and sex-matched wild-type (WT) or Stk24h/h littermates. Mice were genotyped by PCR analysis of isolated tail DNA using the following primers as pervious reported (19): 5′-AAAGCGGTGGGGAAATTAGAAAA-3′; 5′-CTCTGTATAGCCCTGGCTGCATACAA-3′; 5′-GGCACCCACGACCTGGCTTA-3′. All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Scientific Investigation Board of Zhejiang University (Authorized N.O. ZJU2015-040-01).

Plasmids

Serine/threonine kinase 24, TRAF6, IKKα, IKKβ, and IKKγ were amplified from HeLa cells by PCR and ligated into pIRES-Flag/HA to construct Flag- or HA-tagged expression plasmids. The pCMV6-XL5 vector, expressing human full-length and truncated Stk24, was amplified from HeLa cells by PCR. Stk24 was also ligated into pMXS-IRES-EGFP for the retrovirus-mediated restoration of gene expression in mouse embryo fibroblasts (MEFs).

Retrovirus-Delivered Gene Overexpression

Plate E cells were transfected with pMXS-IRES-EGFP-Flag-Stk24 or pMXS-IRES-EGFP using the calcium phosphate transfection method for viral packing, and the supernatant was harvested to obtain virus. WT or Stk24h/h MEFs were infected with viral supernatant, after 2 days, cells were stimulated with IL-17A for the indicated times before real-time PCR and immunoblot analysis.

Cell Culture, Plasmid Transfection, and Small Interfering RNA (siRNA) Silencing

HeLa cells, human HEK293T cells, plate E cells, WT, or Stk24h/h MEFs were cultured in DMEM supplemented with 10% FBS. Primary MEFs were isolated from embryos at embryonic days 12.5–14.5 and were maintained in DMEM supplemented with 15% FBS, 100 μg/ml penicillin G, and 100 μg/ml streptomycin. Primary astrocytes were prepared as described previously with minor modifications. In brief, cerebral cortex was prepared with smooth fine forceps from 2-day-old mice and was trypsinized for 12 min at 37°C, seeded on PDL-coated flasks, cultured with DMEM containing 10% FBS (GIBCO). Astrocytes that were grown to confluence 10–14 days after plating were divided and used for experiments (25). Primary lung epithelial cells were isolated from WT or Stk24h/h mice as described by Wang et al. Cells were maintained in BMGM (Lonza) supplemented with 10% FBS, 100 μg/ml penicillin G, and 100 μg/ml streptomycin (26). HEK293T cells and HeLa cells were transfected with plasmids using PEI according to the manufacturer’s protocol. HeLa cells and A549 cells were transfected with Stk24 targeted siRNA (CAGGGUUUGUCAUUAAUAAdTdT and GCUCCGCACUAGAUCUAUUdTdT) using INTERFERin@ according to the manufacturer’s instructions.

Quantitative Real-Time PCR and ELISA

Total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer’s protocols, the cDNAs were synthesized using cDNA synthesis kit (Takara) following the manufacturer’s instructions, and real-time PCR was conducted using SYBER Green (Takara). The primer sequences were showed in Table S1 in Supplementary Material. The productions of pro-inflammatory cytokines and chemokines were detected by ELISA Kit (eBioscience) following the manufacturer’s instructions.

Co-Immunoprecipitation and Immunoblot

Co-immunoprecipitation and immunoblot analysis were performed as previously reported (27). Transfected HEK293T cells were lysed in lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, and a cocktail of proteinase inhibitors). Supernatants from cell lysates were incubated with HA-conjugated beads (Abmart) or M2 beads (Sigma) for 3–4 h. Endogenous protein was immunoprecipitated using specific antibodies plus protein A/G agarose. The beads were boiled at 100°C for 10 min, and the samples were analyzed by western blot.

GST-Tag or His-Tag Pull-Down Assay

The fusion proteins of GST-null, GST-TAK1, GST-Stk24, MBP-Stk24-His, MBP-EGFP-His, sumo-IKKα-His, MBP-IKKβ-His, and sumo-IKKγ-His were expressed in E. coli BL21 strain and purified according to standard protocols with pre-equilibrated glutathione–Sepharose beads or with nickel-NTA beads (GE Healthcare). For GST-tagged pull-down assay, approximately 1 μg GST-fusion proteins (GST-null or GST-TAK1) were mixed with 20 μl pre-cleared anti-GST-coupled beads in 500 μl reaction medium, followed by adding 1 μg target purified protein (MBP-Stk24) and incubating at 4°C for 3 h with gentle rotation. For His-tagged pull-down assay, approximately 1 μg His-fusion proteins (MBP-EGFP-His, sumo-IKKα-His, MBP-IKKβ-His, or sumo-IKKγ-His) were mixed with 20 μl pre-cleared anti-His-coupled beads in 500 μl reaction medium, followed by adding 1 μg target purified protein (GST-Stk24) and incubating at 4°C for 3 h with gentle rotation. Precipitates were extensively washed three times with cell lysis buffer and then eluted with two loading buffer, boiled and then subjected to western blot.

In Vitro Kinase Assay

In vitro kinase assay was performed as described previously (16, 28, 29). Briefly, GST-IκBα (1–54) plasmid was a kind gift from Xia’s Lab (Life Sciences Institute of ZJU, LSI). And GST-IκBα (1–54) recombinant protein was purified from E. coli BL21 strain. IKK complex was immunoprecipitated with antibody against IKKγ in HeLa cells treated with scrambled siRNA, or Stk24-specific siRNA, or in HeLa cells overexpressed with Flag-Stk24, Flag-Stk24-KR, or Flag-EGFP. 1 μg immunoprecipitated protein and 1 μg IκBα protein as a substrate were incubation at 30°C for 1 h under ATP buffer containing 50 mM Tris–HCl, pH 7.5, 2 mM ATP, 5 mM MgCl2, and the subjected to immunoblotting analysis for indicated antibodies.

IL-17- or IL-1β-Induced Peritoneal or Pulmonary Inflammatory Responses

Age- and sex-matched WT or Stk24h/h littermates were injected intraperitoneally with IL-17 (0.5 μg per mouse), or IL-1β (1.5 μg per mouse), or PBS. 24 h later, peritoneal mesothelial cells were isolated as described before (15). To remove intraperitoneal leukocytes, the peritoneal cavity was washed with 5 ml PBS. Then the peritoneal cavity was injected with 5 ml 0.25% trypsin. After 10 min, the trypsin solution was collected, and peritoneal cavity was washed with 5 ml DMEM containing 10% FBS. Cells were counted and then were stained with anti-Gr-1 and anti-CD11b antibodies, followed by flow cytometry. The expression of pro-inflammatory cytokines and chemokines in the cells was measured by real-time PCR analysis.

For IL-17-induced pulmonary inflammation, age- and sex-matched WT or Stk24h/h littermates were treated with IL-17 (1 μg per mouse in 50 μl PBS) or PBS (50 μl) by intranasal injection. Then, 24 h later, PBS (1 ml) was used to obtain bronchoalveolar lavage fluid (BALF) though the trachea. Supernatants were used for ELISA, and precipitates were analyzed as lung-infiltrating cells. The residual lung-infiltrating cells were collected with 1 ml PBS wash. Cells were counted and then were stained with anti-Gr-1 and anti-CD11b antibodies, followed by flow cytometry. Lung tissues were collected in 1 ml ice-cold TriZol for subsequent real-time PCR analysis or in 4% paraformaldehyde for subsequent embedment in paraffin and staining with hematoxylin and eosin (H&E).

Bone Marrow Chimeras

Recipient Stk24h/h mice and control littermates were irradiated by sub-lethal dose of γ-ray (8.5cGy) to kill the bone marrow cells, 6 h post-irradiation, the recipients were injected with 1 × 107 bone marrow cells from donor WT mice in the tail vein, respectively, which are WT → WT, Stk24h/h → WT, and WT → Stk24h/h groups. 8 weeks after bone marrow transplantation, mice’s blood were collected and determined with Stk24 genotyping analysis by PCR to exclude failure mice.

Induction of EAE

Experimental autoimmune encephalomyelitis was induced by subcutaneous immunization with 200 μg MOG peptide (30–32) and 5 mg/ml heat-killed H37Ra strain of Mycobacterium tuberculosis emulsified in incomplete Freund’s adjuvant in the back and head region, followed by injection of pertussis toxin (PTX) at a dose of 200 ng/mouse in the tail vein. 48 h later, PTX was administered again for the second immunization. Disease severity was scored in a double-blinded manner by a trained observer without knowing the genotype of the mice or treatment protocols using a standard scale (16).

In Vitro CD4+ T Cell Differentiation

In vitro CD4+ T cell differentiation was performed as previously described with little modification (16). Purified naive CD4+ T cells (CD44loCD62Lhi) were activated with 2 μg/ml of plate-bound anti-CD3 and 3 μg/ml anti-CD28 under different Th17 polarization conditions with or without IL-1β (10 μg/ml anti-IL-4, 10 μg/ml anti-IFN-γ, 20 ng/ml IL-6, and 5 ng/ml TGF-β, 20 ng/ml IL-1β), After 5 days of activation, the differentiated T cells were re-stimulated for 4 h with PMA and ionomycin in the presence of the protein transport inhibitor monensin (BFA), followed by intracellular staining of IL-17 to quantify the frequency of Th17 cells under different Th17 polarization conditions.

Flow Cytometric and Histological Analyses

Cell suspensions were prepared as previously described (16) and subjected to flow cytometric analysis using a flow cytometer (BD). For histological analysis, lung tissue was fixed, perfused with 4% neutral formalin overnight, and paraffin-embedded sections were stained with H&E. Dissected spinal cords from mice were transcardially perfused with 4% neutral formalin and post-fixed overnight, and paraffin-embedded sections of spinal cords were stained with H&E to visualize leukocyte infiltration or with Luxol fast blue (LFB) to assess demyelination.

Statistical Analysis

All data are expressed as the mean ± SEM except for Figure 2C shown as the mean ± SD. Statistical significance between two experimental groups was assessed using Student’s t-test. Statistical significance between more than two experimental groups was assessed using two-way ANOVA for multiple comparisons. A value of P < 0.05 was considered statistically significant.

RESULTS

Stk24 Knockdown or Deficiency Inhibits IL-17-Induced Gene Expression of Pro-Inflammatory Cytokines and Chemokines

We first transfected a negative control siRNA or an Stk24-specific siRNA into HeLa cells to examine the role of Stk24 in IL-17-induced inflammatory cytokines and chemokines production. Compared with negative control siRNA-transfected HeLa cells, the IL-17-induced expression of IL-6, CXCL2, and CCL20 was significantly suppressed in Stk24-specific silenced HeLa cells (Figure 1A), and the protein production of IL-6 and CXCL2 also decreased (Figure 1B). Similarly, Stk24 silencing inhibited the IL-17-induced expression of IL-6, CXCL2, and CCL20 in human lung adenocarcinoma cells A549 (Figure S1A in Supplementary Material). Stk24-deficient (Stk24h/h) mouse is viable and shows no gross phenotypes (19). The Stk24 protein content in Stk24h/h MEFs is greatly reduced (by more than 90%) (Figure S1B in Supplementary Material) as previous reported that the Stk24 protein content in Stk24h/h neutrophils is reduced to less than 10%. We then examined the effect of Stk24 deficiency on the expression of IL-17-induced pro-inflammatory cytokines and chemokines in MEFs. Compared with WT MEFs, Stk24-deficient (Stk24h/h) MEFs exhibited much lower mRNA levels of IL-6, CXCL2, and CCL20 (Figure 1C) and protein levels of IL-6 and CXCL1 (Figure 1D). The expression of IL-17R was similar in Stk24-deficient (Stk24h/h) MEFs and WT MEFs (Figures S1B,C in Supplementary Material). Accordingly, Stk24 deficiency in primary astrocytes resulted in lower expression of IL-6, CXCL1, CXCL2, and CCL20 compared with WT astrocytes (Figure 1E). In addition, Stk24-deficient primary lung epithelial cells showed reduced induction of IL-17A-induced cytokines and chemokines (Figure 1F). Since IL-17F has similar functions as IL-17A, we further investigated the role of Stk24 in IL-17F-induced gene expression of pro-inflammatory cytokines and chemokines. As shown in Figures S1D,E in Supplementary Material, IL-17F-induced mRNAs expression of IL-6, CXCL2, and CCL20 was impaired in Stk24-silenced HeLa cells, as well as in Stk24-deficient MEFs. Furthermore, Stk24 knockdown in HeLa cells (Figures S1F,G in Supplementary Material) or Stk24 deficiency in primary MEFs (Figures S1H,I in Supplementary Material) resulted in the similar phonotype treated with TNF-α or IL-1β as that by IL-17 treatment, indicating the universal function of Stk24 in IL-17-, TNF-α-, or IL-1β-induced inflammation in vitro. Taken together, these results indicate that Stk24 positively regulates IL-17-induced inflammation in vitro.
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FIGURE 1 | Serine/threonine kinase 24 (Stk24) deficiency suppresses interleukin 17 (IL-17)-induced pro-inflammatory cytokines and chemokines expression. (A,B) HeLa cells were transfected with Stk24 small interfering RNA (siRNA) or control siRNA and stimulated with IL-17 (50 ng/ml) for the indicated times. The mRNA levels and production of IL-6, CXCL2, and CCL20 were analyzed by real-time PCR (A) and ELISA (B), respectively. (C,D) Real-time PCR (C) and ELISA (D) analysis of IL-6, CXCL2, and CCL20 mRNA expression and production in wild-type (WT) and Stk24-deficient (Stk24h/h) mouse embryo fibroblasts (MEFs) following stimulation with IL-17 (100 ng/ml) for the indicated times. (E,F) Real-time PCR analysis of CXCL1, CXCL2, CCL20, and IL-6 mRNA expression in WT and Stk24h/h primary astrocyte (E) and lung epithelial (F) cells following stimulation with IL-17 (100 ng/ml) for the indicated times (*P < 0.05, **P < 0.01, and ***P < 0.0001; Student’s t-test). Data are shown as the mean ± SEM of three independent experiments.



Stk24 Promotes IL-17-Induced Gene Expression of Pro-Inflammatory Cytokines and Chemokines in a Kinase Activity-Independent Manner

To further verify the role of Stk24 in IL-17-induced inflammation, a plasmid expressing Stk24 protein or its kinase dead mutant, Stk24-KR [a single-residue mutation at Lys53 (KR) in the catalytic site of Stk24] (33), was transfected into HeLa cells. As shown in Figure 2A, overexpression of Stk24 or its kinase dead mutant dramatically promoted IL-17-induced gene expression of IL-6, CXCL2, and CCL20, indicating that Stk24 kinase activation is not required for its function in IL-17-induced inflammation. Next, we overexpressed WT Stk24 or Stk24-KR in Stk24-silenced HeLa cells or Stk24-deficient MEFs to confirm the role of Stk24 in regulating IL-17-induced inflammation. As shown in Figure 2B, Stk24-silenced HeLa cells showed impaired gene expression of IL-6, CXCL2, and CCL20, which was rescued to a comparable level to the control group via overexpression of Flag-Stk24 or Flag-Stk24-KR. Stk24-deficient MEFs were transfected with a plasmid expressing Stk24 or Stk24-KR using a retroviral infection system. As shown in Figure 2C, restoration of Stk24 or Stk24-KR in Stk24h/h MEFs rescued the IL-17-induced gene expression of IL-6, CXCL2, and CCL20 to a comparable level to WT MEFs. Therefore, our results suggest that Stk24 functions as a positive modulator of IL-17-induced inflammation in a kinase activity-independent manner.
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FIGURE 2 | Serine/threonine kinase 24 (Stk24) promotes interleukin 17 (IL-17)-induced gene expression of pro-inflammatory cytokines and chemokines in a kinase activity-independent manner. (A) HeLa cells were transfected with Flag-EGFP, Flag-Stk24, or Flag-Stk24-K53R expressing plasmid and stimulated with IL-17 (50 ng/ml) for the indicated times. The mRNA levels of IL-6, CXCL2, and CCL20 were analyzed by real-time PCR. (B) Real-time RT-PCR analysis of IL-6, CXCL2, and CCL20 mRNAs in HeLa cells treated with scrambled siRNA or Stk24-specific small interfering RNA for 24 h and then overexpressed with Flag-EGFP, Flag-Stk24, or Flag-Stk24-KR. (C) Wild-type (WT) and Stk24h/h mouse embryo fibroblasts (MEFs) infected with the control (EGFP), retrovirus expressing Flag-Stk24, or Flag-Stk24-K53R retrovirus were treated with IL-17 (100 ng/ml) for the indicated times. The mRNA levels and production of IL-6, CXCL2, and CCL20 were analyzed by real-time PCR (*P < 0.05, **P < 0.01, and ***P < 0.0001; two-way ANOVA). Data are shown as the mean ± SEM of three independent experiments (A,B) and mean ± SD of two independent experiments (C).



Stk24 Is a Critical Mediator of IL-17-Induced Inflammatory Responses In Vivo

The main function of IL-17 in vivo is to synergize local tissue inflammation by up-regulating pro-inflammatory and neutrophil-mobilizing cytokines and chemokines (15). To examine the in vivo effect of Stk24 in regulating IL-17-induced inflammation, Stk24-deficient (Stk24h/h) mice and control littermates (WT) were intraperitoneally injected with IL-17, and peritoneal lavage fluid (PLF) and expression of pro-inflammatory cytokines in peritoneal mesothelial cells were analyzed. There were significantly fewer total infiltrating cells and CD11b+Gr1+ neutrophils in PLF from Stk24h/h mice than from WT mice (Figure 3A). Compared with peritoneal mesothelial cells isolated from WT mice, the gene expression of IL-6, CXCL2, and TNF-α mRNAs was significantly inhibited in Stk24h/h mice (Figure 3B). However, Stk24 deficiency did not affect the IL-1β-induced the expression of IL-6 and CXCL2 (Figure S1J in Supplementary Material) and the infiltrating CD11b+Gr1+ neutrophils in PLF (Figure S1K in Supplementary Material) in vivo. These results indicate that Stk24 deficiency in mice impairs IL-17-induced peritoneal inflammation in vivo.
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FIGURE 3 | Serine/threonine kinase 24 (Stk24) deficiency inhibits interleukin 17 (IL-17)-induced inflammation in vivo. (A,B) Wild-type (WT) (n = 5) and Stk24h/h (n = 5) mice were treated by intraperitoneal injection of PBS or IL-17 (0.5 μg in 200 μl PBS) for 24 h. The infiltration of total cells or neutrophils (Gr-1+CD11b+) into peritoneal lavage fluid was assessed by FACS (A), and peritoneal mesothelial cells were isolated to determine IL-6, CXCL2, CCL20, and TNF-α mRNA expression (B). (C–G) Infiltration of total cells or neutrophils (Gr-1+CD11b+) into the bronchoalveolar lavage fluid (BALF) of WT and Stk24h/h mice (n = 5 per group) following intranasal injection of PBS (30 μl) or IL-17 (2 μg in 30 μl PBS), assessed 24 h after injection (C). (D) Histology of lung tissue from mice treated as described in panel (C). (E) Enumeration of the inflammatory infiltrates in lung tissue of panel (D). (F) Lung tissue was examined for IL-6, CXCL2, CCL20, and TNF-α mRNA expression. (G) ELISA of IL-6, CCL20, and TNF-α in the BALF isolated from mice treated as described in panel (C) (*P < 0.05, **P < 0.01, and ***P < 0.0001; Student’s t-test). Data are shown as mean ± SEM of biological replicates. Similar results were obtained from two independent experiments.



It is well-known that administration of IL-17 via the airway causes a severe pulmonary inflammation (14, 15). WT and Stk24h/h mice were treated with intratracheal injection of PBS or IL-17 and sacrificed to analyze inflammatory cells in the BALF and lung inflammation. Upon IL-17 treatment, Stk24h/h mice showed an obvious reduction in the number of total infiltrating cells and CD11b+Gr1+ neutrophils in the BALF compared with WT mice (Figure 3C). Histological analysis of lung tissue revealed less congestion of the alveolar lung tissues with scattered congestion of peribronchiolar and perivascular cells, as well as less inflammatory cells infiltration in Stk24h/h mice compared with WT mice (P < 0.001) (Figures 3D,E). Consistent with the diminished inflammatory phenotype, Stk24h/h mice showed reduced gene expression of IL-6, CXCL2, CCL20, and TNF-α in lung tissue (Figure 3F) and impaired protein production of IL-6 and CCL20 in the BALF compared with WT mice (Figure 3G). These results demonstrate that Stk24 deficiency in mice restricts IL-17-mediated pulmonary inflammation in vivo.

Stk24 Deficiency in Non-Hematopoietic Cells Mediates the Reduced EAE Pathogenesis

Interleukin 17, which is associated with the pathogenesis of MS, plays a crucial role in the development of EAE (30). To explore the role of Stk24 in EAE pathogenesis, Stk24h/h and WT mice were immunized with myelin oligodendrocyte glycoprotein [MOG; MOG (35–55)] and then intravenously injected with PTX to induce the EAE model. The severity of EAE pathology was notably alleviated in Stk24h/h mice by reduced EAE clinical scores (Figure 4A), alleviated inflammation, including less tissue damage, inflammatory foci and perivascular cuff formation, and mononuclear cells’ infiltration (P < 0.01), as well as less demyelination in spinal cord (Figures 4B–D). Consistent with the lower EAE clinical scores, there was significantly lower gene expression of pro-inflammatory cytokines and chemokines in Stk24h/h mice, including IL-6, CXCL2, and CCL20, in the brains and spinal cords compared with WT mice (Figure 4E). Flow cytometric analysis of mice CNS tissues (brains and spinal cords) demonstrated that the number of total cells and the number of CNS-infiltrating CD11b+Gr-1− macrophages, CD11b+Gr-1+ neutrophils and CD4+ T cells were significantly reduced in Stk24h/h mice compared with WT mice (Figures 4F,G). We next explored the cell compartment in which Stk24 contributes to EAE pathogenesis. Stk24h/h and WT mice were lethally irradiated and reconstituted with bone marrow cells from WT or Stk24h/h mice, respectively. After 8 weeks’ bone marrow transplantation, mice were subjected to MOG immunization and PTX injection to induce severe EAE. WT mice reconstituted with WT (WT →WT) or Stk24h/h (Stk24h/h → WT) bone marrow cells showed comparable EAE clinical scores, while Stk24h/h mice reconstituted with WT bone marrow cells (WT → Stk24h/h) showed much lower EAE clinical scores compared with those from the other two groups (Figure 4H). H&E staining showed that tissue damage, inflammatory foci and perivascular cuff formation, and mononuclear cells infiltration were reduced in the spinal cords of the WT → Stk24h/h group compared with the Stk24h/h → WT or WT → WT group (P < 0.001) (Figures 4I,J), and impaired demyelination was also observed by LFB staining in the WT → Stk24h/h group compared with the other two groups (Figure 4I). Collectively, these results demonstrate that Stk24 deficiency in non-hematopoietic cells impairs the development of EAE.
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FIGURE 4 | Serine/threonine kinase 24 (Stk24) deficiency in non-hematopoietic cells restricts the severity of experimental autoimmune encephalomyelitis (EAE). (A–D) Wild-type (WT) (n = 11) and Stk24h/h (n = 13) mice were immunized with MOG (35–55) to induce EAE. Mean clinical scores were calculated every other day according to the standards described in Section “Materials and Methods.” (A). Hematoxylin and eosin (H&E) and Luxol fast blue (LFB) staining of spinal cord sections from mice treated as described in panel (A) to visualize immune cell infiltration (B). Enumeration of the inflammatory infiltrates of panel (B) (C) and demyelination (D). (E) Relative mRNA expression levels of pro-inflammatory gene in the spinal cords of unimmunized and EAE WT and Stk24h/h mice were determined by Q-PCR analysis. (F,G) Flow cytometric analysis of infiltrated cells of the immune response in the CNS of WT and Stk24h/h EAE mice at day 14 after the second immunization as described in panel (A), presented as the absolute number of cells. (H,I) Mean clinical scores after EAE induction in lethally irradiated WT-recipient mice adaptively transferred with WT or Stk24h/h BM cells, and Stk24h/h-recipient mice adaptively transferred with WT BM cells (H) [WT → WT group (n = 7), Stk24h/h → WT group (n = 6), and WT → Stk24h/h group (n = 7)], followed by H&E and LFB staining of spinal cord sections to visualize immune cell infiltration and demyelination (I). Enumeration of the inflammatory infiltrates of panel (I) (J). Red arrows indicate alterations (inflammatory infiltrates and tissues damage) (*P < 0.05, **P < 0.01, and ***P < 0.0001) [Student’s t-test (B–F), two-way ANOVA (A,G)]. Data are shown as mean ± SEM of biological replicates. Data are representative of two independent experiments.



Stk24 Promotes IL-17-Triggered NF-κB Activation

We next explored the underlying molecular mechanism by which Stk24 regulates IL-17R signaling. IL-17-induced activation of the NF-κB and MAPK pathway is responsible for expression of pro-inflammatory cytokines and chemokines (8). We first examined IL-17-triggered NF-κB and MAPK activation in Stk24-deficient or knockdown cells. As shown in Figures 5A,B, Stk24 deficiency in astrocytes and MEFs inhibited IL-17A-induced phosphorylation of the NF-κB P65 subunit but had no effect on ERK1/2, P38 or TAK1 activation. Knockdown of Stk24 in HeLa cells (Figure 5C) and A549 cells (Figure S2A in Supplementary Material) remarkably inhibited phosphorylation of IKKα/β, IκBα, and P65 but not phosphorylation of TAK1 or MAPKs (including P38 and ERK) induced by IL-17 stimulation. Accordingly, the overexpression of Flag-Stk24 or Flag-Stk24-KR greatly increased IL-17A-induced phosphorylation of IKKα/β, IκBα, and P65 but not phosphorylation of TAK1 or MAPKs (Figure 5D). Meanwhile, both TNF-α- and IL-1β-activated signaling were reduced in Stk24 knockdown HeLa cells (Figures S2B,C in Supplementary Material) or Stk24-deficient MEFs (Figures S2D,E in Supplementary Material) compared with control cells. An in vitro kinase assay was performed to examine whether Stk24 affected IKK complex kinase activity. The IKK complex was isolated by immunoprecipitated with an anti-IKKγ antibody from Stk24-silenced HeLa cells treated with IL-17A for indicated times and the GST-IκBα (1–54) protein was purified from the E. coli BL21 strain as previous description (16, 29). The immunoprecipitated IKKγ and purified GST-IκBα (1–54) proteins were incubation at 30°C for 1 h with kinase assay buffer containing ATP and then subjected to immunoblotting analysis for indicated antibodies as previous description (16, 29). As shown in Figure 5E, the IKKγ kinase activity assay (KA) showed that silencing of Stk24 attenuated the IKK complex-induced IκBα phosphorylation in vitro. In contrast, the IKK complex isolated from Flag-Stk24- or Flag-Stk24-KR-overexpressed HeLa cells induced much stronger IκBα phosphorylation than that from Flag-EGFP-overexpressed HeLa cells (Figure 5F). Collectively, these results demonstrate that Stk24 promotes IL-17-induced IKK/NF-κB activation in a kinase activity-independent manner.
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FIGURE 5 | Serine/threonine kinase 24 (Stk24) promotes IL-17A-triggered activation of NF-κB independent of its kinase activity. (A,B) Wild-type (WT) and Stk24h/h mouse embryo fibroblasts (MEFs) (A) or primary astrocytes (B) were treated with 100 ng/ml IL-17A for the indicated times. Whole-cell lysates were immunoblotted with the indicated antibodies. (C) HeLa cells were transfected with Stk24-specific small interfering RNA (siRNA) or control siRNA and stimulated with 50 ng/ml IL-17A for the indicated times. Immunoblot analysis probed with indicated antibodies. (D) HeLa cells were transfected the empty vector (Flag-EGFP) or plasmids encoding Flag-Stk24 or Flag-Stk24-K53R for 48 h and stimulated with 50 ng/ml IL-17A for the indicated times. Immunoblot analysis probed with indicated antibodies. (E) IKK complex was isolated from HeLa cells treated with scrambled siRNA or Stk24-specific siRNA by IP (using anti-IKKγ antibody) and subjected to IKK kinase assay using 1 μg GST-IκBα (1–54) as a substrate of IκB kinase assay. The GST-IκBα (1–54) recombinant protein was purified from bacteria described as in Section “Materials and Methods.” (F) IKK complex was isolated from HeLa cells overexpressed with Flag-EGFP, Flag-STK24, or Flag-STK24-K53R and by IP (using anti-IKKγ antibody) and subjected to IKK kinase assay using 1 μg GST-IκBα (1–54) as a substrate of IκB kinase assay. Similar results were obtained from three independent experiments.



Stk24 Directly Interacts With TAK1 and IKKβ

It is well-known that TAK1 mediates the activation of IKK/NF-κB in IL-17-triggered signaling (16, 31). We previously determined that Stk24 positively regulates IL-17-induced IKKα/β activation but not activation of its upstream kinase, TAK1. To further investigate the underlying mechanism of the positive regulation of the IKK pathway by Stk24, we immunoprecipitated endogenous Stk24 protein from the lysates of HeLa cells with or without IL-17 stimulation to determine which protein Stk24 interacts with. Stk24 physically associated with TAK1, IKKα/IKKβ, and IKKγ but not with TRAF6, IκBα, or P65 in HeLa cells (Figure 6A). HEK293T cells were transiently transfected with Flag-TAK1, Flag-IKKα, Flag-IKKβ, Flag-IKKγ, and Myc-Stk24 expression plasmids followed by immunoprecipitation with M2 (anti-flag) beads. As shown in Figure 6B, Stk24 interacted with TAK1, IKKα, IKKβ, and IKKγ but not with TRAF6. However, the GST pull-down assay showed that Stk24 directly interacted with TAK1 and IKKβ but not with IKKα or IKKγ (Figures 6C,D).
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FIGURE 6 | Serine/threonine kinase 24 (Stk24) directly associates with TAK1 and IKK in the IL-17R signaling pathway. (A) Immunoblot analysis of immunoprecipitates and whole-cell lysates of HeLa cells stimulated with human interleukin 17 (IL-17) (50 ng/ml) for the indicated times. Cells were subjected to immunoprecipitation with anti-IgG or anti-Stk24 antibody. (B) Immunoassay of HEK293T cells transfected with Myc-Stk24 and Flag-TRAF6 or Flag-TAK1, Flag-IKKα, Flag-IKKβ, Flag-IKKγ, or Flag-EGFP plasmids, followed by immunoprecipitation (IP) with an antibody to Flag (anti-M2) and immunoblot analysis with anti-Myc or anti-Flag. (C) MBP-Stk24, GST-TAK1, and GST-null proteins were expressed in BL21 cells and purified according to a standard protocol. GST-tagged fusion proteins were mixed with MBP-Stk24, respectively, and GST beads were added into pull-down buffer for the in vitro pull-down assay. Pull-down and input samples were separated by SDS-PAGE followed by immunoblotting with anti-GST or anti-Stk24 antibody. (D) MBP-EGFP-His, sumo-IKKα-His, MBP-IKKβ-His, sumo-IKKγ-His, and GST-Stk24 proteins were expressed in BL21 strain and purified according to the standard protocol. His-tagged fusion proteins were mixed with GST-Stk24, respectively, and nickel-NTA beads were added into pull-down buffer for the in vitro pull-down assay. Pull-down and input samples were separated by SDS-PAGE followed by immunoblotting with anti-His or anti-Stk24 antibody. (E) HEK293T cells were transfected to express HA-TAK1 together with Flag-EGFP, Flag-Stk24-FL, Flag-Stk24-N terminus, or Flag-Stk24-C terminus and subjected to IP with an antibody to Flag (anti-M2) and immunoblot analysis with anti-HA or anti-Flag. (F) HEK293T cells were transfected to express Myc-IKKβ together with Flag-EGFP, Flag-Stk24-FL, Flag-Stk24-N terminus, or Flag-Stk24-C terminus and subjected to IP with an antibody to Flag (anti-M2) and immunoblot analysis with anti-Myc or anti-Flag. (G) HEK293T cells were transfected to express Myc-Stk24 together with Flag-EGFP, Flag-TAK-FL, Flag-TAK1-N terminal, or Flag-TAK1-C terminal and subjected to IP with an antibody to Flag (anti-M2) and immunoblot analysis with anti-Myc or anti-Flag. (H) HEK293T cells were transfected to express Myc-Stk24 together with Flag-EGFP, Flag-IKKβ-FL, Flag-IKKβ-ΔKD, Flag-IKKβ-ΔLZ, or Flag-IKKβ-ΔHLH and subjected to IP with an antibody to Flag (anti-M2) and immunoblot analysis with anti-Myc or anti-Flag. (I) HEK293T cells were transfected to express Myc-Stk24 together with Flag-EGFP, Flag-IKKβ-FL, or Flag-IKKβ-HLH and subjected to IP with antibody to Flag (anti-M2). *Indicates the target band. Similar results were obtained from three independent experiments.



Serine/threonine kinase 24 contains an N-terminus [kinase domain (KD)] and C-terminus that retain Stk24 in the cytoplasm (33). To identify which regions of Stk24 are responsible for its interactions with TAK1 and IKKβ, we constructed two deletion mutants of Stk24: the N-terminal domain mutant (amino acids 1–313 of Stk24) and the C-terminal domain mutant (amino acids 314–431 of Stk24) (18) (Figure S3A in Supplementary Material). Co-immunoprecipitation experiments showed that only the C-terminal domain of Stk24 interacted with TAK1 (Figure 6E) and IKKβ (Figure 6F). TAK1 contains an N-terminus (KD) and a C-terminus, which is a high-probability coiled-coil domain (32, 34) (Figure S3B in Supplementary Material). Domain mapping experiments showed that Stk24 bound to the N-terminus of TAK1 (amino acids 1–303) (Figure 6G). IKKβ contains a KD, a leucine zipper (LZ), and a helix loop helix (HLH) (Figure S4C in Supplementary Material) (35). The different deletion constructs of IKKβ were mapped to Stk24 in HEK293T cells to determine the key domains that interact with Stk24. The co-immunoprecipitation assay showed that the IKKβ-ΔKD and IKKβ-ΔLZ deletion mutants but not the IKKβ-ΔHLH mutant immunoprecipitated with Stk24 (Figure 6H). We next constructed an HLH domain mutant (amino acids 577–756 of IKKβ) to confirm whether the IKKβ-HLH domain interacts with Stk24. As shown in Figure 6I, the IKKβ-HLH domain interacted with Stk24. Collectively, our results show that the Stk24 C-terminal domain directly interacts with the TAK1 N-terminal (KD) and IKKβ-HLH domains.

Stk24 Promotes the IL-17-Induced Association of TAK1 With the IKK Complex

It is well-known that TAK1 mediates the activation of IKK/NF-κB in IL-17-triggered signaling (16, 31). We previously reported that Stk24 affects IL-17-induced IKKα/β activation but not activation of its upstream kinase, TAK1, in a kinase activity-independent manner. Moreover, Stk24 directly binds with TAK1 and IKKβ. We next explored whether Stk24 functions as an adaptor to regulate the interaction of TAK1/IKK complexes. HeLa cells were transfected with an Stk24-specific siRNA or Stk24 expressing plasmids and co-immunoprecipitation assays were performed. The association between IKKα/β and TAK1 was increased by IL-17 stimulation, which was reduced by silencing Stk24 expression (Figure 7A; Figures S4A,B in Supplementary Material). By contrast, the association between IKKα/β and TAK1 was greatly enhanced in Stk24 or Stk24-KR overexpression HeLa cells versus control transfectants (Figure 7B; Figures S4C,D in Supplementary Material). To confirm these results, Stk24h/h MEFs were subjected to immunoprecipitation with the anti-TAK1 antibody. The IL-17-induced association of TAK1 with the IKK complex was notably inhibited in Stk24h/h MEFs compared with WT MEFs (Figure 7C; Figure S4E in Supplementary Material). Taken together, these results strongly suggest that Stk24 promotes the association of TAK1/IKK complex, which is required for IKK complex activation and downstream cytokines or chemokines induction.
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FIGURE 7 | Serine/threonine kinase 24 (Stk24) promotes the interaction between TAK1 and IKKβ. (A) HeLa cells were transfected with control small interfering RNA (siRNA) or Stk24 siRNA. 48 h later, cells were stimulated with interleukin 17 (IL-17) (50 ng/ml) for the indicated times. Treated whole-cell lysates from HeLa cells were subjected to immunoprecipitation with anti-TAK1 or anti-IgG control antibody. The immunoprecipitated proteins were washed three times and subjected to immunoblot analysis with the indicated antibodies. (B) HeLa cells were overexpressed with Flag-EGFP, Flag-Stk24, or Flag-Stk24-KR for 36 h and stimulated for the indicated times with IL-17 (50 ng/ml). Treated whole-cell lysates from HeLa cells were then subjected to immunoprecipitation with anti-TAK1 or anti-IgG control antibody. (C) Wild-type (WT) and Stk24h/h mouse embryo fibroblasts (MEFs) were stimulated for the indicated times with IL-17 (100 ng/ml). Treated whole-cell lysates from MEF cells were subjected to immunoprecipitation with anti-TAK1 or anti-IgG control antibody. The numbers under two blots (IKKγ or IKKα/β) are densitometric number of IKKγ or IKKα/β normalized to immunoprecipitated TAK1 protein. Similar results were obtained from three (A,B) or two (C) independent experiments.



DISCUSSION

The clarification of signaling mechanisms is critical for the development of new therapeutic strategies to treat IL-17-induced inflammation and IL-17-related autoimmune diseases. In this study, we identified a novel regulator of IL-17R signaling, protein kinase Stk24. We demonstrated that Stk24 promotes IL-17-induced inflammation in vitro and in vivo. Stk24-deficient mice are resistant to MOG (35–55)-induced EAE disease symptoms. We further showed that Stk24 directly binds with TAK1 and IKKβ and promotes the formation of the TAK1/IKKβ complex, leading to enhance IKKβ/NF-κB activation and downstream cytokines and chemokines expression.

Serine/threonine kinase 24, a member of the ste20 kinase family, regulates a wide range of fundamental cellular processes. Stk24 acts as an upstream regulator of NDR to control apoptosis, cell cycle, and growth (23). However, the role of Stk24 in specific signaling pathways, such as inflammation, remains unknown. Here, we determined that Stk24 positively regulates IL-17-induced inflammation in a kinase activity-independent manner. Stk24 deficiency in MEFs, lung epithelial cells, or astrocytes significantly reduced but not absolutely inhibited the expression of IL-17-induced pro-inflammatory cytokines and chemokines. Overexpression of Stk24 or its kinase dead mutant (Stk24-KR) not only significantly increased the IL-17-induced expression of pro-inflammatory cytokines and chemokines in HeLa cells but also restored the reduced induction of cytokine expression in Stk24-silenced HeLa cells and Stk24-deficent MEFs. Since Stk24h/h mouse is not a complete knockout of Stk24 expression, there still were pro-inflammatory gene induction upon IL-17 stimulation in Stk24h/h MEFs and astrocytes. Since it is possible that complete Stk24h/h cells could still respond to IL-17A, Stk24 pathway might be partially involved in the IL-17R signaling. Therefore, Stk24 is a positive modulator of IL-17R signaling instead of being absolutely required for IL-17R signaling as other IL-17R signaling regulator (10, 14, 17, 36–38).

IL-17A or IL-17F binds to IL-17RA or IL-17RC, which is expressed on non-hematopoietic cells and hematopoietic cells, including epithelial cells, astrocytes, endothelial cells, fibroblasts, and some immune cells (1, 39). IL-17R signaling plays a crucial role in the development of EAE through non-hematopoietic cells, practically astrocytes (1, 10, 37). In vivo study demonstrated that Stk24 deficiency protects mice from EAE pathogenesis. Bone marrow reconstitution experiments further showed that Stk24 contributes to the development of EAE in a non-hematopoietic cells dependent manner. Stk24 deficiency did not effect on IL-1β mediated Th17 differentiation in vitro (Figure S5 in Supplementary Material). Since IL-1β or TNF-α-induced gene expression of cytokines and chemokines was also impaired in Stk24-deficient cells. It is unclear to what extent reduced EAE development in Stk24h/h mice is due to impaired IL-17R signaling. Further experiments with abrogated IL-17R signaling activity should be performed to explore whether the effect of Stk24 deficiency on EAE development is due to the reduced IL-17R signaling rather than something else. Consistently with the in vitro data, Stk24h/h mice expressed less IL-17-induced pro-inflammatory cytokines and chemokines than WT mice in IL-17 challenged inflammation, including peritonitis and pulmonary inflammation. Collectively, these data suggest that Stk24 positively regulates IL-17R triggered inflammation in vivo and in vitro, as well as IL-17 signaling-associated EAE pathogenesis in a non-hematopoietic cells dependent manner.

It has been well-documented that IL-17 binds to a unique receptor and triggers a signaling pathway that requires ubiquitination of TRAF6, leading to activation of NF-κB, MAPK cascades and expression of cytokines and chemokines (1–3). Previous studies have demonstrated Stk24 positively regulates the cell cycle, cell growth, migration and synapse development in a kinase activity-dependent manner in HEK293, COS-7, breast cancer cells (MDA-MB-231cells and A431 cells), or neurons (20–23). Stk24 promotes proliferation and tumorigenicity via the VAV2/Rac1 signaling axis as an adapter in MDA-MB-231cells (24). In hematopoietic cells, such as neutrophil, Stk24 functions as an important regulator of neutrophil degranulation by coordinating UNC13D-driven vesicle exocytosis (19). In our study, we first demonstrated Stk24 significantly promoted IL-17-induced activation of the IKKα/β/NF-κB signaling pathway but not the MAPKs pathway. Further co-immunoprecipitation experiments showed that Stk24 specifically interacted with TAK1/IKK complex and promoted the interaction of TAK1/IKK complex, leading to enhanced IKKα/β activation and downstream cytokines and chemokines production. The GST pull-down assay further confirmed that Stk24 directly binds with TAK1 and IKKβ but not with IKKα or IKKγ. Stk24h/h MEFs or Stk24-silenced HeLa cells showed diminished NF-κB and decreased cytokines and chemokines production induced by IL-17F, which also signals via IL-17R–Act1–TRAF6–TAK1.

TNF-α and IL-1β are important cytokines which play crucial role in the inflammation, their receptors widely distribute on different cells, including hematopoietic cells and non-hematopoietic cells. TNF-α or IL-1β activates the TAK1/IKK complex via binding with its receptor, TNFR1/2 or IL-1R, respectively, and induces pro-inflammatory cytokines or chemokines expression to mediated inflammation (40–42). Here, we found Stk24 silencing and deficiency resulted in a significant impaired mRNA expression of cytokines and chemokines induced by TNF-α or IL-1β, as well as reduced NF-κB activation in vitro, indicating Stk24 is not a specific modulator of IL-17 responses, but a common modulator of inflammatory pathways induced by IL-17, TNF, and IL-1β. However, there was slightly reduced expression of cytokines and chemokines induced by IL-1β in Stk24h/h mice compared with that in WT mice, which is inconsistent with the in vitro data that Stk24 deficiency in MEF and HeLa cells significantly inhibits the IL-1β-induced inflammation. Since the cell composition of peritoneal cavity is more complicated than that of in vitro system, Stk24 might function differently between hematopoietic cells and non-hematopoietic cells, the detail molecular mechanism needs to be further investigated.

In summary, our study identified a novel role for Stk24 in regulating IL-17-mediated signaling and inflammation, which is independent on its kinase activity. Stk24 promoted the association between TAK1 and the IKK complex, resulting in activation of IKKβ, which is required for NF-κB signaling and pro-inflammatory cytokines and chemokines expression. Stk24 deficiency in mice restricted IL-17-induced inflammation and EAE. These data show that Stk24 promotes IL-17-mediated inflammation and may represent a new potential therapeutic target for IL-17-related inflammation and autoimmune diseases.

ETHICS STATEMENT

All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Scientific Investigation Board of Zhejiang University (Authorized N.O. ZJU2015-040-01).

AUTHOR CONTRIBUTIONS

YJ, MT, WL, and XinyuanW performed the experiments. XiaojianW and YJ designed experiments and assisted in analyzing the data and edited the manuscripts.

FUNDING

This work is supported by grants from the National Key Basic Research Program of China (2014CB542101) and National Natural Science Foundation of China (31570864, 31400740, and 31700765).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.00921/full#supplementary-material.

REFERENCES

1. Iwakura Y, Ishigame H, Saijo S, Nakae S. Functional specialization of interleukin-17 family members. Immunity (2011) 34(2):149–62. doi:10.1016/j.immuni.2011.02.012

2. Gu CF, Wu L, Li X. IL-17 family: cytokines, receptors and signaling. Cytokine (2013) 64(2):477–85. doi:10.1016/j.cyto.2013.07.022

3. Song XY, Qian YC. The activation and regulation of IL-17 receptor mediated signaling. Cytokine (2013) 62(2):175–82. doi:10.1016/j.cyto.2013.03.014

4. Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, et al. Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte colony-stimulating factor expression, neutrophil recruitment, and host defense. J Exp Med (2001) 194(4):519–27. doi:10.1084/jem.194.4.519

5. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat Immunol (2005) 6(11):1133–41. doi:10.1038/ni1261

6. Yang J, Sundrud MS, Skepner J, Yamagata T. Targeting Th17 cells in autoimmune diseases. Trends Pharmacol Sci (2014) 35(10):493–500. doi:10.1016/j.tips.2014.07.006

7. Baeten DLP, Kuchroo VK. Interleukin-17 and a tale of two autoimmune diseases. Nat Med (2013) 19(7):824–5. doi:10.1038/nm.3268

8. Chang SH, Dong C. Signaling of interleukin-17 family cytokines in immunity and inflammation. Cell Signal (2011) 23(7):1069–75. doi:10.1016/j.cellsig.2010.11.022

9. May MJ. IL-17R signaling: new players get in on the Act1. Nat Immunol (2011) 12(9):813–5. doi:10.1038/ni.2093

10. Zhu S, Pan W, Shi PQ, Gao HC, Zhao F, Song XY, et al. Modulation of experimental autoimmune encephalomyelitis through TRAF3-mediated suppression of interleukin 17 receptor signaling. J Exp Med (2010) 207(12):2647–62. doi:10.1084/jem.20100703

11. Shen F, Li N, Gade P, Kalvakolanu DV, Weibley T, Doble B, et al. IL-17 receptor signaling inhibits C/EBP beta by sequential phosphorylation of the regulatory 2 domain. Sci Signal (2009) 2(59):ra8. doi:10.1126/scisignal.2000066

12. Liu CN, Qian W, Qian YC, Giltiay NV, Lu Y, Swaidani S, et al. Act1, a U-box E3 ubiquitin ligase for IL-17 signaling. Sci Signal (2009) 2:ra63. (Erratum in Sci Signal. 2010;3(121):er3). doi:10.1126/scisignal.2000382

13. Herjan T, Yao P, Qian W, Li X, Liu CN, Bulek K, et al. HuR is required for IL-17-induced act1-mediated CXCL1 and CXCL5 mRNA stabilization. J Immunol (2013) 191(2):640–9. doi:10.4049/jimmunol.1203315

14. Bulek K, Liu CN, Swaidani S, Wang LW, Page RC, Gulen MF, et al. The inducible kinase IKKi is required for IL-17-dependent signaling associated with neutrophilia and pulmonary inflammation. Nat Immunol (2011) 12(9):844–52. doi:10.1038/ni.2080

15. Zhong B, Liu XK, Wang XH, Chang SH, Liu XD, Wang AB, et al. Negative regulation of IL-17-mediated signaling and inflammation by the ubiquitin-specific protease USP25. Nat Immunol (2012) 13(11):1110–7. doi:10.1038/ni.2427

16. Xiao YC, Jin J, Chang MY, Nakaya MK, Hu HB, Zou Q, et al. TPL2 mediates autoimmune inflammation through activation of the TAK1 axis of IL-17 signaling. J Exp Med (2014) 211(8):1689–702. doi:10.1084/jem.20132640

17. Ma CM, Lin WL, Liu ZY, Tang W, Gautam R, Li H, et al. NDR1 protein kinase promotes IL-17-and TNF-alpha-mediated inflammation by competitively binding TRAF3. EMBO Rep (2017) 18(4):586–602. doi:10.15252/embr.201642140

18. Record CJ, Chaikuad A, Rellos P, Das S, Pike ACW, Fedorov O, et al. Structural comparison of human mammalian Ste20-like kinases. PLoS One (2010) 5(8):e11905. doi:10.1371/journal.pone.0011905

19. Zhang Y, Tang WW, Zhang HF, Niu XF, Xu YK, Zhang JS, et al. A network of interactions enables CCM3 and STK24 to coordinate UNC13D-driven vesicle exocytosis in neutrophils. Dev Cell (2013) 27(2):215–26. doi:10.1016/j.devcel.2013.09.021

20. Ultanir SK, Yadav S, Hertz NT, Oses-Prieto JA, Claxton S, Burlingame AL, et al. MST3 kinase phosphorylates TAO1/2 to enable myosin va function in promoting spine synapse development. Neuron (2014) 84(5):968–82. doi:10.1016/j.neuron.2014.10.025

21. Madsen CD, Hooper S, Tozluoglu M, Bruckbauer A, Fletcher G, Erler JT, et al. STRIPAK components determine mode of cancer cell migration and metastasis. Nat Cell Biol (2015) 17(1):68–80. doi:10.1038/ncb3083

22. Thompson BJ, Sahai E. MST kinases in development and disease. J Cell Biol (2015) 210(6):871–82. doi:10.1083/jcb.201507005

23. Stegert MR, Hergovich A, Tamaskovic R, Bichsel SJ, Hemmings BA. Regulation of NDR protein kinase by hydrophobic motif phosphorylation mediated by the mammalian Ste20-like kinase MST3. Mol Cell Biol (2005) 25(24):11019–29. doi:10.1128/MCB.25.24.11019-11029.2005

24. Cho CY, Lee KT, Chen WC, Wang CY, Chang YS, Huang HL, et al. MST3 promotes proliferation and tumorigenicity through the VAV2/Rac1 signal axis in breast cancer. Oncotarget (2016) 7(12):14586–604. doi:10.18632/oncotarget.7542

25. Schildge S, Bohrer C, Beck K, Schachtrup C. Isolation and culture of mouse cortical astrocytes. J Vis Exp (2013) (71):e50079. doi:10.3791/50079

26. Wang J, Gigliotti F, Maggirwar S, Johnston C, Finkelstein JN, Wright TW. Pneumocystis carinii activates the NF-kappaB signaling pathway in alveolar epithelial cells. Infect Immun (2005) 73(5):2766–77. doi:10.1128/IAI.73.5.2766-2777.2005

27. Li H, Huang F, Fan L, Jiang Y, Wang X, Li J, et al. Phosphatidylethanolamine-binding protein 4 is associated with breast cancer metastasis through Src-mediated Akt tyrosine phosphorylation. Oncogene (2014) 33(37):4589–98. doi:10.1038/onc.2013.408

28. Gu MD, Liu ZY, Lai RR, Liu S, Lin WL, Ouyang C, et al. RKIP and TBK1 form a positive feedback loop to promote type I interferon production in innateimmunity. EMBO J (2016) 35(23):2553–65. doi:10.15252/embj.201694060

29. Xia ZP, Sun L, Chen X, Pineda G, Jiang X, Adhikari A, et al. Direct activation of protein kinases by unanchored polyubiquitin chains. Nature (2009) 461(7260):114–9. doi:10.1038/nature08247

30. Luchtman DW, Ellwardt E, Larochelle C, Zipp F. IL-17 and related cytokines involved in the pathology and immunotherapy of multiple sclerosis: current and future developments. Cytokine Growth Factor Rev (2014) 25(4):403–13. doi:10.1016/j.cytogfr.2014.07.013

31. Gaffen SL, Jain R, Garg AV, Cua DJ. The IL-23-IL-17 immune axis: from mechanisms to therapeutic testing. Nat Rev Immunol (2014) 14(9):585–600. doi:10.1038/nri3707

32. Lin W, Ma C, Su F, Jiang Y, Lai R, Zhang T, et al. Raf kinase inhibitor protein mediates intestinal epithelial cell apoptosis and promotes IBDs in humans and mice. Gut (2017) 66:597–610. doi:10.1136/gutjnl-2015-310096

33. Fuller SJ, McGuffin LJ, Marshall AK, Giraldo A, Pikkarainen S, Clerk A, et al. A novel non-canonical mechanism of regulation of MST3 (mammalian Sterile20-related kinase 3). Biochem J (2012) 442:595–610. doi:10.1042/BJ20112000

34. Ouyang C, Nie L, Gu MD, Wu AL, Han X, Wang XJ, et al. Transforming growth factor (TGF)-beta-activated kinase 1 (TAK1) activation requires phosphorylation of serine 412 by protein kinase A catalytic subunit alpha (PKAC alpha) and X-linked protein kinase (PRKX). J Biol Chem (2014) 289(35):24226–37. doi:10.1074/jbc.M114.559963

35. Napetschnig J, Wu H. Molecular basis of NF-kappa B signaling. Annu Rev Biophys (2013) 42:443–68. doi:10.1146/annurev-biophys-083012-130338

36. Qu F, Gao H, Zhu S, Shi P, Zhang Y, Liu Y, et al. TRAF6-dependent Act1 phosphorylation by the IkappaB kinase-related kinases suppresses interleukin-17-induced NF-kappaB activation. Mol Cell Biol (2012) 32(19):3925–37. doi:10.1128/MCB.00268-12

37. Kang Z, Altuntas CZ, Gulen MF, Liu C, Giltiay N, Qin H, et al. Astrocyte-restricted ablation of interleukin-17-induced Act1-mediated signaling ameliorates autoimmune encephalomyelitis. Immunity (2010) 32(3):414–25. doi:10.1016/j.immuni.2010.03.004

38. Sun D, Novotny M, Bulek K, Liu C, Li X, Hamilton T. Treatment with IL-17 prolongs the half-life of chemokine CXCL1 mRNA via the adaptor TRAF5 and the splicing-regulatory factor SF2 (ASF). Nat Immunol (2011) 12(9):853–60. doi:10.1038/ni.2081

39. Das S, Khader S. Yin and yang of interleukin-17 in host immunity to infection. F1000Res (2017) 6:741. doi:10.12688/f1000research.10862.1

40. Chen G, Goeddel DV. TNF-R1 signaling: a beautiful pathway. Science (2002) 296(5573):1634–5. doi:10.1126/science.1071924

41. Dinarello C, Arend W, Sims J, Smith D, Blumberg H, O’Neill L, et al. IL-1 family nomenclature. Nat Immunol (2010) 11(11):973. doi:10.1038/ni1110-973

42. Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell Death Differ (2003) 10(1):45–65. doi:10.1038/sj.cdd.4401189

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Jiang, Tian, Lin, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-00921-g005.jpg
A c

wr St SNC aiSUQ4 _sisuged

W) 0 15 0 @ 0 5% @ W7 0 5 0@ 0 5EN@D 0 5N

ppos ORI < PIKKep 2@ B8 cemanh

Pt Plbe W @@ D s e

PPGS e

P38 Pos =
P-ERK12 —_—— P-TAK!
v T EEEEE PP

o Y ]

= su24

PO U ————

8 o Flag EGFP__Flag SUk24 _ Flag SUQ4-KR

wr suad HA7A@I0 15 0 ® 0 5 0@ 05 0@
IL17A@ID 0 15 30 6 0 15 30 60  PIKKwp X

rres MU - e e P-IKBa. —— —— e —
P—Pln. Ly mabrioh. 3 PPOS wm w o o ——— ——_—
PRk PR == Pes 0 o8 o 2 46 g 8 88
suos [E— 2EE P38 M e o o o 2 e
T i
PIAK Jp—

Flag ————————

ctin N —— - -’

e N ¢ Flag EGEP Flag Stk Flag SUk24-KR
» IP:IgG KKy 1sGIKKy 15G_IKKy
ity IA7AGin 0 010 001 0010
ILA7A@in 0 010 0 00 s
kB KKK
b bk " |IKKEKA) g
InBa B GST-IxBa.
KK
.1 { M
K EE.EE
[ S —
KKy (=== Jwer

sty ———





OPS/images/fimmu-09-00921-g006.jpg
A Nl - s D MBPEGFPHE + - -

G_SK4 GG SN Gspan + - SumoTKKaHs -+
Limin) 0 0 1030 0 0 00 GEIk -+ MBPIKKpHS - -+ -
-~ MBPsias + - Suno KKy s - - -+
IKap suzs R
KK & ekt L | g S =
TRAFS =
i 12 22 | tapu
ros GSTTAKE
- ]
B fagrie o+ - - - - - F WeL ey
FagTRAFG - + - L
R
FaikKe . e L L PSRN e e F WL _ieiiag
Fininn FaaSU2ee - - -+ O
FagIKKy - - HATAKL + 4+ 4+ ¢ o+ FRSKMEL -+ o o o 4o
n FagSIey - e - o e

MycSuad ¢+ 5+ b

oo e Rt PaSINC - - -+ -

e T IR+ e e e et
{ Ll Fag b My =SS

My

Fag = 4" 1ag suae ™
e 4
s H |
FMEGR o - o PaIKRRL -+ o - - wo
Mg TAKFL - e - . RaIKKpOKD - o+ o - FeEGr T o T
FRETAKIN - - e o FaglKKRAMLE - o - e o PeIRKRIL - 4o ob -
FTAKLC - o - e RalKKpaLz - o . - o PRRKMILE o o6
MyeStd &+ o+ o+ MycSth24 + 4+ o+ 4 MyeStas + + + + + +
My o v 59 e i - ———
Sl ™ .
P o v g g RN
| B g

weL






OPS/images/fimmu-09-00921-g003.jpg
-

P

§¥3% 2
onanpul i 210

£ -

L7
&0

S

£3

E3
lom | @

X3

[

E3
EJ

— ! 3y 3
Gasgn  sosomoumans oL
snicoamon i sbmeoing s . m .
| | ol s FEEE L ST I
H =l 2 D o OISR 02100
) | P
LA 5 EEEE TT e e z k|
v e z 5
% onmout s 715X aronio s H
e amo sy oo e 3

LB | - -
T * : WA T EDE
St u, - i 24
=* Ot el
gy ooy SR RS . e N
K . o .






OPS/images/fimmu-09-00921-g004.jpg
A
-~ Wriee1)
37 SuMne13)

EAE clical score

o St
S5 T 15 70 25
Time (days)

Number of nflammatory infivates &






OPS/images/fimmu-09-00921-g007.jpg
A s SiStk24 c WI Stkad™™
IP: oG TAK1 1gG TAK1 IP: IgG  TAK1 IgG  TAK1
w7 @min) 000 0 o 10 30 ILA7(min) 0 0 10 30 0 0 10 30
. EEE g IKKwp | e . )|
e St 2 iz iuie O
wo HED DEele o S
055 057 073 067 056 06
284 298 275 241 189 162 - - -
TAK1 (S5
TAKL IKKafp = = o o e
WCL
KK KKy - o o o - -
TAK] o o e
IKKy [ = | wen
Sth2d | — |
TAK] | o e e o e e e Actin P - - O
stied ETR S0 SR8
B Flag EGFP _ Flag:St24 __ FlagSUQ4 KR
IgG TAKI  IgG_TAKI _IgG K1
IL-17(min) 0 0 10 30 0 0 10 30 0 0 10 30
IKKw/p [ S — - - -
056 053 049 062 074 052 065 083 059
»
IKKy e T MM
051 049 032 048 078 049 0@ 073 05
TAK1 —— -
TKKO/P o o o en S5 S S S5 S S S e
KKy o o o oo oo o o o o e o | o

TAK] o e - e S S S =" " s e

Flag

—





OPS/images/cover.jpg
? frontiers

in Immunology

Protein Kinase Serine/Threonine
Kinase 24 Positively Regulates
Interleukin 17-Induced
Inflammation by Promoting IKK
Complex Activation





OPS/images/fimmu-09-00921-g001.jpg
3

- sz

H
o

i

0y

§ % § & °
P W 02100

=

g emc
B Sistaet
- lisiane

P YN 02100

§5 & & o
onanpur VI 119X

gw
- s

onanpul N 110X0

-

an

i

o

EEREN
uoRnpU YN Z10K0

an

n

wonnpun N 9

[ ey

@

§£5% & °
(wdiz10x0

§ 3 & 9
e

ok

o

Eoromaonsoxz 2 st oo
JEod o
5 = —
i 5T
i —
§ i, voemuwewzo
HEERE .
5, weory 3 g & 8
5 ———
I |
oo 5 [=
w onsmp s






OPS/images/fimmu-09-00921-g002.jpg
EGFP
siStk24+Flag-EGFP

-Stk24
siStk24+Flag-Stk24-KR

siStk24+Flag-Stk24

SiNC+Flag.
[ KO+Stk24-KR

Il KO+Stk24

aa
rgmy
00
ww
* %
£¢
om

i

M Flag-Stk24-KR

o
w
o
w
o
r]
o
0

@ Flag.

3h

£

=

S
S % ® ¥ & o © ° o ° 2 8 8 ¢ °
uononpul YNYW 0Z100  UOBONPUI YNYW 02100 uogonpur YN§W 02139

MEFs

o ) [ °

uonaNpul YNYW Z10X0

© < » -3 - — = b

3h
3h
3h

1h
1h
1h

5 S S

o ® © ¢ N og ® © w & od S ®» o ®» o«

- T uononpuiyNyw 9 T O S =

< uonINpUIYNYW g1 Ty @ N a © uononpulyNyw 91 H





OPS/images/logo.jpg
Ghesk for

i@





