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Abstract 

 

Spleen tyrosine kinase (Syk) is a key regulator of cell signaling induced by cytokines or Fc 

receptors engagement. However the role of Syk in rheumatoid arthritis (RA) is not known yet. 

We investigated the pathways activated by Syk in tumor necrosis factor-α ( TNFα)-stimulated 

RA fibroblast-like synoviocytes (FLS) using the novel Syk inhibitor, R406. On 

immunohistochemistry, Syk was detected in RA synovial tissue (ST), primarily in the synovial 

intimal lining. Western blot analysis demonstrated significantly greater amounts of phospho-Syk 

expression in RA ST compared with osteoarthritis ST. The kinase was expressed and 

functionally activated by TNFα in FLS and was blocked by R406. Western blot analysis 

demonstrated that Syk inhibition by R406 markedly suppressed TNFα-induced c-Jun N-terminal 

kinase (JNK) phosphorylation in FLS, with a modest decrease in extracellular signal-regulated 

kinase (ERK) phosphorylation. Surprisingly, p38 activation was not affected by R406. The Syk 

inhibitor also decreased TNFα-induced mitogen-activated protein kinase kinase (MKK) 4 

phosphorylation but not MKK3 and MKK6 phosphorylation, which is consistent with its selective 

sparing of p38. The connection between Syk and JNK was confirmed by demonstrating 

decreased phospho-c-Jun protein expression and complete inhibition of JNK function in R406- 

treated cells. R406 also suppressed downstream actions of JNK as determined by activator 

protein 1 (AP-1) binding as well as matrix metalloproteinase (MMP)-3 gene expression. These 

data demonstrate that Syk activation plays an essential role in TNFα-induced cytokine and 

MMP production in RA FLS, especially by suppressing activation of the JNK pathway. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 1, 2006 as DOI: 10.1124/jpet.105.097436

 at A
SPE

T
 Journals on D

ecem
ber 25, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


JPET#97436 

 4

Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory disorder characterized by proliferation of 

fibroblast-like synoviocytes (FLS) and synovial hyperplasia, resulting in destruction of the bone 

and cartilage. FLS in RA synovium not only play the central role in matrix degradation by 

producing enzymes such as collagenase and stromelysin, but they also express pro-

inflammatory cytokines such as interleukin (IL)-6 and IL-8 (Firestein, 2003). Therefore 

understanding the intracellular mechanisms that regulate the expression of these genes in FLS 

could provide insights to the pathogenesis of RA. Transcriptional activation in FLS is mediated 

by intracellular signal transduction and transcription factor pathways such as mitogen-activated 

protein kinase (MAPK), activator protein 1 (AP-1), and nuclear factor κB (NF-κB) (Sweeney and 

Firestein, 2004). Several recent studies have evaluated signal transduction mechanisms in RA 

FLS responsible for pro-inflammatory mediator release, especially, MAPKs and their regulation 

by the upstream kinases (Hammaker et al., 2004; Sundarrajan et al., 2003). However, the 

pathways from surface receptor ligation to activation of MAPKs are only partially understood.  

 

Spleen tyrosine kinase (Syk), an intracellular protein tyrosine kinase, is a key mediator of 

immunoreceptor signaling in a host of inflammatory cells including B cells, mast cells, 

macrophages and neutrophils (Wong et al., 2004). Syk is also widely expressed in non-

hematopoietic cells like fibroblasts, breast cancer cells, colonic carcinoma cells, hepatocytes, 

neuronal cells, and vascular endothelial cells (Yamada et al., 2001; Coopman et al., 2000; 

Tsuchida et al., 2000; Okamura et al., 1999; Tsujimura et al., 2001; Yanagi et al., 2001). 

Originally, Syk was thought to function primarily in signaling of immunoreceptors like Fc receptor 

(FcR) and B cell receptor (BCR). However, recent studies demonstrated the crucial role of Syk 

in the cell signaling of diverse cellular stimuli including IL-1, tumor necrosis factor α (TNFα) 

lipopolysaccharide, and β1-integrin (Yamada et al., 2001; Takada and Aggarwal, 2004; Arndt et 
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al., 2004; Ulanova et al., 2005). For instance, Syk can be activated by TNFα, resulting in MAPK 

phosphorylation and NF-κB translocation in hematopoietic cell lines (Takada and Aggarwal, 

2004). IL-1-induced chemokine production in fibroblasts of nasal polyps is also mediated by Syk 

activation (Yamada et al., 2001). Syk has emerged as a potential therapeutic target for 

treatment of allergic and autoimmune disorders. Recently, a Syk kinase inhibitor, R112, 

demonstrated clinical efficacy in a phase II clinical trial in allergic rhinitis (Meltzer et al., 2005). 

Intranasal administration of R112 decreased symptoms of seasonal allergic rhinitis significantly 

and the onset of effect was more rapid than intranasal corticosteroids. However, this compound, 

unlike R406 (see below), is not orally bioavailable and can only be used for topical therapy. 

 

R406 is a novel Syk inhibitor that was identified as a potent inhibitor of FcεR-dependent mast 

cell activation (EC50=43 nM) in primary human mast cells (see Figure 1).  It is an ATP 

competitive inhibitor of biochemical Syk activity (Ki= 30 nM).  The IC50 for this compound is 41 

nM and it inhibits 78% of Syk activity at a concentration of 0.3 µM. R406 also inhibits the 

isolated enzymes Lyn (IC50=63 nM) and Lck (IC50=37 nM). Despite similar IC50s on isolated 

kinases, R406 shows selectivity in cell-based assays. In mast cells activated by FcεRI-

crosslinking, the compound is 20-fold more potent for inhibition of LAT tyrosine residue Y191 

phosphorylation (a Syk kinase substrate; EC50 approx 0.08 µM) compared with phosphorylation 

of Syk itself at the Y352 residue (a Lyn substrate; EC50>2 µM) (Matsubara, et al., 2006).  

Similarly, cell-based assays demonstrate at least 5-fold selectivity for JAK1/3 (STAT6 

phosphorylation in IL-4-stimulated Ramos cells), Lck (ERK phosphorylation in C305-stimulated 

Jurkat cells), c-Kit (autophosphorylation in stem cell factor-stimulated BMMC), Flt3 

(autophosphorylation in MV4-11 cells) (Masuda, et al, manuscript in preparation). Selectivity of 

R406 for the phosphorylation pathway activated by Syk has been examined in bone marrow 

derived mast cells (BMMC) passively sensitized with anti-OVA IgE (Matsubara et al, 2006). 
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Treatment with R406 inhibited Syk-dependent phosphorylation of ERK1/2, JNK1/2, ERK5, but 

not p38.  Furthermore, R406 inhibited the release of serotonin and production of cytokines IL-

13, TNFα, IL-2, and IL-6 in sensitized cells treated with the inhibitor prior to cross-linking with 

allergen and is consistent with the reduction of mast cell degranulation and cytokine production 

in Syk deficient mice (Zhang et al., 1999). 

 

Based on recent data implicating Syk in many immune-mediated diseases, we evaluated its 

expression and function in RA using the novel Syk inhibitor, R406. These studies demonstrate 

that Syk is phosphorylated in RA synovium and is constitutively expressed in cultured 

synoviocytes. Moreover, Syk is activated in FLS by pro-inflammatory cytokines like TNFα, can 

initiate MAPK cascade. Of the MAPK expressed in FLS, c-Jun N-terminal kinase (JNK) is most 

closely linked to Syk and can be pharmacologically modulated by R406.   

 

Methods 

Synovial tissue (ST) samples. ST samples were obtained from patients with osteoarthritis 

(OA) and RA at the time of joint replacement as described previously (Alvaro-Gracia et al., 

1991). Normal ST was provided by Life Sharing (San Diego, CA). The diagnosis of RA 

conformed to the 1987 revised American College of Rheumatology criteria (Arnett et al., 1988). 

The samples were either processed for cell culture or snap frozen and stored at -80°C. The 

studies were approved by the University of California, San Diego, Human Subjects Research 

Protection Program. 

 

Fibroblast-like synoviocytes. ST were minced and incubated with 1 mg/ml collagenase in 

serum free Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, Grand Island, NY) 

for 2 h at 37°C, filtered through a nylon mesh, extensively washed, and cultured in DMEM 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 1, 2006 as DOI: 10.1124/jpet.105.097436

 at A
SPE

T
 Journals on D

ecem
ber 25, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


JPET#97436 

 7

supplemented with 10% fetal calf serum (FCS) (Life Technologies, endotoxin content <0.006 

ng/ml), penicillin, streptomycin, and L-glutamine in a humidified 5% CO2 atmosphere. After 

overnight culture, nonadherent cells were removed. Adherent cells were later trypsinized, split at 

a 1:3 ratio, and cultured in medium. Synoviocytes were used from passages 3 through 9 in 

these experiments when they are a homogenous population of FLS (<1% CD11b, <1% 

phagocytic, and <1% FcγRII positive). 

 

Reagents. Mouse monoclonal anti-Syk antibodies and affinity-purified rabbit polyclonal anti-

MAPK kinase (MKK)3, anti-MKK4 antibodies, goat polyclonal anti-MKK6 antibodies, and 

secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit 

polyclonal anti-phospho-Syk, anti-phospho-MKK3/6, anti-phospho-MKK4, anti-phospho-p38, 

anti-p38, anti-phospho-JNK, anti-extracellular signal-regulated kinase (ERK), anti-phospho-c-

Jun antibodies and mouse monoclonal anti-phospho-ERK antibodies were purchased from Cell 

Signaling Technology (Beverly, MA). Mouse monoclonal anti-JNK Abs were purchased from BD 

PharMingen (San Jose, CA). Glutathione S-transferase (GST)-c-Jun and GST-linker for 

activation of T cells (LAT) were purchased from Upstate Biotechnology (Lake Placid, NY). 

Human recombinant TNFα was purchased from R&D Systems (Minneapolis, MN). 

 

Syk inhibitors. The Syk inhibitor, R406, was provided by Rigel Pharmaceuticals (San 

Francisco, CA) (see below). The detailed biochemistry of this molecule will be reported 

elsewhere (Taylor, et al., 2005). Piceatannol was purchased from Sigma (St. Louis, MO). 

Piceatannol is a selective inhibitor of Syk, especially at concentrations equal or less than 10 µM 

(Raeder et al., 1999). 

 

Immunohistochemistry. Immunohistochemistry was performed as previously described (Elices 
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et al., 1994). Five micron cryosections of ST were prepared, fixed in cold acetone for 10 min, 

and incubated with anti-Syk antibodies overnight at 4°C. Isotype matched antibodies served as 

negative controls. Endogenous peroxidase was depleted with 0.3% hydrogen peroxide and 

sections were then stained with biotinylated secondary antibody (Vector Laboratories, 

Burlingame, CA). The signal was developed using diaminobenzidine or 3-amino-9-

ethylcarbazole and the sections were counterstained with hematoxylin. 

 

Western blot analysis. Cells were cultured in DMEM with 10% FCS in 60 mm dishes at 80% 

confluency. Cells were synchronized in DMEM by culturing in 0.1% FCS 48 h before stimulation. 

FLS were incubated with medium or R406 (3 µM) for 30 min and then treated with TNFα (50 

ng/ml). Cells were washed with phosphate-buffered saline, and protein was extracted using 

radio immunoprecipitation assay buffer (50 mM HEPES, 150 mM NaCl, 1% Triton X-100, 10% 

glycerol, 1 mM MgCl2, 1.5 mM EDTA (pH 8.0), 20 mM β-glycerophosphate, 50 mM NaF, 1 mM 

Na3VO4, 10 µg/ml aprotonin, 1 µM pepstatin A, and 1 mM PMSF). Frozen ST was pulverized, 

and tissue protein was extracted in the same manner. The protein concentrations for STs or 

FLS were determined using the DC protein assay kit (Bio-Rad, Hercules, CA). Samples 

containing 50 µg of protein from cultured FLS or 100 µg of protein from ST were fractionated by 

10% SDS PAGE and transferred to nitrocellulose membrane. The membranes were blocked 

with Tris-buffered saline plus 0.1% Tween 20 and 5% dry milk for 1 h at room temperature, 

followed by incubation with appropriate antibody at 4°C overnight. The membranes were then 

washed three times and incubated with HRP conjugated secondary antibody for 1 h at room 

temperature. The proteins were visualized by chemiluminescence using Kodak X-AR film 

(Eastman Kodak, Rochester, NY). 

 

Immunoprecipitation and kinase assay. To measure the kinase activity of Syk and JNK, FLS 
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(5 × 105 cells/dish) were cultured in DMEM with 0.1% FCS in 60-mm dishes for 48 h and 

incubated with medium or R406 (3 µM) for 30 min. Cells were then stimulated with TNFα (50 

ng/ml) for the different times described below. Cells were washed twice with ice-cold PBS and 

lysed in modified radioimmunoprecipitation assay buffer. Lysates were centrifuged at 15,000 × g 

for 10 min. Protein concentrations in the supernatant were determined using the DC protein 

assay kit (Bio-Rad). Then lysates were incubated with 2.5 µg of anti-Syk or anti-JNK monoclonal 

antibody for 4 h, followed by additional incubation with protein G-Sepharose overnight. The 

immunoprecipitates were washed three times with immunoprecipitation buffer and once with 

kinase buffer (50 mM HEPES, pH 7.4, 1 mM MgCl2, 20 mM β-glycerophosphate, 1 mM 

Na3VO4, 0.2 mM DTT, 10 µg/ml aprotinin, 1 µM pepstatin A, and 1 mM PMSF), and 

resuspended in 25 µl of kinase buffer containing 5 mCi of [γ-32P]ATP, 100 mM ATP, and 4 µg of 

GST-LAT or GST-c-Jun, and incubated at 37°C for 30 min. In Syk kinase assays, as a positive 

control for Syk inhibition, immunoprecipitates were preincubated with Syk inhibitor (R406, 3 µM) 

at 37°C for 30 min. Reactions were stopped by addition of SDS sample buffer (100 mM Tris, pH 

6.8, 2% SDS, 10% glycerol, 5% 2-ME, 0.25% bromphenol blue). After electrophoresis, the gel 

was analyzed using NIH Image (version 1.61; National Institutes of Health, Bethesda, MD). 

 

Electrophoretic mobility shift assay (EMSA). Confluent RA FLS in 100-mm-diameter dishes 

were pretreated with medium or R406 (3 µM) for 30 minutes and further incubated with TNFα 

(50 ng/ml) for 60 minutes. Cells were then washed with cold PBS and nuclear extracts were 

prepared as previously described (Han et al., 2001). A nuclear extraction kit (Chemicon 

International, Temecula, CA) was used to isolate extracts, and AP-1 EMSA was performed 

using the Gel-shift assay system kit (Promega, Madison, WI) with cold competition 

oligonucleotides to demonstrate specificity. The protein concentration was determined, and lane 

loading was normalized appropriately. The nuclear extract was mixed with the appropriate 
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purified γ-32P labeled oligonucleotides, resolved by 6% PAGE, dried, and visualized by 

autoradiography. 

  

Quantitative real-time polymerase chain reaction (PCR). RA FLS were cultured in DMEM 

with 0.1% FCS in 6-well plates for 48 h and treated with medium or different concentrations of 

R406 for 30 min. Cells were then stimulated with medium or TNFα (50 ng/ml) for 6 h. Cells were 

then harvested and cDNA was prepared as previously described (Boyle et al., 2003). 

Quantitative real-time PCR was performed to determine relative mRNA levels using the 

GeneAmp 5700 Sequence Detection System (Applied Biosystems, Foster City, CA). 

Predeveloped sequence detection reagents specific for human IL-6, MMP-3, and GAPDH 

(Applied Biosystems) were used. PCR was performed with TaqMan Universal PCR Master Mix 

by using the following protocol: initial activation of AmpliTaq Gold DNA polymerase at 95°C for 

10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The fluorescent signal was plotted vs 

cycle number, and the cycle threshold (Ct) was determined. The standard curve method was 

used to determine relative gene expression as previously described (Boyle et al., 2003). The 

data were normalized to GAPDH to calculate the relative cell equivalents (Boyle et al., 2003). 

Each PCR run also included nontemplate controls containing all reagents except cDNA. These 

controls generated a Ct greater than 40 in all experiments. 

 

Enzyme-linked immunosorbent assay (ELISA). RA FLS (2 × 105 cells/well) were cultured in 

DMEM with 0.1% FCS in 6-well plates for 48 h and treated with medium or different 

concentrations of R406 for 30 min. Cells were then stimulated with medium or TNFα (50 ng/ml) 

for 18 h. The supernatants were harvested and assayed for IL-6 and MMP-3 by ELISA as per 

the manufacturer’s instructions (R&D Systems). 
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Statistical analysis. Data are expressed as mean ± SEM. Statistics were performed by paired 

or unpaired Student’s t test. P values less than 0.05 were considered significant. 

 

Results 

Expression and activation of Syk in RA ST and FLS. Initial studies were performed to 

determine whether Syk is expressed in RA using immunohistochemistry. As shown in a 

representative section (Fig. 2A), Syk protein was detected in RA synovium especially in the 

intimal lining (n=5). Syk was also detected in OA synovium in a similar pattern as in RA 

synovium (n=2, data not shown). To confirm Syk protein expression in RA ST compared with 

OA or normal ST, Western blot analysis was performed on synovial tissue lysates (Fig. 2B). 

Although there was a trend of increased expression of total Syk protein in RA STs, the amount 

of total Syk protein was not significantly different among these three groups. However, the level 

of phosphorylated Syk protein expression was significantly higher in RA ST compared with OA 

samples.  

 

Because Syk protein is primarily expressed in intimal lining cells, we next evaluated the 

expression and activation of Syk in cultured RA FLS. Syk protein was detected in RA FLS as 

shown in Fig. 3A. To explore the time course of Syk activation by TNFα, FLS were stimulated 

with 50 ng/ml of TNFα for 30 sec to 15 min. In vitro kinase assays using immunoprecipitated 

Syk and LATS as the substrate showed Syk activation after stimulation with TNFα within 30 sec 

that continued to increase for at least 15 min, with an 8.5±4.1 fold increase over control (Fig. 

3B). Pre-incubation of FLS with Syk kinase inhibitor, R406 (3 µM) prior to TNFα stimulation 

decreased kinase function by 68±13% after 15 min of TNFα stimulation and 46±7% after 30 min 

(Fig. 3C). Inhibition of Syk kinase activation was also observed when R406 was added directly 

to the kinase reaction.  
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Effect of R406 on the phosphorylation of JNK, p38 and ERK.  Because TNFα is a potent 

activator of MAPKs, we next performed Western blot analysis to determine the effect of Syk 

inhibition on MAPK activation. RA FLS were synchronized in 0.1% FCS for 48 h and then 

treated with medium or 3 µM of R406. Thirty min later, cells were stimulated with 50 ng/ml of 

TNFα for 5-30 min. Cell lysates were subjected to immunoblotting with antibodies specific for 

phosphorylated MAPK or total MAPK. As shown in Fig. 4A, R406 markedly decreased TNFα-

induced JNK phosphorylation. ERK activation was also modestly decreased by R406. Figure 4B 

shows a dose response for R406, indicating that 1 µM suppresses JNK phosphorylation. 

However, p38 phosphorylation by TNFα stimulation was not affected by R406 pretreatment. 

Similar results were obtained using another Syk inhibitor, piceatannol. Fig. 5 shows that 

piceatannol inhibited TNFα-induced JNK and, to a lesser extent, ERK phosphorylation. p38 

phosphorylation was not affected by piceatannol even at the highest concentration (20 µM). 

 

Because Syk inhibition mainly suppressed JNK activation but not p38 activation, we 

investigated the effect of R406 on the activation of the upstream MAPK kinases MKK4, MKK3/6, 

which activate JNK and p38, respectively. As shown in Fig. 6, MKK4 phosphorylation peaked at 

5 min after TNFα stimulation and this was blocked by 3 µM of R406 pretreatment. MKK3/6 

phosphorylation induced by TNFα was not affected by R406. 

 

Effect of R406 on c-Jun and AP-1 activation. To evaluate the functional relevance of Syk-

mediated JNK activation, the effect of Syk inhibition on the JNK substrate c-Jun was evaluated. 

Western blot analysis showed significant suppression of TNFα-induced phosphorylated c-Jun 

protein expression by R406 (Fig. 7A). To determine whether R406 inhibits the functional 

activation of JNK, in vitro kinase assays were then performed using GST-c-Jun as the substrate. 
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As shown in Fig. 7B, R406 completely inhibited JNK kinase function in TNFα-stimulated FLS. 

Because AP-1 is the major transcription factor activated by JNK and blockade of Syk inhibited 

the JNK pathway, we next investigated the effect of Syk inhibition on AP-1. As shown in Fig. 8, 

TNFα-induced AP-1 binding was significantly decreased by R406 in RA FLS. 

 

Effect of R406 on TNFα-induced IL-6 and MMP-3 production in FLS. IL-6 and MMP-3 have 

been implicated in the pathogenesis of RA and are produced by FLS in situ. Both of these 

genes contain AP-1 binding sites in their promoter regions and are regulated by JNK (Firestein, 

2003; de Haij et al., 2005). Therefore, we investigated whether inhibiting Syk activity by R406 

influences expression of these genes in TNFα-stimulated RA FLS. As shown in Fig. 9A, R406 

significantly decreased IL-6 and MMP-3 mRNA expression in a dose dependent manner. IL-6 

and MMP-3 protein release after TNFα stimulation also showed a dose-dependent decrease 

when the cells were treated with R406 (Fig. 9B). The dose response for mediator production 

was similar to the one for JNK phosphorylation (Fig. 4B). 

 

Discussion 

Rheumatoid arthritis is an immune-mediated disease marked by synovial intimal hyperplasia 

and sublining infiltration of a variety of mononuclear cells. The pathogenesis is quite complex 

but involves production of inflammatory mediators like cytokines and MMPs that recruit cells to 

the joint and alter the extracellular matrix. Understanding the intracellular machinery that 

regulates gene expression in RA synovium, including the signal transduction pathways, have 

led to novel therapeutic interventions. Based on this concept and data suggesting that Syk 

might play a role in autoimmune and inflammatory disease, we investigated the role of this 

kinase in RA. Western blot studies demonstrated that Syk is phosphorylated in RA synovium 

and that it could be activated in cultured FLS by TNFα. Using a novel Syk inhibitor, R406, we 
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demonstrated that Syk plays a crucial role in TNFα-induced JNK activation and pro-

inflammatory gene expression in synoviocytes. Hence, Syk represents a potential therapeutic 

target for inflammatory synovitis. 

 

The normal functions of Syk in homeostasis and host defense vary considerably depending on 

the specific cell lineages and stimuli. In mast cells and basophils, it is necessary for 

degranulation, synthesis of leukotrienes, and cytokines secretion upon FcεR1 engagement 

(Costello et al., 1996; Zhang et al., 1996). Syk-/- macrophages and neutrophils have defective 

reactive oxygen intermediate generation and phagocytosis in response to integrin or FcγR 

engagement (Mocsai et al., 2002). Syk deficient dendritic cells fail to internalize antigens, 

mature, or efficiently stimulate T cells after exposure to immune complexes (Sedlik et al., 2003). 

Syk mutations impair the differentiation of B lymphocytes by disrupting signaling from the pre-

BCR complex and thereby preventing the clonal expansion of pre-B cells (Cheng et al., 1995). 

The kinase has also been implicated in osteoclastogenesis (Mocsai et al., 2004).  

 

The experiments described in this report suggest that Syk regulates the MAPK cascade in FLS, 

with especially prominent effects on the JNK pathway. Syk blockade resulted in marked 

inhibition of TNFα-induced JNK phosphorylation and the functional activation of JNK kinase was 

almost completely blocked. JNK inhibition was not likely the result of direct action of the 

compound on JNK because phosphorylation of the upstream MAPK kinase MKK4 was also 

decreased. This suggests that Syk feeds into the JNK pathway proximal to the MAPK kinases, 

which are regulated by a complex and inter-related group of MAPK kinase kinases. Syk might 

also directly interact with TNF receptor in Jurkat cells by showing that TNFα could induce the 

recruitment of Syk protein in the TNF receptor complex (Takada and Aggarwal, 2004). The 

functional relevance of JNK inhibition in FLS was confirmed by demonstrating downstream 
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effects on c-Jun phosphorylation, AP-1 activation, and expression of JNK-regulated genes like 

IL-6 and MMP-3.  

 

Although the effect of R406 is likely through selective inhibition of Syk, it is possible that the 

compound also affects other kinases. For instance, the compound can potentially inhibit kinases 

closely related to Syk, such as Lck, c-Kit, and Flt3. The pharmacology of R406 in intact cells, 

however, differs from its effects on isolated enzymes. While the mechanism is not certain, 

selectivity for Syk increases in cell based assays and supports the notion that Syk is the actual 

target.  The fact that a second Syk inhibitor, piceatannol, has very similar effects on the MAPKs 

supports this concept. 

 

In contrast to JNK, little or no effect of Syk was observed on the p38 pathway in cultured FLS, 

suggesting that the Syk interaction with MAPKs is highly specific. Syk contributed only partially 

for ERK activation. These results contrast with studies in Jurkat cells, where piceatannol 

completely suppressed TNFα-induced activation of all three MAPKs (Takada and Aggarwal, 

2004). A recent study in neutrophils, however, shows that piceatannol decreases LPS-induced 

JNK activation without affecting p38 (Arndt et al., 2004). Reduced Syk expression by antisense 

oligonucleotides in nasal fibroblast lines also completely inhibited IL-1-induced JNK 

phosphorylation with only partial attenuation of p38 phosphorylation (Yamada et al., 2001). The 

importance of Syk in TNFα-induced JNK activation was also highlighted in another study in 

which they showed that piceatannol pretreatment induced a concentration-dependent inhibition 

of JNK1 activation in TNFα-stimulated neutrophils (Avdi et al., 2001).  

 

The ability of Syk inhibition to regulate these key mediators and pathways in FLS and other cell 

lineages suggest targeting Syk may be useful in the treatment RA. Because Syk participates in 
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signal transduction in FLS and many other cell types implicated in this disease, Syk inhibition is 

a potentially attractive therapeutic target. Concerns regarding the risks of Syk blockade still 

must be addressed, especially related to host defense in light of the number of cells and 

pathways that will be affected. Homozygous disruption of the syk gene in mice results in severe 

hemorrhage and perinatal death (Cheng et al., 1995). However, recent data suggest that 

bleeding observed in Syk-deficient mice is due to a developmental defect of the vasculature and 

not due to platelet or endothelial cell dysfunction (Abtahian et al., 2003). In recently performed 

phase II double-blind, randomized, placebo-controlled study in seasonal allergic rhinitis patients, 

intranasal administration of a Syk inhibitor showed efficacy without increased adverse events 

(Meltzer et al., 2005). However, the trial used short-term topical treatment and thus it may be 

difficult to predict the long term risks of systemic therapy. 

 

In conclusion, these data demonstrate that Syk is expressed and activated in RA synovium and 

serves as a key regulator in TNFα-induced IL-6 and MMP-3 production in RA FLS. The 

mechanism of action for cytokine and MMP suppression likely involves the MAPK cascade, 

especially JNK. The novel Syk inhibitor, R406, would have benefits in the treatment of RA by 

preventing the production of these proinflammatory cytokine and MMP from FLS.  
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Legends for Figures 
 

Fig. 1. Chemical structure of R406 (N4-(2,2-dimethyl-3-oxo-4H-pyrid[1,4]oxazin-6-yl)-5-fluoro-

N2-(3,4,5-trimethoxyphenyl)-2,4-pyrimidinediamine benzene sulfonic acid salt) 

 

Fig. 2. Syk protein expression in RA ST. A, A representative example of immunohistochemistry 

to detect Syk is shown for RA STs. Syk was detected in RA synovium, especially in the synovial 

lining. A serial section with an isotype matched control antibody (IgG) was negative. B, Total 

proteins from RA (n=6), OA (n=6), and normal (n=2) STs were extracted and Western blot 

analysis was performed using specific antibodies to detect Syk, phosphorylated Syk and β-actin 

expression. RA STs expressed significantly higher phosphorylated Syk expression compared to 

OA STs when normalized with β-actin expression level. (*p<0.05 for RA ST compared with OA 

ST). Data shown as the ratio of arbitrary absorption units for Syk or phospho-Syk to actin. 

 

Fig. 3. Expression and activation of Syk protein kinase in RA FLS. A, Total proteins from RA 

FLS lysates were subjected for immunoblot using Syk specific monoclonal antibody (n=6). Syk 

protein expression was observed as 72 kDa-size band. B, RA FLS were treated with 50 ng/ml of 

TNFα for the indicated times and total proteins were extracted and immunoprecipitated with 

antibody to Syk. The ability of the immunoprecipitates to phosphorylate GST-LAT was 

determined by in vitro kinase assays. TNFα increased Syk kinase activity in time-dependent 

manner (n=4, p < 0.05). C, RA FLS were pre-incubated with medium or R406 (3 µM) for 15 or 

30 min and then cells were treated with TNFα (50 ng/ml) for the indicated time. Pretreatment of 

R406 inhibited GST-LAT phosphorylation (n=3, p<0.05 for both time points). Note the inhibition 

of GST-LAT phosphorylation after 30 min of TNFα treatment by the addition of R406 (3 µM) 

directly to kinase reaction. 

 

Fig. 4. Effect of R406 on TNFα-induced MAPKs phosphorylation. A. Cultured RA FLS were 

treated with medium or R406 (3 µM) for 30 min and then stimulated with TNFα (50 ng/ml) for 5-

30 min. Total proteins were extracted and evaluated by Western blot analysis. Representative 

blot of independent experiments is shown (n=3). Note decrease of phospho-JNK and modest 

decrease of phospho-ERK expression by R406. Total MAPK-normalized phospho-MAPK levels 

show 75±9% inhibition of JNK (**p<0.01), 54±7% inhibition of ERK1 (*p<0.05) and 35±6% 

inhibition of ERK2 (p>0.10) phosphorylation by R406 after 15 min of TNFα stimulation. However 
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p38 phosphorylation was not inhibited by R406 treatment. Data shown as the ratio of arbitrary 

absorption units for the phosphorylated MAPK to total MAPK (e.g., phospho-JNK/JNK). B. RA 

FLS were cultured to 90% confluence, serum starved for 36 hours and pretreated with varying 

concentrations of R406 for 30 minutes.  FLS were then stimulated with 50 ng/ml TNFα for 15 

min and then analyzed by Western blot for JNK and phospho-JNK expression. 

 

Fig. 5. Effect of piceatannol on TNFα-induced MAPKs phosphorylation. RA FLS were treated 

with piceatannol (0, 5, 10, 20 µM) for 1 h, and then stimulated with TNFα (50 ng/ml) for 15 min. 

Total protein was extracted and evaluated by Western blot analysis. Blot shown is a 

represetative example from 2 independent experiments with similar results. While phospho-JNK 

and phopho-ERK were decreased by piceatannol, p38 phosphorylation induced by TNFα was 

unaffected. 

 

Fig. 6. Inhibition of MKK4 activation by R406. RA FLS were treated with medium or R406 (3 

µM) for 30 min and then stimulated with TNFα (50 ng/ml) for 5-30 min. Total proteins were 

extracted and evaluated by Western blot analysis. This is representative of two independent 

experiments with similar results. Note marked decrease of phospho-MKK4 by R406 after 5 min 

of TNFα stimulation. Phosphorylation of MKK3/6 was not significantly changed by R406. 

 

Fig. 7. Inhibition of TNFα-induced c-Jun activation by R406. A, RA FLS were treated with 

medium or R406 (3 µM) for 30 min and then stimulated with TNFα (50 ng/ml) for 15-60 min. 

Total proteins were extracted and evaluated by Western blot analysis. TNFα-induced phospho-

c-Jun expression was significantly decreased by R406 after 30 min of TNFα stimulation (n=3, 

78±9% inhibition, p < 0.05). B, RA FLS were treated with medium or R406 (3 µM) for 30 min 

and then cells were stimulated with TNFα (50 ng/ml) for 15 min. Total proteins were extracted 

and immunoprecipitated with monoclonal antibody to JNK. The ability of the immunoprecipitates 

to phosphorylate GST-c-Jun was determined by in vitro kinase assays. Representative result 

from two independent experiments is shown. Note complete inhibition of JNK kinase function by 

R406. 

 

Fig. 8. Inhibition of TNFα-induced AP-1 activation by R406. Cultured FLS were treated with 

medium or R406 (3 µM) for 30 min and then stimulated with TNFα (50 ng/ml) for 1 h. Nuclear 

extracts were prepared and assayed for AP-1 activation by EMSA (n=4, one representative 
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experiment is shown). R406 significantly decreased AP-1 binding in TNFα-stimulated FLS 

(74±13% inhibition, p < 0.05). Cold competition confirms the specificity of the band for AP-1 

binding. 

 

Fig. 9. Inhibition of TNFα-induced IL-6 and MMP-3 expression by R406. A, RA FLS were 

treated with R406 (0, 1, 10 µM) for 30 min, and then cells were stimulated with medium or TNFα 

(50 ng/ml) for 6 h. Total RNA was extracted and quantitative real-time PCR was performed to 

measure IL-6 and MMP-3 mRNA expression (n=4). Data are mRNA level normalized by 

GAPDH mRNA expression and expressed as relative expression units. Dose-dependent 

decreases of IL-6 and MMP-3 mRNA expression by R406 were observed. B, Cultured FLS were 

treated with various concentration of R406 (0, 0.3, 1, 3, 10 µM) for 30 min, and then stimulated 

with medium or TNFα (50 ng/ml) for 18 h. Culture supernatants were collected, and the protein 

level of IL-6 and MMP-3 was measured by ELISA (n=4). R406 inhibited TNFα-induced IL-6 and 

MMP-3 protein expression in a dose-dependent manner. *p < 0.05, **p < 0.01 compared with 

TNFα stimulation without R406 pretreatment. 
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