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Abstract
Background/Purpose

Rheumatoid arthritis (RA) is a chronic in�ammatory autoimmune disease characterized by bone and
cartilage destruction with leukocyte in�ltration and activation at synovial tissue. The �broblast-like
synoviocytes (FLS) have a central role in disease pathogenesis and their invasiveness correlates with
articular damage in RA patients. Spleen tyrosine kinase (SYK) is a non-receptor tyrosine kinase known to
have a crucial role in immune receptor signaling. This study aimed to evaluate the inhibitory effect of a
novel small-molecule SYK inhibitor, SKI-O-592, on the invasiveness of RA FLS and in�ammation of
monocytes in vitro and in a mouse collagen-induced arthritis (CIA) model in vivo.

Methods

FLS were isolated from synovial tissues of RA patients. FLS were treated with SKI-O-592 for 1 hr and then
stimulated with tumor necrosis factor-alpha (TNF-α) for 48 hr. After stimulation, cell viability was
measured using cell counting kit-8 (CCK-8) assay. The levels of IL-6, IL-8, CXCL10, MMP-3, and TNF-α
were measured in culture supernatant of RA FLS and the monocytic cell line THP-1 cells by ELISA. Wound
healing assay transwell migration and invasion assay using RA FLS was performed to evaluate cell
migration ability. The adhesion ability of FLS was evaluated by co-culture with calcein-AM labeled THP-1
cells, and the expression of VCAM-1, ICAM-1, α-tubulin, β-actin, total and phosphorylated SYK, c-Jun N-
terminal kinase (JNK), p38, ERK, phosphorylated c-Jun, mitogen-activated protein kinase kinase 4
(MKK4), and MKK3/6 was determined by Western blotting. CIA was developed in DBA/1J mice. Clinical
arthritis score and histological scores were evaluated after treatment with SKI-O-592.

Results

SKI-O-592 reduced the secretion of chemokine, CXCL10 in RA FLS. Migration of cells to the wound region
and through membrane pores and matrigel were decreased by SKI-O-592. Phosphorylation of JNK and
p38 was reduced by SKI-O-592 after TNF-α stimulation. SKI-O-592 decreased secretion of TNF-α levels
dose-dependently in THP-1 cells with IgG stimulation. The viability and proliferation of FLS and THP-1
were not affected by SKI-O-592. In the CIA model, scores for clinical arthritis and histology were
decreased following SKI-O-592 treatment.

Conclusion

SKI-O-592 inhibited the invasiveness of RA FLS and had an anti-in�ammatory effect on monocytes. SKI-
O-592 exhibited therapeutic effects in the mouse CIA model by improving clinical and histological scores
with amelioration of joint destruction. In conclusion, a novel SYK inhibitor, SKI-O-592, may provide a new
therapeutic option for RA patients.

Background
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Rheumatoid arthritis (RA) is a chronic in�ammatory autoimmune disease characterized by bone and
cartilage destruction with in�ltration of mononuclear cells including T lymphocytes, B lymphocytes,
dendritic cells, and macrophages to synovial tissue [1]. The �broblast-like synoviocytes (FLS) have an
important role in disease pathogenesis, and contribute to articular damage in RA patients. FLS in RA
synovium plays a crucial role in invasiveness through matrix degradation mediated by metalloproteinase
(MMP). They also express pro-in�ammatory cytokines such as tumor necrosis factor (TNF), interleukin
(IL)-6 and IL-8 [2]. Furthermore, they develop an aggressive phenotype and can migrate and invade
cartilage [3, 4].

Spleen tyrosine kinase (SYK), an intracellular protein tyrosine kinase, is a key mediator of
immunoreceptor signaling in in�ammatory cells, including B cells, mast cells, macrophages, and
neutrophils [5]. It was reported that SYK expression is upregulated in the intimal lining of synovial tissues
of RA patients and FLS exhibit signi�cantly higher levels of activated SYK in RA patients than in OA
patients or healthy individuals [6]. Previous studies have reported that excessive SYK activation is
associated with autoimmune diseases such as rheumatoid arthritis, asthma, and allergic rhinitis [7]. SYK
activation plays an essential role in TNF-α induced cytokine production in FLS [6] and RANKL (receptor
activator of nuclear factor kappa-B ligand)-induced osteoclastogenesis [8].

In addition, some studies have shown bene�ts from SYK inhibition by reporting that SYK inhibitor, R406
(fostamatinib), modulates the maturation and survival of B cells and suppresses pro-in�ammatory
cytokine production in RA FLS and also prevents joint in�ammation and destruction in arthritis models [9-
11]. Other studies have found that SYK de�cient(-/-) chimeric mice survive without abnormal
development or defects in major organs and prevent bone erosion in arthritis [12]. Treatment with R406,
however, showed undesirable side effects including hypertension and neutropenia in a clinical trial for RA,
thereby indicating that the selectivity of SYK inhibition needs to be improved [13]. A novel small-molecule
SYK inhibitor, SKI-O-592, was designed and synthesized by Oscotec Inc. (Sungnam, Korea) as a drug
candidate for RA. It was considered a suitable candidate for pharmaceutical development as a result of
its physicochemical properties [14, 15].

Originally, SYK was thought to function primarily in signaling of immunoreceptors such as Fc receptor
(FcR) and B cell receptor (BCR). However, several studies reported a crucial role for it in the cell signaling
of diverse cellular stimuli, including IL-1, TNF-α and lipopolysaccharide (LPS) [16-19]. SYK inhibition also
potently inhibited TNF production induced by FcγR cross-linking in macrophages derived from human
monocytes and in the monocytic cell line THP-1 [7, 20]

Emerging approaches for RA treatment have focused on targeting key enzymes mediating multiple signal
transduction pathways. SYK meets this de�nition as it is a master regulator of downstream signal
transduction cascades that affect diverse biological functions. Transcriptional activation in FLS is
mediated by intracellular signal transduction pathways such as mitogen-activated protein kinase (MAPK),
activator protein 1 (AP-1), and nuclear factor κB (NF-κB) [21]. Several recent studies have evaluated
signal transduction mechanisms in RA FLS responsible for pro-in�ammatory mediator release, especially
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MAPKs and their regulation by upstream kinases [22, 23]. JNK phosphorylation increased the activity of
transcription factors such as c-Jun [24]. This pathway plays a critical role in cell proliferation, apoptosis,
angiogenesis and migration.

In this study, we aimed to investigate the therapeutic potential of a novel SYK inhibitor, SKI-O-592, by
evaluating its effects on cell migration, invasion, and adhesion in RA FLS, the signaling pathway and anti-
in�ammatory effects in monocytes and �nally in�ammatory arthritis in an in vivo collagen-induced
arthritis (CIA) model.

Methods And Materials
Chemical compounds and reagents

SYK inhibitor SKI-O-592 was designed and provided by Oscotec Inc. (Sungnam, Korea). This compounds
were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO, USA).

Patient samples and cell preparation

Patient samples

Synovial tissue of RA patients was obtained during knee replacement surgery at Seoul National University
Hospital. All patients ful�lled the classi�cation criteria of the American College of Rheumatology/The
European League Against Rheumatism (ACR/EULAR) 2010 [25]. FLS were isolated from synovial tissues
of RA patients. After chopping tissues with a sterile surgical blade and forceps, the specimens were
incubated at 37℃ in serum-free DMEM (Welgene, Gyeongsangbuk-do, Korea) with 1 mg/ml type II
collagenase (Worthington Biochemical, OH, USA). Incubated tissues were washed with phosphate-
buffered saline (PBS) and passed through a 40 μm cell strainer. Filtered cells were cultured in DMEM
containing 10% (V/V) fetal bovine serum (FBS, Gibco, ThermoFisher Scienti�c, MA, USA) and 1%
penicillin/streptomycin (P/S, Gibco). We used FLS between passages four and eight in experiments.
Prepared FLS were pretreated with vehicle (0.1% DMSO) or SYK inhibitor (SKI-O-592) in serum-free DMEM
containing 1% P/S for 1 hour and stimulated with 10 ng/ml TNF-α (R&D systems, MN, USA) for 48 hours.
FLS were collected and used for experiments as approved by Seoul National University Hospital
Institutional Review Board (SNUH IRB) under protocol no. 1504-086-665.

Cell lines

THP-1 cells, a human monocyte cell line, were purchased from ATCC. These cells were cultured in RPMI
containing 10% FBS and 1% P/S with 0.05 mM 2-mercaptoethanol (Gibco), 10 mM HEPES and 1 mM
sodium pyruvate until used.

Cell viability assay
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For assessment of cytotoxicity, we examined cell viability after treatment with drug using cell counting
kit-8 solution (CCK-8, Dojindo, Kumamoto, Japan). CCK-8 was added to each well of cells treated, and
then incubated for 1 hour 30 minutes at 37℃ in the dark, after which we measured the absorbance at
450 nm using a microplate reader (Versamax, Molecular Devices, CA, USA).

Cytokines, chemokines and MMPs assay

The concentration of IL-6, IL-8, MMP-3, and C-X-C motif chemokine 10 (CXCL10) were measured from
culture supernatants of FLS. The level of TNF-α was measured from culture supernatants of THP-1 cells.
All analyses except TNF-α were performed using DuoSet enzyme-linked immunosorbent assay (ELISA) kit
(R&D Systems). TNF-α levels were measured by human TNF-α cytokine ELISA kits (BD Biosciences).
Antibody array was performed using a human in�ammation antibody array kit (Abcam, Cambridge, UK).
The array was analyzed using the same methods as a chemiluminescent immunoblot. A comparison
between samples was done by using densitometry software. All analyses were performed according to
the manufacturer’s instructions.

Immunoblot analysis

FLS were lysed into cell lysis buffer containing 20 mM Hepes-NaOH (pH 7.0), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM sodium vanadate, 10 mM β-phosphoglycerate, 1% Nonidet P-40, 10% glycerol, 1 mM
trichostatin A, 5 mM NaF and 20 mM nicotinamide, along with Halt protease and phosphatase inhibitor
cocktail (ThermoFisher Scienti�c) after washing once with PBS. The amount of protein was quanti�ed
with Bradford protein assay (Bio-Rad, CA, USA). The same amounts of total protein lysate were subjected
to Bolt 4-12% bis-tris plus gels (Invitrogen, ThermoFisher Scienti�c) and separated by electrophoresis.
Following protein electrotransfer the nitrocellulose membranes were blocked with 5% skim milk for 30
min in tris-buffered saline containing 0.05% Tween 20 (TBST). Blocked membranes were washed with
TBST and incubated overnight at 4℃ with primary antibodies. We used antibodies recognizing
phosphorylated mitogen-activated protein kinase kinase 4 (p-MKK4), MKK3/6, JNK, p-JNK, p38, p-p38,
ERK, p-ERK, p-c-Jun, β-actin and α-tubulin (Cell Signaling Technology, MA, USA), ICAM-1 and VCAM-1
(Santa Cruz, TX, USA). After incubation, the membranes were washed with TBST and incubated with the
horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin (secondary antibodies,
Jackson Immuno Research Laboratories, PA, USA) for 1 hour at room temperature. Membrane-bound
secondary antibodies were detected by a chemiluminescent substrate (Elpis Biotech, Daejeon, Korea).
Films were scanned, and band densities were quanti�ed using ImageJ software.

Wound healing assay

After seeding 1×104 cells/ml of FLS in 6-well culture plates, cell monolayers were scraped using a sterile
pipette tip and detached cells were washed out. The wounded cell layers were left untreated or pretreated
with 10 μM SKI-O-592. Images of wounded sites were taken 16 hours and 24 hours after treatment using
phase-contrast microscopy on a DFC295 (Leica, Wetzlar, Germany) with LAS V3.8 software (Leica). Cells
beyond speci�ed guidelines in three randomized sites were counted for quanti�cation of data.
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Migration assay

To determine the impact of SKI-O-592 on migration of FLS, 2×104 cells were seeded in Corning Transwell
polycarbonate 8 μm pore membrane cell culture inserts for 24-well plates (Corning, New York, USA)
containing a �nal concentration of 0.5% FBS. The lower chamber contained 20 ng/ml TNF-α as a
chemoattractant. After incubation for 24 hrs, the non-migrated cells on top of the membrane were
removed by gentle wiping with a cotton-tipped swab. The migrated cells on the lower surface of the
membrane were stained with 0.1% crystal violet dye, and FLS were counted in six representative areas of
three wells (200x magni�cation).

Invasion assay

To determine the impact of SKI-O-592 on FLS invasiveness, each well was coated with 300μg/ml of
matrigel (Corning) and 4×104 cells were seeded as described above and but with 10% FBS. The lower
chamber contained 20 ng/ml TNF-α as a chemoattractant. After incubation for 72 hrs, the non-invaded
cells on top of the membrane were removed by gentle wiping with a cotton-tipped swab. The invaded
cells on the lower surface of the membrane were stained with 0.1% crystal violet dye, and FLS were
counted in six representative areas of three wells (200x magni�cation).

Adhesion assay

THP-1 cells were labeled with 5 μM calcein-AM (Thermo�sher Scienti�c) at 37℃ for 30 minutes. Calcein-
labeled cells were washed with pre-warmed serum-free RPMI and resuspended at a density of 2×106

cells/ml. Resuspended cells were added to untreated or drug-treated RA FLS with 1hr pre-treatment of
SKI-O-592 and incubated at 37℃ for 30 min. Unattached cells in each well were removed by washing
once with PBS. Fluorescent images of THP-1 cells adhering to RA FLS were observed and analyzed at an
excitation wavelength of 494 nm and an emission wavelength of 517 nm. The number of THP-1 cells
adhering to FLS were counted in �ve representative areas of each well (100x magni�cation).

TNF-α release in THP-1 cell lines

THP-1 cells were maintained as described above. For the TNF-α release assay, 1×105 THP-1 cells were
plated in human IgG (100 μg/well) pre-coated 96-well plates and then treated with the indicated
concentrations of SYK inhibitors. After incubation for 24 hours, the TNF-α level in supernatants was
measured by ELISA and the remaining cells were subjected to a CCK-8 assay to determine the cytotoxic
effects of SYK inhibitors. For ELISA, anti-hTNF-α (R&D systems) was pre-coated, and then streptavidin
HRP (R&D systems) and TMB substrate (BD Biosciences) were used. To investigate the effect on SYK-
independent TNF-α release, THP-1 cells were treated with LPS (1 μg/mL) and the indicated
concentrations of SYK inhibitors simultaneously.

Measurement of FcγR-mediated response by Western blot
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THP-1 cells were incubated with SYK inhibitors for 1 hr and then stimulated with human IgG (100 μg/mL)
for 15 minutes. Cells were lysed in RIPA buffer [25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% nonyl
phenoxypolyethoxylethanol, 1% sodium deoxycholate, 0.1% SDS] containing protease and phosphatase
inhibitor cocktail (Thermo Scienti�c). To examine phosphorylation levels, whole cell lysates were
subjected to immunoblotting. Equivalent amounts of protein were separated by NuPAGE 4–12% bis-tris
gel system (Invitrogen) and then transferred to polyvinylidene di�uoride membranes. Membranes were
probed with an anti-phospho-SYK (Y525/526), anti-phospho-SYK (Y352), or anti-phospho-VAV (Y174).
After incubation with the secondary antibody, the membranes were visualized by enhanced
chemiluminescence with the Pierce ECL plus substrate.

Induction of collagen-induced arthritis in mice

DBA1/J male (6-7 weeks old) mice were injected intradermally with 0.1 ml bovine type  collagen (100 μg;
Chondrex Inc., WA, USA) and complete Freund’s adjuvant (200 μg; Difco, MI, USA) followed by second
immunization on day 21 with bovine type  collagen and incomplete Freund’s adjuvant [26]. The vehicle
was composed of N-methyl-2-pyrrolidone (NMP), polyethylene glycol 400 (PEG400), 2-hydroxypropyl-
beta-cyclodextrin (HPBCD) in proportions of 5:50:45. Mice were randomized into four different groups (10
mice/group) and SKI-O-592 was diluted with a vehicle and administered orally every day for 14 days
starting on the day after second immunization. Joint sections from animals treated with vehicle and
drugs were stained with hematoxylin and eosin (H&E) or Safranin-O solution. Clinical arthritis scores (0 to
4) of individual paws were assessed, and the arthritic index for each mouse was determined by adding
the individual scores of all four paws. Clinical scores were monitored on days 1, 5, 7, 11, 14, 18, and 20.
For arthritis score, the edema and swelling of each paw were scored visually, using a scale of 0-4, where
0=no visible abnormalities, 1=one or two swelling digits, 2=three or more than three swelling digits or
swelling from the ankle to the entire paw, 3=one or two swelling digits and swelling from the ankle to the
entire paw, 4=three or more than three swelling digits and swelling from the ankle to the entire paw.

Statistical analysis

All data are presented as mean ± SEM or SD. We used the 2-tailed Student’s t-test for in vitro data to
evaluate differences between two groups, and P < 0.05 was considered statistically signi�cant. Two-way
ANOVA with Bonferroni correction was used for statistical analysis of in vivo data. Statistical analyses
were performed using GraphPad Prism 5.01 (GraphPad, CA, USA).

Results
SKI-O-592 inhibits SYK phosphorylation in RA FLS.

We assessed the expression of SYK and phosphorylated SYK using Western blot on RA FLS after SKI-O-
592 treatment with subsequent TNF-α stimulation (Figure 1A). SKI-O-592 decreased levels of
phosphorylated SYK. To exclude the potential cytotoxic effects of SKI-O-592 on FLS, cell viability assays
were performed using CCK-8 assay. The viability of RA FLS were not affected by doses of SKI-O-592 up to
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10 μM (Figure 1B). These data showed that SKI-O-592 is an SYK inhibitor that inhibits phosphorylation
without cell toxicity.

Effect of SKI-O-592 on the production of cytokines, chemokine, and MMP in RA FLS

We examined whether SKI-O-592 affects the secretion of pro-in�ammatory molecules in RA FLS. RA FLS
was pretreated with SYK inhibitor and then stimulated with TNF-α for 48 hours. To evaluate the change of
various pro-in�ammatory molecules, antibody arrays were performed on culture supernatants (Figure 2A).
The relative production of pro-in�ammatory molecules was analyzed by optical intensity and normalized
to a positive control (Figure 2B). The relative secretion of IL-8, CXCL10, monocyte chemoattractant
protein-1 (MCP-1), RANTES [chemokine (C-C motif) ligand 5, CCL5], and tissue inhibitor of
metalloproteinases-2 (TIMP-2) were all reduced in the SKI-O-592-treated group. Next we measured the
concentration of IL-6, IL-8, CXCL10, and MMP-3 in the culture supernatants of RA FLS by ELISA. In SKI-O-
592-treated RA FLS, the concentration of CXCL10 in the culture supernatants of RA FLS was signi�cantly
decreased (Figure 2E). However, SKI-O-592 did not affect the secretion of IL-6, IL-8, or MMP-3 (Figure 2C,
D and F).

SKI-O-592 suppresses RA FLS invasiveness.

We investigated whether cell migration is regulated by SKI-O-592 in RA FLS using wound healing,
transwell migration and invasion assay. In the wound healing assay, cells treated with SKI-O-592
migrated much less than control cells treated with vehicle (Representative image, Figure 3A), and the
number of cells that migrated to the wound region at 16 and 24 hr was signi�cantly lower in SKI-O-592-
treated cells than in control cells (Figure 3B). In the transwell migration assay with crystal violet staining,
fewer cells migrated through the membrane to the lower surface of inserts (Representative image, Figure
3C), and the number of migrated cells in SKI-O-592-treated wells was signi�cantly lower than the control
wells (Figure 3D). Moreover, the transwell invasion assay showed the effect of SKI-O-592 on the cell
invasion capability of RA FLS. Fewer cells invaded across the matrigel membrane to the lower surface of
the inserts in SKI-O-592-treated cells (Representative image, Figure 3E), and the number of invaded cells
seen with crystal violet staining in SKI-O-592-treated wells was signi�cantly lower than the control wells
(Figure 3F). These results indicate that SKI-O-592 markedly inhibits the invasiveness of FLS from RA
patients.

SKI-O-592 represses cell adhesion and downregulates the expression of adhesion molecules.

THP-1 cells were used for the assessment of cell adhesion to RA FLS. TNF-α signi�cantly increased THP-
1 cell adhesion, which was inhibited by SKI-O-592 treatment (Figure 4A, B). In RA FLS, TNF-α-induced
expression of VCAM-1 was dose-dependently reduced by SKI-O-592 but ICAM-1 was not affected (Figure
4C-E). SKI-O-592 may control leukocyte adhesion to RA FLS through inhibiting expression of adhesion
molecules VCAM-1 and chemokine CXCL10, suggesting that SKI-O-592 reduces leukocyte in�ltration to
RA synovial tissue.
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Inhibitory effect of SKI-O-592 on the phosphorylation of MAPKs and c-Jun.

Given that TNF-α is a potent activator of MAPK, we performed Western blot analysis to determine the
effect of SYK inhibition on MAPK phosphorylation. SKI-O-592 decreased TNF-α-induced phosphorylation
of JNK and p38 (Figure 5A, B). However, ERK phosphorylation was not affected by SKI-O-592 treatment.
Then, we investigated the effect of SKI-O-592 on the activation of the upstream MAPK kinases MKK4 and
MKK3/6, which activate JNK and p38. MKK4 and MKK3/6 phosphorylation peaked 15 min after TNF-α
stimulation, and this was inhibited by SKI-O-592 (Figure 5C, D). To evaluate the functional relevance of
SYK-mediated JNK and p38 activation, the effect of SYK inhibition on the JNK substrate c-Jun was
evaluated. c-Jun phosphorylation peaked 15 min after TNF-α stimulation and was signi�cantly
suppressed by SKI-O-592 (Figure 5C, D). These data indicate that SYK plays a crucial role in both JNK
and p38 activation in synoviocytes.

Phosphorylation of MAPKs was inhibited dose-dependently by SKI-O-592.

To examine dose-dependent inhibitory effects of SKI-O-592 in kinase phosphorylation, we treated with
various concentrations of the drug simultaneously with 10 ng/ml TNF-α stimulation for 15 min (Figure
6A). SKI-O-592 suppressed p54 JNK phosphorylation dose-dependently (Figure 6B). p46 JNK was not
affected. Dose-dependent inhibition was also observed on p38 phosphorylation by SKI-O-592 treatment
(Figure 6C). These results demonstrated that phosphorylation of JNK and p38 was dose-dependently
suppressed by SKI-O-592.

Inhibitory effect of SKI-O-592 on IgG induced TNF-α production and FcγR-mediated pathways in
monocytes.

SKI-O-592 inhibited the phosphorylation of SYK at Tyr525/526 (Figure 7A, B) and slightly inhibited
phosphorylation at Tyr352 (Figure 7C). It suppressed downstream effector, VAV phosphorylation,
suggesting that SKI-O-592 inhibited SYK in monocytes (Figure 7D). TNF-α was measured in the culture
supernatant of THP-1 cell after IgG stimulation compared to LPS stimulation (Figure 7E). Under IgG
stimulation, SKI-O-592 inhibited the release of TNF-α with IC50 values of 45 nM in THP-1 cells. Upon LPS
stimulation, SKI-O-592 up to a concentration of 10 μM did not inhibit the level of TNF-α. It also did not
affect cell viability even up to 10 μM, suggesting that the anti-in�ammatory activity is not caused by
cytotoxic activity against cells (Figure 7F). These data indicate that SKI-O-592 is e�cacious for the
inhibition of TNF-α release through SYK-dependent in�ammatory signals in immune receptor-mediated
responses.

SKI-O-592 reduced joint destruction and arthritis clinical scoring in mouse CIA.

Based on the �ndings thus far that SYK inhibition inhibited several innate and adaptive immune
responses, we assumed that the compound might have therapeutic e�cacy in an in vivo in�ammatory
arthritis model. Therefore we induced CIA in DBA/1J mice. Vehicle or SKI-O-592 was administered orally
every day after the second immunization at a dose of 30 mg/kg/day (ten animals per group). The
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arthritis clinical score was signi�cantly diminished in the SKI-O-592 administered group compared to the
vehicle treated group (Figure 8A). In the histopathological analysis, mice had reduced in�ammatory cell
in�ltration in the joint tissues and cartilage damage in the ankle and had signi�cantly lower histological
scores (Figure 8B-D).

Discussion
Rheumatoid arthritis (RA) is a chronic in�ammatory autoimmune disease characterized by bone and
cartilage destruction with leukocyte in�ltration and activation at synovial tissue. Pathogenesis involves
the production of pro-in�ammatory mediators such as cytokines, chemokines and MMPs and depending
upon which, these recruit cells to the joint and the extracellular matrix [1]. SYK is a key mediator of
immunoreceptor signaling in in�ammatory cells, including B cells, mast cells, macrophages, and
neutrophils [5], and is thought to function primarily in signaling of immunoreceptors such as Fc receptor
(FcR) and B cell receptor (BCR).

In addition, some studies have shown that SYK inhibition modulates the maturation and survival of B
cells and suppresses pro-in�ammatory cytokine production in RA FLS and also prevents joint
in�ammation and destruction in arthritis models [9-11]. SYK(-/-) macrophages and neutrophils exhibit
defective generation of reactive oxygen intermediates and phagocytosis in response to integrin or FcγR
engagement [27]. SYK-de�cient dendritic cells failed to internalize antigens or e�ciently stimulate T cells
after exposure to immune complexes [28]. SYK mutations impair the differentiation of B lymphocytes by
disrupting signaling from the pre-BCR complex thereby preventing the clonal expansion of pre-B cells [29].
In the same study, SYK also mediated immunoreceptor-like signals required for the development and
function of osteoclasts, and hematopoietic SYK de�ciency completely blocks the development of
osteoclasts [12, 30].

Testing of a SYK inhibitor however, showed unexpected side effects including hypertension and
neutropenia in a clinical trial for RA, indicating that the selectivity of SYK inhibitors needs to be improved
[13]. SKI-O-592 was designed and synthesized as a novel SYK inhibitor. In the previous study, SKI-O-592
had a lower IC50 value than fostamatinib on the kinase activity of SYK with lower inhibition of JAK2,
JAK3, and KDR (vascular endothelial growth factor receptor 2, VEGFR-2), which is the primary cause of
side effects such as hypertension [31].

FLSs play an essential role in disease pathogenesis, They play the central role in invasiveness with matrix
degradation occurring through production of metalloproteinase, and they also express pro-in�ammatory
cytokines such as IL-6 and TNF-α [2, 32]. FLS in RA are not simple passive responders that react to the
in�ammatory milieu but are also epigenetically imprinted with an activated and aggressive phenotype
that operates independently of the in�ammatory stimuli [33]. Fostamatinib, a �rst-in-class SYK inhibitor,
attenuated synovial in�ammation in rodent arthritis models and reduced the production of in�ammatory
cytokines and proteases such as IL-6 and MMP-3 in synovium-derived RA FLS [6, 7].
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RA FLS become hyperplastic and increase their migration and mobility, invading the cartilage and
destroying it. Cell adhesion is associated with cell migration [34]. The speci�c sequences of cellular
events and interactions leading to progressive destruction of articular structures have not been fully
clari�ed. p38/JNK signaling has been shown to participate in the modulation of migration processes in
various cells [34]. However, the association between the p38/JNK signaling pathway and migration of RA
FLS was unclear. Our results revealed that SKI-O-592 signi�cantly reduced the invasive capacity of RA
FLS. SKI-O-592 reduced the phosphorylation of p38 and JNK in RA FLS and these results suggest that
SYK inhibition speci�cally affects the p38/JNK signaling pathway. Clinically, the invasiveness of synovial
lining cells was sustained despite the amelioration of in�ammation. Therefore, inhibition of RA FLS
migration may serve as an important target for RA therapies [33].

The three MAPK families ERK, JNK, and p38, phosphorylate numerous key transcription factors, such as
AP-1 and ATF-1/2 [35]. MAPKs are especially important because they control the production of MMPs
and cytokines that participate in the rheumatoid process. The JNKs are activated by dual
phosphorylation of upstream kinases (MKK4 and MKK7) and are highly activated in isolated RA FLS or
the rheumatoid synovial lining layer with synovial mononuclear cell in�ltrates. Downstream components
to the AP-1 complex, c-Jun, and c-Fos are also expressed in both the synovial lining and sub-lining layer
[24]. Activation of the JNK pathway following exposure to pro-in�ammatory cytokines, such as TNF-α and
IL-1, plays a crucial role in many kinds of cellular behaviors, such as cell migration, proliferation,
differentiation, apoptosis and stress reaction. The p38 MAPK signal transduction pathway is reported to
be a key regulator of IL-1 and TNF-α production in rheumatoid arthritis. Previous studies also
demonstrated that upstream MAPK kinases (MKK3 and MKK6) that regulate p38 are activated in the
rheumatoid arthritis synovium [36].

The present data suggest that SYK regulates the MAPK cascade in RA FLS, particularly through the JNK,
and p38 pathways. Blocking of SYK resulted in inhibition of TNF-α-induced JNK and p38
phosphorylation. Phosphorylation of the upstream MAPK kinases MKK4 and MKK3/6 was decreased.
MKK4 can also phosphorylate p38 MAPKs under some circumstances [24]. It was reported that MKK4 is
primarily activated by environmental stress and preferentially phosphorylates tyrosine (Y) residue 185 in
the p54 site of JNK1, whereas MKK7, preferentially phosphorylates threonine (T) residue 183 in the p46
site. This is consistent with the observation that p54 was inhibited by SKI-O-592. This result suggests that
MAPKs inhibition was not likely the result of a direct action of the compound, but that SYK affects MAPK
kinase proximal to JNK or p38 pathways.

The functional relevance of JNK inhibition in RA FLS was con�rmed by demonstrating downstream
effects on c-Jun phosphorylation. JNK activation was reported to be associated with transcription factor
AP-1 activation, and expression of pro-in�ammatory cytokines. The importance of SYK in TNF-induced
JNK activation was also highlighted in an earlier study in which they showed that pretreatment with
piceatannol, a naturally occurring SYK inhibitor, induced a concentration-dependent inhibition of JNK1
activation in stimulated neutrophils [37].
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In contrast to JNK and p38, SYK inhibitor had little or no effect on the ERK pathway in cultured FLS.
These results contrast with studies in Jurkat cells, where piceatannol completely suppressed TNF-
induced activation of all three MAPKs [19]. Although the effect of SKI-O-592 is likely mediated through
selective inhibition of SYK, it is possible that the compound also affects other kinases. In the previous
study, the compound fostamatinib potentially inhibits kinases such as JAK2, JAK3, and KDR, which are
related to side effects such as hypertension [38], but SKI-O-592 had only weak inhibitory effects on those
kinases (unpublished data).

Members that are upstream in the kinase cascade of the MAPK family, such as MKK3, MKK6 and
MAP3K5 (also ASK1, apoptosis signal-regulating kinase 1), are alternative targets that have been
explored in preclinical models. ASK1 is hypomethylated in RA FLS compared to OA FLS and pro-
in�ammatory cytokines induce the expression of ASK1. Treatment with a small-molecule inhibitor of
ASK1 reduced invasion, migration and proliferation of RA FLS in vitro. Furthermore, MAP3K5-/- mice were
protected from K/BxN serum-induced arthritis, and treatment with MAP3K5 inhibitor also protected
against joint damage and in�ammation in rats with collagen-induced arthritis [33].

We did not clarify the mechanisms associated with SYK inhibitor-dependent regulation of adhesion
molecules. In a previous study, upregulated production of VCAM-1 and ICAM-1 by TNF-α were restored in
the presence of MAPK inhibitors and NF-κB inhibitor, suggesting a potential connection between
adhesion molecules and MAPK or NF-κB signaling, especially via p38 MAPK signaling pathway [39, 40].
The migration of leukocytes into infected or injured sites is an essential step for primary immune
responses. Leukocytes recruited to in�amed tissues, play a central role in the progress of RA [34].
Increased expression of adhesion molecules on RA FLS could lead to higher in�ltration of immune cells
into the in�ammatory site. Taken together, we can speculate that SKI-O-592 regulates adhesion ability
through inhibition of p38 phosphorylation.

In summary, the novel and selective SYK inhibitor, SKI-O-592, had an impact on invasiveness of RA FLS
through the inhibition of cell migration, invasion, and adhesiveness as well as through signi�cant
downregulation of chemokines. The mechanism behind these actions may involve the MAPK cascade, in
particular inhibition of phosphorylation of JNK and p38. SKI-O-592 also had an anti-in�ammatory effect
on monocytes by inhibiting the production of TNF-α in THP-1 cells. SKI-O-592 inhibited the
phosphorylation of SYK at Tyr525/526 and Tyr352 and also of downstream effector, VAV. These data
suggest that SYK serves as a regulator of immune responses in RA FLS and monocytes.

Conclusions
SKI-O-592 showed a therapeutic effect on the mouse CIA model by improving clinical scores and
ameliorating joint destruction. The mechanism behind these effects may be through inhibition of the
MAPK cascade, especially JNK and p38. In conclusion, a novel SYK inhibitor, SKI-O-592, may provide a
new therapeutic option for RA patients by inhibiting invasiveness of RA FLS and pro-in�ammatory
functions in monocytes.
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Figures

Figure 1

SKI-O-592 reduces SYK phosphorylation in RA FLS. RA FLS (n=3) were pretreated with vehicle (0.1 %
DMSO) or SKI-O-592 for 1 hour and then stimulated with 10 ng/ml TNF-α for 15 minutes. Total proteins
were extracted and evaluated by Western blot analysis. A representative blot of independent experiments
is shown. (A) TNF-α-induced phospho-SYK expression was signi�cantly decreased by SKI-O-592. (B) SKI-
O-592 had no signi�cant effect on the viability of RA FLS (n=6). Data shown are representative of
experiments from different RA patients and presented as the mean±SEM.
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Figure 1

SKI-O-592 reduces SYK phosphorylation in RA FLS. RA FLS (n=3) were pretreated with vehicle (0.1 %
DMSO) or SKI-O-592 for 1 hour and then stimulated with 10 ng/ml TNF-α for 15 minutes. Total proteins
were extracted and evaluated by Western blot analysis. A representative blot of independent experiments
is shown. (A) TNF-α-induced phospho-SYK expression was signi�cantly decreased by SKI-O-592. (B) SKI-
O-592 had no signi�cant effect on the viability of RA FLS (n=6). Data shown are representative of
experiments from different RA patients and presented as the mean±SEM.

Figure 2

SKI-O-592 affects the production of cytokines, chemokine, and MMP in RA FLS stimulated by TNF-α. RA
FLS (n=3) were pretreated with vehicle (0.1 % DMSO) or SKI-O-592 for 1 hour, then stimulated with TNF-α
for 48 hours. (A) Representative image of antibody array results using culture supernatant. (B) The dot
expression intensity of each molecule was quanti�ed by densitometry, and the production of IL-8,
CXCL10, MCP-1, RANTES, and TIMP-2 were decreased by SKI-O-592 compared to the vehicle-treated
group, except for IL-6. SKI-O-592 did not affect the secretion of (C) IL-6, (D) IL-8, and (F) MMP-3 but
decreased secretion of (E) CXCL10. Data are presented as the mean±SEM. * p < 0.05 as compared with
the vehicle group using Student’s t-test. The groups not treated with any drug or vehicle are indicated as
‘No Tx’.
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for 48 hours. (A) Representative image of antibody array results using culture supernatant. (B) The dot
expression intensity of each molecule was quanti�ed by densitometry, and the production of IL-8,
CXCL10, MCP-1, RANTES, and TIMP-2 were decreased by SKI-O-592 compared to the vehicle-treated
group, except for IL-6. SKI-O-592 did not affect the secretion of (C) IL-6, (D) IL-8, and (F) MMP-3 but
decreased secretion of (E) CXCL10. Data are presented as the mean±SEM. * p < 0.05 as compared with
the vehicle group using Student’s t-test. The groups not treated with any drug or vehicle are indicated as
‘No Tx’.
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Figure 3

SKI-O-592 suppresses cell migration and invasion ability of RA FLS. Wound healing assay was performed
to evaluate the migration capability of cells. (A) Cell migration was decreased in SKI-O-592-treated RA
FLS (n=3), at both 16hr and 24hr after scratch wound. (B) Numbers of cells migrating beyond the black
line on microscopy images were counted. Representative images of (C) migrated and (E) invaded cells
stained with crystal violet are shown. (D) Cell migration and (F) invasion was evaluated by cell counting.
Data shown are representative of experiments from four different RA patients and presented as the
mean±SEM. * p < 0.05, ** p < 0.01, as compared with vehicle group using Student’s t-test. The groups not
treated with any drug or vehicle are indicated as ‘No Tx’.
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Figure 4

SKI-O-592 decreases cell adhesion and downregulates the expression of adhesion molecules in RA FLS.
Cell adhesion assay was performed to investigate monocyte adhesion to SKI-O-592-treated RA FLS. (A, B)
Adhesion of calcein-labeled THP-1 to RA FLS (n=3) was evaluated by counting cells with positive
�uorescence. (C-E) The expression levels of VCAM-1 and ICAM-1 were detected by Western blot. Data
shown are representative of experiments from three different RA patients, and data are presented as the
mean±SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared with the vehicle group using Student’s t-
test. The groups not treated with any drug or vehicle are indicated as ‘No Tx’.
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Adhesion of calcein-labeled THP-1 to RA FLS (n=3) was evaluated by counting cells with positive
�uorescence. (C-E) The expression levels of VCAM-1 and ICAM-1 were detected by Western blot. Data
shown are representative of experiments from three different RA patients, and data are presented as the
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Figure 5

Effect of SKI-O-592 on TNF-α induced MAPKs phosphorylation. RA FLS (n=3) were treated with DMSO or
10 μM SKI-O-592. One hr later, cells were stimulated with 10 ng/ml TNF-α for 5 to 30 min. Total proteins
were extracted and evaluated by Western blot. Data are shown as the ratio of band intensity for the
phosphorylated MAPK to total MAPK (e.g., phospho-JNK/JNK) or α-tubulin. (A, B) SKI-O-592 decreased
TNF-α-induced phosphorylation of JNK and p38 (Figure 5A, B). However, ERK phosphorylation was not
affected. (C, D) Decreases of phospho-MKK4 and MKK3/6 by SKI-O-592 were observed after TNF-α
stimulation. TNF-α-induced phospho-c-Jun expression was signi�cantly decreased by SKI-O-592. A
representative blot of independent experiments is shown. Data are presented as the mean±SEM. * p <
0.05, ** p < 0.01, *** p < 0.001 as compared with the vehicle group using Student’s t-test.
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Figure 6

SKI-O-592 dose-dependently downregulates the phosphorylation of JNK and p38. RA FLS (n=1) were
treated with DMSO or 10 μM SKI-O-592. (A) One hr later, cells were stimulated with 10 ng/ml TNF-α for 15
min. Total proteins were extracted and evaluated by Western blot analysis for JNK, p38, and their
phosphorylation. Data are shown as the ratio of band intensity for the phosphorylated to total protein or
α-tubulin. (B) Phosphorylation of p54 JNK and p38 was dose-dependently decreased by SKI-O-592. A
representative blot of independent experiments is shown. Data are presented as the mean±SEM.

Figure 6
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SKI-O-592 dose-dependently downregulates the phosphorylation of JNK and p38. RA FLS (n=1) were
treated with DMSO or 10 μM SKI-O-592. (A) One hr later, cells were stimulated with 10 ng/ml TNF-α for 15
min. Total proteins were extracted and evaluated by Western blot analysis for JNK, p38, and their
phosphorylation. Data are shown as the ratio of band intensity for the phosphorylated to total protein or
α-tubulin. (B) Phosphorylation of p54 JNK and p38 was dose-dependently decreased by SKI-O-592. A
representative blot of independent experiments is shown. Data are presented as the mean±SEM.

Figure 7
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Inhibitory effect of SKI-O-592 on THP-1 cells. To evaluate the inhibition of FcγR-mediated SYK pathways
in monocytes, THP-1 cells were plated at 1x105 cells/well into human IgG precoated 96-well plates and
SKI-O-592 was added serially from 0.001 to 10 μM. (A) Immunoblot of the whole cell lysate showed
inhibition of the phosphorylation levels of various sites in SYK-dependent pathway kinases such as (B)
Y525/526 and (C) Y352 or (D) VAV on THP-1. (E) TNF-α in the culture supernatant was decreased dose-
dependently by SKI-O-592 treatment in IgG treated group compared to the LPS-treated group. (F) THP-1
cells were subjected to a CCK-8 assay to evaluate the cytotoxic effects of compounds. There was no
signi�cant change in cell viability. The data represent a mean±SD of duplicate cultures. * p < 0.05 as
compared with the vehicle group using Student’s t-test. Groups not treated with any drug or vehicle are
indicated as ‘No Tx’.
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compared with the vehicle group using Student’s t-test. Groups not treated with any drug or vehicle are
indicated as ‘No Tx’.

Figure 8

SKI-O-592 decreases clinical score and joint in�ammation in a mouse CIA model. CIA was induced in
DBA/1J mice. Vehicle (n = 10) or SKI-O-592 (30 mg/kg, n = 10) was orally administered daily a week after
CIA induction. (A) The clinical score of arthritis after day 7 was signi�cantly decreased in SKI-O-592-
treated groups compared to the vehicle-treated group. (B) The histological score was also decreased in
the SKI-O-592 treated group. Joint sections from animals treated with vehicle and drugs were stained with
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(C) H&E, or (D) Safranin O. Data are presented as mean±SD. *** p < 0.001, as compared with vehicle
group using two-way ANOVA with Bonferroni correction.

Figure 8
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DBA/1J mice. Vehicle (n = 10) or SKI-O-592 (30 mg/kg, n = 10) was orally administered daily a week after
CIA induction. (A) The clinical score of arthritis after day 7 was signi�cantly decreased in SKI-O-592-
treated groups compared to the vehicle-treated group. (B) The histological score was also decreased in
the SKI-O-592 treated group. Joint sections from animals treated with vehicle and drugs were stained with
(C) H&E, or (D) Safranin O. Data are presented as mean±SD. *** p < 0.001, as compared with vehicle
group using two-way ANOVA with Bonferroni correction.


