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The ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) family includes nine members with aggrecan-
degrading activity, i.e., ADAMTS1, 4, 5, 8, 9, 15, 16, 18, and 20. However, their systematic expression profile in knee osteoarthritis
(OA) synovium and effects of cytokines and growth factors on the expression in OA synovial fibroblasts remain elusive. In this study,
expression of all nine aggrecanolytic ADAMTS species was assessed by quantitative real-time PCR in OA and control normal synovial
tissues. OA synovial fibroblasts were treated with interleukin-1a (IL-1a), IL-1B, tumor necrosis factor-a (TNF-a), transforming growth
factor- (TGF-B), vascular endothelial growth factor,gs, and heparin-binding epidermal growth factor, and analyzed for the
expression of the ADAMTS species. The signaling pathways and inhibition of ADAMTS4 expression by high-molecular-weight
hyaluronan, adalimumab, tocilizumab, and signaling molecule inhibitors were studied. ADAMTST, 4, 5, 9, and 16 were expressed in
OA synovium, but only ADAMTS4 expression was significantly higher in OA as compared to normal synovium. IL-1a, TNF-a, and
TGF-B markedly increased ADAMTS4 expression, while their effects were minimal for the other ADAMTS species. ADAMTS4 was
synergistically upregulated by treatment with IL-1a and TNF-a, IL-1a and TGF-B, or IL-1a, TNF-a and TGF-f. The signaling molecules’
inhibitors demonstrated that IL-1a-induced ADAMTS4 expression is predominantly through TGF-B-associated kinase 1 (TAK1), and
the TNF-a-stimulated expression is via TAKT and nuclear factor-«kB (NF-kB). The TGF-B-promoted expression was through the activin
receptor-like kinase 5 (ALK5)/Smad2/3, TAK1, and non-TAK1 pathways. Adalimumab blocked TNF-a-stimulated expression.
ADAMTS4 expression co-stimulated with IL-1a, TNF-a and TGF- was abolished by treatment with adalimumab, TAK1 inhibitor, and
ALK5/Smad2/3 inhibitor. These data demonstrate marked and synergistic upregulation of ADAMTS4 by IL-1a, TNF-a and TGF-( in
OA synovial fibroblasts, and suggest that concurrent therapy with an anti-TNF-a drug and inhibitor(s) may be useful for prevention
against aggrecan degradation in OA.
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INTRODUCTION

Osteoarthritis (OA), the most prevalent joint disease, is character-
ized by accelerated degradation of extracellular matrix (ECM)
in the articular cartilage. The cartilage ECM consists mainly of
hyaluronan-aggrecan networks and fibrils of types Il and XI
collagen. The initial histological change of the articular cartilage in
the OA joint is depletion of the hyaluronan-aggrecan networks,
and this change is followed by fibrillation and laceration of the
cartilage due to degradation of collagen fibrils'. The “matrix
metalloproteinase” (MMP) gene family members with collageno-
lytic activity such as MMP-1, MMP-13, and MMP-14 contribute to
degradation of fibrillary collagens', and members of the “a
disintegrin and metalloproteinase with thrombospondin motifs”
(ADAMTS) gene family play a central role in aggrecan degrada-
tion' 3. ADAMTS1, 4, 5,8, 9, 15, 16, 18, and 20 show aggrecanolytic
activity”®, but among them, ADAMTS4 (aggrecanase-1) and

ADAMTS5 (aggrecanase-2) may be major aggrecanases in OA
because of their high specific activity to aggrecan and the
expression by OA chondrocytes®”. ADAMTS5 is believed to be
essential to aggrecan degradation in mouse OA, since cartilage
destruction in experimental OA models was suppressed in
ADAMTS5-deficient mice, but not ADAMTS4-deficient mice®’.
However, an unanswered question is whether ADAMTS4 or
ADAMTSS5 is important in human OA%’.

Degradation of the cartilage ECM in the OA joint was originally
ascribed to the overexpression of these metalloproteinases by
chondrocytes'. However, accumulating lines of evidence have
suggested that local synovitis, which may be induced by synovial
cell ingestion of debris released from damaged OA articular
cartilage'®, plays an important role in the OA progression by
accelerating cartilage destruction''™"*. Recent clinical studies
have provided evidence that synovitis is an independent cause
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of OA' and an independent driver of radiographic OA onset and
progression'®. In accordance with these clinical data, OA synovial
fibroblasts and/or synovial lining cells are known to express
ADAMTS4'7, ADAMTS5'®, MMP-1'"%, and MMP-3%°, and the latter
two enzymes are detected in synovial fluid from knee OA
patients?'. However, inconsistent data are reported about the
expression of aggrecanolytic ADAMTS species in OA synovium:
one study has shown that ADAMTS1, 4, 5, and 9 are down-
regulated in OA hip joints??, but other studies have demon-
strated the overexpression of ADAMTS4'” and ADAMTS5'® in
knee OA synovial cells. Thus, the expression profile of the
aggrecanolytic ADAMTS species in knee OA synovial tissues
requires additional investigation.

Although ADAMTS4 was reportedly upregulated by interleukin-
1B (IL-1B), tumor necrosis factor-a (TNF-a), or transforming growth
factor-B (TGF-B) in synovial fibroblasts?®, the expression of
aggrecanolytic ADAMTS species after stimulation with these
factors and their synergistic effects on ADAMTS4 expression have
not been examined in OA synovial fibroblasts. In addition, little is
known about the activation of ADAMTS4 intracellular signaling
pathways after stimulation with these factors. High-molecular-
weight HA (HMW-HA) is used for treatment of patients with knee
OA as a symptom-modifying drug, and our study demonstrates
that IL-1a-induced ADAMTS4 expression in OA chondrocytes is
significantly reduced by HMW-HA treatment®*. Biological agents
targeting TNF-a or IL-6 receptor (IL-6R) have been introduced as
disease-modifying anti-rheumatic drugs and are successful for the
treatment of patients with rheumatoid arthritis>~°. However,
effects of these anti-arthritic drugs on the cytokine(s)-stimulated
ADAMTS4 expression in OA synovial fibroblasts were not studied.

In this study, we examined the systematic expression profile of
all the nine aggrecanolytic ADAMTS species in synovial tissues
from OA knee joints and studied the effects of cytokines
and growth factors on their expression in OA synovial fibroblasts.
Since  ADAMTS4 expression was most markedly upregulated
by IL-1, TNF-q, or TGF-B, synergistic effects were tested. We also
investigated the intracellular signaling pathways and the inhibi-
tory effects of HMW-HA, human anti-TNF-a antibody, and
humanized anti-IL-6R antibody in OA synovial fibroblasts under
stimulation with IL-1a, TNF-a, and/or TGF-(.

MATERIALS AND METHODS

Clinical samples

Synovial tissues were taken at total knee arthroplasty from knee OA
patients diagnosed according to the criteria of the American College of
Rheumatology®’. Normal control synovial tissues were obtained at
reconstruction surgery from knee joints of patients with anterior cruciate
ligament injury. Synovial samples obtained from 15 OA patients and 6
patients with anterior cruciate ligament injury were used for examination
of the mRNA expression of ADAMTS species, IL-1, TNF-a, and TGF-B1. OA
synovial samples were also utilized for in vitro experiments by culturing
synovial fibroblasts, and tissue samples were examined by histology and
immunohistochemistry as described below. We obtained written informed
consent from patients for experimental use of the samples. The study
protocols that complied with the principles outlined in the Declaration of
Helsinki were approved by the Keio University School of Medicine Ethics
Committee (number 2012-046-4) and the Ethical Committee Review Board
at Juntendo University (number 15-074).

RT-PCR and quantitative real-time PCR

OA and normal control synovial tissues removed at surgery were stored in
RNA later solution (Thermo Fisher Scientific, Tokyo, Japan) at —20 °C, and
total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany).
cDNA was synthesized from 2 g of total RNA using the ReverTraAce gPCR
RT Master Mix (Toyobo, Osaka, Japan). For screening the mRNA expression
of ADAMTST, 4, 5, 8,9, 15, 16, 18, and 20 in OA synovial tissue, cDNA was
subjected to RT-PCR using primers listed in Supplementary Table S1, which
is available at the Laboratory Investigation website. Positive control cells
used for the ADAMTS species were as follows: synovial fibroblasts isolated
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from rheumatoid arthritis patients for ADAMTS1, ADAMTS4, and ADAMTS5;
CaR-1 colon carcinoma cell line (JCRB Cell Bank, Osaka, Japan) for
ADAMTSS; U251 glioblastoma cell line (JCRB Cell Bank, Osaka, Japan) for
ADAMTS9 and ADAMTS15; PC-9 lung adenocarcinoma cell line (Immuno-
Biological Laboratories, Gumma, Japan) for ADAMTS16 and ADAMTS20;
human umbilical vein endothelial cells (Cambrex, East Rutherford, NJ, USA)
for ADAMTS18. ADAMTS], 4, 5, 9, and 16 were detected in OA synovial
tissue (Fig. 1A), and their mRNA expression levels relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using THUNDER-
BIRD SYBR gPCR Mix (TOYOBO, QPS-201) according to the AAC; method®®
were examined by quantitative real-time PCR in OA (n=15) and normal
control (n = 6) synovial tissues. The mRNA expression levels of IL-1q, IL-1,
TNF-a, and TGF-B1 in OA (n = 14) and control (n = 5) synovial tissues were
also measured by a similar quantitative real-time PCR. The primers for
ADAMTS1, 4, 5,9, 16, IL-1q, IL-1B, TNF-a, TGF-31, and GAPDH are described
in Supplementary Table S2, which is available at the Laboratory
Investigation website. The mean ratios of ADAMTS species, IL-1q, IL-1B,
TNF-q, or TGF-B1 to GAPDH in normal control samples were set at 1.

The expression levels of the ADAMTS species in OA synovial fibroblasts,
which were treated with cytokines or growth factors as described below,
were also measured by the above quantitative real-time PCR method?®.
Similarly, we examined the mRNA expression levels of MMP-1, MMP-3, and
MMP-13 in OA synovial fibroblasts under stimulation with IL-1a, TNF-q,
and/or TGF-B by the same quantitative real-time PCR method using the
primers described in Supplementary Table S2.

Histology, immunohistochemistry, and antibodies against
ADAMTS4

OA synovial tissues (n = 3) were fixed in buffered formalin, embedded in
paraffin, sectioned in 4-pym thick and stained with hematoxylin and eosin.
For immunohistochemistry, the sections were treated with 0.3% H,0, and
10% normal goat serum to block endogenous peroxidase and non-specific
reactions, and then reacted with mouse anti-ADAMTS4 monoclonal
antibody (10 pug/ml; 247-3F6) or mouse non-immune IgG (10 ug/ml;
Abcam, Cambridge, UK)?**?°, In our previous study, two mouse monoclonal
antibodies specific to the spacer domain (247-3F6) or a portion of the
disintegrin and thrombospondin domains (250-4F7) of human ADAMTS4
were developed®. Specificity of these antibodies, which can be used for
immunoblotting, immunoprecipitation, and immunohistochemistry, has
been previously demonstrated®*?°. They were reacted with goat anti-
mouse IgG conjugated to peroxidase-labeled dextran polymer (no dilution;
En Vision+ mouse; Dako, Glostrup, Denmark) and color was developed
with 3,3'-diaminobenzidine tetrahydrochloride in 50 mM Tris-HCl buffer,
pH 7.6 containing 0.006% H,0,. Counterstaining was performed with
hematoxylin.

Cell cultures

Fresh OA synovial tissues were obtained at knee arthroplasty from a total
of 17 patients with knee OA, and primary synovial fibroblasts were isolated
by incubating the minced tissue fragments at 37 °C for 3 h with a mixture
of 0.4% bacterial collagenase (Fujifilm Wako Pure Chemical Corporation,
Osaka, Japan) and 50 pg/ml DNase (Sigma-Aldrich, St. Louis, MO, USA) in
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific)
containing 10% fetal bovine serum and penicillin/streptomycin by
modification of our previous methods®. Isolated cells were seeded in
culture dishes and maintained in the serum-containing DMEM in a CO,
incubator. After starvation in serum-free DMEM containing 0.2% lactalbu-
min hydrolysate (Sigma-Aldrich), synovial fibroblasts at passages 2-3 were
treated for 24 h with IL-1a (R&D Systems, Minneapolis, MN, USA), IL-18
(R&D Systems), TNF-a (R&D Systems), TGF-$ (R&D Systems), vascular
endothelial growth factorss (VEGF; R&D Systems), or heparin-binding
epidermal growth factor (HB-EGF; R&D Systems) in the same medium, and
subjected to mRNA expression analysis (see below). Where indicated, they
were also treated with IL-1a, TNF-a, and/or TGF-f.

For inhibition studies, serum-starved OA synovial fibroblasts were
treated for 1 h (or 24 h for HMW-HA treatment) with inhibitors such as
TGF-B-associated kinase 1 (TAK1) inhibitor (5Z-7-Oxozeaenol; Sigma-
Aldrich), nuclear factor-kB (NF-kB) inhibitor (BAY11-7082; Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan), activin receptor-like kinase 5
(ALK5) inhibitor (SB505124; Sigma-Aldrich), and ALK1 inhibitor
(LDN193189; Sigma-Aldrich) and/or clinically used drugs for arthritis
including HMW-HA (SuvenyI@; Chugai Pharmaceutical Co., LTD, Tokyo,
Japan), adalimumab (human anti-TNF-a antibody; Humira®, AbbVie Inc.,
North Chicago, IL, USA), and tocilizumab (humanized anti-IL-6R antibody;
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Fig. 1

The expression profiles of aggrecanolytic ADAMTS species in OA synovial tissues. A RT-PCR analysis of the mRNA expression of

ADAMTS1, 4,5, 8,9, 15, 16, 18, and 20 in OA synovial tissues from knee OA patients (n = 9), showing the positive expression of ADAMTS1, 4, 5,
9, and 16. PC, positive control for each ADAMTS species. B Quantitative real-time PCR analysis of ADAMTS1, 4, 5, 9, and 16 expression in
normal control (NOR; n =6) and OA (n = 15) synovial tissues. The mean ADAMTS species:GAPDH ratio in normal control samples is set at 1.
Circles, individual subjects; horizontal lines, means. *p < 0.05 by Mann-Whitney U test.

Actemra”’, Chugai Pharmaceutical Co., LTD). For the synergistic studies, the
cultures were then treated with IL-1a, TNF-a, and/or TGF-§ in DMEM
containing 0.2% lactalbumin hydrolysate.

Immunoblotting of ADAMTS4

Serum-starved OA synovial fibroblasts were treated with IL-1a, TNF-a, and/
or TGF-B in DMEM containing 0.2% lactalbumin hydrolysate for 72 h. After
washing in phosphate buffered saline, they were incubated with 2x
sodium dodecyl! sulfate-polyacrylamide gel electrophoresis sample buffer
containing 2-mercaptoethanol and cell lysates were sonicated on ice.
Supernatants were obtained by centrifugation and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on NUPAGE 4-12% Bis-
Tris gels (InvitroGen, Carlsbad, CA, USA), and the proteins resolved were
transferred onto PVDF membranes. After blocking non-specific reactions
with 5% skim milk in phosphate buffered saline, the membranes were
reacted with mouse anti-ADAMTS4 monoclonal antibody (0.5 pg/ml; 250-
4F7) or anti-GAPDH antibody (1:1000 dilution; Abcam, Cambridge, UK)**°,
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followed by incubation with horseradish peroxidase-conjugated secondary
antibodies and reaction with ECL western blotting reagents (GE Healthcare
Bio-Sciences, Uppsala, Sweden). The proteins were detected by chemilu-
minescence imaging system using Amersham Imager 680 (GE Healthcare
Life Sciences, Tokyo, Japan) and intensity of the bands was quantified by
densitometric analysis using ImageJ software (http://rsb.info.nih.gov/ij/).

For immunoblotting of ADAMTS4 in OA synovial tissue, supernatants
(50 pg/lane) of the tissue homogenates (n = 3) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the proteins
transferred on PVDF membranes were incubated with anti-ADAMTS4
antibodies (0.5 ug/ml each; 247-3F6 or 250-4F7)***° or anti-GAPDH
antibody (1:1000 dilution; Abcam), followed by the reactions with
secondary antibody and ECL reagents as described above.

Statistical analyses
All statistical analyses were performed using GraphPad Prism version 6.00 for
Windows (GraphPad Software, La Jolla California USA) (www.graphpad.com).
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Comparisons involving more than three groups were analyzed using the
Kruskal-Wallis test. When p < 0.05, then pairwise comparisons were made
using the Mann-Whitney U test. The results are presented as means + SD,
and p values less than 0.05 were considered statistically significant.

RESULTS

Expression of aggrecanolytic ADAMTS species and protein
expression of ADAMTS4 in OA synovial tissue

mRNA expression of all nine ADAMTS species with aggrecano-
lytic activity including ADAMTS1, 4, 5, 8,9, 15, 16, 18, and 20 was
screened by RT-PCR in synovial tissue from knee OA patients
(n=9). As shown in Fig. 1A, expression of ADAMTS1, 4, 5, 9, and
16 was observed in OA synovium, whereas there was negligible
expression of ADAMTS8, 15, 18, and 20. Thus, we further
analyzed the expression of ADAMTS1, 4, 5, 9, and 16 in a larger
number of OA synovial tissue (n=15) and normal control
synovial tissue (n=6) by quantitative real-time PCR. The
expression levels of these ADAMTS species were compared by
setting the average level in the control synovial tissue at 1. Only
ADAMTS4 expression was significantly higher in OA synovial
tissue (3.70+3.79; mean+SD) than in the control samples
(1.00£0.84) (p=0.019) (Fig. 1B). The expression levels of
ADAMTS1 (3.30%£3.44) and ADAMTS16 (1.96+1.17) in OA
synovial tissue samples appeared to be higher than in the
control samples (1.00+£0.53 and 1.00 +0.49 for ADAMTS1 and
ADAMTS16, respectively), but no significant difference was
obtained between the two groups (p=0.052 and p=0.087,
respectively) (Fig. 1B). The expression levels of ADAMTSS5 in the
OA and control synovial samples were almost similar (1.18 + 0.46
versus 1.00 £+ 0.54) and the levels of ADAMTS9 (0.56 £ 0.49) in the
OA samples were lower than those in the control samples (1.00 +
0.62), although not significantly different (Fig. 1B).

OA synovium showed hyperplasia of the synovial lining cells
and lymphoid cell infiltration in the sub-lining cell layer
(Supplementary Fig. S1A), both of which were only mild degree
as compared to synovial tissue obtained from patients with
rheumatoid arthritis*°. By immunohistochemistry, ADAMTS4 was
localized mainly to hyperplastic synovial lining cells, while
immunostaining with non-immune IgG showed only background
staining (Supplementary Fig. S1A). Immunoblotting analysis
indicated that OA synovial tissue contains a 58-kDa protein band
of ADAMTS4 as a major band, which corresponds to an NH,- and
COOH-terminal truncated active form of ADAMTS4%°, together
with some smaller fragments (Supplementary Fig. S1B).

Expression of aggrecanolytic ADAMTS species in OA synovial
fibroblasts upon stimulation by cytokines and growth factors
Inflammatory cytokines and growth factors including IL-1q, IL-18,
TNF-a, TGF-B, VEGF, and HB-EGF are known to be expressed in OA
joints®'32, In fact, our quantitative real-time PCR analysis demon-
strated that the mRNA expression levels of IL-1q, IL-13, TNF-a, and
TGF-B are significantly higher in OA synovial tissue (n = 14) than
normal control synovial tissue (n=5) (Supplementary Fig. S2).
Therefore, we examined the effects of these factors on the
expression of all the nine ADAMTS species with aggrecanase
activity*®. As shown in Fig. 2A (left panel), RT-PCR showed that OA
synovial fibroblasts under unstimulated conditions have a similar
expression profile of ADAMTS species as that of OA synovium. IL-
1q, IL-13, TNF-0, and TGF-f3 stimulated ADAMTS4 expression, but
no or negligible effect was observed on ADAMTS4 expression by
VEGF or HB-EGF (Fig. 2A). The expression of ADAMTS1, ADAMTS9,
and ADAMTS16 also seemed to be slightly altered by treatment
with IL-1q, IL-13, TNF-a, and TGF-B (Fig. 2A). Conversely, ADAMTS5
expression appeared to be constitutive without a change in
expression induced by these factors (Fig. 2A). No induction for
ADAMTSS, 15, 18, or 20 was seen by RT-PCR even after treatment
with these factors (Fig. 2A).
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Quantitative real-time PCR demonstrated that ADAMTS4
expression is upregulated 55-fold by IL-1a, 16-fold by TNF-a, or
27-fold by TGF-B, but no significant changes were observed by
treatment with VEGF or HB-EGF (Fig. 2B). These cytokines also
significantly (6- to 8-fold) increased ADAMTS16 expression. The
expression of ADAMTS5 was significantly 5-fold increased by IL-1a
(Fig. 2B). Only negligible or insignificant changes were seen in the
expression levels of ADAMTS1, 8, 9, 15, 18, or 20 under stimulation
with these factors (Fig. 2B). Since the expression of ADAMTS4 was
significantly higher in OA synovial tissue samples as compared to
the control samples (Fig. 1B) and markedly upregulated by IL-1q,
TNF-a, or TGF-B (Fig. 2B), we further examined the synergistic
effects of these cytokines by focusing on ADAMTS4 expression.

Synergistic effects of IL-1a, TNF-a, and TGF-f on the
expression of ADAMTS4 and MMPs in OA synovial fibroblasts
The mRNA expression of ADAMTS4 was significantly upregulated
by combined treatment with IL-1a and TNF-q, or IL-1a and TGF-B,
but no synergy was obtained by treatment with TNF-a and TGF-3
(Fig. 3A). The synergistic effect on mRNA expression was also
obtained by treatment with IL-1a, TNF-a and TGF-B (Fig. 3A). In
accordance with enhanced mRNA expression, densitometric
analysis of immunoblotting data demonstrated synergistic stimu-
lation of the ADAMTS4 protein expression by combined treat-
ments with IL-1a and TNF-q, IL-1a and TGF-B, or IL-1a, TNF-a and
TGF-B (Fig. 3B). Stimulation with these factors increased density of
the 73-kDa protein band, which corresponds to an active form of
ADAMTS4%*2933 " The 100-kDa zymogen form of ADAMTS4*?
commonly appeared when synovial fibroblasts were treated with
TNF-a or when the 73-kDa form was over-produced by combined
treatment with these factors (Fig. 3B).

We then examined effects of IL-1a, TNF-a, and TGF-B on the
mRNA expression of MMP-1, MMP-3, and MMP-13, and compared
the data between ADAMTS4 and these MMPs. As shown in
Supplementary Fig. S3, IL-1a significantly upregulated the
expression of MMP-1, MMP-3, and MMP-13, whereas TNF-a
stimulated only the expression of MMP-1. On the other hand,
TGF-B effect was complex: TGF-B downregulated the MMP-1
expression and showed no effect on the MMP-3 expression,
although it stimulated the MMP-13 expression. Importantly,
MMP-1 and MMP-3 expression was upregulated by the combined
treatment of IL-1a and TNF-a but was significantly suppressed by
TGF-B treatment (Supplementary Fig. S3). In addition, no
synergistic upregulation of the MMP-1, MMP-3, and MMP-13
expression was observed by combined treatment with TNF-q,
IL-1a, and TGF-B (Supplementary Fig. S3). These data were
different from the synergistic effect of IL-1a, TNF-a, and TGF-f3 on
ADAMTS4 expression (Fig. 3A).

Effects of inhibitors to TAK1, NF-kB, ALK1, and ALK5 on the
ADAMTS4 expression in cytokine-stimulated synovial
fibroblasts

Mitogen-activated protein kinases (MAPKs) and/or NF-kB are
known to be the second messengers for ADAMTS4 expression in
various cells stimulated with IL-1, TNF-a, or TGF-B>*%7, and TAK1
plays a key role as the main upstream molecule for the MAPK and
NF-kB pathways®®. Thus, we investigated the involvement of TAK1
in ADAMTS4 expression, and found that the ADAMTS4 expression
stimulated by IL-1a is almost completely blocked with TAK1
inhibitor (6.94 + 3.84% of the original expression level) (Fig. 4A),
indicating that the IL-1a-stimulated ADAMTS4 expression is
mediated through TAK1. The TNF-a-stimulated ADAMTS4 expres-
sion was partially inhibited by TAK1 inhibitor (23.97 + 12.58%) or
NF-kB inhibitor (BAY11-7082) (54.11 +5.59%), and almost com-
pletely suppressed by combined treatment with TAK1 inhibitor
and NF-kB inhibitor (10.58 + 3.15%) (Fig. 4B). The TGF-B-induced
ADAMTS4 expression was partially inhibited by TAK1 inhibitor
(62.39+10.23%) (Fig. 4C). However, ALK5 inhibitor (SB505124)
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representative data are shown. B Quantitative real-time PCR analysis of the ADAMTS species expression in OA synovial fibroblasts treated with
IL-1a, TNF-a, TGF-B, VEGF, or HB-EGF. OA synovial fibroblasts were stimulated with IL-1a (10 ng/ml), TNF-a (10 ng/ml), TGF-$ (10 ng/ml), VEGF
(50 ng/ml), or HB-EGF (120 ng/ml) for 24 h. The mean ADAMTS species:GAPDH ratio in control samples without cytokine/growth factor

treatment is set at 1. *p < 0.05; **p < 0.01 by Mann-Whitney U test.

completely abrogated the TGF-B-induced ADAMTS4 expression
(1.50 + 0.75%), whereas ALK1 inhibitor (LDN193189) did not show
inhibition (90.40 + 24.59%) (Fig. 4C).

Effects of HMW-HA, anti-TNF-a antibody, and anti-IL-6R
antibody on the ADAMTS4 expression in cytokine-stimulated
synovial fibroblasts

HMW-HA is clinically used as a symptom-modifying treatment for
patients with knee OA, and adalimumab (anti-TNF-a antibody) and
tocilizumab (anti-IL-6R antibody) are biologic medications,
which are commonly used for treatment of patients with
rheumatoid arthritis. We therefore tested these drugs on IL-1a-,
TNF-a-, or TGF-B-stimulated ADAMTS4 expression in OA synovial
fibroblasts. As shown in Fig. 4D, E, HMW-HA significantly inhibited
IL-1a or TNF-a-stimulated ADAMTS4 expression (76.38 +12.38%
and 6570+ 18.24%, respectively). Adalimumab significantly

SPRINGER NATURE

inhibited IL-1a-stimulated ADAMTS4 expression (79.83 + 10.71%)
(Fig. 4D), and as expected, completely abrogated the TNF-a-
induced ADAMTS4 expression (0.14 +0.08%) (Fig. 4E). However,
negligible inhibition of the TGF-B-stimulated ADAMTS4 expression
was found by treatment with these drugs (Fig. 4F).

Effects of inhibitors to signaling molecules and anti-arthritic
drugs on the ADAMTS4 expression stimulated with IL-1a, TNF-
a, and TGF-B

Since TAK1 inhibitor, ALK5 inhibitor (SB505124) or NF-kB inhibitor
(BAY11-7082) effectively suppressed IL-1a-, TNF-a-, or TGF-3-
stimulated ADAMTS4 expression (see Fig. 4), we then tested the
effects of these inhibitors on the three cytokine (IL-1a, TNF-q, and
TGF-B)-stimulated ADAMTS4 expression. Figure 5A shows that
TAK1, ALK5, and NF-kB inhibitors significantly reduced ADAMTS4
expression (32.70 £8.53%, 42.65+7.64%, and 79.38+11.05%,
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respectively). When the inhibitory effects of HMW-HA, adalimu-
mab, and tocilizumab on the three cytokine-stimulated ADAMTS4
expression were examined, only partial inhibition was obtained
by treatment with HMW-HA (76.83 + 7.21%), adalimumab (62.34 +
12.39%), tocilizumab (87.23 £ 3.91%), or all three together (68.43 +
9.33%) (Fig. 5B).

We further explored the conditions of complete inhibition of
the three cytokine-stimulated ADAMTS4 expression by treatment
with three anti-arthritic drugs together with TAK1 inhibitor and/or
ALK5 inhibitor (SB505124). As shown in Fig. 5C, the expression
levels were decreased remarkably by the combined treatment
with either TAK1 inhibitor or ALK5 inhibitor (10.54 +4.40% and
11.68 £ 2.73%, respectively), and completely inhibited by combi-
nation of all these drugs and inhibitors (0.95 + 0.84%). Since
adalimumab was the most effective for TNF-a-stimulated or the
three cytokine-stimulated ADAMTS4 expression among the three
drugs, we also examined the inhibitory effects of adalimumab and
TAK1 inhibitor and/or ALK5 inhibitor. The ADAMTS4 expression
was significantly reduced by the combined treatment with
adalimumab and TAK1 inhibitor or ALK5 inhibitor (21.76 + 3.94%
and 16.79+2.92%, respectively) (Fig. 5D). A similar level of
inhibition (11.11 £ 1.46%) was obtained by treatment with TAK1
and ALKS5 inhibitors, and almost complete inhibition was obtained
by combined treatment with adalimumab, TAK1 inhibitor, and
ALKS5 inhibitor (3.27 + 0.49%) (Fig. 5D).

DISCUSSION

The present study is, to the best of our knowledge, the first to
demonstrate that among all the nine aggrecanolytic ADAMTS
species, ADAMTS1, 4, 5, 9, and 16 are expressed in both synovium
and synovial fibroblasts from OA knee joints. Our previous studies
indicated that OA cartilage and/or chondrocytes express
ADAMTST, 4, 5, 9, and 15 among the six aggrecanolytic ADAMTS
species examined (i.e, ADAMTS1, 4, 5, 8,9, and 15)>*%°, and similar
results were reported in OUMS-27 chondrosarcoma cells*. Since
a previous study has shown that OA cartilage expresses
ADAMTS16%, OA synovial fibroblasts and chondrocytes appear
to have a similar expression profile except for ADAMTS15, which
was expressed by OA chondrocytes, but not synovial fibroblasts.

Laboratory Investigation (2022) 102:102-111

ADAMTS4 and ADAMTS5 have strong aggrecanase activity
compared with ADAMTS1, 8, 9, 15, 16, 18, and 20**”. In
conjunction with this biochemical property, tissue localization in
human OA cartilage, and loss of function in knockout mice, both
ADAMTS4 and ADAMTSS5 expressed by chondrocytes are sug-
gested to be critically important as aggrecanase in OA cartilage®’.
On the other hand, emerging evidence has indicated the
involvement of synovitis in OA progression by accelerating
cartilage destruction''™"*, and recent studies on knee OA have
suggested that synovitis is an independent driver of radiographic
OA onset and progression'>'®. In the present study, we have
demonstrated that among the five ADAMTS species expressed in
the OA synovium, only ADAMTS4 is significantly overexpressed in
OA synovium compared to normal synovium, and markedly
upregulated by treatment with IL-1a, TNF-a, or TGF-f, whereas
ADAMTSS5 expression is constitutive in the synovium even under
stimulation. In addition, like ADAMTS4 from OA chondrocytes
under culture®* or within cartilage tissue®®, ADAMTS4 was
detected as a 73-kDa active form in cultured OA synovial
fibroblasts, activity of which can be inhibited by binding to
fibronectin, but in OA synovium, it existed as a 58-kDa truncated
form, which is fully active secreted form without being trapped
by the ECM*3. Thus, all these data suggest that ADAMTS4
overexpressed by stimulation with IL-1a, TNF-a, and/or TGF-$ in
synovium and secreted to synovial fluid may contribute to
accelerated cartilage damage through aggrecan degradation in
the superficial areas of OA articular cartilage.

Previous studies showed that ADAMTS4 expression is promoted
by IL-1243%41 TNF-a*', TGF-B?**'*, or oncostatin M*® in various
types of interstitial cells, and synergistic effects on the expression
were reported with IL-1 and TNF-a in rat nucleus pulposus cells®>,
IL-1 and TGF-B in human tendon cells*', and IL-1 and oncostatin M
in human chondrocytes®. This study provides the first evidence
that OA synovial fibroblasts synergistically upregulate ADAMTS4
expression by treatment with IL-1a and TNF-q, IL-1a and TGF-3,
and also IL-1a, TNF-a and TGF-p. Since IL-1 and TNF-a are catabolic
pro-inflammatory cytokines and they synergistically promote the
expression of ECM-degrading metalloproteinases such as MMP-1
and MMP-3**, synergistic effect of these cytokines could be
expected for the ADAMTS4 expression in OA synovial fibroblasts.
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Fig. 4 Inhibitors to signaling molecules (TAK1, NF-kB, ALKS5,

However, TGF- has more complex effects than IL-1 and TNF-a.
TGF-B is reported to counteract the catabolic effects of TNF-a and
IL-1 by downregulation of collagenolytic MMPs such as MMP-13
and MMP-14%>° and the present study has shown the counter-
active activity of TGF-f on the expression of MMP-1 and MMP-3,
both of which were upregulated by IL-1a and/or TNF-a. The
absence of a synergistic effect on ADAMTS4 expression by TGF-3
and TNF-a may be explained by the fact that TNF-a has an
antagonistic effect on TGF-3 signaling pathways in skin fibro-
blasts*’. The mechanism on the synergistic effects of TGF-B with
IL-1a and TNF-a on the ADAMTS4 expression remains unclear in
the present study. However, a previous study on the analysis of
genome-wide gene expression in chondrocytes indicated that IL-1
and TGF-B have additive effect on the expression of some genes
including VEGF and connective tissue growth factor’®, both of
which are induced by TGF-3*%*% like ADAMTS4%. In addition,
cross-talk between IL-1 and TGF-B has been demonstrated®.
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and ALK1) and clinically used drugs (HMW-HA, adalimumab, and
tocilizumab) on ADAMTS4 expression in OA synovial fibroblasts. A Effect of 1 uM TAK1 inhibitor (TAK1i) on IL-1a-induced ADAMTS4
expression. B 1 yM TAK1 inhibitor and/or 5 yM NF-kB inhibitor (BAY11-7082) on TNF-a-induced ADAMTS4 expression. C 1 uM TAK1 inhibitor, 5 uM
ALKS5 inhibitor (SB505124), or 1 uM ALK1 (LDN193189) on TGF-p-induced ADAMTS4 expression. Cells were treated with inhibitors for 1 h prior to
stimulation with the factors (10 ng/ml each) for 72 h. D-F Effects of HMW-HA, adalimumab or tocilizumab on IL-1a, TNF-a, or TGF-B-induced
ADAMTS4 expression. OA synovial fibroblasts were treated with 2.5 mg/ml HMW-HA for 24 h, or 10 pg/ml adalimumab or 10 pg/ml tocilizumab
for 1h prior to stimulation with 10 ng/ml IL-1a (D), 10 ng/ml TNF-a (E), or 10 ng/ml TGF- (F) for 72 h. Ratios of ADAMTS4 to GAPDH were
quantified by densitometry of immunoblotted bands. Values are means + SD (n =5 each group). **p <0.01 by Mann-Whitney U test.

Therefore, it seems likely that the expression of TGF-B-inducible
genes such as ADAMTS4 and VEGF could be stimulated by IL-1
and TNF-q, although further studies are needed to clarify the
precise molecular mechanism.

TAKT1 is a key player in the cascade of cellular responses evoked
by various cytokines including IL-1a, TNF-a, and TGF-B%. This
study demonstrated that TAK1 inhibition significantly suppresses
ADAMTS4 expression induced by these three factors, but
inhibition rates were different depending on the factors used.
For example, the IL-1a-stimulated ADAMTS4 expression was
almost completely inhibited by TAK1 inhibitor (Fig. 4A), indicating
that IL-1a signaling is predominantly through TAK1 (Fig. 6). Partial
inhibition of the TNF-a-induced ADAMTS4 expression by either
TAK1 inhibitor or NF-kB inhibitor and almost complete inhibition
by their combined treatment (Fig. 4B) suggest that the expression
under stimulation with TNF-a is dependent on the TAK1 pathway
and partially, but directly without passing through TAK1, on the
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**p <0.01 by Mann-Whitney U test.

NF-kB pathway (Fig. 6). Similarly, since TAK1 inhibitor suppressed
~40% of the ADAMTS4 expression (Fig. 4C), the TGF-B-induced
ADAMTS4 expression may be through both TAK1 and non-TAK1
pathways (Fig. 6). Accumulated lines of evidence on OA articular
cartilage have indicated that TGF-B transduces antagonistic
signals by activating the Smad2/3 and Smad1/5/8 pathways
through the different TGF-B type | receptors, i.e.,, ALK5 and ALK1,
respectively, and TGF-f signaling through the ALK1 and Smad1/5/
8 pathway is favored in OA chondrocytes®®. In OA synovial
fibroblasts, however, the ALK5 and Smad2/3 pathway is con-
sidered a main pathway for ADAMTS4 expression (Fig. 6), since the
TGF-B-induced expression was completely inhibited by treatment
with ALKS5 inhibitor, but not ALK1 inhibitor (Fig. 4C).

Our previous study demonstrated that IL-1a-induced ADAMTS4
expression in OA chondrocytes is markedly reduced by HMW-HA
treatment®®. In the present study, we found that HMW-HA
downregulates the ADAMTS4 expression induced by IL-1a or
TNF-a in OA synovial fibroblasts. Since adalimumab partially

Laboratory Investigation (2022) 102:102-111

suppressed IL-1a-induced ADAMTS4 expression, TNF-a is impli-
cated, at least in part, in the ADAMTS4 expression promoted by IL-
1a, which is known to induce TNF-a°". The data that the ADAMTS4
expression induced by combined treatment with IL-1a, TNF-a and
TGF-B was only partially inhibited by HMW-HA, adalimumab and/
or tocilizumab suggest that none of the drugs alone is useful for
sufficient inhibition of the ADAMTS4 expression in OA patients.
Inhibitors to TAK1°>*3 or ALK5°** have been recently developed
to block these signaling pathways with the intention to treat
patients with cancers or immunological diseases such as
rheumatoid arthritis. Since combined treatment of anti-arthritic
drugs (HMW-HA, adalimumab, and tocilizumab) or adalimumab
alone with inhibitors of TAK1 and ALK5 abolished ADAMTS4
expression induced by IL-1a, TNF-a and TGF-3, our data on the
signaling pathways and the effects of TAK1 and ALK5 inhibitors
provide a framework for the development of future concurrent
therapies with ready-made drugs such as adalimumab to protect
the aggrecan degradation in OA cartilage.
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Fig. 6 Signaling pathways of ADAMTS4 expression induced by IL-1a, TNF-a, and/or TGF- in OA synovial fibroblasts. Because of the
almost complete inhibition mediated by TAK1 inhibitor, IL-1a-induced ADAMTS4 expression is through the TAK1 pathway. The data of ~70%
inhibition by TAK1 inhibitor and ~50% inhibition by NF-kB inhibitor demonstrate that TNF-a-stimulated ADAMTS4 expression is mainly
through the TAK1 pathway and partially, but directly, via the NF-kB pathway. Complete inhibition by ALK5 inhibitor indicates that TGF-f-
stimulated ADAMTS4 expression is caused through the ALK5 and Smad2/3 pathway, under which the signal goes through the TAK1 pathway
and the non-TAK1 pathway.
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