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Abstract
Introduction A disintegrin and metalloproteinase 17 (Adam17), also known as TNFα-converting enzyme (Tace), is a mem-
brane-anchored protein involved in shedding of TNF, IL-6 receptor, ligands of epidermal growth factor receptor (EGFR), 
and Notch receptor. This study aimed to examine the role of Adam17 in adult articular cartilage and osteoarthritis (OA) 
pathophysiology.
Materials and methods Adam17 expression was examined in mouse knee joints during OA development. We analyzed OA 
development in tamoxifen-inducible chondrocyte-specific Adam17 knockout mice of a resection of the medial meniscus 
and medial collateral ligament (medial) model, destabilization of the medial meniscus (DMM) model, and aging model. We 
analyzed downstream pathways by in vitro experiments, and further performed intra-articular administration of an Adam17 
inhibitor TAPI-0 for surgically induced mouse OA.
Results Adam17 expression in mouse articular cartilage was increased by OA progression. In all models, Adam17 knockout 
mice showed ameliorated progression of articular cartilage degradation. Adam17 knockout decreased matrix metallopepti-
dase 13 (Mmp13) expression in both in vivo and in vitro experiments, whereas Adam17 activation by phorbol-12-myristate-
13-acetate (PMA) increased Mmp13 and decreased aggrecan in mouse primary chondrocytes. Adam17 activation enhanced 
release of soluble TNF and transforming growth factor alpha, a representative EGF ligand, from mouse primary chondrocytes, 
while it did not change release of soluble IL-6 receptor or nuclear translocation of Notch1 intercellular domain. Intra-articular 
administration of the Adam17 inhibitor ameliorated OA progression.
Conclusions This study demonstrates regulation of OA development by Adam17, involvement of EGFR and TNF pathways, 
and the possibility of Adam17 as a therapeutic target for OA.
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Introduction

Osteoarthritis (OA) is the most common joint disease caused 
by degeneration of articular cartilage. The pathogenesis of 
OA includes various factors such as aging, genetics, life-
style, obesity, joint instability, and trauma [1]. Various kinds 
of signaling pathways that evoke degradation of articular 
cartilage have been revealed by molecular biology studies 
of murine OA models. Proinflammatory cytokines, such as 
tumor necrosis factor (TNF), interleukin (IL)-6, and IL-1β, 
are produced by synovial cells and chondrocytes, which 
exert catabolic effects on articular cartilage. Nuclear fac-
tor-kappa B (NF-κB) is one of the major signaling path-
ways responsible for immune reactions and inflammation. 
NF-κB is activated by these proinflammatory cytokines 
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and excessive mechanical loading [2]. Hyperactivation of 
NF-κB causes cartilage degradation by inducing catabolic 
enzymes including matrix metallopeptidase 13 (Mmp13), a 
representative protease of type 2 collagen (Col2a1) [2–4].

In addition to these inflammation-related pathways, Notch 
signaling regulates articular chondrocytes. Notch is a trans-
membrane cell surface receptor that plays an essential role in 
cell fate determination during embryogenesis and postnatal 
development [5]. Notch signaling is initiated when Notch 
ligands on a cell surface bind to Notch receptors (Notch1–4) 
on adjacent cells. Upon ligand binding, the Notch receptor 
is cleaved by proteinases, such as a disintegrin and metal-
loproteinases (Adams), and subsequently by a γ-secretase 
complex. After these successive cleavages, the Notch intra-
cellular domain (ICD) translocates into the nucleus and 
binds to the transcriptional effector Rbpj to form a transcrip-
tional activator that induces target genes including the Hes 
(hairy and enhancer-of-split)/Hey (hairy/enhancer-of-split 
related with YRPW motif) family. We previously reported 
involvement of the Notch-Hes1 axis in OA pathogenesis [6, 
7]. ICDs of Notch1 and Notch2 are detected in cell surface 
of chondrocytes in normal articular cartilage, but they are 
located in the nucleus in OA cartilage [6]. The Notch ICD 
induces Mmp13 in cultured chondrocytes and tamoxifen-
inducible chondrocyte-specific knockout of Rbpj suppresses 
OA development [6].

Epidermal growth factor (EGF) signaling is one of candi-
date pathways responsible for OA pathogenesis. Many mol-
ecules have been identified as EGF ligands such as EGF, 
transforming growth factor alpha (TGFα), amphiregulin, 
heparin-binding EGF, betacellulin, epiregulin, epigen, and 
neuregulins 1–4 [8]. These ligands bind to EGF receptor 
(EGFR), a transmembrane tyrosine kinase, and other EGFR 
family members including erb-b2 receptor tyrosine kinase 
2–4. EGFR family members are expressed in almost all cell 
types except hematopoietic cells and play roles in normal 
development and the physiology of various organs and tis-
sues [8]. In articular cartilage and OA development, in vivo 
studies have shown contradictory results obtained by chon-
drocyte-specific deletion of Egfr [9, 10]. In vitro data have 
also indicated dual actions of EGFR signaling in articular 
cartilage. EGFR signaling promotes chondrocyte prolifera-
tion and lubrication of the articular surface, but it suppresses 
Sox9 expression and induces Mmp13 [8, 9]. Thus, EGFR 
signaling has various effects on articular cartilage.

These OA-related molecules and pathways suggest that 
Adam17, also known as TNFα-converting enzyme (Tace), is 
associated with OA pathogenesis. Adam family members are 
membrane-anchored proteins associated with various bio-
logical processes such as cell–cell and cell–matrix interac-
tions. Adam17 is a protease that sheds the membrane-bound 
precursor of TNF. TNF is then released as a soluble factor. 
Similarly, IL-6 receptor (IL-6R) is released as soluble IL-6R 

by Adam17-mediated shedding [11]. When IL-6 binds to 
soluble IL-6R, it stimulates downstream pathways through 
subsequent binding to Gp130, an IL-6 signal transducer. 
Both TNF and IL-6 are responsible for the pathogenesis of 
rheumatoid arthritis (RA) and antibody drugs against them 
have been used as biological treatments for RA. Adam17 has 
been found in synovial tissues from RA patients and con-
tributes to TNF production [12]. Some studies have shown 
that Adam17 inhibitors suppress RA [13]. In addition to RA, 
Adam17 is involved in inflammatory conditions of the air-
way, lungs, bowel, and blood vessels through other various 
substrates [14]. Adam17 is also a candidate proteinase for 
cleavage of Notch receptor [5], as well as Adam10. Further-
more, Adam17 is involved in EGFR signaling. All EGFR 
ligands are synthesized as membrane-bound precursors and 
released from the cell surface after cleavage by proteases 
including Adam17 [11]. Considering these interactions 
between Adam17 and OA-related signaling and molecules, 
Adam17 may positively regulate OA pathogenesis. However, 
Adam17 has not been investigated using murine models and 
there is no recent study that has focused on Adam17 in OA 
pathophysiology. In this study, we aimed to determine the 
roles of Adam17 in OA development using chondrocyte-spe-
cific KO mice. We further examined downstream signaling 
pathways that caused the phenotype of Adam17 KO joints.

Materials and methods

RNA isolation and quantitative reverse 
transcription‑polymerase chain reaction (qRT‑PCR)

Articular cartilage, synovium, meniscus, tendon, and bone 
were collected from 8-week-old WT male mice using a 
surgical microscope. RNA isolation and cDNA prepara-
tion were performed as previously described [15]. Briefly, 
total RNA was purified with an RNeasy Mini Kit (Qiagen, 
Hilden, Germany). One microgram of total RNA was reverse 
transcribed using ReverTraAce qPCR RT Master Mix with 
gDNA Remover (Toyobo, Osaka, Japan). Each polymerase 
chain reaction (PCR) contained 1 × THUNDERBIRD SYBR 
qPCR Mix (Toyobo), 0.3 mM specific primers, and 20 ng 
cDNA. The copy number was normalized to rodent total 
RNA (Thermo Fisher Scientific, Waltham, MA) with rodent 
glyceraldehyde-3-phosphate dehydrogenase used as an 
internal control. All reactions were run in triplicate. Primer 
sequences are shown in Supplementary Table 1.

Animals

All experimental protocols were approved by the Animal 
Care and Use Committee of The University of Tokyo. All 
animal care and experiments were carried out in accordance 
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with the ARRIVE guidelines. We complied with all relevant 
ethical regulations. In each experiment, we compared the 
genotypes of littermates maintained in a C57BL/6 J back-
ground. Adam17-flox mice were generated as described 
previously [16]. Tamoxifen-inducible Col2a1-CreERT2 mice 
were generously provided by Professor Di Chen (Rush Uni-
versity, Chicago, IL) [17]. Col2a1-CreERT2;Adam17fl/fl male 
mice were used for OA experiments after tamoxifen injec-
tions, and Adam17fl/fl mice were used as controls. Mice were 
housed in plastic cages with free access to drinking water 
and a pellet-based diet. Primer sequences for genotyping are 
shown in Supplementary Table 2.

OA experiment

We used two models to surgically induce OA as follows. 
We destabilized the medial meniscus (DMM) for the DMM 
model [18] and resected the medial collateral ligament and 
medial meniscus for the medial model [19]. Tamoxifen 
(Sigma-Aldrich, St. Louis, MO; 100 μg/g body weight) was 
intraperitoneally injected into Col2a1-CreERT2;Adam17fl/fl 
and Adam17fl/fl male mice daily for 5 days at 7 and 11 weeks 
of age for medial and DMM models, respectively. For sham 
surgery, only the skin incision was performed. All surgical 
procedures were performed under general anesthesia using 
a surgical microscope. Medial and DMM model mice were 
analyzed at 8 and 12 weeks after surgery, respectively. For 
aging experiments, tamoxifen induction was performed for 
5 days at 8 weeks, 6 months, and 12 months of age. The mice 
were bred under physiological conditions and sacrificed at 
18 months. All mice were maintained under the same condi-
tions (five mice per cage). The severity of OA was quantified 
by the Osteoarthritis Research Society International system 
[20], which was assessed by two observers who were blinded 
to the experimental groups. The medial compartment was 
assessed in the surgical models, and both compartments 
were assessed in the aging model.

Histological analyses

Tissue samples were fixed in 4% paraformaldehyde/phos-
phate-buffered saline (PBS) at 4 °C overnight. The samples 
were then decalcified in 10% ethylenediaminetetraacetic acid 
(pH 7.4) at 4 °C for 2 weeks, embedded in paraffin, and used 
to prepare 4-μm-thick sagittal sections. Safranin O stain-
ing was performed in accordance with standard protocols. 
For immunohistochemistry, sections were incubated with 
antibodies against Mmp13 (1:250, #18165-1-AP; Protein-
tech, Rosemont, IL), type 2 collagen (1:500, MAB8887; 
Merck Millipore, Burlington, MA), and aggrecan (Acan, 
1:500, 13880-1-AP; Proteintech). Histological analyses were 
performed at least three times using two-to-three mice per 
genotype to confirm the results. The percentages of positive 

cells (Mmp13) and areas (Col2 and Acan) were measured by 
Aperio ImageScope (Leica biosystems, Nusloch, Germany). 
TUNEL staining was performed using an in situ Cell Death 
Detection Kit (Roche Applied Science, Penzberg, Germany). 
For quantification, safranin O and TUNEL staining images 
of sequential sections were merged and the percentages of 
positively stained cells in the safranin O-positive area were 
quantified using the BZ-X710 Analyzer software program 
(Keyence, Osaka, Japan).

Cell cultures

Primary articular chondrocytes were isolated from 5-day-old 
C57BL/6 J mice in accordance with a standard protocol [21] 
and then cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 with 10% FBS. The medium was changed 
every 2 or 3  days. To enhance Adam17 activity, cells 
were treated with phorbol-12-myristate-13-acetate (PMA) 
(Wako, Osaka, Japan), a strong stimulator of Adam17 [22]. 
Recombinant human (rh) TNF (PeproTech, NJ) and rhTGFα 
(Research and Diagnostic Systems Inc, Minneapolis, MN) 
were used at 10 and 200 ng/mL, respectively.

Enzyme‑linked immunosorbent assays (ELISAs)

The concentrations of TNF, IL-6R, and TGFα in culture 
supernatants of primary chondrocytes were determined by 
a Mouse TNF ELISA Kit (Research and Diagnostic Systems 
Inc., Minneapolis, MN), Mouse TGFA ELISA Kit (LifeSpan 
Biosciences, WA), and Mouse IL-6R ELISA Kit (Research 
and Diagnostic Systems Inc; Minneapolis, MN), respec-
tively, in accordance with the manufacturer’s protocols.

Western blotting

Cells were lysed in M-PER and NE-PER (Thermo Fisher 
Scientific) containing a COMPLETE protease inhibitor 
mixture (Roche Applied Science, Penzberg, Germany). 
Total protein was quantified using a BCA Protein Assay 
Kit (Pierce, Rockford, IL). Equal amounts of protein were 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis using 7.5%–15% Tris–glycine gradient gels 
and then blotted onto polyvinylidene fluoride membranes 
(Bio-Rad Laboratories, Hercules, CA). After blocking with 
5% dry skim milk, the membranes were incubated with pri-
mary antibodies against Egfr (1:1000, 4267S; Cell Sign-
aling Technology, Danvers, MA), phosphorylated Egfr on 
Tyr1068 (p-Egfr, 1:1,000, 3777S; Cell Signaling Technol-
ogy), Notch1 (1:1000, 20687-1-AP; Proteintech, Chicago, 
IL), GAPDH (1:10,000, HRP-60004; Proteintech), or 
Lamin B1 (1:10,000, ab16048; Abcam; Burlingame, CA) 
in Can Get Signal solution (Toyobo). The membranes were 
then incubated with a horseradish peroxidase-conjugated 
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secondary antibody (Promega). Immunoreactive bands were 
visualized with ECL plus (GE Healthcare, Chicago, IL) in 
accordance with the manufacturer’s instructions. To quantify 
the bands, densitometric analysis was performed using an 
iBright CL 1000 (Thermo Fisher Scientific) with normaliza-
tion to GAPDH.

Glycosaminoglycan release assay

The glycosaminoglycan release assay was performed as 
described previously [23]. Femoral heads were collected 
from 3-week-old WT mice. For Adam17 knockout, 100 µg/g 
body weight tamoxifen was injected intraperitoneally into 
2-week-old Col2a1-CreERT2;Adam17fl/fl and Adam17fl/fl mice, 
and then, femoral heads were collected after 1 week. They 
were cultured for 3 days in DMEM with PMA or the vehicle 
control. The amount of glycosaminoglycans released into 
the medium was measured by a colorimetric assay using 
dimethyl methylene blue.

Intra‑articular administration

We performed the medial model surgery on right knee joints 
of 8-week-old WT male mice, and performed intra-articular 
injection of TAPI-0 (PEPTIDE INSTITUTE, INC, Osaka, 
Japan), an Adam17 inhibitor. For intra-articular injections, 
various concentrations (50 nM, 500 nM, and 5 µM) of 
TAPI-0 were dissolved in saline. Ten microliters of TAPI-0 
or saline as vehicle was injected into the intra-articular 
spaces of the mouse knee joints three times per a week from 
1 to 8 weeks after surgery. Mice were analyzed at 8 weeks 
after surgery.

Statistical analyses

Graph Pad Prism v.8 (Graph Pad Software, San Diego, CA) 
was employed for statistical analyses. Data are expressed as 
the mean ± standard deviation (SD). Statistical significance 
was evaluated using the two-tailed unpaired Student’s t test 
for comparisons between two groups. For multiple com-
parisons, one-way ANOVA followed by Tukey’s or Dun-
nett’s post hoc test was used. P < 0.05 was considered to be 
significant.

Results

Expression of Adam17 in articular cartilage

We initially examined mRNA levels of Adam17 in vari-
ous tissues around adult mouse knee joints. Adam17 was 
expressed in cartilage, synovium, subchondral bone, menis-
cus, and tendons at similar levels (Fig. 1a). We then analyzed 

Adam17 expression during OA development induced by the 
medial model surgery in mice. mRNA levels of Adam17 in 
articular cartilage were increased in accordance with OA 
progression, while that in the synovium was increased at 
2 weeks after surgery and decreased thereafter (Fig. 1b). 
These data imply involvement of Adam17 in cartilage deg-
radation during OA development.

Decelerated development of OA 
in chondrocyte‑specific Adam17 KO mice

To identify the role of Adam17 in articular cartilage, we per-
formed in vivo loss-of-function analyses using Adam17-flox 
mice and Col2a1-CreERT2 mice. We first analyzed develop-
ment of OA in Col2a1-CreERT2;Adam17fl/fl and Adam17fl/fl 
mice after DMM surgery (Fig. 2a). mRNA level of Adam17 
in articular cartilage of Col2a1-CreERT2;Adam17fl/fl mice 
was approximately decreased by 60% compared with that 
of Adam17fl/fl mice (Supplementary Fig. 1). Development of 
OA was significantly suppressed in Adam17 knockout mice 
(Fig. 2a). Suppression of OA development in the knockout 
mice was confirmed in medial and aging models (Fig. 2a). In 
contrast, sham-operated mice showed no obvious change in 
articular cartilage (Supplementary Fig. 2). Because articular 
cartilage was markedly degenerated in medial model mice, 
we further performed histological examinations. Chondro-
cyte apoptosis determined by TUNEL staining was signifi-
cantly suppressed in DMM and medial models of Col2a1-
CreERT2;Adam17fl/fl mice (Supplementary Fig. 3). We next 
examined expression of marker proteins in articular carti-
lage of both mice. Expression of Mmp13 was significantly 
downregulated by Adam17 knockout (Fig. 2b, c). Type 2 
collagen was not changed obviously, while Acan, a cartilage 
matrix protein mainly produced by chondrocytes in mid-
dle and deep layers, was significantly increased by Adam17 
knockout (Fig. 2b, c).

Alteration of marker gene expression by gain‑ 
and loss‑of‑function of Adam17

We next examined the effects of Adam17 on expression of car-
tilage marker genes. We first obtained primary chondrocytes 
from Col2a1-CreERT2;Adam17fl/fl and Adam17fl/fl neonates and 
then analyzed the mRNA levels of marker genes. Although the 
mRNA level of Adam17 in knockout chondrocytes was about 
half of that in the control chondrocytes, the Mmp13 expression 
level in the Col2a1-CreERT2;Adam17fl/fl group was significantly 
lower than that in the Adam17fl/fl group (Fig. 3a). Expression of 
Col2a1 and Acan was not different obviously in both groups. 
When WT primary chondrocytes were treated with PMA, a 
stimulator of Adam17-mediated shedding, Mmp13 expression 
was increased and Acan expression was decreased (Fig. 3b). 
A decrease in Col2a1 expression induced by PMA treatment 
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was not significant (Fig. 3b). We further applied PMA to organ 
culture of mouse femoral heads. The PMA treatment signifi-
cantly enhanced glycosaminoglycan release into the medium 
from femoral heads obtained from 3-week-old Cntl mice 
(Fig. 3c). The enhancement of glycosaminoglycan release by 
PMA treatment was lower in Adam17 knockout femoral heads 
(Fig. 3c). Alterations of Mmp13 and Acan expression induced 
by PMA treatment were also restored by Adam17 knockout 
(Fig. 3d). The mRNA level of Adam17 was not changed by 

PMA treatment, which indicated that the activation of Adam17 
by PMA was not dependent on its expression level (Fig. 3d).

Increases of TNF and TGFα by Adam17‑mediated 
shedding

We next investigated downstream molecules of Adam17 
in articular chondrocytes. Among EGFR ligands, TGFα 
was the most highly expressed in chondrocytes (Fig. 4a). 

Fig. 1  Expression of Adam17 in the mouse articular joint. a mRNA 
level of Adam17 in knee joint tissues of 8-week-old mice. n = 3. 
b mRNA levels of Adam17 in articular cartilage and synovium in 
a time course during osteoarthritis (OA) development induced by 
medial surgery, resection of the medial meniscus, and medial col-
lateral ligament. Five mice were sacrificed at 8  weeks of age with-
out surgery (0 w), 20 mice were operated at 8 weeks of age, and five 

mice each were sacrificed at 2, 4, 6, and 8 weeks after surgery. Repre-
sentative safranin O staining at each time point is shown in the upper 
panel. Scare bars, 100 µm. All data are expressed as the mean ± S.D. 
with dot plots. P values determined by the one-way ANOVA followed 
by Tukey’s or Dunnett’s post hoc test are shown. Graph Pad Prism v.8 
was used for all statistical analyses
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When we examined release of Adam17 substrate proteins 
from primary chondrocytes into the culture medium under 
PMA stimulation, TNF and TGFα levels were increased 
significantly (Fig. 4b). The protein level of soluble IL-6R 

was lower than those of TNF and TGFα, and not increased 
by PMA treatment (Fig. 4b). Translocation of the Notch1 
ICD was examined by western blotting. The Notch1 ICD 
was detected in the cytosol of primary chondrocytes treated 

Fig. 2  Development of OA in chondrocyte-specific Adam17 knock-
out mice. a Development of OA in Adam17fl/fl (Cntl) and Col2a1-
CreERT2;Adam17fl/fl (KO) mice by destabilization of the medial menis-
cus (DMM model), resection of the medial meniscus and medial 
collateral ligament (medial model), and aging. Left, middle, and right 
panels indicate time courses of the protocols, representative safranin 
O staining, and quantification of OA development by Osteoarthri-
tis Research Society International (OARSI) scoring, respectively. 
The inset boxes in safranin O staining indicate higher magnification 

images. Scale bars, 100 µm. Immunohistochemistry of Mmp13, type 
2 collagen (Col2), and Acan in Cntl and KO cartilage of the DMM 
model (b) or the medial model (c). Scale bars, 50 µm. Right panels 
indicate the rates of positive areas in the cartilage area (n = 5), deter-
mined by the BZ-X710 Analyzer software. All data are expressed as 
the mean ± SD with dot plots. P values determined by the two-tailed 
unpaired Student’s t test are shown. Graph Pad Prism v.8 was used for 
all statistical analyses
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with the vehicle, but it was not increased in the nucleus by 
PMA treatment (Fig. 4c). Phosphorylation of Egfr by PMA 
treatment was confirmed by western blotting (Fig. 4d). We 
examined the RNA levels of these substrates in the articu-
lar cartilage and synovium during mouse OA development, 
which were the same samples used in Fig. 1b. Expression 
of Egf, Tgfa, Tnf, and Notch1 in the articular cartilage was 
increased at 8 weeks, while that of Il6r was unchanged (Sup-
plementary Fig. 4a). Expression of Egfr, Tgfa, and Tnf in 
the synovium was increased at 2 weeks after surgery and 
then decreased thereafter (Supplementary Fig. 4b). Notch1 
and Il6r expression was not changed in the synovium (Sup-
plementary Fig. 4b). We further treated primary chondro-
cytes with rhTNF or rhTGFα. Similar to PMA, rhTNF 
and rhTGFα treatments increased Mmp13 expression and 
decreased Col2a1 and Acan expression (Fig. 4e).

Intra‑articular administration of an Adam17 
inhibitor ameliorates development of OA

We finally examined the possibility of Adam17 as a thera-
peutic target of OA. We employed TAPI-0 as an Adam17 
inhibitor. TAPI-0 blocks the shedding activity of Adam17 
and inhibits the release of TNF and IL-6R from cells [24, 
25]. We confirmed the inhibitory effects of TAPI-0 against 
Adam17 by ex vivo experiments. The increase in glycosa-
minoglycan release and alterations of Mmp13, Col2a1, and 
Acan expression were significantly attenuated by TAPI-0 

treatment (Supplementary Fig. 5). We next prepared OA 
model mice by medial surgery and performed intra-artic-
ular injection of TAPI-0 (Fig. 5a). The OARSI score of the 
500 nM TAPI-0 group was the lowest among all groups 
(Fig. 5a). Chondrocyte apoptosis and Mmp13 expression 
were significantly suppressed by TAPI-0 treatment (Sup-
plementary Fig. 6). Expression of type 2 collagen and Acan 
was not changed obviously (Fig. 5b).

Discussion

In this study, we found an increase of Adam17 expression 
in articular cartilage during mouse OA development. Chon-
drocyte-specific Adam17 knockout mice had suppressed 
degradation of articular cartilage in two kinds of surgical 
OA models and the aging model. Mmp13 expression was 
suppressed in Adam17 knockout cartilage. In organ culture 
of mouse femoral heads, Adam17 stimulation by PMA treat-
ment increased Mmp13 expression and decreased Col2a1 
and Acan expression. Among the major substrates of 
Adam17, TNF and TGFα, the most abundantly expressed 
EGFR ligands, were increased in the culture medium of 
mouse primary chondrocytes by PMA treatment. Moreover, 
release of soluble IL-6R was not enhanced and intranuclear 
translocation of the Notch1 ICD was not changed by PMA 
treatment. Phosphorylation of Egfr was enhanced by PMA 
treatment. Intra-articular administration of the Adam17 

Fig. 3  Alteration of marker gene expression by gain- and loss-of-
function of Adam17. a mRNA levels of Mmp13, Col2a1, Acan, and 
Adam17 in Cntl and KO primary chondrocytes. b mRNA levels of 
Mmp13, Col2a1, and Acan in WT primary chondrocytes treated with 
50 nM PMA or vehicle for 1 day. c Amount of glycosaminoglycans 
released into the culture medium from Cntl and KO femoral heads 
treated with 50  nM PMA or vehicle for 3  days. d mRNA levels of 

Mmp13, Col2a1, Acan, and Adam17 in Cntl and KO femoral heads 
treated with 50 nM PMA or vehicle for 3 days. All data are expressed 
as the mean ± SD with dot plots (n = 3). P values determined by the 
two-tailed unpaired Student’s t test (a, b) or one-way ANOVA fol-
lowed by Tukey’s or Dunnett’s post hoc test (c, d) are shown. Graph 
Pad Prism v.8 was used for all statistical analyses
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inhibitor suppressed development of surgically induced OA. 
We have summarized the present findings as a schematic 
diagram (Fig. 6).

Similar to the evidence in RA pathophysiology, the 
present data indicate the contribution of Adam17 to OA 
progression. Considering that many Adam17 substrates 
are involved in synovitis and cartilage degeneration, it is 
reasonable that in vivo loss-of-function of Adam17 leads 
to suppression of OA development induced by joint insta-
bility or aging. Moreover, we could not clearly reveal the 
Adam17 downstream pathways responsible for cartilage 
degeneration in murine OA models, because shedding of 
Adam17 substrates could not be directly evaluated by histo-
logical examination. Considering that in vitro experiments 
are somewhat dependent on context, IL-6R may be partially 
involved in OA progression mediated by Adam17, although 
release of Il6r into the medium was not increased by PMA 
treatment (Fig. 4b). As another limitation, we obtained 

the gain-of-function data of Adam17 by only using PMA. 
PMA activates shedding activity of Adam17 through protein 
kinase C [26]. Although the results of the PMA experiments 
were consistent, these data may have included some effects 
that were not specific to Adam17. Furthermore, various 
Adam17 substrates other than the four molecules may be 
associated with OA development as downstream of Adam17. 
Despite these limitations, we did not observe harmful effects 
in joints by chondrocyte-specific Adam17 knockout. Thus, 
Adam17 may be a potent target to modify OA development.

Despite the present data, the roles of EGFR signal-
ing are still controversial. Chondrocyte-specific deletion 
of Egfr using Col2a1-Cre and Egfr-flox mice reduces the 
number of chondrocytes in the superficial zone of articular 
cartilage and enhances OA progression by surgical induc-
tion [9]. Zhang et al. showed enhancement of OA develop-
ment in heterozygous mice for Wa5, a dominant negative 
allele of Egfr, and by oral administration of gefitinib, an 

Fig. 4  Downstream pathways of Adam17 in chondrocytes. a mRNA 
levels of EGFR ligands in the articular cartilage of 8-week-old mice. 
b Protein levels of Tnf, Tgfa, and Il6r in the culture supernatant of 
mouse primary chondrocytes after 24  h of treatment with PMA 
or vehicle. c Western blotting of Notch1 in cytosolic and nuclear 
extracts of mouse primary chondrocytes treated with 50  nM PMA 
or vehicle. Gapdh and Lamin B1 were used as controls for cytosolic 
and nuclear proteins, respectively. Right panels show relative protein 
levels of Notch1. d Western blotting of phosphorylated Egfr (p-Egfr), 

Egfr, and Gapdh in cell lysates of primary chondrocytes treated with 
50 nM PMA or vehicle. Right panels show relative protein levels of 
p-Egfr and Egfr. e mRNA levels of Mmp13, Col2a1, and Acan in 
mouse primary chondrocytes treated with 10 ng/ml rhTNF, 200 ng/
ml rhTGFα, or respective vehicles. All data are expressed as the 
mean ± SD with dot plots (n = 3–4). P values determined by the two-
tailed unpaired Student’s t test are shown. Graph Pad Prism v.8 was 
used for all statistical analyses
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EGFR inhibitor [27]. Mmp13 expression and apoptosis are 
enhanced in both models [27]. Jia et al. also showed that 
Col2a1-Cre;EgfrWa5/flox mice displayed abnormal articular 
cartilage development and consequently enhanced cartilage 
degeneration [9]. However, chondrocyte-specific deletion of 
Egfr in tamoxifen-inducible Col2a1-CreERT2 and Egfr-flox 
adult mice suppresses OA development by surgical induc-
tion [10]. This previous study employed similar methods 

to the present study, namely chondrocyte-specific knockout 
of target genes in adulthood using Col2a1-CreERT2 and OA 
induction by the DMM model [10]. Similar to the present 
data, positive cell rates for Acan and Mmp13 were increased 
and decreased by Egfr knockout, respectively [10]. These 
data indicate that the EGFR signaling pathway has various 
roles in articular cartilage, which may be dependent on the 
context.

Fig. 5  Effects of intra-articular administration of the Adam17 
inhibitor. a Development of surgically induced OA in WT mice that 
received intra-articular injection of TAPI-0. Upper panels show time 
courses of the protocols and quantification of OA development by 
OARSI scoring. Lower panels show representative safranin O stain-
ing of each experimental group. Scale bar, 100 µm. b Immunohisto-
chemistry of Mmp13, Col2, and Acan in articular cartilage of 500 nM 

TAPI-0 and vehicle groups. Scale bars, 50  µm. Right panels show 
the rates of positive areas in the articular area (n = 5), determined by 
the BZ-X710 Analyzer software. P values determined by Tukey’s or 
Dunnett’s post hoc test (a) or the two-tailed unpaired Student’s t test 
(b) are shown. Graph Pad Prism v.8 was used for all statistical analy-
ses
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In the present study, TGFα was the most highly expressed 
among the EGFR ligands in mouse primary chondrocytes 
and released into the medium by PMA treatment (Fig. 4a, b). 
TGFα increased Mmp13 expression, and suppresses expres-
sion of Col2a1 and Acan in chondrocytes [10, 28], which is 
similar to the present data of PMA treatment. TGFα protein 
was increased in rat experimental OA models, and TGFA 
mRNA level in articular cartilage was increased in half of 
human OA patients [28]. Tgfa null mice have decelerated 
OA development accompanied by decreased expression of 
Mmp13 in articular cartilage [29]. A recent genome-wide 
association study of OA identified a susceptibility nucle-
otide polymorphism in an intron of the TGFA gene [30]. 
Although we did not examine the roles of Adam17 and 
EGFR using human samples in the present study, Adam17 
may be involved in human OA pathogenesis upstream of 
TGFα. In the previous studies, Col2a1-Cre;Adam17-flox, 
Col2a1-Cre;Egfr-flox, and Tgfa knockout mice displayed 
similar phenotypes in skeletal formation, i.e., shorter long 
bones with an elongated hypertrophic chondrocyte zone 
[31–33]. The Adam17-TGFα-EGFR axis might play roles 
in both the endochondral ossification process during skeletal 
development and OA progression.

Previous studies have indicated that Adam17 and Adam10 
are involved in cleavage of the Notch receptor [34]. In vitro 
experiments have shown cleavage of Notch1 at the S2 site 
by Adam17 [35]. However, the phenotype of Adam17 KO 
mice does not support this association. Notch1-deficient 

embryos die before embryonic day (E) 11.5 day [36], and 
Rbpj-deficient embryos, in which canonical Notch signal-
ing is completely inhibited, show a more severe phenotype 
[37]. Despite the lethality of these mice in mid-gestation, 
Adam17 knockout mice can survive until E17.5 to the first 
day after birth [38]. In contrast, Adam10-deficient embryos 
die at E9.5 and expression of Notch target genes is sup-
pressed [39]. These previous data of knockout mice indi-
cate that Adam10, but not Adam17, is associated with Notch 
cleavage in vivo, which is consistent with the findings of the 
present study.

In conclusion, Adam17 in articular chondrocytes regu-
lates OA development. TNF and EGFR signaling pathways 
are potent candidates for downstream mediators of Adam17. 
Intra-articular administration of an Adam17 inhibitor sup-
presses development of experimental OA. The present data 
may contribute to further understanding of OA pathophysi-
ology and the development of novel therapeutics.
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