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Abstract

Osteoarthritis (OA), the most common form of arthritis, is characterized by inflammation of
joints and cartilage degradation leading to disability, discomfort, severe pain, inflammation,

and stiffness of the joint. It has been shown that adenosine, a purine nucleoside composed of
adenine attached to ribofuranose, is enzymatically produced by the human synovium. However,
the functional significance of adenosine signaling in homeostasis and pathology of synovial joints
remains unclear. Adenosine acts through four cell surface receptors, i.e., A1, A2A, A2B, and A3,
and here, we have systematically analyzed mice with a deficiency for A3 receptor as well as
pharmacological modulations of this receptor with specific analogs. The data show that adenosine
receptor signaling plays an essential role in downregulating catabolic mechanisms resulting in
prevention of cartilage degeneration. Ablation of A3 resulted in development of OA in aged mice.
Mechanistically, A3 signaling inhibited cellular catabolic processes in chondrocytes including
downregulation of Ca2*/calmodulin-dependent protein kinase (CaMKIl), an enzyme that promotes
matrix degradation and inflammation, as well as Runt-related transcription factor 2 (RUNX2).
Additionally, selective A3 agonists protected chondrocytes from cell apoptosis caused by pro-
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inflammatory cytokines or hypo-osmotic stress. These novel data illuminate the protective role of
A3, which is mediated via inhibition of intracellular CaMKII kinase and RUNX2 transcription
factor, the two major pro-catabolic regulators in articular cartilage.
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Introduction

Osteoarthritis (OA) is one of the most common disorders of musculoskeletal system
particularly common in adults 60 years of age or older [1]. OA is characterized by
accelerated degeneration and loss of articular cartilage. Even though OA is often age-related,
excessive mechanical stimulation and compression force on the joints can also result in
degenerative changes in cartilage. In OA, changes seen in articular cartilage are the result

of interaction between the components of the cartilage matrix (proteoglycans and collagens)
and the chondrocytes which produce this matrix [2]. The pathologic characteristic of OA is
directly perceptible by the initial degradative changes in the cartilage matrix. Understanding
of how to prevent this escalated destruction is medically and socially significant.

Numerous genes which are active during normal development that drive hypertrophy

and catabolism are transcriptionally silenced in healthy adult articular chondrocytes.
Upregulation of this pro-hypertrophic program, which results in activation of catabolic
enzymes which destroy the matrix, is detrimental in mature adult joints, and there are
multiple mechanisms and signaling pathways that drive this degeneration. Some of the
most notorious and prominent players in cartilage degeneration are Ca(2+)/calmodulin-
dependent protein kinase (CaMKII) and Runt-related transcription factor 2 (RUNX2)

[3]. By upregulating catabolic enzymes, both proteins promote terminal differentiation of
chondrocytes, hypertrophy, and extracellularmatrix (ECM) destruction [3, 4]. While CaMKII
and RUNX2 are naturally expressed in the developing joint [3], evidence suggests that

their ectopic activation in adult OA is associated with activation of catabolic enzymes and
cartilage degeneration [3-6]. Upstream pathways that can activate CaMKIIl and RUNX2 are
relatively well characterized [3, 7], but signaling pathways that can inhibit this program

are not as well known. Our study identifies adenosine receptor signaling as one potential
signaling pathway that can regulate hypertrophy and catabolism in articular cartilage.

Adenosine is a natural molecule produced through degradation of adenine nucleotides and
acts as a building block for nucleic acids. In human synovial tissue, a subpopulation of
human mesenchymal stem cells expressing the ectonucleotidases CD39 and CD73, which
control extracellular adenosine synthesis, have been shown to play a role in adenosine
production in the joint [8, 9]. Furthermore, endogenous adenosine levels were reported to
regulate homeostasis in cartilage matrix [10]. It was also shown that exogenous adenosine
injection in the joint prevents OA development in a rat model of post-traumatic OA [11].
Anti-apoptotic and anti-inflammatory functions of adenosine have been previously reported
in different tissues, and abnormal adenosine signaling has been implicated as a common
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mechanism in inflammatory damage [12]. Adenosine functions through the activation of
four adenosine receptors Al, A2A, A2B, and A3 [12]. Adenosine receptors have been
implicated in several key physiological processes, ranging from neuromodulation to immune
regulation. Al is expressed in all tissues with the highest levels found in the brain, where it
functions by blocking neurotransmitter release and reducing the firing rate [13]. A2A plays
a role in the modulation of inflammation, myocardial oxygen consumption, coronary blood
flow, angiogenesis, and the control of cancer pathogenesis [12]. In the brain, A2A interacts
with neurotransmitters to regulate motor activity, psychiatric behaviors, and neuronal cell
death [12]. In addition, it was previously shown that blocking receptor activation of

A2A with antagonists leads to cartilage matrix degradation in horse cartilage explants

[10], and it was recently shown that A2A is important for the maintenance of articular
cartilage [11]. A2B signaling plays a role in tissue adaptation to hypoxia or attenuation of
acute inflammation; however, it also stimulates inflammatory pathways involving mitogen-
activated protein kinases. A3 mediates a cardioprotective function during cardiac ischemia,
and it has been implicated in both neuroprotective and neurodegenerative effects [12]. It
also has been shown that A3 exerts anti-inflammatory effects in experimental animal models
of inflammatory bowel disease, pulmonary inflammation, rheumatoid arthritis, OA, and
liver inflammation [14]. Upregulation of A3 signaling causes downregulation of the NF-xB
signaling pathway, inhibiting TNF-a,, IL-6, IL-12, MIP-1a,, MIP-2, and RANKL, which
results in apoptosis of inflammatory cells [14].

The role of adenosine signaling in cartilage diseases has been investigated previously as

the emergence of adenosine agonists that have allowed for the interrogation of specific
adenosine receptors and downstream signaling. Pharmacological utilization of A3 agonists
makes them a promising small molecule drug candidate. Various orally administered A3
agonists were efficacious in combating growth of solid tumors, including melanoma,
prostate, colon, and hepatocellular carcinoma, which not only have shown anticancer
effects but also immunological. In tumor lesions of A3 agonist-treated animals, the
expression levels of PKB/Akt, IKK, and c-Myc and proteins were downregulated [14-16].
A3 agonists administered in combination with chemotherapeutic agents to tumor-bearing
mice prevented the myelotoxic effects of chemotherapy [17]. In addition, based on the
pre-clinical pharmacology data and encouraging data in clinical studies, the data obtained
from orally administered A3 agonist IB MECA showed excellent safety profile and efficacy
in patients with rheumatoid arthritis, psoriasis, and dry eye syndrome [14, 18, 19]. Prior
studies have shown that IB MECA induces apoptosis of inflammatory cells and prevents
articular cartilage damage in induced OA in rat models [20]. However, higher concentrations
of IB MECA have a potential ability to activate other adenosine receptors such as Al

and A2A [21, 22], and these non-selective effects in vivo could not be completely ruled

out for previously published studies. Further complicating matters, the bioavailability of
this compound is difficult to control in vivo. Recent study showed that mice lacking A2A
develop OA, which was characterized by loss of cartilage and chondrocyte hypertrophy
[11]. Taking both studies into account, it remains unclear to what extent of IB MECA’s
protective effects are actually driven by A3 signaling or if the effect results in simultaneous
consequences of activation of A2A. Given this ambiguity and the lack of mechanistic insight
into the role of adenosine signaling pathway in chondrocytes, we chose to implement a
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systematic genetic approach to simultaneously study A3 via receptor ablation in mouse
models over an extended period of time.

Even though studies have shown that adenosine is produced by synovial cells in the joint,
the exact role of A3 in chondrocytes is not very clear. Based off of preliminary adenosine
agonist studies, we hypothesized that A3 plays an important role in cartilage homeostasis
and disease.

Materials and methods

General methods

Cell culture,

For all experiments, biological replicates were employed to generate data. For experiments
expected to yield large differences, standard practice of using four to eight replicates was
followed. All statistical methods are described in corresponding figure legends.

isolation of chondrocytes, and treatments

Only early passages of chondrocytes (passage 0-2) were used for experimentation to avoid
de-differentiation and loss of cartilage phenotype. Normal and OA adult articular cartilage
(three males and two females, 50 to 70 years old, 2-3 on the Kellgren—-Lawrence grading
scale for OA) were obtained from the National Disease Research Interchange (NDRI). All
donated material was anonymous and carried no personal identity. Yucatan minipig cartilage
tissue was obtained from S&S Farm (Ramona, CA) and chondrocytes isolated. Briefly, the
tissue was minced and digested with 1 mg/mL of Collagenase Il (Worthington, Lakewood,
NJ) and 1 mg/mL of dispase (Invitrogen, Carlsbad, CA) in DMEM/F12 containing 10% FBS
(Sigma-Aldrich, St. Louis, MO) at 37 °C for more than 16 h, and pellets were re-suspended
in PBS. Adult and pig chondrocytes as well as explants of pig articular cartilage were
cultured in DMEM/F12 medium containing 10% (v/V) fetal bovine serum and 1% penicillin-
streptomycin (/) at 37 °C in a humidified atmosphere of 95% air and 5% CO,. Media

was replenished with DMEM/F12 medium containing charcoal stripped 1% (v/V) fetal
bovine serum and 1% penicillin-streptomycin (/1) once treatments were added. Cell culture
reagents were purchased from Life Technologies, Inc. (Grand Island, NY). TNF-alpha was
purchased from Life Technologies, Inc. (Grand Island, NY). CCPA (Cat. No C7938) and
IB-MECA (Cat. No 1066) were purchased from Sigma-Aldrich (St. Louis, MO). MRS 5698
(Cat. No 5428) was purchased from Tocris Bioscience (Minneapolis, MN).

Generation of adenosine receptor KO mice

The experiments were approved by the institutional review board (the Stockholm Ethical
Committee for Animal Experiments; Protocols: N139/15 & N314/12) and were conducted in
accordance with the National Institutes of Health guidelines for the conduct of experiments
in animals. The generation, breeding, and genotyping of the different adenosine receptor KO
have been described previously [23-26].

Aged 64-72-week-old male (7= 4) and female (7= 4) A3 KO and corresponding wild-type
mice (7= 8) (equal sex distribution and age-matched) from homozygous breeding pairs were
used. Twelve-week-old male (n=4) and female (7= 4) A3 KO and corresponding wild-type
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mice (7= 8) (equal sex distribution and age-matched) from homozygous breeding pairs were
used. All genotypes were generated from C57BL/6J backcrossed on C57 background. Mice
were housed under temperature and humidity controlled conditions with 12 h light/dark
cycle. Details about the primers used for genotyping have been described previously [26].
At termination, the mice were anesthetized by lethal dose of isoflurane and hind legs were
dissected, processed and stored for later analyses.

Histology and immunohistochemistry

For histology, mouse and human tissues were fixed in 10% formalin for 48 h, dehydrated
with ethanol, and embedded in paraffin using routine procedures. A microtome (Leica,
Germany) was used to cut 5-pm sections. Slides were then deparaffinized and stained for
sulfated glycosaminoglycans (GAGs) with Safranin O/Fast Green. For OARSI scoring, two
observers performing the analysis were blinded to mouse genotype.

For immunohistochemistry, paraffin sections were processed using routine procedures.
Rabbit pCaMKII, RUNX2, COLX, MMP13, and ADAMTS4 antibodies were used on
sections followed by incubation with HRP-conjugated secondary antibodies against rabbit
1gG. Antibodies were then visualized by peroxidase substrate Kit DAB (Vector Laboratories,
Burlingame, CA). Slides were viewed using a Zeiss Imager A.2 Microscope and images
were taken using an Axiocam 105 color camera with Zen 2 program. Standard microscope
camera settings were used. Auto-exposure was used to normalize background light levels
across all images. Protein expression was quantified using ImageJ by measuring number of
positively labeled cells in each section within articular cartilage layer normalized to total
number of analyzed cells and expressed as a percentage of positive cells.

All antibodies are listed in Supplementary Table 1.

Survival assay

To induce osmotic shock, adult articular chondrocytes were incubated with different shock
solutions of NaCl (Thermo Scientific Rockford, IL) for 16 h. Dead cells were visualized
by DAPI staining (diluted 1:1000; Molecular Probes, Cat. No. D1306) followed by FACS
analysis.

Flow cytometry-based analysis of cell death

Pig chondrocytes were exposed to hypo-osmotic (0.18% w/i of sodium chloride) conditions
with and without A3 receptor agonist, IB MECA (1 nM) for 24 h. Briefly, cells were
blocked in 1% FBS in PBS, and cells were then washed twice in 1% FBS. Next, cells were
collected and washed in Annexin V binding buffer and then incubated with PE-conjugated
Annexin V (BD Biosciences, Cat. No. 556421). Labeled cells were analyzed using a

BD LSRII flow cytometer (BD Biosciences). Data files were exported and analyzed with
FACSDiva software (BD Biosciences). DAPI (diluted 1:1000; Molecular Probes, Cat. No.
D1306) was added 15 min prior the analysis to exclude the dead cells.
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Pig biopsy punch and explant culture

Biopsy punches (1-mm biopsy punches (Miltex, Inc., York, PA)) of adult pig articular
cartilage were processed by removing 1 mm full-thickness explants. Explants were cultured
with the 12-well plates with DMEM/F12 medium treated with or without IB MECA (1 nM)
and/or TNF-alpha (10 ng/mL) and/or osmotic shock (0.18% w/i”NaCl).

Western blot

For primary cells, healthy or OA human adult articular chondrocytes were maintained in
DMEM (10% FBS, 1% PSA) and were either left untreated or were stimulated either IB
MECA (1 nM), MRS 5698 (3 nM), TNF-alpha (10 ng/mL), or osmotic shock (0.18% w/v
NaCl) for 24 h before cell harvest and protein extraction. Treated and non-treated articular
chondrocytes were dissolved in RIPA Lysis and Extraction Buffer (Pierce, Rockford, IL)
containing protease inhibitors (Pierce) followed by sonication with a 15-s pulse at a power
output of 2 using the VirSonic 100 (SP Industries Company, Warminster, PA). Protein
concentrations were determined by BCA protein assay (Pierce) and boiled for 5 min with
Laemmli Sample Buffer (Bio-Rad, Hercules, CA). Proteins were separated on acrylamide
gel and analyzed by Western blot using pCaMKII and RUNX2 primary antibodies. Histone
3 antibody was used as loading control. Proteins were resolved with SDS-PAGE utilizing
4-15% Mini-PROTEAN TGX Precast Gels and transferred to Trans-Blot Turbo Transfer
Packs with a 0.2-um pore-size nitrocellulose membrane. The SDS-PAGE running buffer,
4-15% Mini-PROTEAN TGX Precast Gels, and Trans-Blot Turbo Transfer Packs with a
0.2-um pore-size nitrocellulose membrane were purchased from Bio-Rad (Hercules, CA).
Nitrocellulose membranes were blocked in 5% nonfat milk in 0.05% (v/V) Tween 20
(PBST) (Corning, Manassas, VA). Membranes were then incubated with primary antibodies
overnight. After washing in PBS containing 0.05% (/) Tween 20 (PBST), membranes
were incubated with secondary antibodies (Thermo Scientific, Rockford, IL). After washing,
development was performed with the Clarity Western ECL Blotting Substrate (Bio-Rad,
Hercules, CA), and images were quantified by ImageJ software.

For cartilage explants, pig articular cartilage explants were made using 1-mm biopsy punch
and wet weight of each explant determined prior to experimentation. Explants were cultured
for 7 days in conditioned DMEM/F12 medium treated with or without IB MECA (1 nM)
and/or TNF-alpha (10 ng/mL) and/or osmotic shock (0.18% w/y NaCl). The conditioned
medium of pig articular cartilage explant from an equivalent wet weight of cartilage was
digested for 2 h at 37 °C with 0.01 U chondroitinase ABC (Sigma-Aldrich, St. Louis, MO).
Samples were then dialyzed with ultrapure water for 24 h at 4 °C, freeze dried, and dissolved
in RIPA Lysis and Extraction Buffer (Pierce, IL) containing protease inhibitors (Pierce)
followed by sonication with a 15-s pulse at a power output of 2 using the VirSonic 100

(SP Industries Company, Warminster, PA). Proteins were separated and analyzed by Western
blot as mentioned above using aggrecan neo-epitope (Novus Biologicals, Littleton, CO) and
collagen neo-epitope primary antibodies (IBEX Pharmaceuticals Inc. Mount Royal, QC).
After washing in PBS containing 0.05% (/1) Tween 20 (PBST), membranes were incubated
with secondary antibodies (Thermo Scientific, Rockford, IL). After washing, membranes
were developed with the Clarity Western ECL Blotting Substrate (Bio-Rad, Hercules, CA).
Wet weight of explants was used as loading control.
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Numbers of repeats for each experiment are indicated in figure legends. Statistical analysis
was performed using one-way analysis of variance test (ANOVA) followed by Tukey HSD
post hoc Test (Prism 7 Software) to compare more than two groups, or two-tailed Student’s ¢
test to compare two groups. Pvalues < 0.05 were considered to be significant.

A3 receptor knockout results in progressive loss of articular cartilage in mice

We hypothesized that genetic ablation of adenosine receptor 3 (A3) in mice will predispose
these animals to OA and that this condition will further progress with age. To reveal if A3

is involved in homeostasis of articular cartilage in mice, we analyzed Safranin O/Fast Green
stained knee joint sections from individual A3 knockouts (KOs). A3 KO aged mice showed
significant changes with marked degeneration of the articular cartilage tissue confirmed by
OARSI scoring (Fig. 1a) with no significant differences observed between males (n=4) or
females (7= 4) (data not shown). No significant phenotype was observed in 12-week-old A3
KO mice (Fig. 1S), indicating that OA development upon A3 deficiency is age-related. Next,
we performed immunohistochemical (IHC) assessment of A3 expression in healthy joints

in wild-type (WT) mice. As shown (Fig. 1b), positive signal was primarily detected in the
superficial areas of articular cartilage of knee joints. As expected, no protein expression for
A3 was detected in articular chondrocytes of A3 KO mice (not shown).

One of the hallmarks of OA progression is the damage inflicted upon the superficial layer
of cartilage matrix. This degradative process is driven by expression of catabolic factors
such as matrix metalloproteinase 13 (MMP13) [27] and a disintegrin and metalloproteinase
with thrombospondin motifs 5 (ADAMTS5) [28] that are responsible for the degradation of
collagen and aggrecan, respectively, two major structural components of articular cartilage.
Aged A3-deficient mice had a significantly higher increase in expression of these enzymes
relative to WT as seen in the IHC analysis of the knee joints (Fig. 1c).

To further dissect the molecular profile of A3 KO joints, we performed IHC staining

for other markers of articular cartilage degeneration and hypertrophy including CaMKII,
RUNX2, and Collagen Type X (COLX). It was previously reported that CaMKII and
RUNX2 regulate the MMP13 gene expression [29, 30], and both are upregulated in human
cartilage from OA patients and in animal models of OA [31]. Histological staining of
A3-deficient mice showed a significant upregulation of active phosphorylated CaMKI|
(pCaMKII) and Runx2 (Fig. 1c). Histological staining also revealed strong upregulation

of COLX, further confirming loss of articular cartilage and increased hypertrophy (Fig. 1c).
Thus, loss of A3 causes activation of catabolic program in articular cartilage as well as
chondrocyte hypertrophy.

Adenosine receptor A3 is expressed in normal and osteoarthritic articular cartilage

We next analyzed if A3 is endogenously expressed in human chondrocytes by performing
an analysis of healthy and osteoarthritic (OA) articular cartilage from the knee joint, which
showed that the receptor was present in superficial cells in human articular cartilage (Fig. 2a,
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b). Interestingly, expression of A3 was consistently lower in osteoarthritic human cartilage
relative to the healthy human adult (Fig. 2a, b), which correlates well with progressive loss
of superficial chondrocytes in OA and potentially suggests that A3 might be mechanistically
involved in pathogenesis of OA in humans.

A3 receptor agonists downregulate RUNX2 levels and CaMKII phosphorylation in
osteoarthritic human articular chondrocytes

CaMKII and RUNX2 are upregulated in OA [6, 32]. In our study, chondrocytes isolated
from osteoarthritic (OA) cartilage showed elevated expression of active pCaMKII and
RUNX2 (Fig. 3a), as expected. In line with our observations of KO mice, the A3 agonist,

IB MECA, caused significant downregulation of both pCaMKII and RUNX2 (Fig. 3a). As
previously mentioned, IB MECA can also act as an agonist for other adenosine receptors. In
order to confirm that the effect was specifically mediated through A3, we used another
highly selective A3 agonist, MRS 5698 (Fig. 3b), which has been shown to reverse
mechanoallodynia in chronic neuropathic pain models [33]. MRS 5698 had the same pattern
of downregulating RUNX2 and pCaMKII in OA samples as IB MECA verifying that the
effect is regulated by A3.

We next explored how A3 signaling would function in a pro-catabolic environment
stimulated by pro-inflammatory cytokines. It is well known that pro-inflammatory cytokines
are one of the factors that can trigger cartilage degradation. Tumor necrosis factor alpha
(TNF-alpha) is one of the most potent pro-catabolic cytokines, and numerous studies

report increased levels of TNF-alpha in OA [34]. To determine anticatabolic potency

of A3, we treated adult articular chondrocytes with IB MECA in combination with
TNF-alpha. IB MECA fully abrogated TNF-alpha-induced pCaMKII activation (Fig. 3c).
However, TNF-alpha had no statistically significant effect on RUNX2 expression alone or
in combination with IB MECA. Upon treatment with TNF-alpha, MRS 5698 showed a
similar trend as IB MECA in downregulating pCAMKII, but MRS 5698 was also able to
significantly downregulate RUNX2 (Fig. 3d). Thus, in both knockout experiments in mice
and pharmacological manipulations in human chondrocytes, A3 plays a role in regulation of
the catabolic and hypertrophic pathways in cartilage.

A3 receptor agonist protects primary pig articular chondrocytes from hypo-osmotic shock

Osmotic fluctuation is a natural physiological stress that chondrocytes experience when the
joint is mechanically loaded causing change in the water content and matrix osmolarity
[35]. It has been previously shown that in chondrocytes subjected to a 50% dilution, [Ca2+]
rapidly increases by approximately 250% [36].

Excessive mechanical stimulation of the joint is a well-documented cause of OA [34].
During OA, a breakdown of collagen fibers results in an increase of water uptake. In the
initial stages of OA, cartilage swelling is the first detectable macroscopic event in the
initial stages of OA. Naturally, chondrocytes activate specific membrane transporters, such
as calcium channels, which release or accumulate solutes in response to cell swelling or
shrinking [37]. Calcium homeostasis is lost when extracellular fluid osmolarity is greater
than that of the intracellular fluid, inducing hypo-osmotic stress and death in cells. ECM
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synthesis is also sensitive to calcium concentration, and chondrocyte calcium concentration
level is determined by the balance of influx and efflux across the cell membrane and

uptake and release from intracellular stores [38]. Imbalance of calcium and lack of osmotic
homeostasis are damaging to cells. In physiological saline, natural human blood osmolarity
consists of 0.9% w/v of sodium chloride or 9.0 g per liter of water [39]. To determine at
what concentration of salt and water content does chondrocytes experience death, we have
performed a survival assay as described previously [36]. We find that during hypotonic
shock, pig articular chondrocytes undergo cell death when sodium chloride concentration is
decreased to 0.18% w/vin the culture medium (Fig. 4a).

Given the relationship between intracellular calcium levels and activation of CaMKI|I
combined with the direct effects of A3 signaling on CaMKII that we have previously
observed, we reasoned that A3 signaling may play a chondro-protective role during osmotic
shock. To assess the protective role of A3 selective agonist, IB MECA, in osmotic resistance
in culture, we performed flow cytometry on adult articular chondrocytes subjected to
osmotic shock in the presence or absence of IB MECA. The results revealed that relative

to control, IB MECCA was able to decrease cell death and apoptosis as shown by DAPI
staining and Annexin V positivity (Fig. 4b). This demonstrates the protective role of A3
receptor signaling in homeostatic balance and its function in chondrocyte survival during
osmatic shock.

As previously mentioned, CaMKII activation is directly correlated to the amount of calcium
present in the cell, and calcium concentration in chondrocytes arises due to hypotonic
shock [36]. We wanted to investigate if both CaMKII and RUNX2 were upregulated due

to osmotic shock, resulting in chondrocyte death and if simultaneous treatment with A3
agonist can reverse this effect. To determine the expression of CaMKII and RUNX2 under
hypotonic conditions in adult articular chondrocytes, we induced osmotic shock and treated
the cells with or without IB MECA.. Western blot analysis was performed using specific
pCaMKII and RUNX2 antibodies. As expected, with an influx of calcium stress conditions,
phosphorylation of CaMKII was significantly upregulated. Interestingly, osmotic shock also
increased RUNX2 protein expression. Upon addition of IB MECA, both CaMKII and
RUNX2 were downregulated (Fig. 4c). This confirmed that A3 agonist inhibits CaMKI|I
and RUNX2 activation in response to hypotonic shock. Our results demonstrated that
functional adenosine A3 receptor signaling is essential in protecting chondrocytes from
osmotic imbalances.

A3 receptor agonist prevents degradation of cartilage matrix induced by either TNF-alpha
or hypo-osmotic shock

We have demonstrated that A3 signaling inhibits expression of master regulators of cartilage
degeneration and hypertrophy, i.e., RUNX2 and CaMKII. To further investigate whether A3
signaling can prevent proteolytic activity in cartilage, we measured levels of aggrecan and
collagen type 1l released in the media as described previously [40] after treating pig articular
cartilage explants with either TNF-alpha or induced osmotic shock.. The amount of aggrecan
and collagen type Il released in the explant media directly correlates to aggrecanase and
collagenase activity in the cartilage [40]. As expected, TNF-alpha treated and osmotic
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shock-induced explants had significantly higher concentrations of aggrecan and collagen
type Il neo-epitopes in the media implying high aggrecanase and collagenase activity (Fig.
5). This effect was ameliorated in both conditions by simultaneous treatment with the A3
agonist IB MECA (Fig. 5). This finding demonstrates that A3 signaling prevents cartilage
catabolism by downregulating aggrecanase and collagenase activity in vitro.

Discussion

Currently, there are no clinical drugs which can prevent cartilage catabolism during OA
and, accordingly, deeper understanding of underlying mechanisms is required. The novel
data presented here demonstrates that the cartilage degenerative activity can be prevented
by adenosine via A3 signaling and subsequent inhibition of CaMKII and RUNX2. We
provide in vivo evidence for A3’s role in cartilage homeostasis in mouse KO models, and
further substantiate our findings by implementing A3 agonists, IB-MECA and MRS5698,
to characterize the role of adenosine signaling in the prevention of catabolic mechanisms
related to OA. Previous reports demonstrated that IB MECA prevented manifestation

of collagen and adjuvant induced arthritis (AlA) in animal models including decreased
cartilage and bone destruction [41]. A3 has also been reported to reduce OA development in
rats due to the anti-inflammatory effects of IB-MECA in a monosodium iodoacetate-induced
model of OA and played a protective role in cartilage degeneration [20]. However, to date,
there was no substantial evidence addressing the underlying mechanism of action. Our
experiments in healthy and OA human and pig articular chondrocytes show that IB MECA
acts via inhibition of CaMKII and RUNX2, two catabolic factors pathophysiologically
upregulated in OA chondrocytes.

A significant body of literature implicates A3 in regulating immune responses and
inflammation. It was previously noted that IB MECA administration resulted in
downregulation of TNF-alpha in AlA rats [41] and reduced pro-inflammatory NF-

kB upregulation in cancer-associated osteolytic lesions in MRMT-rat mammary gland
carcinoma cells [42]. In addition, treatment with IB MECA in a chemically induced OA
resulted in deregulation of the NF-xB signaling pathway causing a downregulation of TNF-
alpha [20]. We recently showed that A3 deficiency is associated with “boosted” immune
system, e.g., display increased antigen presenting cells (APC) [26]. However, these immune
changes were not associated with any phenotype in young mice [26]. Our present study
confirms the anti-inflammatory effect of A3 signaling in OA chondrocytes. In culture,

IB MECA and MRS 5698 were able to decrease TNF-alpha activity as demonstrated by
downregulation of TNF-alpha-induced pCaMKII protein expression. At the same time, IB
MECA showed no downregulation of RUNX2 in OA chondrocytes, while MRS 5698 did,
indicating that upregulation of this transcription factor in OA is multifactorial.

Previous literature has suggested that IB-MECA induces survival of murine bone marrow
cells during chemotherapy [43]. In ischemia-reperfusion (IR) injury, it was noted that
IB-MECA administered before or during IR decreased apoptosis in lung tissue and
injured-alveoli [44]. However, the role of IB MECA in chondrocyte survival was not well
established. Here, we show that addition of IB MECA to hypo-osmotic pig chondrocytes
significantly decreased cell death and apoptosis. In addition, osmotic stressed-induced
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upregulation of pCaMKII and RUNX2 was blocked by IB MECA treatment, while
aggrecanase and collagenase activity were attenuated in pig articular cartilage explants.
Together, these results convey a potential chondroprotective role of IB MECA. These
observations, which link IB MECA and its effect on catabolic mechanisms, provide
mechanistic evidence for the potential involvement of A3 signaling in OA.

In summary, our studies show for the first time that A3 signaling plays an important role

in regulating age-related OA. Deletion of the A3 is linked to cartilage degeneration in
mouse knee joint during aging mediated by upregulation of catabolic factors pCaMKII and
RUNX2. Moreover, the A3 agonists decrease the levels of key catabolic pathways in human
OA cartilage and prevent matrix degradation in pig articular cartilage explants exposed

to osmotic shock or pro-inflammatory cytokines. This study adds important knowledge to
the recent body of literature further highlighting the role of adenosine signaling for joint
homeostasis and disease. This study also offers novel insight into the complex network

by establishing a relationship between adenosine receptor signaling and its function on
regulatory mechanisms that initiate OA.
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Key messages

. Adenosine receptor A3 (A3) knockout results in progressive loss of articular
cartilage in vivo.

. Ablation of A3 results in activation of matrix degradation and cartilage
hypertrophy.

. A3 agonists downregulate RUNX2 and CaMKI| expression in osteoarthritic
human articular chondrocytes.

. A3 prevents articular cartilage matrix degradation induced by inflammation

and osmotic fluctuations.

. A3 agonist inhibits proteolytic activity of cartilage-degrading enzymes.
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Fig. 1.

A3 receptor knockout results in progressive loss of articular cartilage in mice. a
Representative images of Safranin O/Fast Green stained sections of adult mouse knee
joint from wild type (WT) and genetic knockouts (KO) of adenosine receptor A3. A3 KO
sections showed articular cartilage degradation and loss of glycosaminoglycans (GAGS).
Arrows point to articular cartilage. Both males (7= 4) and females (7= 4) were analyzed.
Scale bar = 100 mM. Quantitative assessment of cartilage degradation in femur and tibia
was performed by two blinded observers using OARSI scoring system. Lower OA scores
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indicate better outcomes. Data represent eight biological replicates and are presented as
mean + SD; Pvalues were calculated with one-way ANOVA followed by Tukey honest
significant difference post hoc test. Pvalues < 0.05 were considered to be significant. NS not
significant. b A3 protein is expressed in the superficial layer of articular cartilage in healthy
mice. Scale bar = 20 uM. ¢ Sections of wild-type (WT) or A3 KO mouse knee joints were
stained for various markers of osteoarthritis: pCaMKII, Runx2, Collagen type X, MMP13,
and ADAMTSS. Representative images are shown. Quantitative assessment of positive cells
for each marker is shown below each section. Data represent four biological replicates with
equal sex distribution (two males, two females) and are presented as mean + SD. Pvalues
were calculated using Student’s ftest (two-tailed). £ values < 0.05 were considered to be
significant. Scale bar = 20 uM
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Fig. 2.

Agenosine receptor A3 is expressed in normal and osteoarthritic articular cartilage. a Protein
expression of A3 was detected in the superficial and transitional layer of healthy human
articular cartilage. Control sections were stained with secondary antibody only. Images in
the lower panels represent a higher magnification view of areas marked in the corresponding
upper panels. b Expression of A3 reduced in OA adult cartilage is characterized by
progressive loss of the superficial chondrocytes. V=5 independent donors from both
healthy and OA articular cartilage from the knee joint. £ values were calculated using
Student’s ttest (two-tailed). Pvalues < 0.05 were considered to be significant. Scale bar =
20 uM. Representative images are shown. Detailed information about donors can be found in
the “Materials and methods” section
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Fig. 3.
A3 receptor agonists downregulate RUNX2 levels and CaMKII phosphorylation in

osteoarthritic (OA) human articular chondrocytes. a Addition of A3 agonist, IB MECA

(1 nM), to human adult healthy and OA chondrocytes in culture decreased the protein
expression of pCaMKII and RUNX2 as detected by Western blot analysis. b Addition of
A3 agonist, MRS 5698 (3 nM), to human adult healthy and OA chondrocytes in culture
decreased the protein expression of pCaMKII and RUNX2 as detected by Western blot
analysis. ¢ In human adult healthy chondrocytes, IB MECA (1 nM) counteracts TNF-alpha
(10 ng/mL)-induced elevation of pCAMKII levels as detected by Western blot, but no
statistically significant effect was seen on RUNX2. d In human adult healthy chondrocytes,
MRS 5698 (3 nM) counteracts TNF-alpha (10 ng/mL)-induced elevation of pPCAMKII and
RUNX2 levels as detected by Western blot. In panels a, b, ¢, and d, healthy and OA
articular chondrocytes were treated for 24 h in indicated conditions and expression levels
were normalized to Histone 3. Data represent four biological replicates and are presented
as mean + SD; Pvalues were calculated with one-way ANOVA followed by Tukey honest
significant difference post hoc test. Pvalues < 0.05 were considered to be significant. NS not
significant
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Fig. 4.

A3 receptor agonist protects primary pig articular chondrocytes from hypo-osmotic shock. a
Survival assay line graph showing percentage of viable primary pig articular chondrocytes
at different osmolarity. Viability of cells was measured by DAPI staining. Physiological
osmolarity consists of 0.9% w/v of sodium chloride (green arrow). As shown, chondrocytes
undergo death during hypo-osmotic shock at 0.18% w/\ of sodium chloride (red arrow).

b Fluorescence-activated cell sorting (FACS) was performed to show the percentage of
dead cells (DAPI+) and apoptotic cells (Annexin V+) in primary pig articular chondrocytes
exposed to control and hypo-osmotic shock with and without A3 receptor agonist, IB
MECA (1 nM). Addition of IB MECA protected the chondrocytes from cell death and
apoptosis during hypo-osmotic shock. The plots represent mean + SD of dead and apoptotic
cells. Data represent four biological replicates; P values were calculated with one-way
ANOVA followed by Tukey honest significant difference post hoc test. P values < 0.05
were considered to be significant. ¢ Western blot showing the protein levels of pCaMKI|I
and RUNX2 in primary pig articular chondrocytes treated with the indicated conditions.
Addition of A3 receptor agonist, IB MECA (1 nM), to hypo-osmotic shock-treated (0.18%
w/v of sodium chloride) chondrocytes downregulated pCaMKII and RUNX2. Cells were
treated for 24 h. Data shown are normalized to Histone 3. Data represent four biological
replicates and are presented as mean + SD; Pvalues were calculated with one-way ANOVA
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followed by Tukey honest significant difference post hoc test. P values < 0.05 were
considered to be significant. NS not significant
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Fig. 5.
A3 receptor agonist prevents articular cartilage matrix degradation induced by TNF-alpha

and hypo-osmotic shock. Collagenase-generated collagen neo-epitope (a) and aggrecanase-
generated aggrecan neo-epitope (b) in the media of pig articular cartilage explants as
visualized by Western blot. Explants were cultured for 24 h in the indicated conditions.

A3 receptor agonist, IB MECA (1 nM), was able to decrease collagenase and aggrecanase
activity in culture as shown by the downregulation of aggrecan neo-epitope and collagen
type Il neoepitope expression. Data shown are normalized to explant wet weight. Data
represent four biological replicates and are presented as mean + SD; Pvalues were
calculated with one-way ANOVA followed by Tukey honest significant difference post hoc
test. Pvalues < 0.05 were considered to be significant
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