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Osteoarthritis (OA) is characterised by progressive destruction of articular cartilage and chondrocyte
cell death. Here, we show the expression of the endogenous peptide urocortinl (Ucnl) and two receptor
subtypes, CRF-R1 and CRF-R2, in primary human articular chondrocytes (AC) and demonstrate its

role as an autocrine/paracrine pro-survival factor. This effect could only be removed using the CRF-R1
selective antagonist CP-154526, suggesting Ucn1 acts through CRF-R1 when promoting chondrocyte
survival. This cell death was characterised by an increase in p53 expression, and cleavage of caspase 9
and 3. Antagonism of CRF-R1 with CP-154526 caused an accumulation of intracellular calcium (Ca2*)
over time and cell death. These effects could be prevented with the non-selective cation channel blocker
Gadolinium (Gd**). Therefore, opening of a non-selective cation channel causes cell death and Ucnl
maintains this channel in a closed conformation. This channel was identified to be the mechanosensitive
channel Piezol. We go on to determine that this channel inhibition by Ucnl is mediated initially by an
increase in cyclic adenosine monophosphate (cAMP) and a subsequent inactivation of phospholipase A,
(PLA,), whose metabolites are known to modulate ion channels. Knowledge of these novel pathways
may present opportunities for interventions that could abrogate the progression of OA.

Articular cartilage is the dense connective tissue that lines the surfaces of diarthrodial joints providing a
low-friction surface for joint loading and articulation. The extracellular matrix of articular cartilage comprises
primarily of proteoglycans and type II collagen, which are maintained by a sparse population of chondrocytes'.
Osteoarthritis (OA) is characterised by progressive destruction and loss of cartilage, which is attributed to a reduc-
tion in the number of viable chondrocytes in articular cartilage? and the severity of cartilage damage has been
shown to correlate negatively with the number of remaining chondrocytes®. Chondrocyte cell death is essentially
apoptotic in nature?, with a close correlation between p53 expression and death®. Currently, the only treatments
for OA are steroidal and non-steroidal anti-inflammatory drugs, or in severe cases total joint replacement sur-
gery®. However, these strategies only ameliorate symptoms and do not address the underlying pathology, namely
chondrocyte death. The prevention of this death and/or the protection of remaining cells from further destruction
would represent a treatment strategy that addresses important cartilage degrading diseases such as OA at a more
fundamental level. Despite the fact that chondrocyte cell death is now well established as a contributing factor
in the loss of articular cartilage integrity, the cause of this death is currently unclear. However, several molecular
factors have been implicated, including nitric oxide (NO), which has been shown to induce death in vitro and in
vivo” 3. Furthermore, NO is abundant in OA joints in vivo and is thought to be elevated by mechanical stress’.
We have recently demonstrated the expression in the human chondrocyte cell line C-20/A4 of the
corticotropin-releasing factor (CRF)-related peptide urocortin 1 (Ucnl). Furthermore, we demonstrated that
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the addition of exogenously applied Ucnl to C-20/A4 cells was able to protect against NO-induced apoptosis.
Intriguingly, we also discovered that Ucnl works as an essential endogenous autocrine pro-survival molecule in
the absence of apoptotic stimuli, since its removal from the surrounding milieu in cultured cells caused cell death'®.
Significantly, Ucn1 has recently been found to be upregulated in the synovial fluid of patients with rheumatoid
arthritis and has been shown to reduce inflammation in mouse models of the disease!''~**.

Ucnl is a 40 amino acid long peptide and was cloned based on sequence homology to CRE, the parent molecule!*.
These peptides are evolutionary ancient molecules having representatives in lower vertebrates such as sauvag-
ine and urotensin, found in amphibia and fish respectively'* . Although originally found in the brain, Ucnl
has now been found in many peripheral tissues where it exerts diverse effects including: cardioprotection®’,
antiresorptive activity in bone'® and control of the myometrium at term’®. Two further paralogues of Ucnl
have also been isolated; Ucn2 (Human Stresscopin Related Peptide), and Ucn3 (Human Stresscopin), which are
composed of 38 and 39 amino acids respectively®. All ligands transduce signals by binding to two different G
protein-linked receptor subtypes CRF R1 and CRF-R2. Furthermore, ligand binding studies have revealed that
CRF and Ucn1 have affinity for both receptor subtypes, whereas Ucn2 and Ucn3 bind exclusively to CRF-R2%!.
This system is completed by corticortropin releasing factor-binding protein (CRF-BP), which acts as a decoy
receptor for both CRF and Ucn1**%, implying that this family of receptors and ligands may be self-regulating.

There is a growing body of evidence implicating Ucn1 in ion channel modulation in different cell types and
under different physiological conditions?. Ucn1 can affect a whole range of ion channel species in different tissues
resulting in profound physiological effects. For example in the vasculature, Ucnl has been demonstrated to relax
the endometrial smooth muscle by activation of large Ca*"-activated K channels (BK channels)?. Whereas the
cardioprotective effect of Ucnl involves a diverse range of ion channels including the inhibition of L-type calcium
channels?® but also to increase KATP channel gene expression and activation'”?’. Furthermore, in the male repro-
ductive system, the reported regulation of spermatogenesis by Ucnl has been demonstrated to involve T-type
Ca?" channels?, whereas the osteoclast inhibitory effect of Ucn1 involves regulation of Ca** ions by inhibition of
a TRPC1-like cation current'.

The presence of ion channels on chondrocytes, the so called chondrocyte “channelome” is of growing inter-
est within the field of OA?. A number of ion channels have been shown to be expressed on the surface of the
chondrocytes, which contribute to the metabolic activity of the cell. This activity is essential for induction and
production of the ECM proteins in response to mechanical damage and stress®. The importance of calcium influx
through these channels has also been described, in particular in response to mechanical impact. Gene knockout
of a T-type calcium channel expressed on both osteoblasts and chondrocytes in a mouse model was shown to
reduce OA histology scores®. Furthermore, membrane ion channel characteristics and expression have been
shown to change with development of OA®>* and specifically the acid sensing potassium channel (TASK-2),
epithelial sodium channel (ENaC) and Ca*" activated chloride channel (anoctamin-1, TMEM16) have all been
shown to be decreased in OA patients compared to healthy individuals. Conversely Ca?* activated potassium
channels (KCa3.1, “SK” and KCal.1, “BK”) and aquaporin 1 (AQP1) were shown to be strongly up-regulated®> .
Recently, the newly discovered, Piezol and Piezo2 ion channels, have been found in cartilage and are thought
to represent important chondrocyte mechanotransduction pathways. These ion channels are large mechanically
activated Ca?*-permeable cation channels and are both abundant in organs with mechanical functions including
chondrocytes®-3%,

The aim of our study was to elucidate the pathway by which Ucn1 protects chondrocytes. To this end we used
the C-20/A4 cell line to first identify the biological mechanisms of Ucnl protection before confirming key exper-
iments in primary human articular chondrocytes (AC). The C-20/A4 phenotype and gene expression profiling in
both monolayer and 3D alginate culture systems, confirmed their suitability as an appropriate cell line to use in
the study of chondrocyte biology®. Furthermore, C-20/A4 cells display the polygonal cobblestone morphology
and the differentiated phenotype typical of human chondrocytes such as the expression of various cartilage spe-
cific molecules including collagen type II, IX and XI*.

We report here that the Ucnl system (Ucnl, CRF-R1 and CRF-R2) is expressed in AC and to confirm that
Ucnl is essential for the survival of AC cells in the absence of pro-apoptotic stimuli. Furthermore, we have elu-
cidated the downstream signalling pathway by which Ucnl exerts this protective effect and the end effector ion
channel subtype as Piezol. These findings provide extremely important and novel insights into the development
of treatments for OA. These treatments rather than being simply palliative will address the fundamental problem
of maintaining chondrocyte survival. Therefore, pharmaceuticals derived from this work could be potentially
prophylactic as well as halting the progression of the extant disease.

Results

The Urocortin system is present in primary human AC. Having previously established that compo-
nents of the Ucnl signalling axis (Ucnl, CRF-R1 and CRF-R2) are expressed in the human chondrocyte cell line
C-20/A4'° we sought here to examine the presence and validate this system in AC using RT-PCR. Analysis con-
firmed that Ucnl itself and both the CRF-R1 and CRF-R2 receptors were expressed in AC (Fig. 1).

The pro-survival effect of Ucnl in both C-20/A4 and AC is mediated through the CRF-1 recep-
tor. We have previously demonstrated that Ucn1 protects the C-20/A4 cell line from NO-induced cell death
and is essential for cell survival in the absence of exogenously applied pro-apoptotic stimuli®.

Using specific antagonists against CRF-R1 (CP-154526) and CRF-R2 (astressin 2B) receptors we demonstrate
a dose dependant increase in cell death after 8h. C-20/A4 cells exhibited a rounded rather than a flattened mor-
phology and became increasingly dislodged from the culture dish. Cell death was confirmed using Annexin V/
PI staining with flow cytometry (Fig. 2A,B). A similar level of cell death was observed when cells were exposed
to both CP-154526 and astressin 2B in combination, suggesting that the effect is not cumulative and that CRF-R1
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Figure 1. Analysis of the Ucnl system in AC. RT-PCR analysis of transcripts derived from AC revealed the
presence of Ucnl, CRF-R1 and CRF-R2 at the mRNA level. Predicted amplicon sizes and PCR conditions are
summarised in Supplementary Table S1.

is the sole receptor responsible for the demonstrated effects. Having established the CRF-R1 receptor as being
responsible for Ucnl mediated protection in C-20/A4 cells, we investigated the effect of Ucnl blockade on AC
and found Ucnl1 also acts as a pro-survival molecule in AC through CRF-R1 (Fig. 2A,C).

CRF-R1 blockade upregulates p53 and activates the intrinsic apoptotic pathway. To determine
the mechanism of cell death caused by the addition of the CRF-R1 antagonist, we assessed the levels of p53, and
cleaved-caspases 3, 8 and 9 in C-20/A4 cells by western blotting. When the cells were treated with CP-154526, p53
expression was up regulated and cleavage products for both caspases 9 and 3 were detected; cleaved-caspase 8,
however, was not detected (data not shown). No effects were seen with the CRF-R2 selective antagonist astressin
2B (Fig. 3). Thus, our data suggests that CP-154526 induced cell death is working through the intrinsic apoptotic
pathway and is associated with p53 upregulation.

CP-154526 treatment causes an increase in intracellular Ca* levels which lead to chondrocyte
cell death. Using fluorescence microscopy we found a large increase in intracellular Ca?* levels produced
by the CRF-RI antagonist from 0.5hours to a maximum at 3 hours of incubation in C-20/A4 cells. This high
level of Ca*" influx was prevented with a co-treatment of the non-selective cation channel blocker Gadolinium
(Gd*") (Fig. 4A,B). Furthermore Gd** treatment was able to protect C-20/A4 cells from CP-154526 induced cell
death (Fig. 4C). These experiments were repeated using AC where CP-154526 again caused an increase in intra-
cellular Ca*" which could be inhibited by Gd*" treatment (Fig. 4D,E). Gd*" was also able to protect AC against
CP-154526-induced cell death.

Ucnl exerts its chondroprotective effect by maintaining Piezol in a closed conforma-
tion. Usinga panel of siRNA constructs we demonstrated that only silencing of the Piezo channels caused pro-
tection from cell death induced by CP-154526 as measured both by Annexin V/PI staining and LDH release. This
effect was more pronounced for Piezo1 than Piezo2 (Supplementary Figure S1). From this initial study, we gained
an insight into the nature of the channel involved in antagonist induced cell death. Next we repeated these initial
experiments using siRNA to Piezol and Piezo2 and found that only when Piezol was lost did we see significant
protection from CP-154526-induced cell death (Fig. 5A-C). We subsequently determined by silencing Piezol and
Piezo02, that Piezol1 is responsible for CP-154526-induced Ca?" influx and overload (Fig. 5D,E).

Ucnl binding to CRF-R1 promotes cell survival via cAMP activation and inhibition of PLA, activ-
ity. Due to the promiscuity of CRF receptor coupling to different G proteins, we determined whether the cou-
pling in our system was to the Gas or Gaq subunits. We, therefore, investigated the possibility that C-20/A4 cells
could be rescued from CP 154526 induced cell death by activating these pathways. The adenylate cyclase activator
forskolin and the phospholipase C (PLC) activator m-3M3FBS were used to activate cAMP and PLC signalling,
respectively, in the presence of CP-154526, thereby bypassing receptor activation by Ucnl. When this was per-
formed we found that forskolin but not m-3M3FBS was able to rescue cells from CP-154526 induced cell death.
Thus, in C-20/A4 cells Ucn1 binds to CRF-R1 and subsequently signals through adenylate cyclase activation and
the generation of cAMP is required to maintain cell survival (Fig. 6A).

The phospholipase A, (PLA,) enzyme and its metabolites can modulate numerous ion channel species, we
therefore investigated the role of PLA, in antagonist-induced cell death. When cells were treated with CP-154526
and the PLA, inhibitor, OBAA, we found that inhibition of PLA, activity rescued C-20/A4 cells from CP-154526
induced cell death. This suggested that lipid modulator production by PLA, may have a role in antagonist induced
cell death by causing a non-selective cation channel to become opened in the absence of Ucnl1 (Fig. 6B).

Discussion

This is the first study to demonstrate the presence of the Ucnl system in AC (Fig. 1) and to demonstrate that
endogenously released Ucnl is essential for their maintenance and survival in the absence of externally applied
noxious stimuli. Our data implies an essential pro-survival paracrine/autocrine role for Ucnl in human chon-
drocytes (Fig. 2). Previously, we reported that abrogating the action of endogenously released Ucn1 with an Ucnl
depleting antibody or with the pan CRF receptor antagonist, a-helical-CRE, led to significant cell death in C-20/
A4 cells'. Here, we used the selective CRF-R1 and R2 antagonists CP-154526, and astressin 2B, respectively, to
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Figure 2. Response of C-20/A4 cells and AC to Ucnl blockade. Cells were treated for 8 h with CP-154526,
astressin 2B or in combination at indicated concentrations. (A) The effects on morphology of incubating C-20/
A4 cells and AC with CP-154526 and/or astressin 2B (1-50 uM) was assessed using phase contrast microscopy.
(B) Dose dependant effects of CP-154526 and/or astressin 2B on C-20/A4 cells. (C) AC cell death as determined

by Annexin V/PI staining and flow cytometry. n= 3, error bars = SD *p < 0.05 and **p < 0.005 compared with
untreated control cells.

determine the receptor subtype responsible for this pro-survival effect of Ucn1 and found that CP-154526 caused
a dose dependant increase in antagonist-induced cell death in both C-20/A4 cells and AC. However, astressin
2B had no effect, demonstrating that CRF-R1 is the receptor responsible for transducing the pro-survival effect
of Ucnl. Furthermore, when CP-154526 and astressin 2B were given together, no further increase in cell death
was detected; possibly suggesting that CRF-R1 is the sole receptor responsible for this effect (Fig. 2). The role of
CRF-R2 in these cells is as yet unknown.

Blockade of CRF-R1 caused apoptotic cell death as determined by Annexin V/PI staining and by using
Western immunoblotting along with antagonist-induced cell death, we were able to demonstrate that CP-154526
but not astressin 2B caused an upregulation of p53 protein levels. As a transcription factor, p53 trans-activates a
series of target genes known to inhibit cell proliferation and induce apoptosis in response to various stressors?!.
p53 expression and apoptosis also correlate with cartilage destruction in OA> #%. Furthermore, in our system
CP-154526 also caused cleavage of both the initiator caspase 9 and the effector caspase 3, but not caspase 8,
suggesting that in the absence of Ucnl, this antagonist induced cell death is working through the intrinsic or
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Figure 3. Western immunoblot analysis of C-20/A4 cells treated with CP-154526 and/or astressin 2B. Protein
extracts were electrophoresed and probed with the indicated primary antibodies. Expected molecular sizes
are indicated. p53 was upregulated in response to CP-154526 (50 uM) but not astressin 2B (50 pM). Cleaved
caspases 3 and 9 were detected in the presence of CP-154526 but not in the presence of astressin 2B or non-
treated cells. The images have been cropped but gels were run under the same experimental conditions.
Representative images of 3 independent experiments.

mitochondrial apoptotic pathway (Fig. 3). Significantly, Ucn1 has also been demonstrated to prevent mitochon-
drial damage caused by pro-apoptotic stimuli in other cells®.

Ucnl is intimately linked to the regulation of ion channels in many cell types and under different physiolog-
ical conditions*?%, Therefore, in this study, we hypothesised that Ucn1 signalling may also exert its protective
effect via blockade of a cation channel and prevent excessive Ca*" overload. In chondrocytes several studies have
demonstrated that excessive Ca?" overload leads to cell death***°. To investigate this hypothesis we used the Ca?"
indicator dye Fluo-4 AM and demonstrated an increase in intracellular Ca?" in the presence of CP-154526 in
both our chondrocyte cell line and AC respectively (Fig. 4A-E). Furthermore, this increase in intracellular Ca?*
was associated with an increase in cell death and the ability of Gd*" to both prevent this increase in Ca’>* and cell
death suggest a role for a non-selective cation channel in CP-154526 induced cell death (Fig. 4C,F). The detection
of an increase in intracellular Ca?* influx implicates a loss of calcium homeostasis in CP-154526 induced cell
death. In agreement with this is the finding that the Ucnl homologue CRF has been shown to protect neurons
against insults relevant to Alzheimer’s disease by stabilising neuronal Ca** homeostasis. In addition, Ucnl had
also been demonstrated to protect neurons against excitotoxic insults**-45,

We extended our investigation further in C-20/A4 cells to determine the identity of this Ucnl regulated,
Gd*" sensitive cell death and Ca?" influx. We used a panel of siRNAs directed towards 16 candidate ion chan-
nels commonly found in and exerting known functions on chondrocytes. Following transfection, the effect of
CP-154526 on C-20/A4 cell death was assessed by both AnnexinV/PI staining and LDH release (Supplementary
Figure S1). We found that only those cells with attenuated levels of Piezol and Piezo2 protein were protected from
CP-154526 induced cell death, suggesting a role for these ion channels in cell death and Ca** overload, as both
channels are known to gate calcium under conditions of compressive load**. We performed repeat experiments
using siRNA for Piezol and Piezo2 and found that only Piezol knock down gave significant protection from
both CP-154526 induced cell death and CP-154526 induced Ca?* overload (Fig. 5). This data strongly implicates
Piezol as the channel responsible for the cell death seen when Ucnl is prevented from activating CRF-R1. As
referred to in our introduction, C-20/A4 cells are acknowledged to be a good model for primary chondrocytes®.
In this study, the results obtained from C-20/A4 cells were consistently confirmed in primary chondrocytes.
Therefore, although our siRNA experiments were performed on C-20/A4 cells, we feel confident that Piezol is
the ion channel involved in Ucnl chondroprotection. In agreement with our study, Piezol was found to induce
apoptosis of human chondrocytes following a compressive load which involved the MAPK/ERK1/2 signalling
pathway*’. Furthermore, Piezol can sense both mechanical crowding and stretch, suggesting it may act as a
homeostatic sensor to control cell number, triggering extrusion and apoptosis in crowded regions and cell divi-
sion in sparse regions™.

We went on to determine the signalling pathway involved in this Piezol dependant cell death. CRF receptors
have been reported to be highly promiscuous with regard to their second messenger signalling pathways and can
bind to multiple G-protein isoforms depending on the cell type and circumstance. Upon agonist activation, CRF
receptors predominantly activate either Gas or Gaq resulting in the generation of cAMP via adenylate cyclase,
or IP; and diacylglycerol via PLC>'~>3. We found that the activation of adenylate cyclase by forskolin but not the
activation of PLC with m-3M3FBS, was able to rescue chondrocytes from antagonist-induced cell death, demon-
strating that CRF-R1, when bound to Ucnl in chondrocytes, is coupled to Gas and is responsible for the genera-
tion of cAMP, and therefore the regulation of protein kinase A (PKA) activity (Fig. 6A). Recently, Piezo2 current
amplitude was demonstrated to be increased, and inactivation was slowed, by bradykinin 2 receptor (BDKRB2)
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Figure 4. Antagonist induced calcium influx is inhibited by the non-selective cation channel blocker
gadolinium. (A) C-20/A4 cells were treated at indicated time points CP-154526 (50 uM) alone or in the presence
of Gd*" (100 uM). Intracellular Ca®* levels were visualised by fluorescent microscopy and Fluo-4 AM staining.
Representative images of 3 independent experiments are shown. (B) Fluo-4 signal quantification using Image]
software and graphical representation of Fluo-4 staining intensity for C-20/A4 cells treated with CP-154526
(50 uM) alone or in the presence of Gd** (100 uM). Mean fluorescent intensities are reported, n =3, error

bars = SD, *p < 0.05. (C) The ability of Gd*' treatment to protect C-20/A4 cells against CP-154526 induced cell
death was determined by Annexin V/PI staining and flow cytometry, n = 3, error bars = SD, *p < 0.05. (D) AC
cells were treated with CP-154526 (50 1M) alone or in the presence of Gd** (100 uM). Intracellular Ca?* levels
were visualised by fluorescent microscopy and Fluo-4 AM staining. Representative images of 3 independent
experiments are shown. (E) Fluo-4 signal was quantified using ImageJ software and graphical representation

of Fluo-4 staining intensity for AC cells treated with CP-154526 alone or in the presence of Gd** (100 uM).
Mean fluorescent intensities are reported, n =3, error bars = SD, *p < 0.05. (F) The ability of Gd** treatment to
protect primary AC cells against CP-154526 induced cell death was determined by Annexin V/PI staining and
flow cytometry, n= 3, error bars =SD, *p < 0.05.
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Figure 5. Inhibition of mechanosensitive Piezol can protect C-20/A4 cells from CP-154526 induced apoptosis
and calcium influx (A). C-20/A4 cells were transfected with siRNA (20 nM) against Piezol, Piezo2 and a
Scrambled control in the presence of HiPerFect, and cultured for 72 h before treatment with CP-154526

(50 uM). Phase contrast images were collected at 5h post-CP treatment to record changes to cell morphology.
Images of the centre of each well are presented. Representative images of 3 independent experiments are shown.
(B) Cell death in transfected and control cells was assessed 5h post CP treatment by AnnexinV/PI staining

and flow cytometry, n =5, error bars = SEM, *p < 0.05. (C) Cell death measured by LDH (absorbance at

490 nm) release into the media. n=>5, error bars = SEM, *p < 0.05. (D) Intracellular Ca*" levels were visualised
in control and transfected C-20/A4 cells by fluorescent microscopy following staining with Fluo-4 AM and
Hoescht-33342. Cells were treated for 3h with CP-154526 (50 uM). Representative images of 3 independent
experiments are shown. (E) Fluo-4 AM intensity was quantified on Image] software to assess calcium influx in
all cells. Mean fluorescent intensities are reported, n= 3, error bars = SEM, *p < 0.05.
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Figure 6. Identification of downstream signalling associated with CRF-R1. (A) The effect of the adenylate
cyclase activator forskolin (0.1 M) and the PLC activator m3M3FBS (0.1 M) on CP-154526 (50 uM) induced
C-20/A4 cell death as determined by Annexin V/PI staining and flow cytometry. n =3, error bars =SD

**p < 0.005 compared with control. (B) The effect of the PLA, inhibitor OBAA (0.1 pM) on CP-154526 (50 M)
induced C-20/A4 cell death as determined by Annexin V/PI staining and flow cytometry. n =3, error bars =SD
**p < 0.005 compared with control (untreated).

activation in heterologous expression systems. This G-protein coupled receptor produced this effect by activat-
ing both PKA and PKC, whereas the effect was abolished by PKA and PKC inhibitors®. Although the effect of
BDKRB2 agonism was to activate a Piezo channel rather than to produce an inhibitory effect, (as seen with Ucnl),
clearly there is a role for G-protein coupled receptor activation in the regulation of Piezo channels. Indeed inhi-
bition of Piezo1l and Piezo2 was found to be caused by depletion of phosphatidylinositol 4,5-bisphosphate and its
precursor PI(4)P from the plasma membrane by Ca?* - induced phospholipase C8 activation®. These findings
imply a role for membrane bound lipid factors in channel regulation. Our results clearly demonstrate, however,
that adenylate cyclase, rather than PLC, is involved in Piezol regulation by Ucnl. Several known endogenous
modulators of non-selective cation channels include lipid based ligands derived from enzymatic catabolism of
arachidonic acid (AA) by cytochrome P450 epoxygenase®®-%. AA itself is derived from the degradation of mem-
brane phospholipids usually by PLC. An alternative route for the derivation of lipid modulators during antagonist
induced cell death is the generation of AA by PLA,%. Indeed, using the PLA, inhibitor OBAA, we were able
to demonstrate that antagonist induced cell death involved activation of PLA,, as its inhibition was protective
when CP-154526 was applied to chondrocytes (Fig. 6B). This implies that activation of PLA, is required for
CP-154526 induced cell death and that when Ucnl is present, PLA, is inactive, thereby preventing the generation
of endogenous lipid based channel openers. Significantly, Ucn1 has been demonstrated to both down-regulate
calcium-independent PLA, (iPLA,) and regulate its activity®® in other systems during cell stress. Of note, an
iPLA, type enzyme producing AA and lysophospholipids from the plasma membrane, has been demonstrated to
modulate a store operated channel activity by regulating iPLA, kinetics through cAMP/PKA dependant rather
than PLC dependant mechanisms®?. Furthermore, multiple isoforms of PLA, have been revealed to participate in
inflammatory processes in OA®, further implicating this pathway in the progression of OA.

Here, we have dissected the signalling pathway from the CRF receptor to the regulation of Piezol. This involves
both cAMP and PLA,, and demonstrates that Ucnl is crucial for indirect gating of this channel. Importantly,
removal of the CRF-R1 block, causes persistent and excessive opening of Piezol resulting in Ca** overload and
subsequent cell death (Fig. 7). Therefore, the bioavailability and concentration of Ucnl and factors affecting
this would be of crucial importance to maintain correct calcium homeostasis in chondrocytes. This would be of
immense interest in understanding and exploiting chondrocyte cell fate in health and disease. Our study is the
first to demonstrate a role for Ucnl in the regulation of a mechanosensitive channel, Piezol. Therefore, the label
‘mechanosensitive channel belies its more complex regulatory nature, in that as well as being gated by mechanical
force, Piezol in chondrocytes is also regulated by intracellular signals generated by a G-protein coupled receptor.
We have previously found that Ucn1 can protect chondrocytes from both pro-apoptotic factors associated with
OA and acute impact injury (Unpublished observations). Ucnl, therefore, may represent a link between cellular
derived factors and injurious factors both capable of the production of OA through different pathways. Much
work is still required to fully elucidate this novel chondroprotective pathway. However, once found, it will open
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Figure 7. Schematic diagram depicting the mechanisms by which Ucnl promotes chondrocyte cell survival.
(A) During chondrocyte cell survival, Ucnl is bound to CRF-R1 in an autocrine/paracrine fashion. This causes
recruitment of Gas which activates adenylate cyclase, producing elevated levels of cAMP. cAMP then activates
PKA which causes the inactivation of PLA, reducing the breakdown of membrane phospholipids, thereby
reducing the production of ion channel openers. This results in Piezol remaining in a closed conformation,
preventing Ca*" overload. (B) However, if the agonist effect of Ucn1 for CRF-R1 is removed, in this case by the
selective antagonist CP-154526, Gas is not recruited by CRF-R1 and therefore adenylate cyclase is not activated
resulting in a reduction in cAMP levels. This then causes the inactivation of PKA which results in the removal of
its block on PLA, which therefore becomes activated, increasing the generation of potential lipid openers of the
Piezol channel. If this situation is maintained, the cell experiences a Ca’* overload and ultimately cell death.

up new approaches for the development of novel treatments that could prevent or modulate the progression of
OA, rather than just addressing the symptoms of the disease.

Materials and Methods

Cell culture. The C-20/A4 human chondrocyte cell line was cultured in a medium consisting of Dulbecco’s
modified Eagle’s medium (Invitrogen, UK), supplemented with 10% (v/v) foetal calf serum (FCS, UK)1% (v/v)
and 1% (v/v) penicillin/streptomycin (Invitrogen, UK) at 37 °C, 5% CO,. Cells were passaged by treatment with
Ca?* and Mg*"-free phosphate-buffered saline, pre-warmed to 37 °C and used as required. Following passage, the
chondrocyte cell suspension (1 x 10° cells/ml) was transferred to six-well tissue culture plates and incubated for
24-48h in the above medium to allow cells to reach ~80% confluency. The cells were then ‘serum starved’ for 24 h
by replacing the normal, 10% FCS growth medium with medium containing 1% FCS (all other components were
unchanged). Cells were then treated as indicated in specific experiments.

Primary human chondrocytes isolation and culture. These methods and experimental protocols were
carried out in accordance with the approved guidelines as approved by the National Research Ethics service and
the University of Manchester ethics committee number 10/H1013/27. Written informed consent was obtained
from all patients. Femoral heads were collected from patients undergoing total hip or knee replacement sur-
gery and stored in serum-free DMEM with antibiotics/antimycotics until processed (Supplementary Table S1).
Femoral head cartilage was shaved off using a scalpel and incubated overnight with agitation in serum-free
DMEM containing an enzymatic cocktail of 0.25% collagenase type II (Life Technologies) and 0.1% hyaluroni-
dase in serum-free medium (Sigma) to release the AC. The next day the solution was centrifuged and the pelleted
ACs resuspended and plated in DMEM supplemented with 10% foetal calf serum (FCS) at a density of approx-
imately 5,000-6,000 per cm?. Cells were then incubated for 24-48h in the above medium to allow cells to reach
~80% confluency. The cells were then ‘serum starved’ for 24 h by replacing the normal, 10% FCS growth medium
with medium containing 1% FCS (all other components unchanged). Cells were then treated as indicated in
specific experiments.

RNA isolation and RT-PCR. Total RNA was isolated using Qiagen RNeasy RNA isolation kit (Qiagen)
and Total RNA was subjected to on-column RNase-free DNase digestion. RNA purity and concentration were
determined spectrophotometrically at 260 and 280 nm using a NanoDrop 2000c spectrophotometer (Thermo
Scientific). RNA integrity was verified by 1% agarose gel (containing GelRedTM) electrophoresis. The gel was
visualised on a UV transilluminator. cDNA was synthesised from 2 ug of RNA using oligo dT primer in a 20 ul
first-strand cDNA synthesis reactions containing 18 units of AMV reverse transcriptase (Promega). The reaction
was terminated by incubation at 94 °C for 3 minutes and then stored at —20 °C until use. Amplification was per-
formed with 3 pl of cDNA for GAPDH, Ucn1, CRF-R1 and CRF-R2 under conditions described in Supplementary
Table S2. Amplified PCR products were analysed on agarose gels.

Pharmacological treatment of cells. Six-well plate cultures of either the C-20/A4 cell line or AC
were treated for 8 h with individual or combination treatments of: the CRF-R1 specific antagonist CP-154526
(1-50 pM; Tocris), the CRE-R2 specific antagonist astressin 2B (1-50 uM; Tocris), the non-selective cation chan-
nel blocker Gd** (100 pM; Tocris), the adenylate cyclase activator forskolin (0.1 uM; Tocris), the PLC activator
m3M3FBS (0.1 uM; Tocris), or the PLA, inhibitor OBAA (0.1 pM; Tocris). Cells were then assayed for cell death
or photographed using an Olympus IX73 phase contrast microscope and camera.
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Transient transfection of C-20/A4 cells. A panel of siRNA’s against candidate ion channels and con-
trols was purchased from Dharmacon (GE Dharmacon) each siRNA was a pool of 4 sequences (Supplementary
Table S3). All siRNA was reconstituted to 20 uM stock concentration in RNase-free water. C-20/A4 cells were
plated at a density of 250,000 cells/well of a 6 well plate in 10% FCS media as described above, and incubated at
37°C and 5% CO, for 30 minutes. Reconstituted siRNA was diluted to 20 nM working concentration in 200 ul
of Opti-MEM (Gibco). 12 ul of HiPerFect (Qiagen) was added to the siRNA and Opti-MEM and incubated
for 15 minutes at room temperature. Following incubation, siRNA solution was added to cells in a dropwise
manner and incubated in normal culture conditions for 48 h. 12h before collection, media was changed on all
wells and replaced with 1% FCS media. siPiezol and siPiezo2 of the same pooled sequences was purchased from
Dharmacon for further experiments. C-20/A4 cells were transfected with 20 nM siRNA against Piezol, Piezo2
and a Scrambled control in the presence of HiPerFect, and cultured for 72 h before treatment with CP-154526
(50 uM). Phase contrast images were collected at 5h post-CP treatment.

Detection of cell death- flow cytometry and Lactate dehydrogenase (LDH). Cell death was
detected using the Annexin V-FITC Apoptosis Detection Kit I (BD Bioscience) as per the manufacturer’s instruc-
tions. Cells were harvested by trypsinisation, washed in PBS and resuspended in binding buffer containing 5 ul of
annexin V-FITC and 5 pl PI staining solution and incubated for 15 minutes at room temperature in the dark. Cells
were then analysed on a BD Accuri C6TM flow cytometer. Data was analysed using BD Accuri C6TM software.

LDH assays were conducted on media collected at 5h post-treatment with CP-154526 (Pierce™ LDH
Cytotoxicity Assay Kit, Thermo Fisher Scientific, catalogue number 88954). Media was thoroughly agitated and
50 ul added to wells of a 96-well plate in duplicate. 50 ul reaction buffer was added to each sample, and mixed by
pipetting 5 times. The plate was then incubated in the dark at room temperature for 30 minutes. Reaction was
stopped with 50 pl stop solution provided with the kit. Absorbance was recorded at both 490 nm and 680 nm on
SpectraMax M5 plate reader (Molecular Devices, CA, USA). Positive controls provided with the kit and negative
controls in the form of culture media alone were conducted with every experiment. Readings were adjusted for
background fluorescence by subtracting the value recorded at 680 nm from that recorded at 490 nm for each
sample. Final values presented are an average of the duplicated readings with background absorbance reading
subtracted.

Immunoblotting. Cells were harvested using trypsin digestion and lysed using RIPA buffer with protease
inhibitor cocktail (Sigma). Total protein was quantified using BCA protein assay kit (Pierce) and equal quantities
of denatured protein were subjected to electrophoresis on SDS-polyacrylamide gels, blotted onto Immobilon-FC
transfer membrane (Sigma) and probed with the following specific primary antibodies; anti-p53 (Cell Signalling
Technology, 9282), anti-cleaved caspase 3 (EMD Millipore, AB3623), anti-cleaved caspase 9 (EMD Millipore,
AB3629), and anti-GAPDH (Abcam, ab8245). Blots were washed and probed with the following appropriate
secondary antibodies; goat anti-rabbit IgG IRDye 800CW (IRDye antibodies, 926-32211), goat anti-mouse IgG
IRDye 800CW (IRDye Antibodies, 926-32210) or goat anti-rabbit IgG IRDye 680LT (IRDye Antibodies, 926—
68021). The signal was visualised using a LICOR Odyssey imaging system.

Analysis of intracellular Ca?* levels. Intracellular Ca** levels were visualised using fluorescent micros-
copy and Fluo-4 AM permeant dye (Thermo Fisher Scientific). After incubation with Gd** (100 uM) and
CP-154526 (50 uM), cells were incubated within media containing 1 uM Fluo-4 AM and 5 pg/ml Hoechst 33342
for 30 minutes at 37 °C before being washed twice with HEPES buffered saline solution and imaged using an
Olympus IX73 fluorescent microscope.

Statistical analysis. Data values from the figures are expressed as mean = standard deviation of the mean.
All data were subjected to a one way ANOVA followed by a Tukey HSD test where appropriate. Probabilities of
p < 0.05 were considered statistically significant. Statistical analysis was performed using GraphPad Prism.

References

1. Muir,, H. The chondrocyte, architect of cartilage. Biomechanics, structure, function and molecular biology of cartilage matrix
macromolecules. Bioessays 17, 1039-1048 (1995).

2. Loeser, R. F. Aging and OA: the role of chondrocyte senescence and aging changes in the cartilage matrix. OA Cartilage 17,971-979
(2009).

3. Zhao, H., Qiu, G. X, Guan, J., Zhao, Y. & Zhou, X. Correlation of apoptosis of articular chondrocytes in OA with degree of cartilage
destruction and expression of apoptosis-related proteins: surviving, caspase-3, and Bcl-xl. Zhonghua Yi Xue Za Zhi 88, 1339-1341
(2008).

4. Roach, H. I, Aigner, T. & Kouri, J. B. Chondroptosis: a variant of apoptotic cell death in chondrocytes? Apoptosis 9, 265-277 (2004).

5. Hashimoto, S. et al. Role of p53 in human chondrocyte apoptosis in response to shear strain. Arthritis and Rheumatism 60,
2340-2349 (2009).

6. Chu, C. R, Millis, M. B. & Olson, S. A. OA: From Palliation to Prevention: AOA Critical Issues. ] Bone Joint Surg Am 96, 1-9 (2014).

7. Blanco, E J., Ochs, R. L., Schwarz, H. & Lotz, M. Chondrocyte apoptosis induced by nitric oxide. Am J Pathol 146, 75-85 (1995).

8. Amin, A. R. et al. The expression and regulation of nitric oxide synthase in human OA-affected chondrocytes: evidence for up-
regulated neuronal nitric oxide synthase. ] Exp Med 182, 2097-2102 (1995).

9. Chowdhury, T. T, Akanji, O. O., Salter, D. M., Bader, D. L. & Lee, D. A. Dynamic compression influences interleukin-1beta-induced
nitric oxide and prostaglandin E2 release by articular chondrocytes via alterations in iNOS and COX-2 expression. Biorheology 45,
257-74 (2008).

10. Intekhab-Alam, N. Y. et al. Urocortin protects chondrocytes from NO-induced apoptosis: a future therapy for OA? Cell Death Dis 4,
1-6 (2013).

11. Uzuki, M. et al. Urocortin in the synovial tissue of patients with rheumatoid arthritis. Clin Sci (Lond) 100, 577-589 (2001).

12. Kohno, M. et al. Urocortin expression in synovium of patients with rheumatoid arthritis and OA: relation to inflammatory activity.
J.Clin Endocrinol Metab. 86, 4344-4352 (2001).

SCIENTIFICREPORTS|7:5147 | DOI:10.1038/541598-017-04367-4 10


http://S3

www.nature.com/scientificreports/

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.
25.

26.

27.
28.

29.

30.
31.

32.
33.
34,

35.
36.

37.
38.
39.
40.
41.
42.
43.
44,
45.

46.
47.

48.
49.

50.
. Grammatopoulos, D. K. Insights into mechanisms of corticotropin-releasing hormone receptor signal transduction. Brit |

52.
53.

54.
55.

56.

57.

Gonzalez-Rey, E., Chorny, A., Varela, N., O’Valle, E. & Delgado, M. Therapeutic effect of urocortinon on collagen-induced arthritis
by down regulating inflammatory and Th1 response and inducing regulatory T cells. Arthritis Rheum. 56, 531-543 (2007).
Vaughen, J. et al. Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor. Nature 378,
287-292 (1995).

Lovejoy, D. A. Structural evolution of urotensin-I: reflections of life before corticotropin releasing factor. Gen Comp Endocrinol 164,
15-19 (2009).

Lovejoy, D. A. & Balment, R. J. Evolution and physiology of the corticotropin-releasing factor (CRF) family of neuropeptides in
vertebrates. Gen Comp Endocrinol 115, 1-22 (1999).

Lawrence, K. M. et al. K(ATP) channel gene expression is induced by urocortin and mediates its cardioprotective effect. Circulation
106, 1556-1562 (2002).

Combs, C. E. et al. Urocortin is a novel regulator of osteoclast differentiation and function through inhibition of a canonical
transient receptor potential 1-like cation channel. ] Endocrinol. 212, 187-197 (2012).

Tavazzo, C., Baka, S. & Malamitsi-Puchner, A. The role of urocortin in gynecological and obstetrical conditions. Arch Gynecol Obstet
279, 613-619 (2009).

Hsu, S. Y. & Hsueh, A. J. Human stresscopin and stresscopin-related peptide are selective ligands for the type 2 corticotropin-
releasing hormone receptor. Nat Med 7, 605-611 (2001).

Perrin, M. H. & Vale, W. W. Corticotropin releasing factor receptors and their ligand family. Ann N'Y Acad Sci USA 885, 312-328
(1999).

Behan, D. P. et al. Modulatory actions of corticotropin-releasing factor-binding protein. Ann N Y Acad Sci USA 780, 81-95 (1996).
Seasholtz, A. E, Valverde, R. A. & Denver, R. ]. Corticotropin-releasing hormone-binding protein: biochemistry and function from
fishes to mammals. ] Endocrinol. 175, 89-97 (2002).

Tao., J. & Li, S. Effects of urocortin via ion mechanisms or CRF receptors? Biochem Biophys Res Commun 336, 731-736 (2005).
Huang, Y. et al. Roles of cyclic AMP and Ca*™-activated K* channels in endothelium-independant relaxation by urocortin in the rat
coronary artery. Cardiovasc Res. 57, 824-33 (2003).

Tao, J., Xu, H., Yang, C., Liu, C. N. & Li, S. Effect of urocortin on L-type calcium currents in adult rat ventricular myocytes.
Pharmacol Res. 50, 471-476 (2004).

Xu, H. et al. The cardioprotective peptide, urocortin, activates cardiac KATP channels in adult rat. Protein Pep. Lett 13,21-27 (2006).
Tao, J., Wu, Y., Chen, J., Zhu, H. & Li, S. Effects of urocortin on T-type calcium currents in mouse spermatogenic cells. Biochm.
Biophys, Res. Commun 329, 743-748 (2005).

Barrett-Jolley, R., Lewis, R., Fallman, R. & Mobasheri, A. The emerging chondrocyte channelome. Frontiers in Physiology 1, 1-11
(2010).

Urban, J. P. The chondrocyte: a cell under pressure. British Journal of Rheumatology 33, 901-908 (1994).

Srinivasan, P. P. et al. Inhibition of T-Type Voltage Sensitive Calcium Channel Reduces Load Induced OA in Mice and Suppresses
the Catabolic Effect of Bone Mechanical Stress on Chondrocytes. PloS One. 10, 1-18 (2015).

Lewis, R. & Barrett-Jolley, R. Changes in Membrane Receptors and Ion Channels as Potential Biomarkers for OA. Front Physiol 6,
1-9 (2015).

Lewis, R., May, H., Mobasheri, A. & Barrett-Jolley, R. Chondrocyte channel transcriptomics: do microarray data fit with expression
and functional data? Channels 7, 459-467 (2013).

Bagriantsev, S. N., Gracheva, E. O. & Gallagher, P. G. Piezo proteins: regulators of mechanosensation and other cellular processes. J
Biol Chem 289, 1673-81 (2014).

Volkers, L., Mechioukhi, Y. & Coste, B. Piezo channels: from structure to function. Pflugers Arch. 467, 95-9 (2015).

Wu, J., Lewis, A. H. & Grand], J. Touch, Tension, and Transduction - The Function and Regulation of Piezo Ion Channels. Trends
Biochem. Sci 42,57-71 (2017).

Lee, W. et al. Synergy between Piezol and Piezo2 channels confers high-strain mechanosensitivity to articular cartilage. PNAS USA
111, 114-22 (2014).

Servin-Vences, M. R., Moroni, M., Lewin, G. R. & Poole, K. Direct measurement of TRPV4 and PIEZO1 activity reveals multiple
mechanotransduction pathways in chondrocytes. ELife 30, 1-24 (2017).

Goldring, M. B. et al. Interleukin-1 beta-modulated gene expression in immortalized human chondrocytes. J Clin Invest 96,
2307-2316 (1994).

Finger, E et al. Phenotypic characterization of human chondrocyte cell line C-20/A4: a comparison between monolayer and alginate
suspension culture. Cells Tissues Organs 178, 65-77 (2004).

Asker, C., Wiman, K. G. & Selivanova, G. p53-induced apoptosis as a safeguard against cancer. Biochem Biophys Res Commun 265,
1-6 (1999).

Yatugi, N. et al. Apoptosis of articular chondrocytes in rheumatoid arthritis and OA: correlation of apoptosis with degree of cartilage
destruction and expression of apoptosis-related proteins of p53 and c-myc. Journal of Orthopaedic Science 5, 150156 (2000).
Lawrence, K. M. et al. The cardioprotective effect of urocortin during ischaemia/reperfusion involves the prevention of
mitochondrial damage. Biochem Biophys Res Commun 321, 479-86 (2004).

Huser, C. A. M. & Davies, M. E. Calcium signaling leads to mitochondrial depolarization in impact-induced chondrocyte death in
equine articular cartilage explants. Arthritis and Rheumatism 56, 2322-2334 (2007).

Amin, A. K,, Huntley, J. S., Bush, P. G., Simpson, A. H. & Hall, A. C. Chondrocyte death in mechanically injured articular cartilage-
the influence of extracellular calcium. J Orthop Res 27, 778-784 (2009).

Fedrizzi, L. & Carafoli, E. Ca?* dysfunction in neurodegenerative disorders: Alzheimer’s disease. Biofactors 37, 189-196 (2011).
Pedersen, W. A. et al. Corticotropin-releasing hormone protects neurons against insults relevant to the pathogenesis of Alzheimer’s
disease. Neurobiology of disease 8, 492-503 (2001).

Pedersen, W. A., Wan, R., Zhang, P. & Mattson, M. P. Urocortin, but not urocortin II, protects cultured hippocampal neurons from
oxidative and excitotoxic cell death via corticotropin-releasing hormone receptor type I. ] Neurosc 22, 404-412 (2002).

Li, X. E, Zhang, Z., Li, X. D., Wang, T. B. & Zhang, H. N. Mechanism of the Piezol protein-induced apoptosis of the chondrocytes
through the MAPK/ERK1/2 signal pathway. Zhonghua Yi Xue Za Zhi 96, 2472-7 (2016).

Gudipaty, S. A. et al. Mechanical stretch triggers rapid epithelial cell division through Piezol. Nature. 543, 118-121 (2017).

Pharmacol 166, 85-97 (2012).

Hillhouse, E. W. & Grammatopolous, D. K. The molecular mechanisms underlying the regulation of the biological activity of
corticotropin-releasing hormone receptors: implications for physiology and pathophysiology. Endocr. Rev. 27, 260-286 (2006).
Blank, T. et al. Corticotropin- releasing factor receptors couple to multiple G-proteins to activate diverse intracellular signalling
pathways in mouse hippocampus: role in neuronal excitability and associative learning. ] Neurosci. 23, 700-707 (2003).

Dubin, A. E. et al. Inflammatory signals enhance Piezo2-mediated mechanosensitive currents. Cell Rep 2, 511-517 (2012).
Borbiro, I, Badheka, D. & Rohacs, T. Activation of TRPV1 channels inhibits mechanosensitive Piezo channel activity by depleting
membrane phosphoinositides. Sci Signal 8, 1-27 (2015).

Sisignano, M., Bennett, D. L., Geisslinger, G. & Scholich, K. TRP-channels as key integrators of lipid pathways in nociceptive
neurons. Prog Lipid Res 53, 93-107 (2014).

Rosenhouse-Dantsker, A., Mehta, D. & Levitan, I. Regulation of ion channels by membrane lipids. Comp Physiol 2, 31-68 (2012).

SCIENTIFICREPORTS|7:5147 | DOI:10.1038/541598-017-04367-4 11



www.nature.com/scientificreports/

58. Calixto, J. B., Kassuya, C. A., André, E. & Ferreira, J. Contribution of natural products to the discovery of the transient receptor
potential (TRP) channels family and their functions. Pharmacol Ther. 106, 179-208 (2005).

59. Caro, A. A. & Cederbaum, A. I. Role of cytochrome P450 in phospholipase A2- and arachidonic acid-mediated cytotoxicity. Free
Radic Biol Med 40, 364-75 (2006).

60. Lawrence, K. M. et al. Urocortin protects cardiac myocytes from ischemia/reperfusion injury by attenuating calcium-insensitive
phospholipase A2 gene expression. FASEB ] 15, 2313-2315 (2003).

61. Zhu, C. et al. Urocortin affects migration of hepatic cancer cell lines via differential regulation of cPLA, and iPLA,. Cell signal 26,
1125-1134 (2014).

62. Smani, T. et al. Role of Ca?*-independant phospholipase A, and store-operated pathway in urocortin-induced vasodilatation of rat
coronary artery.-dependant mechanism. Circ. Res. 101, 1194-1203 (2007).

63. Leistad, L., Feuerherm, A. J., Faxvaag, A. & Johansen, B. Multiple phospholipase A, enzymes participate in the inflammatory process
in osteoarthritic cartilage. Scand J. Rheumatol. 40, 308-316 (2011).

Acknowledgements
Funding for this work was gratefully received from a BBSRC Doctoral Training Programme award (grant number
BB/M011208/1 to Jones RC).

Author Contributions

Lawrence K.M.,, Jackson T.R., Locke I.C., and Townsend P.A.: conceived and designed the experiments. Lawrence
K.M., Jones R.C., Jackson T.R., Baylie R.L., Abbott B. and Bruhn-Olszewska B.: performed the experiments.
Jackson T.J., Lawrence K.M., Baylie R., Jones R.C., and Bruhn-Olszewska B.: analyzed the data: Townsend P.A.,
Board T.N.,, Richardson S.M.: Contributed reagents/materials/analysis tools: Lawrence K.M., Jackson T.R., Jones
R.C., Townsend P.A.: wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04367-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

2 | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:5147 | DOI:10.1038/541598-017-04367-4 12


http://dx.doi.org/10.1038/s41598-017-04367-4
http://creativecommons.org/licenses/by/4.0/

	Chondroprotection by urocortin involves blockade of the mechanosensitive ion channel Piezo1

	Results

	The Urocortin system is present in primary human AC. 
	The pro-survival effect of Ucn1 in both C-20/A4 and AC is mediated through the CRF-1 receptor. 
	CRF-R1 blockade upregulates p53 and activates the intrinsic apoptotic pathway. 
	CP-154526 treatment causes an increase in intracellular Ca2+ levels which lead to chondrocyte cell death. 
	Ucn1 exerts its chondroprotective effect by maintaining Piezo1 in a closed conformation. 
	Ucn1 binding to CRF-R1 promotes cell survival via cAMP activation and inhibition of PLA2 activity. 

	Discussion

	Materials and Methods

	Cell culture. 
	Primary human chondrocytes isolation and culture. 
	RNA isolation and RT-PCR. 
	Pharmacological treatment of cells. 
	Transient transfection of C-20/A4 cells. 
	Detection of cell death- flow cytometry and Lactate dehydrogenase (LDH). 
	Immunoblotting. 
	Analysis of intracellular Ca2+ levels. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Analysis of the Ucn1 system in AC.
	Figure 2 Response of C-20/A4 cells and AC to Ucn1 blockade.
	Figure 3 Western immunoblot analysis of C-20/A4 cells treated with CP-154526 and/or astressin 2B.
	Figure 4 Antagonist induced calcium influx is inhibited by the non-selective cation channel blocker gadolinium.
	Figure 5 Inhibition of mechanosensitive Piezo1 can protect C-20/A4 cells from CP-154526 induced apoptosis and calcium influx (A).
	Figure 6 Identification of downstream signalling associated with CRF-R1.
	Figure 7 Schematic diagram depicting the mechanisms by which Ucn1 promotes chondrocyte cell survival.




