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Abstract

:

The growth factor TGFβ and the mechanosensitive calcium-permeable cation channel TRPV4 are both important for the development and maintenance of many tissues. Although TRPV4 and TGFβ both affect core cellular functions, how their signals are integrated is unknown. Here we show that pharmacological activation of TRPV4 significantly increased the canonical response to TGFβ stimulation in chondrocytes. Critically, this increase was only observed when TRPV4 was activated after, but not before TGFβ stimulation. The increase was prevented by pharmacological TRPV4 inhibition or knockdown and is calcium/CamKII dependent. RNA-seq analysis after TRPV4 activation showed enrichment for the TGFβ signalling pathway and identified JUN and SP1 as key transcription factors involved in this response. TRPV4 modulation of TGFβ signalling represents an important pathway linking mechanical signalling to tissue development and homeostasis.
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1. Introduction


TRPV4 is a calcium-permeable, non-selective cation channel [1,2] sensitive to changes in osmolality, temperature and mechanical stimulation [3,4,5]. TRPV4 is expressed in chondrocytes, where it acts as a regulator of chondrogenic differentiation [6], and continues to be active in mature chondrocytes [5], where it plays an important role in mechanical responses [7]. TRPV4 is also active during endochondral ossification [8] and plays important roles in other skeletal tissues, e.g., intervertebral disc [9]. The mechanotransduction properties of TRPV4 are essential to its regulation of the chondrocyte response to dynamic load [3]. Therefore, TRPV4 has critical functions in the formation and maintenance of healthy cartilage and this is reflected by the outcome of TRPV4 mutations, which result in pathogenic skeletal dysplasia and arthropathy [10,11]. In view of TRPV4’s apparent positive role in chondrocyte biology, it is surprising that its expression is increased in osteoarthritic (OA) cartilage [12].



The TGFβ growth factor signalling pathway also has key regulatory functions in cartilage development and homeostasis [13] and has known links to mechanical loading and the control of cell calcium [14]. TGFβ is secreted in a latent form, bound to a carrier protein, that can be sequestered in the extracellular matrix. TGFβ requires activation by liberation from the latent protein to signal by binding to type I and type II TGFβ cell-surface receptors and by forming a signalling complex that recruits and phosphorylates the transcription factors SMAD2/3. Phosphorylation of SMAD2/3 results in rapid oligomerisation with the co-SMAD (SMAD4) in a heterotrimeric complex [15]. Although SMAD proteins shuttle between the nucleus and cytoplasm even in the absence of a TGFβ signal, the formation of SMAD2/3-4 complexes drastically reduces nuclear export, which results in nuclear accumulation and causes large-scale unfolding of chromatin and increased gene transcription [16]. Active SMAD2/3-4 complexes recognise and bind to promoter regions of target genes that contain a specific 5′-AGAC-3′ SMAD-binding element (SBE) and, by association with other DNA-binding proteins, they direct specific downstream target transcription [17,18]. TGFβ can also signal through non-canonical pathways such as PI3K/AKT and MAPK signalling [19].



TGFβ signals are essential at multiple stages of chondrogenic development: for induction of mesenchymal condensation, prevention of terminal hypertrophic differentiation and maintenance of articular chondrocytes [20]. TGFβ signals work in tandem with and antagonise related Bone Morphogenetic Protein (BMP) signals to balance chondrocyte anabolic function in synthesising key matrix proteins such as type II collagen and aggrecan, or activate hypertrophic differentiation leading to cartilage calcification, matrix catabolism and vascular invasion [21,22]. It has been noted that decreased expression of TGFβ receptors is associated with ageing and in cartilage with OA [23].



TRPV4 and TGFβ thus both participate in closely related functions during cartilage development, maintenance and in disease. However, the cross talk between these pathways is unclear. In this study, we determined how these pathways interact and illuminate some of the molecular mechanisms involved.




2. Materials and Methods


2.1. Chondrocyte Isolation and Culture


Human TC28a2 chondrocytes [24], bovine articular chondrocytes and the mouse ATDC5 chondrogenic cell line were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, Altrincham, UK) containing 10% heat-inactivated Foetal Bovine Serum (Sigma-Aldrich, Cambridge, UK) and 2 mM L-glutamine (Sigma-Aldrich) at 37 °C, 5% CO2, unless otherwise stated.



Bovine articular chondrocytes were isolated from stifle joints as previously described [25]. Briefly, articular cartilage was cut into 2–3 mm pieces, enzymatically digested in serum-free medium containing 0.5% pronase for one hour and then transferred to serum-free medium containing 0.5% collagenase type II and 0.1% hyaluronidase for two to three hours on an orbital shaker at 37 °C. Supernatant was then passed through a 40 µm filter and centrifuged at 500 g for 5 min to collect the isolated bovine articular chondrocytes.




2.2. Cell Stimulation


Prior to stimulation, cells were serum starved overnight (~16 h) using DMEM + 2 mM L-glutamine (without serum). Unless otherwise stated, cells were stimulated with 10 ng/mL TGFβ1 (Cat#100-21C, PeproTech, London, UK) or TGFβ3 (Cat#100-36E, PeproTech) for TGFβ pathway stimulation and then after 15 min with 100 nM GSK101 (GSK1016790A, Sigma-Aldrich) to activate TRPV4. For TRPV4 inhibition, GSK219 (GSK2193874, Sigma-Aldrich) was added along with TGFβ3 (15 min before GSK101). For reduced calcium experiments, DMEM with calcium (1.8 mM) was serial diluted 5 fold with calcium-free DMEM, corresponding to calcium concentrations of 360, 72, 14.4 and 2.8 µM calcium. The switch to reduced calcium (no serum) was performed ~16 h prior to stimulation. For calmodulin inhibition experiments, KN93 was also added to cells during serum starvation (~16 h prior to stimulation). For experiments involving GSK101, GSK219 or KN93, control cells were treated with the equivalent amount of DMSO to act as a vehicle control.




2.3. Immunofluorescence


TC28a2 were seeded at a density of 30,000 cells per well in a 24-well plate, grown for 24 h and then serum starved overnight. Cells were washed twice with PBS, then fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature. Cells were washed a further three times with PBS. All wells were blocked and permeabilised using 10% donkey serum and 0.1% Triton X-100 (Sigma-Aldrich) in a solution of 0.05% TWEEN-20 (Sigma-Aldrich), 0.1% BSA in PBS for 30 min. Primary antibodies were diluted in a solution of 0.05% TWEEN-20, 0.1% BSA and PBS with 1% donkey serum and 0.1% Triton X. Cells were then incubated with TRPV4 antibody (1:200, Cat#ACC-124, Alomone Labs, Jerusalem, Israel) or Rabbit IgG control (1:200, Cell Signalling Technologies, London, UK) overnight. Cells were washed three times with a solution of 0.05% TWEEN-20, 0.1% BSA in PBS prior to the addition of the secondary antibody (1:200, Invitrogen, Thermo Fisher ScientifiC, Altrincham, UK), which was diluted in a solution of 0.05% TWEEN-20, 0.1% BSA in PBS with 1% donkey serum and 0.1% Triton X-100. A further three washes were performed with a solution of 0.05% TWEEN-20, 0.1% BSA in PBS, then cells were stained with 4″6′Diamidine-2′-phenylindole dichloride (DAPI, Invitrogen, 1:500) diluted in PBS for 5 min. A final three washes with PBS were undertaken prior to imaging using an inverted BX51 microscope (Olympus Southend-on-Sea, UK) equipped with a Q-Imaging camera (Micro Imaging Applications Group Inc., Surrey, British Columbia, Canada). Images were captured with the Q-Capture Pro software package version 6 (Micro Imaging Applications Group Inc.).




2.4. Calcium Imaging and Quantification


TC28a2 cells were cultured overnight at a density of 30,000 cells per well in a 24-well plate for image analysis or 10,000 cells per well in a 96-well plate for quantification using GloMax®-Multi+ Detection System (Promega, Madison, WI, USA). Cells were then serum starved overnight. Fluo8AM (Invitrogen) was diluted to 5 mM in DMSO. The Fluo 8AM was then diluted to 5 µM in DMEM before addition to cells. Cells were incubated in 5 µM Fluo8 for 30 min before washing with DMEM three times. Cells were incubated for a further 30 min prior to fluorescent imaging with the Leica DFC365 FX microscope with the Leica Application Suite (Leica Wetzlar, Germany) or fluorescence detection on the GloMax®-Multi+ Detection System (Promega).




2.5. Generation of SBE Reporter TC28a2 Cell Line


A lentiviral TGFβ signalling reporter vector was constructed using the SMAD-binding element (SBE) based on the 8 bp palindromic sequence recognised by SMAD3 and SMAD4, in bold below [26]. The reporter promoter, which consists of four AGTATGTCTAGACTG DNA repeats, was placed upstream of a minimal reporter element. The SBE promoter was cloned upstream of a destabilised form of NanoLuc Luciferase (Promega) containing a C-terminal protein degradation sequence (PEST sequence, NLucP). To generate red fluorescence protein-positive (RFP+) cells with NLucP driven by SBE, the SBE-NLucP was first cloned into the lentiviral expression vector pCDH-EF1α-tagRFP (SBI Systems Bioscience, CA, USA), resulting in the construct pCDH-SBE-nLUCP-EF1a-tagRFP (Figure S1). Lentiviral particles were generated in HEK293T cells. TC28a2 cells were fluorescence-activated cell sorted (FACS) for RFP-positive cells following their transduction, using BD FACsAriaTM Fusion cell sorter.




2.6. Luciferase Reporter Assay


A total of 10,000 cells were seeded in each well of a black-walled 96-well plate and then serum starved and stimulated as described above. Nano-Luc luciferase expression was detected using the Nanoglo Live reagent and GloMax®-Multi+ Detection System (Promega).




2.7. Western Blotting


TC28a2 cells were plated at 150,000 cells per well of a 6-well plate in DMEM containing 10% serum medium (as stated above) and cultured for 48 h before changing to serum-free medium for 16 h. Time–course experiments were conducted using either GSK101 activator (100 nM) or TGFβ3 (PeproTech EC 10 ng/mL) for 4 h, 2 h, 1 h, 30 min, 15 min, or no addition control. Samples were washed briefly with PBS, and protein extracted at the designated time Cell Lysis buffer with 6µM PMSF (CST 9803 and CST 8553) added prior to use. Plates were incubated for 5 min on ice, before scraping into Eppendorf tubes. Samples were centrifuged at 14,000× g 10 min at 4 °C and supernatant was stored at −20 °C until required.



Protein concentration was measured using the Pierce BCA Assay kit (Pierce, Thermo Fisher Scientific, Altrincham, UK) and 20 µg samples were boiled with Pierce lane marker-reducing buffer (Thermo 39,000) at 95 °C for 10 min. Samples were run on 10% Bis-Tris gels (Thermo NW00100BOX) with broad range markers (11–245 KDa, NEB P7712S). Protein was transferred using the iBlot-2 Gel Transfer device (Thermo IB21001), using iBlot-2 Transfer stacks (nitrocellulose membrane, Thermo IB23001). Membranes were blocked for 1 h at room temperature with 5% BSA in 1x TBS-0.1%Tween-20, then probed with antibodies for SMAD2 (1:1000, CST 5339), pSMAD2 (1:1000, CST 18338), TRPV4 (1:200, Cat#ACC-124, Alomone Labs) and left overnight on a rocker at 4 °C. Membranes were washed three times with TBS-0.1%Tween-20, then secondary antibodies were added (1:15,000 IRDye 800CW Donkey anti-Rabbit; LI-COR 926-32213) in 5% BSA in TBS-0.1%Tween-20. After three washes in TBS-0.1%Tween-20, staining was imaged and analysed using the Odyssey CLx imaging system (LI-COR) and ImageStudio Lite software. GAPDH (1:1000 CST 5174S) was used as a loading control. TRPV4 blocking peptide (#BLP-CC124) was reconstituted as per manufacturer’s instructions with double-distilled water. Parallel membranes were incubated with either only antibody for TRPV4 or antibody for TRPV4 plus blocking peptide (according to manufacturer’s instructions. Membranes were then incubated at 4 °C overnight on a rocker, followed by Western blotting as stated above.




2.8. SiRNA Transfection


TC28a2 cells were plated at a density of 10,000 per well of a 96-well plate and incubated for 3 h, after which time cells had adhered. Cells were then transfected using RNAiMAX and siRNA for 24 h (final mix containing 10 nM siRNA and 10% FBS). Transfection mix was then removed and cells were serum starved for 2 days prior to stimulation.




2.9. RNA-Seq


For RNA-seq experiments, TC28a2 chondrocytes were plated onto 6-well plates at a density of 150,000 cells per well and grown in DMEM+10%FCS for 24 h, then serum starved overnight. Cells were then stimulated with 10 ng/mL TGFβ3, and/or 100 nM GSK101 for TRPV4 activation, and/or 500 nM GSK219 for TRPV4 inhibition. GSK101 was added 15 min after TGFβ as we found that GSK101 enhanced TGFβ signalling at this time. GSK219 was added along with TGFβ3 (15 min before GSK101), as when GSK219 was added at later timepoints (along with GSK101) it was ineffective against GSK101. Cells were lysed and total RNA isolated using the mirVana isolation kit (Thermofisher) 4 h post TGFβ stimulation (3 h 45 m post GSK101). Three independent experiments were performed and RNA isolated from each. RNA-seq was performed using Illumina HiSeq4000. Unmapped paired-reads of 76 bp were interrogated using a quality control pipeline consisting of FastQC v0.11.3 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 7 October 2017) and FastQ Screen v0.9.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/ (accessed on 7 October 2017). The reads were trimmed to remove any adapter or poor quality sequence using Trimmomatic v0.36 [27]; reads were truncated at a sliding 4 bp window, starting at 5′, with a mean quality < Q20, and removed if the final length was less than 35 bp. The filtered reads were mapped to the human reference sequence analysis set (hg38/December 2013/GRCh38) from the UCSC browser, using STAR v2.7.2b [28]. The genome index was created using the comprehensive Gencode v32 gene annotation (http://www.gencodegenes.org/ (accessed on 18 September 2019) [29]. The flag ‘quantMode GeneCounts’ was used to generate read counts into genes. Normalisation and differential expression analysis was performed using DESeq2 v1.10.1 on R v3.2.3, Normalisation was performed using a median of ratios method and p values were calculated using the Wald test and adjusted for multiple testing using the procedure of Benjamini–Hochberg [30].




2.10. Pathway Analysis


Genes whose expression significantly increased following either TRPV4 activation (1448 genes), TGFβ stimulation (1991 genes) or TRPV4 activation of cells previously stimulated with TGFβ (1812 genes) were analysed for enrichment of Kegg pathways, Wiki pathways and ChEA transcription factors using EnrichR [31], and p values were adjusted for multiple testing using the procedure of Benjamini–Hochberg.




2.11. Reverse Transcription and qRT-PCR


RNA extraction for qRT-PCR was performed using Qiagen RNeasy mini-kit following manufacturer’s instructions (Qiagen 74,104). Reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific 4368813). qPCR reaction was performed using PowerUp SYBR green master mix (ThermoFisher Scientific, #A25742) and gene-specific primers (Table S1) with the following cycling conditions on a BioRad C1000Touch Thermal Cycler: denaturation at 95 °C for 10 min, 39 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 35 s, final extension at 72 °C for 10 min, and melt curve analysis at 65 °C for 5 s and 95 °C for 30 s. Gene expression was normalised to GAPDH using the 2−ΔCT method.




2.12. Transcription Factor-Binding Motif Analysis


Identification of transcription factor-binding sites present in significantly upregulated genes and annotation of corresponding motif sequences (TRANSFAC database) were carried out with g:Profiler [32]. Motif sequences of corresponding transcription factors were further compared with in silico predicted and experimentally validated DNA-binding motifs collection databases (JASPAR2018_CORE_vertebrates_non-redundant, Jolma 2013, TRANSFAC, UniPROBE mouse, HOCOMOCO v11 and Swiss Regulon) using TOMTOM (e-value 0.5; min overlap between motifs) [33].





3. Results


3.1. Expression and Activation of TRPV4 in TC28a2 Chondrocytes


To investigate how TRPV4 activity affects TGFβ signalling, we first chose to use a human chondrocyte cell line, TC28a2, which expresses TRPV4 and is known to respond to TGFβ. TC28a2 cells are immortalised and have a more stable pattern of gene expression in contrast to primary chondrocytes, which show age-related changes in proliferation and gene expression as they de-differentiate when cultured [34]. As evidence for their suitability, TC28a2 cells were tested for TRPV4 expression using Western blotting (Figure S2) and immunofluorescence, showing all TC28a2 cells expressed some TRPV4 protein (Figure 1A). To demonstrate TRPV4 activation TC28a2 cells were loaded with the fluorescent Fluo8 calcium indicator and stimulated with a selective TRPV4 activator GSK101 [35]. This rapidly increased intracellular calcium (<1 min), with an EC50 of 13.3 ± 2.9 nM (Figure 1B,C), an increase which was completely prevented by pre-incubation of cells with the selective TRPV4 inhibitor GSK219 [36] (Figure 1D).




3.2. Validation of SBE Reporter in TC28a2 Chondrocytes


To investigate the interaction between TRPV4 and TGFβ signalling, we created a TC28a2 cell line with a TGFβ signalling reporter (SBE-nLUCp see methods). Induction of SBE-nLUCp activity in TC28a2 cells was associated with both a dose and temporal response to TGFβ3 (Figure S1B,C), which was validated by pSMAD2 immunoblotting. As expected, phosphorylation of SMAD2 peaked slightly earlier than SBE-nLUCp activity (Figure S1D). SBE-nLUCp activity was consistently detected 4 h post stimulation with 10 ng/mL TGFβ3 (Figure S1C), and these conditions were therefore used routinely to determine TGFβ pathway activity.




3.3. Activation of TRPV4 Enhances TGFβ Signalling


TRPV4 can be activated by selective agonists such as GSK101 and when TGFβ reporter cells were tested with GSK101 following TGFβ3 stimulation, it was found to enhance TGFβ signalling, as shown by increased SBE-nLUCp activity (Figure 2A and Figure S3A) and increased nuclear translocation of SMAD2 (Figure S4A,B). This GSK101 effect was saturated at 100 nM (Figure S3A) and this concentration was used for subsequent experiments. GSK219 did not affect TGFβ3-induced SBE-nLUCp activity (Figure 2A and Figure S3B), but it was able to block the GSK101 increase in TGFβ3-induced SBE-nLUCp activity (Figure 2A and Figure S3C). Based on these data, 500 nM GSK219 was used in subsequent experiments to ensure effective TRPV4 inhibition. Using siRNA to TRPV4 prevented the GSK101 enhancement of TGFβ signalling, showing that the effect was indeed facilitated entirely through TRPV4 (Figure 2B and Figure S3D).



TGFβ signalling showed a small increase when TRPV4 was activated, even in the absence of added TGFβ3 (Figure 2A). This was likely due to low endogenous expression of TGFβ1 as it could be prevented by siRNAs to TRPV4 or TGFB1 (Figure 2C and Figure S3E). Importantly siRNA to TGFB1 did not prevent TRPV4-mediated enhancement of TGFβ signalling in the presence of exogenous TGFβ3 (Figure 2B). Furthermore, TRPV4 activation also enhanced TGFβ signalling mediated by exogenous TGFβ1, showing that the effect of TRPV4 was unaffected by which TGFβ ligand was driving the TGFβ signalling (Figure S4C,D). Using the same TGFβ reporter in primary bovine articular chondrocytes and murine ATDC5 cells we showed TRPV4 activation following TGFβ3 stimulation enhanced SBE-nLUCp activity, demonstrating that TRPV4 modulation of TGFβ signalling in chondrocytes is conserved across species (Figure S4E,F).




3.4. Timing of TRPV4 Activation and Inhibition Is Important for TGFβ Signalling Activity


As it was unclear at what part of the TGFβ signalling cascade TRPV4 might be having its effect, we investigated the sequence and timing of responses. In our data reported above, when TRPV4 was activated 15 min after TGFβ3 stimulation, an enhancement of TGFβ signalling activity was observed (Figure 2A,B). To determine over what time scale TRPV4 activation affected TGFβ signalling, we activated TRPV4 at different times relative to TGFβ3 stimulation and then measured SBE-nLUCp activity 4 h post TGFβ3 stimulation. Consistent with Figure 2A, activation of TRPV4 15 or 30 min after TGFβ3 stimulation enhanced TGFβ signalling (Figure 2E). However, TRPV4 activation 15 or 30 min prior to TGFβ3 stimulation had the opposite effect and significantly reduced TGFβ signalling (Figure 2E and Figure S5). The addition of TRPV4 activator close to TGFβ3 (±2 min), had no significant effect (Figure 2E). These data demonstrate that the effect of TRPV4 is rapid, transient and dependent upon the stage of TGFβ signal transduction.



When TRPV4 was activated after TGFβ3 stimulation, an increase in TGFβ signalling was consistently observed 4 h post stimulation (Figure 2). Consistent with the observed rapid nuclear SMAD2 translocation (Figure S4), SBE activity showed enhancement as early as 1 h post TGFβ stimulation (45 min post TRPV4 activation), which then decreases with time (Figure 2F), and this decrease was also observed for primary bovine articular chondrocytes and murine ATDC5 cells (Figure S4). Most likely, this was about the earliest timepoint at which TGFβ3 can activate a transcriptional response since no enhanced SBE response was seen at 30 min (Figure 2F). These data indicate that the mechanism by which TRPV4 activation enhances TGFβ signalling results in changes in gene expression output within 45 min, but it has no effect, or a negative effect if TRPV4 activation occurs before the TGFβ signalling cascade is active.




3.5. RNA-Seq Identification of the TGFβ3 Response Genes Enhanced by TRPV4 Activation


To determine the effect of TRPV4 activation and establish its impact on TGFβ signalling, we performed RNA-seq on TC28a2 cells following TRPV4 activation/inhibition in the presence and absence of prior TGFβ3 stimulation (Figure 3A). Hierarchical clustering and PCA analysis showed clear separation of control (DMSO), GSK101, TGFβ3+DMSO and TGFβ3+GSK101 treatment groups (Figure 3B,C). The TGFβ3+GSK219 and TGFβ3+GSK219+GSK101 treatment groups both clustered with TGFβ3+DMSO, confirming GSK219 inhibition of TRPV4 activation (Figure 3B,C).



Differential gene expression analysis was performed across experimental conditions (Figure 3D, Table S2). Comparison of TGFβ3+DMSO vs. DMSO, GSK101 vs. DMSO, TGFβ3+GSK101 vs. DMSO and TGFβ3+GSK101 vs. TGFβ3+DMSO revealed 1991, 1448, 3327 and 1812 genes, respectively, whose expression significantly increased (Table S3). Although the majority of the 3327 genes increased by TGFβ+GSK101 were increased with either the addition of TGFβ3 or GSK101 individually, there were 1087 genes significantly increased by TGFβ3+GSK101, that were not significantly increased by either TGFβ3 or GSK101 individually. These included MMP3, MMP10, TMEM88 and AJAP1 (Figure 3E and Figure S6A). There was also a notable overlap between the genes significantly changed after TGFβ3 and GSK101, with 734 genes significantly up regulated in both TGFβ3 stimulation and TRPV4 activation (Figure 3E,F). Furthermore, because we demonstrated an enhancement of SBE-nLUCp induction by TRPV4 activation after TGFβ3 stimulation, we hypothesised that there would be many genes whose expression was increased by TGFβ3 that would be further enhanced by TRPV4 activation. Indeed, of the 1991 genes increased in response to TGFβ3, 680 were further enhanced by TRPV4 activation (including LIF, SERPINE1, ANGPTL4, PTHLH, NFATC2 and GAS7; Figure 3G,H). Stimulation with both TGFβ3 and GSK101 induced a response which was greater than the sum of the responses to individual factors for some genes (e.g., LIF, SERPINE1, ANGPTL4 and PTHLH), suggesting a synergistic relationship between TGFβ3 and TRPV4 activation (Figure S6B). Others (e.g., NFATC2 and GAS7) were predominantly increased by TRPV4 activation (Figure S6C). These data indicate that TRPV4 activation can increase expression of some TGFβ3 response genes.



Other gene expression patterns included genes that were predominantly sensitive to TRPV4 activation but not to TGFβ3 stimulation such as BMPER and TMEM158 (Figure S6C) and conversely genes that were responsive to TGFβ3 stimulation but not to TRPV4 activation included NEDD9, GAL, KANK4 and LDLRAD4 (Figure S6D). There was also a group of genes where TGFβ3 stimulation and TRPV4 activation decreased expression such as TXNIP, BMP4, TGFBR3 and GDF5 (Figure S6E). Changes in gene expression of example genes were validated using q-RT-PCR (Figure S7). Comparison of TGFβ3+GSK219 vs. TGFβ3+DMSO and TGFβ3+GSK101+GSK219 vs. TGFβ3+DMSO revealed only 20 and 146 DEGs, respectively (Figure 3D, Table S2), suggesting that the TRPV4 inhibitor GSK219 has very little effect on the TGFβ pathway, yet can almost completely suppress the effect of TRPV4 activation on TGFβ3 signalling.




3.6. Pathway Analysis


To elucidate the downstream consequences of TGFβ3 stimulation and TRPV4 activation, we performed pathway analysis on genes significantly upregulated in the following comparisons: TGFβ3+DMSO vs. DMSO (1991 genes), GSK101 vs. DMSO (1448 genes) and TGFβ3+GSK101 vs. TGFβ3+DMSO (1812 genes) (Tables S3 and S4). As expected, ‘TGF-beta signalling pathway’ was significantly enriched in genes upregulated following TGFβ3 stimulation (KEGG padj = 1.10 × 10−5, Table S4, Figure S8A). The pathway analysis demonstrated that ‘TGF-beta signalling pathway’ was also significantly enriched following TRPV4 activation, even in the absence of exogenous TGFβ (KEGG padj = 0.0022790, Table S4, Figure S8B). As noted above, many of the Kegg ‘TGF-beta signalling pathway’ genes were upregulated by both TGFβ3 stimulation and TRPV4 activation (e.g., TGFB2, INHBA, LTBP1 and MYC), although some genes in the pathway (e.g., SMAD7, BMPR2 and CDKN2B) are only upregulated by TGFβ3, while others (e.g., FST and NOG) are up regulated by TRPV4 activation to a greater extent than by TGFβ stimulation (Table S4, Figure S9). BAMBI, an inhibitor of the TGFβ pathway was also downregulated by TRPV4 activation. Other enriched pathways involving genes upregulated following TRPV4 activation include ‘focal adhesion’ (padj = 3.64 × 10−10; Table S4, Figure S10), which is important for TGFβ regulation [37], as well as the ‘PI3K/Akt signalling pathway’ (padj = 2.84 × 10−7; Table S4, Figure S11) and the ‘MAPK signalling pathway’ (padj = 0.00058; Table S4, Figure S12). These appear consistent with previous reports showing TRPV4 activation of non-canonical TGFβ signalling pathways [38,39].




3.7. TRPV4 Activation Enhances TGFβ Signalling through Calcium/Calmodulin


The gene expression analysis revealed no straightforward mechanism for the TRPV4 increase in TGFβ signalling. However, as TRPV4 activation has a dependence on calcium, we investigated the effect of lowering the calcium concentration in the medium from 1800 µM (as in DMEM) to 72 µM. This prevented GSK101 enhancement of SBE-nLUCp induction (Figure 4A and Figure S13). In the complete absence of additional calcium within growth medium, TRPV4 activation caused a suppression rather than an enhancement of TGFβ signalling. As calmodulin can act as an intracellular calcium sensor and is known to interact with intracellular members of the TGFβ pathway, we hypothesised that TRPV4-mediated enhancement of TGFβ signalling involved calcium-bound calmodulin. To investigate this, we pre-incubated cells with calmodulin inhibitor KN93 prior to TGFβ3 and TRPV4 activation. The enhancement of TGFβ signalling after TRPV4 activation was found to be supressed by inhibition of calmodulin, indicating its role in transducing TRPV4-related activity (Figure 4B and Figure S13).




3.8. TRPV4 Activation Enhances TGFβ Signalling through JUN and SP1


As TRPV4-mediated enhancement of TGFβ signalling occurred within 1 h (Figure 2F), we investigated the involvement of key regulatory transcription factors. The TRRUST transcription factor database was used to identify enrichment for transcription factors known to control the genes whose expression increased following TGFβ3 stimulation and TRPV4 activation. From these genes, we identified an enrichment of SMAD3 targets (Figure 5A,B, Table S5), a transcription factor mediating downstream TGFβ responses. SMAD3 targets were also enriched following TRPV4 activation, which is consistent with TRPV4 activation involving canonical TGFβ signalling (Table S5, Figure 5A,B). Genes whose expression increased following TRPV4 activation were most significantly enriched for known target genes of JUN and SP1 (Figure 5A,B). An enrichment of JUN targets was also detected using the ChEA database (Figure S14, Table S6). To investigate this, we separately knocked down JUN and SP1 using siRNA, which in both cases reduced TRPV4-mediated enhancement of TGFβ signalling (Figure 5C and Figure S14). G:profiler analysis of genes whose expression increased following TRPV4 activation identified a significant enrichment for the JUN- and SP1-binding motifs (Figure 5D). The expression of some members of the AP-1 transcription factor complex were also increased following TRPV4 activation (Figure S15). However, SP1 transcript expression was not increased following TRPV4 stimulation (Figure S15). Taken together, these data suggest TRPV4 activation enhances TGFβ signalling through a mechanism involving intracellular calcium/calmodulin and the transcription factors JUN and SP1 (Figure 5E).





4. Discussion


4.1. TRPV4 Activates Canonical TGFβ Signalling


Despite their shared involvement in a number of essential differentiation and phenotypic functions of chondrocytes, TRPV4 has not previously been considered to have any regulatory control of canonical TGFβ signalling. In other systems, some indirect links to TGFβ signalling through non-canonical pathways have been proposed. In cardiac fibroblasts, TRPV4 is required for differentiation to myofibroblasts [40] and evidence suggested that this is driven by Rho/Rho kinase activation downstream of TRPV4 [41]. TRPV4 regulation of EMT in mouse epidermal keratinocytes is through the non-canonical PI3K/AKT pathway [38] and in hippocampus, TRPV4 action was reported on the non-canonical P38-MAPK pathway [39]. Some target mechanisms of TRPV4 thus appear to be more effected in certain cells, suggesting a cell type-specific bias.



In this chondrocyte study, changes in gene transcription due to TRPV4 activation occurred much earlier than previously reported. Increased nuclear SMAD2 translocation and enhanced SBE-nLUCp was observed after only 15 and 45 min of pharmacological TRPV4 activation, respectively, suggesting a rapid and direct effect of TRPV4 activation on canonical TGFβ signalling. As TGFβ3 has been shown to drive a stronger chondrogenic response than TGFβ1 in bone marrow-derived mesenchymal stromal cells [42], we routinely used TGFβ3 in this study. However, our data with TGFβ1 indicates that modulation of TGFβ signalling is not TGFβ ligand specific. Bioinformatic analysis of the >1000 genes whose expression increased within 4 h of TRPV4 activation revealed an enrichment for known SMAD3 target genes, confirming that, in chondrocytes, TRPV4 activates the expression of a whole spectrum of canonical TGFβ targets.




4.2. Mechanism


As TRPV4 stimulates extracellular calcium influx and was able to increase SBE-nLUCp activity within 1 h of activation, we wanted to investigate whether TGFβ signalling enhancement is dependent upon extracellular calcium. Indeed, reduced external calcium (72 µM) prevented TRPV4 enhancement of TGFβ signalling. Calcium and calmodulin are both directly linked to TGFβ signalling; activation of TGFβ signals can result in Ca2+ influx [43], and calmodulin can directly interact with members of the TGFβ signalling pathway [44,45,46]. Surprisingly, at even lower calcium concentrations (<15 µM), the effect of TRPV4 activation was to inhibit TGFβ signalling. The reason for this is unclear but one possibility is that in the absence of external calcium, activation of TRPV4 results in internal calcium efflux, thus disrupting membrane potential and suppressing calcium/calmodulin-dependent pathways such as in the TGFβ signalling pathway [43,47]. This may involve blocking the nuclear–cytoplasmic shuttling of SMADs that would lead to inhibition of nuclear accumulation and failure to activate downstream target genes.



To identify specific transcription factors which may mediate the enhancement of TGFβ signalling by TRPV4 activation, we analysed our RNA-seq data using the TRRUST transcription factor network database of target interactions [48]. We analysed the 1991 genes that increased following TGFβ3 stimulation and identified that SMAD3 was a key transcription factor in the response to TGFβ3 as expected, thus validating the relevance of this approach to our chondrocyte system. Similar analysis of the 1448 genes upregulated following TRPV4 activation indicated that JUN (part of the AP-1 transcription factor complex) and SP1 were key mediators of the TRPV4 response. This was confirmed using siRNA to JUN and SP1, which separately reduced the response to TRPV4 activation. It is therefore likely that TRPV4 functions in a similar way to TRPV1, reported to cause calcium-dependent AP-1 transcription factor activation [49]. The involvement of the AP-1 transcription factor is consistent with its rapid activation following mechanical loading [50]. JUN and SP1 are also known SMAD co-factors [18,51], suggesting their interaction may enhance SMAD translocation and TGFβ-mediated gene transcription. There was only a modest enrichment for SP1 and no enrichment for JUN targets following TGFβ3 stimulation without TRPV4 activation, suggesting that TGFβ3 stimulation alone is not enough to activate SP1 and JUN, in this system. It was notable that one of the genes synergistically enhanced by TGFβ3 stimulation and TRPV4 activation is MMP3, which was previously shown to be regulated by JUN [52] and is responsive to loading in a rat post-traumatic model of OA [53]. As well as enrichment for TGFβ signalling, our bioinformatic analysis revealed enrichment for focal adhesion pathway genes. Focal adhesions are also important for TGFβ regulation [37] and TRPV4 is known to directly bind β1 integrin [54] a key component of cell–substrate focal adhesions, adding further complexity to the TRPV4–TGFβ interaction.




4.3. TRPV4 Modulation of TGFβ Signalling Is Highly Dependent upon Timing


TRPV4 activation using the potent and specific activator GSK101 [35] had a rapid, within 1 h, effect on the TGFβ transcriptional response. The sequence of TRPV4/TGFβ activation was also found to be critical. TRPV4 enhanced TGFβ signalling when activated after TGFβ3 stimulation and inhibited signalling when TRPV4 was activated before TGFβ3 stimulation. The underlying mechanisms that drive these differences require further investigation. Following TRPV4 activation we also observed decreased expression of BAMBI and increased expression of FST and LTBP1, which are all known to inhibit TGFβ responses. These apparent contradictions also require further investigation, although the increase in some TGFβ inhibitors may explain why the TRPV4-mediated increase in TGFβ response is greatest at 1 h and then diminishes with time, and possibly why the association between TRPV4 and canonical TGFβ signalling has not previously been reported. We also observed a modest increase in TGFβ signalling when endogenous TRPV4 expression was knocked down, revealing the presence of a low level of TRPV4 activity in the absence of external stimuli [2] and that TRPV4 may have an inhibitory effect on TGFβ signalling when assessed over longer periods of time. There is clearly a complex relationship between TGFβ and TRPV4 responses in chondrocytes and although their interaction is now established, the precise detailed mechanisms involved will require further investigation.



The TRPV4 inhibitor GSK219 [36] was able to completely prevent the enhancement of TGFβ signalling by TRPV4. GSK219 did not affect TGFβ signalling unless TRPV4 was activated, showing it to be highly selective. However, when GSK219 was added 15 min after TRPV4 activation (rather than 15 min before), it was ineffective. This is consistent with the rapid opening of the TRPV4 channel in response to activation [54], and further suggests that TRPV4 can activate a cascade of signals affecting the TGFβ signalling pathway, although sustained TRPV4 activation is not required for TGFβ signalling.




4.4. Downstream Implications of TRPV4–TGFβ Pathway Interaction


A large number of genes showed changes in expression following TRPV4 activation, including MMP3, MMP10 and SERPINE1 which are all involved in matrix turnover. This suggests that TRPV4 activation, for instance through mechanical loading, may play a role in ECM remodelling, for example in the joint following exercise or when loading becomes abnormal after injury or OA. TRPV4 may contribute to the altered TGFβ signalling that occurs in the OA affected joint [23], since we show that TRPV4 can increase TGFβ signalling and its expression has been shown to be increased in OA [12]. TRPV4 has been identified as a regulator of the chondrogenic phenotype via the enhancement of SOX9-driven COL2A1 expression [6]. The data presented here suggest that this may be through its effect on TGFβ signalling. Furthermore, patient-derived iPSCs with TRPV4 mutation have an altered response to TGFβ after chondrogenic differentiation [55].





5. Conclusions


It is established that TRPV4 activation increases intracellular calcium and plays an important role in cartilage development and maintenance. However, the mechanism by which it does so is not well established. Here we show that pharmacological TRPV4 activation can modulate the response to TGFβ stimulation in chondrocytes and establish the signalling pathway by which this occurs. We show that pharmacological TRPV4 activation enhances the effect of TGFβ in a calcium and calmodulin-dependent manner. The timing and the sequence of TRPV4 activation in relation to TGFβ stimulation are critical in determining the effect. Using RNAseq, we have identified TRPV4 responses and shown that TRPV4 enhancement of TGFβ signalling is JUN/SP1 dependent. Further research is required to establish whether these pathways are modulated in the same way in a more physiological environment, for example by mechanical loading in a three-dimensional tissue.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10040726/s1, Figure S1: Validation of SBE-nLUCp reporter in TC28a2 cells; Figure S2: TRPV4 Western blot; Figure S3: Dose responses and raw data showing that activation of TRPV4 enhances TGFβ signalling; Figure S4: Activation of TRPV4 regulates TGFβ signalling in chondrocytes of several species; Figure S5: Timing of TRPV4 activation and inhibition is important for TGFβ signalling activity; Figure S6: Example genes from RNA-seq grouped based upon expression pattern; Figure S7: q-RT-PCR validation of example gene; Figure S8: TRPV4 modulation of the TGFβ signalling pathway; Figure S9: Gene expression changes within the Kegg ‘TGFβ signalling pathway’; Figure S10: TRPV4 modulation of the focal adhesion pathway; Figure S11: TRPV4 modulation of the PI3K/AKT signalling pathway; Figure S12: TRPV4 modulation of the MAPK signalling pathway; Figure S13: Reduction in extracellular calcium or calmodulin inhibition prevents GSK101 enhancement of TGFβ signalling; Figure S14: TRPV4 activation enhances TGFβ signalling through the JUN and SP1 transcription factors; Figure S15: Expression changes of genes encoding AP-1 complex and SP1; Table S1: Primer sequences for qRT-PCR; Table S2: Read count and differential gene expression analysis for indicated experimental comparison; Table S3: Differentially expressed genes for indicated experimental comparison; Table S4: Kegg pathways that are significantly enriched within upregulated genes for indicated experimental comparison; Table S5: TRRUST transcription factor analysis of upregulated genes for indicated experimental comparison; Table S6: ChEA transcription factor analysis of upregulated genes for indicated experimental comparison.





Author Contributions


Conceptualisation, S.W. and S.J.K.; study design, S.W., P.A.H., N.B., S.A.C. and S.J.K.; performing experiments, S.W., P.A.H., N.B., S.A.R., I.R.B. and S.A.C.; data analysis, S.W., P.A.H., N.B. and S.Y.K.; writing—original draft preparation, S.W.; writing—review and editing, S.W., P.A.H. and S.J.K.; supervision, S.W. and S.J.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union (SYBIL European Community’s Seventh Framework Program, FP7/2007-2013, 602300), the Medical Research Council (MR/S002553/1), Wellcome Trust [097820/Z/11/B] and the EPSRC/MRC Centre for Doctoral Training (CDT) in Regenerative Medicine (EP/L014904/1).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in the ArrayExpress database at EMBL-EBI under accession E-MTAB-10279.




Acknowledgments


We would like to thank Stephen Richardson for providing primary bovine chondrocytes, Louise Reynard (Newcastle University) for TC28a2 cells, Ian Donaldson and Andy Hayes of the Bioinformatics and Genomic Technologies Core Facilities at the University of Manchester for providing support with regard to RNA-seq, Professor Tim Hardingham for assistance with the manuscript and Michael Jackson for assistance with cell sorting.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Liedtke, W.; Choe, Y.; Martí-Renom, M.A.; Bell, A.M.; Denis, C.S.; Sali, A.; Hudspeth, A.J.; Friedman, J.M.; Heller, S. Vanilloid receptor-related osmotically activated channel (VR-OAC), a candidate vertebrate osmore-ceptor. Cell 2000, 103, 525–535. [Google Scholar] [CrossRef]

	



Strotmann, R.; Harteneck, C.; Nunnenmacher, K.; Schultz, G.; Plant, T.D. OTRPC4, a nonselective cation channel that confers sensitivity to extracellular osmolarity. Nat. Cell Biol. 2000, 2, 695–702. [Google Scholar] [CrossRef]

	



O’Conor, C.J.; Leddy, H.A.; Benefield, H.C.; Liedtke, W.B.; Guilak, F. TRPV4-mediated mechanotransduction regulates the metabolic response of chondrocytes to dynamic loading. Proc. Natl. Acad. Sci. USA 2014, 111, 1316–1321. [Google Scholar] [CrossRef]

	



Güler, A.D.; Lee, H.; Iida, T.; Shimizu, I.; Tominaga, M.; Caterina, M. Heat-Evoked Activation of the Ion Channel, TRPV4. J. Neurosci. 2002, 22, 6408–6414. [Google Scholar] [CrossRef] [PubMed]

	



Phan, M.N.; Leddy, H.A.; Votta, B.J.; Kumar, S.; Levy, D.S.; Lipshutz, D.B.; Lee, S.H.; Liedtke, W.; Guilak, F. Functional characterization of TRPV4 as an osmotically sensitive ion channel in porcine articular chondrocytes. Arthritis Rheum. 2009, 60, 3028–3037. [Google Scholar] [CrossRef] [PubMed]

	



Muramatsu, S.; Wakabayashi, M.; Ohno, T.; Amano, K.; Ooishi, R.; Sugahara, T.; Shiojiri, S.; Tashiro, K.; Suzuki, Y.; Nishimura, R.; et al. Functional Gene Screening System Identified TRPV4 as a Regulator of Chondrogenic Differentiation. J. Biol. Chem. 2007, 282, 32158–32167. [Google Scholar] [CrossRef] [PubMed]

	



Clark, A.L.; Votta, B.J.; Kumar, S.; Liedtke, W.; Guilak, F. Chondroprotective role of the osmotically sensitive ion channel transient receptor potential vanilloid 4: Age- and sex-dependent progression of osteoarthritis in Trpv4-deficient mice. Arthritis Rheum. 2010, 62, 2973–2983. [Google Scholar] [CrossRef]

	



Cameron, T.L.; Belluoccio, D.; Farlie, P.G.; Brachvogel, B.; Bateman, J.F. Global comparative transcriptome analysis of cartilage formation in vivo. BMC Dev. Biol. 2009, 9, 17–20. [Google Scholar] [CrossRef]

	



Walter, B.A.; Purmessur, D.; Moon, A.; Occhiogrosso, J.; Laudier, D.M.; Hecht, A.C.; Iatridis, J.C. Reduced tissue osmolarity increases TRPV4 expression and pro-inflammatory cytokines in intervertebral disc cells. Eur. Cells Mater. 2016, 32, 123–136. [Google Scholar] [CrossRef]

	



Leddy, H.A.; McNulty, A.L.; Lee, S.H.; Rothfusz, N.E.; Gloss, B.; Kirby, M.L.; Hutson, M.R.; Cohn, D.H.; Guilak, F.; Liedtke, W. Follistatin in chondrocytes: The link between TRPV4 channelopathies and skeletal malformations. FASEB J. 2014, 28, 2525–2537. [Google Scholar] [CrossRef]

	



Lamande, S.R.; Yuan, Y.; Gresshoff, I.L.; Rowley, L.; Belluoccio, D.; Kaluarachchi, K.; Little, C.B.; Botzenhart, E.; Zerres, K.; Amor, D.J.; et al. Mutations in TRPV4 cause an inherited arthropathy of hands and feet. Nat. Genet. 2011, 43, 1142–1146. [Google Scholar] [CrossRef]

	



Soul, J.; Dunn, S.L.; Anand, S.; Serracino-Inglott, F.; Schwartz, J.-M.; Boot-Handford, R.P.; Hardingham, T.E. Stratification of knee osteoarthritis: Two major patient subgroups identified by genome-wide expression analysis of articular cartilage. Ann. Rheum. Dis. 2017, 77, 423. [Google Scholar] [CrossRef]

	



Masuyama, R.; Vriens, J.; Voets, T.; Karashima, Y.; Owsianik, G.; Vennekens, R.; Lieben, L.; Torrekens, S.; Moermans, K.; Bosch, A.V.; et al. TRPV4-Mediated Calcium Influx Regulates Terminal Differentiation of Osteoclasts. Cell Metab. 2008, 8, 257–265. [Google Scholar] [CrossRef]

	



Allen, J.L.; Cooke, M.E.; Alliston, T. ECM stiffness primes the TGFbeta pathway to promote chondrocyte differentiation. Mol. Biol. Cell 2012, 23, 3731–3742. [Google Scholar] [CrossRef]

	



Nakao, A.; Imamura, T.; Souchelnytskyi, S.; Kawabata, M.; Ishisaki, A.; Oeda, E.; Tamaki, K.; Hanai, J.; Heldin, C.; Miyazono, K.; et al. TGF-beta receptor-mediated signalling through Smad2, Smad3 and Smad4. EMBO J. 1997, 16, 5353–5362. [Google Scholar] [CrossRef]

	



Yan, J.; Fang, Y.; Ding, L.; Zhu, J.; Lu, Q.; Huang, C.; Yang, X.; Ye, Q. Regulation of large-scale chromatin unfolding by Smad4. Biochem. Biophys. Res. Commun. 2004, 315, 330–335. [Google Scholar] [CrossRef]

	



Pouponnot, C.; Jayaraman, L.; Massagué, J. Physical and Functional Interaction of SMADs and p300/CBP. J. Biol. Chem. 1998, 273, 22865–22868. [Google Scholar] [CrossRef]

	



Zhang, Y.; Feng, X.H.; Derynck, R. Smad3 and Smad4 cooperate with c-Jun/c-Fos to mediate TGF-beta-induced tran-scription. Nature 1998, 394, 909–913. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, A.; Attisano, L. The TGFbeta Superfamily Signaling Pathway. Wiley Interdiscip. Rev. Dev. Boil. 2013, 2, 47–63. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Rigueur, D.; Lyons, K.M. TGFbeta signaling in cartilage development and maintenance. Birth Defects Res. C Embryo Today 2014, 102, 37–51. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.-F.; Darowish, M.; Zuscik, M.J.; Chen, D.; Schwarz, E.M.; Rosier, R.N.; Drissi, H.; O’Keefe, R.J. Smad3-deficient chondrocytes have enhanced BMP signaling and accelerated differentiation. J. Bone Miner. Res. 2005, 21, 4–16. [Google Scholar] [CrossRef] [PubMed]

	



Keller, B.; Yang, T.; Chen, Y.; Munivez, E.; Bertin, T.; Zabel, B.; Lee, B. Interaction of TGFbeta and BMP signaling pathways during chondrogenesis. PLoS ONE 2011, 6, e16421. [Google Scholar] [CrossRef]

	



Davidson, E.N.B.; Remst, D.F.G.; Vitters, E.L.; Van Beuningen, H.M.; Blom, A.B.; Goumans, M.-J.; Berg, W.B.V.D.; Van Der Kraan, P.M. Increase in ALK1/ALK5 Ratio as a Cause for Elevated MMP-13 Expression in Osteoarthritis in Humans and Mice. J. Immunol. 2009, 182, 7937–7945. [Google Scholar] [CrossRef] [PubMed]

	



Goldring, M.B.; Birkhead, J.R.; Suen, L.F.; Yamin, R.; Mizuno, S.; Glowacki, J.; Arbiser, J.L.; Apperley, J.F. Interleukin-1 beta-modulated gene expression in immortalized human chondrocytes. J. Clin. Investig. 1994, 94, 2307–2316. [Google Scholar] [CrossRef] [PubMed]

	



Minogue, B.M.; Richardson, S.M.; Zeef, L.A.; Freemont, A.J.; Hoyland, J.A. Transcriptional profiling of bovine intervertebral disc cells: Implications for identification of normal and degenerate human intervertebral disc cell phenotypes. Arthritis Res. Ther. 2010, 12, R22. [Google Scholar] [CrossRef] [PubMed]

	



Zawel, L.; Le Dai, J.; Buckhaults, P.; Zhou, S.; Kinzler, K.W.; Vogelstein, B.; Kern, S.E. Human Smad3 and Smad4 Are Sequence-Specific Transcription Activators. Mol. Cell 1998, 1, 611–617. [Google Scholar] [CrossRef]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [Google Scholar] [CrossRef]

	



Frankish, A.; Diekhans, M.; Ferreira, A.-M.; Johnson, R.; Jungreis, I.; Loveland, J.; Mudge, J.M.; Sisu, C.; Wright, J.; Armstrong, J.; et al. GENCODE reference annotation for the human and mouse genomes. Nucleic Acids Res. 2019, 47, D766–D773. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.; Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016, 44, W90–W97. [Google Scholar] [CrossRef] [PubMed]

	



Reimand, J.; Kull, M.; Peterson, H.; Hansen, J.; Vilo, J. g:Profiler—a web-based toolset for functional profiling of gene lists from large-scale experiments. Nucleic Acids Res. 2007, 35, W193–W200. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Stamatoyannopoulos, J.A.; Bailey, T.L.; Noble, W.S. Quantifying similarity between motifs. Genome Biol. 2007, 8, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Hardingham, T.; Tew, S.; Murdoch, A. Tissue engineering: Chondrocytes and cartilage. Arthritis Res. 2002, 4, S63–S68. [Google Scholar] [CrossRef]

	



Thorneloe, K.S.; Sulpizio, A.C.; Lin, Z.; Figueroa, D.J.; Clouse, A.K.; McCafferty, G.P.; Chendrimada, T.P.; Lashinger, E.S.R.; Gordon, E.; Evans, L.; et al. N-((1S)-1-{[4-((2S)-2-{[(2,4-dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-1 -piperazinyl]carbonyl}-3-methylbutyl)-1-benzothiophene-2-carboxamide (GSK1016790A), a novel and potent transient receptor potential vanilloid 4 channel agonist induces urinary bladder contraction and hyperactivity: Part I. J. Pharmacol. Exp. Ther. 2008, 326, 432–442. [Google Scholar]

	



Thorneloe, K.S.; Cheung, M.; Bao, W.; Alsaid, H.; Lenhard, S.; Jian, M.-Y.; Costell, M.; Maniscalco-Hauk, K.; Krawiec, J.A.; Olzinski, A.; et al. An Orally Active TRPV4 Channel Blocker Prevents and Resolves Pulmonary Edema Induced by Heart Failure. Sci. Transl. Med. 2012, 4, 159ra148. [Google Scholar] [CrossRef] [PubMed]

	



Mamuya, F.A.; Duncan, M.K. aV integrins and TGF-beta-induced EMT: A circle of regulation. J. Cell. Mol. Med. 2012, 16, 445–455. [Google Scholar] [CrossRef]

	



Sharma, S.; Goswami, R.; Zhang, D.X.; Rahaman, S.O. TRPV4 regulates matrix stiffness and TGFbeta1-induced epithelial-mesenchymal transition. J. Cell. Mol. Med. 2019, 23, 761–774. [Google Scholar] [CrossRef]

	



Jie, P.; Hong, Z.; Tian, Y.; Li, Y.; Lin, L.; Zhou, L.; Du, Y.; Chen, L.; Chen, L. Activation of transient receptor potential vanilloid 4 induces apoptosis in hippocampus through downregu-lating PI3K/Akt and upregulating p38 MAPK signaling pathways. Cell Death Dis. 2015, 6, e1775. [Google Scholar] [CrossRef]

	



Adapala, R.K.; Thoppil, R.J.; Luther, D.J.; Paruchuri, S.; Meszaros, J.G.; Chilian, W.M.; Thodeti, C.K. TRPV4 channels mediate cardiac fibroblast differentiation by integrating mechanical and soluble signals. J. Mol. Cell. Cardiol. 2013, 54, 45–52. [Google Scholar] [CrossRef]

	



Adapala, R.K.; Kanugula, A.K.; Paruchuri, S.; Chilian, W.; Thodeti, C.K. TRPV4 deletion protects heart from myocardial infarction-induced adverse remodeling via modula-tion of cardiac fibroblast differentiation. Basic Res. Cardiol. 2020, 115, 14. [Google Scholar] [CrossRef]

	



Eslaminejad, M.B.; Karimi, N.; Shahhoseini, M. Chondrogenic differentiation of human bone marrow-derived mes-enchymal stem cells treated by GSK-3 inhibitors. Histochem. Cell Biol. 2013, 140, 623–633. [Google Scholar] [CrossRef]

	



Nilius, B.; Vriens, J.; Prenen, J.; Droogmans, G.; Voets, T. TRPV4 calcium entry channel: A paradigm for gating diversity. Am. J. Physiol. Physiol. 2004, 286, C195–C205. [Google Scholar] [CrossRef] [PubMed]

	



Saitta, B.; Elphingstone, J.; Limfat, S.; Shkhyan, R.; Evseenko, D. CaMKII inhibition in human primary and pluripotent stem cell-derived chondrocytes modulates effects of TGFbeta and BMP through SMAD signaling. Osteoarthr. Cartil. 2019, 27, 158–171. [Google Scholar] [CrossRef] [PubMed]

	



Wicks, S.J.; Lui, S.; Abdel-Wahab, N.; Mason, R.M.; Chantry, A. Inactivation of smad-transforming growth factor beta signaling by Ca(2+)-calmodulin-dependent protein kinase II. Mol. Cell. Biol. 2000, 20, 8103–8111. [Google Scholar] [CrossRef] [PubMed]

	



Gooch, J.L.; Gorin, Y.; Zhang, B.-X.; Abboud, H.E. Involvement of calcineurin in transforming growth factor-beta-mediated regulation of extracellular matrix accumulation. J. Biol. Chem. 2004, 279, 15561–15570. [Google Scholar] [CrossRef] [PubMed]

	



Roach, K.M.; Feghali-Bostwick, C.; Wulff, H.; Amrani, Y.; Bradding, P. Human lung myofibroblast TGFbeta1-dependent Smad2/3 signalling is Ca(2+)-dependent and regulated by KCa3.1 K(+) channels. Fibrogenesis Tissue Repair 2015, 8, 5. [Google Scholar] [CrossRef] [PubMed]

	



Han, H.; Cho, J.-W.; Lee, S.-Y.; Yun, A.; Kim, H.; Bae, D.; Yang, S.; Kim, C.Y.; Lee, M.; Kim, E.; et al. TRRUST v2: An expanded reference database of human and mouse transcriptional regulatory interactions. Nucleic Acids Res. 2018, 46, D380–D386. [Google Scholar] [CrossRef]

	



Backes, T.M.; Rössler, O.G.; Hui, X.; Grötzinger, C.; Lipp, P.; Thiel, G. Stimulation of TRPV1 channels activates the AP-1 transcription factor. Biochem. Pharmacol. 2018, 150, 160–169. [Google Scholar] [CrossRef]

	



Peake, M.A.; Cooling, L.M.; Magnay, J.L.; Thomas, P.B.M.; El Haj, A.J. Selected Contribution: Regulatory pathways involved in mechanical induction of c-fos gene expression in bone cells. J. Appl. Physiol. 2000, 89, 2498–2507. [Google Scholar] [CrossRef]

	



Datto, M.B.; Yu, Y.; Wang, X.F. Functional analysis of the transforming growth factor beta responsive elements in the WAF1/Cip1/p21 promoter. J. Biol. Chem. 1995, 270, 28623–28628. [Google Scholar] [CrossRef]

	



Bachmeier, B.E.; Albini, A.; Vené, R.; Benelli, R.; Noonan, D.; Weigert, C.; Weiler, C.; Lichtinghagen, R.; Jochum, M.; Nerlich, A.G. Cell density-dependent regulation of matrix metalloproteinase and TIMP expression in differently tumorigenic breast cancer cell lines. Exp. Cell Res. 2005, 305, 83–98. [Google Scholar] [CrossRef] [PubMed]

	



He, Z.; Nie, P.; Lu, J.; Ling, Y.; Guo, J.; Zhang, B.; Hu, J.; Liao, J.; Gu, J.; Dai, B.; et al. Less mechanical loading attenuates osteoarthritis by reducing cartilage degeneration, subchondral bone remodelling, secondary inflammation, and activation of NLRP3 inflammasome. Bone Jt. Res. 2020, 9, 731–741. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, B.D.; Thodeti, C.K.; Tytell, J.D.; Mammoto, A.; Overby, D.R.; Ingber, D.E. Ultra-rapid activation of TRPV4 ion channels by mechanical forces applied to cell surface beta1 integrins. Integr. Biol. (Camb) 2010, 2, 435–442. [Google Scholar] [CrossRef]

	



Saitta, B.; Passarini, J.; Sareen, D.; Ornelas, L.; Sahabian, A.; Argade, S.; Krakow, D.; Cohn, D.H.; Svendsen, C.N.; Rimoin, D.L. Patient-derived skeletal dysplasia induced pluripotent stem cells display abnormal chondrogenic marker expression and regulation by BMP2 and TGFbeta1. Stem. Cells Dev. 2014, 23, 1464–1478. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 00726 g001 550] 





Figure 1. TRPV4 is expressed and can be activated in TC28a2 chondrocytes. (A) Immunostaining for TRPV4 in TC28a2 chondrocytes, using anti-TRPV4 antibody and DAPI nuclear stain. Scale bar represents 100 µm. (B) Dose response of GSK101 on Fluo8 fluorescence 15 min post stimulation. (C) Fluorescence imaging of Fluo8-loaded TC28a2 cells 15 min post stimulation with 100 nM GSK101 or DMSO control. Scale bar represents 200 µm. (D) Representative traces of Fluo8 fluorescence following DMSO (upper), 100 nM GSK101 stimulation (middle) or 100 nM GSK101 stimulation in cells pre-incubated with 500 nM GSK219 (lower) for 15 min. Data representative of three independent experiments. 
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Figure 2. Activation of TRPV4 modulates TGFβ signalling in a time-dependent manor. TC28a2 cells with SBE-nLUCp reporter were used to monitor TGFβ signalling. (A) Cells were stimulated with 10 ng/mL TGFβ3 or medium control, incubated for 15 min then stimulated with 100 nM GSK101 (activator) or DMSO control (vehicle) and then incubated for a further 3 h 45 min before SBE-nLUCp activity was determined. TRPV4 inhibitor (500 nM GSK219) was added to cells along with TGFβ3. (B) and (C) Cells were either not transfected (NT), mock transfected (TR), transfected with siRNA to TGFB1 (siTGFB1) or transfected with siRNA to TRPV4 (siTRPV4) for 24 h and then serum starved and incubated for a further 48 h. Following incubation, cells were stimulated with TGFβ3 (B) or media control (C) and then TRPV4 activated using GSK101, SBE-nLUCp activity determined as described in (A). (D) Schematic illustrating the order of stimulation/activation for A–C. (E) Cells were stimulated with 10 ng/mL TGFβ3. TRPV4 was activated (100 nM GSK101/DMSO control) either before (-ve mins), with (0 min) or after (+ve mins) TGFβ3 stimulation. (F) Cells were stimulated with 10 ng/mL TGFβ3 or medium control, incubated for 15 min then TRPV4 activated using 100 nM GSK101 or DMSO control. SBE-nLUCp activity was determined after the indicated amount of time post TGFβ3 stimulation. (G) Schematic representation of conditions shown in E. (H) Schematic representation of conditions shown in F. FC SBE RLU; fold change in SMAD-binding element relative light units NT; no treatment. Data in A combined from four independent experiments, and data in B–F combined from three independent experiments. Raw data are shown in Figures S3 and S5. GSK101 treatment was normalised to the DMSO control for each siRNA/timepoint. Statistical differences were calculated by two-way ANOVA followed by Sidak’s multiple comparisons test; p < 0.05 *, p < 0.01 **, and p < 0.001 ***. 
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Figure 3. RNA-seq identification of TGFβ3 response genes that are enhanced by TRPV4 activation. (A) Experimental design for RNA-seq (triplicate). (B) Hierarchical clustering and (C) PCA analysis shows separation of DMSO, GSK101, TGFβ3+DMSO and TGFβ3+GSK101 treatment groups, the TGFβ3+GSK219 and TGFβ3+GSK219+GSK101 treatment groups both clustered with TGFβ3+DMSO. (D) Histogram indicating number of differentially expressed genes (DEGs) between experimental conditions according to DESeq2. (E) Venn diagram indicating commonality between genes significantly up regulated in GSK101 vs. DMSO, TGFβ3+DMSO vs. DMSO and TGFβ3+GSK101 vs. DMSO. (F) Scatter plot of significant genes comparing fold change in gene expression in GSK101 vs. DMSO and TGFβ3+DMSO vs. DMSO. (G) Venn diagram of genes significantly up regulated in TGFβ3+GSK101 vs. TGFβ3+DMSO or TGFβ3+DMSO vs. DMSO illustrating that GSK101 causes further enhancement of TGFβ response genes. (H) Scatter plot of significant genes comparing fold change in gene expression following TGFβ3+DMSO vs. DMSO and TGFβ3+GSK101 vs. TGFβ3+DMSO. 
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Figure 4. Reduction in extracellular calcium or calmodulin inhibition prevents GSK101 enhancement of TGFβ signalling. TC28a2 cells grown with indicated concentration of calcium (A) or KN93 (B) for ~16 h and then stimulated with TGFβ3 followed by DMSO (black) or GSK101 (red) after 15 min, and luciferase activity was determined 4 h after TGFβ3. (A) TRPV4 activation (using 100 nM GSK101) does not enhance TGFβ signalling at low calcium concentrations in medium. (B) Pre-treatment with calmodulin inhibitor (KN93) prevents TRPV4 activation (using 100 nM GSK101) of enhanced TGFβ signalling. (C,D) Schematics showing timing for calcium removal or calmodulin inhibition (KN93) in relation to stimulation/activation. Data were combined from three independent experiments. CFM; calcium-free medium, FC SBE RLU; fold change in SMAD-binding element relative light units. Statistical differences were calculated using two-way ANOVA followed by Sidak’s multiple comparisons test; p < 0.05 *, p < 0.01 **, and p < 0.001 ***. 
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Figure 5. TRPV4 activation enhances TGFβ signalling through the JUN and SP1 transcription factors. (A,B) TRRUST analysis of genes significantly increased in RNAseq for each of the indicated experimental comparisons. (C) siRNA knockdown of JUN and SP1 prevents TRPV4 enhancement of TGFβ signalling. Data were combined from three independent experiments. GSK101 treatment was normalised to DMSO for each siRNA. Statistical differences were calculated using two-way ANOVA followed by Sidak’s multiple comparisons test; p < 0.05 * and p < 0.001 ***. FC SBE RLU; fold change in SMAD-binding element relative light units. (D) Sequence motif logos of JUN (MA0490.1; p-value 1.83 × 10−11) and SP1 (MA0079.3.1; p-value 5.89 × 10−7) within upregulated genes following TRPV4 activation created by TOMTOM from JASPAR2018_CORE_vertebrates_non-redundant database. (E) Schematic representation of possible mode of action of TGFβ and GSK101. In the presence of only TGFβ, SMAD2/3 causes transcriptional response of TGFβ target genes. In the presence of only GSK101, TRPV4 is activated, causing increased intracellular calcium, leading to activation of TRPV4 response genes. When TGFβ stimulation is followed by TRPV4 activation after 15 min, TGFβ activates SMAD3, and then TRPV4 activation causes increased calcium, enhancing the effect of TGFβ, through a mechanism involving SP1 and JUN, which are known SMAD3-binding partners. NT, no treatment; TR, transfection reagent control. 
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