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The differentiation of prehypertrophic into hypertrophic chondrocytes drives an OA-remodeling program and IL-34 expression
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Objectives. We hypothesize that chondrocytes from the deepest articular cartilage layer are pivotal in maintaining cartilage integrity and that the modification of their prehypertrophic phenotype to a hypertrophic phenotype will drive cartilage degradation in osteoarthritis.

Design. Murine immature articular chondrocytes (iMACs) were successively cultured into three different culture media to induce a progressive hypertrophic differentiation.

Chondrocyte were phenotypically characterized by whole-genome microarray analysis.

The expression of IL-34 and its receptors PTPRZ1 and CSF1R in chondrocytes and in human osteoarthritis tissues was assessed by RT-qPCR, ELISA and immunohistochemistry. The expression of bone remodeling and angiogenesis factors and the cell response to IL-1β and IL-34 were investigated by RT-qPCR and ELISA.

Results. Whole-genome microarray analysis showed that iMACs, prehypertrophic and hypertrophic chondrocytes each displayed a specific phenotype. IL-1β induced a stronger catabolic effect in prehypertrophic chondrocytes than in iMACs. Hypertrophic differentiation of prehypertrophic chondrocytes increased Bmp-2 (95%CI [0.78;1.98]), Bmp-4 (95%CI [0.89;1.59]), Cxcl12 (95%CI [2.19;5.41]), CCL2 (95%CI [3.59;11.86]), Mmp3 (95%CI [10.29;32.14]) and Vegf mRNA expression (95%CI [0.20;1.74]).

Microarray analysis identified IL-34, PTPRZ1 and CSFR1 as being strongly overexpressed in hypertrophic chondrocytes. IL-34 was released by human osteoarthritis cartilage; its receptors were expressed in human osteoarthritis tissues. IL-34 stimulated CCL2 and MMP13 in osteoblasts and hypertrophic chondrocytes but not in iMACs or prehypertrophic chondrocytes.

Conclusion.

Our results identify prehypertrophic chondrocytes as being potentially pivotal in the control of cartilage and subchondral bone integrity. Their differentiation into hypertrophic chondrocytes initiates a remodeling program in which IL-34 may be involved.

Introduction

Osteoarthritis (OA) is characterized by the irreversible degradation of cartilage, which is associated with a pathological remodeling of the subchondral bone, including sclerosis and osteophyte formation. Cartilage degradation mainly results from the proteolysis of the cartilage extracellular matrix by chondrocyte-secreted proteases 1 . The degradation observed in the deep zone of articular cartilage is explained by an endochondral ossification-like process at the cartilage/bone interface [2][3][4] , which involves the hypertrophic differentiation of chondrocytes, the calcification and the vascularization of the extracellular matrix followed by the replacement of cartilage with bone.

While chondrocytes are the unique cell type present within cartilage, different chondrocyte phenotypes exist, depending on the type of cartilage and on the chondrocyte localization within cartilage. Articular cartilage is organized in different layers from the surface until the subchondral bone. The phenotype of chondrocytes differs upon the layer considered 5 . Chondrocytes from the deepest articular cartilage layer of non-calcified cartilage display an intermediate phenotype between that of the chondrocytes of the surface layers and that of the chondrocytes found in the calcified cartilage, which are hypertrophic.

They indeed express molecules that characterize both surface layer chondrocytes and hypertrophic chondrocytes, including type II and type X collagens [6][7][8] . They also express Ihh and osteomodulin as prehypertrophic chondrocytes from the growth plate cartilage [9][10][11][12] .

Cartilage degradation in OA results in chondrocyte phenotypic modifications. We hypothesize that the chondrocytes from the deepest articular cartilage layer play a crucial role in maintaining cartilage integrity and that the modification of their prehypertrophic phenotype to a hypertrophic phenotype will drive cartilage degradation in OA. In the present study, we developed a model of progressive differentiation of murine immature articular chondrocytes (iMACs) into hypertrophic chondrocytes, and this model includes an intermediate prehypertrophic state. Here, we show that the differentiation of prehypertrophic chondrocytes into hypertrophic chondrocytes shifts chondrocytes towards an OA-inducing phenotype. This phenotype is associated with an increased expression of IL-34, a recently discovered cytokine that could be involved in both cartilage and bone integrity.

Materials and methods

See supplementary information for detailed Material and methods.

Collection of osteoarthritis human samples

Human OA knee explants (n=33) obtained from patients undergoing total knee joint replacement surgery were dissected, as described [START_REF] Priam | Identification of soluble 14-3-3 as a novel subchondral bone mediator involved in cartilage degradation in osteoarthritis[END_REF] .

Immunohistochemistry

Immunohistochemistry was performed with a mouse monoclonal antibody against PTPRZ1 (clone 12/RPTPb, BD Transduction Laboratories; dilution 1:50) and a rabbit polyclonal antibody against CSF-1R (H-300, Santa Cruz Biotechnology; dilution 1:50) as the primary antibodies. The R.T.U. Vectastain kit (Vector) was used for detection, followed by counterstaining with Mayer's hematoxylin. Irrelevant control antibodies (Dako) were incubated at the same concentration to assess nonspecific staining.

Primary culture of murine osteoblasts and articular chondrocytes

Osteoblasts and iMACs were isolated and cultured, as described in [START_REF] Sanchez | Mechanical loading highly increases IL-6 production and decreases OPG expression by osteoblasts[END_REF][START_REF] Gosset | Primary culture and phenotyping of murine chondrocytes[END_REF][START_REF] Salvat | Immature murine articular chondrocytes in primary culture: a new tool for investigating cartilage[END_REF] and supplementary information. Prehypertrophic chondrocytes were obtained by culturing iMACs for 28 days in culture medium 2 (DMEM/HAM-F12 medium supplemented with fetal calf serum (5%), penicillin (100 U/mL), streptomycin (100 µg/mL), L-glutamine (4 mM), ascorbic acid (40 µg/mL), insulin-transferrin-sodium selenite (1%) and triiodo-Lthyronine (50 ng/mL)). Chondrocytes were further cultured for 42 days in medium 2 supplemented with β-glycerophosphate (10 mM), retinoic acid (100 nM) and 1α,25dihydroxyvitamin D3 (10 nM) (Medium 3) to obtain hypertrophic chondrocytes. All cultures were performed in standard conditions with the exception of the last differentiation step, performed in 3% CO2/95% air. At the end of the culture, cells were serum-starved for 24 hours and stimulated by recombinant human IL-1β (1 ng/mL) or murine IL-34 (3, 30 and 100 ng/mL) for 24 hours. Conditioned media were kept, centrifuged and stored at -20°C. Cells were either fixed in 3.7% paraformaldehyde (PFA) or used for mRNA or protein extraction.

The experimental design for the cell culture study is shown in Fig. S1.

Primary culture of human articular chondrocytes

Human chondrocytes were isolated from the less damaged areas of OA cartilage from patients who underwent total knee arthroplasty. Their hypertrophic differentiation was performed according to Yahara et al. [START_REF] Yahara | Pterosin B prevents chondrocyte hypertrophy and osteoarthritis in mice by inhibiting Sik3[END_REF] .

Microarray analysis

mRNA expression profiling was performed using SurePrint G3 Mouse Gene Expression v2 8x60K Microarray (G4852B, Agilent Technologies) and SurePrint Mouse miRNA Microarray Kit v21 8x60K (G4859C, Agilent Technologies). For mRNA profiling, probe labeling and 60 mer-oligonucleotide microarray hybridization were performed according to the manufacturer's instructions [START_REF] Hughes | Expression profiling using microarrays fabricated by an ink-jet oligonucleotide synthesizer[END_REF] . An Agilent scanner and Feature Extraction 11.5.1.1 software (Agilent Technologies) were used to obtain the raw microarray data for both analyses.

Statistical analysis

We used repeated measures one-way ANOVA to compare iMACs, prehypertrophic and hypertrophic chondrocytes. Paired t-tests were used to compare prehypertrophic to hypertrophic chondrocyte gene expression observations and gene or protein comparison in OA patients. For the IL-1β and IL-34 stimulation study, we used Dunnett's post hoc test.

The analyses were performed using GraphPad Prism7 (GraphPad Software Inc., San Diego, CA, USA).

Results

Model of the progressive differentiation of murine immature articular chondrocytes into prehypertrophic and hypertrophic chondrocytes

To study the consequences of the hypertrophic differentiation of chondrocytes in OA cartilage, we established an in vitro model of the progressive differentiation of iMACs into prehypertrophic and hypertrophic chondrocytes. iMACs displayed the typical phenotype of articular chondrocytes, characterized by the expression of Col2a1, Acan, Chm1 and Sox9 and by the almost complete absence of the expression of the hypertrophic chondrocyte markers Runx2, Osterix, MMP-13, Col10a1 and Tnap (n=6) (Fig. 1B-E andI-M). iMACs also showed weak alkaline phosphatase activity and no evidence of matrix calcification (Fig. 1O andP). Culturing the iMACs in Medium 2 then in Medium 3 induced progressive decreases in the mRNA expression of Acan, Col2a1, Sox9 and Chm1 (Fig. 1B-E).

Inversely, the mRNA expression of the hypertrophic markers Runx2, Osterix, Mmp13, osteocalcin and Tnap was stimulated by culture in Medium 2 (Fig. 1I-N). The mRNA expression of Runx2, Col10a1 and osteocalcin further increased after the culture in Medium 3. Consistent with the increased mRNA expression of Tnap, the activity of alkaline phosphatase was strongly stimulated by culture in Medium 2 and Medium 3 (Fig. 1O). Significant calcification of the chondrocyte cultures was only observed when cells were cultured in Medium 3 (Fig. 1P). Cells cultured in Medium 2 expressed both iMAC and hypertrophic chondrocyte markers and did not mineralize their matrix. They also expressed the markers of prehypertrophic chondrocytes Ihh, Snorc and Osteomodulin (Fig. 1F-H). Moreover, they expressed higher mRNA levels of Snorc and Osteomodulin than iMACs and hypertrophic chondrocytes. Thus, iMACs progressively became prehypertrophic and hypertrophic after culture in Medium 2 and Medium3.

To further characterize our model of progressive hypertrophic differentiation of iMACs, the transcriptomic signatures of iMACs, prehypertrophic and hypertrophic chondrocytes were explored by high-throughput genomic methods (n=8). A two-dimensional PCA of the genes expressed revealed that all displayed globally distinct gene expression patterns (Fig. S2B), which were also confirmed by their distinct clustering patterns (Fig. S2C).

Interestingly, prehypertrophic and hypertrophic chondrocytes showed a homogenous clustering pattern of gene expression, indicating that they displayed a specific molecular phenotype, different from iMAC phenotype.

The most variable genes identified by PCA (top 5000 ranked by decreasing standard deviation) accounted for 40% and 17% of the total gene expression variability in the principal component (PC) 1 and PC2 groups, respectively. Genes positively correlated with PC1 displayed an upregulation across the differentiation process. The number of genes positively correlated with PC2 was more restricted, and those were of particular interest to characterize prehypertrophic cells since they were more specifically associated with this group of cells.

The repeated spotted probes and the probes targeting the same gene were not averaged but were analyzed for similar expression. We identified 8121 differentially expressed (DE) genes (9306 DE probes, at false discovery rate (FDR)-adjusted p-value ≤0.05 & |Fold Change (FC)|≥1.3) between iMACs and hypertrophic chondrocytes (4311 and 3810 genes overexpressed in hypertrophic chondrocytes and iMACs, respectively), including markers of articular and hypertrophic chondrocytes (Table S1). The specific part of this signature represented 1467 genes (1768 DE probes, 809 and 959 overexpressed in hypertrophic chondrocytes and iMACs, respectively) (Fig. 2A). We found 6829 differentially expressed genes (7744 probes) between prehypertrophic chondrocytes and iMACs (3601 and 3228 overexpressed in prehypertrophic chondrocytes and iMACs, respectively) (Table S1), while 1023 DE probes were specific to this contrast (540 and 483 overexpressed in prehypertrophic chondrocytes and iMACs, respectively) (Fig. 2B). Finally, 5308 genes (6220 probes) were differentially expressed between the hypertrophic and prehypertrophic chondrocytes (2970 and 2338 genes overexpressed in hypertrophic and prehypertrophic chondrocytes, respectively) (Table S1). Eight hundred nine genes (1002 DE probes) were specific to differences between hypertrophic and prehypertrophic chondrocytes (626 and 376 probes overexpressed in hypertrophic and prehypertrophic chondrocytes, respectively) (Fig. 2C). Hypertrophic chondrocytes were thus molecularly the most different from other cells.

Together, these results show that our culture model allows a progressive differentiation of the iMACs into prehypertrophic and hypertrophic chondrocytes, each displaying a specific molecular phenotype.

Prehypertrophic to hypertrophic differentiation shifts chondrocytes towards an OAinducing phenotype

Inflammatory factors, such as IL-1β, alter the phenotype of chondrocytes that adopt OA-like catabolic features. As expected, IL-1β downregulated the expression of Col2a1 by iMACs (Padj=0.0454, 95%CI [-1.41;-0.00], n=6), whereas it strongly upregulated the mRNA expression of Il-6 (Padj=0.0016, 95%CI [1.01;2.60], n=6) and Mmp13 (Padj=0.0483, 95%CI [0.62;2.14], n=6) (Fig. 3A, C andD). IL-1β also induced a similar catabolic phenotype in prehypertrophic and hypertrophic chondrocytes (Fig. 3A-D).

However, prehypertrophic chondrocytes appeared more sensitive to IL-1β than did iMACs since IL-1β led to a 2.0-fold, 4.1-fold and 1.8-fold lower expression of Col2a1, Acan and Chm1 (n=6), respectively and to a 131.7-fold higher expression of Il-6, as compared to iMACs (Fig. 3A-C). In addition, IL-1β also stimulated the expression of Vegf and repressed those of Tsp1 and Chm1 by prehypertrophic and hypertrophic chondrocytes (n=6), while neither Vegf nor Tsp1 expression was regulated by IL-1β in iMACs (Fig. 3E-G).

To evaluate whether the shift from prehypertrophic to hypertrophic chondrocytes mimicked OA-related osteochondral remodeling, we performed analysis focused on molecular functions involved in OA (Fig. S2D). Hypertrophic chondrocytes, in contrast to prehypertrophic chondrocytes, displayed activated functions related to bone differentiation, angiogenesis and deterioration/damage of connective tissues. Accordingly, the mRNA for the difference in means) was increased when prehypertrophic chondrocytes became hypertrophic (Fig. 3I andJ). They also tended to overexpressed Rankl mRNA, as compared to prehypertrophic chondrocytes (22.5-fold, 95%CI [-4.32;47.43] for the difference in means) (Fig. 3J). Hypertrophic chondrocytes expressed more Vegf (1.97-fold, 95%CI [0.203;1.74] for the difference in means) and Mmp3 mRNAs (22.21-fold, 95%CI [10.29;32.14]) for the difference in means) and less the angiostatic factors Chm1 (-5.99fold, 95%CI [-0.93;-0.73]) for the difference in means) and Angptl4 than prehypertrophic chondrocytes (-1.65-fold, 95%CI [-0.68;-0.10]) for the difference in means) (Fig. 3H andK). In contrast, neither Tgfβ1 nor Mpm13, Adamts4 and Adamts5 mRNAs were modulated by the switch from prehypertrophic to hypertrophic differentiation (Fig. 3H andI).

Overexpression of IL-34 by hypertrophic chondrocytes

Hypertrophic differentiation of chondrocytes may contribute to OA via the release of factors with autocrine and paracrine tissue remodeling activity. We focused the analysis on ccl, cxcl cytokines/chemokines and ILs, for which expression was upregulated with chondrocyte hypertrophy (Table S2). Seven cytokines/chemokines were overexpressed by hypertrophic chondrocytes, especially in relation to prehypertrophic chondrocytes. Among them, only CXCL12 and IL-34 have their receptors (CXCR4, PTPRZ1 and CSF1R) also upregulated, suggesting that they may act in an autocrine loop (Table S2). Interestingly, Ptrpz1 was the most overexpressed gene during the hypertrophic differentiation of chondrocytes (72.1-fold increased expression compared to iMACs), just after Mmp3. In contrast, the levels of Cxcr7, the second receptor of CXCL12, were unchanged.

Since the involvement of IL-34 in OA is unknown, we next focused our investigation on its expression in OA. Consistent with the microarray analysis, RT-qPCR confirmed the overexpression of Il-34, Ptprz1 and Csf1r in hypertrophic chondrocytes (n=6) (Fig. 4A-C).

Both Il-34 and Ptprz1 mRNA levels increased progressively during the hypertrophic differentiation of chondrocytes, whereas the increase in the expression of Csf1r mRNA was observed during the conversion of iMACs to prehypertrophic chondrocytes.

Concentrations of IL-34 in both cell supernatants and cell lysates also increased with iMAC hypertrophic differentiation (Fig. 4D andE). Similar results were also observed during the hypertrophic differentiation of human chondrocytes. Their hypertrophic differentiation was associated with a decrease in the mRNA levels Sox9 and aggrecan, an increase in those of TNAP and MMP-13, and the presence of areas of calcification within the extracellular matrix (Fig. S3). Human hypertrophic chondrocytes also showed an increase in IL-34 mRNA expression (Padj=0.011, 95%CI [0.22;1.17], n=7) and in IL-34 concentration in cell supernatant (Padj=0.0013, 95%CI [0.89;2.08], n=6) and cell lysates (Padj=0.0282, 95%CI [0.27;3.17], n=6) (Fig. 4F-H).

IL-34 was also released by human OA cartilage, regardless of whether it originated from articular cartilage or from the thin cartilage layer covering osteophytes (Fig. 5A).

However, cartilage from osteophytes released higher amounts of IL-34 than OA articular cartilage (P=0.0368, 95%CI [23.43;506.40]). OA tissues also expressed PTPRZ1 and CSF1R (Fig. 5B). Within articular cartilage, positive immunostaining for PTPRZ1 and CSF1R was mainly detected in the chondrocytes of the deeper area of the cartilage or in clusters of chondrocytes, although not all isolated chondrocyte or chondrocyte clusters were positive (Fig. 5B, panels a-f). A more intense immunostaining was observed within the bone and was associated with osteoblasts, osteocytes and cells present in vascular channels, including vessels and mesenchymal stromal cells. A similar positive immunostaining pattern was observed within osteophytes (Fig. 5B, panels g-l).

Chondrocytes, osteoblasts, osteocytes and bone marrow cells were positive for both CSF1R and PTPRZ1. In addition, mesenchymal cells of the fibrous tissue, which often covered the osteophyte surface, were also positive for PTPRZ1 immunostaining (Fig. 5B, panels j and k).

IL-34 increases the remodeling potential of hypertrophic chondrocytes and osteoblasts

We next determined the chondrocyte (n=7) and osteoblast response (n=5) to IL-34. No effect of IL-34 on iMACs and prehypertrophic chondrocytes was observed (data not shown). In contrast, both hypertrophic chondrocytes and osteoblasts were sensitive to IL-34 stimulation. A dose-dependent increase in the mRNA expression of Ccl2, Cxcl12 and Mmp13 by hypertrophic chondrocytes was observed in response to IL-34 (Fig. 6A-C). This was associated with a dose-dependent increase in the release of CCL2 and MMP-13 (P=0.0360 and P=0.0489 for CCL2 and MMP-13, respectively) (Fig. 6E-F). No increase in MMP-3 expression and release was observed (Fig. 6D andG). Similarly, IL-34 tended to stimulate the expression of Ccl2 (P=0.0911), Mmp3 (P=0.129), Mmp13 (P=0.141) and Tnfα (P=0.1301), by osteoblasts (Fig. 7A-D). Consistently, IL-34 stimulated the release of CCL2 (P=0.0005), MMP-3 (P=0.0085) and MMP-13 (P=0.0052) by IL-34 in a dosedependent manner (Fig. 7G-I). IL-34 induced also a dose-dependent decrease in the mRNA expression of both Pedf (P=0.0084) and Ptprz1 (P=0.0917) by osteoblasts (Fig. 7E-F). IL-34 had no observable effect on the mRNA expression of Vegf, Rankl and Csf1r in both hypertrophic chondrocytes and osteoblasts (data not shown).

Discussion

OA is characterized at the cellular level by deep phenotypic modifications of cells from the different joint tissues. Notably, there is a hypertrophic differentiation of chondrocytes leading to the accumulation of calcified depots within cartilage [START_REF] Kirsch | Activation of annexin II and V expression, terminal differentiation, mineralization and apoptosis in human osteoarthritic cartilage[END_REF] and an advancement of the mineralization front in the deeper part of the cartilage. Hypertrophic differentiation of chondrocytes during OA is thought to play an important role in cartilage disappearance and subchondral bone remodeling [START_REF] Dreier | Hypertrophic differentiation of chondrocytes in osteoarthritis: the developmental aspect of degenerative joint disorders[END_REF][START_REF] Singh | Phenotypic instability of chondrocytes in osteoarthritis: on a path to hypertrophy[END_REF] . Therefore, the identification of molecular factors produced by hypertrophic chondrocytes and involved in cartilage and bone damage in OA could be of therapeutic interest. However, no current model of chondrocyte hypertrophic differentiation is able to lead such investigations. None use articular chondrocytes to obtain hypertrophic chondrocytes able to calcify their matrix. Either they do not provide sufficient quantities of hypertrophic chondrocytes or are based on cell lines rather than primary cultures.

Thus, developing such a model that combines all these features represents a real need and a great challenge. Here, we have developed an original model of progressive articular chondrocyte hypertrophic differentiation and identified the recently discovered IL-34 as a factor with putative osteochondral remodeling activity.

Our model of chondrocyte hypertrophic differentiation was achieved starting with primary cultures of iMACs. Calcification was only observed after culturing iMACs successively in Medium 1, Medium 2 and then in Medium 3. In addition, only a faint expression of osteocalcin, Osterix and Tnap was observed in the iMAC cultures, suggesting that matrix calcification was not due to contamination of cultures by osteoblasts. Although a transdifferentiation of some chondrocytes into osteoblast-like cells during the culture time cannot be totally ruled out, we consider that the features we observed are attributable to hypertrophic chondrocytes rather than osteoblast-like cells since the expression of Col10a1, a specific marker of hypertrophic chondrocytes, was strongly increased during the culture time.

Chondrocyte hypertrophy is generally only determined by the combination of an increased expression of some hypertrophic markers with the decreased expression of chondrocyte markers [START_REF] Cecil | Inflammationinduced chondrocyte hypertrophy is driven by receptor for advanced glycation end products[END_REF][START_REF] Pesesse | Consequences of chondrocyte hypertrophy on osteoarthritic cartilage: potential effect on angiogenesis[END_REF][START_REF] Wehling | Interleukin-1beta and tumor necrosis factor alpha inhibit chondrogenesis by human mesenchymal stem cells through NF-kappaB-dependent pathways[END_REF][START_REF] Zhang | Inhibition of vascular endothelial growth factor with shRNA in chondrocytes ameliorates osteoarthritis[END_REF] . Nevertheless, in addition to these criteria, matrix calcification appears necessary to ascertain that chondrocytes reach hypertrophy. Indeed, chondrocytes cultured in Medium 2 never calcified, although they showed a mRNA expression of hypertrophic markers. The current published culture models of hypertrophic differentiation reaching matrix calcification include primary cultures of chondrocytes isolated from limb buds and growth plate, ATDC5 cells and mesenchymal stem cells (MSCs) [START_REF] James | Expression profiling of Dexamethasone-treated primary chondrocytes identifies targets of glucocorticoid signalling in endochondral bone development[END_REF][START_REF] Stanton | p38 MAP kinase signalling is required for hypertrophic chondrocyte differentiation[END_REF][START_REF] Kirsch | Regulated production of mineralizationcompetent matrix vesicles in hypertrophic chondrocytes[END_REF][START_REF] Mueller | Functional characterization of hypertrophy in chondrogenesis of human mesenchymal stem cells[END_REF][START_REF] Shukunami | Cellular hypertrophy and calcification of embryonal carcinoma-derived chondrogenic cell line ATDC5 in vitro[END_REF] . However, neither ATDC5 cells nor MSCs are chondrocytes, and despite the similarities between chondrocytes from growth plates and articular cartilage, they have distinct molecular phenotypes [START_REF] Chau | Gene expression profiling reveals similarities between the spatial architectures of postnatal articular and growth plate cartilage[END_REF][START_REF] Hissnauer | Identification of molecular markers for articular cartilage[END_REF][START_REF] Matsusaki | Expression of the cadherin-11 gene is a discriminative factor between articular and growth plate chondrocytes[END_REF] . These models are therefore not suitable for studying hypertrophic articular chondrocytes. Yahara et al. also reported matrix calcification with cultures of articular chondrocytes [START_REF] Yahara | Pterosin B prevents chondrocyte hypertrophy and osteoarthritis in mice by inhibiting Sik3[END_REF] . Pellet cultures of human OA articular chondrocytes expressed hypertrophic markers and showed calcifications [START_REF] Yahara | Pterosin B prevents chondrocyte hypertrophy and osteoarthritis in mice by inhibiting Sik3[END_REF] (and this study). However, only sparse calcifications were observed, suggesting that only a subset of chondrocytes reach hypertrophy. Nevertheless, this model appears useful to validate our results obtained with iMACs.

In addition to iMACs and hypertrophic chondrocytes, our model provides insight into a third chondrocyte phenotype, which we considered as prehypertrophic chondrocytes considering its gene expression pattern. This chondrocyte population expressed intermediate levels of chondrocyte and hypertrophic markers compared to those expressed in iMACs and hypertrophic chondrocytes, and they did not calcify their matrix. These cells also expressed known prehypertrophic markers, including snorc and osteomodulin 9,[START_REF] Heinonen | Interleukin-34 is expressed by giant cell tumours of bone and plays a key role in RANKL-induced osteoclastogenesis[END_REF] , whose expression was stronger than that in both iMACs and hypertrophic chondrocytes.

The prehypertrophic phenotype corresponded to a specific population of chondrocytes showing a homogeneous molecular pattern, as revealed by PCA of the microarray results.

The whole genome transcriptomic analysis indeed revealed that two phenotypically distinct populations of chondrocytes were obtained from iMACs. We characterized them as prehypertrophic and hypertrophic chondrocytes based on their gene expression pattern and their ability to calcify or not their extracellular matrix. Investigating other features, including the cell shape and the composition and the organization of the extracellular matrix, would be of interest to validate prehypertrophic and hypertrophic states.

The presence of several populations of cells with molecularly distinct phenotypes within articular cartilage has recently been described in human OA cartilage 35,36 . Ji et al.

characterized seven different chondrocyte populations, including prehypertrophic and hypertrophic chondrocytes 36 . Their results suggest that prehypertrophic chondrocytes localized in the deeper part of articular cartilage play an important role in OA progression.

Here, we show that prehypertrophic chondrocytes is the most sensitive chondrocyte population to an inflammatory stimulus. Inflammatory stress is a hallmark of OA, and IL-1β induced a more potent global response by prehypertrophic chondrocytes than by iMACs and hypertrophic chondrocytes. In addition, the prehypertrophic to hypertrophic differentiation of chondrocytes is associated with an increase in the bone remodeling and angiogenic potential of chondrocytes, as evaluated by their molecular pattern. Functional studies will be needed to ascertain the increased potential for tissue remodeling of hypertrophic chondrocytes.

The microarray analysis for cytokines/chemokines overexpressed with chondrocyte hypertrophic differentiation and able to act in an autocrine and paracrine manner highlighted the recently discovered IL-34 37 . RT-qPCR results confirmed this increased mRNA expression, and we also showed that murine and human chondrocytes produced IL-34 at higher rates when chondrocytes were hypertrophic. In OA, hypertrophic chondrocytes are localized within articular cartilage and osteophytes, where they are suspected to play a major role in the pathological remodeling of the osteochondral junctions. Both articular and osteophytic cartilages from OA patients released IL-34. A differential transcriptomic analysis of articular and osteophytic cartilage from paired OA patients revealed a higher expression of genes with functions in terminal chondrocyte differentiation by osteophytic cartilage 38 . Interestingly, we found that osteophytic cartilage released higher amounts of IL-34 than articular cartilage. In addition, PTRZ1 was among the most upregulated genes in osteophytic cartilage compared to its gene expression in articular cartilage 38 . Both osteophytic and articular cartilages showed positive immunostaining of PTPRZ1. In particular, OA cartilage PTPRZ1-positive chondrocytes were preferentially located in the deeper zone of joint cartilage or in the chondrocyte clusters, the two areas where hypertrophic chondrocytes are usually found 7,[START_REF] Kirsch | Activation of annexin II and V expression, terminal differentiation, mineralization and apoptosis in human osteoarthritic cartilage[END_REF] . Osteoblasts and osteocytes of the subchondral bone also express PTPRZ1, as described 39 , as well as cells present in vascular channels, including vessels and mesenchymal stromal cells. We found a similar expression pattern for CSF1R, whose the expression by bone cells and the increased expression in OA cartilage has been already reported by others 40,41 .

Considering the expression of IL-34 and its receptors by cells of the cartilage/subchondral bone interface, IL-34 may act as a paracrine and autocrine factor on cartilage and bone cells in OA. IL-34 is indeed a known osteoclastogenesis factor 42,[START_REF] Chen | The critical role of IL-34 in osteoclastogenesis[END_REF] and has been reported to stimulate angiogenesis [START_REF] Segaliny | Interleukin-34 promotes tumor progression and metastatic process in osteosarcoma through induction of angiogenesis and macrophage recruitment[END_REF] . Its biological activity on both chondrocytes and osteoblasts has never been investigated. Neither iMACs nor prehypertrophic chondrocytes responded to IL-34 stimulation. This may be explained by the differential However, the involvement of other molecular partners differentially produced by the phenotypically distinct chondrocytes cannot be excluded as IL-34 displays some of its biological activities independently to Ptprz1 and Csf1r. It may also bind to other cytokines to form heteromeric cytokines [START_REF] Segaliny | IL-34 and M-CSF form a novel heteromeric cytokine and regulate the M-CSF receptor activation and localization[END_REF][START_REF] Segaliny | Syndecan-1 regulates the biological activities of interleukin-34[END_REF] . In hypertrophic chondrocytes and osteoblasts, IL-34 stimulated the mRNA expression and the release of some tissue remodeling factors, especially the mRNA expression of Cxcl12 in hypertrophic chondrocytes, the secretion of CCL2 and MMP-13 by hypertrophic chondrocytes and osteoblasts and the release of MMP-3 by osteoblasts. Although IL-34 did not stimulate VEGF expression, it may indirectly induce angiogenesis by stimulating the expression of CXCL12 and by inhibiting that of the angiostatic factor PEDF. In addition to its reported direct action on osteoclastogenesis and angiogenesis [42][START_REF] Chen | The critical role of IL-34 in osteoclastogenesis[END_REF][START_REF] Segaliny | Interleukin-34 promotes tumor progression and metastatic process in osteosarcoma through induction of angiogenesis and macrophage recruitment[END_REF] , IL-34 may thus indirectly stimulate these two processes by acting on hypertrophic chondrocytes and osteoblasts. Cartilage-derived IL-34 may also explain the positive association between IL-34 concentration in synovial fluid and the radiographic and symptomatic severity of knee OA [START_REF] Wang | Interleukin-34 Synovial Fluid Was Associated with Knee Osteoarthritis Severity: A Cross-Sectional Study in Knee Osteoarthritis Patients in Different Radiographic Stages[END_REF] . Further studies are needed to explore the specific role of IL-34, especially on human hypertrophic chondrocytes and osteoblasts, and more precisely that of hypertrophic-derived IL-34 in OA. Some limitations emerge from our study. They include the characterization of our model of iMAC hypertrophic differentiation, which would be enriched with the study of the cell shape and the extracellular matrix composition and organization. Functional studies are also needed to ascertain the increased potential for tissue remodeling of hypertrophic chondrocytes and the role of IL-34.

To conclude, we have developed a new model of articular chondrocyte hypertrophic differentiation, which allows obtaining three molecularly distinct populations: iMACs, prehypertrophic chondrocytes and matrix calcifying hypertrophic chondrocytes. Our results support the hypothesis that the phenotypic alterations of prehypertrophic chondrocytes in articular cartilage are critical for the loss of cartilage homeostasis observed in OA. The prehypertrophic to hypertrophic differentiation of chondrocytes induced the expression of a subset of genes, which together may favor the pathological remodeling of cartilage and bone, as observed in OA. Notably, the increased production of IL-34 by hypertrophic chondrocytes could act locally on hypertrophic chondrocytes and osteoblasts to indirectly stimulate osteoclastogenesis and angiogenesis. Therefore, according to the tissue remodeling potential of the recently discovered IL-34, further investigations are needed to determine whether IL-34 could be targeted in OA and/or may be used as a synovial biomarker to determine the severity of OA. Immunohistochemistry was performed with a mouse monoclonal antibody against PTPRZ1 (clone 12/RPTPb, BD Transduction Laboratories; dilution 1:50) and a rabbit polyclonal antibody against CSF-1R (H-300, Santa Cruz Biotechnology; dilution 1:50) as the primary antibodies. Enzyme-induced antigen retrieval was performed as follows: 0.2 mg/mL hyaluronidase in phosphate-buffered saline (PBS) (pH 5.5) for 10 min at 37°C and then 0.1 mg/mL pronase in PBS (pH 7.4) for 20 min at 37°C for CD34, OC and PTP-ζ, and 2 mg/mL hyaluronidase in PBS (pH 5.5) for 10 min at 37°C and 1 mg/mL pronase in PBS (pH 7.4) for 20 min at 37°C for CSF-1R. The R.T.U. Vectastain kit (Vector) was used for detection, followed by counterstaining with Mayer's hematoxylin. Irrelevant control antibodies (Dako) were incubated at the same concentration to assess nonspecific staining.

Preparations were mounted in Eukitt medium. Digital images of magnification views (10X) of whole-tissue sections were captured by using an Olympus SC50 camera on an Olympus IX83 microscope.

Primary culture of murine articular chondrocytes and differentiation into hypertrophic chondrocytes

Immature articular chondrocytes (iMACs) were isolated from the femoral heads and knees of 5-6-day-old newborn C57BL/6 mice (Janvier labs) and cultured in DMEM culture medium (1 g/L glucose) supplemented with fetal calf serum (10%), penicillin (100 U/mL), streptomycin (100 µg/mL) and L-glutamine (4 mM)) (Medium 1) for 7 days, as described 2, 3 . For each independent cell culture, iMACs were pooled from 5 to 7 newborn littermates. After the cells were seeded in the culture plates, the culture wells containing the cells were randomly allocated to the different experimental groups. Prehypertrophic chondrocytes were obtained by culturing chondrocytes for an additional 28 days in culture medium 2 consisting of DMEM/HAM-F12 medium supplemented with fetal calf serum (5%), penicillin (100 U/mL), streptomycin (100 µg/mL) and L-glutamine (4 mM), ascorbic acid (40 µg/mL, Sigma-Aldrich), insulin-transferrin-sodium selenite (1%, Sigma-Aldrich) and triiodo-L-thyronine (50 ng/mL, Sigma-Aldrich) (Medium 2). Prehypertrophic chondrocytes were further cultured for 42 days in the latter medium supplemented with βglycerophosphate (10 mM, Sigma-Aldrich), retinoic acid (100 nM, Sigma-Aldrich) and 1α,25-dihydroxyvitamin D3 (10 nM, Sigma-Aldrich) (Medium 3) to obtain hypertrophic chondrocytes. All cultures were performed at 37°C in a humidified atmosphere of 5% CO2/95% air with the exception of the prehypertrophic to hypertrophic differentiation step, which was performed at 37°C in a humidified atmosphere of 3% CO2/95% air. At the end of the culture, chondrocytes were washed 2 times with PBS and incubated in DMEM (1 g/L glucose) without serum for 4 hours. Chondrocytes were then washed with PBS and further incubated in DMEM without serum for 24 hours. Conditioned media were then kept, centrifuged and stored at -20°C. Cells were either fixed in 3.7% paraformaldehyde (PFA) for cytological analysis or used for mRNA or protein extraction.

Primary culture of murine osteoblasts

Osteoblasts were isolated from the calvaria of 5-to 6-day-old newborn C57BL/6 mice (Janvier labs), as previously described 4 . For each independent cell culture, osteoblasts were pooled from 5 to 7 newborn littermates. After the cells were seeded in the culture plates, the culture wells containing the cells were randomly allocated to the different experimental groups. Briefly, osteoblasts were cultured for 21 days in DMEM/HAM-F12 supplemented with fetal calf serum (10%), penicillin (100 U/mL), streptomycin (100 µg/mL), L-glutamine (4 mM), and ascorbic acid (50 µg/mL, Sigma-Aldrich). After 10 days of culture, β-glycerophosphate (5 mM, Sigma-Aldrich) was added to the culture medium. 

Stimulation of primary cultures of murine chondrocytes and osteoblasts

Before treatment, iMACs, prehypertrophic chondrocytes, hypertrophic chondrocytes or osteoblasts were cultured for 24 hours in serum-free DMEM (1 g/L glucose) containing penicillin (100 U/mL) and streptomycin (100 µg/mL). Cells were stimulated in the same medium by human recombinant IL-1β (1 ng/mL) (PeproTech) or murine recombinant IL-34 (PeproTech) at increasing concentrations (3, 30 and 100 ng/mL). After 24 hours of stimulation, the supernatants and total RNA were kept and stored at -80°C.

Primary culture of human articular chondrocytes and differentiation into hypertrophic chondrocytes

Human chondrocytes were isolated from the less damaged areas of OA cartilage from patients who underwent total knee arthroplasty. The hypertrophic differentiation of human articular chondrocytes was performed according to Yahara et al. 5 . A total of 10 6 chondrocytes were seeded into 10-cm dishes and cultured for 7 days in chondrogenic medium, which was composed of DMEM (4.5 g/L glucose), fetal calf serum (10%), Lglutamine (4 mM), penicillin (100 U/mL), streptomycin (100 μg/mL), insulin-transferrinsodium selenite solution (1%, Sigma-Aldrich), recombinant human transforming growth factor-beta 1 (TGF-β1) (10 ng/mL, PeproTech), dexamethasone (100 nM, Sigma-Aldrich), sodium pyruvate (1 mM, Sigma-Aldrich) and L(+)-ascorbic acid (50 µg/mL, Sigma-Aldrich). Then, 5.10 5 cells were transferred into 15-mL polypropylene tubes, pelleted by centrifugation for 10 min at 500 g and cultured in the same medium for 3 days. Pellets were transferred into 24-well culture plates and cultured for 8 weeks in the same medium.

The medium was replaced with DMEM (4.5 g/L glucose), 1% fetal calf serum, Lglutamine (4 mM), penicillin (100 U/mL), streptomycin (100 μg/mL), 1% insulintransferrin-sodium selenite (Sigma-Aldrich), recombinant human bone morphogenetic protein-2 (BMP-2) (10 ng/mL, PeproTech), recombinant human growth differentiation factor-5 (GDF-5) (10 ng/mL, PeproTech), triiodo-L-thyronine (1 µM, Sigma Aldrich), dexamethasone (10 nM, Sigma-Aldrich), L(+)-ascorbic acid (50 µg/mL, Sigma-Aldrich) and β-glycerophosphate (10 mM, Sigma-Aldrich) for 2 additional weeks. At the end of the culture, chondrocytes were washed 2 times with PBS and incubated in DMEM (1 g/L glucose) without serum for 4 hours. Pellets were then washed with PBS and further incubated in DMEM without serum for 24 hours. Conditioned media were then kept, centrifuged and stored at -20°C. Cell pellets were lysed for mRNA or protein extraction. Some pellets were fixed in 3.7% PFA and embedded in paraffin. The presence of calcification was revealed by von Kossa staining on microsections (5 µm).

RNA extraction, reverse transcription and quantitative real-time PCR

Total RNA was extracted with the RNeasy Mini Kit (Qiagen, Courtaboeuf, France), according to the manufacturer's instructions, and the concentrations were determined using a spectrophotometer (Eppendorf, Le Pecq, France). The RNA integrity was assessed based on the 28S/18S ribosomal RNA ratio using the RNA 6000 Nano Lab-On-Chip with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). All RNA samples included in this study had an RIN >8.3. RNA (500 ng) and were reverse transcribed (RT) using an Omniscript RT Kit (Qiagen, Courtaboeuf, France). The mRNA expression of genes of interest was analyzed by quantitative real-time PCR using the Light Cycler 480 (Roche Diagnostics, Meylan, France) in a 12 μL final volume reaction using specific primers (10 μM) (see Supplementary Tables 3 and4) and GoTaq® qPCR Master Mix (Promega Corp., Madison, WI, USA). The PCR amplification conditions were as follows: initial denaturation for 5 min at 95°C followed by 40 cycles consisting of 10 s at 95°C, 15 s at 60°C and 10 s at 72°C. For each PCR experiment, the cDNAs were run in duplicate in parallel with serial dilutions of a cDNA mixture tested for each primer pair to generate a standard linear curve, which was used to estimate the amplification efficiency. The relative mRNA expression for all genes analyzed was normalized to that of hypoxanthine guanine phosphoribosyl transferase (Hprt) or RNA ribosomal 18S (18S), used as internal reference genes for mouse and human genes, respectively, and the expression was determined using the 2 -ΔΔCt method. For the selection of samples before microarray analysis, normalization of qPCR data was realized according the gold standard proposed by Vandersompele et al., 2002 6 implemented in GeNorm software that further evolved and was integrated in qBase Plus software. We assessed the expression of 7 housekeeping genes: Tbp, Hmbs, Actb, Ppia, Gusb, RPS18, GAPDH, RPL30 that were confirmed to be robust reference genes in our laboratory in multiple experiments. Thus, we compute M-values to identify the genes that covary the most between samples that are the most likely to enter in the computation of a normalizator. Normalizator is the geometric mean of most covarying genes that is substracted to the value of Ct of the sample. Thus, we obtain -dCt (compared to mean of invariant selected housekeeping genes using qBase+) and Fold Changes [2^-∆∆ Ct] (each -dCt sample is compared to -dCt mean of iMACs).

Microarray analysis

To select a sufficient design for microarray analysis, we evaluated among 12 independent cultures the most representative cultures of each differentiation group, according to the gene expression of markers of each chondrocyte phenotype, and set up a method for this purpose. Eight cultures were determined to be optimal to ensure sufficient power to avoid unnecessary mouse sacrifices. Score-based selection determined that 7 cultures needed to be selected for microarray analyses (Fig. S2A). Combining the method with the best PCA contributions to the principal component 1 (PC1) group allowed us to finally select the 8 cultures among the 12 needed for the microarray experiments that were subsequently performed. mRNA expression profiling was performed on 8 samples per group using SurePrint G3 Mouse Gene Expression v2 8x60K Microarray (G4852B, Agilent Technologies) and SurePrint Mouse miRNA Microarray Kit v21 8x60K (G4859C, Agilent Technologies) at the Servier Research Institute (Croissy-Sur-Seine, France). Labeling reactions and hybridizations were randomized according to the chondrocyte differentiation status. For mRNA profiling, probe labeling and 60 mer-oligonucleotide microarray hybridization were performed according to the manufacturer's instructions 7 . Starting with 100 ng of purified total RNA, cDNA synthesis and in vitro transcription were carried out using an Agilent LowInput QuickAmp Labeling Kit (Agilent Technologies, Palo Alto, CA) in the presence of Cyanine3-and Cyanine5-CTP. The fluorescently amplified cRNAs were purified with an RNeasy column (Qiagen, France) and assessed for quantification and incorporation rate using a NanoDrop Spectrophotometer (Cyanine-3-CTP at 550 nm and Cyanine-5-CTP at 650 nm). Probe length was controlled using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The two labeled cRNA probes (825 ng each), Cy5chondrocyte subtypes and Cy3-reference sample (pool of control DMEM RNAs), were pooled and hybridized to SurePrint G3 Mouse Gene Expression v2 8x60K Microarray (G4852B) at 65°C for 17 hours. The reference sample corresponded to a pool of the 8 control DMEM conditions, each contributing at an equal amount to this pool. Slides were washed at room temperature in Gene Expression Wash Buffer 1 (5188-5325, Agilent Technologies) for 1 min, then at 37°C in Gene Expression Wash Buffer 2 (5188-5326, Agilent Technologies) for 1 min and finally in acetonitrile for 30 s.

An Agilent scanner and Feature Extraction 11.5.1.1 software (Agilent Technologies) were used to obtain the raw microarray data for both analyses.

Protein extraction and protein assay

Murine chondrocytes were lysed in Tris HCl (10 mM) pH 7.5, MgCl2 (0.5 mM) and Triton X-100 (0.1%), as described by Kirsch et al. 8 . Cell homogenates were centrifuged at 10000 g for 10 min at 4°C. Supernatants were kept for analysis.

Human chondrocytes in pellets were lysed in RIPA buffer containing Tris HCl (50 mM; pH 8), NaCl (150 mM), EDTA (2 mM), NP-40 (1%), sodium deoxycholate (0.5%) and sodium dodecyl sulfate (SDS) (0.1%), supplemented with protease inhibitor cocktail cOmplete™ 1X (Roche).

Protein concentrations in cell-conditioned media were determined using the Bradford assay (Bio-Rad, Hercules, CA, USA). Protein concentrations in cell lysates were determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific), according to the manufacturer's instructions. experimental units, lowest beta estimable but also availability of samples and feasibility of experiences to ensure the less technical biases possible. Integrating all the parameters that have to be taken into account before conducting the experiments we determine that a minimum of 5-6 samples has to be assessed in a single experiment. In an optimistic scenario with low variability we would be able to assess a mean difference of ~0.5 in 80% of the cases. To face additional variability, when it was possible we added more experimental. Some qPCR analysis had even more power since 12 observations were available.

For microarrays sample size estimation the method proposed by Pawitan et al. 10 -OCS plus R package-was used to estimate the number of samples needed for microarrays analysis. This methodology suggested an optimal number of n=8 samples per group (paired design). For obvious reasons of cost and experience feasibility only 8 samples per group were processed in the microarrays giving the sufficient power to properly detect the expected amount of differentially expressed genes.

For further analyses, we used parametric tests after log(x) transformation: normality on markers was verified using the D'Agostino and Pearson and Shapiro-Wilk tests. For biological interpretability, we plotted the untransformed datasets on graphs.

The qPCR normalized gene expression levels of hypertrophic markers, alkaline phosphatase activity, cell calcification degrees and release of proteins in media were compared between the iMAC, prehypertrophic and hypertrophic cells using repeated measures one-way ANOVA. Heteroscedasticity was taken into account with the Geisser-Greenhouse correction. Corrections for multiple comparisons were realized using the Tukey range test when contrasting all groups in mouse chondrocytes. For the IL-1β stimulation study, we used Dunnett's post hoc test when comparing groups of interest with an additional unstimulated group. To analyze the cell response to IL-34, we also used this model and this post hoc testing strategy to respectively determine the global dose response effect (dose p-value in the model) and adjusted p-value for comparison with the unstimulated group (0 ng/ml).

For prehypertrophic to hypertrophic chondrocyte gene expression comparison in mice as well as gene or protein comparison in OA patients, paired t-tests were used to compare observations from the two groups of interest (e.g., hypertrophic vs. control or prehypertrophic conditions). For the comparison of protein levels of IL-34 in human articular cartilage vs. osteophytic cartilage, an unpaired t-test was performed with Welch correction for unequal variance. The analyses mentioned above were performed using GraphPad Prism8 (GraphPad Software Inc., San Diego, CA, USA). Values of FC, 95%CI and P-values for all experiments are available in the appendix.

For whole-genome transcriptomic analysis, litter selection was performed to ensure sufficient power with minimum mouse sacrifice. N=8 mice was determined to be the optimal number. Based on previous RT-qPCR data obtained, we calculated a score= sum of delta (|delta Ct|) between extreme phenotypes (hypertrophic and articular) for each litter to select the most variant observations. The litter was selected if they displayed a score(i)>mean(scores).

Graphical explorations on targeted genes and whole-genome data, such as twodimensional PCA and double hierarchical clustering, were performed with the package "mixOmics" (package "mixOmics" in R 11 ) under R program writer software (http://www.r-project.org/) 12 
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  At the end of the culture, osteoblasts were washed 2 times with PBS and incubated in DMEM (1 g/L glucose) without serum for 4 hours. Osteoblasts were then washed with PBS and further incubated in DMEM without serum for 24 hours. Conditioned media were then kept, centrifuged and stored at -20°C. Cells are used for mRNA extraction. All experiments with murine chondrocytes and osteoblasts were performed according to the protocols approved by French and European ethics committees (Comité d'Ethique en Expérimentation Animale n°5 Charles Darwin de la Région Ile de France).
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  to evaluate whether clusters appear between cells and if they were associated with differentiation groups.Raw microarray data were analyzed with Arraystudio Omicsoft version 10.0.1.112 (QIAGEN®, Cary, NC). Data were filtered (at least 6 obs>background determined with kernel density plots: 28571 probes + standard deviation in all obs.>0.38), quantile
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	PEDF 98,532 1,064 0.3415 to 8.583 -0.2301 to -0.02976 -1,349 98,751 -4.184 to 4.205 1,002 -0.2651 to -0.02623 -1,399	0,02708 0,0435 0,6682 0,0359 0,0213 0,9999 0,0262	-0.07237 to 0.1265 4,462 -0,1299 0,01019 -0,1457
	PTPRZ1 1,140 -1,395 0.2892 to 0.4391 -0.9801 to 0.1544 0.2838 to 0.43 -1.513 to 0.4296		8,026 -2,588 7,041 -3,480	-0,1447 0,0001 0,8431 0,0001 0,1254 0,0001 0,2367	-0.9248 to 0.6355 0,3642 -0,4129 0,3569 -0,5416
	CCL2 1,496 0.07445 to 0.3767 1,681 0.2119 to 0.6174 2,598	0,1748 0,0098 0,013 0,0041	0.06643 to 0.2832 0,2256 0,4146
	MMP3 MMP13 Fold-Changes (back-transformed) 1,405 -0.02479 to 0.3219 1,408 0.1544 to 0.4119 1,920 1,189 0.01345 to 0.161 1,222 0.06202 to 0.1614 1,293	0,1477 0,07507 0,1251 0,0797 0,0031 P values 0,0743 0,0291 0,0029	-0.055 to 0.3504 -0.01046 to 0.1606 0,1486 0,2832 0,08721 0,1117
	IMACs vs. Unstimulated 5,008 Prehyp vs. Unstimulated 0,011 Hyp vs. Unstimulated	Prehy Hyp vs.
	Fold-Changes (back-transformed) 30,761 52,723 95.00% CI of diff. Fold-Changes (back-Dunnett's multiple comparisons test (Adjusted P Value) 0,0013 0,0282 transformed) Dunnett's multiple comparisons test (Adjusted P Value) 95.00% CI of diff. Dunnett's multiple Fold-Changes (back-comparisons test transformed) (Adjusted P Value)	Mean Diff. (log values) Mean Diff. (log values)
	-1,628 -0.685 to -0.3275 -1.016 to -0.417		-3,208 -5,207	0,0454	0,0006 0,0013	-0,5062 -0,7166
	-1,341 -1.624 to -0.2785 -1.018 to -0.2247		-8,939 -4,182	0,6357	0,0132 0,0086	-0,9513 -0,6214
	64,565 24,155 Fold-Changes (back-transformed) 2.576 to 4.843 5116,818 1.833 to 3.127 301,995 0.01016 to 2.12 11,614 0.08404 to 0.788 2,729	0,0016 0,0045	0,0003 0,0002 P values 0,0483 0,0225	3,709 1,065 2,48 0,436
	1,307 -1,177 -1,441 -2,994 0.2524 to 1.251 0.04916 to 0.4809 -1,931 -1.749 to -0.7884 -1.324 to -0.5709 5,051 -0.8436 to -0.08814 -2,923 5,644 1,841 -18,578 -8,855 -0.7502 to -0.3221 -3,437	0,532 0,8477 0,1184 0,0116 0,0072 0,0586	0,0101 0,0233 0,0008 0,001 0,0229 0,001	0,7516 -1,269 -0,4658 0,265 -0,9472 -0,5362
	2,514				0,0978
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Supplementary Information

Materials and methods

Collection of osteoarthritis human cartilage and subchondral bone

Human OA knee explants were obtained from 33 patients undergoing total knee joint replacement surgery for OA in the Department of Orthopedic Surgery and Traumatology of Saint-Antoine Hospital and in the Maussins-Nollet Clinic (Paris, France). Informed consent was obtained from each patient on the day before the arthroplasty. Experiments using human samples have been approved by two French Institutional Review Boards (Comité de Protection des Personnes Ile de France V; Comité Consultatif sur le Traitement de l'information en Matière de Recherche). The mean age of patients was 69.6±11.2 years and 78.8% were women. The mean BMI was 30.1±4.5 kg/m 2 . Tissue pieces from the middle part of the medial and lateral tibial plateaus and femoral condyles were preserved for histological analysis. The remaining cartilage from each joint compartment was separated from the underlining bone and cut into small pieces (1 mm 3 ) before a 24-hour incubation at 37°C in RPMI culture medium supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin and 4 mM glutamine, as described 1 .

Conditioned media was then separated from tissues and centrifuged at 3000 g for 5 min to remove the debris. Conditioned media and tissues were stored at -80°C for further analysis.

Alternatively, chondrocytes were isolated for cell culture experiments.

Immunohistochemistry

Tissue samples were fixed in 3.7% paraformaldehyde for 2 days and decalcified in a solution of 14% ethylenediaminetetraacetic acid in distilled water (pH 7.4) for 4 to 6 weeks at 4°C. Samples were embedded in paraffin wax and serially sectioned (5 µm).

Alkaline phosphatase activity assay

Alkaline phosphatase enzymatic activity was measured in murine chondrocyte cell lysates using the Colorimetric Alkaline Phosphatase Assay Kit, Yellow Color (FluoroProbes, Interchim, Montluçon, France).

ELISA assessment of the IL-34, MMP-3, MMP-13 and MCP-1 levels

Commercially available ELISA kits were used to determine the concentrations of mouse MMP-3 (R&D Systems), MMP-13 (Euromedex), MCP-1 (R&D Systems), IL-34 (R&D Systems), human IL-34 (R&D Systems).

Cytology

The alkaline phosphatase activity was visualized using Naphthol AS-MX phosphate (20 mg/mL, Sigma-Aldrich) and Fast Red TR (1 mg/mL, Sigma-Aldrich) in Tris-HCl buffer (36 mM; pH 8.3).

The quantification of cell calcification was performed as described 9 . After alizarin red staining, cells were scraped in 10% (v/v) acetic acid. The solution was heated at 85°C for 10 min, transferred to ice for 5 min and centrifuged at 20000 g for 15 min. Then, 250 µL of the supernatant was mixed with 100 µL of 10% (v/v) ammonium hydroxide, and the optical density was measured in triplicate at 405 nm.

Statistical analysis

We determined sample size before conducting experiments. We performed three sets of simulations using R or using StatMate (v.2.00) assuming that we will face a beta SD of 0.5, 1 or 2 and willing a power of 80%. We found the best tradeoff to us considering number of normalized and investigated in a hierarchical clustering and a two-dimensional PCA before differential analysis was performed to visualize the similarity/dissimilarity between individuals.

Differential analysis was performed using a general linear model (GLM) that takes the pairing between samples into account for variance and estimate computations. This was followed by moderated t-tests between the differentiation groups (iMACs, prehypertrophic chondrocytes, and hypertrophic chondrocytes). Raw p-values were adjusted for multiple testing with the BH correction to control the FDR.

Differentially expressed probes (DEPs) were investigated under a 5% significance threshold (FDR < 0.05) combined with different fold change thresholds (|FC|>1, 1.3, 1.5 and 2). Graphical multivariate explorations were performed with the same methodology as previously described. Functional analysis of signatures was performed with Ingenuity® Pathway Analysis (IPA, Qiagen Redwood City, CA, USA). Functional enrichments were identified by Fisher's exact test. The activation status of the functions/pathways was predicted using IPA by calculating a regulation Z-score and an overlap p-value, which were based on the number of known genes of interest per pathway/function, the expression changes of these target genes and their agreement with the literature findings. It was considered significantly activated (or inhibited) with an overlap p-value≤0.05 and an IPA activation Z-score≥2.0 (or ≤-2.0). The detailed descriptions of IPA analysis are available under "Upstream Regulator Analysis", "Biological Functions Analysis", and "Ingenuity Canonical Pathways Analysis" on the IPA website (http://www.ingenuity.com).

Supplementary Figure 1. Experimental design for cell culture study on murine cells.

Three sets of experiments for chondrocyte hypertrophic differentiation were designed.

In the first one, 12 independent cultures were performed for microarray analysis and the characterization of the culture model. Matrix calcification was evaluated on these 12 cultures. mRNAs from 8 among the 12 cultures were used for whole genome transcriptomic analysis after evaluating the most representative litters of each differentiation group. The mRNA expression of articular prehypertrophic and hypertrophic chondrocyte markers was determined on 6 among the 12 cultures, which were chosen at random. For all the markers studied, the mRNA expression was determined on the 6 same cultures of chondrocytes. The mRNA expression of IL-34, CSF1R and PTPRZ1 in iMACs, prehypertrophic and hypertrophic chondrocytes was studied on the same 6 cultures except one due the depletion of the mRNAs for one culture. It was then replaced by mRNAs from another culture among of the 12 performed, chosen also at random. The mRNAs of the 6 same culture were also used for the determination of changes in the expression of proteases and markers of bone formation, osteoclastogenesis and angiogenesis in hypertrophic relative to prehypertrophic chondrocytes. To the results obtained with these 6 independent cultures, we added results obtained with cultures coming from the second set of experiments (6 independent cultures), in which cells were stimulated or not with IL-1β.

The effect of IL-β was first studied for 3 of these 6 cultures on a panel of genes and then on a restricted panel of genes for the 3 other cultures. In the third set of experiments, 7 independent cultures were performed to evaluate the response of chondrocytes to IL-34. In parallel, the effect of IL-34 was studied on 5 independent cultures of osteoblasts.

Supplementary Figure 2. Cellular model of hypertrophic differentiation characterization using multivariate approaches.

A) Strategy to select the best litters for microarray analyses. Total variation is computed