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1-Introduction

Longitudinal bone growth occurs at the growth plate and is regulated by proliferation and differentiation of chondrocytes, cells that synthesize cartilage that is subsequently ossified. This process is often impaired in dwarfism. Dwarfism refers to various conditions characterized by different skeletal anomalies including short skeletal growth. ( reviewed in [START_REF] Liu | Transcriptional control of chondrocyte specification and differentiation[END_REF][START_REF] Samsa | Signaling pathways regulating cartilage growth plate formation and activity[END_REF].

Short stature with facial dysmorphism from genetic origin may result from mutations in genes involved in the defect in proliferation of chondrocytes in the growth plate [START_REF] Koparir | Novel POC1A mutation in primordial dwarfism reveals new insights for centriole biogenesis[END_REF]. These features are exemplified in the Mulibrey syndrome (OMIM #253250), a rare autosomal recessive primordial dwarfism characterized by pre-and post-natal growth restriction, craniofacial features, progressive cardiopathy, liver manifestations, metabolic syndrome, and an increased risk for tumors (Karlberg et al., 2009a). In Mulibrey patients bone x-ray findings show delayed bone age, fibrous dysplasia of long bones with narrow medullary channels and a small thoracic cage (Avela et al., 2000). Loss of function mutations in the TRIM37 gene underly Mulibrey syndrome. The TRIM37 gene localizes on chromosome 17q22-q23 (Karlberg et al., 2009b), and is part of the TRIM family. TRIM37 is characterized by a RING/BBox coiled coil domain and a MATH domain localized in the C-terminal region of the protein, that is unique to TRIM37 within the TRIM family (reviewed in [START_REF] Brigant | TRIMming down to TRIM37: Relevance to Inflammation, Cardiovascular Disorders, and Cancer in MULIBREY Nanism[END_REF]. TRIM37 has been found to localize in peroxisomal membranes suggesting that Mulibrey nanism is a peroxisomal biogenesis disorder [START_REF] Kallijärvi | The TRIM37 gene encodes a peroxisomal RING-B-box-coiled-coil protein: classification of mulibrey nanism as a new peroxisomal disorder[END_REF]. TRIM has been identified as an E3 ubiquitin-ligase [START_REF] Kallijärvi | TRIM37 defective in mulibrey nanism is a novel RING finger ubiquitin E3 ligase[END_REF]. The ubiquitin system plays important roles in degradation of target proteins by the proteasome but also in protein-protein interactions. More recently TRIM37-E3 ligase activity with oncogenic function has been revealed: i) TRIM37 is over expressed in a subset of cancer cells [START_REF] Dong | TRIM37 targets AKT in the growth of lung cancer cells[END_REF][START_REF] Hu | TRIM37 promotes epithelial-mesenchymal transition in colorectal cancer[END_REF][START_REF] Jiang | Over-expression of TRIM37 promotes cell migration and metastasis in hepatocellular carcinoma by activating Wnt/βcatenin signaling[END_REF] and, ii) promotes their transformation by mono-ubiquitination of the histone H2A [START_REF] Bhatnagar | TRIM37 is a new histone H2A ubiquitin ligase and breast cancer oncoprotein[END_REF]. In addition TRIM37 ubiquitin ligase activity is required to prevent centriole reduplication and then regulates mitosis at different stages [START_REF] Balestra | Discovering regulators of centriole biogenesis through siRNA-based functional genomics in human cells[END_REF].

Furthermore knock down (KD) of TRIM37 in HepG2 cells results in defective peroxisomal matrix protein import and induces apoptosis [START_REF] Wang | TRIM37, a novel E3 ligase for PEX5-mediated peroxisomal matrix protein import[END_REF]. It is now well established that TRIM37 overexpression induces cell proliferation [START_REF] Jiang | TRIM37 promoted the growth and migration of the pancreatic cancer cells[END_REF], whilst TRIM37 KD suppresses cell growth rate [START_REF] Tang | Knockdown of TRIM37 suppresses the proliferation, migration and invasion of glioma cells through the inactivation of PI3K/Akt signaling pathway[END_REF] . Taken together, these results show that TRIM37 plays an important role in genome stability and open new insights into the molecular pathology of Mulibrey nanism.

Despite the fact that dwarfism is related to growth failure and that chondrogenesis provides a template during long bone growth, TRIM37 has yet to be studied in chondrocytes.

We have analyzed TRIM37 localization and expression during the CHON-002 chondrocytes cell cycle. We have studied TRIM37 KD and over-expression (OE) and show that TRIM37 deregulation impacts CHON-002 cell proliferation and autophagy. Considering in silico investigations and given the documented role of miR-223 in bone remodeling (M' Baya-Moutoula et al., 2015), we studied the role of miR-223 in TRIM37 gene expression in CHON-002 line. Altogether our results suggest molecular mechanisms that could explain the short stature with facial dysmorphism observed in the Mulibrey patients.

2-Materials and methods

2-1-Cell Culture

The CHON-002 human chondrocyte cell line is derived from the long bone cartilage of an 18week-old female fetus. The cell line (CHON-002 ATCC ® CRL-2847™) was purchased from the American Type Culture Collection (Manassas, VA, USA). The CHON-002 cell line was cultured in Dulbecco's modified Eagle's medium (Dominique Dutscher, Inc) supplemented with 0.1 mg/ml G-418, 10% fetal bovine serum (FBS; Eurobio, Inc.), 100 U/ml penicillin (PAN Biotech, Inc.) and 100 mg/ml streptomycin (PAN Biotech, Inc.) in a humidified atmosphere of 5% CO2 at 37°C.

2-2-Human and Rat tissues

All authors attest that the study complied with the tenets of the Declaration of Helsinki and its amendments. Human cartilage was obtained with approval from the local ethical committee of Amiens Picardie Hospital. Written informed consent was obtained from the patient. Animal studies conform to the Directive 2010/63/EU of the European Commission and all protocols were approved by our Institution's Animal Care and Use Committee (CREMEAP).

2-3-Transfection:

All transfections or transductions were performed according to the manufacturer's instructions. TRIM37 KD was realised by CHON-002 infection by using lentiviral particles (Lenti ORF particles, TRIM37 GFP tagged -Origene) expressing a specific sh-RNA sequence to KD TRIM37 expression. The corresponding sequences are as follow: TL308645VA, GCTGGACTTGTAAGAAGTGTATCTGCCAT; TL308645VB-seq: AAGGAAGCA-ACAGGCAATGTGGCGAGTGC; TL308645VC, seq:

CCTGAAGAAGAAGGAATGAG-TAGCGACAGTGA; TL308645VD -seq:

TTCTGAAACTGGAGAGGTTACAGCCTGTAC all clones were purchased from Origene.

shRNA scramble was used as control (purchased from TR30021V-Origene). Infections were realised during 48h with addition of polybren (6µg/mL) in the culture media.

TRIM37 overexpression (OE) was realized by transfecting the plasmid pCMV6-XL5 (TRIM37 -NM_015294 -Human Untagged Clone (Origene). The scramble condition was obtained using the empty pCMV6-XL5 plasmid (Origene). Transfection was performed for 24 h by using lipofectamine LTX plus Reagent (Thermofisher) in DMEM without antibiotics. 

2-4-Antibodies:

Primary antibodies used in the study were : mouse monoclonal antibody anti-TRIM37 

2-7-Immunofluorescence

To analyse the localization of TRIM37 and its co-localization with α-tubulin, cells were grown on LabTek slides. CHON-002 cells were treated for 4h with or without nocodazole, a microtubule inhibitor (1µg/m, 120630, Abcam). Cells were fixed and permeabilized 20 mins using the cytofix/Cytoperm plus Kit (BD Biosciences) and exposed in BSA for 30 mins. The slides were incubated with primary antibodies for 12h at 4°C in the dark. The corresponding fluorescent dye-conjugated secondary antibody was incubated for 1h at room temperature.

Nucleus was stained with DAPI (Thermofisher D1306 -1mg/mL -1/1000) and actin was stained with Cytopainter Phalloidin-iFluor594 (Abcam -AB176757 -1/1000).

2-8-Imaging Flow Cytometry (IFC)

CHON-002 (1 × 10 6 ) cells were fixed and permeabilized (cytofix/Cytoperm plus, BD Biosciences). Cells were re-suspended in 100µL of Perm/Wash Buffer (cytofix/Cytoperm plus, BD Biosciences,USA) with TRIM37 primary antibody for 1 hour. Cells were washed and incubated with specific secondary antibody, anti-tubulin-PE, DAPI and anti-P-histone-H3-APC antibody for 30 minutes at room temperature. Multispectral imaging flow cytometry was performed on an AMNIS ImageStream X Mark II equipped with 375-, 488-, and 642-nm lasers using the 40x magnification lens.

INSPIRE software v200.1.388.0 was used to record whole cells event gated on aspect ratio vs area of bright field. Cell analysis was done with IDEAS software v6.2.64.0. Only focused events were included in the analysis by using the gradient RMS feature of bright field images.

Saturated signals in fluorescence channels and raw centroid X cut objects were eliminated.

Cell cycle status was assessed using DAPI intensity. DAPI allows to discriminate between G1, S and G2/M phases. P-histone H3 staining was used to discriminate G2 phase to M phase.

DAPI images were acquired in channel 01, Tubulin in channel 02, TRIM37 in channel 03, Brightfield in channels 04, P-Histone H3 in channel 05 and SSC in channel 06. Single color controls for each of the specific markers at the concentration used above were also acquired with Brightfield and 782 laser turned off and subsequently used for compensation.

2-9-Western Blotting

Cells were collected with RIPA Buffer (Sigma Aldrich, MS, USA). The protease inhibitor cocktail (Sigma Aldrich -P8340 -1/100) was added. Lysates were centrifuged at 12,000g at 4 °C for 20 mins and supernatant was collected for protein quantification and western blot analysis. Equal amounts of protein (40 μg) were resolved by SDS-PAGE on 10% polyacrylamide gels. Then, the proteins were transferred to a nitrocellulose membrane (Amersham Bioscience). Membranes were further blocked for 1 h with 5% non-fat dry milk in Tris-buffer (1×) containing 0.01% Tween 20 (TBST). Membranes were then incubated with primary antibodies overnight at 4°C. Rabbit anti-GAPDH was used as control. We have revealed the TRIM37 gene product by immunoblotting with a specific monoclonal antibody (Santacruz biotechnology -sc-515044 -1/250) raised against an internal polypeptide (amino acids 152-451) of the predicted human TRIM37 protein (964aa) [START_REF] Wang | TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis[END_REF] Horseradish peroxydase (HRP)-linked goat anti mouse antibody and goat anti rabbit antibody were used at dilution 1:5000. After washing with TBST, membranes were revealed by using an enhanced chemiluminescent reagent (SuperSignal West Pico PLUS, ThermoFisher Scientific) for 3 mins. Secondary antibodies were purchased from Santa Cruz biotechnology.

2-10-Flow cytometry:

Cell viability was measured by flow cytometry using annexin-V-phycoerythrin (PE) and 7amino-actinomycin (7-AAD) staining kit (BD Biosciences) according to the manufacturer's recommendations. After 15 minutes of incubation, flow cytometry analysis was conducted using a MACSQuant® Analyzer 10 (Miltenyi Biotec) cytometer and apoptotic fractions were determined. Cell cycle status was assessed using DAPI and P-histone H3 stain. Briefly, 3 × 10 5 cells were fixed and permeabilized (Fix and perm BD Biosciences), suspended in 100µL

of Buffer with 1 μl of DAPI and 1µL of P-histone H3 stain for 45 minutes at room temperature and 10 000 viable events were analyzed in the cytometer. Flow cytometry data were analyzed using the FlowJo software (Treestar). Experiments were repeated in three independent biological replicates. Cells were sorted according to their cell cycle phases by using a FACSAria flow cytometer running FACSDiva software (BD Biosciences, France). After cell sorting, cells were washed with PBS 1x and mRNA was directly extracted for analysis. 

3-Results:

3-1-TRIM37 is expressed in CHON 002 cell line and localizes to cytoplasm and nucleus

TRIM37 protein was present in human cartilage, in mesenchymal stem cells (MSC), in the CHON-002 cell lineage and in different Rat tissues. In all cases Western blot revealed a 95

Kd protein (fig 1A) corresponding to the 964 aa product in human [START_REF] Wang | TRIM37, a novel E3 ligase for PEX5-mediated peroxisomal matrix protein import[END_REF]. In Rat tissues as in human MSC a supplementary reacting protein (110kd) was detected.

We studied TRIM37 expression in CHON-002 cells using confocal microscopy in order to precise its cell localization. We stained in parallel RNF2, a well-characterized E3-ubiquitin ligase used as a positive control of cytoplasmic proteins and DNA using DAPI as a nuclear marker and Phalloidin for actin labelling. The distribution of TRIM37 revealed a cytoplasmic and nuclear punctuated staining pattern in contrast with RNF2 which was localized uniquely in the cytoplasm (fig 1B). In order to confirm that TRIM37 nuclear staining was not an artefact due to protein position between nucleus and microscope objective, we generated 3D images that clearly showed that TRIM37 protein was inside the nucleus (supplementary file S1).

Previous reports showed that TRIM37 was involved in cell proliferation: TRIM37 is over expressed in a subset of cancers and its KD inhibits cell proliferation. TRIM37 may be involved in cell cycle regulation and reported to play a role in preventing centriole reduplication events [START_REF] Balestra | Discovering regulators of centriole biogenesis through siRNA-based functional genomics in human cells[END_REF] and in the centrosome assembly [START_REF] Meitinger | 53BP1 and USP28 mediate p53 activation and G1 arrest after centrosome loss or extended mitotic duration[END_REF]. We thus examined TRIM37 expression in chondrocytes during cell cycle progression using IFC (fig 1C -1D-1E).

IFC retains the ability to assess a large number of events while dealing with image analysis that allows a high input evaluation. We could not find any differences in TRIM37 expression between G1 and S phase. However, TRIM37 expression was 2.2-fold higher in M phase 

3-2-TRIM37 colocalizes with alpha-tubulin during mitosis

Based on the fact that TRIM37 expression increases from G1 to M phase we also examined In order to confirm the colocalization of TRIM37 and alpha-tubulin during mitosis we also evaluated TRIM37 localization in CHON-002 cells by using IFC (fig 2C). To quantify the colocalization between TRIM37 and alpha-tubulin we used the Bright Details Similarity (BDS). This tool provided by IDEAS software is specifically designed to compare the bright details of two images and to quantify the co-localization of two probes [START_REF] Pugsley | Assessing Autophagic Flux by Measuring LC3, p62, and LAMP1 Colocalization Using Multispectral Imaging Flow Cytometry[END_REF].

During M phase we observed an increase of the TRIM37-Tubulin colocalization in comparison with G1, S and G2 phases with respectively, p=0.032, p=0.0024 and p=0.0061

(fig 2D
). This result confirmed that TRIM37 and alpha-tubulin increase specifically during mitosis.

The next feature to investigate with IFC is Bright Detail Colocalization 3 (BDC3) [START_REF] Pugsley | Assessing Autophagic Flux by Measuring LC3, p62, and LAMP1 Colocalization Using Multispectral Imaging Flow Cytometry[END_REF]. BDC3 is a measurement of the co-localization of three markers/probes. The increase of BDC3 between TRIM37, alpha-tubulin and DAPI specifically during mitosis (p<0.001)

indicates that these three molecules share a common area during this phase (fig 2E). We next decided to modulate the expression of TRIM37 in our cell line to further expand our investigations. 

3-3-Apoptosis and autophagy depend on TRIM37 OE but are not affected by TRIM37 KD

A small hairpin RNA (shRNA) lentiviral strategy was used to specifically KD TRIM37 expression in chondrocyte cell line, while TRIM37 OE was performed by using transient expression. Western blot analysis showed a 60% decrease in TRIM37 protein expression level in KD condition (fig 3A) and a 50% increase in TRIM37 protein expression level in overexpression condition (fig 3B).

We tested if TRIM37 KD or OE could affect CHON-002 cell viability. By using DAPI staining, we found that neither OE nor KD affect cell mortality in our experimental conditions (fig 3C). Since it has been recently shown that TRIM37 deficiency enhances apoptosis [START_REF] Wang | TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis[END_REF], we quantified apoptosis in CHON-002 cell culture in OE and KD conditions by using cytometry with annexin 5 immunostaining. We found that OE overexpression significantly decreases the percentage of cells going into apoptosis while TRIM37 KD does not modify this percentage when compared to the control (fig3C).

Because there is a crosstalk between the ubiquitin system and autophagy [START_REF] Ji | Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy[END_REF] with TRIM37 depletion increasing basal autophagic flux [START_REF] Wang | TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis[END_REF] 

3-4-TRIM37 modulates proliferation of CHON-002 cells.

Based on the fact that TRIM37 expression is up regulated in many cancer cells we next studied the consequence of TRIM37 depletion and OE on chondrocyte cell proliferation. We found that TRIM37 depletion reduces cell proliferation (fig. 4A). In TRIM37 KD condition MTT tests were realised with 3MA (autophagy inhibitor), and levels were significant decreased from day 2 with or without autophagy inhibitor. Conversely to KD results TRIM37 OE increased proliferation from day 3 after transient transfection (fig 4B).

The decrease in cell proliferation in TRIM37-depleted cells was related to a decreased number of mitotic cells division when compared to wild type cells, as measured using PH3A staining on FC (fig 4C). In TRIM37-depleted cells we observed a significant increase in the percentage of cells in S phase. This suggests that TRIM depletion could induce a blockage leading in S phase to a decrease of mitotic cells. Over expression of TRIM37 increased the mitotic rate and reduced the percentage of cells in S phase (fig 4D).

In the next step of our experiments, we tried to identify regulators of the expression of TRIM37. indicating that miR-223 binds TRIM37-3'UTR and regulates directly its target gene TRIM37.

Mutating the 3'UTR sequence abolished totally this effect (Figure 5D). Altogether, our data show that miR-223 binds in a complementary way the specific TRIM37 mRNA 3′-UTR binding site to regulate its expression. We next looked at the expression of miR-223 and TRIM37 during the chondrocyte cell cycle, taking into account its importance in Mulibrey patients' chondrogenesis.

3-6-miR-223 participates in cell cycle regulation by TRIM37.

We next studied more precisely the link between miR-223 expression and TRIM37 levels during the successive phases of the cycle of the CHON-002 chondrogenic cells. Cells were first stained in live condition by a nuclear dye without permeabilization to preserve the RNA cellular content and then sorted according to their cell cycle stage as described in Material and Methods (fig 6A). Total RNA was extracted, reverse transcribed, and the levels of mRNA specific for TRIM37 were measured by RT-qPCR. CDC25b level, reported to increase during the cell cycle [START_REF] Lindqvist | Characterisation of Cdc25B localisation and nuclear export during the cell cycle and in response to stress[END_REF], was quantified in parallel as a positive control. Indeed, 

4-Discussion

This work represents to our knowledge the first study of TRIM37 function in chondrocytes.

We demonstrate here that TRIM37 is expressed in CHON-002 cell line, human cartilage, Mesenchymal Stem cells (MSc) as well as in different rat tissues.

Using a monoclonal antibody we found an expression pattern in CHON-002 cell line and in human cartilage that was similar to previous results obtained with the same antibody in other cells [START_REF] Wang | TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis[END_REF]. Two isoforms have been described in human and mouse:

Trim37a (24-exon transcript) and an alternative form with an additional 3′ exon (Trim37b).

However, while the two human transcripts encode for identical protein products of 964 amino acids in mature cells, mouse Trim37b produces a protein product with 47 extra Cterminal amino acids, and we propose that this 1008 amino acids isoform could be also present in rat tissues. To explain the supplementary TRIM37 protein band revealed in human MSCs we hypothesize the presence of a post translational modification compatible with TRIM37 auto-monoubiquitination [START_REF] Kallijärvi | TRIM37 defective in mulibrey nanism is a novel RING finger ubiquitin E3 ligase[END_REF].

We found that TRIM37 is expressed in the nucleus of CHON-002 cell line, in addition to its previously published localization in the cytoplasm [START_REF] Kallijärvi | The TRIM37 gene encodes a peroxisomal RING-B-box-coiled-coil protein: classification of mulibrey nanism as a new peroxisomal disorder[END_REF]. In the present work, we showed that TRIM37 is expressed during mitosis of a chondrocyte cell line and directly impacts their proliferation. We determined that TRIM37 is over-expressed during the mitosis phase, compared to the other phases of the cell cycle using IFC. During interphase, cells display one centrosome, then the centrosome is duplicated during the S phase and becomes the pole of the spindle at mitosis [START_REF] Nigg | Once and only once: mechanisms of centriole duplication and their deregulation in disease[END_REF]. Regulation of centriole number with prevention of the centriole replication events has been assigned to TRIM37 [START_REF] Balestra | Discovering regulators of centriole biogenesis through siRNA-based functional genomics in human cells[END_REF], as the loss of TRIM37 makes spindle assembly more robust to centrosome removal [START_REF] Meitinger | 53BP1 and USP28 mediate p53 activation and G1 arrest after centrosome loss or extended mitotic duration[END_REF]. The co-localization of TRIM37 with tubulin at the mitotic spindle together with its E3 ligase activity reinforces the important role of TRIM37 in the control of centriole homeostasis. We are aware that using an immortalized chondrocyte cell line to study cell proliferation may not utterly reflect physiological conditions in vivo. Our present results will have to be expanded in a future work using primary human cells to confirm the main results and to study the impact of TRIM37 on chondrocyte differentiation. Mulibrey nanism is not the only example of primordial dwarfism that involves a centriole biogenesis or assembly control together with an E3 ubiquitin ligase property. Like TRIM37, TRAF Interacting Protein (TRAIP) exhibits an E3 ubiquitin ligase activity and is functionally required for the spindle assembly checkpoint. Homozygous mutation in the TRAIP gene is responsible for the Seckel-type 9 dwarfism (OMIM #616777) [START_REF] Harley | TRAIP promotes DNA damage response during genome replication and is mutated in primordial dwarfism[END_REF]. Mutations in another centriole biogenesis gene PLK4 have been described also in a subtype of Seckel syndrome (OMIM #616171). Mutations in the 3M/Cul7

E3 Ubiquitin Ligase Complex dysregulate microtubule assembly and lead to the 3M syndrome (OMIM #273750) [START_REF] Yan | The 3M complex maintains microtubule and genome integrity[END_REF]. The SOFT syndrome (OMIM #614813) is due to POC1A mutation and the MPODII (OMIM #602782) syndrome is caused by mutation in the pericentrin (PCNT) gene. They are respectively related with centriole assembly and microtubule stabilization defects [START_REF] Koparir | Novel POC1A mutation in primordial dwarfism reveals new insights for centriole biogenesis[END_REF][START_REF] Luo | Pericentrin: critical for spindle orientation[END_REF].

We found that TRIM37 KD reduces mitosis and induces a repression in CHON-002 proliferation. Conversely TRIM37 OE promotes proliferation. This is in accordance with previous results indicating that TRIM37 behaves as an oncoprotein in breast cancer cells [START_REF] Bhatnagar | TRIM37 is a new histone H2A ubiquitin ligase and breast cancer oncoprotein[END_REF]. We also found that TRIM37 KD promotes LC3II expression and thus autophagy in chondrocytes. This result is in accordance with the recent observation that TRIM37 depletion increases basal autophagic flux through the MTORC1 pathway [START_REF] Wang | TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis[END_REF]. Autophagy is essential for the chondrocyte development and viability during endochondral ossification [START_REF] Bohensky | PIM-2 is an independent regulator of chondrocyte survival and autophagy in the epiphyseal growth plate[END_REF][START_REF] Settembre | Self-eating in skeletal development: implications for lysosomal storage disorders[END_REF] and genetic studies have identified potential links between human stature and autophagy [START_REF] Pan | The regulation-of-autophagy pathway may influence Chinese stature variation: evidence from elder adults[END_REF].

miRNAs are evolutionarily conserved, 20-25 nucleotide-long non-coding RNAs, that regulate gene expression by base pairing with specific target mRNAs in the 3'UTR, in turn inducing translational repression and decreasing translation of target proteins. We previously demonstrated that miR-223 plays a role in bone remodeling (M' Baya-Moutoula et al., 2015).

Furthermore miR-223 is expressed in chondrocytes [START_REF] Coustry | Mutant cartilage oligomeric matrix protein (COMP) compromises bone integrity, joint function and the balance between adipogenesis and osteogenesis[END_REF][START_REF] Kim | Peroxisomal dysfunction is associated with up-regulation of apoptotic cell death via miR-223 induction in knee osteoarthritis patients with type 2 diabetes mellitus[END_REF] and because miR-223 displays a complementary sequence with the seed sequence of the TRIM37 3'-UTR we have studied TRIM37 regulation expression by miR-223 in CHON-002 cell and showed that miR-223 directly regulates TRIM37 and participates to TRIM37 regulation during the cell cycle. In our overexpression condition (mimic miR-223), we obtained a decrease of approximately one third of TRIM37 expression, as evidenced by western blotting and luciferase assay. This implicates that other factors are probably involved in the regulation of TRIM37. It is well known that the UTR of mammalian mRNAs are often targeted by more than one miRNA but also by several UTR-binding regulatory proteins (see for example review by [START_REF] Bartel | MicroRNA Target Recognition and Regulatory Functions[END_REF] MicroRNAs: target recognition and regulatory functions. In the future it would be interesting to identify other regulatory factors of TRIM37, to have a better understanding of its expression.

How TRIM37 regulates osteoblast differentiation and function remains a challenging problem. Despite the fact that the high level of expression of TRIM37 we evidenced in this study has not been documented in literature yet, it has been shown that other E3 ligases are involved in osteogenesis. Smurf1, another E3 ligase inhibits mesenchymal stem cell proliferation and osteoblastogenesis [START_REF] Zhao | Smurf1 Inhibits Mesenchymal Stem Cell Proliferation and Differentiation into Osteoblasts through JunB Degradation[END_REF] when knockdown of Wwp2 leads to significant deficiencies of osteogenesis [START_REF] Shu | Ubiquitin E3 ligase Wwp1 negatively regulates osteoblast function by inhibiting osteoblast differentiation and migration[END_REF]. Furthermore, like TRIM37, Wwp2

has been shown to be essential for normal cell cycle progression [START_REF] Choi | WWP2 is required for normal cell cycle progression[END_REF]. We may suspect that TRIM37 as others E3 ligases may also regulate osteoblast function at different stages of differentiation and proliferation. This could be the purpose for future investigation.

We also suggest that long term dysfunction of the chondrogenic cell cycle, due to TRIM37 defect in the Mulibrey syndrome may lead to a depletion of chondrogenic cells in these patients, in turn shortening the growth of long bones, in turn leading to nanism. Assessment of the composition of the growth plate by qualitative and quantitative flow cytometry and the availability of cells to study gene and protein expression will be of importance in further unraveling cartilage development, endochondral bone growth, and the molecular basis of inherited dwarfism.
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  miRNA regulation was studied as previously described (M'baya-Moutoula et al., 2018). The HiPerFect Transfection Reagent (Applied Biosystems) was used for miRNA knock-down and overexpression. CHON-002 cells were transfected with miR-223 mimic (Syn-hsa-miR-223-3p miScript miRNA Mimic: MSY0000280 -Qiagen), miR-223 inhibitor (Anti-hsa-miR-223-3p miScript miRNA Inhibitor: MIN0000280 -Qiagen) and Scramble (All star negative control siRNA-1027280 -Qiagen).

  2-11-Cell sorting: CHON-002 cell cycle phase was determined by adding Nuclear-ID Red DNA stain (Enzo Life Sciences, ENZ-52406, USA). Cells were without fixation and permeabilization. A 250-fold dilution of NUCLEAR-ID Red DNA Stain was performed to explore live cell cycle DNA.

  compared to G1 phase (p<0.001 fig 1C). Representative imaging of analysis (fig 1D) showed a particularly high TRIM37 expression during mitosis in CHON-002 cells. Given this differential expression of TRIM37 in cells during the cell cycle, and its potential relevance to chondrocyte proliferation in Mulibrey patients, we decided to examine its distribution during mitosis.

Figure 1 :

 1 Figure 1: TRIM37 distribution and variation of expression during cell cycle. (A) Representative TRIM37 immunoblots of lysates from Rat tissues, human cartilage, MSCs and CHON-002 cell line. GAPDH was determined as the internal control. (B) Representative confocal Images. CHON-002 cells were immunostained with specific anti-TRIM37 antibody in comparison to RNF2 (cytoplasmic E3 ubiquitin ligase). Nucleus was stained with DAPI. Actin was stained with phalloidin -AF-594. Scaled bar: 20 µm. (C) Data in the graph represent DAPI intensity and cell cycle gate (G1, S and G2/M) used for the DATA analysis. (D) Representative Images flow cytometry of TRIM37 during cell cycle. Blue signals represented DAPI-stained nuclei, TRIM37 (green). P-histone H3 (red), was used as an indicator of mitosis. Fluorescent cells were detected and analyzed by AMNIS ImageStream X Mark II equipped with 375-, 488-, and 642-nm lasers using the 40x magnification lens. Brightfield images were acquired in channels 04 (column 1), DAPI in channel 01 (column 2) TRIM37 in channel 03 (column 3), P-Histone H3 in channel 05 (column 4). (E) Data in the graph represent the ratio to G1 of mean of fluorescence of TRIM37 intensity in cell cycle phase. The data are expressed as mean ± SEM from three

  TRIM37 distribution during mitosis. We then examined the precise TRIM37 localization during the M-phase using IFC and IF in CHON-002 cells. As shown in fig 2A, TRIM37 assumes the form of spindles (fig 2A). Using confocal microscopy, we observed that TRIM37 colocalizes with alpha-tubulin during M phase. No colocalization was observed in the other phases or after Nocodazole treatment (fig 2B).

Figure 2 :

 2 Figure 2: TRIM37 colocalizes with alpha-tubulin in CHON-002 cells. (A) TRIM37 (green) organization during mitosis, by using IFC analysis (right) and confocal microscopy (left). (B) Confocal microscopy. CHON-002 cells were treated for 4h with or without nocodazole (+/-). Cells were stained with anti-TRIM37 antibody (green) and anti-alpha-tubulin antibody (orange) and DAPI (blue). (C) Representative images of cells acquired by IFC in G2 phase and in mitosis phase. CHON-002 cells were stained with DAPI (blue), TRIM37 (green), alpha-tubulin (orange) and P-histone H3 (Red). Brightfield images were acquired in channels 04 (column 1), DAPI in channel 01 (column 2) TRIM37 in channel 03 (column 3), alpha-tubulin (column 4), merge of TRIM37 and alpha-tubulin image (column 5) merge of TRIM37 and alpha-tubulin and DAPI image (column 6) and P-Histone H3 APC in channel 05 (column 7). Scaled bar: 10µm (D) Histogram represents TRIM37 colocalization along the cell cycle. Mean of Bright detail similarity (BDS) signal between TRIM37 and α-tubulin in each cycle phase. (E) Histogram represent mean of Bright Detail Colocalization 3 between TRIM37, α-tubulin and DAPI in each cycle phase. The data are expressed as mean ± SEM from four independent experiments. ** P <0.01 ; *** <0.001 (Anova test with Tukey test).

  we studied LC3-II expression, a marker of autophagy, in CHON-002 cells In TRIM37 depleted cells in presence of amiodarone we found an increase in LC3-II expression when compared to control. On the other hand, amiodarone treatment did not induce any LC3-II change when compared to results obtained without amiodarone. This result suggests that TRIM37 KD could promote autophagy (fig 3D). In TRIM37 OE conditions (lipofectamine transfection) autophagy was induced by lipofectamine transfection. As expected, it should be noticed that in TRIM37 OE conditions LC3-II was decreased in comparison with control cells (fig 3E). To summarize, we show that TRIM37 OE prevents autophagy.

Figure 3 :

 3 Figure 3: TRIM37 modulation and variation of cell death. (A) Effects of transduction of specific shRNAs on TRIM37 expression in CHON-002 cells. Cells were infected with lentiviral particles containing control shRNA sequence (Scramble) or specific sequence complementary to TRIM37 (TRIM37 knock down (KD)); TRIM37 expression was measured by Western blot analysis. GAPDH was determined as the internal control. One representative blot is shown out of three independent experiments (Student's t-test). (B) Effects of transfection of specific TRIM37 vector in CHON-002 cells. Cells were transected with lipofectamine containing control sequence (Scramble) or specific sequence of TRIM37 (TRIM37 overexpression (OE)); TRIM37 expression was measured by Western blot analysis. GAPDH was determined as the internal control. One representative blot is shown out of three independent experiments (Student's t-test). (C) Histogram showing effect of TRIM37 KD or OE on cell mortality (DAPI +) or apoptosis (Annexin5 +). Cells were cultured in DMEM. After 48 hours cell mortality was assayed with DAPI staining and apoptosis with annexin5 by flow cytometry (FC) (Student's t-test). (D) Effect of TRIM37 KD on autophagy estimated with LC3I and LC3II quantification with or without autophagy activator (Amiodarone). (E) Effect of TRIM37 OE on autophagy estimated with LC3I and LC3II quantification (Student's t-test). The data are expressed as mean ± SEM from three independent experiments. Non-Significant (NS): P >0.05 ; * < 0.05 ; ** <0.01 ; *** <0.001.

Figure 4 :

 4 Figure 4: TRIM37 modulates proliferation in CHON-002. (A and B) Estimation of proliferation with MTT method is presented as the mean of optical density (OD) (2way Anova). Cell proliferation with or without autophagy inhibitor 3-Methyladenine (3MA). (C and D) Histogram representing fold change of percentage of cell cycle stage in CHON-002 WT, KD and OE measured by flow cytometry. Cells were stained with P-histone-H3-APC (marker of mitosis) and DAPI (Student's t-test). The data are expressed as mean ± SEM from three independent experiments. Non-Significant (NS): P >0.05 ; * < 0.05 ; ** <0.01 ; *** <0.001.

  Since a negative feedback loop has previously been described with miR-223 and the transcription factor NFIA[START_REF] Taïbi | miR-223: An inflammatory oncomiR enters the cardiovascular field[END_REF], we evaluated whether TRIM37 could regulate miR-223 intracellular levels. TRIM37 overexpression in our cellular model decreased miR-223 intracellular levels while TRIM37 knock-down induced a strong enhancement in miR-223 levels (fig5E).

Figure 5 :

 5 Figure 5: miR-223 regulates TRIM37 protein expression. (A) miR-223 expression determined by RT-qPCR after transfection of miR-223 mimic, anti or scramble. Results were normalized with U6 (Student's t-test). (B) TRIM37 expression after miR-223 modulation by western blot. GAPDH was determined as the internal control (Student's t-test). (C) Predicted target region for miR-223 in TRIM37 3'UTR (in bold). Mutagenesis site is highlighted in red. (D) Luciferase gene reporter assay with 3'UTR TRIM37 WT or mutated (2way Anova). (E) miR-223 expression in CHON-002 WT, TRIM37 KD and OE (Anova test with Tukey test). The data are expressed as mean ± SEM from three independent experiments. Non-Significant (NS): P >0.05 ; * < 0.05 ; ** <0.01 ; *** <0.001.

  we detected an increase in CDC25b levels, along the different phases of the cell cycle (fig6B). TRIM37 mRNA remained stable during all the cell cycle phases, considering that nuclear staining was controlled by fluorescent microscopy in different phases (fig6C). In contrast, TRIM37 protein expression almost doubled in G2/M phase compared to G1 and S phases, while miR-223 expression decreased during S and G2/M phases compared to G1 phases (fig6D). This is consistent with the hypothesis that miR-223 directly regulates TRIM37 and participates to TRIM37 regulation during the cell cycle.

Figure 6 :

 6 Figure 6: miR-223 regulates TRIM37 during cell cycle. (A) Cells were stained by NUCLEAR-ID Red (Enzo) in CHON-002 living cells. Cells were sorted with Fax Aria 2 cell sorter in different fractions, G1 phase, S phase or G2/M phases. (B) TRIM37 and CDC25b gene expression were determined by RT-qPCR for each cell cycle phase. (C) Representative microscopy image of nucleus stained with NUCLEAR-ID Red (Enzo), in G1 -S and G2/M. (D) Comparison of TRIM37 protein expression (IFC), TRIM37 mRNA (RT-qPCR) and miR-223 (RT-qPCR) expression in cell cycle phase. Each expression was normalised using G1 expression. The data are expressed as mean ± SEM from three independent experiments. Non-Significant (NS): P >0.05 ; * < 0.05 ; ** <0.01 ; *** <0.001 (Anova test with Tukey test).
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