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Musculoskeletal diseases (MSD) are the most common disorders in the human population [START_REF] Burton | Musculoskeletal Disorders[END_REF]. MSD have a paramount social and economic consequences because they exacerbate the impact of multimorbidity [START_REF] Duffield | The contribution of musculoskeletal disorders in multimorbidity: Implications for practice and policy[END_REF]. This indicates the need for better clinical care for patients with bone diseases. Bone is a complex tissue whose integrity is maintained throughout the life by the continuous process of bone remodeling [START_REF] Raggatt | Cellular and molecular mechanisms of bone remodeling[END_REF]. This process is controlled by two cell types: osteoclasts that resorb bone, and osteoblasts that form new bone. Crosstalk and exchanges between these cells, under the influence of mechanical stimulation, immune cell action, and both paracrine and endocrine growth factors, control bone remodeling. Impaired coordination between osteoblasts and osteoclasts leads to an imbalance of bone remodeling that is responsible for multiple forms of MSD.

Lysophosphatidic acid (LPA) is a naturally occurring bioactive lipid with growth factor activity on a wide range of cells [START_REF] Houben | Autotaxin and LPA receptor signaling in cancer[END_REF]. LPA's effects are mediated by six different G proteincoupled receptors (LPA 1-6 ). These receptors share intracellular signaling pathways dependent on G i (LPA 1,4 , 6 ), G 12/13 (LPA 1,2,4,6 ), G q (LPA 1,5 ) and G S (LPA 4 , 6 ) resulting in potentially redundant or opposing effects of LPA receptors on cell biology, which include cytoskeleton rearrangements, cell motility, survival, and both proliferation and differentiation [START_REF] Yung | LPA receptor signaling: pharmacology, physiology, and pathophysiology[END_REF]. Evidence that LPA is produced within bone tissue as been obtained in the context of bone metastasis wherein it acts as a paracrine factor stimulating cancer cell proliferation, cytokine secretion and osteoclastic bone resorption [START_REF] David | Cancer cell expression of autotaxin controls bone metastasis formation in mouse through lysophosphatidic acid-dependent activation of osteoclasts[END_REF][START_REF] Boucharaba | Platelet-derived lysophosphatidic acid supports the progression of osteolytic bone metastases in breast cancer[END_REF]. The therapeutic use of LPA and LPA derivatives in bone regeneration has been proposed recently [START_REF] Wu | Lysophosphatidic acid: Its role in bone cell biology and potential for use in bone regeneration, Prostaglandins Other Lipid Mediat[END_REF]. However, most eukaryotic cells, including bone cells, express various forms of LPA receptors [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF][START_REF] David | Lysophosphatidic Acid Receptor Type 1 (LPA1) Plays a Functional Role in Osteoclast Differentiation and Bone Resorption Activity[END_REF][START_REF] Karagiosis | Lysophosphatidic acid induces osteocyte dendrite outgrowth[END_REF]. As a consequence, activation of different cell types in bone may undermine the complex mode of action of LPA in bone pathophysiology due to pleiotropic activities of LPA through co-activation signals from multiple receptors.

Understanding the role of each type of LPA receptor in bone cell functions in situ is crucial for more effective therapeutic applications in MSD.

LPA 1 is the most ubiquitous LPA receptor in mammalians [START_REF] An | Characterization of a novel subtype of human G protein-coupled receptor for lysophosphatidic acid[END_REF]. Global deletion of the LPA 1 gene in mice (Lpar1) and zebrafish (lpa 1 ) alters the growth of animals as a consequence of chondrocyte proliferation and bone formation defects [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF][START_REF] Nishioka | ATX-LPA1 axis contributes to proliferation of chondrocytes by regulating fibronectin assembly leading to proper cartilage formation[END_REF]. However, analyses of the Lpar1 -/-mouse global phenotype have revealed a large spectrum for LPA function in general homeostasis. Lpar1 -/-mice have major neurological defects [START_REF] Harrison | LPA1 receptor-deficient mice have phenotypic changes observed in psychiatric disease[END_REF] with an additional alteration in olfactive bulb maturation that markedly impairs food intake [START_REF] Contos | Requirement for the lpA1 lysophosphatidic acid receptor gene in normal suckling behavior[END_REF]. These mice also exhibit adipogenesis and glucose tolerance defects [START_REF] Dusaulcy | Altered food consumption in mice lacking lysophosphatidic acid receptor-1[END_REF]. Bone development is very sensitive to metabolic changes such as those that occur in obesity and diabetes [START_REF] Karsenty | Convergence between bone and energy homeostases: leptin regulation of bone mass[END_REF]. The dietary deficiencies and poor metabolic regulation observed in Lpar1 -/-mice are therefore likely to compromise bone homeostasis. Furthermore, LPA 1 is expressed in almost all cell types present in the bone microenvironment, osteoblasts [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF], osteoclasts [START_REF] David | Lysophosphatidic Acid Receptor Type 1 (LPA1) Plays a Functional Role in Osteoclast Differentiation and Bone Resorption Activity[END_REF], osteocytes [START_REF] Karagiosis | Lysophosphatidic acid induces osteocyte dendrite outgrowth[END_REF], chondrocytes [START_REF] Nishioka | ATX-LPA1 axis contributes to proliferation of chondrocytes by regulating fibronectin assembly leading to proper cartilage formation[END_REF] and adipocytes [START_REF] Dusaulcy | Altered food consumption in mice lacking lysophosphatidic acid receptor-1[END_REF]. Thus, the bone phenotype of Lpar1 -/- mice is likely to be a consequence of multiple constraints on bone remodeling.

In order to evaluate the specific role of LPA 1 expressed by osteoblasts during bone development we generated Osx-Cre:GFP/Lpar1 fl/fl (LPA 1

Osx

) mice that exhibited tissuespecific deletion of Lpar1 in osteoblastic cell lineage. Micro-computerized tomography measurements, bone histology and confocal microscopy analyses of LPA 1 Osx mice associated with primary and immortalized LPA 1 Osx bone cell biology investigations revealed that osteoblastic expression of LPA 1 controls bone quality through osteocyte behavior but not bone growth.

Materials and Methods.

Mice.

Mice with a specific deficiency of Lpar1 in the osteoblastic cell lineage (Lpar1Ob) were generated by using the Cre/loxP strategy. C57B6J carrying loxP sites flanking exon 3 of the LPA 1 receptor gene, Lpar1 fl/fl mice, recently generated by J. Chun and R. Rivera [START_REF] Rivera | Conditional Lpar1 gene targeting identifies cell types mediating neuropathic pain[END_REF] were crossed with BALB/c heterozygous mice expressing Cre-recombinase driven by the osterix promoter (Osx1-GFP::Cre/+ mice) obtained from Dr. Andrew P. McMahon, Harvard University, Cambridge, USA [START_REF] Rodda | Distinct roles for Hedgehog and canonical Wnt signaling in specification, differentiation and maintenance of osteoblast progenitors[END_REF].

Ethics statement.

Mice were housed in pathogen-free conditions in the Experimental Therapy Units in 

Mouse genotyping and real-time PCR.

The genotype of all experimental mice was determined by PCR analysis of genomic DNA extracted from tail or ear biopsies using the following primers: Cre transgene: forward 5'-CCTGGAAAATGCTTCTGTCCGTTTGCC-3' and reverse: System with the iTaq Universal SYBR Green Supermix (Biorad) and sets of specific primers.

Quantifications were normalized to TBP values and expressed as relative expression using the 2(-Delta Delta C(T)) method [START_REF] Bakker | Osteoblast isolation from murine calvaria and long bones[END_REF]. Primer sequences are indicated in Table 1.

Table 1: List of primer sequences

Target Forward (5'-3') Reverse (5'-3')

Lpar1 CCAGGAGGAATCGGGACAC CAATAACAAGACCAATCCCGGA Lpar2 GTCAAGACGGTTGTCATCATTCT GAAGCATGATCCGCGTGCT Lpar3 ACAAAGCTTGTGATCGTCCTGT TCATGATGGACATGTGTCTTTCC Lpar4 GCATTGTTGACATTAGTGGTGGA AACCTGGCCCTCTCTGATTT Lpar5 CCGTACATGTTCATCTGGAAGAT CAGACTAATTTCTCTTCCCACCT Lpar6 TGGCATATGGCTGTCACCTA GGGGATTCTGCACAAGTGAT Alpl CGGATCCTGACCAAAAACC TCATGATGTCCGTGGTCAAT Bsp2 GAAAATGGAGACGGCGATAG CATTGTTTTCCTCTTCGTTTGA Col1 GCCTTGGAGGAAACTTTGCTT CACGGAAACTCCAGCTGATTTT Dkk1 CCGGGAACTACTGCAAAAAT CCAAGGTTTTCAATGATGCTT Dmp1 CATTCTCCTTGTGTTCCTTTGG TCAGTATTGTGGTATCTGGCAACT E11 GCCAGTGTTGTTCTGGGTTT TCTCCTGTACCTGGGGTCAC Cx43 GTGCCGGCTTCACTTTCA GGAGTAGGCTTGGACCTTGTC Mepe GATGCAGGCTGTGTCTGTTG TCCTGTCTTCATTCGGCATT Bglap AGACTCCGGCGCTACCTT CTCGTCACAAGCAGGGTTAAG Opn GGAAACCAGCCAAGGTAAGC TGCCAATCTCATGGTCGTAG PHEX CTGCCAGAGAACAAGTGCAA AATGGCACCATTGACCCTAA SOST TCCTGAGAACAACCAGACCA GCAGCTGTACTCGGACACATC TBP TCTGAGAGCTCTGGAATTGTACCG TGATGACTGCAGCAAATCGCTTG

Micro-Computed Tomography (µCT).

Three-dimensional (3D) microarchitecture of the distal metaphyseal femur and cortical midshaft were carried out using a Skyscan 1176 micro-CT scanner (Skyscan Inc.). The X-ray excitation voltage was set to 50 kV with a current of 500 mA. A 0.5 mm aluminum filter was used to reduce beam-hardening artifacts. Samples were scanned in 70% ethanol with a fixed voxel size of 9.08 μm. Section images were reconstructed with NRecon software (version 1.6.1.8, Skyscan). The region of interest to delineate trabecular bone was drawn manually away from the endocortical surface, starting at 0.3mm of underneath the growth plate and ending at 1.3mm. For cortical analysis, 0.5mm on either sides of the femur midshaft were reconstructed. The global threshold was set at 0.394 g HA/cm 3 . Three-dimensional modeling and analysis of bone, vertebra length and bone volume to tissue volume (BV/TV) were obtained with the CTAn (version 1.9) and CTVol (version 2.0) softwares.

Digitized Microradiography

The technique of digitized microradiography was used to measure the degree of mineralization of bone (DMB) and its heterogeneity index [START_REF] Montagner | Validation of a novel microradiography device for characterization of bone mineralization[END_REF]. Briefly, 50 µm-thick bone sections were analyzed with a Hammamatsu L9421-02 Microfocus X-ray system tube with a power maximum of 8 W, a copperanode, a nickel filter, a beryllium window of 150 μm and a focal spot size of 5 μm in diameter. The exposure parameters were high voltage: 40 kV, current: 50 μA, and power of 2 W. The detector was a Photonic Science FDI VHR 11 M CCD camera with an active area of 36 × 24 mm (4008 × 2671 pixels). The scintillator was Gd2O2S:Tb, and an aluminum filter of 12 μm was used. The image digitization step was made with a 12-bit digital imagedetector (pixel size: 9 μm, object pixel size: 0.83µm). A threshold of 0.8 g/cm3 was used. The mean DMB were expressed in g mineral/cm 3 . Cortical porosity was measured on X-ray images with ImageJ software. A threshold was applied (Li method) and the thresholded image then was then segmented outline selected. The cortical porosity was assessed using weighting by the total number of pixels analyzed. For the quantification of the sizes of pores, each pore was automatically outlined and identified by a digit. Areas of pores were expressed in µm square (µm2). The size of the different pores was measured and the distribution of the sizes of their size was generated.

Fourier Transform Infrared Microspectroscopy (FTIRM).

Analysis of the intrinsic material properties of bone was performed on cortical bone as previously described [START_REF] Farlay | The ratio 1660/1690 cm(-1) measured by infrared microspectroscopy is not specific of enzymatic collagen cross-links in bone tissue[END_REF][START_REF] Farlay | Mineral maturity and crystallinity index are distinct characteristics of bone mineral[END_REF]. Briefly, thin bone sections from blocks embedded in PMMA (2 μm thick) were longitudinally cut with a polycut in proximal tibia, and analyzed in transmission mode with a Perkin-Elmer GXII Auto-image Microscope (Norwalk, CT, USA) equipped with a wide band detector (mercury-cadmium-telluride; 7800-400 cm -1 ). A Cassegrain objective with a numerical aperture of 0.6 was used with a spatial resolution of 10 μm at typical midinfrared wavelengths. Ten areas (50 μm×50 μm) in metaphysis and 10 in diaphysis were scanned. After curve-fitting of infrared spectra, 4 variables were measured: mineral maturity, crystallinity, mineral/organic ratio, and collagen maturity. Each spectrum was collected at 2 cm -1 resolution, and 40 scans by spectrum were performed in the transmission mode. The contributions of air and PMMA were subtracted from the original spectrum, baseline adjusted and curve-fitted with Python software [START_REF] Gardegaront | Automation of the Peak Fitting Method in Bone FTIR Microspectroscopy Spectrum Analysis: Human and Mice Bone Study[END_REF]. The following parameters were determined: the mineral crystallinity (cryst), which is inversely proportional to the full width at half-maximum of the 604 cm -1 peak (apatite phosphate environment ν 4 PO 4 ) and corresponds to both crystal size and perfection [START_REF] Farlay | Mineral maturity and crystallinity index are distinct characteristics of bone mineral[END_REF], the mineral to organic ratio (min/org) i.e. the area ratio of the bands of mineral matrix over organic matrix (1184-910 cm -1 /1712-1592 cm -1 ) [START_REF] Paschalis | FTIR microspectroscopic analysis of human osteonal bone[END_REF], the mineral maturity (min mat) which is calculated as the area ratio of the apatite phosphate over nonapatite phosphate (1030/1110 cm -1 area ratio) and reflects the age of mineral [START_REF] Farlay | Mineral maturity and crystallinity index are distinct characteristics of bone mineral[END_REF], and the collagen maturity (coll mat) which is calculated as the ratio of organic matrix bands (1660/1690 cm -1 area ratio) [START_REF] Farlay | The ratio 1660/1690 cm(-1) measured by infrared microspectroscopy is not specific of enzymatic collagen cross-links in bone tissue[END_REF]. Results are expressed as mean ± standard deviation (SD).

Quantification of YAP nuclear localization.

Cells were immunostained as recently described [START_REF] Sabra | beta1 integrin-dependent Rac/group I PAK signaling mediates YAP activation of Yes-associated protein 1 (YAP1) via NF2/merlin[END_REF] with an anti YAP and images acquired with a confocal laser scanning microscope (Zeiss LSM510) equipped with a 63X plan-Apochromat oil immersion objective (n.a. 1.4) and a pinhole set to one Airy. On each cell image, a region of interest (ROI) was defined either within the nucleus, or in the cytoplasmic area next to the nuclear envelope. As the ROI thickness in the two positions was likely to be identical, the average fluorescence intensity should be proportional to YAP concentration in that area and was estimated using the Fiji public software. Within the same cell, the ratio of the fluorescence intensities in the nucleus versus the cytoplasmic area reflects the YAP concentration ratio in the two compartments. This ratio was represented with a logarithmic scale to have an identical range of positive and negative ratios. Measurements were performed with n ≥50 (unless otherwise indicated) and differences were compared with the Student's t test. Boxplots were generated with the R public software.

Quantification of Rac1 localization. Cells were immunostained with an anti Rac1 and images acquired with a confocal laser scanning microscope (Zeiss LSM510) equipped with a 63X plan-Apochromat oil immersion objective (n.a. 1.4) and a pinhole set to one Airy. On each cell image, a line profiling was aquired using Fiji software. Cell border was defined and used to set the origin. Measurements were performed with n ≥50 and differences were compared with the Student's t test.

Cell cultures and FGF2 experimental procedure.

Mouse BMSC were isolated from the bone marrow of femurs and tibias of control and Lpar1Ob mice as previously described [START_REF] Oreffo | Effects of interferon alpha on human osteoprogenitor cell growth and differentiation in vitro[END_REF]. Cells were maintained in Alpha Modified

Eagle's Medium alpha (αMEM) with 10% (v/v) FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin at 37 °C. For the colony-forming-unit assay, nucleated cells from the bone marrow were seeded at 6x10 5 cells per cm 2 and cultured for up to 14 days in the same medium, additionally supplemented with ascorbic acid (50 μg/ml) and beta-glycerophosphate (10 mM).

Control and Lpar1Ob mice primary osteoblasts were isolated as previously described [START_REF] Bakker | Osteoblast isolation from murine calvaria and long bones[END_REF] and maintained in Dulbecco's Modified Eagle's Medium (DMEM) with 100 U/ml penicillin and 0.1 mg/ml streptomycin at 37°C. Ob-Lpar1 fl/fl and cl1-Ob-Lpar1 -/-immortalized osteoblast were cultured in αMEM with 10% (v/v) heat inactivated FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin. For induction of osteogenic differentiation, Ob-Lpar1 fl/fl and cl1-Ob-Lpar1 -/-cells were seeded and cultured until they reached confluence. The medium was then supplemented (day 0) with ascorbic acid (50 μg/ml) and beta-glycerophosphate (10 mM) for 21-30 days. For induction of osteocytogenesis, primary and immortalized osteoblasts were seeded, then at the subconfluence (day 0), the culture media were replaced with 1% (v/v) FBS supplemented medium, and 10 ng/ml FGF2 (bFGF, Thermo Fisher Scientific) in 0.1% bovine serum albumin (BSA). Cells were treated with FGF2 or 0.1% BSA as vehicle and harvested after 4h for RT-qPCR analysis or after 24h for western blot analysis using a mouse podoplanin antibody (R&D Systems). For actin filament visualization, the cells were fixed in 4% PFA, rinsed in PBS and permeabilized in 0.1% (w/v) triton X-100 (Sigma) in PBS for 15 mins after vehicle or FGF2 challenge for 72h. The cells were rinsed and incubated with 0.6 unit/mL of Alexa Fluor 488-conjugated phalloidin (Thermo Fisher Scientific) (in PBS with 0.1% BSA) in the dark at RT for 2h.

Ex-vivo osteocyte enriched bone preparation.

Osteocytes enriched samples were obtained following as previously described [START_REF] Li | IL-17 Receptor Signaling in Osteoblasts/Osteocytes Mediates PTH-Induced Bone Loss and Enhances Osteocytic RANKL Production[END_REF]. Briefly, bone pieces from 4 mice femurs and tibias were harvested and flushed with PBS to eliminate the bone marrow, and the trabecular bones cut and removed. The remaining diaphyses samples were serially digested in -MEM containing 1mg/ml of collagenase II (Thermo Fisher Scientific) on a rocking platform at 90 oscillations per min at 37ºC for 30 min. The digestion solution containing osteoblasts, osteoclasts and other peripheral cells was discarded, and the samples were washed in HBSS. This experiment was repeated four more times and the digested samples were rinsed, plated and incubated for 24h in the primary osteoblast culture medium. Samples were then harvested for RT-qPCR experiments.

Histology.

For histological preparations, the cortical femurs from 3 week old CRTL and Lpar1Ob mice were isolated, fixed in 4% paraformaldehyde for 24h, dehydrated in 70% Ethanol and decalcified in 14% EDTA for 3 weeks. The paraffin embedded tissue samples were cut into 5 µm sections and stained with Hematoxylin/eosin and analyzed with a Pannoramic 250 Flash III scanner (3DHISTECH Ltd). For each femur sample, three sections were cut into three independent plans. ImageJ software (NIH) was used to count the number osteocytes per mm 2 and to measure the surface of osteocyte lacunae (in µm 2 ). Each measure was repeated in four randomly selected areas per plan and the average of the three plans was calculated for each mouse. A TUNEL apoptosis assay was then performed using an in-situ Cell Death Detection Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions.

TUNEL positive osteocytes (in brown) and the living cells (in blue) were counted in four randomly selected area and the ratio positive/living cells (%) was calculated for each mouse.

The presence of cleaved Caspase-3 (Asp175) was examined by immunohistochemistry using a monoclonal rabbit anti-mouse antibody (R&D systems) as primary antibody. A biotinylated goat anti-rabbit (Abcam) was used as secondary antibody, and visualized using the peroxidase-conjugated streptavidin-biotin system (Vectastain). Diaminobenzidine (Abcam) chromogene substrate was used to visualize positive cells as brown and hematoxylin eosin was used as counterstaining. The ratio (%) of positive osteocytes from four randomly selected area was calculated for each mouse with ImageJ software.

Confocal osteocyte imaging and quantification: Isolation, immortalization, infection, and in vitro Cre-mediated deletion of osteoblasts.

30
Experiments were carried out using the procedure as previously described [START_REF] Brunner | Osteoblast mineralization requires beta1 integrin/ICAP-1dependent fibronectin deposition[END_REF]. Briefly, a primary mouse osteoblast-enriched cell population was isolated from newborn calvaria using a mixture of 0.3 mg/ml collagenase type I (Sigma-Aldrich) and 0.25% trypsin (Invitrogen).

Cells were grown in α-MEM medium containing 10% FCS. Primary osteoblasts (passage 2)

were immortalized by transduction with a retrovirus expressing the large SV40 T antigen, cloned, and then tested for their ability to induce alkaline phosphatase upon differentiation.

Lpar1 fl/fl immortalized osteoblasts were infected with an adenoviral supernatant encoding the Cre recombinase for 1h in PBS supplemented with 2% FBS and 1 mM MgCl2.

Results.

Selective Lpar1 deletion in osteoblasts affects bone morphometric parameters.

Conditional knockout mice for Lpar1 in the early osteoblastic cell lineage (Lpar1Ob)

were generated by crossing Lpar1 fl/fl animals [START_REF] Rivera | Conditional Lpar1 gene targeting identifies cell types mediating neuropathic pain[END_REF] with OsxCre +/-mice (CTRL) whose Cre recombinase is driven by the osterix (Osx) promoter [START_REF] Rodda | Distinct roles for Hedgehog and canonical Wnt signaling in specification, differentiation and maintenance of osteoblast progenitors[END_REF]. We choose the Osx promoter as a driver for the Cre-recombinase expression because its activation follows Runx2 activation, which engages mesenchymal stem cells into the osteoblastic lineage. Lpar1 expression was significantly decreased in the bone of Lpar1Ob mice without affecting the expression of genes coding for any other types of LPA receptors (Fig 1A). In addition, major tissues that are well-known to express LPA 1 (heart, brain, lungs, intestine) did not show significantly altered expression of Lpar1 in Lpar1Ob mice indicating the specificity of our animals for investigating the role of LPA 1 expressed by cells of the osteoblastic lineage on bone development.

Mice with global deletion of Lpar1 (Lpar1 -/-) revealed an osteoporotic phenotype at 4 weeks of age without significant differences between males and females [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF]. Since then, no studies have further characterized the bone phenotype of Lpar1 -/-mice. We therefore decided to focus our study on one-month-old female mice. Lpar1 Ob mice showed a mild growth retardation phenotype as judged by a significantly shorter length of the femurs (6% reduction) and smaller size of vertebral plates (11% reduction) compared to controls (Fig 1C -D). Interestingly, no significant alteration of the bone mass was detected in Lpar1 Ob mice even though we observed a trend for decreased values of BV/TV (Fig. 1E) and trabecular thickness (Fig. 1F) parameters indicating a marginal impact on trabecular bone remodeling (Fig1 D). By contrast, femur cortical bone thickness was significantly decreased in Lpar1

Ob mice as compared to CTRL mice (Fig1F-G). Time sequential ALP staining of Ob -Lpar1 fl/fl and cl1-Ob-Lpar1 -/-osteogenic cultures showed an overall increase of ALP staining and activity significant at end point, but visible at day 7 suggesting a delayed differentiation (Fig2D). Proliferation curves showed a significantly proliferation defect at days 3, 4 and 5 for cl1-Ob-Lpar1 -/-with respect to Ob-Lpar1 fl/fl (Fig2E).

In addition, cl1-Ob-Lpar1 -/-displayed a significant decrease in cell viability compared to Ob -Lpar1 fl/fl (Fig2H). These results, combined with the data obtained with Lpar1Ob derived from MSCs, highlight the importance of LPA 1 expression for tuning osteoblast proliferation versus cell differentiation.

YAP/TAZ activation is required for the expression of some LPA-induced genes and plays a critical role in cell proliferation in response to LPA [START_REF] Yu | Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling[END_REF]. YAP/TAZ is activated by G 12/13 , G i/O , G q/11 that are also hallmark transducers of intracellular signals of LPA 1 activation [START_REF] Yu | Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling[END_REF]. YAP promotes osteogenesis by controlling cell proliferation in the Ob-cell lineage and suppressing adipogenesis [START_REF] Pan | YAP promotes osteogenesis and suppresses adipogenic differentiation by regulating β-catenin signaling[END_REF]. Osteocytes are endocrine cells that orchestrate bone remodeling and calcium homeostasis through secreted factors such as sclerostin and FGF-23 [START_REF] Bonewald | The Role of the Osteocyte in Bone and Nonbone Disease[END_REF]. To better characterize the osteocyte phenotype in Lpar1Ob mice, we performed real-time PCR of osteocyte markers in bone explants (Fig 4E). E11 (podoplanin), an actin fiber bundle connector which is involved in dendrite formation [START_REF] Staines | Hypomorphic conditional deletion of E11/Podoplanin reveals a role in osteocyte dendrite elongation[END_REF] and expressed mainly in embedding osteoblasts and mineralizing osteocytes was strongly reduced in Lpar1Ob bone explants (Fig 4E). Dkk1 (Dikkopf-related -protein-1) a wnt pathway antagonist [START_REF] Ai | Reduced affinity to and inhibition by DKK1 form a common mechanism by which high bone mass-associated missense mutations in LRP5 affect canonical Wnt signaling[END_REF] and Dmp1 (Dentin Matrix Protein1) were also significantly down-regulated in Lpar1Ob bone explants compared to CTR. In contrast, the level of transcripts corresponding to matrix proteins, PHEX and MEPE, as well as Connexin 43, were not significantly altered in CTRL bone explants. Sost (sclerostin transcript) which is expressed in mature osteocytes and is instrumental for osteocyte-mediated control of bone remodeling, was strikingly decreased in Lpar1Ob bone explants. Taken together, these results indicate that Lpar1 deficiency in osteoblasts results in a defect of osteocyte homeostasis. Osteocyte dendrite network is affected by osteoblast Lpar1 deficiency.

Osteocytes are mechanosensors and mechanotransducers responsible for the adaptation of bone to internal and external stress. They form a dense highly connected dendritic network that extends from the cell body through bone canaliculae, allowing communications and interactions with the vasculature and bone endosteum [START_REF] Dallas | The osteocyte: an endocrine cell ... and more[END_REF]. Fibroblastic growth factor 2 (FGF2) is known to induce dendrite extension from osteoblasts in vitro [START_REF] Ikpegbu | FGF-2 promotes osteocyte differentiation through increased E11/podoplanin expression[END_REF]. We therefore decided to explore the osteocyte dendrite pattern in cl1-Ob-Lpar1 -/-cells through labeled actin filament under FGF2 treatment. As anticipated, FGF2 promoted filament extensions in 

Conclusions.

LPA is a lipid mediator that controls bone homeostasis by exerting complex effects on all types of bone cells as well as bone marrow and vascular cells [START_REF] Wu | Lysophosphatidic acid: Its role in bone cell biology and potential for use in bone regeneration, Prostaglandins Other Lipid Mediat[END_REF]. Previous studies from our laboratories and others have shown that LPA through its receptor LPA 1 promotes both bone formation and bone resorption [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF][START_REF] David | Lysophosphatidic Acid Receptor Type 1 (LPA1) Plays a Functional Role in Osteoclast Differentiation and Bone Resorption Activity[END_REF]. As a consequence, despite their extent, in vivo analyses of the Lpar1 -/-mouse bone phenotype failed to unravel the specific role of LPA 1 in bone homeostasis. In this study, we have investigated the specific role of the LPA/LPA 1 pathway in bone-forming cells in vivo by generating Lpar1Ob mice by conditional deletion of Lpar1 in osteoblastic cell lineage.

Lpar1Ob mice showed a milder deterioration of the bone microstructure than Lpar1 -/- mice that exhibit strong osteoporosis [START_REF] Contos | Requirement for the lpA1 lysophosphatidic acid receptor gene in normal suckling behavior[END_REF]. In addition, Lpar1 -/-mice reveal a strong alteration in growth that is not observed in Lpar1Ob mice at the same age although these mice had a significant moderate reduction in size of the femurs and L5 vertebrae. The differences between these two genetically modified mouse lines may have multiple causes as LPA 1 is the most ubiquitous of all LPA receptors. Lpar1 -/-mice have major defects in the nervous and adipose systems and in metabolic functions controlling glucose tolerance, which may significantly impair the mouse growth [START_REF] Harrison | LPA1 receptor-deficient mice have phenotypic changes observed in psychiatric disease[END_REF][START_REF] Contos | Requirement for the lpA1 lysophosphatidic acid receptor gene in normal suckling behavior[END_REF][START_REF] Dusaulcy | Altered food consumption in mice lacking lysophosphatidic acid receptor-1[END_REF] but which should not be affected in Lpar1Ob mice. Cranio-facial, sternal and costal abnormalities are characteristics of Lpar1 -/-animal phenotype which are due to impaired chondrocyte activity and endochondral ossification [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF].

Unexpectedly, these characteristics were not found in Lpar1Ob mice although Osx-cre:GFP expression is also detected in hypertrophic chondrocyte zone at the growth plate [START_REF] Chen | Osx-Cre targets multiple cell types besides osteoblast lineage in postnatal mice[END_REF].

Nevertheless, the absence of morphogenic defects in Lpar1Ob mice might reinforce previous hypothesis claiming the essential role of LPA 1 in chondrocytes [START_REF] Gennero | Absence of the lysophosphatidic acid receptor LPA1 results in abnormal bone development and decreased bone mass[END_REF][START_REF] Nishioka | ATX-LPA1 axis contributes to proliferation of chondrocytes by regulating fibronectin assembly leading to proper cartilage formation[END_REF].

Nevertheless, Lpar1 -/-and Lpar1Ob mice revealed a series of similar bone defects such as decrease in cortical thickness and mineralization, which are associated with decreased osteogenesis of bone marrow mesenchymal cells and expression of bone markers (Col1, Bglap) compared to WT and control animals, respectively. As a new observation, our results in Lpar1Ob mice highlighted the essential role of LPA 1 in osteocytogenesis and on organization of the osteocyte dendrite network.

Osteoblasts derived from Lpar1Ob bone marrow mesenchymal cells displayed a lower ability to generate colony-forming-units (both in size and number) in vitro suggesting a cell proliferation defect in early progenitors. This hypothesis agrees with the proliferative and pro-survival action of LPA via LPA 1 in murine and human bone marrow mesenchymal cells [START_REF] Wu | Lysophosphatidic acid: Its role in bone cell biology and potential for use in bone regeneration, Prostaglandins Other Lipid Mediat[END_REF][START_REF] Mansell | Lysophosphatidic acid and calcitriol co-operate to promote human osteoblastogenesis: requirement of albumin-bound LPA, Prostaglandins Other Lipid Mediat[END_REF]. In addition, immortalized cl1-Ob-Lpar1 -/-osteoblasts revealed a significant decrease in cell survival associated with a significant decrease in the YAP nuclear/cytoplasmic ratio.

YAP/TAZ activation is required for the expression of some LPA-induced genes and plays a critical role in cell proliferation in response to LPA [START_REF] Yu | Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling[END_REF]. These results suggest that deregulation of the YAP pathway may be a major cause of reduced cell survival of osteoblastic cells deficient in LPA 1 . Deletion of YAP or its co-activator TAZ from osteoblastlineage cells causes lethality in mice due to skeletal fragility [START_REF] Kegelman | Skeletal cell YAP and TAZ combinatorially promote bone development[END_REF]. Recently, the co-deletion of YAP/TAZ was shown to increase osteocyte apoptosis and to impair osteocyte perilacunar/canalicular remodeling by reducing canalicular network density, length, and branching [START_REF] Kegelman | YAP and TAZ Mediate Osteocyte Perilacunar/Canalicular Remodeling[END_REF]. Lpar1Ob mouse osteocytes exhibited in vivo similar profound increase in apoptosis rate and impaired canalicular network density suggesting that LPA/LPA 1 axis may contribute to YAP/TAZ osteocytogenesis activity. Other types of LPA receptors expressed in osteoblasts are also known to activate YAP/TAZ especially in different cellular contexts such as LPA 4 through G 12/13 that promotes developmental angiogenesis [START_REF] Yasuda | Lysophosphatidic acid-induced YAP/TAZ activation promotes developmental angiogenesis by repressing Notch ligand Dll4[END_REF]. As opposed to the osteoporotic phenotype of Lpar1 -/-mice, Lpar4 -/-mice exhibit an osteopetrotic bone phenotype [START_REF] Liu | LPA induces osteoblast differentiation through interplay of two receptors: LPA1 and LPA4[END_REF]. Both LPA receptors activate G 12/13 [START_REF] Yung | LPA receptor signaling: pharmacology, physiology, and pathophysiology[END_REF]. In this respect inactivation of one of the receptors should be compensated, at least partially, by expression of the other. This was not observed in clone cl1-Ob-Lpar1 -/-osteoblasts. However, the shift from a G i/O pathway induced by LPA 1 to a G S pathway induced by LPA 4 in osteoblasts has been proposed to contribute to the opposing bone phenotypes of global knockout animals [START_REF] Salles | Bone defects in LPA receptor genetically modified mice[END_REF]. The G S signaling pathway activates Lats1/2 which blocks downstream YAP/TAZ activation [START_REF] Yu | Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling[END_REF]. Our data therefore support the notion of a prevalence of the LPA/LPA 4 /G S pathway in osteoblasts in the absence of LPA 1 expression.

Lpar1 deficiency in osteoblasts leads to an alteration in osteogenic maturation reflected by increased expression of BSP, ALP transcription and activity. Poor mineralization is also associated with high levels of mRNA and ALP activity in osteoblasts of hypophosphatemic (Hyp) mice due to loss of Phex function [START_REF] Murali | Excessive Osteocytic Fgf23 Secretion Contributes to Pyrophosphate Accumulation and Mineralization Defect in Hyp Mice[END_REF], but as such, increased ALP cannot explain the reduction in mineralization. Therefore, the primary defect responsible for osteoblast hypomineralization phenotype in Lpar1Ob mice is not fully understood. Collagen fibril deposition, assembly and maturation are essential for initiation of mineralization [START_REF] Eyre | Bone collagen: new clues to its mineralization mechanism from recessive osteogenesis imperfecta[END_REF][START_REF] Burr | Changes in bone matrix properties with aging[END_REF].

Intriguingly, reduced expression of Col I was also observed in Lpar1Ob mouse osteoblasts and in clone cl1-Ob-Lpar1 -/-osteoblasts that may contribute to insufficient mineralization.

Moreover, the expression of matrix proteins Col I, BGLAP and OPN in cl1-Ob-Lpar1 -/-cells and Dmp1 in Lpar1Ob bone explants are significantly down-regulated. Interestingly, the temporal shift of increase in ALP and BSP transcripts and decay in the level of bone matrix proteins (Col I, OPN, Dmp1) is found in aging and senescent osteoblasts [START_REF] Sheng | Histomorphometric studies show that bone formation and bone mineral apposition rates are greater in C3H/HeJ (high-density) than C57BL/6J (low-density) mice during growth[END_REF][START_REF] Farr | Identification of Senescent Cells in the Bone Microenvironment[END_REF]. Our data suggest that Lpar1-deficient osteoblasts are prematurely engaged in an aging program.

Aging has a remarkable influence on bone quality, as shown by a decrease in cortical thickness associated with an increase in cortical porosity which is characteristic of the bone quality during aging in women [START_REF] Andreasen | Understanding age-induced cortical porosity in women: Is a negative BMU balance in quiescent osteons a major contributor?[END_REF]. MicroCT, microradiography and histological analyses of the long bones of Lpar1Ob mice reveal a significant reduction in cortical thickness and an increase in cortical porosity, confirming the idea that Lpar1 deficiency in osteoblasts may promote premature bone aging.

Unbalanced expression of bone matrix proteins in osteoblasts could lead to poor quality of bone mineralization [START_REF] Bouleftour | The role of the SIBLING, Bone Sialoprotein in skeletal biology -Contribution of mouse experimental genetics[END_REF]. Indeed, cl1-Ob-Lpar1 -/-cells cultured under osteogenic conditions showed diminution of Alizarin Red staining indicating alteration of cell mineralization capacity in vitro. This defect is likely to explain several bone characteristics of Lpar1Ob mice that displayed a low cortical bone mineral density assessed by µCT, a low degree of mineralization assessed by microradiography and a significant decrease in the mineral index/organic ratio determined by FTIRM analysis. Overall, Lpar1Ob mice presented a marked hypo-mineralization phenotype.

Besides poor mineralization impairing bone quality, hypo-mineralization has also been shown to affect osteocyte perilacunal and canalicular remodeling as detected in the Hyp-mouse model of X-linked hypophosphatemia [START_REF] Tokarz | Hormonal Regulation of Osteocyte Perilacunar and Canalicular Remodeling in the Hyp Mouse Model of X-Linked Hypophosphatemia[END_REF]. Osteocytes are the most abundant cells in bone representing more than 90% of total bone cells [START_REF] Bonewald | The amazing osteocyte[END_REF].These cells correspond to the terminal stage of osteoblast differentiation that eventually become embedded into their own bone matrix [START_REF] Bonewald | The amazing osteocyte[END_REF]. Osteocytes are mechanosensor cells that inhibit bone formation under steady state conditions [START_REF] Bonewald | The Role of the Osteocyte in Bone and Nonbone Disease[END_REF]. In the context of hypo-mineralization observed in Lpar1Ob mice, histological sections of Lpar1Ob cortical bone display augmented osteocyte apoptosis and larger lacunar cavities. In agreement with previous findings showing that the LPA/LPA 1 axis is important for osteoblast cell lineage survival [START_REF] Grey | The phospholipids sphingosine-1-phosphate and lysophosphatidic acid prevent apoptosis in osteoblastic cells via a signaling pathway involving G(i) proteins and phosphatidylinositol-3 kinase[END_REF][START_REF] Yao | Pigment Epithelium-Derived Factor (PEDF) Protects Osteoblastic Cell Line from Glucocorticoid-Induced Apoptosis via PEDF-R[END_REF] our study suggests that the LPA/LPA 1 axis could also potentially impact on osteocyte survival through bone mineralization. Osteocyte markers such as Dmp1, and the wnt pathway inhibitors Dkk1 and Sost are dcreased in bone explants of Lpar1Ob mice. This result was rather unexpected because Lpar1Ob mice exhibited only a mild bone loss phenotype with a decrease in cortical bone thickness, whereas Sost-deficient mice have a strong osteopetrotic phenotype [START_REF] Li | Targeted deletion of the sclerostin gene in mice results in increased bone formation and bone strength[END_REF]. Moreover, targeting SOST with romosozumab has recently been validated as a novel therapy for osteoporosis [START_REF] Chavassieux | Bone-Forming and Antiresorptive Effects of Romosozumab in Postmenopausal Women With Osteoporosis: Bone Histomorphometry and Microcomputed Tomography Analysis After 2 and 12 Months of Treatment[END_REF]. Nevertheless, our data agree with recent reports showing that despite a drastic decrease of osteocytic markers including Sost, Ppargc1a/b conditional knockout mice osteoblasts and osteocytes exhibit an osteopenic bone phenotype [START_REF] Sanchez-De-Diego | Glucose Restriction Promotes Osteocyte Specification by Activating a PGC-1alpha-Dependent Transcriptional Program[END_REF] indicating that miss-egulation of multi-gene programs both in osteoblasts and osteocytes, such as in Ppargc1a/b conditional knockout mice or Lpar1Ob mice, may affect wnt inhibitor production but without promoting bone formation.

Nonetheless, another osteocyte marker E11 or podoplanin is downregulated in bone explants from Lpar1Ob mice. E11 is an important autocrine osteocyte factor, which starts to be expressed at the time the osteoblast is embedded in the organic matrix. E11 expression is later required for the process of dendritic projection and branching during osteocyte differentiation [START_REF] Dallas | The osteocyte: an endocrine cell ... and more[END_REF]. LPA has been shown to induce dendrite outgrowth in MLO-Y4 osteocytic cells that is inhibited by Ki16425, a non-selective inhibitor of LPA 1 /LPA 3 receptors and pertussis toxin which inhibits the G i pathway [START_REF] Karagiosis | Lysophosphatidic acid induces osteocyte dendrite outgrowth[END_REF]. In contrast to CTRL osteoblasts, E11dependent induction of dendrite extensions by FGF2 is abrogated in Lpar1Ob and cl1-Ob-Lpar1 -/-osteoblasts. Experiments carried out with MLO-Y4 cells showed that LPA induceddendritogenesis is a membrane-and cytoskeleton-driven process with actin dynamics playing a critical role [START_REF] Waters | Regulation of gene expression and subcellular protein distribution in MLO-Y4 osteocytic cells by lysophosphatidic acid: Relevance to dendrite outgrowth[END_REF]. Our results suggest that LPA 1 triggers actin cytoskeleton remodeling that promotes membrane extensions through E11 activation during osteocyte differentiation.

In conclusion, our study shows tor the first time that expression of LPA 
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 3 LoxP reverse: 5'-GGTTTAGTGGTGTGGGATCG-3'. Total RNA from OC cultures and from powdered whole bone was extracted using Trizol (Invitrogen AB) and the Nucleospin RNAII kit (Macherey-Nagel). Complementary DNA from OC and bones were synthesized by reverse transcription using the iScript cDNA Synthesis kit (Biorad), Expression of target genes was quantified by qRT-PCR using the Biorad CFX Connect Real Time PCR Detection
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 1 Figure 1: Lpar1 selective deletion in osteoblasts affects bone morphometric

  Further studies have shown the crucial role of YAP expression and its rac1-dependent cellular localization in growth and proliferation pathways. Accordingly, Ob -Lpar1 fl/fl and cl1-Ob-Lpar1 -/-osteoblasts were examined by immunolabeling for their YAP and rac1 expression and cellular localization upon fibronectin adhesion (Fig2F). Ob-Lpar1 fl/fl displayed YAP nuclear localization as well as accurate rac1 binding to focal adhesion structures, but conversely in cl1-Ob-Lpar1 -/-osteoblasts, YAP and Rac1 were found to be diffused throughout the cytoplasm. Quantification of the YAP nuclear/cytoplasmic ratio showed a significantly decrease in cl1-Ob-Lpar1 -/-versus Ob-Lpar1 fl/fl (n=50) indicating a strong mis-regulation of the YAP pathway. Overall, these results suggest that alteration of the LPA/LPA 1 /YAP pathway may result in reduced survival of cells in the osteoblast lineage.To further study the impact on differentiation of Lpar1 deletion in osteoblasts, time course expression of major osteogenic markers was assessed (Fig2G). In cl1-Ob-Lpar1 -/-, ALP and BSP were found to be elevated at the end point of differentiation whereas Col1, Bglap and Opn were significantly decreased compared to Lpar1 fl/fl osteoblasts. Overall, sequential osteogenic gene expression is disturbed when Lpar1 is lacking in osteoblasts, suggesting a delay in osteoblast maturation. Cl1-Ob-Lpar1 -/-cells revealed a remarkable decrease in cell viability compared to Ob-Lpar1 fl/fl cells as judged by a significant increase in LDH release starting from D3 after starvation (Fig2H).
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 2 Figure 2: Lpar1-deficient osteoblasts showed reduced proliferation, increased ALP activity and altered differentiation. Primary mouse BMSCs from 3 week old CTRL and
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 3 Figure 3 : Defective bone mineralization in Lpar1△Ob mice.
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 4 Figure 4 -Lpar1 selective deletion in osteoblasts impacts osteocytes and increases

  Lpar1 fl/fl cells but almost no dendrite extensions in cl1-Ob-Lpar1 -/-cell culture (Fig5A). Similar experiments were performed on primary osteoblasts from CRTL and Lpar1Ob mice. In these conditions FGF2 induced the formation of a dense dendrite network in CTRL cells, that was absent in Lpar1Ob cells (Fig 5B). In agreement with these findings FGF2 failed to upregulate the expression of the E11osteocyte marker, both at the transcriptional (Fig 5C) and protein (Fig 5D) levels in cl1-Ob-Lpar1 -/-cells compared to Ob-Lpar1 fl/fl cells. Confocal analyses showed that osteocyte dendrite numbers/mm 3 was significantly decreased in the cortical bone of Lpar1Ob mice compared to CTRL mice (Fig 5E). Altogether, these results revealed a major role for LPA 1 in dendrite formation and osteocyte maturation.
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 5 Figure 5 : Lpar1 deletion impairs osteocyte dendrite formation A-Representative micrographs of immortalized clones Cl1-Ob-Lpar1 -/-and B-Ob-Lpar1 fl/fl

  Toulouse (INSERM US 006 ANEXPLO/CREFRE) in accordance with the Guide for the Care and Use of Laboratory Animals of the European Council and under the supervision of the

	authorized investigators. All protocols involving animal experimentations were approved by
	the Animal Care and Ethics Committee of US006/CREFE (CEEA-122; application number
	APAFIS#5122-20 160420 17274859 v2).

  µm thick cryo sections of decalcified femurs from both genotypes were labelled for 1h with Alexa Fluor 488 Phalloidin (Life Technologies) and DAPI from (Roche) and then mounted in

Fluorsave Reagent (Calbiochem). Image acquisition was performed at high voxel resolution with a Zeiss LSM 880 laser scanning confocal microscope, using an Objective Plan-Apochromat Oil DIC M27. Z stack images were deconvoluted using Huygens Scientific Volume Imaging (B.V. Netherlands) and 3-D reconstruction and dendrite quantification was assessed using Bitplane Imaris 9.3 software (Oxford Instruments).

  1 in osteoblastic cell lineage controls bone mineralization and osteocyte specification. Our study raises caution about long term inhibition of LPA 1 activation that could potentially favor premature bone aging. members of the histology core facility in CPTP (US006 CREFRE) and the Odontology technical platform PLTRO in Toulouse and Denis Ressnikoff from the CIQLE plateform (Lyon, France) for technical assistance on imaging.
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The cellular content of compact bone is mainly composed of osteocytes (90%), which are fully differentiated osteoblasts embedded in the bone matrix [START_REF] Bonewald | The Role of the Osteocyte in Bone and Nonbone Disease[END_REF]. Consequently, specific Lpar1 deletion in osteoblast could potentially affect the osteocyte phenotype. To provide more insights into the cortical bone defect in Lpar1Ob mice, osteocyte distribution and viability were assessed by histological analyses of cortical bone performed on midshaft femur sections. Similar numbers of osteocytes per mm 2 were found in both genotypes whereas the mean size of osteocyte lacunae areas appeared to be larger in the bone of Lpar1Ob mice than CTRL mice, confirming previous X-ray microradiography digitized imaging results (Fig