Claire Ehlinger 
  
Eric Mathieu 
  
Morgane Rabineau 
  
Vincent Ball 
  
Philippe Lavalle 
  
Youssef Haikel 
  
Dominique Vautier 
  
Leyla Kocgozlu 
  
Insensitivity of dental pulp stem cells migration to substrate stiffness

Keywords: DPSCs, migration, substrate stiffness, myosin II, Arp2/3, YAP, chromatin organization Rigidity independent migration of DPSCs

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Apical periodontitis is an inflammatory process around the apex of a root, usually caused by bacterial invasion of the dental pulp. [START_REF] Persoon | Definitions and epidemiology of endodontic infections[END_REF]. Apical periodontitis is a common pathology, affecting all populations with a varying prevalence [START_REF] Persoon | Definitions and epidemiology of endodontic infections[END_REF]. Currently, the endodontic treatment is the treatment of choice for apical periodontitis. The aim of an endodontic treatment is to remove the necrotic pulp tissue and the root canal pathogens by chemomechanical preparation before sealing the root canal with an inert resin. Nevertheless, treatment failures occur in 13 to 25% of the teeth with apical periodontitis [START_REF] Chercoles-Ruiz | Endodontics, endodontic retreatment, and apical surgery versus tooth extraction and implant placement: a systematic review[END_REF]. These failures can lead to tooth extraction [START_REF] Toure | Analysis of reasons for extraction of endodontically treated teeth: a prospective study[END_REF].

In order to extend the survival of infected teeth, the dental community focuses its research on tissue engineering approaches to regenerate dental pulp instead of performing endodontic treatments. Dental tissue engineering requires the combination of human dental pulp stem cells (DPSCs), with a specifically designed scaffold and bioactive molecules [START_REF] Yang | Autophagy in SDF-1alpha-mediated DPSC migration and pulp regeneration[END_REF]. The scaffold is a three-dimensional support mimicking the natural microenvironment of the DPSCs. Its role is to provide a mechanical support to the cells but also to regulate and promote specific cellular processes. More recently, decellularization of human dental pulp has been proposed as a natural viable autograft scaffold for stimulation of dental-pulp regeneration process [START_REF] Song | Decellularized human dental pulp as a scaffold for regenerative endodontics[END_REF][START_REF] Bakhtiar | Pulp ECMderived macroporous scaffolds for stimulation of dental-pulp regeneration process[END_REF][START_REF] Zhang | Decellularized tooth bud scaffolds for tooth regeneration[END_REF].

DPSCs are mesenchymal stem cells (MSCs) able to differentiate into adipogenic, neurogenic, chondrogenic and osteogenic cells [START_REF] Kawashima | Characterisation of dental pulp stem cells: a new horizon for tissue regeneration?[END_REF]. In their physiological state, they remain quiescent, in niches near blood vessels [START_REF] Shi | Perivascular niche of postnatal mesenchymal stem cells in human bone marrow and dental pulp[END_REF]. During external aggression, particularly dental caries, DPSCs are activated by the inflammation factors and factors released by dentin demineralization [START_REF] Rombouts | Dental pulp Stem Cell Recruitment Signals within Injured Dental Pulp Tissue[END_REF]. The activation of DPSCs causes their proliferation, migration in contact with dentin and differentiation into odontoblastic cells [START_REF] About | Human dentin production in vitro[END_REF][START_REF] Tecles | Activation of human dental pulp progenitor/stem cells in response to odontoblast injury[END_REF]. During this process, DPSCs are confronted with a wide range of rigidities since they migrate from the center of the pulp, whose stiffness has been evaluated at 5 kPa [START_REF] Ozcan | Characterization of human dental pulp tissue under oscillatory shear and compression[END_REF] to dentin, whose Young's modulus reaches 20 GPa [START_REF] Ozcan | Characterization of human dental pulp tissue under oscillatory shear and compression[END_REF]. Liu and coworkers demonstrated that growing DPSCs in differentiation medium (containing 50 µg/mL ascorbic acid, 5 mM β-glycerophosphate, and 10 nM dexamethasone) for 3 weeks on a soft matrix surrounded by a stiff matrix caused dentin formation in the peripheral area of the construct while formation of pulp-like tissue was observed in the low-stiffness area. Implanted in vivo in mice, these substrates generate a pulpo-dentin complex [START_REF] Qu | Complete pulpodentin complex regeneration by modulating the stiffness of biomimetic matrix[END_REF]. Additionally, of being able to differentiate, DPSCs must migrate to environments of different rigidities to achieve a targeted area of the tooth. Importantly, influence of the dental pulp microenvironment rigidity on DPSCs migration is largely unknown and is the purpose of the present study. This question is crucial for the dental community developing strategies to regenerative dental pulp. New insights can provide useful information to prepare material with mechanical properties favorable for migration of DPSCs.

There is a growing interest in understanding roles of mechanical stimuli on dental pulp stem cell fate [START_REF] Cai | Uniaxial cyclic tensile stretch inhibits osteogenic and odontogenic differentiation of human dental pulp stem cells[END_REF] for example uniaxial mechanical stretch, cyclic tensile strain, pulsating fluid flow, low-intensity pulsed ultrasound [START_REF] Marrelli | Dental pulp stem cell mechanoresponsiveness: effects of mechanical stimuli on dental pulp stem cell behavior[END_REF]. In this context, Mousawi et al. described role of the Ca 2+ -permeable Piezo channel, a mechanosensing ion channel in the stimulation of the migration of human dental pulp-derived mesenchymal stem cells [START_REF] Mousawi | Chemical activation of the piezo1 channel drives mesenchymal stem cell migration via inducing ATP release and activation of P2 receptor purinergic signaling[END_REF]. Dental pulp stem cells not only received growing attention in dental community but also have become an attractive cell source in numerous strategies for tissue engineering and regenerative medicine [START_REF] Hata | Mechanical stretch increases the proliferation while inhibiting the osteogenic differentiation in dental pulp stem cells[END_REF][START_REF] Mitsiadis | Dental pulp stem cells, niches, and notch signaling in tooth injury[END_REF][START_REF] Marrelli | Humann periapical cys-mesenchymal stem cells differentiate into neuronal cells[END_REF][START_REF] Gronthos | Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo[END_REF].

The progress in understanding mechanisms regulating DPSC migration also contribute to enriching the field of developmental mesenchymal stem cells biology [START_REF] Sipp | Clear up this stem-cell mess[END_REF][START_REF] Samsonraj | Concise review: multifaceted characterization of human mesenchymal stem cells for use in regenerative medicine[END_REF].

The cellular migration depends on the protrusive and contractile forces exerted by the cell itself, as well as on the physical properties of the microenvironment [START_REF] Garcia-Arcos | Reconstitution of cell migration at a glance[END_REF]. Specifically, cell migration is related to the actin cytoskeleton which is a motor of the cellular machinery. This machinery generates protrusion forces by polymerization of actin fibers or contractile forces by sliding actin fibers along the bipolar myosin II filaments. The transcriptional coactivators yes-associated protein and transcriptional coactivator with PDZ-binding motif (YAP/TAZ) are two majors mechanotransducers that sense modifications in extracellular matrix mechanics and relay these signals within cells to regulate gene expression [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF].

YAP/TAZ activity is controlled by their intracellular localization. Nuclear translocation of YAP is generated by tension of the contractile cytoskeleton [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF][START_REF] Wada | Hippo pathway regulation by cell morphology and stress fibers[END_REF]. Hong and co-workers demonstrated that overexpression of TAZ in human mammary epithelial cell line MCF10A cells leads to morphologic changes characteristic of cell transformation and promotes cell migration and invasion [START_REF] Chan | A role for TAZ in migration, invasion and tumorigenesis of breast cancer cells[END_REF]. Inversely, RNA interference-mediated knock-down of TAZ expression in the breast cancer cell lines MCF7 and Hs578T reduces cell migration and invasion [START_REF] Chan | A role for TAZ in migration, invasion and tumorigenesis of breast cancer cells[END_REF]. Boerckel and co-workers demonstrated that nuclear localization of YAP/TAZ in endothelial colony-forming cells allows persistent cell motility by limiting cytoskeletal and focal adhesion maturation [START_REF] Mason | YAP and TAZ limit cytoskeletal and focal adhesion maturation to enable persistent cell motility[END_REF].

The nucleus contains mostly inactive DNA sequences, indeed about 10% of the total mammalian genome is expressed. Commonly, the nucleus is organized in two distinct cytological compartments: the condensed inactive heterochromatin and the open active chromatin. Heterochromatin is an irregular rim found underneath the nuclear lamina and around the nucleolus. Euchromatin occupies most of the nucleus. Active genes fill up much of the nuclear space than the more abundant nontranscribable sequences. However, these chromatin architectures continuously change their conformations in response to various internal and external signals through epigenetic mechanisms [START_REF] Krishnakumar | Epigenetics of cellular reprogramming[END_REF]. Recent findings reveal that heterochromatin level are increased in response to cell migration [START_REF] Gertitz | The emerging roles of heterochromatin in cell migration[END_REF]. The nucleus is therefore more rigid to better support mechanical stimuli and prevent genome damage during migration [START_REF] Segal | The heterochromatin landscape in migrating cells and the importance of H3K27me3 for associated transcriptome alterations[END_REF].

To identify influence of the dental pulp microenvironment rigidity on DPSCs migration, we monitored the migration of DPSCs on polydimethylsiloxane substrates (PDMS) coated by macromolecules of the extracellular matrix with stiffness increasing from 1.5 kPa up to 2.5 MPa. Here, supraphysiologically stiff culture glass slides (69 GPa) were use as control substrates to mimic stiffness of dentin. PDMS is commonly used in various applications such as mechanobiology, microcontact printing, microfluidics and microarrays assays using micropillars [START_REF] Zhang | Biomimetic niches reveal the minimal cues to trigger apical lumen formation in single hepatocytes[END_REF][START_REF] Tee | Cellular chirality arising from the self-organization of the actin cytoskeleton[END_REF][START_REF] Xi | Soft tubular microfluidics for 2D and 3D applications[END_REF][START_REF] Gupta | Cell shape and substrate stiffness drive actin-based cell polarity[END_REF][START_REF] Yang | Stopping transformed cancer cell growth by rigidity sensing[END_REF]. Like the polyacrylamide hydrogel (PAA), PDMS substrates have many advantageous properties for material preparation such as biocompatibility, deformability, non-degradability and controllable stiffness over a wide physiological range [START_REF] Yoshie | Traction force screening enabled by compliant PDMS elastomers[END_REF]. To note PDMS has some interests over PAA such as optically transparency (refractive index comparable to glass), and a homogeneously non-porous surface, unlike for PAA whose porosity surface can change substantially with cross-linking concentration [START_REF] Trappmann | Extracellular-matrix tethering regulates stem-cell fate[END_REF]. Furthermore, PDMS is stable after manufacturing without particular storage process. All these advantages contribute to the growing interest of the scientific community to use PDMS substrate in tissue engineering. In particular 3D-printed PDMS implants offer suitable solutions for personalized implants with precise anatomical design [START_REF] Barthes | Biofunctionalization of 3D-printed silicone implants with immunomodulatory hydrogels for controlling the innate immune response: An in vivo model of tracheal defect repair[END_REF]. PDMS substrates are also commonly used as cell sheets for tissue engineering of stem cells [START_REF] Qian | Bioactive polydimethylsiloxane surface for optimal human mesenchymal stem cell sheet culture[END_REF][START_REF] Chuah | Simple surface engineering of polydimethsiloxane with polydopamine for stabilized mesenchymal stem cell adhesion and multipotency[END_REF][START_REF] Hashemzadeh | PDMS nano-modified scaffolds for improvement of stems cells proliferation and differentiation in microfluidic platform[END_REF] or bioreactors for fabrication of prevascularized tissue [START_REF] Liu | Transparent PDMS bioreactors for the fabrication and analysis of multi-layer pre-vascularized hydrogels under continuous perfusion[END_REF].

We also studied whether DPSCs have a preferential direction when seeded on a birigidity matrix with a soft and a stiff area (PDMS surfaces with a 35 kPa central area surrounded by a 400 kPa peripheral area). Indeed, most cells are subject to durotaxis and preferentially migrate from soft to stiff substrates [START_REF] Vincent | Mesenchymal stem cell durotaxis depends on substrate stiffness gradient strength[END_REF]. Such a finding could have led to strategies to accelerate cell migration to the dentin-pulp junction or, inversely, to maintain the DPSCs in the center of the matrix while awaiting activation.

The results reported here indicate that migration of DPSCs is relatively insensitive to substrate stiffness, even on a bi-rigidity microenvironment wherein they move freely from soft to stiff regions and reciprocally. Mechanisms involved in this biological process are independent of the myosin II activity and independent of YAP proteins translocation after myosin II inhibition. However, inhibition of Arp2/3 complex leads to significant speed decrease for all-rigidities, suggesting contribution of the lamellipodia in the migration process of DPSCs. Interestingly, mechanical insensitivity of DPSCs to the microenvironment is associated to a stable condensed chromatin architecture whatever the underling rigidity. A new open question emerges concerning the role of the chromatin architecture in this regulation, particularly its ability to buffer mechanical stimuli arising from dental pulp microenvironment.

Experimental

Cell culture

DPSC isolation and culture

Human dental pulps were isolated in accordance with French legislation (informed patient consents, Institutional Review Board approval of the protocol used: C17-78, DC-2018-3353).

The pulps were obtained from immature third molars extracted for orthodontics reasons from healthy donors (18 and 30 years old). Cell cultures were established using the enzymatic dissociation method classically described [START_REF] Gronthos | Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo[END_REF]. Briefly, the freshly extracted teeth were cleaned, and the crown removed by using sterile dental burs. The exposed pulp tissues were gently separated from the root with a dental tweezers and chopped into small fragments before being digested in a solution of 2.5 mg/ml collagenase A (Sigma-Aldrich, 10103586001) and 4 mg/ml dispase II (Sigma-Aldrich, 4942078001) for 2 h at 37°C. After neutralization with 10% fetal bovine serum (FBS) (Dutscher S1810-50), cells were centrifuged at 300g for 10 min.

After filtration, cells were seeded in 25 cm 2 flasks in Minimum Essential Medium α (MEM α) (Gibco, 12561056), supplemented with 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin (Dutscher, L0022-100), 0.25 µg/ml Amphotericin B (Gibco, 15290026) and 1 ng/mL Recombinant Human Fibroblast Growth Factor Basic (Gibco, PHG6015). Flasks were incubated at 37 °C in 5% CO2 and the medium changed thrice a week. Cells cultured until 90% of confluency were removed with trypsin (Dutscher, 0940-100) and either used for experimentation or subcultured with a ratio of 5x10 4 cells per 75 cm 2 flask. DPSCs in passage numbers 3 to 6 were used for all the experiments with similar results.

NIH 3T3 cell culture

NIH 3T3 fibroblast cell line was purchased by ATCC (CRL-1658TM). These cells were chosen as a cell model having a migration behavior different from DPSCs on variable rigidities. Cells were cultured in Eagle's minimal essential medium (DMEM) high glucose medium (Dutscher, L0103-500) with 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin. Subconfluent cells were detached by trypsinization and either used for experimentation or subcultured with a ratio of 5x10 4 cells per 75 cm 2 flask.

Phenotypic characterization by flow cytometry

Expression of the cell surface markers CD45, CD73, CD34, CD105, CD146, CD14, CD19 and HLA-DR was analyzed using flow cytometry. DPSCs were detached by trypsinization at passage 3. For each analysis, cells were adjusted to 10 6 cells/tube and then centrifuged for 5 min at 300g. After eliminating the supernatant, 5 µL of each antibody was added. The tubes were agitated and incubated for 20 min at room temperature in the dark. Cells were then washed with 2 mL of phosphate buffered saline (PBS) (Dutscher, L0615-500), centrifuged, placed in 0.2 mL of PBS and submitted to flow cytometry (Navios Flow Cytometer, Beckman Coulter). The following mouse anti-human antibodies were purchased by Beckman Coulter and used for immunostaining: FITC-conjugated CD45 (FITC, fluorescein isothiocyanate) , PE-conjugated CD73 (Phycoerythrin-conjugated), ECD-conjugated CD34 (EDC, electron coupled Dye), PC7-conjugated (R Phycoerythrin Cyanin 7), CD105, PC5.5-conjugated (PC5.5, R Phycoerythrin Cyanin 5.5), CD146, Krome Orange-conjugated CD14, Krome Orange-conjugated CD19 and Krome Orange-conjugated HLA-DR. Data were analyzed by Kaluza Analysis Software (Beckman Coulter).

In vitro multidifferentiation

The cultures were initiated at a density of 1x10 4 cells/cm 2 in 24-well plates. For adipogenic and osteogenic differentiation, cells were cultured in 1 mL adipocyte differentiation medium (StemPro Adipogenesis Differentiation Kit; Invitrogen, A1007001) or osteocyte differentiation medium (StemPro Osteogenesis Differentiation Kit, Invitrogen, A1007201) respectively. Controls cells were seeded at the same density in 1 mL of complete medium.

Each medium was renewed twice a week. After 3 weeks of culture at 37°C and 5% CO2, the cells were washed with 1 mL PBS, fixed with 200 µL of 4% paraformaldehyde (PFA) (Merck, 4005) for 15 min at room temperature and washed twice with PBS.

Lipid vesicle formation (adipogenic differentiation) was checked by staining the cells for 15 min at room temperature with 300 µL Oil red O (Sigma-Aldrich, O1391-250ML) diluted at 1/3 in distilled water. For osteogenic differentiation, cells were stained with 300 µL of alizarin red (Sigma-Aldrich, A5533-25G) at 2% (pH 4.2) for 15 min at room temperature. After staining, cells were washed thrice with distilled water and observed with a light microscope (Nikon Eclipse TE200).

For chondrocyte differentiation, the pellet culture technique was used. 3x10 5 cells were seeded in 15 mL tubes (Fischer Scientific) containing 1 mL chondrocyte medium (StemPro Chondrogenesis Differentiation Kit; Invitrogen, A1007101) or 1 mL complete medium for the control. The tubes were then centrifuged for 5 min at 300g before being incubated at 37 °C and 5% CO2. After 1 week, each pellet was transferred in the corresponding medium into a 24-well culture plate. The complete medium and the chondrocyte medium were renewed twice a week. After 3 weeks, proteoglycan formation in the pellets was checked. After washing the pellets with PBS, cells were fixed with 200 µL PFA 4% for 15 min at room temperature. The pellets were then rinsed two times with distilled water, stained for 30 min at room temperature with 1% alcian blue solution (Sigma-Aldrich, B8438) prepared in 0.1 M hydrochloric acid (HCl), washed three time with a bleaching solution (120 mL ethanol, 80 mL acetic acid) and observed with a light microscope (Nikon Eclipse TE200).

Surface preparation

DPSCs were studied on substrates of various elasticities. Glass μ-Dishes 35mm,high (Ibidi) were used as supraphysiological stiff control substrates to mimic stiffness of dentin (Glass-Ibidi termed EG). These dishes were covered by PDMS sheets (Statice, France) with a Young Modulus of 2.5 MPa (data provided by the manufacturer's) to obtain a stiff PDMS surface (PDMS-Statice 2.5 MPa termed E2.5M). μ-Dish 35mm,high ESS with a Young Modulus of 1.5 kPa (Ibidi, 81291, PDMS-Ibidi 1.5 kPa termed E1.5k), 15 kPa (Ibidi, 81391, PDMS-Ibidi 15 kPa termed E15k), or 28 kPa (Ibidi, 81191, PDMS-Ibidi 28 kPa termed E28k) were also used to mimic softer substrates. PDMS gels with two stiffnesses were obtained by combining Sylgard 184 elastomer (Dow Corning) with CY 52-276 (Dow Corning®). First, a Sylgard 184 mixture (PDMS-stiff, termed E400k), with a weight ratio of 10:1 (base: curing agent) was degassed and poured into a 2 mm thick and 2 cm in radius Teflon ring, fixed itself on a Teflon disc. The center of the ring was occupied by a wooden cube of 0.8 cm in length to maintain a vacant space in the PDMS. The Sylgard 184 mixture was cured for 35 min at 125 °C. The cube was then removed, the PDMS included in the ring was carefully detached from the Teflon disc and fixed on a 30 mm diameter glass coverslip. A CY 52-276 mixture with a weight ratio of 1:1 (base: curing agent) was poured in the center of the surface and left to cure overnight at 25°C (PDMS-soft, termed E35k). The PDMS substrates were performed following the curing time recommended by manufacturer's allowing to preserve their Young's modulus regardless of the temperature at which they were manufactured [START_REF] Johnston | Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering[END_REF][START_REF] Deguchi | Viscoelastic and optical properties of four different PDMS polymers[END_REF]. The resulting PDMS had a stiff peripheral area and a soft central area (PDMSgel soft-stiff, termed E35-400k). Before seeding the cells, all surfaces were plasma treated for 3 min before adding 150 µL of a collagen (Sigma-Aldrich, 11179179001) or laminin (Sigma-Aldrich, 11243217001) or fibronectin (Sigma-Aldrich, 11051407001) solution at 40 µg/mL in sterile water onto the surface for 1 h. Cells were seeded on the treated surfaces within one hour after coating. The abbreviated notations of the substrates are summarized in table I. Of note, in the literature biological responses of DPSCs to substrate stiffness were observed in the same range of stiffness as PDMS substrates described above. For example, mineralization occurs for gel in presence of hydroxyapatite and for endodontic cements (such as mineral trioxide aggregate) at stiffness from 3 kPa up to 75 kPa [START_REF] Williams | Effects of substrate stiffness on dental pulp stromal cells in culture[END_REF] and in the MPa range [START_REF] Ha | Rheological characterization as an alternative method to indentation for determining the setting time of restorative and endodontic cements[END_REF][START_REF] Youssef | Effects of mineral trioxide aggregate, calcium hydroxide, biodentine and emdogain on osteogenesis, odontogenesis, angiogenesis and cell viability of dental pulp stem cells[END_REF] respectively.

Rheometry (characterization of the stiffness of the central / peripheral region of the PDMS soft-stiff substrate)

The PDMS disks, 2 cm in diameter were punched away from the raw freshly prepared materials. The thickness of the obtained PDMS disks was measured with a precision caliper.

They were characterized by means of oscillating shear rheology using a Kinexus Ultra rheometer (Malvern, Great Britain) at 25 °C. The shear strain was of 1% and the frequency was decreased from 50 to 0.01 Hz, 10 measurements being performed per decade. The distance between the two plates of the rheometer was constant in each experiment and 5% lower than the measured sample thickness, meaning that the samples were preconstrained during data acquisition. The acquired storage (G') and loss moduli (G'') were plotted as a function of the frequency. The storage modulus obtained at the highest frequency was used as an approximation of the materials shear modulus, G. From this value the Young modulus, E, was estimated using a Poisson ration equal to 0.3 according to : [START_REF] Patel | Elastic-modulus and equilibrium swelling of poly(dimethylsiloxane) networks[END_REF].

Apoptotic, necrotic, healthy cells assay

DPSCs were seeded for 24 h on the surfaces previously described. Cells were then stained by using an apoptotic/necrotic/healthy cells detection Kit (PromoKine; PK-CA707-30018)

according to the manufacturer's instructions and observed by fluorescence microscopy. When processing data with ImageJ, the 3 channels: blue, green and red were superimposed.

Quantification of positive cells in the different signals: Hoechst 33342 (blue only, healthy cells), AnnexinV-FITC (apoptotic cells) and EthD-III (necrotic cells) was done using the ImageJ plugin "Cell Counter".

Cell viability and proliferation experiments (p-nitrophenyl phosphate pNPP)

DPSCs were seeded on the EG, E2.5M, E28k, E15k and E1.5k substrates at a density of 5×10 4 cell/cm 2 and cultivated at 37 °C with 5% CO2. After 24, 48 and 72 h of culture, unattached cells were removed by two rinses with PBS at 37°C and incubated during 3 h at 37 °C, with pnitrophenyl phosphate (pNPP) (Sigma-Aldrich, N9389) at 1 mg/ml in 0.1 M sodium acetate (pH = 5.5) and 0.1% X-100 Triton (Sigma-Aldrich, T8787). Reaction was stopped by adding 10 µL of sodium hydroxide at 1 M in each well. After transferring 200 µL of each condition in a 96-well plate, absorbance was measured at 405 nm with a Spectrofluorometer (SAFAS Xenius XC, Safas Monaco). The results were normalized with respect to the cells on EG.

Inhibitor treatments

For drug experiments, blebbistatin (50 μM, Sigma-Aldrich, B0560), CK666 (200 μM, Sigma-Aldrich, SML0006), latrunculin (1.2 μM, Sigma-Aldrich, L5163) or Y-27632 (50 µM, Sigma-Aldrich, 688000) were added 3h before fixation or 30 min before the beginning of the videomicroscopy experiments. When trichostatin A (TSA) or Wheat Germ Agglutinin (WGA)

were used, cells were incubated in the presence of this drug (50 nM of TSA, Sigma-Aldrich, T8552 or 12.5 µg/mL for WGA, L0636-5MG, Sigma-Aldrich) 18 h before fixation or launching the videomicroscopy experiments.

Immunofluorescence microscopy

Cells were seeded at a density of 1 x 10 4 cells/cm 2 on all the studied substrates and cultured for 24 h. Cells were then fixed and permeabilized for 15 min in 3.7% (w/v) PFA and 0.1% was performed by measuring 20 spots per cells.

(v/v)

Electron microscopy

DPSCs were seeded on the studied matrix (EG, E2.5M, E28k, E15k and E1.5k) at a density of 1×10 heat shock was performed to remove glass coverslips and to allow the samples to be cut.

Transversal sections of cells were obtained by performing ultra-thin cross sections (100 nm) using an automatic ultramicrotome (Ultracut-E Ultramicrotome, Reichert Jung, USA).

Sections containing the median plane of the nucleus with the nucleolus were selected for observations. Sections were stained by 5% uranyl acetate for 20 min and by 4% lead citrate.

The specimens were observed with a transmission electron microscope EM208 (FEI Compagny, Philips, Netherlands) operating with an accelerating voltage of 70 kV. Images were captured on argentic SO163 Kodak films.

Morphological analysis

ImageJ was used to analyze the nuclear areas and the fluorescent intensity in fluorescent microscopy images and the proportion of heterochromatin in electron microscopy images.

Approximately 20 cell nuclei were analyzed for each data set. To determine the proportion of heterochromatin in the nuclei, the stereological method was used [START_REF] Rabineau | Cell guidance into quiescent state through chromatin remodeling induced by elastic modulus of substrate[END_REF].

Time-lapse video microscopy

DPSCs or NIH 3T3 were seeded on all substrates at a density of 3×10 4 cells/condition and cultivated for 24 h at 37 °C with 5% CO2. Nuclei were stained with Hoechst 33342 (5 µg/mL) for 20 min and for the experiments concerned cells were pretreated with CK666 (200µM), blebbistatin (50 µM), Y-27632 (50 µM), latrunculin (1.2 µM), TSA (50nM) or WGA (12.5 µg/mL). 30 min after adding the drugs, cells were transferred to the microscope and the timelapse sequence was started on a Nikon Ti-E microscope equipped with a 10x Objectif (Nikon CFI Plan Fluor) and an Andor Zyla sCMOS camera driven by the Nikon NIS-Elements Ar software. Images were acquired every 10 min for 24 h simultaneously by phase contrast and by fluorescence microscopy. Cell tracking over the 24 h was carried out by the software "NIS-Elements Ar 3D tracking" (Nikon) for at least 100 cells per experiment. The straightness ratio, is defined as the length of the straight-line between the starting point and the end point of the cell, divided by the total distance travelled [START_REF] Gorelik | Quantitative and unbiased analysis of directional persistence in cell migration[END_REF].

Statistical analysis

Each assay was done at least in triplicate. Data are presented on the graphs are expressed as mean ± standard error. Statistical analysis and artworks were performed using SigmaPlot (release 12. only when there are significant differences between samples. p-values < 0.05 were considered statistically significant and noted by "*" on the graphs.

Results and discussion

Cells isolated from dental pulps are DPSCs

To characterize the phenotype of the cells isolated from wisdom teeth, cells were analyzed by flow cytometry. These cells were positive for CD73, CD105 and CD146, conventionally described as surface markers of DPSCs (SI Fig. 1A) [START_REF] Gorelik | Quantitative and unbiased analysis of directional persistence in cell migration[END_REF][START_REF] Dominici | Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement[END_REF]. Accordingly, to the position statement of the international society of cellular therapy, these cells were also negative for surface markers characteristic of the cells most likely to be found in MSC cultures: CD45

(pan-leukocyte marker), CD34 (marker for primitive hematopoietic progenitors and endothelial cells), CD14 (expressed by monocytes and macrophages), CD19 (markers of B cells) and HLA-DR (found in stimulated MSCs) [START_REF] Gorelik | Quantitative and unbiased analysis of directional persistence in cell migration[END_REF][START_REF] Dominici | Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement[END_REF]. In addition, these cells were able to differentiate into adipogenic, osteogenic and chondrogenic cells when cultured in the appropriated media for 3 weeks, confirming that they were actually DPSCs (SI Fig. 1B).

PDMS substrates are coated with Laminin

To allow adhesion and migration of DPSCs on PDMS inert material, PDMS required treatment with a macromolecule of the extracellular matrix. Phase contrast images showed that on PDMS substrates for all rigidities without macromolecule coating DPSCs adopted a round shaped morphology and were not able to spread (SI Fig. 2). We therefore tested the most common extracellular matrix proteins to determine which one maximally improved cell migration. To choose this protein, DPSCs were cultured for 24 h on glass surfaces treated either with fibronectin, laminin or collagen. Immunostaining for vinculin showed focal adhesion sites localized at the tip of actin microfilaments for all these coating proteins, which were therefore effective for DPSCs adhesion (Fig. 1A andE). The nuclear and cellular areas of DPSCs also remained very similar for all these coating proteins (Fig. 1F-H).

Videomicroscopy experiments showed higher average speed and straightness ratio for DPSCs seeded on substrates coated with laminin compared to those coated with fibronectin or with collagen (Fig. 1 B, D andE, andmovie 1). The coating with laminin was therefore chosen for the rest of this study. Culture of DPSCs seven days on PDMS substrates coated with laminin allowed cells adhesion with focal adhesion organization similar to those observed after 24 h of culture (SI Fig. 3). We additionally noted that immunostaining for α6 and β1

integrins showed dots of these integrins distributed at the tip of actin filament in DPSCs cultured on laminin coated substrates (SI Fig. 4,) indicating that laminin was able to engage these two specific integrins [START_REF] Yazlovitskaya | The laminin binding α3 and α6 integrins cooperate to promote epithelial cell adhesion and growth[END_REF]. We note that integrin β1 is involved in the binding of the laminin, collagen and fibronectin binding through a different corresponding heterodimer for example α6, α5 and αv [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. Since β1 integrins are the common integrins for these three proteins of the extracellular matrix, similar mechanism of adhesion or proliferation would be expected for collagen and fibronectin coating as suggested by Fig. 1A andC (similar focal adhesion).

Chromatin architecture of DPSCs is stable for all rigidities

We next assessed viability of DPSCs on PDMS substrates. Fluorescent apoptotic-necrotichealthy assays showed no statistically significant difference between cell viability on the different substrates after 24 h of culture on EG, E2.5M, E28k, E15k and E1.5k respectively (Fig. 2A), indicating high DPSCs survival, even on substrates with lower stiffness. pNPP assays for DPSCs cultured 24, 48 and 72 h showed similar cellular proliferation on all PDMS rigidities (Fig. 2B). Flow cytometry for DPSCs cultured one week on EG, E2.5M, E28k, E15k and E1.5k

showed no difference in expression of the CD73, CD105, CD146, CD45, CD34, CD14, CD19

and HLA-DR surface markers (Fig. 2C). Previous study described a decrease in PtK2 cells survival correlated with a partial shift from euchromatin to heterochromatin after a 4 h exposure to very soft substrate [START_REF] Rabineau | Cell guidance into quiescent state through chromatin remodeling induced by elastic modulus of substrate[END_REF]. Ultrastructure observations of DPSCs cultured 7 days on EG showed that euchromatin was uniformly distributed within the nucleus, with a thin layer of heterochromatin at the nuclear periphery. Similar chromatin architectures were visualized for DPSCs seeded for 7 days on all PDMS substrates. Quantification of heterochromatin percentage was 15, 16, 18, 19 and 16% for EG, E2.5M, E28k, E15k and E1.5k respectively (Fig. 2D,E). These results were not statistically significant (p = 0.163). In summary, DPSCs were able to survive and proliferate on all the studies stiffnesses. Furthermore, they maintained their phenotype showing stable chromatin architecture.

DPSCs migration speed slightly increases as substrate stiffness decreases

We next determined whether substrate stiffness influences the motility of DPSCs. Live imaging over a period of 24 h on EG, E2.5M, E28k, E15k and E1.5k showed that for all rigidities, DPSCs adopted spreading morphologies (Fig. 3A and movie 2). We noted that on E28k, E15k and E1.5k DPSCs generated wrinkles at the surface of substrates during their migration (Fig.

3A 3C) and a straightness ratio of 0.34, 0.39, 0.35, 0.37 and 0.33 (no unit) respectively (Fig. 3D and SI Fig. 5A). These data indicated that DPSCs motility slightly increased as substrate stiffness decreased. Immunostaining for vinculin showed that DPSCs exhibited spots with an average length of 5.9, 4.3, 4.1, 3.7 and 2.6 µm on EG, E2.5M, E28k, E15k and E1.5k respectively (Fig. 3B andE). These results showed that lengths of vinculin spot decreased as substrate stiffness decreased, suggesting a correlation between large spots on EG and E2.5M and lower migration speed. Inversely, on E28k, E15k and E1.5k, DPSCs displayed smaller spots as the average speed increased. In accordance, other authors have shown that enlarged adhesions are correlated with reduced cell migration [START_REF] Fokkelman | Cellular adhesome screen identifies critical modulators of focal adhesion dynamics, cellular traction forces and cell migration behaviour[END_REF]. Compare to DPSCs, we addressed influence of substrate rigidity on NIH 3T3 migration, a cellular model known to migrate from soft to rigid surface [START_REF] Bao | Substrate stiffness regulates the development of left-right asymmetry in cell orientation[END_REF]. Quantitative analyzes of live imaging experiments showed that NIH 3T3 average speeds were 12.3, 11.1, 10.7, 9.7 and 10µm/h on EG, E2.5M, E28k, E15k and E1.5k respectively (Fig. 3F-H, movie 3 and SI Fig. 5B). These data indicated that NIH 3T3 speed mildly decreased as substrate stiffness decreased. Together, differences of migration behavior between NIH 3T3 cell and DPSCs emphasize DPSCs characteristic migration on PDMS rigidity (SI Fig. 5C,D). Our data indicated that DPSCs migration were weakly influenced by the rigidity.

Arp2/3 contributes to the migration process of DPSCs on all rigidities while myosin II only on stiff substrates

To determine the role of actin cytoskeleton in DPSCs migration in response to stiffness, we inhibited myosin II and Arp 2/3, two proteins known to be involved in actin dynamic [START_REF] Garcia-Arcos | Reconstitution of cell migration at a glance[END_REF].

For this purpose, DPSCs were either treated with blebbistatin or CK666, drugs that inhibit either myosin II or Arp 2/3 protein (complex that nucleates branched actin filaments) respectively. Time-lapse experiments wherein cells were incubated with 50 µM blebbistatin during 24 h showed that, for all rigidities, DPSCs migrated without any preferential directions displaying large filopodial extensions and retracting protrusions (Fig. 4A andmovie 4).

Furthermore, the wrinkles at the PDMS surfaces were still visible on E28k, E15k and E1.5k but were no longer deformed by the moving DPSCs (Fig. 4A [START_REF] Saxena | Matrix elasticity regulates mesenchymal stem cell chemotaxis[END_REF]. This may be assigned to the dimensionality of migration, particularly in 1D migration condition. For example, human mesenchymal stem cells that migrate through channels in which they maintain continuous contact with one of their walls [START_REF] Saxena | Matrix elasticity regulates mesenchymal stem cell chemotaxis[END_REF]. Inversely to 1D migration, Pathak

and Kumar [START_REF] Pathak | Independent regulation of tumor cell migration by matrix stiffness and confinement[END_REF] and Liu et al. [START_REF] Liu | Blebbistatin inhibits contraction and accelerates migration in mouse hepatic stella cells[END_REF] showed that blebbistatin induces faster migration in 2D (2D condition of our PDMS substrates). Myosin II regulates the recruitment of focal adhesion through FAK mediated paxillin phosphorylation [START_REF] Pasapera | Myosin II activity regulates vinculin recruitment to focal adhesions through FAK-mediated paxillin phosphorylation[END_REF]. Blebbistatin inhibits myosin II function during cell division and motility by disruption of stress fibers and cytoskeleton [START_REF] Cai | Cytoskeletal coherence requires myosin-IIA contractility[END_REF]. Liu et al showed that culture of hepatic stella cells with blebbistatin (50 µM) led to disorganization of the vinculin structuration at the cell membrane and the cytoplasm accelerating their migration [START_REF] Liu | Blebbistatin inhibits contraction and accelerates migration in mouse hepatic stella cells[END_REF]. Given that myosin II has the ability to periodically interrupt actin polymerization preventing protrusion at the leading edge, its inhibition by blebbistatin allow cells to migrate faster [START_REF] Pathak | Independent regulation of tumor cell migration by matrix stiffness and confinement[END_REF]. In summary, myosin II inhibition slightly increases the average speed of DPSCs on stiff substrates.

We then studied the role of the Arp2/3 protein by inhibition with CK666. The DPSCs were incubated with 200 μM CK666 for 30 min before the start of the videomicroscopy sequence and throughout the experiment. Under these conditions, the DPSCs adopted rounded shape morphology and lost their adhesion for few minutes before re-spreading and starting their migration. This phenomenon could be observed on all stiffnesses (Fig. 4F and movie 5).

DPSCs treated with CK666 displayed large vinculin spots with increased average lengths (8.1, 8.0, 7.9, 6.9 and 6.5 µm vs 5.9, 4. 5A). In accordance, it has been previously reported that inhibition of the Arp2/3 complex using CK666 significantly affected the ability of glioma cells to migrate [START_REF] Dang | Inhibitory signalling to the Arp2/3 complex steers cell migration[END_REF]. In presence of CK666, DPSCs spread exhibiting filopodial extensions and retracting protrusions (Fig. 4F and movie 5). These observations are consistent with those of [START_REF] Dang | Inhibitory signalling to the Arp2/3 complex steers cell migration[END_REF] who observed that inhibition of the Arp2/3 complex by Arpin did not prevent the formation of lamellipodia, but removed the existing lamellipodia that were replaced by new ectopic ones [START_REF] Dang | Inhibitory signalling to the Arp2/3 complex steers cell migration[END_REF]. Despite inhibition of Arp 2/3 by CK666, the wrinkles detected on E28k, E15k and E1.5k were deformed by the moving DPSCs (movie 5). Interestingly, it has been shown that fibroblasts with Arp 2/3 inhibited were still able to migrate but with decreased speed. They were unable to develop lamellipodia but organized filopodial structures of bundled linear actin filaments by formin proteins [START_REF] Suraneni | The Arp2/3 complex is required for lamellipodia extension and directional fibroblast cell migration[END_REF]. Such process may also be involved for DPSCs migration after Arp 2/3 proteins inhibition. As control experiment, polymerization of actin filaments was inhibited by latrunculin A. Consequently, the DPSCs adopted a rounded morphology, losing their adhesion and did not migrated whatever the rigidity of the substrate (SI Fig. 6A andMovie 6).

Quantitative analyses of the videomicroscopy experiments revealed that average speed and straightness ratio of DPSCs incubated with latrunculin decreased drastically compared to drug-free DPSCs (10. respectively, SI Fig. 6B-D). Under these conditions, DPSCs did not exhibit any focal adhesion and the length of the vinculin spot was not quantified. We concluded that the migration speed of the DPSCs is not decreased despite myosin II inhibition, unlike the inhibition of Arp2/3 complex.

Substrate rigidity does not influence YAP translocation

YAP proteins accumulation in the nucleus is induced by tension of the actomyosin cytoskeleton [START_REF] Wada | Hippo pathway regulation by cell morphology and stress fibers[END_REF] and can regulate cell migration [START_REF] Chan | A role for TAZ in migration, invasion and tumorigenesis of breast cancer cells[END_REF][START_REF] Mason | YAP and TAZ limit cytoskeletal and focal adhesion maturation to enable persistent cell motility[END_REF]. We thus analyzed at the cellular level the nucleocytoplasmic distribution of YAP proteins in DPSCs. Immunostaining for YAP proteins showed that they concentrated in the DPSC nuclei on all rigidities (on EG, E2.5M, E28k, E15k and E1.5k, Fig. 5A,B). In contrast to DPSCs, the YAP proteins were predominantly located within NIH 3T3 nuclei on EG and E2.5M (Fig. 5A,B) but its accumulation in the nuclei was completely prevented on E28k, E15k and E1.5k (Fig. 5A,B). The results showed that on E2.5M, E28k, E15k and E1.5k, in blebbistatin-treated DPSCs, the YAP protein was uniformly distributed in the cytoplasm and in the nucleoplasm (Fig. 5A,B), whereas on EG the YAP protein was completely prevented in DPSC nuclei (Fig. 5A,B).

These results are consistent with the literature which shows that the contractile cytoskeleton is essential for the nuclear accumulation of YAP [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF]. A similar block on the import of YAP protein was observed when DPSCs were treated on EG and E1.5k with Y27 632 (inhibitor of Rho-associated kinase ROCK) (SI Fig. 7A,B) associated to an increase in speed migration on EG and E1.5k (SI Fig. 5C, movie 7). Our data suggest that substrate rigidities would not be a mechanical relay for YAP protein translocation in DPSCs. These results seem consistent with the migration speed of DPSCs which is not decreased when substrate stiffness decreases.

CK666 did not affect the accumulation of YAP proteins in the DPSCs nuclei for all rigidities (Fig. 5A,B). These results were expected since CK666 inhibits the branching of actin fibers but does not inhibits myosin II contractility. In contrast, treatment of DPSCs with latrunculin A on EG prevented the accumulation of YAP proteins in the DPSC nuclei (SI Fig. 6E,F). This result was also expected, since the integrity of the actin cytoskeleton is essential for the translocation of YAP [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF]. As we observe a complete inhibition of actin polymerization on EG, we did not repeat this experiment on the other rigidities.

In summary the data showed that myosin II succeeds to concentrate YAP proteins in DPSC nuclei independently of the substrate rigidity. As migration of DPSCs was relatively unchanged on all rigidities, our results most likely mean that YAP proteins were not involved in DPSCs migration after myosin II inhibition.

DPSCs migration is insensitive to YAP translocation after myosin II inhibition

Finally, in order to clarify whether, in presence of blebbistatin, the nuclear localization of YAP proteins by itself influence the migration speed of DPSCs, we forced YAP nuclear accumulation when myosin II activity was inhibited by blebbistatin. Indeed, recent work evidenced that mechanical compression of the nuclear envelope via atomic force microscopy can direct a mechano-signaling response. Nuclear pore stretching increased the YAP nuclear translocation, affecting gene transcription, independently of the polymerization state of the actin cytoskeleton [START_REF] Elosegui-Artola | Force triggers YAP nuclear entry by regulating transport across nuclear pores[END_REF]. Here, DPSCs were pretreated with 50 nM TSA during 18 h, TSA was known to facilitate the accessibility of protein to chromatin and consequently force YAP nuclear accumulation [START_REF] Gorisch | Histone acetylation increases chromatin accessibility[END_REF]. Then, DPSCs were incubated with blebbistatin 30 min before the videomicroscopy experiment. For these experiments, only the two extreme rigidities (E1. Next, the mechanism of translocation of YAP through the nuclear pore was studied by adding 12.5 µg/mL of WGA to the culture medium of DPSCs also incubated with blebbistatin + TSA. WGA binds to proteins of the nuclear pore complex and selectively blocks carrier-mediated transport without interfering with passive diffusion [START_REF] Rutherford | Tree-dimensional visualization of the route of protein import: the role of nuclear pore complex substructures[END_REF].

As expected, YAP protein which crosses the pores by a carrier-mediated pathway [START_REF] Kofler | Mediated nuclear import and export of TAZ and the underlying molecular requirements[END_REF] was excluded from the DPSC nuclei (Fig. 6D,E). This indicated that YAP becomes concentrated in the nuclei, by a mechanism facilitating the accessibility of protein to chromatin, through the nuclear pores blocked by WGA.

Having forced YAP translocation, we further investigate its influence on speed migration. Videomicroscopy experiments underlined that in blebbistatin + TSA-treated DPSCs, the speed migration was similar to blebbistatin-treated DPSCs both on E1.5k and on EG (31.9 and 31.6 µm/h and 31.6 and 27.7 µm/h respectively, Fig. 6F, G and movie 8). These data indicated that nuclear localization of YAP proteins did not influence speed migration of DPSCs when myosin II was inhibited. In complementary experiments, DPSCs were treated with WGA blocking import of YAP proteins which was completely excluded from the nuclei.

When DPSCs are incubated with WGA, the actin filament and focal adhesion were structured similarly to DPSCs on glass substrate (2.7 µm ±0.14 µm with WGA vs 2.6 ± 0.2 µm without WGA Fig. 1B and 1E and 6A and 6C) and nuclear area of DPSCs with WGA remain similar to that of DPSCs on glass (132.3 ± 5.1 µm² with WGA vs 153.7 ± 7.6 µm² without WGA Fig. 1F and6B). This reflects that the general bloc in import of nuclear proteins does not influence DPSCs adhesion and nuclear morphologies. In addition, Carmo-Fonseca and co-workers demonstrated that WGA does not affect transcriptional activity in transcriptionally active nuclei [START_REF] Vautier | Transcription-dependent nucleocytoplasmic distribution of hnRNP A1 protein in early mouse embryos[END_REF].

Under this condition, videomicroscopy experiments showed that on E1.5k + WGA and on EG + WGA the migration speed of DPSCs decreased to 14.5µm/h and 9.3µm/h respectively compared to the drug-free DPSCs condition (31.9 and 19.0 µm/h on E1.5k and EG respectively) (Fig. 6F, G and movie 8). This observation revealed that complete absence of YAP from the nuclei impacted the migration speed of DPSCs when myosin II was not inhibited by blebbistatin. Our data was in accordance with previous work showing that inhibition of YAP/TAZ nuclear translocation leads to excessive cytoskeletal tension and overmaturation of focal adhesions preventing cell migration [START_REF] Mason | YAP and TAZ limit cytoskeletal and focal adhesion maturation to enable persistent cell motility[END_REF].

Disruption of cytoskeletal tension remodels the chromatin around the nucleolus

We have shown that speed migration of DPSCs were relatively insensitive to substrate rigidity and independent of YAP nucleo-cytoplasmic distribution even after myosin II inhibition. In parallel, it is interesting to analyze the feature of DPSC chromatin architectures regarding to substrate elasticity previously mentioned in the § 3.3 result section. These data can provide an element of discussion considering recent works showing unconventional role of heterochromatin to protect genome integrity in response to mechanical stimuli of skin epidermis stem / progenitor cells [START_REF] Nava | Heterochromatindriven nuclear softening protects the genome against mechanical stress-induced damage[END_REF]. Furthermore, it was recently discovered that condensed chromatin may increase nuclear durability to mechanical stress [START_REF] Stephens | Chromatin rigidity provides mechanical and genome protection[END_REF] and prevent DNA damage during the cellular migration [START_REF] Gertitz | The emerging roles of heterochromatin in cell migration[END_REF]. Our results showed that the proportion of heterochromatin of DPSCs remained relatively constant and high (from 15 up to 19%, Fig. 2D andE), regardless of the underlying substrate rigidity. In contrast, our previous work on PtK2 epithelial cells has shown that decreasing the Young modulus to 20 kPa was correlated with a significant shift from euchromatin to heterochromatin (from 10.3 up to 24.8% heterochromatin [START_REF] Rabineau | Cell guidance into quiescent state through chromatin remodeling induced by elastic modulus of substrate[END_REF]). While the ratio of euchromatin versus heterochromatin can be increased chemically by TSA, we noted that the chromatin remodeling is quite weak for DPSCs as compared to PtK2 (Fig. 7A, B, 15.5 to 11.7+TSA, 20.2 to 5.7+TSA respectively, [START_REF] Rabineau | Cell guidance into quiescent state through chromatin remodeling induced by elastic modulus of substrate[END_REF]). These data supported the idea that chromatin architecture of DPSCs was mechanically and chemically more stable compared to PtK2 epithelial cells. Of note culture time for PtK2 cells (4h) compared to DPSCs (24h and 7 days Fig. 7A,B and Fig. 2D, E respectively) on substrate of various stiffness to analyze chromatin organization were different. 4h was chosen because at this time on very soft substrate (0 kPa) PtK2 cells were necrotic. In addition, Rabineau et al. [START_REF] Rabineau | Chromatin de-condensation by switching substrate elasticity[END_REF] showed that for SW480 cancer cells, chromatin architecture remained stable after 5 days of culture on stiff substrate (12% heterochromatin) compared to one day of culture on stiff substrate (14% heterochromatin). Also, in this present work, one week of culture seemed a more appropriate to eventually observed phenotypic differences in DPSCs.

Our data open new question whether chromatin architecture play a role to buffer substrate rigidities, contributing to maintain genome integrity of DPSCs?

Although myosin II has only a slight influence on the migration of DPSCs, examination of nuclei at the photonic or ultrastructural scale after disruption of the cytoskeletal tension with blebbistatin revealed some striking features on chromatin remodeling of DPSC. The results showed that with blebbistatin + TSA-treated DPSCs on E1.5k for 24h, nuclear area halved compared to DPSCs incubated with blebbistatin (Fig. 6B). This result indicate that the cytoskeletal tension was efficiently disrupted in presence of blebbistatin. Interestingly, we found a doubling of the YAP nucleocytoplasmic ration with blebbistatin + TSA and a 1.6-fold increase of chromatin decondensation in DPSCs incubated with blebbistatin + TSA when compared to DPSCs incubated with blebbistatin only (1.9 and 0.9 nuclear/cytoplasmic YAP ratio respectively, Fig. 6E). This difference can be explained by the presence of TSA which causes a decondensation of the chromatin, counterbalancing the disruption of the cytoskeletal tension. Furthermore, TEM images of TSA-treated DPSCs showed that the size of nuclear pores was larger compared to that with blebbistatin (Fig. 7C,D). This phenomenon seems caused by the chromatin decondensation induced by the TSA.

We also noted a slight increase of the nuclear pore size on EG as compared to E1.5k (Fig. 7C,D). This observation was consistent with previous report indicating that the nuclear pores were larger on stiffer substrates [START_REF] Elosegui-Artola | Force triggers YAP nuclear entry by regulating transport across nuclear pores[END_REF]. However, unexpected finding in our study showed that nuclear pore size in blebbistatin + TSA-treated DPSCs was inferior to that in blebbistatintreated DPSCs on E1.5k and on EG (Fig. 7C,D). This data supported that forced YAP nuclear accumulation depends on a mechanism facilitating the accessibility of protein to chromatin rather than mechanism which stretches nuclear pores, reducing their mechanical resistance to molecular transport.

Another interesting phenomenon must be highlighted. After disruption of the cytoskeletal tension in blebbistatin-treated DPSCs on EG, we found remarkable heterochromatin aggregate localized around nucleolar regions. Physiological consequences of such reorganization are largely unknown. However, identification of mechanical connections linking the contractile cytoskeleton to the nucleolus are subject of intensive investigations [START_REF] Carmo-Fonseca | Assembly of the nucleolus: in need of revision[END_REF][START_REF] Bersaglieri | Genome organization in and around the nucleolus[END_REF][START_REF] Lemaître | Chromatin at the nuclear periphery and the regulation of genome functions[END_REF]. Expected physical connections between these two subcellular architectures involves nesprins anchored within the outer nuclear membrane (ONM) interacting with SUN proteins anchored within the inner nuclear membrane (INM). INM interacts with nuclear lamina linked to heterochromatin through associated chromatin domain (LAD). Finally, through nucleolus associated domain (NAD), heterochromatin tethered to the nucleolus, contributes eventually in the regulation of rRNA genes expression [START_REF] Bersaglieri | Genome organization in and around the nucleolus[END_REF]. Future work will be done to investigate how exogenous mechanical signals are transmitted from the contractile cytoskeleton to the nucleolus and regulate downstream cellular behavior.

The high proportion of condensed chromatin observed in DPSCs (16 from 19% of heterochromatin in all rigidities) was surprising considering the idea that open chromatin contributes to cells pluripotency [START_REF] Bošković | Higher chromatin mobility supports totipotency and precedes pluripotency in vivo[END_REF][START_REF] Mattout | Chromatin plasticity and genome organization in pluripotent embryonic stem cells[END_REF]. Nevertheless, the presence of high percentage of condensed chromatin in DPSCs may also contribute to maintenance of pluripotency by preventing DNA damage in response to exogenous mechanical stimuli. This hypothesis is in accordance with recent work showing that condensed chromatin protects the genome against mechanical damage [START_REF] Stephens | Chromatin rigidity provides mechanical and genome protection[END_REF].

Migration of DPSCs does not respond to a durotaxis mechanism

To verify the ability of DPSCs to migrate on changing microenvironments, we investigated if DPSCs migrate preferentially or not towards stiff of soft areas of a bi-rigidity substrate.

Therefore, we designed a bi-rigidity substrate with a low stiffness in the central region and with high stiffness in the peripheral region (Fig. 8A,D). The mechanical properties of this bi- whereas prevented the nuclear accumulation of YAP proteins whatever the underlying region (Fig. 8E,F). Inversely, in free drug-treated NIH 3T3 cells, the YAP protein was concentrated in the nuclei of cells located on E400k whereas the protein was predominantly distributed within the cytoplasm of cells on E35k (Fig. 8E,F). These results show that the ability of DPSCs to migrate from soft to stiff or from stiff to soft substrates were independent of the myosin II activity and YAP nucleo-cytoplasmic distribution after myosin II inhibition. In conclusion, our results suggested that DPSCs migrate freely through environment of various rigidities, moving indifferently from stiff to soft regions and reciprocally without any preferential direction. This suggests that in the absence of soluble factors released by decayinduced dentin demineralization and pulp inflammation, DPSCs are free to evolve on any stiffness without preferential direction. An interesting perspective would be to investigate whether a chemical signal like a soluble factor mimicking pulpal inflammation could direct the cell migration toward the stiff or the soft substrate, depending on the location of this signal. DPSCs received growing interest due to their multipotency similar to MSCs and regenerative capacity [START_REF] Hata | Mechanical stretch increases the proliferation while inhibiting the osteogenic differentiation in dental pulp stem cells[END_REF]. Furthermore, MSCs showed limited capability of migration and homing [START_REF] Maijenburg | Mesenchymal stromal cell migration: possibilities to improve cellular therapy[END_REF][START_REF] Sohni | Mesenchymal stem cells migration homing and tracking[END_REF]. Cell homing is a very promising approach in dental pulp tissue engineering [START_REF] Galler | Perspectives for cell-homing approaches to engineer dental pulp[END_REF]. Selection of appropriate scaffold material to promote resident cells attraction and tissue formation is the first major challenge [START_REF] Galler | Scaffolds for dental pulp tissue engineering[END_REF]. In particular, control of material stiffness is one of requirements for cells spreading and proliferation [START_REF] Galler | Self-assembling multidomain peptide hydrogels: designed susceptibility to enzymatic cleavage allows enhanced cell migration and spreading[END_REF]. Very importantly, our data showed that stiffness from 1.5 kPa to 2.5 MPa were favorable for DPSCs migration. They were also able to cross border regions of soft and stiff substrates independently of a durotaxis mechanism. Certainly, for suitable design of scaffold mimicking the complexity of the dental pulp tissue, our findings showing encouraged DPSCs migration for all rigidity, leaves field open to choice this mechanical parameter. Nevertheless, Yao and Flynn demonstrated that collagen hydrogel can influence DPSCs-derived chondrogenic cells motility. Their migration speed was increased in type I compared to type II collagen hydrogel [START_REF] Yao | Dental pulp stem cell-derived chondrogenic cells demonstrate differential cell motility in type I and type II collagen hydrogels[END_REF].

Conclusion

In this work, influence of the microenvironment rigidity on DPSCs migration has been investigated. The migration speed of the DPSCs slightly increases as the stiffness of the substrate decreases in correlation with the size decrease of the focal adhesions. We found that motility of DPSCs is relatively insensitive to substrate stiffness, even on a bi-rigidity PDMS substrate wherein DPSCs migrate freely from soft to stiff areas and reciprocally without any preferential direction. Mechanisms involved are independent of the myosin II activity and independent of the YAP proteins translocation after myosin II inhibition, even when the nuclear accumulation of YAP is forced by increasing chromatin accessibility by TSA.

Inversely, preventing the nuclear accumulation of YAP leads to a decrease in DPSCs motility.

Inhibition of Arp2/3 complex leads to significant speed decrease for all rigidities, suggesting a contribution of the lamellipodia in the migration process of DPSCs. Furthermore, the chromatin architecture of DPSCs remains stable after 7 days exposure on the PDMS substrates whatever the underling rigidity. Nonetheless, to highlight this phenomenon, it would be extremely interesting to determine whether other regulation ways exist involving a direct physical link between substrate stiffness, the cytoskeleton, the nuclear lamina and chromatin. Particularly, the LINC [START_REF] Lombardi | Keeping the LINC: the importance of nucleocytoskeletal coupling un intracellular force transmission and cellular function[END_REF] establishing physical connection between cytoskeleton and lamin A/C and B, which are mechanically linked to heterochromatin through laminassociated chromatin domains [START_REF] Lemaître | Chromatin at the nuclear periphery and the regulation of genome functions[END_REF] Cell viability (%) 

  Triton X-100 in PBS. After fixation, cells were incubated for 1 h in 10% (v/v) FBS in PBS. Actin and DNA staining were realized by incubating the cells with Alexa Fluor 568 phalloidin (1 µg/mL, Invitrogen, A12380) and Hoechst 33258 (5 µg/mL) respectively. For this study, the following mouse anti-human antibodies were used with a dilution of 1:100: anti-vinculin (clone hVin-1, Sigma-Aldrich, V9131), anti-RunX2 (Abcam, ab76956), antiintegrin β1 (Sigma-Aldrich, MAB2259Z), anti-YAP (Santa Cruz Biotechnology, sc-101199) in combination with the corresponding Alexa Fluor 488-conjugated secondary goat antimouse antibody (1:500; Invitrogen, A-11001). A rat antihuman integrin α6 (Abcam ab105669) was also used in combination with an Alexa Fluor® 488-conjugated secondary antibody (1:500; Abcam, ab150157). Samples were observed in PBS. Fluorescence images were captured using a Nikon Eclipse TE200 with 63x PL APO (1.4 NA) objective equipped with Nikon Digital Camera (DS-Q11MC with NIS-Elements Br software) and processed with ImageJ (http://rsb.info.nih.gov/ij/). Nuclear and cellular areas were measured in the median focus plane of the nuclei. The aspect ratio was calculated by realizing the ratio between the long axis and the short axis of the cell. Simultaneously, the fluorescence intensity of the studied proteins (YAP or RUNX2) in this plane was recorded in the nucleus and the cytoplasm. The ratio of these two values was calculated to determine a qualitative indication of the nucleocytoplasmic distribution of the protein. Quantification of vinculin spots (in µm)

  5k and EG) were tested. The results showed that in blebbistatin + TSA-treated DPSCs on E1.5k and on EG the YAP protein was concentrated in the nuclei (Fig 6A, E and SI Fig 8A, B) with vinculin focal adhesion sites localized at the tip of actin microfilaments, whereas in blebbistatin-treated DPSCs the protein was uniformly distributed in the cytoplasm and in the nucleoplasm and DPSCs showed small vinculin spots (Fig 6A, C and SI Fig 8A, C). These data were in accordance with recent work indicating that nuclear localization of YAP regulate focal adhesion assembly [68]. Immunolabelling experiments using monoclonal antibodies specific for RUNX2 (pre-osteogenic transcription factor) revealed similar changes in the nucleo-cytoplasmic distribution pattern in blebbistatin + TSA and in blebbistatin treated DPSCs (SI Fig 9A, B).

  rigidity substrate were determined by rheology. Typical experimental data are plotted for two independently prepared Estiff and Esoft PDMS samples in Figure 8A. The storage modulus versus frequency curves for all the samples are superimposed in Figure 8A. The YoungModulus of the soft and stiff areas was 35 kPa (E35k) and 400 kPa (E400k) respectively. These data are in accordance with previous published data[START_REF] Patel | Elastic-modulus and equilibrium swelling of poly(dimethylsiloxane) networks[END_REF]. It is interesting to underline that laminin coating don't change stiffness of the E35k and E400k PDMS sample (Fig.8A). Live imaging of DPSCs for 24 h on E35-400k showed that they did not adopt any preferential direction of migration (Fig.8 B, C, movie 9). As shown in Figure 8B, the track of 200 DPSCs seeded on E35-400k revealed that among the DPSCs coming from E35k, 50.3% remained on E35k while the other 47.5% migrated to E400k (Fig 8B). Similarly, 58.6% of the DPSCs coming from E400k migrated to E35k while the remaining 40.0% remained on E400k (Figure 8C). It should be noted that some DPSCs have repeatedly crossed the line between E35k to E400k (Fig. 8B, C and Movie 9). These data confirmed that migration of DPSC did not depend on a durotaxis mechanism. By contrast, 68.6% of the NIH 3T3 cells seeded on E35k that touched the frontier crossed the boundary while the other remained on E35k. Interestingly, 98.1% of the NIH 3T3 cells coming from E400k and touching the border remained on E400k. Over the 200 tracked NIH 3T3 cells touching the border, only one cell migrated from E400k toward E35k. (200, Fig.8B and movie 9). This result highlighted the fact that, unlike DPSCs, for NIH 3T3 cells, the migration process in response to the substrate rigidity was dependent on a durotaxis mechanism. We additionally analyzed whether despite disruption of the cytoskeletal tension by blebbistatin, DPSCs were still able to migrate through two contiguous rigidities E35-400k (Fig.8B, C and movie 9). The results showed that blebbistatin did not affect DPSCs migration through the two areas of the E35-400k substrate (Fig.8B, C and movie 9),

  could be investigated. Future investigations will focus on in vivo influence of substrate stiffness in DPSCs migration. The relative insensitivity of the DPSCs migration in response to substrate rigidity opens new question concerning the role of the chromatin architecture in this phenomenon, particularly its ability to buffer mechanical stimuli arising from dental pulp microenvironment. Additionally, disruption of cytoskeletal tension generates remarkable heterochromatin aggregates around the nucleolus on stiff and on soft PDMS substrates. Recent investigations highlighted the nucleolus, together with the nuclear lamina, as a compartment for the organization of the inactive heterochromatin. A final remaining enigma is whether and how mechanical stress through the contractile cytoskeleton functionally regulate the organization of the inactive heterochromatin and the nucleolar biology.

  [START_REF] Song | Decellularized human dental pulp as a scaffold for regenerative endodontics[END_REF] Systat Software, Inc). Statistical significance between two groups was determined using the t-test. When the normality test failed, the Mann-Whitney Rank Sum Test was used. The One-Way Analysis of Variance (or the Kruskal-Wallis One Way Analysis of Variance of Ranks if the normality test failed) was used to determine statistical significance between three or more groups. Results were compared to the control experiments results (i.e., EG when the influence of stiffness was tested, or drug-free samples in experiments involving

blebbistatin, TSA, WGA, CK666, latrunculin or Y-27632). Statistics are shown in figures

  and movie 2), suggesting that they produced enough forces to deform the surface of soft PDMS. Quantitatively, DPSCs on EG, E2.5M, E28k, E15k and E1.5k had an average speed of 17, 19, 19.7, 21.3 and 22.6 µm/h (Fig.

  Our data showed that YAP proteins were exclusively detected in the DPSC nucleus for all rigidities highlighting the intriguing of the insensitivity of YAP translocation to substrate rigidity. We suspected a role of myosin II in the nuclear accumulation of YAP in DPSCs. To unambiguously demonstrate that nuclear translocation of YAP is induced by myosin II activity, DPSCs were treated with blebbistatin.

In addition, videomicroscopy experiments showed that NIH 3T3 speed migration on EG, E2.5M, E28k, E15k and E1.5k were lower than those of DPSCs (12.3, 11.1, 10.7, 9.8 and 10.0 vs 17, 19, 19.7, 21.3 and 22.6 µm/h on EG, E2.5M, E28k, E15k and E1.5k respectively SI Fig. 5C).

Table 1

 1 

	E 35k E 35k + LN E 400k E 400k + LN
	Soft PDMS
	Soft PDMS + LN
	Stiff PDMS
	Stiff PDMS + LN
	Soft PDMS
	Soft PDMS+LN
	Stiff PDMS
	Stiff PDMS + LN
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