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Differentiation of EpiLCs on micro-patterned substrates generated by micro-contact printing

During the last decades, signaling pathways responsible for the initiation of gastrulation in mammalian embryos have been identified. However, the physical rules governing the tissue spatial patterning and the extensive morphogenetic movements occurring during that process are still elusive. Progress on these issues is slowed by the difficulty to record or perturb the patterning events in real time, especially in mammalian embryos that develop in utero. Because they permit easy observation and manipulation, in vitro model systems offer an exciting opportunity to dissect the rules governing the organization of the mammalian gastrula. For instance, it is sufficient to cultivate human Embryonic Stem Cells on micropatterned substrates to reveal their selforganization potential. We present here a method to obtain micropatterned mouse Epiblast Like Cells colonies, providing a convenient way to compare spatial organization of mouse and human

pluripotent stem cells and to complement the characterization of mutant embryos in a controlled environment.

-Introduction

One striking property of a developing embryo is its ability to pattern itself to form the body plan.

One of the earliest of these morphogenetic events is gastrulation, during which the cells of the embryo are allocated into three germ layers: ectoderm, mesoderm and endoderm. Elegant work in the mouse embryos has established that spatial patterning during gastrulation is under the control of conserved signaling pathways (ACTIVIN/NODAL, BMP, WNT and FGF) [START_REF] Arnold | Making a commitment: cell lineage allocation and axis patterning in the early mouse embryo[END_REF][2][3]. However, knowing the signals that initiate differentiation is not sufficient to understand the combination of cell differentiation and complex tissue reorganization occurring during gastrulation. Cells movements (convergence-extension, EMT, Ingression), physical properties of the cells (stiffness, surface tension, differential adhesion) and physico-chemical properties of their environment (extracellular matrix, different diffusion coefficient of pathway activators and inhibitors, chemotactic effects, mechanical properties of the supporting tissues) have all been proposed to play a role in the successful formation of the primitive streak [4]. Studying the spatiotemporal dynamics of pattern formation in vivo and how it is controlled by morphogens and tissue mechanics is difficult, especially in organisms that develop in utero where imaging is not possible, so that these models have not been tested quantitatively.

Pluripotent Stem Cells (PSCs) such as mouse or human Embryonic Stem Cells (ESCs) mouse Epiblast Stem cells (EpiSC) or Epiblast like cells (EpiLC) have emerged as powerful model systems to study cell differentiation in vitro. PSCs can be grown routinely as easily as any other cell type and protocols now exist to differentiate these cells toward almost any cell fate. Compared to embryos (mouse or human) they have the advantage of being easily observable under a microscope, and to be easily manipulable at the tissue and molecular level. In addition, a first step has been taken toward in vitro recapitulation of early embryonic patterning by showing that human Embryonic Stem Cells (hESCs) confined to circular disks comparable in size to mammalian embryos (~1mm) and treated with the gastrulation inducing signal BMP4 differentiate to form an outer trophectoderm-like ring enclosing the three embryonic germ layers in an ordered, reproducible sequence along the radial axis of the colony [5]. These results demonstrate that geometric confinement is sufficient to reveal the intrinsic tendency of stem cells to differentiate in a spatially organized manner.

Such in vitro systems offer a unique window to early development of mammalian embryos and have been used extensively to dissect how BMP, WNT and NODAL signaling pathways cooperate to spatially organize the differentiation of the hESC colonies [6][7][8]. Most features of molecular patterning of hESC colonies were consistent with what is known of mouse gastrulation. However, the involvement of the BMP pathway inhibitor Noggin was surprising, as in the mouse, Noggin expression is not detected until E7.5 and its KO has no phenotype until much later stage in development [9]. This seems to be a true species difference between mouse and human because, unlike hESC, BMP4 did not induce Noggin expression in mouse EpiSC [10]. This observation prompted us and others to ask whether mouse pluripotent stem cells would be able to spatially organize on micropatterns [START_REF] Morgani | Spatially Organized of Mouse Pluripotent Stem on Micropatterned Surfaces[END_REF][START_REF] Morgani | Micropattern differentiation of mouse pluripotent stem cells recapitulates embryo regionalized cell fate patterning[END_REF][13]. As the human embryo is not accessible, the micro-patterned assay is the perfect platform to compare patterning in the two species, given the same, precisely controlled environment. Micropatterned EpiLC colonies also offer a convenient platform to dissect mutant phenotypes and complement the characterization of mutant embryos.

In mouse, unlike in human, several types of PSC exist, mESC are in the naïve state of pluripotency, EpiLC are in the formative state of pluripotency, transcriptionally close to the E5.5 epiblast and mEpiSC are in the primed state of pluripotency [START_REF] Smith | Formative pluripotency: the executive phase in a developmental continuum[END_REF]. We have mostly worked with EpiLCs as a starting material as they are the closest to the pre-gastrulation epiblast and give the most consistent self-organisation results. As they are derived from mESC, many mutant or reporter cell lines are readily accessible. It is nevertheless possible to observe spatial organization with EpiSC and we provide instructions to grow and differentiate them on micropattened substrates.

Although, it is possible to obtain micropatterned substrates by different methods, reviewed in [START_REF] D'arcangelo | Micropatterning strategies to engineer controlled cell and tissue architecture in vitro[END_REF],

we present here a micro-contact printing approach adapted from [16] that we found to be very robust and relatively easy to implement and customize. 4. Dry the wafer on a hot plate for 10 minutes at 150C.

-Materials

5.

Transfer the wafer at the center of the spin-coater.

6. Pour enough SU8-2100 at the center of the wafer to cover half the surface (~5ml) 7. Perform a 2 steps spin coating program 500 rpm for 10 seconds followed by 4000 rpm for 40 seconds. These spin coating parameters are aiming at a resin thickness of 50-100 µm.

8. SU8 soft bake. Slowly transfer the SU8 coated silicon wafer on a hot plate set at 65C, wait 10 minutes then transfer the wafer to a hot plate set at 95C for 30 minutes (Note 7). 9. Transfer the wafer in the mask aligner. Check the thickness of the SU8 layer with a profiler. 11. Perform a 2-step spin-coating: 500rpm for 10s followed by 40s at 3000rpm. The resulting layer of PDMS is about 30 microns thick, Fig. 1C.

Fabrication of PDMS stamps and PDMS coated coverslips

12. Cure the PDMS coated coverslips in a 65C oven for at least one hour. To ensure homogenous thickness of the PDMS layer, shelves in the oven have to be levelled. This can be checked with a bubble level.

13. PDMS coated coverslips can be stored indefinitely if protected from dust.

Micro contact printing of Fibronectin on coverslips

1. Clean the 10 well magnetic chambers with water and dish soap. Rinse abundantly with hot tap water and then with distiller water. Subsequently sterilize by immersion in 70% ethanol for 10 minutes (Note 10,11).

2. Let the parts of the magnetic chambers dry in the sterile cabinet.

3. With a sterile and sharp scalpel cut the cured PDMS around the motifs to release it from the SU8 mold. (Note 12) 4. Transfer the mold in a 10cm petri dish, motifs facing up.

5. Apply a drop of Fibronectin solution (20µg/ml in PBS) on the stamp. 1ml is sufficient to cover our 24x60mm stamp. Close the lid of the petri dish to prevent drying and incubate for at least 30 minutes, Fig. 1D 6. Aspirate the fibronectin solution. Wash once with PBS and once with distilled water.

Aspirate any excess liquid and allow the stamp to dry. Alternatively, the stamp can be dried by gentle blowing of clean air or nitrogen. 8. Seed 50,000 cells per dish, taking care to spread them evenly. 9. Transfer in a 37C, 5% CO2 humidified incubator for culture 10. Replace medium with freshly made N2B27+2i+LIF every day, passage every 3 days.

initiation of EpiLC conversion

1. Incubate new 35mm dishes with fibronectin (20µg/ml in PBS) for at least 30minutes 2. Collect cells from ESC culture by trypsinization as described above. Block and remove trypsin by centrifugation. Resuspend cell pellet in 1 ml N2B27 base medium. 2. Medium should be replaced every day until the colonies are fixed for characterization.

Aspirate

3.

At the desired time for analysis, proceed as in section 3.6 to characterize spatial organization of the colonies by immunofluorescence.

-Notes

1 -A resolution of 10kdpi is sufficient for the motifs we are presenting here. Higher resolution might be necessary for smaller motifs. Mask suppliers: e.g. https://www.jd-photodata.co.uk/ or https://selba.ch/fr/selba-s-a/ The printing companies may impose constraints about the formatting of the CAD file.

2 -We used Jelight UVO cleaner 42 or a home made lamp with 2 Hereaus 2NIQ 60/35 XL bulbs emitting at 185 and 254 nm with equal success. With another lamp, it might be necessary to optimize illumination time. Plasma treatment was less successful. This procedure worked with Fibronectin and Laminin 521.

3 -We used mESCs line HM1 [START_REF] Selfridge | Gene targeting using a mouse HPRT minigene/HPRT-deficient embryonic stem cell system: inactivation of the mouse ERCC-1 gene[END_REF] 4 -We used the FT129_1 EpiSC line, a gift from Alice Jouneau (INRA, Jouy-en-Jossas) who also trained us for EpiSC culture. 5 -For the current protocol, we printed black disks of 700 microns of diameter regularly spaced on a hexagonal lattice. The spacing between each disk can be varied; here we used an interval of 1.5mm. In addition, our stamping motif is arranged to fit the layout of 10 well magnetic chambers, see Fig 1E andF. 6 -SU8 mold fabrication proceeds in a clean room equipped with standard soft lithography equipment (see above). Manipulation and development of the SU8 resin should be done under a fume hood. 7 -Baking times should be adjusted depending of the thickness of the resin, refer to SU8 documentation for indicatives bake times depending on resin thickness. 8 -SU8 documentation provides indicative exposure times as a function of resin thickness and lamp power. Exposure time will depend on the power of the UV lamp and whether it is filtered or not. Typically, with a 12mW lamp equipped with a 365nm long pass filter, 60-120 seconds exposure gave good results 9 -This treatment is performed before the first use of the mold to facilitate release of the cured PDMS stamp from the mold. Silanization can be renewed if unmolding of the PDMS stamp becomes difficult. 1H,1H,2H,2Hperfluorooctyl-trichlorosilane is toxic so all the following step should be performed in a fume hood. The pump exhaust should also be in the fume hood. 10 -The following steps have to be performed in a sterile environment such as a cell culture cabinet.

11 -Sterilization by immersion in 70% ethanol is usually sufficient, as penicillin and streptomycin are used in the culture media to prevent contamination. If a contamination nevertheless happens, the magnetic chambers can be autoclaved. Repeated autoclave treatment can however damage the magnetic chambers.

12 -Silicon wafers are fragile, be careful not to apply too much pressure with scalpel during cutting or stamp extraction from the mold. Alternatively, epoxy resin replica of the wafer can be obtained by casting of the PDMS stamp. This can be useful when teaching the technique to clumsy interns.

13 -Conformational contact is easily visible by looking at the reflection of a light source on the coverslip at the good angle.

14 -The micropatterned substrate can be used right away of stored in PBS for a few days at 4C before use. Store them in a closed container sealed with Parafilm to prevent evaporation. 15 -See [18] for the original work describing EpiLCs conversion. Addition of ACTIVIN and FGF in the medium is dispensable for EpiLC conversion [START_REF] Buecker | Reorganization of Enhancer Patterns in Transition from Naive to Primed Pluripotency[END_REF] likely because EpiLCs express NODAL and FGF55. To study the role of those endogenously produced factors, it is possible to remove them from the composition of the culture media [13]. The quality of the EpiLC conversion can be verified by fixing and staining colonies 48h after initiation of the conversion (t=0) all cells should be positive for markers such as SOX2, OCT4, NANOG, ECAD, OTX2, OCT6 and UTF1, Fig. 2E, [START_REF] Morgani | Micropattern differentiation of mouse pluripotent stem cells recapitulates embryo regionalized cell fate patterning[END_REF]13] 16 -Spatially homogenous seeding is crucial for reproducible spatial organization. Using a high cell density for seeding and removing the cells that have not attached on micropatterned ensures that cells are evenly seeded and that the colony is confluent when the stimulation starts which is crucial to obtain spatially organized differentiation, see Fig. 2C. Heterogeneity in the seeding density can lead to "metapatterns" in the wells, see Fig. 3D where colonies at the periphery of the well express more BRACHYURY than those at the center. 17 -PFA is toxic, perform this step in a fume hood 18 -BRACHYURY is probably the first marker to try to assess the quality of the spatial organization of differentiation on micropatterns as in both BMP and WNT stimulated colonies should display a ring of BRACHYURY. Other markers of interest include TFAP2A, P63, TAL1, GATA6, CDX2, SOX1, SOX2, FOXA2 SOX17, PAX3 See Fig. 2F and [START_REF] Morgani | Micropattern differentiation of mouse pluripotent stem cells recapitulates embryo regionalized cell fate patterning[END_REF]13] for representative staining of the localization of those markers depending on the stimulation. A-EpiSC maintained in growth medium containing ACTIVIN and FGF (AF) are heterogeneous and display cluster of cells expressing anterior primitive streak markers BRA and SOX17. (top row) (Patches of variable size were observed in 10/10 randomly selected fields) .This heterogeneity is not observed after 3 passages if an inhibitor of WNT secretion (IWP2) is added to the growth medium (bottom row) (no BRA or SOX17 patches observed in 10/10 randomly selected fields) B -EpiSC maintained in ACTIVN +FGF medium display patchy differentiation after 48h of BMP4 differentiation on micro-patterned substrates (n=60 colonies, 2 replicates) C -EpiSC maintained in AF+IWP2 for 3 passages before being seeded on micropatterned substrates and differentiated for 48h in 50ng/ml BMP4 stimulation display a radial pattern of differentiation (left column). Right column: the ring of BRACHYURY is lost upon ACTIVIN/NODAL pathway inhibition with the small molecule inhibitor SB431542 (SB).

Figures and legends

Representative pictures of n=4 colonies for each condition D -A meta-pattern of differentiation inside a well can be observed if the original cell seeding is not spatially homogeneous. See that BRACHYURY stain is stronger for colony on the edges of the well-cells were fixed and stained after 48h of BMP4 differentiation. Scale bar 1mm E -EpiLC colony fixed and stained after 48h of differentiation in BMP4. Black patch suggesting there is no cells at the center of the colony are sometimes observed (the left panel). This problem can be solved by imaging the colonies from the top, see right panel. Scale bar 100 µm.

2. 1 - 3 . 1 -(Note 5 ) 2 .

 13152 Fabrication of the SU8 mold 1. Vectorial graphics or CAD software such as Illustrator, Inskape or autoCAD 2. Photomask of the desired motifs, printed on transparent film with a resolution of 10000dpiFabrication of the SU8 mold 1. Using your favorite vector graphics or CAD software, design a black and white mask with the areas you want cells to bind to the substrate in black on a white background, Fig1E. Send this file for printing on polyester films. (Note 1). 3. In a clean room facility, clean a 3 inches wafer with acetone then isopropanol, dry by gentle blowing of clean nitrogen. (Note 6)

10 .

 10 Tape the photomask to a 2mm thick glass window and insert in the mask holder of the mask aligner 11. Expose the resin to UV light for 60 seconds, Fig.1A (Note 8) 12. Post exposure bake. Transfer the exposed wafer on a hot plate for 5 minutes at 65C then 10 minutes at 95C. The motifs should become visible during the baking. 13. SU8 development. Transfer the wafer in a beaker containing SU8 developer on a rotary shaker. Development should take about 2 minutes. Wash with isopropanol, dry with nitrogen. 14. Visually inspect the quality of the development with a reflected light upright microscope.

1 . 9 .

 19 Mold silanization. In the vacuum desiccator, insert the wafer to treat next to a beaker containing one drop of 1H,1H,2H,2Hperfluorooctyl-trichlorosilane. (Note 9) 2. Establish vacuum in the desiccator by running the pump for about 15 minutes. Close the desiccator. Turn the pump off.3. After a least 2 hours, open the desiccator tap to break the vacuum. Store the silicon wafer in a clean container such as a 10cm petri dish. 4. Stamp preparation. Mix 30g of PDMS base with 3g of PDMS crosslinker in a disposable weighing cup. Mix well with a P1000 pipette tip or any other disposable stick. 5. Put the silicon wafer form step 1 in a 10cm plastic Petri dish. Pour about 25g of the PDMS base+crosslinker mix on top of the wafer. 6. Transfer in a desiccator and apply vacuum with the pump to degas PDMS for about 30 minutes or until all bubbles have disappeared from the PDMS, Fig.1B 7. Cure PDMS at 65C for at least one hour. Stamps can then be stored indefinitely in a dust free, sealed container. 8. Preparation of PDMS coated cover slips. Install a clean coverslip on the chuck of the spin coater. Start vacuum to immobilize the coverslip 10. Pour a small drop of PDMS at the center of the cover slip. If the coverslip has a rectangular shape, spreading the PDMS manually before spinning might be necessary for homogenous coating.

7 .

 7 During stamp drying, expose PDMS coated coverslips to deep UV in the UV-ozone cleaner for 5 minutes. 8. In the cell culture cabinet, cut one of the corners of the coverslip with scissors as a landmark to distinguish later top and bottom rows. 9. Put the stamp and the coverslip in contact. Apply gentle pressure so that contact is done on all the motifs. (Note13) 10. After a few seconds, release the coverslip form the stamp 11. Transfer the stamped coverslip in the bottom compartment of the 10 well magnetic chamber, Fig.1F. 12. Insert the silicone gasket in the top part of the magnetic chamber 13. Close the magnetic chamber. 14. Add 100ul of Pluronic® F-127 solution to each well. Incubate for at least 30 minutes. 15. Wash twice with PBS. Do not let the substrate dry between washes as this may damage the stamping. (Note 14) 3.4 mESC culture 1. Apply 1ml of 0.1% gelatin solution to a new 35mm dish. Incubate for at least 30 minutes.2. Aspirate medium form the dish of a mESC culture ready for passaging.3. Apply 1ml 0.5% trypsin. Incubate at 37C until cells start to detach. Triturate gently with a P1000 pipette to break down colonies and transfer to a 15ml conical tube with 5ml DMEM+10% FBS to block the trypsin. 4. Centrifuge at 300g for 4 minutes. Aspirate supernatant. Resuspend cell pellet in 1 ml N2B27 base medium. 5. During centrifugation, prepare 1.5ml per new dish of complete pluripotency maintenance medium (N2B27+2i+LIF). 6. Count cells with a hematocytometer 7. Aspirate the gelatin solution in the new dish. Transfer 1.5 ml of N2B27+2i+LIF per 35mm dish.

3 .

 3 Fig.2B) cells have the gene expression profile of EpiLCs and are ready for stimulation with

4 .

 4 At the desired time for analysis, remove culture medium and replace by 4% PFA (Note 17). Incubate 30 minutes 5. Wash twice in PBS 6. Incubate in blocking buffer for 30 minutes. 7. Incubate with primary antibodies diluted in blocking buffer overnight at 4C. (Note 18) 8. The next day wash twice in PBS. 9. Incubate with fluorescently labelled secondary antibodies and DAPI diluted in blocking buffer for 2 hours at room temperature. 10. Wash twice in PBS. Image colonies with a microscopy system capable of z-sectioning (confocal or spinning disk) as the colonies are several cell layer thick. (Note 19)

3. 8 5 .

 85 EpiSC passaging and maintenance 1. Coat one 35mm dish with 1ml of DMEM+10%FBS. Incubate for 30min. 2. Aspirate medium form the dish of a mEpiSC culture ready for passaging 3. Wash with 1ml of PBS-/-4. Aspirate PBS. Add 500µl collagenase II solution. Incubate for 1 minute at room temperature. Aspirate collagenase. Wash with 1ml PBS-/-. Add 1ml EpiSC base CDM. 6. Mechanically detach EpiSC colonies by scraping the dish with a P1000 pipette tip. Transfer detached colony clumps to a 15 ml conical tube. Centrifuge at 300g for 4 minutes.

7 . 3 . 9 4 .

 7394 During centrifugation, prepare 2ml of complete EpiSC CDM: base CDM + 20ng/ml ACTIVIN A+ 12ng/ml FGF2+2µM IWP2 (Note 20) 8. Aspirate supernatant. Resuspend cells clumps in 500µl of complete CDM. (Note 21 ) 9. Aspirate DMEM+FBS from the new 35mm dish. Wash once with PBS. Add 1.5ml of complete CDM. 10. Transfer one third the EpiSC clumps suspension to the new dish. Change medium daily. EpiSC seeding on micropatterned substrates 1. Prepare 10-wells magnetic chambers with micropatterned substrates following instructions of section 3.3. 2. Collect cells form a confluent EpiSC culture by trypsinization as described above. Count cells. Resuspend in base CDM medium supplemented with 10µM Y-27632 to reach a cell concentration of 2.10 6 cells/ml. 3. Prepare For each 10-wells magnetic chamber to be seeded, prepare 3ml of complete CDM supplemented with 10µM Y-27632. Transfer 300µL in each well of the magnetic chamber. Transfer 50µL of EpiSC single cell suspension to each well of the magnetic chamber taking care to spread them evenly. (see Fig.2C, 3D and Note 16 ) 5. Let the cells sediment for 10 minutes and transfer to 37C, 5% CO2 humidified incubator. Let the cells attach on substrate for 2 hours. 6. Lift unattached cells by gentle pipetting with a P1000 pipette. Aspirate medium and replace it by fresh complete CDM without Y-27632. (Note 22) 7. Transfer the 10-well magnetic chamber back to 37C, 5% CO2 humidified incubator 3.10 -Initiation of differentiation and characterization of cell fate of differentiated EpiSC colonies by immunofluorescence 1. 24h after seeding EpiSC on micropatterns, gently aspirate medium and replace medium with complete CDM supplemented with the desired combination of morphogens. Example concentration: BMP4 50ng/ml, WNT3A 200ng/ml, ACTIVIN 20ng/ml, FGF2 12ng/ml.

Figure

  Figure 1 : Principle of preparation of micropatterned substrates by micro-contact printing

1 :

 1 Figure 1 : Principle of preparation of micropatterned substrates by micro-contact printing
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 21 Figure 2: Cell seeding on micropatterned substrates

Figure 3 :

 3 Figure 3: EpiSC differentiation on micropatterned substratestrouble shooting seeding and

-After 48 or 72 hours of differentiation, we have sometimes observed cellular debris accumulating under the cells between the colony and the glass substrate, disrupting imaging. Colonies can be imaged from the top to solve this issue, see Fig.3E.
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