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Cell size and shape affect cellular processes such as cell survival, growth and 18 

differentiation1-4, thus establishing cell geometry as a fundamental regulator of cell 19 

physiology. The contributions of the cytoskeleton, specifically actomyosin tension, to 20 

these effects have been described, but the exact biophysical mechanisms that translate 21 

changes in cell geometry to changes in cell behaviour remain mostly unresolved. Using a 22 

variety of innovative materials techniques, we demonstrate that the nano-structure and 23 

lipid assembly within the cell plasma membrane are regulated by cell geometry in a 24 

ligand-independent manner. These biophysical changes trigger signalling events 25 

involving the serine/threonine kinase Akt/PKB that direct cell geometry dependent 26 

mesenchymal stem cell differentiation. Our study defines a central regulatory role by 27 

plasma membrane ordered lipid raft microdomains in modulating stem cell 28 

differentiation with potential translational applications. 29 

 Studies based on proteomics and FRET imaging suggest that cytoskeletal proteins 30 

interact and associate with plasma membrane ordered lipid raft microdomains5, which are 31 

important regulators of cell signalling6. Using model membranes, it was proposed that the 32 

formation of the actin cytoskeleton network induces membrane phase separation and 33 

heterogeneity, both indicators of lipid raft formation7. In line with this observation, events 34 

resulting in enhanced formation of cytoskeletal networks, such as integrin engagement with the 35 

extracellular matrix and focal adhesion formation were found to increase membrane order8, a 36 

biophysical hallmark of lipid rafts10 as previously demonstrated9. We hypothesized that 37 

changes in cytoskeletal networks resulting from changes in cell architecture modulate lipid 38 

rafts independently of soluble extracellular cues. As a result, the biophysical state of the 39 

cytoskeleton directly regulates the activity of cell signalling proteins associated with plasma 40 

membrane micro-domains. Although this has been shown in differentiated cell types, the 41 

relationship between rafts and the cytoskeleton in mesenchymal stem cell function and fate is 42 
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largely unknown. In order to investigate this, we cultured human mesenchymal stem cells 43 

(hMSCs) on surfaces micropatterned with fibronectin islands of triangular, square and circular 44 

geometries with identical surface area (1350 µm2). Cells adhered specifically to fibronectin and 45 

displayed distinct morphologies and cytoskeletal arrangement dictated by the geometric feature 46 

of the island (Fig. 1a and b). Fluorescence intensity heatmaps of F-actin and myosin IIa 47 

highlighted differences in cell contractility amongst the three geometries (Fig. 1c). Analysis of 48 

the compliance of living cells by atomic force microscopy (AFM) revealed significant 49 

differences in cell shape dependent cell stiffness between triangular and circular as well as 50 

square and circular cells with higher stiffness measured in triangular and square cells 51 

correlating with cell contractility in these geometries (Fig. 1d). The AFM data shows for the 52 

first time a link between cell shape and cell elasticity which is independent of cell adhesion 53 

area. To observe the 3D structural arrangement of the cell plasma membrane we developed a 54 

new method to obtain serial sections of cells in situ using focused-ion-beam coupled to imaging 55 

(Fig.2a). 3D reconstructions of plasma membranes brought to light remarkably different 56 

topographies across cell geometries down to the nano-scale (Fig. 2b). This observation 57 

correlated with a significantly increased number of membrane invaginations in the size range 58 

of 50-100 nm, resembling caveolae, a subset of lipid rafts, in triangular compared to circular 59 

cells (Fig. 2c and d, non-treated). These data suggest a connection between changes in cell 60 

contractility and caveolae formation. Interestingly, it was previously reported, that white blood 61 

cells and neurons lack caveolae but still have planar shaped lipid rafts11. This suggests that 62 

caveolae are a product of surface area demand and supports the notion that cells in a state of 63 

lower cytoskeletal contractility assemble less caveolae on the plasma membrane. By 64 

micropatterning cells in different shapes but with the same adhesion area we can decouple area 65 

and cytoskeletal contractility. To investigate the connection between cell contractility and 66 

caveolae formation further we analysed the number of caveolae in triangular, square and 67 
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circular hMSC in the presence of Cytochalasin D, a mycotoxin that interferes with actin 68 

polymerisation. Disrupting the actin cytoskeleton abolished cell shape dependent differences 69 

in caveolae abundance (Fig. 2d, CytoD). Furthermore, treating hMSC with Y27632, a ROCK 70 

(Rho-associated kinase) inhibitor that blocks myosin IIa light chain phosphorylation and 71 

consequently actomyosin contraction, led to a similar effect (Fig. 2d). As caveolae are 72 

cholesterol-rich structures, we used methyl-β-cyclodextrin (MβCD), a cholesterol sequestering 73 

agent, which disrupts the integrity of these membrane microdomains without affecting the cell 74 

shape and spreading12(Fig. S1). Treating hMSC with MβCD significantly lowered the number 75 

of caveolae across cell shapes compared to non-treated cells and erased geometry dependent 76 

differences as the actin cytoskeleton modulators Cytochalasin D and Y27632 (Fig. 2d; 77 

representative images as in c of treatment groups are in Fig. S2). Interestingly however, 78 

treatment with MβCD does not change cell shape and spreading on fibronectin islands and F-79 

actin staining reveals less actin bundling and focal organization in square and triangular cells 80 

(Fig. S1) supporting the interdependence between the actin cytoskeleton and caveolae. This 81 

interdependence has been shown in neurons where disruption of lipid rafts by cholesterol 82 

depletion results in aberrant axonal growth and guidance13.  83 

 We further investigated the relationship between geometrical cues and lipid rafts with 84 

total internal reflection fluorescence (TIRF) microscopy. For this purpose, we used FITC-85 

conjugated cholera toxin B subunit (CTB), which binds to GM1 gangliosides and serves as a 86 

lipid raft marker and fluorescent filipin III. CTB was shown to bind specifically to lipid rafts14, 87 

and filipin III binds cholesterol15, a characteristic and preferential component of lipid rafts. We 88 

detected significantly higher FITC-CTB signal on the plasma membrane of triangular and 89 

square hMSCs compared to round cells (2 and 1.5 fold, respectively) and the intensity of 90 

fluorescent filipin III was around 20% and 10% higher in triangular and square cells, 91 

respectively, compared to round cells (Fig. 3a and b). The chemical heterogeneity of the plasma 92 
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membrane across cell geometries correlates with the structural heterogeneity observed by in 93 

situ FIB microscopy where the underlying biophysical mechanism and structure-function 94 

relationship are yet to be understood. Plasma membrane invaginations detected by FIB are 95 

likely caveolae based on their size and their sensitivity to MβCD treatment. Because caveolae, 96 

a subtype of lipid rafts16, are caveolin-1 positive structures, we measured caveolin-1 expression 97 

on the plasma membrane of patterned hMSC. Quantification of TIRF images revealed around 98 

20% more caveolin-1 expressed on the plasma membrane of triangular and square cells 99 

compared to round cells (Fig. 3a and b) in line with the quantification of caveolae-like 100 

invaginations by in situ FIB microscopy shown in Figure 2a-d. By using three distinct markers, 101 

we showed that cell geometry regulates CTB and Filipin III positive cholesterol rich 102 

microdomains concomitant with increases in caveolin-1 expression. This indicates that cell 103 

geometry regulates the amount of plasma membrane lipid rafts. In line with this hypothesis, 104 

CD71 (transferrin receptor), which is associated to non-raft membrane domains, was equally 105 

expressed on the plasma membrane of triangular and round cells (Fig. 3c and d). To link the 106 

state of cytoskeletal contractility to caveolar lipid rafts abundance, we imaged CTB and 107 

caveolin-1 in the presence or absence of Y27637. Disrupting                                                                                                108 

the RhoA pathway abolished cell shape dependent differences in both caveolae and lipid rafts 109 

abundance (Fig. 3e and f) indicating that cytoskeletal contractility can regulate plasma 110 

membrane biophysics in an extracellular signalling independent fashion. As expected, 111 

sequestering cholesterol with MβCD also erased cell shape dependent modulation of lipid rafts 112 

(Fig. 3e and f). It appears that MβCD treatment causes redistribution of Cav-1 from the 113 

periphery to internal regions within the substrate facing plasma membrane of circular hMSCs 114 

suggesting potential cytoskeletal rearrangement and internalization of Cav-1 positive lipid rafts 115 

(Fig. S4). Furthermore, the effect of hMSCs cell shape on plasma membrane order was 116 

investigated by analysing giant plasma membrane vesicles (GPMVs) isolated from triangular, 117 
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square and circular micropatterns using C-laurdan, a polarity sensitive membrane dye, and 118 

multiphoton microscopy17. GPMVs from triangular cells displayed the highest membrane order 119 

(Fig. 3g and h) confirming our observation that lipid raft markers are more abundant in these 120 

cells. As a control experiment for this technique we analysed GPMVs from hMSC grown in a 121 

tissue culture flask in the presence or absence of MβCD (Fig. S5). 122 

Considering the cell signalling and endocytosis function of lipid rafts and caveolae16, we 123 

investigated whether the observed cell geometry dependent changes could trigger downstream 124 

signalling driving cell behaviour. It was recently reported that the activity of the 125 

serine/threonine kinase Akt, also known as protein kinase B (PKB), a central node in cell 126 

signalling, is regulated by its association with lipid rafts18. Studies revealed that lipid rafts 127 

facilitate recruitment to the inner leaflet of the plasma membrane and subsequent activation of 128 

Akt and its activator PDK1 (pyruvate dehydrogenase lipoamide kinase isozyme 1) 19,20 and that 129 

MβCD mediated cholesterol depletion abolishes Akt signalling in keratinocytes21. Activated 130 

by growth factors, cytokines and ligand-independent stimuli, Akt and PDK-1 are recruited to 131 

the plasma membrane resulting in the phosphorylation of Akt at T308 and subsequent signal 132 

transduction22. We measured the phosphorylation level of Akt at its regulatory site T308 in 133 

differently shaped micropatterned hMSC (950 cells/shape) via In-Cell Western (ICW) (Fig. 134 

4a). In line with the differential lipid raft assembly in cells displaying high cytoskeletal 135 

contractility, we found significantly higher Akt T308 phosphorylation in triangular and square 136 

cells compared to circular cells (Fig. 4f, control). To corroborate these data and to validate the 137 

signalling from ICW was specific, we ran a western blot for pan Akt and phospho-Akt T308 138 

using the same antibodies used in ICW (Fig. 4e). Western blot also showed a decrease in Akt 139 

T308 phosphorylation in round cells compared to triangular cells (full blot images in Fig. S5).  140 

Because Akt recruitment to the plasma membrane is important for its activation, we quantified 141 

Akt abundance on the cell surface by TIRF microscopy (Fig. 4b). Significantly more Akt 142 
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protein was found on the surface of triangular and square cells compared to round cells (Fig. 143 

4c). This result supports the data on Akt phosphorylation and highlights the existence of a 144 

connection between cell geometry and Akt signalling activation. To investigate cell shape 145 

dependent Akt association to lipid rafts, we analysed the correlation of Akt expression to CTB 146 

signal by TIRF microscopy. Due to the resolution limit of TIRF microscopy, the colocalization 147 

is limited to plasma membrane micro-domains and not to nano-domains. We found increased 148 

co-localisation of CTB and Akt as well as Akt and PDK1 as compared to CAV-1-Akt, cSRC-149 

Akt, CD71-CAV-1 and CD71-CTB, quantified by Pearson’s coefficient, supporting the 150 

existence of an interaction between Akt and PDK1 in lipid rafts (Fig. 4d).          151 

 Confident in the quantitative nature of ICW using the chosen antibodies, we further 152 

analysed the connection between cytoskeletal contractility, lipid rafts and Akt T308 153 

phosphorylation using chemical inhibitors. Disrupting lipid rafts by cholesterol depletion using 154 

MβCD or the cholesterol binding agent and lipid raft inhibitor filipin III21,23 reduced Akt T308 155 

phosphorylation in high contractility geometries leading to abolishment of shape dependent 156 

differences (Fig. 4f). A similar effect on Akt T308 phosphorylation was observed when cell 157 

contractility was inhibited with Y27632 and Cytochalasin D (Fig. 4f). Furthermore, the Akt 158 

allosteric inhibitor MK220624 also erased cell shape driven Akt T308 phosphorylation (Fig. 159 

S7). Importantly, MK2206 blocks the PH domain of Akt which is required for lipid raft 160 

association. Taken together, these data demonstrate the existence of a previously unexplored 161 

mechanism of cell geometry dependent Akt activation mediated by cell contractility and lipid 162 

raft formation.  163 

 In order to gain some understanding of the molecular mechanism behind Akt activation 164 

by changes in cell shape, we investigated the role of the Akt upstream activator 165 

phosphatidylinositol-3 kinase (PI3K). PI3K mediates conversion of membrane 166 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to phosphatidylinositol 3,4,5-trisphosphate 167 
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(PI(3,4,5)P3), which recruits both Akt and its activator PDK-1 to the plasma membrane by 168 

direct interaction25. We overexpressed a plasma membrane-targeted, constitutively active PI3K 169 

in hMSC. As expected, engineered cells display higher level of Akt phosphorylation compared 170 

to control cells (Fig. S8). Interestingly, hMSC with increased PI3K activity did not display any 171 

significant difference in cell shape dependent Akt phosphorylation compared to control cells 172 

indicating that the observed mechanism is independent of the amount of PIP3 on the plasma 173 

membrane (Fig. 4g).  On the contrary, inhibition of PI3K activity by LY294002, an inhibitor 174 

of the P110 catalytic subunit, abolished shape dependent Akt T308 phosphorylation, indicating 175 

that the presence of PIP3 is required (Fig. 4f, LY). Additional protein kinases can be involved 176 

in this mechanism as LY294002 retains non-selective activity. The non-normalized results of 177 

Akt T308 phosphorylation are shown in Fig. S8.      178 

 Lastly, we investigated whether this newly identified lipid raft and cell contractility 179 

dependent mechanism had a functional effect in regulating stem cell differentiation. 180 

Micropatterned hMSC cultured in mixed adipogenic and osteogenic differentiation medium 181 

confined to have low and high cytoskeletal contractility, differentiated preferentially into 182 

adipocytes and osteoblasts, respectively, (Fig. 5a-c) as previously published2,3,26. 183 

Differentiation was assessed by staining with OilRedO and for alkaline phosphatase activity 184 

following 7 days in culture. Data were obtained by generating binary images with colour 185 

deconvolution (Fig. S10). Inhibition of cell contractility by Y27632 and Cytochalasin D led to 186 

the abolishment of cell shape differences since adipogenic differentiation increased by several 187 

fold in cell geometries with higher contractility (Fig. 5d). Remarkably, inhibiting lipid rafts 188 

with MβCD erased differences in lineage commitment dictated by cell shape and treating with 189 

filipin III resulted in a significant increase in adipogenesis in triangular and square cells (Fig. 190 

5d). These data bring to light the existence of a previously unknown mechanism that links lipid 191 

rafts formation to hMSC differentiation.  Importantly, treatment with the selective Akt 192 
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allosteric inhibitor MK2206 shifted overall hMSC differentiation towards adipogenesis 193 

resulting in no significant cell geometry dependent differences (Fig. 5d). These data define Akt 194 

as a major player in cell geometry dependent osteogenesis. We propose that a high cell 195 

contractility state favours lipid rafts formation and/or stability, and this in turn triggers Akt 196 

recruitment to the plasma membrane, pathway activation and osteogenic differentiation. In line 197 

with data presented in Figure 4g, increased PI3K activity did not change cell geometry 198 

dependent differentiation (Fig. 5e). Interestingly, when we performed in situ FIB microscopy 199 

of whole hMSC cell cross-sections, we observed the presence of characteristic lipid vacuoles 200 

(Fig. 5f). Round hMSC carried a higher number of these structures further supporting their 201 

preferential adipogenic phenotype (Fig. 5g). This phenotype is somewhat dependent on 202 

cytoskeletal contractility and presence of lipid rafts as the treatment with CytoD and MβCD 203 

reduced the differences across shapes (Fig. 5g).  204 

 To conclude, by using innovative materials and imaging techniques, we were able to 205 

investigate the cell-substrate interface and study plasma membrane morphology in 3D at the 206 

nano-scale level. We discovered a mechanism by which cell geometry regulates cell signalling 207 

via modulation of plasma membrane order. Changes in the plasma membrane due to geometric 208 

cues affect stem cell fate through a newly identified signalling mechanism involving Akt. Our 209 

data suggest a central role for lipid rafts in regulating cell behaviour and we propose that this 210 

mechanism allows cells to rapidly respond to changes in tissue mechanics and prepare for the 211 

integration of complex signals. Our findings expand the knowledge around tissue homeostasis 212 

mechanisms and also have broad implications for regenerative medicine and tissue engineering 213 

applications27,28.   214 
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Methods 237 

Generation of micropatterned substrates. Stamps were made by replica casting 238 

polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning, Midland, MI, USA) against a 239 

silicon master made by photolithography (gift from Markus Textor). PDMS pre-polymer was 240 

poured over the silicon master and cured at 60 °C overnight. The elastomeric stamp bearing 241 

the negative pattern of the master was peeled off and stored dry in a closed well plate at room 242 

temperature. Stamps were sonicated for 30 minutes in ethanol, rinsed three times with distilled 243 

water, blown dry under nitrogen, oxidized in air plasma for 1 minutes (200 mtorr) (Plasma Prep 244 

5, Gala Instruments) and used for contact printing immediately. To allow adsorption of 245 

proteins, plasma-activated stamps were immersed for 1 hour in 50 µg/mL bovine fibronectin 246 

(sigma) in phosphate-buffered saline (PBS).  Stamps were blown dry by compressed air and 247 

placed in conformal contact with the substrate (non-treated polystyrene multi-dish, Nunclon 248 

Surface) for 60 seconds before being peeled off. Subsequently, substrates were immersed in 249 

0.4 % (w/v) Pluronic F127 (Sigma) in PBS for 2 hours, and carefully rinsed with water without 250 

allowing the surface to dry. Micropatterns for TIRF were generated by using silanized glass as 251 

a substrate for cell micropattern preparation according to a protocol published previously29.  252 

 253 

Culture of human mesenchymal stem cells and differentiation protocol. Human 254 

mesenchymal stem cells (hMSCs) (PromoCell) were cultured in mesenchymal stem cell 255 

growth medium (PromoCell) under standard cell culture conditions (37°C, 5 % CO2). For 256 

experiments, cells were detached by using 0.25 % (v/v) Trypsin-EDTA solution (Invitrogen) 257 

and seeded in serum free growth medium at a density of 13000 cells/ cm2 on the micropatterned 258 

substrate. After allowing cells to adhere for 2 hours, substrate was washed with PBS and media 259 

were replaced with serum containing media.  260 

 261 
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Antibodies and reagents. Mouse monoclonal anti-phospho-Akt (T308) (1:200), anti-phospho-262 

Akt (Ser 473), polyclonal rabbit anti Akt  (1:300), polyclonal rabbit anti myosin IIa light chain 263 

(1:400), monoclonal rabbit anti CD71, monoclonal rabbit anti Src, monoclonal rabbit anti 264 

PDK-1 as well as monoclonal mouse anti phospho myosin IIa light chain (1:100) were all 265 

purchased from Cell Signaling Technology. GAPDH was bought from Ambion. FITC 266 

conjugated Cholera Toxin B subunit (1:50) as well as filipin III from Streptomyces Filipinensis 267 

(1:10) were purchased from Sigma. Alexa Fluor®488 and Alexa Fluor®568 phalloidin (1:300) 268 

and DAPI (4',6-diamidino-2-phenylindole) were all obtained from Molecular Probes 269 

(Invitrogen). Polyclonal rabbit anti caveolin-1 (1:400) was purchased from Abcam. Secondary 270 

antibodies anti-mouse Alexa Fluor®568 (1:400) and anti-rabbit Fluor®488 (1:400) were 271 

bought from Molecular Probes. Infrared secondary antibodies, IRdye 680RD goat anti-mouse 272 

IgG and IRdye 800CW anti-rabbit (both 1:1000) were purchased from LiCor. For inhibitor 273 

studies, the following concentrations were used: 2.5 µM Y27632, 40 nM Cytochalasin D (both 274 

from Sigma),   3 µM MK-2206 (Active Biochemicals), 0.5 mM methyl-β-cyclodextrin (Santa 275 

Cruz Biotechnology), 0.5 µM filipin III and 20 µM LY294002 (both from Cayman Chemicals). 276 

Concentrations were determined based on cell morphology analysis. Y27632 and methyl-β-277 

cyclodextrin were both solubilised in PBS, all other inhibitors were solubilised in DMSO 278 

according to manufacturer instructions. To exclude any effects of DMSO, control cell 279 

micropatterns were treated with DMSO (data not shown).   280 

 281 

AdPI3K transfection. hMSCs were maintained in growth media (10 % (v/v) FBS in low-282 

glucose DMEM).  hMSCs were plated at a confluency of 13000 cells/ cm2 overnight, and the 283 

next day infected with either GFP or PI3K-p110CAAX (“AdPI3K”) virus for 5 hours.  The 284 

following day, cells were trypsinized and 13000 cells/cm2 were plated on Pluronic-blocked 285 

micropatterned substrates in the presence of growth media or differentiation media for Akt 286 
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activity assays or differentiation assays, respectively. Differentiation medium consisted of 1:1 287 

adipogenenic:osteogenic media and was changed every 3 days.  Adipogenic media contained 288 

3 % (v/v) FBS, 1 % (v/v) penicillin-streptomycin, 500 µM IBMX, 2 µM rosiglitazone, 1 µM 289 

dexamethasone, 17 µM pantothenate, 33 µM biotin and 1 µM insulin in DMEM/F12.  290 

Osteogenic media contained 10 % (v/v) FBS, 1 % (v/v) penicillin-streptomycin, 100 nM 291 

dexamethasone, 250 µM ascorbic acid-2-phosphate and 10 mM -glycerophosphate.   292 

Giant plasma membrane vesicle (GPMV) isolation and analysis. GPMVs were isolated and 293 

analysed according to a previously published protocol17. Briefly, hMSCs were cultured on 294 

triangular, square and circular  micropatterns for 24 hours, washed with GPMV buffer (10 mM 295 

HEPES, 150 mM NaCl, 2 mM CaCl2, pH 7.4) and then incubated in GPMV isolation solution 296 

(25 mM Paraformaldehyde/2 mM Dithiothreitol in GPMV buffer) for 2 hours. Afterwards,  297 

solution was collected and transferred into  bovine serum albumin coated vials. After 30 298 

minutes, 50 µL from the bottom of the vial was transferred into a fresh bovine serum albumin 299 

coated vial and labelled with 1 µl of 0.2 mM solution of 6-Dodecanoyl-2-300 

Dimethylaminonaphthalene (C-laurdan) (Molecular Probes) for 30 minutes.  301 

 302 

Microscopy data analysis. For fluorescence analysis, cells grown on micropatterns were 303 

immunostained using standard procedures. Briefly, cells were fixed with 4 % (v/v) formalin in 304 

dH2O (Sigma) for 15 minutes at room temperature, washed with PBS, permeabilised with 0.25 305 

% (v/v) Triton-X-100/PBS for 2 minutes, washed with PBS and then blocked with 4 % (w/v) 306 

bovine serum albumin in PBS. Primary and secondary antibodies were incubated in blocking 307 

buffer for 1 hour at room temperature. For TIRF microscopy analysis using plasma membrane 308 

lipid markers CTB and Filipin III, samples were not permeabilised with Triton-X-100 to 309 

preserve the plasma membrane. Only single cells that were confined into the desired shape 310 

were selected by using the microscope in brightfield mode. An Olympus BX51 upright and an 311 
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Olympus inverted microscope were used to image fluorescence and phase contrast samples. 312 

For the histological analysis, cells were inspected by phase contrast to determine whether they 313 

expressed lineage specific markers based on what has been described previously2. Briefly, for 314 

patterned MSCs only single cells that adhered to the pattern were used for statistical analysis. 315 

Cells that contained lipid vacuoles stained red by OilRedO were counted as adipocyte 316 

specification. Cells that stained blue for alkaline phosphatase were counted as osteoblast 317 

committed cells. For additional quantitation we performed a colour deconvolution of all cells 318 

across a surface stained with both markers based on what was published earlier2. Briefly, raw 319 

RGB images acquired by phase contrast with a 20x objective were imported in ImageJ, 320 

background-subtracted and afterwards colour deconvoluted by a publicly available colour 321 

deconvolution plugin for ImageJ commonly used for separating similar histology stains 322 

(http://www.dentistry.bham.ac.uk/landinig/software/cdeconv/cdeconv.html) with colour-323 

specific vectors adapted to the particular images. The resulting separated red and blue channels 324 

were binarised with a set threshold based on visual examination and subsequently quantified. 325 

For generating immunofluorescence heatmaps, MSCs cultured on the three different shapes 326 

were imaged on the same day using the same microscope and camera settings. Raw fluorescent 327 

images were background-subtracted in ImageJ, incorporated into a Z Hyperstack and the 328 

summarised intensity was calculated for heatmap generation. For Total Internal Reflection 329 

Fluorescence (TIRF) Microscopy, samples on glass substrate (glass bottom dish, MatTek Prod. 330 

Nb P35G-0-10-C) in PBS were imaged using a Zeiss Axiovert 200 manual inverted microscope 331 

with a 488 laser diode, an 100X/1.45W Alpha Plan Fluar objective and back illuminated EM-332 

CCD camera (Hamamatsu C9100-13). Resulting 16 bit raw images were background-333 

subtracted and binarised for quantification purposes using ImageJ software. For high resolution 334 

co-localisation analysis, background-subtracted TIRF microscopy images of 2 different 335 

channels were merged in one image. Then the Pearson Coefficient was analysed with ImageJ 336 
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using the JACoP Plugin (http://rsb.info.nih.gov/ij/plugins/track/jacop2.html). Multiphoton 337 

imaging of C-laurdan labelled giant plasma membrane vesicles (GPMVs) was performed with 338 

an inverted Olympus IX81 microscope with a 25X water immersion long working distance 339 

objective using a MaiTaiDeepSea Laser at 800 nm excitation and emission filtered at 410-440 340 

nm as well as at 502-548 nm.  341 

 342 

Western blot, In-Cell Western and immunofluorescence.  For In-Cell Western, cellular 343 

proteins were quantitated in situ based on infrared intensity. Samples were immunolabelled 344 

with an infrared conjugated IgG secondary antibody using standard immunofluorescence 345 

protocol and imaged using an Odyssey Fc Infrared Imaging System (LiCor) in the highest 346 

resolution (21 µm). The resulting signal intensity was subsequently quantified by using the 347 

Odyssey CLx Image Studio Analysis Software. For western blots, Ad(GFP) and Ad(PI3K) 348 

cells were lysed in 25 mM HEPES, 75 mM NaCl, 1 % (v/v) NP-40, 1 mM EDTA, 1× Halt 349 

protease and phosphatase inhibitor cocktail (Thermo Scientific), and centrifuged at 14000RPM 350 

for 10 minutes at 4 °C. Lysates from cells on hydrogels were obtained with RIPA buffer 351 

(Sigma) containing protease inhibitors (Roche) and phosphatase inhibitors (Sigma). Protein 352 

concentration was determined by Precision Red Advanced Protein Assay (Cytoskeleton, 353 

Denver, CO). 10 μg of protein was separated by denaturing SDS–PAGE, transferred to PVDF 354 

membrane, blocked with 5 % (w/v) bovine serum albumin (BSA) in 0.3 % (v/v) Tween-20 in 355 

Tris-buffered saline, immunoblotted with primary antibodies (1:1000), and detected using 356 

horseradish peroxidase–conjugated secondary antibodies (1:5000; Jackson ImmunoResearch 357 

Laboratories) and SuperSignal West Dura (Pierce). Densitometric analysis was performed 358 

using a VersaDoc imaging system and QuantityOne software (Bio-Rad Laboratories), and 359 

statistically analysed using GraphPad Prism software. Western blot was performed using 360 

http://rsb.info.nih.gov/ij/plugins/track/jacop2.html
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infrared labelled secondary antibodies, scanned and analysed using the Odyssey imaging 361 

system and software (LiCor).  362 

 363 

Atomic Force Microscopy (AFM) analysis. hMSCs were cultured on the three 364 

micropatterned shapes for 24 hours afterwards samples were analysed in the petri dish in PBS 365 

at room temperature by Atomic Force Spectroscopy. A Nanowizard I (JPK, Germany) Atomic 366 

Force Microscope (AFM) with an inverted microscope (IX-81, Olympus,Germany) was used 367 

for all measurements. We used MLCT-D levers (Bruker) with a nominal spring constant of 368 

0.03N/m. For analysis cantilevers were calibrated immediately before use using the thermal 369 

noise method. Polystyrene Microspheres with a diameter of 15 µm (Life Technologies) were 370 

attached to AFM cantilever tips using a UV curable glue (Loctite 350, rs-online) as described 371 

elsewhere30. Force-displacement curves were analysed using a custom developed routine in 372 

Matlab (MathWorks). The contact point was identified by considering each point in the 373 

approach curve and fitting the Hertz model to the contact region and a constant value for the 374 

points thereafter. The point with the smallest error for the combined fits was identified as the 375 

contact point. The Young’s modulus, E, was then determined for the contact region from this 376 

point onwards. Indentation was kept below 10% of the cell height to avoid substrate effects24. 377 

 378 

Focused Ion Bean (FIB) and Scanning Electron Microscopy (SEM) analyses. 379 

Micropatterned cells were fixed in a 4 % (v/v) formaldehyde (Sigma, BioReagent, ≥ 36.0 %) 380 

with 0.2 % (v/v) glutaraldehyde (EMS – Electron Microscopy Sciences) solution in PBS at 381 

room temperature for 15 minutes. Samples were washed three times with cacodilate buffer 382 

(EMS – Electron Microscopy Sciences) and osmicated with osmium tetroxide in 2 % (w/v) 383 

cacodilate buffer for 30 minutes. After that, samples were washed five times with deionized 384 

water and then dehydrated through a graded ethanol (Sigma, ACS reagent 99.5 %) series two 385 
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times for each concentration  (20, 30, 40, 50 70, 80, 90, 100, 100, 100% (v/v)) for 2 minutes in 386 

each solution. After dehydration, samples were infiltrated with Epon Resin (EMS – Electron 387 

Microscopy Sciences) diluted in ethanol at 3:1, 2:1, and 1:1 for 1 hour each, and then overnight 388 

at 1:2. The solution was then replaced with pure resin, which was changed twice in the first 12 389 

hours and then allowed to infiltrate again overnight. After that, the maximum amount of resin 390 

was removed and the bottom of the well plate (containing the cells) was detached and 391 

centrifuged at 5000rpm for 5 min. Samples were immediately placed in an oven at 60 °C and 392 

left to cure overnight. Samples were secured to a SEM aluminium sample holder with carbon 393 

tape and silver paint applied to the area immediately surrounding the sample (to maximise 394 

conductivity), and then coated with 5nm of chromium in a sputter coater (QuorumTechnologies 395 

model K575X). Following the coating procedure, samples were introduced into an 396 

SEM/Focused Ion Bean (Carl Zeiss - Auriga) with gallium ion bean operated at 30 kV. A region 397 

over the cells with approximately 15 x 5 x 2 µm (length x height x depth) was milled using 4 398 

nA current. After that, the region exposed by the first milling was polished with 240 pA current 399 

and imaged by a backscattering detector with the electron bean operating at 1.5 V. To generate 400 

a 3D-surface model, individual high resolution in situ cross-section electron micrographs of 401 

micropattered cells were stacked using MATLAB®. From these volume datasets an iso-surface 402 

was extracted based on polygonal abstraction. The surface roughness parameters including 403 

Roughness Average, Root Mean Square (RMS), Maximum Valley Depth, Maximum Peak 404 

Height and Peak-Peak Height were then calculated according to the ISO (International 405 

Organization for Standardization) as described in the ISO 25178-2:2012. The area between the 406 

substrate surface and substrate facing cell plasma membrane was calculated by using the Image 407 

J software.  408 

 409 
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Statistical Analysis. All data were analysed by one-way ANOVA followed by a Tukey and 410 

Bonferroni post hoc analysis. 411 

Data Availability. Raw data is available upon request from m.stevens@imperial.ac.uk. 412 

 413 
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Figure Captions 504 

Fig. 1 Cell geometry induces changes in cytoskeletal arrangement and cell contractility. (a) 505 

Representative SEM micrographs of micropatterned hMSC. (b) Representative immunofluorescence 506 

images of hMSC stained for F-actin (green) and Dapi (blue). (c) Immunofluorescence intensity heat 507 

maps of myosin IIa and F-actin. Higher intensity is represented by a yellow/white colour. n = number 508 

of cells used for heat map generation. (d) Live cell stiffness measurement of triangular, square and 509 

circular cells by atomic force microscopy (AFM). 30 cells per condition were analysed. * equals p<0.05; 510 

*** equals p<0.001. Error bars represent S.E.M.     511 

Fig. 2 Cell geometry regulates plasma membrane morphology and topography. (a) High resolution 512 

electron micrographs of cells in situ generated by focused ion beam microscopy. (I) SEM micrographs 513 

of triangular, square and circular micropatterned cells; (II) micropatterned cells sectioned in the middle 514 

by focused ion beam; (III) cross-section analysed with high magnification reveals cell geometry 515 

dependent morphology of plasma membrane facing the substrate. (b) Cross-section and 3D 516 

reconstruction of plasma membrane surface illustrated as topographical heatmap based on 60 cross-517 

sections of triangular (top) and circular (bottom) cells. (c) High magnification micrographs focusing on 518 

the plasma membrane-substrate interface reveal the presence of membrane invaginations in the range 519 

of 50-100 nm resembling caveolae (yellow arrows). (d) Number of caveolae-like structures quantified 520 

from images as in c of control hMSC and cells treated as indicated. Data are obtained from 19 to 35 521 

cross-section images from 3 to 6 cells per shape. * equals p<0.05. Data are presented as box plots to 522 

show values distribution; bottom and top of box represent 25% and 75%, respectively.   523 

Fig. 3 Signal intensity of lipid raft markers  is dependent on cell geometry. (a) Representative TIRF 524 

microscopy images of the plasma membrane-substrate interface. Cholera Toxin Subunit B (CTB) is a 525 

marker for lipid rafts and Filipin III stains for accumulation of cholesterol, a hallmark of lipid rafts. 526 

Caveolin-1 positive plasma membrane domains are a subtype of lipid rafts. (b) Quantification of TIRF 527 

images per condition and stain (n = 75-93 for CAV-1, n = 33-37 for Filipin III, n = 38-53 for CTB, n = 528 

20-32 CD71). Box plots show complete data range, bottom and top of box represent 25% and 75%, 529 
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respectively. *** equals p<0.001, * equals p<0.05 (3 independent experiments). (c) Representative 530 

TIRF microscopy images of triangular and circular hMSC stained for CD71, a non-raft marker. (d) 531 

Quantification of 50 TIRF images of CD71 stained hMSC as in c.  (e-f) Quantification of TIRF images 532 

of triangular and circular hMSC as in a, treated with either the ROCK inhibitor Y27632 or methyl-β-533 

cyclodextrin (MβCD) (n = 35-46 for CTB and n = 29-42 for CAV-1). (g) Representative multiphoton 534 

images of C-laurdan stained giant plasma membrane vesicles (GPMVs) isolated from triangular, square 535 

or circular hMSCs with emission light filtered to select wavelengths representative of ordered (green) 536 

and disordered (red) phase. (h) Quantification of the ratio of fluorescence intensity of the ordered 537 

(green) and disordered (red) phase emission of GPMVs isolated from triangular, square or circular 538 

hMSCs (n = 51-123). Box plots show complete data range, bottom and top of box represent 25% and 539 

75%, respectively. *** equals p<0.001 (3 independent experiments). 540 

Fig. 4 Akt recruitment to the plasma membrane and activation are dependent on cell geometry. (a) 541 

Representative In-Cell Western (ICW) images of arrays of micropatterned hMSC. Cells were stained 542 

with phospho-AKT T308 and pan AKT antibodies. Bar = 1 mm. (b) Representative TIRF images of 543 

AKT. Bar = 20 µm. (c) Quantification of TIRF images per shape as in b, from 3 independent 544 

experiments. Box plots show complete data range, bottom and top of box represent 25% and 75%, 545 

respectively (n = 34-46). *** equals p<0.001, ** equals p<0.01 (d) Co-localisation analysis from TIRF 546 

images of markers indicated and Akt in triangular hMSC quantified by the Pearson’s coefficient (n = 547 

8-11). *** equals p<0.001. (e) Representative Western blot of phospho-AKT T308 and pan AKT of 548 

triangular and circular hMSC. GAPDH was used as loading control. Note that antibodies used in 549 

Western blot are the same as in ICW. (f) Quantification of data from ICWs as in a, of cells treated as 550 

indicated (CytoD = Cytochalasin D; LY= LY294002). (g) Quantification of phospho-AKT T308 and 551 

pan AKT by ICW of hMSC stably transfected to carry enhanced PI3K activity compared to GFP 552 

transfected control cells. Values are means ± S.D. * equals p<0.05, ** equals p<0.01 (3 independent 553 

experiments in duplicate).  554 

Fig. 5 Lipid rafts and Akt signalling mediate cell geometry dependent hMSC differentiation. (a) 555 

Representative images of hMSC differentiated into either fat (OilRedO) or bone cells (alkaline 556 
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phosphatase activity). (b) Quantification of differentiation of micropatterned hMSC into either 557 

adipocytes or osteoblasts, following 7 days in the presence of a 1:1 mix of adipogenic and osteogenic 558 

differentiation medium. Compiled from cells from 7 independent experiments performed in duplicate 559 

(n = 364-392). Values are means ± S.D. *** equals p<0.001. (c) Frequency histograms of OilRedO and 560 

alkaline phosphatase activity corresponding to data shown in b. (d) Quantification of adipogenic and 561 

osteogenic fate as in a, of micropatterned hMSC treated as indicated. (e)  Quantification of adipogenic 562 

and osteogenic fate of hMSC transfected with constitutively active PI3K. Values are means ± S.D. ** 563 

equals p<0.01. 100 cells per condition (3 independent experiments in duplicate). (f) Representative 564 

images of whole cell cross-sections of triangular, square and circular hMSC reveal the presence of 565 

characteristic lipid vacuoles (white round structures). Note the high density of lipid vacuoles in round 566 

hMSC supporting evidence that low cell contractility geometries favour adipogenesis. Cells are cultured 567 

in basal medium. (g) Quantification of lipid vacuoles from whole cell cross-sections as in f of control 568 

hMSC and cells treated as indicated. Data are obtained from 5 to 10 cells per shape. Data are presented 569 

as box plots to show values distribution; bottom and top of box represent 25% and 75%, respectively.  570 

** equals p<0.01. 571 
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