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Abstract 
 
Cell differentiation typically occurs with concomitant shape transitions to enable 
specialized functions. To adopt a different shape, cells need to change the mechanical 
properties of their surface. However, whether conversely cell surface mechanics 
control the process of differentiation has been relatively unexplored. Here, we show that 
membrane mechanics gate the exit from naïve pluripotency of mouse embryonic stem 
cells. By measuring membrane tension during differentiation, we find that naïve stem 
cells release their plasma membrane from the underlying actin cortex when 
transitioning to a primed state. By mechanically tethering the plasma membrane to the 
cortex with a synthetic signalling-inert linker, we demonstrate that preventing this 
detachment forces stem cells to retain their naïve pluripotent state. We thus identify a 
decrease in membrane-to-cortex attachment as a new cell-intrinsic mechanism that is 
essential for stem cells to exit pluripotency. 
 
During the development of most multicellular organisms, relatively round totipotent cells give 
rise to differentiated cells with all the dramatically different morphologies present in the adult 
body. Acquisition of fate and changes in cell shape often emerge concurrently. Cell shape is 
determined by surface mechanics and interactions with the extracellular environment. While 
cell-matrix interactions have been shown to be necessary (1, 2) and in some cases sufficient 
(3) for differentiation, whether and how intrinsic surface mechanics regulate cell fate remains 
unknown. A particularly striking example of shape and identity change is the transition from 
the naïve to the primed pluripotent state in the widely used mouse embryonic stem cell (mESC) 
model. Naïve cells grow in compact colonies (Fig. 1A-C), and maintain this state when cultured 
in the presence of 2i/LIF (2 small molecule inhibitors [PD0325901 and CHIR99021] and 
leukemia inhibitory factor [LIF]). 2i/LIF removal provides a differentiation cue and the naïve 
colonies rapidly flatten into a monolayer of primed cells that grow lamellipodia-like protrusions 
in a process reminiscent of an epithelial-to-mesenchymal transition (4) (Fig. 1A-C, 
Supplementary Movie 1).  

Plasma membrane tension, or the energetic cost of stretching the plasma membrane, 
regulates several cellular processes, notably cell spreading (5) and migration, where it 
determines the size of the leading edge as well as the rate of lamellipodia extension (6, 7). 
Given the striking protrusions stem cells form during exit to the primed state, we hypothesized 
that membrane tension may in fact play a role during the exit from naïve pluripotency. To test 
this, we measured apparent membrane tension by static tether pulling via single cell force 
spectroscopy, where a membrane tether is held by an AFM cantilever with a constant length 
until it breaks (Fig. 1D). Comparing naïve and primed cells, we found that the static tether force 
was significantly reduced in primed cells (from 41.3±5.25 to 30±5.92 pN, Fig. 1E). Such 
decrease in static tether force corresponds to an almost 50% reduction in apparent membrane 
tension (from 80 to 42 μN/m; see Materials and Methods for details).  

That primed cells have a lower membrane tension seems paradoxical given their shape 
(Fig. 1B,C), as leading edge growth and cell spreading are known to increase apparent 
membrane tension (5, 6). Static tether pulling measures the combination of in-plane membrane 
tension (originating from the tight packing of hydrophobic lipid molecules to avoid contact with 
water molecules) as well as protein-mediated attachment to the underlying actomyosin cortex 
(termed membrane-to-cortex attachment or MCA), that also constrains membrane stretching 
((8, 9); reviewed in (10)). To determine which of these two mechanical parameters changes 
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during stem cell differentiation, we measured specifically MCA by dynamic tether pulling, that 
measures the force required to extrude tethers across a range of different pulling speeds ((8, 
11); see Materials and Methods for details). We observed a dramatic 4-fold reduction of MCA 
during exit from naïve pluripotency (Fig. 1F-H). To exclude that this reduction was merely a 
consequence of cell spreading, we forced naïve cells to spread by plating them on Laminin 
511 in the presence of 2i/LIF (Supplementary Fig. 1A,B) showing that an increase in cell area 
alone does not significantly affect MCA (Supplementary Fig. 1C,D). We can therefore 
conclude that cells strongly decrease the tethering of their plasma membrane to cortical actin 
when exiting pluripotency.  

Given their co-occurrence, we next investigated whether the reduction in MCA was 
upstream, i.e. a regulator, or downstream, i.e. a consequence, of the exit from naïve 
pluripotency. To this end, we expressed constitutively active Ezrin (CAEzrin, T567D (12)) in 
an inducible manner in naïve mESCs (Supplementary Fig. 2A,B). Ezrin links the plasma 
membrane to the underlying cortex and CAEzrin is the current gold standard in the field to 
experimentally increase MCA (13, 14). Upon CAEzrin expression, mESC cells maintained a 
high MCA 48h after 2i/LIF removal (Supplementary Fig. 2C, D). To determine if expression 
of CAEzrin had affected the exit from naïve pluripotency, we assayed the presence of Rex1-
GFPd2, a naïve marker which is down-regulated within 24h after 2i/LIF removal (15, 16). 
Indeed, 48 h after 2i/LIF removal, CAEzrin expressing cells retained high levels of Rex1, very 
similar to naïve stem cells and in contrast to control cells expressing only mCherry 
(Supplementary Fig. 2E), suggesting that CAEzrin expression forces stem cells to retain a 
naïve pluripotent state.  

In addition to mechanically linking the plasma membrane to the cortex, Ezrin also has 
biochemical roles in several signalling cascades (reviewed in (17)). To test if the striking effect 
on the exit from naïve pluripotency was truly a cell surface mechanical effect, we engineered 
a synthetic molecular tool that can directly link the plasma membrane to actin but is inert 
regarding signalling (iMC-linker, Fig. 2A). iMC-linker consists of a minimal actin binding 
domain (from Utrophin), fused to mCherry for fluorescence visualization and tagged with a 
lipidation consensus sequence (from Lyn) for plasma membrane insertion (for details see 
Materials and Methods). As predicted, iMC-linker, as well as its individual components, 
localized to the cell surface when expressed in mESCs in an inducible manner (Fig. 2B, 
Supplementary Fig. 3A,B). Strikingly, inducing iMC-linker expression allowed stem cells to 
maintain a high MCA even 48h after triggering differentiation by 2i/LIF removal (Fig. 2C). Their 
MCA value measured by dynamic tether pulling was similar to naïve predecessor mESC and 
in stark contrast to the strongly decreased MCA of uninduced controls (Fig. 2D). To test if 
preventing the lowering of MCA with a synthetic mechanical linker was sufficient for cells to 
retain the naïve state, we again measured the down-regulation of the naïve marker Rex1-
GFPd2 by flow cytometry. While stem cells expressing only the minimal actin binding or plasma 
membrane insertion motifs normally downregulated Rex1 during exit from naïve pluripotency, 
iMC-linker expressing cells maintained high expression of Rex1, suggesting that they 
remained naïve (Fig. 3A,B). To verify that our mechanical iMC-linker was truly able to keep 
stem cells in a naïve pluripotent state, we next performed a re-plating assay where primed 
cells do not robustly survive (Fig. 3C, for details see Materials and Methods). Indeed, iMC-
linker expressing cells were able to generate 3-fold more colonies than controls expressing 
the two binding motifs separately (Fig. 3D). These results show that a synthetic mechanical 
tether between the plasma membrane and actin cortex is sufficient to force stem cells to retain 
a naïve pluripotent state, even two days after triggering differentiation. MCA is therefore a 
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critical mechanical parameter that stem cells have to lower in order to progress from naïve to 
primed pluripotency. Together our findings uncover a fundamental cell-intrinsic mechanism 
whereby the regulation of cell surface mechanics controls cell identity. 

Changing cell surface mechanics by modifying the linking of the plasma membrane to 
the underlying actin cortex is likely to be important for embryonic stem cells also in vivo. Indeed, 
Ezrin, the classical endogenous protein that links the membrane to the cortex, marks the 
outside facing apical domain of 8-16 cell mouse embryos (18). This apical domain is necessary 
and sufficient for the first lineage segregation in early mouse embryos (19). Beyond the mouse, 
mechanical properties such as substrate stiffness, cortical contractility, fluid flow, cyclic stress, 
compression or luminal pressure have been linked to differentiation in several species (3, 20-
30). It will be interesting to explore in the future if MCA plays a regulatory role in those 
differentiation responses.  

How exactly might lowering MCA gate the exit from naïve pluripotency? Previous 
studies have shown that membrane tension regulates several cellular functions such as 
endocytosis (31, 32), phagocytosis (33), cell polarity (6) and the formation of blebs or 
lamellipodia (11, 34). However, such studies have mostly used mechanical perturbations that 
also influence biochemical signalling and readouts of apparent membrane tension. Thus, the 
specific functions of cell surface signal transduction versus mechanics, as well as the relative 
contribution of the two membrane mechanics parameters, in-plane tension and MCA, have 
been impossible to disentangle. The synthetic iMC-linker we developed here as a precise tool 
to specifically manipulate MCA during stem cell differentiation should therefore prove useful to 
shed light on the mechanism of cell surface mechanics gated differentiation.  

In conclusion, our work shows that changes of the mechanical properties of the cell 
surface, and in particular a lowering of MCA, are required for stem cells to exit naïve 
pluripotency. Moreover, together with reports of a role on lamellipodia initiation (35, 36), it 
highlight MCA as a critical parameter for central cellular functions. Future studies, perhaps 
taking advantage of the novel iMC-linker tool we introduce here, will contribute to our 
understanding of how MCA controls cell signalling and cell shape during a wide range of 
cellular functions such as differentiation, polarity and migration. 
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Figure 1. During exit from naïve pluripotency, cells spread with a concomitant reduction 
in apparent membrane tension and MCA. (A) Representative brightfield (DIC) images of 
mESC Rex1-GFPd2 cells during exit from pluripotency in N2B27 medium. Lower panel 
corresponds to a magnification of the boxed region in the upper panel. See also 
Supplementary Movie 1. Scale bar: 50 µm (upper panel), 10 µm (lower panel). (B) 
Representative scanning electron microscopy images of naïve (2i/LIF) and primed 
(FGF2/ActA) mESC Rex1-GFPd2 cells. Scale bar, 10 µm. (C) Single cell spreading area 
quantified from scanning electron microscopy images. n: number of cells analysed. p-Value: 
Welch's t-test. (D) Schematic of static tether pulling using atomic force spectroscopy. (E) Mean 
static tether force of naïve (2i/LIF) and primed (FGF2/ActA) mESC Rex1-GFPd2 cells. n: 
number of cells analysed in 2 independent experiments. p-Value: Mann-Whitney-U-Test. (F) 
Schematic of dynamic tether pulling using atomic force spectroscopy. (G) Force-velocity curve 
from dynamic tether pulling on naïve (2i/LIF) and primed (FGF2/ActA) mESC Rex1-GFPd2 
cells. Data points are mean tether force f±SEM at 2, 5, 10 and 30 µm/sec pulling velocity. Lines 
indicate Monte-Carlo fits of a model for dynamic tether formation (8) used to extract the MCA 
parameter ! (see Materials and Methods for details). n: number of cells analysed in 3 
independent experiments. (H) Monte-Carlo-based fitting of a model for dynamic tether 
formation (see equation, (8)) yields distributions for the MCA parameter !, used to determine 
mean and standard deviation of this parameter for each condition (see Materials and Methods 
for details). p-Value: Z-test. 
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Figure 2. iMC-linker, an artificial signalling-inert MCA-protein, supresses the decrease 
of MCA during differentiation. (A) Schematic of the iMC-linker. (B) Representative brightfield 
(DIC) and fluorescent images of naïve mESC Rex1-GFPd2 ind-iMC cells expressing the iMC-
linker in 2i/LIF+Dox medium. Scale bar: 10 µm. (C) Force-velocity curve from dynamic tether 
pulling on mESC Rex1-GFPd2 ind-iMC cells in 2i/LIF medium and during exit from pluripotency 
in N2B27±Dox medium at 48 h. Data points are mean tether force f±SEM at 2, 5, 10 and 
30 µm/sec pulling velocity. n: number of cells analysed in 3 independent experiments. (D) 
Mean and standard deviation of the MCA parameter ! obtained from Monte-Carlo-based fitting 
(see Materials and Methods for details). p-Value: Z-test.  
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Figure 3. MCA gates the exit from naïve pluripotency. (A) Representative histograms of 
GFP intensity for mESC Rex1-GFPd2 ind-iMC cells in 2i/LIF medium and during exit from 
pluripotency in N2B27±Dox medium at 48 h. (B) Normalized GFP geometric mean intensities 
for mESC Rex1-GFPd2 ind-iMC, mESC Rex1-GFPd2 ind-PMBD and mESC Rex1-GFPd2 ind-
ABD cells in 2i/LIF medium and during exit from pluripotency in N2B27±Dox medium at 48 h. 
nExp: number of independent experiments. Error bars: SEM. p-Value: Welch's t-test. (C) 
Schematic of the re-plating assay ((37, 38), see Materials and Methods for details). (D) Left: 
Representative images of the re-plating assay for mESC Rex1-GFPd2 ind-iMC cells. Scale 
bar, 500 µm. Right: Normalized colony number (Dox/Ctrl) for mESC Rex1-GFPd2 ind-iMC, 
mESC Rex1-GFPd2 ind-PMBD and mESC Rex1-GFPd2 ind-ABD cells re-plated after a 48 h 
exit in N2B27±Dox medium. nExp: number of independent experiments. Error bars: SEM. p-
Value: Welch's t-test.  
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Supplementary Figures 
 
Supplementary Fig. 1. Cell spreading is not sufficient to decrease MCA. (A) 
Representative scanning electron microscopy images of naïve (2i/LIF) mESC Rex1-GFPd2 
cells on Gelatin or on Laminin 511. Scale bar: 10 µm. (B) Single cell spreading area quantified 
from scanning electron microscopy images. n: number of cells analysed. p-Value: Welch's t-
test. (C) Force-velocity curve from dynamic tether pulling on naïve (2i/LIF) mESC Rex1-GFPd2 
cells plated on Gelatin or on Laminin 511. Data points are mean tether force f±SEM at 2, 5, 10 
and 30 µm/sec pulling velocity. n: number of cells analysed in 3 independent experiments. (D) 
Mean and standard deviation of the MCA parameter ! obtained from Monte-Carlo-based fitting 
(see Materials and Methods for details). p-value: Z-test. 
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Supplementary Fig. 2. CAEzrin expression increases MCA and delays exit from naïve 
pluripotency. (A) Representative brightfield (DIC) and fluorescent images of naïve mESC 
Rex1-GFPd2 ind-CAEz cells expressing CAEz-mCherry in 2i/LIF+Dox medium. Scale bar: 
10 µm. (B) mCherry geometric mean intensities for mESC Rex1-GFPd2 ind-CAEz and mESC 
Rex1-GFPd2 ind-mCherry cells during exit from pluripotency in N2B27±Dox medium at 48 h. 
nExp: number of independent experiments. Error bars: SEM. (C) Force-velocity curve from 
dynamic tether pulling on mESC Rex1-GFPd2 ind-CAEz cells in 2i/LIF medium and during exit 
from pluripotency in N2B27±Dox medium at 48 h. Data points are mean tether force f±SEM at 
2, 5, 10 and 30 µm/sec pulling velocity. n: number of cells analysed in 3 independent 
experiments. (D) Mean and standard deviation of the MCA parameter ! obtained from Monte-
Carlo-based fitting (see Materials and Methods for details). p-Value: Z-test. (E) Normalized 
GFP geometric mean intensities for mESC Rex1-GFPd2 ind-CAEz and mESC Rex1-GFPd2 
ind-mCherry cells in 2i/LIF medium and during exit from pluripotency in N2B27±Dox medium 
at 48h. nExp: number of independent experiments. Error bars: SEM. p-Value: Welch's t-test. 
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Supplementary Fig. 3. Localization of individual iMC-linker components	and expression 
levels. (A) Representative brightfield (DIC) and fluorescent images of naïve mESC Rex1-
GFPd2 ind-PMBD and mESC Rex1-GFPd2 ind-ABD cells in 2i/LIF+Dox medium. Scale bar: 
10 µm. (B) mCherry geometric mean intensities for mESC Rex1-GFPd2 ind-iMC, ind-PMBD 
and ind-ABD cells during exit from pluripotency in N2B27±Dox medium at 48 h. nExp: number 
of independent experiments. Error bars: SEM.  
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Supplementary Movies 
 
Supplementary Movie 1. Timelapse of the transition from naïve to primed pluripotency. 
Scale bar: 50 μm. Time in hours:minutes after 2i/LIF removal. 
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Materials and Methods 
 
Cell culture 
mESC expressing Rex1-GFPd2 (1) were kindly provided by the Austin Smith’s laboratory 
(Cambridge Stem Cell Institute).  Naïve cells were maintained in serum-free N2B27 medium 
containing 2i (1 µM PD0325901and 3 µM CHIR99021, both Tocris) and LIF (10 µg/ml, EMBL 
Protein Expression Facility) (2) on polystyrene culture dishes coated with 0.1 % (w/v) Gelatin 
(Sigma) solution at 37 °C with 5 % CO2. N2B27 medium was prepared from a 1:1 mixture of 
DMEM/F12 (without HEPES, with L‐glutamine) and neurobasal medium (no L‐glutamine), 
supplemented with 0.5× B‐27 (without vitamin A) and 0.5× N‐2 supplement, 100 U/ml penicillin 
and 100 μg/ml streptomycin, 2.5 mM L‐glutamine (all Thermofisher), 10 μg/ml BSA fraction V 
and 10 μg/ml human recombinant insulin (both Sigma). Medium was changed every other day 
and cells were passaged using 0.05 % Trypsin-EDTA (Thermofisher) at ratios of 1/4–1/10. To 
induce differentiation and the exit from pluripotency, cells were plated at a density of 
~40.000/cm2 in plain N2B27 medium and cultured for 48 h unless otherwise stated. 
 
Re-plating assay 
Cells were allowed to exit from pluripotency in plain N2B27 medium. After 48 h cells were 
resuspended and counted using trypan blue. A specific number of living cells (typical density: 
5000-10.000/cmˆ2) was then re-plated in N2B27 2i/LIF. After 4-6 days, the number of colonies 
was manually counted. This assay quantifies the efficiency of pluripotency exit, as only naïve 
cells survive in 2i/LIF medium (3, 4). 
 
Stable cell line generation 
To generate stable cell lines with inducible constructs, sequences of interest were cloned into 
a Piggyback plasmid. Stable integration was achieved by co-transfecting the Piggyback 
plasmid and a plasmid encoding a transposase using Lipofectamine 3000 (Thermofisher), 
followed by selection with Geneticin. Single colony clones were finally screened for 
background expression levels and matching expression levels upon induction. To induce 
expression of the constructs, 1 µg/ml Doxycycline (Sigma) was added to the culture medium. 
 

Construct name Construct description Residues or mutations 
CAEz  constitutively active version 

of human Ezrin 
T567D 

plasma membrane-binding 
domain (PMBD) 

human Tyrosine-protein 
kinase lyn lipidation motif 

Residues 1-13 (5) 

actin-binding domain (ABD) Human utrophin actin 
binding domain (CH-CH) 

Residues 1-246 (6) 

iMC-linker PMBD-mCherry-ABD // 
 
Flow cytometry 
Cells were dissociated to single-cell suspension with 0.05 % Trypsin-EDTA (Thermofisher), 
resuspended in PBS supplemented with 0.1 % BSA and 2.5 mM EDTA, strained through a 
40 µm cell strainer (BD Biosciences) and analysed on an LSRFortessa flow cytometer (BD 
BioSciences). Flow cytometry data was gated on forward and side scatters using FlowJo 
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software. Fluorescent levels of individual populations were quantified by their geometric 
means. 
 
Tether extrusion using atomic force spectroscopy 
Apparent membrane tension and MCA were measured extruding plasma membrane tethers. 
In brief, OBL-10 cantilevers (Bruker) were mounted on a CellHesion 200 AFM (Bruker) which 
is integrated into an Eclipse Ti inverted light microscope (Nikon). Cantilevers were then 
calibrated using the thermal noise method (spring constant ~ 60 pN/nm) (reviewed in (7)) and 
coated with 2.5 mg/ml Concanavalin A (Sigma) for 1 h at 37 ˚C. Before the measurements, 
cantilevers were rinsed in PBS. For the measurements, cells were seeded on Cellview glass 
bottom dishes (Greiner) or 35 mm low µ-Dishes (Ibidi) filled with N2B27 medium with or without 
2i/LIF according to the experiment. 
Measurements were run as follows: approach velocity was set to 0.5 µm/s while contact force 
and contact time were varied between 100 to 200 pN and 100 ms to 10 s respectively, aiming 
at maximizing the probability to extrude single tethers. Apparent membrane tension was 
measured using the static tether method: to ensure tether breakage at 0 velocity, the cantilever 
was retracted for 10 µm at a velocity of 10 µm/s. The position was then kept constant for 20 s 
and tether force at the moment of tether breakage was recorded at a sampling rate of 2000 
Hz. MCA was measured using the dynamic tether method: each cell was probed multiple times 
at different retraction velocities (2, 5, 10, 30 µm/s) in a random order; only tethers which broke 
during the retraction phase were considered. Tethers were allowed to retract completely 
between successive pulls. Resulting force–time curves were analysed using JPK Data 
Processing Software. Measurements were run at 37 ˚C and 5 % CO2 and samples were used 
no longer than 1 h for data acquisition.  
 
Tether data analysis and model assumptions 
Static tether puling: apparent membrane tension (the sum of in-plane tension ("#) and MCA 
($)) depends on the breakage tether force (%&) and the bending rigidity (k). We used a 
previously measured value for k (2.7*10−19 Nm, (8)), which we assumed was unchanged upon 
exit from naïve pluripotency:  
 

" = 	"# + 	$ = 	 %&
*

8,*- 

 
Dynamic tether pulling: To estimate the contribution of MCA, plasma membrane tethers were 
pulled at different retraction velocities (.), where the tether force (%) increases with increasing 
velocity. To interpret such measurements, the Brochard-Wyart et al. model was applied to the 
data using Monte-Carlo-based fitting (9): 
 

%/ − %%&* = 	!. = 2, /2-*23 ln 67
68

. 

 
Since the radius of the cell (67) >> radius of the tether (68) and bending rigidity k is assumed 
to be constant, the tether force increase with retraction velocity depends only on surface 
viscosity (h) and the density of the MCA linkers (e). The term he thus reflects the effect of MCA 
on plasma membrane viscosity: the larger the extent of MCA, the higher is the drag of the lipids 
around integral membrane proteins connected to the underlying cortex. In this work, we report 
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the parameter ! as a proxy for MCA, as he is proportional to ! and we assume 67, 68 and k  
to be constant. 
 
Scanning electron microscopy  
For scanning electron microscopy imaging, Rex1-GFPd2 mESC were cultured for 24 h on 
glass coverslips previously cleaned, plasma treated for 2 min and coated with 0.1 % Gelatin 
(Sigma), 10 µg/ml human fibronectin (Corning) or 5 µg/ml Laminin 511 (Biolamina). Cells were 
fixed for 30 min at room temperature with 4 % (w/v) formaldehyde (EMS) and 2.5 % (w/v) 
glutaraldehyde (EMS) dissolved in 0.1 M PHEM buffer (60 mM PIPES; 25 mM HEPES; 10 mM 
EGTA; 2 mM Magnesium chloride; pH 6.9). Afterwards, rinsing in PHEM buffer and water, 
post-fixation with 1 % (w/v) osmium tetroxide (EMS) in water and 0.8 % potassium 
hexacyanoferrate (III) (EMS) in water, 1 % (w/v) tannic acid (EMS) in water and 1 % (w/v) 
uranyl acetate (Serva) in water, dehydration in ascending series of ethanol and drying in 
ascending series of HMDS (Sigma-Aldrich) were performed using microwave-assisted 
processing (Biowave Pro, Pelco). Prior to imaging, a layer of gold was sputter-coated onto the 
sample (Quorum Q150RS). Cells were acquired with either the Teneo (Thermofisher) or the 
Crossbeam-540 (Zeiss) at an accelerating voltage of 5 kV detecting secondary electrons. Cell 
area was quantified manually using Fiji. 
 
Statistical analysis 
Data were analysed, tested for statistical significance, fitted and visualized using R. No 
statistical method was used to predetermine sample size. No estimation of variance was 
performed. The Shapiro–Wilk test was used to test for normality of data. Welch’s t-test was 
chosen for statistical testing of normal distributed data with low sample size (n<30). For non-
normal distributed data with low sample size (n<30), Mann–Whitney U-test was performed. 
For large sample sizes (n>30), the Z-Test was used. 
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