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plane between cells [13,14]. Clearly, there exist important regu-
latory mechanisms to control the adhesion and organization of
mESCs during the early formation of the ICM.

In vitro, standard protocols have been devised to produce
cell aggregates defined as embryoid bodies (EBs) in an effort
to mimic the processes that give rise to the ICM. Widespread
methodologies attempt to replicate the spherical aggregation
and proliferation of the ICM by confining mESCs in a hang-
ing drop, which forces cell-cell aggregation owing to the lack
of a substrate. In addition to hanging drop cultures, microfab-
ricated substrates containing spatially ordered arrays of
semi-spherical wells have also been used to initiate the aggre-
gation of mESCs into a spheroidal structure [15-17]. Cells
seeded onto such substrates are passively confined within
the wells that act as a mould for the developing EB. Microfab-
ricated substrates have the advantage of allowing one to exert
control over the size and geometry of the resulting EB, which
ultimately influences downstream differentiation [15,16,18].

It is thought that semi-spherical microwells are simply
acting as a geometric template for the resulting spherical
EB. However, it is possible that the spherical formation of the
EB is also finely controlled through distinct biochemical and
biophysical regulatory mechanisms. Therefore, we hypo-
thesized that spherical EBs would continue to form
spontaneously even in the presence of anisotropic, non-circular
physical confinement. Moreover, such aggregation and
organization should be driven by both physical and bio-
chemical mechanisms. Contrary to other studies that use
isotropic microwells [15], we have chosen to systematically
examine this issue by fabricating substrates containing 1.5 cm
long, 100 wm deep open-top grooves of varying widths (50—
1000 wm) [19]. On these substrates, cells quickly accumulate
in the bottom of the grooves, as they possess a higher mass den-
sity than the surrounding medium. After accumulating in the
bottom and adhering, cells are free to migrate out of the grooves
and along their length. However, cell migration is limited across
the groove width. We demonstrate that this single axis of con-
finement (arising from the groove width) is all that is
required to induce the spherical and isotropic aggregation of
mESCs into an early EB. During the first approximately 6 h
after entering the grooves, physical confinement leads to an
increase in cell—cell collisions that nucleate the formation of a
spherical EB. Conversely, in the absence of any physical con-
finement (cells on planar surfaces) mESCs tended to form
large, flat islands, even when seeded at high density. Finally,
physical confinement alone is not enough to induce EB for-
mation, as E-cadherin activity and actomyosin dynamics play
a key regulatory role. The cytoskeleton constitutively exerts ten-
sion on E-cadherins at the plasma membrane capable of
modulating E-cadherin expression and subsequent cell-cell
binding [20-22]. Therefore, the molecular mechanisms that
control cell-cell adhesion and aggregation are also important
during the earliest stages of spherical EB formation. Although
mechanical forces and material properties are clearly important
during developmental processes [1,23], our work highlights the
fact that physical confinement also plays an important role in
early embryogenesis. One of the earliest stages of lineage
specification occurs in a highly confined environment that
itself imparts a regulatory role in the aggregation and
organization of cells into the ICM. Our work suggests this
physical separation of the ICM and the trophoblast is not
only biochemically regulated, but also driven by physical
signalling.

2. Material and methods
2.1. Substrate fabrication

Master substrates were fabricated by means of standard soft
photolithography techniques on polished silicon wafers (unicer-
sitywafers.com, USA). Impurities on the wafer were removed
with a Piranha solution (3:1 sulfuric acid: hydrogen peroxide)
followed by a rinsing in de-ionized water and finally baked at
200°C for 30 min. A 100 pm uniform thickness of SU-8 2050
photoresists (Microchip, USA) was then spin-coated onto the
wafer. Photomask patterns were subsequently transferred to
the photoresist via UV exposure for 10s as per the manufac-
turer’s protocol. The photomask consisted of separate 2.25 cm?
square regions each containing 1.5 cm long black lines, with
100 pm spacing. The widths of the lines varied among square
regions from 50, 100, 200, 500-1000 pm. Polydimethylsiloxane
(PDMS) moulds with channelled topographies were formed by
pouring a 1:10 (curing agent: elastomer; Sylgard 184, Ellsworth
Adhesives) over the photoresist master mould. The PDMS
was allowed to cross-link in a convection oven at 80°C for 3 h.
Functionalization of the PDMS to permit collagen coating was
achieved through air plasma treatment at 50 W for 30 s. Rat-tail
collagen I (5pugcm 2, Gibco) was then deposited onto the
PDMS at room temperature for 30 min to allow adhesion followed
by a phosphate-buffered saline rinse.

2.2. Cell culture and drug studies

D3 mouse embryonic stem cells (mESC; ATTC, #CRL-1934) were
cultured as per ATTC’s protocol [24], in Dulbeco’s modified
Eagle’s medium supplemented with 12.5% fetal bovine serum,
0.1 mM non-essential amino acids, 30 pgml ' gentamicin
(Gibco), 0.1 mM 2-mercaptoenthanol (Sigma) and 1000 U ml ™!
leukaemia inhibitory factor (LIF; Millipore, catalogue no.
ESG1106). Cells were passaged every 48 h to prevent differen-
tiation. Cells were seeded onto the PDMS topographies
immediately after passaging at 50000 cells dish™'. Inhibition
studies of Rho-kinase (Y-27632; 10 pM, Sigma, catalogue
no. Y0503), myosin-II (myo-II; blebbistatin; 10 wM, Sigma, catalo-
gue no. B0560) and mDia (SMIFH2; 10 uM, Sigma, catalogue
no. 54826) were all performed by exposing mESC for the 48 h
incubation time period.

2.3. E-cadherin blocking

Prior to seeding, monoclonal DECMA-1 anti-uromodulin/
E-cadherin antibody (Sigma; 1:1600, catalogue no. U3254) was
added to cells in free suspension for 30 min. This antibody
binds directly to uvomorulin/E-cadherin which has been charac-
terized as a 120 kDa cell surface glycoprotein. Owing to their
protein structure similarities, the antibody also binds to L-CAM
and cell CAM 80/120, additional transmembrane proteins
involved in cell adhesion. Cells were then centrifuged and re-
suspended in fresh media and plated as described in §2.2.
Verification of primary antibody binding was performed with
an anti-rat IgG CF488A secondary antibody (Sigma, 1:500)
during immunofluorescent staining [25,26].

2.4, Immunofluorescence staining, quantification,

time-lapse imaging and microscopy
Cells cultured on PDMS substrates were fixed with 3.5% parafor-
maldehyde and permeabilized with Triton X-100 at 37°C. Cells
were stained for: vinculin, using monoclonal anti-vinculin (Sigma,
catalogue no. V9131), actin, using phalloidin conjugated to Alexa
Fluor 546 (Invitrogen, catalogue no. A22283) and DNA using
DAPI (Invitrogen, catalogue no. D1306). A full protocol has been
published previously [27]. Samples were then mounted using
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Vectashield (Vector Labs) and a no. 1 coverslip placed on top of the
PDMS substrate. Samples were then inverted and imaged with a
Nikon Ti-E A1-R high-speed resonant laser scanning confocal
microscope (LSCM) with a phase contrast 10x NAOQ.3 objective
or a DIC 60x NA1.2 water immersion objective. Immunofluores-
cence quantification of vinculin was performed by uniformly
staining all samples concurrently and image capturing at set
parameters. Images were then processed in IMAGE] whereby the
integrated density is relatively compared with background fluor-
escence using the measure tool [28]. For time-lapse imaging, cells
were seeded onto the PDMS substrate with an additional 3 ml of
media. Time-lapse phase contrast imaging was carried out on an
AE30 Motic microscope with a 10x objective, which was enclosed
in a temperature regulated (37°C) box. Samples were imaged every
10 min for up to 48 h. Scanning electron microscope images were
acquired on a JEOL JSM-7500F FESEM.

2.5. Image and statistical analysis

To obtain a quantitative description of the changes in aggregate
morphology, we developed two metrics defined as planar isotropy
(Ip) and globular isotropy (Ig). The planar isotropy describes the
circularity of the aggregate in the xy plane, whereas globular
isotropy describes its sphericity by comparing its vertical growth
(z-direction) to its effective xy size. A three-dimensional mesh rep-
resentation of the cell surface is generated in IMaGE] [29] from the
confocal image slices, using a marching cube algorithm [30]. The
mesh vertices r = (ry, 1, 1) are used to define the object’s position
(r2), (ry), (r2)), where () denotes an unweighted mean over the ver-
tices. The root-mean square distance of all the points to this centre
position is then used as a metric describing the extent of the aggre-
gate in the three Cartesian directions. Thus, Ry = /0, R, = NG
and R, = /02, where

aij = ((ri = Tr)(r; — (), 21

for i, j = {x, y, z}. To calculate the planar isotropy, we first project
the points onto the bottom surface (the xy-plane) and calculate the
principal components of the resulting dataset. This requires finding
the eigenvalues and eigenvectors of the covariance matrix

["”‘ "W}. (2.2)
O Oy
The ratio between the effective length along the major
(Rmax = +/0max) and minor (Rmin = /0min) axes (from the eigen-
values Opax  and  Ouun, respectively) then defines the
dimensionless parameter

planar isotropy = I, = Ili—m'" (2.3)
max
Note that a value of I, & 1 is expected for an isotropic sample (with
a roughly circular footprint), whereas I, <1 is indicative of an
elongated profile.
In addition, we define the dimensionless globular isotropy as

a measure of the effective height R, relative to its effective

planar size R, = 4/1/2(R%, + R2,). This is calculated using
the formula
. R, 20,
lobular isotropy = [, = —= /[ —————. 24
& Py # Rp ( Amax + /\min) ( )

With this definition, we expect I, <1 for the usual ‘flat’
(two-dimensional growth) profile and I,~1 for a spherical
(three-dimensional growth) profile.

2.6. Statistics

All statistical analyses were performed, using a one-way ANOVA
followed by a Tukey test for mean comparison. Unless other-
wise stated, all data are presented as mean + s.em. Each

condition, consisting of the various drugs and channel widths, n

was duplicated three times.

2.7. Simulations

In order to elucidate the dependence of the cluster morphology
upon both geometrical confinement and cell-cell/ cell-substrate
interactions, a simple simulation model is used where these
factors can be independently controlled. Additional factors that
can possibly influence morphology, such as cell interaction
range, initial cell surface density and initial cell seed amount
are held constant. This simulation model is used as a tool to
reveal the potential influencing physical factors observed in
aggregate formation and does not attempt to fully represent
the complexities of dynamic biological systems.

We thus use coarse-grained Langevin dynamics simulations
where cells are described as single spherical beads. Individual
cells are subject to forces arising from gravity, the solvent, the sub-
strate, as well as other cells in the system. The equation of motion
for the simulation beads is given by the Langevin equation [31]

d2ri(t
d’tlz( ) _vv4 Fygrav + Fs + Fs, (2.5)

where m is the mass of the cells, 7;is the position of the ith cell, V is
the net interaction potential and F;,, is the gravitational force. The
last two terms are used to implicitly model the solvent as contri-
buting to a dissipative friction F, and an effective Brownian
force Fs [31].

For simplicity, the cell-cell and cell-substrate interaction
potentials have an identical form, so that they can be controlled
via a single parameter. This is achieved using the modified
Lennard-Jones potential

“Fapr + A ifr<r
12 6 caps
VLJ = 4e (g> - (g> +A2 if rcap <r<Teut, (26)
0 r r if rewe <7,

with r being the distance between a cell and an object (either
another cell or a substrate surface), & is the depth of the
potential well, and o is the effective size of the cell (see
electronic supplementary material, figure S1). First, for short
distances (r < rc,p), we define a maximum repulsive force of
Feap. This force cap is needed owing to our chosen duplication
method that places overlapping daughter cells onto mother cells.
The constant A; is chosen such that the potential is continuous
at 7 = rcap. The Lennard-Jones potential is used for intermediate
distances (feap < 1 < ) and has a well minimum at 7, = 26,
The A, offset is chosen such that the potential is continuous at ¢yt

We use different well-depths ecc and ecs for the cell-cell
and cell-substrate interactions, respectively. A finite interaction
range is enforced by using a cut-off distance of 7¢y = 2rp.
Using these three components in the interaction potential main-
tains a repulsive behaviour at short distances and an attractive
component over a finite distance (see electronic supplementary
material, figure S1).

A single channel is constructed, using three mathematical
surfaces placed as a bottom plate at z= 0 surrounded by two
walls positioned at y = +w/2, where w is the channel width.
Periodic boundary conditions (electronic supplementary
material, figure S1) are used in the x-direction with the channel
nominal length I, chosen such that we achieve a constant cell
number density p = Ninit/wl, (to match a selected experimental
value C = 450 cell mm ?) for all widths. This implies that with
an initial seed of Njn =45 cells, the simulation system has an
area corresponding to 100 wm?. Under this construction, all the
simulation results are taken from systems that have the same
cell count and the same cell density despite having varying chan-
nel widths. Thus, by only changing the channel aspect ratio
(while keeping the area of the channel floor the same), these
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simulations allows us to decouple growth effects arising from
different cell numbers and densities inside the channels.

The simulation is structured into two distinct phases:
(i) initial cell diffusion and (ii) cell duplication. After the cells
are initialized randomly onto the bottom surface, they are
allowed to diffuse and explore the channel during an initial
period of time (10° time steps), during which they are allowed
to coalesce into small clusters and/or fall into low-energy regions
such as along the edges of the channels. Because cell diffusion is
observed to be suppressed after approximately 6h owing to
integrin binding, the duration of this phase was chosen when
the bead configurations were found to be similar to those
obtained from the experimental images of freshly attached cells.

At the end of this diffusion stage, daughter cells are added
into the simulation until a total population of Ny, = 352 cells is
reached. This corresponds to doubling the initial population of
Ninit = 44 cells three times (which is thus equivalent to 45 h of
incubation time). Duplication is conducted by selecting a
random mother cell from the simulation and inserting an over-
lapping daughter cell at the same location. We find that a short
lapse is sufficient to allow the mother—daughter cell duo to
relax and move away from one another. During this short time
period, the cells are still allowed to diffuse. This sequence is
repeated until all potential mother cells have duplicated once,
which marks the end of a doubling phase.

The described simulation is implemented with the ESPResSO
package [32] and visualized with VMD [33]. Electronic sup-
plementary material, table S1 contains the ESPResSO numerical
values for the parameters described herein. We find that these
values yield stable integration in the over-damped limit and pro-
vide simulated trajectories that are qualitatively in agreement
with those observed in the laboratory. Given the generic nature
of this model, we nevertheless find the dependence of the cluster
morphology upon the channel width (figure 4). A systematic
study of these parameters remains to be conducted, as it is out
of the scope of this study.

3. Results

3.1. Physical confinement promotes the spontaneous

formation of three-dimensional spheroids

Standard soft lithography techniques were employed to
fabricate collagen-coated PDMS substrates containing micro-
fabricated grooves. Groove width was systematically varied
(50, 100, 200, 500, 1000 wm) in order to alter the degree of
physical confinement on scales one to two orders of magni-
tude larger than the average length of an individual cell
(10 pm). Importantly, such geometries act to confine cell
movement across the groove width, yet permit movement
along the length and out of the groove [19]. We have pre-
viously shown that this can have profound impacts on the
organization and migration characteristics of epithelial and
fibroblast cells, even in co-culture [19]. In this study, SEM
and phase contrast imaging 48 h after plating reveals that the
vast majority of mESCs were found to have spontaneously
formed spherical aggregates resembling EBs (figure 1b,c),
including many that do not touch either vertical wall. Samples
were also fixed and fluorescently labelled for actin and DNA,
followed by imaging with LSCM. Images reveal that physical
confinement in the grooves clearly results in mESC aggregates
that possess a three-dimensional morphology (figure 1d,e).
On flat, collagen-coated PDMS substrates, mESCs have essen-
tially formed flat islands (one to two cells thick), rather than a
structure resembling a spheroid (figure 1f,g).

To quantify the morphology of the mESC aggregates
observed in this study, we calculated their planar (I,) and globu-
lar (I;) isotropy (Material and methods). After mESCs were
allowed to proliferate on flat or grooved substrates for 48 h,
they were fixed and stained as described above and imaged
with LSCM. For each substrate, 10 randomly chosen locations
were imaged on both substrates. For each aggregate identified,
the images were thresholded and for each image slice in the con-
focal stack, we determined the coordinates of the circumference
of the aggregate using the ‘analyse particles’ IMAGE] plugin.
This approach provided the coordinates of the aggregates in
three dimensions and allowed us to quantitatively assess the
shape of the aggregates, using our definitions of I, and I,.
As the isotropy value approaches 1, I, and I, describe a perfect
circle and sphere, respectively. As expected, when one views
the aggregates from above, regardless of substrate topography,
all aggregates appear roughly circular with an I, that varies
between 0.66 +0.03 and 0.78 + 0.03 depending on grove
width. Importantly, there was no statistically significant depen-
dence of I, on groove width or substrate topography (p > 0.05
in all cases).

In contrast, I; analysis revealed that on flat substrates,
cells proliferated in a planar fashion where I; = 0.27 + 0.02.
Conversely, in the grooves, globular isotropy was inversely
proportional to groove width. In the 50 pm wide grooves,
spheroids possessed an average I, of 0.86 + 0.03, which
decreased to 0.32+ 0.02 in the 1000 pm wide grooves
(figure 1h). Only the aggregates in the 50 and 100 pm grooves
possessed an I, significantly larger than the aggregates on the
flat substrates (p < 0.001). Interestingly, the number of cells
per aggregate (50 + 7 cells) did not display any statistically
significant dependence on groove width (figure 1i).

An SEM image of a spheroid in a 100 wm channel after
48 h of proliferation (figure 1b) clearly reveals that spheroids
can form without contacting channel walls for support,
consistent with LSCM data. However, spheroids can also be
found in contact with groove walls if they become very
large or happen to initiate immediately beside a wall. This
presented a problem in the 50 pm channels as the aggregates
were often found in contact with both walls, potentially
leading to the larger observed I; values. Therefore, in the fol-
lowing sections, we performed all experiments in 100 pm
wide channels in order to ensure that the observed mor-
phology is not influenced by the aggregate coming into
physical contact with both channel walls.

3.2. The role of actin dynamics on three-dimensional
aggregate formation

In order to investigate the role of actin dynamics in regulat-
ing aggregation and three-dimensional morphology, mESCs
were treated with a well-known Rho-kinase (ROCK) inhibi-
tor (Y27632), a specific myo-II inhibitor (blebbistatin) and an
mDial/2 inhibitor (SMIFH2). In general, ROCK plays a
major role in many aspects of actin organization, myo-II
governs actin contractility and mDial/2 belong to a family
of formins that regulate actin nucleation and polymerization
[34-36]. After 48 h of culture, cells were fixed and stained to
visualize the actin cytoskeleton and the nucleus with LSCM.
Inhibiting ROCK and mDial caused a statistically signifi-
cant effect (p <0.001) on spheroid shape characteristics
while blebbistatin had little effect. The ROCK inhibitor com-
pletely inhibited the three-dimensional shape of the
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Figure 1. Effects of topographical confinement on embryonic stem cell growth. (a) A perspective view of an SEM image of the PDMS substrate reveals the structure
of a typical microtopography with 100 pum grooves and ridges. Embryonic stem cells are seeded on this 100 pm groove topography for 48 h, whereby spheroidal
aggregates begin to form as a result of the confinement properties of the microenvironment (scale bar, 100 m). SEM (b) and phase contrast (c) images display the
spheroidal geometry of the aggregates in the 100 m groove after 48 h of growth (scale bars, 25 m). Actin (red) and DAPI (blue) in a top-down (d) and side (e)
view further reveal the three-dimensional geometry of the aggregate in a grooved space. Dotted lines indicate the presence of the channel walls. Cells plated on a
flat PDMS substrate demonstrated significantly different geometric shapes with their morphology resembling a circular (f, top-down) yet flat shape (g, side view; all
scale bars, 25 um). (h) The globular isotropy /q (blue) and planar isotropy /, (red), which define the sphericity and circularity of the aggregate, respectively, revealed
that at higher levels of confinement (50, 100, 200 m), Ig is statistically different (***p << 0.001, *p < 0.05, one-way ANOVA, mean =+ s.e.m.) to the flat sub-
strate while /, remains unaffected. (i) The number of cells per aggregate was also counted to ensure that the differences in morphology observed was not the result
of cell density. The results show no statistically significant difference across any of the channels and the flat substrate (n = 25). (Online version in colour.)

spheroid (figure 2a), resulting in cells growing along the
sides of the grooves. Cells could be found in isolation and
small island-like aggregates that resembled growth on a
flat substrate. The average I of the aggregates was deter-
mined to be 0.22 + 0.02, which is significantly less than
untreated cells 0.49 + 0.04 (p < 0.001). Blebbistatin treat-
ments appeared to have no effect on I; (0.54 + 0.05)
compared with untreated cells in 100 pm channels
(figure 2b). Conversely, inhibition of mDia resulted in the
formation of more isotropic spheroids (I =0.80 + 0.04,
figure 2c), significantly higher than the untreated cells in
100 pm channels (p < 0.001; figure 2d). Finally, on flat sub-
strates, drug treatments had no statistically significant effect
(p>0.05) on I, or I; compared with untreated cultures
(electronic supplementary material, figure S2). These results
clearly demonstrate that the role of actomyosin dynamics

in regulating cellular aggregation and organization in
three-dimensional spheroids is strongly dependent on the
presence of physical confinement.

3.3. Direct modification of cell—cell and cell —substrate
adhesion

To investigate the importance of cell-cell and cell-substrate
interactions during aggregate formation, we designed two
additional experiments. In the first case, we interfered with
cell-cell interactions by treating mESCs in suspension with
an E-cadherin primary antibody for 30 min prior to culturing
on flat and 100 wm grooved surfaces. After 48 h of culture,
cells were stained and imaged for actin and DNA. In addition,
we also treated the cells with a fluorescently labelled second-
ary antibody to visualize the E-cadherin antibody that was
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Figure 2. The effects of inhibiting actomyosin dynamics and E-cadherin function on spheroid formation. Max projection images of actin (red) and DAPI (blue) taken
by confocal microscopy displaying the effects of the drugs Y-27632 (a) (n = 20), blebbistatin (b) (n = 24) and SMIFH2 (c) (n = 28) on embryonic stem cells
grown in 100 wm grooved channels (scale bars in (a) = 25 m and apply to (b,c)). Dotted lines represent the presence of the wall. Inhibition studies were
performed to elucidate the molecular mechanisms responsible for altered development in response to confinement. (d) With the exception of blebbistatin,
both Y-27632 and SMIFH2 had a significant effect on the globular isotropy /, (blue). Planar isotropy /, (red) appears to be less affected by the selective inhibitions
with only Y-27632 demonstrating a significant effect. E-cadherin, the cell surface protein responsible for cell - cell adhesions, was blocked by exposure to a primary
E-cadherin antibody prior to sending. (e) Actin (red), DAPI (blue) and e-cadherin (green) display the effects of blocking e-cadherin prior to seeding in the grooves,
resulting in a complete breakdown of aggregation as cells aberrantly grew in a single cell manner (scale bar, 25 pm; n = 3). (Online version in colour.)

introduced prior to plating. Applying the secondary antibody
confirmed the presence of the primary antibody bound to
E-cadherins even after 48 h in culture. Imaging reveals that
cell-cell aggregate formation was significantly impaired.
Individual cells were clearly dispersed and sometimes found
in isolation (figure 2¢). Spheroid formation was abolished
and cells were found throughout the channels.

In a second experiment, we sought to manipulate cell—-
substrate adhesion. In this case, PDMS substrates were
either left unfunctionalized or functionalized with fibronectin
in addition to collagen. Bare PDMS channels or flat substrates
completely lacked any significant cell proliferation after 48 h
confirming the importance of matrix proteins in promoting
adhesion (electronic supplementary material, figure S3a,b).
We then hypothesized that additional extracellular matrix
proteins should provide an increased number of sites for
cell-substrate binding via integrins and thereby enhance
cell-substrate interactions. Interestingly, the altered adhesive
properties of the substrate (collage + fibronectin) did not
impede the formation of spheroids, which occurred in
a manner consistent with previous data. However, the
addition of fibronectin to the surface promoted cell growth
on the groove ridges (electronic supplementary material,

figure S3c). The morphology of the cells on the ridges was
similar to cells growing on flat substrates. Cells found on
ridges clearly lack the influence of physical confinement,
indicating its importance in the formation of spheroids.

3.4. Effects of confinement on cell displacement
and collision frequency

Thus far, we have reported on the appearance of spheroids in
confined geometries after 48 h of culture. In order to under-
stand the initiation and progression of spheroid formation at
early times, we performed live cell time-lapse phase contrast
imaging of mESCs over a 24 h period following plating on
flat and grooved surfaces (three replicates in both cases).
On flat substrates (figure 3a and electronic supplementary
material, video S1), cells initially attach to the surface as
single cells or in small groups and then proliferate into
island-shaped aggregates. In general, we also observe that
island growth occurs mainly through proliferation rather
than through new cells joining the island through migration.

Time-lapse imaging of grooved surfaces reveals a very
different series of events. Immediately after seeding, cells
were found at the bottom of the grooves owing to their
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Figure 3. Time-lapse imaging of mESC proliferation and organization. Embryonic stem cells were seeded on to a flat (a) and 100 pum channelled (b) PDMS
topography and imaged for a 24 h period. Scale bar, 50 pm. Aggregation between cells display distinctly different formation patterns as confined cells grow
in a far more three-dimensional manner. (c) A closer look at the preliminary cell—cell interactions of a developing aggregate in a 100 pum channel. Scattered
cells diffuse until they stochastically collide eventually forming a chain of cells. This is followed by an infolding, creating a preliminary spheroidal geometry.
Once aggregated, (d) growth occurs through cycles of mitosis (white arrow) and cell re-organization. Scale bar, 25 m.

higher mass density than the surrounding medium
(figure 3b). Within 12 h incubation time, cell-cell aggrega-
tion nucleates the formation of the spheroids. By 24 h, the
spheroids have exhibited proliferative growth, expanding
in three dimensions (electronic supplementary material,
video S2). A more in-depth analysis over a 2h period
shortly after seeding (figure 3c and electronic supplemen-
tary material, video S3), revealed that very early spheroid
formation is driven by the collision and aggregation of a
small number of cells. In the early spheroid, mitosis can
be observed (figure 3d). After cytokinesis occurs, the newly
divided cells remain adhered to the aggregate. This
process continues as the initial nucleate develops into a
three-dimensional spheroid.

To quantify these observations, we measured the fre-
quency of collision events between cells during the early
formation of the spheroids (figure 4a). Importantly, cells
found in the grooves exhibited a collision frequency (22 +
7 collisions h™') approximately fourfold higher than cells
on flat surfaces (7 + 2 collisionsh™!). However, as the
number of cells seeded onto each substrate was constant,
the collection of cells into the grooves leads to a higher
effective cell density as a result of physical confinement.
To control for this effect, a series of experiments were
performed in which the number of cells added to the

flat substrate matched the effective density observed in
the 100 wm channels (approx. 450 cells mm ). Importan-
tly, even at this higher seeding density, the observed
collision frequency (3 +1 collisions h™!) remained signifi-
cantly lower than observed within the 100 wm channels
(p <0.001). Interestingly, when comparing the effect of
cell density on flat substrates, there appears to be a twofold
drop in cell collision frequency within high-density con-
ditions. Statistical analysis shows no significant difference
(p <0.05) between these conditions which suggests that
the discrepancy is attributed to the inherent variability
between experiments. Although islands were still observed
to form at higher seeding density, they tended to be much
larger, as expected (electronic supplementary material,
figure S3d,f). In our initial experiments, cell aggregates in
500 wm channels were geometrically indistinguishable
from aggregates on flat substrates (figure 1h). Therefore,
we also conducted an experiment where the higher seeding
density was also applied to the 500 pm channels. In this case,
we observed a significantly lower collision frequency (7 + 4
collisions h ') than in the 100 um channels (p <0.001). This
suggests that increased cell density alone is not responsible
for the observed changes in collision frequency and that phys-
ical confinement is playing an influential role in promoting
cell—cell interactions.
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3.5. Simulation of spheroid formation

Depending on their respective adhesion affinities, cell-cell
and cell-substrate interactions can significantly alter cell
morphology and behaviour [6,37-39]. To assess the relative
importance of cell-cell and cell-substrate binding in spher-
oid formation, we developed a simulation model that
recreates the confinement conditions of our experiments
(figure 4b). It is important to note that this model does
not reproduce all the biological complexities of the system
but presents complementary information which provides
insight into the physical interaction between cell and sub-
strate. In either 100 wum channels or flat substrates, cells
are allowed to diffuse, interact with each other and the sub-
strate, and undergo mitosis. Through the utilization of a
coarse-grain Langevin dynamic model, we altered the bind-
ing energies between cells (E.) and substrate (Es) and
quantitatively analysed the effect on the development of
spheroid formations. The relative change in selective
binding is denoted by chi (x = Ec/Ec), Whereby E is
kept constant and € is increased. As the value of y
increases, cell-substrate attraction becomes stronger. With
an initial cell density of 450 cells mm 2, the simulation
initiates the diffusion phase, whereby cells explore the sur-
rounding space. Random cells are then chosen periodically
to duplicate followed by a relaxation phase whereby
newly formed cells can move to a lower energy position.
This sequence is repeated until each cell has undergone
three generations of duplications.

As can be expected, under extreme y values of 0 and 4,
cell aggregation was extremely spheroidal or flat respect-
ively (electronic supplementary material, figure S1).
Interestingly however, changing the channel width within
any condition of y displayed significant (p < 0.001) changes
in the I, of the aggregates. At y=1, the simulation rep-
resents similar I, and I, values acquired experimentally.
In a non-confined system (flat), the simulation displayed
aggregates with an average I, of 0.39 4 0.005, negligibly
higher (p <0.01) than the value of 0.27 +0.02 acquired
experimentally. Similarly, under the 100 wum confinement
condition, the simulated and experimental I, values were
0.46 +£0.005 and 0.55+ 0.05, respectively. These results
suggest that a relatively balanced €. and € is required
to induce spherogenesis.

4. Discussion

In this study, we examined the influence of physical confine-
ment on the three-dimensional spatial organization and
growth of mESCs. To investigate this, we fabricated grooved,
collagen-functionalized, PDMS substrates of varying widths
(50, 100, 200, 500, 1000 pm) and constant depth (100 pm).
Interestingly, after 48 h of incubation, cells grown on sub-
strates with 50-200 pm grooves displayed clear spheroidal
growth. This differs from the traditional flat two-dimensional
cultures in which cells display flat, island-shaped aggregates.
Importantly, in the absence of collagen-functionalization,
cells did not adhere or proliferate on the PDMS substrates.
Contrary to previous strategies using concave micro-
wells [15] to form spheroids, this experiment reveals that
spontaneous three-dimensional growth can occur as a result
of a single axis of physical confinement. Quantitative globu-

lar isotropy analysis revealed how three-dimensional
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Figure 4. Cell—cell collision dynamics and computational modelling of
cellular organization and morphology. (a) The number of collision events
between cells at varying levels of confinement. Cells were seeded onto
PDMS topographies and recorded every 5 min for 6 h. To compensate for
the difference in cell density owing to confinement, a higher-density (HD)
seed matching the effective density of 100 m channels (450 cells mm~?)
was performed for the 500 m and flat conditions. The collision frequency of
cells in 100 pm channels was the only condition displaying a statistically
significant difference (***p << 0.001) compared with the flat PDMS control.
(b) The globular isotropy /; of simulated spheroids at varying levels of
x (cell—substrate/cell - cell energy). Channel widths: 50 pwm (black),
100 m (red), 500 pm (blue), 1000 m (green), flat (pink). Simulations
were performed replicating experimental conditions, with a preliminary cell
density of approximately 450 cells mm ™2 at varying channel widths. Cells
undergo a preliminary phase of diffusion followed by cycles of duplication
and relaxation. The average (n = 100) /; of aggregates demonstrates that
as cell—substrate energies increase, aggregate geometry becomes flatter.
At y =1, the simulation displays very similar results to those acquired
experimentally. (Online version in colour.)

growth decreased with decreasing physical confinement
(figure 1h). It is interesting to note that the I, within flat
conditions was less than 0.8, suggesting an intrinsic level
of anisotropy. Although speculative, this intrinsic level
of anisotropy may potentially arise from actin stress fibre
polarization in individual cells in the aggregate. Further-
more, spheroid formation did not appear to be dependent
on the proximity to channel walls, displaying three-
dimensional growth without a surrounding matrix. The
aggregation was also not the result of a higher cell density,
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as there was no statistical difference (p > 0.05) in the
collision frequency of highly seeded (450 cells mm ?) flat
PDMS surfaces.

To examine whether increased substrate adhesion
could alter spheroid formation in the channel, we increased
cell-substrate interaction by depositing both collagen and
fibronectin before cellular plating. Within the confines
of the grooves, spheroid formation was not obviously
altered. Interestingly, cells also adhered and grew at the
top of the ridges, in a flat island-like shape, a completely differ-
ent morphology to the cells below. This occurrence, in which
all sets of conditions are the same, isolates confinement as
the influencing factor inducing three-dimensional growth.

In our previous work, mouse NIH3T3 fibroblasts and
Madin-Darby canine kidney epithelial cells grown in similar
channelled conditions favoured substrate adhesion and
eventual monolayer formation [19]. The preferential affinity
displayed by in vitro mESCs for globular formation versus
substrate adhesion mimics in vivo development at the blasto-
cyst stage. Confined within the ICM, E-cadherins play a
pivotal role in cell rearrangement, tissue morphogenesis,
establishing cell polarity and tissue architecture maintenance
[40]. It is also highly associated with the actomyosin network,
as they possess a regulatory feedback loop which can
modulate cadherin expression during embryogenesis
[6,8,14,41]. Expression of E-cadherin significantly lowers
immediately after differentiation, which has made it a
pluripotency marker for undifferentiated cells [4243].
To examine its influence on spheroid formation within a
confined channel, cells were pre-loaded with a primary
E-cadherin antibody to block cell-cell adhesion that caused
the abolition of spheroid formation (figure 2e). This obser-
vation is consistent with the notion that E-cadherin operates
within a positive feedback loop, that if perturbed, disrupts
colony formation and impairs long-term survival of
ESCs [44].

ROCK and myo-II are also known to play a role in reg-
ulating the stability of newly formed cell-cell junctions
[45,46]. Here, ROCK inhibition disrupted spheroid for-
mation, producing results consistent with the E-cadherin
blocking experiments. This is also consistent with our
understanding of actin dynamics as inhibiting Rho sub-
sequently effects E-cadherin binding. Surprisingly, myo-II
did not have any clear effect on spheroid formation or
shape characteristics. In this study, we were forced to use
a relatively low concentration of blebbistatin (2 uM) as
higher concentrations (5 and 10 pM) resulted in the com-
plete loss of all cells from the substrate. Myo-II inhibition
will destabilize E-cadherin cell-cell contacts [45,46] and dis-
rupt cell-substrate contacts (figure 5) [47]. We speculate
there exists a sharp threshold level of myo-II activity that
is required to maintain cell-substrate and cell-cell
adhesion. Finally, inhibition of formins via SMIFH2 allowed
us to directly inhibit actin nucleation, migration and
cell-substrate adhesion pathways. As an actin regulator,
mbDial/2 accelerates actin polymerization, focal adhesion
dynamics, cell-substrate attachment and migration
[36,48-50]. It mediates this through its interactions with
the c-Src pathway and focal adhesion kinase (FAK) path-
way. Both c-Src and FAK are key proteins responsible for
the formation and dynamic reorganization of focal adhesion
complexes [50,51]. Formin inhibition resulted in spheroids
with significantly larger I;. As decreased cell-substrate

adhesion and inhibited migratory processes tend to promote [ 9 |

cell-cell adhesion through cadherin binding, subsequently
leading to a more spherical morphology as shown by
their globular isotropy values. Finally, in the channels, the
number of cell-cell collisions per hour was about threefold
higher compared with cells on flat substrates. This leads to
an increased probability of experiencing a cell—-cell collision
and adhesion event in the channels.

Taken together, the picture that emerges from the exper-
imental data is that a balance between physical and
biochemical factors are influencing the early formation of
EBs. The developmental pathway of the cells depends upon
their dynamic interaction with the physical properties that
surround them rather than their static position at any
moment in development, as suggested by Beloussov ef al.
[52—-54]. To explore this idea further, we developed a simu-
lation that could reproduce the organization of cells we
observed during experiments. Specific cellular organization
could arise from cells allowed to diffuse and collide while
undergoing energetically favourable movements during
relaxation phases. A parameter, y (€. /Ec), was developed
to explore this phenomenon by simply changing the relative
balance between cell-substrate and cell-cell adhesion
strength. At y=1.0, whereby the strength of cell-cell
adhesion is equal to that of cell-substrate, simulated aggre-
gates resemble the aggregates observed experimentally.
Importantly, experimental observations were reproduced
under situations in which cell-cell and cell-substrate
strength becomes unbalanced. In cases where x<1.0,
spheroids are formed with much higher I; than the case
where x = 1.0. This reflects the experimental results obtained
with formin inhibition where cell-substrate interaction is
impaired significantly. Alternatively, when y > 1.0, cellular
aggregates possessed a low [, compared with the scenario
in which y = 1.0. In this case, inhibiting cell-cell interactions
promotes the likelihood of cell-substrate interactions and the
formation of islands or dispersed groups of cells that do not
resemble spheroids.

It is well appreciated that soluble signals (growth fac-
tors, cytokines) are highly involved in the self-regulating
designated the stem cell
[18,38,55]. However, recent evidence also suggests that

microenvironment niche
stem cell development is strongly influenced by coexisting
insoluble adhesive, topological and mechanical cues inher-
ently contained in the niche [56-60]. Manipulating
these physical cues via patterned ECM protein or altered
substrate topography has been shown to induce morpho-
logical, orientational and proliferative changes in a wide
array of cell types [61-65]. In this study, we have demon-
strated that physical confinement characteristics can also
be exploited to control the three-dimensional organization
of mESC aggregates. Contrary to flat substrates, mESCs
were observed to grow spherically in confined grooves,
through initial phases of cellular aggregation followed
by proliferative expansion. In recent years, considerable
interest has grown in the role physical cues in the micro-
environment play in stem cell regulation [2,23,66-68],
such as matrix elasticity, nanotopography and stretch.
The objective of this work has been to demonstrate that
physical confinement also plays an important role in the
regulation of stem cell organization in three dimensions.
Therefore, physical confinement can be considered yet
another physical cue that stem cells are able to sense
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Figure 5. Effects of confinement and selective protein inhibition in embryonic stem cell formation. (a) At t = 0 h, cells begin to adhere to the substrate. With time,
stochastic collisions induce cell—cell interactions and promote aggregate formation. Although this formation occurs in all conditions, its globular isotropy is depen-
dent on the level of confinement imposed on the cells, with higher levels promoting spheroidal formations. (b) Cell movement and growth is dictated by multiple
key proteins that regulate actin formation, contraction and cell - cell adhesion. Inhibiting mDia, and consequently actin polymerization, (c) resulted in a spheroidal
formation with higher / values. Inhibiting ROCK, and hence E-cadherin assembly, completely prevented three-dimensional development, causing cells to be highly
dependent on cell—substrate adhesion. Similarly, blocking E-cadherins, the cell—cell adhering junctions, prevented cell—cell interactions and prevented any

aggregation after 48 h. (Online version in colour.)

and respond to, although its full significance is still being
fully elucidated.

Here, we have revealed that topographical confinement
can promote three-dimensional spheroidal formation of
embryonic stem cells. Cell proliferation in confined space
was clearly altered compared with traditional flat two-
dimensional cultures. Importantly, confinement is a major
factor influencing cell-type-dependent response to micro-
topographies [3,69]. This is in line with other recent studies
that have manipulated the confinement properties of hydro-
gels to direct stem cell growth and differentiation [3]. Much
like the recent elucidation of the importance of substrate
stiffness in stem cell fate [23], the evidence of confinement
as a critical factor in controlling cell growth is becoming
more prominent. With the advent of three-dimensional

tissue engineering and stem cell regeneration, the phenom-
enon demonstrated here may further help develop new
scaffolds that can direct cell growth and behaviour.

Authors” contributions. Conceived and designed experiments: S.V.H., A.E.P.
Performed the experiments: S.V.H. Model simulations: D.S., M.L, GW.S.
Analysed the data: SV.H., DS, M, AEP. Contributed reagents/
materials: M.G., A.E.P. Wrote the paper: SV.H, D.S,, M.I, AEP.
Competing interests. We have no competing interests.

Funding. This work was supported by individual Natural Sciences and
Engineering Research Council (NSERC) Discovery Grants (M.G., G.S.
and A.E.P.) and the Canadian Foundation for Innovation (M.G. and
AEP).

Acknowledgements. S.H. was supported by the Queen Elizabeth II Gradu-
ate Scholarship in Science and Technology. A.E.P. gratefully
acknowledges generous support from the Canada Research Chairs
programme.

€1909107 €L 2npay 05y 1 BuoBunsygndieposieforys [


http://rsif.royalsocietypublishing.org/

Downloaded from http://rsif.royalsocietypublishing.org/ on December 10, 2016

References

Lee J, Abdeen AA, Zhang D, Kilian KA. 2013 Directing
stem cell fate on hydrogel substrates by controlling cell
geometry, matrix mechanics and adhesion ligand
composition. Biomaterials 34, 8140—8148. (doi:10.
1016/j.biomaterials.2013.07.074)

Dalby MJ, Gadegaard N, Oreffo ROC. 2014
Hamessing nanotopography and integrin —matrix
interactions to influence stem cell fate. Nat. Mater.
13, 558-569. (doi:10.1038/nmat3980)

Khetan S, Guvendiren M, Legant WR, Cohen DM,
Chen S, Burdick JA. 2013 Degradation-mediated
cellular traction directs stem cell fate in covalently
crosslinked three-dimensional hydrogels. Nat. Mater.
12, 458-465. (doi:10.1038/nmat3586)

Poh Y-C et al. 2014 Generation of organized germ
layers from a single mouse embryonic stem cell.
Nat. Commun. 5, 4000. (doi:10.1038/ncomms5000)
Soncin F, Ward CM. 2011 The function of E-cadherin
in stem cell pluripotency and self-renewal. Genes
(Basel). 2, 229-259. (doi:10.3390/genes2010229)
Li L, Bennett SAL, Wang L. 2012 Role of E-cadherin
and other cell adhesion molecules in survival and
differentiation of human pluripotent stem cells. Cell
Adhes. Migr. 6, 59—70. (doi:10.4161/cam.19583)
Kim Y-S, Yi B-R, Kim N-H, Choi K-C. 2014 Role of
the epithelial - mesenchymal transition and its
effects on embryonic stem cells. Exp. Mol. Med. 46,
1-5. (doi:10.2119/molmed.2013.00166)

Redmer T, Diecke S, Grigoryan T, Quiroga-Negreira A,
Birchmeier W, Besser D. 2011 E-cadherin is crucial
for embryonic stem cell pluripotency and can
replace 0CT4 during somatic cell reprogramming.
EMBO Rep. 12, 720—726. (doi:10.1038/embor.
2011.88)

Chou L, Firth JD, Uitto VJ, Brunette DM. 1995
Substratum surface topography alters cell shape and
regulates fibronectin mRNA level, mRNA stability,
secretion and assembly in human fibroblasts. J. Cell
Sci. 108, 1563 —1573.

Gumbiner BM. 2005 Regulation of cadherin-
mediated adhesion in morphogenesis. Nat. Rev.
Mol. Cell Biol. 6, 622—634. (doi:10.1038/nrm1699)
Miller UJ, Davidson LA. 2013 The interplay between
cell signalling and mechanics in developmental
processes. Nat. Rev. Genet. 14, 733—744. (doi:10.
1038/nrg3513)

Fernandez-Gonzalez R, Zallen JA. 2009 Cell
mechanics and feedback regulation of actomyosin
networks. Sci. Signal. 2, pe78. (doi:10.1126/
scisignal.2101pe78)

de Rooij J. 2014 Cadherin adhesion controlled by
cortical actin dynamics. Nat. Cell Biol. 16, 508 —510.
(d0i:10.1038/nch2980)

Engl W, Arasi B, Yap LL, Thiery JP, Viasnoff V. 2014
Actin dynamics modulate mechanosensitive
immobilization of E-cadherin at adherens junctions.
Nat. Cell Biol. 16, 587 —594. (doi:10.1038/nch2973)
Choi YY, Chung BG, Lee DH, Khademhosseini A, Kim
J-H, Lee S-H. 2010 Controlled-size embryoid body
formation in concave microwell arrays. Biomaterials

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

28.

31, 4296-4303. (doi:10.1016/j.biomaterials.2010.
01.115)

Hwang Y-S, Chung BG, Ortmann D, Hattori N,
Moeller H-C, Khademhosseini A. 2009 Microwell-
mediated control of embryoid body size requlates
embryonic stem cell fate via differential
expression of WNT5a and WNT11. Proc. Natl Acad.
Sci. USA 106, 16 97816 983. (doi:10.1073/pnas.
0905550106)

Karp JM et al. 2007 Controlling size, shape and
homogeneity of embryoid bodies using
poly(ethylene glycol) microwells. Lab Chip 7,
786—794. (doi:10.1039/b705085m)

Discher DE, Mooney DJ, Zandstra PW. 2009 Growth
factors, matrices, and forces combine and control
stem cells. Science (80-) 324, 1673 —1677. (doi:10.
1126/science.1171643)

Leclerc A, Tremblay D, Hadjiantoniou S, Bukoreshtliev
NV, Rogowski JL, Godin M, Pelling AE. 2013 Three
dimensional spatial separation of cells in response to
microtopography. Biomaterials 34, 8097 —8104.
(doi:10.1016/j.biomaterials.2013.07.047)

Mammoto T, Mammoto A, Ingber DE. 2013
Mechanobiology and developmental control. Annu.
Rev. 29, 27-61. (doi:10.1146/annurev-cellbio-
101512-122340)

Strzyz P. 2015 Cell adhesion: SUMO controls a tug of
war at junctions. Nat. Rev. Mol. Cell Biol. 16, 641.
(doi:10.1038/nrm4082)

Leckband DE, Rooij J de. 2014 Cadherin adhesion
and mechanotransduction. Annu. Rev. 30, 291—
315. (doi:101146/annurev-cellbio-100913-013212)
Engler AJ, Sen S, Sweeney HL, Discher DE. 2006
Matrix elasticity directs stem cell lineage
specification. Cell 126, 677 —689. (doi:10.1016/j.cell.
2006.06.044)

Doetschman TG, Eistetter H, Katz M, Schmidt W,
Kemler R. 1985 The in vitro development of
blastocyst-derived embryonic stem cell lines:
formation of visceral yolk sac, blood islands and
myocardium. J. Embryol. Exp. Morphol. 87, 27—45.
Mohamet L, Lea ML, Ward CM. 2010 Abrogation of
E-cadherin-mediated cellular aggregation allows
proliferation of pluripotent mouse embryonic stem
cells in shake flask bioreactors. PLoS ONE 5, €12921.
(doi:10.1371/journal.pone.0012921)

Dang SM, Gerecht-Nir S, Chen J, Itskovitz-Eldor J,
Zandstra PW. 2004 Controlled, scalable embryonic
stem cell differentiation culture. Stem Cells 22,
275-1282. (doi:10.1634/stemcells.22-3-275)

Guolla L, Bertrand M, Haase K, Pelling AE.

2012 Force transduction and strain dynamics

in actin stress fibres in response to nanonewton
forces. J. Cell Sci. 125, 603 —613. (doi:10.1242/jcs.
088302)

McCloy RA, Rogers S, Caldon CE, Lorca T, Castro A,
Burgess A. 2014 Partial inhibition of Cdk1 in G2
phase overrides the SAC and decouples mitotic
events. Cell Cycle 13, 1400—1412. (doi:10.4161/
€c.28401)

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

4.

Schneider CA, Rasband WS, Eliceiri KW. 2012 NIH
Image to Imace): 25 years of image analysis. Nat.
Methods 9, 671—675. (doi:10.1038/nmeth.2089)
Lewiner T, Lopes H, Vieira AW, Tavares G. 2003
Efficient implementation of marching cubes’ cases
with topological guarantees. J. Graph Tools 8,
1-15. (doi:10.1080/10867651.2003.10487582)
Slater GW et al. 2009 Modeling the separation of
macromolecules: a review of current computer
simulation methods. Electrophoresis 30, 792—818.
(doi:10.1002/elps.200800673)

Limbach HJ, Amold A, Mann BA, Holm C. 2006
ESPResSo—an extensible simulation package for
research on soft matter systems. Comput. Phys.
Commun. 174, 704-727. (doi:10.1016/j.cpc.2005.
10.005)

Humphrey W, Dalke A, Schulten K. 1996 VMD:
visual molecular dynamics. J. Mol. Graph. 14,
33-38. (doi:10.1016/0263-7855(96)00018-5)
Jaalouk DE, Lammerding J. 2009
Mechanotransduction gone awry. Nat. Rev. Mol. Cell
Biol. 10, 63—73. (doi:10.1038/nrm2597)

Gardel ML, Schneider IC, Aratyn-Schaus Y,
Waterman CM. 2010 Mechanical integration of actin
and adhesion dynamics in cell migration. Annu. Rev.
Cell Dev. Biol. 26, 315—333. (doi:10.1146/annurev.
cellbio.011209.122036)

Gupton SL, Eisenmann K, Alberts AS. 2007
Waterman-Storer (M. mDia2 regulates actin and
focal adhesion dynamics and organization in the
lamella for efficient epithelial cell migration. J. Cell
Sci. 120, 3475—3487. (doi:10.1242/jcs.006049)
Yang Y, Kulangara K, Lam RTS, Dharmawan R,
Leong KW. 2012 Effects of topographical and
mechanical property alterations induced by oxygen
plasma modification on stem cell behavior. ACS
Nano 6, 8591—8598. (doi:10.1021/nn301713d)
Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W,
Chen (S. 2009 Control of stem cell fate by physical
interactions with the extracellular matrix. Cell Stem
Cell 5, 17-26. (doi:10.1016/j.stem.2009.06.016)
Kim D-H, Provenzano PP, Smith CL, Levchenko A.
2012 Matrix nanotopography as a regulator of cell
function. J. Cell Biol. 197, 351-360. (doi:10.1083/
jcb.201108062)

0da H, Takeichi M. 2011 Evolution: structural and
functional diversity of cadherin at the adherens
junction. J. Cell Biol. 193, 1137—1146. (doi:10.
1083/j¢b.201008173)

Borghi N, Sorokina M, Shcherbakova 0G, Weis WI,
Pruitt BL, Nelson WJ, Dunn AR. 2012 E-cadherin is
under constitutive actomyosin-generated tension
that is increased at cell - cell contacts upon
externally applied stretch. Proc. Natl Acad. Sci. USA
109, 12 56812 573. (doi:10.1073/pnas.
1204390109)

D’Amour KA, Agulnick AD, Eliazer S, Kelly 0G, Kroon
E, Baetge EE. 2005 Efficient differentiation of human
embryonic stem cells to definitive endoderm. Nat.
Biotechnol. 23, 1534—1541. (doi:10.1038/nbt1163)

EL909LOZ ‘€L oAl 20§ Y T ﬁm‘ﬁu!qs!|qnd‘/(19!305|91(01';!sj E


http://dx.doi.org/10.1016/j.biomaterials.2013.07.074
http://dx.doi.org/10.1016/j.biomaterials.2013.07.074
http://dx.doi.org/10.1038/nmat3980
http://dx.doi.org/10.1038/nmat3586
http://dx.doi.org/10.1038/ncomms5000
http://dx.doi.org/10.3390/genes2010229
http://dx.doi.org/10.4161/cam.19583
http://dx.doi.org/10.2119/molmed.2013.00166
http://dx.doi.org/10.1038/embor.2011.88
http://dx.doi.org/10.1038/embor.2011.88
http://dx.doi.org/10.1038/nrm1699
http://dx.doi.org/10.1038/nrg3513
http://dx.doi.org/10.1038/nrg3513
http://dx.doi.org/10.1126/scisignal.2101pe78
http://dx.doi.org/10.1126/scisignal.2101pe78
http://dx.doi.org/10.1038/ncb2980
http://dx.doi.org/10.1038/ncb2973
http://dx.doi.org/10.1016/j.biomaterials.2010.01.115
http://dx.doi.org/10.1016/j.biomaterials.2010.01.115
http://dx.doi.org/10.1073/pnas.0905550106
http://dx.doi.org/10.1073/pnas.0905550106
http://dx.doi.org/10.1039/b705085m
http://dx.doi.org/10.1126/science.1171643
http://dx.doi.org/10.1126/science.1171643
http://dx.doi.org/10.1016/j.biomaterials.2013.07.047
http://dx.doi.org/10.1146/annurev-cellbio-101512-122340
http://dx.doi.org/10.1146/annurev-cellbio-101512-122340
http://dx.doi.org/10.1038/nrm4082
http://dx.doi.org/101146/annurev-cellbio-100913-013212
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1371/journal.pone.0012921
http://dx.doi.org/10.1634/stemcells.22-3-275
http://dx.doi.org/10.1242/jcs.088302
http://dx.doi.org/10.1242/jcs.088302
http://dx.doi.org/10.4161/cc.28401
http://dx.doi.org/10.4161/cc.28401
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1080/10867651.2003.10487582
http://dx.doi.org/10.1002/elps.200800673
http://dx.doi.org/10.1016/j.cpc.2005.10.005
http://dx.doi.org/10.1016/j.cpc.2005.10.005
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1038/nrm2597
http://dx.doi.org/10.1146/annurev.cellbio.011209.122036
http://dx.doi.org/10.1146/annurev.cellbio.011209.122036
http://dx.doi.org/10.1242/jcs.006049
http://dx.doi.org/10.1021/nn301713d
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://dx.doi.org/10.1083/jcb.201108062
http://dx.doi.org/10.1083/jcb.201108062
http://dx.doi.org/10.1083/jcb.201008173
http://dx.doi.org/10.1083/jcb.201008173
http://dx.doi.org/10.1073/pnas.1204390109
http://dx.doi.org/10.1073/pnas.1204390109
http://dx.doi.org/10.1038/nbt1163
http://rsif.royalsocietypublishing.org/

43.

4,

45.

46.

47.

48.

49.

50.

51.

Downloaded from http://rsif.royalsocietypublishing.org/ on December 10, 2016

Eastham AM, Spencer H, Soncin F, Ritson S, Merry CLR,
Stern PL, Ward CM. 2007 Epithelial — mesenchymal
transition events during human embryonic stem cell
differentiation. Cancer Res. 67, 11 254—11262.
(doi:10.1158/0008-5472.CAN-07-2253)

Li D et al. 2010 Integrated biochemical and
mechanical signals regulate multifaceted human
embryonic stem cell functions. J. Cell Biol. 191,
631-644. (doi:10.1083/jch.201006094)

Shewan AM, Maddugoda M, Kraemer A, Stehbens
SJ, Verma S, Kovacs EM, Yap AS. 2005 Myosin 2 is a
key Rho kinase target necessary for the local
concentration of E-cadherin at cell—cell contacts.
Mol. Biol. Cell 16, 4531—4542. (doi:10.1091/mbc.
£05-04-0330)

Weber GF, Bjerke MA, DeSimone DW. 2011 Integrins
and cadherins join forces to form adhesive
networks. J. Cell Sci. 124, 1183—1193. (doi:10.
1242/jcs.064618)

Stricker J, Beckham Y, Davidson MW, Gardel ML.
2013 Myosin Il-mediated focal adhesion maturation
is tension insensitive. PLoS ONE 8, e70652. (doi:10.
1371/journal.pone.0070652)

Li F, Higgs HN. 2003 The mouse formin mDial is a
potent actin nucleation factor regulated by
autoinhibition. Curr. Biol. 13, 1335-1340. (doi:10.
1016/50960-9822(03)00540-2)

Maekawa M et al. 1999 Signaling from Rho to the
actin cytoskeleton through protein kinases ROCK
and LIM-kinase. Science 285, 895-898. (doi:10.
1126/science.285.5429.895)

Yamana N et al. 2006 The Rho-mDia1 pathway
regulates cell polarity and focal adhesion turnover
in migrating cells through mobilizing Apc and c-Src.
Mol. Cell Biol. 26, 6844 —6858. (doi:10.1128/M(B.
00283-06)

Chaudhary A, Brugge JS, Cooper JA. 2002 Direct
phosphorylation of focal adhesion kinase by c-Src:
evidence using a modified nucleotide pocket kinase
and ATP analog. Biochem. Biophys. Res. Commun. 294,
293-300. (doi:10.1016/50006-291X(02) 00475-8)

52.

53.

55.

56.

57.

58.

59.

60.

Beloussov LV, Luchinskaya NN, Ermakov AS,
Glagoleva NS. 2006 Gastrulation in amphibian
embryos, regarded as a succession of biomechanical
feedback events. Int. J. Dev. Biol. 50, 113—122.
(doi:10.1387/ijdb.0520571b)

Beloussov LV. 2012 Mechano-geometric generative
rules of morphogenesis. Biol. Bull. 39, 119-126.
(doi:10.1134/51062359012020045)

Beloussov LV. 2003 Integrating self-organization
theory into an advanced course on morphogenesis
at Moscow State University. Int. J. Dev. Biol. 47,
177-181.

Wang JH-C, Thampatty BP. 2008 Mechanobiology of
adult and stem cells. Int. Rev. Cell Mol. Biol. 271,
301-346. (doi:10.1016/51937-6448(08)01207-0)
Dard N, Louvet-Vallée S, Santa-Maria A, Maro B.
2004 Phosphorylation of ezrin on threonine T567
plays a crucial role during compaction in the mouse
early embryo. Dev. Biol. 271, 87—-97. (doi:10.1016/
j.ydbio.2004.03.024)

Eckert JJ, McCallum A, Mears A, Rumshy MG,
Cameron IT, Fleming TP. 2004 Specific PKC isoforms
regulate blastocoel formation during mouse
preimplantation development preimplantation
development. Peptides 274, 384—401.

Fleming TP, McConnell J, Johnson MH, Stevenson
BR. 1989 Development of tight junctions de novo in
the mouse early embryo: control of assembly of the
tight junction-specific protein, Z0-1. J. Cell Biol.
108, 1407 —1418. (doi:10.1083/jch.108.4.1407)
Khang I, Sonn S, Park J-H, Rhee K, Park D, Kim K.
2005 Expression of epithin in mouse
preimplantation development: its functional role in
compaction. Dev. Biol. 281, 134—144. (doi:10.1016/
j.ydbio.2005.02.026)

Plusa B, Frankenberg S, Chalmers A, Hadjantonakis
A-K, Moore CA, Papalopulu N, Papaioannou VE,
Glover DM, Zernicka-Goetz M. 2005 Downregulation
of Par3 and aPKC function directs cells towards the
ICM in the preimplantation mouse embryo. J. Cell
Sci. 118, 505—515. (doi:10.1242/jcs.01666)

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wong JY, Leach JB, Brown XQ. 2004 Balance of
chemistry, topography, and mechanics at the cell -
biomaterial interface: issues and challenges for
assessing the role of substrate mechanics on cell
response. Surf. Sci. 570, 119-133. (doi:10.1016/j.
susc.2004.06.186)

Zatti S, Zoso A, Serena E, Luni C, Cimetta E, Elvassore N.
2012 Micropatterning topology on soft substrates
affects myoblast proliferation and differentiation.
Langmuir 28, 2718—2726. (d0i:10.1021/1a204776e)
Chen CS, Mrksich M, Huang S, Whitesides GM,
Ingber DE. 1997 Geometric control of cell life and
death. Science (80-) 276, 1425—1428. (doi:10.
1126/science.276.5317.1425)

Charest JL, Eliason MT, Garcia AJ, King WP. 2006
Combined microscale mechanical topography and
chemical patterns on polymer cell culture
substrates. Biomaterials 27, 2487 —2494. (doi:10.
1016/j.biomaterials.2005.11.022)

Bettinger CJ, Langer R, Borenstein JT. 2009 Engineering
substrate topography at the micro- and nanoscale to
control cell function. Angew. Chem. Int. Ed. 48, 5406 —
5415. (doi:10.1002/anie.200805179)

Holle AW, Engler AJ. 2011 More than a feeling:
discovering, understanding, and influencing
mechanosensing pathways. Curr. Opin. Biotechnol.
22, 648—654. (doi:10.1016/j.copbio.2011.04.007)
Chowdhury F, Na S, Li D, Poh Y-, Tanaka TS, Wang
F, Wang N. 2010 Material properties of the cell
dictate stress-induced spreading and differentiation
in embryonic stem cells. Nat. Mater. 9, 82—-88.
(doi:10.1038/nmat2563)

Arulmoli J, Pathak MM, McDonnell LP, Nourse JL,
Tombola F, Earthman JC, Flanagan LA. 2015 Static
stretch affects neural stem cell differentiation in an
extracellular matrix-dependent manner. Sci. Rep. 5,
8499. (doi:10.1038/srep08499)

Irimia D, Toner M. 2009 Spontaneous migration
of cancer cells under conditions of mechanical
confinement. Integr. Biol. (Camb.) 1, 506—512.
(doi:10.1039/b908595€)

SL909LOZ :{1 a;njjalu/ '505 YT ‘510'ﬁu!qs!|qnd‘/(19!305|é/(01';1sj E


http://dx.doi.org/10.1158/0008-5472.CAN-07-2253
http://dx.doi.org/10.1083/jcb.201006094
http://dx.doi.org/10.1091/mbc.E05-04-0330
http://dx.doi.org/10.1091/mbc.E05-04-0330
http://dx.doi.org/10.1242/jcs.064618
http://dx.doi.org/10.1242/jcs.064618
http://dx.doi.org/10.1371/journal.pone.0070652
http://dx.doi.org/10.1371/journal.pone.0070652
http://dx.doi.org/10.1016/S0960-9822(03)00540-2
http://dx.doi.org/10.1016/S0960-9822(03)00540-2
http://dx.doi.org/10.1126/science.285.5429.895
http://dx.doi.org/10.1126/science.285.5429.895
http://dx.doi.org/10.1128/MCB.00283-06
http://dx.doi.org/10.1128/MCB.00283-06
http://dx.doi.org/10.1016/S0006-291X(02)00475-8
http://dx.doi.org/10.1387/ijdb.052057lb
http://dx.doi.org/10.1134/S1062359012020045
http://dx.doi.org/10.1016/S1937-6448(08)01207-0
http://dx.doi.org/10.1016/j.ydbio.2004.03.024
http://dx.doi.org/10.1016/j.ydbio.2004.03.024
http://dx.doi.org/10.1083/jcb.108.4.1407
http://dx.doi.org/10.1016/j.ydbio.2005.02.026
http://dx.doi.org/10.1016/j.ydbio.2005.02.026
http://dx.doi.org/10.1242/jcs.01666
http://dx.doi.org/10.1016/j.susc.2004.06.186
http://dx.doi.org/10.1016/j.susc.2004.06.186
http://dx.doi.org/10.1021/la204776e
http://dx.doi.org/10.1126/science.276.5317.1425
http://dx.doi.org/10.1126/science.276.5317.1425
http://dx.doi.org/10.1016/j.biomaterials.2005.11.022
http://dx.doi.org/10.1016/j.biomaterials.2005.11.022
http://dx.doi.org/10.1002/anie.200805179
http://dx.doi.org/10.1016/j.copbio.2011.04.007
http://dx.doi.org/10.1038/nmat2563
http://dx.doi.org/10.1038/srep08499
http://dx.doi.org/10.1039/b908595e
http://rsif.royalsocietypublishing.org/

