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Abstract

Within the heterogeneous tissue architecture, a comprehensive understanding of how cell shapes
regulate cytoskeletal mechanics by adjusting focal adhesions (FAS) signals to correlate with

the lineage commitment of mesenchymal stromal cells (MSCs) remains obscure. Here, via
engineered extracellular matrices, we observed that the development of mature FAs, coupled
with a symmetrical pattern of radial fiber bundles, appeared at the right-angle vertices in cells
with square shape. While circular cells aligned the transverse fibers parallel to the cell edge,

and moved them centripetally in a counter-clockwise direction, symmetrical bundles of radial
fibers at the vertices of square cells disrupted the counter-clockwise swirling and bridged the
transverse fibers to move centripetally. In square cells, the contractile force, generated by the
myosin l1A-enriched transverse fibers, were concentrated and transmitted outwards along the
symmetrical bundles of radial fibers, to the extracellular matrix through FAs, and thereby driving
FA organization and maturation. The symmetrical radial fiber bundles concentrated the transverse
fibers contractility inward to the linkage between the actin cytoskeleton and the nuclear envelope.
The tauter cytoskeletal network adjusted the nuclear-actomyosin force balance to cause nuclear
deformability and to increase nuclear translocation of the transcription co-activator YAP, which
in turn modulated the switch in MSC commitment. Thus, FAs dynamically respond to geometric
cues and remodel actin cytoskeletal network to re-distribute intracelluar tension towards the cell
nucleus, and thereby controlling YAP mechanotransduction signaling in regulating MSC fate
decision.

Keywords
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1. Introduction

Bone marrow-derived mesenchymal stromal cells (MSCs) are omnipotent cells capable

of self-renewal and differentiation into a variety of cell types [1-7]. Thus, MSCs not

only contribute to homeostasis [8] but also serve as an attractive cell source for cell

therapy to treat various types of diseases and injuries [7,9,10]. In the adult skeleton,

MSCs differentiate mainly into osteoblasts and adipocytes. Maintaining the balance along
this differentiation axis is crucial for bone stability [11-14]. However, the differentiation
lineage of MSC:s is influenced by a range of complex physical cues within their local
microenvironment, including substrate composition [15,16], stiffness [17], applied strain
[18], and geometric features [5,19-22]. Microengineering techniques that geometrically
pattern the microenvironment of MSCs have been applied to demonstrate the importance of
cell shape and cell size in directing the fates of MSCs [5,19-23]. While tension is a common
explanation for cell fate decisions, a comprehensive study to explain how geometric cues
guide the cytoskeletal tension via cell adhesive organelles, to modulates the nucleus, and to
dictate the differentiation signals in MSCs, has not yet been established.

The adhesive organelles that sense and transduce the mechanical signals from the
microenvironment are focal adhesions (FAS) [24-27]. FAs start to form when their central
component, the integrin receptor, is activated by engaging with the extracellular matrix
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(ECM), followed by the recruitment of FA-associated proteins of various types that connect
with the actin cytoskeleton [24,26-30]. Subsequently, FA maturation induces the growth

of FAs and changes their composition that either lead to FA stabilization or trigger their
disassembly [31-35]. Controlling the maturation state of FAs is crucial to specifying MSC
differentiation because different maturation states - modulated by tissue-level ECM elasticity
- determine the differentiation of MSCs into a variety of different lineages, such as neuronal
cells, muscle cells, or bone cells [17]. FA maturation involves FA size growth and a
hierarchical cascade of changes in the abundance of several protein groups that transduce
distinct and specific biological signals [32,33,36]. These changes in FA composition affect
the organization of the actin cytoskeleton, cell stiffness, and the osteogenic commitment

of MSCs [37]. FA signaling, modulated by microenvironmental cues, can change FA
organization, cytoskeletal mechanics, cell shape and bring about MSC commitment to either
the osteoblast lineage or the adipocyte lineage.

While mature FAs and increased actomyosin contractility have been demonstrated as
important effectors of MSC osteogenic differentiation, the regulatory mechanisms of how
mechanicallystimulated FAs signal to nucleus in differentiation is not yet established. By
imposing geometric constraints on cell shape via micropatterning, we have observed that
FAs respond to the geometric signals by modulating their protein composition. Furthermore,
FAs guide the orientation of the actin architecture to adjust the distribution of intracellular
tension, which reaches the cell nucleus. These biomechanical adjustments modify cell
nuclear shape and stiffness, and eventually determine the differentiation fate of the MSCs.

Materials and methods

2.1. Cell culture

Human mesenchymal stromal cells (MSCs) from three different donors were purchased
from Lonza (PT-2501). Cells were cultured in DMEM (low glucose) supplemented with
10% FBS and 1% penicillin/streptomycin. Only early passage MSCs (from passages

4~6) were used. MSCs were plated at ~ 2,000 cells/cm? on 2D micropatterns. MSC
differentiation was carried out as described previously [37,38]. The osteogenesis induction
medium (OIM) contained 0.1 pM dexamethasone, 5 mM g-glycerophosphate, 50 UM
L-ascorbic-2-phosphate in culture medium. The adipogenesis induction medium (AIM)
contained 1 uM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 10 ug/ml insulin,
100 pM indomethasin in culture medium. Mixed differentiation medium contained 1:1
OIM:AIM [5,20]. To inhibit cell proliferation, cells were treated with mitomycin C (2.5
ug/ml; Sigma) for 2 hrs and washed three times with culture medium. Transient transfections
were performed by nucleofection (Lonza) using Human MSC Nucleofector Kit and program
uU-23.

2.2. Plasmids and reagents

Plasmids: GFP-Nesprin-2 (AN)-klarischt sequence (GFP-KASH) was kindly provided from
Dr. Catherine M. Shanahan laboratory (University of Cambridge, UK).
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Antibodies for immunofluorescence: mouse anti-paxillin (BD 610052; dilution: 1/1000),
rabbit anti-paxillin (Genetex GTX125891; dilution: 1/100), rabbit anti-vimentin (Genetex
GTX100619; dilution: 1/1000), rabbit anti-cortactin (Genetex GTX100253; dilution:
1:500), mouse anti-a-tubulin (Sigma T5168; dilution: 1/2000), rabbit anti-YAP (GeneTex
GTX129151; dilution; 1/200), mouse anti-zyxin (Abnova H00007791; dilution: 1/50),
mouse anti-vinculin (Sigma V4505; dilution: 1/50), mouse anti-integrin A1 (active form)
(Millipore MAB2259Z; dilution: 1/100), rabbit anti-non-muscle myosin 1A (NMIIA)
(Genetex GTX101751; dilution: 1/50), rabbit anti-MLC (Cell signaling 3672; dilution:
1/100), mouse anti-pS19-MLC (Cell Signaling 3675; dilution: 1/100), mouse anti-a-actinin
(Cell signaling 3134; dilution: 1/25), rabbit anti-pY31-paxillin (Invitrogen 44-720G;
dilution: 1/50), mouse anti-fibronectin (Santa cruz sc-8422; dilution: 1/100), mouse
anti-Runx2 (Abnova H00000860-M06; dilution: 1/100), mouse anti-PPAR y (Santa cruz
sc-166731; dilution: 1/50), rabbit anti-DLX5 (Atlas HPA005670; dilution: 1/200), Alexa
Fluor 488 phalloidin (Invitrogen A12379; dilution: 1/500), Alexa Fluor 488-anti-rabbit 1gG
(Invitrogen A11034; dilution: 1/300), Alexa Fluor 488-anti-mouse 1gG (Invitrogen A11029;
dilution: 1/300), Alexa Fluor 568-anti-mouse IgG (Invitrogen A11031; dilution: 1/300),
Alexa Fluor 568-anti-rabbit 1gG (Invitrogen A11036; dilution: 1/300), DAPI (Invitrogen
D1306; dilution: 1/300).

Antibodies for blocking assay: mouse anti-integrin S1 (Millipore MAB1987; final conc.: 0.6
Lg/ml), mouse anti-integrin 53 (Merck MAB2023Z; final conc.: 1 wg/ml).

Reagents: Nocodazole (10 uM; Sigma); Cytochalasin D (10 uM; Sigma); Latrunculin A (2
UM; Thermo Fisher); Blebbistatin (50 uM; TRC); Y27632 (10 uM; APEXBIO).

2.3. MSC staining for ALP activity and lipid droplets

The protocol for MSC staining was carried out as described previously [5,37]. Cells were
fixed in 4% paraformaldehyde, rinsed in PBS and then stained with Fast BCIP/NBT (Sigma)
to detect alkaline phosphatase (ALP) activity. Subsequently, the cells were rinsed in 60%
isopropanol, stained with 30 mg/ml Qil red O (Sigma) in 60% isopropanol to detect lipid,
and finally rinsed in PBS. Cells were then stained with DAPI in PBS to allow us to
micrograph and count the total number of cells using a Nikon Eclipse TE100.

2.4. Fabrication of the micropatterned substrates

The protocol for the fabrication of micropatterned substrates on PDMS was carried out as
described previously [39]. Briefly, PDMS stamps were cast, baked and removed from their
silicon wafers (master templates), which were fabricated by photolithographic methods. The
surface of the PDMS stamps was coated with fibronectin (50 pg/ml; CHIA SON CELL
TECH. CORP.) for 1 hr, washed with sterilized ddH,0, and dried with compressed air. A
glass coverslip spin-coated with PDMS was UV oxidized for 10 min (UVO cleaner 42;
Jelight), and then placed in contact with a PDMS stamps for 5 min in order to transfer the
fibronectin. The coverslips were then blocked with 0.2% Pluronic® F-127 (Sigma) for 1hr,
and rinsed three times with PBS before MSC seeding.
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2.5. Traction force microscopy and monolayer stress microscopy

MSCs were seeded on polyacrylamide gels coated with the micropatterned fibronectin.

The protocol of fabricating the micropatterned substrates on the elastic polyacrylamide gel
was carried out as described previously [40]. In brief, PDMS stamps generated from the
silicon wafers (master templates) were coated with fibronectin (50 ug/ml; CHIA SON CELL
TECH. CORP.). A glass coverslip (18 x 18 mm?) was coated with PLL-PEG for 1hr, UV
oxidized for 10 min, then placed in contact with a PDMS stamp to absorb the fibronectin;
after this it was blocked with 1% BSA. The fibronectin micropatterned on a template
coverslip (18 x 18 mm?) was transferred onto an acrylamide gel by polymerization of the
gel directly on a second glass coverslip (22 x 22 mm?). The elastic polyacrylamide gels
[41] were prepared using a final concentration of acrylamide/Bis-acrylamide of 10%/0.2%
in order to produce a 21.5 kPa gel, and then mixed with 200 nm-diameter fluorescent beads
(Thermofisher). The substrate deformation field was deduced from the 3D displacements
of the fluorescent beads embedded in the gel. The force (pN) and the traction force (Pa)
exerted by the cells were determined from the measured substrate deformation via the
equation for static equilibrium of an elastic substrate, as described previously [42,43]. In
particular, we obtained the traction stresses in the direction parallel to the top surface

of the substrate, denoted as in-plane or tangential traction stress vector (Zy1,,), and the
stresses perpendicular to that surface (t,). Using the measured traction stresses as inputs,
we calculated the in-plane mechanical stress tensor inside the cells using monolayer stress
microscopy, as previously described [44, 45]. From this tensor, we determined the principal
directions of stress (eigendirections) and intracellular tension (trace).

2.6. Video particle tracking microrheology

MSCs seeded on a 10 cm-diameter tissue culture dish were injected with 200 nm-diameter
fluorescent carboxylated polystyrene particles (Thermofisher) via a biolistic particle delivery
system (PDS-100, Bio-Rad; pressure 450 psi). The cells were then washed, recovered

and plated on PDMS gels fabricated with micropatterned fibronectin. Subsequently, the
cells were placed in a temperature-controlled and CO,-controlled chamber (TOKAI HIT)
of an inverted microscope (Ti-E, Nikon). The 2D-Brownian motion of the intra-nuclear
fluorescence beads were tracked and recorded for 10 sec using an inverted epi-fluorescence
microscope (Ti-E, Nikon) equipped with an oil-immersion objective (Nikon, 100X/ N.A.
1.45) and a CMOS camera (Hamamatsu, OHCA-Flash 4.0) operated by NIS-Elements
software (Nikon); the sampling rate was 100 Hz with an image resolution of 130 nm/pixel,
and 1024 x 1024 pixels per frame. Brownian maotion of the intra-nuclear fluorescence beads
was analyzed using a customized MATLAB Program [46,47] to obtain the intra-nuclear
elastic properties (the shear elastic modulus G”) [48,49], which represents the stiffness of
cell nucleus (Pa). We limited our analysis to the range with time lags of 0.01s< <1

s. To exclude particles that exhibited non-Brownian motion, only the particle trajectories
consistent with 0 < a < 1, where “a” is the exponent in the expression mean-squared
displacement (MSD) = <Ar?(t)> = Dt® (“D” is the diffusion coefficient), were retained for
the calculation of G’.
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Immunofluorescence analysis and image analysis

For cytoskeleton proteins staining (except of NMIIA) and DLX5 staining, the cells were
fixed with 4% paraformaldehyde in cytoskeleton buffer (10 mM MES pH®6.1, 138 mM
KCI, 3 mM MgCl,, 2 mM EGTA) at room temperature for 20 min, permeabilized with
cytoskeleton buffer containing 0.5 % Triton X-100 at room temperature for 5 min, and
blocked with blocking solution (3% BSA / 0.02% Triton-X100 in PBS) at room temperature
for 60 min. Subsequently, the cells were incubated with the indicated primary antibodies

in blocking solution at 4 °C for 16 h, and then incubated with fluorescent dye—conjugated
secondary antibody at room temperature for 1 h. For NMIIA staining, cells were fixed

with fixing buffer | (1.1 mM NayHPOy, 0.4 mM KH,POy4, 4 MM NaHCOg3, 5 mM PIPES
pH6.1, 137 mM NaCl, 5 mM KCI, 5.5 mM Glucose, 2 mM MgCl,, 2 mM EGTA, 0.1%
glutaraldehyde, 1% paraformaldehyde, and 0.3% Triton X-100) at 37 °C for 1 min, and
continued to be fixed in fixing buffer 11 (1.1 mM Nay, HPOy4, 0.4 mM KH; POy4, 4 mM
NaHCO3, 5 mM PIPES pH®6.1, 137 mM NaCl, 5 mM KCI, 5.5 mM Glucose, 2 mM MgCl,,
2 mM EGTA, 0.5% glutaraldehyde) at 37 °C for 15 min. Subsequently, the cells were
blocked with blocking solution (1% BSA/ 0.1% Triton-X100 in PBS) at 37 °C for 10

min, incubated with the NMIIA antibodies in blocking solution at 37 °C for 1 h, and then
incubated with fluorescent dye—conjugated secondary antibody at 37 °C for 1 h. For PPARy
staining, the cells were fixed with 4% paraformaldehyde in PBS at room temperature for
20 min. Cell were washed with 0.1 M glycine in PBS for 10 min, permeabilized with

PBS containing 0.1 % Triton X-100 at room temperature for 10 min, and blocked with
blocking solution (1% BSA in PBS) at room temperature for 60 min. Subsequently, the
cells were incubated with the PPAR y antibodies in blocking solution at 4 °C for 16 h, and
then incubated with fluorescent dye—conjugated secondary antibody at room temperature
for 1 h. Finally, the cells were mounted on a magnetic chamber (LCI) and incubated with
PBS containing N-propy! gallate for either confocal, or epi-fluorescence imaging. Confocal
images were acquired using an /7Las multi-modal of TIRF (Roper) / spinning disk confocal
(CSUX1, Yokogawa) microscope (Ti-E, Nikon) system equipped with 60X, 1.49NA Plan
objective lens (Nikon) and an EMCCD (Andor), and processed using Metamorph software.
Epi-fluorescence images were obtained using a microscope (DMRBE, Leica) coupled with
a 63X, 1.4ANA objective lens (Leica) and an 512B EMCCD (Andor) operated by Micro-
Manager 1.4 software (Leica).

To determine the relative intensity of different FA proteins in paxillin-labelled FAs within
twelve angular sectors, the double-labeled immunofluorescence images were divide into
twelve angular sectors using a customized MATLAB Program. Images of paxillin were
thresholded to highlight only the paxillin-labelled FAs, which was used to create a mask.
The mask was transferred to the FA protein immunofluorescence image (integrin A1,
pY31-paxillin, vinculin, zyxin, or fibronectin) of the same angular sector in the cell. The
average intensity of the fluorescence in FAs within one angular sector was calculated as the
percentage among twelve angular sectors, and presented graphically using Excel software
(Microsoft).
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2.8. Time-lapse microscopy

To analyze the dynamics of F-actin, cells expressing GFP-Ftractin were mounted on a
magnetic chamber (LCI) and incubated in phenol red-free culture medium with 25 mM
Hepes (pH = 7.4) and imaged by confocal using a 40X, 0.75NA objective on the /Las
multi-modal of TIRF (Roper) / spinning disk confocal (CSUX1, Yokogawa) microscope
(Ti-E, Nikon) system described above. Stage temperature was maintained at 37 °C with an
airstream incubator (Nevtek) and focus was maintained using the PerfectFocus (™) system
(Nikon). Confocal images of GFP-Ftractin were captured at 5 min intervals using a ProEM
EMCCD (Princeton).

2.9. Cell spreading assay and image analysis

Cells growing on tissue culture plates were trypsinized and reseeded on fibronectin-coated
square islands for 60 min to allow them to adhere and spread. Next the cells were fixed
with 4% paraformaldehyde in PBS for 20 min at room temperature and then imaged using
a microscope (Eclipse TS100; Nikon) coupled with a 20 x 0.45NA objective lens (Nikon)
and a WHITE CCD camera operated by ISCapture software (TUCSEN). To calculate the
percentage of cell spreading, we divided the number of cells presenting square shape by the
total number of attached cells. The results are presented graphically using Excel software
(Microsoft).

2.10. Statistical analysis and data presentation

SPSS was used to test for normality and homoscedasticity. Statistical significance was
calculated by either the Student’s t-test or the one-way ANOVA.. All the graphs were plotted
with Excel software (Microsoft).

3. Results

3.1. Geometric cues control mesenchymal stromal cell osteogenesis vs. adipogenesis

lineage

We previously demonstrated the effect of integrin-mediated FA signaling on MSC
osteogenesis [16,37], but how MSCs respond to their microenvironment with different
geometrical shapes through FA signaling and further determine the differentiation lineage
remains unknown. To assess the role of the cell shape and mechanics on stem cell
commitment, we used microcontact printing techniques (see Materials and Methods)

to generate circular and square islands of fibronectin on polydimethylsiloxane (PDMS)
substrate (Fig. 1a). The size of the islands, 10000 pm?: allowed only one single cell to attach
and spread within each island. The main geometrical difference between the circular and
square islands was the presence of right-angle vertics in the squares. MSCs were plated on
the islands, then exposed to a 1:1 combination of adipogenesis and osteogenesis-promoting
soluble cues for 14 days. The percentages of cells with ALP activity (osteogenesis marker)
or with lipid droplets (adipogenesis marker) were determined for each cell island (Fig. 1b) to
quantify the effect of cell shape on MSC commitment. Since ALP activity in preadipocytes
was detected in some tissues [50], those cells with double staining for active ALP and lipid
droplets were counted as adipogenesis. In Fig. 1c, cells in the circles showed about 40%
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(40.14% + 3.91) osteogenesis, while cells in the squares displayed about 69% (69.14% +
0.64) osteogenesis. We further examined the expression level of the osteogenic transcription
factor Runx2, and found that square cells expressed more Runx2 than circular cells (Fig.
1d). These results suggest that geometric cues can switch MSC commitment between the
adipogenic and osteogenic fates.

MSC commitment varies with changes in focal adhesions

Cell shape changes imposed by geometric cues are sensed by fibronectin-bound integrin
receptors associated with FA signaling complexes [33,37]. Thus, we next characterized the
effect of geometrical constraints on FA organization. Cells were cultured for 16 h under
standard growth conditions or mixed differentiation medium, and then paxillin-stained by
immunofluorescence to visualize FAs. These data showed nascent adhesions (small newborn
adhesions) at the cell periphery and mature FAs (larger adhesions) forming a radial pattern
(Fig. 2a; Fig. S1a). To characterize how FA organization varied across different adhesive
geometries, we divided each cell into twelve angular sectors (Fig. 2b) and quantified the
length of the FAs found within each sector (Fig. 2c; Fig. S1b). The analysis revealed that FA
length was uniform across all angular sectors in circular islands. However, cells adhering to
square micropatterns had significantly larger FAs in the vertex sectors (i.e., the 30 °~60 °,
120 °~150 °, —30 °~-60 ° and —120 °~ —150 ° sectors) (Fig. 2c; Fig. S1b). Similar results
were obtained with increasing cell culture time in mixed differentiation medium to 14 or 16
days (Fig. S2a).

A previous study using three-dimensional super-resolution fluorescence microscopy has
shown that FAs comprise vertical strata containing specific proteins: a membrane-apposed
integrin-signalling layer, an intermediate force-transduction layer, and an upper-most actin-
regulatory layer [51]. Thus, we sought to clarify the FA molecular architecture within

the MSCs growing on circular and square micropatterns. Specifically, we imaged the

FA proteins present in the specialized layers to quantify whether their enrichment was
dependent on the underlying micropattern geometry. The images revealed that the FA
proteins of the integrinsignaling layer (active integrin A1 and pY31-paxillin) and the
force-transduction layer (vinculin and zyxin) could be localized at paxillin-marked FAs

in MSCs. The fluorescence intensity ratio of the proteins in paxillin-labelled FAs did

not vary across the different angular sectors of the circular cells. However, there was a
significant accumulation of active integrin 1, pY31-paxillin, vinculin and zyxin at the
vertices in the square cells (Fig. 2d). Upon paxillin phosphorylated at Y31, which is
signaled by active integrin 51, paxillin acts as a scaffold for vinculin FA recruitment to
reinforce cytoskeletal-ECM linkage and drives FA maturation [52]. We further confirmed
the enrichment of pYY31-paxillin at the vertices in the differentiated square MSCs (Fig.
Slc; Fig. S2b). To gain insight into geometry-mediated growth of fibrillar adhesions, we
further imaged fibronectin to reveal fibronectin reorganization in circular and square cells.
We detected longer fibrillar adhesions and more fibronectin at paxillin-marked FAs at

the vertices in the square cells (Fig. 2e), suggesting that integrin B1 activation regulated
by substrate geometry promotes fibronectin reorganization (fibronectin fibrillogenesis) for
fibrillar adhesion formation. The graphs show only the results from the first quadrant (0
°~90 °), since the results from the remaining three quadrants were similar. Altogether, the
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results indicate that substrate geometry can modulate the molecular architecture of the FAs
by manipulating protein density within the integrin-signaling and the force-transduction
layers. The resulting stratification imposes spatial constraints on the connections between
FAs and the cytoskeleton.

Next, we analyzed the orientation of the specific proteins within the stratified FAs to
investigate how geometric constraints influence their interconnections. Immunofluorescence
staining of F-actin and paxillin revealed the localization and orientation of the bundled actin
filaments and FAs, respectively (Fig. 3a; Fig. Sla; Fig. S1d). We imaged the key proteins of
the actin cytoskeleton (F-actin), the FAs (paxillin and active integrin 51), the microtubules
(a-tubulin) and the intermediate filaments (vimentin) to measure their orientations. Their
orientation was assessed by measuring the angle between the indicated proteins and the

cell membrane (Fig. 3b) in three angular sectors of the first quadrant (0 °~90 °) (Fig.

3c). The statistical distribution of the angles revealed that these proteins had significantly
different orientations in the circular vs. square MSCs (Fig. 3d; Fig. Sle; Fig. S2c; Fig. S3).
In circular cells, the FAs were poorly aligned with F-actin, the microtubules, and vimentin
(Fig. 3d; Fig. Sle; Fig. S2c; Fig. S3). In contrast, the alignment was closer for the square
cells. In particular, paxillin and active integrin S1 were aligned with F-actin at the vertices,
but not with microtubules and vimentin (Fig. 3d; Fig. Sle; Fig. S2c; Fig. S3). Taken as a
whole, these findings show that cell shape controls the alignment between the FAs and the
cytoskeleton by modulating the composition of the FAs” multilaminar protein architecture.

3.3. Cell shape vertices focus and align cytoskeletal tension

Based on the findings that changes in cell shape affect the organization of FAs and their
orientation with respect to cytoskeletal structures, we hypothesized that the cell shape
modulates the mechanical forces exerted by MSCs and their intracellular distribution. To test
this hypothesis, we characterized the subcellular localization of non-muscle myosin-1I heavy
chain-A (NMIIA), regulatory light chain of myosin-11 (MLC), MLC phosphorylated at Ser
19 (p-MLC), a-actinin and F-actin in MSCs plated on circular and square islands (Fig. 3e;
Fig. S1f). The fluorescence intensities of NMIIA, MLC, p-MLC and a-actinin were similar
for all sectors of circular cells (Fig. S4). However, there was a significant reduction in the
relative intensity of NMIIA, MLC and p-MLC, but not of a-actinin, near the vertices of
square cells compared to flat-edge regions (30 °~60 ° vs. 0 °~30 ° and 60 °~90 ° sectors, see
Fig. S4).

Since the orientation of F-actin was uniform in circular cells but varied with angular sector
in square cells (Fig. 3d; Fig. Sle; Fig. S2c), we speculated that the association of F-actin
with NMIIA, MLC, p-MLC, and a-actinin could also vary spatially. Thus, we computed the
Pearson’s correlation coefficients (PCs) of F-actin relative to NMIIA, MLC, p-MLC, and
a-actinin across different angular sectors (Fig. 3f). This analysis showed that NMIIA, MLC,
p-MLC, and a-actinin co-localized with F-actin at a similar level across all the sectors of
the circular cells. In contrast, the association of NMIIA, MLC, and p-MLC with F-actin in
square cells was reduced near the vertices when compared with that in the flat-edge regions
(Fig. 3f; Fig. S1g). In square cells, the F-actin bundles were aligned perpendicular to the
cell edge at the vertices (Fig. 3d; Fig. S1e), where NMIIA, MLC, and p-MLC were largely
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absent (Fig. 3e—f; Fig. S1f—g). Our results imply a decreased association of NMIIA, MLC,
and p-MLC with the radial F-actin bundles near the cell vertics. Thus, the actin-crosslinking
protein a-actinin-1 [53] was localized within both the radial fibers and the transverse fibers,
while NMIIA, MLC, and p-MLC were mainly associated with the transverse fibers (Fig.
3e—f; Fig. S1f-g; Fig. S4).

To confirm the effect of myosin-11-mediated contractility within the assembly of transverse
fibers, we used the small-molecule inhibitors blebbistatin [54,55] and Y27632 [56] to
inhibit myosin-11 ATPase activity and Rho-associated kinase (ROCK)-mediated MLC
phosphorylation, respectively. Inhibition of either myosin-Il ATPase activity or MLC
phosphorylation blocked the formation of transverse fibers and produced faded radial fibers
(Fig. 3g). Therefore, our results suggest that NMIIA, MLC, and p-MLC are present in the
transverse fibers (Fig. 3e—f; Fig. S1f-g; Fig. S4) in order to create the number of transverse
arcs and generate actomyosin contractility [57-60] (Fig. 3g), whereas the radial fibers are
connected with the peripheral FAs (Fig. 3a—d; Fig. Sle; Fig. S2c; Fig. S3).

To further examine the relative movement of the transverse fibers and the radial fibers in

the circular and square MSCs, these cells were transfected with F-tractin-GFP (inositol
1,4,5-Trisphosphate 3-Kinase A N66 actin binding domain fused to GFP) [61], so that
various patterns of F-actin could be examined via confocal microscopy. Based on time-lapse
images, we observed the following in circular cells: (1) the thin actin bundles in the actin
network were oriented parallel to the cell edge (transverse fibers) and moved centripetally
in a counter-clockwise direction; (2) the radial fibers swirled toward cell center from the
peripheral FAs (Video S1). In contrast, in the square cells, the concentrated bundles of radial
fibers at the vertices established a symmetrical pattern that disrupted the counter-clockwise
swirling to result in a centripetal movement that bridged the transverse fibers (Video S2).
Thus, we speculated that the myosin Il-mediated contractile force on the transverse fibers

is transmitted along the radial fibers to the ECM through the FAs. To test this hypothesis,
we measured the traction stresses generated by MSCs plated on the circular and square
islands for 16 h under standard growth conditions. Fig. 4a shows the maps of the in-plane
traction stress vector (i.e., tangential (¢y2,,), see Materials and Methods) overlaid on DIC
images of the cells. In both circular and square cells, the in-plane traction stresses showed

a contractile pattern pointing to-wards the cell center (Fig. 4a). The overall traction force
was higher in the square cells than in the circular ones (Fig. 4b). Furthermore, while the
traction stresses were uniformly distributed along the edge of the circular cells, they were
concentrated near the corners in the square cells (Fig. 4c—d). In order to investigate how the
traction stresses distribution, mediated by cell shape, affect the mechanical loads born by
the cytoskeleton, we used monolayer stress microscopy to determine the intracellular tension
and its orientation. Fig. S5a shows maps of the intracellular tension where the segments
represent the direction of maximum tension (i.e., the principal direction of maximum
intracellular stress, see Materials and Methods). This analysis revealed that intracellular
tension was lower in the circular cells than in the square cells (Fig. S5b). Our analysis

also indicated a trend for intracellular tension to concentrate at the vertices of the square
cells as opposed to a uniform distribution in circular cells (Fig. S5¢). The localization and
the orientation of intracellular tension were similar to those of the radial fibers. Taken
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together, these data suggest that the contractile forces generated at the transverse fibers are
transmitted to FAs through the radial fibers.

3.4. Systematic coordination of integrin-mediated adhesions and actin polymerization
maintains cell shape

Because the recognition of fibronectin by integrin a5 g1 and av £3 has been well-defined
[62], we determined whether integrin Bl or 33 activities affect FAs and the assembly of
radial and transverse fibers. Using integrin 1 and integrin 83 function-blocking antibodies,
fibronectin-mediated integrin A1 and integrin A3 activation could be inhibited, respectively.
We first tested whether the regulation of cell spreading on the square islands was primarily
influenced by integrin S or 3. A significant reduction in the cell spreading capability
was detected when MSCs were treated with integrin S1 function-blocking antibodies, but
not in those treated with integrin 3 function-blocking antibodies (Fig. S6a). For these
well-spreading cells on the circular or square islands, we found that neither integrin A1

nor integrin B3 function-blocking antibodies affected the assembly of radial and transverse
fibers; however, significant shortening of FA length was observed in the vertex sectors of
square cells (Fig. S6b—c). We further speculated that the association of NMIIA with F-actin
could be affected. Indeed, the reduced association of NMIIA with F-actin near the vertices
of the square cells was disrupted by integrin A1 or 83 function-blocking antibodies (Fig.
S6d—e). The images revealed the increased association of NMIIA with the radial F-actin
bundles (Fig. S6d), implying that blockage of integrin 51 or 53 activities could interfere the
spatial distribution of NMIIA, which may also affect the distribution of intracellular tension
to limit FA maturation. Altogether, the results indicated that integrin A1 could aid MSCs to
spread on fibronectin-coated islands, and both integrin S1 and 3 activities could control
the localization of NMIIA, which may also control the spatial distribution of intracellular
tension, for FA maturation.

To further elucidate the role of cytoskeleton dynamics in maintaining cell shape guided by
the underlying substrate, we used small-molecule inhibitors to block actin and microtubule
polymerization. Inhibition of actin polymerization by latrunculin A or cytokalasin D led

to the disassembly of the bundled actin filaments, the disappearance of the FAs, and the
loss of cell attachment on both circular and square micropatterns (Fig. S7a). Disruption

of microtubules by nocodazole did not block the formation of the actin filaments and

FAs or cell spreading into the micropatterns, although it caused chyral patterns in the
organization of the actin cytoskeleton and the orientation of the FAs (Fig. S7a). In addition,
Immunolocalization of F-actin and the lamellipodia marker cortactin in MSCs revealed that
lamellipodia were formed at the cell edge of both the circular and square cells (Fig. S7b).
These data suggest that the enrichment of actin polymerization at the cell periphery could
sustain cell spreading within the circular, as well as the square micropatterns.

3.5. Focusing of cellular contractile force modulates nuclear volume

In square-shaped MSCs, the intracellular tension increased and became concentrated
along the square diagonals (Fig. 4a—d; Fig. S5), and MSC lineage determination was
guided towards osteoblasts (Fig. 1). We sought to determine whether intracellular tension
propagated to the cell nucleus resulting in cell-shape modulation of nuclear deformation.
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We measured the out-of-plane traction stresses in the circular and the square cells (i.e., the
normal component £, see Materials and Methods) and mapped these stresses overlaid on
DIC images (Fig. 4e). The maps indicate that the cells pulled upward and away from the
substrate (Z,,> 0) along the same regions where they exerted in-plane traction stresses,
consistent with previous studies [63]. Additionally, the out-of-plane stress maps reveal that
the interior of the cells was pushed down against the substrate (Z,,< 0), implying that their
nucleus was compressed. We determined the total compressive force (i.e., the surface sum
of £,, within £,, < Oregions), finding that the cell nucleus underwent significantly stronger
compressive force in square cells than in circular cells (Fig. 4f). We further imaged the
nucleus with confocal microscopy (Fig. 4g), and measured the nuclear projected area (Fig.
4h left), nuclear shape factor (the ratio of nuclear projection perimeter to that of a circle

of equal area, Fig. 4h middle), and nuclear height (Fig. 4h right). The projected area and
shape factor of nucleus in cells on the circular or square islands were similar. However, the
square cells had a significantly lower nuclear height (~13%) than the circular cells. These
results indicate that the increased actomyosin-generated intracellular tension in square cells
flattened the cell nucleus and decreased its volume. We further examined the modulation

of nuclear stiffness by cell shape via video particle tracking microrheology (VPTM) [49,64—
68]. In this experiment, 200-nm diameter fluorescence beads were ballistically injected into
MSCs using a biolistic particle delivery system [64,69] to disperse the beads throughout
the nucleus. Subsequently, the cells were plated on circular and square micropatterns and
imaged using high-resolution video-microscopy; this allowed tracking of the Brownian
motion of the beads, which reflected the viscoelastic properties inside the nucleus of the
MSCs. The results revealed that the elastic modulus (Pa) in the nucleus was significantly
higher in square cells compared to circular cells (Fig. 4i), possibly due to increased
intranuclear crowding caused by decreased nuclear volume.

These results led us to hypothesize that geometrical constraints regulated mechanoactive
signaling via the Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding
motif (TAZ), since YAP/TAZ have been identified as key mechanotransducers [70-72].
YAP localizes in both the cytoplasm and the nucleus, and YAP nuclear translocation was
identified as an important factor for osteogenesis during bone remodeling [72]. To test this
hypothesis, we determined whether cell shape elicited changes in YAP nuclear localization.
We performed immunolocalization of YAP and DAPI (the latter to visualize the nucleus) in
MSCs plated on circular and square micropatterns (Fig. 4j). The results showed that cells
cultured on square islands had a significant increase in YAP nuclear localization compared
with those cultured on circular islands (Fig. 4k). Thus, nuclear shape, nuclear mechanics,
and nuclear deformability can be controlled by the underlying patterns of the adhesive
surface via the spatial organization of the cellular contractile forces.

To further confirm whether the focusing of cytoskeletal forces regulated the nucleus via
linkage between the actin cytoskeleton and the nuclear envelope, we examined nuclear
deformability and YAP nuclear translocation in cells where the linkage between the
cytoskeleton and the nucleus was disrupted. Specifically, we perturbed the Nesprin-2, a
protein of linker of nucleoskeleton and cytoskeleton complex (LINC complex). Nesprin-2
localizes predominantly nearby the outer nuclear envelope and binds F-actin via its klarischt
sequence (KASH domain) [73]. We overexpressed the GFP-Nesprin-2(N)-klarischt sequence
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(GFP-KASH) [74], which is a dominant negative mutant of Nesprin-2 that disrupts the
linkage between the actin cytoskeleton and the nuclear envelope. In control cells expressing
GFP-C1, the height of the nuclei decreased in square cells compared with those in circular
cells. The expression of GFP-KASH disrupted nuclear flattening in square cells (Fig. 4l).

In addition, GFP-KASH expression inhibited YAP nuclear translocation in the square cells
(Fig. 4m). Overall, these data suggest that mechanical load of polarized actin filaments

on the nucleus plays an important role in mechanical sensing via specific pathways.
Furthermore, we found that the level of nuclear mechanical load can be adjusted by focusing
intracellular forces via geometrical pattering of the cell substrate.

To confirm the notion that the geometrically-controlled YAP nuclear translocation by
focusing intracellular force enhances osteogenesis in the square cells, we used a series

of small-molecule inhibitors to further examine the impact of disrupting geometry-driven
intracellular tension and YAP nuclear translocation on MSC lineage commitment. First, we
suppressed intracellular tension by treating the cells with blebbistatin [54,55] or Y27632
[56] to inhibit myosin-11 ATPase activity or ROCK-mediated MLC phosphorylation,
respectively. We found that, on square micropatterns, treatment of blebbistatin or Y27632
caused the lineage of square MSCs toward adipogenesis (Fig. 4n). We further confirmed

this phenomenon by examining the expression of adipogenic transcription factor PPAR y
[75] and osteogenic transcription factor Runx2 and DLX5 [76]. Indeed, we detected an
increased expression of PPAR y (Fig. 40) and decreased expressions of Runx2 (Fig. S8)

and DLX5 (Fig. 4p) in the square cells treated with blebbistatin or Y27632. In addition, in
order to disrupt the effect of YAP in nucleus, we used verteporfin [77] or peptide 17 [78]

to enhance YAP cytoplasmic retention or to inhibit YAP-TEAD interaction, respectively. We
found that, in square MSCs, treatment of verteporfin or peptide 17 strongly suppressed MSC
commitment toward osteogenesis, leading to adipogenic differentiation (Fig. 4n). Treating
the square cells with verteporfin or peptide 17 significantly enhanced the expression of
PPAR y (Fig. 40) and suppressed DLX5 expression (Fig. 4p). These results suggest that
nuclear translocation of YAP could be modified by geometry-controlled intracellular force to
dictate MSC commitment.

FAs control force transmission to the nucleus through polarized actin filaments

To explore the nuclear changes elicited by cell shape, we investigated whether FAs present
in the vertices of the square cells play a crucial role in transmitting intracellular tension

to the nucleus to regulate MSC differentiation. Using microcontact printing, we generated
“arch” islands (10,000 xm?; Fig. 5a) of fibronectin on the PDMS substrates, as shown in
Fig. 1a. These arched islands contain rounded corners, which serve as an intermediate case
between square islands (4 corners of 90°) and circle islands (no corners). Single MSCs
were then cultured on the circular, arched, and square micropatterns, and probed using
immunofluorescence to observe the FAs and F-actin (Fig. 5b). In arched cells, larger FAs
were assembled at the 30 °~60 ° sector corresponding to the rounded corners, similar to
the square islands (Fig. 5¢c—d). However, the lower curvature of the rounded corners in

the arched islands caused a decrease in the FA length compared to the square islands

(3.43 £0.12 pm vs. 7.01 + 0.25 pm, Fig. 5d). Next, we examined the orientation of the
paxillin-marked FAs and F-actin at the rounded corners of the arched islands; we found that
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they were still preferentially perpendicular to the cell membrane, as opposed to the 0°~30°
and 60°~90° sectors, corresponding to a flat cell border (Fig. 5e). However, rounding the
vertices (30°~60°) disrupted the perfect alignment between the FAs and F-actin in the square
cells (Fig. 5e). Thus, in the cells without symmetrical vertices, FAs are less able to mature
and connect with bundled actin filaments.

Since the loss of sharp corners in the cell border disrupted the alignment of the FAs and the
bundled actin filaments, we hypothesized that it could influence YAP nuclear translocation
by redistributing the cellular contractile forces. Analysis of YAP nuclear translocation
revealed that YAP importation was significantly lower in the arched cells than in the square
cells (Fig. 5f). We also examined the effect of sharp vs. rounded cell edges on MSC lineage
commitment. As shown in Fig. 1, MSCs plated on the square micropatterns showed a
decrease in adipogenesis and an increase in osteogenesis. Such a lineage was disrupted in
arched cells (Fig. 5g), indicating that the sharp corners in the square cells plays a crucial role
in dictating MSC commitment toward osteogenesis.

4. Discussion

This work aimed to examine the mechanisms involved in the commitment of MSCs towards
an osteogenic fate and, in particular, to determine how mechanically-stimulated FAs control
this process. To achieve this goal, we plated MSCs onto adhesive islands with and without
sharp corners (i.e., circular vs. square). Upon adhering and spreading on circular islands,
cells preferentially adopted adipocyte lineage, whereas square islands led preferentially

to osteogenesis. Thus, patterned surfaces can provide controlled experimental conditions

to study the detailed mechanisms underlying MSC differentiation guided by mechanically-
stimulated FAs. We found that adhesive patterns containing sharp corners promoted the
formation of organized FAs, which further enhanced the alignment and polarization of the
radial stress fibers. These fibers re-distributed transverse fibers contractility and transduced
intracellular tension to the cell nucleus. The tauter cytoskeletal network pressed the cell
nucleus against the substrate and increased nuclear translocation of the transcription co-
activator YAP, which in turn promoted MSC osteogenic differentiation (Fig. 6). Pan et al.
[72] have determined the essential role of YAP nuclear translocation in maintaining nuclear
B-catenin level to proceed Wnt/S-catenin signaling for MSC osteogenesis, supporting our
hypothesis that the interaction between nuclear YAP and TEA domain (TEAD) containing
family transcriptional factors is a crucial step for osteogenesis. Indeed, either disrupting
YAP nuclear translocation by using verteporfin to retain YAP in cytoplasm or suppressing
YAP-TEAD interaction by using peptide 17 significantly suppressed osteogenesis of MSCs
in square cells. These findings bring to light the crucial role of FAs in sensing geometric
cues to further establish the dynamic cytoskeletal network, which focuses the intracellular
tension towards the nucleus to control YAP mechanotransduction signaling for MSC fate
determination.

The YAP/TAZ mechanotransduction pathway mediates MSC mechanosensing [70-72].
Several studies have revealed that YAP can be controlled by various biochemical and
mechanical cues. At the biochemical level, the Hippo signaling pathway regulates
YAP/TAZ activity [79]. Within the Hippo kinase cascade, Ste20-like kinases 1/2
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(MST1/2) phosphorylates and activates large tumor suppressor 1/2 (LATS1/2), which then
phosphorylates YAP/TAZ and restricts nuclear import and activation [79]. At the mechanical
level, YAP is regulated by ECM rigidity, strain, shear stress, and adhesive area [71,80-85].
These mechanical stimuli require cytoskeletal integrity, RhoA GTPase activity, and myosin-
I1-mediated contractility, but are independent of the Hippo/LATS cascade. We determined
that the mechanical connection between the nucleus and the cytoskeleton allows force

to be transmitted to the nucleus, leading to nuclear flattening and YAP nuclear import.
Although regulation of YAP has been investigated previously, our study has revealed a
novel mechanism whereby FAs control YAP nuclear translocation by focusing intracellular
tension towards the nucleus. This new finding indicates that FAs play a crucial role in
mechanosensing by controlling the contractile architecture of the cytoskeleton.

In previous studies, the cell shape was modulated via patterned substrate to study
cytoskeleton dynamics [57,86-89], cell motility [90-92], and MSC fate decisions [5,20,22]
with single-cell resolution. These studies have shown that cell size and cell shape strongly
influence MSC differentiation by modulating actomyosin contractility [5,20]. Kilian et
al[20] have shown that ERK/JNK signaling cascade serves as the downstream signals

of the tension-specific loop between actin cytoskeleton and FAS to tune the switch

between osteogenesis and adipogenesis. However, there remains a lack of a comprehensive
investigation on how different cell shapes manipulate cytoskeletal network to control
tension-specific loop, and to further correlate with nuclear signals for MSC differentiation.
We demonstrated that FAs play a crucial role in sensing geometric cues and, in particular,
that the existence of high-curvature regions in the cellular shape guides their maturation
process. FAs concentrate the spatial distribution of intracellular tension generated by
transverse fibers through bundling the radial stress fibers, and thereby providing the cell
with a force to deform the nucleus during mechanotransduction. This mechanism was
demonstrated by two series of experiments. First, we removed high-curvature cell shape
regions by replacing sharp corners with smooth arches in the substrate micropatterns, which
limited FA growth and restrained the alignment between FAs and radial fibers. Next, we
used a dominant negative mutant of Nesprin-2, KASH sequence [74], to disconnect the
nucleus-cytoskeleton interface [93] and impair YAP nuclear translocation in square cells.

In both arched cells and KASH-expressing square cells, disrupting the mechanical coupling
between FAs and the nuclear envelope caused a reduction in the nuclear translocation

of YAP, and weakened MSC commitment towards the osteoblast lineage. Altogether, we
conclude that the FAs respond to geometric cue to establish FA-nuclear mechanical coupling
by modulating the contractility and spatial organization of different domains (i.e., the radial
and transverse fibers) in the actin cytoskeleton, and this translates the physical signals from
geometric features into biological activities that control MSC fate commitment.

Within heterogeneous architecture of tissues, cell shape guided by ECM geometry can
determine stem cell fate, and our findings have shown that FAs are crucial to sense

and respond to geometric cues. The consequential modulation of the size and protein
compositions of FAs, through their connection to actin filaments, can control actin
orientation and guide the distribution of cellular contractile forces. Of note, FAs regulate
the nuclear-actomyosin force balance for YAP mechanotransduction and subsequently, the
differentiation process of MSCs. Therefore, FAs play a pivotal role in controlling the
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orientation and distribution of actin filaments, as well as the linkage between the actin
cytoskeleton and the nuclear envelope; these in turn control transcriptional regulation during
MSC differentiation.

5. Conclusion

In response to extracellular geometric features, MSCs spread via the formation of cellular
adhesive organelles, FAs, which connect with the radial stress fibers to bridge with the
transverse fibers, and to establish the dynamic cytoskeletal network. In the high-curvature
cell shape regions, FAs responded to the physical constraint by changing their protein
composition to become mature. Mature FAs act as the starting points to enhance the
clustering of the symmetrical radial fiber bundles that concentrate the contractile force
generated by the transverse fibers. The concentrated contractile force transmits along the
clustered radial fiber bundles inward to control nuclear-actomyosin force balance, causing
nuclear deformability by pressing down the nucleus. This cytoskeletal machinery controls
the nuclear translocation of YAP, and in turn modulates the switch in MSC commitment
towards osteogenesis.
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