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Substrate curvature sensing through Myosin lla
upregulates early osteogenesis

Tugba Ozdemir,? Li-Chong Xu, Christopher Siedlecki®® and Justin L. Brown*®

Topographical cues mimicking the extracellular matrix (ECM) have demonstrated control over a diverse
range of cellular behaviours including: initial adhesion, migration, cell growth, differentiation and
death. How cells sense, and in turn translate, the topographical cues remains to be answered, but likely
involves interactions through interfacial forces that influence cytoskeletal structure and integrin
clustering, leading to the downstream activity of intracellular signalling cascades. Electrospun fibers
have shown significant success as a biomimetic topography for bone tissue engineering applications,
but mechanisms by which osteoprogenitor cells translate the fiber geometry into intracellular signalling
activity is only recently being examined. We hypothesized that increased cellular differentiation
observed on fibrous topography is due to acto-myosin contractility and cellular stiffness via the small
GTPase RhoA. In order to evaluate this hypothesis, MC3T3-E1 osteoprogenitor cells were grown on
poly(methyl methacrylate) (PMMA) fibers of 1.153 £ 0.310 um diameter. The elastic modulus of the cell
surface was measured by atomic force microscopy (AFM) with a colloidal probe. Overall cellular stiffness
was found to increase more than three-fold in osteoprogenitors adhered to a fiber, as opposed to
those grown on a flat substrate. Pharmacological inhibition of RhoA signalling activity decreased
cellular stiffness and cytoskeletal integrity of osteoprogenitors growing on fibrous substrates. Finally, we
demonstrated not only RhoA activity through its effector Rho-associated coiled coil kinase Il (ROCKII),
but also Myosin lla promotes early osteogenic differentiation, as shown by alkaline phosphatase (ALP)
staining. Previous studies have demonstrated the importance of ROCKIl on early differentiation. Our
results shed light on mechanisms underlying geometry sensing by highlighting the role of Myosin lla in
addition to ROCKII and could ultimately contribute to scaffold design strategies.

Insight, innovation, integration

We developed a synthetic extracellular

matrix like fibrous scaffold to study geometry sensing mechanisms involved with fibrous topographies. The possible role

of RhoA/ROCKII signaling activity was investigated resulting from cytoskeletal reorganization upon adhesion to a fiber. We demonstrated that cells undergo a
series of cytoskeletal transformations that leads to increased intracellular tension and stress related signaling activity. The increased cytoskeletal tension due to
crosstalk between RhoA/ROCKII and myosin ITa showed in addition to RhoA/ROCKII initiated intracellular tension, there may be other mechanisms involved in
acto-myosin complex formation and focal adhesion stabilization. Our results demonstrate that this type of intracellular force generation mechanism is capable
of inducing early osteogenic markers on fibrous as opposed to flat surfaces. Our study demonstrated micron sized extracellular matrix like fibers induced focal
adhesion maturation potentially through decreasing the rate of disassembly as a function of only the fiber geometry and not the total adhesive area presented.

Introduction

however the exact mechanism linking the biophysical factors
to biochemical factors remains elusive."* Surface topography is

Osteogenic regeneration involves cooperation of biochemical an intrinsic biophysical property that plays important roles in
and biophysical factors that facilitate the healing process, cellular response.® It is now widely accepted, based on estab-

lished in vitro experimental models, that the initial event in
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adhesive structures.”® Cells form adhesions through hetero-

of Artificial Organs, dimeric integrin receptors anchoring to the surface. Integrin
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a network of proteins. The integrin mediated protein network
use conformational changes (through phosphorylation and
dephosphorylation) to sense and translate the external forces
into the cells.”'® As the process advances, integrins cluster
to form different types of adhesions (focal complex, focal
adhesion, fibrillar adhesions, etc.) depending on the surface
properties. Although the threshold for integrin clustering is
expected to be conserved for any given substrate, external forces
acting on the cell through different substrate topography could
ultimately have profound effects on the integrin clusters.''***?
For instance, RhoA/ROCKII initiated cytoskeletal actin remodeling
and stress fiber formation was shown to respond altered topo-
graphy and suggests a possible mechanism that allows cells to
sense extracellular matrix fibers.?

The extracellular matrix (ECM) of cells composed of one of
two different organizations of fibers. One takes the form of
single polymer chains, e.g. fibronectin presenting individual
nanoscale epitopes. The other embodies a highly ordered
hierarchy, such as collagen and elastin fibers reaching several
micron size fiber bundles, to provide both mechanical integrity
and optimal topography.'® In tissue engineering, it is impor-
tant to design scaffolds with a comparable geometry of the
native ECM such that stem cells could be able to recognize. The
first step towards mimicking ECM is to create a fibrous
structure that represents the characteristic dimensions of the
native ECM fibers. One simple but robust way to create fibrous
tissue engineering scaffolds is through using electrospinning.'***
The process involves driving a polymeric solution between a
syringe needle tip and a grounded metal target through a high
voltage electric field."®'” The resulting fibers are geometrically
analogous to the fibers that exist in the ECM and thus provide an
excellent experimental model system for the study of cellular
response to fiber topography.'® Fibrous scaffolds produced for
osteogenic regeneration have previously reported to increase cell
proliferation, adhesion and differentiation.’®*® A recent study
from our group demonstrated that cells form larger focal adhe-
sions and increased p38 mitogen activated protein kinase (MAPK)
signalling activity when they are grown on fibrous surfaces as
opposed to flat surfaces.*" Seo et al also showed that altered
microtopography increased RhoA mediated focal adhesion signal-
ling, however the resulting downstream events have not been
investigated.”® We therefore propose that growth on fibrous
surfaces limits the adhesion turnover and stabilizes stress fiber
formation. Altered intracellular tension via increased f-actin
through RhoA signalling ultimately impacts downstream signal-
ling cascades.

This study investigates whether fibrous topography influ-
ences RhoA/(ROCKII)-induced osteoinduction and determines
that osteogenic differentiation correlates with RhoA/ROCKII-
initiated actomyosin cytoskeletal tension. We identified an
increased focal adhesion maturation and acto-myosin complex
formation (via RhoA/ROCKII signalling), stemming from a
fibrous topography. Furthermore, we demonstrated that the
intracellular tension generated by RhoA/ROCKII signalling
governs the osteogenic differentiation on fibers not on flat counter-
parts. This study therefore delineates a mechanotransductive
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process in response to altered topography, provided by the
ECM-analogous fiber architecture, and thereby contributes to
a compendium of design parameters for effective scaffold
geometries.

Materials and method
Electrospinning polymer fibers

Electrospinning with stationary copper target were performed
in order to generate poly(methyl methacrylate) (PMMA, MW
120000) (Sigma-Aldrich, St Louis, MO) fibrous substrates.
Briefly, PMMA was dissolved in a 3:1 dimethylformamide
(DMF): tetrahydrofuran (THF) solution at 25% w/v and was
transferred to a 5 ml glass syringe with a 25G needle (Beckton
Dickinson, Franklin Lanes, NJ). The syringe was placed on a
syringe pump (Harvard Apparatus, Holliston, MA) with a
6 mL h™" flow rate. A 10 kV voltage was applied between the
syringe needle tip and copper target. Fibers were collected on
glass coverslips placed 18 cm from the needle tip, which were
previously coated with 2% w/v poly(2-hydroxyethyl methacrylate),
(PHEMA) dissolved in 70% v/v ethanol through spincoating at
5000 rpm for 10 seconds. PHEMA prevents cell adhesion to the
glass coverslips. The desired density of fibrous mesh was gener-
ated after 2 min of electrospinning. The fiber-deposited slides
were then heated twice on a 120 °C hot plate for 1 min each and
UV treated for 30 minutes to sterilize prior to in vitro experi-
ments. Control flat topography slides were generated through
spincoating 2% w/v PMMA on glass coverslips.

Characterization of polymer fibers

The polymer fibers were characterized using scanning electron
microscope (SEM, FEI Quanta 200) and atomic force micro-
scopy (AFM). A Multimode AFM with a Nanoscope IIla control
system (Veeco, Santa Barbara, CA) was operated in tapping
mode (intermittent contact) in air using Si probes with an
aspect ratio of ~4:1 (TETRA, K-Tek Nanotechnology, Wilson-
ville, OR). AFM images were treated and analyzed by off-line
AFM software. The average diameter (average of at least 100
measurements) of fibers was quantified through analysis of
SEM images using the National Institute of Health’s Image]J
software package.

Reagents and cell culture

Monoclonal antibodies (mAb) used for western blotting and
Myosin IIa were purchased from Cell Signaling (Danvers, MA)
unless otherwise noted. Vinculin mAb was purchased from GE
Life Sciences (Pittsburgh, PA). P-MLC mAb was from GeneTex
(Irvine, CA). For cytoskeletal tension inhibition experiments,
Y27632 (10 puM final concentration in the culture dish) was
purchased from Tocris Bioscience (Minneapolis, MN) and
Blebbistatin (50 pM of final concentration in the culture dish)
was purchased from Sigma-Aldrich (St Louis, MO) and aliquoted
in DMSO. Cells were exposed to inhibitor treatment 30 minutes
before fixation and/or lysis. As a positive control, DMSO was
added to avoid noise in Y27632 and Blebbistatin results. MC3T3-E1
cells were purchased from American Type Culture Collection
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(ATCC, Manassas, VA). Cells were grown on 15 cm tissue culture
grade polystyrene (TCPS) culture dishes (Sigma-Aldrich,
St Louis, MO) in alpha modified minimum essential medium
(a-MEM) (Invitrogen, Carlsbad, CA), 10% fetal bovine serum
(FBS, Atlanta Biologicals, Lawrenceville, GA), 1% penicillin-
streptomycin (Pen-Strep) (Invitrogen, Carlsbad, CA) at 37 °C,
5% CO, with 95% humidity. When they reached 80% conflu-
ence, cells were detached from the surface using trypsin-EDTA
(Invitrogen, Carlbad, CA) and either passed to culture expan-
sion or further treatments to prepare cell suspensions for
experiments.

Flat PMMA spin-coated and PMMA fibers deposited on 22 x
22 mm glass slides and after UV sterilization cells were seeded
on experimental scaffold surfaces at 3000 cells per cm® and
cultured in a mineralization medium consisting of o-MEM,
10% FBS, 1% Pen-Strep, 10 pg mL ™" ascorbic acid and 3 mM
B-glycerol phosphate sodium salt hydrate in an incubator at
37 °C, 5% CO, with 95% humidity until the predetermined
experimental time points for further biological assays were
reached.

Cell staining

ALP activity of cells growing on substrates was tested using
Sigma kit No. 85 (St Louis, MO), following the manufacturer’s
instructions. After completion of ALP staining, photographs of
the cells were taken using a Nikon Eclipse 2000 microscope,
and the ratio of ALP positively stained cells versus total cell
number were quantified to reflect percentage of differentiation
following a previously published method.>® Immunofluores-
cence labelling was performed to visualize focal adhesion
formation and the cytoskeletal rearrangement of cells growing
on fibrous substrates in the presence or absence of cytoskeletal
tension inhibitors. Briefly, cells were fixed in 3.7% paraform-
aldehyde followed by incubation with a permeabilization buffer
(3% BSA and 0.1% Triton X-100 in PBS). Cells were then
incubated in primary antibody diluted in permeabilization
buffer, following the dilution ratio suggested by the manufac-
turer’s datasheet, for 1 hour at room temperature (RT). For-
mation of actin fibers was detected using CF 350 conjugated
phalloidin (dilution, 1:1000) by incubating for 30 minutes.
Nuclei were stained by incubation with 4'-6-diamidino-
2-phenylindole (DAPI) (1:5000) for 5 minutes. The stained slides
were mounted using Profade Gold antifade reagent (Invitrogen,
Calrsbad, CA) and imaged with a Leica DM5500B microscope
using 40x objective for water immersion and 63 x oil immer-
sion objectives. Quantification of adhesion size and in vitro
colocalization of f-actin and myosin Ila molecules was per-
formed with NIH’s Image] (Bethesteda, MD). Adhesion length
was calculated from lateral fluorescent intensity by drawing
lines along the focal adhesion axis that was represented by
vinculin fluorescent signal. Colocalization analysis was per-
formed using commercially available AutoQuant Software
(Media Cybernetics, Rockville, MD) by first uploading single
channel f-actin and myosin immunofluorescence images. After
determining the upper and lower threshold values, pearson
coefficient were calculated from 6 different randomly selected
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regions within the cell. Images of colocalized pixels were also
collected for analysis of the distribution of the colocalized pixels.

Western blotting

The relative changes in protein expression levels were examined
using immunoblotting. Briefly, cells growing on experimental
substrates were first washed in PBS (room temperature) and
immediately transferred into new culture dishes to prevent
background signal due to cell growth in culture wells. Then
cells were lysed in ice cold RIPA (50 mM Tris-cl (pH 7.4),
150 mM NacCl, 1% NP-40, 0.25% Na-deoxycholate, and 1 mM
PMSF) buffer containing protease and phosphatase inhibitors.
Substrates were transferred into a —80 °C freezer and allowed to
go through two freeze thaw cycles. Cell lysates were denatured
by boiling in LICOR 4 x protein buffer at 95 °C for 10 minutes
prior to loading and running SDS-PAGE at 120 V for 2.5 hours.
Proteins were transferred to a PVDF membrane at 100 V for
1 hour with circulated cooling. The PVDF membrane was
blocked for 1 hour at RT in blocking buffer (1:1 Licor blocking
buffer: TBST). Following blocking, the membrane was incu-
bated in primary antibody overnight at 4 °C. Phosphorylation
levels of p-myosin protein were normalized to the a-tubulin.

AFM cell indentation experiments

Preparation of AFM colloid probes. An AFM colloid probe
was used to measure the elastic modulus of cells. The colloid
probe was prepared as detailed previously.**

Cell mechanics measurements by AFM indentation

A multimode AFM with a Nanoscope Illa control system and
scanner-] (software version 5.31r1, Veeco Instruments, Santa
Barbara, CA) was used to measure the mechanics of cell
membranes. AFM force-volume image mode was used to reveal
mechanical properties of cells by indentation over an area of
30 x 30 pm” under buffer solution in a fluid cell. The images
produced by this mode consist of an array of position-deflection
curves and a corresponding topographic map. All force maps
were acquired at a scan rate of 1 Hz and piezo ramp size of
1500 nm with an array of 32 x 32 force curves. The trigger mode
was set at a relative deflection threshold of 100 nm.

Data analysis

AFM force curve data were extracted from AFM files and
analyzed off-line with tools developed in Matlab. The Young’s
modulus (E) was computed from approaching force curves
using a Hertzian model with any arbitrary two points, (2, d)
and (z,, d,), on the force curve:

3/2
1 (z1 —22) = (d1 — )
E | k(1 -2\
SRl —v) di— d VB (d — d)3
(Fz?) [ - - o
here, k is the spring constant of the cantilever, v is Poisson’s

ratio, R is the radius of the tip, and d, is the initial deflection of
the cantilever when the tip contacts the surface.?®
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Statistical analysis

All experiments were performed in triplicate and data is repre-
sented as mean =+ standard deviation unless otherwise noted.
Data were analyzed using MINITAB Student (version 14). The
results were considered significant if the p values are equal or
less than 0.05 after performing a one-way ANOVA with post hoc
Tukey HSD test.

Results
Surface characterization and cellular stiffening on fibers

We first prepared a completely smooth surface by spin coating
2% PMMA on 22 x 22 mm glass slides. The smoothness of
PMMA coated surfaces was examined by tapping mode AFM
(Fig. 1A). In Fig. 1B and C, AFM height images of electrospun
fiber-coated surfaces are provided. In Fig. 1B a top-view image
of an individual fiber shows a flat topography underneath
individual fibers which would exclude the possibility of hetero-
geneity in topography. In Fig. 1C a side-view AFM height image
shows that, at the intersection of both fibers, each fiber
individually sits on top of the other. This indicates the pre-
servation of curved fibrous structure through the electro-
spinning and heat treatment processes.

The fiber diameters were measured as 1.153 + 0.310 pm.
One of the electrospinning criteria was to deposit fibers as
sparse as possible in order to create a ‘“‘single layer” of fiber
mesh on top of the surface. This way we made sure the
observed cellular response is due to the curved topography
provided by the fibers not the disruption of cell polarity via
providing a 3-D mesh. Additionally, limitation of the available
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Fig. 2 Relative RhoA activity was tested on control, single density fiber coated
and double layer fiber coated substrates at 1 day, 2 days and 4 days time points.
The overall RhoA activity decreased as the cells reach to 4 days time point but the
trend of relative differences between topography groups conserved for different
time points. Although RhoA activity of fiber coated surfaces at both densities
were significantly higher compared to control surfaces, the difference in RhoA
activity is not statistically significant between single or double density fibers.
*p < 0.05 compared to flat surface case at 1 day, 2 days and 4 days respectively.

adhesive area via fibers was taken into consideration, thus we
tested whether available adhesive area was generating an
artefact in our proposed hypothesis. For that we deposited
the fibers in single and double density fashion by doubling
the electrospinning time while staying in the ‘“single layer”
requirement as described above. Single and double density
topographies were tested for RhoA activity on fibers.
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Fig. 1 AFM topographical images of 2% PMMA spin coated surfaces (A), top view (B) and side view (C) of PMMA fibers. The fibers were further imaged by

SEM (1000x) to measure the diameters (n = 100) (D).
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Fig. 3 Immunofluorescence imaging of cytoskeletal f-actin (red) and vinculin
(green) examined to visualize the morphology of MC3T3E1 growing on flat
PMMA (A and Q) versus fibrous (B and D) surfaces. Involvement of RhoA/ROCK in
cytoskeletal rearrangement (C and D) showed ROCKII inhibition of cells growing
on flat PMMA (C), while fibrous PMMA (D) show a decrease in adhesion size
(yellow arrows).

Fig. 2 shows that RhoA activity is more than two fold higher
when cells are grown on fibrous substrates. Activity diminishes
as the cells grow, on both flat and fibrous surfaces, with an
approximately 60% reduction for fibrous substrates and 50%
for the flat substrate. In this regard, we increased the adhesive
surface area by increasing the fiber density (increased fiber
deposition time) and measured the RhoA activity. Results in
Fig. 2 confirm that the RhoA activity is double the RhoA activity
on the less dense fiber coated surface. Next we used immuno-
fluorescence imaging (Fig. 3) to observe the morphological
changes in the actin cytoskeleton and focal adhesion matura-
tion through targeting f-actin (red) with CF565 conjugated
phalloidin, and vinculin immunolabeled with A488 (green).
The first important observation was the enhanced density of
vinculin fluorescence signal along the fibers where cells attach,
as opposed to flat surfaces (Fig. 3B and A, respectively). Inhibi-
tion of the RhoA effector ROCKII significantly decreased the
adhesion formation on both flat and fibrous surfaces (Fig. 3C
and D). Although the adhesions became less visible, the smaller
vinculin clusters were still observed on cells adhering to a fiber
(Fig. 3D yellow arrows). We therefore propose that ROCKII
inhibition-induced deficiency of adhesions would have an
impact on intracellular tension, generated by cells growing on
PMMA fibers.

In order to test the intracellular tension we seeded cells onto
flat and fibrous substrates and measured their elastic modulus
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with AFM as a representative of intracellular tension. The
modulus distributions of the cells growing on each substrate
are illustrated in Fig. 4. The cells growing on fibers (the
distribution with continuous dotted line) have a distribution
presenting a higher mean and median modulus as compared to
the cells growing on PMMA spin coated surfaces (dot-dash
line). As a negative control we also measured the stiffness of
a cell growing on a cleaned glass coverslip (solid line). Both
PMMA coated and glass coverslip samples have elastic modulus
distributions that are smaller than the fiber coated samples.
We further investigated whether the increased stiffness is due
to enhanced RhoA activity through RhoA— ROCKII— Myolla
signalling, by inhibiting ROCKII activity with Y27632. Upon
inhibition of ROCKII, the elastic modulus distribution values
decreased to values between 0-5 kPa, less than values obtained
from a cell growing on flat PMMA. The average stiffness values
measured with AFM and the corresponding cytoskeletal mor-
phology are shown in Table 1.

As reported in the Table 1, cells growing on flat PMMA
surfaces have stiffness values of 5.6 kPa, which is approximately
12% lower than a cell growing on a cleaned glass surface. The
difference is predicted to be due to mechanical properties of
PMMA versus the glass since glass is a more rigid substrate.
However, the stiffness of cells growing on fibrous PMMA
surfaces were measure to be 13.24 kPa which is nearly 1.5 fold
higher (136%) than cells growing on flat PMMA substrates.
Inhibiting the RhoA/ROCKII pathway resulted in a decrease in

Table 1 Effect of RhoA/ROCKII pathway inhibition on overall cellular stiffness and cytoskeletal adhesion organization on planar vs. fibrous surfaces. The extent of

formation of stress fibers was represented with "'+"

MC3T3 cells growing on

Glass Flat PMMA surface PMMA fibers PMMA fibers + Y27632
Mean stiffness (kPa) + Stdev 6.49 + 3.8 5.6 + 3.6 13.24 + 6.3 2.75 + 1.39
Presence of stress fibers ++ ++ ++++ +
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Fig. 5 Effect of RhoA activity on acto-myosin organization and focal adhesion formation of cells growing on PMMA fibers (A, C, E) and flat PMMA (B, D, F) were
compared using immunofluorescence. Cells were stained for f-actin (green), myosin lla (red) and vinculin (blue). Overlay images of f-actin and myosin lla (the first
column) show qualitative differences in cell shape and cytoskeletal feature formation on flat (B1, D1, F1) versus fibrous (A1, C1, E1) surfaces. In overlay pseudo-color
coded images (first column) the overlap between f-actin and myosin Ila shown as yellow, overlap of f-actin, myosin lla and vinculin shown as white, vinculin and
myosin lla overlap is shown as purple. The individual f-actin (second column) and myosin lla (third column) images were shown as reference to overlay images and
used to further quantify the colocalization. Pearson coefficients were calculated within cell boundaries show the probability of colocalization per given topography
under control (A4, B4), Y27632 (C4, D4) and Blebbistatin (F4, E4) treatment respectively.

the measured stiffness values to 2.75 kPa, an approximately
80% decrease. The measured stiffness in response to RhoA/
ROCKII inhibition corresponded to altered cytoskeletal mor-
phology. In line with our immunostaining results, these results
demonstrate that RhoA/ROCKII inhibition not only affect the
stress fiber formation and the alignment of the adhesions with
the stress fibers (Fig. 3B), but also diminishes the cellular
stiffness as we treat the cells with RhoA/ROCKII inhibitor

(Fig. 4).

Actin cytoskeletal reorganization through RhoA/ROCK
signaling on fibers

Increased RhoA activation promotes ROCKII activity, which
facilitates the activity of Myosin Light Chain Kinase (MLCK).
MLCK phosphorylates non-muscle Myosin IIa to form a tension
generating acto-myosin complex. However, RhoA/ROCKII/MLCK

1412 | Integr. Biol, 2013, 5, 1407-1416

is not the only pathway leading to myosin activation and acto-
myosin ratcheting. We therefore asked whether the increased
stiffness values measured on AFM correspond to the cytoskeletal
rearrangement observed on cells growing on fibrous substrates.
The main aim of this experiment was to understand what degree
of stiffness, observed on cells growing on fibers, was due to
crosstalk between focal adhesions and enhanced cytoskeletal
reorganizations.

In order to delineate the interplay between the formation of
mature focal adhesions and stress fibers on flat PMMA versus
PMMA fibers, we used two cytoskeletal inhibitors, Y27632 and
Blebbistatin, acting on the RhoA/ROCKII pathway (Fig. 5). We
used a pharmacological inhibitor of Myosin Ila (Blebbistatin) to
evaluate acto-myosin contractility on the cytoskeletal integrity
of MC3T3EL1 cells growing on fibers as opposed to flat surfaces.
An indicator of increased tension on adhesion points is overlapping

This journal is © The Royal Society of Chemistry 2013
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fluorescent signals between myosin Ila and f-actin fibers, which
is an indicator of acto-myosin contractility. We quantitatively
analyzed the overlap of fluorescent intensity profiles between
f-actin stress fibers and the myosin IIa motor protein. Staining
results reveal f-actin and myosin overlay on both flat and
fibrous surfaces (Fig. 5A1 and B1). Inhibition of RhoA/ROCKII
via Y27632 resulted in a loss of this colocalization (Fig. 5C1 and D1),
which was most prominent in the formation of stress fibers on
flat surfaces, finally myosin II inhibitor Blebbistatin destroyed
not only the cytoskeletal integrity but also the cell shape on
both surfaces (Fig. 5E1 and F1). The pearson coefficients reveal
that there is 20% difference of colocalized pixels between fiber
and flat PMMA cases and inhibition of RhoA/ROCKII path-
way via Y27632 decouples the acto-myosin complex (Fig. 5C4
and D4). Using immunofluorescence, f-actin (Fig. 5A2, B2, C2,
D2, E2 and F2) and myosin IIa (Fig. 5A3, B3, C3, D3, E3 and F3)
are probed for cytoskeletal reorganization and vinculin (blue)
is probed for focal adhesions. Images were taken using a
40x water immersion objective (Fig. 5). Even after Y27632
treatment, the cells observed to sustain colocalized pixels on
fibrous surfaces. The colocalized pixel image of PMMA +
Y27632 (D4) has a pearson coefficient of 0.58 + 0.0096 whereas
PMMA fibers + Y27632 (C4) has 0.84 £ 0.064 size. Acto-myosin
colocalized pixel images demonstrated a sparse distribution on
the areas not adhering to fibrous topography (Fig. 5C4) after
Y27632 treatment. Immunostaining revealed that the focal
adhesions are lost on both flat (Fig. 5E1) and fibrous
(Fig. 5F1) surfaces, however the impact of Blebbistatin appears
more drastic on cytoskeletal organization, acto-myosin colocali-
zation, and adhesion formation on fibers as compared to those
on flat surfaces (for actin Fig. 5A2-F2, for myosin Ila A3-F3
respectively). Acto-myosin formation on flat PMMA (B4, D4, F4)
moderately decreased relative to the inhibitor-free control case,
but the stress fibers were still observed. In contrast, myosin Ila
depletion demonstrates catastrophic effects on cells growing on
fibrous substrates (Fig. 5E4). Fig. 5E4 and F4 indicate that
myosin IIa is required in the maintenance of cell shape and
cytoskeletal integrity on fibrous substrates, which is not depen-
dent on ROCKII as demonstrated by the inhibitor Y27632. The
disparity between Myosin Ila and ROCKII on focal adhesion
and cytoskeletal integrity is not present in cells growing on flat
substrates (Fig. 5F4).

Involvement of myosin light chain phosphorylation activity
downstream of RhoA/ROCK signalling

Focal adhesions were observed on both flat PMMA and fibrous
substrates and their lengths were quantified. Adhesions on
fibrous substrates were measured to be at least two fold larger
than those on flat surfaces. Inhibition of RhoA/ROCKII signal-
ing decreased the adhesion size to baseline levels on both flat
and fibrous surfaces (Fig. 6). Next, we examined the depen-
dence of RhoA signalling and contractility on regulating Myosin
phosphorylation. We found myosin light chain phosphoryla-
tion is at least two fold higher on cells growing on fibers.
The difference in myosin phosphorylation between fibers and
flat substrates persisted after RhoA/ROCKII and Myosin IIa

This journal is © The Royal Society of Chemistry 2013
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inhibition. We also observed a drastic increase in myosin
phosphorylation of cells in response to Blebbistatin treatment

(Fig. 7).

Effect of cytoskeletal disruption on early osteogenic
differentiation

We observed significant changes in overall cell modulus in
response to disruption of acto-myosin integrity and RhoA/
ROCKII signaling. We therefore investigated how changes in
cytoskeletal integrity would affect osteogenic differentiation. It
is widely accepted that osteoblasts differentiate under exter-
nally applied force such as cyclic stretch or fluid shear. We
therefore hypothesize that the increased tension and stiffness
on cells growing on fibrous substrates would lead to differentiation
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Fig. 8 Early differentiation through ALP staining quantified via the ratio of ALP
positive stained cells per total cell number in 3 random areas in images taken by
bright-field microscope. MC3T3-E1 cells growing on fibers in the presence of
Y27632 and Blebbistatin were seeded on flat PMMA or PMMA fibrous surfaces
and the figure indicates cytoskeletal tension-dependent ALP activity in MC3T3-E1
cells *p < 0.05 compared to cells growing on Ctrl treatment, #p < 0.05
compared to cells treated with Y27632 (n = 100).

of osteoblasts. We tested the initial differentiation via ALP stain-
ing. Our results indicate that ALP activity is 2 fold higher when
cells are grown on fibrous substrates as compared to flat surfaces
(Fig. 8). Additionally, both RhoA/ROCKII and Myosin IIa inhibition
decreased ALP activity more than 2 fold in cells growing on fibers
(Fig. 8). The same dependency on RhoA/ROCKII was also observed
for cells grown on flat surfaces, although in this case there was no
dependency on Myosin IIA. The results indicate fiber mediated
differentiation is a function of Myosin IIA and, by proxy, the
upstream activator of Myosin IIA:ROCKIIL. Conversely, differentia-
tion of cells grown on flat surfaces is a function of ROCKII alone.

Discussion

Nanofibers have proven successful in bone regenerative engi-
neering, a field which aims to use a bottom up approach
towards the generation of de novo tissue."* The bottom up
approach of regenerative engineering aims to first develop a
detailed understanding of cell interactions with biomaterials at
the molecular level to enable the directed development of
complex multicellular systems with greater success. Unravel-
ling the molecular interactions that drive progenitor cells down
desired lineages would therefore lead to improved scaffold
design.” In osteogenic regeneration, the desired outcome
would be an osteoinductive scaffold that would not require
any additional growth factors to promote osteoinduction.>® Our
results demonstrated that use of fibrous topography, rather
than planar surfaces, leads to an increase in osteogenesis
without any additional growth factors (Fig. 6). Several other
groups have also studied fibrous scaffolds for osteo-regenera-
tive purposes.®'*” For example Yoshimoto et al. showed that
growth of rat MSCs on a nanofibrous mat promoted ECM
production and multiple cell layer formation at as early as a week.”®
Another interesting study by Brown et al. showed introduction of a
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nanofibrous connective structure into a polyphosphazene micro-
spere scaffold promoted an increase in osteoid matrix formation
in a focal adhesion kinase (FAK)-dependent manner. Focal
adhesion signaling and RhoA activity are known regulators of
cellular contractility and stress fiber formation, suggesting a
mechanism by which topographic sensing of a nanofibrous
surface could occur.*

Activation of RhoA was recently shown to be an early indicator
of osteogenic differentiation of MSCs, mechanically induced by
oscillatory fluid flow.® Cells enhance their intracellular force
transmission and tension in the presence of oscillatory fluid flow
through the activation of ROCKII (a RhoA effector protein), and a
subsequent increase of Runx2 expression in MSCs promotes
osteoinduction. Similar to fluid flow, surface topography could
also generate disturbances in tensional homeostasis through
cytoskeletal reorganization.*” Our results demonstrate that growth
on PMMA fibers increase cellular tension, exhibited by a three
fold increase in elastic modulus, beyond that achieved with planar
PMMA surfaces. Furthermore, the presence of two markers that
support mechanotransduction - vinculin for adhesion maturation
anchoring the cytoskeleton, and actin stress fibers for force
transmission - validate our AFM measurements. Other groups
have studied the effects of nano and microscale surface features
on cytoskeletal tension-mediated osteogenic differentiation.
Hansen et al. reported that MC3T3E1 cells can sense and respond
to surface topography by adjusting intracellular stiffness;*> how-
ever they did not investigate the possible mechanism and down-
stream signalling cascade activity. In a recent finding by Seo et al.,
a 2 micron distance separating 1 x 1 micron lattice patterns was
found to enhance growth and cell survival through RhoA
mediated stress fiber formation and adhesion maturation.*?
Unfortunately, they also failed to report the downstream intra-
cellular signaling cascades associated with RhoA activation. Native
extracellular matrix is a diverse combination of fibers with varying
dimensions (collagen bundles with 67 nm banding periodicity),**
therefore nanofibrous matrices are suitable candidates to study for
clinically relevant regenerative engineering strategies.

Actin-mediated cytoskeletal integrity is associated with
intracellular force transmission and topographic sensing, and
several reports support the role of RhoA associated stress fiber
formation and acto-myosin racheting in cellular tension.’ In
addition to current literature, here we report that acto-myosin
associated cytoskeletal integrity is conserved not only via RhoA
but perhaps also by additional mechanisms associated with
maintaining acto-myosin integrity (Fig. 5). Our immunostaining
results show that upon ROCKII inhibition the focal adhesions
became less distinct and the stress fibers diffuse. Conversely,
remaining stress fibers and adhesions suggest there is still
cytoskeletal tension on fibrous substrates. Myosin IIa inhibition
via blebbistatin, however, completely disrupted acto-myosin
alignment and stress fiber formation (Fig. 5C3) and resulted in
a decrease in focal adhesion size and number. We also examined
the phosphorylation levels of myosin light chain to probe the
relationship between RhoA/ROCKII signalling and myosin activity.
Interestingly, when the myosin Ila ATPase activity is inhibited,
the overall phosphorylation of myosin light chain is dramatically
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through enhanced Myosin lla interactions with the actin stress fibers.

increased. Other groups also reported an enhanced myosin
regulatory chain phosphorylation in response to blebbistatin
treatment on adherent cells.>” It is reported that ROCKII but
not Myosin ATPase, regulates myosin regulator chain phos-
phorylation. These results, along with our findings, suggest a
possible regulation of MLCK activity independent of RhoA/
ROCKII, potentially through a decrease in Rac-1 activity, which
also promotes increased MLCK activity. This is the first report
of mechanisms involving the collective of RhoA/ROCKII/Myosin
IIa activity and RhoA independent regulation of tensional
homeostasis of osteoblasts growing on fibrous substrates.
Finally, the interactions downstream of RhoA were also
investigated. The complex and interconnected protein-protein
interactions collectively determine the cell fate and it is critical
to determine the key regulators of a signalling response in
order to predict a cellular outcome. The involvement of RhoA in
topographic sensing has been studied throughout the last
decade and has been shown to be essential for osteogenic
differentiation.*® Several mechanisms have been proposed by
other groups for the events downstream of RhoA leading to
osteogenic differentiation. One possible scenario of events is
depicted in Fig. 9. In summary, when a cells faces to a curved

This journal is © The Royal Society of Chemistry 2013

topography the sequence of events leading to focal adhesion
maturation and stress fiber formation could be due to an
equilibrium of the bending energy due to curved topography,
versus the deformation energy of the isotropic part of the cell.*®
Once activated through phosphorylation of GDP, turning into
the GTP bound form, RhoA stabilizes the stress fibers and
allows Myosin IIa to accumulate and create the ratcheting
action that generates intracellular tension and transforms
osteoprogenitors into a more osteogenic phenotype. Our pre-
viously published study*® demonstrated the interplay between
fiber scaffold diameter and MAPK (mitogen activated protein
kinase) activity that might be related to adhesion-mediated
cytoskeletal reorganization on fibers. In the present study we
report that RhoA activity is increased on fibers, and the ability
of RhoA to propagate through ROCKII to Myosin IIA is required
for the enhanced differentiation observed on fibrous substrates,
relative to the control. In contrast, flat surfaces demonstrate differ-
entiation that is a function of ROCKII alone. This suggests that
differentiation on flat surfaces proceeds through soluble second
messenger signalling involving ROCKII, whereas differentiation on
fibers proceeds through direct tension applied to the actin
cytoskeleton by adhesion to the fiber.
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Conclusions

In this study we investigated the role of extracellular matrix-like
fiber topography on adhesion-dependent RhoA/ROCKII signal-
ling, leading to osteoinduction. This topography-induced
osteoinduction proceeds through a similar mechanism to that
of tensile strain applied to a cell. Earlier reports showed***!
that strain promotes osteoinduction in a RhoA/ROCKII-dependent
manner, and could induce autocrine BMP signalling via upregula-
tion of intracellular BMP expression. We demonstrate that cells
reorganize their actin stress fibers and stabilize their adhesions
on fiber substrates, whereas the adhesion maturation is not as
significant on planar substrates. Additionally, we demonstrate
that RhoA/ROCKII signalling works in concert with Myosin IIa
activation and collectively enhances cytoskeletal and focal
adhesion integrity. Finally, we showed that the cellular tension
generated by an acto-myosin complex facilitates osteogenic
differentiation on fibrous topography without inclusion of
growth factors to the media. Therefore, this study suggests that
the ability of nanofibers to induce intracellular tension is a
potent and intrinsic property leading to osteoblast differentia-
tion in lieu of growth factors.
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