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Significant efforts have been directed to understanding the factors
that influence the lineage commitment of stem cells. This paper
demonstrates that cell shape, independent of soluble factors, has
a strong influence on the differentiation of human mesenchymal
stem cells (MSCs) from bone marrow. When exposed to competing
soluble differentiation signals, cells cultured in rectangles with in-
creasing aspect ratio and in shapes with pentagonal symmetry but
with different subcellular curvature—and with each occupying the
same area—display different adipogenesis and osteogenesis pro-
files. The results reveal that geometric features that increase acto-
myosin contractility promote osteogenesis and are consistent with
in vivo characteristics of the microenvironment of the differen-
tiated cells. Cytoskeletal-disrupting pharmacological agents modu-
late shape-based trends in lineage commitment verifying the
critical role of focal adhesion and myosin-generated contractility
during differentiation. Microarray analysis and pathway inhibition
studies suggest that contractile cells promote osteogenesis by en-
hancing c-Jun N-terminal kinase (JNK) and extracellular related ki-
nase (ERK1/2) activation in conjunction with elevated wingless-
type (Wnt) signaling. Taken together, this work points to the role
that geometric shape cues can play in orchestrating the mechano-
chemical signals and paracrine/autocrine factors that can direct
MSCs to appropriate fates.

cytoskeleton | microcontact printing | Wnt signaling | microenvironment

Mesenchymal stem cells (MSCs) are multipotent cells that
were initially isolated from bone marrow and noted for
their ability to differentiate into bone cells (osteoblasts), cartilage
cells (chondrocytes), and fat cells (adipocytes) (1, 2). As an auto-
logous source of stem cells, MSCs are under considerable scrutiny
for regenerative therapies (3). A combination of physical, chemi-
cal, and biological cues present in the stem cell microenviron-
ment have been implicated as directors of stem cell fate in
vivo (4). This concept of a stem cell “niche” has motivated em-
pirical studies to identify optimal combinations of extracellular
matrix, culture conditions, and temporally administered growth
factors to direct stem cell fate in the laboratory (5-7). However,
the physical forces and geometry of the MSC microenvironment
remain poorly defined and have begun to emerge as critical para-
meters for regulating cell fate (8, 9).

Physical cues, which were postulated as important factors in
tissue development over a century ago (10), have also been
recognized as important factors in controlling cell function. Re-
search along these lines has been driven in the past decades with
the maturation of microengineering techniques (11-13). Ingber,
Whitesides, and colleagues demonstrated the use of substrates
that were geometrically patterned to control the microenviron-
ment of individual cells and in turn the decision of cells to initiate
apoptosis (14). Patterned substrates have also been used to study
cytoskeletal dynamics (15-18) and motility (19-22) with single-
cell resolution. Chen and coworkers recently demonstrated the
important role that cell shape and size can play in directing
the fates of MSCs (23). The degree of cell spreading permitted
by the culture density or micro-island size led to a higher degree
of cytoskeletal tension and differential expression of the small
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GTPase RhoA and its downstream effector Rho-associated pro-
tein kinase (ROCK) (24). Round cells promoted adipogenesis
while cells with high spreading preferred an osteoblast fate. Using
other in vitro systems, substrate composition and stiffness
(25-27), applied strain (28), cell size and spreading (23, 29-31)
have all been shown to influence MSC fate decisions. While ad-
hesion and the degree of cytoskeletal tension are widely accepted
as effectors of stem cell fate, the regulatory mechanisms of
mechanical-stimulated differentiation is not yet established.

In this work, we demonstrate how shape can be used to pro-
mote the differentiation of MSCs to distinct lineages. We treated
patterned cells with a mixture of adipogenic and osteogenic
differentiation cues and showed differential commitment de-
pends on the adhesive area, aspect ratio, and subcellular curva-
ture. The latter could be used to promote a more contractile
cytoskeleton that then promoted an osteogenic outcome whereas
shapes of identical area that disrupt contractility favored an adi-
pogenic outcome. A microarray analysis suggested that increased
myosin contractility enhances osteogenesis through MAP kinase
pathways and Wnt signaling. Together, this work establishes that
even subtle shape cues can play a significant role in promot-
ing differentiation.

Results

Differentiation of MSCs on Patterned Monolayers. We used the mi-
crocontact printing technique to pattern the shapes of individual
cells on a substrate. Briefly, we prepared polydimethylsiloxane
(PDMS) stamps that were then used to pattern adhesive islands
of octadecanethiolate on a glass cover slip coated with a layer of
gold. The remaining regions were then modified with a tri(ethy-
lene glycol)-terminated monolayer followed by immersion of the
patterned substrates in a solution of the ECM protein fibronectin
to adsorb protein to the hydrophobic islands. MSCs attached to
these regions and spread to assume the shape of the underlying
island (Fig. S1). Cells remained viable and constrained to the pat-
terns for one week in culture, though at longer times the nonad-
hesive regions were degraded and cells escaped the pattern and
proliferated. To determine if shape alone can induce differentia-
tion within this timeframe, MSCs on the patterned surfaces were
exposed to growth media for one week and stained with line-
age specific markers (adipocyte/OilRedO (32) and osteoblast/
alkaline phosphatase (33)). Under these conditions more than
95% of the MSCs did not show lineage specific staining.

To evaluate differentiation of MSCs using common media sup-
plements unpatterned cells were exposed to adipogenesis and
osteogenesis-promoting soluble cues and a 1:1 combination of
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both (the “mixed media”). The culture was stopped after one week
and the cells were stained to reveal that MSCs differentiated to
the defined lineage and cells exposed to the mixed media show
a mixture of both lineages (Fig. S2). The remaining experiments
were performed using patterned cells exposed to mixed media con-
taining these competing soluble differentiation cues.

Directing MSC Differentiation with Geometric Cues. We first identi-
fied the appropriate size of a patterned feature that would show
little bias in directing cell differentiation towards osteogenic and
adipogenic fates. Cells that were adherent to mixed shapes with a
range of geometric features and having areas of 1,000, 2,500 and,
5,000 pm? were treated with mixed media for one week and then
probed with lineage specific markers. In all cases, approximately
50-60% of the cells had differentiated, but with different fates.
For the small islands we observed primarily adipocyte character-
istics (lipid vacuoles) while the large islands promoted an osteo-
blast fate (alkaline phosphatase), consistent with the report by
Chen and coworkers that cell size has a strong influence on dif-
ferentiation (23) (Figs. S3 and S4). For cells on patterns of inter-
mediate area (2,500 um?) the differentiation proceeded to give a
mixed population of adipocytes and osteoblasts. We next com-
pared differentiation of MSCs on a series of shapes that main-
tained this constant area but that displayed differences in
aspect ratio and curvature.

Patterned cells that were cultured for one week in mixed media
on rectangles having aspect ratios of 1: 1, 3:2 and 4: 1 showed that
the yield of osteogenesis increased with aspect ratio. Cells in
squares (aspect ratio 1:1) showed 46% osteogenesis while cells
on rectangles having aspect ratios of 3:2 and 4:1 displayed
56% and 61% osteogenesis, respectively (Fig. 14). We next eval-
uated the influence of three shapes that each had pentagonal
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Fig. 1. (A) Percentage of cells captured on rectangles of varying aspect ratio

differentiating to adipocyte or osteoblast lineage. (B) Percentage of cells dif-
ferentiating to either lineage when captured on fivefold symmetric shapes.
(C) Comparison of color intensity histograms generated by measuring the red
and purple channels of cells in flower and star shapes (n = 393). The dotted
line represents thresholds used to define lineage specification. The bar graph
summarizes lineage assignment from these cells using this method
(R = red channel, P = purple channel). Error bars are standard deviations
from four separate experiments with over 200 cells per shape, p-value
<0.005. (Scale bar, 50 pm).
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symmetry but with different types of curvature (Fig. 1B). The first
shape approximated a flower with large convex curves along each
edge. For this shape, 62% of MSCs differentiated to give adipo-
cytes with the balance yielding osteoblasts. Cells patterned into a
pentagon shape—with straight lines for the edges—showed an
even distribution of adipocytes and osteoblasts. Cells having a
shape approximating a star—with concave edges and sharp points
at the vertices—had a 62% preference for an osteogenic fate. In all
cases, a small portion of differentiated cells (~10%) displayed both
markers and were not used in the analysis. This experiment is strik-
ing because the three shapes had a constant area and only subtle
geometric differences yet had a significant difference in directing
lineage commitment. Significantly, the medium and soluble fac-
tors were unchanged in these experiments, showing that the shape
cues imposed by the underlying pattern were alone responsible for
changing the fate of the cells. This trend is consistent with our ear-
lier study that showed an increasingly contractile cytoskeleton in
cells as they moved from a flower to a pentagon and finally to a star
shape (18). In these experiments we used visual inspection to mark
cells as adipocytes or osteoblasts, (or neither), as has been com-
mon in other studies (23). To verify that this process reliably ca-
tegorized the cells, we also repeated the analysis using an
automated image analysis algorithm. We acquired color images
of individual cells and performed a color deconvolution to sepa-
rate the red and purple channels for images of each dually stained
cell (see ST Text and Fig. S5 for details). Fig. 1C shows histograms of
color-specific intensities for the flower and star shapes. We as-
signed fixed thresholds for designating lineage and report popula-
tions of cells that show either of the stains, a combination of both,
or neither. The trend in differentiation determined in this manner
is comparable to that obtained by visual inspection and therefore
provides strong evidence that shape alone is influencing the
differentiation of adherent cells. For experiments that follow,
we find that the fraction of cells that display either both or neither
stains is approximately constant and we therefore show only the
relative populations of cells displaying one or the other marker.

Influence of Shape on Cytoskeleton in MSCs. We next characterized
the cytoskeletal organization in MSCs on different shapes. Cells
were cultured for 6 h under standard growth conditions and then
fixed and probed by immunofluorescence to observe the stress
fibers and the focal adhesion complexes. Fig. 24—C shows immu-
nofluorescent images of cells cultured on 2,500 pm? islands
stained for actin (green), vinculin (red), and merged images with
nuclei in blue. Previous work using patterned substrates has
shown that cells assemble stress fibers along edges that overlap
regions of substrate that are nonadhesive (15, 18). In the flower
shape, stress fibers predominate at the acute corners between pe-
tals where the cell spans nonadhesive regions. In sharp contrast to
the flower shape, the concave regions between points of the star
give rise to highly contractile regions where the cell spans across
the nonadhesive area. Similar results were obtained with increas-
ing aspect ratio and contractility (Fig. S6). To assess differences in
patterns of focal adhesion and stress fibers between cells, immu-
nofluorescent heatmaps were generated for >80 cells per shape
(Fig. S7). On average, cells in star shapes show larger focal ad-
hesions and stress fibers than cells in flower shapes. We note that
our finding is in contrast to a study by Chen and coworkers (17)
that found that cell size, but not shape, governs the amount of
focal adhesion. These results may stem from the use of different
cell lines, and perhaps a greater sensitivity of the MSCs to shape.

Immunofluorescent staining of myosin Ila, the primary motor
protein assembly that is responsible for cell contractility, was per-
formed for MSCs adherent to the shapes (Fig. 2D). Average myo-
sin Ila fluorescent heatmaps from a large number of cells
demonstrate a higher degree of actomyosin contractility along
the edges that overlap the nonadhesive regions of the monolayer
for cells on star shapes (Fig. 2E). These results suggest regions of
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Fig. 2. (A)-(C) Immunofluorescent images of cells in flower and star shapes
stained for F-actin (green), vinculin (red) and nuclei (blue). (D) Immunoflour-
escent images of cells in flower and star shapes stained for myosin lla. (E)
Fluorescent heatmaps of >80 cells stained for myosin lla as a quantitative
measure of contractility. (Scale bar, 20 pm).

local curvature on shapes that increase cytoskeletal tension of
adherent cells promote osteogenesis relative to adipogenesis.
The heatmaps show a slight variation (16% for the star and
23% for the flower) in the intensities for symmetrical features.
The heatmaps were constructed from cells that retained their re-
lative alignment in the culture and therefore the asymmetry may
reflect either a global polarization or intrinsic variability in cytos-
keletal structure of patterned cells within a sample. We have not
performed experiments to address this question.

Modulating Differentiation by Cytoskeletal Manipulation. We have
shown that the cytoskeleton in adherent cells is strongly influ-
enced by subtle geometric shape cues, and suggest that the osteo-
genic program in the cells is directly dependent on a contractile
cytoskeleton. To further address this possibility, we evaluated the
effect of several pharmacological agents that are known to mod-
ulate the cytoskeleton. Inhibitors were added to cell culture me-
dia at concentrations that allowed complete spreading of the
MSC to the underlying shape with no visually apparent changes
to morphology. Control cultures without pharmacological agents
show 72% of cells on the flower shape have an adipogenic fate
compared to 67% of cells on the star shape showing an osteogenic
fate (Fig. 34). We then compared the shape-dependent differen-
tiation of cells that were treated with nocodazole, a potent micro-
tubule depolymerizing agent that has been shown to increase cell
contractility (34). Indeed, the drug removed the influence of
shape and in all cases gave a strong preference for osteogenesis
(>80%) (Fig. 3B). Cytochalasin D is a small molecule that inhibits
F-actin polymerization and therefore reduces contractility of the
actin cytoskeleton. This agent again removed the effect of shape
on differentiation but this time favored an adipogenic fate for
cells on all shapes (Fig. 3C). Two other drugs that directly inhibit
contractility—blebbistatin, which inhibits myosin II and Y-27632,
which inhibits ROCK—caused a decrease in osteogenesis with a
corresponding increase in cells with adipocyte phenotypes and
again removed the influence of shape on differentiation
(>70%, Fig. 3D, E). Finally, we treated MSCs with an antibody
against the a5p1 integrin—which mediates coupling of the cytos-
keleton to the extracellular matrix—prior to adhesion, but using a
concentration of antibody that does not block spreading of the
cell to fill the patterned island (35). We find that for both
shapes, approximately 85% of the cells choose an adipogenic fate
(Fig. 3F). Treatment of cells on shapes with varying aspect ratio
with these agents shows the same trend (Fig. S8). Each of these
results is consistent with the role of actomyosin contractility in
promoting an osteogenic fate in cells, and further serves to estab-
lish the apparent requirement for actomyosin contractility in
shape-dependent influence on differentiation.

RNA Expression Analysis of Cells on Flower and Star Shapes. Our ob-

servations showing that osteogenesis is promoted by an increased
cytoskeletal contractility is consistent with previous reports de-
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Fig. 3. (A) Percentage of cells differentiating to adipocytes or osteoblasts
when cultured on patterns of the same shape, p-value <0.01. (B)-(E) Effect
on shape-promoted differentiation in the presence of cytoskeleton disrup-
tors and (F) integrin blocking antibodies.

monstrating that stiff substrates promote osteogenesis (and which
is intuitively linked to the physical characteristics of bone) (23,
27). To gain an insight on how actomyosin contractility regulates
the osteogenesis program, we performed a gene expression anal-
ysis to establish the differentiated states of the MSCs and, as de-
scribed further below, to identify gene families that were impor-
tant in mediating the effect of shape on differentiation. RNA was
isolated from cells grown on 12 identical patterned substrates
(maximum 2,500 cells/substrate) that were exposed for 1 week
to mixed media on flower shapes, star shapes, and nonpatterned
controls. When isolating RNA, we selected cultures wherein
greater than 90% of the cells were attached to individual features
and had spread to take on the shape of the feature. In this way,
RNA derived from incompletely spread cells represented a minor
fraction of the pool and was not expected to significantly alter the
expression profiles of the patterned cells. After one round of am-
plification, we analyzed the RNA transcripts by hybridization to
Affymetrix GeneChips and analyzed the relative expression levels
of known markers. A panel of common adipogenic transcripts
showed higher levels of expression in cells cultured on the flower
shape relative to the star and unpatterned surfaces (normalized
to growth media control, Fig. 44. See Table S1 for fold change
values). Similarly, a group of osteogenic transcripts displayed
higher expression for cells cultured in star shapes. The trend
in expression level across lineage specific transcripts is consistent
with the histological staining. To supplement the differential ex-
pression of lineage specific transcripts we additionally performed
immunofluorescent staining and RT-PCR (Fig. S9). Immuno-
fluorescent staining of peroxisome proliferator-activated recep-
tor y (PPAR y) and Runt-related transcription factor 2
(Runx2)—markers for adipogenesis and osteogenesis that were
differentially expressed in the microarray data—reveal a compar-
able trend to the histology stains in shape directed differentiation.
The RT-PCR gels show increased expression of osteocalcin
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expressed in cells captured to both shapes and (B) MAP kinase and Wnt sig-
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mixed adipogenic and osteogenic media. (C) Change in differentiation from
control when exposed to MAPK inhibitors. (D) Change in differentiation of
cells in the presence of Wnt antagonists. (E) Speculative pathway for shape
directed differentiation of adherent MSCs.
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(BGLAP) for cells in star shapes and lipoprotein lipase (LPL) for
cells in flower shapes, consistent with the microarray results
(Fig. S9D).

A comparison of the gene expression profiles in cells that were
adherent to star and flower shapes, but that were not yet treated
with the differentiation cues shows significant differential expres-
sion of genes associated with Wnt signaling and mitogen-activated
protein kinase cascades (MAPK), both of these pathways are well-
studied in mechanotransduction and osteogenic regulation (36).
In the absence of soluble lineage guidance cues, both shapes ex-
press transcripts associated with MAPK and Wnt signaling, but
cells adherent to the star shape express higher levels of noncano-
nical (also known as Planar Cell Polarity (PCP) pathway) Wnt as-
sociated transcripts including: Racl, cell division cycle 42 (Cdc42),
RhoA, ROCK?2, dishevelled 1, 2, and 3 (DVL1, 2, and 3) and di-
shevelled associated activator of morphogenesis 1 (DAAM1). The
higher expression of the GTPases involved in cell motility, Rac,
and Cdc42, is consistent with recent work in our group that estab-
lished greater polarity and protrusion with cells in a star geometry
(18). Wntl1, the major player in the noncanonical PCP pathway,
also shows >10-fold expression compared to cells adherent to the
flower shape. Further, those cells adherent to the star shape have
higher expression of Wnt receptors including LRP5 and 8 out of 10
Frizzled receptors (FZD). (Fig. 4B, left and Table S2). Previous

Kilian et al.

work has demonstrated the importance of Wnt signaling in regu-
lating actomyosin contractility (37). Furthermore, high levels of
the noncanonical Wnt downstream effector ROCK has been
shown to trigger osteogenesis through a myosin-generated tension
feedback loop (23, 38). It is therefore reasonable to suggest that
contractile cells may be poised in a state of higher susceptibility to
soluble factors including autocrine/paracrine Wnt signals aswell as
osteogenic media supplements.

Cells that were exposed to mixed media show significantly dif-
ferent expression profiles compared to patterned cells that had
not been treated with soluble differentiation cues (Fig. 4B, blue
box). Of particular interest, MSCs cultured on stars show ele-
vated expression of genes involved in the MAP kinase pathways
linked to both mechanotransduction and osteogenesis (39) in-
cluding: extracellular signal-regulated kinases ERK1/2 (MAPKI,
MAPK3), c-Jun N-terminal kinases JNK (MAPKS, MAPKO,
MAPKI10) and p38 kinases (MAPK11, MAPK12, MAPK13,
MAPKI14). We also find that star-shaped cells display higher ex-
pression of 12 of the 17 Wnt transcripts and downstream effectors
of both the canonical and noncanonical pathways. In contrast,
flower-shaped cells display increased expression of dikkopf-1
(DKK1) and all of the secreted frizzled-related proteins (sFRP)
involved in Wnt antagonism (see Table S2 for fold change values).

Inhibition of MAPK and Wnt Signaling in Patterned Cells. To deter-
mine the extent to which MAP kinase cascades and Wnt signaling
play a role in shape-promoted osteogenesis, we tested the effect
of inhibitors of these pathways on the differentiation. Addition of
SB202190 a specific inhibitor of p38 phosphorylation (40) re-
sulted in no discernible change in lineage commitment (Fig. 4C)
whereas the ERK 1/2 inhibitor FR180204 and the JNK 1/2/3 in-
hibitor SP600125 (41) caused a decrease in osteogenesis with a
concurrent increase in adipogenesis demonstrating the impor-
tance of these cascades in osteoblast differentiation.

We also probed the role of Wnt signaling by supplementing the
media with the recombinant extracellular Wnt antagonists DKK1
and sFRP3 (42). Treatment with DKK1 caused a slight decrease
in osteogenesis and increase in adipogenesis relative to control
(Fig. 4D). Incubation in the presence of sFRP3 caused a greater
decrease in osteogenesis with an associated increase in adipogen-
esis. Combining both DKK1 and sFRP3 led to a further increase
in adipogenesis relative to control. Importantly, treatment with
Wnt inhibitors abrogated star-shape-promoted trends in osteo-
genesis. From these results we speculate that cell contractility ele-
vates ERK/JNK cascades and makes MSCs in star shapes more
susceptible to secreted molecules (Fig. 4F).

Limits of Geometric Control over MSC Fate. The studies described
above used shapes that yielded differentiation of approximately
60-70% of one fate. We asked whether shapes that combined lo-
cal curvature with aspect ratio could increase the preference for
the major outcome. Therefore, we compared the differentiation
of cells on a circular shape and a “holly leaf” that incorporates
two osteogenesis-promoting cues: moderate aspect ratio (2:1)
and regions of subcellular curvature and concavity. Immunofluor-
escence staining shows that cells confined to the holly shape have
larger focal adhesions and stress fibers spanning the nonadhesive
regions compared to cells in circular patterns (Fig. S10). Further,
heat maps showing the localization of myosin Ila show a striking
difference in the contractility state of the cells (Fig. 54). MSCs on
both shapes were exposed to mixed media for 1 week and stained
for markers of osteogenesis and adipogenesis. Cells in the circular
island favored the adipogenic fate (74%) while the contractile
cells in the holly shape favored the osteogenic fate (67%)
(Fig. 5B). The difference in differentiation between these shapes
is approximately equal to that observed with the flower and
star shape. Thus, we infer that under the conditions employed
in our work, we are realizing the maximum influence that shape
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Fig. 5. (A) Myosin lla immunofluorescent heat maps of >80 cells cultured in
circles or holly shapes. (B) Corresponding differentiation of cells in both
shapes after exposure to mixed media, p-value <0.005.

can have in directing differentiation. We would expect, however,
that synergistic combinations of growth factors and small mole-
cules in conjunction with geometric cues can achieve a more spe-
cific outcome.

Discussion

In this paper we used patterned cells to investigate the relation-
ship between shape and differentiation of multipotent MSCs. The
patterned monolayers provide exquisite control over the shapes
of individual cells, thereby enabling statistically relevant observa-
tions over a large number of cells in a single well of a tissue cul-
ture plate. In this study, we varied the aspect ratio and subcellular
curvature of individual cells and could include multiple shapes on
a single substrate. MSCs survived and remained confined to pat-
terns for a week allowing introduction of differentiation inducing
chemical cues. We found that shapes promoting increased con-
tractility led to preferential osteogenesis when cells were exposed
to a mixture of lineage cues. In contrast, cells in shapes that pro-
mote low contractility preferred to follow an adipocyte lineage.

The influence of geometry on differentiation that we observe is
consistent with a model wherein the local shape cues (i.e. pointed
features between concave regions) promote increased myosin
contractility which enhances pathways associated with osteogen-
esis. Immunofluorescence analysis of the cells, for example, con-
firms the relationship between the shape cues and the enhanced
stress filaments in the patterned cells (Fig. 2 and Fig. S7). Treat-
ment of the cells with cytoskeletal-disrupting agents gave results
that are also consistent with this model. Nocodazole, for example,
increases the contractility of the cytoskeleton and was shown to
drive the majority of MSCs in shapes towards osteoblast fate.
In contrast, cells exposed to molecules that inhibit contractility
tended to differentiate into adipocytes. Further, by blocking a
portion of cell surface integrin receptor with an antibody, we
could decrease the tension exerted by the cell on the substrate
with a corresponding inhibition of osteogenesis. Taken together
these results demonstrate the importance of adhesion and a
highly contractile state for bone cell formation.

This interpretation is also consistent with the report by Chen
and coworkers showing that myosin-generated cytoskeletal ten-
sion that follows spreading of MSCs leads to higher levels of
RhoA, ROCK, and myosin light chain phosphorylation (23). This
tension-specific feedback loop was shown to act as a switch for
osteogenesis. Further, a very recent report by Chien and cowor-
kers studied the differentiation of MSCs on titanium oxide nano-
tubes and found that larger tubes led to an increased spreading of
cells and a corresponding increase in osteogenesis (31). Discher
and coworkers varied the stiffness of the underlying matrix in
MSC culture and showed elasticity to be a powerful mechanical
cue in directing MSC fate (27). Stiff matrices lead to enhanced
cytoskeletal tension and osteogenesis while softer matrices direc-
ted MSCs towards alternative lineages. Interestingly, the syn-
thetic and natural matrices that had a comparable directing
effect in cell fate also shared a similar stiffness. We note the temp-
tation to speculate that cells differentiate in response to shape

4876 | www.pnas.org/cgi/doi/10.1073/pnas.0903269107

cues in a fashion that is consistent with the native geometry of
cells of that lineage—for example, round shapes with low stress
promote fat cells and contractile pointed shapes promote bone—
but we have no direct evidence to support this notion. In any
event, this body of work demonstrates the significant roles that
physical cues can play to increase cytoskeletal tension in the
MSC microenvironment and the relevance of these effects to pro-
moting osteogenesis.

To aid in understanding the role that shape plays in regulating
MSC differentiation, we performed gene expression analysis
using DNA microarrays. After exposing patterned cells to mixed
media containing adipogenic/osteogenic soluble cues we see a
higher degree of osteogenic transcript expression for cells cul-
tured in star shapes and higher expression levels of adipogenic
transcripts in cells on flower shapes, consistent with the histo-
logical studies. In both cases of normal media and mixed media,
microarray analysis reveals differential gene expression for tran-
scripts associated with MAP kinase pathways and Wnt signaling
suggesting a role for secreted factors. In particular, we find that
cells cultured on star shapes in growth media promote expression
of noncanonical Wnt/Fzd signaling molecules (including down-
stream effectors RhoA and ROCK previously shown to be in-
volved in osteogenesis (23, 38)). Moreover, when exposed to
mixed media the gene expression of tension specific MAP kinases
(p38, ERK1/2, INK) and both canonical and noncanonical Wnt
transcripts is increased for cells on star shapes relative to those on
flower shapes and on unpatterned surfaces. In contrast, cells in
flower shapes show elevated expression of Wnt inhibitory mole-
cules (sFRPs), suggesting that this geometry may stimulate func-
tional Wnt antagonism.

Wht signaling is known to be important in osteoblast differen-
tiation (36). Recent studies have also shown how Wnts are acti-
vated by mechanical stimuli during bone development (43, 44)
with additional functions in regulating cell contractility during tis-
sue morphogenesis (37, 45). p38, ERK, and JNK cascades are
known to be activated by mechanical stimuli but have also been
implicated as targets of Wnt signaling through canonical (40) and
noncanonical pathways (41, 46, 47) for regulation of osteogenesis.
Taken together, these studies and our results support a picture
where actomyosin contractility stimulates MAPK cascades and
Whnt signaling to regulate osteoblast differentiation.

To support this hypothesis, treatment of cells in both shapes
with MAP kinase inhibitors shows that ERK1/2 and JNK are im-
portant for osteogenesis and their inhibition causes increased adi-
pogenesis when exposed to mixed media. This result is consistent
with previous studies that point to the important role of ERK1/2
and JNK in osteogenesis (41, 46, 48, 49) as well as an inhibitory
role of INK in adipogenesis (49). As further support, Wnt inhibi-
tion by DKK1 and sFRP3 led to a decrease in osteogenesis with a
concurrent increase in adipogenesis. From these results, we
propose that cells in star shapes increase the levels of the nonca-
nonical Wnt signaling molecules, their receptors, and their down-
stream effectors. Subsequently, activation of ERK/JNK by soluble
cues and autocrine/paracrine Wnt signaling is enhanced for cells in
this geometry leading to elevated expression of master osteoblast
regulators (see Fig. 4F). Likewise, it appears that cells in geome-
tries associated with low contractility may not only make the cells
more susceptible to soluble adipogenic cues but may also promote
negative regulation of Wnt signaling via the secretion of sFRPs.

This work has harnessed the utility of microcontact printing
to control cell shape and allow systematic and highly parallel
studies of the factors that affect stem cell fate. This technique
is also notable because it can be used to study large populations
of cells, providing good statistical data, and even providing suffi-
cient RNA to permit gene expression profiling. By keeping the
area and shape of cells constant, the heterogeneities that normally
attend cell cultures are reduced, giving a targeted investigation of
the synergy between cell shape, biological, and chemical signals.
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Differentiation media supplements have been shown to operate
through temporal regulation of different signaling cascades
(48). Histology staining and RNA expression analysis shows high
levels of activation in one week compared to unpatterned cells un-
der the same media conditions. Thus the use of shape cues can be
employed to enhance and rationally control differentiation speci-
fic signaling, thereby accelerating biochemical assays and guided
differentiation in engineered scaffolds. Therefore, this study pro-
vides both unique tools and methodologies for investigative biol-
ogy as well as design principles that will prove useful for designing
materials for regenerative medicine.

Materials and Methods
Further details of materials and methods are included in S/ Text.

Cell Culture. Human MSCs were a gift from Dr. Andy Xiang Peng at Sun Yat-
Sen University, and derived as described (33). Cells were cultured in DMEM-
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low glucose supplemented with 10% FBS, 1% penicillin/streptomycin, pas-
saged at 70-80% confluency and seeded at ~5, 000 cells/cm?. Differentiation
media was added by itself or as a 1:1 (v/v) combination.

Surface Preparation. Microcontact printing of self-assembled monolayers on
thin gold layers was performed as described previously (18).

Histology. Cells were fixed with 4% formaldehyde and stained for adipogen-
esis (lipid droplets, Oil Red O), and osteogenesis (alkaline phosphatase, BCIP/
NBT) per manufacturer’s instructions.
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