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ABSTRACT Regulated biophysical cues, such as nanotopography, have been 7 Days Inhibition Unpatterned PDVIS

No pFAK Inhibition

shown to be integral for tissue regeneration and embryogenesis in the stem cell
niche. Tissue homeostasis involves the interaction of multipotent cells with
nanoscaled topographical features in their ECM to regulate aspects of cell
behavior. Synthetic nanostructures can drive specific cell differentiation, but the
sensing mechanisms for nanocues remain poorly understood. Here, we report that
nanotopography-induced human mesenchymal stem cell (hMSC) differentiation
through cell mechanotransduction is modulated by the integrin-activated focal
adhesion kinase (FAK). On nanogratings with 250 nm line width on polydimethyl-

siloxane, hMSCs developed aligned stress fibers and showed an upregulation of
neurogenic and myogenic differentiation markers. The observed cellular focal
adhesions within these cells were also significantly smaller and more elongated on the nanogratings compared to microgratings or unpatterned control.
In addition, our mechanistic study confirmed that this regulation was dependent upon actomyosin contractility, suggesting a direct force-dependent
mechanism. The topography-induced differentiation was observed on different ECM compositions but the response was not indicative of a direct ECM-
induced hMSC differentiation pathway. FAK phosphorylation was required for topography-induced hMSC differentiation while FAK overexpression
overruled the topographical cues in determining cell lineage bias. The results indicated that FAK activity had a direct impact on topography-induced gene
expression, and that this effect of FAK was independent of cell shape. These findings suggest that hMSC sense and transduce nanotopographical signals
through focal adhesions and actomyosin cytoskeleton contractility to induce differential gene expression.
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stem cells® to nanoscale features. While to-

he process of tissue development in-
Tvolves multipotent cells that interact

with various nanoscaled topographi-
cal and biochemical cues in their extracel-
lular matrix (ECM) environment.! Physical
cues in the form of both micro- and nano-
scale topographical structures have been
shown to affect various cell responses in-
cluding proliferation, migration, endocyto-
sis and differentiation.>~* This has spurred
research efforts to be directed toward un-
derstanding the response of multipotent
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pographical cues have been accepted to be
regulators of cell fate, the mechanism behind
topography-induced cellular response has
however remained unclear.

Cellular mechanical forces and its inter-
action with the ECM have begun to emerge
as key determinants of cell behavior.®’ In a
recent study, it was shown that geometric
features that increase actomyosin contrac-
tility in hMSCs promoted osteogenesis. Our
earlier studies using nanogratings induced
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the differentiation of human mesenchymal stem cells
(hMSCs) into the neuronal lineage.? In addition, hMSCs
were able to sense intricate differences in feature size,
showing a more significant upregulation of neuronal
markers on nanogratings compared to microgratings.
The understanding of topography-induced differentia-
tion mechanism in hMSCs will be important to deter-
mine the crucial parameters of stem cell fate regulation.
We hypothesize that topography-induced cell behavior
is caused by a change in focal adhesion (FA) arrange-
ment, leading to a change in the actin cytoskeleton
(CSK) and mechanotransduction of the cells, resulting in
differential gene expression and cell function.

In the absence of soluble differentiation factors, the
signals from physical cues can be sensed by the hMSCs
and translated to an upregulation of markers specific to
neuronal or myogenic differentiation.'® One possible
mode of this signal transmission is mechanotransduc-
tion where physical cues are transduced via mechan-
ical forces to signaling pathways involved in detecting
and responding to the ECM. This interaction is initiated at
the cell-matrix interface, possibly through the integrins'’
before mechanical forces exerted by the ECM are sensed
by the FA complex and in turn activates downstream FA
signaling pathways. FAs are multicomponent macro-
assemblies of protein complexes that serve as a nexus
between the actin CSK and the ECM. One such protein
tyrosine kinase, focal adhesion kinase (FAK), has been
shown to be an important mediator in the mecha-
notransduction pathway by responding to both sub-
strate rigidity and regulating tension via the actin
CSK (reviewed in Burridge et al'. In addition, FAK
also mediates other pathways. One example includes
the small GTPase RhoA. RhoA stimulates actomyosin
contraction,® regulates cell proliferation' and is shown
to regulate cell fate.® FAK may be an important regulator
for cells to detect and sense the topographical features in
the ECM. In order to uncover the mechanism for topo-
graphy-induced cell differentiation, we aim to under-
stand the role of FAK in the topography-induced
cell differentiation. In this paper, we seek to understand
the ECM's contribution to topography-induced differen-
tiation, and the roles of intracellular contractility and FAK
phosphorylation in the transduction of nanotopographi-
cal cues and in the differentiation of stem cells.

RESULTS

Nanotopography-Induced Alignment, Elongation, and Differ-
entiation of hMSC through Modulation of Actomyosin Con-
tractility. Polydimethylsiloxane (PDMS) nanogratings
were fabricated using an established robust soft litho-
graphy protocol using a nanoimprinted poly (methyl
methacrylate) (PMMA) on silicon master mold. The
nanogratings were replicated on PDMS with good
fidelity as shown by the scanning electron micrographs
(Figure 1A). HMSCs were cultured for one week on
polydimethylsiloxane (PDMS) nanogratings of 250 nm
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width fabricated using soft lithography. These hMSCs
had aligned F-actin fiber bundles and the cells
elongated along the long axis of the nanogratings.
In contrast, cells on unpatterned controls showed
dense, isotropic fibrous F-actin networks (Figure 1B).
The topographical influence on CSK suggests a direct
dependence of hMSCs differentiation on cytoskeletal
force contractility. To determine if the process was
dependent on nonmuscle myosin (NM II) contractility,
hMSCs' cytoskeletal contractility was directly inhibited
by adding the small molecule Blebbistatin (Bleb, 50 «M)
into the growth media. We then quantified changes
in cell shape by considering cells to be aligned when
the angle between the long axis of the cell and the
grating was less than 15.00°, while using the elonga-
tion parameter (Long Axis/Short Axis —1) to describe
the extent of the equimomental ellipse lengthening
or stretching."”” Bleb-treated hMSCs demonstrated
a significant reduction in alignment (52.26 % versus
88.19 %) and elongation (2.28 versus 7.75) as compared
to untreated hMSCs after 7 days of culture on nano-
gratings (Figure 1C).

The hMSCs were then immunostained for the neu-
ronal marker microtubule-associated protein 2 (MAP2),
F-actin and nucleus using DAPI nucleic acid stain.
Cells treated with Bleb or with the Rho kinase (ROCK)
inhibitor Y27632 (100nM) showed fewer stress fibers
than untreated controls on all substrates. Compared
to control cells, Bleb also induced a smaller number
of cellular processes while Y27632 did not affect the
cell morphology. When hMSCs on nanogratings were
cultured in either of the contractility inhibitors, MAP2
expression was abrogated (Figure 1D), indicating a role
for actomyosin contractility in topography-induced
differentiation. The results from RT-PCR verified the
immunofluorescence staining observations (Figure 1E,F).
The hMSCs that were cultured on nanogratings showed
an upregulation of neuronal gene expression markers
including MAP2, Nestin, Tyroxine Hydroxylase and
Neurofilament-Light when compared to hMSCs cultured
on unpatterned PDMS after 7 days. Both Bleb and
Y27632 inhibited the upregulation of these neuronal
markers by nanogratings in these hMSCs (Figure 1E).
As nanotopography could also induce myogenic differ-
entiation in hMSC,'® we carried out similar experiments
to investigate the effect of NM Il inhibition on myogenic
differentiation. The NM |l inhibitors similarly inhibited
the upregulation and expression of myogenic markers
Pax3 and Myogenin (MYOG) in cells on the nanogratings
(Figure 1F). These results collectively indicated the
importance of actomyosin contractility in topography-
induced hMSC differentiation.

Nanotopography Modulates Focal Adhesion (FA) Elongation
and Focal Adhesion Kinase (FAK) Phosphorylation. We investi-
gated the effect of topography on FA area and elonga-
tion by analyzing and quantifying paxillin expression in
hMSCs cultured on gratings of different widths ranging
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Figure 1. (A and B) Nanotopography characterization and cell morphology. (A) Scanning electron micrographs (SEM) of
250 nm gratings and unpatterned polydimethylsiloxane (PDMS) substrates and (B) fluorescently labeled human mesenchymal
stem cells (hMSCs) on these substrates for F-actin (red) and DAPI (blue). (C—F) Nanotopography-induced alignment, elongation
and differentiation of hMSC through actomyosin contractility. (C) Effect of Blebbistatin on the elongation and alignment of
hMSCs on nanotopography (***p < 0.001, n = 121). (D) Immunofluorescence staining of hMSCs cultured with cytoskeleton
contractility inhibitors on nanogratings for 7 days. A minimum of 100 cells per sample were analyzed for 3 separate experiments
(double ended arrows = grating axis, scale bars = 50 #m). (E) RT-PCR analysis of neuronal differentiation markers MAP2, nestin,
tyroxine hydroxylase (TH) and neurofilament-light (NFL) in hMSCs cultured on nanogratings with inhibitors. (F) RT-PCR analysis
of myogenic differentiation markers PAX3, myogenin (MYOG), collagen IV (Col IV) and desmin in a similar experiment. Tissue

culture polystyrene (TCPS) cultured cells served as controls.

from 250 nm to 10 um (Figure S1). Compared to cells
on unpatterned PDMS, cells on 1 and 10 um gratings
showed larger FA areas while cells on 250 nm gratings
showed smaller FA areas (Figure 2A), indicating
that the FA areas were affected by the grating widths.
The histogram of hMSCs' FA areas on nano (250 nm)
and micrometer-sized (10 um) gratings showed that
the FAs on the nanogratings were significantly smaller
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than the FAs on the 10 um gratings (Figure 2C). Inter-
estingly, the FA elongation was also dependent on
grating widths. FAs on gratings with sizes smaller
than 1 um were significantly more elongated than
FAs on micrometer size gratings and unpatterned
PDMS (Figure 2B,D). These results were consistent with
our previous observations that cells were able to sense
the differences between micrometer and nanosized
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Figure 2. Nanotopography modulates Focal adhesion (FA) size and elongation. Quantification of the (A) area and (B) elongation
of FA in hMSCs on different grating widths (*p < 0.05 vs unpatterned PDMS, n = 3). Histogram showing the frequency distribution
of (C) FAs vs area and (D) FAs vs FA elongation on 250 nm nanogratings and 10 zm microgratings. See also Figure S1.

features,” showing that nanogratings can significantly
alter the area and elongation of hMSCs' mature FAs
compared to unpatterned substrates. More importantly,
these data suggest the exciting possibility that extra-
cellular nanotopographical cues may be transduced by
hMSCs through the spatial arrangement of the FA.
Influence of Extracellular Matrix (ECM) on Topography-
Induced Neuronal Differentiation. Since ECM could activate
different integrin subsets, we were interested to in-
vestigate the effect of different ECM on the topogra-
phy-induced neuronal differentiation and its relation
to FAK activity. HMSCs were cultured on nanogratings
and unpatterned PDMS substrates coated with fibro-
nectin (FN), vitronectin (VN), laminin (LN), collagen |
(Col ) or poly-L-Lysine (PLL) in serum-free medium. PLL-
coated substrates allowed cell adhesion without integ-
rin engagement. With the exception of PLL-coated
substrates, the immunofluorescently-labeled hMSCs
were observed to align and elongate according to
the grating axis on all other ECM coated nanogratings
substrates at day 7 (Figure 3A). Notably, cells did not
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favor adhering on PLL-coated substrates, resulting in
the rounding of these cells.

An early (day 2) gene expression analysis using
RT-PCR showed that LN coating alone upregulated
MAP2 gene expression, while topography was able to
induce MAP2 gene expression in substrates coated
with FN, COL | or LN after 7 days. We also observed that
MAP2 expression was strongly upregulated in hMSCs
on LN-coated nanograting substrates, suggesting that
there is a synergistic effect from LN coating and
topographical cues (Figure 3B). Cells were also immu-
nostained for MAP2 on different ECM-coated sub-
strates (Figure S2), which showed a good agreement
with the gene expression data after 7 days. As different
ECM coatings were observed to regulate MAP2 gene
and protein expression with or without topographical
cues, we hypothesize that topography-induced neuro-
nal gene expression on the various ECM-coated sub-
strates were regulated by FAK activity. Western blot
analysis of the hMSCs after 3 days of culture showed
varying levels of phosphorylated tyrosine-397 FAK
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Figure 3. Influence of extracellular matrix on neuronal differentiation. (A) Immunofluorescence staining of hMSCs after 7 day
culture on unpatterned (top row) and nanopatterned (bottom row) substrates coated with fibronectin (FN), vitronectin (VN),
laminin (LN), collagen I (Col I) and poly-L-lysine (PLL) (scale bar = 50 um, double ended arrows = grating axis). (B) RT-PCR

analysis of MAP2 on nanopatterned and unpatterned substr.
cultured cells served as controls. (C) Representative Wester
and FAK expression levels in hMSCs on these substrates
densitometric analysis (n = 3).

(pFAK) on these different substrates (Figure 3C). On
average, cells on nanogratings showed higher levels of
the pFAK/FAK ratio than cells on unpatterned sub-
strates. Comparing among the nanogratings, the rela-
tive pFAK/FAK ratio showed LN > FN > COL | > VN>PLL,
indicating high levels of pFAK activity on LN, FN and
COL | ECM. The pFAK/FAK ratios suggest a correlation
between MAP2 neuronal gene expression (day 7) and
the levels of FAK phosphorylation (day 3). FN coated
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ates coated with different ECM after 2 and 7 days of culture. TCPS
n blot analysis for phosphorylated focal adhesion kinase (pFAK)
after 3 days of culture shown with the corresponding mean

substrates were used for subsequent experiments to
reduce ECM-induced bias on hMSC differentiation.’®
Western blot densitometry analysis of hMSCs on nano-
gratings showed higher pFAK/FAK ratios (approximately
2-fold) than cells on unpatterned controls (Figure 4A).
The results suggest that topography-induced hMSC
differentiation undergoes a direct force-dependent
mechanism through FAK to transduce topographical
signals to the nucleus.
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Figure 4. Y397-FAK inhibitor (pFAKi) PF573228 inhibits topography-induced differentiation (A) Comparative densitometric
analysis of pFAK protein levels in hMSCs on nanogratings and unpatterned PDMS after 7 days of culture (*p < 0.05 vs
unpatterned PDMS, n = 3). (B) Effect of PF573228 on pFAK protein levels of hMSCs on PDMS substrates after 7 days of culture.
(C) RT-PCR analysis of the MAP2 in hMSCs cultured on 250 nm gratings and unpatterned PDMS substrates after 7 days with the
addition of pFAKi. (D) Quantitative PCR analysis of MAP2 on nanogratings for different time periods of pFAKi incubation
(**p < 0.01 0/7 days pFAKi vs all other groups, n = 4). (E) hMSCs immunofluorescence images for different pFAKi incubation
periods after 7 days (double ended arrows = grating axis, scale bars = 80 um).

Y397-FAK Inhibitor (pFAKi) PF573228 Inhibits Topography-
Induced Differentiation. To investigate the role of FAK
phosphorylation and activation in topography-induced
hMSC differentiation, a small molecule inhibitor of
Y397-FAK autophosphorylation,'” PF573228 (100 nM)
was used with minimal cytotoxicity to cells (Figure S3).
Western blot analysis of the hMSCs with 3 days of pFAKi
treatment showed 5-fold lesser FAK phosphoryla-
tion than the untreated cells. The pFAKi-treated cells
maintained native FAK expression (Figure 4B) with no
visually apparent changes to their morphology when
fully spread. We then cultured hMSCs on nanogratings
with the addition of pFAKi for 7 days. When pFAK was
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inhibited using pFAKi during the 7-day culture, MAP2
upregulation was abrogated in the hMSCs (Figure 4C).
The experiment indicated the importance of FAK
phosphorylation in topography-induced upregulation
of MAP2 expression.

By varying periods of pFAKi incubation, we ob-
served that MAP2 expression was a function of pFAKi
incubation time (Figure 4D). The MAP2 expression
significantly decreased in all periods of pFAKi incu-
bation but most significantly during the first 24 h.
When the hMSCs were analyzed for phenotypic
and FA changes during these periods, the typical
elongated and aligned cell morphology on nanogratings
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Figure 5. FAK siRNA inhibits topography-induced hMSC neuronal differentiation. (A) Western blot analysis for FAK and pFAK
expression in these cells cultured on the various substrates after 7 days (B) Quantitative PCR analysis of MAP2 in siFAK hMSCs on all
substrates. Immunofluorescence images of (C and D) FAK siRNA (siFAK), (E and F) antisense siRNA control hMSCs, and (G and H)
untransfected hMSCs on the various substrates labeled for MAP2 (double ended arrows = grating axis, scale bars = 50 um). Data
are the mean =+ SEM of three independent experiments (**p < 0.01; *p < 0.05 vs siRNA control 250 nm).

transitioned to a rounded and enlarged morphology
with increasing periods of pFAKi incubation (Figure 4E).
After longer periods of pFAKi incubation, hMSCs also
showed increased paxillin expression that was con-
centrated in the cell periphery. Microspikes typical
of nonpolar cell spreading were also observed in
hMSCs incubated with pFAKi beyond 5 days. Although
MAP2 expression appears to correlate with cell shape,
the reduced MAP2 expression in the elongated hMSCs
after 3 days of pFAKi treatment suggests that hMSC's
MAP2 expression was not dependent on cell shape, but
rather primarily regulated by the early activation of FAK
in response to the topography.

Effect of FAK Inhibition Using FAK siRNA on hMSCs Morphology,
FAK Phosphorylation, and Neuronal Differentiation. We further
investigated the role of FAK by transfecting hMSCs with
FAK siRNA (siFAK) using Lipofectamine RNAIMAX trans-
fection reagent. An optimized concentration of 25nM
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FAK siRNA and the scrambled controls was used
(Figure S4A-B). The siFAK-transfected hMSCs showed
decreased pFAK intensity when visualized using im-
munofluorescence staining (Figure S4C). The Western
blot analysis after 7 days showed decreased expression
of pFAK and FAK in siFAK-transfected hMSCs on both
nanogratings and unpatterned substrates (Figure 5A).
Furthermore, the siFAK-transfected hMSCs on nanograt-
ings also showed reduced MAP2 gene upregulation
(Figure 5B). Similarly, neuronal marker was not detected
in the immunostaining for MAP2 in the siFAK-trans-
fected hMSCs, although they remained aligned to the
nanogratings (Figure 5C—H). The reduction in neuronal
marker upregulation reiterated the role of FAK in topo-
graphy-induced hMSC differentiation.

“SuperFAK' hMSC Enhanced Topography-Induced Neuronal
Differentiation. To investigate the effect of FAK hyperac-
tivity on topography-induced neuronal differentiation,
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Figure 6. SuperFAK hMSCs on nanotopography showed enhanced neuronal gene expression (A) Western blot analysis of pFAK
and FAK of SuperFAK-infected hMSCs (SuperFAK), adenocontrol (AC) and uninfected hMSCs on all substrates 7 days post
adenoviral-infection. (B) Immunofluorescence images of SuperFAK hMSCs after seven days. (Double ended arrow = grating axis,
scale bars =50 um) (C) Quantitative PCR analysis of MAP2 and NFL in SuperFAK hMSCs (SFAK), adenocontrol (AC) and uninfected
hMSCs cultured on different substrates after 7 days (***p < 0.001, vs 250 nm AC. ###p < 0.001 NFL vs 250 nm PDMS, n = 3).

hMSCs were infected with the SuperFAK adenoviral
construct to produce constitutively active FAK hMSCs
("SuperFAK') in vitro (Figure S5). "SuperFAK' is an
activated mutant of FAK in which the catalytic activity
is independent of cell adhesion but the tyrosine
phosphorylation of downstream targets is adhesion
dependent.'”® These SuperFAK hMSCs were then
cultured on nanogratings to evaluate the effect of
nanotopographical cues on enhanced FAK signaling.
The increased levels of pFAK in these SuperFAK
hMSCs was observed even in the absence of topogra-
phical cues (Figure 6A). SuperFAK cells, which were
probed for F-actin and pFAK F-actin by immunofluor-
escence, showed a higher number and intensity of
stress fibers and pFAK positive adhesions (Figure 6B)
after 7 days of culture than the adenocontrol infected
cells (AC). On nanogratings, SuperFAK hMSCs aligned
to the grating axis, but were less elongated compared
to the AC and uninfected hMSCs (250 nm PDMS).
The quantitative PCR analysis showed that SuperFAK
hMSCs showed a significant upregulation of MAP2
and NFL, even in the absence of topographical cues
(Figure 6C), and a smaller, nonspecific upregulation of
MAP2 and NFL in AC infected hMSCs. These SuperFAK
hMSCs were also positive for MAP2 using immuno-
fluorescence staining (Figure S5C). Our data showed
that nanotopography and FAK hyperphosphorylation
could synergistically upregulate the MAP2 expression,
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exhibiting levels approximately 83-fold and 13-fold
higher than those observed in hMSCs on nano-
gratings and SuperFAK hMSCs on PDMS substrates,
respectively.

DISCUSSION

Nanotopography can provide important physical
cues to control stem cell differentiation (reviewed
in Teo et al.'®); however, the exact mechanism of
topography-induced cellular behavior remains unclear.
The effect of topography is most evident when hMSCs
are cultured on nanogratings, where they align and
elongate themselves to the grating axis. Interestingly,
the use of nanogratings was able to bias the hMSCs to
differentiate toward the neuronal and myogenic
lineages without the use of any biochemical factors.*'°
We hypothesize that topography-induced hMSC
differentiation occurs through mechanotransduction,
where signals from the underlying topography are
transduced through the focal adhesions (FAs) to the
actin-CSK before shaping the nucleus to influence
cellular gene expression. Our results indicated that
actin-CSK contractility was important in determining
hMSCs' reaction to topography. Bleb significantly re-
duced the alignment and elongation of the hMSCs on
nanogratings. More importantly, the inhibition of NM |
activity using either Bleb or Y27632 abrogated the
upregulation of neuronal maker MAP2. Gene expression
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analysis for both neuronal and myogenic markers
showed that contractility inhibition overruled the
topographical control of characteristic lineage differ-
entiation. The contractility-impaired hMSCs were
unable to transduce topographical cues, therefore
displayed uncharacteristic cell morphology and line-
age bias on topographical substrates. These observa-
tions were consistent with an earlier study using
substrates without topographical cues but of different
stiffness.” In that study, contractility inhibited hMSCs
were unable to sense different stiffness cues from
the underlying substrates. A more significant change
in cell morphology on nanotopography was observed
in our study. This was possibly due to the increased
intracellular contractile force on our topographical
substrates, where the effect of the blocking of
NM Il appeared to be stronger. The downregulated
neuronal and myogenic markers were indicative
of the importance of CSK NM Il feedback for the
mechanotranduction process in topography-induced
cell shape modulation and stem cell differentiation.

The transduction of topographical information into
morphological changes and lineage differentiation
requires a sensing mechanism that is postulated to
require the contractility of the CSK against the ECM,
and these CSK-dependent generated signals regulate
the FA formation and maturation.?® Our earlier study
showed grating width to be a determinant of MAP2
gene expression, where nanosized gratings gave the
highest upregulation of neuronal markers.” When we
characterized the FA on different grating widths, both
FA area and elongation were modulated by nano-
topography. Interestingly, the FA elongation but not
the FA area was more indicative of the topographical
response. The increase of FA elongation when the
grating width decreased from 2 to 1 um showed
that hMSCs have an intricate sensing mechanism
that differentiates between micrometer and nanosized
topographies. We believe that topography compart-
mentalized FA components in a regulated spatial
arrangement as a signal for cell differentiation. As the
observed adhesion size distribution lies within the
range for stable mature FAs, the hMSCs on these
different grating widths were likely to be in a steady
state. These hMSCs on different grating widths would
exert a net force similar to each other dependent on
the substrate bulk rigidity (PDMS, E = 1.5 MPa). How-
ever, different grating widths can restrict FA elongation
causing hMSCs to adopt different contractility-force
profile distributions. The CSK contractility of an elon-
gated cell will be unlike that of a spread-out cell due to
differences in the CSK-FA pulling angle.?! This could be
a possible mechanism of different force transmission
through the CSK contractility. Thus, nanogratings
could regulate the necessary FA spatial organization
to induce the differentiation of hMSCs, in particular
through the elongation of FA components.
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Different ECM composition can direct stem cell
differentiation via distinct integrin pathways.??> Our
mechanistic study eliminates the need for differentia-
tion factors which makes the study less convoluted.
We hypothesize that these ECM coatings affect hMSC
differentiation through the initial regulation of FAK
phosphorylation. The increase in pFAK across all ECM
via topography, except PLL, was indicative of FAK
as an important mediator of topographical signals.
Day 2 laminin-induced MAP2 expression possibly went
through specific interactions between binding sites
and cell surface receptors independent of topogra-
phical control of cell differentiation.® The effects of
topography were more evident after 7 days. The high-
est MAP2 upregulation observed on LN coated nano-
patterned substrates at day 7 suggested a synergy
between LN and topographical control of differentia-
tion. Topographical-induced MAP2 upregulation on
FN, Col | and LN coated nanopatterned substrates
were interestingly correlated with increased pFAK/
FAK levels, recapitulating aspects of FAK signaling in
transducing topographical cues into post-translational
responses. Topographically-induced hMSC neuronal
differentiation was thus dependent on actomyosin
contractility and pFAK but not dependent on direct
ECM-induced pathways.

The FAs bridge the CSK network to the ECM and thus
could be important sensors of topography.?* The hMSCs
on nanotopography showed lower expression of in-
tegrin subunits oy, ay, 0, B2, f3 and S, than cells on
unpatterned substrates,'’ suggesting that the topo-
graphical signals can be transduced via the differential
integrins to the FAs signaling components. Focal ad-
hesion kinase (FAK) is one such signaling molecules
that upon integrin activation, autophosphorylates at
the Y397 site before binding and phosphorylating Src-
family tyrosine kinases. Interestingly, the Src-family
kinases are highly enriched in nervous systems and
are involved in axon guidance signaling.?® In our study,
we showed that FAK regulates topographical control
of hMSC neuronal differentiation mediated via the
integrins and CSK contractility.

The increased Y397-FAK phosphorylation in the
hMSCs on nanotopography indicated that topography
is able to increase FAK activation. The specific inhibi-
tion of pFAK abrogated the upregulation of neuronal
markers in hMSCs cultured on topography, indicating
the importance of FAK in topography sensing and the
induced differentiation. The results showed that FAK
is an upstream mechanosensor of the topography
and possibly triggers a series of downstream pathways
for the neuronal marker gene expression. A recent
study of cellular motility indicating FAK's upstream
recruitment to nascent adhesion sites, as opposed
to talin, within the first 24 h of attachment?® could
lend support to FAK's role as an early mechano- or
topography sensor.

VOL.7 = NO.6 = 4785-4798 = 2013 F@L@Mi{\)

WWW.acsnano.org

4793



To identify the time window of critical FAK activity
for regulating topography-induced differentiation,
PFAKi wash-out experiments were performed. From
our data, FAK activity was critical for both topography
sensing and induced differentiation during the first
24 h of hMSC adhesion. Taken together, these results
were consistent with the time period of hMSC align-
ment to topography as well as FAK recruitment and
activation. The blocking of FAK phosphorylation would
indirectly impede the feedback signals between integ-
rin-FAK-CSK, which were crucial for the topography
sensing and induced differentiation. Since increasing
periods of pFAK inhibition were able to reduce the
MAP2 expression, FAK-regulated transcriptional control
is implicated.

The transitions from aligned and elongated hMSCs
into the rounded and spread out morphology upon
PFAK inhibition were consistent with the earlier ob-
servations in FAK ™/~ cells.?’ The rounded cell morphol-
ogy observations corresponded to an early stage of
nonpolarized cell spreading,?®2° which indicated that
topographical cue sensing requires FAK phosphoryla-
tion. The pFAKi causes FA turnover failure, impairing
migratory response of hMSCs on topographical cues,
leading to stronger cell-substrate adhesions and the
observed nonpolarized cell state. The observations of
elongated cell morphology even after 3 days of pFAKi
incubation, yet a corresponding low MAP2 gene and
protein expression, suggest that FAK had a more direct
effect on MAP2 expression as compared to cell shape.
Using another method to knockdown the FAK expres-
sion, the reduced MAP2 gene expression in the siFAK
hMSCs confirmed the role of FAK in topography in-
duced hMSC differentiation. Our findings showed early
FAK activity to be critical in topography sensing and
subsequently gene regulation in stem cells.

SuperFAK hMSCs provided an elegant approach to
investigate adhesion dependent hyperphosphoryla-
tion of FAK on nanotopography. When the hyperactive
SuperFAK hMSCs were used, the signaling activity
(via tyrosine phosphorylation) of FAK upon adhesion
to culture surfaces was greatly enhanced. The Super-
FAK cells also retained the ability to recruit down-
stream Src kinases. In the absence of topographical
cues, SuperFAK hMSCs on unpatterned substrates
showed higher MAP2 upregulation than the unin-
fected hMSCs on nanogratings, revealing the signifi-
cance of FAK phosphorylation in hMSC differentiation.
Although we observed nonspecific upregulation in the

MATERIALS AND METHODS

Nanogratings Fabrication and Surface Preparation. The nanograt-
ings was initially produced using nanoimprint lithography as
previously described.? The polydimethylsiloxane (PDMS) nano-
gratings were fabricated using soft lithography on the nano-
imprinted poly(methyl methacrylate) (PMMA) coated silicon
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adenocontrol infected cells, SuperFAK hMSCs cultured
on nanogratings showed the highest upregulation of
MAP2 gene expression, indicating the amplification
of pFAK signaling (and thus MAP2 expression) through
topography. FAK hyperactivity primed SuperFAK
hMSCs hyperactivates the downstream signaling path-
ways in response to topographical stimulation, enhan-
cing the differentiation. However, late marker NFL
gene expression was not as upregulated possibly due
to the inadequate maturation of these neuronal differ-
entiated hMSCs, since specific neuronal factors were
absent throughout the culture period.>° We repeatedly
observed a correlation between MAP2 gene expres-
sion and hMSCs pFAK/FAK levels in all ECM, pFAKi
and SuperFAK experiments. The findings collectively
suggest that the phosphorylation of FAK possibly
acts as a signal transducer between integrins and
the CSK to relay the topographical cues to the nucleus
via the intracellular contractility. Mechanistically, topo-
graphical cues could stimulate CSK tension dependent
YAP/TAZ transcriptional regulators through FAK to
dictate cell lineage.®’

CONCLUSION

In this study, we identified and examined the crucial
role of focal adhesions in the nanotopography-
induced stem cell differentiation. We showed that
the dimensions of the underlying nanotopography
can modulate the focal adhesion characteristics within
the human stem cell. In particular, the FA size and
elongation in the hMSCs were significantly different
on the nanogratings compared to the microgratings,
suggesting a size-dependence in the FA regulation.
It is likely that adherent stem cells require inter-FA
component crosstalk to sense the ECM topography
and regulate various cellular functions. Our findings
showed FAK to be one of the important early mechan-
osensors of ECM topography. The increase in FAK
phosphorylation was observed on substrates with
different ECM compositions. We also observed a cor-
relation between FAK phosphorylation and neuronal
gene marker upregulation, demonstrating that hMSCs
neuronal lineage differentiation was primarily depen-
dent on the spatial and temporal regulation of FAK
phopshorylation. Further detailed investigations of
other cellular components involved in the mechano-
transduction process can aid our understanding of
how stem cells communicate the physical signals from
nanotopographical substrates.

master mold. The gratings on the nanoimprinted PMMA master
molds were 250 nm in depth, 250 nm in width and 500 nm
pitch (center to center) unless otherwise stated. The replicated
patterned PDMS substrates were air plasma-treated (Femto
Science, CUTE-B, Korea) at 80% power for 1 min and coated
with 2 ug/cm? of bovine fibronectin (Biological Industries, Bio-
REV, Singapore) to increase cell adhesion on the hydrophobic
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PDMS. To study the correlation of focal adhesion arrangement,
gratings of 1 um and 10 um widths, with respective 2 and 20 um
pitches, were also fabricated similarly. All gratings had the same
depth of 250 nm. All substrates were coated with fibronectin
unless otherwise stated.

Cell Culture. HMSCs (Poietics hMSC, Lonza Singapore) were
grown and maintained in MSCGM medium (Lonza) at 37 °C
in a 5% CO, incubator. hMSCs from passages 4—6 were seeded
on substrates at 5 x 10® cell/cm® Analyses of differentiation
were performed after a 7-days culture period unless otherwise
specified.

Immunofluorescence Staining. At the end of the 7-days culture,
immunofluorescence staining of focal adhesion kinase (FAK),
phosphorylated FAK (pFAK), paxillin or microtubule-associated
protein 2 (MAP2) was performed on the cells according to
a standard immunofluorescence staining procedure. The cells
were first fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich,
Singapore) for 15 min, then permeabilized with 0.1% Triton-
X100 (Bio-Rad, Singapore) for 15 min followed by blocking in
1% bovine serum albumin (BSA, vCell Science, Singapore) for an
hour. Primary and secondary antibody incubation was carried
out at 4 °C overnight, while nuclei and F-actin were counter-
stained, respectively, with 4/,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, 1:5000 (1 ng/uL)) and F-actin phalloidin
(1:500 (6.6 uM)) for 20 min. The F-actin phalloidin used was
either conjugated with Oregon Green 488 or Alexa Fluoro 546
(Molecular Probes, Life Technologies, Singapore). Primary anti-
bodies were diluted in 1% goat serum in phosphate buffered
saline (PBS) while secondary antibodies were diluted in PBS.
Primary antibodies used included rabbit anti-phosphorylated
Y397 FAK antibodies (pFAK, Abcam, Cambridge, MA, USA, 5 ug/
mL), mouse anti-MAP2 primary antibodies (Abcam, 4.4 ug/mL)
and rabbit antipaxillin primary antibodies (Abcam, 1:250). The
staining for MAP2 indicated neuronal differentiation since itis a
neuronal marker found predominantly in mature neurons.?
Secondary antibodies Alexa-Fluor546 goat antimouse second-
ary antibodies and Alexa-Fluor488 goat antirabbit antibody
(Molecular Probes, Life Technologies, Singapore) were used at
1:1000 dilutions. The samples were then visualized with Olym-
pus FluoView FV1000 (Olympus, Japan) laser scanning confocal
microscope using a 60x/1.00 water objective, with 488 nm
Argon or 543 nm HeNe laser as the excitation source. Images
were then viewed and converted to appropriate formats using
the attached FV10-ASW v1.7 software.

mRNA Gene Expression Profile. Total RNA was isolated from
cells cultured on the respective substrates at appropriate time
points using the Trizol Reagent (Invitrogen, Life Technologies,
Singapore). The isolation of RNA was done according to the
protocol recommended by Invitrogen. The quantity and quality
of RNA was measured and only the samples with the 260 nm
to 280 nm ratio greater than 1.85 were used for downstream
applications. After isolation of RNA, neuronal markers such as
MAP2, nestin, tyroxine hydroxylase (TH) and neurofilament
(NFL) and myogenic markers such as Pax3, collagen IV (Col IV),
Desmin and Myogenin (MYOG) primers were used in reverse
transcription polymerase chain reaction (RT-PCR) while glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) served as
an endogenous control. Primers used are listed in Table S1
(1st BASE, Singapore). Synthesis and amplification of DNA were
performed using the Qiagen one-step RT-PCR kit in accordance
with the manufacturers' protocol (Qiagen, Singapore). The PCR
was carried out for 37 cycles with an annealing temperature of
59 °C for the neuronal markers, while the annealing tempera-
ture used for the myogenic markers was 51 °C. PCR products
were then resolved on 1.2% agarose gel in TAE buffer.

Real-Time PCR. The quantitative gene expression of MAP2
and NFL were analyzed by real-time PCR using GAPDH as the
endogenous control. Reverse transcription was performed with
a Sensiscript RT kit (Qiagen, Singapore) with an Oligo(dT);,_1s
Primer (Invitrogen). PCR was performed using TagMan Univer-
sal PCR Master Mix (Applied Biosystems, Life Technologies,
Singapore) with human MAP2 and human NFL Tagman Gene
Expression Assays primer and probes (Applied Biosystems) and
human GAPDH (Applied Biosystems) as endogenous control.
The PCR cycling consisted of 40 cycles of amplification of the
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template DNA with a primer annealing at 60 °C (15 s). The real-
time PCR was performed on an Applied Bioscience Thermo-
cycler (7500 Fast). The RNA levels were normalized to the
GAPDH mRNA level. Data presented were normalized to RNA
level expressed in the hMSCs control.

Western Blot of pFAK and FAK Protein Expression. Total proteins
from the hMSCs cultured on the respective substrates at
appropriate time points were isolated using the RIPA buffer
(Thermo Scientific, Fischer Scientific, Singapore). Phenylmetha-
nesulfonyl fluoride and sodium orthovanadate were added to
the RIPA buffer at a concentration of 1 mM to inhibit serine,
cysteine proteases and tyrosine phosphatases, respectively. The
cells were washed twice with ice-cold PBS before the cocktail
was added to the well plates and incubated for 5 min. Samples
were then maintained under constant agitation for 30 min at
4 °Cfollowed by centrifugation at 12000g at 4 °C for 20 min. The
supernatant containing the isolated protein is then concen-
trated using Vivaspin 500 Centrifugal Concentrator (Sartorius
Stedim Biotech, Singapore). The quantification of protein was
done using a micro BCA assay (Thermo Scientific). Equal amount
of protein samples were mixed with Laemmli 2x buffer (Sigma)
in aratio of 1:1 and denatured by heating at 95 °C for 5 min. The
mixture was then loaded into the gel and electrophoresis was
carried out at 200 V for 1 h in 1x Tris-glycine buffer (1st BASE,
Singapore). A sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed using a 7.5% polyacry-
lamide gel. The separated protein in the gel was then
transferred to a polyvinylidene fluoride membrane. The proce-
dure was done in transfer buffer (10% 1x Tris-glycine-SDS
(1st Base), 20% methanol, 30% deionized (DI) water) at 100 V
for 1 h at 4 °C. The membrane was blocked using 5% BSA
and 1% glycine dissolved in Tris buffer saline with Tween20
(TBST) buffer to prevent nonspecific background binding for
1 h with agitation before being washed twice with TBST with
5 min incubation per wash. Primary antibody incubation was
done overnight at 4 °C while secondary antibody incubation
was carried out for 1 h with agitation. The primary antibodies
used were mouse anti-GAPDH antibody (1 #g/mL, Santa Cruz),
rabbit anti-FAK antibody (Cell Signaling Technology, Research
Biolabs, Singapore) and rabbit anti-pFAK primary antibody
(0.5 ug/mL, Abcam). Horseradish peroxidase (HRP) conjugated
anti-mouse and anti-rabbit secondary antibodies (Bio-Rad)
were used at 1:1000 and 1:10000 dilution, respectively. The
membranes were then washed 3 times (10 min incubation per
wash) using TBST between the antibody-incubations. Chemi-
fluorescence signals were generated using ECL Plus Western
Blotting Detection Reagents (GE Healthcare, SciMed (Asia),
Singapore) and imaged using X-ray sensitive films. Densitome-
try was performed using the BioRad Quantity One program for
quantitative analysis.

Focal Adhesion (FA) Quantification, Alignment, and Elongation Char-
acterization. To quantify FA, the hMSCs on the various grating
width substrates were immunofluorescently stained for FA
protein component paxillin. Using image processing software
ImageJ, Fiji (http://fiji.sc), the color depth of each image was first
converted to 8-bit before adjusting for background corrections.
As a preprocessing step to improve the identification of focal
adhesions, the local contrast of each image was then enhanced
using the CLAHE algorithm.3® Subsequently, the image was
converted to binary mode with the focal adhesions showing as
black patches and the open operation was applied to remove
speckle noise. The Analyze Particles tool in Image) was invoked
to locate and count the focal adhesion patches. The size and
circularity were set to be larger than 0.8 um? and smaller than
1 um?, respectively. Manual curation was performed as the last
step to eliminate malformed or non-well-defined patches. Four
independent samples were examined for each grating size with
nonpatterned substrates as controls. Fifteen separate regions
of each sample were imaged using the Olympus Fluoview
FV1000 (Olympus, Japan) laser scanning confocal microscope
and converted to appropriate formats with FV10-ASW v1.7.

hMSC Cytoskeletal Contractility and Y397-FAK Inhibition. To inhibit
the nonmuscle myosin Il and Rho-associated protein kinase,
Blebbistatin (50 xM) and Y-27632 (10 M) were added into the
hMSC cell suspension to be seeded onto the various substrates
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(Tocris Bioscience, Sciencewerke, Singapore). The concentra-
tions of Blebbistatin and Y-27632 (10 uM) used in hMSCs were
previously documented in publications by other groups work-
ing with similar cell types.>**® As Blebbistatin is light sensitive,
all cell cultures involving Blebbistatin were carried out in low
light conditions throughout the experiment.3® For Y397-FAK
inhibition, PF573228 (100 nM, Tocris Bioscience) was used
instead. Medium containing the individual inhibitors was chan-
ged on a daily basis. Elongation and alignment of the hMSC was
analyzed using Image), NIH image processing software
(Bethesda, MD) on the fluorescent images with F-actin stained
with Alexa Fluor 488 phalloidin (Life Technologies). The cell was
considered to be aligned when the angle between the long axis
of the cell and the grating was less than 15° while the elonga-
tion parameter describes the extent of the equimomental
eclipse lengthening or stretching.'® It was calculated as the
ratio of Long Axis/Short Axis —1. The percentage of aligned cells
in the measured population and elongation factor were mea-
sured. An average of 300 cells was counted for each sample, and
n = 3 for each experimental group.

pFAKi Wash-Out Experiment. To determine the crucial period of
FAK sensing of the topography, five parallel sets of experimental
groups were carried out to investigate the temporal effect of
pFAKi on MAP2 neuronal gene expression in hMSCs. For each
group, hMSCs were cultured in pFAKi added medium for
different time periods ranging from zero to seven days. pFAKi
was added into the cell culture medium from the onset of cell
seeding except for 0/7 days time point where no pFAKi was
added. The pFAKi medium was replaced with basal hMSC
proliferation medium (MSCGM) after the stipulated time period
of FAK inhibition until the end of the experiment. All samples
were used for RNA isolation or immunofluorescence staining
after 7 days of culture from cell seeding.

Effect of ECM on FAK Phosphorylation and hMSC Neuronal Differentia-
tion. To test the different ECM, nanopatterned and unpatterned
PDMS substrates were all coated at 20 xg/mL with bovine
fibronectin (Biological Industries, Bio-REV, Singapore), human
recombinant vitronectin (Millipore, Research Biolabs, Singapore),
rat type | collagen (BD Biosciences, Singapore), mouse laminin
(Invitrogen) and poly-L-lysine (Sigma Aldrich). Substrates were
coated in PBS for 1 h at 37 °C with the exception of collagen | and
poly-L-lysine substrates which were carried out using 1 mM HCL
and DI water, respectively. All substrates were rinsed three times
with PBS after coating before cell seeding. Experiments investi-
gating specific effects from ECM were carried out using serum
free TheraPEAK Mesenchymal Stem Cell Chemically Defined
Growth Medium (Lonza, Singapore). Samples were then used
for immunofluorescence staining, Western blot or RNA isolation
at appropriate time points.

FAK Inhibition by Small Interference RNA (siRNA) in Human Mesench-
ymal Stem Cells. The FAK gene expression in hMSCs was also
inhibited using siRNA interference. Briefly, the cells for transfec-
tion were seeded on tissue culture 6 well plates and subse-
quently transfected with Silencer validated siRNAs targeting
PTK2 (S11485, Ambion, Inc.) using Lipofectamine RNAIMAX
transfection reagent (Invitrogen), according to the manufac-
turers' instructions. The siRNA and transfection reagent were
reconstituted in OPTI MEM (Invitrogen) separately and then
mixed together for 15 min to form transfection complexes
giving a final siRNA concentration of 25 nM (Supporting In-
formation Figure 4). The complexes were then dispensed onto
the cells in six well plates and the medium was replaced with
MSCGM after 24 h. Untransfected hMSCs and Ambion's vali-
dated Silencer negative control siRNA (Ambion, Inc.) transfected
hMSCs were used as controls.

For siRNA studies on nanotopography, transfected hMSCs
from the above-mentioned protocol were trypsinized and
seeded onto the patterned or unpatterened PDMS. The FAK
and pFAK levels were analyzed by Western blotting while
neuronal marker expression was analyzed by real-time PCR
and immunofluorescence staining after 7 days.

SuperFAK Adenovirus Amplification, MOI Determination, and hMSC
Infection Efficiency. SuperFAK Adenovirus was produced by using
the sequence information provided by Gabarra-Niecko et al.'®
The ampilification of the virus was done using Human Embryonic
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Kidney (HEK) packaging cell line, 293T (ATCC). A 10 cm tissue
culture dish was coated with Collagen solution (Cell-Matrix,
10 ug/mL, 1 mM HCI) for 30 min at 37 °C prior to plating cell.
For the viral amplification process, HEK cells plated on the
collagen coated dish were infected with 5 uL/mL of SuperFAK
adenoviral stock solution for 4 days in DMEM (Invitrogen)
supplemented with 10% FBS (Gibco, Life Technologies,
Singapore) and 1% penicillin—streptomycin (Sigma). When all
the cells were detached from the surface, the culture medium
was collected and centrifuged to pellet the cell debris. Super-
natants containing the virus were then divided into aliquots and
stored at —80 °C. The supernatant went through a 3 cycle freeze
thaw process to release the viral particles. To determine the
multiplicity of infection (MOI), 293T cells were plated on 96 well
plates and MOI was determined using a standard TCIDs, proto-
col. Similar experiments were done, using Adenovirus Lac Z
(a gift from Dr. Keiko Kawaguchi, MBI Singapore) as a control.
A MOI of 25 was chosen for infection. The hMSCs were exposed
to viral supernatant for 24 h in serum free medium (Lonza) before
being detached and seeded onto glass coverslips. The infection
efficiency in hMSC was determined by immuno-fluorescence
staining of pFAK, using adenocontrols and uninfected hMSCs as
controls. Ten random images of each sample were taken using
an epifluorescence microscope (Leica DM IRB) and counted for
positively infected hMSCs as a percentage of uninfected hMSCs
within the image (n = 3).

SuperFAK Protein Expression and Effect of Nanotopography on Super
FAK hMSCs. hMSCs were plated at 20000 cells were cm?in a 6 well
plate 24 h before infection. SuperFAK adenovirus and adeno Lac
Z control at an MOI of 25 was used to infect the hMSCs for 24 h.
The viral particles were then removed and the cells were
washed with PBS thrice. The cells were then trypsinized and
replated and grown for 3 days before being lysed as previously
mentioned using ice-cold RIPA buffer and subsequently used
for protein expression studies. For SuperFAK hMSCs seeding on
patterned and unpatterened substrates, the cells were first
infected using previously mentioned procedure before being
trypsinized and seeded on the topographical substrates after
24 h. Cells were lysed for protein expression analysis 3 days after
cells seeding while RNA isolation and immunofluorescence
staining were performed on day 7 after cell seeding for neuronal
differentiation analysis.

Statistical Analysis. All data were analyzed by one way analysis
of variance (ANOVA) and Tuker's HSD test for posthoc multiple
comparison analysis. Asterisks indicate *p-value <0.05, **p-
value <0.01, and ***p-value <0.001. All values are mean =+
standard deviation while error bars are standard deviations
from independent experiments unless otherwise stated.
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Supporting Information Available: Figure S1 shows the scan-
ning electron micrographs of all the patterned substrates used
for focal adhesion quantification and the differences in paxillin
formation of hMSCs dependent on the topography size.
Figure S1 also shows the homogeneity of fibronectin coating
on pattern and unpatterned substrates and their corresponding
adsorbed fibronectin concentration on the substrate surface.
Figure S2 shows hMSCs immunofluorescently labeled for MAP2
on different ECM coated substrates. Figure S3 shows cell
viability assay of FAK inhibitor to determine the optimal con-
centration for hMSCs. Figure S4 shows the optimization of siFAK
concentration in hMSCs using gene and protein expression.
pFAK was also visualized by immunofluorescence staining.
Figure S5 shows pFAK and FAK protein expression in hMSCs
infected with different concentrations of adenovirus and im-
munofluorescence staining for pFAK in hMSCs infected with 25
MOI SuperFAK adenovirus. SuperFAK hMSCs were also immu-
nofluorescently labeled for MAP2 on patterned and unpat-
terned substrates. Figure S6 shows the effect of contractility
inhibitors on topography-induced hMSCs differentiation using
an independent batch of hMSCs from a different donor. Shown in
the figures are the immunofluorescent images and quantitative
gene expression data for MAP2. Figure S7 shows a similar topo-
graphy-induced differentiation and FAK involvement present in
tissue culture polystyrene substrates using immunofluorescence
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staining for MAP2. Table S1 summarizes the neurogenic and
myogenic gene profiling primers used for RT-PCR. This material
is available free of charge via the Internet at http://pubs.acs.org.
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