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ABSTRACT It is likely that mesenchymal stem cells will find use in many
autologous regenerative therapies. However, our ability to control cell stem
growth and differentiation is presently limited, and this is a major hurdle to the
clinical use of these multipotent cells especially when considering the desire not to
use soluble factors or complex media formulations in culture. Also, the large
number of cells required to be clinically useful is currently a hurdle to using
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materials-based (stiffness, chemistry, nanotopography, efc.) culture substrates. Here we give a first demonstration of using nanoscale sinusoidal

mechanotransductive protocols (10—14 nm displacements at 1 kHz frequency), “nanokicking”, to promote osteoblastogenesis in human mesenchymal

stem cell cultures. On the basis of application of the reverse piezo effect, we use interferometry to develop the optimal stem cell stimulation conditions,

allowing delivery of nanoscale cues across the entire surface of the Petri dishes used. A combination of immunofluorescence, PCR, and microarray has then

been used to demonstrate osteoblastogenesis, and the arrays implicate RhoA as central to osteoblastic differentiation in agreement with materials-based

strategies. We validate this with pharmacological inhibition of RhoA kinase. It is easy to envisage such stimulation protocols being up-scaled to form large-

scale osteoblast bioreactors as standard cell culture plates and incubators are used in the protocol.
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t has been well-established that many

cell types can respond to a variety of

nanoscale cues, most notably with nano-
topographies and nanoparticles.' 2 Cell
responses include significant changes in
adhesion, migration, morphology, and gene
expression. More recently, research has
demonstrated that nanotopography alone
can stimulate targeted osteogenesis™'® and
self-renewal'’ in mesenchymal stem cells
(MSCs).

MSCs are multipotent cells that can be
isolated from the bone marrow'? (as used in
this study) or other tissues such as dental
tissue,'®> adipose tissue,'* or umbilical
cord.”” They have the potential to form cells
of the bone, cartilage, adipose, and reticular
tissues and are sometimes also implicated
in smooth muscle'® and even neural cell
lineages."”

Use of nanotopographies has shown that
the shift from stem cell to differentiated
osteoblast is regulated through changes in
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adhesion and intracellular tension.'® This
result is consistent with the fact that osteo-
blasts, which possess larger cell morphol-
ogy than, for example, adipocytes, fibro-
blasts, and MSCs, require large adhesions
to support the tensile cytoskeletal
scaffolding.'®'® Such effects have also been
observed in MSCs cultured on hydrogels®®
or forced to confine to morphologies using
microcontact printing of fibronectin.?' =23
By modifying the gel rigidity, soft gels were
observed to promote expression of neural
markers as cells lost the ability to generate
intracellular tension through deformation
of the compliant gel substrate. Conversely
on the harder gels, with similar stiffness to
precalcified bone at 40 kPa, the cells were
able to retain intercellular tension as a result
of large adhesion complexes and thus dif-
ferentiate to osteoblasts.®

An interesting study on MSC confine-
ment used an array of small (1000 um?)
fibronectin microcontact printed squares
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(among a low adhesion, PEG background), preventing
spreading of cells, therefore, inhibiting intracellular
tension and ultimately leading to the formation of
adipose (fat) tissue. However, when spreading was
actively promoted on larger, 10000 um?, fibronectin
squares, cells formed large adhesion complexes with a
well-organized cytoskeleton, resulting in differentia-
tion to osteoblasts.?' An elegant update on this study
used printed fibronectin star and flower shapes to
demonstrate that even when MSCs are dimensionally
confined, features that promote adhesion (such as
the sharp corners of the star shapes) promote intra-
cellular tension and thus osteogenesis. Conversely,
features that reduce adhesion (such as the softer
contours of the flower pattern) significantly reduce
intracellular tension and therefore prevent osteoblastic
differentiation.?®

The commonality of all of the above studies is
investigation of the RhoA kinase pathway (ROCK) as a
key modulator of osteogenesis. This result is explicable
since RhoA is a small G-protein involved in the activa-
tion of actin/myosin contraction. Cells require this
cytoskeletal contraction mechanism in order to spread
and to migrate. The intracellular actin microfilaments
are located onto focal adhesions on the cell mem-
brane, against which (with myosin) they pull. As dis-
cussed, osteoblasts are a large progeny of MSCs and
are typically very well spread, thus a highly contracted
cytoskeleton is required to support this phenotype,
and this generates high intracellular tension. In addi-
tion, focal adhesions and the cytoskeleton network are
in a force—balance relationship such that a highly
contractile cytoskeleton requires large focal adhesions
and large focal adhesions require force to gather
integrins and hence to grow.?*~?8 It is notable that
osteoblasts have a high proportion of supermature, or
fibrilar, adhesions (adhesions >5 um in length).2%3°

It appears that, as cells form adhesions, the plasma
membrane creates nanoscale vibrations, which help
determine how the cell interacts with the surface.?* Itis
the aim of this study to see if we can feedback these
vibrations to the cells to target MSC differentiation.
That is, if we settle the cells on surfaces that vibrate
on the nanoscale, does this affect MSC adhesion and
ultimately phenotype?

At the macro- and microscale, a wide variety of cells,
including MSCs, have been shown to respond to stress
and strain>'73* In fact, mechanical stimulation is a
common strategy in tissue engineering of cartilage and
ligament, for example.>* 38 This is because mechanical
alterations in cell morphology lead to changes in cell
signaling and gene transcription. Indeed, not only
mechanical load patterns but also electrical and elec-
tromagnetic stimulation patterns have been shown to
be efficacious in neural and bone regeneration.**~*!

Focusing on focal adhesions as a mechanoreceptor,
but being mindful there are others, alterations in
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Figure 1. Displacement (nm) as a function of electrical
potential (V) at different frequencies measured at the sur-
face of the piezo actuator by interferometry.

adhesion formation lead to changes in cell tension
and G-protein signaling. However, this may also impact
focal adhesion kinase (FAK) and extracellular signal-
related kinase (ERK) signaling cascades,>?*%** which
are intimately linked to activation of transcription
factors, such as runt-related transcription factor 2
(RUNX2), responsible for transcription and thus expres-
sion of bone-related genes such as osteocalcin.**~
In this report, the reverse piezo effect is used to
stimulate MSCs. A potential is applied to a piezo
ceramic actuator causing expansion. The actuator can
be driven so that both the frequency and amplitude of
the displacement can be accurately and reproducibly
controlled to deliver nanoscale “kicks” to MSCs.

RESULTS

Experimental Setup. Through use of laser interfero-
metry, it was demonstrated that reproducible nano-
scale excursions could be produced at different driving
frequencies, up to 1 kHz. These were in the range of
5—30 nm depending on applied potential (Figure 1).
An aluminum block, of approximate dimensions 320 x
100 x 50 mm, was used to provide a stable, rigid base
in order to direct the majority of the displacement
upward to the Petri dish. In addition, an aluminum disk,
of 50 mm diameter and 3 mm thickness, was rigidly
glued between the piezo ceramic and the polystyrene
tissue culture Petri dish (a 60 mm diameter dish, but
the usable bottom surface is 52 mm in diameter) to
minimize the deviation in the displacements that were
observed across the surface of the dish (Figures 2 and 3).
Displacements were typically observed to reduce as
the driving frequency increased. For the stimulation
frequencies that will be used for promoting osteogen-
esis here, the average decrease in the displacement
was observed to be 5.3% and therefore assumed to
be negligible. Further schematics of the experimental
setup are provided in the Supporting Information
Figures 1 and 2.

Selection of Frequency. By continuous sine wave drive,
10 V was chosen as the peak-to-peak driving potential
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Figure 2. Comparison of displacement measurements with (solid) and without (dashed) the addition of an aluminum disk
that showed a significantly reduced deviation in the observed displacements after applying the disk to the 52 mm diameter
Petri dishes. When the aluminum disks were not used, large central and peripheral displacements were noted due to a
flapping effect. The experiment was performed at 10 or 20 V driving potentials and at 1 kHz frequency. Numbers 1 to 4
represent distances from the center (1 = center, 2 = above piezo, 3 = 5 mm from piezo edge, 4 = 15 mm from piezo edge).
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Figure 3. Image of the typical setup, with 52 mm diameter
Petri dish and attached piezo actuator glued between the
large aluminum block (below) to ensure upward movement
on expansion of the piezo and the aluminum disk to provide
low dispersion in the center to edge displacements.

for a wide range of sinusoidal frequencies when
stimulating the MSCs. These were 25, 50, 100, 500,
and 1000 Hz frequencies giving displacements of
14.25, 12.5, 11.17, 13.91, and 12.57 nm, respectively.
Gene transcript, RT-PCR analysis for the osteogenic
transcription factor RUNX2 revealed that it was only
up-regulated compared to static control on the 1 kHz
frequencies (supplementary Figure 3). Thus, 1 kHz was
chosen as our optimal frequency, and the closest lower
frequency, 500 Hz, was also used as another control
below osteogenic induction. In order to use the higher,
1 kHz, frequency moving forward, effects of heating
(supplementary Figure 4), shear, and fluid motion were
ruled out (data not shown here); that is, there were no
differences to static control.

Osteogenic Analysis. Transcriptional analysis by quan-
titative real-time (gRT-) PCR for bone morphogenic
protein 2 (BMP2) after 24 h culture, densitometry
quantified gel RT-PCR for RUNX2, and gene microarray
after 1 week of culture showed that, while 500 Hz
caused a significant shift of total genomic expression,
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BMP2 and RUNX2 expression was not altered (Figure
4A—C). This indicates that, while 500 Hz causes a shift
in gene expression profile, it is not large enough to
trigger osteogenesis from the MSCs. However, at 1 kHz,
the genomic shift was again noted (larger shift than
with 500 Hz stimulation), although this time, concomi-
tant significant changes in BMP2 and RUNX2 expres-
sion were observed. This speculatively suggests that
a threshold of a change in genomic regulation has
occurred to permit osteogenesis. Given longer in
culture (14 days of stimulation) and using antibodies
against the RUNX2-regulated bone-specific marker
protein osteocalcin,” the result was verified as it was
again shown that 500 Hz did not induce significant
change from control but that 1 kHz stimulation caused
a large increase in protein expression (Figure 4D,E).

Uploading array data for 1 kHz stimulation to In-
genuity pathway analysis revealed significant changes
in regulation in pathways involved in tissue develop-
ment (most significantly, for this study, skeletal and
muscular system development and function; skeletal
and muscular system share common stem cell origin).
Also noted were cell growth and small molecule bio-
chemistry (likely linked to energy demand as lipid and
carbohydrate metabolism) (Figure 5).

ROCK Inhibition. Immunofluorescence of vinculin
(involved in focal adhesions) and actin cytoskeleton
revealed that MSCs stimulated at 1 kHz compared to
control cells were more spread (quantified in supple-
mentary Figure 5), with larger focal adhesions and
well-organized cytoskeletal contraction fibers (Figure 6).
This is highly suggestive of increased intracellular tension
with nanoscale stimulation.

Using Ingenuity to observe canonical, biochemical
signaling pathways rather than functional pathways,
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Figure 4. Transcriptional analysis: (A) Microarray principle component analysis showing large shifts of gene regulation from
MSCs on control after 1 week of culture. The changes were greatest (from control) for MSCs stimulated at 1 kHz. The graph
shows that the main component (PC1) accounts for 25.7% of differences and the secondary component (PC2) accounts for
17.5% of differences. (B) qRT-PCR of BMP2 expression showing increased expression in response to 1 kHz stimulation but not
500 Hz after 24 h of culture. (C) Densitometry from RT-PCR gels showing no change in RUNX2 expression between control and
500 Hz stimulation, but up-regulation after 1 kHz stimulation for 1 week. Looking at protein expression of the osteoblast
marker, osteocalcin, after 14 days showed increased expression in response to 1 kHz stimulation (F) compared to control (D) of
500 Hz (E) (green = osteocalcin, blue = nucleus). For PCR, n = 3 (one experiment with three materials replicates for gPCR,
and another experiment with three materials replicates for RT-PCR); results are mean + standard deviation, *p < 0.05 by
ANOVA, + = individual data points used to calculate mean and standard deviation; arrow shows control mean.
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Figure 5. Functional pathway analysis. Among the highlighted pathways differentially regulated after 1 week with 1 kHz
stimulation are cell growth, organ, and tissue development and skeletal and muscular system development and function.
N = 3, threshold = p < 0.05 compared to unstimulated control. * Denotes skeletal system development.

it was seen that ROCK signaling was highlighted as
significantly changed with stimulation (Figure 7).
Furthermore, network analysis implicated roles for
adhesion, FAK, ERK, actin, and sonic hedgehog signal-
ing as well as RhoA signaling (see canonical pathway
(CP) tags linked into the network) (Figure 8). It is
noteworthy that this network illustrates the input of
these biochemical pathways into genes controlling cell
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growth, proliferation, and division. In the classical
Stein and Lian*® osteogenic timelines, day 7 is when
maximal proliferation is seen in cells undergoing os-
teogenesis compared to control cultures; the array was
performed at day 7, and it is thus sensible that these
regulatory genes were seen to be up-regulated.

That RhoA signaling is implicated (Figures 7 and 8)
is clearly interesting as it has been highlighted as being

AR
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Figure 6. Morphology, focal adhesion, and actin cytoskeleton staining. (A) On unstimulated control, cells were smaller with
actin stress fibers terminating at focal adhesion sites. (B) MSCs were seen to have a standard morphology. (C) With 1 kHz
stimulation, cells were larger, more polygonal, and tended to have both larger and more adhesions with well-organized actin
stress fibers and long cellular processes. (D) Electron micrograph of a typical MSC stimulated at 1 kHz with long cellular

projections. For fluorescent images red = actin, green = vinculin, and blue = nucleus.
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Figure 7. Canonical pathway analysis. A significantly altered canonical pathway is RhoA signaling (asterisk). Also
significantly altered from unstimulated control are sonic hedgehog signaling, purine and nicotinamide metabolism. N = 3,

threshold = p < 0.05.

central to osteogenesis in seminal studies.?'* Using
Y27632 to inhibit ROCK activity, it was seen that MSCs'
ability to express osteocalcin was reduced with inhibi-
tion, confirming its role in our nanostimulation system
(supplementary Figure 6).

DISCUSSION

For the first time, itis shown that MSCs are responsive
to vertical nanoscale mechanical excursions. Further-
more, it was demonstrated that this osteoblastogenic
response was ROCK-dependent, in agreement with
previous materials-based strategies for osteoinduc-
tion."2°723 That ROCK inhibition blocked osteoblasto-
genesis demonstrates that the stimulation is a real
effect. Furthermore, that BMP2 is activated by 24 h
and RUNX2 by 7 days is logical, as RUNX2 activity

NIKUKAR ET AL.

is mediated by BMP2 signaling,**° this would be

followed by increased osteocalcin expression by day
14 according to the Stein and Lian osteoblastogenesis
timelines.3® Ingenuity canonical analysis also highlights
purine and nicotinamide metabolism (involved in en-
ergy demand) and sonic hedgehog signaling (involved
is stem cell differentiation)®' as well as adhesion, FAK,
ERK, and actin-mediated biochemical signaling (all
known to be implicated in RUNX2 activation)' 2454652
being central to nanomechanotransduction.

Use of an open hypothesis for input frequency led to
use of 1 kHz. This appears high for the time scale of
many cell actions. Pierres et al.>> provide an interesting
perspective article on cell membrane undulations
based on their original data®' and the literature. They
first note that many familiar, conventional membrane

53,54
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(below quality threshold or not on the array)).

deformations occur at the tens of seconds time scale,
such as filopodial probing (filopodia are actin-driven
projections used to “probe” the extracellular environ-
ment for adhesion points).

However, they next note that many cell membrane
interactions occur much faster than this. For example,
neutrophils completely ingest pathogens within
seconds”® and endothelial arrest of flowing leukocytes
involves subsecond integrin activation.’” The authors
point out that subsecond membrane undulations may
be key to these phenomena. Interestingly, erythrocyte
membranes display high-frequency undulations as
high as 1 kHz in the tens of nanometers range called
flickering®®*°—this is very similar scale to the stimula-
tion we supply the cells with in this report. However,
it is noted that such movements have been noted as
being slower in nucleated cells such as lymphocytes
and monocytes from blood displaying 20—30 nm

NIKUKAR ET AL.

undulations at up to 30 Hz and fibroblasts
(descendants of MSCs) displaying 1—4 nm displace-
ments at up to 0.5 Hz.5°~%2

Over a number of years, there has been discussion
of piezoelectic effect in bone. This is because, while
collagen is piezoelectric when dry, for effect to be seen
in hydrated bone, kilohertz range stimulus is required,
that is, beyond that considered physiological.®®
Furthermore, it is known that electricity can be used
to guide cells (galvanotaxis)®*®> and stimulate bone
repair.®® It has been postulated that bones' piezoelec-
trical properties facilitate osteoblast activity as they are
attracted by the electrical dipoles produced by piezo-
electricity or deformation of the bone,®” and modeling
has been used to show that piezo effects could be
important in bone homeostasis with mechanical loads
leading to polarization of bone, suggesting that nega-
tive charges accumulate at sites of bone removal and
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positive charges at sites of bone formation.®® However,
we note that while it is tempting to try and draw
parallels between the values obtained for piezoelectic
effect in bone, the benefit to bone of electrical stimula-
tion, and the 1 kHz osteogenic stimulation we have
used here, it is far too speculative, at this stage, to do so.

In addition to describing the details of the applied
motion in terms of frequency and amplitude, it may
also be of interest to consider the forces being applied
to each cell. During the MSC stimulation presented
here, a periodic force is imposed on each cell through
the Petri dish substrate. Since the cells are adherent to
the substrate surface prior to stimulation, this force
is transmitted through each cell as it supports the
column of aqueous solution directly above. Taking
approximations for the cell shape (adhered surface
area typically a few tens of micrometer x a few tens
of micrometers) and height of solution (3—5 mm), the
accelerative force on each cell can be calculated to be
in the range of 1—10 pN. This can be calculated from
Newton's second law, F,.. = ma, where the accelerative
force, F,c., driving the motion of the column of water
with acceleration, a, and with mass, m, must be trans-
mitted through the cell to the oscillating substrate
surface. Note that these forces are of a similar order
of magnitude to the forces exerted by fibroblast

MATERIALS AND METHODS

Setup. The piezo actuators were driven by continuous sine
wave using an Agilent 33210A function generator in combina-
tion with a DC offset circuit for maintaining positive-only
voltages applied with the same polarity as the poling voltage
used in the piezo manufacture. The piezo actuators used in
all of the reported investigations were supplied by Physik
Instrumente GmbH (Germany), model number 010-05H ring-
type piezo stacks. This experimental setup, as shown in Figure 3
and supplementary Figures 1 and 2, was used for supplying
vertical displacements to MSC cultures.

Calibration. The calibration of individual piezo devices
and the displacement measurements across the surface of the
Petri dishes were performed using a SIOS interferometer, model
SP-S120 laser interferometric vibrometer. The response of the
individual piezo devices was observed to be linear with driving
voltage, with deviations typically less than a few percent.
The response was also observed to be linear with respect to
frequency, with the displacement being observed to decrease
by typically 10—15% from 50 Hz to 1 kHz. The measured
displacements across empty Petri dishes were observed to
typically vary by 10—15%, around a 3-fold decrease in the
variability as compared to Petri dishes that were not supported
on their underside by a 3 mm thick aluminum disk.

Thermal Check. Since the piezo actuators have to do work
against the Petri dish assembly, it can be assumed that heat is
generated. If the power dissipated within the piezo ceramic
material transfers through conduction to the aluminum disk,
the polystyrene Petri dish, and ultimately to the culture solution,
then there exists the possibility of thermal shock to the cells.
To evaluate the possibility of thermal shock to the cell cultures,
a thermal imaging was used to estimate the degree of heating
during stimulation. As shown in supplementary Figure 4, the effect
of heating can be assumed to be negligible in these investigations.

Viscous and Shear Forces. As previously detailed in the Calibra-
tion section, care was undertaken to ensure that the stimulation
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undulations, observed in the range of 20—80 pN.®'
Further investigations are required to evaluate the
precise mechanisms responsible for how MSCs sense
these applied mechanical forces.

CONCLUSION

We introduce a new nanoscale method of MSC
stimulation for targeted osteoblastogenesis. This does
not rely on novel materials, complex chemistry, or
electronic clean room facilities. Rather, it is based on
traditional cell culture plastics with simple addition of
piezo ceramics. Up-scale to bioreactors that can prime
autologous MSCs to form osteoblasts without recourse
to soluble factors can be easily envisaged. Further-
more, we note that whole body vibration is becoming
adopted in the clinic to help with musculoskeletal
regeneration following, for example, spinal trauma,
osteoporosis, and stress fracture repair.?>’° It could
thus be envisaged that in vitro experiments could be
used to inform therapy with the noted caveat that the
modeling from cell to whole body is nontrivial and
much research aimed at practical/theoretical scaling
between nanoscale cell culture and the human body is
required. Such techniques could be complementary to
existing external stimuli for musculoskeletal regenera-
tion such as extracorporeal shock wave treatment.”’

setup acted as a rigid body, transmitting equal displacements
across the surface of the culture substrate. Therefore, displace-
ments are expected to be closely confined to the vertical
direction and thus minimize the possibility of fluid flow, which
could promote large viscous forces on the cells. Shear forces are
also expected to remain negligible.

Cell Culture. MSCs were purchased from Promocell (Germany)
and used at passages 1—3.MSCs were maintained in basal media
(@MEM (PAA)) supplemented with 10% FBS (PAA), 1% (v/v)
200 mM L-glutamine (Gibco), and antibiotics (6.74 U/mL peni-
cillin-streptomycin, 0.2 ug/mL fungizone) (PAA) at 37 °C with 5%
CO, in an incubator. Cells were seeded into the Petri dishes
at 1 x 10* cells/mL, and medium was changed every 3 days. For
inhibition studies, Y27632 (Sigma), a ROCK inhibitor, was used at
10 4M concentration throughout each experiment.

Immunofluorescence. MSCs were fixed in a 10% formaldehyde
solution, permeabilized and blocked in 1% (w/v) BSA/PBS, and
stained with anti-osteocalcin and anti-RUNX2 (1:50) (Santa Cruz
Biotechnology) or anti-vinculin (1:200) (Clone hVin-1, Sigma) in
1% (w/v) BSA/PBS and incubated at 37 °C for 1 h, in conjunction
with phalloidin-rhodamine (1:200) (Molecular Probes). Cells
were washed 3 x 5 min in 1x PBS/0.5% Tween-20 and a bio-
tinylated secondary anti-mouse antibody (Vector Laboratories)
was added at 1:50 in 1% (w/v) BSA/PBS and incubated at 37 °C
for 1 h. After being washed, the samples were incubated with
FITC-conjugated streptavidin (1:50, Vector Laboratories) for
30 min at 4 °C, washed, and mounted using Vectashield
mountant with DAPI nuclear stain (Vector Laboratories).

Scanning Electron Microscopy. MSCs were cultured and stimu-
lated for 7 days prior to fixing. After 1 h incubation of samples at
4 °C in a mixture of 1.5% glutaraldehyde + 0.1 M sodium
cacodylate (buffer fix), the dishes were rinsed by 0.1 M sodium
cacodylate 3 x 5 min. Then 1% osmium tetroxide was added
for 1 h in room temperature, followed by distilled water (DW)
wash (3 x 10 min each). Uranyl acetate was then added for
1 h incubation in the dark, followed by a quick DW rinse and
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TABLE 1. Primer Details for PCR

gene forward primer reverse primer
RUNX2 CAGACCAGCAGCACTCCATA CAGCGTCAACACCATCATTC
BMP2 ATGGATTCGTGGTGGAAGTG GTGGAGTTCAGATGATCAGC
GAPDH GTCAGTGGTGGACCTGACCT ACCTGGTGCTCAGTGTAGCC

ethanol dehydration series (30, 50, 70, 90, 100% followed by a
dried absolute ethanol wash). After being washed two times for
5 min each by hexamethyl disilazane (HMDS), the samples were
left overnight for gradual evaporation prior to coating. Using
a Polaron SC515 SEM coating system, the samples were coated
by gold palladium (about 18 nm coverage thickness) and then
they were cut into circles (15 mm diameter) and stuck onto
aluminum stubs. A Carl Zeiss Sigma variable-pressure analytical
SEM with Oxford Microanalysis was used to image the samples.

RT-PCR (Agarose Gel Electrophoresis). MSCs were cultured and
treated in the Petri dishes for 7 days with three replicas for each
condition. Total RNA was extracted using a Qiagen RNeasy
micro kit. Reverse transcription of extracted RNA to cDNA
was performed using the Omniscript reverse transcription kit
(Qiagen) according to the manufacturer's protocol. For efficient
cDNA amplification, the GoTaq Hot Start Green Master Mix was
used in combination with gene-specific primers (Table 1) and a
thermal cycler program for 30 cycles (2 min 95 °C hold followed
by cycles 30 sin 95,55, and 72 °C each and 5 min in 72 °C as the
final stage). Amplified cDNAs from three replicas in a control
group and stimulated groups were run on a 1% agarose gel
beside a 100 bp ladder, and the expression of RUNX2 was
compared between groups of samples.

Quantitative Real-Time (qRT-) PCR. Total RNA was extracted
from three replicas for every condition using a Qiagen RNeasy
micro kit. Real-time gPCR was performed and analyzed as
previously described to assess the expression of RUNX2 and
BMP2 (Table 1). RNA samples were reverse transcribed using
the Omniscript First Strand synthesis kit (Qiagen). gRT-PCR was
carried out using the 7500 Real Time PCR system from Applied
Biosystems. GAPDH served as the housekeeping gene to nor-
malize expression of the tested genes. With the SYBR Green
method primer, sequences for the genes were validated by
dissociation curve/melt curve analysis. The 2~*2% method was
used for analysis of gene expression. Statistical analysis was
carried out using the Tukey—Kramer multiple comparisons
post-test analysis of variance (ANOVA). The relative transcript
levels were expressed as the mean =+ standard deviation (n = 3
for each group) for graph representation.

Microarray. Briefly, the cells were cultured in the Petri dishes
(stimulated and control, three replicates of each) for 7 days.
The cells were then lysed, and total RNA was extracted using
a Qiagen RNeasy kit (Qiagen, UK). Gene expression changes
were detected by hybridization of mRNA to Affymetrix HuGene
1.0 ST human arrays according to the manufacturer's instruc-
tions. Initial bioinformatic analysis was based on rank product,”
and a false discovery rate of 20% was used to upload selected
gene changes to the Ingenuity Pathway Analysis (IPA) server
to identify (1) canonical signaling pathways, (2) functional
pathways, and (3) to produce networks. IPA uses pathway
libraries derived from the scientific literature. Statistics for
functional analysis were carried out by Fischer's exact test (as
done automatically by the software).
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