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ABSTRACT

Physical loading is a potent stimulus required to maintain
bone homeostasis, partly through the renewal and osteo-
genic differentiation of mesenchymal stem cells (MSCs).
However, the mechanism by which MSCs sense a biophys-
ical force and translate that into a biochemical bone form-
ing response (mechanotransduction) remains poorly
understood. The primary cilium is a single sensory cellular
extension, which has recently been shown to demonstrate
a role in cellular mechanotransduction and MSC lineage
commitment. In this study, we present evidence that short
periods of mechanical stimulation in the form of oscilla-
tory fluid flow (OFF) is sufficient to enhance osteogenic
gene expression and proliferation of human MSCs
(hMSCs). Furthermore, we demonstrate that the cilium
mediates fluid flow mechanotransduction in hMSCs by
maintaining OFF-induced increases in osteogenic gene
expression and, surprisingly, to limit OFF-induced

increases in proliferation. These data therefore demon-
strate a pro-osteogenic mechanosensory role for the pri-
mary cilium, establishing a novel mechanotransduction
mechanism in hMSCs. Based on these findings, the appli-
cation of OFF may be a beneficial component of bioreac-
tor-based strategies to form bone-like tissues suitable for
regenerative medicine and also highlights the cilium as a
potential therapeutic target for efforts to mimic loading
with the aim of preventing bone loss during diseases such
as osteoporosis. Furthermore, this study demonstrates a
role for the cilium in controlling mechanically mediated
increases in the proliferation of hMSCs, which parallels
proposed models of polycystic kidney disease. Unraveling
the mechanisms leading to rapid proliferation of mechani-
cally stimulated MSCs with defective cilia could provide
significant insights regarding ciliopathies and cystic
diseases. STEM CELLS 2012;30:2561-2570

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

The formation and regeneration of bone tissue requires the
concerted effort of numerous signals that result in the aggre-
gation, proliferation, and differentiation of mesenchymal stem
cells (MSCs) into bone forming osteoblasts [1]. A key signal
regulating bone formation is physical loading. Loading-
induced bending of bone generates strain gradients in the
medullary cavity resulting in the development of hydrostatic
pressure and fluid flow-induced shear stress, which directly
stimulates MSCs within the marrow [2]. Such loading of rat
tibiae has demonstrated enhanced bone formation through the
proliferation and recruitment of osteoprogenitors within the

marrow cavity [3-5] while unloading has been associated
with decreased osteoblastogenesis [6, 7]. Osteoporosis is a
debilitating bone disease, which occurs in part when MSCs
fail to produce sufficient numbers of osteoblasts to counteract
bone resorption by osteoclasts. Therefore, in order to combat
such debilitating diseases, a greater understanding of the
role of physical loading in regulating human MSC (hMSC)
behavior is required. This would greatly aid in the develop-
ment of mechanotherapies to prevent bone loss [8] in addition
to advancing bioreactor-based bone tissue engineering strat-
egies [9].

Direct mechanical stimulation of MSCs in vitro has dem-
onstrated a strong role for mechanics in regulating stem cell
behavior [10-12]. Several studies have explored the effect of
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fluid flow-induced shear stress on the osteogenic differentia-
tion of MSCs whereby the application of fluid flow enhances
the formation and maturation of extracellular matrix through
the regulation of osteogenic genes and protein expression
[13-18]. Only a few studies have investigated this effect in
hMSCs, the majority of which have used long-term flow ex-
posure in three-dimensional tissue engineering scaffolds. Sca-
glione et al. [19], Bjerre et al. [20, 21], and Zhao et al. [22]
subjected hMSCs to perfusion flow for 10, 20, and 21 days
respectively. Such flow regimens enhanced the expression of
ALP, BMP2, BSP, OPN, and COL1al. However, Tjabringa
et al. [23] demonstrated that as little as 1 hour of pulsatile
fluid flow was sufficient to enhance cyclo-oxygenase-2
(COX2) gene expression in adipose-derived hMSCs. Fluid
flow resulting from activities which load the skeleton are pre-
dicted to be dynamic and oscillatory in nature yet only a
small number of studies have investigated the effect of oscil-
latory fluid flow (OFF) on hMSC behavior. Li et al. [24] sub-
jected hMSCs to 2 hours of OFF and found increases in OPN
and OCLN gene expression in addition to an increase in pro-
liferation. Furthermore, a series of studies by Riddle et al.
[25, 26] demonstrated an increase in proliferation of hMSCs
following high magnitude, short-term OFF. Due to the
enhanced proliferative and osteogenic effect of fluid flow on
hMSCs, flow perfusion bioreactors are becoming more signifi-
cant in bone tissue engineering approaches, yet the effect of
physiologically relevant OFF remains poorly understood [9].

Despite the potent role of physical loading in bone metab-
olism and, more specifically, stem cell differentiation, the
mechanisms of mechanotransduction (translation of a biophys-
ical force into a biochemical response) remain to be deter-
mined. Understanding these mechanisms may lead to novel
approaches to promote bone formation through therapeutic
intervention, mimicking the effect of physical loading at a
molecular level. The primary cilium is a singular, immotile
microtubule-based cellular extension, which projects from the
apical surface of nearly every cell in the human body [27],
and studies have recently demonstrated a role for the cilium
in cellular mechanotransduction [28-30]. Although originally
identified over a century ago [31, 32], recent advancements in
imaging technology and the discovery of a link between de-
fective cilia and numerous human pathologies [33] has fuelled
research revealing the cilium to be a complex signaling center
regulating key pathways such as hedgehog (HH) and Wnt
[34]. For example, upon HH ligand binding of the Patchedl
(PTCH1) receptor, PTCH1 derepresses Smoothened which in
turn translocates to the tip of the primary cilium activating
the Gli transcription factors [34]. In addition, through the spe-
cific localization of receptors and mechanosensitive channels
to the ciliary axoneme, the cilium has demonstrated both a
chemosensory and mechanosensory role across numerous tis-
sues such as the kidney epithelium [35, 36], endothelium
[37], liver [38, 39], cartilage [40] and, more recently by our
lab and others, in bone [41-46]. It has been demonstrated that
the more differentiated cells of the osteogenic lineage such as
the osteoblast and osteocyte require a primary cilium for
osteogenic responses to OFF [41] and mice with a bone-spe-
cific primary cilia knockout have inhibited bone formation
due to loading [47]. Moreover, hMSCs require a primary cil-
ium for biochemically induced differentiation [44]. However,
to date, a role for the primary cilium in hMSC mechanotrans-
duction remains undetermined.

As hMSCs hold great promise as potential treatments for
bone loss diseases, either through direct transplantation in
vivo or via bone tissue engineering strategies in vitro [48],
this study aimed to elucidate the effects of physiologically
relevant mechanical stimulation on stem cell behavior and
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elucidate the mechanism by which stem cells sense and trans-
duce a mechanical stimulus into a biochemical response. In
this study, we demonstrate that short periods of mechanical
stimulation are sufficient to significantly enhance osteogenic
gene expression and the proliferation of hMSCs. Furthermore,
the study shows that the stem cell primary cilium is required
for this mechanically-mediated increase in osteogenic gene
expression and, surprisingly, is required to control and limit
increases in proliferation. Collectively, these data demonstrate
the importance of mechanical stimulation in regulating stem
cell behavior, introduces a novel stem cell mechanotransduc-
tion mechanism via the primary cilium, and highlights the
importance of the cilium in regulating stem cell mechanores-
ponses, further highlighting the cilium as a potential therapeu-
tic target to mimic the effect of physical loading.

MATERIALS AND METHODS

hMSC Culture and Osteogenic Differentiation

MSCs harvested from human bone marrow were obtained from
both Lonza (Lonza, Walkersville, MD, USA, http://www.lonza.
com) and STEM CELL Technologies (STEMCELL, Vancouver,
Canada, http://www.stemcell.com). hMSCs were maintained in
growth media consisting of Dulbecco’s modified Eagle’s medium
(DMEM) low glucose (Invitrogen, Carlsbad, CA, http://www.invi-
trogen.com) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (P/S). For gene expression stud-
ies, hMSCs were seeded onto fibronectin-coated glass slides at
175,000 cells per slide and maintained in growth media supple-
mented with 25 uM ascorbic acid 2-phosphate, 5 nM dexametha-
sone, and 5 mM f-glycerophosphate for 48 hours prior to the
application of flow. These concentrations represent minimal lev-
els for the support of osteogenic differentiation of hMSCs [49],
thereby allowing greater scope to investigate the effect of a bio-
physical versus a biochemical stimulus on the differentiation of
hMSCs. For biochemically induced osteogenic differentiation
studies, cells were cultured in osteogenic induction media pur-
chased from Invitrogen (Invitrogen). For proliferation rate studies,
hMSCs were seeded onto fibronectin-coated glass slides at
100,000 cells per slide and were maintained in DMEM low glu-
cose supplemented with 0.5% FBS and 1% P/S 24 hours prior to
the application of a mechanical stimulus. All experiments were
performed with passage four cells or less.

Immunoctyochemistry

hMSCs were seeded onto fibronectin-coated glass slides at
100,000 cells per slide and maintained in DMEM low glucose
containing 0.5% FBS (to arrest cell mitosis and allow maximal
ciliogenesis) and 1% P/S for a minimum of 48 hours before proc-
essing for immunofluorescence. Cells were fixed in 10% neutral
buffer formalin for 10 minutes. Fixed cells were rinsed three
times with phosphate buffered saline (PBS), permeabilized with
0.1% Triton X-100 for 10 minutes, followed by a blocking wash
consisting of 1% bovine serum albumin (BSA) for 2 hours. Cells
were then incubated in monoclonal mouse anti-acetylated o tubu-
lin (Abcam, Cambridge, U.K., http://www.abcam.com) diluted
1:1,500 in PBS containing 1% BSA for 24 hours at 4°C, followed
by AlexaFluor (Invitrogen) 546 anti-mouse IgG diluted 1:200 in
PBS containing 1% BSA for 1 hour at room temperature. Nuclei
and the actin cytoskeleton were counterstained with 4’,6-diami-
dino-2-phenylindole (DAPI) (1 ug/ml) and Phalloidin (33 nM),
respectively, both obtained from Invitrogen. To visualize the
microtubule network within living hMSCs, 250 nM oregon green
conjugated-taxol (Tubulin Tracker, Invitrogen) was added to cells
for 30 minutes. Cells were then washed three times with PBS and
imaged immediately. Oregon green conjugated-taxol does not al-
ter cell or primary cilium morphology.
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Figure 1. Effect of 2 hours of oscillatory fluid flow-induced 1 Pa of shear stress on the mRNA expression of (A) COX2, (B) BMP2, (C) RUNX2,
and (D) OPN at 30 minutes, 2 hours, 24 hours, and 48 hours post-cessation of flow. Cells were cultured statically and in osteogenic differentiation
media as controls. Furthermore, the effect of 2 hours of oscillatory flow-induced (E) 1 Pa and (F) 2 Pa of shear stress on the proliferation rate of
human mesenchymal stem cells as assayed by 1 hour of EdU incorporation 20 hours post-cessation of flow. Mean = SEM, * indicates significantly
different than controls (*, p < .05; **, p < .01; *** p < .001). Abbreviations: COX2, cyclo-oxygenase-2; EdU, 5-ethynyl-2'-deoxyuridine.

Images were captured using a Leica TCS SP5 laser scanning
confocal microscope equipped with a x100, 1.46 NA oil immer-
sion objective. Fifteen representative images were captured per
slide, and the total number of primary cilia was counted and
compared to total number of nuclei. Three-dimensional recon-
structions of z-stacks were generated to determine ciliary length
and orientation.

Application of OFF

OFF was applied to cells using a previously described parallel
plate flow chamber [50]. In brief, OFF was driven by Hamilton
glass syringes in series with rigid walled tubing and a parallel
plate flow chamber. The syringe was mounted in and driven by a
previously described custom-built mechanical loading device
[50]. For gene expression studies, the flow rate was chosen to
yield a peak shear stress of 1.0 Pa (28 ml/min). For proliferation
rate studies, the flow rate was adjusted accordingly to yield a
peak shear stress of both 1.0 Pa (28 ml/min) and 2.0 Pa (56 ml/
min). For all experiments, cells were exposed to 2 hours of OFF.

www.StemCells.com

Small-Interfering RNA Transfection

The formation of functional primary cilia was inhibited by small-
interfering RNA (siRNA)-mediated depletion of IFT88/Polaris.
IFT88/Polaris is an intraflagellar transport protein (IFT) required
for functional ciliogenesis [51]. hMSCs were transfected with 20
UM siRNA targeting IFT88/Polaris (sequence 5'-AAUAGCAUCU
GAAUACUGACCAGCC-3'-) or with a scrambled siRNA for 8
hours using Lipofectamine 2000 (Invitrogen). HMSCs were main-
tained in growth media for a further 72 hours before the applica-
tion of a mechanical stimulus. Neither siRNA targeting Polaris nor
scrambled siRNA had any effect of cellular morphology.

Proliferation

5-Ethynyl-2'-deoxyuridine (EdU) incorporation (Click-iT EdU prolif-
eration kit, Invitrogen) was used to determine the proliferation rate of
hMSCs. EdU is a nucleoside analog of thymidine and is incorporated
into DNA during active DNA synthesis. Upon cessation of flow, cells
were incubated in DMEM low glucose containing 0.5% FBS and 1%
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Figure 2. Confirmation of the existence of primary cilia on human mesenchymal stem cells (hMSCs). (A): Primary cilia stained with antiacety-
lated o-tubulin were present on 86% of hMSCs in the perinuclear region of the cell. (B, C): Live microtubule imaging demonstrated that hMSC
primary cilia are intricately connected to the microtubule cytoskeleton and extend from the mother centriole 4—6 um into the extracellular space.
Open arrowhead: primary cilia; close arrowhead: centrioles. (D): Polaris mRNA expression of hMSCs and (C) number of ciliated cells 72 hours
following transfection with scrambled small-interfering RNA (siRNA) and siRNA targeting Polaris. Mean = SEM, * indicates significantly differ-
ent than scrambled control (¥, p < .05; *#*, p < .001). Abbreviation: DAPI, 4’,6-diamidino-2-phenylindole.

P/S for 20 hours followed by 1-hour incubation in the same media
supplemented with a 10 uM EdU solution. Cells were then processed
for immunofluorescence as above. EdU incorporation was detected
using an Alexa Flour 488 azide, and cell number was determined
using DAPI as above. Fifteen representative images were captured
per slide using an Olympus CKX41 inverted microscope fitted with a
x 10 objective (40 cells per image), and the total number of EdU pos-
itive cells was compared to total cell number.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated using Tri-Reagent (Invitrogen) according to
the manufacturer’s instructions. The 260/280 absorbance ratio was
measured for verification of the purity and concentration of RNA.
Two to three microgram of RNA was used for reverse transcription
using the high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.com).
Primers and probes for COX2, BMP2, RUNX2, OSTERIX, OPN,
OCLN, ALKLP, COLlx1, BSP, POLARIS, PTCHI1, GLII, and
GAPDH were obtained from Applied Biosystems. cDNA samples
were then amplified by real-time quantitative polymerase chain reac-
tion (QRT-PCR). Amplification curves for all genes were recorded,
and the relative levels between samples were quantified using the

relative standard curve method (ABI Prism 7700, Applied Biosys-
tems). All samples were normalized to endogenous control GAPDH
mRNA. All samples and standards were run in triplicate.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (Ver-
sion 5.0) software. All data are expressed as means * SEM.
Two-way ANOVA was used for analysis of variance with Bon-
ferroni post-tests to compare between groups. For two sample
comparisons, a Student’s ¢ test was used. Significance is indicated
on figures as follows: *, p < .05; **, p < .01; *** p < .001.

RESuLTS

Short Periods of Mechanical Stimulation
Significantly Upregulate Osteogenic Gene
Expression in hMSCs

To investigate the effect of mechanical stimulation on the
osteogenic gene expression of hMSCs, cells were subjected

Stem CruLS



Hoey, Tormey, Ramcharan et al.

A CcoX2
c 5+
2z * 3 No Flow
8 z 4 '|' Flow
= o
o=
I.I>j T 3] "

° e
£s e
X s 2 e T
= bomaae)
g i g
2 z 14 - .::Q:::::: -T- nnetetar
T o Gl
oL
n: c . ' r

'0\‘2'e> \’0;‘\g
& o
@ Q
%0
Treatment

2565

B BMP2
c -
% g ek D No Flow
gu"; 4 Flow
gz
w3 3- e
g8 =
25, e
Eg e I
231 = S
&2 o :#.E:
o i o= e
m c L} o T
> &
& 4
% Q
,-OO
Treatment

Figure 3. Effect of 2 hours of oscillatory fluid flow-induced 1 Pa of shear stress on the mRNA expression of (A) COX2 and (B) BMP2 2 hours
post-cessation of flow in human mesenchymal stem cells transfected with scrambled small-interfering RNA (siRNA) and siRNA targeting POLA-
RIS. Mean = SEM, * indicates significantly different than no flow control (*, p < .05; *** p < .001). Abbreviation: COX2, cyclo-oxygenase-2.

to 2 hours of OFF, and the mRNA expression of nine bone-
related markers were assayed at 30 minutes, 2 hours, 24 hours,
and 48 hours post-cessation of flow. The relative mRNA expres-
sion was compared to no-flow controls and cells cultured in
osteogenic differentiation media. This short period of mechani-
cal stimulation resulted in a significant, transient increase in
COX2 and BMP2 mRNA expression over both static controls
and osteogenic differentiation media controls within 30 minutes
post-flow, which remained elevated until 2 hours post-flow
before returning to basal levels thereafter (Fig. 1A, 1B). Surpris-
ingly, mechanical stimulation did not significantly affect the
mRNA expression of RUNX2, OPN, OCLN, ALKLP, COL1«1,
or BSP at any time point. OSTERIX could not be reliably
detected using qRT-PCR (Fig. 1C, 1D; Supporting Information
Fig. STA-S1D). The treatment of hMSCs with osteogenic differ-
entiation media resulted in a significant increase in RUNX2 and
OPN mRNA levels (Fig. 1C, 1D). Therefore, these data demon-
strate that the application of short periods of OFF is sufficient to
significantly enhance osteogenic gene expression in hMSCs.

Short Periods of High Magnitude Mechanical
Stimulation Enhances the Proliferation Rate of
hMSCs

Mechanically-induced changes in hMSC proliferation was
investigated by subjecting cells to two different magnitudes of
OFF for 2 hours followed by EdU incorporation for 1 hour at
20 hours post-cessation of flow. Subjecting hMSCs to the
same magnitude of mechanical stimulation used in the gene
expression analysis (1 Pa; 28 ml/min) did not significantly al-
ter the proliferation rate. However, increasing the magnitude
of flow by a factor of two significantly increased the prolifer-
ation rate twofold (p < .05) over no-flow controls (Fig. 1E,
1F) demonstrating that higher magnitudes of flow are required
to elicit a proliferative response in hMSCs.

Primary Cilia Project Outward from the Surface of
hMSCs at High Incidence and Cilium Formation Is
Inhibited Following siRNA Transfection Targeting
POLARIS

The presence, orientation, and incidence of primary cilia on
hMSCs were determined using both immunocytochemistry
and live microtubule staining. Primary cilia were visualized
as rod-like structures extending linearly from the perinuclear
region of the cell on 86% * 6% of hMSCs imaged. Live

www.StemCells.com

microtubule imaging revealed the cilium to be tightly con-
nected with the microtubule cytoskeleton, extending 4-6 um
in length from the mother centriole out into the extracellular
space (Fig. 2; Supporting Information Fig. S2).

To prevent ciliogenesis, hMSCs were transfected with siRNA
targeting POLARIS. 72 hours following transfection, mRNA lev-
els of POLARIS were significantly reduced by 70% (p < .05).
This reduction in mRNA levels has previously been shown by
our lab to result in a corresponding decrease in protein levels
[44]. To confirm the inhibition of ciliogenesis, primary cilium
incidence was quantified using immunofluorescence 72 hours fol-
lowing transfection. The inhibition of POLARIS message resulted
in a significant 65% reduction (p < .001) in the number of
hMSCs which possessed a primary cilium (Fig. 2).

Primary Cilia Are Required for the Upregulation of
Osteogenic Genes in Response to Mechanical
Stimulation in hMSCs

To investigate the role of the primary cilium in mechanically
mediated changes in osteogenic gene expression, cells were sub-
jected to 2 hours of 1 Pa of OFF, and COX2 and BMP2 mRNA
expression were assayed 2 hours post-flow based on the findings
from Figure 1. In cells treated with scrambled siRNA, exposure
to flow 72 hours following siRNA transfection resulted in a sig-
nificant 3.2-fold (p < .05) increase in COX2 and 3.3-fold (p <
.001) increase in BMP2 mRNA expression over static controls.
This increase correlates with previous findings (Fig. 1) demon-
strating that the siRNA transfection alone did not influence the
response to mechanical stimulation. However, hMSCs treated
with siRNA targeting POLARIS followed by mechanical stimu-
lation did not result in a significant increase in either COX2 or
BMP2 mRNA expression (Fig. 3). Furthermore, static controls
in both scrambled and POLARIS siRNA groups were not signif-
icantly different indicating that the presence of a primary cilium
affects the cells ability to sense a mechanical stimulus and does
not directly affect basal osteogenic gene expression at the time
points investigated in this study.

The Application of Mechanical Stimulation Inhibits
HH Signaling in hMSCs and This Response Is not
Dependent on the Primary Cilium

As the HH signaling pathway has been shown to be involved

in the osteogenic differentiation of MSCs and is regulated by
the primary cilium, we investigated the activity of this
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Figure 4. Effect of oscillatory fluid flow-induced 1 Pa of shear stress on the mRNA expression of (A) PTCHI1 and (B) GLI1 30 minutes and 2
hours post-cessation of flow. Effect of oscillatory fluid flow-induced 1 Pa of shear stress on the mRNA expression of (C) PTCHI and (D) GLI1
2 hours post-flow in human mesenchymal stem cells transfected with scrambled small-interfering RNA (siRNA) and siRNA targeting POLARIS.
Mean = SEM, * indicates significantly different than no flow control (*, p < .05; **, p < .01). Abbreviation: PTCH1, Patched1.
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Figure 5. Effect of 2 hours of oscillatory fluid flow-induced 2 Pa
of shear stress on the proliferation rate of human mesenchymal stem
cells transfected with scrambled small-interfering RNA (siRNA) and
siRNA targeting POLARIS. Mean *= SEM, * indicates significantly
different than no flow control (*, p < .05; **, p < .01). Abbreviation:
EdU, 5-ethynyl-2'-deoxyuridine.

pathway in response to mechanical stimulation. The expres-
sion of the PTCHI gene was significantly downregulated in
response to 2 hours of OFF at both 30 minutes (p < .01) and
2 hours (p < .01) post-flow (Fig. 4A, 4B). A similar trend
was witnessed in GLI1 expression, although the decrease was
not significant. This decrease in HH signaling activity inver-
sely parallels with the increase in COX2 and BMP2 gene
expression witnessed at the same time points post-flow.

To investigate whether the primary cilium was required for
this mechanically mediated change in HH signaling, the expres-

sion of PTCH1 and GLI1 was assayed following 2 hours of OFF
in hMSCs following transfection with scrambled siRNA and
siRNA targeting Polaris. HMSCs which do not possess a primary
cilium still displayed an inhibition of HH signaling (p < .05) fol-
lowing mechanical stimulation indicating that the cilium is not
required for this response. In addition, as osteogenic gene expres-
sion is inhibited following removal of the cilium, it indicates that
the HH signaling pathway is not directly involved in the inhib-
ited osteogenic response to flow following cilia removal.

HMSCs Which do not Possess a Primary Cilium
Are More Responsive to the Proliferative Stimulus
of High Magnitude OFF

To determine the role of the primary cilium in mechanically medi-
ated changes in proliferation, hMSCs were subjected to 2 hours of
OFF (2 Pa; 56 ml/min) following treatment with scrambled and
siRNA targeting POLARIS, and EdU incorporation was assayed
20 hours post-flow. HMSCs transfected with scrambled siRNA
demonstrated a similar 1.9-fold increase (p < .05) in the prolifera-
tion rate demonstrating again that the transfection process did not
affect cell behavior. However, in cells treated with siRNA target-
ing Polaris, exposure to flow resulted in an even greater 2.8-fold
(p < .01) increase in the proliferation rate of hMSCs (Fig. 5).
There was no significant difference in static proliferation rates
between the scrambled and POLARIS targeting siRNA groups.

DiscussioN

The significance of the physical environment in regulating
stem cell behavior has only recently come to be appreciated.

Stem CruLS
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This is particularly evident in bone, where physical loading is
a key regulator of bone adaptation through the activation of
osteoprogenitors during development [52], in adult tissue in
vivo [3] and regenerative medicine strategies in vitro [10]. In
order to fully capitalize on the positive effect of physical
loading, a greater understanding of how this signal is trans-
duced into an osteogenic response is required. In this study,
we demonstrate that physical loading in the form of OFF-
induced shear stress is a pro-osteogenic stimulus for hMSCs.
In addition, we demonstrate for the first time that osteoproge-
nitors use the primary cilium in the mechanotransduction of
fluid flow by mediating loading-induced changes in osteo-
genic gene expression and proliferation. Our findings there-
fore highlight OFF as a potential component of bioreactor-
based strategies to form bone-like tissues suitable for regener-
ative medicine and furthermore highlight the primary cilium
as a potential therapeutic target for efforts to mimic loading
in vivo with the aim of preventing bone-loss during diseases
such as osteoporosis.

Short periods of mechanical stimulation significantly
enhanced osteogenic gene expression and the proliferation
rate of hMSCs. Although the vast majority of studies to date
have investigated the effect of long-term exposure of mechan-
ical stimulation in MSCs [19-22], this study demonstrates
that as little as 2 hours of OFF was sufficient to significantly
upregulate COX2 and BMP2 mRNA over static and osteo-
genic differentiation media controls and remained upregulated
for 2 hours following the cessation of flow. COX2 is an
enzyme that catalyzes the synthesis of prostaglandin-E2
(PGE2). COX2, through the production of PGE2, mediates
loading-induced bone formation and is critically involved in
bone fracture repair in vivo [23, 53-55]. COX2 knockout
mice display a marked reduction in osteoblastogenesis which
correlates with significantly reduced levels of OSTERIX and
RUNX2 gene expression, two pivotal early transcription fac-
tors in the osteogenic lineage. Interestingly, PGE2 and BMP2
treatment rescue this defect and enhance the expression of
both transcription factors, indicating a role for BMP2 in
osteoblastogenesis downstream of COX2 yet upstream of
OSTERIX and RUNX2 [54]. Therefore, this study captured
very early-stage markers of osteogenic differentiation. It must
be noted that despite increases in osteogenic gene expression
in response to flow, due to the transient nature of their expres-
sion, the duration and magnitude of flow used in this study
may not be sufficient to fully drive the osteogenic lineage
commitment of hMSC. Therefore, longer periods of mechani-
cal stimulation and/or greater postincubation periods may be
required to observe changes in the other markers assayed and
verify osteogenic differentiation. In addition, only high mag-
nitude mechanical stimulation generated a significant increase
in the proliferation rate of hMSCs. This data is consistent
with a series of studies by Riddle et al. where high flow rate
OFF resulted in the release of ATP which acted in an auto-
crine/paracrine manner to enhance proliferation [25, 26].
ATP-induced proliferation activates phosphoinositide 3-kinase
(PI3K)/Akt-, mTOR (mammalian target of rapamycin)/p70/
S6K-, and ERK1/2-dependent signaling pathways in fibro-
blasts [56], all of which have been implicated in mechani-
cally-mediated changes in hMSC and osteoblast proliferation
[26, 57]. Therefore, numerous pathways may regulate
mechanically-mediated changes in MSC proliferation via
ATP-mediated purinergic signaling. As loading-induced bone
formation is magnitude dependent [58], it is interesting to
speculate that higher magnitude loading such as 2Pa shear
represents a mechanosensing threshold whereby, in order to
meet the bodies demands of greater bone formation, osteopro-
genitor proliferation is initiated to provide sufficient numbers
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of bone forming cells. Although determining this is beyond
the scope of this study, it is evident that OFF is a potent stim-
ulus regulating hMSC behavior. In summary, short periods of
OFF significantly enhanced osteogenic gene expression and
proliferation of hMSCs and therefore supports the use of OFF
as an effective component of bioreactor based tissue engineer-
ing strategies.

Primary cilia were shown to protrude 4-6 um in length
from the apical surface of hMSCs at high incidence. This
high incidence is consistent with previous findings in hMSCs
and human embryonic stem cells [44, 59, 60] and is consider-
ably higher than what has been detected in more differenti-
ated cells of the osteogenic lineage [41, 59] suggesting a
greater role for the primary cilium in the progenitor cell. For
example, during development the HH signaling pathway,
which is regulated by the primary cilium, is known to play
pivotal roles in the commitment of different lineages and it
has been shown that stem cells which do not possess a pri-
mary cilium have a reduced capacity for neurogenesis [61]
and cardiogenesis [62] due to impaired HH signaling. In addi-
tion to cilium incidence, primary cilia were shown to extend
from the mother centriole, which is intimately connected with
the cells cytoplasmic microtubule network, into the extracellu-
lar space. These observations suggest that stem cell primary
cilia possess physical characteristics consistent with extracel-
lular-sensing in more differentiated cells such as the osteo-
blast and osteocyte [41].

hMSCs which do not possess a primary cilium display an
inhibited osteogenic response to mechanical stimulation dem-
onstrating an important role for the cilium in regulating stem
cell mechanotransduction. Flow-mediated increases in COX2
and BMP2 mRNA expression is lost in hMSCs with removal
of the primary cilium yet the basal expression of these genes
remained unaltered. This inhibition of osteogenic gene expres-
sion would not only suppress osteogenic differentiaiton in
cells exposed to OFF but also through the potential loss of
PGE2 (through COX2) and BMP2 secretion may directly
affect the differentiation of adjacent cells throughout the stem
cell niche. Therefore, these data point to a pro-osteogenic
mechanosensory role for the primary cilium in hMSCs. Sev-
eral mechanosensitive pathways regulated by the primary cil-
ium have been shown to be important in the osteogenic differ-
entiation of stem cells. Interestingly, a recent study
demonstrated that activation of the HH signaling pathway is
inversely correlated with osteogenic differentiation in hMSCs
[59] despite a strong positive correlation in murine cells [27,
40, 63, 64]. In this study, the application of mechanical stimu-
lation, which was sufficient to enhance osteogenic gene
expression, resulted in an inhibition of HH signaling as meas-
ured by PTCH1 and GLI1 mRNA expression. These data
therefore suggest that fluid flow counters HH suppression of
osteogenic differentiation in hMSCs. Surprisingly, the flow-
mediated inhibition of HH was not lost with removal of the
primary cilium, indicating that HH signaling is not playing a
direct role in our studies findings. Further work is required to
fully elucidate the role of HH signaling in mechanically medi-
ated osteogenic differentiation of hMSCs. Despite many cell
types using the cilium in a mechanosensory role, it is becom-
ing apparent that the underlying molecular mechanism differs
depending on the cell type. For example, cilia-mediated
mechanosensing in kidney epithelial cells is dependent upon
intracellular calcium while in osteocytes cAMP is the second
messenger molecule. It is distinctly possible that the molecu-
lar mechanism of cilia-based mechanosensing is preserved
throughout the osteogenic lineage (MSC-osteoblast—osteo-
cyte). Therefore, that would indicate AC6/cAMP signaling as
the molecular mechanism [43]. In fact, the application of
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30 minutes of OFF was sufficient to significantly enhance
cAMP production in hMSCs (data not shown). Future work
aims to delineate the exact molecular mechanosensing compo-
nents involved in cilia-mediated hMSC mechanotransduction,
the identification of which could allow direct pharmaceutical
manipulation, resulting in therapeutic treatments for bone loss
in diseases such as osteoporosis.

Unexpectedly, inhibiting primary cilia formation and func-
tion significantly enhanced flow-mediated hMSC proliferation,
yet once again did not affect basal proliferation. Therefore, it
seems that the cell uses the primary cilium to control mechan-
ically mediated changes in proliferation. A similar phenom-
enon has been reported in epithelial cells of the kidney where
defects in the primary cilium results in uncontrolled prolifera-
tion characterized by high mTOR activity, cyst formation, and
ultimately in polycystic kidney disease (PKD). mTOR is a ki-
nase belonging to the PI3K-related kinase family of proteins
and has essential roles in protein translation, cell growth, and
proliferation [65] and is activated in several types of tumors
[66]. Boehlke et al. [67] recently demonstrated that bending
of the primary cilium under flow results in the downregulation
of mTOR activity. Shillingford et al. [68] showed that the cil-
iary protein, polycystin-1 (PCl), forms a complex with
mTOR also inhibiting its activity and subsequently cell prolif-
eration. This has led to speculation that defects in the primary
cilium and/or PC1 leaves mTOR in an uncontrolled state,
where it is susceptible to activation from other kinases such
as ERK1/2 [69] which is known to be phosphorylated in
hMSCs in response to OFF [26]. In effect, this would hyper-
sensitize the cell to a pro-proliferative stimulus such as fluid
flow. Our data supports this model indicating that this phe-
nomenon is not tissue specific and therefore has far reaching
significance as many ciliopathies such as PKD are character-
ized by uncontrolled proliferation and cyst formation.

Some limitations of this study should be mentioned. The
primary cilium was required for OFF-mediated increases in
early osteogenic gene expression, but the role of cilium in
regulating OFF-mediated osteogenic lineage commitment at
later time points was not verified. Although the data presented
strongly indicate a role for the cilium in this response, further
work is necessary to fully characterize the role of the cilium
in mechanically-mediated stem cell differentiation. Inhibition
of primary cilia formation was achieved by siRNA knock-
down of Polaris. Although siRNA treatment significantly
reduced primary cilium formation, 30% of hMSCs imaged
post-transfection still possessed a primary cilium demonstrat-
ing that this technique is not completely effective in removing
the primary cilium. However, a 65% reduction in cilium inci-
dence was sufficient to significantly blunt hMSC responsive-
ness to fluid flow and therefore demonstrates this organelles
role in hMSC mechanotransduction. Previous studies have
used chloral hydrate treatment to remove cilia in parallel with
siRNA. Chloral hydrate acts to disrupt the cilia/basal body
connection but has also demonstrated nonspecific effects on
cell behavior. Given that previous studies have not demon-
strated different outcomes between the two methods and the

REFERENCES

1 Corral DA, Amling M, Priemel M et al. Dissociation between bone
resorption and bone formation in osteopenic transgenic mice. Proc
Natl Acad Sci USA 1998;95:13835-13840.

2 Gurkan UA, Akkus O. The mechanical environment of bone marrow:
A review. Ann Biomed Eng 2008;36:1978-1991.

3 Tumer CH, Owan I, Alvey T et al. Recruitment and
proliferative responses of osteoblasts after mechanical loading in vivo

Primary Cilia-Mediated hMSC Mechanotransduction

potential nonspecific effects of a chemical treatment, chloral
hydrate was not used in this study. Although this study dem-
onstrates a role for the primary cilium in hMSC mechano-
transduction, it is important to acknowledge that there are
numerous other mechanosensitive organelles/molecules,
which the stem cell could use for mechanotransduction. For
example, adult bone cells which do not possess f1 integrin
and/or focal adhesion kinase do not respond to fluid shear
with an increase in osteogenic gene expression [70, 71].
Depending on the form, frequency or magnitude of stimula-
tion the cell may use different mechanotransduction mecha-
nisms, or, intriguingly, in some cases there may be depend-
ent mechanisms. This may indeed be the case in tissues
where f1 integrins have been shown to localize to the pri-
mary cilium, including chondrocytes [72] and kidney epithe-
lial cells [73]. Although the investigation of this possible
crosstalk is beyond the scope of this study, future work aims
to explore other potential mechanisms of mechanotransduc-
tion in hMSCs and their potential involvement in cilia medi-
ated mechanotransduction.

CONCLUSION

This study presents evidence that the primary cilium plays a
role in hMSC mechanotransduction, providing a novel mecha-
nism by which a mechanical stimulus is translated into an
osteogenic response in hMSCs. Based on these findings, the
application of OFF may be a beneficial component of a bio-
reactor-based strategy to form bone-like tissues suitable for
regenerative medicine and also highlights the primary cilium
as a potential therapeutic target for efforts to mimic loading
with the aim of preventing bone loss during diseases such as
osteoporosis. Furthermore, this study demonstrates a role for
the primary cilium in controlling mechanically mediated
increases in the proliferation of hMSCs. Unraveling the mech-
anisms leading to rapid proliferation of MSCs with defective
primary cilia could have far reaching implications for ciliopa-
thies and the function of primary cilia in general.

ACKNOWLEDGMENTS

This study was supported by an IRCSET-Marie Curie Interna-
tional Mobility Fellowship in Science, Engineering and Tech-
nology, New York State Stem Cell Grant (N089-210) and NIH
Grants (AR45989, AR54156, and AR62177).

DISCLOSURE OF POTENTIAL
CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

determined using sustained-release bromodeoxyuridine. Bone 1998;22:
463-469.

4 Rubin CT, Capilla E, Luu YK et al. Adipogenesis is inhibited by
brief, daily exposure to high-frequency, extremely low-magnitude
mechanical signals. Proc Natl Acad Sci USA 2007;104:
17879-17984.

5 David V, Martin A, Lafage-Proust MH et al. Mechanical load-
ing down-regulates peroxisome proliferator-activated receptor
gamma in bone marrow stromal cells and favors osteoblasto-
genesis at the expense of adipogenesis. Endocrinology 2007;
148:2553-2562.

Stem CruLS



Hoey, Tormey, Ramcharan et al.

20

21

22

23

24

25

26

27

28

29

30

31

32

Barou O, Palle S, Vico L et al. Hindlimb unloading in rat decreases
preosteoblast proliferation assessed in vivo with BrdU incorporation.
Am J Physiol 1998;274(1 pt 1):E108-E114.

Wronski TJ, Morey-Holton ER, Doty SB et al. Histomorphometric
analysis of rat skeleton following spaceflight. Am J Physiol 1987;
252(2 pt 2):R252-R255.

Khan KM, Scott A. Mechanotherapy: How physical therapists’ pre-
scription of exercise promotes tissue repair. Br J Sports Med 2009;43:
247-252.

McCoy RJ, O’Brien FI. Influence of shear stress in perfusion bioreac-
tor cultures for the development of three-dimensional bone tissue con-
structs: A review. Tissue Eng Part B, Rev 2010;16:587-601.

Potier E, Noailly J, Ito K. Directing bone marrow-derived stromal cell
function with mechanics. J Biomech 2010;43:807-817.

Castillo AB, Jacobs CR. Mesenchymal stem cell mechanobiology.
Curr Osteoporosis Rep 2010;8:98-104.

Kelly DJ, Jacobs CR. The role of mechanical signals in regulating
chondrogenesis and osteogenesis of mesenchymal stem cells. Birth
Defects Res C Embryo Today 2010;90:75-85.

Kreke MR, Huckle WR, Goldstein AS. Fluid flow stimulates
expression of osteopontin and bone sialoprotein by bone marrow stro-
mal cells in a temporally dependent manner. Bone 2005;36:
1047-1055.

Bancroft GN, Sikavitsas VI, van den Dolder J et al. Fluid flow
increases mineralized matrix deposition in 3D perfusion culture of
marrow stromal osteoblasts in a dose-dependent manner. Proc Natl
Acad Sci USA 2002;99:12600-12605.

McGarry JG, Klein-Nulend J, Prendergast PJ. The effect of cytos-
keletal disruption on pulsatile fluid flow-induced nitric oxide and pros-
taglandin E2 release in osteocytes and osteoblasts. Biochem Biophys
Res Commun 2005;330:341-348.

Keogh MB, Partap S, Daly JS et al. Three hours of perfusion culture
prior to 28 days of static culture, enhances osteogenesis by human
cells in a collagen gag scaffold. Biotechnol Bioeng 2011;108:
1203-1210.

Knippenberg M, Helder MN, Doulabi BZ et al. Adipose tissue-derived
mesenchymal stem cells acquire bone cell-like responsiveness to fluid
shear stress on osteogenic stimulation. Tissue engineering 2005;11:
1780-1788.

Liu L, Yuan W, Wang J. Mechanisms for osteogenic differentiation of
human mesenchymal stem cells induced by fluid shear stress. Biomech
Model Mechanobiol 2010;9:659-670.

Scaglione S, Wendt D, Miggino S et al. Effects of fluid flow and cal-
cium phosphate coating on human bone marrow stromal cells cultured
in a defined 2D model system. J Biomed Mater Res. Part A 2008;86:
411-419.

Bjerre L, Bunger C, Baatrup A et al. Flow perfusion culture of
human mesenchymal stem cells on coralline hydroxyapatite scaffolds
with various pore sizes. J Biomed Mater Res. Part A 2011;97:
251-263.

Bjerre L, Bunger CE, Kassem M et al. Flow perfusion culture of
human mesenchymal stem cells on silicate-substituted tricalcium phos-
phate scaffolds. Biomaterials 2008;29:2616-2627.

Zhao F, Chella R, Ma T. Effects of shear stress on 3-D human mesen-
chymal stem cell construct development in a perfusion bioreactor sys-
tem: Experiments and hydrodynamic modeling. Biotechnol Bioeng
2007;96:584-595.

Tjabringa GS, Vezeridis PS, Zandieh-Doulabi B et al. Polyamines
modulate nitric oxide production and cox-2 gene expression in
response to mechanical loading in human adipose tissue-derived mes-
enchymal stem cells. Stem Cells 2006;24:2262-2269.

Li YJ, Batra NN, You L et al. Oscillatory fluid flow affects human
marrow stromal cell proliferation and differentiation. J Orthop Res
2004;22:1283-1239.

Riddle RC, Taylor AF, Rogers JR et al. Atp release mediates fluid
flow-induced proliferation of human bone marrow stromal cells. J
Bone Miner Res 2007;22:589-600.

Riddle RC, Taylor AF, Genetos DC et al. Map kinase and calcium
signaling mediate fluid flow-induced human mesenchymal stem cell
proliferation. Am J Physiol Cell Physiol 2006;290:C776—-C784.

Singla V, Reiter JF. The primary cilium as the cell’s antenna: Signal-
ing at a sensory organelle. Science 2006;313:629-633.

Praetorius HA, Spring KR. A physiological view of the primary cil-
ium. Annu Rev Physiol 2005;67:515-529.

Lee KL, Hoey DA, Jacobs CR. Primary cilia-mediated mechanotrans-
duction in bone. Clin Rev Bone Miner Metab2012.;8:201-212.

Hoey DA, Downs ME, Jacobs CR. The mechanics of the primary cil-
ium: An intricate structure with complex function. J Biomech 2012;
45:17-26.

Ecker A. Flimmerbewegung im Gehororgan von Petromyzon marinus.
Arch Anat Physiol Wiss Med1844:520-521.

Zimmerman KW. Beitrage zur Kenntniss einiger Drusen und Epithe-
lien. Arch Mikrosk Anat 1898;52:552-706.

www.StemCells.com

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

2569

Hildebrandt F, Benzing T, Katsanis N. Ciliopathies. N Engl J Med
2011;364:1533-1543.

Berbari NF, O’Connor AK, Haycraft CJ et al. The primary cilium as a
complex signaling center. Curr Biol 2009;19:R526-R535.

Praetorius HA, Spring KR. Bending the MDCK cell primary cilium
increases intracellular calcium. J Membr Biol 2001;184:71-79.

Nauli SM, Alenghat FJ, Luo Y et al. Polycystins 1 and 2 mediate
mechanosensation in the primary cilium of kidney cells. Nat Genet
2003;33:129-137.

Abdul-Majeed S, Moloney BC, Nauli SM. Mechanisms regulating
cilia growth and cilia function in endothelial cells. Cell Mol Life Sci
2012;69:165-173.

Masyuk Al, Masyuk TV, Splinter PL et al. Cholangiocyte cilia detect
changes in luminal fluid flow and transmit them into intracellular
Ca®" and CAMP signaling. Gastroenterology 2006;131:911-920.
Masyuk Al, Gradilone SA, Banales JM et al. Cholangiocyte Primary
cilia are chemosensory organelles that detect biliary nucleotides via
P2Y12 purinergic receptors. Am J Physiol Gastrointest Liver Physiol
2008;295:G725-G734.

Shao YY, Wang L, Welter JF et al. Primary cilia modulate Ihh signal
transduction in response to hydrostatic loading of growth plate chon-
drocytes. Bone 2012;50:79-84.

Malone AM, Anderson CT, Tummala P et al. Primary cilia mediate
mechanosensing in bone cells by a calcium-independent mechanism.
Proc Natl Acad Sci USA 2007;104:13325-13330.

Hoey DA, Kelly DJ, Jacobs CR. A role for the primary cilium in
paracrine signaling between mechanically stimulated osteocytes and
mesenchymal stem cells. Biochem Biophys Res Commun 2011;412:
182-187.

Kwon RY, Temiyasathit S, Tummala P et al. Primary cilium-depend-
ent mechanosensing is mediated by adenylyl cyclase 6 and cyclic
AMP in bone cells. FASEB J 2010;24:2859-2868.

Tummala P, Arnsdorf EJ, Jacobs CR. The role of primary cilia in
mesenchymal stem cell differentiation: A pivotal switch in guiding
lineage commitment. Cell Mol Bioeng 2010;3:207-212.

Xiao ZS, Quarles LD. Role of the polycytin-primary cilia complex in
bone development and mechanosensing. Ann N Y Acad Sci 2010;
1192:410-421.

Xiao Z, Zhang S, Cao L et al. Conditional disruption of Pkdl in
osteoblasts results in osteopenia due to direct impairment of bone for-
mation. J Biol Chem 2010;285:1177-1187.

Temiyasathit S, Tang WJ, Leucht P et al. Mechanosensing by the pri-
mary cilium: Deletion of Kif3A reduces bone formation due to load-
ing. PLoS One 2012;7:¢33368.

Bianco P, Riminucci M, Gronthos S et al. Bone marrow stromal stem
cells: Nature, biology, and potential applications. Stem Cells 2001;19:
180-192.

Jaiswal N, Haynesworth SE, Caplan Al et al. Osteogenic differentia-
tion of purified, culture-expanded human mesenchymal stem cells in
vitro. J Cell Biochem 1997;64:295-312.

Jacobs CR, Yellowley CE, Davis BR et al. Differential effect of
steady versus oscillating flow on bone cells. J Biomech 1998;31:
969-976.

Taulman PD, Haycraft CJ, Balkovetz DF et al. Polaris, a protein
involved in left-right axis patterning, localizes to basal bodies and
cilia. Mol Biol Cell 2001;12:589-599.

Nowlan NC, Sharpe J, Roddy KA et al. Mechanobiology of embry-
onic skeletal development: Insights from animal models. Birth Defects
Res C Embryo Today 2010;90:203-213.

Lee HW, Kim SY, Kim AY et al. Adiponectin stimulates osteoblast
differentiation through induction of COX2 in mesenchymal progenitor
cells. Stem Cells 2009;27:2254-2262.

Zhang X, Schwarz EM, Young DA et al. Cyclooxygenase-2
regulates mesenchymal cell differentiation into the osteoblast lineage
and is critically involved in bone repair. J Clin Invest 2002;109:
1405-1415.

Forwood MR. Inducible cyclo-oxygenase (COX-2) mediates the
induction of bone formation by mechanical loading in vivo. J Bone
Miner Res 1996;11:1688—1693.

Gerasimovskaya EV, Tucker DA, Weiser-Evans M et al. Extracellu-
lar ATP-induced proliferation of adventitial fibroblasts requires
phosphoinositide 3-kinase, Akt, mammalian target of rapamycin,
and p70 S6 kinase signaling pathways. J Biol Chem 2005;280:
1838-1848.

Lee DY, Li YS, Chang SF et al. Oscillatory flow-induced proliferation
of osteoblast-like cells is mediated by alphavbeta3 and betal integrins
through synergistic interactions of focal adhesion kinase and Shc with
phosphatidylinositol 3-kinase and the Akt/mTOR/p70S6K pathway. J
Biol Chem 2010;285:30—42.

Cullen DM, Smith RT, Akhter MP. Bone-loading response varies
with strain magnitude and cycle number. J Appl Physiol 2001;91:
1971-1976.



2570

59

60

61

62

64

65

Plaisant M, Fontaine C, Cousin W et al. Activation of Hedgehog sig-
naling inhibits osteoblast differentiation of human mesenchymal stem
cells. Stem Cells 2009;27:703-713.

Kiprilov EN, Awan A, Desprat R et al. Human embryonic stem cells
in culture possess primary cilia with Hedgehog signaling machinery. J
Cell Biol 2008;180:897-904.

Whitfield JF, Chakravarthy BR. The neuronal primary cilium: Driver
of neurogenesis and memory formation in the hippocampal dentate
gyrus? Cell Signal 2009;21:1351-1355.

Clement CA, Kristensen SG, Mollgard K et al. The primary cilium
coordinates early cardiogenesis and hedgehog signaling in cardiomyo-
cyte differentiation. J Cell Sci 2009;122(pt 17):3070-3082.

Nakamura T, Aikawa T, Iwamoto-Enomoto M et al. Induction of
osteogenic differentiation by Hedgehog proteins. Biochem Biophys
Res Commun 1997;237:465-469.

James AW, Leucht P, Levi B et al. Sonic Hedgehog influences the
balance of osteogenesis and adipogenesis in mouse adipose-derived
stromal cells. Tissue Eng Part A 2010;16:2605-2616.

Murakami M, Ichisaka T, Maeda M et al. Mtor is essential for growth
and proliferation in early mouse embryos and embryonic stem cells.
Mol Cell Biol 2004;24:6710-67184.

66
67

68

69

70

71

72

73

Primary Cilia-Mediated hMSC Mechanotransduction

Shaw RJ, Cantley LC, Ras,PI(3)K and mTOR signalling controls
tumour cell growth. Nature 2006;441:424-430,2006.

Boehlke C, Kotsis F, Patel V et al. Primary cilia regulate mTORC1
activity and cell size through Lkbl. Nat Cell Biol 2010;12:1115-1122.
Shillingford JM, Murcia NS, Larson et al. CH, The Mtor pathway is regu-
lated by polycystin-1, and its inhibition reverses renal cystogenesis in pol-
yeystic kidney disease. Proc Natl Acad Sci USA 2006;103:5466-5471.
Weimbs T. Polycystic kidney disease and renal injury repair: Common
pathways, fluid flow, and the function of polycystin-1. Am J Physiol
Renal Physiol 2007;293:F1423-F1432.

Litzenberger JB, Kim JB, Tummala P et al. Betal integrins mediate
mechanosensitive signaling pathways in osteocytes. Calcif Tissue Int
2010;86:325-332.

Young SRL, Gerard-O’Riley R, Kim JB et al. Focal adhesion kinase
is important for fluid shear stress-induced mechanotransduction in
osteoblasts. J Bone Miner Res 2009;24:411-424.

McGlashan SR, Jensen CG, Poole CA. Localization of extracellular
matrix receptors on the chondrocyte primary cilium. J Histochem
Cytochem 2006;54:1005-1014.

Praetorius HA, Frokiaer J, Praetorius J et al., beta I-integrin is
expressed on the primary cilia of MDCK cells.J Am Soc Nephrology
2002;13:739a-739a.

Q See www.StemCells.com for supporting information available online.

Stem CruLS



