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Summary

Osteoporosis is characterised by reduced bone density and weakened bone architecture leading
to high fracture risk. The changes in bone tissue result from an imbalance in the bone
remodelling cycle whereby the rate of resorption via osteoclasts increases along with a decrease
in bone formation by MSC derived osteoblasts. The most common treatments for osteoporosis
inhibit resorption and have adverse side effects including atypical fractures and limited efficacy.
Bone tissue adapts to the surrounding mechanical environment, increasing bone formation in
response to loading which requires the osteogenic differentiation of MSCs. It is appreciated that
MSCs respond to mechanical stimuli but the mechanisms by which loading is transduced into
MSC lineage commitment lacks understanding. The delineation of these mechanotransduction
mechanisms is sought to identify novel anabolic therapeutic targets to correct net bone loss in

osteoporosis.

The first objective of this thesis was to delineate the molecular mechanisms mediating the
biophysical induction of MSC osteogenesis leading to bone formation. In Ch 3, the role of the
mechanosensitive channel TRPV4 in mediating a calcium influx and downstream osteogenesis
in response to fluid shear was demonstrated in MSCs. Furthermore, a protocol to biochemically
activate TRPV4 to mimic the MSC response to fluid shear was developed. In Ch 4, the
influence of primary cilium activity on MSC mechanotransduction was investigated and a
protocol to elongate the primary cilium to enhance mechanosensitive osteogenic responses was
established. A second objective was to determine the suitability of mechanotherapeutics as an
anabolic treatment in osteoporotic MSCs. In Ch 5 the diminished migration, proliferation and
differentiation capacity of osteoporotic MSCs were determined and benchmarked to healthy
counterparts. Finally, in Ch6 the effect of activating, TRPV4 and the cilium, in terms of MSC

osteogenesis was investigated in the setting of osteoporosis.

In the first study, it was shown that fluid shear induced calcium signalling in MSCs is
dependent on the transmembrane channel TRPV4. Furthermore, the fluid shear induced
upregulation of the osteogenic gene expression is abrogated by antagonising TRPV4. Treating
MSCs with the specific TRPV4 agonist, GSK101, can mimic the fluid shear induced calcium
signal and upregulation of early osteogenic matrix deposition, demonstrating the importance of
TRPV4 in MSC osteogenic lineage commitment. Although TRPV4 is expressed through the
MSC membrane, it is heavily localised to the primary cilium. MSCs where the cilium is
abrogated show an altered response to biochemical TRPV4 activation suggesting an important
role for the cilia-localised TRPV4.

The second study sought to enhance primary cilium mediated MSC osteogenesis. Three known

ciliotherapies were investigated of which both lithium chloride (LiCl) and fenoldopam



enhanced MSC cilium incidence and length. However, LiCl increased Hedgehog and decreased
Whnt activity while fenoldopam did not. Moreover, LiCl negatively affected osteogenic markers
while fenoldopam maintained or increased expression. Both treatments increased the fluid shear
induced Cox2 upregulation demonstrating enhanced mechanosensitivity. Cell proliferation
significantly decreased in LiCl. Fenoldopam upregulated mechanically stimulated calcium
deposition and was determined as the optimal ciliotherapy to enhance osteogenic differentiation
of MSCs.

In the third study MSCs were isolated from the bone marrow aspirates of healthy and
osteoporotic human donors and their bone regeneration capacity evaluated. Osteoporotic MSCs
display an inhibited migration to FBS, diminished basal expression of COX2 and an inhibited
upregulation of COX2, OPN and RUNX2 in response to fluid shear as well as diminished
proliferation. Furthermore, calcium deposition under biochemically induced osteogenic
differentiation was decreased and the quality of osteogenic matrix was compromised in
osteoporotic MSCs. Surprisingly, osteoporotic MSCs also showed diminished formation of
adipogenic matrix. Outlining deficits in the bone forming capacity of osteoporotic MSCs
especially the reduced mechanoresponse in osteoporotic MSCs highlight potential targets for

therapeutic design to support bone formation.

The final study applied the protocols developed for the biochemical activation of the TRPV4
and primary cilium mediated mechanotransduction mechanisms to healthy and osteoporotic
MSCs. Initially, healthy and osteoporotic MSCs were evaluated for TRPV4 and primary cilium
activity. This revealed a loss in the fluid shear induced upregulation of TRPV4 in osteoporotic
MSCs. It was also demonstrated that in osteoporosis, cilium incidence and length are
significantly diminished. Applying GSK101 maintained but did not enhance TRPV4 expression
in healthy or osteoporotic MSCs. The fenoldopam protocol developed earlier elongated
osteoporotic MSC primary cilia and displayed a similar trend in healthy counterparts.
Moreover, GSK101 increased the fluid shear induced collagen formation of osteoporotic MSCs,
while fenoldopam increased the fluid shear induced calcium formation in healthy MSCs.
Together these results suggest that with further development targeting TRPV4 and the cilium

could enhance the osteogenic response of MSCs to mechanical stimuli.

In conclusion, this thesis has delineated two mechanotransduction mechanisms facilitating the
MSC response to fluid shear experienced during physical activity leading to osteogenic lineage
commitment. TRPV4 is the principal channel mediating calcium signalling in MSCs
experiencing fluid shear and mediates osteogenic gene expression and matrix deposition.
TRPV4 can be biochemically activated to mimic the effect of fluid shear. The primary cilium

can be biochemically elongated using fenoldopam to enhance MSC mechanosensitivity in terms



of fluid shear induced increases in gene expression and osteogenic matrix deposition. The
discovery of a mechanosensitivity deficit in osteoporotic MSCs as well as reduced migration,
proliferation and impaired differentiation will inform future therapeutic development. Finally, it
was shown that these new mechanotherapeutics show promise in correcting this defect in MSC
behaviour, and with further optimisation, could be used to enhance bone formation, correcting

net bone loss in osteoporosis.
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List of Figures

Figure 1.1: Overview of the mechanisms researched in this thesis and their application
for therapeutic design. Initially the mechanical environment of bone marrow during
physical activity will be modelled in vitro and the mechanisms mediating the
mechanotransduction response leading to osteogenic differentiation will be delineated.
Next, protocols to biochemically activate the mechanisms identified will be designed
and applied to human MSCs to enhance bone modelling activity(Aoki et al., 2019).
Figure 2.1: Structure of bone A Gross anatomical features of a femur, B Cross sectional
view of the osteon, a unit of cortical bone (Betts et al., 2018)

Figure 2.2: Structural features for mechanical efficiency in the head of the femur A
illustration of the principal stresses experienced by the femur during physiological
loading (Forsyth and Davey, 2008) B x-ray image showing pronounced trabeculae
formation at 1 and 2 along the regions experiencing greatest tension and compression
(Rudman et al., 2006)

Figure 2.3: The differentiation capacity of MSCs characterised according to ISCT
guidelines on surface marker expression. Each lineage is marked by black arrows with
the blue arrows and text indicating the transcription factors regulating the
differentiation towards each lineage (Giuliani et al., 2013)

Figure 2.4 The bone and bone marrow interface describing the cells populating mature
bone, osteocytes and osteoblasts, and the marrow, HSC (hematopoietic stem cell) which
gives rise to osteoclasts and the MSC (mesenchymal stem cell) which gives rise to
osteoblasts, adipocytes and chondrocytes (Castillo and Jacobs, 2010)

Figure 2.5: a-c Representation of the transmission electron microscopy informed
structured of TRPV4 with each of the four subunits represented in a different colour. d
Representation of the mechanism of action of ion channels stimulated by mechanical
stimulus, illustrated by the red arrows (Huse, 2017, Deng et al., 2018)

Figure 2.6 Schematic of the primary cilium structure, illustration of the regulation of
hedgehog signalling using the ciliary axoneme, (Singla and Reiter, 2006, Adams, 2010)
Figure 3.1: (A) Representative calcium profiles of individual MSCs during No Flow
(green) and oscillatory fluid shear (OFS) generating 1Pa, 1Hz shear stress (blue).

Stimulus begins at t=0s. Baseline values calculated from 20 seconds prior to the
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application of OFS. The dashed black line at 1.2 fold change marks the value above
which cells are considered to be responsive. (B) Fold increase in calcium at first peak
during No Flow and OFS, Median * Interquartile range, No Flow, n=17; OFS, n=21,
Mann-Whitney test, ***p<0.001. (C) Frequency of cells eliciting a response or showing
no response in static (green) and OFS (blue) conditions, N=3, n=36, Fisher’s exact test,
**p<0.01. (D) Time from onset of flow (t=0s) to first peak, Median * Interquartile
range, NF n=17, OFS n=21. (E) (F) Expression of early osteogenic markers in MSCs
following application of 1Pa, 1Hz OFS for 2 hours, Mean +SEM (E) Cox2 N=4, n=8-
13, (F) Opn N=4, n=14-20, student’s t-test, *p<0.05, ** p<0.01

Figure 3.2: (A) Expression of Trpv4 in cells exposed to 1Pa 1Hz OFS for 2 hours, Mean
+SEM N=3, n= 9-10, student’s t-test, p>0.05. (B) Quantification of cell wide Trpv4
stain intensity under OFS, Median £ Interquartile range n=18-21, Mann Whitney test,
**p<0.01. (C, D) Immunofluorescent staining of MSCs showing TRPV4 expression
and the cytoskeleton (F-actin) (scale bar=10um) following 2 hours at (C) static
conditions and (D) 1Pa, 1Hz oscillartory fluid flow. (E, F) Immunofluorescent staining
of MSCs showing TRPV4 expression and (E) focal adhesions using vinculin (scale
bar=10um, inset 1um) and (F) primary cilia using acetylated alpha tubulin (scale bar
=10um, inset 1um). (G) (H) Fluorescence intensity at region marked by arrow, along
dashed white line in inset of (G) focal adhesion and (H) primary cilium.

Figure 3.3: (A) Representative calcium profile of individual MSCs responding to OFS
generating 1Pa, 1Hz. OFS begins at t=0s. Cells treated with vehicle alone, DMSO,
represented in the solid green; those treated for 1 hour pre mechanical stimulation with
10uM GSK205 are in the purple dashed line. Baseline values calculated from the 20
seconds prior to the application of OFS. The dashed black line at 1.2-fold change marks
the value above which cells are considered to be responsive. (B) Median + Interquartile
range fold increase in calcium at first peak following application of treatment. \ehicle:
N=4, n= 9; GSK205: N=4, n=22, Mann Whitney test, ***p<0.001. (C) Frequency of
cells responding to the stimulus. Median * Interquartile: \ehicle: N=4, n=22; GSK205:
N=4, n=11, Fisher’s exact test, *p<0.05. (D) Time to first peak for individual cells
following application of stimulus at time 0s. Bars mark Median + Interquartile, Vehicle:
N=4, n=9; GSK205: N=4, n=22 ND= None determined, no responsive cells observed.
Figure 3.4: Basal gene expression in MSCs treated with vehicle control or 10uM
GSK205 for 3 hours. (B) (D) Gene expression following 2 hours of 1Pa 1Hz OFS in
each group. (A)(B) Cox2 and (C)(D) Opn, represented as Mean +SEM, N=4-6. n=12-
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21; (A) (C) student’s t-test (B)(D) 2 way ANOVA with Bonferroni post test; NS
p>0.05, *p<0.05, **p<0.01, ***p<0.001 in comparison to the no flow control within
the same treatment group, & p<0.05 significantly different effect of flow stimulus on
the vehicle and antagonist treatment groups.

Figure 3.5: (A) Representative calcium profile of individual MSCs responding to OFS
generating 1Pa, 1Hz shear stress. OFS begins at t=0s. Cells treated with equal amounts
of the vehicle, DMSO and exposed to OFS are in solid green, those treated with 1nM
GSK101 are represented by dashed blue line and 10nM GSK101 by the dark blue
dotted line. All biochemical treatments are applied only from the onset of fluid shear.
Baseline values were calculated from the 20 seconds prior to the application of OFS.
The dashed black line at 1.2 fold change marks the value above which cells are
considered to be responsive. (B) Median and interquartile range of fold increase in
calcium at first peak following application of treatment. Control N=4, n= 9, 1InM
GSK101 N=4, n=14, 10nM GSK101 N=4, n=19, Kruskal-Wallis test with Dunn’s
multiple comparisons post test, *p<0.05, NS p>0.05. (C) Frequency of calcium
response in MSCs exposed to stimulus, OFS N=4, n=9, 1nM GSK101 N=4, n=31,
10nM GSK101 N=4, n=27, Chi-square test, NS p>0.05. (D) Time to first peak for
individual cells following application of stimulus at time Os. Bars mark Median and
interquartile range, Control N=4, n=9, 1nM GSK101 N=4, n=14, 10nM GSK101 N=4,
n=19. Kruskal Wallis test with Dunn’s post-test, NS p>0.05. (E) Cox2 and (F) Opn
expression in MSCs treated with DMSO only, Vehicle, 1nM and 10nM GSK101 for 2
hours, Mean £SEM N=2-3, n=7-13, 1 way Anova with Bonferroni post-test, *p<0.05,
***n<0.001.

Figure 3.6: Representative images of (A) picrosirius red and (B) alizarin red s staining
of MSCs following 21 days treatment with vehicle (DMSO), GSK101 and GSK205 at
2x (scale bar=500um, inset at 10x, scale bar=100um). Quantification of (C) picrosirius
(collagen) and (D) alizarin (calcium) stains extracted from each group in (A) and (B)
n=6, statistical analysis One-way ANOVA with Dunnett’s multiple comparisons post
test *p<0.05, **p<0.01, p<0.001.

Figure 3.7: (A) Validation of inhibition of Ift88 gene expression, N=4, student’s t-test
with Welch’s correction, * p<0.05. (B) Frequency of primary cilium formation
following transfection with sSiRNA, N=4-6, n=286-293, Fisher’s exact test, ***p<0.001.
(C) (D) Immunostaining of cells transfected with either off target control (C) or 1ft88

targeted siRNA (D) stained with acetylated a-tubulin, (primary cilium, red; arrows) and
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pericentrin (centrioles, green; arrow head). Nuclei are counterstained with DAPI (blue).
Scale bars represent Sum and Ipum (insert). (E) (G) Basal gene expression in MSCs
transfected with siRNA targeting [Ift88 or scrambled control, t-test, NS=Not
significantly different. (F) (H) Gene expression following 2 hours of treatment with
10nM GSK101 in each group. (E)(F) Cox2 and (G)(H) Opn, represented as Mean
+SEM, N=3, n=5-8, 2 way ANOVA with Bonferroni post-test, ***p<0.001 significant
in comparison to the no flow control of each treatment group, && p<0.01, &&&
p<0.001 significant effect of the treatment on the response to OFS.

Figure 4.1: Representative images of MSCs following treatment with A Forskolin or
vehicle, DMSO, B Lithium Chloride (LiCl) or vehicle, H,O and C Fenoldopam or
vehicle, DMSO, for 1 hour and 24 hours at 100x fluorescence (red channel- acetylated
alpha tubulin, green channel- pericentrin and DAPI) (scale bar 10um), inset shows
zoom on cilium (scale bar 1um). D, F, H Percentage of cells in each group with a
primary cilium N=3, n=194-275. Bars illustrate % ciliated cells, meantSEM, statistical
analysis, two-way ANOVA, +p<0.05, ++p<0.01 effect of time in culture, &p<0.05
different effect of treatment at different time points, *p<0.05 significant difference
between treatments in the 1-hour time point group. E, G, I Length of cilium following
each treatment, N=3, n=194-275. Box plot illustrates 25th and 75th percentile values,
whiskers represent 5th and 95th percentile values, line at median, black dots represent
points outside of the 5th and 95th percentile, statistical analysis, one-way ANOVA with
Bonferroni post-test, *p<0.05, *p0.01, ***p<0.001, significant difference between
labelled groups.

Figure 4.2:Effect of biochemical primary cilium elongation on Hedgehog and Whnt
pathway activity. A, B Ptchl and Glil expression following 24 hours of A 100mM LiCl
or B 50uM Fenoldopam treatment, N=3, n=7-10. Bars illustrate meantSEM, NS, not
significant, statistical analysis, unpaired two tailed t-test. C, F Representative images of
immunofluorescent staining of fcatenin in MSCs at 100x fluorescence (red channel- -
catenin, green channel- phalloidin and DAPI) (scale bar 10um) D, G fold change
intensity of - catenin in the nucleus of MSCs (N=3, n=36-37), E, H Axin2 expression
(N=2, n=3-6) following 24 hours of C-E 100mM LiCl and F-H 50uM Fenoldopam
treatment, bars illustrate mean+SEM, NS, not significant, statistical analysis, unpaired
two tailed t-test.

Figure 4.3: Effect of biochemical primary cilium elongation on osteogenic gene

expression. Cox2, Opn, Runx2 and DIx5 expression following 24 hours of A 100mM
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LiCl or B 50uM Fenoldopam treatment, N=3, n=4-6. Bars illustrate mean+SEM, NS,
not significant, *p<0.05, statistical analysis, unpaired two tailed t-test.

Figure 4.4: Osteogenic marker expression following 2 hours of 2Pa 2Hz OFF in each
group A-D Lithium Chloride or vehicle, H20 and E-H Fenoldopam or vehicle, DMSO
represented as Mean +SEM, N=3, n=5-12, statistical analysis, 2 way ANOVA with
Bonferroni post-hoc test; $$p<0.01, $$$p<0.001 effect of flow on gene expression,
#p<0.05, ###p<0.001 effect of treatment on gene expression, *p<0.05, **p<0.01 effect
of flow within individual treatment groups.

Figure 4.5: Quantification of DNA content following treatment with A 100mM LiCl or
vehicle, H20 and B 50uM Fenoldopam or vehicle, DMSO for 21 days with full
osteogenic supplements under static conditions. N=1, n=5-6, MeanSEM, *p<0.05,
student’s t-test with Welch’s correction. C, D, G, H Representative images of
extracellular matrix staining C, D Picrosirius and G, H Alizarin Red, following
treatment with C, G LiCl or vehicle, H20 and D, H Fenoldopam or vehicle, DMSO
after 21 days culture in full osteogenic supplements, scale =500um and 100um in the
inset. E, F, I, J Quantification of matrix staining E, | total collagen and collagen
normalized to DNA content and F, J total calcium and calcium normalized to DNA
content from each group, student’s t-test, *p<0.05, **p<0.01, ***p<0.001.

Figure 4.6: A, Quantification of DNA content following treatment with LiCl or vehicle,
H20 for 21 days cultured in either static, No Flow, or mechanically stimulated, Flow.
B, C Representative images of extracellular matrix staining B Picrosirius, C Alizarin
Red staining, following treatment, scale =500um and 100um in the inset. D-G
Quantification of matrix staining D, E total collagen and calcium concentration
extracted from each group. F, G Extracellular matrix normalized to DNA quantification
F collagen and G calcium, two-way ANOVA, $p<0.05, effect of flow on collagen and
calcium concentration. ###p<0.001 effect of treatment, *p<0.05, ***p<0.001
Bonferroni post test, effect of flow on individual treatment groups, &p<0.05,
&&p<0.01 difference between the effect of flow in each treatment.

Figure 4.7: A, Quantification of DNA content following treatment with Fenoldopam or
vehicle, DMSO for 21 days cultured in either static, No Flow, or mechanically
stimulated, Flow. B, C Representative images of extracellular matrix staining B
Picrosirius, C Alizarin Red staining, following treatment, scale =500um and 100um in
the inset. D-G Quantification of matrix staining D, E total collagen and calcium

concentration extracted from each group. F, G Extracellular matrix normalized to DNA
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quantification F collagen and G calcium, two-way ANOVA, $p<0.05, $$p<0.01, effect
of flow on collagen and calcium concentration.*p<0.05, **p<0.01 Bonferroni post test,
effect of flow on individual treatment groups, &p<0.05, difference between the effect of
flow in each treatment.

Figure 5.1: Details of MSC donors and immunophenotypic analyses of extracted MSCs
A Donor age and orthopaedic health. B Representative forward and side scatter dot plot
illustrating the selection of a gate to define the MSC population. C-E Representative
plots of phycoerythrin fluorescence magnitude against the count of events, gated for
healthy 3 defined in B. C IgG control to quantify background fluorescence of the cells,
marked by vertical red line, D CD73 positive events detected in 99.7% overall, E CD45
positive events detected in 0.7% of the gated population. F Percentage population
expressing stem cell specific surface markers, negative markers (shaded orange) should
not exceed 2.0% expression in an MSC population and positive markers (shaded green)
should exceed 95.0% expression to adhere to International Society for Cellular Therapy
guidelines for defining an MSC population. n=3. Blue dashed line highlights readings
outside of ISCT guidelines.

Figure 5.2: Migratory capacity of hMSC samples in the presence of 10% FBS. A
Number of cells in each individual samples migrating upon exposure to 10% FBS,
Mean+SEM, n>3, students unpaired t-test comparing 0% to 10% FBS in each sample,
lowest p values, less than 0.1 listed. B Number of cells migrating to 10% FBS pooled
from the healthy and osteoporotic groups, Mean+=SEM, student’s unpaired t-test,
*p<0.05.

Figure 5.3: Expression of genes associated with early osteogenic differentiation in each
sample A COX2 B OPN C RUNX2 relative to 18S, Mean = SEM, n=3-7, student’s t-
test, p values <0.15 are shown. Fold change gene expression response to 2Pa, 2Hz fluid
shear applied for 2 hours. D, E, F Response of individual patients, Mean +SEM, n=3-5,
two-way ANOVA, not significant. G, H, | Comparison of healthy or osteoporotic
samples pooled, Mean+SEM, n=3, two-way ANOVA comparing effect of flow and
effect of MSC health, &p<0.05 effect of flow is different in healthy and osteoporotic,
Bonferroni post test showing effect of flow in individual groups, +p<0.05, +++p<0.001,
students t-test comparing fold change expression in healthy and osteoporotic MSCs, p
values <0.15 are shown.

Figure 5.4: Quantification of proliferative activity, at 7 day intervals for 3 weeks, via

picogreen assay for DNA content. A Individual patients DNA content, MeantSEM,
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n=3-4, two-way ANOVA *p<0.05, **p<0.01 significant increase between day 7 and
14, &&p<0.01 significant increase between day 14 and 21. B Average DNA content in
samples of healthy and osteoporotic patients, MeantSEM, N=3, n=12, two-way
ANOVA with Bonferroni post test, +p<0.05 significant effect of health on DNA
content, p<0.05 significant difference between days (not shown), *p<0.05 significant
increase at day 14 in healthy samples.

Figure 5.5: A Quantification of DNA content following 21 days in growth medium or
osteogenic medium, Mean+SEM, n=4, two-way ANOVA with Bonferroni post test B,
C Representative images of Picrosirius Red stained monolayers of B Healthy and C
Osteoporotic samples following 21 days culture in growth or osteogenic differentiation
medium, 2x scale bar=1000um, inset at 10x scale bar=200um, n=3. D-G Quantification
of osteogenic matrix in each sample D, E concentration of collagen extracted from D
individual samples and E samples pooled based on health (ug/ml), MeantSEM, n=4,
two-way ANOVA with Bonferroni post test, ***p<0.001, differentiation medium
effects the samples differently p<0.001 (interaction effect. F, G Collagen concentration
normalized to DNA content (ng/ml) for F each sample and G pooled concentration of
collagen in healthy and osteoporotic samples, N=3, two-way ANOVA with Bonferroni
post test, ***p<0.001, **p<0.01,*p<0.05.

Figure 5.6: A, B Representative images of Alizarin Red stained monolayers of A
Healthy and B Osteoporotic samples following 21 days culture in growth or osteogenic
differentiation medium, 2x scale bar=1000um, inset at 10x scale bar=200um, n=3. C-F
Quantification of osteogenic matrix in each sample C, D concentration of calcium
extracted from C individual samples and D samples pooled based on health (ug/ml),
MeantSEM, two-way ANOVA with Bonferroni post test, ***p<0.001, differentiation
medium effects the samples differently p<0.001 (interaction effect), n=4. E, F Calcium
concentration normalized to DNA content (ng/ml) for E each sample and F pooled
concentration of calcium in healthy and osteoporotic samples, N=3.

Figure 5.7: A Quantification of DNA content following 21 days in growth medium or
adipogenic, Mean+SEM, n=4, two-way ANOVA with Bonferroni post test B, C
Representative images of Oil Red O stained monolayers of B Healthy and C
Osteoporotic samples following 21 days culture in growth or adipogenic differentiation
medium, 2x scale bar=1000um, inset at 10x scale bar=200um, n=3. D-G Quantification
of adipogenic matrix in each sample D, E concentration of lipid extracted from D

individual samples and E samples pooled based on health (ug/ml), n=4. F, G Oil Red O
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concentration normalized to DNA content (ng/ml) for F each sample and G pooled
concentration of collagen in healthy and osteoporotic samples, N=3, Mean+SEM, two-
way ANOVA with Bonferroni post test, *p<0.05, ***p<0.001, differentiation medium
effects the samples differently &p<0.05, &&&p<0.001 interaction effect.

Figure 6.1: Expression of TRPV4 in healthy and osteoporotic MSCs. A TRPV4 relative
to 18S, Meant SEM, n=3-7, student’s t-test. B Representative images of TRPV4
expression on healthy and osteoporotic hMSCs at 100x fluorescence (red channel- F-
actin, green channel- TRPV4 and DAPI) (scale bar 10um). C Quantification of cell
wide TRPV4 intensity in individual hMSC samples, 25-75th percentile shown in box,
whiskers mark 5-95 percentile, outliers marked in black points, one way anova shows
healthy 1 is significantly more intense than all other samples, ***p<0.001. D Pooled
TRPV4 intensity for healthy and osteoporotic samples, Mean =SEM, n=3, student’s t-
test, not significant. E, F Fold change TRPV4 expression in response to 2Pa, 2Hz fluid
shear applied for 2 hours. E Response of individual patients, Mean £SEM, n=3-6, two-
way ANOVA, +p<0.05 effect of osteoporosis. F Comparison of healthy and
osteoporotic samples pooled, Mean+SEM, n=3, two-way ANOVA with Bonferroni post
test, comparing effect of flow and effect of MSC health, &&p<0.01 effect of flow is
different in healthy and osteoporotic, +p<0.05 effect of flow in healthy compared to no
flow healthy.

Figure 6.2: Expression of IFT88 in healthy and osteoporotic MSCs. A IFT88 relative to
18S, Meant SEM, n=3-7, student’s t-test. B Representative images of the primary
cilium on healthy and osteoporotic hMSCs at 100x fluorescence (red channel-
acetylated alpha tubulin, green channel- pericentrin and DAPI) (scale bar 10um), inset
shows zoom on cilium (scale bar 1um). C % ciliation in individual samples shown as
Mean +SEM, n=3, two-way ANOVA, p<0.05 the variation in cilium incidence is
significantly different in osteoporosis. D Pooled % ciliation for healthy and osteoporotic
patients, Mean £SEM, n=3, student’s t-test, p<0.05. E Cilium length 25-75th percentile
shown in box, whiskers mark 5-95th percentile, outliers marked in black points, one
way anova shows each healthy sample is significantly different to each osteoporotic
sample p<0.001, healthy 1 and healthy 3 are significantly different p<0.05, osteoporotic
3 is significantly shorter than osteoporotic 1 and 2 p<0.05. F Pooled cilium length,
Mean +SEM, n=3, student’s t-test, p<0.001. G, H Fold change IFT88 expression in
response to 2Pa, 2Hz fluid shear applied for 2 hours. G Response of individual patients,

Mean £SEM, n=3-6, two-way ANOVA, not significant, t-test to compare No flow to
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Flow for each individual sample, *p<0.05. H Comparison of healthy and osteoporotic
samples pooled, Mean+SEM, n=3, students t-test, not significant.

Figure 6.3: Characterisation of short term treatment of healthy and osteoporotic hMSCs
with vehicle (DMSO), GSK101, Fenoldopam or Fenoldopam and GSK101 on TRPV4.
A Fold change TRPV4 expression relative to vehicle control, Mean £SEM, n=3-8, two-
way ANOVA, not significant. B Representative images of TRPV4 on healthy and
osteoporotic hMSCs at 100x fluorescence (red channel- F-actin, green channel- TRPV4
and DAPI) (scale bar 10um). C Quantification of cell wide TRPV4 intensity in treated
healthy and osteoporotic hMSCs, 25-75th percentile shown in box, whiskers mark 5-
95th percentile, outliers marked in black points, n=52-59, one-way ANOVA p<0.001
healthy hMSCs treated with GSK101 express significantly more TRPV4 than
Fenoldopam treated samples. Osteoporotic hMSCs treated with GSK101 express more
TRPV4 p<0.05, relative to fenoldopam, those treated with fenoldopam express less
TRPV4 compared to vehicle controls, p<0.01. Treatment with Fenoldopam & GSK101
decreases TRPV4 relative to DMSO, p<0.001 and relative to GSK101, p<0.01.

Figure 6.4: Characterisation of short term treatment of healthy and osteoporotic hMSCs
with vehicle (DMSO), GSK101, Fenoldopam or Fenoldopam and GSK101 on primary
cilia. A Fold change IFT88 expression relative to vehicle control, Mean +SEM, n=3-8,
two-way ANOVA, not significant. B Representative images of the primary cilium on
healthy and osteoporotic hMSCs at 100x fluorescence (red channel- acetylated alpha
tubulin, green channel- pericentrin and DAPI) (scale bar 10pum), inset shows zoom on
cilium (scale bar 1um). C % Ciliation Mean +SEM, n=3, two-way ANOVA, ***p<0.01
effect of health. D Cilium length 25-75th percentile shown in box, whiskers mark 5-95
percentile, outliers marked in black points, n=81-124, one way anova shows GSK101
induces a significant increase in length in healthy (p<0.05) and in osteoporotic (p<0.01)
hMSCs compared to Fenoldopam treatment , Fenoldopam & GSK101 treatment
induces a significant increase in osteoporotic hMSCs, p<0.05.

Figure 6.5: Gene expression following short term treatment with vehicle (DMSO),
GSK101, Fenoldopam or Fenoldopam and GSK101 in a healthy and osteoporotic
hMSCs. A COX2 B OPN C RUNX2 fold change expression relative to vehicle control,
Mean +SEM, n=3-8, two-way ANOVA, with Bonferroni post test, COX2 effect of
treatment p=0.0821, *p<0.05 significant effect of Fenoldopam & GSK101 on COX2

expression.
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Figure 6.6: Quantification of DNA content in A Healthy and B Osteoporotic samples
following 21 days culture in osteogenic differentiation medium containing either
vehicle (DMSO), GSK101, Fenoldopam or Fenoldopam & GSK101 and exposed to
static (No Flow) or mechanical stimulation (Flow), ng DNA/well, Mean+SEM, n=4-6,
two-way ANOVA with Bonferroni post test, ***p<0.001, *p<0.05 significant
difference between vehicle and treatment. Representative images of Picrosirius Red
stained monolayers of C Healthy and D Osteoporotic samples following 21 days culture
in osteogenic differentiation medium containing either vehicle (DMSO), GSK101,
Fenoldopam or Fenoldopam & GSK101 and exposed to static (No Flow) or mechanical
stimulation (Flow) 2x scale bar=1000um, inset at 10x scale bar=200um, n=4-6. C-F
Quantification of osteogenic matrix in each sample E, F concentration of collagen
extracted from E Healthy and F Osteoporotic samples (pg/ml), MeantSEM, n=4-6. G,
H Collagen concentration normalized to DNA content (ng/ml) for G Healthy and H
Osteoporotic samples n=4-6, two-way ANOVA $$$ p<0.001 effect of flow, & p<0.05
effect of treatment is different under the influence of flow, with Bonferroni post test,
***p<0.001, **p<0.01, *p<0.05 significant difference between vehicle and treatment.
Figure 6.7: Representative images of Alizarin Red stained monolayers of A Healthy and
B Osteoporotic samples following 21 days culture in osteogenic differentiation medium
containing either vehicle (DMSO), GSK101, Fenoldopam or Fenoldopam & GSK101
and exposed to static (No Flow) or mechanical stimulation (Flow) 2x scale
bar=1000um, inset at 10x scale bar=200um, n=4-6. C-F Quantification of osteogenic
matrix in each sample C, D concentration of calcium extracted from C Healthy and D
Osteoporotic samples (uM), MeantSEM, n=4-6. E, F Calcium concentration
normalized to DNA content (ng/ml) for E Healthy and F Osteoporotic samples n=4-6,
two-way ANOVA with Bonferroni post test, ***p<0.001, **p<0.01, *p<0.05
significant difference between vehicle and treatment; &&p<0.01, &&&p<0.001
interaction effect.

Figure 7.1: Overview of the mechanisms researched in this thesis and their application
for therapeutic design. Initially the mechanical environment of bone marrow during
physical activity was modelled in vitro and two MSC mechanotransduction mechanisms
were delineated, calcium signalling via TRPV4 and primary cilium mediated
osteogenesis. Protocols developed to biochemically activate the mechanisms identified

were applied to human MSCs to enhance bone modelling activity (Aoki et al., 2019).
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Supplementary Figure 3.1: (A) Median and interquartile range of fold increase in
calcium at first peak following application of GSK101 in cells transfected with
scrambled SiRNA or siRNA targeting IFT88, Mann Whitney test, NS p>0.05. (B)
Frequency of calcium response in MSCs exposed to GSK101, Fisher’s exact test, NS
p>0.05. (C) Time to first peak for individual cells following application of GSK101 at
time Os. Bars mark Median and interquartile range, Scrambled N=4, n= 20, IFT88 KD
N=4, n=12, Mann Whitney test, NS p>0.05.

Primer sequences and concentrations employed in quantitative PCR analysis
Supplementary Figure 4.1: Representative images of MSCs following treatment with A
Forskolin, B LiCl or C Fenoldopam or vehicle, DMSO or H20, control for 1 hour and
24 hours in 4x phase contrast (scale bar 200um).

Supplementary Figure 4.2: Positive Control for 3-catenin localization to the nucleus A
representative images of immunofluorescent staining at 100x fluorescence (red channel-
[-catenin, green channel- phalloidin and DAPI (scale bar 10um) following treatment
with 2ng/ml TGF-B1 or vehicle, 4mM HCl 1mg/ml BSA, control for 2 hours. B
Quantification of nuclear intensity of B-catenin in each condition, statistical analysis,
two-tailed t-test, *p<0.05.

The sequences of the primers used to quantify gene expression in MSC

The sequences of the primers used to quantify gene expression in MSCs

Supplementary Figure 5.1: Representative images of Alcian blue stained pellet cultures
of each sample following 21 days culture in chondrogenic differentiation medium, 4x
scale bar =500um, inset is at 10x, scale bar =100um, n=2-4.

Supplementary Figure 5.2: % of the surface area covered by Picrosirius (top) and
Alizarin (bottom) stained monolayer in healthy and osteoporotic MSCs in growth or
osteogenic medium, n=3, Mean +/-SEM.

The sequences of the primers used to quantify gene expression in MSC

Supplementary Table 6.2:

Comparison of the performance of each MSC sample characterized in terms of
migration, osteogenic gene expression under fluid shear, proliferation, collagen and

calcium deposition in osteogenic supplements for 21 days
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Nomenclature

ALP Alkaline phosphatise

BMU Bone modelling unit

BMP Bone morphogenetic protein

BSA Bovine serum albumin

COX2 Cycloxygenase 2

CXCL7 Pro-platelet basic protein

CXCR4 C-X-C motif chemokine receptor 4
DVT Deep vein thrombosis

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

ERK Extracellular signal regulated kinase
FAK Focal adhesion kinase

FBS Fetal bovine serum

FRET Fluorescence resonance energy transfer
GSK101 GSK1016790A

HT Hormone therapy

IGF Insulin-like growth factor

ISCT International society for cellular therapy
LiCl Lithium Chloride

MEK Mitogen activated protein kinase

MSC Mesenchymal stem cell

NBF Neutral buffered formalin

OFS Oscillatory fluid shear

OPN Osteopontin

OoP Osteoporosis

OSX Osterix

PDGF Platelet derived growth factor

PGE, Prostaglandin E2

PTH Parathyroid hormone

gPCR Quantitative polymerase chain reaction
RANKL Receptor activator of nuclear factor kappa-p

ligand
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ROCK Rho associated protein kinase

RUNX2 Runt-related transcription factor 2
SDF Stromal cell derived factor

SERM Selective estrogen receptor modulator
TNFa Tumor necrosis factor alpha

TGFp Transforming growth factor beta
TRPV4 Transient receptor potential vanilloid 4
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Chapter 1:

Introduction

1.1 Osteoporosis

Worldwide as many as 1 in 3 women and 1 in 5 men over 50 will suffer an osteoporotic
fracture in their lifetime (Melton et al., 1992, Melton et al., 1998). Osteoporosis is a
disease characterised by the significant loss in bone density which leads to fracture
fragility (Kanis et al., 1994). In osteoporotic patients, a fall from a standing height can
result in a hip fracture resulting in agonising pain and often necessitating surgical
intervention. Furthermore, patients suffering fragility fractures have particularly
complex needs, a hip fracture can prevent independent walking, washing and dressing,
and as a result there is a 20-24% increase in patient mortality in the year following hip
fracture (Cooper et al., 1993). Moreover, the risk of fracture following the first break
rises by 86% (Kanis et al., 2004). In 2013 it was estimated that the osteoporotic
fractures sustained by the 22 million women and 5.5 million men in the European
Union cost 37 billion euro. The loss of bone density with aging and increasing life
expectancy indicates that the economic burden of osteoporosis will grow by a further

25% by 2025 (Hernlund et al., 2013).

Originally osteoporosis was defined solely by a reduction in bone density but the
importance of the tissue microarchitecture has been recognised more recently (Armas
and Recker, 2012). The loss in bone density occurs because there is an increased rate of
bone remodelling, the process by which bone tissue is resorbed by osteoclasts and

replaced with new mineralised matrix by osteoblasts. Throughout our lifetime bone
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remodelling occurs which maintains bone strength and fracture resistance, however the
decrease in estrogen following menopause increases the activity of osteoclasts (Armas
and Recker, 2012). With aging, increases in Haversian canal and osteon diameter also
indicate upregulated resorption, however changes in the bone marrow content are also
an important factor in aging related bone loss (Compston, 2011). Over time the fat
content of the marrow increases and there is a greater propensity for progenitors in the
marrow to undergo adipogenic differentiation (Pino et al., 2012b, Duque and Troen,
2008). This inhibits the supply of osteoblast progenitors which are required to replace
the bone during remodelling. The decrease in the supply of osteoblasts impairs bone
formation leading to an imbalance in the bone remodelling cycle. Therefore, a potential
avenue to treat osteoporosis, may be to target the replenishment of the osteoblast,

promoting bone formation, and correcting the imbalance in bone remodelling.

Currently, treatment options consist mainly of bisphosphonates which inhibit bone
resorption to rebalance the bone remodelling system. However these have limited
efficacy, especially since the diagnosis of osteoporosis usually occurs at the time of the
first fragility fracture when bone density has substantially decreased (Tella and
Gallagher, 2014). There is only one bone anabolic therapy currently on the market, a
recombinant parathyroid hormone called teriparatide, which increases osteoblast
activity but this has shown some increased osteoclastic activity and side effects
including osteosarcoma in rat models (Minisola et al., 2017). The increasing burden of
osteoporosis and lack of efficient treatment options indicates the need for more

effective therapies and to enable this, novel therapeutic targets are required.
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1.2 Bone formation and mechanoadaptation

In order to develop new treatments for osteoporosis a better understanding of the
mechanisms of bone formation is required. Bone adaptation is also facilitated by the
process of remodelling, which occurs in discrete regions called bone multicellular units
(BMU). The cycle consists of 3 steps, resorption, reversal and formation, which
coordinate the access of cells with opposing functions to the bone surface. Osteoclasts
are large multinucleated cells which originate from hematopoietic stem cells and have a
strong lysosomal capacity. They digest the bone matrix through a process of
acidification and proteolysis. Next, the resorbed surface is cleared in preparation for
bone formation in the reversal phase. Bone formation occurs via secretion and
mineralisation of a collagen rich matrix by osteoblasts, which arise from mesenchymal
stem cells (MSCs), the progenitors of osteoblasts. In the reversal phase, osteoblasts,
form clusters on the bone surface where they secrete osteogenic matrix. Remodelling
finishes when bone lining cells cover the surface of the new matrix (Hadjidakis and

Androulakis, 2006, Delaisse, 2014).

Bone also adapts to the mechanical environment it experiences, building strength
through increased deposition in response to physical activity and supporting bone
resorption to reduce weight following unloading such as bed rest. This is evident
through the examination of the limbs of an athlete, for example, the radius of a tennis
player’s serving arm has greater bone mineral content than the opposite less loaded
radius (Ducher et al., 2005). Similarly, an astronaut can lose 10-15% bone density at the
hip and spine following long duration spaceflight (Sibonga, 2013). Bone formation can
occur directly via stimulation of osteoblasts or their progenitors, or indirectly via

stimulation of osteocytes which in turn signal to these bone forming cells. Under
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physiological loading bone experiences strain, which builds pressure differences, that
drives fluid shear within the embedded osteocyte lacuna-canalicular network and
throughout the tissue (Klein-Nulend et al., 2012). Osteocytes respond by secreting
osteogenic factors such as BMPs and PGE; promoting bone formation at the site of
loading (Klein-Nulend et al., 2012). MSCs similarly sense fluid shear and respond with
increased proliferation and differentiation towards the osteogenic lineage (Li et al.,

2004).

1.3 Stem cell-mediated bone formation

As the osteoblast progenitor, the differentiation of MSCs down the osteogenic lineage
represents an integral part of the bone forming process. MSCs are multipotent self-
renewing stromal cells responsible for supplying osteoblasts in addition to adipocytes
and chondrocytes in the maintenance of the adult musculoskeletal system. They were
first defined in bone marrow, where they compose 0.001-0.01% of the cells (Pittenger
et al., 1999). MSC-like cells have also been found in adipose, intrapatellar fat pad and
umbilical cord among other tissues (Via et al., 2012). However, recent advances in cell
tracking techniques have sparked a debate on the definition of an MSC, the frequent
perivascular localisation of MSCs has led to their liking to pericytes, yet not all
pericvtes are multipotent (Guimardes-Camboa et al., 2017, Sacchetti et al., 2016). It is
now appreciated that a stem cell with universal differentiation potential is not present in
the mature skeleton but pools of stem cells develop with tissue specific multipotency to
sustain the surrounding environment (Robey, 2017). Markers for the human skeletal
stem cell originating from periosteum, bone and marrow tissue, have been delineated

recently (Chan et al., 2018), however the guidelines established by the International
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Society for Cellular Therapy are still commonly used and will be used throughout this
thesis (Dominici et al., 2006). The ISCT definition of an MSC includes adipogenic,
chondrogenic and osteogenic lineage commitment capacity which confirms these cells
can contribute as skeletal stem cells. The adipogenic, chondrogenic and osteogenic
potential of MSCs has been demonstrated in vitro (Pittenger et al., 1999) and the bone
and cartilage forming capacity demonstrated in vivo. In orthopaedic research,
understanding the molecular mechanisms by which this population commits to the
osteogenic lineage over chondrogenic or adipogenic can help identify targets for

therapeutic intervention to prevent bone loss and/or promote formation.

1.4 Stem cell-mediated bone formation in osteoporosis

With regards to osteoporosis, an imbalance in the bone remodelling cycle is a
significant factor in the loss of bone mass. This disease is marked by a decoupling of
the resorption and formation rates where osteoclast activity increases but osteoblast
matrix deposition rate can no longer replace the quantity of bone removed (Nordin et
al., 1981, Eastell et al., 1993). Although mineralisation has been predicted to increase in
osteoporosis, in the absence of collagen this leads to a more brittle bone structure and
overall the rate of bone formation decreases (Mulvihill et al., 2008, de Vernejoul,
1989). The marrow of osteoporotic patients contains more adipocytes than healthy
counterparts (Verma et al., 2002, Pino et al., 2012b), furthermore the smaller population
of MSCs have a greater propensity for adipogenic differentiation but there is a lack of
knowledge on osteogenic capacity in these patients (Astudillo et al., 2008, Hess et al.,
2005). Clinical studies of the effect of weight bearing exercise display a weakened

mechanoresponse in osteoporotic MSCs compared to healthy counterparts (Harding and
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Beck, 2017). The mechanical environment and mechanobiological response of
osteocytes becomes altered in osteoporosis, however there is little knowledge of the
effect of osteoporosis on osteoblast and osteoprogenitor function (Verbruggen et al.,
2015). Maintenance of healthy bone tissue requires a sufficient population of
osteoblasts as well as an adequate rate of matrix deposition from individual osteoblasts
(Parfitt, 1982). As such osteoblastogenesis is a prime therapeutic target for the

restoration of healthy bone density in osteoporosis.

1.5 Mechanotransduction

In healthy skeletal tissue, MSCs are mechanoresponsive and the mechanical stimuli
generated by physical activity upregulates osteogenic differentiation (Arnsdorf et al.,
2009, Li et al., 2004). The conversion of biophysical signals to changes in cellular
behaviour is termed ‘mechanotransduction’. To understand the molecular mechanisms
by which osteogenesis is regulated the forces experienced at the cellular level in the
bone and marrow interface have been investigated, particularly hydrostatic pressure and
fluid shear stress (Gurkan and Akkus, 2008, Metzger et al., 2015b). Organelles along
the cell membrane form the first point of contact between the cell and the surrounding
environment and thus are important sites for mechanotransduction (Ingber, 2006). lon
channels play an essential role in this process in a variety of tissues including kidney
(Delmas, 2004), cartilage (Pingguan-Murphy B. and M.M., 2008) and bone (el Haj et
al., 1999). There are a number of mechanisms by which ion channels can be activated
including membrane stretching; hydrostatic pressure and fluid shear and which facilitate
the generation of a specific stimulus dependent response (Martinac, 2004).

Furthermore, ion channels have selective permeability, transporting a specific signal,
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commonly calcium, which initiates a signalling cascade capable of changing gene and
protein expression (Clapham, 2007). Another key player in mechanotransduction is the
primary cilium, a microtubule based extension of the cell membrane (Hoey et al.,
2012a). The cilium is a singular appendage which is present on most mammalian cells
and protrudes into the extracellular environment where it is ideally placed to intercept
intercellular signalling and changes in the extracellular biochemical and biophysical
environment (Satir et al., 2010). In addition, the rod like structure of the ciliary
axoneme forms a membrane enclosed compartment, partially removed from the cytosol
where signalling components can interact in a concentrated volume. In this way it is
ideally placed to mediate mechanotransduction as has been shown in cell types that
experience fluid flow induced shear stress including kidney epithelia (Nauli et al.,

2003), osteocytes (Lee et al., 2015¢) and MSCs (Hoey et al., 2012d).

1.6 Mechanotransduction in the setting of osteoporosis

The adaptive response of MSCs to mechanical loading represents an important factor in
the maintenance of bone health. In the osteoporotic disease state there is a requirement
for a greater bone forming response; however, MSCs are known to have a greater
propensity for the adipogenic lineage in osteoporosis (Pino et al., 2012b). Current
treatments for osteoporosis can improve bone density and prevent bone loss
temporarily, however once treatment ceases the bone density is not maintained (Naylor
et al., 2018). This along with an increase in the resorption activity implies that the
threshold load which would generate osteoblast or osteoclast activity are altered in the
disease state (Seefried, 2010). The delineation of the pathways by which mechanical

signals are transduced into a biochemical change in cell behaviour could highlight novel
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drug targets to influence the osteogenic differentiation of MSCs and improve bone
formation in osteoporosis. In summary, osteoporosis is a growing problem in our aging
population and more efficient treatment options are urgently needed. Healthy bone
tissue is influenced by the mechanical environment experienced by the skeleton and can
induce a bone modelling response to loading to maintain fracture resilience (Frost,
2003). While a small number of clinical studies have investigated the effect of weight
bearing exercise on osteoporotic patients, the results are difficult to compare given the
differences in the mode of exercise and load experienced by the skeleton as well as the
methods of quantifying bone (Cavanaugh and Cann, 1988, Krglner et al., 1983, Prince
et al., 1991). Of the studies available there are inconsistent results, some trials result in
improved bone geometry, others don’t elicit a detectable change. As such, there is a
requirement to evaluate the mechanoadaptation of osteoporotic bone. Loading induced
bone formation requires a supply of MSCs, as the precursors of osteoblasts, to sense
and osteogenically differentiate in response to mechanical stimuli (Chen et al., 2016a).
The molecular mechanisms involved in MSC mechanotransduction remain elusive;
delineating these could identify targets to therapeutically mimic the proosteogenic

effect of physical activity in osteoporosis.
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Figure 1.1: Overview of the mechanisms researched in this thesis and their application for therapeutic design.
Initially the mechanical environment of bone marrow during physical activity will be modelled in vitro and the
mechanisms mediating the mechanotransduction response leading to osteogenic differentiation will be
delineated. Next, protocols to biochemically activate the mechanisms identified will be designed and applied to
human MSCs to enhance bone modelling activity(Aoki et al., 2019).
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1.7 Thesis Objectives

This thesis pursues the principal objective of determining the mechanisms underlying
the biophysical induction of MSC osteogenic differentiation leading to bone formation.
Through the discovery of this fundamental information, a second core objective of this
thesis is to target these mechanisms therapeutically to enhance MSC osteogenesis and
bone formation as a potential novel therapy for osteoporosis. The following is proposed
to accomplish these objectives:

1. Determine the molecular mechanisms of MSC mechanotransduction and target these
pharmacologically to mimic the osteogenic effect of loading

1.1 Investigate the role of the mechanosensitive calcium channel, TRPV4, in
MSC mechanotransduction and determine whether this channel can be targeted

therapeutically.

1.2 Given the role of the primary cilium in MSC mechanotransduction,

determine whether this organelle can be targeted therapeutically.

2. Determine whether these novel mechanotherapeutics can be utilised to enhance the

osteogenic potential of human osteoporotic MSCs.

2.1 Investigate whether the recruitment, proliferation and osteogenic potential

(biochemical and biophysical induction) of MSCs is defective in osteoporosis

2.2 Determine whether novel mechanotherapeutics developed above can be

utilised to enhance the osteogenic potential of human osteoporotic MSCs.
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Chapter 2:

Literature Review

2.0 Introduction

This thesis sets out to investigate the molecular mechanisms mediating the change in
behaviour in MSCs when exposed to mechanical stimuli with the overall goal of
developing a pharmacological target to induce the bone forming effects seen with
physical activity. To inform the reader on the background to this work the
mechanobiology of bone will be summarised. In addition, the role of the MSC
particularly in bone formation will be explained. A second objective of this thesis is to
investigate the behaviour of MSCs in osteoporosis and the potential to influence
mechanotransduction mechanisms to improve the osteogenic activity of patients. With
this in mind, the current understanding of osteoporosis, the impact on the bone
formation process and the mechanisms of current treatments will be reviewed. Finally,
the role of mechanical loading in the bone formation process and the known
mechanisms of transducing these stimuli into changes in behaviour in skeletal cells are

detailed.

2.1 The structure and function of bone

Bone is the strong yet flexible tissue which provides a stable frame for the
musculoskeletal system while also protecting vital organs, facilitating movement and
storing calcium and phosphate for endocrine regulation. The human adult skeleton is

categorised into long, short, flat, irregular and sesamoid bones, the characteristics of
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each type assist in different aspects of the musculoskeletal system functionality. While
long bones such as the femur and humerus are pillars of support during movement,
short bones such as the carpals and tarsals provide support in the wrist and ankle.
Contrastingly, flat bones such as the cranium or ribs and irregular bones such as
vertebrae or facial bones form a protective casing around vital organs. Sesamoid bones
form within tendons; they help in the transmission of muscular forces, for example the
patella at the large hinge joint between the femur and the tibia (Kaufmann et al., 2018,
Huse, 2017). The largest bone in the skeleton is the femur, the head of which is ball
shaped to fit into the hip socket joint, the opposite end lies on the knee. Long bones are
cylindrical in shape surrounding a lumen which is filled with marrow which facilitates
an additional skeletal function, the site of cell production (Standring, 2015). As a
composite of collagen fibres and calcium phosphate crystals, bone is both elastic and
tough, providing a dynamic structure which can resist multiaxial loading (Fyhrie and

Christiansen, 2015).
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Figure 2.1: Structure of bone A Gross anatomical features of a femur, B Cross sectional view of the
osteon, a unit of cortical bone (Betts et al., 2018)

The structures of bone, from the macro to the nano scale, provide functionality to
facilitate the complex roles of the skeleton. Bone is surrounded by an outer membrane,
periosteum, which forms a protective barrier against exfoliation of the tissue and is the
site of entry of vessels into bone. There are two main forms of bone tissue, the
outermost is dense and compact, known as cortical bone and the innermost is a porous
lattice structure known as trabecular bone. These layers form a cylindrical shape which
is covered on the innermost layers by another membrane called endosteum. Within the
lumen of bones, lies a spongy, viscous fluid, bone marrow, which is not constrained to
this cylindrical shape but overflows into the space between trabeculae. Marrow is
composed of a red component which includes the vast majority of the marrow cellular

contents and a yellow component which primarily provides a store of adipose as well as

41



a central artery and vein and surrounding arterioles and sinusoids. While the yellow
marrow content increases with age, red marrow content, containing mature blood cells,
haematopoietic stem cells and mesenchymal stem cells, decreases as the skeleton
matures (Gurkan and Akkus, 2008). Examining bone structure at the micro scale reveals
a series of building blocks known as osteons in cortical bone while trabecular bone is
composed of connected rods and plates. Osteons are also known as Haversian systems
and consist of a series of circular layers of tissue surrounding a canal which contains the
blood and lymphatic vessels as well as nerve tissues. The concentrically arranged
lamellae surrounding the Haversian canal contain a network of spaces, lacunae, which
house cells, osteocytes (Rho et al., 1998). The interaction of osteocytes with each other
and the central haversian canal is made possible by a network of submicron wide
channels known as canaliculi. These facilitate the stretching of dendrites from
osteocytes for cell to cell communication through compact bone (Schaffler and

Kennedy, 2012).
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Figure 2.2: Structural features for mechanical efficiency in the head of the femur A illustration of the
principal stresses experienced by the femur during physiological loading (Forsyth and Davey, 2008) B x-
ray image showing pronounced trabeculae formation at 1 and 2 along the regions experiencing greatest
tension and compression (Rudman et al., 2006)

The resilience of bone to mechanical loading during the range of loads encountered in
physiological activity is facilitated by the combined capabilities of both cortical,
withstanding stresses greater than 150MPa, and cancellous (trabecular), withstanding
strains of greater than 50% (Hart et al., 2017). The combination of cortical and spongy
bone enables the weight bearing capacity of the human skeleton. Cortical bone is stiff to
provide a strong structural framework for the skeleton whereas trabeculae are arranged
to follow the stresses that bones frequently experience in support of the denser outer
layers (Cowin, 1986). The composition of cortical bone in discrete units allows loading

induced deformation to be spatially limited. The proportion of cortical to cancellous

43



bone develops to accommodate the most frequently experienced loads particular to each
region of the skeleton. This is facilitated by bone’s mechanoadaptive abilities which
were summarised by Frost’s ‘mechanostat’ hypothesis in 1987. In summary, Frost
proposes that bone adapts to alteration in mechanical loading both positive and negative
(Frost, 1987). There is a threshold above which bone modelling is activated to increase
bone mass whereas loading below a second set point triggers bone remodelling in
maintenance. Despite some updates over the years to define the theory in the context of
new analytical techniques the conclusion remains the same (Frost, 2003). Moreover, the
demands for greater insight into the molecular mechanisms which influence the
mechanoadaptation remain, to aid in our understanding of tissue homeostasis and

disease progression.

2.2 Bone formation and remodelling

The structural adaptation of bone to its mechanical environment is made possible by the
processes of remodelling and adaptive modelling. Whereas most long bones are formed
through the process of endochondral ossification some bony regions including the skull
and jaw are developed through intramembranous ossification. Endochondral
ossification originates as a hyaline cartilage template which is gradually mineralised
and this facilitates the increase in bone length via the growth plate, a region where
mineralisation is delayed and chondrocytes continue to proliferate (Mackie et al., 2008).
Intramembranous ossification describes the differentiation of mesenchymal stem cells
to osteoblasts where an initial cluster of differentiating MSCs deposit mineral, creating
an initial ossification centre (Kaufmann et al., 2018). Over time the mature skeleton is
renewed in a similar process to intramembranous ossification, this occurs in discrete

regions known as bone multicellular units (BMU) in a cyclical process known as
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remodelling. Remodelling begins when osteoclast progenitors near the bone surface
become stimulated. These originate from hematopoietic stem cells, located within the
marrow, which are differentiating down the macrophage or monocyte lineage. When
osteoclasts attach to the surface of bone they secrete vesicles of acidic material which
break down the components of bone. This activity followed by proteolysis completes
bone resorption and is recognised in histological staining by a ruffled border of the
active osteoclast (Teitelbaum, 2000, Hadjidakis and Androulakis, 2006). The resorbed
surface is then prepared for new bone formation via reversal, the second step of
remodelling. Reversal is important for the coupling of resorption and formation phases,
in fact osteoclasts release signals which stimulate the migration of osteoprogenitors
from the bone surface and MSCs from the bone marrow to the BMU (Hadjidakis and
Androulakis, 2006, Delaisse, 2014). The third and final step in remodelling is
formation, where new osteogenic matrix is deposited. Formation requires clusters of
osteoblasts to produce matrix, these originate as mesenchymal stem cell derived
osteoblast precursors which increase in size and become cuboidal ALP expressing cells.
Osteoblastogenesis is highly regulated by transcription factors such as RUNX2 and
OSX, growth factors such as PDGF and TGF and hormones including progesterone and
prolactin (Crockett et al., 2011). Initially osteoblasts produce matrix which is deposited
along the resorbed surface and matured before being mineralised. The collagenous
template is composed primarily of type | collagen, whereas mineralisation is composed
of phosphate and calcium. Hydroxyapatite crystals are formed by osteoblasts, they
secrete membrane bound vesicles containing phosphates into the immature matrix and
derive calcium from extracellular fluid (Crockett et al., 2011). An imbalance in the
coupling of the resorption and formation steps of the remodelling cycle leads to

impaired skeletal strength, particularly in old age when MSC mediated
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osteoblastogenesis is commonly impaired. This highlights the importance of a supply of
healthy MSCs and it has been suggested that decreased availability of pre-osteoblasts

contributes to impaired remodelling (Demontiero et al., 2012).

In addition, bone resorption and formation activities occur independently and at
separate sites to facilitate the adaptation of the skeleton to environmental conditions.
This can be observed during skeletal maturation as the bones of the appendicular
skeleton grow in length and diameter and throughout adulthood when bone density
increases and shape adapts to better support the loading experienced during
physiological activities. Originally bone modelling was conceptualised following the
observation of abnormal bone shape and a deficit in bone quality seen in infants with
foot paralysis due to spina bifida. The bone modelling phenomenon was studied in rat
models by paralysing a single limb while the contralateral limb experienced normal
loading, here the bone formation due to loading could be observed independent of
postnatal growth (Frost, 1990, Rélis et al., 1976). The bone forming response to loading
was first quantified in the humeri of tennis players where the cortical thickness of the
serving arm was found to be significantly higher, 28.4% in women and 34.9% in men,
than the opposite arm (Jones et al., 1977). In the decades since, with the development of
experimental models which can apply a defined load in vivo, the response of MSCs to
mediate the bone forming response have become appreciated. Furthermore, MSCs in
osteoporotic models become less responsive to mechanical loading (Frost, 1992, Li et
al., 2013). Although the strain ranges that drive modelling and remodelling are different
the process of bone formation remains the same and requires a ready source of MSCs

and regulated osteoblastic differentiation.
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2.3 Mesenchymal stem cells and their role in bone formation

The maintenance of healthy bone requires a continued supply of mesenchymal stem
cells (MSCs) of adequate quantity and with sufficient osteogenic capacity. In vitro and
in vivo examination of the bone forming surface has identified marrow tissue as the
principal source of osteoblast precursors with some contribution from the periosteum
and bone lining cells (Kristensen et al., 2014, Matic et al., 2016, Moore et al., 2018Db).
Mesenchymal stem cells (MSCs) are multipotent self-renewing cells residing primarily
in the bone marrow of the mature skeleton. Originally MSCs were described from
marrow, periosteum and muscle connective tissue with the potential to form adipocytes,
chondrocytes and osteocytes in vitro given lineage specific culture conditions and
growth factors (Caplan, 1991). Furthermore, early investigations demonstrated the
ability to form adipose and bone in vivo (Caplan, 1991, Pittenger et al., 1999). Other
potentialities including myoblasts and neurons have only been proposed in non-native
culture conditions (Robey, 2017). Recently questions have been raised about the
definition of the MSC, with some suggesting it has been confused with a pericyte or
lineage specific precursor (Sacchetti et al., 2016, Guimardes-Camboa et al., 2017,
Worthley et al., 2015, Zhou et al., 2014). Recent analyses of the transcriptome of
multipotent progenitors from different tissues concludes that there is not one universal
multipotent MSC but tissue specific stem cells which are primed to differentiate into the
cellular components of their tissue origin (Sacchetti et al., 2016). With the advancement
of cell tracing technologies, seminal studies have attempted to identify the specific
markers of a skeletal stem cells (Chan et al., 2018, Chan et al., 2015). In mouse, a
CD45Ter119Tie2 AlphaV Thy 6C3'CD105CD200" skeletal stem cells has been
identified that can self-renew and form cartilage, bone and stromal tissue. Interestingly,
proliferation is induced at sites of fracture and lineage commitment influence by
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surrounding progenitors and growth factors such as BMP2 indicating a healing
mechanism (Chan et al., 2015). Moreover, a human skeletal stem cell has been recently
defined as PDPN*CD146'CD73"CD164" in adult bone, can self-renew and can form
cartilage, bone and stromal tissue (Chan et al., 2018). However, the term MSC remain
widely used in orthopaedic research as defined by the position paper of the International
Society for Cellular Therapy (Dominici et al., 2006). These guidelines are likely to
isolate a mixed population of skeletal stem cells and lineage specific progenitors but
understanding the molecular mechanisms by which this population commits to the
osteogenic lineage over chondrogenesis or adipogenesis can help identify targets for
therapeutic intervention in bone loss. Although significant advances have been made in
defining the progenitors of skeletal tissues the term ‘MSC’ will be used in this thesis to
describe the multipotent progenitor of adipose, cartilage and bone which can self-renew

in vitro and fulfils the criteria set out by the ISCT.

48



Mesenchymal stem cells
CD73 A 4 CD105

< B
s CD146
Stro-1 ¥CD271

1
i 3/ ALP
Runx2
Msx2 Q A% ) .
DLx5
Gy, ~Foosteobiag: i o e Preadipocytes Myoblasts
Lef1/Tcf SOX5,6,9 C/EBPS
NFAT Slug C/EBPS MRFs
l TRSP1 PPARy MEFR2
oc GDF5 C/EBPa
;%
Osteoblasts
v
l ? W

’ W
Q¢ N

- Hypertrophic > Myocytes
on o chondrocytes Adipocytes

Figure 2.3: The differentiation capacity of MSCs characterised according to ISCT guidelines on surface
marker expression. Each lineage is marked by black arrows with the blue arrows and text indicating the
transcription factors regulating the differentiation towards each lineage (Giuliani et al., 2013)

For bone formation skeletal progenitors must migrate, proliferate and differentiate as
required by the modelling activity cycle. Knowledge of the mechanisms by which
MSCs migrate during uncoupled bone formation is lacking although the study of
fracture healing and bone formation during development demonstrate possible routes of
regulation. While proinflammatory cytokines including TNFo and CXCL7 have an
important role in fracture repair, growth factors such as BMP and PDGF are important
in endochondral and intramembranous ossification (Su et al., 2018). In addition,
numerous growth factors such as TGFp released from bone during the remodelling
cycle, along with PDGF, IGF and BMP expressed in the marrow environment, trigger

MSC migration to sites of remodelling (Fiedler et al., 2002, Tang et al., 2009).
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The bone modelling process requires adequate MSC proliferation to supply sufficient
numbers of osteoid producing osteoblasts. Although the mechanism regulating
proliferation during loading induced bone formation remains elusive, applying
physiologically relevant mechanical stimuli to MSCs in vivo induces an upregulation in
MSC proliferation (Delaine-Smith and Reilly, 2012). Several of the pathways involved
in MSC migration and indeed lineage commitment have also been linked to
proliferation including Wnt and BMP families. In particular BMP3 promotes the
proliferation of MSCs through a pathway involving TGFf and activin, while the ligand
LPS drives proliferation by binding to TLR4 on the MSC membrane and directing Wnt
signalling through Wnt3a and Wnt5a (Stewart et al., 2010, He et al., 2016). The
cytokine IL-17 mediates proliferation of MSCs through the production of reactive
oxygen species and the MEK-ERK pathway, this activity also influences MSC

migration and osteoblastic differentiation (Huang et al., 2009).

The osteoblastic differentiation of MSCs has been studied extensively in vitro but in
vivo investigations are only beginning to emerge as technological advancements enable
cell labelling and lineage tracking. The differentiation of MSCs requires lineage
specific growth factors and an appropriate cell density and distribution (Gregory et al.,
2005). Studying the process of osteoblastogenesis, 3 distinct stages have been identified
covering the initial 96 hours of differentiation; stage 1 occurs within the first 3 hours of
differentiation, stage 2 within hours 6-24 and stage 3 at hours 48-96. In each stage a
different set of genes are modified, initially transcriptional regulation marks the main
activity, in the second stage apoptosis, cell adhesion and matrix protein production are
altered and in the third stage the cell cycle and DNA replication are altered (van de
Peppel et al., 2017). Microarray gene expression profiling at these specific early time

points determined an ordered series of changes beginning immediately upon the
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introduction of growth factors. Analysis of osteogenic matrix production in vitro
determines a 3 stage process for mineralisation of MSCs over 28 days. Initially
proliferation dominates the activity of MSCs during the first 2 days, days 5 to 14 see the
production of early osteogenic proteins including alkaline phosphatase and collagen
type 1, followed finally by the production of mature osteogenic matrix proteins such as

calcium, phosphate, osteocalcin and osteopontin (Birmingham et al., 2012).

Osteogenic differentiation is a highly regulated process controlled by several well
studied signalling pathways some of which interact. The most studied pathways include
TGFB/BMP, which supports early stages of differentiation and regulates the late stage
activities, WNT/B-catenin, which activates bone formation and suppresses resorption
and PTH, which acts in a regulatory role for anabolic activity in low doses but supports
catabolism over long term activation (Zuo et al., 2012). One of the first responses seen
when MSCs are exposed to physiological loads is an upregulation of COX2, which is
required for the production of prostaglandins , the activity of COX2 specifically is
important for strain induced lamellar bone formation in rats (Hoey et al., 2012d,
Forwood, 1996). Furthermore, fluid shear induced osteogenic matrix production in
murine MSCs is preceded by an upregulation in Cox2, Opn and Runx2 (Stavenschi et
al., 2017). The most important transcription factor for osteogenic differentiation is
RUNX2, mediating the expression of genes necessary for extracellular matrix
production including type 1 collagen, osteopontin, bone sialoprotein (BSP) and
osteocalcin by binding to DNA at an osteoblast specific promoter. The induction of
RUNX2 expression is regulated in part by SMADs produced by the BMP pathway and
kinases produced by the MAP, ERK and PI3K pathways (WITKOWSKA-ZIMNY et
al., 2010). Downstream of RUNX2, Osterix expression becomes activated, although the

molecular mechanisms by which it acts are not fully understood knockout studies have
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determined the essential nature of its role (Huang and Olsen, 2015). Furthermore it is
specific to osteoprogenitors in the marrow and cells expressing osterix exhibit the
characteristics found on Nestin® cells, a novel marker identified through in vivo cell
tracking to define the skeletal progenitors portion of multipotent marrow cells
(Mizoguchi et al., 2014). Although more in vivo analyses are required, bioluminescent
imaging has recently shown that osteogenic progenitors maintain their MSC
characteristics for 1 week at a segmental bone defect, where the production of type 1
collagen determines they are undergoing osteogenic differentiation (Corn et al., 2013).
Overall, MSC osteogenic lineage commitment is precisely regulated at the gene level
but further investigation is required to delineate the activation of specific mechanisms.
Knowledge of the molecular mechanisms of osteoblastic differentiation is an essential
tool in designing new therapies to improve bone health, especially in disease states such

as 0steoporosis.

2.4 Osteoporosis and the current therapeutic approach

Osteoporosis is a disease characterised by a systemic loss in bone density and quality
leading to low impact fractures. Osteoporotic fractures commonly occur as a result of a
fall from standing height because the bone structure can no longer support physiological
loads. While the loss in bone density is progressive, osteoporosis often remains
undetected until the first fragility fracture is sustained. None the less bone mineral
density can be measured using dual energy x-ray absorptiometry, whereby a T-score is
generated which compares the quantity of bone to that of the average healthy adult
population (Kanis et al., 1994). The World Health Organisation defines osteoporosis as

a T score 2.5 standard deviations below that of the average healthy population, however
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a second category between 1 and 2.5 standard deviations below normal is diagnosed as
osteopenic (Brown et al., 2002). Osteopenia is a less severe reduction in bone density
than osteoporosis. The diagnosis of osteoporosis fits into three major categories primary
type 1 or postmenopausal, primary type 2 or senile and secondary osteoporosis. Primary
type 1 occurs because of an increase in the rate of remodelling following a change in
estrogen levels whereas primary type 2 occurs because of low rates of bone turnover
and reduced osteoblastic activity, leading to a gradual decrease in bone density with
age; both are more common in women (Hammett-Stabler, 2004). Secondary
osteoporosis occurs due to complications from another condition, most commonly
endocrine, nutritional, haematological and autoimmune illnesses such as diabetes
mellitus, celiac disease, multiple myeloma and rheumatoid arthritis result in bone loss

(Mirza and Canalis, 2015).

Women are affected by osteoporosis more often than men due to the loss in calcium
during pregnancy and lactation and the changes in estrogen levels at the menopause. In
fact worldwide, post-menopausal women have approximately a 12% risk of
osteoporotic fracture, greater than their risk of breast cancer. In Western Europe the
fracture risk is approximately 40%, a similar risk level to coronary heart disease (Kanis
et al., 2000, Kanis, 2007). Furthermore, approximately 1 in 8 men over the age of 55
experience osteoporosis (Schuit et al., 2004). The most common sites of fracture are the
spine, hip, distal forearm and proximal humerus and fracture incidence leads to chronic
pain and often a loss in the ability to live independently. Moreover, between 20 and
40% of patients sustaining a hip fracture die within 12 months (Ballane et al., 2014). In
addition to debilitating human costs, managing the financial burden of osteoporosis is a
growing challenge. It requires orthopaedic post fracture treatment, often including

surgery, additional daily care requirements as a result of a fracture, and pharmaceutical
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intervention to prevent the progression of bone loss. In the European Union in 2010
these costs amounted to 37 billion euro but these costs are expected to rise with our
aging population (Hernlund et al., 2013). In fact by 2050 the cost of osteoporosis is

expected to rise approximately 2-fold to 76.7 billion euro (Kanis and Johnell, 2005).

There are several FDA approved drugs for the treatment of osteoporosis which have
shown reductions in fracture incidence. However, in a number of patients these have
been associated with considerable side effects which are resulting in real concerns on
behalf of the clinician and patient when prescribing, leading to a crisis in the treatment
of osteoporosis (Khosla and Shane, 2016). The latest guidelines for clinicians suggest
that the current pharmacologic treatment options be employed only when hip or
vertebral fractures have been sustained and the T-score is <-2.5 or in the case of females
over 50 when the T-score is <-1 at the femoral neck or other fracture prone locations
(Cosman et al., 2014). The most commonly prescribed treatments are bisphosphonates
which bind to hydroxyapatite and inhibit resorption (Drake et al., 2008). There are four
major types of bisphosphonates which successfully reduce vertebral fracture incidence
in postmenopausal osteoporotic patients by between 41-70% following 3 years of use.
Reduction of fracture incidence at the hip, spine and other non-vertebral sites is less
effective, 25-50%. However, the incidence of side effects make it challenging to decide
when to prescribe and to ensure patient compliance. More common side effects include
gastrointestinal upset but renal function can also be compromised and usage over 5
years or more comes with a risk of osteonecrosis of the jaw and atypical femur fractures
(Cosman et al., 2014). A second class of osteoporosis treatment is calcitonin, a hormone
which destabilises the ruffled border in osteoclasts and prevent it attaching to the bone
surface for resorption. Vertebral fracture incidence reduction of 30% is achieved with

calcitonin treatment but it also leads to a slightly increased risk of malignant cancers
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(Mehta et al., 2003). Other classes of anti-resorptive therapies are selective estrogen
receptor modulators and hormone therapy which have similar efficacy to calcitonin at
30-34%. They function in preventing bone resorption by binding to estrogen receptors
to regulate the action of osteoclasts. SERMs are associated with an increased risk of
deep vein thrombosis among other side effects such as hot flushes and leg cramps; HT
is associated with stroke and DVT and with myocardial infarction in patients post
menopause for several years (Gennari et al., 2010, Cosman et al., 2014). For this reason
they must be prescribed cautiously, close to the age of menopause and at the lowest,
shortest dosage effective. The antibody Denosumab, a RANKL inhibitor, is
administered with greater fracture reduction efficacy, 68% at vertebral sites, but it often
leads to rapid bone loss at the cessation of treatment requiring a second therapy to
prevent further bone loss. Furthermore, its side effects include hypocalcemia, serious
skin infection and atypical fractures (Zaheer et al., 2015). More recently, advances have
been made in the design of therapies to target and enhance the bone forming response
which have great efficacy on fracture incidence. Teriparatide is a replacement for
parathyroid hormone which is given at a low dose to activate osteoblast formation and
inhibit osteoblast apoptosis. With promising rates of fracture incidence reduction, 65%
at vertebral sites and 53% at non-vertebral sites treated for 18 months, it provides a
favourable alternative. However, the end of treatment is associated with rapid bone loss,
necessitating a second line of treatment and approved duration of treatment is limited
by osteosarcoma incidence in longer term treatments of rat models (Bodenner et al.,
2007). In addition, an antibody targeting sclerostin has been developed to promote
osteoblast function; sclerostin is produced by osteocytes and prevents the activity of
Wnt/Beatenin. A phase 3 clinical trial of romosozumab, administering romosozumab for

12 months followed by denosumab for a further 12 months, showed promising effects,
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reducing non-vertebral fracture risk and increased bone mineral density. However, a
phase 3 trial of a second antibody targeting sclerostin, blosozumab, has not gone ahead
due to more frequent serious injection site reactions. Interestingly, the drop in the bone
formation effects of romosozumab over time is hypothesised to be partially due to a
lack of osteoprogenitors (McClung, 2017). Overall, there is a range of therapies on the
market for osteoporosis but they come with substantial risks and limited improvements
in bone health. Treatments are usually started when the first fracture occurs which is
when OP is often diagnosed however this limits their effectiveness as currently bone
density can be maintained but there is little progress in increasing bone density.
Furthermore, the fact that treatment currently takes the smallest portion of costs
associated with osteoporosis indicates that novel therapies are needed to improve bone
health in a safer way and reduce the burden of osteoporosis on orthopaedic care

(Hernlund et al., 2013).

2.5 Bone formation in osteoporosis

In osteoporosis, the loss in bone density is caused by a number of factors including
changes in the material components of bone and their structural organisation.
Osteoporotic bone is associated with changes in both collagen and mineral, while
collagen crosslinking is decreased in fracture prone sites, mineralisation increases
making the tissue more brittle. With age, microdamage accumulates, especially in
women, which drives an increase in the remodelling rate. Consequentially, bone
porosity increases, from approximately 12% at 60 years of age to about 50% in the most
elderly cases studied. The additional pores increase the surface area which osteoclasts
are exposed to and where remodelling can take place (Osterhoff et al. 2016, Injury). As

the bone remodelling rate increases in the osteoporotic disease state, bones become
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prone to fracture because the osteoid formation rate becomes insufficient to replace the
resorbed bone. Bone tissue level changes are mediated by cellular behaviour, within the
bone remodelling cycle with osteoclasts, osteoblasts and their progenitors contributing
to this (McNamara, 2010). In osteoporosis, osteoclast activity is promoted, their
maturation is altered and apoptosis is diminished. This is mediated in part by increased
RANKL signalling, mRNA levels of RANK are increased in osteoclasts of human
osteoporotic bone (Tsangari et al., 2004). RANKL, the ligand expressed by osteoblasts
and required for osteoclast activity, is positively influenced by cytokines and
parathyroid hormone (Duque and Troen, 2008) and estrogen deficiency leads to
increased cytokine secretion (McNamara, 2010). Similarly, PTH increases in the low
calcium, low vitamin D environment supporting osteoblasts role in osteoclast
differentiation (Duque and Troen, 2008). Moreover, low estrogen environments support
hematopoietic progenitors and prolong resorption, unbalancing the bone remodelling
cycle, one of many detrimental effects of estrogen deficiency on bone (McNamara,

2010).

While delineation of the molecular mechanisms driving bone resorption has informed
the development of the current therapies for osteoporosis, a more complete
understanding of bone formation could facilitate better anabolic therapeutic design.
Both senile and post-menopausal osteoporosis show altered expression of genes
responsible for osteoblast development (Duque and Troen, 2008, McNamara, 2010).
Recent data suggests that TGFB1 and osteoprotegerin are increased and TGFB2 is
decreased in post-menopausal osteoporosis although the role of TGFp family members
is complex and requires further investigation (Wu et al., 2013, Faraji et al., 2016).
Similarly mutations in lamin A/C have been posited to play a role in decreased

osteoblastic activity and increased RANKL signalling in osteoporosis (Rauner et al.,
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2009). Furthermore, osteoblast proliferation is inhibited in osteoporosis as a result of
impaired IGF-1 signalling, the expression of which is also negatively affected in
oestrogen deficient patients (Perrini et al., 2008). However, a more striking change is
found in the marrow of osteoporotic patients which provides the progenitors for the
osteoblast population. With age the properties of bone marrow change and the fat
content increases, where in osteoporosis the number of adipocytes in the marrow is
greater compared to controls of a similar age (Duque and Troen, 2008, Pino et al.,
2012b). The presence of adipocytes inhibits osteoblastogenesis whereby it is believed
the common progenitor of the lipid and bone lineages becomes imbalanced towards
adipogenic activity. One of the main mediators of adipogenic differentiation in MSCs,
leptin, becomes dysregulated in osteoporosis, furthermore in osteoporosis MSCs
become less responsive to leptin (Astudillo et al., 2008, Hess et al., 2005, Zheng et al.,
2015). Although the osteogenic differentiation of osteoporotic MSCs is less understood,
it is appreciated that the reaction to osteogenic stimuli is suppressed in osteoporosis
(Rodriguez et al., 2004). Additional changes in osteoporotic MSCs are seen upon
observation of migration, an impaired chemotactic response has been linked to integrin
formation, BMP signalling and Wnt activity (Haasters et al., 2014, Donoso et al., 2015).
The lack of adaptation of the bone forming response to the demands of increased
resorption could be addressed by the progenitors of osteoblasts and this encourages
further investigation into the molecular mechanisms driving osteogenic differentiation

in the setting of osteoporosis.
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2.6 Loading-induced bone formation

The adaptation of bone tissue to its mechanical environment is widely appreciated and
understanding how the cellular components of bone sense and respond to mechanical
stimuli informs therapeutic design and tissue engineering in orthopaedic medicine. The
forces which bone cells experience vary spatially; the osteocytes are embedded deep
within cortical bone tissue while preosteoblasts can be resident on the bone surface or

within the viscous marrow in the bone lumen.

Figure 2.4 The bone and bone marrow interface describing the cells populating mature bone, osteocytes and
osteoblasts, and the marrow, HSC (hematopoietic stem cell) which gives rise to osteoclasts and the MSC
(mesenchymal stem cell) which gives rise to osteoblasts, adipocytes and chondrocytes (Castillo and Jacobs,
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The osteocyte cell body is housed within lacunae and cell processes extend out from the
cell body into mineralised bone through surrounding canaliculi. When bone experiences
strain during physiological loading osteocytes feel this stimulus, this can act directly on
the cell membrane by initiating signalling at the transmembrane connections between
cells and their surroundings such as the gap junction connexion 43 (Cherian et al., 2003,
Cherian et al., 2005). Furthermore, the strain induces pressure in the canaliculi, cyclic
hydraulic pressure effects microtubule organisation and induces oscillations in
intracellular calcium (Liu et al., 2010a). More frequently studied is fluid flow induced
shear stress which becomes amplified by the matrix surrounding the cell process and
can open ion channels to mediate calcium signalling (Klein-Nulend et al., 2012, Wang
et al., 2007, Lee et al., 2015c). The magnitude of the shear experienced depends on the
load experienced and the frequency of loading, furthermore a dynamic load will induce

a greater response than similar static loads (Weinbaum et al., 1994).

In contrast to osteocytes, osteoblasts sit on the surface of bone tissue and are exposed to
the strain incident on the mineralised matrix they are attached to. During intense
physical exercise the bone is exposed to up to 3000 pstrains and applying this
magnitude of strain at 1Hz for 1 minutes induces a biochemical osteogenic response in
osteoblasts, including prostaglandin mediated collagen synthesis (Binderman et al.,
1988, Jones et al., 1991). In addition, osteoblasts at the endosteum lie adjacent to bone
marrow which is displaced during physical exercise generating a shear stress on the
membrane of the osteoblast. Fluid shear stress induces a range of robust biochemical
signals in osteoblasts including prostaglandin synthesis and intracellular calcium fluxes.
Similar to osteocytes, the response depends on shear stress magnitude and frequency

but at levels which modelling predicts to occur physiologically, 2Pa, 1Hz, shear stress
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causes a greater osteogenic response than strain in osteoblasts (Jacobs et al., 1998,

Reich and Frangos, 1993, You et al., 2000).

Consideration of the mechanical environment is an important balancing act in
osteoporosis where exposure to exercise presents a risk of fall and fracture to fragile,
brittle bones but physical activity is important in maintaining optimal bone density. In
addition, higher strains will be experienced by bone as tissue density decreases yet
physiological loads remain similar. This increased mechanical stimulus is hypothesised
to induce an altered response in osteocytes altering the mineral content of the osteoid
deposited (McNamara, 2010). Moreover, estrogen deficiency can impair osteoblast
mechanosensitivity and trigger the apoptosis of osteocytes which contribute to the
increased mineral content (Sterck et al., 1998, Tomkinson et al., 1997). Considering
these effects it is important to understand the mechanoresponse of bone cells in

designing therapies to improve bone quality.

2.7 Mechanosensing by mesenchymal stem cells

Considering the bone marrow as the source of MSCs, the mechanical environment of
MSCs consists of the marrow cavity and the bone forming surface. Marrow is contained
within the medullary cavity and exists under a pressure even in static conditions; this
intramedullary pressure is influenced by blood pressure and skeletal location but is
estimated to be approximately 4kPa and muscular contractions enhance this (Kumar et
al., 1979, Gurkan and Akkus, 2008). Furthermore, during physical activity the bone is
strained and pressure generated in the marrow cavity displace the viscous fluid in an

oscillating fashion and this fluid flow is more pronounced in the smaller volume found

61



between trabeculae. While the location of the marrow makes it is difficult to measure
the pressure experienced in vivo, measurements of intact sheep tibiae and human
femora ex vivo estimate it is less than 50kPa (Bryant, 1983, Downey et al., 1988). The
application of cyclic hydrostatic pressure to human MSCs results in an upregulation
COX2 as well as increased deposition of osteogenic matrices, both collagen and
calcium (Liu et al., 2009). Although pressures between 10 and 300kPa influenced
matrix deposition, early gene expression changes were more robust at higher
magnitudes of pressure, 100 and 300kPa (Stavenschi et al., 2018b). The application of
much higher magnitudes of hydrostatic pressure, 1 and 10MPa at 1Hz, influence the
differentiation of MSCs towards the chondrogenic lineage increasing the mRNA
expression of aggrecan and SOX9 as well as the production of proteoglycans (Wagner
et al., 2008, Miyanishi et al., 2006). Thus, pulsatile pressure applications have a robust
influence on MSC differentiation with pressure magnitude determining lineage

commitment.

As the marrow is displaced during exercise the movement of the viscous fluid generates
a shear stress on the MSCs within. The rate of fluid shear is highly dependent on
marrow Vviscosity, which is inherently difficult to measure given the change in
temperature and pressure once the marrow containing bone lumen is exposed (Gurkan
and Akkus, 2008). However computational modelling, informed by pCT scans of
porcine proximal femur, have aided in the understanding of the magnitude and
influences on the shear stress experienced by MSCs. Shear stress increases with the
strain rate and in trabecular bone where the marrow volume is more constrained
(Metzger et al., 2015b). Although most studies to date have applied shear stress in the
range of 0.1-2Pa in 2D systems and less than 0.03Pa in 3D constructs, modelling

predicts that a viscous marrow can generate shear stress exceeding 5Pa (Coughlin and
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Niebur, 2012, Delaine-Smith and Reilly, 2012). The application of shear stress in vitro
is usually carried out using a parallel plate flow chamber via the exposure of cultured
cells to a defined and controlled rate of fluid flow. Moreover, oscillating flow is
considered to better model physiological activity compared to steady or pulsatile
patterns given the dynamic nature of the gait cycle (Jacobs et al., 1998). Shear stress has
a pro-osteogenic, anti-adipogenic effect on MSCs, upregulating early gene expression
in a magnitude and frequency dependent manner and increasing the deposition of
extracellular matrix optimally at 2Pa, 2Hz while reducing adipocyte formation
(Stavenschi et al., 2017, Rubin et al., 2007). In addition, application of 1Pa shear stress

at 1Hz induces MSC proliferation (Li et al., 2004).

Although there have been multiple attempts to model the mechanical environment of
MSCs in vitro in 2D and 3D systems, the characteristics of the stimulus applied can be
difficult to compare between studies and to in vivo models. Consideration of the role of
biochemical components and the substrate the cells attach to is important in comparing
studies. Overall, MSCs can sense and respond to their mechanical environment and the
loading stimulus they experience is important in regulating their fate especially in terms

of lineage commitment.

2.8 Mechanotransduction in mesenchymal stem cells

Once biophysical stimuli are detected, MSCs must transduce the signal into a
biochemically driven behavioural response which will aid in cell functionality, this
process is termed mechanotransduction. Mechanotransduction is primarily mediated by
membrane bound proteins and the cytoskeleton as the mechanical load will impact them

directly. These initial sites of reaction trigger a signalling cascade which will influence
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gene and protein expression and the contribution made by MSCs to their surrounding

tissues.

The cytoskeleton is composed of microtubules, actin filaments and intermediate
filaments which each have distinct roles in supporting cell structure. Microtubules
extend from the centrosomes and spatially organise organelles in the cytoplasm. Actin
is arranged in long coiled chains and forms networks which support cell structure for
motility and division, when these join into bundles and become crosslinked by other
proteins such as actinin they are known as stress fibres (Pellegrin and Mellor, 2007).
Intermediate filaments are generally tougher than actin filaments and increase the
strength of the cytoskeleton. The extracellular matrix and cytoskeleton interact to
maintain the structural properties of the cell; the ECM exerts compression on
microtubules while tensile stress applied to filaments maintains stability. The
deformation of the cytoskeleton observed upon cell loading supports the hypothesised
roles of cytoskeletal components (Alenghat and Ingber, 2002). The cytoskeleton
influences MSC differentiation where osteogenesis is promoted on a stiff substrate
which causes the formation of stress fibres and greater F-actin expression. Adipogenic
differentiation is induced when the actin components are biochemically disassembled
and when grown on small, round micropatterns. The RhoA/ROCK pathway is activated
by actin fibre formation and decreases in RhoA activity support chondrogenic and
adipogenic activity in MSCs (Mathieu and Loboa, 2012). Changes in actin and
microtubules can modulate nuclear activity through the LINC complex a family of
proteins residing on the nuclear membrane and lamins within the nucleus to influence
DNA replication and transcription (Steward and Kelly, 2015). While it is intermediate
filaments that transduce the cyclic hydraulic pressure predicted to occur in bone

marrow, disassembly of IF bundles is induced and they recoil to the perinuclear region
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leading to the upregulation of osteogenic genes (Stavenschi and Hoey, 2018). The
cytoskeleton plays an important role in communicating with the environment
surrounding MSCs serving as a two-way signal transducer between nuclear activity and

the extracellular matrix.

The first point of contact between the cell and the extracellular matrix are focal
adhesions embedded in the cell membrane, because of this interaction they play
important roles in mechanotransduction. An integrin is a glycoprotein composed of an
alpha and beta subunit which is expressed on the cell membrane and binds to
extracellular matrix proteins. Focal adhesions consist of a central dimer of an alpha and
beta integrin component where the combination of subunits determines binding
specificity; this core combines with intracellular proteins to communicate the signals
detected in extracellular regions with various signalling pathways in the cytoplasm.
Integrins transduce a number of mechanical stimuli in MSCs including dynamic
compression, hydrostatic pressure and matrix stiffness. Focal adhesions facilitate cell
spreading and their formation predicts MSC lineage commitment whereby more focal
adhesions allow osteogenesis but minimal adhesions and a rounded phenotype promote
adipogenesis and chondrogenesis (Mathieu and Loboa, 2012). A stiffer matrix results in
increased ap integrin at the substrate interface and ayf; is primarily responsible for
collagen binding. The binding of ay integrin to collagen is important in mediating

ascorbic acid induced osteogenic gene expression and mineralised matrix production
through the ROCK and FAK pathways (Shih et al., 2011). Moreover, the application of

cyclic hydrostatic pressure or dynamic compression to MSCs leads to an upregulation
in chondrogenic genes and this requires integrin binding to the pericellular matrix as

indicated by blocking the integrin interaction with an RGDS peptide (Steward et al.,
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2014). Overall, disturbing integrin activity hinders the cells ability to interact with the

surrounding matrix.

The cell membrane is the site of ion channels which regulate the transfer K*, Na™ and
Ca®* between the cytosol and the extracellular environment. Transmembrane channels
are directly impacted by physiological mechanical loading especially fluid flow induced
shear stress which can induce a tenfold increase in intracellular calcium in MSCs (Liu
et al., 2010b). In fact, intermittent application of 0.004-1.2Pa shear stress induces an
influx of calcium. Stretch activated channels can be activated via diverse physiological
loads on the MSC membrane including pressure and cyclic tensile strain (McMahon et
al., 2008, Xiao et al., 2015). While 1g/cm? pressure induced calcium signals activated
osteogenesis similar to that seen with fluid shear, 10% cyclic stretch upregulated the
synthesis of GAG. However, changes in the osmotic pressure and substrate mediated
membrane tension are all capable of opening mechanosensitive channels in other tissues
and may play a role in MSCs. A recent study poses the role of stretch activated calcium
channels in activating calcium sensitive potassium channels (Martinac, 2004,
Chubinskiy-Nadezhdin et al., 2017). Furthermore, the mechanosensitive potassium
channel TREK1 plays a role in MSC mediated osteogenesis increasing the collagen
production in co-cultured epiphyseal cells (Henstock et al., 2018). Moreover, calcium
signalling has been linked to important roles in several pathways which mediate the
proliferation and differentiation of MSCs. The mobilisation of calcium is involved in
mediating the changes in vimentin seen in chondrogenic differentiation of MSCs in
response to hydrostatic pressure via the second messenger’s calmodulin and calcineurin
(Steward et al., 2014). Fluid shear induced influx of calcium in MSCs is associated with
phosphorylation of ERK, which leads to the transcription of RUNX2 and upregulation

of early osteogenic markers osteopontin and osteocalcin (Li et al., 2004, Riddle et al.,
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2006, Liu et al., 2010b). Fluid shear mediated calcium signalling also mediate the
phosphorylation of kinases on the osterix pathway supporting osteogenesis (Liu et al.,
2015). To further delineate the mechanisms by which mechanotransduction occur the
expression of mechanosensitive calcium channels on MSCs will be necessary, then the

specific role of these channels and their role in directing MSC fate can be investigated.

2.8.1 TRPV4 mediated mechanotransduction

The study of the mechanotransduction mechanisms in chondrocytes and osteocytes
among other mechanosensitive cells outlines several mechanosensitive calcium
channels with essential roles mediating the cell’s response to loading. One such
channel, TRPV4, is a calcium permeable, non-selective cation channel from the
transient receptor potential vanilloid group. While TRPV4 can be activated by osmotic
pressure, heat, pH it is also mechanosensitive and multiple specific biochemical
agonists have been developed which enable further investigation into the precise

stimulus required to activate it (White et al., 2016).
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Figure 2.5: a-c Representation of the transmission electron microscopy informed structured of TRPV4
with each of the four subunits represented in a different colour. d Representation of the mechanism of
action of ion channels stimulated by mechanical stimulus, illustrated by the red arrows (Huse, 2017,
Deng et al., 2018)

Recently TRPV4 has come to light for its prominent role in chondrocyte
mechanotransduction where it mediates a calcium signalling response to loading and
aids in gene expression and PGE; production (Phan et al., 2009, O'Conor et al., 2014).
In addition, TRPV4 plays an essential role in the osteocyte response to fluid shear,
whereby the calcium influx mediates a decrease in sclerostin production (Lyons et al.,
2017). Furthermore, attenuation of the TRPV4 mediated calcium signal in osteocytes
exposed to fluid shear reduces the Cox2 upregulation that the same mechanical stimulus
induces in controls (Moore et al.,, 2018a, Lee et al., 2015c). Strikingly, TRPV4 is
localised to the primary cilium in several cell types including osteocytes, chondrocytes
and kidney epithelial (Lee et al., 2015c, Phan et al., 2009, Koéttgen et al., 2008).
Mechanosensitive calcium channels including TRPV4 play an important role in signal
transduction particularly via the primary cilium which may provide a novel target to

manipulate cell fate.
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2.8.2 Primary cilium mediated mechanotransduction

Another key player in mechanotransduction, which has only become appreciated
recently, is the primary cilium, an antenna like extension of the cell membrane. The
primary cilium is non-motile and occurs as a single cilium on most mammalian cell
types during growth arrest or non-dividing stages of the cell cycle. The rod-like shape is
formed from a ring of nine microtubule doublets which begin at the basal body, formed
from the mother centriole, extending away from the cytoplasm (Satir et al., 2010). The
plasma membrane extends around these microtubules forming a microcompartment that
is spatially distinct from the cytosol. Extension into the extracellular environment and
the large surface to volume ratio of the ciliary membrane equip the cilium for
encountering external stimuli and initiating signalling cascades. Although long regarded
as a vestigial organelle the primary cilium is now appreciated as a mechanosensor and
chemosensor playing an essential role in adaptation to environmental changes in
developmental signalling but also in a range of mature tissues including kidney, liver,
cartilage and bone (Satir et al., 2010, Hoey et al., 2012a). Quantifications from our lab
and others have recorded cilium incidence at approximately 86-95% on human bone
marrow derived MSCs, with ciliogenesis only occurring during cell cycle arrest (Hoey
et al., 2012d, McMurray et al., 2013). In vitro studies suggest the average length of the
cilium axoneme is approximately 3um; however this can vary, from 1.7-6um, with
MSC donor, antibody staining and imaging technique (McMurray et al., 2013, Labour
et al., 2016c, Dalbay et al., 2015). Although the available recording of primary cilium
incidence in marrow tissue is low at 1% of cells, there is a need to study ciliogenesis in
vivo given the consequence of cilium dysfunction on the skeletal system (Coughlin et
al., 2015). More precise measures of cilium incidence require the comparison of cilium

incidence at different skeletal locations, the current approximations account only for
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ovine vertebrae models and more accurate methods have been developed to measure the

length of cilia in different focus planes (Dummer et al., 2016).

Defects in cilium formation and function can result in a number of different syndromes
collectively known as ciliopathies; the features depend on which ciliary protein is
genetically mutated. Ciliopathies are typically associated with retinal degenerations,
renal cystic disease and cerebral anomalies. A role for the primary cilia in
musculoskeletal development is apparent from the occurrence of skeletal dysplasia in
ciliopathies including Jeune asphyxiating thoracic dystrophy, Meckel-Gruber syndrome
and Nephronophthisis (Waters and Beales, 2011, Huber and Cormier-Daire, 2012).
Furthermore, mouse models deleting ciliary localised proteins in osteoblasts result in
osteopenia and in chondrocytes result in abnormal differentiation and premature growth
plate closure (Song et al., 2007, Yuan et al., 2015). Deletion of the cilium in MSCs in
vitro impairs the differentiation capacity towards the adipo, chondro and osteogenic
lineages through a reduction in transcription factor expression (Tummala et al., 2010).
The critical role of the cilium in differentiation promotes research into the mechanisms
by which it influences cell response as a potential mode of intervention in disease

states.

Both the structure and location of the primary cilium facilitate mechanotransduction in
many cell types including MSCs. Proteins are transported along the cilium axoneme via
the intraflagellar transport system and multiple IFT proteins contribute to this function.
Silencing genes such as 1ft80 and Ift88 in murine MSCs has highlighted roles for the
primary cilium in maturation along the chondrogenic and osteogenic lineages (Yuan et
al., 2015). Receptors specific to the Hedgehog and Wnt pathway are expressed at the
cilium and pathway activity is regulated by controlling the access of ligands to these
receptors within the cilium. For example, the receptor Patched is expressed at the base
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of the cilium, it inhibits the movement of smoothened onto the ciliary membrane,
however when Hedgehog ligand binds to Patched then Smoothened is free to move.
Smoothened is translocated to the tip of the primary cilium where Gli is activated and
Gli induces the transcription of hedgehog targets in the nucleus. The primary cilium is
essential for spatially removing Gli from Smoothened to regulate Hedgehog activity
(Rohatgi et al., 2007). Hedgehog target genes including Gli negatively influence
adipogenesis and hedgehog activity promotes activity of the BMP pathway mediating
osteogenic differentiation (Chen et al., 2016b). The compartment existing within the
ciliary membrane also enables the regulation of Wnt activity, whereby B-catenin is
sequestered in the cilium axoneme until Wnt binds to the receptor Frizzled on the
cilium and triggers B-catenin nuclear translocation, which influences transcription of

osteogenic markers (Bodine and Komm, 2006).

THE CILIUM DISSECTED

Cilia consist of a ring of

. microtubule scaffolding called
the axoneme, covered by cell
membrane

Molecules are transported via
intraflagellar transport (IFT)
using motor proteins that travel
up or down the microtubules

The axoneme is anchored in
the cell by 2 basal body

Hh transcription silenced

Figure 2.6 Schematic of the primary cilium structure, illustration of the regulation of hedgehog signalling
using the ciliary axoneme, (Singla and Reiter, 2006, Adams, 2010)
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The protrusion of the cilium axoneme into the extracellular space exposes it to the
surrounding environment including interstitial fluid, adjacent cell membranes and
matrices. The primary cilium is required to regulate Wnt signalling and in MSCs this is
responsive to topographical changes in the local environment. During physiological
loading the primary cilium plays a significant role in mediating the osteogenic response
in skeletal progenitors. Knockdown of Ift88 in human MSCs resulted in a loss in the
upregulation of early osteogenic markers that are induced by oscillatory fluid flow
inducing 1Pa shear stress. Furthermore, deletion of Kif3a, an essential component of the
cilium, in the marrow cells of mice led to an impaired rate of bone formation in
response to loading. In kidneys the cilium bends under the influence of extracellular
fluid flow and this opens calcium channels (Praetorius and Spring, 2001, Praetorius and
Spring, 2003). In osteocytes, a calcium signalling centre is formed at the primary cilium
and it is responsive to physiologically predicted fluid shear rates (Lee et al., 2015c).
These findings suggest that calcium signalling and potentially cilium localised calcium

channels could form an important mechanotransduction partnership in MSCs.

The importance of the primary cilium in initiating and regulating signalling pathways
highlights it as a therapeutic target. Moreover, the localisation of specific pathways to
the cilium indicates a robust response could be achieved by influencing activity at the
cilium. Recently, osteocytes have been treated with Fenoldopam and lithium chloride to
elongate the cilium axoneme with the aim of promoting its mechanosensory capacity
(Spasic and Jacobs, 2017). Furthermore, the progression of Hedgehog activity
associated with osteoarthritis progression in chondrocytes is attenuated by disruption of
ciliary traffic using lithium chloride (Thompson et al., 2016). There are promising

results in manipulating cell activity in both osteocytes and chondrocytes which suggest
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that therapeutically targeting the primary cilium activity could have promising results

for cell fate manipulation.

2.9 Summary

The adaptation of the skeleton to its mechanical environment is essential in maintaining
strength and fracture resilience throughout our lifetime. Bone is a hierarchical structure,
the signals from osteocytes deep within mineral tissue and skeletal progenitors in the
marrow and periosteum are involved in sensing and responding to the mechanical
stimuli experienced. The multipotent skeletal progenitor, named MSC, supplies the
osteoblast population that produce osteoid matrix for the formation of bone. There must
be sufficient number of MSCs and the MSCs must be responsive to surrounding signals

and capable of osteogenic lineage commitment to maintain skeletal health.

The consequences of an inadequate bone formation rate can be seen in osteoporosis,
where bone density is decreased and patients become prone to fracture. Current
therapies are inefficient and present serious side effects. New therapeutic development
aims to increase bone density by increasing new bone formation. There are fewer MSCs
in the marrow of osteoporotic patients and they have an increased tendency to towards
adipogenesis however the osteogenic capacity of osteoporotic MSCs is not well
understood. An understanding of how physical loading induces an osteogenic response
could identify novel therapeutic targets for osteoporosis. Although it is understood that
mechanical stimuli trigger a proliferative and osteogenic response in MSCs, the
mechanisms by which MSCs sense mechanical signals and change their biochemical
behaviour is unclear. Literature on the mechanisms that other skeletal cell types use in

mechanotransduction informs hypotheses for MSC mechanotransduction. In particular
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the role of calcium signalling and mechanosensitive calcium channels in fluid shear
responses in osteoblasts poses the question of their role in the osteoblast progenitor.
Moreover, the function of the primary cilium in mechanotransduction and recent
advances in manipulating it to influence cell fate inform this work investigating the role

that such mechanisms could have in MSCs.
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Chapter 3:

TRPV4-mediates oscillatory fluid
shear mechanotransduction In
mesenchymal stem cells in part via
the primary cilium

3.1 Introduction

Skeletal homeostasis and repair requires the continued replenishment of the bone
forming osteoblast from a mesenchymal stem cell (MSC) population (Knight and
Hankenson, 2013). This process of MSC differentiation has been shown to be
mechanically regulated, with physical loading promoting MSC osteogenesis and bone
formation (Chen et al., 2015, Stavenschi et al., 2017). However, the molecular
mechanisms by which mechanical stimuli can induce a change in biochemical cellular
signaling, termed mechanotransduction, is poorly understood. With aging and the onset
of osteoporosis, the number and osteogenic potential of MSCs is diminished (Veronesi
et al, 2011, Pino et al, 2012a), leading to a decoupling of the bone
formation/resorption cycle and net bone loss (Sambrook and Cooper, 2006). Given the
potent role of physical activity in regulating stem cell differentiation and bone
formation, deciphering the mechanisms of mechanotransduction may provide novel
targets to promote bone formation by mimicking the beneficial effects of loading at a

molecular level (Komm et al., 2015).
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During loading-induced deformation of bone, MSCs within the marrow are predicted
to experience a complex array of mechanical stimuli that includes oscillatory fluid flow
induced shear stress (Metzger et al., 2015a), which has been shown in vitro to drive
MSC proliferation and differentiation (Li et al., 2004, Stavenschi et al., 2017, Riddle et
al., 2006). Several studies have explored the role of fluid shear (FS) in driving
osteogenic responses in MSCs, with varying magnitudes and durations of mechanical
stimuli making direct comparisons challenging. Human MSCs (hMSCs) exposed to FS
display an upregulation in bone morphogenetic protein 2 (BMP2) and osteopontin
(OPN)(Yourek et al., 2010) after 24hrs stimulation or runt related transcription factor
(RUNX2), alkaline phosphatase (ALPL), and OPN (Sonam et al., 2016) after 48hrs
stimulation. A recent systematic study on the effect of oscillatory fluid shear (OFS)
variables such as shear magnitude and frequency has demonstrated an increase in
Cyclo-oxygenase 2 (Cox2), Opn and Runx2 expression at early time points, that over
21 days results in enhanced collagen and matrix mineralization (Stavenschi et al.,
2017), which is an agreement with a number of studies demonstrating fluid shear
induced MSC osteogenesis (Shamseer et al., 2012, Bancroft et al., 2002, Scaglione et
al., 2008). Cytosolic Ca2+ is a primary second messenger in the control and regulation
of a wide range of stem cell functions and is released from intracellular stores in
response to fluid shear, with cytosolic calcium levels peaking within seconds of the
application of flow (Riddle et al., 2006). The role of this initial calcium signaling in
triggering downstream osteogenic transcriptional activity is widely appreciated, as
demonstrated in osteoblasts where removal of the calcium flux within the cytosol
prevents the fluid shear mediated upregulation in Opn (You et al., 2001). Furthermore,
a loss of this calcium signal impairs the capacity of osteoprogenitors to proliferate and

form mineralized tissue (Wen et al., 2012). Despite the well characterized effect of
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OFS on calcium signaling and differentiation, the mechanisms by which MSCs sense

this mechanical stimulus remains poorly understood.

The application of fluid shear to MSCs results in strain across the membrane that is
concentrated at specific regions, such as focal adhesions and at the primary cilium
(Vaughan et al., 2014). These sites of maximum strain have been shown to be important
for stem cell fluid shear mechanotransduction (Shamseer et al., 2012, Riehl et al.,
2015). Focal adhesions are large macromolecular assemblies that are the initial site of
interaction between the cell and the extracellular matrix (ECM), via integrin
attachments. Integrins facilitate increased cytoskeletal interaction and provide binding
sites for a multitude of effectors, activating key mechanosignaling pathways
(McMurray et al., 2015, Ross et al., 2013). The primary cilium is a solitary cellular
organelle that extends from the cell membrane(Satir et al., 2010, Hoey et al., 2012b).
Previous work in kidney epithelial cells and osteocytes suggests it is positioned apically
and so exposed to fluid shear in the extracellular fluid between cells(Lee et al., 2015c).
The cilium is composed of microtubules along which specialised motor proteins known
as intraflagellar transport proteins function to transport cargo along the axoneme.
Absence of a functional cilium including the IFT component IFT88 disrupts skeletal
development (Irianto et al., 2014, Haycraft et al., 2007). Spatially removed from the
cytoplasm, the ciliary microdomain is highly enriched in signaling molecules, receptors
and ion channels (Hoey et al., 2012a, Hoey et al., 2012b, Labour et al., 2016a), and as
such plays critical roles in stem cell function including mechanotransduction (Shamseer
et al., 2012). Interestingly, both focal adhesions and the primary cilium have been
linked to mechanically-induced calcium signaling. Mechanical stretch of integrins
and/or bending of the cilium leads to a rapid increase in local and cytosolic calcium

levels (Lee et al., 2015c, Matthews et al., 2010). Fluid shear induced strain has the
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capacity to open stretch-activated calcium channels, motivating the identification of
these specific channels which mediate calcium signals during MSC

mechanotransduction.

The Transient Receptor Potential (TRP) family is a group of calcium permeable
membrane spanning ion channels. Defined in 7 subgroups, they display diverse
stimulatory mechanisms including mechanical activation(Nilius and Owsianik, 2011).
Substantial evidence exists for the role of TRP subfamily V member 4 (TRPV4) in
mechanosensation. TRPV4 is required for loading induced responses in committed cells
such as chondrocytes (O'Conor et al., 2014), osteocytes (Lee et al., 2015c), epithelial
(Pochynyuk et al., 2013) and endothelial cells (Thodeti et al., 2009). Furthermore,
TRPV4 has been previously found to have a preferential spatial cellular organization to
areas of high strain, such as at focal adhesions (Matthews et al., 2010) and along the
primary cilium (Lee et al., 2015c, Phan et al., 2009). Mutations in TRPV4 have been
linked to human skeletal pathologies (Kang et al., 2012) and TRPV4 KO mice do not
lose bone in a hind limb suspension model (Mizoguchi et al., 2008), strongly indicating
that TRPV4 plays a role in skeletal mechanobiology. Furthermore, MSCs isolated from
TRPV4 KO mice demonstrate an inhibited osteogenic potential (O'Conor et al., 2013).
Although the role of TRPV4 in mechanotransduction in mature cells of the
musculoskeletal system is well demonstrated, in MSCs its subcellular spatial

organization and potential role in mechanotransduction are poorly characterized.

As a precursor to loading-induced bone formation, deciphering the molecular
mechanisms of MSC osteogenesis is a critical step in developing novel anabolic
therapies to promote bone regeneration. Therefore, in this study we characterize the
expression of TRPV4 in MSCs and demonstrate that TRPV4 localizes to areas of high
strain, specifically the primary cilium, and show that this mechanosensitive channel is
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required for stem cell mechanotransduction, mediating fluid shear induced calcium
signaling and osteogenic gene expression. Furthermore, we demonstrate that TRPV4
can be activated pharmacologically eliciting an osteogenic response that mirrors both
the flux in calcium signal and upregulation in early osteogenic genes activated by fluid
shear, indicating mechanotherapy potential. Lastly, we show that TRPV4 localization to
the primary cilium is functionally significant, with MSCs with defective primary cilia
exhibiting an inhibited osteogenic response to TRPV4 activation. Collectively, this data
demonstrates a novel mechanism of stem cell mechanotransduction, which can be
targeted therapeutically, and further highlights the critical role of the primary cilium in

stem cell biology.

3.2 Methods

3.2.1 Mesenchymal Stem Cell Culture
The murine mesenchymal stem cell line C3H10T1/2 was obtained from ATCC (LGC

Standards, Teddington, Middlesex, UK, http://www.lgcstandards-atcc.org). MSCs were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with low glucose
(Sigma-Aldrich Ireland Ltd. Arklow, Ireland,
http://www.sigmaaldrich.com/ireland.html) supplemented with 10% fetal bovine serum
(FBS) (South American origin, Labtech International, Ltd. Heathfield, East Sussex,
UK) and 1% Penicillin Streptomycin (P/S) (Sigma). All experiments were carried out
using C3H10T1/2s at passage 12-17. This cell line has previously been shown to
undergo both biochemical and biophysically induced osteogenic lineage commitment
(Stavenschi et al., 2017). For extracellular matrix formation MSCs were supplemented

with 10nM Dexamethasone (Sigma), 10mM B-glycerophosphate (Sigma) and 0.05mM
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Ascorbic acid (Sigma) to provide the components necessary for osteogenic matrix

formation.

3.2.2 Gene expression

TRI reagent (Sigma) was used to extract RNA per the manufacturer’s protocol. The
concentration of RNA in each sample was measured using a Nanodrop
spectrophotometer and sample purity was checked via 260/280 and 260/230 absorbance
ratios. 100-800ng of RNA was reverse transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA,
https://www.thermofisher.com). Quantitative polymerase chain reactions (QPCR) were
prepared for all samples using SYBR Select Master Mix with ROX passive dye
(Applied Biosystems, 4472903) and custom designed primers (Sigma) for 18s, Cox2
and Opn. TRPV4 gPCR reactions were prepared using TagMan Universal PCR Mix
(Applied Biosystems, 4304437) with ROX passive dye and a pre-designed Tagman
Gene Expression Assay (Applied Biosystems, 4331182) as outlined in supplementary
table 1 for amplification using the ABI 7500 real time PCR machine (Applied
Biosystems). The relative quantity of each sample was calculated with reference to 18s

and expressed as fold change normalized to the control group.

3.2.3 Parallel Plate Flow Chambers

Parallel plate flow chambers were designed in house as described previously
(Stavenschi et al., 2017). Briefly, MSCs were seeded on fibronectin (10ug/ml) coated
glass slides, assembled between two plates and attached to a programmable syringe
pump (New Era Pump Systems Inc. Farmingdale, NY, USA,

http://www.syringepump.com). Oscillating fluid shear (OFS) was applied through a
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10ml syringe (Becton Dickinson and Company, Franklin Lakes, NJ, USA,
www.bd.com) at 52.5ml/min and at a frequency of 1Hz subjecting cells to a shear stress
of 1Pa. The no flow controls were similarly assembled within the chambers but were

not subjected to fluid shear.

3.2.4 Calcium Imaging

Changes in calcium signaling were observed using the cell permeant calcium indicator
Oregon Green 488 BAPTA-1AM (OGB) (Invitrogen, Carlsbad, CA, USA,
https://www.thermofisher.com). OGB stock was prepared in DMSO at 2mM, all further
dilutions were in phenol red free DMEM, 0.5% FBS. MSCs were seeded on fibronectin
(Sigma) coated glass slides (No. 2- CN Technical, Wisbech, UK,
http://www.cntech.co.uk) at a density of 3400/cm?. After 48 hours in culture cells were
incubated in 10uM OGB at room temperature for 45 minutes before rinsing twice in
phosphate buffered saline (PBS) (Sigma). Slides were assembled in a parallel plate flow
chamber (RC30- Warner Instruments, Hamden, CT, USA,
https://www.warneronline.com) in phenol red free DMEM (Sigma), 0.5% FBS, and
incubated for a further 15 minutes. Initially medium was perfused through the chamber
at 0.028ml/min (0.01Pa shear stress) (New Era) for 2 minutes, followed in the case of
OFS treatment by 2.8ml/min (1Pa) oscillating across the chamber at 1Hz for 5 minutes.
The indicator was imaged using an Olympus 1X83 epifluorescent microscope
(Olympus, Hamburg, Germany https://www.olympus-europa.com/) at 40x (N.A. 0.60
Air). Exposure time was kept below 600ms and was kept constant between control and
treatment groups, allowing image acquisition every 1.29s. Following each experiment,
10puM ionomycin (Alomone Labs, Jerusalem, Israel, http://www.alomone.com) was

applied to the cells as a positive control for sensitivity of the indicator to calcium.
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Response was calculated as fold change fluorescence over baseline levels where
baseline was taken as the 30 seconds prior to treatment (t=0). Cells were only
considered responsive if displaying a fold change over baseline greater than 1.2 in
response to treatment as well as a greater than 1.2-fold change in calcium signal upon
application of ionomycin. The peak is defined as the apex of the first fluctuation above
1.2 fold change fluorescence in responding cells. In figure 3.1B and 3.3B the fold
change magnitude is taken from the highest fluctuation above baseline observed for

comparison to the treatments plotted.

3.2.5 Immunocytochemistry

MSCs were seeded on fibronectin coated glass coverslips for 24 hours before serum
starvation in DMEM low glucose, 0.5% FBS, 1% P/S for 48 hours. After fixation in
neutral buffered formalin for 10 minutes (Sigma), coverslips were permeabilized in
0.1% Triton X-100 and non-specific binding sites were blocked using 1% w/v BSA
(Sigma) in PBS for 2 hours at room temperature. The primary antibodies targeting the
primary cilium (acetylated o tubulin, ab24610, Abcam, Cambridge, UK,
http://www.abcam.com) or vinculin (ab18058, Abcam) were applied overnight at 4°C,
diluted 1:1500 and 1:1000 respectively. Next, primary antibodies targeting TRPV4
(TRPV4, ab74738, Abcam) or centrioles (pericentrin, ab448, abcam) were applied for 1
hour at room temperature at a dilution of 1:1000 and followed by an Alexa Fluor 594
conjugated secondary antibody (A21203, Life Technologies, Carlsbad, CA, USA,
https://www.thermofisher.com) for acetylated alpha tubulin and vinculin and an Alexa
Fluor 488 conjugated secondary antibody (A11008, Life Technologies) for TRPV4 and
pericentrin, both secondary antibodies were diluted at 1:500. Finally, DAPI (Sigma)

was applied for 5 minutes in PBS prior to sample mounting on glass slides using
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Prolong gold mounting medium (Invitrogen). Imaging was performed on an Olympus
IX83 epifluorescent microscope with a 100W halogen lamp at 100x (N.A. 1.40
Oil)(Figure 2C) or the Leica SP7 (Leica Microsystems, Wetzlar, Germany,
http://www.leica-microsystems.com) scanning confocal microscope at 63x (N.A. 1.40
Oil) (Figure 2D and E). For imaging the primary cilium, the confocal was set to a
pinhole of 67um and 701.33mAU. The focal adhesions were acquired using settings of
95.6um pinhole size and 1.00AU. Controls in the absence of primary antibody were
used to test for non-specific binding and background staining of the secondary
antibodies. The line profile tool in LAS X software (Leica) was used to measure the

intensity of each channel along manually defined regions of interest.

3.2.6 Biochemical targeting of TRPV4
The TRPV4 channel was inhibited via application of GSK205 antagonist (Merck

Millipore, Billerica, MA, USA, http://www.merckmillipore.com) at 10uM diluted in
cell culture medium. Cells were treated with GSK205 supplemented medium for 1 hour
prior to application of mechanical stimulation and controls were incubated for the same
time frame for calcium signaling and gene expression. TRPV4 was activated via the
specific agonist GSK1016790A (Sigma). Cells were not pre-treated with GSK101,
supplemented medium was only applied for the duration in place of the 1Pa mechanical
stimulus. Vehicle controls consisted of <0.1% DMSO for each set up. For long term
cell culture GSK205, GSK101 or DMSO were applied at the same concentrations and
maintained throughout the culture period via supplementation to the medium which was

changed every 3 days.
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3.2.7 Extracellular matrix stain and extraction

To investigate extracellular matrix formation, cells were fixed in formalin following 21
days in culture. Collagen deposition was stained using 1% Picrosirius Red (Sigma)
under gentle agitation at room temperature, after 1 hour all wells were rinsed twice in
0.5% acetic acid and distilled H,O. Calcium staining was performed using Alizarin Red
S at 1% for 20 minutes at room temperature and rinsed in distilled H,O until the
background was clear of stain. Images were acquired using 2x (NA 0.06) and 10x (NA
0.25) objectives. Collagen deposition was quantified by scraping picrosirius stain from
each well in PBS and centrifuging at 14000g for 10 minutes. The pellet collected was
dissolved in 0.5M NaOH and absorbance measured at 550nm. Calcium stain was
extracted via incubation in 10% acetic acid for 30 minutes under gentle agitation
followed by heating at 85°C for 10 minutes. Cell debris was collected by centrifugation
at 20,000g for 15 minutes and the pH adjusted to pH4.1-4.5 before measuring

absorbance at 405nm.

3.2.8 Inhibition of primary cilia formation

Intraflagellar transport protein 88 (IFT88) is a protein required for functional
ciliogenesis and was targeted with siRNA. Lipofectamine RNAIMAX (Invitrogen) was
diluted 1/135 in  OptiMEM (Gibco, Foster  City, CA, USA,
https://www.thermofisher.com) reduced serum transfection medium. This was mixed
1:1 with predesigned Stealth RNAI siRNA targeting IFT88 (MSS211714, Invitrogen) at
a dilution of 16.7uM in OptiMEM and incubated at room temperature for 15 minutes
before application. The off-target control was Stealth RNAi siRNA Negative Control,
Medium GC (12935300, Invitrogen). After 24 hours, additional medium was added to

each transfection. 48 hours following transfection the transfected cells were seeded for
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experimentation in DMEM (0.5% FBS, 1% P/S). Cells were cultured for an additional
24 hours before exposure to GSK101. Validation of the efficiency of SiRNA
knockdown was analyzed at the mRNA level using qPCR and at the protein level using

immunocytochemistry (ICC) as described above.

3.2.9 Data Analysis

The relative expression of each gene with reference to 18s was calculated and the
results expressed as fold change gene expression relative to the control group along
with the standard error of the mean. For all gene expression and stain extraction an
unpaired two-tailed t-test (0=0.05) was used to analyze control to treatment conditions
or in the case of more than one condition a one-way ANOVA and under multiple
conditions a two-way ANOVA were used with a Bonferroni post-test («=0.05). For
fluorescence intensity measurements, the data sets did not follow a normal distribution
and were tested via a Mann Whitney test except in the case of more than one treatment
condition where a Kruskal Wallis was used with Dunn’s post-test. The frequency of
MSC:s eliciting a calcium response to different stimuli was tested via a Fisher’s exact
test for comparison of two treatments or a Chi-square group for multiple treatments.
Stringent parameters identifying a responsive cell in terms of calcium signaling, were
defined based on the effect of the ionophore, ionomycin, on the activity of the indicator
and the change in fluorescence seen in similar studies of osteoblasts, osteocytes and

kidney collecting duct cells.
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3.3 Results

3.3.1 Mesenchymal stem cells respond to oscillatory fluid shear with a

rapid increase in cytosolic calcium and osteogenic gene expression

To characterize the response of MSCs to fluid flow induced shear stress, OFS was
applied at 1Pa, 1Hz, mimicking physiological mechanics predicted to occur within the
bone marrow (Shamseer et al., 2012). To determine the initial response to a mechanical
stimulus, calcium levels within the cell were determined in real-time using a fluorescent
indicator. MSCs were initially exposed to a laminar fluid flow-induced shear stress of
0.01Pa for 2 mins to equilibrate the system. No change in intracellular calcium levels
was detected during this period when compared to No Flow controls demonstrating that
this low level of mechanical stimulus is insufficient to induce a mechanoresponse.
MSCs were then exposed to OFS at 1Pa and fold change fluorescence levels were
quantified relative to no OFS. The application of 1Pa OFS elicits a 1.53-fold increase in
cytosolic calcium demonstrating that this increased mechanical stimulus is transduced
by MSCs eliciting a second messenger signaling response (Fig. 3.1A, B). Taking a cell
that demonstrates a calcium peak greater than 1.2-fold in response to OFS as
mechanoresponsive, 1Pa OFS induces a response in a significantly greater number of
MSCs compared to static controls (Fig. 3.1C, p<0.01). Furthermore, the response to
OFS was immediate (17.64 +4.84 seconds) (Fig. 3.1D). To characterize a downstream
response to mechanical stimuli, gene expression analysis was performed on cells
exposed to 1Pa OFS for 2 hours. In response to OFS, the expression of the osteogenic
markers Cox2 and Opn was significantly upregulated (5.52-fold, n>8, p<0.05 and 4.35-
fold, n>14, p<0.01 respectively) compared to No Flow controls (Fig. 3.1E, F). Previous
studies have shown that increases in Cox2 and Opn are early markers of full osteogenic

commitment in MSCs (Stavenschi et al., 2017). This data therefore demonstrates that
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OFS predicted to occur within the marrow elicits a positive mechanoresponse in MSCs

in terms of second messenger calcium signaling and downstream osteogenic gene

express ion.
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Figure 3.1: (A) Representative calcium profiles of individual MSCs during No Flow (green) and
oscillatory fluid shear (OFS) generating 1Pa, 1Hz shear stress (blue). Stimulus begins at t=0s. Baseline
values calculated from 20 seconds prior to the application of OFS. The dashed black line at 1.2 fold
change marks the value above which cells are considered to be responsive. (B) Fold increase in calcium
at first peak during No Flow and OFS, Median + Interquartile range, No Flow, n=17; OFS, n=21, Mann-
Whitney test, ***p<0.001. (C) Frequency of cells eliciting a response or showing no response in static
(green) and OFS (blue) conditions, N=3, n=36, Fisher’s exact test, **p<0.01. (D) Time from onset of
flow (t=0s) to first peak, Median * Interquartile range, NF n=17, OFS n=21. (E) (F) Expression of early
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osteogenic markers in MSCs following application of 1Pa, 1Hz OFS for 2 hours, Mean +SEM (E) Cox2
N=4, n=8-13, (F) Opn N=4, n=14-20, student’s t-test, *p<0.05, ** p<0.01

3.3.2 TRPV4 is expressed by mesenchymal stem cells and is found at

mechanosensitive sites across the membrane

Given the role of the mechanosensitive calcium channel TRPV4 in cellular
mechanotransduction in lineage committed cells, TRPV4 expression in MSCs was
determined at the mRNA level using gRT-PCR and at the protein level using
immunocytochemistry. Initially, to investigate the expression of TRPV4 and to
determine whether TRPV4 is mechanically regulated, MSCs were exposed to 1Pa OFS
for 2hrs. TRPV4 was successfully amplified and there was a non-significant trend of
increased expression following mechanical stimulation compared to static controls
(p=0.8254) (Fig. 3.2A). To further verify these findings at the protein level,
immunofluorescence microscopy analysis was performed with antibodies against
TRPV4 and F-actin (phalloidin; to detect cell area) following 1Pa OFS for 2hrs and
fluorescence intensity per area was quantified. TRPV4 staining was present across the
whole cell area and TRPV4 protein intensity is significantly increased 1.53-fold (n>18,
p<0.01) in response to OFS demonstrating thEt the expression of this channel is
mechanoregulated (Fig. 3.2B, C, D). We next examined whether TRPV4 preferentially
localizes to sites within the cell which are known to experience high strain under fluid
shear and have been previously been shown to play a role in mechanotransduction
(Whitfield, 2008, Tzima et al., 2001). Therefore, immunofluorescence confocal
microscopy was performed in MSCs treated with antibodies against TRPV4, vinculin to
identify focal adhesions (FAs) and acetylated-a-tubulin to identify the primary cilium.
Vinculin staining clearly identified focal adhesions located along the periphery of the
cell as demonstrated in Fig. 3.2E. TRPV4 staining was punctate throughout the cell area

with faint co-localization identified at focal adhesions. This faint co-localization was

88



verified by fluorescent intensity readings along identified FAs (Fig. 3.2E, G).
Acetylated-a-tubulin staining identified primary cilia as rod-like structures on the apical
surface of MSCs located above or adjacent to the nucleus. Unlike at FAs, there was a
striking co-localization of TRPV4 along the ciliary axoneme (Fig. 3.2F), particularly at
the base which is predicted to experience the greatest membrane strain under fluid shear
(Downs et al., 2014a). This was further verified by fluorescent intensity (Fig. 3.2H).
This data therefore demonstrates that MSCs express TRPV4 and that this expression is
mechanically regulated. Furthermore, TRPV4 is specifically localized to areas within

the cell that experiences high strain under fluid shear, particularly at the primary cilium.
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Figure 3.2: (A) Expression of Trpv4 in cells exposed to 1Pa 1Hz OFS for 2 hours, Mean +SEM N=3, n=
9-10, student’s t-test, p>0.05. (B) Quantification of cell wide Trpv4 stain intensity under OFS, Median +
Interquartile range n=18-21, Mann Whitney test, **p<0.01. (C, D) Immunofluorescent staining of MSCs
showing TRPV4 expression and the cytoskeleton (F-actin) (scale bar=10um) following 2 hours at (C)
static conditions and (D) 1Pa, 1Hz oscillartory fluid flow. (E, F) Immunofluorescent staining of MSCs
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showing TRPV4 expression and (E) focal adhesions using vinculin (scale bar=10um, inset 1pm) and (F)
primary cilia using acetylated alpha tubulin (scale bar =10pm, inset 1um). (G) (H) Fluorescence intensity
at region marked by arrow, along dashed white line in inset of (G) focal adhesion and (H) primary cilium.

3.3.3 TRPV4 is required for oscillatory fluid shear mediated calcium
signaling in MSCs
Employing the TRPV4 specific antagonist, GSK205, the role of TRPV4 in oscillatory

fluid shear-induced calcium signaling was examined. MSCs were treated with GSK205
or DMSO vehicle control and exposed to 1Pa OFS and intracellular calcium levels were
analyzed in real-time. Analysis of the calcium signal in MSCs treated with DMSO
vehicle control demonstrated a similar response to that shown in Fig. 3.1A, with OFS
inducing rapid calcium increases (17.54 seconds) averaging 1.40-fold in 40% of cells
(Figure 3.3), demonstrating that DMSO treatment alone does affect mechanically-
induced calcium signaling in MSCs. Interestingly, in the absence of TRPV4
functionality, a dramatic loss in calcium signal is observed. No cell met the criteria for
mechanoresponsive cells, i.e. greater than 1.2-fold change fluorescence. These cells
were responsive to ionomycin, a ionophore applied to the cells to empty stores of
calcium and test the functionality of the calcium sensor in each cell. However, the
average maximum calcium peak was significantly lower than the control group at 1.08
+0.02-fold change in the GSK205 group. Therefore, specific antagonization of TRPV4

elicited a complete loss in oscillatory fluid shear induced calcium signaling in MSCs.
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Figure 3.3: (A) Representative calcium profile of individual MSCs responding to OFS generating 1Pa,
1Hz. OFS begins at t=0s. Cells treated with vehicle alone, DMSO, represented in the solid green; those
treated for 1 hour pre mechanical stimulation with 10uM GSK205 are in the purple dashed line. Baseline
values calculated from the 20 seconds prior to the application of OFS. The dashed black line at 1.2-fold
change marks the value above which cells are considered to be responsive. (B) Median + Interquartile
range fold increase in calcium at first peak following application of treatment. Vehicle: N=4, n=9;
GSK205: N=4, n=22, Mann Whitney test, ***p<0.001. (C) Frequency of cells responding to the
stimulus. Median =+ Interquartile: Vehicle: N=4, n=22; GSK205: N=4, n=11, Fisher’s exact test, ¥*p<0.05.
(D) Time to first peak for individual cells following application of stimulus at time 0s. Bars mark Median
+ Interquartile, Vehicle: N=4, n=9; GSK205: N=4, n=22 ND= None determined, no responsive cells
observed.

91



3.3.4 TRPV4 is required for oscillatory fluid shear mediated increases

In osteogenic gene expression

Considering the requirement for TRPV4 in oscillatory shear stress mediated calcium
signaling, the role of TRPV4 activity in fluid shear induced gene expression was next
investigated. As above, MSCs were treated with GSK205 prior to application of 1Pa
fluid shear oscillating at 1 Hz for 2hrs. Cox2 and Opn in the No Flow control group
were unaffected by the antagonist treatment (Fig. 3.4A, C) demonstrating that TRPV4
activity does not influence basal osteogenic gene expression. Control MSCs treated
with DMSO elicited a significant increase in both Cox2 (5.5-fold, n>15, p<0.001) and
Opn (4.35-fold, n>14, p<0.01) when compared to No Flow (Fig. 3.4B, D), as previously
demonstrated in Fig.1. However, the osteogenic response of MSCs treated with
GSK205 following OFS was inhibited, with a reduced increase in Cox2 (4.4-fold, n>14,
p<0.05) and a complete loss of the increase in Opn (1.33-fold, n>12) gene expression
(Fig. 3.4B, D). Thus, the mechanosensitive calcium channel TRPV4 is required for

oscillatory fluid shear induced increases in early markers of osteogenesis.
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Figure 3.4: Basal gene expression in MSCs treated with vehicle control or 10uM GSK205 for 3 hours.
(B) (D) Gene expression following 2 hours of 1Pa 1Hz OFS in each group. (A)(B) Cox2 and (C)(D) Opn,
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Bonferroni post test; NS p>0.05, *p<0.05, **p<0.01, ***p<0.001 in comparison to the no flow control
within the same treatment group, & p<0.05 significantly different effect of flow stimulus on the vehicle
and antagonist treatment groups.

3.3.5 Biochemical activation of TRPV4 induces a calcium response that

mimics that produced by oscillatory fluid shear

Considering the demonstrated role of TRPV4 in MSC mechanotransduction, an
approach to target this calcium channel to mimic the effect of OFS was examined using
the TRPV4 specific agonist GSK101. Real time analysis of calcium signaling was
performed in MSCs treated with increasing concentrations of GSK101 in the place of
OFS as in previous experiments. The application of 1nM and 10nM GSK101 was

promptly marked by a rise in calcium within the cytosol in the absence of mechanical
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stimulation, at a similar frequency to those subjected to OFS (Fig. 3.5A, C). Notably,
the calcium signal in response to both 1nM and 10nM GSK101 is similar to that elicited
by OFS in terms of magnitude (1nM, 2.30-fold; 10nM, 1.86-fold, Fig.3.5B) and time
(10nM, 19.85 £2.19s, Fig. 5D), however the response to 1nM elicited a more variable
response greater than that seen in response to fluid shear (1nM, 29.52 +7.13s). Overall,
the biochemical activation of TRPV4 can induce a calcium signal comparable to that

elicited under oscillatory fluid shear.

3.3.6 TRPV4 activation induces an increase in osteogenic gene

expression that mirrors that seen with mechanical stimulation
To further the potential of therapeutically targeting TRPV4 to mimic the effect of OFS,

MSCs were treated with GSK101 for 2hrs and osteogenic genes Cox2 and Opn were
analyzed as before. Analysis of Cox2 and Opn was carried out using qPCR and fold
change was calculated against vehicle treated controls. 1nM GSK101 treatment resulted
in an upward trend, but non-significant increase in Cox2 (1.14-fold, n>6, p=0.7640) and
elicited no response in Opn gene expression (0.80-fold, n>7, p=0.5548) (Fig. 3.5E, F).
However, 10nM GSK101 treatment induced a significant 2.49-fold increase in Cox2
(n>8, p<0.01) and a 1.83-fold increase in Opn (n>7, p<0.05). Both osteogenic responses
with 10nM treatment compare favorably to that elicited in response to OFS (Fig. 3.1E,
F), demonstrating that GSK101 can be utilized to therapeutically mimic the anabolic

effect of mechanical loading.
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Figure 3.5: (A) Representative calcium profile of individual MSCs responding to OFS generating 1Pa,
1Hz shear stress. OFS begins at t=0s. Cells treated with equal amounts of the vehicle, DMSO and
exposed to OFS are in solid green, those treated with 1nM GSK101 are represented by dashed blue line
and 10nM GSK101 by the dark blue dotted line. All biochemical treatments are applied only from the
onset of fluid shear. Baseline values were calculated from the 20 seconds prior to the application of OFS.
The dashed black line at 1.2 fold change marks the value above which cells are considered to be
responsive. (B) Median and interquartile range of fold increase in calcium at first peak following
application of treatment. Control N=4, n= 9, 1nM GSK101 N=4, n=14, 10nM GSK101 N=4, n=19,
Kruskal-Wallis test with Dunn’s multiple comparisons post test, *p<0.05, NS p>0.05. (C) Frequency of
calcium response in MSCs exposed to stimulus, OFS N=4, n=9, I1nM GSK101 N=4, n=31, 10nM
GSK101 N=4, n=27, Chi-square test, NS p>0.05. (D) Time to first peak for individual cells following
application of stimulus at time 0s. Bars mark Median and interquartile range, Control N=4, n=9, 1nM
GSK101 N=4, n=14, 10nM GSK101 N=4, n=19. Kruskal Wallis test with Dunn’s post-test, NS p>0.05.
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(E) Cox2 and (F) Opn expression in MSCs treated with DMSO only, Vehicle, 1nM and 10nM GSK101
for 2 hours, Mean +SEM N=2-3, n=7-13, 1 way Anova with Bonferroni post-test, *p<0.05, ***p<0.001.

3.3.7 Biochemical modulation of TRPV4 activity influences bone

matrix deposition

Given the demonstrated role of TRPV4 in mediating early biophysical and biochemical
osteogenic responses in MSCs, we next investigated whether long term targeting of this
channel could directly influence full osteogenic lineage commitment of progenitor cells.
Therefore, MSCs were cultured with the TRPV4 antagonist GSK205 or agonist
GSK101 over a 21 day period and bone matrix deposition in terms of collagen and
calcium deposition was analysed. After 21 days of TRPV4 inhibition, GSK205
significantly inhibited the deposition of collagen and mineral by MSCs (0.28-fold
Picrosirius, n=6, p<0.001 and 0.89 fold Alizarin, n=6, p<0.05) (Fig.3.6C). Moreover,
significant cell death was evident in this group indicating a role for TRPV4 in cell
viability. Interestingly, similar to that seen at early timepoints, TRPV4 activation over
21days resulted in a significant increase in collagen and mineral deposition (1.29-fold
Picrosirius, n=6, p<0.05, 1.18-fold Alizarin, n=6, p<0.01) (Fig. 3.6D) further supporting
the early evidence for the positive influence of GSK101 on osteogenesis and confirms a

role for TRPV4 in the osteogenic differentiation of MSCs.
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Figure 3.6: Representative images of (A) picrosirius red and (B) alizarin red s staining of MSCs
following 21 days treatment with vehicle (DMSO), GSK101 and GSK205 at 2x (scale bar=500um, inset
at 10x, scale bar=100um). Quantification of (C) picrosirius (collagen) and (D) alizarin (calcium) stains
extracted from each group in (A) and (B) n=6, statistical analysis One-way ANOVA with Dunnett’s
multiple comparisons post test *p<0.05, **p<0.01, p<0.001.

3.3.8 Mesenchymal stem cells with defective intraflagellar transport

display an altered response to TRPV4 activation

Given the

localization of TRPV4 to the primary cilium, a known site of

mechanotransduction, the role of the cilium in TRPV4-mediated osteogenic responses

was further investigated. The formation of cilia was inhibited through the utilization of

SiIRNA targeting IFT88. IFT88 is a principal motor protein required for ciliogenesis.

The transfection resulted in significantly diminished 1ft88 mRNA expression and the
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frequency of primary cilia was significantly reduced as demonstrated by
immunocytochemistry (Fig. 3.7A-D). In the remaining cells, which still possessed a
cilium, the axoneme length was stunted which is suggestive of defective IFT transport
and cilia function. MSCs were transfected with SiRNA targeting IFT88 (cilium
knockdown) or scrambled siRNA and the calcium signal in response to 10nM GSK101
was measured. Global TRPV4-mediated calcium signaling was unchanged in MSCs
with defective cilia. Transfected MSCs were also treated with 10nM GSK101 for 2
hours and the expression of osteogenic genes Cox2 and Opn was examined. TRPV4
activation via GSK101 treatment in MSCs transfected with scrambled control elicited a
significant increase in Cox2 (16.5-fold, n>5, p<0.001) and Opn (12.7-fold, n>5,
p<0.001). However, in MSCs which do not possess a primary cilium, TRPV4 mediated
increases in Cox2 gene expression are significantly less than off target siRNA
transfected controls (Fig.3.7F), suggesting that TRPV4 localization to the cilium is
functionally important in terms of eliciting a Cox2 response. Interestingly, deletion of
IFT88 resulted in a slight but significant increase in the TRPV4-mediated Opn response
(Fig.3.7H). Together, this data indicates that TRPV4 localization to the primary cilium

is functionally important but the significance is potentially pathway dependent.
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Figure 3.7: (A) Validation of inhibition of 1ft88 gene expression, N=4, student’s t-test with Welch’s
correction, * p<0.05. (B) Frequency of primary cilium formation following transfection with siRNA,
N=4-6, n=286-293, Fisher’s exact test, ***p<0.001. (C) (D) Immunostaining of cells transfected with
either off target control (C) or Ift88 targeted SiRNA (D) stained with acetylated a-tubulin, (primary
cilium, red; arrows) and pericentrin (centrioles, green; arrow head). Nuclei are counterstained with DAPI
(blue). Scale bars represent 5um and 1um (insert). (E) (G) Basal gene expression in MSCs transfected
with siRNA targeting Ift88 or scrambled control, t-test, NS=Not significantly different. (F) (H) Gene
expression following 2 hours of treatment with 10nM GSK101 in each group. (E)(F) Cox2 and (G)(H)
Opn, represented as Mean £SEM, N=3, n=5-8, 2 way ANOVA with Bonferroni post-test, ***p<0.001
significant in comparison to the no flow control of each treatment group, && p<0.01, &&& p<0.001
significant effect of the treatment on the response to OFS.
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3.4 Discussion

A potent regulator of skeletal health is physical loading; with the application of an
external mechanical stimulus known to enhance MSC osteogenesis and bone formation
(Turner, 1998, Stavenschi et al., 2017). Therefore, understanding the mechanisms by
which physical loading can drive stem cell osteogenic differentiation is pivotal to the
development of novel anabolic therapies to promote bone formation in diseases such as
osteoporosis through the targeting of this progenitor population (Pisani et al., 2016). In
this study, we demonstrate that TRPV4 is a key component of MSC
mechanotransduction, regulating oscillatory fluid shear-induced calcium signaling and
osteogenic gene expression. Critically, we also demonstrate that TRPV4 can be targeted
pharmacologically, eliciting an anabolic response that mirrors that seen with
mechanical stimulation, demonstrating mechanotherapy potential. Interestingly, we also
show that this mechanosensitive channel localizes to the primary cilium, a known site
of MSC mechanotransduction (Hoey et al., 2012d), and demonstrate that the primary
cilium is in part required for the TRPV4-mediated increases in Cox2. In summary, this
data demonstrates a novel mechanism of stem cell mechanotransduction, which can be
targeted therapeutically, and further highlights the critical role of the primary cilium in

stem cell biology.

TRPV4 mediates OFS mechanotransduction in MSCs. By mimicking the marrow
mechanical environment through the application of OFS, this study demonstrates that
MSCs transduce a mechanical stimulus rapidly, resulting in a 1.53-fold increase in
cytosolic calcium. This response is consistent with previous work in cells of the
osteogenic lineage in response to OFS(L.i et al., 2004, You et al., 2001, Hu et al., 2017,

Lee et al., 2015c), and demonstrates the utilization of calcium signaling as an important
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second messenger in MSC mechanotransduction. Interestingly, the complete loss of
calcium signaling in MSCs treated with GSK205, an antagonist selective for TRPV4,
suggests that TRPV4 is the principal mediator of calcium responsive
mechanotransduction in MSCs. This finding is consistent with recent studies comparing
the role of TRPV1 and TRPV4(Hu et al.,, 2017). Previous studies in chondrocytes,
endothelial cells and osteocytes demonstrate a similar dependence on TRPV4 in terms
of loading induced calcium signaling(O'Conor et al., 2014, Thodeti et al., 2009, Lee et
al., 2015b), highlighting the role of this channel in the mechanobiology of multiple
tissues in addition to progenitors. Interestingly, the inhibition of TRPV4 also
diminished the osteogenic response to shear in terms of Cox2 and Opn gene expression.
Cox2 is required for the production of PGE, and has roles in MSC osteogenesis,
loading-induced bone formation and fracture repair (Zhang et al., 2002, Forwood,
1996). Although increases in Cox2 were diminished following TRPV4 inhibition, a
significant increase in Cox2 was still achieved in response to OFS. Therefore, although
TRPV4 plays a role in Cox2 responses, alternate mechanotransduction mechanisms
may compensate for the loss of TRPV4. For example, OFS-induced increases in Cox2,
which have previously been linked to calcium signaling, have also been shown to be
dependent on cAMP signaling (Kwon et al., 2010), and thus may be activated by
multiple mechanisms. Opn has demonstrated diverse functions in osteogenic cells,
acting as a chemoattractant and regulator of proliferation and mineralization (Giachelli
and Steitz, 2000, Lund et al., 2009, Kahles et al., 2014). The complete loss of the Opn
response to OFS following TRPV4 inhibition is consistent with increases in Opn being
calcium dependent (You et al., 2001). A role for TRPV4 in modulating gene expression
in response to mechanical load is similar to that demonstrated in chondrocytes (O'Conor

et al., 2014) and osteocytes (Lee et al., 2015c) demonstrating that TRPV4 is an
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important channel mediating mechanotransduction in progenitor cells through to
lineage committed populations. Furthermore, modulation of TRPV4 activity effects the
osteogenic differentiation of MSCs over a 21 day culture period. Inhibition of TRPV4
activity in long term culture is detrimental to cell health and this substantiates the
importance of its role in cell survival and differentiation. In summary, TRPV4 is a
critical component of MSC mechanotransduction and thus identifies this channel as a

potential target to mimic the pro-anabolic effect of loading.

Biochemical activation of TRPV4 elicits a calcium second messenger and
osteogenic response that mirrors that seen with oscillatory fluid shear in MSCs. The
TRPV4 specific agonist GSK101, at either 1nM or 10nM, induced a calcium response
of similar magnitude and timing to that elicited by oscillatory fluid shear. However,
1nM GSK101 elicited a more variable calcium response in terms of magnitude and time
to peak suggesting that this is approaching the lower threshold for robust TRPV4
activation in MSCs. Furthermore, 1nM GSK101 did not induce an osteogenic response,
but a significant increase in Cox2 and Opn was achieved following 10nM treatment.
This induced mechanoresponse is consistent with previous work by O’Conor et al
which demonstrated that GSK101 elicits an increase in calcium and gene expression in
chondrocytes, mirroring that seen with dynamic loading (O'Conor et al., 2014). While
TRPV4 activation in chondrocytes promotes cartilage matrix deposition, in progenitor
cells we have found GSK101 treatment increases the collagen and calcium produced by
MSCs over a 21-day period and this influence on the osteogenic commitment of MSCs
confirms the significance of the early gene expression changes in lineage commitment
downstream. Together with our observations of an early anabolic response mediated by
TRPV4 activation, this demonstrates that TRPV4 can be targeted therapeutically to

elicit an osteogenic response that mimics that seen with physical loading.
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TRPV4 is a mechanoregulated channel that specifically co-localizes to the primary
cilium; an organelle which experiences high strain under fluid shear and is a known site
of stem cell mechanotransduction(Hoey et al., 2012d). Despite previous evidence for
TRPV4 co-localization with integrins in endothelial cells (Matthews et al., 2010,
Thodeti et al., 2009), TRPV4 was only found to co-localize to the primary cilium, with
intense staining evident towards the ciliary base. Interestingly, under fluid shear the
deflection of the ciliary axoneme results in a concentration of strain at the base which
may be sufficient to directly stretch open this channel (Downs et al., 2014a, Espinha et
al., 2014, Battle et al., 2015, Rydholm et al., 2010). This specific localization to areas of
high strain may potentially increase the mechanosensitivity of the cell. Furthermore,
due to the discrete cylindrical microdomain of the cilium and the specific localization of
a plethora of signaling molecules, localization of TRPV4 to this signaling center may
amplify and enhance the rate of TRPV4-mediated mechanosignaling (Takao and
Kamimura, 2017). This spatial organization of TRPV4 is consistent with observations
in lineage committed cells such as osteocytes , chondrocytes and cells of the
endothelium and the trabecular meshwork of the eye(Lee et al., 2015c, Kottgen et al.,
2008, Luo et al., 2014, Phan et al., 2009). Intriguingly, in MSCs which do not possess a
primary cilium, TRPV4 mediated increases in Cox2 gene expression are decreased,
indicating that the localization of TRPV4 to the cilium is functionally significant. This
loss in TRPV4-mediated Cox2 upregulation in MSCs following cilia removal is
consistent with the loss in OFS-mediated Cox2 upregulation in MSCs which do not
possess a primary cilium (Hoey et al., 2012d). Therefore, the mechanism of cilia-
mediated MSC mechanotransduction may include TRPV4. Interestingly, [ft88
knockdown did not result in a reduction in TRPV4-mediated cytosolic calcium

signaling in MSCs (Supplementary Figure 3.1), despite previous work demonstrating
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that chemical removal of primary cilia from chondrocytes, using chloral hydrate, leads
to a significant reduction in TRPV4-mediated calcium signaling (Phan et al., 2009).
Although the techniques to abrogate cilia in these two studies are different, it may
suggest that TRPV4 localisation to cilia may play a more dominant role in calcium
signalling in cartilage. However, any change in cilia-localized calcium signalling would
be masked by the cytosolic flux in our approach. Further work to delineate cilia-
localized TRPV4 signalling utilizing a genetically encoded cilia localized FRET sensors
is required as employed by Lee et al(Lee et al., 2015c). Moreover, the loss of the cilium
did not prevent the TRPV4-mediated increase in Opn gene expression but augmented it,
suggesting that Cox2 and Opn may be activated via alternate pathways downstream of
TRPV4, with TRPV4-mediated Opn regulation being independent of the primary
cilium. The increase in the Opn response in the presence of defective cilia indicates that
this alternative pathway may be compensating for the loss in the Cox2 response. In
summary, the co-localization of TRPV4 to the primary cilium is significant and

highlights the important role of the cilium in MSC biology.

3.5 Conclusion

This study presents evidence for the role of TRPV4 in MSC mechanotransduction,
presenting a novel mechanism by which oscillatory fluid shear is transduced into a
biochemical bone forming response in this progenitor population. This therefore
highlights this channel as a therapeutic target and we have demonstrated that TRPV4
can be activated pharmacologically mimicking the anabolic effect of loading by
activating second messenger calcium signaling, osteogenic gene expression and bone
matrix deposition demonstrating mechanotherapeutic potential. Lastly, we demonstrate

that the cilium plays a critical role in TRPV4-mediated signaling in MSCs likely
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through the co-localization of this channel to the microdomain of this mechanosensory

organelle.
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Chapter 4.

Ciliotherapy Treatments to Enhance
Biochemically- and Biophysically-
Induced Mesenchymal Stem  Cell
Osteogenesis: A Comparison Study

4.1 Introduction

Osteoporotic patients are prone to low impact fractures because of the significant
depletion in bone density and quality. This occurs due to an imbalance in the bone
remodelling cycle where bone formation rates can no longer match the bone resorption
activity. Most of the current therapies inhibit bone resorption to restore balance,
however over 25% of patients don’t respond well to treatment and rare but disabling
side effects, such as osteonecrosis of the jaw, are associated with these treatment
(Cairoli et al., 2014). To overcome limitations in anti-catabolic therapies for
osteoporosis, anabolic bone forming therapies targeting the osteoblast and its
progenitor, the mesenchymal stem cell (MSC), are emerging in the form of intermittent
Parathyroid Hormone (PTH) and Sclerostin antibodies. PTH is currently the only
clinically approved treatment but effectiveness plateaus at 2 years (Baron and Hesse,
2012). Sclerostin antibodies are showing promise in phase 3 clinical trials. However,
there are concerns linking sclerostin to cardiovascular disease (Evenepoel et al., 2014).
A key mediator of bone anabolism is physical loading and thus represents a novel
avenue to enhance bone formation. The adaptation of bone tissue to mechanical loading
requires sensation of the surrounding mechanical environment as well as transduction

of these cues into changes in intracellular behaviour (Duncan and Turner, 1995). The
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molecular mechanisms mediating environmental responses such as from physical
activity could form novel therapeutic targets to enhance bone formation, as osteoporotic
patients do not possess sufficient bone strength to withstand high impact exercise.

MSCs are multipotent cells which form the source of bone forming osteoblasts
and are abundant within the marrow of long bones (Dominici et al., 2004). The
adaptation of bone to mechanical loading requires the MSC population to differentiate
to support the finite osteoblast population (Corral et al., 1998). Marrow is displaced
during physical activity eliciting a shear stress on the cells predicted to be in the range
of 0.5 and 8Pa, depending on viscosity and anatomical location (Metzger et al., 2015a).
Fluid shear within the minimal values of physiological relevance and in particular, the
oscillations that would be generated by daily ambulation support MSC osteogenesis
(Kreke et al., 2005, Hoey et al., 2012d, Stavenschi et al., 2017). Understanding the
mechanisms by which stem cells sense their microenvironment leading to a pro-
osteogenic response is critical to the development of new anabolic therapies that target
these mechanisms.

In recent years, the primary cilium has emerged as an important organelle involved
in regulating cellular behaviour in responses to its extracellular environment,
particularly in bone (Jansen et al., 2015, Hoey et al., 2012a). The primary cilium is a
microtubule-based appendage that is present in singular form on the surface of most
mammalian cells. Structural features equip the cilium for perceiving external changes,
the rod-shaped appendage provides optimal contact between membrane bound receptors
and biochemical cues present in the extracellular fluid. Moreover, the high surface to
volume ratio of the ciliary microdomain and the close proximity of the ciliary
microdomain as well as its location spatially removed from the rest of the cytosol

facilitates rapid interaction of ligands and receptors inside the membrane (Hilgendorf et

107



al., 2016). In MSCs, primary cilia play a role in interpreting biochemical signals in
osteogenic differentiation and lack of a functional primary cilium reduces the
expression of early markers of differentiation (Kwon et al., 2010). Furthermore, the
primary cilium regulates TGFP induced recruitment in human MSCs (Labour et al.,
2016b). In addition, the antenna like structure of the cilium protruding into the
extracellular space exposes it to surrounding fluid movement. It was first shown in
kidney epithelia that cilia deflection is dependent on the flow of urine (Singla and
Reiter, 2006). The importance of the MSC primary cilium in the bone forming response
to loading was demonstrated in vivo where murine bone marrow, including the stem cell
population, were depleted of primary cilia. Here, the bone formation rate in response to
ulna loading was inhibited in the presence of dysfunctional cilia (Chen et al., 2016a).
Furthermore, the response of hMSCs to oscillating fluid shear in vitro, which
characteristically results in enhanced osteogenic markers, is blunted in the absence of
primary cilia (Hoey et al., 2012d). Given the potent role of the cilium in MSC
osteogenesis, this cellular organelle represents an ideal target for therapeutic
development.

Alteration in cilia structure have been associated with a plethora of diseases
(Hildebrandt et al., 2011) and thus have fuelled several investigations on methods to
alter cilia incidence and length as a potential therapy, known as ciliotherapies. The
adenylyl cyclase activator forskolin can increase cilium length in kidney collecting
duct, kidney epithelium and bone mesenchymal cells via an increase in PKA activity
mediated through cAMP. Its alteration of cilium length requires solubilized tubulin
(Sharma et al., 2011). Modulation of axoneme length is perceived to be a mechanism to
regulate the cilium-mediated fluid shear response in the kidney which becomes

defective in polycystic kidney disease (Besschetnova et al., 2010). Lithium chloride is
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an FDA approved treatment for bipolar and manic depression which has been used to
lengthen primary cilia in a range of cell types (Curran and Ravindran, 2014). The
elongation of the cilium axoneme is mediated by inhibiting GSK3p in algae and human
fibroblast studies where it was found to promote the acetylation of alpha tubulin
(Miyoshi et al., 2011, Nakakura et al., 2015). However, in murine brain and neuron
cells lithium was not associated with GSK3p interference but effects on the AC3-cAMP
pathway (Ou et al., 2009, Miyoshi et al., 2011). Recent studies in a rat model validate
the use of lithium in vivo as a cilium elongating agent and as a therapy to alter
hedgehog signalling associated with progression of osteoarthritis (Thompson et al.,
2016). Through the study of a well characterized ciliopathy, Polycystic Kidney Disease
(PKD) where cilia are shortened, and patients experience hypertension, the drug
fenoldopam has been discovered to alter cilia. Fenoldopam treatment ameliorates PKD
associated hypertension in murine models (Kathem et al., 2014b). Interestingly,
fenoldopam induced increases in cilium length heighten the sensitivity of kidney cells
to fluid shear highlighting this approach as a potential option to increase the cilium-
mediated osteogenic response in MSCs to fluid shear (Upadhyay et al., 2014).

Given the role of the primary cilium in signal transduction, both biochemical and
biophysical, in MSCs this study set out to target this activity to promote MSC
differentiation. The first objective was to optimize the length of the MSC primary
cilium using known cilium-altering compounds Forskolin, Lithium Chloride and
Fenoldopam and determine the impact of these treatments on MSC behavior. The
second objective was to use the optimized treatments to increase the bone forming
response of MSCs in the presence of physiologically relevant biochemical and

biophysical signals.
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4.2 Methods

4.2.1 Mesenchymal stem cell culture
The murine mesenchymal stem cell line C3H10T1/2 was obtained from ATCC (LGC

Standards). MSCs were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with low glucose (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS)
(Labtech) and 1% Penicillin Streptomycin (P/S) (Sigma). All experiments were carried
out using C3H10T1/2s at passage 12-17. For long term studies MSCs were
supplemented with 10mM [-glycerophosphate (Sigma) and 0.05mM Ascorbic acid
(Sigma) as well as Dexamethasone (Sigma) at either 10nM (minimal supplements) to
provide the components necessary for osteogenic matrix formation or 100nM (full

supplements) to biochemically induce osteogenic differentiation as a positive control.

4.2.2 Biochemical modulation of cilium length

Three separate ciliotherapies known to increase the length of the cilium axoneme in
various cell types were utilized in this study. Forskolin (Sigma) (Sharma et al., 2011),
Lithium Chloride (Sigma) (Thompson et al., 2016) and Fenoldopam mesylate (Sigma)
(Kathem et al., 2014b) treatments were compared in MSCs as detailed in Table 1. A
time course study was conducted whereby each treatment was applied for either 1hr or
24hrs followed by fixation for cilia structural analysis. Cells were imaged at 4x (N.A.
0.13) phase contrast following each treatment to determine the overall effects on
morphology and cell viability. For long term studies treatments were applied throughout

the culture period.
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4.2.3 Immunocytochemistry

MSCs were seeded on fibronectin coated glass coverslips for 24 hours before serum
starvation in DMEM low glucose, 0.5% FBS, 1% P/S for 48 hours. After fixation in
neutral buffered formalin for 10 minutes (Sigma), coverslips were permeabilised in
0.1% Triton X-100 for a further 10 minutes and non-specific binding sites were blocked
using 1% w/v BSA (Sigma) in PBS for 2 hours at room temperature. The primary
antibody targeting the primary cilium (acetylated a tubulin, ab24610, Abcam) or f-
catenin (active beta catenin, 05-665, Merck Millipore) was applied overnight at 4°C,
diluted 1:1500 in blocking solution. Next, the primary antibody targeting pericentrin
(ab448, Abcam) was applied for 1 hour at room temperature at a dilution of 1:1000.
Alexa 594 and Alex 488 secondary antibodies were applied in tandem for 1 hour at
room temperature at 1:500. Finally, phalloidin (Alexa 488 phalloidin, A12370, Life
Technologies) was applied to the B-catenin stained samples for 20 minutes. DAPI
(Sigma) was applied for 5 minutes in PBS prior to sample mounting on glass slides
using Prolong gold mounting medium (Invitrogen). Imaging was performed on an
Olympus 1X83 (Olympus) epifluorescent microscope at 100x (N.A. 1.40 Qil). Images
were acquired as z-stacks, taking the first slice when the primary cilium came into focus
and the last when the acetylated a tubulin stain was no longer in focus at any point

along the axoneme. The distance between slices was maintained at 0.25um.

4.2.4 Measurement of primary cilium incidence and length

Primary cilium incidence was defined as positive staining for acetylated a tubulin on a
cord protruding from two centrosomes stained by pericentrin. The length of the cilium
was calculated by constructing a right-angled triangle to capture the length that may lie

within multiple planes between the coverslip and slide as outlined in Rowson et al.
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(Rowson et al., 2016). Briefly, the number of slices in the z direction and the thickness
of each slice were taken as one side, the length of the cilium in a maximum projection
of all slices was taken as another side, the length of the cilium was calculated as the

hypotenuse of the triangle formed by these two sides.

4.2.5 Measurement of p-catenin nuclear localisation

[B-catenin intensity within the nucleus was measured by creating a mask around the
nucleus limiting both the intensity and size of the object defined as a nucleus in the
DAPI channel (Image J). The intensity of B-catenin within this region of interest was
corrected for average background intensity for the same area in pixels. Average

corrected nuclear intensity was compared to the vehicle control for each treatment.

4.2.6 Gene expression

TRI reagent (Sigma) was used to extract RNA per the manufacturer’s protocol. The
concentration of RNA in each sample was measured using a Nanodrop
spectrophotometer and sample purity was checked via 260/280 and 260/230 absorbance
ratios. A minimum of 100ng of RNA was reverse transcribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The efficiency of the
reverse transcription was monitored by quantifying cDNA using a Qubit single stranded
DNA assay (Invitrogen). Quantitative polymerase chain reactions (gPCR) were
prepared for all samples using SYBR Select Master Mix with ROX passive dye
(Applied Biosystems, 4472903) and custom designed primers (Sigma) for 18s, Cox2,
Opn, DIx5, Runx2, Glil, Ptchl and Axin2 for amplification using the ABI 7500 real

time PCR machine (Applied Biosystems) as outlined in Supplementary Table 1. The
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relative quantity of each sample was calculated with reference to 18s and expressed as

fold change normalised to the control group.

4.2.7 Mechanical stimulation

Parallel plate flow chambers, designed in house as described previously, were used for
short term fluid shear application (Stavenschi et al., 2017). Briefly, MSCs were seeded
on fibronectin (10pg/ml) coated glass slides, assembled between two plates and
attached to a programmable syringe pump (New Era Pump Systems). Oscillating fluid
flow (OFF) was applied through a 10ml syringe (Becton Dickinson) at 104ml/min,
subjecting cells to a shear stress of 2Pa, at a frequency of 2Hz. This stimulus was
applied for 2 hours. The no flow controls were similarly assembled within the chambers
but were not subjected to fluid shear. For long term studies an orbital shaker (Dragon
Lab) was used to apply a spatiotemporal fluid shear of minimum 0.3Pa , exceeding 1Pa
at the edge of the well, across the wells of a 6 well plate containing 1.8ml of medium as
previously demonstrated in (Salek et al., 2012). Shear stress was applied for 2

hours/day, 5 days/week for 21 days.

4.2.8 Extracellular matrix deposition

To investigate extracellular matrix formation, cells were fixed in formalin following 21
days in culture. Collagen deposition was stained using 1% Picrosirius Red (Sigma)
under gentle agitation at room temperature, after 1 hour all wells were rinsed twice in
0.5% acetic acid and distilled H,O. Calcium staining was performed using Alizarin Red
S at 1% for 20 minutes at room temperature and rinsed in distilled H,O until the

background was clear of stain. Images were acquired using 2x (NA 0.06) and 10x (NA
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0.25) objectives. Collagen deposition was quantified by scraping picrosirius stain from
each well in PBS and centrifuging at 14000g for 10 minutes. The pellet collected was
dissolved in 0.5M NaOH and absorbance measured at 550nm. Calcium stain was
extracted via incubation in 10% acetic acid for 30 minutes under gentle agitation
followed by heating at 85°C for 10 minutes. Cell debris was collected by centrifugation
at 20,000g for 15 minutes and the pH adjusted to pH4.1-4.5 before measuring

absorbance at 405nm.

4.2.9 DNA Quantification

To monitor MSC proliferation the quantity of DNA following long term culture was
measured using a Picogreen double stranded DNA assay (Invitrogen). Briefly, cells
were rinsed twice in PBS and lysed in 0.2% v/v Triton X100, 10mM Tris pH 8, 1mM
EDTA on ice for 20 minutes. Lysates were sonicated for 1 minute then vortexed for 1
minute and returned to ice for 5 minutes before repeating these mechanical disruption
steps 4 times more at 5-minute intervals. Samples were then flash frozen in liquid
nitrogen and homogenized by passing through a 21-gauge needle 10 times. Following
the Kit protocol 1XTE buffer was used to dilute the picogreen solution. DNA stock was
diluted in 1XTE to form standards. picogreen solution was added to wells containing the
standards and samples in triplicate. After shaking and a 3-minute incubation at room
temperature, protected from light, fluorescence was excited at 480nm and read at
520nm. The concentration of samples in DNA/mI was calculated from the equation of

the trendline fitted to the standard curve.
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4.2.10 Data analysis

Box plots used for cilium length illustrate the 25th and 75th percentile values, whiskers
represent 5th and 95th percentile values and the line is at the median, black dots
represent points outside of the 5th and 95th percentile. A two-way ANOV A was used to
test the effect of treatment on cilium formation, a one-way ANOVA was used to test the
effect on cilium length. The mean fold change gene expression relative to the control
group is presented along with the standard error of the mean. The nuclear intensity of -
catenin is presented as fold change relative to the vehicle control. The effect of
treatment on Glil, Ptchl and Axin2 and basal Cox2, Opn, Runx2 and DIx5 and j-
catenin intensity was analysed using an unpaired t-test with Welch’s correction in the
case of unequal variance in the groups tested. The effect of treatment on MSCs in full
osteogenic supplements was analysed via an unpaired t-test, with Welch’s correction
where the variances are unequal. The effect of treatment on the response of MSCs to
fluid flow and the quantity of DNA, collagen and calcium was analysed with a two-way

ANOVA and Bonferroni post-test.

4.3 Results

4.3.1 The effect of ciliotherapy treatment on mesenchymal stem cell

primary cilia incidence and length.

Ciliotherapies Lithium Chloride and Fenoldopam, but not Forskolin, increase cilium
incidence and length in mesenchymal stem cells. To determine an optimal cilium
promoting treatment regime for MSCs, low and high concentrations of Forskolin

(10puM and 100uM), Lithium Chloride (50mM and 100mM) and Fenoldopam (10uM

and 50uM) were applied for 1 hour and 24 hours. Each treatment was not found to
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affect cell morphology or viability at each time point and concentration (supplementary
figure 4.1). Surprisingly, Forskolin treatment did not increase the % ciliation or cilium
length as expected although there was a significant decrease in mean cilium length
following low concentrations of Forskolin for one hour compared to vehicle control
(23.28% decrease) and high concentration Forskolin (27.20% decrease) groups
(p<0.001) (Figure 4.1E). Although there was an increase in the number of cilia in the
24-hour group (p<0.01) this was an effect of time in culture rather than treatment and
time in culture increased % ciliation in all 3 treatments (Figure 4.1 D, F, H). Lithium
Chloride treatment had a significant effect on % ciliation following 1 hour of treatment
(p<0.05) but the effect was not significant following 24 hours culture. As expected,
lithium chloride treatment increased cilium length at both concentrations and time
points. Although the length percentage increases were highest after 1 hour at 50mM
(138.24%, p<0.001), the changes were most consistent and the % ciliation was optimal
after 24 hours 100mM treatment (130.96%, p<0.001) (Figure 4.1G). The effect of
Fenoldopam was only seen at the 24-hour time point and in the 50uM treatment
concentration where a significant increase in cilium length was witnessed (114.38%,
p<0.001) (Figure 4.1 1). Therefore. two distinct treatments can elongate the MSC
primary cilium significantly following 24 hours in culture, 100mM LICl increases

median length by 0.58um, 50uM Fenoldopam increases median length by 0.41um.
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Figure 4.1: Representative images of MSCs following treatment with A Forskolin or vehicle, DMSO, B
Lithium Chloride (LiCl) or vehicle, H,O and C Fenoldopam or vehicle, DMSO, for 1 hour and 24 hours
at 100x fluorescence (red channel- acetylated alpha tubulin, green channel- pericentrin and DAPI) (scale
bar 10um), inset shows zoom on cilium (scale bar 1um). D, F, H Percentage of cells in each group with a
primary cilium N=3, n=194-275. Bars illustrate % ciliated cells, mean+SEM, statistical analysis, two-way
ANOVA, +p<0.05, ++p<0.01 effect of time in culture, &p<0.05 different effect of treatment at different
time points, *p<0.05 significant difference between treatments in the 1-hour time point group. E, G, |
Length of cilium following each treatment, N=3, n=194-275. Box plot illustrates 25th and 75th percentile
values, whiskers represent 5th and 95th percentile values, line at median, black dots represent points
outside of the 5th and 95th percentile, statistical analysis, one-way ANOVA with Bonferroni post-test,
*p<0.05, *p0.01, ***p<0.001, significant difference between labelled groups.
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4.3.2 The effect of ciliotherapy treatment on cilia-associated signalling
in MSC:s.

Given the positive effects of Lithium Chloride and Fenoldopam on cilium length, the
impact of the optimised treatment regimens (24 hours treatment with 100mM LiCl or
50uM Fenoldopam) on cilia-associated signalling was investigated. To examine the
effects on Hedgehog signalling the expression of mRNA encoding Ptchl and Glil were
quantified via gPCR. Lithium Chloride treatment leads to a decreasing trend of
expression in both Ptchl (0.60+0.20-fold change) and Glil (0.32+0.13-fold change),
which is not seen in Fenoldopam (Figure 4.2A, B). Activity of the Wnt pathway was
analysed via the localisation of beta catenin to the nucleus and the expression of Axin2.
LiCl treatment elicits a considerable increase in beta catenin localisation to the nucleus
(p=0.0955) and a significant increase in Axin2 expression (p<0.05) (Figure 4.2C-E).
Neither beta catenin localisation nor Axin2 were changed following Fenoldopam
treatment (Figure 4.2F-H). Therefore, both Hedgehog and Wht signalling are altered by

LiCl treatment, however Fenoldopam did not influence either pathway.
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Figure 4.2:Effect of biochemical primary cilium elongation on Hedgehog and Wnt pathway activity. A,
B Ptchl and Glil expression following 24 hours of A 100mM LiCl or B 50uM Fenoldopam treatment,
N=3, n=7-10. Bars illustrate mean+SEM, NS, not significant, statistical analysis, unpaired two tailed t-
test. C, F Representative images of immunofluorescent staining of Pcatenin in MSCs at 100x
fluorescence (red channel- B-catenin, green channel- phalloidin and DAPI) (scale bar 10pm) D, G fold
change intensity of - catenin in the nucleus of MSCs (N=3, n=36-37), E, H Axin2 expression (N=2, n=3-
6) following 24 hours of C-E 100mM LiCl and F-H 50uM Fenoldopam treatment, bars illustrate
mean+SEM, NS, not significant, statistical analysis, unpaired two tailed t-test.
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4.3.3 The effect of ciliotherapy treatment on early MSC osteogenesis.

4.3.3.1 Basal osteogenic gene expression
Considering the role of the primary cilium in mediating MSC osteogenic differentiation

under biochemical induction, the impact of ciliotherapy treatments on levels of
osteogenic markers at the gene level were investigated. LiCl resulted in a decreasing
trend of Opn (p=0.1363) expression, and a significant decrease in Runx2 (p<0.05) and
DIx5 (p<0.01) expression (Figure 3A). In contrast, Fenoldopam resulted in a significant
5.29+1.46-fold increase in Cox2 and a 2.09+1.62-fold increase in Runx2 (Figure 4.3B).
In summary, LiCl treatment resulted in an anti-osteogenic effect whereas Fenoldopam
treatment is supportive of osteogenic signaling, demonstrating a diverse effect on

osteogenesis despite similar effects on cilia length.
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Figure 4.3: Effect of biochemical primary cilium elongation on osteogenic gene expression. Cox2, Opn,
Runx2 and DIx5 expression following 24 hours of A 100mM LiCl or B 50uM Fenoldopam treatment,
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N=3, n=4-6. Bars illustrate mean+SEM, NS, not significant, *p<0.05, statistical analysis, unpaired two
tailed t-test.

4.3.3.2 Mechanosensitivity

To investigate the influence of ciliotherapy treatments on the role of the cilium in MSC
mechanosensitivity, the ciliotherapy treated MSCs were exposed to 2Pa fluid shear,
oscillating at 2Hz for 2 hours and osteogenic gene expression was analysed. Strikingly,
in both treatments the flow induced increase in Cox2 was enhanced compared to vehicle
controls (Figure 4.4A, E). There is a significant effect of fluid shear on Cox2 expression
in all cases (LiCl p<0.001, Fenoldopam p<0.05) however, the fold change compared to
no flow controls increased following treatment, with a 6.65+1.55-fold increase in H,O
but a 9.31+2.63-fold increase following LiCl treatment and a 11.98+6.52-fold change in
DMSO but a 22.48+7.93-fold increase following fenoldopam treatment. Despite the
increase in basal no flow Cox2 levels with DMSO, elongation of the cilium correlates
with an increased Cox2 response to flow. Fluid shear induced an upregulation in Opn in
both treatment groups (Figure 4.4B- 1.31+0.38-fold, Figure 4.4F-1.63+1.00 fold) but
the shear conditions applied here didn’t significantly affect Runx2 and resulted in a
decrease in DIx5 (Figure 4.4D-p<0.01, Figure 4.4H p<0.01). As in basal conditions,
LiCl treatment suppresses the expression of Opn (p<0.05), Runx2 (0.57+0.09 fold) and
DIX5 (p<0.001) and Fenoldopam didn’t affect osteogenic markers. This therefore
demonstrate that elongation of the primary cilium enhances MSC mechanosensitivity

but in a gene dependent manner.
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Figure 4.4: Osteogenic marker expression following 2 hours of 2Pa 2Hz OFF in each group A-D
Lithium Chloride or vehicle, H20 and E-H Fenoldopam or vehicle, DMSO represented as Mean +SEM,
N=3, n=5-12, statistical analysis, 2 way ANOVA with Bonferroni post-hoc test; $$p<0.01, $$$p<0.001
effect of flow on gene expression, #p<0.05, ###p<0.001 effect of treatment on gene expression, *p<0.05,
**n<0.01 effect of flow within individual treatment groups.

4.3.4 The effect of ciliotherapy treatment on biochemical induction of

MSC osteogenic lineage commitment

Following the analysis of short term changes, the implications of ciliotherapy
treatments on proliferation, via DNA quantification and full osteogenic differentiation,
via osteogenic matrix formation were investigated over 21 days culture in osteogenic
induction medium. DNA significantly decreased following LiCl treatment when
compared to the vehicle controls, which is consistent with fewer cells visualised at day
21 following matrix staining (p<0.05, Figure 4.5A, C). Fenoldopam treatment does not
influence cell proliferation (Figure 4.5B). Although total collagen and calcium
deposition is decreased in LiCl (p<0.001, p<0.01 respectively) due to significantly
fewer cells surviving in this group; relative to the DNA content, the collagen and
calcium produced increases with LiCl (p=0.0744, p<0.01) (Figure 4.5E, I). Fenoldopam

treatment had no considerable effect on collagen deposition and led to a slight but
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significant decrease in the total quantity of calcium produced (p<0.05) (Figure 4.5F, J).
Overall, treatment with LiCl increased the matrix deposition of the population of
surviving cells, however due to significant cell death following this treatment the total
quantity of bone tissue is dramatically reduced. Fenoldopam treated MSCs did not
display any adverse effects on cell viability although no apparent increase in MSC

osteogenic lineage commitment was observed following chemical induction.
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Figure 4.5: Quantification of DNA content following treatment with A 100mM LiCl or vehicle, H20
and B 50pM Fenoldopam or vehicle, DMSO for 21 days with full osteogenic supplements under static
conditions. N=1, n=5-6, Mean+SEM, *p<0.05, student’s t-test with Welch’s correction. C, D, G, H
Representative images of extracellular matrix staining C, D Picrosirius and G, H Alizarin Red, following
treatment with C, G LiCl or vehicle, H20 and D, H Fenoldopam or vehicle, DMSO after 21 days culture
in full osteogenic supplements, scale =500um and 100um in the inset. E, F, I, J Quantification of matrix
staining E, | total collagen and collagen normalized to DNA content and F, J total calcium and calcium
normalized to DNA content from each group, student’s t-test, *p<0.05, **p<0.01, ***p<0.001.
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4.3.5 The effect of ciliotherapy treatment on biophysical induction of

MSC osteogenic lineage commitment.

Considering the influence of ciliotherapies in early adaptation to fluid shear (Figure 4),
the impact on osteogenic commitment in response to fluid shear was analysed via
matrix deposition. Fluid shear did not change the LiCl induced decrease in cell survival,
however, under the influence of Fenoldopam cell proliferation was decreased with fluid
shear which contrasts with the increase seen under flow in vehicle controls (Figure
4.7A). The fluid shear conditions applied were not sufficient to change total collagen
concentration in response to flow in H,O and caused a slight but significant decrease in
collagen with DMSO (p<0.05) (Figure 4.6D, 7D). Interestingly, relative to DNA
content the quantity of collagen significantly increased in response to flow (p<0.05,
1.76-fold change) (Figure 4.6F). A similar trend in normalized collagen per DNA is
seen with Fenoldopam treatment (Figure 4.7F). The application of flow at these
conditions increased overall calcium concentration in all samples (LiCl-p<0.05,
Fenoldopam-p<0.01). While LiCl treatment significantly increased the calcium
produced per cell in response to flow (p<0.001, 2.37-fold) Fenoldopam treatment
increased the mechanoresponse both in terms of total calcium (p<0.01) and calcium per
cell (p<0.05) (Figure 4.6G, 4.7E, G). In summary, MSCs treated with ciliotherapies
LiCl or Fenoldopam exhibit an increased response to fluid shear in terms of bone matrix
production, however due the poor effects of LiCl on cell viability, Fenoldopam is the
recommended ciliotherapy to enhance MSC ciliogenesis, mechanosensitivity and

osteogenesis.
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Figure 4.6: A, Quantification of DNA content following treatment with LiCl or vehicle, H20 for 21 days
cultured in either static, No Flow, or mechanically stimulated, Flow. B, C Representative images of
extracellular matrix staining B Picrosirius, C Alizarin Red staining, following treatment, scale =500um
and 100um in the inset. D-G Quantification of matrix staining D, E total collagen and calcium
concentration extracted from each group. F, G Extracellular matrix normalized to DNA quantification F
collagen and G calcium, two-way ANOVA, $p<0.05, effect of flow on collagen and calcium
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concentration. ###p<0.001 effect of treatment, *p<0.05, ***p<0.001 Bonferroni post test, effect of flow
on individual treatment groups, &p<0.05, &&p<0.01 difference between the effect of flow in each
treatment.
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Figure 4.7: A, Quantification of DNA content following treatment with Fenoldopam or vehicle, DMSO
for 21 days cultured in either static, No Flow, or mechanically stimulated, Flow. B, C Representative
images of extracellular matrix staining B Picrosirius, C Alizarin Red staining, following treatment, scale
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=500um and 100um in the inset. D-G Quantification of matrix staining D, E total collagen and calcium
concentration extracted from each group. F, G Extracellular matrix normalized to DNA quantification F
collagen and G calcium, two-way ANOVA, $p<0.05, $$p<0.01, effect of flow on collagen and calcium
concentration.*p<0.05, **p<0.01 Bonferroni post test, effect of flow on individual treatment groups,
&p<0.05, difference between the effect of flow in each treatment.

4.4 Discussion

New approaches to treat osteoporosis have focused on promoting bone formation
through the targeting of osteoblasts and their progenitors, mesenchymal stem cells. The
primary cilium is a singular cellular extension that represents a distinct cellular
compartment known to play an important role in biochemical and biophysical
osteogenic induction of MSCs. Defects in the cilium leading to alterations in its
structure have been associated with a plethora of diseases, and thus targeting ciliary
structure therapeutically, with ciliotherapies, has emerged as a potential new treatment
modality. Therefore, given the important role of the MSC cilium in bone physiology,
this study performed a comparison analysis on known ciliotherapies and their potential
effects in mediating MSC osteogenic differentiation. Two established ciliotherapies,
LiCl and Fenoldopam, were found to enhance MSC ciliogenesis to a similar degree but
have diverse effects on cilia-associated signalling pathways and early osteogenic
differentiation. LiCl significantly altered HH and Wnt signalling which was associated
with inhibited osteogenic gene expression, while Fenoldopam demonstrated enhanced
early osteogenesis. Long term treatment with both ciliotherapies did not enhance
osteogenesis, however LiCl had detrimental effects on cell viability. Intriguingly both
ciliotherapies enhanced MSC mechanosensitivity as demonstrated by augmented
osteogenic gene expression in response to fluid shear, which over longer durations
resulted in enhanced bone matrix deposition per cell. Therefore, known ciliotherapies

can be utilised to enhance ciliogenesis in MSCs resulting in enhanced
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mechanosensitivity, although based on our findings, only fenoldopam is a viable
therapeutic option due to poor cell viability following long term LiCl treatment.
Fenoldopam therefore represents a novel ciliotherapeutic option to enhance MSC
osteogenesis and treat bone loss diseases such as osteoporosis.

Ciliogenesis in MSCs and the length of the ciliary axoneme can be significantly
increased by the application of 100mM LiCl or 50uM Fenoldopam for 24 hours.
Surprisingly, forskolin treatment did not increase cilium length at concentrations which
were effective in collecting duct and kidney epithelial cells (Besschetnova et al., 2010,
Sharma et al., 2011). Forskolin is an adenylyl cyclase activator which highlights a
potential disparity in the cAMP-PKA pathway in kidney cells and MSCs. LiCl
treatment elongated MSC primary cilia 1.21-fold which is in line with the 1.43-fold
change seen in osteocytes and 2-fold change seen in chondrocytes (Spasic and Jacobs,
2017, Thompson et al., 2016). The modulation of cilia via LiCl is mediated by a
downregulation in adenylate cyclase Ill according to mechanistic studies in
synoviocytes, where LiCl has a similar effect on cilium length. Fenoldopam elicits a
1.18-fold change in MSC cilium length, similar to the effect displayed in osteocytes,
1.29-fold and vascular endothelial cells, 1.4-fold (Spasic and Jacobs, 2017, Kathem et
al., 2014b). The target of fenoldopam is dopamine receptor 5 and is found expressed on
the cilia of epithelial and endothelial cells (Upadhyay et al., 2014). Hence our data
demonstrates that known ciliotherapies are effective at enhancing stem cell ciliogenesis
through diverse mechanisms.

The identification of two regimes which significantly elongate cilia via distinct
mechanisms presents a novel tool to study the role of axoneme length in ciliary
function. Increasing cilia length, increases the surface area of the ciliary membrane

which houses receptors probing the extracellular environment. In addition, the
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mechanical properties of the ciliary axoneme, modelled most recently as a rotational
spring, are altered with axoneme length. Increased length generates greater bending
energy at the basal body promoting the movement of signalling molecules from within
the ciliary membrane to the cytosol (Resnick, 2015, Downs et al., 2014b, Hoey et al.,
2012c). Furthermore, the axoneme length increases by a similar magnitude in both
treatments (LiCl 0.42pm, Fenoldopam 0.49um) facilitating comparison of the effect of
axoneme length on the response to stimuli. Despite similar increases in ciliary length,
the Hedgehog and Wnt pathways were significantly altered following LiCl treatment,
yet, Fenoldopam doesn’t affect either of these cilia-associated pathways, demonstrating
a diverse and potentially non-ciliary effect of these treatments. Moreover, LiCl
treatment inhibited osteogenic gene expression, which is consistent with a decrease in
HH signalling (Nakamura et al., 2015), while Fenoldopam enhances early MSC
osteogenesis. The effect of Fenoldopam, a dopamine receptor agonist, on basal Runx2
expression mirrors the early pro-osteogenic response of osteoblasts to dopamine (Lee et
al., 2015a). Despite disparate effects on basal osteogenic gene expression, elongation of
the primary cilium enhanced the fluid shear mediated increases in Cox2 expression in
all groups, demonstrating a consistent increase in mechanosensitivity in cells with
longer primary cilia. This finding is consistent with the hypothesis that the cilium is a
fluid shear mechanosensor, where it is hypothesised that enhanced bending due to a
longer axoneme may activate mechanosensitive ion channels at the base of cilium
(Corrigan et al., 2018). Cox2 is required to produce PGE2 and has roles in MSC
osteogenesis, loading-induced bone formation and fracture repair (Zhang et al., 2002).
Previous studies have linked the primary cilium to fluid shear-induced Cox2
upregulations among other early osteogenic markers (Hoey et al., 2012d, Stavenschi et

al., 2017) and the increased mechano-regulated Cox2 response is mirrored in osteocytes
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treated to elongate cilia (Spasic and Jacobs, 2017). Taken together, the early response of
MSCs with elongated cilia shows some support for ciliotherapies as a tool for
promoting osteogenic differentiation, with fenoldopam showing the greatest promise.
Despite similar effects on MSC ciliogenesis, due to LiCl’s detrimental effect on cell
viability, Fenoldopam is the only examined ciliotherapy with potential for use as a
skeletal targeted therapeutic. Completely different effects on cell viability were seen
following 21 days of treatment, where LiCl had adverse effects while Fenoldopam had
minimal influence. The effect of lithium may be attributed to the high concentrations
applied to optimize cilium length as lithium treatments at 5mM has previously been
shown to support MSC proliferation via gsk3beta inhibition (Zhu et al., 2014).
Intuitively, the loss of cell numbers under the influence of LiCl leads to marked
decreases in overall collagen and calcium production following long term treatment,
even in the presence of osteogenic supplements, indicating that this ciliotherapy is not a
viable option to enhance bone regeneration. However, the cells which survive and
differentiate are more osteogenic in terms of collagen and calcium production per cell.
Previously, LiCl treatment has demonstrated a pro-osteogenic effect (Zamani et al.,
2009) which has been linked to the activation of B-catenin in analyses of bone tissue
(Chen et al., 2007). Our findings indicate that LiCl does not impact MSCs in the same
way. Previous applications of much lower, less than 20mM, LiCl to MSCs did not alter
the production of Alizarin under the same biochemical supplements (Zhu et al., 2014).
The influence of Fenoldopam on biochemical differentiation was subtle in terms of
collagen and calcium, however total calcium concentration did unexpectedly decrease
slightly. Normalising for the number of cells per sample, the calcium response of MSCs
to fluid shear is greatly improved when treated with either ciliotherapy, which is

consistent with early gene expression in response to fluid shear, demonstrating
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enhanced mechanosensitivity. The collagen response is significantly upregulated with
LiCl but the upward trend is not significant in Fenoldopam. This increase in calcium
production in response to flow in both treatments supports a role for the primary cilium
as a mechanosensor in fluid shear mediated osteogenesis. Furthermore, it suggests that
the length of cilia is influential in this process. However, the suitability of these agents
as a therapy to increase bone formation is disputable due to the non-ciliary and potential
toxic effects of these drugs at high concentrations. The effect of lithium chloride on cell
survival dissuades use past 2 hours in MSCs. Fenoldopam is currently used as an
intervention to relieve high blood pressure so the implications that its application could
have in other tissues pose considerable risk, particularly for individuals who suffer from

low blood pressure.

4.5 Conclusion

This study demonstrates that known ciliotherapies, LiCl and Fenoldopam, can be
utilised to enhance ciliogenesis in mesenchymal stem cells. Both cilium enhancing
treatments increase the sensitivity of MSCs to fluid shear induced by physical exercise
in terms of MRNA and matrix deposition. However, the impact to Hedgehog and Wnt
signaling mediated by LiCl, as well as its impact on cell viability doesn’t support its use
as a therapy to enhance MSC osteogenesis. However, despite minimal effects of
fenoldopam on biochemical osteogenic induction of MSCs, this ciliotherapy is effective
at enhancing biophysical induction through enhanced mechanosensitivity and thus
represents a novel ciliotherapeutic option to enhance MSC osteogenesis and treat bone

loss diseases such as osteoporosis.
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Chapter 5:

Human bone marrow MSCs isolated
from osteoporotic patients
demonstrate abnormal recruitment,
mechanosensitivity, and osteogenic
matrix deposition.

5.1 Introduction

Osteoporosis is a debilitating bone disease characterised by low bone density, quality,
and strength, leading to an increased risk of fracture, and represents a leading global
medical challenge (Melton et al., 1992, Melton et al., 1998). Osteoporotic fractures
result in a loss of independence and dramatic increases in mortality rates (Keene et al.,
1993). Aside from the clear devastating human cost, osteoporosis is a major public
health problem, with an enormous social and economic impact. Furthermore, due to a
growing, ageing population this problem is only escalating. Therefore, due to the
overwhelming personal and financial impact of osteoporosis, a greater understanding of
the aetiology of the disease resulting in the development of more effective treatments is
required.

Osteoporosis arises when there is an imbalance between bone formation (mediated by
the mesenchymal derived osteoblast) and bone resorption (mediated by the
hematopoietic derived osteoclast). Current osteoporosis therapeutics target receptors
known to inhibit resorption, but in some cases are associated with side effects including

increased risk of atypical fracture, osteonecrosis of the jaw, oesophageal cancer and

133



atrial fibrillation (Kennel and Drake, 2009). An emerging alternative approach to
treatment is to enhance bone formation through the targeting of osteoblasts and their
precursor, mesenchymal stem cells (MSC). Teriparatide, a low dose analogue of
parathyroid hormone, is currently the only clinically approved anabolic therapy for
osteoporosis, however it is only effective for 2 years (Bodenner et al., 2007). Although
other anabolic therapies in the form of the sclerostin targeting antibody romosozumab
are emerging (McClung, 2017), deficiencies in anabolic therapies may arise due to an
inherent defect in the osteoblast and osteoprogenitors in the osteoporotic environment.

Continued bone formation requires the replenishment of the osteoblast from a
progenitor or stem cell population. Bone marrow contains a multitude of cellular
populations, one of which is the multipotent progenitor of fat, cartilage and bone among
other tissues, traditionally called a ‘mesenchymal stem cell” (MSC) (Caplan, 1991). The
nomenclature and definition of these cells has undergone extensive debate lately
(Robey, 2017, Bianco and Robey, 2015, Zhou et al., 2014, Chan et al., 2018). However,
we will use the nomenclature MSC here to denote the cells isolated from marrow for in
vitro culture capable of self-renewal and differentiation towards the adipogenic,
chondrogenic and osteogenic lineages as per the guidelines set out by the International
Society for Cellular Therapy (Dominici et al., 2006). In response to an anabolic
biochemical (Brady et al., 2015, Jaiswal et al., 1997) or biophysical (Hoey et al., 2012d,
Stavenschi et al., 2018a, Chen et al., 2016a, Stavenschi et al., 2017) stimulus it is
hypothesised that MSCs are recruited from the niche to the site of bone deposition,
proliferate to maintain supply, and undergo differentiation towards the osteoblastic
lineage, to facilitate the deposition of new matrix in form of collagen and mineral

(Kristensen et al., 2014, Chen et al., 2016a, Turner et al., 1998). However, how this
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process occurs and whether this is altered in the osteoporotic environment is poorly
understood.

Several often-conflicting studies demonstrate altered behaviour in cells isolated from
osteoporotic bone (Antebi et al., 2014, Veronesi et al., 2011). There is some
disagreement over the quantity and proliferative capacity of osteoprogenitors present in
osteoporosis. Some studies observe a reduction in MSC number and growth capacity in
osteoporosis while others see no change (D'lppolito et al., 1999, Rodriguez et al., 1999,
Stenderup et al., 2001). In a recent study, transplanted osteoporotic MSCs showed
significantly reduced homing to a fracture site demonstrating an inhibited chemotactic
capacity (Tewari et al., 2015). Furthermore, osteoporotic hMSCs reveal reduced
migration upon stimulation with BMPs in vitro (Haasters et al., 2014). Dysregulation of
differentiation has been observed in studies of osteoporotic MSCs with adipogenic
activity increasing (Rodriguez et al., 2000, Moerman et al., 2004). Both osteoclast and
osteoblast progenitor colony forming units, are increased in the estrogen deficient
environment post menopause (Manolagas and Jilka, 1995), however, the number of
mineralising progenitors, demonstrated by alkaline phosphatase production, decrease in
women with aging (Muschler et al., 2001). While there has been some investigation of
alterations in biochemically induced differentiation in osteoporotic MSCs, the changes
in biophysical induction are almost completely lacking (Jing et al., 2016, Donoso et al.,
2015, Valenti et al., 2011).

Therefore, in this study we aim to isolate, characterise and compare MSCs from healthy
and osteoporotic donors in terms of recruitment, proliferation and biophysical and
biochemical induced osteogenic differentiation potential. This new understanding of the

MSC behaviour may contribute to our understanding of the aetiology of osteoporosis,
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which will better inform the development of new anabolic therapies and regenerative

strategies to enhance bone repair in the osteoporotic environment.

5.2 Methods

5.2.1 Human bone marrow sample acquisition

Bone marrow aspirates were obtained from patients undergoing a hemiarthroplasty or
total hip arthroplasty at University Hospital Limerick or the Midwestern Orthopaedic
Hospital, Croom. Ethical approval was obtained from the Health Service Executive and
the University of Limerick and all patients gave informed consent. Osteoporotic female
patients were identified following the diagnosis of a femoral neck fragility fracture.
Osteoporosis was clinically diagnosed as per the National Osteoporosis Foundation
Guidelines which state that ‘a clinical diagnosis can be made in at risk individuals who
sustain a low trauma fracture (Cosman et al., 2014). Healthy female patients were
identified following the diagnosis of a femoral neck fracture where the mechanism of
injury was considered significant in causing the fracture, i.e trauma. Healthy patients
had no history of osteoporosis. Exclusion criteria included patients unable to consent to
the procedure, active malignancy or patients receiving osteoporotic medications prior to
admission. Bone marrow aspirates were taken from the pelvis intraoperatively during
the exposure of the acetabulum, prior to the insertion of the prosthesis. A Jamshidi
needle (Stryker) and a 50ml luer lock syringe were used to withdraw 30ml of bone
marrow aspirate, which was transferred to a sterile container and transported to the
laboratory at room temperature. Supplemental samples of bone marrow from healthy

female donors were purchased from Lonza (www.lonza.com)
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5.2.2 Human bone marrow mesenchymal stem cell (hnMSC) isolation

and culture

Whole bone marrow was divided into 5ml aliquots and washed in 35ml of PBS (Sigma)
before centrifugation at 900g for 10 minutes. The pellets were resuspended in PBS and
pooled, an aliquot was diluted 1:1 in 4% acetic acid (Sigma) to lyse red blood cells
before counting. The cells were seeded at 250,000/cm? in DMEM (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS) (Labtech), 1% penicillin
streptomycin (PS) (Sigma) and 5ng/ml bFGF2 (Prospec). On day 5 of culture the
medium was removed and flasks were washed with PBS to dislodge red blood cells
before feeding with fresh medium. Following this the medium was changed every 3-4
days and trypsinised once colonies of cells were seen to adhere to the plastic. The
adherent cells were seeded at 4000-5000/cm? and grown to 70% confluency for

characterisation and experimentation at passage 3-7.

5.2.3 Validation of hMSC Isolation

The cells isolated were tested in accordance with the standards of the International
Society for Cellular Therapy (Dominici et al., 2006). Briefly, fibroblast-like, plastic
adherent cells were characterised for surface marker expression using flow cytometry
(Accuri C6, BD), with >95% expression of positive markers (CD105, CD90, CD73 and
CD44) and <2% expression of negative markers (CD34 and CD45) (Abcam) meeting
ISCT guidelines. Differentiation capacity down the osteo-, adipo- and chondro-genic
lineages was validated. MSCs were seeded at 25,000 cells/well in 6 well plates. When
monolayers reached a confluency of 70% the medium was changed to either osteogenic
supplemented medium (standard culture media + 100nM dexamethasone (Sigma),

0.05mM ascorbic acid (Sigma) and 10mM B-glycerophosphate (Sigma)) (Jaiswal et al.,
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1997) or adipogenic supplemented medium (standard culture media + 0.5mM IBMX
(Sigma), 50uM indomethacin (Sigma) and 100nM dexamethasone) (Janderova et al.,
2003). For chondrogenesis, a pellet of 250,000 cells was formed by centrifugation at
2000rpm for 5 minutes and grown in basal medium (DMEM1.5mg/ml BSA (Sigma),
PS, 0.04mg/ml L-proline (Sigma)). After 3 days the medium was supplemented with 1x
ITS (Gibco), 10ng/ml TGFB3 (Prospec), 100nM dexamethasone, 0.17mM ascorbic
acid, and 4.7ug/ml linoleic acid (Sigma) (Mackay et al., 1998). Following 21 days
culture the monolayers and pellets were rinsed in PBS and fixed in neutral buffered
formalin (Sigma). Osteogenic staining (i.e. mineral and collagen deposition) was
performed using 1% Alizarin Red (pH4.1) (Sigma) for 20 minutes and 1% Picrosirius
Red (Sigma) staining for 1 hour at room temperature while gently shaking. Adipogenic
staining (i.e. lipid formation) was performed using Oil Red O (Sigma) staining for 30
minutes at room temperature. Chondrogenic pellets were wax embedded and sliced
before staining in Alcian Blue (pH1) (Sigma) with counterstaining in 0.1% Nuclear Fast
Red (Sigma) for 5 minutes each. The stained monolayers and slices were imaged using
2x (NA 0.06) and 10x (NA 0.25) objectives for the monolayers and 4x (NA 0.10) and

10x (NA 0.25) for the sliced pellets on an Olympus BX41 (Olympus).

5.2.4 hMSC Migration

Chemotaxis towards 10% FBS was analysed using a modified Boyden chamber assay
(24 wells Millicell inserts, 0.8 pum, Millipore). The inserts were placed in the wells of a
24 well plate in triplicate, with the wells containing 1.5ml serum free medium. 10,000
hMSCs were seeded into each insert and incubated for 4 hours to allow the cells to
adhere. Then the inserts were transferred to a new plate with wells containing 10% FBS

or a serum free control. After 18 hours the cells were moved to new wells of PBS for
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rinsing, followed by fixation in 10% formalin for 10 minutes. The inserts were rinsed in
distilled water and stained in hematoxylin (Sigma HHS32-1L) for 8 mins. After
extensive rinsing, the inside of the inserts were cleaned using cotton buds. A fine
forceps was then used to lift the membranes away from the insert for mounting in DPX
mounting medium. Migration was quantified by counting the number of cells on the
membrane in at least 8 different fields of view following bright field microscopy

(BX41, Olympus) at 20x (NA 0.4).

5.2.5 hMSC gene Expression

TRI reagent (Sigma) was used to extract RNA per the manufacturer’s protocol. The
concentration of RNA in each sample was measured using a Nanodrop
spectrophotometer and sample purity was checked via 260/280 and 260/230 absorbance
ratios. A minimum of 200ng of RNA was reverse transcribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The efficiency of the
reverse transcription was monitored by quantifying cDNA using a Qubit single stranded
DNA assay (Invitrogen). Quantitative polymerase chain reactions (gQPCR) were
prepared for all samples using SYBR Select Master Mix with ROX passive dye
(Applied Biosystems, 4472903) and custom designed primers (Sigma) for 18S, COX2,
OPN, and RUNX2, for amplification using the ABI 7500 real time PCR machine
(Applied Biosystems) as outlined in Supplementary Table 5.1. To calculate the basal
gene expression levels the quantity of each sample was calculated in ng from a standard
curve created from a healthy human calibrator sample. These are expressed relative to
the reference gene, 18S. To analyse the response to fluid shear the relative quantity of
each sample was calculated with reference to 18S and expressed as fold change

normalised to the control, no flow group.
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5.2.6 Mechanical Stimulation

Parallel plate flow chambers, designed in house as described previously, were used for
short term fluid shear application (Stavenschi et al., 2017). Briefly, hMSCs were seeded
on fibronectin (10pg/ml) coated glass slides, assembled between two plates and
attached to a programmable syringe pump (New Era Pump Systems). Oscillating fluid
flow (OFF) was applied through a 10ml syringe (Becton Dickinson) at 104ml/min,
subjecting cells to a shear stress of 2Pa, at a frequency of 2Hz. This stimulus was
applied for 2 hours. The no flow controls were similarly assembled within the chambers

but were not subjected to fluid shear.

5.2.7 Proliferation

Cell growth was monitored over 21 days by measuring the DNA content at 7 day
intervals using a QuantlT Picogreen assay (Thermofisher) for dsDNA. Monolayers
were rinsed in PBS and lysed in 0.2% v/v Triton X100 (Sigma), 10mM Tris pH8
(Sigma), 1mM EDTA (Sigma) for 20 minutes on ice. The monolayer was scraped for
collection in microtubes before vortexing for 30 seconds and sonicating for 1 minute.
The vortex and sonication steps were repeated 5 times at 10 minute intervals and
samples were passed through a 21G needle 10 times before flash freezing samples in
liquid nitrogen and storing at -80°C. Fluorescent reaction to picogreen reagent was
excited at 480nm and read at 520nm. The DNA quantity was read from a standard curve

of 0-200ng/ml.

5.2.8 Quantification of osteogenic matrix deposition

To quantify the formation of collagen matrix 1ml PBS was added to each Picrosirius

Red stained well. The monolayers were removed using a cell scraper to a 1.5ml
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microtube. The samples were centrifuged at 14000g for 10 minutes. The resulting pellet
was dissolved in 0.5M NaOH and absorbance measured at 550nm. A standard curve
was prepared using rat tail collagen (354249 Corning) incubated in Picrosirius Red for
30 minutes with gentle agitation, this stock was serial diluted in PBS. To quantify the
formation of mineral, alizarin red stain was extracted via incubation in 10% acetic acid
for 30 minutes under gentle agitation followed by heating at 85°C for 10 minutes. Cell
debris was collected by centrifugation at 20,0009 for 15 minutes and the pH adjusted to
pH4.1-4.5 before measuring absorbance at 405nm. A standard curve was prepared from
serial dilutions of the Alizarin Red S stock in distilled water, each standard was

adjusted to pH 4.1-4.5.

5.2.9 Quantification of adipogenic matrix deposition
To quantify formation of lipids 750ul of IPA was added to each Qil Red O stained well

and incubated for 15 minutes with gentle shaking. Solubilised lipids are removed to
microtubes and diluted 1:2 in IPA. A standard is created from diluting freshly prepared
Oil Red O stock in IPA at a dilution of 1:2. Sample absorbance is read at 490nm and the

concentration of Oil Red O calculated from a standard curve.

5.2.10 Data Analysis

The percentage surface marker expression is the average of 3 replicates. All plots
represent the mean and standard error of the mean. Comparisons between control and
treatment of each sample or the pooled samples of one condition (i.e. healthy or
osteoporotic) were analysed using an unpaired two-tailed student’s t-test, with Welch’s
correction where the variances are unequal between groups. The effects of health or

treatment on behaviour were tested using a two-way ANOVA with Bonferroni post-test.
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5.3 Results

5.3.1 Human bone marrow mesenchymal stem cells were isolated from

healthy and osteoporotic donors

Whole bone marrow was processed for the extraction of MSCs which were validated
according to surface marker expression and trilineage differentiation potential
(Dominici et al., 2006). Marrow was isolated from 4 female patients undergoing hip
replacement surgery under informed consent, in collaboration with University Hospitals
Limerick Group. 3 patients suffered a fracture of the femoral head following a low
impact trauma and were undergoing a hip hemiarthroplasty. 1 patient suffered a
significant trauma which resulted in a femoral head fracture and necessitated a total hip
arthroplasty. A further 2 samples of whole bone marrow from healthy female donors
were acquired commercially. All donors had good mobility and no significant
orthopaedic history. Although there is considerable variation in the age of donors (age
range-22-89 years) and considerable difference between the mean age of the healthy (38
years £6.3) and osteoporotic (85 years £1.5) cohorts these populations are deemed to be
representative (Figure 5.1A). The preparation of each marrow sample resulted in plastic
adherent cells by day 5 of culture. Flow cytometric analysis validated MSC surface
marker identifiers. CD34 and CD45 were rarely expressed with only osteoporotic
sample 3 demonstrating a slightly high CD34 expression at 2.1%. Positive markers
CD73 and CD44 were highly expressed by all samples (>95%) (Figure 5.1B-F).
Unexpectedly, two of the healthy and one of the osteoporotic samples had lower CD90
expression than guidelines from the ISCT would suggest of MSCs. Similarly, all
samples except osteoporotic 3 fell below 95% expression of CD105, with the lowest
expression levels in healthy 2 at 79.2%. Despite slightly reduced CD90 and CD105

expression, at passage 3 the extracted MSCs from all groups were capable of
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differentiating down the adipogenic (Figure 5.7), chondrogenic (Supplementary Figure
5.1) and osteogenic lineages (Figure 5.5, 6). Adipogenesis was verified by positive
staining for Oil Red O. Although there was lipid visible within hMSCs cultured in
growth medium, there was considerable increases in lipid formation in adipogenic
differentiation medium (Figure 5.7B, C). Regarding chondrogenesis, 5 of the 6 samples
stained positively for Alcian blue following pellet culture for 21 days. Osteoporotic 1
and 3 formed a pellet in culture but were considerably smaller than all other samples
(Supplementary Figure 5.1). As a result, the fixed pellets for osteoporotic 1 were lost
during the slicing process. Osteoporotic 3 has some peripheral cells stained blue which
is likely due to the small pellet size. Finally, all samples stained positively for calcium

by Alizarin Red following growth in osteogenic medium for 21 days (Figure 5.6A, B).
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Figure 5.1: Details of MSC donors and immunophenotypic analyses of extracted MSCs A Donor age and
orthopaedic health. B Representative forward and side scatter dot plot illustrating the selection of a gate
to define the MSC population. C-E Representative plots of phycoerythrin fluorescence magnitude against
the count of events, gated for healthy 3 defined in B. C IgG control to quantify background fluorescence
of the cells, marked by vertical red line, D CD73 positive events detected in 99.7% overall, E CD45
positive events detected in 0.7% of the gated population. F Percentage population expressing stem cell
specific surface markers, negative markers (shaded orange) should not exceed 2.0% expression in an
MSC population and positive markers (shaded green) should exceed 95.0% expression to adhere to
International Society for Cellular Therapy guidelines for defining an MSC population. n=3. Blue dashed

line highlights readings outside of ISCT guidelines.
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5.3.2 Osteoporotic hMSCs have defective chemotaxis

Healthy MSCs demonstrate significant chemotactic properties in the presence of 10%
FBS which is absent in MSCs isolated from osteoporotic patients. In healthy MSCs the
average number of cells migrating is greater in 10% FBS in each patient, whereas only
one of the osteoporotic MSCs show this same trend (Figure 5.2A). Considerable
individual patient variability is evident in the number of cells migrating even in the
absence of a chemotactic stimulus. This variability increases in the osteoporotic
population, with a mean of 9.22 cells migrating and a standard deviation of 3.94
compared to the healthy population of 8.63+1.05. Pooling the data of the healthy and
osteoporotic patients shows significant chemotaxis in healthy MSCs (p<0.05) that is
absent in osteoporotic hMSCs (Figure 5.2B), which is suggestive of defective hMSC

recruitment in osteoporotic bone.
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Figure 5.2: Migratory capacity of hMSC samples in the presence of 10% FBS. A Number of cells in each
individual samples migrating upon exposure to 10% FBS, Mean+SEM, n>3, students unpaired t-test
comparing 0% to 10% FBS in each sample, lowest p values, less than 0.1 listed. B Number of cells
migrating to 10% FBS pooled from the healthy and osteoporotic groups, Mean+SEM, student’s unpaired
t-test, *p<0.05.
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5.3.3 Osteoporotic hMSCs have reduced mechanosensitivity when

compared to healthy controls

Osteoporotic MSCs express less COX2 than healthy counterparts but comparable levels
of OPN and RUNX2. Furthermore, the upregulation in COX2 and OPN in response to
fluid shear in osteoporotic MSCs is significantly inhibited compared to healthy
counterparts. Although the basal expression levels of COX2 varies considerably
between individuals, osteoporotic patients show a trend towards reduced expression
compared to healthy counterparts (p=0.0506) (Figure 5.3A). The basal expression of
OPN and RUNX2 show no significant difference between healthy and osteoporotic
hMSCs (Figure 5.3B, C). Similarly, the upregulation in early osteogenic markers
elicited by fluid shear is changeable from one patient to the next, demonstrating a
patient specific degree of mechanosensitivity. Each of the hMSCs isolated from healthy
donors elicit a fold increase in COX2 greater than 11.89 following oscillatory fluid
shear. Only osteoporotic 2 has a comparable mechanoresponse, responding significantly
to the flow stimulus (p<0.001) (Figure 5.3D). There is a trend of increased OPN and
RUNX2 expression following fluid shear which is more evident in healthy hMSCs
(Figure 5.3E, F). Pooling the average mechanoresponse of healthy and osteoporotic
MSCs clearly demonstrates a diminished mechanosensitivity within the osteoporotic
population (Figure 5.3G-I). The robust upregulation in COX2 following fluid shear seen
in healthy hMSCs (14.18-fold, p<0.001) is dramatically reduced in osteoporotic MSCs
(8.42-fold, p<0.05), with this reduction in mechanoresponse approaching significance
(p=0.1225). The OPN response to fluid shear in healthy hMSCs is 2.04+0.44 fold but
significantly less at 0.62+0.40 in the osteoporotic cohort (p<0.05). Again the change in
the RUNX2 response in osteoporosis follows the trend seen in OPN and COX2

(p=0.0540) further illustrating the lack of osteogenic response in osteoporosis. Taken
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together, this data demonstrates that osteoporotic hMSCs have a reduced

mechanosensitivity which may be a contributing factor to the osteoporotic phenotype.
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Figure 5.3: Expression of genes associated with early osteogenic differentiation in each sample A COX2
B OPN C RUNX2 relative to 18S, Mean + SEM, n=3-7, student’s t-test, p values <0.15 are shown. Fold
change gene expression response to 2Pa, 2Hz fluid shear applied for 2 hours. D, E, F Response of
individual patients, Mean +SEM, n=3-5, two-way ANOVA, not significant. G, H, | Comparison of
healthy or osteoporotic samples pooled, Mean+SEM, n=3, two-way ANOVA comparing effect of flow
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post test showing effect of flow in individual groups, +p<0.05, +++p<0.001, students t-test comparing
fold change expression in healthy and osteoporotic MSCs, p values <0.15 are shown.
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5.3.4 Osteoporotic hMSCs exhibit reduced cell growth when compared
to healthy controls

Osteoporotic samples demonstrate reduced cell growth at day 7, 14, and 21 compared to
the healthy cohort following initial seeding at the same density. The quantity of DNA is
significantly affected by patient health according to a 2 way ANOVA of all 6 samples
(Figure 5.4A), highlighting the importance of considering the outcomes of further
measurements normalised for the cellular content, represented here by DNA.
Furthermore, quantification of DNA in each group in growth medium reveals a
significant growth in healthy MSCs between day 7 and 14 which does not continue out
to day 21, however the number of osteoporotic MSCs is not significantly changed over
the same time frame (Figure 5.4B). Overall, there is an inhibited capacity for growth in

the healthy MSCs.

n
5

5]
=1
o
I
*
*

-

o

o
1

&&

ng DNA/well
E

g

o
I

@ Day 7
3 Day 14

2501 | @l Day 21

200+

il ama

Healthy Osteoporotic

-

o

=1
L

ng DNA/well
2
(=]

o
=1

Figure 5.4: Quantification of proliferative activity, at 7 day intervals for 3 weeks, via picogreen assay for
DNA content. A Individual patients DNA content, Mean+SEM, n=3-4, two-way ANOVA *p<0.05, **p<0.01
significant increase between day 7 and 14, &&p<0.01 significant increase between day 14 and 21. B Average
DNA content in samples of healthy and osteoporotic patients, Mean+SEM, N=3, n=12, two-way ANOVA
with Bonferroni post test, +p<0.05 significant effect of health on DNA content, p<0.05 significant difference

between days (not shown), *p<0.05 significant increase at day 14 in healthy samples.
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5.3.5 Osteoporotic MSCs deposit abnormal and reduced osteogenic

matrix when compared to controls

Biochemically-induced osteogenic differentiation of osteoporotic MSCs is dysregulated
resulting in abnormal matrix deposition when compared to healthy MSCs. Osteogenic
differentiation media enhanced MSC proliferation in healthy samples (Healthy 1
p<0.01, Healthy 2 p<0.05), but did not affect any of the osteoporotic samples (p>0.05)

(Figure 5.5A).

Biochemical stimulation of healthy and osteoporotic MSCs leads to significant
(p<0.001) increase in collagen deposition in only 2 of the 6 donors examined, one
healthy and one osteoporotic (Figure 5.5D). The quantity of collagen produced in
different patients is varied, for example, healthy 1 produces the greatest quantities in
growth medium but elicits very little difference in differentiation medium. Osteoporotic
1 produces the least collagen of all 6 samples in either growth or osteogenic
differentiation medium. Pooling the collagen produced in healthy and osteoporotic
samples shows little difference in deposition quantities, independent of media
supplements used or the condition of donors. Interestingly, although quantities were not
altered, the quality of the collagen matrix produced in all 3 osteoporotic samples
undergoing differentiation is visually atypical (Figure 5.5C). The deposited collagen
matrix does not cover the entire surface of the culture dish in osteoporotic MSCs
cultured in osteogenic supplemented media. Quantification of the collagen area reveals
matrix coverage can be as low as 19.30% in osteoporotic samples but remains at greater
than 89% coverage in the healthy cohort and greater than 75% in all samples in growth
medium, demonstrating this artefact is a feature of hMSC osteogenic differentiation but
not hMSC growth (Supplementary Figure 5.2). Normalising the quantity of collagen to

DNA per sample indicates the strongest production of collagen occurs in osteoporotic 2,
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in fact osteogenic medium leads to a decrease in collagen per DNA in healthy 1
(p<0.001) and osteoporotic 3 (p<0.05) (Figure 5.5F) which may indicate a patient

specific collagen production deficit.

The production of mineral in growth medium is minimal but similar between all
samples, yet there is significant variability between the mineral produced following
osteogenic induction (Figure 5.6C). Healthy 2 produces the most calcium of all 6
samples. Within healthy 2 there is some areas of the culture dish which are left
unstained; the darker staining and denser cell packing at the periphery of these spots
indicates they are the product of contraction as the matrix matures and deposits matrix
in overlapping layers. Pooling the data reveals an increase in mineral deposition in the
healthy cohort following osteogenic differentiation that is diminished in the
osteoporotic donor population, but due to donor variability this is not significant.
However, the quantity of calcium produced per cell in healthy hMSCs is significantly
greater following 21 days in osteogenic medium (p<0.01), while osteoporotic MSCs do
not respond to osteogenic supplements with enhanced mineral deposition (Figure 5.6F),
further demonstrating a defect in hMSC osteogenesis in osteoporosis which may be an

underlying factor leading to a reduction in bone mass and quality.
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Figure 5.5: A Quantification of DNA content following 21 days in growth medium or osteogenic
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from D individual samples and E samples pooled based on health (ug/ml), Mean+SEM, n=4, two-way
ANOVA with Bonferroni post test, ***p<0.001, differentiation medium effects the samples differently
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p<0.001 (interaction effect. F, G Collagen concentration normalized to DNA content (ng/ml) for F each
sample and G pooled concentration of collagen in healthy and osteoporotic samples, N=3, two-way
ANOVA with Bonferroni post test, ***p<0.001, **p<0.01,*p<0.05.
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Figure 5.6: A, B Representative images of Alizarin Red stained monolayers of A Healthy and B
Osteoporotic samples following 21 days culture in growth or osteogenic differentiation medium, 2x scale
bar=1000um, inset at 10x scale bar=200um, n=3. C-F Quantification of osteogenic matrix in each
sample C, D concentration of calcium extracted from C individual samples and D samples pooled based
on health (pg/ml), Mean+SEM, two-way ANOVA with Bonferroni post test, ***p<0.001, differentiation
medium effects the samples differently p<0.001 (interaction effect), n=4. E, F Calcium concentration
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5.3.6 Defective hMSC osteogenic differentiation in osteoporosis does

not lead to a shift to enhanced adipogenesis

Given the demonstrated defect in hMSC osteogenesis, we next investigated whether this
decrease in osteogenic potential may result in a shift in adipogenesis, potentially
contributing to the increase in adipose tissue in osteoporosis. We therefore quantified
adipogenesis in each of the hMSCs samples isolated from healthy and osteoporotic
donors. Interestingly, adipogenic differentiation medium has the opposite effect on cell
growth to that seen with osteogenic supplements, where there is significantly less DNA
in 2 healthy and 1 osteoporotic samples following treatment for 21 days (Figure 5.7A).

Further examination of adipogenic differentiation as measured by Oil Red O staining
demonstrated significant adipogenesis in all hMSC samples isolated from healthy
donors. Interestingly, no osteoporotic donor underwent adipogenic differentiation,
demonstrating an inhibited differentiation capability (Figure 5.7B-D). This finding is
further emphasised after pooling data where there is a significant inhibition of
adipogenesis in the osteoporotic cohort when compared to heathy controls (Figure
5.7E). This trend of reduced lipid formation in the osteoporotic cohort is also evident
when comparing lipid formation per cell (Figure 5.7F-G). Notably, adipogenic
differentiation of osteoporotic hMSCs did not result in the fragmented monolayer seen
in osteogenesis. This therefore demonstrates that hMSC isolated from osteoporotic

patients have a reduced differentiation potential that is not specific to lineage.
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***n<0.001, differentiation medium effects the samples differently &p<0.05, &&&p<0.001 interaction
effect.

5.4 Discussion

Bone formation requires the replenishment of the osteoblast from a progenitor or stem
cell population, which must be recruited, expanded and differentiated to ensure
continued anabolism. How this process occurs and whether this is altered in the
osteoporotic environment is poorly understood. Furthermore, given that emerging
treatments for osteoporosis are targeting this osteoprogenitor population, it is critical to
determine the regenerative capacity of this cell type in the setting of osteoporosis.
Herein, MSCs from a cohort of osteoporotic female patients were compared to MSCs
isolated from healthy donors. Although considerable donor variability is present across
samples, hMSCs isolated from healthy donors demonstrate good recruitment,
mechanosensitivity, proliferation, and differentiation capacity as determined by both
osteogenic and adipogenic differentiation. Contrastingly, hMSCs isolated from
osteoporotic patients had significantly diminished regenerative potential. Osteoporotic
hMSCs no longer respond to chemokine gradients directing recruitment. They have
become desensitised to mechanical stimulation, have reduced proliferative potential and
importantly demonstrate an attenuated differentiation capability with reduced mineral
deposition and lipid formation following osteogenic and adipogenic induction
respectively. Interestingly, during osteogenesis, despite minimal differences in the
quantity of deposited collagen, the distribution of collagen was dramatically altered in
the osteoporotic donors, suggesting a potential defect in matrix quality. This trend was
also evident when considering mineral deposition. Taken together this study has

demonstrated that hMSC isolated from osteoporotic patients demonstrate significantly
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reduced regenerative potential, which must be considered during the development of
new anabolic therapies targeting this cell population.

hMSCs isolated from healthy and osteoporotic donors demonstrate considerable
variability that is not clearly dependent on age or surface marker expression. With the
youngest donor being 22 years old, all donors have reached skeletal maturity (Barreto et
al., 2017, Nahhas et al., 2013). Older donors were not available to donate healthy bone
marrow; furthermore there is a healthy patient sample of post-menopausal age when
osteoporosis is prevalent. While age is associated with reduced regenerative capacity
(Ahmed et al., 2017), Healthy 1 is 59 years of age and displays the strongest
chemotactic response, shows strong proliferation, is mechanoresponsive and can
undergo osteogenic and adipogenic differentiation, on par with the younger donors.
This would indicate that age is not a major contributor to the variability in our findings
specifically within the healthy cohort. It must be noted that the osteoporotic donors are
older with an average age of 85 and these additional years are likely to contribute to the
loss in stem cell regenerative potential compared to the healthy group (Muschler et al.,
2001). All the samples studied here were capable of producing lipid, collagen and
calcified matrix under biochemical treatment and although differences between the
healthy and osteoporotic samples have been identified these differences may also be
reflective of the influence of aging. Interestingly the expression of CD105 was
consistently lower than 95% in 5 of the 6 donors and CD90 is expressed below
expected levels in 2 healthy and 1 osteoporotic donors. Recent studies of skeletal
progenitor populations suggest low CD105 expression could be indicative of osteogenic
potential (Anderson et al., 2013, Levi et al., 2011). This is consistent with our findings
where Osteoporotic 3, being the only donor with CD105 expression above the

recommended ISCT 95%, demonstrated the lowest mineral deposition following
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osteogenic induction. Despite this slight reduction in CD105, surface marker expression
alone or age were not reliable indicators of MSC regenerative potential in our donor
cohort.

hMSCs isolated from osteoporotic donors have a reduced recruitment and proliferative
capacity, which is indicative of reduced osteoprogenitor numbers at sites of fracture and
bone remodelling in osteoporosis (Oryan et al., 2017). This reduced chemotactic
response is consistent with previous studies demonstrating impaired MSC migration to
BMP-2/-7 and SDF-1 in osteoporosis that are linked to a decreases in integrin (Haasters
et al., 2014) and CXCR4 expression (Sanghani-Kerai et al., 2017) respectively. Our
results suggest that this impaired migration may not be factor specific but rather a wider
defect in chemotaxis which is in agreement with reduced homing of transplanted
osteoporotic MSCs to a bone fracture site (Tewari et al., 2015). Moreover, regardless of
MSC ability to reach the site of formation, the proliferative capacity of osteoporotic
MSC:s is also significantly inhibited which would further the complication of reduced
osteoprogenitor numbers. Taken together this data indicates that a contributing factor to
reduced bone formation, leading to remodelling imbalances, and bone loss in
osteoporosis could be attributed to defective homing and proliferation of mesenchymal
stem cells. This therefore highlights recruitment and proliferation as potential areas for

therapeutic development.

Osteoporotic hMSCs have a diminished osteogenic signature and have become
desensitised to mechanical stimulation. The basal level of COX2 expressed in
osteoporotic MSCs is considerably lower than healthy MSCs. COX2-/- mice have
defective bone repair and a MSC population that demonstrate inhibited
osteoblastogenesis (Zhang et al., 2002). This important role for COX2 in MSC

osteogenesis was further demonstrated in human MSCs, where COX-2 inhibitors
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resulted in a blunting of osteogenesis. In addition to this diminished basal osteogenic
signalling, the COX-2 expression cannot be rescued by a biophysical stimulus, with
osteoporotic hMSCs demonstrating reduced mechanosensitivity. COX-2 is a known
mechanosensitive gene which is consistently upregulated ~15-fold in response to fluid
shear in the healthy donor cohort. While osteoporotic hMSCs can still respond to fluid
shear with a significant increase in COX-2, this upregulation is considerably dampened.
This reduced mechanosensitivity is clearly demonstrated when considering RUNX2 and
OPN expression where the response to fluid shear is significantly reduced. This
reduction in mechanically-induced osteogenesis may be another contributor to reduced
bone formation in osteoporosis and highlights another potential avenue for therapeutic

development.

hMSCs isolated from osteoporotic donors have an inhibited differentiation potential
with reduced and abnormal matrix deposition that is lineage dependent. Despite
significant variability in collagen deposition across all donors, there was no significant
difference in the quantity of collagen deposited both in standard growth medium and
following osteogenic induction. Interestingly, the quality of collagen deposition
following osteogenic induction, in terms of area covered, is dramatically altered in the
osteoporotic patient cohort. Slight contraction of deposited collagen, as seen in healthy
2, has been demonstrated in the literature, however the collagen deposited by
osteoporotic donors only covered a fraction of the culture area. Given that collagen acts
as a template for mineral deposition, it is not surprising that this defect in collagen
spatial deposition continues to mineral deposition, with similarly abnormal mineral
spatial organisation and quantity (Katsimbri, 2017). The reduction in calcium
deposition have been demonstrated in osteoporotic MSCs previously (Prall et al., 2013,

Rodriguez et al., 1999), but our data demonstrates that mineral organisation is also

158



significantly altered, potentially as a result of abnormal collagen organisation.
Osteogenically differentiated cells form clusters around deposits of mineral (Shima et
al., 2015). The lack of matrix coverage in osteoporotic samples may be due to weaker
adhesion as multi-layered aggregates of cells are still visible within nodules of mineral.
Studies of surface treatments for the functionalisation of biomaterials supports this
hypothesis where the strength of the adhesion mechanisms effect the matrix formation
(Phillips et al., 2010). Moreover, the same work found that the lineage that MSCs
differentiate down effects the monolayer formation. This hypothesis is also consistent
with altered integrin expression identified in osteoporotic hMSCs (Haasters et al.,
2014). Interestingly, the osteoporotic cohort also demonstrated reduced adipogenesis
but no defect in spatial organisation of lipids. This indicates a loss of differentiation
capacity of MSCs regardless of lineage. While it is widely appreciated that adipocyte
numbers increase in the marrow with aging, MSC adipogenesis is believed to become
dysregulated in osteoporosis (Pino et al., 2012b, Astudillo et al., 2008). In summary,
osteoporotic hMSCs demonstrate reduced multilineage potential and abnormal
osteogenic matrix deposition. This therefore indicates a further defect in hMSC

behaviour during osteoporosis which may contribute to the aetiology of osteoporosis.

5.0 Conclusion

Bone formation requires the recruitment, proliferation and differentiation of
osteoprogenitors. How this process occurs and whether this is altered in the
osteoporotic environment is poorly understood. Herein, we demonstrate that human
MSCs from a cohort of osteoporotic female patients demonstrate defective recruitment,

mechanosensitivity, proliferation, and differentiation capacity as determined by both
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osteogenic and adipogenic differentiation when compare to MSCs isolated from healthy
donors. This study has therefore demonstrated that osteoporotic hMSCs demonstrate
significantly reduced regenerative potential, which must be considered during the

development of new anabolic therapies targeting this cell population.
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Chapter 6:

Targeting  primary cilia  and
associated mechanosensitive channels
as a therapeutic strategy to enhance
human  MSC  osteogenesis In
osteoporosis.

6.1 Introduction

Osteoporosis occurs when bone density and quality decreases to the extent that the
skeleton becomes prone to fracture at low impact. The devastating impact of
osteoporosis is ever increasing with our aging population, with hip fracture incidence
predicted to increase by 310% in men and 240% in women between 1990 and 2050
(Gullberg et al., 1997). Although fracture risk is reduced following bisphosphonate
treatment, the side effects which include atypical fractures deter long term use (Kling et
al., 2014). Furthermore, this reduction in fracture risk is limited at sites prone to impact
such as the hip (Cosman et al., 2014). Bisphosphonates act through an inhibition of
osteoclast activity, where osteoclasts are the cells responsible for resorbing damaged or
surplus bone during the remodeling cycle. An alternative approach which is garnering
much interest is to target osteoblasts or their precursors to promote bone formation

rather than inhibit resorption (Khosla and Hofbauer, 2017, Uihlein and Leder, 2012).

Bone tissue is exquisitely mechanosensitive, responding to mechanical loads

encountered during exercise and daily activities by increasing the formation rate of
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mineralized matrix. This bone mechanoadaptation is most obvious comparing the arms
of a tennis player where the humerus of the serving arm is significantly larger compared
to the contralateral limb (Haapasalo et al., 2000). This loading-induced increase in bone
formation is believed to require the differentiation of mesenchymal stem cells (MSCs)
towards the osteoblastic lineage. During exercise, the marrow is displaced in an
oscillating motion resulting in shear stress on resident cells (Li et al., 2004, Metzger et
al., 2015b, Gurkan and Akkus, 2008). The application of shear stresses to MSCs at
magnitudes predicted to occur in the marrow elicits an increase in osteogenic
differentiation (Stavenschi et al., 2017). Moreover, in osteoporosis MSC behaviour is
dysregulated, with stem cells demonstrating reduced mechanosensitivity and
differentiation capacity (Chapter 5)(Rodriguez et al., 2004). Therefore, novel
pharmacological options to enhance MSC differentiation towards osteoblastogenesis

could improve bone mass.

The mechanisms by which MSCs sense mechanical stimuli and the pathways
transducing such activity into a bone forming response could be targeted to increase
MSC osteogenesis and bone density in osteoporosis. Of particular interest are the sites
on the cell membrane exposed to fluid shear. In bone, among other tissues, a rapid
response to fluid flow is mediated by calcium signaling and mechanosensitive ion
channels such as TRPV4 (Lee et al., 2015c). Previously, we delineated the role of the
calcium channel TRPV4 in fluid shear-induced osteogenic differentiation of MSCs
(Corrigan et al., 2018). Moreover, TRPV4 expressed along the primary cilium was
found to be important in mediating the osteogenic response. The primary cilium is a
microtubule based antennae-like extension of the cell membrane (Satir et al., 2010).
The primary cilium has an important role in transducing fluid shear stimuli in MSCs

leading to an osteogenic response (Hoey et al., 2012d). Furthermore, defects in primary
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cilium formation or function result in a range of skeletal pathologies indicating a role
for the cilium and associated signaling in bone formation (Zhang et al., 2018).
Supporting and enhancing ciliogenesis has been found to increase MSC
mechanosensitivity and we have previously optimized a pharmacological treatment to
enhance cilium incidence and length in MSCs (Corrigan et al. 2018). By therapeutically
targeting TRPV4 and the primary cilium it is envisaged that fluid shear-induced MSC

osteogenesis could be mimicked therapeutically.

The overall objective of this study was to enhance MSC osteogenesis and matrix
deposition in the setting of osteoporosis, through the potential targeting of the primary
cilium and associated mechanosensitive calcium channel TRPVA4. Initially, given the
previously demonstrated defect in mechanosensitivity in osteoporotic MSC, TRPV4
expression and the primary cilium structure was investigated in both healthy and
osteoporotic MSCs. TRPV4 activity was enhanced using the biochemical agonist,
GSK101, and ciliogenesis was increased using fenoldopam treatment. Healthy and
osteoporotic MSCs were treated with fenoldopam, GSK101 or a combination of both
and MSC osteogenesis and matrix deposition was investigated at early and late time
points respectively, to determine whether targeting the cilium and associated
mechanosensitive channels is a viable therapeutic strategy to enhance human MSC

mediated bone formation in the setting of osteoporosis.

6.2 Methods

6.2.1 Bone marrow mesenchymal stem cell isolation and culture

Human mesenchymal stem cells were isolated from the whole bone marrow of healthy

and osteoporotic patients and validated according to ISCT guidelines as outlined in
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chapter 5. Each of the 6 MSC samples, 3 osteoporotic and 3 healthy were cultured in
DMEM, 10% FBS, 1% P/S at 37°C and grown to passage 3 before experimentation.
MSCs were not used beyond passage 7. For long term studies MSCs were
supplemented with 10mM [B-glycerophosphate (Sigma) and 0.05mM ascorbic acid
(Sigma) as well as dexamethasone (Sigma) at 10nM (minimal supplements) to provide

the components necessary for osteogenic matrix formation.

6.2.2 Biochemical treatments to promote TRPV4 activity and primary
ciliogenesis
TRPV4 was activated via the specific agonist GSK1016790A (Abcam). MSCs were

treated with GSK101 at 10nM for 2 hours before gene expression and
immunocytochemistry analysis. Primary cilium incidence and length was targeted using
fenoldopam mesylate (Sigma). MSCs were treated with fenoldopam at 50uM for 24
hours before gene expression and immunocytochemistry analysis. The suitability of
these agents for targeting TRPV4 and ciliogenesis was validated previously in murine
MSCs, where the concentration and application times were optimized (Corrigan et al.,
2018). Vehicle controls consisted of 0.2% DMSO for each set up. For long term cell
culture DMSO, GSK101, and fenoldopam were applied at the same concentrations and
maintained throughout the culture period via supplementation of the medium which was

changed every 3 days.

6.2.3 Immunocytochemistry

hMSCs were seeded on fibronectin coated glass coverslips for 24 hours before serum
starvation in DMEM low glucose, 0.5% FBS, 1% P/S for 48 hours. After fixation in

neutral buffered formalin for 10 minutes (Sigma), coverslips were permeabilised in
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0.1% Triton X-100 for a further 10 minutes and non-specific binding sites were blocked
using 1% w/v BSA (Sigma) in PBS for 2 hours at room temperature. The primary
antibody targeting TRPV4 (TRPV4, ab74738, Abcam) or the primary cilium (acetylated
o tubulin, ab24610, Abcam) was applied overnight at 4°C, diluted 1:1000 and 1:1500
respectively in blocking solution. For characterizing ciliogenesis this was followed by
the application of the primary antibody targeting pericentrin (ab448, Abcam) for 1 hour
at room temperature at a dilution of 1:1000. Alexa 488 secondary antibody was applied
to all coverslips for 1 hour at room temperature at 1:500. For primary cilium staining
Alexa 594 secondary antibody was applied in tandem under the same conditions.
Finally, phalloidin (rhodamine phalloidin, VWR) was applied to the TRPV4 stained
samples for 20 minutes at a dilution of 1:500. DAPI (Sigma) was applied for 5 minutes
in PBS prior to sample mounting on glass slides using Prolong gold mounting medium
(Invitrogen). Imaging was performed on an Olympus 1X83 (Olympus) epifluorescent
microscope at 100x (N.A. 1.40 Oil). For imaging the primary cilium z-stacks were
acquired, taking the first slice when the acetylated o tubulin stain came into focus and
the last when it was no longer in focus at any point along the axoneme. The distance

between slices was maintained at 0.25um.

6.2.4 Measurement of primary cilium incidence and length

Primary cilium incidence was defined as positive staining for acetylated a tubulin on a
cord protruding from two centrosomes stained by pericentrin. The length of the cilium
was calculated by constructing a right-angled triangle to capture the length that may lie
within multiple planes between the coverslip and slide as outlined in Rowson et al.
(Rowson et al., 2016). Briefly, the number of slices in the z direction and the thickness

of each slice were taken as one side, the length of the cilium in a maximum projection
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of all slices was taken as another side, and the length of the cilium was calculated as the

hypotenuse of the triangle formed by these two sides.

6.2.5 Measurement of TRPV4 intensity

TRPV4 intensity was measured by creating a mask for the cytoskeleton using the
phalloidin stained area in the red channel, limiting both the intensity and size of this
region of interest (Image J). Mean fluorescence intensity was corrected for background,

the mean intensity in an identical area outside the phalloidin stained area.

6.2.6 Gene expression

TRI reagent (Sigma) was used to extract RNA per the manufacturer’s protocol. The
concentration of RNA in each sample was measured using a Nanodrop
spectrophotometer and sample purity was checked via 260/280 and 260/230 absorbance
ratios. A minimum of 200ng of RNA was reverse transcribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The efficiency of the
reverse transcription was monitored by quantifying cDNA using a Qubit single stranded
DNA assay (Invitrogen). Quantitative polymerase chain reactions (QPCR) were
prepared for all samples using SYBR Select Master Mix with ROX passive dye
(Applied Biosystems, 4472903) and custom designed primers (Sigma) for 18S, COX2,
OPN, RUNX2, TRPV4 and IFT88 for amplification using the ABI 7500 real time PCR
machine (Applied Biosystems) as outlined in Supplementary Table 6.1. The relative
quantity of each sample was calculated with reference to 18S and expressed as fold

change normalised to the healthy control.
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6.2.7 Mechanical Stimulation

Parallel plate flow chambers, designed in house as described previously, were used for
short term fluid shear application (Stavenschi et al., 2017). Briefly, MSCs were seeded
on fibronectin (10pg/ml) coated glass slides, assembled between two plates and
attached to a programmable syringe pump (New Era Pump Systems). Oscillating fluid
flow (OFF) was applied through a 10ml syringe (Becton Dickinson) at 104ml/min,
subjecting cells to a shear stress of 2Pa, at a frequency of 2Hz. This stimulus was
applied for 2 hours. The no flow controls were similarly assembled within the chambers
but were not subjected to fluid shear. For long term studies an orbital shaker (Roth) was
used to apply a spatiotemporal fluid shear of minimum 0.3Pa, exceeding 1Pa at the edge
of the well, across the wells of a 6 well plate containing 1.8ml of medium as previously
demonstrated in (Salek et al., 2012). Shear stress was applied for 2 hours/day, 5

days/week for 21 days.

6.2.8 Staining and quantification of osteogenic matrix deposition

To investigate osteogenic matrix formation, cells were fixed in formalin following 21
days in culture. Collagen deposition was stained using 1% picrosirius red (Sigma) under
gentle agitation at room temperature, after 1 hour all wells were rinsed twice in 0.5%
acetic acid and distilled H,O. Calcium staining was performed using alizarin red S at
1% for 20 minutes at room temperature and rinsed in distilled H,O until the background
was clear of stain. Images were acquired using 2x (NA 0.06) and 10x (NA 0.25)
objectives. Collagen deposition was quantified by scraping picrosirius stain from each
well in PBS and centrifuging at 14000g for 10 minutes. The pellet collected was
dissolved in 0.5M NaOH and absorbance measured at 550nm. Calcium stain was

extracted via incubation in 10% acetic acid for 30 minutes under gentle agitation
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followed by heating at 85°C for 10 minutes. Cell debris was collected by centrifugation
at 20,000g for 15 minutes and the pH adjusted to pH4.1-4.5 before measuring

absorbance at 405nm.

6.2.9 DNA Quantification
The DNA content was measured at the end of the 21 day study using a QuantlT

Picogreen assay (Thermofisher) for dSDNA. Monolayers were rinsed in PBS and lysed
in 0.2% v/v Triton X100, 10mM Tris pH8, 1mM EDTA for 20 minutes on ice. The
monolayer was scraped for collection in microtubes before vortexing for 30 seconds
and sonicating for 1 minute. The vortex and sonicate cycle was repeated 5 times at 10
minute intervals and samples were passed through a 21G needle 10 times before flash
freezing samples in liquid nitrogen and storing at -80°C. Fluorescent reaction to
picogreen reagent excited at 480nm and read at 520nm. The DNA quantity was read

from a standard curve of 0-200ng/ml.

6.2.10 Data Analysis
Box plots used for cilium length and TRPV4 intensity illustrate the 25th and 75th

percentile values, whiskers represent 5th and 95th percentile values and the line is at the
median, black dots represent points outside of the 5th and 95th percentile. A two-way
ANOVA was used to test the effect of treatment on cilium formation and TRPV4
intensity, a one-way ANOVA was used to test the effect on cilium length. All other
plots represent the mean and standard error of the mean. The effects of health or
treatment on behaviour were tested using a two-way ANOV A with Bonferroni post-test

to compare the performance of control to each treatment.
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6.3 Results

6.3.1 Osteoporotic hMSCs demonstrate similar TRPV4 expression but
inhibited TRPV4 mechanoregulation when compared to healthy

controls

The expression of TRPV4 at the gene and protein level is similar in healthy and
osteoporotic MSCs. Basal gene expression shows little variation across all hMSCs
isolated from healthy and osteoporotic donors (Figure 6.1A). Furthermore,
immunocytochemical staining of TRPV4 shows the channel expressed throughout the
cell membrane of both healthy and osteoporotic MSCs (Figure 6.1B). The average
intensities calculated were similar for all samples except healthy 1, which was
significantly higher than all other samples (p<0.001) (Figure 6.1C). However, a change
in TRPV4 intensity in healthy MSCs is not reflected in the average intensity calculated
across pooled healthy and osteoporotic samples (Figure 6.1 D). Exposing MSCs to
oscillatory fluid shear stress results in a markedly different response in osteoporotic
MSCs compared to healthy controls. While there is an increasing trend in TRPV4
expression in healthy 2 and no significant change in healthy 1 or healthy 3, the
osteoporotic samples all respond with an average fold change less than 1 (Figure 6.1E).
In fact, donor health plays a significant role in response to flow (p<0.05). Analyzing the
average response of the healthy and osteoporotic cohorts confirms that there is an
increase in TRPV4 with fluid shear (p<0.05) in healthy MSCs but the response in the
osteoporotic cohort is significantly reduced (p<0.01) (Figure 6.1F). This is consistent

with a reduced mechanosensitivity in the setting of osteoporosis.
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Figure 6.1: Expression of TRPV4 in healthy and osteoporotic MSCs. A TRPV4 relative to 18S, Mean+
SEM, n=3-7, student’s t-test. B Representative images of TRPV4 expression on healthy and osteoporotic
hMSCs at 100x fluorescence (red channel- F-actin, green channel- TRPV4 and DAPI) (scale bar 10um).
C Quantification of cell wide TRPV4 intensity in individual hMSC samples, 25-75th percentile shown in
box, whiskers mark 5-95 percentile, outliers marked in black points, one way anova shows healthy 1 is
significantly more intense than all other samples, ***p<0.001. D Pooled TRPV4 intensity for healthy and
osteoporotic samples, Mean +SEM, n=3, student’s t-test, not significant. E, F Fold change TRPV4
expression in response to 2Pa, 2Hz fluid shear applied for 2 hours. E Response of individual patients,
Mean £SEM, n=3-6, two-way ANOVA, +p<0.05 effect of osteoporosis. F Comparison of healthy and
osteoporotic samples pooled, Mean+SEM, n=3, two-way ANOVA with Bonferroni post test, comparing
effect of flow and effect of MSC health, &&p<0.01 effect of flow is different in healthy and osteoporotic,
+p<0.05 effect of flow in healthy compared to no flow healthy.

6.3.2 Osteoporotic hMSCs have reduced cilium incidence and cilium

length when compared to healthy controls

Primary cilium formation is impaired in osteoporotic MSCs in both incidence and
length despite little variation in the expression of IFT88. The quantity of IFT88
expressed in MSCs is variable in healthy samples but the average quantity does not
differ from osteoporotic samples (Figure 6.2A). Despite this, there are fewer cilia found
on osteoporotic MSCs compared to healthy counterparts (p<0.05), with this effect being
consistent through individual samples and analyzing the average across the cohort
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(Figure 6.2C, D). Moreover, the length of the primary cilium is consistently shorter in
osteoporotic MSCs (Figure 6.2E). The average length found in healthy MSCs is
2.61+0.05 pm while osteoporotic MSCs display an average cilium length of
1.87+0.05um which is a significant reduction (p<0.001) (Figure 6.2F). In response to
fluid shear there is little change in IFT88 expression. Fluid shear results in a significant
decrease in IFT88 in osteoporotic 2 (p<0.05) but on average flow has no effect on

IFT88 expression and this holds true in osteoporotic MSCs (Figure 6.2G, H).
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Figure 6.2: Expression of IFT88 in healthy and osteoporotic MSCs. A IFT88 relative to 18S, Meant
SEM, n=3-7, student’s t-test. B Representative images of the primary cilium on healthy and osteoporotic
hMSCs at 100x fluorescence (red channel- acetylated alpha tubulin, green channel- pericentrin and
DAPI) (scale bar 10pm), inset shows zoom on cilium (scale bar 1um). C % ciliation in individual
samples shown as Mean +SEM, n=3, two-way ANOVA, p<0.05 the variation in cilium incidence is
significantly different in osteoporosis. D Pooled % ciliation for healthy and osteoporotic patients, Mean
+SEM, n=3, student’s t-test, p<0.05. E Cilium length 25-75th percentile shown in box, whiskers mark 5-
95th percentile, outliers marked in black points, one way anova shows each healthy sample is
significantly different to each osteoporotic sample p<0.001, healthy 1 and healthy 3 are significantly
different p<0.05, osteoporotic 3 is significantly shorter than osteoporotic 1 and 2 p<0.05. F Pooled cilium
length, Mean +SEM, n=3, student’s t-test, p<0.001. G, H Fold change IFT88 expression in response to
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2Pa, 2Hz fluid shear applied for 2 hours. G Response of individual patients, Mean +SEM, n=3-6, two-
way ANOVA, not significant, t-test to compare No flow to Flow for each individual sample, *p<0.05. H
Comparison of healthy and osteoporotic samples pooled, Mean+SEM, n=3, students t-test, not
significant.

6.3.3 The effect of TRPV4 agonist (GSK101) and ciliotherapy
(fenoldopam) treatment on TRPV4 expression and primary cilia

structure in healthy and osteoporotic hMSCs

Based on demonstrated defects in proliferation, migration, and differentiation (Chapter
5), and defects in cilium structure (Figure 6.2), in hMSCs isolated from osteoporotic
donors, Osteoporotic Sample 3 was brought forward as a model of osteoporosis and

Healthy Sample 2 was brought forward as a control in all future experiments.

Biochemical treatment with GSK101, fenoldopam or a combination of both either
resulted in no change or a slight reduction in TRPV4 expression. TRPV4 expression at
the mRNA level is not significantly altered by any treatment (Figure 6.3A). However, at
the protein level, although TRPV4 expression is not significantly altered in healthy
hMSCs with any treatment compared to vehicle controls, it is significantly reduced in
the osteoporotic hMSCs following fenoldopam treatment or the combined fenoldopam

and GSK101 (p<0.01) (Figure 6.3B, C).

Primary cilia on osteoporotic MSCs can be significantly elongated by treatment with
fenoldopam or a combination of fenoldopam and GSK101, but in healthy MSCs
primary cilia are only affected by GSK101. The expression of IFT88 at the mRNA level
is unchanged by any of the conditions investigated (Figure 6.4A). Interestingly cilium
incidence in the osteoporotic donor is greater than the healthy donor across all
treatments including vehicle control (p<0.001) (Figure 6.4C), despite a previous
analysis demonstrating defective ciliary structure in the osteoporotic sample (Figure

6.2). This therefore indicates that DMSO is having a considerable effect on cilia

172



structure with the osteoporotic sample being more perturbed. Independent of DMSO,
fenoldopam treatment resulted in an increasing but insignificant trend in cilium
incidence in both healthy and osteoporotic MSCs. The average length of primary cilia
in both healthy and osteoporotic MSCs can be increased by biochemical treatment.
Although fenoldopam marginally increases median length in the healthy MSCs
(+0.22pum), it is surprising that in this donor GSK101 was the only treatment that had a
significant effect (p<0.05) increasing median cilia length from 1.98 to 2.15um. The
length of cilia is increased in the osteoporotic donor by fenoldopam (p<0.01) and the
combined treatments (p<0.05) significantly increasing median length from 2.17 to

2.56um (Figure 6.4D).

Fkk

@@ DMSO
3 GSK101 6.0x107 A —
3 Fenoldopam

2 . -
@l Fenoldopam & GSK101 . . ok
. % T
4.0:407 - .
T 20407
=
0 : T T T T T T :

Healthy Osteoporotic Healthy Osteoporotic

Fkk

N w
1 J

i
Normalised Intensity

Fold Change TRPV4 Expression
o
L

Fenoldopam &
DMSO GSK101 Fenoldopam GSK101

Figure 6.3: Characterisation of short term treatment of healthy and osteoporotic hMSCs with vehicle
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expression relative to vehicle control, Mean +SEM, n=3-8, two-way ANOVA, not significant. B
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intensity in treated healthy and osteoporotic hMSCs, 25-75th percentile shown in box, whiskers mark 5-
95th percentile, outliers marked in black points, n=52-59, one-way ANOVA p<0.001 healthy hMSCs
treated with GSK101 express significantly more TRPV4 than Fenoldopam treated samples. Osteoporotic
hMSCs treated with GSK101 express more TRPV4 p<0.05, relative to fenoldopam, those treated with
fenoldopam express less TRPV4 compared to vehicle controls, p<0.01. Treatment with Fenoldopam &
GSK101 decreases TRPV4 relative to DMSO, p<0.001 and relative to GSK101, p<0.01.

6.3.4 The effect of GSK101 and fenoldopam treatment on early

osteogenesis in healthy and osteoporotic hMSCs

To determine whether cilia-targeted mechanotherapeutics could enhance early
osteogenesis in human MSCs, we next treated healthy and osteoporotic hMSCs with
GSK101, Fenoldopam or a combination of both and investigated their effect on early
osteogenic gene expression. Treatment with fenoldopam for 24 hours to elongate
primary cilia, followed by GSK101 for 2 hours to activate TRPV4, results in an upward
trend in the expression of early osteogenic markers, with some positive but variable
effects with GSK101 or fenoldopam alone. COX2 expression gives the most convincing
evidence for the use of these therapies, with increases in expression following GSK101
and fenoldopam in both healthy and osteoporotic samples. This increase was augmented
following dual treatment, reaching significance in the osteoporotic hMSCs (4.73+1.29-
fold increase, p<0.05) (Figure 6.5A). The combined treatments result in the most
effective changes in OPN expression also, although this is not significant. The changes
in OPN are variable but fenoldopam and the combination treatment increase expression
by 2.61+0.84 and 3.37+1.53 fold respectively in healthy MSCs. Although basal OPN
expression is somewhat higher in osteoporotic MSCs, the combined treatment
demonstrates the most favorable response (Figure 6.5B). Surprisingly, the osteoporotic
MSCs have significantly less basal RUNX2 expression compared to the healthy MSCs
(p<0.001). There are minor but insignificant increases in RUNX2 in healthy MSCs

following the combined treatments (1.43+0.72-fold) (Figure 6.5C). Taken together, this
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data suggests these therapies hold promise for enhancing hMSC osteogenesis, with
simultaneous targeting of the cilium structure and localized calcium channels being the

optimal strategy.
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Figure 6.4: Characterisation of short term treatment of healthy and osteoporotic hMSCs with vehicle
(DMSO), GSK101, Fenoldopam or Fenoldopam and GSK101 on primary cilia. A Fold change IFT88
expression relative to vehicle control, Mean +SEM, n=3-8, two-way ANOVA, not significant. B
Representative images of the primary cilium on healthy and osteoporotic hMSCs at 100x fluorescence
(red channel- acetylated alpha tubulin, green channel- pericentrin and DAPI) (scale bar 10um), inset
shows zoom on cilium (scale bar 1um). C % Ciliation Mean +SEM, n=3, two-way ANOVA, ***p<0.01
effect of health. D Cilium length 25-75th percentile shown in box, whiskers mark 5-95 percentile, outliers
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marked in black points, n=81-124, one way anova shows GSK101 induces a significant increase in length
in healthy (p<0.05) and in osteoporotic (p<0.01) hMSCs compared to Fenoldopam treatment ,
Fenoldopam & GSK101 treatment induces a significant increase in osteoporotic hMSCs, p<0.05.

6.3.5 The effect of GSK101 and fenoldopam treatment on proliferation
in healthy and osteoporotic hMSCs

The combination treatment elicits a significant increase in proliferation in both healthy
and osteoporotic MSCs. The proliferation of healthy MSCs is not affected by treatment
with GSK101 or fenoldopam separately but a combined treatment regime elicits
significant increases in proliferation after 21 days (p<0.001). In addition to the
application of cilia-targeted therapies, mechanical stimulation was also applied to
determine whether treatments would increase cellular mechanosensitivity. Following
mechanical stimulation there is no change in proliferation in the healthy hMSCs and the
therapies have the same effect under mechanical stimulation (Figure 6.6A). As was
previously demonstrated, osteoporotic hMSC have a reduced proliferative capacity
when compared to healthy controls (Figure 6.6A, B). In the osteoporotic hMSC cohort,
GSK101 has no effect but there is a trend of inhibition of proliferation following
fenoldopam treatment. Following fenoldopam treatment DNA content is decreased
from 25.58+4.36ng/well to 14.92+3.27ng/well under static conditions and significantly
from 37.33£22.87ng/well to 11.33+0.52ng/well under fluid flow. The combined
treatments support proliferation in osteoporotic MSCs as in healthy, increasing DNA to
71.74+9.43 in static conditions (p<0.001) and showing a similar but more variable trend
under fluid flow where DNA reaches 58.90+17.8ng/well (Figure 6.6B). Interestingly,
the combined treatment in the setting of osteoporosis (71.74+9.43ng/well) brings the
level of proliferation close to that seen in healthy controls (104.89+24.99ng/well).
Mechanical stimulation has no effect on proliferation in the osteoporotic MSCs nor

does it increase any therapy induced affect.
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Figure 6.5: Gene expression following short term treatment with vehicle (DMSO), GSK101,
Fenoldopam or Fenoldopam and GSK101 in a healthy and osteoporotic hMSCs. A COX2 B OPN C
RUNX2 fold change expression relative to vehicle control, Mean +SEM, n=3-8, two-way ANOVA, with
Bonferroni post test, COX2 effect of treatment p=0.0821, *p<0.05 significant effect of Fenoldopam &
GSK101 on COX2 expression.

6.3.6 The effect of GSK101 and fenoldopam treatment on the
osteogenic lineage commitment and matrix deposition of healthy and

osteoporotic hMSCs

Interestingly, the application of GSK101 had no effect on collagen deposition, while
fenoldopam, either alone or in combination with GSK101, significantly reduced
collagen deposition. In healthy MSCs, fenoldopam significantly reduced total collagen
concentration (p<0.001), but the reduction per cell was not significant, changing from
2.20£0.54ug/ng DNA in DMSO to 1.40£0.47ug/ng DNA in fenoldopam (Figure 6.6C,
E, G). The combined treatments diminished the total collagen concentration and the
quantity produced per cell in healthy MSCs (p<0.001). Mechanical stimulation also had
a negative influence on collagen deposition which furthered the decline in collagen
following fenoldopam treatments.

The production of collagen in osteoporotic MSCs in static conditions is reduced
compared to healthy counterparts. A reduced collagen monolayer is visible comparing
picrosirius staining of the osteoporotic MSCs to healthy MSCs (Figure 6.6C, D) in the
vehicle (DMSO) control. Quantification of the extracted monolayer confirms that the
total concentration of collagen in the osteoporotic sample is lower, at
62.42+10.66ug/ml, than the healthy sample at 230.35+14.18ug/ml (Figure 6.6E, F),
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which is consistent with previous findings (Chapter 5). However, normalizing collagen
to DNA content per sample indicates similar collagen production per cell in healthy
MSCs, at 2.20+0.54pg/ng DNA, and osteoporotic MSCs, at 2.44+0.58 pg/ng DNA
MSCs under static conditions (Figure 6.6G, H), indicating that cell proliferation may be
a key factor contributing to overall matrix production. Under mechanical stimulation,
collagen concentration was also decreased in the osteoporotic sample (p<0.05) but this
effect was less pronounced than that seen in the healthy controls (Figure 6.6E, F).
Following treatment with GSK101 under static conditions osteoporotic MSCs were
unchanged. There was a similar response to fenoldopam treatment in osteoporotic
MSCs where total collagen concentration was diminished by fenoldopam (p<0.001) but
the change normalized to DNA was not significant reaching 1.98+0.84ug/ng DNA
following treatment. Here, the matrix formed was an incomplete layer, with patches
where the monolayer had contracted and failed to completely cover the well surface as
it does in healthy and vehicle control wells (Figure 6.6D). The combined treatments
diminished the total collagen concentration and the quantity produced per cell in
osteoporotic MSCs (p<0.01) under static conditions (figure 6.6E-H). In contrast, there
were some differences in how MSCs from the osteoporotic donor responded to
treatments when applied in concert with a mechanical stimulus. While fenoldopam
resulted in a decreasing trend in total collagen concentration from 25.86+4.35ug/ml in
DMSO to 12.99+2.43ug/ml in fenoldopam, the quantity normalized to DNA is actually
slightly greater in fenoldopam at 1.15+0.22 pg/ng DNA compared to DMSO at,
0.692£0.44 pg/ng DNA. In mechanically stimulated osteoporotic MSCs GSK101
increased collagen concentration overall (p<0.05) and when normalized to DNA

(p<0.05). The combined treatments show the same decreasing trend in flow conditions
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but the effect is not significant changing from 0.69+0.44 pg/ng DNA in DMSO to

0.28+0.11 pg/ng DNA in fenoldopam and GSK101.
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Figure 6.6: Quantification of DNA content in A Healthy and B Osteoporotic samples following 21 days
culture in osteogenic differentiation medium containing either vehicle (DMSO), GSK101, Fenoldopam or
Fenoldopam & GSK101 and exposed to static (No Flow) or mechanical stimulation (Flow), ng
DNA/well, MeantSEM, n=4-6, two-way ANOVA with Bonferroni post test, ***p<0.001, *p<0.05
significant difference between vehicle and treatment. Representative images of Picrosirius Red stained
monolayers of C Healthy and D Osteoporotic samples following 21 days culture in osteogenic
differentiation medium containing either vehicle (DMSO), GSK101, Fenoldopam or Fenoldopam &
GSK101 and exposed to static (No Flow) or mechanical stimulation (Flow) 2x scale bar=1000um, inset
at 10x scale bar=200pm, n=4-6. C-F Quantification of osteogenic matrix in each sample E, F
concentration of collagen extracted from E Healthy and F Osteoporotic samples (ug/ml), Meant+SEM,
n=4-6. G, H Collagen concentration normalized to DNA content (ng/ml) for G Healthy and H
Osteoporotic samples n=4-6, two-way ANOVA $3$3$ p<0.001 effect of flow, & p<0.05 effect of treatment
is different under the influence of flow, with Bonferroni post test, ***p<0.001, **p<0.01, *p<0.05
significant difference between vehicle and treatment.

In terms of mineral deposition, the application of mechanotherapeutics to healthy MSCs
in static conditions had no significant effect on calcium deposition but there is a
decreasing trend in calcium normalized to DNA following the combined treatments
decreasing from 0.023£0.011pm/ng DNA to 0.003+0.000+0.44uM/ng DNA.
Interestingly, the effect of treatment was changed when applied under mechanical
stimulation. Fenoldopam significantly increased calcium deposition in healthy MSCs
(p<0.01) both the total concentration and the quantity normalized to DNA. GSK101 did
not elicit a change in calcium and the combined treatments resulted in a trend of
inhibition of calcium as seen in the static counterparts (Figure 6.7C, E).

Surprisingly, the deposition of calcium was higher in the osteoporotic MSCs than the
healthy counterparts, both in total calcium concentration and the calcium quantity
normalized to DNA where healthy MSCs had 0.02+0.01uM/ng DNA compared to
0.28+0.05uM/ng DNA (Figure 7C-F). In osteoporotic MSCs there was less calcium
deposited following treatment with GSK101 (p<0.001) and the combination of both
drugs (p<0.001). The 2x images show weaker staining in these conditions, this
relationship is true of calcium normalized to DNA also. Contrastingly, the fenoldopam
treated osteoporotic MSCs have stronger staining than GSK101 or the combined
treatments but it is not uniformly spread as seen in the DMSO control or in healthy

counterparts; some areas of the well are not covered by monolayer (Figure 6.7B).
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Although total calcium isn’t changed, the quantity normalized to DNA shows an
increased trend at 0.41+0.09uM/ng DNA compared to the DMSO control at
0.28+0.05uM/ng DNA. In response to mechanical stimulation, fenoldopam resulted in
decreased calcium concentration in osteoporotic MSCs (p<0.001). The images indicate
that alizarin staining is restricted to discrete pockets of the well. Although total calcium
concentration is reduced following GSK101 treatment of mechanically stimulated
osteoporotic MSCs (p<0.01) the quantity normalized to DNA is variable but displays an
increasing trend at 0.02+0.01uM/ng DNA in DMSO compared to 0.06+0.05uM/ng
DNA in GSK101. Similar to healthy cells and static controls the combined treatments
decreased the calcium concentration (p<0.001) and demonstrated a similar trend in

values normalized to DNA.

In summary, although the treatments, particularly in combination, can enhance early
osteogenesis and proliferation of hMSCs, no treatment regime elicited a significantly

positive effect on osteogenic matrix deposition.
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Figure 6.7: Representative images of Alizarin Red stained monolayers of A Healthy and B Osteoporotic
samples following 21 days culture in osteogenic differentiation medium containing either vehicle
(DMSO), GSK101, Fenoldopam or Fenoldopam & GSK101 and exposed to static (No Flow) or
mechanical stimulation (Flow) 2x scale bar=1000um, inset at 10x scale bar=200um, n=4-6. C-F
Quantification of osteogenic matrix in each sample C, D concentration of calcium extracted from C
Healthy and D Osteoporotic samples (uM), Mean+SEM, n=4-6. E, F Calcium concentration normalized
to DNA content (ng/ml) for E Healthy and F Osteoporotic samples n=4-6, two-way ANOVA with
Bonferroni post test, ***p<0.001, **p<0.01, *p<0.05 significant difference between vehicle and
treatment; &&p<0.01, &&&p<0.001 interaction effect.
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6.4 Discussion

Osteoporosis presents a major clinical challenge; it places massive pressure on
orthopaedic services, costs approximately €37 billion across Europe and threatens the
quality of life of our aging population (Hernlund et al., 2013). Current therapies are
limited by adverse side effects and effective treatment times. Therefore, novel
therapeutic approaches are moving away from inhibiting resorption of bone and more
towards the enhancement of new bone. Mesenchymal stem cells are the precursor to
osteoblasts, which deposit new osteogenic matrix to maintain healthy bone density and
quality. MSC osteogenic differentiation is mediated by mechanical loading and this
anabolic process is a key component of bone mechanoadaptation (Stavenschi et al.,
2017). Previously, we have demonstrated the role of the calcium channel TRPV4 in
MSC mechanotransduction and particularly the significance of its localisation to the
primary cilium (Corrigan et al., 2018), and have also demonstrated the role of
ciliogenesis in mediating the mechanically induced osteogenic responses in MSCs
(Corrigan et al., 2019). Furthermore, we have shown that mechanosensitivity and MSC
osteogenesis is defective in osteoporosis (Chapter 5). This study therefore aimed to
understand whether cilium and/or TRPV4 were altered in osteoporosis and whether
they could be targeted therapeutically to enhance MSC osteogenesis in this disease
setting. MSCs, from healthy and osteoporotic patients, were found to express similar
levels of TRPV4 but osteoporotic MSCs had consistently lower cilium incidence and
shorter axoneme length. Targeting TRPV4 via GSK101 treatment induced a trend of
upregulation in COX2 expression and following treatment for 21 days GSK101
supported the deposition of collagen, particularly in the mechanically stimulated
osteoporotic MSCs. Fenoldopam elongated the primary cilia of osteoporotic MSCs.
However, despite an upward trend in the expression of OPN and RUNX2 and an
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upregulation of calcium deposition in mechanically stimulated healthy MSCs,
fenoldopam did not positively influence osteoporotic hMSC osteogenesis. Interestingly,
the combined treatments led to an increase in osteoporotic hMSC cilium length and
increase in proliferation but unfortunately a decrease in osteogenic matrix deposition in
static and mechanically stimulated groups. Overall, although combinatory treatments
can enhance early osteogenesis and proliferation of hMSCs, no treatment regime
elicited a significantly positive effect on osteogenic matrix deposition.

Although TRPV4 expression is not altered in osteoporosis, the incidence of the primary
cilium and its length are significantly reduced, suggesting that that osteoporosis may be
an environmental ciliopathy. Investigating the activity of TRPV4 at the gene and
protein level, no difference was found in osteoporotic MSCs compared to healthy
MSCs. Interestingly, the fluid shear induced increase in TRPV4 that is seen in healthy
MSCs was significantly depleted in osteoporotic counterparts. This indication of a
diminished mechanosensitivity agrees with previous findings in Chapter 5.
Characterization of ciliogenesis in osteoporotic MSCs revealed inhibited cilium
incidence and decreased cilium length. The identification of dysfunctional cilia in
osteoporosis is intriguing because there are several ciliopathies that are associated with
skeletal malformation, and indicates that osteoporosis may be classified as an
environmental ciliopathy (Waters and Beales, 2011). Given the critical role for the
cilium in regulating major pathways such as Hedgehog and Wnt, which are important
for osteogenic differentiation, an attractive therapeutic approach may be to target
ciliogenesis. Following the characterization of MSC properties, the samples with the
strongest and weakest osteogenic capacity based on chapter 5, healthy 2 and
osteoporotic 3, were further investigated. Healthy 2 had 60.31+1.96% ciliation and a

median cilium length of 2.59£0.04pum while osteoporotic 3 had 43.33+4.8% ciliation
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and a median cilium length of 1.77+0.05um facilitating comparison of the effect of

treatments on ciliogenesis and osteogenic capacity.

TRPV4 activation with 10nM GSK101 does not significantly influence TRPV4 levels
or enhance osteogenic matrix deposition by healthy or osteoporotic human MSCs.
Following short term treatment there were positive trends in early osteogenic markers in
both healthy and osteoporotic MSCs. However, following long term treatment, despite a
positive effect on collagen deposition in the mechanically activated osteoporotic MSCs,
TRPV4 activation had minimal or even negative effects on calcium deposition. The
results seen in this study indicate that GSK101 may support TRPV4 mediated
osteogenic activity but that the concentration of application needs to be optimized for
human MSCs. Higher concentrations of GSK101 may mediate a more robust activation
of TRPV4 and facilitate greater TRPV4 mediated osteogenic signaling. While work to
date on the role of TRPV4 in osteoporosis is limited, there is evidence for its role in the
regulation of bone remodeling based on murine models (Mizoguchi et al., 2008).
Previous investigations suggest that mutations in TRPV4 lead to increased non-vertebral
fracture risk in male but not females (van der Eerden et al., 2013). This indicates a sex
specific role for TRPV4 and encourages the investigation of TRPV4 activity and

potential therapeutic targeting in hMSCs isolated from male donors.

Fenoldopam at 50uM concentration can support ciliogenesis in human MSCs resulting
in a positive trend on cilium length in the healthy donor MSCs where median length
was increased by 0.04um. However, significant increases in ciliogenesis in the
osteoporotic donor MSCs are seen following treatment with median length increasing
by 0.39um. The % ciliation data from the osteoporotic patient was surprising as the
values in the vehicle control were much higher than those found in the original
characterization data in Figure 2. Although it is unclear why this has occurred, it may
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possibly be due to DMSO treatment used as a vehicle control. DMSO is known to
influence ciliogenesis, via microtubule stabilization, and this may have altered cilia
length and incidence to a greater degree in our osteoporotic cohort (Robinson and
Engelborghs, 1982). Regardless of the altered basal cilia structural parameters,
fenoldopam treatment could significantly increase cilia length in osteoporotic hMSCs
demonstrating ciliotherapy potential. Fenoldopam treatment elicited an increasing trend
in OPN and RUNX2 in healthy MSCs but not in the osteoporotic sample. The long-term
outcome of fenoldopam treatment was condition dependent. Although fenoldopam
negatively influenced collagen deposition in all conditions, healthy MSCs under
mechanical stimulation had significantly higher calcium deposition in fenoldopam but
there was no effect in static conditions. Exercise is a vital part of maintaining bone
health but gentle exercise, which limits the risk of fall and fractures, isn’t effective
alone at increasing bone density (Cavanaugh and Cann, 1988, Prince et al., 1991). This
encourages the targeting of primary cilium mediated mechanotransduction to generate a
robust osteogenic response from limited physical activity. However, it must be stated
that this effect of fenoldopam and mechanical treatment in osteoporosis resulted in
significantly reduced calcium deposition. Interestingly, despite positive effects on early
osteogenesis, the combined treatments had no positive influence on long-term matrix
deposition. Therefore, further optimization is required to fully validate the potential use

of these therapies in the setting of osteoporosis.

6.5 Conclusion

The need for new anabolic therapeutic targets to treat osteoporosis is a driving factor in

research deciphering the mechanism of osteogenic lineage commitment. Osteogenic
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differentiation of MSCs is mechanically influenced and two mechanisms involved in
this process have been previously identified and biochemically targeted. This study has
examined the performance of these mechanisms in healthy and osteoporotic MSCs and
activated those using pharmacological agents. Osteoporotic MSCs have reduced TRPV4
mediated fluid shear responses and have a reduced cilium incidence and length,
demonstrating possible defects in mechanotransduction machinery. Targeting the
primary cilium and associated TRPV4 can positively influence early osteogenic
signaling and proliferation but it is currently unclear whether long term treatments can
have beneficial effects. Therefore, these results encourage further optimization of these
treatments and other mechanotransduction mechanisms to direct the bone forming

response of MSCs.
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Chapter 7:

Discussion and Conclusion

7.1 Summary

Driven by the demand for new anabolic therapies for osteoporosis, the objective of this
thesis was to delineate the molecular mechanisms involved in biophysically-induced
MSC osteogenesis in order to direct bone regeneration (Figure 7.1). Given the
important role of calcium as a second messenger in the mechanobiology of lineage
committed bone and cartilage cells (Lee et al., 2015¢, O'Conor et al., 2014, You et al.,
2001), initially the role of this second messenger in fluid shear induced osteogenesis of
MSCs was explored. While it was known that physical loading induces an influx of
calcium in MSCs, the mediating channels and source of calcium are poorly understood
(Riddle et al., 2006). Chapter 3 found that TRPV4 is predominant in mediating the fluid
shear induced calcium response in MSCs and the membrane localisation of TRPV4
implies that this signal is transported from the extracellular environment. Moreover, the
TRPV4-mediated calcium signal is involved in the upregulation of early osteogenic
markers in response to loading. The biochemical agonist GSK101, specific to TRPV4,
could recapitulate the calcium signal and osteogenic gene expression response under
static conditions. Although TRPV4 is expressed throughout the cell membrane, striking
colocalization to the primary cilium was observed and the loss of cilium localised
TRPV4 activity disrupted TRPV4-mediated osteogenic activity. This highlights TRPV4
as a target for therapeutic direction of MSC osteogenic lineage commitment. Following
on from the role found for primary cilium localised TRPV4 in mediating osteogenic

signals and previous literature which determined an essential role for the primary cilium
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in the response of MSCs to fluid shear, the potential of the cilium as a therapeutic target
was next explored (Hoey et al., 2012d). Recently treatments have been designed to
enhance the signal processing activity at the primary cilium via elongation of its
axoneme (Thompson et al., 2016, Kathem et al., 2014a). Chapter 4 optimised such
treatments, termed ciliotherapies, for the promotion of ciliogenesis in MSCs and found
that fenoldopam was the most appropriate agent for supporting enhanced
mechanosensitivity and osteogenesis. In fenoldopam, a protocol was optimised which
elongates the cilium significantly and also enhances early osteogenic gene expression as
well as increasing the osteogenic matrix deposition in response to fluid shear.
Therefore, the first part of this thesis identifies two components of MSC
mechanotransduction, which could be targeted therapeutically as a potentially novel

anabolic therapies for osteoporosis.

The second part of this project examined the suitability of these targets for influencing
the behaviour of human osteoporotic MSCs, particularly to enhance osteogenic activity
and contribute to the bone adaptation response to mechanical loading. Previous studies
have identified alterations to the adipogenic differentiation process in osteoporosis but
the osteogenic response of osteoporotic MSCs under physical loading is poorly
understood. MSCs were isolated from the bone marrow of a cohort of osteoporotic and
healthy patients for characterisation. MSCs adipogenic, chondrogenic and osteogenic
lineage potential were found to have impaired migration towards FBS, inhibited
proliferation, and decreased production of adipogenic and osteogenic matrix in the
osteoporotic cohort (Chapter 5). Furthermore, the osteogenic gene expression response
to fluid shear was stunted in osteoporosis. These findings supported the development of
a mechanotherapeutic approach to increase MSC osteogenesis and bone formation in

osteoporosis. The final study (chapter 6) attempted to mimic the osteogenic response of
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MSCs to physical activity by biochemically activating the mechanotransduction
mechanisms delineated in chapter 3 and 4 (Figure 7.1). The application of GSK101, to
activate TRPV4, and fenoldopam, to enhance ciliogenesis at the concentrations and
durations optimised in earlier studies partially supported MSC osteogenesis and bone
formation. In fact, GSK101 treatment increased the mechanically induced collagen
deposition in osteoporotic MSCs whereas fenoldopam treatment increased the
mechanically induced calcium deposition in healthy MSCs. The combined treatment
with GSK101 and fenoldopam elicited an increase in COX2 expression and upregulated
proliferation under static conditions. Taken together, these findings demonstrate
defective mechanotransduction and regenerative potential of osteoporotic MSCs but the
developed mechanotherapeutics show promise in targeting mechanotransduction
mechanisms to increase MSC osteogenesis for the treatment of osteoporosis, however

further optimisation in human MSCs is required.
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Figure 7.1: Overview of the mechanisms researched in this thesis and their application for therapeutic design.
Initially the mechanical environment of bone marrow during physical activity was modelled in vitro and two
MSC mechanotransduction mechanisms were delineated, calcium signalling via TRPV4 and primary cilium
mediated osteogenesis. Protocols developed to biochemically activate the mechanisms identified were applied to

Mesenchymal Stem\ﬁell

Pharmacologically
enhance mechanically
mediated bone formation

Biochemically target
mechanotransduction
mechanisms

GSK101

Fenoldopam

2AMSC
osteogenic

differentiation

human MSCs to enhance bone modelling activity (Aoki et al., 2019).

7.2 Delineation of MSC mechanotransduction mechanisms

¢

The role of MSCs in the anabolic response of bone to mechanical loading is widely

appreciated and the role of calcium as a second messenger in MSCs has been indicated

previously. The mechanisms mediating mechanotransduction could form novel

therapeutic targets and the first study investigates the role of the mechanosensitive
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calcium channel TRPV4, previously characterised in chondrocytes and osteocytes, in
the MSC response to fluid shear. The specific antagonism of TRPV4 activity
completely prevents calcium signalling in response to fluid shear while GSK101
successfully mimics the fluid shear induced calcium flux, indicating TRPV4 is the
primary mediator of the calcium response to fluid shear in MSCs. TRPV4 is heavily
expressed along the cilium axoneme and treatment of MSCs, without a primary cilium,
with GSK101 results in impaired Cox2 expression and augmented Opn expression
compared to control ciliated cells, demonstrating a regulatory role of the primary cilium
in TRPV4 signal transduction. The influence of the cilium in the response to TRPV4
activation encourages investigation into calcium signalling within the ciliary
microdomain. The optimisation of GSK101 in this study was successful at mimicking
the response fluid shear induced Cox2 and Opn upregulation. Furthermore, GSK101
treatment enhances both collagen and calcium matrix deposition, demonstrating the
importance of TRPV4-mediated calcium in downstream osteogenic differentiation and

the potential to biochemically target mechanically activated signalling mechanisms.

Given its importance in MSC mechanotransduction and in TRPV4 mediated signalling,
the primary cilium has the potential to be a therapeutic target, where the osteogenic
response could be triggered biochemically. Treatments which elongate the cilium
axoneme have been identified and used for the therapeutic influence of cilium localised
activity in polycystic kidney disease and osteoarthritis models (Thompson et al., 2016,
Kathem et al., 2014a). The second study optimised a ciliotherapy treatment for MSCs
significantly elongating the axoneme via two different treatments, 100mM LiCl and
50uM fenoldopam. The concentrations of LiCl required to elongate MSC cilia also
decreased expression of osteogenic markers and long term treatment effected cell

survival and proliferation. The identification of a ciliotherapy capable of improving
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osteogenic matrix formation in response to loading is a substantial development in
attempts to establish new anabolic therapeutic targets in osteoporotic bone. In addition,
the modulation of cilium length can be used to further delineate the role of cilium-
localised activity in MSC mechanotransduction by increasing the ciliary membrane
surface area where membrane bound channels and receptors access the extracellular
environment. Moreover, the behaviour of elongated MSC cilia supports the previously
suggested hypothesis that the additional axoneme length results in an increased
membrane strain under the influence of extracellular fluid flow (Schwartz et al., 1997,
Spasic and Jacobs, 2017). The findings of this work could be explained by either
hypothesis of the positive effect of cilium length, identifying the mechanism of the
change in behaviour could aid in ciliotherapy development and direct treatment
optimisation. If the change in ciliary mechanics is of significant effect then the effect of
treatment on microtubule structure should be studied. This could be tested by disrupting
the cytoskeletal components of the cilium biochemically. The positive influence of
cilium elongation on mechanosensitivity in osteocytes and preliminary data from
murine osteoporotic models treated systemically with fenoldopam encourages further
investigation into fenoldopam as a therapeutic strategy to increase bone formation
(Spasic et al., 2018). However, it can be concluded that cilium length can be altered
biochemically in MSCs and that this is an effective target to modulate cell

mechanosensitivity.

7.3 Human osteoporotic MSC treatment

To effectively target the mechanotransduction mechanisms delineated in the first two

studies as a therapeutic strategy, knowledge of the mechanoadaptation activity within
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MSCs of osteoporotic patients is required. Indeed, a thorough understanding of
alterations in MSC behaviour in osteoporosis is important in determining effective
therapeutic targets. Previous findings on the proliferative and migratory capacity of
MSCs in osteoporosis are conflicting and the impairment observed in the patient cohort
recorded here as well as donor variability encourages expansion of the study to a larger
sample size (Veronesi et al., 2011). Comparison of the osteoporotic donor cohort to
healthy MSCs used in this study revealed impaired basal COX2 expression and
decreased COX2, OPN and RUNX2 expression in response to fluid shear. This is the
first study to demonstrate a decrease in the mechanosensitivity of MSCs in
osteoporosis. Furthermore, as MSCs were induced to differentiate to the adipogenic and
osteogenic lineages the formation of extracellular matrix was defective in comparison
to healthy counterparts. Lipid formation was significantly lower in osteoporotic MSCs
and the significant increase in mineralised matrix in response to biochemical induction
seen in healthy MSCs was impaired in osteoporosis. The pattern of deposition of
calcium observed in osteoporotic MSCs, in irregular contracted patches suggests a
deficit in the adhesion and spreading of the differentiating MSCs (Phillips et al., 2010).
These findings emphasise the MSC as an important player in the osteoporotic disease
mechanism which will be important to consider as therapeutic design moves towards
targeting bone formation activity as is being introduced in teriparatide and

romosozumab (Khosla and Hofbauer, 2017).

Given the loss in mechanosensitivity discovered in osteoporosis, targeting this deficit
becomes a more attractive therapeutic avenue. The delineation of the role of TRPV4 in
transducing physiological loads into osteogenic activity via MSC calcium signalling as
well as the determination of an effective biochemical TRPV4 activation protocol

directed the investigation of TRPV4 activity in osteoporosis. Furthermore, the influence

194



of cilium length, which can be significantly modulated by fenoldopam, on
mechanosensitivity and upregulation of mechanically induced osteogenic matrix
formation promoted investigation into ciliogenesis in osteoporosis. There is an urgent
and growing demand for osteoporotic therapies, and as the attempts to target sclerostin
have been presented concerning side effects, novel therapeutic targets are required
(Khosla and Shane, 2016). The mechanotherapeutic approach, designed to target the
osteogenic activity mediated by TPRV4 and the primary cilium in response to
mechanical load, presents an innovative development in osteoporotic therapy design. It
is envisioned that the support of the mechanoadaptation response could reduce fracture
risk and facilitate osteoporotic patients in benefiting from the positive influence of
physical activity on skeletal health (Cavanaugh and Cann, 1988). Osteoporotic MSCs
have an inhibited TRPV4 upregulation in response to fluid shear but have comparable
expression of the TRPV4 channel to healthy counterparts. Interestingly, the incidence
and length of primary cilia in osteoporotic MSCs is consistently less than that in healthy
MSCs. The application of GSK101, fenoldopam or a combination of both to human
MSCs can significantly increase the length of primary cilia and GSK101 but not
fenoldopam can maintain but not increase TRPV4 expression. Nevertheless, GSK101
treatment increased collagen production of osteoporotic MSCs under mechanical
stimulation while fenoldopam treatment increased calcium deposition in mechanically
stimulated healthy MSCs. The positive effects seen on osteogenic matrix deposition in
this study support the expansion of this investigation in MSCs from more donors, in
addition to further optimisation of treatment strategies in a human model. The
promising effects seen with this mechanotherapeutic design, where the
mechanoadaptive bone modelling effect of loading is enhanced, suggests this route

should be pursued for osteoporosis.
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7.4 Limitations and future directions

The initial studies, chapter 3 and 4, were carried out using the murine cell line
C3H10T1/2. Although often used as a model for mesenchymal stem cells these cells are
embryonic in origin and may behave differently to bone marrow progenitors found in
the marrow (Reznikoff et al., 1973, James, 2013). The results of the studies carried out
in C3H10T1/2s are promising and in each case the osteogenic potential of the cell line
is demonstrated under biochemical induction. However, the human MSCs isolated from
fresh bone marrow aspirates and characterised according to the International Society for
Cellular Therapy’s guidelines did not respond to treatments conditions optimised in
C3H10T1/2 (Dominici et al., 2006). Although there was some influence of treatment,
such as the partial change in COX2 expression with GSK101 treatment, the changes are
weak and variable. Human and mouse MSCs differ in size and surface marker
expression which indicates the regulation of the responses to environmental changes
may differ (Jones and Schéfer, 2015). Moreover, while immortalised mesenchymal
stem cells have maintained their differentiation potential in vitro for neuronal
regenerative medicine the immortalisation process and culture of the cell line through
multiple passages removes the model further from the conditions which are relevant to
the study, living bone marrow (Gong et al., 2011). Given the potential differences in
behaviour in murine immortalised MSCs a continuation of this study should optimise
the activation of TRPV4 using GSK101 and the elongation of primary cilia using

fenoldopam in human primary bone marrow derived MSCs.

Another limitation arises from the study of MSC behaviour in two-dimensional cell
culture when the native environment of MSCs would facilitate adhesion and spreading

in three dimensions. The culture surfaces are coated in fibronectin for MSC culture but
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beneath that a flat plastic surface, of uniform elasticity, facilitates growth of a
monolayer of MSCs. In vivo the MSC would experience the trabeculae of cancellous
bone at the bone-marrow interface, the ECM surrounding sinusoids, and the viscous
fluid of marrow which is densely populated with cells. The development of a three
dimensional culture system for MSCs would allow more accurate modelling of the
dynamic mechanical cues generated in bone marrow as well as the spatial arrangement
of cells and the receptors and signals interacting between them (Edmondson et al.,
2014). The comparison of cells cultured in two or three dimensions has observed
differences in cell proliferation and gene expression. The studies described in this thesis
provide valuable and relevant data on the expression and activity of the calcium channel
TRPV4 in MSCs as well as the response of MSCs to ciliotherapies. It is envisaged that
a next step in continuation of this study would create a culture system to allow the
application of fluid flow mediated shear stress to a three-dimensional scaffold seeded
with MSCs (Michael Delaine-Smith et al., 2015). This will require MSC numbers,

growth factor quantities and bioreactor development beyond the scope of this project.

Throughout these studies the behaviour of MSCs under short term and long term
mechanical loading is investigated. Using parallel plate flow chambers a uniform
precisely controlled shear stress can be applied to glass slides and our studies apply a
shear stress of 2Pa oscillating at 2Hz using custom built chambers that were optimised
in house to model physiologically relevant osteogenic fluid shear signals (Stavenschi et
al., 2017). However, for long term studies and the investigation into multiple
biochemical modulators, including GSK101 and fenoldopam, the glass slides were not
suitable. An orbital shaker was used to displace the medium in cell culture well plates
as a high throughput alternative which facilitated long term culture requirements

including multiple medium changes and daily phase contrast imaging. Based on
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computational models carried out to quantify the fluid shear experienced at the surface
of a 6 well plate when the medium of a height of 1.8cm is displaced by a shaker with a
radius of gyration of 9.5mm moving at 100rpm the MSCs experienced an average of
0.3Pa shear stress over the entire well and in excess of 1Pa at a maximum (Salek et al.,
2012). While both the orbital shaker and parallel plate flow chambers apply
physiologically relevant fluid shear, the stimulus achieved by the orbital shaker may not
be robust enough to generate an osteogenic response in MSCs. Fluid shear in the
marrow is difficult to measure and predict because of the difficulties in measuring the
native viscosity of marrow tissue, however even with low magnitude high frequency
vibration the best models have predicted that most of the marrow experiences 0.5Pa
shear stress. Furthermore, the levels can be much higher at the interface of bone and
marrow and during more intensive loading greater pressure gradients could produce
shear stress in excess of 24Pa (Metzger et al., 2015b, Coughlin and Niebur, 2012).
Overall, there may be some limitation in the mechanoadaptation response observed in
the studies described here because of a minimal fluid shear stimulus, however the
behaviour observed encourage further investigation into the response to a higher shear

stress stimulus.

In chapter 5 studying the behaviour of human patient samples was challenged by
considerable individual donor variability. Although efforts were made to reduce the
factors influencing behaviour by choosing only female donors and limiting samples to
as close an age range as could be obtained, major differences between samples were
observed within the healthy and osteoporotic cohorts. For example the osteogenic
matrix deposited by healthy 2 is approximately 7 fold higher than that seen in healthy 1
(Figure 5.6C). Nonetheless significant differences in differentiation and

mechanosensing capacities of osteoporotic MSCs were observed in the populations
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studied. These interesting results suggest the pursuit of this study with a larger
population of female donors which will require the time and collaboration with an
orthopaedic surgery department for access to consenting donors. Furthermore, the
discovery of altered mechanosensation capacity in the characterisation of female
osteoporotic MSCs encourages the study of this factor in male osteoporotic patients.
The findings collected here promote the scale up of such a characterisation of

mechanotransduction mechanisms in the osteoporotic disease state.

A striking observation was made of the properties of matrix deposited from
osteoporotic donors, apart from the incomplete coverage of the cell culture surface,
stained matrix was concentrated in small patches or islands which appeared to have
contracted and separated over time (Figure 6.6 and 6.7). This was only apparent in the
osteoporotic samples where mechanosensitivity was also compromised. Further
investigation is required to identify the possible cause of this outcome and the first steps
should evaluate the adhesive properties of osteoporotic MSCs. To inform this integrin,
gap junction activity, and cell behaviour on a range of protein coatings should be tested.
The characterisation of mature matrix formation in differentiating osteoporotic samples
is important in designing effective therapies to support bone formation and this finding

highlights characteristics of osteoporotic MSCs which must be considered.
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7.5 Conclusion

TRPV4 plays an essential role in mediating a calcium signal in MSCs
responding to fluid shear and TRPV4 mediated signalling increases the
expression of early osteogenic genes and the deposition of osteogenic matrix
downstream.

TRPV4 expression is localised to the primary cilium of MSCs and its activity at
the cilium modulates the expression of early osteogenic genes, upregulating
Cox2 and decreasing Opn.

Fluid shear mediated osteogenic activity, both early osteogenic marker
expression and enhanced osteogenic matrix deposition, can be mimicked via
biochemical activation of TRPV4 with GSK101.

The MSC primary cilium can be elongated using LiCl or fenoldopam and
increasing primary cilium length increases mechanosensitivity, increasing the
Cox2 and osteogenic matrix upregulation in response to fluid shear.

Fenoldopam treatment is more suitable for directing MSC lineage commitment
towards osteogenesis as it does not affect hedgehog or Wnt activity and is
supportive of early osteogenic marker expression.

A biobank of human MSCs were isolated from bone marrow aspirates of 3
healthy and 3 osteoporotic donors, all donors were skeletally mature and female.
The MSCs isolated were characterised according to ISCT guidelines (Dominici
et al., 2006).

In osteoporosis, MSCs display impaired chemotactic migratory capacity,

impaired proliferation and impaired differentiation towards the adipogenic and
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osteogenic lineages as evaluated by matrix quantity and quality respectively in
comparison to healthy MSC behaviour.

The mechanosensitivity of osteoporotic MSCs is diminished and fluid shear
mediated upregulations in COX2 and OPN display a decreasing trend while the
upregulation of RUNX2 is significantly reduced compared to healthy
counterparts.

The mechanotransduction mechanism of osteoporotic MSCs is weakened as
TRPV4 is not upregulated in response to fluid shear as in healthy MSCs and
primary cilium incidence and length is significantly depleted compared to
healthy counterparts.

Biochemically activating the TRPV4 and cilium mediated mechanotransduction
mechanisms can improve the mechanically induced osteogenic matrix
deposition in a patient specific manner and presents a novel target to develop

anabolic therapies for osteoporosis.
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Supplementary Material:

Supplementary Figure 3.1
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Supplementary Figure 3.1: (A) Median and interquartile range of fold increase in calcium at first peak
following application of GSK101 in cells transfected with scrambled siRNA or siRNA targeting IFT88,
Mann Whitney test, NS p>0.05. (B) Frequency of calcium response in MSCs exposed to GSK101,
Fisher’s exact test, NS p>0.05. (C) Time to first peak for individual cells following application of
GSK101 at time 0s. Bars mark Median and interquartile range, Scrambled N=4, n= 20, IFT88 KD N=4,
n=12, Mann Whitney test, NS p>0.05.

Supplementary Table 3.1:

Primer sequences and concentrations employed in quantitative PCR analysis

™m Primer Amplicon
Gene Sequence
(°C) concentration Size
5’-GTAACCCGTTGAACCCCATT-3’ 151bp
18S 60 400 nM
3’-CCATCCAATCGGTAGTAGCG-5’
5’-ACTCATAGGAGAGACTATCAAG-3* | 147bp
Cox2 60 400 nM
3’-GAGTGTGTTGAATTCAGAGG-5’
5’-GGATGAATCTGACGAATCTC-3’ 188bp
Opn 60 400 nM
3’-GCATCAGGATACTGTTCATC-5’
TRPV4 | 60 1x Mm00499025 _m1 56bp
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Supplementary Figure 4.1
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Supplementary Figure 4.1: Representative images of MSCs following treatment with A Forskolin, B LiCl
or C Fenoldopam or vehicle, DMSO or H20, control for 1 hour and 24 hours in 4x phase contrast (scale bar
200pum).
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Supplementary Figure 4.2
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Supplementary Figure 4.2: Positive Control for B-catenin localization to the nucleus A representative
images of immunofluorescent staining at 100x fluorescence (red channel- B-catenin, green channel-
phalloidin and DAPI (scale bar 10um) following treatment with 2ng/ml TGF-B1 or vehicle, 4mM HCI
Img/ml BSA, control for 2 hours. B Quantification of nuclear intensity of B-catenin in each condition,
statistical analysis, two-tailed t-test, *p<0.05.
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Supplementary Table 4.1

The sequences of the primers used to quantify gene expression in MSC

Tm | Primer Amplicon
Gene Sequence
(°C) | concentration Size

5-GTAACCCGTTGAACCCCATT-3’ 151bp
18s 60 400 nM

3-CCATCCAATCGGTAGTAGCG-5’

5-ACTCATAGGAGAGACTATCAAG-3’ 147bp
Cox2 60 400 nM

3 -GAGTGTGTTGAATTCAGAGG-5’

5 -GGATGAATCTGACGAATCTC-3’ 188bp
Opn 60 400 nM

3 -GCATCAGGATACTGTTCATC-5’

5’-CAGCCCAAGAACCGGGAAAT-3’ 117bp
Axin2 60 400nM

3’-AGCCTCCTCTCTTTTACAGCAA-5’

5 TGTGGCTGAGAGCGAAGTTT-3’ 179bp
Ptchl 60 400nM

3-CACTCGTCCACCAACTTCCA-5’

5’-CAGCATGGGAACAGAAGGACT-3’ 177bp
Glii |60 |400nM

3’-GAGAGAGCCCGCTTCTTTGT-5’

5-ACAAGGACAGAGTCAGATTAC-3’ 196bp
Runx2 | 60 300nM

3’-CAGTGTCATCATCTGAAATACG-5’

5-AGAGAAGGTTTCAGAAGAC-3’ 93bp
DIX5 |60 | 400nM

3’-GCAAACACAGGTGAAAATCT-Y
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Supplementary Table 5.1:

The sequences of the primers used to quantify gene expression in MSCs

Gene Forward Primer Reverse Primer

18S ATCGGGGATTGCAATTATTC CTCACTAAACCATCCAATCG
COX2 AAGCAGGCTAATACTGATAGG TGTTGAAAAGTAGTTCTGGG
OPN GACCAAGGAAAACTCACTAC CTGTTTAACTGGTATGGCAC
RUNX?2 GCAGTATTTACAACAGAGGG TCCCAAAAGAAGTTTTGCTG
TRPV4 GATCTTTCAGCACATCATCC GGTCATAAAGCGAGGAATAC

Supplementary Methods 5.2:

Quantification of coverage of culture surface by stained monolayer

The surface area covered by positively stained monolayer was quantified by limiting the
threshold of 8-bit images between 135 and 255 in Image J, so as to highlight stain free
regions. Areas below threshold were selected and the sum of the areas of these regions
was calculated. The below threshold area was subtracted from the total area of each
image to calculate the area covered by stained matrix, the data was converted to
percentage for presentation in Supplementary Figure 2. For each healthy and

osteoporotic sample of MSCs % coverage was measured for one representative image.
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Supplementary Figure 5.1:
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Supplementary Figure 5.1: Representative images of Alcian blue stained pellet cultures of each sample
following 21 days culture in chondrogenic differentiation medium, 4x scale bar =500um, inset is at 10x,
scale bar =100um, n=2-4.
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Supplementary Figure 5.2:
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Supplementary Figure 5.2: % of the surface area covered by Picrosirius (top) and Alizarin (bottom)
stained monolayer in healthy and osteoporotic MSCs in growth or osteogenic medium, n=3, Mean +/-
SEM.
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Supplementary Table 6.1:

The sequences of the primers used to quantify gene expression in MSC

Tm Primer Amplicon

Gene Sequence

(°C) Concentration Size (bp)
5’-ATCGGGGATTGCAATTATTC-3’
18S 60 300nM 130
3’-GCTAACCTACCAAATCACTC-5
5’-AAGCAGGCTAATACTGATAGG-3’

COX2 60 400nM 113
3’-GGGTCTTGATGAAAAGTTGT-5’
5’-GACCAAGGAAAACTCACTAC-3’

OPN 60 400nM 84
3’-CACGGTATGGTCAATTTGTC-5’
5’-GCAGTATTTACAACAGAGGG-3’

RUNX2 60 400nM 112
3’-GTCGTTTTGAAGAAAACCCT-5’
5’-GATCTTTCAGCACATCATCC-3’

TRPV4 | 60 400nM 110

3’-CATAAGGAGCGAAATACTGG-5’
5-ATGTCTGCGTTTCTTAGTTC-3’

IFT88 60 400nM 82

3’-GGTCTTTTGACTTCTCCAAC-5’
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Supplementary Table 6.2:

Comparison of the performance of each MSC sample characterized in terms of
migration, osteogenic gene expression under fluid shear, proliferation, collagen

and calcium deposition in osteogenic supplements for 21 days

Healthy 1 | Healthy 2 | Healthy 3 | Osteoporotic 1 | Osteoporotic2 | Osteoporotic3

Migration
cox2

Fluid shear
Response

Proliferation

Collagen

Calcium

Migration: Change in number of cells migrating in 10% FBS >4 »»»,>2 »»,>1 /7,

Quvv,<lvvev

Fluid shear response: Fold change COX2 >12 »»~, >8 »», >4 ~; fold change OPN
>2 222,315 22,51 », <1 v, <05 vv; fold change RUNX2 >1.5 »~, >1 », <1 v,

<05 vv

Proliferation: Change in ng DNA/well from day 7 to 14, <30ng ~, <54ng ~~, <78ng

A7

Collagen: Change in collagen production (ug/ml per ng DNA) in osteogenic

differentiation medium >0.02 ~, >0.04 ~», >0.08 ~» », <0.04 v, <0.08 v v v

Calcium: Change in calcium production (UM per ng DNA) in osteogenic

differentiation medium <0.004 ~, <0.008 »~~, <0.012 »»»,<0 v
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