UCSF

UC San Francisco Previously Published Works

Title

The role of adhesion junctions in the biomechanical behaviour and osteogenic differentiation
of 3D mesenchymal stem cell spheroids

Permalink

https://escholarship.org/uc/item/1rc5w5sq

Authors
Griffin, FE
Schiavi, J
McDevitt, TC

Publication Date
2017-07-01

DOI
10.1016/j.jbiomech.2017.05.014

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1rc5w5sq
https://escholarship.org/uc/item/1rc5w5sq#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Biomech. Author manuscript; available in PMC 2019 February 27.

-, HHS Public Access
«

Published in final edited form as:
J Biomech. 2017 July 05; 59: 71-79. do0i:10.1016/j.jbiomech.2017.05.014.

The role of adhesion junctions in the biomechanical behaviour
and osteogenic differentiation of 3D mesenchymal stem cell
spheroids

F.E. Griffind, J. Schiavi?, T.C. McDevitt?, J.P. McGarry?, and L.M. McNamara®”

aBiomechanics Research Centre (BMEC), Biomedical Engineering, College of Engineering and
Informatics, National University of Ireland, Galway, Ireland *Gladstone Institute, University of
California, San Francisco, USA

Abstract

Osteogenesis of mesenchymal stem cells (MSC) can be regulated by the mechanical environment.
MSCs grown in 3D spheroids (mesenspheres) have preserved multi-lineage potential, improved
differentiation efficiency, and exhibit enhanced osteogenic gene expression and matrix
composition in comparison to MSCs grown in 2D culture. Within 3D mesenspheres, mechanical
cues are primarily in the form of cell-cell contraction, mediated by adhesion junctions, and as such
adhesion junctions are likely to play an important role in the osteogenic differentiation of
mesenspheres. However the precise role of N-and OB-cadherin on the biomechanical behaviour of
mesenspheres remains unknown. Here we have mechanically tested mesenspheres cultured in
suspension using parallel plate compression to assess the influence of N-cadherin and OB-
cadherin adhesion junctions on the viscoelastic properties of the mesenspheres during
osteogenesis. Our results demonstrate that N-cadherin and OB-cadherin have different effects on
mesensphere viscoelastic behaviour and osteogenesis. When OB-cadherin was silenced, the
viscosity, initial and long term Young’s moduli and actin stress fibre formation of the
mesenspheres increased in comparison to N-cadherin silenced mesenspheres and mesenspheres
treated with a scrambled siRNA (Scram) at day 2. Additionally, the increased viscoelastic material
properties correlate with evidence of calcification at an earlier time point (day 7) of OB-cadherin
silenced mesenspheres but not Scram. Interestingly, both N-cadherin and OB-cadherin silenced
mesenspheres had higher BSP2 expression than Scram at day 14. Taken together, these results
indicate that N-cadherin and OB-cadherin both influence mesensphere biomechanics and
osteogenesis, but play different roles.
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Introduction

Mesenchymal stem cells (MSCs) have emerged as an attractive cell source for osteogenic
tissue engineering and regenerative medicine treatments for bone defects resulting from
disease or trauma. The exploitation of MSCs for treatment of bone disease requires further
study of regulating factors, such as the biochemical and mechanical environment, which
influence the osteogenic differentiation of MSCs. In vitro, MSCs are commonly cultured in
monolayers or on biomaterial scaffolds for the purposes of large scale expansion, to study
their biology and investigate how they respond to extracellular biochemical and mechanical
stimulation (Simmons et al., 2003; Luu et al., 2007; Mani et al., 2008; Wang et al., 2010;
Fujita et al., 2014). Both of these culture methods rely on cell-substrate interactions, which
strongly influence the biology and mechanics of the MSCs (Engler et al., 2006; Huebsch et
al., 2010). Suspension culture approaches, such as scaffold-free MSC spheroids
(mesenspheres) (Wang et al., 2009; Baraniak and McDevitt, 2012; Cook et al., 2012; Kabiri
et al., 2012) offer an environment dominated by the biophysical behaviour of the cells rather
than extracellular substrates. These studies have demonstrated that MSCs grown in
mesenspheres have preserved multi-lineage potential (Baraniak and McDevitt, 2012),
improved differentiation efficiency (Wang et al., 2009), and exhibit enhanced osteogenic
gene expression and matrix composition in comparison to MSCs grown in 2D culture
(Kabiri et al., 2012).

Stem cell differentiation in vivo is strongly regulated by both intrinsic and extrinsic
signalling within the stem cell microenvironment, including cell-cell interactions, factors
secreted by cells, and cellular interactions with extracellular structures (Watt and Hogan,
2000; Yin and Li, 2006). During intramembranous ossification, one of the two essential
processes by which bone is formed during fetal development, MSCs condense into areas of
closely contacting cells (Thompson et al., 1989). These MSCs are connected via
transmembrane adhesion junctions, comprised of extracellular glycoproteins known as
cadherins, which facilitate cell-cell adhesion (Oberlender and Tuan, 1994). Cadherins form a
connection between the cytoskeleton of adjacent cells by bonding with cadherins on
neighbouring cells (Overduin et al., 1995; Shapiro et al., 1995; Stains and Civitelli, 2005).
The condensed cell aggregates then begin to differentiate, form a membrane known as the
periosteum and begin to produce a rudimentary bone matrix within this membrane (Gilbert,
2000; Hall and Miyake, 2000; Karaplis, 2002; Kanczler and Oreffo, 2008). In light of the
close-contact established during MSC condensation, which initiates intramembranous
ossification, mesenspheres offer a comparable environment to elicit osteogenic
differentiation of MSCs along the intramembranous pathway.

The mechanical behaviour of MSCs is dictated by the cytoskeleton and is significantly
influenced by cytoskeletal realignment and stress fibre formation (Titushkin and Cho, 2007).
Adhesion junctions are mechanosensitive structures that play an important role in the
biomechanical behaviour of cells due to their involvement in the transmission of forces
generated by the cytoskeleton (Ganz et al., 2006; Ladoux et al., 2010; Yonemura et al., 2010;
Chopra et al., 2011; Maruthamuthu et al., 2011; Huveneers et al., 2012). Adhesion junctions
also regulate the expression of osteogenic transcription factors in a manner related to the
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mechanical environment of the cells (Nelson and Nusse, 2004; Guntur et al., 2012).
However the mechanisms by which MSCs, cultured as 3D mesenspheres, sense and respond
to their environment are still unclear as investigations into cell mechanosensation have
typically been carried out in 2D culture systems (Ladoux et al., 2010; Chopra et al., 2011;
Maruthamuthu et al., 2011).

N-cadherin and OB-cadherin are the main cadherins expressed by MSCs and osteoblasts
(Kawaguchi et al., 2001; Hsu and Huang, 2013). N-cadherin expression decreases with
osteogenic differentiation of MSCs whereas OB-cadherin expression increases (Kawaguchi
et al., 2001; Hsu and Huang, 2013). During in vitro culture, the expression level of N-
cadherin increases in MSCs grown in 3D spheroids in comparison to those grown in 2D
(Hsu and Huang, 2013). The extracellular mechanical environment and exogenous
stimulation can induce a phenotypic shift towards osteogenic differentiation (Engler et al.,
2004; Mullen et al., 2013; Tan et al., 2014). Within 3D spheroids, mechanical cues are
primarily in the form of cell-cell contraction, mediated by adhesion junctions, and as such
adhesion junctions are likely to play an important role in the osteogenic differentiation of
mesenspheres. However the precise role of N- and OB-cadherin on the biomechanical
behaviour of mesenspheres remains unknown.

This study tested the hypothesis that adhesion junctions play an important role in dictating
the mesensphere mechanical environment. The primary objective was to investigate the
influence of N-cadherin and OB-cadherin adhesion junctions and stress fibre formation in
the mechanical behaviour of mesenspheres during osteogenesis. The suspension culture
system used provides a useful method to investigate cadherin mechanaobiology in the
absence of the confounding factor of cell-substrate interaction. This investigation was
carried out by silencing N-cadherin or OB-cadherin adhesion junctions with siRNA and
measuring mesensphere viscoelastic properties. Additionally we examined changes in cell
morphology and osteogenic differentiation of the mesenspheres to ascertain the role of N-
cadherin, OB-cadherin and the cytoskeleton on mesensphere biomechanics.

2. Methods

2.1

Mesensphere formation and culture

C57BL/6 mouse mesenchymal stem cell (MSC) monolayers (CliniSciences) were expanded
in MSC expansion media (IMDM (Gibco) supplemented with 10% fetal bovine serum
(Hyclone), 10% horse serum (Hyclone) and 2 mM c-glutamine (Corning)). Cells were
maintained in a humidified incubator at 37 °C and 5 % CO,. MSCs were dissociated from
adherent culture with 0.25% Trypsin (Corning). MSC spheroids (Mesenspheres) were
formed using a forced aggregation technique (Zimmermann and McDevitt, 2014) whereby
cells are centrifuged (200 rcf) into 400 um diameter 3% agarose (Fisher) microwells
(Aggrewell™ StemCell Technologies INC). MSCs were seeded (3 x 106) into 6000
microwells, yielding mesenspheres of approximately 500 cells (Fig. 1A). After 12 h of
spheroid formation in microwells, mesenspheres were transferred to 100 mm bacteriological
grade petri dishes (approximately 1500 mesenspheres per petri dish) and cultured in
suspension in 10 mL osteogenic supplemented media (MSC expansion media without FBS,
supplemented with 100 nM Dexamethasone, 50 pg/ml Ascorbic Acid, 10 mM B-glycerol
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Phosphate (all Sigma)) on a rotary orbital shaker platform at 65 rpm, similar to previously
described methods for culture of embryonic stem cell spheroids (Kinney et al., 2012). Media
was exchanged every 3—4 days.

siRNA treatment

The small interfering RNA (siRNA) oligonucleotides for N-cadherin (sc-35999), OB-
cadherin (sc-36114) and a scrambled control (sc-37007) were obtained from Santa Cruz.
MSC monolayers at 80-90% confluency in 150 mm bacteriological petri dishes were
washed three times with 10 mL Phosphate Buffered Saline (PBS) solution and then treated
with 80 nM siRNA and 128 pL Lipofectamine 2000 (Invitrogen) in 8 mL of Opti-MEM
(Gibco) for 20 h prior to mesensphere formation. Knockdown efficiency of siRNA for
cadherin protein expression was assessed by Western Blot and compared to untreated cells
and cells treated with non-specific scrambled siRNA (Fig. 1B and C).

2.3. Western blot

Mesenspheres were lysed using CelLytic™ M cell lysis reagent (Sigma) for 15 min at room
temperature and then centrifuged (12,000 g) for 15 min to pellet cell debris. Supernatant was
transferred to chilled microcentrifuge tubes and stored at —20 °C. A Coomassie Plus protein
assay (Thermo Scientific) was performed to quantify total protein. 50 ug of protein was
diluted with 20% 5X loading buffer (1.25 mL 0.5 M Tris-HCI, pH 6.8, 1 g SDS (Fisher), 5
mL glycerol (VWR), 5 mg Bromophenol Blue (Sigma), 1.25 mL BME (Sigma), deionised
water) and heated to 95 °C for 5 min. Cell lysates were run on 12 % Mini-
PROTEAN®TGX™ gels (Bio-Rad) with 5 uL SeeBlue® Plus2 Prestain (Invitrogen), blotted,
and proteins were probed with 1:1000 N-cadherin (sc-7939, Santa Cruz) or 1:1000 OB-
cadherin (ab151302, Abcam) primary antibody, and a horseradish peroxide (HRP)
conjugated secondary antibody (1:1000) (Santa Cruz) and then detected by
chemiluminescent (ECL) substrate. Knockdown of cadherins was quantified using Image
Studio Lite software from LI-COR Biosciences.

2.4. Mesensphere mechanical testing methods

A parallel plate testing system (Microsquisher, CellScale) was used to measure the micro-
scale mechanical properties of mesenspheres from non-siRNA treated (control) groups and
N-cadherin (—N), OB-cadherin (—OB) and a scrambled control (Scram) siRNA treatment
groups at days 2, 7 and 14. This system calculates force via the measurement of beam
deflection in response to user defined displacements. All samples were tested in a PBS
(Corning) fluid bath. Mesenspheres were loaded onto a glass platform and compressed by
cantilever beams made of Tungsten (Young’s Modulus = 411 GPa). The diameter of the
cantilever beams varied from 152.4 um to 304.8 um, depending on the relative stiffness of
the mesenspheres.

Creep tests were performed to determine the viscoelastic properties of mesen-spheres, with
the time dependent deformation of the sample being measured under a constant applied
force (Fig. 2). The magnitude of force for the creep test was chosen as the average force
corresponding to approximately 40% decrease in mesensphere height. This was determined
based on constant strain rate analysis of stress versus vertical strain in 7= 6 samples for each

J Biomech. Author manuscript; available in PMC 2019 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griffin et al. Page 5

time point and condition before commencing creep testing. Steady state deformed
configuration is identified from creep test results (Kinney et al., 2014. A minimum of 19
distinct, randomly chosen mesenspheres were creep tested for each time point and condition.
The mesensphere is assumed to behave as a homogeneous, isotropic, incompressible
standard linear solid viscoelastic material. The nominal axial creep strain at time £ is given
as e(f) = u(d/ Hy, where (9 is the change in height of the mesensphere and A, the initial
undeformed mesensphere height (diameter). oy is the applied stress, and was normalised to
Dy, the initial mesensphere horizontal diameter. The instantaneous modulus, &, the long
term modulus, £, and viscosity, 4, are determined by fitting (Eq. 1) to experimental creep
curves.

E

E—: - 1)exp(—tEoo(EO —E_)IuEy)| (1)

20,
8(l) = T 1+

(o]

2.5. Histological and immunofluorescent staining

4% paraformaldehyde was used to fix mesenspheres at room temperature for 30 min.
Mesenspheres were rinsed with PBS, embedded within Histogel (Thermo Scientific), and
then processed through a series of ethanol and xylene rinses before paraffin embedding.
Mesenspheres embedded within paraffin were sectioned at a thickness of 10 um and then
mounted on SuperFrost Plus slides (Fisher). Prior to staining, mesensphere sections were
deparaffinised using a series of ethanol and xylene rinses. Histological staining was done
using Gills” 111 Modified Hemotoxylin and 1% Eosin Y, Alcoholic Solution (Harleco) to
observe cells repartition. For mineralisation, 2% Alizarin Red solution was added to sections
(all Sigma) (Freeman et al., 2013, 2015, 2016) (Freeman et al., 2013, 2015, 2016). After the
staining, the samples were dehydrated through a series of increasing concentration of
ethanol, rinsed with xylene rinses, and mounted with DPX. For fluorescent staining, cell
membranes were first permeabilised and blocked using a solution of 0.1% Triton™ X-100
(Sigma) and 1% Donkey serum or Bovine Serum Albumin (Sigma) in PBS for 1 h. For
observing the cytoskeleton, samples were incubated 1:1000 Phalloidin TRITC (P1951,
Sigma) and Fluoroshield mounting media with DAPI (F6057, Sigma). For the
immunofluorescent staining of the Bone Sialoprotein 2 (BSP2), the primary antibody was
added overnight at 4 °C on samples (dilute 1:100 in PBS, Santa Cruz). After 3 washes with
PBS, the secondary antibody was added during 1 h at room temperature on samples (1:200
in PBS, JacksonlmmunoResearch) and washed three timesbefore mounting on a slide using
mounting media.

2.6. Immunofluorescent Image analysis

ImageJ software (Fiji) was used to quantify the variation in the actin cytoskeleton between
treatment groups (7 = 6 aggregates per group). The raw Phalloidin TRITC channel was
thresholded to remove nonspecific background staining. The percentage of the mesensphere
cross-sectional area that was above the threshold was recorded. The corrected total cell
fluorescence per area surface of BSP2 were measured using ImageJ (v 1.49, NIH) as it was
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done (McCloy et al., 2014) by calculating (Integrated Density — (Area selected X Mean
fluorescence of background readings))/area surface.

2.7. Statistical analysis

For creep testing results, statistics were performed using Minitab on 7= 19 individual
mesenspheres for each group. Statistical tests between treatment group and time point were
carried out using Kruskal-Wallis non-parametric test between individual groups when data
was non-normally distributed or had unequal variance. A Levene’s test for equal variance
was conducted on each group to test for variance. Statistical significance was declared at p <
0.05. To analyse the correlation between mesensphere diameter and viscosity or Young’s
moduli, a Pearson’s Correlation coefficient (/) for each treatment group and time point was
calculated. rranges from —1 for a perfect negative linear relationship to +1 for a perfect
positive linear relationship between two variables. Correlation was considered significant if
r<=0.6 or r=0.6 and if p<0.05. The band in each box plot represents the data median, and
the cross represents the mean. Boxplot whiskers extend to data points that are less than 1.5 x
Interquartile Range from the 1st/3rd quartile.

3. Results

3.1. Osteogenic differentiation increases mesensphere viscosity and long term Young’s

modulus

The viscosity (), instantaneous Young’s modulus (&) and long term Young’s modulus
(Ewo) of non-siRNA treated mesenspheres (Cont) increased with osteogenic differentiation
between days 2, 7 and 14 (Fig. 3). This was demonstrated by significantly increased viscous
resistance to deformation at day 14 in comparison to day 2 and day 7 (o< 0.001). A
significant increase in Eo at day 14 in comparison to days 2 and 7 (o < 0.001) was observed
(Fig. 3). A significant increase in £y at day 14 in comparison to days 2 and 7 (p < 0.001) was
also observed (Fig. 3). Osteogenesis of Control mesenspheres was evident by the increased
calcium deposition between day 7 and day 14 (Fig. 6). BSP-2 staining did not increase
between days 7 and 14.

3.2. Scrambled siRNA treatment decreases mesensphere viscosity and long term
Young’s modulus

The scrambled siRNA treated mesenspheres (Scram) stained positively for calcification (Fig.
6) and had significantly higher y, Eg and Eo than Control at day 7 (p= 0.006, p=0.016, p=
0.006 respectively). The Control mesenspheres did not stain positively for calcification at
Day 7. By Day 14, scrambled siRNA treated mesenspheres (Scram) had significantly lower
pand Ex (p=0.001, p< 0.001 respectively) and less homogenous calcification than Cont
mesenspheres (Figs. 3 and 6). Together, these results indicate a significant effect of SIRNA
treatment on the mesensphere viscoelastic behaviour and osteogenic differentiation. Mean
and standard deviation values of |, £y and E« are detailed in Table 1.
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3.3. OB-cadherin siRNA treatment increases mesensphere viscosity, long term Young’s
modulus and early calcification

The effects of the siRNA silencing of N-cadherin (—N) and OB-cadherin (—OB) on
mesensphere |, £y and Ec, Were most apparent at day 2. At day 2 the |, £g and Eoo (Fig. 4)
of —OB mesenspheres were significantly increased in comparison to scrambled (p < 0.001,
p<0.001, p<0.001 respectively) and —N mesenspheres (p < 0.001, p< 0.001, p< 0.01
respectively). —N showed significantly lower |, £g and £« than scrambled and —OB
mesenspheres at day 7 (< 0.012, p< 0.01, p< 0.002 respectively). At day 7, localised areas
of calcification can be seen in —OB mesenspheres but not in other groups (Fig. 6).
Furthermore —OB and —N groups exhibited areas of strong BSP-2 staining at day 7 and 14
whereas the Scram group did not (Fig. 7). By day 14, there was no significant difference
between |, £g and Eoo for Scram, —N and —OB mesenspheres and each had some non-
homogenous mesensphere calcification.

Mesenspheres from all groups displayed a significant increase in 1 (all p<0.001), & (all p
<0.001) and £ (all p<0.004) between days 2 and 14 (Figs. 3 and 4). Scram, —N and —
OB demonstrated more calcification and BSP-2 staining at day 14 than day 7. —OB had
calcification nodules at day 7 and by Day 14 there was a more even distribution of
calcification.

3.4. OB-cadherin silencing increases stress fibre formation

Silencing of OB-cadherin resulted in a significant increase in the cytoskeletal network of
mesenspheres in comparison to scrambled (—OB vs. Scram, day 2: p< 0.0001, day 7: p=
0.003) and —N (—OB vs. —N, day 2: p=0.017, day 14: p = 0.020) mesenspheres (Fig. 5A
and C). At all time-points, —N stress fibre formation did not significantly differ from
Scram. This indicates that OB-cadherin may have more influence on stress fibre formation
than N-cadherin adhesion junctions. H & E staining demonstrated no discernible difference
in cellular morphology between mesenspheres of different groups or time points at days 2, 7
or 14 (Fig. 5B).

3.5. Mesensphere size effects of siRNA treatment

Treatment of MSCs with siRNA resulted in a larger maximum diameter (5p) of —N
mesenspheres (Dy = 380 um) than —OB (D = 223 pm) and Scram (Dg = 259 pm) at day 2
(Fig. 5D). Larger —N mesenspheres could be indicative of impaired initial compaction of
the cells, suggesting a role for N-cadherin in initial mesensphere formation. At days 2, 7 and
14, there was a strong negative correlation between mesensphere horizontal diameter and ,
Eq or Ex for Scram mesenspheres (Table 2), i.e., larger mesenspheres showed less viscous
resistance to deformation. —OB mesenspheres had a significant negative correlation at day
2 for uand E« and day 7 £g and Eoo, Untreated mesenspheres had a negative correlation
between horizontal diameter and 1, £g or £ at day 7. —N mesenspheres displayed a
positive correlation between horizontal diameter and p but a negative correlation with |, &g
or Ex at day 14.
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4. Discussion

The overall goal of this study was to investigate the role of adhesion junctions and
cytoskeleton stress fibre formation in the mechanical behaviour of mesenspheres undergoing
osteogenic differentiation. Mesensphere mechanical behaviour and morphology were
analysed at days 2, 7 and 14 to investigate the contribution of N-cadherin or OB-cadherin
adhesion junctions and the cytoskeleton to the mechanics of the mesensphere. It was found
that silencing of N-cadherin (—N) or OB-cadherin (—OB) expression yielded different
effects on the mesenspheres. When OB-cadherin was silenced, the viscosity (i), initial
Young’s modulus (£&p), long term Young’s modulus (Ec) and actin stress fibre formation of
the mesenspheres increased in comparison to —N mesenspheres and mesenspheres treated
with a scrambled siRNA (Scram) at day 2. At day 7 —OB had significantly higher |, £y, £
than —N or Scram mesenspheres. Moreover the —OB group had more intense calcification,
in the form of large nodules, than the —N or Scram mesenspheres. By day 14 —OB had
significantly higher £, and calcification was more evenly distributed across the
mesensphere than Scram. By Day 14 the —N and —OB mesenspheres had higher BSP2
production than Scram, but —N had less mineral than all other groups. Taken together, these
results indicate that N-cadherin and OB-cadherin both influence mesensphere biomechanics
and osteogenesis, but play different roles.

A potential limitation of this study is the compacted arrangement of cells in a mesensphere,
which might lead to diffusion difficulties for nutrients and molecules through 3D constructs
due the size of the construct (Sachlos and Auguste, 2008). However, mesenspheres of 300,
600 or 1000 cells grown in a similar orbital suspension system did not exhibit evidence of
necrotic core formation through 14 days of culture and <5% of the cells in the mesensphere
had BrdU staining to indicate proliferation was occurring (Baraniak and McDevitt, 2012).
Secondly, the results presented here demonstrate that mesenspheres treated with scrambled
SiRNA had a higher |, £y and £, than untreated cells at day 7, and lower at day 14.
However, previous work using a scrambled siRNA on fibroblasts demonstrated a lower
Young’s modulus than control cells (Lee et al., 2012). In the work presented here
mesenspheres treated with N-cadherin or OB-cadherin siRNA were compared to those
treated with scrambled siRNA, rather than untreated cells, so as to account for any change in
U, Eg and Eqo resulting from siRNA treatment alone. siRNA transfection using lipofectamine
is a possible limitation of this study, as the long term knock-down of N-cadherin or OB-
cadherin is not confirmed. Long term, siRNA treatment resulted in significantly lower y, &g
and Eo for Scram in comparison to Cont at day 14, but this could be in part due to less
homogenous calcification of the mesensphere (Fig. 6). Control mesenspheres were calcified
throughout, whereas Scram mesenspheres were strongly calcified only in part of the
mesensphere. However, early inhibition of N-cadherin and OB-cadherin was confirmed, and
did effect the osteogenesis of mesenspheres at later time points (Figs. 6 and 7). The
assumption of small deformations used in the Standard Linear Solid (SLS) material model
used to calculate the material properties of the mesenspheres creates a possible limitation.
Mesenspheres experienced strains up to approximately 70%. However, previous studies have
demonstrated that the infinitesimal strain assumption may still be accurate for a viscoelastic
halfspace model under micropipette aspiration (cellular strains of greater than 30% were
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generated) (Haider and Guilak, 2002). The parallel plate compression testing system used
here is advantageous as it allows for the measurement of the creep strain of a composite
material consisting of >500 cells. In comparison, testing of single cells (e.g. Atomic Force
Microscopy (AFM)) will result in a high level of variability between samples, and the
assumption of a homogeneous isotropic material cannot be justified when choosing a model
to interpret single cell data (Reynolds and McGarry, 2015; Weafer et al., 2015).

Creep testing of spherical aggregates of embryonic stem cells (EBs) has been performed
using the same parallel plate compression testing system (Kinney et al., 2014). The long
term Young’s modulus of EBs was 0.21 kPa after 14 days of mesenchymal differentiation
(Kinney et al., 2014). The results presented in the current paper for control mesenspheres at
day 2 reveal that the £ (1.58 £ 0.31 kPa) is approximately threefold higher than the Eo for
spherical, unspread MSCs (0.47 + 0.52 kPa) as measured using AFM testing of single cells
(Darling et al., 2008). Interestingly, the control mesensphere Eo, was approximately 0.7 that
of spread MSCs (2.27 £ 1.9 kPa). In contrast to unspread cells, spread cells exhibit highly
developed stress fibres. A previous study by (Ronan et al., 2012) demonstrates that the
contractile stress fibre network significantly increases the compression resistance of the cell.
While cells in mesenspheres do not exhibit the extensive stress fibre network reported for
cells spread on stiff substrates, mesenspheres do possess some stress fibres due to the
mechanical stimulus generated between neighbouring cells that is transmitted via cell-cell
adhesions. Additionally, increased [, £g and £ at day 14 vs day 2 for all groups correlates
with calcification of the mesenspheres between day 7 and 14 and increase BSP-2 for —N
and —OB mesenspheres. At day 7 —OB has significantly higher |, £y and £« than —N
which is likely due to early calcification of —OB, indicated by the dark nodules of
calcification seen at this time-point.

Previous work has shown that the elastic modulus of MSCs is significantly influenced by the
cytoskeleton (Titushkin and Cho, 2007). Adhesion junctions transmit mechanical forces
such as cytoskeletal tension between cells (Ganz et al., 2006; Maruthamuthu et al., 2011)
and are strengthened and stabilised by interaction with the cytoskeleton (Pittet et al., 2008;
Liu et al., 2010; Hong et al., 2013; Ronan et al., 2015). In this study we demonstrate that the
cytoskeleton/adhesion junction relationship is reciprocal; adhesion junctions also influence
stress fibre formation and mesensphere mechanical behaviour. Specifically, we observed for
the first time that increases in stress fibre formation, |, £y and Ec, occur when OB-cadherin
expression is decreased in mesenspheres. Interestingly, the increase in |1, £y and Ex between
days 2 and 7 for Scram mesenspheres does not coincide with an increase in stress fibre
formation. The gradual increase in [, £y and £« from Day 2 to Day 14 for mesenspheres
within each treatment group is likely due to the osteogenic differentiation of the
mesenspheres (Figs. 6 and 7). Scram and —OB mesenspheres showed a trend of decreasing
stress fibre formation between days 2 and 7, but a significant increase only occurred between
days 7 and 14 coinciding with increased calcium staining for Scram, and more homogeneous
calcium staining of —OB. —N mesenspheres had no significant difference in stress fibre
formation between time points but had increased BSP2 expression between days 7 and 14.
Previous studies have shown that N-cadherin and OB-cadherin expression increase with
osteogenic differentiation (Shin et al., 2000) and the work presented here explores the
different functions of these cadherins during osteogenesis. The results of this study indicate
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that —OB mesenspheres have increased viscoelastic material properties and deposit calcium
earlier than Scram mesenspheres, while —N mesenspheres have similar viscoelastic
material properties to Scram but elevated BSP2 production at later time points. The different
influences on stress fibre formation, |, £y and Ex and osteogenesis indicate that N-cadherin
plays different role in MSC regulatory mechanisms for osteogenesis and cell mechanical
properties than OB-cadherin.
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List of Symbols and Abbreviations

MSC mesenchymal stem cell
Mesensphere mesenchymal stem cell spheroid
PBS Phosphate Buffered Saline

—N N-cadherin siRNA treated MSCs
—OB OB-cadherin siRNA treated MSCs
Scram scrambled siRNA treated MSCs
SiIRNA small interfering RNA

SLS Standard Linear Solid

u(t) creep displacement at time t

Do initial mesensphere diameter

o) nominal stress

Eo instantaneous Young’s modulus
Eoo long term Young’s modulus

sl apparent viscosity
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Fig. 1.

(A?j) Bright field images of mesensphere formation and at days 1, 2, 7 and 14. (B) Western
Blot of N-cadherin siRNA (80 or 160 nM concentrations), scrambled siRNA at 80 nM
concentration and untreated, control MSCs. (C) Western Blot of OB-cadherin siRNA (80
concentration), scrambled siRNA at 80 nM concentration and untreated, control MSCs.
Groups: Cont: untreated control, Scram: scrambled siRNA, —N: N-cadherin siRNA, —OB:
OB-cadherin siRNA.
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(A) Schematic of testing equipment including cantilever for force application (red arrow)
and measurement, mesensphere and glass prism. Dotted arrow indicates motion tracking of
cantilever displacement during compression of mesensphere. The mesensphere is placed on
a glass prism and then a constant force is applied for the duration of the test. (B) Nominal
creep strain (&) calculated as tip displacement normalised to initial mesensphere height. Data
from testing of 7= 19 samples of day 2 Scrambled siRNA treated mesenspheres. (C)
Nominal creep strain (&) for day 2 Scrambled siRNA treated mesenspheres. The grey
borders denote standard deviation of the data. Inset are representative Brightfield images
showing the initial compression of the mesensphere by the cantilever at 0, 0.4, 2 s and the
mesensphere in compression at the end of the test (121 s). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Day 14
b, c

Cont Scram

Scrambled siRNA treatment causes decrease in mesensphere viscosity (4), long term
Young’s modulus (£co) and instantaneous Young’s modulus (&g). Box Plots of (A) Viscosity
(4), (B) Long Term Young’s Modulus (£s), and (C) instantaneous Young’s modulus ( &p)
for untreated cells (Cont) and scrambled siRNA treated cells (Scram). Significance is
declared at £ < 0.05. For (A) a p=0.006 vs. day 7 Cont, b: p=0.001 vs. day 14 Scram, c: p
<0.001 vs. days 2 & 7 Cont, d: p<0.001 vs. days 7 & 14 Scram. (B) a p< 0.006 vs. day 7
Cont, b p<0.001 vs. days 2 Scram, ¢ p< 0.001 vs. days 2 & 7 Cont & day 14 Scram, d p=
0.001 vs. days 2 & 7 Scram. (C) a: p< 0.001 vs. days 7 & 14 Scram, b: p< 0.001 vs. days 2
& 7 Cont, c: p<0.016 vs. day 7 Cont.

J Biomech. Author manuscript; available in PMC 2019 February 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Griffin et al.

Page 17

(A) 6 Day 2 Day 7 Day 14
54 e
n 4
(MPa.s) 4 . a ) . d
2 L+ + ==
1 = R 2 =
0 == B2 .
(B) 40
35 a £
30 - . c b
E, ~ ) v d e "
(kPa) 25 , -y o v ‘
R — = . ; d
15 4] - e : —t— -
1.0 . .
0.5
(C) 10 d ¢
E, 8
(kPa) 61 © a " [ ] o
| ]+ > MES M
41 = | 5 :
, == = ' e
Scram -OB -N Scram -OB -N Scram -OB -N

Fig. 4.

—gOB mesensphere viscosity (4), instantaneous Young’s modulus (£p) and long term
Young’s modulus (£co) are higher than Scram and —N at day 2. Box-plots of (A) 4, (B) £,
and (C) £y comparing between treatment groups during each time point or comparing
between time points within each group for day 2, day 7, and day 14. Significance is declared
at p<0.05. (A) a: p<0.001 vs day 2 Scram & —N, b: p< 0.02 vs. day 7 Scram & —OB, c:
p<0.001 vs. days 7 & 14 Scram, d: p=0.025 vs. day 2 & 7 —OB, e: p< 0.005 vs. days 2
& 7—N. (B) a: p<0.009 vs. day 2 Scram & —N, b: p< 0.002 vs day 7 Scram & —OB, c:
p<0.001 vs days 2 Scram, d: p=0.04 vs day 2 & 7 Scram, e: p=0.037 vs day 2 —OB, day
14 SC, f: p<0.003 vsdays 2 & 7 —N. (C) a: p< 0.001 vs day 2 Scram & —N, b: p<0.009
vs day 7 Scram & —OB, ¢: p<0.001 vs days 7 & 14 Scram, d: p<0.007 vsdays 2 & 7 —
OB, e: p<0.001 vs days 2 & 7 —N. Groups: Scram: scrambled siRNA, —OB: OB-cadherin
SiRNA, —N: N-cadherin siRNA.
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Fig. 5.

(A?) Immunofluorescent images of mesenspheres at day 2, 7 and 14. The nucleus (blue) is
stained with DAPI and the cytoskeleton (red) is stained with TRITC Phalloidin. The white
dashed line in the central panel encloses the mesensphere area analysed for fluorescence
intensity in that image. (B) H&E staining of mesenspheres at day 2, 7 and 14. (C) Boxplots
of Day 2 cytoskeletal fluorescence showing % intensity above the threshold value. 7=6
samples for each group and time point. (D) Horizontal diameter of mesenspheres at day 2
measured before mechanical testing. Groups: scrambled siRNA (Scram), OB-cadherin
SiRNA (—OB), N-cadherin siRNA (—N). Kruskal-Wallis non-parametric tests were
performed and significance is declared at p< 0.05. For (C) a< 0.002 vs. day 2 (Scram, —
N). 6=0.003 vs. day 7 Scram. ¢=0.023 vs. days 2 & 7 Scram. ¢< 0.02 vs. 7 (—OB) and
day 14 (—N). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 6.
Alizarin Red staining of mesenspheres at day 7 and day 14 for all four treatment groups:

Groups: Scram: scrambled siRNA, —OB: OB-cadherin siRNA, —N: N-cadherin siRNA.
Scale bars represent 50 um.
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Fig. 7.
BMP2 immunofluorescent staining of mesenspheres at day 7 and day 14. Groups: Scram:

scrambled siRNA, —OB: OB-cadherin siRNA, —N: N-cadherin siRNA. Scale bars
represent 10 um. The corrected total cell fluorescence per area surface was measured for
each condition (B).
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