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Differentiation Induces Dynamic Alterations in Mesenchymal Stem Cell Nuclear
Architecture and Mechanotransduction
Abstract
Mesenchymal stem cells (MSCs) are a promising cell source and widely used in a variety of regenerative
applications given their multipotent nature. MSCs are subjected to various types of mechanical forces
during tissue development and repair, and it is clear that, along with soluble factors, physiological forces
play an important role in determining their lineage specification. However, the molecular mechanisms by
which external mechanical stimuli are converted to a biological response remain unclear, and few studies
have been performed to probe alterations in cell and nuclear architecture in response to physiological
loading.
In this thesis, we investigated relationships between MSC cellular/nuclear biophysical properties and
mechanosensitivity, and determined their importance in MSC mechanotransduction. Our findings
demonstrate that MSC differentiation mediated by either a soluble factor, TGF-β3 or resulting from
dynamic tensile loading (DL) is accompanied by reorganization of nuclear structural elements (i.e. lamin
A/C and chromatin). These changes increased nuclear mechanical properties, resulting in changes tto he
manner in which MSCs respond to external mechanical perturbation.
In addition, through a series of micromechanical experiments, the molecular mechanisms by which
nuclear structure was altered as a consequence of load-induced MSC differentiation were elucidated. DL
resulted in a rapid increase in chromatin condensation in MSCs, which depended on the activity of the
histone-lysine N-methyltransferase EZH2. The ATP/purinergic signaling was a key regulator of this load
induced chromatin condensation, and was mediated by acto-myosin cellular contractility. In follow on
studies, we demonstrated that chromatin condensation in MSCs was regulated by interplay between
purinergic signaling and RhoA/Rock activity, and that baseline TGF superfamily signaling played a role in
establishing cell contractility and mediating this load-induced chromatin remodeling response.
Overall, this thesis identified novel signaling pathways and mechanisms that regulate the mechanical
properties of the nucleus in progenitor cells as they transition towards a differentiated state, and
elucidated how dynamic loading regulates chromatin condensation to increase mesenchymal stem cell
(MSC) nuclear mechanics in the absence of exogenous differentiation factors. This work has broad
implications in the field of mesenchymal stem cell biology and mechanobiology, and will inform the
development of engineered tissues, medical devices, and biological materials for tissue repair and
regeneration.
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ABSTRACT

DIFFERENTIATION INDUCES DYNAMIC ALTERATIONS IN
MESENCHYMAL STEM CELL NUCLEAR ARCHITECTURE AND
MECHANOTRANSDUCTION
Su Chin Heo
Robert L. Mauck

Mesenchymal stem cells (MSCs) are a promising cell source and widely used in a
variety of regenerative applications given their multipotent nature. MSCs are subjected to
various types of mechanical forces during tissue development and repair, and it is clear
that, along with soluble factors, physiological forces play an important role in
determining their lineage specification. However, the molecular mechanisms by which
external mechanical stimuli are converted to a biological response remain unclear, and
few studies have been performed to probe alterations in cell and nuclear architecture in
response to physiological loading.

In this thesis, we investigated relationships between MSC cellular/nuclear
biophysical properties and mechanosensitivity, and determined their importance in MSC
mechanotransduction. Our findings demonstrate that MSC differentiation mediated by
vi

either a soluble factor, TGF-β3 or resulting from dynamic tensile loading (DL) is
accompanied by reorganization of nuclear structural elements (i.e. lamin A/C and
chromatin). These changes increased nuclear mechanical properties, resulting in changes
tto he manner in which MSCs respond to external mechanical perturbation.

In addition, through a series of micromechanical experiments, the molecular
mechanisms by which nuclear structure was altered as a consequence of load-induced
MSC differentiation were elucidated. DL resulted in a rapid increase in chromatin
condensation in MSCs, which depended on the activity of the histone-lysine Nmethyltransferase EZH2. The ATP/purinergic signaling was a key regulator of this load
induced chromatin condensation, and was mediated by acto-myosin cellular contractility.
In follow on studies, we demonstrated that chromatin condensation in MSCs was
regulated by interplay between purinergic signaling and RhoA/Rock activity, and that
baseline TGF superfamily signaling played a role in establishing cell contractility and
mediating this load-induced chromatin remodeling response.

Overall, this thesis identified novel signaling pathways and mechanisms that
regulate the mechanical properties of the nucleus in progenitor cells as they transition
towards a differentiated state, and elucidated how dynamic loading regulates chromatin
condensation to increase mesenchymal stem cell (MSC) nuclear mechanics in the
absence of exogenous differentiation factors. This work has broad implications in the
field of mesenchymal stem cell biology and mechanobiology, and will inform the
vii

development of engineered tissues, medical devices, and biological materials for tissue
repair and regeneration.
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nuclear morphology before (0%) and after (10%) scaffold stretch showed that
differentiated MSC nuclei did not deform after transfer to a fresh scaffold. Scale: 20 µm.
(g) Quantification of NAR confirmed lack of deformation of Diff nuclei (*p<0.05 vs
Ctrl/10% after re-seeding, n=50 nuclei/condition, mean ± SEM)...................................101
Figure 4-5: Contractility increases in differentiated MSCs and is necessary for strain
transfer to the nucleus. (a) Micro-Post Array Detector (mPAD) analysis showed little
post deflection by MSCs in Ctrl conditions, while MSCs cultured in Diff conditions for 7
days showed significant post deflections (bar = 30 μm, F-actin: green; nuclei: blue).
Quantification showed that strain energy per cell (b) was higher in MSCs in Diff
conditions compared to MSCs in Ctrl conditions (*p<0.0001 vs. Ctrl, n=20/condition,
Mean ± SEM,). When aligned scaffolds were subjected to stretch (c), nuclear deformation
was significantly reduced with either 7 days of differentiation (Diff) or via blockade of
contractility in undifferentiated MSCs by ROCK inhibition (Ctrl/Y27, Y27632, 10 μM,
*p<0.05 vs. Diff and Ctrl/Y27, n=~50/condition, mean ± SEM). ...................................103
Figure 4-6: Time dependent increase in contractility with exposure to soluble
differentiation factors. Traction force increases substantially over the first 16 hours of
exposure to 10 ng/ml TGF-β3 (n=20, Mean ± SD). ........................................................103
Figure 4-7: MSC differentiation results in marked nuclear reorganization. (a) On day 1,
Lamin A/C (LMAC) was spread diffusely throughout the nucleus in both Ctrl and Diff
conditions. By day 7, Diff conditions resulted in a restriction of LMAC to the nuclear
periphery (scale: 20 µm). (b) Quantification showed that the nuclear volume occupancy
ratio of LMAC (relative to DAPI) did not change in Ctrl conditions, while this ratio
decreased significantly in Diff conditions as a function of culture duration (*p<0.05 vs.
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Ctrl, n=30, mean ± SD). (c) Protein levels of Lamin C (and β-actin) under Ctrl and Diff
conditions. (d) Quantification showed a significant increase in Lamin C with
differentiation (*p<0.05 vs. Ctrl, n=3, mean ± SD). (e) Staining for heterochromatin
(HTC) in Ctrl and Diff conditions on day 7. Scale: 5 µm. (f) Staining intensity in Diff
conditions was significantly higher than in Ctrl conditions on day 7 (*p<0.05 vs. Ctrl,
n=25 nuclei/condition, mean ± SD). ................................................................................105
Figure 4-8: Lamin A/C in differentiated cells is located at the nuclear periphery. (a)
LMAC in undifferentiated MSCs was distributed throughout the nucleus, while (b) LMAC
in chondrocyte nuclei was restricted to the periphery in a 3D agarose hydrogel culture
system. (c) LMAC staining of adult meniscus cells seeded on aligned nanofibrous
scaffolds was restricted to the nuclear periphery. Scale: 20 µm. (d) peri-nuclear stiffness
of adult meniscal fibrochondrocyte cells (MFC) was significantly higher than
undifferentiated MSCs (normalized to MSC modulus*p<0.05, n=10/condition, mean ±
SD). ..................................................................................................................................106
Figure 4-9: With differentiation ES cells express Lamin A/C and localize it to the nuclear
periphery. Lamin A/C staining (top panels) with DAPI counterstaining (bottom panels) of
a human ES cell line cultured on aligned nanofibrous scaffolds for 7 days in Ctrl and Diff
media conditions. Scale: 20 µm. .....................................................................................107
Figure 4-10: TSA treatment of differentiated MSCs softens nuclei and decreases
heterochromatin, but does not alter Lamin A/C amount or distribution. (a and b) One day
of TSA treatment (Diff/TSA) decreased heterochromatin (HTC) staining in differentiated
MSCs (*p<0.05 vs. Ctrl, ‡p<0.05 vs. Diff/TSA, n=35, mean ± SD). Scale: 20 µm. One
day of TSA treatment (Diff/TSA) did not alter LMAC organization (c) or protein content
(d and e, *p<0.05 vs.Ctrl, n=3, mean ± SD). Scale 20 µm. (f) One day of TSA treatment
(Diff/TSA) decreased nuclear stiffness in differentiated MSCs (*p<0.05 vs. Ctrl, ‡p<0.05
vs. Diff/TSA, n = 10, mean ± SD). ...................................................................................109
Figure 4-11: Increases in nuclear mechanics heightens mechanosensitivity of
mesenchymal stem cells. (a) On day 7, 10% static stretch increased nuclear deformation
in Ctrl conditions, but did not alter nuclear shape under Diff conditions. With TSA
treatment (Diff/TSA), nuclear elongation of differentiated MSCs was once again apparent
with stretch. Scale: 20µm (b) Quantification of NAR via tracking of individual nuclei.
With TSA treatment of differentiated MSCs, nuclear deformation was once again
observed with 15% stretch (normalized to Ctrl 0%, *p<0.05 vs. Ctrl, †p<0.05 vs. Diff,
‡p<0.05 vs. Ctrl 0%, dashed line indicates Ctrl 0%, n=27, mean ± SEM). (c and i)
Baseline intracellular Ca2+ in MSCs was not different between groups. With 10% stretch,
intracellular Ca2+ showed slight increases in Ctrl conditions, and a much more marked
increase in Diff conditions. TSA addition (Diff/TSA) reduced intracellular Ca2+ release
with stretch (Scale: 100 µm). (d) AGG and (e) COL II levels did not increase with stretch
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in Ctrl conditions, while significant increases were observed in Diff conditions. Addition
of TSA (Diff/TSA), abrogated this stretch-induced response (*p<0.05 vs. Ctrl, n=3, mean
± SD). (f and g) Pre-treatment of MSCs with D-mannitol (Ctrl/DM) decreased nuclear
deformation with stretch (Scale: 20µm, normalized to ctrl/0%, *p<0.05 vs. Ctrl, ‡p<0.05
vs. Ctrl/0%, n=50, dashed line indicates Ctrl 0%, mean ± SEM). (h and i) Pre-treatment
with D-mannitol (Ctrl/DM) increased intracellular calcium mobilization with stretch
compared to Ctrl conditions (Scale: 50 µm, *p<0.05 vs. Ctrl, ‡p<0.05 vs. Diff/TSA, n=50,
mean ± SEM)....................................................................................................................110
Figure 4-12: TSA treatment of differentiated MSCs does not alter MLCK activity, actin
structure, or migration speed. (a and b) MLCK phosphorylation increased markedly in
Diff compared to Ctrl MSCs, but was not altered with TSA treatment (Diff/TSA, *p>0.05
vs. Diff/TSA, n=3, mean ± SD). (c) There were no apparent changes in actin stress fiber
density or distribution with differentiation (Diff) or TSA treatment (Diff/TSA), scale: 20
µm. (d and e) Differentiation slowed MSC migration in a wound healing assay; TSA
treatment (Diff/TSA) did not alter migration rates (*p<0.05 vs. Ctrl, †p<0.05 vs. Diff,
‡p<0.05 vs. 1 hour, n=6, mean ± SD, Scale: 200 µm). ...................................................112
Figure 4-13: D-mannitol treatment induces chromatin reorganization but does not
perturb the actin cytoskeleton. Visualization (a) and quantification (b) of chromatin
condensation with DM treatment of MSCs (Ctrl/DM, *p<0.05 vs. Ctrl, n=~30, mean ±
SD, scale: 3 µm). (c) Phalloidin staining of actin under Ctrl and DM treatment
conditions (Ctrl/DM). Scale: 100 µm .............................................................................113
Figure 4-14: Dynamic loading induces nuclear reorganization and increases nuclear
mechanics in undifferentiated MSCs. Dynamic loading (DL) for 5 days in the absence of
soluble differentiation factors resulted in reorganization of LMAC in a manner dependent
on the duration (a-d) and magnitude (d-g) of applied loading (Scale: 20 µm). (h) DL (6
hours, 3%) decreased changes in NAR with 10% static stretch (*p<0.05 vs. 0%, †p<0.05
vs. Diff, ‡p<0.05 vs. DL, n=30, mean ± SEM). (i) DL nuclei were stiffer than those in
undifferentiated MSCs, but were not as stiff as nuclei in MSCs differentiated (Diff)
through soluble factor addition (*p<0.05 vs. Ctrl, †p<0.05 vs. DL, n=10, mean ± SD). (j
and k) DL increased expression of AGG and TGF-β to levels exceeding those of
differentiated MSCs (*p<0.05 vs. Ctrl, †p<0.05 vs. Diff, n=5, mean ± SD). (l) A rapid
10% stretch applied to DL-conditioned MSCs resulted in higher intracellular calcium
release compared to the same perturbation of Diff MSCs (*p<0.05, n=~40, mean ± SEM).
..........................................................................................................................................115
Figure 4-15: Dynamic loading of undifferentiated MSCs induces nuclear reorganization
comparable to differentiation with soluble factors. LMAC nuclear occupancy ratio as a
function of strain duration (a) and magnitude (b) in MSCs dynamically loaded in Ctrl
media (*p<0.05 vs. 0%/0 hour, n=25, mean ± SD). (c) LMAC was restricted to the
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nuclear periphery with differentiation. After DL (6%, 5 days) in Ctrl media, LMAC
organization closely mirrored that of differentiated MSCs. There was no clear change in
actin stress fibers with differentiation or with application of dynamic loading (DL), scale:
20 µm ...............................................................................................................................117
Figure 4-16: Dynamic loading increases Lamin C content in undifferentiated MSCs. (a
and b) Lamin C protein levels in MSCs increased with DL to a greater extent than with
application of differentiation medium (Diff, *p<0.05 vs. Ctrl, n=3, mean ± SD). ..........118
Figure 4-17: Dynamic loading increases heterochromatin content in undifferentiated
MSCs. Heterochromatin staining intensity increased with dynamic loading (DL),
reaching levels similar to that of differentiation medium (Diff, *p<0.05 vs. Ctrl, †p<0.05
vs. Diff, n = 30, mean ± SD, scale: 3 µm). ......................................................................118
Figure 4-18: Lamin A/C organization, heterochromatin content, and nuclear mechanics
of MSCs as a function of TGF- β3 addition. (a) LMAC reorganization and
heterochromatin formation (HTC) was evident at TGF-β3 doses ≥1 ng/mL [at 1 week,
scale: 20 µm (top) or 3 µm (bottom)]. (b) Heterochromatin staining intensity as a
function of TGF-β3 concentration (*p<0.05 vs. 0 ng/ml, †p<0.05 vs. 1 ng/ml, n = 35,
mean ± SD). (c) Nuclear stiffness (assessed by AFM) as a function of TGF-β3
concentration (*p<0.05 vs. 0 ng/ml, n = 10, mean ± SEM) ............................................120
Figure 4-19: Rapid alterations in MSC nuclear architecture with dynamic loading. (a)
Staining for LMAC showed little change in Ctrl conditions, and only subtle changes in
Diff conditions through day 3. Conversely, DL promoted LMAC reorganization as early
as day 2 (Scale: 5 µm). (b) Heterochromatin staining was evident in Ctrl conditions on
day 3, but was already present on day 1 in DL conditions (Scale: 5 µm). (c)
Quantification of heterochromatin staining showed significant differences in the DL
group as early as day 1 (*p<0.05 vs. Ctrl, †p<0.05 vs. Diff, n = 35, mean ± SD). (d) DL
increased LMAC gene expression at each time point (*p<0.05 vs. Ctrl conditions, n=5.
Mean ± SD). (e) Representative DAPI stained nuclei on days 1 through 5 with treatment
(top row), and corresponding edge detection for CCP calculation (bottom row). Scale: 2
µm. (f) Chromatin condensation parameter (CCP) as a function of treatment group and
time (*p<0.05 vs. Ctrl, †p<0.05 vs. Diff, n=45-50 cells per condition per time point,
mean ± SEM)....................................................................................................................122
Figure 4-20: Rapid changes in fibrocartilaginous gene expression with dynamic loading.
Expression of (a) SOX9, (b) BMP2, (c) TGFβ, and (d) aggrecan was transiently
upregulated under Diff conditions over the first three days of culture. DL resulted in
higher expression for longer durations (DL: 6 hour/day, *p<0.05 vs. Ctrl, †p<0.05 vs.
Diff, n = 3, mean ± SEM) .................................................................................................123
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Figure 4-21: Altered nuclear mechanobiology with stem cell differentiation. (a) The
nucleus is mechanically linked to the extracellular environment through LINC complex
connections to a contractile cytoskeleton that interact with the extracellular matrix (ECM)
through focal adhesion complexes. (b) When progenitor cells differentiate, the nucleus
transforms from a deformable ‘strain sink’ into a comparatively rigid (relative to the
cytoskeleton) ‘stress concentrator’, with localization of Lamin A/C to the nuclear
envelope (red circle in nucleus) and an increase in heterochromatin content (grey lines in
nucleus). In the undifferentiated state, the nucleus deforms along with the cell, resulting
in little added strain (or stress) in the cytoskeleton (green filaments). In the differentiated
state, the lack of deformation of the nucleus concentrates deformation (and stress) in the
cytoskeletal network (red filaments) and at its connections. This transformation hypersensitizes the differentiated cell to respond to mechanical perturbation (red stars) by
increasing stress at each point of cytoskeletal connectivity (focal adhesions and LINC
complex). Mechanical inputs (when repeated dynamically) can evoke similar changes in
nuclear architecture and mechanics and increase cell mechanosensitivity to direct
lineage specification in the absence of exogenous soluble differentiation factors. .........127
Figure 5-1: Dynamic loading (DL) is transmitted through the contractile cytoskeleton to
induce rapid chromatin condensation in MSCs via EZH2 activity. (a) DL (3%, 1Hz) for
150 seconds, 600 seconds, 1 hour, and 3 hours in the absence of exogenous growth
factors increases apparent chromatin condensation in DAPI stained nuclei (top row), and
increases the number of visible edges within nuclei after image processing (bottom row)
(Ctrl). Little change in chromatin structure was observed with DL when MSCs were pretreated with a Rho-kinase inhibitor before DL (DL Y27, bar = 3 µm). (b) Quantification
of the chromatin condensation parameter (CCP) in response to DL and with inhibition of
acto-myosin contractility with Y27 treatment (red line: CCP of unloaded MSCs in control
media (CM) at 0 sec, n = ~ 40 cells per condition per time point, from 2 replicate studies,
*: p<0.05 vs. CM control, +: p<0.05 vs. Y27, α: p<0.05 vs. 150s). (c) CCP with loading
in the context of blockade of Enhancer of Zeste Homolog 2 (EZH2) activity by GSK343
treatment (GSK, green line: CCP of DL MSCs at 600s, blue line: CCP of DL MSCs at 3h,
n = ~ 40 cells per condition per time point, from 2 replicate studies, *: p<0.05 vs. CM at
0 sec, +: p<0.05 vs. DL 3h in CM, mean ± SEM). ..........................................................152
Figure 5-2: DL (3%, 1hz, 3h) increases aggrecan (a, AGG) and TGF-β (b) gene
expression in the absence of growth factors, but showed no change with either GSK or
Y27 pre-treatment (fold change relative to 0% strain control and normalized to GAPDH,
n=3, *: p<0.05 vs. 0% control, +: p<0.05 vs. DL, mean ± SD). ....................................154
Figure 5-3: Inhibition of histone deacetylases by pre-treatment with trichostatin A (TSA)
abrogated load induced chromatin condensation with 600s DL, but not with 3 hr DL (red
line: CCP of control MSCs, green line: CCP of DL MSCs at 600s, blue line: CCP of DL
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MSCs at 3h, n = 20 cells per condition per time point, *: p<0.05 vs. CM control, mean ±
SEM) ................................................................................................................................154
Figure 5-4: Persistence of chromatin condensation depends on the duration of
stimulation and alters nuclear mechanics. (a) Chromatin condensation (CCP) gradually
decreased to baseline levels within 3 hours of the cessation of 150s or 600s of DL. The
rate of CCP relaxation was slower after 1h of DL, and did not decrease over an 18 hour
observation window following 3 hr of DL (red line: unloaded CM control, n = 20, *:
p<0.05 vs. CM control, +: p<0.05 vs. 0h, mean ± SEM). (b) Persistency in condensation
after 600s (but not 3 hr) of DL depended on acto-myosin contractility (red line: unloaded
CM control, n = 20, *: p<0.05 vs. CM control, +: p<0.05 vs. without Y27 treatment, ×:
p<0.05 vs. 0.5h mean ± SEM). (c) representative DAPI stained nuclei on scaffolds post
600s DL with/without 15% static stretch (bar = 10 μm), (d) Nuclear aspect ratio (NAR)
with 9% and 15% applied stretch (n = ~ 40 cells, *: p<0.05 vs. 0%, +: p<0.05 vs. 9%, α:
p<0.05 vs. 0 hour for same strain level, mean ± SEM).. ................................................156
Figure 5-5: Persistence of chromatin condensation with short term DL (600s, 1Hz)
depends on the magnitude of applied strain (red line: unstrained CM control, DL: 600s,
1Hz, n = ~20, *: p<0.05 vs. CM control, +: p<0.05 vs. 3%, α: p<0.05 vs. 0s, mean ±
SEM) ................................................................................................................................158
Figure 5-6: Chromatin condensation correlates with an increase in nuclear mechanics
and a decrease in in situ nuclear deformation. (a) Treatment with MgCl2+CaCl2 for 30
minutes increases chromatin condensation (top) and the number of visible edges in DAPI
stained nuclei (bottom, bar = 3 μm). (b) Increased CCP with addition of MgCl2+CaCl2
(n = ~ 20 cells, *: p<0.05 vs. 0 mM, +: p<0.05 vs. 10 mM, mean ± SEM). (c) Nuclear
aspect ratio (NAR) as a function of treatment and with applied scaffold stretch (n = ~ 45,
*: p<0.05 vs. 0%, +: p<0.05 vs. 9%, ×: p<0.05 vs. 0 mM, mean ± SEM). (d) Perinuclear stiffness measured by atomic force microscopy (AFM) increases with an increase
in chromatin condensation in response to MgCl2+CaCl2 treatment (n = 10, *: p<0.05 vs.
0 mM, mean ± SD). ..........................................................................................................159
Figure 5-7: ATP release and purinergic signaling are mediators of loading-induced
chromatin condensation in the short but not the long term. (a) Schematic illustration of
conditioned media studies including treatment with apyrase (AP). (b) Normalized CCP
values (relative to unloaded CM MSCs) after treatment for 30 minutes with DLconditioned media (n = ~20, *: p<0.05 vs. CM control (red line), mean ± SEM). (c) ATP
concentration in the media increases after DL for 600s, but not after DL for 3h
(normalized to CM, n = 3, *: p<0.05, mean ± SD). (d-f) Pharmacologic inhibition of ATP
signaling abrogated the short term (600s) loading induced changes in CCP, but not did
not alter the response to long term (3h) loading (green line: CCP value with 600s DL,
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blue line: CCP value with 3h DL, red line: CCP in control MSCs in CM, n = ~20, *:
p<0.05 vs CM control, AP: apyrase, FFA: flufenamic acid, Oligo: oligomycin, mean ±
SEM) ................................................................................................................................161
Figure 5-8: Normalized CCP (relative to unloaded MSCs) after treatment for 30 minutes
with complete or size fractionated DL-conditioned media (red line: unloaded CM control,
n = ~20, *: p<0.05 vs. CM control, mean ± SEM). .........................................................163
Figure 5-9: (a) CCP increases with the addition of exogenous ATP (n = ~20, *: p<0.05
vs. 0 mM, mean ± SEM). (b) UTP addition increased CCP, whereas BzATP added at the
same concentration had no effect on CCP (n = ~20, *: p<0.05 vs. CM control, mean ±
SEM) ................................................................................................................................164
Figure 5-10: Degradation of ATP in DL-conditioned media. ATP released from MSCs
after 600s of DL gradually degraded, and did so at a faster rate when cells were present
(37°C, n = ~ 3, *: p<0.05 vs. without cells, +: p<0.05 vs. 30m, α: p<0.05 vs. 1h, β:
p<0.05 vs. 2h, normalized to ATP levels after 600s DL, mean ± SD). ............................165
Figure 5-11: (a-c) Representative images of YAP staining with treatment; (a): CM
control, (b): 1mM ATP for 30 min, (c): 3% DL at 1Hz for 30 min (red: YAP, green: actin,
blue: nucleus). (d) Nuclear to cytoplasmic YAP ratio with the addition of ATP or
application of DL for 30 min normalized to CM control (n = ~15, *: p<0.05 vs. CM
control, mean ± SD). (e) Ratio of nuclear to cytoplasmic YAP with the application of DL
for 30 min under control conditions or with apyrase (AP, 5U) or flufenamic acid (FFA: a
hemichannel blocker) added to the media during loading. Data normalized to unloaded
CM control (red line) (n = ~15, *: p<0.05 vs. CM control, mean ± SD) ........................166
Figure 5-12: Loading induced chromatin condensation is regulated by calcium signaling.
(a) Representative [Ca2+]i oscillations (red arrows) in MSCs as a function of time (bar
= 100 µm). Addition of ATP (b) or application of 30s DL (c) decreased the time between
peeks and increased number of peaks observed in 10 min (n = ~15, *: p<0.05 vs. CM
control (0% strain/0mM ATP, mean ± SD). (d, e) Pretreatment with BAPTA or KN62
blocked load-induced chromatin condensation, whereas pretreatment with thapsigargin
(TG, f) had no effect and Verapamil (VP, g) blocked only the short term increase in CCP
(at 600s of DL) (red line: CM control, green line: 600s DL, blue line: 3h DL, n = ~ 20
per condition, *: p<0.05 vs. CM control, mean ± SEM). (h) Schematic illustration
outlining the operative signaling pathways controlling chromatin condensation with
short term (600s) or long term (3h) loading ( : indicates a component is not on the
critical path for load induced chromatin condensation under each loading modality. ATP:
Adenosine triphosphate, HMCLs: hemichannels, P2YR: P2Y purinergic receptors, P2XR:
P2X purinergic receptors, ER: endoplasmic reticulum, Ca: calcium. CBPs: calcium
binding proteins, VGCC: voltage-gated calcium channels, TRPV4: Transient receptor
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potential cation channel subfamily V member 4, PIEZO: Piezo-type mechanosensitive ion
channels, HDAC: Histone deacetylase, MTF: Histone methyltransferase, LICC: load
induced chromatin condensation). ...................................................................................168
Figure 5-13: Alterations in CCP with short and long term dynamic loading and pretreatment with various inhibitors; (a): EGTA (a calcium chelator), (b): CALP2 (CALP,
an antagonist of Calmodulin), (c): Cyclosporine A (CYSP, a Calcineurin inhibitor), (d):
BAPTA-AM (BATAM, a calcium chelator), (e): Ruthenium red (RR, a TRPV4 inhibitor),
(f): GSK205 (G205, a TRPV4 antagonist), (g): GsMTx4 (GMT, a PIEZO ion channel
inhibitor), (h): GdCl3 (GC, a stretch-activated channel inhibitor), (i): PPADS (a P2
receptor antagonist). (DL: dynamic loading, red line: CM control, green line: DL 600s,
blue line: DL 3h, n = ~20 per condition, *: p<0.05 vs. CM control, mean ± SEM). ......170
Figure 5-14: Control studies showing no marked changes in (a) the baseline CCP (n=
~20) with the addition of pharmacological inhibitors for 600s or 3 hrs in unloaded
conditions. (b) Nuclear deformation in MSCs subjected to static stretch with the addition
of pharmacological inhibitors (n = ~50, CALP: CALP2, TG: thapsigargin, GC: GdCl3,
GSK: GSK205, *: p<0.05 vs. 0%, +: p<0.05 vs. 9% scaffold stretch, mean ± SEM) ....172
Figure 5-15: Loading history establishes a mechanical memory encoded in chromatin
condensation. (a) Schematic showing experimental setup (DL: dynamic loading, FS: free
swelling, a: immediately after 1st 3h loading, b: 48 hours after the 1st loading, c:
immediately after 2nd 3h loading, d: 48 hours after the 2nd loading). (b) Representative
DAPI stained nuclei (top row) and corresponding detection of visible edges (bottom row)
for time points indicated in A, bar = 3 μm. (c) CCP normalized to CM control MSCs (red
line: CM control, n= ~120 from 4 replicates, *: p<0.05 vs. CM control, +: p<0.05 vs. a,
‡: p<0.05 vs. b, mean ± SEM). (d) AGG gene expression normalized to CM control (n=9,
from 3 replicates, *: p<0.05 vs. CM control, +: p<0.05 vs. a, ‡: p<0.05 vs. b, α: p<0.05
vs. c, mean ± SEM). (e) Nuclear deformation index (NDI) with multiple loading cycles, n
= ~ 50, *: p<0.05 vs. CM control, +: p<0.05 vs. a, ‡: p<0.05 vs. b, mean ± SEM). (f)
Alterations in CCP as a function of initial DL events and time after loading (n = ~20, *:
p<0.05 vs. CM control (red line), +: p<0.05 vs. day 0, α: p<0.05 vs. DL ×1, β: p<0.05
vs. DL ×3, mean ± SEM). (g) Alterations in CCP with an additional loading event
applied 5 days after cessation of initial DL events (n = ~20, *: p<0.05 vs. CM control
(red line), +: p<0.05 vs. DL ×1, ‡: p<0.05 vs. FS 0 d, α: p<0.05 vs. FS 5 d, mean ±
SEM). (h) Alterations in CCP with inhibition of histone deacetylases and
methyltransferases after seven days of loading (TSA: trichostatin A and GSK: GSK343
respectively, n = ~20, *: p<0.05 vs. CM control (red line), +: p<0.05 vs. day 1, mean ±
SEM) ................................................................................................................................174
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Figure 5-16: TGF-β (a), SMC1A (b) and CTCF (c) gene expression normalized to CM
control (red line: CM control, n = 9, from 3 replicates, *: p<0.05 vs. CM control, +:
p<0.05 vs. a, ‡: p<0.05 vs. b, α: p<0.05 vs. c, mean ± SEM). ........................................176
Figure 5-17: Change in aggrecan expression (AGG) as a function of the number of DL
events and time after cessation of loading (n = ~ 3, *: p<0.05 vs. CM control (red line),
+: p<0.05 vs. day 0, ‡: p<0.05 vs. day 3, mean ± SD) ...................................................177
Figure 6-1: Chromatin remodeling occurs rapidly in response to dynamic tensile loading
(DL), and depends on the contractile cytoskeleton. (a) In the absence of exogenous
growth factors and with/without pre-treatment of LPA (an activator of G-protein coupled
receptors), DL (3%, 0.2 Hz) for 600s increases chromatin condensation (Ctrl or LPA in
the 1st column) and increases the visible edges in nuclei (Ctrl or LPA in the 2nd column).
When MSCs were pre-treated with a MLCK inhibitor (ML7) or a Rho-kinase inhibitor
(Y27) prior to the application of DL, no significant changes in chromatin condensation
were observed in response to DL (bar = 3 µm). (b) Heat maps show quantification of the
chromatin condensation parameter (CCP) in response to DL (Ctrl/DL), with addition of
LPA (Ctrl/DL) or with inhibition of acto-myosin contractility via ML7 (ML7/DL) or Y27
(Y27/DL) pretreatment (n = ~ 55 cells per condition per time point, from 3 replicate
studies, *: p<0.05 vs. Ctrl without DL, +: p<0.05 vs. 0.2 Hz, ‡: p<0.05 vs. 0.5 Hz). (c)
Line plots showing the correlation between the number cycles of DL and the measured
CCP values with/without agonists and antagonists of contractility (p values indicate
comparisons between the slope of the response in experimental groups to the slope of
Ctrl/DL group via F-test, bonferroni adjusted p value) ..................................................203
Figure 6-2: Base line CCP values with pretreatment with LPA, ML7, or Y27 [normalized
to CCP in Ctrl conditions (red line), n = ~ 55 cells per condition per time point, from 3
replicate studies, *: p<0.05 vs. Ctrl without DL]. ...........................................................205
Figure 6-3: Dynamic loading triggers ATP release, which mediates chromatin
condensation in MSCs. (a) Schematic showing experimental setup (b) ATP
concentrations in conditioned media (normalized to ATP concentration in control media,
red line) and (c) CCP values with various conditions [a: CM media for 600s without DL
(control), b: CM media for 30 sec followed by switching to new fresh media for 600 sec
without DL, c: DL condition (0.2 Hz, 3%, 30 sec), d: DL condition (1 Hz, 3%, 30 sec), e:
DL condition (0.2 Hz, 3%, 600 sec), f: DL condition (1 Hz, 3%, 600 sec), g: DL condition
(0.2 Hz, 3%, 30 sec) followed by free swelling for additional 600 sec, h: DL condition (1
Hz, 3%, 30 sec) followed by free swelling for additional 600 sec, i: DL condition (0.2 Hz,
3%, 30 sec) followed by free swelling for additional 600 sec in fresh media, j: DL
condition (1 Hz, 3%, 30 sec) followed by free swelling for additional 600 sec in fresh
media, k: DL condition (1 Hz, 3%, 600 sec) with fresh media applied at 30 sec, n = 3
from 3 biological replicates for (b), n = ~55 from 3 biological replicates for (c), *:
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p<0.05 vs. a]. (d) Assessments of ATP release in the 1st media collected after cessation
of short term DL (1Hz, 3%) with various durations (5 sec, 10 sec, 20 sec, or 30 sec) or in
the 2nd media that was switched and cultured for an additional 600s after cessation of
each DL (*: p<0.05 vs. ctrl condition in red line, +: p<0.05 vs. 1st media with DL for 5
sec, #: p<0.05 vs. 1st media with DL for 10 sec, α: p<0.05 vs., 1st media with DL for 20
sec, β: p<0.05 vs. 1st media with DL for 30 sec. .............................................................206
Figure 6-4: Images show quinacrine dihydrochloride staining for ATP-filled vesicles in
MSCs before/after the application of DL (1 Hz, 3%, 30 sec, left) and quantification (right,
n = ~25, *: p = 0.05) .......................................................................................................209
Figure 6-5: ATP content and release capacity is gradually restored after DL via ATP
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CHAPTER 1: INTRODUCTION

Mesenchymal stem cells (MSCs) can be obtained from multiple tissues of
mesenchymal origin, including muscle, adipose, and fibrocartilage tissues. MSCs are a
promising multipotent progenitor cell population for various therapeutic and tissue
engineering strategies as they have the ability to differentiate into mesenchymal lineages,
including chondrogenesis, adipogenesis, osteogenesis, tenogenesis, and myogenesis.

Along with chemical cues such as soluble growth factors, a number of physical
cues including substrate stiffness, cell shape, and mechanical forces play important roles
in determining lineage specification of MSCs. The cells in our body are subject to various
types of mechanical stimuli during daily activities and tissue/organ development.
Physical stimuli including hydrostatic compression, mechanical tension, and flow
induced shear stress can regulate stem cell differentiation and tissue formation. Therefore,
understanding how biophysical cues regulate stem cells is of great interest in therapeutic
approaches and tissue engineering applications. However, the manner in which such biophysical cues are translated and integrated into biological responses that direct MSC
lineage commitment remains unclear.

Generally termed mechanotransduction, exogenous mechanical signals can be
transmitted through a cell by converting physical signals that arise from the
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microenvironment into electrical or chemical signaling. This can occur by activating
mechanically sensitive ion channels, altering ion influx into the cells and a variety of
signaling pathways. The cytoskeleton also plays important roles in transmitting these
external forces to subcellular structure, including the cell nucleus, and can regulate
chromatin remodeling and transcriptional activities. As the signaling center of the cell,
the nucleus contains genetic and structural elements (i.e. chromatin and lamins) that play
crucial roles in determining nuclear stiffness and transcriptional activities. These factors
can change during MSC differentiation. Indeed, recent work has shown that mechanical
perturbations regulate nuclear protein structure, shape, and stiffness, leading to changes
in gene expression. Diseases such as osteoarthritis, meniscal rupture, and tendon injury or
degeneration all result in abnormal mechanotransduction by cells within these structures,
resulting in undesired transcriptional changes in the nucleus and fostering the emergence
of disease processes based on these molecular alterations.

Despite the growing appreciation of the role of mechanical stimuli in guiding
lineage specification, the molecular machinery governing how such perturbations are
transduced to the nucleus to influence lineage specification are not fully understood.
Moreover, it is not clear whether different classes of signals (soluble differentiation
mediators vs. mechanical differentiation mediators) act in the same fashion, or whether
they have the same long-term effects on nuclear organization and lineage specification.
Therefore, it is important to elucidate the molecular mechanisms in order to understand
how such defects or changes in mechanosensing and mechanotransduction in cells occur
in normal tissue development and in disease. This will provide helpful information to
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improve the development of engineered tissues, medical devices, and biological materials
for tissue repair and regeneration.

The overall goal of this proposal is to identify the mechanisms by which
exogenous mechanical signals are transduced to the nucleus in mesenchymal stem cells
(MSCs) and to determine how these cues change nuclear architecture and mechanics. In
addition, we investigate the mechanism by which these changes occur and the
permanency with which this information is imprinted on the cells to first establish and
then sustain lineage specification.

To understand the role of mechanical perturbations in the remodeling of nuclear
structural proteins with MSC differentiation, Chapter 2 provides an overview of
mesenchymal stem cell biology, with an emphasis on the roles of mechanical stimuli in
cell differentiation. Cell nuclear structure and function will also be described to justify
the need for a better understanding of MSC mechanotransduction mechanisms.
Specifically, in reviewing mechanical stimuli, I will discuss mechanically regulated
nuclear structure and stiffness that has been described in the literature and that may be
important for regulating MSC differentiation. Lastly, common signaling pathways
through which these signals are conveyed to the nucleus will also be described.

3

Chapter 3 begins the process of exploring MSC nuclear mechanobiology by
describing a new way to consider how strains are transferred through organized
biomaterials to influence cell/nuclear behavior. In this chapter, I will show how
mechanical strain applied to MSCs seeded onto an aligned nanofibrous scaffold directs
cellular and nuclear deformations, and how this depends on the scaffold orientation.
Furthermore, I will demonstrate how gene expression in response to exogenous
mechanical perturbation are also dependent on scaffold and cellular orientations, tying
together cell level deformation and changes in phenotype.

After establishing a link between strain transmission to MSCs on aligned
nanofibrous scaffold, Chapter 4 will report on changes in cell/nuclear mechanics in
progenitor cells as they transition towards a differentiated state that is achieve through
either chemical or biophysical cues. I will specifically detail the manner in which both
cellular and nuclear mechanics change during differentiation, and detail studies showing
the impact that these changes have on mechanosensitivity. In addition, Chapter 4 will
show how mechanical stimulation itself can evoke changes in the nuclear structure and
mechanics in MSCs and that it does so more rapidly than soluble factor addition.

Building from this platform, Chapter 5 will explore how dynamic loading
regulates chromatin condensation, resulting in increases in the nuclear mechanics of
MSCs in the absence of exogenous differentiation factors. In this work, I will show that
load induced chromatin condensation requires cell contractility, and provide evidence
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that it terminates in the regulation for the activity of the histone-lysine Nmethyltransferase EZH2 to modify the chromatin structure. In addition, I will show how
different loading durations have different effects and operate through different signaling
pathways. Specifically, I will show data on how short term loading event is mediated by
mechanically induced ATP release and calcium signaling, while longer term loading
requires sustained calcium entry through stretch activated channels. From this finding of
different signaling pathways controlling immediate and short term response to load, I will
also in Chapter 5 show how longer periods of mechanical loading can develop a
mechanical memory encoded in structural changes in the nucleus of stem cells. In this, I
posit that these changes not only define the trajectory of differentiation, but also the
persistence of this lineage specification, thereby establishing a ‘mechanical memory’ in
these mesenchymal progenitor cells.

Continuing this investigation of the molecular mechanisms of mechanically
induced chromatin condensation in MSCs, Chapter 6 will report on how loading
conditions (i.e. frequency and duration) influence the rate of chromatin condensation and
will demonstrate the key role that ATP/purinergic signaling plays in this process. In
addition, I will show that this mechanically induced ATP release from MSCs is mediated
by acto-myosin based cellular contractility, which is in part established by signaling
through the TGF superfamily, even in the absence of externally supplemented ligands.
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In Chapter 7, I will move outside of the cell to show how native fiber-reinforced
musculoskeletal tissues, which play important roles in transmitting loads and providing
joint motion and stability, have inherent heterogeneities at the microscale that also
influence mechanobiology. These tissues have highly ordered fibrous collagen microdomains (FmDs) that provide tensile mechanics. Interestingly, close inspection also
reveals that they contain amorphous proteoglycan (PG)-rich structural µ-domains
(PGmDs), which become more prevalent with advanced age and in pathologic states.
Work from our group has shown that these PGmDs attenuate of local strain transmission
and cellular deformation in native fibrocartilage, altering local mechano-response. To
probe context-dependent mechanotransduction of tissue physiology and pathology in a
more controlled manner, Chapter 7, will detail our development and validation of a novel
method to generate heterogeneous tissue engineered constructs (‘hetTECs’) that match
the microstructural, micromechanical, and mechanobiological benchmarks of the native
tissue.

Finally, Chapter 8 will summarize the major themes and findings of this thesis,
outline limitations will need be addressed, and highlight future studies and new directions
that can be taken (and some preliminary data) in support of these new approaches to
extend this work.
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CHAPTER 2: BACKGROUND
This chapter provides a brief synopsis of the background information related to
topics that will be covered in subsequent chapters, providing information on the relevant
cell types, their mechanical and compositional features that define cell and nuclear
mechanics, and several relevant signaling pathways that have been associated with
mechanical force transduction in stem cells.

2.1 Mechanical Modulation of MSC Differentiation
Mesenchymal stem cells (MSCs) are a promising cell source for regenerative
medicine given their multi-potent nature (Huang et al., 2009; Murphy et al., 2013) and
especially applicable for musculoskeletal applications (Baksh et al., 2004; Deans et al.,
2000).

MSCs are subjected to various types of mechanical forces during tissue

development and repair (Kelly et al., 2010; Kurpinski et al., 2006). Along with soluble
factors that influence cell phenotype, physical signals including tissue stiffness and
physiological forces play an important role in determining their lineage specification.
However, the mechanisms by which such physical cues operate remain unclear.

2.1.1 Mesenchymal Stem cell (MSC) Differentiation
MSCs can be easily isolated from many organs and tissues, including bone
marrow, liver, tendons, body fat, umbilical cord, placenta, blood, and teeth, (Deng et al.,
2008; Orbay et al., 2012; Potdar et al., 2015). MSCs are able to replicate as
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undifferentiated cells or differentiate into bone, cartilage, fat, muscle and tendon (Figure
2-1) (Jiang et al., 2002; Li et al., 2005b; Singer et al., 2011) .

Bone marrow is the most common source for MSC isolation. MSCs fraction
comprise only a small fraction of the total marrow cell population (~0.01%) (Lee et al.,
2004). To isolate and expand MSCs, aspirated bone marrow is placed directly onto a
tissue culture plate. Due to the adherent nature of MSCs, they attach to the culture surface
while contaminating cells, such as haematopoietic cells, remain in suspension. MSCs
have flattened morphology, and increase in spread size, during culture expansion. These
cells can be characterized as MSC population by the expression of cell type specific
markers. For example, flow cytometry is commonly used to confirm MSC phenotype,
with MSCs positive for surface markers including CD29, CD44, CD54/55, CD73 and
CD166, and negative for surface markers such as CD11b, CD14, CD31 and CD45 (de
Carvalho et al., 2015; P et al., 2011). These cells have been used for clinical trials in both
cardiovascular repair and musculoskeletal tissue regeneration/repair, with some showing
their safety and efficacy for in vivo application (Roberts et al., 2008; Wei et al., 2013).
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Figure 2-1 Schematic of MSC multi-lineage differentiation potential (Singer et al.,
2011).

2.1.2 Mechanical Control of MSC Differentiation
Through daily activities, cells and tissues in our body are subject to various types
of loads and deformation, including compressive, tensile, and shear forces. These forces
play important roles in the regulation of homeostasis, development, repair and function of
these tissues (Carver et al., 2013; Wang et al., 2010). Furthermore, these exogenous
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mechanical stimuli are important regulators of cellular differentiation (Janmey et al.,
2007; Li et al., 2011).

Importantly, several studies have reported that cyclic mechanical stretch enhances
the synthesis of extracellular matrix (ECM) and improves the mechanical properties of
tissue engineered constructs. For example, cyclic strain applied to human ligament
fibroblasts seeded onto aligned nanofibrous scaffolds resulted in an increase in collagen
expression (Baker et al., 2011; Lee et al., 2005). Likewise, dynamic tensile loading
improves the tensile modulus of MSC-laden aligned nanofibrous constructs (Baker et al.,
2011; Lee et al., 2005). Furthermore, along with chemical induction using soluble growth
factors, it has been widely reported that mechanical perturbations play important role in
determining lineage specification of MSCs. Haghighipour et al., reported that the
application of 10% cyclic uniaxial strain at 1Hz induced myogenic differentiation of bone
marrow derived MSCs (Haghighipour et al., 2010). Kisiday et al, showed that application
of dynamic compression to MSC embedded agarose hydrogels in the absence of soluble
growth factors significantly increased their proteoglycan and collagen synthesis (level of
H-proline and S-sulfate incorporation), thus inducing MSC chondrogenic differentiation
(Kisiday et al., 2009).

This stem cell differentiation is accompanied by genome-wide changes in
expression patterns and structural reorganization and condensation of the nucleus. This
process can also be modulated by external mechanical forces. For example, Deguchi et al.
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showed that endothelial nuclei were elongated when fluid-induced shear stress was
applied, and significantly increased their heterochromatin formation (Deguchi et al., 2005;
Xu et al., 2012). Changes in acto-myosin contractility are essential in the transduction of
external forces to cells (Xu et al., 2012). A recent study showed that interruption of cell
contractility by addition of Rho-kinase inhibitor Y-27632 blocked mechanical stretchinduced upregulation of tendon-related marker gene expression and tenogenic
differentiation of human bone marrow MSCs (Xu et al., 2012). Based on this, we propose
that dynamic tensile loading will play a role in determining the fate of MSCs and will
regulate how physical forces culminate in changes in nuclear architecture.

2.1.3 Mechanotransduction: Physical Signals Regulate Cell Biology
External physical cues, ranging from passive inputs such as substrate stiffness to
direct mechanical stretch of a tissue, are converted by cells into biochemical signals in a
process termed mechanotransduction. For instance, as shown in Figure 2-2, mechanical
deformation of the extracellular matrix (ECM) leads to cellular deformations. This in turn
activates mechanically sensitive ion channels, which trigger a variety of signaling
pathways (Ingber, 1998; Pingguan-Murphy et al., 2006; Wang et al., 2009). The actin
cytoskeleton likewise transmits mechanical forces across multicellular networks and is
responsible for transmitting forces to subcellular structures, including the nucleus (Wang
et al., 2009). Compared to chemical signal propagation, mechanical signals are
transmitted much more quickly to the nucleus and affect transcriptional activities. The
mechanical forces are transmitted over the LINC (linker of nucleoskeleton and
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cytoskeleton) complex including nesprin-1/ nesprin-2 and SUN1/2 and directly affect
gene activation within milliseconds of surface deformation. However, it takes a few
seconds for chemical signals to affect nuclear functions activating chemical signaling
cascades.

Figure 2-2: Schematic of molecular connectivity from the ECM to the nucleus
(Wang et al., 2009)
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Furthermore, recent work has shown that mechanical cues alter nuclear
architecture, including chromatin condensation, nuclear height, and nuclear stiffness
(Deguchi et al., 2005; Xu et al., 2012) . These external forces can dramatically reorganize
chromatin structure, altering gene expression and nuclear architecture and stiffness.
However, the molecular mechanisms by which such external mechanical stimuli are
converted into a biological response remains unclear. Few studies have focused
specifically on mechanisms that culminate in direct changes in the nucleus. One
possibility is that abnormal mechanotransduction in musculoskeletal pathologies such as
osteoarthritis, meniscal tearing, and tendon injury lead to atypical chromatin remodeling
(Lavagnino et al., 2015). This suggests an underlying biophysical component to the
genetic basis for disease (Vatta et al., 2002). Therefore, it is important to discover the
molecular mechanisms behind the relationship between mechanotransduction and
chromatin remodeling in order to understand how such defects in mechanosensing and
mechanotransduction in cells occur, how this impacts disease processes, and how these
features can be tuned to guide effective differentiation of stem cells.
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2.2 Nuclear Structure and Function

2.2.1 Cell Nucleus
The nucleus is the largest organelle and signaling center of the cell and contains
the majority of the genetic material. This includes multiple long linear DNA/chromatin
molecules that are coupled to histones and other structural proteins. The main function of
the cell nucleus is to regulate gene expression to control the cellular activities, such as
differentiation. In addition to DNA/chromatin, the nucleus also contains a number of
structural proteins (such as lamin and other nucleoskeletal proteins) that help to establish
nuclear shape and mechanics (Figure 2-3). These nuclear proteins play a crucial role in
the regulation of gene expression during differentiation by controlling chromatin
remodeling (Goldman et al., 2005) , and are major contributors to the nuclear mechanical
properties (Goldman et al., 2005). Mutations in these proteins cause genetic diseases such
as Hutchinson-Gilford progeria syndrome.
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Figure 2-3: Schematic of cell nucleus showing Lamin (red lines), lamin binding
proteins, chromatin, nuclear pore complexes (NPC), and various other
nucleoplasmic factors (Goldman et al., 2005).

Other features in the nucleus may also change in response to differentiation and
mechanical perturbation. For example, nuclear pore complexes (NPCs) are one of the
largest protein based assemblies in the cell, with molecular weights of 60-125 MDa
(Figure 2-3).

In mammalian cells, these large complexes contain as many as 456

individual proteins and multiple copies of ~30 different nucleoporins (NUPs) (Alber et al.,
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2007; Solmaz et al., 2011). NPCs are cylindrical structures embedded in the nuclear
envelope, providing communication between the nucleoplasm and the cytoplasm. NPCs
consist of a transmembrane region (a core scaffold formed form an inner ring and outer
ring) along with specialized outer and inner (basket) regions. The NPCs are anchored to
the nuclear envelope forming a highly stable structure (Alber et al., 2007; Solmaz et al.,
2011).

2.2.2 Nucleoskeletal Intermediate Filament proteins: The Nuclear Lamins

Lamins are type V intermediate filament proteins that form a complex at the inner
membrane of the nuclear envelope to provide structure and function and can modulate
transcription (Dahl et al., 2004; Goldman et al., 2005). The lamin monomer consists of
tripartite domains: a short N-terminal head domain, a central α-helical rod domain, and
C-terminal tail domain (Figure 2-4). The rod domain has four coiled-coil segments (i.e.
1A, 2B, 2A, 2B) and plays important roles in the disassembly of the lamin meshwork
during cell mitosis (Herrmann et al., 2007).. The Lamin tail domain consists of a ~120residue immunoglobulin (Ig) fold and a nuclear localization sequence (NLS) which is
important for nuclear import of lamins after their initial production by the cell (Herrmann
et al., 2007).
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Figure 2-4: Schematic of the structure of nuclear intermediate filament protein
dimers (Herrmann et al., 2007).

Nuclear lamin is a dynamic protein that assembles through the interaction of two
lamin polypeptides. The α-helical regions are wound around each other to enable
dimerization and the formation of a coiled-coil formation structure, followed by a headto-tail assembly of these dimers into polar polymers. These polymers then assemble via
side-by-side association of antiparallel polymers to form networks with approximately
~10-nm-diameter fibers in vitro (Broers et al., 2006; Worman, 2012) .

Mutations in the nuclear lamins cause a variety of genetic diseases that are
collectively known as laminopathies (Dechat et al., 2008; Worman, 2012). Recently it
was reported that more than 230 different mutations in Lamin have been associated with
heritable disease phenotypes including autosomal and recessive Emery-Dreifuss muscular
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dystrophy (EDMD) , autosomal dominant Dunnigan-type familial partial lipodystrophy in
adipose tissues, recessive Charcot-Marie-Tooth disorder type 2 in axonal neurons, the
premature aging diseases HutchinsonGilford progeria syndrome (HGPS), and typical
Werner’s syndrome and mandibuloacral dysplasia (Liu et al., 2008; Manju et al., 2006;
Mattout et al., 2006; Pica et al., 2014).

There are two types of lamins (A-type and B-type) in the mammalian cell. A-type
lamins are only expressed in differentiated cells; Lamin A and C (Lamin A/C) are the
main isoforms. A-type lamins are present both at the inner nuclear membrane (INM), as a
mesh network form, and in the nucleoplasm in a soluble form (Dahl et al., 2008). B-type
lamins are found in all cell types and have two major isoforms (B1 and B2) (Dahl et al.,
2008). During cell mitosis, A-type lamins become solubilized, whereas B-type lamins
remain membrane bound (Steen et al., 2001). The B-type is associated with cellular
senescence (Shimi et al., 2011). Studies reported that silencing the Lamin B1 expression
resulted in a decrease in cell proliferation and induced premature senescence in cells
(Shimi et al., 2011). Interestingly, levels of lamin-A is scaled with native tissue elasticity
and are a main contributor to nuclear stiffness. For example, Swift et al. reported that
tissue micromechanics associated with an abundance of collagen in native tissue directly
influences lamin A levels and nuclear mechanics (Figure 2-5) (Swift et al., 2013).
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Figure 2-5: Proteomic analysis revealed scaling with tissue stiffness with the
absolute ratio or stoichiometry of lamin-A to lamin-B (Swift et al., 2013).

In addition, lamin A/C plays important roles in maintaining nuclear shape and
stiffness. Lammerding et al. reported that knockdown of lamin A/C (lmna–/–) resulted in
changes in nuclear morphology and that lmna-/- cells have increased nuclear deformation,
defective mechanotransduction, and impaired viability under mechanical strain (Figure
2-6) (Lammerding et al., 2004).
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Figure 2-6: Impair of nuclear mechanics in lamin A/C deficient cells. WT fibroblast
nucleus (a) or lamin A/C deficient fibroblast nucleus (b) before strain (red) and
after strain (yellow) (bar: 10 µm). (c) Nuclear strain as a function of applied
membrane strain. (d) Nuclear strain was significantly increased in lamin A/C
deficient fibroblasts(Lammerding et al., 2004).

It is also now well understood that stem cell differentiation leads to changes in
nuclear stiffness and lamin A/C organization. For instance, Pajerowski el al. reported that
the stiffness of the nucleus in a fully differentiated cell was greater than that in a
progenitor cells, and that lamin A/C was the primary determinant in this nuclear stiffness
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(Pajerowski et al., 2007). They showed that marrow-derived human hematopoietic stem
cells (HSCs) have softer nuclei than primary human fibroblasts. These findings also
showed that lamin A/C was important as knockdown of Lamin A/C resulted in a decrease
in nuclear stiffness of human A549 epithelial cell, as determined by cell aspiration
technique (Figure 2-7) (Pajerowski et al., 2007).

Figure 2-7: Hematopoietic stem cell nuclei (blue) deform more than fibroblast nuclei
(gray line), indicating that fibroblast nuclei are stiffer. Similarly, A knockdown of
Lamin A/C (red) resulted in a decrease in nuclear stiffness of A549 cells (black).
(bars = 3 µm) (Pajerowski et al., 2007).
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In addition, lamin A organization/formation is sensitive to extracellular stress. For
example, Philip et al. reported changes in lamin A concentration and organization in
HeLa cells in response to fluid-induced shear stress (Philip et al., 2008). When the cells
were exposed to fluid-induced shear stress (2 dyn/cm2 for 24 h), peripheral Lamin A
intensity increased in the HeLa cell nuclei (Figure 2-8) (Philip et al., 2008).

Figure 2-8: Organization of nuclear lamins in a control nucleus (a) and in a nucleus
subjected to shear stress for 24 hour (b) (scale bars = 5 µm).(c) Quantification of
lamin distribution (Philip et al., 2008).
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2.2.3 Chromatin
Nuclear chromatin is the combination of DNA and histone proteins, and plays
important roles in regulating gene expression and DNA replication (Handy et al., 2011).
Classically, chromatin is classified into euchromatin (loose or open chromatin) which is
permissible for transcription and heterochromatin (tight or closed chromatin) which leads
to gene silencing (Figure 2-9) (Sha et al., 2008).
.

Figure 2-9: Schematic of chromatin organization (Sha et al., 2008).
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Epigenetic regulation of the genome includes modification to the histones that
organize DNA strands by organizing molecular complexes around which the DNA winds.
Changes in this chromatin structure play important roles in gene regulation. There are
five major histones (the core histones: H2A, H2B, H3, H4, and the linker histones: H1
and H5). In particular, histone methylation leads to the formation of heterochromatin
(Cedar et al., 2009; Zhang et al., 2001) and inactivation of genes (gene silencing) in
condensed regions, while less condensed regions (euchromatin) are accessible. In contrast,
histone acetylation is usually associated with transcriptional activation in eukaryotic cells
(Struhl, 1998).

The H3 and H4 histones have long tails that can be covalently modified through
lysine

acetylation,

lysine

and

arginine

methylation,

serine/threonine/tyrosine

phosphorylation, or serine/threonine ubiquitylation which is catalyzed by a specific set of
enzymes (Bannister et al., 2011; Benson et al., 2006; Bui et al., 2007).

Histone acetylation leads to chromatin relaxation, allowing the binding of
transcriptional factors. This reaction is catalyzed by histone acetyltransferases (HAT)
and deacetylases (HDACs) that regulate the acetylation of the histone tails (Aoyagi et al.,
2007; Eberharter et al., 2002). Histone acetylation sites are usually found on promoter
regions and transcribed genes containing low levels of global acetylation sites (Roh et al.,
2005). However, the actual function of this is still unclear.
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Histone methylation is involved in either repression or activation of
transcriptional activity, and depends on the location (Araki et al., 2009; Zhang et al.,
2001). Arginine methylation of histone H3 & H4 leads to promotion of transcriptional
activation (Stewart et al., 2005). Lysine methyation of histone H3 & H4 is involved in
both activation and repression of transcription, and can take on the form of mono-, di-, or
tri methylation: tri-methylation on K4 of Histone H3 (H3K4me3) generally results in
transcriptional activation, while tri-methylation on K9 and K27 of histone H3 (H3K9me3
& H3K27me3) is generally associated with transcriptional repression. These methylation
events

are

catalyzed

by

histone

methyltransferases

(lysine-specific

histone

methyltransferases and arginine-specific histone methyltransferases) (Berger, 2007;
Stewart et al., 2005; Zhang et al., 2001). Histone demethylases are involved in
demethylation of mono- and di-methylated lysines (Cloos et al., 2008; Rotili et al., 2011).

Histone phosphorylation also has a role in chromosome condensation during cell
division and transcriptional regulation (Rossetto et al., 2012). Unlike histone acetylation
and methylation interactions between other histone modifications affect histone
phosphorylation. For example phosphorylation of histone H3 at S10 (H3phosphoS10)
and histone H2A on T120 is associated with regulation of chromatin compaction during
cell mitosis (Hans et al., 2001; Liu et al., 2013). Phosphorylation of H2AX at S139
(resulting in γH2AX) is involved in DNA damage repair processes (Podhorecka et al.,
2010). Histone H2B phosphorylation is related to chromatin condensation and DNA
fragmentation (Ajiro, 2000).
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Histone ubiquitylation usually occurs in Histone H2A and H2B (Wang et al.,
2004; Zhou et al., 2009). Monoubiquitylated H2A on K119 is catalyzed by the polycomb
group of proteins and H2B on K123 (yeast)/K120 (vertebrates). The most general forms
of histone ubiquitylation (Zhou et al., 2008)) and polyubiquitylated histones are also
found on K63-linked polyubiquitylation of H2A and H2AX. Monoubiquitylation of H2A
is mostly associated with gene silencing, whereas monoubiquitylated H2B is mainly
associated with transcription activation (Cao et al., 2012). In addition, this histone
ubiquitylation plays a central role in DNA damage response/repair (Polo et al., 2011) .

The culmination of these various histone modifications also regulates stem cell
differentiation and nuclear mechanics. It is generally known that, when differentiation
occurs, large swaths of the chromatin condense, with lineage-specific genes located in
euchromatic regions (Chalut et al., 2012). In embryonic stem cells, nuclear mechanics
increases as differentiation progresses and the chromatin condenses (Chalut et al., 2012).

Beyond differentiation, recent studies have also shown that physical forces
influence chromatin state. For example, application of fluid-induced shear stress resulted
in chromatin condensation, a reduction in nuclear height, and increased nuclear stiffness
(Deguchi et al., 2005). Likewise, Iyer et al. showed significant changes in chromatin
compaction in HeLa cells within 150 seconds of the application of force to cells through
magnetic beads; this remodeling required active cell contractility and patent nucleocytoskeletal linkages (Iyer et al., 2012). They reported a higher anisotropy of H2B-EGFP
(one of the core histone proteins that compact DNA into chromatin) was observed when
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HeLa cells were subject to pulse force through magnetic beads, which was abolished with
the treatment of CytoD to relieve the nuclear prestress by disrupting the actin
cytoskeleton (Figure 2-10).

Figure 2-10: Time-course images showing the change in anisotropy of H2B-EGFP in
response to force in untreated cells (top) and cells treated with CytoD (CD + pulse
force, bottom) (Iyer et al., 2012).

2.3 Mechanosensitive Purinergic Signaling Pathways

2.3.1 Mechanical Stimuli and ATP/Ca Signaling

It has been demonstrated that, in many types of cells including epithelial cells,
fibroblasts, astrocytes, chondrocytes and progenitor cells, exogenous mechanical stimuli
such as shear stress, compression, tension and hypo-osmotic shock activate purinergic
27

signaling including ATP/Ca signaling (Figure 2-11) (Burnstock et al., 2013; Gardinier et
al., 2014b; Xing et al., 2014) .

In one potential mechanotransduction mechanism, such a mechanical perturbation
leads to deformation of the cell, changing the membrane potential. These alterations
activate ion channels and increase intracellular Ca2+ concentration, a common second
messenger, activating cellular pathways (D'Andrea et al., 2000; D'Andrea et al., 1997).
Further, the calcium binding proteins such as calmodulin and calcineurin that have
specific domains (like EF-hand domains) to bind Ca2+ and so play important roles in the
control intracellular of Ca2+ concentration (Bouvard et al., 1998; Hama et al., 1995).
These molecules are involved in a variety of cell functions, including cell motility,
cellular contraction, and exocytosis. In addition, proteins transport intracellular Ca2+
across cell membranes to further signaling events. This calcium can directly bind the
HMG domain of the BAF57 subunit within the BAF complex, regulating chromatin
remodeling and gene transcription. (Lai et al., 2009).
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Figure 2-11: Schematic diagram illustrating the mechanosensitive purinergic
pathway and calcium-binding messenger proteins that can regulate histone
modification and chromatin remodeling.

Extracellular adenosine triphosphate (ATP) release is involved in calcium
regulation by the cell. In previous studies, Roberts et al., reported that cyclic compression
activated intracellular Ca2+ which was abolished when extracellular ATP was removed by
the addition of apyrase (Roberts et al., 2001). Even though the mechanism of
mechanically induced ATP release has not been fully understood, studies have shown
that mechanical stimuli can trigger ATP release through connexin hemichannels, anion
channels, and exocytosis of ATP-filled vesicles (Pingguan-Murphy et al., 2006).
Furthermore, treatment with non-specific P2 purine receptor blockers abolished
load induced activation of intracellular Ca2+, suggesting that mechanical perturbation
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triggers ATP release into the extracellular milieu, followed by activation of P2 receptors
to activate the Ca2+ signaling pathway sequentially (Garcia et al., 2010). In addition,
activations of several ion channels on the cell membrane, such as voltage-dependent
calcium channels (VOCC) (Gotoh et al., 1999) and TRPV channels are also involved in
transport of Ca2+ in response to exogenous mechanical stimuli (Christensen et al., 2007;
Lin et al., 2005).

2.3.2 Purinergic Receptors
Purinergic receptors are found in most mammalian cells and play important roles
in neurotransmission, mechanotransduction, cell proliferation and differentiation.
(Baroja-Mazo et al., 2013; Burnstock et al., 2014; Li et al., 2005a). Purinergic receptors
are divided into P1 receptors that can be activated by adenosine and P2 receptors that are
activated by nucleotides such as ATP, ADP, UTP, UDP and UDP-glucose. These P2
receptors are subdivided into nonselective, ligand-gated ion channels, P2X and G proteincoupled receptors, P2Y (Naemsch et al., 2001).

P2X receptors are activated by ATP and have seven subtypes: homomeric (P2X15) and heteromeric (P2X2/3 and P2X1/5) receptors and P2X6-7 that cannot form
functional receptors (Hattori et al., 2012; Li et al., 2013). The P2X receptors are involved
in several physiological processes and differentiation of MSCs (Cavaliere et al., 2015;
Sun et al., 2013).

30

P2Y receptors are surface receptors for extracellular nucleotides. These Gprotein-coupled receptors that respond to extracellular purine and pyrimidine nucleotides
and are found in most human tissues (Fischer et al., 2007). There are eight subtypes of
P2Y: P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14. Upon activation,
the P2Y receptors activate Ca2+ transportation and alter cAMP levels. In addition, the
endogenous P2Y receptors are involved in activation of phospholipase C, MEP/MAP
kinase and Rho-dependent kinase and tyrosine kinase (Soulet et al., 2004). Therefore,
activation of the P2Y receptors triggers a wide range of signaling cascades including
muscle contraction, neurotransmission, cell-to-cell communication, migration and
differentiation (Burnstock, 2006; Fields et al., 2006).

2.3.3 Roles of Purinergic Signaling Pathways in Mechanotransduction

Purinergic signaling also plays a key role in mechanotransduction in many cell
types. For instance, in response to mechanical stimuli, ATP was released rapidly from
osteoblasts in a manner dependent on extracellular Ca2+ entry through L-type VSCCs.
REFS (Genetos et al., 2005). Likewise, Gardinier et al reports fluid shear stress activated
P2Y receptor increasing actin stress fiber formation in MC3T3-E1 osteoblasts (Gardinier
et al., 2014a). In addition, RhoA GTPase activation was observed with the application of
shear stress, and this was prevented by knocking down P2Y2 (Gardinier et al., 2014a).
This suggests that P2Y2 is required for fluid shear stress-induced RhoA GTPase
activation in MC3T3-E1cells.
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2.4 TGF-β Superfamily

2.4.1 Signaling in Response to TGF-β Superfamily Ligands
Transforming growth factor beta (TGF-β) superfamily proteins have been found
in a variety of species and functionally control cellular behaviors, including proliferation,
differentiation, and other functions. They also contribute to the regulation of tissue
homeostasis, development of multicellular structures, and regulation of the immune
system (Burks et al., 2011; Chen et al., 2012; Gordon et al., 2008; Itman et al., 2011;
Leask et al., 2004).

This TGF-β superfamily consists of a large group of proteins such as TGF-β
proteins, Bone Morphogenetic Proteins (BMPs), Growth Differentiation Factors (GDFs),
Glial-derived Neurotrophic Factors (GDNFs), Activins, Inhibins, Nodal, Lefty, and
Mülllerian Inhibiting Substance (MIS) (Kolodziejczyk et al., 1996; Miller et al., 1990;
Peng, 2003). These ligands bind to heterodimeric receptor complexes, including type I/II
receptor subunits, and their serine/threonine kinase domains activate SMAD-dependent
signaling cascades to culminate in regulation of transcriptional activity (Weiss et al.,
2013; Wrana, 2013).

32

TGF/BMP signaling is activated via the phosphorylation of the signaling
molecules SMAD2/3 for the TGF-β/activin pathway or SMAD 1/5/8 for the BMP
pathway (Figure 2-12) (Weiss et al., 2013; Wrana, 2013). Specially, in TGFβ signaling,
the SMAD anchor for receptor activation (SARA) controls activation of this signaling. In
addition, it has been shown that TGF-β family ligands can influence non-SMAD
pathways including ERK, JNK, and MAPK (Zhang, 2009). These signaling events are
required for limb bud formation, bone/cartilage formation, and stem cell differentiation
for the development of tissues and organs (Chen et al., 2012; Kramer et al., 2000).

Figure 2-12: Schematic illustrating SMAD signaling in the TGF-β superfamily
(Wrana, 2013)
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2.4.2 Mechanical Regulation of TGF-β Superfamily

Recently, many studies have reported that mechanical forces can regulate
signaling in the TGF-β superfamily and enhance MSC differentiation. Indeed, mechanical
forces regulate the release of the ligands from the extracellular matrix and activate
SMAD signaling (James, 2013; Li et al., 2011). For examples, fluid induced shear stress
on osteoblasts increases MMP gene induction, which is known to cleave the ECM and
substrate proteins in order to induce the release of signaling molecules such as the latent
TGF-β found in the ECM to initiates signal transduction (Charoonpatrapong-Panyayong
et al., 2007).

Furthermore, Saha et al showed that mechanical strain regulated hESC
differentiation through phosphorylation of SMAD2/3 (Saha et al., 2008). They suggested
that mechanical forces might induce autocrine/paracrine signaling in hESCs through
TGF-β superfamily signaling (Saha et al., 2008). Likewise, compressive mechanical
loading through a ceramic hip ball stimulated gene transcripts and protein synthesis of
TGF-β1/β3, enhancing hMSC chondrogenesis in the absence of growth factors, and this
could be abolished by the inhibition of the TGF-β type I receptor (Li et al., 2010).

Taken together, these studies suggest that mechanical forces regulate gene
expression through activation of the SMAD-mediated TGF-β superfamily. This may be
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required for defining MSC lineage specification and maintenance or increases of tissuespecific ECM in response to mechanical signals.
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CHAPTER 3: FIBER STRETCH AND REORIENTATION
MODULATES MESENCHYMAL STEM CELL
MORPHOLOGY AND FIBROUS GENE EXPRESSION ON
ORIENTED NANOFIBROUS MICROENVIRONMENTS

3.1 Introduction

In order to function in vivo, many musculoskeletal soft tissues contain an
extracellular matrix (ECM), consisting of ordered arrays of collagen which in turn creates
structural and mechanical anisotropy. Engineering successful replacements for these
tissues will likely require replication of this ordered fibrous architecture. One polymer
processing technique, electrospinning, permits the fabrication of mechanically anisotropic
scaffolds composed of aligned arrays of nanofibers that support cell survival, migration,
and differentiation (Mauck et al., 2009). Electrospun nanofibers orient cells and direct
ECM deposition, making them particularly promising for engineering tissues with well
defined micro-architectures, including tendon (Moffat et al., 2009; Xie et al., 2010), the
knee meniscus (Baker et al., 2007; Baker et al., 2010; Baker et al., 2009a), and the
annulus fibrosus of the intervertebral disc (Nerurkar et al., 2008; Nerurkar et al., 2010;
Yang et al., 2009). These scaffolds also provide a template for studying mechanobiology
in the context of changing topographical cues from the microenvironment.

48

Mesenchymal stem cells (MSCs) are a clinically appealing cell source for tissue
engineering due to their multi-potentiality and ease of harvest (Pittenger et al., 1999).
However, functional differentiation of MSCs remains a challenge, particularly when
induction protocols rely solely on chemical mediators. This is perhaps best illustrated in
cartilage tissue engineering, where induction of cartilage molecular markers by MSCs
can be readily achieved in the presence of certain growth factors, while long-term
mechanical function remains inferior to chondrocytes cultured and maintained similarly
(Huang et al., 2010b; Mauck et al., 2006). Indeed, many recent studies suggest that, in
addition to soluble cues, MSC phenotypic transitions are influenced by physical cues
arising from the microenvironment, including substrate surface chemistry (Connelly et al.,
2007; Discher et al., 2009; Petrie et al., 2010), cell shape (McBeath et al., 2004), and
substrate elasticity (Engler et al., 2006). For example, we have recently shown that MSCs
in pellet culture (rounded morphology) express higher levels of chondrogenic markers
compared with MSCs seeded onto an aligned nanofibrous topography (elongated
morphology), where fibrous markers predominate (Baker et al., 2010). Effective use of
MSCs for tissue engineering requires an improved understanding of how soluble
molecular signals are integrated with microenvironmental inputs to inform lineage
commitment.

In addition to these passive inputs from the microenvironment, long-term
mechanical perturbation, applied through deformational bioreactors, can enhance
functional differentiation of MSCs both in hydrogels (in compression) (Huang et al.,
2010a) and on nanofibrous scaffolds (in tension) (Baker et al., 2011). The subcellular
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mechanisms that relate such forces to changes in gene expression are unclear. Nuclear
morphology is thought to be a determinant of transcriptional activity, as deformation of
the nucleus involves mechanical reorganization of chromatin, potentially making certain
genes more or less accessible to transcription factors (Dahl et al., 2008; Li et al., 2011;
Thomas et al., 2002; Webster et al., 2009). For nanofibrous networks, scaffold alignment
directs a baseline deformation of the nucleus into an elliptical shape, where the long axis
is closely aligned with the underlying nanofibers (Nathan et al., 2011). This is likely due
to cell-generated traction forces associated with the elongation and adhesion of cells to
the scaffold. Step-wise tensile strain of scaffolds applied parallel to the direction of fiber
alignment results in step-wise increases in nuclear deformation in resident MSCs (Nathan
et al., 2011). These extracellular deformations are translated to the nucleus through the
actin cytoskeleton. When similar magnitudes of tensile strain are applied perpendicular to
the fiber direction, little change in cell or nuclear morphology occurs (Nathan et al.,
2011). These findings suggest that modulation of nuclear shape by externally applied
strain involves the superposition of nuclear shape changes onto those dictated by scaffold
topography. For some tissues, interpreting the subcellular physical cues that arise from
macroscopic deformation requires additional considerations at the microstructural level.

The annulus fibrosus of the intervertebral disc, for example, is an angle-ply
laminate, with alternating lamellae of locally aligned collagen bundles oriented above and
below the circumferential axis of the spine. The ply angles change radially across the disc,
with the outer annulus having a ±30° orientation and the inner annulus having a ±45°
orientation (Marchand et al., 1990). Nanofibrous scaffolds with a single, aligned fiber
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population—and tissues generated from seeding these scaffolds with cells—exhibit a
large reduction in tensile modulus when the direction of strain deviates from the direction
of cell and nanofiber alignment by 30° or greater (Nerurkar et al., 2007; Nerurkar et al.,
2008). This observation has implications for mechanically guided maturation of
engineered annulus fibrosus constructs: in multi-ply annulus fibrosus laminates (Nerurkar
et al., 2009), application of tensile strain would yield differing effects on cells in
scaffolds composed of different ply angles. Understanding the role of fiber architecture as
it pertains to cell and nuclear deformations has important implications for tissue
engineering in the context of a mechano-active cellular environment. Despite progress to
date, it remains unclear how scaffold microstructure influences the transmission of
extracellular deformations to the nucleus, particularly for the special case where scaffold
alignment does not coincide with the macroscopic direction of strain. While it is often
assumed that cells experience local strains similar to those applied macroscopically, this
is not the case for materials with defined aligned and oriented microarchitectures.

Therefore, the objective of this work was to examine how changes in scaffold
fiber orientation influence cellular and subcellular deformation of MSCs on electrospun
scaffolds subjected to static tensile strain (Figure 3-1). By altering the direction of cell
alignment with respect to the direction of strain, it is possible to modulate local
deformations such that uniaxial strain at the tissue-level can be translated to varying
degrees of strain, shear, and compression at the cellular and subcellular length scale
(Figure 3-1). Using this precise control of microenvironment, we sought to investigate
how such variations in local kinematics (fiber stretch and reorientation) with scaffold
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orientation influence the transcriptional response of MSCs exposed to macroscopic
tensile strain.

Figure 3-1: Schematic illustrating the differential effects of initial scaffold
nanofiber alignment on deformation at the cellular and subcellular scales
following application of macroscopic/tissue-level uniaxial tensile strain (a/b =
undeformed major/minor ellipsoidal axes, a´/b´ = deformed major/minor
ellipsoidal axes; NAR = nuclear aspect ratio; Ɵ/Ɵ´ = nuclear orientation in the
undeformed/deformed configuration).

52

3.2 Materials and Methods

3.2.1 Fabrication of Aligned Nanofibrous Scaffolds
Poly(e-caprolactone) (PCL, mol. wt. 80 kDa, Shenzhen Bright China Industrial
Co., Ltd., China) nanofibers were formed by electrospinning as described previously
(Baker et al., 2007; Nerurkar et al., 2009). Briefly, 4 g of PCL was dissolved in 28 mL of
equal parts tetrahydrofuran and N,N-dimethylformamide (Fisher Scientific, Pittsburgh,
PA). The mixture was loaded into a syringe with an 18G stainless steel needle serving as
a spinneret. PCL was ejected at a rate of 2.5 mL h -1 through the spinneret, which was
charged to 13 kV (ES30P-5W; Gamma High Voltage Research Inc., Ormand Beach, FL).
To instill alignment, nanofibers were collected on a mandrel rotating with linear velocity
10 m/sec, distanced 15 cm from the spinneret. Scaffolds were excised from the resulting
nanofibrous mat (5 × 60 × ~0.70 mm3) with the long axis of the construct rotated from
the direction of fiber alignment by angles of h = 0°, 15°, 30°, 45°, and 90° (Nerurkar et
al., 2007). Scaffolds were sterilized and rehydrated by incubating in decreasing
concentrations of ethanol (100, 70, 50, 30, 0%; 30 min/step). Additional samples were
subjected to scanning electron microscopy to visualize nanofiber morphology as
described previously (Baker et al., 2007).
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3.2.2 Mechanical Testing of Scaffolds
Mechanical properties of electrospun nanofibrous scaffolds were evaluated by
tensile testing (n = 7 per orientation) using an Instron 5848 Microtester (50 N load cell,
Instron, Canton, MA). The thickness of each scaffold was measured using a custom noncontacting laser-based system (Peltz et al., 2009). Scaffold gauge length was determined
via digital calipers after placement in serrated grips. Scaffolds were pre-conditioned with
10 cycles of sinusoidal loading to 0.1 N at a frequency of 0.1 Hz. Subsequently, scaffolds
were extended to failure at a rate of 0.1% s-1. Stress was computed as the force divided by
initial cross sectional area, and longitudinal/applied strain (E1) was computed by dividing
displacement by the initial gauge length. Tensile modulus was calculated by regression to
the linear region of the stress–strain plot. To calculate Poisson’s ratio, images of the
scaffold mid-substance (n = 5/group) were captured at a rate of 0.5 Hz throughout the
tensile test. At 5 and 10% grip-to-grip strain, images were analyzed in Image J to
determine change in width, which was divided by initial width to compute transverse
strain (E2). Poisson’s ratio (ν) was computed at 5 and 10% strain as the ratio ν = - E2/ E1.

3.2.3 Cell and Nuclear Visualization with Applied Strain
MSCs were isolated from juvenile bovine bone marrow (Research 87, Inc.,
Boylston, MA) as in Mauck et al. (Mauck et al., 2006) and expanded through passage 2
in basal medium (Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum and 1% penicillin, streptomycin, and fungizone). Scaffolds were incubated in 20
µg mL-1 fibronectin in PBS for 12 h, then seeded with MSCs by delivering 100 µL of a
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concentrated cell solution to the scaffold surface to achieve a seeding density of 250 cells
per mm2 (Nathan et al., 2011). Scaffolds (5 × 60 × ~0.70 mm3, n = 3) were then incubated
for 1 h at 37 ˚C to allow for attachment prior to the addition of basal medium. After 24 h
of further incubation, cell-seeded scaffolds were subjected to static tensile strain using a
custom loading device described previously (Nathan et al., 2011). Briefly, the device
permits application of defined strain to constructs, while allowing visualization of the
scaffold surface via fluorescence microscopy. Constructs were strained at 2.5% strain
min-1 to 10% total grip-to grip strain. At 0, 5, and 10% grip-to-grip strain, constructs were
fixed with 4% paraformaldehyde at 37 ˚C for 20 min, and washed three times in PBS
(Nathan et al., 2011). To visualize the actin cytoskeleton, cells were permeabilized with
1% Triton X-100 for 5 min and stained with phalloidin-Alexa488 (Invitrogen, Carlsbad,
CA) as in Li et al. (Li et al., 2007) Nuclei were counter-stained with 4’,6-diamidino-2phenylindole (DAPI). All images were captured on an inverted fluorescent microscope
(Nikon T30, Nikon Instruments, Melville, NY) equipped with a CCD camera (Nathan et
al., 2011).

3.2.4 Measurement and Prediction of Cell and Nuclear Reorientation
At each applied strain, the orientation of cells and nuclei (n = 98 from three
different samples) with respect to the loading direction and the nuclear aspect ratio (ratio
of nuclear long axis to short axis, NAR) (n = 50 from three different samples) were
determined from fluorescent images using Image J (Figure 3-1) (Nathan et al., 2011).
These measures were compared with global deformations to determine whether local
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cellular and subcellular deformations occur in an affine manner. This was accomplished
by constructing a deformation gradient tensor, F, associated with each deformation state.
F was defined in a Cartesian coordinate system where
and all fibers lie within the

defines the direction of loading

plane. The matrix form of F was defined as:

[ ]

where

are the stretch ratios along each direction i = 1, 2, 3. For each simulation, a state

of plane strain was assumed (
tensile strain), and

= 1),

was varied from 1 to 1.1 (corresponding to 10%

was determined from

according to Poisson’s ratio measured

above for acellular scaffolds. Because F maps line elements within a continuum from
their undeformed to deformed state, it was assumed that cells and nuclei could be
approximated as such. Deformations were approximated according to the equation:

where

and

represent a material line element in the deformed and

undeformed configuration, respectively.
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3.2.5 Gene Expression
Changes in the expression of fibrous markers were determined by real time RTPCR to assess the phenotypic consequences of applied static tensile strain as a function of
nanofiber orientation. At 0.5, 1, and 3 h after application of strain, samples (5 × 60 ×
~0.70 mm3, n = 3) were immediately frozen in Trizol, and mRNA was isolated by
phenol–chloroform extraction. RNA concentration was quantified (ND-1000, Nanodrop
Technologies, Wilmington, DE, USA) and cDNA synthesized using the SuperScript First
Strand Synthesis kit (Invitrogen Life Technologies, Carlsbad, CA). Amplification was
performed with gene specific primers using an Applied Biosystems 7300 real time PCR
system with the SYBR Green Reaction Mix (Applied Biosystems, Foster City, CA, USA).
Expression levels of collagen type I (COL-I, 5´-AATTCCAAGGCCAAGAAGCATG-3´
and

3´-GGTAGCCATTTCCTTGGTGGTT-5´),

tenascin

C

(TNC,

5´-

TGCCCATTGCAGGAGGTGCG-3´and 3´-GGGCGATGACGCTGACCAGG-5´), and
lysyl

oxidase

(LOX,

5´-GGAACTACATCCTCAAGGTGC

AT-3´

and

3´-

CGACATTGTTGGTGAAGTCAGACT-5´) were determined and normalized to the
housekeeping

gene

glyceraldehyde-3-phosphate

dehydrogenase

(GAPDH,

5´-

ATCAAGAAGGTGGTGAAGCAGG-3´ and 3´-TGAGTGTCGCTGTTGAAGTCG-5´).
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3.2.6 Statistical Analyses
Statistical analyses were performed by two-way analysis of variance (ANOVA)
with Bonferroni post hoc tests to make comparisons between groups (SYSTAT v. 10.2,
Point Richmond, CA, USA). All results are expressed as the mean ± standard deviation.
Differences were considered statistically significant at p<0.05.
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3.3 Results

3.3.1 Fabrication and Mechanical Testing of Aligned Nanofibrous Scaffolds
Nanofibrous poly(e-caprolactone) PCL scaffolds were fabricated with highly
aligned fibers of ~700 nm diameter (Figure 3-2 a). Within 24 h of seeding, adherent
MSCs were observed with prominent stress fibers oriented parallel to the fiber direction
(Figure 3-2 b, c). To determine how directional biases in microstructural alignment
affect mechanotransduction of MSCs, the macroscopic mechanical properties of
electrospun nanofibrous PCL mats were first examined by uniaxial tensile testing.
Consistent with previous results (Nerurkar et al., 2007), tensile moduli decreased
nonlinearly as fiber angle increased with respect to the direction of applied deformation
(Figure 3-2 d). Poisson’s ratio (the ratio of lateral to longitudinal strain) varied
significantly with fiber angle (Figure 3-2 e). Poisson’s ratio decreased monotonically for
scaffolds with orientations greater than 15° (p<0.01).

3.3.2 Cell and Nuclear Reorientation with Applied Strain
To determine how these variations in macroscopic mechanical properties relate to
cell and subcellular deformation, uniaxial strain was applied to MSC seeded scaffolds at
each fiber orientation (Figure 3-1, Figure 3-3 a). Cellular and nuclear orientations were
measured to determine whether local cellular reorientation occurs affinely, and to
determine to what extent macroscopic strain dictates nuclear rotation as the direction of
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local substrate alignment was varied. The initial/undeformed MSC orientation (in degrees)
with respect to the long axis (i.e., loading direction) of the scaffold were 14.1 ± 3.2 (for
15° scaffolds), 29.1 ± 3.6 (for 30° scaffolds), and 44.4 ± 3.7 (for 45° scaffolds) (Figure
3-3, Figure 3-4). Nuclei were also oriented along the scaffold fiber direction, but with
less fidelity than cell bodies (15°: 23.7 ± 6.2, 30°: 38.4 ± 5.0, 45°: 57.0 ± 6.4; Figure 3-4).

Figure 3-2: Aligned nanofibrous scaffolds were prepared with a range of fiber
orientations with respect to the scaffold long axis (scale bar = 10 µm). Shown in
(a) is a schematic illustration of how scaffolds are excised from an aligned fibrous
mat to produce individual scaffolds whose internal fiber alignment is not
coincident with the long axis over which tensile deformation is applied. MSCs
seeded on 0° and 90° scaffolds were highly aligned and followed the fiber
direction (b and c; blue (DAPI) and green (phalloidin) indicate nucleus and actin,
respectively; scale bar = 100 µm). Tensile modulus decreased nonlinearly as fiber
angle increased (d; n = 7, *p <0.01 vs. 0° scaffold). Poisson’s ratio varied
significantly with alterations in fiber direction and strain (e; n = 5, *p<0.05 vs.
0°). Data represent the mean ± SD.
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With tensile deformation of the scaffold, MSCs progressively rotated toward the
direction of applied strain (Figure 3-3, Figure 3-4). With 5% strain, a reduction in cell
orientation angle (n = 98, p<0.05) was observed for all scaffolds except 15 scaffolds,
while nuclear orientations did not decrease for any scaffold orientation (p>0.05). With
10% strain, both cells and nuclei rotated towards the strain direction compared to the
unstrained state. At 10% strain, cell orientations were 15°: 10.8 ± 2.6, 30°: 20.0 ± 5.3,
45°: 35.9 ± 5.2, while nuclear orientations were 15°: 16.3 ± 4.3, 30°:29.5 ± 5.2, 45°: 51.0
± 6.2 (n = 98, p<0.01 vs. all measured 0% strain values).

Predictions of affine fiber/cell rotations were computed with the assumption that
fibers deform as material line elements in a continuum. At 5% strain, predicted values for
fiber orientations were 15°: 13.8 ± 0.9, 30°: 27.4 ± 0.9, 45°: 42.8 ± 0.9. At 10% strain,
predicted values were 15°: 11.8 ± 0.8, 30°: 25.8 ± 0.8, 45°: 40.1 ± 0.9 (n = 3). Direct
measure of cell reorientation in each of the 15°, 30°, and 45° scaffolds agreed well with
the theoretical predictions (i.e., measured values were not significantly different from the
predicted value, p>0.05), except for 30° scaffolds at 10% strain (Figure 3-4, closed
circles) where cell reorientation occurred to a slightly greater extent than was predicted.
Unlike cells, nuclear reorientation did not follow this affine prediction, particularly at
lower strains (Figure 3-4, open circles, p<0.05 vs. predicted values at every orientation
and strain magnitude).
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3.3.3 Nuclear Aspect Ratio with Applied Strain

Next, the nuclear aspect ratio (NAR) was determined to quantify changes in
nuclear shape with increasing strain for each fiber orientation. NAR was greater than one
in the undeformed state (NAR: 1.74 ± 0.21) (Figure 3-5) (Nathan et al., 2011). When the
direction of strain coincided with or was close to the fiber direction (i.e., 0° and 15°
scaffolds), NAR did not change with 5% strain, but increased significantly with 10%
strain (0°: 2.10 ± 0.22, p<0.01; 15°: 1.94 ± 0.16, p<0.05). Conversely, NAR decreased
when 10% strain was applied perpendicular to the fiber direction (90°: 1.60 ± 0.11,
p<0.05). For scaffolds with fiber angles intermediate to these two extremes, no
significant change in NAR was observed (Figure 3-5).

3.3.4 Anisotropic Changes in Gene Expression with Tensile Strain
To determine whether these variations in cellular and subcellular deformations
with local substrate directionality correspond to alterations in mechanotransduction,
changes in gene expression with macroscopic strain were next examined. Prolonged
exposure to static tensile strain resulted in dynamic changes in the expression of fibrous
markers that were dependent on fiber direction. Type 1 collagen (COL-I) expression on 0°
scaffolds increased significantly with 10% strain (p<0.01), and remained higher than the
free culture (FC) group over 3 h (Figure 3-6 a, p<0.05). COL-I expression on 30° and
90° scaffolds also increased within 0.5 h after strain (p<0.05), but decreased to baseline
levels within 3 h. Lysyl oxidase (LOX) expression on 0° scaffolds increased with strain
(p<0.05), and was significantly higher than both 30° and 90° scaffolds within 0.5 h (Fig.
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3-6b, p<0.05). Tenascin C (TNC) expression increased within 1 h of loading for all
orientations, with 0° samples significantly higher than 30° samples (p<0.05). By 3 h
expression returned to baseline levels (Figure 3-6 c).

Figure 3-3: Schematic illustrating stretch direction for scaffolds with varying
fiber angles (a). MSCs were highly oriented on aligned scaffolds with prominent
actin stress fibers (green, phalloidin) extending along the fiber direction (b, e, and
h). Cells rotated toward the stretch direction with increasing tensile strain (5%
strain: c, f, and i; 10% strain: d, g, and j; scale bar = 100 µm).
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Figure 3-4: Predicted and measured cell and nuclear reorientation as a function
of strain for scaffolds oriented at 15° (a), 30° (b), and 45° (c) (dashed line 5
affine prediction; open square 5 nuclear orientation; closed circles 5 cell
orientation). Ɵ = 5 angle normalized to initial angle. Data represent the mean ±
SD of n = 98 cells/nuclei measured over three different scaffolds for each
orientation and strain magnitude (*p<0.05 vs. 0% stretch, †p<0.01 vs. cell
orientation, and ‡p <0.05 vs. affine prediction).
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3.4 Discussion

In this work, we examined the translation of macroscopic scaffold deformations to
cellular and nuclear deformations for MSCs seeded on directionally biased nanofibrous
substrates. These investigations were intended to understand how directional biases in
micro-architecture modulate the effects of macroscopically applied tensile deformations.
As expected for anisotropic materials, the apparent Poisson’s ratio of these scaffolds was
direction dependent, indicating that uniaxial tensile deformations result in different twodimensional strain fields depending on fiber orientation. Moreover, as nanofiber rotation
and strain depend on the direction of their alignment, these findings suggest that not only
the magnitude of applied strain, but substrate microstructure as well, must be taken into
consideration when examining the mechanobiology of cells on such biomaterials
subjected to uniaxial tensile strain. The architectural biases chosen are particularly
applicable to the annulus fibrosus of the intervertebral disc, which undergoes tensile
deformation in a direction that is not coincident with the primary fiber direction in each
lamella. As such, information gathered from this work will help to elucidate the
mechanobiologic response of both native tissue and engineered tissue analogues that
replicate this complex hierarchy.

Reorientation of MSCs under applied strain varied with initial nanofiber
orientation, and in each case, was predicted faithfully with the assumption that
reorientation occurs affinely. Conversely, reorientation of MSC nuclei deviated from the
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affine prediction, as well as from cell body reorientation. While nuclear reorientation was
less sensitive to fiber direction, nuclear deformation was highly sensitive, with NAR
exhibiting a scaffold orientation-dependent response to tensile strain. Increases in
expression of genes associated with ECM production and crosslinking were greatest and
most sustained in cases where the nucleus elongated most. These findings suggest that
substrate microarchitecture may anisotropically modulate the biosynthetic activities of
mechanically stimulated MSCs.

Figure 3-5: Nuclear aspect ratio (NAR) as a function of applied strain and
scaffold orientation. The NAR increased with 10% strain on scaffolds with 0°
and 15° fiber orientations, but decreased for scaffolds with an orientation of 90°
(*p <0.05). No significant changes in NAR were observed on scaffolds with 30°
and 45° fiber orientations. Data represent the mean ± SD of n = 50 nuclei
measured over three different scaffolds for each orientation and strain
magnitude.
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Aligned electrospun PCL scaffolds possess orientation-dependent mechanical
properties; large reductions in modulus are observed as the direction of strain varies by
more than 15° from the prevailing fiber direction (Figure 3-2 d) (Marchand et al., 1990).
Large Poisson’s ratios (>1) for 0°, 15°, and 30° scaffolds are likely due to the collapsing
of pores as fibers are recruited toward the direction of applied strain, as even in these
highly aligned nanofibers there is some degree of dispersion

(Li et al.,

2007).Understanding the dependence of Poisson’s ratio on fiber orientation is important
in interpreting the physical effects of tensile strain at the macroscopic scale on local
deformations at the cellular and sub-cellular scale. For example, a Poisson’s ratio greater
than 1 indicates that changes in the nuclear aspect ratio are as much, if not more, a
consequence of compression in the transverse direction due to squeezing of the cells by
the contracting scaffold as it is a consequence of the tensile strains along the loading/fiber
direction. A lower Poisson’s ratio for 90° scaffolds (~0.20) suggests that loading
transverse to the fibers may simply pull them apart, without compressing fibers along the
transverse direction; this is supported by the low modulus measured for 90° scaffolds,
and is consistent with investigations of native fiber reinforced soft tissues (Lake et al.,
2009; Lynch et al., 2003)
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Figure 3-6: Expression of type I collagen (COL-I) (a), lysyl oxidase (LOX) (b),
and tenascin C (TNC) (c) normalized to the housekeeping gene (GAPDH) as a
function of fiber angle and duration of static tensile stretch (n = 3, *p <0.05 vs.
0% stretch and †p<0.05 vs. 0°). Data represent the mean ± SD.
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Poisson’s ratio is an important determinant of fiber reorientation, as large lateral
contractions lead to increased fiber rotations under uniaxial extension. Previous studies
on nanofibrous scaffolds formed from both PCL and PEUU (poly(ester urethane)urea)
have shown that local strain fields in electrospun materials can be heterogeneous, and
fiber deformations can be complex (Driscoll et al., 2011; Stella et al., 2008; Stella et al.,
2010). In this work, we were interested in understanding whether local reorientation of
electrospun PCL nanofibers was consistent with the macroscopic applied deformation
using resident MSCs as local markers of fiber orientation. Many previous studies have
demonstrated that cells elongate on nanofibrous scaffolds and adopt the alignment of the
underlying scaffold (Baker et al., 2007; Li et al., 2007; Moffat et al., 2009). This is
evident in this study as well, both by simple observation (Figure 3-2, Figure 3-3) and by
quantification of cell alignment in the undeformed state (Figure 3-4). When predictions
of cell rotation were computed using measured Poisson’s ratios, cell reorientation closely
followed the macroscopic deformation, with cells reorienting in an affine manner for
each of the fiber orientations examined. These findings show, for the first time, that PCL
nanofibers deform affinely under uniaxial extension, and that the amount of direct tensile
stress experienced (as opposed to shearing as fibers reorient) by cells varies with scaffold
alignment. Continuum-based models such as those previously applied to mature
nanofiber-based constructs (Baker et al., 2009b; Nerurkar et al., 2008, 2011) may be used
to characterize such behaviors. Interestingly, cell nuclei failed to reorient in an affine
manner, suggesting that cellular and subcellular deformations are dissimilar. This is not
surprising given recent measurements of subcellular elements that indicate the nucleus is
much stiffer than its surrounding cytoplasm (Dahl et al., 2004). Moreover, the nucleus is
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mechanically linked with the cytoplasm through heteromeric protein complexes on the
nuclear envelope (Dahl et al., 2010). It is unclear how these elements transmit external
loads to the nucleus. However, this study suggests that their mechanical role may be quite
complex, and that they may even act to resist movement of the nucleus as a cell deforms
and/or rotates. We have previously shown that scaffold deformations are transmitted to
the nuclei of MSCs on nanofibrous scaffolds primarily through the actin cytoskeleton,
while baseline cell and nuclear morphology is in part controlled by microtubules (Nathan
et al., 2011). Further work will be necessary to determine what the physical role of these
linkages is in inducing elastic deformations and rigid rotations of the nucleus.

Despite reduced reorientation of the nuclear axes, the ratio of their lengths, as
measured by the nuclear aspect ratio (NAR) illustrated that scaffold strain was
transmitted to the nucleus in each fiber orientation examined. NAR changed with strain,
but the manner in which NAR changed was dependent on fiber orientation, suggesting
that scaffold anisotropy elicits differential changes in nuclear morphology. For instance,
in 0° scaffolds, tensile strain resulted in a significant increase in NAR, indicating
elongation of the already elliptical nucleus. While NAR was identical in each scaffold
orientation prior to strain, MSCs on 15° scaffolds demonstrated less dramatic changes in
NAR with strain compared to 0°. For MSCs on 30°, 45°, and 90° scaffolds, strain
decreased NAR, indicating that nuclei became less elliptical (i.e., rounder).
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These findings are particularly interesting in the context of recent evidence
suggesting that nuclear morphology is an indicator and/or effector of cell phenotype
(Dahl et al., 2008; Thomas et al., 2002; Webster et al., 2009).Consistent with this role,
application of strain resulted in measurable changes in gene expression, including upregulation of genes associated with fibrous tissue formation and maturation. Similar to
changes in NAR, application of 10% uniaxial strain yielded differing responses in the
degree and duration of gene expression, depending on fiber orientation.

COL-I expression was elevated for MSCs each on each orientation examined
within 0.5 h of strain and remained elevated at 1 h (Figure 3-6 a). Interestingly, COLI
expression remained elevated 3 h after strain only for MSCs aligned along the direction
of strain (0°), while it returned to baseline levels when cells were either oblique (30°) or
perpendicular (90°). We have shown previously that when static strain is applied to
MSCs on aligned nanofibrous scaffolds, their nuclei deform initially and then relax back
to their original configuration within 2 h (Nathan et al., 2011). It is therefore interesting
that changes in COL-I expression were sustained with maximal changes in NAR (on 0°
scaffolds), long after the nucleus has returned to its undeformed configuration.
Dependence of COL-I on nuclear shape has also been observed previously by modulating
MSC nuclear shape through controlled micropatterned adhesive surfaces (Kurpinski et al.,
2006; Li et al., 2011; Thomas et al., 2002). Transience in COL-I expression for MSCs on
30° and 90° scaffolds may suggest that sustained mechanical induction of certain genes
requires that a nuclear deformational threshold be exceeded. This is supported by straininduced changes in LOX and TNC expression as well: LOX expression increased only
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after 0.5 h strain for 0° scaffolds, and significantly greater strain-induced expression of
TNC was observed for MSCs on 0° scaffolds compared to 30° and 90°. These findings
are consistent with recent work in which MSCs aligned on elastomeric channels
responded to tensile strain differentially depending on the direction of strain. Additionally,
because nuclear shape relaxes to its undeformed state after 2 h, the expression of genes
whose levels decayed back to unstrained levels may be directly dependent on nuclear
morphology, while COL-I, which maintained elevated expression levels when strain
coincided with the direction of cell alignment, may be stimulated by changes in nuclear
shape, but sustained via additional feedback signaling mechanisms. In future work, it will
be important to isolate the effects of cell alignment from baseline and time-dependent
nuclear deformation in order decode the mechanosensing machinery that drives
physically induced phenotypic shifts in MSCs.
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3.5 Conclusions

This study examined the response of MSCs to uniaxial strain on aligned
nanofibrous scaffolds. MSC reorientation and changes in nuclear morphology were
strongly dependent upon the directionality of nanofibers— and therefore cells—with
respect to the loading axis. This translated to changes in gene expression depending on
fiber alignment. These findings demonstrate that macroscopic deformational loading
alone cannot be considered when investigating the effects of tensile strain on cell
mechanobiology. Instead, an integrative, multi-scale approach that accounts for substrate
microstructure and deformation is required.
In this way, electrospun scaffolds present a valuable tool for the study of
mechanobiology, whereby cell morphology and directionality can be prescribed in order
to better understand the translation of externally applied mechanical forces into
biomolecular responses. Moving forward, it will be important to map these responses as
the scaffolds mature into tissue-like structures with long-term culture. Native tissues,
such as the annulus fibrosus and meniscus, develop complex strain profiles at the cell and
fiber level, despite relatively uniform macroscopic deformations. Moreover, these
responses will need to be understood in the context of the dynamic and multi-directional
loading environments that scaffolds will be subjected to when placed in vivo. Such work
will help to further the application of these scaffolds for regenerative medicine
applications in soft tissue repair and regeneration.
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CHAPTER 4: DIFFERNTIATION ALTERS STEMCELL
NUCLEAR ARCHITECTURE, MECHANICS, AND
MECHANO-SENSITIVITY

4.1 Introduction

Mesenchymal stem cells (MSCs) are used in a variety of regenerative applications
(Bianco et al., 2013; Pittenger et al., 1999). While considerable work has shown the
importance of soluble differentiation factors in MSC lineage specification, recent studies
have also highlighted that physical signals from the microenvironment, including
substrate stiffness (Engler et al., 2006), cell shape (Khetan et al., 2013; McBeath et al.,
2004), and dynamic mechanical cues (Huang et al., 2010a; Mouw et al., 2007) can
influence fate decisions. However, the manner in which soluble and physical cues are
integrated to inform lineage specification and commitment is only just beginning to be
understood (Guilak et al., 2009; Huang et al., 2010b). One potentially important
confounding feature is that the physical properties of MSCs themselves likely change
coincident with lineage specification, and such changes might alter cellular perception of
super-imposed mechanical perturbations that arise from the microenvironment.
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Strain transfer to (and deformation of) the nucleus has been proposed as a direct
link between mechanical inputs from the microenvironment and gene regulation (Wang
et al., 2009). The cytoskeleton forms a mechanically continuous network within the cell
and transmits extracellular mechanical signals from sites of matrix adhesion to the
nucleus through specialized proteins that comprise the LINC (linker of nucleus and
cytoskeleton) complex (Chancellor et al., 2010; Crisp et al., 2006; Haque et al., 2006;
Zhang et al., 2001). These connections allow for direct transfer of mechanical signals to
the chromatin (Martins et al., 2012; Shivashankar, 2011) and can regulate intracellular
signaling (Driscoll et al., 2015a). Chromatin remodeling induced by mechanical signals
depends in part on a pre-tensed (contractile) actin cytoskeleton (Hu et al., 2005) and can
regulate gene expression (Shivashankar, 2010, 2011; Wang et al., 2009). Together, these
findings demonstrate that changes in cytoskeletal organization, connectedness to the
nuclear envelope, and pre-tension in the acto-myosin network all impact how cells sense
and respond to mechanical signals.

Given the centrality of the nucleus, and the fact that it is the stiffest of organelles,
changes in nuclear architecture might also impact how forces are transmitted through the
cell. It is well established that chromatin condensation increases nuclear stiffness (Dahl
et al., 2005), as do changes in the amount and distribution of other intra-nuclear
filamentous proteins, including the lamin protein family (Ho et al., 2012). For example,
nuclear lamins stabilize and stiffen the nuclear envelope, and are regulated both by
differentiation (Lammerding et al., 2006), and the micro-elasticity of the surrounding
tissue (Swift et al., 2013). Mouse embryonic fibroblasts lacking lamin A/C (LMAC) have
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aberrant nuclear morphologies and exaggerated nuclear deformation in response to
deformation of the cell (Lammerding et al., 2004).

Knockdown of LMAC in

differentiated nuclei decreases nuclear stiffness (Pajerowski et al., 2007), while
overexpression in neutrophils decreases their ability to pass through micron sized
openings (Davidson et al., 2014). In addition, lamins may contribute to chromatin
remodeling, gene silencing, and transcriptional activation (Andres et al., 2009; Mewborn
et al., 2010; Raz et al., 2006; Zullo et al., 2012) via the action of lamin binding proteins
(Wilson et al., 2010) and their sequestration of chromatin to the nuclear periphery (Zullo
et al., 2012).

As progenitor cells differentiate, a host of physical changes occur within the cell,
depending on cell type and the lineage to which they are being driven. These biophysical
changes extend to the nucleus, where for instance ES cell differentiation is accompanied
by an increase in chromatin condensation (Bartova et al., 2008; Bhattacharya et al., 2009;
Talwar et al., 2013) leading to an increase in nuclear stiffness (Pajerowski et al., 2007).
Lamins change during differentiation as well; mouse ES cells start expressing high levels
of A-type lamin during cell differentiation, suggestive of a role in maintenance of
differentiated state. Further, chromatin reorganization mediated by lamins can enhance
heterochromatin formation in ES cells (Galiova et al., 2008), and haplo-insufficiency of
LMAC can limit certain lineages (Sehgal et al., 2013). In C2C12 cells, a myogenic cell
line, LMAC becomes heavily concentrated at the nuclear periphery with myogenesis
(Markiewicz et al., 2005), and mutant isoforms of LMAC can block myogenic lineage
specification (Markiewicz et al., 2005). In MSCs, LMAC knockdown promotes adipocyte
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differentiation (and decreases osteoblast differentiation) (Akter et al., 2009; Swift et al.,
2013), while forced expression of the protein mutant isoform of LMAC increases
osteogenic differentiation (and reduces adipogenic differentiation) (Scaffidi et al., 2008).

Given the centrality of the nucleus in mediating both the transcriptional activities
that define lineage specification, as well its role in mediating mechanical force
transduction, the objective of this study was to investigate the manner in which both
cellular and nuclear biophysical properties change during differentiation and how such
changes might impact the mechanobiology of the cell. Specifically, we examined the
nuclear mechanics and mechanosensitivity of MSCs as they transited towards a
differentiated (fibrochondrogenic) lineage on aligned nanofibrous scaffolds. These
scaffolds not only direct new tissue formation for fibrous tissue engineering (Baker et al.,
2012; Nerurkar et al., 2009), but also provide a useful template for the application of
coordinated cell deformation (Han et al., 2013; Heo et al., 2011; Nathan et al., 2010;
Stella et al., 2008). Using this experimental platform, we show that MSC
fibrochondrogenesis increases nuclear stiffness, alters organization of key nuclear
structural elements, and as a consequence, changes the manner in which MSCs respond
to mechanical signals from the microenvironment. We further demonstrate that
mechanical stimulation itself (as opposed to application of soluble differentiation factors)
can evoke some of these same changes in nuclear structure and mechanics, and that it
does so more rapidly than soluble factor addition alone. This implies that nuclear
stiffening may be both a consequence and mediator of differentiation, tuning how
progenitor cells interpret mechanical cues from their microenvironment. Such changes
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may act to first inform, and then reinforce, signals that promote and preserve lineage
specification.

4.2 Material and Methods

4.2.1 Fabrication of Aligned Nanofibrous Scaffolds
Aligned poly(ε-caprolactone) (PCL) nanofibrous scaffolds (~ 0.50mm thick) were
fabricated by electrospinning onto a rotating mandrel. Briefly, PCL (Bright China
Limited, China) was dissolved in a 1:1 solution of tetrahydrofuran and N, Ndimethylformamide (T427-1 and D119-1; Fisher Scientific, Pittsburgh, PA) at 14.3% w/v
over 48 hours. The PCL solution was loaded into a 20 ml syringe tipped with an 18G
stainless steel needle. This needle served as a ‘spinneret’, and was charged to +13 KV
(ES30P-5W; Gamma High Voltage Research Inc., Ormand Beach, FL) relative to ground.
The PCL solution was extruded at a rate of 2.5 ml/hour using a syringe pump (KD
Scientific, Model 780100). Fibers were collected onto a grounded cylindrical mandrel
rotating with a surface velocity of 10m/sec, with the mandrel positioned 15cm from the
spinneret. Aluminum shields charged to +5 kV were used to focus the fiber jet onto the
collecting mandrel. Additional details on this scaffold fabrication process can be found
in (Baker et al., 2009; Baker et al., 2012; Heo et al., 2011).
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4.2.2 Cell Isolation, Scaffold Seeding, and Culture
Mesenchymal stem cells (MSCs), meniscal fibrochondroctytes (MFCs), and
chondrocytes were isolated from juvenile bovine tibiofemoral joints (3-6 months old,
Research 87, Inc., Boylston, MA) (Baker et al., 2007; Huang et al., 2010c). Human
MSCs were isolated from surgical waste tissue from patients undergoing total joint
replacement at the University of Pennsylvania as in (Baker et al., 2010), with institutional
approval. The cells were cultured and expanded in a basal medium (BM) consisting of
Dulbecco’s

minimal

essential

medium

(DMEM)

containing

1×

penicillin/streptomycin/fungizone and 10% fetal bovine serum. A human embryonic stem
cell line was acquired from a commercial source (BioTime, Alameda, CA) and expanded
according to the manufacturers guidelines (Sternberg et al., 2012). To seed cells,
scaffolds (60 × 5 mm2) were sterilized and hydrated with decreasing concentrations of
ethanol (100, 70, 50, 30%; 30 minutes/step) and incubated in a 20 μg/ml solution of
human fibronectin overnight to promote cell attachment. A 150 μl aliquot containing 2.5
× 104 or 2 × 105 cells was seeded on each side of the scaffold, followed by incubation in
BM at 37oC for 2 hours to allow for cell attachment. After attachment, scaffolds were
transferred to a chemically defined serum free medium (Mauck et al., 2006) consisting of
high glucose DMEM with 1× penicillin/streptomycin/fungizone, 0.1 μM dexamethasone,
50 μg/ml ascorbate 2-phosphate, 40 μg/ml l-proline, 100 μg/ml sodium pyruvate, 6.25
μg/ml insulin, 6.25 μg/ml transferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum
albumin and 5.35 μg/ml linoleic acid (Life Technologies, NY, USA). Medium was
further supplemented with/without 10 ng/ml TGF-β3 (Ctrl/Diff, R&D Systems,
Minneapolis, MN). Cell-seeded scaffolds were cultured in this medium for up to 10 days.
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In additional studies, MSCs and chondrocytes were embedded (20 million cells/ml) in
type VII agarose cylinders (height = 2.25mm, diameter 4mm) (Sigma, St Louis, MO,
USA) (Mauck et al., 2006) and cultured in Ctrl or Diff conditions for 1 week.

4.2.3 Visualization of Cell and Nuclear Structural Proteins and Organization
Cells on the nanofibrous scaffolds were fixed with 4% PFA at 37°C for 30 min
and washed three times in PBS. Cells were permeabilized with Triton X-100 (0.1%,
Sigma, St Louis, MO, USA) solution at 4°C for 10 min and then immunostained for
Lamin A/C (LMAC) using a mouse anti-Lamin A/C primary antibody (1:100, MA3-1000,
Thermo, IL USA). Anti mouse IgG-TRITC (T2402, Sigma, St Louis, MO, USA) was
used as secondary antibody.

Nuclei were counterstained with 4',6-diamidino-2-

phenylindole (DAPI, Prolong Gold Reagent, P-36931, Life Technologies, NY, USA).
The spatial localization of LMAC was evaluated by confocal microscopy (Zeiss, LSM
510, Penn Biomedical Imaging Core). Images were acquired at 63× magnification, with
0.5 µm per step size through the nucleus. The ratio of LMAC nuclear occupancy was
calculated from the volume of LMAC stain divided by total DAPI stained nuclear volume
using Volocity® software (Volocity 5.0, Improvision Inc.). To assess chromatin
condensation, nuclei on scaffolds were stained with DAPI, and scanned across their midsection using a confocal microscope (Zeiss, LSM 510). To generate a chromatin
condensation parameter (CCP) describing internal nuclear structure, a gradient-based
Sobel edge detection algorithm was employed using MATLAB to measure the edge
density for individual nuclei (Irianto et al., 2013). In other preparations, Phalloidin-
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AlexaFluor® 488 (Invitrogen, Carlsbad, CA) was used to stain the actin cytoskeleton
according to the manufacturer’s guidelines. Heterochromatin (HTC) levels in MSC nuclei
were assessed by the degree to which histone H3 was tri-methylated using the mouse
anti-Histone H3 (tri methyl K27) antibody (ab6002, Abcam, MA, USA). Anti-mouse
IgG-TRITC was used as a secondary antibody. All images were collected using a
fluorescent microscope (Zeiss, Axioplan-2 imaging fluorescent microscope) at 100×
magnification, with HTC staining intensity quantified using MetaMorph® (Molecular
Devices Inc., CA, USA).

4.2.4 Perturbation of MSC Nuclear Stiffness and Condensation
To decrease chromatin condensation in differentiated cells, MSCs that had been
differentiated (Diff) for 6 days were treated with the histone deacetylase (HDAC)
inhibitor Trichostatin A (TSA, T8552, Sigma-Aldrich, St. Louis, MO, USA) at 0.5
µg/mL for the final 24 hours of culture (in differentiation medium: Diff/TSA). To
increase nuclear condensation in undifferentiated cells (Ctrl), MSCs on scaffold were
exposed to a 500mM solution of D-mannitol (Ctrl/DM) for 30 minutes as in (Irianto et al.,
2013).
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4.2.5 Quantification of Cell and Nuclear Structural Proteins
Semi-quantitative analysis of protein levels and phosphorylation states were
assessed using western blot analysis. For this, cell-seeded scaffolds were washed three
times with PBS and lysed for 30 minutes on ice using radioimmunoprecipitation assay
(RIPA) lysis buffer containing protease (p-8340, Sigma, St Louis, MO, USA) and
phosphatase inhibitors (p-2580, Sigma, St Louis, MO, USA). Cell lysates were cleared by
centrifugation at 10,000g for 10 minutes, and protein concentrations were determined by
Lowry assay (DC™ Protein Assay Kit, Biorad, CA, USA). Cell lysates were separated on
gradient poly-acrylamide gels (Mini-Protean TGX gels Any KD, 456-9034, Biorad, CA,
USA) in running buffer (Tris/Glycine/SDS Buffer, 161-0732, Biorad, CA, USA).
Separated proteins were transferred to nitrocellulose membranes (iBlot ® Gel Transfer
Stacks Nitrocellulose, Regular, IB3010-01, Invitrogen Life Technologies, Carlsbad, CA,
USA) and blocked for 1 hr in either 5% (w/v) bovine serum albumin (Sigma) or 5% (w/v)
dry milk powder in PBS containing 0.1% (v/v) Tween 20 (PBST, Acros Organics, Geel,
Belgium). The transferred membranes were probed with antibodies for Lamin A/C
(LMAC, MA3-1000, Thermo, IL USA), phosphorylated myosin light chain kinase
(pMLCK, 1:400, LS-C25729, LSBio), and β-actin (1:1000, #4967, Cell Signaling). Antirabbit IgG, HRP-linked Antibody (7074S, Cell signaling) or HRP AffiniPure Goat AntiMouse IgG (H+L) (Jackson Immunoresearch Laboratories, Inc., Catalog No.115-035-062)
were used as secondary antibodies. Blots were visualized by chemiluminescenc (34080,
Thermo scientific, IL, USA), and signal intensity was quantified by densitometry using
ImageJ with normalization to β-actin.
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4.2.6 Static and Dynamic Mechanical Perturbation of Cell-Seeded Scaffolds
Nuclear deformation of cells on aligned scaffolds was first quantified by applying
a quasi-static tensile stretch to cell-seeded scaffolds (2.5 × 104 cells per scaffold) using a
custom device designed to permit visualization on an epi-fluorescent inverted microscope
during stretch(Nathan et al., 2010). Cell-seeded scaffolds were stretched to 0 and 10%
grip-to-grip strain at 2.5%/min on days 1, 3, 5, 7 and 10. Constructs were fixed in the
deformed state (in 4% paraformaldehyde) immediately after stretch and nuclei were
stained with DAPI after permeabilization with Triton X-100 (0.1%) for 10 minutes. All
images were captured on an inverted fluorescent microscope (Nikon T30, Nikon
Instruments, Melville, NY) equipped with a CCD camera. At each strain level, the
nuclear aspect ratio defined as the long axis (b) divided by the perpendicular short axis (a)
(NAR=b/a) was calculated from DAPI stained nuclei using Image J (NIH Image). In
initial studies (Fig. 1), population level responses were recorded. In subsequent studies,
changes in NAR were tracked for individual MSC nuclei at each strain step (Driscoll et
al., 2015b; Han et al., 2013). In some studies, the Rho kinase inhibitor, Y27632, was
included at 10 µM overnight prior to and during scaffold stretch.

To determine the effects of cyclic tensile deformation applied over a longer period,
MSC seeded scaffolds (2 × 105 cells per side) were loaded into a custom bioreactor
(Baker et al., 2011). Dynamic tensile loading (DL) was applied in Ctrl condition at 1Hz
for varying durations (up to 6 hours per day) and at various strain magnitudes (up to 3%
strain) following 2 days of pre-culture in Ctrl media.
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4.2.7 Measurement of Peri-Nuclear Stiffness by Atomic Force Microscopy
MSC peri-nuclear stiffness was determined by atomic force microscopy (AFM,
DAFM-2X, Veeco, Woodbury, NY). For this, cells were removed from scaffolds by
trypsinization and re-plated onto tissue culture plastic for 24 hours. Cells were probed
using a silicon nitride probe with a pyramidal tip (a spring constant of 0.06 N/m, DNP,
Veeco) (Solon et al., 2007). To quantify peri-nuclear stiffness, the first 400 nm of tip
deflection from the horizontal (Dd) were fit with the Hertz model modified for a conical
tip (Solon et al., 2007). To confirm that AFM measurements represented changes in
nuclear stiffness, rather than overall cell stiffness, control experiments were performed
wherein the actin cytoskeleton was disrupted with 1 μM cytochalasin D (CYTOD, C2618,
Sigma-Aldrich) for 30 mins prior to AFM probing. This level of cytochalasin treatment
has previously been shown to block nuclear deformation, while not perturbing cells shape
or causing cells to release from scaffolds (Nathan et al., 2010). Control cells were treated
with the carrier DMSO. Values of peri-nuclear stiffness were taken as the average of
measurements made in three different regions of the nucleus.
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4.2.8 Analysis of Gene Expression by Real Time PCR
Total RNA in constructs was isolated using Trizol reagent followed by phenolchloroform separation. mRNA was quantified using a Nanodrop spectrometer (ND-1000,
Nanodrop Technologies, Wilmington, DE, USA), and cDNA synthesized using the
SuperScript First Strand Synthesis kit (Invitrogen, Life Technologies, Carlsbad, CA,
USA). Amplification was carried out using an Applied Biosystems Step One Plus realtime PCR system, with intron spanning primers and Fast SYBR Green Reaction Mix
(#4385617, Applied Biosystems, Foster City, CA, USA). Expression of collagen type II
(Col2), aggrecan (AGG), sox9, TGF-β (TGFβ), BMP-2, and LMAC were determined and
normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using the comparative Ct method.

4.2.9 Single Cell Measures of Contractility with Differentiation
To query cell contractility changes with differentiation, a custom micro-post array
detector (mPAD) was utilized (Fu et al., 2010; Yang et al., 2011a; Yang et al., 2011b).
After 7 days on scaffolds, MSCs were detached and re-seeded onto an array of
elastomeric micro-pillars (spring constant: 18.19 nN/μm), and cultured for 1 day before
traction force measurements were taken. Images of live single cells deflecting the
underlying micro-pillars were acquired (n=20/group) using a fluorescence microscope
equipped with a temperature and CO2-controlled incubator. Post deflections were
visualized via DiI labeling of post tips and used to calculate strain energy per cell (Yang
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et al., 2011a). Cells were fixed (4% PFA), permeabilized, and stained with phalloidin and
DAPI to visualize the actin cytoskeleton and nucleus, respectively.

4.2.10 Assays of Cell Migration with Differentiation
Migration of undifferentiated, differentiated, and TSA treated MSCs was
evaluated using a standard ‘scratch’ assay. MSCs were released from scaffolds by
trypsin treatment on day 7 and reseeded into 6-well tissue culture plates at a density of
2×105 cells per well in the same media in which they had been cultured (i.e., Ctrl or Diff
conditions). After 1 day (to allow for attachment), confluent monolayers were scratched
with a 2.5 µl pipette tip and washed three times with PBS to remove cell debris. In some
Diff groups, TSA was added to Diff media 24 hours prior to wounding. Images of the
wound area were taken at regular intervals using an inverted microscope and the degree
of wound closure computed using Image J. Wound area was normalized to the initial
scratch area for each sample.
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4.2.11 Real-Time Analysis of Intracellular Ca2+ Levels with Stretch
To determine whether MSC differentiation resulted in increased mechanosensitivity, intracellular calcium levels were measured during scaffold stretch using a
calcium sensitive fluorescent indicator. On day 7, undifferentiated and differentiated
MSCs were loaded with 25 mM fluo-4/acetoxymethyl ester (fluo-4AM; Molecular
Probes, Eugene, OR, USA) in 0.05% Pluronic F-127 (Molecular Probes, NY, USA) and
1% HEPES (Gibco, NY, USA) in Ctrl media.

Scaffolds were incubated with dye

solution for 30 minutes, followed by incubation in fresh Ctrl medium. Real-time images
were obtained using an inverted fluorescence microscope (Nikon T30, Nikon Instruments,
Melville, NY) during scaffold stretch. Additional samples were pre-incubated for 24
hours with TSA as above prior to application of scaffold stretch. To measure the calcium
response after DL pre-conditioning, cells were seeded on scaffolds for 2 days and then
dynamically loaded for 5 days (3% strain, 1Hz, 6hours/day). Afterwards, samples were
stained with fluo-4AM dye and subjected to a static stretch. For the osmotic challenge
study, cells were seeded on scaffold for 2 days, treated with D-M mannitol (DM) for 30
min, stained with Cal-520AM (#21130, AAT Bioquest, Sunnyvale, CA, USA) and then
subjected to static stretch. A step static stretch was applied at a rate of 1%/second up to
10%. Individual MSCs were tracked during this deformation and the signal intensity
before and after stretch was measured using MetaMorph® and normalized to background
intensity. Intracellular Ca2+ concentration in n>50 cells was tracked across 3 scaffolds for
each condition assayed.
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4.2.12 Statistical Analyses
Statistical analysis was performed using one way or two-way analysis of variance
with Fisher’s LSD post hoc testing (SYSTAT v.10.2, Point Richmond, CA). Results are
expressed as mean +/- SEM or SD, as indicated in the figure legends. Differences were
considered statistically significant at p<0.05.
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4.3 Results

4.3.1 Differentiation Attenuates Stretch-Induced Nuclear Deformation
When bovine MSCs were exposed to differentiation media (Diff), expression of
fibrochondrogenic markers (aggrecan and collagen II) increased (Table 4-1), consistent
with previous findings (Baker et al., 2007; Huang et al., 2010c).

Table 4-1: Type II collagen and aggrecan gene expression in bovine MSCs as a
function of media condition and time when cultured on aligned nanofibrous
scaffolds. Culture in differentiation media (Diff) led to a significant increase in
fibrochondrogenic markers with culture duration (normalized to GAPDH, *p<0.05
vs. Ctrl, n=5, mean ± SD).
Type II Collagen

Aggrecan

Ctrl

Diff

Ctrl

Diff

Day 1

0.01±0.01

0.01±0.01

0.02±0.01

0.01±0.01

Day 3

0.04±0.04

0.08±0.02

0.02±0.02

0.02±0.01

Day 5

0.03±0.01

*0.12±0.09

0.12±0.05

0.14±0.14

Day 7

0.01±0.01

*0.40±0.15

0.03±0.02

*0.52±0.29

Day 10

0.06±0.06

*0.54±0.28

0.11±0.07

*0.65±0.38
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To assess mechanical changes in the nucleus with differentiation, MSCs cultured
on aligned scaffolds were subjected to 10% tensile stretch (as in (Heo et al., 2011; Nathan
et al., 2010)). This assay provides an indirect measure of nuclear stiffness/deformability
in the context of a living cell. At early time points, stretch of the scaffold resulted in both
cell and nuclear deformation, as evidenced by a marked increase in the nuclear aspect
ratio (NAR) in both control (Ctrl) and differentiation (Diff) conditions (Figure 4-1 a-c).
From day 5 onward, however, there was no change in the NAR in differentiated MSCs
(Diff) with scaffold stretch, while nuclear deformation persisted in undifferentiated
MSCs (Ctrl, Figure 4-1 b, c).

Since this shift in the average response could simply represent a change in a
subset of nuclei within the heterogeneous population, we next analyzed the distribution of
NAR in all cells as a function of stretch and differentiation. On day 1, quantification
showed a shift to a higher NAR with scaffold stretch for both groups (Figure 4-1 d), but
by day 7, differentiated cells (Diff) showed no shift in population NAR with scaffold
deformation (Figure 4-1 e). A similar effect, namely a reduction in nuclear deformation
in response to stretch under differentiating conditions (Diff), was observed in both human
bone marrow derived MSCs (hMSCs) (Figure 4-2) and in a human embryonic stem (ES)
cell line (Figure 4-3) treated similarly.
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Figure 4-1: MSC differentiation reduces nuclear deformation with applied stretch.
(a) On day 1, bovine MSCs on aligned nanofibrous scaffolds have elongated nuclei
that are oriented in the prevailing fiber direction in both Ctrl and Diff conditions.
Application of 10% scaffold stretch increased nuclear deformation under both
culture conditions (bottom panels). (b) By day 7, application of 10% stretch
continued to increase nuclear deformation in Ctrl conditions, while in Diff
conditions nuclear deformation was almost completely absent. Scale: 20 µm. (c)
Quantification of nuclear morphology showed that 10% stretch significantly
increased MSC nuclear aspect ratio (NAR) in Ctrl conditions, irrespective of culture
duration. Conversely, for MSCs in Diff conditions, a progressive decrease in the
change in NAR with 10% stretch was observed with increasing culture duration
(*p<0.05 vs. 0%, †p<0.05 vs. Ctrl, ‡p<0.05 vs. day 1, n=100 nuclei per time point
from 4-5 scaffolds per condition, mean ± SEM). Population distribution of MSC
NAR in Ctrl and Diff conditions on day 1 (d) and day 7 (e); on day 1, 10% stretch
shifted the distribution to the right for both conditions, while the shift was only
apparent in Ctrl conditions on day 7.
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Figure 4-2: Differentiation-mediated reduction in strain transfer to the nucleus in
human bone marrow-derived MSCs. The overall response of human MSCs
mirrored that of bovine MSCs, indicating that the reduction in nuclear strain
transfer is independent of species. (a) Application of 10% scaffold stretch
significantly increased NAR in MSCs under both media conditions on day 1. On day
7, nuclei in Ctrl condition continued to increase in NAR with stretch, while those in
Diff conditions showed a progressive decrease in the change in NAR as
differentiation progressed (*p<0.05 vs. 0%, †p<0.05 vs. Ctrl, ‡p<0.05 vs. day 1, n=50
nuclei per time point from 4-5 scaffolds per condition, mean ± SEM). Population
distribution of human MSC NAR in Ctrl and Diff conditions on day 1 (b) and day 7
(c). On day 1, 10% scaffold stretch shifted the distribution to the right for both
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media conditions, while the shift was only apparent in Diff conditions on day 7,
consistent with results using bovine MSCs.

Figure 4-3: Differentiation-mediated reduction in strain transfer to the nucleus in a
human ES-cell line. Nuclear deformation was attenuated in a human ES-cell line
cultured under differentiating conditions on aligned nanofibrous scaffolds subjected
to 10% stretch. (a) Deformed ES-cell nuclei on scaffolds subjected to 10% stretch.
Scale: 20 µm. Note the highly elongated morphology, as evidenced by the NAR >3,
of these nuclei relative to marrow derived MSCs cultured similarly. (b) Application
of 10% scaffold stretch significantly increased NAR in ES cells under both media
conditions on day 1. On day 7, nuclei in Ctrl conditions continued to increase in
NAR, while those in Diff conditions showed a progressive decrease in the change in
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NAR as differentiation progressed (*p<0.05 vs. 0%, †p<0.05 vs. Day 1, n=100 nuclei
per time point from 4-5 scaffolds per condition, mean ± SEM).

4.3.2 Altered Nuclear Mechanics in Differentiated MSCs Attenuates Stretch-Induced
Nuclear Deformation

To distinguish between potential factors that may contribute to this attenuation of
stretch-induced nuclear deformation, we carried out a series of experiments to measure
nuclear stiffness, investigate the role of deposited matrix (Figure 4-4 a), and query the
patency and contractility of the cytoskeletal network with differentiation (Figure 4-5).
First, peri-nuclear elastic modulus was measured by atomic force microscopy
(AFM) of cells removed from scaffolds and plated on tissue culture plastic (TCP).
Stiffness was measured in both undifferentiated and differentiated MSCs, with and
without a 30 min pre-treatment with cytochalasin D (CytoD) to remove potential
contributions from the actin cytoskeleton (Figure 4-4 b, c). Over 7 days, this peri-nuclear
stiffness did not change for undifferentiated MSCs (Ctrl), but increased by >50% in
differentiated MSCs (Diff, Figure 4-4 d, p<0.05). Treatment with CytoD (and DMSO
vehicle) did not alter these measured values, indicating that stiffening was not due to
changes in cytoskeletal organization or mechanics.
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Given that MSC differentiation culminates in abundant matrix production, we
next investigated the potential role of this deposited extracellular matrix on our
observation of a loss of nuclear deformation with stretch. To do so, MSCs were removed
from the scaffold on day 7 (with trypsin) and re-seeded for 24 hours onto fresh scaffolds.
Re-seeded MSCs from both undifferentiated (Ctrl) and differentiated (Diff) conditions
adopted a highly aligned morphology (Figure 4-4 e). Consistent with the prior findings,
nuclei of these re-seeded differentiated MSCs (Diff) did not deform (Figure 4-4 f, g)
when the scaffold was stretched by 10%, while re-seeded undifferentiated MSC nuclei
(Ctrl) increased in NAR by ~25%. These findings indicate that deposited extracellular
matrix is not responsible for the observed attenuation in nuclear deformation with
scaffold stretch.

To interrogate the force generating and strain transfer capacity of the actin
cytoskeletal network, MSCs were cultured on elastomeric micropost array detectors
(mPADs) following culture on aligned scaffolds for 7 days in Ctrl or Diff conditions
(Yang et al., 2011a; Yang et al., 2011b). Actin stress fibers were prominent in both
undifferentiated (Ctrl) and differentiated (Diff) cells, although differentiated cells (Diff)
induced significantly greater post deflections (Figure 4-5 a). Quantification of the total
strain energy per cell revealed a significant increase in traction forces (~5 fold) with
differentiation (Figure 4-5 b, Figure 4-6). Consistent with other studies (Driscoll et al.,
2015b), blockade of acto-myosin contractility (via treatment with the Rho kinase
inhibitor, Y27632) decreased nuclear deformation in undifferentiated cells (Ctrl/Y27,
Figure 4-5 c), implicating the need for a patent and contractile cytoskeleton in the
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transfer of deformation from the scaffold to the nucleus. Taken together, these findings
show that the nuclei of MSCs increase in stiffness with differentiation, and that deposited
extracellular matrix plays little to no role in shielding nuclei from mechanical
perturbation in this model system. Furthermore, despite substantial increases in
cytoskeletal contractility (which would tend to increase nuclear deformation), the nuclear
stiffening appears to more than compensate, resulting in a nucleus that no longer deforms
when the cell is stretched.
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Figure 4-4: Decreased strain transfer to the nucleus with differentiation is a
consequence of nuclear stiffening and not extracellular matrix deposition. (a)
Schematic illustrating how MSCs were cultured on aligned (AL) scaffolds in Ctrl
condition or Diff condition for 7 days followed by re-seeding on fresh scaffolds (for
stretch studies) or re-plating on tissue culture plastic (TCP, for analysis of perinuclear stiffness by AFM). (b) Fluorescent staining of F-actin (green) in MSCs replated on TCP for one day and (c) disruption of F-actin via treatment with
cytochalasin D (CYTOD) for 30 minutes. Scale: 100 µm. (d) The peri-nuclear
stiffness of differentiated Diff/MSCs was significantly higher than that of
undifferentiated Ctrl/MSCs after re-plating on day 7 (normalized to Ctrl values,
*p<0.05 vs. Ctrl, n=10 per condition, dashed line indicates peri-nuclear modulus on
day 1, mean ± SD). Treatment with CYTOD (or DMSO vehicle control) did not alter
the measured peri-nuclear stiffness. (e) F-actin (green) and DAPI (blue) staining of
MSCs re-seeded onto fresh scaffolds. Scale: 100 µm. (f) DAPI staining of nuclear
morphology before (0%) and after (10%) scaffold stretch showed that differentiated
MSC nuclei did not deform after transfer to a fresh scaffold. Scale: 20 µm. (g)
Quantification of NAR confirmed lack of deformation of Diff nuclei (*p<0.05 vs
Ctrl/10% after re-seeding, n=50 nuclei/condition, mean ± SEM).
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Figure 4-5: Contractility increases in differentiated MSCs and is necessary for
strain transfer to the nucleus. (a) Micro-Post Array Detector (mPAD) analysis
showed little post deflection by MSCs in Ctrl conditions, while MSCs cultured in
Diff conditions for 7 days showed significant post deflections (bar = 30 μm, F-actin:
green; nuclei: blue). Quantification showed that strain energy per cell (b) was
higher in MSCs in Diff conditions compared to MSCs in Ctrl conditions (*p<0.0001
vs. Ctrl, n=20/condition, Mean ± SEM,). When aligned scaffolds were subjected to
stretch (c), nuclear deformation was significantly reduced with either 7 days of
differentiation (Diff) or via blockade of contractility in undifferentiated MSCs by
ROCK inhibition (Ctrl/Y27, Y27632, 10 μM, *p<0.05 vs. Diff and Ctrl/Y27,
n=~50/condition, mean ± SEM).

Figure 4-6: Time dependent increase in contractility with exposure to soluble
differentiation factors. Traction force increases substantially over the first 16 hours
of exposure to 10 ng/ml TGF-β3 (n=20, Mean ± SD).
103

4.3.3 Structural Reorganization and Condensation of the Nucleus with MSC
Differentiation

To understand the origin of these increases in nuclear stiffness with MSC
differentiation, we next interrogated the amount and distribution of nuclear structural
proteins, as well as the degree to which chromatin condensed under differentiating
conditions. Staining for the nucleo-filamentous protein LMAC and for focal areas of
chromatin condensation revealed marked LMAC reorganization and changes in
chromatin density over the course of differentiation. On day 1, LMAC was distributed
throughout the MSC nucleus (Figure 4-7 a) and in Ctrl conditions this distribution did
not change through day 7 (Figure 4-7 a). Under differentiation conditions (Diff), LMAC
remodeled to localize solely to the nuclear periphery (Figure 4-7 a, b). Localization to
the nuclear periphery was accompanied by a ~50% increase in total LMAC protein
content (Figure 4-7 c, d). Likewise, staining for H3K27me3 (a histone modification
indicative of condensed chromatin) revealed a marked increase in the number of
heterochromatin-rich nodules throughout the nucleus with differentiation (Diff, p<0.05 vs.
Ctrl, Figure 4-7 f).

To determine whether these alterations were a general feature of differentiation,
we analyzed several differentiated cell types of the fibro-chondrogenic lineage. LMAC
staining in primary articular chondrocytes (in 3D agarose hydrogel culture, Ctrl medium,
Figure 4-8 b) and primary meniscal fibrochondrocytes (on aligned scaffolds, Ctrl
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medium, Figure 4-8 c) manifested as dense cortical LMAC rings at the nuclear envelope.
Further, the peri-nuclear stiffness of fully differentiated meniscus cells was significantly
greater than undifferentiated MSCs (Figure 4-8 d, p<0.05). LMAC was absent in the
undifferentiated ES-cell line (Ctrl), but showed a substantial accumulation at the nuclear
periphery when the cells were cultured on aligned scaffolds under differentiating
conditions (Diff, Figure 4-9).

Figure 4-7: MSC differentiation results in marked nuclear reorganization. (a) On
day 1, Lamin A/C (LMAC) was spread diffusely throughout the nucleus in both Ctrl
and Diff conditions. By day 7, Diff conditions resulted in a restriction of LMAC to
the nuclear periphery (scale: 20 µm). (b) Quantification showed that the nuclear
volume occupancy ratio of LMAC (relative to DAPI) did not change in Ctrl
conditions, while this ratio decreased significantly in Diff conditions as a function of
culture duration (*p<0.05 vs. Ctrl, n=30, mean ± SD). (c) Protein levels of Lamin C
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(and β-actin) under Ctrl and Diff conditions. (d) Quantification showed a
significant increase in Lamin C with differentiation (*p<0.05 vs. Ctrl, n=3, mean ±
SD). (e) Staining for heterochromatin (HTC) in Ctrl and Diff conditions on day 7.
Scale: 5 µm. (f) Staining intensity in Diff conditions was significantly higher than in
Ctrl conditions on day 7 (*p<0.05 vs. Ctrl, n=25 nuclei/condition, mean ± SD).

Figure 4-8: Lamin A/C in differentiated cells is located at the nuclear periphery. (a)
LMAC in undifferentiated MSCs was distributed throughout the nucleus, while (b)
LMAC in chondrocyte nuclei was restricted to the periphery in a 3D agarose
hydrogel culture system. (c) LMAC staining of adult meniscus cells seeded on
aligned nanofibrous scaffolds was restricted to the nuclear periphery. Scale: 20 µm.
(d) peri-nuclear stiffness of adult meniscal fibrochondrocyte cells (MFC) was
significantly higher than undifferentiated MSCs (normalized to MSC
modulus*p<0.05, n=10/condition, mean ± SD).

106

Figure 4-9: With differentiation ES cells express Lamin A/C and localize it to the
nuclear periphery. Lamin A/C staining (top panels) with DAPI counterstaining
(bottom panels) of a human ES cell line cultured on aligned nanofibrous scaffolds
for 7 days in Ctrl and Diff media conditions. Scale: 20 µm.
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4.3.4 Altered Nuclear Mechanics Modulates Mechanosensitivity of Differentiated MSCs

The above findings demonstrate that the nuclei of differentiated cells transform
from being a ‘strain sink’ (an object readily deformed along with the rest of the cell) to a
‘stress concentrator’ (an object that no longer deforms, and as a consequence forces other
elements of the cell to deform to a greater extent). Given this transformation, we next
asked whether such changes in nuclear stiffness alter the degree to which mechanical
perturbation of the whole cell regulates signal transduction as a function of differentiation
state, using calcium as an early readout of mechanotransduction. To address this question,
the stiff nuclei of differentiated MSCs (Diff) were softened via chemical pre-treatment
with the histone deacetylase (HDAC) inhibitor, trichostatin A (TSA (Gerlitz et al., 2010))
and the soft nuclei of undifferentiated cells (Ctrl) were transiently stiffened by short term
osmotic shock (Irianto et al., 2013).

TSA induces histone hyper-acetylation and chromatin relaxation and, in this study,
resulted in a marked reduction in both nuclear stiffness and heterochromatin content in
differentiated cells (Diff/TSA, Figure 4-10). While TSA did not alter the distribution or
the amount of LMAC in these differentiated cells (Figure 4-10), it did partially restore
nuclear deformation in response to scaffold stretch (Figure 4-11 a, b). To examine the
link between nuclear stiffness and cellular mechanotransduction, we next evaluated
changes in intracellular calcium in response to a stretch. In undifferentiated MSCs (Ctrl),
a rapid stretch resulted in a small increase in intracellular Ca2+.
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Figure 4-10: TSA treatment of differentiated MSCs softens nuclei and decreases
heterochromatin, but does not alter Lamin A/C amount or distribution. (a and b)
One day of TSA treatment (Diff/TSA) decreased heterochromatin (HTC) staining in
differentiated MSCs (*p<0.05 vs. Ctrl, ‡p<0.05 vs. Diff/TSA, n=35, mean ± SD).
Scale: 20 µm. One day of TSA treatment (Diff/TSA) did not alter LMAC
organization (c) or protein content (d and e, *p<0.05 vs.Ctrl, n=3, mean ± SD). Scale
20 µm. (f) One day of TSA treatment (Diff/TSA) decreased nuclear stiffness in
differentiated MSCs (*p<0.05 vs. Ctrl, ‡p<0.05 vs. Diff/TSA, n = 10, mean ± SD).
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Figure 4-11: Increases in nuclear mechanics heightens mechanosensitivity of
mesenchymal stem cells. (a) On day 7, 10% static stretch increased nuclear
deformation in Ctrl conditions, but did not alter nuclear shape under Diff
conditions. With TSA treatment (Diff/TSA), nuclear elongation of differentiated
MSCs was once again apparent with stretch. Scale: 20µm (b) Quantification of NAR
via tracking of individual nuclei. With TSA treatment of differentiated MSCs,
nuclear deformation was once again observed with 15% stretch (normalized to Ctrl
0%, *p<0.05 vs. Ctrl, †p<0.05 vs. Diff, ‡p<0.05 vs. Ctrl 0%, dashed line indicates
Ctrl 0%, n=27, mean ± SEM). (c and i) Baseline intracellular Ca2+ in MSCs was not
different between groups. With 10% stretch, intracellular Ca2+ showed slight
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increases in Ctrl conditions, and a much more marked increase in Diff conditions.
TSA addition (Diff/TSA) reduced intracellular Ca2+ release with stretch (Scale: 100
µm). (d) AGG and (e) COL II levels did not increase with stretch in Ctrl conditions,
while significant increases were observed in Diff conditions. Addition of TSA
(Diff/TSA), abrogated this stretch-induced response (*p<0.05 vs. Ctrl, n=3, mean ±
SD). (f and g) Pre-treatment of MSCs with D-mannitol (Ctrl/DM) decreased nuclear
deformation with stretch (Scale: 20µm, normalized to ctrl/0%, *p<0.05 vs. Ctrl,
‡p<0.05 vs. Ctrl/0%, n=50, dashed line indicates Ctrl 0%, mean ± SEM). (h and i)
Pre-treatment with D-mannitol (Ctrl/DM) increased intracellular calcium
mobilization with stretch compared to Ctrl conditions (Scale: 50 µm, *p<0.05 vs.
Ctrl, ‡p<0.05 vs. Diff/TSA, n=50, mean ± SEM).

When the same perturbation was applied to differentiated MSCs (Diff), a much
larger increase was observed (p<0.01, Figure 4-11 c-i,). Interestingly, this enhanced
sensitivity was reversed by pre-treatment of differentiated MSCs with TSA (Diff/TSA,
p<0.05). This sensitization to mechanical perturbation with differentiation (and blockade
with TSA treatment) was also observed for aggrecan and collagen II gene expression
(Figure 4-11 d, e). With TSA pre-treatment (Diff/TSA), we found no significant changes
in cytoskeletal structure, contractility (as assessed by myosin light chain phosphorylation,
pMLCK), or migration rate (Figure 4-12), suggesting that the alteration in nuclear
stiffness is the primary variable at play. To test the converse, undifferentiated MSCs
were transiently exposed to a hypertonic solution [500mM D-mannitol (DM) (Irianto et
al., 2013), Ctrl/DM], which is known to induce a rapid condensation of nuclear chromatin.
This treatment stiffened the MSC nuclei, and made them more resistant to deformation
when the scaffold was deformed (Figure 4-11 f, g and Figure 4-13). Importantly, this
treatment (Ctrl/DM) did not alter the organization of the actin cytoskeleton (Figure 4-13).
When stretch was applied to MSCs whose nuclei were artificially stiffer but still
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undifferentiated, a marked increase in calcium mobilization was once again observed
(Figure 4-11 h, i).

Figure 4-12: TSA treatment of differentiated MSCs does not alter MLCK activity,
actin structure, or migration speed. (a and b) MLCK phosphorylation increased
markedly in Diff compared to Ctrl MSCs, but was not altered with TSA treatment
(Diff/TSA, *p>0.05 vs. Diff/TSA, n=3, mean ± SD). (c) There were no apparent
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changes in actin stress fiber density or distribution with differentiation (Diff) or
TSA treatment (Diff/TSA), scale: 20 µm. (d and e) Differentiation slowed MSC
migration in a wound healing assay; TSA treatment (Diff/TSA) did not alter
migration rates (*p<0.05 vs. Ctrl, †p<0.05 vs. Diff, ‡p<0.05 vs. 1 hour, n=6, mean ±
SD, Scale: 200 µm).

Figure 4-13: D-mannitol treatment induces chromatin reorganization but does not
perturb the actin cytoskeleton. Visualization (a) and quantification (b) of chromatin
condensation with DM treatment of MSCs (Ctrl/DM, *p<0.05 vs. Ctrl, n=~30, mean
± SD, scale: 3 µm). (c) Phalloidin staining of actin under Ctrl and DM treatment
conditions (Ctrl/DM). Scale: 100 µm.

Collectively, these data show that modulation of nuclear mechanics alters MSC
sensitivity to externally applied mechanical perturbations. In essence, nuclear mechanics
appears to act as a rheostat, tuning the response of MSCs to their mechanical
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microenvironment as they differentiate. In undifferentiated MSCs the softer nucleus
elongates with scaffold stretch, allowing for strain sharing between the cytoskeleton and
the nucleus (the nucleus is a strain sink). Conversely, the same deformation applied to
differentiated MSCs results in only cytoskeletal strain (the nucleus is a strain
concentrator), which in turn hyper-sensitizes these cells to respond to mechanical
perturbation via stretch-induced calcium signaling and ultimately alterations in gene
expression.

4.3.5 Dynamic Loading Alters MSC Nuclear Mechanics and Mechano-perception

The previous experiments demonstrated that MSC differentiation, guided by
exogenous soluble factors, altered nuclear mechanics and mechano-perception. However,
cells in mechanically loaded tissues experience repeated bouts of mechanical stimulation.
To determine whether such mechanical signals on their own could elicit similar changes
as the addition of soluble factors, undifferentiated MSCs were exposed to dynamic tensile
loading in the absence of exogenous TGF-β3. These studies showed that short periods of
loading [1 hour of dynamic stretch (3%, 1 Hz) per day for five days] did not alter LMAC
distribution (Figure 4-14 a-c). However, when the same loading regimen was applied
for 3 or 6 hours per day, LMAC reorganization was evident by day 5 (Figure 4-14 c, d;
Figure 4-15 a). Strain magnitude also modulated this process; LMAC reorganization was
evident with 1.5% and 3% stretch, but not at 0.75% stretch (applied for 6 hours per day,
Figure 4-14 d-g, Figure 4-15 b).
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Figure 4-14: Dynamic loading induces nuclear reorganization and increases nuclear
mechanics in undifferentiated MSCs. Dynamic loading (DL) for 5 days in the
absence of soluble differentiation factors resulted in reorganization of LMAC in a
manner dependent on the duration (a-d) and magnitude (d-g) of applied loading
(Scale: 20 µm). (h) DL (6 hours, 3%) decreased changes in NAR with 10% static
stretch (*p<0.05 vs. 0%, †p<0.05 vs. Diff, ‡p<0.05 vs. DL, n=30, mean ± SEM). (i)
DL nuclei were stiffer than those in undifferentiated MSCs, but were not as stiff as
nuclei in MSCs differentiated (Diff) through soluble factor addition (*p<0.05 vs.
Ctrl, †p<0.05 vs. DL, n=10, mean ± SD). (j and k) DL increased expression of AGG
and TGF-β to levels exceeding those of differentiated MSCs (*p<0.05 vs. Ctrl,
†
p<0.05 vs. Diff, n=5, mean ± SD). (l) A rapid 10% stretch applied to DLconditioned MSCs resulted in higher intracellular calcium release compared to the
same perturbation of Diff MSCs (*p<0.05, n=~40, mean ± SEM).
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LMAC staining intensity and organization in mechanically pre-conditioned MSCs
(DL) was similar to that observed in MSCs differentiated via soluble mediators (Diff,
Figure 4-15 c), and western blotting revealed a greater increase in LMAC with loading
(DL) compared to Diff condition (Figure 4-16), suggesting that LMAC density and
reorganization mediated through mechanical signals matches or exceeds that of soluble
factor mediated differentiation. Similarly, dynamic loading (DL) conditions led to a
marked increase in heterochromatin content, comparable to that induced by soluble
factors (Figure 4-17).

Given that mechanical preconditioning elicited many of the same changes within
the nucleus as soluble factor addition, we next investigated nuclear mechanics, nuclear
deformability and response to mechanical perturbation in these cells. When mechanically
pre-conditioned MSCs (DL, 3%, 1Hz, 6 hours, 5 days of loading) were reseeded onto
new scaffolds, nuclear deformation with 10% scaffold stretch was lower than for
undifferentiated MSCs, approaching the levels observed in MSCs differentiated via
soluble mediators (Diff medium, Figure 4-14 h). When assayed by AFM, nuclei in DL
pre-conditioned cells were stiffer than undifferentiated MSCs, though not as stiff as
nuclei in MSCs differentiated via soluble factors (Diff, Figure 4-14 i). Furthermore, DL
increased aggrecan (AGG) and TGF-β gene expression to levels higher than in
differentiation conditions (Diff, Figure 4-14 j, k, p<0.05).
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Figure 4-15:
Dynamic loading of undifferentiated MSCs induces nuclear
reorganization comparable to differentiation with soluble factors. LMAC nuclear
occupancy ratio as a function of strain duration (a) and magnitude (b) in MSCs
dynamically loaded in Ctrl media (*p<0.05 vs. 0%/0 hour, n=25, mean ± SD). (c)
LMAC was restricted to the nuclear periphery with differentiation. After DL (6%, 5
days) in Ctrl media, LMAC organization closely mirrored that of differentiated
MSCs. There was no clear change in actin stress fibers with differentiation or with
application of dynamic loading (DL), scale: 20 µm.
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Figure 4-16: Dynamic loading increases Lamin C content in undifferentiated MSCs.
(a and b) Lamin C protein levels in MSCs increased with DL to a greater extent
than with application of differentiation medium (Diff, *p<0.05 vs. Ctrl, n=3, mean ±
SD).

Figure 4-17: Dynamic loading increases heterochromatin content in undifferentiated
MSCs. Heterochromatin staining intensity increased with dynamic loading (DL),
reaching levels similar to that of differentiation medium (Diff, *p<0.05 vs. Ctrl,
†
p<0.05 vs. Diff, n = 30, mean ± SD, scale: 3 µm).
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The marked upregulation of TGF-β expression is interesting, given that it is a key factor
included within differentiation medium. Indeed, addition of low levels of exogenous
TGF-β3 (1 ng/mL) for 1 week resulted in changes in LMAC distribution and increases in
heterochromatin in MSCs (Figure 4-18 a, b), though an increase in nuclear stiffness was
only observed with higher TGF-β levels (10 ng/ml, Figure 4-18 c). When a rapid stretch
was applied to DL pre-conditioned MSCs, a greater increase in intracellular calcium was
observed, compared to undifferentiated MSCs (ctrl, p<0.05, Figure 4-14 l).

Overall, these data suggest that mechanical stimulation can drive lineage
specification including alterations in nuclear organization and mechanics, and that these
changes may be mediated through autocrine/paracrine signaling. Importantly, in the
absence of exogenous differentiation factors, dynamic loading alone can produce a
differentiated nuclear state that is similar (but distinct) to that brought about by soluble
factors.
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Figure 4-18: Lamin A/C organization, heterochromatin content, and nuclear
mechanics of MSCs as a function of TGF- β3 addition. (a) LMAC reorganization
and heterochromatin formation (HTC) was evident at TGF-β3 doses ≥1 ng/mL [at 1
week, scale: 20 µm (top) or 3 µm (bottom)]. (b) Heterochromatin staining intensity
as a function of TGF-β3 concentration (*p<0.05 vs. 0 ng/ml, †p<0.05 vs. 1 ng/ml, n =
35, mean ± SD). (c) Nuclear stiffness (assessed by AFM) as a function of TGF-β3
concentration (*p<0.05 vs. 0 ng/ml, n = 10, mean ± SEM).

120

4.3.6 Dynamics of MSC Nuclear Remodeling in Response to Soluble Factors and
Mechanical Pre-conditioning

Our observation of nuclear remodeling after extended mechanical or biochemical
stimulation, led us to investigate the early remodeling of MSC nuclei in response to these
cues. TGF-β3 (Diff) did not alter LAMC gene expression or organization over the first 3
days of culture (Figure 4-19 a, d). However, within just 2 days under DL conditions
reorganization of LMAC was already apparent, with translocation to the nuclear envelope
complete by day 3 (Figure 4-19 a) and increased LMAC gene expression with DL at
each time point (Figure 4-19 d). Interestingly, HTC staining intensified more rapidly
under DL conditions compared to Diff, with a higher number of heterochromatin-rich
nodules present as early as day 1 (compared to day 3 under Diff conditions, Figure 4-19
c, d). This precocious chromatin restructuring under DL conditions was further quantified
using an image based technique(Irianto et al., 2013) that determines a ‘chromatin
condensation parameter’ (CCP) based on the amount of free space and number of visible
edges in DAPI stained images of the nucleus.
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Figure 4-19: Rapid alterations in MSC nuclear architecture with dynamic loading.
(a) Staining for LMAC showed little change in Ctrl conditions, and only subtle
changes in Diff conditions through day 3. Conversely, DL promoted LMAC
reorganization as early as day 2 (Scale: 5 µm). (b) Heterochromatin staining was
evident in Ctrl conditions on day 3, but was already present on day 1 in DL
conditions (Scale: 5 µm). (c) Quantification of heterochromatin staining showed
significant differences in the DL group as early as day 1 (*p<0.05 vs. Ctrl, †p<0.05
vs. Diff, n = 35, mean ± SD). (d) DL increased LMAC gene expression at each time
point (*p<0.05 vs. Ctrl conditions, n=5. Mean ± SD). (e) Representative DAPI
stained nuclei on days 1 through 5 with treatment (top row), and corresponding
edge detection for CCP calculation (bottom row). Scale: 2 µm. (f) Chromatin
condensation parameter (CCP) as a function of treatment group and time (*p<0.05
vs. Ctrl, †p<0.05 vs. Diff, n=45-50 cells per condition per time point, mean ± SEM).
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Figure 4-20: Rapid changes in fibrocartilaginous gene expression with dynamic
loading. Expression of (a) SOX9, (b) BMP2, (c) TGFβ, and (d) aggrecan was
transiently upregulated under Diff conditions over the first three days of culture.
DL resulted in higher expression for longer durations (DL: 6 hour/day, *p<0.05 vs.
Ctrl, †p<0.05 vs. Diff, n = 3, mean ± SEM).
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Similar to HTC staining, this quantitative analysis showed a more rapid structural
reorganization of the nucleus under DL conditions, compared to Diff medium (Figure 419 e, f). Along with this, gene expression analysis revealed an early and robust response
to dynamic loading in comparison to the addition of exogenous TGF-β3 (Diff, Figure 420).

4.4 Discussion

In addition to being the site for storage of DNA and gene transcription, the
nucleus, which is generally the stiffest element of all eukaryotic cells (Dahl et al., 2008),
plays a central role in mechanical strain transduction from the external microenvironment.
While, the mechanisms by which nuclear deformation regulates transcriptional activities
are only now beginning to be elucidated, our data suggest that the nucleus acts as a
mechanical rheostat within progenitor cells, where increases in nuclear stiffness
sensitizes the entire transduction machinery to prime cell response to mechanical
perturbation. Our data show that soluble differentiation factors as well as mechanical
perturbation on its own, elicit marked changes in nuclear deformability, stiffness, and
organization as a direct consequence of chromatin condensation and restructuring of the
Lamin A/C network in both adult progenitor cells and in embryonic stem cells. This
change in nuclear mechanics and organization led to a greater mobilization of
intracellular calcium when pre-conditioned mesenchymal stem cells were exposed to
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stretch, likely as a consequence of the nucleus transforming from a strain sink (an object
that readily deforms) to a strain concentrator (and object that stops deforming, forcing
other components to deform more). These changes would be expected to increase stress
and/or deformation occurring at nucleo-cytoskeletal and cytoskeletal linkages to the ECM
(i.e., focal adhesions). Indeed, the enhanced mechanical sensitivity seen in differentiated
cells was reversed when the ‘stiff’ differentiated nucleus was softened, and was enhanced
when the ‘soft’ undifferentiated nucleus was stiffened through pharmacologic treatment.

This notion of the nucleus as a dynamic mechanical feature in cells that is
responsive to the microenvironment is consistent with and extends several recent findings.
For example, Swift and colleagues showed that the stiffness of native tissue extracellular
matrices defines the resting levels and ratios of Lamin isoforms in adult cells, with stiffer
microenvironments increasing nuclear mechanics (Swift et al., 2013). Likewise, Deguchi
and colleagues showed that fluid shear stress applied to endothelial cells increases
nuclear mechanics (Deguchi et al., 2005). Our data extends this concept to cells transiting
to a differentiated phenotype as a result of soluble factor addition as well as those that are
exposed to repeated mechanical deformation, providing a mechanism by which cells may
adjust their internal mechanosensory machinery to provide continued response to
mechanical cues. This phenomenon may drive cell differentiation or maintain their
differentiated phenotype to better match the dynamic mechanical tissue environment in
which they operate. Thus, in addition to the static mechanical properties of a
microenvironment (Swift et al., 2013), dynamic mechanical forces transmitted through
this environment regulate the nuclear rheostat and impact cellular mechanosensitivity.
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The mechanism through which soluble factor addition or mechanical perturbation
results in nuclear reorganization is not wholly elucidated, and these inputs may share
some common downstream pathways. For example, both BMP and TGF-β signaling
increase baseline cellular contractility (through crosstalk with the Rho family of GTPases)
(Bhadriraju et al., 2007). Our data showed that TGF-β expression is highly upregulated
with dynamic stretch at early time points and while TGF-β in the media did not reach
detectable levels, we did observe increased Smad 2/3 signaling in response to stretch.
Mechanical perturbation itself can also increase cell contractility and spreading (Cui et al.,
2015), and influence the subsequent mechano-response. Kaunas et al. showed that
artificially increasing Rho GTPase activity in endothelial cells sensitizes their response to
applied stretch (increasing the rate of reorientation) (Kaunas et al., 2005), and Deguchi et
al. showed that fluid shear stress, which also increases contractility, can stiffen the
endothelial cell nucleus (Deguchi et al., 2005). Recent work by both the Shivashankar
and Burridge groups has shown that local application of mechanical force to the apical
surface of cells causes local chromatin reorganization (Iyer et al., 2012), and that pulling
on isolated nuclei (through LINC complex coated beads) results in changes in Lamin
organization and nuclear stiffening (Guilluy et al., 2014). Regardless of the path to
nuclear reorganization, our data provide evidence that the stiffer nucleus of differentiated
cells can act as a stress concentrator (Figure 4-21), sensitizing these cells to mobilize
calcium to a greater extent when external deformation is applied. This increased calcium
mobilization may itself impact lamin processing (Kalinowski et al., 2013), creating a
feed-forward loop to ensure that the nucleus remains patent under conditions of high
mechanical activity.
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Figure 4-21: Altered nuclear mechanobiology with stem cell differentiation. (a) The
nucleus is mechanically linked to the extracellular environment through LINC
complex connections to a contractile cytoskeleton that interact with the extracellular
matrix (ECM) through focal adhesion complexes. (b) When progenitor cells
differentiate, the nucleus transforms from a deformable ‘strain sink’ into a
comparatively rigid (relative to the cytoskeleton) ‘stress concentrator’, with
localization of Lamin A/C to the nuclear envelope (red circle in nucleus) and an
increase in heterochromatin content (grey lines in nucleus). In the undifferentiated
state, the nucleus deforms along with the cell, resulting in little added strain (or
stress) in the cytoskeleton (green filaments). In the differentiated state, the lack of
deformation of the nucleus concentrates deformation (and stress) in the cytoskeletal
network (red filaments) and at its connections. This transformation hyper-sensitizes
the differentiated cell to respond to mechanical perturbation (red stars) by
increasing stress at each point of cytoskeletal connectivity (focal adhesions and
LINC complex). Mechanical inputs (when repeated dynamically) can evoke similar
changes in nuclear architecture and mechanics and increase cell mechanosensitivity
to direct lineage specification in the absence of exogenous soluble differentiation
factors.

127

While both mechanical forces and soluble factors had similar effects on nuclear
properties and reorganization, those mediated by soluble factor addition arose more
slowly than those wrought by mechanical forces. This suggests that the mechanical
environment plays a significant role in dynamically modulating nuclear properties. Given
that such changes act to first inform, and then reinforce, signals that promote and
preserve lineage specification, this time dependence has implication for therapeutic use.
That is, as MSCs transit between phenotypes, one would expect that their current
differentiation status and time history of exposure to soluble or mechanical factors would
influence their mechanobiologic response upon implantation. Furthermore, we noted a
path-dependent aspect in terms of the end results of nuclear reorganization; soluble
factors resulted in complete abrogation of nuclear deformation, while mechanically
mediated reorganization of the nucleus resulted in only a diminution of nuclear
deformation with stretch. If nuclear deformation is essential for physiologic function,
then complete elimination of nuclear deformation (as a consequence of soluble factor
addition) may result in aberrant mechano-signaling. This has implications for establishing
better cellular biophysical benchmarks by which small molecule drivers of differentiation
are judged. Further, these benchmarks may prove relevant for cell-based therapeutics,
wherein naive stem cells are placed in a mechanically loaded environment. While it is not
yet clear how permanent these changes are once soluble and mechanical stimuli are
removed, it does suggest that care must be taken to preserve the appropriate mechanoresponse. In conclusion, the data presented herein demonstrates a mechanism whereby
nuclear architecture and stiffness can be tuned to dynamically regulate cellular
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mechanosensitivity. Such dynamic regulation is a key to the promotion and preservation
of lineage specification.
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CHAPTER 5: BIOPHYSICAL REGULATION OF
CHROMATIN ARCHITECTURE INSTILLS A MECHANCIAL
MEMORY IN MESENCHYMAL STEM CELLS

5.1 Introduction

Mesenchymal stem cells (MSCs) are a promising cell source for regenerative
therapies given their multipotent nature (Bianco et al., 2013; Pittenger et al., 1999). These
cells are exquisitely sensitive not just to soluble differentiation factors, but also to
biophysical cues arising from or induced by the cellular microenvironment, including
substrate stiffness(Engler et al., 2006), cell morphology (Downing et al., 2013; Engler et
al., 2006), and dynamic mechanical perturbation (Baker et al., 2011; Huang et al., 2012).
These exogenous mechanical cues influence cytoskeletal organization, cell proliferation
and differentiation, chromatin remodeling and nuclear stiffness, and ultimately the
genetic program that defines lineage specification (Arnsdorf et al., 2009; Deguchi et al.,
2005; Iyer et al., 2012; Provenzano et al., 2011).

The nucleus is the largest and stiffest organelle of a mammalian cell, housing the
majority of its genetic material and serving as a focal point for mechanotransduction via
its attachments to the cytoskeletal network (Driscoll et al., 2015; Kutscheidt et al., 2014).
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For instance, we recently showed that nuclear deformation mediated by nuclear
connectivity through the large LINC complex member Nesprin 1 Giant was essential for
nuclear YAP/TAZ signaling in response to stretch (Driscoll et al., 2015). In addition to
these connectivity-mediated signaling events, structural elements within the nucleus,
including chromatin and the proteinaceous components of the nuclear lamina, determine
the transcriptional activity of the cell and define nuclear stiffness, both of which change
during differentiation (Arnsdorf et al., 2010; Constantinescu et al., 2006; Pajerowski et al.,
2007; Swift et al., 2013). In contrast to euchromatin, the condensed chromatin state
(heterochromatin) is associated with gene silencing (Fullgrabe et al., 2010; Zullo et al.,
2012). Indeed, differentiation is typified by chromatin condensation, leading to an overall
gene silencing while preserving lineage-specific gene expression in small euchromatic
niches(Gaspar-Maia et al., 2011; Schneider et al., 2007). Chromatin condensation is
mediated by histone methyl- and acetyl-transferases, de-methylases and de-acetylases
(Bannister et al., 2011) that coordinately regulate the epigenetic landscape local to gene
sets that define a lineage.

Mechanical perturbations can alter the state of the nucleus, with some suggesting
that physical signals reach the nucleus more rapidly than soluble ones, enabling more
efficient conveyance of mechanical information to the genome(Wang et al., 2009). For
example, seminal work by Deguchi and colleagues showed that fluid flow induced shear
stress modulates chromatin condensation and increases nuclear stiffness in endothelial
cells (Deguchi et al., 2005). Likewise, direct force transmission to the nucleus through
the cytoskeleton (via magnetic bead twisting on the apical surface) elicits local chromatin
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remodeling within seconds (Iyer et al., 2012). Even in isolated nuclei, stretch applied
through LINC complex coated beads results in remodeling of the nuclear lamina and
stiffening of the nucleus, within just a few cycles of mechanical perturbation (Guilluy et
al., 2014).

Despite this growing appreciation of the role for mechanical stimuli in guiding
lineage specification and regulating genome architecture, the molecular machinery
through which these perturbations culminate in chromatin remodeling has not yet been
fully elucidated. In this study, we established strain magnitudes and timing over which
dynamic tensile loading (DL) altered chromatin remodeling, and identified the primary
molecular mechanisms governing this process, with a specific focus on stretch induced
ATP release and subsequent purinergic and stretch-activated channel mediated calcium
signaling (Campbell et al., 2008; Gardinier et al., 2014; Gardinier et al., 2009; Genetos et
al., 2005). Further, as some loading configurations and molecular pathways resulted in
persistent changes in chromatin, we explored how loading might establish a ‘mechanical
memory’ in these cells (Balestrini et al., 2012; Yang et al., 2014), via the persistence of
load-induced alterations in their chromatin architecture.
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5.2 Materials and Methods

5.2.1 Preparation of Aigned Nanofibrous Scaffolds
Aligned poly(ε-caprolactone) (PCL) nanofibrous scaffolds (~ 0.50mm thick) were
fabricated by electrospinning (Baker et al., 2011). Briefly, a PCL solution (14.3% wt/vol
in 1:1 tetrahydrofuran and N,N-dimethylformamide) was loaded into a 20 ml syringe and
extruded at a rate of 2.5 ml/hour through an 18G stainless steel needle charged to +13 kV.
Fibers were collected onto a cylindrical mandrel rotating with a surface velocity of
10m/sec to direct fiber alignment. PCL scaffolds (60 × 5 mm2) were hydrated and
sterilized in decreasing concentrations of ethanol (100, 70, 50, 30%; 30 minutes/step)
followed by incubation in a 20 μg/ml solution of fibronectin for ~12 hours to enhance cell
attachment.

5.2.2 MSC Isolation and Culture on Scaffolds
Mesenchymal stem cells (MSCs) were isolated from juvenile bovine tibiofemoral
joints (3-6 months old, Research 87, Inc., Boylston, MA) as in (Mauck et al., 2006).
2×105 cells were seeded onto each side of the scaffold followed by culture in a
chemically defined serum free medium (CM) (Mauck et al., 2006) (high glucose DMEM
with 1× penicillin/streptomycin/fungizone, 0.1 μM dexamethasone, 50 μg ml−1 ascorbate
2-phosphate, 40 μg ml−1 l-proline, 100 μg ml−1 sodium pyruvate, 6.25 μg ml−1 insulin,
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6.25 μg ml−1 transferrin, 6.25 ng ml−1 selenous acid, 1.25 mg ml−1 bovine serum albumin
and 5.35 μg ml−1 linoleic acid) without any additional growth factors.

5.2.3 Dynamic Mechanical Perturbation of MSC-Seeded Scaffolds
MSC seeded scaffolds were loaded into a custom bioreactor (Iyer et al., 2012).
Dynamic tensile loading (DL) was applied in CM at 1Hz for varying durations (up to 6
hours per day) following 2 days of pre-culture of the scaffold in CM. To investigate the
effect of acto-myosin contractility on mechanical signaling to the nucleus, constructs was
pretreated with 10µM of the Rho kinase inhibitor, Y27632 for 1 hour (Y27, 10 µM, EMD
Millipore, Bedford, MA). In addition, to understand whether DL regulates chromatin
condensation via activation of methyltransferases cells were pre-treated with an inhibitor
of the histone H3K27 methyltransferase EZH2, GSK343 for 2 days before application of
DL.

5.2.4 Calculation of the Chromatin Condensation Parameter (CCP)
To assess chromatin condensation, constructs were incubated in 4%
paraformaldehyde for 30 mins at 37°C to fix cells, followed by washing and
permeabilization with 0.05% Triton X-100 in PBS supplemented with 320mM sucrose
and 6mM magnesium chloride. Nuclei were visualized by DAPI (ProLong® Gold antifade reagent with DAPI, P36935, Molecular Probes®, Grand Island, NY) staining and
scanned across their mid-section using a confocal microscope (Zeiss, LSM 510, Jena,
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Germany). To calculate the chromatin condensation parameter (CCP), a gradient-based
Sobel edge detection algorithm was employed using MATLAB to measure the edge
density for individual nuclei (Irianto et al., 2013).

5.2.5 Analysis of Gene Expression by Real Time PCR
Total RNA was isolated from constructs using TRIZOL, and quantified using a
Nanodrop spectrometer (ND-1000, Nanodrop Technologies, Wilmington, DE, USA).
cDNA was synthesized using the SuperScript First Strand Synthesis kit (Invitrogen, Life
Technologies, Carlsbad, CA, USA). Amplification was performed using an Applied
Biosystems Step One Plus real-time PCR system, with Fast SYBR Green Reaction Mix
(#4385617, Applied Biosystems, Foster City, CA, USA). Expression of TGF-β
(CACGTGGAGCTGATCCAGAA and ACGTCAAAGGACAGCCACTC), aggrecan
(AGG, CTGAACGACAAGACCATCGA and TGGCAAAGAAGTTGTCAGGC), CTCF
(TCGACCTGAATGATGGCTGTT and CCCACCACCTGCCAAGAA), and SMC1A
(TCCCCCCCTGACAAGTTGT and CCCTACTTGGATGGCATAAAGTACA) were
determined and normalized to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH,

ATCAAGAAGGTGGTGAAGCAGG

TGAGTGTCGCTGTTGAAGTCG).
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and

5.2.6 Assessment of Permanency of Condensation and Nuclear Mechanics
To evaluate permanency of load-induced chromatin condensation after the
cessation of loading, constructs were dynamically loaded (3%, 1Hz) for different
durations (150s, 600s, 1h or 3h) followed by culture for an additional 18 hours. To
investigate the effect of acto-myosin contractility on the permanency of condensation,
another set of constructs was pretreated with Y27632 after loading.

To quantify changes in nuclear mechanics, the nuclear aspect ratio (NAR=a/b)
was assessed under baseline conditions and after applying 9 and 15% grip-to-grip static
strain to constructs. Nuclei were stained with DAPI and cell-seeded scaffolds were
placed on a custom device designed to permit visualization on an epi-fluorescent inverted
microscope during stretch. All images were captured on an inverted fluorescent
microscope (Nikon T30, Nikon Instruments, Melville, NY) equipped with a CCD camera.
At each strain level, NAR was calculated using a custom MATLAB code. Changes in
NAR were tracked for individual MSC nuclei at each strain step as in (Driscoll et al.,
2015).

To confirm whether chromatin condensation increases nuclear stiffness, MSCs
were treated with exogenous divalent cations (MgCl2 and CaCl2, 2 mM each, SigmaAldrich) in CM for 30 min (Chalut et al., 2012). CCP and NAR were determined after
treatment as described above. In addition, MSC nuclear stiffness was determined by
atomic force microscopy (AFM, DAFM-2X, Veeco, Woodbury, NY). For this, MSCs
144

were removed from scaffolds by trypsinization and re-plated onto tissue culture plastic
for 24 hours. MSCs were treated with divalent cations for 30 min and the cells were
probed using a silicon nitride probe with a pyramidal tip (spring constant of 0.06N/m,
DNP, Veeco). Peri-nuclear stiffness was determined from the force-indentation curve
using a Hertz model (Solon et al., 2007).

5.2.7 Analysis and Pharmacologic Blockade of Purinergic Signaling in MSCs
To determine the effector agent in load-conditioned media, DL-conditioned
medium was size fractionated using an Amicon Ultra-15 Centrifugal Filter Unit (3,000×g
for 20 mins at °C, 3kDa MWCO, UFC9000308, EMD Millipore). The filtered medium
(containing molecules <3kDa) or the supernatant (molecules >3kDa) was added to naïve
(unloaded) MSC-seeded constructs. After 30 min, these constructs were fixed and CCP
was determined.

After establishing that the molecular factor was <3kDa, we next

determined whether ATP was released from cells by collecting DL-conditioned media
(3%, 1Hz, 600s or 3h). In some cases, the pre-conditioned media was treated with
Apyrase (an ATP diphosphohydrolase, AP, 5U/ml) for 30 minutes. The conditioned
medium (treated with Apyrase or not) was then added to naïve (unloaded) MSC-seeded
constructs. After 30 min, the constructs were fixed and CCP was determined. To measure
the concentration of ATP in conditioned media, a commercial luciferin/luciferase based
ATP Assay Kit was used (KA1661, Abnova, Taipei City, Taiwan), according to
manufacturer’s instructions. To determine the degradation rate of ATP in media, MSC
seeded scaffolds were dynamically loaded for 600s and then incubated at 37 °C for up to

145

3 hours. To determine the role of cell utilization in this process, the culture medium was
also collected after loading and added to a new culture dish (without cells) and
maintained at 37°C for the same time period.

In some experiments, MSC seeded scaffolds were incubated with various
inhibitors to dissect the roles of purinergic signaling pathway mediators. For example,
Apyrase (5U, A6535 Sigma-Aldrich, St. Louis, MO) (Balestrini et al., 2012), Flufenamic
acid (FFA, 500 µM, F9005, Sigma-Aldrich) (Garcia et al., 2010), or Oligomycin (Oligo,
10 µg/ml, O4876, Sigma-Aldrich) (Azorin et al., 2011) were applied for 30 minutes prior
to application of dynamic loading and during loading, after which, constructs were fixed
and CCP quantified. In a dose response study, ATP (0 ~ 5 mM, R0441, Thermo
Scientific), UTP (100 µM, known as a P2 receptor agonist, Sigma-Aldrich), or BzATP
(100 µM, known as a P2X activator) was provided to MSCs seeded on scaffolds for 30
minutes prior to fixation and quantification of CCP values.

5.2.8 Analysis of YAP Nuclear Localization
YAP (a transcriptional regulator) nuclear localization was evaluated with the
addition of ATP (1mM, 30 min) or with dynamic loading (3%, 1Hz, 30 min). After each
treatment, MSCs were fixed in 4% paraformaldehyde for 30 min at 37°C and then
permeabilized with 0.05% Triton X-100 in PBS supplemented with 320mM sucrose and
6mM magnesium chloride. Samples were then incubated with anti-YAP antibody in 1%
BSA in PBS (1:200, sc-101199, Santa Cruz Bio, Dallas, Texas) for 90 min at room
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temperature (RT) followed by incubation with Alexa-Fluor 546 goat anti-mouse
secondary (1:200, A-11030, Molecular Probes, Grand Island, NY) at RT. For actin
staining, samples were incubated for 60 min with Alexa-Fluor 488 (1:1000, A12379,
Molecular Probes, Grand Island, NY). Nuclei were stained with 4', 6-diamidino-2phenylindole (DAPI, ProLong ® Gold antifade reagent with DAPI (P36935, Molecular
Probes®, Grand Island, NY). Images were taken using a fluorescence microscope with
100× objective (Zeiss Axioplan-2 fluorescent microscope, Jena, Germany). Average YAP
staining intensity and localization were quantified using ImageJ (with nuclear staining
intensity normalized to cytoplasmic staining) as in (Driscoll et al., 2015).

5.2.9 Visualization and Pharmacological Blockade of Calcium Signaling in MSCs
To determine changes in intracellular Ca2+ with application of dynamic loading or
addition of exogenous ATP, MSCs on scaffolds were loaded with the fluorescent calcium
indicator Cal-520TM AM (15 µM, AAT Bioquest, Sunnyvale, CA) for 1 h at 37 °C.
Constructs were placed in a custom micro-tensile device (Han et al., 2014) and preloaded
to 30 mN. After preload, images were obtained using a confocal microscope (LSM 5
LIVE; Carl Zeiss, Jena, Germany) every 4 s for 10 min (0.25 Hz scanning frequency).
The same process was repeated after ATP addition or application of dynamic loading. A
custom MATLAB (The Mathworks Inc., Natick, MA, USA) program was used to
analyze [Ca2+]i oscillations (amplitude, time between peaks, and number of peaks in ten
minutes) as in (Han et al., 2014).
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To investigate the role of calcium signaling in load-induced chromatin
condensation, constructs were incubated for 30 min prior to the application of loading
with various small molecular modulators including BAPTA (50 µM, A4926, Sigma)
(Azorin et al., 2011), Ruthenium Red (RR, R2751, 10 µM, Sigma) (Reiter et al., 2006),
GSK205 (G205, 10 µM, 616522, EMD Millipore) (O'Conor et al., 2014), Thapsigargin
(TG, 5 µM, T9033, Sigma) (Pingguan-Murphy et al., 2006), GdCl3 (GC, 100 µM, 439770,
Sigma) (Azorin et al., 2011), Verapamil (VP, 10 µM, V4629, Sigma) (Azorin et al.,
2011), PPADS (100 µM, ab120009, Abcam) (Azorin et al., 2011), EGTA (1 mM, E3889,
Sigma) (Reiter et al., 2006), CALP2 (CALP, 20 µM, 2319, TOCRIS) (Houtman et al.,
2001) or GsMTx-4 (3 µM, ab141871, Abcam) (Bae et al., 2011). BAPTA-AM (50 µM,
A1076, Sigma)(Gooch et al., 2001) was added to constructs overnight. KN-62 (KN62, 10
µM, 1277, TOCRIS) (Cui et al., 1996) and cyclosporin A (CYSP, 5 µM, tlrl-cyca,
InvivoGen) (Gooch et al., 2001) were added for 1 hour before loading. To determine
whether the pharmacologic inhibitors altered chromatin condensation or nuclear response
to stretch, baseline CCP was monitored with each treatment and the change in nuclear
aspect ratio (NAR) was assessed at 9% and 15% static stretch as in (Driscoll et al., 2015).

5.2.10 Assessment of Mechanical Memory After Loading
To determine the factors involved in mechanical memory, another set of
constructs was dynamically loaded for 3 hours/day (3%, 1Hz), returned to free swelling
culture for 48 hours, and then subjected to a further round of loading for 3 hours (3%,
1Hz) following free swelling culture for 48 hours. CCP, nuclear deformation with static
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stretch, and expression of AGG, SMC1A, and CTCF were quantified at each time point.
For each condition, the nuclear deformation index (NDI) was calculated by normalizing
nuclear deformation at each strain level to the mean deformation observed for the control
group at that same strain level, as in (Driscoll et al., 2015).

To explore the impact of repeated mechanical loading, MSC-seeded constructs
were dynamically loaded (3%, 1Hz, 6hour/day) for 1 day (DL×1), 3 days (DL×3) or 7
days (DL×7), after which they were returned to free swelling culture for an additional 5
days. Changes in AGG gene expression were determined at set time points. To determine
the roles of EZH2 and HDAC during this process, GSK343 or TSA were added to the
mechanically pre-conditioned MSCs after the cessation of loading. To determine whether
previous loading events influenced changes in CCP with an additional loading event,
another set of constructs was dynamically loaded (3%, 1Hz, 6hour/day) for 1 day (DL×1)
or 7 days (DL×7), returned to free swelling culture for 5 days, and then subjected to
another round of loading (6 hours). At set time points after cessation of loading, CCP was
measured along with changes in gene expression by real time RT-PCR.
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5.2.11 Statistical Analyses
Statistical analysis was performed using ANOVA with Fisher’s LSD post hoc
testing (SYSTAT v.10.2, Point Richmond, CA). Results are expressed as mean ± the
standard error of the mean (SEM) or standard deviation (SD), as indicated in the figure
legends. Differences were considered statistically significant at p<0.05. Sample and
replicate numbers are provided in the figure legends.
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5.3 Results

5.3.1 Rapid Alteration of MSC Chromatin Condensation in Response to Dynamic Stretch
Naïve mesenchymal stem cells (MSCs) were seeded onto aligned nanofibrous
scaffolds and subjected to dynamic tensile loading (DL). In the absence of exogenous
differentiation factors, 3% strain applied at 1Hz resulted in marked chromatin
condensation, as was evidenced by the appearance of prominent edges in DAPI stained
nuclei. This increase in condensation was evident after 150 seconds, reaching peak values
after 600 seconds of DL (Figure 5-1 a, b). Quantification of this edge densification
through the computation of a ‘chromatin condensation parameter’ (CCP)(Irianto et al.,
2013), showed a nearly 100% increase in nuclear edge density at this time point. Longer
term DL (for 1 and 3 hours) also showed increases in CCP of 50-75% compared to
unloaded controls. This pattern of CCP reaching higher values early (at 600 sec)
compared to later (at 3 hours) was consistent over multiple experiments. While the
mechanism for this is not clear, it was evident that when cell contractility was eliminated
through Rho-associated protein kinase (ROCK) inhibition (with Y27632), chromatin
condensation did not change with loading, across all time points (Figure 5-1 a, b).
Likewise, expression of aggrecan (AGG) and TGF-β increased with 3 hours of loading,
and this change was blocked by the addition of Y27362 (Figure 5-2 a, b). Consistent
with previous findings (Iyer et al., 2012), this data supports the notion that a patent actomyosin contractility apparatus is required for chromatin remodeling and regulation of
load induced changes in gene expression.

151

Figure 5-1: Dynamic loading (DL) is transmitted through the contractile
cytoskeleton to induce rapid chromatin condensation in MSCs via EZH2 activity. (a)
DL (3%, 1Hz) for 150 seconds, 600 seconds, 1 hour, and 3 hours in the absence of
exogenous growth factors increases apparent chromatin condensation in DAPI
stained nuclei (top row), and increases the number of visible edges within nuclei
after image processing (bottom row) (Ctrl). Little change in chromatin structure
was observed with DL when MSCs were pre-treated with a Rho-kinase inhibitor
before DL (DL Y27, bar = 3 µm). (b) Quantification of the chromatin condensation
parameter (CCP) in response to DL and with inhibition of acto-myosin contractility
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with Y27 treatment (red line: CCP of unloaded MSCs in control media (CM) at 0
sec, n = ~ 40 cells per condition per time point, from 2 replicate studies, *: p<0.05 vs.
CM control, +: p<0.05 vs. Y27, α: p<0.05 vs. 150s). (c) CCP with loading in the
context of blockade of Enhancer of Zeste Homolog 2 (EZH2) activity by GSK343
treatment (GSK, green line: CCP of DL MSCs at 600s, blue line: CCP of DL MSCs
at 3h, n = ~ 40 cells per condition per time point, from 2 replicate studies, *: p<0.05
vs. CM at 0 sec, +: p<0.05 vs. DL 3h in CM, mean ± SEM).

To determine whether the condensation observed was simply a physicochemical
phenomenon (e.g., increased DNA packing density mediated by changes in osmolarity of
intracellular compartments with loading (Irianto et al., 2013) or an actual biologic
pathway regulating chromatin organization, we next probed the role of enzymes
associated with histone modification on this process. Specifically, we inhibited the
histone-lysine N-methyltransferase Enhancer of Zeste Homolog 2 (EZH2), an enzyme
that catalyzes the addition of methyl groups to histone H3 (Hemming et al., 2014), using
the small molecule inhibitor GSK343 (Verma et al., 2012).

Addition of GSK343

eliminated load-induced changes in CCP across all time points, with little change in
chromatin condensation observed after either 600 seconds or 3 hours of DL in the
presence of inhibitor (Figure 5-1 c), along with similar inhibition of load-induced
changes of AGG and TGF-β gene expression (Figure 5-2 a, b). Interestingly, when
histone deacetylases (HDACs) were inhibited via the addition of Trichostatin A (TSA),
DL induced chromatin condensation was only blocked with short (600 seconds), but not
longer term (3 hour) loading (Figure 5-3). These data suggest that DL induced chromatin
condensation requires activation of methyl-transferases to mediate chromatin remodeling
in the short and long term, while deacetylases were only required in the short term.
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Figure 5-2: DL (3%, 1hz, 3h) increases aggrecan (a, AGG) and TGF-β (b) gene
expression in the absence of growth factors, but showed no change with either GSK
or Y27 pre-treatment (fold change relative to 0% strain control and normalized to
GAPDH, n=3, *: p<0.05 vs. 0% control, +: p<0.05 vs. DL, mean ± SD).

Figure 5-3: Inhibition of histone deacetylases by pre-treatment with trichostatin A
(TSA) abrogated load induced chromatin condensation with 600s DL, but not with 3
hr DL (red line: CCP of control MSCs, green line: CCP of DL MSCs at 600s, blue
line: CCP of DL MSCs at 3h, n = 20 cells per condition per time point, *: p<0.05 vs.
CM control, mean ± SEM).
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5.3.2 Persistence of Load-Induced Chromatin Condensation and its Impact on Nuclear
Mechanics

Having observed a rapid condensation of chromatin in response to loading, we
interrogated how long these changes persist after loading ceased, and whether the degree
of permanency depended on the duration or magnitude of loading. To answer these
questions, samples were cultured for 18 hours following loading bouts of 150 s, 600 s, 1
hr, or 3 hrs. Results showed that the increased chromatin condensation persisted for
different amounts of time, depending on the duration of the original stimulation. After
short term DL (150s and 600s), CCP progressively decreased, reaching baseline levels
within 3 hours of loading cessation. Conversely, when DL was applied for 1 hour,
relaxation of the chromatin condensation was more gradual, not reaching control levels
until between 3 and 18 hours (Figure 5-4 a). With 3 hours of DL, on the other hand,
chromatin condensation remained elevated, and even slightly increased, over the 18-hour
observation window (Figure 5-4 a).

In addition to the duration of DL, the rate of chromatin relaxation also depended
on the amplitude of applied dynamic strain. That is, CCP reached higher levels and
remained elevated for a longer duration when samples were dynamically loaded to 9%
strain compared to 3% strain (Figure 5-5). Interestingly, acto-myosin contractility
influenced the rate of chromatin relaxation after short term loading (600s), but not long
term loading (3h) (Figure 5-4 b). These data indicate that architectural changes in the
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nucleus are not simply the result of an increase in overall cell contractility in response to
load, but rather depend on physical changes within the nucleus, and that there may be
distinct mechanisms controlling early versus longer term chromatin condensation in
response to loading.

Figure 5-4: Persistence of chromatin condensation depends on the duration of
stimulation and alters nuclear mechanics. (a) Chromatin condensation (CCP)
gradually decreased to baseline levels within 3 hours of the cessation of 150s or 600s
of DL. The rate of CCP relaxation was slower after 1h of DL, and did not decrease
over an 18 hour observation window following 3 hr of DL (red line: unloaded CM
control, n = 20, *: p<0.05 vs. CM control, +: p<0.05 vs. 0h, mean ± SEM). (b)
Persistency in condensation after 600s (but not 3 hr) of DL depended on acto-myosin
contractility (red line: unloaded CM control, n = 20, *: p<0.05 vs. CM control, +:
p<0.05 vs. without Y27 treatment, ⅹ: p<0.05 vs. 0.5h mean ± SEM). (c)
representative DAPI stained nuclei on scaffolds post 600s DL with/without 15%
static stretch (bar = 10 μm), (d) Nuclear aspect ratio (NAR) with 9% and 15%
applied stretch (n = ~ 40 cells, *: p<0.05 vs. 0%, +: p<0.05 vs. 9%, α: p<0.05 vs. 0
hour for same strain level, mean ± SEM).
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To determine if the observed changes in chromatin condensation influenced
nuclear deformability, we applied graded levels of static stretch to the whole cell and
visualized nuclear deformation at various points after cessation of dynamic loading.
Nuclei in cells pre-conditioned with 600 seconds of DL showed attenuated deformation
compared to control MSCs immediately after the cessation of loading (Figure 5-4 c, d).
When the same test was performed 3 hours after the cessation of loading, nuclear
deformability had returned to baseline levels. This suggests that DL rapidly alters
chromatin structure, resulting in an increase in nuclear stiffness, which dissipates with
increasing time after loading as the condensed chromatin relaxes towards its baseline
configuration. This relationship between nuclear stiffness and chromatin condensation
was confirmed by an alternative method to temporarily condense the chromatin, namely
the transient application of hyperosmotic shock (Irianto et al., 2013). This treatment
rapidly increased chromatin condensation, produced nuclei that were resistant to
deformation, and increased the peri-nuclear stiffness (Figure 5-6). Collectively, these
data suggest that alterations in chromatin condensation mediated by both dynamic
loading (and other methods that regulate chromatin condensation) result in a nucleus that
is stiffer and more resistant to subsequent deformation, potentially sensitizing the cell to
further mechano-response.
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Figure 5-5: Persistence of chromatin condensation with short term DL (600s, 1Hz)
depends on the magnitude of applied strain (red line: unstrained CM control, DL:
600s, 1Hz, n = ~20, *: p<0.05 vs. CM control, +: p<0.05 vs. 3%, α: p<0.05 vs. 0s,
mean ± SEM).
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Figure 5-6: Chromatin condensation correlates with an increase in nuclear
mechanics and a decrease in in situ nuclear deformation. (A) Treatment with
MgCl2+CaCl2 for 30 minutes increases chromatin condensation (top) and the
number of visible edges in DAPI stained nuclei (bottom, bar = 3 μm). (B) Increased
CCP with addition of MgCl2+CaCl2 (n = ~ 20 cells, *: p<0.05 vs. 0 mM, +: p<0.05 vs.
10 mM, mean ± SEM). (C) Nuclear aspect ratio (NAR) as a function of treatment
and with applied scaffold stretch (n = ~ 45, *: p<0.05 vs. 0%, +: p<0.05 vs. 9%, ×:
p<0.05 vs. 0 mM, mean ± SEM). (D) Peri-nuclear stiffness measured by atomic force
microscopy (AFM) increases with an increase in chromatin condensation in
response to MgCl2+CaCl2 treatment (n = 10, *: p<0.05 vs. 0 mM, mean ± SD).
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5.3.3 Mechanically Induced Purinergic Signaling Initiates Chromatin Condensation

Having established that dynamic loading alters the chromatin state, we next
sought to determine the mechanism by which this occurs, and in particular if soluble
factors released upon loading initiate signaling. To do so, MSCs on scaffolds were
exposed to DL for 600 seconds, after which the medium was collected. A portion of this
DL-conditioned media was added to fresh scaffolds, and chromatin condensation (CCP)
was assessed (Figure 5-7 a). Results showed that addition of DL-conditioned media to
fresh MSC-seeded scaffolds increased their chromatin condensation (CCP) to levels
matching that of dynamically loaded cells (Figure 5-7 b). To determine the size of the
effector molecule, load-conditioned media was size fractionated. Results showed that
when the <3kDa DL-conditioned fraction was added to fresh MSC-seeded scaffolds, a
~30% increase in CCP was observed, while addition of DL-conditioned medium
containing the >3kDa fraction had no effect on CCP (Figure 5-8). This suggested that the
effector molecules in DL-conditioned media were small, and so we first focused our
attention on ATP (~507 Da) as a potential mediator of chromatin condensation as this
molecule is a central player in early signaling in response to mechanical perturbation, and
purinergic signaling plays important roles in stem cell differentiation

25,27

. To validate

that the effector was ATP, DL-conditioned medium was treated with Apyrase (AP), an
exogenous ATP diphosphohydrolase. When added to fresh scaffolds for 30 min, AP
treated DL-conditioned medium did not elicit a change in CCP (Figure 5-7 b).
Conversely, the addition of exogenous ATP to fresh scaffolds induced a dose dependent
response, with chromatin condensation increasing with ATP concentration up to 0.5 mM
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(Figure 5-9 a). Similarly, treatment with the P2 receptor agonist UTP increased
chromatin condensation, while BzATP, an agonist of the P2X receptors, did not alter
chromatin condensation (Figure 5-9 b). This suggests that ATP signaling through the G
protein-coupled receptor P2Y2 is responsible for DL-induced chromatin condensation in
MSCs.

Figure 5-7: ATP release and purinergic signaling are mediators of loading-induced
chromatin condensation in the short but not the long term. (a) Schematic
illustration of conditioned media studies including treatment with apyrase (AP). (b)
Normalized CCP values (relative to unloaded CM MSCs) after treatment for 30
minutes with DL-conditioned media (n = ~20, *: p<0.05 vs. CM control (red line),
mean ± SEM). (c) ATP concentration in the media increases after DL for 600s, but
not after DL for 3h (normalized to CM, n = 3, *: p<0.05, mean ± SD). (d-f)
Pharmacologic inhibition of ATP signaling abrogated the short term (600s) loading
induced changes in CCP, but not did not alter the response to long term (3h) loading
(green line: CCP value with 600s DL, blue line: CCP value with 3h DL, red line:
CCP in control MSCs in CM, n = ~20, *: p<0.05 vs CM control, AP: apyrase, FFA:
flufenamic acid, Oligo: oligomycin, mean ± SEM).
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Given that changes in chromatin condensation were dependent on dynamic
loading duration, and that ATP release was required for this process, we next probed
whether soluble factors released within specific time frames were sufficient to drive
chromatin condensation. Interestingly, when we added the conditioned media collected
from constructs after 3 hours of mechanical loading, no change in CCP was observed and
addition of AP had no effect on the resultant CCP in recipient cells (Figure 5-7 b). By
directly measuring ATP in the DL-conditioned medium, we found a 12-fold increase in
ATP concentration after 600 seconds of loading, but little change in ATP in media
collected after 3 hours of DL (Figure 5-7 c. Given that ATP can be broken down quickly,
we measured ATP in the media as a function of time, in the absence and presence of cells.
These assays showed that 60% of ATP released with 600 seconds of DL was hydrolyzed
after 3 hours in the absence of cells, and that this rate of hydrolysis/consumption
increased when cultured with unloaded MSCs (Figure 5-10). Interestingly, when we
continuously hydrolyzed released extracellular ATP via AP treatment during loading, we
found no change in CCP over the short term (600 seconds), but still saw a modest
increase at 3 hours (Figure 5-7 d). Similar results (early blockade but later increases in
CCP) were observed when we treated with either flufenamic acid (FFA: a hemichannel
blocker, Figure 5-7 e) or oligomycin (Oligo: an inhibitor of ATP synthesis, Figure 5-7 f).
These data suggest that the short term response to DL is primarily mediated by purinergic
signaling, but that other pathways are activated over the longer term. Both, however,
depend ultimately on the action of EZH2 and cell contractility, as inhibition of these
factors blocked both the short and long term changes in CCP with DL.
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Figure 5-8: Normalized CCP (relative to unloaded MSCs) after treatment for 30
minutes with complete or size fractionated DL-conditioned media (red line:
unloaded CM control, n = ~20, *: p<0.05 vs. CM control, mean ± SEM).
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Figure 5-9: (a) CCP increases with the addition of exogenous ATP (n = ~20, *:
p<0.05 vs. 0 mM, mean ± SEM). (b) UTP addition increased CCP, whereas BzATP
added at the same concentration had no effect on CCP (n = ~20, *: p<0.05 vs. CM
control, mean ± SEM).

We also found that the transcriptional regulator YAP (Yes-associated protein),
which relays mechanical signals via its translocation to the nucleus (Driscoll et al., 2015),
was present in the cytoplasm of MSCs on scaffolds in unloaded conditions, while
treatment with either 1mM of ATP or application of DL for 30 minutes resulted in YAP
mobilization to the nucleus (Figure 5-11 a-d). Blockade of purinergic signaling by
addition of Apyrase or FFA during short term DL inhibited the nuclear localization of
YAP (Figure 5-11 e). This suggests that load-induced purinergic signaling may play a
role in this process as well, perhaps through alterations in cell contractility (Dupont et al.,
2011).
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Figure 5-10: Degradation of ATP in DL-conditioned media. ATP released from
MSCs after 600s of DL gradually degraded, and did so at a faster rate when cells
were present (37°C, n = ~ 3, *: p<0.05 vs. without cells, +: p<0.05 vs. 30m, α: p<0.05
vs. 1h, β: p<0.05 vs. 2h, normalized to ATP levels after 600s DL, mean ± SD).
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Figure 5-11: (a-c) Representative images of YAP staining with treatment; (a): CM
control, (b): 1mM ATP for 30 min, (c): 3% DL at 1Hz for 30 min (red: YAP, green:
actin, blue: nucleus). (d) Nuclear to cytoplasmic YAP ratio with the addition of ATP
or application of DL for 30 min normalized to CM control (n = ~15, *: p<0.05 vs.
CM control, mean ± SD). (e) Ratio of nuclear to cytoplasmic YAP with the
application of DL for 30 min under control conditions or with apyrase (AP, 5U) or
flufenamic acid (FFA: a hemichannel blocker) added to the media during loading.
Data normalized to unloaded CM control (red line) (n = ~15, *: p<0.05 vs. CM
control, mean ± SD).
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5.3.4 Calcium Signaling is Required for Load Induced Chromatin Condensation

Given that dynamic loading caused ATP release, in turn activating purinergic
signaling, which is usually mediated through calcium entry, we next probed the role of
downstream calcium signaling in DL-induced chromatin condensation. For this, MSCs on
scaffolds were stained with Cal-520TM, and calcium signaling was monitored before and
after loading. At rest, unloaded MSCs showed regular [Ca2+]i oscillations over a 10 min
observation period (Figure 5-12 a). The addition of exogenous ATP increased the
frequency and number of these Ca2+ oscillations (Figure 5-12 b). Dynamic loading for
600 seconds had a similar effect, decreasing the time between peaks and increasing the
number of peaks in the 10 min observation window after loading (Figure 5-12 c).
Based on these results we next used pharmacologic inhibitors to manipulate
calcium signaling. Extracellular Ca2+ ions played crucial roles in DL-induced chromatin
condensation; the addition of the calcium chelators BAPTA or EGTA to the culture
media completely blocked chromatin condensation at both short (600 second) and long (3
hours) loading durations (Figure 5-12 d and Figure 5-13 a). Likewise, when antagonists
to downstream calcium binding proteins [KN-62 (KN): a Calmodulin kinase II inhibitor,
CALP2: an antagonist of Calmodulin, Cyclosporine A (CYSP): a Calcineurin inhibitor]
were added, DL for both the short and long durations failed to alter CCP (Figure 5-12 e
and Figure 5-13 b, c).
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Figure 5-12: Loading induced chromatin condensation is regulated by calcium
2+
signaling. (a) Representative [Ca ]i oscillations (red arrows) in MSCs as a function
of time (bar = 100 µm). Addition of ATP (b) or application of 30s DL (c) decreased
the time between peeks and increased number of peaks observed in 10 min (n = ~15,
*: p<0.05 vs. CM control (0% strain/0mM ATP, mean ± SD). (d, e) Pretreatment
with BAPTA or KN62 blocked load-induced chromatin condensation, whereas
pretreatment with thapsigargin (TG, f) had no effect and Verapamil (VP, g) blocked
only the short term increase in CCP (at 600s of DL) (red line: CM control, green
line: 600s DL, blue line: 3h DL, n = ~ 20 per condition, *: p<0.05 vs. CM control,
mean ± SEM). (h) Schematic illustration outlining the operative signaling pathways
controlling chromatin condensation with short term (600s) or long term (3h) loading
( : indicates a component is not on the critical path for load induced chromatin
condensation under each loading modality. ATP: Adenosine triphosphate, HMCLs:
hemichannels, P2YR: P2Y purinergic receptors, P2XR: P2X purinergic receptors,
ER: endoplasmic reticulum, Ca: calcium. CBPs: calcium binding proteins, VGCC:
voltage-gated calcium channels, TRPV4: Transient receptor potential cation channel
subfamily V member 4, PIEZO: Piezo-type mechanosensitive ion channels, HDAC:
Histone deacetylase, MTF: Histone methyltransferase, LICC: load induced
chromatin condensation).
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Conversely, addition of BAPTA-AM (BATAM) to sequester calcium released
from intracellular stores only blocked chromatin condensation in response to short term
loading, while thapsigargin (TG) had no effect at either time point (Figure 5-12 f and
Figure 5-13 d). This suggests that intracellular Ca2+ pools have a lesser role in DLinduced chromatin condensation (Azorin et al., 2011). Verapamil (VP, a voltage-gated
calcium channel blocker) also blocked DL-induced chromatin condensation only in
response to short term (but not long term) loading (Figure 5-12 g). TRPV4 was not
involved in load induced chromatin condensation at either time point, as verified by pretreatment with Ruthenium Red (Figure 5-13 e) and the addition of the TRPV4 antagonist,
GSK205 (G205, Figure 5-13 f). However, loading induced chromatin condensation was
completely abolished by blocking the PIEZO family of ion channels through the addition
of GsMTx4 (GMT, Figure 5-13 g). When MSCs were pretreated with GdCl3 (GC) to
block stretch-activated channels or PPADS (a P2 receptor antagonist), chromatin
condensation in response to DL was blocked in both the short and long term (Figure 5-13
h-i). Control experiments were carried out to ensure that addition of these pharmacologic
inhibitors did not alter baseline CCP levels (Figure 5-14 a) or nuclear deformability
(Figure 5-14 b).
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Figure 5-13: Alterations in CCP with short and long term dynamic loading and pretreatment with various inhibitors; (a): EGTA (a calcium chelator), (b): CALP2
(CALP, an antagonist of Calmodulin), (c): Cyclosporine A (CYSP, a Calcineurin
inhibitor), (d): BAPTA-AM (BATAM, a calcium chelator), (e): Ruthenium red (RR,
a TRPV4 inhibitor), (f): GSK205 (G205, a TRPV4 antagonist), (g): GsMTx4 (GMT,
a PIEZO ion channel inhibitor), (h): GdCl3 (GC, a stretch-activated channel
inhibitor), (i): PPADS (a P2 receptor antagonist). (DL: dynamic loading, red line:
CM control, green line: DL 600s, blue line: DL 3h, n = ~20 per condition, *: p<0.05
vs. CM control, mean ± SEM).
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In summary, ATP/purinergic signaling was essential for the short term DLinduced chromatin condensation response, while calcium signaling was critical for both
short and long term responses (Figure 5-12 h). Voltage-gated calcium channels (VGCC)
and HDACs were only involved in DL-induced chromatin condensation in the short term,
while PIEZO channels and histone methyltransferases (MTFs) were important for both
the short and long term response (Figure 5-12 h). TRPV4 channels and intracellular Ca2+
stores were generally not involved in loading induced chromatin condensation (Figure 512 h).
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Figure 5-14: Control studies showing no marked changes in (a) the baseline CCP
(n= ~20) with the addition of pharmacological inhibitors for 600s or 3 hrs in
unloaded conditions. (b) Nuclear deformation in MSCs subjected to static stretch
with the addition of pharmacological inhibitors (n = ~50, CALP: CALP2, TG:
thapsigargin, GC: GdCl3, GSK: GSK205, *: p<0.05 vs. 0%, +: p<0.05 vs. 9%
scaffold stretch, mean ± SEM).
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5.3.5. Loading Instills a ‘Mechanical Memory’ in MSC Nuclei

Given that both chromatin relaxation studies and pathway analysis identified
differential responses depending on the duration of loading, we next queried whether and
how previous loading events might be ‘imprinted’ on the nucleus after the cessation of
mechanical loading, and whether multiple loading events alter the permanency of these
changes in nuclear architecture. MSC-seeded scaffolds were loaded for 3 hours (a),
maintained in unloaded culture for 48 hours (b), loaded again for 3 hours (c), and then
maintained in unloaded culture for a further 48 hours (d) (Figure 5-15 a). Results from
this study showed that chromatin condensation relaxed to an equilibrium state after 48
hours of unloaded (free swelling) culture following the first loading event, but that after a
second loading event, higher levels of condensation were achieved and these were
sustained over the subsequent 48 hours (Figure 5-15 b-c). Similarly, the 2nd loading
event caused a much greater increase in AGG gene expression than the 1st loading event,
and this higher level of expression increased in the 48 hours following the 2nd loading,
while it decreased back to baseline in the 48 hours after the 1st loading (Figure 5-15 d).
Expression of TGF-β exhibited a similar pattern (Figure 5-16 a). In addition, SMC1A, a
subunit of the cohesion complex that is involved in chromatin mobility, was up-regulated
with both loading events and increased more during rest periods (Figure 5-16 b).
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Figure 5-15: Loading history establishes a mechanical memory encoded in
chromatin condensation. (a) Schematic showing experimental setup (DL: dynamic
loading, FS: free swelling, a: immediately after 1st 3h loading, b: 48 hours after the
1st loading, c: immediately after 2nd 3h loading, d: 48 hours after the 2nd loading). (b)
Representative DAPI stained nuclei (top row) and corresponding detection of visible
edges (bottom row) for time points indicated in A, bar = 3 μm. (c) CCP normalized
to CM control MSCs (red line: CM control, n= ~120 from 4 replicates, *: p<0.05 vs.
CM control, +: p<0.05 vs. a, ‡: p<0.05 vs. b, mean ± SEM). (d) AGG gene expression
normalized to CM control (n=9, from 3 replicates, *: p<0.05 vs. CM control, +:
p<0.05 vs. a, ‡: p<0.05 vs. b, α: p<0.05 vs. c, mean ± SEM). (e) Nuclear deformation
index (NDI) with multiple loading cycles, n = ~ 50, *: p<0.05 vs. CM control, +:
p<0.05 vs. a, ‡: p<0.05 vs. b, mean ± SEM). (f) Alterations in CCP as a function of
initial DL events and time after loading (n = ~20, *: p<0.05 vs. CM control (red line),
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+: p<0.05 vs. day 0, α: p<0.05 vs. DL ×1, β: p<0.05 vs. DL ×3, mean ± SEM). (g)
Alterations in CCP with an additional loading event applied 5 days after cessation of
initial DL events (n = ~20, *: p<0.05 vs. CM control (red line), +: p<0.05 vs. DL ×1,
‡: p<0.05 vs. FS 0 d, α: p<0.05 vs. FS 5 d, mean ± SEM). (h) Alterations in CCP with
inhibition of histone deacetylases and methyltransferases after seven days of loading
(TSA: trichostatin A and GSK: GSK343 respectively, n = ~20, *: p<0.05 vs. CM
control (red line), +: p<0.05 vs. day 1, mean ± SEM).

Likewise, CTCF, a transcriptional regulator that binds to chromatin insulators,
was also up-regulated by both loading events and remained highly expressed during the
2nd rest period (Figure 5-16 c). Consistent with previous findings relating chromatin
condensation to nuclear deformability, a single bout of loading decreased nuclear
deformability (negative nuclear deformation index indicates less deformation than
control), which returned to baseline levels after 48 hours. Conversely, two bouts of
loading resulted in a decrease in nuclear deformability that remained lower than control
nuclei through an additional 48 hours (Figure 5-15 e). Collectively, these data support
the notion that repeated loading events instill a mechanical memory in the chromatin
architecture, nuclear mechanics, and the expression profile of dynamically loaded MSCs.
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Figure 5-16: TGF-β (a), SMC1A (b) and CTCF (c) gene expression normalized to
CM control (red line: CM control, n = 9, from 3 replicates, *: p<0.05 vs. CM control,
+: p<0.05 vs. a, ‡: p<0.05 vs. b, α: p<0.05 vs. c, mean ± SEM).

As a final study, we asked how long might these changes be imprinted and
whether the number of loading cycles mattered. To answer this question, MSC-seeded
scaffolds were loaded one time (x1), 3 times (x3), or 7 times (x7) in daily 3 hour DL
events, and chromatin condensation was monitored over the following five days. These
studies showed that the initial number of loading cycles influenced both the magnitude of
chromatin condensation achieved and its permanency after cessation of loading (Figure
5-15 f). In particular, the CCP did not return to baseline levels following 7 loading events,
even after 5 days of unloaded culture. Aggrecan (AGG) expression followed this same
general trend (Figure 5-17).
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Figure 5-17: Change in aggrecan expression (AGG) as a function of the number of
DL events and time after cessation of loading (n = ~ 3, *: p<0.05 vs. CM control (red
line), +: p<0.05 vs. day 0, ‡: p<0.05 vs. day 3, mean ± SD).

To determine whether a past condensation influences a future condensation,
another set of constructs were dynamically loaded for either 1 day (DL×1) or 7 days
(DL×7), cultured unloaded for an additional 5 days to allow for relaxation (if it was to
occur), and then subjected to another round of loading. CCP values decreased to baseline
levels 5 days after 1 loading bout (x1), and increased to the same level with another
loading bout. With 7 prior bouts of loading (x7) however, there was no difference in the
CCP immediately following loading and after 5 days of unloaded culture, and a small
increase was observed from this higher baseline with one additional loading event
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(Figure 5-15 g). Of final note, this persistence of the chromatin condensation state could
be completely abrogated via the inhibition of HDAC (TSA) or EZH2 (GSK343) during
the unloaded culture following the cessation of loading (Figure 5-15 h) This suggests
that the ‘mechanical memory‘ instilled in MSCs subsequent to mechanical perturbation
requires ongoing activation of histone modifiers to maintain the altered chromatin state.
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5.4 Discussion

In this work we demonstrated that, in the absence of exogenous differentiation
factors, mechanical perturbation of MSCs results in rapid chromatin condensation
coincident with upregulation of expression of markers of the fibrochondrogenic
phenotype. This load-induced change in expression and chromatin architecture required a
patent acto-myosin contractility apparatus, in agreement with recent studies (Jain et al.,
2013; Poh et al., 2012). Furthermore, load induced chromatin reorganization was
abrogated with blockade of the histone methyltransferase EZH2, which promotes
chromatin condensation and gene silencing (Hemming et al., 2014). This suggests that
EZH2 serves as a common downstream integrator of loading-induced chromatin
condensation in this stem cell population.

Chromatin condensation in MSCs persisted with time after loading in a manner
that depended on the length of the original mechanical stimulation, altering the
mechanical properties of the nucleus itself. This is consistent with previous reports of
fluid shear stress induction of chromatin condensation and hardening of endothelial cell
nuclei(Deguchi et al., 2005), as well as reorganization of the nuclear lamina and
stiffening of isolated nuclei that were stretched in vitro (Guilluy et al., 2014). While the
latter suggests that nuclear changes are independent of the cell itself, recent work has
implicated acto-myosin contractility in chromatin compaction(Jain et al., 2013). Cell
contractility can change markedly in mechanically stimulated cells(Gavara et al., 2008).
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Here, we show that actomyosin based contractility is required for the persistence of
chromatin condensation after short term loading, but that condensation in response to
longer term loading is insensitive to changes in contractility. This suggests that
differential mechanisms may exist; one that first causes nuclear reorganization (via
contractility) and another that emerges to preserve this altered state, depending on the
duration of load. Indeed, our finding of mechanosensitive changes in cohesin gene
expression support the notion of the development of a ‘permanent’ mechanism for
genome stabilization with longer term loading.

Adenosine triphosphate (ATP) is a crucial mediator of many cellular functions,
including

cellular

contractility,

chromatin

remodeling,

cell

signaling

and

differentiation(Genetos et al., 2005),(Vignali et al., 2000). Numerous studies have shown
that mechanical force applied to cells induces the rapid release of ATP and calcium influx
into cells (Gardinier et al., 2014),(Genetos et al., 2005). In this study, we demonstrate that
mechanical loading induces rapid ATP release from MSCs, initiating pathways that
contribute to chromatin condensation, particularly in the early phase of the response. ATP
release decreased with longer durations of loading, however, likely due to exhaustion of
ATP stores and/or the ongoing external hydrolysis and utilization by cells. Both loading
and addition of exogenous ATP induced the nuclear localization of YAP, consistent with
our recent findings showing that dynamic tensile loading activates this pathway in MSCs
(Driscoll et al., 2015) and other work reporting similar findings in myoblasts (Bertrand et
al., 2014). Further, we found that blocking purinergic signaling via treatment with
extracellular ATP hydrolases or hemi-channel blockers abolished this DL-induced YAP
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nuclear mobilization. Since the YAP pathway can be regulated by G-protein coupled
receptor signaling(Yu et al., 2012) and ATP is one of the crucial activators of P2Y
receptors (a family of purinergic G protein-coupled receptors) (Gardinier et al., 2014),
purinergic signaling may also be necessary for loading induced YAP nuclear
mobilization, and this may contribute to chromatin remodeling.

Probing these pathways further, we showed using pharmacological blockade that
purinergic signaling was involved in the early signaling response (up to 600 seconds), but
not in the response to more sustained (3 hours) dynamic loading. It is possible that this is
due to differences in ATP release, which are dependent on the duration of loading.
Conversely, when calcium in the extracellular media and calcium-responsive signaling
elements (such as calmodulin and calcineurin) in the cell were blocked, the response to
DL at all time points was completely eliminated. Likewise, when the PIEZO family of
mechano-activated calcium channels was blocked, both short term and long term DLinduced chromatin remodeling was eliminated(Coste et al., 2012),(Lee et al., 2014). This
suggests that both the early and long term response to mechanical perturbation depends
on calcium entry, but that only the early response is mediated through ATP-related
purinergic signaling.

The finding of differences in early and late mechano-response led to the
exploration of additional loading scenarios. Interestingly, we found that increasing the
number of loading cycles increased the magnitude of chromatin condensation and
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upregulated expression of genes associated with chromatin movement and stabilization.
In addition, when mechanical perturbation was applied multiple times, the magnitude of
chromatin condensation and ECM gene expression increased. This suggests that there
exists a reserve capacity for remodeling of nuclear chromatin, where repeated loading
events may refine and expand locations of condensation within the genome. This
advanced state of chromatin condensation also imparted a degree of permanency to the
load conditioned state, where increasing the number of loading cycles sustained the
condensed state for a longer period of time after cessation of loading. This implies that a
mechanical memory is established in the chromatin architecture with dynamic loading.
Moreover, this permanence in chromatin condensation depended on the continued
activity of both histone methyltransferases and acetylases after loading had stopped,
suggesting that ‘memory’ may be encoded in the altered activities of these histone
modifiers. Taken together, this work provides new mechanistic insights into the pathways
through which external mechanical perturbation is transmitted to the stem cell nucleus to
mediate chromatin remodeling and instill within these cells a memory of previous loading
events.
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CHAPTER 6: MEHCANICALLY INDUCED CHROMATIN
CONDENSATION REQUIRES CELLUAR CONTRACTILITY
IN MESENCHYMAL STEM CELLS

6.1 Introduction

Mesenchymal stem cells (MSCs) isolated from bone marrow are capable of
differentiating along multiple

lineages,

including

adipocytes,

osteocytes,

and

chondrocytes when they are exposed to soluble differentiation factors (Bianco et al., 2013;
Nava et al., 2012; Pittenger et al., 1999) . In addition to these soluble cues, recent studies
suggest that exogenous mechanical perturbations can also play an important role in
determining lineage specification (Baker et al., 2011; Li et al., 2011). While the
mechanism by which soluble growth factors direct differentiation and lineage
specification is well understood, little is known regarding how exogenous mechanical
forces guide MSC lineage specification and regulate genome architecture to induce and
maintain the differentiated phenotype.

Nuclear chromatin consists of DNA and histone proteins, and plays important
roles in regulating gene expression and DNA replication (Bannister et al., 2011;
Schneider et al., 2007). Epigenetic regulation, including histone modification
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(methylation and acetylation), involves modifying the chromatin structure (Bannister et
al., 2011; Binder et al., 2013; Fukuda et al., 2006). In particular, histone methylation
leads to the formation of heterochromatin (a more condensed form) from the less
condensed euchromatin, and consequent inactivation of genes (gene silencing) within the
condensed regions (Fullgrabe et al., 2010; Zullo et al., 2012). Not surprisingly, as stem
cells adopt a specific lineage, the chromatin within their nuclei undergoes condensation,
which leads to overall gene suppression and reduction in stem cell pluripotency (GasparMaia et al., 2011; Schneider et al., 2007). During this process, lineage-specific genes that
need to be transcribed at a high level are located within small euchromatic regions
(Gaspar-Maia et al., 2011; Schneider et al., 2007) .

Beyond differentiation, recent studies have also shown that biophysical cues (e.g.,
physicochemical effects and mechanical stimuli) influence chromatin remodeling. For
example, an increase in osmolarity in the intracellular compartment enhances DNA
packing density in chondrocytes (Irianto et al., 2013). In addition, mechanical
perturbation can regulate the chromatin condensation state (Deguchi et al., 2005; Martins
et al., 2012). The nucleus is coupled to the cytoskeleton through the LINC complex,
providing a direct connection between nuclear shape and deformation and the contractile
machinery of the cell (Driscoll et al., 2015). Not surprisingly, mechanical cues that
engage this network can alter chromatin state. For example, the application of fluidinduced shear stress condenses chromatin, reduces nuclear height, and increases nuclear
stiffness. Likewise, chromatin remodeling was also observed in embryonic lung
mesenchymal stem cells subjected to tensile forces (Deguchi et al., 2005) .
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More generally, cellular contractility plays an important role in regulating a host
of cellular functions, including migration, proliferation and differentiation (Mih et al.,
2012; Provenzano et al., 2011). Indeed, the acto-myosin based cellular contractility is
essential for cell mechanotransduction of physical signals (Hirata et al., 2015; Yim et al.,
2012). We recently showed that dynamic tensile loading rapidly induced chromatin
remodeling in MSCs resulting in increases in nuclear stiffness in MSCs, which mediated
by acto-myosin based cellular contractility (in Chapter 5). In addition, we reported that
acto-myosin generated cytoskeletal tension was required for cytoskeletal strain transfer to
the nucleus, and activation of mechano-active signaling pathways including the
YAP/TAZ pathway and ERK signaling (Deguchi et al., 2005). Similarly, Iyer et al.
recently showed significant changes in chromatin compaction in HeLa cells within 50
seconds of the application of force to the apical surface of cells (via the twisting of
magnetic beads), and showed that this chromatin remodeling required active cell
contractility and patent nucleo-cytoskeletal linkages (Iyer et al., 2012).

While these studies establish a cause and effect, the mechanism by which this
signal transduction occurs has not been fully elucidated.

We recently showed that

dynamic loading (DL)-induced chromatin condensation in MSCs involves ATP release
and subsequent calcium signaling (in Chapter 5). This ATP-dependent purinergic
signaling complex is closely associated with actin stress fiber formation and changes in
cellular contractility (Gardinier et al., 2014). In addition, exogenous mechanical
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perturbations can induce reorganization of the actin cytoskeleton, resulting in changes in
cellular contractility (Fischer et al., 2014; Gardinier et al., 2014). Indeed, mechanical
perturbations can activate RhoA-ROCK signaling, which is itself important in
determining lineage specification in progenitor cells (Li et al., 2011; Yim et al., 2012) .
However, the mechanism on how mechanically-induced purinergic signaling and cellular
contractility interact to regulate chromatin remodeling is poorly understood.

In addition to the aforementioned pathways, it is well established that
transforming growth factor beta (TGFβ) and bone morphogenetic protein (BMP),
members of the TGFβ superfamily, regulate cellular processes including proliferation and
differentiation (Burks et al., 2011; Chen et al., 2012; Itman et al., 2011; Leask et al.,
2004) . Binding of TGFβ superfamily ligands to cell surface receptors composed of
TGFβ type I receptors (RI) and type II receptors (RII), also called activin-like kinase (Alk)
receptors, initiates phosphorylation of SMAD proteins and transcriptional activation of
target genes (Wrighton et al., 2009). Recent studies have shown that mechanical forces
are also important regulators of SMAD/pSMAD signaling. For example, Saha et.al
showed that cyclic mechanical strain activated Smad2/3 signaling, regulating human
embryonic stem cell (hESC) differentiation (Saha et al., 2008). We have shown that
exogenous addition of TGF, at high doses, can also induce chromatin condensation (in
Chapter 4). However, it is unclear how this pathway specifically regulates chromatin
condensation in repose to mechanical perturbations.
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Despite mechanical perturbation being a major contributor in the regulation of
genome architecture and the determination of lineage specification in stem cells, the
molecular machinery through which these mechanically-induced pathways modulate
chromatin condensation has not yet been explored. In this study, we queried how
different loading conditions (i.e. frequency/duration of applied load) regulate chromatin
condensation and identified the effects of cellular contractility on this process. Further as
major signaling pathways in this process, we ascertained whether these changes were in
part mediated through the TGFβ/BMP signaling pathway, and delineated the manner by
which these pathways interact with mechanically induced purinergic signaling.

6.2 Materials and Methods

6.2.1 Preparation of Aligned Nanofibrous Scaffolds and MSC Culture on Scaffolds
To fabricate aligned poly(ε-caprolactone) (PCL) scaffolds, a PCL solution (14.3%
wt/vol in 1:1 tetrahydrofuran and N,N-dimethylformamide) was loaded into a syringe (20
ml) and extruded at a rate of 2.5 ml/hour through a stainless steel needle (18G, charged to
+1 kV/cm) (Heo et al., 2011). To direct fiber alignment, PCL fibers were collected onto a
cylindrical mandrel rotating with a surface velocity of 10m/sec. PCL scaffolds were
hydrated and sterilized in ethanol (100, 70, 50, 30%; 30 minutes/step), and incubated in a
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fibronectin solution (20 μg/ml) overnight to enhance cell attachment (Heo et al., 2011;
Nathan et al., 2011) .

Mesenchymal stem cells (MSCs, 2×105 cells) were isolated from juvenile bovine
tibiofemoral joints (3-6 months old, Research 87, Inc., Boylston, MA) as in (Mauck et al.,
2006) and seeded onto each side of the scaffold (60 × 5 × ~0.5 mm3). Scaffolds were
cultured in a chemically defined serum free medium (CM) (high glucose DMEM with 1×
penicillin/streptomycin/fungizone, 0.1 μM dexamethasone, 50 μg ml−1 ascorbate 2phosphate, 40 μg ml−1 l-proline, 100 μg ml−1 sodium pyruvate, 6.25 μg ml−1 insulin, 6.25
μg ml−1 transferrin, 6.25 ng ml−1 selenous acid, 1.25 mg ml−1 bovine serum albumin and
5.35 μg ml−1 linoleic acid) without any additional growth factors (Mauck et al., 2006).

6.2.2 Dynamic Mechanical Perturbation of MSC-seeded Scaffolds
To apply dynamic tensile loading (DL), MSC seeded scaffolds were placed into a
custom bioreactor (Baker et al., 2011). DL was applied in CM (without any additional
growth factors) at varying frequencies (0.2 ~ 2 Hz) for varying durations (up to 600 sec),
following 2 days of pre-culture in CM. To investigate the effect of acto-myosin
contractility on mechanical signaling to the nucleus, constructs were pre-treated with the
myosin light chain kinase inhibitor ML7 (25 μM, for 1 h, Tocris Biosciences) or the Rho
kinase inhibitor, Y27632 (Y27, 10 µM, for 1 h, EMD Millipore, Bedford, MA) to
decrease contractility. The ROCK agonist lysophosphatidic acid (50μM, LPA, 15 min,
Sigma) was used to transiently increase contractility.
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6.2.3 Calculation of the Chromatin Condensation Parameter (CCP)
To assess chromatin condensation, constructs were incubated in 4%
paraformaldehyde for 30 mins at 37°C to fix cells, and a permeabilization solution (0.1%
Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM magnesium chloride)
was added followed by three washes in PBS. MSC nuclei were stained with DAPI
(ProLong® Gold anti-fade reagent with DAPI, P36935, Molecular Probes®, Grand
Island, NY) and scanned across their mid-section using a confocal microscope (Zeiss,
LSM 510, Jena, Germany). To calculate the chromatin condensation parameter (CCP), a
gradient-based Sobel edge detection algorithm was employed using MATLAB to
measure the edge density for individual nuclei as in (Irianto et al., 2013).

6.2.4 Measurement of Extracellular ATP
To measure the concentration of ATP in conditioned media, a commercial
luciferin/luciferase based ATP Assay Kit was used (KA1661, Abnova, Taipei City,
Taiwan), according to manufacturer’s instructions. Briefly, 10 µl of conditioned media
was transferred into a white opaque 96 well plate. 96 µl of Assay Buffer with 1 µl
Substrate and 1 µl ATP Enzyme was then added to each well. Readings were taken using
a luminescence probe on Synergy™ 2 (BioTek® Instruments Inc., Winooski, VT).
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6.2.5 Measurement of Intracellular Ca2+
To determine changes in intracellular Ca2+, MSCs on scaffolds were stained with
the fluorescent calcium indicator Cal-520TM AM (15 µM, AAT Bioquest, Sunnyvale, CA)
for 1 h at 37 °C, and placed in a custom micro-tensile device (Han et al., 2014). The
sample was preloaded to 30 mN prior to taking images. Images were obtained using a
confocal microscope (LSM 5 LIVE; Carl Zeiss, Jena, Germany) every 4 s for 10 min
(0.25 Hz scanning frequency). A custom MATLAB (The Mathworks Inc., Natick, MA,
USA) program was used to analyze [Ca2+]i oscillations (% responding cells and the
number of peaks in ten minutes) as in (Han et al., 2014). To investigate the effect of
mechanical perturbation on changes in intracellular Ca2+, grip-to-grip strain of 0 and 3 %
was applied at 0.05 %/sec (n = 3 samples), and a time-series of images of [Ca2+]i signal in
individual cells was recorded for an additional 10 min after the cessation of loading.

6.2.6 Assessment of ATP Release and Intracellular Visualization
Given that DL caused rapid ATP release by MSCs, we next investigated the
timing over which this occurred. For this, MSC seeded scaffolds were subjected to 4
different DL conditions (0.2 Hz for 30 sec, 1 Hz for 30sec, 0.2 Hz for 600 sec, 1 Hz for
600 sec), and ATP concentration was measured after the cessation of loading. Other
constructs were subjected to DL for 30s at 0.2 Hz or 1 Hz followed by free swelling for
an additional 600 sec. In other sets, constructs were subjected to DL for 30s at 0.2 Hz or
1 Hz, and, after cessation of DL, the conditioned media was switched to fresh media.
These constructs were cultured in this new media through 600s. As additional controls,
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scaffolds were cultured under free swelling (FS) conditions in CM for 600s or were
switched to new CM at 30s followed by culture through 600 seconds. In another control
group, DL was applied at 1Hz for 600s, with the media changed to fresh CM at 30s.
These groups are outlined schematically in Figure 6-3 a. ATP concentration in each
conditioned media and CCP was measured in each of these conditions at 600 seconds, as
described above.

Next, to investigate how fast ATP was released in the context of loading, we
applied DL (3%, 1Hz) for 5s to 30 s and collected the DL conditioned medium. These
scaffolds were then cultured in fresh CM for an additional 600s and ATP was measured
in this media as well. To visualize the intracellular localization of ATP, cells on scaffolds
were stained with quinacrine dihydrochloride (QD, 5 µM, Q3251, Sigma). QD staining
has previously been reported to identify ATP filled vesicles in a number of different cell
types (Takai et al., 2012) . For this experiment, MSC-seeded scaffolds were labeled with
QD in CM for 1h. After 30 s of DL (1 Hz, 3%) or free swelling culture, constructs were
fixed in 4% paraformaldehyde for 30 mins at 37°C, and visualized using a confocal
microscope (Zeiss, LSM 510, Jena, Germany). The mean intensity of QD staining in
cytoplasm was measured using Image J.

To investigate how fast ATP that had been released as a consequence of DL (1Hz,
3%, 30s) could be restored, a second bout of DL with same conditions (1Hz, 3%, 30s)
was applied at several time points after the first loading bout, and ATP concentration in
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the DL conditioned media was measured. Return of ATP-filled vesicles was also
visualized via QD staining. In addition, to inhibit F1F0 in mitochondria (blocking H+
transport coupled to ATP synthesis) (Antoniel et al., 2014; Fillingame, 1997;
Scarborough, 1986) , another set of constructs was treated with oligomycin (Oligo, 10
µg/ml, 75351, Sigma) or dicyclohexylcarbodiimide (DCC, 100 μM, D80002, Sigma)
after the cessation of DL (1Hz, 3%, 30s), and QC labeling of ATP filled vesicles was
again monitored.

6.2.7 Pharmacologic Blockade of TGF-β Signaling
To determine the role of TGF-β signaling in load induced chromatin condensation
and ATP release, MSC-seeded constructs were pre-treated with SB431542 (SB, 10 µM,
Sigma) to inhibit Smad 2/3 (TGFβ signaling) or LDN193189 (LDN, 100 nM, Reagents
Direct) to inhibit Smad 1/5/8 (BMP signaling). Constructs were pre-treated with these
blockers for 2 hours prior to application of DL (1 Hz, 3%, 600 sec).

Afterwards,

constructs were fixed and CCP quantified as described above. In addition, the DLconditioned media was collected to measured ATP concentration. Additionally, ATP
was was added to fresh MSCs for 30 mins that had been pre-treated with these inhibitors,
followed by quantification of CCP. To determine changes in intracellular Ca2+ after pretreatment with SB or LDN, MSCs on scaffolds were loaded with the fluorescent calcium
indicator Cal-520TM AM (15 µM, AAT Bioquest, Sunnyvale, CA) for 1 h at 37 °C,
placed in a custom micro-tensile device (Han et al., 2014)., and subjected to grip-to-grip
strains of 0 or 3% applied at a rate of 0.05%/sec (n = 3 samples). Time-series images of
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[Ca

2+

]i response in individual cells was recorded for an additional 15 min after loading,

as described above.

6.2.8 Traction Force Microscopy (TFM)
Polyacrylamide (PA) hydrogels (Young’s Modulus, E = 10 kPa) were prepared on
glass slides as in Aratyn-Schaus (Aratyn-Schaus et al., 2010). Fluorescent microspheres
(diameter: 0.2 μm, 1% v/v, F8810, Invitrogen) were mixed into the PA by vortexing for 5
sec. To enable cell attachment, PA gel surfaces were coated with fibronectin (20 μg/mL,
F4759, Sigma) using sulfa-SAMPAH as in (Driscoll et al., 2015) . For traction force
experiments, MSCs were seeded onto PA gels (3000 cells/cm2), and allowed to attach for
24 hrs before carrying out TFM. Cells and embedded beads were imaged using a
Deltavision Deconvolution Microscope, with images captured at 40X magnification.
Conditions included both control cells as those treated with SB or LDN. Paired images
were captured before and after cell lysis with SDS buffer. All imaging was performed in
an environmental chamber (37°C, 5% CO2). Using a plugin suite for ImageJ created by Q.
Tseng (Tseng et al., 2012), which was adapted from (Dembo et al., 1999), TFM data
analysis (stack alignment, PIV, and FTTC) was carried out using an FTTC plug in in
Image J and a custom MATLAB script as in (Tseng et al., 2012) .
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6.2.9 Statistical Analyses
Statistical analysis was performed using ANOVA with Fisher’s LSD post hoc
testing (SYSTAT v.10.2, Point Richmond, CA). Results are expressed as mean ± the
standard error of the mean (SEM) or standard deviation (SD), as indicated in the figure
legends. Differences were considered statistically significant at p<0.05. Sample and
replicate numbers are provided in the figure legends.
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6.3 Results

6.3.1 Dynamic Tensile Loading Rapidly Induces Chromatin Condensation in MSCs
Naïve mesenchymal stem cells (MSCs) seeded onto aligned nanofibrous scaffolds
were subjected to dynamic tensile loading (DL) with various frequencies and loading
durations in the absence of exogenous soluble differentiation factors. 3% DL (applied at
0.2 Hz) resulted in chromatin condensation. A similar increase in condensation was also
observed when LPA (an activator of the small GTPase Rho) was added to MSC cultures
under free swelling conditions (Figure 6-1 a). Conversely, when cellular contractility
was reduced via treatment with Y27632 (Y27), a specific inhibitor of Rho-associated
protein kinase (ROCK) or with ML7, a specific inhibitor of myosin light chain kinase,
this load induced chromatin condensation was abolished in DAPI stained MSC nuclei
(Figure 6-1 a).

Quantification of chromatin condensation [via the computation of a ‘chromatin
condensation parameter (CCP)] showed increases in CCP of 70~80% with application of
3% DL for 600 sec, relative to unloaded controls (No DL) (Figure 6-1 b). This increase
in CCP was independent of frequency of applied DL. LPA treatment (for 15 min)
increased the baseline level of CCP (Figure 6-2), but these cells were responsive to
additional DL, increasing their CCP. Conversely, when cell contractility was reduced via
pre-treatment with Y27 or ML7, chromatin condensation did not change with any loading
condition. This suggests that the acto-myosin contractility apparatus is required for load
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induced chromatin condensation (Figure 6-1 b). Under free swelling conditions, these
contractility inhibitors did not change baseline CCP levels in MSCs (Figure 6-2).

Figure 6-1: Chromatin remodeling occurs rapidly in response to dynamic tensile
loading (DL), and depends on the contractile cytoskeleton. (a) In the absence of
exogenous growth factors and with/without pre-treatment of LPA (an activator of
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G-protein coupled receptors), DL (3%, 0.2 Hz) for 600s increases chromatin
condensation (Ctrl or LPA in the 1st column) and increases the visible edges in
nuclei (Ctrl or LPA in the 2nd column). When MSCs were pre-treated with a MLCK
inhibitor (ML7) or a Rho-kinase inhibitor (Y27) prior to the application of DL, no
significant changes in chromatin condensation were observed in response to DL (bar
= 3 µm). (b) Heat maps show quantification of the chromatin condensation
parameter (CCP) in response to DL (Ctrl/DL), with addition of LPA (Ctrl/DL) or
with inhibition of acto-myosin contractility via ML7 (ML7/DL) or Y27 (Y27/DL)
pretreatment (n = ~ 55 cells per condition per time point, from 3 replicate studies, *:
p<0.05 vs. Ctrl without DL, +: p<0.05 vs. 0.2 Hz, ‡: p<0.05 vs. 0.5 Hz). (c) Line plots
showing the correlation between the number cycles of DL and the measured CCP
values with/without agonists and antagonists of contractility (p values indicate
comparisons between the slope of the response in experimental groups to the slope
of Ctrl/DL group via F-test, bonferroni adjusted p value) .

Based on these findings, we re-plotted the data to determine whether there was a
correlation between DL and CCP values as a function of the number of loading cycles
applied. We found a strongly positive correlation between the log of the number of cycle
and the CCP. This was true at every frequency of applied DL suggesting that there was
no effect of loading rate in this situation (Figure 6-1 c). Cells that were pre-treated with
LPA showed a higher baseline CCP and had a significantly lower correlation between the
log of the number of cycles and the CCP (p=0.017, LPA/DL in Figure 6-1 c). Pretreatment with ML7 (ML7/DL in Figure 6-1 c) or Y27 (Y27/DL in Figure 6-1 c)
completely abolished this correlation.
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Figure 6-2: Base line CCP values with pretreatment with LPA, ML7, or Y27
[normalized to CCP in Ctrl conditions (red line), n = ~ 55 cells per condition per
time point, from 3 replicate studies, *: p<0.05 vs. Ctrl without DL].

6.3.2 Extracellular ATP Modulates Load Induced Chromatin condensation in MSCs
Having demonstrated that DL rapidly induced chromatin condensation in MSCs,
we next investigated the role of extracellular ATP in the load-induced chromatin
condensation and probed the molecular mechanism of this process. To do so, we
compared ATP release and chromatin condensation in MSCs in response to DL.
Consistent with previous findings in Chapter 5, and compared to unloaded MSCs (a in
Figure 6-3 a, b), application of 3% of DL for 30 sec [0.2 Hz (c) or 1 Hz (d)] or 600 sec
[0.2 Hz (e) or 1 Hz (f)] triggered ATP release from MSCs (Figure 6-3 a, b). However,
increases in CCP values were only observed with DL applied for 10 mins [0.2 Hz (e) or 1
Hz (f)], but not after cessation of DL for 30 secs [0.2 Hz (c) or 1 Hz (d)] (Figure 6-3 a, c).
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Increased ATP concentration in media as a result of the application of DL (applied at 0.2
Hz or 1 Hz for 30s) did not change with additional free swelling culture for up to 600 sec
(p>0.05, g: 0.2 Hz, h: 1Hz in Figure 6-3 a, b).
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Figure 6-3: Dynamic loading triggers ATP release, which mediates chromatin
condensation in MSCs. (a) Schematic showing experimental setup (b) ATP
concentrations in conditioned media (normalized to ATP concentration in control
media, red line) and (c) CCP values with various conditions [a: CM media for 600s
without DL (control), b: CM media for 30 sec followed by switching to new fresh
media for 600 sec without DL, c: DL condition (0.2 Hz, 3%, 30 sec), d: DL condition
(1 Hz, 3%, 30 sec), e: DL condition (0.2 Hz, 3%, 600 sec), f: DL condition (1 Hz, 3%,
600 sec), g: DL condition (0.2 Hz, 3%, 30 sec) followed by free swelling for
additional 600 sec, h: DL condition (1 Hz, 3%, 30 sec) followed by free swelling for
additional 600 sec, i: DL condition (0.2 Hz, 3%, 30 sec) followed by free swelling for
additional 600 sec in fresh media, j: DL condition (1 Hz, 3%, 30 sec) followed by free
swelling for additional 600 sec in fresh media, k: DL condition (1 Hz, 3%, 600 sec)
with fresh media applied at 30 sec, n = 3 from 3 biological replicates for (b), n = ~55
from 3 biological replicates for (c), *: p<0.05 vs. a]. (d) Assessments of ATP release in
the 1st media collected after cessation of short term DL (1Hz, 3%) with various
durations (5 sec, 10 sec, 20 sec, or 30 sec) or in the 2nd media that was switched and
cultured for an additional 600s after cessation of each DL (*: p<0.05 vs. ctrl
condition in red line, +: p<0.05 vs. 1st media with DL for 5 sec, #: p<0.05 vs. 1st
media with DL for 10 sec, α: p<0.05 vs., 1st media with DL for 20 sec, β: p<0.05 vs. 1st
media with DL for 30 sec.

Interestingly, with additional free swelling culture for 600 sec, CCP values did
increase after the cessation of DL applied at 0.2 Hz (g) or 1 Hz (h) for 30 sec (Figure 6-3
a, c). Furthermore, when we switched to fresh media immediately after the cessation of
DL for 30 sec [applied at 0.2 Hz (i) or 1 Hz (j)] and measured ATP concentration in the
fresh media and CCP values at 10 mins, ATP concentration in the fresh media was low
(Figure 6-3 a, b). However, the CCP values showed high values in both groups (i and j in
Figure 6-3 a, c). The same results were observed in groups where the media was
switched to fresh media at 30 sec during continuous DL for 600 sec (1 Hz, k in Figure 63 a, c).
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These data suggest that DL, independent of the DL frequency, released ATP
within 30 sec, and that this early release of ATP was responsible for the marked increases
in chromatin condensation. In a control group, changing media alone to fresh media did
not affect ATP concentration or CCP (b in Figure 6-3 a-c). These data suggest that DL
triggers ATP release rapidly, within the first 30 sec, and that this is sufficient for
chromatin condensation to occur after 600 sec.

Given that ATP release by DL was observed within 30 sec of loading, we next
investigated how fast ATP releases in response to DL. To do so, DL (1 Hz) was applied
to MSCs for different durations (5 sec, 10 sec, 20 sec, or 30 sec) and the ATP
concentration in conditioned media was measured after the cessation of each bout of DL.
In addition, to determine whether ATP release continued after this initial release, , media
(1st media) was switched to fresh media (2nd media) after the cessation of each loading,
and ATP concentration was measured in this fresh media after an additional free swelling
period of 600 sec. DL rapidly triggered ATP release from MSCs, with the highest values
observed after 10 sec (Figure 6-3 d). ATP concentration in the new media (2nd media)
remained low in all loading conditions (Figure 6-3 d) during the course of free swelling
for 600 sec. In addition, we observed a ~50% decrease in the intensity of the quinacrinestained ATP vesicles in MSCs after DL for 30 sec (1 Hz, Figure 6-4). These data suggest
that DL induces ATP release very rapidly, within 30 sec, and that little ATP is release
after this point, even when DL is continued.
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Figure 6-4: Images show quinacrine dihydrochloride staining for ATP-filled vesicles
in MSCs before/after the application of DL (1 Hz, 3%, 30 sec, left) and
quantification (right, n = ~25, *: p = 0.05).

6.3.3 ATP Synthase Activity is Required for the Restoration of ATP Filled Vesicles
Having established that DL rapidly stimulates ATP release, we next sought to
determine how the rate at which ATP is restored in MSCs after being initially released by
the application of DL. This period would represent a ‘refractory’ period in these cells,
during which additional ATP release would not be possible. To do so, we applied a
second bout of DL (1 Hz, 30 sec) 1, 2, 3, 4, or 5 hours after the cessation of the 1st bout of
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DL (1 Hz, 30 sec).

ATP release into the media was measured in each of these cases.

Results from this study showed that ATP was once again released when a DL was
applied 1 hour or 2 hour after the cessation of the 1st DL (p>0.05, Figure 6-5 a).

Figure 6-5: ATP content and release capacity is gradually restored after DL via
ATP synthase activity in mitochondria. (a) ATP release with an additional DL after
the 1st DL event (normalized to the ATP concentration in Ctrl conditions, DL: 1 Hz,
3%, 30 sec, blue line: ATP release by the 1st DL, red line: ATP concentration in Ctrl
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conditions, n = 3 from 3 biological replications, +: p<0.05 vs. Ctrl conditions, *:
p<0.05 vs. 1h). (b) Quantification of quinacrine dihydrochloride staining intensity
for ATP-filled vesicles in MSCs after 1st DL (DL), 1 hour after 1st DL (DL/FS 1h), 4
hours after 1st DL (DL/FS 4h), 4 hours after 1st DL followed by an additional DL
(DL/FS 4h/DL) (DL: 1 Hz, 3%, 30 sec, FS: free swelling, n = 3 from 3 biological
replications, *: p<0.05 vs. Ctrl conditions in red line). (c) ATP release by an
additional DL 4h after the 1st DL with/without treatment with ATP synthases
inhibitors (Oligo: oligomycin, DCC: dicyclohexylcarbodiimide, n = 3 from 3
biological replicates, *: p<0.05 vs. Ctrl conditions in red line, +: p<0.05 vs. 1 st DL 30
sec in blue line, α: p<0.05 vs. Ctrl conditions).

The highest release measured occurred when the additional DL even was applied
3 hours after the cessation of the 1st DL. However, for all groups, the levels of release of
ATP did not match the level measured in the media immediately after the 1 st DL (Figure
6-5 a). Consistent with these findings, the intensity of the quinacrine-stained ATP
vesicles in MSCs decreased markedly after the 1st DL, but fully recovered to baseline
levels with 4 hour free swelling (FS) culture after the cessation of the 1 st DL (DL/FS 4h,
Figure 6-5 b). Application of additional bout of DL after this 4 hour free swelling
(DL/FS 4h/DL) culture decreased the intensity of this staining (Figure 6-5 b).
Restoration of these intracellular ATP stores could be blocked by inhibition of F1Fo,
which blocks mitochondrial H+ transport coupled to ATP synthesis. When oligomycin
(Olig) or dicyclohexylcarbodiimide (DCC) was added to the media after 1st DL,
additional loading failed to induce an ATP release, indicating that ATP synthase in
mitochondria is required for recovery of ATP stores within the cell after the application
of the first DL (Figure 6-5 c).
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6.3.4 Cellular Contractility is Essentially for Load Induced ATP Release in MSCs
Given that many studies (Provenzano et al., 2011) have established that
mechanical perturbation activates RhoA/ROCK signaling (which induces cellular
contractility), leading to ATP release from many types of cells, we next determined how
dampening of this pathway via treatment with pharmacological inhibitors might influence
load induced ATP release and [Ca2+]i oscillations. Consistent with the previous findings,
DL (3%, 30 sec, 0.2 Hz ~ 2 Hz) triggered ATP release from MSCs (Figure 6-6 a, Figure
6-7). Likewise, when MSC contractility was increased via treatment with LPA, ATP
release was activated within 5 sec, with levels plateauing after 30 sec (Figure 6-6 a). In
addition, treatment with LPA showed a marked increase in the fraction of MSCs showing
[Ca2+]i oscillations (Figure 6-6 b) and the number of [Ca2+]i peaks during a 10 min
observation period (Figure 6-6 c). Conversely, when MSCs were pre-treated with ML7
or Y27 to reduce baseline cellular contractility, ATP release did not change with DL
compared to control conditions (Figure 6-6 d). Furthermore, decreasing contractility by
inhibition of either myosin light chain kinase (with ML7) or ROCK (with Y27: Y27632)
prevented any changes in [Ca2+]i oscillations in response to mechanical perturbation (3%
grip-to-grip static stretch). 3% static stretch increased the fraction of cells showing [Ca2+]i
oscillations (Figure 6-6 e) and the number of peaks in 10 min observation window in
control groups (Figure 6-6 f). However, decreasing contractility via the inhibition of
contractility blocked this load induced change in [Ca2+]i oscillations (Figure 6-6 e, f).
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Figure 6-6: Mechanically induced ATP release is mediated by cellular contractility.
(a) ATP release after LPA treatment or with application of DL (normalized to ATP
concentrations in Ctrl conditions, DL: 1 Hz, 3%, 30 sec, blue line: DL conditions,
red line: Ctrl conditions, n = 3 from 3 biological replicates, *: p<0.05 vs. Ctrl
conditions). (b-c) [Ca2+]i oscillations with LPA treatment (B: % responding cells, C:
the number of peaks in 10 min observation window, green line: response to 3%
static stretch in control conditions, *: p<0.05 vs. Ctrl conditions). (d) ATP release
with the application of DL (Ctrl/DL) with/without ML7 (ML7/DL) or Y27 (Y27/DL)
treatment (normalized to ATP in Ctrl conditions, DL: 1 Hz, 3%, 30 sec, red line:
Ctrl conditions, n = 3 from 3 biological replicates, *: p<0.05 vs. Ctrl conditions). (e-f)
[Ca2+]i oscillations with 3% static stretch (normalized to Ctrl conditions, E: %
responding cells, F: the number of peaks in 10 min observation window, red line:
Ctrl conditions, n = ~ 30 cells, *: p<0.05 vs. Ctrl conditions in red).
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Figure 6-7: ATP release in response to DL applied at various frequencies (0.2 Hz ~ 2
Hz, normalized to ATP concentration in Ctrl conditions in red, n = 3 from 3
biological replicates, *: p<0.05 vs Ctrl conditions)

Contractility was also required for increases in chromatin condensation with the
addition of exogenous ATP. Consistent of our previous findings in Chapter 5, addition of
exogenous ATP led to increases in chromatin condensation (CCP, Figure 6-8 a), the
fraction of the population showing [Ca2+]i oscillations (Figure 6-8 b), and the number of
peaks during the observation period (Figure 6-8 c). However, when contractility was
decreased by inhibition of MLCK or Rho pathways, no condensation and changes in
[Ca2+]i oscillations were observed (Figure 6-8 a-c). Taken together, these data suggest
that mechanical loading triggers ATP release, and is mediated by cellular contractility,
and that this is a major mediator of chromatin condensation in MSCs.
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Figure 6-8: (a) CCP values with the addition of exogenous ATP (300 μM for 30 mins)
with/without pre-treatment with ML7 or Y27 (n = ~ 20, *: p<0.05 vs. Ctrl condition
in red line). (b-c) [Ca2+]i oscillations in MSCs with the addition of exogenous ATP
(300 μM for 30 mins) with/without pre-treatment with ML7 or Y27 (b: %
responding cells, c: number of peaks in 10 min observation window, red line: Ctrl
conditions, n = ~ 30 cells, *: p<0.05 vs. Ctrl conditions in red).
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6.3.5 The Role of TGF-β Superfamily Signaling in Load Induced Chromatin
Condensation
It is well known that TGF-β superfamily members, including TGF-β and BMP,
are involved in many cellular functions, including cell migration, proliferation, and
differentiation (Burks et al., 2011; Chen et al., 2012; Itman et al., 2011; Leask et al.,
2004). Exogenous mechanical cues can also regulate signaling in this pathway (Saha et
al., 2008). To explore the potential role of TGF-β superfamily signaling in load induced
chromatin condensation, blockers of this pathway were applied for 2 hours prior to the
application of DL (1Hz, 3%, 600 sec).

Pharmacological inhibitors for the TGF-β

superfamily included SB431542 (SB) to inhibit the TGF-β pathway or LDN193189
(LDN) to inhibit BMP pathway (Figure 6-9 a). After the cessation of DL, CCP was
determined.

Also, the DL conditioned media was collected to measure ATP

concentration or was added to naïve (unloaded) MSC-seeded constructs followed by
determination of CCP (Figure 6-9 a). When DL was applied with blockade of either
TGF-β or BMP signaling (SB/DL or LDN/DL), DL induced chromatin condensation was
abolished (Figure 6-9 b). Further, the addition of DL conditioned media increased CCP
values in unloaded MSC-seeded constructs (Figure 6-9 c), while the addition of media
collected from SB or LDN pre-treated groups did not change chromatin condensation in
naïve MSCs (Figure 6-9 c). Consistent with our previous findings, DL (3%, 1Hz, 600s)
triggered ATP release into the media (Figure 6-9 d). However, pretreatment with SB or
LDN blocked this ATP release (Figure 6-9 c). To probe additional downstream
responses, we also monitored [Ca2+]i oscillation in MSCs (Figure 6-9 e-f): changes in %
of responding cells and the number of peaks in response to 3% static stretch were all
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altered by inhibition of TGF or BMP signaling (Figure 6-9 e-f). Collectively, these
finding suggest that blockade of TGF-β superfamily signaling attenuates the release of
ATP and blocks the activation of calcium signaling upon DL, short-circuiting the load
induced chromatin condensation events that would otherwise occur.

Figure 6-9: TGFβ/BMP signaling regulates load-induced chromatin condensation.
(a) Schematic illustration of conditioned media studies including pre-treatment with
inhibitors of TGFβ/BMP signaling pathways (SB: SB431542, LDN: LDN193189).
(b) Normalized CCP values in load-induced MSCs (relative to unloaded MSCs in
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Ctrl condition) after the cessation of DL (1 Hz, 3%, 600 sec) with/without pretreatment with SB or LDN (n = ~20, *: p<0.05 vs. Ctrl conditions in red line, mean ±
SEM). (c) Normalized CCP in free swelling MSCs (relative to values in Ctrl
conditions) after treatment for 30 minutes with DL-conditioned media (n = ~20, *:
p<0.05 vs. Ctrl conditions in red line, mean ± SEM). (d) Increases in ATP
concentration in media after DL for 600 sec does not occur in SB/LDN pre-treated
conditions (normalized to Ctrl conditions in red line, n = 3 from 3 biological
replications, *: p<0.05 vs. Ctrl conditions, mean ± SD). (e-f) [Ca2+]i oscillations in
MSCs in response to 3% static stretch with/without pre-treatment with ML7 or Y27
(E: % responding cells, F: number of peaks in 10 min observation window, n = ~ 30
cells, *: p<0.05 vs. Ctrl conditions in red).

6.3.6 Blockade of TGF-β/BMP Signaling Reduces Cellular Contractility
Given that inhibition of TGF-β/BMP signaling blocked DL-induced ATP release
and chromatin condensation, we next sought to determine whether inhibition of these
pathways via pre-treatment with SB or LDN decreased cellular contractility to the point
where insufficient stress was generated in the cytoskeleton, and whether this was the
cause for the loss in mechanically induced ATP release with DL. To probe this, traction
force generated by MSCs was measured after pre-treatment with pharmacological
inhibitors for the TGF/BMP SMAD pathways. The morphology of MSCs was not
affected by treatments (Figure 6-10, top row). However, traction force maps for single
cells showed a marked decrease in traction forces with treatment with either SB or LDN
compared to control groups (Figure 6-10, bottom row). Quantitatively, inhibition SMAD
2/3 or SMAD 1/5/8 (with addition of SB or LDN, respectively) decreased total force
generated per cell by 60-90% (Figure 6-10 b) and the average traction stress per cell by
60-70% (Figure 6-10 c), compared to the levels in control group. These findings indicate
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that inhibition of TGF-β/BMP signaling decreases baseline cellular contractility in MSCs,
which may abrogate their response to DL.

Figure 6-10: Basal traction force generation by MSCs is regulated by TGFβ/BMP
signaling. (a) Bright filed images (top row) and corresponding traction force maps
(bottom row) for MSCs on 10 kPa polyacrylamide gels with/without addition of SB
or LDN. Quantification of total force per cell (b) and average of traction stress (Pa)
(n=~25 cells per group, * p<0.05 vs. Ctrl conditions).
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6.4 Discussion
In this study, we demonstrated that dynamic tensile loading leads to rapid
chromatin condensation in MSCs seeded onto aligned nanofibrous scaffolds, and that the
degree of condensation depends on both the frequency and the duration of loading, in the
absence of exogenous differentiation factors. Interestingly, our results show that the
number of loading cycles is more critical determinant of chromatin condensation than is
the frequency of loading.

We also showed that extracellular ATP released in response to mechanical
stimulation is a key regulator of this chromatin condensation. Interestingly, a burst
release of ATP was observed with very short term dynamic tensile loading (within 30
sec), and this release was sufificent ot induce chromatin condensation in MSCs that
occurred 10 min after the cessation of DL (for 30 sec). It seems that this early released
ATP (within 30 sec) was sufficient to trigger chromatin condensation in MSCs, and is a
key modulator of this process. In addition, this mechanically induced chromatin
condensation required an acto-myosin contractility in MSCs, in agreement with other
studies (Saha et al., 2008). It is likely that ATP release stimulates P2 receptors and
calcium ion channels, resulting in increases in Ca2+ influx (the second intracellular
messenger involved in a variety of signaling pathways) into cells (Omatsu-Kanbe et al.,
2002)

Further, binding of Ca2+ to calcium binding proteins such as calmodulin and

calcineurin activate transcriptional activation and modify chromatin (Bouvard et al., 1998;
Hama et al., 1995). Exogenous ATP actually activates G protein-coupled P2Ys receptors
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followed by the activation of RhoA GTPase, with increasing cellular contractility (Erb et
al., 2012)or vice versa (Blum et al., 2008). Other cell types have also been shown to
regulate RhoA GTPase activation through activation of ATP-related purinergic signaling,
or via the application of various forms of mechanical stimuli (Gardinier et al., 2014).
In this study, we show that DL increases ATP release, which might be mediated
by RhoA GTPase activation in MSCs. Previously we also reported that load induced
chromatin condensation was abrogated with removal of extracellular ATP or inhibition of
ATP release by MSCs (in Chapter 5). In addition, we show that rapid chromatin
condensation in MSCs occurs after the cessation of DL (30sec), and that this is abolished
with treatment with a ROCK inhibitor, Y27 or an inhibitor of myosin activation, ML7.
Taken together these data suggest that rapidly released ATP, in response to DL, requires
cell contractility for mechanically regulated chromatin remodeling. Furthermore, we
show that ATP is gradually restored in MSCs after the intial burst release with short term
DL, and that this is abolished by treatment with inhibitors (oligomycin or
dicyclohexylcarbodiimide) of ATP synthase located on the inner mitochondrial
membrane, suggesting that ATP synthesis on mitochondria is required for this process.

Transforming growth factor beta (TGF-β) superfamily members, including TGF-β
and BMP, are a large family of regulatory proteins controlling proliferation,
differentiation and other functions in many cell types (Burks et al., 2011; Chen et al.,
2012; Itman et al., 2011; Leask et al., 2004). These proteins interact with specific protein
kinase receptors, including type I and the type II serine/threonine receptor kinases, which
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are activated by specific ligands (Wrighton et al., 2009). This event generates
intracellular signaling through the phosphorylation of SMAD proteins (Wrighton et al.,
2009). Recent studies have shown that various types of mechanical stimuli also modulate
TGF-β/BMP signaling via the activation of pSMADs (Saha et al., 2008). For example,
Zang et al reported that dynamic compression activated pSMAD2/3 and induced MSC
chondrogenesis (Zhang et al., 2015) and Kearney et al showed that cyclic uniaxial tensile
strains enhanced BMP2 and osteocalcin expression through activation of pSMADs
(Kearney et al., 2010). Furthermore the TGF-β superfamily is closely correlated with
RhoA/Rho-associated protein kinase (ROCK) activity and regulation of cellular
contractility. For example, Wang et el. showed that BMP release induced by changing
cell shape and substrate mechanics activated pSMADs. This resulted in rapid and
sustained RhoA/Rho-associated protein kinase (ROCK) activation, increasing cellular
tension (Wang et al., 2012) and inducing osteogensis of human mesenchymal stem cells
(Wang et al., 2012). This differentiation could be blocked when cellular tension was
abrogated. This suggests that specific ligands induce phosphorylation of SMADs and is
regulated by cellular contractedly, mediated through ROCK and myosin signaling, and
that this can modulate MSC differentiation. In addition, in a previous study (Driscoll et
al., 2015), we showed that a patent actin cytoskeleton is necessary for activation of the
YAP/TAZ pathway with stretch, as well as expression of fibro-chondrogeic makers in
response to dynamic tensile loading. Taken together, it is clear that the mechanically
regulated SMAD signaling can activate RhoA/ROCK signaling, although the role that
SMAD signaling on its own plays in cellular contractility and how this impacts
mechanically activated purinergic signaling, remains undefined.
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Towards this open question, we show here that the TGF-β superfamily is a key
pathway in regulating loading induced chromatin condensation. Inhibition of pSMAD
2/3 (for TGF signaling using SB431542) or pSMAD 1/5/8 (for BMP signaling using
LDN193189) abrogated load induced chromatin condensation, suggesting that SMADdependent signal transduction is essential for load induced chromatin condensation. This
is not surprising given that mechanical forces may trigger the release and activation of
latent TGF-β in the surrounding ECM, which may in an autocrine fashion play a role in
chromatin condensation in MSCs. Blockade of TGF-β superfamily signaling also resulted
in the interruption of mechanically induced ATP release and [Ca2+]i influx, which
blocked load-induced chromatin condensation. It is possible that inhibition of these
intracellular SMADs affected basic cellular metabolism. Indeed application of the
pharmacologic inhibitors SB431542 (SB) to inhibit SMAD 2/3 (TGFβ signaling) or
LDN193189 (LDN) to inhibit SMAD 1/5/8 (BMP signaling) resulted in significant
decreases in cellular contractility. These data suggests that SMAD signaling may play
important roles in regulating baseline cellular contractility, and that this is their
mechanism of action in regulating load-induced ATP release and chromatin condensation.

In summary, our findings further explicate the molecular mechanisms of
mechanically induced chromatin condensation in MSCs. We directly implicate
ATP/purinergic signaling in the MSC response to DL, through the RhoA-ROCK pathway.
Additionally, our data indicate that chromatin condensation is regulated by TGFβ/BMP
signaling, and does so through the establishment of a baseline cellular contractility in
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these cells, which in turn regulates their mechanosensitivity and response to mechanical
perturbation.
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CHAPTER 7: HETEROGENEOUS TISSUE ENGINEERED
CONSTRUCTS (hetTECs) RECAPITULATE THE
MICROMECHANICAL AND MECHANOBIOLOGIC
COMPLEXITY OF NATIVE DENSE CONNECTIVE TISSUES

7.1 Introduction

Injury and degeneration of fibrocartilaginous tissues, such as the knee meniscus
and the intervertebral disc annulus fibrosus, have significant consequences in terms of
socioeconomic cost and quality of life (Andersson, 1999; Englund et al., 2012). Despite
the importance of these tissues in the activities of daily living, their structure-function
relationships across multiple length-scales is poorly understood in developing, healthy,
and diseased states. Absent this information, discovery and development of effective
treatment strategies to address pathology has been hindered. Moreover, while there exist
tissue-engineered platforms that can recapitulate various aspects of healthy native tissue
structure and function (Baker et al., 2012; Fisher et al., 2015; Nerurkar et al., 2009;
Puetzer et al., 2015), these do not generally address emergent tissue pathology or its
consequences on tissue structure, mechanical properties, and biology. To that end, we set
out to develop micro-engineered platforms to advance our understanding of tissue
development, homeostasis, degeneration and regeneration in a more controlled manner.
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Micro-engineered platforms that include pathological features would enable the
precise control of the biochemical, structural, and mechanical properties of the cellular
microenvironment. However, a limiting factor in designing such platforms is our
incomplete understanding of the multi-scale structure-function relationships of native
fibrocartilages. For example, mechanical strain transfer from the tissue to cellular level is
highly non-uniform in these tissues (Bruehlmann et al., 2004; Han et al., 2013; Lai et al.,
2010; Upton et al., 2008) , yet the mechanisms responsible for this inhomogeneity have
not been identified. Indeed, while numerous biomechanical investigations have addressed
tissue-level structure-function relationships using idealized schematic representations of
highly ordered collagen structure (Elliott et al., 2001; Nerurkar et al., 2009; O'Connell et
al., 2009), recent evidence suggests that the microstructure of many types of
fibrocartilage is inhomogeneous.

Recent experimental work from our group has characterized this inhomogeneity
in dense connective tissues as possessing both an aligned fibrous micro-domain (FmD)
that includes fiber interruptions and junctions with non-fibrous proteoglycan-rich microdomains (PGmDs) that are interspersed throughout the FmD (Fang et al., 2014; Han et al.,
2013; Upton et al., 2008).

Based on this initial characterization, we recently showed experimentally that
microstructural features present in native dense connective tissues regulate tissue-to-cell
mechanical signal transfer, and thereby alter the in situ mechanobiologic response (i.e.,
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early calcium signaling) (Fang et al., 2015; Fang et al., 2014; Han et al., 2014; Han et al.,
2013; Upton et al., 2008; Han et al., inpress). Furthermore, we showed that the
prevalence of these PGmDs in developing and aging fibrocartilaginous tissues increased
over time and with increasing BMI, and that these inclusions were responsible for
regulating how cells within distinct micro-domains of the tissue responded to physiologic
deformation (Han et al., inpress). We also demonstrated that the immediate intracellular
calcium response to external mechanical perturbation in PGmDs and FmDs was distinct
and context dependent (Han et al., inpress).

Given this emerging appreciation of the importance of multi-scale structure and
its contribution to mechanics and biology in native fibrocartilage, we considered it to be
imperative to further develop this area by designing and developing tunable microengineered platforms for studying context-dependent mechanotransduction of tissue
physiology and pathology. To do so, in this study, we developed a novel approach to
generate heterogeneous tissue engineered constructs (hetTECs) containing ‘engineered-in’
PGmDs within an otherwise FmD structure and demonstrated that these tissue analogues
could match the microstructural, micromechanical, and mechanobiological benchmarks
established by the native tissues. This novel technique provides a highly controlled
micro-engineered platform in which to study the mechanobiology of developing,
homeostatic, degenerating, and regenerating fibrocartilaginous tissues and to develop
new therapeutics to restore function.
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7.2 Materials and Methods

7.2.1 Preparation of Aligned Nanofibrous Scaffolds
Aligned nanofibrous materials, poly(ε-caprolactone) (PCL, mol. wt. 80 kDa,
Shenzhen Bright China Industrial Co., Ltd., China) materials were formed by
electrospinning (Heo et al., 2011). PCL was dissolved at 14.3% wt/vol in a 1:1 mixture of
tetrahydrofuran and N,N-dimethylformamide (Fisher Scientific, Pittsburgh, PA), loaded
into a syringe, and extruded at 2.5 ml/hour through an 18G stainless steel spinneret
charged to create a voltage gradient of +1 kV/cm over an air gap of 13 cm.
Electrospinning jets were collected onto a cylindrical mandrel rotating at a surface
velocity of 10m/sec to direct alignment of collected fibers. PCL scaffolds (10 × 65 × 0.3
mm3) were hydrated and sterilized in decreasing concentrations of ethanol (100, 70, 50,
30%; 30 mins/step). To enhance cell attachment, scaffolds were incubated in a solution of
human fibronectin (20 µg/ml in PBS, F4759, Sigma-Aldrich, St. Louis, MO) for 12 hours
prior to cell seeding.
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7.2.2 Isolation and Preparation of Mesenchymal stem cell (MSC) micro-pellets and
Meniscus fibrochondrocytes (MFCs)
Mesenchymal stem cells (MSCs) were isolated from juvenile bovine tibiofemoral
joints (3-6 months, Research 87, Inc., Boylston, MA)2 and expanded through passage two.
MSCs were labeled with Cell Tracker Red (CellTracker™ Red CMTPX, C34552,
Molecular Probes®, Grand Island, NY) to enable visualization with extended culture and
were formed into micro-pellets (5,000 cells/pellet) by centrifugation at 300×g for 5 min.
Micro-pellets were cultured for one week in a chemically defined serum-free
chondogenic medium (high glucose DMEM with 1× penicillin/streptomycin/fungizone,
0.1 μM dexamethasone, 50 μg ml−1 ascorbate 2-phosphate, 40 μg ml−1 l-proline, 100 μg
ml−1 sodium pyruvate, 6.25 μg ml−1 insulin, 6.25 μg ml−1 transferrin, 6.25 ng ml−1
selenous acid, 1.25 mg ml−1 bovine serum albumin and 5.35 μg ml−1 linoleic acid) with 10
ng/ml TGF-β3 to induce chondrogenesis (including production of proteoglycans) (Mauck
et al., 2006).

Meniscal fibrochondrocytes (MFCs) were isolated from juvenile bovine outer
menisci (3-6 months, Research 87, Inc., Boylston, MA) (Mauck et al., 2007). Menisci
were sectioned into 1mm3 cubes and MFCs were allowed to migrate out of the tissue over
1-2 weeks, after which they were expanded through passage 2 in a basal medium
consisting of high-glucose (hg) DMEM containing penicillin/streptomycin/fungizone
(PSF) and 10% fetal bovine serum (FBS). MSCs and MFCs were isolated from same
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donors. MFCs were labeled with Cell Tracker Green (CellTracker™ Green CMFDA,
C7025, Molecular Probes®, Grand Island, NY) prior to seeding onto scaffolds.

7.2.3 Fabrication of Heterogeneous Tissue Engineered Constructs (hetTECs)
To form engineered tissues inclusive of both fibrous micro-domains (FmDs) and
PG-rich micro-domains (PGmDs), 100 MSC micro-pellets were mixed with 1 million
MFCs and seeded onto a single scaffold surface. Constructs containing MSC micropellets alone (PGmD only) or MFCs alone (FmD only) were also created by seeding
either 100 MSC pellets or 1 million MFCs, respectively. Constructs were cultured in
chemically defined media with TGF-β3, with care taken to not disturb the construct over
the first three days. At this time point, to visualize micro-pellets and MFCs, a set of
hetTECs were fixed with 4% paraformaldehyde for 20 min at 37°C, and imaged using an
epi-fluorescent microscope (Nikon Eclipse TE2000-U, Melville, NY). For constructs
intended for long-term culture, fresh scaffolds were layered on top of the original seeded
scaffold, creating an internal space for organized tissue development.

This entire

construct was cultured in chemically defined media with TGF-β3 for up to 8 weeks.
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7.2.4 Histological Analysis of hetTECs
For histological analysis, constructs (at week 1, 4 and 8) were fixed with 4%
paraformaldehyde for 30 min at 37°C, and embedded in Cryoprep frozen section
embedding medium (Optimal Cutting Temperature Compound, Fisher Scientific,
Pittsburgh, PA). Constructs were sectioned (8 μm thickness) with a cryostat microtome
(Microm HM-500M Cryostat, Ramsey, MN) in the fiber plane (fiber direction) of the
sample. Sections were stained with Alcian Blue and Picrosirius Red to visualize
proteoglycans and collagens, respectively. PGmD area was measured using Image J
(National Institutes of Health, Bethesda, MD). For immuno-histochemical detection of
type I and II collagen, samples were incubated in proteinase K (S3020, Dako, CA) for 4
min, followed by blocking with 10% normal goat serum (#50062Z, Life Technologies,
Grand Island, NY) for 30 min at room temperature. Primary antibody (Type I collagen:
MAB3391, EMD Millipore, Billerica, MA; Type II collagen: 11-116B3, Developmental
Studies Hybridoma Bank, IA) was applied at a concentration of 10 μg ml−1 overnight at
4°C, followed by washing and incubation with secondary antibody (DAB150 IHC Select;
EMD Millipore, Billerica, MA) for 1 hour at room temperature. Signal was visualized
using DAB chromagen reagent (DAB150 IHC Select; EMD Millipore, Billerica, MA)
according to the manufacturer’s protocol. Stained sections were visualized and imaged
using a bright field microscope (Nikon Eclipse TS 100, Melville, NY).
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7.2.5 Quantitative RNA Fuorescent in Situ Hybridization (RNA FISH) Analysis of
hetTECs
For RNA FISH analysis, hetTECs were embedded in Cryoprep frozen section
embedding medium (Optimal Cutting Temperature Compound, Fisher Scientific,
Pittsburgh, PA), frozen at -80°C, and cut into 6 μm thick sections in the plane of the
forming tissue. Sections were fixed in 4% paraformaldehyde for 30 min and stored in 70%
ethanol at 4°C overnight. RNA-FISH then was performed as previously described (Raj et
al., 2010; Raj et al., 2008). Briefly, sections were stained with cy3-aggrecan probes,
Atto647N-GAPDH probes, and DAPI. Full oligonucleotide probe sequences are provided
in Table 7-1. Samples were imaged using a Leica DMI600B microscope equipped with a
100× objective and appropriate filter sets, in 0.7-um optical z-sections through the section
depth. For analysis, cells were manually segmented with those in FmDs and PGmDs
distinguished from one another based on transmitted light images and nuclear
morphology.6 For each cell, individual RNA molecules (visualized as diffraction limited
spots) were identified and counted using custom MATLAB software (Raj et al., 2010;
Raj et al., 2008).
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Table 7-1: Full oligonucleotide probe sequences for RNA FISH of hetTECs.
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7.2.6 Second Harmonic Generation (SHG) Imaging of hetTECs
To visualize collagen structure and organization within FmD and PGmD regions
of engineered tissue, second harmonic generation (SHG) imaging was carried out on 4
μm thick human outer meniscus paraffin sections stained with Alcian blue and 8 μm thick
cryo-sectioned hetTECs sections taken at week 4 and week 8. SHG imaging was
performed at an excitation wavelength of 840 nm (Carl Zeiss Microscopy GmbH, Jena,
Germany) (Qu et al., 2015).

7.2.7 Biochemical Composition of hetTECs
hetTECs (n = 3 for PGmD only, FmD only, and PGmD/FmD groups) were
weighed and digested in proteinase K (03115828001, Roche, Indianapolis, IN) at 60°C
overnight. Digestate from hetTECs was hydrolyzed overnight in 6 M HCl at 110 °C.
Total glycosaminoglycan (GAG) content was determined using the 1,9-dimethylmethlene
blue (DMMB) assay (Kim et al., 2015). GAG contents of hetTECs were normalized to
the sample dry and wet weights, respectively. Collagen content of hetTECs was
determined using the orthohydroxyproline (OHP) assay, assuming a ratio of OHP to
collagen of 1:7.14 (Kim et al., 2015). Collagen content of hetTECs was normalized by
the sample wet weight.
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7.2.8 Mechanical Evaluation of hetTECs
The Young’s modulus of hetTECs was evaluated at 8 weeks via uniaxial tensile
testing (n = 3 for PGmD only, FmD only, and PGmD/FmD groups) using an Instron 5848
electromechanical testing system equipped with a 100N load cell (Instron, Canton, MA).
Cross-sectional area of each scaffold was measured using a custom non-contacting laserbased system (Peltz et al., 2009). Gauge length of the sample was determined using a
digital caliper. Samples were pre-conditioned with 10 cycles of sinusoidal loading to 0.1
N at a frequency of 0.1 Hz. Samples were then ramped to failure at a strain rate of
0.1%/sec. Tensile modulus was calculated by performing linear regression to the linear
region of the stress-strain plot.

7.2.9 Micro-mechanical Testing and Imaging to Quantify Strain Transfer
To investigate how the ECM-level mechanical strain was transferred to the FmD
and PGmD regions in hetTEC, at both 4 and 8 weeks, uniaxial tensile testing was
performed using a custom device mounted on an inverted epi-fluorescent microscope
(Nikon T30, N Nikon Instruments, Melville, NY) (Driscoll et al., 2015). For the tests, cell
nuclei within hetTECs were stained with 4', 6-diamidino-2-phenylindole (DAPI, ProLong
®

Gold anti-fade reagent with DAPI, P36935, Molecular Probes®,Grand Island, NY )

prior to micro-mechanical testing and 0 to 15% grip-to-grip strain was applied in 3%
increments (Driscoll et al., 2015). At each strain increment, images of cell nuclei were
acquired using a CCD camera and local strain calculated as described below.
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7.2.10 Multi-scale Strain Calculation and Strain Mapping
Two-dimensional (2D) tissue strains were calculated from the centroids of the
surface tissue markers. Similarly, two-dimensional (2D) extracellular matrix (ECM)
Lagrangian strains were calculated from the position of the centroid of nuclear triads at
each strain level (n=35-50 each for FmDs and PGmDs in hetTECs). To perform strain
mapping, the same images used to calculate ECM strain from nuclear triads were also
processed by strain mapping using VIC-2DTM.

7.2.11 Intracellular Calcium Signaling in hetTECs
The top layer of hetTEC was carefully peeled away using tweezers to expose the
underlying FmD and PGmD tissue layer. Prior to mechanical testing and confocal
imaging, cells were stained with the intracellular calcium indicator Cal-520TM AM (15
μM; AAT Bioquest, Sunnyvale, CA) in 1X Hank’s Balanced Salt Solution (HBSS; with
CaCl2, MgCl2, and no phenol red; Mediatech, Inc., Manassas, VA) for 1 hour at 37°C.
All samples were washed briefly in HBSS before imaging.

To monitor changes in intracellular calcium concentration in response to strain,
tissue samples were gripped in the custom micromechanical test device mounted on a
confocal microscope. A 30 mN preload was applied to remove tissue slack. Grips strain
of 6% was applied at 0.1%/sec. Before (i.e., baseline) and after strain application, timeseries confocal images of the calcium signal was acquired every 4 seconds for 10 min
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using a 10X water-immersion lens (field-of-view: 900 x 900 μm2). Cells were imaged in
a plane located at 1/3 of the pellet height (determined from the z-stack), closest to the
underlying scaffold surface (Figure 7-9). All samples were submerged in HBSS at room
temperature throughout testing.

7.2.12 Nuclear Shape and Calcium Signaling Analysis
ImageJ was used to determine the percentage of responding cells, nuclear area
(n=50 per group), and the nuclear aspect ratio (the ratio of the long axis to the short axis,
n=50 per group). A custom MATLAB program (Han et al., 2014) was used to quantify
temporal characteristics (peak amplitudes, durations, number of peaks in 10 min, and
time between peaks) of the calcium oscillations

7.2.13 Statistical Analysis
For normally distributed data, student’s t-test (two-tailed and unpaired), one-way
ANOVA, or two-way ANOVA was performed. For multiple comparisons, Bonferroni
post-hoc tests were performed, as indicated in the figure captions. For data that did not fit
a normal distribution, Mann-Whitney U tests were performed. To compare strains across
multiple length scales, linear regression was performed between Lagrangian tissue vs.
ECM strain, ECM strain vs. cell strain, and cell strain vs. nuclear strain for FmD and
PGmD regions. The extra-sum-of-squares F-test was performed to compare the slopes of
regression (i.e., average strain transfer ratios). Significance was set at p<0.05.
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7.3 Results

7.3.1 Fabrication of Heterogeneous Tissue Engineered Constructs Incorporating PGmDs
Fibrous tissues contain micro-domains whose composition, mechanical properties,
and mechanosensitivity differ from the bulk ECM of these fibrous tissues. While it is not
clear whether these micro-domains represent a homeostatic response to mechanical
demands or a pathologic consequence of aging and/or disease, they certainly play a major
role in tissue physiology.

To address this in a more tractable format, we developed heterogeneous tissueengineered constructs (hetTECs) to mimic the microstructural, micromechanical, and
mechanobiological factors observed in native fibrocartilage (Han et al., inpress). To
fabricate hetTECs, mesenchymal stem cell (MSC) micro-pellets and meniscus
fibrochondrocytes (MFCs) were seeded onto aligned electrospun nanofibrous poly-εcaprolactone (PCL) scaffolds (Figure 7-1 a) (Baker et al., 2009; Baker et al., 2012). On
day 3, an additional sheet of scaffold was layered on top of the construct (Figure 7-1 a),
and constructs were maintained in a chemically defined media containing TGF-β3 for up
to 8 weeks. Visualization of the cells on day 3 confirmed that MSC micro-pellets
(red/orange) were well-dispersed within the proliferating MFCs (green) attached to the
scaffold (Figure 7-1 b).
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Figure 7-1. Heterogeneous tissue engineered constructs (hetTECs) reproduce the
structural, compositional, and molecular features of native tissue FmDs and
PGmDs. (a) Schematic of the creation of a hetTEC containing FmDs with
‘engineered-in’ PGmDs. Isolated meniscus fibrochondrocytes (MFCs) and
chondrogenically differentiated mesenchymal stem cell (MSC) micro-pellets were
co-seeded between two layers of aligned nanofibrous scaffold. (b) MSC micro-pellets
visualized by CellTrackerTM Red and MFCs by CellTrackerTM Green 3 days after
construct assembly. Scale bar = 200 μm. (c) Histology (Alcian Blue for PGmD and
Picrosirius Red for FmD) of hetTEC after 1, 4, and 8 weeks of culture. Engineered
PGmDs increase in size with culture duration. Collagen deposited by MFCs in the
engineered FmD follows the underlying nanofiber direction (arrow). Scale bar = 100
μm. (d) PGmD area as a function of culture duration. Values indicate mean area at
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each time point. One-way ANOVA (p<0.05) with Bonferroni’s post-hoc. p*:
Bonferroni adjusted p value. n=10-11 per group. Data presented as mean ± SD (e)
Type II collagen immunostaining of hetTEC at week 8. Arrow points to engineered
PGmD. Scale bar = 100 μm. (f) Type I collagen immunostaining of FmD region of
hetTEC at week 8. Arrow indicates scaffold fiber direction. Scale bar = 100 μm. (g)
Single cell quantitative RNA fluorescent in situ hybridization (RNA FISH) of
hetTECs. Representative images showing fluorescent spots (indicated by red arrow)
corresponding to individual aggrecan (AGG) mRNA in cells in either an FmD or a
PGmD at week 4. Scale bar = 5 μm. (h) AGG expression (normalized to GAPDH) as
measured by single cell quantitative RNA FISH. n = 152 and 250 cells for FmD and
PGmD, respectively. Mann-Whitney U test (two-tailed and unpaired). Data
presented as median ± interquartile range. (i) Young’s modulus (MPa) of hetTEC as
a function of cellular constituents. PGmD inclusion did not change bulk tensile
mechanics compared to scaffold alone. Seeding of MFCs to produce the FmD
significantly increased the Young’s modulus. Dashed line represents modulus of
scaffold prior to seeding (10.0 ± 0.6 MPa). +: p<0.05 vs PCL scaffold only. One-way
ANOVA (p<0.05) with Bonferroni’s post-hoc. n=3 each. Data presented as mean ±
SD.

Histological analyses after 1 week revealed that MSC micro-pellets deposited
proteoglycans, forming PGmDs, while MFCs deposited collagen in the vicinity of the
PGmD (Figure 7-1 c). By 4 weeks, MFCs had continued to lay down a collagen-rich
matrix (Figure 7-1 c). By 8 weeks, the size of PGmDs significantly increased and these
domains had become more fully enmeshed within the surrounding collagenous matrix
(Figure 7-1 c, d). HetTECs containing only FmD and both FmDs and PGmDs
accumulated increasing proteoglycan content with time (Figure 7-2 a). Similar trends
were observed for total collagen content (Figure 7-2 b), with constructs containing
PGmDs alone producing the least amount of collagen. Immunostaining showed that type
II collagen was strongly localized within the PGmDs by week 8 (Figure 7-1 e), while
type I collagen was uniformly dispersed within the surrounding FmD (Figure 7-1 f).
Occasionally, PGmDs showed cellular outgrowths rich in type II collagen (red arrow on
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Figure 7-1 e) that connected neighboring PGmDs over time (Figure 7-3). Despite the
density of type II collagen within the engineered PGmDs, this collagenous architecture
was less dense and less ordered than was observed in the surrounding FmDs at week 4
and 8 (Figure 7-4). These differences in collagen type and structure had profound effects
on the cell nuclear morphology, with nuclei in FmDs being highly aligned and elongated
in the fiber direction, while the nuclei of cells in PGmDs were smaller, rounder, and
randomly oriented (Figure 7-5).
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Figure 7-2. Biochemical composition of hetTECs as a function of assembly
conditions and culture duration. (a) Glycosaminoglycan (GAG) and (b) collagen
content per wet weight (ww) of hetTECs as a function of time and assembly method
(PGmD only, FmD only, or combination of PGmD and FmD). +: p<0.05 vs PGmD
only, a: p<0.05 vs week 1 PGmD/FmD via two-way ANOVA (p<0.05) with
Bonferroni’s post-hoc. n=3 per group.
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Figure 7-3. Interaction between engineered PGmDs with time in culture. Stitched
image of type II collagen immunostained hetTEC at week 8 showing outgrowth
from MSC micro-pellets and interaction between PGmDs. Red circles indicate
original MSC micro-pellets. Scale bar = 100 μm.
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To determine the molecular identity of cells located in the FmD and PGmD,
quantitative RNA fluorescent in situ hybridization (FISH) was used to identify individual
aggrecan (AGG) and GAPDH mRNA at the single cell-level (Raj et al., 2010; Raj et al.,
2008). The AGG/GAPDH mRNA ratio was significantly greater in the cells in the
PGmDs compared to cells in the FmDs (Figure 7-1 g, h).

Bulk construct mechanics were measured in tension at week 8. HetTECs with
PGmDs alone did not alter the construct Young’s modulus in comparison to unseeded
PCL scaffolds (Figure 7-1 i).

Conversely, seeding of MFCs to produce the FmD

significantly increased the Young’s modulus (Figure 7-1 i), suggesting that the type I
collagen-rich matrix deposited by MFCs is essential for establishing the macro-scale
tensile function of the hetTECs. The tensile modulus of hetTECs containing only FmD
was similar to those including both FmDs and PGmDs, suggesting that the PGmDs did
not compromise the bulk tissue function, consistent with native tissue (Han et al., inpress).
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Figure 7-4. Structural features of FmDs and PGmDs within hetTEC as a function of
culture duration. Second Harmonic Generation (SHG) imaging of FmD and PGmD
at week 4 and week 8 showing organized collagen in FmD and disorganized/nonfibrillar collagen in PGmD, similar to the native tissues. Green indicates SHG signal
and orange indicates autoflorescence. Arrow indicates scaffold’s nanofiber direction.
Scale bar = 100 μm.
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Figure 7-5. Nuclear morphology reflects micro-domain identity within hetTECs. (a)
Micrographs of cell nuclei located in FmDs and PGmDs at week 4. Arrow indicates
scaffold’s nanofiber direction. Scale bar = 100 μm. Quantification of nuclear area
(b) and nuclear aspect ratio (c) in FmD and PGmD regions of hetTEC. n = 50 per
group. p<0.0001 via Student’s t-test (two-tailed and unpaired). All data are
presented as mean ± SEM.
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7.3.2 hetTEC Micromechanics and Mechanobiology
To determine how tissue to ECM-level strain transfer in hetTECs compared, we
performed uniaxial tension testing on hetTECs while simultaneously tracking DAPIstained nuclei. With strain, hetTECs containing PGmDs showed highly heterogeneous
strain fields, where the strain magnitude within the PGmD was considerably lower than
that of the surrounding FmD (Figure 7-6 a). Consistent with our measures of native
tissue (Han et al., inpress), quantification of strain transfer in the FmD was direct (80-90%
strain transfer ratio), while in the engineered PGmDs strain transfer was significantly
attenuated (0-15% strain transfer ratio) at both 4 and 8 weeks (Figure 7-6 b, Figure 7-7).
Similar trends were observed in hetTECs containing only PGmD or FmD regions (Figure
7-6 b, Figure 7-7). These results demonstrate that hetTECs with engineered-in PGmDs
recapitulate the heterogeneous strain transfer to the micro-scale level that was observed in
native tissue (Han et al., inpress).

To further probe the recapitulation of native tissue functionality in engineered
hetTECs, we next monitored intracellular calcium signaling in response to applied strain.
At 0% strain, cells within FmDs showed spontaneous calcium oscillations and cells
within the PGmDs showed elevated baseline intensity (Figure 7-6 c, Figure 7-7 a, b).
Application of 6% strain caused a greater number of FmD cells to respond compared to
cells within PGmDs, which were largely unresponsive to applied strain (Figure 7-6 c, d).
These findings demonstrate that the mechanobiologic response (intracellular calcium
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signaling) of cells in hetTECs mirrors (and is perhaps even more sensitive Figure 7-8 c-f)
than that seen in cells within native meniscus micro-domains (Han et al., inpress).

Figure 7-6. HetTECs reproduce native tissue domain-dependent strain transfer
characteristics and mechano-response. (a) Color maps of local ECM strain (Exx;
loading and fiber direction) for hetTECs matured for 8 weeks with application of 0,
3, 9 and 15% strain. Red box indicates location of a PGmD within the hetTEC. (b)
Quantification of local ECM strain within FmD and PGmD regions of hetTEC at
week 8. PGmD only: construct containing only PGmD/MSC-micro-pellets; FmD
only: construct containing only FmD/seeded MFCs; PGmD/FmD: construct
containing both PGmD and FmD components. #: p<0.0001 vs FmD via extra-sumof-squares F-test; ##: p<0.0001 vs PGmD/FmD (FmD) via extra-sum-of-squares F253

test; m: slope of linear regression (average strain transfer ratio). Dashed line
represents 1:1 relationship. n=35~50 triads per group. (c) Representative calcium
response for hetTEC cells in FmDs and PGmDs over 600 sec before or after the
application of 6% strain. As in native tissue, cells in PGmDs do not respond to strain
and have a higher baseline calcium level. (d) Percent increase in responding cells in
hetTEC FmD and PGmD regions with application of 6% strain. #: p=0.04 vs FmD
via Student’s t-test (two-tailed and unpaired). n=3 per group. All data are presented
as mean ± SEM.

Figure 7-7: Quantification of local ECM strain within FmD and PGmD regions of
hetTEC at 4 weeks. PGmD only: construct containing only PGmD/MSC-micropellets; FmD only: construct containing only FmD/seeded MFCs; PGmD/FmD:
construct containing both PGmD and FmD components. #: p<0.0001 vs FmD via
extra-sum-of-squares F-test; ##: p<0.0001 vs PGmD/FmD (FmD) via extra-sum-ofsquares F-test; m: slope of linear regression (average strain transfer ratio). Dashed
line represents 1:1 relationship. n=35~50 triads per group.
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Figure 7-8: Calcium signaling in week 8 hetTECs after application of 6% strain. (a)
Representative time series confocal snapshots at 0, 68, and 200 s after the
application of 6% strain to the hetTEC. Cells in the FmD responded with an
increase in the number of calcium oscillations, indicated by the yellow arrowheads.
Scale bar = 50 μm. (b) Baseline signal intensity for cells in the PGmDs is higher than
for cells in FmDs. Cells within FmDs are more responsive to construct stretch.
Average calcium transient (c) amplitude, (d) duration, (e) number of peaks in 10
min, and (f) time between peaks at baseline and after application of 6% strain in
FmD cells. Student’s t-test (two-tailed and unpaired). All data are presented as mean
± SD.
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Figure 7-9: Morphology of PGmDs within hetTECs. (a) Height map of PGmD
constructed from a z-stack of Cal-520TM (intracellular calcium indicator)-labeled
cells in a hetTEC. Blue color represents the closest plane to the scaffold surface. (b)
Side view of a PGmD in a hetTEC. Calcium transients were captured in cells located
1/3 of the distance from the scaffold surface to the maximum height of the PGmD
(dashed line).
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7.4 Discussion

In a previous study, we demonstrated the increasing prevalence of PGmDs in
fibrocartilage during maturation and aging, and established their micromechanical and
mechanobiologic roles in native tissue physiology (Han et al., inpress). PGmDs resisted
lateral compression via their PG-mediated swelling pressure and charge repulsive forces,
engendering a localized microenvironment in which externally applied tensile strain was
attenuated much more than in the surrounding FmD (Han et al., inpress). As a result, cells
in the FmDs and PGmDs showed distinct mechanobiologic responses at both baseline
and in response to tissue stretch, with cells in PGmDs being generally unresponsive to
mechanical perturbation as a consequence of their strain-shielded microenvironment
(Han et al., inpress). This emergent microenvironmental niche altered the in situ
mechanobiology of cells located in these micro-domains and may be a critical regulator
of cell function and remodeling during development, homeostasis, and the onset of
degenerative processes.

One central question that remains unanswered is whether the PGmDs are
beneficial or detrimental to tissue health and function. There may be an optimal number
and size of PGmDs in the healthy tissue, but PGmDs may also accumulate to a pathologic
degree with disease progression or in response to injury. Indeed, PGmDs are present in
healthy wrap-around tendons (Malaviya et al., 2000) (where they help the tissue resist
lateral compression) but also over-accumulate in the tendinopathic tissues (Attia et al.,
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2012; Plaas et al., 2011; Wang et al., 2012) (where they compromise tensile load-bearing
capacity). Interestingly, within injured tendons, tendon-derived progenitor cells
participate in regeneration of the FmD regions, but can also aberrantly undergo
chondrogenesis (Asai et al., 2014), resulting in a pathologic level of PGmDs in the
repairing tissue. This may suggest that the presence and accumulation of PGmDs during
aging could be a consequence of aberrant differentiation of endogenous stem and
progenitor cells, perhaps as a result of microscale damage and altered local
microenvironments within the otherwise ordered FmDs. Answering such questions may
ultimately aid in the development of novel therapeutic strategies to modulate and
maintain the optimal level of the PGmDs in aging fibrocartilaginous tissues and restore
such optimal levels in disease or following injury.

Figure 7-10: Heterogeneous tissue engineered constructs (hetTECs) match the (a)
microstructural, (b) micromechanical, and (c) mechano-biological benchmarks
established by heterogeneous native fibrocartilages. Box in (a) indicates range of
PGmD area in native tissue and data from hetTEC at 4 and 8 weeks. Red and blue
shaded areas in (b) indicate 99% confidence interval of linear regression of FmD
and PGmD ECM native tissue strain. Red and blue dots show response in hetTEC
micro-domains after 8 weeks of culture. Blue and red traces in (c) show calcium
signaling in PGmD and FmD regions of native and engineered hetTECs in response
to applied strain. All native tissue shown is from juvenile bovine meniscus.
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Answering such questions in native tissues is difficult, however, given their
complexity and the scarcity of tissues with controllable levels of pathology. To develop a
more tractable and defined framework in which to study the impact of PGmDs, we
engineered hetTECs inclusive of PGmDs, producing constructs that matched the
microstructural, micromechanical, and mechanobiologic benchmarks of native tissue
(Figure 7-10). HetTECs had a PGmD area, tissue-to-ECM strain transfer behavior, and
calcium signaling response that was comparable to that of native juvenile meniscus
(Figure 7-10). These hetTECs may serve as an in vitro platform in which to study the
mechanobiology of developing and pathologic tissues in a more controllable fashion, and
to develop new therapeutic strategies to halt or reverse the progression of tissue
degeneration. For example, hetTECs could be used to identify the PGmD area fraction in
tissue at which tissue-level mechanical properties are compromised. Additionally, by
probing the time course over which PGmDs grow in conditions of physiologic and
altered loading (e.g., partial transection, mechanical overload, fatigue), hetTECs may be
used to determine whether the PGmDs develop as a consequence of mechanical
adaptation or pathologic consequences of aging, degeneration, and/or injury.

While the current study focused solely on the hetTEC construction to benchmark
tissue microstructure in fibrocartilages and its influence on micromechanics and
mechanobiology and algorithms that create micro-engineered pathological features can
be extended to other types of dense tissues that contain structural micro-domains or
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develop them in response to damage or disease. Muscle, cardiovascular tissue, skin, and
neural tissue will benefit from these native tissue and hetTEC approaches applied to
homeostasis and pathology. Together, these new findings demonstrate the impact of
emergent heterogeneous micro-scale tissue features on normal tissue function, and
validate a novel method to micro-engineer heterogeneous tissue constructs containing
these complex features to address and correct tissue pathology.

260

7.5 References
Andersson, G.B., 1999. Epidemiological features of chronic low-back pain. Lancet 354,
581-585.

Asai, S., Otsuru, S., Candela, M.E., Cantley, L., Uchibe, K., Hofmann, T.J., Zhang, K.,
Wapner, K.L., Soslowsky, L.J., Horwitz, E.M., and Enomoto-Iwamoto, M., 2014.
Tendon progenitor cells in injured tendons have strong chondrogenic potential: the
CD105-negative subpopulation induces chondrogenic degeneration. Stem Cells 32, 32663277.

Attia, M., Scott, A., Duchesnay, A., Carpentier, G., Soslowsky, L.J., Huynh, M.B., Van
Kuppevelt, T.H., Gossard, C., Courty, J., Tassoni, M.C., and Martelly, I., 2012.
Alterations of overused supraspinatus tendon: a possible role of glycosaminoglycans and
HARP/pleiotrophin in early tendon pathology. J Orthop Res 30, 61-71.

Baker, B.M., Nerurkar, N.L., Burdick, J.A., Elliott, D.M., and Mauck, R.L., 2009.
Fabrication and modeling of dynamic multipolymer nanofibrous scaffolds. J Biomech
Eng 131, 101012.

Baker, B.M., Shah, R.P., Silverstein, A.M., Esterhai, J.L., Burdick, J.A., and Mauck, R.L.,
2012. Sacrificial nanofibrous composites provide instruction without impediment and
enable functional tissue formation. Proc Natl Acad Sci U S A 109, 14176-14181.

Bruehlmann, S.B., Hulme, P.A., and Duncan, N.A., 2004. In situ intercellular mechanics
of the bovine outer annulus fibrosus subjected to biaxial strains. J Biomech 37, 223-231.

Driscoll, T.P., Cosgrove, B.D., Heo, S.J., Shurden, Z.E., and Mauck, R.L., 2015.
Cytoskeletal to Nuclear Strain Transfer Regulates YAP Signaling in Mesenchymal Stem
Cells. Biophys J 108, 2783-2793.

261

Elliott, D.M., and Setton, L.A., 2001. Anisotropic and inhomogeneous tensile behavior of
the human anulus fibrosus: experimental measurement and material model predictions. J
Biomech Eng 123, 256-263.

Englund, M., Roemer, F.W., Hayashi, D., Crema, M.D., and Guermazi, A., 2012.
Meniscus pathology, osteoarthritis and the treatment controversy. Nat Rev Rheumatol 8,
412-419.

Fang, F., and Lake, S.P., 2015. Multiscale strain analysis of tendon subjected to shear and
compression demonstrates strain attenuation, fiber sliding, and reorganization. J Orthop
Res Jun 2.

Fang, F., Sawhney, A.S., and Lake, S.P., 2014. Different regions of bovine deep digital
flexor tendon exhibit distinct elastic, but not viscous, mechanical properties under both
compression and shear loading. J Biomech 47, 2869-2877.

Fisher, M.B., Henning, E.A., Soegaard, N., Bostrom, M., Esterhai, J.L., and Mauck, R.L.,
2015. Engineering meniscus structure and function via multi-layered mesenchymal stem
cell-seeded nanofibrous scaffolds. J Biomech 48, 1412-1419.

Han, W.M., Heo, S.J., Driscoll, T.P., Boggs, M.E., Duncan, R.L., Mauck, R.L., and
Elliott, D.M., 2014. Impact of cellular microenvironment and mechanical perturbation on
calcium signalling in meniscus fibrochondrocytes. Eur Cell Mater 27, 321-331.

Han, W.M., Heo, S.J., Driscoll, T.P., Smith, L.J., Mauck, R.L., and Elliott, D.M., 2013.
Macro- to microscale strain transfer in fibrous tissues is heterogeneous and tissue-specific.
Biophys J 105, 807-817.

Han, W.M.*, Heo S.J.*, Driscoll, T.P., Delucca, J.F., McLeod, C.M., Smith, L.J., Duncan,
R.L., Mauck, R.L., Elliott, D.M., 2015. Emergent Microstructural Heterogeneity in
Native and Engineered Fibrocartilage Directs Micromechanics and Mechanobiology. in
press, *equal contribution.
262

Heo, S.J., Nerurkar, N.L., Baker, B.M., Shin, J.W., Elliott, D.M., and Mauck, R.L., 2011.
Fiber stretch and reorientation modulates mesenchymal stem cell morphology and fibrous
gene expression on oriented nanofibrous microenvironments. Ann Biomed Eng 39, 27802790.

Kim, D.H., Martin, J.T., Elliott, D.M., Smith, L.J., and Mauck, R.L., 2015. Phenotypic
stability, matrix elaboration and functional maturation of nucleus pulposus cells
encapsulated in photocrosslinkable hyaluronic acid hydrogels. Acta Biomater 12, 21-29.

Lai, J.H., and Levenston, M.E., 2010. Meniscus and cartilage exhibit distinct intra-tissue
strain distributions under unconfined compression. Osteoarthritis Cartilage 18, 1291-1299.

Malaviya, P., Butler, D.L., Boivin, G.P., Smith, F.N., Barry, F.P., Murphy, J.M., and
Vogel, K.G., 2000. An in vivo model for load-modulated remodeling in the rabbit flexor
tendon. J Orthop Res 18, 116-125.

Mauck, R.L., Martinez-Diaz, G.J., Yuan, X., and Tuan, R.S., 2007. Regional multilineage
differentiation potential of meniscal fibrochondrocytes: implications for meniscus repair.
Anat Rec (Hoboken) 290, 48-58.

Mauck, R.L., Yuan, X., and Tuan, R.S., 2006. Chondrogenic differentiation and
functional maturation of bovine mesenchymal stem cells in long-term agarose culture.
Osteoarthritis Cartilage 14, 179-189.

Nerurkar, N.L., Baker, B.M., Sen, S., Wible, E.E., Elliott, D.M., and Mauck, R.L., 2009.
Nanofibrous biologic laminates replicate the form and function of the annulus fibrosus.
Nat Mater 8, 986-992.

O'Connell, G.D., Guerin, H.L., and Elliott, D.M., 2009. Theoretical and uniaxial
experimental evaluation of human annulus fibrosus degeneration. J Biomech Eng 131,
111007.
263

Peltz, C.D., Perry, S.M., Getz, C.L., and Soslowsky, L.J., 2009. Mechanical properties of
the long-head of the biceps tendon are altered in the presence of rotator cuff tears in a rat
model. J Orthop Res 27, 416-420.

Plaas, A., Sandy, J.D., Liu, H., Diaz, M.A., Schenkman, D., Magnus, R.P., Bolam-Bretl,
C., Kopesky, P.W., Wang, V.M., and Galante, J.O., 2011. Biochemical identification and
immunolocalizaton of aggrecan, ADAMTS5 and inter-alpha-trypsin-inhibitor in equine
degenerative suspensory ligament desmitis. J Orthop Res 29, 900-906.

Puetzer, J.L., Koo, E., and Bonassar, L.J., 2015. Induction of fiber alignment and
mechanical anisotropy in tissue engineered menisci with mechanical anchoring. J
Biomech 48, 1436-1443.

Qu, F., Pintauro, M.P., Haughan, J.E., Henning, E.A., Esterhai, J.L., Schaer, T.P., Mauck,
R.L., and Fisher, M.B., 2015. Repair of dense connective tissues via biomaterialmediated matrix reprogramming of the wound interface. Biomaterials 39, 85-94.

Raj, A., and Tyagi, S., 2010. Detection of individual endogenous RNA transcripts in situ
using multiple singly labeled probes. Methods Enzymol 472, 365-386.

Raj, A., van den Bogaard, P., Rifkin, S.A., van Oudenaarden, A., and Tyagi, S., 2008.
Imaging individual mRNA molecules using multiple singly labeled probes. Nat Methods
5, 877-879.

Upton, M.L., Gilchrist, C.L., Guilak, F., and Setton, L.A., 2008. Transfer of macroscale
tissue strain to microscale cell regions in the deformed meniscus. Biophys J 95, 21162124.

264

Wang, V.M., Bell, R.M., Thakore, R., Eyre, D.R., Galante, J.O., Li, J., Sandy, J.D., and
Plaas, A., 2012. Murine tendon function is adversely affected by aggrecan accumulation
due to the knockout of ADAMTS5. J Orthop Res 30, 620-626.

265

CHAPTER 8: SUMMARY AND FUTURE DIRECTIONS

8.1 Summary

Mesenchymal stem cells are of great interest for clinical and tissue engineering
applications, given their multipotent properties. These cells can be differentiated along
several lineages. Even though many of studies are exploring how MSCs might be used to
treat musculoskeletal tissue diseases, the specific methods by which this can be achieved
have not yet been fully established, and the mechanisms that determine MSC fate mostly
remain unclear. While most studies in the field have focused on the effects of chemical
cues, such as soluble growth factors, on the regulation of MSC commitment, there has
been a growing appreciation that mechanical signals also play important roles in directing
MSC fate.

In this thesis, we investigated how MSC differentiation induced by soluble factors
or mechanical stimulation alters MSC cellular and nuclear properties, and how these
changes influenced and altered mechano-sensitivity. In addition, we elucidated the
mechanisms by which mechanical signals were transduced to the MSC nucleus, and
determined the time course of nuclear remodeling in response to different levels and
durations of mechanical stimulation (in comparison to soluble factor induced
differentiation). Furthermore, we determined whether mechanical perturbations were
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recorded in the nuclear structure, how long these changes persisted after loading, and the
mechanism by which this mechanical ‘memory’ was retained.

In Chapter 3, we investigated how physical micro environments influence cellular
and subcellular deformation of MSCs on aligned nanofibrous scaffold in response to
static tensile strain. For this, macroscopic strain was applied to MSCs seeded on an
aligned nanofibrous scaffold and showed that mechanical perturbation elicited cellular
and nuclear deformations that varied depending on scaffold orientation. Reorientation of
aligned, oriented MSCs corresponded at the microscopic scale with the affine
approximation of their deformation based on macroscopic strains. Moreover, we showed
that deformations at the subcellular scale corresponded with scaffold orientation, with
changes in nuclear shape depending on the direction of substrate alignment. Notably,
deformation of the scaffold induced changes in gene expression that were also dependent
on scaffold and cell orientations. These findings suggest that directional biases in
substrate microstructure convey direction-dependent mechanosensitivity to MSCs and
provide an experimental framework in which to explore the mechanistic underpinnings of
this response.

Based on the findings from Chapter 3, we further invested whether differentiation
affects MSC cellular and nuclear properties, whether changes in the properties of the cell
regulate their mechano-sensitivity, whether different classes of signals (soluble
differentiation mediators vs. mechanical differentiation mediators) acted in the same
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fashion, and whether they had the same long-term effects on nuclear organization and
lineage specification. Findings in this area show that while nuclear reorganization is a
comment end point in response to soluble and mechanical perturbation, the mechanisms
and timing over which this endpoint is achieved differs based on the stimulation type.

In Chapter 4, we showed that differentiation of MSCs mediated by both soluble
and physical cues resulted in changes MSC cellular and nuclear biophysical properties
that altered their response to mechanical cues from the microenvironment. MSC
differentiation resulted in an increase in nuclear stiffness as consequence of
reorganization of Lamin A/C and increased heterochromatin content. These changes
resulted in MSCs whose nuclei had become resistant to mechanical deformation and
increased MSC calcium signaling and differentiated marker expression sensitivity in
response to mechanical stimulation. Sensitization of these mechanical signaling pathways
was reversed when the ‘stiff’ differentiated nucleus was softened, and was enhanced
when the ‘soft’ undifferentiated nucleus was stiffened through pharmacologic treatment.
We also found similar changes that were evoked purely by dynamic loading in the
absence of soluble differentiation factors, and that these changes with mechanical
stimulation occurred over a shorter time course than was observed with soluble factor
addition. These data suggest that the stiffness of the nucleus functions as a mechanostat
that changes with differentiation, tuning cellular interpretation and response to
mechanical perturbations that arise from the microenvironment.
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From the studies in Chapter 4, we found that, in the absence of soluble growth
factors, mechanical perturbations alone regulated the organization of structural proteins
in MSC nuclei and their mechanics. However, the molecular machinery governing how
such mechanical perturbations are transduced to the nucleus to influence lineage
specification was not fully understood. Therefore, in Chapter 5 and Chapter 6 we
identified the operative molecular mechanisms through which dynamic tensile loading
(DL) regulates changes in chromatin organization and nuclear mechanics in MSCs.
Consistent with our previous findings in Chapter 4, in the absence of exogenous
differentiation factors, short term DL resulted in a rapid increase in chromatin
condensation. This condensation relied on both acto-myosin based cellular contractility
and the activity of the histone-lysine N-methyltransferase EZH2. In addition we
identified that stretch induced ATP release and purinergic calcium signaling acted as
central mediators of this chromatin condensation process. Further, we showed that DL,
through differential stabilization of the condensed chromatin state, established a
‘mechanical memory’ in these cells. That is, increasing strain levels and number of
loading events led to a greater degree of chromatin condensation that persisted for longer
periods of time after the cessation of loading. These data indicate that, with DL, MSCs
develop a mechanical memory encoded in structural changes in the nucleus which may
sensitize them to future mechanical loading events and define the trajectory and
persistence of their lineage specification.

Building from these previous findings, in Chapter 6, we showed the load induced
chromatin condensation depends on loading conditions (i.e. frequency and duration). In
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addition, we identified that mechanically induced ATP release was mediated by actomyosin based cellular contractility. Further, we showed that the inhibition of TGF
superfamily blocked activation of purinergic signaling in response to DL, and decreased
baseline cellular contractility, resulting in abrogation of mechanically induced chromatin
condensation in MSCs. These data indicate that chromatin in MSCs can be regulated
through the interplay of purinergic signaling, RhoA/Rock activity to define contractility,
and signaling through the TGF superfamily which establishes in part this baseline
contractility.

To this point, our focus has been on the cell, and structural rearrangements that
occur within that influence mechanobiology of stem cells. In Chapter 7, we extend this
analysis to consider heterogeneities that are often found in native tissues as they age,
adapt, and degenerate. Native fiber-reinforced dense connnective tissues play important
roles in load transmission and joint stability. These tissues have highly ordered fibrous
microdomains (FmDs) that provide for the tensile mechanics required for tissue function.
With increasing age or with degeneration, this ordered structure is often lost, however,
and proteoglycan rich micro-domains (PGmDs) emerge within the tissue and become
more prevalent. The impact of these PGmDs on tissue mechanical and biological
response remains unclear, though we recently reported that PGmDs attenuate local strain
and cell deformation in native tissue, altering the local mechano-response.
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To address this issue, in this chapter we developed a novel technique to generate
hetTECs with micro-scale non-fibrous PG-rich µ-domains were ‘engineered-into’ the
fibrous structure (FmD) to develop a more tractable and defined framework in which to
study the impact of PGmDs. We showed that these PGmDs contribute to emergence of
local strain heterogeneity and alteration of local mechano-response in hetTECs,
consistent with findings in the native tissue. During the culture period, PGmD size
significantly increased, and these inclusions became enmeshed within the surrounding
FmD. With the application of stretch, hetTECs containing PGmDs showed highly
heterogeneous strain fields, where the strain magnitude within the PGmD was lower than
that of the surrounding FmD. These results demonstrate that hetTECs with ‘engineered-in’
PGmDs recapitulate the heterogeneous strain transfer to the micro-scale level that has
been reported in native tissue. Likewise, when these hetTECs were exposed to stretch, a
differential mechano-response was observed. At 0% strain, cells in FmDs showed
spontaneous calcium oscillations, while cells in PGmDs had an elevated baseline
intensity and few oscillations. Application of 6% strain increased the number of
oscillating FmD cells, while cells within PGmDs were largely unresponsive to this
perturbation. This study demonstrated that these tissue analogues match the
microstructural, micromechanical, and mechanobiological benchmarks established in the
native tissues. Given the similarities to the native tissue, this micro-engineered system
may serve as an in vitro platform in which to study the mechanobiology of developing
and pathologic tissues in a more controllable fashion, and to develop new therapeutic
strategies to halt or reverse the progression of tissue degeneration.
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8.2 Limitations and Future Directions

In the work completed in this thesis, we showed that both soluble and physical
cues regulated nuclear structural proteins such as lamin AC/ and chromatin, resulting in
increases in nuclear mechanics. However, how other nuclear proteins, such as Emerin
and LAP2α/β, regulate this process is still unclear. Recently Lammerding et al. reported
the roles of emerin on nuclear mechanics and strain-induced signaling (Lammerding et al.,
2005). They showed abnormal nuclear shape was observed in Emerin-deficient mouse
embryonic fibroblasts, and that expression of mechanosensitive genes was impaired in
these cells in response to exogenous mechanical perturbation. In addition, Guilluy et al.
showed that an increase in nuclear rigidity was observed in emerin depleted HeLa cells,
and the nuclear adaptation in these cells in response to mechanical forces through
magnetic beads was impaired, whereas depletion of LAP2α did not influence nuclear
mechanics (Guilluy et al., 2014). Therefore, it is clear that other nuclear protein
components also are involved in mechanotransduction and regulation of nuclear
mechanics. To address this issue, further studies will need to be performed to elucidate
the roles of these and other nuclear proteins in mechanical regulation of stem
differentiation

In addition, we performed a series of studies to determine how different loading
conditions influence chromatin remodeling in MSCs. We found that DL resulted in a
marked increase in the levels of H3K27me3 (as a heterochromatin marker), and the load
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induced chromatin condensation was mediated by the activity of the histone-lysine Nmethyltransferase EZH2. However, further studies will be needed to determine whether
other histone modifications/histone modifying enzymes are involved in this process,
including H3K4Me3, AcH3 and H3K9Me3. This could be assessed using pharmacologic
inhibitors of these enzymes, as well as by using established assays, including western
blots, immunofluorescence, and chromatin immunoprecipitation (CHIP) to fully detail
the changes in chromatin marking and associations that occur with dynamic loading.

In previous studies we showed that when mechanical perturbation was applied
multiple times, the magnitude of chromatin condensation and ECM gene expression
increased. This suggests that there exists an extended capacity for remodeling of nuclear
architecture, where repeated loading events may refine and expand locations of
condensed chromatin within the genome. This advanced state of chromatin condensation
also imparted a degree of permanency to the load conditioned state, where increasing the
number of loading cycles sustained the condensed state for a longer period of time after
cessation of loading. This implies that a mechanical memory is established in the
chromatin architecture with dynamic loading. However, the biological mechanisms that
might underlie this mechanical memory in MSCs still remain unclear. Therefore, further
studies will need to be performed focused on identifying structural features and pathways
that regulate chromatin architecture to establish this mechanical memory within the
nucleus. For example, to elucidate the mechanisms, one would need to carry out studies
to determine whether loading regulates sub-nuclear proteins associated with elaboration
of memory gene loops (MGLs), and whether these processes occur through interaction
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with the nuclear pore complex, and the downstream effects such changes have might
have on lineage specification and maintenance.

The nuclear pore complexes (NPCs) are one of the largest protein based
assemblies in the cell, with molecular weights of 60-125 MDa). In mammalian cells,
these large complexes contain as many as 456 individual proteins and multiple copies of
~30 different nucleoporins (NUPs) (Alber et al., 2007; Solmaz et al., 2011). NPCs are
cylindrical structures embedded in the nuclear envelope, providing communication
between the nucleoplasm and the cytoplasm. NPCs consist of a transmembrane region (a
core scaffold formed form an inner ring and outer ring) along with specialized outer and
inner (basket) regions. The NPCs are anchored to the nuclear envelope forming a highly
stable structure (Alber et al., 2007; Solmaz et al., 2011). Although the primary function
of NPCs is to transport large molecules such as RNA and protein cargo into and out of
the nucleus, recent studies also show that these structures can regulate genome
architecture and expression through interactions with chromatin and proteins that
comprise the nuclear envelope (Raices et al., 2012). NPCs are directly surrounded by
euchromatic regions (associated with active gene transcription) and may actively regulate
this chromatin structure (Raices et al., 2012). NPCs modulate gene expression by
regulating the formation of gene loops (the connection of the 5’ and 3’ ends of genes)
(Raices et al., 2012), RNA biogenesis, and chromatin maintenance. Further, nuclear
proteins regulate transcriptional memory. For example, the translocated promoter region
(TPR) protein of the NPC is located in the nuclear region. This protein can tether genes to
the NPC and prevent spread of surrounding heterochromatin into these regions. This is
274

one mechanism by which specific regions of the genome may be fixed in an ‘on’ state,
providing for transcriptional memory (Fontoura et al., 2001; Raices et al., 2012). Nuclear
pore proteins also appear to play a role in stem cell differentiation. D’Angelo et al.
reported that, in undifferentiated ESCs, while no Nup210 was observed, its expression
increased during myogenesis and neural differentiation (D'Angelo et al., 2012). In
addition, interactions between the nuclear protein Nup98 and genes that are highly
induced with ESC neurogenesis were observed, revealing a potential role of different
nuclear pore protein subsets in regulating lineage-specific stem cell differentiation (Liang
et al., 2013).

To begin to examine the role of NPCs in MSC mechanical memory, we suggest a
series of studies detailed below to explore the dynamics of chromatin association with
specific nuclear pore complex (NPC) proteins. For this, MSCs will be seeded on aligned
scaffolds, and the constructs will be dynamically loaded (3%, 1Hz, 6 hour/day) for 7 days
in the absence of growth factors. After the application of DL, western blots with
antibodies directed against mAb414, Nup98, Nup50, Nup153, Nup107 and TPR will be
performed, as will real time RT-PCR. These assays will establish whether DL regulates
nuclear pore complex protein and gene expression. Correlation of expression would
suggest that these factors play a role in the establishment of memory gene loops (MGLs).
In addition, to investigate whether soluble factor mediated differentiation is regulated
through these nuclear pore proteins associated with MGLs, additional samples will be
exposed to various differentiation media (for fibrochondrogenesis, osteogenesis,
adipogenesis and myogenesis) for 7 days, and the regulation of these proteins will be
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assessed as above. To visualize NPC proteins of interest, immunocytochemistry (ICC)
will be performed using a fluorescent microscope (Ziess, Axioplan-2 imaging fluorescent
microscope) or a super-resolution microscope system (N-STORM, Nikon). ChIPsequencing should also be performed to determine whether NPC proteins associate with
genes regulated by dynamic loading and are associated with the establishment of
mechanical memory in MSCs. In addition, DNA fluorescent in situ hybridization (FISH)
should be performed to investigate localizations of NPC factors and DL induced genes.
Another set of samples should be cultured for various periods of time after the cessation
of loading to investigate the roles of NPC proteins in mechanical memory. In preliminary
studies in support of this area of study, we showed recently that a nuclear pore marker,
mAb414, increased in expression and became localized to the nucleus with MSC
differentiation mediated by TGF-β3 (Fig. 8-1).

Figure 8-1: Nuclear pore complex protein, mAb414 (bar = 10 μm).
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From the studies, we have already shown that dynamic tensile loading alters NPC
localization, and it is expected that these mechanical cues will upregulate NPC protein
expression associated with memory gene loops (MGLs), and that these factors will bind
to distinct regions of the genome associating with DL induced gene expressions. We
further expect that the pattern of NUP expression and localization will be specific to
differentiation lineages, and that DL induced patterns will be distinct from those induced
by soluble factors that drive fibrochondrogenesis. These additional studies are required
to fully explicate the mechanisms by which mechanical memory is imprinting on the
MSC nucleus in response to dynamic loading.
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8.3 Conclusions
Exogenous mechanical forces play important roles in regulating the development
and maintenance of load bearing tissues, and further direct progenitor cell lineage
specification. However, the role that these alterations in nuclear structure and mechanics
during differentiation play in cellular mechanotransduction has not yet been fully
elucidated.

In this thesis, we demonstrated that cellular and nuclear alignments were
dependent on the relative angle between the fiber population and the stretch direction. In
addition, cell reorientation occurred in an affine manner, suggesting that the underlying
fibers also reorient in this fashion. These findings will be important to develop novel
bioreactor systems to maximally instruct cellular behavior in this micro-structural context.
Future work will be performed to define the complex interactions between cells
and their underlying topography and mechanical environment, and explore how these
mechanical perturbations are translated to changes in biologic activity towards improving
maturation of engineered fibrous constructs.

In addition, we found that MSC fibrochondrogenesis was accompanied by
reorganizations of nuclear structural proteins, resulting in increases in nuclear stiffness
and sensitivity to mechanical perturbation, suggesting that temporal changes in nuclear
mechanics with stem cell differentiation may alter mechanosensity, with a stiffer nucleus
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potentially hypersensitizing the cells to respond to tensile stretch. In the same manner, we
showed that, in the absence of soluble growth factors, dynamic tensile stretch of MSCs
on aligned nanofibrous scaffolds dramatically altered the distribution of Lamin A/C in the
nucleus, and induced chromatin condensation, which was mediated by the acto-myosin
contractility and the activation of histone methyltransferases. Furthermore, we found that
the blockade of ATP/purinergic calcium and TGFβ superfamily signaling abolished this
load-induced chromatin remodeling.

Overall, these new findings suggest that physical cues drive lineage specification
through alterations in nuclear organization, perhaps mediated by autocrine/paracrine
signaling pathways. The work contained within this thesis will help to further the
application of these cells for regenerative medicine applications in soft tissue repair and
regeneration.
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